
THE GEOCH&IICAL STRATIGRAPHY OF THE VOLCANIC ROCKS OF THE 
WITWATERSRAND TRIAD IN THE KLERKSDORP AREA, 

TRANSVAAL 

by 

TERAL BARBARA BOWEN 
B.Sc. (Hons) 

Thesis submitted in fulfilment of the reqUirements for the degree 
of Master of Science. 

Department of Geology 
Rhodes University 

Grahamstown 

January 1984 



This thesis represents the original work 
of the author except where specific 

acknowledgement is made to the work 
of others. 

January 1984 



(i ) 

ABSTRACT 

This study lias initiated with the aim of identifying t.he existence of any 

geochemical criteria which may be used to distinguish ~etween the various 

vol cani c formati ons withi n tr.e Witwatersrand tri ad. 

The Witwatersrand triad comprises three sequences: the Ccmir.ior. Group at 

the base, the Witwatersrand Supergroup in the rr';ddl e, and He Ventersdorp 

Supergroup at the top. It is underlain by Archaear. basement rocks, end 

covered by rocks of the Transvaal sequence. Tre Dominion Group consists 

of the sedimentary Rhenosterspruit ~uartzite Formation at the base, 

overl ain t;y a bimodal 

component of the 

Syferfontei n Porphyry 

succession of lavas. Basaltic lavas are the wajor 

Rhenost.erhoek Formation, while the overlying 

Formati en consi sts primarily of daciti c porphyri es. 

Intercalations of one lava type within the other are common, however, so 

each formation is not the exclusive clomain of orily one lava type. 

The Witwatersrand Supergroup, a predominantly argillaceous and arenaceous 

sequence, contains two narrow volcanic horizons, one of wbich, the 

Jeppestown Amygdaloid (now Crown Formation), consisting of tholeiitic 

andesites, occurs in the study area. The overlying Ventersdorp 

Supergroup has, at its base, the basaltic Klipriviersberg Group, of which 

four out of six f0Y111ations are present in the study area, namely, the 

Alberton, Crkney, Loraine and Edenville Formations. This group is 

succeeded unconformably by the PI atberg Group, consi sting of the 

sedimentary Kameel doorns Formation, followed by the (informal) 

Goedgenoeg, I>.akwassi e Cuartz Porphyry and Ri etgat Formati ons. Tre 

Goedgenoeg and Ri etgat Formations are basaltic, whil e the ~'!akvlassi e rock s 

range from basaltic to dacitic, the majority being tholeiitic andesites 

and andesites . 

The Pniel sequence at the top of the Ventersdorp Supergroup consists of 

the sedimentary Bothaville Formation, and the Allarridge Formation, the 

lavas of which are basaltic with some andesitic tendencies. 

A well-defined geochE'mical stratigraphy was fClllnd to exist. From the 

eleven volcanic formations examined, nine distinct geocr.emical units 

emerged, as the Loraine ane Edenville Forma.tions were found to have the 
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same geochemical characteristics, as did the Goedgenoeg o.nd Rietgat 

Formati ons. Despite havi ng undergone law-grade greenschi st faci es 

metamorphism, very clear variation patterns Hith height are displayed by 

the immobile elements Ti, P, f(b, Zr and Y, and the light rare earth 

elements La, Ce and !>d. In contrast, much scatter was observed in the 

variation patterns of Na, K, Mn, Ba and Rb. 

Three techniques were employed to effect di scriminati on between 

formations - orthosonal discrimination, interelement and ratio vs ratio 

plots, and discriminant analysis. Confidence 1 imits placed on normal 

probabil i ty plots served to i sol ate outl i er sampl es for furtrer 

examination by the various discrimination techniques. 

A successful test of the efficacy of the discrimination techr.ioues ~!as 

afforded when fourteen samples from an unknown succession were positively 

identified as representative of the Klipriviersberg Group . 
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1. PREANBLE 

The Wib/atersrand triad is a sequence of mildly deformed sedimentary 

and volcanic rocks, now classified into the Dominion Group, 

Witwatersrand Supergroup and Ventersdorp Supergroup . These rocks 

represent a continuous supracrustal sequence deposited in intracratonic 

basins of the Kaapvaa1 Province granite-greenstone belt, approximately 

between 2.8 and 2.3 Gy (see Figure 1.1) . The distribution of these 

three sequences is shown in Figure 1.2, wh i le currently recognised 

outcrops are indicated in Figures 1.3, 1.4 and 1 . 5 . In addition to 

their close association spatially, structurally and temporally, the 

presence of detrital gold and uranium mineral isation has long provoked 

wi despread i nteres tin these rocks. They therefore have an extens i ve 

history of investigation, which is summarised in a literature review in 

Appendix I. 

The name "Ventersdorp Beds" was fi rst proposed by Hatch (1903c) for a 

succession of lavas, pyroclastic rocks and boulder beds that he found 

unconformab 1y over1yi n9 the "Lower Wi twaters rand Beds" and granite near 

Ventersdorp. During the following year the name was modified to 

"Ventersdorp Series" (Hatch and Corstorphine, 1904a) . 

Mo1engraaff (1905) suggested the name "Dominion Reef Series" for a 

succession of reefs found in the K1erksdorp district, comprlslng 

sericite schists interbedded with gol a-bearing conglomerates . These 

reefs are overlain by amygda10ida1 basic lavas and porphyritic lavas, 

which were subsequently included in the Dominion Reef Series by Ne1 

(1934a). Truter (1949) elevated the sequence to the status of system, 

whi ch it reta ined unti 1 SACS (1980) changed it to the rank of group. 

Al though numerous attempts have been made to correlate the Domi ni on 

Group with other volcanic and volcano-sedimentary units in South 

Africa, present evidence implies that its development was restricted to 

the Western Transvaal (see Figure 1.3), where it represents a precursor 

to the main Witwatersrand basin (Watchorn, 1980). 

Stratigraphically, the group is divided into three formations (see 

Figure 1.6): 

(1) The Rhenosterspruit Quartzite Formation 

mainly of coarse arkosic sediments, 

conglomerates; 

at the base composed 

1 enti cul ar gri ts and 
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Distribution of outcrops of the Witwatersrand Supergroup 
(from SACS, 1980) 
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Distribution of outcrops of the Ventersdorp Supergroup 
(from SACS, 1980) 
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(2) the Rhenosterhoek Andesite Formation consisting of intermediate 

lavas and tuffs; and 

(3) the Syferfontein Porphyry Formation, consisting of porphyritic 

felsic lavas, with interbedded tuffs and cherty amygda1oida1 

volcanics. 

Pa 1 aeocurrent data i ndi cate that the basal sediments prograded ina 

westerly direction and a braided fluvial regime is postulated for their 

origin (Watchorn, 1980), while the increased proportion of lenticular 

volcanic units towards the top of the Rhenosterspruit Formation 

indicates a period of coeval volcanism and sedimentation. 

~1 P Bowen (in prep.) has shown that the basic to intermediate lavas of 

the Dominion Group as a whole, regardless of the formation in which 

they occur, represent a continuous di fferenti ati on sequence, whi1 e the 

felsic porphyries form a geochemica11y discrete group within which very 

little compositional variation occurs . For this reason, the Dominion 

lavas ~Jill be referred to in this study as members of either of two 

strictly informal groups, namely, the "Dominion Group basic lavas" and 

the "Dominion Group porphyries" . 

A major investigation of the structure and stratigraphy of the 

Ventersdorp Supergroup was undertaken by Winter (1965b) . With the aid 

of an exhaustive array of literature and over two hundred t:oreho1es, 

Winter devised a stratigraphic column based on three primary 

subdivisions incorporating six formations, as shown in Table 1.1. He 

se1 ected the Bothavill e area as hi s type areas as it inc1 udes all the 

type boreholes, maximum thicknesses of most of the formations, and most 

of the geographical areas from which the formation names are derived. 

A portion of Winter's thesis was later updated (Winter, 1576) and a 

lithostratigraphic subdivision of the Ventersdorp Supergroup proposed. 

The most important change was the elevation of the K1 ipriviersberg 

Formati on, formerly the Langge1 even Formati on, to group status and its 

division into six formations . Figure 1.7 shows the stratigraphic 

nomenclature and correlation currently used. 

The Venterspost Conglomerate Formation, which contains the gold-bearing 

Ventersdorp contact reef, is not included in either the underlying 
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Stratigraphic column of the Ventersdorp System in 
Bothaville type area (from Winter, 1965b). 
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Wi twaters rand Supergroup, or the overlyi ng Ventersdorp Supergroup. It 
is overlain conforma~ly by the Westonaria Formation, which is the 

lowermost of the si x fonnati ons wi thi n the Kl i privi ersberg Group and 
which is developed only in the deepest parts of the depositional basin 

(SACS, 1980). The overlying fonnations lap on tO~lards the basin 

margins, and are, from the base, the Alberton Porphyry, Orkney, 
Jeannette Agglomerate, Loraine and Edenville Formations: Certain 
distinctive characteristics ena~le these formations to be 

differentiated from one another (Winter, 1976), as shown in Table 1. 2. 

Winter (1976) classified the group as "almost exclusively andesitic". 

Table 1.2 Subdivision of the Klipriviersberg Group (from Winter, 
1976). 

Formations Marker beds Distinctive Characteristics Contacts in type boreho le, 
Langgeleven No.1 

Edenville Green chalcedony and clusters of 1827 
milky quartz amygdates. 1. 

2395 

AZ 1 
Variolitic and spherulitic structures AZ 1 flow 2395-2401 

Loraine 
AZ2 

surrounded by whitish groundmass AZ 2 flows 2 492-2 535 
hence "altered zones " 

2612 

Jeannette Prominent thick agglomerate at top. 

Agg lomerate 
Many agglomerate beds in contrast 
with above. 2. 

2709 

Orkney PZ 1 Purple-topped ash-flow tuffs. 3. ft Z 1 flow 2 709-2 750 
PZ 2 4. PZ 2 flow 2 945-2 965 

3189 
Porphyritic marker flow 

Alberton Porphyritic Porphyritic lavas including "par- 3352-3360 

Porphyry Marker phyritic marker". 6. 

3360 
Absent 

Westona ria Dark green "!alcose tuffs" 

I. Some variolicic zones noted by Wincer (1965] from Allanridge area. 
1. Some porphyritic lavas south of Orkney 

Thickness 
Correlative Areas 
(list Incomplete) 

568 Allanridge, Klerksdorp, 
S. East Rand 

O.F.S., Bolhaville, 
217 Klerksdorp, East Rand 

O.F.S .• Bothaville 
97 East Rand 

480 O.F.S .. Klerksdorp , 
Bothaville, Edenville 

South Vaal. Venlersburg 

171 
(1). Edenville. West 

Rand, Klipri\liersberg. 
East Rand. Vredefort, 
Evander, Greyli ngstad 

South Vaal. Westonaria 
Alberton. S.E. Rand, 

Greylingstad 

3. Pienaar" distinguishes PZ 1 and PZ 2 in KJerksdorp and O.F.S. areas from other purple tops by their round chlorite amygdaJes. 
4. Pienaar discovered a zone of pink. chalcedony amygdales in O.F.S. goldfield in this stratigraphic position. 
5. At base, Pienaar recognised a flow containing characteristic almond-shaped amygdales. 
6. The "PorphyricicMarker" contains phenocrysts offelspar longer than SO mmand thicker than 7 mm and consists of 1-4 flows of lava . 

In the Klerksdorp area the Westonaria Fonnation is absent, so the 
Alberton Formation forms the basal unit. The Orkney Formation is 
present, but the Jeannette Agglomerate has not been recogni sec . The 
Lora i ne and Edenvi 11 e Format; ons will be shown in thi s study to be 
i ndi sti ngu i shab 1 e geochemi ca 11y, and wi 11 therefore be treated as one 

unit. 

The Platberg Group 
unconformity. The 

overlies the Klipriviersberg Group with an extensive 
basal Kameel doorns Fonnati on consi sts of cl asti c 
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wedges of immature sediments ~/hich accumulated in fau1 t troughs when 

the bounding faults were active, and its distribution bears no relation 

to the depositional basin of the underlying K1ipriviersberg Group. The 

~Iakwassie ~uartz Porphyry Formati on over1 i es the Kamee1 doorns Formati on 

~/ithout a break and consists of quartz porphyries with quartz-free 

porphyritic and non-porphyritic volcanic rocks and minor bodies of 

sediments. The overlying Rietgat Formation contains predominantly 

green-grey amygda1oida1 porphyritic and non-porphyritic lavas, but also 

contains subordinate sediments and pyroclastic rocks. The basal 

Garfi e 1 d ~'I€mber is regarded as bei ng trans i ti ona 1 between the two 

latter formations (Winter, 1976), and may form a part of either. 

In the K1erksdorp area, the Makwassie Formation consists of two 

discrete units - the usual quartz-feldspar porphyry above, underlain by 

a sequence of greeni sh-grey, crysta 11 i ne, porphyri ti c 1 avas 

characterised by small, dark green and scattered larger feldspar 

phenocrysts. P.M. Strydom (pers.comm., 1980) has named this unit the 

"Goedgenoeg formation", restricting the use of the name "Makwassie 

Formation" for the actual quartz-feldspar porphyry. This nomenclature 

will be foll owed in the current study. 

An unconformity separates the P1 atberg Group from the overlying Pni e1 

sequence, consisting of the Bothaville Formation and A11anridge 

Andesite Formation. The former is a sedimentary unit of subgreywacke 

compositi on, compri si ng conglomerates, quartzites and sha1 es, whil e the 

latter comprises alternating porphyritic and non-porphyritic lava flows 

(Winter, 1976). 

The Ventersdorp Supergroup is over1 ai n by the Transvaal Sequence, the 

basal unit of which is the Black Reef Quartzite Formation, while 

beneath the Ventersdorp Supergroup lies the Witwatersrand Supergroup, a 

predom; nant1 y a rgi 11 aceous and arenaceous sequence. Former1 y d; vi ded 

into the "Upper" and "Lower" di v; s; ons, now ca 11 ed the Centra 1 Rand and 

West Rand Groups respectively, the succession contains only two 

relatively thin volcanic horizons . The Bird amygdaloid marker ;n the 

Central Rand Group does not occur in the Klerksdorp area, and will not 

be i ncl uded in the current study. The Crown Format; on, formerly the 

Jeppestown Amy'gda 1 oi d, however, is more ~Ii despread and wi 11 be 

considered briefly. 
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2. INTRODUCTION 

2.1 Purpose of Study 

The aim of this study was to analyse a large number of volcanic rocks 

of the Ventersdorp and Witwatersrand Supergroups and the Dominion Group 

from the K1erksdorp area in order to ascertain whether any geochemical 

criteria exist which may serve to discriminate between the various 

volcanic formations constituting these groups. 

The need for such a study is borne out by the decision, as far back as 
1961, by the Consul tative Committee of the Economic Geology Research 

Unit at the University of the iJitwatersrand, to investigate the problem 

of corre1 ati on withi n the Ventersderp System. Thei r motivati on was 

that: 

"Such a study would be of considerable interest to the 

mining companies engaged in exploration where it ~Ias 

necessary to drill through thick developments of this 

System before penetrati ng into the under1yi ng 

Witwatersrand rocks. In many instances a very 

consi derab 1 e footage had to be drill ed in the 
Yentersdorp rock s before a recogni sab 1 e marker hori zon 

cou1 d be identified and an estimate given of the depth 

at which the Witwatersrand recks might occur beneath the 

Ventersdorp. If it werepossib1 e to identify the lavas 

and sediments, then time and effor t could be saved where 

it was indicated that an excessively thick succession of 

Ventersdorp rocks was 1 ike1y to be present below the 

horizon recognised. In short , holes could be stopped 

sooner where it became evi dent that the cover above 

Wi twatersrand rocks p1 aced the 1 atter at unfavourab1 e 
depths." (Winter, 1961). 

The logical extension of this was to include the lavas of the Dominion 

Group, which are, in many areas, stratigraphically intimately related to 

those of the Ventersdorp Supergroup, and are sometimes visually 

indi sti ngui shabl e, especi ally where boundary outcrops are scarce. Of the 

two vol cani c hori zons in the Witwatersrand Supergroup, only one, 
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the Cro~m Formation, more commonly known as the Jeppestown Amygdaloid, 

is present in the Klerksdorp area and is included briefly in this study 

for completeness' sake. 

The EGRU project was conducted by reseachers such as Winter (1961, 

1962, 1963a, 1964, 1965a) and Tyler (1979a,b), followed later by 

Watchorn (1980) with work on the Dominion Group. Their conclusions, 

however, were reached mainly by studying stratigraphic field relations 

and petrography. Until Wyatt (1976) presented his M.Sc. thesis, in 

which he provided 49 chemical analyses of rocks from the 

Klipriviersberg Group, no other rocks of the Ventersdorp Supergroup had 

been the subject of a systematic geochemical study. Only five chemical 

analyses of Dominion Group lavas have been putlished and these - two 

rhyolites and three andesites - were presented by Von Backstrom (1952, 

1962) . 

Winter (1965b) stated that "the lavas of the Langgeleven Formation (now 

the Klipriviersberg Group) may be confused with flows occurring in and 

locally at the base of the Makwassie Formation. They may also be 

confused with s imil a r vol cani c s of pre-Witwatersrand age where the 

latter do not show signs of a more intense deformation. They may 

easi ly be confused with flows of the Ri etga t Formati on, and have been 

confused with the All anri dge 1 avas. However, the Ri etgat and 

Allanridge lavas are not interbedded with an abundance of agglomerates 

and tuffs, nor do they have an abundance of flows of the pecul i ar 

structure of amygdaloidal tuffs.". 

Referring to the Makwassie Formation, he stated that "the isopach map 

establishes that the Formation containing quartz porphyries is 

extensive, thick and continuous. This is an important conclusion 

considering the possible confusion which may arise through correlation 

of this phase of the Ventersdorp volcanics with the acid rocks of the 

Dominion Reef System. ". "The latter, however, are generally somewhat 

schistose and associated with other schistose rocks, they have a 

peculiar cherty appearance, being metamorphosed to a higher degree, and 

their phenocrysts do not appear to be as prominent as those of the 

Makwassie Formation.". Winter (1976) added that "it may be difficult 

to distinguish- between the schistose structures and possible flow 

(rhyolitic) and compactive structures.". 
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Winter (1965b) also said that "the green-grey amygdaloidal lavas (of 

the ~iakwassie Formation) closely resemble the Langgeleven Formation and 

can only be distinguished from them if porphyry or sediments are 

i nterca 1 ated wi th them. Others resemble fl o~:s of the Ri etgat. 

Formation. Establishment of the upper boundary becomes doubtful in 

areas ~Ihere green-grey porphyritic lavas occur extensively in both 

formations.". 

It is therefore clear that, although visual criteria can and do exist 

whereby formations may be distinguished from one another, very often 

these criteria are not evident or may even be absent. The need for an 

alternative method of identification is thus patently obvious and it is 

hoped that the geochemical methods employed in this thesis, which have 

yielded encouraging results, will be implemented by others in order to 

validate and elaborate on results in and further afield from the 

current study area. 

The preliminary work on this project was executed jointly by T.B . and 

M.P. Bowen. This included the collection of core samples, subsequent 

processing and chemical analysis. All further interpretation and 

manipulation of data was performed individually unless otherwise 

acknowledged. Petrographic descriptions and petrogenetic 

interpretations of these data are included in a dissertation by M. P. 

Bowen (in prep.). 

2.2 Sampling Procedure 

Samples were obtained from borehole cores drilled in a triangular area 

of 1 500kmt. roughly defined by the towns Hartbeesfontein~Harrisburg­
Vi erfontei n (see Fi gure 2.1). Borehol e core was made ava il ab 1 e by 

Anglo American Prospecting Services (Pty) Ltd of Klerksdorp. Table 2.1 

lists the boreholes which were sampled together with the number of 

samples used from each hole: 
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Table 2.1 Number of samples analysed from each borehole 

VentersdorE SUEer~roup Dominion Group Crolm Formati en 

JBF -1 31 DRS-6 22 R-l 3 

JI-iA-l 9 DSF-7 49 JY-8 3 

SH-l 8 nSF -10 16 Total 6 

VI-iD-l 15 DHF-8 5 

I-IS-4 24 DRL-13 8 

I-IS-5 101 DRH-14 3 

PK-10 6 DRH-15 8 

1-1-20 15 Total 111 

Total 209 

The localities of these boreholes are shown in Figure 2.1. 

Those headed "Ventersdorp Supergroup" and "Crown Formation" are all 

situated to the south of Klerksdorp, four in the Transvaal and six 

across the Vaal Ri ver in the Orange Free State. I-IS-4, WS-5 and VHD-l 

Ilere drilled directly into Ventersdorp lavas. JBF-l, SH-l, PK-10 and 

W-~O had a cover of Transvaal Supergroup rocks ranging between 181 and 

733m th i ck before the Ventersdorp 1 avas were reached, whil e the 1 avas 

in JHA-l were capped by 165m of Karoo rocks. In the "Crown Formation" 

holes, the Jeppestown Amygaaloid or CrolJn Formation is found between 

l688m and 1731.3m from the surface in R-l, and between l754.lm and 

l808.9m in JY-8. All the "Dominion Group" holes were drilled directly 

into Dominion Group lavas, with the exception of DRS-6, in which the 

lavas are capped by 86.26m of the Rietgat Formation of the Ventersdorp 

Supergroup. 

Pemberton (1978) made a survey of major and trace element variations 

within individual Karoo basalt lava flows in order to determine the 

best position in which to sample a flow for chemical analysis. He 

concluded that flows should be sampled as close to their base as 

possible, because 

1. The major el ement abundances for the basal and topmost 

samples of each flow tend to be very similar but within the 

interior the composition varies erratically. 

2. The' base of a floll is easy to recognise and locate in the 

fi e 1 d. 
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Figure 2.1 Borehole locality map 

, HARTBEESFONTEIN 

o DHF·8 

o DRl·13 

KLERKSDORP ., .", 

~ir (!l 
o DSHO 

ODSF·) 

o DRS · 6 

o DRH·14 o DRH·15 

TRANSVAAL 

REGINA 
• I 

,._. l 
,', I 
j .... --.-.- .... j 

/, 
!::,.'b 

4' ,-. .... < 
{ \18'6 

OR·l 

, , 

HARRISBURG 

• I 
r-· .... ·, ... .' ORANGE FREE STATE 

! -
( 

\ 
\. OVHD'l 

! 
\ 20'30' 

o JHA·l 

10 km 

STllFDNTEIN 

• 

~. 

OSH·l 

OJBH 

• VIERFDNTEIN 

"1 



- 15 -

The latter reason is especially relevant to flows in the 

Klipriviersberg Group, many of which have "swirled tops", (flo~1 or 

brecciated tops, consisting of 0,3 to 6 metres of small, sub-rounded 

blocks of highly amygdaloidal lava (Winter, 1965b)) making the exact 

boundary difficult to determine in core samples. With a brecciated 

1 ava top the poss i hil i ty of i nfi ltrati on of the next fl ow dG~m between 

the lava blocks of the underlying flow must be considered as well as 

alteration due to penetration of moisture into brecciated flow tops. A 

further phenomenon to avoid is the entrainment of clasts into the sole 

of an advancing lava flow as it moves across a rubble-strewn surface . 

An alternative method is to take a number of samples throughout a flow 

and average the results to obtain a representative analysis . This was 

not suitabl e for the current study, however, as the average distance 

between samples in the boreholes in which the most detailed sampling 

was done, was about 22m. Within-flow sampling would have increased the 

number of sampl ES to unmanageabl e numbers for a project, the aim of 

which was to determine inter- and intraformational variations. 

Consequently the samples for the current project were taken as close to 

the base of flows as possible, but above the basal amygdaloidal zone. 

Pemberton (1978) found that the removal of amygdales from samples leads 

to a slight difference in 

included. Although he 

el ement content from those with amygdal es 

concluded that the overall shift in 

concentration due to the presence of amygdales is a relatively minor 

one in comparison with the within-flow variations, highly amygdaloidal 

zones were nevertheless carefully avoided during sampling in the 

current study. 

Boreholes WS-5 and DSF-7 were selected by P.M. Strydom as holes 

containing the most complete and representative sequences of the 

Yentersdorp Supergroup and the Dominion Group respectively in the study 

area. These two boreholes were therefore sampl ed in deta i 1 at 

i nterva 1 s of about 22m, whi 1 e the other perehol es ~/ere sampl ed at much 

wi der but roughly equal intervals, in order to obtain information on 

possi P 1 e 1 atera 1 vari ati ons withi n different formati ons, and to 

facilitate correlation on a broad scale across the study area. WS-5, 

however, contai~s only 22.4m of the Makwassie Formation, so WS-4 which 

contains a thickness of 367m of this Formation , was sampled in detail . 
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Within WS-5 and DSF-7 samples were usually taken from between two and 
several flows apart, with very few being taken froll' adjacent fl ews. 

The thickness of flows can vary between a few metres and several tens 

of metres or even mere, but is usually from about 5 to 25 metres. 

A total of 504 samples was collected from the Anglo ftmerican core yards 

at Vaal Reefs, Vaal Reefs South, and Klerksdorp. Of these, 326 were 

eventually processed for chemical analysis. The remaining 174 were 

omitted due to time and manpower constraints. The positions of the 

samples within each borehole are indicated in Figure 2.2, which shows 

condensed 1 i thostra ti graphi clogs adapted from those provi ded by I<1r 

P.M. Strydom of Anglo American Prospecting Services, Orkney. A 
breakdown of the number of samples analysed from each formation is set 

out in Table 2.2. 

Table 2.2 Number of samples analysed from each formation 

FORrtlATIOI'< 

All anri dge 

Ri etgat 

Makwassie 

Goedgenoeg 
Loraine-Edenville 

Orkney 

Al berton 

Crown 

Dominion Group acid porphyries 

Dominion Group basic lavas 

TOTAL 

35 

34 

17 

35 

46 

32 

19 

6 

32 

70 

326 

2.3 Sample preparation and chemical analysis 

Each sample was prepared for chemical analysis by breaking up the 

sample in a rock splitter and removing the outer surface of the core by 
gri ndi ng, as th i s surface was frequently weathered and may have been 
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Figure 2.2 Condensed lithostratigraphic logs with sample positions 
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(c) Crown Fonnation borehole s 
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contaminated by metal smears from the core barrels and core trays. Any 

vein-filling material or amygdales were also removed at this stage. 
The rock fragments were then passed Urough a jaw crusher, and ground 

to approximately 200 mesh in a Hertzog swing mill, using a Mn-steel 

contai ner. The fi na 1 crush was quartered and seven grams ~Iere fi ne ly 

ground by hand, using an agate pestle and mortar. 

Of the seven grams, two were used for mak i ng a Norri sh fus i on di sc for 

major element analysis, according to the method described in Norrish 

and Hutton (1969). This entailed mixing 1.5 grams of Spectroflux with 

0.28 grams of sample ~Ihich had been ashed at lOOOoC to el iminate all 

volatile material. The mixture was melted in a platinum crucible at 

more than lOOOoC and poured into a graph i te moul d to form a thi n 

glass disc. 

The remaining five grams were used fer making a briquette of sample 

contained in a boric acid/bakelite case, which was compressed under 15 

tons/sq. in. using a steel barrel anc plunger. The briquettes were 

used for the analysis of Na20 and the trace elements Sa, Nb, Zr, Y, 

Sr, Rb, Zn, Cu, Ni, Co, Cr, V, La, Ce and Nd. 

An alternative to the briquette methoG - the use of pol ished slabs -

was tested. A disc was simply sawn from the borehole core, ground flat 

and pol i shed on one si de, and inserted in the spectrometer for trace 

element analysis. A comparison between the two methods for a 
zinc-copper-nickel run is shown in Figure 2.3, in which concentrations 

determined on briquettes are plotted against concentrations obtained 

from the pol i shed sl abs. Nickel sho~ls a far better correl ation than 

either zinc or copper, but in general, the slab method resulted in 

lower values than those obtained from the pressed pellets. This 

discrepancy is to be expected, as a slab will very rarely display the 
same degree of homogeneity as a pressea pellet, unless the rock is 

extremely fine-grained. 

Although thi s techn i que has not been ~ursued further, it may prove in 

practice that the time saved in using the slab method more than 

compensates for the loss of precision. This method might be viable for 

monitoring drilling, when decisions as to whether a particular borehole 

shoul d be conti nued or abandoned cannot rest on elaborate and 1 engthy 

laboratory procedures. 
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Figure 2.3 Concentrations of Zn, Cu and Ni 

determined on slabs vs pellets 
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Major and trace element analyses were performed by X-ray fluorescence, 

using a Philips PW 1410 X-ray spectrometer. Both international and 

locally calibrated standards were used for calibration. International 

standards used include thE follo~:ing: AGV-l, BCR-l, G-2, G5P-l, JG-l, 

and PCC-l, while Rhodes University in-house standards used are CAR-08, 

KRF-13 and PRC-l. A number of standards calibrated at Ii. 1.1>'1. (noH 

~lintek) were also used, viz. NI~l-G, NIN-/J, NI~l-P, 5-9, 5-10, $-12 and 

5-15. Details of analytical techniques can re found in Appendix II. 

Data reduction was performed initially on an ICL 1904$ computer and 

subsequently on a CDC Cyler l70-82b, using programs compiled at the 

Geochemistry Department, University . of Cape Town, and modified for use 

at Rhodes university cy Dr J.S. ~jarsh of the Rr.oces Geology Department. 

~iajor and 'trace el ement analyses 

2.4. All iron was analysed as 

values have been recalculated 

for 326 samples are listed in Table 

Fe203 . Both major and trace element 

to 100%, volatile-free. It was 

considered justified and indeed necessary to recalculate trace element 

as well as major element data, in the light of the high degree of 

hydration apd carconation of a number of the samples. Five samples had 

a volatile content of over 10%, the highest being 12.88% for sample 

AR-4'i6. In cases such as these and many others, if recalculation of 

trace elements was not effected, major and trace element contents might 

prove irreconcilable. The original total ("TGTAL") and volatile 

content ("LGI") are provided for each sample in Table 2.4, should 

back-calculation to the original values be required. 

The numerical part of the sampl e names indicates the order in which 

samples were taken, while the alphabetic prefix indicates the group and 

the formation to which each sample belongs, as shown in Table 2.3. 

Major element values are expressed in weight percent, trace elements in 

parts per million. Trace elements listed as 0 ppm had values below the 

lower 1 imit of determinati .on (LLlI), Those marked ~!ith an asterisk (*) 

had values below the LLD, but above the detection limit (DL), which is 

half the LLC (see Tacle 2.5). 
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Table 2.3 Derivation of sample names 

GROUP FORMATION SY~180L 

AR - All anri age AR 

R - Ri etgat PR 
P - Platberg M - Makwassie P~1 

G - Goedgenoeg PG 

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

A - Alberton KA 

J - Jeppestown C - Crown JC 

D - Dominion P - Porphyri €s DP 
B - Basic Lavas DB 

Unknown IN - Intrusive IN 

In X-ray fluorescence analysis the precision of any determination may 

be considered to be a function of: 

(i) the reproducibility of the sample preparation techniques, and 

(ii) X-ray counting statistics. 

The successful dupl i cati on of 45 

conditions required under (i) 

analyses has demonstrated that the 

are sufficiently satisfied. X-ray 
counting statistics, expressed in terms of average counting error (CE) 

and lower limit of determination (LLD) for each batch of trace element 
analyses processed, are shown in Table 2.5, giving a measure of the 

precision attained during analysis. The samples were analysed in three 
separate batches consisting of 40, 48 and 238 samples respectively , 

wi th the excepti on of the rare earths La, Ce and Nd, whi ch were 
analysed in two batches of 40 and 286 samples respectively. 
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Table 2.4 Major and trace element analyses 

OxIDES AND TRACE ELt:MEkTS Rt:CALCULATED VOLATILE fREE, ALL FE AS fE203, TOTAL = URIGINAl TOTAL: 

SA/IIPLEI DB' DB· , DB' 3 DP' 4 DP' , DP· 6 DB- 7 D8- ~ DB- Y D8- lU 

5102 ';7.76 ~ ~. 4. 4 :lti./~ 6ts,.52 7U,84 69.87 S2.l1 52.' Y ~)jt77 ~, .:" 
TI02 '.OH4 1 .041 1.UU4 0,849 0.809 0.830 0.883 0.889 U.S43 , .1 71 
AL2 0 3 , 4, SIS 13.tSS 13.60 12,74 1/. . 50 12.65 1.3 .l.9 13.08 13.09 14.46 
Fe203 " .3; , 1 • {. ~ , 1 • It. 7,35 !>.66 6 . 71 12.87 13.68 1 1 .4 b 1U.U5 
"NO 0.2\0 0.15 O. , It 0,' 1 U,n8 0 , 07 ~:~~ O.l~ U.17 O. , 5 
"G O .3.51 .3.,4 .5 • , ( 2,50 1.73 1 .70 10.U7 Y .52 4.'14 
CAO 1. J; 6.82 6. 'IV 2.U5 1. 45 U8 10. Y 2 6.68 7.36 5.57 
NA20 j, .B J.er! .3 • , ( j,65 5.42 1 .07 2.85 's,43 5 • 11 
<2D U.50 6:~~, 1 • :s 4 2,16 j.22 3.03 0.U8 O. " U.1S U.57 
P2 0 5 0 .25; o .t.Yr 0, l71 U.278 U.243 0.1 Y 1 0.'94 U .180 U.421 

TOTAL: YY.ll VY.86 YI.}. (j 9"1,69 9Y.49 Y9.11 99.,52 99.30 10U.12 YY.5!l 

LOI !I.7l 1 .6'5 1 .4ts 1 ,j 2 1 .68 2.33 6.89 2 . 62 2.1 J 1.71 

BA ,U4 3Y5 484 '4. 053 889 25 48 77 244 
HB '.5 16~·!I 1.1 12.9 ,n· 4 15.0 4.2 2.4 5.3 7.7 
lA 173 171 2>6 275 91 09 Y3 174 
Y ,SO .1 26.1,1 27. 7 ~d.9 

1fr·
3 27.1 2',7 1B'O 22.7 3U.l 

S. ,06 460 46> 214 71 3 •• 105 147 
'8 1H .9 51 • U 44.5 !l6.9 81 .5 11 4 , 7 1 .3 12~·2 1 • Y 9.8 
IN 100 10j Y1 "7 82 107 99 95 
CU 2" 1 6 4< lU 9 7 5' 6U 43 55 
Nl 19 23 2; 1 2 9 1 2 31U 446 322 '25-
Co " 54 5j ,. 16 21 6" "' 71 50 
C, ; 6 1 2 1 2 2' 4 1344, 1510 1290 34 
V 2Y7 201 245 1U6 53 .7 236 257 221 230 
LA 27 25 27 44 46 35 10 1 3 7* 21 
C E 40 59 5U 17 94 76 29 27 1 5 4; 
ND 2 0 24 20 jf 40 34 17 19 1 1 25 

SA,MPLEI DU' 11 D8- 12 DB- 13 OB- 14 DB- 15 DB- 16 OB- l? nB- 18 DO- 19 DB- 2U ------
SID" S 4.10 61 .1 2 !l7.' tS 60,41 S>.72 52.45 50.82 52.78 52.70 52.S' 
TIOl 1 .323 1 • 6~4 (!,UI6 1 • ;96 U,787 0.758 0.744 0.682 0.660 0.641 
ALl03 15.34 1 1 .4j 13.10 12.li8 ,4.26 13. ~3 p.'6 14 . 45 16,37 14 . !lS 
FE 03 1.2.69 11 .4 14.i'ts 10.1J 4 11 .32 11. 7 5:~~ 10.48 .9.78 1U.43 
NNO U.,6 0.10 U. 1 6 0,16 U.14 0.16 0 . 18 0.14 U .13 
NGO 5.21 1 .4 R 2.4.3 2,'19 1.26 8.86 7. 83 /:1.27 7.3c> 8.!d 
CAO 5.56 1 O. fI 7 4.' 1 6,U3 !:S,06 9.44 11.13 9.62 /:I.~5 9.~l 
NAlO 4.76 0.29 3./4 3.63 3.18 2.73 1 .44 ~.69 3.94 6:~~ <20 0,44 1 .1 6 1 • !l1 0.73 1 • n8 U,64 0.19 .69 0,65 
P20S \J,397 0.637 0."(8 0,;46 U.189 0.168 O.16R 0.165 0,1 !l, U. 1 QIi 

TOTAL : 99,7Y 1uU.U~ 'ItS.'I( 99.U8 911.31 99.99 99.'Y7 99.99 Y'Y.32 911.86 

LOI 1 ,77 1 •• 9 l.lt. 2,62 1.91 2,02 3 . 69 2.94 2,35 2.53 

B, 149 549 557 116 676 406 130 273 427 21j 
N8 9.3 1 " • 5 16.5 12.9 5,6 2.9 '.8 2.6 4.3 3.4 
I, 19 6 260 3~' 2>Y lOS 

H.3 
89 V~.7 ~L 82 

Y jJ.7. 44.6 4.4 .r. 1 • 2 22,6 25,2 US.'I 
50 1 21 2015 17Y 2'1 462 444 523 435 '64 4" " 

'" 7.9 J7 .Y ",0.7 ~tS, 4 17 .2 ~6'0 9~,9 ~~.9 14.1 15 ." 
IN 123 93 ,., 116 1U4 85 77 
CU 36 34 12 j2 60 55 aj 7U .6 ., 
NI 1.15 19 2" 07 262 29U 36U 318 '"0 250 
CO 67 43 S> 4" 69 66 75 65 5R 62 
C. 41 • 17 7 772 926 1197 784 ;48 "50 
v 2 .. 3 7.91 32. 2(0 <08 209 211 194 106 191 
LA 2U 34 4j " 1 2 1 3 8" • 9 1 2 
CE ; f) 79 ." O. 25 27 2' 25 1R 2U 
ND 29 45 " 4; 18 17 )6 " 14 Y 

SA/II.f-'LE"I DS- 21 DB- n DB- 0 DB- 24 np- 2; OB- 26 DB- 2? AR- 2. DB- 2Y DB -3U 

51 0 2 ; 6,13 ~7.tU :>4.1,16 62,Ul 7u.6.5 !l6.8l 53.7' 57 . 36 ;M.3S ~7,4tS 

TIO£ 1I.~24 o t>44 O • ." 5 , ,430 U.7I.J5 10 '$25 1 .'~ 1 1.413 , .541 , ,1 3Y 
AL203 15. b '5: so 16 • 1 1 1l.75 1'.53 '. 4 14.7 , 5 .51 15,99 1 4 • 1 7 
FE20J <} .41 1,1.19 9. It, 12,30 6.2. 7.95 1 3 , :lI:s 16,43 15,1'1 , 4 .19 
"NO tJ. 11 0.12 ~:}j 0,' 6 U.07 gJ~ 0.17 0.15 0.13 U,' 6 
"GD 5.!l'Y S.lA 1 • Y 4 1 • 06 3.07 2."0 L.IlS 3.ey 
C, O o.L10 l.ofl 7 • 41 4,M9 5.60 7.29 8.110 2.44 4,21 5,60 
NA2u 3.62 3. 49 3. {4 2.H5 l.R9 .3,50 3.01 2.90 2,hl (.111.1 
<20 1 • u4 fJ.~4 1. U4 1,'0 1,Sa 2.00 O.!l9 0.b3 U.611 0,66 
P 2 0 5 U.165 O. , 71 0.1'15 U,465 U.25.5 U.177 O,lY7 0.171 U,45" U.31'1 

TOTAL: 99,)1; 9 Y.72 '1'1. (') 9".55 9ts.Q9 1J9.16 99." 97. H7 9Y.13 9ts .~4 

LO! "u.s 2.U9 , • IJ () 2./2 1 .29 " UlS 3.U8 5.14 5,3, 5.25 

BA .141 327 '04 313 037 567 3U6 H1 42 3 214 
NB 4. I 4. j 4.7 11 .0 , .3 • 5 3.9 ".5 216. 3 10.4 b.Y 
Z, 117 1 21 13> 2," 297 106 20' d7 15x 
y '9.7 20.1 22 • ., j 5, ~ 30.8 18.9 4~3'O 2S.1J 38.2 27.4 
S, >U3 S j U 6its 4U6 4U1 593 134 413 2tsU 
.s 2"-,2 1 7." U 2U,2 4, . 1 37.3 52 . 3 14.8 15.6 21,Y 2 4,1 
ZN 7. 78 8" n 69 77 117 146 149 1 4 b 
CU IS 66 " <j 1 2 73 56 U .B H 
Nl 9 0 94 YO 14 1 2 1 31 35 27 21 33 
Co 5 U 40 5' .. 18 54 52 68 07 6j 
co ;3 51 4Y Y 9 52 a U 1" lU 
V 16 1 164 16Y ZtsS 48 166 223 25' 435 32Y 
L. 1 J 15 11 4' 45 14 21 '" 32 23 
CE '0 2'; 31 I. os 35 50 3Y 72 " .D 1Y 1 6 1 B 43 >8 16 30 ,4 43 27 
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OXIoES AND TRACE ELEMENTS RECALCULAT~D VOLATILE FREE, ALL FE AS FE203, TOTAL = ORIGINAL TOTAL: 

SA~PlE I 

S102 
TI02 
AL20Ji 
FE203 
MNO 
"GO 
CAD 
NA20 
<20 
P205 

TOTAL: 

LOI 

B, 
N. 
Z. 
V 
S. ,. 
ZN 
Cu 
NI 
CO 
C, 
V 
LA 
CE 
NO 

SAMPLEI 

S102 
TI02 
AL203 
fE203 
"NO 
"GO 
CAD 
NA20 
K20 
P205 

TOTAL: 

LOI 

B, 
NB 
Z. 
V 
S. 
'B 
ZN 
Cu 
NI 
Co 
CR 
V 
L, 
CE 
No 

SA"'PLEI 

5102 
TI02 
Al203 
fE2 0.5 
"NO 
"GO 
CAO 
NA20 
K20 
P20S 

101.'1.: 

LOI 

B4 
NB 
Z, 
Y 
S. 
'B 
Z. 
CU 
NI 
co c, 
V 
LA 
CE 
NO 

01:1- 31 

~~. 6~ 
1 .OH5 

'4.52 
13. ,5j 

V.l b 
J.77 
7. U6 
j.3J 
0.77 
U.300 

9~.9U 

.5 , 11 

3t:!8 
5.6 

1>3 
(.y.~ 

0' 1 
ns.6 "0 14 
38 
67 

7 
3lS 

l5 
50 
l8 

DB- 41 

Y(,7ts 
1 ,Jllt 

'3.4.1 
15.0'1 

u ,14 
3 02 
5:tW 
lo.7l 
0.55 
u.148 

9V.2U 

5.90 

U6 
/.7 

144 
l8.5 

287 
15.9 

133 
49 
19 
04 

4 
479 

23 
.1 8 
lU 

DP- 51 

6'7.84 
0,7b5 

11. .6) 
6,l5 
U.Oo 
u.97 
l,lt' 
4.4u 
l.64 
U.lo6S 

fj'j .4'7 

U,8U 

S8Y 
, 2 • .,. 

2n 
19.U 

1)0 
IBoY 
66 
, 2 
10 
l1 

5 
6V 
47 
d~ 
36 

DP- ~l 

b 7 ., Jj 
U.891 

13 .15 
6.62 
O.llA 
, .1 h 
4.15 
4.U~ 

5:i~2 

YB.sn 
.'3.60 

80S 
1 ) • 1 

3H.l 
262 

40./j 
86 

6 
7 

19 
o 

59 
72 

124 
54 

KL- 42 
------
57.?? 

n.53Y 
17.B 
1 2. 7? 

U.16 

3'9~ 
3:95 
1 .66 
0.U4,5 

'19.39 

3.65 

214 
2.4 

4l 
6.Y 

6l 
46.4 

118 
155 
143 

60 
164 
237 

0 
0 
0 

OB- 52 

~ 1.32 
0.806 

12.6/\ 
1 2 .51 

U.21 
, 1 .3 f, 

7.57 
1 .51 
0.35 
0 •. 184 

Y9.6f> 

2.6 ! 

19U 
3.1 

76 
, ~. t:I 

244 
8.0 

1 6~ 
52 

364 
76 

1301 
233 

9 
18 
14 

DP- 53 

)!:S.44 
1 .4tSY 

(.1 • b~ 
6.j~ 
O,Oj 
, .4U 
, .Iu 
, • t.'1 
7.lt 
U.~17 

"'8.Yl 

3.0(. 

1'21 
lti.5 

50 
6U.7 
00 

204.4 
46 

6 
16 

" 3 
Vi 
21 
5Y 
36 

<l- 43 

) ll.ld 
U.4j9 

'4.40 
'U,lf 

0.14 
'O.~ts 
11,U f 

, .Ot 
1.7f 
0.Uj9 

Y9,1:S~ 

2.6 ( 

313 
U.7 

34 
1 ( , 'I 

lOY 
6.5.U 
M!> 
83 

246 
5Y 

814 
129 

0 
0 
4' 

DB- '3 

)!:l.!lb 
, • , ~ 2 

14.j6 
, , .0) 
O. '~ 
4,6( 
., .I.~ 
3,Y'" 
D.b) 
O.J6,5 

Y9, ("J 

1 • t. It 

271 
7.5 

, 6"" 
3U.h 

419 
l.5. 4 

1 U3 
60 
.6 
56 
41 

lj > 
lU 
5U 
3l 

DP- 34 

64.u2 
U,ts94 

14.'0 
12, ~ 4 

U • 11 
2,'7 
1 • 1 4 
, • U 1 
3.10 
0,319 

99,ts7 

3,06 

<l- 44 

50,)3 

12:j~3 
~,:::;6 
0.14 

lU~ 
, • ~ 4 
0,63 
0,U35 

, UO, 3 4 

2.54 

108 
3~·4 
16.7 

192 
27.6 
59 . 
75 

220 
55 

1~'9 25 
5-
0 
0 

DB- 54 

57.93 
, ,66'1 

12.'13 
1 2 , 21 
U.'4 
2.18 
7,U7 
.3,54 
, .71 
0,619 

98.50 

3.61 

.j6 
1J.0 

Z/U 
41 .3 

4ul 
0) 0:5 

1 'l 
>Y 
j4 

" " 2'" 1 ,0 
17 
47 

oP .. 35 

71 .41 
0.774 

11.73 
Y.19 
U.08 
1 .35 
U.67 
, .85 
c.69 
u.255 

9'1.44 

l.12 

430 
, 1 .7 

'H.s 
Y4 
90,4 

103 
lO 
1 1 
28 

4 
54 
40 
72 
34 

KL- 4!> 

5U.86 
U.4.L~ 

1>.01 
Y. f 1 U. 5 
"1.67 

, l • 1 9 
1.43 
U.7U 
U.044 

101.46 

l.62 

111 
D.> 

33 
1 6.3 

173 
31 .0 
61 
73 

1 Y2 
55 

135 
<14 

0 
0 
0 

DB- 55 

5>.89 
U,75l 

1j.6S 
,U.22 

u.16 
, .54 

, U. 25 
l.61 
u .73 
0.170 

10U.4.! 

t.59 

369 
3.1 

85 
'9.4 

374 
, 1 .2 
84 
00 

>13 
68 

Y2A 
<18 

8* 
17 
14 

DP- 36 ------
71,65 

0,819 
12.9V 

5.41 
U.07 
O,4U 
1.24 
4,12 
3 03 
0:279 

V9.93 

1.46 

1042 
13.3 

19v 
29.2 

233 
68.2 
58 
11 
10 
14 

4 
54 
50 
93 
40 

Kl- 46 

::;0.91 
D.4ttl 

14. oS 

'8: 1 g 
9 06 

12:05 
1. 58 
0,79 
0,041 

99.46 

2.49 

130 
1 • 2 

37 
17 .9 

182 

~~" 
87 

171 
58 

463 
234 

4' 
0 

15 

oe- 56 ------
55.50 

U.66lt 
14.96 

8,96 
0 . 14 
6.17 
9.13 
3.64 
0.70 
0.144 

100.55 

1 t 41 

372 
3.7 

79 
1 B. 4 

68~ 
1 1 .0 
74 
08 

182 
SO 

682 
18. 

8 
20 
13 

op- 37 

70,U4 
a.H20 

12.88 
6,'-6 
0,06 
0.60 
1 • ts 5 
4. , 6 
3.U7 
0.l67 

99.37 

1 • '18 

76Y 
14.1 

2V6 
30.6 

201 
56.1 

H 
9 

16 
4 

5l 
5l 

100 
44 

DP- 47 

69.37 
U.749 

12.65 
7.>3 
0.U9 
n.70 
Z.Ul 
4,01 
2.67 o ,t 11 

99.b8 

2.16 

628 
14.8 

246 
35,6 

237 
87.8 
94 
13 
1< 
l' 

3 
n 
4.1 
Sl 
3Y 

DB- 57 

53.14 
0.b47 

14.Y3 
9 0btJ 
0.16 
7.56 
9.74 
2.77 
1 • j 2 
D.12S 

99.81 

4.31 

54l 
3.2 

I<l 
1'1.7 

42d 
2/.9 
77 
64 

24l 
64 

67U 
19U 

12 
21 
16 

IlP- 38 

71.04 
0.8U9 

12.44 
5.B1 
0.12 
O.4k 
2. ZJ 
3.48 
3.31 
0.27Y 

97.89 

2.54 

801 
1 3 • 5 

279 
28.4 

164 
74.5 
83 
lU 

7 
15 

U 
53 
46 
92 
38 

DP- 48 

67.68 
0.166 

12.83 8.1 6 
U. 1 
~.50 

.87 
4.39 
2.48 
0.208 

99.47 

2.86 

492 15.7 
248 
36.7 

346 
9U.l 

116 
113 

1 1 
21 

4 
2u 
42 
83 
38 

DB- 58 

58.31 
O. Y7U 

14.40 
10.28 
0.'4 

~:H 
2.88 
U .97 
0.315 

99.83 

1.73 

552 
6.2 

163 
25.2 

743 
1 ,., 0 5 
91 
57 
4. 
53 
2U 

214 
19 
44 
3U 

oP- 3'1 

71 061 
U,78B 

1 Z. Q U 
7.1 3 
U,06 
0.74 
U,90 
4.76 
, 036 
U.246 

9'1,42 

, .62 

311 
14.4 

19n 
31 .7 
87 
37.5 

127 
7 

10 
lO 

8 
55 
48 
91 
41 

,P- 49 

68,38 
\J , 7'1 4 

12,78 
g,74 
U .18 
O.2b 
1 .90 
3.33 
:S.41 
U.234 

98.63 

l.39 

06V 
14 • .5 

lS6 
32.CI 

165 
126.ts 

02 
9 
9 

l2 
0 

25 
46 
92 
35 

DP- 5Y 

7U.87 
U,771 

1 2: I :5 1 
~ I 57 u,no 
1 .2:1 
1 .85 
1 ,43 
!:l16S 
U.26U 

99,33 

1 ,26 

,695 
11 .3 

259 
Z5.3 

254 
lU7. , 
1 1 2 

14 
1 2 
19 

4 
70 
5n 
Vl 
42 

DP- 4U 

76.74 
U.74( 

12. UO 
1. 81 
U.02 
O •. S2 
U.51 
3.4~ 
4.14 
U.25Y 

Y1.J.OS 

U.tsU 

ll07 
13 .> 

171 
24.6 

108 
112.U 

51 
7 
o 
9 
o 

41 ,. 
1 UU 

45 

DB- SU 

62.50 
, ,04) 

14.67 
8.65 
U.16 
, .94 
6.47 
j .1 4 
1. 1 6 
U .i5 1 

98.59 

4.YY 

788 
9.> 

187 
29. b 

174 
44.4 
70 
64 
21 
4U 
2' 

173 
25 
51 
20 

0"- 6U 

6U.la 
u.yltO 

13,)4 
10.42 

~:l~ 
"(.70 
1.Y6 
1 .20 
U.32U 

100.86 

1. /6 

1 Ul 1 
6.0 

167 
2b.j 

704 '8. j 
8Y 
43 
27 
51 
lU 

222 
27 
4l 
1," 
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OXIDES AND TRA CE EL EI'IENTS RE CALCULAH:D VOLATILE FREE, ALL FE AS FE 20], TOTAL = ORIGINAL TOTAL: 

SAMPLE! DB - 61 DB- 62 OB- b3 OP- 64 OP- 65 DB- 66 DB- 6 7 DB- ~8 DB- 6Y DB- II -- ..... --
S 102 56,49 58.47 )5,U) 71,19 7U.82 56 . 32 57.58 56.39 60,67 6U .. 33 
TI 0 2 IJ.6U:S 1.43~ 1 • l1 IJ 0.749 u.7aJ 1. D.I 1.172 1 ., 3M 1 • c,I ~ l:I , . IS'''' 
All OJ 1 5 ,5' 1 2 ."l '1 15.3' 1 2 • 22 1l.3d 14.40 14,94 14.16 " ,94 ".4 2 
FE2 0 3 0.53 14.02 1.5.U'l 5.56 ;.SIS " .56 " . 68 1 1 .7 6 13.03 1.5 • .sx 
"NO 0,1, 0,1 6 O.lt: L1,U? U,Ol 0.17 0.17 0.14 ~:~; U.14 
"GO 5,7S 2,6n 2. , l 0,61 U,64 4.61 5.94 4.69 2 . 29 
C AO g.66 6,63 7 . 91 2,46 l.31 6.18 3,65 6.33 !:>, 24 5.' b 
HA20 l.96 2 • .34 3,"10 3 t H3 4.35 4.06 3,43 .5. 9 8 i.89 <,63 
K20 1 .21 1. 01 U.6'1 3,U6 '. 80 lH 1 .27 1. 07 1 . 1 4 2: • , 1 
PZ OS 0,165 0.42 U 0 • .$)3 0,255 U.267 0:354 0.372 0.B2 U,71U U,07' 

TOT Al : 1UI,),5 0 lUO.14 Yl;S.71 , 00.17 9"1.50 98.40 97.99 99 . 73 99.32 'IY.99 

LOI 1 .76 3.05 4 . 61:S , ,66 1 .74 1 .67 2.Y3 1 • 54 2,76 2.U6 

BA 362 536 324 8/7 737 415 508 386 66 4 6" 8 
Ne y5· g Y. , "(.6 21~·9 13.3 ~.8 d 4 lJ' O 14.e l~;'Y Z, 214 16' Ul 17 1 74 ' "6 
Y , I) • 1 34.4 3U .3 1.7.6 28.0 31.9 2Y,4 31 .7 48 . 0 44.U 
S, 7'0 514 715 2.Y .100 43~ 23' 485 .!7 5 '64 .e .58.4 45. j 2';.6 13.3 67. 5 2 .4 27,4 36.1 ,)3 . ,) 106.l 
ZN 75 lOb 107 n 78 1 1 1 24U 1 08 137 149 
CU 8 6 34 6' 1 .I 1 1 79 70 7B 26 1S 
"I 108 lY JI • 1 1 87 96 Y3 29 23 
CO 54 58 72 17 16 56 6' 57 49 57 
C, 0 0 4 10 4 

53 4~ 46 52 13 10 
V , /4 392 3'U 00 24 274 244 .112 .126 
LA 16 33 U >2 50 20 24 19 40 J7 
C, 17 72 47 .8 Y2 40 5U 4) 86 8' 
Nn 1 8 39 20 44 43 29 32 27 >0 5l 

SA/IIPLI: , 0"- 13 OB- 1) DB- 16 DB- 77 DB- 78 DB- 79 OP- 80 OP- Rl 00- 82 DB- 83 

S 102 59,41 60.46 )9.9 ( 60.74 4ts.79 53 20 70.60 71 .32 53,'Z 5l.YZ 
TI~I 1, 889 1 .82 j 1./U6 1,632 1 ,037 g '722 0.746 ~./44 U,6tsl U.67Y 
Al 03 12, OU 1 2.49 12.4( 12.Y8 2u.33 1 : 00 12.25 1 .31 13,2 8 '3.~7 
F '203 13, 8 7 12.6,4, 13.U) lU,65 14 .6 0 9.96 5 . 51 5.Y9 11 ,49 10.IiY 
" NO 0,15 0.14 U.l ) u.' 5 U.20 g'l~ D.U7 U. 09 0,18 0.17 
"GO l , 1 5 2.31 3.i' 2.72 ( .9 8 ~:gg 0 ,83 8 4b ,~:&~ CAO 4,Y~ 5.5 2 ~.U) 6,44 .1.09 6:74 4.5~ , U: 1 Ii 
NA20 :s ,3, 1. 86 l.6) l,86 l . 99 j .19 2.20 2.14 2.19 2 .7 5 
K20 1 .56 1 .04 , • 1 b 1 ,ll U.78 1. 5. 5.70 1.76 0.7.9 0.38 
P205 U,70, 0.684 O.5'J2 0.596 U.204 0.147 0.246 0.241 U,136 u.13b 

TOTAL: 99,71.1 9S.8n 'J9.4i 99 • .55 99.44 99 . 16 99. ts9 99.:n 9 9.87 101.33 

LOI l.36 2.6 8 3 • .5) 4,54 4.70 Z.30 0.69 1. 22 3,27 , .27 

BA 617 47"5 54Y 711 184 1090 1230 645 135 23u 
NB , 4.9 '2. Y 1.5 • 1 12.3 5.2 5.0 '3,5 13.6 2.Y .1.0 
Z. 300 291 27 8 2b8 109 89 267 277 6" 80 
Y 46 .6 45.,) 4.5.9 ,H . 1 26.0 20.4 27,4 29.2 17 • .) 19.U 
S. 263 530 306 510 227 242 16' 565 323 391 
AB Y3.8 39.8 44.7 jU.3 11 .2 n· 7 ll ' ,0 3.s;6 5 • 1 8 . U 
ZN 146 128 1 41 11Y D5 78 74 85 7> 
Cu .!2 J5 3u 35 .!6 41 Y 13 64 78 
HI 25 32 31 .s4 601 220 12 1 1 31. 320 
Co 50 53 5' 44 110 62 17 18 70 67 
C, 1 0 9 Y 8 1389 734 0 5 1 Ul 2 Y74 
V .11 0 315 .s11 2b4 (69 204 5U 4Y 204 19. 
LA 38 3b 31 >7 8 8 45 47 8 8 
CE 81 70 7> 0 5 30 23 94 lOU 19 14 
NO 50 47 44 47 17 14 41 4.1 7* 1 4 

SA~PLE: DB- 85 KL- R6 u- 87 DB- 88 OP- 8Y KL- 90 PR- 01 DB- 92 DB- 93 DB- 94 

Sl02 .)tS, tS u '1.<3 )2.7~ 57,(3 7'.')4 .) 1 ,2.5 5Z.i7 56.22 ~, ,7U 5.5 . "u 
TI0 2 U, 79 4 0.409 0.614 1 " 6 7 U.832 0.468 1. 88 0 1.59 8 0,763 U.676 
AL2 0 3 14,76 14.~ 9 14 • .5~ 14,6 1 li .4 7 14.64 13 • .sO 13.05 1 3, 0 6 ,.3. '0 
H203 Y,24 y.p , l.l 1 13,'1 0 6.58 9 '1 1 '4.44 14. ' 0 12. 3 6 10. J6 
"NO U.14 O. 5 0.1 f 0,'7 0.06 O. 6 0 • .26 0.18 U.18 0.14 
"GO 4,86 9 . 12 7.6'1 4,43 1.17 10.13 7.75 3.41 9,' .) 8.47 
CAD 4,9, 12.1" '1,Y'J 4, , 5 0 .78 10.71 . 7.08 6 . 91 '1.~4 Y . 46' 
NAlu l.55 1 . 67 2 • .3.5 2,!15 3.70 1.80 1. yz 2.74 ~,50 3.U 8 
K20 3,69 1.U7 0, 8 U 1 ,' 0 i . 61 1 .69 0.11 U. 8 4 U.57 U.7 H 
P2 05 0 ,211,1 0.033 0.U6 4 o .l9 2 U,259 0.0 4 6 0.987 0.546 0.17 2 U.13) 

TOTAL r Y8,65 ' 00 . 80 1 Uo . 61. 119.4U 9Y.56 lUO . 58 100,UO 98.75 99.54 101.02 

LOI 1 ,74 2.0 8 2.Uts 4,32 , .18 2.46 6.82 2 •• 1 3.54 2.46 

BA Z7~2 '05 177 4'. .16 1470 10> 510 113 .104 
NB 7.3 0.1 1.2 6.4 , 3.8 0.7 17.2 " .6 

3.6 1.0 
Z, 1.17 28 52 lbY '86 34 284 257 80 75 
Y '3.3 1 5 • 2 11 .4 '8.9 27." l~t·7 57,4 4l.1 20.3 , 7. , 
S, .s34 168 168 3":l 143 216 422 343 422 
'B ~O.7 41 • Y .19.1 41 .5 73.1 10 1 . 0 6.5 31 .4 , 4.7 18.3 
Z. YO 6~ 7 8 1" 84 69 167 137 Y3 77 
Cu 59 74 95 >8 10 68 24 43 71 41 
HI 04 1 8 1 117 '8 10 180 187 40 321 292 
co 50 56 S9 U 17 56 .,1 63 79 60 
CR ,8 774 120 7 1 1 Y 32 05Y 19 1 1 56 058 
V lY6 212 260 3j4 54 236 28> 302 2.59 20S 
LA 17 O · 5* ,y 47 4* 52 40 9 10 
CE 43 0 8' o. '8 0 11< 84 24 2 0 
No ' 3 0 7 3l 40 5' 64 45 16 16 
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OXIDES AND TRACE EL El'IJEHTS RECALCULATED ~OLATtLE fREE, ALL FE AS H2O], TOTAL • ORIGI~AL TOTAL: 

SAMPLE I Ott- 95 op- 96 OB- '17 DP- 98 oP .. 99 Ko4-100 1(,,-101 1C,,-102 ItA-103 KA-l04 -_ ..... _-
5 10! 56 'R" 71.09 )6.'1_ 70,79 71,46 56.26 57,07 55 . 49 57.29 55.29 

9,811 , .11l O,7~4 O,6~" 1 l'2~U 1.060 1 . g94 '.04U , • U7b W03 1b~5 1 • .3 8 ':5.4( 12,6 , , ,4 14,45 '5 1 2 14,47 14,92 
fe203 , 1 .52 5,95 14.lj 7.'6 .,8! 11:~2 11,9$ 11 .60 11 ,1 ~ 10 . 72 
-H8 ~:H ~'81 0.' ) 8:n ~:~ ~, t ~, 1 U~ g: II 2:H -G 4.4J ,6 
CAO 5,84 1 • 1 6 6.51 0,98 , I Q4 9'77 5.16 5.)9 ~,65 7.27 
HA20 3,44 3'37 2.tHI 2.36 , 76 0'67 3.7U 4.09 4.0~ 4.00 

m5 ~:lgu 3 ' 93 O.ll 4.34 ~:H5 '91 o 69 
8:H9 

o 66 654 O:Z5ti 0.1 -0 0.2:05 8: 144 0: 140 0: 153 :l!U 

TOUll 98,9b 100,14 lUO.4" 99,'" 10U,1S 100,74 100.50 99.95 10U,76 99,65 

LOI 2,33 1 .64 6.5~ 1,78 2,41 10.35 2,99 3.47 2,83 :5 • 5 1 

SA )90 1019 104 8>3 48/ 10/4 340 /26 251 49 S "S 1.4 13.6 >.5 , 4.5 14,0 4,9 1,1 6. / 6 , 1 6 •• 
P lH 6 /1S , 14 204 ·j~,3 119,7 T 1~6 1 ~O 1~4 2t1.Y 0.4 iY.5 , , I l,U 3,1 2. > .. 539' 173 28 • 71 50 2 6 

2H,4 245 196 .s ,4.4 84.8 6.9 1jr,l.l 63,0 38,5 11S,e B.2 51 • () IH 101 57 1\" >9 91 82 65 66 81 64 
Cu 5\ 1 , 6' 15 l~ lH 

86 
lH In '07 

"I 71 1 2 51 1H lU 164 
Co ~~ 17 67 a 21 

lB 
6, 57 

C. 7 79 3 ~$ 143 89 64 66 
V 206 59 34' 41 '91 19l /01 193 16. 

~~ " 48 21 >9 39 H 5¥ 1 3 1 2 1 , 
47 89 36 "6 79 2" 33 26 31 ". l6 41 1 ( 4> J4 14 17 19 14 1 I 

SAMPLE I KA-1US 10, .. 106 I(A-1U7 KO-106 1(0-10\1 KO-110 KO-'11 Ko-112 KO-113 KO-'14 ... _-- ..... -_ ... --- - .......... - .. - .. _--
SI02 53,96 5\.46 )6.7U 53,ti5 5",80 54.30 :; 2.31 53 ./6 53,20 11.77 
TI~2 1,OY7 ! .017 1 • , , 4 , ,U32 1 'g76 , l' ~~6 ! ,U97 0.996 1 ,O~.1 1.Ule Al 03 15 ,1 B 1 ,DO , 5 .S'JI 15,07 '4. 0 1 14 1".96 1 4 5 15.43 
n203 11 ,61 10,66 11 .' b 12,86 13.9 " 13:F ":46 1/,77 1l:42 '4.15 _HO 0,12 0.14 0.11 ~,1 5 U .17 ~'1 ~ O. , 7 0.1 a 0.17 0.17 
-GO 4,6U 4.71 1t.11t ,~9 ~:H 5 I 79 4.4 5,22 4.91 CAO 8,64 8.lA 5."" 6, 9 6·49 5.66 9.82 Y.66 8.25 
HAlO 3,22 3.36 4.Ui 3,99 .5.43 3"91 3.90 2.69 2,73 f:~~ <20 , .40 1.29 0.7U o 75 , ,22 '79 0.95 o 76 o 81 
P201 0,169 0,171 O~'62 0:'22 0,127 &:'20 0.126 0: 1 21 0:141,1 0.131 

TOTAL I 100,77 100,23 '19.3) 100,56 100,06 99.6. 100.'8 100.58 9H,94 100.69 

LOI .2 I 1 3 3.36 3. , ( 1,99 C , 19 2.00 2.11 ,,89 2,38 2.15 

SA H3 344 1 I> 2"9 >05 249 /7" /51 262 .l6U "S 1lj" 4.9 •• 1 5,6 4,2 5,6 >,4 6.6 6,. 4.U 
1. 117 13' 1u.I '03 104 109 98 '05 101 
Y ~2, 2 2t ,7 1 £1.2 /4.3 >~~,6 3H,4 2~~,8 6H,4 4H·9 2~.4 S. 4 ., 51 3>0 JO .S 46.1l 46.6 24.6 '::7,3 '~5·5 28.' 3-.3 H'O 29.4 46. ( IH 64 g2 96 1 Ul 95 107 99 126 
Cu 1" 108 '0) 104 104 J13 11l 1,9 .2 64 
"I 162 1 19 156 1 " 163 60 163 112 1)3 156 
Co 64 57 63 f4 lH 74 H 71 66 g4 
C. .7 66 77 67 79 65 54 73 
V 160 16g 17> 2>.1 239 256 /34 214 246 

~~ '0 10 17 ~~ 9 12 • 8 8 12 
H H 32 21 /6 /1 18 30 22 N. 16 1 2 13 13 15 10 10 15 

iAIIIPL£ I ICO-llS KO-1,6 ItO-"7 <0-118 j(U-119 <0-1/0 KO-121 ICO ... 122 1(0·123 KO .. 12. ---- .. - - ...... _-
510l 55 t 53 ~4.53 )4.lS) 53,26 51 .03 51 46 49.!>O 54 . 79 54,30 53.57 
TI~ ~,9.1 1.025 , • Ul 3 U. Y 31 1,06ti 1 '~ll 0,'140 0.914 0.879 U.iSH7 
Al oJ 1 96 14.75 '4.)!) 15.U5 " 'gl ,,.' 2 16 ,75 14,7 14 ,27 14,57 
fe 0 ,:47 13,23 '.3.'0 , , ,78 , j. a , .3' , 0.01 12.11 1,83 ".62 .HO a,'" a.,4 O. lit 0.1:5 U'F 0:,3 0.'0 0.18 0.1 6 0 . 1" 
"GO 5,2'1 5,77 5.1t4 It,tlO 5. 4 6.21 2.33 5.39 4,58 4.50 
CA~ 7.4'1 i ,67 6,Ut:: 10,66 • P 6,48 19.6~ 6.8~ 5,89 7,SI HA 0 2,65 ,97 .3.5) S,·1 1: ,. 8,g~ 0,2 3.1 7,08 ~:2~ KlO 2,31t 0,7. 1 • , ) ,.14 , ,:3 2 0,38 1. 6 o 90 
'205 0.138 0.124 0.' <3 0,134 U.,43 0: 138 0.'50 0.125 0: 1 ab 0.11 j 

TOTAL' 99 t 21 100,45 lUD • . B 9Y,1S4 10'.45 1U3,95 lOa." 99,27 105,66 lU2.55 
LOI 2,1 a 1 .94 1 ,IS j 2.3. ~,39 2,44 6.78 2.82 2,1 S 1. 89 

SA 69, 392 361 1." .17 356 126 494 l16 100S ". 6,0 5, ) ) • 2 .1,1 '0~,6 5,6 5,1 5,1 4.2 .1.9 Z. 1U~ 103 90 .1 10~ 100 97 90 9' Y ~ . / 24,0 2< .3 l2 , 1 23 ," 2 ,1 /n'o 21 ,8 '9 ,6 22~'Y s. 3 6 313 30.1 ,.1 .104 214 /5a 174 .s ~d,5 31 ,4 41.0 1 U, 9 50,0 32,S 15 , 2 56,3 ]3,'1 90,'" IH 66 98 93 (6 96 95 .1 92 .1 60 CU 137 '01 '06 1~~ m 77 117 96 "9 91 N I 146 1 I 156 154 140 '42 1 21 126 CO 64 18 71 63 H 67 55 66 58 63 C. )4 74 97 '9 46 64 22 .15 26 
V 

2H 
243 2/. 2.8 .14 22i 256 //1 ;wo 214 

~~ ~8 g 9 H lH 1~ 1 1 16 
19 

'6 ~~ 25 21 ". 10 15 12 '6 80 , 1 0 15 
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OXIDES AND TRACE ELEMEPHS RECALCULATED VOLATILE fR£f, 'LL FE, S f£203 .. TOTAL. ORIG1N .... L TOTAL: 

'AoIIPLEI Ku-125 KO-126 IC.O-1t.7 KO-'23 KO·,2Y KO-,30 KL-' 31 KL-'32 Kl-, :n KL-131t ...... - .. - .... __ .. - ... _---- -- .... --
SI02 S5,61 . 5' .87 :;5.3_ 55.06 5' .11 55.6S 54.10 56.19 57,24 56.31 

1m3 
O,9~. g .925 2. 9 '4 0,903 , ,g~ 4 ,2:~~2 ~.7$9 2·~63 O'HU ~.649 

1 4 • 8 1 .27 , .4C:: 14,61 , 5 , , .7 , • 0 , 3 , , .53 
H2O] 11.99 12.87 'lIlt" 11,119 1.5.72 1 1 .55 11. 5 1 , 1. OS 11 ,09 , 0.72 
"NO 0,13 0.1 6 0.16 0,15 U,16 0.'6 0.13 0.'3 0,12. 0.13 
"GO 4,90 5.47 4. ~ l 4.59 It,85 4.47 6.62 6.48 6,'9 6.54 
C AO 6,45 8.2.4 6.6U 7.'8 

~:H 7'1 3 7.1 2. ~.06 6,3~ 9.B 
HA20 3,8Y 3'F 3 .. 7u 3,U4 b~ 3.7$ .p 5,4 3.'2 K20 1,13 '. 5 

, • 7~ 2. , :51 2.U O. R 0.89 U.72 
P20S o t 1 1 4 0.12.5 0 1 1 .::s O.10a 0.134 0.136 0.098 0.095 0,094: 0 . 08;'! 

TOTAL, 101,23 '00.43 1UO.81 100,50 99,91 99,57 100.41 '00.2' 10U,48 99.79 

LOI 1,69 '.93 1 .6l '.44 "as Z,2S , .79 2..10 , ,90 2.02 

., ,99 4SJ 477 -)~ 173 8,6 328 134 209 179 .s 3.2 4.5 ).3 
Y 7.

6 5,7 4.6 3,2 8~'S 4.9 2.0 
10 Y6 96 97 ,07 97 36 a. 6. y 23. U 21 .6 2 j., t,2.8 Z 5. S Z1 .2 HI, , 2~~'0 20. , 17. b so l63 247 25' 41U lO~ 4, , 64 14, , 55 •• 44.0 65.'1 6M.n 95.2 3 • Y 108,9 74,7 H· 7 29 t H 19. ) z. ~~ 94 3_ 02 '04 H 90 34 H CU 96 9' Y7 '03 79 78 , 23 
HI 117 '33 , " ,,, 

'3l ' ~~ 172 130 16. ,90 
Co 64 63 63 03 J 2~1 60 64 59 
C. 29 

26$ 2~~ <u 
2H m 23~ '00 

V 2,6 2<2 , 3 '9 ,95 

~~ H 8 ,U 'u 

~i 
9 9 - • '1 23 3u , 5 3, 22 23 17 15 •• " , 2 ,5 9 9 , , 13 9 'U 

SAMPLE I KL-BS 1I::L .. 136 IC.L-137 KL-138 KL-B9 KL-"O n-14, <L-'42 KL-143 KL-144 ..... -~ .. 
S 10 2 53.10 53.47 ) 1 .8U 51,82 5..5.96 53.32 52.>4 50.97 5J.'2 54.56 
TI02 U,487 ~.6S5 0.6~3 0.694 U,7~U 0.~33 0.571 0.627 O.Oll 11.blb 
AL103 10,35 1 .61 '4.' U , 5 • , 3 14,6 

n:~~ " •• 7 '3.46 12,96 13.69 
"201 " ,8b 11.83 'Z,l~ , , ,Y 4 1<,p , , .69 '2.~6 ",46 , 1. 20 
NHO o ,. 0.16 0.1'" 0.20 0, 7 O. , 0.'8 O. 8 U .11 0.'8 
"GO n :6$ U2 7,71 6,84 7,~ 5 9.92 'O._~ ,S:B 3,3~ 7.59 
CAO B,2 9,7t. tI,46 -, , 9,' 9.2 9,3 7.'8 
HAZO 1,85 2.~9 2,Ht. 3,3 7 j,08 f,39 1.)8 3.08 2,69 3.09 
K20 U,18 ,. 0 O, )~ 1 ,46 U.10 .35 1.68 0.63 1 .29 '.83 
~20S 0,046 0.07) 0,OY9 0,U87 0.097 0,059 O.U73 0.064 0,070 0.076 

TOTAL I 101.14 100,44 YY.~6 , 00.01 9Y.99 101,31 99.12 99.tlO , OU.9 0 98.H5 

LOI 3,35 l.18 3.j1 2,Y4 ..5.42 1,55 2.74 2.69 l.2U l.29 ., 
7~ .3 401 12f 6" '3~ 468 599 20~ 534 641 H. , .9 5.5 1.2 .9 ,7' 1 7· 56,8 2._ 2.u 

1M H·s ~L5 70 " 74 45 5.2.' 5. _4 
Y , H, 2 '!:S," , 8 I , 64 ,6 '4,9 26~·4 '7.b HI." SR 561 244 1/3 77 , 7 27U 209 176 •• 3 •• 60.4 U.O 43.3 20 • 55,2 79,7 ,0 3 56.'" 78.6 
IN 78 79 '07 6, 98' 31 76 93 • 74 ao 
CU 

4H 
30 67 00 , f~ 55 64 79 73 74 

HI 206 ,96 ,06 'n 39~ 22' 225 22u 
Co 7. 70 71 .7 71 67 67 
CR 2U66 38' 34' 215 IS, 783 90U 475 4B2 ... 
V 17' 216 217 ,"7 '5~ 201 .. 2'Y 22. 214 217 

~~ ,8* 
5' , 0 4' 6* 9 5" 

16 ,4 t6 '6 13" 9- n 20 " •• a 1, 0 6' 6· 0 6* 6* 

SA"PLE I Kl-145 Kl .. 146 K.l"'47 Kl-148 KL.-,.9 KL-'SO KL-' 5, KL-'52 Kl.-153 KL.-'54 -.-- .. - .. ----~ .... __ ... 
pO~ ~4,5U ~, .77 ~)3.Y~ 54,' ~ 55.~6 ~ 2,1' 56.H2 54.IH 

~g:fi7 
)3.~Y 

0,604 ~'S19 ~.5~5 ~,5 , U P 'FO 0 . b42 0.6~6 U.477 AlS 3 , 3 .76 , .7 , ,u ( , • ~ 1 13:6 , , 0 14 . ~4 '4.1 1~.73 
'E203 1 , ,46 l' .08 ,'.b,j " ,'0 l' ,0' " ,85 '0.23 10.64 1 l , 1 U 10.79 
"N8 9:H &H D. ito 9:H ~:H 9:H ~:B q~ O,2~ U ,. 
"G 1.H~ 7, , '0: 75 
CAO 'I, co 7.19 7.}U 8.16 H • 1 , 8,54 6.9, 7. 6 0,29 7. 75 
HA20 U.15 1 ,98 3.'1:1 3,11 3,03 3.01 ~.38 3,42 3,31 2.16 
K3° . " 7 ~ ~ 6 0 1 .).,. 6 26 , ~. ~:~!2 :H, ~: f8s 2 49 6:3~u ~ os U,O , :076 0.01:13 : 0 71 U: 68 0:,02 

TOTAL I 99.5U '00.0' 1UO.!:S1 99 , H3 100,35 95.3' 99.56 100.13 99,61 1 UU. 55 

LOI 1, 9 1:1 .,00 0.4U 2.45 ~.20 2.79 2,U2 2.48 2,57 5. , 2 

SA il, 433 249 351 .66 669 735 33, _.0 435 •• 6. , 2 3' , .3 b~·2 S~,7 7!'S 7~,4 , 7' 3.0 , .-ZR 'F 60' _l 77' 31 56 
Y 3.4 12.1 1 ~. 6 2~~·4 15. , 2U,8 '!:S,6 17.5 lO.2 14.0 
I~ ,4 , 09 4" 'B,~ 25~ 1t4 524 140 366 35. , 60.4 37.6 )6.2 4 ., 4,3 43 t H S9 . 3 6 .) IN 106 "a 77 (6 7, 30 b~ 79 Y7 92 
Co 69 43 65 65 l~g 2~$ ,H 32 56 
HI 250 42.2 2U" />1 145 163 294 

%~ 63 13r~ 6' 06 65 66 ,~~ 60 67 6" 4<1 449 5<6 543 423 '53 17' 'lOU 
V <25 'YO 20' 2U9 l07 /,3 '3l ,97 l07 15_ 
L, 15 6' Y 7 1 6* Y 8 9 Y 
CE 32 B' ,6 ,. , 6 ,3 23 10 1 H ,8 '. 17 0 9 .* 7 ,0 , 2 3 9 Y 
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OXIDES AND TMACE ELEI'IEt.lTS RECALCULATEO VOLATILE fREE, .ll FE AS 'E203, TOTAL. ORIGINAL TOTAL: 

SA"PLE. KL",S5 KL .... 156 KL-l!)7 <L-158 KL-159 PG-16Q PG-161 PG-162 PG"163 PG-16" 

SIOl 54.,46 54.02 )4.:iJ 50,81 SJ,82 .~.04 60.H 6~.07 56,13 51 .85 
TI~ 0,51. O.40Y 0.416 0,458 U.49Y 198 '.llS4 t 20:. 1 , • b 2 ti , .644 
AL 03 13,01 10.64 lO.!)ti '1' /5 10.5 13:78 13.64 14.54 13,71 '''.33 
FEI03 10,22 10.96 lO.tie. , 105 I I .1' 9.83 9.01 9.68 11,48 11 • 60 
ONO O. I ~ i 19 2' " 12:J~ U,19 

~:i! O. I i q~ 0.'5 g.16 oGo 'l.'~6 ' : 4.3 , • l. , "'f 4.1 6,89 .Y6 
CAO ,13 7.6ti 8,37 7. 4 ~'~9 3. 8 5,8 8.65 
'h.lo '33 1.88 1 .6" 1.54 1 • 40 f58 ~'~$ 2.46 f';~ K~O !'45 O. , l 0,40 M:~~6 :Ho rn o 9$ , 05 :084 8:651 0,042 0.060 :540 :535 0:7 5 O:d1:' 

TOTAl. I 99,55 100.63 "19.11 102,44 9Y.Z3 98.80 99.60 98.33 9tS,9U 9tS.l6 

lol 3,84 3,88 4,4U 4,12 4,42 3,58 2,56 2.77 3,67 4.39 

•• 430 "b.7' 49 ". 120 77~ 1085 1010 886 8~tJ -. 1.1 I • I I .6 .~.o I " 17.5 16.6 !4.1 
I. 63 38 41 '5 301 310 313 2 3 154 
Y 14. I 11 .6 1l.4 14.4 12,2 47,9 48,' 4!~g.u 5 I • I 5 I .1 
S. ,'3 /15 137 1<6 Tea .9. 35' 401 1 U93 •• ~~ .8 11 • u 4.1 , u~. 4 ld,9 F·9 1f~'S 1~g·9 lH'

Y 35. U 
IN 84 I I 4 I a 131 
Cu )3 51 45 " 40 13 ,9 19 48 31 
_I 3U4 385 40l 3" 4n 96 88 93 159 162 
CO 7U 15 76 Il 41 37 40 )0 5l 
C. 1187 193~ '28'1 ,,,7 I f11 ~H 

/5) p8 331 F8 V I 53 I 6 171 lVO 11 161 H III 36 
l. 6" * 6 5* ." 60 48 50 
CE 14 10* 13" 10- 9' 123 '~~ 119 I I 6 111 
N. 5' 4- ." 4" a 60 66 66 66 

S.u'PLE I PG-16S PG-166 PG-107 PG-168 PG .. ,69 PG-170 PG-l11 • PG-l11 B PG-112 PG-11] -_ .. -- .. .. -- .. -- 5770:;- --_ ...... ....... ---
S I 02 S3.31 53,50 )7.4~ S4.17 56,Q7 55 .08 51.13 56,13 61,89 
TIOI ;,6>7 1 .579 1,6t16 , .61 4 , ·a 69 ;.667 1. 666 l'.' I ',Syy , .46U 
ALl03 , t 4\1 14,84 14,4'1 '4.70 1.5 t 7 , ,55 1 .71 I • I 5 1S t '3 2 13.70 
FE/03 , 2 • 81 11.67 10.8J 1 2, I 31 lU.p 10.35 9.71 10.04 Y,2S 7,77 
ONO 0.16 0.1 4 ~'1~ 0.18 0, • 0,11 O. I I 0.13 0,12 U~ oGO 7. 09 6 '$0 . 7.'3 j , 7l 5.61 3.71 J.61 3,83 
CAO b,74 6. 5 5:7U S.Z4 b.74 4.86 7.29 8. I 5 7,42 6.' 8 HA20 Z,b, 3.73 3.41 2.80 ]"f :5.10 3,61 f·Ol 3,44 ur KIO 1 .1lS 0.65 O. , t! ,. 05 U,S g,88 2,34 .41 2, .11 
'105 0,760 O,74Z 0.7'13 0,199 O.llS ,805 0.192 0.765 0,794 0.71' 

TOTAL l 100,19 98.40 Y8.l0 99.'5 lOU, , :5 98.17 99.'5 99.71 9l:i,63 99.52 

LOI 3.12 2.77 4 III 3.53 3.85 4.73 5,28 3.16 4,77 2.86 

•• 5/2 443 17' 6)9 384 911 1019 68. Y99 I 131 -. 13.8 16.6 16 .9 17.2 16,5 18,7 18,4 17 .1 17.4 lIS ,4: 
IA 144 271 304 Z"'l 287 333 31) 3°f 314 309 
Y )0.7 51 • II 55.ts 5~l·6 50.1 56,9 58,7 

810,6 50,~ 45.4 
SA 566 470 56' I Ol~ '69 555 )87 596 
'8 16. I 12.4 3.0 19.0 .3 21 .3 44,0 24.3 41 .8 44 . ) 
IN 144 I 3 I III I 'U 109 lp '!; liS 117 88 
CU 43 d~ /9 ,. 38 

10l 15~ 33 
I ~~ -I l ' 61 145 167 118 I 9 114 

Co 53 49 4' " 46 1~~ .. 41 45 36 
CR 369 371 376 30U i42 191 186 /53 107 
V 2" 247 /1 Y 214 ,00 /0' 20' 18. 197 168 

~: lB lB I ~~ 47 1~~ I t~ lH d~ 1~~ lB I I 6 
No 5. 60 71 )9 64 60 15 65 65 63 

SA."Plf I PG "17 4 PG-175 PG-' (6 PG - l11 PI"l-176 P"-179 P"-180 PR-181 PR-,al PR-18J .... -...... - .... - .. .. 
HOl 50,47 6~.16 )9., ( 78,~4 6.,9l 66.79 6~·nu 56 •. 13 H,p 56.3f 
'l~03 1 .7 jj .431 1 • "",." 0, 54 ,,~ , 1 .1 7 ~ 1.434 1. tsU 1.4 U 

17.27 14.83 14.)1 5,91 13, 7 U.,21 15:38 15 . 39 13,66 15.74 
F,I03 13,65 9.(0 H.6' 9,05 ',79 5.15 8.8~ 10'19 9,84 lS.li6 
ONO 0,' 6 bl 0, ' , ~" 3 ~:~g ~:8g S:g9 O. ~ U, I 9 2:11 "GO 6.26 Z.li6 ,85 6. 5,1 
CA~ 0,09 4.03 B.' , 2,03 2,21 '.52 5.45 5.33 6.61 6.78 
NA 0 l.69 :3 • 1 4 3.U," 0,U9 , ,31 4.04 2."19 3.03 3,41 q~ K~O o 9. 6 /3 1 • j li 0.4, 4.72 o 80 I 19 a 4~ 117 , OS 0: 96 :658 0.6)8 0,036 U,461 0:542 0:560 0:6 3 0:609 0, 3) 

TOTAL I 98,70 98.48 Y/:i.'!,) 99.10 9Y,72 98,90 98.41 98.83 98,62 99.54 

lOI 4,28 3.16 4.4C: 3,84 3.00 1.96 2.71 5.91 3.28 ~.l:IZ .. 1u34 984 590 ,u. 1670 171 10~' 193 8~9 '291 -. l1 .6 19.1:I 16.6 '6,7 30.' 3 " l,b 14,3 3.) 14. J 
1. 376 326 316 360 491 549 560 /16 145 145 

I. 6n· 0 3a~·6 4&.8 ~~.4 
"1" 9P,4 r a l' 3~~ ,6 l~i:~ 8~) n ,2 

12 o· '. 18 .0 4 .6 Y.6 , 2 • 1 '.0 7,6 ~L·8 4.4 
I- I 61 lOS 107 >7 Y9 93 100 lOa 9Y 
CU '0 ~~ 31 10 H '~ ~~ 

11 J6 13 HI I ~~ /sY i6 ~O 146 170 10) co 4/ 3Y <1 50 )0 41 
CR 2," 196 168 0 16 IS 2' 386 )lO 15U 
V 121 181 174 is 98 89 I 'U 17. 169 H9 
lA 64 56 56 )l 73 lOa 94 48 47 45 
CE 149 125 116 'Y 174 OS /05 10/ 101 , OY -. /9 61 6l >3 81 9. 94 53 )1 55 
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OxIDES AND T MAC E EU:.MENTS RECALCULATeD VOLATIL.E FREE, ALL FE AS H2O), TOTAL· ORIGINAL TOTAL: 

$A"PLE, PR·184 PR-18) PR-11:16 PR",87 PIt-18/S PO-l.9 PR .. 1YO PR-191 PIi:-19l PR-19J - ..... -. .... - ....... .... _---
W! .l 5U ~4.S' )2.7'1 56,45 56.96 55.72 57 .4g 5~.p ))1,41 )6.31:1 

1:19 1 1 .831 l,VLl, , .713 1 .711 1.641 d:~11 • 01 1,444 1.31:16 
AL!Oi 16 4 1 3.66 14.60 14.31 14 • 61 14,59 16 • 19 1 ~ .85 14.89 
'E 0 '4:26 12.91 ,2:. )( " '1 I 1'r ' 0,90 10,09 3. I I 6'S9 11 • YO 
"NO 0,16 0,1 a u.' ) 2' 3 U, 3 

~:~~ n~ U~ ~:5~ 0.' 6 
"GO 5 t 41 6,48 5,61:1 ,43 .. ~ 5 • 41 
tAO 9,39 6.22 7. Y ( 5,1~ 6.5 5.60 8,1'. ~.~~ HA20 3.23 2: • 6:5 2.6'1 3, I ,.94 4'02 H~ 3.29 j,97 
K~O u.21 8:a~6 0.6j 2: .13 

g:ih 
o'p o 92 I 58 0:69 , 05 1.168 0.Y/5 0,831 0: 42 0:788 0:820 0:657 0.674 

TOTAL I 99,'U 98.92 V9,~, 99,~O 91:1.14 98.31 99.90 96. I 0 98,64 99.'1:1 
LOI 6,76 3.89 6.1'1 3.55 4.6S 2,92 3. I 6 5.31 6,45 6.11 

SA 
~lf·8 

696 4~2 I ,.~ 3ge 1~t2 Br 199 "n.4 .3~ NB 17.7 1.1 , .9 I ,1 0,6 , ts. 8 I • 1 
~, 305 334 H' 355 385 363 369 381 35' 55.H Sr,I.2 :;'0.7 • H'· s~, • 1~~'0 58,2 48.4 5U,4 S, 7 .~5 .6 140 ... 1>1 .1 963 619 562 
OS 8.4 12.8 1".8 _0.1 1,~,9 3.l 3',1.7 1 5 .0 63,0 Z4.} 
1H 1.1 151 ,.3 li9 ,.6 121 I ~ 1 15 l' • CU 58 .. 4' 4U H 

1H 
36 39 31 

NI 153 166 13> liU I U1 10· 133 H I I 5 
CO 62 60 5' 48 46 46 43 56 4. 
Co 361 419 306 100 '1j i 46 30U ~' 8 '.4 29' V 31' B' 22Y 1" 12 18 201 40 "4 195 
~: lU 

56 51 .6 
lH 1~S 1~~ 64 

lH 
5> 132 I" PI 136 123 HD 18 61 11 f. 68 10 14 11 63 60 

SMIPL£I PIt-194 AA-19S AR-1"'6 A'-191 AR-198 .. -199 (A-200 KO-201 ~O"20l KL-20> __ e __ ... - .......... - - .. ---- --- .. -. ____ e. -_ ... - .. -
S102 )3,93 58.33 )6.7U 55.38 61,26 H.15 51.47 56.84 54.06 54.55 
1m3 !' •• ' 1 ~4l , .It.9 l' A 61 l·a' lH~· 11:~~4 ~.Y81 , ,01 i ~ •• 14 1 • 4~ 1 : 5 14.1U I , 8 13, , .92 14,8 I .91 
fE203 1U.7( 12.U4 " .86 15 t 1 2 10. as 11:46 11.61 12.38 13,31 11 .5 ts 
"NO U 112 0.16 0.' ) 0.15 0.09 0.12 0,12 O. I 4 U, 1 5 O. I 6 
"GO 7,36 3,27 2 .21 4,05 J.20 4,18 4.62 4.48 5.36 6.94 
CAO 7,73 5.99 8.,7 5,.56 ',p 6.45 6.H 6.14 6,99 7.63 
HAZO 1,05 4,'2 4.' ) 3,16 >. 0 

• '2
5 2.70 ~ .21 3,2t 3.U5 

K20 , .47 0.30 O.bt. 0,53 ~:~~O 1.45 .p o 9 1.38 
'205 0,671 0.207 O.l1ij 0.'98 biB 0.161 O. 11 0:,27 0.07> 

TOTAL I 100,43 9Y.30 1UO.JO 99,J6 10U.,3 99.98 98,77 99.31 1UU.28 96.l6 

LOI 9,3U 5.92 7. 'U 6,1 2 ),19 lllZ 6.48 2.02 2,1 4 t. I 2 

SA 305 524 25Y In >61 565 118Y 611 l54 51" HS 20.2 10._ 1U.3 10.3 10,5 1.1 5.5 '.3 4.5 3.U 
1. 361 118 18U 111 '8g 15~ 1~4 I ~l 9 

105 6" Y :; 1 ,6 27.5 26,9 
861. 1 2 ,0 1 " 4,4 23 .1 16.6 

" 2F 1p 69U ·~s .3 147~ 35> 358' 461 320 o. 1.2 0.1 24.2 , .8 4 ,0 3Y,8 66.9 j6.4 56,t> 
1N ll9 I 1 5 I I I I" lH 94 82 89 91 11 
CU I I 118 I" 1·· F3 95 I I • 122 AU 
NI 115 1 I 0 106 16 113 43 163 148 I 5 I 190 Co 46 62 6. •• 56 60 .' 2~~ 

69 11 
C. 206 10 13 ,. 16 

I ~9 9" 61 j9U 
V 213 164 18U 1.6 164 199 <21 l17 
1~ 6. B ~8 " H ~2 H H H 4" 13. 'I 12* HD .9 25 3U i5 21 25 11 I I 13 5* 

$M~PLEI ICL-2U4 KL-205 PG-iU6 PG-'01 PG-l0' PM-209 P"-l10 PJIII .. Z12 P"-213 P"-Z11 .. __ ... -. 
W! 55,60 54 .92 )g,~j 53.67 5"iO 59'~h 68,l9 66.~4 66.03 65,41 

O.4Y9 041 1 ,i!tss 1,)99 " 91 , ,U64 1. 26 , , 21 7 1 • , S, AL~03 1 2 , 42 10:53 13. Y 6 " .60 1 b ,1 a 1~:48 13,09 15. I 9 13.91 13.74 
,,203 , 8: 1 ~ 10.43 10.1) 11,64 ",41 6, S9 6,U5 6.38 5,86 1.45 
"HO 0.1 A O. " 0,16 U.1 6 0,05 0.05 0.09 0,02 0.'0 
"GO ~ :~$ 1~,~~ 5 .1 !) 6 •• ~ 5,74 3.76 ~:n 1. 66 I ,1~ I • 1 I CAO 5.4j d,1 ).86 2.44 .D4 ~:~4 4.09 
HA20 l 39 ,:90 2.66 3,04 l,88 0,51 4'~: 6.56 3.56 
K~O 1 ' .. 7 0.52 2,llt 8:Hz U 4~ ~:H. 8 01 • 6. l.31 , 05 0:073 0,060 0,H>4 " : 0 'J 0:'36 :545 U:517 O.47ij 

TOTAL I 9d,91 101.56 1UU,7tl 99.72 9Y,9l 99,43 99,U7 98.63 99,14 99.56 
LOI 2.54 3,16 2.76 3.74 5.15 2,9Z 2,04 1.70 2,74 l.bi 

BA 419 181 14' ,41 >95 21'. 20r 25 11~1 19lti! 
N. 6~·2 0.7· 16.4 1 _.6 18,9 36,9 ',3 34.6 3.Y 28.l 1. 45 31> "I >11 59. 4 6 561 521 511 
Y 16 • .5 p.9 ItbtU '1 .1 j:~.4 1~t,8 3~g·4 2~~·1 18. I 13 •• S. .1 2 6 49> 611 201 "8" o. 51.4 23. () 53.2 17.5 'lI'O zo .2 11 Z.3 9~'0 234.4 55 •• 1H "4 60 ' 121 Ii> 125 96 14 112 cu 52 50 ,Y 40 1~~ 15 I , 10 13 11 
HI l5B 338 •• 1)8 H ~~ 11 H ~~ co 61 69 .. )0 59 20 
Co 1 Oj~ 1691 11< 39, 398 21 $~ 21 21 21 v "0 161 'li 2UY iH 1'0 98 109 IOU 
LA 10 4' 6U .y D. 88 101 12. 98 
CE I 5 12' 135 I I 4 159 208 19 ~ 205 i:!43 193 Ho I I 5' 64 .9 02 96 8S 94 101 93 
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OXIDES AND TRACE ELE"'ENTS RECALCULAT£D VOLATILE 'II:E£, ALL. FE AS '£203, TOTA~ • ORIGINAL TOTAL: 

SA"PL E I p", .. 219 P"'-Z2l Pl1-l'::li PM-l31 P"'-Z33 PII:-2 :54 411:_236 AR-238 411:-241 AR-24_ 
S102 63.71 68,13 Ob.UU 61.88 SY.78 58,46 56.15 58.43 55,90 51. 43 
HOl , .249 1.URl 1.UOH 1 • j 41 , .1 81 1.340 ;,3lZ I'F3 1 .251 , • lZl:I 
AL!03 14,55 13.54 12.'10 16 t H7 14.78 14'$6 1 • ~3 14. 4 14.79 1 .. • 31 , E 03 Y,ISO 6,04 bllt.! 7.70 1.5 • 11 9, 1 5,0\1 10,1 5 12,46 14.47 
0'8 U ,12 0.10 OIUY 0.U8 u'p 2,1 3 N~ 0,11 U ,18 U,I2 0, J,21S 1,7 0 , lOb 2.51 ~:O~ ,71 2. !8 3.55 5.31S CAO 1,80 ,_5 7.Yj Z.blt 6,61 14:66 8, 9 6,83 9.1 4 HA20 ,~6 3.94 l.4t 3. ,$3 2,24 3,Z1 0.16 4.26 3,67 2.99 
K20 , .90 1,05 a.ou 2,71 '.00 o 74 U~8 O,H 1 '14 3:~~i P205 O,53H 0 . 46U 0.4!)] 0.069 U. 5 31 0:636 0.208 0, 2b 

TOTAL I 98,99 Y9,65 Y9.41 98.lS 91S.63 99,61 99,60 99,62 9Y.21 98.34 

L.OI 2.93 , .99 3.1) 2.Y8 4,29 4.57 12.61 6.95 6,50 ts.62 

BA 66~ 3F 2~_ 11 U4 '68 686 99. 386 319 233 •• :s .H 8,_ 3,6 4U.1 31.0 15 • ., 1 U ,1 11.0 9,_ 7.l 1, 540 489 464 0'. '1 5 14~ 187 179 179 174 y 
In,2 9~~ .Y 6).4 04.6 4~~" 4 1 4~~' 1 8H,6 3~~·9 ji~'~ $. '-Y4$ 4 •• 1395' •• tl2.7 45. S 2<,2 1U.5.2 34,7 9,6 '72.4 '6.3 25,. 1 !> • l 1. 1 51 113 n 1'0 ,04 112 117 119 96 1 21 Cu H H ~~ ~~ 18 1~~ 1~ m F5 1°5 HI 46 93 co 20 16 1" '9 33 42 51 54 64 64 

CR 24 23 3U ,5 17 283 21 11 32 7. 
V IU8 95 90 1>4 94 184 1~; 166 176 211 
~: 45 94 83 lOU 58 63 30 27 31 112 193 170 2., 132 134 60 57 61 .. 
NO 65 8. 85 1.0 61 68 31 26 29 27 

SAflIlPLEI DB-247 08-251 DB-l)4 [)S-~57 D~·259 OP-261 OP_263 op-265 OP-269 [)S-273 ------ ------ ------ _ ...... _-- ------ _4 ____ 

$102 59.58 54,52 ), • tI. 53,85 4'1,95 69.32 55,93 78,93 68,93 60.28 
1m3 

l,66u g,OS4 0.6V1 
12:H' ' ,~19 1~:fP 1;:~Vo O,6~0 ~,7~8 , • , it I 

1 .45 1 ,8 14.76 17, 5 10,9 1 ,6 1.5.70 
'E203 1 2 .81 9.46 12 .3 4 9,42 17.15 6,74 '1.78 2,43 7.46 1l.20 0,0 u.18 0.'5 0.1 , 0,16 U, ~1 0, g9 g,12 0.U3 U,11 0,17 
OGO 3.1/i 6,76 7.tI) S:~9 " 3 l'7~ ,34 0,85 0, 5~ 2,39 
tAO 6,60 7,39 8.$( 4,76 5,3~ 0,42 ~:~1 4.65 
"A20 1 .72 :5.9:5 3.4U 2,33 :t,72 '36 4,3 0,20 Z.l.Y 
KlO 1 20 1 ,~8 0.4j 1,U3 U,75 1 '92 ° 76 5,34 3 37 2,01 
~205 0:567 O. 66 0.140 0,'38 Ut362 0:286 0:156 0,208 0:219 0.16t1 

TOTAL I 99,83 99,28 1UO.). 100, HI 10U,25 99.16 99,13 9'1.48 9Y,S3 9t1.09 

L.OI 3.72 2,02 2,l4 2,04 •• 22 2.21 2.51 1. 55 ~,84 ',35 

SA 951 662 231 3,1 H8 516 475 101 j 692 576 
Ha iH,7 3,4 , , 5 2,9 8 2 12,a ; 0,1 2B,4 22~') 5,Y 
1, 97 8' OU 17f 27~ 3 3 IH 
Y :;~~.o 1S.Y 1· , 7 , 7.3 3~( ~ ,7 30,0 ~~.4 33.S 24,~ 
$. 441 3 , 40j 1 9 203 2p l44 .a .il,8 1 6 , /j 6,5 'Y,2 1 ,3 40, , 56,3 150,1 7,6 91 ,4 
lH 121 81 94 '6 166 68 93 40 . 9n 110 
CU 31 57 77 '0 6 $ Y d 9 44 
HI 31 216 38Y U5 44 H 10 26 

1~ 50 57 6Y ., 78 19 IS 18 0' 10 299 _.3 746 5 3 2' 3 0 
V 2_1 180 20' l.l 402 76 59 5U 26 387 

~: 51 1 3 - }~ fg H a~ H 47 25 
.0 27 2' ~8 51 

HO 45 12 - 7 27 35 42 22 55 1. 

SAIilPLEI OP-Z70 Oa-27tl OB-2:a1 [)S-28S [)S·286 0.-288 KA-291 KO-295 AR-300 AR ... 3U4 _eo ___ .. 

$IO! 73,65 55,3~ )Z.7/:$ 55,49 56,56 69,39 56,60 55,55 61,89 60.38 
TIO U,~ll ! ,P2 O. b (1 g'.' • , ,41' ~, ~14 1 . U47 1 .074 I'F' l'C I 
AL203 12 I 0 1 , 9 , it, lY 1 ,69 '.,3 1 , 7 15,39 14,66 ,4, 6 1 , 0 
fE203 5,04 16,28 lU.O.) 9,a5 

1
4 'I6 6.39 11,74 13,47 Y.75 7.64 _,0 1).07 ,18 0.1 b 0 1 14 U, 8 O'S9 0,12 0,15 U,12 0,13 

_GO O,6l:1 5.93 H.3) 5,20 3, ~ . 0, 4 5 . U7 5 , p 3,64 2.88 
CAO 0,98 S t 01 9, /jl 7.&8 ::go 3,46 5,23 5, 2 2.8U 5.60 
HA20 3,14 3,99 2,!)1 3'F 3.36 3.92 3,34 2: ,8 1 3,62 
K20 3,09 0,83 D,S:> " 8 0,81 2 72 0.74 0.90 3 18 .5.46 
~205 u,125 O,lA3 0.1) , o.:t3tS O.l 4 0:259 0.140 0,124 0:22U 0.l2' 

TOTAL I 9Y ,4 1 \11:1,10 1UU,41 96.~4 98,76 96,98 100,53 99.35 9"i,6Y Y8.69 

L.OI 1 .80 1 .86 2 , " 1 ,64 ~,O6 3,38 3. 48 2,'9 j,52 4.Y6 

a. 510 416 23u 
_J 7 

~01 62i 30' 235 ·f07 14' Ha , 4.8 _,1 5,3 5.4 8,5 1 ,4 ',5 5,4 11 ,9 Il,l 
10 269 185 7. l'U l23 272 122 110 187 193 
Y l.1t,4 

33 ,_ 
17.1 '4.8 34.5 28,7 21 ,4 21 .:5 23.1 24.$ 

!. _9 203 42. ou7 409 
2B,4 3~U 197 71 95 .a 102.5 1 1 .6 12,9 U~.S 14,0 ',8 31 .9 69.3 75 1 

lH SI 132 80 _I 140 80 92 1 u5 .4 64' 
CU 13 4. 7' 07 39 a 7l 6. In 5 
HI 8 115 29l n H 1~~ 1 61 'H 96 
Co 11 6' 65 20 76 47 
t. 5 47 .01 29 

j~~ 
0 81 60 1 8 9 

V n 270 19Y 2'0 n 18U 20~ 179 147 
L.A 22 6 ,. 14 1 4 10 
CE Y5 55 22 '0 69 H ~g 21 37 3. 
HO 38 31 7* a 34 18 19 
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OXIDES "NO T RAe E ELEI'HNTS RECALCULATED VOLATILE fREE, ALL FE AS H2O], TOTAL. UKIUINAL TOTAL: 

SA"PLEI AR .. 30S AR-307 PG-31Z PG"314 pG-316 PG-319 PG-322 PG ... 325 PG-321:S P", .. 3.!Y --_ ... - .. ........ -_ ... 
SI02 Sh,OD 57,97 )9.U( 50,68 63.42 51.89 59.52 56 . 96 60,06 54.93 
TI02 , , 29 5 1 .201 1.,"12 1 .732 , .289 1 ,281 1 .364 1.530 '.267 1 .7 2Y 
ALlO3 , 4,79 14.27 1 '- • , !:I 19," 4 1J,48 13,95 15.14 13.51 15,34 H.55 
fE203 14,04 

18 :?2 11 • !:I'" 1~:l~ e:12 
9,99 9'~l 1~:n ~,t8 10'1 0 

"NO 0,1 :3 0.11t U,16 0.1 U, 1 O. 2 
"GO 4,,~ 4.95 5.54 ~:~~ ~:~~ 3.97 !:8! 6.66 4,46 4.07 
CAO 2,4 6.2' 4.llS 1.03 5.62 '-,31S ;5.16 
Jill A 20 ",71S ~"5 2.7t. 3,00 ~:gt ~ ,54 4.11 3.19 4,3lS ~. Y 3 K20 1 t 5 ij .~o O.tSl 2,63 d~o 0.0 O'V U , 7~ . 64 
P205 0,176 D. 66 0,))1 0,748 U, 541 0.542 O. 54 U,5 1 U.687 

TOUL, 99,83 98.33 '19.Y' 9H,60 9tS,73 9S,75 98.42 91.62 9"1.23 9'. U8 
LOI 3,8T 4./:S4 5.Hj 4.~S 2.10 3,22 Z.ts1 2.56 l,8/S l.YO 

SA 3U~ 349 ~6.s '04t: ,'98 "7~ 5H 8 549 4p 2147 
H. .5 7.6 H~. 4 52,6 Z4,4 1 ,1 2~~ .0 1 .3 4~,ti 
Zo 180 1R5 35' lu5 .93 323 4p' 410 748 
Y 22,2 28.9 SU.1 '7!1.5 64,2 43,5 4

l
t,4 52 . 2 54,6 92.'1 '0 53 '51 421 30U 77~ 8~1 49; 5p 123 

O. 33,8 24,6 2it,it 1U3.0 6 " 6,6 
11 g' 8 

1 . 6 3.8 132. , 

~~ 1 1 6 103 136 ,,4 100 1H 1~~ 1 ~~ 139 
7 41 1 , " H 11 

HI 162 1~~ 1u >Y 94 ~g 1H H H CO 72 40 ;Y 43 
co 21 128 171 1uU 68 253 213 442 120 39 
V 1Y7 2~~ 18Y 2'5 1~~ 1H 1H 219 162 m ~: 1 4 6' .U 49 81 

41 57 1.!b 1·6 19 126 1 21 113 163 263 
H, lO 29 64 ." 93 60 58 60 75 119 

SA"PLf' PH-332 P,..-33!i PJ1-jj8 AR-339 ,A.A,-341 AO-H' AR-345 I<.A-346 I<.A-347 KA-343 .... _- .. - _ .... --- - ...... - .. - ---- .... 
5101 66,91 68.75 07.itU 59,05 5),76 5Z,42 51.15 52.56 5 tS , 13 53.20 
TlO 1,09U 1. 116 1 • Uti 2 1 .1 CjI 0 1.33, 1 .114 , • U71 1·12Y 1 ,o~' 1.U7H 
Al203 , 3 • 2it 1 .75 13.61 14,42 14.67 14.27 14. Yl 1 .87 14,1 15 • 1 3 
'E203 6,76 6,60 6.1 j 9.93 11.70 12. \6 '1 •• ~ 12 . 51 , u. 1 a 12.27 
"NO 0.14 0,07 O.U~ 0.18 U,14 

2'9t 2:~, 9. 14 0.14 0.13 
"GO 1 .5d 0.76 2.itt 3,.B ~:~~ .~9 4,89 5 '16 
CA~ 2.94 2.53 3.9j 8,06 9:36 5.37 8. 4 6,43 •• 3 
HA 0 3,30 3,1 II 2.7Y 1 • , 8 l,78 4.06 3.'13 2.04 4 , 46 3,tiU 
°lO 3,56 3.78 2.' U 2.41 U.97 o 65 0.58 ~:V~2 o 58 U.87 
P 05 U, 4b2 0,468 0 •• )9 0,l2S 0.211 0:241 0,224 0:,37 0.'6) 

TOTAL, 99,9, 100,18 lUO . J( 99,16 10U,01 1 Ul ,05 98,79 101.77 100,21 1 OU. 72 

LOI 2,00 1 ,8S 3.0e: ti,74 6,43 5,06 3.58 10.11 2.25 2.23 

•• 1,30 1310 50Y 5uy ,08 349 347 445 204 5Y1 
H. 28.8 31 • Y 3U.4 " .4 9.0 7.3 6.5 2.0 5.2 b.' zo .7 8 460 H, 1i"tS 17~ 168 167 

2I~·7 
108 118 

Y 07.9 67.9 6j.9 ,ti.3 2~f3 28,3 $4,4 20.7 23.7 
So 4Y 3 2S2 224 20Y 6~6 4 Y 257 '88 o. lU~ .0 1 .2 8).5 ~ti.s 1~7,9 7.4 17,4 ~,.7 11 • ., 26.7 
ZN 1U4 81 91 .b 93 13> 67 10.1 
CU ~~ 10 0 114 92 5U 57 70 77 121 
HI H 2U 1 ul lH 184 165 21 1 1n 107 co 20 16 '6 71 71 69 63 
C. 11 17 2U 10 48 57 5' 413 124 6. 
V Y" 10b 106 lb7 'B 2B 19!i 21 1 179 171 
LA Y3 84 7U " 24 1 1 1 3 11 
CE 1·1 171 14U '1 51 42 51 17 25 34 
HO 88 19 6~ <2 l6 26 27 8 13 1b 

SAMPLE a ,l(A·349 I(A .. 350 KO-j)2 KO-355 KO·356 Aa - 359 AR-J60 AR-361 AR·30Z AR-36J .. - ... .. .. --"-- .. 
HOl 55'37 54 .8~ )4.7) 53 , 5~ 50.88 ". i6 53.Y6 55.38 55,?9 54 . 18 U, 3 1 ~ 2 0."'~4 0.'1 Y U,9P 1. 40 1 .l41 1 .321 1 ~1 , .1 Ol AL~Ol 15,54 14: 8 14.0t: 1 5 , , a 1 5 , 7 1,.. tS 15.U6 1 4 • 1 4 14: 1 5 13.39 FE 0 10,83 11 .1 2 12.4) 13,j7 11,07 9,93 13.16 12.89 11,75 ll.0' 
"NO u,1 i 0.15 0.1) 0,18 U,; 1 0.13 O. , 8 2. 13 u,~ 4 o. , 6 
"GO ~:t3 4.8i ~:2~ · i:~~ 3. ~ 3,t' 5.U~ . 71 4, 8 

U~ CAO 6.4 , , 1 7, 1 5.9 6.55 tl, 1 3 
HA20 4,57 3,67 3.5, 3,l1 .5 , 64 3,44 4. '1 !.MO J,26 's.34 
KlO o,~4 

S:\ry 
1 • .5, 1 161 U,7~ ~:~87 U~O ',06 1 .47 P 05 D.',. 0 . 1.52 0.106 U.1 4 0:~g2 0,259 0.l41 

TOTAl, 101.66 10 2.31 lUO,:;1 101,)5 101.62 100,6J 100. Y 7 100.22 99,55 99.73 
LOI 1 .9,. 2.18 1.Yb 2,42 l.S7 5,56 4.22 6.Z0 ~.O9 4 . 79 

•• 2)5 730 40. '2U~ 1"4 "49 35U lS5 255 $96 H. 5.8 6.0 '.9 4.0 4.1 10,6 '8~·6 19:.
7 8 . 7 I.' P 1)6 120 9' .6 96 18~ 1 ~6 170 24,. 2l.2 3~~ ,6 7a·

1 2 ,1 ,H,5 d1 ·6 st~,7 S. 241. 3 
332 46b 426 51*·0 •• ,4.5 8 6.~ 5l.3 )7 . 4 2~. 1 a~. 1 1P'O 1~:' 6 '" l 20.Z 

l~ Y4 .. Y4 1U4 

11~ 
98' 106 92 

lH , 
9Y 17 

1
04 1 • 97 8l 90 HI 100 13Y 1<. 12 1 8 164 ~09 ZZu Co "1 62 6.1 bY 47 54 15 67 69 67 C. b4 66 5Y <) 29 15 17 53 147 176 

V 171 186 12) .» 188 '64 187 207 l01 19j 

~~ 1 4 n 11 11 19 H H 23 H 2U 33 2.1 a 50 53 
HO 16 17 1.1 13 12 26 23 27 .. 20 
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OxIDES AND TRACE ELEMENTS RECALCULATt:D VOLATILE FREE, ALL FE " FE20], TOTAL . ORIGINAL TOTAL: 

SAMPLE I AR"364 AR-36~ JC .. j66 JC-.l67 JC-36H JC-369 JC·.jl0 JC-371 KA"373 1(,,-376 

510/ 5 7.10 57.86 b4.6~ 64.52 66.82 .5.09 65.'H 50.11 55.7 4 51.77 
T I 0 2 1,1 .55 , .O9l U,'Y'its , .046 1.04l 1.026 1 • U1 7 1.67 0 1 • 01 ~ , • , 74 
Al203 14,0, 14 .37 , " Y l 12 • .50 , , • Q 4 11 .H 12.88 19.57 1 4 ,36 16.66 
fE2 0 3 9.60 '0.49 , 1 .400 1'.69 1<.65 11.91 1 1 • 18 16.75 1 U. 5Y 12.23 
"NO (J • 1 1 0.13 0.' j 0,' 7 0 1 17 0.17 0.' 6 0.16 U.17 0.16 
"Go 4,32 3.37 O.HIt 0,86 1.09 0.66 0 . H9 1. 61 4,66 4.6b 
CA O 7.U' 6 .7 0 3.l1 :5, ~ 5 ".90 3 . 37 , • Y 6 3.16 '1,03 6. H1 
~4A 2u 4.0j 3. 77 3.60) 4,20 c,72 3.61 3. 8 4 4.2 0 3.43 3.39 
<20 '2.27 1 Y9 , .),5 1 ,45 U,15 0.'1 , • Y U 1 .,9 0.86 , • Y 7 
P2 0S O.lltlS 0;231 0.)U3 0.504 U.511 0.'17 0 .496 0.869 .U . 140 U.,ll 

TOTAL 1 101.ou lU1.34 Y9.51 99 1 H2 9 tS. 31 98.58 100.17 98.88 9Y,79 98.45 

LOI l. 51 5.8/ 2.4U i!:.29 ".52 1.91 I.U7 3.10 l.42 5.54 

8, ~56 360 554 644 '12 363 840 111U 4U3 .155 
"8 7.9 8 •• ,4.2 1 6 • , 1,.7 14,4 '5.2 2.1.4 6 • 1 • • 0 
I, 179 177 13> 141 l55 147 1.1> 383 1 1 4 137 
Y ,,6,4 25,8 51 .7 )2.1 54,3 51,4 ,-6,8 72.3 (, Z. 1 22,4 

" .3. 386 594 I'Y 194 35" 11 , 4H7 Y/9 149 
'8 ,,5.0 24,0 4/:S.2 06.8 4.3 12.1 55 .5 34.5 26.7 63.' 
IN 90 84 161 1>5 164 164 160 232 79 95 
Cu 1U3 56 I> >U '3 1 1 12 16 7, 59 
Nl 121 1l.! 1> 14 1 5 11 1l 1H 113 173 
Co ~2 55 I. 19 29 19 14 37 51 59 
C, 50 57 9 6 3 6 V 8 1 1 5 H6 
V 189 101 " '8 lS 17 17 17 17~ 1 88 
LA l4 /4 4l 4.1 47 41 59 U 
CE >0 60 87 6. 90 98 81 114 13 32 
NO I. 17 47 •• 46 43 41 57 10 12 

SAMPLEI <L- 382 ~L ... 392 p.-395 P'-.I98 Af( ... 40U AR-"03 PG .. 406 PG-417 IN-419 PG-421 

510/ 54 , 47 53.56 ~8,)£ 56.06 5.5.60 54 .31 59.U6 5 •• 70 ... 9.28 58,73 
TIO/ V.50U 0.5115 , .6)4 1 .531 1 .1 67 1 • , 67 1 .415 , .501 , .834 1 . 4Ul 
ALZ 0 3 1".1Y , 4 • 51') 15.Y'" 14,'7 14.77 14.38 13.85 13 .39 14,95 13.42 
FE203 10,86 11 • OR 9.14 11 , 13 11 .58 14 .70 10.07 11.05 16 ,29 lU.OO 
"NO u.17 0.17 O.l~ 0, n~ u .19 0.16 0.13 0.17 0.18 0.16 
"Go 9.00 8 .1\3 7.1Y 5,09 4.59 5.57 5 .74 6.00 6.51 4.20 
CAO b.U4 6.88 12. 6ts 6,97 '1,93 6.77 U~ 6.1 9 6 . 86 S.SH 
N.ZO 2.15 3.05 3 .j H 2 . 4R 2.01 l:l~ 2.83 3.33 3.48 
KiO 1 .95 1 • .1 6 O.~U , ,66 1 ,88 I.'H 1 .50 0,46 1.35 
PI OS . U, 071 0.07U u.oH7 0,713 0,277 0.114 0.)79 0.677 0.293 O.bOO 

TOUL : 1 0 1 , 1 7 98.95 '; 8 .l4 98.82 9 ts. 54 98.55 98.99 98 . 03 100,18 9'1.5 5 

La' 2. 34 3.17 l U.6) 6.76 V.59 9.7H 5.82 3.31 l,60 1. 74 

eA , 97 384 213 8V9 l61 104 1005 ~ 11 131 H4::; 
N8 1.4· 0.0 19. 6 1 6 ,4 6.6 ab' Z 

ltS.7 1 4.9 6.7 18 . r 
l' >9 66 33. 28H 181 186 /76 1·59 .148 
Y 15.9 15.5 59.3 > <.3 18 .1 Z7 ,6 3~~·5 7~~ .Y 47.3 51 .1 
50 117 144 1 .6 Y6. >14 207 484 .1. 
'8 dY.6 36. () 15.9 .lU.3 54 .1 39,7 88.8 3~.1 ~.H 46.~ 
IN 7. 117 100 10 108 109 14.1 11 5 118 8, 
Co >3 49 , j4 37 97 28 17 85 ., 
NI 216 10 2 192 1 >4 214 114 1'U 1.1. 92 8 8 
co 6. ., 51 4H 67 70 4. 49 69 4.! 
C. 584 503 541 347 49 189 457 374 1.13 177 
V 11M 179 199 It 1 l/6 111 181 107 .1.11 159 
LA 7 6 49 >.1 11 21 49 46 9 56 
CE 1 4 13 10S 118 57 54 113 103 18 1 24 
NO 6' 4" 58 .1 19 20 5· 57 18 61 

SA,/IIPLE I PG ... 426 PG-433 AR .. 442 AR"446 AR-451 KA .. 452 KA-455 <0-457 KO"' 46 0 1(0 .. 462 

Sl02 55, 8 5 54.54 )3.Y~ 58,H 8 51:1.44 53.91 54.76 56.09 54,26 54.11 
TISI 1 , b 1 4 1.580 1 • "y 8 ,. U'76 0 . 8Y1 1. U46 1.UXl l · U08 U.9~1 U.Y46 
AL 0 3 14,1.16 lb.7'" 16.06 14.67 1 4.37 13.76 ,5 • 11 1 . 69 14,A 14 .95 
FEI03 10.67 10,46 1l • .)~ 10,64 1:1.11 11.30 11 . 1:1 4 13. 35 12 t 1 4 12.94 
.NO 0 ,17 0.09 0.' I 0,15 0.14 0. ' 5 O. , 4 0.' !J 0,L5 U.15 
"GO 5 .5U 5 .62 5.1 r 4.U~ ~.49 6.57 4'~9 5.54 5,17 4.91 
CAO 6, 0 2 5.'6 S.OU 4 •• 6,95 9.51 7.U 5.92 6.62 :i.Y9 
NA20 2.63 4.46 3.76 4.U3 ~I05 1./3 3.24 .1.18 4. , 3 1.98 
<10 2.71 o 70 u.~u 1 .68 2.41 0.38 , • Y9 O. '12 , , 57 2. Y 0 
PI" O.7ij2 0:6'-5 o."/H 0.l37 0.164 0.1.19 0.1.3 0.115 U,123 O. 1 21 

TOTAL : Yd.Dd Y8.04 .,. 8 Its 1 98 ,37 9v.31 101.56 99.30 1110.66 98.96 'iY.37 

LOI .s.33 4.83 6.U" 3,'4 .5,46 4.15 1 .76 2.00 1 t 70 1.95 

eA 1,,1I1 301 <1.1 7'1 y/4 14' .3H 348 ,93 H35 
.e , 7 • Z 28 .6 '.1 11~' 7 

6.6 '.0 >.6 6.3 4.6 4. 7 
l. JOY 51 5 191 1~!. ~ 106 11< 100 101 '00 
y 49.1 66.1 3U.1:I "b • 1 11.0 

5n·
3 23.1 11.5 2,$.2 

S. 517 43(1 331 3V3 451 566 158 113 190 
's 71 ., 15.0 1j.O j8.2 5/ .8 1 L1. 1 68.5 ij~ . 6 61 .3 1 , 1 • '1 
IN 1 '9 1 <ll 138 'Y 52 73 84 8) 9. 
Cu l7 18 ~ ob Y5 109 10> 79 9, 10> 
N I 1" Q. 116 1 .~ 104 116 16l 151 146 138 
Cu 4Y , 1 Hl . 6 49 64 63 69 64 6H 
C. 446 177 •• .1 145 415 8> 68 .8 1 7 
V <'7 186 15l H, "7 1" 179 136 a1 238 
LA '3 7" IU t3 11 14 1 3 10 11 1U 
CE li B 156 44 )j 41 17 34 ,~ .11 21 
'0 .6 75 2> a 1 7 14 15 9 H 17 
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OXIDES AND TRACE ELEMENTS RECALCULATED VOLATILE fREE, AL.L FE -AS FE203, TOTAL· ORIGINAL TOTAL I 

S""'PLEI KL-465 I(L-467 KL .. 468 KL-469 KL-47' PA.-472 PR-It74 PR-476 PR-4l? PR-47Y - .... --- ------ - .. -- .... 
Sl02 55.51 56.34 )2.~' 54,78 56,61 56.14 56.59 61. 59 58.92 58,24 

1m3 
U,878 2· 7H 0,4UO u··F U'1 9Y ~ •• 67 1.lo4 1. 350 1.4F 1. 35 ) , 4 I 31 1 .47 s.!)'! '4, II 1 7 I 5 1 .01 13.54 1 .46 14 4 1 .74 

fE20] 11 t 9 8 10.YO 1 2 • 1 1 11,08 lU,53 10.96 10.15 7.3' 10: 1 5> 1U.32 
"HO 0,'" 0.1' 0.' , 0.'8 0.12 0.13 0.'4 0.07 0,10 0.15 
"GO 4'tO 5.53 17.40 6,65 4.37 ~ .96 5. ~ 4 3.04 4.83 5.,9 
CAD 7, 7 7,90 B,UO 6.54 4!,66 dl 6.Y7 5.p 5 ,56 6.22 
HAZO 3.40 :5.09 0.1'1 3 • 61 4,30 Z .74 3. 4 .5.20 2:.49 
"20 1 70 0.82 D. " 1,5.3 1..92 2'Z_ 2.)2 2.59 0,68 1 .72: 
.205 0: 118 0.081 Q,UJ9 0.077 U.125 0:657 0.540 0.595 0,670 0.59U 

TOTALI 100,06 100.83 '1Y.5'1 99,56 10U,81 100,86 101 .68 100.88 99,19 1 OU.:5 1 

~OI , • Z 5 2.08 It.Y!) 3,71 J.88 3,03 4.U8 4.U7 4.53 4.35 

BA 4>7 262 10 215 516 1054 987 1481 '82 703 
HR 3.6 3.4 1 .2 5,3 3,5 33,3 1 5 , 1 24.0 2~i' 1 

17.7 

!' H.3 
78 ~L 63 

~~.Y :i~·7 28' 
;H·1 

31 3 2~ •• 3~' 1 50,3 4 .2 4 • 1 
S. 4UO 49 2U 1 3 741 064 545 
'B 66.6 25.2 7 •• 43.4 80.2 64,6 67,9 66.1 1 5 • 5 41. 7 
IH 84 ~~ 70 80 70 1 ~1 107 88 1H 110 
CU 19 45 65 1'3 2~ 37 1 2 Z3 
Ht 10b 1 23 5U 18u 16j 165 103 144 1 24 

l2 H 57 64 4~ h 46 3g~ 46 4U 
186 ':618 336 421 457 432 v 221 206 178 224 ,1 5 158 196 159 i01 187 

LA H 5- 0 5' 1 5 1 1 ~ 1~~ 75 49 57 
C E 19 8- 20 29 16 166 109 124 
N. 12 10 0 10 13 84 61 81 58 61 

SAMPLE I PR·4ou PR-481 PR-4H] PR-484 PR-485 PR-486 PR-4S7 PR-489 PA-491 PR-49l ------ --- ... --
SI02 56.7~ 56.53 '8.00 5!,3Z 55'H 55.~0 59.8~ 59.!6 59'j9 5Y.tSZ 
TIOl 1 ,4 6 1.426 , • l 'to 1 .469 1. 5 1 77 d:~55 1b~1 1, ~. 1.744 
AL203 15,33 14.7l 13.96 13,62 13.78 12:0Z 14,0 13.6d 
FE2u3 9,98 1 1 .59 10. , (. 1 1 • U3 1 , .78 11 .99 •• 54 9.55 Y,92 1 U.' 7 
",0 0,11 O'F 0.13 0,15 0.16 0.18 0.13 0.13 0,13 0.14 
"GO 4,39 7. 0 4.U4 6,U5 ).49 6.20 3,75 3.90 3,90 2.87 
CAD 6,U4 3.92 6.76 7,67 0.91 6.66 7.56 6.20 ~,45 ~.+~ MAZO 5, 3~ 2.92 2.U) 1,'10 ll8 Hl 3.5~ ~:6~ it 9 5 
<20 1 ,9 o 17 3.1U 2,14 

1 'F 2.34 !'91 .205 0,665 0:693 0.544 DI 05S 0, 18 0:62S b:~52 oJ02 0,624 :801 

TOTAL I 100,48 ~8.72 1UO.lU 101 ,U3 9Y,68 99.21 100.41 98.78 10U,31 100.66 

~OI 5,45 .3. 64 5.UU 3,10 $.87 2,93 2.YZ 3.51 3,73 5.82 

BA 102~ 83 1202 929 99! 4F 7~8 99~ 9~L. 9R. HB 1 ,6 14.6 ,6.8 14.8 tj)':> 4,7 6,8 1 .2 
I. 549 299 31u 276 244 318 350 354 42. 
Y 51 .4 45.1 48.6 "~.5 5 1 • 1 45.4 9~~,4 8B,4 51,'" 6l.4 
5. 4.8 291 537 5<9 460 400 104'5 007 
'B 49 . 1 3,l 7. oJ )U.l 3:5 • 1 24,3 Z3,U 45." 38,B 3\1. ) 
IH 114 116 1" ,,4 126 123 70 104 1 U9 104 
Cu H 9 34 H 44 34 39 ~~ 35 39 
HI 165 9, 1>7 139 220 6" 89 50 

l2 47 5 7 45 )U 
4H 

58 d~ 41 39 35 
257 546 241 402 936 252 276 55 

V 195 218 16Y 1'9 lZ3 195 185 17U 10" 233 
~A 58 48 57 '2 52 44 65 59 61 77 
CE 1 42 122 12' 1UO 113 98 13. 128 133 16) H. 66 62 6U )5 62 51 7U 62 63 g1 

SAMPLE I PR,,4Y4 ,U .. 495; AR-4'16 AR-497 AN-490 AR-500 

$102 51 ,all 52.68 )3.74 51,76 56,77 56.74 
TI02 1 ,77~ 1.l76 1 • ~U1 1 t" 0 , ,146 1.018 
AL !O3 14,13 16,37 1!J.j) 15,75 1!) .16 14·f9 FE 03 13 • .3 7 12,73 1 2 • ,.) 13 ,67 1 , .41 11. 6 
"HO u,1f ~ • 1 1 0.1 j D I 1 6 0,14 0.~8 "GO J,3 .06 4.UI 5,78 ~, 61 ~:8: CAD ,03 7.49 'I • , , 7,76 ).64 
MA20 2,4~ 

f:H 
2.40 3,34 ~:H 5.p "20 2,4 , • jo U.J4 2. 9 

.205 u,619 0.266 0.i.04 O,t29 0.233 0.220 

TOTAL I 1Du.tS7 99.11 '19.54 100,12 98,70 100.38 

LOI 10.47 8 1 60 12.~H 7,72 5.06 3.36 

SA 580 41. 17) ., ,02 705 
NB 16.9 '.' 7.8 7.4 8,1 8,1 
IR ,Ou 192 lSi! 101 189 159 
Y 54.8 32.1 2ts.? (,4.2 32,0 28,0 
S. 555 403 19. 2"l )S3 539 
'B Ob.5 58,1::1 48.l 10.9 5.7 31,8 
IH 132 117 91 1U6 1 us 93 
CU '1 182 12. H~ 95 B8 
Ht 100 210 157 1 &$ 97 
Co )0 71 ., •• 5. 
C. 4~6 .1 51 ~13 56 83 
V 2 3 265 25. a ,08 ,.. 
H 111 

11 H 16 ~~ B 53 4il 
H. .2 3U 2Y 'l n 27 
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TABLE 2.5 X-ray counting statistics - LLD and CE - for each 
batch of samples processed 

Nb Zr Y Sr Rb 

BATCH N LLD CE LLD CE LLD CE LLD CE LLD 

1 40 2.42 .71 1.81 .76 2.1 S .68 1.95 1.08 2.11 
2 48 2.42 .72 1. 81 .80 2.20 .69 1.96 1.06 2.12 
3 238 .76 .23 . 57 .25 .69 .22 .61 .36 .65 

Co Cr V Zn Cu 

BATCH N LLD CE LLD CE LLD CE LLD CE LLD 

1 40 2.52 .83 2.56 1. 31 3.34 1. 41 2.16 1.10 2.45 
2 48 2.56 .84 2.64 1. 31 3.58 1.50 2.45 1.17 2.68 
3 238 2.46 .82 2.54 1. 41 3.27 1. 45 2.67 1. 26 2.80 

Ni La Ce Nd Ba 

BATCH N LLC CE LLD CE LLD CE LLD CE LLD 

1 40 3.26 1. 59 5.84 1.56 11.58 2.98 6.47 1.65 14.0 
2 48 3.46 1. 61 If 6.55 1 .62 12.32 3.11 6.64 1.67 14.7 
3 238 3.38 1.63 

X-ray counting statistics are calculated as follows: 

Counting error 

CE 

.69 

.70 

.22 

CE 

1.04 
1.06 
1.17 

CE 

6.0 
5.8 

Counting error is the standard deviation of the net peak count rate, 

i.e. 

where Rp, RB = count rates at peak and background positions 
Tp, TB = counting times at peak and background positions 



- 36 -

Expressed in terms of concentration, this is: 

c. E. = 
~ 
jT; r; . concentrat10n 

Rp - RB 

When Rp ----;. RB, counti n9 error -- co so the concept of a lower 1 imi t 

of determination must be introduced . 

Lower limit of determination 

Due to the Gaussian distribution of X-ray emission intensity, the 

existence of a peak above background can only be confirmed if it has a 
count rate in excess of the mean background count rate, plus 3 standard 
deviations of the background count rate. Therefore, 

Detecti on 1 imit = 3 J ~: 
Expressed in terms of concentration, this is 

D.L. 

Where M = counts per second per unit concentration. 

At the detection limit counting errors are large, so the lower limit of 
determination (L.L.D.l is defined as twice the D.L., i.e. 

= -M
6 

JTRBB L. L.D. 
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3 . GEOCHEMISTRY 

3.1 Classification 

The classification scheme of Irvine and Baragar (l97l) was selected to 

aid the classification of the Witwatersrand triad volcanic rocks for 

three important reasons: 

(1) The scheme is based on 2500 analyses of Precambrian 

(therefore appl icab1 e to the current study) and Cenozoic 

rocks . 

(2) The scheme can be appl ied to metamorphosed as well as 

unaltered volcanic rocks, as it is based on a chemical, 

rather than a mineralogical or modal composition. 

(3) Classification into the three main series - the tholeiitic 

basalt, calc-alkali and alkali olivine basalt series - has 

no genetic implications, as their boundaries appear to be 

natural divisions. 

1he initial distinction in Irvine and Baragar's classification scheme 

is that between alkaline and subalkaline rocks . For this purpose, a 

weight percent plot of (~a20 + K20) against Si02 is employed, as 

shown in Figure 3.1. The curved line, markea (l), is Irvine and 

Baragar's dividing line between the alkaline and subalkaline fields. 

They found this line to be a more effective divider than that of 

MacDonald (1968) (marked (2)), which had been widely used. 

The Witwatersrand triad volcanic rocks have been altered as a result of 

low-grade greenschist facies metamorphism. Variation diagrams (Figures 

3.9a and 3.lla) show that a large amount of scatter is exhibited by 

Na20 and K20 concentrati ens, suggesting that these two oxi des were 

fairly mobile. While it may be true that individual samples have lost 

or gained Na or K, the average compositions of formations ' as a ~Ihole 

shou1 d provi de a good estimate of the ori gi na 1 concentrati ons. 

Systematic trends are still evident, as well as clear compositional 

breaks between formati ons, e. g., between the K1 i pri vi ersberg Group and 

Pl atberg Group, and agai n at the top of the 1 atter . Na20 and K20 

concentrations -thus seem to have remained basically unchanged overall 

and average concentrations can be regarded as valia for each formation, 

and can thus be used in the following classification diagram. 
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Figure 3.1 Alkalies vs silica diagram with dividing lines of (l) 

Irvine and Baragar (1971) and (2) MacDonald (1968) 
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From Fi gure 3.1 it is clear that almost all the Witwatersrand tri ad 

volcanic rocks are subalkaline. In Figure 3.1a, only two samples from 

the ~lakwassie Formation (0), two from the Rietgat-Goedgenoeg Formations 

( _ ) and none from the Allanridge Formation ( ... ) plot in the alkaline 

field. In Figure 3.1b, one Alberton (*), three Orkney (+) and one 

Loraine-Edenville sample (x) plot in the alkal i ne field, while in 

Figure 3.1c, one Dominion Group porphyry and one Crown Formation sampl e 

are alkaline. Thus 96.6% of all the samples are subalkaline. 

Having established the subalkaline nature of these rocks, the next 

subdivision is into either the tholeiitic basalt series, or the 

calc-alkali series. AFr~ triangular plots, with A = Na 20 + K20, F = 

FeO + 0.8998 Fe203' and M = MgO, all in weight percent, are shown 

in Figures 3.2a (Yentersdorp Supergroup) and 3.2b (Dominion Group and 

Crown Formation). 

The Ventersdorp Supergroup samples straddle the dividing line, with the 

following proportion of samples plotting in the tholeiitic field: 

All anri dge - 51 % 

Rietgat 35% 

Makwassi e - 29% 

Goedgenoeg - 33% Total: 40% 

Loraine & Edenvill e - 48% 

Orkney - 45% 

Alberton - 21 % 

Figure 3.2a appears, at first glance, to suggest that all formations of 

the Yentersdorp Supergroup have cal c-al kal i ne affi nities . Thi s needs 

to be examined more closely, however, as Irvine and Baragar (1971) 

themselves imply that the AFM plot does not satisfactorily separate 

tholeiitic from calc-alkaline types if the rocks are basic. In such 

instances, it is more important to look at the trend of samples from a 

particular formation. The Loraine-Edenville samples, for instance, 

display a clear tholeiitic trend towards FeD, even though most of the 

samples lie on the calc-alkaline side of the boundary line. The trends 

in some of the formations are less obvious, although the Dominion Group 

porphyries and basic rocks, and the Crown Formation are all clearly 

tholeiitic . 



Figure 3.2 AFM triangular 
plots for 

a) Ventersdorp Supergroup 
b) Dominion Group and Crown 

Formation 
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A1203 vs normative plagioclase composition 
(after Irvine and Baragar, 1971) for 
a) Platberg Group and Allanridge Formation 
b) Klipriviersberg Group 
c) Dominion Group and Crown Formation 
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The most prominent chemical difference between the more basic members 

of typical calc-a1ka1 i and tholeiitic series of Cenozoic age is their 

al umina content (Irvine and Baragar, 1971): the cal c-a1 kal i basal ts and 

andesites are generally high-alumina types, containing 16 to 20% 

A1 203 , whereas their tholeiitic counterparts have only 12 to 16%. 

They suggested that a plot of A1 203 against normative plagioclase 

composition (100 An/(An + Ab + 5/3 Ne)) provides a more significant 

separation of the two series than the AFM plot. Figures 3.3a (P1atberg 

Group and Allanridge Formation), 3.3b (K1ipriviersberg Group) and 3.3c 

(Dominion Group and Crown Formation) show that the following 

proportions of samples plot below the dividing line (or its projection) 

in the tholeiitic field: 

All anri dge - 86% 

Rietgat & Goedgenoeg - 79% 

Nakwassie - 71% 

Loraine - 96% 

Crkney - 77% 

Alberton - 63% 

Total Ventersdorp average-~% 

Crown - 83% 

Dominion porphyries 

Dominion basic lavas 

- 84% 

- 83% 

The increase in the proportion of tholeiitic samples towards the top of 

the K1ipriviersberg Group is again evident, and in this plot 81% (as 

opposed to 40% in Figure 3.2) of the Ventersdorp samples plot in the 

tholeiitic field. The three underlying units are again conclusively 

tholeiitic. 

Figures 3.4a, band c are plots of normative colour index (01 + Opx + 

Cpx + Mt + 11 + Hm) against normative plagioclase composition, in which 

rock names are defined. The results of these plots are summarised as 

follows, with b = basalt, ta = tholeiitic andesite, a = andesite, d = 
dacite and r = rhyolite: 
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b ta a d r name 

All anri dge 66% 31% 3% l; -ta 

Rietgat & Goedgenoeg 75% 12% 13% b 

Makwassie 12% 2S% 41% 18% ta-a 

Loraine & Edenvi 11 e 98% 2% b 

Orkney 91% 9% b 

Alberton 95% 5% b 

77% 13% 8% 2% 0% 

Crown 100% ta 

Dominion porphyri es 13% 13% 19% 63% 3% d 

Dominion basic lavas 88% 9% 3% b 

It must be stressed that names like dacite and andesite are used here 

without tectonomagmatic connotations. Using these definitions, the 
Allanridge, Rietgat, Goedgenoeg, Lora i ne, Orkney and Alberton 
Formations, as well as the Dominion Group basic lavas, are all 
overwhelmingly basaltic. The Dominion Group porphyries are 

predominantly dacitic, with an andesitic component, the Crown lavas are 
all tholeiitic andesites, while the Makwassie samples spread over 

almost the entire range, from basalts through to dacites , with most of 

the samples being andesitic. 

The (Na20 + K20) versus 5i02 classification diagram of Cox et 

A!.., (197S) has also been used, as shown in Figure 3.5, with the 

following results (abbreviations as above, hut also ba = basaltic 

andesite, h = hawaiite, tb = trachybasalt, ta = trachyandesite and u = 
uncl assifi ed): 

b ha a d r h tb ta u name -
All anri dge 6% 23% 63% 9% a 

Rietgat & Goedgenoeg 7% 15% 63% 1% 1% 12% a 

~iakwas si e 18% 53% 12% 12% 5% d 

Loraine 26% 52% 15% 4% 2% b-a 

Orkney 13% 47% 22% 3% 6% 6% 3% ba-a 

Alberton 42% 47% 5% 5% ba-a 

11% 30% 42% 5% 1% 1% 1% 8% 2% 

Crown 67% 17 17% d 

Dominion porphyries 3% 16% 50% 3% 28% r 

Dominion hasic lavas ~% 30% 5S% 1% ba-a 



Figure 3.4 
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Normative colour index versus normative plagioclase 
composition (after Irvine and Baragar, 1971) for 
a) P1atberg Group and A11anridge Formation 
b) K1ipriviersberg Group 
c) Dominion Group and Crown Formation 
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Under the Cox et 2l., (197~) classification, therefore, the names given 
to the individual units in all cases imply a slightly more acid rock 

type than those defined for the same unit by the Irvine and Baragar 
(1571) scheme. ' For example, the Dominion porphyries are dacites by 
Irvine and Baragar's definition, but rhyolites according to Cox et 2l .. 
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Figure 3.5 Nomenclature of volcanic rocks alkalies versus Si02 
plot (after Cox et al., 1979) for 
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a) Platberg Group-ana Allanridge Formation 
b) Klipriviersberg Group 
c) Dominion Group and Crown Formation 
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The final classification phase of Irvine and Baragar is that for 
distinguishing bet~leen potassium-rich, llaverageH, or potassium-poor 
varieties of . rock. A seri es of tri angul ar An-Ab-Or plots is 
ill ustrated in Figure 3.6. The percentage of saJrples from each 
formation plotting within each of these three fields is as follows: 
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K -Eoor avera2e K-rich 

All anri dge 26% 46% 28% 

Rietgat & Goedgenoeg 15 37 48 

Makwassie 24 29 47 

Loraine & Edenvill e 9 39 52 

Orkney 22 52 26 

Alberton 37 37 26 

Crown 83 17 0 

Dominion porphyri es 16 53 31 

Dominion basic lavas 22 56 22 

Total average 20% 41% 31% 

For the Dominion Group (see Figure 3.6cl, over half the samples of both 

porphyri es and basi crocks 1 i e withi n the "average" fi el d. The 

remainder of the basic rocks are spread evenly throughout the K-poor 

and K-rich fields, while the rest of the porphyries lie mostly in the 

K-rich field, but with a fair number in the K-poor field. The Crown 

Formation samples are almost all K-poor, ~Iith one sample in the 

"average" field. 

Figure 3.6b shows that the Kl ipriviersberg Group becomes progressively 

more potassic towards the top. The majority of the Alberton samples 

are K-poor to 

while K-rich 

Formati ons. 

"average", most of the Orkney samples are 

samples predominate in the Loraine and Edenvill e 

The Platberg Group is represented mostly by K-rich rocks, but the other 

two fields still accommodate many of them. The Allanridge samples also 

show a complete spread, most of the samples being "average". 

Because, as has been suggested earlier in section 3 . 1, K appears to 

have been mobile during low-grade metamorphism, the spread of samples 

across the three fields in Figure 3.6 should be studied carefully. The 

equal K-poor and K-rich scatter about the K-average field for 

Allanridge, Orkney and Dominion basic samples may indicate that these 

samples were originally K-average, but alteration has spread them out. 

Similarly, the smearing out of samples in other formations may be the 

result of alteration. 



Figure 3.6 
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An-Ab-Or projection (after Irvine & Baragar, 1971) 

a) Platberg Group & Allanridge Formation 
b) Klipriviersberg Group 
c) Dominion Group & 

Crown Formation 

(see pages 62 & 72 for symbols) 
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In conclusion, the Witwatersrand 

virtually exclusively suba1ka1ine. 

plagioclase compostion (NPC) plots 

triad volcanic rocks examined are 

Both AF~1 and A1 203 vs normative 

show that the Dominion Group basic 

1 avas and 

Formati on. 

tho1 ei itic 

porphyries are predominantly 

The K1ipriviersberg Group 

and calc-alkaline fields 

tholeiitic, as is the Crown 

samples plot in both the 

on an AFM diagram. The 

ca1c-a1ka1 ine nature predominates marginally in the upper formations 

and more strongly in the lower formations. Irvine and Baragar (1971), 

however, recommended the use of the A1 203 vs NPC plot for basaltic 

rocks, and on this diagram the majority of the K1ipriviersberg samples 

plot in the tholeiitic field. They are therefore classified as 

tholeiitic with calc-alkaline tendencies, the latter increasing towards 

the base. 

Simi 1 ar reasoni ng requi res that the Ri etgat-Goedgenoeg and Makwassi e 

rocks also be classified as tholeiitic with calc-alkaline tendencies, 

while the Allanridge samples are mostly tholeiitic, according to both 

plots. 

Irvine and Baragar's (1971) diagram of normative colour index vs 

normative plagioclase composition classifies as basaltic the Dominion 

Group basic lavas, the K1ipriviersberg Group formations, and the 

Rietgat-Goedgenoeg Formations. The A11anridge Formation samples are 

basalts to tholeiitic andesites, those of the Crown Formation are 

tholeiitic andesites, the Dominion Group porphyries are dacitic with an 

andesitic to tholeiitic andesitic tendency, while the ~lakwassie 

Formation samples are tholeiitic andesites to andesites, with 

tendencies toward both the basaltic and dacitic extremities. 

The Na20 + K20 vs Si ()2 plot of Cox et a 1 . (1970) names the 

majority of the Ventersdorp and Dominion basic rocks as andesites and 

basaltic andesites. This is based almost entirely on their Si02 
content and does not consider A1 203 values at all, which, in most 

of these rocks, is below 16%. Wyatt (1976) reviewed the common usage 

of the name "andesite" for the Ventersdorp basic rocks and concluded 

that the A 12°3 content of the K1 i pri vi ersberg 1 avas he exami ned was 

too low to justify the name "andesite", although their Si02 content 

was acceptable; For similar reasons, the Irvine and Baragar (1971) 

nomenclature is preferred for the current study. 
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Finally, the potassium content of all the formations (except the Crown 

Formation) ranges from K-poor, through "average " to K-rich, \oIith the 

"average" field dominating in the Dominion Group rocks, the Alberton, 

Orkney and Allanridge Formations. The Loraine and Edenville, 

~Iah/assie, Rietgat and Goedgenoeg Formations tend to be more K-rich, 

while the Crown Formation is K-poor. 

3.2 A Comparision Between Rocks From the Klipriviersberg Group and 

Komatiitic Lavas 

The iJestonaria Formation at tr.e base of the Klipriviersberg Group 

contains a succession of volcanic rocks, termed the "Meredale ~lember" 

by Wyatt (1976), which are considerably more basic than those 

constituting the upper formations. McIver, C.awthorn and Wyatt (1982) 

suggested that this unit might represent the youngest komatiitic 

sequence in South Afri ca, and compared these hi gh-MgO rocks with 

typical analyses from komatiitic suites having a comparable MgO 

content . The only differences they found were higher Ti02 , Zr and Sr 

values in the Meredale rocks. 

A number of hi gh-MgO rocks has been analysed in the current study, cut 

these samples occur near the top of the Klipriviersberg Group, in the 

Loraine~Edenvill€ Formations. Figure 3.11a, which illustrates MgO 

vari ati on wi th hei ght in borehol e WS-5, shows the exi stence of three 

sharp spikes defining narrow «50m) high-MgO horizons, culminating in a 

steady increase in MgO in the top 180 metres of the unit. There are 21 

samples with MgO content greater than 8.5%, which is about the value 

above which the high MgO peaks begin to manifest themselves, and values 

range up to 17 . 46% MgO. 

Figure 3.7, a triangular plot of MgO-CaO-A1 203 , shows the original 

fields of komatiites and associated rocks as defined by Viljoen and 

Viljoen (1~69) (finely dotted lines), as well as data breaks delineated 

by original and newer data from the Barberton and other South African 

greenstone belts (dashed lines). 

Samples from the Loraine-Edenville Formations have been plotted on this 

diagram, which - shows that 14 samples lie within the field of what 

Viljoen et~. (1982) nm; term komatiitic basalts, while the remaining 
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Fi gure 3.7 MgO-CaO-A1203 tri angul ar plot (a fter Vil j oen an d 
Vil j oen, 1982) 

Ceo 

= original fields of komatiites and associated rocks, 
as defined by Viljoen and Viljoen (1969) 

= data breaks del ineated by original and new data from 
the Barberton and other South African greenstone 
belts 
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32 samples plot in the tholeiitic basalt field. CaC :A1 203 ratios 

in the latter area compare well with those of the Viljoen et ~. 

samples, while those in the komatiitic basalt field have slightly 

higher ratios. Some of the more recently analysed samples of Viljoen 

et~., however, have similar ratios. 

The Loraine-Edenville samples were also plotted on the A1 203 vs ~l g0 

diagram of Vi'-joen et~, (1 982) (see Figure 3.8), The tholeiitic 

field is diviced into three parts, delineating Fe-rich, nomal an d 

~I g~rich tholei i tes. Of the Kli pr i viersberg samples, four plot in the 
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Figure 3.8 A1203 vs MgO plot with tholeiite and komatiite fields 
of Viljoen and Viljoen (1982) 
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Fe-tholeiite field, sixteen amongst the normal tholeiites, 11 with the 
Mg-tholeiites and 15 in the komatiitic field. The majority of the 

komatiitic samples lie directly on the "trend of aluminium undepletion" 
as defi ned by Vil j oen ~ ~. (198L). 

Having shown that a number of Loraine-Edenville samples plots in 
komatiitic fields, it is advisable at this point to examine a more 
formal definition of a komatiite and a komatiitic basalt. Arndt and 
Nisbet (1982) define komatiites as ultramafic volcanic rocks with more 

than 18% MgO (anhydrous basi s ), and whi ch form the ultramafi c perti on 
of a magmatic suite - the komatiitic suite or series - which al so 
includes mafic volcanic rocks called komatiitic basalts. The chemistry 

of the 1 atter is characteri sed 
Ti02 and Fe:Mg ratio, high 

CaO:A1 203 raties greater than 

by high MgO, Ni and Cr, low alkal is, 

SiC2 at the given ~lgO val ue, and 

0.8-1.0. They emphasise that these 
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features are characteristic, but not necessarily diagnostic, as it is 

only their link with true komatiites which permits their being called 

komatiitic basalts. Under other circumstances, they would simply be 

ca 11 ed ~ Ig-ri ch thol ei ites, or some such term. Cameron and Ni sbet 

(1982), however, suggested that the term "komatiitic basalt" could be 

used if mineralogical traits are sufficiently similar, without implying 

that the komatiitic basalts have fractionated from komatiites. 

Of the 46 Loraine-Edenv i lle samples, 17 l i e within the komatiitic 

basalt field in either Figure 3.7 or 3. 8, or both . The MgO values of 

these 17 are all greater than 9.00%, Ni ranges between 186 and 516 ppm, 

Cr from 584 to 2618 ppm , Na 20 from 0. 19 to 2.39%, K20 from 0.11 to 

1.95% and Ti02 from 0.400 to 0.533% . CaO:A1 203 ratios are 

generally lower than strictly required, with only 8 samples having a 

value greater than 0.80, while 7 others lie between 0. 70 and 0.79, and 

the remainder below this. Fe:~lg ratios range from 0.81 to 1.40, while 

Si02 values lie between 50.28 and 55.60%. 

In the light of the foregoing discllssion, if it is accepted that the 

Meredale ~lemt:er contains komatiites, it can be concluded that the 

following samples (in decreasing order of MgO) may be classed as 

komatiitic basalts : KL-4€8, 158, 157, 159, 135, 156, 146, 205, 155, 

154, 141, 43, 44, 90, 140, 204 and 382. However , until the case of 

McIver et al. (1582) is conclusively proved, it is preferable to 

designate these rocks ~lg-rich tholeiites. Further sampling in the 

vicinity of these samples is recommended to ascertain whether samples 

with higher ~lg0 values, comparable to true komatiites, are present . 

3.3 Statistics 

Table 3.la contains the means, standard deviations and coefficients of 

variation (CV's) for all major element oxides for each formation . The 

oxide values are expressed in weight percent. Table 3.lb lists the 

means, standard deviations and CV's for the trace elements, values for 

which are given in parts per million. The following formulae were used 

in the calculations: 



Mean = X = I x and 

fI 

Standard deviation = s 

where x = element values, and 

N = nUffiber of samples. 
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= j I (x 

N - 1 

In Table 3.lb, N represents the maximum number of samples used in the 

calculations for that particular formation. The actual N used may be 

less than that given, because certain samples have trace element values 

below the lower limit of determination (LLD). In such a situation, the 

sample has been omitted from the calculations for that particular 

element, and the resulting mean will therefore be slightly higher than 

the true mean. The affected elements, together with the number of 

samples below the LLD, in brackets, are Nb (9), Cr (14), La (<:9), 

Ce(19) and Nd (28), giving a total of 99 unusable analyses, or 2.02 

percent of all the trace element determinations. 

In an attempt to reduce the number of unusable analyses, it was decided 

to distinguish between values which lay below the LLD and those below 

the detection limit (DL). The DL is half the LLD and is not usually 

used as the counting errors at the DL are large. For the purpose of 

the present calculations, however, it was decided that it would be 

expedient to use those values (marked in Table 2.4 with an *) which 

were be 1 O~I the LLD but above the DL, in order to obta i n more 

representative statistics. This resulted in a reduction in the number 

of unusable analyses, to the following: Nb (2), Cr (10), La (6), Ce 

(7) and Nd (11), a total of 36, or 0.74 percent of the trace element 

analyses. 

The coefficients of variation were included for the following reason. 

The actual variation or dispersion of an element as determined from the 

standard deviation is called the absolute dispersion. However, a 

variation or di.spersion of 2 weight percent relative to an average of, 

say, 70 weight percent is quite different from the same variation of 2 

weight percent relative to 5 weight percent. A measure of this effect 

is provided by the relative dispersion, which is defined as 
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Relative Dispersion = Absolute Dispersion 
Average 

If the absolute dispersion is the standard deviation, s, and the 

average is the mean, X, the relative dispersion is called tr.e 

coefficient of variation, given by : 

s 
Coefficient of Variation = CV = X 

and is usually expressed as a percentage. The lower the CV, the less 

scatter about the mean is displayed by that particular element . 

Scatter may be the result of a number of causes. Firstly, a ske~/ed 

distribution will result in a high CV, as shown by Cr within the 

Dominion Group basic lavas, where it in fact exceeds 100 percent. A 

skewed distribution will also be produced by differentiation, and is 

more readily displayed by the trace elements than the major elements. 

Al ternatively, scatter may be 

duri ng seconda ry processes. 

the result of the mobility of elements 

This is demonstrated by Ba in all 

format ions, for whi ch CV' s range from 38. 4 percent for the Domi ni on 

Group porphyries, to 7S.5 percent for the basic lavas in the same group. 

The Witwatersrand tri ad rocks have been subjected to regional, 

low-grade greenschist facies metamorphism, resulting in alteration of 

the original mineralogy to a moderate extent. Figures 3.9a, 3.9b, 

3.lla and 3.llb show that certain elements appear to have been 

unaffected by this process, while others show erratic variation 

profil es. 

Bearing in mind the aforementioned circumstances, the coefficients of 

vari ation can generally be used to facil itate compari son between 

elements, especially major elements at different levels of 

concentration. 

Tables 3.2a and 3.2b list the ranges of major and trace elements 

respectively, for each formation. 
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Table 3.1 b Means, standard deviations and coefficients of 

variation for trace elements (see Table 3.1 a for 
abbreviations) 

TRACE ELEMENTS 

MEANS 

ALLA RIET I'IAKW LORA ORKN ALBE JEpp DR-P DR-b 

H 35 67 17 46 31 19 6 3l 69 

HA 417. 768. 1152. 349. 431. 438. 622. 760. 453. 
HB 8.9 18.5 32.4 2.0 4.~ 5.5 16.5 14.2 7.U 
ZR 18u. 336. 535. 59. 100. 117 • 266. 28l. 159. 
Y 27.2 53.5 71 .6 16.6 22.~ a.2 54.8 30.2 28. j 
SR 439. 579. 622. 205. 347. 3Y 4. 343. 187. 430. 
RB 36.7 34.7 H9.2 43.4 51.1 .59.5 36.9 85.5 28.u 
ZN 106. 1 21 • 11 2 • 84. 93. 85. 173. 83. 11 O. 
cu 89. 31 • 14. 68. 95. Y2. 22. 13. 52 • 
NI 145. 120. 25. 236. 142. 1 58. 1 4. 1 U. 1 39 • 
co 63. 46. 22. 66. 68. 61. 29. 18. 61 • 
. C R 59. 311 • 23. 745. 50. 1 25. 7 • 4 • 32R. 
V 198. 202. 108. 201. 225. 1 M4. 19 • 54. 256. 
LA 23. 59. 93. 6. 11. 12. 45. 48. 21 • 
CE 51. 130. 194. 13. 25. 30. 95. 92, 46. 
NO 25. 66. 93. 6. 12. 14. 48. 4U. 26. 

STANDARD DEVIATIONS 

ALLA RIET MAKW LORA ORKN ALOE JEPP DR-P DR-H 

HA 221. 345. 807. 262. 256. U8, 378. 295. 362. 
NB 1 .7 3.9 5.1 1 .3 1 .0 1 .2 3.5 2.9 3'( 
zo 14. 88. 79. 19. 5. 16. 58. 54. 73. 
Y 2.5 8.7 8.1 3.2 1 • 5 1 • 5 8.9 6.5 9.1 
SR 27b. 242. 688. 1 26. 152. 184. 167. 1" • 247. 
RB 31.4 22.9 64.9 24.U 26.b d.2 24.7 37.0 22.4 
ZN 2u. 21 • 32. 15. 11 • 8. 29. 28. 3O. 
cu 45. 1 2 • 5. 22. 22. 1 7 • 6. 18. 19 • 
NI 47. 40. n. 93. 16. 30. 2. 2. 135. 
CO 8. 8. S. 7. 7. 4. 4. 4. 11 • 
CR 56. 148. ~ . 637. 22. 105. 2. .l • 469. 
V 28. 31. 19 • 25. 15. 1 2 • 4. 21 • 70. 
LA 4. 1 2. 24. 3. 2. 3. 7. 15. 10. 
CE 7. 20. 43. 8. 4. 5 • 15 • 23. 22 • 
NO 4. 9 • 2B. 5. 3. 3. 5. 9 • 13. 

COEFFICIENTS OF VARIATION 

ALLA R lET MAKW LORA ORKN ALBE JEPP DR-P DR-d 

BA 53.0 44.9 70.1 75. U 59.) 63.4 60.8 38.4 79.Y 
NB 18.6 21 .0 15.7 64.8 20.7 21 .7 21. a 20.1 52.t 
ZR 7.6 26.0 14.7. 31 .8 4.9 13.3 7.1 • 8 19.3 45. 6 
Y 9.1 16.2 11 .5 19.5 6.7 6.9 16.3 21 .4 32.l 
SR 62.8 41 .8 11 U.7 61 .6 43.~ 46.7 48.6 61 .4 57 • .5 
RR 85.7 66.0 72.7 55.3 52.0 ,8.7 66.9 43.l 80.U 
Z~ 18.6 17.0 28.7 18.4 11 • Y Y.7 16.9 33.6 27.0 
Cll 50.7 38.9 35.8 · 32.0 23.6 18.5 25.3 137.4 36.) 
NI 32.6 33.~ 24.1 39.) 11 • U 19.2 18.0 22.Y 97. ( 
CO 13.0 17.1 U •• 10.8 10. 8 6.9 1 5 • 3 22.6 18.j 
CR 93.7 47.6 28.2 85.5 44.0 84.1 33.9 77.4 1 4 2. Y 
V '4,4 1 S • S , /j 6 r~ 1 2 • .l 6.6 6.6 22.6 39.8 27.) 
LA 17.8 2n.4 26.11 55.2 21.7 24.9 1 5 • 7 32.1 50.4 
CE 12.8 1 5 .5 a •• 56.0 , S • c. 17.6 16.3 25.3 49. U 
ND 14.0 13.R 30.11 69.3 27.6 lY.8 1 1 .0 21.3 49." 
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Table 3.2a Ranges of major elements (see Table 3.1a 
for abbreviations) 

SIU2 min max MGU min max 
ALLA 51 .43 61. 89 ALLA ~.O2 5 • 7 H 
RIET 4/.50 63.42 RIET ~.35 R.20 
MAI(W 54.93 6f1.75 MAKW u.76 5,22 
LORA 5u,2M 57.72 LO~A 4.18 17,46 
ORI(N 51.(13 58,8R ORI(N .5 • 57 6, 21 
ALI:lE 5Z.56 58,1 3 ALtlE 4.1 4 7,29 
JEf'P 51l,22 66.82 JEPP u.84 1 , 61 
DR-P 5~.93 78.93 DR-P U.26 5 .34 
DR-H 4M.79 62.50 DR-B 1 • '+ 8 11 ,36 

TI u2 CAU 
ALL A u.1I91 1 .41 3 ALLA 2.43 14.66 
RrtT 1 .198 2.202 ~ IE T ~.76 1 2 .68 
MAKW 1 .064 1 .729 MAI(W 1 .84 7,93 
LOKA U.40U 0.878 LORA 0.79 1 2 ,57 
ORKN ll.879 1 ,097 ORKN 5.17 10,66 
ALtI E U.973 1 ,1 74 ALI:lE 5.16 9,77 
J EPP U.998 1 ,670 J EPP 1 .96 3.37 
DR-P U,522 1,41l9 DR-P 0.42 5,32 
DR-B U.603 2.076 DR-A 3,09 11 ,13 

AL~03 NA~O 

ALL A 1.5.39 16.66 ALLA . 0.16 4.26 
RIET 1 Z .02 19.44 RIET 1.05 4,46 
MAKW 12.75 18,55 MAKW 0.51 6,56 
LORA b.59 17,38 LORA U.15 3,95 
ORI(N 13,69 15,77 ORKN 2.21 7,08 
ALtlE 1.5.76 16,66 ALtlE 0,67 4,57 
JEf'P 11 .94 19,57 JEI'P 2,72 4,20 
DR-P 1 U • 93 7.1,63 DR-P 0.20 4.40 
DR-B 11 .41 7.0,33 DR-8 0.29 5,1 1 

FU03 K20 
ALLA ~.(19 16.43 ALLA u.30 4.59 
RHT 6.29 1 4.44 R lET U • 1 1 3,10 
MAKW 5.75 . 13,11 MAKW u.07 7,47 
LORA 9 .1 1 12,72 LORA o • 11 2,49 
ORKN 1 1 .07 14.46 ORKN U.34 2,9(1 
ALtlE 10.10 1 2.51 ALI:lE u,38 2,77 
JePP 1 1 .28 16.75 JEPP U • 1 5 1 .90 
DR-P 1 .81 1 2,54 DR-P U.76 7,1 2 
DR-B 7,95 17,15 DR-8 u,08 3,69 

MNO P20S 
ALLA !l.09 0,25 ALLA u.164 0,282 
R ItT u.07 0.26 RIET U.520 1 ,161\ 
MAKW U,02 0,15 MAKW U.431> 0,687 
LORA u.1 2 0.24 LORA U,033 0,131 
ORKN u.1 1 0.18 ORKN U.106 0,149 
ALtlE U • 1 1 I) • 1 7 ALtlE Ll.137 0,183 
JEPP u.13 0,26 JFf'P U,496 0,869 
DR-P U -.02 0.18 DR-P 0.125 0,51 7 
DR-A u.10 0.29 DR-H U. 1 09 0,778 
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Table 3.2b Ranges of trace elements (see Table 3.1a for 
abbreviations) 

BA min max RB min max CR min max 
ALLA Y7 998 ALL A ) • 7 1 n. 4 ALLA U 213 
R I ET ~.5 1599 RHT 5,0 103,0 RItT 17 93() 
MAKW ~; 27114 MA!(W ~,O 23 4 .4 MAKW 1 1 39 
LORA 1b 1470 LORA 4, 1 101 ,0 LORA ~, 26Hl 
ORKN 1~!j 1208 ORKN 1 u, 9 111 .9 ORI<:N 16 97 
Al~E 155 118 Y ALBE 1 U , 1 87,7 ALtJE c,4 415 
JEf'P 1 ~ ~ 1210 JEPP 4,3 66.8 JEI'P .5 Y 
DR-P 311 1695 DR-P 5.5,6 204.4 DR-P U 1 ~ 
DR-B ~) 2752 DR-A 1 ,3 106.2 DR-B U 1 510 

Nfl ZN V 
ALLA ) , 5 1 £ • 2 ALLA ;2 146 ALLA 147 265 
RIET 15 • .5 33.3 RHT 7) 174 R I ET 1 'j 1 314 
MAKW 2.5 ,6 45,8 MAKW 74 204 MA!(W tlY 157 
LORA U,O 6.1 LORA 511 118 LORA 155 26U 
ORKN 2,9 6.8 OR!(N ()7 126 OR!(N 1d!j 258 
AlSE 2,0 8,1 ALtJ E 67 103 ALtlE 1()!j 211 
JEPP 14,2 23,4 JEf'f' 15; 232 · JEPP 15 27 
DR.-P 11 ,3 28.5 DR-P 4U 183 DR-P 1 I 106 
DR-B 2,0 1 c, • 5 DR-B 75 240 DR-B 1 (> 1 479 

ZR Cli LA 
ALL A 141 230 AlLA 5 182 ALLA 14 31 
R I ET 244 750 RHT .5 62 RIET 44 1 1 3 
MAKW 452 748 MA!(W 1:1 28 MAKW 45 140 
LORA 21:1 1 1 3 LORA 19 155 LORA U 1 5 
ORKN Yll 110 ORKN 16 137 o R !( ~j !j 1 ~ 
AUH ()O 137 ALI:lE 59 122 ALtJE 5 19 
J EPP 233 383 JEPP 13 30 JEI'P 40 59 
DR-P 22U 545 DR-P 3 113 OR-P 21 1 1 II 
DR-B I; 351 DR-B 6 86 DR-B 6 43 

Y " N I CE 
AlLA a.,2 32.1 ALLA 27 226 ALLA 57 61 
R I ET 3Y,6 95.5 R I ET 2; 220 R I ET '.Ill 199 
MAKW (>2,1 92.9 MAKW ,., 38 MAKW ,,~ 282 
LORA e..9 23,4 LORA 10~ 51() LORA U 32 
ORKN 1 '.I , 1 25 .5 ORKN 111 163 ORKN 1; 31 
AttiE ,., • 7 24,4 AL8E 1 U1 226 ALtJE 1l 38 
JEf'P 46,8 72,3 JEPP 11 18 JEPP /l1 124 
DR-P ~.5,4 60,7 DR-P 6 11:1 DR-P 51 194 
DR-B 17,3 54.4 DR-B 14 601 DR-B 1 5 88 

SR co NO 
ALLA 55 1472 ALLA 47 82 ALLA 17 31 
RHT 216 1395 RIET 26 71 RItT 51 96 
MAKW 115 2943 MAKW 1 e, 33 MAKW 61 1R6 
LORA ~O 561 LORA 55 88 LORA 0 17 
ORKN 174 781 ORKN 47 84 ORKN U 17 
ALOIE 147 929 AL~E 51 69 AL~E !j 1'.1 
J EPP 1'.14 594 JEPP ~4 37 JEPP 41 57 
DR-P 43 565 DR-P 'i 2/l oR-P n 77 
DR-B 1 ~ 1 2015 DR-B 40 110 DR-B 7 S2 



Figure 3.9a Major element variations with height in the Dominion Group - borehole DSF-7 - 59 -
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Figure 3.9b Trace element variations with height in the Dominion Group - borehole DSF-7 - 60 -
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Figure 3.9b continued - 61 -
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3.4 Dominion Group 

The description and discussion of the chemical data for the Dominion 

Group porphyries and basic lavas below is in reference to Figures 2.2a, 

3.9a and 3.9b. Borehole DSF-7, the representative hole ' for the 

Dominion Group, is shown in Figures 3.9a and 3.9b with major and trace 

element abundances respectively plotted against vertical depth down the 

borehole. The vertical scale is the same as that in Figure 2.2a in 

order to facilitate comparison. The zero mark represents the borehole 

collar. The solid circles represent Dominion Group basic lavas, the 

open circles, the Dominion Group porphyries, while the "sputniks" 

indicate intrusive samples of other formations. The discussion which 

foll ows encompasses the Domi ni on Group strati 9raphy encountered in all 

boreholes examined, but space does not permit the illustration of each 

hole. 

The Dominion Group porphyries are the most silicic of the Witwatersrand 

triad volcanic rocks by virtue of their high Si02 content, lI'ith a 

mean of 69.78%. Although thei r Si 02 values range between 55.93% and 

78.93%, the majority lie above 67%, with only three samples below this 

value: DP-34 (64.02%), DP-33 (58.44%) and DP-263 (55.93%). 

Si02 abundances are ' distinctively higher in the porphyries than in 

the basic lavas (see Fig. 3.9a). The thickest porphyritic unit (see 

Figure 2.2a), containing samples DP-32 to DP-40, shows a definite 

increase in Si02 content upwards, while the basic lavas display the 

same trend, to a lesser degree. The basic lavas cluster about a mean 

of 56.06% and none of them exceeds 62.5% SiC2. Some of the most 

basic lavas of the Witwatersrand triad are found amongst this group, 

with Si02 values as loll' as 48.79% (in 08-78). 

TiC2 and P205 behave 

va 1 ues sholl'n , by the 

sympatheti cally and 

1 ow-Ti 02 and -P205 

the highly constant 

samples are clearly 
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evident in Figure 3.1a. The porphyries, with the excepti on of DP-33, 

show a very tight clustering around . 790% Ti02 . A slight decrease 

upwards is evident in the thick porphyritic unit in borehole OSF-7, 

with Ti02 decreasing systematically from .891% in DP-32 to .747% in 

OP-40. The basic lavas also show a very smooth linear trend decreasing 

from 1.084% Ti02 in 08-1 at the base of OSF-7, to .625% in D8-26, 

halfway up the hole . This smooth trend is, however punctuated twice by 

sharp increases, the first peak occurring about 70m above the lowermost 

porphyry, with a maximum at 08-13 of 2.076%, and the second just below 

the thick porphyritic unit. This pattern is echoed in borehole OSF-10, 

which was also sampled at fairly close intervals, and seems to be 

associated with an increase in the Si02 content of the lava. 

The pattern of P205 variation in borehole OSF-7 is virtually 

identical to that of Ti02 . The two large spikes shown by Ti02 
variation in the basic lavas are also evident in the P205 data, 

reaching a maximum at 08-13 of .778% P205 , whereas the majority of 

basic rocks have P205 varying from .255% at the base to .177% in 

08-26. The lowest value is .109% in 08-20 . In the porphyri es, 

P205 values are again very constant, with the exception of OP-33, 

but show a slight decrease upwards within the thick unit from .292% in 

CP-32 to .259% in DP-40, decreasing even further near the top of the 

hole to· .208% in DP-48. 

Nb, Zr and Y 

The elements Nb, Zr and Y, usually regaroed as immobile during low 

grade metamorphism and alteration of igneous rocks, and the rare earths 

La , Ce and Nd display virtually identical trends in borehole OSF-7. In 

the basic lavas high concentrations of these elements occur in the 

Si02-rich samples. Amongst the other samples values decrease from 

the bottom of the hole until just below the first Si02-rich horizon, 

after wh i ch they increase towards the top of the hole. Average values 

for Nb, Zr and Yare respecti ve ly, 7. ° ppm, 159 ppm and 28.3 ppm. The 

maximum values for all 6 trace elements are found in sample D8-13, in 

the middle of the lower Si02-rich horizon in borehole OSF-7. 

The trends displayed by the porphyries are identical for Nb and Zr, but 

less so for Y and the light rare earth el ements. With the exception of 
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sample DP-33, l'ih-ich is highly enriched in these six elements, the 

following patterns emerge: ~b has a limited range from 11.3 ppm to 
16.1 ppm, ~Iith an average of 14.2 ppm. No increase or decrease with 

depth is evident, although a very slight depletion towards the top of 

the hole may be observed in the thick porphyritic unit of DSF-7, from 

15.1 ppm in DP-32 to 13.5 ppm in DP-40. 

A more discernible trend in the same unit is shown by Zr, which 

decreases from 313 ppm in DP-32 to 271 ppm in DP-40. The range of Zr 

values overall is again fairly narrow, from 220 ppm in DP-9S to 353 ppm 

in DP-263, with a mean of 282 ppm. 

Y and the light rare earth elements show slightly more erratic 

variations and no particular trend can be discerned in the thick 

porphyry. With the exclusion of DP-33, the range fer Y is from 23.4 

ppm to 36.7 ppm. 

La, Ce and Nd 

In the basi c lavas La, Ce and Nd average 21 ppm, 46 ppm and 26 ppm 

respectively. La ranges from 6 ppm (DB-281) to 43 ppm (DB-13), Ce from 

15 ppm (DB-9) to 88 ppm (DB-13) and Nd from 7 ppm (DB-257) to 52 ppm 

(DB-13). The profiles produced by the variations of these light rare 

earth el ements with depth are almost i denti ca 1 to one another and to 

those of Nb, Zr and Y. 

Within the porphyries the average values for La, Ce and ~! d are 48 ppm, 

92 ppm and 40 ppm respectively, roughly double those for the basic 

rocks. However, the vari ati on patterns depart from those shown by Nb, 

Zr and Y, which decrease upwards within the thick porphyry, as the rare 

earth el ement concentrati ons behave hi ghly erratically in the lower 

part of the porphyry unit, thus obscuring any possibl e trends present. 
Ranges are: La, from 21 ppm (DP-33) to 72 ppm (DP-32), except DP-34 

(118 ppm); Ce, from 51 ppm (DP-265) to 124 ppm (DP-32), except DP-34 

(lS4 ppm); Nd, from 22 ppm (DP-265) to 54 ppm (DP-32), except DP-34 

(77 ppm). 
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~igO, Cr and Ni 

The average ~lg0 content of the porphyries - 1.13% - is, with the 

exception of that for the Jeppestown amygdaloid, the lowest of all the 

Witwatersrand tri ad vol cani crocks. The porphyri es di spl ay a 

progressive decrease in MgO content from 2.50% in DP-4 near the base of 

the Dominion Group, to 0.26% in OB-49 at the top of borehole OSF-7. 

The latter is the minimum MgC value obtained throughout all the 

porphyry samples, while the maximum - 5.34% - occurs in DP-263, the 

sample ~lith the lO~lest Si02 value. ThE second highest MgC value is 

the aforementioned 2.50% in OB-4. ~:gO values in the porphyries at the 

top and bottom of the hole differ, therefore, by a factor of almost ten. 

The basic lavas also show a marked decrease in MgC content from the 

bottom to the top of OSF-7. The three lowermost samples show 

relatively low values around 3.5%, but a marked increase is evident 

just above the basal porphyry, with OB-8 containing 10.07% MgO. This 

is very close to the maximum of 11.36% shown by DB-52, which occurs in 

the same stratigraphic position in borehole OSF-10. A prominent 

negative peak in the upward variation is delineated by samples OB-10 

through to OB-14, and again by OB-24. These correspond with the 

Si02-rich samples which also show the very high Ti02 and P20
5 

values mentioned earlier. 

The trends displayed by Cr and Ni are very similar in borehole DSF-7, 

and follow closely that of MgO. Both Cr and Ni concentrations are very 

low in the porphyries, with Cr averaging 4 ppm and Ni averaging 10 ppm, 

the lowest of all the formations. Cr values lie between 0 ppm (OP-32, 

38, 40, 48 and 288) and 12 ppm (OP-4, 89 and 99), while Ni ranges from 

6 ppm (DP-40) up to 18 ppm (OP-98), with all but three samples lying 

below 12 ppm, viz. OP-265 (13 ppm), OP-33 (16 ppm) and OP-89 (18 ppm). 

The basic lavas, on the other hand, have fairly high average Cr and Ni 

contents, 328 ppm and 139 ppm respectively. These averages need to be 

examined more closely, however, as they are misleading. Within the 

compl ete range of values di sp 1 ayed by Cr, C to 1510 ppm, there are in 

fact two distinct populations. Forty six out of the 

rock samples, ' i.e. exactly two thirds, have 

concentrations between 0 (DB-27, 273 and 286) and 

sixty nine basic 

relatively low 

79 ppm (DB-97). 
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Figure 3.10 Plot of Cr vs Ni values for the Dominion Group basic lavas 
showing separation into two distinct groups 
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Their average is 21 ppm Cr. The remaining twenty three samples have 

very much higher values, lying between 548 ppm (DB-19) and 1510 ppm 

(DB-8), with one sample at 299 ppm (DB- 251). The average for this 

group is 942 ppm, almost 45 times that of the low-Cr group. Within the 

high-Cr group in borehole DSF-7, the highest values are to be found 
near the bottom, and a general upward decrease is evident . 
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A simil ar bimodal grouping emerges wh en Ni concentrations are 

examined. Concentrations in the low-Ni group range between 14 ppm 
(08-24) and 135 ppm (08-11) and between 182 ppm (C8-56) and 601 ppm 

(08-78) in the hi gh- Ni group. Average val ues for the two groups are 52 

ppm and 311 ppm respectively, with the high-Ni values decreasing 

towards the top of the borehole . Figure 3.10 is a plot of Cr vs Ni for 

the basic lavas and the separation of the rocks into two distinct 

groups is clear. 

Within the basic lavas there is a gradual decrease in Fe203 from 

roughly between 11.5% and 13.5% at the base, to 7.95% in 08-26, 
foll owed by an increase in the overlyi ng s il i ci c hori zon to between 

13 . 33% and 16.43% Fe203. D8-26 reflects the minimum within the 

basic lavas, while the maximum occurs at 17.15% in sample 08-259 from 

borehole ORH-15. This sample has low Si02 (49.95%). 08-259 

corresponds stratigraphically to the upper silicic horizon wh i ch shows 

similar high values. Interestingly, the lower Si02-rich horizon is 

not demarcated by Fe203 values. 

The average Fe203 val ue for the porphyri es is 6.70%, the lowEst of 

the nine fonnations of the Witwatersrand triad . ~la ximum and minimum 

values are displayed by DP-34 (12 . 54%) and OP-40 (1.81 %) respectively. 

Within a vertical sequence there appears to be a decrease in Fe203 
content upwards - see OP-32 to OP-40 - although some values are rather 

erratic. This is reflected in a fairly large CV of 31.3%. 

V in the porphyries has an average concentration of 54 ppm, the second 

lowest after that of the Jeppestown Amygdaloid . The l imiting values 

are 17 ppm (DP-47) and 106 ppm (DP-4). Within the porphyries, a 

decrease in V content from 106 to 25 ppm is evident towards the top of 

boreho 1 e OSF - 7. 

The basic lavas have an average of 256 ppm V, the highest of all the 

formations. Values range between 161 ppm in 08-21 and 479 ppm in 

08-41. Aga in, there i s a general decrease towards the top of DSF -7, 

from 297 ppm a t the bottom to 166 ppm in 08-26. Concentrati ons then 

show a sudden increase, culminating in 479 ppm in OB-41. 
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The variation of Zn concentrations in the basic lavas produces a 

pattern in borehole DSF-7 which is similar to that of V, decreasing 

towards the top of the hole, but with a few high values near the top . 

The lower and upper limits are 73 ppm (OB-24) and 168 ppm (DB-52), with 

the exception of a high 240 ppm in OB-67. The average is 110 ppm. 

In the porphyri es, Zn val ues average 83 ppm, the lowes t of all the 
formations, and range between 40 ppm (DP-265) and 183 ppm (DP-35) . 

Un1 ike V, the Zn concentration in the porphyri es has a rather erratic 
variation and no trend is evident. Both V and Zn follow the general 

pattern shown by Fe203' 

~lnO 

MnO in the basic lavas shows a relatively smooth decrease from . 29% in 

OB-1 at the base of OSF-7, to .16% in DB- 31 , just below the thick 

porphyritic unit. Extreme values are the aforementioned .29% and .10% 

in OB-12. In the porphyries ~lnO values are variable and range from 

.02% in DP-40 up to .18% in OP-49, averaging .08%. 

CaO and Sr 

The basic lavas have an average of 7.09% CaO. Values are highly 

variable, but there is a slight decrease upwards. The maximum value of 

11.13% occurs in OB-17 from the lower half of borehole DSF-7, while the 

minimum of 3.09% is found in DB-78 from borehole ORS-6 . 

CaO concentrations in the porphyries are very low, in fact, the lowest 

of all the Witwatersrand triad volcanics, averaging 2.01%. The range 

is fairly small, from 0. 42% in OP-265 to 5. 32% in OP-263 , with no 
particular trends emerging. 

The porphyries have an average Sr content of 187 ppm, the lowest of all 

the volcanics . Values 1 ie between 43 ppm (DP-265) and 565 ppm (OP-81) 

and are clearly wi dely scattered about the mean . There is no 

discernible trend in the variation of concentration with depth. 

In the basic -lavas Sr ranges between 121 ppm (OB-11) and 750 ppm 

(OB-61), with the exception of OB -12 which has 2015 ppm Sr. The 
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average Sr value is 430 ppm. and the lower values appear to be near the 

bottom of the hole. 

A1 203 content in the porphyries is extremely constant. the majority 

of samples ranging between 12.00 and 13.00%. and only six samples fall 

outside these 1 imits. These are DP-265 (10.93%). OP-35 (11.73%). DP-32 

(13.25%). DP-34 (14.70%). OP-263 (15.11%) and OP-33 (21.63%). There 

appears to be no systematic increase or decrease ~Jith height. The 

average A1 203 valuE of 12.92% is the lowest of a 11 the forma ti ons 

of the Witwatersrand triad volcanics. 

The basic lavas have an average of 14.23% A1 203 and range i:-etween 

11.41% in 08-12 and 16.37% in 08-19. with the exception of two very 

high values occurring in 08-259 (17.25%) and 08-78 (20.33%). 

Concentrations are slightly lower in the bottom half of borehole OSF-7. 

but decrease again near the top. 

Na 20 values in both the porphyries and the basic lavas are highly 

variable. ranging in the basic lavas from 0.29% (08-12) up to 5.11% 

(08-10). with an average of 3.04%. In the porphyries the range is 

slightly smaller. from 0.20% (OP-265) to 4.40% (OP-51). The average is 

3.16% and again there is no discernible trend with depth. 

K20 concentrations in the porphyries average 3.15%. the highest of 

all the formations under scrutiny. Values lie between 0.76% (OP-263) 

and 5.70% (DP-80). Except for DP-33 which has 7.12% K20 . Within the 

thick porphyritic unit in borehole DSF-7. concentrations increase 

upwards from 2.35% (DP-32) to 4.14% (DP-40). 
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Within the basic lavas, a general increase in K20 towards the top is 

also evident, producing a trend very similar to that of Si02. With 

an average of 1. 00%, the lowest of the nine formations, val ues range 
between 0.08% (08-7) and 2.11 % (08-72), with the exception of 08-85, 

which has 3.6S% K20 . 

The average Rb concentration in the porphyries is 85 ppm, the range 

being from 34 (OP-81) to 150 ppm (DP-265), with the exception of DP-33, 

which has 204 ppm Rb. The variation with height is highly erratic with 

no discernible trend with depth. 

In contrast, the basic lavas, show a systematic increase in Rb content 

with height in the thickest unit, the trend being punctuated by two 

large peaks delineated by samples which also have high Nb, Zr, Y and 

11 ght rare ea rth e1 ements . The average Rb content is 28. ° ppm, the 

lowest in all the volcanics. Values range from 1.3 ppm (08-7) up to 

106 ppm (D8-72), with all except four values lying below 70 ppm. 

In the basic lavas 8a concentrations show a large degree of scatter. 

Despite the scatter, there is a general upward increase in 8a, similar 

to that of K20. The average is 453 ppm and values range from 25 ppm 
in D8-7 to 1090 ppm in D8-79, with an excessive amount of 2752 ppm in 

D8-85. Thi s very high value corresponds wi th a high K20 content of 

3.69% in a group of lavas whose average K20 content is only 1.00%. 

Amongst the porphyries the spread of 8a values is very large and 

erratic, but higher on average than in the basic lavas. Values range 

from 311 ppm in DP-39 to 1695 ppm in DP-59, with an average of 768 

ppm . 8a seems to be amongst the most mobil e of the trace e1 ements 

determined in the Dominion Group and as such should not be utilised for 

any petrogenetic interpretation. 

Cu 

The Cu profil e down boreho1 e DSF -7 is much the same as that of Ni, but 

without the strong polarisation into high- and low-concentration groups 

within the bas i c lavas . The average for the basic lavas is 52 ppm, 

extreme values being 6 ppm in D8-6, and 86 ppm in D8 - 61. 
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The porphyri es have a rather restri cted Cu content, averagi ng 13 ppm, 

the 10l'lest of all the formations. Values range from 3 p~m (DP-265) up 

to 20 ppm (DP-35), with the exception of DP-48 (l13 ppm). There is no 

particular trend with depth in either the porphyries or the basic lavas. 

Co 

The range of Co concentrati ons in the porphyri es extends from 9 ppm 

(DP-40) up to 28 ppm (DP-35), wi ttl an average of 18 ppm, the lowes t for 

all the vol cani cs. There is very 1 ittl e spread about the mean, and no 

discernible systematic variation with depth. 

Concentrations of Co in the basic lavas display a distinct decrease 

with height in the thickest unit. The average value for Co is 61 ppm, 

with limiting values at 40 ppm (DB-50) and 87 ppm (DB-B), except for a 

high 110 ppm in DB-7B. The tight clustering about the mean is 

reflected in a low CV of lB.3. 

3.5 Crown Formation 

Only si x sampl es were taken from the Cro~m Formati on, three from 

borehole R-l, immediately south of Klerksdorp, and three from borehole 

JY-8, south of Orkney, about 14.5 km a~lay. The small number of samples 

did not warrant the plotting of variation-with-depth diagrams, so only 

a very cursory descri pti on of the major and trace el ement 

concentrations follows. 

The fi rst fi ve samples, JC-366 to JC-370, are very simil ar in major 

element composition, while the last sample, JC-371, differs sharply in 

all respects except CaD, Na20 and K20 values (see Table 2.4). It 

must be borne in mind, therefore, when examining mean values, that they 

will have been influenced by some extreme values from JC-371. 

Of all the formations studied, the Cro~m Formation has the highest 

average MnO and ~a20 concentrations, 0.181 and 3.701 respectively, 

and the lowest average MgO (1. 021) . For such low-MgO and rel ati ve ly 

high-Si02 rocks, the Fe203 average of 12.631 is very high. 
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Trace element determinations show that sample JC-371 again has very 

different concentrations from those of the other five sampl ES, values 

being higher for all trace elements except Sr, Rb and Cr. The average 

value of V - 19 ppm - is the lowest of all the formations, while the Zn 

average of 173 ppm is the highest. 

3.6 Ventersdorp Supergroup 

Fi gures 3.11 a and 3.11 b show major and trace el ement concentrati ons 

respectively plotted against vertical depth down borehole WS-5, the 

representative borehole for the Ventersdorp Supergroup. The 

lithostratigraphic log of borehole WS-5, which also shows the positions 

of samples (see Figure 2.2b), has been drawn at the same vertical scale 

as the down-the-hol e plots in order to facil itate compari son between 

the two. Symbols used are as follows: 

'" - Allanridge 

• - Ri etgat 

0- Makwassie 

0- Goedgenoeg 

x - Loraine-Edenville 

+ - Orkney 

* - Loraine 

An exami nati on of 

i nteresti ng poi nts: 

formati on, PG-160, 

chemical analyses has revealed a number of 

the three lowermost samples in the Goedgenoeg 

161 and 162, overlie the Klipriviersberg Group 

directly and are separated from the rest of the Goedgenoeg formation by 

a 36-metre conglomerate intercalation of the Kameeldoorns Formation. 

In borehole WS-4, which is nearest to WS-5, a similar situation occurs, 

where sampl e PG-206 is overl a i n by 55 metres of conglomera te, ~Ihi ch in 

turn is overlain by the rest of the Goedgenoeg formation. In borehole 

SH-l, sample PR-395, which was collected from a volcanic horizon within 

the Kameeldoorns conglomerates, has chemical characteristics identical 

to those of other samples of the Goedgenoeg-Rietgat volcanic rocks. 

As thi s study progressed, several changes were proposed, on the bas i s 

of chemistry, to tht;- positioning of formational boundaries which had 

been visually demarcated by company geologists, in boreholes W-20, 

PK-10 and WS-5. In W-20, the interval from 192m to 267m had been 

logged as part of the Goedgenoeg formation, followed by 4.5m of 
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Kameeldoorns conglomerate, with the underlying Loraine Formation 
occurring to 960m. Chemical analyses suggested, however, that the 
upper 1 imit of the Orkney Formation was not at 96Om, but higher. 
Unfortunately the sampling interval here is large, but the suggested 
boundary must be between 626m (depth of altered zone) and 550m (base of 
flow containing sampleAR-350) from surface. Above this, all samples 

are classified as Allanridge lavas. 

In borehole PK-10 the geochemical boundary between the Loraine and the 

overlying Allanridge Formation has been moved from 573m down to 
somewhere below 769m, the depth of sample AR-300. Finally, in borehole 

W5-5, the Loraine-Orkney boundary was shifted from 1873m up to 
somewhere between 1734m and 1738m (the boundari es of the fl ows from 

which samples KL-131 and KO-130 were taken). The Orkney-Alberton 
bounda ry was also moved s 1 i ghtly, from 2207m up to somewhere between 
2202m and 2186m (between samples KG-108 and KA-107) It must be 

stressed that these boundary changes were made purely on a geochemical 
basis. It appears superficially as if the original visual logging was 
incorrect, but, it may well transpire that visual and chemical criteria 

for boundaries do not coincide. This cannot be resolved until the 
borehole core is re-examined visually in the light of geochemical 
results. 

5i02 content in the Klipriviersberg Group (KRBG) decreases upwards, 

the Alberton Formation (AF) averaging 55.40% 5i02; the Orkney (OF), 
54.14% and the Loraine-Edenville (LEF), 53.59%, the lowest of all the 
Witwatersrand triad lavas. There is very little scatter, shown by low 

CV's of 2.9, 3.2 and 3.5 respectively. 

The Goedgenoeg and Rietgat Formations (GRF) are more silicic, averaging 
56.54% 5i02, while the intervening Makwassie Formation (MF) has an 
average of 64.56% 5i02. 5ample PG-l77, a vitric tuff, has anomalous 
chemistry and was not included in the calculation of averages. There 
is more scatter in the Platberg Group (PG) than in the KRBG, shown by 

larger CV's, but no systematic trends are evident. 
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The Allanridge Formation (ARF) has a mean SiC2 content of 56.3 7% , 

similar to that of the GRF, and exhibits no sYstematic trend. 

MgO, Cr, Hi and Co 

MgO in the AF decreases consistently towards the top, averaging 5.1 a. 
A similar trend is evident in the OF, for which the average is a 

slightly l ower 5.091 . A sudden increase occurs, however, at the base 

of the LEF, and is continued towards the top, where ~igO values up to 

17.461 (KL-468) occur. In addition, three sharp spikes delineating 

narrow NgO-rich zones are present. 

Cr and Ni values foll ow almost exactly the same trends as NgO. 

Concentrations of Cr in the AF and OF are fairly low, averaging 125 and 

50 ppm res pectively, while in the overlying LEF, the mean increases to 

745 ppm, with some values as high as 2618 ppm. The AF Ni average of 

158 ppm and the OF average of 142 ppm are again lower than that of the 

LEF, which is 236 ppm, with some values as high as 516 ppm. 

Overlying the high-~lg0 KRBG lavas, the PG has relatively low ~lgO, 

aVeraging 5. 14% in the GRF and 2.431 in the MF. There appears to be a 

decrease in MgO upwards in Goedgenoeg samples, and possibly the same in 

the Rietgat unit, but the trend in the latter is rather obscure. Cr 

and Ni concentrati ons, however, do decrease upwards in both the 

Goedgenoeg and Rietgat units. No systematic variations of Cr and Ni 

with height are observed in the MF, the averages of which are both 6 

ppm. Concentrations of ~igO, Cr and Ni, which average 4 . 181 , 59 ppm and 

145 ppm respectively, increase upwards in the ARF. 

The variation in Co is broadly similar to that of ~~gO, although Co 

content does not decrease upwards in the AF, nor does it increase 

upwards in the ARF. In addi ti on, the OF has a higher Co average (68 

ppm) than the LEF (66 ppm), although Co concentrations do increase in 

the same horizons as do MgO, Ni and Cr, but not to such a large degree. 

Sympathetic variations are shown by Ti0 2 and P205' Although 

concentrations increase slightly upwards in the AF, within the KRBG as 
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a whole there is a general decrease upwards, the mean Ti02 values for 
the AF, OF and LEF being 1.06%, 0.981% and 0.574% respectively, the 
latter the lowest average Ti02 of all the Witwatersrand triad lavas. 

P20S averages 0.156%, 0.125% and 0.075% respectively, the latter 
again being the lowest overall mean . 

Compared with the KRBG, Ti02 and P20S contents in the PG are much 
higher, and are in fact the highest of all the Witwatersrand triad 
lavas. Within the GRF, Ti02 (X = 1.524%) and P20S (X = O.71S%) 
decrease upwards, while within the MF these elements display no 
systematic trend with height and average 1. 222% and 0. S2l % respectively. 

The ARF averages 1.157% Ti02 and 0.231 % P20S' with · Ti02 
decreasing upwards and P20S showing no systematic variation . 

Nb, Zr and Y 

These immocile trace elements exhil;it vertical variations similar to 
those of Ti02 and P20S. Concentrations of these elements in the 
AF increase sl ightly upwards, but an overall decrease upwards in the 

KRBG as a whol e is shown by the means for the AF, OF and LEF, whi ch 

are, for Nb, S.5, 4.8 and 2.0 ppm respectively ; 
59 ppm . respectively, and for Y, 22.2, 22.5 and 

for Zr, 117, 100 and 

16 . 6 ppm respectively. 
The means for the LEF are the lowest of all the Wi twatersrand tri ad 
lavas for these three elements . 

The various members of the PG have the highest Nb, Zr and Y contents of 
all the Wi twatersrand triad lavas. The means for Nb, Zr and Y for the 
MF are 30 , 535 and 72. ppm respectively. while those for the GRF are 
18.5, 336 and 54 ppm respectively. In both the Goedgenoeg formation 
(GF) and the Rietgat Formation (RF) an upward increase in these 

elements is evident, while in the MF there is no systematic trend. 

The averages of Nb, Zr and Y for the ARF are respectively S. 9, 180 and 
27 . 2ppm, and no systematic variation in the concentration of these 
elements with height is discernible. 

La, Ce and Nd 

These light rare earth elements (LREE) form a 
varies sympathetically with Ti02 and P205. 

further group wh i ch 

In the KRBG, a 
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general decrease upward is evident, with the averages of La, Ce, Nd in 
the AF, OF and LEF being respectively 12, 11 and 6 ppm for La, 30, 25 
and 13 ppm for Ce, and 14, 12 and 6 ppm for Nd. The sharp spike, 

showing anomalously high Ce and Nd represents sample KO-121, which has 

highly aberrant chemistry and was therefore not included in the various 

statistical calculations. 

The base of the PG is demarcated by a sudden increase in the LREE 
concentrations. The averages for the GRF are 23, 51 and 25 ppm for La, 

Ce and Nd respectively, all of which show slight increases upwards. 
The MF has the highest average LREE concentrations, namely 93, 194 and 
93 ppm for La, Ce and Nd respectively, but these e1 ements show no 
systematic trend with depth. 

The concentrations of LREE in the ARF lie between those of the KRBG and 
the PG, with La, Ce and Nd averaging 23, 51 and 25 ppm respectively. 
No particular systematic trends with depth are evident. 

Within the AF Fe203 decreases slightly upwards, averaging 11.44%. 
At the . base of the overlying OF Fe203 increases sharply, thereafter 

decreasing towards the top, with an average of 12.76%. Values decrease 

still further towards the top of . the LEF, whi ch averages 11.11 % 

Fe2C3· 

The GRF has a more variable Fe203 content, but it appears to 
decrease upwards in each unit, the average being 10.66%. The MF has a 
sti 11 lower average Fe203 content - 7.62% - with no parti cu1 ar 
variation with height being evident. 

In the overlying ARF the mean Fe203 content is 11.59%, with no 
systematic increase or decrease evident. 

V behaves sympatheti ca 11y with Fe203, averagi ng 184 ppm in the AF, 
225 ppm in the OF, and 201 ppm in the LEF. Withi n each i ndi vi dua 1 

formation Fe203 contents decrease upwards. Within the GF and RF 
Fe203 contents a1 so decrease upwards, averaging 202 ppm, about the 
same as that of the underlying KRBG. The MF, however, has much lower Y 
contents, the average being 108 ppm, while that of the ARF is 198 ppm. 
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Zn averages 85 ppm in the AF, 93 ppm in the OF, and 84 ppm in the LEF. 

Zn decreases upwards in the OF, and then increases towards the top of 

the LEF. Within the GF Zn concentrations decrease upwards, the mean 

being 121 ppm. In the MF Zn averages 112 ppm, and in the ARF 106 ppm, 

with an upwards decrease in Zn concEntrati on being evident in the ARF. 

K20 concentrations are highly variable, but there appears to be an 

upward-i ncreasi ng trend in the OF and the LEF, follovled by a decrease 

in the uppermost sampl es of the 1 atter. Averages for the AF, OF and 

LEF are, respectively, 1.131 , 1.351 and 1.201. No vertical trends are 

evident in the GRF, or in the MF, the averages for wh i ch are 1.471 and 

2.73% respectively. K20 averages 1.48% in the ARF and increases 

upwards in the sequence . 

The variation shown by Rb is almost identi cal to that of K20. 
Averages for the AF, OF and LEF are 40, 51 and 43 ppm respectively, and 

the same increase upvlards in Rb concentration in the OF and LEF is 

evident . However the uppermost samples in the LEF reflect a sharp 

decl ine in Rb. The GRF averages 35 ppm, and the MF, 89 ppm, the 

highest of all the Witwatersrand triad lavas. Rb increases upwards in 

the ARF and averages 37 ppm Rb. 

Ba concentrations are also highly variable , but similar trends to those 

shown by Rb and K20 are apparent . The average Ba val ues for the AF, 
OF and LEF are 438, 431 and 349 ppm respectively, the latter being the 

lowest of all the Witwatersrand triad lavas. The average Ba content 

for the GRF is 768 ppm, while that of the ~IF is 1152 ppm, the highest 
of all the formations. The ARF has an average of 417 ppm Ba, and the 

expected increasing-upwards trend has begun to be obscured by the 

variation. 

CaO and Sr 

CaO increases slightly from the base to the top of the KRBG, with the 

avera ge for the AF being 7.151 , that of the OF marginally lower at 
7. 061, and that of the LEF 8. 41 1 . The large spike amongst the Orkney 
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samples is produced by sample KO-121, which has anolJ1alously high CaO 
(19.61 %) accompanied by a dilution of 1T'0st of the other major element 

constituents. Interestingly, Ti02 and P205 concentrations, as 

well as those of the immobile trace elements, Nb, Zr and Y, have been 

unaffected. Also of note, is the fact that the Sr concentration - 266 

ppm - is not sympathetically high. 

The average Sr content in the AF is 394 ppm, 347 ppm in the OF, and 205 

ppm in the LEF. There is thus an overall decrease in Sr concentration 
towards the top of the KRBG. In the GRF no systematic trend is 
evident, and CaO averages 6.22%. The average Sr value is 579 ppm, but 
concentrations are highly variable. There are no systematic CaO or Sr 

trends in the MF, and averages are 3.34% and 622 ppm respectively, the 
latter being the highest Sr average of the Witwatersrand triad lavas. 
This is unusual for a formation which has the lowest CaO average after 
the Dominion Group porphyries. 

Neither CaO nor Sr show any systematic trend in the ARF, and averages 
are 6.87% and 439 ppm respectively. 

A1 203 in the KRBG averages 14.95%,14,78% and 13.39% in the AF, OF 
and LEF respectively, produci ng an upwa rd-decreasing profil e. The GRF 
average is marginally higher at 14.58%, and there appears to be a 

slight increase upwards in A1 203 content. No systematic trend is 
evident in the MF, the average of which is 14.46%. The ARF has the 
highest A1 203 average of all, 14.68%. 

Cu behaves sympathetically with A1 203 in the KRBG, averaging 92, 95 
and 68 ppm in the AF, OF and LEF respectively, indicating a general 
decrease in Cu content towards the top of the group . In the overlying 

PG, however, the Cu-A1 203 relationship appears to be antipathetic 
in the GF, and Cu averages are lower in the GRF and MF, being 31 and 

14 ppm respectively. Cu values ar~ higher again in the ARF, averaging 
89 ppm. 



- 84 -

Na20 variation is very erratic in the KRSG, especially in the OF, but 

values appear to decrease upwards overall. The averages for the AF, OF 

and LEF are 2.40%, 2.56% and 2.48% respectively, the latter being the 

lowest of all the Witwatersrand triad lavas. Three prominent negative 

peaks in the LEF samples correspond with the high-MgO peaks described 

ea rl i er. Concentrati ons of Na20 in the GRF show a sl i ght increase 

with height, the average being 3.01%, while that for the MF is similar, 

at 3.03%. The average Na20 content of the ARF is a 1 ittle higher, 

3.25%, and the profile shows no systematic trend. 

MnO 

All the samples were crushed in Mn - steel containers, and although Mn 

contamination of samples can be expected this has been shown (J.S. 

Marsh, pers.comm.) to be slight. Nevertheless Mn variations described 

here should be treated with circumspection. There appears to be a 

general increase in MnO towards the top of the KRSG, with averages 

being 0.13%, 0.15% and 0.17% for the AF, OF and LEF respectively. MnO 

concentrati ons in the PG show no systemati c trends, but averages for 

the GRF and MF are 0.14% and 0.09% respectively, while that of the ARF, 

in which there seems to be a decrease with height, is 0.15%. 

To concl ude, despi te the effects of low grade metamorphi sm to whi ch 

these rocks have been subjected; the variation patterns with depth for 

most elements are still reasonably clear. Those showing the greatest 

amount of scatter, namely Na, K, Mn, Sa and Rb, should be avoided in 

making any petrogenetic deductions, while the immobile elements Ti, P, 

Nb, Zr and Y, and also the light rare earth elements La, Ce and Nd, 

appear to have been little affected by any post-extrusive processes . 
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4. DISCRIMINATION TECHNIQUES 

4.1. Analysis of Multivariate Cata 

Most mineralogical and petrological observations are multivariate. 

Composition data, whether obtained by chemical, modal or other 

analysi s, are multivariate. Multivari ate data al so occur because the 

science of geology often involves the dimensions of space and time 

(Koch and Li nk, 1971 l. 

Univariate observations can be plotted on a straight line (Fig. 4.1a). 

If the straight line is divided into class intervals, the number of 

observations in each interval can be counted, and a histogram can be 

formed, the plotting of which requires two dimensions. 

Bivariate observations can be plotted on a scatter diagram in two 

dimensions (Fig. 4.1bl. If the diagram is divided into cells, the 

number of observati ons in each cell can be counted and plotted on a 

hi stogram. Th i s hi stogram takes three dimensi ons to plot and may be 

represented by a contour map. 

Trivariate observations can be plotted on a scatter diagram in three 

dimensions (Fig. 4.1cl. The most usual configuration of points defines 

an ellipsoid. If the three-dimensional ~ space is divided into cubes or 

other sol i d fi gures, the number of observati ons ina hi stogram woul d 

require four dimensions to plot. Trivariate observations of constant 

sum can also be plotted on triangular coordinates. 

Observations with four or more va ri ab 1 es cannot be represented on 

ordinary plots. Discriminant analysis is designed to cater for this 

type of situation. 

4. 2. Theory of Discriminant Analysis 

Di scrimi nant ana lysi sis a set of methods whi ch yi e 1 ds a functi on for 

cl assifying multi vari ate observati ons into two or more groups through 

developing one or more linear combinations of the variables that 
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comprise the observations. In principle, ellipsoid centres are located 

and the directions and lengths of the distances connecting paired 

ellipsoid centres are examined. Figure 4.1d shows three ellipsoids and 

three dashed lines denoting paired distances. 

Discriminant analysis is one of the statistical options forming part of 

the SPSS (Statistical Package for the Social Sciences) program (Release 

3), developed at the University of Nottingham, England. Klecka (1975), 

who designed and programmed the discriminant analysi s package used in 

thi s study, stated that "the stati stical theory of di scrimi nant 

analysis assumes that the discriminating variables (which in this study 

are major and trace element abundances, together with selected ratios 

of these) have a multivariate normal distribution and that they have 

equal variance-covariance matrices within each group. In practice, the 

technique is very robust and these assumptions need not be strongly 

adhered to.". In other words, the data used need not necessarily be 

strictly normally distributed, and the technique can therefore be 

applied perfectly satisfactorily to geological data. (The distribution 

of the data used in this study is discussed in chapter 5) . In 

addition, Koch and Link (1971) explained that they omitted several 

multi vari ate methods from thei r book because they requi re data more 

nearly normal than those usually found in geology. The obvious 

impl ication is that discriminant analysis, which is included in the 

book, does not require strictly normal data. 

The SPSS program was run on the Rhodes University ICL 1904S computer. 

The data used are shown in Figure 4.2. Line 3 1 ists the discriminating 

variables, which are read in according to the format in line 5. Lines 

8 to 10 define the ratio calculations which need to be performed. The 

normalised, volatile-free data for each sample fill two lines - the 

first contains the sample name and number (S and SANG), followed by a 

number (See Fi gure 4.3) denoti ng the formati on to whi ch the sample 

bel ongs (F~ITS), and the major element ana lyses (i n wei ght percent), 

while the second line lists trace element concentrations (in parts per 

million). At the end of the sample data, discriminant analysis is 

requested (lines 661 to 663) giving the number of groups into which the 

data is divided, and the variables which must be used to calculate the 

discriminant functions. The "OPTIONS" and "STATISTICS" lists allow the 

user to choose which tables and statistics are to be printed out. 
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Figure 4.2 Data for SPSS program. 
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There are two aspects to discriminant analysis: (1) classifying groups 

of observations, and (2) classifying a single observation into one of a 

number of predefined groups. 

Discriminant analysis begins with the desire to statistically distin­

guish between two or more groups of cases (geological units, in the 

current study). The mathematical objective of discriminant analysis is 

to weight and linearly combine the discriminating variables in some 

fashion so that the groups are forced to ce as statistically distinct 

as possible. These "discriminant functions" are of the form 

Di = dilZl + di2Z2 + • • , + dipZp ............................. (1) 

where Di is the score on discriminant function i, 

the d's are weighting coefficients, and 

the Z's are the standardised values of the p discriminating 

variables used in the analysis. 
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The maximum number of functions which can be derived is either one less 
than the number of groups, or equal to the number of discriminating 
variables, if there are more groups than variables. Ideally, the D's 

for the cases within a particular group will be fairly similar. The 

functions are formea in such a way as to maximise the separation of the 
groups. Once the discriminant functions have been derived, the two 
research objectives of this technique, analysis and classification, may 
be pursued. 

During the analysis phase, if there are more than two groups, it may be 
possible to obtain satisfactory discrimination with fewer than the 
maximum number of functions. Since the discriminant functions (i's) 
can be thought of as the axes of a geometric space, they can be used to 
study the spatial relationships among the groups. The weighting 

coefficients (d's) serve to identify the variables which contribute 
most to differentiation along the respective dimension or function. 

4.2.1 Analytical features of discriminant analysis 

4.2.1.1 Discriminant functions 

Two measures are provi ded for j udgi ng the importance of the 
discriminant functions. One of these is the relative percentage of the 
eigenvalue associated with the function. It is computed in the process 
of deriving the discriminant function and is a measure of the relative 

importance of the function. A-portion of the program output in Table 
4.1 shows that the first discriminant function, with an eigenvalue of 

72.36 percent, is very much more important than the remaining 
functions. The relative percentages of the last three functions show 
that they are fairly inSignificant compared with the others. 

The second measure for judging the importance of a discriminant 

function is its associated canonical correlation. This is a measure of 
associ ati on between the di scrimi n i nant functi on and the set of 

variables which define the group memberships, i.e. it measures the 
function's ability to discriminate among the groups. In Table 4.1 it 
can be seen that the first six discriminant functions are each well 
correlated ~Iith the groups, while the next two are moderately 
correlated. 
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Table 4. 1 Portion of discriminant analysis output from the SPSS 
program. 

DISCRI MIN AN T EIGEI~vALUE RELAT I VE CANONICA L FUNC T ION S \OLI(5 ' ( H)-SQUARE Df SI GN IFIC AN CE 
FUN Cf ION PE IfCEt4TAG E CORRE LAT ION DERIVED LAMBDA 

2 

3 

4 

5 

6 

7 

8 

a 0.0000 3559.2 26 208 0.000 
50 . 03636 72 . 36 0 . 990 

0.0004 2365.700 175 O,DOO 
6.65657 9 . 63 0. 932 

2 0.0032 1747.906 144 0.000 
4 ,60026 6.65 0.906 

3 0.0177 1225. 033 11 5 a.non 
3.69825 5.3 5 0.887 

4 O.OB30 755.460 88 0 , 000 
2.31371 3.35 0.8 36 

5 0.2750 391.H47 63 0,000 
1. 34)6 2 1 . 9 4 0.757 

6 0,6444 133.357 40 0.000 
0.32912 0. 4 8 0 .49 8 

7 0.85 65 47.005 19 0. 000 
0.1 675 1 0 .2 " 0.379 

It has al ready been stated that the maximum number of discriminant 

functions which can be derived is either one less than the number of 

groups, or equal to the number of discriminating 

is the smaller. This stems from basic geometric 

points define a line, three define a plane, etc. 

geometric rule that x points define (x-l) 

vari abl es, whichever 

principles, i.e. two 

An exception to this 

dimensions is the 

"degenerate" situation of, for example, three points falling on the 

same 1 ine, four on the same plane, etc. That is, the last point is 

situated such that it does not add a new dimension. Thus, in 

discriminant analysis, two functions may be adequate for describing 

four groups, for example. 

A second criterion for eliminating discriminant functions is to test 

for the statistical significance of discriminating information not 

already accounted for by the earlier functions. Thus Wilks ' lambda is 

computed as each function is derived, starting with no functions. 

Lambda is an inverse measure of the discriminating power in the 

original variables which has not yet been removed by the discriminant 

functions, i.e . the larger lambda is, the less information remains. 

Lambda can be transformed into a chi-square statistic for an easy test 

of statistical significance. 
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Table 4.1 shews that Wilks' lambda was zero before any functions vlere 

removed, indicating that immense discriminating power exists in the 

variables being used. After some of this discriminating power has been 

removed by placing it into the first discriminant function, lambda 

increases very slightly to 0.0004, and the chi-square shows that a 

stati stically si gnifi cant amount of di scriminati ng informati on sti 11 

exists. It is only after the seventh function has been derived that a 

fairly large (0.8565) but still significant lambda is found. A 

si gnificance of zero means that a lambda of this magnitude or smaller 

has no probability of occurring due to the chances of sampling, even if 

there was no further information to be accounted for by an eighth 

function in the population. Clearly, an eighth function is 

statistically significant in this case . 

4.2.1.2 Discriminant function coefficients 

The standardised discriminant function coefficients are shown in 

Table 4.2. These coefficients correspond to the values of the dij's 

given in equation (1). They are used to compute the discrimi nant score 

for a case in which the original discriminating variables are in 

standard form, i.e. Z scores. The discriminant score (0) is computed 

by multiplying each discriminating variable by its corresponding 

coefficient and adding together these products. Each case has a 

separate score on each function. 

Table 4.2 Standardised discriminant function coefficients. 
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The coefficients have been derived in such a way that t he discriminant 

scores produced are in standard form, i . e. over all cases in the 

analysis, the score from one function will have a mean of zero and a 

standard deviation of one. Thus, any single score represents the number 

of standard deviations that case is away from the mean for all cases on 

the given discriminant function. 

J1.veraging the scores for all cases within a particular group will give 

the group mean on the respective function. For a singl e group, the 

means on all the functions are referred to as the group centroid, which 

is the most typical location of a case from that group in the 

discriminant function space . II. comparison of the group means on each 

function reveals how far apart the groups are along that dimension (see 

Table 4.3). 

Tabl e 4.3 Centroids of groups in reduced space. 
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The standardi sed di scriminant functi on coeffi ci ents themsel ves are of 

great analytical importance. When the sign is ignored, each 

coefficient represents the relative contribution of its associated 

variable to that function. The sign merely denotes whether the 

variable is making a postive or negative contribution. In Table 4.2 it 

can be seen that for the first function, which is by far the most 

important, the greatest contri buti on is made by the rati 0 P.: Ti , 

followed by P2YS' Nb and Zr. Y is almost half as important as Zr, 

and this is followed by two more ratios, Zr:P and Ti:Zr, etc. 
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On the second functi on the mos t important va ri ab 1 es, in order, are 

P20S' ~l gO, P:Ti, V, Zr, TiC2 and Si02. If all the functions 

are considered together, with values on each function being weighted in 

accordance with their eigenvalues, the order of importance of the 

discriminating variables is as follows: P20S' P:Ti, SiC2, Ti02, 

V, Ce, Y, Ti:Zr, Nb, Fe203' ·CaO, A1 203 , MgO, Co, Zr, Zr:P, 

Na 20, Cr, La, ~i, Nd, Rb, Zn, Cu, Sa, Sr. 

4.2.2 Classification in discriminant analysis 

The use of discriminant analysis as a classification technique comes 

after the initial computation. Sy classification is meant the process 

of identifying the likely group membership of a case when the only 

information known is the case's values on the discriminating 

variables. Another use of classification is in testing the adequacy of 

the derived discriminant functions. By classifying the cases used to 

derive the functions in the first place, and comparing predicted group 

membership with actual group membership, one can empirically measure 

the SUCCESS in di scrimi nati on by observi ng the proporti on of correct 

classifications. 

Classification is achieved through the use of a series of 

classification functions, one for each group. They are derived from 

the pooled within-groups covariance matrix and the centroids for the 

discriminating variables. The resulting classification coefficents are 

multiplied by the raw variable values, summed together and "dded to a 

constant as follows : 

where 

the 

the 

Ci is the classification score for group i, 

cij's are the classification coefficients, 

ciu is the constant, and 

V's are the raw scores on the discriminating variables. 

There is always a sepa rate equati on for each group. The case woul d be 

classified into' the group with the highest score, i.e. for which it has 

the greatest probabil ity of membership. If required, adjustments are 
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made on the basis of prior probabilities being proportional to the number 

of cases in each group, i.e. cases will more 1 ikely be assigned to a 

larger group. For the current study the SPSS program was run using both 

equal and proportional probabilities. The result was the same in both 

cases. 

Tab 1 e 4.4 shows an excerpt from the SPSS program output in whi ch the 

discriminant scores for each case are printed together with the predicted 

group membership. The largest probability PIG/X) is also printed and if 

the value for the second highest probability is greater than .(J005, it 

too is printed. Another useful probabil ity PIX/G) which appears on the 

output is the probability that a member of the predicted group would be 

as far from the centroid as the case being considered. 

Table 4. 4 Portion of output showing probabil ities of group membership 
and discriminant scores . 
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4.3 Application of Discriminant Analysis to the Witwatersrand Triad 

Samples 

4.3.1 Evaluati on of discriminant plots and grouping of samples 

The SPSS program produces plots of the cases along the first two 

discriminant function continuums . Because the functions are arranged in 

order of decreasi ng importance, the graph will represent the two most 

important functions. 

FUNe 5 

-0.111 

-0.149 

-0. 21\3 

0 . .,60 



- 95 -

It is essential in applying discriminant analysis to a set of data, that 
a preliminary classification of some or all of the data into groups must 

exist. The discriminant functions are derived such that the first 
function separates the groups as much as possible. The second function 

separates them as much as possible in an orthogonal direction given the 
first separation. The third function provides maximal separation in 
another orthogonal direction, etc. The end result is that the groups are 

as distinct as possible given the original discriminating variables . In 

this way the discriminant functions can be considered as defining 
geometric axes in space in ~Ihich each case and group centroid are 

points. In Figure 4. 3 the first two discriminant functions are plotted. 
It can be seen that groups 3, 8 and 9, the Makwassie Formation, the Cro~m 
Formation and the Dominion Group porphyries respectively, are separated 
compl etely from one another and from the rest of the points by these two 
functions. Groups 2 and 4 (the Rietgat and Goedgenoeg Formations) 

together form a separate cl uster, but in the two dimensions shown there 

is considerable overlap between the groups themselves. The original 
listings of group centroid positions confirmed that the centroids for 
groups 2 and 4 ~Iere very closely spaced along function 1 (-1.02745 and 

-1.05813 respectively) and were almost coincident along function 2 

(0.88064 and 0.87991 respectively). On function 3, however, a more 
satisfactory separation was achieved (-0.28846 and 0.07967), and also on 

most of the other functions. Due to the limitations of the graph these 
were not evident graphically. It must be remembered, though, that 
because the functions are arranged in order of decreasing importance, a 
given difference between group centroids on the third or fourth function 

is not as meaningful as the same difference on the first function. 

The separation of the two centroids in other dimensions was thus still 

not sufficient to eliminate all overlap between the two groups. This was 
shown in the original output, where four members (12.5%) of group 2 (the 
Rietgat Formation) were classified as members of group 4 (the Goedgenoeg 
Formation) and eight members (25%) of group 4 were classified as group 2 
types. This relatively large amount of overlap suggests that the 
differences between these two groups may not be as si gnifi cant as those 

between the other groups, and the possibility of classifying them as a 
single group was implicitly suggested by these results. 
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Fi gure 4.3 Plot of di scrimi nant score 
score 2 (vertical) 

(horizontal) vs Giscriminant 

~JSCklKlN£~' StORE 1 (~()RIZONTAL) vs. olSCRIMINAI.T SCORE l (VERTICAL). 
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The remaining five groups form a cluster on the right-hand side of 
Figure 4. 3. Group 1, the Allanridge Formation, overlaps with a number of 
other groups, but Table 4.5 shows that total separation is achieved when 
tak i ng the other dimensi ons into account. Group 10 (the Oomi ni on Group 
basic lavas), represented by an 'A' in the diagram, falls on the 
1 eft-hand si d€ of the cl uster, overl appi ng groups 1 and 5 sl i ghtly. 
Table 4.5 shows, however, that separation of group A from the others is 

Table 4.5 Predicteri group memberships of previously grouped cases. 
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virtually perfect, and only two samples (2,8%) belonging to Group 10 were 
classified as members of other groups . OB-28 had a probability of .585 

of being a member of the Allanridge Formation, with a probability of only 
. 011 of belonging to the Dominion Group basic levas. DB-42 was 
classified as a Loraine-Edenville member with a probability of .999, and 
a very weak probability of .001 of belonging to the Orkney Formation. 
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4. 3.2 Ab errant and unclassified samples in the Dominion Group 

An examination of the stratigraphic position (see Fi gure 2.2a) of D8-42 

showed that it comes from boretlol e DSF-7 at a depth of 133m from the 

surface. Between this position and the surface a very clearly intrusive 

horizon was logged. The intrusion extends from 76.9m to l03.9m below the 

surface. It has a fairly coarse-grained texture with finer-grained 

chilled margins . Some alteration in colour of the overlying rock is 

evident near the upper contact. The intrusion was sampled in four 

places, at 103, 88, 82 and 78m below the surface, one sample at each 

margin and two in the centre. During the classification phase of the 

program these four samples, IN-43, IN-44, IN-45 and IN-46, were all 

unambiguously allocated to the Loraine-Edenville Formations. 

Probabilities of membership ~Jere 1.0 for all four samples, and they were 

therefore prefixed "KL". 

DB-42, the single sample under consideration, was classified in exactly 

the same way. At the time of sampling, it was not recognised as an 

intrusive horizon due possibly to the absence of chilled margins in a 

thin unit, but an examination of its major and trace element analyses in 

relation to the nearby intrusive and the other basic lavas suggested 

strongly that this might be so. The major element values on their own 

are not conclusive, but the trace elements, especially Zr, Ni, Cr and the 

rare earths, provide strong evidence for the possible relationship 

between the five samples. As a result, CB-42 was reclassified and 

prefixed "KL" to indicate this relationship, but in the absence of 

unequivocal field relationships, final judgement must be reserved. 

The second errant sample DB-28 occurs in the same borehole as the 

aforementi oned i ntrusi on, but at a depth of 487m. It shows no obvi ous 

differences in major and trace element contents from the surrounding 

Dominion Group basic lavas, but di scriminant analysis has shown that it 

is more likely to belong to the Allanridge Formation lavas . 

The crypti c di fferences between the two a forementi oned sets of 1 avas come 

to light when the ratios Ti:Zr and Ti:P are plotted against one another. 

Figures 4.6 and 4.7 shows that 08-28 lies near the Allanridge samples and 

not with the rest of the Dominion Group basic lavas. It was therefore 

considered that this sample is either an intrusive one of Allanridge 
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origin, or that some Allanridge-like lavas occur in the Dominion Group. 

As with sample DB-42, further work is necessary to resolve this. 

A second borehole, CRS-6, six kilometers to the south of DSF-7, also 

contains a number of intrusive horizons, from which samples IN-86, IN-87 

and IN-SO were taken. Classification of these intrusives of unknown 

affinity indicated that all three had a probability of l.0 of belonging 

to the Lora i ne-Edenvi 11 e Forma ti ons, and thei r prefi xes were therefore 

also changed accordingly. 

Sampl e DR-9l, taken near the top of the same hol e, proved to be a 

some~lhat enigmatic sample. The horizon was not regarded as an intrusive, 

but a flow, as evidenced by the presence of prominent amygdaloidal zones 

at both the top and the bottom of the unit. The geochemistry differs 

markedly from all the other Dominion Group basic 1 avas, but it was 

considered unjustified to omit the analysis from the rest of the data 

without a valid reason simply because it did not "fit" well. The 

explanation was provided almost simultaneously and independently from two 

different sources. During field studies carried out in the vicinity of 

borehole DRS-6, M.P. Bowen (pers. comm., 1982) discovered that lavas of 

the Platberg Group lapped onto Dominion Group lavas in this area, with 

the usual intervening rocks missing. At about the same time, sample 

DR-91 was classified by discriminant analysis as either a member of the 

Rietgat Formation of the Platberg Group with a probability of .962, or as 

part of the Goedgenoeg Formation, also of the Platberg Group, with a much 

lower probability of .038. With this conclusive evidence, the sample was 

renamed PR-91. 

With these el iminations the Dominion Group basic lavas would therefore 

now be completely separable from all the other groups, as shown in Table 

4.5, except that a new sample, OB-97, has been misclassified as a result 

of changing parameters. Investigation showed, however, that there was no 

justifiable reason for excluding it from the Dominion Group basic lavas. 

4.3.3 Aberrant samples in the Klipriviersberg Group 

Users of discriminant analysis should be wary of developing a bl ind 

acceptance of all reclassifications without carefully investigating the 

reasons for thi s. The 1 avas of the Kl i pri vi ersberg Group provi de a 
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salutary lesson in this respect. Groups b, 6 and 7 represent the 

follo~i ing formations within the Kl ipriviersberg Group respectively: the 

Lora i ne-Edenvi 11 e, Orkney and Al berton Formati ons. Tab 1 e 4.5 shows that 

group 7, the Alberton Formation is separated completely from the others. 

However, sample KO-356 from the Orkney Formation in borehole W-20 was 

reclassified by the SPSS program as an Alberton sample with . 987 

probability against a probability of . 013 that it was an Orkney sample. 

Examinat i on of the stratigraphic column for that borehole (Figure 2.2b) 

shows that the sample lies well within the Orkney Formation. 

Two possibilities may be considered to explain this. Firstly, it is 

conceivable that an interfingering of two different lava types might 

exist, i.e. extrusion of the underlying Alberton lavas may not have been 

entirely completed before the Orkney-type emissions began from a 

different source. Sample KO-356 may thus represent one of the final 

pul ses of extrus i on from a vi rtua lly exhausted Al berton source. 

Alternatively, the close similarity between the chemistry of the Alberton 

and Orkney lavas may be the reason for this classification. The sample 

has the highest Si02 value of all the Orkney samples analysed and in 

this respect it resembles the Alberton lavas. All Orkney samples, 

however, have Zr values between 90 and 110 ppm, with all Alberton samples 

(except one at 60 ppm) between 106 and 137 ppm Zr. Sample KO-356, with 

96 ppm Zr, clearly has Orkney affinities, and this is corroborated by Zr 

vs Ti0 2 (Figure 4. 8) and Zr vs Fe20
3 

plots, in which this sample 

lies well within the Orkney field . It was therefore dEcided that KO-356 

should remain as an Orkney member and not be reclassified. 

In group 5, the Loraine-Edenville Formations, t\~O samples were 

mi scl ass i fi ed. KL-133 had a probabil i ty of .940 of bel ongi ng to the 

Orkney Formation and only .05S of being part of its expected formation. 

This sample was taken in the lower altered zone of borehoie WS-5, about 

37m above the contact between the Orkney and Loraine Formations . The top 

of the Orkney Formati on is defi ned as the top of the flow of the upper 

purple band (Winter, 1976 and 1965b, after Pienaar, 1956). This marker 

horizon is absent in WS-5 and the division was made on a geochemical 

basis. In some boreholes e.g. J8F-l and WS-4 this horizon does coincide 

with the geochemical boundary within the limits of sampling intervals, 

but not in others, e.g. W-20. The problem of membership is resolved 

unequi voca lly by Ti0 2 va 1 ues, whi ch 1 i e between .400 and .878 wei ght 
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percent for Lorai ne-Edenvi 11 e 1 avas, and between .879 and 1.097 f or 

Orkney lavas. KL-133, with a Ti02 content of .780, must therefore 

belong to the Loraine-Edenville Formations. Zr vs Ti02 (Figure 4.8) 

and Zr vs Fe203 plots confirm this, as does the Cr content of 238 

ppm, as no Orkney lava contains more than 97 ppm Cr. This 

misclassitication must be again be ascribed to either the similar 

chemical characteristics shown by the different formations within the 

Klipriviersberg Group, or to interfingering of two lava types. 

The second erroneous sample, KL-47l was classified unambiguously as a 

Dominion Group basic lava (probability = 1.0). This sample was taken 

from the uppermost flow of the Klipriviersberg Group lavas, which is 

overlain by Kameelaoorns sediments. A possible explanation for its 

presence at a much higher stratigraphic level than expected is offered. 

An examination of thE stratigraphic log of JBF-l, the borehole from which 

KL-47l was collected, showed that the thickness of Kameeldoorns sediments 

in this hole (85m) was fairly substantial compared with that in ~ome of 

the adjacent boreholes, such as SH-l (20m). This suggests the proximity 

of a fault, as Winter (1970) stated that "the greatest depths at which 

the Kameeldoorns Formation is found are adjacent to major faults and this 

formation subsided as clastic wedges against these. The coarsest 

sediments adj oi n the faults.". I n support of thi sis the fact that 

virtuany the whole intersection of the Kameeldoorns sediments i n this 

hole comprises conglomerate . Winter (1965b, Fig. 5) showed that there is 

indeed a fault in this area, the Jersey Fault, which strikes NE-SW and 

1 ies immediately to the north-west of JBF-l (see Figure 2.1), and against 

which the Kameelsdoorns sediments are abruptly truncated . The 

north-western side of the fault is upthrown. Evi dence of thi s can be 

seen in borehole JY-8, which contains rocks of the Central Rand Group and 

the Jeppestown Subgroup of the West Rand Group. The strati graphi clog 

stops i n the Rietkuil Formation, so it is not known at what depth the 

Dominion Group first occurs. 

Movement along the Jersey Fault has therefore caused older lithologies to 

be brought closer to the surface in the north west. It is possible that 

Dominion Group basic lavas were exposed at the fault scarp and that 

fragments may have broken away and become incorporated with the lavas and 

sediments fi 11 j ng the graben-l ike depos i tOY"y adjacent to the fault . In 

this manner the position of KL-47l, a lava showing Dominion Group 
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chemical characteristics, found in the uppermost flow of the last 

Klipriviersberg lavas extruded before the onset of sedimentation, may be 

explained. Major and trace element values and interelement plots are, 

however, inconclusive . There appears to be a bias towards the Dominion 

lavas, but some of the evidence is contradictory. As a result, it was 

decided to leave this sample out of the analytic phase of the 

discriminant analysis program, until further work is able to resolve its 

affinity. 

4.3.4 Other aberrant samples 

Four unknown sampl es sti 11 remai n to be cl assifi ed. IN-419 and IN-421 

both occur in borehole JHA-l, in which a very unusual succession is 

present (see Figure 2 . 2b). From the surface down to 876m the lithologies 

are quite normal: rocks of the Karoo Supergroup occur down to 165m anr 

are underlain by the A11anridge and Bothaville Fonnations. From 876m to 

2658m, vlhere pre-Ventersdorp rocks are reached, the sequence consi sts of 

Kamee 1 doorns-type sediments interbedded with flows of porphyriti c and 

non-porphyriti c 1 avas. A 4m i ntersecti on of 1 ava with Makwassi e-type 

phenocrysts occurs between 1041 and 1045m. The thi ckness proporti on of 

lavas to sediments is about 3:1 . The sediments include conglomerates, 

shales, dolomites and cherts. No particular sequence is evident - for 

exampl e, one conglomerate hori zon overl i es a shale-dol omi te-chert 

succession, suggesting a number of episodes of movement along the Jersey 

Fault (see Figure 2.1). Some of the volcanic rocks have been logged by 

company geologists as "possibly intrusive". It was from two such 

horizons that IN-419 and IN-421 were taken. Four other lava samples 

analysed from the intercalated succession (viz. PG-406, PG-417 , PR-426 

and PG-433) were cl assifi ed with the Goedgenoeg-Ri etgat group of 1 avas. 

IN-421 was also allocated to the Rietgat Formation, and its prefix was 

thus changed to accommodate this classification. IN-41S was named as an 

Alberton lava with a probab,lity of 1.0, but the probability that any 

other member of the Al berton Fonnati on woul d be as far from the centroi d 

as IN-419, was O. Thi s impl ies that IN-41S 1 ies outside the bounds of 

the Al berton Fonnati on, but closer to thi s fonnati on than to any other. 

Both the Transvaal and the Karoo Supergroups outcrop in the area, and the 

possibility must be entertained that this intrusive horizon might 

represent one of these. Thi s sampl e was therefore excl uded from the 

analysis part of the program on the grounds of its tenuous associatior 

with the lavas under consideration in this project. 
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KO-121 was the only sample anal ysed ~:hich contained a large numbe r of 
amygdales. The predominant filling is calcite, which also occurs 

together with epidote in the groundmass. The major element analysis for 

this sample shows a very high CaD value (15.61 percent), as expected, and 

a relatively high A1 203 value (16.75 percent), resulting in a 

dilution of the other major elements. Trace element values remain 

comparable with those of other samples taken nearby, with the exception 
of Ce (143 ppm) and Nd (80 ppm), which are enriched roughly six and seven 

times respectively compared with the average val ues for the Orkney 

Formation (Ce - 25 ppm, Nd - 12 ppm). The La value (12 ppm) is, however, 
normal (formation average - 11 ppm). 

~Iendlandt and Harrison (157Y) shOlved that in the presence of a CO2-rich 

vapour, light REE are fractionated preferentially into the vapour 

relative to silicate melts, with maximum REE solubility in CO,_ vapour 
L 

occurring at near-surface pressures. This could explain the enrichment 

of Ce and Nd in this sample, but not the low La value, which should also 

have shown enrichment, unless the original La concentration was about 2 
ppm, in which case equivalent enrichment would have increased the value 

to the present 12 ppm. Discriminant analysis grouped this sample with 

either the Dominion Group basic lavas (P(G/X) = .933) or with the 

Allanridge lavas (P(G/X) = . 062). As this sample occurs in the middle of 

the Orkney Formation, this misclassification is clearly due to the 

unusual chemistry displayed by this sample and on this basis it was 

excluded frcm the data file. 

PG-l77 was taken 4.3m from the top of the uppermcst flow of the 

Goedgenoeg Formation in borehole WS-5. The 7.8m flow is overlain by 

quartz-fel dspar porphyri es of the Makwassi e Formati on. Curi ng logging 

the uni twas descri bed as "atypi ca 1 of usual top of flow" and "possi b ly 
intrusive". ~Iicroscope examination, however, showed that the rock is 

clearly a vitric tuff. Analysis of major elements (Table 2.4) showed an 

anoma 1 ously hi gh Si 02 content of 78.24 percent, very low Ti °2, 

Al~C3' CaO and Na20, extremely low P2CS' and normal Fe203, 

MgO and MnO. Most of the trace element values differ widely from those 

in the other Goedgenoeg rocks . On various interelement plots this sample 

1 ies extremely far away from all other plotted samples . Discriminant 

analysis did 'not group it into any of the nine formations under 

consideration, so this sample was also omitted from the dat a file. 
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4.3.5 Conclusions 

The final outcome of the discriminant analysis exercise was thus a 

correct classification of 99.07 % of all samples used (see Table 4.5). It 

is an essential prerequisite of discriminant analysis that, in order to 

apply the technique to a set of data, a preliminary classification of 

some or all of the data into groups must exist. Naturally, the greater 

the number of pre-classified cases, the better defined the groups will 

be. The outcome of any subsequent work may resl'lt in the need for 

reclassification of samples already on the file. In this way the file 

may be peri odi ca lly updated and the di scri mi nant functi ons will thereby 

become progressively refined. Users are cautioned, however, against 

reclassifying samples blindly on the basis of discriminant analysis 

recommendations, without fully investigating the reasons for this. 

4.4 Orthogonal Discrimination 

Discriminant analysis, as described in 

sophi sti cated method of di scrimi nati on, 

section 4.2, 

but it has 

is a highly 

a number of 

di sadvantages. Fi rstly, the resea rcher mus t have acces s to a computer 

with adequate facilities, viz. a discriminant analysis package as part of 

the software. Secondly, assuming that the first condition is satisfied, 

graphical representation of the discrimination is awkward to plot, as 

only the scores on the two most important discriminant functions are 

plotted by the program. In the current exercise, there are nine 

chemically distinct sets of rocks giving eight discriminant functions. 

In order to plot each against the other, so that tre situation might be 

examined in all its dimensions, it would require 36 graphs to be 

plotted. Thirdly, if the user wishes to find out which elements are the 

most important in discriminating between two particular formations, the 

program wi 11 have to be run usi ng data from those two formati cns onl y. 

This is due to the fact that the discriminant functions are set up with 

the objective of separating as much as possible all formations under 

consideration simultaneously. To isolate the most favourable 

discriminating elements between each and every formation in this study, 

would therefore require 36 separate runs. 
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As an alternative, a second, perhaps less sophisticated but systematic 

approach has been adopted, which may prove to have greater and more rapid 

practical application than discriminant analysis. 

All major element and trace element analyses were stored on a computer 

file, using the format shown in Figure 4.4. Each sample is represented 

by two lines of data, the first of which contains the sample name (6 

col umns), a number representi ng the formati on, if known (2 col umns) and 

the major element analysis. Line two contains trace element values. 

Figure 4.4 Format for cOll'puter data file in which sample name, formation 
number, major and trace element analyses are stored 

DB~ 110 57,16 1.084 14,58 11.35 0.29 
204. A.Sll3.30 1 1 2A~. 11.9125. 

DB- 21n 58,44 1.041 11.85 11.4R 0.1, 
395. 1.5162.26.9 460. 51.0100. 

OB- 310 58.1~ 1.~o4 t'~66 11.12 0.14 
4a4. '.1171.21.7 46~. 44.5103. 

op. 4 9 68.32 O.R49 1? .14 7.35 0.11 
846.12.9256.28.~ 214. Sb.9 91. 

op· 5 9 70.84 0.809 l?.SO 5.6~ 0 .08 
853.13.4277.21.1 Ill. RI.'· 81. 

OP. 6 9 ~9.81 0.8)0 1~~65 6.71' 0.07 
8~9.15.027S.27.1 11.114.7 82. 

DB- 710 52.21 a.RAi 11.29 12.87 O.IA 
25. 4.2 9I.2?? )86. 1.3101. 

08- 810 52.19 0.889 IllOA 13.68 0.23 
48. ~.4 89.25.0 132. 2.2126. 

OA- 91n 53.77 O.R43·11.09 11.48 n.17 
77. 5.3 93.22.7 16';. 1.99.9. 

D8~ 1010 S7.~~ 1.171 14.46 10.05 0.15 
244, 7.7174.30.? 1~7. 9.~ 95. 

3.51 7. ,lC; 
2". 19. 55. 

3.54 A.A? 
th. 23. 54. 
J.l ', h.7l) · 

42. 2~. ,]. 
2 • . 151) 2.05 ' 

3 .11 n.so n.2~S n.nft 
S.2Q7. 77. 4A. lAo 

1. 0 1 1.17 0.?A5 o.no 
h.261. ?5. Sq. ?4. 

1.17 1.14 0.?37 n.on 
12.245. ?7. C;O. ?A. 
1.~5 ?.1~ 0.7.71 n.on 

10. 12. 2~. l?lOA.' 44. 77. ,7. 
1.7T 1.415 1~42 1.?2 0.?7" o.on 
9. 9. lb. 2. 151. 46. 94. 40. 
1.70 ~.20 2.7n 3.n1 0.241 o~nn 
7. 12. ?1. 4. "7. 1,. 7A. '4. 
7.71 10.92 1.A'7 n.oA n.19,l 0.00 

'R.310. A~.l ,l'44.236. lO. ?9. 17. 
10.07 ~.t,R ?.R~ n .11 0.194 O.~O 
60.44!). A7.1510.?S7. 13. 27. \9. 

9.52 7.36 · 1.41 0.15 n.IAo o.nn 
43.322. 71.1290.221. 7. IS. 11. 

4.94 ,.57 ,.11 0 .,7 n.421 O.nn 
53.125. 58. 14.230. 'I. 4 5 . ?5. 

A computer program, ELnjENT (see Figure 4.5), was developed which reads 

in the above data, sorts the samples into their respective formations, 

and calculates the largest and smallest value for each major and trace 

element within each formation. These ranges are output as shown in 

Tables 3.2a and 3.2b. The program then compares each formation \'/ith 

every other formation and prints a sUl1'IIlary of the elements whose ranges 

do not ove~ap for each pair. Table 4.6 has been constructed to show 

which pairs of formations can be separated from one another on the basis 

of discrete ranges of certain elements. r-:ajor element separators are 

located in the upper half of the table above the main diagonal, while 

trace element separators are listed below the diagonal. 

Use of the table is best demonstrated by work i ng through an actual 

example. 

used to 

One may Ylish, for instance, to determine which elements may be 

distinguish between the Allanridge and Loraine Formations. 

Follo\,ing row 1 (Allanridge) and column 4 (Loraine), a block is reached 
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Figure 4.5 computer program ELEMENT (in FORTRAN) 

Ll S T 
fJH OG~A/'!(ELEM) 
INPUT 5 ..: eRO 
uUTPUT 6 
COMPRESS 
TRACE 2 
END 

,. LPQ 
INTEGER ANO LOGICAL 

MASTER ELEMENTS 

(------------------------------------------------------------------------ -! 

00 , 
DOl 
003 
004 
005 
006 
007 
008 
DOy 
0 ' 0 
01 ' 
012 
013 
014 
015 
016 
0 17 
a'. 
0 19 
020 
02' 
022 C 
07.3 C 
024 
025 
026 c 
027 C 
028 
029 
ala 2 
03' 
0 32 c 
033 C 
034 
03' 
036 
037 
038 c 
039 C 
040 
04' 
042 
043 
0 44 
0 45 
046 
047 
Q4(s 5 
04;,1 

OSU C 
as' C 
052 
053 
054 
055 
056 
057 
050 C 
OS~ C 
o~O 
06' 
062 
063 
064 
065 
066 
06 7 
060 
06~ 
070 
07' 
07~ 

073 
074 
075 
076 
077 
078 
on 
080 
08 ' 
082 
U83 
08 4 

C PROGNAM TO GIVE QANGES OF MAJOR OR TRACE ELEMENTS FON EACH FORMATION 
C ANa TU DISCRl~rN_TE BET WEEN fOQMATrONS uSI~G MAJOR OR TRACE ELEM EN TS 
c----------------------------·--------------------------------------------! 

,ou 

INTEGER EL,DISCRIM 
olMENSTON ElEM(330,1S), HEAO<1S) 
DIMENSION FORM(1U), SMALl'10,15), 8 1G(10,15) 
DIMENSION INDEXc10,100) 
DIMENSION 1).IFF(11..1,10,1S), DISC(10 ,10,1S) 

wEA~ (5,1010) EL,DISCRtM 

INITIALISE ARRAY 'INDFX' 
*******.*** •• *********** 

DO 2 J ;: 1,10 
1,)0 2 K ;: 1,100 
INDEX(J,fIO.) = 0 

~EAO ElE~ENT HEADING ~ NA~ES OF FORMATION S 
*** •••• *.** •• ****.** •••• ******.*********** 

IF CEl.EQ.l0) 
.IF (EL.ft.l,1S) 
KEAI) (5,1003) 

READ (5,10U2) (HEAD(J), 
qEAD (5,10£2) (HEAO(J), 
{FOR~(J}, J=1,10) 

READ ELEMENT DATA & SET UP IN~EX OF F~NS 

************************.*************** 
"nAD (S,1000) [COUNT 
DO 5 I = 1,ICOUNT 

J =1, Ell 
J =1, EU 

IF(El.EQ.l0) READ (S,1001' SANa, IFNN, (ElEM(I,J), J=l,EL) 
IF(El.FO.15) READ (S,1011) sANa, IFMN, (ElEM(I,J), J=l,El) 
IF (IFMN,EQ.O) G~ TO S 
INDEX(IFMN,l) ;: INOEXCIfMN,l' + , 
J = INoEXClfMN,l) 
INDEX(IFMN,J+l) = I 
CUNTINilF; 

INITIALISE ARRAYS 
******************************* •• 

1,)0 1;:1,10 
00 1 J:.:l,El 
00 1 K=1,EL 
SMALl(t,J) = 999Y.99Y 
tHG{I,J) :. n.D 

fINU LAHGeST ~ SMALLEST ELEMENT VALUES ~OR EACH FORMATION 
**.******************.* •• **** •• ************************** 

DU 100 J ;t l ,EL 
DO 100 L z 1,1 f) 
00 lUO M z 2,I"IDEX<L,1)+1 
1 = INDEX(L,"1) 
If (1.EO.O) GO TO 100 
IF(ELEM(I,J).LT.S"ALL(L,J» SMALL(l ,J) ~ ELE~CI,J) 

IF(ElE~(l,J) ,GT.8IG(L,J» RIG(L,J) ~ ELEH(I,J) 
C U~IT 1 Nu E 

IF (DISCRIM.EO.O) CALL RANGESCEL,HEAD,FORM,BIG,SMALL) 
If(DlSCRlM.EO.1)CALL OISCRIMINATE(EL,HEAD,FORM,BIG,SHALL,DIFF, 

.. OISC) 

10LlU 
1 au, 
1 01 1 

FURMAT (13) 
FORMAT (A6,12,F6.2,F6.3,/F6.l,f6.3,/) 
FUR~AT (A6,I7.,1,7X,FS.O,f4,1,F4.U, 

10Llt! 
10£2 
101..13 
1010 

* ~4. 1,F5 . 0,FS.l ,4F4 ,O,F5 .0.4F4,O) 
FtJlU'IAT 'c 1 OAS, I ) 
FORHAT (/,lSI\2) 
fOlt,lolAT (lUA4) 
fORMAT (12,11) 

STOP 
t: ~4 0 
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Figure 4.5 continued 

101 

085 
086 C 
087 
(HUS 
08' 
O'U 
0" 
0.2 
0.3 
0,4 
09) 
0·6 
097 
09. 
0" 
,00 

11U 

SU BROUTINE RANGES(EL,HEAD,FORM,BIG,SMALL) 
~#R##N1.~'N#.*#¢~4N.#~Md#'#.#######R~R#dd# 

INTEGER El 
DIM~NSION HEAO(EL), FORM(ln} 
OIMENSION SMALLC10,EL), Blr,C1U,EL) 

00 110 J=l,EL 
IF(~L.EQ.'O) WRITE(6,50Q3) HEAo(J) 
rFCEL.ED.1S) WRITE (6,SOUO) HEAOeJ) 
uo lU5 L:;;1,1 0 
IF(8IG(L,J).EQ.o.AND.S~AlL(l,J).EQ.9Y99.9Y9) GO TO 105 
IF(EL.ED.1Q) WRITE (6,50U1) FORM(L),S~ALl(L,J),BIG(L,J) 

IF(~L.FO.'S) WRITE (6,50U2) FORM(l),SMAlL{L,J),RIG(l,J) 
CONTINUE 
wRITE (6,5012) 
CONTINUE , 0' 

,02 
'03 
'04 
, 05 
'06 
'07 
, o. 
, O' 
110 

SOuu 
SOUl 
50u2 
501.13 
5U12 

FURMAT 
FORMAT 
FOR""AT 
FORMAT 
FO~MAT 

(1X,.A2) 
c1 X,A4,F7.3,F7.3) 
(lX,A4,F6.1,F7.1) 
(lX,AS) 
('H(~) 

"' 112 
113 
, , 4 C 

115 

"" 117 ,H ,19 
12U 
, 21 
'22 C 
'7.3 C 
121,. 4Uu 
, 25 
126 
127 
,7.K 3 
,29 
13u C 
, 31 C 
132 
133 
'34 
135 
136 
137 
13K 
'3' 
1/.U 
1 4, 
142 
,43 

j!QU 
201 
2Uj 

144 
,4S C 
14b C 
,47 ,4" 
149 30lJ 
150 
1 51 C 
1 52 C 
1 53 
1 54 
'55 
1 5" 
1 57 
, 5. 
1 59 
16 U 
1 61 
162 6UU 
H3 
161,. 61U 
11>5 
166 

I(ETURN 
END 

SUBI<OUTiNE OJSCRIMINATErEL,HEAO,FORM,BIG,SMALL,OIFF,DISC) 
#####M##MM#M###~P.~#pMMqM.n########MP###P#####qp###### IMP 

OIMENSION OIFfr10,10,EL),OlSCC10,10,EL) 
OIMENSXOH KEY(10U), INFO(lnO) 
OlMENSION BIG(10,EL)' SMALLC1U,EL), fORM(10), 
ItEAL INFO,IC'EY 
INTEGER EL,RfroIIN1 

INITIALISE ARRAYS 'OlFF' R. 'OTSC' 
********************************* 

DO 3 L=bln 
00 :5 1"1=1,10 
OU 3 J:1,EL 
OIFF(L,M,J) 
UISC(L,t'I,J) 

= -1. a 
.. -1.0 

HEAO(EL> 

CALCULATE OlfF. BETWEEN LIMITS ~ CALCULATE DISCRIMINATION VALUE 
******************.***~******.********************************* 

00 203 J=1,EL 
00 2U1 L=1,10 
ou 2UO '1=1,10 
IF(L.EO.M} GO TO 2Dtl 
IF(SMALL(M,J).LT.BIG(L,J» GO TO 200 
IF.(SMALL(M,J).Ea . 9999.99Y.ANO.BIG(M,J).EU.0) 
DIFF(L,~,J) = SMALL(~,J} - elG(L,J) 
If(SHALL(M,J) .Ea.o.n) GO TO 200 
OISC(L,M,J) = OIfF(L,M,J) I SMALL(M,J) 
CUNTI~uE 

CONTINUE 
corn INUF 

INITIAlISe ARRAYS 'INFO' ~ 'KEY' 
******************************** 

00 3(lO I = 1,100 
Kn(ll = -1.0 
INFO(I} = X 

SORT & PRINT DISCRI~INATIO~ V~LUES 

********* •• *.**.******.**.*~****** 
DU 700 L=1,10 
00 7UO ~C:1,10 

IF<L.EO.M) GO TO 7no 
1"0 
DO bUO J=1,EL 
IF(DIFF<L,~,J).lT.O.O) GO TO 6UO 
P'I+1 
!NfOCI}= tiE",O<J) 
~EY(I) ~ OISC(L,M,J) 
CONTINUE 
0"1 
N = U 

tiMIN1 = 1;1"1 
If<BtHIIl1,LT.1l GO TO 625 

GO TO 200 
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Figure 4.5 continued 

167 
168 
H~ 
17U 
1 71 
172 
173 
174 
175 
176 62tJ 
17 7 6, ::. 
17 8 
17. 
1 RU 6 3u 
1 81 
1 8 2 
183 
1 8 4 640 
1 85 7 0 U 
186 
18 7 4nuo 
IBM 4 0 U1 
1 f.t 9 4 0 U, 
19 0 
191 
192 
193 
194 
195 

0 0 620 J=1,BHlti1 
[F(KEY(J ) .GE.KE Y{J+ 1 » GO TO 62 0 
TEM P & I(EY(J} 
KEY(J) :: KE Y(J+1) 
~ EY(J+1) ,. T E MP 
TEMP = I""FO(J) 
I NFO(J) :: INFO(J+1) 
INFO(J+1) := TE"iP 
N::J 
(; lJ~ITINUE 

IF( N.E O.O) GO TO 63 0 
"ON 
\)0 TO 6 1 U 
W~ITE( 6 ,4 0 00) FO RM(l), FORMe") 
IF(t.E Q.G ) 60 TO 70 0 
DO 6 4 0 K'"'1,1 
IFCEl.EQ . 10) W~ITE (6,40U2) K, INfO(k), KEY(~) 

IF(fL . EO.1S) WRITE (6 ,4 0 U1) K, INF O( K}, KEV(K) 
CUNTINUE 

FORMAT(1 X,I,1X,A4,1H : ,A4'/1 
FU RMAT (1 X ,12,1x,A2,' X ,F4 . ~) 
f ORMAT (1 X,I?,1x,A5,1X,F4.3) 
k ETU RN 
END 

FI NISH 

which contains the major element separators for those two formations, 

P205 and TiC2. A similar exercise using row 4 (Loraine) and column 

1 (Allanridge) isolates the trace element separators, Zr, Ce and Nd. The 

fi gure next to each element name i ndi cates on a scale between a and 1 the 

relative magnitude of the separation, and is calculated as follows: 

Looking at Ir values, for example, for the two formations under 

consideration, Table 3.2b shows that Zr values for the Loraine Formation 

lie between 28 and 113 ppm, while those for the Allanridge Formation 

range between 141 and 230 ppm. The two sets are therefore separated by 

an amount of 28 ppm. A separation of 28 ppm at about the 100 ppm level, 

as in this case, is obviously of much greater significance than a similar 

separation at about the 1000 ppm level. In order to reflect this 

discrepancy, the number is divided by the lower limit of the higher 

range, i.e. 28/141 = .199 . This number will be referred to as the 

orthogonal discriminator or DO, and has limiting values of 0 and 1. The 

00 attains its lower limit when the two ranges under consideration are 

immedi ately adjacent to one another, as shown by Nd for the Lorai ne 

Formation (0 to 17 ppm) and the Allanridge Formation (17 to 31 ppm)(see 

Table 3.2b). The 00 will then be equal to (17 - 17) / 17, which is zero. 

The upper limit of 1 will only be reached if a particular element is 

entirely absent from one of the formations, in which case the 00 will be 

equal to (x - oj/x, giving 1. In practice this limit is only approached, 

the highest 00 in Table 4.6 being .859 for Cr between the 
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Jeppestown amygdaloid and the Alberton Formation. Their ranges are, 
respectively, 3 to 9 ppm and 64 to 415 ppm, resulting in an OC of (64 -
9)/64 = .859. 

The computer program ELEMENTS was expanded to extend the approach 
described above to include major:major element rat i os, trace :trace 
element ratios and major :trace element ratios. The results are listed in 

Tables 4.7a, 4.7b and 4. 7c respectively, and are read in the same manner 
as Table 4.6. The ranges from ~Ihich these three tables ~Iere derived are 
shown in Tables 4.8a, 4.8b and 4.8c respectively. For Table 4.7c and 

4.8c the major element oxide values have been converted to their 
respective cation values. 

The CD for a particular ratio is the same, no matter ~fhich way around the 
ratio is expressed. For example, the 00 for the ratio P20S:Ti 02 
between the Allanridge and Rietgat Formations is (0.394-0.237)/0.3~4= 

.398, while that for the inverse ratio, Ti02:P20S' is 
(4.213-2.537)/4.21.3 = .398 . Because of this, in Tables 4.7a, 4. 7b and 
4.7c, ratios have been expressed in only one way, but it is implied that 

the i nverses for those ratios are also valid. 

Five of the trace elements have values of zero in certain samples: Nb, in 

the Loraine Formation; Cr, in the Allanridge Formation, Dominion Group 
porphyries and basic lavas; La, Ce and Nd in the Loraine Formation ; and 
Nd in the Orkney Formation. These cannot be used in the denominator of a 
ratio, as the resulting ratio would be infinity, so these particular 

ratios are omitted when calculati ng the ranges for the ratios . This only 
affects the upper 1 imit of the range, whi ch takes the value of the next 

highest ratio . 

An examination of Tables 4.6, 

possible pairs of formations, 
by orthogonal di scrimi nati on. 
basic rocks: 

4.7a, 4.7b and 4.7c reveals that, of the 36 
only 4 pairs are not able to be separated 
All four pairs involve the Dominion Group 

Dominion Group basic rocks - Allanri dge 

Dominion Group basic rocks - Loraine 
Dominiorr Group basic rocks - Orkney 
Dominion Group basic rocks - Alberton 
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Table 4,6 Separation of formations using major and trace elemen :s 
(see Table 3,1a for abbreviations) 

Al LA R 1 ET MA~II LORA ORKN ALOE JEP? OR-p OR-B 

A LLA 111111111 P20S, 458 P205, 35 P205, 201 p20S. 091 p205. 4 31 
1102 Q 1 ) HGO .203 

R lET 

NO ,392 P20S,748P205,713P205,648 MGO ,315P205,006 
CE ,378 flo2,26 1102,084 TI02,020 
LA ,295 
Y ,189 
N8 ,083 
ZR ,U57 

ND ,492 P20S,700 P205.65"8 P20S.580 
ZR ,491 Tl02.175 
Y ,483 

HAKII NB ,483 
CE ,455 
LA , 31 1 
CO ,298 

ZR .199 CE ,673 ZR .750 n02 .001 T102,098P205. 736 
CE ,135 NO ,667 NB .742 P2U5. 044 MGO .61 5 

LORA 
NO ,000 LA ,bS9 110 .721 TJ02. 1 20 

NB ." 5 41 CE • 71 I. 

ZR ,537 LA .667 
Y ,409 N I .643 

Y .623 
CO .400 

ZR ,220 CE ,684 ZR .757 P205.700 
CE , , 62: NO ,667 CE .723 HGO .54? 
NO ,000 LA ,591 NO .721 CAO .348 

ZR ,S49 NB .712 
OR~W N8 t 489 Nl .653 

Y ,356 LA .600 
y .58? 
co .298 
v .165 

ZR ,028 NO ,627 ZR .697 P205.611 
CE ,612 NO .689 "GO .61 ' 
LA ,568 CE .601 00 .34 
ZR ,439 N8 .657 
NB ,391 Nl .624 

ALBE Y ,384 Y .607 
LA .578 
cu .525 
CR .391 
co .353 
v .065 

v ,816 V ,821 V .697 N I ,833 V .856 CR .059 
N1 ,333 CR .471 CR • 1 82 V .824 N I .838 V .839 
Y .314 III ,280 ZR .1 53 LA .625 CE .61 7 III .822 
CE .247 NO .066 CE ,605 No .585 NO .537 
NO .244 NB .008 NO .585 LA .550 CE • 531 
LA .225 c. .571 ZR .528 LA .525 
co ,213 NB .57 0 N. .521 cu .492 

JEPP 

NB .141 ZR . 51 5 Y .455 Y . 479 
IN .058 Y . 500 CR .4:1~ NB .430 
LR .013 co ,327 CO ,213 ZR .41 2 

ZN .239 IN .187 ZN ,335 
co .275 

CO .404 V ,298 v .023 N I ,331 N I .8311 . N I .822 
Nt ,333 CR .294 co· ,491 lR .500 CR .81 3 
V ,279 Nl ,280 IR .480 V .436 co .451 

NB .460 co .404 IR .3ll 
OR-P CR .429 tiS .39 8 V ,369 

(~ .373 CE .392 NB .283 
V ,307 CR .250 CE .255 
LA .286 NO ,227 NO .136 
NO ,227 LA .143 LA • O? 5 
v 000 

CE .102 NB ,301 V .832 V ,342 
LA ,023 ZR .223 co ,075 CO ,300 

DR-S CE ,21 4 
co .175 
NO , , 48 
Y , , 24 
LA .044 
v .025 
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TAgLE 4.7a Se?aration of formations using major element ratios 

/ 

ALLA.'IRIDGE 

P20'i :AL203 .443 

RIETGAT 
P205 : TID2 .398 
P205 :SIOZ .38 ) 
P205 :M~O • I 55 RIETGAT P205 :FEZ03 .058 

P2D5 I rr02 .403 
MAKWASSIE P205 rALi?O) .J96 

P205 : MNQ .267 
MAKWASSIE P205 :5102 • 1 91 

"GO IP205 • 2? 7 Al 203:P20S .743 MNO :P20S .735 
5102 :P205 .178 FE20) I P205 .731 MGO :P205 .722 
AL20) :P20S . • 166 5102 :P205 .725 AL203:P205 . 721 
FE20) I TI02 .050 MNO :P20S .695 FE20)IP205 .684 

LORAINE 
MNO IP205 .042 "GO IP205 .6)0 510Z I P205 .639 
Al20): TI02 .010 TlOZ :P205 .482 TI02 :P205 .486 

FE20317102 .34) AL2031T102 .228 
AL20]ITI02 .257 FE203:T102 • 1 91 
5102 Irra2 • 181 MNO : T102 .165 
MNO I TlO2 • 057 MGO :T!02 .076 LORAINE 

CAO IP205 .01J.1 

MGO P205 .126 FE203:P205 .747 FE2031P205 .703 
Al20J P205 .073 AL203:P205 .715 Al2031P205 .690 
SIOZ P205 • 001 Sloe IP205 .666 MGO IP205 .686 

MNO 1?20S .638 "NO IP205 .686 

ORKNEY TI02 :P205 .6 17 TI02 IP205 .621 
CAO IP205 .565 CAO IPZ05 .607 
MGO IP205 .581 5102 :P20S . 561 
NAZO IP205 .555 NA20 IP205 .294 
FE203:T102 .22S AL2031TI02 .074 

ORKNEY Al2031 TI02 .109 FE203fTI02 .046 

AL20JIP205 .657 Al203:P20S .628 TI02 rFE203 .136 
FE2031P205 .64.1 MGO :P205 .615 7102 15102 . DRS 
5102 :P20S .605 FE2031P205 .579 P205 :S102 .1)22 
7102 IP205 .568 T102 :P20S .572 TI02 IALZ03 .020 

ALBERTON HGO IP205 .487 MNO :P205 .554 
MNO :P205 .486 CAO I P 20S . 4.84 
CAO :P205 .456 5102 :P205 , 482 
FE203: Tl02 .100 Al.2031 rIa2 .044 ALBERTON AL2031 TI02. .oao 

P205 tMGQ .760 ~E20JIMGO .644 MNO IMGQ .405 P205 :HGQ ,<;140 P205 IMGO .9J2 P20S :MGO .917 
P20S ITI02 .507 MNO :MGO .61 S FE20JIHGO .I 65 "NO IMGO .184 p.zos ICAQ .854 P205 :CAO .8 06 
P20S :eAQ ,488 AL20)IMGQ .441 P205 ITI02 .04.0 7102 IMGQ • T 80 HNO IMGO .169 "NO IMGO .764 
P205 :AL203 .462 P20S IMGO .406 MNO ITI02 .014 P205 IAL20) .7&1 P205 IAL20) . • 735 PE20)IMGO .732 
FE2031HGO .436 NA;;?O !MGQ .186 FE20)IMGQ .725 TI02 IMGo .729 7102 IMGa .7 19 
P"OS 15102 • 3 \ 7 TI0 2 IMGO .364 P20S IMNC .105 P205 IFE203 ,703 P205 IAL20) .681 
7102 IMGO .315 sro2 :MGQ .IJ5 P205 15102 .695 FE203: MGO , 102 AL203P-lGO .656 
Al203:HGO .298 FE20JI TI02 • 106 AL2031 MGO .685 PZ05 I TI02 .687 P205 I TI02 .647 
NA,20 IMGQ .247 P205 I FE20) .664 P20S IMNO .650 NAZD IMGO .585 
MNO :HGO .200 NA20 II-{GO .f)74 P205 :SI02 .629 P205 :FE203 .578 

JEPPESTOWN P205 tMNO .184 P205 ICAQ .645 Al2031HGO .S97 P205 tSI02 .562 
Sl02 IMGQ .109 P205 tTI02 .517 P20S INA20 .511 51o" IMGO .561 

5102 1 1-4 GO .57 4 5102 IMGO .471 P205 IMNO .503 
7102 !AL203 .206 NAZO IMGO .381 MNO leAD .409 
TI02 IF'E203 • 11 0 TI02 leAQ .361 F"E203:CAQ .342 
CAO : M.Go .062 FE2031CAO .271 TJOZ :CAO .313 

SI02· ICAO .2_61 SI02 ICAO .262 
MNO :CAO .244 AL2031CAO .222 
AL2031CAO .194 NA20 ICAQ • 191 
TIOZ. IAL2Q3 . 047 CAO IMGO .043 

TI02 :Al203 .016 JEPPESTOvm 

AL2031P205 ,JJ2 AL2031P205 .27b P20S I MNO .3.26 P205 lCAQ .Z34 AL20)IP20S .379 

DR PORPHYRIES 
Al20JITI02 .t 35 7102 IPZOS .102 P205 IALZO) .06;; P205 IMNO .203 rI02 IP20S .259 
TI OZ IP20S .095 AL203lTI02 • 1 01 P205 IMGO .034 P205 ;F"EZO] .091 <20 IP205 .2 1 4 

P~05 IFE203 .03'3 AL2031 TIOz .075 DR PORPHYRIES AL20]IF'E203 .003 

TI02 :P20S .040 TI02 lP205 .048 MGO IMNa ,JZ9 
Io4Ga I AlZ03 .Z96 

DR BASICS 
HGO IFf203 .256 
MGO INAz.O . 251 
TI02 l PZOS .2\ 5 
"GO :P20S .084 
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Table 4.7c Separation of formations using major:trace element ratios 

ALLANRIDGE FORMATION 

PICO .515" SIINA . 11Q .,v .441'1 TI ICE .114 A 
6.U ""O .3Q1 511 Y • I I ~ Rr- R 51 I CE , ]7$\ ALINA .O.q.q 
AlIt:E .J/14 T [ILA .01\<; 

M 5 t 1",,0 .3<;1\ S I 11R . O<;A M 
AliLA .24 ~ T I I Y .04Q 

'; 511L A • 21~ AllZR .nto1 
L TI IN O . n l PI7N .1'1\" L 

AllY .1Al RIETGAT FORMATION j Pi ca • 70 I'! MN I CE • :11'111 0 0 Ttl NR .09/1 . ,v • It 16, AU LA .30'1 PINR .027 
T t 17 R . 61'15 T11LA .2qQ AU v ,Olf) A 1"""1 .'5 .q.q ALI eo .297 

A 111"18 . sc, q CAlLA .2 q C; 
ALllR . 551 511 CO . 27<; 
ALI"'B .54e; MNILA .211 C 
ALINO .4Q) "!NIN!) .2£12 C T I I NO .4R4 MN IY .2"0 
AllY .477 Ttl co .?c. A 

P ii ,iii ;, 
All CE ,4'5R CA I CE .2 4/'1 , P 
Til Y .45f1 F"E: NR ,HI! 

I 51 1"10 • 4 1f. fEleD .lbn B 
51 INA .41'i MGINB .1 CiA 
MNI""R ,loll SIILA • 14 ., 
"'HI7R • 4\4 All V . 084 
SII7R , 4n" Ttl V .01'19 
TriCE .3AT F EI7R .0", 
5 t ICE .37Q "IGI7R . O~? 

MAKWASS I E FORMATION S I I V .3C;7 CA I ~n .0(,0 
"'GIC E • .1n 9 51 I ZR .1(0\ Pica • 7F1 1 ALINA .S \? PI Nt .9?9 n:lcE .1"1 MG I'f .S']9 
MGI7R . 2']9 MNICE .13 7 p,v .71 9 PI7N .507 PIC D .8<;0:; FE ILA .704 TI17R , 5,2 /oIIGINO .200 /oIINILA . 11 A 511i.E , flf.,f., FEINH .51')6 MGINA ,8 C; C; AUNO .7 01 S I I v .547 CAlLA ,19\ AL I I.E .07C; FE lcE .flC; FI FEI7R .4A? CAlLA . RO:;? ALICE .b9 A T I I NR .541 CAICE • IF! 7 Io4NI7R .Of.,(o 5 t I LA .6!il ALIZR .(o7? CAICE . 8']0 51 INa . fl91 TIIV .5 14 "'NINO , 11" Pi ca .0(01 FE 11110 .1'1<; 1 MG:LA .4 fl'; ·,v ,8?n 51 I ZR ,69\ FEI"!I ,4F!Q /oIIGIN8 ,167 TIIV .030 5 I I NO ,b4A FElv , 4" 1 /oIININR . 80? SI I f\j8 ,6 A7 S I I co ,427 ALllR .161 51 ICE . 01 A ALICE ,64" MNI Nij ,3A) MNIIR , 79'] FEINO ,b Al TI I I.E ,409 FE I7 R ,15A AL I ~IO , 64\ AU V .37 A MNICE ,7A" AL I "II ,6 7'] TIIND .3f., A 

FEILA .1'1-'7 S r IV .l 7" F:EINR .71C; 51 I I.E .6",,, AL ICO . 353 ALILA • bl 9 PICU • 3ft':; TlI N! . 17<; 51 I N I .6e;4 PllN .320 PIN! ,6 1<; T I I co • 3ft? MGICE .771 AULA .64 A T t I LA , J 11 CA ILA .h on "1NI7R .3 '5 9 "'GI7R , 7(,<; CAJ/'-lD , (,31 FE 1i.0 . 2 (' ) CAIi.E ,SqA Tllv ,294 MNILA • 7 f.,1} PICR .fl2A TIl V .197 ,",NINO ,5A(" MN:v . 241 ALIN~ .7C;7 PICU ,61h AU V .117 MN:CE ,510 MG I ZR .2?1') MGINO . 1 C;4 S f ILA .61 11 MGI7N ,1 )4 MNILA ,5,9 CAltllf) .110 MNINn .T']4 MNIV ,6n? CAIZR .091 toIGINI') ,51.'1 T I I CE .1('<; ALI7~ ,70:.1 All v .M? FEllN ,061') S!INR ,5?1 Ttl LA .1 1'10 FEI7.R .749 TI I co ,57q "'NI7N ,007 J.fGINA .5"n .,y t ORt MGILA ,742 FEI V . 57" 
LORAINE /oIIGICE .5'! 0 TtrNO ,04h 

511709 .51 1 MGIV . 0"1£, FCRMATION 
FE 17R ,2<;<; Pi ca .77<; CAICE .41 (., PINt , 9?0 CAlLA ,697 S I I LA , 51:l 
AL 17q • 2 Vi ., v .741 /oIIGICE .41 4 P ICr) . 1149 FE ' LA .h.q9 NAINS ,5?F! 
TI llR .1 9<; FEINO . 6 90 AllY .3Al .,v . 8?1', SIINO .h Sc;! Ttl If .Sn l 
"'GICE .157 ALI CE ,67" CA I NO .3RO "'NI~R .7A" S117R ,itAA Tt ILA .499 
ALIf:E • 11}<; StICE ,670; NAINA ,371 CAICE .7 A? MGILA .6A n FEINt ."91 "'GI7R .141 FE I I.E ,67? NAI7.R .3 .... FEllR . 77R AlINI .677 SI IV .414 
511 ZR .11? ALIND .670 "'NILA ,30:;1 T I IN t . 77 <:; SI I r.E .675 CAIY . 469 
SI :Cf. .044 5 I I "If) .646 Tt ILA ,3 4" ALIZR ,774 S t I Nt .6(, '!' NAIZq ,4"""" Al,I",n , O.lC1 FEILA ,61 A MGllA , 337 FEI N8 ,7hR CA I7R . 65 9 T I I CO .451 
MGIND ,O:\h NAINO .59(" MNINR .31'5 MGINB . 752 "'NILA .657 TJ I V , 444 
FEINO ,01 1 5 I I L.A .SAI CAINR .3nR MN I 7.R .744 Ttl "II) .650 PICR . 4 1 7 .,y .O?R AlILA ,571 5 I IV .27~ ALIN8 .144 5 tINA .643 PllN ,3'!1 

PIca .Ooq PINI .5,,9 P; CU .211 T I I 7R ,741 CA I NA .64? S II i.0 . 291 NAICE ,54h T I 17R .262 FErCE .711 T J, CE ,617 ALI CO .2<;\ 
FF.17R .54,! CA I 7~ .24R MNrCE .nq AULA .60<:; Ali v . 2 1" AlI7R .51 PI toIN:7R ,2nl CAINO ,7?9 Aliv .60<; FEI7N .114 

PI7 N ,509 "'N,v ,I qq HGI7R .1~7 NA INO ,60" FEICD , 1 A t 
S! 17R ,5nA Tr IV . 192 ALI Nf) , 7,,4 FEIV .5qA NA,v .114 FE INA .4Q? J.fr. I NB .IAO Ali CE , 7?4 "'''I IV .S79 5 I I V .10<; 
MNIND . 491 CAlLA .17A MGIC E ,7?1 NAleE .512 PIZR ,Ol.ft 
FElv ,4A9 T r f NR ,17A FEIND .117 NAI LA .5,,9 MGt7.N . 0<;"3 All 1118 ,4A7 T I I co . 171 MG I "10 ,T04 PICU .51.0 ., y .nlA Tt,NO ,47? p,y .lh1 T I I "IS .6Q9 MGIV .S1}7 MNI7.N ,Ol')? 
TI I CE .4<:;q TI tv .131 MNINO .(,Q7 
StlNB ,4<:;, "'A IV , 1 OR 
MNIC E ,4<; 0:. MGI7R . 09'" 
NA ILA ,4"il CAn , 0 (') 
MG IN I) .44 1 MGlv .014 

, , , 
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ALLANRIDGE FORMATION 

ALI7R .1?4 
T I I 7R • loA 
F'E I 7R .O)? 
MGIC':E .011"1 

PIV .94~ T I I N~ . 1t'JS 
FEIV .8(,q CAIY ,304 
TI I v .RC;I T l i LA .7.qC; 
ALIV ,84A ALINn .2~7 
JoINIV .841 AULA . 2A\ 
NAIV . 810 T r 17R ,7.AO 

PINt . 814 ALI"'I .27,11, 
5 II V ,719 FF.I ""J . 271 

PICO .7i'7 TlIi.E .26 0 
MGIY ,6AA TJ INI .24 7 
MGINS .6'il ALINB .24" 
MGILA .6~7 SI : N1 . 21Q 
MGICE • bl4- PI7R ,2V~ 
MGI7R ,604 Ttl i.O .216 
"'GI7N . SQA ALI CO .21<; 
MGINO .51)1 Ttl Nfl .2:?1 

PICR .5 4? ALIZN . 201, 
"'NINt ,444 ALI7R .1 Rn 
MGIV .479 511 Y .14h 
CAlLA .4?" NAICO • 11 Q 
NAINt .4nA 5 t ICE • 1 1 7 
FEICO .401 T 111N .091 
AllY ,)R'i 511NO .ORC! 
CA ICE .31,'" 5 r INA ,ORO 
Tt I Y .3"i'i 5 r I co .0'i4 
AL I CE .31'" FF.:ICR .019 
CAtV .309 . MNt co .O?I'I 
CAINO · .3n'i 

5{ I CO .4Q" ALI7R .27 ,11, 
T I I ~R .40:;1 CA ILA . 21 G 
Plcn .4'i ~ KINt .700:; 
PINt .444 ALINI • Ull 

'5 I INI .411\ All V • I h;;J 
PI V .39'" AL f"JR . 091 

TII""A • .11'" T I I Y . OA? 
5 t I V .]1,11 CA ICE .07Cj 
ALlca .24~ T I I CO .0 i'? 

Table 1\. 7c continued 

RIETGAT FORMATION 

I'ICO .7oi' MGIN O .379 PINt 
P U:U ,70? T l iLA • )",q PIC':U 

ALINO . 647 5 11 '1" .3lil PI CR 
SliCE .fl21 FEINR .3150 Pica 
FEINn .61'1 MGICE .31? ALI7R 
S t I NO .h \4 MNINO .2A'1 P IV 

PIV .601 MNICE .27'" TII"JI 
FEICE ." 00 CAICE .2"\ CA I cE 
AL IC E ,599 MG:LA .2J!i CAlLA 
5 liLA . Sfll CA ILA .?'11 ALI NR 
AL ILA • !is ''' CA IND ,2?9 T I I ZR 
FEILA ,S?6 MN I LA .2~7 FEI1R 

PINI ,571 TJ: Y .219 AlINO 
TIINO ,490 T I: ZR .pp FEINB 
ALI7R .44-'\ Ttl ca .16? MG I ~R 
TI ICE .441 Ttl CU .17 0 FEl eE 
ALINB ,4?A CAIZR • 1 1 A MGIr.E 
FEIY .421 CAINB .109 TtlNB 
FEI7R .)91 T tINA • 101 

MGINB 
PI~N .391 CAlv .0 ,11,,11 MGINO 

5 I I NB .391 MNIY .017 CAI"JO 
5 t IlR .39n TI; v .0n4- T I I Nt) 
AllY .]A I 51 I NO 

ALICE 
FEIV ,8A A MGIY .3'1e; MNIV 
MN: V .8", ALI t:R .30\ PIV 
All v . 81A PIC R .2QQ FEIV 

PIV ,B1C; PINI .21 0 T J I V 
NAIV .9?1 MGINF3 .219 All V 
TI I V . 8JA 5 I I Nt .19'1 51 I V 
5 t I V .714 All Nt ,145 NAIV 
MGI7N .1 n o:; T J f 7N • 14:\ P t7R 
FEleR ,4 8'" MG I V ,1?n MNI7R 
MNINI . 4AO T I I r.R .11'" "'NINB 
FEINt .41'i NAINI .Oti1 FEI1R 
5 I I eR .474 FEICO .06? T I 17R 
MNfCR .471 T I I'" I .1)40 FEINB 
CAIV .447 F:EINO . 01" PI NS 
Io4GI(:O .4 07 CAINt .01A FE:CR 
NAICR .38'" 

5 I I CR ,470 All Y 
5 t f Nt ,38':0 AlINB 
5 I I V .3 01 ALI1R 

KICR . 27'i T I I Y 
AlI V . 1t'J4 
S II co . 044 
ALINI .010 

PIV ,1.14 Tt l NA 
SliCE .1;? 1 TII7R 
T t INO . 09 1 FEINA 
511LA ,()4" PIV 
T I ICE ,017 MNIN8 
FEILA . 01e; T I I NO 
Ffli.E .0?4 T I I Y 
T J I V .On4 FEI7R 

Til CE 
r I I V 
AlINB 
MNI1R 

hlAK'rVASSIE Foroa TION 
• ... 

.9P AliNt , 6057 TI ICR , Si' 7 
,Ri'f) MNI7R .61:\\ 1I ILA , "il7 
. Rl~ FEI "J O .64R S t I LA .509 
.901"1 MNINR .b4 ~ MNIY .49i' 
,74\ MNI CE .640 CA I 'I" .4Al 
• 1~9 MGILA .6)0 Tt I CU . 47A 
.7~r; S I ICE .6 24 TI I CO .441 
.7i'4 5 I I CU .67\ ALIr:R • 4]~ 
• 7J 7 FEILA .b14 AL Ir:U .)90 
.71e; s IllR .tl11 5 I I CR .3R9 
.71 ' STINt .61i' '5t ICO . ) -,\1 
.706 TJ I r.E ,60' AL ICO • .17n 
.70S All Y' .604 TI I V .314 
.704 51 I NR .60n FEICO .27A 
.tl1q CAl lR .600 FEllN .2)4 
.6 7 'i AULA .590 All V .17l 
.61'1 MN ILA ,5AA PIZ", ,11\1 
.611 MNINO .51'1 MGIIN .144 
.671 T I I Y .549 CAIC U • 104 
. 669 FEIY .544 FEICR .104 
.661 CA I N8 .51Q PIZ~ ,Ii'll 
,61l? FEINI .51Q FEICU .Oqll 
.66\ MGtY .S16 sri v ,0')'" 
.6'iA 5 I I Y .5:31 PINA .040 .. 
.Alll ALI7R .357 FEINO • \ 1 q 
• ·'AJ TIINr-! .)1')3 JoININO .111 
.775 AllNB .21A FEILA .loq 
.773 MNINt . 2'iO Tt ICR ,ln6 
.1S9 "'NICE ,240 PIV • 100 
.SQ1 PIC':R ,2 .1A PICE .OA9 
.557 CAtV .23'" T liND . OA 4 
.4A6 NAI CR .21 0 ALINO .0",7 
.471 FEINJ , 21'i /\lAlLA .065 
.4F,Q PI"JO .IA1 FE I Y ,Otll 
.41 A FEI CE .1R~ PINI ,O~l 
.414 AL ICR .1 59 MNIY .O'ie; 
.401;1 MNI LA ,1.1,11, 5 tIeR .01 1 
.3A1 MG 17N .11'i AL ICE .011, 
.3AS "'NfCR • t 1 q 

.. 
.330 
.216 
. 241 
.0<;'" 

.SA4 FEILA . 21e; 5IINQ .Oqq 

.5')0 FEICE .20'1 MN IL A .09) 
,51'11 AL I7.R .197 Sr17~ .0Ae; 
.4 01 5IINA .191 PICt) .07q 
,4o ,? FEIY .19 t FEINO . o e; ? 
.3qA T I I LA .1 FlS CAICE ,049 
.3(' 7 ALIC':O • 1 FIt ALICE .011 
.3':;9 AL I" .12'" All Y' .01? 
,31 A 5 t ICE . 12'i FEICO ,010 
.1\4 511 CD , 11 R CAlLA .01e; 
• .1 11 MNICE ,ln2 PINS .001 
.2J-'\ 
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Ta ble 4.7c continued 

LORAINE FORMATI ON ORKNE¥ FORMATION 

Tt I v .151, T J I V .tn, 
T I ,r:n ,OCi1 P, V . 0 2R 

.. 
. .. .,v .914 P J(:U .b]n CA.;"'1 .477 p,v ,975 NAIV • 7 f.,(, FEIY .51' 5117R .41 1 PI""t .9(,~ 1I ICR ,62J FEICO .474 Pllljt ,964 CAlLA. .7C;1 Ttl7R .531 IofNI7R ,3$\. ~r,l""8 ,cHO MNILA ,611 MGISR ,46? T I IV .91 1 CAINS .7">1 rr I Nfl .5;1, MNIY .3('4 toIGICE .9"'" FEII':E .60~ Pl7N .4:?9 MGICE .909 CA 17R .7i'1 NAICR .Snl ALleR .3(,1 lliV .9?; MNICE .60'" CAIV .4?7 MN:V ,9n6 CAIV .711 MNICE .50n "'AleE .36? ""GILA. .9;" NAICR .601 5 I I ZR .416 MGILA .90 " "'AINI .67 1 511"'0 ,497 NAINS .3C;O ~GINO .91 9 ALIN8 .591 S J I Y .39,11 "'GINO .90? ALICE .6ti7 TJ I CR ,49; "lAlLA .317 ~GI7R • 9n 1 FEILA .'SA(, MNIV .39R MGINB .89A FEIGE ,621 Tt ILA .489 ., v .32n PieR .AqR 511CR .519 MGICO .39(, FEIV .896 fEINO • "}1 "1NINB ,4At n:I?N .) 11 Ttl N 1 .ARl AL I NO .51" NAICa ,29A MGIZR ,B.I\5 ALIN!) • hI I') TIINO .411 ALIZN .31 1 "!GIV ,BIH T! I CO ,51? T 1 I LA ,291 TI INI .8~n CAIZN .htH NAINO .4,c,"" "'NICR ,JnR CAlLA ,BRI') FEINO ,564- ALICa .29/, MGIY .881 ALILA ,59'i S t I LA .4-4-9 51 IV .301 . CAICE ,81Ci FEINB .5SQ CA I ~IB ,2R9 AUV ,A14 CAIV ,594 "'NICa .44-A PllR .261 FEIV .814- AL 17R .54& Tt ICE .2R6 FEINJ ,81;8 ALI1R .5.q,; SI I CR ,44ft "'GINJ ,26 4 NAIV .8~1 "EICR , 54~ TJ I NR .219 Pica ,B6() ALINR .57F, T I ICO ,444 MGICO .25" FEINI ,B61 "'N I NO .544- "'iNICO • 2f,;) "'iNINI ,85" PICU .516 "'NINO .419 PI5R .2,,, PICO ,8"':; 511LA .540 CAI7R .2"" PICR ,84" "EllR ,5t'.17 "'''lILA ,411 NAIZR .2n4 "'NIV .864 MNICR .51R .,v ,2':;1 AUNt .815 FEILA. . 5..;':; PllN .4 J 1 ALlca .18S Al\V .8'i7 All Y .5.1? S I I co .2'i? S I I V ,S1::! FEI NA .547 FEICR .4-?4 MNflN .169 !'ININt .8,.:; SI ICE ,5Z5 TI 17R .lA3 MGI]N ,8?? CAINt ,544 srlNR ,41A NAIY .150 IoIG 17N .8:n ALICR .524 FEI~N • 1 79 S I tNt .8?0 StiCE .5]7 FEIca ,41h TJ 17N . 111 ALiNt .814 Io4N:NR .511\ "'NI ZN .173 CA,eE ,a,A TJ ICE .517 MGIV .41' S II co .077 NAI"fl ,8?'" FEI7R .511 P I7R .11n CAIIIIO ,7qQ AllY ,5]" TT I Y .41 .:; 

5 I 1"1 I .816 FEIY ,S()A ALI7N .091 
S t I V ,B()9 MNIIR ,5()6 TJ IY .OCjR 
CAI"'O .11?' CAIV .50? SII7N ,0.:;1 
ALILA .6JR SIIND .501 T t : ''In ,04Q 
ALICE .61() 5! t "f8 .49n -. 

PPH ,Q04 FEILA ,6"'" ALIC D .3n9 PINt .8Q? MGIr.E ,614 MNI~R . J R" ALICO ,1QQ S 11 N I ,fI,q S 11 CO .6"::' S I IlR . ZQA 5 I 1"'1 I .8"3 ALI7R .609 MNINO .3",7 NAIZR ,1 Q 1 CAlLA ,~1" FEINO .5A1 ALICR .ZRf. ALINI .Bl? MG:lR .5Q1 Tt I V .J"}':; T I I Y .1,,7 CAICF. .817 ALI7R .511 T I I CR .26() TI 1"11 .AnlJ FE:LA .5R ;) ALINO ,317 NA,"'8 .1"i0 ALINT ,a 1 1 "EINS .54f> AL:NO .Z,,}R CAleE .115 "'GINO .SAn CAIY ,Jl1 TI ICE ,111 T I I N I .BOR 51 If:I~ .51" FE I Y ,24::' .,v .7?R TIINH .54" AlI V • 3()? All V ,I;)::' KINI .791 KICR ,S?4- S I INA .??~ PIca .12"} MNICE ,s 'n 5I17R , ZQI 5J ICE • 1 1 " PrCI') .714 CAINI') ,51 Q MNINI .2::!'i KINJ , 6,qA FEINS ,51" NAINrl .2RQ S T I NFl • 11 , .,v .711\ ALINA ,517 All V .21 I CAI7.R .611 MGINR , 51? TIl co ,ZAA .,v ,().:;n MGINH .714 MNI7R .S"A MGIY .2,,9 CAlLA ,6f'1? SIICa ,Soq FEIY .ZR7 AlleR ,044 MGILA .691 MNINA ,4R"; 5 t I LA • pp; FEICE .6,7 "'NILA .4Q7 Tt I NO .2.:;1 PI7R .041 ~ M(jICE .6A4 MNINO .4A" ALICE • 147 FEllR ,b.:;n ALlNR ,4Q::! NArCE . 2 4" 5 I rLA . 01~ MNILA .6':;':; TlICD , fo ':; :? CArlR . 1;)1 TI 17R .641 5 I I V .4An MNINI ,2)1 KICR . 011 0 IoI GI7A .64Q Ttl V .416 All V , 11 Cj CA,"'8 ."42 PICR ,44Q "lAlLA .2('1 MNIY ,oJ? 
H 

'" FEleE .644 ~ I I V . 40Q KICO ,oen CArND .641 MNINa ,44h ALI CE ,nl Kl c n ,Onl H 
>I P I CR ,61'" FEINI .4,,7 S I ICE , OQ I FErNO ,61n FE I Nt .41 ? MGrY .2()"; ~JICR .On? 0 HGINO ,61'; TI I 1R .JRn MNIY ,OR4 "'GILA .67 0 S I I CI-f .JRq A 

MNICE .1'117 TtlN8 .311 ',V .017 
FEllR .60':; -. 

'" " H 

" .. 
" 
['; 
0 

'" " Z 
0 
H 
Z 
H 

'" 0 

" 
.. 
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Table ~.7c c ontinu ed 

ALBBRTON FORMATION 

P 1 V • cH, 1 NAICR .8~4 MNICU .S?n "'GICO • .1 3 $\ 
P I Nt • 'U,O NAIV ,821 FEINO .51 q MNICE .336 
PieR .9c:;n 5 t I v .8~) T I I LA .50S\ MNICO ,311 

MGICE ,891 Pica ,815 11,""'0 .491 FEI?'" .3)1 
MGI"'O .891 S I I N I .794 FEttO .4A~ lro("IILA .319 
Tt IV .89!) CAICE ,170 TtlNA .4Al All co .314 
MGILA ,BAA CAlLA. .7,.,9 T J 17R .4An AliCU .311 
).4NIV .BQf, NAtN! .7Sf, CAllliI .4.1\0 T I 17N .30, 
"EIV • .1\84 CAINO .7~\ FEIY .471 PIZN .297 
FEINt ,8.1\0 eAIY .7?n TI I Y .411 MGIV .277 
MGIY .81, CAINA .679 F[leU .46A S t 17R .2,c,Q 
MGI7R .B,c,e; CAI7R .67, SlicE .4(,e; "'NIY .212 
MGIN13 .Bf,4 CAI7N ,611 FEILA .460 MNINO .2P 
ALI V .81;1 NA I CU ,5.1\(, StlNO .4Ci? MGINt .20'" 
S I I r.R .8f13 ALtlliD ,SR? T I J CO .411 51 I co .19'; 
T I I Nt .ali 7 ALICE .581 TJICU .4?9 51 IlN .190:; 
"'1"11"11 .Bc;n ALILA .S7Q FEI7R .4;;lb KICR .1('1 
T I II':R .8q.R CAIV .S4e; AL I 7"-1 .4?1, MNI7R .1('n 
FEII':R .841 FEICE .541') S I I LA .421 MGICR .11(, 
MNICR ,R.l 51 I CU .5'31 FEINJ::1 .4~n MNINR • 1 ] 1 
MGI7N .B 1 Q All Y .5]4 CAIr.R . 41 7, NAICO .11 q 
AL I CR .811') ALINA .S?7 C; I IY .376 PlY .OAQ 

PICU .8'(' ALI7.R .5';; 5 I INA .34q MNI7N .O"? 
ALINI .R~4 Ttl CE .5?1 

CROI'IN FORMATION 
... 

PINI .RRI FEICE .5':1,1 5 I I V .4~? TIIV .21')') PlV .5';7 
SI I CR .84Q PlV • 57(' ALINA .4] • MNIN1 .1QR PI7R .411 
51111.11 .84? SIICO .511 FEINA .4n? FE IV .1AI, PI"JB .2£,'; 

PICR . R?n MGILA .5(,1 MNILA .3QC:; MGIY .16q FEIY .2';' 
ALINt .81')1 CAINO .5';1 ""NICE .3RO MNI7R .1"1 T 1 I V .?]Q 
T J I Nt .7('(, ALI7.R .SCi? MGINA • )51 "IGICR .1?A AllY .? 11 

1(1 N t .71.0 MGICE .547 CAIY .31\ S J IlR • 1 ? 1 TI17R • l"~ 
KICR .7';1 FEINO .541 AU 1':0 .3?(, AU Y .11 q MNIV .16Q 

AllCR .74(, CAtNA .51~ MNICR .31 R MNINO .11 ? FEIZR .0Al 
T I I CR .70? FEI7R .511'1 FEICR .290 Ttl cE .1 I') 7 PIRA .04 Q 

'" CAllA .6A7i MGI7:R .S~l TIINO .2A? PllR .01A 
'-' CAICE .6(,4 MGINO .50Q TI I co .2~0 MNIN~ .071 
Z PICD .6](, TI 1"-18 .sn 4 AL IND .2(,Q ALICE .014 
0 CAllR .611 FEILA .48\ TI I Y ,24(' 51 INA • a 11 H 
z T t 17R .6nCi FEINt 
H 

.4f)Ci All v .244 1(1(":0 .001 

'" DOMINION 0 
A 

GROUl' 
PORl'HYRIES ... 

PIV .Ql') CAICE ,207 51 I v .401'1 
FEIY .RQ7 CA I LA .197 SIICO .3Q7 

OJ T I I V ,aQO TI:lR .IRO T r: 7R .377 
" Io1NIV .BR1 TIICE • I 77 TIl NA .371 H 
OJ All v .8Ci=; T I IL4 .If,q T I I v .?oc; .. 
'" NAIY .aC;l PICO .14~ ALI Y • ?n 1 

§ 511 v .81'1(, CAIY .14') ALlca .1?'i 
0 CA1V ,Slt) MGINO .141 P,V .0('7 

'" MGI7N .5?Q C.AINO , 1 1 Q 

'" MGINR .4~1 .ALI CO .lnq 

'" MGILA .371 T I I NO .OQ4 0 
H TIIN8 .344 CAINA ,074 
Z 

"'GIY .3?Q FE IV .06 1 H 

'" FEleD .30R NAICa .0Al 0 
FE I 11.1 A ,07. 4 A MGICE .3tH 

TIl Y .2';R P I "II .01 Q 
MGI7Q .?4Q ... 



SI02 ISI02 
6R 1.001'1 
PR I.l1nl'l 
PM 1.0110 
I(L 1,01'11) 
0<1'1 1,01'10 
0(.1. 1. 1'1111'1 
,JC 1.1)1'10 
O~ I,onn 
OR l.nno 

1.1'1111'1 
1. 1'1111'1 
I • I) 1'1 1'1 
I.n"n 
I.n"n 
I .l'Inn 
l.n"n 
1.1'1,,1'1 
1,1'11'11'1 

5102 ITt02 
''I "n,5'h "'<;.<;ACI 

"'1.7~6 
#,4. I A::> 

117.01A 
"'3.,,"4 
or;7,Ihi 

~A ?1.57\ 
~~ 31,711'1 
I(L ~3 , ?"15 
1(0 "7.6~5 
1(.1. 44,949 
..JC 31'1.07;' 
r)~ ;]9,2"8 
0"1 27,<;4) 

"'''. ~ 11'1 
14\.092 

'''.6''17 

SIO? ,.I.L201 
,,~ 1.21A 
DR 7.. (,n7 
1'101 ?9"1 
I(L :\.3?l 
1(0 3.278 
1(.1. ).1"'7 
..JC 2.5"'''' 
OF' 2.71'12 
OB . 2.4111'1 

4.4q5 
4.7nl) 
<;.39? 
6.14A 
4,1'197 
4.11· 
<;.<;96 
1.7?1 
5,3<;1 

5102 IF"E?01 
AR ).491 
pR ).3:\1 
PM 4.5"0 
I(L 4.217 
1<.1') 3.61 I' 
1(.1. 4.21'11 
,JC 2,998 
O~ 4.741\ 
01:1 2.91-1 

St02 ''"'~Q 
A~ 2?4.~00 

PI:I 201.1)1A 
p,", J9f1.5,) 
I(L 7.~1o.797. 

1(0 2A<;.AII9 
1(.1. )l7. SA2 
..JC 193 ,1<; 4 
I)~ )19.AII9 
08199.17 ;) 

SIOl IMt;O 
AA B.9<;5 
PA 6.745 
~.. 11. 4 <;2 
I<.L 3.0;)<; 
1(0 8.21117 
1(0. 7.2\1'1 
JC 31.19) 
OP 10.474 
OB 4.5'<'2 

5rO? IC"O 
.. A 1.1'11'1 
PA 3.~?6 
PIo4 8. J?3 
I(L 4.070 
1(0 4.99-:' 
1(.1. 5.6'<') 
..JC 15.41'10; 
I)~ 10.513 
09 •• .'; ",,, 

11 . 011 
CI,44<; 

11."1'" 
<;."::>1 
'5.11 9 
<;.7<:;<; 
'S. A14· 

42,3Ql! 
7.~"e; 

"An. "''''7 
A79,1'I<; 7 

Hnl.51'11'1 
417.01'11'"1 
<;1<;.21] 
<:;70 .AI ~ 
4C17.S,A 

1'117. nlll1 
... ,1. ?no 

::>1.7Q1 
7",.9q7 
ClO.4"'1 
n.l'l? 
16.49.'] 
I']."'CI", 
77.0nn 

;:Of-3.nnn 
41.2Q7 

::>,.A"" 
", .111 ;> 
'4.II::>S 
71. n,,) 
11 .3~9 
11.0"'" 
".4')9 

PP.9;>Q 
I C;. 7911 

SIOl INA"O 
AR 1?,91l '<;11.918 

<; I • 1 '!I;) 
117.157 
'''''] • . 11.] 

;>5.719 

pA 12.279 
Plol 11). 09Q 
I(L 14.1)43 
1(0 7."'''9 
x.. 12,0"'1 
JC 11,9C;7 
o~ 1t'.141'1 
09 11.2"'2 

S10Z 11(;:>0 
0.'1 17..713 
PA IR.779 
PM 7.999 
I(L 2n .q~4 

1(0 I A. 6"9 
I(A 19.7'h 
..JC 3 I. 5"1<;; 
I"I P A.711'" 
DA 1 1).91<; 

STOZ IP7.ns 
AQ 19'].51'12 
~R 40.6 ... '" 
PM 79.9<;-:, 
I(L .33.141'1 
1(0 35".A53 
I(A 302.1.11 
..JC '57. HI 
np I1J.n,7 
01:1 13.496 

I'l3.CI'70 
::>4.':'" ... 

'94.6e;n 
7] O. 7C;9 

ICl4.4" 
4 7<;.1 A7 
Q41o."Q" 
4 AO.l) q l 
' ...... 1,41 
141 . ~"A 
44<;.4.",7 

11."9::> 
,c,,<;;>.,,::>C; 

1<:;".14] 
11 9 .1nA 
1 """.II::>A 

'<;'il.4,,4 
"1#'.491 
474. • .1"1 
1 ,::>." 1 A 
,)IICI.;)nl) 
481.74'] 
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Tit"l7 1$10Z 
A~ .1'111) 
PR .1'119 
~~ .OH. 
I(L • nn-" 
KO .O\b 
KA .017 
,.JC .015 
O~ .01'11 
OH .011 

TIn" ,TTOZ 
All I. on 1'1 
~R 1 • fino 
P", I. Oil/') 
O(L \. OliO 
1<.0 I.onn 
I( A I .I)n/') 
JC 1.01'10 
t"lP 1.000 
O~ 1,111'10 

T TOi? I"L70, 
A~ .O"'Z 
P~ .OA3 
PM .081) 
)(l.. • 071 
1(0 .059 
I( l • O~3 

..JC .077 
OP . 041 
ria .O)CI 

TH'2 ,F"DO.'] 
.. R ,011 
PR • III 
~lo\ • OCI I 
I( l,. .0"13 
KO .069 
I(A • QA e; 
JC .01'17 
01' .011 
lUI .OS3 

TIO? 04"10 
.I. A 5.i?8A 
PA 6.8Qt' 
PM 7.7116 
I(L 2. I C; 1 
ICO <;.11'16 
IC.... <;.971 
JC .... o)e; 
t"lP 4,411 
OR 3.71A 

Tt02 

•• P. 
PM 

'L 
'0 

" JC 
OP 
OA 

110(1';1) 
.1 C1 11. 

.1"''' 

.Z;)1 

.0;)1 

.1<;9 

.1e;<; 
,956 
.202 
.1'111 

TIOl 'CA O 
A~ .oql) 
PA .1]0 
~/04 ,1'5 
I(L .034 
1(0 .01'7 
I(A .106 
JC .304 
01' .ll1l 
08 • 0113 

TIOl I~A20 

AR .77n 
~A .2A9 
Plol .111.1 
I(L .136 
1(0 .1::>4 
I(A .213 
JC .249 
riP .1"" 
rlR .II,A 

TIOl :1(::>0 
AA .? 11. ... 
Plot • "1'1 n 
P"I .1114 
I(L .24A 
1':0 .3;>1, 
1<..... • )q4 
JC .<;,0:; 
n~ . 1;>4 
DB ,"15 

TtOl IP7n5 
.I.R ",21 ) 
PQ 1.11.44 
Plo\ 2.1112 
I':L 4.91) I 
1(0 ".1,17 
1(.1. S.8111) 
JC 1.977 
O ~ 2.8n) 
t"lR 2."'44 

.1)::>,) 

.n .. ", 

.nl\ 

. nl'" 

. 1'171 

.1)::>;> 

.n" 
, I)"S 
.011'. 

1 • 1'11'111 
1.onn 
1 , IInn 
1.01'ln 
\ • MIn 
\ ,1'1 1'11) 
I .nnn 
1 • on., 
I • nnn 

.0Cl' 
,141 
.nCl' 
.0"1 
. n74 
.0'7", 
. I'I Q7 
• n 1\ 
.164 

• 71, 0 
.2"10 
.2nA 
.1'173 
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9 • . n& .loA .0)0 
4 .J Ol PR .008 
6.J43 Plot • 00"" 
8.'1105 KL .100 
8.582 1(0 .120 
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Tabi e 4.Bb Ran~p.s o( trac e e le~ent ratios for each (ormati on 
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?91,QQ I-JM 

14Q,RA 
4<.bn 
4<.OQ 

'l 
KO 
KA 

41'>.04 
";)9.43 
"2 . 7 1 
~fJ. t & 
1',4.19 
Rio 1 b 
1.'1.44 
?A.]Q 

'(4 ??5.q~ 

JC lq3.QQ 
OP 100:;.4] 
OR QQ,"7 

170Q,7~ I(A 
;";e;Q.47 .JC 
l('l1A,?? r)P 

Q7,c,1.IJ:l OR 

'i \ .?n .JC 
1 S. 1 Q I/P 

?11.74 DR 

c; r : NR 
AR 2111?,47 4~~41.10:; 

DR 7~,c,6.?1 I~OlR.l~ 

PM 0:;f.,,,S.74 11~7\.3':' 

~L 417C;9,C;1?lq449I'1,~'1 

KO 3~C;~7.1A q~~41,qO 

KA ]271R.OO 1??R·~2.7? 
JC 10011.1? ?1?HO,74 
I)P 9,Q.4.1h l~l.c,l,J'1 

O~ 11,107.<;3 1?41?R.4n 

5 I: ZR 
AR 11A5.65 
PR 116.00 
PM 141.?4 
KL ??C;4.27 
KO 2212,fJO 
KA I~ OO. "34 

,JC (., I ~. flo 7 
l)P e;1'I1.19 
OR 7"}.4;::' 

sr:v 
AR 7.t,70.I)O 
PQ 24Q.O.4i') 
PM 27"'3.65 
KL 10RRh,03 
KO 9].c,13.1fl 
I<A 1 fl C;" '. f)q 

JC 1741',,<;9 
OP 44QQ,qQ 
OR 4Ql2,Q.6 

STISR 
A~ lR1047 
PR ItlS.R7 
P~ 11'14,R? 
I(L 44."i.49 
KO 11.A.74 
KA 2'10.44 
JC 4'11.00 
np C;OO.()O 
r)~ 14},77 

s r: RA 

AR 1,,)??10 
P~ 77 0 9.79 
PM \147,R4 
KL ?17n.7~ 

I«() ?7""n.}4 
I(A (~1'I1.7n 

.IC 4<;14.47 
np 11"1~.14 

1m ?h'i5.?0 

S! IlN 
fiR l R?R.?A 
PR 11""1.17 
P~ 1,"'0.67 
KL 7nC:;I'I.A2 
1<0 10?().42 
I<A ?4\"".A7 
.IC 1 nIl. 71, 
riP lR",.RA 
O~ 11 !1.4A 

1917.2? 
10Q7,'" 

6 9 6. 9 '" 
Ae;Sl. 7" 
?B6.c,.17 
"- 0 94.4? 

t 11 '"'. '54 
1')"3.34 
~11C:;,4? 

125?:?6~ 
f)79n.~q 

4~ln.nl 

,Ofl40.0<' 
14411.R.o<; 
IlB7Q.4n 
f,~4Q.e;Q 

1 S 7 .... <;.7'" 
14O:;4A.~4 

'l1l,,-.Q4 
P11.44 
::>.c,~.c,.57 

l?]41.7n 
14SR.":Il 
\AI"I?l:I1. 
1 I',I"\Q. RQ. 
:';~7Q, 'i 1 
?nAQ.7~ 

1 .. 1-,'-1" 1 .41'1 
RQ'i'->l. A4 

lC:;4Bn7.A A 
~1f.\7;:1.?" 
;:I?A1.Q.,?A 
;:I4lj4R.no:; 
771',11. 70 

' I'~,) 1 • I:? 
pnnC:;.,)1 

'i7"? , AI', 
)71'1;:1.41 
4;:191',.4? 
4? r.c,. 71 
4\n7.C;4 
4n<;c:;, ?";) 
194'i.,)Q 
<.17;:1;:1.97 
.19 7 1'1. 14 

Tt:NR AL:N~ 
AR Iile:;.6? 1201,P:~ AR 61R7.1A 
DR )nt').l\ 14\.04 DR 271'13,7? 
PM ?n9,73 ~71,3n PI-! 2115.'54 
KL C:;Q1.1)0;)4O:;l Q .o;<; KL 1191Q.I'>2 
... '"! :';1)1.;''''; ~'Ji ... l' )0(0 1114.q,Rl 
I(A ~p4.<;n 11l.\4.1.:\ Kit InlA7.:lQ 
JC )'19.44 4~1,1i<; JC 4n?5.3A 
np ;)11.45 409.1'1/. I)P 4017.11 
f)H 6e;?(1& ?:??I'I.f,e; DB 4?71.e:;7 

Tr:1 Q 

A~ 16.1S 

DR \1 • . 12 
Pt-4 17.RO 
KL 1?,/')4 
~O "5.75 
>(A "0.29 
JC ::!4.S0 
np 11.1',3 
11~ 11.91 

Tt IV A. 
PO 
0" 
KL 
KO .. 
J C 
np 
n8 

~1 4.70 
1 oq. 73 

Q?.S,O 
147. ()J 

?16.f.7 
~6 1. <;R 
11 'l. 04 
p5. 13 
lQ.fJ.e;l 

T 1 : SR 
AR 4.,,7 

<;.1R 
? 1 A 
".96 
7.1 S 
,c,.<;e; 

1 n. 1'17 

PR 

0" 
KL 
KO 
KA 
,J C 
no 
O. 

T r : RI-ol 

7.AQ 
4.A2 

44.H..; 

e.l .17 
14.1<; 
A7.')7 
6?74 

1 P.Al 
?f..17 
19.H~ 

61.5.'1 

)49.1} 
~04.20 
1 \ A. 0 R 
4,t,Q,.31 
30?(lA 
3R";).1Q 
1 3A. 47 
1 q 7. 1 \ 
~~4.14 

AL1ZR 
AR 3"6.93 
PR 1~n.nC; 

PM 111.26 
KL 644.153 
KO 70').41 
KA 615.S2 
JC 247.84 
!1P 211'1.01 
nR I QR.45 

ALI V 
AR 71"'A.45 
PR InC:;0.57 
PIo4 'H7..71 
KL 311?4h 
KO 311f..AS 
KA 3178.1'1-'J 
JC 1IA3.RA 
np 1A<;0.19 
OR 12An.44 

ALI5R 
14A.4R AR 49.62 
5:?IR PR ~4.11 

r.,Q.S"1 P'"I '3,31 
119.9n t<:l 1?8.41 
]',bA KO \'12.00 
4".41 KA 1=11.'12 
];).~O JC 115.11 

11S.20:; OP 11'.32 
1\0.')"1 OR ?9.Q1 

AL:I:IR 
AR 4,,).Q7 1?{')e;.31 AR 4.7/i.RO 
PR q'i.1'12 JlbQ.10 
P~ 11.1) 11,74.94 
-<l ?7.71J /iOR.?7 
KO 4q.h~ 'i\?,n<; 
I('A 7e;,42 ,c,?'l.A7 
JC q3.A7 14,?74 
np ?f,.lh 11,.7<; 
OR 7Lli4 4f171.Q Q 

T T : Z III 
AR 47.0:;t-
p~ <;n.l) 
P"", 14.A'! 
I(L ?l.qq 
1('0 4..11.61 
KA .c,2,()'5 
JC 17.11', 
I)P ?'l.lh 

118 ;:I.q, ''"' 

11 t.l. O~ 
1 1 <;.4? 
9A.,Q 
"'";).f,~ 

R;:I.77 
~Q.9? 

41. 1 <; 
lQ4.nh 
117. 44 

PR $\;:Ie;.54 
P"1 1\4.10 
Kl 1"').55 
KO m1.15 
I(A AQ7,46 
JC 974."'1 
OP 1'10:;.43 
!1R e;"'O,11 

AL:1N 
AR 'lA?,?9 
PR 4;:1\,54 
P.... 1A1.4.A 
KL 401.;:'1 
1(0 h4R.)A 
Kit 177.51 
JC 1A5.16 
UP 11q.27 
I)A 1";)9,49 

'IO:;Q, 41 
o 1Cj. 1<; 

3211l.03 
2A4}.6Q; 

h2?.34 
5 .1";),37 
5lA.O? 
21Q.5'i 

2Q;11. 7 f, 

17'1AIi. flOC:; 
<;A?('.OI"\ 
?901l.1i..c, 

7Q142n.7n 
;)";6R4.0? 
lQ]S3.4t, 

4Al".Aq 
')7"'''.OQ 

If,257. 0 ,) 

5 .V~.44 

14n.01i 
lso.3R 

?8 :n.tl<; 
1\7<;.3R 

1311.7Q 
?:9?SQ 
27<;.4A 

1007.1? 

~52F..2A 

1934.90 
1219.7Q 

1111?27 
4]71'1.10 
444",.7? 
145",.71 
2754.91, 
44f,4.04 

1477.0<; 
171 .e; A 
"0:;4.36 

7.771.34 
414.0Q 
Cj{'1.1'l 
3?5.77 

\7)4.1,1) 
(., 7\ .01 

14077.'? 
755h'i.lQ 
41'171'111,14 
I1f.'lA,5? 

71nA.?? 
7?lI. OF. 

14f\07.3\ 
1910.1t.l 

<;41\n. 7 <; 

}4fJ~. 711 
11 I R. 'io 

Q04."'4 
110?41 
1?4".111 
111 "'. 27 

44':'.4A 
24AR.",c, 
109o:;.7? 
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Table d.Se Ranges of major:trace element ratios fOr each formation 

FE:RA 
AR lS.h7 
PR 14.AS 
PM ;:10 , 9l:1 
KL 43.14 
KO 77.41 
KA ,c,A • .15 
JC <n,Q2 
OP \0,49 
DB ";)3.4H 

Ff.:N'l 
AR .1'l74.70 
oj.? 21,n,66 
P~ 12nA.Q9 
Kl 1.11<.9.,S 
KO 17174.34 
KA 99Al,S6 
JC Son6.19 
f)P Q17,71 
DR 591l.3') 

FEI1R 
AR 190.37 
PR 11'12.21 
PM 13.215 
I<L 709,30 
1<0 AI'I2',? 1 
KA ,I)"4.h4 
JC 105.R7 
OP 46.71 
08 211.9] 

FF:.:V 
ItR l1A~.71 

PR AA2.42 
PM S,4.77 
Kl 34?S.27 
KO 1(, 13 ,51 
KA 311=17.4:'\ 
JC 1'}C:;O • .11 
OP S\4.60 
1)13 l1Q5,S4 

FE:SR 
AR e;4.11.5 
PR 4 Q ,-'lA 
PM 1').?(, 
I(L 14?.02 
KO 105.49 
KA 79,73 
,JC 114.93 
OP 14.,15 
DR 19.74 

FEtRR 
AR ~06.49 

PR "Ql.70 
PM I74.~5 

KL ",,0.84 
1(0 141.19 
KA R96.01 
JC l??3.9'i 
DP 113,03 
OR j;\A} • I" 

FF.:17N 
AR 3"4.?7 
PR 4C:;4.1~ 

PM 173.A4 
KL fJS".72 
KO 1B5.44 
KA '\"e;.80 
JC 4 0 3.08 
OP ?4B.22 
DB 14n.37 

Qp'A.57 
Q1~.1i1 

17Ae..A7 
C; 31 9, A 1 

I'>41,h7 
52I.Ii? 
7?r:;.7.n 

KL 
KO 
<A 
JC 

7.?4.A A OP 
11',O0.'l1 1113 

1. 17 
.3 1 
.n9 
."' l.nR 
.1A 

1. loA 
• 1 3 
.39 

1?,1A 
1 Q. 1 'I 
27.8'1 
'17.29 

7 • .'11 
S,50 

In .7Q 
'.11=1 

S'l.7", 

MGIAA 
AR 17.?1 
PR lI.A.1 
PM 2.10 
Kl 41.SS 
KO ;n.Oo 
KA ;)3.43 
JC fJ.39 
OP 1.60 
OR 10.65 

t.1N I NR Mr, I NR 
1'l11n.SI'I AR "'1..19 2v,.6'l AR 12n6.n(") 

/;40";).2'" PR ";)2.'l9 117,OA PR 51.6. {'I 0 
?QIi7.1Q P"i 1I..'l1 37.6e; PM 14.3.1,6 

,c,<.Q9S1.0" KL P~9.A71l617.50 KL 1001,'lO 
'on?5.Q7 1<0 176.02 40n.60 KO 411'17..21 
41747,47 KA 10S.1R 1i4?15 KA 30A2.on 

57A9.4A JC 71'1.90 91. 4 , JC 3?2.10 
SQI'>.c,.3\ OP 8.15 97,4-0 DP 109.64 

1QS6S.AO OR (,7..91 74;).21 DB 77.5.156 

MN:ZR 
5Q7.4<; AR 
)1'>7.10 DR 
17R.04 PM 

?S03.44 KL 
979,8<; KO 

145~.2e; KA 
]4f,.9"" JC 
281'1 . 41') DP 

115}.?S DR 

MN:V 
44)1'>.11 ·AR 
IR41.0 Q DR 
}4'l3.11 PM 

1289,.29 Kl 
4770.91 KO 
4943.2? I<A 
16RS.71 JC 
2,)94. Fl? DP 

4"')1.9Q DR 

MNISR 
lAS?,7') AR 

4&7.5(' PR 
4A?l'l PM 

42,}S.B" ~L 

4.7R.2? KO 
5"0.01'1 KA 
45('.ne; JC 

1719.71'1 OP 
131.50 DR 

MNIRR 

3.87 
1.29 

.>9 
11.06 
A.~7 

6.S0 
4.?8 

.43 
2.98 

";)4,89 
9.73 
1,98 

46.24 
43.7A 
,('.25 
19.47 
3,'D 

17. :37 

.63 

.12 

.24 
2. 1 B 
1.17 
1. 4? 
1 • 7 0 
I.?3 

.3A 

AR 11.(13 14001'1.27 
?0:;31t .19 
?.,311'1.8.c, PM 

1'15215.57 KL 

PR -'\.20 

75<;~.6' KO 
ASI7.4C:; KA 

;:In<;7'l.17 JC 
14h1.40 np 

OR 

I.!NIZN 

109n.An AR 
8152.91 PR 
flI7.S7 D"i 

P)S.7 Q K:l 
115e:;.SR KO 
1}7R.44 KA 

53Q.41=1 JC 
970.04 np 

117A.44 f)A 

.66 
17.?7 
1 1'1.,8 
t 2.16 
10.11 

1.14 
1 0 • 2 1 

7.16 
5.34 
7.1'19 

10.50 
10.4S 
8.IH 
6,215 
.1.04 
5.49 

MGIZR 
AR 1,5.14 11'1.3S 

1.0Q 

2.27 
41.49 
14.')7 
}R.01 KA 

PR 73.130 
P~ 9.7S 
Kl 2'C;9.AS 
KO ?";)4.24 

lQO . S7 
? 1. no 

f., I.? 
14,32 

'5.4(' JC 
5.40:; np 

71.40· DR 

MGIV 
(''l.OJ AR 4n4.~7 

,S.OI=l PR 70A.27 
lR.41 PM "7,49 

1111'1.29 
1 P7. 0 7 
107h.1'14 

}1Q.'lQ Kl 
71.11 KO 
b1.2~ KA 
27.8,} JC 
42.37 DP 
A6.s1 DR 

97.97 
47, ~5 

21'10.10 

MG:SR 
19.01'1 AR 15,13 
9.3? PR 18.'l8 
C;.4R PM ?.17 

615.81 I<l -'13.01 
7.17. KO ;:t9.S7 
!:i.80 KA 10.75 
fl.19 JC fl.51 

1('.70 DP 8.11 
11,51'1 DB 4.43 

19n.23 
31i 1. 4 3 
14A.S3 
321.11 

9;:1.37 
11').07 
10"'.2~ 

20.7e; 
In7?1~ 

?n.ae; 
Ifl.59 
In,41 
?4.14 
1 S. 3n 
lA,61 

A.61=1 
17,01'1 
17,Q7 

MGIRA 
AR 70.h5 
PR ?IO.56 
P.... 41. 35 
KL 378.46 
KO 247.51 
KA ]l4.fl5 
JC 17.1;) 
I)P \?~.l6 

1)1=\ 110.1)3 

Mr,IIN 
AR In4.11 
DR 141.71 
PM 4'1.]7 
KL ?'l1,04 
KO 714.98 
KA ;:t('n.04 
JC 11.46 
DP 19~12 
OR I\A. RO 

1C:;9.31 
C; 71. 94 
4n o . 1 0 

I',')An.24 
??"'.11 
1-'14,]0 
"il.A7 
A~,I)R 

IF1S9 .(" 

S81?6"i 
3363.67 
11) 1 ~. 37 

<;4993-'1.00 
9h613,7Q 

?1919.3e; 
41A.64 

201'10.0\ 
?55)T .l'Ie:; 

CAIRA 
AR 713,10 
PR 113.93 
Plol 6 . ?" 
KL ?6.1A 
KO 16.14 
~A 1'3,~9 

JC )6,1'-8 
OP 7.Q6 
OR 1 2.A& 

CAINB 
AR le;43.?5 
PR Fon"),OA 
PM 41'10.91 
KL 735?"iS 
KO 67\S.91 
KA 5?14.('h 
JC 9;:11. '59 
I)P ?A3,11 
nJ3 1131"\,<).24-

19;.:0,5(' 
20',("'l PR 
(,I.P PI-! 

11)9"'.151=1 KL 
374.46 KO 
73?&" KA 

?,).7F! JC 

CA:ZR A. 75.132 
~7.913 

~4.1s 
114.43 
le;A.65 
30S.73 

'<)0.12 
\2.I3R 
A4.91 

np 
OA 

CA IV 
1440.2;.:0 ~R 613.31 
lORo.l? PR 2n6.55 

49A.A4 PM 190.04 
10121.44 I<L RIB.28 
17~1.]1 1(0 11.1L13 
24Al.54 )(A 1674.AA 

134,2A JC 299.32 
/394.4<; OP 1~8.~R 

3641.6'" ne e;47.85 

')43 • .'14 
216.35 
lA{').17 

57.64.10 
174.9A 
}f;q. A? 
]'.~A 

7.S"',57 
q.,,,,n.O' 

S934.1Q 
14A):I".C;,c, 

51'104.90 
209A7.34 

2615,).41 
19??4Q 
lS?A.51 

5 1 1.Q4 
151f,";).54 

521'1.61 
411.5~ 

2?7.51 
13R').31 
394,17 
54?71'1 

41. 'Ie; 
34"'.24 
671.7<; 

CAISR 
AR 11.32 
PR 1."3.136 
PM 19.2'6 
Kl 91.07 
KO 50.76 
KA 69.47 
JC 19.]4-
DP ")1.75 
OR ·n .R5 

CA:RA 
AR 7~A,17 

PR 10!.SI 
PM 11;.53 
KL 171.1,8 
1<0 ).1\2.<;8 
KA 5?7.79 
JC 2<;2.40 
OP '0.1)0 
DB ·P8.';9 

CAIZN 
AR 119.44 
PR 1l3.H 
PM 70.42 
KL "7.):15 
1(0 1715.7) 
I(A 41'16.7.0 
.JC A7. 'lS 
I)P ?6.11-
DB InA,6Q 

~A: RA 
r; 71 ,71i A~ 

4 R 1. 9 1 PR 
'l=Il.?n PM 

1. 1 9 
12',1,,) 

1. 36 
4.B? 

1 9,71 
4.AS 

,61)0.10 )(l 
r;OS,71 KO 
2R?P I(A 
l1'>Q.AQ JC 

AI).3 A DP 

3Pl. R 1 OR 

;:I5.1S 
1.4'" 
3.9? 

NAINR 
11 1 7 0,21 
464~.24 

?4t') \. <;1 
A70504.6I'I 

?457"'.4(, 
7944<;.64 

Ih7?6n 

AR 1 t7.')J 
PR 1AS."'4 
PI.! In7..C:;4 
KL )R2.43 
KD 2Q711.S1 
KA 1014.43 
JC I?AI) ,:n 

240~.AA 

1180'l.31 
OP 1.10,1'" 
OR }74. 92 

NAllR 
A. CjAo.2Q 

2&9.71 PR 

12?1<; P~ 

".15 
;:II. 73 
6.17 
9.A") .110'1.9<; Kl 

13]1 . 2? KO 
9AI.S? I<A 

99,415 JC 
1 1 q. 11 DP 

M 

NAIV 
14Rn.90 AR 
152A.21 PR 
86",60 PM 

5177.01'1 Kl 
3441.)R KO 
.1171.2S KA 

4(,13. C;9 JC 
tl?l,nn DP 
41S7,51 DR 

1 1'>7..14 
4J,99 
79.14-

1'.1.37 
A.?A 

19.44 
1')0.97 
49.27 
41.56 

715.98 
740.}3 
·311.63 

A.1.4.1 
4A.7.4 

NA:SR 
47.1.30 AR 
1.1R,1S PR 
13Q,7A pt-4 

2ABn.24 KL 
37n.41 KO 
2R1.3 4 1(.6, 
11)A.84 JC 
721. 4 fJ DP 
161.6R DB 

2.9S 
16.10 

l3.li2 
";)0.61 
'1,64 

9.AO 
4').,9 
~a. 10 

1.07 

N.6,:RR 
AR 7f)71.77 

14.b29.0? PR 
7213Q.94 PIo4 

6.A9 

IDI37.')S I(L 
fl9/39.61 1(0 
671f1,<;A KA 
482n.07 JC 

974.70 DP 
Fo0014 , AO nB 

1<;2.15 
\A.26 
11.71 

l'lA.O'l 
1?9, 1 I 
4"'6,46 

9,89 
s6.71 

NAllN 
~5').2? AR 10.15 
9,,1',,24 PR ~0.19 

1?I',,(,1 PM 1.0.?7 
1'l?7..67 KL 10,50 
10n";).41'> KO po.P 

93;),O'l KA An,62 
149,B~ JC 1?3,O') 
44?34 UP 17.10 
9e;4.134 DR ?1.13 

t<:4A 

?';C:;,4.c, AR 
7h1.nl PR 

4,75 
5.,9 
9.17 
9."4 

11,01, 

19"' ..... 7'l PI-I 

74R.31 Kl 
?41'1.9"i 1(0 
19".4? KA 
1 &'i, 4 \ J C 
11'11 • F,? DP 
40,),5Q DR 

4,')?57 HI 

1R71.9A PR 
14nli,61 PM 

,o(:N~ 

7.18 
10.? 1 
13.14 

9.Ae; 

";)19. loA 
",.1"19 
16.AO 

Q7,lQ AR 
.-Ie,.)~ PR 

1A.R4 p~ 

""4.41'1 I(L 
44.,4Q "'0 
4'-.07 ~ A 
7";). cq JC 
~q.11 riP 

44,l R nR 

177;:1.1=1 0 lI.R 
1511.~? PQ 

1 "AO. 61., P"I 

,71 

1 .'-1 
,0> 
,1 , . ,. 
.q 

?','lA 
,AI 
.15 

1;:1)AQ7,10 KL 
175n.c,.3\ 1(0 

7<;1i1 .3A KA 
193r;.]Q JC 
~C)3n,51 !1P 

114?r:;.2'" DB 

71,1.02 ARA)1.41"l Kl 
910,')4 'j4A".4A KI) 

71 7 .46 4e.41.S 7 I(A 

"h,1"I4 
Afl,l l) 
"4, 02 
'in, 19 
AO.1'l1 
A7,7R 

l1A,f.l 79,12 1017.7e; JC 
1Q1,90 4171, n lo I)P 

1'lA.13 4";),,7.44 r)q 

KllR 
711.10 
In"?,, 

AR \.l .QQ 
PR 3.'l? 

1=1".75 
(.,97.74 
'5Al.61 
]OA.31=1 
Po,20 
) 31 .11 
341.84 

PI-! 1.1'14 
KL. ?4 • .10 
1(0 11.02 
KA ;:IQ . 7f. 
JC 4.RA 
DP P.A7 
DB 7.)0 

111,).47 AR 
b31=1,Rh PR 

6]4.51 PI-! 

4241.11 KL 
2679 .9? KO 
1')9F1.40 KA 
60A.74 JC 

125A.61 OP 
154?f,A 08 

K: v 
QO.r:;7 
1'5.91 

7.r;8 
~0.14 

171.17 
143.40 
??93 

111).26 
79.?6 

I(ISR 
38Q.I'l AR 
107,11 PR 

3.44-
1. 53 
I. ~9 
7.7.7 
3~Al 
5.,7 
6.47. 

~10. 1C; PI-! 

<;2~.90 KL 
31)1,RI=I 1<0 
2n";).AQ KA 
14?2R JC 
)79,10 I)P 

791.8<; OR 

.1< IRC! 

?".Q,Ii 
1. 7? 

45'11.51) 
93?0.1? 

AR 7n).13 
PR 140.,0 

::>4314.3? 
iiH 167.fJ" 
19AI').67 
?R7R.ll'1 
4119";).Q<; 

p~ 1,c,';.76 
KL PO.lh 
KO ?00.50 
I(A 101. 7.9 
JC JAO.?l 

134?81'1 
13)Q3.2<; 

np 117..07 
OR 11.R.o7 

':"I17.Al AR 
19? 71 PR 
491.hn PM 
3~1. 31 I(L 
1,4R.4B 1(0 
491, A,:, t<:A 
201.01 JC 
5?7. 0 n DP 

109.0'" 08 

KIlN 

71. "" 
".47 
'), A 7 
8.14 

17.14 
41.?2 

7.'l9 
,,7.fl4 

6.?1 

P:ZQ 
?1'I1. 7~ AR 

'11',.1"\ 7 Dq 
I!)4,41'1 P~ 

4-1";).IQ KL 
24f1.71, KO 
1 Q 1 • /:)4 )o(A 

I--7.7n JC 
lQo.?7 r}P 

";)~<..I) J OR 

PlY 
126".QQ AR 

,,)?Q.SS PR 
Rn7,Sf} PM 

1091'.29 I(L 
1017.'" 1(0 

94? 41=1 I(A 

111.0<; JC 
lJi94.5" 01' 
1114.7A 08 

PIS>? 
171.A4 A~ 

~".A9 PR 
)4~.77 P"i 
?71 • Il Kl 
\?,c,,7 1 KO 
60,?7 KA 
74.7'" ,JC 

1 01fl .90 I)P 

91.77 Dq 

D:R.:\ 
6R~. 37 lI.R 
6)0. QIi PR 
1e;7.9S PM 

411. 4 ;) I(l 
7Al.74 KO 
411.,r:; KA 
lA";),bl JC 
4 7J::1. 1 q (lP 

65"-,.4;:1 DR 

44A. R1 AR 
?4e..34 PR 
')?".O<; PI-! 

?C;4 . ~1 Kl 
?"-,n.9r ~O 

.::!71.77 KA 
9A. c,t.) JC 

1 ?A<;. 0 1 np 
34n.31:1.. I)~ 

PtZIII 

16.0,[, 
q'.I=IR 

),74 
1.A2 
4.00 
2,74 
4.87 
5.01 
A,7h 
1. Q1 
4.49 

;:I8.RI 
1).46 
?A.SO 

9.1 S 
?0.,,7 
?7.S7 
41. 1 S 
I R. 9 I 
~?'.61'> 

.h" 
1. 04 

.01 

.'" .,R 

.6h 
,.70 
I.Rf, 

,97. 

e;.71 
;:IA.4e; 

9.113 
1.99 
4,77 
7.,6 
V,~1 

e;. 1? 
'1,1'12 

'l,11 
,').f)7 
11.11i 

1. 59 
4,4S 
6.h4 

13. 'i3 
"',nR 
3. R , 

11"1.1'1 
41. f)? 
4<; . 14 
,n .he. 

4.1.}7 
4.C:;.c, 

I q, ~) 

1.S7 
11.,le. 

1Q1.?? 
71',7.4";) 

A l, 77 
1'.4 fl. 1 ;:I 

I QQ; • .c,4 
111 • Ii .... 
Ih:'>.O,c, 
1 f) n, 4 1 
)S;),7.c, 

"',I)q 
1 <;;,qQ. 

4,5"1 
7."? 
fl.41 

I J , f) .c, 
9.Q'1 
4.I}? 

In.bo 

4"'.14 
7'l.<;<; 
37.01 
1n.74 
?I=I.I)I'I 
37. 4 ~ 
<;;:1.4') 
41=1.::;"" 
71'1.11 

14.4Q 
1Q. Q4 

1 7 .8n 
p.51 
";).f\1 
4.81 

II.'):'> 
14.1 A 
1~.97 

17R.39 
1 151,,<;; 
l1RQ.10 

4A.R? 
51.h<; 
AO.Ol', 

e;19."7 
11 • 31'1 

1,41.17 

lC:;,4A 
e.?07 
'0.4Q 

7.71 
7.,,9 
Q.51 

1,.,.1r:; 
4Q.Ot; 
?Q.AQ 



511CU 
AR 13"2.~q 

PR ;\H?7.A4 
p~ 11 tI1 7 .?9 
KL 1 74f).l)4 
KO 1-'1 Q4 .'\1 
KA ?040.47 
JC 9t)?A.nl 
OP 2799,44 
OR 2"1"1. "14 

S 1 I '" 1 
AR 1116,lA 
PR ]11\\.]6 
P "1 li9,9,oo 
I<:L 47~.16 

KO 1499.q~ 

I(A 1114,94 
.. JC 11 1')4Q,46 

OP 17071,79 
08 379.44 

STtCf} 
AR 307h.R6 
PR 1441').99 
Pt.1 R~~2,o3 

KL 2~n4.93 

1(0 eA~O."3 
· KA 3'5"0.17 

JC h144.01 
DP 119'1').17 
I1B ?073.13 

StlCR 
AR 111':;'80 
PR ?7A . A4 
p",\ 6'\-'13.15 
KL Q4.,A 
1(0 ?ft42 . QR 
KA SQ4.A3 
JC 29341.04 
DP ?661n .1)4 
DR 1"1.C;1'i 

Srtv 
foR Q'9.16 
PR 701,05 
PM 16115.)0 
I(L 94"1.1 0 
1<0 941.6h 
KA 11"4.79 
JC A~93.~4 
OP 281S,91i 
OR '5~3.131 

S I I LA 
AR 77':;4,12 
PR 21?7..11 
Ploj ?/)o\s,cn 
KL 169Q??O 
KO 141t;9.6? 
I(A 134AA,18 
JC .191"1.45 
/)P ?'il'i,1\4 
nR f:I?1C;.13 

51: Cr:: 
AR 47A3,22 
PR 121')"1.':;" 
PM 97o',,?1 
I(L 19"0,41 
KO ~lql.01 
I(A 10AA.A1 
JC 1~Q?91 

I)P 1<;42.4? 
nR 1017.04 

sri "'11 
AR IP0 1.':;4 
PR (41)7.4A 
PM 10:;C;4.98 
KL 149IH .7.4 
1(0 14A17 .07 
1( 60 116,0,0;4 
JC 4118.04 
OP 3A~6.10 

DR 15119.0',0 

T I I CU 
~f,44'.~? AR 42.n3 
7C,';94.1,<., PR 11S.SIi 
'~17A.40; PM 7.?A.h7 
11A0;1.9? I(L 20.R'5 
\1200.1? 1';0 41.17 
4IAo.4~ I(A 0;?.91 

?411?4.1" JC 209.03 
1?";!97?440P 40.li4 
1~911,O:; OR 42.113 

Q9?Q.liG 
ln4QI'i.~1 

1'\361.32 
?40.? ,7 A 
?341.3? 
?6Qn .l l') 

:=;176':;7.11 
'l'nAn . 4~ 
?"7n2.4~ 

IIn04.60 
11401") .9A 
1Q931.~9 

474.?44 
'lAS'l.41 
510" .41 

17771.71 
198C;1.64 

7301.11 

11357.3:; 
1,4 1<:;.2 0 
.?Q4.11l.61 
1?1C;7.17 
11,7.511.71:. 
4n?~.48 

1041nc;.51, 
111Q99.37 
~"'43"1 .44 

1919.84 
19o',1.0Q 
151)7.1,1') 
11';A1,7fl 
141i~.Rf:I 
154:=;1 .Q A 

.?01S4,29 
191)7?,h7 
l~ftA.S~ 

~rll)oS? 4.? 
C;Q;?1.4~ 

oS Ii 17.3<:; 
.?4RIA9.41l 

,1117.1'" 
C;134Q. n4 

7AI')7.9? 
116li3."'" 
41110:;. Ii? 

7~1".~1 
?"6?31 
~1,:;~.7C; 

?1~177.2.? 

\11S..,.70 
144'0.Ql 

17"4.21 
7?11.70 

11,70:;4 . 71 

11,071l.77 
'l?7?41, 
461?1" 

].?141 ".(-IT 
17 I)cq.'"l1 
lnlo~.IR 

7471,.!? 
If.7 bQ.04 
1';9<; ..... 4 \ 

TTl N I 
AR 10.n3 
PR 17.0;2 
PM :?16.,,1 
KL 4.65 
1';0 18,93 
I'; A ?7.75 
JC 416.45 
DP 7.154.45 
DR 10.)4 

T I: CO 
AR QO.43 
PR 142.33 
PM ?15,M. 
K'L ?1.2S 
KO 1?,94 
1(.6, 95.63 
JC ?12.10 
DP 1li5.12 
08 56.52 

TI:CR 
AR ")4 . 06 
PR 8.82 
PM 213,42 
KL .92 
1(0 A?'.bl 
I(A \'5.11 
JC 1,64.78 
OP 11A.7? 
I') A 3.'] 

Ttl V 
AR 
PR 
P" 
KL 
KO 
KA 
JC 
np 
OR 

71.91 
18.12 
C;5.li7 
11. ,7 
73.44 
J2.0~ 

347.04 
48,n2 
16.57 

T J :LA 
AH 217.48 
PR 83.09 
PH C;7.(,)o 
I<L 741.40 
1(0 112.35 
KA 344.1)1) 
JC 110.81 
OP 45,42 
['18 '04.12 

TTl CE 
AR 1"9.11 
PR 1FJ.A3 
PM 10.02 
I';L 113.16 
KO 174.44 
KA 1~9.44 

JC ,,?. 76 
I')P 27.63 
OR 9A,(lR 

TTINO 
AR ?,7h,03 
PR A3 . 09 
P"4 41;1.67 
KL 1 A4. 6'5 
1(0 113.flO 
t<A "<;.19 
JC P1.30 
OP ,,9."0 
DR 11;l1.A4 

1':;<;!i . 3n 
l1f)c; .24 
"lIn. ~7 
?77,nl 
341i.SQ 
119 . 7.9 
4An .':;? 

l"3IA.Qn 
1117.91') 

ALICU 
AR 476.08 
PR 114';.68 
PIo4 7.449 .9 0 
I('L 0;73.li2 
1<0 519.35 
KA f1C;6.4? 
JC 2170 .13 
np -Son.97 
OR "1,..4.74 

AL: NI 
111.14 AR ]?2.15 
39Q,70:; PR ?~9.I9 

41?3C; PM ~1C;Ii,20 

48.74 KL 88.\1 
4.q.77 1<0 416.72 
'\9.6'i I';A 3??.21i 

5S9.17 JC 4~13,Zl 

1"',.0A OP 3713.9Z 
6P.1~ I1R 1';'i.23 

1 6.? l' 
34 t.. 61 
4RoS.21 

ALlcn 
AR 9Q5.49 
PR qcq.51 
PH ?310.62 

9t).7C, KL 
I17 .9Q 1(0 
11 Q. 31 I(A 
210,59 JC 
0;91).1 t) np 
2 19. 5t'! 08 

1)16.67 
912.21 

1118. 00 
2179,?6 
2.:?t1.,9 
195.1R 

846.63 
5,q7.Sf, 
594.(10:; 

?50 ,t'!'; 
317.97 
100.9q 

7082.26 
5341.0;~ 

8470 .93 

51.A] 
lil.2'5 
7~.90; 

?1.07 
3n.9~ 

1R. 1 7 
19A.81 
264.1"3 

3A.IR 

'5 C;4.'4 
217.2C, 
1..,6.1Q 

?919,57 
87?OA 

ALleR 
AR )91.38 
PR ..,7.97 
PM 7.2B6,1)8 
I';L 11,31 
KO 793.95 
I(A 175.S0 
JC 1'514.87 
OP 501'i0.40 
08 45,85 

All " 
AR 114.91 
PR 248,75 
PM 5~1.47 

KL 7.C;5,43 
KO 11)1.1)4 
KA 311.02 
JC 1511.02 
np 1,16.16 
OR 148,40 

AL:LA 
AR ?443.32 
PR 7~7.7.0 
PM 51'5,~O 

I(L 4AI55.4~ 
KO 4117.32 

1794.9? I(A 
169.69 JC 
4eC;.01 np 
717.10 119 

4173.11 
14 '1.~6 
"1;,9.)A 

1 S79. 9f, 

~17.20 
94.44 
fI".8'i 

2';3:;.8Q 
]60.90 
19,q.14 

RO.14 
1';1.3n 
11",.9, 

40",9Q 
l7A. t n 

ALICE 
AR 1?t'!1 .~7 
PR 1C;8.';4 
PM ]02.99 
KL 27.15.99 
KO ?4Ql.12 
KA 'onA.5~ 
JC ,,9A.R9 
n p 4nl,n7 
OR 111.13 

AL:ND 
AR 7.C;11.19 
PR 7~1.20 

11 fl. 6'" PM 4AO.01 
4~q4.?2 

4"e:;4.13 
41<;1.40 
I371.AA 
IOtO.4A 
11"2.42 

13h4. RA KL 
919.An KO 
R4..,.04 KA 
175.64 JC 
247 .9" np 
SA4.08 nA 

1761o\.2~ 

?A?1t.6 Q 
9004.1? 
19A",4" 
o;?l"'.'·n 
1494.6n 
4R6I.4? 

1 Q~Fl4 . IF, 
15~l7 • . 1"1 

FEI CU 
AR ?7).A4 
PR IPA.OI 
Plol IM3,,,2 
l(L 0:;73,96 
KO ')AS.56 
I(A o\QO.13 
JC 27"0;.33 
np c,05.0'5 
08 f)93,7l 

FE IN t 
1040.51 AR 3,3.23 
160\.31'1 PR 112.94 
47~9.4:; PM 10;17 .96 

701.37 KL lA4.96 
69..,.61 1(0 '549.46 
740.50 I( A 3A0 065 

6:??..,.49 JC 5~19 .99 

10'5R6 . 0n DP 13n7.34 
4820.4\ DB 1,..9.90 

1666.71 
1104.67 
4699.61 
1531.21 
1775.97 
1494 .6 0 
~ 840 .5.q 

1637.51 
1941.21 

FEtCO 
AR 6913.03 
PR 12')3.43 
PM 2010.78 
KL 9f17.24 
KO lI7R,16 
KA 1241.1?, 
JC ?~19.')1 
OP 1406.'57 
nR 9~$3.?9 

FEICR 
AR 391.18 8104.04 

529"'.11 PR 
631t).8'; Ploj 
)60-S.AO I(L 
4826,5e:; KO 
1285.?1 KA 

~9.'59 
1496,12 

32 .'; 1 
94R.~B 

201.29 
~1li5,81 

I$3AS.)S 
A2,?4 

?10li6.14 JC 
7013~.2' np 
182A1,41 DB 

FEIV 
AR 53:?91) 

569,84 PR 
A4C,010 P"1 
501.64 KL 
441.9q KO 
4B\ .01 KA 

193.48 
219.09 
316,01 
2f19 .911 
361,36 
394 .63 

4559.04 JC 
3918.61 CP 

'5oA.26 OR 

4318.81 
30~,16 

7.?O,31 

FEILA 
S591.6R AR 
lAO:;l.31 PR 
1111.40 Plol 

1271.41 
~,,9.15 

320 .19 
,47A?5:; KL 
10281.60; KO 
1529h.17 KA 

!'l343,42 
5011;1.39 
4093.11 
1173.80 
7~S,35 

175';.6A JC 
'54'i\.7Q n p 

11450.84 DR ?013.14 

7104.99 
AOIi.O'; 
687.67 

76061'1.41 
'155.3~ 
4629.82 

R4t,6':; 

FEIC E 
AR 593.]2 
PR 7.A4.68 
PM l11R,66 
';L ?'5tl4,73 
KO ?61'1'5 .R3 
KA 211"1.,,9 
JC A':;0.70 

1940.47 np 
4All.~9 OB 

4474.14 
1'51".97 
17.8?,47 

191?) ,97 
1 1 01':lc'. 0'5 
9A]A.]" 
I Al 7.76 
31AO .71 

IORAn.9n 

FE:NI') 
AR 1148.31 
PR 6119.15 
PM 7.q9.54 
I';L 4709,79 
KO 5101i .70 
KA 4 210 .02 
JC 17n5.3'5 
I')P 7.~l.Jl 

OR 15A4.Al 

- 121 

Table d . Be continued 

toH.jIC U 
170;91i.9n AR 
7130~.3Q PR 

91f-1Q.l1 0"4 

440Q.90 I<L 
4R3A.91 1';0 
1449,17 I';A 
F,~O':;. HI JC 

109F,~ .ln DP 
19991.1A OR 

IoININt 
42~<;.9~ AR 
306".17 PR 
45R4.57 Plol 

77:;.R? KL 
HCI.34 KO 
699.40 I(A 

751~,90; JC 
R770.IoR DP 
6144,73 DB 

IoINICO 

4.AR 
13.90 
11.9Z 

7.'i6 
7.91 
8ol1 

43.7.1\ 
7.';4 

,O.RI 

4.06 
4.56 
'5.74-
?'5S 
6.1b 
4.95 

71.45 
14- . 52 
2.58 

16RQ.87 
2641.2'i 
2834.41 
1482,71 
1647.31 
14c:i?2R 
3287.1R 
4A46.4] 
19sn.40 

AR I?. 0 0 
PR 1';.06 
PM R.61 
KL 14.,2 
KO 13.90 
I<A 13.11 
JC 3R.13 
DP 15.49 
OR 14.08 

261.)1 
619.60 
11,r,.1'~ 

S7.07 
51.7.'; 
21 . 1) n 

101 .?A 
1 54.90 
7.1\ • 0 A 

43.01 
40.?7 
SA.OQ 
11.20; 
1 1 • 1 ,. 
11.6, 

119.70 
154.90 
1IA.2\ 

MGICU 
AR Ql.10 
PR 400,4e:; 
PM i??8,?fI 
KL 19'),68 
1(0 7.?7.52 
KA ;Q7.7'5 
JC 177..A6 
OP ?A.68 
nR }A7..7R 

MGINt 
AR P5.72 
DR 1112.10 
PM IA'5.72 
I(L 18].90 
1<0 PO.A5 
KA 1"0.03 
JC :nO.41 
DP }74,7.0 
DB FtO.n1 

MGICO 
17.97 AR 
41.10 pR 
St..2? PM 
2A.6n KL 
?1.37 KO 
2';.8;) KA 
S4 . 4? JC 
61 • .37 I')P 
40.84 DB 

;:'14.94 
442.20 
241.i':0 
414.58 
352.41 
396.26 
118.82 

11 .26 
11 1.1)5 

MGICR 
8421). HI 

MNICR 
AR 
PR 4'509.1'17 

'5391.61 PM 
39SQ.91 KL 
S04A.79 KO 
1340.8-'1 KA 

S.~2 121.92 
1 .49 59.23 
5,14 9R.57 

AR 163.63 
PR ';2.83 
PM 213.06 

?9491.37 JC 
41,300.7.1=1 OP 
q97]4.44 DB 

.50 51.61 
11018 11.4'5 
2.63 11.6/) 

111.87 43R,AA 
25.A2 619.6n 

1,021.394.10 

KL 17,59 
1<0 31A.18 
KA 95,46 
JC 5f12.AO 
OP 5'i7.78 
DB 34.59 

MGI\' MNIV 
5bR.54 AR 
4A~.I'i PR 
975.44 PM 
'54'\.24 KL 
45?9.1 1(0 
501.85 KA 

3.21 
7..95 
1.42 
4.13 
4.42 
4,?4 

In.57 AR 
9 0 34 PR 

1t1.36 PM 
9.11 I';L 
6.31 KO 
7.6C, KA 

1)5.19 
14.28 
43,23 

11 4 .05 
114.51 
1)9,99 
213A. 10 53 4"3 ;4? JC 

324". fl9 DP 
448.91 DB 

61012 
2.40 
2.26 

71.4'5 JC 
'i'5,16 OP. 

1.51) OR 
44-.67 
10.67 

70D.9A 
19 4? 1'\ 
1'5AO.89 

~51111.9S 
12641.66 
Io\f,4C,.1? 
2?ll,8C; 
2124.A4 

1?7ft4,05 

7.9 4..,.4':; 
.qC;':;,69 
li94.63 

"6R62.64 
0;590.54 
514".71i 

9A1. 0C; 
81;1?11 

'53';?14 

'5}40.59 
If144.2A 
1501.14 

MNILA 
AR ?8,40 11.4'5 
PR 7.23 3"1,11 
PM 1.21 7.0.t.'5 
KL R1,181:194.10 
1(0 60.74 IH.21i 
KA c;O.! 1 18~.8 ,q 

JC 71,97 34.11 
OP 3.16 31"1.31 
DB :>2.7B 206.51 

"'NICE 
AR 12.F,1 35.50 
PR 3.27 17.70 
PM .64 R,8n 
KL 41.115 10A4.31') 
KO 12.48 71.4C, 
I(A ?4.46 1,1.7"1 
JC 11.57 16.24 
DP 1.'55 115.15 
DR 9,"10 91'1.36 

"'NINO 

"'GILA 
AR 415.02 
PR 1'52.37 
PM S2.16 
KL 2100.45 
1(0 1695.94 
I(A 141i8,4A 
JC 110.)4 
OP ~4, 08 
DR 2"2.48 

MGICE 
AR t1l3.01 
PR 71,7.1 
PM :?4.18 
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OP 11.04 
OR 11?97 
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PR 6.li9 1~.OC; PR 1~2.31 

PM 1,52 19. 0'i PM ~4.6? 
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134'5A.4<; KO 
109 1t..A7 I';A 
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"2.Q3 
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16'i.91i 1(0 1741.61 
135.'54 KA 15~0.26 
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244t\ .4~ 
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?1;I4.16 
'i39,3C; 
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637.0R 
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901.31 
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4R :?13.<;B 
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P"'I Qll;1.12 
I(L 1h.43 
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I'; A 402,7.7 
.JC 616.73 
DP 1~I.S2 
OR 17?li7 

C41 NT 
AR 101 . 21 
PR 10',9.80 
PI-! 4')8.91 
KL 19.4A 
KO ?45.04 
I(A 2?3.1:13 
JC 11'('7.34 
OP 210.90 
DB 36.15 

CAICO 
AR 241.21 
PR 491.51 
P"'I 415,32 
KL 94.10 
KO 512,05 
KA 5Q2.65 
JC 58),61 
np 171. 02 
OR 7.1'10.71 

CAICR 
AR 256.01 11;171.81 

1049,91 
1851.56 
1200.21i 
1684,61 KO 

PR 50.85 
P" 
KL 

547,94 
22.on 

443.56 
14-2.59 

15-;6.46 
.113.53 

15.90 

481i.11 KA 
2190. 9 0 JC 

16100,10 
?213n.ln 

OP 
08 

164.51 
251.57 
334.86 
1)91. 48 
16A.68 
20A.34 
3bS.lC, 
54S.71 
2Q3,9Q 

217A.34 
11?1.17 

'i47..11) 
10S28).80 

46AO.79 
686?,14 

164.5e:; 
644.0n 

A391.7'5 

CAl" 
AR 
PR 
P" 
KL 
KO 

K' 
JC 
DP 
D~ 

1i1,33 
17.91 

121. 76 
23,R2 

1';6.79 
19 1.65 
824.01 
"0. 03 
",,9. 11 

CAlLA 
AR 968,A2 
PR 219,17 
PM 134,17 
I(L 4621.68 
)(0 22-;1.31 
KA 2411.17 
JC 341.66 
OP 0'09.05 
DB 6Q). 09 

CAICE 
126.11 AR 4?3.59 
504.Se:; PR 100.64-
23A,46 PM 6t'!.91 

A1445.10 KL 2147.21 
lS1".32 KO 14~8.no 
2';85.81 KA 110\1.34 

78.e 9 JC 172.94 
331.96 I')P 16.45 

3827 . 04 OR 118.li1 

CAINO 
1619,36 AR 7?6.61 
969.51 PR ?nS.48 
'51"'.01 PM 

C;?641,90 I';L 
4';0'i.?1 KO 
5494.84 KA 

17n.3? JC 
7"6.67 OP 

72~7.69 OB 

14'11.4-4 
18A2,04 
251A.?1 
20i:'1.49 

341.66 
AI. on 

513.13 

Flnn4.b4 
10207 . 9 Q 

NA, :C lI 
AR 
PR 

)e:; 1 1"1,9" PI-! 

9.13 
lAO.2? 
?C,e.2'i 

16 ,13 
143,'il 

'iA.4R 
1n18.66 

?AR,?? 
"3.2A 

29.?:?,7'i 
?)n9.37 

KL 
KO 

~4101n I(A 
1':;94,11 JC 
4940:;.7? OP 
C;F,,..9.90:; 08 

1 17 A. 6.? 
114".]-'1 
?57t..17 

610.7.4 
51"? 7A 
607. 1 ~ 

2189 . 0;,11, 
4?17.1'i 
4011.M 

NA PH 
AR 15.62 
PR ,,').n~ 

PM 99.S1 
I';L 2,73 
KO 110.78 
I(A 4).~? 

JC 1345.31 
DP 114.14 
DB :>9.liR 

NAICO 
2054 ,4 1 AR 
}776.94 PR 
29A?91 PM 
16 .11,4} I(L 
1209.32 KO 
1265 .44 KA 

?).?8 
169.35 
1':;1.15 

16.02 
2~5.25 

At. 49 
6Q5 , A5 
148.18 

'iO.04 

R98.87 JC 
223h.59 OP 
1771.4Ci OB 

SlA6.24 
168C;.8'5 
7.15].61 
2644.39 
318':;.89 

1;107.89 
6QOR.17 

796AO.0'i 
fl1608.)0 

f'lJAICR 
AR 'i6.'i3 
PR 15 ,3 0 
PM 140.14 
I(L .54 
KO 211.'i2 
KA 16 . 65 
JC 3n"8.A2 
OP 164 . 81 
DB A,93 

6.45 
36.51 
11 .53 
4.95 

NAIV 
569,41 4R 
455.40 PR 
62Q.71 PM 
4)0.6? I<L 
3~4.1S KO 
37~.?? I( A 

1558.015 JC 

16,98 
?6,02 

1171.09 
'9.68 
1,39 

1025.5Q DP 
)87.59 D8 

3141,97 
1849.47 

6R2.84 
0;924A.61 

877?9t. 
1)15.11'1 

S';fI.4'i 
760.44-

i16ACi.3C; 

1746,2e:; 
863,09 
32?.02 

o.9R31.19 
)1=199.09 
34li4.19 

2liR.b1 
391.9R 

4309.22 

1379.84 
IS,,?4R 

6A:?,84 
43.:;"n.97 

10 1~. 3') 
71~1.~1 

504.9'5 
905.7.9 

1039 1.7A 

NAILA 
AR 42.39 
PR 1'1. 72 
PM 16.38 
KL 74.19 
KO 1093.07 
I(A 41Sl.AB 
JC 5t)4,49 
OP 'i4.96 
DR 63,?8 

NAICE 
AR 19.18 
PR 56.45 
PM 1~, I Q 

I(L 34.78 
KO ')'i5,?3 
KA 198,"13 
JC 2:=;14,22 
DP ~9.09 

OB ?7.23 

NAINO 
AR ~~.?9 

PR 117..QO 
PM 19.41 
I(L t'!S.46 
1<0 131"10.')1 
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JC ,n8. 69 
OP "1,4S 
DB 41,'\1 
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11}.01i 7\h"'.01 I-'R 
O:;~-ll 4114.4"1 PM 
?1.24 14?Al KL 
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KO 
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OR 
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,4.1 R 

1.1 1 
19.74 
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A J,I')? 
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7..00; 

PR 
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19 ..... . 71 KO 
1'\ 1 • 2~ I'; A 
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1. loR 
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4A~.4? 
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liP . 70; 
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2R41.91'i 
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P"4 ?9.06 
KL 10,)R 
KO 44 • .ftO 
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JC 4?Q4 
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08 . 9- ,77 
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74Af) .64 PM 
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6<:j7 .24 JC 

4411.27 OP 
61:>.69 08 

10.67 
!..1.n3 
7n.7? 

1. 9] 

6 . 70 
9.4A 

15.A4 
lR.44 
1.67 

]1156.61 
1A46 . 0? 
i!317.50:; 
1201 . 17 
1501),7.., 
'itlQ.7t. 

K!CR 
AR 13,?5 11Ql.6" 

P:CR 
AR 4.69 

2.91 
o',s.Qn 

. 07 
5.'53 
1.46 

~40.S0 

PR 1.)9 1091.91 PR 
PM .?1.~7 26A" . IQ PM 
KL .15 A7?07 KL 
KO 51.61 11""."41';0 
KA 1.60 34Ft .41 KA 

6726.5f1 
?989R.S7 
?~ .131.19 

JC 415.11'1 ?00".1? JC 
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OR .49 6124 .6? OR 

KIV 
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19~,67 PR 
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?t1:? .61 KO 
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Ih6 . ,cJ1 DB 

12.71 
3,21 
5.93 
S.13 

17,3A 
1 fl. 26 
69,lA 

In6. 94 
?81 

PIV 
21)7.11') AR 
151.79 PR 
Sl,r.,.AO PIo4 
101.5" KL 
101 .Sc' KO 
121.fl4 1';4 
927.87 JC 

1301,900P 
15".30 DA 

A1.28 
.~6 

20R8 
12.1)2 
11.46 

.6" 
1.91 
).1 J 

}?2. 19 
11. 16 
1.)5 

167A .50; 
Cj97.8A 
4-7\.';' 

I( I L A. 
AR 95.79 
PR P.56 
PM 5,43 

P:LA 
IAR5.74 A.R 
46R.6n PR 
C;9o',,31 PM 

10.?6 
~';.37 
}7.63 
.?o.lili 
10.06 
18. A2 
4.A.I)O 
In.49 
"s .oa 

1312S.10; 
'558?8n 
'549n,0I1 

724,6'i 
8')1.21 

3611),31 

11?,Ao; 
?S7.00 
?37.41 

1142C, .2" 
2211.!? 
1321.5<; 

)'54.09 
47n,09 

lIiQ".4~ 

KL lA6,04 
KO 313.63 
I(A 2?5.34 
JC 11.13 
I')P 1?6. 19 
DB "6.42 

I(ICE 
AR 4Cj.?~ 

PR 7.49 
PM 2.81 
)(L 16.63 
KO 11'\'\.1)6 
KA 110',.84 
JC 13.A4 
OP "5.05 
OB .?2.90 

1167.47 
'57",11 PR 
517.1'5 P"4 

14.21 
60lA 

1"6.04 
21'.22 
2?5.14 

976A.35 I';L 
40M.2? KO 
290 ~.7.C; KA 

694.85 JC 
924.?(I OP 
31S1.0~ OR 

71.01 
1<;0.2~ 

19.07 

4441.57 KL 
7421i.01 1(0 
17.7'1.84 I('A 

.l R4.71 JC 
?A14 .77 DP 
18n?0? 08 

7~';.97 

201.5':; PR 
29R.IO:; PM 

S?3'1.2ft I';L 
\ 311. 7? 1(0 
"16,17 I(A 
194.74 JC 

11)01.A7 f)P 
71?,41 DR 

1511. A4 AR 
47A,Q4 PR 
"4". on P"'4 

464Q.l? I(L 
24'6.01 1';0 
116.?91 I(A 

3"14.71 JC 
201'5.1:> OP 
1111.91 ['18 

PI"'!) 

1 I.R6 
9.?R 
9.68 

17,13 
1,11,.49 
?1, 1'12 
5.74 

] 4. 3R 
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1'5.94 
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12.29 
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In.S9 
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17 . 09 
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..,.14 
7.0.14 
2".I)R 

1.14 
1.n4 
t..71 

14".34 
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1 n . 41 

6A.5A 
A:=;I.i31 
t;.? 1 7 

2nl").14 
'\1.2A 
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f14.2.q 

10 7 .44 
1 P.?? 

?7 .0; 7 
],;.40 
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1 '5? 74 
11. 4 ? 
19.0.? 
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17.9Q 
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A;:I.9? 
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It has already been shown, hO~lever, that this problem can be overcome 

using discriminant analysis, or, if this is unavailable, there are 

several interelement discrimination plots which can be used. These are 

discussed in the following section. 

4.5 Interelement Discrimination Plots 

The rel ati ve importance of the vari ous maj or and trace elements and 

sel ected rati os in di scrimi nati ng between formati ons was shown 

quantitatively in Table 4.2 and discussed in section 4.2.1.2. Several 

interelement plots were constructed using the most important 

discriminating variables indicated by discriminant analysis and those 

suggested · by orthogonal discrimination. The plots which were most 

successful in distinguishing between formations are: 

Ti:Zr vs Ti:P (Figure 4.6) 

Zr:P vs P:Ti (Figure 4.7) 

Ti02 vs Zr (Figure 4.8) 

The dotted 1 ines drawn on these plots are arbi trary and serve merely as 

convenient separators between the units. Figures 4.6 and 4.7 contain the 

entire sample population and provide very successful discrimination 

diagrams . The Rietgat and Gcedgenoeg Formations plot as a single unit, 

as suggested by discriminant analysis, and, while the Klipriviersberg 

Group cannot be separated into its three separate chemi ca 1 enti ti es, it 

does, as a whole, lie apart from the other formations. 

In order to distinguish between the individual formations of the 

Klipriviersberg Group a plot of Ti02 vs Zr (Figure 4.8), is the most 

effective. Figure 4.8 shows the existence of a small, but consistent gap 

between which no samples fall. All samples with concentrations below 

this gap belong to the Loraine-Edenville Formations. Although two 

Loraine-Edenville samples plot above the Zr gap, one (KL-145) lies 

completely off the trend demarcated by the other samples of the set, 

while the othe'r (KL-465) lies amongst the Orkney samples. This is the 

lowermost sample of the Loraine Formation in borehole JBF-l, and although 
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the upper purple zone, which marks the top of the Orkney Formation, is 

present some metres below the position of sample KL-465, this probably 

impl ies uncertainty in the positioning of the Orkney-Loraine boundary, 

rather than i ncons i stent chemi stry . 

All Orkney sampl es 1 i e withi n the range of SO to 11 0 ppm Zr, whil e only 

three Alberton samples have Zr concentrations of less than 110 ppm . 

These are KA-346 , which lies at some distance from the Ti02-Zr trend, 

KA-347 and KA-452, which lie within the Orkney field, near the other 

Alberton samples. 

Figure 4 . 6 Ti:Zr vs Ti:P discrimination plot for all groups 
(See pages 62 & 72 for symbols) 
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Figure 4.7 Zr:P vs P:Ti discrimination plot for all groups 
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The major advantage of these three discrimination plots is that they 

require the analysis of only three elements, Ti, P and Zr . A large 

num~er of samples can thus be analysed within a short space of time in 

order to determine their stratigraphic affinities with reasonable 

confidence . 

4.6 A Case Study of the Use of Various Discrimination Techniques 

During 1981 a prospecting company drilled a borehole to the northwest of 

Klerksdorp. The volcanic rocks intersected were not able to be 

identified with any certainty and fourteen samples were sent to Rhodes 

University for identification. The analytical work and subsequent 

interpretation were carried out jointly by the author, T.B. Bowen, and 

her brother, tI,.P. Bowen. 

Table 4.9 shol'<s the 1 ist of samples together with the respective depths 

from surface at which they were taken. 

Table 4. 9 Unknown samples NL-781 to NL-794 showing depths from surface 

NL-781 103 m 

NL-782 226 m 

NL-783 318 . 5 m 

NL-784 377 m 

NL-785 500 m 

NL-786 627 m 

NL-787 724m 

NL-788 782 m 

NL-789 890 m 

NL-790 891.5 m 

NL-791 11 06 m 

NL-792 1155 m 

NL-793 1230 m 

NL-794 1250 m 

The above samples were initially analysed for eleven major and five trace 

el ements, vi z"' Nb, Zr, Y, Sr and Rb, upon the compl eti on of whi ch 

identification was possible. Analyses of a further ten trace elements 

were later done so that these samples could be added to the previously 
compiled data base. 
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The unique sample NL-789 consists of numerous light ocelli up to 2 cm in 

diameter set in a darker matrix. These fractions were separated and 

analysed individually (NL-7BS-O and NL-7BS-~1). Thus it shoul d be borne 

in mind that the whole rock analysis in the following diagrams lies 

somewhere along a mlxlng line JOlmng the twc fractions, which are 

labelled "e" and "M"'. The analyses are presented in Table 4.10. 

Table A.lO Major and trace element analyses for unknown samples NL-781 to NL-79d.. 

(Oxides and trace elements recalculated volatl1e-iree, all Fe as Fe2 03 , 

TOTAL is original total before recalculation). 

SAMPLE: 

Si02 TiO 
A126

3 
:3°3 
MgO 
CaO 
Na 20 
K20 
P205 
TOTAL: 

LOI: 

Ba 
Nb 
Zr 
y 
Sr 
Rb 
Zn 
Cu 
Ni 
Co 
Cr 
V 
La 
C. 
Nd 

NL-781 

53.43 
0.444 

11 .41 
10.53 
0.17 

13.56 
7.92 
2.11 
0.38 
0.054 

99.59 

.. 47 

119 
1 .2* 

49 
12.2 
92 
12.5 
65 
43 

336 
72 

1358 
160 

NL- 782 

53.08 
0.353 

11 .01 
12.38 
0.20 

13.98 
7.17 
1.56 
0.23 
0.0'0 

99.29 

4.92 

73 
1.4· 

36 
10.0 
63 
9.0 

119 
14 

497 
8'7 

2754 
155 

NL-783 

53.43 
0.&73 

12.24 
10.29 
0.18 

10.53 
9.07 
2.71 ' 
1.02 
0.06A 

99.68 

3.21 

3A2 
2.6 

55 
13.2 

168 
AO.4 
61 
55 

283 
66 

883 
178 

NL-784 

52 .77 
0.419 

11.29 
10.95 

0.16 
12.95 
9.19 
1.62 
'0.60 
0.051 

100.04 

4 . 09 

287 
1.7* 

47 
12.8 
64 
20.4 
71 
21 

381 
78 

161 9 
170 

SAMPLE: NL-789-0 NL-789-M NL-790 NL-791 

Si02 TiO 
Al26

3 :603 

MgO 
Cao 
Na20 
K20 
P205 
TOTAL: 

LOI: 

Ba 
Nb 
Zr 
y 
Sr 
Rb 
Zn 
Cu 
Ni 
Co 
Cr 
V 
La 
C. 
Nd 

57.92 
0.577 

12.62 
7.64 
0.13 
7.78 
7.97 
4.50 
0.75 
0.099 

99.67 

1 • ~2 

201 
2.5 

52 
9.0 

174 
31.2 
43 
22 

206 
49 

870 
181 

.. below LLD 

42.09 
0.571 

14.70 
15.15 
0.22 

12.10 
14.87 

0.09 
0.16 
0.049 

100.39 

5.18 

63 
2.8 

53 
22.8 
32 
7.4 

93 
59 

388 
91 

868 
266 

53.75 
0.537 

11.64 
10.73 
0.19 
9.40 
9.65 
3.98 
0.06 
0.068 

99.12 

14* 
2.7 

50 
14.1 
60 

4.3 
56 
37 

324 
72 

819 
203 

54.19 
0.977 

15.07 
12.62 

0.14 
5.01 
7.3A 
3.87 
0.67 
0.126 

98.38 

2.17 

270 
4.8 

100 
21.A 

258 
29 .4 
97 
65 

169 
69 
52 

222 

NL-785 

53.02 
0.388 

10.28 
11.59 

0.21 
14.50 

8.23 
1 .34 
0.39 
0 .048 

100 .04 

4.72 

146 
0.7-

39 
9.8 

46 
16.8 

101 
36 

505 
85 

2308 
164 

NL-786 

53.85 
0.579 

13.52 
10.95 

0 .17 
7.91 
9.22 
3.42 
0.32 
0.072 

99.43 

2.82 

106 
2.<; 

62 
15.2 

122 
15.4 
66 
50 

245 
67 

00 
206 

NL-787 

52.79 
0.613 

13.0 
12.10 
0.18 
8.46 
8.30 
2.24 
1.77 
0.076 

99.81 

2.82 

909 
2 .7 

65 
17.6 

206 
82.5 
82 
44 

226 
69 

453 
206 

NL-792 N'L-793 NL-794 

53.16 
1.057 

16.10 
11.93 
0.15 
5.50 
5.78 
3.24 
0.93 
0.133 

99.27 

2 .81 

370 
6.2 

110 
20.7 

211 
41 .1 

101 
71 

194 
69 
72 

209 

55.45 
1.274 

14 .08 
13.17 
0.14 
4.22 
7. 03 
3.76 
0.69 
0.185 

Qg.A7 

1.96 

281 
8.3 

133 
26.6 

172 
29.8 

100 
70 

191 
68 
71 

206 

54.60 
1.277 

16.45 
11.88 
0.20 
5.25 
4.20 
3.47 
2.A6 
().213 

98.46 

2.49 

1194 
10.<; 

162 
28.0 

237 
94.5 

110 
110 
147 

62 
3~ 

212 

NL-788 

54.72 
0.583 

13.14 
11 .04 
0.17 
7.98 
7. 8 4 
2.64 
1.80 
0.073 

99.67 

2.47 

730 
1 .9* 

59 
15.3 

138 
79.3 
69 
52 

221 
67 

425 
199 
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Application ot the criteria established during the study for the 

identification of lava types in the Klerksdoy'p area shows these 

fourteen samples to be unambiguously representative of an almost 

complete section through the Kl ipriviersberg Group. These conclusions 

are illustrated by means of the following diagrams: 

Figure 4.9 shews the boundary lines only of Figure 4.6, a plot of Ti : Zr 

vs Ti :P. The NL samples have been plotted and 1 ie very clearly ~Jithin 

the Klipriviersberg field. 

Figure 4.9 Unknown samples plotted on Ti :Zr vs Ti:P discrimination 
diagram 
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Figure 4.10 is a reproduction of the boundary lines only of Figure 4.7, 

which uses a different combination of the same variables. Again the NL 

sampl es alone have been shown and once more they plot withi n the 

Klipriviersberg field. 
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Figure 4.10 UnknO\~n samples plotted on Zr:P vs P:Ti discrimination 
diagram 
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Having established that the NL samples have undoubted Klipriviersberg 

affinities, a third graph was employed, in which Ti02 is plotted 

against Zr. This enables samples from the three chemically distinct 

uni ts constituti ng the Kl i pri vi ersberg Group to be differenti ated from 

one another. Figure 4.11, showing the boundaries of the three sets of 

volcanics from Figure 4.8, enables the NL samples to be subdivided as 

follows: samples NL-781 to NL-790 are representative of the 

Lorai ne-Edenvill e formations, whil e sampl es NL-791 and NL-752 represent 

the Orkney, and NL-793 and NL-7~4 the Al berton Formati on respectively. 

Figure 4.12b demonstrates that major element variation of the NL samples 

is also consistent with that of the Kl ipriviersberg Group. Within the 

boundary lines from Figure 4.12a, samples NL-781 to NL-790 plot within 

the Loraine-Edenville field, which displays a large variation in MgO 

relative to Fe20
3

, while samples NL-791 to NL-794 plot in the 

Alberton/Orkney field, in which the variation is in the opposite 

direction. 
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Figure 4.11 Unknown samples plotted on Ti02 vs Zr discrimination 
di agram 
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Figure 4.12 a) Fe203 vs MgO discrimination plot for 
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The use of orthogonal discrimination enables classification of the NL 

samples to be achieved in a more quantif i ed manner. It has been 

strongly indicated that they have clear K1ipriviersberg affinities. 

Table 4.6 suggests an examination Ti02 and P20S values as 

separators for formations within the K1ipriviersberg Group . Table 3.2a 

shows that samples NL-781 to NL-790 do indeed lie within the Ti02 
range for the Loraine-Edenville Formations, i.e. between .400 and .878% 

Ti02. NL-791 and NL-7g~ fall within the Orkney range - .940 to 

1.020% Ti02 , while NL-793 and NL-794 have slightly higher values -

1.274 and 1.277% Ti02 - than the Alberton Formation, whose upper 

limit for this study is 1.174% Ti02. Similar conclusions are 

obtained from P2CS values. 

Amongst the trace elements, Zr is the most useful di scrimi nator withi n 

the K1 i pri vi ersberg Group, as shown in Fi gure 4.8, although it is not 

listed in Table 4.6 due to the presence of a few stray samples which 

cause overlapping of the fields. 

With major element ratios, separation 

Alberton and Loraine Formations, 

P20S:Si02 or Ti02 : A1 203 ratios. 

formations, these ratios will not 

identifjcation process. 

is possible only between the 

using Ti02:Fe203' Ti02 :Si02, 

As these are not adjacent 

be he1 pfu1 in the current 

The Alberton and Orkney Formations can, however, be separated using 

Ti:V and P:V ratios. As sample NL-792, which has thus far been 

identified as an Orkney sample, lies very close to the Alberton field 

in Figure 4.11, it is of interest to check whether this is indeed an 

Orkney member. The range for the ratio Ti : V within the Alberton 

Formation is 32.08 to 38.17 (from Table 4.8c), while that for the 

Orkney Formation is 23.44 to 30.9S. Ti:V for sample NL-792 is 30.32, 

confirming its Orkney affinity. Similarly for P:V, NL-792, with a 

value of 2.78, lies within the Orkney range of 1.97 to 3 . 04, while the 

Alberton samples lie between 3.13 and 4 . 73. 

It can therefore be concluded that, on the basis of data accumulated 

from the K1erksdorp area, the unknown samples may indisputably be 

identified as K1ipriviersberg Group lavas, with samples NL-781 to 790 

representing the Loraine-Edenville Formations, NL-791 and 792 the 

Orkney Formation, and NL-793 and 7S4 the Alberton Formation. 
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5. STATISTICAL EVALUATION OF DATA 

5.1 Graphical Representation of Data 

To analyse geochemical data, Koch and Link (1971) suggest one must 

first decide what an anomalous observation is. They say that current 

practice is to make an orientation survey, to calculate the mean and 

standard deviation of the observations, and then to define any 

observation more than two standard deviations above or below the mean 

as possibly anomalous and anyone more than three standard deviations 

above or below the mean as certainly anomalous. 

Normal probability graph paper is scaled so that if observations are 

normally distributed, their relative cumulative frequency in percent 

plots as a straight line. The mean of the observations is estimated by 

reading the fifty percent point on the straight 1 ine. The standard 

deviation of the observations is estimated by subtracting the sixteen 

percent point from the eighty four percent point and dividing the 

result by two (Koch and Li nk, 1970). 

For fewer than 100 observations, they suggest it is desirable but not 

essential to replace the relative cumulative frequency (r.c.f.) by a 

plotting percentage obtained by the formula 

plotting percentage = 100 x 3 (r.c.f.) - 1 
3n + 1 

where n is the total number of observations. An example of the 

calculation is shown in Table 5.1. The graph of the plotting 

percentage plotted against the upper bound of the class interval is 

shown in Figure 5.1. 

5.2 Probability Plots of Witwatersrand Triad Data 

In order to examine the distribution of the chemical data of the 

Witwatersrand triad samples used in the current study, normal 

probability plots of the type discussed above were plotted using a 

program written by C, Beuthin for use on the Rhodes University ICL 19045 

computer. The' samp1 es were fi rst separated into thei r respecti ve 

formations and then all major element analyses within each formation 

were tested for normality. The normal probabi1ty plots for major 

elements are shown in Figure 5.2a. 
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Table 5.1 Example of frequency distribution of 224 phosphate assays 

and plotting percentages (from Koch and Link. 1 S70) 

Relative 
Assay Interval Re1ative Cumulative cwnulative 

interval midpoint, Frequency. frequency frequency, frequency. r .c.l. Plotting 
("7. P,O,) w f ("7.) c.r. ("7.) percentages 

14-16 15 1 0.45 1 0.45 0.30 
11>-18 17 1 0.45 2 0.90 0.74 
11>-20 19 8 3.57 10 4.47 4.31 
20-22 21 21 9.37 31 13.84 13.67 
22-24 23 44 19.64 75 33.48 33.28 
24-26 25 54 24.12 129 57.60 57.36 
21>-28 27 56 25.00 185 82.60 82.32 
28-30 29 30 13.39 215 95.99 95.69 
30-32 31 7 3.12 222 99.11 98.81 
32-34 33 2 0.89 224 100.00 99.70 

Figure 5.1 Plot on normal probabil ity graph paper of phosphate data 

from Table 5.1 (from Koch and Link, 1970) 
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A similar procedure was adopted for the trace elements, the results of 

which are illustrated in Figure 5.2b . Each horizontal 1 ine of graphs 

represents a different formation, while each column corresponds with a 

different element. 

The Y-axis has been modified to show the mean, given at 0.00, and one, 

two, three or four standard deviations shown by ~ 1.00, ~ 2.00, ~ 3.00 

and ~ 4.00 respectively. Concentrations of major element oxides (in 

weight percent) and trace elements (in parts per million) are shown on 

the X-axis. 

Figure 5.3 shows several hypothetical populations in order to 

illustrate some of the basic patterns which occur in Figures 5.2a and 

b. In Figure 5.3a, three 1 ines are plotted, each with a different mean 

(read opposite the "Q"), but the same standard deviations. Figure 5.3b 

show three lines, all with the same mean, but different standard 

deviations. The steeper the line, the smaller the standard deviation. 

Fi gure 5. 3c shows the difference between an ari thmeti c normal 

population, which plots as a straight line (AN), and a log normal 

population, which plots as a curved line (LN) on arithmetic probability 

paper. In general, concave-down graphs, such as LN, are skewed towards 

high values, i.e. the majority of points have low values, while the 

remainder tail off towards the ' hi gher end of the scal e. The converse 

is also true. 

Finally, Figure 5.3d shows how a combination of two normal populations 

produces a bimodal probability curve, which is recognised by the 

presence of an inflection point (marked with an arrow). Lognormal 

populations will produce similar patterns, with varying amounts of 

curvature. It is possible to separate the bimodal curve into its two 

constituent populations by means of a process called "partitioning". 

Details of the procedure are provided by Sinclair (1976), but this was 

not attempted in the current study. 

The infl ecti on poi nt marks the cumul ati ve percenti 1 e that represents 

the proportions of the two populations. Similarly, curves which have 

two i nfl ecti on ,poi nts i ndi cate the presence of three popul ati ons, etc. 

The manifestation of more than one population may mean that that 
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particular element is present in more than one mineral in differing 

degrees of concentration, for instance, or it may represent 

concentrations in the matrix and phenocrysts of a porphyritic rock, etc. 

Figure 5.3 Hypothetical probability plots illustrating some basic 
patterns (after Sinclair, 1976) 
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Sinclair (ibid.) suggested that, although some authors recommend a 

minimum of 100 values in a probabil ity plot, as few as 70 

seem valid and useful. The only unit in the current 

Group basi c 

data points 

study whi ch 

rocks (69 fulfils this requirement, are the Dominion 

samples). Reasonably well-defined curves are, however, produced by the 

Loraine-Edenville, Allanridge, Rietgat, Goedgenoeg, Dominion porphyry 
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Figure 5.2a Normal probability plots of major elements for each formation 
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Figure 502a continued 
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Figur e 5 .2a con t inued 
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Figure 5.2a continued 
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Figure 5.2b Normal probability plot s of trace elements for each formation 
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Figure 5.2b continued 
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Figure S.2b continued 
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Figure 5.2b continued 
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and Orkney units, ~:hich have 46, 35, 34, 33, 32 and 31 data pOints 

respectively. It must be borne in mind in such cases that fluctuations 

in the probabil ity curve may possibly be due to the low density of 

sample points, and this is certainly well-illustrated by the curves of 

the Alberton (19 points), ~iakwassie (17) and Crown (6) Formations. 

One method of recognising "wild" samples is to plot confidence limits 

of a probability curve. This can be done graphically, but in the 

current study, the computer program whi ch produced the probabil ity 

plots also printed out a list of outliers for both the 90% and 98% 

confidence limits or intervals. An example of the output is shown in 

Figure 5.4. This isolates samplEs ~Ihich plot away from the main curve, 

both at the tails and in between, so that they can be examined further. 

Figure 5.4 Sample of output showing outlier samples for 90% and 98% 
confidence intervals 
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In Table 5.2 different confi dence 1 imits are shown together with the 

standard deviation which corresponds to each limit (from Spiegel, 1961). 

Table 5.2 Confidence limits with corresponding standard deviations. 

Confidence limit (Cl) 99.73% 99% 98% 96% 95.45% 95% 90% 80% 68.27% 

Std deviation (s) 3.00 2.58 2.33 2.05 2.00 1 .96 1.645 1 . 28 1.00 

50% 

. 674~ 
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Thus, a 90% confidence limit implies that 90% of the samples from a 
particular population should be found within the interval -1.645s to 
+1.645s. At the beginning of thi s chapter it was mentioned that Koch 
and Link (1971) suggested that samples which lay outside the 2s limit 
(or 95.45% CLl were possibly anomalous. By lowering this to the 90% 
CL, obviously a number of acceptable points would also be isolated, but 
it would ensure that all possibly anomalous values be scrutinised. 

These normal probability plots were used in conjunction with the 
various methods described in Chapter 4 in attempting to classify 
samples into their correct formations. Naturally, seme samples 

isolated using the probability plots were valid members of their 
particular group and simply represent extreme values. These were left 
unchanged, but certai n sampl es were removed to other units, or 1 eft 
unclassified, as documented in Chapter 4. 

To concl ude, it is of interest to note some of the advantages and 
disadvantages of this simple graphical technique, as summarised by 
Sinclair (1976): 

Advantages 
1. A simple form of graphical representation of data. 
2. 
3. 

Rapid, qual itative 
Rapid estimation 

distributions. 

analysis of density distributions. 
of parameters of normal and lognormal 

4. Compact graphical representation of several sets of data on a 
singl e diagram. 

5. Recognition of polymodal distributions. 

6. Partitioning of polymodal distributions. 
7. Rapid recognition of certain abnormalities in data. 

Disadvantages 
1. Data might not approximate normal or 1 ognorma 1 density 

distributions. 

2. Data might be too sparse for meaningful analysis on probabil ity 
paper. 

3. Tails of cumulative distributions are commonly not well-definen . 
This can cloud interpretation in the upper value range which is of 
particular interest in most mineral exploration data. 
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4. A small, but significant proportion of plots appears to be 

uninterpretable using the procedures outline in Sinclair (1976). 
This is particularly true if several populations are present with 
extensive overlap and/or different types of density distributions. 
Except in very special cases, four populations are about the 
maximum that can be treated successfully, and difficulties are not 
uncommon if three or four populations are present. 

5. The lower the quality of data, the more ambiguous is the 
interpretation of the corresponding probability plot . 
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6. SUN~1ARY AND CONCLUSIONS 

The volcanic recks of the ~jitwatersrand triad ~!ere found to be 

primarily subalkal ine tholeiitic rocks. lhe use of the word "andesite" 

for describing the majority of the basic volcanic rocks in tre 

Witwatersrand triad 

reasons . Firstly, 

in the past, is a misnomer, for two principal 

t~e name "andesite" is generally confined to 

calc-alkaline rocks, associated with which are very specific tectonic 

regimes. The l, itwatersrand triad volcanic rocks do not fit into this 

calc-alkaline association and M P Bowen (in prep . ) has discussed this 

in some deta i 1. Secondly, the Al ~03 content of the ~!it~!atersrand 

triad volcanic rocks is too low for them to be called andesites. 

The Domi ni on Group bas i crock s, all the formati ons of the 

Kl i priviersberg Group, and the Coedgenoeg-Ri etgat Formati ons were 

classified as basalts, the latter formation having tholeiitic andesitic 

to andesitic tendencies in the non-genetic sense of Irvine and Baragar, 

(l971). About a third of the Loraine-Edenville samples ~!ere designated 

Mg-rich tholeiites. The Allanridge Formation rocks are basalts to 

thol ei iti c andesites, whil e the Crown Formati on sampl es are all 

tholeiitic andesites. The ~Iakwassie Formation comprises predominantly 

tholeiitic andesites to andesites, cut with a fair proportion of both 

basalts and dacites. The Dominion Group porphyries are mostly dacites, 

~Iith an andesitic to tholeiitic andesitic tendency. 

With regard to potassium content, the Crown Formation rocks are K-poor, 

the Alberton, K- poor to average. The Allanridge, Crkney and Dominion 

basalts are average, the Dominion porphyries are average to K-rich, and 

the Lorai ne-Edenvi 11 e, Goedgenoeg-Ri etgat and ~iakwassie Formations are 

K-rich to average. The Klipriviersberg Group becomes progressively 

more potassic upwards . 

Major and trace element analyses have revealed that a clearly-defined 

geochemical stratigraphy exists within the Witwatersrand triad volcanic 

rocks. Tr.e Dominion Group consists of bi modal basaltic and dacitic 

lavas, both of which transgress the formal formational boundaries 

defined by SACS (1980). Within the overlying Witwatersrand Supergroup, 

the Jeppestown Amygdaloid or Crown Format i on occurs in the study area, 

with distinctive chemistry, tut the Bird amygdaloid marker is absent. 
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In the overlying Ventersdorp Supergroup, the lower Klipriviersberg 
Group, the middle Platberg Group and the upper Pniel sequence are each 
chemically distinctive units, with further subdivisions possible within 

each of these units. The lowermost Westonaria Formation of the 

Klipriviersberg Group is absent in the Klerksdorp area, being confined 

to only the deepest parts of the Witwatersrand basin, and the Jeannette 
Agglomerate Forma ti on has not been recogni sed. Three chemi ca lly 

distinct units are present the Alberton Formation, the Orkney 
Formation, and the Loraine and Edenville Formations together, which 
form a single geochemical entity. 

The Platberg Group comprises three stratigraphic units, two of which, 
the Goedgenoeg and Rietgat Formations at the base and top respectively, 
have the same chemical signature, while the intervening ~akwassi€ 

Formation is chemically distinct. This group is overlain by the Pniel 
sequence, the only volcanic unit of which, the Allanridge Formation, is 

also chemically distinctive. 

Severa 1 techni ques were used to di sti ngui sh betWEen the 9 different 
geochemical units present. The simplest of these, orthogonal 
discrimination, assesses the range of each major and trace element, as 

well as that for each interelement ratio, for every geochemical unit. 
Discrimination is achieved when ranges are discrete, i.e. do not 

overlap. This method is successful in distinguishing all geochemical 
units from one another, except the Domi ni on Group basalts from the 

Allanridge, Loraine-Edenville, Orkney and Loraine basalts. The other 
techniques, however, dO enable these distinctions to be made 
successfully. 

The second discrimination technique involves the use of three 
discrimination plots, namely Ti:Zr vs Ti:P, Zr:P vs P:Ti, and Ti02 vs 
Zr. The first two are able, with a minimum of overlap, to distinguish 
seven separate units, the three Klipriviersberg entities plotting 

together in one fi'eld . The third plot, Ti02 vs Zr, enables these 

three Klipriviersberg units to be separated from one another. 

The third and most sophisticated discrimination technique, discriminant 

analysis, requires the use of a computer, and has two main functions. 
Firstly, previously grouped data is assessed and an evaluation of the 
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success of the parameters defining the groups is provided. In the 

current study, 99.07% of all the samples were correctly classified. 

The second functi on of di scrim; nant ana lys is is to classify unknown 

samples. In this respect a number of intrusive samples from the 

current study were able to be assigned to various formations. 

A useful test of the aforementioned discrimination techniques was 

afforded when fourteen samples from an unknown succession in the 

Kl erksdorp area were acquired. They were positively i dentifi ed as 

representative of a complete sequence through the Klipriviersberg 

Group, two of the sampl es bei ng from the Al berton Formati on, two from 

the Orkney Formation and ten from the Loraine-Edenville Formations. 

Diagrams of major and trace element variation with depth show that, 

despite their having been subjected to low grade greenschi st 

metamorphism, variation patterns are still reasonably clear. The 

greatest amount of scatter is shown by Na, K, Mn, Sa and Rb, and these 

elements shoul d not be used for any petrogenetic deductions. In 

contrast, the immobile elements Ti, P, Nb, Zr and Y, together with the 

light rare earth elements La, Ce and Nd, appear to have been little 

affected by any post-extrusive processes. 

Normal probability distributions of each major and trace element for 

each formation were plotted, enabling a qualitative estimation of the 

density distributions to be made. Confidence 1 imits placed on these 

curves served to isolate "wild" samples, which were then examined 

further using discrimination techniques to clarify their true 

affinities. 

With regard to the SACS (1980) nomenclature of the individual 

formati ons i ncl uded in thi s study , several changes are recommended. It 

is proposed that the name "Rhenosterhoek Andesite Formation" be 

shortened to "Rhenosterhoek Formation", as 

primarily, but not exclusively, basaltic. 

name "All anri dge Formati on" is proposed 

Andesite Formation". 

the 1 ava type present is 

For the same reason, the 

in place of "Allanridge 
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The original purpose of thi s study, namely, to ascertain whether any 

geochemical criteri a exi st whi ch may serve to di scriffii nate between the 

various volcanic formations within the Witwatersrand triad, has been 

fulfill ed wi th hi ghly encouraging results. The successful 

identification of a sequence of unknown samples has demonstrated that 

the various techniques used have undoubted appl ication in exploration 

and development in the Kl erk sdorp area. Chemi ca 1 data from south of 

Johannesburg (Wyatt, 1976) appear to uphold these criteria in that 

region, and it remains for further analytical work to show whether 

these criteria can be extended to include areas further afield. In 

addition, closer sampling on either side of formational boundaries is 

required in order to resolve situations in which geochemical and visual 

delineation of boundaries does not concur. 
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APPENDIX I 

HISTDRY OF INVESTIGATION OF THE WITWATERSRAND TRIAD LAVAS 

The 1 iterature review which foll ows is the result of an attem~t to 

coll ect together as much pub 1 i shed i nformati on as poss i b 1 e al:-out the 

stratigraphic relationships, nomenclature, correlation and general 

descri pt ions of the vol cani c rocks of the Wi twatersrand tri ad. Much 

unpublished material has also been referenced, but this review has not 

exhausted all possible sources. The 1 iterature has been revie\~eo more 

or less in chronological order and the spelling of names, descriptions, 

terminology and views expressed are those of the original authors. The 

locality map in Figure A.l shows the positions of places mentioned in 

the review. 

The important contributions of the early writers, the most prolific of 

whom were Molengraaff (1903a, 1903b, 1904, 1905), Hatch (1903a, 1903b, 

1903c, 1904a, 1904b), Corstorphine (1903), _Holmes (1904, 19L6), Rogers 

(1905,1906,1907,1908) and du Toit (1906, 1907, 1908), were collated 

and consolidated in a book by Hatch and Corstorphine (1909). The next 

set of major contributions included those of Kynaston (1907,1912, 

1913), Humphrey (1909, 1910a, 1910b, 1911), Horwood (1910, 1912a, 

1912b), Mellor (1911, 1912, 1913), McDonald (1911) and Ropers (1921, 

1922,1929). Rogers (1929) provided a comprerensive overview of the 

current state of knowl edge of the Ventersdorp System to that - date. 

Subsequently, more work was done by Nel (1927, 1933, 1934a, 1934b, 

1935) and by Nel and others (1935,1939), while Jacobsen (1943) 

produced a detailed thesi s on the Ventersdorp System. Truter (1949) 

provided a detailed review in a comprehensive overview of all volcanism 

in South Africa. Further investigations by Vor Backstrom (1552, 1962), 

Von Backstrom and others (1953), ~iatthysen (1953), Pienaar (1956), 

Coetzee (1960) and Winter (1963b, 1965b) provided additional detailed 

information, with the 1 iterature to that date being reviewed 

exhaustively by Winter (1965b). A very useful bibliography was 

provided by Simpson (1964). More recent studies included that of 

Whiteside (1970) and Wyatt (1976), while the reader is referred to SACS 

(1980) for the 1 atest recommendati ons repa rdi ng nomencl ature and 

correlation of stratigraphy. 



·22- Zl.4BABWE 

100 hm 

BOTSWANA 

"" 
Potgietersrus • 

G 
Oodl r 

aberanes ' S I 0 

r 
.quoru " Thabaz;mbl 

Ramotswa. Oordepoor! TR AN S V A A L 
o..,,9.rsbe~ 

Labatsl . Qf') Grablersdal . 

Zeerust. Oenilton • 

Marlco' Rust~g Pretoria 

Mafeking' Kromdraal 

2. " 
Krugersdorp: Johannesburg 

.• 'Albertan 

Zoetlief· 

Ventersdorp . ",!e~tonana Klip River' Leslie 
Carietonville . '. Heidelberg ' Bethol 

Potc/:lefstroom Vereenlglf1;O . • Fortuna Valley 

2." 

Kuruman. 

Hartebeestfonte,n • Su,kerbos. Greyllngstad 
Ottosdak- B\ d' Ve~terskrO<?n arys -rand :_ .. . o' 

j ler SIOrp . ed f , ... . Vryburg . rkney:' . .0 .0 r e art , 
Wit d • Reltzburg 

$chwettzer Reneke . a mara~ss a VJerfontein 

~ 
Makwassle · 

Taung. 
01. ~; •• : 'J' • Allanrldge 

-.t" • • 
In Christiana Hoopstad Odendaalsrus 

t 0 · Virgi ni o 

1 BarkIYl"\e~I ... J ORANGE FREE STATE 

. Edenville 

Uplngton • . 9.'.~~. 

•.•..•. _. _~.. "'~i._ 
'-"_:'" 

" I d POIel· · ·o 

Grlqua an Kimberley' 

West 

30· s 

Zeekoebaard -:\ 
.... ,.' 

..... . 
.1" . .. 

'- .. 
~:' 

Prieska··: 
Hope Town-.. _ .... 

T'Kuip. 

CAPE PROVINCE 
Brltstown • 

>TO ". ,.. 

Figure A.1 Locality map for literature r eview 

LESOTHO 

.5 

". ,. 

SWAZLANO 

NATAL 

". 

3: 

~ 
~ 

~ 

t1 

--> 
0\ 
0\ 



- 167 -

Before the turn of the century the amount of 1 iterature pub 1 i shed on 

any of the Wi twatersrand tri ad 1 avas was neg1 i gi b 1 e. The earl i est 

account of the Ventersdorp rocks was that of Wy1ey (1859), who wrote: 

"About five or six miles below Hope Town, the Orange River flows 

between rocky hills of greenstones, amygdaloid, claystone and other 

traps. ". This was followed by Stow's (1874) map and description of the 

"amygda10ida1 and associated rocks of Pnie1", on the Vaal River near 

Bark1y West. 

Despite the occas i ona 1 hereti ca 1 statement from respected geo1 09i sts 

such as Hans Merensky (1907), who emphatically announced that 

"amygdaloida1 diabase, not kimberlite, is the source of river 

diamonds", the observational powers of the geologists of that time were 

acute and much of their original mapping and descriptions are still 

valid today. 

The year 1903 heralded the beginning of an interest in these and 

associated rocks which lasted for about ten years, ~Ianed and then 

revived again during the 1930's. Molengraaff (1903a), in describing 

the strata circumscribing the central granite boss of the Vredefort 

Mountain-Land, reported the presence of "amygda10ida1 diabase and 

diabase porphyrite merging gradually into one another" and that "these 

rocks bear a very close resemblance indeed to the amygda10ida1 rocks of 

the K1 i pri versberg and the Sui kerboschrand. " . 

Sawyer (1903), ina di scussi on about an unnamed amygda 1 oi da 1 di abase 

formation near ,"eide1berg, recognised that in places its flows were 

conformable to the underlying Witwatersrand Beds, while in others the 

relationship was clearly unconformable. He also found that in some 

places the diabase overlies the E1sburg Reefs, but in others it 

overlies much older beds. 

Hatch (1903a), describing two sections in the Potchefstroom District, 

observed "one great unconformity .,. between the Upper Witwatersrand 

Beds and the K1 ipriversberg Amygdaloid", and probably another between 

the Black Reef and the K1ipriversberg Amygdaloid. He deduced that, due 

to its vesicular structure, the amygdaloid was a flow which had spread 

over the Witwatersrand Beds after they had been tilted. He also noted 

the great disparity in thickness between the south-eastern and the 
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north-western portions of the amygda 1 oi d and 

was characteristic variability in thickness 
Amygdaloid in the Southern 

must be a series of flows. 

added that this 
of the Klipriversberg 

that the amygdaloid Transvaal, and concluded 

Also in 1903, a hitherto unrecognised formation, younger than the 

Witwatersrand Beds, but older than the Black Reef Series, and 

comprising "shales, schists and shaly conglomerates, banded cherts, 

amygdal oi dal di abase tufas, grits and very coarse conglomerates", was 

descri bed by t~o 1 engraaff (1903b) from the south-western and southern 

Transvaal. He · noted its unconfonnabl E' relationship to both the 

underlying Witwatersrand Beds and the Black Reef Series above, but was 

unsure of its position regarding the "Klipriver Amygdaloid" and the 

"Vaal River Amygdaloid". 

Hatch (1903b) wrote about a very thick, coarse conglomerate developed 

between the Black Reef and the Klipriversberg Amygdaloid near Reitzburg 

in the Orange River Colony, and correlated it with that referred to by 
Molengraaff (1903b). 

Hi s interest bei ng revi ved by No 1 engraaff' searl i er 1 S03 paper, Hatch 

(lg03c) described a boulder bed containing boulders of various rock 

types (conglomerates and quartzites of the Upper Witwatersrand Beds, 

banded slates from the Lower Witwatersrand Beds, quartz, gabbro, 

di abase and quartz-porphyry) rangi ng up to several feet in di ameter. 

This boulder bed, which occurs north-west of Ventersdorp, lies 

unconfonnably on the Lower Witwatersrand Beds. Hatch was convinced 
that this fonnation was the same as that described by both Dr 

Molengraaff and himself previously, and proposed for it the name 

"Ventersdorp Beds", and suggested that it include the underlying 
Klipriversberg Amygdaloid, which he showed was intimately related to it. 

Diirffe 1 (1903) wrote that "the Bl ack Reef Formati on on Kromdraa i (NW of 

Pretoria) ;s deposited unconfonnably on a schistose conglomerate, 

belonging to the new fonnation described lately by Dr Molengraaff, Dr 

Hatch, and others, and for whi ch Dr Hatch had suggested the name 

Ventersdorp Beds.". 
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Corstorphine (1903) described the same conglomerate in the Krugersdorp 

area and in the valley of the Suikerbosch Rand River, also associated 

with masses of diabase and having the same relationship to enclosing 

rocks. He was convinced that this diabase was a geological 

continuation of that of the K1ipriversberg, and that this together with 

the amygdaloid, quartz-porphyries and quartzites of the Yaa1 River, 

Kimberley and Hopetown areas, const i tuted a major volcanic series. 

Hatch (1904a) reported the presence of "Yentersdorp beds" north of the 

[Jwarsberg in the Marico District, but noted that thEY rest immediately 

on the Basement Granite, not on Lower Witwatersrand Beds, as at 

Ventersdorp. In a supplement to this paper, Hatch (1904b) described a 

thin section of amygda10ida1 diabase, "composed of lath-shaped crystals 

of p1agioc10se fe1 spar, imbedded in a ch10ritic mass derived probably 

from the decomposition of augite; the amygdu1es consist of calcite and 

quartz. ". 

Hatch and Corstorphi ne (1904a) descri bed the amygda 1 oi da 1 di abase and 

di abase brecci a occupying the Bezui denhout Vall ey and postu1 ated that 

it belonged to the Ventersdorp beds now called the Ventersdorp Series. 

They noted that qua rtz- and chalcedony-fill ed amygda1 es were abundant 

and that occasionally a porphyritic habit was observed in which the 

phenocrysts were stellate aggregates of feldspars. Microscopically, 

they described the diabase as a mass of minute fe1ty laths of feldspars 

and augite with interstitial quartz, while the larger feldspars were 

sometimes orthoclase, sometimes plagioclase. The diabase breccia 

included mainly basic igneous fragments similar to the amygda10ida1 

diabase, but also pieces of quartzite . The breccia matrix was 

crystall ine, containing mostly small fe1 dspar crystal s, with a kao1 in 

cement. 

To the north of the valley, the amygdaloid becomes slaty and is 

associ ated with sl ates, quartzites and conglomerates simil ar to those 

classified as part of the Ventersdorp Series in the Western Transvaal. 

From their observations, Hatch and Corstorphine inferred an episode of 

"long-conti nued vol cani cacti vi ty, produci ng alternate outpouri ngs of 

lava and the ejection of fragmental material, (accompanying) the 

deposition of -the sediments.". In addition, they suggested "removing 

(the E1sburg Series) from their hitherto accepted position at the top 
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of the Witwatersrand Seri es, and i ncl udi ng them wi th - the Ventersdorp 
Series. ". ~Iolengraaff (1904) seEms to have also given support to this 
idea, and categorically stated that he recognised "the Klipriver 
Amygdaloid as representing a separate system - the Vaal River System -
overlying the Witwatersrand Beds unconformably". 

In a discussion on the paper by Hatch and Corstorphine (1904a), Frames 

(1904) suggested that the Elsberg Series and the diabase in the 
Bezuidenhout Valley had been inverted by localised thrust faulting from 

the south, which induced the slaty structure displayed at the bottom of 
the diabase. In two drill holes he found a "transition layer between 
the (diabase) sheet and the sedimentary beds composed of. an intimate 
intermixing of grains of sand with igneous matter." In other instances 
they were abruptly separated by a "3 to 5 inch 1 ayer of quartzite". He 

accepted this as strong evidence that the ancient lava flow interrupted 
the deposition of the sedimentary strata, resulting in conformity 
between the El s/:'urg Series and the diabase. He concl uded that the 

diabase was poured out as a lava, when the underlying beds were still 
horizontal, and was later tilted along with the Elsburg Series. Frames 

di d not th i nk it advi sab 1 e to i ncl ude the di abase and the El sburg 
Series in the Ventersdorp Beds, until more evidence was collected, his 
reasoning being that the latter had characteristics not present in the 
El sberg Seri es, vi z. the Ventersdorp Beds were 1 arge ly made up of 
fragments of pre-exi sti ng conglomerate, whil e the El sburg Series of 
conglomerates were true and original pebble beds. 

Hatch and Corstorphine (1904b) reiterated their 
In reply to Frames, 

conviction that the 

Amygdal oi da 1 Di abase was part of the Ventersdorp Seri es, but were not 

entirely sure whether the Elsburg Conglomerates were. 

Hol mes (1904) recogni sed amygdal oi dal di abase and vol cani c brecci as 
belonging to the Ventersdorp Series near Vryburg. He found that to the 
west the diabase thins out to expose the undErlying boulders of granite 

imbedded in the diabase. Further to the west he noted that the granite 
was penetrated by both aci d and bas i c cykes, whi ch appear to be older 

than the overlying Black Reef Formation. 

Luttman-Johnson (1904) detailed the geology of the Fortuna Valley, 
Heidelberg, in'which the Hospital Hill Guartzites of the Witwatersrand 
Series are unconformably covered by a great thickness of amygdaloidal 
diabase of the Ventersdorp Series, together with associated rocks, viz. 
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breccia, tuffs, conglomerates and quartzites. The coarse breccia is 

found interbedded with, and gradi ng into, the fi ne tuffs. The Bl ack 

Reef overlies the Ventersdorp Series unconformably . 

Jorissen (1906) agreed 

~Iolengraaff (1904) in 

Witwatersrand System and 

with Hatch 

separating 

placing it 

River or Ventersdorp System. 

and Corstorphine (1~04a) and 

the El sburg Series from the 

as the basal series of the Vaal 

The name "[Jomi ni on Reef Seri es" was gi ven by Nol engraaff (1905) to a 

series of reefs found in the Klerksdorp district. The reefs comprise 

seri ci te schi sts interbedded with gol d-bearing conglomerates and 

quartzites, and are overlain by amygdaloidal diabase and porphyrites of 

what Molengraaff mistakenly called the Vaal River System, even though 

he saw clearly that they underlay conformably the Witwatersrand Beds. 

He later contradicted himself by saying that "the Dominion Reef Series 

and the Lower Witwatersrand Beds disappear under the overlying 

amygdaloidal diabase of the Vaal River System . ". He evaded explaining 

this inconsistency by concluding that "a great diversity appears to 

exist in the sequence of the strata of the vaal River System .•. ". 

Two groups of amygdaloidal rocks, called thE Beer Vley series and the 

ZeekoeBaard amygdaloid, found in the Prieska and Hope Town districts, 

were descri bed by Rogers (1905) . The Beer Vl ey group consi sts of 

andesitic amygdaloidal lavas, rhyolites and some agglomerates. He 

noted that this group is less altered than the Zeekoe Baard amygdaloids 

which are more basic and which he said contain very few recognisable 

original constituents. Rogers noted the similarity between the Zeekoe 

Baard amygda 1 oi d and those in the Transvaal underlyi ng the Bl ack Reef 

Series. In the Prieska area, however, the correlation proved difficult 

and he suggested that these amygda 1 oi ds belonged to the same group as 

the "Boschveld volcanic rocks" of the Transvaal . 

Samples of a number of igneous rocks from the Transvaal were collected 

by Rand (1905), who published descriptions of their petrographic 

features. The samples included two from the Klipriversberg Amygdaloid, 

six from the "eruptive occupying the floor of the Bezuidenhout Valley" 

and three from-the vicinity of Klerksdorp. 
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Rogers (1906) mentioned the presence of the "Pniel Volcanic Series 

(Ventersdorp Beds)" between Barkly West and the Langeberge in the 

northern Cape. He stated that they undoubtedly underl ie the Campbell 

Rand Group and the Bl ack Reef Series. They consist of compact and 

amygdaloidal lavas, some of which are porphyritic, breccias and tuffs. 

He noted their resemblance to the lavas and breccias at T'Kuip, which 

have a lower basic portion, overlain by a thick group of porphyritic 

acid lavas. 

In his survey of the Vryburg-Mafeking area, Du Toit (1506) detailed the 

occurrence of the Ventersdorp Series, consisting of lavas, breccias, 

conglomerates and other rocks of both sedimentary and igneous origin. 

In the Vryburg area he reported the presence of what he call ed the 

Zoetl i ef Beds, whi ch unconfonnab ly underl i e the Ventersdorp di abases 

and amygdaloids, but due to the similarity of rock types, he preferred 

to group the two formations together. 

The Zoetl i ef Beds described by Du Toit consi st of a lower porti on of 

arkoses and quartzites, resting upon granite. This is followed by a 

middle portion consisting of acid and intermediate lavas: quartz 

porphyries, trachytes and allied rocks. The uppermost division 

comprises quartzites and flagstones, which grade into cherts. He noted 

that the quartz-porphyries and trachytes had been highly silicified. 

The Ventersdorp Di abase formati on conta i ns compac t and amygda 1 oi dal 

di abases, vol cani c tuffs and brecci as, conglomerates, grits, sandstones 

and shales. Du Toit recognised finely developed flow-structures in the 

volcanic rocks, which are mostly andesitic and usually altered. In one 

area he detected a "pill owy-structure" in the lava, but he maintained 

that the greater portion of the volcanic material was laid down 

sub-aerially. 

Hall and Humphrey (1906) reported the presence of Ventersdorp Beds 

(mainly conglomerates) north of Krugersdorp. These were covered by 

schists and various sedimentary rocks, which Hall and Humphrey decided 

were best included in the Swaziland Series. These in turn are overlain 

by the Black Reef Series. 
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Holmes (1906), in describing the geology of the south-western 

Transvaal, stated that the predominating rock of the Ventersdorp System 

in this area is amygdaloidal diabase, the nature of which had already 

been commented upon by previous authors. The second most important 

rocks are the aci d quartz porphyri es, well-exposed in the 

"Makuasiberg". They contain porphyritic crystals of feldspar and 

quartz and are highly resistant to weathering. South-west of 

Wolmaransstad he noted the occurrence of a porphyrite dyke, 23 metres 

wi de, cutti ng through the quartzites underlyi ng the di abase. He was 

unable to determine the exact relationship bebleen the diabase and the 

porphyrite, but he postul ated that the porphyrites occurred as 

intrusive dykes rather than interbedded 1 ava sheets, and cl assed them 

together with the Ventersdorp System Rocks . 

Hol mes also recorded the presence of vol can i c conglomerate conta i ni ng 

fragments and boulders imbedded in a lava matrix, which is both 

overlain and underlain by amygdaloidal diabase. He concluded that "the 

sources of origin of the enormous masses of diabase which form the bulk 

of the Ventersdorp Beds are not apparent; they possibly belong to the 

cl ass known as fissure eruptions, though anything of the nature of 

volcanic cones would have long ago become unrecognisable in a formation 

so ancient.". 

Du Toit (1907) in a survey of the eastern Griqualand West district 

found the same two vol cani c formati ons as he had in the 

Vryburg-Mafeking area, i.e. the Zoetl ief Beds and the Diabase 

Formation, which he now grouped with the Pniel Volcanic series of Stow, 

who in 1873 had given this name to the amygdaloidal and associated 

rocks of the Vaal River Valley. Again he found that the Zoetlief Beds 

were unconformably overlain by the diabase, which, at the contact, 

often contains angular fragments of the underlying rhyolite. He 

determi ned the presence of three zones in the Pni el seri es: a lower 

zone of porphyritic lavas (acid and basic), a zone of normal diabases, 

and an upper zone of quartzites and conglomerates. Tuffs, breccias and 

brecciated lavas occur in all three zones. 

great proporti on of brecci ated igneous 

volcanics}, which sometimes forms beds 25 to 

Du Toi t remarked on "the 

material in (the Pniel 

50 feet in thickness". He 

was unable to find any vents or fissures from which the Pniel volcanics 

could have erupted, but he did note the presence of many veins or dykes 

of felsitic material, which he suggested marked the sites of fissures 

from which the higher-lying acid volcanics may have issued . 
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Kynaston (1907) described the presence of Ventersdorp sediments and 

diabase breccia in the area occupied by the Pretoria-Johannesburg 

Gran i te . The breccia extends south-westwards into the Bezuidenhout 

Valley, as described by Hatch and Corstorphine (1904). 

Rogers (1907), working adjacent to that area surveyed by Du Toit (1906) 

reported the same lavas as had Du Toit, i . e. Pniel and Zoetlief Beds . 

He expressed doubts as to whether the Pniel lavas and overlying Black 

Reef Seri es ought to have been separated, as he found them to be "very 

intimately connected" in this area, shown by a certain degree of 

i nterbeddi ng of the two seri es. It appeared to him that the great 

unconformity between the two groups in the Transvaal, did not seem to 

exist in the Vryburg area . 

To the west of this region, Rogers (1508) encountered very little 

outcrop of the Ventersdorp or Vaal River System. Al though the Koras 

rocks in th i s area di ffered in important respects from those of the 

Vaal River System, Rogers suggested that they may have been formed at 
about the same time, and therefore placed them as a distinct sub-group 

in the Vaal River System . 

Du Toit (1908) reported the occurrence, in the Hopetown-Britstown­

Prieska-Hay area, of the Zoetlief Series, consisting of an upper group 

of acid volcanics and a lower group of sediments with occasional lava 

flows. South of the T'Kuip Hills he found a possible volcanic neck. 

Succeedi ng the Zoetl i ef rhyol ites wi th an inferred unconformi ty, is a 

group which du Toit called the Ku i p Series. It comprises diabase and 

amygdaloid with some interbedded sed i ments, and is indistinguishable in 

handspecimen from those of the Pniel Series. It reached 457 metres in 

thickness in one area. Unconformably overlying this is the Pniel 

Series - a lower sedimentary group, mainly quartzite, and an upper 

volcanic one of "diabase amygdal oid" and breccia. 

Humphrey (1909) found almost the whole of the country along the western 

Transvaal border to be occupied by rocks of the Ventersdorp System, 

i.e. mainly diabasic rocks with amygdaloids, porphyries and acid lavas 

with tuffs and breccias. He suggested that they all fell "within the 

limits of the Pniel Series as constituted in the Cape Colony", mapped 

by du Toit and Rogers in previous years. 
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Hatch and Corstorphine (1909), in their book on the geology of South 

Africa, mentioned sheets of amygdaloidal diabase which occur at 

different hori zons in both the Lower and Upper Witwatersrand Beds, 

interbedded with slates and quartzites. They maintained that these 

"bursts of volcanic activity" were "a prelude ... to the violent 

volcanic outpourings which characterise a later period" i.e. the 

Ventersdorp 1 avas. They documented the Ventersdorp System ina fai r 

amount of detail, con sol idating all the information gathered until 

then. They described it as "a series of acid and basic lavas, tuffs, 

breccias, and conglomerates, which, being typically developed at 

Ventersdorp in the Western Transvaal, may be conveniently grouped 

together as the Ventersdorp System." They di smi ssed Nol engraaff IS 

name, the "Vaal River System", as ambiguous. They included within the 

Ventersdorp System the Elsburg Series, consisting of alternating 

conglomerates and quartzite. They wrote that "the basic lavas are well 

represented by the rocks of the Kl i P River Hill s south of . the Rand, 

where they have an aggregate thickness of some 5000 feet. The rock 

there exposed is a fine-grained amygdaloidal and porphyritic diabase, 

long known as the Kl i pri versberg amygda 1 oi d. The amygda 1 es cons i st 

chiefly of silica ... , calcite and chlorite.". 

Furthermore they stated that "acid lavas are of less frequent 

occurrence in the Transvaal, but they have been observed in the 

Makwassie Hills in the Wolmaranstad district", and at Platberg, and 

between Kimberl ey and Ma fek i ng. "These form the lower di vi si on of the 

system, and, like the upper basic flows, are associated with tuffs and 

brecci as, conglomerates and quartzi tes. ". 

Hatch and Corstorphi ne wrote that, in the geol ogi ca 1 success i on, the 

position of the fragmental rocks - breccias and conglomerates - had but 

recently been understood, as their connection with the "Klipriversberg 

amygdaloid" had not been recognised for a long time. At Ventersdorp 

clastic rocks of two distinct types are found: (1) volcanic breccias, 

grading into fine tuffs, and (2) boulder and pebble beds. The fact 

that the boulder beds are, to a large extent, made up of the ~ebris of 

the Witwatersrand System points to a considerable denudation of the 

latter after its elevation above sea level and before the deposition of 

the Ventersdorp System. 
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They al so noted "that the peri od to whi ch the Ventersdorp System 
belongs was marked by great volcanic activity is sho~m in the enormous 

accumulation of lava, volcanic ash, and breccia . But this activity 
must have been to some extent localised, so that while lava and 

fragmental rocks were being ejected in one place, sand and gravel were 
simultaneously accumulating elseYlhere: only in some such way can the 
great diversity of the beds grouped together as the Ventersdorp System 
be explained." 

They mentioned the distribution of the Ventersdorp System in the 

Heidelberg district, in the Bezuidenhout Valley near Johannesburg, at 
Kromdraai north of Krugersdorp, in the Ma ri co di stri ct, north of the 

East Rand, in the Venterskroon-Parys district, at Hoopstad, near 
Reitzburg, and at Ventersdorp. In the south-western area of its 
exposure, from Mafeking to the T'Kuip Hills, the Ventersdorp System had 
been grouped into two series, the Pnie1 and the underlying Zoet1 ief 

Series. They concluded by supporting the idea of Merensky (1907) that 

ri ver di amonds were associ ated with the amygda 1 oi ds of the Ventersdorp 
System. 

Rogers and Du Toit (1909) wrote a detailed account of the rocks of the 
Ventersdorp System in the Cape Colony. They included in their 
succession, as did Hatch and Corstorphine (1509), the Pnie1 Series, the 

Kuip Series and the Zoet1ief Series. They a1 so placed in this system 
the Koras Series, though admitting that its true position was not known. 

In the Marico district of the western Transvaal Humphrey (1910a) found 
the foll owi ng success i on of Ventersdorp rocks: a basal sequence of 

shales and conglomerates, followed by acid lavas and porphyries. 
Overlying this is a second sequence of shales and conglomerates, 
succeeded by basic amygdaloid. He contended that the two sedimentary 

facies represent one period in the middle of which the acid rocks were 

erupted, as the whole succession appeared conformable. He also 
observed that the "close-grained diabase" which had previously been 
mapped as an intrusive, was simply "the central and lower portion of 

massive flows while the amygda10ida1 rocks are those which consolidated 
more at the surface.". 
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The Ventersdorp System in the Kl ip River Valley was found by Humphrey 

(1910b) to consist of the Elsburg Series overlain by the Klipriversberg 

amygda 1 oi d. The 1 atter forms the Kl i pri versberg to the north of the 

va 11 ey and the Su i kerboschrand to the south-east. It cons i sts of bas i c 

igneous rocks, frequently amygdaloidal, but also "clOSe-grained." 

Occasionally it becomes markedly porphyritic with large well-developed 

crystals of felspar, which are usually saussuritised. 

In their description of the geology around Zeerust and MafEking, Hall 

and Humphrey (1910) presented a report virtually identical to that 

gi ven by Humphrey (1909). 

Horwood (191G) gave a detailed description of the petrography of the 

Klipriversberg Amygdaloidal Diabase. In addition he presented four 

major element analyses. 

~lellor (1911) recorded the similarity of the amygdaloidal diabase in 

the Bezuidenhout Valley, Johannesburg, to that of the Klipriviersberg, 

south of Johannesburg. He noted that it had been subjected to earth 

movements as shown by the intense shearing evident throughout the 

diabase mass. 

Humphrey (1911) described the geology north of Zeerust, which appeared 

to be merely an extension of the rocks described by him in 1909 in the 

Marico district. 

McDonald (1911), discussing the intrusive rocks of the Witwatersrand, 

noted the close resemblance of many of the dykes to the Klipriversberg 

volcanics: "The great similarity in mineralogical composition appears 

rather to indicate that the dykes are the hypabyssal equivalents of the 

lavas. The absence of volcanic necks, marking the centres from which 

the lavas could have flowed, indicates that the eruptions were of the 

fissure type, and the dykes may now fill the channels up which the mass 

of molten materi a 1 flowed.". 

The Ventersdorp System in the Rustenburg di stri ct Vias described by 

Kynaston (1912) as consisting of two divisions, a lower sedimentary 

sequence of quartzites, quartzitic 

and an upper volcanic series. 

sandstones, grits and conglomerates, 

The lo~,er portion of the latter 
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compri ses fine-grained and frequently amygdal oi dal basi c rocks. These 

are overlain by acid lavas, showing characteristics such as banding 

(indicating flow structure), brecciation, nodular and spherulitic 

structures. However, after extending his work into the Marico 

di stri ct, Kynaston (1913) found tha t the vol cani c rocks were 

intercalated with conglomerates, quartzites and shales, and there 

appeared to be no regular succession for the whole area. 

A number of writers have recorded the fact that the Yentersdorp System 

underl i es the Bl ack Reef formati on in some pl aces wi th a well-marked 

unconformity, yet in others the rel ati onship is apparently conformabl e 

(Sawyer (1903), Molengraaff (1903b), Hatch (1903b)). Horwood (1912a) 

believed that, although the Ventersdorp diabases had always been 

consi dered older than the Bl ack Reef formati on, at 1 eas t some of the 

diabases are intrusive in the Black Reef formation. He supported this 

view by describing a number of occurrences in which diabase had forced 

its way up from below through vertical joints in the Black Reef 

quartzite and had spread out above it. He concl uded that "it ~/oul d 

appear, therefore, that the erupti ve acti vity whi ch cha racteri sed the 

Ventersdorp period did not entirely die out during the time that the 

Yentersdorp System was being ' laid down; but that it extended into that 

period to which the Black Reef Series belongs.". In a criticism of 

this paper, Mellor (1912) stated that Hon/Ood's conclusions had been 

based on the misidentification of shale as shaly diabase, and that 

these conclusions were therefore erroneous. In reply to Mellor, 

Horwood (1912b) refuted ~iellor's evidence and maintained his former 

stand. 

~1ellor (1913) observed that the Yentersdorp System in the western 

Wi twatersrand was represented by the Kl i priversberg Di abase. Instead 

of forming hills, as it does south of Johannesburg, it tends here to 

form the lower ground. ~lellor explained that this was a function of a 

greater ease of weathering, which was a result of the some~/hat less 

acid character of the local rock, sometimes associated with a coarser 

texture. The diabase was found as usual to be markedly amygdaloidal 

and occasionally porphyritic, with its base apparently lying 

conformably on the El sburg Beds, but overl ain unconformably by the 

Black Reef Seri'es. Mellor preferred to retain the Elsburg Beds in the 

Witwatersrand System, until further elucidation of its relationships 

showed otherwise. 
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Kynaston and Humphrey (1920) incorporated the reports of Kynaston 

(1912) and Kynaston (1913). 

In 1921 Rogers (1921) di scovered a successi on of coarse agglomerate and 

lava belonging to the Jeppestown Series in the Heidelberg neighbourhood. 

The agglomerate was found to be cons i derab 1y altered and the 1 avas, 

whi ch appeared to over1 i e them, were highly vesi cu1 a r. No feeder or 

vent from which the lavas might have come was found. Referring to the 

transition from the Witwatersrand to the Ventersdorp System, Rogers 

found indications "that volcanic activity began whilst the small pebble 

conglomerate .and grit taken as the top of the Kimber1ey-E1sburg Series 

in Hei del berg was bei ng formed". Rogers suggested that eventually "the 

arenaceous deposits were outweighed by the volcanic", and that "it 

would be difficult to find better evidence of the conformable 

succession of volcanic rocks on sedimentary than that offered by the 

E1 sburg-Ventersdorp passage beds in that part of Hei del berg" . Thi s 

transitional zone is followed by at least 1524 metres of amygda10ida1 

1 avas of the Ventersdorp System, conta i ni ng a "stri ki ng1y porphyriti c 

amygda10ida1 lava about 300 feet above the base", similar to that found 

in Bezuidenhout Valley. 

In a further descri pti on of the Hei del berg area Rogers (1522) stated 

that the Ventersdorp System there was divisib1 e into two groups. The 

lower group, mainly lavas, displays stratification, indicating a large 

number of flows. Tuffs were seen only in the lowest rocks, and have 

undergone more intense a lterati on than the 1 avas. The phenocrysts of 

the porphyritic lava, also mentioned by Rogers (1921), were found to be 

albite-oligoclase feldspars. The upper group contains conglomerates 

and finer grained sedimentary rocks with some interbedded lavas. 

In the Vredefort area the transi ti on from the E1 sburg Seri es to the 

Ventersdorp amygdaloid is very abrupt, un1 ike that near Heidelberg 

(Ne1, 1927). In both these areas, the relationship between the two 

formations is conformable, unlike that in the Western Transvaal. The 

Ventersdorp Arnygda1 oi dis the only representati ve of the Ventersdorp 

System in the Vredefort area. A porphyri ti clava, the phenocrysts of 

which were found to be albite, is located near the base (Ne1, 1927). 

This is similar to that described from the Heidelberg district by 

Rogers (1921). Ne1 did not notice tuffs or volcanic breccias in the 
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Vredefort area. The thickness of the amygdaloid was calculated to be 

between 3353 and 4267 metres, indicating "a close rroximity to the 

place of origin of the lavas". 

Rogers (1929) summa ri sed the state of kno~ll edge of the Ventersdorp 

System to that date. He listed the areas in ~'hich it occurs, i.e. in 

the central, west and south-western Transvaal, northern Cran9E Free 

State, and northern Cape Province. No Ventersdorp Beds had been 

recognised in either the Eastern Transvaal or Natal. Rogers stated 

that "the time represented by the Witwatersrand and Ventersdorp beds 

was one of consi~erable earth movements and widespread volcanic 

activity in the southern and western Transvaal and northern districts 

of the Cape; elsewhere in the Union there is no evidence yet known 

bearing on the period.". In neither the south-wEstern Transvaal nor 

the Cape had rocks ~een recognised as Witviatersrand ceds, but Rogers 

sai d that "the 1 atter may be represented in the Cap~ Provi nce by the 

lavas and sediments of the Zoetlief and Kuip series which are 

unconformably overlain by the Pniel amygdaloidal diabase.". To Rogers 

it seemed certain that the Zoetlief Series was represented by some part 

of the Witwatersrand-Ventersdorp succession in the southern Transvaal, 

but exact correlation could not yet be drawn. He also £lave a good 

resume of the different types of Ventersdorp rocks which were prominent 

in the various areas mentioned. 

The 'ientersdorp System in the Kim~erley area wa,s described by Will iams 

(1932). Here only rocks belonging to the Pniel and Zoetlief Series 

were found, whi ch 1 ay "between the bottom of the Karroo system and the 

top of the Swaziland system of schists, gneiss and intrusive 

granite.". The Zoetlief beds are represented at the base by the "Vaal 

River conglomerate" which rests directly on top of the Swaziland 

schi sts wi th an unconformi ty, followed by quartzite and then qua rtz 

porphyry. This is succeeded unconformably by rocks of the Pniel Series, 

which consists of a quartzite with an underlying conglomerate, followed 

by a melaphyre, "a basic porphyritic rock of highly altered character", 

or diabase, as it was more commonly called. Williams ' presented 

chemical analyses of five diabase samples and three quartz porphyries. 

Nel (lS33) discussed rocks of the Witwatersrand System outside the 

Rand. He mentioned the volcanic rocks occurring at tr.e base of the 



- 181 -

Sys ten: in the Pa rys- Vredefort and the 

Klerksdorp-Ventersdorp areas. These appear to be overlain conformably 

by the Orange Grove quartzites, and consist in the former area of basic 

amygdaloidal lavas, and in the latter of "lavas and light-grey cedded 

ashy-looking rocks", some of which are cherty and amygdaloidal. In 

addition, "dense quartz-porphyry" is intercalated ~tith the amygdaloidal 

varieties. 

~!el mentioned the volcanic group discovered higher up in the 

Witwatersrand succession by Rogers (1921) in the Jeppestown beds. It 

is described as consisting of "agglomerate and lava of rather acid 

composition" in the Heidelberg area. It was also reported from 

south-west of Greyl ingstad, while on the West Rand he said it assumes 

an amygdaloidal character. 

Nel (1934a) descri bed the Witwatersranc System and associ ated rocks in 

the Kl erksdorp and Ventersdorp di s tri cts. He noted the presence of a 

marked unconformity at the base of the Ventersdorp System, as the 

Ventersdorp Beds were deposited on a surface of older formations that 

had a fair amount of relief, and can be found resting on any of the 

va ri ous hori zons of the Wi twatersrand System, even extendi ng ri ght 

across on to the 01 d Granite. He reported that they 1 ie nearly flat, 

or are" gently folded. Nel maintained that "the relation of the 

Ventersdorp to the Witwatersrand System and the deposition of the 

former on an old 1 and surfaCe of ma rked rel i ef, a re factors of great 

importance in the search for those horizons knol<n on the Rand in ttie 

concealed bodies of Witwatersrand beds around Klerksdorp.". 

t,el, in discussing the structure of the Wibatersrand, stated that 

"dislocations of the Witwatersrand System started in pre-Ventersdorp 

times, and were renewed at intervals until after the deposition of the 

Black Reef and Dolomite Series" . These movements produced "a number of 

prominent N.E.-S.W. trending strike or oblique faults as well as 

dip-faults with a general tl.W.-S.E. trend; and it seems very likely 

that the sr€at Ventersdorp volcani c erupti ons followed or were 

correlated with these fissures" . He noted that "the general 

distribution of the volcanic agglomerates and boulder beds, rock types 

that could n~t have been formed far from the source of their 

consti tuents, along or close to some of theSe 1 i nes of fracture is 
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significant". He also concluded that these faults "are responsible for 

several reduplications of the rocks across a wide stretch of country", 

and "have all the characteristics of step-faulting with the downthrow 

sides north-west of the lines of fracture.". 

Twenty nine years after ~'iolengraaff (1905) discovered the Dominicn Reef 

teds ana erroneously cl assifi ed the associ ated 1 avas as Ventersdorp 

volcanics, Nel (1934a) carefully reviewed the information on hand. He 

real ised that the two volcanic formations separating the Dominion Reef 

beds frow. the overlying Lower Witwatersrand beds formed a conformable 

successi on ~Iith the Domi ni on Reef sedimentary groups and belonged to a 

sequence older than the Hospital Hill Series. He proposed the 

extension of "~lolengraaff's term 'Dominion Reef Series' to embrace not 

only the quartzose sediments, but al so the two volcanic groups 

following conformably above them, and to look upon the series as the 

lowest sub-division of the Witwatersrand System in the 

Klerksdorp-Ventersdorp area.". 

Nel (lS34a,c) described the Dominion Reef volcanics as "lavas and 

bedded 1 ight-grey, ashy-looking rocks." Some of the lavas are "curious 

cherty amygdaloidal rocks" and "appear to be acid igneous rocks partly 

or wholly silicified"; others are "darker amygdaloidal lavas that bear 

a close resemblance to the Ventersdorp amygdalcid." Intercalated with 

the 1 avas is a "dense dark porphyry", with phenocrysts of ma in ly 

plagioclase and a little quartz. The thickness of the whole series 

varies from about a metre near Ventersdorp to over nine hundred and 

fifteen metres south-west of Harteceestfontein. These accounts were 

followed by extremely detailed descriptions of the Dominion Reef 

Series, the Witwatersrand and Ventersdorp Systems in the Potchefstroom, 

Klerksdorp and Ventersdorp areas by Nel (1935), fie 1 et~. (1935), and 

Nel et~. (l93S). 

As a result of the discovery of a second volcanic horizon in the 

yiitwatersrand System, the first being the Bird Amygdaloid in the 

Bird-Main Reef Series, Kovaloff (1934) suggested a reinterpretation of 

the boundary between the Upper and Lower Witwatersrand. The presence 

of the new hori zon, the Jeppestown Amygda 1 oi d, allowed for a better 

correlation of ~itwatersrand Beds than had previously been achieved. 
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Beetz (1936) mentioned the presence of magnetic lavas in the lower part 

of the Ventersdorp SystEm in the Klerksdorp District. The magnetic 

rock is "a dark fine-grained diabase with a high amount of magnetite", 

and the hori zen is found "cetween the Ventersdorp sediments and the 

1 avas and tuffs of the lowest part of the Yentersdorp System.". Beetz 

concl uded that "where they occur at the surface in the Kl erksdorp 

district, the underlying contact with the Witwatersrand beds can 

confidently be expected at a reasonable depth, say, 2,500 to 3,000 

feet.". He stated that "the stratigraphical succession of rocks 

formi ng the Yentersdorp System ... in the Kl erksdorp di stri ct ... is 

regular save that anyone of the rock groups may increase or decrease 

in thickness or may be missing. altogether in places.". He attributed 

this variation to a number of factors: the Ventersdorp had been 

deposited on an uneven surface; overlapping had been caused by the 

spread of 1 ater beds across the edges of 01 der ones; 1 ava flOl"s and 

sheets of fragmental material thrown out from vents and fi ssures had 

built great fans with the thickness greater next to the eruptive 

centres; warping and fracturing had formed horsts and grabens. 

Frommurze (1937) documented the results of a survey on the 

water-bearing properties of the Ventersdorp System and other important 

formations. 

Truter and Strauss (1S4l), after stUdying the pre-Transvaal rocks in 

the Taungs area, proved that they belonged to two distinct formations, 

separated by an unconformity. The upper formation was correlated with 

the Pniel series of the Ventersdorp System, while the lower formation 

was correlated ~iith the Zoetlief Series, which "can very possibly be 

correlated with the Dominion Reef series.". 

In a major 

strati graphy 

consolidation of data Jacobsen (1943) described 

and petrography of the Yentersdorp System in 

the 

the 

southwestern Transvaal and northern Orange Free State in great detail. 

From boreholes drilled in the Buffel sdoorn area near Klerksdorp, he 

derived the follewing succession for the Ventersdorp System: 

"Horizon Y Cark green dense porphyrite with many small 

yellowish specks and occasional larger 

felspar phenocrysts. 



Horizon A 

Horizon B 

fiori zon C 

Horizon C1 : 

Hori zon D : 

Horizon E 

Horizon F 

Hori zon G 
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Cuartz porphyrite . 

Green, dense to fi ne-gra i ned porphyrite ~! i th 

small black specks. 

Large to fine volcanic breccia, dark quart­

zite, fine-grained tuffs and tuffaceous 

shales. 

Green porphyri te with numerous feathery 

greenish-black specks. 

~iain1y dense green-grey al most siliceous 

porphyrite. Characteristic are the numerous 

parallel white bands in the lower and middle 

portion of the lava flows. 

Dark green to grey-green porphyrite with 

zones of numerous yellowish specks and often 

with small black groups of crystals. 

Dark green po rphyri te , very well 

distinguished by very large, white, stellar 

clusters or aggregates of plagioclase. 

Detritus-agglomerate, sporadically developed." 

These horizons were grouped together in the following manner 

Upper Ventersdorp System 

~i i dd1 e Ventersdorp System 

Lo~;er Venterscorp System 

y 

A, B, C 

C1 , 0, E, F, G 

From hi s study Jacobsen showed that a "1 ava strati graphy" can be 

evolved . He used this to discuss the Ventersdorp succession in the 

K1erksdorp area, the northern O.F.S., the Ventersdorp-Hartebeestfontein 

areas and the ~i o1maransstad area. He rejected !'the term Ventersdorp 

diabase, so firmly embedded into the South African literature" as 

incorrect, "as typical minerals of the diabase group are nowhere to be 

found. The absence of 01 i vi ne especi ally is noted by all authors who 

describe the petrography of the Ventersdorp porphyri tes.". He regarded 

the coarse Ventersdorp sediments to be of fang10meratic origin, while 

the quartz porphyries he considered to be intrusive. He recognised the 

strong secondary alteration to ~Ihich the 'ientersdorp rocks have been 
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subjected, ascribing it to "autohydrothennal and sol fataric 
processes" . Jacobsen included the Elsburg Series in his study as many 

previous authors had considered it to be part of the Ventersdorp 
succession . He concluded, however, from his work, that it belonged to 

the Witwatersrand System. 

Van Eeden (1946) descri bed a seri es of rocks in the Schweitzer Reneke 
district which had up till then been grouped with the Ventersdorp 
System. He realised that there were actually two groups of rocks 
separated by an unconfonr.ity and maintained that the lower group, the 
Zoetlief series and the Cominion Reef series all represent rocks of the 
same age in different areas. The upper group he correlated with the 
Pniel or Ventersdorp lavas. 

By examining borehole cores, Baines (1945) compared the geology of the 

Cdendaal srus area ~ii th that of the Kl erksdorp area, and deduced that 
they had much in common. 

In a major review of all volcanism in South Africa, Truter (194,) 

suggested giving the Dominion Reef rocks "the independent status of a 
system" because of the "phencmenal thicknesses" sometimes attained and 

their unconfonnable relationships to overlying rocks. Apart from the 

type area west and north-east of the Dominion Reef mine, Truter listed 
the following correlatives: north of Ottosdal; in the Vredefort area; 
the Insuzi series in the south-eastern Transvaal; the Godwan beds 
along the escarpment; between Denilton and Groblersdal; east and 
north-east of Crocodi 1 e Pool s to ceyond Thabazimbi; south of Lobatsi 
to between Zeerust and Mafeking. 

He stated that the Witwatersrand System "was interrupted twice by 
volcanic eruptions, the first time during the Jeppestown epoch and 
subsequently during the Main-Bird epoch" and noted that the Jeppestown 
amygdaloid was first found in the Heidelberg area, and subsequently 
near Klerksdorp, near Randfontein and in the West Witwatersrand area, 

but is absent on the Central Rand and in the Vredefort area . Referring 
to the Bird amygdaloid, he noted its absence from He Klerksdorp area 
and on the Central Rand, but its presence throughout the East Rand, Far 
East Rand, Heidelberg and Vredefort areas. Also, the suggested 
correlatives of the Witwatersrand - the Mozaan series in Swaziland and 
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Natal, the Uitkyk formation north-east of Potgietersrust and the 

Stinkfontein series in the Richtersveld - all appear to contain similar 

volcanic zones. 

He described the Zoetlief period as being characterised by frequent and 

extensive outpouring of lava, often on a stupendous scale" and reported 

that outcrops extend from Zoetl i ef, north of Yryburg, past Taungs and 

Kimberley to the T'Kuip hill s near Britstown. North west of Prieska 

and near Upington they are referred to as the Koras series and in South 

West Africa as the Kunjas and Sinclair series, (correlations which are 

not supported today). Truter also included the quartz porphyries 

north-east of Kimberley and north and north-east of "Maquassi" in this 

system, as well · as thOSE east of Wolmaransstad and Cttcsdal. 

Truter stated that surface exposures and deep dri ll-hol es indi cated 

that the Yentersdorp System extended from the T'Kuip Hills in the south 

to Lobatsi in the north and Kuruman in the West to Leslie in the East. 

For the area south and east of the Rand and in the Cape Province, 

Truter inferred trom the minimum of pyroclastic material contained in 

the lavas, that the eruptions ~Iere mainly of the effusive, 

non-expl osi ve type and "were pil ed up more or 1 ess uni nterruptedl yin 

successive highly mobile flows building typical lava plains or 

plateaux.". Between Potchefstroom and Delareyville, however, breccia­

and agglomerate-filled pipes or diatremes occur and the lavas are 

frequently interspersEd with pyroclasts or volcanic conglomerate. 

According to Truter, this proved that "the eruptions were partly of the 

effusive and partly of the explosive type and that there Viere long 

intervals of quiescence during which active erosion in some localities 

proceeded simultaneously with rapid accumulation in others.". The 

di stri buti on of di atremes and pyrocl asts along normal faults invited 

the conclusion that "the eruptions were causally connected with 

tensional features and were therefore mainly of the fissure type. ". He 

furthermore suggested that the frequently ripple-marked character of 

the sedimentary tuffs indi cates subaqueous accumul ati on and that the 

breccias and agglomerates are partly vent-fillings and in part possibly 

of nuee ardente origin. 

Brock (lS50) believed that, in the absence of volcanic necks or 

throats, dykes consti tuted the feeders for the YEntersdorp "pl ateau 
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lava". He submitted that the constancy of markers of porphyritic 1 ava, 

for instance, is evidence that the lava had been exceedingly liquid and 

had flowed for great distances horizontally. He declared: "The 

characteristic of plateau lava country is block faulting. This is a 

worldwide rule. Not only is there a potential void created by the 

vacating magma, but there is the additional weight of the lava on top 

of the crust. Gravity naturally is the major force concerned, and 

block faulting is the result. Examples of plateau lava country are the 

Deccan in India, Snake River in Washington-Oregon, etc. The structural 

aspect in such areas is the domination of block faulting. Lateral 

compression does not come into the picture.". 

Truter (1950), referring to the statement by Brock (1950) regarding the 

absence of volcanic necks, noted that "although such necks are not 

abundant, they are fairly common in certain parts, especially in the 

Western Transvaal, and many more are undoubtedly conceal ed under 1 ava 

flows.". 

Von Backstrom (1552) presented a detailed description of the Dominion 

Reef Series between Wolmaransstad and Ottosdal. In addition he 1 isted 

a number of chemical analyses, two andesites and one rhyol ite from the 

Domi ni on Reef Seri es, and one quartz porphyry from the Ventersdorp 

System. 

By 1553 the Zoetlief series had been tentatively correlated with the 

Domi ni on Reef seri es. Matthysen (1953) emba rked on a project to 

accumulate evidence for or against this correlation, with reference to 

the Taungs-Christiana area. He divided the Ventersdorp System of 

Taungs into the Zoetlief and Pniel Series, while the Ventersdorp System 

of Christiana was correlated with the Pniel Series only. He found 

insufficient stratigraphic evidence to correlate the Zoetlief with the 

Dominion Reef Series. 

He then embarked on a study of borehole cores in the Orange Free State 

from which ~latthysen was abl e to divide the Ventersdorp System into 

. three easily recognisable series: 

Upper V~tersdorp or Pniel Series 

Middle Ventersdorp or Zoetlief Series 

Lower Ventersdorp or Klipriviersberg amygdaloid Series 
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He gave blO reasons for placing the three series together as a system : 

(1) All three are characterised by large masses of lava, while the 

sediments almost always contain large quantities of ash-l ike 

materi a 1. 

(2 ) The system 1 i es stratigraphically between two 1 arge 

1 ithol ogically different sedimentary systems . 

From field and literature studies, it seemed to Matthysen that every 

known occurrence of Ventersdorp rocks coul d be accommodated in one of 

these divisions. 

Matthysen then sel ected the Kl erksdorp~Ventersdorp area as hi s 

prototype, as the Ventersdorp rocks attai ned thei r maximum development 

in thi s area . He drew attenti on to a number of features: a 

porphyritic andesitic marker bed in the Klerksdorp area; a time lapse 

bebleen the depositi on of the 1 o~lest 1 avas and the overly i ng 

pyroclastics; the existence on the Klerksdorp townlands of a younger 

group of andesitic lavas on top of the quartz porphyries, but 

indistinguishable in hand specimen from those below; a zone of large 

phenocrysts and the purple zone (in the Orange Free State), useful as 

markers' in the Kl ipriviersberg amygdaloid, which he said occurred only 

in the Witwatersrand bas in ; and an unconformity below the Zoetl i ef 

Seri es everywhere except in the Kl erksdorp and Le Roux Pan areas. He 

noted that, in handspecimen, rocks of the Pniel Series are very silT'ilar 

to those of the Klipriviersberg Series, but can, in certain instances, 

be distinguished by textures, size of amygdales and colour . He said 

the Zoetlief Series was folded, faulted and eroded in places before the 

deposition of the Pniel rocks, which lie disconformably on those of the 

Zoetlief Series. 

Von Backstrom et al. (1953) documented the geology of the Lichtenburg 

area, the major part of which is underlain by rocks of the Ventersdorp 

System . 

In the third edition of his book, "Geology of South Africa", published 

in 1954, Du Toit retained the Dominion Reef rocks as a series and 

relegated it to the base of the Witwatersrand System. He correlated 

these rocks with those in the Cape grouped as the Zoetl ief series. In 
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thE Jeppestovm series of the Yiitwatersrand System, the thin Jeppestovm 

Amygdaloid at about the middle of the series Vias mentioned as a marker 

of great value in deep boring. 

Du Toit also gave a general description of the Ventersdorp System and 

listed the usual correlatives, but also included the "Deweras Series" 

of Southern Rhodesia. HE emphasised the presence of volcanic breccias 

which are very characteristic of the 1 avas. A1 though the Ventersdorp 

magma had long been presumed to have been poured out from fissures, Du 

Toit noted that "brecci a-fill ed necks penetrate Witwatersrand Beds to 

the west of Ventersdorp and K1 erksdorp and between Grey1 ingstad and 

Vi11iers, while sporadic shattering of the lavas, areas of coarse 

breccias enclosing in places large broken masses of Witwatersrand beds, 

and long belts of thick breccias north of K1erksdorp, all suggest 

extrusion from vents a1ignea along south-west trending fractures.". 

Although Holmes (lS06) regarded the quartz porphyries of the Makwassie 

Hills as intrusive into the basic lavas, du Toit (lS54), on the other 

hand, wrote that "just north of Makwassi Station the porphyry appears 

to be overlain unconformably by a quartzite body and that in turn by 

Ventersdorp 1 avas. " . He postu1 ated that the Ventersdorp Contact Reef 

forms the real 'stratigraphica1 base of the Ventersdorp SystEm and that 

the relation to the Yiitwatersrand System may be a disconformab1e one in 

the Central and East Pand and Vredefort areas. 

Another overview of the distribution, lithology and stratigraphy of the 

Dominion Reef, Witwatersrand and Ventersdorp Systems was pu~lisred by 

Hamilton and Cooke (1954) in their book on South African geology . 

The exploration of and opening of the Orange Free State Goldfield 

provided a weal th of data on the extension of the Ventersdorp System 

I;eneath the Kareo cover. Pienaar (1956), in a detailed stratigraphic 

and a pre1 iminary structural study of the Ventersdorp System in the 

Orange Free State ' Go1dfie1d, proposed the following succession: 

Ventersdorp Upper Lava - maximum 488 m 

Ventersdorp Upper Sediments - maximum 1676 m 

Ventersdorp Lower Lava - maximum 1829 m 
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All the flows of the Lower Lava (except in the northwest) dip towards 

the centre of the Witwatersrand basin, with di stributi on and thi ckness 

controlled by block faulting and erosion. he reported that the 

composition of the Lower Lava ranges from a diabase at the base to an 

augite andesite at the top. Pienaar al so documented a number of marker 

zones occurring in this group - the upper and lower purple markers and 

the upper and lower altered zones. 

but differs in certain respects 

The Upper Lava is also andesitic 

from the Lo~;er Lava. East of 

Odendaalsrus a conglomerate was found overlying the Ventersdorp Upper 

Lava. Pienaar real ised that it may represent a still younger group, 

but descri bea it wi th the Ventersdorp Upper Lava. Wi thi n these 1 avas 

he found three porphyritic zones which could be used as markers. 

Nel and Jansen (1957) described the geology of the Vereeniging 

district. In this area the Dominion Reef System is restricted to one 

intercalation of lava ~etween the Archaean Granite and the Orange Grove 

Quartzite. The Jeppestown Amygda 1 oi dis ~/e 11 developed and descri bed 

in detail, as is the Yentersdcrp System. 

In an interpretive review Visser (1957) described the Dominion Reef 

System in terms of a geosynclinal phase. He stated: "In the Transvaal, 

as well as in the northern Orange Free State and the northern Cape, the 

Dominio'n Reef System and its correlates, the Insuzi, Godwan, Uitkyk, 

Zoetlief and Koras Formations, are exposed along the margins of the 

great basins in which the Witwatersrand and the Transvaal Systems were 

depos ited 1 ater. They rest wi th an unconformity on an uneven floor of 

Archaean grani te and enclosed remnants of Archaeozoi c Formati ons. It 

would appear, therefore, that during the Proterozoic the old 

Archaeozoic geosynclinal belt became active once more and a depression 

was created which was only slightly smaller than the Archaeozoic 

basin. At first sediments were deposited, followed by the eruption of 

volcanic rock.". They "suffered only a slight degree 

to the deposition on them of younger formations.". 

Referri ng to the orogeni c and fi rst magmati c 

Wi twatersrand- Ventersdorp Cycl e, Vi sser sa i d: "Whil s t 

of tilting prior 

phases of the 

the floor of the 

geosyncline was gradually being depressed, the marginal areas were 

tilted and ele~ated relative to the central position, whereby the size 

of the basin was decreased and erosion took place. In the 
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Klerksdorp and Cdendaalsrus areas ... contemporaneous faulting also 

took pl ace. eventually fail ure had to take pl ace by way of 

tension-fractures, along which the Ventersdorp lava poured out to cover 

the last sediments in the basin conformably and to transgress across 

the tilted, older sediments along the margin of the basin.". 

A mineralogical aside was provided by Barbour, Bird and Gold (1957) who 

recorded the exi stence ofaxinite-beari ng veins in Ventersdorp 1 avas 

from the Kinross area, Transvaal. They noted that, "apart from an 

occurrence in the greenstones of Southern Rhodesi a, there is no 

published record of axinite from elsewhere in southern Africa.". 

In Botswana Wri ght (1558) tentatively correl ated the Lobatsi Vol cani c 

Series, a succession of felsites and porphyries with interbedded tuffs 

and agglomerates, lyi ng between the i ntrus i ve Gaberones grani te and 

younger sediments of the Ventersdorp and Transvaal Systems, with the 

Domi ni on Reef System in South Afri ca. Sediments of the Mogobane Seri es 

occur in the Gaberones area and although no amygda 1 oi da 1 1 avas occur 

here, evidence found outside of this area suggested a correlation with 

the Ventersdorp System. 

Boocock (1560), however, reported that the Lobatsi Vol cani c Seri es was 

composed of rocks of two different age groups, and assigned the 

volcanic succession, mainly felsites, to the Dominion Reef System. The 

younger sedimentary and vol cani c successi on, whi ch incl udes the 

Mogobane Seri es, he correlated with the Ventersdorp System. He also 

included in the Ventersdorp System a succession of basic lavas, 

sediments and aci d 1 avas in the Sequani area. Thi s correl ati on was 

confirmed by Jones (1963) who noted that the Sequani lavas formed the 

ncrth-westerly continuation of a similar succession which is developed 

in the Derdepoort area of the Transvaal. He al so mentioned rocks of 

the Domi ni on Reef Seri es in the nei ghbourhood of Oodi Hi 11 and a 1 eng 

the Transvaal border. 

In a description of the petrology and mineralogy of the rocks of the 

Dominion Reef System near ~lerksdorp, Malan (1955) described mainly the 

lower sedimentary groups, but briefly mentioned the overlying lavas. 

He described two sequences of lavas, the "Lower Volcanics" separated by 

a quartzite from the overlying "Dominion Reef Lavas". He found that 

the Lower Volcanics are amygdaloidal, porphyritic, andesites, while the 
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Dominion Reef succession comprises basic lavas at the base followed by 
an upper acid lava sequence. Malan studied only the lower hundred feet 
of the fermer, which he found to be highly altered amygdaloidal 
andesite, with a thin basal tuffaceous horizon. 

In a comprehensive report of the geology of the Orange Free State gold 
fi el ds, Coetzee (1960) descri bed the Jeppestown amygda 1 oi d as bei ng 

about 107 metres thick and built up of several lava flows of andesitic 
composition. He noted that the amygdales are sometimes surrounded by a 

white mantle and when the cavity filling is chloritic, the appearance 
resemb 1 es bi rds I eyes. A concentri c bandi ng observed in some core 
samples suggests that it might be a pillow lava. A rounding of 
detrital grains in the tuff also suggests deposition in water. The 
Jeppesto~m amygdaloid is regarded as a valuable marker in correlating 
the Witwatersrana sediments in the area around Odendaalsrus and 
Virginia. 

Coetzee discussed the Ventersdorp System in terms of three 
subdivisions: the Lower Volcanic Stage, the Sedimentary Stage and the 
Upper Volcanic Stage. He described the Lower Volcanic Stage as a 

succession of superimposed flows ranging from 7.5 to 92 metres thick, 
which follow each other without significant hiatus. He reported at the 

top of some flows "a brecciated zone composed of swirl ed blocks of 
amygdaloidal lava", followed by "a highly amygdaloidal zone grading 

into an essentially non-amygdaloidal phase lower down, and finally a 
chilled basal sector containing scattered amygdales. ". Alteration in 
the form of dolomitisation and epidotisation were also observed. 

Of note in the Lower Volcanic stage is the presence of four markers, 

fi rst descri bed in deta il by Pi enaa r (1956) - the upper and lower 
"a ltered zones", and the upper and 1 ower purple bands. The altered 
zones are variolitic lava flows, while the purple bands have a mottled 
appearance and usually contain dark, rounded chlorite-bearing 
amygdales. Boreholes may contain two, one or none of the bands, which 
vary from a few centimetres to several metres in thickness and occur 6 

to 9 metres below the top of a 1 ava flow. . Beth Coetzee and Pi enaar 
said the colour of the purple lava cannot ce related to any particular 

feature in tRe chemical analyses, but in thin section finely­
disseminated reddish-brown iron oxide is seen. He described a major 
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development of volcanic breccia, sometimes exceeding 200 metres in 

thickness, which has been found at both the top and the bottom of the 

Lower Volcanic Stage . 

Coetzee described the Sedimentary Stage as consi sti ng of "cl asti c 

sediments and, in places, detrital tuff". Where present, it is usually 

1 ess than 305 metres thi ck, but can exceed 1067 metres and has been 

known to attain a thickness of 1981 metres. The tuff is black, 

aphanitic and not bedded and its chemical composition differs from that 

of the Lower Volcanic Stage. 

The upper Volcanic Stage reaches 488 metres in Uickness in the area 

reported on by Coetzee, and in one part is overlain by later 

Ventersoorp sediment. One particular borehole displayed an 

interfingering of lava and sediment for almost 1830 metres. Like the 

Lower Volcanic Stage, this stage is comprised of augite andesite lavas, 

which also exhibit brecciated flow tops and amygdaloidal and 

non-amygdaloidal portions. It has, however, a darker green colour, 

porphyritic zones, epidotised bands and a coarser texture. Chemically 

it contains more normative quartz and the normative plagioclose is more 

albitic. 

In 1561 the Economic Geology Research Unit at the University of the 

Witwatersrand decided to investigate the problem of correlation within 

the Ventersdorp System. Their motives for embarking on this study were 

very similar to those of the present author, and are quoted in 

Chapter 2. Annual progress reports were compiled by Winter (1961, 

1962 , 1963a, 1964 and 1965a), who consolidated the results of the 

investigation in his Ph.D thesis (1965b). 

In 1562 a study of borehole data from the Klerksdorp-Bothaville area 

resulted in the compilation of a tentative table of stratigraphic 

subdivisions for this area. The various formation names were derived 

from localities in which well-developed outcrops are present or in 

which maximum thicknesses have been recorded in borehole cores. This 

table was amended in 1963, to include subdivisions of the Ventersdorp 

System in other localities. In the Vierfontein area a sequence of 

porphyri ti c and non-porphyri ti c 1 avas whi ch coul d not be correl ated 

with either the Makwassie or Rietgat Formation, was termed the Garfield 

Porphyry Facies. Features of note elP.erging from this compilation are 
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the fact that rocks of the Godwan Formation, north of Potgietersrus, 

were found not to resembl e members of the Ventersdorp System, and the 

recording of algal structures in sediments of the Middle Division, by 

Winter (1963bl. These stromatolites occurred in impure dolomitic 

1 imestone post-dating the quartz porphyry, and "were probably deposited 

in shallow lakes in an area of low relief after eruptions of acid and 

basic volcanic rocks." Winter concluded that "the discovery provides a 

link between the accepted prevalence of biogenic processes 2,OGO 

million years ago during the time of deposition of the Transvaal System 

and the problematic origin of oolitic structures in the Swaziland 

System formed more than 3,000 mill ion year ago." He su99Eest.ed that 

such biogenic processes might have played a part in the depcsition of 

"carbon" in the form of seams and granules in the Witwatersrand System. 

In 1964 chemical data showed that distinctions could be made between 

the Jeppestown Amygdaloid, the Bird Amy~daloid and lavas of the 

Ventersdorp System. It was not certain whether simil ar vari ati ons 

would be found cetween the lavas within the Ventersdorp System. 

A revised correlation of the Ventersdorp System was presented by Winter 

(1964). In this revision the Lower Division was associated with the 

Witwatersrand System and the Upper with the Transvaal System, while the 

Middle Division was renamed the Zoetlief System, comprising three 

series, the New Kameeldoorns, Makwassie and Rietgat Series. The Lower 

Division was renamed the Klipriviersberg Series and the Upper Division 

was correlated again with the Godwan Formation. 

In 1565 a revised stratigraphic table was compiled. The three primary 

subdi vi si ons of the "a 11 eged" Ventersdorr System were found to be 

i denti fi ab 1 e throughout the Western Transvaal and Northeastern Cape 

Province and investigations showed that thE conclusions drawr from the 

type-area remain valid. 

The fi ndi ngs of the EGRU i nvesti gati on were con sol i dated by Wi nter 

(1965b) in his Ph.D. thesis, in which he documented in detail the 

structure and strati graphy of the Ventersdorp System in the Bothavill e 

district and adjoining areas. 

authors had noted many of 

He pointed rut that, although previous 

the key facts in their attempts at 

stratigraphic subdivision, this information does 'not appear in anyone 
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publication. With the aid of this previous literature and over tl"/O 

hundred borehole logs, Hinter devised a stratigri.'phic column rased on 

three primary subdivisions incorporating six formations, as shown in 

Table A.l. H.e selected the Bothaville area as his type area as it 

includes all the type boreholes, maximum thicknesses of most of the 

formations, and most of the geographical areas from which the formation 

names have been derived. 

TABLE A.l Stratigraphic column of the Ventersdorp System in the 
Bothaville type area (from Winter, 1965b) 

Primary Formation Representative Rocks 
Sulxhvision 

Allanridge (A) Dark green amygdaloidal lavas 
Upper Quartzi tes J conglomerates, 

80thaville (8) sUbordinate dark shales 
vvvvvvvvvvv vvvvvvvvvvvvvvvv vvvvvvv vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv 

Rietgat (R) Green-grey amygdaloidal and 
porphyritic lavas; minor inter-

;;; calated tuffaceous, calcareous 

~ 
and cherty shales; impure lime-

Middle stones; quartzites; conglomerates 

'" ~ 
Mak\4assie (M) • Quartz and felspar porphyries, ." 

~ green-grey amygdaloidal lavas. g minor intercalated sediments 

New Kameeldoorns (N) Conglomerates; quartzi tea i 
tuf f ac::eous • c::alBareous and cherty 
shales, impure calcareous rocks 

vvvvvvvvvvv vvvvvvvvvvvvvvvvvvvvvvvv vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvV\ 

.Lo ..... er Langgeleven or Lower Green-grey pyroclastics and 
Volcanic (L) amygdaloidal lavas 

Wi nter constructed isopach maps and structure contour maps of each 

formation. He presented detailed descriptions of all lithological 

~pes present . He stated that a number of beds within the Langgeleven 

Formation may be tuffs, but because all gradations exist between a 

well-defined tuff and a la.va flow in this fcrmation, it is difficult to 

distinguish between them, especially when the tuffs are amygdaloidal. 

He provided a list of ten distinctive features by which tuffs might be 

distinguished from lavas. He suggested that both agglomerates and 

flOlv-top breccias, I',hich are very similar in appearance, occur in the 

Langgeleven Formation. 

,linter descrited in detail the 

considered the fi-rst volcanic 

Ventersdorp System. Although 

type secti ons for each fermati on . He 

effusion to be the beginning of the 

a major change in lithology occurs, 
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Winter drew attention to ~ iellor's (1913) statement that there was no 

great time interval between the deposition of the last sediments of the 

~;itVlatersrand System and the first effusions of the Ventersdorp System, 

and that there ere areas in which volcanic material and sediments are 

intimately admixed in a transitional zone. Winter suggested a possible 

origin for the purple bands as "manifestations of contemporaneous 
weathering acting variously on different kinds of lava". He noted 

their prevalence on updomed areas, suggesting that in basins the flows 

followed upon one another at shorter intervals, thus preventing most 

tlows from being weathered. Winter subdivi ded the Lang!;el even 

Formati on into fi ve zones characteri sed by the fo 11 owi ng fea tures: 

5. green chalcedony amygdales and clustered milky quartz 

amygdal es 

4. variolitic bands or "altered zones" 

3. purple bands 

2. porphyritic lava 

1. tal cose tuffs 

The f1e~1 Kameel doorns Formati on overl i es the Langgel even Formati on ~Iith 

an extensive unconformity and its distribution bears no relation to the 

depositional basin of the Langgeleven Formation. The sequence consists 

of clastic wedges of immature sediments which accumulated in fault 

troughs when the bounding faults were active. 

The ~lakwassie Formation overlies the New Kameeldoorns Formation without 
a break and consists of quartz porphyries with quartz-free porphyritic 

and non-porphyriti c vol cani c rocks and mi nor bodi es of sediments. The 

10~ler limit of the formation was taken as the base of the first lava 

flo~1 following upon New Kameeldoorns sediments. The upper limit is 

marked by the advent of quartz-free porphyriti c and non-porphyri ti c 

lavas. Although not concl usively proved, Winter favoured an ash-flow 

mechani sm of emplacement of the quartz porphyri es. He introduced a 

facies designation - the Garfield Formation - to include one or both 

of the Makwassie and Rietgat Formations in areas where these two cannot 

be separated or where doubt exists as to which of the two is 

representea. 
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The Rietgat Formation consists predominantly of green-grey amygdaloidal 

porphyriti c and non-porphyri ti c 1 avas, but contains subordi nate 

sediments and pyroclastic rocks. Algal-bearing limestones occur in 

this formation . Winter claimed that the volcanic rocks of this 

formation cannot be distinguished from the basic lavas of the ~lakwassie 

Fermati on. The uppermost flows may be intensely altered to ca 1 cite, 

epidote, clayey minerals and iron oxides, an important criterion for 

distinguishing between Rietgat and Allanridge lavas. 

ThE Bothavill e Formation consists of sediments suggestive of a shel f 

facies - conglomerates, grading into quartzite aile. shale, and then 

again to conglomerate. The sediments are of a subgreywacke composition 

anc define an unconformity. 

The Allanridge Formation lies conformably upon the uppermost 

cor,glomerate of the Bothaville Formation. It consists exclusively of 

alternating porphyritic and non-porphyritic lava flows. 

With reference to the geological hi story of the Ventersdorp rocks, 

Wi nter concl uded that the vol cani cs of the Langge 1 even Formati on were 

extruded in rapid sequence as "fissure eruptions or at least lines of 

volcanoes along deep-seated fractures.". "The peculiar features of the 

purple bands and altered zones suggest subaerial effusion, as also does 

the association of purple bands with abundant agglomerates. No pillow 

structures were noti ced. " . 

The ~iakwassie Formation covers a large area and its great thickness 

suggested to Winter a similarity to some of the r-hyolitic provinces 

such as the Taupo-Rotorua di stri ct, New Zealand, and the Bas in and 

Range Province of the United States of America. Winter submitted that 

the Makwassie volcanics exhibit characteristics much in common with 

these. 

The close lithological and structural relationship between the Rietgat 

and ~lakwassi e Formati on suggested to Wi nter tha t the former cou 1 d 

represent the waning phase of the MakIVcssie cycle of volcanism. 

Sedimentary beds are more numerous and the nature of the flows and the 

oxidation of their tops suggest a subaerial environment for both 

formations. Winter assumed that the acid Makwassie magma, probably 
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formed during New Kameeldoorns times by anatexis or differentiation, 

had become depleted by Rietgat times, the younger magma coming from a 

source more common to that of the Langgeleven lavas. 

The Allanridge Formation consists of andesitic plateau lavas, 

subaerially extruded and uninterrupted by sediments. Suspected feeder 

dykes have been found. 

Winter stated that the three primary subdivisions of the Ventersdorp 

System behave as di stinct structural entiti es. The Lower Ventersdorp 

System conforms structurally with that of the Upper Division of the 

Wi twatersrand System, whil e the structure of the Mi ddl e Ventersdorp 

System is less complicated and deformation has occurred along different 

aXES from those of the underlying sequences. There is also a 

difference in degree of warping between the Upper and Middl e 

VEntersdorp System, 

areas. Winter thus 

leading to angular unconformities in elevated 

di d not regard the Ventersdorp System as a uni t. 

He pointed out that, 1 ithologically, the only uniform factor within the 

System is the abundance of andesitic lavas in all three subdivisions. 

He therefore suggested that the Lower Ventersdorp System be incl uded 

with the Upper Witwatersrand System as a major subdivision, to be named 

the Klipriviersberg Series. Similarly the Upper 'Ventersdorp System 

could be considered as the lowermost subdivision of the Transvaal 

System and coul d be called the Pniel Series. He proposed that the 

~li ddl e Ventersdcrp System is of suffi ci ent importance to warrant 

classification as a separate system. He recommended that the term 

"Vertersdorp System" should be discarded to avoid confusion, and the 

name "Zoetl ief System" be adopted. 

A. B. Simpson was respons i b 1 e for documenti ng the petrology and 

geoctien,i stry of these rocks, but hi s results have unfortunately never 

been pub 1 i shed, although a bib 1 i ography of the geology of the 

Ventersdorp rocks was (Simpson, 1964). 

Nel and Verster (1962) described the geology of the area between 

Bothaville and Vredefort. They found the Dominion Reef System to form 

a narrow band between the Archaean rocks and those of the Witwatersrand 

System to the west of Vredefort. The Dominion Reef System consists of 

altered basic amygdaloidal lava with lenses of metamorphosed 
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se diments. They noted the presence of th e Jeppestown amygdaloid in 

thi s area, where it is about 90 metres thi ck and capped by a vol cani c 

breccia. They found that much of the area is underl ain by Ventersdorp 

rocks, which may reach 3050 metres in thickness . Quartz-feldspar 

porphyry occurs on different hori zons. Nea r the base is a zone of 

large altite phenocrysts. Pyroclastics and tuffs are also present, as 

well as lEnses of sediment. 

The geology of the Ottosdal area in the Transvaal was described by Von 

Backstrom (1962), who found that rocks of the Dominion Reef System 

cover r~latively large parts of this area ar,d consist of a basal 

auriferous and uraniferous conglomerate with quartzite, foll owed first 

by andes i ti clava whi ch contai ns 1 enses of porphyry, then by rhyolite 

porphyry containing tuffaceous material. Microscope examination and 

the presence of cordierite indicates that these rocks have been 

subjected to intense metamorphism. Von Backstrom noted that the major 

part of the Ottosda 1 area is covered by Ventersdorp rock s, most of 

which are andesitic, with some porphyritic acid lavas. Chemical 

analyses are presented for most of the rock types . 

An interpretation of a number of age measurements on Dominion Reef, 

Wi twatersrand and Ventersdorp rocks and thei r supposed correl ates was 

presented by Ni col aysen (1962). Age determi nati ons on uran i ni te and 

monazite from the basal conglomerate of the Dominion Reef System 

resulted in an age of 3050 .: 100 my. Rb-Sr measurements on muscovite 

from the underlying basement granite indicate an age of 2S00 .: 100 my. 

The monazite was known to be detri ta 1 and by inference, so was the 

uraninite, thus a maximum age of 3050 .: 100 my. for the Dominion Reef 

System was obtained. A tentative age of 2100 my. was assigned to the 

depos i ti on of either the Ivi twatersrand or Ventersdorp rock s. 

Pegmatites underlying the Stinkfontein Series were dated at 950 my. 

Correlation of this series with the Witwatersrand System was thus no 

longer tenable. Similarly, the rocks underlying the Koras Series were 

dated at 950 my., invalidating their correlation with the Dominion Reef 

System. 

These relations were later supported by Van Niekerk and Burger (1964) 

who dated zi rcon crystal s from a 

System by the U-Pb isotope method. 

my for the lava. 

qua rtz porphyry in the Ventersdorp 

They obtained an age of 2300 + 100 
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Haughton (1963) noted that the Insuzi Series, the Godwan Formation and 

the Zoetlief Series were still correlated with the Dominion Reef 

System, and the Mozaan Series with the Witwatersrand System, while in 

the same year Winter (l963a) stated categorically that "there is no 

evidence in the area for bel ieving that the former Pongola System 

(~lozaan plus Insuzi Series) can be correlated either with the Dominion 

Reef or Witwatersrand System.". 

Pretorius (1963) gave a brief description of Yentersdorp rocks in the 

Central Rand. He also provided a number of chemical ~nalyses of 

igneous rock s. 

The geology of 

al. (1963). 

the Schweitzer-Reneke area was described by Yan Eeden et 

In this account the series of quartz- ~nd feldspar-

porphyri es and tuffs found there were correlated with the Zoetl i ef 

Series and the Dominion Reef System, all of which Yar Eeden et 22.. 
stressed belonged to the same peri ad of vol cani ci ty. They furthermore 

found that the greater portion of the area is occupied by the rocks of 

the Ventersdorp System, consisting mainly of andesitic lava, but al so 

more acidic rocks, with intercalated pyroclastic and clastic sediments, 

volcanic breccia and agglomerate and tuff. Boreholes revealed clearly 

the measure of variation in this system in respect of stratigraphic 

succession and thickness of the components, within comparatively short 

oistances. 

Describing the Ventersdorp System in the Loraine area Olivier (1965) 

indicated a preference for Winter's (1962) subdivision into a Lower, 

Middle and Upper Stage. 

In a critical review of stratigraphic terminology in South Africa, 

Truswell (1967) commended "linter's (1965b) nomenclature of the six 

stratigraphic units of the Ventersdorp System, but felt that the use of 

"Lower Yolcanics" as a formational name was confusing, preferring the 

term "Klipriviersberg Series". 

Van Ni ekerk and Burger (l 968) obtai ned an age of 2500-2700 my from Pb­

isotope dating of acid lavas from the Zoetlief volcanics. The mean age 

was 2638 ~ 105 my. In the foll owing year an age of 21'00 ~ 60 my was 

obtained for Dominion Reef lavas (Van Niekerk and Burger, 1969). They 
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suggested that the Zoetl i ef success i on mi ght be more appropri ate ly 
accommodated in a separate stratigraphic system. 

Haughton (196S) used the term "Witwatersrand Triad" as a chapter 

heading in his book on the ·geological history of southern Africa, in 

which he produced a very thorough literature review. 

Wh ites i de (1970) descri bed the extrus i ve rocks of the Witwatersrand 

triad, i.e. the Dominion Reef System, the Witwatersrand System and the 

Ventersdorp System, whi ch compri se the three lowest members of the 

Proterozoic in South Africa. He listed the succession for the Dominion 

Reef System in the type locality, near Hartbeesfontein, as follows 

(a) 

(b) 

(c) 

He descri bed 

correlatives. 
Amygdal oi dare 

Upper or Acid Volcanic Formation 

Lower or Basic Volcanic Formation 

Basal Sedimentary Formation 

6700 ft 

2100 ft 
120 ft 

these rock types, as well as those from presumed 

The Bi rd JIroygda 1 oi da 1 Di abase and the Jeppestown 

the only two lavas known within the Witwatersrand System 

and these are briefly described. Whiteside together with Strydom 

(1968, in Whiteside, 1970) suggested a modification of the Ventersdorp 

succession as proposed by Winter (1965b). This included the addition 

of the Vaal Bend Formation below the Li'nggeleven Formation and the 

rel egati on of the New Kameel doorns Formati on to a sub-stage of the 

Langgeleven. 

Crockett (1971) described rocks in the Lobatse and Ri'motswa areas of 

Botswana which he correlated with the Ventersdorr System. The 

succession is divided into three units: the Lower Volcanic Assemblage 

of Si - and K -ri ch igneous rocks, the Mogobane Assemblage of 

argillaceous sedimentary rocks, and the Upper Volcanic Assemblage of 

andesitic lavas. Crockett discussed the petrogenesis of the Lower 
Volcanic Assemblage in detail, and presented eight chemical analyses. 

In the past these rocks have been assigned to both tre Dominion Reef 

and Ventersdorp Systems. 

Assemblage has been dated 
the age of 2300 .:!: 100 

Ventersdorp System by Van 

A porphyry occurri ng in the Lower Vol cani c 

at 2215 .:!: 100 my, which corresponds ./ell with 

my obtai ned from a quartz poprhyry in the 

Niekerk and Burger (1964). 
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A major event in the development of a strati graphi c nomencl ature of the 

Witwatersrand triad lavas occurred in 1971 when the South African 

Commi ttee for Stratigraphy decided to foll ow international 

recommendations and to adopt a lithostratigraphic instead of a 

chronostratigraphic system of nomenclature. 

Labuschagne (1974) made a study of the lower 850m of the Ventersdorp 

Group on the East Driefontein ~line east of Carletonville, where only 

the Klipriviersberg Formation is present. He distin~lVished two types 

of flows, aphanitic and phaneritic. A significant component of the 

aphaniti c type are "petrabull ae", 1 arge i nfill ed caviti es up to several 

metres in diameter. Pillow structures have been found in places and 

the occurrence of brecci ated 1 ava 1 ayers cappi ng aphaniti clava flows 

was noted. From the mineral assemblages present, Labuschagne deduced 

that they represented the quartz-alb i te-epi dote-bi otite sub-faci es of 

the greenschist facies of metamorphism. The dense, compact nature of 

the aphanitic rocks resulted in their being less markedly metamorphosed 

than the phaneritic lava. Labuschagne realised that petrographic 

classification of these rocks is virtually impossible because of their 

altered and fine-grained nature. He therefore appl ied various 

classifications based on their chemistry and settled on the name 

"basalti c trachyandesites". He offered an informal strati graphi c 

sub-division, comprising four units, based on lithology, petrology and 

chemi stry . Labuschagne concl uded that the rocks belong to the 

calc-alkaline or Pacific-suite type . 

Visser et~. (1975) compiled " the results of a large number of theses 

whi ch were i niti ated for the purpose of el uci dati ng the Ventersdorp 

rocks and their relationships in the northern Cape Province. They 

found that rocks correlated with the New Kameeldoorns, Makwassie, 

Rietgat, Bothaville and Allanridge Formations occurred. The 

equivalents of the Langgeleven Formation did not outcrop anywhere, 

giving credence to Winter's (lS65b) assertion that this formation is 

restricted to the area of the Upper Witwatersrand Basin. They deduced 

from field relationships and age dating that the porphyries of the 

Zoetlief Formation in the Northern Cape were the equivalent of those of 

the ~lakwassi e Formati on of Wi nter (1965b). They furthermore concl uded 

that "the stratigraphic nomenclature as proposed by Winter (1965b) for 

the area around Bothaville can be successfully adopted in the Northern 

C " ape. . 
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Also working in the northern Cape, Grob1er and Emslie (1975) found that 

the vol cdni c-sedirnentary sequence of rocks at the T' Kui P Hi 11 s 

corresponded with the middle division of the Ventersdorp System in the 

Bothavil1e area, viz. the New Kamee1docrns, ~iakwassie and Rietgat 

Formations, and that these are followed by andesitic flows 

corresponding to the Allanridge Formation. They concluded that the 

Zoet1ief Series, the Kuip Series and the Pnie1 Series are all part of 

the same cyc1 e and shou1 d therefore be grouped I'lith the "Ventersdorp 

Group" . 

The widespreaa occurrence of stromatolites in primary limestones of the 

l'Kuip Hills was described by Grob1er and Emslie (1976). The rocks in 

this area correpsond to the New Kamee1doorns, f1akwassie and Rietgat 

Formations and the stromato1 itic beds form part of the latter. An 

isotopic age of 2310 my (error and method not stated) for a quartz 

porphyry in the acid lava zone confirms this correlation with the 

Ventersdorp Supergroup. 

Wyatt (1576) investigated the nature of the K1ipriviersberg volcanics 

south of Johannesburg from a strati graphic, morpho1 ogi cal and 

petrochemical point of view. Apart from a minor 1 ithic tuff at the 

base, he found all the volcanics to be lavas, which overlie the E1sburg 

Formation with apparent conformity. He subdivided them into the 

Westonaria, Alberton, Orkney and Kibler Park Formations, based on the 

presence of distinctive lithologic units, including a porphyritic zone, 

amygda 1 oi da 1 and brecci a hori zons. Wyatt conc1 uded that the 1 atter 

represent fragmented 1 ava f1 ow tops. Thi s, together wi tr, the 

i dentifi cati on of pahoehoe f1 ows, but no pillow 1 avas, suggested that 

the 1 avas were subaeri ally extruded. Wyatt ana lysed forty ni ne 

samples, to which he applied cluster analysis in order to group 

chemically similar samples together. He classified the three upper 

formations as alkali-rich oceanic tholeiites, the result of a partial 

melt of a wet Precambrian mantle, while a genetically unrelated, 

100-metre thick MgO-rich basal unit, the ~lerE'da1e ~lember, was possibly 

formed as a result of liquid immiscibility. 

Winter (1976) updated a portion of his thesis of 1965, proposing a 

framework of lithostratigraphic subdivision of the Ventersdorp for 

consi derati on by SACS. He presented a revi ew of seme of the more 
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recent literature on stratigraphic aspects. A subdivi si on founded on 

six formations was evolved. yiinter described briefly the type 

stratigraphy of the Ventersdorp succession as elaborated upon in his 

thesis earlier (1565b), but made a numter of changes. He s~ortenEd the 

nome "I,ew Kameel doorns" to 

to Fermati on was elevated 

He classified 

"Kamee 1 dcorn s" . The Kl i pri vi ersberg 

group status and diviced into six 

the group as "almost exclusively forma ti on s. 

andesitic". Ta~le A.~ s~ows the new subdivision. Of note is the fact 

TABLE A.~ Subdivision of the Klipriviersberg Group (from Winter, 1976) 

Formations Marker beds Distinctive Characteristics Co"ntacts in type borehole, Thickness Corre lative Areas 
Pienaar's 

(1965) 
Langgeleven No. 1 (List Incomplete) Classification 

Green chalcedony and clusters of 1827 Allanridge, Klerksdorp. Edenville 566 
milky quartz amygdales. 1. S. East Rand 

239S 

AZ 1 
Variolilic and spherulilic ,slructures AZ. 1 !low 2 395-2 401 O.F.S., Bothavi tle, 

Loraine 
AZ2 

surrou rid ed by whitish groundmass AZ 2 flows 2 492·2 535 217 Klerksdorp. East Rand 
hence "altered lones" 

2612 

Jeannette Prominent thl'Ck agglomerate at top. O.F .S., Botha .... ille 
Agglomerate Many agg lomerate beds in contrast 97 East Rand 

with aoo .... e. 2. 
2709 

Orkney PZ 1 Purple-topped ash·flow tuffs. 3 . 
460 O.F.S .. Klerksdotp. 

PZ 2 4. PZ 2 flow 2 945·2 965 Botha .... ille . Eden .... We 
3189 

Porphyritic marker flow South Va-al. Ventersburg 

Alberton Porphyritic Porphyritic lavas IncludIng "por- 3 352-3 360 (?), Edenville. Wast 
171 Rand . Klip riviersberg, Porp hyry. Marker phyritic marker". 6. , 

East Rand. Vredefort. 
Evander. Greylingstad 

3360 
Absent South Vaal, Weston ar ia 

Westonaria Dark green ';talc'Ose tuffs" Alberton, S.E. Rand. 
Greylingstad 

I. Some variolitic zones noted by Wtnter [1965) from Allanridgc area. 
2. Some porphyritic lavas south of Orkney 
3. Pienaal' distinguishes PZ 1 and PZ 2 in Klerksdorp and O.P.S. areas from other purple tops by their round chlorite amygdllies. 
4'. Pienaar discovered a zone of pink chalcedony amygdales in O .P.S. goldfield in this stra tigraphic position. 
5. At base . Pienaar recognised a flow containing characteristic almond·shaped amygdales. . 
6. The .· 'PorphYritic Marker" .contains phenocrysts offelspar longer than 50 mm and thickertnan 7 mm and consists of 1-4 flows of lava. 

that the subCivision follows that presented in Winter's thesis (l965b), 

with the subsequent insertion of an agglomerate zone between the purple 

bands and the altered zones. Also mentioned is a new formaticn - the 

Vaa 1 Bend Formati on proposed by Strydom for a success i on of 

sediments, acid and basic lavas underlying the Klipriviersberg Group 

west and southwest of Klerksdorp, and resting on Witwatersrand rocks 

with a major unconfonnity. hinter could not fit this fonroation into 

his stratigraphic scheme due to "paucity of facts". The former 

Garfi el d Formati on is now call ed the Garfi el d ~1 ember and refers to a 

group of pale green-grey porphyritic lavas, distinguished only from 

N 
c:g 

• 

N 
0 , 
• 
" 

N 
0 , 
• 
r 

Absent 
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some Makwassie quartz porphyries because they are not acid. The ~ember 

may contain minor intercalations of sedi~ents and non-porphyritic lavas 

and may be a member of either the Makwassie or Rietgat formations, as 

Winter states that "part or all of the Rietgat Formation can be 

contemporaneous with the Makwassie. ". He noted that many occurrences 

previously allocated to the Zoetlief Series of the VentersGorp System 

have subsequently been desi gnated as Domi ni on Reef System. he 

therefore proposed that the Zoetl i ef Seri es, i. e. the Kamee 1 doorns, 

Makwassie and Rietgat Forwations, be renamed the Platberg Group. The 
former Pniel SeriE:s WaS relegated to the informal term "Pniel 

Sequence", as Winter says there is no common lithology to bind the two 

forma ti ons covered by that term, the Bothavi 11 e and All anri dge. He 

advocated the abolition of the name "Ventersdorp Supergroup" because it 

obscures important structural relationships. 

Potgi eter and Lock (1978) described and named a new 1 ithostrati graphi c 

unit, the Ritchie Cuartz Porphyry Formation, south of Kimberley. 

Originally mapped as equivalents of the Zoetl ief Series by du Toit 
(1506), the quartz porphyry was found by these authors tc grade up~;a res 

into a brecciated zone, the voids of which have been infilled by the 
overlying andesite of the Ventersdorp System. The authors correl ated 

the andesite with the Allanridge Formation and suggested that the 

quartz porphyry was the equivalent of the Makwassie Quartz Porphyry 

Formation. 

The Godwan Formation in the Eastern Transvaal had been correlated in 

the past with the Insuzi Series of the Pongola System, thought to be a 

Dominion Reef equivalent. Button (1978) reviewed its stratigraphical 

relationships and trends and suggested that it might be the easternmost 
exposure of the Upper Witwatersrand basin . 

Van Niekerk and Burger (1578), with improved processing and analytical 
techniques, obtained a new age of 2643 ~ 80 my for the Makwassie Quartz 

Porphyry Formation. This age supported Winter's (1976) correlation of 

the Makwassie with the acid lavas of the Zoetlief succession . 

A petrological study of volcanic rocks at T'Kuip by Cornell (1~7!i) 

showed that they had undergone buri a 1 metamorpt:i sm resulti ng ina 

mineral assemblage corresponding to the greenschist facies. This 



- 206 -

metamorphic and metasomatic event was dated at about 2000 my ago, and 

found to occur in a number of other Ventersdorp rocks in other areas. 

Cornell concl uded that "future petrological and geochronol 09i cal 

studies on 1ransvaal and pre-Transvaal formations should seek to 

evaluate the effects of metamorphism and associated metasomatism before 

postulating unusual magma compositions or rearranging stratigraphic 

correl ations." . 

Tyler (197Sa) wade a study of the Kanye Volcanic Group in the 

west-central Transvaal. It had originally I:>een correl ated with the 

Ventersdorp System and later with the Dominion Reef System. It has 

since been determined that rocks of this Group are older than 2750 my, 

which is the age of the intrusion of the Gaberones Granite into the 

volcanics. The group consists of a succession of felsites ranging 

compositionally from dacite to rhyol ite . Variol itic structures similar 

to those seen in the basaltic komatiitic lavas of the Onverwacht Group 

have been oeserved. Evidence suggests that a distinct hiatus, during 

whi ch the Kanye Vol cani cs weathered to fonn a pa 1 aeosoil unit, 

separated the consolidation of the felsites from the extrusion of the 

Ventersdorp lavas. Tyler suggested that the Kanye Volcanic Group 

constitutes the proto-basinal phase of deposition of the Ventersdorp 

Supergroup and therefore should be correlated with the Ventersdorp 

Supergroup. 

East of the Botswana border, near Gaborone, is a sequence of sediments, 

basalts and rhyo1 ites which have teen correlated with the Ventersdorp 

Supergroup by Tyler (l97Sb). The succession is divided into three 

belts, the Tshwene-Tshwene, Seokongwana and Oerdepoort belts, in which 

almost the full Ventersdorp succession is preserved. There is a basal, 

basaltic zone (correlated ~lith the K1 ipriviersberg Group), a thick 

chacti call uvi a 1 fan depos it (Kamee1 doorns Formati on), a zone of aci d 

volcanics (~~akwassie Quartz Porphyry Formation), and an upper 

meandering-stream-f100d-p1ain sedimentary zone (Bothavi11e Formation). 

Tyler found that the basal volcanics have a major element geochemistry 

consistent with continental tholeiitic basalts, while the acid lavas 

correspond to rhyolites. 

Yiatchorn (1980) pub1 ished a review of sedimentation and volcanism in 

the Dominion Group . Although numerous attempts have been made to 
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correlate the Dominion Group with other volcanic and volcanc-

sedirrentary 

development 

units in South Africa, present evidence impl ies 

was restricted to the Western Transvaal, 

that its 

where it 

represents a precursor to the rna in WitHatersrand basi n (Watchorn, 

ibid.). Stratigraphically, the group is divided into three formations: 

(l) The Rhenosterspruit Formation at the base composed mainly of 

coarse arkosic sediments, lenticular grits and conglomerates; 

(2) The Rhenosterhoek Andesite Fcrmation consisting of interrr.ediate 

lavas and tuffs; and 

(3) The Syferfontein Porphyry Formation, consisting of porphyritic 

felsic lavas, with interbedded tuffs and cherty amygdaloidal 

volcanics. 

Pal aeocurrent data indicate that the basal sediments prograded in a 

westerly direction and a braided fluvial regime is postulated for their 

origin. The increased proportion of lenticular volcanic units tO~iards 

the top of the Rhenosterspruit Formation indicates a period of coeval 

volcanism and sedimentation. 

Because of their close spatial, structural and temporal association, 

the Dominion Reef, Witwatersrand and Ventersdorp Systems were grouped 

together conveniently as the "Witwatersrano Tri ad" (Hamil ton and Cocke, 

1960). The South African Cornmi ttee for Strati graphy (SACS) (l SSO) 

accepted the usefulness of this concept and termed the time span 

involved, thought to be some 240 Ma, the Randian Erathem. They 

recommended, however, that the wo rd "tri ad" shoul d not be capital i sed, 

as the grouping of the three units is Quite informal, because there is 

no overall unifying lithological association and, furthermore, such a 

large grouping of successions goes far beyond the scope of purely 

lithostratigraphic classification and nomenclature. 

SACS (1980) changed the Dominion succession to the rank of group. From 

recent age determinations and more detailed geological mapping, it \<ias 

concluded that development of the Dominion Group was restricted to the 

Western Transvaal between Ottosaal in the ~Iest and the Vredefort Dome 

in the east, as shown in Figure 1.3. 
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The following former correlates were assigned by SACS to oth~r 

sequences: 

(l) The Insuzi Series (now ~Isuze Group) is part of the Pongola 

Sequence . 

(2) The Godwan Formation is part of the Transvaal Sequence. 

(3) The Uitkyk Formation is part of the Pietersburg Group. 

(4) The succession between Groblersdal and Dennilton has been named 

the Groblersdal Group , as it has been found to be appreciably 

younger than the Dominion Group. 

(b) The volcanics and associated rocks forming the strip running 

west from around Thabazimbi have been assigned provisionally to 

the Ventersdorp Supergroup. 

(6) The so-called pre- Ventersdorp 1 avas between ~!afek i n9 and the 

Botswana border are probably Ventersdorp correlates. 

A lithostratigraphic column of the Dominion Group, amended from SACS 

(1980), is shown in Figure 1.6. The group comprises three formations: 

the Rhenostersprui t (uartzite Formati on at the base, succeeded 

conformably by the Rhenosterhoek Andesite Formation, which in turn is 

overlain by the Syferfontein Porphyry Formation . SACS (1980) has 

mistakenly called the two lower formations the Rhenosterhoek ~uartzite 

Formation and the Rhencsterspruit Andesite Formation. In the type area 

around the old Dominion Mine, the group is 2250m thick . A probable age 

of approximately 2 800 Ma has been determined for the Dominion Group 

(Van Niekerk and Burger, 1965). 

The new name given by SACS to the former Jeppestown Amygdaloid or 

Jeppestown Lava is the Crown Fonnation. It occurs in both the Central 

Rand and Klerksdorp areas in about the middle of the Jeppestown 

Subgroup, which is the uppennost of three subgroups within the West 

Rand Group (formerly the Lower Division of the Witwatersrand 

Supergroup). The distribution of the Witwatersrand Supergroup is shown 

in Figure 1.4. , There are no radiometric age dates for the lavas of the 

Witwatersrand Supergroup. 
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SACS maintained the designation of the Yentersdorp succession as a 

Supergroup, consisting of a lower Klipriviersberg Group, a middle 

Platberg Group, and two formations, the Bothaville and the Allanridge 

Formations. As these two formations have no unifying 1 ithological 

features, the former being sedimentary and the latter vol canic, they 

cannet be united as a group. 

The distribution of outcrops of the Yentersdorp Super£roup is shown in 

Figure 1.5. Drill ing has shown, however, that Yentersdorp rocks occur 
under cover as far south as a line from Bethal, past Virginia towards 

Hopetown. The Yentersdorp repositories were thus larger than that of 

the Witwatersrand Supergroup, though superimposed upon the latter. 

Maximum thicknesses intersecteo in the Bothaville area combined amount 

to about 5 100m of vol canics and 2 900m of sediments. In the northern 

Cape Province the thickness is much less, as the basal Klipriviersberg 

Group is not known to occur outside the Witwatersrand basin. 

The SACS (1980) subdivision of the Kl ipriviersberg Group follows that 
of Winter (1976) as shown in Table A.2. At the base of this group the 

Ventersdorp Conglomerate Formati on, whi ch contai ns the Ventersdorp 

contact reef, is not included in either contiguous Supergrcup. The 

subdivision of the Platberg Group into the Kameeldoorns, the Makwassie 

Quartz Porphyry and the Rietgat Formations, basically also follows that 

of Winter (1965b, 1976), with the porphyritic Garfield Member being a 

part of either of the latter two formations. Overlying the Platberg 

Group, the Bothaville Formation is followeO by the Allanridge Andesite 

Formation. The Vaal Bend formation of Strydom and Whiteside 
(Whiteside, 1970) was retained as an informal unit, as its relationship 

to contiguous units is still uncertain. 

~lcIver et al. (1982) proposed that the Yentersdorp Supergroup 

represents the youngest komatiitic sequence in South Africa. Their 

proposal is based on the presence of high MgO rocks at the base of the 
Kl i pri vi ersberg Group south of Johannesburg, descri bed by Wyatt 
(1976). Geochemical data compare favourably with known komatiites, but 

Ti02 values in the Ventersdorp rocks are higher. To explain this 

~!cIver et ~. suggested that, if two 1 iquids were produced, one at 
higher pressure by smaller degrees of melting than the other, the MgO 

contents could be comparable but the Ti02 content of the higher 

pressure melt would be higher. 
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Grobler et~. (1982) found they were able to distinguish between lavas 

of the Allanridge and Rietgat Formations in the Northern Cape and 

Western Transvaal using visual criteria if a relatively complete 

success i on is present, or by us i ng maj or el ement values if not. 
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APPEl8!X II - Analytical Procedures 
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Nn~ pri::arJ standards: III~r.-l~, !UJ.\-P 
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STANDARD CONC EN'l'RATIONS - Trace elements 

STD Ba Nb Zr Y 8r Rb Zn Cu Ni 

AGV-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 
G8P-1 130C 

JG-1 
KRF-13 205 5.4 100.5 30.7 205.0 10.1 75.0 59.5 51.4 
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8-15 

s 'rAHDARD CONCENTRATIONS - Major elements 

STD ISi02 Ti 02 A1 20
3 

Fe20
3 MnO MgO CaO Na20 K20 P205 

AGV-l 59.00 1. 04 17. 25 6.76 0.10 1. 53 4.90 4.26 2. 89 0.4 9 
BCR-l 54 . 50 2. 20 13.61 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 
GSP-l 67.38 0.66 15.25 4. 33 0.04 0. 96 2. 02 2. 80 5. 53 0.28 
JG- l 72.24 0.26 14.21 2.21 0.06 0.73 2.18 3.39 3.96 0.10 
NIM-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 

112 . 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 

LOI 

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 

I 

'" f-' 

'" 
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APPENDIX III 

Table ft::.] CIPW weight percent norms for f!it~!atersrand triad samples 

CL = FO + FA 
OPX = HYEN + HYFS 
CPX = OlEN + DIFS + DIWC 
tiCI = GL + CPX + CPX + ~iT + IL + HM 
NPC = 100 AN/(AN + AB + 5/3NE) 

(after Irvine & Baragar, 1971) 

01 = C + OR + AB + NE + LC + KS 
(after Tr.ornton & Tuttle, 1960) 



SA~PLF.: DFl-

AP 
IL 
OR 
A8 
AN 
C 
41 
OlEN 
DtFS 
01"0 
.0 
HYEN 
HYFS 
o 
FO 
FA 
N[ 

TOTAL 

OL 
DPX 
CPX 
NCI 
NPC 
01 

AP 
IL 
OR 
A8 
AN 
C 
~1 

OlEN 
DIFS 
nrwo 
.0 
HYEN 
HYFS 

" FO 
FA 
NE 

TOTAL 

OL 
OP, 
CP, 
NCI 
,PC 
01 

'P 
IL 
OR 
A8 
AN 
C 
~1 

OlEN 
OIFS 
OywO 
wO 
HYEN 
HYFS 
o 
FO 
FA 
NE 

TOTAL 

OL 
OPx 
CP, 
NCI 
NPC 
01 

5.47 
~1.~9 

42.Fl4 
0.1'11'1 
?.'B 
1.7'? 
3. I' 
4.74 
n.nn 
fI.9' 

\ ?. F, I 
11. ,4 

O.nfl 
0,1'\1'\ 
o.on 

It'II').o? 

O. n 1'\ 
}9.St. 

<;l.'57 
'H,.t 
45.1 
4?~ 

1.8? 
3.B'; 

16.12 
";1.1':1 
2b.C; t. 

0.01') 
1.81 
,\. 
.11 
.1 A 

o.nn 
,;,,q,q 

) A. F.R 
1 a • F.() 

n.on 
0.1'11"1 
o.nn 

1'1.1'11"1 
?t..~'" .1. 
11.1"1 
]1 • ~ 
o;n.7 

.'iO 
1.4~ 

~ 1. 6q 
47."'~ 
30.66 

o.l'In 
1,~4 

•• 5 
.!1 
.211 

0.1'10 
2,";9 
A.n9 

34.2 1 
n.o(') 
0.1"11'1 
o.nn 

o • 0 n 
lO.6A 

.41 
14,? 
19.? 

, f.,Q. 6 

.67 
1. 9 1 

15.0, 
47.6R 
')7. 2R 

0.01'\ 
2.97 
,.R? 
'3.27 
4.9R 
0.01'1 
f>,9'? 

12.44 
11 .61 
n. 0 I"j 
o . no 
n.on 

1 no. 0 ) 

I').on 
1 9 .37 
10.Of. 
]4.l 
43.9 
45.1 

\.28 
2. Q7 
".2"; 

5Q.nQ 
3(,.6" 

1'1.01'1 
iI.Sl 
1.37 

~."'1 
1,RCI 
0.01'1 
~.on 

11. 4 :\ 
16. 1 1 
n. no 
n • 0 n 
(1,01) 

\01'1.03 

(I. 00 
17.41 

7.A7 
31 • 1 
15.6 
sn.13 

.41 
1 • 1 F. 

lA . 6Q 
46.81 
~H. 50 

o. n I') 
2.01, 
?91 
?.3'" 
15.47 
n.no 

10.R7 
A.75 
1.09 
0.01"j 

o.on 
n.nl"j 

1 0 o. I), 

O,On 
l Q,6? 
10.7'" 
13.6 
47..4 
44..3 

.'i4 
1. 86 

14.74 
4~.82 

]".44 
1) . 00 
3.0J 
1. H3 
3.7f1 
5.42' 
0.00 
5.QQ 

12.]5 
11.~9 

0.00 
0.00 
0.00 

100.00 

0.00 
113 • .14 
11. 0 1 
34.2 
4\.6 
46.3 

.4'i 
1. 46 

11.61. 
49.10\. 
3Q.20 

0.00 
?93 
3.fl9 
3.2A 
7.16 
0.00 

14.17 
1?.'51 
0.00 

.03 

.03 
0.00 

100.0t) 

.ns 
2b.7S 
14.1? 
4'i.1 
4t..4 
:U.o 

• 60 
2.l3 
6.52 

47.12 
46.)6 
o.on 
3.51 
2.40 
4.91 
7.1 n 
O~OO 
6.64 

13.59 
5.36 
0.01'1 
0.00 
0.00 

100.03 

Q. 00 
20.?3 
14.41 
40.<; 

49.6 
34.1 

.64 
1. SA 

74.4"; 
c;,9.39 
16.1(, 

1 • 11 
1.<;10 
0.00 
0.00 
O.on 
0.00 
6.2n 
9.R] 

26.82 
o • 0 n 
O.no 
0.1')0 

100 • I) 0 

0.00 
16.0 .1 
0.00 

19.5 
'?1.4 
71').2 

.40 
1. 41 
7.a? 

47.21 
4t..9A 

O. 00 
2.99 
5.42 
4.00; 
9.84 
0 . 00 

\].qo 
1 n. 38 

0.01"1 
I. 78 
1.41) 
0.0 n 

1no.0? 

3.24 
~4 .28 

19.31 
~1.? 

loR.B 
26.6 

.40 
7.63 

12.12 
~0.7'S 
27.13 

'i.73 
4.21 
0.00 
0.00 
o.on 
o.no 
6.ln 

72.40 
17.79 
0.00 
0.01"j 
0.01') 

1 00. 01 

O.On 
'?9.2H 

o.on 
16 . I 
10.9 
46.9 

.M 
1.52 

11).67 
54 .25 
1'1 . 09 

1 .4 n 
1. 46 
0.00 
0.00 
(1.00 
o.no 
4.28 
7.3~ 

)0.19 
O.on 
o.no 
0.00 

1 0 0 01'1.3 

o.on 
11.60 
n.oo 

)4.6 
15.1 
7~,0 

.40 
1. ,39 
2.48 

28.25 
F.9.~7 

0.00 
l.60 
4.83 
4.Q6 
9.96 
n. no 

14.41 
14.RR 
~. 70 
O.nn 
0.1'10 
11.00 

100.02 

o . t)o 
?Q.15 
lQ.7S 
r:; 4. 1 
71 • 0 
15.9 

1.07 
2.8S 
9.23 

1)1').13 
40.114 
?35 
1.91 
0.00 
o • 0 I') 

0.00 
o • 0 0 
7.0? 

?o. :n 
18.9'3 

0.1'10 
0.01') 
0.00 

10n.o~ 

n.no 
?7.36 

o.on 
14 .1 
44.8 
4.4.R 

- 214 

CIP~ ~~IGHT PERCENT NnR~ 

.'i 1 
1. 5" 

1,.7, 
4'5,5 7 
lR."R 

1. c;, I 
1 .7 4 
0.00 
tI,I')O 
o • rl'1') 
0.1"0 
4.23 
A.R? 

31.A3 
Ii. 00 
0.1')0 
0.1')0 

0.1')0 
I3,tlS 
o.no 

1 ('.4 
2<;1.1 
72,3 

.38 
1.2A 
7.77 

43.6R 
48.5'5 
n • t) 1'1 
?.71 
4.Q,? 
3.'57 
A.R4 
0.1'10 

l'i.t)A 
1 n. Q'S 

t). nn 
• 11 
,?C; 

0,1')0 

iOO.Ol 

.56 
26.02 
17.14 
41.9 
r:;?.6 
26.1, 

.7, 
7..12 
7.51 

4A.'?? 
4.4,21 

0.01'1 
3.~7 

.10 

.7': 
•• 8 

I"j. 0 I') 
7.AO 

18.RF. 
12 ."9 

0.1'10 
0.1')0 
o.no 

100.03 

0.1'1(1 
26.F.5 

2.00 
14 .4 
47.9 
4}.Q 

.4'i 

1.'" 
.01 

32.74 
6h.?<;1 

1'1,1')0 
1.17 
";.1'14 
4.79 

10.0"; 
o.no 

1).99 
13 .11 
4.77 ' 

O.nn 
o.l')n 
n.ne) 

0.00 
27.10 
19.,q8 
52.1 
F,fI,Q 
1 Q. 1 

.1' 
1. '?? 
f>.11 

'i1."i,q 
4n.~Q 

n. 00 
~.54 
3.3A 
?.r:;~ 

~. \7 
0.01"1 
~. 1\ 
4.1R 
1"1.1')0 
C;.Qf, 
4,q~ 

o.no 

10.qC; 
1 1 • 1 a 
12. j 1 
37.9 
t.2.q 
36.Q 

.11 
2.1')1 
~.?1 

~1 • 17 
40."'0 

0.1'10 
1.44 
1. r:; 1 
3.nn 
t..19 
0 . 1'11'1 
7.78 

15. 4 a 
1.?:1 
o.on 
n.l"jo 
O,no 

O.l')n 
23.17 

A.ClO 
17.<; 
44.~ 

]Q.F. 

.4'i 
1 • "5 
1 .19 

50.<;14 
47.67 

l').n'1 
3.C;4 
2.09 
1 • F. 3 
3,R'; 
0.01') 

21.~R 
\F •• 90 

0.1'10 
.14 
.64 

o.nn 

100.01 

1.3R 
3A.c;,q 

7.C;7 
52.7 
4A.1 
24.1) 

.>6 
1 • ? 0 
h.A? 

4~.91 

46,'?4 
0.1'10 
2.70 
'S.1? 
3.,9 
9.1'18 
0.1'10 

11 • qF. 
R.':!?, 
0.1'10 
2.81 
2.? t 
0.1'11') 

100.01' 

S.nA 
2001 A 
17. 7 a 
4F..Q 
4q.~ 

2A.4 

., . 
1. " 7 

?].C;] 
S7.C;A 
lA.I\Q 

0 ..... 0 
1.7t 

.A2 
2.47 
3.' 3 
0.00 
~.04 

6.14. 
22.C;& 

0.00 
0.1'10 
0,1')0 

o.no 
8, t A 
6,4? 

1 A. 0 
24.7 
70.? 

.4l 
1. 'iq 
1. qn 

'iR.ln 
3<;1.QI') 

0.1'1" 
,.97 
].61 
2.49 
fl.19 
O.nn 

19.]n 
13.? 1 

0.01') 
• .19 .'. 

1'1 .1'11'1 

.M 
32.'i' 
1~.5t 

50.2 
41'1.6 
~9.7 

.lA 

1 • 1 '" 
10.JA 
51.7Q 
37.A] 

0.01"1 
~.4'i 
3.11., 
3.?0; 
6,10; 
O.on 

10 •• 11 
10.1n 
1.47 
n.oo 
n.on 
0.01') 

n.nn 
?().C;~ 

13,16 
.17.5 
t.?? 
]9.9 

1 ,21 
2.71\ 

72.41 
l A.~t. 

8.7.1 
Q.B1 
1.F.~ 
n.ol"j 
O.no 
0.01') 
O.on 
'3.4F. 
7.?? 

lC).QI1 
O.on 
0.00 
O.nl') 

11')0 .02 

O. on 
10. bR 

0.01') 
15 .1 
'n .6 
6A.A 

••• 
2.1R 
C;.52 

70,34 
24.14 

n.on 
?"'o 
1. 96 
?1"; 
4.16 
o. 00 

10,?4 
11 • 25 
3.51 
0.00 
o • 0 0 
o.no 

InO,O] 

o. nn 
?1,49 

A.7R 
14.5 
~5.5 
t.CJ1.8 

• 40 
1 • 21'1 
A.42 

51'1.42 
41.t6 

0.00 
2,18 
2.0;9 
?.61 
5.?9 
0.00 

10.?4 
10.31 
fl.77 
O.nn 
0.1')0 
0.1')1') 

100.02 

o. on 
71').<;4 
10 .4Q 
14." 
44.9 
41.0 

.16 
1.67 

F.O.11 
?R.14 
11 , '53 
8.31 
].21 
n,oo 
0,00 
0.00 
n. 1'1 I') 

";. 35 
17.44 
33,17 

o • 0 n 
noon 
o.no 

t'oo.oi 

n.nn 
~?7Q 

o.nf) 
;n.7 
79.1 
C;Q.R 

.02 
2.46 
4.13 

64.97 
10.90 

0.1"10 
3.2A 
1.1"13 
1.17 
1'.40 
o • 0 0 

11.06 
1 t.. 71 
0.00 

.53 
'.78 

0.00 

100.01 

1. 31 
25.71 
4.~0 

37.6 
32 ·.l 
42.5 

.45 
1.]3 
Q.91 

51.13 
1A.Q5 

0 '. 00 
2.58 
?~4 

2.11 
4.74 
0.00 

Il.FlO 
11.64 

1. 41 
0 '.00 
0.00 
0.00 

100.00 

0 . 00 
.("1.45 

9.40 
16.8 
43 '.2 
18.9 

.50 
1. 45 

47.83 
47.19 

4.98 
5.13 
2.18 
n.nn 
0, 00 
0.00 
0.00 
3.34 

12.63 
41.51 

0.00 
0.01'1 
0.00 

100.01 

o • 0 0 
15.97 

n • 0 0 
19. A 
•• 5 

7?9 

\.4Q 
1. \ 4 

1 Q.? t 
':'.70 

74.0Q 
11.1'11'\ 
?Q~ 

1 • q7 

7.90 
9.21 
(1.01'1 

1."'''' 
F.. 1,1., 

(,q.61 
o. no 
0.00 
O.on 

Ion. 1"1,. 

0.1'11"1 
~ ,]':I 

1 q. \ 1'1 

33.'5 
91.7 
3A.8 

1.1')9 
2.67 

14.30 
4A.'1 
37.19 

0.00 
J.tA 
.7' 
.O'i 

1.15 
0.01"1 
4..liO 

lli.3 A 
21."'''' 

n.nl') 
o • 0 I') 
O.nn 

o.no 
IQ.A" 
2.~q 

2A.l 
41.4 
52.1, 

." 1. 'i? 
31.10 
€I}. 19 

7.0;? 
t .1C; 
t .4) 
o.l')n 
0 .01'1 
n. on 
o • n 0 

.07 
6.91 

3n.11 
O.nn 
n. fl 0 
0.1'10 

100.1'11 

1'1 • n 0 
7.Qfl 

0.1'10 
1 n. 1:1 

In. q 
8?.Q 
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SA~PLE OP. 17 OP. 3A DP. 39 OP. 40 OR_ 41 KL- 42 KL- 41 KL -44 KL- 4S KL -46 np. 47 DP. 48 

AP 
IL 
OR 
AA 
AN 
C 
MT 
OlEN 
o IF5 
o !\olD 
\/0 
HYEN 
HYFS 
Q 

FO 
FA 
NE 

TOTAL 

OL 
OPX 
CPX 
NCI 
NPe 
01 

." 1. ~4 
~q.~] 

57.QFI 
12.1<;1 

.00 
1 • "2 
O. no 
n.nn 
I). nn 
o.nl) 
1.47 
A. 1 7 

7.6.16 
n.on 
n • n n 
0.1'11'1 

Inn.Ot 

n.nn 
9.64 

". on 
t?.j:\ 
1 7.4 
7<;1.?: 

.6' 
I.SO 

]4.07. 
51.2? 
14.71. 

n.On 
1 .51 

.04 

.2A 

.30 
o.on 
I .1'1 
7.]? 

?9.91 
n.o" 
n.on 
n.ol'\ 

n.on 
13.47 .6, 

I? 1 
2i'.4 
1~.8 

.50 
1. 46 

17. 1 1 
76.9] 
5.97 
3.3R 
1. Sf:. 
n.nn 
0.00 
0.00 
O.no 
1.82 
9.51 

34.76 
I). n n 
o. n n 
o.on 

100.01 

o. On 
1 1 • '33 
o.On 

14.1 
7.2 

18.6 

•• 2 
1 .41 

44.90 
53.57 

1. ,1 
1.52 

.4A 
0.0 n 
n.nn 
0.00 
0.0 n 

.80 
1. "iC; 

19.18 
O.nn 
n • I} a 
n.on 

0.0 n 
2.35 
0.0 n 
4.2 
2.8 

92.B 

.3 • 
~.46 
6.1)8 

46.9] 
46.49 
n.on 
3.89 

.01 
1.5A 
2.05 
n • 0 0 
6 1 8A 

lQ.nn 
14.75 
n.no 
n,Oo 
o.on 

o.on 
25.138 

4.7.0 
.16.4 
49.A 
41'1.7 

.00 

.00 
20.A1 
71.?5 

'IAR 
1.f.(' 
3.~9 
n.l'lo 
O. n 0 
a.no 
('I, no 

12.40 
18.37 
10.15 
0.00 
o.on 
n.on 

100.00 

o.nn 
10.78 

n.oo 
3501 
10.fl 
')3,') 

.00 . ., 
21.,9 
1 1 • 7 4 
60.,c,8 

o. n 0 
2.';1) 

"".?9 
3.'5R 

1tl.41 
o.nl) 

12.44-
7.0 R 
o.no 
,.tR 
~.?5 

o.no 

A.44 
19."i2 
20.10 
')1.7 
77.4-
1R.9 

.07 

.19 
7.95 

?7.,c,3 
b4.42 
a • n 0 
2.4R 
R.nl 
4.40 

13.15 
0.00 

11 • ,~ 
h.15 
o.nn 
3.91) 
?19 
o. no 

100. no 

6.14 
11.91 
25.~'; 

'53.1 
70.0 
16.7 

.00 

." I 
A.41 

?4.8'i 
6';.71 
n.nn 
7..4'; 
6.91 
3.9R 

11 .49 
O.n!) 

14.97 
R,b] 
O.nl'l 
1 .42 

.00 
o • 0 n 

100.00 

2.1~ 
23.hn 
22.37 
51.6 
72.9 
16.1 

.00 
,86 

9.S7 
7.7.24 
63.19 

o.no 
2.61 
6.RO 
4,44 

11.7R 
n.nn 

13. 14-
R.57 
n.On 
1.7t 
1.~] 

o.no 

100.00 

2.t;)4 
?1.71 
23.02 
')1,1 
"9.9 
1R.0 

.50 
1.39 

26.99 
58.19 
14.81 

0.01) 
1. 96 

".00 
". 00 
.00 

0.00 
1. 12 

10.22 
26.22 

O.nO 
0 ". 00 
a • 0 0 

100,01 

a • 0 0 
11 .93 

.01 
15.3 
20.3 
75.6 

.50 
1.41 

24.1)7 
62,09 
13,34 
o.nn 
?, I? 
.n 

2.01 
2.0? 
O.nn 
1.nn 
9.1 Cj 

22.1 ,c, 

n.nn 
n.on 
0.00 

100.0; 

o.on 
10 • 1 , 
4.~5 

17.9 
17.7 
73.6 

SAMPLE OP- 49 OB_ 50 DP- 51 OR- 52 nR_ 53 DB. S4 DB- 55 ns- ~/i D~- S7 DR- 58 DP~.59 DB_ /in 

AP 
IL 
OR 
AA 
AN 
C 
~T 

OlEN 
o IFS 
01WO 
"0 
HYEN 
~YFS 

Q 

FO 
FA 
NE 

TOTAL 

OL 
OPX 
CPX 
NCI 
NPC 
01 

.--1.48 
35.81 
tiO.07 
14.12 

.7~ 

2.2'" 
O.nO 
O,nl) 
n.nn 
O.nl') 

.1')'5 
12. 11 
~6,4A 

a • fltl 
O,nn 
0.1')0 

100.01 

o.no 
12.11, 

0.0 I') 
16.~ 
22.1') 
74.4 

.50 
1. 9 5 

1~.31 
47.49 
40.11 

o • a 0 
::!.21:j 
1 .01 
2.4] 
3.31 
n.on 
1.79 
9.10 

19.99 
0.00 
n.nn 
n.on 

100.02 

O,on 
1?,90 

6. 7f~ 
23.9 
lI-5.8 
53.2 

.62 
1.46 

26.12 
h2.28 
11.60 
0.00 
1.62 
,lo 
,6, 
.18 

0.00 
2.23 
7.61 

25.36 
0.00 
0.00 
0.00 

100.01 

o. 00 
9,84 
1 .61 

14.5 
1 'j. 7 
18.0 

.43 
1. 50 
4,58 

46.64 
4R.1A 
a • a 0 
3.23 
3.41 
2.1" 
5,84 
0.01'1 

20.31i 
12.88 
o. 00 
2.96 
2.06 
O. on 

5,0.1 
33.24 
1 1 ,41 
~4.4 

'1.1 
23. 1 

,8S 
2.14 
8.71 

SA.b] 
12.61 

0,00 
3.az 
2.59 
1.56 
6.14 
0.00 
8.91 

12.24 
3.5,1) 
0,1'10 
o • a 0 
0.00 

100.02 

0.00 
~l.l5 
12.29 
38.6 
15.8 
41.9 

1.44-
3.10 

18.'i3 
55.11'1 
26.17 
o.nn 
3.16 
l.A5 
5, "" 1 
6.9n 
0,110 
3.53 

10.37 
10.]7 

0.00 
0.01'1 
0.00 

a • 0" 
11.90 
14.16 
34.3 
12.4 
1)001 

.40 
I •• 1 
8.60 

44.32 
47.n8 

o.no 
2.1,4-
5. cq 
4.S7 

11').~A 

o • n n 
12.1;9 
9,77 
2.:n 
O.n/1 
0.1'10 
n.nn 

100.01 

o.nn 
22.46 
21.18 
47.9 
51.5 
28.4 

,13 
1,~4 

7.1 Ii 
53.79 
39.n5 

0.1'10 
2.12 
4 • .1\4 
3.98 
9.10 
0.1'11'1 

10.4] 
8.58 
2.23 
o.no 
0.01'1 
0.00 

100.00 

o.no 
19. a 1 
17.92 
40.'3 
42.i 
36.9 

• 31 
1. 20 

14.n1 
42.1? 
43.R6 

O.nn 
?.4A 
'i. 11 
3.86 
9.54 
0.01'1 

11 • 14 
8.\1 
n. on 
1.'5" 
1.25 
0.01'1 

100.00 

2.81 
19.?S 
1 8.71 
44.'5 
51.1') 
] 1 , n 

.13 
I.AO 

10.66 
45.49 
43.84 

0,00 
2.65 
2.44 
3,95 
6.30 
1'1.1'10 
6.25 

10,10 
12.59 
n.nn 
o.no 
0.110 

100.01 

o • 0 0 
16.34 
12,69 
33.5 
49.1 
47..5 

.62 
1.45 

63 ".20 
22.74 
14.06 

1".08 
1.45 
0.00 
O. 00 
0.00 
0,00 
3,01 
7.21 

32.37 
0.00 
0.00 
I') • 0 a 

ioo.Ot 

0 ".00 
10 ",22 

0".00 
13. 1 
38.2 
17.8 

." 1.84 
14.69 
34.29 
51.0~ 

o.nn 
2.111 
1.Al 
3.02 
4.15 
o.nn 
6,11 

11 • 1 " 
19.1R 

0.1'10 
n.nn 
o.l')n 

100.0;:t 

n,nn 
17.89 
9.59 

32.n 
59.A 
42.13 

SAMPLE DR_ 61 08_ 6~ OB~ 63 DP- 64 np., 65 O~_ 6" 08_ 67 OR- 1,8 nB- 69 D~- 7? nR- 73 OB_ 75 

AP 
IL 
OR 
AB 
AN 
C 
MT 
DIEN 
OIF5 
01 .. 0 
WO 
HYEN 
HYFS 
Q 

FO 
FA 
NE 

TOTAL 

OL 
QPX 
epx 
NCI 
NPC 
or 

.J' 
1. 1 3 

12.19 
4].41:) 
44016 

l1.on 
2.20 
3.119 
1.03 
6,82 
O.no 

10.63 
B.96 
"'.01') 
o.nn 
o.on 
O.on 

0.01'1 
19.59 
13,44 
36.4 
110.4 
3R.O 

.qO 
2.61 

1?51\ 
41.611 
lI-5.8~ 

1'1.01'1 
1.61 

.92 
'.71 
1,4'" 
o.on 
5.4A 

1 Ii. 14 
l1.0h 
o • a a 
0.00 
1'1,00 

100.01 

0,00 
7.1.62 
1,09 

]5.0 
'i2.4 
4?5 

.83 
2.25 
n,Bl 

56.18 
37.01 
a.oo 
3.38 
1.49 
5.14 
6.25 
o. a a 
3.12 

12.B2 
5. 11 
0, no 
n. 0 I') 
0.00 

InO,02 

0.01} 
16.54 
12.87 
:1'5. a 
3q.1 
42.3 

.50 
1 .41 

31.33 
'i6.23 
12.44 
0,00 
1.45 

.26 
1.26 
1.42 
o • a 0 
1.25 
5.9A 

29.07 
o • a n 
0.00 
0.00 

100.02 

0,00 
7.23 
2.94 

13.0 
1 A. 1 
7q.3 

.6' 
1.46 

.'7,91 
6?.02 
10. 06 

1'1.1'10 
1.45 

.30 
1.36 
1.')'i 
0,00 
1.29 
5.85 

27.04 
/).1'10 
O. I') n 
o • I') a 

f) .1}0 
7014 
3.21 

13.3 
\4. 0 
~0.2 

.83 
2.14 

11 .93 
58.15 
29.72 
o.nn 
2.99 
1. a9 
2.61 
4.49 
0.00 
9.49 

13.1')~ 

4.07 
0,01') 
o,nn 
o.no 

100.03 

o,nn 
??,S7 
9.00 

36.7 
:n.7 
45.1 

.~A 
2,1 A 

14.19 
55.'5A 
30.~3 
?'.15 
3.02 
o,no 
0,110 
O.no 
0,1'10 

14.67 
111.A'5 
Q.'5 
0.1')1'1 
n.no 
O,on 

100.0 J 

0.00 
30,51 

O.nn 
315.7 
3,.1 
45.~ 

.7R 
2.12 

10.QR 
<;8.44 
30.<;8 
o.na 
3.04 
?1'l4 

2.RI 
4.83 
O. no 
9."i4 

13.16 
4."'5 
O.no 
O.no 
O.no 

100.02 

o,no 
22.71 

9.A7 
37.~ 
34,4 
44.1 

l.flI6 
3.64 

14.:?? 
51.'53 
34.~S 

O.on 
3.11'; 

.07 
1.67 
2. 1.1 
n, no 
5.04 

14,R, 
20.1,c, 
a.nn 
0.00 
n.nl'l 

o.nn 
19. ,'U~ 

4 • .:n 
31 • , 
19.9 
') 1 • a 

1.59 
3.44 

2!'1.n1 
46.61 
21. "11 

o.nn 
3.45 

.A8 
?68 
3.]7 
o,nn 
4.75 

14.'i4 
17.97 

0.00 
o • 0 0 
o • 0 n 

100.04 

o • 0 a 
19.2Q 
6.9~ 

D. I 
37,n 
'i?4 

1.63 
3.51 

1 B", 21 
55.53 
?"' ".26 

0,01} 
3.58 

.A7 
2.2A 
2".79 
0 ", 00 
4.61 

15,60 
15.31 

0.00 
n.oo 
0". no 

1on.03 

0.00 
20.21 

5'.75 
33.0 
1?'". 1 
~?2 

1 • 61 
3.3A 

12.fl1 
49.~4 

31.4Q 
n.nn 
3.2A 

.04 
1.52 
1.91'; 
0.1'11'1 
5.19 

14,fII7 
19.~'" 
o.nn 
o"I,no 
n.llo"l 

100.a4 

0.1'11"1 
19.R(' 
4.01 

30.S 
42.9 
49.9 
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CIPW WEIGHT PEQCENT ~OR~ 

SAMPLE DR- 1~ DR- 17 08- 78 nR- 79 np~ 80 DP_ RI DB- R? nA- R3 DR- AS KL- ~6 ~L- 87 OA_ AR 

AP 

IL 
OR 
AR 
AN 
C 
MT 
OlEN 
DlrS 
DIWO 
wo 
HYEN 
HYFS 
Q 

FO 
FA 
NE 

TOTAL 

OL 
OPX 
CPX 
NCI 
NPC 
01 

1.40 
3. I .,. 

14.1 Q 

46.A!' 
18.9f, 

o • n n 
3.36 

.3< 

.1Z 
l.n?: 
o,no 
7.56 

16.:?4 
18.7? 
n.nn 
D.nn 
o • 'HI 

100.n2 

o.nn 
?l • .qn 

Z.nR 
12.4 
45,4 
41,1 

SA~PlE np. eCJ 

AP 
IL 
OR 

AR 
AN 
C 
MT 
OlEN 
DIFS 
rnwo 
wO 
HYEN 
HYFS 
Q 

FO 
FA 
NE 

TOTAL 

OL 
OPx 
CPx 
NCI 
NPC 
01 

AP 
IL 
DR 
A8 
AN 
C 
MT 
OlEN 
DIFS 
OIWO 
WO 
HYEN 
HYFS 
o 
FO 
FA 
NE 

TOTAL 

OL 
OPx 
CPx 
NCI 
NPC 
01 

. " 
I.'ll., 

.11 • C;.,. 

6].97 
4.4" 
2.715 
1.11 
0.01'1 
o.no 
0.011 
O.nl'l 
2.A9 
A.6::? 

13.7.2 
o t n () 
noon 
n.nn 

o.nn 
11.C;1) 
O.nn 

14.8 
6.'i 

79.7 

.1~ 
2.01 
7.?~ 

IiS.AI 
36.91 
o • n n 
3.07 

.74 

.A6 
1.A2 
().I'II'I 

13.10 
1'5.'''' 
1.01 
O.no 
o • 0 n 
a • 0 n 

Ino.oo 

a • 1'1 n 
28.6" 
3.2? 

11.0 
19.A 
42.1 

i .4(') 

3.04 
14.32 
47.9'5 
37.13 

n.ol') 
(1'.7" 
1.28 
2.58 
1.76 
o. on 
5.44 

lO.9F. 
18.8~ 
n. 0 n 
n.nn 
n,nn 

". on 
Ih.40 
1.b, 

2Q,R 
44.0 
50.0 

I(L .. 90 

• 1 ? 
.86 

19.1R 
29.26 
51.5, 

n.On 
2.36 
6.61 
3.48 

10.74 
n.oo 
R,15 
4.1lt) 
o.On 
6.77 
3.92 
n.on 

100.00 

10.69 
11,15 
2n.86 
4A.l 
61.8 
25.1 

.38 
?. 0 1 
7.2? 

Cih.11 
36.0, 

O.no 
1.0n 

.70 

.19 
1,51 
0.00 

13 .34 
14. 9 5 
2.76 
0.0(1 
0.00 
n.On 

o.on 
28.29 
1.0n 

36.1 
lA.9 
41 ,5 

.47 
1. 91 

10.49 
57.51 
31.9B 

9.33 
3.77 
o.no 
0.00 
0.111'1 
o. no 

19.65 
20.43 

1.07 
0.00 
Donn 
0.01) 

0.00 
40.08 

11. no 
45.8 
35.7 
10.6 

PR- 91 

2.32 
1.49 
1. 49 

36.74 
61.7.1\ 

0.00 
3.73 

.27 

.26 

.54 
O. a 0 

18.81 
1~.6A 

8.21 
n.oo 
0,00 
o. no 

0.00 
37.49 

l.n7 
45.8 
62.7 
24.9 

.36 
1. 93 
6.R2 

59.94 
33.24 

0.00 
2.90 
1.50 
1.73 
3.26 
0.00 

11.10 
13.49 

71.98 
0.00 
0.00 
0.00 

0.00 
25.19 
6.48 

36.5 
"35.1 
44.1 

.3' 
1. 35 

15.33 
44,1 Q 

40.47 
0.1'l1) 

?5.1\ 
1.84 
\. 25 
3.23 
0.00 

1 3. 19 
8.96 
0.00 
3.86 
2.89 
C. 00 

1 00. 0 1 

6.76 
?2.15 

6.31 
]9,2 
47.8 
)/i.o 

1.2R 
2.97 

1 0 • 1 :3 
47.35 
42.52 

0.00 
3.74 
1.28 
2.9'5 
4,08 
0.00 
7. 11 

16.4(} 
1 \. 81 
0.00 
/').00 
0.00 

0.00 
23.51 

8.31 
3R.5 
47.3 
19.6 

.43 
2.01 

14.91 
55.38 
?9.11 

0,00 
2.77 
3.11 
3.77 
6.92 
0.00 
8.87 

10.16 
.73 

0.00 
o • 0 a 
0.00 

O.on 
19.61 
13.80 
18.2 
14.9 
43.4 

.51 
1.39 

57.06 
.~1. 5'5 
11.39 
n.no 
1.44 

.07 

.23 

.ZR 
0.00 
2.10 
6.96 

2A.25 
1'1.00 
0.01'1 
0.00 

inn.oo 

n • 0 n 
9.06 

.58 
1? '5 
26.5 
Rn.3 

." 
1 • 41 
1.19 

44.19 
48.n2 

/'). on 
3019 
15,28 
4. 1 0 
9.72 
0.00 

13,83 
In.14 
n.no 
2.42 
2.01 
o • 0 0 

100.03 

4.50 
24,51 
19. 1 0 
52.8 
Ii 1.1 
24.4 

.40 
2.05 

14.21 
46.6/\ 
39.12 

0.00 
3.0n 
1.29 
4.51 
1.82 
o.no 
8.01 

11 .20 
1 • .Iq 
1'). I') 1'1 
0, no 
0.00 

1 no. o? 

o • 0 a 
19.27 
1'5.68 
40.0 
41).6 
17. n 

• 'it 
1.39 

21.91 
.18.79 
39.11 

0.00 
1.~1i 

• ? 1 
.81 
.96 

n.nn 
I.R5 
1.12 

38.47 
o.nn 
o • n 0 
0.00 

Inn.no 

0.00 
8,en 
1. q9 

13, q 
50.9 
"b.A 

DR" 91< .... .:.~.- .. 
" .31 
1.26 
8. A 1 

50.26 
4n.91 

0,1"10 
2.68 
5.8/} 
4.0" 

10.?8 
o.no 

11. MI 
8.16 
n. nn 
2.43 
1.~1 

n. 0 I) 

100.1'11 

4.30 
19.82 
20,13 
48.0' 
44,9 
30.4 

•• 0 
1.90 

13. 1 ? 
49.15 
31.73 
n.no 
?.11i 
3.?I 
4 • 0 1 
7.75 
o.no 
8.42 

10 0 51 
3,~~ 

o.nn 
n.no 
o.no 

100.01 

0.01'1 
18.93 
14.48 
3801 
43.4 
19.~ 

.:'1 
1.?8 
3.1j:\ 

40.4t; 
51).71 

O.nn 
2.97 
5.19 
4.22 
9.96 
O.no 

15.413 
12.i3 
2.~A 

O. no 
n.nn 
0.00 

100.nn 

n.nn 
27.,c,0 
19.57 
5 1.4 
5A.0 
21.1'1 

08- Q'5 

.<;9 
I.An 

1~.Q~ 

4R.90 
313.i4 

n • n 0 
2.97 

.A5 
1.06 
1.92 
0.00 

12.05 
14.Q9 

Co. I 4 
0.00 
o.no 
o • n 0 

10n.oo 

0.1'10 
27.04-
1.~4 

35.4 
43.1J 
41.1:) 

.:3R 
2.01 
".1Q 

56.?4 
]6.96 
o • 0 0 
2.99 .. , 
1.4R 
2.4? 
n,OO 
9.2') 
14.1~ 
6.?6 
n.oo 
I}.I'IO 
O.nn 

100.00 

o.no 
21.41 

4.AA 
31.1 
3q.~ 
44.1 

.::n 
1.76 
4.('2 

41 . 12 
4A.06 
O.nn 
2.~4 

5.74 
4.13 

10.41:) 
o.no 

14.9'; 
1 1 • 10 

.18 
O.no 
o,nn 
O.no 

O.no 
2b.2b 
2n.c;;;2 
50.9 
50.4 
25.4 

.AZ 
1.1i? 

41.('(' 
51 • 1 1 
7.~3 
1 • 1 1 
1.55 
o.nn 
o • 0 I') 

o • 1'1 0 
o • n 0 
2.49 
7.(19 

29.C,9 
0.00 
0.00 
0,00 

100.0? 

0.00 
10.18 
0, no 

13.3 
12.4 
81.n 

.2A 
1.·1 
7.41 

51.n7 
35.47 

n.oo 
3,12 
2. 11 
2.91 
5.13 
0.00 

10.Al 
14,7b 
n.nn 

.03 

.04 
0.1'11} 

100.no 

.01 
2'5.51 
10.71 
41.1 
3R.1 
17.~ 

.'iZ 
1. loR 

35,61 
35.'(' 
29.?1 

n.l'ln 
~.19 
1.01 
1 • 10 
2.11 
0.00 

10.97 
11. A 7 
1. R 1 
o.nn 
0.0 n 
o.no 

o.nn 
22.64 

4. ""HI 

10.A 
45.4 
50.9 

.11 
2.1'17 
2.5A 

49.67 
41.74 

0,00 
3.67 
1. 21 
2.22 
3.3R 
O.on 
9.67 

11.44 
11.97 

0.00 
O.on 
0.00 

100,0? 

o.no 
21.12 

6.A4 
39.1 
49.0 
37.1 

.31 
2.01 

12,39 
131'1.2') 
37.3" 

0.00 
3.60 
1.09 
1.5" 
2.63 
0.01"1 
1~,"1 
17.11 

1.29 
o,no 
f).on 
0.00 

inn.l)l 

O.Ot'l 
3/).3(') 

'5.26 
41. ? 
42.6 
17.1 

.01 

.77 
12.5(' 
21.89 
C,9.'5f1 
n • n 0 
2.36 
7.42 
4.31 

12.44 
n.no 

10.9.1 
6.44 
n,OO 
2.93 
1. 90 
o. no 

lOO.on 

4.A3 
17.37 
74.?4 
49.6 
bR.l 
20.4 

.47 
1.43 

'52.0'2 
40.,0 
1.27 
Z.B 
1.86 
n.oo 
o.on 
n.nn 
n.oo 
1.79 
9.,6 

33.27 
0.00 
0.010 
0.00 

ioo.oo 

0,00 
11 • 36 

0.00 
\4.6 
15.2 
7F1.6 

.Z8 

A.OI 
56.90 
35.09 

o.on 
3.41 
l.g9 
7..10 
4.56 
O.on 

1 0 • 91 
15.C;9 

1.11 
I') • 1'1 0 
o • 0 0 
0.1'10 

0.1'10 
26.">1 

9. 1 5 
41.0 
lA.l 
38.C, 

". 14 
1 '.15 
9.Z6 

3R,78 
S' ".96 
"0.00 
?90 
4.95 
4 ~ 18 
9.41 
0.00 

14.03 
11.86 

".97 
o • 0 0 
11".00 
0 ". 00 

0.00 
25.89 
18.,,>5 
48.5 
57.3 
25.Z 

DP- 99 

.43 
1. 26 

32.31 
51.12 

9.92 
3.0Z 
Z.29 
0.00 
0".00 
o • 0 0 
0.00 
3.21 

lZ.Z3 
37 ".39 
0,00 
0.00 
1') ".00 

100 ".00 

0.00 
15".45 

0 '. 00 
19.0 
14.1 
13".6 

.28 
2.03 
9.26 

54.30 
36.44 

0 "0 no 
3.13 

.89 
1.25 
2. l3 
0.00 
9.35 

1 1. 14 
n. 00 
2.83 
4.38 
n.OO 

99.99 

1.21 
22.49 

4.26 
39.1 
40".2 
lA.l 

.'" 2.16 
1 A. , 1 
43.RC; 
3Q.04 

1 .91 
3.SR 
o. no 
n.no 
o • 0 1'1 
o • 1'11'1 

10.Ql 
19.14 
13.01 
n.no 
o.on 
1'I.t'l1'I 

O.l'In 
3n.f)C; 

0.1'11'1 
3,.8 
46.5 
4 "1. 1 

KA-l()1'1 

. " 
1 • 91 

11.99 
1~.7A 

1">.?4 
0.00 
~.8A 

2.11 
2.94 
5.73 
o • n n 

11.11 
12.nR 
15.92 
n.l)n 
o • 0 0 
o.nl'l 

10n.0 1 

n.no 
23.21 
11 • 19 
39.4 
85.5 
26.9 

.2A 
1 .8" 
8.14 

4?'.31 
49,14 

o.nn 
1 • .?9 
3,4'5 
5.S? 
8.85 
o.on 
7.(,1 

12. 17 
3.~0 

0.01'1 
n.nn 
0.1'11'1 

f),nl'l 
19.77 
17 .Al 
42.1 
51.R 
31'1.7 
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CIPW WEIfiHT PERCENT N0R~ 

SAMPLE KO~113 KO-114 KO-llS KO-llb KO-117 KO-IIA KO-~lq KO-l? O KO-l~l KO-l?? KO-123 ~n-124 

AP 
IL 
OR 
AS 
AN 
C 
MT 
DJ EN 
DJfS 
D1wO 
WO 
HYEN 
HYFS 
Q 

FO 
FA 
NE 

TOTAL 

OL 
OPx 
CPx 
NCI 
NPC 
01 

AP 
IL 
OR 

A" 
AN 
C 
MT 
DIEN 
DIFS 
DtwO 
WO 
HYEN 
HYFS 
Q 

FO 
FA 
NE 

TOTAL 

OL 
OPx 
CP' 
NCI 
NPC 
01 

AP 
IL 
OR A. 
AN 

C 

·"T 
OlEN 
DIFS 
DlwO 
WO 
HYEN 
HYFS 
Q 

FO 
FA 
NE 

TOTAL 

OL 
OPx 
CP' 
NCI 
NPC 
01 

.10 
1.Qn 
9.41 

43.~"i 

47,02 
0,1'11'1 
3.20 
3.9(1 
5.1 q 
9.(18 

n.on 
fI.QA 

11.96 
2.,1\0 
0.00 
n.on 
o. n n 

n,on 
?O.94 
1 ~. 1 6 
44.7 
<:j1.9 
30.7 

.~F. 

1."Q 
11.\ S 
e;S.18 
33.47 

O.on 
3.1 0 
1. QQ 
2.74 
4.71 
o,on 

1 ~. 1 1 
13.90 

2.6'\ 
0.011 
a • 0 11 
O.OIl 

100.01 

n.on 
7.4.01 

Q.44 
'3~ • .? 
37.7 
41.R 

." 
1. 'R 
6.84 

41).49 
46,,,7 

I)."n 
3.1 A 
4.9') 
4.')6 
9.14 
o.lln 

10.28 
9.4A 
o.on 
2.,"," 
2.10 
o.nn 

100.03 

1).36 
19.7" 
19.26 
48.~ 

<;0.1 
'7.2 

.31 
1.90 

13.11 
42.6A 
44.19 

D.nn 
3,6<; 
?31} 
3.83 
6,09 
n.on 
9,06 

14.77 
O,no .-' .8T 
n.on 

101).01 

1,31) 
21.81 
P.2~ 
43.0 
50,9 
11.6 

.2< 
1.73 

18.21 
4<;.50 
36.2f1 

n.OO 
1.32 
3.25 
4.31 
7.57 
0.011 
4,14-
5.51 
1).00 
4,2A 
6.27 
n.on 

100. 01 

trl.S') 
9.b6 

11).16 
40.4 
44.3 
37,8 

.21 
1.3n 

\4.6" 
4A.34 
17.00 

1).00 
1.09 
3. 9 5 
3.9A 
8.0A 
(') , a 0 
].4] 
3.46 
o.On 
6.66 
7.4n 
o • a 0 

14.0" 
6.8R 

16,0(, 
41.3 
4],4 
3':1.8 

.33 
1. 84 

24.92 
40 • .10 
34.17 

0.0 n 
2.'H 
].1'5 
3.81 
1.no 
O. I) n 
9.90 

11. 9 6 
4.04 
n.no 
0.00 
o • 0 n 

10 C) • 0 1 

0.00 
21. 86 
1] .. 96 
40.h 
46 • .1 
39.9 

.28 
1. fl9 

17.Al 
~2. 72 
29.47 

O.on 
3.22 
2.36 
J.68 
5.91 
0.00 
8.79 

13.b8 
1. 59 
0.00 
0.00 
O.on 

100.01 

0.00 
22.4,11 
12.01 
)Q.4 
35.9 
43.0 

.2' 
1.30 
7."A 

41.89 
44.44 
0.00 
3.15 
1.97 
1.83 
3.90 
o.on 

16.65 
15.45 

1. 64 
O. 00 
0.00 
O.no 

100.02 

0.00 
32.10 
7.10 

44.2 
48.1 
31.6 

.2" 
1.90 
7.q~ 

57.57 
34.45 
o • 0 n 
3.4? 
1 • 31 
1.69 
3.01 
o • 0 0 

12.91 
16.61 

1.12 
0.00 
0.00 
D.on 

0.00 
29,5] 

6,01 
40.9 
17,4 
19.0 

.26 
1.67 

23.7R 
43.62 
32.60 
0.00 
). 11) 
l.64 
3.89 
6.48 
0.00 
8.69 

12.82 
2.07 
0.00 
0.00 
0.00 

100.01 

0.00 
21 .51 
13.01 
)9.3 
42.8 
41.4 

.14 .9, 
23.96 
4to. 00 
:12.03 

0.00 
2.84 
7.61 
4.95 

13.16 
0.1'11') 

10.39 
6.75 
a • a 0 
4.54 
3.25 
0.00 

7.80 
17 .14 
25.71 
')4.5 
42.1 ,0. q 

.2" 
1.A~ 

II.R9 
1}~.57 

1'i.,3 
o. n n 
1.39 
\.54 
2.09 
1.61 
n. 0 n 

11.89 
16.15 

2.S4 
O. I) 0 
0 1 00 
n.oo 

1'00.02 

0.1)0 
~g.04 

7.24 
40.5 
40.3 
:l9. \ 

.31 
1.RR 
9.27 

46,90 
43.83 
o.no 
3,54-
3.] R 
5.09 
8.16 
1).00 
5.?7 
8.43 
n.oo 
2,45 
4.32 
0.00 

100.00 

6.77 
13.10 
16.43 
42.3 
48.3 
",2.2 

.1' 
1 .07 

22.81 
30.54 
4.6.6] 

0.00 
3.02 
5.97 
1.B3 

10.28 
n.oo 

IB.50 
11.89 

n.no 
1.19 
.A' 

Il.on 

100.01 

2.04 
30.39 
?0.08 
S6,6 
"n.4 
(?1. 1 

.31 
1.13 
3.1.1\ 

4').QQ 
SO.?) 

o,no 
3.04 
4.1A 
6.03 

10.17 
0.00 
7.4~ 

10.30 
3. ;q 
0.00 
o • !,'If') 
o.on 

Ino.o) 

0.00 
17. 1~ 
20.77 
43.1 
S2.? 
;:'9.7 

.31 
1 • ,«, 7 

27.)9 
v •. ~fI 
38.(1) 

0.00 
2.Q9 
?.Sh 
3.74 
6.?6 
0.00 
8.47 

12.34 
5.)6 
o.no 
o.no 
0.00 

100.no 

0.00 
20.81 
12.56 
)8.1) 
52.4 
40.2 

.14 
1 • 16 
7.A4 

,1.13 
41.03 

O.no 
3.12 
6.71 
5,69 

12.84 
0.00 
2.44 
2.015 
1'1.00 
7.Q4 
7.36 
O.nll 

100.1'10 

1 C;. 31 
4.<;0 

?S.2q 
49.4 
44.5 
29.A 

.13 
1.QQ 

11.14 
4Q.C;Q 
37.n7 

0.(11) 
3.<;.1\ 
3.nQ 
4.22 
7.'9 
O.nl) 
3.4(, 
4.7? 
O.no 
5.12 
1.99 
I). no 

10n.01 

13.11 
8.,-fI 

14.61 
41.7 
42.1:1 
36.~ 

.~4 

1 .4", 
21.'6 
53.75 
2e;, PI 

o.no 
~.97 

4."e; 
4,04 
~.?" 
0.00 
5.53 
'i. , 1 
0.00 
4.74 
5.20 
11.1)0 

100.02 

9.Q4 
11.0) 
16.14 
41.7 
31 ,Q 

43.5 

. i 1 
1 • is 

15. i 9 
45.73 
39.1)8 

n.on 
2.9" 
5.A:1 
4.fI~ 

10.AS 
0.00 

11. ,.,,, 
9.37. 
0.01'1 
2.14 
1 .Rq 
n.nn 

100.0] 

4.n3 
20 . 97 
21.14 
50.4 
to".f 
31'1.1 

.1l 
1.90 
R.,c,5 

7~.14 
16.?0 
O.no 
3.44 
4.0) 
4 • .I\A 
8.Q1 
o.no 
o. no 
0.00 
('I. no 
7.89 

10.52 
A.OS 

ion.nl 

18.41 
O. no 

17.A9 
41 • I, 
17.7 
4A.6 

• ~ 1 
1.43 
4.05 

58.29 
37."',., 

0.00 
2."6 
2.A7 
2.7A 
5.77 
0.1')0 

13.\. 
12.72 
4,24 
0.(1) 
0.00 
0.00 

100.01 

0.01') 
25.86 
11.41 
41 • fo 
39.2 
J7.9 

• 1 7 
1 • i 5 

19.71 
to7.45 
32.f14 

0.00 
2.Qn 
3.69 
3. 1 6 
7.05 
O.nn 

13.A6 
11.R5 

0.01'1 
.R? 
.7" 

0.00 

1."1'1 
25.70 
13 • ., 
45.3 
toO.Q 
36.1, 

.31, 
1.7') 
4.62 
4.?Q 

'1.1 " o. on 
2.1,0 
<;.7<; 

13.61 
P~. "4 
3.23 
n.nO 
o. no 
1,.71 
o.no 
o.nt') 
0.00 

100.011 

O.On 
n.nn 

3A.nn 
42.3 
95.5 
1 0 .9 

.21 
1. 4, 
9.Q,«, 

55.41') 
:34.1" 

0.00 
?A7 
J.O? 
3.n7 
6.20 
0.01') 

12.24 
17.44 
6.26 
n.nl') 
O,no 
o.nn 

ioo.oo 

O.nn 
24.",8 
12.29 
41.3 

" ]~.5 

40.4 

.17 
1 • 1 3 

23.93 
2.9, 

73.11 
0.1}0 
?.9~ 
].6?, 
3. 1 ~ 
6.91) 
0.00 

15.2' 
13.28 
10.53 
0.0" 
o.nn 
n. 00 

1 1'10.01 

0.1'11'1 
2A.C;~ 

13.7? 
toll. 3 
96.1 
?~. 1 

.:=!8 
1.75 

15.1 ;? 
4"'.~7 
).'J.O] 
O.nn 
3.19 
?04 
2.64 
4.68 
o.no 

11.26 
14.56 
2.93 
0.00 
o.on 
n.oo 

100.01 

0.00 
25.A2 

Q.35 
40 .1 
44.8 
3A.l 

.19 
1.20 
8,6Q 

54.17 
37.14 

0.00 
2.77 
5.5A 
5.?A 

1 1 • 1 1 
0.00 

10.56 
10.nO 
5.05 
n.oo 
o.on 
O.nO 

InO.Oo 

O.no 
20.56 
21.97 
46.5 
40.7 
35.-4 

.1' .'6 
7.0.04 
15.36 
44.60 

0.00 
2.a7 
3.'2 
1.83 
5.80 
0.011 

17.24 
8.70 
0.00 
7.65 
4.25 
0.00 

100.01 

\ 1 .90 
215.95 
11.?4 
5?9 
C;5.A 
?(,.O 

.26 
] .63 
R.SO 

A4.3 1 
7.19 
('1 ·.00 
3.06 
4.01 
5.94 
9.94 
0.00 
0.00 
0.00 
0.00 
5.07 
'.17 
R.54 

;00.03 

13.24 
0.00 

19.95 
17.9 
T.' 

57.4 

• 12 
• '0 

2.97 
43.2~ 
S3 ".74 

a·, 00 
3.07 
5.51 
2.83 
8.86 
0.00 

28.n9 
14.43 

• -I 
0.00 
0.00 
0.00 

0.00 
42.51 
11,20 
63.7 
55.to 
17". a 

.• 1 • 
1.11 

11.38 
54.34 
28 ".21 

0.00 
3.1'10 
4,61 
4. a a 
8.85 
0.00 
A.63 
T.50 
0.00 
•• 30 
4. 1 2 
O. I) a 

iOO.02 

A.42 
ttl ". 1 3 
11.46 
46".1 
34.2 
1A.') 

.20 
1.6e; 

21.41 
6?IlFI 
16.C:;~ 
n.ot) 
1.no 
4.?4 

6.1 " 
1 n. 31 

0.01'1 
1').00 
o.nn 
o.on 
4.81 
7.72 
4.94 

100. 01 

12.S1 
n.oo 

20.71 
37.9 
21 .0 
51." 

• 1 7 
1 • ;:t;:t 

15.hl 
3,.R7 
4~.51 

O.on 
3.0" 
4.7Q 
to.5n 
9.'5n 
0.11" 

13.]7 
12.37 
2.41 
0.0" 
n.oo 
o.on 

".on 
25.'i4 
lR.7~ 

4R.f! 
57.5 
27.1, 

.17 
1.07 

14.('17 
49.64 
3F..29 

o.nn 
2.A7 
4.60 
3.74 
R.61 
0."1'1 

l).I)C; 

11 • a 1 
o.nn 
l.no 
.R' 

n.ol') 

100.oj 

1.R9 
24.1)", 
16.QCj 
47.1 
to2.? 
31.4 



AP 
IL 
OR 
AA 
AN 
C 
MT 
OlEN 
OIFS 
01.,,0 
WO 
HYEN 
MYF'S 
Q 

FO 
FA 
NE 

TOTAL 

DL 
OP, 
CP' 
NCI 
NPC 
01 

AP 
IL 
OR 

A" 
AN 
C 
MT 
OlEN 
01F"5 
DIWO 
wO 
HYEN 
HYFS 
o 
FO 
FA 
NE 

TOTAL 

OL 
OP, 
CP, 
NCI 
NPC 
DI 

Ap 
IL 
OR A. 
AN 
C 
MT 
OlEN 
OIrs 
OIWO 
_0 
HYEN 
HYF~ 

o 
FO 
FA 
'E 

TOTAL 

OL 
OP, 
CP' 
NCI 
,PC 
DI 

.17 
1.03 

19. '31 
46.j:n 
'33 •. cq 

O,nl'l 
?.R4 
4.Rl 
3.69 
8.8? 
n.nn 
~. 'i4 
b.c;e; 
O.no 
5,1')9 
4.31) 
O,nn 

q. '1') 

\'i,n9 
11 .1~ 

45.1 
4\ • q 
V:j.~ 

1. ?R 
2.3~ 

"7.64 
47."1\ 
24.7" 
n.nn 
2.11 
lol.:? 
1.2:1 
2.:\R 
o.nn 
9.39 

to.1R 
11.61 
o.no 
n.ntl 
o.no 

100.04 

o.on 
19.71 
4.13 
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