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ABSTRACT 

The Waaikraal Gold Deposit is situited approximately 25 km north

west of Brits and 30 km northeast of Rustenburg. 

The gold occurs in a sill-like body consisting of alternating 

layers and lenses of pyroxenite and a magnetite-rich rock, hosted in 

sediments belonging to the Rayton Formation of the Transvaal Sequence. 

The sediments are situated between the magnetite gabbros of the upper 

zone of the Bushveld Complex and the granites of the Lebowa Granite 

Suite. 

The pyroxenite is composed of clinopyroxene (augite and hedenber

gite), plagioclase (mainly andesine), orthoclase, quartz, amphibole 

(hastingsite and hastingsitic hornblende) and some magnetite and apa

tite. The magnetite-rich rock consists of magnetite, clinopyroxene 

(augite and hedenbergite) and plagioclase (mainly andesine). Olivine 

(fayalite), apatite and ilvaite are accessory constituents in the 

magnetite-rich rock. 

The gold occurs in three different phases viz., very pure native 

gold, with Ag-content< 1.3 weight per cent, is the most prominent 

phase, in maldonite (Au 2Bi) and in a gold-copper compound (CuAu 3). It 

is associated with cobaltite (CoAsS), arsenopyrite (FeAsS), safflorite 

((Co,Fe)As 2 ), native bismuth, bismuthinite (Bi 2s3), joseite-B 

(Bi 4Te 2s) and chalcopyrite. Other ore minerals include pyrrhotite, 

pyrite and sphalerite. 

The composition of silicates and the presence of high amounts of 

titanium in the magnetite grains suggest that the pyroxenite is re

lated to the upper zone of the Bushveld Complex and that it crystal

lised from a highly differentiated upper zone type liquid, which was 

injected into the host rocks during the final stages of consolidation 

of the upper zone. The magnetite-rich rocks, on the other hand, are 

considered to be of sedimentary origin. Derivation of this rock from 

an iron-rich metamorphosed sediment is supported by its low titanium 

content, but comparison with iron-rich sediments shows that this 

possibility is unlikely. The presence of typical skarn minerals such 

as hedenbergite, magnetite and ilvaite, as well as the typical asso

ciation of Cu, Co, As, Bi and Au with Fe, suggest that this rock could 

also be a calcic iron-skarn derived from sediments through metasoma-
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tism by iron-rich fluids. The "original sediment" is most likely is a 

marl with a composition eqivalent to equal parts of shale and lime

stone. 

The temperature range of formation of the ore minerals associated 

with the gold and the mode of occurrence of the gold suggests a 

possibly Bushveld related, hydrothermal origin for the gold, where the 

gold may have been transported as sulfide complexes. 
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SAMEVATIING 

Die Waaikraal goudafsetting is ongeveer 25 km noordwes van Brits en 

30 km noordoos van Rustenburg gele~ 

Die goud kom voor in 'n plaatagtige liggam bestaande uit. afwis

selende lae en lense van pirokseniet en magnetietryk gesteentes, in 

sedimente van die Rayton Formasie van die Transvaal Opeenvolging. Die 

sedimente le tussen magnetietgabbros van die bosone van die Bosveld

kompleks en graniete van die Lebowa Graniet Suite. 

Die pirokseniet bestaan uit klinopirokseen (ougiet en hedenber

giet), plagioklaas (hoofsaaklik andesien), ortoklaas, kwarts, amfibool 

(hastingsiet en hastingsitiese horingblende) met mindere magnetiet en 

apatiet. Die magnetietryk gesteente bestaan uit magnetiet, klinopi

rokseen (ougiet en hedenbergiet) en plagioklaas (hoofsaaklik ande

sien). Olivien (fayaliet), apatiet en ilvaiet is bykomstige bestanddele 

van die magnetietryk gesteente. 

Die goud kom in drie verskillende fases voor, te wete as baie 

suiwer goud met 'n silwerinhoud < 1.3 gewigspersent, wat die volopste 

is, in maldoniet (Au 2 Bi) en in 'n goud-koper verbinding (CuAu 3 ). Die 

goud is met kobaltiet (CoAsS), arseenpiriet (FeAsS), saffloriet 

((Co,Fe)As 2), bismut metaal, bismutiniet (Bi 2s3), joseiet-B (Bi 4Te 2s) 
en chalkopiriet geassosieer. Ander ertsminerale sluit in pirrotiet, 

piriet en sinkblende. 

Die samestelling van die silikate en die groot hoeveelhede titaan 

in die magnetietkorrels dui daarop dat die pirokseniet aan die bosone 

van die Bosveldkompleks verwant is. Hierdie gesteente het vermoedelik 

vanuit 'n hoogsgedifferensieerde bosone-tipe vloeistof gekristalli

seer, wat gedurende die finale stadiums van konsolidasie van die 

bosone in die omgewingsgesteentes ingedring is. Die magnetietryk ge

steentes aan die ander kant, mag van sedimentere oorsprong wees, en 

wel van 'n ysterryk gemetamorfoseerde sediment, wat deur die lae 

titaaninhoud gesteun word. 'n Vergelyking met ysterryk sedimente toon 

egter <lat hierdie moontlikheid onwaarskynlik is. Die teenwoordigheid 

van tipiese skarn minerale soos hedenbergiet, magnetiet en ilvaiet, 

sowel as die tipiese assosiasie van Cu, Co, As, Bi en Au met Fe dui 

daarop dat hierdie gesteente moontlik 'n kalsiese yster-skarn verteen

woordig wat deur metasomatose van oorspronklike sedimente deur yster

ryk vloeistowwe sou kon ontstaan het. Die "oorspronklike sediment" was 
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hoogs waarskynlik 'n mergel met 'n samestelling gelyk aan gelyke dele 

skalie en kalksteen. 

Die temperatuur van vorming van die ertsminerale geassosieer met 

die goud en die vo_orkomswyse van die goud dui op 'n waarskynlik Bos

veld-ve rw ante, hidrotermale oorsprong vir die goud, waar die goud 

waarskynlik as sulfiedkomplekse vervoer is. 
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1. INTRODUCTION 

1.1 General 

Waaikraal Gold Mine .is situated pn Portion 2 of the farm Waaikraal 

396JQ in Bophuthatswana, approximately 25 km north-west of Brits and 

30 km north-east of Rustenburg (see Fig. 2.1). 

The mine itself is fairly small, with underground reef development 

only about 100 metres in extent. 

The deposit is a sill-like body of magnetite-rich rock and pyroxe

nite in a large xenolith of Transvaal sediments wedged between the 

upper zone and the Lebowa Granite Suite of the Bushveld Complex. 

A long standing problem has been the question of the relationship 

of the Waaikraal deposit to the Bushveld Complex. The aim of this 

investigation is therefore to ascertain whether the petrography, ore 

mineralogy and chemistry of the various minerals, as well as the 

geochemical signature of the rocks, could provide an answer to the 

above question, and information on the origin of the gold and its 

host rocks. 

1.2 Historical Mining Background 

According to Wagner (1926a), free gold in fairly coarse_grains had 

long been known to occur in the surface soils on the farm Waaikraal. 

The gold was traced back to its source in 1925 by Mr. W.M. Edwards, 

who named his discovery the "Moorcroft Reef". 

Open pit and underground mining activities :started in 1926 and 

continued until about 1945, when mining ceased,possibly due to an 

intrusive dolerite dyke. 

Bethanie Mining Corporation took over the mine in 1982 and their 

activities continued until the middle of 1986. This company mined 

underground and also reworked old slimes dumps. 

1 
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1.3 Previous Investigations 

Very few reports and publications are available on the gold deposi~ 

at Waaikraal. 

The earliest study, and only official publication on this locality, 

was that by Wagner in 1926a, who described the ~ajor ore bearer as a 

pyroxenitic, quartz-bearing sill of soda gabbro, which he considered 

to belong to the Bushveld Complex. The gold was found to occur mainly 

with secondary limonite derived from oxidation of pyrrhotite and 

pyrite. The highest gold content was observed in the central part of 

the sill. 

In a supplementary note, Wagner (1926b) described a greyish 

silvery-white mineral with a bright metallic lustre, which he con

sidered to be krennerite, a telluride of gold. 

Van Bilj on (197 4) briefly referred to the Waaikraal Gold Deposit and 

maintained that both the pyroxenitic quartz-bearing soda gabbro and 

the recrystallised ironstone (mainly magnetite) are products of re

placement of banded cherty rocks over- and underlain by quartzite. The 

gold bearer is believed not to be injected into the ironstone as 

maintained by Wagner, but to be a replacement product. 

The Waaikraal deposit was reinvestigated by the Bophuthatswana 

Geological Survey (Weston, 1980, 1981). Thin section study of samples 

collected in the quarry led Weston (1980) to the conclusions that the 

amount of magnetite decreases, while the amount of pyroxene increases 

from the top to the bottom of the sill and that there is a general 

increase in gold content towards the base of the sill. 

Subsequent drilling down dip from the quarry indicated that the 

sequence of the rocks obtained from the cores is not identical to the 

sequence in the quarry (Weston, 1981). A magnetite-pyroxenite was 

believed to be the ore bearer although the gold values obtained were 

very low. Unfortunately, the drill cores were in a very bad condition 

and the exact drilling positions could not be obtained, which made a 

further study of those cores not feasable. 

A mineralogical examination of the Moorcroft Reef was done by Swash 

in 1983. He states that the dominant ore mineral is joseite 

2 
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(Bi 4(TeS) 3) (a very soft silvery coloured mineral), with which the 

gold is nearly always associated. 

3 
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2. GEOLOGY 

The Waaikraal deposit occurs in sediments belonging to the Rayton 

Formation of the Transvaal Sequence (Geological Survey, 1981), wedged 

between the magneti~e gabbros of the upper zone of the Bushveld 

Complex and granites of the Lebowa Granite Suite. 

The area around Waaikraal Gold Mine was mapped in detail at a scale 

of. 1: 12 000 (Fig. 2.2). Because of the poor outcrops, the Bethanie 

Mining Corporation dug 1-3 metre deep survey pits in order to deter

mine the extent of the ore body. Many of these pits did not penetrate 

the soil cover, others exposed some of the underlying rock, whereas 

few exposed a succession of rocks consisting of hornfels, magnetite

rich rock, pyroxenite and quartzite. 

The detailed map (Fig. 2.2) includes many inferred contacts due to 

the poor exposure in the field. The positioning of the inferred faults 

is based on the outcrop pattern of the magnetite-rich rock and the 

pyroxenite in pits and trenches. 

The oldest rocks in the area are the sediments belonging to the 

Transvaal Sequence. Quartzite is most abundant and consists of euhe

dral to subhedral interlocking quartz grains with 120° triple junc

tions. Small amounts of plagioclase, mica, chlorite and amphibole 

occupy the intergranular sites, whilst zircon is the only accessory 

mineral present. 

Patchy outcrops of pyroxene-hornfels and calc-silicate hornfels 

probably represent remnants of originally interbedded shale and lime

stone. The sediments occupy the central part of the mapped area (Fig. 

2.2) and host the ore body, which is an inclined, sill-like body of 

pyroxenite and magnetite-rich rock within the quartzite. Its lateral 

extension is uncertain because of the lack of outcrop. The distribu

tion of the sill is largely inferred from the pits dug by Bethanie 

Mining Corporation. This investigation concentrates on exposures in 

the mine itself. 

4 
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The ore body dips ap.proximately 30° ·to the northeast and strikes in 

a northwest-southeast direction. The sill.consists of an irregularly 

alternating succession of lenses and layers of pyroxenite and magne

tite-rich rock with thin lenses and bands of magnetite-rich rock in 

the pyroxenite and the vice versa. Withiri the old workings ~he hanging 

wall consists of pyroxene-hornfels and the foot wall of quartzite. 

The distribution of the two rock types throughout the mine was 

mapped and is presented, together with the distribution of the gold 

values in Figure 2.3. The profiles indicated in this figure do not 

represent the whole succession from the foot- to the hanging wall, 

because the entire sill was not always mined. It is evident from this 

diagram that the individual layers are discontinuous and could there

fore be interpreted as large, lenticular bodies. 

The southern area consists of magnetite gabbros of the upper zone 

of the Bushveld Complex, which contain a prominent northwest-southeast 

striking layer of magnetite. Some pegmatoid layers can be observed in 

the magnetite gabbros. Magnetite gabbro was also found in pits dug 

within the quartzite to the south of the mine. 

The northern part of the mapped area is occupied by granite of the 

Lebowa Grariite Suite (SACS, 1980). A small amount of granite has 

intruded along the contact between the magnetite gabbro and the quart

zite to the south of the mine. 

The area is intersected by three northwest-southeast striking dole

rite dykes. 

5 
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3. PETROGRAPHY 

3.1 Petrography of the Ore Body 

3.1.1 Modal Composition of the Pyroxenite and Magnetite-Rich Rock 

The mineral content in the pyroxenite and magnetite-rich rock was 

established by pointcounting sixteen thin sections with a Swift Point 

Counter (Appendix 1). Between 790 and 1031 points were counted per 

section. Plagioclase is frequently altered and is indicated as such in 

the Appendix • 

The two rock types, pyroxenite and magnetite-rich rock, were dis

tinguished on the basis of their macroscopic appearance in the field 

and although their respective modal compositions can vary widely 

(Table 3.1), contacts between the two rock types are always sharp and 

readily discernable in the mine. 

Table 3.1 Summary of the abundancy of minerals in pyroxenite and 
magnetite-rich rock. 

Volume% 
Mineral Pyroxenite Magnetite-rich rock 

Clinopyroxene 50 - 90 10 - 60 
Plagioclase 0 - 25 3 - 17 
Orthoclase 1 - 7 -
Quartz 1 - 20 -
Hornblende 0 - 16 -
Olivine - 0 - 28 
Mica/ Chlorite 0 - 2 0 - 5 
Opaque 0 - 12 30 - 53 
Accessory Minerals 0 - 2 0 - 1 

g 
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3.1.2 Pyroxenite 

Clinopyroxene is the major constituent of the pyroxenite at Waai

kraal. It is ~nhedral and varies in grain size from less than one 

millimetre to more than a centimetre (Fig. 3.1) and is slightly pleo

chroic in shades of light green. Amphibole occurs as inclusions in the 

clinopyroxene and of ten surrounds ore minerals (Figures 3.1 and 3.2). 

The amphibole is strongly pleochroic in shades of green. No ortho

pyroxene was observed. 

Plagioclase was only found interstitially. In many cases the· 

plagioclase has undergone saussuritisation, possibly as a result of 

weathering and hydrothermal activities. Albite twinning is very common 

(Fig. 3.1). 

The pyroxenite contains up to 18 volume per cent quartz (Table 

3.1), which occurs mostly interstitially together with feldspar. 

Graphic intergrowth between quartz and feldspar is very common in this 

rock (Fig. 3.3). Individual quartz grains are often veined by fibrous 

biotite and chlorite (Fig. 3.4), which are restricted to the quartz 

grains and are probably caused by hydrothermal alteration (Moorhouse, 

1959). 

Magnetite in the pyroxenite occurs as discrete subhedral to anhe

dral grains of up to five millimetres in length. The grains contain 

abundant exsolution lamellae of ilmenite, but frequently also spine! 

exsolutions (Fig. 3.5). The magnetite is occasionally replaced by 

amphibole, sericite and other unidentified sheetsilicates with relic 

exsolution lamellae of ilmenite (Figures 3.6 and 3.7). 

Accessory minerals are calcite (Fig.3.8) and apatite, which is 

usually present as large euhedral crystals imbedded in quartz and 

plagioclase (Fig. 3.9). The calcite usually occurs as vein fillings, 

in which case it is evidently of secondary origin. In sample WK 36.8, 

however, abundant calcite was found to occur as large grains inter

grown with clinopyroxene and prehnite (Fig. 3.10). In this case, 

prehnit~ together with calcite probably is a hydrothermal alteration 

product of plagioclase. 

1 fl 
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Figure 3.1 Clinopyroxene (cpx) with amphibole exsolu
tions (amph) and interstitial plagioclase 
(plag) in pyroxenite (WK 6.3). · 
Photomicrograph: transmitted light (TL), 
cross-polarized light (CPL). 1 300 JJffl 

Figure 3.2 Amphibole exsolutions surrounding ore mine
rals in clinopyroxene. Pyroxenite WK 20.5. 
Photomicrograph: TL, plane polarized light 

(PPL)• I 300 JJffl 

cpx 

amph 

plag 
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Figure 3.3 

. qz fsp 

Graphic intergrowth between quartz (qz) and 
feldspar (fsp) in pyroxenite (WK 14.4). 

Photomicrograph: TL, CPL. ,"' t 300 JJffl 

Figure 3.4 Quartz grain veined by fibrous biotite (bte) 
and chlorite (chl) in pyroxenite (WK 14.4). 

Photomicrograph: TL, CPL. t 300 JJffl 

qz 

bte/chl 
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Figure 3.5 

Figure 3.6 

·SP 

Ma netite (mt with ilmenite (il) and spine! 
(sp) exsolutions in pyroxenite (WK 20.5). 
Photomicrograph: reflected light (RL), PPL. · 

100 )'ffl 

Magnetite grain replaced by amphibole, chlo
rite and other unidentified sheetsilicates 
with relic exsolution lamellae of ilmenite in 
pyroxenite (WK 12.3). 
Photomicrograph: TL, PPL. I 3 00 /Jffl 

i1 

mt 

11 
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Figure 3.7 Magnetite grain replaced by amphibole, chlo

rite and other unidentified sheetsilicates 

with relic exsolution lamellae of ilmenite in 

pyroxenite (WK 12.3). 
·Photomicrograph: RL, PPL. . 100 JJffl 

Figure 3.8 

ca 

Calcite (ca) intergrown with clinopyroxene in 

pyroxenite (WK 36.8). · 
Photomicrograph: TL, CPL. I 300 J'ffl 

i1 

cpx 
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Figure 3.9 

Figure 3.10 

plag qz 

Apatite (ap) in graphic intergrowth between 
quartz and plagioclase in pyroxenite 
(WK 12.3). 
Photomicrograph: TL, PPL. I 300 JJffl 

Prehnite (pre) and calcite as alteration pro 
duct of plagioclas ~ ome ~ mphibole 
(amph) in pyroxenite (WK 36.6). 1 I 300 um 
Photomicrograph: TL, CPL. r 

ap 

pre 

? 
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3.1.3 Magnetite-Rich Rock 

The clinopyroxene is more euhedral in the magnetite-rich rock than 

in the pyroxenite and does not contain any amphibole exsolutions. The 

grains are generally .smaller than 2 millimetres in diameter, and 

frequently contain inclusions of small rounded to subhedral magnetite 
.....___ 
granules. Small clinopyroxene grains can also be found in magnetite 

were they are occasionally surrounded by plagioclase (Figures 3.11 and 

3.12). 

Larger (approximately 2 millimetres diameter) magnetite grains 
-~-

occur as anhedral to subhedral aggregates, which occasionally display 

. 120° tr~p~e junctions. The magnetite of the magnetite-rich rock con

tains no ilmenite exsolutions, although spinel exsolutions occur 

throughout many of the grains (Fig. 3.13). Occasionally secondary 

magnetite occurs as rims surrounding several of the primary magnetite, 

or as veins together with chlorite and ilvaite. In polished section, 

the secondary magnetite is slightly darker than the primary magnetite 

(Fig.3.14). 

Plagioclase occurs intersitially and is more altered than that in 

the pyroxenite, and apart from saussurite, clinozoisite was also 

identified as an alteration product (see Appendix 5.6 for composition) 

(Fig. 3.15). 

Olivine was found to occur in one sample of magnetite-rich rock (WK 

14.1). It occurs as anhedral grains together with clinopyroxene and 

magnetite (Fig. 3.16). 

Yilvaite (Ca(Fe 2+,Mn,Mg) 2(Fe3+,Al)(Si04)20H) was observed in several 

samples of magnetite-rich rock. This mineral is present together with 

primary and secondary magnetite, clinopyroxene and sometimes chlorite. 

It forms aggregates of subhedral prismatic crystals which are randomly 

orientated (Fig. 3.14). Ilvaite usually occurs as a late stage mineral 

in Ca-Fe-Si skarn deposits (Burt, 1971), but can also occur as a 

reaction product between plagioclase and fayalite-rich olivine 

(TrBger, 1969) and is described as the latter in the upper zone of the 

Bushveld Complex (Reynolds, 1985). 
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Thin veins often cut across grain boundaries of silicates and 

magnetite. They are generally filled with chlorite, but occasionally 

also contain some ilvaite and secondary magnetite (Fig. 3.17). 

Apatite is found as an accessory mineral and occurs as small subhe

dral to euhedral inclusions in the clinopyroxene (Fig. 3.18). 

mt 

Figure 3. 11 Ty pica 1 text u re o f mag n e t i t e - r i ch r o ck 
(WK 12.2). Note the small rouded to subhedral 
inclusions of magnetite in the clinopyroxene 
(cpx). 
Photomicrograph: TL, CPL. I 3 00 JJffl 

cpx 
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Figure 3.12 

Figure 3.13 

cpx plag mt 

Clinopyroxene surrounded by plagioclase in 
magnetite grains. Magnetite-rich rock 
WK 28.3. 
Photomicrograph: TL, CPL. 

I 300JJm 

Magnetite with 120° interlocking angles and 
spinel exsolutions in magnetite-rich rock 
(WK 52.3). 
Photomicrograph: RL, PPL. 

.,._ __ ..... 100 pm 

lR 
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i lv 

Figure 3.14 Primary and secondary magnetite with ilvaite 
(ilv) (dark grey to bluish grey) in magne
tite-rich rock (WK 1). 
Photomicrograph: RL, PPL. ~-----. 100 -,,m 

saus clz 

Figure 3.15 Plagioclase altered to saussurite (saus) and 
clinozoisite (clz) in magnetite-rich rock 
(WK 28.3). 
Photomicrograph: TL, CPL. I 3 0~ J,'ffl 

sec.mt 

prim.mt 
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Figure 3.16 

cpx 

Figure 3.17 

mt 

ol 

• cpx 

~ .(r. 
- ~ 

Olivine (ol) with clinopyroxene and magnetite 
in magnet! te-rich rock (WK 14.1). 
Photomicrograph: TL, CPL. 

I 300 JJffl 

...____ 
Chlorite veins in clinopyroxene and magnetite 
in magnetite-rich rock (WK 14.1). 
Photomicrograph: TL, CPL. I 300 JJffl 

chl 

mt 
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cpx ap 

Figure 3.18 Apatite in clinopyroxene in magnetite-rich 
rock ( WK 12.2). I 300 JJffl 
Photomicrograph: TL, PPL. 

21 
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3.2 Petrography of Pyroxene Hornfels; Cale-Silicate Hornfels, Magnetite 

Gabbro and Topmost Differentiates of the Bushveld Complex 

The pyroxene-hornfels consists mainly of euhedral to subhedral 

grains of clinopyroxene, which often display 120° triple junctions and 

frequently contain inclusions of small plagioclase granules. The sites 

between the clinopyroxenes are filled with saussurite. The only acces

sory mineral is apatite. 

Subhedral wollastonite is the major constituent of the calc-sili

cate hornfels. The interstitial sites are occupied by garnet (approxi

mately An60Py40 , determined by microprobe). Tremolite occurs in a few 

places. 

The most abundant constituent of the nearby magnetite ga~is ! 
euhedral to subhedral plagioclase. Clinopyroxene, orthoi>yroxene, ( 

plagioclase and magnetite occur interstitially, whereas biotite and 

chlorite often surround magnetite grains. 

Due to the lack of exposure of the topmost differentiates of the 

Bushveld Complex~ rocks from the top of the Bierkraal-1 borehole 

(location indicated in Figure 2.1) were used for comparison. Reynolds 

(1985) briefly described the mineralogy of the rocks from this bore

hole. The rocks under consideration here are generally medium grained 

(1-5 millimetres in diameter) ferrodiorites and ferrogabbros. They 

contain plagioclase and abundant Fe-rich olivine, which commonly 

alters to fine grained aggregates of chlorite and/or iddingsite. 

Ilvaite is present as a minor alteration product of the olivine. Very 

dark brownish-green amphibole, quartz and alkali feldspar are common. 

Apatite occurs as small, isolated subhedral crystals located intersti

tially between silicate minerals. Opaque oxide minerals (magnetite and 

ilmenite) are minor constituents. 

22 
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4. ANALYTICAL PROCEDURES 

4.1 Whole Rock Analyses 

4.1.1 Sampling 

172 Samples of between 4 and 8 kilograms, depending on coarseness 

of the rocks, were taken from 31 vertical sections at regularly spaced 

intervals in the accessible parts of the old mine workings. This 

yielded a good coverage of that part of the sill exposed in the mine. 

Footwall quartzite was sampled wherever it was ac~essible, but hanging 

wall pyroxene hornfels was not exposed in the mine. Sample localities 

are indicated in Figure 2.3. 

Sampling was done by hammer and chisel and care was taken that 

samples did not extend over lithological contacts. Each sample was 

split; one half was used for gold fire assays and the other for thin 

sectioning and geochemical analysis. 

Additional samples of the footwall quartzite were taken outside the 

mine along strike at intervals of about 15 metres (QZ 1-6). One sample 

of pyroxene hornfels (HFl) was taken at a face outside the mine above 

the easternmost entrance and four samples of calc-silicate hornfels 

were taken to the east of the mine. 

Three samples of magn~tite gabbro were collected south of the 

magnetite layer. 

4.1.2 Sample Preparation 

In order to eliminate samples with large amounts of weathered 

surfaces only 148 samples were crushed in two stages in a jaw crusher. 

The first stage reduced the samples to a grain size of 3-4 centimetres 

in diameter. Fragments with signs of weathering were removed, prior to 

further crushing to a grain size of approximately 5 millimeters diame

ter. Representative portions were then powdered to -200 mesh using a 

mill with a chrome steel container. Although the extent of chrome 

23 
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contamination of the samples is not known, chrome values are indicated 

in the analytical tables and figures, but no conclusions _are drawn 

from them. The presence of important cobalt-bearing mineral assem

blages at Waaikraal prevented the use of tungsten carbide bowls, which 

are known to contain significant quantities of cobalt. 

4.1.3 Analytical Procedures· 

Geochemical analyses were performed on an ARL 8420 XRF at the 

University of Pretoria. Operating conditions are presented in Appendix 

2.1. 

Major elements Si, Ti, Al, Fe, Mn, Mg, Ca, K, P, Cr and Ni were 

analysed on glass discs which were prepared actording to the method of 

Norrish an Hutton (1969). 1.0000 g of Spectroflux, 0.1866 g of sample 

and 0.0134 g of NaN03 were used for the preparation of the discs. 

The H2o- content was determined by weighing before and after 

heating to 110°c for a minimum of 4 hours. Loss (gain) on ignition was 

determined by weighing before and after heating the sample to 9S0°c 

for a minimum of 8 hours. 

For Na and the trace elements Ba, Co, Cr, Cu, Ga, Mo, Nb, Ni, Pb, 

Rb, Sc, Sr, Th, U, V, Y, Zn and Zr approximately 15 grams of each 

sample powder was mixed with 12 drops of a binder (2% Moviol) and 

pelletized in aluminium cups. 

Gold was analysed by fire assay at Rustenburg Platinum Mines. 

Thin section investigation of the analysed rocks revealed the 

presence of bismuth bearing minerals. Seeing that the Bi1~-line inter

feres with the Th1 -line, Th values were discarded and are not shown 
'.L 

in analytical tables (Appendix 3.2). 

24 



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

4.1.4 Reproducibility 

Estimates for the reproducibility of analyses (Appendix 2.1.3) was 

obtained by calculating the standard deviation from duplicate analyses 

with the formula given by Kaiser and Specker (1956). Reproducibility 

was calculated for trace elements of whole rock analyses using two 

independantly prepared pellets for each of 10 samples. 

4.1.5 Correction of Analyses 

After matrix corrections (Norrish & Hutton, 1969) and after provi

sion was made for loss (gain for most samples) of ignition and H20-, 

all but 26 analyses yielded totals of more than 101.5 weight per cent. 

In order to determine the reason for this deficiency in the analy

tical data, Pearson correlation coefficients were calculated between 

the total and the major elements analysed. The highest correlation was 

found to be between the total and Fe 2o3 (r = 0.64) and also between 

the total and loss on ignition (r = 0.53). As these two parameters are 

closely linked it is presumed that the high totals of the analyses are 

connected to the high iron content of the samples. A plot of Fe 2o3 
against the total is presented in Fig. 4.1. 
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Figure 4.1 Plot of Fe 2o3 content versus Total (in weight per cent). 

The following factors could be the cause of these high totals: 

1. The material was possibly not ashed long enough at 9S0°C. 

2. The magnetite, which contains most of the Fe 2+ to be oxi

dised at 9S0°C, was possibly not fully oxidised and could 

have oxidised further by the flux during melting. Conse

quently the mass of the sample analysed could have changed. 

3. The calibration for Fe may not be correct. 
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The above_three possibilities were evaluated in two different ways: 

1. 5 grams of three samples with a high iron-content were ashed for 

56 hours at 950°c and weighted at regular intervals, after hea

ting at 110°c for 4 hours. The average gain in weight after 

heating to 950°c for 8 hours was 0.1179 grams. After a further 8 

hours, the samples gained an average of- another 0.0004 grams and 

after a further 16 hours there was another galn of 0~055 gr~ms. 

The amounts gained on further heating for 24 hours are 

negligable, and only amount to 0.12 per cent of the initial 

sample weight. 

Examination of polished sections of three ashed samples under 

reflected light showed that the core of the magnetite grains were 

often not fully oxidised (Fig. 4.2). Consequently, there is a 

distinct possibility that the magnetite only oxidised fully in 

the presence of the flux during preparation of the glass discs. 

Figure 4.2 

mt ox 

SO pm 
Polished section of ashed sample. Remnant of 
magnetite (mt) with oxidised rim (ox). Magne
tite-rich rock WK 24.4. 
Photomicrograph: reflected light, plane polarized light. 
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2. Four samples with varying iron contents were analysed wet chemi

cally for Fe 2o3 at ISCOR to determine possible inaccuracies of 

the calibration. Significant differences in the Fe 2o3 content 

between analyses done at ISCOR and Pretoria University were 

detected (Table 4.1). The Fe 2o3 contents of both analyses when 

plotted on a binary variation diagram (Fig. 4.3), yields a 

straight line relationship below the 1:1 line. The equation for 

the regression line is 

ISCOR = 0.9347 *UP+ 1.3375 

and has a correlation coefficient of r = 0.9999. 
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Figure 4.3 

Table 4.1 

Sample 

WK 28.5 
WK 3.1 
WK 28.1 
WK 14.1 

100 

so 

BO 

70 

so 

50 

Fe 2oJ contents of samples analysed 
at I~COR and UP and ratios between 
them. 

UP !SCOR Iscor/UP 

55.40 53.00 1.045 
68.34 65.40 1.045 
74.83 71.30 1.050 
87.25 82.80 1.054 

/ ., 
/ ,, 

/ 
/ ., ., ,,, ,, 

/ ,, 
,: ., ., 

/ 
/ 

/ .. ,.,., ,, ,.,., 
/ ., '-,, 

/ ., 

so BO 

50 70 so 
Weight¾ Fe203 CUP) 

.,. ,, 
/ 

100 

Plot of Fe 2o3 content of samples analysed at the 
University of Pretoria versus ISCOR (in weight 
per cent). 

28 



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

Seeing that only 26 analyses have to_tals bet ween 98.5_ and 101.5 

~eight percent, it was decided to correct all the analyses for the 

Fe 2o3 content as follows: 

i) Analyses with an Fe 2o3 content above 50 weight per cent were 

corrected using the formula of the regression line: 

Fe 2O/corr) = 0.9347 * Fe 2o3 + 1.3375 

ii) Analyses with an Fe 2o3 content below 50 weight per cent were 

corrected by dividing the Fe 2o3 content obtained at UP by 1.045, 

which is the ratio between the two analyses for samples with the 

lowest iron content (Table 4.1). 

These above corrections resulted in 82 samples with a total of 

between 98.5 and 101.5 weight per cent, which are presented in Appen

dix 3.1. 56 samples had a total above 101.5 and 6 samples below 98.5 

weight per cent and are not represented in the appendix. 

4.2 Analyses of Mineral Compositions 

Mineral compositions of silicates, magnetite, ilmenite and other 

ore minerals were obtained by microprobe analyses on a JEOL 733 Super

probe with 4 spectrometers at the University of Pretoria. Operating 

conditions for the different minerals are summarised in Appendix 

2.2.1, whilst analytical results are presented in Appendix 5. 

Only analyses with totals ranging between 98.5 and 101.5 weight per 

cent were accepted for clinopyroxene, feldspars, magnetite and ore 

minerals. Due to the presence of water, OH- and other light elements 

such as F and Cl which cannot be readily analysed with the electron 

microprobe, totals for the amphibole analyses usually do not add up to 

100 per cent. 

Total iron content is referred to as FeO, exept in the case of 

magnetite analyses, for which Fe 2o3 was calculated, assuming stoichio-
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metry. 

Estimates for the reproducibility ~ere calculated according to 

Kaiser and Specker (1956) (Appendix 2.2.3). Duplicate analyses of 

identical spots on minerals could only be obtained for clinopyroxene, 

magnetite, ilmenite and ore minerals. The sodium in .albite-rich 

plagioclase evaporates when exposed to the electron-beam for too long. 

Limits of detection (Appendix 2.2.2) for microprobe analyses were 

determined at the 3 sigma level. 
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5. WHOLE ROCK GEOCHEMISTRY 

5.1 Whole Rock Compositions of Pyroxenite and Magnetite-Rich Rock 

Arithmetic means.and standard deviations of each element analysed 

were calculated for the two different rock types. Although 70 samples 

of pyroxenite and 54 samples of magnetite-rich rock were analysed, the 

correction procedure for Fe 2o3 outlined in chapter 4.1.S resulted in 

37 and 24 analyses with acceptable Fe 2o3 values respectively. Never

theless, all analyses were considered in the calculations for the 

remaining elements. Where concentrations of elements are below the 

lower limit of detection (1.1.d.) they were not included in the calcu

lations. Consequently, the mean values and the standard deviations 

shown in Tables 5.1 and 5.2 are not always representative of the 

entire population, because they were calculated only from that part of 

the population with element values above the lower limit of detection 

(see Nin Tables 5.1 and 5.2). 
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Table 5.1 Average whole rock compositions of pyroxenite (a) 
and magnetite-rich·rock (b) (in weight per cent) 
(N = number of values > 1.1.d., except for Fe 2o3 
which is explained in chapter 5.1). 

a: Pyroxenite 

Element Mean s min max N 

------------ ---------- ---------- --------- --------- ------
SiOz 46.51 6.53 29.23 62.72 70 
Ti02 0.62 0.34 0.11 1.69 70 
Al 2o3 4.66 1.45 1.67 9.74 70 

Fet3 31.81 9.21 21.38 54.32 37 
Mn 0.58 0.11 0.31 1.01 70 
MgO 1.57 0.85 0.22 4.07 70 
CaO 15.28 2.11 7.89 21.20 70 
Na 2o 0.90 0.35 < 1.1.d. 2.14 69 
K2o o.57 0.23 0.12 1.12 70 

P205 0.08 0.06 < 1.1.d. 0.37 57 
Cr 2o3 0.08 0.01 < 1.1.d. o. 13 66 
NiO < 1.1.d. < 1.1.d. < 1.1.d. < 1.1.d. 0 

b: Magnetite-rich rock 

Element Mean s min max N 

------------ ---------- ---------- --------- --------- ------
Si02 · 26.12 7.15 13.43 46.49 54 
Ti02 0.62 a.so 0.20 2.82 54 
Al 2o3 4.77 1.19 2.60 8.48 54 

Fe 203 60.87 14.21 31.38 82.89 24 
MnO o.s6 0.19 0.38 1.24 54 
MgO 0.49 0.33 0 .10 1.67 54 
CaO 10.07 3.67 1.91 21.29 54 

NazO o.33 0.27 < 1.1.d. 1.21 30 
K2o o. 19 0.12 < 1.1.d. o.s7 53 

Pz05 0.04 0.02 < 1.1.d. 0.09 24 
Cr 2o3 0.09 0.02 o.os 0 .13 54 
NiO < 1.1.d. < 1.1.d. < 1.1.d. < 1.1.d. 0 
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Table 5.2 Average trace element content of pyroxenite 
(a) and magnetite-rich rock (b) (in ppm). 
(N = number of values> 1.1.d.). 

a: Pyroxenite 

Element Mean s Min Max N 

----------- --------- -------- --------- --------- ------
Zn 161 43 17 247 70 
cu* 22 14 < 1.1.d. 109 67 
Ni** 25 22 4 138 68 
Co 234 151 4 667 70 
Ga 11 4 < 1.1.d. 24 62 
Mo 5 2 < 1.1.d. 11 18 
Nb*** 7 3 < 1.1.d. 16 59 
Zr 134 48 14 287 70 
y 28 17 11 112 70 
Sr 60 28 9 158 70 

~~*** 
24 13 < 1.1.d. 103 66 
11 5 < 1.1.d. 24 32 

Pb 12 5 < 1.1.d. 27 52 
Cr 57 22 < 1.1.d. 120 69 
V 36 17 8 83 70 
Ba 300 108 47 617 70 
Sc 29 17 < 1.1.d. 63 34 
Au 4 12 0 83 70 

* 
** 

Extreme value of 1592 omitted in calculation of mean. 
Extreme values of 209 and 380 omitted in calculation 

*** of mean. 
Extreme values of 90, 135, 152, 181 and 211 omitted 
in calculation of mean. 

**** Extreme value of 103 omitted in calculation of mean. 

b: Magnetite-rich rock 

Element Mean· s min max N 

----------- --------- -------- --------- --------- ------
Zn 32 25 16 205 54 

Cu 21 20 6 152 54 
Ni* 216 169 < 1.1.d. 745 43 
co** 9 4 < 1.1.d. 23 46 

Ga 8 2 < 1.1.d. 14 47 
Mo 9 3 < 1.1.d. 19 52 
Nb 171 66 9 446 54 
Zr 16 16 < 1.1.d. 123 52 
y 56 36 3 173 54 
Sr 13 8 < 1.1.d. 44 48 
Rb 6 5 < 1.1.d. 18 16 
u 22 17 < 1.1.d. 58 21 
Pb - - < 1.1.d. 16 1 
Cr 91 32 21 209 54 
V 57 27 < 1.1.d. 120 49 
Ba 161 108 41 627 54 
Sc < 1.1.d. < 1.1.d. <l. 1 .d. < 1.1.d. 0 
Au 1 5 0 30 54 

* ** Extreme value of 4853 omitted in calculation of mean. 
Extreme value of 259 omitted in calculation of mean. 
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5.2 Tukey-Test 

The modified Tukey-test (Neave, 1979) was used to establish whether 

there is a significant geochemical difference between the pyroxenite 

and the magnetite-rich rock. The test compares the positions of the 

different populations (content of each element in pyroxenite and the 

magnetite--rich rock) and is based on the zero-hypothesis (H
0

) that a 

difference exsists between the two rock types. 

The critical values for the acceptance of H
0 

at a certain signifi

cance level(= error probability) for the evaluation of a difference 

in Fezo3 had to be corrected because the ratio between the numbers of 

samples was too large. 

The following are the critical values for the-two-sided test and 

their corresponding error-probabilities (in parentheses). 

for Fe 2o3 : 11 ( 5% ) 

all other elements: 10 ( 5% ) 

14 ( 1% ) 

13 ( 1% ) 

17 ( 0.1%) 

16 ( 0.1%) 

The results of the Tukey-test are indicated in Table 5.3 below: 

Table 5.3 Results of Tukey-test performed to de
tect differences between pyroxenite and 
magnetite-rich rock 

Element Test Statistics Error Probability * 
----------- ----------------- --------------------

Si02 85 « 0.1 % 
Ti02 5 > 5 % 
Fe 203 47 « 0.1 % 
Mn0 9 > 5 % 
Mg0 42 « o. 1 % 
Ca0 23 < o. 1 % 
Na 2o 44 « 0.1 % 

Zn 66 « o. 1 % 
Cu 3 > 5 % 
Co 70 « 0.1 % 
Nb 74 « 0.1 % 
Zr 93 « 0.1 % 
Sr 83 « o. 1 % 
Cr 31 < o. 1 % 
Ba 14 < o. 1 % 
Au 4 > 5 % 

* for H
0 

that there is a difference between the two 
rock types. 
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No evaluation of a difference can be made for P2o 5 , Sc, Pb, U, Rb, 

Mo and Ga because the lowest values for both populations lie below the 

limit of detection and it is therefore not possible to work out the 

test statistics. For Al 2o 3 , V, Y and Ni the test can also not be 

applied, because here the highest and the lowest values observed come 

from the same rock typ~, even though one extreme value may be omitted 

in the modified Tukey-test. 

The test does, however, indicate that significant differences ex

sist for most of the other elements. Only Ti0 2 , MnO, Cu and Au show 

error-probabilities higher than 5 per cent, which implies that the two 

rock types can not be distinguished on the basis of these elements. 

The significant differences in the Si02 , Fe 2o 3 , MgO and Cao con

tents can readily be explained by the difference in the mineralogy of 

the two rock types. Si, Mg, Ca and some Fe are concentrated in clino

pyroxene, quartz, plagioclase and amphibole, whereas the bulk of the 

Fe is concentrated in magnetite, which is much more abundant in the 

magnetite-rich rock. 

5.3 Correlations between Different Elements analysed in Waaikraal 

Rocks 

Element concentrations obtained for the pyroxenite and the magne

tite-rich rock were used in Spearman correlation matrices for each 

rock type seperately (Appendix 4). Values below the lower limit of 

detection were omitted in the calculations. 

In the magnetite-rich rock, very strong positive correlations 

(r = 0.802 to 0.866) between Si0 2 , Cao and Al 2o 3 and very strong 

negative correlations (r = -0.836 to -0.976) between these elements 

and Fe 2o3 result. MgO and K20 show somewhat less pronounced positive 

correlations (r = 0.441 to 0.691) with Si0 2 , Cao and Al 2o 3 , and nega

tive correlations (r = -0.542 to -0.715) with Fe 2o3• Si 02, Cao, A1 2o3, 

MgO and K2o are thought to reflect the silicate component (clino

pyroxene, plagioclase, orthoclase and quartz) of the rock, whereas 
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Fe 2o3 reflects the magnetite component. 

~A relatively strong negative correl~tion between TiO 2 and Fe 2o 3 
(r = -0.668) indicates that TiO 2 is concentrated in silicates (r = 

0.360 between TiO 2 and SiO 2) rather than in the magnetite, which is 

substantiated by the absence of ilmenite exsolutions in the magnetite. 

The positive correlation between Al 2o3 and Sr, Y, Ba, Zr and Nb 

(r = 0.370 to 0.883) indicates that these elements could have been 

adsorbed on.to sheetsilicates or the feldspars, which is also suppor

ted by the positive correlation between Sr, Y, Zr, Ba and K2o. A 

principal component analysis groups K2o and Al 2o 3 together with Nb, 

Zr, Y, Ba and Sr in one factor and K2o, Ba and Sr without Nb, Zr and Y 

in another factor. These inter-element relations indicate that Nb, Zr, 

Y, Ba and Sr were preferentially concentrated in sheetsilicates like 

clay minerals and mica, whereas Ba and Sr were also concentrated in 

orthoclase. Adsorbtion of Nb, Zr, Y, Ba and Sr onto clay minerals is 

mentioned for example by Tobschall (1975) to occur in the Steiger 

Slates (Vosges, France). 

~The positive correlation between Zn and Fe 2o 3 (r = 0.481) and 

negative correlations of Zn with Cao, Al 2o3 and SiO 2 (r = -0.593 to -

0.757) suggests that the Zn is contained in the magnetite. 

Similar- to the magnetite-rich rock, there is a very strong negative 

correlation (r = -0.894) between SiO 2 and Fe 2o 3 in the pyroxenite. 

Sio 2 , MgO, Na 2o and K2O are positively correlated with each other 

(r 0.347 to 0.587) and negatively correlated with Fe 2o3 (r = -0.499 

to -0.894) reflecting the major mineralogical phases. Al 2o3 shows 

positive correlations (r = 0.374 to 0.449) with Na 2o and K2o and a 

negative one (r = -0.433) with Cao. Al 2o3, Na 2o~and K2O are thought to 

represent the feldspar component of the pyroxenite, whereas the nega

tive correlation between A1 2o 3 and CaO is reflected by the inverse 

proportion of modal clinopyroxene and plagioclase observed in these 

rocks. The Cao content of the feldspar is disguised by the Cao in the 

clinopyroxene, which results in a lack of correlation between Cao and 

the feldspar component (Al 2o3, Na 2o and K2O), whereas the Fe 2o3 con

tent of the clinopyroxene is disguised by the Fe 2o3 in the magnetite, 

resulting in a negative correlation between Fe 2o3 and SiOz or Cao. 

The positive correlation between Fe 2o 3 and TiOz (r = 0.477), in 

contrast to the observed negative correlation in the magnetite-rich 
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rock, reflects the presence of ilmenite lamellae in the magnetite. 

Similar to the magnetite-rich rock there is a positive correlation 

between Zn and Fe 2o 3 (r = 0.342) and Zn and Ti0 2 (r = 0.439), indica- _ 

ting the possible presence of Zn in the magnetite. 

Nb shows a positive correlation with Fe 2o 3 (r = 0.475) and a nega

tive correlation with Sio2 (r = -0.509) and might therefore be concen

trated together with the magnetite. Sr, Rb and Ba are positively 

correlated with each other (r = 0.479 to 0.602) as well as with Al 2o 3 , 

Na 2o and K2 o (r = 0.348 to 0.631), suggesting their presence in feld

spars. 

5.4 Comparison of Waaikraal Rocks with Rocks of the Upper Zone of the 

Bushveld Complex 

In an effort to determine any possible genetic link between the 

Waaikraal sill and the topmost differentiates of the Bushveld Complex, 

the major- and trace element contents of the pyroxenite and the magne

tite-rich rocks from Waaikraal were compared with the compositions of 

the nearby exposed magnetite gabbro (Appendix 3 and Table 5.4), and 

also with samples from the top of the Bierkraal-1 borehole. 

Six samples of the Bierkraal borehole (BK-1), between 428.5 and 

563.5 metre deep (between 16.5 and 151.5 metre below the roof con

tact), were selected and the major- and trace element means were 

calculated from unpublished analytical data of R.K.W. Merkle (Table 

5.4). In order to facilitate comparison of the analytical data, these 

means for the Bierkraal samples were used to normalise the means of 

the pyroxenite, magnetite-rich rock and magnetite gabbro (Fig. 5.1). 
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Table 5.4 

Element 
------------

Si02 
Ti02 
Al 2o3 Fe 2o3 _ 
Mn0 
Mg0 
Ca0 
Na 20 
K2o 

Zn 
Cu 
Ni 
Co 
Mo 
Nb 
Zr 
y 

Sr 
Rb 
V 

Arithmetic means of major element (in 
weight per cent) and trace element 
(in ppm) content of magnetite gabbro 
(N = 3) and rocks from Bierkraal 
(N = 6). 

Magnetite Gabbro Bierkraal 
------------------ ----------------

46.39 45.10 
2.91 2.08 

16.40 12.49 
18.75 24.49 
- 0.20 0.41 

3.97 2.31 
9.05 8.67 
3.55 5.05 
0.40 o.n 

28 157 
18 42 
47 29 
25 63 
3 7 

30 13 
6 127 

343 42 
5 325 
0 30 

62 5 
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Arithmetic means of major- (a) and trace elements (b) of 
Waaikraal pyroxenite, Waaikraal magnetite-rich rock and 
magnetite gabbro 'normalised to topmost differentiates 
of the upper zone intersected by the Bierkraal borehole 
by division. 
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Significant differences can be detected between the different rock 

types. The higher MgO and V content and the lower Fe 2o 3 and TiOz 

content of the magnetite gabbro, in comparison with the samples from 

Bierkraal, indicate that the magnetite gabbros belong to a stratigra

phically lower part of the upper zone than the samples from the Bier

kraal borehole. 

The magnetite-rich rocks are, compared to those from Bierkraal, 

depleted in most elements, except for Fe, V, Cr, Ni and to a lesser 

extent for Ca, Mn, Nb and Y, which reflect the much larger amounts of 

magnetite in the former. Interesting to note, however, is the low TiOz 

content, in spite of the large amount of magnetite and the similarity 

in trace element pattern between the magnetite-rich rock and the 

magnetite gabbro. 

The resemblance between the rocks from Bierkraal and the pyroxenite 

is closer for the oxides Al 2o 3 , MgO, P2o5 , Fe 2o 3 and MnO and the 

elements Sr, Nb, Y, Rb, Ni, Zn, Zr and Co, than between the latter and 

the magnetite gabbros. The Si02 and Cao content in the pyroxenite is 

equally close to the Bierkraal samples and to the magnetite gabbro, 

whereas the Na 2o, Ti0 2, K20, Cu and V content of the pyroxenite is 

closer to the magnetite gabbro. Na 2o, Ti02 and K2o occur in relatively 

low quantities, so that small differences in element content can 

result in large differences when normalised. Therefore it is assumed 

that the pyroxenite resembles the samples from Bierkraal closer than 

the magnetite gabbro, although the Al 2o 3 , Na 2o, KzO, Rb and Sr con

tents are lower and the Cao and Fe 2o3 contents are higher in the 

pyroxenite than in the samples from Bierkraal. This is probably caused 

by the presence of less clinopyroxene and more feldspar than in the 

rocks from Bierkraal. 

The plot MgO /(MgO + Fe 2o 3) versus Rb /(KzO + NazO) (Fig. 5.2) 

indicates that the pyroxenites from Waaikraal are more differentiated 

rocks than the topmost differentiates of the upper zone intersected by 

the Bierkraal borehole. However, a comparison is difficult as the 

samples from Bierkraal represent a cumulate and the Waaikraal pyroxe

nite most likely represents a melt. In addition, the upper zone of the 

western Bushveld Complex does not necessarily represent products of 

uninterrupted differentiation of a homogeneous melt. Several cycles 

are reflected in the whole rock geochemistry and also in the concen

tration of normally incompatible elements like Nb, Y and Zr (Merkle 
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and Von Gruenewaldt, 1986). Therefore, the incompatible element con

tent of the pyroxenite, when compared with upper zone rocks, are not 

_necessary an unambiguous indication of the degree of differentiation. 
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Figure 5.2 Plot of MgO /(MgO + Fe 2o3) versus Rb /(K2o + Na 2o) of 
Waaikraal pyroxenite and topmost differentiates of the 
upper zone intersected by the Bierkraal borehole, with an 
indication of the differentiation trend. 
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6. MINERAL CHEMISTRY 

6.1 Pyroxene 

The composition of the clinopyroxene in the ore body (20 thin sec

tions), the magnetite gabbro (3 thin sections), the hornfels overlying 

the ore body arid of ferrodiorite and ferrogabbro in the Bierkraal core 

was determined by electron microprobe. The analytical data is presen

ted in .Appendix 5.1. Each analysis represents the average of between 4 

and 18 spot analyses with totals between 98.S and 101.S weight per 

cent. 

20 ~ 

Mg5i03 

Figure 6.1 

Ca5i03 

·1' 

Augite 

~ 20 

FeSi0
3 

Composition of clinopyroxenes of Waaikraal pyroxenite(~) 
and magnetite-rich rock (•)(l), Waaikraal hornfels (2), 
magnetite gabbro (3) and topmost differentiates from the 
upper zone intersected by the Bierkraal borehole (4) 
plotted as molecular proportion FeSi03 :CaSi03 :MgSiOJ. 
Compositional trends of Ca-rich pyroxenes from the 
eastern Bushveld (solid line) and from the western Bush
veld (dashed line) are after Atkins, 1969 and Markraaff, 
1976 respectively. Clinopyroxene classification according 
to Morimoto (1988). 
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The compositions of the clinopyroxenes from the pyroxenite and from 

the ·magnetite-rich rock at Waaikraal overl.ap and plot on the boundary 

of the hedenbergite and the augite fields in the pyroxene quadrilate

ral (Field 1, Fig. 6.1 ). 

Figure 6.1 illustrates that there is a considerable difference in 

Fe/Mg ratio between the clinopyroxene of the ore body (pyroxenite as 

well as magnetite-rich rock) and the magnetite gabbro. The clino

pyroxene clearly suggests that the magnetite gabbro belong to a stra

tigraphically lower horizon of _the Bushveld Complex than the rocks 

used from the Bierkraal borehole. It is interesting to note the simi

larity in composition of the clinopyroxenes of the latter locality and 

those from Waaikraal, although the Waaikraal pyroxenes are richer in 

Fe and Ca and plot above the crystallisation trend for clinopyroxenes 

from the eastern Bushveld Complex (Atkins, 1969). 

6.2 Plagioclase 

Plagioclase was analysed in 13 thin sections of the ore body (py

roxenite and magnetite-rich rock) and 3 thin sections of the nearby 

magnetite gabbro. Because no significant difference in composition 

within a grain was detected, only two points were analysed for most 

plagioclase grains, one at the edge and one in the middle of the 

grain, in order to account for compositional inhomogeneities. 

The chemical composition of the plagioclase, together with the 

number of ions on the basis of 32 oxygen atoms· and the molecular 

percentages of anorthite, albite and orthoclase are presented in 

Appendix 5.2. 

The molecular percentages of anorthite, albite and orthoclase of 

plagioclases in the pyroxenite, the magnetite-rich rock, the magnetite 

gabbros and of plagioclase from the top of the upper zone in the 

Bierkraal borehole (Geraghty, unpublished results) are plotted in 

Fig. 6.2. Analyses were not averaged, as was done with the clino

pyroxene data, due to the compositional variation within one thin 

section. 
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Figure 6.2 Composition of plagioclase of pyroxenite (a), magnetite
rich rock (b), magnetite gabbro (c) and rocks from Bier
kraal (d) plotted as molecular percentages anorthite, 
albite and orthoclase. 
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Table 6.1 Frequencies of different plagioclase compositions of 
pyroxenite, magnetite-rich rock and magnetite gabbro. 

Rock- % Anorthite 
Sample type 0-10 10-30 30-50 50-70 70-90 90-100 

WK 3.2 p - - 9 - - -
WK s.2 p 1 - 6 - - -
WK 6.3 p - - s - - -
WK 12.2 p l - - 3 4 -
WK 12.4 p - - 2 - - -
WK 13.2 p - - l - - -
WK 28.4 p - - 10 - - -
WK 14.4 p - - 2 2 - -
WK 16.2 p 3 - - - - -

--------- ------- ------- ------- ------- ------- ------- --------
WK 4.1 M - - 1 s 1 -
WK 12.1 M - - s 2 - -
WK 28.3 M - - - - 1 -
WK 14.1 M - - - - 2 -

--------- ------- ------- ------- ------- ------- ------- --------
MG 1\2\3 MG - - 23 3 - -

P pyroxenite, M = magnetite-rich rock, MG magnetite gabbro 

The composition of plagioclase of the pyroxenite as well as the 

magnetite-rich rock varies considerably from grain to grain within one 

thin section with the majority of compositions around An30_50 (Table 

6.1). In comparison, plagioclase of the magnetite gabbro was found to 

be very uniform in composition (An40_52) and to be more anorthite-rich 

than the plagioclase at the top of the upper zone in the Bierkraal 

borehole. This again indicates that the magnetite gabbro belongs to a 

stratigraphically lower horizon of the Bushvel<l Complex than the rocks 

used from Bierkraal. 

It is evident from Figure 6.2 and Table 6.1 that the different rock 

types can not be distinguished on the basis of the composition of the 

plagioclase. The composition of the plagioclase can, however, vary 

much more widely on thin section scale in the Waaikraal sill than in 

the other rock types, which could possibly the effect of hydrothermal 

activity, as will be discussed in more detail in a later section 

(chapter 9.1). 
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6.3 Aaphibole 

Amphibole analyses were obtained from 14 thin sections of pyroxe

nite. No amphiboles were detected in the magnetite-rich rock. The 

computer program by Spear and Kimball (1984) was used to calculate the 

number of ions on a basis of 24 oxygen atoms and to obtain four 

estimates for the Fe3+ content, viz., no Fe3+, low Fe3+, high Fe3+ and 

an average between the last two. In this study the average Fe 3+ con

tent was used. 

The program calculates the numbers of ions in the amphibole formula 

on the basis of 24 (O,OH,F,Cl), and indicates the distribution of the 

elements between the different sites in the crystal structure. 

The general form of the standard amphibole formula is: 

T represents the tetrahedral sites, C represents the Ml+M2+M3 sites, B 

the M4 sites and A the A sites (Deer et al., 1977). 

The analyses, as well as the calculated numbers of ions in the 

amphibole formula, are presented in Appendix 5.3. 

According to the classification of Leake (1978), all the amphiboles 

from the Waaikraal sill fall into the calcic amphibole group, with 

(Ca + Na)B > 1.34 and NaB < 0.67 (B: M4 sites as shown above). Within 

the calcic amphibole group, most of the analyses can be classified as 

hastingsite and hastingsitic hornblende, although a few analyses fall 

into the compositional fields for ferro-edenite, ferro-edenitic horn

blende, ferro-actinolite and ferro hornblende (Fig.6.3). 
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Plot of Mg /(Mg+ Fe 2+) versus Si showing the compositio
nal variation of amphiboles from the Waaikraal pyroxenite 
in terms of the nomenclature of Leake (1978). A for 
amphiboles with (Na+ K)A < 0.50 and Ti < 0.50 and B for 
a~phiboles with (Na+ K)A > 0.50, Ti< 0.50 and Fe 3+ > 
Alvr. 

Amphiboles· of similar composition are described by Gulyaeva et al 

(1986) from Novogorbushinskoe in the far eastern USSR. Here amphiboles 

replace clinopyroxene in a hedenbergite-magnetite skarns with superim

posed ore-mineralisation. 

6.4 Olivine 

Olivine was only encountered in one sample of magnetite-rich rock 

(WK 14.1) from which five grains were analysed by microprobe. The 

numbers of ions in the olivine formula on the basis of 4 oxygen atoms 

and the atomic ratios of Mg : Fe : Mn are presented in Appendix 5.4. 

The average of the five analyses is plotted in a compositional varia

tion diagram together with compositions of olivines reported by 

Reynolds (1985) from the Bierkraal 1 borecore (Fig.6.4). 
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Mg 

Figure 6.4 

x. Waaikr aal 

• Bierkraal (Reynolds, 1985) 

Mn 

• ••••• 

Composition of olivines from Waaikraal and 
Bierkraal plotted as ion proportion Fe:Mg;Mn 
(total Fe as Fe 2+). 

Fe 

From this plot, it can be seen that the olivine in the Waaikraal is 

chemically very similar to the olivines of the topmost differentiates 

of the upper zone intersected by the Bierkraal borehole. 

6.5 Magnetite and Ilmenite 

Analyses of magnetite grains and their ilmenite exsolution lamellae 

were obtained from three polished sections of pyroxenite and three 

polished sections of the magnetite gabbro. The magnetites from the 

magnetite-rich rock, which do not contain ~xsolution lamellae of 

ilmenite, were analysed in two polished sections. The microprobe 

analyses obtained were recalculated to determine the Fe 3+ content 

assuming stoichiometry (Appendix s.s). 
The composition of the magnetite component of the ttanomagnetite 

grainsin the two rock types from the ore body is very similar and 

contain small ulvospinel exsolutions. The titanomagnetite of the 

pyroxenite, however, contains 10-30 volume per cent ilmenite exsolu

tion lamellae, indicating an overall much higher Ti-content of the 

titanomagnetite grains as a whole. The Tio2 content of the magnetite 

in the magnetite-rich rock ranges from only 0.2 to 2.8 weight per cent 

with a mean around 0.45 weight per cent (Fig. 6.5). 
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pyroxenite (a) and magnetite-rich rock (b) (in weight per 
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The compositions of Waaikraal magnetites and ilmenites are compared 

with magnetites and ilmenites from the mag~etite gabbros and from the 

Bierkraal borehole in Figure 6.6. 

Figure 6.6 

1040 
•. x1176 ,c. 
1056 

• Waaikraal pyroxenite 

o Waaikraal magnetite-rich rock 

X Bierkraal (Reynolds, 1985) 

6 Magnetite-gabbro 

142 
fJ P.9.. 

o-9:'~ • 226a 

Composition of magnetite and ilmenite of the pyroxenite, 
magnetite-rich rock, magnetite gabbro and samples from 
Bierkraal (51 observations hidden). Numbers indicate 
drilling depth in metres below the roof contact in the 
Bierkraal borehole (226a = a late stage transgressive 
magnetite veinlet). 
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From Figure 6.6 it can be observed that the ilmenite analyses of 

the different rock types all plot in the same area, because of the 

very restricted solid solution field of ilmenite. The ilmenite of the 

Waaikraal pyroxenite, however, contains about 2 weight per cent MnO, 

whereas the ilmenite from the Bierkraal borehole contains only up to 

0.67 weight per cent MnO. The MgO content of the ilmenite from Waai

kraal pyroxenite is generally below the detection limit, whereas the 

ilmenite from Bierkraal contains up to 3 weight per cent MgO. 

The composition of the magnetite on the other hand varies consi

derably, evidently in response to the amount of ulvospinel in either 

solid solution or as tiny exsolutions in the magnetite. Waaikraal 

magnetite of both the pyroxenite and the magnetite-rich rock corres

ponds best with the magnetites of the topmost rocks of the upper zone 

and with a late stage transgressive magnetite veinlet of the Bierkraal 

borehole _(Reynolds, 1985). 
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7. GOLD AND ORE .MINERALOGY- OF THE ORE BODY 

The variety of different or~ minerals present can be devided into 

the following groups: Gold and gold compounds, bismuth minerals, 

diarsenides, sulfarsenides, iron sulfides, copper bearing sulfides and 

sphalerite. Each group will be delt with seperately with a description 

of the textural relations and of the associations at the end of this 

chapter. 

7.1 Gold and Gold Compounds 

Gold occurs in three different phases viz., as native gold, a gold

bismuth- and a gold-copper compound. 

Compositions of the three phases were obtained by microprobe ana

lyses. Although all minerals were analysed for Au, Ag, Hg, Pd, Fe, Cu, 

Rh and Bi; Pd, Rh and Hg were never found to be present in quantities 

above the detection limit (Appendix 6.1). 

7.1.1 Gold 

The native gold is very pure and contains only traces of Fe and Cu. 

The highest silver content found was 1.26 weight per cent which re

sults in the grains being of a deep yellow colour under reflected 

light. 

The highest concentrations of gold occur in the pyroxenite, but 

gold can occasionally also be present in high concentrations in the 

magnetite-rich rock. Figure 2.3 indicates the distribution of gold in 

the different rock types throughout the mine. The distribution is very 

irregular and follows no recognizable pattern. 
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In both rock types the gold occurs either as small individual 

anhedral grains in close proximity of other ore minerals such as. 

bismuth bearing minerals, arsenides, diarsenides and chalcopyrite (see 

chapters 7.3 to 7.5 and 7.7)(Fig. 7.1), or in composite grains to

gether with these ore minerals. In th~ latter case the gold occurs 

either as grains, up to 300 pm in diameter, or as veins within these 

minerals (Figures 7.2 and 7.3). 

In the magnetite-rich rock the gold is often situated at 120° junc

tions between magnetite grains and also occurs together with other ore 

minerals in fractures of the magnetite, a feature also observed in the 

pyroxenite. This indicates that the gold was introduced after the 

formation of the host rocks. 

In the pyroxenite, where the gold can also be present in clinopyro

xene, it is often surrounded by amphibole and was probably introduced 

along cleavage planes of the pyroxene. 

Generally, the grain size of the gold particles is smaller in the 

magnetite-rich rock than in the pyroxenite. 
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Figure 7.1 Individual gold grains (Au) together with 
joseite (jo) and safflorite (sa) in pyroxe
nite (WK 5.2). 
Photomicrograph: Reflected l ight (RL), plane 
polarized light (PPL). ...._ __ _. 100 pm 

bi Au 

Gold (Au) with chalcopyrite cp), coba t te 
(co), arsenopyrite (as) and bismuthinite (bi) 
in pyroxenite (WK 5.2). 
Photomicrograph: RL, PPL. 1----~ 100 JJffl 

co 

as 
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a 

Figure 7.3 Gold (Au) with chalcopyrite (cp), cobaltite 
(co), arsenopyrite (as) and bismuthinite (bi) 
in pyroxenite ( WK 5.2 ). 
a: Secondary electron image. 

100pm 

b: X-ray distribution pattern of Au. 
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7.1.2 Maldonite 

. Maldonite (Au2Bi),is a very rare mineral, because its formation is 

limited to closely defined conditions at high temperatures (Ramdohr, 

1980) and because it decomposes readily to Au and Bi. It ~as observed 

in only one sample (WK 52.3), but because it closely resembles jo

seite, its presence in other samples can not be excluded with certain

ty. 

It was observed as droplets in massive safflorite (Fig. 7.4), and 

also ·together with joseite in safflorite, in silicates and intersti

tial to magnetite grains (Fig. 7.5). The droplets form chains and are 

considered to follow cracks which have subsequently healed, rather 

than original grain boundaries in the massive safflorite. 

Microprobe analyses (see Appendix 6.1) established the presence of 

traces of silver and iron, apart from gold and bismuth. 

Heating tests on mixtures of Au and Bi by B8hmke and Varndell 

(1986), revealed that a temperature of 500°c the two metals combined 

to form maldonite. 

7.1.3 CuAu 3 

Only one grain of a Au-Cu alloy, 60 pm in length and 20 pm in 

width, was encountered. It occurs attached to safflorite and has a 

golden colour with a slight greenish tint under reflected light 

(Fig. 7.6). 

A microprobe analysis indicates a composition of 90.37 weight 

percent Au and 9.66 weight percent Cu, with traces of Sand Ag (see 

Appendix 6.1). This corresponds to an Au-Cu alloy with the formula 

CuAu 3• 

According to Hansen and Anderko ( 1958), there is a complete solid 

· solution in the system Au-Cu below the solidification range of 1083° -

889°c. Below 410°c, solid state reactions occur and cause miscibility 

gaps between phases centered around the compositions Cu3Au and CuAu 

(below 285°c) and CuAu and CuAu3 (below 255°c). An ordered phase with 
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composition close to CuAu3 is therefore stable below 2ss0 c. 

A natural compound with similar composition has been described by 

Oen and Kieft. (197 4) from Beni-Bousera, Morocco. Here the alloy con

tains 88.35 weight percent Au and 11.0 weight percent Cu, which cor

responds to the formula CuAu2•6• 

Figure 7.4 

ma sa 

Droplets of maldonite (ma) in safflorite (sa) 
in magnetite-rich rock (WK 52.3). 
Photomicrograph: RL, PPL. · 100 pm 
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sa 

Figure 7.5 

Figure 7.6 

jo ma 

Maldonite (ma) together with safflorite (sa) 
and joseite (jo) between magnetite grains of 
the magnetite-rich rock (WK 52.3). 
Photomicrograph: RL, PPL. .----... 100 )lffl 

sa 

CuAu 3 attached to safflorite (sa) in magne
tite-rich rock (WK 52.3). 
Photomicrograph: RL, PPL. ------. 100 J,lffl 

CuAu 3 
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7.2 Bis11111th Minerals 

Three different bismuth-containing minerals (apart from maldonite) 

are present,viz. joseite, bismuthinite and native bismuth. All three 

minerals occur in both the pyroxenite and the magnetite-rich rock, but 

are more abundant in the pyroxenite. 

The most frequent bismuth bearing mineral at Waaikraal is joseite. 

Of the two known modifications of joseite, only one out of 35 analysed 

grains turned out to be joseite-A (Bi 4TeS 2), the remaining grains 

being joseite-B (Bi 4Te 2s). 
The analyses are presented in Appendix 6.2, from which it can be 

seen that joseite contains traces of Sb and As, apa~t from Bi, Te and 

Sas major components. 

Joseite occurs either interstitially between silicates or enclosed 

in them, and is generally surrounded by amphibole. It is mostly asso

ciated with bismuthinite, di- and sulfarsenides (see chapter 7.4 and 

7.5) and gold (Fig. 7.7). 

Yusa et al. (1979) described incongruent melting of joseite-B to 

joseite-A, tetradymite and liquid above 478°C. 

Bismuthinite (Bi 2s3) occurs as anhedral grains, often surrounding 

native bismuth (Fig. 7.8), but also together with joseite, gold and 

di- and sulfarsenides (see chapter 7.4 and 7.5). It contains, apart 

from Bi and S, also traces of Sb (Appendix 6.2). 

The native bismuth contains up to 99.67 weight per cent bismuth and 

traces of Co, Ni and As (Appendix 6.2). It displays the very typical 

twinning (Ramdohr, 1980) which can be clearly observed under crossed 

nicols in reflected light (Fig. 7.9). 
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Figure 7. 7 

jo bi 

Joseite (jo), safflorite (sa) and bismuthi
ni te (bi) in magnet! te-rich rock (WK 52.3). 
Photomicrograph: RL, PPL. ,__ __ ---t 100 pm 

sa 
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Figure 7.8 

Figure 7.9 

nat.bi bi 

Native bismuth (nat bi) surrounded by bismu
thinite (bi) in pyroxenite (WK 12.4). 
Photomicrograph: RL, PPL. 

., 
.,__ __ ..... 100 JJffl 

nat.bi bi 

Native bismuth (nat bi) with typical twinning 
surrounding bismuthinite (bi) in pyroxenite 
(WK 12.4). 
Photomicrograph: RL, cross polarized light (CPL) • 

.,__ __ .""'4 100 JJffl 
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7.3 Diarsenides 

Of the loellingit~ - safflqrite - rammelsbergite (FeAs 2 - CoAs 2 ~ 

NiAs 2) group only members of the loellingite - safflorite solid solu

tion series (FeAs 2 - CoAs 2) are encountered at Waaikraal. 

The safflorite occurs as small individual idiomorphic grains inter

stitially to or within silicates (mainly clinopyroxene) of both rock 

types. Subhedral grains associated with, or even attached to, other 

ore minerals such as joseite, bismuthinite, minerals of the arseno

pyrite group (see chapter 7.5) and gold are often observed. 

In one sample ( WK 52.3) safflorite occurs as large aggregates 

together with magnetite. 

Different proposals for the terminology of the minerals in the 

loellingite - safflorite solid solution series exsist. Holmes (1947) 

has, for example,distinguished between safflorite and loellingite at 70 

mole per cent FeAs 2 , whereas Radcliffe and Berry (1968), who have 

worked on synthetic and natural specimens, recommend that loellingite 

be used only for material with less then 3 mole per cent CoAs 2 • 

Berry and Thompson (1962) classified safflorite into five types on 

the basis of different X-ray diffraction patterns, whilst Radcliffe 

and Berry (1968) gave compositional ranges for each type 

(Figure 7.10). 

Results of microprobe analyses of minerals of the diarsenide group 

at Waaikraal (Appendix 6.3) were recalculated to mole per cent 

FeAs 2:CoAs 2:NiAs 2 and plotted on a ternary diagram (Figure 7.10). The 

solid solution series is clearly visible here and all the minerals are 

safflorite, according to the terminology of Radcliffe and Berry 

(1968). The most iron-rich mineral contains 4 mole per cent CoAs 2 and 

falls therefore just into the safflorite field. The highest CoAs 2 
content encountered is 75 mole per cent. 

Most analyses fall into fields I, III and IV of Berry and Thompson 

(1962). Two analyses fall outside any of the indicated fields and 

suggest that Fe-rich safflorite can contain higher Ni contents than 

originally suggested by Radcliffe and Berry (1968). 
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Figure 7.10 FeAs 2-CoAs 2-NiAs 2 ternary diagram indicating 
the compositional variation of safflorites 
from Waaikraal and the compositional fields 
of safflorite I-V and rammelsbergite (after 
Radcliffe and Berry, 1968) (in mol per cent) 

The analytical data clearly suggests that the small idiomorphic 

grains (analyses 1 to 5, 7 and 9) display a considerable variation in 

composition, compared to the Fe-rich safflorites (analyses 6, 13 and 

14), which are associated with gold and other ore minerals. Analyses 

10 to 12 are of large aggregates of safflorite in sample WK52.3, 

whereas analysis 16 is of a safflorite with a rim of cobaltite. 

Safflorite usually belongs to the orthorhombic class (Roseboom, 

1963; Radcliffe & Berry, 1968), but material with 80 - 100 mole per 

cent CoAs 2 is monoclinic (Radcliffe & Berry, 1971) and termed clino

s a f f 1 o r i t e. Rad c 1 i f f e and Be r r y ( 1 9 7 1 ) , how eve r , de mo n s t r a t e d that 

safflorite from the Cobalt area, Canada, with just below 75 mole per 

cent CoAs 2 can also be monoclinic. It is therefore possible that the 

rare mineral clinosafflorite also occurs at Waaikraal. Unfortunately 

only one safflorite grain analysed contains such a high cobalt con

tent, and it was not possible to obtain X-ray data to support this 
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assu~ption. 

The highest NiAs 2 .content encountered in safflorite was 8 mole per 

cent (analysis 14). The safflorites also contain traces of Sand Bi. 

7.4 Sulfarsenides 

Sulfarsenides. include those minerals which belong to the arseno

pyrite - cobaltite - gersdorffite (FeAsS - CoAsS - NiAsS) group. The 

molar proportions of sulfaresenides at Waaikraal, determined by micro

probe analyses (Appendix 6.4) are plotted in a ternary diagram 

(Fig. 7.11). Only cobaltite and arsenopyrite were found to occur in 

this deposit. 
FeAsS 

CoAsS NiAsS 

Figure 7.11 FeAsS-CoAsS-NiAsS ternary diagram indicating 
the compositional variation of cobaltites and 
arsenopyrites from Waaikraal (in mol per 
cent). 
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Cobaltite at Waaikraaal occurs as individual euhedral and as 

anhedral grains together with gold, joseite, bismuthinite, safflorite 

and arsenopyrite (Fig_. 7.2). It can also completely enclose safflorite 

(Figures 7.12 and 7.13). 

Cobaltites vary in composition from 79 - 94 mole per cent CoAsS, 5 

- 16 mole per cent FeAsS and O - 8 mole per cent NiAsS. The ratio of 

(Co,Fe,Ni) : S : As is very close to 1 : 1 : 1. 

Cobaltite occurs in two structural forms, isometric and orthorhom

bic.(Giese & Kerr, 1965). At Waaikraal both structural types seem to 

be present as both isotropic and anisotropic grains were observed. 

Arsenopyrites were found to occur either as euhedral or anhedral 

grains alone (Fig. 7.14) or occasionally together with gold, safflo

rite, bismuthinite, joseite, chalcopyrite and cobaltite (Fig. 7.2). 

Occasionally arsenopyrite surrounds cobaltite completely. 

Arsenopyrites from Waaikraal vary in composition from pure FeAsS to 

(Fe,Co,Ni)AsS with up to 13 mole per cent NiAsS (4.73 weight per cent 

Ni) and up to 21 mole per cent CoAsS (7.09 weight per cent Co). 

A plot of the arsenopyrites on a (Fe,Co,Ni) - As - S ternary dia

gram (Fig. 7.15) indicates that the pure arsenopyrites have a surplus 

of Sand a deficiency of As, whereas the arsenopyrites containing Co 

and Ni have a deficiency of Sand surplus of As. 
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sa co 

Figure 7. 12 Cobalt i te (co) enclosing saf flor it e (sa) in 
pyroxenite (WK 5.2). 
Photomicrograph: RL, PPL. 50 pm 

sa co 

Figure 7.13 Cobaltite (co) enclosing safflorite (sa) in 
pyroxenite (WK 5.2). 
Photomicrograph: RL, CPL. SO pm 

f,f, 



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

Figure 7.14 Euhedral grain of arsenopyrite in pyroxenite 
(WK 12.4). 
Photomicrograph: RL, PPL. 
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Figure 7.15 (Fe, Co, Ni)-As-S ternary diagram indicating 
the compositional variation of arsenopyrites 
from Waaikraal in mol per cent, {x) pure· 
arsenopyrites, ~) arsenopyrites with up to 
13 mol per cent Ni and up to 10 mol per cent 
Co. 
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7.5 Iron Sulfides 

Both pyrrhotite and pyrite were only observed in large quantities 

in a few samples and tend to occur isolated from the other ore mine

rals such as the Bi-minerals, sulpharsenides, diarsenides and gold. 

They are often associated with chalcopyrite (Fig. 7.16) and occasio

nally with sphalerite (Fig. 7.17). 

Members of the pyrrhotite group (Fe 1_xS) can be divided into two 

distinct compositional groups (Carpenter and Desborough, 1964). One 

group corresponds to stoichiometric FeS (troilite) and the other is an 

iron-deficient group with 47.8 - 46.S atomic per cent iron (pyrrho

tite). Only pyrrhotite, which contains a few exsolutions of pentlan

dite, was observed at Waaikraal. 

At room temperature, the pyrrhotites can be divided into two 

groups, viz. monoclinic pyrrhotite (Fe 7s8) with up to 46.67 atomic per 

cent Fe and hexagonal or intermediate pyrrhotite (Fe9s10 - Fe 11 s12) 

with between 47.2 and 47.8 atomic per cent Fe (Morimoto et al, 1975). 

This variation of the pyrrhotites, together with the analytical uncer

tainty which is caused by the reproducibility of the analyses (see 

Appendix 2.2.3 and chapter 4.4), is illustrated in Figure 7.18. 

The compositional variation of pyrrhotites at Waaikraal shown in 

Figures 7.18 and 7.19 indicates that the intermediate phase is domi

nant at Waaikraal. 
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Figure 7.16 

Figure 7.17 

cp po 

Pyrrhotite (po) and chalcopyrite (cp) in 
magnetite grains of magnetite-rich rock 
(WK 1). 
Photomicrograph: RL, PPL. · 100 JJffl 

sp cp 

Sphalerite (sp) with chalcopyrite disease 
(cp) and pyrrhotite (po) in pyroxenite 
(WK 21.S). 
Photomicrograph: RL, PPL. 

100 JJffl 

po 
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Figure 7.18 Compositional variation of pyrrhotite group 
minerals (black) and analytical uncertaity 
for 3 sigma (shaded) for this investigation 
(mpo = monoclinic pyrrhotite, ipo = interme
diate pyrrhotite). 
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Figure 7.19 Compositional variation of pyrrhotites from Waaikraal 
(N = 110). 

70 



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

The presence of the two types of pyrrhotite is often clearly vi

sible. Monoclinic pyrrhotite is concentrated as flamelike exsolution 

bodies in the intermediate pyrrhotite and has a higher reflectivity 

than the intermediate pyrrhotite. The exsolutions are concentrated at 

the edges and cracks of pyrrhotite grains. 

Pyrite at Waaikraal can often be observed tog~ther with pyrrhotite 

or alone, is usually anhedral and occurs as large grains. 

Together with the pyrite, an intermediate product ("Zwischenpro

dukt" (Ramdohr,1980)) can be observed (Fig. 7.20). This intermediate 

product consists of a very fine grained aggregate of, most probably, 

marcasite and pyrite and often forms concentric bodies. It shows 

distinct reflection pleochroism in white to light grey-green and weak 

anisotropy under crossed nicols of grey to green colours. According to 

Ramdohr (1980) the intensity of the anisotropy effects is dependant on 

the crystallographic orientation of the grain. The presence of the 

intermediate product suggests the beginning of supergene alteration 

( Ramdohr, 1980). 

7.6 Copper - Bearing Sulfides 

Chalcopyrite is the main copper sulfide at Waaikraal and occurs 

together with almost all the other ore minerals of the deposit, but is 

more abundant in the pyroxenite than in the magnetite-rich rock. 

Chalcopyrite is present as anhedral grains within and between sili

cates and also as small droplets in sphalerite (Fig. 7.17). It is 

often associated with gold, which is either attached to or surrounded 

by it. 

A few grains of chalcopyrite analysed by microprobe showed very 

little chemical variation. Traces of Ni are present. The analyses are 

presented in Appendix 6.6. 

Covellite replaces chalcopyrite as a result of the beginning of 

supergene alteration and is therefore always associated with it. 
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7.7. Sphalerite 

Sphalerite is present as anhedral grains. It is associated with 

p yr i _t e and p yr rho t i t e • 11 Ch a 1 copy r i t e d i s e as e 11 
( Ba r t on and Be th k e , 

1987), is common. 

Figure 7.20 

po 

Intermediate product (11Zwischenprodukt11
) (ip) 

and pyrrhotite (po) in magnetite-rich rock 
( WK l ). 
Photomicrograph: RL, PPL. so,-.m 

ip 
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7.9 Summary of textural Relations of the Ore Minerals and Approximate 

Paragenetic Sequence 

In the pyroxenite and the magnetite-rich rock from Waaikraal, two 

assemblages can be distinguished, viz. (i) safflorite, cobaltite, 

arsenopyrite, joseite,. bismuthinite, native bismuth, chalcopyrite and 

gold and (ii) pyrrhotite, pyrite, chalcopyrite and sphalerite. Gene

rally there is a greater abundancy of ore minerals in the pyroxenite 

than in the magnetite-rich rock. 

In the pyroxenite joseite, together with bismuthinite and native. 

bismuth frequently occurs as fillings of fractures in magnetite or 

silicate grains, interstitially between magnetite and silicates and 

also within clinopyroxene. When present within clinopyroxene they are 

often surrounded by amphibole and might have intruded along cleavage 

planes. 

Safflorite, arsenopyrite and cobaltite are present as small grains 

interstitially to the silicates and oxides or occur in contact with 

the joseite, bismuthinite, native bismuth, chalcopyrite and gold. 

Joseite was found surrounded by safflorite and vice versa. Native 

bismuth is frequently enclosed by bismuthinite (Figures 7.8 and 7.9) 

and cobaltite was found to enclose safflorite (Figures 7.12 and 7.13), 

both relations indicating a possible increase in sulfur activity 

during the ore forming processes. A rim of arsenopyrite around cobal

tite (Fig.7.2) might be the result of an increase in iron. The large 

compositional variation of safflorites could indicate that safflorites 

have formed over a long period of time and/or from a wide variety of 

fluids during the evolution of the ore body. 

Pyrrhotite, pentlandite, pyrite, chalcopyrite and sphalerite rarely 

occur in the pyroxenite and are generally not in contact with any of 

the other ore minerals mentioned above. This is probably a high tempe

rature assemblage similar to that described by von Gruenewaldt (1976) 

and Merkle and von Gruenewaldt (1986) from the upper zone of the 

Bushveld Complex. Only in one instance was pyrite found to almost 

enclose an aggregate of arsenopyrite and safflorite, showing that this 

pyrite represents a later generation than the other ore mineral assem

blages. 
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In the magnetite-rich rock safflorite, arsenopyrite and cobaltite 

grains are frequently encountered at contacts between magnetite and 

si_licates, at triple junctions between magnetite grains, interstitial

ly to silicates and in fractures of magnetite grains. Joseite, bismu

thinite and gold occasionally occur in·a similar way. Pyrite, pyrrho

tite and chalcopyrite are found as large aggregates, often in contact 

with magnetite grains and as fillings of fractures. Occasionally 

chalcopyrite and pyrrhotite occurs as drop-like inclusions in magne

tite (Fig. 7.16), which indicates that some of the magnetite must have 

crystallized after formation of the sulphide droplets. 

Massive safflorite was observed in one sample of magnetite-rich 

rock (WK 52.3). Here maldonite forms droplets in safflorite and CuAu3 

is found in contact with the safflorite. Joseite, bismuthinite and 

gold are encountered within the safflorite, but safflorite also occurs 

surrounded by joseite and bismuthinite or intergrown with joseite. 

From the above described textural relations the following approxi

mate paragenetic sequence is suggested. 

Table 7.1 Mineral assemblage and approximate paragenetic sequence 
at Waaikraal gold deposit. 

Mineralization I 

Gold 
Maldonite 
CuAu3 
Safflorite 
Joseite 
Bismuthinite 
native Bismuth 
Cobaltite 
Arsenopyrite 
Chalcopyrite 
Pyrrhotite 
Pentlandite 
Pyrite 
Sphalerite 
Covellite 
Zwischenprodukt 

Supergene 
Mineralization II alteration 
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8. CONDITIONS OF ORE FORMATION 

The close association of gold with a variety of different disul

fides, sulfarsenides, alloys and sulfides allows an attempt to esti

mate the conditions of ore formation. 

The arsenopyrite geothermometers and geobarometers described in the 

literature make use of assemblages containing arsenopyrite together 

with pyrite, pyrrhotite and loellingite (Clark, 1960, Barton, 1969, 

Kretschmar and Scott, 1976). At Waaikraal arsenopyrite was not encoun

tered in association with any of these phases and therefore these 

arsenopyrite geothermometers could not be applied. 

An indication of the temperature of formation of the arsenopyrite 

can, however, be obtained from the temperature stability of solid 

solutions in the FeAsS - CoAsS - NiAsS ternary diagram as determined 

at atmospheric pressures by Klemm (1965) (Fig. 8.1). 

Analyses of arsenopyrites from Waaikraal plot in areas which indi

cate temperatures of < 500°c. Cobaltites plot in the area of< 400°c. 

CoAsS 

Figure 8.1 

· FeAsS 

mo1 •1. NiAsS 

The solid solution fields in the ternary diagram 
FeAsS-CoAsS-NiAsS (after Klemm, 1965), black 
area: Waaikraal cobaltites and arsenopyrites. 
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Ripley (1972) could- show that safflorite of composition CoAs 2 was 

stable from room temperature up to 900°c,. (Co0•5,Feo.s)As 2 was stable 

f~om room temperature to 800°c and FeAs 2 from room temperature to 

70o 0 c. This indicates that an increase in Fe-content results in a 

lower thermal stability. Waaikraal safflorites vary in composition 

from (Coo.75Feo.zs)As 2 to (Coo.o 4Fe0•96 )As 2, indicating maximum tem

perature of formation for the Co-rich members of about 850°c and 7oo0 c 

for the iron-rich members. 

Bismuthinite and native bismuth often occur together with the gold. 

These two phases are stable together at a maximum temperature of 

approximately 880°c (Hansen and Anderko, 1958). 

Differential thermal analysis of synthetic joseite-B by Yusa et aL 

(1979) showed an endothermic reaction at 478°c, at which joseite-B 

melts incongruently to joseite-A, tetradymite and liquid. Joseite-B 

alone is therefore only stable at temperatures below 478°c. 

Maldonite forms at temperatures above soo0 c (BBhmke and Varndell, 

1986). 

Thermal. stabilities of chalcopyrite were extensively investigated 

(e.g. Yund and Kullerud, 1966, Barton, 1973 and.Cabri, 1973). 

The solid solution field of chalcopyrite decreases with decreasing 

temperature (Yund and Kullerud, 1966), but in the case of hydrothermal 

deposition of chalcopyrite, there could have been a rapid decrease in 

temperature as hot solutions entered cooler rocks and a high tempera

ture composition of the chalcopyrite could have been frozen in. Where 

chalcopyrite occurs with the gold at Waaikraal no other sulfides of 

the system Cu-Fe-Sare present. The composition of the chalcopyrite is 

very close to CuFes 2• Therefore, the composition of the chalcopyrite 

from Waaikraal does not give an indication of formation temperature 

of the chalcopyrite. 
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Stabilities are summetised in Table 8.1 below. 

Table 8.1 Thermal stabilities of ore minerals occuring with gold at 
Waaikraal 

Stability 
Ore Minerals Temperature Source 

------------------------------ ------------- -----------------------
Cobaltite < 4oo0 c Klemm (1965) 
Joseite-B < 478°C Yusa et al. (1979) 
Arsenopyrite < soo0 c Klemm (1965) 
Safflorite (FeAsS) < 700°C Ripley (1972) 
Safflorite ((Co0 •5 ,Fe0 5)As2) < 800°c Ripley (1972) 
Bismuthinite & native Bismuth < 880°C Hansen & Anderko(l958) 
Safflorite (CoAsS) < 900°C Ripley (1972) 

The stability data of the ore minerals with which the gold at 

Waaikraal is associated indicates, that the gold mineralisation for 

cobaltite bearing assemblages took place at a maximum temperature 

(4oo0 c). 

From the observed mineral associations it is also possible to 

estimate temperature and sulfur activity conditions, which must have 

prevailed during deposition of these minerals, with the aid of a 

sulfur activity versus temperature diagram for joseite-B bearing 

(joseite-B is present in most gold bearing assemblages at Waaikraal) 

sulfidation reactions (Fig. 8.2). 
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Figure 8.2 
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Activity of s2 versus temperature diagram for 
selected sulfidation reactions (after Barton and 
Skinner, 1979). Shaded area: principal regime for 
joseite bearing assemblages from Waaikraal. 

The absence of the assemblage loellingite + pyrrhotite and the 

presence of arsenopyrite in the ore mineral association places the 

general minimum sulfur activity at which the ore minerals crystallised 

above the buffer reaction loellingite + pyrrhotite = arsenopyrite in 

Figure 8.2. But, seeing that chalcopyrite is present without bornite + 

pyrite in this assemblage, sulfur activities must have been below that 

of the buffer r~action chalcopyrite = bornite + pyrite. The presence 

of joseite-B in the association places the maximum temperature of ore 

formation at 478°c. However, the coexistance of native bismuth and 

bismuthinite suggests the conditions of formation to have been close 

to or on the buffer reaction 2 Bi + 1.5 s2 = Bi 2s3• 
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9. POSSIBLE TRANSPORT AND ORIGIN OF THE GOLD 

9.1 Hydrotheraal Transport of the Gold 

The temperature range of formation of the ore minerals associated 

with the golq (chapter 8) and the mode of occurrence of the gold as 

small grains and in veinlets suggest a hydrothermal origin of the 

gold. 

Gold is transported by hydrothermal fluids over a wide temperature 

range, but the temperatures obtained for the mineralizing fluids of 

most gold deposits are in the range from 175°c to 4S0°c (Seward, 

1984). This agrees well with the maximum temperature of deposition of 

gold associated with the joseite-B at Waaikraal of 478°c (chapter 8). 

Generally, in aqueous systems gold occurs in two oxidation states, 

Au+ and Au3+, but the activity of Au3+ is negligible in comparison to 

that of Au+ at 2S0°C to 400°C and a pH of four (Seward, 1984). It is 

therefore necessary to decide which of the Au+ complexes are of most 

importance in hydrothermal solutions. 

Chloride- and sulfide complexes seem to dominate in hydrothermal 

solutions, although associated minerals indicate that other complexes 

are locally also important (Barnes, 1979). Tellurium, bismuth and/or 

arsenic complexes could indeed have been ·significant in the case of 

Waaikraal, if the minerals associated with the gold (e.g. bismuthi

nite, joseite, arsenopyrite etc.) are taken into consideration. Seward 

(1973) considers that complexes of the type Au(Te) 3
3-, Auz(Te) 0 and 

Au(Te 2) 2
3- are likely to occur in nature, but he also suggests that 

arsenothio complexes (e.g. Au(AsS 2) 0
, Au(Ass 3) 2-) may be of impor

tance, although no experimental data on their stability relations is 

available. 

Chloride- and sulfide complexes of gold have been investigated by, 

among others, Helgeson and Garrels (1968), Henley (1973) and Seward 

(1973, 1984). 

According to experiments at 25°c reported by Seward (1984) the most 

stable Au+ complexes are Au(HS) 2- and Au(CN) 2-, whereas AuC1 2- is less 
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stable. Au(HS) 2- is considered by him to be responsible for gold 

transport in many hydrothermal ore-forming environments, whereas 

AuC1 2 - will only be dominant in fluids containing high chloride and 

abnormally low reduced sulfur concentrations, or in fluids with ele

vated oxidation potential. 

Seward (1973), conducted a study of solubility of gold at elevated 

temperatures and found that considerable quantities of gold may be 

transported in hydrothermal solutions as thio complexes, particularly 

in the near neutral pH region, where the Au(HS) 2- complex predominates 

at temperatures below 300°c. A decrease in temperature of an ascending 

ore solution and/or a change in pH would lead to deposition of gold 

and associated sulfides. 

Henley (1973) has studied the solubility of gold in alkali chloride 

solutions at temperatures above 3oo0 c. He noted that gold is readily 

soluble in these hydrothermal solutions although its solubility could 

decrease if other metals (which include most of the ore-metals) are 

present. Transport of these metals also involve salvation by chloride 

ligands. 

Seeing that the gold at Waaikraal is· associated with sulfides and 

sulfarsenides such as arsenopyrite, cobaltite and chalcopyrite, there 

is a strong possibility that the gold was transported as sulfide 

complexes. There are also indications that the fluid became progres

sively sulfidising during the evolution of the ore body, as is indi

cated by textural relations, e.g. native bismuth frequently surrounded 

by bismuthinite (Bi 2s3) and safflorite (CoAs 2) enclosed by cobaltite 

(CoAsS). A study of the solubility of chalcopyrite in hydrothermal 

solutions at 200-3S0°c was conducted by Crerar and Barnes (1976) who 

concluded that CuCl predominates at 250-3S0°C, but that bisulfide 

complexing becomes more important below 250°c in weakly ·acidic solu

tions. 

Transport of gold as complexes of tellurium, arsenic or bismuth is, 

because of the association of the gold with joseite, safflorite, 

cobaltite, arsenopyrite, bismuthinite and native bismuth, also likely, 

but the lack of experimental data on these complexes inhibits an 

evaluation of this possibility. There are hardly any hydrothermal 

solubility data available for arsenides and tellurides (Barnes, 1979). 

It is therefore not possible to draw any conclusions on the composi-
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tion of fluids in which these elements were transported and from which 

the ore minerals were deposited. 

Cole and Drummond (1986) studied the effect of hydrothermal trans

port and boiling on Ag/Au ratios in solutions. Their transport calcu

lations indicate that low Ag/Au ratios(< 1 as in the case of Waai

kraal) result from conditions dominated by low temperature(< 2so0 c), 

low Cl- and moderate to high pH(> S). Such solutions are dominated by 

Au(HS) 2- rather than AuC1 2-. In approximately 90 per cent of cases 

where Ag/Au< 1, temperatures of 150 - 200°c prevail. Ag/Au ratios> 1 

indicate dominance of AuC1 2- complexes. Shikazono and Shimizu (1987), 

on the other hand found the opposite relationship between Ag/Au ratios 

and sulfide- and chloride complexing. 

In order to apply the findings of Cole and Drummond and to ascer

tain whether the Waaikraal ores were deposited under boiling hydro

thermal conditions, fluid inclusion studies are required but were 

unfortunately not possible in the framework of this investigation. 

From the available data and the literature it can be concluded that 

the most likely form of gold transport at Waaikraal was as sulfide 

complexes in hydrothermal solutions and that the gold, where asso

ciated with joseite, was deposited at temperature~ below 478°C. 
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9.2 Platimua-Group Element Content of Selected Waaikraal Rocks and 

Possible Origin of the Gold 

If the gold at Waaikraal is related to the Bushveld Complex, plati

num-group elements may have been transported and concentrated .together 

with the gold. Two samples of Waaikraal pyroxenite were therefore 

submitted for analyses of the platinum-group elements and gold to 

Sheen Analytical Services Ltd., Perth, Western Australia (Table 9.1). 

Table 9.1 Platinum group lement concentrations (in ppb) in Waaikraal pyroxenite 
(WK 5.2 and WK 6.3, average of two determinations), UG-2 (averages after von 
Gruenewaldt et al., 1986) and Kerensky Reef (MR) (after Barnes et al., 
1985), marginal rocks (basaltic and tholeitic suites) ( after Davies and 
Tredoux, 1985) and C-1 chondrites (after Naldrett and Duke, 1980). 

Os Ir Ru Rh Pt Pd Au PGE/Au 

------------- ------ -------- -------- -------- --------- ---------- ---------
WK 5.2 2 4.75 5.5 1.0 24 3.5 17050 0.002 
WK 6.3 5 7.5 8.75 2.0 57.5 6.25 32000 0.003 

------------- ------ - -------- -·------ -------- --------- ----------
UG-2 111 157 946 507 2950 1920 56 117. 70 
MR 63 74 430 240 3740 1530 310 19.60 

------------- ------ -------- -------- -------- - --------- ----------
basaltic - 0.35 3.0 1 .4 17.0 12.0 3.05 11.01 
tholeitic - 0.09 1.5 0.4 11.0 6.0 2.44 7.78 

----- ------ - -------- -------- -------- --------- --- ---------
C-1 514 540 690 200 1020 545 152 23.09 

The PGE concentrations of the Waaikraal pyroxenite normalised to 

C-1 chondrite values (Naldrett and Duke, 1S80) display a very flat 

pattern, except for a positive anomaly for Pt (Fig. 9.1). Upper zone 

rocks from the eastern Bushveld (Harney et al., manuscript in prepara

tion) show a very similar pattern with the exception of Pt, which 

shows a negative anomaly. 
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Figure 9.1 Chondrite - normalised PGE and Au concentra
tions of Waaikraal pyroxenite (WK 5.2 and WK 
6.3), UG-2, Merensky Reef and marginal rocks of 
the Bushveld Complex (basaltic and tholeitic 
suites) (for sources see Table 9.1). 
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The gold contents of the UG-2 and, to a lesser degree, the Merensky 

Reef are depleted relative to the·PGE if cqmpared with marginal rocks 

of the Bushveld Compl_ex (Davies and Tredoux, 1985), which are believed 

to represent parental magmas of the Complex. It is unlikely that this 

•~epletio~' is a function of differences in the respective distribu

tion coefficients. 

Naldrett and Duke (1980) give distribution coefficients (D) between 

coexisting sulfide and silicate liquids of 1000 for Pt and 1500 for 

Pd. Campbell and Barnes (1984), however, suggest that the distribution 

coefficients are as high as 105• Finstadt and Heier (1972) estimate D 

for Ir to be )1000 and for Au to be )500, whereas Brett (1971) esti

mates DAu to be 130. Distribution coefficients of this magnitude (500) 

are unlikely to cause noticable fractionation of PGE and gold in a 

magma chamber, because most of the gold, as well as the PGE will be 

concentrated in the sulfide liquid. Therefore, the depletion of Au 

relative to the PGE in the UG-2 and the Merensky Reef compared with 

their suggested parental magma can not be attributed to differences in 

the distribution coefficient. 

Von Gruenewaldt (1976) could demonstrate on the basis of a detailed 

mineralogical investigation of the upper zone in the eastern Bushveld 

that the upper 1000 metres of olivine gabbro crystallised from a 

sulfur oversaturated magma. The numerous immiscible sulfide droplets 

in these rocks evidently extracted any PGE and Au in the magma, so 

that it can be assumed that there was no progressive enrichment of 

gold towards the top of the upper zone. This is also substantiated by 

the absence of any significant known gold deposits in the roof of the 

Bushveld Complex. It is therefore assumed that the gold, together with 

some PGE, rather occurs disseminated throughout the upper zone and was 

mobilised at the postmagmatic stage by hydrothermal fluids to cause 

localised enrichments in the roof of the Complex. 

Not much data is available on the mobility of the PGE in hydrother

mal fluids. Barnes et al. (1985) interpret positive correlations 

between Au and Pt anomalies in rocks which were subjected to mild 

talc-carbonate alteration by concomitant mobility of Au and Pt. 

Schiffries (1982) assumes that a chloride complex can, at least at low 

temperatures, discriminate between the PGE, leading to a PGE distribu

tion pattern which is highly skewed towards Pt. 

As discussed in Chapter 9.1, the gold at Waaikraal was most likely 

84 



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

transported as sulfur complexes. According to Mountain and Wood 

(1988),. Pt and Pd are more likely to be transported as sulfur com

plexes than as chloride complexes and, if conditions are favourable, 

Au and Pt could possibly be deposited together from bisulfide solu

tions. The solubility of Au as a bisulfide complex appears t~ be many 

orders of magnitude higher than that of Pt (Mountain and Wood, 1988), 

which is also shown by the small Pt/Au ratio at Waaikraal. No thermo

dynamic data on bisulfide complexing of the other PGE is available, 

but, if transport through bisulfide complexing is assumed, their 

solubilities seem fairly uniform and lower than that for Pt. The 

positive Pt anomaly of the Waaikraal pyroxenite compared with the 

negative anomaly of the upper zone rocks from the eastern Bushveld 

could possibly be explained by the selective transport of some PGE 

together with the gold in the hydrothermal. fluids. 
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IO. THE ORIGIN OF THE GOLD--BEARING PYROXENITE AND MAGNETITE-RICH ROCKS 

FROM WAAIKRAAL 

10.1 Introduction 

Comparison of the whole rock composition and trace element content 

of the pyroxenite and the magnetite-rich rock from Waaikraal with 

r~cks from the upper zone of the Bushveld Complex show that the pyro

xenite might have crystallised from a highly differentiated ~pper zone 

type liquid (chapter 5.4). This assumptiori is supported by the compo

sitional similarities of clinopyroxenes, plagioclase and magnetite of 

Waaikraal pyroxenite and rocks from the topmost part of the upper zone 

intersected by the Bierkraal borehole (see chapters 6.1, 6.2 and 6.5 

respectively). 

Seeing that the magnetite grains in the pyroxenite contain exsolu

tion lamellae of ilmenite, whereas the magnetite grains of the magne

tite-rich rock do neither contain ilmenite lamellae nor high concen

trations of titanium (chapters 3.1.3 and 6.5) different origins for 

the two rock types at Waaikraal are proposed, although the composi

tions of the silicates are very similar (chapters 6.1, 6.2 and 6.4). 

10.2 Other Ti-Poor Magnetite-Rich Rocks in the Bushveld 

Van Biljon (1949) considers certain garnet-magnetite rocks from 

Zeekoegat, to be the products of hydrothermal solutions which followed 

and replaced calcareous parts of sediments. The sediments, mainly 

quartzite and limestone, belong to the same stratigraphic unit as the 

sediments at Waaikraal (Geological Survey, 1981). The garnet-magnetite 

is also marked by a very low titanium content (0.40 weight per cent) 

and except for the Fe-content (which is higher in the magnetite-rich 

rocks from Waaikraal) and the Ca-content (which is lower than in the 

garnet-magnetite rock),the whole rock compositions of both rock types 

are very similar (Table 10.1). The differences can be ascribed to 

different modal proportions, where the magnetite-rich rock from Waai

kraal contains less silicates (clinopyroxene) compared to the garnet-
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magnetite rock from Zeekoegat. 

M~gnetite-rich rock with a low titaniu~ content also occurs in the 

Dwars River Fragment, a sequence of quartzite, hornfels and metamor

phosed dolomitic limestone of the Pretoria Group in the vicinity of 

Kennedy's Vale, District Lydenburg. The origin of the magnetite-rich 

rock is not quite clear, but the low titanium content (Table 10.1) 

points to a sed_imentary origin, whereas the presence of garnet sug

gests· a skarn (Van Rensburg, 1962). 

Table 10.1 Whole rock composition of a garnet-magnetite rock from 
Zeekoegat (van Biljon, 1949), magnetite rock from the 
Dwars River Fragment (van Rensburg, 1962),- and the 
means of Waaikraal magnetite-rich rock for comparison 
(all iron as Fe 2o3). 

garnet-magnetite magnetite Waaikraal magnetite-
rock rock rich rock 

------------------ -- --- ----- ----------
Si02 29.18 !♦ e82 26.12 

TiO~ 0.40 0.20 0.62 
Al2 3 4.48 4.89 4.77 

Fe6°3 32.74 54.52 60.87 
Fe 5.75 21.34 -
Mn0 0.33 1.02 0.56 
Mg0 0.89 9.09 o.49 
Ca0 25.51 0.27 10.07 
Na2o - - 0.33 
K20 - - 0.19 
Pz05 0.09 0.09 o.o4 
Cr2o3 trace - 0.09 
v2o~ - o.74 -
Hz0_ 0.28 3.00 
H20 o. 10 0.15 

----- ------ ------
99.75 100. 13 104.15 
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10.3 Sedimentary Origin of the Magnetite-Rich Rocks 

The two most important varieties of iron-rich sediments are banded 

iron formations and oolitic ironstones (Maynard, 1983). Amongst the 

banded iron formations, two types are dominant: Algoma- and Lake Supe

rior type deposits (Gross, 1980). The presence of clinopyroxenes in 

metamorphic iron formations has been described by.Kranck (1961) and 

Immega' and Klein (1976), but clinopyroxene generally occurs together 

with Fe-rich orthopyroxene in these rocks. 

The means of major- and trace elements of the magnetite-rich rocks 

from Waaikraal (Tables S.1 and 5.2) are compared with these two types 

of iron formations Figure 10.1. 

Typical goethitic, hematitic, chamositic and sideritic ironstones 

were normalised to Waaikraal magnetite-rich rock and plotted in Figure 

10.2. Unfortunately, only major element data could be obtained for the 

different oolitic ironstones. 
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Figure 10.1 Average major- and trace element concentra
tion of Algoma- and Lake Superior type iron 
formation (after Gross, 1980) normalised to 
Waaikraal magnetite-rich rock. 
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Figure 10.2 Average major element concentration of 
typical goethitic, hematitic, chamositic 
and sideritic ironstones (after Maynard, 
1983) normali~ed to Waaikraal magnet! te
rich rock. 

Figures 10.1 and 10.2 show that there are significant compositional 

differences between the magnetite-rich rock from Waaikraal and typical 

ironstones as well as between Waaikraal magnetite-rich rock and iron 

formations. It is therefore unlikely that the magnetite-rich rock at 

Waaikraal can be considered as an original iron-rich sediment. 
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10.4 Skarn Origin of the Magnetite-Rich Rock 

According to Verkaeren and Bartholom~ (1979) it is well known that 

iron oxide deposits may form in the vicinity of an intrusive as a 

result of iron being introduced into a limestone by metasomatic 

fluids. The magnetite-rich rock from Waaikraal might theiefore repre

sent a skarn, which could have evolved along the common pattern of a 

skarn (Einaudi et al., 1981); viz: 

(1) isochemical contact metamorphism accompanying emplacement of 

the magma; 

(2) metasomatism (skarn formation) accompanying crystallisation 

of the magma and evolution of the ore fluid;_ 

(3) retrograde alteration and ore deposition accompanying final 

cooling of the system; 

A skarn origin of the magnetite-rich rock from Waaikraal is suppor

ted by the presence of typical skarn minerals such as hedenbergite 

(see capter 6.1), magnetite and ilvaite (see chapter 3.1.3) and the 

metal association of Co, Cu, As and Au with Fe. The magnetite-rich 

rock could be classified as a calcic iron-skarn as described by Zhari

kov (1970). and Einaudi and Burt (1982), derived from sediments through 

metasomatism by iron-rich fluids. 

In order to determine whether the magnetite-rich rock does indeed 

represent metasomatised sediments, it has to be established whether 

any evidence for the "original sediment", that is the sediment before 

introduction of iron-rich fluids, can be found. 

Cale-silicates and quartzite occur in the vicinity of Waaikraal 

gold mine and shale has been described by van Biljon (1949) and Visser 

(1969) to be present in the Rayton Formation. These three sediment 

types and a combination of shale with calc-silicate were selected as 

potential "original sediments". Average whole rock compositions of the 

calc-silicates and quartzites from Waaikraal as well as the composi

tion of a shale from Zeekoegat (van Biljon, 1949) are presented in 

Table 10.2. 
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In order to deduce an "original sediment" composition from the 

magnetite-rich rocks, the iron content ,of the average whole rock 

composition of the Waaikraal magnetite-rich rock is made equal to the 

respective iron content of the.sediments. The concentration of the 

remaining elements in the magnetite-rich rocks were than increased 

proportionally to yield the recalculated analyses of the Waaikraal 

magnetite-rich rock in Table 10.2. The compositions of the calc-sili

cate, quartzite, shale and mixture of shale and calc-silicate are then 

normalised to the respective adjusted compositions of the magnetite

rich rock and plotted in Figure 10.3. 

Table 10.2 Average whole rock composition of Waai
kraal calc-silicate (N ~ 4) (WK-CS), 
Waaikraal quartzite (N ~ 9) (WK-QZ), 
shale from Zeekoegat (van Biljon ,1949) 
and a combination ( 1 : 1) of calc
silicate and shale; together with their 
respective recalculated (as described 
in chapter 10.4) magnetite-rich rock 
from Waaikraal. 

WK-CS 
WK-CS WK-QZ Shale + Shale 

-------- --------- --------- --------- ----------
Si02 51. 10 84.41 57.8 54.45 
T102 0.10 0.13 a.a o.4s 
Al203 1.33 4.06 19.3 10.32 

Fet3 2.16 4.41 a.s 5.33 
Mn 0.28 0.10 0.07 0.18 
MgO 0.51 0.88 1.2 0.86 
Cao 43.89 3.57 o.3 22. 10 
Na 2o (1.1.d. 1.01 1 .o a.so 
K2o 0.06 1.so s.1 2.58 
P205 0.15 0.14 0.02 0.09 
Cr2o3 o.oa 0.10 - 0.04 

recalculated Waaikraal ma1~netite-rich rock 
-------- --------- --------- --------- ----------

Si02 59.05 57.69 ss.22 57.13 
Ti02 1.40 1.37 1.31 1.36 
Al 2o3 10.78 10.54 10.oa 10.43 

:t3 
2.16 4.41 a.s 5.33 
1.26 1.24 1.18 1.22 

MgO 1 .11 1 .oa 1 .04 1.07 
Cao 22.76 22.24 21.29 22.03 
Nat 0.75 o.73 0.70 0.12 
K2 0.43 o.42 0.40 0.42 
P20s 0.09 0.09 o.oa 0.09 
Cr2o3 0.20 0.20 0.19 0.20 
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Figure 10.3 shows that the "original sediment", from which the 

magnetite-rich rock might have formed is most likely a combination of 

equ_al parts of shal~ and calc-silicate. Cao, P2o 5 , Sio2 , MgO, Al 2o 3 
and Na 2o contents compare very well. K2o is enriched in the sediment 

compared with the recalculated magnetit~-rich rocks, possibly reflec

ting a smaller than average proportion of clay minerals in the unmeta

somatised sediment or a potassium loss during metamorphism and hydro

thermal activity. MnO was most likely transported together with the 

iron, but was not recalculated in the same way, causing the larger 

amount of MnO present in the recalculated magnetite-rich rocks. cr203 

is present in concentrations close to the detection limit, where small 

errors can cause large differences in comparative studies of this 

nature. Ti02 is twice as high in the recalculated magnetite-rich 

rocks compared with the sediment, but the actual difference is only 

0.91 weight per cent. 

10.5 Conclusion 

In conclusion it is favoured that the pyroxenite is related to the 

upper zone of the Bushveld Complex and that it crystallised from a 

highly differentiated upper zone type liquid, which was injected into 

the host rocks during the final stages of consolidation of the upper 

zone. The host rock probably consisted of a marl, with a composition 

equivalent to equal parts of shale and limestone. The latter recrys

tallised to calc-silicate rock during the emplacement of the Bushveld 

Complex. Introduction of the highly fractionated iron-rich liquids 

into the host rock gave rise to the pyroxenite and to conditions 

favourable for reconstructing the marl into the magnetite-rich rock. 
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11. SUMMARY AND CONCLUSION 

The gold at Waaikraal occurs in a sill-like body of alternating 
-

layers and lenses of pyroxenite and magnetite-rich rock, hosted in 

sediments belonging to the Rayton Formation of the Transvaal Sequence. 

The sediments are situated between the magnetite gabbros of the upper 

zone of the Bushveld Complex and the granites of the Lebowa Granite 

Suite. 

Clinopyroxene (hedenbergite and augite) with inclusions of amphi

bole (mainly hastingsite and hastingsitic hornblende) is the major 

constituent of the pyroxenite. Plagioclase (mainly andesine) and 

quartz occur interstitially. Magnetite with abundant exsolution lamel

lae of ilmenite, but frequently also spine! occurs as discrete grains. 

Accessory minerals are calcite, apatite and occasionally prehnite. The 

magnetite-rich rock consists mainly of magnetite and clinopyroxene 

(hedenbergite and augite). The magnetite does not contain any ilmenite 

exsolution lamellae, although spinel exsolutions occur throughout many 

of the grains. The clinopyroxene does not contain any inclusions of 

amphibole. Small clinopyroxene grains can be found within magnetite 

grains and vice versa. Plagioclase (mainly andesine) occurs intersti

tially. Abundant olivine (fayalite) was found in one sample and il

vaite was encountered in several samples of magnetite-rich rock. It is 

present together with primary and secondary magnetite and sometimes 

chlorite. An accessory mineral is apatite. 

The sediments, which host the ore body are mainly quartzite and 

pyroxene hornfels. Calc-.silicate hornfels ( mainly wollastonite and 

garnet) occurs in places. The most abundant constituent of the magne

tite gabbro exposed close to the deposit is plagioclase. Clinopyro

xene, orthopyroxene, orthoclase and magnetite occur interstitially. 

Due to the lack of exposure of the topmost differentiates of the 

Bushveld Complex, rocks (ferrodiorite and ferrogabbro) from the top of 

the Bierkraal 1 borehole were used for comparison. 

The mineralogical differences of the pyroxenite and the magnetite

rich rock are reflected in Spearman correlation matrices, which were 

obtained of whole rock- and trace element composition for each rock 

type separately. The modified Tukey test (Neave, 1979) also esta

blished, that there are significant differences between the two rock 
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types, which can readily be explained by the different mineralogy. 

Comparison of the compositions of Waaikraal pyroxenite, magnetite

rich rock, magnetitE:_ gabbro and· the topmost differentiates from the 

Bushveld Complex, revealed that the magnetite gabbro, exposed close to 

the deposit, belongs to stratigraphically lower part of the upper zone 

than the samples taken ~rom the Bierkraal borehole. This is supported 

by the compositions of the clinopyroxene and the plagioclase. The 

magnetite-rich rocks are, compared to those from Bierkraal, depleted 

in most elements except for Fe, V, Cr, Ni, and to a lesser extend Ca, 

Mn, Nb and Y, which reflect the much larger amount of magnetite in the 

former. Interesting to note, however, is the low Ti0 2 content, in 

spite of the large amounts of magnetite in the magnetite-rich rock. 

The resemblance between the rocks from Bierkraal and the pyroxenite is 

generally closer than between the latter and the magnetite gabbro. The 

plot Mg0/(Mgo+Fe 2o3) versus Rb/(K2o+Na2o) (Fig.5.2) indicates that the 

pyroxenites from Waaikraal are more differentiated rocks than the 

topmost differentiates of the upper zone intersected by the Bierkraal 

borehole. 

Analyses of mineral compositions showed that the composition of the 

clinopyroxene of the pyroxenite and the magnetite-rich rock overlap 

and plot on the boundary of the hedenbergite and augite fields of the 

pyroxene quadrilateral. The composition of the plagioclase of the 

pyroxenite as well as the magnetite-rich rock varies considerably from 

grain to grain within one thin section, with the majority of composi

tions around An 30 _ 50 • All amphibole in the pyroxenite fall into the 

calcic amphibole group according to the classification of Leake 

(1978). Most of the analyses can be termed hastingsite and hastingsi

tic hornblende, although a few analyses fall into the compositional 

fields for ferro-edenite, ferro-edenitic hornblende, ferro-actinolite 

and ferro-hornblende (Fig. 6.3). The ranges of composition of the 

magnetite itself in the two rock types of the ore body overlap. The 

magnetite in the pyroxenite, however contains 10-30 volume per cent 

ilmenite exsolution, indicating an overall much higher Ti-content of 

the magnetite/ilmenite grains as a whole. The composition of the 

magnetite varies considerably, evidently in response to the amount of 

ulvospinel in either solid solution or as tiny exsolutions in the 

magnetite. The composition of the Waaikraal magnetite of both rock 

types corresponds best with the magnetites from the topmost rocks of 
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the upper zone (Fig. 6.6). 

in the pyroxenite and magnetite-ricq rock from Waaikraal, two 

assemblages of ore minerals can be distinguished, viz. (i) safflorite, 

arsenopyrite, cobaltite, joseite, bismuthinite, native bismuth calco

pyrlte and gold and (ii) pyrrhotite, pyrite, chalcopyrite and sphale

rite. The first group represents the later generation. ·Generally there 

is a greater.abundance of ore minerals in the pyroxenite than in the 

magnetite-rich rock. Apart from very pure native gold, two gold 

bearing compounds occur. These are maldonite (Au 2Bi) and CuAu 3• The 

most frequent encounterd bismuth-bearing mineral is joseite-B 

(Bi 4Te 2s), but bismuthinite (Bi2s3) also occurs, often surrounding 

native bismuth. The composition of the safflorite varies from loellin

gite- (FeAs 2) to safflorite (CoAs 2) -rich members ~ith up to 8 mole 

per cent NiAs 2• Cobaltite (CoAsS) and arsenopyrite (FeAsS) were the 

only sulfarsenides found to occur in the Waaikraal deposit. Chalco

pyrite is the main copper-bearing sulfide and occurs together with 

almost all of the other ore minerals of the deposit. It is also 

present as small droplets in sphalerite. Intermediate and monoclinic 

pyrrhotite (the intermediate phase is dominant) is often found to

gether with pyrite and chalcopyrite. 

The close association of gold with a variety of different ore 

minerals allows to estimate the temperature conditions of ore forma

tion. The available literature indicates the following maximum tempe

ratures of formation: arsenopyrite soo 0 c, cobaltite 400°C, safflorite 

8S0°c, bismuthinite + native bismuth 880°c and joseite-B 478°c. 

The temperature range of formation of the ore minerals associated 

with the gold and the mode of occurrence of the gold as small grains 

and in veinlets suggests a hydrothermal origin of the gold. Seeing 

that the gold at Waaikraal is associated with sulfides and sulfarse

nides such as arsenopyrite, cobaltite and chalcopyrite, there is a 

strong possibility that the gold was transported as sulfide complexes. 

There are also indications that the fluid became progessively sulfi

dizing during the evolution of the ore body, as is indicated by textu

ral relations, e.g. native bismuth frequently surrounded by bismuthi

nite and safflorite enclosed by cobaltite. 

Platinum-group element analyses of two samples of pyroxenite from 

Waaikraal revealed that the C-1 chondrite normalized pattern is very 

flat, except for a positive anomaly for Pt. The concentration of PGE 

96 



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

is very low. It is assumed that the gold, together with some PGE 

occurs dissiminated throughout·the upper ~one of the Bushveld Complex 

and was mobilized at the postmagmatic stage by hydrothermal fluids to 

cause localized.enrichments in the roof of the complex. 

Comparison of the whole rock composition and trace element content 

of the pyroxenite and ~he magnetite-rich rock with rocks from the 

upper zone of the Bushveld Complex shows that the pyroxenite might 

have crystallized from a highly differentiated upper zone type liquid. 

This assumption is supported by the compositional similarities of 

clinppyroxene, plagioclase and magnetite of Waaikraal pyroxenite and 

rocks from the topmost part of the upper zone intersected by the 

Bierkraal borehole. Seeing that the magnetite grains of the magnetite

rich rock do neither contain ilmenite exsolution lamellae, nor high 

concentrations of titanium, in contrast to the magnetite grains of the 

pyroxenite, a different, possibly sedimentary origin of the magnetite

rich rock is proposed. Comparison of the magnetite-rich rock with the 

two most important varieties of iron-rich sediments (banded iron 

formation and oolitic iron stones) revealed that there are significant 

differences between the composition of the magnetite-rich rock from 

Waaikraal and those sediments. It is therefore unlikely that the 

magnetite-rich rock can be considered as an original iron-rich sedi

ment. A skarn origin of the magnetite-rich rock is supported by the 

presence of typical skarn minerals such as hedenbergite, ilvaite and 

magnetite and the metal association of Co, Cu, As and Au with Fe. 

Comparison of the magnetite-rich rock with quartzite, shale, calc

silicate and a combination of shale and calc-silicate, after equating 

the iron content of the average whole rock composition of the magne

tite-rich rock with the iron content of the sediments, showed that the 

"original sediment" most likely was a marl with a composition equiva

lent to equal parts of shale and limestone. 
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APPF.NDIX l 

~ Aoalyses of Selected Waaikraal Pyrolll!Dite and Magnetite-Rich Rocks 

a: Pyroxenite 

Sample·No. WK 3.2 I WK 6.3 WK 12.4 WK 12.3 I WK 28.4 WK 21.s I WK 20.5 I WK 16.2 I WK 14.4 I 
I I 
I I 

Clinopyroxene ?7.57 64.89 74.30 51.39 I 63.92 52.73 47.09 I 91.71 64.64 

Plagioclase 8.25 20.08 12.79* 25.58 I 5.52 19.40* I 20.04* I 0.34 9.31* I 
Orthoclase 6.49 3.39 1.46 1.52 I 6.91* I 2.80 I 1.34 6.82 I 
Quartz 8.02 2.91 5.85 18.35 I 1.18 1.90 I 8.19 I 0.45 6.20 I 
Hornblende 5.78 6.11 2.92 o.76 I 15.18 14.49 I 10.67 I 4.26 9.55 I 
Mica/Chlo rite 0.12 0.63 I 0.94 1.68 I 0.32 I 0.22 I 
Opaque 3.42 2.23 1.95 1.52 I 11.75 0.56 I 9.16 I o.34 2.85 I 
Accessory o.47 0.39 0.61 0.25 I 0.71 2.33 I 1.73 I . 1.34 o.51 I 

Sum 100.00 100~0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Points counted 840 1031 821 790 851 897 928 893 806 

b: Magnetite-rich rock 

Sample No. 

Clinopyroxene 

Plagioclase 

Orthoclase 

Quartz 

Hornblende 

Mica/Chlorite 

Opaque 

Accessory 

Olivine 

Sum 

Points counted 

+ partly altered 

* altered 

11 

11 WK 28.3 

I 

43.64 

11.73+ 

44.30 

0.11 

100.00 

912 

WK 4.1 WK 6.1 

57.54 50.18 

10.41+ 3.15* 

0.40 

0.13 

30.98 46.30 

0.54 0.37 

100.00 100.00 

I. 
790 I 825 

I 

WK 14.l I WK 15.3 I WK 12.1 I WK 17.3 I 

10.53 51.38 44.59 47.16 

3.27 10.88* I 5.91* I 16.59 

I I 
I I 

0.12 I I 
5.08 0.13 I I 

52.42 37.13 I 49.39 I 36.14 

0.25 0.48 I 0.11 I 0.11 

28.33 I I 

100.00 100.00 100.00 100.00 

826 800 897 844 
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APPDDll 2 

2.1 DP Analyaea 

2.1.1 Inatruaentatiou and Operating Conditioua for DP Analyaea 

Inatruaentation: All XRF analyses were done on an ARL 8420 XRF. 
A Rh end window tube was used at 50 mA and 50 kV. 

Liat of analysed ele■enta with the corresponding inatru■en
tal setup. 

Element Peak Position Analysing Detector 
K -line 2theta Crystal 

Si 109.21 PET FPC-6 
Ti 86.14 LIF200 FPC-6 
Al 145.12 PET FPC-6 
Fe 57.52 LIF200 FPC-6 
Mn 62.97 LIF200 FPC-6 
Mg 20.13 AX06 FPC-1 
Ca 100.22 LIF200 FPC-6 
Na 24.29 AX06 FPC-1 
K 136.69 LIF200. FPC-6 
p 141.03 GE FPC-6 
Cr 69.36 LIF200 FPC-6 
Ni 48.67 LIF200 FPC-6 

Zn 41.83 LIF200 FPC-6 
Cu 45.03 LIF200 FPC-6 
Ni 48.67 LIF200 FPC-6 
Co 52.84 LIF200 FPC-6 
Ga 38.95 LIF200 SC 
Mo 28.90 LIF220 SC 
Nb 30.44 LIF220 SC 
Zr 32.10 LIF220 SC 
y 33.87 LIF220 SC 
Sr 35.85 LIF220 SC 

Ri 37.99 LIF220 SC 
u 37.30 LIF220 SC 
Th* 39.23 LIF220 SC 
Pb** 28.26 LIF200 
Cr 107.06 LIF220 

SC 
FPC-6 

AX06 ~ 56A synthetic multilayer crystal 
FPC-6 • 4µm polypropylene window 

V 123.26 LIF220 
Ba* 87.14 LIF200 
Sc 97.68 LIF200 

2.1.2 Lover Li■its of Detection 

Element 1.1.d. (weight%) 

Ti02 0.01 
MnO 0.01 
Na 2o 0.01 
K20 0.01 
Pz05 0.02 

Crt3 0.05 
Ni 0.04 

-------------------
1.1.d. {ppm) 

-------------------
Zn 4 
Cu 4 
Ni 4 
Co 4 
Ga 4 
Mo 2 
Nb 3 
Zr 3 
y 3 
Sr 3 
Rb 2 
u 5 . 
Th 5 
Pb 5 
Cr 10 
V 8 
Ba 15 
Sc 8 

FPC-6 
FPC-6 
FPC-6 

fPC-1 a lµm polypropylene window 
** .. 14', -line 

• L~ -line 

2.1.l Reproducibility 

Reproducibility (in ppm) 
was calculated for trace 
elements according to 
chapter 4.1.4 (N • 20). 

Element ppm 

--------- -------------
Zn 3.20 
Cu 7.08 
Ni 5.01 
Co 2.90 
Ga 2.95 
Mo 3.23 
Nb 3.96 
Zr 3.41 
y 4.27 
Sr 2.12 
Rb 1.67 
u 7.28 
Th 6.89 
Pb 3.11 
Cr 421.87 
V 115.48 
Ba 11.15 
Sc 3.18 
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2.2 Nicroprobe Analyses 

2.2.1 Instrumentation and Operating Co~itions 

All microprobe analyses w~re done as spot measures on a JEOL Superprobe 733 with a wave 
system. For full ZAF corrections the program FZAFM was used. 

dispersive• 

a.: Silicates b.: Magnetite 

Counting Time Counting Time 
Element Standard in seconds Element Standard in seconds 

Peak Background Peak Background 

Al Alt( ( 100%) 20 10 
Mg Mg 100%) 20 10 
Ti no2 (100%) 20 10 
Cr cr2o( ( 100%) 20 10 
Mn MnO 100%) 20 10 
Fe Hematite 20 10 

Mg Mg O (100%) so 10 
Cr cr2o( ( 100%) so 10 
V vo2 100%) so 10 
Al Al 2o3 (100%) 20 10 
Ti Ti02 ( 100%) 20 10 
Mn MnO ( 100%) 20 10 

Na Albite 20 10 Fe Hematite 20 10 
Si Quartz 20 10 Si Quartz 20 10 
K Sanidine 20 10 Ca Wollastonite 20 10 
Ca Wollastonite 20 10 

Accelerating voltage: 15 kV 
Accelerating voltage: 20 kV 
Probe current measured on Faraday cage 0.2 * 10-7 A 

Probe current measured on Faraday cage 

c: Cobalt-Sulphides d: Bisautb-Sulphides 

Counting Time Counting Time 
Element Standard in seconds Element Standard in seconds 

Peak Background Peak Background 

s Arsenopyrite so 20 Bi Bismuthinite so 20 
Fe Arsenopyrite so 20 s Bismuthinite so 20 
As Arsenopyrite so 20 
Sb Sb2s 3 so 20 
Co CoS! so 20 
Ni Mil erite so 20 

Co CoS2 so 20 
Ni Mille rite so 20 
As Arsenopyrite so 20 
Te Altaite so 20 

Bi Bismuthinite so 20 Sb Sb2S3 so 20 

Accelerating voltage : 15 kV 
Probe current measured on Faraday cage O.S * 10-7 A 

Accelerating voltage : 15 kV 
Probe current measured on Faraday cage O.S * 10-7 A 

e: Pyrrbotite and Cbalcopyrite f: Gold and Gold Coapounds 

Counting Time Counting Time 
Element Standard in seconds Element Standard in seconds 

Peak Background Peak Background 

Fe Troilite so 20 Au 100% Au so 20 
s Troilite so 20 Ag 100% Ag so 20 
As Arsenopyrite so 20 Cu 100% Cu so 20 
Ni Millerite so 20 Fe 100% Fe so 20 
Co Cos 2 so 20 
Cu Chalcopyrite so 20 

Bi Bismuthinite so 20 
Pd Pd8Sb3 so 20 
Hg PdtgTe3 so 20 
Rh 10 % Rh so 20 

Accelerating voltage: 15 kV 
Probe current measured on Faraday cage 0.5 * 10-7 A 

Accelerating voltage: 20 kV 
Probe current measured on Faraday cage 
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2.2.2 Liaita of Detection (in weight per cent) 

Limits of detection were determined at the 3 sigma level on the background at the peak 
position. 

a: Silicates b: Magnetite 

- determined on - determined 
ctinopyroxene magnetite 

Si02 0.03 Si02 
Cao 0.03 Cao 
Na 2o 0.02 uo2 
K2o 0.03. V203 
Cr 2o3 0.06 Cr 2o3 
MgO o.os MgO 
A1203 o.os Al203 
FeO 0.04 MnO 
MnO o.os 
uo2 0.04 

on 

o.os 
0.03 
0.02 
0.03 
0.02 
0.02 
0.03 
0.03 

c: Bisauth-Sulphides 

- determined on 
bismuthinite 

s 0.02 
Ni 6.03 
Co 0.03 
Te 0.04 
As 0.21 
Sb 0.01 

d: Arsenopyrite /Co-Sulphides e: Chalcopyrite / Pyrrhotite f: Gold/ Gold Coapounda 

- determined on 
cobaltite 

s 0.02 
Sb 0.03 
As o. 13 
Co 0.02 
Fe 0.02 
Ni 0.02 
Bi 0.81 

- determined 
pyrrhotite 

Co 
Cu 
Ni 

on 

0.02 
0.03 
0.02 

- determined on 
native gold 

Ag 
Cu 
Fe 
Bi 

0.09 
0.02 
0.02 
0.02 

2.2.3 R.eproducibillty (in weight per cent; < 1.1.d. • less than lower limit of 
detection) 

a: Clinopyroxene (N•60) b: Magnetite (N•60) c: Pyrrhotite (N•60) 

Na2o 0.03 Si02 < 1.1.d. As < 1.1.d. 
Si02 0.23 uo2 o. 18 s 0.18 
FeO 0.2s FeO o.47 Fe 0.26 
K2o 0.01 MgO 0.01 Ni 0.01 
Al 2o3 0.04 Cao < 1.1.d. Cu < 1.1.d. 
MgO 0.04 MnO 0.02 Co 0.01 
MnO 0.04 Al203 0.09 
Cao 0.41 Cr 2o3 0.01 
Cr2o3 0.01 V203 0.01 

d: Chalcopyrite (N•24) e: Joaeite-B (N•32) f: Bisauthinite (N•l2) 

As < 1.1.d. s 0.02 s 0.12 
s o. 19 Bi o.31 Bi 0.10 
Fe 0.22 Te o.oa Te < 1.1.d. 
Ni < 1.1.d. As < 1.1.d. As < 1.1.d. 
Cu o.os Ni < 1.1.d. Ni < 1.1.d. 
Co 0.01 Sb < 1.1.d. Sb < 1.1.d. 

Co < 1.1.d. Co < 1.1.d. 

f: Arsenopyrite (N•l2) 

Co 0.02 
Ni < 1.1.d. 
Fe 0.08 
s 0.11 
As 0.47 
Sb < 1.1.d. 
Bi 0.32 
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APPDDll 3 

3.1 Whole rock co■poaitioa in weight per cent of Vaaikraal pyrozenite, ■agnetite-rich rock, quartzite, pyrozeae 

borafela, calc-ailicate and ■agnetite gabbro (all iron u Fe2o3, <lld • lea• than lower li■it of detectioa; 
RiO < lld) 

a: Pyrounite 

Sample S102 Ti02 Al203 ;Fe2o3 MnO MgO CaO Na2o K2o P205 Cr2o3 LOI H2o- TOTAL 

-------
WK.2.2 40.51 1.69 2.94 39.14 0.62 0.93 14.92 0.48 0.24 (lld 0.09 -1.69 0.20 100.08 
WK.2.3 29.80 o.79 5.40 53.97 o.44 o.48 10.32 0.58 0.41 0.06 o.oa -1.37 o. 18 101.15 
WK.2.4 41.60 1 .46 4.72 36.77 0.61 1.07 14.68 o.67 0.54 (lld 0.09 -0.97 0.24 101.49 
WK5.2 50.32 o.42 4.59 26.43 0.57 1.24 16.22 1.21 o.78 0.01 (lld -0.99 0.22 101.12 
WK.6.2 30.64 1.14 4.53 54.32 0.44 0.43 9.41 0.10 0.35 o.os 0.10 -1.30 0.20 101.01 
WK.6.3 50.88 0.36 3.93 27.13 0.60 1.29 14.93 0.91 o.79 0.01 0.08 -0.79 0.29 100.48 
WK.7.1 48.87 0.29 2.92 28.93 0.66 1.35 18.20 0.67 0.30 0.04 o.o9 -1.04 0.21 101. 49 
WK.9.3 30.52 o.49 6.86 48.93 0.46 o.59 12.54 0.17 0.35 0.02 0.06 -1.23 0.13 99.89 
WK.10.3 29.32 0.51 5.69 52.77 0.44 0.63 12.16 0.35 0.28 0.03 0.09 -1.23 0.17 101.21 
WK.10.7 48.14 o.51 4.56 30.78 0.54 -0.87 14.66 o.95 o.94 0.05 0.09 -0.89 0.18 101.38 
WK.10.9 50.66 o.31 3.80 26.83 0.63 0.93 17.33 0.69 0.48 0.05 0.09 -0.83 0.25 101 •. 23 
WKll.2 46.56 0.21 2.01 30.11 0.11 1.16 21.20 0.41 0.12 (lld 0.08 -1.50 0.24 101.37 
WK.11.3 49.95 o.43 3.37 27.81 0.66 1.51 16.69 o.as o.45 o.os 0.09 -0.89 0.16 101.13 
WK.12.2 48.54 0.73 4.01 30.14 o.s9 1.50 15.30 0.86 0.56 (lld o.o9 -1.24 0.23 101.32 
WK.12.3 53.50 0.46 6.16 23.22 o.so 0.95 12.42 1.50 1.12 0.02 o.oa o.oo 0.23 100.16 
WK.12.5 49.32 0.10 3.79 29.68 0.54 1.22 14.86 0.75 o.50 0.01 0.09 -1.19 o. 18 100.52 
WK.13.2 48.47 0.42 3.73 27.42 0.65 1.59 17.89 0.88 0.57 (lld 0.06 -1.23 0.11 100.57 
WK.13.4 62.72 0.16 1.67 21.38 0.13 0.22 14.11 0.26 o.13 0.02 0.09 -0.77 0.14 100.87 
WK.14.4 40.44 0.11 4.62 41.14 0.54 0.98 12.84 0.75 o.42 <lld 0.01 -1.16 o. 15 101.50 
WK.15.4 44.63 o.59 4.76 33.22 0.60 1.19 15.00 0.86 o.48 0.02 0.06 -0.88 0.22 100.76 
WK.16.2 48.01 0.11 1.89 30.77 0.1a o.69 18.44 0.21 0.12 <lld 0.01 -1.92 0.12 99.35 
WK.17.6 48.87 o.46 6.16 26.41 0.45 1.43 14.62 0.10 0.10 0.09 o.oa 0.22 o. 18 100.39 
WK.18.3 53.04 0.30 5.55 26.37 0.57 1.55 15.01 1.18 0.98 0.06 0.06 -0.77 0.18 104.08 
WK.19.4 48.82 0.28 3.67 26.70 0.63 1.67 17.13 0.68 0.53 0.01 0.06 o.73 0.23 101.20 
WK.20.3 50.20 0.37 3.91 25.75 0.11 1.83 16.76 1.11 0.67 0.06 0.01 -0.31 0.15 101.28 
WK.20.5 55.17 0.33 5.97 21.85 o.46 1.43 13.47 1.44 1.11 o.oa 0.01 -o.43 o. 15 101.10 
WK.21.3 so.as 0.44 4.45 25.76 0.61 2.01 15.73 1.11 0.63 0.04 o.oa -0.74 0.14 101.14 
WK.21.5 46.92 0.95 3.69 29.18 0.57 1.90 16.58 o.9s o.49 0.04 0.06 -1.26 0.20 100.27 
WK.22.3 51.01 o.44 4.15 24.97 0.62 2.24 16.60 0.97 0.68 0.13 0.09 -1.12 o.31 101. 10 
WK.24.1 44.91 o.76 4.57 31.05 0.63 1.43 15.70 1.11 0.41 <lld 0.01 -0.77 0.16 100.04 
WK.26.2 46.69 0.73 3.51 29.87 o.s9 2.15 16.87 0.86 0.43 o.os 0.01 -0.67 0.19 101.35 
WK.26.4 42.06 1.49 4.28 36.12 0.48 2.78 13.24 o.ao 0.54 o. 18 o. 10 -0.79 0.13 101.42 
WK.27.2 51.40 0.98 4.00 24.03 o.49 4.07 14.18 0.92 0.52 0.22 <lld 0.23 0.29 101. 36 
WK.28.4 52.27 o.52 4.24 23.47 o.s1 3.55 14.01 1.10 0.62 o.oa 0.09 -0.14 0.17 100.so 
WK.36.6 32.37 0.47 5.37 49.12 o.68 0.92 11.26 0.32 0.56 0.02 o.oa -0.87 o. 10 100.40 
WK.36.7 41.67 0.59 5.99 32.47 0.51 1.59 15.22 0.49 0.87 0.03 0.06 1.25 0.17 100.91 

WK.36.8 44.48 o.73 8.34 23.10 0.31 1.69 15.07 0.94 o.ao 0.13 0.06 4.19 0.23 100.oa 

b: Magnetite-Rich Rock 

Sample s102 Ti02 A1203 Fe 2o3 MnO MgO CaO Na 2o K2o P20s Cr2o3 LOI H2o- TOTAL 

--------- --------------- ---------------------------------------------------- ---- --------
WK.3.5 32.27 0.39 s.11 55.67 1.00 0.37 7.84 0.17 0.38 <lld 0.08 -3.01 0.06 100.94 
WK.4.5 27.93 o.38 5.38 56.92 0.83 0.25 10.48 (lld 0.24 (lld 0.01 -2.22 0.17 100.44 
WKS.4 22.78 0.20 3.04 72.59 1.24 0.22 3.16 <lld o. 16 <lld 0.01 -3.04 0.17 100.61 
WK.9.5 20.50 0.28 4.23 67.68 0.40 o. 14 8.76 0.04 o. 10 (lld o. 10 -2.35 0.34 100.23 
WK.9.7 27.73 o.41 5.37 57.15 0.47 0.34 10.68 0.12 0.18 <lld 0.01 -1 .98 0.44 100.99 
WK.10.1 22.21 o.47 4.58 63.76 0.48 0.52 9.98 0.06 0.24 (lld o. 10 -2.10 0.21 100.59 
WK.10.8 27.07 o.49 s.46 57.46 0.45 0.38 10.64 o. 18 o.3s (lld 0.07 -1.51 0.11 101.17 
WK.13.3 30.84 0.57 5.64 50.31 o.ss 0.49 11.32 0.39 0.44 (lld 0.09 -1.39 0.20 99.46 
WK.14.1 13.43 0.23 2.81 82.89 0.61 o. 15 3.95 0.06 0.04 0.02 6. 10 -2.97 0.09 101.42 
WK.14.5 15.90 0.25 3.55 77.29 0.57 0.21 5.57 0.03 0.01 (lld 0.08 -2.59 0.18 101.12 
WK.15.5 30.08 0.42 5.84 50.81 0.47 0.39 13.82 0.09 0.19 0.02 0.08 -1 .66 0.2s 100.81 
WK.17.5 25.97 0.39 5.19 59.23 0.47 0.26 10.63 0.07 o. 17 <lld 0.01 -1.70 0.06 100.82 
WK.18.1 20.88 0.62 3.37 67.43 0.45 o.36 8.20 0.18 0.07 0.02 0.09 -2.33 0.26 99.61 
WK.19.3 36.49 1.16 s.91 40.99 0.60 0.97 14.48 0.63 0.37 o.os o. 10 -1.26 0.32 100.81 
WK.20.4 23.63 0.62 4.67 61.10 0.42 o.38 9.55 0.16 0.31 o.os 0.08 -2.02 0.30 99.25 
WK.20.6 31.22 0.47 5.72 49.00 0.57 0.37 14.43 0.18 o. 13 <lld o. 10 -1.68 0.28 100.79 
WK.21.6 38.61 o.43 7.26 37.38 o.s6 0.65 16.95 0.13 o.os 0.02 0.10 -1.41 0.37 101.10 
WK.22.4 21.09 o.33 3.66 72.89 0.94 o. 10 4.87 <lld 0.20 0.04 0.08 -3.56 0.22 100.87 
WK.25.1 46.49 o.42 3.71 31.38 0.58 1.21 16.33 0.90 0.28 <lld 0.01 -0.89 0.21 100.69 
WK.26.5 27.91 0.95 5.09 56.23 o.s6 o.88 9.79 0.67 0.16 (lld 0.08 -2.13 0.21 100.40 
WK.27.5 30.54 2.01 4.59 51.29 0.48 1.20 10.29 0.60 0.23 0.02 0.09 -1 .57 0.06 99.84 
WK.30.2 14.78 0.21 2.60 78.82 0.44 0.13 6.85 <lld (lld 0.02 o. 10 -2.65 0.1s 101.47 
WK.36.1 16.55 0.26 3.32 80.39 1.14 0.38 2.54 (lld 0.06 <lld 0.12 -3.53 0.25 101.49 
WK.36.2 15.30 0.37 2.88 82. 10 1.03 0.28 1.91 (lld 0.02 (lld 0.09 -3.57 0.11 100.53 
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c: Pyrozene Bornfel• 

'I, 

Sample s102 Ti02 Al203 Fe 2o3 MnO MgO Cao Na 2o K2o P205 Cr2o3 LOI H2o- TOTAL 

I 45.16 HFl 0.32 7.99 21.43 0.10 1.10 22.43 0.11 0.20 0.08 (lld -0.08 0.15 100.22 

d: Quartzite 

Sample Si02 Ti02 Al203 Fe2o3 MnO MgO Cao Na 2o K2o P205 Cr2o3 LOI H2o- TOTAL 

----- - ----
WK9.8 86.46 0.10 3.46 3.95 0.09 o.47 3.02 1.16 1.12 0.42 o.o9 0.35 0.17 100.86 
WKll.4 74.29 0.12 2.47 11.07 0.28 1.15 8.81 0.74 0.45 0.16 0.09 -0.05 0.14 99.73 
WK13.5 90.65 o.os 3.81 0.82 0.01 <lld 0.20 2.01 1.86 <lld 0.12 0.67 0.12 100.42 
QZl 57.86 o.42 8.68 11.07 o.34 4.57 14.61 1.14 1.52 0.34 0.01 0.21 0.09 100.93 
QZ2 93.36 0.06 2.39 2.54 0.06 (lld o.55 0.45 0.88 0.03 0.11 0.21 0.08 100.78 
QZ3 86.01 0.11 4.17 4.62 0.01 o.64 1.96 o.58 1.98 0.06 0.11 0.18 0.14 100.66 
QZ4 88.94 0.01 3.47 1.78 0.03 0.83 1.50 0.69 1.91 0.11 0.09 0.35 0.08 99.85 
QZ5 89.94 0.09 4.32 0.94 0.02 (lld 0.83 1.14 2.06 0.01 0.10 0.17 0.14 99.82 
QZ6 91.93 0.11 3.81 1.27 0.02 0.21 0.67 1.13 1.71 0.02 0.10 0.33 o. 13 101.50 

e: Cale-Silicate 

Sample Si02 Ti02 Al203 Fe 2o3 MnO MgO Cao Na 2o K2o P205 Cr 2o3 LOI H2o- TOTAL 

--------- - ---- ---
CSl 50.92 0.01 1.26 1.99 0.28 o.51 43.36 <lld 0.01 0.23 0.01 0.62 0.05 99.37 
CS2 51.27 0.13 1.31 1.97 0.25 0.45 43.70 (lld o. 19 0.02 0.06 1.47 0.09 100.91 
CS3 51.55 0.12 1.50 2.45 0.30 0.54 44.49 <lld 0.02 0.20 0.09 1.03 0.06 102.62 
CS4 50.67 0.01 1.25 2.22 0.29 0.52 43.99 (lld 0.02 0.15 0.09 0.95 0.04 100.26 

f: Kagnetite~bbro 

Sample Si02 Ti02 Al203 Fe 2o3 MnO MgO Cao Na 2o K2o P205 Cr2o3 LOI tt2o- TOTAL 

------------------- ------------------------
MGl 47.51 3.39 18.42 15.53 o. 14 2.58 9.48 3.93 0.54 0.04 0.09 -0.53 0.04 101.16 
MG2 45.31 2.78 14.65 21.88 0.24 5.06 8.88 3.42 0.29 0.02 0.09 -1.14 o.oo 101.48 
MG3 46.35 2.55 16.13 18.84 0.21 4.26 8.78 3.29 0.38 0.06 0.10 -1.03 0.10 100.02 
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3.2 Trace eleaent coatent in pp of pyro:zenite. aagaetite-ricb roclt. pyroune hornfel•• quartdte ... ...-u.~ 
gabbro ( <lld • below tbe lower Uait of detectiou. oa • not anal.y■ed. for .Au O indicate■ quaaeitiu of lua dlaa 
o.s pp■) 

a: Pyrozellite 

Sample Zn Cu Ni Co Ga Mo Nb Zr y Sr Rb u Pb Cr V Ba Sc Au 

WK2.2 27 26 380- 14 (lld 4 90 15 48 9 7 <lld <lld 112 54 150 <lld 2 
WK2.3 187 17 8 399 7 6 9 155 17 66 25 12 8 52 20 254 <lld 0 
WK2.4 183 17 16 406 17 <lld 8 127 17 65 27 <lld 6 74 46 351 24 7 
WK3.2 159 19 13 305 9 <lld 8 106 21 54 20 <lld 8 28 11 238 <lld 4 
WK3.3 159 22 23 407 15 <lld 6 107 18 83 23 <lld 14 66 32 384 <lld 21 
WKS.2 144 29 13 407 9 <lld 11 138 24 74 31 5 12 53 37 382 22 83 
WK6.2 181 30 23 409 11 <lld 13 141 12 58 19 24 5 41 32 275 <lld 6 
WK6.3 154 41 16 478 4 <lld <lld 120 23 50 31 23 <lld 51 17 346 8 48 
WK7.l 155 26 21 300 <lld <lld 5 123 26 33 33 <lld <lld 48 27 206 <lld 3 
WK8.5 165 15 15 358 12 <lld 9 134 18 63 16 10 14 43 8 231 10 0 
WK9.2 164 24 16 327 5 3 7 135 27 85 27 5 11 40 46 467 12 0 
WK9.3 17 24 29 4 5 11 HI 21 112 24 <lld <lld <lld 92 53 225 <lld 0 
WK9.4 175 14 14 376 9 3 7 138 19 66 23 <lld <lld 53 27 336 <lld 0 
WK9.6 157 21 18 584 19 <lld 7 145 17 77 26 14 11 53 24 430 11 0 
WKI0.2 184 26 19 270 5 <lld 9 119 19 84 21 <lld 6 53 41 424 <lld 0 
WKl0.3 196 17 8 45 <lld 6 16 219 31 106 20 14 9 50 35 215 <lld 0 
WKl0.4 169 21 15 187 5 <lld 5 207 24 108 21 <lld <lld 45 19 312 (lld 0 
WKl0.5 155 25 9 296 5 <lld 5 169 24 83 30 <lld 14 44 28 617 9 0 
WKl0.7 162 16 6 438 7 <lld 9 158 20 39 34 16 19 70 25 420 <lld 0 
WKl0.9 147 59 35 218 6 <lld <lld 137 28 38 19 7 <lld 56 61 218 <lld 0 
WKll.2 160 14 13 248 <lld <lld 8 84 16 19 15 <lld 12 25 19 96 <lld 8 
WKll .3 163 42 26 418 8 <lld <lld 152 16 50 44 <lld <lld 104 31 263 18 3 
WK12.2 167 23 21 375 12 <lld 10 135 19 58 26 <lld 12 57 12 273 13 3 
WK12.3 163 109 22 296 11 <lld 5 182 13 85 103 103 <lld 69 46 410 <lld 10 
WK12.4 157 45 32 426 12 <lld 3 148 20 71 49 <lld <lld 73 59 323 20 8 
WK12.5 138 18 49 390 15 <lld 4 153 21 40 22 <lld <lld 120 51 261 <lld 0 
WK13.2 162 20 23 329 5 <lld 3 142 33 49 24 6 10 54 49 342 25 10 
WK13.4 137 <lld 21 28 <lld (lld 5 80 11 22 8 <lld 6 81 9 47 (lld 0 
WK14.4 215 22 12 328 13 4 11 149 18 59 21 <lld 11 79 31 370 <lld 3 
WK15.2 193 27 28 319 16 3 13 149 18 63 20 12 14 83 57 413 <lld 1 
WK15.4 182 17 15 349 11 <lld 4 173 21 58 30 7 12 43 20 410 <lld 1 
WK16.2 166 14 4 147 6 <lld <lld 68 18 24 5 19 <lld <lld 26 100 <lld 0 
WK16.5 164 13 8 332 5 6 8 206 27 69 21 (lld (lld 64 35 194 (lld 3 
WK16.7 177 18 20 394 20 (lld 6 132 22 43 20 <lld 9 59 27 288 (lld 1 
WK17.2 165 21 10 342 10 (lld 4 126 29 50 22 <lld 14 56 29 344 31 

WK17.4 149 11 23 667 11 <lld 6 126 12 31 10 <lld 17 41 47 197 (lld 0 

WK17.6 129 1592 67 169 13 3 6 185 25 64 24 <lld 14 103 27 181 (lld 0 
WK18.3 160 13 10 184 10 3 6 138 23 93 31 <lld 18 49 30 419 <lld 2 
WK18.5 161 20 19 292 12 (lld 6 157 21 61 31 19 12 72 17 442 14 5 

WK19.2 172 20 14 199 6 (lld 7 140 26 70 24 7 8 20 24 423 9 0 

WK19.4 174 17 26 120 10 <lld 4 114 19 43 19 <lld 18 41 11 186 (lld 9 
WK20.2 159 21 8 209 7 (lld (lld 123 30 29 15 <lld 12 17 17 414 (lld 1 

WK20.3 177 20 19 181 6 (lld (lld 145 25 36 22 (lld <lld 27 19 273 <lld l 

WK20.5 141 24 16 131 7 3 4 189 16 101 45 7 17 51 32 581 <lld 0 

WK21.3 178 23 21 226 15 (lld 4 138 24 72 27 10 7 38 10 310 30 0 

WK21.5 181 19 20 232 11 <lld 9 126 17 61 25 8 10 50 42 317 36 0 

WK22.3 24 27 209 12 (lld 7 152 25 70 26 (lld 20 (lld 106 61 316 24 0 

WK22.7 168 13 119 76 8 <lld 6 175 28 52 32 <lld 13 84 62 290 <lld 0 

WK23.l 171 21 18 192 11 <lld 6 126 28 64 19 9 12 52 17 271 48 0 

WK23.4 175 9 11 64 11 5 5 256 29 78 29 <lld 10 67 39 316 (lld 0 

WK23.5 27 17 56 12 (lld 6 181 14 49 14 <lld 12 (lld 74 83 163 (lld 0 

WK24.l 190 16 16 203 8 (lld 5 142 26 65 20 5 23 44 25 267 (lld 4 

WK24.2 147 13 31 149 9 <lld 6 154 16 144 39 5 16 61 41 392 9 1 

WK24.3 180 11 21 164 9 (lld 6 132 29 56 26 <lld 8 45 35 265 44 1 

WK24.5 194 13 11 181 8 <lld 8 104 23 50 16 12 7 33 49 207 36 1 

WK25.3 24 35 138 9 (lld 6 135 31 64 28 <lld <lld <lld 97 12 311 38 0 

WK26.2 176 18 18 364 7 <lld 8 127 27 35 11 (lld 6 40 38 140 21 20 

WK26.4 214 19 13 162 13 3 6 118 34 55 22 <lld 9 34 25 253 53 12 

WK27.2 203 21 16 86 11 <lld 5 143 32 49 21 15 13 39 50 326 63 3 

WK27.3 177 12 7 157 13 (lld 6 194 29 54 19 6 20 40 34 293 60 7 

WK28.4 162 15 29 195 14 (lld 4 119 31 49 25 12 9 72 51 311 58 10 

WK29.2 142 11 20 34 18 <lld 4 84 22 158 30 10 5 48 33 420 15 0 

WK29.3 146 16 27 38 11 <lld 3 86 27 135 23 8 6 47 46 280 56 1 

WK30.3 199 24 30 so 15 <lld 5 106 31 58 16 9 20 49 34 284 54 0 

WK30.4 186 21 18 58 14 <lld 9 128 26 95 20 <lld <lld 59 43 403 32 0 

WK36.3 186 27 27 244 8 <lld 5 123 29 59 30 <lld 25 46 35 312 30 0 

WK36.4 193 26 22 239 9 <lld 4 136 23 50 28 <lld 27 71 41 321 27 1 

WK36.6 219 13 48 46 14 4 9 166 27 43 19 <lld 11 51 59 207 <lld 1 

WK36.7 166 27 70 50 21 <lld 10 163 49 32 20 <lld 11 48 82 184 <lld 1 

WK36.8 247 <lld 39 18 24 (lld 13 287 97 44 12 7 9 55 79 91 13 0 
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b: Nqnetite-Uch lock 

Sample Zn Cu Ni Co Ga Mo Nb Zr y Sr Rb u Pb Cr V Ba Sc Au 

--------- ----------------- ---------------
WK3.l 25 20 110 8 8 6 118 12 42 5 <lld (lld (lld 60 57 121 <lld 0 
WK3.5 22 18 272 4 (lld 9 102 9 .50 20 (lld (lld (lld 57 42 95 <lld 0 
WK4.5 26 19 (lld <lld <lld 6 240 12 63 20 <lld (lld (lld 82 34 181 <lld 0 
WKS.4 36 15 78 7 7 7 84 (lld 11 5 3 5 (lld 96 63 79 (lld 1 
WK6.l 34 33 273 4 10 5 159 13 29 6 <lld <lld <lld 68 51 65 (lld 10 
WK8.6 28 13 <lld 4 6 9 180 9 35 6 (lld (lld (lld 103 66 234 <lld 0 
WK9.l 28 15 53 12 7 11 140 4 19 8 (lld (lld (lld 84 (lld 202 (lld 0 
WK9.5 34 13 (lld (lld 4 9 184 14 46 7 (lld <lld (lld 56 46 205 (lld 0 
WK9.7 25 11 124 8 7 7 182 15 72 11 (lld <lld <lld 69 19 235 (lld 0 
WKl0.l 26 18 67 7 8 10 221 19 56 12 (lld 5 (lld 63 45 123 (lld 0 
WKl0.6 26 15 108 8 5 6 191 14 41 16 3 <lld (lld 107 79 315 <lld 0 
WKl0.8 26 19. 277 4 6 6 184 17 108 24 <lld (lld <lld 82 42 409 <lld 0 
WK13.3 40 26 144 8 <lld 5 175 21 58 29 5 <lld <lld 83 69 627 <lld 0 
WK14.l 36 13 78 7 8 11 124 4 3 6 6 (lld (lld 58 43 97 <lld 0 
WK14.3 26 13 184 <lld 12 12 214 17 72 13 4 24 (lld 105 45 85 <lld 0 
WK14.5 31 24 107 6 6 10 166 10 50 10 (lld (lld (lld 60 12 68 (lld 0 
WK15.l 32 7 (lld (lld 12 9 139 18 18 <lld (lld (lld <lld 64 68 56 (lld 0 
WK15.3 26 16 161 13 10 15 175 17 38 10 4 11 (lld 55 68 200 (lld 0 
WK15.5 23 9 <lld 4 10 14 301 15 89 15 (lld (lld (lld 209 45 202 (lld 0 
WK16.3 22 20 134 10 4 7 175 24 86 24 (lld 11 (lld 133 71 231 (lld 0 
WK16.6 20 14 30 6 (lld 11 196 19 106 16 <lld 6 <lld 60 120 91 (lld 1 
WK17.l 30 14 63 8 8 9 201 24 67 20 (lld 13 (lld 74 78 288 (lld 1 
WK17.3 26 9 121 (lld 8 11 220 17 63 8 17 (lld (lld 125 69 256 <lld 0 
WK17.5 25 11 <lld 5 7 3 211 13 105 13 3 (lld <lld 77 34 161 (lld 1 
WK18.l 32 48 339 12 7 9 118 15 21 7 (lld - 16 (lld 99 102 75 (lld 1 
WK19.3 21 19 112 9 4 7 141 23 87 21 <lld (lld (lld 122 100 373 (lld 0 
WK20.4 46 13 142 10 8 11 185 14 96 19 (lld (lld <lld 73 79 290 <lld 1 
WK20.6 21 26 146 8 7 14 232 15 90 12 <lld 44 (lld 48 49 111 <lld 0 
WK21.4 28 30 262 12 12 11 151 8 74 13 <lld 39 (lld 69 (lld 186 <lld 0 
WK21.2 31 18 335 11 4 12 107 9 39 12 <lld 58 (lld 76 102 242 (lld 0 
WK21.6 17 42 118 8 8 7 446 25 151 6 7 48 (lld 111 37 76 <lld 0 
WK22.l 17 26 210 7 (lld 6 117 21 76 26 4 <lld (lld 102 70 305 <lld 0 
WK22.2 23 8 (lld 7 9 8 259 · 21 89 13 (lld 16 <lld 109 113 178 <lld 0 
WK22.4 26 23 40 (lld 9 13 206 5 42 13 (lld 20 (lld 90 29 118 <lld 0 
WK22.6 19 14 (lld 12 5 8 307 20 173 8 <lld <lld <lld 102 <lld 115 (lld 0 
WK23.3 23 22 339 8 9 7 178 13 62 11 <lld <lld (lld 100 20 167 <lld 0 
WK24.4 31 6 152 14 9 8 151 14 29 10 <lld (lld (lld 128 29 142 (lld 0 
WK24.6 29 25 476 14 6 6 162 9 40 5 (lld 8 <lld 100 69 96 (lld 0 
WK25.l 205 26 7 259 12 (lld 9 123 26 44 10 <lld 16 21 34 130 <lld 0 
WK25.6 16 15 12 12 (lld 11 269 12 90 19 (lld <lld (lld 78 (lld 158 <lld 0 
WK26.l 29 17 279 9 11 7 178 9 29 11 <lld (lld <lld 66 15 54 <lld 4 
WK26.3 33 6 436 15 10 12 162 9 32 13 18 <lld (lld 107 67 83 <lld 2 
WK26.5 30 19 745 16 7 6 123 7 50 7 (lld 57 <lld 99 63 132 <lld 6 
WK26.7 32- 14 211 15 7 7 176 7 32 (lld <lld <lld (lld 84 80 60 <lld 0 
WK27.5 22 37 481 17 5 7 155 14 49 3 4 6 <lld 142 120 162 <lld 0 
WK28.l 33 10 717 6 11 (lld 151 10 19 (lld (lld (lld (lld 107 40 41 <lld 12 
WK28.3 27 6 258 8 14 3 142 5 42 8 (lld (lld (lld 113 23 85 <lld 7 
WK28.5 28 41 365 15 5 7 141 10 54 20 <lld (lld <lld 157 24 166 <lld 1 
WK30.2 48 13 211 7 8 19 92 <lld 10 9 <lld 21 (lld 89 30 53 <lld 0 
WK30.l 16 12 142 7 <lld 5 . 158 19 116 8 7 10 (lld 115 <lld 126 <lld 0 
WK36.l 30 11 (lld 7 6 4 119 9 12 <lld 4 <lld (lld 72 67 57 <lld 1 
WK36.2 33 29 <lld 8 7 13 86 8 5 (lld 7 <lld (lld 67 40 48 (lld 0 
WK36.5 31 25 386 23 6 10 110 10 36 13 (lld 9 <lld 160 60 173 <lld 0 
WK52.3 51 152 4853 <lld 7 10 133 12 15 (lld (lld 30 (lld 86 65 64 (lld 30 

c: Pyroxene Bornfels 

Sample Zn Cu Ni Co Ga Mo Nb Zr y Sr Rb u Pb Cr V Ba Sc Au 

--------- --------------------------------------------------------------------------------------------------
HFl 171 7 6 22 14 <lld 5 192 21 65 9 16 9 55 18 88 <lld na 
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d: Quartzite 

Sample Zn Cu Ni Co Ga Mo Nb Zr y Sr Rb u Pb Cr V Ba Sc Au 

----------
WIC9.8 31 (lld 13 18 5 3 4 111 . 19 22 37 5 (lld 244 46 391 (lld 0 

WICll.4 53 4 33 37 4 <lld <lld 98 17 23 17 (lld 9 136 43 98 (lld 1 

WIC13.5 157 20 98 13 16 (lld 8 84 32 107 91 13 10 127 79 756 <lld 0 
QZl 11 (lld <lld <lld 5 3 4 141 11 18 56 (lld 6 324 33 618 <lld na 

QZ2 13 10 (lld 7 6 4 3 89 6 13 25 <lld 5 211 24 230 <lld na 

QZ3 27 6 318 6 6 (lld 4 122 11 19 56 (lld <lld 199 56 505 <lld na 

QZ4 24 6 15 5 5 (lld 3 102 16 31 56 5 <lld 222 96 968 <lld na 

QZ5 15 4 4 <lld 5 4 5 150 11 36 63 6 7 242 34 796 <lld na 

QZ6 8 (lld 7 7 (lld 4 3 191 10 7 44 (lld <lld 173 54 348 (lld na 

e: Magnetite~bbro 

Sample Zn Cu_ Ni Co Ga Mo Nb Zr y Sr Rb u Pb Cr V Ba Sc Au .. 
--------------------

MG! 25 15 27 28 <lld 8 37 4 377 10 (lld (lld <lld 122 80 180 18 na 

MG2 40 20 61 23 <lld <lld 24 7 315 (lld (lld (lld <lld 143 76 90 18 na 

MG3 18 19 54 24 (lld <lld 28 7 337 4 <lld (lld <lld 96 31 156 10 na 

1 1 3 
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APPDDll 5 

5.1 leaulta of aicroprobe analyse• of clinopyroanea together with the nuaber of iona on 
the ba•i• of 6 oxygen atoa• (all iron a• PeO, <Ild • le•• than the lower liait of 
detection). 

a: Pyroxenite 

-------------------- ---
SAMPLE Si02 Ti02 A1 2o3 Gr 2o3 FeO MnO MgO Cao Na 2o K20 TOTAL 

Si Ti Al Cr Fe Mn Mg Ca Na K 

WK3.2 48.10 0.14 0.96 (lld 27.37 o.73 1.93 20.52 o. 17. (lld 99.77 
1 .971 0.046 0.938 0.025 o.ua 0.901 0.014 

WK3.2 47.69 0.11 1.09 (lld 27.94 0.78 1.93 20.06 0.20 <lld 99.68 
1.961 0.053 o.961 0.027 0.118 0.884 0.016 

WK3.2 47.66 0.10 0.60 (lld 27.13 0.72 2.06 20.25 0.11 (lld 98.54 
l.97~ 0.030 0.941 0.025 0.128 0.900 0.009 

WK3.2 47.48 0.09 o.53 (lld 27.40 0.76 2.12 20.53 0.12 (lld 98.95 
1.968 0.026 0.950 0.021 o. 131 0.912 0.010 

WK3.2 47.76 0.16 0.98 <lld 27.97 o.75 2.18 20.16 0.17 <lld 99.97 
1.959 0.047 0.959 0.026 0.133 0.886 0.014 

WK3.2 47.81 0.13 0.97 (lld 27.75 0.11 2.16 19.96 0.18 <lld 99.60 
1.965 0.047 0.954 0.027 0.132 0.879 0.014 

WK3.2 48.60 <lld 0.09 (lld 27.08 0.79 2.24 21.30 0.09 <lld 100.18 
1.985 0.004 0.925 0.027 0.136 0.932 0.001 

WK3.2 48.46 0.02 o.08 (lld 26.91 o.78 2.25 20.84 0.09 <lld 99.40 
1.992 0.004 0.925 0.027 0.138 0.918 0.001 

------- -------------------------------------------------------------------------
WK5.2 48.30 0.17 1.13 (lld 27.82 0.10 2.22 20. 71 o. 16 (lld 101.04 

1.957 0.054 o.942 0.024 0.134 0.899 0.012 
WK5.2 47.77 0.19 1.21 (lld 28.13 0.61 2.21 20.65 0.18 (lld 100.77 

1.945 o.058 0.958 0.021 o. 134 0.901 0.014 
WK5.2 46.97 0.01 0.60 <lld 27.79 0.67 2.19 20.59 o. 15 (lld 98.97 

1.953 0.029 0.966 0.024 0.136 0.917 0.012 
WK5.2 46.94 0.09 o.58 0.02 28.17 0.10 2.18 20.51 0.16 <lld 99.24 

1.950 0.028 0.979 0.025 0.135 0.913 0.013 
WK5.2 46.56 0.24 1.57 0.03 28.35 0.80 2.12 19.20 0.20 (lld 98.79 

1.937 0.077 0.987 0.028 0.131 0.856 0.016 
WK5.2 46.68 0.25 1.61 0.03 28.45 o.73 2.14 19.30 0.20 (lld 99.12 

1.936 0.079 0.987 0.026 0.132 0.857 0.016 
WKS.2 46.19 0.37 1.24 (lld 30.04 0.63 2.16 18.57 0.17 <lld I 99.01 

1.931 0.061 1.050 0.022 0.135 0.832 0.014 I 
WK5.2 46.19 0.39 1.25 <lld 30.08 0.69 2.20 18.74 0.20 <lld I 99.35 

1.926 0.062 1.049 0.024 o. 137 0.8:,1 0.016 I 
WKS.2 47.19 0.26 1.43 0.02 28.18 0.65 2.07 19.75 0.20 (lld I 99.47 

1.947 0.069 0.972 0.023 0.127 0.873 0.016 I 
-------1-------------------------------------------------------------------------1--------
WK6.3 I 47.62 0.08 1.38 0.02 29. 14 o.76 1.69 19.50 0.11 o. 10 I 100.30 

i 1.953 0.067 0.999 0.027 0.103 0.857 0.009 0.005 I 
WK6.3 I 46.93 o.34 1.92 (lld 28.09 0.67 2.14 19.70 0.25 <lld I 99.70 

I 1.931 0.093 o.966 0.023 0.131 0.868 0.020 I 
WK6.3 I 48. 10 o. 10 0.75 <lld 28.31 0.76 2.22 20.30 o. 18 <lld I 100.61 

I 1.962 0.036 0.966 0.026 0.135 0.887 0.014 I 
WK6.3 I 48.14 0.09 0.11 <lld 27.98 0.71 2.25 20. 35 0.20 <lld I 100.41 

I 1.965 0.037 o.955 0.025 o. 137 0.890 0.016 I 
WK6.3 I 47.73 0.24 1.45 0.01 28.40 0.63 2.13 19.26 0.24 <lld I 99.85 

I 1.957 0.010 0.973 0.022 0.130 0.846 0.019 I 
WK6.3 I 47.73 0.28 1.54 <lld 28.42 0.68 2.17 19.94 0.24 <lld I 100.72 

I 1.944 0.074 0.968 0.024 0. 131 0.870 0.019 I 
WK6.3 I 48.55 0.06 0.40 0.02 28.58 0.79 2.26 19. 15 o. 10 <lld I 99.83 

I 1.990 0.019 0.980 0.027 0.138 0.841 0.008 I 
WK6.3 I 48.46 0.01 0.35 <lld 28.55 o.78 2.28 20.09 o. 13 <lld I 100.64 

I 1.976 0.017 0.974 0.027 0.139 0.878 0.010 I 
WK6.3 I 48.59 0.08 0.55 0.01 28.22 o. 74 . 2.36 19.37 o. 16 <lld I 100.00 

I 1.986 0.026 0.965 0.026 0. 144 0.848 0.013 I 
WK6.3 I 48.46 0.08 0.62 0.03 28.48 0.78 2.34 19.31 0.33 (lld I 100.32 

I 1.978 0.030 o.972 0.021 0.143 0.845 0.026 I 
-------1-------------------------------------------------------------------------1--------
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------------------------------------- -----------
SAMPLE Si02 Ti02 Al2o 3 Cr2o3 FeO MnO MgO Cao Na 2o K20 TOTAL 

Si Ti Al Cr Fe Mn Mg Ca Na K 

---------------- ---- --------
WKll .2 48.17 0.11 1.02 0.03 28.76 0.82 1.30 2,0.99 o. 17 (lld 101.24 

1.960 0.049 o.978 0.028 0.079 0.915 0.014 
WKll.2 47.56 0.09 l'.04 0.02 28.82 0.83 1.21 20.77 0.16 <lld 100.39 

1.955 0.051 0.991 0.029. 0.074 o.914 0.013 
WKll.2 47.57 0.06 0.81 0.03 29.63 o.78 1.46 19.78 0.13 <lld 100 .17 

1.962 0.039 1.022 0.027 0.090 0.874 0.010 
WKll.2. 47.76 0.10 0.99 0.04 .29. 70 0.82 1.19 20.13 0.18 <lld 100.77 

1.959 0.048 1.018 0.029 0.073 0.884 0.014 
WKll.2 47.90 0.13 1.07 0.04 29.67 0.83 1.24 19.96 o. 18. <lld 100.85 

1.960 0.051 1.015 0.029 0.076 0.875 0.014 
WKll.2 47.85 0.06 0.97 0.01 30.17 a.as 1.24 19.95 0.16 <lld 101.20 

1.956 0.047 1.032 0.030 0.076 0.874 0.013 
WKll .2 47.69 a.as o.95 0.04 29.71 0.83 1.18 19.82 o. 17 (lld 100.35 

1.963 0.046 1.023 0.029 0.073 0.874 0.014 
WKll.2 47.52 0.01 1.15 0.02 30.16 0.82 1.32 19.62 0.21 <lld 100.ao 

1.950 0.056 1.035 0.028 0.081 0.863 0.016 
WKll.2 47.26 0.07 1.14 0.04 29.59 0.73 1.26 19.43 0.16 <lld 99.56 

1.959 0.056 1.026 0.025 0.078 o.863 0.013 
------- --------
WK12.2 46.86 0.01 1.22 <lld 28.99 0.73 2.06 19.83 0.17 <lld 99.87 

1.936 0.059 1.002 0.026 0.127 0.878 0.014 
WK12.2 45.23 o.oa 2.22 0.01 29.31 0.67 1.63 19.92 0.19 <lld 99.18 

1.892 0.109 1.025 0.024 0.102 0.893 0.016 
WK12.2 45.72 0.09 2.16 0.01 29.29 0.67 1.69 20.11 0.25 <lld 99.88 

1.897 0.106 1.016 0.024 0.104 0.894 0.020 
WK12.2 45.70 0.04 2.16 <lld 30.23 0.73 1.49 19.83 0.19 <lld 100.34 

1.894 0.106 1 .048 0.026 0.092 0.881 0.015 
WK12.2 45.10 o.os 2.19 <lld 29.66 0.72 1.44 19.53 0.21 <lld 98.86 

1.895 0.108 1.042 0.026 0.090 0.879 0.018 
WK12.2 45.75 0.02 1.59 <lld 29.59 0.11 1.55 20.07 0.18 <lld 99.52 

1.910 0.078 1.033 0.027 0.097 0.898 0.015 
WK12.2 45.72 0.03 1.59 <lld 30.13 0.73 1.63 19.95 0.18 (lld 99.93 

1.905 0.078 1.049 0.026 0.101 0.890 0.014 
WK12.2 45.16 0.04 2.72 (lld 29.55 0.72 1.36 19.51 0.21 <lld 99.24 

1.887 0.134 1.032 0.025 0.085 0.873 0.017 
WK12.2 45.52 0.01 2.61 <lld 29.23 0.64 1.40 20.17 0.22 <lld 99.80 

1.889 o. 128 1.015 0.023 0.086 0.897 0.018 

----------------------------- --1 
WK12.3 48.85 (lld 0.06 <lld. 26.41 0.92 2.57 21.77 0.10 <lld I 100.69 

1.981 0.003 0.896 0.032 0.155 o.946 0.008 I 
WK12.3 48.16 (lld 0.06 <lld 27.05 o.91 2.49 22.00 0.11 <lld I 100.78 

1.963 0.003 0.922 0.032 0.151 0.961 0.009 I 
WK12.3 47.95 0.02 0.35 (lld 27.60 o.95 2.63 20.73 0 .16 <lld I 100.38 

1.961 0.017 0.944 0.033 0.161 0.908 0.013 I 
WK12.3 47.33 0.03 0.34 (lld 27.33 0.84 2.60 20.84 0 .17 <lld I 99.45 

1.956 0.016 0.945 0.029 0.160 0.923 0.014 I 
WK12.3 47.36 0.06 0.71 <lld 28.13 0.89 2.47 20.44 0.17 <lld I 100.17 

1.946 o.o3s 0.967 0.031 0.151 0.900 0.014 I 
WK12.3 47.58 0.06 0.12 <lld 28.34 0.82 2.41 20.57 0.15 <lld I 100.60 

1.947 0.035 0.970 0.029 0.147 0.902 0.012 I 
WK12.3 48.17 0.02 0.27 <lld 28.42 0.94 2.41 19.88 0.14 <lld I 100.24 

1.974 0.013 0.974 0.033 0.147 0.873 0.011 I 
WK12.3 47.81 0.01 .0.32 <lld 28.08 0.93 2.40 20.56 0.13 <lld I 100.24 

1.962 0.016 0.964 0.032 0.147 0.904 0.011 I 
WK12.3 47.75 0.04 0.62 <lld 28.48 1.04 2.32 19.49 0.16 <lld I 99.85 

1.965 0.030 0.980 0.036 0.142 0.859 0.013 I 
WK12.3 47.95 0.06 0.57 <lld 28.28 0.93 2.39 19.49 o. 15 <lld I 99.76 

1.971 0.028 o.972 0.032 0.147 0.859 0.012 I 
------- -------------------------------------------------------------------------1--------
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------------------- -----------
SAMPLE Si02 Ti02 Al203 Cr2o3 FeO MnO MgO Cao Na20 K20 I TOTAL 

Si Ti Al Cr Fe Mn Mg Ca Na K I 
I 

-------- ----1--------
WK12.4 47.45 0.24 1.25 <lld 28.78 0.81 2.43 .18.83 0.24 (lld I 99.78 

1.952 0.061 0.990 0.028 0.149 o.830 0.019 I 
WK12.4 47.07 0.21 1.30 0.01 29.31 0.84 2.42 19.56 0.22 (lld I 100. 73 

1.929 0.063 1.004 0.029 0.148 0.859 0.017 I 
WK12.4 48.35 0.08 0.54 (lld 28.93 0.88 2.39 18.58 0.12 <lld I 99.78 

1.985 0.026 0.993 0.030 0.146 0.817 0.010 
WK12.4 48.14 0.09 0.60 0.01 28.67 0.90 2.38 19.93 0.13 (lld 100.74 

1.964 0.029 0.978 0.031 0.145 0.871 0.010 
WK12.4 47.56 0.14 1.35 0.01 26.93 0.77 2.08 21.20 0.26 (lld· 100.16 

1.945 0.065 0.921 0.027 0.127 0.929 0~021 
WK12.4 47.42 0.17 1.22 0.01 26.95 0.79 2.07 20.73 0.24 (lld 99.43 

1.952 0.059 0.928 0.028 0.127 0.914 0.019 
WJ<l2.4 47.10 0.16 1.27 0.06 30.11 0.94 2.33 18.70 0.21 <lld 100.67 

1.934 0.061 1.034 0.033 0.143 0.823 0.017 
WK12.4 47.35 0.19 1.27 (lld 30.09 0.87 2.21 18.79 0.21 (lld 100.80 

1.940 0.061 1.031 0.030 0.135 0.825 0.017 
WK12.4 47.63 0.17 0.82 0.03 28.79 0.79 2.13 18.47 0.13 <lld 98.76 

1 .977 0.040 o.999 0.028 0.131 0.821 O.Oll 
WK12.4 47.87 0.21 0.84 0.04 27.95 0.74 2.17 20.42 0.11 (lld 100.ll 

1.961 0.041 0.957 0.026 0.132 0.896 0.009 

---------------------- ----------------- --------
WK13.2 47.86 0.11 0.58 0.02 29.78 0.92 2.39 19.24 o. 16 (lld 100.94 

1.957 0.028 1.018 0.032 0.146 0.843 0.013 
WK13.2 47.23 0.08 o.59 0.04 29.55 0.99 2.32 19.46 o. 15 <lld 100.30 

1.948 0.029 1.019 0.035 0.143- 0.860 0.012 
WK13.2 47.68 o.08 0.75 (lld 27.67 0.88 2.58 19.94 0.16 (lld 99.68 

1.960 0.037 0.951 0.031 0.158 0.878 0.013 
WK13.2 48. 10 0.08 o.74 0.02 28.02 · 0.84 2.64 20.10 0.18 (lld 100.63 

1.959 0.036 o.954 0.029 0.160 0.877 0.014 
WK13.2 46.82 o. 15 1.12 0.01 27.04 0.71 2.46 21.07 0.21 <lld 99.43 

1.934 0.055 0.934 0.025 0 .151 0.932 0.017 
WK13.2 46.72 o. 15 l.ll 0.02 26.42 0.71 2.48 21.03 0.21 <lld 98.69 

1.939 0.054 o.917 0.025 0.153 0.935 0.017 
WK13.2 47.26 0.12 1.04 <lld 27.18 o.75 2.53 21.17 0.24 (lld 100.17 

1.937 0.050 0.931 0.026 0.154 0.930 0.019 
WK13.2 47.38 0.12 1.03 0.01 26.93 o.76 2.49 21.14 0.21 <lld 99.93 

1.943 0.050 0.924 0.026 0.152 o.929 0.017 
WK13.2 47.92 o. 10 0.66 0.03 27.89 o.79 2.55 20.68 o. 15 (lld I 100.64 

1.955 0.032 0.951 0.027 o. 155 0.904 0.012 I 
WK13.2 47.88 o. 13 0.11 0.01 28.07 0.91 2.61 20.67 o. 15 (lld I 101.00 

1.948 0.034 0.955 0.031 0.158 0.901 0.012 I 
WK13.2 48.81 0.01 0.39 (lld 27.26 0.94 2.55 20.38 0.13 (lld I 100.46 

1.983 0.019 0.926 0.032 0.155 0.887 0.010 I 
WK13.2 47.94 0.08 0.35 <lld 29.16 0.89 2.41 18.78 o. 15 <lld I 99.68 

1 .977 0.017 1.006 0.031 0.148 0.830 0.012 I 
------- -------------------------------------------------------------------------1--------
WK14.4 47.78 0.08 0.50 <lld 28.85 0.90 2.25 19.81 o. 13 <lld I 100.23 

1.963 0.024 0.991 0.031 0.138 0.872 0.011 I 
WK14.4 47.15 0.04 0.49 <lld 28.69 0.84 2. 10 19.40 0. 15 <lld I 98.82 

1.966 0.024 1.000 0.030 0.130 0.866 0.012 I 
WK14.4 47.45 0.03 0.78 <lld 28.61 0.79 2.13 20 .10 0.20 <lld I 100.07 

1.953 0.038 0.985 0.028 0 .131 0.886 0.016 I 
WK14.4 47.44 0.02 o.79 <lld 28.66 0.83 2.13 20.13 o. 17 <lld I 100. 15 

1.951 0.038 0.986 0.029 0.131 0.887 0.013 I 
WK14.4 47.74 0.07 0.75 <lld 28.00 0.85 2.19 20.77 0.21 <lld I 100.51 

1.953 0.036 0.958 0.029 0.134 0.910 0.016 I 
WK14.4 47.65 0.05 0.71 <lld 28.22 0.79 2.24 20.61 0.20 <lld I l00.42 

1.953 0.034 0.967 0.028 0.137 0.905 0.016 I 
WK14.4 47.03 0.05 0.11 <lld 30. 54 1.56 2.48 18.28 0.16 <lld I 100.76 

1.938 0.035 1.052 0.054 o. 152 0.807 0.013 I 
WK14.4 47.26 0.04 o.75 0.01 30. 73 0.83 2.15 18.14 o. 18 <lld I 100.04 

1.955 0.037 1.063 0.029 0.132 0.804 0.015 I 
WK14.4 46.84 0. l 9 1.32 <lld 27.66 0.12 1.99 20.77 0.24 <lld I 99.55 

1.935 0.064 0.955 0.025 0.123 0.920 0.019 I 
WK14.4 46.46 0.20 1.23 <lld 27.62 0.71 2.09 20.50 0.23 <lld I 98.85 

I 1.935 0.060 0.962 0.025 0.130 o.915 0.019 I 
-------l-------------------------------------------------------------------------1--------
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--------
SAMPLE Si02 Ti02 Al203 Cr2o3 FeO MnO MgO Cao Na 20 K20 I TOTAL 

Si Ti Al Cr Fe Mn Mg Ca Na K I 
I 

-------- I 
WK16~2 46.53 0.09 1.44 (lld 30.65 o.75 1.00 20.54 0.25 (lld I 101.16 

1.917 0.010 1.056 0.026 0.062 0.907 0.020 I 
WK16.2 46.63 0.09 1.51 <lld 30.14 0.10 1.04 20.47 0.26 <lld I 100.76 

1.923 0.-073 1.039 0.024 0.064 0.904 0.021 I 
WK16.2 46.92 0.11 1.24 <lld 29.38 - 0.82 0.97 19.98 0.21 <lld I 99.51 

1.950 0.061 1.021 0.029 0.060 0.890 0.017 I 
WK16.2 46.72 0.11 1.22 <lld 29.38 o.74 0.91 20.89 0.24 (lld I 100.10 

1.936 0.060 1.018 0.026 0.056 0.928 0.019 r 
WK16.2 47.09 0.01 o.80 (lld 28.57 o.83 0.96 21.25 0.16 (lld I 99.68 

1.955 0.039 0.992 0.029 0.060 0.945 0.013 I 
WK16.2 46.59 (lld o.80 (lld 28.61 0.72 0.93 20.98 o. 13 <lld I 98.76 

1. 953· - 0.040 1.003 0.02s 0.058 0.942 0.010 I 
WK16.2 47. 10 0.02 0.86 0.02 29.47 0.87 1.03 19.53 0.21 (lld I 99.06 

1.966 0.042 1.028 0.031 0.064 0.873 0.017 I 
------- --- ------------------------- ------------------ --------
WK20.5 49.22 <lld o. 19 <lld 26.21 o.80 3.38 21.30 0.10 <lld 101.21 

1.978 0.009 0.881 0.027 0.202 0.917 o.008 
WK20.5 48.70 0.03 0.19 (lld 26.59 0.88 3.21 21.01 0.15 (lld 100. 74 

1.972 0.009 o.901 0.030 0.194 0.912 0.012 
WK20.5 48.50 0.01 0.42 (lld 26.21 o.n 3.63 20.79 0.16 (lld 100.48 

1.964 0.020 o.888 0.026 0.219 0.902 0.012 
WK20.5 48.37 0.04 0.49 <lld 26.34 o.79 3.43 19.20 0.19 <lld 98.81 

1.985 0.024 0.904 0.028 0.210 0.845 0.015 
WK20.5 48.51 0.04 a.so (lld 26.52 0.86 3.39 19.98 0.17 <lld 99.93 

1.974 0.024 0.903 0.030 0.206 0.871 0.014 
WK20.5 49.01 0.02 0.11 <lld 25.35 0.84 3.58 20.58 0.12 <lld 99.58 

1.992 o.oos 0.861 0.029 0.217 0.896 0.009 
WK20.5 48.87 0.03 o. 10 (lld 25.43 0.83 3.52 21.10 o. 12 <lld 99.97 

1.983 o.oos 0.863 0.029 0.213 0.917 0.009 
WK20.5 49.14 0.04 0.29 o.os 24.50 0.92 3.57 22.18 0.11 <lld 100.71 

1.975 0.014 0.823 0.031 0.214 0.955 0.009 
------- ------------------------------------------------------------ ---- --------
WK21.5 49.15 0.03 o.oa 0.02 24.65 1.01 2.93 23.47 0.01 (lld 101.36 

1.973 0.004 0.827 0.034 0.176 1.009 0.006 
WK21.5 48.67 0.03 o. 17 0.01 25.67 0.84 3.42 21.08 0.16 <lld 100.02 

1.978 0.008 0.872 0.029 0.207 0.918 0.013 
WK21.5 48.73 o.os o. 14 <lld 26.19 0.86 3.58 19.56 0.14 <lld 99.20 

1.997 0.001 0.895 0.030 0.218 0.857 0.011 
WK21.5 49.13 0.01 0.21 (lld 25.42 0.81 3.49 21.69 o .• 1s (lld 100.90 

1.976 0.010 a.ass 0.028 0.209 0.935 0.012 
WK21.5 48.68 (lld 0.07 <lld 25.36 0.1a 3.46 21.04 0.14 <lld 99.53 

1.984 0.004 0.864 0.027 0.210 0.919 0.011 
WK21.5 48.74 0.01 o.oa <lld 25.35 0.81 3.42 22.36 0.13 <lld 100.89 

1 .967 0.004 a.ass 0.028 0.206 0.967 0.010 
WK21.S 48.64 0.03 o. 10 <lld 25.34 0.77 3.54 22.15 0.09 (lld 100.63 

1.967 0.005 0.857 0.026 0.214 0.959 0.007 
WK21.5 48.69 0.03 0.10 (lld 25.22 0.84 3.53 20.62 0.11 <lld I 99.11 

1.990 0.005 0.862 0.029 0.215 0.903 0.009 I 
------- ----- ----------------------------------------------------------1--------
WK26.2 48.81 0.13 0.90 0.03 25.29 0.55 4.21 21.12 o. 13 <lld I 101.01 

1.954 0.042 0.847 0.019 0.252 0.906 0.010 I 
WK26.2 48.18 o.oa 0.82 <lld 24.55 0.51 4.17 20.98 0.13 <lld I 99.34 

1.959 0.039 0.835 0.017 o.2s3 0.914 0.010 I 
WK26.2 48.69 0.11 0.59 0.04 24.60 a.so 4.31 21.42 0.06 (lld I 100 .17 

1.963 0.028 o.829 0.017 o.2s9 0.925 0.004 I 
WK26.2 48.60 o. 10 0.60 0.04 24.38 0.55 4.40 20.73 0.07 (lld I 99.34 

1.971 0.029 o.a21 0.019 0.266 0.901 0.006 I 
WK26.2 47.76 0.24 0.79 0.01 27. 14 0.71 2.63 20.74 0.21 <lld I 99.97 

1.956 0.038 0.929 0.025 0.160 0.910 0.016 I 
WK26.2 47.83 0.24 0.74 0.04 26.69 0.68 2.53 20.08 0.21 <lld I 98.76 

1.975 0.036 0.921 0.024 0.156 0.888 0.017 I 
WK26.2 48.22 o. 14 o.66 0.06 26.84 0.69 3.21 19.81 0.18 <lld I 99.61 

1.971 0.032 o.917 0.024 0.195 0.867 0.014 I 
WK26.2 47.87 0.11 0.64 0.03 26.13 0.65 3.17 20.54 0.19 (lld I 99.19 

1.965 0.031 0.897 0.023 0.194 0.903 0.015 I 
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SAMPLE Si02 Ti02 A1203 Cr 2o3 FeO MnO MgO Cao Na2o K20 I TOTAL 
Si Ti Al Cr Fe Mn Mg Ca Na K I 

I 
------------------1 

WK26.2 48.60 0.06 0.23 0.03 25.70 0.11 3.42 21.52 0.15 (lld I 100.39 
1.970 0.011 0.871 0.026 0.207 0.934 0.012 I 

WK26.2 48.90 0.02 0.17 0.03 25.55 0.73 3.46 21.38 o. 15 <lld I 100.34 
1.979 o.008 0.864 0.025 0.209 0.927 0.012 I 

--------------------------------- ------ --------
WK28.4 49.70 o.o3 0.22 <lld 23.66 0.10 5.39 20.85 0.17 (lld 100.69 

1.979 0.010 0.788 0.024 0.320 0.889 0.013 
WK28.4 49.52 0.03 0.22 (lld 23.53 o.73 5.40 20.07 0.16 (lld 99.63 

1.988 0.011 0.190 0.025 0.323 0.863 0.012 
WK28.4 49.49 0.03 0.22 <lld 23.58 0.74 5.53 20.72 o. _16 <lld 100.44 

1.976 0.010 o.787 0.025 0.329 o.886 0.013 
WK28.4 47.81 0.27 1.54 <lld 24.86 0.58 3.85 21.13 0.23 <lld 100.07 

1.936 0.073 0.841 0.020 0.232 o.916 0.018 
WK28.4 48.04 0.26 1.48 <lld 24.35 0.61 3.90 21.21 0.24 (lld 99.84 

1.943 0.010 0.824 0.021 0.235 0.919 0.019 
WK28.4 48.38 0.25 1.44 (lld 24.51 0.62 4.75 19.44 0.24 (lld 99.38 

1.955 0.068 0.828 0.021 0.286 0.841 0.019 
WK28.4 48.45 0.24 1.47 <lld 24.94 0.65 4.76 20.16 0.23 (lld 100.67 

1.940 0.069 0.835 0.022 0.284 0.865 0.018 
WK28.4 47.91 0.19 1.50 (lld 25.25 0.58 4.53 18.90 0.21 0.06 98.95 

1.951 0.012 0.860 0.020 0.275 0.825 0.017 0.003 

-------1-------------------------------------------------------------------------1--------
b: Magnetite-Rich Rock 

------------------ ----------------------- -----------------
SAMPLE Si02 Ti02 A1203 Cr 2o3 FeO MnO MgO Cao Na 2o K20 TOTAL 

Si Ti Al Cr Fe Mn Mg Ca Na K 

-----------------------------------------------------------------
WK4.l 47.22 o. 11 1.72 (lld 29.17 0.1s 1.53 20.24 0.18 (lld 100.81 

.. 1.932 0.083 0.998 0.026 0.093 0.887 0.014 
WK4.l 47 .02 0.12 I.BO 0.01 29.67 0.12 1.61 20.28 0.19 <lld 101.30 

1.920 0.087 1.013 0.025 0.098 0.887 0.015 
WK4.l 46.94 0.11 2.11 0.02 29.34 0.64 1.53 19.26 0. 18 (lld 100.00 

1.932 0.103 1.010 0.022 0.094 0.849 0.014 
WK4.l 46.94 o. 10 2.04 0.02 29.33 o.76 1.55 20. 15 o. 17 (lld 100.94 

1.920 0.098 1.003 0.026 0.094 0.883 0.013 
WK4.l 46.85 o.oa 1.90 (lld 29.09 o.63 I.SO 20. 15 0.21 (lld 100.33 

1.926 0.092 1.000 0.022 0.092 0.887 0.017 
WK4.l 46.84 0.12 1.98 0.02 29.05 0.12 1.52 19.48 0.20 (lld 99.79 

1.933 0.097 1.002 0.025 0.093 0.861 0.016 
WK4.l 46.86 o. 13 1.89 0.03 30.14 o.74 1.24 19.36 -0 .19 <lld 100.43 

1.930 0.092 1.038 0.026 0.076 0.854 0.015 
WK4.l 46.64 0.09 1.93 0.02 29.90 o.74 1.29 18.19 0.20 (lld 98.89 

1.944 0.095 1.042 0.026 0.080 0.813 0.016 
WK4.l 46.61 0.11 2.10 <lld 29.75 0.66 1.40 20 .11 0.22 <lld 100.85 

1.913 o. 102 1.021 0.023 0.086 0.884 0.018 
WK4.l 46.45 o.oa 2.16 <lld 29.33 0.66 1.40 20 .22 0.22 <lld 100.44 

1.912 o. 105 1.010 0.023 0.086 0.892 0.018 
WK4.l 46.56 o. 15 1.49 0.02 29.98 o.79 1.63 20.02 0.19 <lld 100.65 

1.919 0.012 1.034 0.021 0.100 0.884 0.015 
WK4.l 46.67 o. 12 1.52 0.01 29.74 0.66 1.56 19.24 0 .16 <lld 99.56 

1.937 0.074 1.032 0.023 0.097 0.856 0.013 
WK4.l 46.33 o. 14 1.78 <lld 29.20 0.11 1.57 20.14 o. 17 <lld 99.90 

1.918 0.087 1.011 0.025 0.097 0.893 0.014 
WK4.l 46.36 o. 13 1.73 0.01 29.37 0.70 1.59 20. 18 0.20 <lld 100.13 

1.917 0.084 1.015 0.024 0.098 0.894 0.016 
WK4.l 47.05 0.17 1.90 <lld 29.49 0.1s 1.52 18.79 0.16 <lld 99.67 

1.943 0.093 1.018 0.026 0.094 0.831 0.013 
WK4.l 47.17 0.12 1.49 <lld 29.82 0.78 1.58 19.52 0.17 <lld 100.54 

1.938 0.012 1.025 0.021 0.097 0.859 0.014 
WK4.l 47.17 o. 12 1.55 <lld 29.85 o.76 1.55 20.26 0.21 <lld 101.35 

1.927 0.074 1.019 0.026 0.095 0.887 0.017 
WK4.l 47.50 0.06 1.29 0.01 29.92 o.79 1.66 19.58 0 .16 (lld 100.91 

1.944 0.062 1.024 0.028 0.101 0.859 0.013 

120 



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

-------- ---------
SAMPLE I Si02 Ti02 Al203 Cr 2o3 FeO MnO MgO Cao Na 2o K20 TOTAL 

I Si Ti Al Cr Fe Mn Mg Ca Na K 

I 
1---- ------------- -------------- --------

WK4.l I 47.59 0.07 1.32 0.01 2"9.59 0.10 !-72 19.95 0.15 (lld 101.02 
I 1.943 0.063 1.011 0.024 0.105 0.873 0.012 

------- - ---------------------------------
WK8.3 46.65 0.04 ' 2.40 (lld 29.49 0.65 1.45 19.98 0.19 (lld 100.81 

1.911. 0.116 1.010 0.023 0.089 0.877 0.015 
WK8.3 46.46 0.03 2.15 0.03 29.41 o.73 1.49 ·18.67 0.21 (lld 99.12 

1.931 0.105 1.022 0.026 0.092 0.831 0.011 
WK8.3 46.53 0.01 2.20 0.03 29.22 o.69 1.50 18.83 0.21 (lld 99.18 

1.931 0 •. 108 1.014 0.024 0.093 0.837 0.011 
WK8.3 46.30 0.02 2.55 <lld 29.07 0.68 1.38 20.03 0.21 (lld 100.21 

1.907 0.124 1.001 0.024 0.084 o.884 0.017 
WK8.3 46.56 (lld 2.54 <lld 28.95 0.62 1.36 19.94 0.16 (lld 100.13 

1.915 0.123 o.996 0.022 0.084 0.879 0.013 
WKB.3 46.63 0.01 1.93 <lld 29.13 0.74 1.53 19.80 0.21 (lld 99.97 

1.925 0.094 1.005 0.026 0.094 0.876 0.016 
W)<B.3 46.99 0.02 1.88 (lld 29.11 o.73 1.61 19.67 0.17 (lld 100.17 

1.932 0.091 1.001 0.025 0.099 0.867 0.014 
WK8.3 47 .12 (lld 1.62 0.02 29.38 o.75 1.61 19.80 o. 14 (lld 100.41 

1.936 0.078 1.009 0.026 0.098 0.871 0.011 
WK8.3 47 .13 0.03 1.59 0.02 29.69 o.83 1.62 19.34 0.20 (lld 100.41 

1.938 0.077 1.021 0.029 0.099 0.852 0.016 
WK8.3 47.32 0.01 1.50 (lld 29.41 o.74 1.66 18.62 0.16 <lld 99.40 

1.957 0.073 1.017 0.026 0.102 0.825 0.013 
WK8.3 47.41 (lld 1.49 0.04 29.45 o.77 1.58 19.77 0.16 (lld 100.65 

1.943 0.072 1.009 0.027 0.096 0.868 0.013 

-------1---------------------------------------- -----------------------1 
WK12.l I 45.77 0.04 2.11 (lld 28.23 0.86 1.89 19.70 o. 16 <lld I 98.73 

I 1.911 0.104 0.986 0.030 0.118 0.881 0.013 · I 
WK12.l I 45.78 0.01 2.45 0.01 27.88 0.89 1.72 20.00 0.19 (lld I 98.91 

I 1.906 0.120 0.971 0.031 o. 107 0.892 0.016 I 
WK12.l I 45.81 0.04 2.54 0.02 28.45 0.77 1.60 19.99 0.18 <lld I 99.35 

I 1.902 0.124 0.988 0.027 0.099 0.889 0.014 I 
WK12.l I 46.28 0.01 2.17 (lld 27.98 0.80 1.85 20.06 o. 15 (lld I 99.28 

I 1.917 0.106 0.969 0.028 0.114 0.890 0.012 I 
WK12.l I 46.12 0.04 2.22 0.34 28.10 o.76 1.74 19.94 0.15 <lld I 99.04 

I 1.916 0.109 o.976 0.027 0.108 0.888 0.012 I 
------- - -------- --------- ------ --------
WK14.l 47.16 (lld 1.34 (lld 27.96 0.95 2.04 20.19 0.19 (lld 99.84 

1.942 0.065 o.962 0.033 0.125 0.891 0.015 
WK14.l 46.85 (lld 1.43 (lld 27.61 0.98 2.06 19.79 0.18 (lld 98.90 

1.944 0.070 0.958 0.034 0.127 0.880 0.014 
WK14.l 47.21 (lld 1.13 (lld 28.33 1.00 2.19 19.05 0.12 <lld 99.05 

1.957 0.055 0.982 0.035 0.136 0.846 0.010 
WK14.l 47.01 (lld 1.23 <lld 27.98 0.91 2.33 19.29 0.16 (lld 98.93 

1.950 0.060 0.970 0.032 0.144 0.857 0.013 
WK14.l 46.57 <lld 1.24 (lld 27.39 0.95 2.30 20.47 0.15 (lld 99.08 

1.933 0.061 0.950 0.033 0.142 0.910 0.012 
WK14.l 46.72 (lld 1.34 <lld 27.59 0.94 2.20 20. 24 0.16 (lld 99.20 

1.936 0.065 0.956 0.033 0.136 0.898 0.013 
WK14.l 46.87 (lld 1.35 <lld 27.50 0.87 2.25 20.12 0.16 <lld 99.12 

1.941 0.066 0.952 0.031 0.139 0.892 0.013 
WK14.l 47.32 (lld 1.08 (lld 27.74 0.96 2.48 19.97 o. 14 <lld 99.69 

1.948 0.052 0.955 0.033 0.152 0.881 0.011 I 
WK14.l 47.30 <lld 1.04 <lld 27.81 0.99 2.40 20.12 0.15 (lld I 99.82 

1.946 0.050 0.957 0.034 0.147 0.887 0.012 I 
WK14.l 47.30 <lld 1.07 <lld 27.34 0.90 2.33 20.47 0.15 (lld I 99.56 

1.948 0.052 0.942 0.031 0.143 0.903 0.012 I 
WK14.l 47.19 (lld 1.03 <lld 27.18 0.92 2.32 20.38 0.16 (lld I 99.17 

I 1.951 0.050 0.940 0.032 o. 143 0.903 0.013 I 
-------1-------------------------------------------------------------------------I--------
WK15.3 I 47.14 (lld 2.10 <lld 29.36 o.97 1.53 19.98 0 .13 <lld I 101.20 

I 1.922 0.101 1.001 0.033 0.093 0.873 0.010 I 
WK15.3 I 46.22 0.02 2.11 (lld 29.04 0.98 1.47 20.64 o. 14 <lld I 100.59 

I 1.903 0.102 1.000 0.034 0.090 0.911 0.011 I 
WK15.3 I 45.91 0.05 2.55 <lld 29.25 0.93 1.41 20.19 o. 17 <lld I 100.42 

I 1.894 0.124 1.009 0.033 0.087 0.892 0.014 I 
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SAMPLE I Si02 Ti02 Al203 Cr2o3 FeO MnO MgO Cao Na 2o K2O TOTAL 

I Si Ti Al Cr Fe Mn Mg Ca Na K 

-------------------
WK15.3 45.88 0.03 2.56 (lld 28.94 o.98 1,.41 20.24 0.17 (lld 100 .18 

1.895 0.125 1.000 0.034 0.087 0.896 0.014 
WK15.3 46.30 (lld 2.49 <lld 28.67 0.97 1.44 20.87 0.16 <lld 100.91 

1.897 - 0.120 0.982 0.034 0.088 0.916 0.013 
WK15.3 46.35 0.04 2.47 (lld 29.23 o.98 1.51 20.59 0.19 (lld 101.32 

1 .894 0.119 o.999 0.034 0.092 0.901 0.015 
WK15.3 46.94 0.02 1.81 (lld 28.34 0.95 1.58 20.83 0.12 (lld 100.56 

1.924 0.087 0.972 0.033 0.096 0.915 0.010 
WK15.3 46.98 <lld 1.79 (lld 28.43 1.01 1.64 20.63 0.14 (lld 100.63 

1.925 0.086 0.974 0.035 0.100 0.906 0.011 
WK15.3 46.10 0.01 2.53 (lld 29.24 o.79 1.47 20.54 0.17 <lld 100.83 

1.893 0.122 1.004 0.021 0.090 o.903 0.013 
WK15.3 46.08 0.01 2.53 <lld 28.50 0.81 1.41 20.55 0.16 (lld 100.05 

1.901 0.123 0.983 0.028 0.087 0.909 0.013 
WK15.3 47.04 0.02 1.80 (lld 28.87 o.93 1.63 20.10 0.17 (lld 101.15 

1.920 0.087 0.986 0.032 0.099 o.905 0.014 
WK15.3 45.81 (lld 2.05 (lld 28.72 0.96 1.47 20.56 0.20 (lld 99.76 

1.902 0.100 0.997 0.034 0.091 0.915 0.016 
WK15.3 45.41 (lld 2.00 <lld 28.78 0.81 1.52 20.19 0.19 (lld 98.91 

1.903 0.099 1.008 0.029 0.095 0.906 0.015 
WK15.3 47.26 (lld 1.22 <lld 29.40 1 .13 1.72 20.21 0.11 (lld 101.05 

1.935 0.059 1.007 0.039 0.105 0.886 0.009 
WK15.3 47.54 0.02 1.17 <lld 29.21 1.15 1.65 20.16 o.13 (lld 101.01 

1.944 0.056 0.999 0.040 o. 101 0.883 0.010 
------- ------ ---------------------------------------------- --------
WK28.3 . 46.85 0.03 2.62 0.01 28.77 0.89 1.96 18.42 0.18 (lld 99.70 

1.926 o. 127 0.989 0.031 0.120 0.811 0.015 
WK28.3 46.09 0.01 2.68 <lld 28.49 0.93 1.95 18.47 o. 18 (lld 98.78 

1.915 0.131 0.990 0.033 0.121 0.822 0.014 
WK28.3 45.56 0.02 2.86 0.01 28.42 o.78 1.73 19.24 0.16 (lld 98.75 

1.899 0.141 0.991 0.028 0.107 o.859 0.013 
WK28.3 46.60 0.02 2.20 (lld 28.41 o.96 2.16 19.02 o. 19 <lld 99.53 

1.922 0.107 0.980 0.033 0.133 0.841 0.015 
WK28.3 47.32 (lld 0.98 (lld 28.44 1.11 2.41 . 18.19 0.09 <11.L_ 98.55 

1 .968 0.048 0.989 0.039 0.150 0.810 0.001 
WK28.3 47.42 0.03 1.00 0.01 28.40 1.17 2.41 18.57 0.09 <lld 99.06 

1.963 0.049 0.983 0.041 0.148 0.824 0.001 
WK28.3 46.96 0.02 1.34 (lld 28.77 0.96 2.52 18.16 o. 17 <lld 98.88 

1.949 0.065 0.999 0.034 0.156 0.808 0.014 
WK28.3 46.91 0.03 1.37 <lld 28.92 0.92 2.42 18.39 0.16 (lld 99.08 

1.946 0.067 1.003 0.032 0.149 0.817 0.013 
WK28.3 47.19 0.01 1.58 (lld 28.66 1.00 2.41 19.61 0.13 (lld 100.58 

1.930 0.076 0.980 0.035 0.147 0.859 0.010 
WK.28.3 47.61 0.02 1.28 0.01 28.24 1.05 2.51 18.45 0.16 (lld 99.31 

1.961 0.062 0.973 0.037 0.154 0.814 0.013 
WK.28.3 47.42 0.02 1.32 <lld 28.51 1.05 2.58 17.95 o. 15 <lld I 98.99 

1.960 0.064 0.986 0.037 0.159 o.795 0.012 I 
------- -------------------------------------------------------------------------1--------

122 



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

c: Pyroseae Bornfel■ 

-----------------------------
SAMPLE Si02 TiQ2 A1 2o3 Cr 2o3 FeO MnO MgO Cao TOTAL 

Si Ti Al Cr Fe Mn Mg Ca 

----------
HF2 46.24 0.41 1.62 0.02 25.37 o.97 1.95 22.59 0.10 <lld 98.83 

1.919 0.079 ·0.881 0.034 0.120 1.004 o.008 
HF2 46.23 0.49 1.69 0.04 24.92 0.93 1.97 22.73 0.01 (lld 98.55 

1.920 0.083 o.866 0.033 0.122 1.012 o.oos 
HF2 46.26 o.48 1.66 (lld 25.37 0.98 1 .86 22.85 0.09 <lld 99.08 

1.916 0.081 0.879 0.034 0.115 1.014 0.001 
HF2 46.64 0.41 1.62 (lld 25.29 0.94 1.93 22.54 0.01 (lld 99.04 

1.927 0.079 0.874 0.033 0.119 0.998 0.006 
HF2 46.27 o.47 1.59 (lld 25. 18 0.96 1.90 22.92 0.08 (lld 98.90 

1.919 0.018 0.873 0.034 0.117 1.018 0.001 
HF2 46.85 0.38 1.58 (lld 25.23 1.00 1.95 22.99 0.11 <lld 99.71 

1.924 0.076 o.866 0.035 0.120 1.012 0.009 
HF2 46.76 o.42 1.55 (lld 25.21 0.96 1 .84 22.75 0.01 <lld 99.14 

1.930 0.01s 0.870 0.033 0.113 1.006 0.006 
HF2 46.53 0.46 1.69 <lld 25.53 o.97 1.96 22.71 o. 10 <lld 99.51 

1.918 0.082 0.880 0.034 0.121 1.003 o.008 
HF2 46.47 0.45 1.73 0.01 25.98 0.95 1.83 22.76 o. 10 (lld 99.82 

1.913 0.084 0.894 0.033 0.112 1.004 o.008 
HF2 46.05 0.47 1.79 (lld 25.40 0.93 1.84 22.86 0.01 (lld 98.94 

1 .911 0.088 0.881 0.033 0.114 1.016 0.006 
HF2 46.20 0.51 1.74 0.01 25.19 1.06 1.89 23.08 0.09 (lld 99.25 

1 .911 0.085 0.871 0.037 0.117 1.023 0.001 
HF2 46.59 o.4s 1.56 (lld 25.44 0.93 1.86 23.01 o.o9 (lld 99.48 

1.921 0.076 0.877 0.032 0.114 1.016 0.001 
HF2 46.63 0.44 1.60 <lld 25.60 o.94 1.90 22.68 0.08 (lld 99.42 

1.923 0.078 d.883 0.033 o. 117 1.002 0.006 
HF2 46.97 0.41 1.64 <lld 25.17 0.95 1.8s 23.01 0.09 (lld 99.69 

1.928 0.019 o.864 0.033 0.113 1.012 o.008 
HF2 46.59 0.41 1.ss (lld 25.09 0.94 1.87 22.84 0.09 (lld 98.97 

1.927 0.076 0.868 0.033 0.11s 1.012 0.001 

-------1------------------------------------------- ---------------------1--------
'Y.d: Magnetite Gabbro 

------------- -------------------------------
Si02 Ti02 Al203 Cr203 FeO MnO MgO Cao Na20 K20 I TOTAL 

I Si Ti Al Cr Fe Mn Mg Ca Na K I 
SAMPLE 

I __________________ I 
---1------------------------------------------------------------------------- -__ -_-_-__ -_-_ 
MGl 

MGl 

MGl 

MGl 

MGl 

MGl 

MGl 

MGl 

MGl 

MGl 

I so.60 o.43 1.48 <11d 1s.60 o.33 10.s3 20.94 0.22 <lld 99.70 
I 1.9s3 0.061 o.so3 0.011 0.606 o.866 0.011 

I 
I 
I 
I 
I 

SO.SO 0.52 1.54 0.02 15.35 0.32 10.53 21.07 0.22 (lld 
1.951 0.010 o.496 0.010 o.606 o.872 0.011 

49.84 o.s8 14.91 o.42 10.80 21.47 0.22 <lld 1.62 0.04 
0.074 1.933 0.484 0.014 0.624 0.892 0.017 

49.77 0.37 15.22 0.37 10.74 21.06 0.20 (lld 1.15 <lld 
1.947 0.498 0.012 0.626 0.883 0.015 0.053 

50.77 0.35 14.91 0.37 10.85 21.44 0.17 (lld 1.17 0.02 
0.053 1.956 0.480 0.012 0.623 0.885 0.012 

SO.IS 0.35 14.87 0.38 10.45 21.74 0.24 (lld 1.30 0.44 
1.948 0.483 0.013 0.605 0.905 0.018 0.059 

50.13 0.36 14.92 0.30 10.30 21.35 0.23 <lld 1.30 <lld 
1.956 0.487 0.010 0.599 0.893 0.017 0.060 

50.04 0.47 1.44 <lld 14.54 0.38 10.70 21.38 0.21 (lld 
1.948 0.066 0.473 0.012 0.621 0.891 0.016 

S0.04 0.39 1.38 <lld 14.63 0.32 10.78 21.25 0.20 (lld 
1.949 0.064 0.477 0.011 0.626 0.887 0.015 

49.70 a.so 1.30 o.o3 1s.ss o.38 10.13 20.61 0.20 <lld 
I 1.944 0.060 o.so9 0.013 0.626 o.866 0.01s 

99.53 

99.29 

98.52 

99.68 

99.14 

98.53 

98.69 

98.61 

98.54 

-------1-------------------------------------------------------------------------1--------
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----------------------
SAMPLE I s102 Ti02 Al203 Cr2o3 FeO MnO MgO Cao Na 2o K20 I TOTAL 

I Si Ti Al Cr Fe Mn Mg Ca Na K I 
I I 
1--- ------------- ----------------- -I 

MG2 I 50.09 o.57 1.57 (lld 15.17 0.36 10.55 20.60 0.23 (lld I 98.57 

I 1.952 0.072 o.494 0.012 0.613 0.860 0.017 I 
MG2 I so.is 0.56 1.53 0.02 15.21 o.38 10.49 20.83 0.22 <lld I 98.80 

I 1.951 -0.070 0.495 0.012 0.609 o.868 0.017 I 
MG2 I 50.53 o.s1 1.54 (lld 15 .. 54 0.33 10.79 20.52 0.20 (lld I 99.46 

I 1.952 0.010 0.502 0.011 0.621 0.849 0.01s I 
HG2 I 50.16 0.59 1.42 <lld 15.26 0.35 i0.73 20.74 0.23 0.04 I 98.95 

I 1.950 0.065 0.496 0.012 0.622 0.864 0.017 0.002 I 
-- .--------- ------------------------

MG3 51.08 0.29 1.10 (lld 15.41 0.38 11.12 19.98 0.18 (lld 99.25 
1.971 o.oso 0.497 0.012 0.640 0.826 0.014 

HG3 50.48 0.28 1.14 (lld 15.79 o.3s 10.79 20.01 0.19 (lld 98.76 
1.964 0.052 0.514 0.012 0.626 0.834 0.014 

MG3 49.36 o.45 1.43 (lld 16.32 0.44 10.83 20.94 0.21 (lld 99.52 
1.923 0.065 o.531 0.014 0.629 0.874 0.016 

MG3 50.91 o.42 1.23 <lld 15.79 o.38 10.99 20.59 o. 18 (lld 100.07 
1.956 0.056 0.507 0.012 0.629 0.848 0.014 

MG3 SO.SI 0.45 1.20 (lld 16.23 0.36 10.91 20.43 0.21 <lld 99.85 
1.950 0.055 o.524 0.012 0.628 0.845 0.015 

MG3 50.52 0.47 1.44 (lld 17.67 0.41 10.83 18.43 0.22 (lld 99.52 
1.958 0.066 0.573 0.013 0.625 o.765 0.016 

MG3 50.01 0.44 1.43 0.02 17.56 0.39 10.88 19.05 0.17 <lld 99.49 
1.944 0.065 0.571 0.013 0.630 0.793 0.013 

-------,----- ----------------------------------------------------------1--------
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5.2 lenl.ta of aicroprobe analyae■ of plagioclaae together with tbe 1111■ber of ioaa 
011 tbe baai■ of 32 oxygen ato■■ and ■ol per cent albite, anortbite and ortho-
clue (all irOD .. :reo, Old• le•• than the lower li■it of detection). 

a: Pyroxenite 

------------------ -------------------
SAMPLE I s102 T102 Al203 FeO MgO Cao Na 2o K20 I TOTAL 

I Si Ti Al Fe Mg Ca Na K I Ab An Or 

I I 
------------------------------ --1 

WK3.2 59.81 (lld 25.39 0.59 <lld 9.05 5.68 o.ss I 101.07 
10.601 5.303 0.087 1.718 1.952 0.124 I 51 45 4 

WK3.2 58.01 <11.d 26.25 0.54 (lld 8.41 6.62 0.51 I 100.34 
10.392 s.542 0.081 1.614 2.299 0.117 I 57 40 3 

WK3.2 57.77 <lld 26.34 o.ss (lld 8.21 6.55 o.s1 I 99.93 
10.384 s.sao 0.083 1.581 2.282 0.117 I 57 40 3 

WK3.2 57.26 (lld 26.59 0.60 (lld 9.40 6.47 0.34 100.66 
10.260 s.61s 0.090 1.804 2.248 0.078 54 44 2 

WK3.2 57.60 <lld 27.10 0.66 (lld 9.31 6.48 0.22 101.37 
10.237 5.676 0.098 1. 773 2.233 o.oso 55 44 

WK3.2 57.65 (lld 26.46 0.41 (lld 9.08 6.58 0.31 100.49 
10.322 5.583 0.061 1.742 2.284 0.071 56 43 

WK3.2 57.40 <lld 26.65 0.48 <lld 9.28 6.53 0.24 100.58 
10.277 5.623 0.072 1.780 2.267 o.oss 55 43 2 

WK3.2 56.69 (lld 26.71 0.46 (lld 9. 10 6.53 o.31 99.80 
10.234 5.683 0.069 1.760 2.285 0.071 56 43 

WK3.2 57.77 (lld 26.53 0.51 <lld 9.14 6.51 0.22 100.68 
10.321 5.586 0.076 1.749 2.255 o.oso 56 43 

------- --------------------------------------- ------------ ---------------
WKS.2 57.08 (lld 27.20 0.46 (lld 9.62 6.24 0.31 100.91 

10.194 s.12s 0.069 1.841 2.160 0.071 53 45 2 
WKS.2 56.56 (lld 27.42 0.38 <lld 9.34 6.01 0.22 99.93 

10.175 5.813 0.057 1.800 2.096 o.oso 53 46 . 1 

WKS.2 56.82 (lld 27.24 0.35 (lld 9.89 6.10 0.29 100.69 
10.170 s.746 0.052 1.896 2.117 0.066 52 46 2 

WKS.2 57.76 (lld 26.75 0.35 <lld 8.79 6.77 0.40 100.82 
10.307 5.625 0.052 1.680 2.342 0.091 57 41 2 

WKS.2 57.62 (lld 25.98 0.61 (lld a.so 6.63 0.32 99.66 
10.393 5.522 0.092 1.642 2.318 0.074 57 41 2 

WKS.2 57.50 (lld 26.44 0.53 (lld 8.62 6.71 0.24 100.04 
10.333 s.599 o.oao 1.659 2.338 o.oss 58 41 

WKS.2 64.77 (lld 22.67 0.30 (lld 1.60 9.03 1.47 99.84 
11.434 4.716 0.044 0.303 3.090 0.331 83 8 9 

-------1----------------------------- -------------------1---------------
WK6.3 I 58.01 (lld 26.49 0.46 <lld 8.65 7.00 0.28 I 100.89 

I 10.344 5.567 0.069 1.652 2.420 0.064 I 59 40 
WK6.3 I 56.27 (lld 27.47 0.53 <lld 9.80 5.99 0.44 I 100.50 

I 10 .109 5.816 0.080 1.886 2.086 0.101 I 51 46 3 
WK6.3 I 56.83 <lld 27.52 0.40 <lld 9.19 6.12 0.35 I 100.41 

I 10 .180 5.810 0.060 1.764 2.125 0.080 I 54 44 2 
WK6.3 I 57.78 (lld 26.29 0.47 (lld 7.88 6.97 0.27 I 99.66 

I 10.399 s.s76 0.011 1.519 2.432 .0.062 I 61 38 
WK6.3 I 58.17 (lld 26.69 0.46 <lld 8.57 7.00 0.24 I 101.13 

I 10.340 5.591 0.068 1.632 2.412 0.054 I 59 40 1 

------- -----------------------------------------------------------1---------------
WK12.2 49. 10 (lld 32.59 0.92 <lld 16.06 2.64 0.09 I 101. 40 

8.907 6.967 0.140 3.121 0.928 0.021 I 23 77 0 
WK12.2 46.52 (lld 34.50 1.06 <lld 16.60 1.72 0.05 I 100.45 

8.536 7.460 0.163 3.263 0.612 0.012 I 16 84 0 
WK12.2 50.35 (lld 31.32 0.43 (lld 13. 79 3.73 0.19 I 99.81 

9.210 6.752 0.066 2.702 1.323 0.044 I 33 66 
WK12.2 51.21 <lld 31.00 0.72 (lld 13.91 3.81 0.21 I 100.86 

9.282 6.622 0.109 2.701 1.339 0.049 I 33 66 
WK12.2 46.68 (lld 34.33 0.78 <lld 17.36 1.93 0.07 I 101.15 

8.525 7.389 0.119 3.397 0.683 0.016 I 17 83 0 
WK12.2 46.62 (lld 34.52 0.66 <lld 17.23 1.82 0.08 I 100.93 

8.520 7.435 0.101 3.374 0.645 0.019 I 16 84 0 
WK12.2 46.72 (lld 34.20 0.99 (lld 17.39 1.89 0.08 I 101.27 

8.531 7.360 0.151 3.402 0.669 0.019 I 16 83 
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----------------------------------------------------
SAMPLE I s102 Ti02 Al203 FeO MgO Cao Na 2o K20 I TOTAL 

I Si Ti Al Fe Mg Ca Na K I Ab An Or 

I I 
-------1------ ---------------------- ----------1-------------
WKi2.2 I 50.69 <lld 31.44 0.65 <lld 14.38 3.59 0.26 I 101.01 

I 9.187 6.716 0.099 2.792 1 ;261 0.060 I 31 68 

-------1 ---------------------- --1----
WK12.4 I 56.32 <lld 28.28 0.50 <lld 8.78 5.45 1.08 I 100.41 

I 10.101 5.977 0.075 - 1.687 1.895 0.247 I 49 44 7 
WK12.4 I 55.26 (lld 28.72 0.30 <lld 10.52 5.97 o. 19 I 100.96 

I 9.894 6.060 0.045 2.018' 2.072 0.043 I 50 49 1 
-------1 ------------------------------------------------1---------------
WK13.2 I 57.12 <lld 27.20 0.64 (lld 8.36 6.55 0.44 I 100.31 

I 10.243 5.748 0.096 1.606 2.277 0.101 I 57 40 3 

-------1----------- --------------------------------------1-------
WK14.4 I 74.41 <lld 20.08 0.11 <lld 0.13 5.27 0.01 I 100.07 

I 12.552 3.992 0.016 0.023 1.723 0.015 I 98 
WK14.4 I 55.54 <lld 28.05 o.52 (lld 10.67 5.52 0.45 I 100.75 

I 9.975 5.937 0.078 2.053 1.922 0.103 I 47 50 3 
WK14.4 I 55.33 (lld 27.74 0.45 <lld 10.65 5.55 o.38 I 100. 10 

I 9.997 5.907 0.068 2.062 1.944 0.088 I 47 50 3 
WK14.4 I 55.11 (lld 27.57 0.30 (lld 10.52 5.78 0.25 I 99.53 

I 10.006 5.899 0.046 2.046 2.035 0.058 I 49 49 2 
WK14.4 I 57.05 <lld 26.29 0.47 (lld 9.05 6.73 0.22 I 99.81 

I 10.295 5.591 0.071 1.750 2.355 0.051 I 57 42 1 

-------1------------ ------------------ ----------1---------------
WK16.2 I 68.56 <lld 18.96 1.04 (lld (lld 10.41 0.01 I 99.04 

I 12.078 3.936 0.153 3.555 0.016 I 100 0 0 
WK16.2 I 68.88 (lld 19.46 <lld (lld <lld 11.55 <lld I 99.89 

I 12.021 4.002 3.908 I 100 0 0 
WK16.2 I 69.42 <lld 19.82 <lld <lld <lld 11.72 0.04 I 101.00 

I 11.991 4.035 3.925 0.009 I 100 0 0 

WK28.4 57.48 <lld 27.48 o. 17 <lld 9.49 5.75 0.21 100.64 
10.242 5.770 0.025 1.812 1.986 0.061 51 47 2 

WK28.4 57.52 (lld 27.37 0.25 <lld 8.56 6.61 0.25 100.56 
10.262 5.754 0.037 1.636 2.286 0.057 57 41 2 

WK28.4 56.07 (lld 28.22 0.29 <lld 9.50 6.16 0.25 100.56 
10.043 5.957 0.043 1.823 2.139 0.051 53 45 2 

WK28.4 59.20 <lld 26.24 0.38 (lld 7.07 7.41 0.26 100.62 
10.519 5.495 0.056 1.346 2.553 0.059 65 34 

WK28.4 55.41 (lld 28.45 0.56 (lld 9.27 6. 18 0.23 100 .17 
9·.976 6.037 0.084 1.788 2.157 0.0~3 54 45 

WK28.4 54.84 <lld 29.20 o.31 (lld 10.01 5.49 0.26 100.11 
9.872 6.195 0.047 1.930 1.916 0.060 49 49 2 

WK28.4 56.17 <lld 27.95 0.29 (lld 9.23 6.00 0.20 99.84 

I 10 .108 5.928 0.044 1. 779 2.093 0.046 53 45 2 
WK28.4 I 55.61 <lld 28.17 0.34 <lld 9.72 6. 10 0.25 100 .19 

I 10.009 5.975 0.051 1.874 2.129 0.057 52 46 2 
WK28.4 I 55.31 <lld 28.23 0.65 <lld 9.16 6.01 o.3o 99.72 

I 10.001 6.016 0.098 1. 774 2.107 0.069 53 45 2 
WK28.4 I 56.15 (lld 78.49 o.34 (lld 9.83 6.02 0.29 I 101.18 

I 10.006 5.983 0.051 1.877 2.080 0.066 I 52 47 1 
-------1-----------------------------------------------------------1---------------
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b: Magnetite-Rich lock 

--------------------------
SAMPLE I Si02 Ti02 Al203 -FeO MgO Cao Na2o K20 TOTAL 

I Si Ti Al Fe Mg Ca Na K Ab An Or 

I 
-------1 ------------------------------------- -------------
WK4.l I 53.37 (lld 29.43 o.74 (lld 12.74 4.49 0.32 101.09 

I 9.617 6.250 0.111. 2.459 1.569 0.014 38 60 2 
WK4.l I 49.24 (lld 32.19 0.87 (lld 15.88 2.61 0.18 100.97 

I 8.964 6.907 0.132 3.097 0.921 0.042 23 76 
WK4.l I 51.14 <lld 30.78 0.68 <lld 14.39 3.47 0.27 100. 73 

I 9.287 6.587 0.103 2.800 1.222 0.063 30 69 
WK4.l I 54.94 (lld 28.20 0.49 (lld 10.92 5.06 0.46 100.07 

I 9.931 6.007 0.074 2.115 1. 773 o. 106 44 53 3 
WK4.l I 55.37 (lld 28.29 o.51 (lld 11.12 5.24· 0.45 100.98 

I 9.929 5.978 0.076 2.136 1.822 0.103 45 53 2 
WK4.l I 55.72 (lld 27.90 0.47 (lld 10.96 5.46 0.46 100.97 

I 9.990 5.895 0.070 2. 105 1.898 0.105 46 51 3 
WK4.l I 56.47 (lld 27.19 0.49 <lld 9.75 6.09 0.39 100.38 

I 10.151 5.760 0.074 1.878 2.122 0.089 52 46 · 2 

----------------------- ------------------ ---------------
WK12.l 59.72 <lld 25.81 0.41 (lld 9.32 5.80 0.21 101.27 

10.550 5.373 0.061 1.764 1.986 0.047 52 46 2 
WK12.l 57.31 (lld 25.81 0.40 (lld 8.77 6.81 0.28 99.38 

10.375 5.507 0.061 1.701 2.390 0.065 58 41 
WK12.l 54.07 (lld 27.65 0.36 (lld 10.90 5.57 0.11 98.75 

9.911 5.973 0.055 2.141 1.979 0.026 48 52 0 
WK12.l 54.22 (lld 27.26 0.45 (lld 10.77 5.79 o. 10 98.59 

9.959 5.901 0.069 2.119 2.062 0.023 49 50 
WK12.l 56.52 (lld 26.59 0.37 <lld 9.50 6.63 0.25 99.86 

10.212 5.662 0.056 1.839 2.322 0.058 55 44 
WK12.l 55.86 <lld 26.50 0.47 (lld 9.42 6.47 0.21 98.93 

10.188 5.696 0.072 1.841 2.288 0.049 55 44 
WK12.l 55.64 <lld 26.53 1.30 (lld 9.19 6.17 0.36 99.19 

10.156 5.707 0.198 1.797 2.183 0.084 54 44 2 

-------1-----------------------------------------------------------1---------------
WK14.l I 47.98 (lld 32.87 1.02 (lld 17.14 2.04 0.13 I 101.18 

I 8.756 7.070 0.156 3.351 0.122 0.030 I 18 82 0 
WK14.l I 47.44 (lld 33.56 1.20 (lld 16.91 2.05 0.11 I 101.27 

I 8.656 7.216 0.183 3.305 0.125 0.026 I 18 81 1 

-------1 -------------------------------------------1---------------
WK28.3 I 47.32 <lld 32.98 o.79 (lld 17.19 1.98 o. 10 I 100.36 

I 8.703 7.148 0.121 3.387 0.106 0.023 I 17 82 1 

-------1-----------------------------------------------------------1---------------
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c: Kagnetite-Gabbro 

----------------------------------------------------------------
SAMPLE Si02 Ti02 Al203 FeO MgO Cao Na20 K20 TOTAL 

Si Ti Al Fe Mg Ca Na K Ab An Or 

------- - ------------------------------------------- -------------
MGl 57.63 <lld 27.27 0.29 (lld 10.22 5.24 0.42 101.13 

10.241 . s.111 0.043 1.946 1.805 0.095 47 51 2 
MGl 55.46 (lld 28.21 0.24 <lld 9.90 5.86 0.40 100.07 

9.997 5.993 0.036 1.912 2.048 0.092 51 47 2 
MGl 55.72 (lld 28.11 0.24 (lld 10.10 5.78 0.34 100.29 

10.019 5.956 0.036 1.946 2.015 0.078 50 48" 2 
MGl 56.84 (lld 27.17 0.26 (lld 8.69 6.38 0.39 99.73 

10.237 5.767 0.039 1.677 2.228 0.090 56 42 2 
MGl 55.85 (lld 27.59 0.29 (lld 9.88 5.86 0.43 99.96 

10.079 5.868 0.044 1.910 2.050 0.099 51 47 2 
MGl 56.27 (lld 28.42 0.27 (lld 10. 10 S.89 0.36 101.31 

10.017 5.962 0.040 1.926 2.033 0.082 50 48 2 
MGl 55.66 (lld 28.13 0.22 (lld 9.72 5.79 0.43 99.95 

10 .033 s.976 0.033 1.877 2.023 0.099 51 47 2 
MGl 56.51 (lld 27.72 0.29 <lld 9.19 5.99 0.45 100. 15 

10.148 5.866 0.044 1.768 2.085 0.103 53 45 2 
MGl 55.58 (lld 27.65 0.22 <lld 10.16 5.83 0.41 99.85 

10.047 s.891 0.033 1.968 2.043 o.o9s so 48 2 
MGl 55.58 <lld 27.62 0.42 o.os 9.65 s.8s 0.46 99.69 

10.061 5.892 0.064 0.013 1 .871 2.053 0.106 51 46 3 
MGl 56.13 (lld 27.88 0.29 (lld 9.72 5.97 0.42 100.41 

10.076 5.898 0.044 1.869 2.078 0.096 51 46 3 

------- -----------------------------------------------------------1---------------
MG2 56.34 (lld 27.16 0.18 (lld 10.27 5.15 0.44 I 99.54 

10.179 5.783 0.021 1.988 1.804 0.101 I 46 51 3 
MG2 55.90 <lld 27.03 0.25 <lld 9.09 6.03 0.44 I 98.74 

10.184 5.803 0.038 1.774 2.130 0.102 I 53 44 3 
MG2 57.67 <lld 27.19 0.18 <lld 9.84 5.36 0.38 I 100.62 

10.279 5. 711 0.027 1.879 1.852 0.086 I 49 49 2 
MG2 56.16 (lld 27.58 o. 14 <lld 9.63 6.07 0.36 99.94 

10.118 5.856 0.021 1.859 2.120 0.083 52 46 2 
MG2 56.06 (lld 28.02 0.22 (lld 9.97 5.85 0.47 100.59 

10.051 5.920 0.033 1.915 2.033 0.107 50 47 · 3 
MG2 55.80 (lld 27.84 0.20 <lld 10.04 5.75 o.47 100 .10 

10.053 5.911 0.030 1.938 2.008 0.108 50 48 2 
MG2 55.87 <lld 28.14 0.28 (lld 10.24 5.76 0.41 100.70 

10.014 5.944 0.042 1 .966 2.002 0.094 49 48 3 
MG2 55.78 (lld 28.06 0.30 <lld 10.14 5.90 0.44 100.62 

10.012 5.936 0.045 1.950 2.053 o. 101 50 48 2 
MG2 55.92 (lld 28.26 0.32 (lld 10.06 5.82 0.44 100.82 

10.010 5.962 0.048 1.929 2.020 0.100 50 48 2 
MG2 55.24 (lld 27.93 0.35 (lld 9.85 5.89 0.25 99.51 

10.011 5.965 0.053 1.912 2.069 0.058 51 47 2 
MG2 I 55.54 <lld 27.49 0.22 (lld 9.96 5.89 0.38 99.48 

I 10.071 5.874 0.033 1.935 2.070 0.088 51 47 2 

-------1-----------------------------------------------------------1---------------
MG3 I 56.02 (lld 28.23 0.37 (lld 10.03 5.76 0.47 I 100.88 

I 10.021 5.951 0.055 1.922 1.998 0.107 I 50 48 2 
MG3 I 56.25 <lld 28.32 0.24 <lld 9.76 5.86 0.42 I 100.85 

I 10.046 5.961 0.036 1.868 2.029 0.096 I 51 47 2 

-------1-----------------------------------------------------------1---------------
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5.3 leaulta of aicroprollle aaal.yaea of aaphibole ia pyrozenite 1(all iroa u PeO) together 
with tbe nuaber of ioaa calculate4 accord.lag to Spear and Uaball (1984) (a-.erage rel+ 
content). 

----------------------------------------------------------------------------------
SAMPLE I Sio2 AI 2o3 Tio2 MgO FeO MnO Cao Na 2o K2o I TOTAL 

I Si Al Ti Mg Fe3+ Fe 2+ Mn Ca Na K I 
I I ------------1 -:.::.-::.-:.-:._-_-_-_---:.-:.-::.-:.-_-_-_-_-_-__ -_-_-_-__ -_-_-_-__ -_-_-_-__ -_-_-_-__ -_-_-_-__ -_-_-_-__ -_-_-_-_-__ -_-_-_-__ -_-_-__ ,-__ -_-__ -_-_ 

WK3.2 I 38.os 10.12 o.s8 o.83 32.91 o.32 11.08 1.34 2.3s I 97.89 
I 6.221 1.9s1 0.108 0.203 o.s31 3.962 o.o4s 1.941 o.426 ~o.491 I 

WK3.2 I 37.09 9.93 o.93 o.74 33.52 o.3s 10.54 1.41 2.19 
6.138 1.938 0.116 0.182 0.780 3.858 0.049 1.869 0.452 0.463 

WK3.2 31.1s 10.16 0.1s o.9o 33~10 o.35 10.16 1.s8 1.90 97.25 
6.098 1.966 0.092 0.220 o.869 3.758 0.049 1.892 o.so4 o.398 

WK3.2 37.44 9.87 o.83 o.92 33.68 o.44 10.90 · 1.2s 2.41 97.75 
6.131 1.905 0.102 0.224 0.819 3.794 0.062 1.913 0.396 0.504 

WK3.2 36.82 10.46 1.11 o.9o 32.84 o.38 11.08 1.23 2.44 97.33 
6.os1 2.029 0.14s 0.220 0.110 3.807 o.os3 1.953 o.393 o.s13 

WK3.2 36.95 9.63 0.84 0.96 32.53 0.38 10.16 1.37 2.23 95.06 
6.202 1.906 0.107 0.241 0.735 3.832 0.054 1.828 0.446 0.477 

WK3.2 37.41 9.72 1.16 1.00 33.10 0.38 10.54 1.36 2.18 96.85 
6.166 1.889 0.144 0.24s o.743 3.819 o.os4 1.861 o.434 o.458 

WK3.2 37.96 10.21 o.9s o.93 33.13 o.3s 10.92 1.36 2.18 98.06 
6.11s 1.970 0.111 0.226 o.670 3.838 0.049 1.904 o.428 o.453 

------------------------------------------------------------------- -------
WKS.2 38.32 9.45 0.1s o.89 33.91 o.34 10.49 1.46 2. 18 97.78 

6.261 1.820 0.092 0.216 0.726 3.908 0.048 1.836 o.464 0.454 
WKS.2 38.01 9.73 1.07 0.96 33.21 0.32 10.35 1.44 2.22 97.33 

6.234 1.881 0.132 0.236 0.655 3.900 0.045 1.819 0.459 0.465 
WKS.2 37.93 10.17 0.95 1.01 33.14 0.39 10.20 1.so 2.25 97.55 

6.195 1.959 0.117 0.245 0.100 3.826 0.054 1.784 0.477 0.468 
WK5.S 37.89 10.42 o.92 o.88 32.66 o.39 10.96 1.60 2.16 97.88 

6.188 2.006 0.113. 0.245 0~524 3.937 0.054 1.918 a.sos 0.450 
WKS.2 37.25 10.92 o.47 o.74 33.40 o.33 10.s1 1.31 2.61 97.53 

6.102 2.108 o.os8 o.18i o.776 3.800 o.o4s 1.844 0.417 0.545 
WKS.2 37.65 10.20 0.93 0.91 32.93 0.31 10.92 1.48 2.17 97.51 

6.169 1.970 0.115 0.222 0.621 3.893 0.044 1.918 0.472 0.453 

WKS.2 37.71 10.42 o.9o o.94 33.13 o.4o 9.63 1.43 2.25 96.82 
6.184 2.014 0.111 0.230 0.796 3.747 0.056 1.692 o.454 0.471 

WKS.2 38.32 10.47 0.2s 1.11 32.s2 o.42 9.93 1.41 2.19 96.63 
6.279 2.024 0.031 0.210 0.124 3.732 o.os8 1.744 o.447 o.459 

WKS.2 36.30 11.30 0.14 0.93 32.83 0.45 9.64 1.57 2.38 95.54 
6.034 2.214 0.011 0.231 o.997 3.566 0.064 1.116 o.sos o.sos 

WK5.2 37.08 9.82 1.29 0.81 32.71 0.32 10.38 1.37 2.37 96.15 
I 6.116 1.928 0.161 0.202 0.611 3.94s 0.046 1.852 o.441 o.so4 

------- -------------------------------------------------------------------------1-------
WK6.3 

WK6.3 

WK6.3 

WK6.3 

WK6.3 

WK6.3 

WK6.3 

WK6.3 

WK6.3 

37.77 9.26 0.82 1.03 33.oo o.45 10.91 1.48 2.14 I 96.85 
6.246 1.804 0.101 0.254 o.648 3.915 0.063 1.933 o.474 o.451 I 

31.15 9.o9 1.08 1.14 32.59 o.39 10.10 1.49 1.80 I 96.02 
6.268 1.119 0.135 0.281 o.655 3.810 0.054 1.904 o.479 o.382 I 

31.60 9.s3 1.14 0.10 32.96 o.4s 11.02 1.46 2.00 I 96.8s 
6.222 1.8s9 0.142 0.113 o.s12 3.990 0.063 1.954 o.468 o.421 I 

38.50 10.00 o.s2 o.99 32.41 o.42 11.03 1.42 2.12 I 97.48 
6.291 1.928 0.065 0.242 o.s21 3.914 0.058 1.932 o.4s1 o.443 I 

31.30 10.16 0.15 1.10 32.45 o.42 10.13 1.41 2.42 I 96.76 
6.124 2.090 0.019 0.211 o.743 3.726 o.os9 1.893 o.451 o.so9 I 

37.84 9.84 1.33 0.98 32.13 0.31 11.18 1.36 2.14 I 97.ll 
6.228 1.910 0.164 0.240 o.449 3.972 0.044 1.972 o.433 o.449 I 

38.64 9.28 1.06 1.01 33.29 0.40 11.15 1.43 1.90 I 98.18 
6.285 1.780 0.130 0.245 0.602 3.927 o.oss 1.943 0.451 0.395 I 

38.63 9.37 1.55 1.01 32.46 o.4o 10.84 1.50 1.99 I 91.82 
6.301 1.802 0.190 0.261 o.429 3.999 0.056 1.895 o.475 o.414 I 

31.02 10.99 0.11 1.03 32.21 o.44 10.97 1.35 2.60 I 96. 78 
6.109 2.131 0.014 o.2s4 0.103 3.1so 0.061 1.940 o.431 o.584 I 

-------1-------------------------------------------------------------------------1-------
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SAMPLE S102 Al203 Ti02 HgO FeO HnO cao Na 2o K20 I TOTAL 
Si Al Ti Hg Fe 3+ Fe 2+ Mn Ca Na K I 

I 
------- ---- ------1-------
WKll.2 37.46 9.96 o.45 0.73 34.11 0.34 11.09 1.29 2.41 I 97.84 

6.138 1.924 0.056 0.178 0.824 3.849 o.648 1.946 o.410 0.503 I 
WKll.2 36.71 10.58 0.85 0.52 34.36 0.30 9.96 1.04 3.10 I 97.43 

6.045 2.054 0.105 0.128 0.914 3.819 0.042 1.757 0.334 0.652 I 
WKll.2 41.51 6.48 0.15 0.96 35.10 0.52 10.11 1.01 1.32 I 97.78 

6.768 1.246 0.092 0.234 0.482 4.304 0.072 1.767 0.319 0.274 I 
WKll.2 38.09 10.38 0.15 0.67 33.78 0.41 10.18 1.72 1.13 97.12 

6.200 1.991 0.092 0.162 o.882 3.716 0.057 1.775 0.544 0.235 
WKll.2 36.58 11.14 · 0.51 . 0.47 33.86 0.37 10. 71 1.74 1.60 96.98 

6.010 2.157 0.063 0.115 0.925 3.728 0.051 1.885 0.554 0.336 
WKll .2 39.89 9.82 o. 19 0.64 34.00 0.38 10.69 1.05 2.56 99.23 

6.410 1.860 0.023 0.153 o.584 3.985 0.052 1.841 0.329 0.526 
WKll.2 37.58 10. 19 o.59 0.74 33.11 0.35 10.83 1.29 2.52 97.21 

6.192 1.980 0.074 0.181 0~637 3.925 0.048 1.912 0.413 0.529 
WKll.2 37.20 10.36 0.52 0.55 33.74 0.34 10.48 1.28 2.25 96.73 

6.141 2.016 0.065 0.136 0.842 3.817 0.048 1.854 0.410 0.474 
WKll.2 35.86 11.49 0.11 0.58 33.92 0.30 11.23 1.16 2.59 97.24 

5.906 2.231 0.014 0.142 1.035 3.638 0.042 1.982 o.369 0.544 
WKll.2 36.76 10.94 0.05 0.55 33.71 0.21 10.57 1.11 2.73 96.70 

6.081 2.133 0.001 0.136 0.894 3.770 0.038 1.874 0.355 0.576 
WKll.2 36.29 10.15 o.91 0.59 33.58 0.37 10.93 1.28 2.38 96.47 

6.041 1.993 0.114 0.147 o.832 3.843 0.052 1.950 0.412 0.505 
------- -- --------------------------------- ------ -------
WK12.3 38.65 9.17 1.24 1.14 34.12 o.38 10.81 1.48 1.91 98.91 

6.258 1.751 0.151 0.276 0.606 4.014 0.052 1.875 0.464 0.394 
WK12.3 37.59 9.91 o.74 1.04 32.91 o.41 10.49 1.67 1.97 96.73 

6.198 1.926 0.091 0.257 0.703 3.836 0.057 1.853 0.534 0.415 
WK12.3 37.17 10.57 1.48 0.93 33.00 o.38 11.04 1.51 1.97 98.06 

6.052 2.029 0.181 0.226 0.697 3.795 0.053 1.927 0.467 0.409 
WK12.3 37.17 10.12 1.27 0.81 33.61 o.37 11.04 1.67 2.07 98.14 

6.078 1.951 0.156 0.198 o.690 3.906 0.051 1.933 o.530 0.432 
WK12.3 37.09 10.52 1.32 1.07 32.58 0.40 11.00 1.51 2.30 97.79 

6.067 2.030 0.162 0.261 0.632 3.826 0.056 1.928 0.479 0.479 
WK12.3 36.73 11.00 0.12 0.88 34.07 0.43 11.29 1.44 2.69 98.65 

5.976 2.109 0.014 0.212 0.945 3.692 0.060 1.967 0.456 0.559 
WK12.3 36.98 10.67 1.10 0.98 33.35 0.44 11.02 1.73 1.93 98.20 

6.019 2.047 0.134 0.237 o.1s2 3.757 0.060 1.921 0.547 0.401 
WK12.3 36.62 10.06 0.88 0.87 33.47 0.41 10.84 1.39 2.50 97.03 

I 6.060 1.962 0.109 0.214 0.808 3.825 0.058 1.923 0.447 0.527 

------- -------------------------------------------------------------------------1-------
WK12.4 37.32 10.33 o. 17 1.12 33.11 0.36 11.19 1.39 2.57 I 97.58 

6.125 2.000 0.021 0.274 0.161 3.784 0.050 1.968 o.444 0.537 I 
WK12.4 36.30 11.69 0.33 0.92 33.28 0.44 11.04 1.31 2.67 I 97.98 

5.920 2.248 0.041 0.223 0.933 3.606 0.061 1.930 0.416 0.555 I 
WK12.4 38.17 9.63 o.38 1.12 33.80 0.40 10.68 1.33 2.15 I 97.67 

6.226 1.851 0.046 0.273 0.879 3. 732 0.055 1.866 0.422 0.447 I 
WK12.4 36.62 10.53 1 .09 0.89 32.65 o.31 10.86 1.28 2.41 I 96.65 

6.061 2.055 0.136 0.220 0.111 3.809 0.043 I.926 0.410 0.510 I 
WK12.4 36.63 10.43 a.so 0.77 34.34 0.33 10.86 1.43 1.97 I 97.56 

6.003 2.015 0.099 0.187 0.980 3. 727 0.046 1.908 0.456 0.413 I 
WK12.4 37 .96 10.04 o. 13 1.37 33.51 o.47 10.28 1.74 2.31 I 97.80 

6.179 1.927 0.015 0.331 0.910 3.652 0.065 1.792 0.549 0.481 I 
WK12.4 37.40 10.66 o.94 1. 10 33.19 0.35 11.02 1.55 2. 2.6 I 98.46 

6.068 2.039 0.114 0.266 0.734 3.769 0.048 1.916 0.487 0.467 I 
WK12.4 37.46 9.64 1.07 0.95 32.57 0.32 11.09 1.41 2.17 I 96.70 

6.205 1.883 0.134 0.235 0.559 3.952 0.045 1.968 0.454 0.459 I 
-------1-------------------------------------------------------------------------1-------
WK13.2 I 37.00 10.29 1.27 1.12 33.04 0.41 9.70 1.41 2.13 I 96.38 

I 6.092 1.997 0.158 0.27 5 o.911 3.639 0.058 1. 7 12 0.451 0.446 I 
WK13.2 I 36.69 9.96 1. 30 1.10 33.18 0.47 10.30 1.52 1.79 I 96.31 

I 6.078 1.946 o. 162 0.273 o. 796 3.801 0.066 1.828 0.487 0.378 I 
WK13.2 I 36.69 10 .19 1.13 1.05 33.67 0.36 9.50 1.66 1.79 I 96.05 

I 6.077 1.991 0.141 0.260 0.911 3.753 0.051 1.686 0.532 0.378 I 
WK13.2 I 36.95 9.94 1.63 1.16 33.12 0.43 10.05 1.51 1.79 I 96.59 

I 6. 100 1.935 0.202 0.287 0.730 3.842 0.061 1.777 0.483 0.377 I 
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SAMPLE I Si02 Al203 Ti02 MgO FeO HnO Cao Na2o K20 TOTAL 

I Si Al Ti Mg Fe 3+ Fe 2+ Mn Ca Na K 

I 
-------1------- - -------
WKB.2 I 37.07 9.96 1.29 0.99 32.46 o.49 10.22 1.42 2.24 96.15 

I 6.151 1.948 0.161 0.246 0.688 3.817 o.069 _ 1 .818 0.456 0.475 
WK13.2 I 36.56 10.60 1.12 1.19 32.90 0.46 10.86 1.15 2.51 97.34 

I 5.994 2.048 0.138 0.290 0.900 3.610 0.064 1.907 0.364 0.525 
WK13.2 I 37.16 9.99 1.29 1.16 33.58 0.41 10.85 1.34 2.21 98.01 

I 6.075 1.926 0.159 0.283 0.723 3.869 0.057 1.901 o.423 0.461 
-------1 
WK14.4 I 36.62 10.15 1.28 0.82 32.91 0.35 10.38 1.48 2.21 96.20 

I 6.088 1.990 0.160 0.203 0.128 3.848 0.050 1.849 0.476 o.469 
WK14.4 I 37.37 9.85 0.94 0.88 33.39 0.41 10. 14 1.46 2.03 96.48 

I 6.172 1.918 0.111 0.218 0.826 3.785 0.05.1 1.794 0.468 o.428 
WK14.4 I 36.75 10.80 o. 16 o.n 33.38 0.37 10.92 1.37 2.43 97.11 

6.047 2.095 0.020 0.226 0.901 3.693 0.052 1.925 0.438 0.511 
WK14.4 36.63 10.62 o.74 0.83 33.09 0.34 10.35 1.51 2.18 96.30 

6.067 2.074 0.092 0.205 0.830 3.754 0.048 1.837 0.485 o.461 
WK14.4 36.09 10.61 0.10 0.74 33.56 0.39 10.52 1.37 2.56 96.55 

5.994 2.011 0.087 0.184 0.915 3.747 0.055 1.873 0.441 0.542 
WK14.4 36.38 9.95 0.66 0.11 33.87 0.35 10.82 1.38 2.48 96.65 

6.056 1.954 0.082 0.191 0.832 3.884 1.931 1.931 0.444 0.526 
WK14.4 36.82 10.23 0.62 0.89 32.57 o.46 10.46 1.36 2.34 95.76 

6.142 2.011 0.078 0.221 0.150 3.793 0.065 1.870 0.441 o.497 
WK14.4 36.86 10.29 r.02 0.93 33.08 0.33 10.04 1.69 1.11 95.94 

6.107 2.009 0.128 0.229 0.851 3.732 0.046 1.782 0.544 0.362 
WK14.4 37.09 10. 19 0.48 0.91 32.48 0.48 10.42 1.34 2.41 95.80 

6.181 2.003 0.060 0.226 0.111 3.810 0.068 1.862 0.435 0.513 
WK14.4 37.49 9.85 0.93 0.99 32.98 o.39 10.45 1.40 2.11 96.59 

6.187 1.917 0.115 0.244 o.748 3.804 0.054 1.848 o.449 o.444 

-------1---------------------------------------- -------------
WK16.2 I 39.78 11.70 0.39 · 0.10 32."93 0.48 11.18 1.11 0.01 98.87 

I 6.265 2.173 0.046 o. 165 0.801 3.536 0.063 1.886 o.521 0.001 
WK16.2 I 36.94 11.06 o.47 0.52 33.80 0.34 10.82 1.16 2.05 97.19 

I 6.048 2.135 0.058 0.128 0.961 3.668 0.048 1.899 0.369 0.429 
WK16.2 I 38.14 10.11 0.56 0.68 33.94 0.41 10.98 1.02 1.89 98.40 

I 6.142 2.044 0.068 0.164 0.940 3.632 0.051 1.895 0.319 0.388 
WK16.2 I 36.52 9.47 0.17 0.20 34.87 0.35 10.72 1.63 1.61 95.56 

I 6.138 1.876 0.022 0.051 0.975 3.927 0.050 1.931 0.530 0.346 

------- --------------- ---------------- ------ -------
WK20.5 38.27 9.81 1.01 1.71 32.92 0.39 10.65 1.51 2.27 98.54 

6.177 1.867 o. 123 0.412 o.757 3.688 0.054 1.842 0.473 0.468_ 
WK20.5 39.94 8.70 o.76 2.17 32.06 0.49 11.12 1.42 1.86 98.52 

6.411 1.646 0.092 o.520 o.619 3.686 0.067 1.913 0.442 0.381 
WK20.5 36.90 10.28 1.05 1.47 32.72 0.47 :o. 19 1.46 2.17 96. 72 

6.062 1.992 0.130 0.361 0.908 3.587 0.066 1.793 0.464 0.454 
WK20.5 37.53 9.66 1.47 1.67 32.32 0.36 10. 15 1.55 1.89 96.62 

6.170 1.873 0.182 0.410 0.694 3.751 0.051 1.789 0.494 0.396 
WK20.5 37.07 10.61 0.83 1.41 32.43 0.42 11.07 1.51 2.26 97.62 

6.054 2.043 0.102 0.343 o.764 3.665 0.059 1.936 0.477 0.472 
WK20.5 37.21 10.19 0.55 1.32 32.98 0.39 10.26 1.47 2.22 96.60 

6.124 1.977 0.069 0.324 0.905 3.633 0.054 1.809 0.470 o.465 
WK20.5 37.56 9.89 0.81 1.39 33.09 0.41 10.04 1.57 2.09 96.85 

6.160 1.913 0.100 0.340 0.881 3.657 0.057 1.764 0.500 0.437 
WK20.5 I 36.58 10.53 0.92 1.39 32.72 0.39 9.93 1.55 2.02 96.03 

I 6.035 2.049 0 .114 0.343 0.990 3.525 0.055 1.756 0.496 0.426 
WK20.5 I 37.17 9.79 1.09 1.65 32.25 0.42 10.21 1.52 2.27 96.37 

I 6.140 1.906 0.135 0.407 0.747 3.709 0.058 1.808 0.487 0.478 
WK20.5 I 36.62 10.50 1.52 1. 41 31.98 0.42 10.27 1.46 1. 96 I 96.13 

I 6.039 2.041 0.188 0.347 0.821 3.589 0.058 1.816 0.466 0.413 I 
-------1-------------------------------------------------------------------------1-------
WK21.5 I 37.64 10.06 0.96 1.44 32.67 0.45 11.04 1.42 2.40 I 98.08 

I 6.127 1.931 0 .118 o. 349 0.712 3.736 0.062 1.925 0.449 o.499 I 
WK21.5 I 37.44 10.31 0.73 1.45 32.49 0.44 11.09 1.38 2.48 I 97.81 

I 6.106 1.983 0.090 0.353 0.737 J.694 0.061 1.938 0.435 0.515 I 
WK21.5 I 36.60 9.97 1.29 1.35 31.80 0.42 10.99 1.49 2.25 I 96.16 

I 6.083 1.953 o. 162 0.333 0.635 3.786 0.059 1.958 0.481 0.478 I 
WK21.5 I 37.07 10.64 1.02 1.47 32.20 0.45 10.61 1.37 2.64 I 97.48 

I 6.060 2.051 0.125 0.359 0.739 3.664 0.062 1.858 0.436 0.551 I 
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-------------------------------------------~-----------
SAMPLE I s102 Al2o3 T102 Hgo 

I Si Al Ti Hg 
FeO 

Fe 3+ 
MnO 

Fe2+ Mn 
CaO 

Ca 

I -------------,--====-=--=----------------=:::=::~:::::-__ -_-_-_-__ -_-_-_-__ -_-_-_-__ -_-_-:.-:_-:-_-:_-_-_-_-_-_-_-_-_ -----
WK2 l. 5 I 36.84 10.24 o.94 1.40 32.10 o.38 10.92 1.54 2.21 

I 6.082 1.994 0.111 o.345 0.102 3.731 0.054 1.932 o.492 o.479 
WK21.5 I 37.01 10.71 1.28 1.49 32.62 0.40 10.66 1.36 2.53 

I 6.012 2.050 -0.156 o.362 0.814 3.618 0.054 1.856 o.428 0.525 
WK21.5 I 38.72 9.50 0.17 1.88 32.19 0.46 9.97 1.48 1.91 

I 6.336 1.833 0.021 o.458 o.855 3.550 0.064 1.747 o.470 o.398 
WK21.5 I 37.08 10.63 1.29 1.40 31.79 0.43 11.35 1.48 2.27 

I 6.055 2.041 0.159 o.34o o.594 3.748 0.059 1.986 o.468 o.474 
WK21.5 I 44.98 4.41 _ 0.18 3.12 31.48 o.56 -11.25 o.84 o.51 

I 1.181 0.829 0.021 o.743 o.439 3.765 0.015 1.925 0.259 0.105 

-------I-------------------- ---------------------------
WK26.2 I 

I 
WK26.2 I 

I 
WK26.2 I 

I 
WK26.2 I 

I 
WK26.2 I 

I 
WK26.2 I 

I 

38.32 9.59 
6.296 1.857 

37 .61 10.05 
6.139 1.935 

37.44 10.26 
6.096 1.969 

37.57 9.45 
6.170 1.830 

1.04 
o. 129 

1.31 
0.161 

1.46 
0.179 

1.46 
0.180 

1.62 31.58 
o.397 o.530 

1.65 32.03 
o.401 o.687 

2.16 31.14 
0.523 0.818 

1.70. 32.54 
0.416 0.573 

37.70 10.38 1.24 1.63 31.75 
6.162 2.000 0.152 o.398 o.679 

40.55 8.85 1.44 2.42 30.94 
6.485 1.669 0.113 o.578 o.485 

WK26.2 I 38.72 8.78 1.21 1.95 31.88 

o.34 10.55 1.88 1.52 
3.810 0.048 1.857 0.598 0.320 

0.36 10.70 1.85 1.58 
3.686 0.049 1.872 0.584 0.329 

o.33 10.82 1.85 o.97 
3.422 0.046 1.888 0.584 0.201 

0.25 10.77 1.62 1.82 
3.896 0.035 1.896 0.517 0.381 

0.34 10.19 1.66 1.91 
3.660 0.047 1.785 0.525 0.397 

o.33 10.56 1.61 1.15 
3.654 0.045 1.809 0.500 0.234 

0.31 10.99 1.46 1.48 
I 6.321 1.691 0.149 o.476 o.651 3.105 0.043 1.925 o.464 o.310 

TOTAL 

96.64 

98.06 

96.28 

97.72 

97.33 

96.45 

97.14 

96.43 

97.19 

96.80 

97.86 

96.81 

------- - , ----------------------------------------------------------------------I-------
WK28.4 41.29 7.92 1.31 3.50 30.11 o.44 10.19 1.83 o.94 I 98.81 

6.538 1.419 0.151 0.821 o.447 3.629 0.060 1.830 o.561 0.190 I 
WK28.4 40.24 8.82 1.67 3.56 30.44 0.41 10.55 1.69 1.43 98.82 

6.378 1.649 0.199 o.841 o.485 3.549 0.055 1.191 o.520 0.289 
WK28.4 39.24 9.39 1.54 3.21 30.39 0.32 10.77 1.70 1.75 98.32 

6.267 1.768 0.185 0.763 0.570 0.490 0.043 1.842 0.527 0.356 
WK28.4 39.50 9.66 1.77 3.24 29.95 0.35 11.11 1.74 1.57 98.90 

6.256 1.804 0.211 o.765 o.530 3.437 0.047 1.886 o.534 o.318 
WK28.4 39.80 9.58 1.66 3.35 30.08 0.39 10.67 1.71 1.55 98.80 

6.290 1.784 0.197 o.790 0.611 3.365 0.053 1.807 o.525 o.314 
WK28.4 39.13 9.78 1.64 3.05 30.45 0.40 9.94 1.70 1.70 97.78 

6.248 1.841 0.197 0.126 0.111 3.356 0.054 1.102 o.526 o.346 
WK28.4 39.93 9.59 1.67 3.31 30.30 0.41 10.26 1.66 1.74 98.87 

6.305 1.785 0.198, 0.778 0.632 3.369 0.055 1.736 0.509 0.350 
WK28.4 39.79 9.02 1.52 3.43 30.43 0.38 10.89 1.63 1.48 98.57 

6.326 1.690 0.182 0.812 o.544 3.502 0.051 1.855 o.503 0.301 
WK28.4 38.82 10.12 1.75 3.43 30.28 0.33 10.90 1.75 1.92 99.31 

6.142 1.888 0.209 0.808 0.597 3.409 0.044 1.848 0.538 0.387 

-------I-------------------------------------------------------------------------I-------
WK36.8 I 39.77 9.42 0.58 1.65 31.45 0.45 11.50 1.34 1.51 I 97.66 

I 6.425 1.194 0.010 o.398 o.488 3.161 0.061 1.990 o.420 0.311 I 
WK36.8 I 39.40 9.65 o.66 1.11 30.48 o.41 10.47 1.44 1.38 I 95.65 

I 6.458 1.864 0.081 o.432 o.481 3.697 0.051 1.838 o.457 0.288 I 
WK36.8 I 39.58 9.73 0.42 1.76 30.72 0.42 11.20 1.40 1.34 I 96.57 

I 6.436 1.865 0.051 o.426 o.484 3.694 0.058 1.952 o.441 0.219 I 
WK36.8 I 48.98 1.16 0.17 4.20 30.14 0.56 10.92 0.32 0.22 I 96.68 

I 1.192 0.211 0.020 0.008 0.049 3.961 0.015 1.862 0.098 0.045 I 
WK36.8 I 48.95 l."25 0.18 4.16 30.00 0.67 11.26 0.34 0.24 I 97.06 

I 1.166 0.234 0.021 o.985 o.o3o 3.950 o.o9o 1.915 0.104 0.048 I 
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5.4 taault• of aicroprolte analy■e• of oliTine in aagnetite-rich rock■ tc,setber 

with tile 1111alter of ion• on the ba•i• of 4 ozygen atoa• (pld • le•• than tile 

lower liait of detectioa). 

----------- ------------------------------------------------
SAMPLE Sio2 Tio2 Al203 FeO MnO HgO Cao Na2o K20 TOTAL 

Si Ti Al Fe Mn Hg Ca Na K 

______________ 4 ______________ -------

WK14.l 29.79 <lld <lld 66.52 2.79 1.67 0.01 (lld (lld 100.8 

0.990 1.850 . 0.080 0.080 

WK14.l 29.80 <lld 0.05 66.34 2.74 1.67 0.08 (lld (lld 100.6 

0.990 1.850 o.080 o.080 

WK14.l 29.66 <lld <lld 66.74 2.82 1.70 0.11 (lld (lld 101.-0 

0.990 1.860 o.080 o.080 

WK14.l 29.52 <lld <lld 66.08 2.74 1.66 0.13 <lld (lld 100.1 

0.990 1.850 o.080 o.080 

WK14.l 29.58 (lld <lld 66.29 2.79 1 .64 0.11· <lld (lld 100.4 

0.990 1.860 o.080 o.080 

---------------------------

5.5 l.eault• of aicroprobe analy■e• of aagnetite (at) and ilaenite (il) in pyroxenite, 

aagnetite-rich rock and aagnetite gabbro; recalculated to deteraine the rel+ content 

uauaiag atoichioaetry ( <lld • le•• than lower liait of detection). 

a: Pyroxenite 

--------- --------- ---------------
SAMPLE I OXIDE I Si02 no2 A1 2o3 Cr 2o3 

I I 
Fe203 FeO MnO HgO Cao V203 I TOTAL 

I 
-------1-------1----------------------------------------------------------------1-------
WKS.2 I mt I <lld 3.07 0.24 0.12 62. 10 33.40 0.22 0.03 <lld (lld I 99.18 

WK5.2 I mt I (lld 1.11 0.26 0.11 66.70 32.07 0.11 0.04 <lld (lld I 100.40 

WK5.2 I mt I (lld 0.63 0.20 o. 10 67.42 31.49 0.05 0.01 (lld <lld I 99.96 

WK5.2 I mt I <lld 2.57 0.22 o. 17 63.96 33.49 0.16 (lld <lld 0.06 I 100.63 

WKS.2 I mt I (lld 2.76 0.11 o. 19 63.73 33.67 0.18 <lld (lld 0.06 I 100. 70 

WK5.2 I mt I (lld 4.57 0.16 0.20 59.91 35.09 0.29 (lld <lld 0.06 I 100.28 

-------1-------1------------------------------------------------ --------1--------
WK6.3 I mt I 0.09 4.75 0.47 0.08 59.22 35.44 0.33 (lld (lld 0.04 I 100.42 

WK6.3 I mt I 0.09 4.42 0.52 0.04 59.90 35.16 0.31 o.o3 (lld 0.05 I 100.52 

WK6.3 I mt I (lld 2.21 o.75 0.06 64.15 33.32 o. 10 (lld <lld 0.06 I 100.65 

WK6.3 I il I (lld 51.42 (lld (lld 3.77 44.20 2.01 <lld (lld <lld I 101. 40 

WK6.3 I il I (lld 51.36 <lld (lld 3.89 44.16 2.00 (lld <lld 0.04 I 101.45 

WK6.3 I i1 I <lld 51.02 (lld <lld 4.22 43.84 2.01 <lld (lld (lld I 101 .09 

-------- ------- ---------------------------------------------------------------- --------
WK12.4 mt (lld 1.65 0.13 0.20 66.15 32.81 0.13 (lld <lld 0.06 101.13 

WK12.4 mt 0.10 2.37 0.23 0.24 64.35 33.53 0.20 (lld (lld 0.06 101.08 

WK12.4 mt (lld 1.74 0.18 0.18 65.75 32.80 0.16 (lld (lld 0.08 100.89 

WK12.4 mt <lld 1.76 0.20 0.23 65.92 32.92 o. 17 (lld <lld 0.04 101.24 

WK12.4 mt <lld 2.42 0.21 0.21 64.21 33.36 o. 17 (lld <lld 0.09 100.67 

WK12.4 mt (lld 1.29 0 .19 0.22 66.94 32.44 0.09 0.03 <lld 0.06 101.26 

WK12.4 mt (lld 1.57 0.15 o. 19 65.83 32.50 o. 14 (lld (lld 0.05 100.43 

WK12.4 mt (lld 1.34 0.11 0.21 66.66 32.50 o. 10 (lld <lld 0.05 100.97 

WK12.4 mt <lld 1.37 0.16 (lld 66.34 32.43 0.12 (lld <lld 0.05 100.47 

WK12.4 mt <lld 1.49 0.34 0.21 66.37 32.80 0.09 (lld <lld 0.06 101.36 

WK12.4 mt (lld 0.74 0.22 0.18 67.95 32.14 (lld (lld <lld 0.05 101.28 

WK12.4 mt 0.17 9.38 0.41 0.29 49.84 39.44 0.46 0.11 <lld 0.06 100 .16 

WK12.4 mt (lld 20.30 0.13 0.13 28.?6 48.63 0.97 (lld <lld 0.03 9,8.95 

WK12.4 mt 0.17 2.01 0.83 0.40 63.76 33. 10 o. 15 0.13 <lld 0.03 100.58 

WK12.4 mt 0.18 1.73 0.71 0.39 64.03 32.58 0.11 0.19 ·(lld 0.04 99.96 

WK12.4 mt 0.19 4.34 0.78 0.39 58.68 34.90 0.24 o. 14 <lld 0.03 99.69 

WK12.4 mt 0.22 4.39 0.75 0.38 58.04 34.71 0.21 0.18 <lld 0.04 98.92 

WK12.4 mt 0.18 1.98 0.92 0.39 63.53 32.84 0.24 0.19 <lld 0.04 100.31 

WK12.4 mt 0.18 1.98 0.88 0.40 63.64 33.08 o. 20 o. 10 <lld 0.03 100.49 

WK12.4 il (lld 51.20 <lld <lld 4.03 43.69 2.32 <lld <lld <lld 101.24 

WK12.4 il <lld 51.09 <lld <lld 3.74 43.60 2.32 (lld <lld (lld 100.75 

WK12.4 11 (lld 51.29 <lld 0.14 2.95 43.89 2.18 0.02 (lld (lld 100.47 

WK12.4 il <lld 51.19 <lld <lld 3.80 43.75 2.25 (lld <lld (lld 100.99 

WK12.4 il (lld 51.99 <lld <lld 2.01 44.67 2.06 <lld <lld <lld 100.73 

WK12.4 il (lld 52.06 <lld <lld 2.21 44.71 2.08 (lld <lld 0.04 101.10 

WK12.4 il (lld 51.66 <lld 0.11 2.11 44.21 2.13 0.04 <lld <lld 100.26 

WK12.4 il (lld 51.62 <lld 0.11 2.48 44.27 2.10 (lld (lld <lld 100.58 

WK12.4 il <lld 51.30 <lld 0.13 2.89 43.85 2.21 0.02 <lld <lld 100.40 

WK12.4 il <lld 51.68 <lld <lld 3.31 44.41 2.02 (lld <lld (lld 101.42 

-------1----- -1----------------------------------------------------------------1--------
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b: Kagnetite-lich Jl.ock 

----------- ------------ -----------------
SAMPLE I OXIDE I s102 Ti02 A1 2o3 Cr203 Fe 203 FeO MnO MgO Cao V203 I TOTAL 

I I I 
------- -------1- ------ --------1--------
WK8.3 mt I 0.06 1.02 o.79 0.05 65.91 32.00 0.19 <lld (lld <lld I 100.02 
WK8.3 mt I (lld 0.92 1.11 0.06 66.32 31.92 0.22 0.09 <lld (lld I 100.64 
WK8.3 mt I <lld 0.93 1.42 0.06 66.03 31.98 0.22 0.10 (lld (lld I 100.74 
WK8.3 mt I (lld 0.96 1 .40 0.06 66.11 32.28 o. 17 0.02 (lld (lld I 101.00 
WK8.3 mt I <lld 1.46 1.97 0.04 64.57 32.75 0.30 0.02 (lld <lld I 101.11 
WK8.J mt I (lld 0.95 1.60 o.34 65.72 32.21 0.20 (lld (lld <lld I 101.02 
WK8.3 mt I <l~d Q.9~ ~-~~-~~~- 31.76 0.13 _(11_~- (lld <lld I 99.60 
WK8.3 mt I (lld o.93 o.98 <lld 65.94 31.85 0.19 (lld <lld <Hr-f · -n-.89 
WK8.3 mt I (lld l .OJ 1.21 0.02 66.00 32.21 0.20 (lld (lld (lld I 100.67 
WK8.3 mt I o. 15 o.94 o.95 (lld 66.34 32.36 0.11 0.02 <lld (lld I 100.93 
WK8.3 mt I (lld 0.99 2.21 0.'13 65.25 32.48 0.23 (lld (lld <lld I 101. 29 
WK8.J mt I (lld 0.94 0.97 0.02 66.71 32.20 o. 18 (lld (lld (lld I 101.02 
WK8.J mt I (lld 0.99 1.34 o.o4 65.96 32.20 0.22 <lld (lld <lld I 100.75 

-------1-------1----------------- --------------- 1-------
WK12.l I mt I <lld o.69 0.82 0.04 67.05 31.79 0.15 0.06 (lld <lld I 100.60 
WK12.l I mt I (lld 0.62 1.73 0.04 66.33 31.96 0.20 0.06 (lld (lld I 100.94 
WK12.l I mt I (lld 0.62 1.26 0.04 65.97 31.51 0.20 (lld <lld (lld I 99.60 
WK12.l I mt I 0.26 o.55 0.54 o.oJ 66.64 31 .82 o. 10 <lld <lld <lld I 99.94 
WK12.l I mt I (lld 2.34 1.74 0.05 62.31 33.22 0.29 (lld <lld 0.03 I 99.98 
WK12.l I mt I <lld 2.45 1.94 0.05 62.41 33.57 0.30 (lld (lld 0.04 I 100. 76 
WK12.l I mt I (lld 2.28 1.81 0.06 61.65 32.93 0.28 (lld (lld 0.03 I 99.04 
WK12.l I mt I <lld 1.88 1.33 0.02 63.12 32.49 0.23 <lld (lld (lld I 99.07 
WK12.l I mt I (lld 2.11 1.14 0.03 62.82 32.99 o.32 0.02 (lld 0.03 I 99.46 
WK12.l 1- mt I (lld 1.92 1.73 0.03 63.32 32.90 0.24 0.02 (lld (lld I 100.16 

-------1-------1----------------------------------------------------------------1--------
c: Kagnetite-Gabbro 

SAMPLE I OXIDE I Si02 Ti02 Al203 Cr203 Fe203 FeO MnO MgO Cao V203 I TOTAL 1 __ 1 ________________ 1 
------------1-------1----------------------------------------------------------1====== 
MGl I mt I 0.20 15.89 0.80 0.04 36.55 45.78 0.29 0.02 (lld 0.04 I 99.61 
MGl I mt I 0.20 13.80 0.83 0.04 40.86 44.00 0.26 0.03 (lld 0.06 I 100.08 
MGl I mt I 0.13 11.58 1.16 0.04 44.80 41.95 0.20 (lld (lld 0.09 I 99.95 
MGl I mt I 0.17 11.40 1.16 0.06 45.79 42.13 0.19 0.03 (lld 0.04 I 100.97 
MGl I il I (lld 51.91 (lld (lld 1.81 45.73 0.97 (lld <lld (lld I 100.42 

MGl I il I (lld 51.80 (lld (lld 2.51 45.49 0.98 <lld <lld (lld I 100.78 
MGl I il I (lld 52.00 (lld (lld 2.56 45. 79 0.65 0.18 (lld (lld I 101.18 
MGl I il I <lld 51.80 (lld (lld 2.49 45.56 0.72 0.16 (lld (lld I 100.73 

-------I-------I----------------------------------------------------------------I--------
MG2 I mt I 0.13 12.03 0.97 0.04 43.94 42.11 0.29 0.02 <lld 0.05 I 99.58 
MG2 I mt I 0.12 12.22 0.97 0.04 44.19 42.53 0.29 0.02 <lld 0.06 I 100.44 
MG2 I mt I 0.27 10.33 0.66 o.04 48.08 41.04 0.24 0.03 (lld 0.04 I 100.73 
MG2 I mt I 0.28 9.88 0.65 0.03 _48.26 40.27 0.24 0.04 (lld 0.05 I 99.70 
MG2 I mt I 0.14 14.o'3 0.68 0.04 39.93 43.66 0.36 0.03 <lld 0.07 I 98.94 
MG2 I mt I 0.11 14.61 0.70 0.03 39.12 44.24 0.39 0.02 (lld 0.06 I 99.28 
MG2 I il I (lld 51.63 0.04 (lld 3.64 44.86 0.52 0.61 (lld (lld I 101.30 
MG2 I il I (lld 51.65 0.04 (lld 3.80 44.60 0.59 0.72 <lld <lld I 101.40 
MG2 I n I <11d 51.02 o.o4 <Hd 4.02 44.05 o.58 0.12 <11d <11d I 100.43 

-------1-------1----------------------------------------------------------------1--------
MG3 I il I <11d 51.86 (lld (lld 2.16 44.90 0.57 0.65 (lld <lld I 100.14 

-------1-------1--------------------------------- ------------------------------1--------

5.6 Results of ■icroprobe analyses of clinozoisite in magnetite-rich rock 
((lld • less than lower li■it of detection, all iron as FeO). 

------------- -------------------------------------------------
SAMPLE I Si02 

., 
MgO FeO MnO Cao Na2o K20 I TOTAL 

I 
Al203 Ti02 

I 
-------1------------- ------------------------------ -1--------
WK8.3 I 39.19 29.35 (lld (lld 4.75 o. 15 23.65 0.05 <lld I 97.15 
WK8.3 I 38.81 28.04 <lld (lld 6.19 0.01 23.60 o. 10 (lld I 96.80 
WK8.3 I 41.44 29. 10 (lld (lld 3.39 0.06 22.51 0.61 0.60 I 97.71 
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APPDDll 6 

Ke8Ults of aicroprobe analyses of Vaaikraal ore aioerala (rock type: px • pyroxenite. at• aagoetite-rich 

rock). 

6.1 Gold and Gold Coapounds (Pd, Rh and Hg below the lower limit of detection) 

I Rock 11 I I 11 
Sample I Type 11 Au Ag I Bi Cu I Fe I Total 11 Mineral 

I 11 I I I I 11 
1-------11--------1-------- 1--------1---------- I 

WK 5.2 I px I 99.87 I 0.50 <lld O.ll I 0.02 I 100.50 I gold 

WK 5.2 I px I 100.24 I o.3o (lld 0.10 I <lld I 100.64 I gold 

WK 5.2 I px I 100.75 I 0.40 <lld 0.07 I (lld I 101.22 I gold 

WK 5.2 I px I 100.50 I o.34 (lld 0.05 I 0.04 I 100.93 gold 

WK 5.2 I px I 99.86 I 0.72 <lld 0.09 I 0.06 I 100. 73 gold 

WK 5.2 I px I 100.42 I o.5o <lld 0.04 I 0.03 I 100.99 gold 

WK 5.2 I px I 99.51 I 0.29 <lld I 0.01 I <lld I 99.89 gold 

---------1-------1 I --------1--------1 I- -----------
WK 6.3 I px . I 99.89 I 1.26 (lld I 0.06 I 0.03 I 101.24 gold 

WK 6.3 I px I 97.99 I 1.07 (lld I 0.24 I 0.12 I 99.42 gold 

WK 6.3 I px I 99.36 I 1.03 (lld I o.05 I 0.04 I 100.48 gold 

1-------1 1--------1-------- --------1--------1 --1 -----------
WK 28.4 I px I 100.58 I 0.18 I <lld 0.18 I o.o3 I 100.97 I gold 

WK 28.4 I px I 99.55 I (lld I (lld 0.20 I 0.04 I 99.79 I gold 

WK 28.4 I px I 101.14 I (lld I (lld o.o9 I 0.15 I 101.38 I gold 

---------1-------1 --------1--------1 I 1----------1 -----------
WK 52.3 I mt I 9o.37 I 0.17 I (lld 9.66 I o.33 I 100.53 I CuAu3 
WK 52.3 I mt I 66.77 I (lld I 34.44 (lld I 0.05 I 101.26 I maldonite 

WK 52.3 I mt I 66.22 I (lld I 34.42 (lld I 0.16 I 100.80 I maldonite 

WK 52.3 I mt I 65.83 I 0.13 I 33.86 (lld I 0.18 I 100.00 I maldonite 

WK 52.3 I mt I 65.87 I <lld I 33.78 (lld I 0.12 I 99.77 I maldonite 

WK 52.3 I mt I 65.60 I o. 10 I 33.46 (lld I 0.13 I 99.29 I maldonite 

---------1-------1 --------1--------1--------1--------1--------1----------1 -----------

6.2 Bi&a1tb Minerals 

I Rock 11 
Sample I Type 11 s I Bi I Te I Co Ni I Sb I As Total Mineral 

I 11 I I I I I I 
-------------~--11-------- --------1-------- -------- -------- -------- ----------

WK 5.2 px 11 18.95 80.51 I (lld (lld (lld 0.02 (lld 99.46 bismuthinite 

WK 5.2 px I 18.80 80.32 I <lld (lld (lld 0.03 (lld 99.15 bismuthinite 

WK 5.2 px I 2.85 75.74 I 21.80 0.04 0.07 0.20 o.78 101.48 joseite-B 

WK 5.2 px I 2.69 75.55 I 21.43 (lld (lld o. 10 (lld 99.77 joseite-B 

WK 5.2 px I 2.69 75.56 I 21.51 <lld <lld o. 10 (lld 99.86 joseite-B 

WK 5.2 px I 2.93 73.74 I 21.83 (lld (lld 0.04 0.30 98.84 joseite-B 

WK 5.2 px I 2.93 73.85 I 21.76 (lld (lld 0.05 <lld 98.59 joseite-B 

WK 5.2 px I 2.94 74.31 I 22.05 (lld (lld 0.05 0.27 99.62 joseite-B 

WK 5.2 px I 2.97 74.11 I 21.78 (lld (lld 0.04 <lld 98.90 joseite-B 

WK 5.2 px I 2.92 75.80 I 21.70 <lld (lld 0.05 <lld 100.47 joseite-B 

WK 5.2 px I 2.93 75.38 I 21.79 (lld (lld 0.03 0.26 100.39 joseite-B 

---------1-------1 --------1--------1--------1--------1--------1--------1----------1 -------------
WK 6.3 I px I 18.65 80.51 I <lld I (lld I (lld I 0.01 I (lld I 99.17 I bismuthinite 

WK 6.3 I px I 18.92 80.61 I <lld I (lld I (lld I 0.02 I (lld I 99.55 I bismuthinite 

WK 6.3 I px I 6.49 74.74 IS 17.8 I <lld I 0.04 I 0.13 I 0.60 I 99.85 I joseite-B 

WK 6.3 I px I 2.90 75.61 17 21.8 I 0.05 I 0.01 I 0.16 I 0.83 I 101.49 I joseite-B 

WK 6.3 I px I 2.68 75.32 IS 21.3 I (lld I <lld I 0.08 I <lld I 99.43 I joseite-B 

WK 6.3 I px I 2.67 76.18 18 21.2 I (lld I (lld I 0.08 I (lld I 100.21 I joseite-B 

---------1-------1 --------l--------l--------1--------1--------1--------I--------I----------I -------------
WK 12.4 I px I (lld I 99.o3 I <lld I 0.11 I o. 15 I 0.11 I 1.55 I 100.96 I nat. bismuth 

WK 12.4 I px I <lld I 99.04 I <lld I 0.08 I 0.06 I <lld I 0.79 I 99.97 I nat. bismuth 

WK 12.4 I px I (lld I 99.67 I <lld I 0.01 I 0.01 I (lld I 0.84 I 100.65 I nat. bismuth 

WK 12.4 I px I (lld I 99.14 I <lld I 0.07 I 0.08 I (lld I 0.73 I 100.03 I nat. bismuth 

WK 12.4 I px I <lld I 99.38 I <lld I 0.01. I 0.06 I <lld I o.76 I 100.27 I nat. bismuth 

WK 12.4 I px I 18.29 I 81.67 I <lld I <lld I <lld I (lld I (lld I 99.96 I bismuthinite 

WK 12.4 I px I 18.15 I 81.50 I <lld I 0.04 I (lld I (lld I (lld I 99.69 I bismuthinite 

WK 12.4 I px I 6.66 I 74.85 I 17.Sl I <lld I 0.05 I 0.12 I 0.64 I 99.83 I joseite-B 
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Rock I I I 11 
Sample I Type I s I Bi Te Co I Ni I Sb As I Total 11 Mineral 

I I I I I I 11 
----~----1-------1 I 1-------- --------1----------1 

WK 12.4 I px I 2.66 I 76.03 21.47 <lld I <lld 0.09 (lld I 100.25 I joseite-B 

WK 12.4 I px I 2.66 I 75.18 21.43 (lld I (lld, 0.08 <lld 1. 99.35 I joselte-B 

WK 12.4 I px I 6.14 I 79.59 12.39 <lld I (lld 0.15 0.53 I 98.80 I joseite-A 

WK 12.4 I px I 3.18 ·1 77.03 18.58 <lld I (lld 0.09 (lld I 98.88 I jose~te-B 

WK 12.4 I px I 2.79 I 75.30 · 20.83 (lld . I (lld 0.03 <lld I 98.95 I joseite-B 

WK 12.4 I px I 2.94· 75.44 21.38 <lld I <lld 0.06 (lld I 99.82 I joseite-B 

WK 12.4 I px I 2.92 75.59 21.37 (lld (lld 0.06 <lld I 99.94 I joseite-B 

WK 12.4 I px I 2.89 74.72 -21.59 (lld <lld 0.06 <lld I 99.26 I joseite-B 

WK 12.4 I px I 2.99 75.20 21.70 (lld (lld o.05 <lld I 99.94 joseite-B 

WK 12.4 I px I 2.98 75.54 21.54 (lld (lld o.os (lld I 100. 11 joseite-B 

WK 12.4 I px I 2.93 75.51 21.70 (lld (lld o.o4 (lld I 100.18 joseite-B 

WK 12.4 I px I 2.89 75.23 21.72 (lld (lld 0.05 <lld I 99.89 joseite-B 

WK 12.4 I px I 2.91 75.26 21.74 (lld (lld 0.06 <lld I 99.97 joseite-B 

WK 12.4 I px I 2.89 75.43 21.62 (lld <lld 0.01 (lld I 100.01 joseite-B 

WK 12.4 I px I 2.92 75.78 21.73 (lld (lld 0.04 <lld I 100.47 joseite-B 

WK 12.4 I px I 2.97 75.31 21.59 (lld (lld 0.05 (lld I 99.92 joseite-B 

WK 12.4 I px I 2.88 73.19 22.52 (lld (lld I 0.01 (lld I 98.66 joseite-B 

WK 12.4 I px I 2.91 73.44 22.52 (lld (lld I 0.09 (lld I 98.90 joseite-B 

WK 12.4 I px I 2.97 75.77 21.78 <lld <lld I 0.01 <lld I 100.59 joseite-B 

WK 12.4 I px I 2.97 75.47 21.76 <lld (lld I 0.01 (lld I 100.27 joseite-B 

WK 12.4 I px I 2.81 75.11 21.23 (lld (lld I 0.04 (lld I 99.20 joseite-B 

WK 12.4 I px I 2.90 74.53 21.36 <lld <lld I 0.05 <lld I 98.84 joseite-B 

---------1-------1 --------1 --------1----------1 

6.3 Diaraenidea (Sb below the lower limit of detection) 

I Rock I I I I I 

Sample I Type I No.I S I Co I Ni Fe As I Bi Total I Mineral 

---------1----------1------l ====l------------1 ==== ====l------------l ====1---------------l -___ -__ -__ -__ -_ 
WK 3.2 I px I 7 I o. 75 I 9.86 I 0.61 17 .23 I 72.65 I (lld I 101 .10 I safflorite 

WK 3.2 I px I 8 I 0.98 I 7.93 I 0.43 19.67 I 69.78 I (lld I 98.79 I safflorite 

WK 3.2 I px I 9 I 0.61 I 17.03 I 1.16 I 10.22 I 71.36 I (lld I 100.38 I safflorite 

--1-------1----1 --------1--------1-- -----1--1--1--------1----------1 -----------
WK 5.2 I px I 13 I 0.89 I 2.96 I 2.41 I 22.11 I 72.47 I <lld I 100.84 I safflorite 

WK 5.2 I px I 14 I 0.65 I 3. 70 I 2.53 I 20.38 I 72.42 I (lld I 99.68 I safflorite 

WK 5.2 I px I 16 I 0.64 I 17.79 I 1.24 I 9.02 I 70.25 I 0.92 I 99.86 I safflorite 

---------1-------1----1 --------1--------1--1--------1--------1--------1----------1 -----------
WK 12.3 I px I 3 I 0.35 I 21.28 I 1.23 I 5.40 I 71.18 I 1.72 I 101.16 I safflorite 

WK 12.3 I px I 4 I 0.34 I 21.34 I 1.32 I 5.39 I 70.84 I 1.38 I 100.61 I safflorite 

WK 12.3 I px I 5 I O. 70 I 15.82 I 1.04 I 11.16 I 70.89 I 1.05 I 100.66 I safflorite 

---------1-------1----1 --------1--------1--------1--------1--------1--------1----------1 ----
WK 14.4 I px I 1 I 0.60 I 12.49 I 0.72 I 14.31 I 71.39 I 0.82 I 100.33 I safflorite 

WK 14.4 I px I 2 I 0.60 I 12.56 I 0.73 I 14.44 I 71.50 I <lld I 99.83 I safflorite 

---------1-------1----1 --1--------1--------1--------1--------1--------1----------1 -----------
WK 28.4 I px I 6 I 0.72 I 0.89 I 0.17 I 26.09 I 73.54 I <lld I 101.43 I safflorite 

---------1-------1----1 --------1--------1------·-1--------1--------1--------1----------1 -----------
WK 52.3 I mt I 10 I 0.21 I 11 .07 I 0.57 I 15.84 I 71 .88 I <lld I 99.57 I safflorite 

WK 52.3 I mt I 11 I 0.22 I 10.85 I 0.57 I 16.00 I 72.67 I <lld I 100.31 I safflorite 

WK 52.3 I mt I 12 I 0.19 I 10.92 I 0.57 I 15.83 I 73.22 I (lld I 100.73 I safflorite 

---------1-------1----1 --------1--------1--------1--------1--------1--------1----------1 -----------
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6.4 Salpbarsenide• (as-py• arsenopyrite) 

I Rock I 11 I I I I 
Sample I Type I No. I I s Co I Ni Fe I As I Sb I Bi I Total I Mineral 

I I_II I I I I I I 
-------1----11 I 1--------1--------1 I- I ----------

WK 5.2 px I 13 11 17.96 0.17 I 1.84 31.82 ,. 46.96 I <lld I o.87 I 99.62 I as-py· 
WK 5.2 px I 14 11 18.47 o.13 I 4.73 29.01 I 46.83 I (lld I <lld I 99.16 I as-py 

-------1---11 
19.40 

I -------- --------1 1--------1-- I 
WK 6.3 px I 1 11 0.06 I (lld 34.64 44.59 I (lld I (lld I 98.69 I as-py 

WK 6.3 px I 2 11 19.72 o.05 I (lld 34.67 44.45 I (lld I (lld I 98.89 I as-py 

WK 6.3 px I 3 I - 19.83 o.o4 I <lld 34.87 43.76 I <lld . l . _ ____Q!_<! I 98.50 I as-py 

WK 6.3 px I 4 I 21.42 o.05 I (lld 35.44 42.82 I (lld (lld I 99.73 I as-py 

WK 6.3 px I 5 I 21.28 0.05 I <lld 35.35 42.24 I (lld <lld I 98.92 I as-py 

WK 6.3 px I 6 I 19.51 0.03 I (lld 34.32 44.2l _ _l (lld 1.19 I 99.26 I as-py 

WK 6.3 px I 7 I 19.44 0.04 I <lld 34.35 44.47 I <i1cC 0.93 I 99.23 11 as-py 

WK 6.3 px I u I 17.55 3.60 I 3.38 25.44 44.oo I (lld 4.73 I 98.70 11 as-py 

WK 6.3 px I . 12 I 17.72 1.09 I 3.56 22.15 43.78 I (lld 4.28 I 98.58 11 as-py 

-------1----1 --------1 I --------1----------11----------
WK 12.3 px I 16 I 20.27 28.11 I 1.54 5.78 42.70 I o. 10 (lld I 98.50 11 cobaltite 

WK 12.3 px I 11 I 17.74 29.90 I 2.71 2.42 46.69 I (lld (lld I 99.46 11 cobaltite 

WK 12.3 px I 18 I 17.84 30.16 I 2.60 2.42 47.40 I (lld (lld I 100.42 11 cobaltite 

---------1-------1----1 1--------1--------1 I I 11----------
WK 12.4 I px I 15 I 18.47 2.15 I 2.22 I 29.11 I 47.35 I (lld 1.30 I 101.26 11 as-py 

WK 14.4 I px I 8 I 20.36 0.01 I <lld I 34.o9 I 44.05 I 0.04 1.03 I 99.64 II as-py 

WK 14.4 I px I 9 I 21.58 0.02 I (lld I 34.n I 42.65 l (lld (lld I 98.96 II as-py 

WK 14.4 I px I 10 I 21.55 o.b4 I <lld I 34.48 I 41.85 I (lld 0.81 I 98.73 II as-py 

-1-------1----1 l--------l--------l--------l--------l--------1--------1----------1 I 
WK 21.5 I px I 19 I 18.46 I 31.84 I 1.54 I 1 .64 1 · 46.78 I (lld I (lld 100.26 11 cobaltite 

1-------1----1 --------1--------1 1--------1 I I 11 
WK 28.4 I px I 12 I 20.58 I 34.34 I <lld I 2.10 I 42.14 I <lld I (lld 99.16 II cobaltite 

---------1-------1----1 --------1 1--------1 1--------1--------1 11----------

6.5 Pyrrhotite (selected analyses. ipo • intermediate pyrrhotite. mpo • monoclinic pyrrhotite. As 

below the lower limit of detection) 

I Rock 11 I atomic% 

Sample I Type 11 s I Fe I Cu I Ni I Co I Total I s I Fe Mineral 

1 __ 11 I I I I I I I 
--------!-------- --------1 1--------1----------1 --------

WK 1 mt 39.14 I 60.06 (lld I <lld I 0.21 I 99.41 I 53.08 46.76 mpo 

WK 1 mt 39.51 I 59;51 (lld I 0.03 I 0.28 I 99.33 I 53.50 46.27 mpo 

WK 1 mt 39.73 I 59.62 <lld I 0.03 I o. 14 I 99.52 I 53.66 46.23 mpo 

WK 1 mt 39.25 I 60.94 0.08 I 0.06 I 0.23 I 100. 56 I 52.74 47.51 ipo 

WK 1 mt 38.50 I 61.50 (lld I 0.05 I 0.20 I 100.25 I 52.07 47.75 ipo 

WK 1 mt ..Ji&! I 61.28 (lld l --<lld I O. l'± I 100.43 I 52.52 47.38 ipo 

WK 1 mt 38.46 I 61.10 (lld I 0.03 I 0.14 I 99.73 I 52.23 47.64 ipo 

WK 1 mt 38.93 I 60.88 (lld I <lld I 0.23 I 100.04 I 52.60 47.23 ipo 

WK 1 mt 38.81 I 60.99 (lld I 0.04 I 0.21 I 100.05 I 52.48 47.34 ipo 

WK 1 mt 37.59 I 61.73 (lld I 0.04 I 0.08 I 99.41 I 51.44 48.49 ipo 

WK 1 mt 38.80 I 61.66 <lld I 0.05 I 0.06 I 100.57 I 52.25 47.67 ipo 

WK 1 mt 38.80 I 61.84 (lld I 0.06 I 0.06 I 100.76 I 52.17 47.74 ipo 

WK 1 mt 38.54 I 61.59 (lld I 0.06 I 0.06 I 100.25 I 52.10 47.81 ipo 

WK 1 mt 38.37 I 60.89 <lld I 0.04 I 0.27 I 99.57 I 52.20 47.57 ipo 

WK 1 mt 38.25 I 60.48 <lld I 0.03 I 0.25 I 99.01 I 52.31 47.48 ipo 

---------1------1 --------1--------1--------1--------1--------1----------1 --------1--------1 --------
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6.6 Cbalcopyrite 

I Rock 11 I 
Sample I Type 11 s Fe Cu Ni I Co Total 

1 __ 11 I I 
1------11 . 1--------1-

WK 1 I mt 11 34.91 30.77 35.21 <l!d_l 0.03 I 100.92 
WK 1 I mt 11 34.56 31.37 34.93 <lld 0.03 100.89 
WK 1 I mt I 34.75 31.,43 34.77 (lld 0.03 100.97 
WK 1 I mt I 35.21 28.98 35.23 (lld 0.04 99.46 
WK 1 mt I 35.22 30.20 34.89 (lld o.o3 100.34 
WK 1 mt I 35.27 30.25 34.76 <lld 0.05 100.33 

-----1 
WK 5.2 px I 34.39 30.48 34.42 <lld 0.02 99.31 
WK 5.2 px I 33.39 30.58 34.82 <lld 0.03 98.82 

------1 
WK 6.3 px I 34.52 30.75 35.21 (lld <lld 100.48 
WK 6.3 px I 34.11 30.96 34.99 (lld 0.03 100.09 
WK 6.3 px I 34.22 30.75 35.15 <lld 0.04 100.16 
WK 6.3 px I 34.47 30.22 34.36 (lld (lld 99.05 
WK 6.3 px I 34.72 30.27 34.98 (lld o.o3 100.00 
WK 6.3 px I 34.38 30.29 34.83 (lld (lld 99.50 
WK 6.3 px I 34.19 30.10 34.53 <lld 0.03 98.85 

------1 
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