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ABSTRACT 

The eight Lower Group chromitite layers of the Ruighoek Pyroxenite in the area 
west of the Pilanesberg (LGl - LG7), on the farm Zandspruit 168 JP, were 
sampled in borehole cores drilled through the s ucc ession. The stratigraphic 
success lon fa Ils wi th in Cameron's (980) uni ts B to E of the Cri tical Zone. 
The lowermost layer of the Lower Group, the LG 1 chromitite, is located some 
440 metres below the MG 2 (Middle Group) chromitite layer, above which the 
first appearance of cumulus plagioclase in the Complex is seen. By convention, 
t his horizon is designated the top of the Ruighoek Pyroxenite in the Western 
Bushveld Complex. Homogeneous units of chromite-bearing orthopyroxenite 
(bronzitite), exhibiting inconspicuous layering defined in terms of variations 
in orthopyroxene grain-size) host all but one of the Lower Group layers; the 
LG 4 chromitite layer 1S exposed within an olivine-rich subunit 23 metres in 
thickness (C3 subunit). 

The cumulative thickness of chromitite is 2,92 metres or 0,8 per cent of the 
studied section, which 1S 381 metres in thickness. Minimum and maXlmum 
thicknesses of the LGl - LG7 layers exposed in dri ll core are 17 and 81 
centimetres, respectively, with minor chromitite layers ranging between 2 and 5 
centimetres in thickness. Weighted mean Cr203 content s of units B to E vary 
between 1,17 and 3,22 per cent, with the latter estimate representative of the 
D2 subunit which hosts the LG 6 chromitite layer. The LG 6 is correlated with 
the Steelpoort layer of the Eastern Bushveld Complex, and varies between 76 and 
81 centimetres in thickness under a large portion of the farm Zandspruit. An 
undisturbed succession striking NI5°E and dipping 12 - 15°E is depicted within 
the studied area, which is bounded on the eastern side by the north-striking 
Frank fault . Major folding of the layered succession is evident to the north 
of the area, where the layering adjacent to the trace of the fault dips 35° to 
the southwest. 

Particular attention is paid in the present study to (a) the nature of 
chromitite layers and their host rocks, (b) the contrast between the mineral 
chemistry of weakly disseminated chromite and grains within massive ore layers) 
(c) concentrations of Cr, V, Ni, Co, Sc and Ti in orthopyroxene in relation to 
stratigraphic height, and levels of Sr, Ba and Zr associated with hypotheti­
cally pure, intercumulus plagioclase feldspar, and (d) possible mechanisms 
which induce crystallization of chromitite layers containing 50 per cent Cr203 
from magma with a Cr content of less than 1 000 ppm. 

Electron microprobe studies of chromite in relation t o mineralogical and 
textural environment clearly reveal that (a) the proportions of Cr and Al 
cations are linked to paragenesis: higher Aller ratios characterize olivine­
bearing domains, whereas grains intergrown with p lagioc lase fe ldspar exhibit 
low AI/Cr ratios, and (b) Al contents rise with a decline in Mg/(Mg + Fe2+) 
from high values to a value of 0,450, then decrease with a further decline in 
Mg/(Mg + Fe2+). The paragenetically later trend lS emphasized in a large 
population of chromite grains which escaped early encapsulation in 
orthopyroxene crystals and continued to grow in the environment of intercumulus 
plagioclase. Within- and between- sample compositional variation of grains in 
silicate-r ich domains is modelled in terms of in situ growth increments, 
diffusive homogenization of zonal structures, and residence time within 
int e rstitial melt. 

Fractionation trends, as measured by Mg/(Mg + Fe2+) ratios in whole-rock and/or 
microprobe studies of orthopyroxene, are reversed in re lation to stratigraphic 
height towards the top of the B unit and in the overlying C unit. These data 
are supported, for example, by lower vanadium contents and higher Ni/Sc ratios 
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in hypothetically pure orthopyroxene. Small olivine crystals in chromite-rich 
domains are enriched in Ni relative to coarse-grained olivine 1n adjacent 
dunite: a feature attributed to early isolation of primocrysts from magma 1n 
the former case, and in situ equilibration between olivine crystals and 
Ni-depleted residual melt in the latter case . Similarly, rising Ni contents 
and Mg/(Mg + Fe 2+) ratios of orthopyroxene with increasing stratigraphic height 
in the footwall of the LG 6 chromitite layer, linked to a progressive decline 
in orthopyroxene grain-size, are effects which may arIse out of early 
separation of interstitial melt from orthopyroxene cumulates. A model is thus 
proposed which (a) links the thickness of chromitite layers to the vertical 
separation between successive layers or the thickness of fine-grained 
orthopyroxenite in the footwall, (b) ascribes copious nucleation of chromite to 
liquid mixing of this footwall derived, Cr - depleted contaminant with influxes 
of hot, primitive magma, and (c) tenders the notion that the pres ent modal 
proportion of mesostasis 1.n the footwall of a chromitite layer serves as a 
reciprocal measure of the volume of fractionated exudate. 

MBSAAF 



(iii) 

ACKNOWLEDGEMENTS 

Grateful acknowledgement is made to Messrs Rand Mines Limit ed for graciously 
affording access to drill cores ZS 3 and ZS 7, permission to use the surface 
geological map of farm Zandspruit, and fo r making available the assistance of 
Mr P Best. I would like t o express my sincere gratitude to the South African 
C.S.l.R . , National Geoscience Programme, Sub-Programme: Bushveld Complex, for 
their financial support over a period of twenty six months. I also extend my 
gratitude to Messrs Gold Fields of South Africa Limited for permission to use 
their typing and draughting facilities, and for allowing me an extended leave 
period in 1986. 

I am indebted to Prof. H V Eales for his gracious encouragement, assistance and 
patience, afld to whom I respectfully express my sincere thanks and submit my 
apologies for the delay in completion of the thesis. Grateful acknowledgement 
is also made for his granting me access to unpublished ideas and data . I wish 
to thank Dr. J S Marsh for his support, supervision and practical training in 
XRF procedures. 

I would like to thank Prof. Tony Erlank for allowing me to use the microprobe 
facilities in the Department of Geochemistry, University of Cape Town, and 
Dick Rickard for his professional assistance. I also thank Dennis Gouws and 
Rob Skae for their very considerable help on the Cambridge Microscan at Rhodes 
University. 

Grateful thanks are extended to my fellow research students at Rhode s 
University, specifically Moose Kruger, Roger SeDan, Mike and Teral Bowen and 
Andrew Mitchell, all of whom participated in this work to varying degrees by 
bearing the brunt of certain ideas. I would like to thank Andrew and 
Dr. Ivan Reynolds J in particular, for their assistance with logging and 
sampling of drill cores, and Prof. G von Gruenewaldt for providing samples of 
Lower Zone lithologies. Grateful acknowledgement is made to Lesley Cooper for 
her constant encouragement and support, and the support of Gold Fields senior 
staff members, viz., Messrs D Campbell, H Meadon and J P van Zyl, and my 
col leagues Lessley Walker, Etienne Mouton and Hans Drent. 

I wo uld like t o thank Cecile Mouton for typing the bulk of the manuscript and 
Ronel Siepker for draughting the figures. 

MB5AAH 



( iv) 

CONTENTS 

ABSTRACT 

ACKNOWLEDGMENTS 

LIST OF FIGURES 

LIST OF TABLES 

1. INTRODUCTION 

2. LITERATURE REVIEW 

3 . FIELD RELATIONSHIPS IN THE STUDY AREA 

3 . 1 LOCATION AND GENERAL GEOLOGY 

3. 2 THE SUCCESSION OF LAYERED ROCKS 

3.2.1 Introduct i on 
3 . 2 . 2 The B Unit 
3.2 .3 The C Unit 
3 . 2 . 4 The D Unit 
3 . 2 . 5 The E Uni t 

3.3 SAMPLING 

4. PETROGRAPHY 

4 . 1 INTRODUCTION 

4. 2 THE TEXTURAL FEATURES 

4.2 . 1 
4 . 2 . 2 
4.2.3 
4.2 . 4 
4. 2 . 5 
4.2.6 

Bronzitites in the B unit and C2 subunit .... . . ... .. . 
Dunites in the C1 and C3 subun i ts ... . .. . . . .. . . . .. .. . 
Bronz i tites in the D unit .. .. . ... . .. ...... .. .... . .. . 
Bronzitites in the E unit ....... .. . . .. ..... . .. .... . . 
Conclus i ons . .. . . . .... .. . . . .. .... .. .... .. .. .. .. . . . .. . 
Chromitite layers . .... .. . ... . . .. .. ... . .. . ... . ...... . 

5 . MINERAL CHEMISTRY OF THE SILICATE PHASES 

5.1 I NTRODUCTION 

5.2 CUMULUS SILICATE PHASES 

MB5AAI 

5. 2 . 1 
5.2 . 2 

Olivine 
Orthopyr oxene 

Page 

(i) 

(ii i ) 

(viii) 

(xv) 

1 

10 

21 

22 
23 
26 
30 
32 

33 

35 

40 
42 
44 
46 
47 
47 

50 

53 
65 



(v) 

CONTENTS (Cont.) 

5 . 3 INTERCUMULUS SILICATE PHASES 

5.3.1 
5.3.2 
5 . 3 . 3 
5.3 .4 
5.3.5 
5 . 3 . 6 
5 . 3.7 

Orthopyroxene as a replacing phase .............. .. . 
Clinopyroxene ..................................... . 
Plagioclase ......................... . ....... . ..... . 
Mica .............................................. . 
Arnph i bo le ...... ... ...... .... .. ........ .. ..... .... . . 
Silicate inclusions within chromite . ........ ... ... . 
Other phases ................ .... ......... ..... ....• 

5.4 CHROMITE 

5.4.1 Chromite 1n chromitite layers 

5.4.2 Chromite in silicate - rich rocks 

5.4.2 . 1 Chromite within the B unit ... ..... .. ... ... 
5.4 . 2.2 Chromite within the Cl subunit .. .. ........ 
5.4.2.3 Chromi te within the C2 subunit .. ....... . . . 
5.4.2 . 4 Chromi te within the C3 subunit ............ 
5.4.2.5 Chromite within the D subunit .. ... ....... . 
5.4.2.6 Chromi te within the E unit ....... ..... .. .. 
5.4 .2. 7 Chromite within the D2 subunit , 

drill core ZS 3 ........................... 
5.4.2.8 
5 . 4 .2. 9 

Chromite within the Lower Zone 
Summary 

6. WHOLE-ROCK GEOCHEMISTRY 

6.1 INTRODUCTION 

6.2 ANALYTICAL METHODS 

6 . 3 GEOCHEMISTRY OF THE D2 SUBUNIT 

6 . 3.1 Major Elements 
6 . 3 . 2 Trace Elements 

6.4 GEOCHEMISTRY OF THE Cl AND C3 SUBUNITS 

6.4.1 
6.4.2 

Major Elements 
Trace Elements 

6.5 GEOCHEMISTRY OF BRONZITITES WITHIN THE E, D, C AND B UNITS 

6 . 5.1 
6.5.2 
6.5.3 

6.6 SUMMARY 

MB5AAH 

Strontium 
Nickel, cobalt, vanadium and scandium .. ............ . 
Incompatible elements .. ....... ..... .. . .... ... ... . .. . 

Page 

93 
94 
97 
99 

101 
104 
108 

118 

126 
131 
134 
137 
139 
141 

146 
148 
148 

153 

154 

156 
157 

160 
161 

165 
167 
170 

171 



(vi) 

CONTENTS (Cont. ) 

7. DETAILED ANALYSIS OF COMPOSITIONAL VARIATIONS IN CUMULUS PHASES 

8. 

9. 

7.1 COEXISTING ORTHOPYROXENE AND OLIVINE 

7 . 2 ALUMINIUM CONTENT OF ORTHOPYROXENE 

7.3 MMF RATIOS OF COEXISTING CHROMITE AND SILICATES 

7 . 4 COMPOSITIONAL VARIATION OF CHROMITE 

7.4.1 
7.4.2 

7 . 4.3 

7 . 4 . 4 

7.4.5 
7 . 4 . 6 

Variation in Al and Cr 
Variation in Al against Mg/(Mg + Fe 2+) 
in chromite 
Relationship 
in ch r omi t e 
Variation of 

between YFe 3+ and Mg/(Mg + Fe2+) 

Ti02 against Mg/(Mg + Fe2+) 
in chromite ...................................... . 
Applications to geothermometry .. .. ............... . 
f02 estimates . . ................. . . . ...... . .... ...• 

ORIGIN OF CHROMITITE LAYERS 

SUMMARY 

REFERENCES 

* * * * * 

MB5AAI 

Page 

173 

174 

176 

177 

178 

181 

182 
185 
187 

191 

196 

200 



(vii) 

APPENDICES 

I (a) LOG OF BOREHOLE ZS 7, WITH SAMPLE POSITIONS 

(b) LOG OF BOREHOLE ZS 3, WITH SAMPLE POSITIONS 

II COLUMNAR SECTION OF A PORTION OF DRILL CORE KA 5 

III ELECTRON MICROPROBE OPERATING CONDITIONS 

IV WHOLE-ROCK ESTIMATES OF Crz03 AND Ni FROM TWO 
LABORATORIES ................... . ..... .. .. .... ...... .• ..... . . 

V WHOLE-ROCK ANALYSES BY XRF 

(a) 

(b) 

MB5AAH 

Estimates of whole -rock CrZ03 and trace element abundances 
based on mass absorption coefficients calculated from 
Heinrich values . ..... .............. .......... .. ...... . ..... . 

Summary of operating conditions 

Page 

Al 

A6 

A7 

AS 

All 

AIZ 

A13 



FIG. 1 

FIG. 2 

FIG. 3 

FIG . 4 

FIG. 5 

FIG. 6 

FIG. 7 

FIG. 8(A) 

FIG. 8A(i - v) 

FIG. 8(B) 

FIG. 8B(i -i i) 

FIG . 8(C) 

FIG. 8C(i - v) 

FIG. 8(D) 

FIG. 8(E) 

FIG. 8(F - L) 

FIG . 9 

MB5AAI 

LIST OF FIGURES 

Plan showing the locality of farms Zandspruit 168, 

(viii) 

Facing 
Page 

Ruighoek 169, Zwartkop 369 and Vlakfontein 207 .. . . . . 21 

Surface geology plan of the farm Zandspruit 168 JP FOLDER 

Comparative log sections of the Mooihoek and 
Ruighoek Pyroxenite stratigraphic successions 
(units B to E) .......... ...... .... .. ...... ........ .. 22 

Columnar log section of the Cl subunit (ZS 7) 

Detail of modal - layering 
horizon within subunit Cz 

in an olivine-bearing 

Schematic depiction of the hypothetical inf l uence of 
nucleation density on textural features observed 
in orthopyroxenites ..................... . ........ ... . 

Plot of "crystallinity" of a hypothetical 
close - packed array of cubes versus the edge 
dimension (a) ........ . . . ...... .. . ... .. . . . .......... . . 

Variation of bronzite crystallinity as a function 
of stratigraphic position within the B unit and 
C2 subuni t ............................•............. 

Photomicrographs of bronzitites within the B unit 
and C2 subunit .. ... . . ..... ... .. .. ... .... . .. . .. ..... . 

Variation of olivine crystallinity within dunites, 
chromite dunites and olivine - chromitites of the 
C3 subuni t ..... ... ...... . ... ..... ...... . .... ... . ... . 

Photomicrographs of an olivine -chromitite assemblage 
and a poorly annealed cavity at the junction of three 
serpentinized olivine crysta l s .. .. . ... .. ........ . .. . 

Variation of bronzite crystallin i ty within the 
D unit, dri 11 cores ZS 7 .... .. . . .... .. .. .. . ..... . .. . 

Examples of bronzitites within the D unit 

Va ri ation of bronzite crystallinity within the D2 
subuni t, dri 11 core ZS 3 and ZS 7 ................. .. 

Vari ation of bronzite crys t al l in i ty with the 
E uni t . . .... ... .. ............. . ..... . ......... . ... . . 

Photomicrographs of chromite-rich domains within 
the studied section .. .. ... . ........ .. .. . ... .. . ... . . . 

Diagram illustrating the compositional variation 
of MMF (olivine) and Nio (ol i vine) ................. . 

26 

28 

38 

39 

40 

40 

43 

43 

45 

45 

45 

46 

49 

57 



FIG . 10 

FIG . 11 

FIG . 12 

FIG. 13(A) 

FIG . 13(B) 

FIG. 14 

FIG . 15 (A) 

FIG. 16 

FIG. 17 

FIG. 18 

FIG. 19(A - D) 

FIG. 20(A - D) 

FIG. 21 

FIG. 22 

FIG. 23 

FIG . 24(A - F) 

MB5AAJ 

(ix) 

LIST OF FIGURES (Cont. ) 

Relationship between NiO-olivine and graln-s lze 

Plot of MnO versus FeO in olivine 

Plot depicting spread of (A) olivine MMF ratios, and 
(B) spread of NiO (olivine) concentrations .... .... . 

Plot of the weight per cent abundances of NiO versus 
MgO tor olivine within the C unit . ....... . .. ...... . 

Plot depicting the relationship between olivine 
compositions in the B, D and E units and the o retical 
olivine fractionation curve (C) .. ........ ......... . 

Plot of orthopyroxene microprobe data versus 
stratigraphic position ............................ . 

Text ural environment 
134, and (B) plot of 
versus distance from 

of analyzed grain in sample 
compositional parameters 
rim 

Log of the 
analytical 

D2 subunit (drill core ZS 3), with 
data pertaining to orthopyroxene 

Log of thin section 315 

Photomicrograph showing 
orthopyroxene crystal 

a large, euhedral 

Photomicrographs illustrating the rise in modal 
chromite content with increasing stratigraphic 
height in the footwall of the LG 6A chromitite 
laye r ............................................ . 

Photomicrographs illustrating the irregular decline 
in modal chromite content with increasing 
stratigraphic height in the gradational hanging-wall 
of the LG 6A chromi t i te layer ................•.... 

Calculated temperature versus MMF for (i) 
orthopyroxenes, and (ii) coexisting pyroxenes 

Plot of 100.(ivAl3 + + Na+) versus 100.(viAl3+ + 
Cr3+ + 2 Ti4+) fo r ortho- and c l inopyroxenes ..... . 

Concentration of NiO plotted against Cr203 for 
(a) orthopyroxene, (b) clinopyroxene, (0) amphibole 
and (d) titanian phlogopite ... ...... . •.. ... •. ..... 

Photomicrographs of chromite grains with contrasted 
morphologies and sil i cate inclusions ............. . 

Facing 
Page 

58 

61 

62 

64 

64 

68 

76 

78 

79 

81 

81 

81 

92 

96 

103 

107 



FIG. 25 (A - C) 

FIG. 26(A - B) 

FIG . 27(A - D) 

FIG. 28 

FIG. 29 

FIG. 30 (A) 

FIG. 30(B) 

FIG. 31 

FIG. 32 

FIG. 33 

FIG. 34 

FIG. 35 

FIG. 36 

FIG. 37CA -C) 

FIG. 38 

FIG. 39 

MB5AAJ 

LIST OF FIGURES (Cont.) 

Photomicrographs illustrating alteration of 
chrornite, and graphite platelets within 

(x) 

bronzi t i te ............................... ' ._ ....... . 

Photomicrographs of rutile occurrences within the 
studied section ................................... . 

Photomicrographs of chromite particles which 
not be analyzed with the electron microprobe 

could 

Schematic log of an or i entated polished section of 
the LG 2 chromitite lay er , with analy ti ca l data 

Log of the Ruighoek Pyroxenite succession witD 
analyt i cal data pertaining to the compositional 
variation of chromite within chromitite layers 

Log of the C chromitite layer (B unit)~ with 
analytical data .................... ............... . 

Photomicrographs of (i) top, (ii) middle and (iii) 
basal textural environments within an orientated 
section of the C chromitite layer ............... .. . 

Log of H chromitite layer, with analytical data 

Log of LG 6A chromitite, with analytical data 

Log of the B unit succession, with chromite 
analytical data ..• . .................•...... .. ....... 

Illustration of the relative grain-sizes and textural 
environments of analyzed thrornite grains in sample 
265 

Plot of Cr203 content in chromite against 
grain-si ze showing (A) a hypothetical asymptotic 
relationship defining gra in growth achieved by 
increments of Cr203-enriched chromite, and (B) 
disposition of data points relative to hypothetical 
curves A and B ............... . .. ........... ...... . . 

Log of the Cl subunit succession, with chromite 
analytical data ....................•....•.......... 

Photomicrographs of chromite within and in 
juxtaposition to the E chromitite layer, Cl subun i t 

Plot showing spread of (a) Cr203 contents, (b) Ti02 
contents, and (c) MMF ratios in weakly 
disseminated chromite gra~ns ...................... . 

Log of the C2 subunit showing (a) within-sample 
compositional variation in relation to stratigraphic 
height ............................................ . 

Facing 
Page 

109 

111 

117 

119 

120 

12 1 

121 

122 

123 

126 

128 

130 

131 

133 

136 

136 



FIG. 40 

FIG. 41 

FIG. 42 

FIG. 43 (A) 

FIG. 43 (B) 

FIG. 43(C) 

FIG. 44 

FIG. 45 (A) 

FIG. 45(B) 

FIG. 46(A) 

FIG. 46 (B) 

FIG. 47 

FIG. 48 

MB5MJ 

(xi) 

LIST OF FIGURES (Cont. ) 

Log of the C3 subunit showing (a) within-sample 
compositional variation of chromite, and (b) 
compositional variation in relation to stratigraphic 
height ............................................ . 

Photomicrograph of a chromitiferous poikilitic 
harzburgite layer in the footwall of the LG 4 
chromitite ........................................ . 

Log of the D unit showing (a) the within-sample 
compositional variation of chromite, and (b) 
compositional variation in relation to stratigraphic 
height ............................................ . 

Textural features of a coarse-grained, adcumulate­
textured bronzitite exposed in the basal portion of 
the Dl subunit (sample 165) .............•.......... 

Granu lar-textured bronzit ite near the base of the 
D2 subunit (sample 83) .......................... . . . 

Photomicrograph of the central portion of an oxide­
charged orthopyroxene crystal within a granular -
textured bronzitite (Dl subunit, sample 125) ...... . 

Log of the E unit showing (a) within-sample 
compositional variation of MMF ratios and the 
proportions of Fe 3+ and Cr cations in chromite, and 
(b) compositional variation in relation to 
stratigraphic height ..... .. ........ ..... .... . .. ... . 

Partial halo of exsolved clinopyroxene nucleated on 
the grain boundary of a small chromite grain ...... . 

In t erstit ia l chromite within a medium-grained, 
granular-textured bronzitite (E unit, sample 50) 

Pyrrhotite intergrown with chromite in a thin 
chromite stringer e xpo sed at the stratigraphic level 
of sample 07 (E unit) ..... .. ...... ... ..•...... .. ... 

Oxidation of chromi te within the stringer to 
fer r itchromite (higher ref lectivity) along polygonal 
grain boundaries and triple junctions .... . ........ . 

Log of the D2 subun it, with analytical data 

Pho tomi crograph of a chromitiferous, feldspathic 
bronzitite exposed 1,5 m above the LG 6A chromitite 
layer in drill core ZS 3 (sample 301) .•............ 

Facing 
Page 

138 

138 

139 

139 

139 

139 

141 

143 

143 

144 

144 

147 

147 



FIG. 49 

FIG. 50 

FIG . 51 

FIG . 5Z 

FIG . 53 

FIG. 54 

FIG. 55 

FIG . 56 

FIG. 57 

FIG . 58 

FIG. 59 

FIG . 60 

FIG. 61 

FIG. 6Z 

FIG. 63 

MB5AAJ 

(xii) 

LIST OF FIGURES (Cont. ) 

Compositional var i at ion of orthopyr oxene hosted 
chromite grains as a function of chromite grain size, 
for samples 32 (E unit, ZS 7 ) and 308 (D2 subunit , 
Z S 3) .. •••• .. •. .•.•••••. •• • • ••• • .• • .. •.•. •• • .•..•.. 

Ti02 abundances in chromite as a function of 
stratigraphic position and natur e of the occluding 
silicate phase .. . ... . ... . ... ..... ... .. . ....... . ... . 

Plot of whole-rock Cr203 versus Cr - peak intensity 
showing a non-linear r elat i onship ....... .. . . . . . .. . . 

Hypothetical Cr-mass abso r ption coeffic i ents plotted 
aga inst derived estimates of whole-rock CrZ03 
content for selected olivine - chrorni te assemblages 

Plot of the Mo - Compton V versus Cr mass absorption 
coefficient f or some representative briquetted 
powders 

Plot of (A) whole-rock Mg/(Mg + FeZ+)mol . ratio, and 
(B) whole-rock SiOZ and A1Z03 versus whole - rock 
CrZ03 ....... ...•.. .. . . ... ...... . ... .. . .... . ........ 

Plot of whole-rock V against CrZ03, D unit (drill 
core ZS 3) .. . .. . . ..... .. • .... . ......... . .... . .. ... . 

Plo t of Zn, Cu, Ni , Co and Sc versus whole-rock 
CrZ03 for 7 samp l es of the DZ subunit , drill core 
Z S 3 •••.•••.••••••••• • ••• • •• ••••••••••••.••.••••••• 

Plot of whole - rock A1Z03 and 10 x TiOZ 
CrZ03 for olivine - chromi te assemblages 

versus 

Plot of (A) whole -rock V versus CrZ03, and (B) Zn 
and Sc versus e r203 for olivine-chromite assemblages 
in the Cl and C3 subunits .. ..... . .... . ......... . .. . 

Plot of whole-rock Ni versus CrZ03 ; Cl and C3 
subunits . ... . ... . ............. .... . ... . ..... .. .. . . . 

Plot of A1Z03 versus MgO for E, D, Cz and B unit 
bronz it it es) and sele cted mic roprobe analyses ..... . 

Pl o t of whole-rock Sr versus A1Z03b 

Plot of wh ole- rock Sr versus 100[I - MgO(rock)/ 
MgO(opx)] for Z7 bronzit ite samples ........... . ... . 

Var i ation of Sc, Co, Ni and V content s in 
hypothetically pure orthopyroxene in r elation to 
st rat igraphic height, drill core ZS 7 ............. . 

Facing 
Page 

147 

151 

155 

155 

155 

157 

157 

159 

161 

161 

16 3 

165 

166 

166 

168 



FIG. 64 

FIG. 65 

FIG. 66 

FIG. 67 

FIG. 68 

FIG . 69 

FIG. 70 

FIG. 71 

FIG. 72 

FIG. 72(C) 

FIG. 72(D) 

FIG. 73 

FIG. 74 (A) 

FIG. 74(B) 

MB5AAJ 

LIST OF FIGURES (Cont.) 

Variation of orthopyroxene V/Co, Co/Sc, Ni/Co and 
Ni/Sc ratios in relation to stratigraphic height, 

(xiii) 

drill core ZS 7 ....... . .... . .. .. • ... ....... .... ... . 

Plot of whole-rock (A) Zr, and (B) Ba versus Sr for 
bronzitites in the C2 subunit and B unit ....... ... . 

Variation of Mg/(Mg + Fe 2+) in orthopyroxene against 
the Mg/(Mg + Fe 2+) ratio of coexisting olivine 

Variation of aluminium against Mg / (Mg + Fe2+) in 
orthopyroxene (drill core ZS 7) . ... .. ....•....... . . 

Variation of aluminium against Mg/(Mg + Fe2+) in 
orthopyroxene of the D2 subunit, drill core ZS 3 

Variation of Mg/(Mg + Fe 2+) in chromite agains t 
Mg/(Mg + Fe2+) in coexisting orthopyroxene or 
olivine ............ ..... .... .. .. ... . . ... .... . . .... . 

Variation of Mg/(Mg + Fe 2+) in chromite against 
whole - rock Cr203 contents for (A) olivine-chromite 
assemblages and (B) orthopyroxene-chromite 
assemblages . .. .. ........ . .. .. .... . . ..............•. 

Cations Al per 32 oxygens plotted against cat i ons 
Cr per 32 oxygens for chromite in silicate-rich 
rocks, drill core ZS 7 ............................ . 

Cations A13+ per 32 oxygens plotted against 
Mg/(Mg + Fe2+) of chromite within (A) chromitite 
layers , and (B) C1 subunit (drill core ZS 7) .. . ... . 

Cat ions Al ~er 32 oxygens plotted against 
Mg/ (Mg + Fe +) of chromite within the C2 subun i t 

Cations Al ~er 32 oxygens plotted against 
Mg/ (Mg + Fe +) of chrom i te with in the D1 subunit 

Var i a t ion in the proportions of Cr, Al and Fe3+ 
cations against 10 x MMF(chromite) ratios, for 
chromite occluded by i ntercumulus plagioclase 
(ift ZS 7) ...... . ...... . . .. ...... . ....... . ........ .. . 

Variat ion in the proportion of Al cations against 
10 x MMF(chromite) ratios; Groenfontein 
Harzburgite subzone 

Depiction of Cameron's (1977) microprobe data of 
chromite within the B to F units of the Critical 
Zone in the eastern Bushveld Complex .. .. .. . . . . ... . . 

Facing 
Page 

168 

170 

173 

174 

175 

176 

177 

177 

179 

180 

180 

180 

180 

180 



FIG. 75 

FIG. 76 

FIG. 77 

FIG. 78 

FIG. 79 (A) 

FIG. 79(B) 

FIG . 80 

FIG . 81 

FIG. 82 

MB5AAJ 

(xiv) 

LIST OF FIGURES (Cont.) 

Plot of the chromite compositional parameters YFe3+ 

versus MMF rat io for the Band C uni ts , drill cor e 
ZS 7 .... .. .. . ... .. ... . ........ ... .... ... . . ... .. ... . 

Variation in the 
chromite against 
drill co r e ZS 3 

proportion of Fe 3+ cations in 
MMF ratios in the D2 subunit of 

P l ot of Ti02 against Mg/(Mg + 
within sample 70 and selected 
bronzitites in the C2 subun it 

Fe2+) of chromite 
plagioclase dominant 

Plot of t he Ti02 content of ch r omite 
chromitite layers against MMF rat io 

within 

Variat i on of Ti 02 against 10 x MMF ratio for 
chromite grains in the B unit and C2 subunit 

Schematic re construc ti on of divergent chemical paths 
followed by chromite grains if encapsulated within 
orthopyroxene at (a) an early stage of crystalliza -
t ion, and (b) la ter stages of crystallization ..... . 

Plot of normalized I nKD* against YCr for chromite 
within the CI and C3 subunits . ..... ........... .... . 

Plot of chromitite thickness against the vertical 
separation between successive chromite-rich domains 

Summary diag r am showing t he most significant cryptic 
variations within the studied sec t ion ..... . .... ... . 

Facing 
Page 

181 

182 

183 

183 

184 

184 

186 

195 

199 



2. 

3 . 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15 . 

16. 

17 . 

18 . 

19 . 

20. 

21. 

(xv) 

LIST OF TABLE S 

Te st on reproducibili ty of microprobe data 

Microprobe analyses of olivine 

Olivine grain size - NiO relationships, C3 subunit 

Microprobe analyses of orthopyroxene (dr i ll core ZS 7) 

Spread in microprobe analyses of orthopyroxene crystals in a 
bronzitite sample employing focussed and defocussed beams .. .. . . 

Microprobe analyses of orthopyroxene (drill core Zs 3) 

Variation of A1203 and Cr203 in orthopyroxene of the LG 6A 
hanging-wall succession . .. .. . . ...... .. . . . .............. . ..... . . 

Average A1 203, Cr203 contents and MMF rat i os of orthopyroxene 
within subun i ts of t he Ruighoek Pyroxenite . ................... . 

Calcu l ated equilibrium temperatures for coexisting pyroxenes 
based on the Mercier and Wells geo t hermometers .0 ••••• • ••••• . ••• 

Microprobe analyses of clinopyroxene 

Microprobe analyses of plagioclase 

Compositional variation of plagioclase within sample 290, 
B unit ... .. . . . ....... . .......... " . . ... . ...... ....... .... ... .. . 

Microprobe analyses of intercumulus mica 

Microprobe analyses of amphibole 

Microprobe ana l yses of si l icate inclusions within chromite 

Dupl icate microprobe analyses of chromite within the LG 6A 
chromitite layer (dri ll core ZS 7) ............................ . 

Microprobe ana l yses of 
LG 2 chromitite layer 

chrom i te within a 2,5 em section of the 

Average compositions of chromite within the Lower Group 
chromitite laye r s and associated mlnor layers ......... . .... . . 0 . 

Microprobe analyses of chromite within the C chromitite layer, 
B unit . .. ... . ...... . . ... 0 • ••••• 0 • •• • •• • •• •• • • •••• •• ••• • •••• • ••• 

Microprobe analyses of chromite within the H chromiti t e layer , 
base of C3 subuni t . . .... ... .......... ... ...... . ......... . ..... . 

Microprobe analyses of chromite within the LG 6A chromitite 
layer (drill core ZS 7) ........ ........... •.• . . . .. . . .. . ...... .. 

MB5AAK 

Facing 
Page 

(52 ) 

55 

(59 ) 

66 

(67) 

78 

(81) 

(85 ) 

(89 ) 

95 

98 

(99 ) 

(100 ) 

(l03 ) 

(l05 ) 

119 

119 

120 

121 

122 

123 



22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

(xvi) 

LIST OF TABLES (Cont.) 

Microprobe analyses of chromite within the B unit . .... .... ..... 
Mic roprobe analyses of chromite within the Cl subunit ......... 

Microprobe analyses of chromi te within the C2 subunit .... ..... 
Microprobe analyses of chromite within the C3 subunit . ... ..... 
Microprobe analyses of chromite within the D unit (dril l 
core ZS 7) •.•••••.•••••.••.•••••••••••••••.•••••.••••••.•.•••. 

Microprobe analyses of chromite within the E unit . ............ 
Microprobe analyses of chromite within the D and E units 
(drill core ZS 3 ) ............................................. 
Microprobe analyses of ch romite within the Lower Zone 
(drill core KA 5) ............................................ . 

Average Cr203 contents and YCr ratios of chromite encapsulated 
in orthopyroxene . . ........... . ... " .......................... . 

Whole-rock analyses; D2 subunit (drill core ZS 3) 

Whole-rock analyses; C3 and Cl subunits 

Whole-rock Ni/Co ratios and extrapolated (Ni/Co)ol and 
(Ni/Co)chr ratios ............................................ . 

Whole-rock analyses of bronzitites (drill core ZS 7 and 
KA 5) .....................•....•.........•..... . .......•...... 

MgO(rock)/MgO(opx) and Sr/A1203* ratios of bronzitites in 
relation to stratigraphic position ....... . ................... . 

Concentration of Ni, Co, Sc and V in hypothetically pure 
orthopyroxene (drill core ZS 7) and intere1ement ratios 

Calculated log f02 for chromite within chromitite layers of 
the studied sect ion ... ............. . ....... ...... ........... . 

Weighted mean Cr203 contents ' of units B to E (Zandsp r uit) 

Parantheses denote Tables submitted 1n text at 
the given page number 

MB5AAK 

Facing 
Page 

151 

151 

151 

151 

151 

151 

151 

151 

(152 ) 

156 

160 

(164 ) 

165 

167 

167 

(189 ) 

(192 ) 



1 

1. INTRODUCTION 

MB1AM 

Chromite ~s an early-crystallizing member of the multicomponent 

spinel group which has the general structural formula ABZ04' where A 

represents Fe(II), Mg, Mn, Ni and Zn, and B represents Cr, Al, 

Fe(III), V and (Fe(II) + Ti(IV)). In mafic layered comp lexes , the 

mineral chemistry of chromite is dominated by a solid- so l ution of the 

end-members FeCrZ04 (ferrochromi te) , MgCrz04 (magnes io- or 

picrochromite), MgA1204 (spinel sensu stricto), FeAIz04 (hercynite) 

and Fe304 (magnetite). Ti J Mn, Zn and Ni are present at only minor 

or trace-element levels. Vanad iferous Fe-Ti spinels occur at 

stratigraphically higher levels 1n some 

from the last oc curr e nces of chromite 

thickness of spinel-free gabbroic rocks . 

layered complexes, separated 

by a considerable vertical 

Chromite serves as a highly effect i ve scavenger of chromium in 

magmatic systems. For example, whereas initial l eve l s of Cr in basic 

magmas are in the range ZOO - 1 500 ppm (Hill and Roeder, 1974; 

Maurel and Maure l, 19 82b), Crz03 may constitute as much as 50 per 

cent of the equilibrium spinel phase. Thus J th e e nrichment factor 

may be in excess of 1 000 for Cr but close to unity for other 

elements (e . g . , Ti and Al). The ability of spinels to incorporate 

very substantial amounts of the first row transition elements, and 

their ubiquitous occurrence ~n mafic and ultramafic rocks of the 

crust and upper mantle, stimulates particular interest in this group. 

The potential importance of the chemistry and phase relationships of 

the spinel phase as a "petrogenetic indicator" of the original magma 

composition, its liquidus temperature, paragenetic order of the 

phases separating from it, the ambient oxygen fugacity, pressure and 

subsolidus equilibration processes, has been stressed by numerous 

authors . Hence, spinel mineral chemistry ~s potentially of 

considerable value in the fields of: 

1. Geobarometry (Green, 1964; Irvine, 

1975; Sigurdsson and Schilling, 

Suzuki and Shiraki, 1980). 

1967 ; 

1976 ; 

Basu and MacGre gor , 

Sigurds s on, 19 7 7; 
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2. 

3. 

4. 

2 

Geothermometry (Buddington and Lindsley, 1964; Irvine, 1965; 

Jackson, 1969; Evans and Frost, 1975; Medaris, 1975; Fuj ii, 

1977 ; Sinton, 1977 ; Roeder et a1., 1979; Sack, 1982; 

Lehmann, 1983) . 

Metamorphism (Rumble, 1976 ; Eales and Reynolds, 1983) . 

Ore genesis 

op. cit.). 

(Groves et al., 1977; Eales and Reynolds, 

This leads to the suggestion that the only requirement necessary for 

the resolution of many petrological problems is a quantitative study 

of the spinel phase. Unfortunately, the realization of this 

rationale is inhibited by severe problems arising out of essentially 

two factors: 

1. An inadequate knowledge of s ite occupancy within the spinel 

structure, which is of critical importance in calculating cation 

activities (Osborne et al., 1981; Sack, 1982). 

2. Spinels exhibit a pronounced compositional sensitivity towards 

their immediate chemical and physical environment (Roeder 

et al., 1979 ; Wilson, 1982). 

The former l eads to uncertainties in the application of thermodynamic 

principles, and the latter to difficulties in assessing the degree to 

which observed compositions may have departed from original liquidus 

compositions during slow cooling. Ostensibly, chromite remains 

reactive down to blocking temperatures as low as 60Q'C (Wilson, 

1982) . Furthermore, cation diffusivities ~n oxides appear to be 

considerably more rapid than in associated ferromagnesian silicates 

(Eales etal., 1980; Wilson op. ciL). Hence partial or complete 

homogenization of original and inherited chemical characteristics may 

effectively camouflage the primary, equilibrium relationships. 

By virtue of these uncertainties, it is difficult to gauge the 

relative importance of a number of parameters which are known to 

affect spinel composition (reviewed by Eales and Marsh, 1983). A 

brief discussion of the more significant parameters is given below) 

and a fuller evaluation will be developed in appropriate parts of the 

subsequent text. 
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1. FRACTIONATION 

In the case of rapidly cooled rocks, typified by fast growth rates 

and suppressed exsolution processes, compositional changes as 

fractionation proceeds would be apparent the textural 

relationships and preservation of zonal structures (El Goresy, 1976; 

El Goresy et al., 1976; Haggerty, 1976; Eales, 1979; Eales and 

Snowden, 1979; Eales et al., 1980). 

In such rocks, there is commonly no hiatus 1n Cr-spinel 

crystallizati on, and a correlation of decreasing Mg/Fe 2+, Cr203 

content, and Fe3 + + Ti enrichment with declining temperatures is 

often evident. Reversed orders of crystallization of plagioclase and 

clinopyroxene after olivine may induce diverse Cr Al Fe 3+ 

substitution trends in individual grains which reflect the silicate 

paragenetic order. An important distinction between slowly - and 

rapidly-cooled magmas is that, in the latter, the duration of spinel 

crystallization commonly spans a major part of the solidification 

period, resulting in a wider compositional range. 

2 . CRYSTAL SETTLING 

MB1AAA 

Until fairly recently J fractionation and crystallization mechanisms 

of stratiform complexes have been discussed almost exclusively on the 

basis of the crystal settling hypothesis (Wager and Brown, 1968). 

Settling of primocrysts was considered to be effective over a 

considerable thickness of magma or restricted to static layers at the 

base of the liquid column (Jackson, 1961) . Currently, the 

possibility of in situ nucleation and growth at the floor has been 

gaining favour (Campbell, 1978; Me Birney and Noyes, 1979). In 

either event, the composition of the residual liquid will necessarily 

change with progressive crystallization, and cryptic variation in 

spinel composition is common. It is to be anticipated that rhythmic 

nucleation of olivine, pyroxene or plagioclase may yield opposing 

compositional results and cryptic changes may therefore not vary as a 

smooth function of stratigraphic height in larger intrusions. If 

resorption of settling olivine primocrysts occurs at depth, as has 
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been suggested by McDonald (1967), pronounced reversals in the 

composition of spinels may result. 

3. SUBSOLIDUS EQUILIBRATION 

MB1AAA 

The importance of subsolidus equilibration between olivine and spinel 

has been emphasized by the work of Irvine (1965), Jackson (1969) and 

Roeder et al. (1979). The principles developed by these authors 

stress that it is not possible to consider the composition of spinels 

in isolation from the associated silicates, since the empirical 

distribution coefficient KD for the following exchange reaction 

increases as temperatures decline: 

Fe 2+ (olivine) + Mg (spinel) = Mg (olivine) + Fe 2+ (spinel) 

(assuming ideal mixing of Fe 2+ and Mg 1n both phases) 

where, 

XMg = Mg/(Mg + Fe2+) 

XFe 
2+ = 1 - XMg 

and Fe and Mg are g1.ven a s cation proportions. 

Jackson (1969) was the first to introduce experimentally determined 

thermodynamic constants into the relationship in an attempt to 

calibrate KD as a primary geothermometer, and derived the following 

equation: 

5580YCr + 1018YAl - 1720YFe3+ + 2400 

T = 

0,90YCr + 2,56YAl - 3,08YFe3+ - 1,47 + 1,987 In KD 

where, 

T = absolute temperature (K) 

YCr = Cr/(Cr + Al + Fe3+) 

YAl Al/(Cr + Al + Fe3+) 
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y 3+ 
Fe Fe3+/(Cr + Al + Fe 3+) in octahedral spinel sites . 

Cr + Al + Fe3+ = 1 and Cr, Al and Fe 3+ are given as cation 

proportions. 

Application of this geothermometer to a wide variety of rocks has 

clearly shown that uncertainties in the thermodynamic data used by 

Jackson introduce major errors and that calculated temperatures are 

often unrealistic ( Evans and Frost, 1975; Roeder et al., 1979). The 

inadequacies of the thermodynamic data prompted empirical 

calibrations (Ev ans and Frost, op. cit.; Medaris, 1975) and the 

choice of a1 ternat i ve thermodynamic data which gave a better 

correspondence between calculated and experimentally determined 

values (Roeder et al., op. cit.). A review by Wilson (1982) provides 

a comparison of results afforded by the different methods. 

Additional difficulties arise from the observation that the value of 

KD is also a function of the modal silicate/spinel ratio (Jackson, 

1969; Dick, 1977; Roeder et al., op. cit.; Wilson, op. cit.). 

Despite the present discrepancies) it rem81ns clear that subsolidus 

equilibration represents a potent mechanism for inducing chemical 

variability in spinel composition, and that calculated temperatures 

are not primary liquidus temperatures in the case of slowly cooled 

rocks. In support of this claim, Henry and Medaris (1980) have 

suggested that localised disequilibrium in olivine -pyr oxene - spinel 

assemblages results from the cessation of equilibration between 

pyroxenes at temperatures higher than those which preclude 

olivine-spinel exchange reactions. 

4. PRESSURE 

MB1AAA 

The possibility that the Al/Cr ratios of spinels are primarily a 

function of PT conditions has been considered by many authors. Two 

opposing viewpoints have been adopted with no apparent reconciliation 

between them: 
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(a) Aluminous spinels are stabilized at high pressures (Green, 1964; 

Sigurdsson and Schilling, 1976; Sigurdsson, 1977; Fisk and 

Bence, 1980; Suzuki and Shiraki, 1980), and 

(b) Pressure has a negligible influence on the trivalent cation 

proportions of spinels (Dickey and Yoder, 1972; Sinton, 1977). 

However, Eales and Marsh (1983) have suggested that the Al/Cr ratios 

of spinels are a function of the preferential partitioning of Al into 

either garnet, aluminous pyroxenes or plagioclase and are thereby 

indirectly influenced by pressure. Furthermore, pressure changes 

will not perturb the Aller ratio unless reactions occur which produce 

additional phases which have a higher preference for aluminium. 

5. OXYGEN FUGACITY 

MB1AAA 

The role of oxygen fugacity in controlling the compositional 

variation of spinel and associated ferromagnesian silicates) and in 

stimulating spinel crystallization, has frequently been stressed 

(e.g., Ulmer, 

and Bence, 

1969; 

1980) . 

Hill and Roeder, 1974; Haggerty, 1976; Fisk 

Experimental observations indicate that at 

basaltic magmatic temperatures the crystallization of Cr-spinel may 

be interrupted at oxygen fugacities less than f02 = -log 8,6 (Hill 

and Roeder, op . cit . ), and wholly 

lower than f02 = -log 10 (Fisk and 

suppressed at oxygen fugacities 

Bence, OPe cit.). In addition J 

the relative amounts of ferrous and ferric iron in Cr-spinels are 

deemed to be a function of their levels in the magma during 

crystallization. However, a fundamental question which has been 

raised is whether the compositions of Cr - spinels adequately reflect 

magmatic f02 conditions. 

Irvine (1965) showed that, m theory, it is possible to establish 

relative levels of f02 in equilibrium olivine-orthopyroxene-spinel 

assemblages by plotting the spinel compositional parameters YFe 3+ 

versus Mg/ (Mg + Fe 2+) , where YFe 3+ = Fe 3+/(Cr + Al + Fe 3+) . Other 

authors have attempted to quantify the relationship between the f02 

of the magma and the Fe 2+/Fe 3+ (oxidation) ratio of the spinel which 

has crystallized f r om it (Maurel and Maurel, 1982c; Roeder, 1982; 

Wilson, 1982). The following equation is given by Roeder (op. cit.): 
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log(Fe 2+/Fe3+)sp = -0,99 - 0,13 log f02 

at T 1 200°C and log f02 = -0,68 to -9, 0, and by Wilson (op. cit.): 

-0, 741 - 0,139 log f02 

for the temperature range 1 175 - 1 270·C. The potential importance 

of this approach as a means of es tab I ishing the f02 parameter of 

magmatic liquids needs no emphasis and it serves as a more convenient 

adjunct to solid-electrolyte, intrinsic oxygen fugacity 

determinations. Unfortunately, the broad application of these 

equations is constrained by several factors. For example, subsolidus 

processes may severely alter the original Fe2+/Fe3+ ratios; it has 

been shown by Bevan (1982) and Eales et al. (1984), pertaining to the 

Rhum and Skye and Bushveld complexes, respectively, that deuteric 

oxidation of olivine to magnetite + Mg-rich olivine releases Fe304 

which may be incorporated within the coexisting Cr - spinel phase. 

This would obviously lead to a substantial decrease in the original 

(Fe 2+/Fe 3+)sp ratio. Further discrepancies may stem from analytical 

errors and data reduction procedures. The electron microprobe ~s 

incapable of distinguishing Fe-speciation and mineral formulae are 

conventionally calculated on an assumption of stoichiometry. 

may be unjustified in some cases. 

This 

6 . LATE-STAGE REACTION WITH INTERCUMULUS LIQUIDS 

MB1AAA 

Reactions between early-crystallized spinels and cooling intercumulus 

liquid have been cited as one of the major causes of within-sample 

variability of spinel compositions in layered cumulate rocks 

(Henderson and Suddaby, 1971; Henderson, 1975; Cameron, 1977; Ridley, 

1977; Hamlyn and Keays, 1979; Henderson and Wood, 1981). For 

example) continuous reaction between spinels and liquid in the Rhum 

intrusion has led to a trend of Fe 3+-enrichment with YCr remaining 

constant (Henderson, op. cit.). On the other hand, Ridley has 

documented the following peritectic reaction in an alkali olivine 

basalt from Rhum: 
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Al-spinel + melt = Cr-spinel + plagioclase 

(with Fe3 + remaining constant) . 

Evidence for the mobility of late-stage inter cumulus liquids ,n 

slowly cooled layered intrusions has been tendered by Eales (1980) 

and Irvine (1978 and 1980b). It is envisaged that 'ngress of 

presumably volatile-enriched, differentiated liquid into a compacting 

crystal mush, from underlying layers, may lead to crystal-liquid 

disequilibrium. The r esulting equilibration reactions would tend to 

further exaggerate the existing spectrum of texturally r e lated spinel 

compositions. 

A proper assessment of the influence of the parameters list ed above 

an exceptionally thorough programme of sampling and requ~res 

analysis. Whereas, for example, cryptic variations in olivine and 

pyroxene may be closely linked with stratigraphic height within a 

complex, or within its constituent cyclic units, it is by no means 

conclusively established that the same applies to chrome-spinels. 

For that reason, the present analytical programme has concentrated on 

compar1S0ns of the nature of disseminated chromite with that of 

adjacent anchimonomineralic layers, the correlations between 

grain-size and composition, and the influence of the immediate host 

silicate phase. 

The Bushveld Complex >s a major repository of chromiferous spinels. 

Apart from accessory occurrences 1n the Lower Zone , chromitite 

layers occur within the pyroxenitic and anorthositic subzones of the 

Critical Zone, which extends from approximately 1 700 m t o 3 000 m 

above the floor of the intrusion. A major hiatus ~n spinel 

crystallization exi s ts above the Critical Zone I before the 

Fe-Ti-spinel phase titanomagnetite appears within the Upper Zone, a 

gap of ca . 4 000 m (South African Committee· for Stratigraphy, 1980; 

hereinafter denoted SACS). Within the Critical Zone the number of 

well-developed chromitite layers may be in the region of 30 (Irvine, 

1967), but generally the average is 13 "seams" (De Waal, 1975). 

Additional thin or impersistent layers, or zones of disseminat ed 

chromite, are a typical feature . The major questions which are 

raised may therefore be summarized as follows: 
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What triggers the nucleation of spinels in 

capable of yielding anchimonomineralic layers 

metre in thickness? 

copious amounts 

approaching one 

(b) Do chromitite layers result from a process of 10 situ growth, or 

are they deposited by gravitative accumulation of crystals, or 

perhaps by currents bearing crystals in suspension? 

(c) Why does the Lower Zone, composed of approximately 1 700 m of 

harzburgite, pyroxenite and dUDite, contain no more than 

accessory levels of chromite) a phase which commonly is amongst 

the first phases to appear on the liquidus? 

(d) What causes the disappearance of chromite as a nucleating phase 

at the top of the Critical Zone? 

The present contribution focuses on the first and second questions 

raised above. The study is based on only a portion of the Lower 

Cri tical Zone (Ru ighoek Pyroxeni te) succession, and cannot therefore 

address all of the questions raised, nor necessarily provide 

satisfactory solutions to the others. It does, however, provide 

quantitative data relating to that portion that has been sampled, and 

makes an attempt to interpret what is seen there. 
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2. LITERATURE REVIEW 

MB1AAB 

The occurrence of chromiferous spinels within layered complexes (most 

notably the Bushveld Complex, Muskox, Stillwater, Great Dyke and 

Cuillin complexes), minor intrusions (e.g., of the Karoo Tholeiitic 

Province), basaltic and komatiitic lavas, Alpine peridotites, nodules 

entrained by kimherlites and alkaline basalts, metamorphic- and lunar 

rocks and meteorites, has lead to a formidable literature. The 

present review makes no pretence) therefore, to a complete survey of 

the occurrence of this mineral. Rather, it is confined to t he more 

relevant parts of this literature. Reviews embracing a wide scope 

are available in Stevens (1944), Deer et al. (1962), Cameron ( 1964), 

Irvine (1967), Wager and Brown (1968), Cameron and Desborough (1969), 

Stanton (1972), Bunch and Olsen (1975), Malpas and Strong (1975), El 

Goresy (1976), Haggerty (1976), Rumble (1976) , Eales et al. (1980), 

Eales and Reynolds (1983), and Duke (1983). In this spirit , the 

review will therefore be confined to the relevance of: 

(a) The solubility of Cr in mafic magmas. 

(b) The occurrence of chromite within cyclic units constituting 

layered complexes. 

(c) Studies of Cr-spinel within smaller intrusions which do not 

contain significant amounts of chromite. 

(d) Experimental studies l eading to the interpretation of natural 

occurrences. 

An assessment of the chromium contents of planetary basalt suites by 

contributors to the Basaltic Volcanism Study Project (1981) has 

indicated that, in contrast to komatiites and lherzolites 

(compositions presumed to approximate that of the earths upper 

mantle) or mare basalts, terrestrial basalts are characterized by 

negative chromium anomalies. 

Ridge basalts possess lower Cr 

equivalent Mg/(Mg + Fe2+) mole 

Furthermore, present-day Mid-Ocean 

concentrations than Archean basalts of 

ratio. Similarly, Eales and Reynolds 

(1983) have reviewed the compositional variation of chromite in some 

extrusive and shallow-level intrusive rocks (e.g., Bushveld Complex) 

of Southern Africa and as shown by the Cr 3+ content of respective 

spinel populations, t he data suggest that there is a progressive 
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decline 1n Cr contents of geologically younger magmas. Explanations 

proposed to account for the above-mentioned features include: 

1. A higher Cr content in the Archean mantle. 

2. Different depths of melting. 

3 . Different thermal gradients. 

4. Different degrees of partial melting. 

s. Sequential melting. 

6. Oxidation state of chromium (i.e. J the Cr2+ /Cr3+ ratio) 

reflecting differences in f02 of the source rocks . 

7. Terrestrial melts have fractionated Cr-spinel while in transit 

to the surface. 

8. Mantle heterogeneity. 

Thermal constraints, in particular, appear to represent a dominant 

criterion. For example, the Basaltic Volcanism Study Project 

(op . cit . ) has suggested that komatiites are products of high degrees 

of partial melting or of sequential melting in which Cr-spinel and 

clinopyroxene are non-residual phases in the source region. In other 

basalt types, it 1S believed that the Cr anomaly results from 

Cr-spinel being retained in the fusion residua and/or intratelluric 

fractionation of Cr-spinel occurs. With respect to the oxidation 

state of chromium in the mantle, the bulk Cr content of a partial 

melt may be strongly dependent upon the f02 conditions of the source 

and the mineralogy of chromium in the mantle (Burns, 1975a, 1975b, 

and 1976; Burns and Burns, 1975). Studies of Cr partitioning under 

controlled f02 conditions by Ake 11 a et al. (1976), Huebner 

et al. (1976) and Schreiber and Haskin (1976) have indicated that, 

whereas Cr 2+ would preferentially partition into the liquid phase 

during partial melting (DoCr less than unity), Cr 3 + is retained in 

octahedral sites of residual Cr- spinel, pyroxenes and possibly 

ali vine. The electronic configuration of the 10n 

bestows on it the highest crystal field stabilization energy (CFSE) 

in crystalline octahedral sites of all the valence states of the 

first series transition elements. Hence, on the basis of the 

quasi-crystalline model of silicate melts, the following equilibrium 

would strongly favour the left hand side: 
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crystallization 

where "crystal" may be spinel, garnet, pyroxene or olivine, "cet ll = 

octahedral and IItet" tetrahedral coordination with oxygen (Burns, 

1975a and 1976). Furthermore, by virtue of a radius ratio 

(rCr 3+/r0 2-) of 0,44, Cr3+ 1S expected to rema1n en six-fold 

coordination in mantle minerals irrespective of possible phase 

transformations that may occur in response to pressure changes. 

Although ev idence for the presence of the Cr2+ ion in silicate melts 

and minerals is circums tant ial (reviewed by Schreiber and Haskin, 

1976), experimental data reported by Schreiber and Haskin (op. cit.) 

indicate that the Cr2+ oxidation state should represent as much as 90 

per cent of the total chromium in melts at oxygen fugacities more 

reducing than 10-9 10- 11 atmospheres. However, under redox 

conditions envisaged to be characteristic of terrestrial basaltic 

magmas (estimates are given by the Basaltic Volcanism Study Project, 

1981), chromium is thought to be present exclusively as the Cr3+ ion, 

possibly in response to the following redox interaction of Cr and Fe 

in the melt (Schreiber and Haskin, op. cit.): 

Cr3+ + Fe 2+ = Cr2 + + Fe3+ (equation 11, p. 1237) 

where oxidation of Cr2+ is favoured by a large difference en 

oxidation potentials and the anticipated excess of Fe 3+. In terms of 

Burns' (1975a and 1976) partitioning scheme for Cr 2+ and Cr3+ ions 

between spinel, garnet, pyroxene, olivine and derivative 

high-pressure polymorphs in the mantle, pressure-released oxidation 

of most Cr2+ to Cr 3+ occurs 1n the upper mantle. This may lead to 

the nucleation of chromi te crystallites in olivine j as 

believed to be stabilized and enriched in tetragona1ly (Jahn-Te1ler) 

distorted, olivine Ml octahedral sites under reducing and/or 

hi gh-pressure conditions. For reviews of the chromium contents of 

olivines occluded in diamonds, other terrestrial occurrences and 1n 

lunar olivines, the reader is referred to Burns (1975b), Schreiber 

and Haskin (1976), Matzat and Shiraki (1978), Brown (1980), Deer 

et al. (1982) and Hervig and Smith (1982). An additional site for 
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Cr2+ ions may be in tetrahedral coordination ~n spinels of the type 

(Mg,Cr2+)(Cr3+)204, which have been synthesized under reducing 

conditions by Stubican and Greskovich (1975). However, Cr2+ has not 

been detected in lunar spinels. Though this observation tends to 

negate t he presence of divalent chromium in primitive melts, it is 

possible that the low CFSE of Cr 2 + in tetrahedral and octahedral 

spinel sites results in ineffectual competition with Cr 3+ and Fe 2+ 

ions (Mao and Bell, 1975). 

It would appear that oxidation of Cr 2+ in Fe-bearing systems may have 

played a role in establishing the saturation limits of chromium in 

basic melts but, while the Cr oxidation ratio within source regions 

of the earths mantle as a function of geological time and P,T - f02 

conditions remains unknown, it is perhaps quite acceptable to 

consider the solubility of chromium strictly ~n terms of the 

tri valent cat ion. By implication, the role of intensive variables, 

such as pressure, on melt structure may be of importance. Irvine 

(1977a) has shown that liquids with a low A1203 abundance requue a 

greater amount of Cr203 in order to saturate the melt with chromite. 

This is consistent with the observations of Irvine (1975) and 

Schreiber and Haskin (1976), and considerations regarding the 

structural role of Al in silicate liquids (Bottinga and Weill, 1972; 

Kushiro, 1975; Hess, 1980), viz., aluminous liquids have fewer 

octahedral sites available for Cr3+ ions. Furthermore, it has been 

suggested that experimentally detected decreases in the viscosities 

of basaltic and aluminosilicate melts are related to pressure-induced 

Al IV to Al VI transformations which cause depolymerization of 

(Al,Si)-O-(Al,Si) linkages (Mysen, 1976; Burnham, 1979). The 

influence of these coordination changes on crystal-liquid partition 

coefficients is discussed by Mysen (op. cit.) and Kushiro (op. ciL), 

but it is extremely difficult to gauge the extent to which the 

stability field of chromite, a phase in which all the aluminium ~s 

octahedrally coordinated, ~s influenced during ascent of a 

depolymerized mafic magma. 

Whereas Cr3+ is a major constituent of chrome spinels, it is a trace 

element within magmatic liquids. The latter is a function of the 

geochemical behaviour of trivalent chromium during fusion and 

crystallization processes, as has been mentioned previously, and the 
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predominance of olivine In the mantle, a phase which does not 

accommodate substantial amounts of Cr3+ in its structure since 

coupled substitutions of the following type are not permissible: 

(Mg,Fe)2+ + Si4+ (Burns, 1975b; Brown, 1980) 

Hill and Roeder (1974) and Schreiber and Haskin (1976) indicate, 

respective ly, that 

small fraction of 

at levels as 

the chromi urn 

low 

may 

as 100 ppm Cr or where only a 

exist as Cr 3+ 1U a melt at 

atmospheric pressure, Cr 3+ ions may saturate the melt and chromite lS 

capable of nucleation. Ridley (1979) has presented an explanation 

for this feature on the basis of the high octahedral site preference 

energy of the Cr3+ cation and the quasi-chemical (Toop and Samis) 

polymerization model (a review of the latter is available in Wood and 

Fraser (1978)). The upper solubility limit 1n natural mafic magmas 

is not known, but estimates are possible: 

ppm Cr 

300 

1 460 

970 

1 000 

1 600 

1 250 

620 

Source of information 

Hill and Roeder (1974); experimental 

Maurel and Maurel (1982b); experimental 

Davies et al. (1980); parental Bushveld magma 

Cameron (1978); Bushveld magma 

Irvine (1977b); maximum of Muskox magma 

Sharpe and Hulbert (1982); early Bushveld magma 

Campbell and Murck (1984); experimental (l'300°C) 

These estimates are significant when mass balance calculations are 

made to estimate the amount of liquid from which the spinel phase has 

separated, i . e., the R factor of chromite (Keays and Campbell, 1981; 

Campbell et a1., 1983). For example, the UG 1 cyclic unit at Union 

Section Mine averages 2,6 per cent Cr203 (de Klerk, 1981) and Cameron 

(1980) has estimated that the weighted average Cr203 content of the 

entire Lower Critical Zone 1n the Eastern Bushveld Complex is 2,08 

per cent. The discrepancy between these values and the estimated 

solubility is clearly a critical feature. Resolution of this paradox 

is, however, possible in terms of the concept of cyclic units within 

layered complexes (Jackson, 1961 and 1970; Campbell, 1977). This 
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concept 

which 

permits the emplacement of large volumes of liquid, from 

a limited degree of crystallization may occur, before the 

liquid is in turn displaced by a further irruption of magma of the 

same derivation. The new magma may be regarded as being undepleted 

with respect to chromium. Operation of this concept has been 

elegantly illustrated by a documentation of cyclic Ni variations 

through the Muskox Intrusion (Irvine, 1978 and 1980b), and of Ni and 

Mg/(Mg + Fe 2+) variations in olivine and orthopyroxene within cyclic 

units of the Zimbabwean Grea t Dyke (Wilson, 1982). Similar feature s 

have been recognized in ophiolite complexes and with respect to the 

Bushveld magma chamber, periodic influxes of new magma have been 

proposed by numerous authors to account for changes in bulk 

composition (e.g., Reuning, 1937; Lombaard, 1934; Kuschke, 1940; Van 

der Walt, 1942; Truter, 1955; Schwellnus et al., 1962; Cousins, 1964 

and 1969; Cameron, 1970; Coertze, 1974; Vermaak, 1976; Hamilton, 

1977). 

In the Stillwater Complex, the Hartley complex of the Great Dyke, and 

a portion of the Lower Zone of the Bushveld Complex south of 

Potgietersrus (Hulbert and von Gruenewaldt, 1980), identification of 

cyclic units in ultramafic members is based on systematic repetitions 

in the appearance of cumulus phases. A typical unit may be composed 

of the following lithological succession: 

Top orthopyroxenite 

olivine - bronzitite (+ chromite) 

dunite and/or harzburgite (+ chromite) 

chromitite and/or olivine - chromitite 

Bottom: dunite (+ chromite) 

Characteristically, concentrations of chromite occur 1n olivine -rich 

assemblages at or near the base of a cycle. This is followed upwards 

by olivine - orthopyroxene cumulate assemblages which generally occur 

as the middle part of each unit) marking the transition fr om dunite 

(+ chromite) to chromite-free orthopyroxenite. These features are 

reviewed by Morse (1980). Recognit ion of cyc 1 ic uni ts on the above 

basis in the Lower Critical Zone of the Bushveld Complex has not been 

possible. However, a detailed study by McDonald (1967) indicated at 

least 20 possible cyclic units in borehole sections of the Ruighoek 
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Pyroxenite (i .e ., the Lower Critical Zone in the Western lobe of the 

complex) on the farm Ruighoek 169 JP, based on reversals in cumulus 

orthopyroxene grain-sizes and Fe content. Stemming from an 

evaluation of these data, Jackson (1970) suggested that chromite-rich 

layers 

which 

in this particular 

are depicted in 

orthopyroxenite. 

section occur at the base of some cycles 

continuous stratigraphic intervals of 

A concept that is currently favoured by many, as an alternative to 

multiple intrusion, is that of double-diffusive convection. The 

relevance of the process to magma chambers was first mooted by Turner 

and Gustafson (1978), and developed in some detail by Me Birney and 

Noyes (1979) . This hypothesis requires the stratification of a 

liquid column into a sequence of stacked cells of limited volumes, 

each cell differing in composition from the one above, and each in a 

state of vigorous convection. This is 1n response to the opposing 

effects of temperature and composition on liquid density and the 

large disparity in the diffusivities of heat and chemical components. 

In situ crystallization is envisaged in the model and its variants 

proposed by Irvine (1980a, 1980b and 1981), Rice (1981) and Kerr and 

Turner (1982). Compositional changes resulting from incremental 

crystallization are transmitted in a step-wise fashion through the 

residual liquid, a process termed double-diffusive fractional 

crystallization (Irvine, 1980b). In particular, double-diffusive 

convection offers an explanation for continued crystallization of 

certain phases without depletion of essential nutrients ~n the 

immediate vicinity of the growing crystals. This is achieved by a 

combination of v~gorous convection within the cell and diffusive 

exchange of heat and components across the horizontal interface 

between juxtaposed cells. 

Studies of chromite within small intrusions of the Karoo Tholeiitic 

Province have culminated in an empirical model that accounts for the 

compositional variation of spinels in terms of fractional 

crystallization process e s (Eales et al., 1980). A tenet of the model 

is that nucleation of chromian spinel is restricted to the first 30 

per cent of crystallization of the parent magma. Three distinct 

stages in the chemical evolution of Cr-spinels are telescoped within 

this period: 



MB1AAB 

17 

1. An early stage during which coprecipitation with olivine results 

in a mild Al-enrichment trend with no change in the 

Fe 3+ content. 

2. A middle stage marked by the appearance of plagioclase as a 

crystallizing phase. The substitutional trend reflected is one 

of Al - depletion and enrichment in Fe 3+ + (Fe 2+, Ti), with Cr 

remaining essentially constant. 

3. The late stage which commences at the onset of clinopyroxene 

nucleation and growth. Residual Cr3+ is rapidly scavenged from 

the system by the pyroxene and, thereby, crystallization of 

chromian spinel is terminated. 

A final stage involving the precipitation of Fe - Ti oxides occurs in 

more slowly cooled intrusions. Eales et al. (op cit.) suggest that 

this model may be applicable to the crystallization of spinels from 

large intrusions such as the Bushveld Complex. However, the re is 

some difficulty in correlating stratigraphic position with 

I1percentage crystallized" of the magma as the shape of the magma 

chamber is not known. 

Experimental studies of Cr-spinel crystallization from silicate melts 

have served as important indices of parameters governing its 

stability, compositional variation and abundance. Usual experimental 

variables include melt composition, temperature, oxygen fugacity and 

order of appearance of associated silicate phases. Hill and Roeder 

(1974) investigated the composition of chromite 'n natural basaltic 

melts as a function of f02 (at constant temperature) and temperature 

(at constant f02). Additional experiments, in which the Cr content 

of the melts was varied, indicated that the large stability field of 

chromite was extended to higher temperatures and lower oxygen 

fugacities at higher concentrations. A crystallization sequence of a 

natural basaltic melt as a function of f02 and temperature was 

proposed (Fig. 9 of Hill and Roeder, op. cit.). Apart from being of 

considerable qualitative value, this diagram has also been used to 

estimate the temperatures of formation of some Critical Zone 

chromitite layers (Snethlage and von Gruenewaldt, 1977; Snethlage and 

Klemm, 1978). 
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Schreiber and Haskin (1976) studied the effect of oxidation state 

and temperature on the partitioning of Cr between spinel, pyroxene, 

olivine and melt in two synthetic silicate systems. Their data 

indicated that although the amount of Cr-spinel decreased with an 

increase of the Cr2+/Cr3 + ratio of the experimental charge, the 

Cr content of the spinel was independent of the concentration of Cr3 + 

in the melt. Hence, they conc 1uded that the presence of Cr-rich 

spinel in natural associations did not imply crystallization from a 

Cr3+-rich liquid. In a similar study, Alkella et al. (1976) found 

that the Cr/(Cr+A1) ratio of the spinel was more sensitive to the 

Mg content of the spinel than to the f02 of crystallization. 

Furthermore, Schreiber and Haskin (op. cit.) noted a positive 

correlation between the A1203 content of the liquid and that of the 

equilibrium spinel, but were r eluctant to accept that the Al content 

of the melt controlled the composition of the nucleating spinel . It 

18 timeous to mention here that Cameron (1980, p. 870) has s uggest ed 

that abundant nucleation of chromite in the Bushveld magma may have 

been deferred until the A1203 content had been enriched by 

fractionation processes to "necessary levels ll
• 

Maurel and Maurel ( 1982a) investigated the distribution of aluminium 

between chromian spinel and silicate melt) and reported a positive 

carre la tion between (A1203) spinel and ( A1 203 )liquid' 

fitted to the data is given as: 

(A1203)sp = 0,035( A1 203)2,42 

1iq 

where expressed in weight per cent. 

The equation 

The above 

relationship ~s shown to be consistent with the data of other authors 

(e.g., Hill and Roeder, 1974; Fisk and Bence, 1980). Maurel and 

Maure l (1980b) also assessed the solubility of Cr in basic silicate 

melts under conditions of f02 = - log 3 to - log 9 and T = 1 180 -

In agreement with Hill and Roeder (op.cit.), their data 

indicated that the concentration of chromium in equilibrium with 

spinel increased with temperature and/or when f02 decreased. The 

experimentally derived DCr values, expressed as D = (Cr203)sp / 

(Cr203)liq, were 1n the range 257 1 424 and proved to be more 
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sensitive to temperature variations than to f02 of crystallization. 

Accordingly, they suggested that fluctuations in temperature and/or 

oxy gen fugacity may induce chromium supersaturation ~n the melt. 

This conclusion ~s consistent with the experimental observation of 

Campbell and Murck (984) that Cr saturation in basaltic melts is 

strongly temperature dependent above 1 200·C. However, a fundamental 

and perplexing question is raised, viz., what mechanism spontaneously 

induces an abrupt change in the temperature of a large body of magma? 

In order to accommodate this dilemma, Campbell and Murck (op. cit.) 

proposed a magma-mixing model that invokes efficient hybridization of 

a new influx of hot, primitive, Cr-saturated magma with a cooler, 

fractionated residuum in a gravitationally stable, stratified magma 

chamber. It is envisaged that the temperature and Cr content 

of the hybrid magma determine the degree or duration of chromite 

nucleation. 

With respect to the influence of plagioclase nucleation on the 

Cr/(Cr+Al) ratio of crystallizing Cr-spinels, the experimental data 

reported by Irvine (l977a) and Fisk and Bence (1980) are compatible 

with the concept promulgated by Eales et al. (980) that plagioclase 

may compete effectively for Al in the melt. 

appear to be certain consistencies between 

However, although there 

experimental data and 

observed features of natural associations) the application of this 

information to an understanding of the origin of chromitite layers in 

large intrusions is problematical and somewhat daunting. 

Mechanisms for the formation of chromitite layers in large stratiform 

mafic intrusions remain the subject of considerable debate. This may 

be attributed to essentially two aspects. Firstly, there are 

problems relating to the origin of thin anchimonomineralic layers of 

considerable lateral extent in either the single or multiple 

intrusion models, and secondly, there is an inadequate understanding 

of mechanisms that may account for chromite being periodically 

isolated as the only stable liquidus phase. An exhaustive review of 

the proposals is not attempted here as a major part of this may prove 

to be tautological in subsequent sections. However, the different 

theories on the origin of chromiti te layers may be summarized as 

follows: 
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1. Crystallization from a chromite-rich residual liquid (Fockema 

and Mendelsohn, 1954). 

2. Magmatic sedimentation of chromite with a later in situ 

crystallized component from a chromite - rich immiscible liquid 

(Cameron and Emerson, 1959; McDonald, 1967). 

3. Contamination of mafic melt with sialic roof-rock (Irvine, 

1975). 

4. Periodic irruption of new magma with or without hybridization of 

evolved (i.e., fractionated residua) and primitive liquids. The 

relative proportions of the melts, the degree of fractionation 

of the magma ~n the chamber J and the rate of mixing, may be 

important here. 

5 • 

6. 

Periodic fluctuations ,n oxygen fugacity (U l mer, 1969). 

Pressure fluctuations response to regional 

(Cameron, 1980) . 

tectonism 

7. Growth of discrete chromitite layers inward from the margins of 

the intrusion, in concert with their cyclic units, within a 

double - diffusive convection physical model (Irvine, 1981). 

Reference to points 4, 5 or 6 as plausible mechanisms may be found in 

Kuschke (1940), Van der Walt (1942), Ulmer (1969), Cameron and 

Desborough (1969), Irvine (1977b) , Cameron 0970, 1975, 1977 and 

1978), Snethlage and von Gruenewaldt (1977), Snethlage and Klemm 

(1978), von Gruenewaldt and Worst (1986), Wilson (1982) and Campbell 

et al. (983). Pertinent reviews are available in Cameron (980), 

Wilson (op. cit.) and Duke (1983). 
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3. FIELD RELATIONSHIPS IN THE STUDY AREA 

3.1 LOCATION AND GENERAL GEOLOGY 

MBlAAC 

The study area is located on the farm Zandspruit 168 3P 1n the 

western lobe of the Bushveld Complex (a locality map is presented in 

Fig. 1). The coordinates of the centre of the farm are 26°55' and 

25°10'5, with the north-western perimeter of the prominent 

Pilanesberg Alkaline Complex cropping out on the south-eastern 

portion of the farm. The area underlain by the Critical Zone is 

virtually featureless and is veneered with 1 - 2 metres of black 

turf, but low hills of Main Zone gabbro rlse some 20 metres above the 

general level in the eastern sector of the farm. The area is covered 

by grassland with patches of thorn trees and, by virtue of a low 

outcrop density, geological mapping is dependent on trenching and 

extrapolation from boreholes. 

A geological map of part of the area is given in Fig. 2. This map 

was redrawn by the writer from a plan of the surface geology compiled 

by Messrs Rand Mines Limited. The suboutcrop of the LG 2 chromitite 

layer lies within 100 metres of the northward-trending, western 

boundary of the farm, and this represents the lowest member of the 

layered succession within the farm area. An uninterrupted sequence 

up to the MG 3 chromitite layer is present, terminated on the eastern 

side by the north-striking Frank fault, to the east of which only 

Main Zone rocks are depicted. The apparent throw of this strike-slip 

fault 1S not precisely known but must surely exceed 450 metres to 

have juxtaposed the Middle Group chromitite succession with the Main 

Zone (based on the generalized columnar sections of Cousins and 

Feringa (964) and SACS (980». The Frank fault also cuts the 

Groenfontein-Zandspruit fault zone at a point close to the southern 

boundary of the farm, with this latter fault zone extending to the 

north-west at a glven bearing of 320°. This latter fault causes the 

succeSSlon to the north-east to be downthrown by approximately 200 

metres, and sinistrally displaces the suboutcrop of the LG 6 

chromitite layer on the northern side of the fault some 2,5 

kilometres to the north-west. A relatively ID1nor fault, striking 

close to due east and throwing the succession down approximately 2S 
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metres on its northern side, is located 2,2 kilometres from the 

southern farm boundary. The study area thus measures 3 kilometres 

east-west and 2,4 kilometres north-south, and ~s effectively bounded 

on the northern, north-eastern and eastern sides by faults. Within 

this area there occurs an undisturbed succession striking NlsoE and 

dipping 12 - 15° east. Several minor syenitic dykes, presumably part 

of the Pilanesberg dyke swarm, have been mapped within the area, but 

are of no significance in the present study. 

3.2 THE SUCCESSION OF LAYERED ROCKS 

MB1AAC 

3.2.1 INTRODUCTION 

A stratigraphic 

comparison of the 

Zandspruit 168 JP 

column is given in Fig. 3, which presents a 

general sequence as determined for the farms 

(this study), Ruighoek 169 JP (McDonald, 1967) and 

Zwartkop 369 KQ (von Gruenewaldt and Worst, 1986). The localities of 

these farms in the Western lobe of the complex are indicated 1n 

Fig. 1. The sequences shown are correlated in Fig. 3 with Camerons's 

(1980) type-section and subdivision of the Lower Critical Zone in the 

north-eastern sector of the Bushveld Complex, referred to as the 

Mooihoek Pyroxenite (SACS, 1980). The Steelpoort and LG 6 chromitite 

layers were assumed to be equivalent stratigraphic horizons, in 

accordance with Hatton and von Gruenewa1dt (1982), and served as the 

datum horizons in the construction of Fig. 3. A broad similarity 

between the respective sections is apparent and, 1n particular, the 

succession at Zandspruit shows a good correspondence with McDonald I S 

northern Ruighoek section. Although there are differences with 

respect to the number of chromitite layers, their thicknesses and the 

distance between successive seams, there are two features which are 

common to both the Mooihoek and Ruighoek Pyroxenites. Firstly, the 

lower part of the succession contains a greater occurrence of thin 

chromitite layers, and secondly, olivine-rich rocks occur as two 

distinct horizons towards the base, with the upper being the thicker 

subunit. 

The following account of the lithological variation 1n the Zandspruit 

area is based on a study of drill core sections ZS 7 and ZS 3, which 
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were made available to the writer by Messrs Rand Mines Limited. From 

an inspection of an additional 38 borehole logs compiled by 

Messrs Rand Mines Limited, these sections can be regarded as 

representative of the stratigraphic succession. Borehole section 

ZS 7, with a collar elevation of 1 101,4 metres above mean sea level, 

was drilled 300 metres to the south of the Groenfontein-Zandspruit 

fault zone (see Fig. 2). This vertical borehole intersected the LG 7 

chromitite at a depth of 23,4 metres below surface and penetrated to 

a final depth of 381 metres, some 16 metres below the LG 1 chromitite 

layer. The cumulative thickness of chromitite, represented by the 8 

major Lower Group seams (including the LG 6A layer) and 5 m,nor 

layers, is 2,92 metres or 0,8 per cent of the succession. The core 

was logged in its entirety with the assistance of Mr P Best, a 

geologist in the employ of Messrs Rand Mines Limited. To compensate 

for 12,5 metres of core representing the LG 6 chromitite and 

immediate enclosing rocks which were unavailable, the equivalent 

stratigraphic succession of borehole ZS 3 was logged due to its 

proximity to ZS 7. An additional 24 metres of adjacent core from the 

same section was logged, thereby giving a duplication of 25 metres of 

the succession. Borehole ZS 3 was collared at an elevation of 

1 098,7 metres above mean sea level and intersected the LG 7 

chromi t ite layer at a depth of 76,03 metres below sur face. 

Calculated on the basis of an average dip of l2"E, borehole ZS 3 

depicts an intersection of the LG 6 and LG 6A chromitite layers which 

>s 260 metres further down dip and 530 metres to the south of ZS 7 

(Fig. 2). The sequence above the LG 7 chromit i te to the top of the 

Ruighoek Pyroxeni te (i.e., at the MG 2 chromi ti te layer according to 

Cousins and Feringa (1964)) was obtained from a generalized 

stratigraphic column compiled by Messrs Rand Mines Limited. 

3.2.2 THE B UNIT 

The B Unit represents the lowermost unit of the Critical Zone and 

Cameron (1980, p. 847) has placed the Lower Zone - Cri tical Zone 

contact in the north-eastern sector of the Bushveld complex at II 

the horizon at which there ~s a distinct increase ~n postcumulus 

plagioclase in bronzitite". The first chromitite layer occurs a 

short distance above this transition. With respect to the study 
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area, McDonald (1967) reported a 5 centimetre thick chromitite, 

termed the A or Bottom seam, approximately 38 metres below the LG 1 

chromitite layer on the farm Ruighoek. Only one other borehole was 

drilled deeper than ZS 7 on the farm Zandspruit. Collared near the 

western boundary of the farm in the hanging-wall of the LG 2 

chromitite, 

chromitite 

the LG 1 

this drill core intersected bronzitite with thin 

stringers at depths of 46,0, 

chromitite layer. Though 

76,5 and 77 ,4 metres below 

it would seem that the 

distribution of chromitite layers below the LG 1 is impersistent and 

minor, as is the situation at Zwartkop (von Gruenewaldt and Worst J 

1986), the criterion used by Cameron has not been documented in the 

study area and the base of the Ruighoek Pyroxenite is taken here at 

some position below these chromitite stringers, probably within 100 

metres of the LG 1 chromitite layer. Hence, the final depth of 

borehole ZS 7 is of the order of 80 metres above the putative base of 

the B unit. 

Two major and one mlnor chromitite layer occur 1n the B unit at 

Zandspruit (Fig. 3). The lowermost intersected, the LG 1 chromitite 

(locally termed the Lower Groenfontein seam), is 33 centimetres (cm) 

thick and has sharp foot- and hanging-wall contacts with the 

enclosing bronzitites. This seam correlates with McDonald I s 

(op. cit.) B chromitite layer on farm Ruighoek. The underlying 

chromite-poor bronzitites are fairly coarse-grained and sheared, and 

no grain-size layering or igneous lamination is evident. Extensive 

shearing parallel to the basal chromitite contact has obscured the 

finer details of the contact relationships, but a 2 em wide zone of 

partially serpentinized, olivine-rich harzburgite 15 exposed 

immediately below the chromitite layer. The orthopyroxene within 

this narrow zone is of the reaction-replacement type and hosts 

resorbed remnants of olivine. Two textural features are of interest. 

Firstly, no olivine grains occur in contact with cumulus 

orthopyroxene crystals or intercumulus plagioclase, and secondly, no 

intercumulus silicate phases occur within the zone. The lower 

contact of the latter assemblage is marked by reaction-replacement 

orthopyroxene in contact with cumulus, medium-grained orthopyroxene 

crystals depicted in a thin domain characterized by polygonal grain 

boundaries and no interstitial void volume. This border zone 

separates the olivine-bearing domain from the underlying, 
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coarser-grained feldspathic bronzitite. The overlying 11 metres (m) 

of bronzitite above the chromitite are coarse-grained, chromite-poor 

and nonlayered (i . e., no igneous laminat ion is evident» and exhibit 

a higher modal proportion of intercumulus sil i cate phases (e.g ., 

plagioclase 

chromitite 

and ph logopi te) than 

(McDonald's C layer) 

the 

is 

footwall 

abruptly 

rocks . A 2 cm 

developed above 

thick 

this 

coarse bronzitite, but exhibits a 1 em wide gradational upper contact 

with a much finer-grained bronzitite. The 25 cm thick LG 2 

chromitite layer (Upper Groenfontein or 0 seam) occurs ca. 20 m above 

this minor seam. The intervening bronzitites are chromite-poor and 

show a well developed ~gneous lamination. The 1a t ter fea t ure 15 a 

function of graln shape; an i gneous lamination is only developed 

where the bronzite crystals occur as planar, orientated, elongate 

laths rather than as a haphazard arrangement of stubby grains. Some 

1,5 m below the LG 2 chromitite, a fine -grained bronzitite ~s 

depicted which abruptly overlies the medium-grained, laminated 

bronzitites. A 22 cm thick kimberlite dyke cross-cuts this 

fine-grained horizon and comprises flow differentiated, euhedral 

olivine crystals set ~n a dark brown, opaque mineral-rich matrix. 

The immediate footwall of the LG 2 chromitite layer a 

medium- grained, chromite - poor bronzitite ~n which a trace modal 

abundance of small olivine grains sporadically occurs. In this 

instance, however, these small olivine grains are ~n mutual contact 

with cumulus orthopyroxene crystals and, although no reaction-

replacement orthopyroxene ~s present, the olivine - bearing m~cro­

domains are similarly devoid of any intercumulus silicate phases. 

The hanging-wall contact of the LG 2 is gradational and is composed 

of a coarse-grained, chromitiferous feldspathic bronzitite. This 

rapidly grades into non-layered, chromite-poor bronzitites which 

contain a trace abundance of graphite platelets in addition to the 

ubiquitous intercumulus plagioclase and hydrous silicate phases. 

The top of the B unit >s placed here at the first appearance of 

cumulus olivine crystals above the LG 2 chromitite layer . This 

olivine-bronzitite layer is exposed 4 m above the LG 2 and the modal 

olivine content ~s apparent in hand specimen. The apparent lack of 

systematic grain-size variations but presence of marked changes 1.n 

the shape and orientation of orthopyroxene crystals at Zandspruit are 

features which similarly characterize the B unit of Cameron's (980) 
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type-section4 One possibly significant discrepancy is the absence of 

an olivine-chromitite layer which Cameron mapped 33 , 5 m below the top 

of the B unit. However, the seemingly restricted occurrence of 

olivine to the immediate footwall contacts of the LG chromitite 

layers at Zandspruit is not at variance with the documentation of a 

similar occurrence at Ruighoek (McDonald, 1967). Base metal sulphide 

grains are not visible in hand specimen and no pegmatoidal-textured 

bronzitites are depicted within the succession. 

3.2.3 THE C UNIT 

A. THE Cl SUBUNIT 

The lowermos t olivine-rich interval of the C unit has been denoted 

the Cl subunit 1n Cameron I s type - section and is characterized by 

ext r emely well developed, fine-scale modal layering. For example, 

SACS (1980) refer to the work of Cameron and Desborough (1969) who 

recorded 160 layers in this 16 to 20 m thick subunit. Subsequent 

detailed studies by Cameron and his students have indicated, however, 

that no cyclic or rhythmic repetition of the layering is evident. A 

generalized columnar section of the 12 m thick Cl subunit at 

Zandspruit is given in Fig. 4, which inc ludes a detai l ed log of the 

single chromite-rich horizon exposed towards the top of the subunit. 

It is apparent from Fig. 3 that a chromite-rich horizon is similarly 

located in the upper half of the subunit in other geological areas. 

Fig. 4 serves to illustrate the pronounced variations in modal 

abundance of chromite, olivine and orthopyroxene that can be detected 

in very limited sections and, ~n particular, shows that the 

succession of rock-types ~n relation to stratigraphic height ~s 

opposite to that of typical ultramafic cyclic units mentioned 

previously. 

The first 7 m above the base of the subunit (at 330,20 m depth in 

drill core ZS 7) consist of interlayered chromite-poor bronzitites 

and olivine-bronzitites . This is followed upward by 5 m of layered 

dunites, harzburgites and olivine-chromite cumulates. A 2 cm thick 

massive chromitite layer is developed (McDonalds E layer) within 

enclosing olivine-chromitites, and both contacts are gradational. 
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The schematic representation glven 10 Fig. 4 tends to exaggerate the 

abundance of chromite in the wall-rocks, but an attempt has been made 

to illustrate the increase in olivine grain-size which occurs across 

the chromite-rich interval. The latter horizon 15 overlain by 

granular harzburgites which grade into olivine-bearing bronzitites. 

The top of the Cl subunit (i.e., marked by the disappe arance of 

cumulus olivine) is approximat e ly 1,5 to 4,5 m above the chromitite 

l ayer (core loss of 3 m occurred at this level). 

Columnar stratigraphic sections of the i ndividual units, showing a 

wide spectrum of petrographic information, are presented in section 

4.2 of the present text (Figs. 8 (A) to (E». Though a discussion of 

these data ,s deferred, the reader is referred to these figures if it 

may assist ,n the reading of the subsequent t ext. Logs of boreholes 

ZS 7 and ZS 3 are presented in Appendix I. 

B. THE C2 SUBUNIT 

The C2 subunit at Zandspruit is composed of 39 m of 

coarse - grained, chaotic - and laminated-bronzitites, a 

interval of layered olivine-rich rocks, and the 17 cm 

medium- to 

2 m thick 

thick LG 3 

chromitite layer (also termed the Gossan, G or Int ermediate seam). 

The 5 em thick F chromitite layer depicted at Ruighoek is not 

developed 1n the Zandspruit succeSS l on, but an olivine - bearing, 

chromite-bronzite cumulate layer does occur at approximately this 

stratigraphic level (see Fig. 3). 

The LG 3 chromitite is located ca. 25 m above the base of the subunit 

in sharp contact with the bronzitite host rocks. A 2 em thick leader 

chromitite layer is situated I - 2 cm below the LG 3 and, similar to 

the occurrence at Zwartkop (von Gruenewaldt and Worst, 1986), relict 

olivine grains occur at the immediate hanging-wall contact of the 

LG 3 in association with a 2 cm wide zone of reaction-replacement 

orthopyroxene. Though the textural features are identical to those 

described by von Gruenewa1dt and Worst, and to those seen at the 

footwall contact of the LG 1 chromitite, this occurrence depicts 

lobate protrusions of olivine and reaction-replacement orthopyroxene 

extending 1 - 2 cm into the overlying bronzitite. Olivine 
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chadacrysts occur 1n contact with the uppermost chromite gralns of 

the LG 3 layer , but are always separated from the overlying 

feldspathic bronzitite assemblage by a selvage of structurally 

continuous, secondary orthopyroxene. The iIIDDediate footwall of the 

thin leader chromitite below the LG 3 layer is al so olivine-bearing. 

However, there is only a very mlnor development of reaction­

replacement orthopyroxene and this fairly chromitiferous bronzitite, 

composed of polygonal orthopyroxene crystals, exhibits no 

intercumulus silicate phases. 

The upper 

occurs 2 m 

contact 

below 

of 

the 

an anomalous 2 m thick olivine-rich horizon 

LG 3 chromitite layer in borehole ZS 7. A 

detailed columnar section of this horizon is presented in Fig. 5 and 

it is clear that the scale of the layering is similar to that seen in 

the Cl subunit. This succession was not intersected 1U other 

boreholes on the farm, but no indication of faulting was evident at 

this level 1n the ZS 7 drill core. By virtue of the exceptional 

modal layering and the chromitiferous nature of the basal portion, it 

would seem that this olivine-bearing horizon represents a lensoid, 

impersistent structure that is part of the layered succession. Apart 

from the 25 cm thick olivine-chromite cumulate near the base, 

layering within this structure is defined by cyclical variations in 

the modal abundance of cumulus olivine and orthopyroxene. It is 

noteworthy that the olivine-rich layers are marked by sharp basal 

contacts and a progressive increase ~n the modal abundance of 

orthopyroxene with stratigraphic height. A sympathetic increase in 

the abundance of inter cumulus plagioc lase was noted in some of the 

mineral-graded layers. 

The top of the C2 subunit 1S marked by two thin chromitite layers 

separated by a 6 em bronzitite parting. An appreciable abundance of 

base metal sulphides occurs in the bronzitite footwall of the lower 

layer. The upper chromitite layer is 4 em thick and is bounded on 

the hanging-wall contact by olivine-chromite cumulates. This 

chromitite would seem to correlate with McDonald IsH layer and ~s 

taken here as the base of the overlying C3 subuni t, 14 m above the 

LG 3 chromitite layer . 
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C. THE C3 SUBUNIT 

The C3 subunit is the upper 23 m thick olivine-rich interval depicted 

,n Fig. 3. Including the basal H chromitite layer, four 

chromite-rich horizons are developed In this subunit of which the 

LG 4 chromitite (K, Guinea Fowl or New layer) is of particular 

interest in that it is the only substantial member of the Lower Group 

of chromitites developed in an olivine-rich succession. 

The first 3 m above the basal H chrornitite layer consist of 

serpentinized dunites. Chromite is an accessory phase and apart from 

isolated patches of altered intercumulus plagioclase, these olivine 

cumulates are essentially monomineralic. In contrast, the overlying 

11 m of dunite are characterized by lensoid or spheroidal "plates" of 

harzburgite which can be as much as 20 em in diameter . The 

orthopyroxene in these structures is of the reaction-replacement type 

and individual grains are in structural continuity over large areas. 

This is followed by the first chromite-rich zone which is 0,5 m ,n 

thickness and" consists of a lower olivine-chromite cumulate, a 5 ern 

thick chromitite (with scattered, spherical silicate lenses composed 

of exceptionally large olivine grains which are partially replaced by 

secondary orthopyroxene), and an upper chromite-olivine cumulate 

layer which grades rapidly into chromite-poor dunite. At a distance 

of 3 m above this chromitite, which is the equivalent of either the I 

or J layers at Ruighoek, the 17 em thick LG 4 chromitite is developed 

within a zone of olivine-chromite cumulates depicting heavy 

disseminations of chromite. Less than 2 m above the LG 4, chromite 

reappears in high concentrations and a 0,6 m thick zone of chromite 

and chromite-olivine cumulates H developed. A further 2,5 m of 

chromite-poor dunite is present above this layer. 

As in the Cl subunit, the major chromite-rich horizons are located 

towards the top of the section. Notable by its absence, cumulus 

bronzite 15 not present in the C3 subunit at Zandspruit except for 

the uppermost 0,5 m, where its weak reappearance presages the 

considerable th ickness of overlying bronzitites of the Dl subunit. 

The top of the subunit 's exposed at a depth of 252,4 m in the ZS 7 

drill core succession. 
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3.2.4 THE D UNIT 

A. THE Dl SUBUNIT 

The Dl subunit compr~ses 112 m of bronzitites which vary from 

coarse-grained assemblages ~n the basal portion to finer - grained, 

granular- textured bronzitite s through much of the middle and upper 

int ervals. The latter bronzitites are characterized by an 

except ionally weak abundance of intercumulus silicate phases and the 

distinction between these and the bronzitites of the B unit and C2 

subunit is quite marked in hand specimen. Chromite 15 an accessory 

to trace constituent at all but two horizons, V1Z., the 37 em thick 

LG S chromitite (Roehmer or L layer) which is a laminated succession 

of chromitite and silicate-rich layers developed 79 m above the base 

of the subunit, and secondly, a thin chromite-bronzite cumulate layer 

2S m above the base. Scattered olivine grains or aggregates of large 

olivine grains occur sporadically 10 both coarse and fine-grained 

bronzitites. Their occurrence 15, however, very limited within 

individual samples and no olivine was seen above the immediate 

footwall of the LG S chromitite layer, where severely altered 

remnants of olivine occur in a medium- to coarse-grained, granular 

textured bronzitite. Shearing and alteration are severe at the level 

of the chromitite layer and most of the interlaminated silicate-rich 

layers are completely replaced by green serpentine . The uppermost of 

these layers, however, was seen to be an exceptionally coarse-grained 

bronzite assemblage hosting base metal sulphides and a trace of 

olivine remnants and altered pseudomorphs. There is a very abrupt 

decline in the abundance of chromite to accessory levels above this 

thin chromitite layer. 

Both Cameron (1980) and McDonald (1967) have documented cyclical 

grain-size variations ~n the D1 subunit. Cameron recognized four 

fining-upward cycles in the Eastern lobe of the complex, of which the 

upper two culminated in bronzite-chromite cumulates . McDonald, on 

the other hand, indicated that coarsening upward cycles were depicted 

at Ruighoek, although the overall trend was one of decreasing 

gra~n-s~ze . However, from an inspection of these data, there does 

not appear to be any obvious correlation between the disposition of 

the proposed cycles and chromite abundances 1n the Ruighoek 
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Pyroxenite succession. Similarly) variations in orthopyroxene 

graln-Sl.Ze at Zandsprui t are well developed (documented in section 

4.2 of the present text) and although there may be discrepancies with 

respect to the number of cycles and their fabric, it is surely of 

some significance that this particular textural feature 15 developed 

at geographically removed localities. 

There 1S some hesitancy as to whe re the Dl - D2 subunit boundary 

should be drawn in the studied section. In both the ZS 3 and ZS 7 

boreholes, however} a thin chromite-bronzite cumulate is developed 

ca. 7 m below the LG 6 chromitite layer. There is an abrupt increase 

1n orthopyroxene grain-size ahove this chromitiferous layer) 

associated with an lncrease i n the modal abundance of intercumulus 

plagioclase. Furthermore, chromite abundances are significant l y 

higher above this level than in the underlying bronzitites. On this 

basis, it was decided that the latter chromite-bronzitite layer 

served as a convenient boundary for the purposes of the study. 

However, no indication can be given as to the lateral persistence of 

this par ticular horizon. 

B. THE D2 SUBUNIT 

A continuous section of the D2 subunit was exposed in borehole ZS 3. 

Cameron (1980) arbitrarily placed the top of the subunit at 1 m above 

the Steelpoort Leader chromitite and this division is applicable to 

the Zandspruit section in that there 1S a gradation from 

fine-grained, chromitiferous bronzitites of the LG 6A chromitite 

hanging-wall 

level. The 

to medium-grained, feldspathic 

subunit 1S 21 m thick and hosts 

bronzitites at this 

the 81 cm thick LG 6 

(Magazine, Main or M layer) and 18 cm thick LG 6A (Magazine Leader or 

N layer) chromitite layers. The upper contacts of the LG 6 and LG 6A 

are gradational over 0,7 and 0,2 m, respectively, and layering is 

exceptionally well 

in the immediate 

developed. 

footwall of 

Heavily disseminated chromite occurs 

the LG 6 chromitite, but the lower 

contact of the leader seam is abrupt. 

The two chromitites are separated by 12 to 14 m of fine-grained, 

massive bronzitite in which chromite is an accessory or trace 
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constituent. The distance between the chromitite layers varies 

considerably along strike: for example, it is ca. 6 m at Zwartkop 

(von Gruenewaldt and Worst, 1986) and a mere 1 m >n Cameron's 

type-secti on. Olivine occurs within the subunit but the textural 

relationships are complex. Suffice it to say that olivine occurs as 

sporadic grains in the granular bronzitites below the LG 6 chromitite 

layers, >n the immediate footwall of the LG 6 and >n localized 

microdomains of the hanging-wall. Olivine was not observed In 

association with the LG 6A chromitite or In bronzitites showing 

intercumulus plagioclase. However, inspection of drill core ZS 7 did 

not show an equivalent distribution. For example) no olivine was 

observed at similar stratigraphic positions below the LG 6 chromitite 

layer, and coarse-grained, anhedral olivine crystals were observed 

within silicate partings and >n the illIIIlediate hanging-wall of the 

LG 6A chromi t i te , 

locally depicted. 

where a late-stage) 

It is most likely 

replacement-type texture IS 

that much if not all of the 

olivine in this subunit, and in the Dl subunit, is associated with 

ultramafic pegmatite bodies similar to those described by Bristow and 

wi 1 son (1983). 

3.2.5 THE E UNIT 

The E unit 

Zone. The 

represents the uppermost section of the Lower Critical 

top of this unit coincides with the first appearance of 

cumulus plagioclase in the Critical Zone succession, which is 

generally in the hanging-wall of the MG 2 chromitite layer. The unit 

at Zandspruit >s approximately 183 m thick and consists of a 

monotonous succession of poorly layered, chromite-poor bronzitites. 

The LG 7 chromitite layer (Divider or P layer) is developed 93 m 

above the LG 6A and is composed of a 24 em thick composite layer of 

chromitite and chromite-bronzite cumulates (considerable variation in 

the number and thicknesses of constituent layers '" exposed within 

the study area, with the LG 7 represented as a 5 to 10 em thick layer 

in some instances). Olivine is present in both immediate wall rocks, 

and also occurs sporadically in the underlying bronzitites where it 

is often associated with weakly disseminated sulphides. Discordant, 

cross-cutting structures were noted during the logging procedure and 

it would seem that the coarse-grained , olivine-bearing bronzitites 
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observed are undoubtedly of the replacement pegmatite-type (e.g., at 

borehole depths of 27 - 29 m and 39 - 40m). Apart from a 0,5 cm 

chromitite layer and a thin bronzit e -chr omit e cumulate at depths of 

4,3 and 30,1 m below the LG 7, respec ti ve ly, there are no other 

significant concentrations of chromite in the E unit up to the level 

of the Middle Group (MG) of chromitite layers. 

The MG 1 chromitite layer 

i s followe d afte r 8 m 

is depicted 82 m above the LG 7 

of bronzitite by the MG 2L 

layer, and 

and MG 2 U 

chromi t ites (L and U denote lower and upper, r e spec tively). The 

latter are separated by 2,55 m of bronzitite. The 

MG 3L and MG 3U chromitites, with a parting of 1,6 m of bronzitite, 

are developed 29 m above the MG 2 chromitite layers. It is not 

possible to give thicknesses of the individual seams as borehole core 

of the MG succession was not logged in this study. However, the 

range is from 26 cm to ca. 70 cm. 

3.3 SAMPLING 

MB1AAe 

A total of 330 samples were selected from boreholes ZS 7 and ZS 3, 

drilled as 4 cm (BX) diameter cores. The sampling interval was 1,5 m 

and a typical core sample was 10 - 20 cm in length. Where layering 

was seen to be well developed, a closer sampling interval was used 

and in some instances up to 1 m of continuous core was removed. The 

immediate contacts of all the LG chromitite layers were sampled and 

continuous sections of the minor chromitite layers were obtained . 

However, only chip samples from the major seams were taken with the 

exception of the LG 6A chromitite layer (ZS 7 ), where 19 cm of 

continuous 1/4-core were made available to this study. 

The individual lengths of core were split parallel to the core aX1S 

in the laboratory. One half was kept as a reference spec~men and 

thin or polished sections were ·prepared from the other prior to the 

preparation of rock powders if required. In order to augment the 

study, five drill core samples of the harzburgite subzone 

(Groenfontein Harzburgite) of the Lower Zone were obtained from 

borehole KA 5 (Kashane), drilled on the farm Vlakfontein 207 lP . The 

location of the farm to the south-west of the Pilanesberg is shown in 
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Fig. 1 together with the collar position of KA 5, and an abbreviated 

columnar section showing the sampled positions is presented ~n 

Appendix II. A complete columnar section of borehole KA 5 can be 

found ~n Vermaak (970). Samples KA 410 and KA 729 are 

representative of chromite-poor Lower Zone orthopyroxenites, and 

samples KA 552, KA 571 and KA 622 are of harzburgites. 
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4. PETROGRAPHY 

4.1 INTRODUCTION 

MB1AAD 

The assemblage of rocks within the study section is limited to 

dunites, harzburgites, olivine-orthopyroxenites, orthopyroxenites 

(bronzitites) and chromitites. A remarkable degree of purity may 

characterize either the dunites or pyroxenites, in which olivine and 

orthopyroxene, respectively, may constitute very close to 100 modal 

per cent of the rock. With increasing modal amounts of chromite in 

olivine-chromite cumulates) for example} the rock names that have 

been assigned for classification are: dunite (accessory chromite) -

chromite dunite (disseminated chromite) olivine chromitite 

(disseminated olivine). The modal limits which characterize these 

names are not rigorous ly defined here as modal analyses of the rocks 

were not performed. An indication of the modal proportion of an 

intercumulus mineral is given by a qualifying term such as 

"plagioclase-bearing" if plagioclase 1S restricted to filling small 

residual interstices of the cumulus crystal framework, or 

"feldspathic" if the visually estimated modal proportion of this 

mineral is in excess of ca. 7 per cent. The purely descriptive usage 

of the terms adcumulate and mesocumulate, as suggested by Irvine 

(1982), has been adopted to facilitate discussion; intercumulus 

minerals may comprise 0 - 7 per cent (by volume) of an adcumulate or 

adcumulate-textured orthopyroxenite, and 7 - 25 per cent of a 

mesocumulate. In effect, therefore, a plagioclase-bearing 

orthopyroxenite may also be termed an orthopyroxene adcumulate. 

Furthermore, as a means of conveying the distinction between 

fine-grained and coarse-grained, 

"granular" 1S reserved for the 

adcumulate-textured rocks, the term 

fine-grained lIsugaryll end-member 

displaying polygonal grain boundaries. Hence, the nomenclature that 

has been adopted in the subsequent text accords with that developed 

by Wager et al. (1960), Jackson (1961), Cameron and Desborough 

(1969), and the present tendency to employ cumulus terminology solely 

on a descriptive basis. 

In terms of a gravitative accumulation scenario, Cameron (1969, 

p. 774) outlined three subsystems that need to be considered in the 

formation of a cumulate rock: 
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1. The subsystem of nucleation and initial growth of cumulus phases 

prior to and during settling. 

2. The subsystem consisting of settled crystals and supernatant 

magma. 

3. The subsystem of settled crystals and interstitial liquid. 

Subsystem (2) would correlate with the isothermal adcumulus growth 

mechanism of Wager et al. (960) i f diffusional exchange with the 

overlying magma 15 permitted by slow accumulation rates. With the 

disappearance of the liquid phase, postcumulus crystallization 1U 

subsystems (2) and (3) is succeeded by a fourth, subsolidus 

equilibration system. It is noted that the continuum from (1) to (4) 

corresponds to progressively lower temperatures. On the assumption 

that crystallization occurred over a temperature interval of 200 Q C, 

Irvine (970) estimated that the Rustenburg Layered Suite magma(s) 

cooled at a rat e of 1°C per 1 000 years. Cameron's first subsystem 

mentioned above is most probably geologically instantaneous relative 

to the protracted period of postcumulus solidification. Thus, it may 

be anticipated that the rate at which the liquid/cry s tal ratio tends 

to small residual values will be influenced by an interplay of the 

following physical parameters: 

1. The mechanism and rate of accumulation (McBirney and Noyes, 

1979) • 

2. Rheological response of the mush with increasing crystal density 

(Marsh, 1981). 

3. Grain-size and shape of the c rystals. 

4. Efficacy of gravitational compaction, adcumulus growth and 

sub-liquidus annealing or sintering processes which act to expel 

interstitial liquid (Coble and Burke, 1963; Vernon, 1970 and 

1975; Moore, 1973; Reynolds, 1979). 

More from a chemical viewpoint , however, the duration of liquidus and 

sub liquidus crystallization 1S probably exceeded by the period of 

subsolidus equilibration due to the very slow cooling rate when in 

the solid state. Of the four aspects raised above, the grain-size of 

the associated cumulus silicate minerals may, in particular, impose 
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the dominant control on the "residence time" of a chromite graIn 10 

cooling residual liquid. This is of key concern when addressing the 

problem of purported chromite reactivity . 

The development of textures and growth of crystals from silicate 

melts have been mimicked in numerous dynamic crystallization studies 

[for example, those of Gibb (1974), Lofgren (1974 and 1980), Grove 

and Bence (977) and Donaldson 0977 and 1979) J. The data reported 

a t test to the ioterre lated influence of me It compos i t ion, s true ture, 

viscosity J oxygen fugacity and thermal history on the kinetic growth 

properties of minerals. In particular, it has been shown that the 

degree of supercooling (l;, T ) of a melt exerts a major control on 

grain shape, nucleation rate (N) and growth rate (G). Interpolation 

of this data to slowly cooled, large magmatic systems remaIns 

somewhat conjectural, but it is recognized that some degree of 

supercooling 

(1977) has 

is required 

quoted the 

before 

following 

nucleation occurs. Kirkpatrick 

theoretical expectations which 

indicate that N varies more with l;, T than does G: 

1. N varies as exp (-1/ £> T2) 

2. G varies as exp(-l/ l;,T), if grain growth 1S controlled by 

interface attachment kinetics. 

In layered 

infl uence of 

complexes it may be more realistic to interpret 

l;, T on "bulk crystallization rate" (Kirkpatrick, 

the 

1981; 

Cawthorn, 1982), which is the resultant of Nand G for a given degree 

of supercool ing. However, unless accumulation occurs by a process 

akin to in situ heterogeneous nucleation, there need not be a 

correlation between l;, T and the crystal flux at the depositional 

floor . That is to say, the anticipated crystal size decrease in 

response to a rise in 11 T should not be evident in a layered 

succession . Semi-quantitive attempts to assess the role of 

supercooling in the origin of some observed features of layered rocks 

have been published. For example: 
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1. Ophitic textures in the Skaergaard chilled marpn (Wager, 1961). 

2. Rhythmic layering ,n the Freetown Complex (Hawkes, 1967) and 

Skaergaard Intrusion (Maa1¢e, 1978). 

3. Anomalous fine-grained granular rocks the Klokken 

Gabbro-Syenite Complex, South Greenland (Parsons, 1979), and the 

Fongen-Hyllingen Complex, Norway (Thy and Esbensen, 1982). 

These investigations utilized "crystal linityll (total number of 

crystals per em3 of rock ) or "crystal index" (number of crystals per 

cm3 of anyone mineral) as petrographically derived indices of the 

crystallization conditions of the magma. This procedure 's deemed 

valid only if N increases with increasing AT (Maa1¢e and Hansen, 

1982) and if the measured indices approximate t o the instantaneous 

nucleation density. Though the interpretation of these data 's 

fraught by constraints and uncertainties) it is however significant 

that Brandeis et al. (1984) have noted large crystal size variations 

stemming from rnlnor temperature perturbations at low degrees of 

supercooling. 

In this study, close attention has been paid to the possible use of 

grain-size or, more spec i fically J to variations in crystallinity of 

success've samples (crystallinity,s defined here as the number of 

cumulus silicate crystals per em3 of rock). The approach used 's 

intended to establish whether gradients ,n crystallinity are 

detectable within isomodal vertical sequences of pyroxenite and 

dunite, and then to interpolate data relating to chromite abundances. 

Though postcumulus modification of initial grain-size (Cameron, 1969) 

may have disturbed prlmary gradients, it 1S anticipated that 

long-term cyclic variations may be preserved which could reflect 

fluctuations in bulk crystallization rate and, thereby, temperature 

disturbances. It 's not possible to assign the observed features 

unequivocally to either the 1n situ nucleation mechanism or .=..::.--.:::..::..:"" 

gravitative accumulation of silicate phases and chromite . In the 

latter, for example, normal grain-size graded layering (Irvine, 1982) 

of constituent phases 1S conventionally regarded as evidence 1n 

favour of crystal sorting by cumulus deposition in much the same way 

as varves or turbidites. A fining-upward succession may equally be 

depicted in the bottom nucleation model if a progressive increase 1n 

nuc leation rate occurs (schematically illustrated in Fig. 6), though 
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FIG. 6 SCHEMATIC DEPICT ION OF THE HYPOTHETICAL INFLUENCE OF NUCLEATION 

DENSITY ON TEX TURAL FEATURES OBSERVE D IN ORTHOPYROXENITES WITHIN 

THE STUDIED SECTION, ASSUMING IN SITU NUCLEATION OF ORTHOPYROXENE 

CRYSTALS AT THE BASE OF A LIQUID COLUMN. THE NUMBER OF CRYSTALS 

SHOWN IN CASES (a) AND (b) CORRESPOND TO MEASURED VALUES FROM 

THIN SECTIONS. BUT THE RELATIVE PROPORTION OF MESOSTASIS (~) IS 

EXAGGERATED FOR ILLUSTRATI VE PURPOSES . IF CASE (b) IS NOT 

APPLICABLE TO LOWER CRITICA L ZONE CRYSTALLIZATION CONDITIONS 

(e.g . BY VIRTUE OF ENVISAGED LOW DEGREES OF SUPERCOOLING), RECOURSE 

MUST BE MADE TO RECRYSTALLIZATION OR MECHANICAL COMPACTION AT 

AN EARLY STAGE TO ACCOUNT FOR THE PRESENT TEXTURAL FEATURES . 

THESE CONSIDERATIONS ARE DISCUSSED AT SOME LENGTH IN THE TEXT. 
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spontaneous high nucleation densities may not exist at very low 

degrees of supercooling (Cawthorn et al., 1983). 

The procedure followed w estimating the crystallinity of individual 

samples >s similar to that adopted by Wager (1961) and Kirkpatrick 

(1977) . A 5 x 5 rom grid of squares was marked ,n ink on the 

coverslip of a thin section, cut in an orientation para llel to the 

dri 11 core axi s . While viewed under low magnification with crossed 

nicols, a count of the number of cumulus silicate crystals ~n each 

25 rom2 block was made and averaged. This average was multiplied by 4 

to give the average number of crystals 

crystals per cm3 was obtained from: 

per The number of 

crystallinity (number of crysta ls per cm2 )3/2 

In coarse-grained samples, the estimates of crystallinity were 

reproducible to within + 30 crystals and to + 300 crystals ,n 

fine-grained granular rocks. In order to limit subjective bias, thin 

sections were selected at random from a tray and the data plotted on 

representative columnar sections once all determinations had been 

completed. The procedure has a number of advantages) of which ease 

of determination, reproducibility, reduction of sectioning effects 

and large Slze of the sampled population a re significant 

considerations. However, it should be appreciated that an 

exaggerated sensitivity exists at small grain-sizes by virtue of the 

exponential relationship used the determination. Fig . 7 

graphically illustrates the increase in "crystallinity" of an ideal, 

close packed array of cubes with incremental reduction of the edge 

dimension (a). A similar manipulation using a close-packed array of 

spheres shows no significant departure from this curve. 

4.2 THE TEXTURAL FEATURES 

MBlAAD 

The resul ts of measurements yielding estimates of crystallinity are 

presented in Figs. 8(A) to (E). Fig. 8(A) 

the number of orthopyroxene crystals per 

depicts the estimate of 

cm3 of pyroxenite as a 

function of stratigraphic position in the lowermost 105 metres of the 
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study section, representing the C2 subunit and upper 50 metres of the 

B unit. No crystallinity determinations of samples from the Cl 

subunit were obtained by virtue of the extremely fine-scale modal 

layering in this succession. The number of samples on which 

Fig. 8(A) is based is 67 and, within each sample, the number of 

crystals counted in order to make the estimates varied from 100 for 

coarse-grained rocks to 600 for t he finer-grained specimens. The 

m~nlmum sample spacing is 1,5 metres. Figs. 8(B) to (E) are of 

similar type but depict successi vely higher portions of the 

succeSSion up to the LG 7 chromitite layer. Representative 

photomicrographs illustrating the textural variations (Figs. 8A(i) to 

8C(v)) are provided to augment the petrographic descriptions and the 

respective figures. A sample for which whole-rock and/or electron 

microprobe data are available is indicated by an open-square symbol 

1n all the diagrams. No estimates of chromite crystallinity in 

chromitites were made) nor were they rigorously derived for 

pyroxenite and dunite samples. However) chromite density may vary 

from les s than one grain per em3 in some pyroxenites to very high 

values 1n the immediate foot- and hanging-wall rocks of chromitite 

layers. 

4.2.1 BRONZITITES IN THE B UNIT AND C2 SUBUNIT 

Adcumulate- and mesocumulate-textured bronzitites predominate in the 

B unit and Cz subunit, varying in crystallinity from 180 to 1 600 

crystals/ cm3 of rock (Fig . 8A). Granular-textured varieties, 1. e . , 

bronzitites depicting 

orthopyroxene crystals, 

crystals/cm3 ), and (0) 

(a) 

(b) 

very 

a polygonal mosaic of fine-grained 

higher crystallinity values (e.g., Z ZOO 

low modal proportions of intercumulus 

silicate phases, are only exposed in the footwalls of the LG Z and 

LG 3 chromitite layers. Adcumulate-textured bronzitites are composed 

of a framework of stubby to lath-like orthopyroxene crystals 

(Figs.8A(i) and 8A(ii), respectively), with plagioclase as an 

ubiquitous intercumulus phase. Minor to trace modal proportion? of 

clinopyroxene J amphibole and red mica are common components of the 

mesostasis, but their modal abundance is always subordinate to 

plagioc lase. Sporadic oikocrysts of clinopyroxene, hosting strongly 

resorbed chadacrysts of orthopyroxene, are visible in thin section, 
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FIGS. 8A(i) to (v): Photomicrographs of bronzitites within the B unit and C2 
subunit of the studied section. All sections have been 
photographed with transmitted light under crossed nicols. 
The scale on Figs. 8A(i) to (iv) is 5cm 2mm, and 
1cm = 100 micrometres (microns) on Fig. 8A(v). 
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(i): Adcumulate-textured bronzitite exhibiting stubby 
orthopyroxene crystals and chromite grains intergrown with 
plagioclase feldspar. Note the anhedral, secondary growth 
textures of orthopyroxene in juxtaposition to the chromite 
grains (sample 265; B unit). 

(ii): Adcumulate-textured bronzitite exhibiting elongate laths 
of orthopyroxene (sample 271; B unit). 

(iii): Coarse-grained, feldspathic and chromitiferous, 
mesocumulate-textured bronzitite; hanging-wall of the LG 2 
chromitite layer (sample 261). A point of interest is 
that very few chromite grains are encapsulated or indented 
within these well-formed orthopyroxene crystals. 
Secondly, the chromi te grains are large (+ 300 microns) 
and fairly euhedral. The textural features suggest that 
both cumulus phases experienced extended growth periods in 
an unrestricted melt volume, as may be envisaged if they 
settled through a liquid column. Electron microprobe 
analysis of these chromite grains indicates Cr203 contents 
in excess of 56 wt. %. 





FIGS 8A (iv): Adcumulate-textured bronzitite from the upper portion of 
the C2 subunit (sample 203), depicting stubby 
orthopyroxene crystals and intercumulus plagioclase. 
Grain-size and shape determines the degree of packing, and 
thus the proportion of mesostasis. 

MB4AAD 

(v): Example of a chromite grain indented to a high degree 
within an orthopyroxene grain boundary, and intergrown 
with a selvage of plagioclase feldspar which is in optical 
continuity with the large intercumulus grain shown (sample 
221; bronzitite interleaved with olivine-bronzitite ln 
the footwall of the LG 3 chromitite layer). 
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but clinopyroxene is normally depict ed as an exsolved phase ~n 

orthopyroxene crystals and as small, anhedral interstitial grains. 

Mesocumu l ate -textured bronzitites are coarser- grained and this 

property yields a higher intercumulus silicate fraction. 

Fig. 8A( iii) presents a photomicrograph of a chromi t iferous ) 

feldspathic bronzitite depicted in the immediate hanging-wall of the 

LG 2 chromitite layer, and serves here as an example of bronzitite 

with a low crystallinity and high modal proportion of intercumulus 

plagioclase. Rocks depicting smaller orthopyroxene grain-sizes 

achieve higher crystallinity and show a proportionate decline in the 

mesos tas i s vol ume (Fig. 8A( i v)) • In general terms, there is thus a 

reciprocal variation between the measured crystallinity of a 

bronzitite and the interstitial volume. However, this relationship 

does not hold for a minor suite of medium- to coarse -grained, 

adcumulate-textured bronzitites which display mutually interfering 

orthopyroxene grain boundaries and low modal proportions of 

intercumulus silicate phases. The amphibole, mica, quartz and 

micropegmatite content o f the mesostasis is generally higher i n these 

assemblages (such as samples 225 and 259), but the hydrous mineral 

content of the mesostasis also rises with increasing st ratigraphic 

height in at least two segments of the succession. These are exposed 

between the LG 1 and C chromitite layers (samples 285 to 277), and 

between the LG 2 chromitite layer and the base of the Cl subunit 

(samples 261 to 258). 

Chromite grains occur as (a) small , euhedral inclusions 1n 

orthopyroxene core-domains, (b) larger grains occluded within 

orthopyroxene rim-domains, and (c) large grains intergrown with the 

mesostasis or indented to vary~ng degrees in orthopyroxene grain 

boundaries . The modal content of chromite varies from very low in a 

high proportion of the bronzitites (e.g., Figs. 8A(ii) and (iv)) to 

disseminated (e.g . , Fig. 8A(iii)) in juxtaposition to chromitite 

layers. Within any given sample, the number of chromite grains 

residing in interstices is far in excess of small grains occluded ~n 

well-formed orthopyroxene crystals . This feature is evident ~n 

Figs. 8A(i) and (iii), and leads to the proposition that all but a 

few grains nucleated within the interstitial melt volume after some 

degree of accumulation of orthopyroxene crystals. However, the 
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inhomogeneous distribution of chromite grains within the bronzitites 

(Fig. SA(U) lends no support to this notion, and it is advocated 

here that this textural feature stems from surface energy constraints 

which lmpose an upper limit on the number and grain-sizes of 

inclusions. Furthermore, the textures point to primary chromite­

orthopyroxene assemblages with high interstitial volumes: subsequent 

compaction results in the impingement of chromite and orthopyroxene 

grains, with the residual interstitial volume being governed by 

orthopyroxene grain- size . It is evident from Figs. SA(i) and (v), 

for example, that significant degrees of in situ secondary growth of 

orthopyroxene in a restricted melt volume must have occurred to yield 

large chromite grains ( > 200 micrometers in diameter) within cupolas 

in orthopyroxene grain boundaries. These textures are not typical of 

coarse-grained, mesocumulate-textured assemblages (refer to 

Fig. SA(iii)), suggesting therefore that grain-size changes ,n 

relation to stratigraphic height are primary features and not wholly 

a product of secondary processes. 

Features which emerge from an inspection of the crystallinity profile 

depicted in Fig . SeA) may be summarized as follows: 

1. Subtle changes in crystallinity with increasing stratigraphic 

height are clearly revealed by the data points. 

2. Periodic and abrupt reversals in gradient 5 

crystallinity with increasing stratigraphic height 

of dec lining 

are depicted. 

3. Major changes in crystallinity are evident at the stratigraphic 

levels of the LG 2 and LG 3 chromitite layers. 

4. Minor reversals in crystallinity (i . e., from low to higher) are 

linked to weak chromite mineralization at some stratigraphic 

levels (e.g., C chromitite layer and sample 234, which is also 

olivine-bearing). 

4.2.2 DUNITES IN THE C) AND C3 SUBUNITS 

Dunites within the studied section are characterized by (a) virtually 

anchimonomineralic, coarse-grained assemblages of olivine crystals 

(e.g., with grain diameters of 3 to 5 mm), (b) adcumulate textures, 

straight grain boundaries and perfect triple junctions, and (c) 
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variable but typically mLnor modal proportions of chromite. With 

increasing chromite abundance in juxtaposition to chromitite layers J 

yielding 

diameters 

crystals 

chromite dunite and olivine-chromitite 

of 

per 

olivine crystals decline but the 

em3 of rock remains constant. 

lithologies, the 

number of olivine 

This feature is 

summarized ~n Fig. 8(B), which shows the variation of olivine 

crystallinity in relation to stratigraphic height within the C3 

subunit, and in photomicrographs of olivine-chromitite and dunite 

assemblages presented in Figs. 8B(i) and (ii), respectively. It may 

thus be inferred that the small olivine crystals depicted in 

chromite-rich domains (ca. 1 rom in diameter) yield an indication of 

primocryst grain-sizes, whereas 

were achieved ~n chromite-poor 

advanced degrees of crystal growth 

domains 

crystallinity (which may approximate 

by virtue of 

to nucleation 

a low initial 

density) and 

unrestricted environment. However, recrystallization in response to 

sub liquidus annealing processes may yield comparable textures (Coble 

and Burke, 1963). 

In principle, annealing of a fine-grained crystalline assemblage to 

yield coarse particles bounded by straight grain boundaries and 

triple junctions is achieved at sustained, near-liquidus temperatures 

by (a) migration of graLn boundaries, and (b) growth of larger, 

six-sided grains at the expense of smaller grains with less than six 

sides (Stanton, 1972; p. 285). This process LS a natural response 

within the system (of crystalline phases in mutual contact) to reduce 

the total surface area represented . The efficacy of the process, or 

rate of grain boundary migration, is dependent on parameters such as 

initial grain-size J presence of a capillary fluid J number of 

impurities within the assemblage (e.g., chromite grains in an 

accumulation of olivine crystals and vice versa) and nature of the 

crystalline phase. For example, the rate of grain boundary migration 

is envisaged to be considerably greater for cubic oxide phases (such 

as chromite and magnetite) than for silicate phases. Within annealed 

assemblages, an indication of the initial grain-size can be gleaned 

from microdomains showing a higher, residual porosity (Reynolds, 

1979), i.e., domains in which grain annealing was inhibited by one or 

more impurity. It is thus clear that the uniform crystallinity (or 

average grain-size) exposed ~n dunites within the C3 subunit may 

represent a limiting condition dictated by the thermodynamic 



FIG. 45(A): Partial halo of exsolved clinopyroxene nucleated on the grain 
boundary of a small chromite grain occluded within the core of an 
orthopyroxene crystal (E unit, sample 70). Section photographed 
with transmitted light under crossed nicols. The smaller of the 
chromite grains 1.S 50 microns in diameter. It should be noted 
that the occurrence of spherical to ellipsoidal blebs of 
clinopyroxene in juxtaposition to small encapsulated chromite 
grains 1.S a textural feature common to the entire studied 
section. 

45(B): Interstitial chromite within a medium-grained, granular-textured 
bronzitite (E unit, sample 50). Note the correspondence between 
the chromi te grain (reflected light microscopy yields no evidence 
of intracrystalline grain boundaries) and what is described in the 
present text as a "poorly annealed cavity". Finer-grained 
bronzitites depicting advanced degrees of annealing or foam 
texture do not display this feature l thus indicating that it 1.S 

not a recrystallization phenomenon. Section photographed with 
transmitted light. Scale 5cm = Imm. 
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stabilization of olivine grain boundaries, and may stem in part from 

the absence of co-existing, cumulus orthopyroxene crystals. The 

latter ~s consistent with textural features displayed ~n granular 

harzburgites and olivine bronzitites of the Cl subunit, v~z., (a) 

smaller olivine gra~n-s~zes (ca. 2 mm in diameter), (b) curved 

olivine grain boundaries when abutting against orthopyroxene, concave 

towards olivine (this feature gives the appearance of olivine being 

interstitial to orthopyroxene in olivine-poor domains), and (c) a 

higher incidence of polygonal grain boundaries 1n granular 

harzburgites showing higher modal proportions of olivine. However, a 

fine-grained, polygonal mosaic of olivine crysta ls, with a 

crystallinity of 1 000 crystals/cm3 , is exposed at the base of the C3 

subunit (Fig. 8(a); sample 200) and, from microprobe analyses of Ni 

contents in olivine, the · inference is made that annealing effected 

adjustments in grain-shape but enlargement was achieved by ~n situ 

incremental growth. These considerations will be addressed in a 

subsequent section of the text . 

In summation, pervasively serpentinized olivine-bearing lithologie s 

within the' studied section depict extremely low modal occurrences of 

intercumulus silicate minerals. Where present, orthopyroxene, 

plagioclase, clinopyroxene or m~ca is seen ~n poorly annealed 

cavities. Spheroidal lenses of poikilitic harzburgite, characterized 

by structurally continuous plates of reaction-repl acement 

orthopyroxene, are common within the lower portion of the C3 subunit, 

and quasi - layered structures occur immediately below chromite-rich 

layers. 

resorption 

Varying proportions of olivine chadacrysts, displaying 

textures, are poikilitically enc losed wi thin these 

orthopyroxene oikocrysts, with the proportion of residual olivine 

varying as a reciprocal function of the degree of reaction-

rep l acement. Finally, it is evident from the profile portrayed in 

Fig. 8(B) that no link between chromite abundance and olivine 

crystallinity is exposed. 

4.2.3. BRONZITITES IN THE D UNIT 

The results of orthopyroxene crystallinity measurements at 75 

stratigraphic levels within the D unit are summarized in Figs. 8 (C) 
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and (D) • Fig. 8 (C) depicts the variation in re lat ion to 

stratigraphic height within drill core ZS 7, whe r eas Fig. 8(D) 

contrasts the measured variation within bronzitites of the D2 subunit 

exposed in both boreholes. The number of orthopyroxene crystals per 

cm3 of rock varies between 100 and 7 000 within the unit: low values 

are representative of mesocumulate-textured, feldspathic bronzitites 

(e. g., as shown Fig. 8C(i)) and coarse-grained, 

adcumulate-textured bronzitites with a micropegmatitic mesostasis 

(Fig. 8C(ii)), whereas values in excess of 2 000 crystals/cm3 are 

representative of granular-textured varieties (Fig. 8C(iii)). The 

latter are exposed predominantly 1n the upper portion of the 

succession and are characterized by the following textural features: 

1. Orthopyroxene grain boundaries are straight and meet 1n perfect 

triple junctions. 

2. No igneous lamination is displayed . 

3. Fine clinopyroxene exsolution lamellae are depicted, and optical 

zoning within individual crystals 1S 

non-existent . 

poorly developed to 

4. The proportion of mesostasis 1S extremely low, with small 

interstitial grains of plagioclase or clinopyroxene confined to 

poorly annealed cavities. 

not present. 

Mica J quartz and micropegmatite are 

5. Limited degrees of alteration along pyroxene (100) cleavage 

planes may be observed. 

6. Associated chromite grains are small and generally reside within 

triple junctions (this textural environment is referred to as 

"intergranular" in the subsequent text). 

In contrast, coarse-grained assemblages depict (a) ragged or curved 

gra1n boundaries, with occasional well-formed crystal faces, (b) 

coarse clinopyroxene exsolution lamellae (commonly altered to 

uralitic amphibole) and optical zoning, (c) plagioc lase as an 

ubiquitous intercumulus phase, with lesser amounts of mica) quartz 

and micropegmatite, and (d) low proportions of large chromite grains 

(200 to 400 micrometres in diameter) intergrown with the mesostasis. 
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FIGS. 8C(i) TO (v): Examples of bronzitites within the D unit exhibiting a 
wide range ~n textural features and orthopyroxene 
crystallini ty. All sections have been photographed with 
transmitted light under crossed nicols. The scale on 
Figs. 8C(i) to (v) is the same as on Fig. 8A(i). 
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(i): Mesocumulate-textured, feldspathic bronziti te depicting 
well-formed orthopyroxene crystals and irregular to lobate 
protrusions of orthopyroxene into the plagioclase 
mesostasis (sample 134). Crystallinity = 180. 

(ii): Coarse, adcumulate-textured bronzitite with micropegma­
titic mesostasis. Plagioclase is subordinate to the modal 
proportion of micropegmatite, m~ca and quartz (sample 
155). Crystallinity = 350. 

(iii): Granular-textured bronzitite 
mosaic of orthopyroxene 
Crystallinity = 4120. 

composed 
crystals 

of a polygonal 
(sample 139) . 





FIG. 8C 
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(iv): Medium-grained, feldspathic 
well-formed orthopyroxene 
plagioclase content and absence 
Crystallinity = 880. 

bronzitite. Note the 
crystals, consplCUOUS 

of chromite (sample 104). 

(v): Coarse-grained bronzitite from near the base of the D2 
subunit. Note the large chromite gralns between 
orthopyroxene crystals and smaller grains encapsulated ln 
the rim-domains (sample 81). Crystallinity = 610. 
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It is evident from Fig. 8(C) that crystallinity r1ses irregularly 

with stratigraphic height in the Dl subunit. Abrupt changes to lower 

crystallinity are displayed stratigraphically above the LG 5 

chromitite layer (e.g., Fig. 8C(iv», with a major decline manifested 

in the basal portion of the D2 subunit (Figs. 8(C) and (D». The 

latter assemblages depict a feldspathic mesostasis and a marked rise 

in chromite content (Fig. 8C(v». With respect to the crystallinity 

profiles presented in the figures, it should be noted that (a) the 

crystallinity of granular-textured bronzitites varies as a reciprocal 

function of grain-size, and (b) linear gradients are an artifact of 

the exponential relationship used in the calculation of crystallinity 

and the cartesian plot employed. Thus, in real terms, the data 

points 

height 

subunit. 

portray a systematic 

to a limiting, 

This feature 

change with increasing stratigraphic 

as recrystallization 

m1n1mum grain-size at the top of the Dl 

is wholly irreconcilable with a process such 

and it is thus inferred that the marked 

fluctuation in grain-size within the footwall of the LG 6 chromitite 

layer, which represents the thickest of the Lower Group of chromitite 

layers, may reflect a major change in the thermal conditions of the 

magma • By virtue of the rapid diffusivity of heat, it is improbable 

that an internally generated temperature gradient could account for 

the observed features. Thus, textural evidence points to some 

external influence, such as influx of new hot magma into the chamber, 

governing fluctuations in nucleation and growth rates. 

4.2.4 BRONZITITES IN THE E UNIT 

Granular- and adcumulate-textured bronzitites predominate ~n the E 

unit of the studied section. The variation of orthopyroxene 

crystallinity 1n relation to stratigraphic height is summarized 1n 

Fig. 8(E), and it is evident from the disposition of data points that 

IIfining-upward" cycles are depicted within the lower, chromite-poor 

portion of the unit) whereas "coarsening-upward 11 cycles characterize 

the stratigraphic interval bounded by sample 39 and the LG 7 

chromitite layer. Notably, however, highest crystallinity values 

within each putative cycle, arbitrarily denoted 1 to 5 in the figure, 

rise with increasing stratigraphic height. Furthermore, a point of 

interest is that the chromitite lens in sample 28, and the LG 7 
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chromitite layer, mark stratigraphic levels at which there is an 

abrupt change from coarse- to fine-grained assemblages with 

increasing stratigraphic height (a relationship also noted for the 

LG 6 and C chromitite layers). 

4.2.5 CONCLUSIONS 

In summation, no cohesive pattern emerges which links chromite 

abundance and unique variations in orthopyroxene crystallinity with 

increasing stratigraphic height . For example, crystallinity declines 

gradationally then rises abruptly in the footwall successions of the 

LG 2 and LG 3 layers, whereas a progressive increase followed by an 

abrupt decrease ,s evident ,n the footwall of the LG 6 chromitite 

layer. However, the study has served to illustrate that (a) 

repetitive crystallinity gradients are depicted within seemingly 

homogeneous units of bronzitites, and (b) chromite ores are exposed 

at stratigraphic levels where significant and abrupt fluctuations in 

crystallinity 

contradic tions 

crystallinity 

the origin of 

are evident. 

found when 

as precursors to 

chromite layers 

It 

trying 

heavy 

is not 

may be inferred from the 

to generalize changes in 

chromite mineralization, that 

linked to rhythmic nucleation 

and crystal settling, fo r examp le , but to some random external 

influence. This may be either deposition from chromite-charged 

density currents, or ~n response to periodic irruptions of hot magma 

into the chamber. The latter demands that varying degrees of mixing 

of evolved and primitive melts must ultimately follow, and c learly a 

diversity of thermal conditions may result. For example, if the 

liquidus temperature of the hybrid melt is substantially in excess of 

the pre-existing liquidus temperature, destruction of nucleation 

sites will ensue; subsequent supercooling to sub liquidus temperatures 

may thus r esult in abrupt textural lacunae. 

4.2.6 CHROMITITE LAYERS 

Typical textures exposed in the Lower Group of chromitite layers are 

illustrated in Fig. B(F). It is evident that (a) chromite grains 

exhibit straight to slightly curved crystal faces (as shown in detail 
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within Fig. 8(G)) which meet at perfect triple junctions, (b) larger 

grains have six or more sides, and (c) small grains have commonly 

four sides. These features may thus be regarded as indicative of an 

annea led as semb lage (used here synonymous ly wi th the term s intered) 

which is ~n thermodynamic equilibrium. A point of interest is that 

microdomains depicting higher residual pore volumes portray particle 

s,zes which are considerably smaller (Figs. 8(G) and (H)). For 

example, grain-sizes of 100 microns may occur in juxtaposition to 

crystals with diameters tending to 1 000 microns. This observation 

serves to emphasize that present textures within massive ore domains 

are not representative of pr1mary accumulation textures. 

Densification by compaction and annealing 15 thus favoured here as a 

mechanism by which an accumulation of fine-grained chromite crystals, 

with a high pr,mary porosity, ,s converted to a polygonal, 

anchimonomineralic mosa1C displaying foam textures. Supportive 

evidence is given by the disposition of small grain-sizes at the top 

and bottom contacts of chromitite layers, grading into a mosaic of 

coarse, polygonal grains within 

Arrested welding or suturing of 

silicate inclusions (representing 

the central portions 

graLns and a higher 

incomplete expulsion 

(Fig. 8(1)) . 

incidence of 

of capi llary 

fluids) are commonly observed features adjacent to the contacts of 

layers. 

Chromitite 

juxtaposed 

layers may have abrupt or gradational 

silicate-rich rocks (Figs. 8(J) and 

contacts with 

(K)) . With 

the 

the 

exception of the LG 6 and LG 6A chromitite layers, the major Lower 

Group layers exhibit very abrupt top and bottom contacts with 

chromite-poor bronzitites: a feature which ~s irreconcilable with 

long-range settling of small chromite grains. In all instances, 

however, the disparity in grain-size between large grains ~n mass~ve 

ore domains and small, dispersed grains occluded within cumulus 

orthopyroxene crystals is a conspicuous feature (this is evident ~n 

Figs. 8(I) and (L)). Notably, the latter grain-sizes (on average 60 

to 80 microns in diameter) are also represented within microdomains 

exhibiting higher proportions of mesostasis in the interiors of 

chromitite layers (as shown in Fig. 8(H)) . In concluding the above, 

rejection of the classic adcumulus growth theory in favour of grain 

growth by annealing to account for coarse, polygonal textures within 

chromitite layers obviously has important implications with respect 
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to (a) contrasting the compositional variation of chromite ~n 

relation to textural and mineralogical environment, and (b) the 

interpretation of grain-to-grain cryptic changes with stratigraphic 

height ~n chromitite layers. In sum, the notion of grain annealing 

supports the assumption that the compositions of grains within 

chromitite layers approximate closely to primary liquidus 

compositions. This assumption follows from the notion that grain 

annealing induces expulsion of interstitial melt at near-liquidus 

temperatures, but a point to be recognized ~s that annealed areas may 

have "blurred" cryptic variations. 



FIGS. 8(F) TO (L) Photomicrographs of chromite-rich domains 
studied section. All sections have been 
under plane polarized reflected light. 

wi thin the 
photographed 
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(F) Polygonal assemblage of annealed chromi te gralns wi thin 
the LG 6A chromitite layer, drill core ZS 7. 

(G) Higher power magnification of 
illustrating smaller particle sizes 
residual silicate gangue component. 

a portion of (F), 
ln microdomains with a 

(H) Microdomain within the LG 3 chromitite layer exhibiting a 
wide spread in textural features. The domain in the upper 
right hand side of the photograph portrays small particles 
intergrown with a silicate mesostasis (serpentine), and is 
presumed to represent an area within the chromite ore 
where grain annealing was not effective by virtue of poor 
compaction. Microprobe analysis of grains in relation to 
textural environment and grain,-size indicates (a) no 
detectable zoning, and (b) small, isolated particles 
exhibit higher Cr/Al ratios (2,80) and lower MMF ratios 
(0,496) than polygonal grains (Cr/Al = 2,70; MMF = 0,512). 
Section cut normal to drill core axis. 
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(I) Chromitite lens depicted within granular-textured 
bronzitite at the stratigraphic level of sample 28 (E 
unit). Progressive degrees of grain annealing towards the 
interior of the chromitite are evident. 

(J) Gradational footwall contact of the LG 3 footwall leader 
chromitite layer with granular-textured bronzitite. Note 
the high relief olivine crystals (intergrown with 
reaction-replacement orthopyroxene) within the 
chromite-rich domain. Electron microprobe analysis of 
these olivine crystals indicates magnesian compositions 
and NiO contents in excess of 0,40% (section 214A). 

(K) Gradational hanging-wall contact of the 2cm thick C 
chromitite layer within the B unit. Shearing parallel to 
the base of the layer has obscured the contact 
relationships (not shown), but these appear to represent 
an abrupt contact with adcumulate-textured, coarse­
grained bronzitite, which grades rapidly downwards into 
mesocumulate-textured bronzitite. The immediate hanging­
wall, however, 1S a granular-textured and finer-grained 
bronzitite; a low modal proportion of intercumulus 
plagioclase appears within 2cm of the upper chromitite 
contact. 

(L) Textural features portrayed within a layered silicate 
parting in the LG 6A chromitite layer (drill core ZS 7). 
The original silicate assemblage within the parting, a 
medium-grained granular-textured bronzitite depicting 
impersistent stringers of chromite grains, is replaced to 
varying degrees by olivine-rich ultramafic pegmatite (not 
shown in section), but no disturbance of the fine-scale 
layering is visible: chromite stringers pass through 
large, structurally continuous olivine crystals, which 
exhibit undulose extinction stemming from deformation 
lamellae. Considerable conversion to reaction-replacement 
orthopyroxene 1S also shown, suggest ing that replacement 
of the primary bronzite assemblage occurred while pore 
fluids were still exuding from the juxtaposed chromitite. 
A point of interes t 1n the photograph is that chromi te 
gra1ns defining the stringers are comparab Ie in Slze to 
grains within the massive ore. The possibility exists, 
therefore, that grain growth is not entirely in response 
to grain annealing. 
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5. MINERAL CHEMISTRY OF THE SILICATE PHASES 

5.1 INTRODUCTION 

MB1AAE 

As has been discussed ~n the introductory section, the mineral 

chemistry of chromite cannot be interpreted in isolation from that of 

the associated silicate phases. Accordingly, in an attempt to 

establish the extent of compositional variation within the study 

section and within individual samples J a detailed analytical 

programme was undertaken to determine the relative levels of major 

and minor elements ~n the coexisting cumulus phases chromite, 

orthopyroxene 

parameters: 

and/or olivine 

1. Stratigraphic position. 

2. Modal silicate/oxide ratio. 

as a function 

3. Grain s~ze of the individual cumulus spec~es. 

of the following 

4. Proportion and composition of intercumulus silicate phases. 

Furthermore j as most of the weakly disseminated and accessory 

chromite grains occur in the interstices of the cumulus silicate 

framework, it was considered essential to include analyses of 

associated intercumulus plagioclase, clinopyroxene, phlogopite and 

amphibole in the programme. 

There is a plethora of reports available in the geological literature 

dealing with experimental simulation of the distribution of divalent 

metal cations between olivine and coexisting melt. This information, 

in conjunction with the simple mineral chemistry of olivine, renders 

chemical analyses of this phase quit e amenable to modelling a number 

of magmatic parameters (e.g., estimating the degree of fractional 

crystallization of basaltic magmas or abundances and interelement 

ratios of Ni, Co, Mn, Sc, Cr 3+, Fe 2 and Mg 1n the parent magma). 

However, it is envisaged that significant deviations from primary 

olivine compositions may also be a typical feature of slowly cooled 

environments. These might well originate during equi librium 

crystallization of trapped liquid in the crystal mush (see Cawthorn, 

1982). A further constraint which is imposed 15 the need to 

determine the relative modal proportions of the phases present; it 1S 
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well established ,n several studies (Irvine (1965), Jackson (1969), 

Dick (1977) and Roeder et al. (1979) have demonstrated this very 

convinc ingly) that the Mg/Fe 2+ rat io of chromi te and olivine is ,n 

part a function of their modal proportions. Equilibria involving 

orthopyroxene, on the other hand, have not been studied ~n such 

detail. The mineral chemistry of or thopyroxene is characterized by 

complex coupled substitutions involving Al, Cr and Ti (elements 

common to both pyroxene and chromite) and the distribution of these 

elements is more rigorously accounted for in terms of reaction 

constants. An understanding of these subs titu tion mechanisms is of 

considerable impor tance in that orthopyroxene ~s the major repository 

of Cr in the Lower and Lower Critical Zones by virtue of its modal 

abundance (Cameron, 1978 and 1980). Given that orthopyroxene is a 

chain silicate, diffusivities of trivalent cations in the solid state 

may be insuffic iently rapid to obscure zonal structures developed 

during fractionation. However, there is uncertainty as to whether 

relict core-r1m chemical gradients result from primary growth 

processes or are a secondary featur e resulting from partial or 

complete equilibration. 

A further parameter, the importance of which >s extremely difficult 

t o assess quantitatively, is the residence time of a chromite grain 

within magmatic liquid. A specific example of this ,s discussed ,n a 

subsequent part of the text where it is shown that the level of Ti02 

within chromite grains may be interpreted in relation to the host 

phases which encapsulate them. It will be shown that occlusion at an 

early stage of crystallization results 1n low Ti02 contents, whereas 

occlusion at a late stage (by an intercumulus phase such as 

plagioclase) yields high TiOZ values. 

Compositional profiles have been measured within orthopyroxenes at 

increasing distances from either occluded chromite or the margins of 

cumulus orthopyroxene crystals. 

that such data are reliable. 

Particular care was taken to ensure 

The orthopyroxene analyses given 1n 

Table 1, for example, we re performed on the Cambridge Mark V Electron 

Microprobe at the University of Cape Town and then repeated with the 

Rhodes University instrument. In all instances 1 the analyzing beam 

was adjusted to a comparable spot-size and positioned immediately 

adjacent to the previous burn mark. Although a different set of 
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reference standards was used at the respective Universit i es (see 

Appendix III), the agreement between the two sets of data is 

exce llent . 

TABLE 1: 

Si02 

Ti02 

A1203 

FeO 

MnO 

MgO 

CaO 

Cr203 

TOTAL 

AIICr 

MMF 

TEST ON REPRODUCIBILITY OF MICROPROBE ANALYTICAL DATA 

A 

55,32 

0,14 

0,91 

11 ,36 

0,25 

30,04 

0,92 

0,55 

99,49 

2,53 

0,825 

B 

55,90 

0,12 

0,90 

10,92 

0,23 

30,73 

0,86 

0,51 

100,14 

2,64 

0,833 

c 

55,55 

0,11 

1,14 

11 ,49 

0,25 

29,92 

1,11 

0 ,55 

100,12 

3,13 

0,823 

D 

55,48 

0,11 

1,13 

10,85 

0,25 

30,11 

1,34 

0,55 

99,82 

3,13 

0,832 

A - B: Analysis of common spot at CA) University of Cape Town and CB) 

Rhodes University 

C - D: Analysis of common spot at CC) University of Cape Town and CD) 

Rhodes University 

MMF Cation ratio Mg/CMg + Fe 2+) 

A1/Cr: Atomic ratio 

MB1AAE 
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Furthermore, analyses were repeated at Rhodes University on 

success~ve days, with the instrument recalibrated on each occasion J 

and it was found that absol ute concentrations of m~nor elements were 

reproducible to within the following weight per cent limits (if 70 

second integration times were used): 

1. TiOZ: + O,OZ 

Z. A1Z03: + 0,04 

3. Crz03: + 0,02 

5.2 CUMULUS SILICATE PHASES 

MB1AAE 

5.2.1 OLIVINE 

The nesosilicate olivine structure is based on a nearly hexagonal, 

closest-packed array of oxygens J in which Si4+ ions are located in 

tetrahedral coordination and divalent metal cations (e.g., Mg and Fe) 

in distorted, non-equivalent Ml and M2 octahedral sites. Chemical 

analyses of olivines show very low abundances of the fol lowing 

cations which are incompatible with the olivine structure: Ti4+, v3+, 

Cr3+, Fe3+, A1 3+ and Na+. Nickel, cobalt, copper and zinc are also 

present in low concentrations but this is a function of trace 

abundances of these elements in natural mafic liquids. The reader is 

referred to Deer et al. (1982) for a comprehensive review of the 

olivine structure and minor and trace element levels 1n (Mg,Fe)2Si04 

olivines, and to Burns (1970) for predictions of site occupancy on 

the basis of Crystal Field Theory. 

The chemical equil ibria between 01 i vine and silicate liquids have 

received considerable attention due to the important r ole olivine 

plays ~n petrogenetic processes. Partition coefficients for the 

distribution of magnesium and divalent transition elements between 

olivine and equilibrium melt have been determined as functions of 

melt composition, temperature, oxygen fugacity and pressure, and have 

been applied as geothermometers (for example, by Roeder and Emslie 

(1970), Leeman and Scheidegger (1977), and Longhi et al. (1978)). 

Compilations of these data are available 1n Irving (1978) and Deer 

et al. (op. cit.), and discussions of the influence of intensive and 
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extensive parameters on these coefficients can be found ~n, amongst 

others, Irvine and Kushiro (1976), Arndt (1977), Hart and Davis 

(1978), Duke and Naldrett (1978), Mysen (1979), Boctor (1982) and 

Ford et al. (1983). 

Roeder and Emslie (op. cit.) were the first to suggest that the 

distribution of Mg and Fe2+ between olivine and melt was insensitive 

to the temperature or bulk composition of the magmatic system, and 

proposed the following numerical value for the thermodynamic 

equilibrium distribution coefficient (KD) for all mafic rocks: 

KD = 0,3 ~ 0,03, where 

KD = (XFeo/XMgo)ol . (XMgo/XFeO)liq 

This relationship provides an effective test of whether a given 

olivine composition is in equilibrium with its whole rock environment 

(for example, as illustrated by Eales and Marsh (1979), Cawthorn et 

al. (1979) and Cawthorn (1980», or as a means of calcu lat ing the 

FeO/MgO ratio of the equilibrium melt . The latter is of considerable 

value to the study of cumulate rocks. With respect to the nickel 

content of olivines, Hart and Davis (1978) derived an equation which 

accommodates the pronounced compositional dependence of D~~ivine: 

D~t = 124,13 - 0,897 at constant silo ratio, 

MgO 

where MgO is given as the weight per cent abundance in the 

equilibrium liquid. A meaningful manipulation of these equations and 

measured values of (XMg)Ol and NiO in olivine-bearing Bushveld rocks 

to yield, for example, the height of a liquid column in equilibrium 

with a given increment of olivine crystals, is unfortunately no 

simple procedure a However, the diverse mineralogical environments ~n 

which olivine occurs in the study section is of considerable interest 

and the analytical data to be presented here may assist in the 

understanding of a number of magmatic and subsolidus processes. 

The compositions of olivine from the respective units of the Ruighoek 

Pyroxenite in the study area, and of two Lower Zone samples from 

borehole KA 5, are presented in Table 2 (see Appendix III for details 
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of the electron microprobe operating conditions and calibration 

standards 

microprobe 

crystals. 

used). The analyses represent the average of two to s~x 

determinations per sample, usually distributed over two 

No chemical gradients were detected within olivine 

crystals ~n chromite-poor dunites, harzburgites and olivine­

bronzitites, except in domains immediately adjacent to occluded or 

intergranular chromite gralns where an exponential rlse in the 

MgO content of the olivine is evident towards olivine-chromite grain 

boundaries. The radii of these cryptic zonal structures disposed 

about chromite grains appear to be of the order of 100 - 150 

micrometres (microns) . Equivalent nickel compositional profiles 

could not be resolved with the standard operating conditions ln use 

and it is therefore not known whether Ni abundances exhibit a 

sympathetic cryptic variation. Systematic determinations of the 

major element compositional profiles were not made (refer to Wilson 

(1982) for a discussion of the fluorescence effects which have to be 

corrected for) and the analyses reported in Table 2 are of points 

well removed from chromite-olivine grain boundaries. 

Extremely pronounced compositional profiles were 

chromite-rich rocks where the boundary conditions of 

noted ~n 

individual 

olivine grains are strongly enriched 1n MgO. These compositional 

gradients are radially disposed within the crystals and the lowest 

MgO contents occur in the central portion, 1.e., the point furthest 

removed from the circumjacent mantle of chromite grains. A specific 

example of this ~s given in the subsequent text. In order to 

circumvent this problem, a cursory examination of the Mg-count rate 

was made across the largest visible olivine grain (chosen in order to 

limit sectioning effects) and the domain corresponding to the lowest 

count rate was selected for routine analysis. Ideally, however, the 

major element compositiona l profiles should be modelled so that the 

composition at a hypothetically infinite distance from the boundary 

condition can be ascertained. The analyses cited for samples 172, 

177, 178, 183, 184, 200 and 245 are representative of core 

compositions (unless otherwise specified) and are the best estimates 

possible glven that much of the olivine is pseudomorphed by 

serpentine minerals in some instances. 
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TABlE 2: 

MICROPROBE ANALYSES OF OLIVINE 

SAMPL E 01 07 318. 322 325 331 125 139 152 160 170 

S102 39.26 38.78 39. 12 39.61 39.27 39.53 39.65 39.90 39.32 39.68 39.72 
FED 17.58 20.00 17.30 17.40 16.82 17.48 15.74 15.09 16.44 14 .42 13 .47 
MNO .24 .25 .22 .25 .23 . 24 .20 .19 .20 .18 .21 
MGO 42.64 40.59 43.02 43.15 43.09 42.96 44.14 44.84 43 . 67 44.99 45.42 
CAO .07 .04 .04 .03 .03 .04 .01 .03 .03 , 02 .04 
NIO .11 .13 .29 .29 .30 .20 .32 .29 .24 .40 .22 

99.90 99.79 99.99 100.73 99.74 100.45 100.06 100.34 99.90 99.96 99 . 08 

CATIONS PER 4 OXYGENS 

51 .9993 .9998 .9948 .9992 .9986 1.0000 .9994 .9995 .9962 .9984 1.0005 
Fe2+ .3742 .4312 .3679 . 3671 .3577 .3698 .3318 .31 61 .3483 .3034 .2837 
MN .0052 .0055 .0047 .005 3 .0050 .0051 . 0043 .0040 .0043 .0038 .0045 
MG 1. 6178 1. 5598 1. 6307 1. 6225 1. 6332 1. 6199 1. 6584 1. 6742 1. 6492 1. 6873 1. 7053 
CA .0019 .0011 .0011 . 0008 .0008 .0011 .0003 .0008 .0008 .0005 .0011 
NI .0023 ,0027 .0059 .0059 .0061 .0041 .0065 .0058 .0049 .0081 .0045 

3.0007 3.0002 3.0052 3. 0008 3.0014 3.0000 3.0006 3.0005 3.0038 3.0016 2.9995 
MMF 0.812 0.783 0.816 0 .815 0.820 0.814 0.833 0.841 0.825 0.847 0.857 

KEY: 

01 Coarse oilvine in olivine -bearing granular bronzitite, 1 m above LG 7 chromitite. E 
unit . 

07 Coarse olivine in olivine-rich, sulphide-bearing ultramafic pegmatite assemblage. E 
unit. 

318 Average of 7 analyses of olivine grains in the chromitiferous bronzitite footwall of 
the LG 6 chromitite . 02 subunit (BH ZS 3). 

322 Anhedral olivine in granular bronzitite, 5 m below top of 01 subunit (B H ZS 3). 

325 Anhedral olivine grain in granular bronziti te, 9 m below top of D1 subunit (BH ZS 3). 

331 Very large olivine grain in ultramafic pegmatite association hosted by granular 
bronzitite, 18 m below top of 01 subunit (BH ZS 3). 

125 Small anhedral grain in granular bronzitite, 58 m above base of D1 subunit. Trace 
abundance of olivine. 

139 As in sample 125 (38 m above base of subu nit). 

152 Large anhedral olivine rimmed by a selvage of secondary orthopyrox ene and graru1ar 
bronzitite. 
01 subunit. 

Host rock is a medium- to coa rse-grained bronzitite, 19 m above base of 
Textural evidence suggests ul tramafic pegmatite association. 

160 Minor occurrence of small olivine grains in a bronzitite, 8 m above base of 01 
subunit. 

170 Dunite with weak dissemination of chromite, 3 m above LG 4 chromitite (C3 subunit). 

MIF: Mg/(Mg + Fe2+ ) ratio 

MB2MO 



TABLE 2 (cont .): 

SAMPLE 

S!02 
FED 
MNO 
MGO 
CAO 
NIO 

SI 
FeZ+ 

MN 
MG 
CA 
NI 

MMF 

172 

40.06 
12.45 

.19 
46 . 55 

.05 

.22 

99.52 

.9996 

.2598 

.0040 
1.7313 

.0013 

. 0044 

3 . 0004 
0.869 

177.A 177. B 

40.62 40 . 63 
10 .61 11 . 03 

. 15 .15 
48.22 47.62 

• 03 . 03 
. 30 .28 

99.93 99 . 74 

1.0006 1. 0042 
.2186 .2280 
• 0031 .0031 

1. 7704 1. 7542 
. 0008 . 0008 
. 0059 .0056 

2.9994 2.9958 
0.890 0 . 884 

177.C 17BA 180 1838 

40.49 40.52 39.87 40.27 
12.29 10 . 84 14.50 11.53 

.15 .15 . 21 .18 
46.54 48.10 45.52 46.98 

.03 .04 .04 .04 

.26 .26 .25 .27 

99.76 99.91 100.39 99.27 

CATIONS PER 4 OXYGENS 

1. 0060 .9994 .9959 1. 0029 
.2254 . 2236 .3029 . 2401 

.0032 .0031 .0044 .0038 
1.7235 1. 7683 1. 6948 1. 7439 

.0008 .0011 .0011 .0011 

.0052 .0052 .0050 .0054 

2 . 9940 3.0006 3.0041 2.9971 
0 . 870 0.887 0.848 0 . 878 

184A 184B 1918 1960 

40.68 39. B6 39.93 39.65 
11 . 93 12.36 13.72 14.95 

.17 . 18 .20 .17 
47.81 46 . 91 45 . 96 45 . 06 

.05 .03 .03 . 03 

.28 0.00 .24 0.00 

100.92 99 . 34 100. 08 99.86 

. 9981 .9955 .9968 .9966 

.2448 .2582 .2864 .3143 

.0035 .0038 .0042 • 0036 
1 . 7485 1. 7463 1. 7101 1. 6881 

.0013 .0008 .0008 . 0008 

.0055 0.0000 .0048 0.0000 

3. 0019 3.0045 3 . 0032 3.0034 
0.877 0 . 871 0.856 0 . 843 

172 Core of coarse olivine grain mantled by continuous chain of chromi te grains . Chromi te 
dunite 2 m above LG 4 chromitite. 

177A Oli vine fragment in serpentine pseudomorph. 
footwall contact of LG 4 chromitite. 

Base of ali vi ne- chrami ti te layer near 

1778 Dli vine remnant in optically continuous , secondary orthopyroxene that also occludes a 
mantle of chromite grains marking the original olivine grain boundary . Chromitiferous 
poikilitic harzburgite immediately below 177A. 

177C Olivine remnant in reaction-replacement orthopyroxene hosting a weak abundance of 
euhedral chromi t e grains , 1 em below 177 8 in poikilitic har zburgite. 

178A Core of olivine grain mantled by chromite . 
chromi tite . 

Olivine chromitite 1 m below LG 4 

180 Coarse-grained ol i vine in dunite 2 m below LG 4 chromitite. 

1838 Coarse olivine in chromite dunite 3 m below LG 4 and immediately above a 3 cm thick 
chromitite l ayer. 

184A Large olivine in spherical silicate i nclusion within 4 em thick chromitite layer , 
~. 50 cm below 183 B. This olivine hosts orientated platelets of Cr-spinel . 

1848 Olivine remnants in ehromi t iferous poikilitic harzbu rgi te, 4 em below 184 A. 

1918 Olivine in chromite-poor dunite, 7 m above base of C3 subunit. Average of rim and 
core composit i ons : CORE XMg = 0,858, NiO = 0 , 25%; RIM XMg = 0,858, NiO = 0,24%. 

1960 Coarse anhedral olivine in domain showi ng a high abundance of intercumulus plagioclase 
and orthopy roxene. Portion of poikil itic harzburgite "plate", 3 m above base of C3 
subu nit. 

0 . 00 NiO = NOT DETERMINEO 

MB2AAD 
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TABlE 2 (cont.) : 

SAMPLE 197A 1970 199 200A 2006 200C 2136 214.A 214.6 214 . C 214 .0 

SID2 39 . 68 39 . 61 39.87 40.61 40.00 39.94 39 .80 39 .87 40,39 40.33 40.64 

FEO 15.07 14.44 14 .77 11.49 13.56 12.75 14.50 12.26 10 . 99 10 .39 9 . 92 
MNO .19 .21 .22 . 16 .16 .16 .21 .15 .14 .15 .13 
MGO 45.10 45.17 45.48 48.15 46.43 46 . 66 45.33 46.99 48 .07 48.60 48.97 
CAO .03 . 04 . 04 .03 .02 .02 .03 .03 .02 .02 . 01 
N10 0.00 .26 .23 .36 . 34 . 36 . 32 . 42 .39 .41 .40 

100.07 99 .73 100.61 100 .80 100.51 99.89 100.19 99.72 99.99 99 . 90 100.06 

CATIONS PER 4 OXYGENS 

S1 .9959 .9961 . 9949 .9962 .9939 .9952 .9965 .9935 .9969 . 9942 .9973 
Fe2+ .3163 .3037 .3082 .2357 .2818 .2657 .3036 . 2555 .2266 .2142 .2034 
MN .0040 .0045 .0047 .0033 .0034 .0034 . 0045 .0032 .0029 .0031 . 0026 
MG 1. 6871 1. 6932 1.6916 1. 7606 1.7196 1. 7329 1.6917 1.7452 1. 7864 1. 7957 1.7912 
CA . 0008 .0011 .0011 .0008 .0005 . 0005 . 0008 .0008 .0005 .0005 . 0002 
NI 0 .0000 .0053 .0046 . 0071 .0068 .0072 .0064 .0084 .0077 .0081 .0078 

3.0041 3.0039 3 . 0051 3 .0039 3 .0061 3 .0048 3 . 0035 3.0065 3.0031 3 . 0058 3.0025 
MMF 0 . 842 0.84 7 0 . 845 0.881 0.959 0.867 0.847 0.972 0.886 0.892 0.898 

197A Olivine remnants i n large reaction-replacement orthopyroxene oikocryst, 2 m above base 
of C3 subunit. 

1970 Average of rim- core compositions in chromite-bearing dunite with minor intercumu1us 
plagioclase. CORE XMg = 0,848, NiO = 0,26%; RIM XMg = 0 , 847, NiO = 0 ,26%; 2 m above 
base of C3 subunit. 

199 Ounite, 70 em above base of C3 subunit . 

200A First appearance of olivine in C3 subunit above basal H chromitite layer i n 
olivine-chromitite assemblage. Repeat NiO analyses gave 0,35, 0,36 and 0,36%. 

200B Fine-grained ali vine in oli vine-rich layer, 1 cm above 200 A. Second ary orthopyroxene 
present. NiO analyses were 0,33 and 0,35%. 

zooe Oli vine rimmed by ehromite mantle in chromite dunite, ~. 2 em above 200 A. 

2138 Oli vine in thin poikilitic harzburgite zone immediately above LG 3 chromit i te, C2 
subunit . 

214A Olivine in granular- textured bronzitite, 1 cm below leader layer of LG 3 chromitite. 

2148 Small olivine in bronzitite juxtaposed to lower contact of leader chromitite. 

214C Small grain rimmed by secondary orthopyroxene in zone of heavily disseminated chromi te 
at base of leader layer. 

2140 Core composition of grain within the chromiti te. 

M62AAO 
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TABlE 2 (conL): 

SAMPLE 214E 2230 238 245 247 254A 258 286 KA571 KA622 

5102 41.14 39.63 39 . 72 39.75 39.83 39.75 39.85 39.90 39.73 39 . 68 
FED 7.12 14.79 14.66 14.12 13.778 14.80 14 . 31 14.66 15.26 15.27 
MNO .08 .20 .20 .21 .21 .20 .20 . 22 0.20 0.20 
MGO 50.91 45.10 45.09 45.48 45.86 44.84 45.31 45.49 44 . 88 45.00 
CAD .03 . 03 .03 . 04 .04 . 03 . 03 . 03 0. 02 0.02 
NIO .43 .18 .22 .23 . 24 . 27 .31 .35 0.25 0.14 

99.70 99 . 93 99.92 99 . 83 99.95 99.87 100.01 100.65 100.34 100.31 

CATIONS PER 4 OXYGENS 

51 1. 0000 .9957 .9974 .9968 .9961 .9993 . 9984 .9952 .9965 .9952 
Fe2+ .1447 . 3108 .3079 .2961 .2880 . 3112 .2998 .3058 .3199 .3201 
MN .0016 .0043 . 0043 .0045 . 0044 .0043 .0042 .0046 .0042 .0042 
MG 1. 8845 1.6890 1.6877 1. 7000 1. 7095 1.6802 1.6921 1. 6913 1.6776 1. 6820 
CA .0007 .0008 . 0008 . 0011 .0011 . 0008 .0008 .0008 .0004 .0004 
NI . 0083 .0036 .0044 .0046 .0048 .0051 .0062 .0070 .0049 .0027 

2.9998 3.0043 3.0026 3 . 0032 3.0039 3.0007 3.0016 3.0048 3 . 0035 3 . 0046 
I*" 0.927 0.844 0.845 0.851 0.855 0.843 0.849 0.846 0 . 839 0.840 

214E Rim compos it i on of a small lobate extension between two coarse chromite grains, grain 
O. 

2230 Fine- grained granular (imite near base of modally layered succession, Cz subunit (see 
Figure 5) . 

238 Olivine core composition in granular harzburgite near top of Cl subunit, 40 em above E 
chromitite. 

245 Large olivine grains fr om chromite-poor layer in a laminated succession of dunUe and 
chromite dunite layers. C1 subunit, 1 m below E chrornitite. 

247 Dunite with a weak dissemination of chromite; C1 subunit, ~. 2,5 em below 245. NiO 
analyses in the range 0,23 - 0,25 wt. %. 

254A Granular olivine- bronzitite layer, 4,3 m above base of Cl subunit. NiO analyses were 
0,25 , 0,26 and 0,29%. 

258 first appearance of cumulus olivine in granula r olivine bronzitite at base of Cl 
subunit. NiO analys es were 0,29, 0,31 and 0,32% . 

286 Large grain in narrow poikilitic harzburgite zone in immediate footwall of LG 1 
chromitite, B unit. Ni O analyses were 0,34, 0,35 and 0,35%. 

KA571 Lower Zone granular harzburgite. KA 5 drill core, borehole depth of 571 feel. 

KA622 Lower Zone poikilitic har zburgite with disseminated pentlandite and pyrrhotite. NiO 
analyses varied between 0,12 and 0,16% (n = 5). KA 5 drill core, borehole depth of 
622 feet. 

M82AAD 
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Structural formulae, calculated on the basis of 4 oxygens, are also 

present ed in Table 2. It 1S noted that the proportions of 5i4 + 

cations scatter very closely about the stoichiometric abundance of 

1,000 cation, suggesting that A13+ and co upled Cr3+, Ti4+ or Na+ 

cations are not present at detectable levels, irrespective of 

mineralogical environment. 

5.2.1.1 OLIVINE IN THE C UNIT 

The variation of the olivine compositional parameter Mg/(Mg+Fe 2+) and 

the weight (wt.) per cent abundance of NiO 1n olivine from 20 

horizons in the C unit are presented ~n Fig. 9 as a function of 

stratigraphic position. The samples are divisible into two subsets: 

(a) Chromite-rich samples 172, 177, 178, 183, 184 , 200, 214 and 245 

which are representative of chromite dunite and olivine­

chromitite lithologies in the suc cession, and 

(b) Silicate-rich samples representa tive of dunites, olivine-

bronzitites and harzburgite s (respective sample descriptions are 

gi ven in Tab Ie 2). 

Samples 213 and 214 in the hanging- and foot-wall of the LG 3 layer, 

respectively, should be regarded as a separate subset Slnce the 

genetic origin of olivine at this level is not clear. 

The MMF r at io of olivine (MMF = Mg/(Mg + Fe2+)) ln silicate-rich 

rocks of the Cl subunit varles between 0,843 and 0,855, with the 

latter value depicted at the level of sample 247 . This adcumula t e 

textured dunite (mean olivine grain-size of 3,3mm) is approximately 

40cm above the base of a succession of olivine cumulates which grade 

upwards into interleaved olivine- and olivine-chromite cumulates 

(sample 245; typical olivine grain diameters of 1,7 x 2,4mm). The 

succession underlying this olivine-rich interval comprises 

bronzitites and olivine-bronzitites, with thin layers of granular 

harzburgite and dunite. The MMF ratio appears to decline from 0,849 

at the base of the subunit to 0,843 at the level of sample 254A 

(olivine-bronzitite sample), then rlses to 0,855 in sample 247. This 
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,s followe d upward by a progressive decline to a MMF ratio of 0,845 

in sample 238, which marks the re-appearance of orthopyroxene 

crystals above the olivine-chromite cumulates of the E chromitite 

layer. The NiD abundance in olivine, however , shows an apparent 

smooth decline with stratigraphic height from 0,31 wt. per cent at 

the base of the subunit to 0,22 wt. per cent near the top. 

Furthermore, a sympathetic variation between NiO and associated MMF 

ratios in the upper, olivine-rich samples is evident (Fig. 9). 

Though an equivalent relationship exists between the two 

orthopyroxene-rich samples in the lower portion of the subunit, the 

data suggest that a compositional offset or decoupling is manifested 

in proximity to the sample 247 leve l. This may correspond to the +7 

metre position at which there ~s an abrupt transition from 

orthopyroxene-rich to olivine-rich cumulates. Though no significant 

increase 10 the modal abundance of chromite occurs at this level) 

there is however a broad, progressive increase with stratigraphic 

height, ultimately culminating ~n the gradational, chromite-rich 

rocks of the E chromitite layer . 

The MMF ratio of olivine within the C3 subunit appears to vary 

predominantly as a function of the modal chromite/olivine ratio 

(Fig. 9). For example, all olivine-rich samples indicate MMF ratios 

of less than 0,860 with a minimum of 0,842 near the base of the 

subunit. In contrast, the MMF ratio of olivine in chromite-rich 

environments is seen to be 1 n excess of 0,860. Furthermore, the 

highest core composition of 89,0 mol. per cent Fa is representative 

of an occurrence of small, compositionally zoned olivine grains in an 

olivine-chromitite layer adjacent to the footwall contact of the LG 4 

chromi t i te (analysis 177 A). Wi thin the same pol ished thin-sect ion, 

a chromitiferous 

harzburgite is 

poikilitic harzburgite 

depicted beneath this 

grading into a poikilitic 

olivine-chromitite and a 

pronounced compositional variation ~s seen. In the chromitiferous 

microenvironment, remnants of olivine occluded by reaction-

replacement (secondary) orthopyroxene have MMF rat ios of 0,884 

(analysis 177 B), decreasing to 0,870 in the underlying chromite-poor 

harzburgite (analysis 177 C). An equivalent relationship is depicted 

in sample 200 at the base of the subunit, where the MMF (olivine) 

ratio declines from 0,881 ,n the basal olivine-chromite layer 

(analysis 200 A) to 0,859 in the immediately overlying, fine-grained 
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and granular-textured dunite (analysis 200 B). The latter 1S 

abrupt ly overlain by a chromi te-ol i vine layer and the MMF (olivine) 

ratio within this environment 1S 0,867 (analysis 200 C). These 

trends of increasing MMF (olivine) ratio with increasing chromite 

abundance 1.0 individual thin-sections are i llust rated via arrowhead 

symbols 1n Fig. 9. By virtue of the above observations and 

constraints imposed by sample distribution, a generalized 

compositional profile of the cryptic variation in the C3 subunit 1. 5 

pr esen ted in the figur e. 

NiO 10 olivine appears to vary as a function of the ma jor element 

chemistry within the C3 subunit and, by implication, the modal 

chromite/olivine ratio (Fig. 9). However, inspection of the data 

suggests that this may be superimposed on a NiO profile of decreasing 

concentration with stratigraphic height, from 0,34 - 0,36 wt. per 

cent RiO at the base of the subunit to 0,22 wt. per cent above the 

LG 4 chromitite layer. It was mentioned 1n section 4 .2.2 that 

fine-grained olivine crystals 1.0 chromite - rich rocks may be 

representative of grains that were precluded from in situ secondary 

enlargement. Hence, the relatively RiO-depleted nature of 

coarse-grained olivine crystals in dunites 

diffusional homogenization of zonal growth 

may be indicative 

structures. It 

of 

1S 

envisaged that successive growth increments of olivine in equilibrium 

with interstitial magma will have produced a normally zoned 

structure. Data pertaining to the gra1n-slze relationships are 

presented in Table 3. 

Relative to the small, NiO-rich olivine crystals at the base of the 

subunit (sample 200), for example, NiO-depl eted olivine grains in the 

overlying dunite (sample 199) have calculated volumes that are 

ca. 100 times greater. Fig. 10 graphically depicts the trend of 

declining NiO (olivine) with increasing crystal volume, and the data 

points appear to portray a limiting condition at coarse grain-sizes . 

This may suggest that the volume of a growing olivine gra1n 

ultimately imposes a compositional buffer; the volume increment 

required beyond a certain grain-size, in 

the final bulk composition of a gram, 

crystals + intersti t ial melt. 

order to significantly alter 

is excessive for the system 



.40~----------------------------------------~ 

.36 -

\ 
\ 

.32 - \ 
~ \ CHROMITE - RICH 
0 

f-' \ '" 
w .28 -

\ 
z \ > \, • 
-' OLIVINE - RICH 
0 • "-. 
0 ,,---- ® 

z .24 - -----®-------
® 

.20~----r_,-----~I------,-,-----r-,------~ 
o 10 20 ~ ~ 50 

VOLUME (mm') OF OLIVINE GRAIN 

F IG.IO RELATIONSHIP BETWEEN NiO - OLIVINE AND GRAIN SIZE. REFER TO TABLE 3 

FOR A COMPILATION OF THE DATA. 
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TABLE 3: 

OLIVINE GRAIN SIZE - Nio RELATIONSHIPS, C3 SUBUNIT 

SAMPLE V = 4 7T ab 2 (mm3 ) NiO (ol) 

3 

RELATIVE 
VOLUME RATIO 

200 0,45 0,45 0,38 0,36 1 

177 A 0,95 0,70 1,95 0,30 5 

178 A 1,20 0,95 4,54 0,26 12 

183 B 1,60 1,15 8,86 0,27 23 

180 ' 2,20 1,50 20,73 0,25 54 

191 B 2,25 1,70 27,23 0,24 72 

199 2,50 1,85 35,80 0,23 94 

V : volume of olivine grain assuming ellipsoidal shape 

rmax , rmin : radius of maximum and minimum diameters (rom) 

Relative volume ratio: V(sample)/0,38 where 0,38 = minimum calculated 

volume . 

NiO(ol): NiO content in wt . %. 

MB1AAE 

Consideration of crystal size may also be of crucial importance in 

understanding suhsolidus re-equilibration of olivine and chromite for 

the following reason. A small crystal has a high surface area/mass 

ratio and, thereby, would be more "reactive" to some external 

chemical influence than a large crystal buffered by a small surface 

area/mass ratio (sintering ~n the ceramic industry is a good 

example) . Hence, the relationship depicted 1n Fig. 10, i.e., 

increasing NiO (olivine) with decreasing volume or mass J may stem 

from the enhanced IIreactivityll of small olivine grains in 

chromite-rich environments. In terms of this proposal, a NiO 

(olivine) abundance of ca. 0,24 wt. per cent represents a primary 

liquidus concentration pr10r to diffusional gain from chromite In 

chromite-rich domains. In terms of the secondary enlargement 
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concept, however, the prl.mary liquidus compos ition of olivine 1.n the 

C3 subunit may have been 0,36 wt. per cent NiO. 

It is notable that the form of the curve >n Fig. 10 equates with 

MMF (olivine) composit ional profiles adjacent to chromite-olivine 

interfaces. An example of this is afforded by analyses of small 

olivine g-rains within and adjacent to the leader chromitite of the 

LG 3 layer (Table 2 sample 214; analyses A - E in order of increasing 

proximity to chromite-rich domains). A 

compositional gradient 1S observed, 

immediate footwall to a boundary condition 

steep MMF (olivine) 

from 0,872 in the 

of 0,927 within the 

chromitite. Furthermore, analyses D and E serve to indicate that the 

cryptic zoning within individual grains in chromite-rich domains is 

very pronounced. The NiO (olivine) concentrations of 0,39 - 0,43 

wt. per cent are the highest observed in the C unit and these olivine 

gralns are enriched 1.n NiO relative to other occurrences with 

comparable 

Similarly, 

MMF ratios 

olivine 1.n 

(e. g • , 

the thin 

analyses 

zone of 

177 A - C a nd 178 A). 

poikilitic harzburgite 

immediately above the LG 3 chromitite (analysis 213 B) is enriched in 

NiO. 

Sample 223 is a fine-grained, granular-textured dunite exposed at the 

base of a modally-layered, 2 m thick zone of olivine-orthopyroxene­

chromite cumulates, some 4 metres below the LG 3 chromitite layer. 

The olivine composition cited in Table 2 is representative of grains 

which are 3 - 4 cm be low a 25 em 

MMF (olivine) ratio of 0,844 is 

the lowermost dunite in the C3 

thick chromite-rich interval. The 

comparable with that of olivine in 

subunit (0,845) and the uppermost, 

olivine-rich harzburgite 1n the Cl subunit (0,845). However, the Nio 

(olivine) concentration at this level is slightly lower (0,16 - 0,19 

wt. per cent) than in the above-mentioned layers (0,23 - 0,24 wt. per 

cent) . 

The weight per cent abundance of manganese in olivine grains of the C 

unit shows a position correlation with FeO contents. For example, an 

olivine rim composition in the leader chromitite of the LG 3 

(analysis 214 E) is 0,08 wt. per cent MnO and 7,12 wt. per cent FeO, 

whereas the core composition of the same grain (analysis 2l4D) is 

0,13 wt. per cent MnO and 9,92 wt. per cent FeO. Similarly, the core 



MB1AAE 

61 

composition of olivine in chromite-rich environments of the C3 

subunit averages 0,16 wt. per cent MnO and 11,65 wt. per cent FeO, 

whereas the average composition 1n olivine-rich layers 15 0,20 

wt. per cent Mno and 14,42 wt. per cent FeO. Data from other 

occurrences} 1.e., in the Cl subunit, the Lower Zone and dispersed 

olivine grains in bronzitites of the B, D and E units, are consistent 

with this relationship (Table 2 and Fig. 11) . The abundance of 

calcium oxide, on the other hand, varies between 0,01 and 0,07 

wt. per cent and, by virtue of the lack of experimental 

reproducibility at this concentration, no correlation with major 

element composition or mineralogical environment is apparent. 

Aluminium and chromium were not detected under the standard operating 

conditions employed. In order to fix the spectrometer 2 e offset 

positions for background readings adjacent to the Al-peak position, 

the radiation profile of the Al-peak was investigated using a 

Stillwater olivine reference standard and was found to be flat. With 

respect to the large olivine crystal showing inclusions of orientated 

Cr-spinel platelets (within the I chromitite layer of the C3 subunit, 

sample 184 A), neither element was detected although extended 

counting times were employed. 

5.2.1.2 OLIVINE IN THE B, D AND E UNITS 

The compositional variation of olivine in bronzitites of the B, D and 

E units is presented in Table 2, and the sample distribution ~s as 

follows: 

l. E unit samples 01 and 07 

2. D2 subuni t: samples 318 and 322 

3. Dl subunit: samples 325, 331, 125, 139, 152 and 160 

4. B unit sample 286 

The textural relationships of these rocks have been mentioned ,n 
section 3.2, where it was suggested that some of the occurrences may 

be related to ultramafic pegmatite bodies of the replacement-type. 

Sample 07 in the footwall of the LG 7 chromitite is cited here as a 

typical example. However, the genetic origin of trace abundances of 
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olivine in fine-grained, granular-textured bronzitites such as 

samples 125 and 139 does not appear to be related to late-stage 

replacement processes. Hence, an investigation of these occurrences 

was included in the analytical programme in order to establish, for 

example, whether the olivine is in equilibrium with the coexisting 

orthopyroxene or whether the gra~ns represent occult o r 11 tramp !! 

xenocrys ts . 

A compar1son of the ranges of MMF (olivine) ratios and NiO contents 

with those of olivine grains in the C unit is given in Figs. 12(A) 

and (B). Whereas NiO contents are generally comparable with chromite­

rich associations (samples 01, 07 and 331 are the exceptions), the 

range of MMF ratios is from 0,783 to 0,847. However, there is an 

excellent compositional correspondence between olivine in the 

immediate footwall of the LG 1 chromitite (sample 286) and in the 

immediate hanging-wall of the LG 3 chromitite layer (sample 213 B). 

Though this may be reconciled on the basis that both occurrences 

represent equivalent mineralogical environments, 

between analyses 139 and 254 A is anomalous. 

the similarity 

5.2.1.3 SUMMARY 

The salient features arising from the above may be summarized as 

follows: 

1. Relative to juxtaposed olivine-rich layers, olivine grains in 

chromite-rich rocks are significantly enriched in magnes~um. 

This is associated with higher Ni contents in most instances and 

finer grain-si zes. 

2. A pronounced cryptic variation is evident in juxtaposition to 

chromite-rich layers and this 

homogeneity of olivine-rich 

contrasts with the compositional 

domains. Within the immediate 

footwall rocks of the LG 4 chromitite layer, for example (on the 

scale of a polished thin-section orientated parallel to the core 

axis), a rise ~n MMF (olivine) ratios with increasing 

stratigraphic height is linked to an increase in chromite modal 

abundance. However, there is no unequivocal evidence to suggest 
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that the cryptic variation is a smooth function of stratigraphic 

position rather than the modal olivine/chromite ratio. Abrupt 

variations in the latter parameter (e.g., within the layered 

hangi n g-wall of the H chromitite layer) are linked to abrupt 

compositional changes, suggesting that grain-to-grain 

compositional changes with stratigraphic height ~n chromite-rich 

horizons may s.tem from subsolidus re-equilibration. 

3. Individual olivine grains ~n chromite-rich environments depict 

pronounced core-r~m compositional 

particularly true 1n domains where 

olivine is subordinate to chromite. 

gradie nt s . This is 

the modal proportion of 

4. The most nickeliferous olivine within the CI and C3 subunits is 

found at the bas e of each subunit (marked by the first 

appearance of primocrystal olivine above a substantial thickness 

of bronzitite). The most magnesian compositions, however, do 

not occur in these basal, olivine-bearing layers . 

5. The concentration of nickel in olivine declines with increasing 

stratigraphic height in the Cl and C3 subunits. Reversals in 

this trend occur at the level of the I and LG 4 chromitite 

layers in the C3 subunit. 

These compositional trends are evident in Fig. 13(A), which is a plot 

of NiO versus MgO in olivine. Included in the figure are two ideal 

curves linking the compositions of incremental batches of olivine 

crystals produced by fractional crystallization of olivine from 

hypothetical initial magmas. These curves were derived Vla a 

manipulation of the formulations of Roeder and Emslie (1970), Roeder 

(1974) and Hart and Davis (1978). Theoretical fractionation curve 

(A) is representative of an initial magma in equilibrium with olivine 

in the basal olivine-chromitite layer of the C3 subunit (analysis 

200 A, Table 2). Curve (B), however, links derivative olivine 

cumulates produced by fractionation of a parental Bushveld magma 

proposed by Davies et a1. (1980). From the distribution of data 

points relative to the latter curve, it would seem that fractionation 

of this putative parental magma to the Bushveld complex could not 

have produced the range of observed olivine compositions i n the C 
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unit. However, the coherency between fractionation curve (A) and 

many of the data points suggests that olivine in olivine-rich rocks 

of the C unit may have been derived by fractionation of a common 

parent magma. It is notable that olivine within the Lower Zone 

granular harzburgite KA 571 also falls within this group, whereas 

olivine in the pentlandite-bearing poikilitic harzburgite KA 622 

shows a substantially depleted NiO content. Furthermore, olivine 

crystals in chromite-rich layers adjacent to the LG 4 chromitite 

define a unique population that requires a parent magma with a higher 

initial Mg/Fe 2+ ratio than curve (A). This may, however, be an 

artifact of a process such as subsolidus re-equilibration of olivine 

and chromite. Consider the relationship between analyses 180, 177 C, 

177 Band 177 A, for example . From the disposition of these data 

points relative to fractionation curve (A) ~n Fig. l3(A), a 

systematic trend deviating towards more ultramafic compositions is 

apparent. It is impossible to gauge whether the latter is indicative 

in part of a reversal in the fractionation trend caused by mixing of 

chemically distinct magmas (e.g., fractionated residua and parental 

magma), or is wholly attributable to subsolidus re-equilibration 

processes. There ~s some indication, however, that at least two 

compositionally different magmas contributed to the crystal pile of 

the Cl subunit. Samples 258 and 254 A, representative of the basal 7 

metres of the Cl subunit, yield a population in Fig. l3(A) that is 

distinct from data points pertaining to the upper, olivine-r ich 

portion of the subunit (samples 247, 245 and 238). Whereas the 

latter subset conforms very closely to fractionation curve (A), 

olivine the basal olivine-bronzitite succession may have 

crystallized from a magma of different lineage. 

Fig . l3(B) is an equivalent NiO versus MgO construction depicting the 

compositional variation of olivine in the B, D and E units. 

of olivine grains adjacent to the bounding contacts of 

chromitite are also shown. Oli vine fractionation 

Analyses 

the LG 3 

curve (C) 

represents an initial magma composition in equilibrium with the 

nickeliferous olivine occurrence in the footwall bronzitite of the 

LG 3 chromitite layer (analysis 214 A) . It is evident from the 

figure that the observed olivine compositions may be genetically 

related to a common parent magma that differed in composition from 
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the parental magma to the C3 subunit. Intuitively this would seem to 

be reasonable, but a perplexing ~ssue 18 raised. An olivine 

occurrence at the immediate hanging-wall contact of the LG 3 

chromitite has also been noted on the farm Zwartkop, some distance to 

the north-east (von Gruenewaldt and Worst, 1986) . It is therefore 

anomalous that a genetic relationship should exist between olivine in 

sample 213 B and olivine in the ultramafic pegmatite assemblages 152, 

331 and 07, Slnce there 15 unequivocal macroscopic evidence of 

late - stage replacement of layered rocks at these levels. 

Furthermore, olivine grains within olivine-bronzitites in the basal 

portion of the C2 subunit (samples 254A and 258) display NiO contents 

and MMF ratios which conform to hypothetical fractionation curve (C) . 

In summation, the disposition of data points in Figs. 13(A) and (B) 

suggests that the variation of Nio and Mg/(Mg + Fe2+) in olivine of 

dunites is distinct from olivine grains intergrown with orthopyroxene 

in bronzitites and olivine-bronzitites. This may be at tributed to 

subsolidus equilibration between olivine and orthopyroxene within 

the latter environment. 

5 . 2.2 ORTHOPYROXENE 

Orthorhombic orthopyroxene falls within the inosilicate structural 

group. The structure is characterized by continuous chains of linked 

8i04 tetrahedra, each chain of composition (8i03)n' The chains are 

linked laterally by (Mg, Fe 2+) atoms in octahedral Ml positions and 

1n distorted, 6- to 8-fold coordinated M2 sites. Other cations such 

as Ca, Na, Al, Ti, Fe 3+ and Cr generally occupy less 

A13+ within 

than 10 per cent 

orthopyroxene is of these Ml, M2 positions . Most of the 

present as a proxy for tetrahedral 8i4+. In order to maintain charge 

balance, substitution of A13+ for 8i4+ in the lattice must be 

compensated by substitution of Cr3+, A13+, Ti4+ or Fe 3+ into Ml, M2, 

posi tions (Campbell and Borley, 1974). A generalized formula for 

orthopyroxene may be given as (Mg, Fe 2+) 8i03' 

Pressure imposes a control on the Ai content of orthopyroxene and 

this relationship has served as 

equilibration conditions the 

stability fields (Obata, 1976; 

a potential geobarometer of 

garnet­

Presnall , 

and spinel-peridotite 

1976). Alternative 
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interpretations have been presented, however, suggesting that the 

A1203 content of orthopyroxene is more applicable as a geothermometer 

(Fujii, 1976). Experimental studies on synthetic orthopyroxenes have 

shown that the distribution coefficient for Cr between orthopyroxene 

and silicate liquid (DCr ) is dependent on the temperature and f02 

conditions of the melt (Irving, 1978). For example) Der declines 

with decreasing £02 at a given temperature, and rises with decreasing 

temperature at a g1ven f02' This temperature dependence of DCr 

stems from the relative proportion of octahedral sites available ~n 

the silicate liquid and the favourable stabilization of Cr3+ in Ml 

pyroxene sites. A sympathetic correlation between Cr3+ and A13+ 

contents in pyroxenes has been observed in synthetic systems, 

suggesting that coupled chromium-aluminium substitution occurs in 

pyroxenes (Schreiber and Haskin, 1976). The entry of Al and Cr may 

be treated as the substitution of a Tschermak-type molecule (Mg, 

Fe 2+, AI, Cr)(Si, Al)03 for (Mg,Fe2+)Si03 (Eales and Marsh, 1983). 

Maintenance of charge balance thus requires that Altet = Aloct + 

Croct , and it follows that the atomic Al/Cr ratio in octahedral 

orthopyroxene sites may be expressed as: 

(Al/Cr)oct [(Al/Cr)total - 1]/2 (Eales and Marsh, op. cit.) 

Hence, (Al/Cr)Oct can be computed directly from the analytical data, 

thereby minimizing the conventional reliance on superior 

orthopyroxene analyses to assess the proportion of AlVI. 

Microprobe analyses of orthopyroxene crystals from 65 stratigraphic 

positions in the Ruighoek Pyroxenite are presented in Table 4. This 

tabulation includes analyses of orthopyroxene 1n four samples of the 

Groenfontein Harzburgite subzone and analyses of reaction-replacement 

orthopyroxene 1n a few olivine-bearing samples. Unless otherwise 

specified in the key to Table 4, each analysis represents a mean 

composition based on at least three determinations per sample and, in 

certain instances, as many as twelve determinations. Furthermore, 

the analyses are representative of intracrystalline domains well 

removed from (a) occluded chromite grains (unless stipulated in the 

key), and (b) domains showing coarse lamellae or blebs of exsolved 

clinopyroxene. The microprobe beam was defocus sed to a diameter of 

20 - 25 microns in order to obtain an approximation of the "bulk" 



TABLE 4 M I CfWPHOBE AN?\LYSES OF ORTHOPYROXENE, DRILL CORE ZS 7 

SAMPLE 01 II 2B 32 39 43 50 61 70 71 
SlO2 55.94 55.62 56.29 55.B7 55.90 55.60 55.27 55.3B 55.27 55.25 
Ti02 .12 .11 . 09 .12 . 10 .11 .09 .13 .14 .12 
AL203 I. 37 1.29 I. 00 1.15 1.08 1.20 I. 21 I. 23 I. 25 I. 17 
FEO I I. 23 1t.52 10.80 I I. 40 I I. 40 I I. IB I I. 20 12.01 12.01 12.02 
MNO .25 .23 . 23 .23 .24 .24 .24 .25 .26 .23 
K60 30 . 04 29 .19 30.72 29.BO 29 . 99 29.74 30.06 29.10 29.22 29.20 
CAO I. 27 1.73 .91 1.36 I. 07 I. 36 I. 20 1.4B I. 23 1. 59 
CR203 .53 .51 .51 .50 .45 .50 .50 .50 .52 .53 

100.75 100.20 100.55 100.43 100.23 99.93 99.77 100.0B 99.90 100.11 

CATIONS NUNBER OF OXYGENS • 6 
SI 1. 9645 1. 9691 1. 9742 I. 9701 1.9732 1. 9691 1. 9615 I. 9669 I. 9656 1. 9633 
TI . 0032 . 0029 .0024 .0032 .0027 .0029 .0024 .0035 .0037 .0032 
AL .0567 .053B .0413 . 0478 .0449 .0501 .0506 .0515 .0524 .0490 
FE2 . 329B .3111 .3168 .3362 .3365 .3311 .3324 .3567 .3572 .3572 
HN .0074 .0069 .006B .0069 .0072 .0072 . 0072 .0075 .0078 .0069 
K6 1.5724 1.5403 1. 6059 1. 5663 1. 5779 1. 5699 t.5901 1.5405 1. 54B9 1. 5466 
CA . 0478 . 0656 .0342 .0514 .0405 .0516 .0456 .0563 .0469 .0605 
CR .0147 .om .0141 .0139 .0126 . 0140 . 0140 . 0140 .0146 .0149 

3.9966 3.9940 3.9957 3. 995B 3.9954 3.9959 4.003B 3.9969 3.9972 4.0016 

MMF .B26 .BIB .Bl5 .823 .824 .825 .827 .811 .812 .812 
AliCr l.B5 l.76 2.92 3.4l 3.56 3.57 l.61 3.67 3.58 l.2B 

SAMPLE 7B 79 83 90 95 104 117 m 12B C 128 R 
SlO2 55.16 55.05 55.33 55.09 55.38 05.55 55.36 55.40 55.44 55.10 
TI02 .10 .10 • 1(1 .09 .09 . 08 .1 0 • OB .08 .12 
AL20l I. 39 1. 48 1. 3B 1.38 1.18 1. 25 1. 31 1.27 1. 32 .Bl 
FEO 10.B8 10.B9 10.66 10.75 10.72 10.9B 10.90 10.13 1Q.66 10.93 
MIlO .24 . 24 .24 .25 .23 .24 .24 .22 .25 .25 
H60 29.54 29.71 29.94 29. Bl 29.5B 29.66 30.34 30.49 30 .13 30.2B 
CAO 1.66 1. 40 1. 50 1.34 1. 57 1.50 1.4B 1. 27 1. 35 . 66 
CR20l .56 . 61 .55 .52 .5B .54 .55 .53 .56 .37 

99.53 99.4B 99.70 99.23 99.33 99.80 100.2B 99.39 99.79 98.52 

CAT lOllS .[IUNBER OF OXYGENS' 6 
SI 1.961B 1. 9581 1. 9614 1. 9623 t.9708 1. 9690 1. 9543 1.9639 1. 9627 1.97H 
TI .0027 .0027 .0027 .0024 .0024 .0021 .0027 .0021 .0021 .0032 
AL .05B3 .0620 .0577 .0579 . 0495 .0522 . 0545 .0531 .0551 .0342 
FE2 .3236 .3239 .3160 .3202 .3190 .3255 .321B .3003 .3156 .3275 
HN .0072 .0072 .Q072 .om • (1069 . 0072 . 0072 .0066 .0075 .0076 
NG 1. 5660 1.5751 t.5820 1. 5827 I. 5690 1. 5670 1.5964 1.6110 1.5B99 1.6173 
CA .0633 .0534 .0570 .0511 .0599 .0570 .0560 .0482 .0512 .0253 
CR .0157 .0172 .0154 . 0146 .0163 . 0151 .0154 • 0149 .0157 .0105 

3.99B5 3.9996 3.9994 3. mo 3.9939 3.9952 4.00BI 4.0001 3.mB 4.0000 

"MF .B2B .829 .B33 .831 .B31 .B2B .B32 .B42 .834 .831 
AIICr 3.71 3. 6 3.74 3.96 3.03 3.45 3.53 3.56 3.5 3.25 



TABLE 4 (cent.) 

SAMPLE 134 R 1341 1501 1341 4501 1341B501 131 A 139 8 155 C 155 R 164 lB38 
S101 55.90 55.73 55.62 55.55 55.5B 55.51 55.62 55 .b2 55.76 56.71 
1102 .12 .12 .12 .11 . 09 .09 .10 . . 14 .10 .12 
AL103 .90 .94 1. OB 1.14 1. 57 1.27 1. 06 l. 04 1. 20 l. OB 
FED 10.92 11. 04 10.94 10.B5 9.72 9.B3 10.60 10.76 10.54 B.30 
MHO .23 .23 .25 .15 .22 .22 .23 .20 .22 .17 
M60 30.73 30.51 30.11 30.11 30.77 30.93 30.22 30.98 30. 19 32.33 
CAD . 86 .93 1.33 1. 34 1. 76 1.52 1.34 .B3 1.44 1. 47 
CR103 .53 .53 .52 .55 .56 .52 .51 .46 .54 .46 

100.1 9 100. 03 99.97 99.90 100.27 99.B9 99.6B 100 . 03 99.99 100.64 

CATIONS NUMBER OF OXYGENS = 6 
SI 1. 9700 1.96B9 1. 9675 1. 9660 1. 9525 1. 9574 1. 9699 1. 9623 1. 9683 1. 9679 
11 . 0032 .0032 .0032 .0029 .0024 .0024 . 0027 .0037 .0027 .0031 
AL .0374 .0391 . 0450 .0476 . Ob50 . 052B .0442 .0432 .0499 .0442 
FE2 .3218 .3262 . 3236 . 32 11 . 2B56 .2899 .3140 .3175 .3111 .2409 
MN .0069 .0069 .0075 .0075 .0065 .0066 .0069 .0060 .00bb . 0050 
M6 1.6142 1. b066 1. 5B76 1. 58B4 l.bl11 1. 6257 1. 5953 1.6291 1. 5BB4 1.6722 
CA . 0325 .0352 . 0504 . 0508 .0662 . 0574 .050B .0314 .0545 . 0547 
CR .014B .0146 .0145 .0154 .0156 .0145 .0143 .om .0151 .0126 

4.0007 4. 0009 3.9995 3.9996 4.0049 4.0066 3.99B2 1.0060 3.9966 4.0006 

MMF .B33 .B.31 .B3 .B31 .B49 .B4B • B35 .B36 .836 .874 
AIiCr 2.52 2.64 3.1 3.09 4.16 3.64 3.09 3.37 3.3 3.5 

SAMPLE l B4A IB48)500 IB48.440 IB4B. 65 IB48. 45 IB4B. 15 IB4B. 10 203 C 203 R 205 C 
5102 57.00 56.97 56.B7 56.99 57.01 57.24 57.47 55.5B 55.57 55.6B 
TI02 0.00 .09 .10 .12 .10 .11 .12 .09 . 12 .10 
AL203 .Bl 1. 04 . 9B .85 .79 . 7B .69 1.14 1.06 1.17 
FED 7. 12 B.15 B.04 7.46 7.14 7.02 6.8B 9.B5 9.Bl 9.B9 
MNO . 20 .IB .15 .IB .16 .15 .17 .21 .25 .21 
M60 33.01 32.40 33.09 33. 75 33.90 34. DB 34.16 31.16 31. 24 30.B5 
CAD 1. 60 1.6B .93 .63 .64 .6B .52 1.29 .92 1.29 
CR203 .40 .44 .39 .36 .40 .53 .54 .54 . 49 .52 

100 . 14 100.95 100.55 100.34 100.14 100.59 100.55 99.B6 99.46 99.71 

CATIONS NUHBER OF OXY6ENS = 6 
51 1. 9775 1. 9702 1. Y695 1.9713 1.9731 1.971B 1.9777 1. 9594 1. 9643 1. 9651 
II 0.0000 .0023 .0026 . 0031 .0026 . 0028 .0031 .0024 .0032 .0027 
AL . 0331 .0424 .0400 . 0347 . 0322 .0317 .02BO .0474 .0442 .0487 
FE2 .2066 .2357 .2329 .2158 .2067 .2022 . 19BO .2904 .2900 .2919 
HN . 0059 . 0053 . 0044 .0053 .0047 . 0044 . 0050 .0063 .0075 .0063 
H6 1. 7070 1.6701 1. 70BI 1. 7401 1. 748B 1. 7499 1.7522 1.6374 1. 6460 1.622B 
CA .0595 .0622 .0345 .0233 .0237 .0251 .0192 .0487 .0346 .048B 
CR .0110 .0120 .0107 . 009B .0109 .0144 .0147 .0151 .0137 .0145 

4.0005 4. 0003 4.0026 4.0034 4.0027 4.0023 3.997B 4.0070 4.0036 4.0007 

MHF .an .876 .BB .BBY .B14 • B96 .B98 .B49 .B5 .847 
AIICr 3 3.53 3. 73 3.54 2.95 2.2 1.9 3.13 3.22 3.35 



TABLE 4 (cen t. ) 

SAMPLE 205 R 208 C 20B REM 20B EX 208 EX 211 C 211 R 2138 214A.l 214A.2 
SID2 55.78 55 . 67 55.67 54.8B 55. 4B 55. 97 56.01 55.79 55.91 56.0B 
TlD2 .12 .10 .14 .11 .11 . 07 . 12 .14 .09 .OB 
AL2D3 .69 1.19 1.13 1. B9 1. 56 1.12 1. 07 1.15 1.0B .97 
FED 9.B4 9.97 10.52 11. 33 11. 45 10.15 10.30 9. 9B 9.75 9.04 
MND .24 .22 .24 . 23 .25 .22 .21 .21 .20 .20 
M6D 31.20 31.07 30.75 29 .B2 30. 13 30.92 31. 51 30.46 31.0B 31.65 
CAD . BO 1.11 . B4 .72 .69 1.13 .76 1. 95 1. 52 1. 43 
CR203 . 29 .4B .47 . 71 .66 .53 .54 .53 .53 .47 

9B . 96 99 . Bl 99.76 99.69 100.33 100.11 100. 52 100.21 100 . 16 99.92 

CATIONS NUMBER OF OXY6ENS = 6 
SI 1.9792 1. 9627 1. 9667 1. 94B4 1.9569 1. 9682 1. 961B 1. 9637 1.9644 1. 967B 
TI .0032 .0027 .0037 .0029 .0029 .0019 .0032 .0037 .0024 .0021 
AL . 02B9 .0494 .0470 .0791 .0649 .0464 .0442 .0477 .0447 .0401 
FE2 .2920 .2940 .310B .3364 .337B .29B5 .3017 .293B .2B65 .2653 
HN . 0072 . 0066 .0072 . 0069 . 0075 .0066 .0062 .0063 . 0060 .0059 
MG 1. 650 1 1.6327 1. 6192 1. 57BO 1. 584 1 1. 6206 1. 6450 1.59BO l. 6276 1.6554 
CA .0304 .0419 . 031B .0174 .0261 .0426 . 02B5 .0135 .0572 .053B 
CR .OOB I . 0134 .0131 .0199 .01B4 .0147 .0100 .0147 .0147 .0130 

3. 9991 4.0033 3. 9995 3.9991 3.99B5 3.9994 4.0055 4.001 4 4. 0035 4.0035 

HMF .B49 .847 . B3B . B24 .B24 . 844 .845 .845 .B5 .B61 
AllCr 3.55 3.6B 3.58 3.97 3.52 3.15 2. 94 3.24 3.04 3.0B 

SAMPLE 214A.3 215 215 R 221 223D 225 C 225 R 23B e 23B R me 
SI02 56 .1 3 55 . 81 55.B5 56.15 55.84 55.90 55.65 55.59 55.45 56.32 
TID2 . 07 .OB .13 .09 .09 .1 0 .15 .05 .14 .09 
AL203 . 73 1.14 . B9 1.1B 1.20 1.16 .90 1. 24 1.25 1.1B 
FED 8. 67 9. 49 9.B2 9.17 9.29 9.B7 10.37 9.23 9.41 9.2B 
MND .17 .21 .1 9 .22 .IB .21 . 22 .22 .22 .22 
HGO 32.46 31.19 31. 27 31. 76 31.74 31. 05 31. OB 31. 05 31. 41 31. B2 
CAD .94 1. 27 .84 1.23 1. 13 l. 22 .50 1. 34 1. 07 1.16 
CR203 .3B .51 . 36 .49 . 43 .54 .4B . 53 .39 .49 

99.55 99.70 99.35 100.29 99. 90 100 . 05 99.35 99. 25 99.34 100.56 

CATIONS NUMBER Of OXY6ENS = 6 
SI 1. 9707 1. 9660 1. 9737 1. 9631 1. 9606 1. 9653 1. 9710 1. 9655 1. 9593 1. 9639 
TI . 00 18 .0021 . 0035 .0024 .0024 . 0026 .0040 .0013 . 0037 .0024 
AL . 0302 .om .0371 .0486 .0491 .0481 .0376 .0517 .0521 .0485 
fE2 . 25 46 .2796 . 2902 . 2681 . 2728 . 2902 .3072 .2729 .2781 .2706 
MN .0051 . 0063 .0057 .0065 .0054 .0063 .0066 .0066 .0066 .0065 
H6 1. 6987 1.6377 1.6472 1.6551 1. 6611 1.6271 1. 6408 1. 6364 1.6543 1. 6539 
CA .om .0479 . 0318 .0461 .0415 .0460 .01 90 .0508 .0405 .0433 
CR .0105 .0142 .0101 .0135 .0l19 .0150 .0134 .0148 . 0109 .0135 

4.0070 4.0011 3.9992 4.0034 4.0063 4.0005 3.9995 3.9999 4.0055 4.0027 

HNf .869 .854 .85 .B6 .B58 .848 .842 .857 .856 .859 
AllCr 2.87 3.33 3.67 3.6 4.17 3.2 2.8 3.49 4.77 3.59 



TABLE 4 Icont.) 

SAHPLE 249 R 254A 25BB (!) 25BB 12) 259 265 C 265 R 271 2BO 2BbA 
5102 56.31 55.99 55 . H 55.57 55.63 55 . 39 55.39 55.55 55.61 55.21 
TI02 . 12 . 07 .12 . 09 .1 2 .09 .14 .09 .10 .11 
AL203 1.15 I.IB I. 29 I. 29 I. 21 1.16 1.06 I. 21 1.22 1.07 
fED 9.31 9.44 9.31 9.79 10.22 9.95 9.B9 10.65 10.30 10.57 
NIIO .24 .22 .22 .22 .21 .23 .22 .24 .23 .22 
HBO 31. 90 31. 60 31.18 30.99 30.97 30.25 30.85 30.52 30. 45 30.70 
CAD .96 I. 00 I. 68 .97 I. 04 1.b6 .98 I. 20 1.35 • B3 
CR203 .40 .44 .49 .56 .59 .55 .53 .54 .54 .49 

100.39 99.94 100.03 99.4B 100.00 99 . 28 99.06 100.00 99.80 99.20 

CATlOIiS )IUMBER OF OKYSENS : 6 
51 I. 9657 I. 9652 I. 95B4 I. 9633 I. 9601 I. 9665 I. 9667 1.9617 I. 9649 I. 9632 
TI .0032 .0018 .0032 .0024 .0032 .0024 .0037 .0024 .0027 .0029 
AL . 0473 .0488 .0534 .0537 .0502 .0485 .0444 .0504 .0508 .0448 
FE2 .2718 .2771 .2736 .2B93 . 3011 .2954 .2937 .3145 .3044 . 3143 
MIl .0071 .0065 .0065 .0066 .0066 .0069 .0066 .0072 .0069 .0066 
HB !.b599 I. 6532 I. 6329 I. 6320 I. 6265 I. b008 I. 6327 I. 6065 I. 6037 1.6272 
CA .0309 .0376 .0632 .0367 .0393 .0631 .0373 .0454 . 0511 .0316 
CR . 0110 .0122 .0136 .0156 .01b4 .0154 .0149 .0151 .0151 .013B 

4. QOI9 4.0025 4.0049 3.9996 4.0034 3.9991 3.9999 4.0032 3.9995 4.0045 

HNF .859 .856 .856 .849 . BI3 . B44 .847 .836 .84 .B38 
AIICr 4.3 4 3.92 3.44 3.06 3.14 2. 97 3.33 3.36 3.24 

SAMPLE 290 297 C 2971R50) 2971RIH) KA . 410 KA . 571 KA .622 KA.m 
5102 55.41 55.4S 55.41 55.60 55.9b 55.98 56.26 55.90 
TI02 . 10 .10 .16 .14 .OB .10 .08 .08 
AL203 1.17 1.10 I. 09 .77 1.16 1. 24 I. 53 1.36 
FED 10.42 10.47 10. 78 10.73 10.24 9.52 9.71 II. 67 
HNO .23 .22 .23 .21 .22 . 21 .18 .24 
HBO 30.64 30.63 30.58 31.07 30.86 31. 03 31. 43 30.45 
CAD I. 24 I. 48 .92 .76 I. 46 1.51 J.76 .59 
CR203 .53 .54 .49 .34 .50 .52 .60 . 46 

99.74 99.99 99.66 99.62 100.48 100.11 101. 55 100.75 

CATIONS NUHBER OF OlYEENS : 6 
51 I. 9605 1.9591 I. 9632 1.9687 I. 9636 I. 9650 1.9505 I. 9631 
II . 0027 .0027 . 0043 .0037 .0021 .0026 .0021 .0021 
AL . 04B8 . 045B .0155 .0321 .04BO . 0513 .0625 .0563 
FE2 . 3083 .3094 .3194 . 3177 .3005 . 2795 .281 5 .3427 
HN .0069 .0066 .0069 .0063 . (1065 .0062 .0053 . 0071 
HE I. 6159 I. 6131 1.6149 I. 6398 1.6140 I. 6235 I. 6242 I. 5939 
CA . 0470 .0560 . 0349 .02B8 .0549 .05b8 .0654 .0222 
CR .0148 .0151 .om .(1095 .0139 .0144 .0164 .0128 

4. (1050 4.0078 4.0029 4.0067 4.0034 3.9995 4.0079 4.0003 

HHF .B39 .839 .B34 .837 .843 .853 .B52 .B23 
AllCr 3. 29 3.03 3.32 3.37 3.45 3.56 3.81 4.39 



KEY TO TABLE 4 

E unit 01 71 

O2 subunit: 78 83 

01 subunit: 90 164 

C3 subunit: 1838 1848.10 

C2 subun i t : 203 225R 

Cl su bunit: 238C 2588(1) 

B unit 2588(2) - 297(RIM) 

LOWER ZONE, KA.410 KA.729 

Analyses representative of core-domains, with (C) and (R) used to denote core and rim I 
tespee t ively , in certain samples. Distance in microns from rim of crystal is s hown by 134( 150) , 
for example. Position of microprobe beam r elat ive to the boundary of an occluded chr omite grain is 
portrayed as 1848 > 500 (distance in mi crons) . 

01 Granular-textured chromite bronzitite with olivine-bearing domainsj hanging - wall of LG 7 
chromitite layer . Similar olivine-bearing domains are found i n the laminated footwall 
( Le., interleaved chromitit e and granular-textured bronzitite layers ) of t he massive 
are. 

11 Coarse-grained bronzitite with net-textured pyrrhotite as the only interstitial phase. 

28 Granular -textured bronzitite adjacent to a chromit ite lens (refer to Fig . B(G». 

32 Thin chromite bronzitite layerj coarse-grained orthopyroxene crystals with chromite in 
the interstices. 

39 Granular -textured bronzitite with localized olivine-bearing domains whic h appear to 
represent ultramafic pegmatite assemblages. 

43 Polygonal mosaic of medium- to fine-grained crystals with a trace mod al content of small 
chromite grains and lIinter stitial" chromite (refer to Fig . 458). 

50 As in sample 40. Plagioclase is not present in these bronzitites. 

61 Adcumulate-textured bronzitite showing a degree of deuteric 
oxide-charged orthopyroxene crystals). Plagioclase and clinopyroxene 
low. 

oxidation (Le. , 
modal contents afe 

70 Mesocumulate-textured, feldspathic bronzitite. Chromi te is conspi cuous i n thin section. 

71 As in sample 70, but Slightly finer-grained and with less mesostasisj near base of E 
unit . 

78 Granular-te xtu red bronzitite some 1 ,5 m bel ow the LG 6A c hromitite layer , with a low 
modal c hromite content . 

79 As in sample 78 ( about 1,9 m below the LG 6A). 

83 As in samples 7B and 79, but with a higher chromite content ( re fer t o Fig . 438); ~. 5 m 
bel ow the LG 6 chromitite layer and 1,7 m above the base of t he 02 subunit. 

90 Grarular-textured bronzitite with plagioclase and clinopyroxene in poorly annealed 

cavities. 

M8 5AAO 



95 Similar to sample 90. 

104 Medium-grained, meso- to adcumula te-tex tu red bronzitite with feldspathic rnesostasis. The 
modal chromite content is very low (refer to Fig. 8C(iv». 

117 Granular-textured bronzitite with plagioclase in poorly-annealed cavities. 

125 Granular-textured bronzitite showing two small grains of olivine in the thin section and 
oxide-charged orthopyroxene crystals ( refer to Fig. 43C). Crystals showing no inclusions 
were selected for analysis. 

128 Coars e- to medium-grained, adcumulate-textured bronzitite with plagioclase (sodic), 
amphibole, mica and quartz comprising the mesostas is (low modal proportion). 

134 Mesocu mulate-textured and feldspathic bronzitite ( refer to Fig. 8CO)) with a trace 
chromite content . Analyses are representative of a core-rim analytical traverse within a 
single crystal bounded by well-formed faces. Seventy second integration Urnes were used 
on peak and background for each element; Ti, Cr and Al contents at each beam position 
represent the average of 3 x 70 seconds counting times. 

139 Granular-textured bronzitite with one small grain of olivine in the thin section. No 

intercumulus silicate phases are present. An~lysis (A) represent s a core composition of 
a grain with anomalously high A1203' CaD and Cr203 contents, whereas analysis (9) is 
representative of the average of 3 juxtaposed grains (whole-rock analysis (Table 34) 
yields 1,Z7% AI Z03, 1 ,72% CaO, 0,60% CrZ03 and Mg-number of 0,847). 

155 Coarse-grained, adcumulate - textured bronzitite (refer to Fig. 8C(ii» . 

164 As in sample 155. 

1838 Reaction-replacement orthopyroxene in chromite dunite; hanging-wall of the I chromitite 
layer. 

184A Reaction-replacement orthopyroxene in an ol i vine-rich inclusion within the I chromitite 
layer. Ti02 not analyzed. 

1848 Reaction-replacement orthopyroxene with inclusions of olivine and chromite. Analyses are 
representative of a composit ional profile from) 500 microns to 10 microns of a chromite 
grai n boundary. Chromitiferous poikilitic harzburgite in the footwall of the I 
chromitite layer . 

203 Adcumulate-textured bronzitite with a conspicuous modal proportion of inter cumulus 
plagioclase. Mica and quartz are a minor c omponent of the mesostasis . Sample located 
3,3 m below the H chromi ti te layer, which marks the top of the C2 subunit. 

205 Adcumulate-textured bronzitite with intercumulus plagioclase. 

208 Adcumulate-textured bronzitite with intercumulus plagioclase and sporadic oikocrysts of 
clinopyroxene (transmitting green l i ght). 
Z08 REM = small chadacryst in clinopyroxene 
208 EX = exsolved lamellae in clinopyroxene 
208 = average composition of core -domains of five crystals inter grown with 

plagioclase. 

211 Meso- to adcumulate-textured, fa irly chromiti ferous bronzitite with plagioclase, mica and 
quartz represented in the mesostasis. 
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2136 Adcumulate-textured, plagioclase-bearing bronzitite separated from the abrupt, top 
contact of the LG 3 chromitite laye r by a thin zone of poikilitic harzburgite. 

214A Granular-textured and chromitiferous 
leader layer (refer to Fig.8(J)). 
component of the rock. Analyses 

bronzitite in the immediate footwall of the LG 3 
Nickeliferous olivine crystals represent a minor 

1 to 3 are of polygonal grains in increasing 
juxtaposition to the chromite-rich domain. 

215 Laths of orthopyroxene in adcumulate-textured bronzitite showing a feldspathic 
mesostasis. 

221 Bronzitite domain inter leaved with ali v ine-bronzi tite layers. Sample located 3,2 m below 
the LG 3 chromitite and 1,2 m above granular-textured dunite in sample 223. 

2230 Reaction-replacement orthopyroxene in fine-grained, granular-textured du ni te. 

225 Adcumulate-textured bronzitite showing a low modal proportion of mesostasis (comprising 
sadie plagioclase, mica, quartz and amphibole: some of the latter may be pseudomorphic 
after clinopy rox ene) . Nickeliferous sulphides (partially altered to magnetite ) and 
graphite are visible in polished section. 

238 Orthopyroxene intergrown with olivine in granular harzburgite (Le., both are cumulus 
phases ) . Sample located some 0,25 m above the E chromitite layer , and is rep resentative 
of the first appearance of ort hop yroxene crystals above a succession of olivine-chromite 
cumulate rocks. The mesostasis comprises plagioclase plus clinopyroxene. 

249 Orthopyroxene in olivine-bronzitite below a succession of dunite, s ome 6,7m above the 

base of the C1 subunit. 

254A Orthopyroxene in olivine-bronzitite, Numerous opx crystals are charged with opaque and 
amber-coloured oxide inclusions (e .g., refer to Fig . 27C), with the latter being a 
Cr-spinel. These inclusions are general ly confined to the core- domains of orthopyroxene 
crystals and may have arisen i n response to some oxidation-ex solution process , thus 
accounting for lower Cr contents in the pyroxene host. 

25B8(1): Orthopyroxene intergrown with olivine at the base of the Cl subunit; 
silicate phases are present. 

no inter cumulus 

25B8(2 ): Adcumulate-textured bronzitite exhibiting intercumulus plagioclase plus minor mica and 
quartz. Graphite platelets are conspicuous in thin s ec tion (refer to Fig. 2SC). 
Analysis numbers 0) and (2) derived from the same section orientated parallel to the 
drill core axis. Fo content of the olivine crystals is 84,9 mol. %. 

259 Adcumulate-textured bronzitite with a mesostasis composed of plagioclase + amphibole + 

mica + quartz. 

265 Adcumulate-textured bronzitite with a feldspathic mesostasis (refer to Fig. BA(i». 

271 Laths of orthopyroxene in adcumulate-textured bronzitite ( refer to Fig. BA(ii». 

280 Medium- to coarse-grained, adcumulate-textured bronzitite, with plagioclase + minor mica 
comprising the intercumulus silicate fraction. 

286A Adcumulate-textured bronzitite in t he footwall of the LG 1 chromitite layer. 

290 Adcumulate-textured bronzitite with intercumulus plagioclase plus minor clinopyroxene. 

297 Analyses of the core of an orthopyroxene crystal (297C), 50 microns from the r i m 
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(297(RSO», and rim- domain (RIM). The latter is representative of a t hin selvage which 
borders most orthopyroxene crystal s inter grown with plagioclase J and which exhibits no 
exsolution lamellae of clinopyroxene. 

BOREHOLE KA 5 

KA 410 

KA 571 

KA 622 

KA 729 

Medium-grained J meso- to adcumulate-textured bron zi tite; mesostasis composed predominant ­
ly of plagioclase. 

Granular harzburgite. 

Poikilitic harzburgite (sulphide-bearing). 

Medium-grained, meso- to adcumulate-textured bronzitite. 

The harzburgites exhibit (8) coarser chromite particle sizes, and (b) substantially higher modal 
chromite contents than the bronzitites . 
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TABLE 5 

Ti02 

A1203 

CaO 

Cr203 

MMF 

67 

composition. The question of whether the analyses should be 

distributed over a large population of grains within a sample, or 

confined to a few grains assumed to be representative of the sample, 

rema1ns a moot point. The approach adopted here is as follows. Two 

gra~ns 1n a sample wer e selected and if the initial measurement s 

showed a good correspondence, one or two additional analyses were 

obtained of these grains . However, a number o f other gr ains were 

selected for analysis if the compositional difference was 

significant. 

The degree to which a single analysis is representative of a sample 

population may be gauged from the following data. Six analyses 

spread over core domains of five gralns were determined using a 

focussed beam. Another grain was selected at random from the 

assemblage on the following day, but in this instance a defocus s e d 

beam was employed. 

Table 5 . 

These data are presented in an abridged form in 

SPREAD IN MICROPROBE ANALYSES OF ORTHOPYROXENE CRYSTALS IN 

A BRONZITITE SAMPLE EMPLOYING FOCUSSED AND DEFOCUS SED BEAMS 

X 
Al A2 B C D E A,E 

0,16 0,17 0,14 0,17 0,17 0,17 0,16 

1,17 1,28 1,23 1,22 1,06 I,ll 1,17 

0,91 1,56 1,30 1,49 1,31 1,06 1,27 

0,49 0,52 0, 55 0,55 0,48 0,50 0,51 

0,842 0,841 0,843 0,843 0,845 0,841 0,842 

F 

0,14 

1 ,15 

1,17 

0,53 

0,840 

A - E: Analyses employing a focussed (10 microns) beam 

MB1ME 

Mean of analyses A - E 

Defocussed beam (25 microns); single ana lysis 

Mg/(Mg + Fe2+) in orthopyroxene 



MB2AAA 

68 

A log through the study section, with relevant microprobe data, ~s 

presented 1n Fig. 14. Horizontal bars drawn through data points 

depict core -rim compositional relationships, with the disposition of 

arrowhead symbols indicating the rlm compositions. Analyses of 

reaction-replacement orthopyroxene are excluded from Fig. 14 at this 

juncture, as are data points representing orthopyroxene 1n 

chromite-rich domains in juxtaposition to the LG 3, LG 6 and LG 6A 

chromitite layers. The plot is therefore representative of 

orthopyroxene grains within macroscopically homogeneous bronzitites 

depicting an accessory to minor modal abundance of chromite, and of 

cumulus orthopyroxene within olivine-bronzitites and granular 

harzburgites 1n the C unit. Some salient features that emerge from 

these data are (a) the pronounced ri se in mol. per cent En in 

orthopyroxene (En = 100 Mg/(Mg + Fe 2+)) upward through the B unit, 

ultimately reaching a high value within the Cl subunit, (b) the 

irregular decline in En content with increasing stratigraphic height 

1n subunits above the Cl subunit, and (c) the uniform Cr203 content 

in o rthopyroxene within the succession. 

5.2.2.1 ORTHOPYROXENE IN THE B UNIT 

The compositional variation of orthopyroxene in the B unit was 

determined at eight stratigraphic positions spread over 49,8 metres. 

The En content of orthopyroxene core-domains varies from a high value 

of 84,9 mol. per cent (analysis 258 B/2) at the top contact of the 

unit to minimum values of 83,4 - 83,9 mol. per cent below the LG 1 

chromi t i te layer. The composition of orthopyroxene in sample 271, 

however, appears to be anomalously low (En83 6) with respect to its , 
stratigraphic position (Fig. 14). Cr203 contents in core-domains 

appear to show a sympathetic variation with En contents) increasing 

from an average of 0,52 wt. per cent below the LG 1 chromitite to 

0,56 - 0,59 wt. per cent in the extreme upper portion of the unit. 

Al203 abundances vary between 1,07 wt. per cent (in the immediate, 

fairly feldspathic and coarse-grained footwall bronzitite of the LG 1 

chromi ti te) and 1,29 wt. per cent, wi th an average abundance of 1,16 

wt. per cent (n = 30). An irregular rise in Al content with 

stratigraphic height is suggested by the data. The average atomic 



DEPTH 
(m) 

SAMPLE 
NO 

00 

, 
~ 
! , , 

': le 
~ , 

" , 
: 

' I , , , , 
! -, , 
hr-

~ G: B , 
. : , 
e! 
; 

, : , 

-... 
.1. 
-" • , , , , , , 

, 
,'t" 

-;--, ., , , , , 
+ , 
+------

TI02 

02 
I , , , , , 
:. , , 
... , 
; , ... 

.;. , .. : , .. , , .. , , , , • , , 

~ 
~ 

1b 
i" 
: .. , , 
:.. 

.. 
M----.II. 0 

-\. 
~ , , , 

1 

~ 

:0. 
!.. , , 
i.t. 

j. 
.J.. 

0,0 0,5 

I 

, , 
:0 , , , , 

o , 

0: , 
o i 

q , , 

, 

~ 1,2 wi . % AI 2 0 3 V , 
~ , 
I 

~ 

0 ' 
Q 

o'! 
'" --<>. 

0-, , , , , , 
• 0 

0 

"'" , , 
• , , , 
0 , 
, 
q , , 

0----0 : 

1,0 1,5 
I 

2,0 
I I 

82 

I 

I 

, 

, 
I .. 
I 

84 
I 

100 [Mg/(Mg. Fe2.) ] OPX 

86 

FIG.14 PLOT OF ORTHOPYROXENE MICROPROBE DATA VERSUS STRATIGRAPHIC POSITION IN 
DRILL CORE ZS 7. ZONAL CHANGES WIT HIN ORTHOPYROXENE CRYSTALS ARE DENOTED 
VIA THE SENSE OF ARROWHEAD SYMBOLS. DATA POINTS DEPICTED BY ( El ) SYMBOLS 
ARE OF SAMPLES FROM DRILL CORE ZS 3 . 



MB2AAA 

69 

Al/Cr is 3,20, with m1n1mum and maX1mum values of 3,03 and 3,44, 

respectively. 

An evaluation of core-run compositional variation at two 

stratigraphic positions highlighted the following relationship: 

relative to core-domains, nm compositions adjacent to 

plagioclase-bearing interstices are depleted in CaO, A1203 and Cr203. 

This 1S well illustrated in sample 297, and to a lesser degree in 

sample 265. However, the former displays higher atomic Al/Cr (rim), 

whereas orthopyroxene in the latter sample shows a decline in this 

ratio. Ti02, on the other hand, is enriched by ca. 0,05 wt. per cent 

in the marginal domains. The zonal decrease in A1203 and CaO, and 

zonal lncrease in Ti02' is consistent with the contemporaneous 10 

situ crystallization of zonal orthopyroxene growth structures and 

plagioclase in a restricted melt volume. The zonal decline 1n Al/Cr 

1n sample 265 is thus induced by preferential entry of Ai into 

plagioclase, whereas the observed zonal lncrease 1n Aller in sample 

297 may be reconciled in terms of (a) the nucleation of clinopyroxene 

and phlogopite, which are fairly abundant at this level as 

intercumulus silicate phases intergrown with plagioclase, and (b) the 

lower modal abundance of plagioclase. Representative microprobe 

analyses of clinopyroxene and phlogopite are presented in subsequent 

tabulations. 

5.2.2.2 ORTHOPYROXENE IN THE Cl SUBUNIT 

A pronounced increase in the En content of orthopyroxene 15 evident 

immediately above the first appearance of olivine at the base of the 

Cl subunit. This is noted on the scale of a polished thin section 

(258 B), with orthopyroxene of composition En85,6 above a 1 cm thick 

olivine-rich layer (analysis 258 Bll) and orthopyroxene of 

composition En84,9 below the layer (analysis 258 Biz). Textural 

differences between the domains are equally pronounced, with a 

granular intergrowth of olivine and orthopyroxene in the upper domain 

quite distinct from the underlying, plagioclase - bearing and 

coarser-grained bronzitite typical of the B unit. Futhermore, a 

sympathetic rise in atomic Al/Cr from 3,44 to 3,92 is noted and can 
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be attributed to a decline 1n Cr203 contents from 0,56 to 0,49 

wt. per cent across this layer of duni te. The respective 

concentrations of A1203 and Cr203 within numerous graIns were 

checked, and the compositional change to lower Cr203 in the upper 

olivine -bearing domain, with A120) remaInIng essentially constant, 

was found to be reproducible. The concentration of NiO 1n 

orthopyroxene was determined in the latter domain (these data are not 

presented in Table 4) but no detectable change was observed. The 

measured abundances of 0,06 - 0,10 wt. per cent NiO are equivalent to 

those of grains in the juxtaposed bronzitite, and of gra~ns in the 

bronzitite above and below the LG I chromitite layer (i.e., samples 

280 and 290, respectively). 

Sample 249 is representative of the stratigraphic level at which 

orthopyroxene disappears as a liquidus phase to be replaced by 

olivine and a weak modal abundance of chromite. Orthopyroxene of 

composition En85,9 15 present here) and data pertaining to core-rim 

relationships indicate a zonal rise in AI/Cr and Ti02' and a decline 

in CaO. Similar zonal changes were noted in samples 254 A and 238, 

for examp Ie . In sample 254 A, measured AI/Cr ratios of rim-domains 

adjacent to olivine crystals are typically in the following range: 

1 . 5,18 (1,04% A1203; 

2. 5,98 (1,49% A1203; 

3. 7,07 (0,95% A1203; 

0,30% Cr203), 

0,37% Cr203), and 

0,20% Cr203) ' 

The modal abundance of intercumulus silicate phases ~n samples 238, 

249 and 254 A is low and, where present, plagioclase is subordinate 

to clinopyroxene. It would seem, therefore, that unique zonal growth 

structures in orthopyroxene may stern from the order of nucleation of 

plagioclase and clinopyroxene in the interstitial melt. Nucleation 

and growth of primocrystal olivine should induce a sympathetic 

enrichment of Cr and Al 1n the residual magma, implying that the 

Cr203 - depleted core-domains of orthopyroxene crystals 1n the Cl 

subunit, relative to the B unit, are the result of diffusive 

homogenization of chromium-poor zonal structures. That this feature 

is not as apparent ~n B unit bronzitites may be due to the 

following: 
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1. The higher modal abundance of orthopyroxene ,n the B uni t, ,n 

conjunction with substantially coarser orthopyroxene gra~n-s~zes 

(i.e., the proportion of Cr-depleted, secondary overgrowth is 

small relative to the volume of primocrystal orthopyroxene). 

2. Pre ferential partitioning of Al into intercumulus plagioclase 

effectively enhances the activity of residual Cr3+ >n the 

interstitial magma. 

3. A lower modal abundance of chromite ,s pr e sent in the B unit. 

This, however, is not supported by petrographic observations. 

Finally, it was noted ,n chapter 5 . 2.2 .1 that a mild enrichment ,n 

Cr203 content accompanied the rise in mol. per cent En in 

orthopyroxene upward through the B unit. This trend of increasing 

enstatite content continues through the subunit to the 

stratigraphic level of sample 249, but the concentration of Cr203 in 

orthopyroxene appears to reach a maximum of 0,59 wt. per cent in the 

bronzitite below the first appearance of olivine (sample 259 located 

1,8 metres below the contact), followed by a significant decline with 

increasing stratigraphic height to 0,44 wt. per cent within the Cl 

subunit (sample 254 A) . Atomic Al/Cr, however, shows a sympathetic 

cryptic change from 3,06 to 4,00 through this interval, and data will 

be present ed in the subsequent text showing a sympathetic rise 1n 

atomic Al/Cr of associated chromite. It is therefore evident that 

subscription to sub liquidus , secondary growth processes as the major 

factor inducing compositional variation in orthopyroxene may be 

invalid. 

5.2.2.3 ORTHOPYROXENE IN THE C2 SUBUNIT 

Representati ve analyses of orthopyroxene within the upper 23 metres 

of the C2 subunit are given in Table 4 (samples 203 to 255). These 

are based on a total of 52 microprobe analyses spread over ten 

samples. Sample 225 represents the lowermost of the latter and is 

located 2, 1 metres below the layered, olivine-bearing succession in 

the footwall of the LG 3 chromitite. This sample is representative 

of coarse-grained bronzitites at this stratigraphic l evel which 
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display adcumulus textures and a relatively high modal abundance of 

intercumulus amphibole and mlca. The five samples above the LG 3 

chromitite layer are essentially adcumulate -te xtured bronzitites, 

characterized by a predominance of intercumulus plagioclase plus 

large clinopyroxene oikocrysts and sporadic, phlogopite -r ich domains. 

With the exception of samples 214 A and 211, all of these samples 

depict low modal concentrations of chromite . 

Compositional changes in relation to stratigraphic height are 

illustrated in Fig. 14. Orthopyroxene of composition En84 5 occurs , 
within 1 ern of the thin, poikilitic harzburgite zone In the immediate 

hanging-wall of the LG 3 chromitite. It is not known whether the CaO 

content of 1,9 wt. per cent is representative as only a single 

determination was made using a defocussed beam (analysis 213 B). In 

contrast, the composition of orthopyroxene within granular-textured 

and olivine-bearing bronzitite ln the footwall of the leader 

chromi ti te layer is En85, ° at a point 2 cm be low the chromi t i te, 

En86,1 approximately 10 mm below and En86 9 at , the basal contact 

(sample 214A). The upper grain boundary of the latter crystal is 

mantled by a chain of chromite grains (the thin section was cut 

parallel to the dril l core axis). With increasing modal percent 

chromite and/or increasing proximity to the chromitite contact, the 

following compositional changes are evident from the data (analyses 

214A.l - 3): 

1. A1203 declines from 1 ,08 to 0,73 wt. per cent. 

2. Cr203 declines from 0,53 to 0,38 wt. per cent. 

3. CaO declines from 1,52 to 0 , 94 wt . per cent . 

4. MnO declines from 0,20 to 0,17 wt. per cent. 

5. Ti02 may decline from ca. 0,09 to 0,07 wt. per cent, but a 

greater number of analyses are required to substantiate this. 

Samples 221 and 223 D are representative of oli vine -bearing 

bronzitite and dunite, respectively) within the 2 m thick zone of 

olivine-bearing cumulates below the LG 3 chromitite l ayer . The 

orthopyroxene in sample 223 D is of the reaction-replacement type and 

the composition of En85 8 is similar to that of cumulus orthopyroxene , 
in sample 221 (En86,0) wh i ch is stratigraphically above sample 223 D. 
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The atomic Al/Cr ratios, and concentra tions of A1203 and Cr203, are 

equivalent to those measured in the basal portion of the Cl subunit. 

Relative to adjacent bronzitites, it would seem that orthopyroxene in 

olivine-bearing domains is characterized by higher atomic Al/Cr 

ratios. 

Above the LG 3 chromitite layer) the composition of orthopyroxene 

changes from En84 5 , in the to En84, 9 a t a immediate hanging-wall 

position 3,2 m below t h e top of the subunit. Within the 7,4 m th ick 

stratigraphic i nterval encompassed by samples 203, 205 and 208, a 

subtle) reciprocal cryptic variation in AIZ03 and Cr203 contents may 

be present. This is emphasized by atomic Al/Cr ratios which decline 

from 3,68 to 3,13 with increasing stratigraphic height. With the 

exception of sample 214 A, the data depicted in Fig. 14 ind i ca te that 

the antipathetic Al203 - Cr203 relationship is reproduced above and 

below the LG 3 chromitite layer. The latter may, however, be an 

artifact of samp le distribution andlor the compar1S0n of 

orthopyroxene in mineral ogically distinct environments. With respect 

to the concentration of Cr203 in orthopyroxene above and below the 

LG 3 chromitite, no Cr203-depletion is evident 1n the immediate 

hanging-wall: abundances of 0,53 wt. per cent are depicted within 

2 cm of the top contact (analysis 213 B) and within 2 cm of the 

footwall leader chromit ite layer (analys is 214 A.1). 

Analyses of two exsol ved orthopyroxene blebs within a large 

clinopyroxene oikocryst in sample 208 are given 1n Table 4. Analysis 

208 REM is representative of a small, relict chadacryst of cumulus 

orthopyroxene hosted by the oikocryst, whereas 208 C is an average 

core-composition of juxtaposed well-formed grains intergrown with 

intercumulus plagioclase. The sequence 208 C - 208 REM - 208 EX may 

therefore correspond to compositional changes resulting from 

pr ogressively lower equilibration temperatures. Apart from a decline 

in the MMF ratio (from 0,847 to 0,824) and CaO content (from I,ll to 

0,70 wt. per cent), there is a marked r1se 1n Al203 and Cr203 

contents. By vi rtue of the ability of clinopyroxene to accommodate 

appreciable levels of Cr and Al (representative analyses of 

clinopyroxene in the study section will be presented in a subsequent 

section), the implied saturation of this late-stage mineral with 

respect to Cr is anomalous. However, it would seem from textural 
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evidence that, specific to this occurrence and certain horizons ~n 

the B unit, nuc leation of intercumulus c linopyroxene kept apace with 

resorption of cumulus orthopyroxene and intercumulus plagioc l ase. 

Available Al and Cr would thus be augmented by a contribution from 

t he pre-existing mineral assemblage. Zonal structures 

orthopyroxene and chromi te of non-replaced domains should therefore 

reflect the influence of plagioclase nucleation and not the more 

complex affects of clinopyroxene (+ plagioclase) nucleation. 

Data pertaini ng to core-rim compositional changes in five samples are 

available in Table 4. The following features emerge from the data: 

1. Rim composi t ions are enriched by 0 J 1 - 0,2 mol. per cent En in 

samples 203, 205 and 208, but are depleted by 0,4 - 0 , 6 mol. per 

cent En in samples 215 and 225. 

2. Rim domains show a lime depletion of 0,37 - 0,49 wt. per cent in 

the upper four samp l es (average 0,41 wt. per cent), and a 

depletion of 0,72 wt . per cent in sample 225. 

3. Ti02 is enriched by 0,02 to 0,05 wt. per cent ,n the marginal 

zones. 

4. A1203 and Cr203 are de ple ted in the r'ms (sample 211 is the 

exception), but atomic Aller can increase or decrease relative 

to the core-compositions. 

The lowest measured nm abundances of A1203 and Cr203 were 0,69 and 

0,29 wt. per cent, respectively, for a lobate protrusion on the apex 

of an orthopyroxene grain inter grown wi th plagioc lase (sample 205). 

This extension presumably reflects a zone of accelerated, secondary 

growth. Hence, the higher AI/Cr ra tio of this rim (3 , 55), relative 

to the average of the core domains (3,35), can be attributed to a 

more rapid depletion of chromium i n a restricted melt volume. 

5.2.2.4 ORTHOPYROXENE IN THE C3 SUBUNIT 

Analyses 183 B, 184 A and 184 B are representative of reaction­

replacement orthopyroxene with in chromi t e -rich rocks associated with 

the I chromitite layer (see Table 4). The compositions ~n these 

environments were determined for two reasons: firstly, to contrast 
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the composition of large, orthopyroxene oikocrysts with cumulus 

orthopyroxene in adjacent units, and secondly, to investigate 

compositional gradients in proximity to chromite-rich domains. 

Analyses 183 Band 184 B > 500 (i.e., more than 500 microns from the 

nearest chromite grain boundary) indicate compositions of EnS7 4 and , 
En87,6, respectively. The concentration of A1203 (1,06 wt. per cent) 

and Cr203 (0,45 wt. per cent) is slightly lower than ,n orthopyroxene 

of the C2 subunit and B unit, with the Al/Cr ratio of 3,51 slightly 

higher than the average. Analysis 184 A is representative of 

orthopyroxene intergrown with olivine in a silicate inclusion within 

the I chromi t i te layer. The orthopyroxene is of composition En89 2 , 
and depicts atomic Al/Cr of 3,00. With increasing proximity to 

occluded chromite grains, however, pronounced compositional changes 

are evident. Within sample 184 B) for example, the original olivine 

grain boundaries are marked by the disposition of large, euhedral 

chromite grains. Olivine remnants commonly occur in the centres of 

these mantled silhouettes. A microdomain showing a lower abundance 

of chromite grains and clinopyroxene exsolution lamellae was selected 

for the analytical traverse, which was from 440 to 10 microns of the 

euhedral face of a chromite grain. It is c lear from the data that 

there is a pronounced ~ncrease in mol. per cent En on nearing the 

boundary from En88 0 to a m,n,mum boundary condition in the region of , 
En89,6' This trend is linked to a decline in A1203 and CaO contents 

and a rise ,n Cr203' The fluorescence effect of Cr in the adjacent 

chromite is anticipated to be minimal at these distances. 

5.2.2.5 ORTHOPYROXENE IN THE D UNIT 

Approximately 150 analyses were carried out on orthopyroxene from a 

wide range of textural environments in the D unit. Thirteen 

bronzitite samples were selected from drill core ZS 7, with a max~mum 

sample spacing of 23 m, and nineteen samples from ZS 3 drill core. 

The maximum sample spacing of the latter was 8 m. A selection of the 

analytical data ~s presented ~n Fig. 14, with a more comprehensive 

depiction of the compositional variation through the D2 subunit shown 

in Fig. 16. Tables 4 and 6 provide a tabulation of the analytical 

data pertaining to drill cores ZS 7 and ZS 3, respectively. 
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Orthopyroxene of composition 

base the 01 subunit (sample 

En83,6 

164) , 

occurs within 2,5 metres of the 

and the data display a gross 

irregular decrease in enstatite content with increasing stratigraphic 

height to a composition of 

chromitite layer (sample 78). 

En82,8 .n the footwall of the LG 6A 

A1203 contents show a progressive r~se 

with increasing stratigraphic height from 1,20 to approximately 1,40 

wt . per cent. Cr203 abundances vary between 0,51 and 0,61 wt. per 

cent, with higher concentrations more prevalent in the D2 subunit . 

Ti02 abundances are typically in the range 0,08 - 0,10 wt. per cent . 

Rever sals in the trend of declining En content are evident from the 

disposition of data points in Fig. 14. For example, fine-grained 

orthopyroxene, intergrown with a trace modal abundance of olivine in 

sample 139, is enriched by 1,9 mol. per cent En relative to the 

coarse-grained, feldspathic assemblage of sample 134. Furthermore, 

the En content rises with increasing stratigraphic height above the 

LG 5 chromitite, reaching a high value of approximately 83,6 mol. per 

cent at the top of the Dl subunit, then dec lines sharply to 82,3 

mol. per cent .n the basal portion of the 02 subunit. The geometric 

relationships of this compositional trend are similar to those of the 

orthopyroxene crystallinity profile pres ented .n Fig. 8(C), which 

shows a progressive decline in grain-size above the LG 5 chromitite 

layer, followed by an abrupt .ncrease some 7m below the LG 6 

chromitite layer. A conspicuous rise in the modal abundance of 

chromite and intercumulus plagioclase is also evident in the basal 

portion of the D2 subunit . 

Cryptic zonal structures were observed ~n lar ge orthopyroxene 

crystals within coarse-grained, meso- and adcumulate-textured 

bronzitites of the 01 subunit. Sample 134, which is a mesocumulate­

textured, feldspathic bronzitite, is cited here as an example. 

Fig. 15(A) illustrates the textural environment of the selected grain 

and the orientation of the analytical traverse relative to an apical 

crystal face. The relevant data are presented in Table 4 and the 

analytical precision can be judged from a comparison of duplicate 

analyses given in Table 1. Fig. 15(B) summarizes the compositional 

changes plotted against proximity to the well-formed crystal face. 

It is clear from the data points that zonal decreases in A13+ and 

Ca 2+ cations are associated with reciprocal ~ncreases .n the 
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proportions of Si and Mg cations. No zonal depletion of Cr 3+ cations 

is evident and atomic Al/Cr declines from 3,09 to 2,52. The cryptic 

rise in atomic Si/Al (from 41,3 to 52,6) is also a notable feat ure . 

However, a rIm composition within sample 128 (coarse -grained, 

adcumulate-textured bronzitite showing orthopyroxene intergrown with 

minor amphibole, mIca, quartz and plagioclase) indicates a 

sympathetic depletion in Al, Ca and Cr. Samp le 128 1S located 8,4 m 

stratigraphically above 134, near the top of a 13 m thick horizon of 

coarse-grained bronzitite which encompasses both samples. Adcumulate 

textures and a higher relative modal content of hydrous silicate 

phases are prevalent within the upper portion of this horizon. The 

compositional differences between orthopyroxene rim-domains at the 

two stratigraphic levels may therefore be attributed to (a) the 

nat ure and relative abundance of intercumulus silicate phases, and/or 

(b) 1ngress of volatile-enriched, Cr-depleted residual melt from 

lower, solidifying layers contributing to the adcumulus growth 

processes. Or thopyr oxene crystallinity measurements show an abrupt 

transition to annealed, finer-grained assemblages within 3 m of 

sample (Fig. 8C), 1S compos ition 128 and of orthopyroxene En84 2 , 
depicted 1n these essentia lly anchimonomineralic bronzitites (sample 

125), contrasting with a 'composition of En83,4 1n sample 128. 

Furthermore, no chemical zonation ~n orthopyroxene crystals ~s 

evident 1n the fine-grained assemblages. Hence, the data suggest 

that the coarse-grained cumulate rocks may have cooled through a 

greater sub liquidus temperature interval. The magnitude of the 

latter may be a function of the melt/crystal ratio, 1.e., the bulk 

composition of the system liquid + crystal s . In order to 

substantiate some of the above, consider the following arithmetic 

exerClse. The size of the zoned orthopyroxene crystal in sample 134 

cited above measures 3,2 x 1,88 mm. Assuming t hat the width of the 

zonal structure is 0,3 nun 

approximates to an ellipsoid, 

1S 3,7 mm3 or 62 per cent of 

(Fig. 15(B)) and the grain shape 

the calculated volume of the structure 

the 5,9 nun3 total crystal volume. In 

contrast, typical grain-sizes 1n sample 125 are 1,27 x 0,93 mm, 

giving a calculated volume of 0,57 rom3 per crystal. Hence, fine-

grained samples 

intraformational 

125 

chill 

and 139 

fac ies 

may 

with 

be representative of an 

li t tle intercumulus liquid 

relative to coarse-grained samples 128, 134 and 155, which must have 

been immersed within a relatively larger volume of intercumulus melt 
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~n order to achieve the significant degree of zonal overgrowth 

observed. 

With respect to the D2 succession, drill core ZS 3, microprobe 

analyse s of orthopyroxene g~ven 10 Table 6 are representative of the 

following mineralogical environments: 

1. Bronzite-chromitite (thin sections 303 A, 304 A, and portions of 

303 C, 315 and 317 C). 

2. Chromitiferous granular-textured bronzitite (thin sections 302 A, 

303 C, 3 14, 317 A, 3 18 A and 318 B). 

3. Granular-textured bronzitite with a dissemination to weak 

dissemination of chromite (thin sections 315, 323 and 325). 

4. Feldspathic, mesocumulate-textured bronzitite with disseminated 

chromite (thin sections 300 and 320). 

5. Granular-textured bronzitite with trace modal chromite content 

(thin sections 304 B, 304 C, 305, 306 and 308). 

Samples 325 and 323 from the upper 3 m of the Dl subunit depict 

orthopyroxene of composition EnS3,6' This parameter declines to 

EnS2,3 at the + 4 m level (Fig. 16), which is within a horizon of 

mediu~-grained, feldspathic bronzitite. The relevant compositional 

profile shown in Fig. 16 is based on the assumption that thi s 

composition is representative of these feldspathic rocks. The 

granular-textured bronzitite in the footwall of the LG 6 chromitite 

has been partially replaced by olivine-bearing ultramafic pegmatite 

(analysis 31S B/Z), but large areas of the residual, original 

assemblage yield a composition of EnS2,9. 

Orthopyroxene within the chromite-rich, layered hanging-wall of the 

LG 6 chromitite shows a pronounced increase ~n mol. per cent En 

relative to chromite-poor domains. Analysis 317 C/2 

representative of a cumulus orthopyroxene grain a 

bronzite-chromitite layer. With increasing proximity to the grain 

boundary, the composition r>ses from EnS4,S (core) to EnS5,9 (rim). 

This is coupled to a decline in A1Z03, MnO, CaO and mild enrichment 

1n Cr203 content. However, an orthopyroxene-rich layer less than 

1 em above the latter (317 C/l) shows a composition of EnS3 4 in the , 
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TABLE 6 MICROPROBE ANALYSES OF ORTHOPYROXENE, DRILL CORE IS 3 

SAMPLE 300 302A C 302A R 303A C 303A C 303A R 303A R 303C C mc C 304A C 
5102 55.36 55.82 56.02 55.52 55.34 56.05 55.96 55.47 55.32 56.64 
1102 .11 .10 .10 .11 .09 .10 .10 .08 .09 .09 
AL203 1.23 1.23 1. 17 t.28 1. 54 t.27 1. 31 1. 43 t.35 1.40 
FEO 11.80 10.82 10.94 9.16 8.98 8.11 8.60 9.21 9.94 8.61 
MNO .26 .26 .2b .21 .21 .22 .20 .23 .22 .21 
M60 29.50 30.27 30.79 30.80 30.80 32.09 31.81 30.85 30.60 31.89 
CAD 1. 21 t.51 .88 1. 39 1. 78 .85 1.06 1. 46 .89 1. 79 
CR203 .51 .51 .44 .46 .61 .50 .53 .57 .54 .51 

99.98 100.52 100.60 98.93 99.35 99.51 99.57 99.30 98.95 101.14 

CATIONS NUMBER OF OXYGENS : 6 
SI 1.9b52 1.9635 t.9658 1. 9682 1. 9559 1. 9659 1.9644 t.961t 1. 9656 1. 9607 
11 . 0029 .0026 . 0026 . 0029 . 0024 .0026 .0026 .0021 .0024 .0023 
Al .0515 .051 0 .0484 .0535 .0641 . 0525 .0542 .0596 .0565 .om 
FE2 . 3503 .3183 .3210 .2716 .2654 .2473 .2525 .2723 .2954 .2493 
HN .0078 .0077 .0077 .0063 .0063 .0065 .0059 .0069 .0066 .0062 
M6 !.5609 1. 5870 1.6104 1. 6275 1.6225 1.677b 1.6644 1. 6257 1. 6206 1.6455 
CA .0460 . 0569 .0331 .0528 .0674 .0319 .0399 .0553 .0339 .0664 
CR .0143 .0142 .0122 .0129 . 0170 .0139 .0147 .0159 .0152 .0140 

3.9990 4.0013 4.0013 3.9957 4.00 It 3.9983 3.9986 3.9990 3.9962 4.0014 

MMF .816 .832 .833 .856 .859 .87! .868 .856 .845 .868 
AIlCr 3.6 3.59 3.96 4.14 3.77 3.77 3.68 3.74 3.71 4.07 

SAMPLE 304A C 304B C 304B R 304C C 304C C 305 C 305 R 30SP 1 305 P 2 30SP 3 
5102 56.02 55.24 55.39 55.37 55.53 55.27 55.49 55. 38 55.46 55.5B 
Tl02 .OB .It .It .12 .It .10 .10 . 09 .09 .10 
AL203 1.31 1.14 .93 1.04 . 75 1. 20 1. 08 1.53 t.35 t.22 
fED 10.41 10.89 11.04 1t.25 11.12 11.21 11.28 11.01 10.94 11.00 
MHO .25 .2a .26 .25 .28 .25 .25 .26 .22 .25 
HGO 30.70 29.99 30.27 30.05 30.15 29.97 30.45 30.13 30.32 29.98 
CAD 1.30 1. 13 .79 .99 .70 1. 34 .82 1.86 1.51 1.87 
CR203 .60 .52 . 45 .47 .36 .53 .51 .56 .55 .56 

100.67 99.30 99.24 99.54 99.00 99.87 99.98 100.82 100.44 100.56 

CATIONS NUMBER OF OXY6ENS : 6 
51 1. 9627 1. 9666 1.9719 1. 9683 1. 9808 1. 9607 1. 9636 1. 9478 1. 9546 1. 9590 
II .0021 .0029 . 0029 .0032 .0030 . 0027 .0027 .0024 .0024 .0027 
AL .0541 .0478 .0390 .om .0315 .0502 .0450 .0634 .0561 .0507 
fE2 .3050 .3242 . 3287 .3344 .3317 .3326 .3338 .3238 .3225 .3242 
HII .0074 .0084 .0078 .0075 .0085 .0075 .0075 .0077 .0066 .0075 
H6 1. 6032 1.5914 1. 6062 1.5922 1. 6030 t.5847 1. b061 1. 5795 1.5928 1. 5750 
CA .0488 .0431 .0301 .om .0268 .0509 .0311 .0701 .0570 .0706 
CR .0166 .0146 .0127 .0132 .0102 .0149 .0143 . 0156 .0153 .0156 

3. 9999 3.9992 3.9994 4.0001 3.9954 4.0041 4.0041 4. 0104 4.0073 4.0052 
MMF .84 .83 .83 .826 .828 .826 .827 .829 .831 .829 
AIiCr 3.25 3.27 3.07 3.3 3.08 3.36 3.14 4.06 3.66 3.25 



TABLE 6 (cant.) 

SAMPLE 305 P 4 306 30B 314 3101 315 2 315 3 315 4 315 5 317A 
5101 55.B3 55.21 55.33 55.50 55.66 55 . 66 55.29 55.53 55.37 55 . 50 
Tl02 .07 .10 .09 .OB .10 .09 .OB .08 .09 .10 
AL2D3 .92 1.25 1.36 1.40 1.19 1. 25 1. 30 1.33 1.30 1.19 
FED 11.25 11. 05 11.03 11.23 9.79 10.65 11.13 11.14 11. 04 10.97 
MHO .24 .25 .25 .15 .22 .22 .25 .26 .26 .23 
M60 30.711 29.98 29.91 30.26 30.70 30.20 30.16 30.12 29.93 30.22 
CAD .52 1. 01 1. 4 ( • B1 1. 42 1. 43 1. 02 1.30 1. 49 1. 31 
CR203 .41 .57 . 54 .54 .47 .51 .52 .54 .54 .4B 

100 .00 99.44 99.92 100. 07 99.55 100.01 99.75 100.30 100.02 100.00 

CATIONS NUMBER OF DXY6ENs : 6 
51 1. 9717 1. 9639 1.9601 1. 9610 1. 9669 1. 9655 1.9608 1.9599 1.9603 1. 9630 
TI .0019 .0027 .0024 .0021 .0027 .0014 .0021 .0021 .0024 .0027 
AL .03B3 .0514 .056B .05B3 .0496 . 0510 .0543 .0553 .0542 .0496 
FE2 .3323 .32B7 .326B .331B . 2893 .3145 .3301 .32B8 .3269 .3245 
MN .0072 .0075 .0075 .0075 .0066 .0066 .0075 .007B .007B .0069 
H6 1.6191 1.5892 1.5793 1. 5937 1.6171 1.5B96 1.5943 1. 5B46 1. 5794 1.5932 
CA .0197 .03B9 .0535 .0307 .0538 .0541 .03BB .0492 . 0565 .0496 
CR .0114 .0160 .0151 .0151 .0131 .0142 .0146 .0151 .0 151 .0134 

4.0016 3.9993 4.0015 4.0002 3.9991 3.9990 4.0026 4.002B 4.0026 4.002B 

MMF .B29 .B2B .B2B .B27 . B4B .B34 . B2B .B2B .B2B .83 
AIiCr 3.35 3.27 3.76 3.B6 3.7B 3.66 3.71 3.66 3.5B 3.7 

SAMPLE 317C I 317C 2C mc 2R 31BA 31BB I 31BB 1 320 C 320 R 323 325 
5101 55.53 55.91 56.42 55.26 55.76 55.98 55.39 55.10 55 . 33 55.16 
TlD2 .OB .11 .OB .07 .09 .09 . 12 .11 .OB .09 
AL2D3 1.20 1.14 .94 1.06 1.11 .92 1.24 1. 18 1.22 1.19 
FED 10 . 76 9.78 9.1B 11.10 11. 00 10.70 11. 47 11.11 10.53 10.4B 
HND .25 .21 .19 .23 .24 .25 .26 .25 .25 .15 
MGD 30.34 30. B5 31. 61 30.27 30.13 30.64 30.0B 19.76 30.19 30.14 
CAD 1. 48 1. 54 1. 0 I 1.60 1. 55 1.26 1.33 1.25 1.22 1.23 
CR2D3 .45 .44 .47 .53 .47 .34 .53 .46 .47 .54 

100.09 99.98 99.91 100.12 100.35 100.IB 100.42 99.22 99.29 99.08 

CATIONS NUMBER OF OXYSENs : 6 
51 1. 9616 1.9674 1. 9770 1. 9568 1. 9663 1. 9722 1.9566 1. 9655 1. 9665 1. 9651 
TI .0021 .0029 .0021 .0019 .0024 .0014 .0032 .0030 .0021 .0024 
AL .0500 .0473 .0388 .0442 .0461 .0382 .0516 .0496 .0511 .0500 
FE2 .3179 .287B .2690 .3287 .3244 .3153 .3388 .3314 .3130 .3122 
MIl .0075 .0063 .0056 .0069 .0072 .0075 .0078 .0076 . 0075 .0075 
HB 1. 5975 1.61B1 1.6515 1.5977 1. 5837 I. 6090 1. 5B38 1.5B24 I. 5993 I. 6005 
CA .0560 .0581 .0379 .0607 .0586 .0476 .0503 . 0478 .0465 .0469 
CR .0126 .0122 .0130 .0148 .0131 .0095 .0148 .0130 .0132 .0152 

4.0050 4.0000 3.9950 4.0118 4.0017 4.0016 4. 0070 4.0002 3.9992 3.9999 
HHF .834 .B48 .859 . B29 .B29 .B36 .823 .826 .836 .836 
AIiCr 3.96 3.87 2.98 2.98 3.51 4.02 3.48 3.81 3.87 3.28 



KEY TO TA8LE 6 

E unit 300 

02 subunit: 302 - 323 

01 subunit: 325 

300 

302A 

Bronzitite with conspicuous chromite content and feldspathic mesostasis (refer to 
Fig. 20(A)). 

Chromitiferous bronzitite ( refer to Fig. 20(8». 

303A, 303C: Chromite bronzitite and bronzite-chromitite layers in the hanging-wall of the LG 6A 
layer (refer to F ig9 . 20(e) and (D». Samp.le numbers include grain number and whether 
core (e) - or rim (R) -domains. 

304A Grain Ie is representative of a crystal in the chromite-rich , gradational footwall of 
the LG 6A layer, whereas grain 2C is representative of a silicate- rich domain at the 
immediate footwall contact (refer to Fig. 19(A» . 

3048, 304C: Granular - textured bronzitites with plagioclase in poorly annealed cavities ( refer to 
Figs. 19(8 ) and (C)) . 

305 Fine-grained, granular-textured bronzitite (CIlalyses 305 C and R) hosting a large 
idiomorphic crystal of orthopyroxene (analyses Pl(core) to P4(rim). Refer to Figs . 18 
and 19(D) . 

306, 30B 

314 

315 

317A 

3l7C 

31BA 

31B8 

320 

323 

325 

M85AAE 

Granular - textured bronzitite. 

Chromitiferous, granular-textured bronzitite. 

Chromitiferous grallJlar - textured bronzitite overlying a thin broozite-chromitite layer 
(refer to Fig. 17). Analysis (1) represents an average composition of 3 crystals in 
juxtaposition to the chromite-rich domain, and (2) to (5) are of individual grains. 

Chromite bronzitite in hanging - wall of LG 6 chromitite layer. 

Grain (1 ) is depicted in a chromite brrnzit i t e layer, whereas grain ( 2) is in a 
bronzite -chromitite layer. 

Chromitiferous, granUlar-textured bronzitite, with localized domains of olivine­
bearing ultramafic pegmatite. 

As in 318 (A), but located 16 em below (A); footwall of the LG 6 chromitite layer. 
Analysis 3188 (2) is representative of reaction - replacement orthopyroxene with the 
beam positioned in juxtaposit ion to an aggregate of chromite grains. 

Plagioclase-bearing, adcumulate-textured brrnzitite. 

Chromitiferous, granUlar-textured bron·zitite in juxtaposition to a chromite bronzitite 
layer marking the base of the D2 subunit. 

Granular-textured bronzitite with isolated grains of olivine. 
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constituen t grains, and it is noted that Cr203 contents (0,45 wt. per 

cent) and atomic Al/Cr (3 ,96) are equivalent to those of the 

orthopyroxene core-domains in the juxtaposed chromite-rich 

environments. Furthermore, it is evident from the disposition of 

data points in Fig. 16 that the Cr203 content rises from 0,44 to 0,54 

wt. per cent with increasing stratigraphic height through the 

gradational hanging-wall. By virtue of the inadequate sample 

denslty, it is impossible to state whether the progressive 

Cr203-enrichment is a smooth, reciprocal function of the decline in 

bulk modal abundance of chromite. However, some substantiative 

evidence is afforded within sample 315, which is representative of 

the uppermost chromite -rich domai n above the LG 6 chromitite layer. 

This bronzite-chromitite layer and 2,0 em of the overlying granular­

textured bronzitite were sampled in a thin sect ion cut parallel to 

the drill core aX1S. Fig. 17 is a representation of the latter, 

showing the relative positions of the analyzed orthopyroxene crystals 

with microprobe data . The relevant analyses are available in Table 6 

(analyses 315/1 - 315/5). The following features emerge fr om an 

inspection of the figure: 

1. The En content of orthopyroxene 

the chromitite than in the 

Furthermore, the composition of 

of the chromite-rich environment. 

is higher (En84 8) adjacent , to 

overlying bronzitite (En82 8). , 
En82 8 is depicted within 10 mm , 

2 . The A1203 content nses from 1,19 wt. per cent to a pervasive 

abundance of 1,30 wt. per cent within the bronzitite. 

3. The Cr203 content rises from 0,47 wt. per cent to a concentration 

of 0,54 wt. per cent some 15 mm above the chromitite. 

The trend of 

stratigraphic 

sample 306 at 

constant or rising 

height appears to be 

the + 18 m level (Fig. 

in orthopyroxene similarly increases 

Cr203 contents with increasing 

evident up to the position of 

16). The concentration of A1203 

through the hanging-wall of the 

LG 6 and it would seem that orthopyroxene 1n the exceptionally 

fine-grained, annealed bronzitites separating the LG 6 and LG 6A 

chromitite layers is more aluminous (1,36 - 1,46 wt. per cent) than 

in the footwall succeSS10n (~. 1,20 wt. per cent). The bronzitites 

exposed between the two chromitite layers show only a trace modal 

abundance of chromite) but chromite reappears as a more conspicuous 
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F IG_ 17 LOG OF THIN SECTION 315 SHOWING (0) POSITIONS OF ANALY ZED ORTHOPYROXENE CRYSTALS 

AND (b) VARIATION OF Cr2 0 " At20, (wt%), ATOMIC MIC r, AND Mg/(Mg ,Fe 2 ') OF 

ORTHOPYROXENE IN RELATION TO STRATIGRAPHIC HEIGHT_ LOG REDRAWN FROM PHOTOGRAPH 

OF THIN SECTION_ THE BRONZITE-CHROMITITE LAYER AT THE BASE OF THE SEC TION IS 

32 em ABOVE THE LG 6 CHROMITI TE_ 
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phase in the upper 1 em of this homogeneous succession. This 

occurrence is preceded by two unusual features: (a) the appearance of 

large, euhedral chromite grains intergrown with plagioclase or 

clinopyroxene in poorly annealed cavities (thin section 304 C), and 

(b) a single occurre nce of an exceptionally large, euhedral 

orthopyroxene crystal within a fine-grained assemblage, some 90 em 

below the LG 6A chromi t i te (Fig . 18). The results of a core-rim 

analytical traverse across this crystal are present ed 10 Table 6 

(analyses 305 P / 1 305 P / 4) and may be contrasted wi th the 

compo s ition of the associated fine-grained orthopyroxene (analys es 

305 C and 305 R). 

An apparent decline tn A1203 contents is indicated within 5 m o f the 

basal contact of the LG 6A chromi t i te layer (F ig. 16). A minimum 

value of 1,04 wt. per cent was measured in sample 304 C, 

approximately 14 cm below the LG 6A chromitite, associated with 0,47 

- 0,52 wt. per cent Cr203' There is a cryptic rise in Al and Cr with 

increasing stra~ i graphic height ab o ve this level J culminat ing ~n a 

concen t ration of 1,31 wt. per cent A1203 and 0,68 wt. per cent Cr203 

,n the irrnnediate footwall bronzitite (analysis 304 A/2). A 

sympathetic rise in En content from 82,6 mol. per cent (304 C) to 

84,0 mol. per cent 15 evident, and in CaD content. Similarly, 

disseminated orthopyroxene within the overlying bronzite-chromitite 

layer (analysis 304 A/l) 

(l,79 wt. per cent CaO). 

is more magnesian (En86 8) a nd more calcian , 
Photographs of thin sections 304 A, B, C 

and 305 are presented ,n Figs. 19(A) to (D), illustrating the 

relative modal proportion of chromite in each domain and in relation 

to the basal contact of the LG 6A chromitite layer. 

The ma gnes ian charac ter of orthopyroxene in chromi te-rich domains 1S 

emphasized by data pertaining to the hanging-wall succession of the 

LG 6A chromitite (thin sections 302 A, 303 A and 303 C). However, 

recognition of cryptic changes with increasing stratigraphic he i ght 

is complicated by abrupt changes in modal chromite/orthopyroxene 

ratios and orthopyroxene grain-sizes and, in contrast to the footwall 

succeSS1on, the presence of modal intercumulus plagioclase (the 

latter increases in modal abundance with stratigraphic height above 

the basal chromite-rich environments and sample 300 1S cited as a 

typical example). The data make no · pretence, therefore, of being a 
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comprehensive representation. Accordingly, attention is restricted 

to the variation of Crz03 and A1Z03 ,n order to facilitate a 

comparison with analytical data pertaining to orthopyroxene in the 

hanging-wall of the LG 6 chromitite. Table 7 provides relevant data 

drawn from the analyses reported in Table 6, arranged in order of 

stratigraphic position. Figs. ZO(A) t o (D) present photographs of 

the thin sections with the respective positions of the analyzed 

grains shown. 

TABLE 7: 

VARIATION OF A1203 AND Cr203 IN ORTHOPYROXENE 

OF THE LG 6A HANGING-WALL SUCCESSION 

ANALYSIS MINERALOGICAL DOMAIN A1Z03% Cr203% 

300 

302 A 

302 A 

303 Al 

303 A2 

303 AZ 

303 CZ 

303 C1 

MB2AAA 

No 

Feldspathic bronzitite 1,Z8 0,51 

(Core) Chromitiferous bronzitite 1 , Z3 0,51 

(Rim) 1,17 0,44 

(Core) Chromite bronzitite 1,28 0,46 

(Core) 
Bronzite-chromitite 1,54 0,61 

(Rim) 1 ,27 0,50 

(Core) Chromitiferous Bronzitite 1,35 0,54 

(Core) Bronzite-chromitite 1,43 0,57 

Orthopyroxene rim-compositions were determined 1n the chromite-rich 

environment of 303 A to assess whether the marginal domains were 

relatively enriched in CrZ03' The latter contents were found to be 

equivalent or slightly depleted relative to core-domains and, in 

conjunction with a similar zonal distribution in sample 30Z A, it 



FIG. 18 

MB4AAD 
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Photomicrograph showing a large, euhedral orthopyroxene crystal, 
with a m~n~mum diameter of 10mm, in a granular-textured and 
fine-grained bronzit i te (sample 305; 80cm below LG 6A chromi ti te 
layer). Microprobe analyses of the large crystal are denoted 
305P l(CORE) 305P 4(RIM) ~n Table 6, and indicate a zonal 
decline in atomic Al/Cr with constant MMF ratio. 



FIGS. 19 (A) to (D): Photomicrographs illustrating the rise in modal chromi te 
content with increasing stratigraphic height in the 
footwall of the LG 6A chromitite layer (drill core ZS 3). 
All sections were photographed with plane polarized 
transmitted light, and are orientated parallel to the 
dri 11 core axis. 

MB4AAD 

(A): Thin section 304(A): immediate footwall of the LG 6A 
massive chromite ore, showing layering defined in terms of 
the modal chromite/orthopyroxene ratio. Intercumulus 
plagioclase (+ minor biotite) is present in the bronzitite 
at the base of the section. 

(B) : 

(c) : 

(D) : 

Thin section 304(B): 
304 (A) • 

Thin section 304(C): 
of section 304(A). 

305: 

bronzitite immediately belm., section 

bronzitite 10 - 12 em below the base 

Granular-textured Thin section 
plagioc lase in 
base of section 

poorly annealed cavities, 
304(A). 

bronzi t i te wi th 
some 85 em below 





FIGS. 20(A) to 

MB4AAD 

(D): Photomicrographs 
modal chromi te 
height in the 
chromitite layer 

illustrating the irregular decline in 
content with increasing stratigraphic 
gradational hanging-wall of the LG 6A 
(drill core ZS 3). 

(A): Thin sect ion 300: chromi ti ferous and feldspathic, 
mesocumulate-textured bronzitite, some 3 m above the LG 6A 
chromitite layer. Intercumulus plagioclase is conspicuous 
~n thin section, and intergrown chromite grains exhibit 
exsol ved need les and rods of ruti Ie. Intercumulus 
clinopyroxene (minor) poikilitically encloses rounded 
chadacrysts of orthopyroxene and occludes orientated rods 
of an opaque spinel. 

(B): Thin section 302 (A): chromitiferous bronzi ti te wi th low 
mesostasis volume, 27 em above the LG 6A chromitite. 

(c): Thin section 303(A): chromite bronzitite and bronzite-
chromitite layers, 9cm above the massive chromite ore. 

(D): Thin section 303(C): chromitiferous bronzitite and 
bronzi te-chromi ti te assemb lages in the immediate hanging­
wall of the LG 6A chromitite layer. 

SYMBOL: 

• positions of analyzed orthopyroxene crystals 
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would seem that the concentration of CrZ03 in orthopyroxene 

core-domains has not been augmented by the diffusion of Cr from 

circumjacent chromite. Hence, the data suggest (Table 7) that a 

series of cyclical variations are superimposed on a broad trend of 

declining A1Z03 and CrZ03 with increasing stratigraphic height 

through the chromite-rich interval. Furthermore, A1203 contents 

appear to reach and maintain a fairly constant value (ca. 1,25 

wt. per cent) in the overlying orthopyroxene-richer layers) whereas 

CrZ03 may rise initially from a low value of ca. 0,46 wt. per cent to 

a constant value of 0,51 wt. per cent. An extremely comprehensive 

analytical programme is required to ensure that these trends are not 

an artifact of sample distribution or sub solidus re-equilibration 

between orthopyroxene and chromite. A sample spacing on the scale of 

millimetres may afford a means ' of circumventing these problems. 

Nonetheless , the data would indicate that a gross trend of rising 

A1Z03 and Crz03 with increasing stratigraphic height is evident 

through the gradational hanging-wall of the LG 6 chromitite, whereas 

these parameters decline through the equivalent succeSSlon of the 

LG 6A chromitite layer. A feature which should not be overlooked is 

the reappearance of minor intercumulus plagioclase 

basal contact of the LG 6A chromitite (sample 

some 

308 ) 

4m below the 

centimetres of the upper contact (sample 303, for 

and within 

example) . 

Furthermore, the textural differences between the respective 

hanging-wall bronzitites are pronounced (refer to the crystallinity 

profile in Fig. 8 (D)) . Hence, the contras ting composi t ional trends 

may reflect changes in the crystallization and chemical conditions of 

the magma and not subsolidus re-equilibration processes. The latter 

would act to produce equivalent compositional trends that are a 

function of the gradational decline in whole-rock chromite abundance 

above the chromitite layers. With reference to Fig. 16, however, it 

~s evident that cryptic changes in minor element contents within 

orthopyroxene (e.g., Ti) are also linked to petrographic parameters 

such as modal plagioclase content. The question which thus arises 

is: are the textural changes in response to thermal fluctuations in 

the magma (therefore also compositional changes ln the magma and 

phases crystallizing from it) or do the cryptic compositional changes 

merely reflect varylng degrees of sub liquidus equilibration with 

residual melt (as achieved by in situ secondary growth followed by 

diffusive homogenization)? The present study is not in a position to 
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yield an answer at this juncture, but consideration should be given 

to both quer,es by virtue of the pronounced crystallinity gradients 

exposed wi thin the D2 s ubunit in the st ud ied sec tion J and the link 

between composition and modal proportion mesostasis noted ,n 
bronzitites of the Dl subunit. 

5.2.2.6 ORTHOPYROXENE IN THE E UNIT 

Bronzitites of the E unit were sampled at ten stratigraphic positions 

in drill core ZS 7 and one position in drill core ZS 3 (sample 300). 

The variation of Ti02, Cr203, A1203 contents and Mg/(Mg + Fe 2+) 

ratios through the succession is graphically illustrated in Fig. 14. 

Samples 61, 70 and 71 are representative of medium- to coarse-grained 

orthopyroxene crystals intergrown with plagioclase, clinopyroxene and 

amphi bole. A low modal abundance of chromite characterizes the 

succession above the level of sample 70, but an elongate chromitite 

lens (with a high void volume) is depicted in sample 28. Samples 39, 

43 and 50 are representative of orthopyroxene adcumulates showing 

very low modal proportions of intercumulus silicate phases 1n 

poorly annealed cavities. These assemblages are, however, 

coarser-grained than the granular-textured bronzitites of the D unit. 

Sample 32 is representative of a thin chromite-orthopyroxene cumulate 

layer some 30 m below the LG 7 chromitite, and sample 11 depicts 

coarse-grained orthopyroxene intergrown with an intimate mixture of 

hexagonal and monoclinic pyrrhotite (as an interstitial phase). The 

latter is indicative of the decomposition of a magmatic, monosulphide 

solid solution during arrest ed cooling. No other interstitial phases 

are present in the assemblage. Sample 01 is represen tative of a 

granular - textured bronzitite in the hanging-wall of the LG 7 

chromitite layer. The respective microprobe analyses are reported in 

Table '4. It should be noted that olivine of a seemingly ultramafic 

pegmatite association is depicted in samples 01 and 39. 

A trend of declining En content is noted through the lower 6 m of the 

E unit (Fig. 14), reaching an apparent minimum of 81,1 mol. per cent 

at the stratigraphic level of sample 61. A reversal to more 

magnesian compositions is evident at some position between samples 61 
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and 50, where orthopyroxene of composition EnS2 7 is present. , This 

1S followed by a gradational decline 

sample 32. Approximately 1 cm above 

to a compos i t ion of En82 3 in , 
the chromi t i te lens in sample 

28, however, a composition of EnS3,s is depicted. The bronzitite at 

this level is composed of a fine- to medium-grained, polygonal 

assemb lage of annea led orthopyroxene grains. Small, euhedral 

It should be chromite grains are consplCUOUS in thin section. 

recalled that the stratigraphic interval between samples 32 and 28 1S 

marked by a pronounced rise 

Furthermore, MgO-enriched 

in orthopyroxene crystallinity (Fig. 8E) . . 

compositions were only observed 1n 

immediate juxtaposition to the chromitite lens. Hence, there is no 

basis for rejecting the analysis on the grounds that it may be 

spurious: the magnitude of the increase Cl ,2 mol. per cent En) 1S 

comparable to that noted 1n the lower portion of the Dl subunit. 

Orthopyroxene of composition En81 8 1S depicted in sample 11, some , 
21 m above sample 28. A notable feature is that the stratigraphic 

separation between the LG 6A chromitite and sample 61 (the level at 

which an apparent minimum composition of 81,1 mol. per cent En was 

recorded) 1S 22 m. Furthermore, the composition of EnSl,8 18 

consistent with the probable continuation of the compositional trend 

through samples 50 to 32 and, from an inspection of Fig. 14, of the 

generalized compositional change throughout the D and E units. It is 

therefore anticipated that a reversal to more magnesian composition 

may be depicted between the stratigraphic level of sample 11 and the 

LG 7 chromitite layer. This is substantiated 1n part by a 

composition of En82,6 in the hanging-wall of the chromitite layer. 

The m1nor oxides Ti02' Cr203 and A1203 do not show a significant 

variation through the E unit, although the sample distribution is 

wholly unsuitable for purposes other than a comparison with lower 

units. This is available in Fig. 14. The average Cr203 content of 

0,51 wt. per cent does not differ from that of orthopyroxene within 

the underlying units, nor does the average A1203 content of 1,20 

wt. per cent differ substantially. The average Ti02 abundance of 

0,11 wt. per cent is, however, slightly higher. Exclusion of sample 

39 from the data set, by virtue of possible compositional 

perturbations stemming from the partial replacement by ultramafic 

pegmatite, has a negligible effect on these averages. 
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5.2.2.7 SUMMARY 

Broader Conclusions 

Mean A1203, Cr203 and MMF values of cumulus orthopyroxene within the 

respective subunits of the Ruighoek Pyroxenite are presented in 

Table 8. These data are exclusive of orthopyroxene rim-compositions 

and of orthopyroxene in chromite-rich domains. 

TABLE 8: 

AVERAGE A1203, Cr203 CONTENTS AND MMF RATIOS OF ORTHOPYROXENE 

WITHIN SUBUNITS OF THE RUIGHOEK PYROXENITE 

SUBUNIT B C2 D2 E 

1,16 

0,53 

0,841 

1,22 

0,48 

0,857 

1,15 

0,52 

0,848 

1,24 

0,54 

0,835 

1,30 

0,54 

0,828 

1,20 

0,51 

0,821 

A1203, Cr203: wt. per cent 

MMF Mg/ (Mg + Fe2+) 
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The microprobe data reported in the preceding text compare favourably 

with the partial analyses of McDonald (967), and Fig. 7 of that 

publication, showing the variation of FeD in orthopyroxene as a 

function of stratigraphic height on farm Ruighoek, can be compared 

with Fig. 14 of the present study. Furthermore, the variation in the 

enstatite content of orthopyroxene ,with stratigraphic height and the 

absolute En contents are consistent with those observed by Cameron 

(1980) 1n the central sector of the Eastern Bushveld Complex. 

Certain implications of the latter are significant. For example, ( 1 ) 

differences in the number and nature of chromitite layers within the 
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Ruighoek Pyroxenite relative to the Mooihoek Pyroxenite are not a 

function of a compositionally distinct magma crystallizing under 

dif ferent P, T cond i t ions. However, (2) it is evident from the data 

pertaining to the Lower Zone samples (Table 4, samples KA 410, 571, 

622 , 729), that no clear distinction is afforded purely on the basis 

of orthopyroxene chemistry. The composition of orthopyroxene within 

sample KA 410 ( En84 3; , 1 ,16 wt. per A1203; 0,50 wt. per cent Cr203) 

is equivalent to the mean of the B unit, and orthopyroxene within the 

granular harzburgite samples KA 571 and ZS 7 238 (i.e., near the top 

of the Cl subunit) yields comparable A1203, Cr203 and enstatite 

contents . Hence, if it is postulated that orthopyroxene within the 

Lower Critical Zone is saturated with respect to chromium, this must 

also apply to the Groenfontein Harzburgite subzone . The present 

study has shown that (3) relative to core - domains, the outer rims of 

well-formed , cumulus orthopyroxene grains in feldspathic assemblages 

may show depletion in Ai, Ca and Cr, but higher atomic Cr/Al ratios 

and Ti abundances. In conjunction with petrographic observations of 

large chromite grains within embayments on these margl.ns, or smaller 

gra1ns occluded within the marginal domains, (4) the data are 

consistent with the continued growth of orthopyroxene after 

nucleation of intercumulus plagioclase had commenced. A further 

compositional change is (5) the higher En content of the rim-doma i ns. 

This feature is inconsistent with the normal fractionation path of a 

melt, but can be reconciled in terms of a progressive increase in the 

Fe 3+/Fe2+ ratio of the residual melt . However, no titanomagnetite is 

present in the plagioclase-bearing interstices, which were commonly 

seen to be charged with a random distribution of rutile rods and 

need les. Furthermore, (6) orthopyroxene in chromite-rich domains is 

significantly enriched 1n MgO relative to adjacent silicate-rich 

layers. One compositional profile on nearing a 

chromite-orthopyroxene grain boundary indicated higher MMF ratios and 

Cr abundances and a progressive depletion in Ai content, but 

Cr-depleted rim - compos i t ions were recorded 1n chromi te-rich domains 

in the hanging- wall of the LG 6A chromitite layer. 
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MMF Ratios 

The overall decline in the orthopyroxene MMF ratio with increasing 

stratigraphic height in the Ruighoek Pyroxenite succession c o nforms 

to normal progresslve fractionation of a magma. A pronounced 

reversal of the sense of this trend is evident in proximity to the 

LG 2 chromitite layer. The composition s of orthopyroxene within the 

upper 7 metres of the B unit and lower 7 metres of the Cl subunit are 

intermediate be twe en the minimum B unit composition of EnS3 6 and the , 
maximum of EnS5,9 measure d midway through the Cl subunit. The 

microprobe data emphasize a similar but less pronounced trend 1n the 

upper portion of the Dl subunit. However, due to the compositional 

homogeneity of f i ne-graine d bronzitites within the LG 6 - LG 6A 

succession (EnS2 S - EnS3 0)' no clear lineage is evident between , , 
orthopyroxene depicted ln the basal portion of the D2 subunit 

(EnS3,6) and in the overlying E unit (EnSl,2)' Data pertaini ng to 

other fine-grained, granular -textured assemblages in the D and E 

units may also seem to be aberrational but are consistent with the 

pre mi s e that the compositions of 

orthopyroxene assemblages approximate 

thereby defining a liquid line of descent. 

Cr Depletion 

successive, 

to liquidus 

fine-grained 

compositions, 

The question of wh e ther there is evidence of Cr-depletion immediately 

above a chromitite layer is of particular relevance to this study. 

However, microprobe data reported here do not point to a consistent 

relationship. For example, orthopyroxene above and below the LG 3 

chromitite, which is bounded by sharp contacts, shows a composition 

of 0,53 wt. per cent Cr203' In contrast, an ~ncrease from 0,44 to 

0,54 wt per cent Cr203 was measured through the gradational 

hanging-wall of the LG 6 chromitite, whereas a step-wise depletion 

was observed through that of the LG 6A chromitite. In both 

instances, however, restored levels of 

concentrations ln the adjacent bronzitites, 

20 - 30 cm above the mass~ve chromite ore. 

Cr203, 

were 

typical 

noted 

Furthermore 1 

of 

some 

the 

magnitude of the compositional change is comparable with that 
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observed in the basal portion of the Cl subunit, where the sense of 

the compositional variation of orthopyroxene is equally perplexing. 

Consider, for example, the following proposal: the rise in mol . per 

cent En with increasing stratigraphic height through the upper 

portion of the B unit, and into the Cl subunit, may be indicative of 

partial liquid mixing at the base of a new influx with residual magma 

that 15 in equilibrium with more Fe-rich orthopyroxene. Given this 

situation, a sympathetic r~se in orthopyroxene Cr203 contents is to 

be anticipated. However, the opposite is ob served within the 

olivine-bronzitites of the Cl subunit, where a trend of Crz03-

depletion is evident. A high value of 0,59 wt per cent Crz03 is 

actually observed some Z m below the first appearance of olivine (or 

Z,5 m above the LG Z chromitite) and no change in the modal abundance 

of chromite 15 associated with these features. Hence, the Inl nor 

Cr-depletion trend noted within or thopyroxene in the LG 6A 

gradational hanging-wall cannot be viewed as unequivocal evidence for 

chromite crystallization from a restricted melt volume. 

Considerations of this nature will be examined in relevant sections 

of the subsequent text. 

CALCULATED TEMPERATURES 

Final temperatures of equilibration can be calculated from the 

compositions of coexisting ortho- and clinopyroxene (Wood and Banno, 

1973; Wells , 1977). The single pyroxene geothermometer of Mercier 

(1980) was employed in this study to calculate temperatures and these 

results are reported in Table 9 J together with temperature estimates 

based on the two-pyroxene geothermometer of Wells (op. ciL). The 

single pyroxene geothermometer ~s particu larly useful 1n that it 

facilitates 

crystals. 

an evaluation of zonal structures ~n orthopyroxene 

Use of the Wells geothermometer is dependent on the 

assumption that the coexisting Ca-rich and Ca-poor pyroxenes are ~n 

equilibrium. This may not be the case in the Ruighoek Pyroxenite, 

where intercumulus clinopyroxene is seen to have resorbed cumulus 

orthopyroxene graIns to vary~ng degrees. Hence, the calculated 

temperatures are dependent on the selection of representative 

pyroxene pairs. For example , juxtaposed r1ID compositions of ortho -

and clinopyroxene should approximate to minimum equilibration 
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TABLE 9: 

CALCULATED EQUILIBRIUM TEMPERATURES FOR COEXISTING PYROXENES 

BASED ON THE MERCIER AND WELLS GEOTHERMOMETERS 

(opx) I TO C (MERCIER) 
0 

(WELLS) SAMPLE MMF T C 
I opx cpx I 

E UNIT 

01 0,826 1 165 

11 0,818 1 259 

28 0,835 1 086 

32 0,823 1 185 

39 0,824 1 125 

43 0,825 1 186 

50 0,827 1 152 

61 0,811 1 211 1 016 I 945 

70 0,812 1 160 1 035 I 961 

71 0,812 1 229 I 
300 0,816 1 155 

D2 SUBUNIT I 
302A I 0,832 1 213 (1 078 ) 

303A 0,857 1 228 (1 072) 

303C 0,845 1 203 

304A 0,840 1 214 

304B 0,830 1 138 

304C 0,826 1 107 1 053 I 950 

305 0,826 1 180 1 017 I 950 (899 ) 

305 P1 0,829 1 273 (Core) I 
305 P2 0,831 1 210 

305 P4 0,829 980 (Rim) 

306 0,828 1 114 1 031 I 974 (915 ) 

308 0,828 1 194 I 
314 0,827 1 064 1 052 I 991 (933 ) 

315 0,828 1 203 1 056 I 977 

317A 0,830 1 175 1 052 I 986 

317C 0,841 1 215 I 
318 0,829 1 224 1 073 I 1 002 (9 69) 

320 0,823 1 176 (1 166) 1 078 I 1 009 

MB2AAA 
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TABLE 9: (continued) 

(opx) I 0 

(MERCIER) 
0 

(WELLS) SAMPLE MMF T C T C 
I opx cpx I 

323 0,836 1 158 . 1 038 I 924* (985 ) 

325 0,836 1 159 1 029 I 974 

78 0,828 1 243 

79 0,829 1 192 

83 0,833 1 212 

D1 SUBUN IT I 
90 I 0,831 1 183 1 064 I 975 

95 0,831 1 226 I 
104 0,828 1 213 

117 0,832 1 204 

125 0,842 1 167 

128 0,834 1 182 (1 024) 

134 (850 ) 0,831 1 179 (Core) 

134 (450 ) 0,830 1 178 

134 (150 ) 0,831 1 091 

134 R 0,833 1 074 (Rim) 

139 0,848 1 235 

155 0,835 1 181 (1 066) 

164 0,836 1 200 

C2 SUBUNIT 

203 0 , 849 1 167 (1 089 ) 

205 0,847 1 169 (1 059 ) 1 038 I 965 

208 0,847 1 131 1 130 I 1 047 

208 EX 0,824 1 045 997 I 920 

211 0,844 1 135 (1 048) I 
213B 0,845 1 293 

214A 1 0,850 1 212 

215 0,854 1 165 (1 069) 

221 0,860 1 156 1 031 I 962 

223 D 0,858 1 135 (secondary opx) I 
225 0,848 1 153 (977 ) I 

MB2AM 
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TABLE 9: (continued ) 

° ° SAMPLE MMF (opx) T C (MERCIER) T C (WELLS) 
opx cpx I 

C1 SUBUNIT 

238 0,857 1 180 

249 0,859 1 139 (1 096) 

254A 0,856 1 106 

258B 1 0,856 1 245 1 055 963 

B UNIT 

259 0,843 1 115 

265 0,844 1 242 (1 104) 

271 0 , 836 1 150 

280 0,840 1 182 

286A 0,838 1 068 

290 0,839 1 158 

297 0,839 1 204 (1 047) 

LOWER ZONE 

KA 410 0,843 I 1 202 

KA571 0,853 1 212 

KA 622 0,852 1 250 

KA 729 0,823 1 002 

TOC (Merc ier) Single pyroxene geothermometer of Mercier (1980) 

opx: 1 213 (1 078) 

~ ~Temperature calculat ion based on rim composition 

Temperature calculation based on core composition 

cpx: Temperature calculation based on composition of intercumulus 

clinopyroxene 

TOC (Wells) Two-pyroxene geothermometer of Wel l s (1977) 

950 (899) 

L ~Temperature calculation based on composition of 

orthopyroxene core and exsolved clinopyroxene bleb 

Temperature calculation based on composition of orthopyroxene 

core and core - domain of intercumulus clinopyroxene 

924* (985) 

tL-------Temperature calculation based on composition of 

clinopyroxene margin and orthopyroxene core 
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temperatures, whereas calculations based on spatially removed core 

compositions may deviate from the minImum (zoning IS pronounced 

within intercumulus clinopyroxene). In order to assess the above) 

calculated temperatures based on exsolved clinopyroxene blebs within 

well-formed orthopyroxene crystals are included in Table 9. 

Calculations based on the Mercier geothermometer and orthopyroxene 

core-compositions 

temperatures: 

l. E unit 

2. D2 subunit 

3. D1 subunit 

4. C2 subunit 

5. C1 subuni t 

6. B unit 

yield the following average crystallization 

1 173 'c 

1 180'C 

1 197 'c 

1 171'C 

1 167'C 

1 159 'c 

Calculated temperatures derived for rim-compositions are on average 

105'C lower, suggesting that orthopyroxene crystallized over a 

temperature interval of this magnitude. However) the procedure is 

very sensitive to the calcium content of the orthopyroxene (refer to 

samples 134 and 305 1n Table 9, for example). If nuc lea t ion of 

plagioclase induced the CaO-depleted natur.e of the rim-domains, the 

temperature differential noted above bears no relationship to 

crystallization temperatures. Similarly, progressively lower 

calculated temperatures are indicated for calcium-depleted zonal 

structures ' in proximity to chromite (not presented 1n Table 9). 

Temperatures based on the compositions of intercumulus clinopyroxene 

grains vary between 1 025 and 1 066'C, with an average of 1 052'C. 

The latter is l22'C lower than the average calculated temperature of 

1 174°C derived from orthopyroxene core-compositions . Fig. 21 is a 

plot of calculated temperature versus MMF (orthopyroxene) and 

although these is a substantial spread in the data points, the l ocus 

or bulk average (MMF = 0,835; 1 l74'C) for the Ruighoek Pyroxenite 1S 

consistent with the two-pyroxene temperature relationship derived by 

Hulbert (1983) fo r the Rustenburg Layered Suite south of 

Potgietersrus: 
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FIG. 21 CALCULATED TEMPERATURE VS MMF (DPX) FOR (i) ORTHOPYROXENES AND 

(ii) COEX ISTING PYROXENES FROM THE RUIGHOEK PYROXENITE . CURVE (I) WAS 
CONSTRUCTED ACCORDING TO THE EXPRESSION TOC' 333,46 (x 0:;) .907,6, 
AND CURVE (2) ACCORDING TO Toe: 2 45,99 (x 0:;) . 946,00, DERIVED BY 
HULBERT (1983) FOR THE RUSTENBURG LAYERED SUITE SOUTH OF POTGIETERSRUS 
AND FOR THE EASTERN AND WESTERN BUSHVELD COMPLEX, RESPECTIVELY. 
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T 333,46 (XMg)OPX + 907,6 

Calculated temperatures based on the two-pyroxene Wells 

geothermometer vary between 1 047 and 920°C, with a mean of 970°C. 

The lower calculated temperatures may stem from analytical errors 

(i.e., CaO in clinopyroxene too high) or may reflect equi li bration to 

lower blocking temperatures. The latter consideration may account 

for the wide range 1n calculated temperatures resulting from both 

geothermometers (Fig. 21). The average calculated temperature of 

five orthopyroxene-exsolved clinopyroxene paIrs is 940°C and, by 

virtue of the intimate intergrowth of these phases and implied 

equilibrium conditions, may reflect a minimum blocking temperature. 

5.3 INTERCUMULUS SILICATE PHASES 

MB2AAA 

5.3.1 ORTHOPYROXENE AS A REPLACING PHASE 

Analyses of reaction-replacement orthopyroxene 1n poiki li t ic 

harzburgites are available in Table 4, and the compositional 

variation has been briefly discussed 10 section 5.2.2.4. The major 

occurrence of this secondary silicate phase is within the C3 subunit, 

particularly in the immediate footwall of the LG 4 and I chromitite 

layers. Characteristically , no other intercumulus silicate phases 

are present in these domains where extensive replacement of olivine 

has occurred . In a few instances, however, anhedral clinopyroxene ~s 

observed within large, structurally continuous oikocrysts of 

reaction-replacement orthopyroxene (e.g., within polished section 

177A). This texture is suggestive of olivine replacement after 

clinopyroxene had crystallized as an intercumulus phase between 

cumulus olivine grains and points to upward migration of residual 

melt, with the reaction Mg2Si04 + Si02 = Mg2Si206 going almost to 

completion in domains beneath impermeable, chromite-rich layers. 

The enstatite content of reaction-replacement orthopyroxene 1S 

generally one to two mol. per cent higher than the forsterite content 

of coexisting olivine grains, irrespective of mineralogical 

environment. For example, olivine of composition F084 4 , is 

associated with reaction-replacement orthopyroxene of composition 
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En85,8 i n sample 223 D (layered dunite in the C2 subunit), and F081,6 

olivine ~s associated with EnS3 6 orthopyroxene in an ultramafic , 
pegmatite replacement assemblage below the LG 6 chromitite layer. 

5.3.2 CLINOPYROXENE 

Clinopyroxene displays a high capacity for chromium and represents an 

effective scavenger of Cr in basaltic systems. With the exception of 

the lower portion of the Critical Zone of the Rustenburg Layered 

Suite south of Potgietersrus , chromite IS not found i n association 

with gabbronoritic rocks of the eastern and western Bushveld Complex. 

The composition of clinopyroxene in layered rocks has been found to 

vary as a function of the modal proportion of clinopyroxene (Nwe, 

1975; McBirney and Noyes, 1979; Wilson, 1982). Furthermore, many 

studies on lava samples and dynamic crystallization experiments have 

shown that the composition of clinopyroxene IS sensitive to the 

crystallization order of the minerals separating from a melt. 

Plagioc lase, In particular J can influence the abundance of A13+ 

clinopyroxene by virtue of accommodating the Ca-Tschermak molecule J 

Clinopyroxene occurs In smal l amo unts as an intercumulus mineral In 

the Ruighoek Pyroxenite succeSSIon. Within the granular -textured 

bronzitites of the D and E units, clinopyroxene occupies poorly 

annealed cavities and is commonly stoped to vary~ng degrees along 

polygonal orthopyroxene gra.n boundaries . These mInor occurrences 

are generally optically z oned and depict fine-scale, exsolution 

lamellae of Ca-poor pyroxene. Within feldspathic bronzitites, 

however J clinopyroxene commonly occurs as lar ge, green oikocrysts , 

poikilitically enclosing chadacrysts of orthopyroxene and, in some 

instances, remnants of intercumulus plagioclase. Chromite also 

occurs as an occluded phase. Partial to complete amphibolitization 

is common and the oikocrysts display broad exsolution lamellae or 

blebs of orthopyroxene. Minute oxide inclusions, depicting a 

schi ller structure, were only observed In the D2 subunit and basal 

portion of the E unit (drill core ZS 3) . 

rods and platelets of magnetite . 

These appear to be stubby 
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Microprobe analyses of clinopyroxene are presented in Table 10. 

These data are representative of the following associations: 

1. Clinopyroxene as an exsolved phase within cumulus orthopyroxene. 

2. Clinopyroxene as an intercumulus mineral in granular - textured and 

feldspathic bronzitites. 

3. Clinopyroxene as an intercumulus mineral in granular harzburgite, 

and within chromitiferous poikilitic harzburgite. 

Descriptions of the respecti.ve microdomains are available 10 the key 

to Table 10. The Mg/(Mg + Fe 2+) ratio of clinopyroxene varies 

between a low value of 0,871 for an intercumulus grain intergrown 

with plagioclase in sample 61 (E unit), and a high value of 0,917 for 

a domain some 50 microns from an occluded chromite graln 

(chromitiferous poikilitic harzburgite sample 177 A). A pronounced 

chemical zonation is noted 1n proximity to occluded chromite grains, 

with a rise in the MMF ratio of clinopyroxene indicated on near1ng 

chromite grain boundaries. Zoning also occurs within intercumulus 

grains depicted in silicate-rich rocks, and the margins adjacent to 

orthopyroxene graln boundaries indicate slightly higher MMF ratios 

(0,002 - 0,011 mol. fraction). Similarly, clinopyroxene filling 

poorly annealed cavities in granular-textured bronzitites is less 

Fe-rich than larger gra1ns 1n adjacent, coarser-grained bronzitite 

(compare, for example, analyses 320 and 323). 

The MMF ratio of exsolved clinopyroxene is higher than that of the 

coexisting intercumulus phase (refer to samples 305 and 306), which 

generally shows a degree of resorption of the cumulus orthopyroxene 

framework. Furthermore, it is evident from the data tha t there is a 

positive correlation of MMF (clinopyroxene) and the MMF ratio of the 

coexisting orthopyroxene. A similar 

roxene) and MMF (olivine) is suggested 

correlation of MMF (clinopy­

(samples 177 A and 238). 

The clinopyroxenes contain 1,19 to 2,34 wt. per cent A1203 and 0,70 

to 1,13 wt. per cent Cr203, wi th average contents of 1,73 wt. per 

cent A1203 and 0,92 wt. per cent Cr203' These averages are based on 

44 microprobe analyses and the calculated standard deviations are 

0,29 and 0,12, respectively. The abundances of Ai and Cr are clearly 

higher than in coexisting orthopyroxene, but the lower average atomic 



TABLE 10 "ICROPROBE ANALYSES OF Cl iNOPYROXENE 

SMPLE 
5102 
TID2 
AL203 
FEO 
HHO 
HGO 
CAO 
NA20 
CR203 

51 
II 
AL 
FE2 
HN 
HG 
CA 
NA 
CR 

HHf 
I En 
I f, 
I No 
Aller 

SAHPLE 
5102 
1102 
AL203 
fEO 
HHO 
HGO 
CAO 
NA10 
CR203 

51 
II 
AL 
fE2 
HN 
HG 
CA 
HA 
CR 

"Hf 
I En 
! f, 
! No 
AIIC, 

61 (II 
52.91 

. 37 
2.34 
4.15 
.13 

16. 03 
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100.09 
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.0040 
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TABLE 10 Iconl. l 

SAMPLE 238 304C 305 111 305 121 306 III 306 121 314 111 314 121 315 111 m 121 
5102 52.85 53.3j 53 . 40 53.16 53.10 53. DB 53.10 53.36 53.57 53.56 
1102 .23 .21 .IB .IB .IB . 15 .19 .21 .IB .1 9 
AL203 2.12 1.34 I. 64 I. B6 I. 95 2.02 2.17 I. j4 1.57 I. 6j 
FEO 3.52 4. 22 4. 0B 3.7B 4.10 3. 74 3.94 3. B7 3.27 4.02 
MNO . 17 .15 .14 .14 .14 . 13 .17 . 13 .12 .12 
MSO 16.B9 16.B4 16.66 16.52 16.64 16.29 16.39 16.6B 17. 51 17.03 
CAD 21.79 21 .4B 22.21 23.22 21. 91 22 .65 21.39 21.50 22.46 22.57 
NA20 .44 .3B .50 .49 .46 . 47 .55 .45 .40 .35 
CR203 I. 00 .73 . B6 1.10 .99 I. OB 1.12 .92 .90 .82 

99 .01 99 . 75 99.67 100. 45 99.47 99 . 61 JOO.02 99 .06 99.98 100.35 

CAT lOllS NUMBER OF OlYSENS " 6 
51 I. 9452 I. 9586 I. 9580 1.9397 I. 9503 I. 9481 I. 9422 1.9613 I. 9522 1.9508 
11 .0064 .0061 . 0050 .0049 . 0050 .0041 .0052 .005B .0049 .0052 
AL . 0920 .0579 .0709 .0800 . 0844 .0874 .0935 .0840 .0674 .0725 
FE2 . IOB3 .1295 . 1251 .1153 . 1259 .1148 .1205 .1190 .0997 .1224 
HN .0053 . 0047 .0043 .0043 . 0044 . 0040 .0053 .0040 .0037 . 0037 
HG .9266 . 920B . 9105 .8985 .9109 .B911 .8935 . 9138 .9511 .9245 
CA . 8593 .8836 .8726 .9078 .8622 • B907 .8774 .8467 .8770 .8808 
NA .0314 .0270 . OJ:;:; .0347 .0328 . 0334 . 0390 .Olll .0283 .0247 
CR .0291 . 0212 .0249 .0317 . 02B7 .0313 .0314 . 0267 .0259 .0236 

4.0036 4.0093 4. 0069 4.0169 4.0046 4.0051 4. 0091 l.99l5 4.010l 4. 0083 

KMF . 895 .876 . B79 .886 . B78 .885 .881 .8B4 .905 . B8l 
! En 4B.78 47.5 47 .61 46.65 47. B6 46 .89 47.11 4B.52 49.24 47.87 
! Fs 5.9B 6.92 6.76 6.21 6. B5 6.25 6.63 6.53 5.35 6.53 
! No 45.24 45.58 45.63 47 . 14 45.29 46.86 46.26 44.95 45.41 45.6 
Al ler 3. 16 2.73 2. B4 2.52 2. 94 2.79 2.8B 3. 14 2.6 3. 07 

SAMPLE 317 111 317 121 318A III 318A 121 31BA 131 318A 141 318A 151 318A 161 320 III 320 121 
5102 53.49 53. 51 53.90 53.31 53.80 53.44 53. 53 53.5l 53.40 53.52 
1102 .14 .14 .13 .14 . 14 .14 .13 .13 .26 .2B 
AL203 1.58 I. 63 1.36 1.38 1.54 1.59 1.33 I. 45 1.78 I. Bl 
FED 3. 90 4.09 3.50 4. 08 3.84 3.90 3.52 4. 08 3.97 4.39 
MIlD . 12 .1 4 .Il .12 . 13 .15 .12 . Il .12 .16 
HGO 16.58 16.95 17 . 27 17.20 16. 95 16.80 17. 20 17.63 16.58 16. 95 
CAD 22. 51 21.97 22 . 17 21.87 22.22 22 . IB 22.27 21. 60 21. 09 21. 49 
HA20 . 44 . 40 .41 .37 . 46 .49 .45 . 32 .48 .48 
CR203 .BB . 86 • BI .75 .96 .94 • B2 .84 .92 .90 

99.64 99.69 99.68 99.22 100 . 04 99 . 63 99.37 99.71 99.60 100.00 

CATIONS NUKBER OF OXYGENS " 
51 1.9612 I. 9593 I. 96B5 I. 9611 1.9622 J.9589 1.9637 I. 9576 I. 9573 1.9542 
11 .0039 . 0039 . 0036 . 0039 .0038 .0039 . 0036 .0036 .00/2 .0077 
AL .0683 .0703 .0585 .0598 .0662 .0687 .0515 .0625 .0769 .0788 
FE2 .1196 .1 252 .1069 .1 255 .1171 .1 196 .IOBO .I24B .12 17 .1l41 
HH .0037 . 0043 .0040 . 0037 .0040 .0047 . 0037 .0040 . 0037 .0049 
KG .9061 .9151 .9401 .9431 . 9214 .9179 . 9405 .9610 . 9058 . 9225 
CA .BBIl .B619 .B675 • B620 .8683 .B711 .Bm .B463 .B675 .8407 
NA .0313 .0284 . 0290 .0264 .0325 .034B .om .0227 . 0311 • OlIO 
CR .0255 . 0249 .om .021B .0277 .0272 .0238 .0243 .0267 .0260 

4.0037 4.0034 . 4.0015 4.0074 4.0033 4. 0067 4.0081 4.006B 4.0008 4.0028 

KHF .BBl .BBI .B97 .8B2 .BB7 .BB4 .B97 .BB5 . 881 .873 
1 En 47 .35 48.2/ 49 48 . 76 48.22 47.97 48.79 49.64 47. 71 48 .5 
! Fs 6. 44 6.76 5. 78 6.68 6.34 6.5 5.8 6.65 6.6 7.31 
! No 46.21 44.97 45.21 44.56 45.44 45.53 45.41 43.71 45.69 44.19 
Aller 2.67 2.B2 2.5 2.74 2.3B 2.52 2.41 2.57 2.8B 3. 03 



KEY TO TAEl.E 10 

DRIll CORE ZS 7 

E UNIT 

61 (1) 

61 (Z) 

61 (3) 

70 (1) 

70 (2) 

Exsol ved bleb in a coarse orthopyroxene (~x ) grain j 
determined on successive days. 

average of two analy s es 

Cor e-domain of intercumulus grain which abuts against interstitial plagioclase in 
one quadrant; one of few grains which did not show partial amphibolitization and 
orthopyroxene exsolution lamellae. 

Margin of 61 (2 ) , adjacent to a convex orthopyroxene grain boundary. 
resorbt i on is indicated in thin section. 

Partial 

Small intergranular bleb on opx-opx gr ai n boundary and ma y be representat i ve of 
an externally exsolved grain or a rim domain. Larger clinopyroxene grains showed 
pervasive amphibolitization along cleavage planes and were not selected for 
analys is. 

Exsolved bleb in core-domain of large q:!x crystal ( showing coarse clinopyroxene 
lamellae) . 

DZ SUBUNIT 

83 Average of 2 small grains occupying poorly annealed cavities . In both 
the c linopyroxene is stoped along polygonal opx grain boundaries . 
number of incomplete triple junctions are plagioclase-bearing. 
ana ly zed. 

instances, 
A smaller 

NazO not 

01 SUBUNIT 

90 Average of 3 small inter cumulus grains filling incomplete opx triple junctions. 
Textural relationships are similar to those in sample 83. 

115 Core-domain of small intercumulus grain i n a polygonal op x framework. Limited 
resorbtion of the adjacent opx has occurred. 

Cz SUBUNIT 

205 Average of 2 analyses of an intercumulus grain which is stoped along opx grain 
boundaries. Resorbtion of adjacent opx is minor. The zone selected for analysis 
shows a minimum development of fine q)x exsolution lamellae. The abundance of 
cpx i n the rock is very subordinate to that of intercumulus plagioclase. 

208 (1) Average of 2 analyses of a homogeneous domain within a large oikocryst hos t ing a 
rumber of strongly resorbed, aJmulus opx remnants. The oikocryst possesses a 
distinctive green colour in plane polarized light and has domains showing coarse 
opx lamellae. 
is common. 
interstices. 
available ) . 

Amphibolitization of the margins and sporadic intragranular areas 
Curved cpx-plagioclase grain boundaries are depicted in common 

Sub-rounded chromite grains are an occluded phase (analy s es 

208 (2) Average of 2 analyses with the electron beam positioned immediately adjacent to a 
coarse opx lamellae (analysis 208 EX in Table 4). 

221 Average of 3 analyses of an intercumulus grain in planar contact with plagioclase 
in one quadrant (analysis available; Table 11). Core-rim compositions of an 

occluded chromite grain are given. 

MBZAAF 



B UNIT 

258 T~ of 8 unit (associated with chromite analyses denoted 258 8 ) some 2 em below 

first appearance of cumu l us olivine. The analysis represents a clinopyroxene 
oikocryst enclosing resorbed opx grains. Associated intercumulus silicate phases 
are plagioclase, mica, amphibole and quart z. 

290 (1) Oikocryst enclosing mildly resorbed opx grains . Beam-position removed from zones 

of exsolved opx lamellae. 

290 (2) Same grain as above, but beam stradd ling opx lamellae-rich zone. 

290 (3) Core-domain of a second interoumulus grain . 

290 (4) Rim-composition of 290 (3). 

C3 SUBUNIT 

177A(1) Anhedral grain poikilitically enclosing large, euhedral chromite grains and 
intergrown with reaction-replacement orthopyroxene. Electron beam 
+ 400 microns from nearest chromite grain. Chromitiferous 

harzburgite; immediate footwall of LG 4 chromitite layer. 

posi tioned 

poikilitic 

177A(2) Average of 2 analyses of same grain but beam positioned 50 microns from the 

chromite grain boundary mentioned above (refer to chromite analyses In A/5 
and 6) . 

184 B Anhedral inter cumulus grain occluding euhedral chromite grains. Beam positioned 
550 microns from nearest chromite. 
immediate footwall of I chromitite layer. 

Chromitiferous poikilitic 

NaZO not analyzed. 

harzburgitej 

238 Coarse, anhedral grain with an occluded opx crystal but interstital to rounded 
ali vines. Average of 2 analyses from a domain exhibiting a weak development of 

very fine eX501ution lamellae of opx. Granular harzburgite in hanging-wall of E 
chromitite layer. 

DRILL CORE ZS 3 

D2 SUBUNIT 

304 C Average of 2 analyses of a small oikocryst in the fine - grained 
bronzitite of the lG 6A chromitite, poikilitically enclosing two 
resorbed opx crystals and one large, slightly ro unded chromite grain 

304 C/5 ) . Plagioclase is the only other interClJmulus phase present, 

footwall 
partially 

(analysis 
filling a 

small number of poorly annealed cavities. Beam positions well removed from the 
chromite grain boundary . 

305 (l) Average of three analyses of the centre of an inter cumulus grain. In addition to 
a minor abundance of plagioclase in poorly annealed cavities, trace amounts of 
mica are present . 

305 (2) Exsolved bleb in centre of adjacent bronzite crystal. 

306 (1) Intercumulus grain in granular, chromite-poor bronzitite. 
resorbtion and stoping has occurred. Only plagioclase and 
depicted in poorly annealed interstices. 

306 (2) Ex solved bleb in orthopyroxene lath. Average of 3 analysis. 

314 (1) Exsolved bleb in opx crystal showing polygonal grain boundaries. 

MB2AAf 

Fairly extensive 
clinopyroxene are 



314 (2) Fine-grained intercumulus clinopyroxene with minor resorbtion of adjacent opx and 
stoping along polygonal grain boundaries. Clinopyroxene is 
silicate in this fine-grained, chromi ti ferous bran ziti te 
LG 6 chromitite) and occupies poorly annealed interstices. 

the only intercumulus 

(hanging-wall of the 

315 (1) Intercumulus clinopyroxene depicted in the immediate hanging-wall of a thin 
chromi te leader to the LG 6 chromi ti te. One half of this grain is in contact 
with annealed chromitite and the other is in contact with the overlying 
fine-grained, chromite-bearing grarular bronzitite. The clinopyroxene has stoped 
along the annealed opx grain boundaries. 

315 (2) lntercumulus grain occupying a poorly annealed cavity in the overlying granular 
bronzitite (~. 2 cm above). Some resorbtion of the adjacent orthopyroxene has 
occurred. Two small chromite grains are enclosed within this clinopyroxene grain 
(analyses 315/6 and 7). No plagioclase is present in the rock. 

317 (1) Margin of an oikocryst which has stoped along polygonal orthopyroxene grain 
boundaries . There is some development of fine orthopyroxene exsolution lamellae 
and orientated oxide platelets (schiller structure) within the central region of 
this grain. No plagioclase is present. Gradational hanging-wall of LG 6 
chromi ti te. 

317 (2) Microprobe beam (diameter 20 microns) placed over lamellae-rich zone in centre of 
same grain. 

31BA(1) Intercumu1us grain adjacent to aggregated chromitej adjacent to olivine-bearing 
domain of an ultramafic pegmatite replacement lens. Footwall of lG 6 chromitite 
layer. 

318A(2) Core-domain of intercumulus grain. 

3lBA (3) Average of 2 analyses of an exsolved bleb in an orthopyroxene grain. 

31BA(4) Exsal ved bleb in the centre of an orthopyroxene grain adjacent to the host of 
31BA (3). 

318A(5) Margin of intercumulus grain which poikilitically encloses two coarse chromite 
grains. Beam positioned approximately 200 microns from nearest chromite. 

318A(6 ) Centre of latter grain which is removed from orthopyroxene or chromite. 

320 (1) Margin of a large, optically zone oikocryst in a plagioclase-bearing bronzitite. 
Clinopyroxene is very subordinate to the abundance of plagioclase. Orthopyroxene 
remnants and minor chromite are poikiliti cally enclosed within this clinopyroxene 
grain . 

320 (2) Centre of the latter oikocryst. Orientated oxide platelets and orthopyroxene 
ex solution lamellae are depicted in the core regions of this grain. 

Dl SUBUNIT 

323 (1) Exsolved bleb in polygonal orthopyroxene grain. 

323 (2) Centre of small interrumulus grain in 
along some polygonal grain boundaries. 

poorly annealed cavity which has stoped 

Optical zoning from margin to core is 
evident. Opx is the only intercumulus phase present here. 

325 (1) Centre of small intercumulus grain in a poor-annealing cavity . 

325 (2) Small) isolated bleb on orthopyroxene-orthopyroxene grain boundary: may be an 

externally exsol ved granule as one of the adjacent opx' s is transected by a kink 

plane which intersects the bleb. No plagioclase, mica or amphibole is present in 
this rock. 

MB2AAF 
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96 

Al/Cr of 2,80 equates with atomic Al/Cr of orthopyroxene rim-domains 

intergrown with plagioclase. The highest absolute abundances of 

A1203 and Cr203 are associated with exsolved clinopyroxene blebs 1n 

cumulus orthopyroxene crystals (refer to analyses 61/1, 70/2 and 

323/1, for example). High concentrations were also noted In a 

clinopyroxene oikocryst within sample 208 (2,20 wt. per cent A1203; 

1,11 wt. per Cr203), associated wi th anomalous ly high concentrations 

of A1203 and Cr203 within intimately intergrown orthopyroxene 

lamellae. These features thus serve as a potential demonstration of 

the diminished solubility of A1 and Cr within both pyroxenes at lower 

temperatures. Clinopyroxene within olivine-bearing succeSSIons of 

the C2 and C1 subunits shows higher atomic Al/Cr 0,31), which is 

consistent with the higher Al/Cr of coexisting orthopyroxene. 

However, it would seem that a significant decline in this ratio may 

occur in proximity to chromite-rich domains (as shown by analyses 

177 A/1 and 177 A/2). 

The abundance of Ti02 in clinopyroxene varies between 0,13 and 0,40 

wt. per cent. Concentrations of greater than 0,20 wt. per cent are, 

with few exceptions, restricted to occurrences in plagioclase-bearing 

bronzitites. This is true for both exsolved and intercumulus 

clinopyroxene within a given sample. The c1inopyroxenes contain 0,21 

to 0,55 wt. per cent Na20 and averaged contents indicate that 

clinopyroxene in granular-textured bronzitites, 1.e., in rocks with 

low modal abundances of intercumulus silicate phases, is 

Na20-enriched (x 0,42; s = 0,07) relative to more fe1dspathic 

bronzitites (x = 0,36; s = 0,07, where x = mean content in wt. % and 

s = standard deviation). All of the above features point to the 

influence of plagioclase nucleation In a restricted melt volume. 

An estimate of the Fe3+ content of a pyroxene can be made by 

employing the charge balance equation of Cameron and Papike (1981): 

Fig. 22 is a plot of these compositional parameters derived for a 

selection of microprobe data. The proportion of A13+ cations in 

octahedral pyroxene sites was calculated from structural formulae, 

with the Na cation abundance in orthopyroxene regarded as zero. It 
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is evident from the data points that (a) clinopyroxene displays a 

greater capacity for the minor elements, and (b) the distribution of 

these elements between the two pyroxenes adheres rigorously to the 

constraints of charge balance. Though a scatter of data points about 

the ideal 1: 1 charge balance relationship ,s portrayed, there ,s 

clearly no provision for significant amounts of Na and Fe 3+ in 

orthopyroxene 

environment. 

suggests that 

pyroxene phase. 

of the study section, 

However, the locus 

m~nor levels of Fe 3+ 

5.3.3 PLAGIOCLASE 

irrespective of 

of clinopyroxene 

are present wi thin 

mineralogical 

data points 

the Ca -ri ch 

Low temperature plagioclase feldspars are members of the tectosili­

cate structu.ral group and are classified chemically in terms of the 

binary system Ca A12 Si208 (anorthite) - Na Al Si308 (albite). Minor 

concentrations of the potassium molecule KAl Si308 are ge nerally 

pre se nt In solid solution. The chemical substitution mechanism 

between the anorthite and albite end-members is of the form Na Si ; 

Ca Al at high temperatures, but a modification of the structural 

state occurs under conditions of slow cooling. This can give rise to 

an intimate intergrowth of s tructural types depending on the bulk 

composition of the homogeneous high t emperature phase (for example, 

peristerite or Boggild structures) . 

Plagioclase within the Rustenburg Layered Suite exhibits ubiquitous 

chemical zoning (Kruger, 1983) , which thus necessitates the use of a 

defocus sed microprobe beam in order to obtain a meaningful estimate 

of the bulk c ompos ition. A beam diameter of 20 to 30 microns was 

employed in the present study and the compositions cited ,n Table 11 

are averages of core-, intermediate- and rim-domains (unless 

specified) . 

Plagioclase 15 an in tercumulus phase 10 the study section but its 

modal proportion never exceeds ca. 10 per cent. It is most abundant 

within the coarser-grained bronzitites of the B unit, C2 subunit and 

basal portion of the E unit. Chromite 1.5 a common inclusion and, 

unlike clinopyroxene-filled interstices, no reaction relationship 
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between orthopyroxene and plagioclase or chromite and plagioclase was 

noted in the Ruighoek Pyroxenite succession. However, orthopyroxene 

corona structures , nucleated on chromite, were observed within 

plagioclase-filled interstices in a Lower Zone harzburgite sample. 

Mi nute, randomly orientated oxide inclusions within plagioclase are a 

common feature in the study section. These occur as rods and needles 

and do not represent a schiller structure. The inclusions are most 

common within plagioclase core-domains, where their presence is 

indicated under medium-power magnification by cellular, optical ly 

inhomogeneous patches. The high reflect iv ity, anisotropism and 

internal reflections (reddish to amber) suggest that these inclusions 

are rutile. 

The most calcian plagioclase (An88) 1n the studied section is 

intergrown with olivine in the Cl subunit (sample 254 A, Table 11), 

and th e most sadie ~s An02 in a micropegmatite-bearing bronzitite 

near the base of the Dl subunit (sample 160) . No systematic cryptic 

variation is evident from the incomplete study, largely due to the 

compositional variation observed within individual samples; the 

microprobe analyses reported in Table 12 are representative of the 

range observed in sample 290, a plagioclase- bearing bronzitite below 

the LG 1 chromitite layer. 
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TABLE II "ICROPROBE ANALYSES OF PLASIOCLASE 

SAMPLE 70 90 m 160 160 197D 203 205 208 2ll 
SlD2 50.30 5U5 50 .29 58.41 64.80 48.09 48.30 48.24 48.50 62.03 
AL103 31. 36 30.05 30.78 25.89 18.77 33.17 32.38 31. 96 32.86 23.82 
CAD 14.62 12.78 14.36 7.55 .12 16.05 15.69 15.60 15.79 5.17 
NA10 3.20 4.15 3.27 7. 36 3.21 2.40 2.48 2.69 2.47 8.87 
K1D .07 .08 .09 • 08 I I. 44 0.00 0.00 . 13 .08 0.00 

99.55 98.61 98.79 99.29 98.35 99.71 98.85 98.62 99.70 99.89 

CAT IONS NUM8ER OF OlY6ENS = 8 
51 2.3014 2.3702 2.3174 2.6271 2.9908 2.2067 2.2328 2.2387 2.1241 2.7522 
AL 1.6911 1. 6184 1.6717 1.3714 1.0210 L7939 L7641 1.7481 1.7760 1. 2456 
CA .7167 .629b .7090 .3638 .0059 .7891 .7771 .7757 .7758 .2458 
NA .2839 .3700 .2922 .6418 .2882 .2135 .2223 .2420 .2196 .7630 
K .0041 .0047 .0053 .0046 .673b 0.0000 0.0000 .0077 .0047 0.0000 

4.9971 5.0029 4.9955 5.0099 4. 9795 5.0032 4.9963 5.0111 5.0001 5.0066 
ANORTHITE PERCENT 

AN ALiSI 69.63 62.93 67.91 37.26 1.08 79.34 76.65 75.81 77.59 24.61 
AN CAINA 71.34 62.69 70.45 36.01 .61 78.70 77.76 75.65 77.57 24.36 
All SI 69 .86 62.98 68.26 37.29 .92 79.33 76.72 76.13 77.59 24.78 
AN AL 69 .11 62.84 67.17 37.24 2.10 79.39 76.41 74.81 77.60 24 .56 
AN CA 71.67 62.96 70.90 36.38 .59 78.91 77.71 77.57 77.58 24.58 
AN NA 71.10 62.53 70.26 35.36 3.83 78.65 77.77 75.03 77.57 23.70 
AVE AN 70. 47 62.82 69.16 36.59 1. 69 79 .05 77.17 75.83 77.58 24.43 

SAMPLE 215 221 225 254A 258 265 280 180 290 320 
5102 50.25 47.47 60.58 45.70 51. 95 48.27 48.49 52.46 51.02 47.53 
AL1D3 30.27 33.10 24.38 34.58 29.71 33.18 31.93 29.48 31.07 33.09 
CAO 13.B4 16.58 5.88 18.13 12 .79 16.26 15.B4 11.22 13.51 15.96 
NA10 3.63 1.02 8.19 1.29 4.10 1.23 1.65 4.50 3.61 1.21 
Kl0 .10 .09 .13 0.00 . 14 .08 .06 .13 .19 .04 

98.09 99.26 99.16 99.70 98.79 100.02 98.97 98.79 99.41 98.B3 

CATIONS NUMBER OF OXY6ENS = 8 
51 1.3314 2.1921 2.7138 2.1107 1.3846 2.2087 2.2422 1.4040 2.3313 2.1001 
AL 1.6551 1.8015 I. 2872 I. 8824 I. 6073 I. 7894 I. 7401 U922 I. 6733 1.8051 
CA .6880 .8204 .2822 .8972 .6290 .7912 .7848 .6000 .6619 .7915 
NA .3265 .1809 .7114 .1l55 .3738 .1978 .2376 .3998 .3198 .1983 
K .0059 .0053 . 0074 0.0000 .0082 .0047 . 0035 .0076 . Olll .0024 

5.0072 5.0002 5.0020 5.0058 5.0028 4.9978 5.0083 5.0036 4.9975 4.9976 
ANORTHITE PERCENT 

AN ALiSI 66.41 80.66 18.69 88.85 61.13 79.09 75.34 59.45 67.02 80.10 
AN CAINA 67.41 8L50 18.19 88.59 61.22 79.74 76.50 59.56 66.67 79.77 
AN 51 66 .86 BO . 79 lB .61 88.93 6L54 79.13 75.78 59.60 66.B7 79.99 
AN AL 65.51 80. 15 28.72 B8.24 60.73 78.94 74.01 59.22 67.33 80.52 
AN CA 68.80 81.04 18.22 89 .71 62.90 79.71 78. 48 60.00 66.19 79.15 
AN NA 66.75 81. 38 18 .12 88.45 61. 80 79.75 75.89 59.26 66.91 79.93 
AVE AN 66.96 81. 09 28. 43 88.80 61. 74 79.39 76.00 59.51 66.B3 79.91 



KEY TO TABlE 11 

70 Average of 4 core- and 2 rim-compositions; 
Coarse-grained bronzitite. 

6,8 metres above base of E unit. 

90 Average of 4 analyses of grains in small interstices. 
bronzitite; 8,2 metres below top of D1 subunit . 

Granular-textured 

115 Average of 2 analyses of grains in poorly annealed cavities. 
bronzitite; 6,2 metres below LG 5 chromitite, D1 subunit. 

Granular 

160 Plagioclase and micropegmatite associated with medium-grained bronzitite; 8,2 
metres above base of Dl subunit. Adjacent domains within the drill core sample 
are olivine-bearing. 

197 0 Plagioclase-bearing dunite; 
analyzed. 

2 metres above base of C3 subunit. Na20 not 

203 Bronzit i te; 3,2 metres below tap of C2 subunit. Plagioclase is intergrown with 
red mica. 

205 Bronzitite; 7,2 metres below top of C2 subunit. 

208 Bronzitite; 10,5 metres below top of C2 subunit. Average of 8 analyses. 

Z11 Bronzitite j 15 metres below top of Cz subunit. Plagioclase i ntergrow n with red 
mica and quartz. 

215 Bronzitite; 90 centimetres below LG 3 chromitite layer. Cz subunit. 

Z21 Plagioclase intergrown with magnesian orthopyroxene 
successionj 3,1 metres below LG 3 chromitite. Cz subunit. 

in olivine-bearing 

225 Coarse-grained, adcumulate bronzitite; 6,5 m below LG 3 chromitite. C2 subunit. 

254 A Olivine-bronzitite, 4,3 metres above base of C1 s ubunit . 

258 Bronzitite with interrurnulu5 plagioclase, mica, amphibole and Quartz. Top of B 
unit. 

265 Bronzitite; 7,Z metres below top of B unit. 

280 Bronzitite; Z8,5 metres below top of B unit. The more sodie composition is of a 
grain adjacent to red mica. 

290 Bronzitite; 4,4 metres below LG 1 chromitite layer. 

JZO 

MB2AAF 

Drill core ZS 3. 
layer. 

Medium-grained bronziti te j 2,8 metres below LG 6 chromitite 
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TABLE 12 : 

MB2AAE 

COMPOSITIONAL VARIATION OF PLAGIOCLASE WITHIN SAMPLE 290, B UNIT 

GRAIN No. 

Si02 

A1203 

CaO 

Na20 

K20 

TOTAL 

% An 

Oxide contents 

wt. per cent. 

1-2: Average 

3 : Average 

5.3.4 MICA 

1 

50,12 

32,07 

14 ,59 

3,10 

0,17 

100,05 

71 ,68 

determined 

compositions 

compositions 

by 

of 

of 

2 

51,24 

31,22 

13,72 

3,51 

0,23 

99,92 

67,24 

3 

51,43 

30,84 

13 ,21 

3,87 

0,30 

99,65 

64,94 

microprobe analysis and 

core-domains 

rim-domains 

expressed 1n 

Micas are a subgroup of the phyllosilicate structural group, which 

includes the chlorite group and clay minerals. The varieties 

depicted in rock assemblages of the Ruighoek Pyroxenite success~on 

are trioctrahedral micas of the genera l formula X2 Y6 Zs 020 (OH)4, 

where X is mainly potassium, Y is mainly Mg and Fe but includes Al, 

Cr and Ti, and Z is Si or Al. Since (OH) group cannot be determined 

by microprobe analysis, the formula can be given as X2 Y6 Z8 020 or 

K20 . 6(Mg, Fe 2+) ° . 6 Si02 . Al203 ' 

The microprobe analyses presented in Table 13 are representative of 

red, pleochroic m~ca which occurs as an in tercumulus phase in 

feldspathic bronzitites and coarse-grained, adcumulate-textured 

bronzitites. However) the occurrence is not pervasive and certain 
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rocks depict a higher modal proportion (for example, sample 211 in 

the C2 subunit). The grain-size never exceeds the dimensions of a 

single interstice, which is generally shared by quartz. Where m~ca 

is intergrown with plagioclase j the latter is generally more sodic 

than in adjacent layers (refer to analyses 211, 225 and 280; Table 

11). Mica very rarely occurs in fine-grained, granular-textured 

bronzitites. 

The mica is a titanian phlogopite (Mg/Fe > 2: 1), and microprobe 

anal y ses of mica from three geologically separate areas are given in 

Table 13 for comparison. Phlogopite within the studied section 

commonly hosts large chromite grains as an occluded phase and it will 

be shown in a subsequent section that preferential partitioning of Al 

and Ti into the mica induces lower Al and Ti contents (but higher Cr) 

in the encapsulated spinel grains. 

TABLE 13: 

MICROPROBE ANALYSES OF INTERCUMULUS MICA 

SAMPLE NO. 165 225 280 A B C 

Si02 39,45 38,59 39,26 38,73 39,35 39,14 

Ti02 2,27 3,61 3,78 5,59 5,32 4,96 

Al203 14,18 13 ,88 13 ,81 13,19 13,79 15,36 

FeO 4,77 4,94 5,23 6,64 8,60 2,67 

MnO 0,02 0,04 0,03 0,04 

MgO 22,57 21,81 21,21 19,18 17,71 22,42 

Na20 0,41 0,52 0,47 0,59 1,24 

K20 5,73 8,28 9,03 9,18 9,17 8,14 

Cr203 1,81 1,92 1,87 1,36 1 , 33 1,66 

Nio 0,81 0,16 0,20 

TOTAL 92,02 93,75 94,89 94,66 95,27 95,63 

All Fe as FeO 

MB2AAE 
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KEY: 

165 Basal portion of D1 subunit. Coarse-grained, adcumulate-textured 

bronzitite with a very low void volume. 

225 C2 subunit coarse-grained, adcumulate-textured bronzitite. Amphibole 

and sodie plagioclase are additional intercumulus silicate phases. 

280 B unit; plagioclase-bearing bronzitite. 

A Red, titanian phlogopite from the Insizwa Intrusion, Transkei (Eales, 

1980) . 

B Mica in the Merensky cyclic unit, Rustenburg district (Kruger, 1983; 

sample M 4). 

c 

MB2AAE 

Phlogopite in bronzitite, upper part of E unit. 

Comp lex (Cameron, 1980; Table I). 

Eastern Bushve1d 

The average atomic AI/Cr of mica in samples 165, 225 and 280 is 11,16 

(s = 0,54). Based on the consideration that these titanian m1cas 

represent late-stage 

NiO contents of 0,16 

crystallization products of residual melt, the 

to 0,20 wt. per cent seem anomalously high. 

However, these abundances are consistent with the significant levels 

of Cr203 (Fig. 23 and Table 13), which 

wt. per cent and thus exceed the 

are 1n the range 1,80 to 1,95 

Cr203 contents of cumulus 

orthopyroxene and intercumulus clinopyroxene. 

5.3.5 AMPHIBOLE 

The amphibole minerals have an inosilicate atomic structure and are 

characterized chemically in terms of the following structural 

formula: WX2 Y5 Z8 022 (OH)2, where W 1S known as the vacant site. 

The latter site 1S occupied by Na in certain of the calcium 

amphiboles, of which hornblende is an important member. Amphibole is 

a common late-stage, accessory phase in coarse-grained, adcumulate­

textured bronzitites and some mesocumulate-textured, feldspathic 

bronzitites of the studied section, in which it can occur as a 

deuteric alteration product of pyroxenes and as a crystallization 

product of late-stage, magmatic residua. Idiomorphism is commonly 

displayed in domains where intergrown with quartz and micropegmatite 
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but sector zoning was observed ,n only one sample (254 A; Cl 

subunit). Actinolitic amphibole (uralite) is ubiquitous as a 

replacement phase of the pyroxenes, particularly intercumulus 

clinopyroxene. The mineral ~s characterized in thin section by a 

light green to tan pleochroism. A fibrous amphibole varie ty is often 

intimately intergrown with sulphide and oxide se l vages. This is we l l 

developed in portions of the C2 subunit (for example , ,n sample 225 

and at the top of the subunit where a minor abundance of base metal 

sulphides is present) and within a silicate-parting of the laminated 

LG 5 chromitite layer . The fine - grained, granular-textured 

bronzitites of the D unit are devoid of amphibole, but u"["alite 15 

common within the coarser -grained adcumulate - textured bronzitites of 

the E unit. Apart from a limited abundance of uralite along cleavage 

planes of coarse - grained orthopyroxene crystals, and of intergrown 

clinopyroxene exsolution lamellae, the modal abundance and grain-size 

of intercumulus amphibole is subordinate to that of p l agioclase and 

clinopyroxene . 

small. 

Idiomorphic amphibole is rare and the grain-sizes are 

Microprobe analyses of amphibole are presented ,n Table 14 . It 's 
evident from the data that the concentrations of Ti, Al and Cr are 

intermediate between the respective con t ents ~n clinopyroxene and 

titanian phlogopite (Fig. 23). The average atomic AI I Cr is 5,34 

(n = 8; s = 0,43). 
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TABLE 14: 

MICROPROBE ANALYSES OF AMPHIBOLE 

SAMPLE NO. 70 115 165 184A 225 (1) 225(2) 

Si02 52,21 52,23 51,57 44,86 52,22 52,22 

Ti02 0,35 0,30 0,56 1,12 0,35 0,38 

A1203 4,69 4,29 4,89 10,98 3,61 5,17 

FeO 4,63 3,83 3,69 3,62 3,54 3,73 

MnO 0,07 0,09 0,06 0,06 0,07 0,09 

MgO 20,00 21,05 20,65 18,05 22,08 20,28 

CaO 12,13 12,36 12,03 11 ,68 12,29 12,21 

Na20 0,83 0,63 0,89 2,46 0,77 0,71 

K20 0,23 0,25 0,38 0,00 0,36 0,10 

Cr203 1,37 1,12 1,38 2,55 0,93 1,68 

Nio 0,08 0,12 0,10 0,00 0,05 0,04 

TOTAL 96,59 96,27 96,20 95,38 96,27 96,61 

All Fe as Feo 

KEY: 

70 Core of anhedral, inter cumulus grain; E unit. 

115 Deuteric alteration product of intracrystalline domain within 

orthopyroxene (n = 2). D1 subuni t • 

165 Core of anhedral, intercumulus grain within coarse-grained, 

adcumulate-textured bronzitite (n = 2); D1 subunit. 

184 A Subgrain of amphibole within large oikocryst of reaction-replacement 

orthopyroxene; olivine-bearing silicate lens ~n I chromitite layer) 

C3 subunit. 

225(1) Core of large, intercumulus grain intergrown with sodic plagioclase. 

Large bleb of base metal sulphide (+ magnetite) associated with the 

interstice. 

225(2) Core of second grain in an adjacent interstice. Presence of 

MB2AAE 

interstitial sulphides and graphite platelets are an unusual feature 

of this bronzitite. 
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o TITANIAN PHLOGOPITE; [!] AMPHIBOLE. 
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5.3.6 SILICATE INCLUSIONS WITHIN CHROMITE 

A number of authors have described silicate inclusions 1n chromite 

grains and, in most instances, these reports have been pertinent to 

chromite from chromitite layers. For example, McDonald (1965) 

described rounded to sub rounded inclusions 1D chromite from the 

chromi ti te layers of the Ruighoek Pyroxeni te on the farm Ruighoek. 

Inclusions have also been noted in chromite of the chromitite 

deposits 

Rensburg, 

(Jackson, 

at Nietverdiend, Western Transvaal (Kruparz and Van 

1965), within chromitite layers of the Stillwater Complex 

1966) and within the UG 2-like chromitite layer south of 

Potgietersrus (Hulbert, 1983). Similarly, Irvine (1975) described 

mono- and bimineralic inclusions, granitic 1n composition, within 

chromite of the Muskox intrusion, and olivine inclusions occur within 

chromite of podiform chromitite (Lehmann, 1983) . In contrast, 

Donaldson and Brown (1977) report MgO-rich melt inclusions within 

euhedral Cr-Al spinel gra1ns in a sample of ocean1C tholeiite. 

Recent proposals invoke sintering of a porous chromite aggregate at 

sustained near-liquidus temperatures to account for these features 

within chromitite layers (Hulbert, op cit.), a concept that 1S 

advocated here (referred to as grain annealing 1n section 4.2 of the 

present text). However, it is difficult to apply this reasoning to 

dispersed chromite grains which may be wholly or partially occluded 

by cumulus orthopyroxene and olivine crystals in silicate-rich 

domains. 

Samples 215 and 221, representative of magnes1an bronzitites 1n the 

footwall of the LG 3 chromitite layer, depict a low abundance of 

small chromite grains carry~ng silicate inclusions. The grains 

selected for analysis show a single, spherical silicate inclusion 

toward the centre, varying between 30 and 80 microns ~n diameter. 

The results of a cursory microprobe examination are presented ~n 

Table 15. 
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TABLE 15: 

MICROPROBE ANALYSES OF SILICATE INCLUSIONS WITHIN CHROMITE 

SAMPLE 215 221 

No. Al A2 A1 B1 B2 B3 

Si02 80,86 78,94 46,89 56,91 34,43 51,5 

Ti02 0,10 0,11 0,95 0,20 0,13 0,40 

A1203 3,78 4,19 14,31 3,47 2,27 5,43 

FeO 1,37 0,89 5,76 1,89 6,51 4,21 

MnO 0,02 0,05 N.A. 0,02 0,07 0,09 

MgO 3,96 5,59 19,13 29,78 36,42 25,63 

CaO 0,07 0,08 0,42 0,14 0,55 5,84 

Na20 0,18 0,34 2,92 0,91 0,05 0,83 

Cr203 3,21 1,56 1,68 0,50 0,96 0,88 

NiO 0,01 0,03 0,12 0,10 0,03 0,07 

TOTAL 93, 56 91,78 92,18 93,92 81,42 94,88 

N.A.: Not analyzed. All Fe as FeO 

KEY: 

215 A1 - A2: Spherical silicate inclusion of 30 micron-diameter within 

anhedral, intergranular chromi te grain (ca. 275 microns in diameter); 

associated chromite ana l ysis denoted 215 / 6. 

221 

221 

MB2AAE 

A1 : 40-micron inclusion within 230 micron-diamet er, intergranular 

chromite grain. The associated chromite analysis is denoted 221/6. 

B1 B3: Three be am positions within an 80 micron-diameter 

inclusion, hosted by an intergranu1ar chromite grain of 250 x 280 

micron diameter. Both A and B inclusions carry a spinel phase. The 

associated analysis of the host chromit e grain is 221 / 4. 
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A defocussed electron beam (ca. 25 mlcron diameter) was employed in 

order to measure approximate bulk compositions. Unfortunately, the 

host chromite contributed to the count rates and, with respect to 

analyses 215 Al and A2 ln particular, the analyses cited in Table 15 

cannot be regarded as 

the data that quartz, 

representative . However, it ~s 

mica and amphibole compositions 

evident from 

are depic ted: 

these may be daughter products 

The compositional variation of 

from the breakdown of orthopyroxene. 

inclusion 221 B is indicative of an 

intergrowth of these phases and the magnesian character is to be 

anticipated by virtue of the proximity to chromite. 

Silicate inclusions are present in chromi te 

partially or wholly occluded by orthopyroxene. 

grains which are 

However, they are 

more frequent within intergranular chromite grains and are a very 

common feature in olivine-bearing assemblages {silicate inclusions 

a typical feature are also 

intrusive dunite bodies of 

of intergranular chromite 10 some 

the Upper Critical Zone (R Scoon, 

per s . comm.)). This is well illustrated at the base of the Cl 

subunit and within the uppermost stratigraphic levels of the B unit, 

where some unusual chromite morphologies are depicted. Only one 

occurrence of olivine occluded by chromite was observed. This 

occurrence is in the footwall of the LG 6 chromitite, drill core 

ZS 3, where an olivine inclusion is in optical continuity with a 

large oikocryst of replacement olivine (associated with an ultramafic 

pegmatite replacement assemblage). This is therefore indicative of a 

penetrative structure and suggests that annealing of inter granular 

chromi te aggregrates can occur in silicate-rich environments. 

However, inspection of numerous polished thin sections has shown that 

most siiicate inclusions are not penetrative features. Hence, it is 

incorrect to attribute the hydrous silicate assemblages of many 

silicate inclusions to wetting of porous chromite structures by 

late-stage melt. Porous chromite structures are rare and their 

occurrence is restricted to certain granular-textured bronzitites of 

the D and E units. Fig. 24(A) is tendered as an example, with the 

prov~so that this feature may be a resorption texture and not a 

prlmary growth form. 

Chromite morphologies akin to mantle and spherical chromite occur 

within the uppermost few centimetres of the B unit (mantle and 
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spherical chromite-types are described by Hulbert and von Gruenewaldt 

(980». These chromite grains are large (0,3 mm) and only occur as 

an intergranular phase, commonly intergrown with plagioclase. 

Spherical chromite often encloses m~ca and no intracrystalline 

chromite-chromite grain boundaries are evident (Fig. 24(B». The 

occlusion of smaller silicate inclusions is a typical feature. An 

example of a pseudo-mantle chromite is shown ~n Fig. 24(C), where the 

presence of at least one intracrystalline grain boundary is of 

significance. Rutile is ubiquitous within this composite chromite 

grain as an exsolved phase and as externally exsolved granules. 

Furthermore, a few stubby ru_tile needles, nucleated on the chromite 

grain boundaries, project into the circumjacent plagioclase and also 

occur within two of the silicate inclusions. These features were 

noted for other chromite gra~ns of differing morphologies, but 

unattached rutile was not observed as inclusions within intercumulus 

plagioclase. The degree of chromite anhedralism within the sample 

appears to be a function of grain-size and the number of silicate 

inclusions: sub rounded chromite ~s smaller with few inclusions, 

whereas anhedral chromite ~s coarser with a higher number of 

inclusions. Arrested suturing of intergranular chromite is a common 

feature, but it is clear from Fig. 24(D) that this process cannot 

wholly account for the disposition and incidence of silicate 

inclusions. Hence, the interpretation favoured here is as follows. 

The chromite morphologies are not primary, in situ growth forms, but 

result from annealing of fine-grained aggregated chromite with a 

component of secondary, inclusion-free growth to yield planar 

interfaces. There ~s no valid reason for stipulating that annealing 

is only feasable ~n a compacting crystal mush: the process may 

initiate during a period of suspension or long-range settling of a 

porous chromite aggregate, and the resultant densification may 

influence the rate of settling. However, as suggested by Young 

(984), the silicate inclusions may be representative of residual 

liquid droplets (derived from the footwall) not miscible with a more 

primitive, supernatant melt. 

To summarize, silicate inclusions within dispersed chromite grains 

may stem from annealing of chromite aggregates while settling through 

a liquid column or during compaction of the crystal pile. The latter 

regime cannot, however, account for spherical silicate inclusions 



FIGS. 24(A) to (F): Photomicrographs of chromite grains 
morphologies and silicate inclusions. 

with 

, , 

contrasted 

(A): Porous grain (dark brown in transmitted light) resident in 
a triple junction of polygonal orthopyroxene crystals 
within a granular-textured bronzitite (sample 125; D1 
subunit). The textural features may be indicative of 
resorbtion, prior to encapsulation, of a grain which 
initially contained a high number of silicate inclusions. 
A point of interest is that a trace occurrence of olivine 
crystals (i.e., one crystal within this thin section) is 
exposed within the fine-grained bronzitite. Microprobe 
analysis shows the chromite grain to be enriched in Mg and 
Al relative to grains with usual morphologies in 
underlying, coarse-grained and adcumulate-textured 
bronzitites. A photomicrograph of an equivalent granular­
textured bronzitite host is presented in Fig. 8C(iii), and 
a microprobe analysis of the chromi te grain is given in 
Table 26 (analysis 125/1). Section photographed with 
plane polarized transmitted light. The longer dimension 
of the grain measures 60 m~crons. 

(B): Spherical morphological type with m~ca as the occluded 
phase (the highly reflective material ~s a remnant of 
graphite coating), and representative of an intergranular 
grain between orthopyroxene crystals (sample 258; top of 
the B unit). The diameter of the chromite grain is 300 
microns. Silicate minerals within the small, spherical 
silicate inclusions (less than 30 microns in diameter) are 
usually mica and quartz. Section photographed with plane 
polarized reflected light. 

(c): Grain with a pseudo-mantle morphology showing (i) straight 
intracrystalline grain boundaries, (ii) well-formed, 
smooth planar boundaries, and (iii) silicate inclusions. 
The grain abuts against orthopyroxene crystals on three 
sides, with intercumulus plagioclase feldspar (low relief, 
light grey) enclosed within the incomplete termination. 
This chromite grain is depicted in a microdomain adjacent 
to (B). Note that rutile rods within the chromite are not 
resol ved under the magnification used, which is the same 
as in (B). Section photographed with reflected light. 



\ l 



-- ----------------

FIGS. 24(D): 

(F) : 
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Aggregate of intergranular grains in an olivine-bronzitite 
near the base of the Cl subunit (sample 255). Note the 
irregular grain boundaries, incidence of silicate 
inclusions and occurrence of a small, equant grain (bottom 
left) with a spherical silicate inclusion. Section 
photographed with reflected light. 

Equant, welded grains showing a high incidence of 
spherical inclusions of vary~ng sizes, and enc losed in a 
structurally continuous gra~n of reaction-replacement 
orthopyroxene. Chromitiferous poikilitic harzburgite in 
the hanging-wall of chromite dunite and olivine-chromitite 
lithologies (C2 subunit, sample 222; within 4 m of the 
basal contact of the LG 3 chromitite layer). Section 
photographed in transmitted light. Scale Scm = 0,25mm. 

Small gra~n, with a diameter of 100 m~crons, welded 
against a larger, equant grain with a diameter of 210 
m~crons. Reflected light microscopy reveals no grain 
boundary separating the two grains, both of which are 
encapsulated wi thin a we ll-formed orthopyroxene lath (e2 
subunit, sample 215; footwall of the LG 3 chromi ti te 
layer). The si licate assemblage wi thin the larger 
silicate inclusion comprises mica and quartz. Section 
photographed with plane polarized transmitted light. 
Chromite grains with silicate inclusions are generally 
seen near the footwall contacts of chromitite layers and 
in association with the appearance of olivine as a cumulus 
phase. They are very rare in the interiors of chromitite 
layers (where advanced degrees of grain annealing are 
indicated) and ~n isomodal, homogeneous units of rock. 
These observations are relevant to Young's (1984) proposal 
(refer to p. 107 of the present text). 
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within subrounded chromite occluded by cumulus silicate phases J nor 

does it account for the morphology depicted ,n Fig. 24(E). 

Furthermore) inclusion-charged grains are (a) confined to 

olivine-bearing horizons of the Ruighoek Pyroxenite succeSSlon, and 

(b) exhibit lower CrlAl ratios than grains in the pyroxenite units. 

These data will be presented ,n the subsequent text. Finally, 

attention 15 drawn to the textural relationship depicted 1n 

Fig. 24(F), which shows two welded chromite grains occluded within 

the core-domain of an orthopyroxene crystal. 

graln is 100 microns in diameter and hosts 

The smaller chromite 

a 30 mlcron silicate 

inclusion composed of a mica + quartz intergrowth. The larger grain 

15 210 mlcrons 1n diameter and hosts a number of small inclusions. 

If the mlca + quartz intergrowth is regarded as an orthopyroxene 

breakdown product, the textural nolationship displayed by the smaller 

grain can be regarded as substantiative evidence for the nucleation 

of chromite on silicate crystallites. Hence, the number of si licate 

inclusions within the larger chromite grain may be indicative of the 

number of small grains wh ich welded t o yield a coarser product. This 

is quite plausible if the relative volumes are considered. For 

example, the calculated volume of the larger chromite grain is 9 

times that of the smalle r and three silicate inclusions are visible 

in the plane of the 

ar~se from the above 

thin 

are: 

section. Thus two considerations which 

(a) aggregation and annealing processes 

must be near completion prior to encapsulation within a well-formed 

orthopyroxene crystal, and (b) unless each small chromite grain is of 

the same composition, a wide spectrum of intermediate compositions 

may ultimately result from diffusive homogenization. 

5.3.7 OTHER PHASES 

Occurrences of graphite, base metal sulphides, rutile, magnetite, 

ilmenite, ferritchromite, 

and serpentine minerals 

micropegmatite, 

are depic ted 

quartz, bastite, 

within the study 

magnesite 

section. 

Serpentine is a pervasive constituent of the olivine-rich Cl and C3 

subunits and is associated with trails of magnetite granules released 

by oxidation of olivine. It is not clear whether the 

serpentinization is of deuteric or meteoric origin. Campbell (1975), 

for example, has discounted deuteric serpentinization of olivine 
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cumulates 1.n the Jimberlana Intrusion, Western Australia, by virtue 

of the adcumulate texture of the rocks. Where serpentinization has 

reached advanced stages 1.n dunites of the Cl and C3 subunits, 

alteration of chromite to ferritchromite 1.S common along grain 

boundaries and fractures, and chromite is partially pseudomorphed by 

sulphides 1.n a few samples (Fig. 25A). Nickel and Hudson (1976) 

describe chromian valleriite pseudomorphs of Cr-spinel in the Nepean 

and Perseverance Ni-Fe sulphide deposits, Western Australia, in which 

chromite 1.S intergrown with sulphides 1.n the ma1.n ore zones. 

Similarly, intergrowths in the C unit of the studied section may stem 

from hydrothermal reactions. 

Chromite 1.S also prone to alteration where replacement of layered 

bronzitite by ultramafic pegmatite assemblages has occurred. The 

example cited 1.ll Fig. 25 (B) 1.S from drill core ZS3 at the 

stratigraphic level of sample 331 within the D1 subunit: a 

circumjacent zone of ferritchromite 1.S disposed about a subrounded 

chromite grain, and the thin silicate selvage between the two spinel 

phases 1.S a common feature. The ferritchromite 1.S porous and a 

sulphide phase is often depicted within the silicate voids. The host 

pegmatite assemblage comprises olivine-orthopyroxene-magnesite­

amphibole, and the magnesite occurrence may attest to a replacement 

phenomenon associated with the ingress of a C02-rich fluid. In 

contrast, non-porous ferritchromite 1.S developed along annealed 

chromite grain boundaries 1.n the gradational footwall of the LG 7 

chromitite layer, where shearing parallel to the plane of layering 

has fractured the chromite. 

GRAPHITE 

Graphite 1.S a trace constituent within bronzitites 1.n the upper 2 

metres of the B unit, occur1.ng as elongate flakes up to 2,5 mm 1.n 

length. These gra1.ns are 

well-formed orthopyroxene 

following textural features 

primary magmatic phase: 

penetrative structures, cross-cutting 

grain boundaries (Fig. 25C) and the 

suggest that graphite crystallized as a 



FIGS. 25(A) to (C): Photomicrographs illustrating alteration of chromite, and 
graphite platelets within bronzitite. 

MB4AAD 

(A): Intimate intergrowth of sulphide (higher reflectivity) and 

(B) : 

chromite in serpentinized dunite 
layer, C3 subunit (sample 183A) • 
wi th plane polarized reflected 
0, 2Smm. 

above the 
Section 

light. 

I chromitite 
photographed 

Scale Scm 

Pseudomorphic alteration of 
(higher reflectivity) ~n 
assemblage, drill core ZS 3 
Scale Scm 0,2Smm. 

chromite to ferritchromite 
an ultramafic pegmatite 
(Dl subunit, sample 331). 

(C): Graphite platelets (acicular, opaque) ~n an adcumulate­
textured, chromi te-bearing bronzi ti te. The microdomain is 
within 10 mm of the first appearance of cumulus olivine 
crystals marking the base of the Cl subunit. Micro­
brecciation of the bronzitite ~s linked to serpentini­
zation of olivine ~n adjacent domains, but no fracture 
control on graphite distribution ~s evident. Section 
photographed with transmitted light under crossed nicols. 
Scale Scm = 2mm. 
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1. No alteration of the juxtaposed orthopyroxene host and 

intercumulus plagioclase ~s evident, suggesting that the 

disposition of graphite grains is not fracture-controlled. 

2. The highest abundance is reached within 1 centimetre of the first 

cumulus olivine grains marking the base of the Cl subunit (the 

latter show alteration to serpentine along fractures). 

3. No graphite occurs in association with or above the first olivine 

grains. This is irreconcilable with fracture-control of graphite 

distribution as these features are observed on the scale of a 

thin section. 

Eckstrand (1975) has proposed that oxidation of olivine ,n the 

presence of an aqueous phase can produce a strongly reducing 

environment. Operation of such a process to account for the graphite 

occurrence can be discounted in terms of the unaltered nature of the 

adjacent bronzitite and the low modal abundance of ali vine. 

Furthermore, graphite is not observed within serpentinized dunites in 

the Cl and C3 subunits. The textural features therefore suggest that 

graphite nucleation preceded that of orthopyroxene in the bronzitite 

layers at the top of the B unit, and presaged the appearance of 

nickeliferous olivine as a primary liquidus phase. Merkle and Hatton 

(1983) have reported magmatic graphite above the MG 2 chromitite 

layer on the same property (i.e., the farm Zandspruit), and postulate 

that this feature (in association with an increase in whole-rock 

sulphide contend may be indicative of an irruption of new magma at 

this stratigraphic level. Supportive evidence for the notion that 

graphite occurrences within the studied section are not fortuitously 

disposed is given by modal occurrences in adcumulate-textured 

bronzitite below the layered, olivine-bearing succession within the 

C2 subunit (sample 225), and in samples 28 and 149 in the E unit and 

Dl subunit, respectively. With reference to Fig. 14, it is noted 

that all these samples are at stratigraphic levels at which a cryptic 

rlse in orthopyroxene MMF ratios is evident. Other notable features 

are that (a) nickeliferous sulphides are present at trace levels 

within sample 225 (a relationship analogous to that documented by 

Merkle and Hatton (1983)), and (b) chromite grains within magnesian, 

olivine-bearing assemblages 1n the Cl 

with spherical silicate inclusions. 

and C2 subuni ts are charged 

It will be shown ,n the 

subsequent text that chromite 1n these mineral assemblages yields 
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A1203-rich and Fe203-poor compositions, 1.e., a chemistry which 

experimentally has been correlated with reducing redox conditions 

(Ulmer, 1969; 

that (a) the 

Buntin et al., 

Fe3+ content of 

1983) • Furthermore, 

chromite within the 

it will be shown 

ZS7 drill core 

section is maintained at low levels I and (b) significant increases in 

Fe 3+ content with increasing stratigraphic height can occur through a 

homogeneous succeSSlon of chromite-poor bronzitite and, 

paradoxically, not be mirrored within the equivalent succession of an 

adjacent drill core section. It should be stressed, however, that 

the implications of these data require an appropriate assessment of 

the textural observations and analytical data which have been 

presented above. 

RUTILE 

Rutile occurrences within the Mooihoek and Ruighoek Pyroxenite 

successions have been described by Cameron (1979) and McDonald 

(1967), respectively. Similar occurrences are found 1n silicate-rich 

rocks of drill cores ZS3 and ZS7, where rutile is observed in the 

following textural environments: 

1. As crystallographically orientated lamellae in chromite. 

2. As external granules on chromite grain boundaries. 

3 . As a random distribution of needles and rods intergrown with 

intercumulus plagioclase in bronzitites. 

In contrast to these rather pervasive occurrences, only a single 

grain was observed within the Lower Group chromitite layers 

(Fig. 26(A)). The latter ~s interstitial to polygonal-textured, 

annealed grains within the LG 6A chromitite, drill core ZS7, and is 

intergrown with ilmenite (this was the only ilmenite occurrence 

noted) . Varieties (1) and (2) are products of subsolidus exsolution 

(Fig. 26(B)) and are more abundant in feldspathic bronzitites. The 

intracrystalline concentration is not uniform within individual 

grains, nor between gra~ns within a thin section. However, exso1ved 

rutile is only seen within chromite grains occluded by plagioclase or 

within intergranular particles adjacent to plagioclase-bearing 

domains. Small chromite grains occluded by orthopyroxene, or grains 
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FIGS. 26(A) and (B): Photomicrographs of ruti Ie occurrences wi thin the studied 
section. Both sections photographed with plane 
polarized reflected light. 

(A): Intergranular rutile (white, highly reflective) 
intergrown with ilmenite (light grey) in an annealed 
assemblage of large, polygonal chromite grains (dark 
grey) within the LG 6A chromitite layer (drill core 
ZS 7). Tonal variations stem from imperfections in the 
negative, and the pitted nature of the chromite 
represents poor polishing. The assemblage shown is the 
only occurrence of rutile and ilmenite noted within the 
LG chromitite layers of the studied section. 
Scale Scm = 62 microns. 

(B): Crystallographically orientated rutile lamellae (white) 
within a large chromite grain (400 microns in diameter) 
enclosed in intercumulus plagioclase (dark grey). A 
photomicrograph of the bronzitite host is presented in 
Fig. 8C(iv) (Dl subunit, sample 104; hanging-wall of the 
LG S chromitite layer). Rutile is not present within 

chromite grains in the juxtaposed granular - textured 
bronzitites. Scale Scm = 62 microns. 
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within granular-textured bronzitites, do not exhibit exsolved rutile. 

Furthermore, occurrences of acicular rutile crystals within 

intercumulus plagioclase are confined to certain adcumulate- and 

mesocumulate- textured bronzitites of the B unit and C2 and D1 

subunits. Acicular crystals were not observed within plagioclase­

bearing rocks of the E unit and D2 subunit and within plagioclase 

grains filling 

bronzitites. 

poo r ly 

Rutile 

annealed 

of any 

cavities in granular- textured 

form was not observed within 

adcumulate-textured olivine - bronzitites, dunites and harzburgites of 

the Cl and C3 subunit, nor within the Lower Zone samples exposed 1n 

borehole KAS. 

The textural features cited above support the notion that Ti­

saturation in chromite is linked to the nucleation of plagioc lase 1n 

the interstitial melt volume. This is manifested by two features 1n 

particular: (a) where a single chromite grain occup i es a 

plagioclase-filled interstice, exsolved rutile is more prevalent, and 

(b) exsolved rutile is not present within chromite grains intergrown 

with titanian phlogopite . Hence, the TiOZ content of chromite is not 

anticipated to vary as a smooth function of stratigraphic height by 

virtue of the interplay of factors such as these and subsolidus 

equilibration processes. 

SULPHIDES 

A systematic study of base metal sulphide occurrences was not made 

but the following observations warrant mention. Sulphides are a very 

rare constituent of the chromitite layers and are wholly absent in 

domains comprising large> polygonal chromite grains. A thin 

chromitite stringer in sample 07 (E unit) represents one exception, 

but the high sulphide content at this stratigraphic level appears to 

be linked to the juxtaposition of an olivine-rich, ultramafic 

pegmatite assemblage. Trace abundances of pyrrhotite are found 

within certain silicate-rich horizons, generally as small, irregular 

grains intergrown with intercumulus silicate phases. Chalcopyrite 

and pentlandite are intergrown with pyrrhotite in a few instances, 

suggestive of the decomposition of a monosulphide solid solution. 
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More rarely, microscopic inclusions of pyrrhotite occur within 

orthopyroxene in granular-textured bronzitites. Comparatively higher 

sulphide abundances are found in the upper portion of the B unit, in 

bronzitites underlying the olivine-bearing succeSSlon within the C2 

subunit and 1n the upper portion of the C2 subunit. Certain 

adcumulate - textured and micropegmatite-bearing bronzitites near the 

base of Dl subunit are host to sulphides) but these occurrences are 

very sporadic. Weak disseminations of sulphides occur sporadically 

within two horizons of the E unit) viz. 1 from 41 to 74 metres below 

the LG 7 chromitite layer (samples 41 to 62) and within 18 me tres of 

the LG 7 (samples 5 to 26). Although some of these occurrences are 

associated with olivine-bearing bronzitites and may thus reflect a 

degree of replacement by ultramafic pegmatite assemblages, it is of 

interest that there is a correspondence between these sulphide­

bearing intervals and measured fluctuations in orthopyroxene 

crystallinity (refer to Fig. 8E). A comprehensive study of the 

sulphide modal variation in relation to stratigraphic position within 

these horizons may serve to elucidate this apparent relationship. 

Other than trace occurrences 

serpentine, 

restricted 

su lphide occurrences 

of a pyrite-oxide intergrowth within 

within the Cl and C3 subunits are 

occluded by reaction-replacement 

magmatic sulphides were observed 1n 

suggesting that magmatic sulphur was 

to small blebs 

orthopyroxene. No pr1mary 

adjacent olivine-rich domains, 

introduced via late-stage melt. Resorption of olivine crystals would 

re-introduce nickel into the melt or, by virtue of the siliceous melt 

compos i t ion and envisaged stagnant condit ions imposed by the 

adcumulate textures, nickel may effectively be enriched ~n relict 

olivine ahead of the replacement front (a process akin to zone 

refining). It is not known whether the sulphide blebs are 

nickeliferous, but the concentration of NiO in reaction-replacement 

orthopyroxene (0,03 to 0,07 wt. per cent) 's equivalent to that of 

orthopyroxene within granular harzburgites and bronzitites. 

5 .4 CHROMITE 

MB3AAA 

The section which follows (pp. 113 - 151) presents ,n detail the 

observations and analytical data that constitute the focus of the 
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present study. A summary of the conclusions appears on pp. 148 - 151 

but this section stresses (a) compositional variations of chromite 

grains within pa<agenetical1y different environments, (b) 

compositional changes with stratigraphic height, (c) the effects of 

<eaction with late-stage liquids, (d) subsolidus equilibration with 

ferromagnesian silicates, and (e) the significance of variations in 

TiOZ ' 

The relatively simple gene<al fo<mula of the spinel group A[B2]04, 

belies the compositionally diverse and complex array of spinellids 

found 1n natural and synthetic systems. The spinel structure 15 

based on a cubic close-packed array of oxygen anions, with each unit 

cell containing 8 divalent cations in a total of 64 tetrahedral sites 

and 16 trivalent cations 1n a total of 32 octahedral sites. Hence, 

spinel sensu stricto can be written as Mga Al16 03Z' The inverse 

spinel structure, of which ulvospinel is a member, has the general 

formula B[AB]04, where one half of the B cations are in octahedral 

sites with A cations. In terms of octahedral site preference 

enerpes (OSPE), this condition arises when A cations (such as Fe2 + 

and NiZ+) have a higher OSPE than B cations (Burns, 1970). The Fe3 + 

cation, with zero OSPE, can form both normal and inverse spinels, 

whereas Cr 3+ will only form normal spinels by virtue of the 

exceptionally 

spinels can be 

Al, Fe3+)203, 

high OSPE. Natural solid 

characterized in terms of the 

and a method of graphical 

solutions of Cr-bearing 

formula (Mg, FeZ+)O.(Cr, 

representation of the 

compositional variations is afforded by the trigonal spinel prism of 

Stevens (944). 

Though the partitioning of Mg and Fe2 + between Cr-spinel and basaltic 

magma is understood) the behaviour of trivalent Cr, Al and Fe is 

problematical. For example, a trend of declining Mg/(Mg + Fe2+) 

ratios is manifested with progressively lower liquidus temperatures 

(Hill and Roeder, 1974; Akella et aI., 1976; Fisk and Bence, 1980), 

whereas variable (Al/Cr)spinel ratios at constant temperature and 

pressure have been noted in natural peridotite assemblages (Sinton, 

1977). Furthermore, subsol idus re-equilibration between Cr-spinels 

and associated ferromagnesian silicate phases serves to substantially 

depress 

Wilson, 

the MMF (spinel) 

198Z), whereas 

ratio (Jackson, 

only limited 

1969; Roeder et aI., 1979; 

diffusion of Cr into 
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orthopyroxene has been noted (Wilson, op cit . ,). However, Eales and 

Reynolds (1983) and Eales (1985) have demonstrated a pronounced 

sensitivity of (Al/cr)spinel to plagioclase nucleation In the 

Bushveld Complex. The Aller ratio 1S seen to increase as the 

associated MMF ratio declines from high values to a cation ratio of 

approximately 0,450, whereupon nucleation of primocrystal plagioclase 

at the base of the Upper Critical Zone imposes a coupled trend of 

declining AIICr with a further decrease in MMF (spinel). 

The influence of oxygen fugacity on spinel chemistry has received 

considerable attention (for example, by Irvine (1965), Speidel and 

Osborn (1967) and Ulmer (1969». In essence, spinels enriched in 

magnetite or magnesioferrite end-members form under oxidizing 

magmatic conditions, whereas spinels enriched in FeCrz04 and FeAIz04 

should reflect relatively reducing conditions. In addition, opposing 

changes in the MMF ratio can result depending on the fOZ conditions 

attending subsolidus re - equilibration processes. It is believed that 

the redox conditions of the magma impose a control on the abundance 

of crystallizing chromite, and it has been proposed that periodic 

increases in f02 culminate in the formation of chromitite layers 

within the Lower Critical Zone (Snethlage and von Gruenewaldt, 1977; 

Snethlage and Klemm, 1978). Cameron and Desborough (1969) and 

Cameron (1975) make recourse to fOZ fluctuations to account for 

higher AIZ03, Mg/Fe and Cr/Fe in chromite within chromitite layers of 

the Eastern Bushveld Complex. 

by Cameron (1977) indicate 

However, the analytical data reported 

that) relative to chromite within 

juxtaposed silicate-rich rocks) chromite within chromitite layers is 

depleted in the FeZ03 component, while CrZ03 remains essentially 

constant. This feature contradicts the anticipated increase of Fe 3 + 

in spinel with higher ambient f02, as shown experimentally by Roeder 

(198Z). 

Wilson 098Z) investigated the compositional variation of chromite 

within ultramafic rocks of the Zimbabwean Great Dyke and found that 

small grains occluded by orthopyroxene or olivine were enriched in Cr 

and Fe 2 + relative to larger occluded grains within the same thin 

section. Intermediate grain-sizes were seen to be associated with 

intermediate compositions. These features were attributed to the 

influence of surface area/mass ratios of chromite grains during 1n 
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situ crystallization and subsolidus re-equilibration. It 1S 

envisaged that a small chromite grain, in equilibrium with a limited 

volume of magma, will be Cr-enriched relative to a larger grain In 

equilibrium with an equivalent melt volume. Within the subsolidus 

field, diffusive exchange of Fe 2 + and Mg would induce a greater 

departure from primary compositions in small grains by virtue of the 

higher surface area/mass ratio . These compositional trends are not 

evident in chromite grains occluded by intercumulus silicate phases, 

a feature taken to be indicative of variable degrees of reaction with 

residual melt. It 1S important to note, however, that clinopyroxene 

is generally an abundant intercumulus phase within the lower cyclic 

units of the Great Dyke and crystallized before plagioclase (Bichan, 

1969; Wil son, op. cit.). In summation it may therefore be concluded 

that the composition of chromite is influenced by any combination of 

magma 

oxygen 

composition, 

fugacity, 

temperature and sequence of crystallization, 

modal abundance of chromi te J reaction with 

late -stage melt and subsolidus re-equilibration. Clearly, 

indiscriminate use of the electron microprobe will not assist 1n an 

evaluation of the above. 

Some 650 microprobe analyses were obtained of chromite gra1ns within 

a variety of textural and mineralogical environments in the studied 

section. These analyses are presented 1U Tables 22 to 29, which 

include 

oxygens, 

(a) 

(b) 

structural formulae 

a selection of 

calculated on 

cation ratios, 

the 

and 

basis of 32 

(c) chromi te 

grain-size measurements. The nat ure of the enclosing silicate phase, 

denoted "HOST", and the mineralogical assemblage, denoted "ROCK 

TYPE II , are conveyed via numeric characters (see key for Tables 22 to 

29) . The diameter of the analyzing beam was generally 10 microns but 

was adjusted to suit various needs. For example, difficulties were 

experienced in attempting to estimate the bulk Ti02 content of 

chromite showing exsolved rutile lamellae by virtue of two reasons: 

firstly, an inhomogeneous distribution of lamellae within grains, and 

secondly, the rutile lamellae are optically indistinguishable beneath 

the conductive graphite coating. An estimation of core-rim 

compositional relationships was complicated by the obse rvat ion that 

core-domains of large gra1ns may depict a high abundance of 

intimately intergrown rutile, whereas the marginal-domains are 

typically devoid of lamellae and show externally exsolved rutile 
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granules. Use of a broad beam commonly resulted in inferior analyses 

and the procedure finally adopted employed a 20 micron diameter beam, 

positioned ~n a structurally homogeneous area of the grain, in order 

to obtain a provisional total analysis (i.e., of Cr, Fe, Mg, et 

cetera). The concentrations of Ti were then determined at five other 

positions and averaged. It should be stressed, therefore, that the 

chromite analyses are strictly representative of subsolidus 

equilibrium compositions; an inordinate number of analyses would be 

required of each grain to ascertain the bulk, near-solidus levels of 

Ti. 

Instrumental problems imposed a 20 m~cron limit on the m~n~mum 

gra~n-s~ze suitable for analysis. Attempts to refine the beam 

diameter to below 10 m~crons resulted ~n severe shape distortions 

leading to spurious analyses. Hence, spinel occurrences which could 

not be studied were (a) minute, facetted octahedra transmitting amber 

to reddish-brown light, (b) anhedral platelets transmitting pale 

green to amber light and (c) a trace occurrence of exsolved platelets 

within olivine (sample l84A; C3 subunit), orientated parallel to the 

olivine c-axis and transmitting brown light (Fig. 27A). The latter 

are less than 5 microns in width but can be up to 0,25 mm in length, 

and an attempted microprobe analysis indicated a composition of at 

least 22 wt. per cent Cr203' The spinel octahedra, usually 10 

microns in diameter, are a common feature of the D1 subunit where 

they occur as inclusions within coarse- and fine-grained 

orthopyroxene crystals. These may represent grains isolated from the 

magma at an early stage, but this ~s inconsistent with the 

observation that crystals of less than 10 microns can occur within 

0,05 mm of grains which are greater than 300 microns in diameter and 

which are indented wi thin orthopyroxene grain boundaries (Fig. 27B). 

Furthermore, clusters of minute octahedra or prisms can be seen in 

juxtaposition to larger grains (> 60 microns), all of which are 

wholly enclosed within orthopyroxene core- or marginal-domains. This 

bimodal grain-size distribution may therefore be indicative of mixing 

of two populations of chromite, viz., very small crystals that grew 

~n situ from a limited melt volume and larger crystals (> 60 microns) 

that settled through a substantial liquid column. An alternative 

explanation, and one that is favoured here by virtue of the perfect 

idiomorphism, is that the small octahedra represent a suspension of 



FIGS. 27 (A) to 
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(c) : Photomicrographs of chromite 
analyzed with the electron 
exceptionally small SIzes. 
in excess of background were 
were exposed in polished 
photographed with transmitted 

particles which could not be 
microprobe by virtue of the 
However, Cr-count rates well 
recorded where the particles 
surfaces. All sections 

light. 

(A): Crystallographically orientated lamellae of Cr-spinel 
within a large olivine crystal. The latter is exposed 
wi thin an 01 i vine /reaction -replacement orthopyroxene 
inclusion in the I chromitite layer (C3 subunit, sample 
184A), and represen~s the only occurrence of this type in 
the studied section. Scale Scm = 0,25mm. 

(B): Facetted octahedron of chromite (diameter of 10 microns) 
In juxtaposition to a chromite grain with a diameter of 
300 mIcrons. The latter is deeply indented in an 
orthopyroxene grain boundary, whereas the small part ic le 
is wholly within orthopyroxene. Grains of this size were 
never recognised as inclusions in intercumulus silicate 
phases (D1 subuni t, sample 147). Two other octahedra are 
visib le deeper into the section which ·is about 35 microns 
in thickness. These small crystals are very rarely seen 
with reflected light. 

(c): Granule of amber-coloured spinel in orthopyroxene within 
an olivine-bronzitite(Cl subunit, sample 255). Juxta­
position of rods or trails of opaque oxide granules are a 
sympathetic feature. Scale Scm = 62 microns. 
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intratelluric spinel carried into the magma chamber. The reddish-

brown transmitted colour may be regarded as being indicative of 

chromiferous spinels (Eales and Reynolds, 1983). Similar occurrences 

are found within the upper 7 metres of the B unit (i.e.) above and 

below the LG 2 chromitite) and ,n the footwall bronzitites of the 

LG land LG 3 chromitite layers. These small spinel crystals were 

not observed as inclusions within olivine of the Cl and C3 subunits 

but anhedral spinel platelets, transmitting pale green to amber 

light, occur along cleavage planes of well-formed orthopyroxene 

crystals within olivine-bronzitites of the C1 subunit (Fig. 27C). 

These are commonly associated with opaque spinel granules and 

droplets. Olivine and orthopyroxene crystals with no spinel 

inclusions occur in adjacent domains, and these textural features 

suggest that the translucent spinel stems from deuteric oxidation 

processes. Reaction-replacement orthopyroxene is also commonly 

charged with inclusions of opaque and translucent spinels. 

5.4.1 CHROMITE IN CHROMITITE LAYERS 

All of the Lower Group chromitite layers and associated minor layers 

were sampled, with the exception of the LG 1 and LG 6 (drill core 

ZS7) chromitite layers. A complete intersection of the LG 6A 

chromitite (ZS7) was made available for study, whereas only chip 

samples of the other LG chromitites were collected from the base of 

each layer. Most of the analytical work was completed at the 

University of Cape Town, thus necessitating an interlaboratory check. 

A selection of duplicate microprobe analyses is presented in Table 

16. Relative to the operating conditions employed at the University 

of Cape Town, duplicate analyses at Rhodes showed consistently higher 

Mg and AI, and lower FeO (total). The discrepancies are, however, 

acceptable and no restrictions can be imposed when relating this data 

to that of chromite grains within silicate-rich rocks, the bulk of 

which were analyzed at Rhodes University. 

A quartz crystal was employed at the University of Cape Town for the 

determination of MnO contents, 

interference on the Mn peak 

resulting 

position. 

in 

The 

Cr K ~ spectral line 

standard correction 
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procedure adopted is: MnO = MnO* - 0,01 [Cr2031, where MnO* and 

Cr203 are derived 

weight per cent. 

from 

The 

the microprobe data 

standard operating 

and are expressed ~n 

conditions at Rhodes 

University utilize a LiF crystal for the determination of manganese, 

and it is evident from Table 16 that a consistent discrepancy of 0,15 

wt. per cent MnD ~s depicted. Hence, where the same material was 

analyzed on a different occasion at Rhodes or further analyses were 

generated to supplement data acquired at the University of Cape Town, 

the following correction factor was adopted: MnO = MnO* - 0,003 

[CrZ031. This procedure has, however, a negligible effect on the 

calculated cation abundances and cati on ratios (for example, the 

proportion of Cr cations increases by 0,01 if this system is used). 

By virtue of the limited sample mat e rial available, it was necessary 

t o evaluate the degree to which a chip sample is representative of a 

given chromitite layer and to assess the compositional variation of 

chromite within a single polished section . Analytical data for 

chromite within an orientated polished s e ction of the LG Z chromitite 

layer are presented in Table 17, and a graphical representation of 

the grain-to-grain compositional and textural variation is given ~n 

Fig. Z8. No chemical zoning of chromite grains was detected in this 

massi ve chromi te ore, though pronounced variations in grain-size and 

- shape are evident. However, there is a suggestion of subtle 

compositional changes with stratigraphic position which may correlate 

with textural environment. Accordingly, it was decided to 

standardize the selection of micro - domains within the chromitite chip 

samples , in view of which domains showing polygonal, annealed grains 

were selected for analysis. 

Table 18 presents average microprobe analyses of chromite within 

chromitite layers of the Ruighoek Pyroxenite success~onJ including 

minor layers in juxtaposition to the LG 3, LG 5 and LG 6 chromitite 

layers. Crz03 contents rlse from 50,88 wt. per cent within the C 

chromitite to an apparent maximum of 55,84 wt. per cent within the 

thin leader layer below the LG 3 chromitite layer. An irregular 

decline in Crz03 with increasing stratigraphic height is evident 

above this level to a concentration of 48,15 wt. per cent within the 

LG 7 chromitite. It is notable, however, that a pronounced rise to 
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TABLE 16: DUPLICATE MICROPROBE ANAlYSES OF CHROMITE WITHIN THE 
LG 6A CHROHITITE LAYER (DRILL CORE ZS 7) 

I 
Analysis I A B C D E 

I 
I 

HOZ I 1, 03 0,99 1,03 0,99 1,06 

CrZ03 I 49,56 49,05 49,91 49,95 49,B3 

A1Z03 I 15,49 15,91 15,01 16,Zl 15,43 

FeZ03 I Z ,48 Z,83 1,83 Z,10 1,59 
FeO I Zl,41 ZO,99 21,06 20,60 21,13 
MgO I 8,69 9,00 8,66 9,43 8,70 
MnO I 0 ,40 0,55 0,34 0,49 0,40 

I 
I 

TOTAl I 99,06 99,32 97,84 99,77 98,14 

I 
Mg/( Mg+Fe2+~ 0,419 0,433 I 0,422 0,449 I 0,423 

YCr I 0,660 0,649 I 0,674 0,656 I 0,670 
OXIOATION I I I 
RATIO I 0,094 0,108 I 0,072 0,084 I 0,063 

I I I 

A - B: Duplicate analyses at ( A) University of Cape Town and 
C - 0: Duplicate analyses at (C) Uni versi t y of Cspe Town and 
E - F - G: Duplicate analyses at (E) University of Cape Town 

University ( the latter on successive days) 

Fe speciation calculated on the assumption of stoichiometry 
YCr = Cr/(Cr + Al + Fe3+) 

Oxidation 
Ratio = Fe3+/ ( Fe3+ + FeZ\ot) 

MB3AAD 

F G 

1,07 1,07 
49,33 49 ,48 

16,70 16,74 

1,96 Z ,14 
20,18 20,61 
9,67 9,59 
0,56 0,52 

99,47 100,15 

0,460 0,453 I 
0,648 0,647 I 

I 
0,080 0,085 I 

I 

(B) Rhodes University 
(0 ) Rhodes Uni versi ty 
and (F - G) Rhodes 



TABLE 17: MICROPROBE ANALYSES OF CHROHITE WITHIN A 2,5 em SECTION OF THE LG 2 CHROHITITE LAYER, 

ORIENTATED PARALLEL TO THE DRILL CORE AXIS ( SAMPLE FROM BASE OF LAYER) 

Analysis I 
No. 1 

Ti02 
Cr203 
A1203 
Fe203 
FeO 

MgO 

MnO 

1 

1 

TOTAL 1 

Ti 
Fe2+ 

Cr 

A1 
Fe3+ 

FeZ+ 

Mg 

Mn 

MMF 

VCr 
YA1 
YFe3+ 
FFF 

1 

,53 

52,03 

13 ,26 

4,B2 

18, 31 

10, 39 

,22 

99,56 

,104 

,104 

10,756 

4 , 086 

,949 

3,901 

4,049 
,048 

,502 

,681 

,258 

,060 
,191 

0,3 

2 

,57 

51,25 

13 ,49 

4,82 

17,91 

10,56 

, 19 

98,79 

,1l2 

, 1l2 

10,645 

4,176 

,953 

3,822 

4,135 
, 042 

,512 

,674 

,264 

,060 
,195 

4,7 

3 

,56 

51,97 

13 ,59 

4,47 

18,38 

10,41 

,22 

99,60 

, 1l0 

,1l0 

10,722 

4,179 

,879 

3,902 

4,049 

,048 

,502 

,679 

,264 

,055 

,179 

4 

,54 
52,04 

13 ,27 

5,29 

18,25 

10,59 

,17 

100,15 

5 

,52 

51,86 

13 ,19 

5,50 

18,56 

10,37 

,17 

100,17 

CATIONS PER 32 OXYGENS 

,105 

,105 

10,690 

4,063 

1,035 

3,861 

4,101 

,037 

,508 

,677 

,257 
,065 

,207 

,102 

,102 

10,673 

4,046 

1,077 

3,938 

4,023 

,037 

,498 

,675 

,256 

,068 

,210 

6 

,55 
51,50 

13 ,19 

5,65 

18,24 

10 ,52 
,17 

99,82 

,108 

,108 
10,620 

4,054 

1,110 

3,872 

4 , 089 

,037 

,506 

,672 

,256 

,070 

,218 

Relative distance above base of section /mm 

8,3 12,5 16,7 20,1 

7 

,52 

51,27 

13,06 

5,58 
18,06 

10,45 

, 19 

99,13 

,103 

,103 

10,647 

4,042 

1,103 

3,865 

4,091 

,042 

,507 

,674 

,255 
,069 

,217 

23,0 

8 

,52 

51,47 

13 ,03 

5, 43 
17,84 

10 , 56 

,22 

99,07 

,103 1 

,103 1 

10,6871 

4,032 1 

1,074 1 

3,817 1 

4,1341 

,048 1 

1 

1 

,513 1 

,676 1 

,255 1 

,0681 

,215 1 

1 

1 

1 

1 

25,0 1 

1 

Cations calculated from microprobe data on assumption of stoichiometry and assigning of Ii to 
the ulvospinel molecule. 

1 - 8: Core-domains 
Analyzed at the University of Cape TOW'n. The concentration of MnO is corrected for Cr K~ 
spectral line interference according to the relationship: 

MnO ~ MnO* - O,Ol[CrZ03]' where MnO* and Cr203 are expressed in wt. per cent. 

MMF 
VCr 
YA1 
YFe3+ 
FFF 

M83AAF 

= Mg/( Mg + Fe2+tota1) 
= Cr/ (Cr + A1 + Fe>+) 

= A1/(Cr + A1 + Fe3+) 

= Fe3+/ (Cr + A1 + Fe3+) 

= fe3+/ (fe3+ + FeZ+total) 

= Oxidation ratio 
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54,36 wt. per cent Cr203 occurs within a chromitite lens at the level 

of sample 28 in the E unit. Furthermore, the Fe203 content of grains 

within the LG 6A chromitite, drill core ZS3, is significantly higher 

(7,86 wt. per cent) than is measured in the equivalent ZS7 exposure 

(2,36 wt. per cent). With the exception of the LG 2 chromitite 

layer, Fe203 contents of chromite within chromitite layers exposed in 

drill core ZS7 are substantially less than 4,0 wt. per cent. 

Fe203 contents decline from 5,20 wt. per cent within the LG 2 to an 

apparent minimum of 1, 31 wt. per cent within the LG 4 chromitit e . 

There 

Fe203 

is an irregular r ise above this 

recorded within the chromitite 

level, with 2 , 74 wt. per cent 

lens in sample 28. Ti02 

contents decline from 0,78 wt. per cent within the C chromitite to 

0,46 wt. per cent wi thin the LG 3, followed by an irregular inc rease 

through the C3, 01 and 02 subunits to a concentration of 1,03 wt . per 

cent within the LG 6A chromitite (drill core ZS7). The Ti02 content 

of the LG 7 chromi t i te Cl, 02 wt. per cent) is very similar to the 

latter. Relative to the LG 2 (ZSn, LG 6 (zS3) and LG 6A (ZS3) 

chromitite layers, it is evident from the data that chromite within 

the chromitite layers display s high Cr- and Al-contents and low 

Fe3+ contents . 

A log of the Ruighoek Pyroxenite succession, showing analytical data 

pertaining to chromite within chromiti te layers, ~5 presented in 

Fig. 29. The reciprocal variation of Cr and Al in drill core ZS7, 

with Fe 3+ remaining at low concentrations, indicates that charge 

balance and stoichiometry in the chromite solid solution is preserved 

via substitution of Al and Cr. However, this does not apply to the 

ZS3 dri 11 core exposure of the LG 6A chromi t i te, where subst i tution 

of Fe3 + for Al is evident. The latter is coupled to an increase in 

the MMF ratio, a feature that is also manifested at the level of the 

LG 2 chromitite layer. 

different 

Cr/(Cr + 

ways, 

Al + 

there 

Fe3+) ) 

Though stoichiometry may be maintained in 

is a broad decline in the YCr 

with increasing stratigraphic 

ratio (YCr = 

height, wi th 

max1ma at the LG 3, LG 4 and sample 28 horizons. The MMF rati os r1se 

irregularly with increasing stratigraphic height from 0,435 within 

the C chromitite to 0,558 within the I chromitite layer, then decline 

through the ° and E units. Excluding sample 28, which shows a 

sympathetic 1ncrease of Cr content and MMF ratio, an overall trend of 

increasing Ai content ~s evident through successive chromit ite 
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TABLE 18: AVERAGE COMPOSITION OF CHROMITE WITHIN THE LOWER GROUP 

CHROMITITE LAYERS AND ASSOCIATED MINOR LAYERS. 

Layer 1 C LG 2 E LG 3 1 LG 3 H I 

1 Leader 1 

Drill 1 ZS7 ZS7 ZS7 ZS7 ZS7 ZS7 ZS7 

Core 

n 4 8 4 2 3 9 2 

1 Ti02 0,78 0,54 0,61 0,49 0,46 0,79 0,75 

1 Cr203 50,88 51,67 51,85 55,84 53,29 51,67 52,85 

1 A1203 15,01 13 ,26 15,29 12,16 13 ,40 15,73 15,18 

1 Fe203 2,52 5,20 2,24 1,93 3,75 1 , 68 1,67 

1 FeO 20,78 18,19 19,00 19,41 17 ,82 18 ,99 16,61 

1 MgO 8,98 10, 48 10,12 9,50 10,52 10,30 11 ,80 

1 MnO 0,36 0,19 0,35 0,37 0,48* 1 0,33 0,13 

1 NiO n.a. n.a. n . a . n.a. 0 , 09 n.a. n.a. 

1 TOTAL 98,31 99,53 99,46 99,70 99,81 99,49 98,99 

CATIONS PER 32 OXYGENS 

1 Ti 0,153 1 0,106 1 0,119 1 ° ,097 1 0,090 1 0,154 1 0,145 1 

1 Fe2+ 0,153 1 0,1061 0,119 1 0,097 1 0,090 1 0,154 1 0 , 145 1 

1 Cr 10,552 1 10,6801 10,641 1 11 ,641 1 10,972 1 10,565 1 10,772 1 

1 Al 4,640 1 4,085 1 4,678 1 3,780 1 4,110 1 4,793 1 4,617 1 

1 Fe3+ 0,499 1 1,023 1 0,438 1 0,384 1 0,735 1 0,329 1 0,324 1 

1 Fe 2+ 4,406 1 3,872 1 4,006 1 4,183 1 3,791 1 3,952 1 3,430 1 

1 Mg 3, 512 1 4,084 1 3,914 1 3,734 1 4,083 1 3,972 1 4,534 1 

1 Mn 0,081 1 0 , 043 1 0,077 1 0,082 1 0,105 1 0,073 1 0,028 1 

1 Ni 1 1 1 0,019 1 1 1 

1 MMF 0,435 1 0,506 1 0,486 1 0,467 1 0,5121 0,491 1 0,558 1 

1 YCr 0,672 1 0,676 1 0,675 1 0,736 1 0,693 1 0,673 1 0,685 1 

1 YAI 0,295 1 0,258 1 0,296 1 0,239 1 0,259 1 0,305 1 0,293 1 

1 YFe3+ 0,03 1 1 0,064 1 0,027 1 0,023 1 ° ,046 1 0,020 1 0,020 1 

1 FFF ° ,09 8 1 0,204 1 0,09 5 1 0,082 1 0,159 1 0,074 1 0,083 1 

MB3AAK 

LG 4 

ZS7 

2 

0,68 

52,47 

15,96 

1,31 

16,60 

11 ,67 

0,35 

0,1 0 

99,14 

0,131 1 

0 , 131 1 

10,654 1 

4,830 1 

0 ,254 1 

3,436 1 

4,467 1 

0,076 1 

0 , 021 1 

0,556 1 

0,676 1 

0,306 1 

0,016 1 

0 , 066 1 



TABLE 18 (Continued): 

Layer I LG 5 LG 5 LG 6 LG 6 LG 6A LG 6A SAMPLE I LG 7 

I FW HW 28 I 

Drill I ZS7 ZS7 ZS3 ZS3 ZS3 ZS 7 ZS7 ZS7 

Core 

n 4 8 4 2 3 9 2 2 

Ti02 0,61 0,69 0,80 0,69 0,69 1,03 0,81 1,02 

Cr203 51,56 51,97 48,59 47,82 47,70 49,75 54,36 48,15 

A1203 15,88 15 ,27 14,62 16,40 14,16 15,76 13,03 17,83 

Fe203 1,87 2,04 5,19 4,78 7,86 2,36 2,74 2,08 

FeO 18,59 18,82 21,66 20,33 20,03 21,05 19,67 20,95 

MgO 10,29 10,26 8,42 9,33 9,47 9,03 9,72 9,41 

MnO 0,34 0 ,37 0,36 0,58* I 0,39 0,38 0,56* I 0,34 

NiO 0,07 n.a. n.a. n .a. n.a. n.a. n.a . n.a . 

TOTAL 99,21 99,42 99,64 99,93 1100,30 99,36 1100,89 I 99,78 

CATIONS PER 32 OXYGENS 

I Ti 0,118 I 0,135 I 0,158 I 0,134 I 0,136 I 0,201 I 0,158 I 0,197 I 
I Fe2+ 0,118 I 0,135 I 0,158 I 0,134 I 0,136 I 0,201 I 0,158 I 0,197 I 
I Cr 10,553 I 10,659 I 10,117 I 9,793 I 9,832 I 10,280 I 11 ,161 I 9,808 I 
I Al 4,843 I 4,669 I 4,537 I 5,006 I 4,350 I 4,849 I 3 ,987 I 5 , 412 I 
I Fe3+ 0,366 I 0,399 I 1 ,028 I 0,932 I 1,544 I 0,464 I 0,536 I 0,383 I 
I Fe 2+ 3,908 I 3,949 I 4,614 I 4,270 I 4,232 I 4,398 I 4,114 I 4,339 I 
I Mg 3,971 I 3,969 I 3,305 I 3,602 I 3,680 I 3,516 I 3,762 I 3,588 I 
I Mn 0,106 I 0,081 I 0,080 I 0,127 I 0,087 I 0,083 I 0,123 I 0,072 I 
I Ni 0,013 I I I I I I I I 

I MMF 0,496 I 0,492 I 0,409 I 0,449 I 0,457 I 0,432 I 0,468 I 0,441 I 
I YCr 0,669 I 0,677 I 0,645 I 0,622 I 0,625 I 0,659 I 0,71 1 I 0,628 I 

I YAI 0,307 I 0,296 I 0,289 I 0,318 I 0,277 I 0,310 I 0,254 I 0,346 I 

I YFe3+ 0,023 I 0,025 I 0,065 I 0,059 I 0,098 I 0,029 I 0,034 I 0,024 I 
I FFF 0,083 I 0,089 I o ,177 I 0,174 I 0,261 I o ,091 I o ,Ill I 0,077 I 

Cations calculated from micropr obe data on assumption of stoichiometry and 

assigning of Ti to the ul vQspine 1 molecule. 

MnO MnO* - 0,01[Cr203 1 

n.a. = Not analyzed 

n = Number of analyses 

MB3AAL 
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layers. The pattern of Ti02 variation 1S very similar to that of Al 

(Fig. 29). 

C CHROMITITE LAYER 

Table 19 presents microprobe analyses of chromite within the 1,5 em 

thick C chromi tite layer. The chromitite occurs at a stratigraphic 

position in the B unit where there is an abrupt increase ~n 

orthopyroxene crystallinity (Fig. 8A); the footwall contact is sharp 

but the hanging-wall is gradational over 10 nnn. The 5e fea t ure s are 

summarized in Fig. 30(A), which includes analytical data plotted in 

relation to stratigraphic height. It is evident from data points 

representative of chromite within the chromitite layer that the 

proportions of Cr, Al and Fe3+ cations are linked to the MMF ratios, 

with the highest Cr content a nd lowest MMF ratio depicted at the top 

contact. Representati ve photomicrographs of the lower, midd Ie and 

upper domains of the chromitite are given in Fig. 30(B). These show 

that a higher interstitial volume occurs towards the contacts, 

associated with arrested grain annealing textures. The sympathetic 

disposition of the MMF data points suggests, therefore, that some 

degree of reaction with late-stage melt or sub solidus 

re-equilibration may have occurred. The latter is confirmed in part 

by the composition of a 70 micron chromite gra1n occluded by 

orthopyroxene 1n the hanging-wall bronzitite. The MMF ratios of 

large chromite grains close to the upper contact are intermediate 

compositions, but this is not reflected 1n the Cr- and Al-contents. 

Of particular interest 1S the decline in Ti02 from 0,83 wt. per cent 

at the base 

increase ~n 

to 0,66 wt. per 

the oxidation 

cent 

ratio 

at the top 

(Fe3+ / (Fe 3+ 

contact, linked t o an 

It 1S 

difficult to reconcile these subtle compositional trends in terms of 

long-range settling of crystals, deposition from density flows J or 

crystallization from an unrestricted volume of magma. Rather, the 

data suggests that equilibrium was maintained with a restricted melt 

volume at the base of a liquid column. 
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FIG.30(B): Photomicrographs of (i) upper, (ii) middle and (iii) basal 
textural environments within an orientated section of the C 
chromitite layer, B unit (sample 276). Photographed with plane 
polarized reflected light under low power magnification. 
(Scm = Imm). The intercumulus silicate phase ~s orthopyroxene 
(light grey). 
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TABl E 19: MI CROPROBE ANAL YS ES OF CHROMITE WITHIN THE C CHROHITI TE LAYE R, B UNIT 

Analys is I 1 Z 3 4 5 6 7 
No. I 

I 
I 

TiOZ I ,83 ,78 ,77 ,74 , 67 ,66 ,70 

Cr203 I 50 , 98 50,65 50,67 51,22 52,41 52,52 51,06 
A1 203 I 14,85 15,30 15 , 14 14,76 13,46 13,46 13 , 52 
Fe203 I 2,57 Z,42 2,39 2,71 2,87 2 , 88 3,34 
FeD I 21,09 20,64 20,60 20,80 21 ,14 21,22 22 ,86 
MgO I 8,84 9,09 9,03 8,97 8,55 8,53 7,40 
MnO I ,36 ,36 ,38 ,36 ,37 ,36 ,37 

I 
I 

TOTAL I 99,52 99 , 24 98,98 99,56 99,47 99,63 99,25 

CATIONS PER 32 OXYGENS 

I 
I Ti , 163 ,153 ,152 , 145 ,133 , 131 ,140 
I Fe2 ,163 ,153 ,152 ,145 ,133 ,131 ,140 

I Cr 10,573 10 ,491 10,531 10 , 614 10,963 10,972 10,788 

I Al 4,590 4 , 723 4,690 4 ,558 4,196 4, 191 4,Z57 
I Fe3 , 508 , 477 , 474 ,535 , 572 , 573 ,672 

I Fe2 4,463 4,370 4,376 4,415 4,544 4,559 4,968 

I Mg 3,456 3,549 3,538 3 , 504 3,372 3,36 2,947 

I Mn ,079 , 079 ,084 ,079 ,082 ,080 ,083 

I 
I 
I MMF , 427 ,439 ,438 ,434 ,418 ,417 ,365 
I YCr ,674 ,668 ,670 ,675 ,696 ,697 ,686 
I YA1 ,292 ,301 ,298 ,290 ,266 ,266 ,270 

I YFe3 ,032 ,030 , 030 , 034 ,036 ,036 ,042 
I FFF ,099 ,095 ,094 ,104 ,109 , 108 , 116 

I 
I 
I Distance above base of l ayer/em 
I 
I 0 ,12 0,58 0 ,84 I,D 1,35 1,46 1,58 
I 

1 - 5: Polygonal chromite grains within the chromitite 
6: Euhedral chromite grain at contact with overlying bronzitite 
7 : 70 Mi cron diameter chromi te grai n occl uded by a well-formed orthopyroxene crystal 
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H CHROMITITE LAYER 

Table 20 summarlzes the compositiona l variation of chromite within 

the H chromitite layer and overlying olivine-bearing assemblages in 

relation to stratigraphic height. Cr203 contents decline from 52,40 

wt. per cent at the base to 49,89 wt. per cent at the top of this 

4 em thick , massive chromitite layer. This is linked to a reciprocal 

increase in A1203 contents from 15,08 wt. per cent to 17,64 wt. per 

cent, and a rise in Fe203 contents from 1,62 wt. per cent to 2,10 

wt. per cent. MMF ratios rise from 0,484 at the base to 0,509 at the 

top of the layer. Perturbations in these trends are evident within 

the overlying s il icate -ri ch rocks, which may reflect subso lidus 

re-equilibration with the coexisting si l icate phases and reaction 

with late-stage melt (reaction-replacement orthopyroxene is a 

pervasive constituent from the +5 to +6 em levell. The analytical 

data are depicted 1n Fig. 31, which shows a columnar log of the 

studied interval. 

Though the proportions of Cr, Al and Fe3 + cations are linked to the 

MMF ratios, the sense of the cryptic variation is opposite to that 

seen in the C chromitite layer, viz., the highest Cr and lowest MMF 

ratio are depicted at the base of the chromitite layer. From an 

inspection of the analytical data presented in Table 20, it is clear 

that the decline in Cr contents with increasing stratigraphic height 

is balanced by a reciprocal increase in Al contents, with the YFe 3+ 

ratio remaining essentially constant. However, as noted ~n the C 

chromitite layer, Ti02 contents decline irregularly from 0,85 wt. per 

cent at the base to 0,63 wt. per cent at the top of the layer. 

Similarly, there is an increase in oxidation ratios with increasing 

stratigraphic height, becoming more pronounced at the level 

immediately preceding the first appearance of olivine within the C3 

subuni t . This feature is irreconcilable with the proposal that a 

rise in f02 stimulates copious nucleation of ch romite in a basaltic 

magma. Furthermore, it is evident from the data points that the 

trend of declining Cr with increasing stratigraphic height 1S 

reversed at the +5 cm level, where a thin olivine-chromitite l ayer is 

depicted. The Cr203 content of chromite within this layer (52,21 

wt. per cent) is equivalent to that of chromite near the base of the 

chromitite layer. 
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TABLE 20: MICROPROBE ANALYSES OF CHROMITE WITHIN THE H CHROMITITE LAYER, BASE OF C3 SUBUNIT, 
AND OF CHROMITE IN THE OVERLYING OLIVINE-CHROMITE CUMULATE LAYER 

Analysi~ 1 2 3 4 5 6 7 B 
No. I 

I 
I 

Ti0 2 I ,85 ,BO ,83 ,73 ,82 ,91 ,76 ,73 
Cr203 I 52,40 52,06 52,14 52,04 51,32 51,40 51,32 51,06 

A1203 I 15,08 15,29 15,29 15,39 15,90 15,97 16,16 16,14 

Fe203 I 1,62 1,74 1,56 1,66 1,77 1,48 1,70 1,84 
FeO I 19,23 19,14 19,30 19,07 18 ,77 19,05 18,77 18,74 
MgO I 10,14 10,17 10,10 10,14 10,46 10,35 10,46 10,42 
MnO I ,34 ,33 ,31 ,35 , 31 ,35 ,36 ,33 

I 
I 

TOTAL I 99,66 99,53 99,53 99,38 99,35 99,51 99, 53 99,26 

CATIONS PER 32 OXYGENS 

Ti , 165 ,156 ,161 ,142 ,159 ,176 ,147 ,141 
Fe2+ ,165 ,156 ,161 ,142 ,159 ,176 ,147 ,141 
Cr 10,742 10 ,674 10 ,695 10,680 10,490 10 ,496 10,462 10 ,439 
Al 4,608 4,672 4 , 674 4,707 4,844 4,860 4,910 4,918 
Fe3+ ,317 ,340 ,306 ,326 ,346 , 289 ,331 ,358 
FeZ+ 4,005 3,995 4,025 3,999 3,900 3,938 3,900 3,911 
Mg 3 , 919 3,931 3,906 9,923 4,031 3 , 984 4,020 4,016 
Mn ,074 ,072 ,068 ,076 ,067 ,076 ,078 ,072 

MMF ,484 ,486 ,482 ,486 ,498 ,491 ,498 ,497 
YCr ,685 ,680 ,6B2 ,679 ,668 ,670 ,666 ,664 
YA1 ,294 ,297 ,298 ,299 ,308 ,310 ,312 ,312 

YFe3 ,020 ,021 ,019 ,020 ,022 ,018 ,021 ,022 
FFF ,070 ,075 ,068 ,072 ,078 ,06 5 ,075 ,081 

Distance above base of layer/em 

0,32 0,42 0,5B 0,97 1,26 1,46 1,76 2,09 



TABLE ZO (Continued): 

Analysia 9 10 11 lZ 13 14 15 16 
No. I 

I 
I 

TiOZ I ,73 , 66 , 63 ,63 ,6Z ,58 , 59 ,58 

CrZ 03 I 51,35 50,72 49,89 49,48 50, Z5 52,Zl 49,20 49,54 

AIZ03 I 16,39 17,24 17 ,64 17,52 16,82 15,04 17,04 17, 08 

re203 I 1,83 2,06 2,10 2,64 2,68 2,49 3,01 2,88 
FeD I 18,85 18,51 18,40 18,11 18,71 20,51 22,32 21,47 
MgO I 1O,5Z 10,78 10,73 10,92 10,51 9,2Z 8,30 8,85 
MnO I ,35 ,50* ,49* ,47* ,47* ,49* ,55* , 54* 

I 
I 

TOTAL I 100,02 100,47 99,BB 99,77 100,06 100,54 101 , 01 100,94 

CATIONS PER 3Z OXYGENS 

Ti ,140 ,126 ,121 ,121 ,119 ,113 ,114 ,112 
Fe2+ ,140 ,126 ,121 ,121 ,119 ,113 ,114 ,112 
Cr 10,410 10,190 10,055 9,9B2 10 ,170 10,695 10,017 10,053 
Al 4,952 5,162 5,299 5,26B 5,074 4,592 5,171 5,166 
Fe3+ ,354 ,396 ,404 ,508 ,517 ,487 ,584 ,558 
FeZ+ 3,902 3,809 3,803 3,745 3 , B87 4,331 4,694 4,497 
Mg 4,021 4,083 4,077 4,153 4,010 3,561 3,186 3,386 
Mn ,076 ,108 ,106 ,101 ,102 ,107 ,120 ,117 

MMF ,498 ,509 ,509 ,517 ,500 ,444 ,398 ,423 

YCr ,662 ,647 ,638 ,633 ,645 ,678 , 635 ,637 
YA1 ,315 ,327 ,336 ,334 ,321 ,291 ,327 ,327 

Yre3 ,022 ,025 ,025 ,032 ,032 ,030 ,037 ,035 
Frr ,080 ,091 ,093 ,116 ,114 ,098 ,108 ,107 

Distance above base of layer/em 

2,32 3,72 3,76 3,94 4,03 4,99 5,40 5,95 

1 - 11: Polygonal chromite grains in the chromitite 
12: Large grain at top contact; no annealed texture (110 microns in diameter) 
13: Euhedral intergranular chromite grain at level of first appearance of olivine 
14 : Chromite in mantle around olivine crystal 
15: Euhedral chromite grain in reaction-replacement orthopyroxenej silicate-rich domain 
16: Chromite (500 microns in diameter) in mantle around olivine crystal 

1 - 9: Analyzed at University of Cape Town 

10 - 16 Analyzed at Rhodes University 
MnO = MnO· - 0,01[CrZ03] 
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It should be stressed that the H chromitite layer marks the 

transition from meso- and adcumulate-textured feldspathic bronzitites 

to adcumulate - textured dunites in which no cumulus orthopyroxene ~s 

present. Hatton and von Gruenewaldt (1984) have proposed that the C3 

subunit crystallized from a new irruption of ultramafic magma 

emplaced near the base of the existing liquid column. They envisage 

that mixing of the new influx with pyroxenitic liquid in the chamber 

ultimately induced 

the hybrid melt. 

the crystallization of olivine and chromite from 

If 

floor, however, a 

Cr-depleted melt may 

the new influx of magma was injected at the 

degree of liquid mixing with fractionated, 

occur at the base (Eales and Reynolds> 1985) . 

Hence, chromite with intermediate compositions would crystallize from 

the thin basal zone of hybrid magma and should ultimately show a 

compositional change to relatively Cr203-enriched compositions with 

increasing stratigraphic height . However, the opposite is observed 

within the H chromitite layer and its immediate hanging-wall. 

Although the Cr-depletion trend may be indicative of crystallization 

from a restricted melt volume, it will be shown 1n the subsequent 

text that the compositional changes mentioned above are in fact 

intermediate between Cr203-rich chromite compositions within the C2 

subunit bronzitites and Cr203-depleted compositions within the 

overlying dunites of the C3 subunit. 

LG 6A CHROMITITE LAYER 

Table 21 presents t he compositional variation of chromite within the 

LG 6A chromitite layer (drill core zsl) in r ela tion to stratigraphic 

height. Fig . 32 provides a depiction of the analytical data and the 

major features stressed here are (a) the subdued compositional 

variation within massive chromite domains} and (b) the compositional 

differences between weakly disseminated chromite in silicate partings 

and polygonal chromite within the massive domains. It is evident 

from the data that the MMF ratio of chromite occluded by reaction­

replacement orthopyroxene (analysis 10 in Table 21) is higher than in 

the juxtaposed massive ore, a particularly anomalous feature, whereas 

the MMF ratio of chromite occluded by olivine (analysis 17) is 

drastically depressed. Furthermore, these changes are linked to a 
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TABLE 21: MICROPROBE ANAlYSES Of CHROMITE WITHIN THE LG 6A CHROMITITE LAYER (DRILL CORE ZS7) 

I I 
Analysis 1 1 2 3 4 5 6 7 B 9 10 11 12 13 14 1 

1 I I 
Ti 02 I 1,03 1,03 1,02 1,02 1,04 1,03 1,03 1, 06 ,90 n.B. ,99 1 , 00 1,00 ,96 I 
CrZ03 149 , 56 49,93 49,40 49,66 49,81 49 , 77 49,60 49,61 49,34 47,82 49,67 49,67 49,58 49,36 I 
A1203 115,49 15,37 15 , 17 15,31 15,18 15,14 15,76 15,96 16, 11 17,56 15,99 16,08 16,03 15,37 1 
Fe203 1 2, 48 2,52 2,67 2,83 2,91 2,92 2,B9 2,61 2,49 4,11 2 ,95 2,42 2,61 2 ,98 1 
FeO 121,41 21,53 21 , 32 21,35 21,50 21,39 21,25 21, 37 21,39 20 , 07 21,11 21,36 21,49 20,88 1 
MgO 1 8,69 8,68 8 , 62 8,77 8 ,71 8,71, 8,97 9,02 8,73 9,40 9 ,13 8,93 8,87 8,96 I 
MnO 1 0,40 0, 41 0 , 38 0,38 0,39 0, 30 ,39 , 32 ,41 n ... , 41 ,41 ,39 ,37 I 
NiO 1 n.8. n.8. n.8. n.8. n.8. n. B. , 07 n.8. ,05 n. 8. ,05 n.8. n.B . n .B. I 

1 I 
I I 

TOTAL 199,06 99,47 98,58 99 , 32 99,54 99,37 99,96 99 ,95 99,42 98,96 100,30 99,87 99,97 98 , 88 I 

I I 
1 CATIONS PER 32 OXYGENS 
1 ,------1-------------------------------------------------------------------------------------------------------, 

1 Ti2 I 0, 203 0,203 0,202 0,201 0,205 0,203 ,201 ,207 ,177 ,193 ,195 ,195 ,190 
1 Fe + 1 0 ,203 0,203 0,202 0,201 0,205 0,203 ,201 ,207 ,177 ,193 ,195 ,195 ,190 
1 Cr 110, 302 10,348 10,332 10,302 10 ,325 10,331 10,20 10,189 10,194 9,820 10, 163 10 , 208 10,188 10,265 
I Al 1 4,799 4,748 4,729 4 , 734 4,690 4 , 684 4,830 4,886 4,961 5,375 4,877 4,926 4,910 4,764 
1 Fe3+ 1 0,491 0,497 0,533 0,560 0,574 0 , 578 , 567 ,511 , 491 ,805 ,574 ,475 ,511 ,591 
1 Fe2+ 1 4,505 4,517 4,516 4,485 4, 509 4 , 495 4,422 4,437 4 , 498 4 , 360 4,377 4,449 4,478 4,404 
I Mg 1 3,406 3,392 3,399 3,430 3,404 3,420 3,478 3,493 3,401 3 , 639 3,522 3 ,460 3,436 3,513 
1 Mn 1 0,089 0, 091 0,085 0,084 0,087 0 , 004 ,086 ,070 ,091 ,090 ,090 , 086 ,082 
1 Ni 1 
1 I 

1-- ---- -- - - -- -
1 MMF 0 ,419 0,418 0,418 0,422 0,419 0,421 0 , 429 0,429 0,421 0,454 0,435 0 ,426 0,423 0,433 
1 VCr 0 , 660 0 ,663 0,662 0,660 0, 662 0,662 0,653 0,653 0 ,651 0,613 0,650 0 , 654 0,652 0,657 
1 YAI 0,307 0,304 0,303 0,303 0,300 0,300 0,309 0,313 0 ,317 0,335 0,312 0 ,31 5 0,314 0,305 
1 YF.,3+ 0,031 0,031 0,034 0, 035 0,036 0,037 0 , 036 0,032 0,031 0,050 0,036 0 ,030 0,032 0,037 
1 FFt 0, 094 0,095 0,101 0,106 0,108 0,109 0,109 0,099 0, 095 0,155 0,111 0 ,092 0,098 0,113 
1 
I 
I Distance above base of layer / em 
1 
1 0 ,05 0,83 1,14 1,43 1,99 2,40 2,72 2,94 2,97 5,01 5,27 5,79 6,45 6 , 68 
1 

q} 

i 1 ' 

tr 

UI'J"t fLlln 



I _n____ __1 

Analysis I 15 16 17 18 19 20 21 22 23 24 25 26 27 28 I 

I 
TiOZ ,98 ,99 ,88 1,01 ,98 1,06 1,03 1,06 1,07 1,03 1,06 1,03 1,06 1,09 I 
Cr20350,37 50,18 47,56 50,55 50,21 49,95 49,91 49,74 49,92 49,91 49,93 49,92 49,83 49,69 I 
A1 203 15,35 15 ,51 16,01 15,72 15,64 16,13 15,01 15, 18 15,16 15,31 15,73 15,72 15,43 15,46 I 
feZ03 2,73 3,06 3,16 2,28 2,26 2,46 1,83 1,88 1,81 1,90 1, 76 1,95 1,59 1,73 I 
FeO 21,10 21,30 26,49 21,31 20,78 20,88 21,06 20,99 21,03 20,96 21,03 20,81 21,13 21,13 I 
MgO 9,03 9,03 5,47 9,05 9,18 9,36 8 ,66 8,75 8,77 8,83 8,98 9,09 8,70 8,76 I 
MnO ,36 ,40 ,44 ,37 ,38 ,35 , 34 ,37 ,35 ,38 ,34 ,38 ,40 ,37 I 
NiO ,05 n. B. ,08 n.a. n.B. ,07 n.a. n . a. n.a. n.B. n.a, n.a. n.B. n.B. I 

I 
I 

TOTAL 99,97 100,47 100,09 100,29 99,43 100 , 26 97,84 97,97 98,11 98,32 98,83 98,90 98,14 98,23 I 

I I 
CATIONS PER 32 OXYGENS I 

I 
Ti ,195 ,190 ,192 ,193 ,176 ,197 ,192 ,206 ,213 ,204 ,209 ,203 ,211 ,216 I 
Fe2+ ,195 ,190 ,192 ,193 ,176 ,197 ,192 ,206 ,213 ,204 ,209 ,203 , 211 , 216 I 
Cr 10,188 10,265 10,370 10,201 9,998 10,358 10,360 10 ,199 10,471 10,438 10,365 10,351 10,441 10,397 I 
Al 4,910 4,764 4,710 4,736 5,016 4,801 4,810 4,909 4,739 4,772 4,867 4,858 4,819 4,821 I 
Fe3+ ,511 ,591 ,536 ,597 ,634 ,446 ,445 ,480 ,361 , 379 ,348 ,385 ,318 ,346 I 
Fe2+ 4,478 4,404 4,405 4,424 5,716 4,422 4,345 4,305 4,452 4,433 4,409 4,362 4,473 4,461 I 
Mg 3,436 3,513 3,505 3,488 2,168 3,496 3,571 3,603 3,468 3,481 3,514 3,553 3,437 3,456 I 
Mn ,086 ,082 ,079 ,088 ,099 ,081 ,084 ,076 ,078 ,085 ,075 ,084 ,089 ,082 I 
Ni ,010 ,017 ,014 I 

t>M'" ,432 ,430 ,268 ,430 ,440 ,444 ,422 , 426 ,426 , 428 ,432 ,437 ,423 ,424 
VCr ,664 ,658 , 638 , 663 ,663 ,654 ,674 ,670 ,672 ,669 ,665 ,663 ,670 ,667 
YA1 ,301 ,303 ,320 , 307 ,308 ,314 ,302 ,305 ,304 ,306 ,312 ,311 ,309 ,309 
YCI'3+ ,034 ,038 ,040 ,028 ,028 ,030 ,023 ,024 ,023 ,024 ,022 ,024 ,029 ,022 
FF ,104 ,114 ,rE7 ,088 ,089 ,096 ,072 ,074 ,071 ,075 ,070 ,077 ,063 ,068 

Dis tance above base of layer / em 

6,77 7,18 8,07 9,13 9,34 9,63 11,35 11,86 12 ,27 12,67 13,0813,66 17,45 17,78 

All analyses are representative of core-domains. 

1 - 6: 
7 - 20: 

Zl - 28: 
9: 

10: 
17: 

Analyzed at University of Cape Town (polished section 83) 
Analyzed at Rhodes (polished section 82 and 81) 
Analyzed at Uni versity of Cape Town (polished section MID and TOP) 
Adjacent to silicate parting in chromitite. Grains show numerous silicate inclusions at this level 
Euhedral grain occluded by large orthopyroxene oikocryst within ultramafic pegmatite as semblage 
Subrounded grain occluded by large olivine oikocryst within ultramafic pegmatite assemblage 

All other analysis are of polygonal chromite grains within annealed domains. n.B. Not analyzed 

The uppermost portion of the chromitite (polished section "TOP") s hows microbrecciation and alteration of chromite to ferritchromite 
along grain boundaries and cracks. 
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relative rlse in Al and Fe 3+ cations and depletion 1n Cr. Adjacent 

chromi te gralns within the massive ore depict compositions 

intermediate between these extremes and those of chromite removed 

from the lithological contacts. 

silicate parting are related to 

Orthopyroxene and olivine within the 

an ultramafic pegmatite assemblage 

which has not disrupted the fine-scale layering of the original 

orthopyroxene-chromite parting; parallel chromite stringers are 

continuous through large olivine crystals showing strain deformation 

lamellae. The cryptic trends adjacent to these replaced domains 

suggest that chromite reacted with a high-temperature metasomatic 

fluid, and subsequent diffusive homogenization of the zonal 

structures induced intermediate bulk compositions. Ingress of the 

fluid into the massive chromite assemblage is probably facilitated by 

the higher) residual interstitial volume adjacent to the contacts, 

where the efficacy of annealing is impaired. 

By virtue of the level of analytical prec,s,on attained at the 

respective Universities, no long-term, cryptic compositional changes 

can be said to be unequivocally indicated within this exposure of the 

LG 6A chromi t i te layer (Fig. 32) . However, there '" a sugges t ion of 

small-scale, cyclic variations ~n the proportions of Cr, Al and Fe 3+ 

cations, which are linked to variations ~n the MMF ratios. For 

example, there ~s a progress~ve decline in Cr and Increase in Al 

cations and MMF ratios through the +11 to +14 cm interval. The 

proportion of cations is, however, remarkably constant 

(x = 0,370; s = 0,013). A similar trend is evident within the +9 to 

+10 cm interval, but the compositional change in the basal 2 cm of 

the chromitite reflects Fe3+ cations proxying for A13+ cations in the 

chromi te lattice, with Cr 3+ contents and MMF ratios remaining 

constant. The reciprocal relationship between the proportions of 

A13+ and Fe3+ cations at this level is clearly illustrated by the YAl 

and YFe3+ ratios, which are presented in Table 21 (analyses 1 to 6). 

These systematic variations cannot be attributed to factors such as 

instrumental drift, for example. The specImen current was 

continuously monitored during analyses and preselected chromite 

graIns were analyzed at random from two different polished sections 

mounted side by side. 
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Silicate partings within the LG 6A chromitite layer are mInor lensoid 

structures of restricted lateral extent. In conjunction with the 

compositional variability of chromite within and adjacent to the 

ultramafic pegmatite assemblages, it is therefore suggested that the 

pattern of variation within the +3 to +9 em interval does not reflect 

the magmatic conditions attending initial crystallization. The 

subtle Increase in Ti02 contents, from 1,02 wt. per cent (5 = 0,016; 

n 7) at the base of the layer to 1,07 wt. per cent (s = 0,001; 

n 6) at the top, is 

in the 

somewhat anomalous in terms of the depletion 

However, the 

ilmenite at the 

trends noted c and H chromitite layers. 

occurrence of interstitial rutile 

+12 em level (Fig. 26(A», within 

suggests that Ti-saturation of 

formation of the LG 6A chromitite 

intergrown 

a zone of 

with 

massive chromite are, 

chromi te 

at this 

was maintained during 

location. Analysis of a 

chip sample of the LG 6A chromitite 1n drill core ZS3 indicates an 

average Ti02 content of 0,69 wt. per cent, associated with an 

oxidation ratio of 0,261. The latter 1S more than double that of the 

ZS7 exposure, which declines from an average of 0,103 (n = 7) 1n the 

basal portion of the chromitite to an average of 0,077 at the top 

(n = 6). Given that the textural and mineralogical environments of 

chromite within the LG 6A chromitite layer are identical in both 

exposures, the discrepancy 1.n oxidation ratios is thus wholly 

anomalous. Subsolidus re-equilibration with silicate phases can 

clearly be discounted, and it must thus follow that the compositional 

differences point to the influence of some fluid phase (i.e., either 

a primary magmatic feature or fumarolic ingress and migration of some 

other derivative under contrasting redox conditions). With respect 

to the notions that (a) the oxidation ratio of chromite within 

massive ore domains reflects the f02 conditions attending 

crystallization, and (b) periodic 1.ncreases 1.n f02 trigger copious 

nucleation of chromite to yield anchimonomineralic chromitite layers, 

the analytical data thus yield no supportive evidence of either. 

Hence, at this juncture, suffice it to conclude that there appears to 

be some evidence of a bottom crystallization mechanism, with 

nutrients drawn from a limited volume of magma adjacent to the 

crystalline floor. 

To summarize, detailed analytical traverses through chromitite layers 

from different subuni ts facilitate recognition of (a) vertical 
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compositional gradients 1.U two thinner layers that differ 1.n sense 

but span the thickness of the layer, and (b) a stacked series of 

compositional gradients in a thicker chromitite layer. These 

gradients are defined 1.n terms of variations 1n MMF ratios l 

Ti02 contents and in the proportions of Cr, Al and Fe3 + cations. The 

subt Ie, grain-to-grain compositional changes are regarded as being 

irreconcilable with mechanisms such as long-range settling of 

chromite crystals or deposition from density currents to account for 

the origin of chromi t i te layers in the Ruighoek Pyroxeni te • 

Furthermore, the study has shown that lateral changes 1n chromite 

composition can occur within a given chromitite layer, at least at 

the level of the LG 6A chromitite. It is not known whether smooth, 

horizontally disposed compositional gradients also exist, i.e., a 

situation which would be consistent with the down-dip accretion model 

of Irvine et al. (1983). However, a mechanism which may account for 

this feature is upward, fumarolic migration of hydrogen-enriched 

residual melt through the crystal mush in geologically localized 

areas (for example, as proposed by Buntin et al. (1983) to account 

for the reduced chemistry of spinels within pothole structures in the 

Merensky Reef footwall). 

5.4 . 2 CHROMITE IN SILICATE - RICH ROCKS 

5 . 4.Z.1 CHROMITE WITHIN THE B UNIT 

Table 2Z presents microprobe analyses of chromite within silicate-

rich domains of the B unit. Fig. 33 depicts a log of the succession 

and shows the variation of the oxides TiOZ, A1203 and Cr203, and of 

the MMF ratio, in relation to stratigraphic height . Data pertaining 

to chromite within .the LG 2 and C chromitite layers are also shown. 

Features portrayed here are (a) the high degree of compositional 

diversity of chromite within silicate-rich domains relative to 

chromite within chromitite layers, and relative to cryptic changes 

with stratigraphic height, (b) the higher MMF ratios of chromite 

within chromitite layers, (c) the antipathetic relationship between 

AIZ03- and Cr203-contents, with higher TiOZ contents linked to high 

CrZ03 contents, and (d) chromite occluded by cumulus orthopyroxene is 
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to chromite 

exception 

intergrown with intercumulus 

of sample 261). The maIn 

objective of the subsequent text is to illustrate the rela tive 

influence of graIn-sI ze and textural environment on chromi te 

chemi stry. In this spirit, attention is drawn to specific examples. 

Sample 297 ~s a plagioclase-bearing bronzitite hosting accessory 

chromi te, some 15 metres below the LG 1 chromitite layer. 

Plagioclase 15 the predominant intercumulus silicate phase and is 

inte rgrown with a number of chromite grains which are larger than 

those occluded by orthopyroxene. This relationship is found 

throughout the succession of layered rocks, with chromite crystals of 

intermediate grain-sizes commonly found encapsulated within the 

rim-domains of well-formed orthopyroxene crystals. The domain 

selected for analysis shows a chromite grain, 80 microns in diameter , 

enc losed wi thin the core -domai n of an orthopyroxene crystal, a 60 

micron diameter gra~n occluded within the rim-domain of the same 

crystal and another, 200 microns in diameter, inter grown with 

plagioclase in a j uxtaposed interstice. The analytical results, 

denoted 297/1, 2 and 3, respectively, are presented in Table 22, and 

the salient features may be summarized as follows: 

Number 1 2 3 

Ti02 0,49 0,63 1,10 

Cr203 49,61 53,42 52,19 

A1Z03 16 ,97 12,34 12,61 

MMF 0,362 0,297 0,334 

Cr/ Al 1,96 2,90 2,78 

HOST opx opx p1ag 

core urn 

These data are representative of core-domains within the chromite 

grains. It is evident that the grain intergrown wi th plagioc lase, 

and the grain occluded within the rim of the orthopyroxene crystal, 

is enriched in Ti02 and Cr203 relative to the grain depicted in the 
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orthopyroxene core-domain. The MMF ratio of the latter is higher, a 

feature which is generally observed in the B unit (Fig . 33). 

Fig . 34 depicts typical textural environments of chromite gralns 

within sample 265, which is a more feldspathic bronzitite some 2,8 

metres below the LG 2 chromitite layer. As is the case wi th most 

chromite-poor bronzitites, only a few small 

enclosed within orthopyroxene; the majority 

chromite grains are 

are generally greater 

than 200 microns in diameter and are intergrown with plagioclase. It 

i s evident from the t extural relationships portrayed in Fig. 34 that 

substantial in situ secondary growth of orthopyroxene has occurred, 

resulting in chromite grains being indented in cupolas or embayments 

on the pyroxene grain boundaries. Furthermore, the sympathetic 

configuration of the orthopyroxene and juxtaposed chromite grain 

boundaries indicates that in situ secondary enlargement of both 

crystalline phases must have taken place contemporaneously to produce 

these textures, ~.e., both chromite and orthopyroxene competed for 

available nutrients in the interstitial melt. Microprobe analyses of 

chromite within these environments are presented in Table 22 and are 

denoted 265/1 to 265/10. Cr203 contents range from 51,31 wt. per 

cent for chromite occluded by orthopyroxene (analysis 265/3) to 56,37 

wt. per cent for a grain with a diameter of 340 m~crons and 

intergrown with plagioclase (analysis 265/10). Analysis 265/4 is a 

special case and will be discussed l ater . Grain-sizes of chromite 

intergrown with plagioclase vary between 110 and 340 microns, with 

the larger grains tending to be more anhedral. The average measured 

grain-size of chromite occluded within orthopyroxene is 60 microns, 

with ca. 90 microns representing the upper limit. The analyses are 

representative of core compositions and two features are evident from 

the data. Firstly, consider the data pertaining to chromite occluded 

by orthopyroxene (analysis 265/1 to 265/3). The 60 micron diameter 

crystals have lower MMF ratios (0,345) than an 80 micron diameter 

crystal (0 ,379 ), whereas the concentrations of Cr203 and A1203 are 

comparable. The second case, of chromite intergrown with 

plagioclase, shows the opposite: small grains have higher MMF ratios 

and A1203 contents relative to larger gralns. The grain-size 

measurements represent m~n~mum diameters of a g~ven crystal and 

should not be regarded as accurate: problems arise from the 

orientation of the crystal, the component of anhedralism and 
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sectioning effects in larger crystals. For example, analysis 265/4 

15 representative of a rounded chromite grain showing a circumjacent 

selvage of plagioclase and wholly enclosed within the apical domain 

of a well-formed orthopyroxene crystal . In view of the textural 

variants depicted in Fig. 34, this feature is clearly indicative of a 

chromite grain residing in an embayment and does not reflect reaction 

between chromite and orthopyro xene with plagioclase as the product. 

Hence, analysis 265/4 is regarded here as being representative of the 

rim-domain of a large crystal residing in the intercurnulus volume. 

In an attempt to reconcile the compos i tional variation dep i cted 1.n 

Fig. 33, attention was given to the following arithmetic exercise. 

Firstly, it was assumed that a Cr203 content of ca. 50 wt. per cent, 

shown by chromite grains enclosed within orthopyroxene core -domains J 

is representative of early-formed grains that were isolated f rom melt 

via encapsulation. Second ly) it was assumed that chromite grains 

with a protracted residence time i n the interstitial magma receive 

additional growth 

or encapsulation 

growth. Thirdly, 

increments until such time as dearth of nutrients, 

by intercumulus silicate phases, preclude further 

in order to simplify the modelling procedure, it 

was assumed that successive growth increments are of constant 

Cr203 content and that diffusive 

eliminate zonal structures . The 

homogenization within 

latter is conf i rmed ~n 

grains may 

part by the 

present investigation which detected very subtle compositional 

gradients in large chromite grains occluded by plagioclase, mica and 

quartz. Relict zonal structures in small chromite grains were not 

detected. The assumption of constant Cr203 content is undoubtedly 

incorrect by virtue of the restricted melt volume, unless a hiatus in 

crystallization ensures that efficient connnunication with the 

supernatant liquid column 15 maintained. Fig. 35 (A) portrays a 

theoretical asymptotic curve representing the compositional path of a 

chromite grain, with an initial Cr203 content of 50 wt. per cent, 

receiving successive growth increments (with a Cr203 content of 58 

wt. per cent) followed by gra~n homogenization. Two important 

features ar~se from this exerCIse: (a) a limiting bulk composition is 

approached after the initial grain-size has doubled, i . e., the volume 

(Vo ) has r~sen by a factor of eight, and (b) the bulk volume of the 

chrornite gra~n ultimately imposes a compositional buffer . F i g. 35(B) 

depicts the disposition of measured data points relative to ideal 
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asymptotic relationships between CrZ03 content and grain-size. Curve 

(A) represents succeSSlve increments of chromite containing 57 

wt. per cent Cr203 and curve (B) those wi th 55 wt. per cent Cr203. 

The agreement with these curves suggests, therefore, that the model 

is applicable) viz., grain growth proceeds via successive increments 

of Cr203-enriched chromite, followed by grain homogenization. It is 

advocated here that enhancement of the ac t i vi ty of chromium 1.0 the 

interstitial melt by nucleation of plagioclase accounts for (a) 

accelerated chromi te growth rates, and (b) the Cr-enriched 

compositions of chromite intergrown with plagioclase and the margins 

of orthopyroxene crystal s . Confirmation is found in the higher Ti02 

contents (Fig. 33), zonal rises in Ti and er/Al towards the rims of 

some large chromite grains and the more restricted compositional 

variation of chromite 1.n samples with a low modal abundance of 

plagioclase (e.g., sample 271) • Within the feldspathic and 

chromitiferous bronzitite hanging- wall of the LG 2 chromitite layer 

(sample 261; Fig. 8A(iii)), analyses of two chromite grains occluded 

in a lobate extension of an orthopyroxene crystal indicate 

Cr203 contents of 56,51 and 57,51 wt. per cent, linke d to MMF r atios 

of 0,229 and 0,299, respectively. These grains are approximately 140 

microns in diameter and the compositional correspondence with 

plagioclase-hosted chromite (analysis 261/3) suggests that these 

grains were encapsulated after nucleation of plagioclase. 

sub solidus re-equilibration with the orthopyroxene 

Subsequent 

host, ~n 

conjunction with a higher FeCr204-component inherited prior to 

encapsulation, induced a marked decline in the MMF ratios. 

The reactivity of chromite to its host environment can be illustrated 

by two further examples. Chromite occluded by intercumulus quartz 

(analysis 259/5) yields an analysis of 0,28 wt. per cent Ti02, 57,52 

wt. per cent Cr203 and an MMF ratio of 0,289. Quartz is intergrown 

with red, titanian phlogopite in this particular interstice, but the 

latter is not in contact with the chromite grain (which does not host 

exsolved rutile). In thi s instance, therefore, it is evident that 

the Ti con t ent is less than that of small grains occluded in 

orthopyroxene and is substantially less than the Ti content of grains 

intergrown with plagioclase (refer to Fig. 33). However, the most 
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pronounced compositional changes occur within the thin zone of 

poikilitic harzburgite at the immediate footwall contact of the LG 1 

chromitite layer (sample 286A). The A1203 content of grains occluded 

by olivine ,s 24,02 wt. per cent (analysis 286A / 5), whereas the A1203 

contents of chromite occluded by cumulus orthopyroxene and 

interumulus plagioclase within the juxtaposed bronzitite are 13,51 

and 11 ,09 wt. per cent, respectively. Chromite occluded by 

reaction-replacement orthopyroxene (analysis 286/6 ) shows an 

intermediate composition of 18,84 wt. per cent A1203' These 

aluminous compositions are linked to higher MMF ratios (Fig . 33 and 

Table 22) and, in terms of the comparable compositional changes 

observed within silicate partings in the LG 6A chromitite layer, may 

reflect reaction with magnes,an fluids of a pegmatite lineage. 

Paradoxically, equivalent compositional changes are concomitant with 

the appearance of cumulus olivine in the layered succession. 

5 . 4.2 . 2 CHROMITE WITHIN THE Cl SUBUNIT 

Chromite associated with the first appearance of cumulus olivine at 

the base of the CI subunit depicts a cryptic transition to 

composi tions enriched in the MgAl204 -component. Microprobe analyses 

of chromite within the Cl subunit are presented in Table 23. Fig. 36 

provides a summary of the within-sample variation ,n Ti02- and 

A1203-contents, and MMF ratios} and of the variation in relation to 

stratigraphic height. The following features are evident from the 

disposition of data points in Fig. 36 and inspection of Table 23: 

1. Al203 contents of grains occluded by cumulus orthopyroxene nse 

to ca. 17 wt. per cent in the uppermost portion of the B unit and 

rernalO at this abundance through the C1 subunit. However, 

associated MMF ratios rise with increasing stratigraphic height 

to an average value of 0,452 at the level of sample 249. 

2. Al203 contents of grains occluded by olivine vary between 17,44 

and 21,21 wt. per cent. No clear relationship between grain-size 

and Al203 content is evident. 

3. MMF ratios of gra,ns occluded by olivine are lower than for 

grains of comparable grain- size occluded by coexisting 

orthopyroxene. 
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4. MMF ratios of coarse-grained chromite that 15 intergranular to 

5. 

olivine (i . e . , located between o liv ine crystals with no 

intercumulus silicate phase present) are higher than for smaller 

occluded grains. 

Chromite occluded by intercumulus 

harzburgite (sample 238) 1S not 

plagioclase within a granular 

enriched in Cr203 relative to 

chromite enclosed 1n cumulus orthopyroxene and olivine, but 

depicts a zonal rise in A1203 content . The MMF ratio is higher 

than for grains enclosed in the cumulus silicate phases. 

6. Grains associated with chromitiferous rocks of the E chromitite 

horizon are significantly depleted 1n A1203 relative to chromite 

within the adjacent silicate-rich rocks. Fe203 contents are 

slightly lower (average of 1,95 wt. per cent) than in chromite 

from adjacent olivine-rich doma~ns (x = 2,17 wt. per cent; 

n = 10), but stoichiometry is maintained primarily in terms of a 

reciprocal variation of Al and Cr contents. 

7. A1203 contents of grains occluded by olivine rise from 19,56 

wt. per cent at the base of the unit to 21,21 wt . per cent near 

the +7 metre level, then decline to 17,45 wt. per cent within 70 

cent imetres of the E chromi t i te layer. A further rise to 20,68 

wt. per cent A1203 1S evident in the harzburgite above the 

chromitite layer. A notable feature is the sympathetic variation 

in MMF ratios and A1203 contents within silicate-rich domains. 

8. Grains occluded by orthopyroxene exhibit lower Ti02 contents than 

grains occluded by coexisting olivine crystals. 

The average Fe203 contents of chromite occluded by olivine and 

orthopyroxene crystals are 2,20 and 2,11 wt. per cent, respectively. 

These are slightly higher than the average Fe203 content of 1,95 

wt. per cent displayed by coarse-grained chromite within chromite­

rich rocks (samples 240 and 241). Chromite grains occluded by the 

cumulus silicate phases are generally less than 100 microns 1n 

diameter, with coarser grain-sizes depicted within the rim-domains. 

Grain-sizes coarser than ca. 200 microns are very rarely enclosed 

within olivine and orthopyroxene, but may be indented to varying 

degrees. Inclusions of chromite are more common in orthopyroxene 

than 1n olivine and, within olivine-orthopyroxene cumula te 

assemblages, the latter feature can be attributed to the relatively 

coarser gra1n-slze of orthopyroxene. Intercumul us plagioclase and 
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clinopyroxene are generally no t present in the granular- and 

adcumulate-textured assemblages which characterize the Cl subunit. 

Chromi te grain- sizes within 

olivine - chromitite assemblage 

sample 

1n the 

241, representative of an 

footwall of the E chromitite 

layer, vary between 200 and 250 microns and annealed textures are 

only locally depicted (Fig. 37A). This contrasts with the overlying 

rnass~ve assemblage in which grain diameters vary between 600 and 

1 000 m1crons (Fig. 37B). Primary grain- sizes are indicated in 

domains with a higher silicate content by euhedral grains 100 microns 

in diameter. Dispersed olivine crystals wi t hin the olivine­

chromitite are 1 rom in diameter, whereas diameters of 2 to 4 nun are 

represented 1n the hanging-wall chromite dunite and footwall 

poikilitic harzburgite. The preponderance of relatively small 

chromite grains 1U the 8 em thick olivine-chromitite layer (sample 

241) 1S anomalous with respect to the gradational modal transition to 

4 em of chromite dunite, followed by an abrupt transition to large 

annealed grains within the overlying) thin chromitite layer, and 

points to arrested densification. Chains of chromite grains with a 

subvertical orienta t ion may be depicted (Fig. 37C), recommending 

heterogeneous nucleation of chromite on a basal substratum of 

chromite crystals as a potential mechanism of or1.g1.n (arborescent 

growth -forms wi thin the UG 1 and UG 2 chromi t i te layers have been 

documented by Eales and Reynolds (985)). A cursory examinat ion of 

the latter assemblage by microprobe analysis showed a constant AI/Cr 

ratio of 0,401 through a vertical interval of 1 centimetre, whereas 

the AI/Cr ratio of chromite within the overlying chromitite was noted 

to rlse from 0,429 to 0,446 with increasing stratigraphic height. 

Other than this apparent cryptic rise in Al/Cr from bottom to top of 

the chromite-rich horizon, which encompasses or may represent the E 

chromitite layer, a feature which clearly emerges from the data is 

the reciprocal relationship between modal chromite content and the 

AI/Cr ratio of chromite. For example, the Al/Cr ratio of grains 

within sample 245 (which exhibits a rhythmic and fine-scale 

repetition of dunite and chromite dunite layers) is 0,556, whereas 

weakly disseminated grains 1n olivine - rich sample 247 yield an 

average Al/Cr ratio of 0,650. Within silicate-rich domains, however, 

a dependence on the nature of the occluding silicate phase is also 

evident. 



o 

FIGS. 37(A) to (C): Photomicrographs of chromite within and In juxtaposition 
to the E chromitite layer, Cl subunit. All sections 
photographed with plane polarized reflected light and the 
same degree of magnification. Scale Scm = lmm. 

(A) : Grains within an olivine-chromitite In the immediate 
footwall of the E layer (though this may represent the 
basal portion of the chromi t i te) exhibiting a low degree 
of grain annealing. Particle Slzes are In the range 
200 - 250 mlcrons (sample 241) . 

(B): Advanced degrees of grain annealing within a maSSlve 
domain of the E layer. Olivine crystals, or serpentine 
pseudomorphs, are not present; the mesostasis lS 
represented by serpentine minerals. Coarse particle sizes 
within this domain vary between 600 and 1 000 microns, 
with smaller grains depicted In areas showing arrested 
annealing (thin section 240). 



MB4AAD 

FIG. 37 (C): Putative arborescent or chain-like structures (growth­
forms) linking individual grains (emphasized) within the 
olivine- chromitite layer shown in (A). The mesostasis is 
composed of serpentinized bastite. Preservation of this 
texture may be linked to arrested grain annealing, 
implied by the higher intercumulus space relative to 
other chromite-rich domains. 
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It may be recalled that cumulus orthopyroxene crystals coexisting 

with olivine depict rim-compositions of higher Al l er ratios, stemming 

primarily from lower Cr203 contents. This zonal Cr-depletion trend 

is also manifested in the associated chromite. Samples 249 and 238 

are cited here as examples. 

orthopyroxene in sample 249 

ratio of 0,664, whereas the 

Chromite that is interstitial to cumulus 

(analysis 249/5) 

Al/Cr ratio of 

orthopyroxene 1S 0,531. Chromite 

sample 238 (analysis 238/6) depicts 

intergrown 

core and 

exhibits a rim Al/Cr 

chromite occluded by 

with plagioclase 

rim All Cr rat ios of 

0,632 and 0,715, re s pectively, whereas orthopyroxene hosted grains 

show an average ratio of 0,510. Proble matically, these r~m 

compositions approximate to Al/Cr ratios of grains occluded by 

olivine. 

5.4.2.3 CHROMITE WITHIN THE C2 SUBUNIT 

Table 24 presents microprobe analyses of chromite within 10 samples 

from the C2 subunit. 

are as follows: 

Compositional features indicated by the data 

1. Chromite occluded by olivine is enriched in Al203 (analyses 

223 / 1, 223/2 and 213B/71. 

2. Chromite occluded by orthopyroxene is depleted 10 Ti02 and Cr203 

relative to coarser-grained crystals intergrown with plagioclase. 

3. Relative to chromite marking the abrupt upper contact of the LG 3 

chromitite layer (analysis 213B/I), grains occluded by 

plagioclase and cumulus orthopyroxene in the immediately 

overlying bronzitite are enriched in Cr203 but exhibit lower MMF 

ratios. 

4. Cr203- and Ti02-contents of chromite enclosed in core-domains of 

orthopyroxene crystals are generally slightly lower than the 

contents depicted ~n larger grains encapsulated within 

rim-domains. The MMF ratios of the latter may be lower. 

S. Subdued zonal increases of Cr content are depicted in chromite 

grains intergrown with plagioclase, mica and quartz. 

6. Rim-domains of gra~ns intergrown with mica and quartz are 

substantially depleted in Ti02 relative to the cores. 
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Figs. 38(A) to (C) present a graphical summary of some of the 

abovementioned features. The data are consistent with the empirical 

model developed earlier, v~z. J that in situ growth of chromite ~s 

achieved contemporaneously with the nucleation of plagioclase in the 

residual melt volume . This would not apply to mica and quartz, which 

are late-s tage crystallization products. The zonal r~se ~n Cr 

content and depletion in Ti shown by grains in these domains (e . g., 

sample 211) 1S therefore adjudged to be the combined influence of 

(a) earlier nucleation of plagioclase, (b) reaction with intercumulus 

melt, and (c) preferential partitioning of Al and Ti into titanian 

phlogopite at subsolidus temperatures. The latter 1S emphasized by 

the magnitude of the compositional gradient (for example, from 0,97 

wt. per cent Ti02 in a core domain to 0,43 wt. per cent in the r~m; 

analysis 211/6); more efficient grain homogenization by diffusion at 

higher temperatures would tend to flatten the gradient . A slight 

decline In Ti02 content was noted 10 the rims of chromite graIns 

intergrown with plagioclase in sample 203. However, this 1S more 

pronounced 1n sample 211 (analysis 211/5), where chromite H 

intergrown with a more 

and 265 in the B unit, 

sodic plagioclase. In samples such as 203, 

trace abundances of rutile needles intergrown 

with plagioclase may account for the absence of exsolved rutile 

lamellae 1n plagioclase-hosted chromite grains and the restricted 

range 1n Ti02 contents. 

In summation, small chromite gra1ns occluded within cores of cumulus 

orthopyroxene crystals in a particular sample indicate (a) Ti02-poor 

compositions (0,18 to 0,50 wt. per cent), and (b) Al203-enriched 

compositions 

orthopyroxene 

relative 

r1ms, and 

to larger 

relative to 

grains intergrown 

substantially larger 

within 

grains 

intergrown with intercumulus plagioclase. Cryptic, within-sample 

tr e nds of rising Cr and Ti are linked to declining MMF ratios, but 

Fe203 contents are constant at low levels irre spective of te~tural 

environment or proximity to the LG 3 chromitite layer (Fig. 39). 

Chromite occluded by olivine within the thin poikilitic harzburgite 

zone above the LG 3 chromitite 1S identical in composition to 

analysis 286A/5, which 1S representative of Al203-enriched chromi te 

occluded by olivine in the immediate footwall of the LG 1 chromitite 

layer. However, chromi te occluded by olivine in the chromitiferous 

bronzitite footwall of the LG 3 leader chromitite (analysis 214A/8) 
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is only mildly depleted 1n Cr203 (50,56 wt. per cent) relative to 

chromite enclosed within adjacent orthopyroxene gra1ns (52,72 to 

54,60 wt. per cent; analyses 214A/5 and 6). The MMF ratios of the 

latter chromite grains average 0,405, whereas that of chromite 

intergrown with olivine is 0,325. Within the hanging-wall of the 

LG 3 chromitite layer, chromite gra1ns occlud ed by olivine and 

reaction-replacement orthopyroxene yield MMF ratios of 0,411 and 

0,453, respectively, which are intermediate be twe en those of chromite 

at the top contact of the LG 3 (0,480) and dispersed chromite in the 

overlying bronzitite (0,389 to 0,362). 

Fig. 39 is a p l ot of measured MMF ratios and proportions of Cr, Al 

and Fe 3+ cations in relation to stratigraphic height . Horizontal 

bars drawn through mean data points for the H chromitite layer are 

r epresentative of the spread of measured values. Compositional 

profiles shown in the figure link mean compositons of chromite grains 

occluded within orthopyroxene. The proportion of Cr in orthopyroxene­

hosted grains rises wi th increasing stratigraphic height from 9,72 

cations 10 sample 223 to an average of 11 ,37 cations in sample 211, 

coupled to a decline in MMF ratios from 0,438 to 0,325. Bronzitites 

above the stratigraphic level of sample 211, which is an adcumulate­

t extured, medium- to coarse-grained bronzitite with intercumulus 

plagioc lase, m~ca and quartz, depict a minor abundance of chromite 

and are more feldspathic. A decline in Cr contents with increasing 

stratigraphic height is suggest e d above sample 205, linked to a rise 

in the proportion of Al cations and in the MMF ratio (i.e., trends 

which are manifested in 

subuni t) . The sense 

the H chromitite layer at the top of the C2 

of the cryptic change of the latter ratio 

therefore mIrrors the rIse In mol. per cent En in orthopyroxene 

(Fig. 14). 

The Cr203 content of chromite at the abrupt, upper contact of the 

LG 3 chromitite is 51,96 wt. per cent (analysis 213B/l), which is 

similar to the content in grains occluded by reaction-replacement 

orthopyroxene some 2 mm above the contact (analysis 213B/6). These 

large orthopyroxene oikocrysts depict remnants of olivine and 

poikilitically enclose the heavy dissemination of chromite marking 

the top contact of the LG 3. Hence, the apparent dec line in Cr203 

contents from 55,84 wt. per cent 1n the footwall leader layer to 
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51,96 wt. per cent at the top of the LG 3 chromitite may not be 

rept:"esentative of a pr~mary cryptic trend attending crystallization: 

microprobe analysis of grain-to-grain cryptic changes 1n the LG 3 

chromitite layer is required to assess this consideration. 

5.4.2.4 CHROMITE WITHIN THE C3 SUBUNIT 

Microprobe analyses of chromite within dunites, poikilitic 

harzburgites and chromite -rich assemblages of the C3 subunit are 

presented 1n Tab le 25. A log of the C3 subunit 1S presented 1n 

Fig. 40, which shows a plot of MMF ratios and the proportions of Fe3 + 

and Cr cations in relation to stratigraphic height. Cr203 contents 

vary between 45) 10 and 54,33 wt. per cent, with concentrations in 

excess of 50 wt. per cent restricted to chromite-rich domains. Ti02 

contents vary between 0,25 and 1,03 wt. per cent, with a mean 

concentration of 0,69 wt. per cent for the subunit (n = 67; 

s = 0,15). MMF ratios vary between 0,329 and 0, 558, and are linked 

to (a) the modal proportion of chromite, and (b) the nat ure of the 

occluding silicate phase. Furthermore, small chromite grains 

occluded by olivine have lower MMF ratios than larger grains. The 

MMF ratios of coarse, intergranular chromite grains are consistently 

higher than those of grains occluded by olivine, but the MMF ratios 

of the rim-domai ns are comparab Ie (analyses 180/3 and 4 are 

represen t ative of core and nm compositions, respectively). 

Intergranular chromite grains are generally enriched in A1203 

relative to smaller grains occluded by olivine. Wi th the except ion 

of sample 172, small chromite gra1ns occluded by olivine are slightly 

enriched in Cr203 re lat ive to larger grains found t owards the rims of 

olivine gra~ns. Hence, with the achievement of extended growth 

periods, as evinced by coarser-grain sizes and textura l environment, 

a trend of increasing A1203 content is evident in adcumulate­

textured, olivine-rich rocks. 

Chromite grains occluded by olivine in the C3 subunit are generally 

subrounded; euhedral habits are rarely observed. Intergranular 

chromite within adcumulate-textured dunites, which are essentially 

anchimonomineralic assemblages of coarse-grained, polygonal olivine 

crystals, is characterized by subhedral to anhedral shapes and 
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generally occurs at ali vine triple-junctions. This feature suggests 

that migration of olivine grain boundari es occurred, facilitating the 

expulsion of trapped residual mel t. Subvertical alignment of olivine 

crystals is also evident within the lower portion of the subunit. 

Many of the large , intergranular chromite grains depict silicate 

inclusions and relict, intracrystalline grain boundaries, indicative 

of a mosaic of annealed grains. Anomalously large chromite grains 

showing no annealing textures occur, however, ~n some feldspathic 

poikilitic harzburgite lenses. 

representative of the core 

For example, analysis 196D/l 1S 

composition of a grain measuring 

2,0 x 3,0 mm in diameter, but it should be noted that these are very 

rare. In contrast, chromite grains in the chromitiferous footwall 

rocks of the I and LG 4 chromitite laye rs are euhedral and measure 

ca. 300 microns in diameter (Fig . 41). These grains occur as heavy 

disseminations which silhouette olivine crystals, and the large 

grai n-sizes cannot be attributed to annealing processes. In 

juxtaposed olivine-chromitite layers, however, annealing has induced 

grain-sizes of up to 1,2 mm (thin section 177 A). Hence, the larger 

grain-sizes, euhedrali sm and higher Cr203-contents attending the 

copious appearance of chromite in these footwall environments point 

to crystallization from a Cr-undepleted magma. Though the available 

analytical data do not allow for the unequivocal recognition of 

cryptic compositional changes in the layered, chromitiferous rocks 

associated with the I and LG 4 chromitite layers, it is evident from 

the data that (a) chromite in the immediate footwall rocks is 

enriched ~n Cr relative to chromite in the respective hanging-wall 

layers, and (b) the Cr contents of grains within the chromitite 

layers are of intermediate abundances. 

The proportion of Fe 3+ cations 1S higher within grains ~n olivine ­

rich assemblages than in chromite-rich domains, and is higher in 

grains occluded by olivine (Fig. 40). A degree of deuteric oxidation 

of olivine is thus implied (Eales et al., 1984). Furthermore, it is 

evident from the data that an increase in the modal proportion of 

chromite is not linked to a rise in the Fe3+/(Fe3+ + Fe 2+) ratio: the 

absolute magnitude of the latter is comparable to that of chromite 

within the pyroxenite subunits. 
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Photomicrograph of a chromitiferous poikilitic harzburgite layer 
in the footwall of the LG 4 chromitite, illustrating the heavily 
disseminated, equant and coarse nature (~ 300 microns) of chromite 
grains depicted in circumjacent silhouettes about olivine 
crystals. Some 80 to 100 per cent of the latter has been replaced 
by orthopyroxene, which is structurally continuous with the 
orthopyroxene crystal encapsulating the chromite grains. These 
textural features point to (i) a high liquid/olivine ratio, (ii) 
reaction- replacement at early stages of compaction, i.e., during 
or pr~or to impingement and annealing of chromite to yield an 
impermeable assemblage (domains showing annealed interstitial 
aggregates of chromite also exhibit very limited degrees of 
replacement of olivine), and (ii) upward migration of magmatic 
residua not in equilibrium with olivine resident ~n the 
chromite-rich domain. 
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5.4.2.5 CHROMITE WITHIN THE D SUBUNIT 

Table 26 presents microprobe analyses of chromite within the Dl and 

D2 subunits exposed in drill core ZS 7. The within-sample variations 

of Fe3 + and Cr cations per of (a) MMF ratios, and (b) propor tions 

formula unit are summarized in Fig. 42, which shows a log of the 

succession . The range of Cr203 contents ,s from 40,76 to 57 ,30 

wt. per cent: the former concentration is representative of a 20 

micron-diameter gra ln 

orthopyroxene crystal 

occluded 

(analysis 

by a 

125/2), 

polygonal, 

whereas the 

fine-grained 

latter is 

representative of a 40 micron-diameter gra1n occluded within the 

marginal-domain of a large orthopyroxene crystal 1n a mesocumulate-

textured, feldspathic assemblage (analysis 134/2). Cr203 contents 

decline irregularly with increasing stratigraphic height from an 

average composition of 52,28 wt . per cent in the basal, 

coarse - grained adcumulate bronzitites (Fig. 43(A» to an average of 

48,74 wt. per cent in proximity to the LG 6A chromitite layer, where 

granular-textured bronzitites are depicted (F ig . 43 (B) ) • This 

cryptic t rend might be l inke d with the gross ns e in orthopyroxene 

crystallinity 

Fig. 8C). 

. . 
lncreaslng with 

Chromite gral.ns 

stratigraphic height (refer t o 

associated with olivine-bearing 

microdomains ,n sample 160 (analyses 160/3 and 4) are enriched ,n 

relative to chromite int e rgrown with orthopyroxene. 

Furthermore, grains whi ch are intergranular to olivine show a zonal 

dec line in Cr203 from 48,36 wt. per cent to 43,62 wt. per cent. The 

latter composition ,s similar t o that of smaller grains wholly 

enc losed within olivine crystals (Cr203 content of 43,99 wt. per 

cent) . A feature which clear l y emerges from Fig. 42 '" the large 

variation in Cr203 content of grains depicted within the bronzitites 

bounded by samples 139 and 125. For examp le) a subhedral chromi te 

grain in sample 125 displays a composition of 40,76 wt. per cent 

Cr203 (analysis 125/2), whereas the average content in two grains in 

sample 128, with diameters of 70 microns and occluded by coarse­

grained orthopyroxene, is 56,45 wt. per cent Cr203 (analyses 128/1 

and 2). Chromite . within samples 125 and 139 is typically subhedral 

to anhedral) and analyses 125/1 and 2 are representative of 

translucent grains, transmitting amber to reddish-brown light. Many 

of the orthopyroxene crystals are charged with similar inclusions, in 

conjunction with trains of opaque granules (Fig. 43(C». A trace and 
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FIG. 43(A): Textural features of 
bronzitite exposed in the 
16S). Section cut normal 
with transmitted light 
measures 2,S by 1,7cm. 

• J 

a coarse-grained, adcumulate-textured 
basal portion of the Dl subunit (sample 
to the drill core aX1S and photographed 

under crossed nicols. Field of Vlew 

43(B): Granular-textured bronzitite near the base of the D2 subunit 
(sample 83), showing a polygonal mosaic of orthopyroxene crystals. 
Note the very much smaller particle sizes of chromite grains 
relative to Fig. 43(A). Photographed with transmitted light under 
crossed nicols. The field of view is the same as (A) above. 
Section cut normal to the drill core axis. 

43(C): Photomicrograph of the central portion of an oxide-charged 
orthopyroxene crystal within a granular-textured bronzitite (Dl 
subunit, sample 12S). These features are (i) not a pervasive 
characteristic of all granular-textured bronzitites (e.g., the 
assemblage shown in (B) above), (ii) are rarely displayed wi thin 
coarser-grained rocks, and (i i i) are more prevalent wi thin 
bronzitites which host a mlnor abundance of olivine crystals. 
Section photographed with transmitted light. (Scale Scm 
0, 2Smm). 
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sporadic occurrence of olivine crystals is also associated with these 

fine-grained, granular-textured bronzitites. 

Ti02 contents vary between 0,16 and 1,62 wt. per cent. The lat ter 

concentration IS representative of a rutile-bearing grain intergrown 

wi th plagioc lase in sample 134. The average Ti02 content of grains 

occluded by orthopyroxene within the unit 's 0,43 wt. per cent 

(n = 28; s = 0,16), whereas that of chromite intergranular to 

orthopyroxene and intergrown with plagioclase is 0,63 (n = 26; 

s = 0,15 ) and 1,02 wt . per cent (n = 11; s = 0,27), respe c tively. 

The variation of Ti02 in relation to stratigraphic height is 

addressed in the subsequent text. Fe203 contents indicate a 

restricted variation between ca. 1,00 and 2,80 wt. per cent, but a 

trend of r,s,ng Fe203 with increasing stratigraphic height is 

depicted above the LG 5 chromitite layer, culminating in a high mean 

value of 4,72 wt. per cent within sample 90 (a bronzitite depicting a 

bimodal grain-size distribution, interstitial clinopyroxene and a 

trace abundance of plagioclase in poorly annealed cavities). The 

modal abundance of chromite remains at accessory levels throughout 

the interval bounded by the LG 5 chromitite layer and the chromite 

bronzitite layer marking the base of the D2 subunit (sample 84, 

Fig. 42). Inspection of the chromite compositional parameters Yer, 

YAl and YFe 3+ for samples 90, 95 and 104 (Table 26) indicates that 

Fe3 + ~ er is the principal substitution mechanism, whereas the 

composition of chromite within the other 20 samples indicates a 

reciprocal range of Cr and Ai. This feature thus accounts for the 

cryptic decline in Cr content with increasing stratigraphic in the 

upper portion of the D1 subunit. 

MMF ratios of chromite within orthopyroxene-rich rocks of the unit 

vary between 0,440 and 0,100, and are broadly linked to the 

proportions of A1 and Cr cations. A comparison of samples 125 and 

134 serves as an extreme example. It is evident from the data points 

depicted in Fig . 42 that cryptic compositional changes in relation to 

stratigraphic height are a function of the grain-size of the host 

bronzitite and the modal proportion of intercumulus silicate phases . 

Sample 164, for example, is a coarse-grained bronzitite depicting a 

fairly sodic intercumulus plagioclase. The Cr203 content of a 

chromite grain with a diameter of 50 microns and occluded by 
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orthopyroxene is 50,94 wt. per cent (analysis 164/1), whereas a 500 

micron-diameter grain intergrown with plagioclase depicts a zonal 

rise in Cr203 to a rim composition of 54,48 wt. per cent (analysis 

164/3). The latter feature is linked to a zonal decline in MMF ratio 

from 0,345 to 0,329. Within granular-textured bronzitites, however, 

small grains occluded by orthopyroxene tend to be enriched In Cr203 

relative to coarser, intergranular gra~ns . Second ly , nm 

compositions of the latter (i.e., in juxtaposition to orthopyroxene 

with no residual film of an intercumulus silicate phase) indicate 

lower Ti02 contents and substantially depressed MMF ratios (e.g., 

analysis 90/6, where the MMF ratio of a rim-domain is 0,198, whereas 

that of the core is 0,272). 

5.4.2.6 CHROMITE WITHIN THE E UNIT 

Microprobe analyses of chromite within bronzitites of the E unit and 

within an ultramafic pegmatite assemblage are presented in Table 27. 

Fig. 44 depicts a log of the succession, with MMF ratios and the 

proportions of Fe3 + and Cr cations per formula unit plotted In 

relation to stratigraphic height. Average compositions of chromite 

within the LG 6A and LG 7 chromitite layers, and within the 

chromitite lens in sample 28, are also shown. Relative to the latter 

environments, accessory chromite within the bronzitites shows lower 

MMF ratios and, significantly, the proportions of Fe 3+ and Cr cations 

1.0 grains occluded by orthopyroxene are comparable to the proportions 

1n polygonal grains within chromitite layers. This feature l ends no 

support to the notion that Al partitions into occluded chromite 

grains at subsolidus temperatures due to the diminished solubility of 

Al 1n orthopyroxene, but microprobe analyses of exsolved 

clinopyroxene within orthopyroxene crystals indicate compositions 

enriched in relative to int ercumulus clinopyroxene 

(section 5.3.2). Chromi te gralns encapsulated wi thin large, 

well-formed orthopyroxene crystals, which generally depict a greater 

abundance of clinopyroxene lamellae and blebs relative to granular­

textured orthopyroxene grains, are generally rimmed by a halo of 

clinopyroxene (Fig. 45A). A circumjacent, lamellae-free zone is 

usually observed within the orthopyroxene host, indicating that the 

chromite-orthopyroxene interface served as a low energy nucleation 
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site for clinopyroxene. Analyses 70/1 to 70/4 were carried out ln 

order to evaluate the compositional influence of clinopyroxene on 

small chromite grains with a high surface area / mass ratio. Core 

compos itions were measured of grains with (a) no clinopyroxene halo 

(analysis 70/l) , (b) a partial halo (analysis 70/2), and (c) a 

complete 360 0 halo (analyses 70/3 and 4). It is evident from the 

data that no consistent pattern emerges. Hence, without recourse to 

r~m compositions of these small chromite grains, this question cannot 

be answered since there is an overriding relationship between 

composition and t e xtural environment In 

grains encapsulated within the margins 

yield average Ti02- and Cr203-contents 

sample 70. For 

of orthopyroxene 

of 1,02 and 51,05 

example, 

crystals 

wt. per 

cent, re s pectively, whereas graIns within core-domains yield 

concentrations of 0,63 wt . per cent Ti02 and 48,34 wt. per cent 

Cr203. The former compositions tend towards those of intergranular 

chromite grains and grains intergrown with plagioclase (x ~ 1 ,21 

wt. per cent Ti02 and 51,18 wt. per cent Cr203). 

Sample 61 is another example of a bronzitite which may have undergone 

a degree of deuteric oxidation. There is a fairly pervasive 

distribution of opaque spinel granules and many of the medium-grained 

orthopyroxene crystals are charged with anhedral sp inel granules 

which transmit amber light. Analysis 61/1 is representative of these 

A1203-enriched spinels and a notable feature is the low MMF ratio of 

0,173. This contrasts with the magnesian character noted f or a 

seemingly equivalent occurrence ln sample 125. The Cr203 content of 

a larger, opaque and equant graln within the same orthopyroxene 

crystal is 49,79 wt. per cent (analysis 61/2), linked to an MMF ratio 

of 0,226. It should be stressed that, whereas (a) only an accessory 

abundance of chromite is depicted in sample 61, and (b) the rock lS 

an adcumulate-textured bronzitite with a l ow abundance of 

intercumulus silicate phases, chromite at this stratigraphic level is 

compositionally equivalent to grains within sample 70, which is 

conspicuously more feldspathic and chromite-rich. For example, the 

average CrZ03 content of grains encapsulated ~n orthopyroxene 

core-domains is 49,74 wt. per cent, and 51,28 wt. per cent for grains 

occluded in rim-domains. 
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It is evident from the orthopyroxene crystallinity profiles of the D 

and E units, depicted 1n Figs. 8(C) and 8(E), r espec tively, that a 

broad similarity exists between them, viz., an overall trend of 
. . 
lncreaslng crystallini ty with increasing stratigraphic height, 

followed by a progressive and more abrupt decline in this physical 

parameter 1n the footwall rocks of the LG 6 and LG 7 chromitite 

layers. The coarse-grained interval bounded by samples 128 and 134 

in the D1 subunit shows a transition from feldspathic, mesocumulate-

textured rocks to adcurnulate-textured rocks with increasing 

stratigraphic height. The chemical composition of chromite in these 

rocks is characterized by high Cr203 contents and a wide range of low 

MMF ratios. Within the overlying, granular-textured bronziti tes 

(e.g., from sample 115 to 125), chromite depicts a textural variation 

which can be described as "interstitial". These textures are also a 

ubiquitous feature of a 14 m thick interval bounded by samples 43 and 

53 in the E unit, of which Fig. 45(B) is a typical example (analyses 

43/3 , 43/4 and 50/2 in Table 27 are representative of the latter 

habit in the E unit and may be compared with analysis 117/3). It may 

thus be of significance that the following features are observed 

within both the E and D units: 

1. There is a gradation from coarse-grained, mesocumulate-textured 

bronzitite to coarse-grained, adcumulate - textured bronzitite over 

a comparable stratigraphic thickness in both units. 

2. Deuteric oxidation of cumulus orthopyroxene is indicated ln the 

adcumulate-textured as semb lages and immediately overlying, 

granular-textured assemblages. 

3. Interstitial chromite morphologies are exposed 1n granular-

textured bronzitites above the coarse-grained, adcumulate 

bronzitites. 

4. There is an 89 m vertical separation between the level of sample 

134 and the LG 6A chromitite , and between the level of sample 71 

and the LG 7 chromitite layer. 

Potentially, therefore) these similarities point to a duplication of 

magmatic conditions attending crystallization within the E unit 

without, however, reproducing layers analogous to the LG 5 and LG 6 

chromitite layers. 



FIG. 45(A): Partial halo of exsolved clinopyroxene nucleated on the grain 
boundary of a small chromite grain occluded within the core of an 
orthopyroxene crystal (E unit, sample 70). Section photographed 
with transmitted light under crossed nicols. The smaller of the 
chromite grains 1.S 50 microns in diameter. It should be noted 
that the occurrence of spherical to ellipsoidal blebs of 
clinopyroxene in juxtaposition to small encapsulated chromite 
grains 1.S a textural feature common to the entire studied 
section. 

45(B): Interstitial chromite within a medium-grained, granular-textured 
bronzitite (E unit, sample 50). Note the correspondence between 
the chromi te grain (reflected light microscopy yields no evidence 
of intracrystalline grain boundaries) and what is described in the 
present text as a "poorly annealed cavity". Finer-grained 
bronzitites depicting advanced degrees of annealing or foam 
texture do not display this feature l thus indicating that it 1.S 

not a recrystallization phenomenon. Section photographed with 
transmitted light. Scale 5cm = Imm. 
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Sample 39 is composed of a polygonal, annealed mosaIC of 

orthopyroxene crystals and depicts a minor abundance of large olivine 

grains (2 to 4 nnn in diameter), with associated pyrrhotite. The 

latter 15 confined to domains within and adjacent to the olivine 

graIns and the textures are indicative of localized replacement by 

ultramafic pegmatite. Oxidation of the primary orthopyroxene 

assemblage is evinced by inclusions of opaque and translucent spinel 

granules. Chromite grains occluded by olivine crystals are slightly 

larger than within the adjacent bronzitite, but the Cr203 content of 

the former (47,59 wt. per cent; analysis 39 /4) is only mildly 

depleted relative to a content of 49,98 wt. per cent for grains 

occ luded 

replacement 

07. Fig. 

sec ondary 

in prlmary orthopyroxene . In contrast, extensive 

by an 01 i vine-sulphide as semb lage is depic ted in sample 

46(A) serves to illustrate the relative abundance of 

sulphides in a 3 nnn thick chromitite stringer and 

Fig. 46(B) illustrates the localized oxidation of chromite to an 

Fe-rich spinel of higher reflectivity. The Cr203 content of annealed 

gratns within the stringer is 46,32 wt. per cent (analysis 07/1), 

whereas that of chromite occluded by olivine tn juxtaposed replaced 

domains is 41,72 wt. per cent (ana l ysis 07/2). Sample 11, however, 

1.5 a primary magmatic 

accessory chromite. 

stratigraphic level 

assemblage of orthopyroxene, pyrrhotite 

The mean Cr203 content of chromite at 

and 

this 

of is 46,71 wt. per cent. Measurements 

orthopyroxene crys tallini ty 

orthopyroxene grain-size 

chromi t i te layer, and 

from 

exposed a 

the level 

progressive Increase In 

of sample 28 to the LG 7 

a sympathetic decline In chromite modal 

abundance is noted. Within 1 metre of the basal contact of the LG 7 

chromitite, however, there 

crystallinity and a number 

15 a dramatic rlse In orthopyroxene 

of thin chromitite layers are depicted. 

Sample 01 is a granular-textured bronzitite some 88 cm ab ove the LG 7 

chromitite) and shows a weak dissemination of chromite grains and 

patches of replacement olivine. The Cr203 content of small chromite 

grains occluded by orthopyroxene is 47,32 wt. per cent (analyses 01/1 

and 01/3), whereas chromite occluded by olivine yields an average 

composition of 45,31 wt. per cent (analyses 01/5 and 01/7). It 

should be stressed that the modal abundance of olivine is less than 2 

per cent and the occurrences are localized. Analyses 01/1 and 01/3 

are of occluded grains well removed from olivine-bearing domains and 

no fracturing of the host orthopyroxene is exposed. It is thus 



FIG. 46(A): Pyrrhotite intergrown with chromite (grey) in a thin chromite 
stringer exposed at the stratigraphic level of sample 07 (E unit). 
The sulphide phase appears to have replaced the earlier silicate 
gangue, and is linked to an olivine-rich ultramafic pegmatite 
which has replaced the original bronzitite on both sides of the 
stringer. Photographed with plane polarized reflected light. 
Scale Scm = 1mm. 

46(B): Oxidation of chromite within the stringer to ferritchromite 
(higher reflectivity) along polygonal grain boundaries and 
triple junctions. Photographed with reflected light. The 
magnification is 4 times that used in (A). A lobate sulphide 
gra~n (centre, right) is visible in the field of view. 
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unlikely that a fluid phase of a replacement lineage gained access to 

these grains. In summation, it is suggested that the cryp t ic changes 

in Cr203 content through the upper 60 metres of the sampled section 

reflect a prImary compositional trend and are not a function of 

secondary reactions and equilibration. The latter are linked to 

distinctive mineralogical environments and analyses of graIns In 

these domains can be grouped as a subset which is not pertinent to 

this study. Thus, Cr203 contents rise from an average of 49,36 

wt. per cent wi thin samples 50, 43 and 39 to 54,28 wt. per cent at 

the stratigraphic level of sample 28, with an intermediate 

composition of 50,69 wt. per cent 1n sample 32. The latter 1S 

representative of annealed grains within a coarse - grained chromite 

bronzitite layer. The Cr203 content of chromite declines with 

increasing stratigraphic height above sample 28 to ca. 46 wt. per 

cent in the footwall of the LG 7 chromitite, followed by a reversal 

to 48,15 wt. per cent within the LG 7 'chromitite layer (microprobe 

analyses of chromi te wi thin the thin and numerous leader chromi t i te 

layers below the LG 7 massive ore were not carried out). This 

measured decline in Cr203 content through a 20 m thick stratigraphic 

interval, linked to a decline In modal chromite abundance, IS 

irreconcilable with crystallization from a thick vertical column of 

magma. 

Average MMF ratios of chromite grains occluded by orthopyroxene 

within individual samples are given in Fig. 44. The disposition of 

data points indicates an overall increase in this parameter with 

stratigraphic height, from an average of 0,274 within the basal 20 m 

of the unit to 0,377 above the LG 7 chromitite layer. To a degr ee, 

this ~s consistent with the measured cryptic variation ~n the 

enstatite content of or thopyroxene through the E unit (Fig. 14), and 

the rise ~n crystallinity of the sample population with increasing 

stratigraphic height (refer to Fig. 8E). The proportion of Ai 

cations ~n chromite shows a reciprocal variation with Cr, 

irrespective of mineralogical or textural environment. 
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5.4.2.7 CHROMITE WITHIN THE D2 SUBUNIT, DRILL CORE ZS 3 

Table 28 presents microprobe analyses of chromite within bronzitites, 

chromitiferous bronzitites, bronzite-chromitites and chromitite 

layers of the D2 subunit exposed in drill core ZS 3. Fig. 47 shows a 

log of the succession and summarizes the within- and between-sample 

variation of MMF ratios and the proportions of Cr, Al and Fe 3 + 

cations. Features portrayed in the figure i ndicate (a) higher MMF 

ratios within chromite-rich domains, (b) a progreSSl.ve rlse in the 

proportion of Fe 3+ cations with increasing stratigraphic height, from 

0,372 cat ions per formula uni t at the base of the subunit to 1,75 

cations per formula unit in samples adjacent t o the LG 6A chromitite 

layer, (c) a reciprocal variation of Ai and Cr below the LG 6 

chromitite layer, (d) proxying of Fe3 + for Ai cations in samples 

above the LG 6 chromitite, in conjunction with a reciprocal variation 

of Ai and Cr, and (e) a rise in Ai content at the stratigraphic level 

of the LG 6A chromitite l ayer, l inked to a reciprocal decline in Cr 

and Fe 3+ contents . 

MMF ratios of chromite gral.ns occluded by orthopyroxene 1n 

bronzitites decline wi t h stratigraphic height from 0,363 at the base 

of the subunit to 0,247 at a level 90 cm below the LG 6A ch r omitite 

layer (i.e., within sample 305 which depicts the exceptionally large, 

idiomorphic orthopyroxene crystal hosted by a fine-grained, granula r -

textured bronzitite illustrated in Fig. 18). The ratio rlses to 

0,380 within 1 mm of the basal contact of the LG 6A chromitite, . and a 

further dec l ine to 0,266 is evident within bronzitites at the base of 

the E unit. Samples 300 and 301 are chromitiferous, feldspathic 

bronzitites and chromi te intergrown with plagioclase depicts 

extensive subsolidus exsolution of rutile lamellae. The estimated 

average Ti02 content of the latter gra1ns is 1,24 wt . per cent but, 

as illustrated by analysis 301/1, a wide range of contents can be 

measured . Fig. 48 is a photomicrograph of a chromite aggregate 

within sample 301, and analysis 301/3 is representative of the 

constituent, annealed grains which show extensive exsolution of 

rutile in core-domains and along polygonal grain boundaries . The MMF 

ratio of 0 , 350 1S anomalously low in terms of the large volume of the 

aggregate, as is the estimated Ti02 content of 1,22 wt. per cent 

anomalous, and no obvious compositional correlation with chromite 
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within the gradational hanging-wall of the LG 6A chromitite is 

evident (e.g., analyses 303A/l and 2) . 

The cryptic variation In t he proportion of Fe3+ cations (Fig. 47) 

lends no support to the proposals of Snethlage and von Gruenewaldt 

(977) and Snethlage and Klemm (978) that an increase ,n f02 of 

approximately 1,0 log unit may stimulate cop,ous nucleation of 

chromite. By using the relationship of Wilson (982), for example, 

calculation indicates that the cryptic decline in Fe2+/Fe 3+ ratios 

from sample 314 to 30 5 may be in response to a rise in f0 2 of 4,0 log 

units, but the host rocks remain feebly chromitic. Furthermore, the 

proportion of Fe3 + cations in chromite within the LG 6 chromitite ,s 

higher than in the bounding rocks, whereas chromite within the LG 6A 

chromitite exhibits a mild depletion in this component relative to 

grains within the juxtaposed bronzitite . The pattern of cryptic 

variation at the level of the LG 6A chromitite is comparable with 

that documented by Cameron (1975 and 1977) for chromitite layers in 

the Mooihoek Pyroxenite) viz . , chromite within chromitite layers ~s 

enriched in MgO and A1203' However, the reciprocal decline in Cr203 

content does not conform to Cameron's studies, which indicate a 

reciprocal decline in Fe203 with Cr203 contents remaining essentially 

constant . 

The variation of MMF ratios against Al and Cr contents as a function 

of grain-size was investigated in sample 308. Four grains occluded 

within an orthopyroxene crystal were selected for analysis and 

extended counting times were employed. The data are summarized in 

Fig. 49, in conjunction with the results of an equivalent 

investigation carried out on sample 32 from the E unit of drill core 

ZS 7. It is evident from the data points that 

exhibit higher Cr cont ents and lower MMF ratios, 

of Fe3+ cations rema,ns constant, and (c) the 

(a) smaller grains 

(b) the proportion 

r,se in Al with 

increasing gra1n-s1ze is linked to an 1ncr ease 1n the MMF ratio. 

This relationship between composition and gra1n- s1ze 15 consistent 

with Wilson's (1982) studies. It should be stressed, however, that 

the compositional diversity of chromite within feldspathic 

assemblages of the Ruighoek Pyroxenite stems from the above-mentioned 

relationship and the subsequent Cr-enrichment trend imposed by the 

nucleation of plagioclase. However, the analytical data reveal that 
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Photomicrograph of a chromitiferous, feldspathic bronzitite 
exposed 1, 5m above the LG 6A chromi t i te layer in dri 11 core ZS 3 
(sample 301). The thin section is orientated parallel to the 
drill core ax~s and shows an anomalous, annealed aggregate of 
chromite gra~ns as an inclusion within the bronzitite. Note the 
smaller s~ze of orthopyroxene crystals within the aggregate 
relative to crystals represented in the bronzitite. Microprobe 
analysis of chromite grains within the aggregate yield an average 
MMF ratio and Ti02 content of 0,350 and 1,22%, respectively, which 
are representative of evolved conditions relative to chromite 
wi thin the LG 6A layer (MMF ratio of 0,457 and Ti02 content of 
0,69%). The section has been photographed ~n plane polarized 
transmitted light (field of view measures 3 by 2cm). Exsolved 
rutile is a conspicuous feature within this sample. 
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the lat ter trend ~s not manifested ~n granular-textured bronzitites: 

a feature which points to isolation of these assemblages from 

interstitial magma at an early stage of crystallization. 

5.4.2.8 CHROMITE WITHIN THE LOWER ZONE 

Microprobe analyses of chromite within 4 samples from drill core KA 5 

are presented 1n Table 29. Cr203 contents of grains within 

bronzitite samples deno ted 410 and 729 are higher (48,93 to 52,75 

wt. per cent) than in the harzburgites (39 , 44 to 47,67 wt. per cent). 

Fe203 contents are substantially higher than determined in drill core 

ZS 7, vary1ng between 5,73 and 10 ,60 wt. per cent. Relative to the B 

unit of the s tudied section, chromite within the KA 5 bronzitite 

samples is enriched in Fe203 and depleted in A1203, with comparable 

er203 contents. It will be shown in a subsequent section, however, 

that the variation of Al and Cr 1S systematically linked to MMF 

ratios and ~s in accordance with the relationships obse rved 1n the 

Ruighoek Pyroxenite. 

5.4 .2.9 SUMMARY 

The present investigation has shown that (l) MMF ratios of polygonal 

chromite grains within chromitite layers are higher than 1.0 

disseminated or accessory grains in juxtaposed s i licate-rich domains. 

(2) Secondly, subtle cryptic changes in MMF ratios with stratigraphic 

height were measured within chromitite layers, systematically linked 

to variations in the proportions of Cr and Al cations, whereas (3) 

chromite within silicate-rich environments shows an irregular cryptic 

variation in relation to stratigraphic height. Though the latter may 

result from varying degrees of reaction with late-st age melt and 

subsolidus re-equilibration with coexisting ferromagnesian silicate 

phases, it is evident from the data that the proportions of Cr and Al 

cations are linked to variations In MMF ratios within individual 

from two relationships between composition and 

which indicate higher Cr contents coupled to 

samples. This stems 

grain-size, both of 

lower MMF ratios. In summation, these are (4) gra1ns isolated from 

the magma at an early stage by encapsulation in cumulus orthopyroxene 
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show a trend of increasing Al and Mg with increasing gra~n-slze) and 

(5) incremental in situ growth, contemporaneous with the nucleation 

of plagioclase, yields a trend of increasing Cr and Fe2+ with 

increasing grain-size. Though the former ,s subdued, it is 

significant that an equivalent cryptic trend of rising Al and Mg with 

increasing stratigraphic height was measured within the H chromitite 

layer. The implications are (6) that efficient expulsion of 

interstitial melt from the chromite accumulation precluded subsequent 

open-system reactions, (7) a grain-size gradient of increasing s ize 

from bottom to top may have characterized the accumulation prior to 

densification and recrystallization, or (8) crystallization from a 

restricted volume of melt is indicated. The latter is favoured here 

since, as suggested by Wilson (1982), the trend of increasing Al with 

increasing grain-size, for small grains enclosed by cumulus silicate 

phases, points to crysta l lization from a restricted volume. The 

following mass balance consideration illustrates this equilibrium: 

Cl - Vxtl) . [Crlmelt = Vxtl . [Crlxtl 

where Vxtl is the volume frac t ion of chromi te and [er ]me 1 t is the 

concentration of chromium in the melt. 

remains constant unless the absolute value of Vxtl 1S significant . 

(9) The YAl ratio of chromite occluded by olivine crystals within 

granular harzburgites and olivine-bronzitites of the Cl subunit is 

higher than for grains enclosed in coexisting cumulus orthopyroxene. 

For example, the average YAl ratio of the former association is 

0,396, whereas that of the latter is 0,332. The corresponding 

average MMF ratios are 0,370 and 0,439, respectively . The average 

YAI ratio of intergranular chromite, including a grain intergrown 

with plagioclase, is 0 , 389 and these grains depict a zonal rise in 

atomic AI/er which is consistent with the measured zonal increase of 

Al /C r ,n coexisting orthopyroxene. 00) The dissimilarity ,n the 

proportions of Al and Cr in chromite occluded by olivine and 

orthopyroxene cannot be resolved in terms of grain-size relationships 

or reaction with residual melt since (a) both silicate phases are the 

product of cotectic crystallization, and (b) reaction-replacement 

orthopyroxene is not depicted 1U these granular-textured rocks (in 

which intercumulus silicate phases are rarely present). Olivine 15, 
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however, extremely anhedral and ~5 typically lIinterstitial" to 

orthopyroxene in olivine-poor assemblages. Hence, it is advocated 

(11) that advanced migration of olivine grain boundaries during 

compaction resulted In occlusion of smaller intergranular chromite 

grai ns . The higher Ti02 content of chromite enclosed in olivine, 

relative to orthopyroxene-hosted grains, is consistent with this 

conjecture, as is the subrounded habit. Migration of olivine grain 

boundaries would be inhibited 1n chromite-rich domains, and the data 

indicate that occluded grains In these environments are enriched in 

Cr203 relative to intergranular grains and crystals in tergrown with 

clinopyroxene or reaction-replacement orthopyroxene . (12) Reaction 

with liqu id , yielding A1203-rich compositions, is indicated 1n 

poikilitic harzburgite assemblages adjacent to the LG 1 and LG 3 

chromitite layers. However, (13 ) chromite intergrown with 

reaction-replacement orthopyroxene in these domains, and in 

olivine-rich samples such as 19 7A and 223D , is enriched 1n Cr203 

relative to grains occluded by olivine. Hence , (14) an alternative 

consideration to the above is the closed-system, ionic transfer of Cr 

from orthopyroxene to an aluminian chromite. This can be i llustrated 

1n terms of the following generalized reaction (after Eales and 

Reynolds, 1985): 

(Ai -spinel) + (Cr-Al bronzite) (Cr -sp ine1) + (Al-bronzite) 

This relationship is consistent with the higher Cr content of smaller 

chromite grains enclosed in cumulus orthopyroxene due to the enhanced 

reactivity of small grains with a higher surface area/mass ratio. 

However, (15) the present investigation has shown that orthopyroxene 

may be enriched in Cr and Mg adjacent to occluded chromite grains) 

implying transfer of Ai and Fe2+ into chromite with cooling (refer to 

section 5.2.2.4). 

Fig. 50 is a plot of Ti02 contents 1n chromite 1n relation to 

stratigraphic position. Features portrayed here are (16) the 

irregular decline in Ti02 contents towards the top of the C2 subunit, 

followed by an irregular rise with increasing stratigraphic height 

through the D and E units, (17) Ti02 contents of polygonal chromite 

grains within chromitite layers are higher relative to small equant 

gralns occluded by cumulus orthopyroxene in juxtaposed bronzitites, 
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and (18) larger grains intergrown with plagioclase, and gra1ns which 

are intergranular to orthopyroxene I are enriched in Ti02 relative to 

chromite enclosed in orthopyroxene or within chromitite layers (wi th 

the exception of the LG 6A and LG 7 chromitite layers) . The latter 

feature (19) can be attributed to the influence of plagioclase 

nucleation and the inferred longer residence time of these grains 1n 

res i dual me 1 t • Simi larly (20), larger chromi te grains enclosed 1n 

the rim domains of orthopyroxene crystals are enriched in Ti02 

relative to smaller grains removed from grain boundaries. However, 

observation (17) cited above is anomalous with respect to the 

contention that t.he compositions of chromite within chromitite layers 

approximate to primary liquidus compositions . The data suggests, 

therefore, that ionic trans fer of Ti from chromi te to 

orthopyroxene occurs with c ooling. Alternati vely, the higher Ti02 

content of chromite within chromitite layers is intimately related to 

the magmatic conditions that stimulated and attended nucleation of 

chromite, as evinced by the grain-to-grain decline in Ti02 through 

the C and H chromitite layers. 

Average ratios of grains enclosed core domains of 

orthopyroxene crystals within the respective units of the Ruighoek 

Pyroxenite are given in Table 30 . Data pertaining to Lower Zone 

bronz i ti te samples and the LG chromi ti te layers are included in the 

tabulation. 

Unlike titanium, it is evident from the tabulation (22) that there 1S 

a similarity between the relative proportion of Cr cations in 

orthopyroxene-hosted gra1ns and chromit e within chromitite layers, 

although this is not apparent where higher levels of Fe3 + cations are 

depicted (e.g ., the LG 2 chromitite in drill core ZS7 and the LG 6A 

chromitite in drill core ZS3). This implies (23) that lon1C transfer 

of Cr from orthopyroxene to chromite with cooling may not be of major 

significance in the studied section, but t he relationship indicated 

in the tabulation is to be anticipated by virtue of the magnitude of 

(DCr)SP. 
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KEY TO TABLES 22 to 29 

Cations calculated from original microprobe data on assu~tion of stoichiometry and assigning of Ti 
to ul v5spinel. 

NiO = 0.00: 
Grain-size: 
MIt" 
FFF 
Y(Cr) 

not analyzed 
minimum diameter in micrometres 

Mg/(Mg + Fe2\o2al ) 
Fe3+/(Fe3+ + Fe +total ) 
Compositional parameter erfecr + Al + fe 3+) 

HOST: identity of the encapsulating silicate phase 

1 orthopyroxene 
2 plagioclase 
3 intergranular (i.e., no mesostasis present) 
4 olivine 

5 mica 

6 micropegmatite / quartz 
7 clinopyroxene 
8 annealed aggregates or polygonal grains within chromitite layers 
9 embayment in orthopyroxene (± selvage of plagioclase) 

ROCK TYPE OR MICRODOMAIN 

1 bronzitite 
2 dunite 
3 olivine-bronzitite 
4 granular- or poikilitic harzburgite; ultramafic pegmatite 
5 chromitite 
6 olivine-chromitite 
7 bronzite-chromitite 
8 chromite bronzitite 
9 chromite dunite 

Core-rim pairs are denoted by the same analysis rumber, with the rim composition given as the 
second analysis . 

S ... ple l84A 
Saonple 200 
Sample 258A 

Sample 2588 
SlIAOple 2588* 

I chromitite layer 
H chromitite layer 

Analyses of grains within and above the first appearance of olivine at base of Cl 
subunit (section = 2588) 
Uppermost, graphite-bearing bronzitite of the 8 unit 
Sample 258, but section cut 15 em below 2588 (2588* = 258C) 

Borehole depths of samples can be found in Appendix L 

Note: All sections cut parallel to the core axis, with exceptions being 50, 90, 115, 165, 208, 
225, 280 and 290. 

M85AA8 



TABLE 22 "ICROPROBE ANALYSES OF CHROKITE , UNIT B 

SAMPLE 258a 2588* 2588 1589 258B 25BB* 1588* 25B8 

ANALYSIS 

TI02 
CR203 
AL203 
fE203 
fED 
HGO 
HNO 
HID 
TOTAL 

TI 
FE Zt 
CR 
AL 
FE3t 
FElt 
HG 
HN 
HI 

.31 
51.12 
16.53 

.14 
22.25 
7.84 

.44 
0.00 

99 .14 

. 063 
.063 

10.615 
5.111 

.121 
4.829 
3. 071 

. 097 
0. 000 

HHf .385 
Y (CRI .669 
VIAl) .322 
Y<FWI . 007 
fFf .025 

GRAIN SIZE 
HOSI I. 
ROCK TYPE I. 

SAMPLE 259 

ANALYSIS 

Tl02 
eR203 
AL203 
fE203 
fED 
"GO 
MHO 
1110 
TOTAL 

TI 
FEZt 
CR 
AL 
fElt 
fE2t 
HG 
HN 
HI 

1 

.39 
53.06 
IU8 
I. 20 

12.78 
7. 71 
. 2B 

0. 00 
100 . 31 

. 077 

. 077 
II. 007 
4.601 
.13B 

4.911 
3.015 
.Obl 

0.000 

1 3 

.17 . 61 
5ll. 17 56.15 
17.76 9,35 

. 81 l.!1 
11. 87 14 . 47 
B. 16 5,60 
.57 .H 
.08 0. 00 

99. 70 9B.30 

.053 

.053 
10. 301 
5.m 

.158 
4. 699 
3.159 
.115 
.017 

. 117 

.117 
11. HZ 
J.063 
. 339 

5.563 
1.310 

.115 
0.000 

. 74 
55.79 
10.38 
1.11 

11.96 
6.Bl 
.44 

0. 00 
98.35 

.67 
56 .61 
9. 28 
1.09 

24.17 
5.77 

.43 
0. 00 

98.12 

.70 
55. ~4 
11.13 
I. 49 

ll.13 
6.87 
.58 
.06 

99. SO 

.65 
SUI 
10.71 
1.11 

22.22 
7.33 
.56 
.08 

99.20 

CA II ONS PER 31 OlY6ENS 
. 19 .IW .(41 .ID 
.151 .140 

11.090 11.448 
3.352 3.0H 
.151 . 229 

5. 111 5.506 
2.786 2.392 
.102 .101 

0.000 O.OOV 

.141 
II. 867 
3. 544 
.304 

5. 087 
1.767 

. 133 

.013 

.132 
11.089 
3. 41B 
.229 

4.898 
2.956 

. 12B 

.Oll 

8 1 

.76 
55.95 
10. 06 
1.11 

23 . 13 

. 51 . SO 
54.!3 53. 11 
12. 38 14 . 88 

.96 .71 
23 . 87 13.01 

6.57 
. 46 

0. 00 
98 .15 

6.58 7. 57 
.29 .29 

0.00 0.00 
99.12 100. 10 

. 157 .103 

.157 .I OJ 
12.186 11.!59 
3.265 3.938 
.232 .196 

5.194 5.1B6 
2. 69B 2. 648 
. 107 .066 

0.000 0.000 

.099 

.099 
1I.04B 
4.613 
.141 

4. 967 
2.968 

.065 
0.000 

. 399 .lB9 . 346 .297 
.791 
. 193 
.0 14 
.038 

. 346 

.755 

.225 

.019 

.054 

. lIO .m . 329 . 369 
.099 
.291 
. OOB 
. 017 

.64B . 7B3 .770 .768 .776 . 738 

.341 .194 .213 .217 .208 .249 

.009 .011 .016 .014 .014 .011 

. 031 . 056 . 045 .043 .041 .035 

BO . 140. 
I. 9. 9. 3. 

I. 
2. 
I. 

2. 6. I. I. 
I. I. I. I. I. I. I. 

259 159 159 2!1 261 261 265 265 165 

3 

.98 
57.41 
9.01 
.93 

15 .07 
5. 73 
.38 

0.00 
99.53 

.76 
57.37 
IV,Z3 

. 95 
lU7 
6. 91 
.33 

0.00 
100 . 01 

.203 .154 

.103 .154 
12.419 11.243 
1.921 3.154 
.194 .194 

5.563 5.144 
2.34S 1.780 

.OB8 .075 
0.000 0.000 

5 

.18 . 71 
57 . 51 56.51 
9.15 )0. 15 
1.1 1 1.39 

14.31 17.12 
5. 57 4.54 
.3B .55 

0. 00 0. 00 
9B.34 100.9B 

2 

.94 
57.51 
10. 08 
I. 08 

15.24 
!.O6 
.42 

0.00 
IOU3 

. 99 
5!.95 
10. 89 
1.13 

23.15 
7. 38 
. 44 

0. 00 
101.03 

CATIONS PER 31 OmENS 
. 058 .145 .189 .197 
.058 .145 .189 .197 

12.650 11.165 12.210 11.969 
2.999 3.257 3.1 90 3.411 
.m .lB7 .120 .115 

5.601 6.030 5.419 4.974 
1.310 I.B43 2.416 1. 916 
. OB9 .117 . 095 .099 

0.000 0. 000 0.000 0.000 

. 60 
51.77 
14.69 
I. 46 

23.48 
6. 98 
. 55 
.OB 

99.61 

.120 

. 120 
10.B70 
4.517 
.191 

5. 096 
1.7!3 

.114 

.Oll 

2 

. 63 
51.3. 
14.66 

LbO 
23.44 
•• 93 
. 56 
.10 

99.19 

3 

•• 4 
51. 31 
15.54 
1.10 

11. 51 
7.73 
.51 
. OB 

99.54 

.116 .127 
:126 .117 

10.811 10.684 
4.600 4.813 
4.311 .139 
5.099 4.B32 
1.753 3.035 

.126 .116 

.011 .Oll 

HHF .376 .289 . 344 .lB9 .229 .299 . 361 .346 . 345 . 379 
Y (~ I .m.. . 7~ .m .774 .MI .~ .m .6B7 .m 
YIALI .190 .IB7 .107 .1 8B .107 .204 .21B .191 .292 .306 
YlfElt) .015 .012 .011 . 0)4 .018 .014 .014 .01B .010 .015 
fFF . 035 .032 . 035 .039 .044 .037 .041 . 053 .058 .045 

GRAIN SIlE 60 60 BO 
HOST I. 9. 1. 6. I. I. 2. I. I. I. 
ROCK TYPE l. I. I. I. I. I. I. I. I. I. 
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SAMPLE 

ANALYSIS 

TI02 
CR203 
AL203 
FE20J 
FED 
H60 
HNO 
NJO 
TOTAL 

TI 
FE2t 
CR 
AL 
FE3t 
FE2+ 
HG 
HN 
III 

265 

5 

. 77 .79 
56. 52 5U3 
10.12 12.59 
1.09 1.56 

24.02 21.30 
6.21 8.28 
.59 .52 
.03 .07 

99.35 99 . 41 

265 

6 

.74 
55.20 
12.20 
I. 50 

21. 60 
8. 11 

.54 

. 09 
99.99 

.158 

.1 59 
12.203 
3.251 
.224 

5.329 
2.529 
.136 
.006 

. 156 .1 48 

. 156 .149 
11.427 11.597 
3.947 3.817 

.314 . 300 
40584 4.650 
3. 283 3.210 

.1 I 7 .1 21 

.015 .019 

265 

.87 
55. 08 
12.08 

. 80 
21.91 
7.83 
.57 
. 03 

99.19 

265 

8 

. 78 
55.64 
11.52 
1.10 

22.01 
7.68 
.56 
.05 

99.35 

265 

9 

. 79 
56.37 
10.59 
I. 24 

22 . 32 
7.34 
.61 
.06 

99 . 33 

265 

10 

.99 
56.37 
10.32 
I. 09 

23.76 
6. 62 
.56 
.06 

99.77 

CA IIDNS PER 32 omENS 
. 175 .1 57 . 161 .201 
.1 75 .157 .Ibl .201 

11.b7i 11.815 12.051 12.078 
3.m 3.646 3. 374 3.296 
.163 . 224 .m .213 

4.736 4.787 U89 5.194 
3.128 3.075 2.m 2.m 
.129 .127 .140 .128 
. 006 . 01 1 . 013 . 013 

271 

.57 
52.65 
12.97 
I. 53 

24 .62 
6.09 
. 26 

0. 00 
98.69 

.116 

. lib 
) 1.304 
4.1 50 
. 313 

5.415 
2.465 
.060 

0.000 

HHF • lIS .409 . 400 . 389 .383 
.753 
.232 
.014 
.043 

. 369 .331 .305 
VICRI .779 .728 .737 .745 .768 .774 .716 
!(All .207 .251 .143 . 243 . 215 .211 .263 
YlFEltl .014 .020 .019 . 010 . 016 . 014 .019 
FFF . 039 .062 .058 . 032 .047 .039 . 053 

GRAIN SIZE 150 110 200 160 200 

2. 
I. 

220 310 75 . 
NOST 9. 
ROCK TYPE I. 

SAHPLE 276 

ANAL VSIS 

2. 2. 2. 
I. I. I. 

280 280 280 

.54 .31 
50 . 22 
15 .90 
J.78 

23.09 

.99 

280 

9. 2. I. 
I. I. I. 

280 280 m8 

5 

I. 08 
SUS 
11.24 
I. SO 

23 .61 

6 

.75 
53 .41 
13.b0 

J. 70 
24.34 
6.83 
.46 

271 

. 89 
52. 84 
12.09 
2.24 

24.28 
6.45 
.31 

0.00 
99.10 

. 181 

.1 81 
11.321 
U58 
.459 

5.323 
2.605 
. 071 

0.000 

.321 

.724 

.246 

.029 

.076 

I. 
I. 

2858 

2 

. 99 
55 . 70 
10.81 
1.43 

25 . 57 
5.77 
. 50 

271 

.81 
53.86 
I I. 31 
1.99 

24.17 
6.33 
.32 

0.00 
98 . 79 

.1 66 

.1 66 
11.621 
3. 637 
.410 

5.351 
2.575 
.074 

0.000 

.318 

. 741 

. 232 

.026 

.069 

110. 
2. 
I. 

2858 

3 

.86 
56.J5 
10.64 
I. 89 

24,89 
b. 19 
. 50 

TI02 
CR203 
AL203 
FE203 
FED 
HGO 
HNO 
NIO 
TOTAL 

.70 
51.06 
n.52 
3. 34 

22 .86 
7.40 
.37 

0. 00 
99.25 

51. 85 
14.28 
I. 70 

23,62 
6. 78 
. 52 
. 08 

7.09 
.53 
.03 

51. 92 
12.23 
2. 59 

23.10 
6.94 
.57 
. 06 

I. 17 
5U7 
11.15 
1.32 

23 . 62 
6.58 
.60 
.06 

6.55 
.55 
.06 

1.43 
53.53 
11.21 
I. 35 

23 .71 
6.73 
. 60 
.07 0.00 0. 00 0. 00 

99.38 98.95 99.4 1 98.38 98.25 99 .63 101.20 100.78 101. 12 

TI 
FE2t 
CR 
AL 
FElt 
FE2t 
HG 
HN 
NI 

.141 . 108 .061 

.141 . 108 .Obl 
10. 788 10.946 10. 544 
4. 258 4.m 4.975 

.673 .343 .355 
4.968 5. 166 5.067 
2.948 2.698 2.800 
.084 . 117 6.110 

0.000 .017 9.000 

CATIONS PER 32 OIV6ENS 
.m2 ."0 . 222 .2n .148 
.202 .240 .222 .293 .148 

11.150 11.651 11.616 lI.m 11.144 
3.914 3.594 3.627 3.600 4.222 

. 530 .272 . 311 .277 .337 
5.0455.1645. 1855. 1115.215 
2.809 2.683 2.673 2.734 2.682 
. 131 .139 .127 .139 .103 
.013 .013 .0 13 . 015 0.000 

HHF .365. 3lB .353 .348 .331 
.750 
.2l1 
.017 
.048 

.330 . 335 

. 746.748 
.333 
.709 
. 268 
. 021 
.059 

VICR) . 686.093 
YIALI .270 . 284 
Y(FElt) .042 . 021 
FFF . 116 . 06 1 

GRAIN SIZE 70. 
HOST I. I. 
ROCK TYPE 7. I. 

.664 .714 

.313 .251 

.022 .034 

.064 .091 

I. I. 
I. I. 

2. 
I. 

.233 .233 

.020 .018 

. 054 . 048 

2. 2. 
I. I. 

60. 
I. 
I. 

. 200 

.200 
I I. 873 
3.m 

.291 
5.567 
2.319 

.1J4 
0.000 

.173 

. 173 
I I. 908 
3.36) 
.382 

5.41 I 
2.475 

• JI) 

0.000 

.296 .)07 

.761 .760 

. 220 . 214 

.018 .024 

.047 .064 

2. 2. 
I. I. 



TABLE 22 leont.1 

SA~PlE 

ANALYSIS 

Tl02 
mOl 
Al20l 
fE20l 
f ED 
HGO 
HtlO 
NIO 
TOTAL 

TI 
FE2t 
CR 
Al 
FElt 
FElt 
~G 

HN 
NI 

285B 286A 28bA 186A 2B6A 2B6A 2B6A 

1.28 .67 
55.17 55.04 
11.28 11.36 
1.56 I. 91 

24.02 24.62 
7.05 6.17 

2 

.74 .61 
52.5B 52.10 
IU2 11.84 
1.29 1.4B 

24.00 13.56 
6.9B 7.16 

I. 20 
55.69 
II. 09 

• B9 
24.15 
6.77 

. 48 .46 .~ .~ .43 
0.00 ~OO 0.00 . ~ .~ 

100.94 100.14 100. 31 100.42 100 . 28 

5 6 

. 5B .45 
41.6B 4B .07 
24.02 18.84 
2.3l 1.97 

22 . 60 22.22 
B. 70 B.35 
. 50 .50 
.10 .OB 

100.52 100 .4B 

CAIIONS PER 32 OIi6ENS 
. 256 . 136 .147 
.256 .136 .147 

11.635 11.731 10.988 
3.539 3.609 4.460 
.313 .389 .257 

5.093 5.416 5.1 60 
2.798 2. 479 2.750 
.108 .105 .089 

0.00.) 0.000 0.000 

.121 .242 .109 .087 

. 121 .m .109 
10.B61 11.824 8.253 
1.602 l.509 7.0B9 

.295 .IB2 .440 

. OB7 
9.750 
5.696 
.3BI 

5.065 5.181 4.626 4.682 
2.801 2.710 3.24B 

.111 

.015 
.098 
.011 

.106 

.020 

3.193 
.109 
.016 

~~f .343 .308 .341 .351 .333 .406 .401 
VICRI .751 .745 .699 .6B9 .762 .522 .616 
YIALI .218 .129 .284 .292 .226 .449 . 3>9 
YlfE3.1 .020 .024 .016 . 01B . 011 . 027 .024 
FFF . 055 .065 .046 .053 . 032 . OB5 .073 

GRAIN SIZE 40. 70. 90. 180. 240. 
HOST 2. I. I. I. 2. 4. I. 
ROCK TYPE 1. I. I. I. I. I. 1. 

TABLE 23 "ICROPROBE ANALYSES Of CHRomE I SUBUNIT CI 

SA~PlE 

ANAL YSIS 

Tl02 
CR203 
Al203 
fE203 
fED 
~GO 

HNO 
tllO 
TOIAl 

23B 

.67 
44.41 
20. BB 
2.19 

. 24.03 
7.47 
.54 

0.00 
100.19 

23B 

2 

.74 
45.25 
20.26 
2.22 

22.19 
B.50 
.54 

0. 00 
91. Bl 

238 

.69 
44 .01 
20.91 
2.11 

23.11 
7.9l 
. 52 

0. 00 
99.3B 

138 

. 36 
49.59 
17.06 
I. 91 

20.58 
B.B9 
.53 

0.00 
9B.93 

5 

.36 
49.73 
16.9B 
2.4 2 

20 . 44 
9. DB 
.57 

0.00 
99.59 

238 

. 70 
46 .40 
19.6B 
2.00 

20 .52 
9.46 
.57 

0.00 
99.34 

2lB 

.60 
44.71 
21. 46 
2.11 

20.47 
9. 66 

.5B 
0.00 

99.60 

CAIIONS PER 31 OIi6EHS 
TI 
fE2' 
CR 
Al 
fElt 
FE2t 
~G 

HN 
Nl 

.129 

.129 
9.006 
6. 311 
.413 

5. 026 

.14l 

.143 
9.16B 
6. IIB 
.419 

4.636 
3.147 

. 117 

.134 

.1 34 
B.959 
6. 345 
.42B 

4.843 
3.044 

.113 
0. 000 

.071 .070 .135 .114 

.071 .070 .1 35 . 114 
10.135 10.197 9.400 B. 959 
5.24B 5.IB9 5.942 6.409 

2. B56 
.117 

0.000 0.000 

.376 
4. 424 
3.459 

.117 
0.000 

HI'tF .356 .4 04 ,379 . 434 
YlCRt .572 .5B3 .569 .645 
YIALI .400 .3B9 .403 . 330 
YIfE3 . 1 .026.027 .027 .023 
fff .075. OB2 .079 . 077 

GRAIN SIZE 90. 340. 120. 45. 
HOSI 4. 4. 4. I. 
ROCK TYPE 4. 4. 4. 4. 

.473 .m 
4.364 4.163 
3.510 3. 613 

.1 25 .124 
0. 000 ' 0.000 

. 403 
4.226 
3. 649 
. 114 

0.000 

.441 .451 .456 

. 642 .597 .568 

.327 .377 .406 

.029 .024 .025 

. 096 .OBO . OB4 

100. 200. 200. 
I. 2. 2. 
4. 4. 4. 

290 

.62 
55.20 
10 . 57 
1. 23 

24.42 
5. 6B 

.60 

.05 
9B .37 

.12B 

. 12B 
12.047 
3. 439 
. 257 

5. 511 
.33B 
. 140 
.011 

. ~9 
49.61 
16.97 
I. 54 

23.24 
7.40 

.54 
0.00 

99.79 

.096 

.096 
10.268 
5.235 
.303 

4.992 
1.BBB 

.1 20 
0. 000 

.292 . 362 

.76S .649 

.21B .331 

.016 .0 19 

.043 . 056 

80. 
3. I. 
I. I. 

297 

2 

.63 
53.42 
12. 34 
I. 65 

24 . 70 
5. BB 
.63 

0.00 
99.25 

.12B 

.12B 
11.460 
3.946 
.337 

5.m 
2.37B 

.145 
0.000 

.297 

.727 

. 250 

. 021 

. 056 

60. 
I. 
I. 

240 241B 245B 

.61 
51. B5 
15.29 
2. 24 

19.00 
10. 12 

.35 
0. 00 

99.46 

.119 

.119 
10.641 
4.67B 
.43B 

4.006 
3.914 

.077 
0. 000 

.60 
53. IS 
lUI 
I. 57 

20.16 
9.25 
.35 

0.00 
99.39 

. 119 

. 119 
II. 024 
4.415 
.310 

4.304 
3.616 
.077 

0.000 

.B~ 

47.11 
17.44 
2.19 

24.27 
6. B9 
.49 

0.00 
99.23 

.166 

.166 
9. B15 
5.416 

.434 
5.IB4 
2.706 
.109 

0.000 

. 4B6 .450 .335 

.675 .699 .626 

. 296 . 2BO . 345 

.027 .019 .027 

.095 . 065 . 075 

170. 
B. B. 4. 
5. 6. 2. 

297 

1.10 
52 .1 9 
/2.61 
2.35 

23.92 
6. 76 
. 61 

0. 00 
99.54 

. 221 

.222 
II. 087 
3.m 
. 475 

5.154 
2.707 
.139 

0.000 

.334 

.712 

.256 

.030 

. 081 

200. 
2. 
I . 



TABLE 23 Icont. 1 

SAMPLE 

ANALVSIS 

TlOl 
CR103 
AW3 
F(10) 
FED 
MGO 
MNO 
IHO 
TOTAL 

TI 
FElt 
CR 
Al 
FE3+ 
FE2t 
HG 
HH 
HI 

145B 

1 

.80 
46 . 91 
17 . 78 
1. 11 

24. 08 
7.03 
.48 

O. 00 
99.11 

.IS8 

. 158 
9.7S4 
5.509 
.419 

5.137 
1.m 

.10b 
0.000 

.67 
45 . 37 
19.47 
2.31 

13.8b 
7.34 
.45 

0. 00 
99,47 

. 131 

. 1)1 

9.3 19 
5.964 
.m 

5.051 
1.842 

. 099 
0. 000 

HHF . 341 . m 
VlCRI .611 . 591 
VIAll .351 . 378 
HFEltl .016 . 028 
FFF • 073 . 079 

GRAIN SIZE 
HOST 3. 4. 
ROCK TVPE 2. 1. 

SAHPLE 

AHALVSIS 

Tl02 
CR203 
All03 
FE203 
FED 
HGO 
MNO 
HID 
TOTAL 

TI 
FE2t 
CR 
AL 
FElt 
FE2t 
HG 
HH 
NI 

HHF 
VICRI 
VIAll 
YlFE3tl 
FFF 

GRAIN SIZE 
HOST 
ROCK TYPE 

2 

.44 
45.51 
10.68 

1.69 
13.18 
7. 17 
. 54 
.06 

99.88 

.085 

. 085 
9.142 
6. 256 
.318 

4.895 
2. 975 

.117 

.011 

.373 

.584 

.395 

.010 

.Obl 

4. 
3. 

2 

.48 
44 . 65 
10.81 
1.95 

13.56 
7.50 
. 54 
.04 

99 . 54 

.093 

.093 
9. 106 
6.319 

.379 

4.990 
2.884 
.118 
.008 

.3bl 

.m 

.400 

.023 

.Ob9 

4. 
3. 

147 149 

.72 .47 

45.50 43 .80 
10.03 11.11 
1. 11 1. 61 

11. 91 23.55 
8. 13 7.60 

.46 . 56 
0.00 0.00 

99.88 99.82 

149 

.45 
48.91 
17.91 
1.65 

19.72 

9.79 
. 56 

0.00 
99.99 

149 

3 

. 41 
48 . 94 
18.13 
1.02 

20.28 
9.38 
.5b 

0.00 
99.74 

249 249 

5 

.39 . 47 
50.54 45 . 79 
lb . 91 20.42 
1.67 1.11 

10.73 20.25 
8. 96 9.56 
.55 .53 

0.00 0.00 
99 . 75 99 .13 

CATIONS PER 31 omENS 
.139 .091 
.Il? .091 

9.244 8.m 
6.0b5 6.418 
. 411 .507 

4.185 4.969 
3. 114 1. 909 
.100 .121 

0. 000 0.000 

. 387 . 365 

.588 .562 

.385 . 405 

.01b .032 

.017 .091 

70. 
3. 4. 
2. 3. 

.OB7 

.087 
1.908 
5.407 

.511 
4.1)9 
3.739 
. 121 

0.000 

.469 

.62b 

.141 

.012 

.107 

80 . 
1. 
3. 

.081 

. 081 
1.951 
5.414 
.392 

4.181 
3.59b 
.111 

0.000 

.Olb 

.Olb 
10.356 
5. lb5 
.317 

4. 418 
3.m 
.111 

0.000 

.451 .435 

.b18 .b53 

.34b .325 

.014 .020 

.082 . 067 

110. 110. 
1. 1. 
3. 3. 

m 258A 258A 258A 

.54 
45.31 
21. 25 

1. 17 
20.8 1 
9. 41 
.50 
.07 

99.67 

.103 

.103 
9.097 
!.J5B 

.338 
4,317 
3.561 

.1 07 

.014 

.446 

. 576 

. 402 

.021 

. 0/1 

3. 
3. 

.50 
45.0b 
19.5b 
2.11 

23.53 
7. 30 
.43 

O. 00 
98 . bO 

2 

.50 
45 . 03 
19.65 
2.23 

23.34 
7.4b 
.39 

0.00 
98.bO 

3 

.39 
49.58 
lb . 49 
1.98 

21.62 
8.10 
.40 

0.00 
98. bb 

CAIlONS PER )1 omENS 
.098 
.098 

9. 319 
6.036 
.437 

5. 055 
2. 849 
.095 

0.000 

.356 

.590 

. 38 1 

.027 

. 078 

4. 
3. 

.098 

. 098 
U09 
6.054 
.m 

5.005 
2.908 
.086 

0.000 

.361 

.5B9 

.3B3 

.027 

.079 

). 

3. 

.017 

.017 
10.330 
5.111 
.m 

4.689 
3. 221 

.OB9 

.403 

.403 

.651 

.313 

.024 

.076 

70. 
1. 
3. 

. 090 

. 090 
9.259 
6.154 
.406 

4.241 
3.644 
. 115 

0. 000 

.456 

.m 

.389 

. 025 

.OB5 

3. 
3. 

254 

.39 
44.66 
21 . 00 
1.00 

13.57 
7.4B 
. 54 
. 06 

99.71 

.075 

.075 
9. 0B9 
6.370 
. 3B9 

4.m 
2. B70 

.1 1B 

.011 

154 

.)5 
44 . 40 
21.0B 

1. 72 
24.21 
6.9B 
.53 
.05 

99.33 

. 06B 

. 06B 
9.093 
6.435 
.336 

5.178 
1. b95 
. 11 6 
.010 

.361 . 339 

.573 .573 

. 401 .406 

.024 .021 

.0/1 .060 

4. 4. 
3. 3. 



TABLE 24 HICROPROBE ANALYSES OF CHROHITE I SUBUNIT C2 

SAMPLE 

ANAL iSIS 

T102 
CR203 
AL1D3 
FE203 
FED 
H60 
HHO 
IHO 
TOTAL 

TI 
FE2t 
CR 
AL 
FE3t 
FE2t 
H6 
MN 
HI 

203 

.18 
50.15 
16.61 
J.59 

11. 48 
7.51 
.57 

0.00 
99.09 

.m 

.036 
10.452 
5.160 
.316 

4.911 
2.951 

.1 27 
0. 000 

203 

2 

.45 
53.29 
13.43 
1.74 

23.00 
7.10 
.58 

0.00 
99.60 

.090 

.090 
11.144 
4.124 
.351 

5.044 
2.824 
.131 

0.000 

203 203 

3 

.39 .85 
52.45 52.74 
14 . 37 13.4/ 
J.58 I. 68 

11.85 11.80 
7.24 7.48 
.56 .56 

0.00 0.00 
99.44 99.58 

203 

.73 
54.24 
11.84 
I. 81 

11.68 
7.21 
.57 

0. 00 
9U9 

203 

5 

.83 
52 . 57 
13.76 
I. 52 

2J.53 
8.19 
.58 

0.00 
98.99 

203 

5 

.78 
54.35 
12.15 

I. 43 
11.19 

7. 61 
.53 

0.00 
99.05 

CATIONS PER 32 OmENS 
.078 .170 .148 .166 
.07B .170 .148 .166 

11.025 11.098 11.570 11.051 
4.502 4.115 3.764 4.311 
.316 .337 .369 .305 

5.004 4.906 4.970 4.623 
2.869 2.968 2.900 3.246 

.1 26 .126 .130 .131 
D.QOO D.QOO 0.000 0.000 

.158 

.158 
1l.547 
3.847 
.290 

4.831 
3.048 

.121 
0.000 

203 

6 

.67 
55 . 50 
1l.45 
I. 60 

22.21 
7.56 
.53 

0.00 
99.53 

.135 

. 135 
1l.782 
3.623 
.324 

4.854 
3.026 
. 120 

0.000 

HHF . 313 .354 .360 .36B .361 . 403 .379 .377 
YICRI .656 .710 .695 .708 .736 .705 .736 .749 
ViAll . 313 .266 .284 .169 . 239 .275 .245 .130 
YfFE3+1 .019.022 .019 .021 .023 .019 . 018 .020 
FFF .059 .064 .058 .062 .067 .059 .054 .061 

6RAIN SIZE 60. 70. 50. 130. 130. 110. 220. 
HOST I. I. I. I. I. 2. 2. 2. 
ROCK TYPE 1. I. I. 1. 1. I. I. I. 

SAMPLE 205A 205A 205A 205A 205A 208 208 208 

AIIALYSIS 

T102 
CR203 
AL203 
FEl03 
FEO 
m 
HNO 
HIO 
TOTAL 

TI 
FE2t 
CR 
AL 
FE3' 
FE2t 
M6 
HII 
NI 

.89 
54.01 
11.35 
I. 52 

22.98 
6.85 
.56 
.05 

98.22 

.183 

.183 
11. 667 
3.654 
.313 

5.070 
2.790 

.129 

.Oll 

.67 
55.36 
11.28 
1.21 

11. 92 
6. 91 
.55 
.08 

98.98 

.137 

.137 
11.871 
3.604 
.249 

5.062 
2.193 
.126 
.018 

2 

. 59 
56.32 
9.81 
I. 65 

23 .02 
6.55 
.57 
. 07 

98 . 58 

• J22 
.122 

12.237 
3. 177 
. 341 

5.170 
2.681 
. 132 
.016 

.93 
54.52 
II. 67 
1.31 

11.96 
7. 09 
. 58 
.07 

99.15 

I. 03 
54.47 
12.58 

.33 
22.56 

7.52 
.58 
.06 

99 .1 4 

. 33 
51. 97 
15.14 
I. 68 

22.20 
7.73 

.54 

.06 
99.65 

. 29 
51.02 
15.10 
I. 40 

22.11 
7.64 
.56 
. 04 

99 . 38 

CA TIONS PER 32 OlYGENS 
. 189 . 208 .065 .058 
.189 .208 .065 .058 

11.640 11.543 lo.s31 10.871 
1. 713 3.973 4.703 4.734 
.169 .068 .334 .279 

4.998 4.851 4.829 4.856 
2.B54 3.004 3.037 3.010 
.133 . 132 .120 .1 25 
.015 .013 .013 .008 

.34 
51. 59 
15.45 
I. 60 

21. 98 
7.86 
.52 
.09 

99 .43 

.067 

.067 
10.749 
4.798 
.317 

4.777 
3.088 
.116 
.019 

203 203 

.73 .71 
53.83 54.42 
12.97 12. 07 
1.55 I. 80 

11.30 11.1l 
7.69 7. 64 

.58 .58 
0.00 0. 00 

9U5 99.34 

.146 

.146 
II. 328 
4.068 

.311 
4.BIB 
3.051 

.131 
0.000 

.380 

.721 

. 258 

.019 

.059 

90. 
2. 
I. 

208 

.68 
52.58 
13.52 
I. 94 

22.90 
7.27 
.56 
. 05 

99.51 

.136 

. 136 
11. 087 
4.149 
.391 

4.97J 
2.890 
.126 
.Oll 

.143 

.143 
11. 535 
3.813 

.365 
4.815 
3.m 
.132 

0.000 

.381 

.734 

. 242 

.023 

.068 

90. 
2. 
I. 

208 

.61 
52.39 
13.79 
2.12 

11.62 
7.49 
.51 
.04 

99.58 

.111 

.122 
11.011 
4.320 
.425 

4.909 
2.968 
.115 
.008 

HMF .346 .349 .m .354 .372 . 382 . 379 .389 .361 .371 
YICRI .746.754 .776 .745 .741 .682 .m .677 .705 .698 
YIALI .234.118 .201 .138 . 255 .296 . 298 .302 . 270 .174 
YIFEltl .020 .015 .021 .017 .OQ4 .021 .010 .019 .014 .026 
FFF .056.045 . 060 .049 .013 .063 7.050 .061 .071 .077 

GRAIN SIZE 
HOST I. 3. 3. 2. 2. I. I. I. I. I . 
ROCK TYPE I. I. I. I. I. I. I. I. I. I. 



TABLE 24 lcont.) 

SAMPLE 

ANAL iSIS 

Tl02 
CR203 
AL203 
FE203 
FEO 
M60 
MHO 
NIO 
TOTAL 

TI 
FE2t 
CR 
AL 
FE3t 
FE2t 
M6 
MN 
NI 

MHF 
IICRI 
IIAll 
!lFE3tl 
ffF 

6RAI N sm 

208 208 

5 6 

. 70 . 7B 
52.41 53.67 
14.01 11.45 
1.83 1.99 

22.40 22.97 
7.70 7.1 9 
.53 .60 
.06 . 05 

9U5 99.71 

. 139 

. 139 
10.980 
4. 375 
.366 

4.B27 
3.041 
.119 
.013 

.157 

. 157 
11.357 
3.921 
.402 

U85 
2.m 
. Bb 
. 011 

.379 . 358 

.698 .724 

.17B . 250 

.023 .025 

.m . 072 

20B 208 

8 

.71 .BI 
54.4B 54.B6 
11 .98 11.44 
1.66 I. 71 

22.79 22.84 
7.16 7. 13 
. 57 .57 
.09 . 09 

99.44 99.46 

208 

9 

. 86 
54.93 
II. n 
I. IS 

23.80 
6.62 

.61 

.10 
99.83 

208 

10 

. 51 
55. 14 
I I. 87 
I. II 

24.20 
6. 19 
.59 
.06 

99.77 

211 

.28 
51.16 
12.20 
I. 95 

23.71 
6.30 
.63 

0.00 
99.23 

CA TI ONS PER 32 OmENS 
.143 .164 
.143 .164 

) !.SBI II. 690 
3.795 3.633 
. 337 . 34B 

4. 9BI 4.9B6 
2.B69 2.B65 
.130 .130 
.019 .019 

.358 .357 

.737 .746 

.111 . 231 

. 021 .022 

.061 .063 

.174 

.174 
11.68B 
3.730 
.233 

5. IB3 
2.656 
.139 
.022 

.331 

. 746 

.23B 

.014 

.04 1 

. 103 .057 

.103 .057 
11.770 11 .595 
3.777 3.893 
.246 . 39B 

5.361 5.313 
2.491 2.543 
.135 .1 44 
.013 0.000 

.313 . 311 

. 745 .729 

.239 .245 

.015 .025 

.043 .069 

35. 

211 211 

2 2 

.32 .29 
52.63 52.66 
14.43 14.26 
1.64 1.5B 

23.15 21.30 
7. 06 6.90 
. 61 .56 

0. 00 0.00 
99.B5 99.56 

.064 

.064 
II. 034 
4.509 
.32B 

5. 072 
2.791 

.1 37 
0. 000 

.05B 

. 05B 
1I.0B9 
4.476 
.31B 

5.134 
1.739 
.Il! 

0.000 

. 352 .345 

.695 .69B 

.2B4 . 2BI 

.020 .020 

. 060 . 057 

so. so. 

211 

.26 
53.14 
13.06 
I. B7 

23 .41 
6.51 
. 01 

0. 00 
9B . B6 

. 053 

.053 
11.354 
4.159 
. 3B2 

5.2B3 
2.622 

.140 
0.000 

.331 

.714 

. 261 

.024 

.m 

40. 
HOST I. 3. 2. 2. 7. 7. I. I. I. I. 
ROCK TiPE I. I. I. I. I. I. I. I. I. I. 

SAMPLE 211 211 211 211 211 211 211 211 211 213B 

AHAlYSl S 

1102 
CR203 
AL203 
fE203 
FEO 
MGO 
Ht~O 

NTO 
TOTAL 

II 
FE2t 
CR 
AL 
FE3t 
FE2t 
M6 
HN 
NI 

4 

.4B 
54.59 
II. 20 
2.01 

25.25 
5.35 
.67 

0. 00 
99.56 

5 

.n 
54.63 
11.36 
2.1 7 

23.60 
UB 
.65 

0.00 
9U5 

.09B .151 

.09B .154 
11.7B4 11 . 643 
3.604 3.608 
.415 .4\0 

5.66B 5. 167 
2.177 2.6B4 

.1 55 . 148 
0.000 0.000 

tlt1F . 274 .335 
IICR) .745 .741 
YfAll .21B. 229 
YfF£l+J .026 .028 
FFf .067 .076 

GRAIN sm 100. 170. 
HOST I. 2. 
ROCK TiPE I. I. 

5 6 6 7 

. 32 .97 . 43 
55.14 
10 . 92 
2.32 

26 . 36 
4.76 
. 72 

0.00 

.BB 
SUB 
II. 29 
2.09 

25 . 3B 
5.52 
.67 

0. 00 
99.61 

.43 
54 . 64 
11.15 
2. 23 

24 . 79 
5.60 
.6B 

0.00 
99.52 

56.09 53.46 
10. 46 II.B7 
2.09 2.15 

n.45 26.55 
6.32 5. 09 
. 67 .71 

0.00 0.00 
99.10 100.80 100.65 

. 065 

.065 
12.0B2 
3. 35B 
. 429 

5.279 
2. 567 
.155 

0.000 

CA TI ONS PER 32 omENS 
.197 .OBB .IBO .QBB 
. 197 .OBB .1 80 . 088 

11.398 11.851 11.5B5 11. 782 
3.772 3.498 3. 615 3. 5B3 
.436 .475 .430 .m 

5.792 5.905 5. 603 5.566 
2.046 1.929 2.242 2.277 
. 162 .166 . 155 .157 

0. 000 0. 000 0.000 0.000 

B 

.96 
51.19 
I I.B2 
1.60 

24.6B 
6.20 
.65 

0.00 
100. 11 

. 194 

.194 
II. 535 
3. 750 
.326 

5.363 
2. 4BB 
.I4B 

0.000 

B 

.44 
56.02 
10.20 
2. 02 

24.00 
5.99 
. 6B 

0. 00 
99.35 

. 090 

.090 
12.115 
3.28B 
.416 

5.400 
2.m 

.157 
0. 000 

.6B 
51. 96 
15.75 
1.72 

19.35 
10.01 

.40 
0.00 

99.91 

. 132 

.132 
10. 60B 
4.192 
.m 

4.04B 
3.B64 

. OB7 
0. 000 

.324 .254 . 243 . 279 . 2B7 .309 .307 .4BO 

.701 . 730 .748 .740 .744 .m .765 .674 

. 211 .141 .221 . 231 .226 .240 .207 .104 

.027 .022 .on .U7 . UB .0. .on .UI 

.074 .067 . 073 .069 .074 .055 .070 . 07 4 

170. 440. 440. 200 . 200. 250. 250. 
2. 5. 5. 6. 6. 6. 6. B. 
I. I. I. I. I. I. I. 5. 

, 
~! f 



TA8LE 24 Icont . 1 

SAIlPlE 213B mB 213B 1138 2138 213B 213B 11M 214A 214A 

ANALYS IS 

TiOl 
CR203 
AL203 
FE20l 
FEO 
H60 
HNO 
NID 
TOTAL 

II 
FEN 
CR 
AL 
fE3t 
FE2t 
116 
liN 
Nl 

2 3 

.H .53 
SUB SUB 
13 . 47 14.01 
I.B5 1.19 

11.62 12.90 
7.23 7.46 
. 45 .44 

0.00 0.00 
9B.71 99.99 

.0Bl . 105 

. 0Bl .105 
11.193 11.161 
4.266 4. 191 
.375 .237 

5.001 4.961 
1.B96 1.941 

.102 . 09B 
0.000 0.000 

Hllf .361 .367 
Y ICRI .706 . 706 
VIAll .269.178 
YlfE3t) . 023 .015 
fff .068 .OH 

GRAIN sm 50. 70. 
HOST I. I. 
ROCK TYPE I. I. 

SAIlPlE 214A 214A 

ANALYSIS 

Ti02 
CR103 
AL103 
FE201 
FED 
H60 
HIIO 
HID 
TOIAL 

.42 
53.69 
13.5B 
I.2B 

21. 97 
7.79 
.H 

0.00 
99 . 14 

5 

.44 
54.60 
12.34 
I.B7 

11.23 
B. 13 

.41 
0.00 

99.01 

.BO .B3 
SUS 5U6 
12.26 11.31 
1.31 1.32 

21.2l 11.29 
7. 74 7.BO 
.46 .40 

0. 00 0.00 
99.46 99.61 

5 

.77 
54./1 
11. 29 
I. OS 

21. 97 
7.86 
. 39 

0.00 
99.04 

.60 
51.7'1. 
15.38 
I. 95 

20.18 
9.37 

.35 
0.00 

99 . 56 

7 

.61 
41.11 
13.95 
2.31 

21.43 
8.79 
.34 

0.00 
99.55 

CATiONS PER J2 OXY6ENS 
. 160 
.160 

IU51 
3.863 
.164 

4. Bll 
3.084 

.104 
0. 000 

.166 .m .117 .115 

.1 66 . 155 . 117 .115 
11.531 11 . 595 10.657 8.204 
3.B70 3.B82 4.713 7.123 
.265 . 111 .384 .440 

4.807 4.771 4.283 4.620 
3.102 3.141 3.640 3.307 

.090 .OB8 .077 . 072 
0. 000 0. 000 0.000 0.000 

.382 .384 . 389 
.739 
.247 
.013 
.041 

.452 

.676 

. 299 

.024 

.OBO 

.411 

.520 

.451 

.027 

.OB5 

. 736 .736 

. 246 .147 

.016 .016 

.050 .050 

100. 200. 
2. 2. 
I. I. 

1. 
I. 

70. 
I. 
I. 

4. 
I. 

11 4A 114A 114A 215 215 

6 

.4B 
52.72 
14.22 
I.B6 

21.51 
B.25 
.42 

0.00 
99.46 

. 54 
51.83 
14. 67 
1.45 

19.79 
9.39 
.40 

0.00 
99.07 

8 

.51 
50. 56 
14.90 
2. 42 

2U6 
6. 59 
.29 

0.00 
99.64 

2 

.11 . 26 
50. 60 51.53 
16.72 15.73 
1.47 1.IB 

21.45 20.92 
8.37 B.16 
.48 .55 
.06 . 06 

99.46 98 . 59 

CAT IDHS PER 32 OXY6ENS 
Ti 
FE2+ 
CR 
AL 
FElf 
FE2t 
116 
liN 
HI 

.084 .OB8 .095 . 106 .101 .061 .052 

.084 .OBB .095 
11.311 II.SSJ 11.011 
4.264 l.m 4.427 
.251 .378 .37 1 

4.BI) 4.664 4.657 
3.094 3.143 3. 249 

.092 .093 .094 
0.000 0.000 0.000 

.1 06 .102 .061 .051 
10.962 10.m 10.445 10.764 
4.537 4.672 5.144 4.897 
.287 .486 .289 .235 

4.237 5. 321 4.624 4.571 
3.m 2.614 3.257 3.292 
.089 .065 . 106 .123 

0. 000 0. 000 .012 .Oll 

HHF • lB7 .405 .406 .45B .325 
.673 
.295 
.030 
.OB2 

.410 

.657 

.323 

.018 

. 058 

.415 

.677 

.30B 

.014 

.04B 

YICRI .714 . 7lO .696 .694 
VIAll .269 .145 .2BO .287 
mE3+1 .016 .023 .023 .01B 
m .049 .073 .072 .061 

6RAIN sm 75. 80. 
HOST I. I. I. 3. 
ROCK TYPE I. I. I. I. 

4. 
I. 

I. 
I. 

I. 
I. 

.49 .45 
55. B4 53.59 
12.16 14.03 
1.93 1.1 0 

19.41 22.32 
9.50 7. 74 
.37 .40 

0.00 0. 00 
99.70 99.64 

.097 

. 097 
11.641 
3. 780 
.384 

4. 183 
3.734 
. 082 

0.000 

.467 

.736 

.239 

. 023 

. 082 

8. 
5. 

215 

3 

.33 
51.23 
16.13 
1. 14 

20.75 
8.63 
.49 
.06 

98 . 76 

.065 

. 065 
10.617 
4. 996 
.216 

4.497 
UBI 
.109 
.013 

.089 

. 089 
11.221 
4.379 
.221 

4.855 
3.056 
. 090 

0. 000 

.381 

.709 

. 276 

.013 

.042 

I. 
I. 

115 

.36 
53.11 
14.36 

.83 
12 . 26 
7.55 
.51 
.06 

99.14 

.071 

.071 
11.189 
4. SOD 
.167 

4.8 79 
1.913 
• lIS 
. 013 

3 

.38 
53.88 
1l.6I 
1.13 

22 . 14 
7.70 
. 40 

0.00 
99.2B 

.076 

.076 
11.340 
4. 279 
. 228 

4.854 
3.056 
.090 

0.000 

.382 

.71S 

.170 

.014 

.044 

I. 
I. 

215 

5 

.71 
53.96 
12. 42 
1. 02 

13. 67 
6.58 

.54 

.05 
9B.96 

.144 

. 144 
11.542 
3.960 
.209 

5.212 
2.653 
. 124 
.011 

.415 

. 670 

. 314 

.014 

. 047 

.376 .331 

I. 
I. 

.705 .734 

. 283 .252 

.010 .013 

.032 .037 

I. J. 
I. I. 

SI 



TABLE 24 (",t.1 

SAHP1E 

ANALYSIS 

n02 
CR203 
Al203 
fE203 
FEO 
MGO 
MNO 
NIO 
IOTAI 

Tl 
F£2+ 
CR 
Al 
FElt 
FE2t 
HG 
MN 
NI 

215 215 

6 6 

.86 .62 
54.78 55.98 
11.66 10.25 
1.20 1.78 

24.85 2~ ,44 

6.00 5.90 
.58 .57 
. 06 . 06 

100.00 99.60 

.175 .127 

. 175 .127 
11.696 12.082 
3.710 3.297 

.244 .366 
5.439 5.m 
2.m 2.401 
.Ill .132 
.013 .013 

215 215 

8 

.77 .81 
55.91 52. 57 
10.20 13.60 
1.25 1.50 

23.02 21.00 
6.68 8.39 
.57 .54 
. 06 .06 

98.46 98.48 

221 

.46 
47 . 98 
19.00 
1.32 

20.84 
9.05 
.47 
.04 

99.17 

221 

2 

. 40 .61 
48.29 '9.56 
18.49 17.29 
1.52 1.43 

20.57 21 . 77 
9.05 8.39 
.50 .54 
.05 .08 

98.88 99.68 

CA Tl ONS PER 32 OXYGENS 
.159 . 163 . 089 .078 .119 
.159 .163 . 089 .078 .119 

12.12611.094 9.787 9.89710.184 
3.297 4.278 5.777 5.648 5.296 
.259 .302 .258 .298 .281 

5.123 4.527 4.408 4.383 4.614 
2.731 3.338 3.480 3.497 3.250 
.132 .122 .103 .llO .119 
.013 .013 .008 .010 .017 

221 

3 

.42 .62 
51. 04 48.17 
16.85 17.36 
1.28 1.43 

20.62 23 . 87 
9.06 6.89 
.51 .56 
.05 .04 

99.83 98.95 

.082 .123 

.082 .123 
10.445 10. 062 
5.140 5.405 
. 251 .286 

4.382 5.153 
3.496 2.714 
. 112 .125 
.010 .008 

.6' 
50.27 
15.47 
I. 48 

24.70 
6.26 
. 53 
.08 

99.43 

.128 

.128 
10.589 
4.857 
.297 

5.378 
2.486 
.120 
. 017 

HMF .300 .300 .340 .4 15 .436 
.618 
.365 
.016 
.054 

.439 .407 .439 .339 .311 
Y1CR) . 747 .767 .773 .708 
Y1AlI .137 .209 . 2)0 .272 
YfFE3t) .015 . 023 . 016 .019 
FFf .041 . 061 .046 .060 

GRAIN SIZE 
HOST 3. 3. 2. 2. 
ROCI: TYPE I. I. I. I. 

SAHP1E 221 221 221 

ANALYSIS 5 6 

221 

1. 
1. 

.625 .646 .659 .638 .672 

.356 .336 .324 .343 .308 

.018 .017 .015 .018 .018 

.062 .056 .053 . 051 . 051 

1. 1. 1. 3. 3. 
1. 1. 1. 1. 1. 

223 l23 22S 

8 2 3 

225 

2 

1102 
CR203 
Al203 
fE203 
fEO 
MGO 
HHO 
NIO 
TOTAL 

. 38 
47.41 
17.75 
2.01 

26.30 
5.37 
.58 
.04 

.63 
48.93 
17 . 18 
I. 64 

23 . 54 
7.27 
.54 
.06 

.56 
50.27 
16.70 
1.23 

21.72 
8.29 
.52 
.06 

.51 
50.34 
16.68 
1.11 

21.07 
8.57 
.S! 
. 07 

.44 
53.)5 
13.36 
1.22 

21. 93 
7.51 
.58 
.07 

.64 
53.26 
13.88 
1. 05 

21. 92 
7.88 
.53 
.08 

.67 
42.82 
22.05 
1.98 

23.53 

.62 
41.31 
23.31 
2.37 

23.57 
7.85 
.50 
.06 

.64 
48 . 04 
18.60 
1.61 

20.58 

.41 .46 

11 
FElt 
CR 
Al 
FE3t 
FE2t 
HG 
HN 
)IJ 

99.85 

.075 

. 075 
9.915 
5.533 
.401 

5.744 
2.ll7 

. 130 

.008 

HHF .266 
Y1CR) .625 
VIAll .349 
Y1FE3+) .025 
fff .064 

GRAIN SIZE 
HOST 3. 
ROCK TYPE I. 

99.80 99.36 98 .90 98.47 99.24 

7.72 
.50 
.07 

99.34 99.59 

CA TiDHS PER 32 OXYGENS 
.1 24 
. 124 

10.127 
5.300 
.325 

5.031 
2.837 

.120 

.110 

.110 
10.392 
5.145 
.243 

4.641 
3.231 
.115 
.013 

.100 .089 .128 .129 .119 
.119 

8.m 
6.993 
.454 

4.901 
2.979 
.108 
.012 

.100 .089 .128 .129 
10.429 11.H1 11.188 8. 689 
5.1,0 4.233 4.346 6.669 
.220 .2\8 .111 .382 

4.518 4. 843 
3.347 3.010 
.120 .132 

.013 .015 .015 

.354 .404 .420 .378 

.643 .658 .660 . 717 

.336 .326 .326 .267 

.020 .015 .013 .015 

.059 .048 .045 . 047 

3. 3. 7. 7. 
1. 1. 1. 1. 

4.743 
3.121 
.119 
. 017 

4.921 
2.954 
.109 
.014 

.390 .368 .371 

.710 .552 .527 

.276 .424 .444 

.013 .024 .018 

.041 .070 .082 

65. SO. 
2. 4. 4. 
1. 2. 2. 

9.29 
.47 
.07 

99.31 

.124 

.124 
9.789 
5.649 
.313 

4. 314 
3.569 
.103 
. 014 

51.85 54. 63 
13.93 10.93 
1.57 1.46 

24.64 25 . 70 
5.88 4.88 
.58 .57 
.06 .03 

98.92 98.66 

. 083 

. 083 
11.077 
4.436 
.320 

5.486 
2.368 

.133 

.013 

.096 

.096 
11. 943 
3.561 

.304 
5.843 
2.011 

.133 

.007 

.445 .298 .252 
. )55 
.225 
.019 
.048 

.621 .699 

.359 .280 

.019 .020 

.065 .054 

140. 
1. 1. 
2 1. 

2. 
1. 

\. 

225 

3 

I. O~ 
53.02 
11. 40 

1. 50 
26.18 
4.98 
.56 
.03 

98.73 

.217 

.217 
11.551 
3.702 
.312 

5.81) 
2.015 

.131 

.007 

1.18 
53.67 
11. 53 
1.29 

26.11 
5.31 
.54 
.07 

99.70 

.242 

.242 
11. 553 
3. 699 

.265 
5.705 
2.155 

.124 

.015 

.253 .265 

.741 .m 

.237 .238 

.020 .017 

.049 .042 

2. 2. 
1. 1. 



TABLE 2l MICROPROBE ANAL 19E9 OF CHRomE, mUHIT CJ 

SAmE 

ANAL ISIS 

1102 
CR203 
Al203 
FE20l 
FEO 
NGO 
HNO 
NIO 
TOTAL 

170 

. 72 
47.99 
11.03 
2.61 

lU7 
6.79 
.47 

0.00 
100.19 

170 

2 

.44 
47. l4 
17.72 
2.94 

24.01 
6.96 
.50 
.05 

99.97 

170 

l 

.68 
48.12 
17.l9 
2.36 

22.52 
7. 98 
.49 
. 04 

99.59 

170 172A 172A 172A 172A 

.76 
47.65 
11.70 
2.26 

2l.27 
7.6l 
.50 

0.00 
99.77 

.70 
48.91 
Ib.30 
I. 8l 

2l.69 
7.0l 
.45 

0.00 
98.92 

2 

.65 .68 
49.28 5Q.27 
16.76 16.96 
1.47 1.17 

22 . 70 22.95 
7. 72 7.89 
.47 .44 

0. 00 0. 00 
99.05 100.l6 

CA 11 ONS PER 32 omENS 

.70 
48 . 90 
11.17 
I. 56 

22.34 
8.08 
.42 

0.00 
99.17 

lS4 

.68 
52.02 
16.37 
1.77 

16.48 
Il.90 

.35 

.10 
99.67 

lS4 

.68 
52.47 
15.96 
l.ll 

16.60 
II. 67 

.35 

.10 
99.15 

11 .142 .086 .lJJ .149 .ll9 .128 .132 .137 .130 .131 
FE2t 
CR 
Al 
FE3t 
FEZt 
M6 
HN 
NI 

HHF 
I,CRI 
IIALI 
I,FEltI 
FFF 

GRAIN SIZE 
HOS T 
ROCK TYPE 

SAHPlE 

ANAL ISIS 

1102 
CR20) 
Al203 
FE203 
FEO 
m 
HNO 
NIO 
TOTAL 

11 
FEZt 
eR 
Al 
FE3+ 
FE2t 
HS 
Nil 
Nl 

.142 
9. 942 
5.258 
.Sl6 

5.244 
2. 652 

.1 04 
0. 000 

.329 

. 632 

.334 

. 032 

.087 

70. 
4. 
2. 

I77A 

.64 
53.41 
13.14 
I. 97 

20.89 
8.53 
.44 

0.00 
99.02 

.128 

.128 
Il.230 
4.Il8 
.395 

4.519 
3.381 
.099 

0. 000 

.086 
9.787 
5.460 
.580 

5.166 
2.713 
.IIl 
.010 

.340 

.618 

.345 

.036 

.099 

90. 
4. 
2. 

InA 

2 

.67 
54.09 
13.69 
I. 61 

18.25 
10.39 

.37 
0. 00 

99.08 

.lJJ 
9. 923 
5.345 
.465 

4.781 
3.IOl 
. 108 
.008 

• l87 
.630 
.339 
.029 
.086 

I77A 

3 

3. 
2. 

• 63 
52.84 
14.64 
I. 93 

19.16 
9.95 
.39 

0.00 
99.54 

.149 
9.821 
5.4l7 
.4/4 

4.925 
2.965 
.IlO 

0.000 

.368 

.625 

. 346 

. 029 

.080 

I77A 

3. 
2. 

. 62 
52.69 
14.74 
2.01 

19.05 
10.02 

.39 
0.00 

99.53 

.l l9 
10.258 
5.095 
. 367 

5.Il7 
2.781 
. 101 

0.000 

.346 

.652 

.324 

.023 

.065 

75 . 
4. 
9. 

177A 

5 

.51 • 
51. 65 
15. 96 
I. 57 

20.52 
9.08 
. SO 
.07 

99.86 

.128 
10.252 
5.197 

.292 
4.867 
3.028 
.1 04 

0.000 

.377 

.651 

.330 

.018 

.055 

125. 
4. 
9. 

177A 

6 

.54 
50.81 
16.78 
I. 55 

20.14 
9.41 
.50 
.09 

99.8l 

.132 
10. II 7 
5.IB8 
.229 

4.B50 
3. 053 
.096 

0.000 

.379 

.655 

.329 

.0 14 

.043 

IBO. 
~ . 
9. 

IIBA 

.137 
10.120 
5.296 
.307 

4. 754 
3. 152 

.093 
0. 000 

.391 

.643 

.336 

.019 

.059 

3. 
9. 

17BA 

2 

.59 .63 
54.05 54.33 
13.84 14.20 
1.99 1.37 

2l.Il 20.74 
7.67 9.Il 
.47 .45 

0.00 0.00 
101. 73 100.83 

CA T IONS PER 32 omENS 
.I ll .123.121.100.105 .Il5 .122 

.122 
11.144 
U41 
.26B 

~.J7B 

3.523 
.099 

0. 000 

.I ll .123 .121 .100 .105 .Il5 
11.194 10.881 10. 842 10.608 10.378 Il.110 
4.221 4.m 4.520 4.886 5.109 4.248 
.318 .l78 .394 .l07 .30l .391 

3.863 4. 050 4.026 4.359 4.248 4.919 
4.054 3.863 3.887 3.516 3.624 2.978 
.082 .086 .085 .110 .109 .104 

0.000 0. 000 0.000 .015 .019 0.000 

IIHF . 421 . 503 .480 .4B3 .440 .45~ . 371 .439 
I ICRI . 713.711 . 690 . 6BB .671 .657 .705 .707 
YlAli . 261 . 26B .2B5 .2B6 .309 .323 .269 . 275 
YlFElt I .025.020 .024 .025 . 019 .019 . 024 .017 
FFF .07B. 07J .OB3 .OB6 .064 .065 .072 .056 

SRAIN SIZE 60. 120. 290. 290. 
HOST 4. B. I. I. 7. 7. ~. I. 
ROCK TYPE 6. 6. 4. 4. 4. 4. 6. 4. 

.130 
10.482 
~. 917 
.340 

3. 3B3 
4.521 

.075 

.020 

.562 

.666 

.312 

.021 

.OBB 

B. 
5. 

180 

.65 
45.91 
19.IB 
2. 66 

24.7B 
6.92 
.42 
.04 

100. 56 

.126 

.126 
9.3B5 
5.B44 
. SIB 

5.233 
2. 667 
.092 
. OOB 

.131 
10.654 
4. B30 
. 254 

3.436 
4.467 
.076 
. 021 

.556 

.676 

. 306 

.016 

.066 

B. 
5. 

IBO 

2 

.73 
45.6B 
19.17 
2.6B 

24.46 
7.14 
.42 

0.00 
100.2B 

.142 

.142 
9. 347 
5.B46 
.522 

5.153 
2. 75~ 

. 092 
0.000 

. 332 .342 

.595 .59~ 

.371 .372 

.032 .033 

. OBB .OB9 

100. 120. 
4. ~. 

2. 2. 

\S I k 



TABLE 25 l"nLI 

SAMPLE 

AHALYSlS 

1102 
CR2D3 
Al20J 
FE203 
FED 
MBO 
HHO 
HID 
TOTAL 

II 
FE2t 
CR 
AL 
FE3+ 
FE2t 
HG 
MN 
Nl 

180 180 1338 1838 1838 1838 1838 184A 184A' 1848 

2 2 

.78 .60 .69 . 76 . 79 
50.61 
15.93 
1.64 

20.86 
9.07 
. 27 

0.00 
99,18 

, 79 , 72 .75 .62 .69 
47.98 45.66 5J.t)2 51.05 50.03 ~a.99 52.85 54.30 51. 72 

14.42 
1. 91 

20 . 82 
8.76 
.27 

0.00 
98 . 59 

17.99 19.91 15.06 15.38 15.70 17.44 15.18 14.01 
2.13 2,10 1.79 1. 43 1.69 1.59 1.67 2.11 

23.05 23.94 23.03 21.65 22.54 20,94 16.61 18.27 
7.98 7,43 7. 52 8. 53 7,86 9,12 11.80 10.54 
.43 .44 .33 .12 .34 .25 . 13 . 53 

0.00 0.00 0.00 0.00 0,00 Q,OO 0.00 0. 00 
100.35 1(10,09 99.44 98,93 98.96 99.05 98.99 100.39 

.1 51 
,1 51 

9. a03 
5,m 
, 415 

4,832 
3.014 
. 1l94 

0.(100 

.116 ,137 
,116 ,137 

9. 309 10.672 
6.050 4,695 

,408 , 356 
5,048 4, 960 
2. 856 2.965 
, 096 ,07) 

0.000 0.000 

CA II OHS PER 32 OlYGENS 
.1 50 .1 55 .157 .140 . 145 . 120 .1 37 
.150 .1 55 .157 .140 .145 .120 . 137 

10.636 10 .4 58 10.456 10.066 10,772 11.086 10.839 
4.77b 4.906 4.891 5.341 4.611 4.263 4.504 
. 285 . 323 .337 . 311 . 324 .HQ .381 

U22 4.406 4.826 4.411 3.430 3. 827 4.478 
3. 350 3.533 3. 097 3.533 4.534 4.057 3.461 
.026 .059 .076 .055 . 028 .116 .060 

0.* 0.* 0.* 0.. 0.. 0.* O . ~ 

HHf ,381 ,356 . l67 .412 
.677 
.304 
. 1)18 
.056 

.4 36 .383 . 436 .558 . 506 .428 
YICRI .624 .59Q ,6)8 .66b . 666 .640 
HAll .349.383.298 . 312 . 311 .m 
Y(FEJ+) .026 .025 . 022 .020 .021 .019 
FFF ,(176 .013 . 065 .066 . 063 .064 

GRAIN SIZE 
HOST 3, 3, 4, 4, 

9. 
3. 3. 1. 

ROCK TYPE 2. 2. 9. 9. 9. 9. 

SAMPLE 184B 1848 1848 191 191 1960 197A 

ANALYSTS 

1102 
CR203 
Al203 
fE203 
fED 
HGO 
HHO 
lifO 
TOTAL 

11 
fE2' 
CR 
AL 
FE3+ 
FElt 
MG 
HH 
lif 

2 

. 74 .U .Y .Y .49 .34 .85 
51.81 51.39 51.86 47.20 45 . 48 47,13 46.34 
15.32 15.40 15.37 17 . 84 19.59 18.72 17.94 
1.60 2.04 1. 73 2.06 2.65 2,12 2.30 

17.96 18.30 18.69 23,43 21.53 19.70 24.06 
10.73 10. 50 10.32 7.48 8.74 10. 12 7.19 

. 24 . 22 ,25 .2b .26 . 19 . 23 
0.00 0.00 0.00 0.00 0.00 0.00 0. 00 

98.41 98.60 98 . 91 98 , 95 98.74 98.82 98.92 

CAllONS PER 32 OXYGENS 
. 145 .135 .133 . 134 .015 . 162 .1 68 
.145 .135 . n3 .134 .095 .162 .168 

10.685 10,595 10.677 9.801 9.313 9.587 9.642 
4.709 4.732 4.716 5.521 5.979 5.676 5.563 
. 314 .400 .340 .407 . 51b .410 .457 

3.774 3,869 3. 939 5.013 4. 568 4.077 5.128 
4.172 4,081 4.005 2.928 3.374 3.861 2.820 

.053 .048 .055 .057 .057 .(141 .051 
0.000 0.000 0.000 0.000 0. 000 0.000 0.000 

. 685 .703 .689 

. 293 . 270 .286 

.020 .02! . 024 

. 083 .094 . 076 

lbO. 
8. 1. 4, 
.J. 5. . 6. 

197A 117A 197A 

2 

.67 
45.28 
19.09 
2.17 

22 .83 
8.02 
. 26 

0.00 
98.53 

.170 

.170 
9.352 
5.877 
.m 

4.819 
3. 123 
• 057 

0.000 

3 

. 94 .H 
47 .06 52 . 33 
19.20 H.82 
1.65 2.04 

20.23 20 . 04 
9.99 9.33 

.16 .21 
0. 00 0.00 

99.24 99 . 22 

.180 

. 180 
9.526 
5.792 
.319 

4.152 
3.812 

.034 
0.000 

.086 

.086 
10.844 
4.577 
.403 

4. 307 
3. 645 

.046 
0.000 

MMf . 515 .504 .495 . 362 .4 19 .477 ,347 .384 .468 .453 
YICRI .680 . 673 ,678 .613 . 589 .611 .615 .597 .609 .685 
VIAll .299 , 300 .299 . 351 .378 .362 .355 .375 . 370 .289 
VifE3'1 . 020 .025 .021 .025 .032 .026 .029 .027 . 020 .021 
Fff .074 .090 .077 . 073 . 099 . 088 .079 .079 . 068 . 084 

6RATN SIZE 
HOST 8. 1. 1. 4. 3. 2. 4. 4, 2. 1. 
Ron: TYPE 6. 4. 4. 2. 2. 4. 2. 2. 2. 2, 



TA8LE 25 !cant. I 

SAKPLE 

AlIAlYSlS 

Tl02 
CR203 
AL203 
fE203 
fED 
K60 
KNO 
IHO 
TOTAL 

II 
FE2t 
CR 
AL 
FE3t 
fElt 
KG 
KII 
III 

KKf 
YfCRI 
VIAll 
V1FE3t ) 
ff f 

GRAIN SIZE 
HOST 
ROCK TYPE 

SAKPLE 

AIIAL VSIS 

1102 
CR203 
AL203 
FE203 
fED 
KGO 
KIlO 
IHO 
TOTAL 

II 
FE2t 
CR 
AL 
FE3+ 
FE2t 
KG 
KII 
NI 

KHf 
VICRI 
VIAll 
J'(FE3+) 
fFF 

GRAIN SIZE 
HOST 
ROCK TYPE 

I97A 1970 1170 1170 1170 1970 1170 III 

5 2 5 6 

.50 . II .87 1.03 1.02 . 95 .77 .55 .31 .45 
41.81 46 . 23 46.68 45.13 

18.5718.48 
46.~ 46.46 45.~ ~ I O 45 .87 45.~ 

16.69 17.70 18 . 81 19. 10 19.82 19.56 19.80 19.55 
2.1 3 2. 80 1.78 2. 43 2.02 1. 85 1.81 2.66 2.62 2.71 

2U6 24.13 21 . 43 23 . 35 23.H 2[, 58 22.[5.23.85 23 .93 24 . 01 
9.31 7. 26 7. 73 7.91 7.94 9.05 8.67 7.U 7.45 7.40 
. 20 .28 . 30 .22 . 28 .24 .29 .22 .30 .31 

0. 00 0. 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
19. 01 IUO 11.36 19.36 99.89 99.23 99.49 99.35 100 .36 100.39 

. 017 

.017 

10. 260 
5.1 24 
.418 

4.340 
3. 615 

.044 
0.000 

.448 

. 649 

.324 
,026 
.OB6 

I. 
2. 

.~5 

45.81 
20.80 
1.63 

22.81 
8.25 
. 25 

0.00 
100.08 

.086 

.086 
9.252 
6.261 

. 31,) 
4.804 
3.141 
.054 

0.000 

.115 

. 115 
1.586 
5. 470 

. 552 
5.011 
2.838 
. 062 

0. 000 

.170 

.170 
9.610 
5.698 
.m 

4.933 
3.000 
.066 

0.000 

CA II ONS PER 32 OlYGENS 
.201 .198 .184 .1 48 
.201 .118 .184 . 148 

9.451 9.477 9. 469 9.346 
5.668 5. m 5.802 6.005 
.477 . 393 .358 .350 

4.882 4.877 4. 469 40614 
l.068 3.0M 3. 477 3. 322 
. 048 .061 .052 .063 

0.000 0.000 0. 000 0. 000 

.348 .370 .376 .376 .427 . 410 

.614 .613 .605 . 607 

.350 .363 .363 . 367 

.035 . 022 . 030 .025 

.094 .064 .085 .071 

4. 4. 4. 3. 

2. 2. 2. 2. 

199 20(19 200B 2008 

. 58 
49 .54 
17.08 
2. Be 

21. 47 
8.85 
.54 

0.00 

.59 
41.20 
17.04 
3.01 

22. 32 
8.30 
.55 

0.00 

.58 
52.21 
15.04 
2.41 

2Q.51 
9.22 
.49 

0.00 

. b05 . 595 

. 371 . 3B2 

. 022 .Q22 

. 071 . 06B 

2. 2. 
2. 2. 

2008 2008 

.62 
50 . 25 
16.82 
2. 68 

18.71 
10.51 

. 47 
0.00 

5 

.63 
49.48 
17.52 
2.64 

18.11 
10.92 

.25 
45.46 
20.57 
2. 42 

23.00 
8.00 
. 25 

0. 00 
99 .16 100 . 94 101.02 100.55 100.06 

. 47 
0.00 

IUB 

CATIONS PER 32 OXYGENS 
.048 
. 048 

. 11 2 

.112 
.114 . 113 . 119 .121 
.114 

9.21B 10.053 10.017 
6.217 5.1 66 5.171 
.467 

4.887 
3.058 
. 054 

0.000 

. 558 
4.417 
3. 396 
. 11 7 

0.000 

. 5B4 
4.614 
3. 186 
.1 20 

0.000 

.113 
10. 615 
4.592 
. 487 

4.331 
3. 56 1 

.1 01 
0. 000 

.111 
10. 170 
5.074 

. 517 

3.8B7 
4. 010 
. 102 

0. 000 

.1 21 
9.982 
5.268 
.508 

3.m 
4.153 
.101 

0.000 

.391 .3B2 .423 . 398 .444 . 500 .517 

.584 .571 . 637 .635 .678 .045 .m 

.315 .390 . 327 . 327 .291 . 321 .334 

.019 .029 .035 .037 .030 .032 .032 

.060 . OB6 .1 07 . 108 . 098 .114 .11 6 

9'. 500. 
3 l. 3. I. 3. 3. 3. 
2 2. 6. 4. 6. 6. 5. 

. 107 

. 107 
9.271 
5.91) 
.520 

5.071 
2.871 
.048 

0.000 

.356 

.587 

. 371 

.032 

. 01 1 

150. 
4. 
2. 

2MB 

6 

.63 
41.89 
17.64 
2.10 

IB. 40 
10.73 

. 49 

. 07 
IU6 

.121 

.121 
10.055 
5. 211 
.404 

3.803 
4.077 
.106 
.014 

. 509 

.63B 

.336 

.025 

.093 

B. 
5. 

.075 

.075 
9.m 
6.006 
.507 

5.076 
2.858 
.065 

0. 000 

.356 

.5BI 

.378 

.032 

.089 

200B 

4. 
2. 

.087 

.OB7 
1.362 
5.137 
.525 

5.089 
2.B42 
.067 

0. 000 

.354 

.591 

.375 

.033 

. 092 

2008 

B 

4. 
2. 

.66 .73 
50.72 51.35 
17.24 lUI 
2.06 I.B3 

IB .51 18.85 
10.78 10. 52 

.50 .35 
0. 00 0. 00 

100. 48 100.03 

.126 

.126 
10.1 90 
5.162 
.316 

3. B09 
4.083 
.108 

0.000 

. 509 

.647 

. 327 

. 025 

.091 

B. 
5. 

.140 

. 140 
10.41 0 
4. 952 
. 354 

3. 902 
4.021 
.076 

0. 000 

.418 

.662 

.315 

.022 

.OBO 

8. 
5. 

\ . 
' '":-



TABLE 25 (cont.) 

SAMPLE 

ANALYSIS 

Ti02 
CR203 
AL10l 
fEl0) 
fED 
MGO 
MNO 
N10 
TOTAL 

II 
FE2+ 
CR 
AL 
FE3+ 
FE2+ 
MG 
Mil 
NI 

MMf 
YfCRI 
YlALl 
Y(FE3f) 
fff 

GRAIN sm 
HOST 
ROCK nPE 

200B 

9 

.7) 
51. 06 
16.1 4 
1.84 

18 . 74 
10.41 

.33 
0.00 

99.16 

1008 

10 

.16 
51. 32 
16 . 16 
1.10 

18.11 
10.46 

.36 
0.00 

99.54 

1008 

II 

.11 
51. 40 
15. 91 
I. 48 

19. 05 
10.35 

.35 
0.00 

99.51 

100B 

11 

.81 
51. 32 
15.90 
1. 11 

18. 11 
10. 46 

. 31 
0. 00 

99.36 

1008 

Il 

.7) 
51.04 
15.39 

1. 66 
19. 01 
10.14 

.35 
0.00 

99.39 

100B 

14 

.B3 
51.14 
15.19 
I. 56 

19.30 
10.10 

.31 
0.00 

99.53 

1008 

15 

.80 
51. 06 
15.19 
1.14 

19.14 
10.11 

.33 
0.00 

99.53 

CAllONS PER 31 OlYBENS 
. 141 . 141 .116 .1 59 .141 .lbl .156 
. 141 . 141 .116 .1 59 . 141 .161 .156 

10.439 10. 461 10.496 10. 490 10.b80 10.695 10.614 
4.918 4.910 U60 4.844 
.3sa .331 .189 .346 

3.911 3.900 l.938 3.900 
4. 016 4.010 3.9844.0ll 
. 071 .018 .016 .061 

0.000 0.000 0. 000 0.000 

.491 .498 .491 .498 

.664 .666 . 610 . 668 

.311 .311 .310 .308 

.022 .021 .0 1B .Q22 

. 081 .075 .065 .078 

8. 8. 8. 8. 
5. 5. 5. 5. 

4.707 
.116 

3.m 
9.m 

.076 
0.000 

4.614 
. 306 

4.015 
3.906 

. 068 
0.000 

4.612 
.340 

3.996 
3. 931 
.072 

0. 000 

.486 . 481 . 486 

.619 . 681 .b80 

. 111 .198 .191 

.010 . 019 .011 

.011 .068 .015 

8. 8. 8. 
5. 5. 5. 

TA9LE 16 MICROPROBE ANALYSES Of CHRomE I UNIT 0 I IS 7 , 

SAMPLE 

ANALYSIS 

llOl 
CR10l 
AL203 
fE10l 
fED 
MGO 
MNO 
N10 
TOTAL 

II 
FE2+ 
CR 
AL 
fElt 
fElt 
MG 
NN 
NI 

78 

.43 
45.91 
19.66 
1.18 

13.61 
7. 37 
.5' 

0.00 
99 . 86 

.084 

. 084 
9.392 
5.995 
.m 

5. Q39 
1.843 

.118 
0. 000 

78 

.45 
48.46 
17.45 
1. 81 

23.se 
1.13 

.53 
0. 00 

99.41 

. 089 

.089 
10.061 
5.401 

.359 
5. 091 
1.791 

. 118 
0. 000 

78 

. 45 
46.56 
19.34 
1.08 

13.36 
1.54 
.57 

0. 00 
99.90 

. OB7 

.087 
9.513 
5.896 
.• 06 

4.967 
1.90B 

. 115 
0. 000 

19 80 80 

2 

.55 .61 .61 
47.14 50.45 51.45 
18. 19 16.11 16.10 
1.93 1.l0 1.11 

11.10 14.15 14 . 03 
7.83 1.11 7.25 
.41 .J9 .43 

0.00 0. 00 0.00 
9B . 95 100 .81 101.10 

83 

.59 
48.46 
16.39 
1.16 

21.11 
7.36 
.54 
.11 

9B . 33 

CAll OilS PER 31 OlY6ENS 
.108 .111 .111 . 118 
.1 08 .111 .121 .118 

9.161 10.316 10.563 10. 191 
5.636 5. 125 4.957 5.138 
.380 .255 .231 

4.857 5.133 5.099 
3.051 2.180 1.806 
.Q9I .085 .094 

0.000 0.000 0.000 

.434 
4.9l6 
2.918 

.121 

.023 

2008 

Ib 

.95 
52.40 
15. 0B 
I. 62 

19. 23 
10.14 

.34 
0.00 

99.61 

.165 

.165 
10.741 
4.608 

.311 
4.005 
3. 919 

. 014 
0.000 

.484 

.685 

.194 

.020 

.010 

93 

1 

B. 
5. 

.59 
4/.55 
18. 07 
1.26 

12. b7 
7. !I 
.53 
.01 

98. 35 

.111 

.111 
9.905 
5.610 

.251 
4.818 
2.9B9 
.118 
.015 

B3 

.6B 
50. 31 
16.12 
1. 30 

21.69 
1.63 
.55 
.1 2 

99.41 

.1 35 

.135 
10.412 
5.000 
.m 

4.958 
2.994 

.123 

.025 

83 84 

.61 .66 
49.33 50.68 
16.78 15. 03 
1.l4 2.30 

22.11 23.99 
7. 91 6.94 
. 56 .40 
.14 0.00 

9B.19 100.01 

.121 

. 121 
10.280 
5.112 
.267 

4.711 
3.068 

.11S 

.030 

.131 

.131 
10.595 
~.683 

.~5e 

5. 114 
1.735 

. 089 
0. 000 

84 

.75 
49.31 
17. 49 
2. 34 

22 .86 
9.31 
. 35 

0.00 
101.42 

. 144 

.144 
9.992 
5.271 
.451 

4.152 
3.171 
.015 

0.000 

84 

3 

.19 
49. 23 
17.73 
2.25 

23.11 
8.27 
.34 

0.00 
101.12 

.151 

.151 
9.931 
5.331 

.432 
4.780 
3.145 
.073 

0.000 

HMf .356 .350 .365 .380 .346 . 349 .366 .314 .374 .385 .340 .313 .389 

YICRI .513 .636 .601 .618 .659 . 6iO . 646 .628 . 665 . 651 .673 .635 . 632 

YIALl .318 . 341 .312 .351 .m .314 .325 .355 .3 17 .330 . 291 .m .339 

YlfE3tl .018 .021 .015 . 014 .016 .015 .021 .015 .Olb .016 .029 .028 .027 
fff .079 .064 . 014 .011 .046 .043 .079 .047 .049 .051 .019 .094 .080 

GRAIN SIZE 120. 110. 110. 
HOST 3. l. 3. 1. I. 3. I. I. 3. 3. I. 3. 3. 

ROCK TYPE 1. I. I. I. I. I. I . I. I. I. I. I. I. 



TABLE 26 lcantol 

SAMPLE 

ANALYSIS 

1102 
CR203 
AL20l 
FE20l 
FED 
MGO 
HllO 
NID 
IDTAL 

10 

.64 
4B.05 
15. 23 
4.0B 

24.36 
6.42 
.53 
.09 

99.40 

II .12B 
FE2+ .128 
CR 10.1 35 
AL UBB 
fElt . B20 
FE2t 5.30B 
HG 2.553 
MN .120 
HI .019 

HHf .m 
YICRI .643 
HAll .304 
YlfEltl .052 
fff .Ill 

GRAIN sm JO. 
HDST I. 
RDCK TYPE I. 

SAMPLE 95 

ANALYS IS 

IID2 
CR2D3 
AL2D3 
fElD3 
fED 
M6D 
MND 
NID 
TOTAL 

II 
fElt 
CR 
AL 
fElt 
FE2+ 
HG 
HN 
NT 

.55 
47.93 
15.37 
4.IB 

24.61 
6.21 

.5B 
0.00 

19.51 

.110 

.110 
IUOI 
4. B31 
.BlI 

5.400 
2.469 

.13! 
0.000 

10 

2 

.65 
45.74 
16.BI 
5.00 

2U5 
7.21 
.53 
.11 

99.43 

.119 

.121 
9.530 
5.220 
.992 

5.01B 
2.B40 

.IIB 

.023 

.JSS 

.605 

.331 

.063 

.1 61 

104 

2. 
I. 

.75 
51.57 
1l.43 
1.91 

25.02 
5.B5 
.51 

0.00 
99.1l 

.152 

.152 
I I. 025 
4.279 
. 390 

5. 507 
l.l5B 
.1lS 

0.000 

HHf .309.294 
YICRI .640. 702 
YI ALI .306.272 
YIFWI .053 .024 
f FF .132 .064 

GRAIN sm B5. 110. 
HOST 3. I. 
ROCK TYPE I. I. 

10 

3 

.76 
46.20 
16.55 

4. BI 
23.57 
7. 17 
.56 
.11 

99.74 

10 

.6B 
46.71 
16.57 
4.45 

23.IB 
7.40 
.52 
.12 

99.71 

10 

5 

• BO 
45 . 63 
17.0l 
4. 70 

23.57 
7.26 
.50 
.10 

99.60 

90 

.5B 
45 . 71 
16.51 
5.01 

26.11 
5.41 
.57 
.06 

100.05 

90 

.36 .16 
45.l! 46.65 
lUI 19. 43 
4.75 2.64 

2B.17 23 . 35 
l.9I 7.4B 
.6l .52 
.04 0.00 

19.71 100.24 

CA 11 OHS PER 32 O!Y6ENS 
.1 50 
.150 

Ull 
5. 133 
.953 

5.039 
2. BI3 
.125 
.023 

.351 

.612 

.326 

.060 

.155 

104 

2. 
I. 

.55 
51. IS 
1l.21 
2.15 

2U9 
5. B3 
.59 

0.00 
IUS 

.134 

.ll4 
9.720 
5.1 31 

.BBO 
4.960 
2. BIB 
.116 
.025 

.362 

. 617 

.326 

. 055 

.147 

BO. 
7. 
I. 

104 

2 

. 99 
50.9B 
13.99 
2.62 

23.46 
7.21 
.51 

0.00 
99.B5 

.158 

.15B 
1.4BO 
5.274 

.930 
5.024 
2.B44 

.111 

.021 

. l54 

. 604 

.336 

.059 

.152 

250. 
7. 
I. 

104 

.BI 
53.19 
12.34 
2.25 

23.50 
6.B5 
.51 

0.00 
99.53 

. 116 

.116 
I.m 
5.167 
I. 002 
5.6B5 
2.173 

.12B 

.013 

. 212 

.60B 

.327 

.063 

.147 

200. 
3. 
I. 

104 

2 

I.lI 
51.91 
12.75 
1.65 

24. 11 
6.6B 
.59 

0.00 
19.00 

. 073 

.073 
U78 
5.211 
.%5 

6.277 
I. 570 
.144 
.009 

.I9B 

.610 

.m 

.060 

.Ill 

L65 

l . 
I. 

.69 
51.91 
15.24 
2.03 

IB.BO 
10.26 

.37 
0.00 

99.39 

.Oll 

.Oll 
9.516 
5. lOB 
.514 

5.009 
2.B77 
.114 

0. 000 

.363 

.597 

.370 

.032 

.092 

70. 
I. 
I. 

L65 

2 

.70 
51.95 
15.31 
2. 05 

IB.B4 
10.27 

.37 
0.00 

99.50 

CATIDNS HR 32 OmENS 
.112 
.112 

11.104 
4. 234 
.43B 

5.515 
2.349 
.1lS 

0.000 

.19B .164 .266 .134 .ll6 
. 136 

10.64B 
U77 
.401 

.IIB . 164 .266 .134 
10.702 11.306 11. 077 10.670 
4.377 3.910 4. 055 4.662 
.525 .456 

5.014 5.120 
2. B54 2.745 
.133 .134 

0.000 0.000 

.294 .m 

.703 .685 

.26B .2BO 

.027 .033 

.072 .091 

500. 
I. 1. 
I. I. 

.34 1 

.721 

.249 

.021 

.079 

2. 
I. 

.335 .397 
5.177 3.948 
UBB l.970 

.135 .OBI 
0.000 0. 000 

3. ISO 
3.96B 
. OB I 

0.000 

.llO .491 .491 

. 716 .67B .m 

.262 .296 .291 

.021 .025 .025 

.057 .OBB .OB9 

2. B. B. 
I. 5. 5. 

2 

.41 
4B.17 
16.42 
3.30 

23.34 
7.22 
.41 

0.00 
99.44 

.097 

.097 
10.045 
5.104 

.657 
5.051 
2.839 

.101 
0.000 

.JSS 

.635 

.m 

.041 

. III 

10. 
I. 
I. 

lOlA 

.5B 
51.66 
15.67 
2.06 

IB.30 
10.43 

.4B 

.05 
jl.23 

. III 

.113 
10.5B6 
4.7B6 
.402 

l.B55 
4.029 
.105 
.010 

.503 

.671 

.303 

.025 

.091 

B. 
5. 

3 

.27 
4B.6B 
15.97 
2. B9 

24.22 
6.32 
.56 

0.00 
9B.92 

.054 

.054 
10.2BI 
5.027 
.5B3 

5.357 
2.517 
.127 

0.000 

.317 

.646 

.316 

.036 

.097 

30. 
I. 
I. 

109A 

2 

.61 
51.54 
15.94 
I.B3 

lB. 57 
10.1I 

.49 

.07 
99.37 

.111 

. 119 
10.544 
4.B60 

.3SB 
3.901 
3.977 
.107 
.014 

.491 

.668 

.30B 

.022 
• OB I 

B. 
5. 

(::: ' -



TABLE 26 lconLI 

109A 109A 109A 109A 109A 109A 109A 109A 

ANAlISlS 

1102 
CR203 
AL20l 
FE203 
FEO 
MBO 
MHO 
1110 
TOTAL 

II 
fE2+ 
CR 
Al 
FElt 
FE2t 
M5 
MN 
NI 

. 63 
51. 43 
lUI 
1.65 

18.85 
10.16 

.49 

.08 
99.41 

. 122 

.1 12 
10.520 
4. 912 
.323 

3.95B 
3.91B 
.107 
.017 

.61 
51. 60 
15.7B 
I. 95 

IB.64 
10,26 

.48 

.07 
99 . 40 

.119 

.119 
10.565 
4. BI6 
.3B2 

3.910 
3.961 
.105 
. 014 

5 6 B 9 10 

.62 .62 .64 
49 .26 
17.12 
I. BO 

21. 45 
8.56 

.51 

.OB 

. 63 
49 .36 
17.11 
I. B8 

21. 15 

. 62 
49.B6 
16. 91 
I. 55 

21. 57 
B.49 
. 52 
.07 

. 67 
49.69 
16. B3 
I. B4 

21.24 

50.9B 50.09 
16.30 16. 36 

1. 6B 1.90 
19.51 nos 
9.75 B.16 8.75 

.53 

.OB 

8.73 
.50 
.07 

.47 .53 
.OB . 04 

99.40 99.76 99.43 99.49 99.61 99.5B 

.121 

.121 
10.450 
4.980 
.329 

4.112 
3.71B 

.103 

.017 

CA TIONS PER 32 OXYGENS 
.122 .125 .123 .1 21 . 131 
.Ill .115 .123 .1lI . 131 

lo.m 10.142 10. 144 10.262 10.21B 
5. 036 5.154 5.241 5.190 5.15B 
.314 . 353 . 368 . 305 .361 

4.697 4.54B 4. 416 4.576 4.491 
3.177 3. 323 3.390 3.294 3.3B5 
.117 .112 .117 .115 .110 
.OOB .017 . 017 . 01S .01S 

MMF .4B9.495 .470 .m .415 .424 .412 .422 
YICRI . 667 . 670 .66l .656 .644 . 643 .651 .649 
HAll .311.305 .l16 .319 .m .331 . 319 . 317 
YIFE3.1 . 020 .024 .020 .023 .022 .013 .019 .072 
FFF . 073 .086 .071 . 072 .070 .074 . 060 0.000 

GRAIN SIlE 
HOST B. B. 8. B. B. 8. 8. 8. 
ROCK TYPE 5. 5. 5. B. 8. 8. B. 8. 

SAMPLE 115 115 lIS 117 117 117 125 125 

ANALYSIS 

1102 
CR203 
AL203 
FE203 
FEO 
M50 
MIlD 
NIO 
TOTAL 

TI 
FE2t 
CR 
AL 
FE3t 
FE2t 
HS 
MN 
NI 

2 

.55 
51.05 
13 . 33 
2.13 

23.41 
6.69 
.55 
.05 

9B.76 

. 73 
53.49 

12.27 
I.BB 

23.33 
6.7B 
.59 
.os 

99.15 

. 11 2 .I4B 

.112 .148 
11.105 11.417 
4.239 3.90J 
.431 .383 

5.m 5.119 
1.691 2.7lB 

. 126 .135 

. 011 .017 

MMF .337 . 341 
YfCR I .703.727 
Y(Al) . 268 .248 
'·(FE3.1 .027 .024 
FFF .075.067 

SRAIN SIlE 
HOST 3. 3. 
ROCK TYPE I. I. 

.58 
51. 43 
14 . 14 
I. 60 

23.58 
6.61 
.56 
.09 

9B.61 

. 117 

.117 
10.952 
4.488 
.315 

5.195 
2.658 

.1 28 

.019 

.35 
50.13 
15.85 
I. 90 

23.34 
6.9B 
.55 

0.00 
99.11 

2 

.44 
49.59 
17.34 
I. 41 

22.63 
7.78 
.57 

0.00 
99 .77 

.57 
49. 71 
16.64 
I. 85 

21. BI 
7.68 

.57 
0.00 

99.83 

.36 
43.56 
21.74 
2.40 

21.65 
B.69 

. 49 

0.00 
98.90 

CATIONS PER 32 OlYGENS 
. 070 .OB6 .112 .069 
.070 .086 .111 . 069 

10.522 10. 223 10.281 8.829 
4.958 5. 328 5.130 6.56B 

.3BO .277 .364 .464 
5.114 U50 4.B79 4.573 
2.762 3.024 2.99S 3.321 

.124 . 126 .m .1 06 
0.000 0. 000 0.000 0.000 

.m .347 .319 
. 645 
.136 
.017 
.053 

.375 .417 
.694 .663 
. 284 .312 
.020 .023 
.057 .06B 

40. 
3. I. 
I. I. 

110. 
I. 
I. 

.651 .556 

.315 .414 

.023 .029 

.068 . 090 

3. I. 
I. I. 

2 

.38 
40.76 
24,37 
2.69 

21.17 
9.34 
.50 

0.00 
99.21 

.072 

.072 
8. lIS 
7.231 
.510 

4,388 
3.506 
.107 

0.000 

.440 

.511 

. 456 

.031 

.1 02 

20. 
I. 
I. 

.64 
52.77 
12.74 
1.15 

24 . 61 
5.78 
.58 
.08 

98.36 

.131 

.131 
11.398 
4.102 
.137 

5.494 
2.m 
.134 
.017 

.61 
50.89 
14 .10 
1.61 

24.30 
6.1S 
.49 
• os 

98.21 

.124 

.1 24 
10.914 
4.507 
.330 

5.390 
2.487 

.112 

.011 

.294 . 310 

. 714 .692 

.260 .286 

. 015 .020 

.040 .056 

3. 3. 
I. I. 

125 128 

.36 
43.83 
11.84 
2.35 

22.24 
8.41 
.57 

0.00 
99.60 

.069 

.069 
B.843 
6.567 
.451 

4.678 
3.199 
• J13 

0. 000 

. 19 
55.79 
9.26 
2.19 

2B.99 
2. 52 
.73 

0.00 
99.67 

.040 

.040 
12. 390 
3. 065 
.464 

6.771 
LOSS 
.174 

0.000 

.402 .134 

.557 .178 

.~J4 .192 
.028 .029 
.OB6 .063 

60. 70. 
3. L 
I . L 



TABLE 26 Icant.) 

SAMPLE I1B 12B 134 134 134 139 139 

ANALYSIS 2 

T102 
CR203 
AL203 
FE203 
FEO 
HSO 
MilO 
NIO 
TOTAL 

11 
FE2t 
CR 
AL 
FE3t 
FElt 
HG 
HH 
HI 

HHF 
Y ICRI 
VIAll 
YffE3t) 
FFF 

GRATH sm 
HOST 
ROCK TYPE 

SAHPLE 

ANALYSTS 

1102 
CR203 
AL203 
FE203 
FEO 
MGO 
HNO 
1110 
TOTAL 

TT 
FE2f 
CR 
AL 
FE3t 
FElt 
HG 
MH 
NI 

.20 
57.12 
9.51 
1. 83 

15.58 
4.84 
.67 

0.00 
99.77 

.041 
• 041 

12.445 
3.091 

.381 
S. BSS 
1.9BB 
.156 

0.000 

.91 .25 
54.60 56.27 
11.31 9.05 
1.79 l.B2 

24.37 30.3B 
6.1B 1. 90 
.65 .47 

0.00 0.00 
99.91 100.15 

.35 
57.30 
9.17 
1. 71 

15. B2 
4. B9 
.47 

0.00 
99. Bl 

1.14 
55.39 
9.57 
.59 

19.27 
3.11 

.41 
O. 00 

99.70 

.39 
44.11 
20.29 
2.16 

11.99 
7. 49 
.51 

0.00 
9B.05 

.1B 
46.36 
IB.B5 
2.47 

11.1B 
7.91 
.51 

O. 00 
9B.5B 

CAllOHS PER 31 omEHS 
.IBS 
.IB5 

.051 .071 .260 .071 .055 

11. 661 
3.604 
.364 

5.312 
1.519 

.141 
0.000 

.051 .072 .160 .077 .055 
11.S0B 12.4B7 12.110 9.156 9.590 
2.99B 3.011 1.144 6.263 5.811 
.lB6 .355 .116 .417 .4BB 

7.091 5.BBI 6.565 4.960 4.800 
.796 2. 009 1. 33B 2.915 3.0B5 
.111 .109 .096 .lIS .115 

0.000 0.000 0.000 0.000 0.000 

.251 .)14 .100 .151 .163 .367 .3BB 

.7Bl .746 .7B7 .7B7 .7BB .577 .603 

.194 .130 .IBB .IB9 .103 .395 .365 

.013 .013 .024 .021 .OOB .016 .030 

.060 .062 .051 .056 .018 .07B .091 

70. 100. 

160 

1. 
1. 

.SB 
43.99 
11. 49 

1.69 
13.44 

7.6B 
.52 
.09 

99.49 

160 

1 

6. 
1. 

.50 
Sl.9B 
14. 27 
1.11 

22.37 
7.32 
. SB 
.06 

9B.30 

60. 
1. 
1. 

160 

3 

.65 
53.15 
11. Bl 
1. 76 

14.51 
5.73 
.61 
.04 

9B.19 

.112 .101 .134 

.112 .101 .134 
B.93B 11. 037 11.543 
6.508 4.516 3.823 
.329 .245 .365 

4.916 
1.942 
.113 
. 019 

4.91S 
1.930 

.1 32 
• 013 

5. SOl 
1.346 

.111 

.009 

40. 
1. 
1. 

160 

.61 
4B.36 
IB.31 
1. 46 

11.11 
8.90 

.51 
• 04 

99.33 

160 

3. 
1. 

.59 
43.62 
11.15 

1. B9 
11.00 

B.70 
.49 
.13 

99.57 

20. 
1. 
1. 

164 

.36 
50.94 
15.1B 
1.94 

13.60 
6. B4 

.56 
0.00 

99.53 

15. 
I. 
I. 

164 

1 

.34 
50.68 
16.76 
1. 51 

11.13 
B.Ol 
.54 

0.00 
100.0B 

CATTONS FER 31 OXYGENS 
.111 .113 .071 
.121 .113 .071 

9.890 
5.5B4 

.1BS 
4.446 
3.431 

.114 

8.773 
6.640 
.361 

4.569 
3.199 
.105 

10.6B9 
4.179 

.3B9 
5.169 
2.706 
.116 

.066 

.066 
10.419 
5.140 

.197 
4.773 
3.IOB 
.119 

.OOB .016 0.000 0.000 

HHf .36B .16B .293 .429 .413 .liO .391 
ilCRI .566 .69B .733 .628 .556 .674 .657 
VIAll .411 .1BS .243 .354 .410 .301 .323 
YlfE3+) .010 .015 .013 .01B .011 .014 .01B 
fFf . 061 .046 .060 .05B .071 .069 .057 

GRAIN sm 50. 120. 
HOST 4. 1. 3. 3. 3. 1. I. 
ROCK TYPE 1. 1. 1. 1. I. I. I. 

141 

.SB 
54.99 
11.10 
1. BB 

13.91 
6.69 

.57 
0. 00 

100.72 

.116 

.116 
II.5B9 
3.BOI 

.37B 
5.117 
1.654 
.129 

0.000 

.331 

.734 

.141 

.023 

.066 

164 

2 

3. 
I. 

.27 
50.50 
16.6B 
I. 67 

11.IB 
7.93 
.54 

0.00 
99.71 

.053 

.053 
10.430 
5.135 
.329 

4.193 
3.0BB 
.119 

0.000 

I. 00 
51.)5 
11.39 
2.01 

15.85 
5.54 
.63 

0.00 
100.IB 

.103 

.103 
11.14B 
3.938 

.409 
5.619 
1.117 

.144 
0.000 

15S 

.55 
54.07 
11.65 
1.62 

15.36 
5.35 

.5B 
0.00 

99.IB 

.113 

.113 
11.6B7 
3.753 

.333 
5.6B5 
1. IBO 

.134 
0.000 

.176 .173 

.711 .740 

.251 .137 

.016 .011 

.065 .054 

6. 
I. 

164 

3 

1.16 
53.29 
11.11 
l.BB 

13.69 
7.03 

.43 
0.00 

99.59 

164 

3 

6. 
I. 

I. 09 
54.4B 
10.91 
1.54 

13.91 
6.60 

.41 
0.00 

9B.95 

.134 .113 

.134 .113 
11.317 11.734 
3.B33 3.502 

.3BI .317 
5.087 5.115 
1.B15 1.680 

.09B .095 
0.000 0.000 

165 

.51 
51. 46 
15. B5 
I. OB 

21. 55 
B.31 

.4B 

.07 
99.32 

.103 

.103 
10.678 
40901 
.115 

4.617 
3.251 
.107 
.015 

.3B9 .345 .319 .407 

.656 .719 .754 .676 

.113 .246 .115 .310 

.010 .024 .010 .013 

.063 .066 .055 .043 

500. BO. 
I. 1. 2. I. 
1. I. 1. 1. 

165 

1 

.91 
51.96 
11.57 
1. 30 

14.77 
5.90 
.55 
.07 

99.14 

165 

3 

.19 
53.3B 
11.36 

1.7B 
15.51 
5.11 
.59 
.04 

99.07 

.185 .059 

.IB5 .059 
11. 34B 11.533 
4.014 3.980 
.266 .367 

5.475 5.773 
1.3B3 1.0Bl 

.116 .136 

.015 .009 

.196 

.716 

.156 

.017 

.044 

3. 
1. 

.163 

.716 

.150 

.013 

.059 

5. 
I. 

') 
J 



TABLE 27 "ICROPROBE AN AL YSES OF CHROHITE I UNIT E 

SMIPlE 

ANALYSIS 

1102 
CR203 
AW3 
FE203 
FED 
M60 
MIlO 
HID 
TOTAL 

II 
fE2+ 
CR 
AL 
fE3+ 
FE2+ 
MG 
MN 
NI 

01 

. 64 
46.34 
19. 30 
1.70 

22. B2 
7.B9 
.53 

0.00 
99 . 23 

01 

2 

. 57 
H . 76 
IB . 99 
1. 02 

23 . 01 
7. BO 
.52 

0. 00 
99.6B 

.125 .1 11 

.125 .111 
9.512 9.7B1 
5.904 5.796 
.334 . 201 

4.B30 4.974 
3.053 3.0J2 

. 116 .114 
0.000 0.000 

NMf .3B1.m 
Y{CR) .60J .619 
YIALI .374 .367 
Y!fE3f-l .02 1 .012 
fff .Q63 .03B 

GRA IN SIIE 40. 50. 
HOST 1. 1. 
ROCK TYPE B. B. 

SAMPLE L6.7 LG.7 

AlIALYSIS 3 

01 

3 

01 

. BO 
46.12 
20.10 

1. 71 
11.30 
9.1 5 
.55 

01 

. 65 
45.24 
20 . 07 

1. 91 
25.36 
6.52 
. 56 

01 

6 

.73 
45.45 
20.04 

1. 63 
25 . 19 
6.68 

.54 

01 

7 

.74 
45.24 
20. 10 
1.67 

24.74 

.58 
47.87 
IB.32 
1.41 

21 .92 
7.74 
. 50 

0.00 
99 . 37 

0.00 0.00 0.00 
99 . 74 100 . 32 100. 27 

6.93 
. 53 

0.00 
99 . 96 

CAIIONS PER 32 OXYGENS 
. 114 . 151 
.114 .154 

9. B64 9.m 
5.626 6.050 

.2B2 . 330 
U83 4.397 
3.007 3.484 
.110 .119 

0. 000 0.000 

.m .433 

. 625 .m 

. 356 .385 

. 017 .021 

.053 .067 

50. 
1. 3. 
B. 8. 

07 07 

2 

.1 26 

. 126 
9.255 
6.1 19 

. 373 
5.363 
2. 515 
. 123 

0.000 

. 314 

.5B7 

.388 

.023 

.063 

50 . 
4. 
8. 

07 

.1 41 . 144 

.142 .144 
9.291 9.257 
6. 106 6.129 
.318 .326 

5.]07 5.211 
2. 515 2.673 
.118 .1 16 

0.000 0. 000 

.320 

.591 

.3B8 

. 020 

.050 

80 . 
4. 
8. 

11 

.m 

. 589 

.390 

.020 

.057 

135. 
4. 
8. 

II 

2 

1102 
CR203 
AL203 
fE203 
fED 
M60 
MNO 
HID 
TOTAL 

1. 02 
47.67 
17 . 64 
2.76 

21.02 
9.35 
.35 

0.00 
99.81 

1.01 1.10 .85 1.04 .58 
46.61 
19.25 

1.73 
23.67 

.55 
46 . 49 
18.97 
2.0B 

23 . 70 
7.30 
.54 

0.00 
99 . 63 

II 
fE2t 
CR 
AL 
fE3+ 
fEl+ 

"6 
NN 
N1 

.197 

. 197 
9. 711 
5.356 
.536 

4.332 
3. ~i91 
.076 

0.000 

48.35 46.32 
17.98 19.06 
1.76 2.5B 

20.94 21.99 
U5 B.33 
.34 .55 

0. 00 .07 
99 . B3 101.00 

.195 

.195 
9.823 
5.415 
.340 

4.306 
3.620 

.074 
0.000 

. 211 

.211 
9.348 
5.713 
.497 

4.697 
3. 169 
.119 
.014 

41.72 46.31 
21.02 18.15 
3.17 2.56 

27.21 23.96 
5.44 7.44 
. 56 .54 

0.00 0.00 
99 . 9B 100 .10 

7.4 1 
. 53 

0.00 
99 . 7B 

CATIONS PER 32 OXYGENS 
.166 .203 .113 .108 
.166 . 203 . 113 .1 0B 

B.m 9.50B 9.554 9.562 
6.452 5.585 5. 881 5. 815 

.622 . 501 .JJ8 .407 
5.764 5.001 5. 020 5.050 
2. 112 2.880 2. 864 2.831 

.1 23 .119 .116 .119 
0. 000 0.000 0. 000 0. 000 

"Hf .442.415 .392 .262 .356 
.609 
. 358 
. 032 
.087 

.358 

.605 

. 372 

.021 

.061 

.354 

. 605 

.36B 

.025 

.073 

\'!CRI .622 . 629 .600 .519 
YIALI .343 .34B . 368 .411 
HfE3+1 . 034 . 021 .031 . 039 
fff .105 .070 .09 1 .094 

6RA1N SIZE 70. 
HOST B. B. B. 4. 
ROCK TYPE 5. 5. 5. 4. 

130. 
1. 
4. 

100. 
1. 
1. 

100 . 
1. 
1. 

01 LG.7 L6 . 7 

8 

.70 
43.54 
22.17 

1. 83 
21.57 
9. 14 
. 48 

0.00 
99.54 

.133 

.133 
B.728 
6.654 
.350 

4.442 
3.455 
. 103 

0.000 

.430 

. 554 

.422 

.022 

.071 

200. 
7. 
B. 

II 

2 

.Il 
47.08 
18.95 
1. B1 

23.63 
7. 30 
.54 

0.00 
99.75 

. 084 

.084 
9. 673 
5.803 
. 355 

5.053 
2.828 
.119 

0. 000 

. 355 

.611 

. 366 

.022 

.064 

70. 
1. 
1. 

1. 03 
48.14 
17 .B7 
1.67 

21. 36 
9.14 
.29 

0.00 
99 . 50 

. 200 

.200 
9.833 
5.440 
.315 

4. 416 
3.520 
.063 

0. 000 

.m 

.630 

. 348 

.020 

. 065 

11 

3 

8. 
;. 

2 

1.02 
48.46 
17.82 
1.72 

20.90 
9.44 
.34 

0.00 
99 . 70 

. 197 

.197 
9.864 
5. 406 
.m 

4.302 
3.m 

.074 
0. 000 

.446 

.632 

.316 

.021 

. 069 

28 

B. 
5. 

1. 00 .B1 
46.67 54.36 
1B.35 13. 03 
1.79 2.74 

24.65 19.67 
6.96 9.72 
. 53 .56 

0.00 0. 00 
99.95 100.89 

.196 

. 196 
9.619 
5.637 
.351 

5.178 
2. 70 4 

.117 
0.000 

. 334 

.616 

.361 

. 022 

.061 

3. 
I. 

. 15B 

.m 
11.161 
3.987 
. 536 

4.114 
3.762 
.123 

0.000 

.468 

.711 

.254 

.034 

.11 1 

8. 
5. 

. 1 '- , ,­• 



TABLE 27 lcont.1 

SAMPLE 

ANALYSIS 

Tl02 
CR203 
Al203 
fE20J 
fEO 
NBO 
HIIO 
NIO 
TOTAL 

II 
FE2t 
CR 
AL 
FElt 
FE2t 
HB 
MN 
/II 

28 19 

2 3 

. 41 . 62 
5~.25 54 . 24 
12.78 12 . )9 
1.91 1.97 

23.59 23.55 
6.75 6.85 
. 61 .69 

0.00 0. 00 
100.31 100 . 22 

31 

.51 
50. 97 
1<.08 
1.19 

lU4 
6. 11 
.64 

0.00 
99 . 13 

31 

.75 
50.96 
14.43 
I. 94 

14.56 
6. 33 
. 61 

0. 00 
99.60 

31 

3 

.78 
50.91 
15.19 
I. 68 

13 . 78 
7.03 
.60 

0.00 
99.97 

31 

.71 .93 
49.79 49.61 
16.51 16. IS 
1.59 1.92 

13.33 13.90 
7.43 7.13 
.58 .57 

0. 00 0.00 
99.95 100.31 

CATIONS PER 31 OmENS 
. OBI .114 .119 .15/ ./55 . 140 .IB3 
.082 .1 14 . 119 .151 .ISS .140 .183 

11.436 11.454 10.836 10.764 10.619 10. 309 10.270 
4.015 J.900 4.461 4.543 U27 5. 098 1.983 
.384 .397 .463 .391 .334 . 314 .380 

5.179 5.1ll 5.401 5. m 5.098 4.971 5.052 
2. 683 2.727 2. 453 2. 511 2.767 2.900 2.811 
.138 .136 . 146 .140 .1 34 .129 .116 

0. * 0.* 0.. 0.. 0. . 0.. 0 .• 

HHf .337 .341 .307 .314 . 345 .361 .350 
YICR) .722 . 717 .b87 . 685 .671 .m .656 
Y(Hl) .253 .247 .283 .299 . 30 1 .324 . J18 
YlfE3+) .024.025.029 .014 .011 . 019 . 014 
fff . 068 .070 .077 . Db! . 059 .057 .067 

GRAIN SIIE 70. 60. 15. 45. 80. ISO. 
HOST I. I. I. I. I. I. I. 
ROCK TYPE I. I. 8. 8. 8. 8. 8. 

SAMPLE 39 43 43 43 43 50 50 

AI/ALYSIS 

Tl 02 
CR203 
AL203 
fE203 
fED 
MGO 
HNO 
1110 
TOTAL 

TI 
FE2t 
CR 
AL 
FE3 . 
FElt 
MG 
MN 
NI 

. 74 
47.59 
16 . 78 
2.90 

26.15 
5. 71 
.62 

0. 00 
100.50 

. 147 

. 147 
9.117 
5. 212 
. 577 

5.618 
2.243 

. 138 
0.000 

MMf . 280 
YICRI .631 
YIALI . 331 
VlfE3+1 .03b 
fff . 090 

GRAIN SIIE 11 0. 
HOST 4. 
ROCK TYPE I. 

. 57 
49.14 
15.90 
2.41 

24.06 
6. 68 

.61 
0.00 

99.48 

.114 

. I 14 
10,321 
4.968 
.482 

5. 211 
2.640 
.137 

0. 000 

2 

.59 
50.21 
15.58 
I. 94 

24.03 
6. 74 
.59 

0. 00 
99.69 

.1 17 

.117 
10.514 
4.863 
.388 

5.107 
2.661 

. 131 
0.000 

.3)0 . 333 

.654 .666 

.314 . 30B 

.030 .014 

. 082 .067 

75 . 50. 
I. I. 
I. I. 

3 

.65 
48. 05 
11.94 

1. 60 
11.85 
7.76 
. 55 

0.00 
99.41 

.76 
47.31 
18.4b 
1.89 

23 . 01 
7.88 
. 53 

0.00 
99 . 86 

.67 
50.38 
15.61 
I. 15 

11.16 
7. 17 
.53 
.06 

98.75 

2 

.37 
48.44 
15.91 
2.38 

14.65 
5.93 
.56 
.06 

98.31 

CATIONS PER 31 omENS 
. 117 . 148 .134 . 075 
.127 .148 .134 .075 

9.913 9.696 10.601 10. 314 
5.516 5.638 4.899 5.051 
.315 .370 .131 . 484 

4.860 4.839 5.013 5.419 
3.018 3.044 1.844 1.380 

.111 .116 .11 9 .128 
0. 000 0. 000 .013 . O(.J 

.377 

.619 

.350 

.010 

.059 

3. 
I. 

.379 

.617 

.359 

.013 

.069 

3. 
I. 

.355 

.m 
.31 I 
. 014 
.041 

3. 
1. 

. 300 

.650 

. 318 

. 030 

.080 

3. 
). 

39 39 39 

1 

.68 . 70 .66 
48.69 51.28 51. 08 

1S.19 
1. 37 

lUI 
6. 84 
.61 

0.00 

15.40 14.89 
3.58 1.01 

14 . 56 13 . 93 
6.46 6.95 

.61 .56 
0.00 0. 00 

99.98 100.33 101.04 

.135 .139 .130 

.135 . 139 .130 
10.104 10. 694 10. 581 
4. 810 4.618 4.690 
.714 .399 .468 

5. 310 5.142 5.193 
1. 551 1.733 1.671 

.137 .115 .135 
0. 000 0. 000 0.000 

.319 

.648 

.305 

.045 

.115 

45. 
I. 
I. 

61 

.49 
42 . 40 
18 .89 
4.43 

29.44 
3.47 
.59 

0.00 
99.71 

. 098 

.098 
U61 
5. 950 
.891 

6.484 
I. 383 
.133 

Q.OOO 

.1 13 

.567 

.376 

.056 

.111 

10. 
I. 
I. 

.341 .334 

.680 .671 

.294 .197 

.015 .029 

.070 .080 

80. 
I. 3. 
I. I. 

61 61 

2 

.88 
49.79 
14 .19 
1.66 

17.61 
4.55 

.64 
0.00 

100.44 

.I7S 

.178 
10 . 579 
4.515 
.540 

6.032 
1.813 
.146 

0.000 

3 

). 01 
5D.50 
13.65 
1.80 

18 . 71 
3.79 
.63 

0.00 
100.11 

.106 

.106 
10.848 
4. 370 
.369 

6.310 
1.535 
.145 

0.000 

.226 .190 

.676 .696 

.189 .180 

.034 .014 

.079 .053 

70. 90. 
I. I. 
I. I. 

\ ,.. \ 
( , 



TABLE 2B ~ICROPROBE ANALYSES Of CHRomE, UNITS E AHO 0 I IS ) I 

SMPLE lOO 300 300 300 301 301 301 301 30lA 303A 

ANAL YSIS 

Tl02 
CR103 
AL10) 
fEl03 
fED 
MGO 
MIlO 
HID 
TOTAL 

TI 
FE2t 
CR 
AL 
FE3t 
FE2t 
MG 
HII 
NI 

.72 
47.39 
11.70 
B.Ol 

25.73 
5.25 
. 45 

0.00 
99.17 

1 

1.15 
46.87 
10.04 
9.66 

15 . 77 
5.18 
.45 

0.00 
99.12 

.148 .139 

.148 ~ll9 
10.169 10.241 
3.779 3.270 
1.655 1.009 
5.751 5.719 
1.145 1.175 

.104 . 105 
0. 000 0.000 

3 

1. 58 
46.45 
11.23 
8.64 

15.05 
6.25 
.40 

0.00 
99.61 

.323 

. 323 
9.986 
3.598 
1.769 
5.375 
2.533 

. 091 
0.000 

3 

1. 10 
46.65 
11. 11 
9.34 

24.57 
6.18 
.47 

0. 00 
99.41 

4.00 1.15 
48.83 50.09 
9.88 10.66 
3.34 8.07 

18.51 15.83 
5.48 5.91 
.44 ,50 

0.00 0.00 
10D.50 101.21 

.85 
48 . 94 
11.41 
7.87 

25.35 
5.84 
.48 

0.00 
100.75 

CAllONS PER 31 omEIIS 
.216 .818 .130 .172 
.116 . 818 . 2l0 .172 

10.060 10.508 10.565 10.430 
3.571 3. 168 3.351 3.617 
1.918 . 685 1.621 1.597 
5.379 5.675 5.532 5.543 
2.512 2,223 
.108 . 10 1 

0. 000 0.000 

2.354 2.346 
.111 .109 

0.000 0.000 

3 

1.22 
48.44 
11.01 
8.33 

13.93 
7.26 
.43 

0.00 
101.63 

.142 

.241 
10.117 
3.741 
1.656 
5.045 
1.858 

.096 
0.000 

HHf .166.m .307 .309 .255 .190 .291 .350 
YICRI .653.659 .650 .646 .731 .679 .666 . 651 
YIALI .140 .110 . 234 .129 . 210 .115 .231 .141 
VIFE3 t ) .105 .129 .1 15 .123 .047 .104 . [02 .106 
FFf .219 .252 .237 .254 . 095 .119 .11B . ll8 

GRMH 51 IE 50. 80. 290. 190. 
HOST 1. 2. 2. 1. 2. 2. 1. 3. 
ROCK TYPE 1. 1. 1. 1. 1. 1. 1. 1. 

SA~PLE lG6A 304A 304A 304A 304A 304A 3Q4A 304A 

ANALYSIS 

TlOl 
CR203 
AW3 
fEl03 
fED 
HGO 
HNO 
IHO 
TOTAL 

11 
FEZt 
CR 
AL 
fElf 
FE2t 
HG 
MN 
III 

MHf 
YICRI 
YIALI 
YlfE3+1 
fff 

GRAIH SIZE 
HOST 
ROCK TYPE 

.69 .58 
47.70 47.21 
14 .1 6 14.01 
7. 86 7.79 

20 . 03 21.53 
9.47 7.75 
.39 .40 

0. 00 0.00 
100.30 100 . 30 

.136 

.136 
9.831 
4.350 
1. 544 
4. 232 
3.6BO 
. 087 

0. 000 

.115 

.1 15 
9. aS7 
4.362 
1.549 
4.860 
3.Q:W 
.089 

0.000 

2 1 

1.05 .77 
47.99 48.38 
12.16 11.99 
8.06 8.24 

14.33 23.85 
6.74 6.83 
.48 . 39 

0.00 0.00 
100.91 100.44 

3 

.17 
46 . 21 
10.96 
9. B2 

19.98 
2.02 
.40 

0.00 
91.58 

5 

.68 .69 .68 
4B.74 47.00 46.78 
13.95 15.01 15.19 
7.35 8.16 B.l1 

20.85 10.35 10.11 
9.06 9.57 9.67 
.39 .29 .37 

0.00 0.00 0.00 
101.03 101.07 101.01 

CAnDNS PER 31 omENS 
.110 .155 . 035 . [31 

.210 .155 . 035 .[31 

10. [11 10.144 10.138 10.019 
3.850 l.784 
1.616 [.661 
5.114 5.187 
1.677 1. 716 

.108 .066 
0.000 0. 000 

3. 618 4.174 
1. 01[ 1.439 
6.990 4.401 

.B43 3.511 
,090 .085 

0.000 0.000 

.133 

.ll3 
9.585 
4. 561 
l.S84 
4.156 
3.679 

.06·3 
0.000 

.131 

.1 31 
9.531 
4.611 
1.591 
4.104 
3.714 

.OBO 
0. 000 

.457 . 380 .330 .337 .107 .436 .455 .461 

.625 .615 .649 .651 . 642 

.177 .176 .147 .141 .217 

.098 .09B .10l .105 .130 

.261 .237 .219 . 237 .217 

8. 
o ,. 

1. 
1. 

1. 
1. 

2. 
1. 

5. 
1. 

.636 .609 .605 

.171 .290 .293 

.09[ . 100 .101 

.140 .265 .268 

8. 
7. 

8. 
5. 

8. 
5. 

.71 
45.57 
14.15 
8.86 

10.90 
8.66 
.43 

0.00 
99.28 

.141 

.Ill 
9.537 
4.414 
1.766 
4. 486 
3.417 
.096 

0.000 

.414 

.606 

.180 

.111 

.276 

180. 
1. 
7. 

3048 

.58 
47 . I[ 
11. 26 
9.11 

24034 
5.94 
.56 
.13 

99.64 

.118 

. 118 
[0.178 
3.615 
I.B69 
5.430 
2.413 

.1 29 

.018 

.303 

.652 

.219 

.118 

.251 

3. 
1. 

.65 
45.70 
15.06 
B. 61 

19.63 
9.66 
.40 

0.00 
99. I[ 

.117 

.127 
9.415 
4.619 
1.690 
4.155 
3.756 
.088 

0.000 

.467 

.598 

. 294 

. 107 

.181 

8. 
5. 

304B 

.86 
47.95 
10.88 
9.33 

24.37 
6.14 
.47 
.11 

100.21 

.175 

.175 
10.171 
3.473 
1. 904 
5.348 
2.510 

.108 

.024 

.313 

.656 

.212 

.121 

.156 

1. 
1. 

. C r 



TABLE 28 Icon t .1 

SAmE l048 30lC 304C 30lC 30lC l04C 304C lOIC lOIC 

ANALYS IS 

1101 
CR20l 
AL10l 
mO.l 
FED 
~GO 

HNO 
NIO 
TOTAL 

T I 
FE2+ 
CR 
Al 
FE3+ 
FE2+ 
HG 
HN 
NI 

I 1 2 1 

.89 
47.78 
I I. 86 
7.99 

14.01 
6.45 
. 51 
. 09 

.64 
48 .80 
11.17 
7.63 

15.13 
5.50 

.54 

.1 1 

.81 .75 .77 .74 .50 
49.22 49.49 49.11 48.14 48.98 
10.17 10.1l 10.49 10.1 0 12.40 
8.71 8.01 8.54 9.75 7. 41 

13.93 14.04 lU4 lU8 11.27 
6.l6 6.19 6.22 5. 95 6.88 
.49 .5l .5l .54 .47 
.11 .10 . 11 .11 .11 

99.59 99.63 99.9l 99.93 100.Ol 99.81 100 . Ol 

CAIlONS PER 31 OXYSENS 
.181 .131 .165 . 153 .157 .152 . 100 
.181 . 131 .165 .151 .157 . 152 .100 

10.224 10.539 10. 588 10. 628 10.578 10.431 10.384 
l.784 l.618 3.m 3.m 3.360 3.lSS 3. 918 
I. 618 I. 570 1.787 1.638 1.747 2. 008 1.496 
5.156 5.6J! 5.181 S.lIO 5.J3J 5.415 5.119 
2.604 l.m 1.580 2.547 2.520 2.426 2.750 
.119 .115 .lll .111 .111 .115 . 107 
.020 . 024 .026 .m . 016 .024 .024 

5 

. 51 
47.18 
II. 78 
9. II 

lU4 
6.15 

.5l 

. 07 
99.67 

5 

. Il 
48.19 
10.84 
8.60 

24.65 
5.79 
• SO 
.08 

99.l7 

.104 .146 

.104 . 146 
10.123 10.136 
l.767 l.499 
UOI 1.773 
5.lIS S. JOl 
2.488 2.364 
.122 .116 
.015 .018 

305 

.74 
48 . 07 
10,34 
8. SO 

25.91 
4. 78 
.59 
.14 

99 . 07 

.154 

.154 
10 .539 
3.379 
1.774 
5.854 
I. 976 
. 138 
. 031 

HNF .m .280 .311 . l17 .m .30) .345 .311 .195 .247 
YICRl .653 . 670 . 676 .677 .674 .665 .657 .641 .664 .671 
YIAll .241.llO .110 .118 .214 .207 .148 .238 .223 . 215 
YIFElfl . 103 . 099 .114 .104 .J!l . 127 .094 .120 . 111 .J!l 
FFF .130 .214 .147 .230 .241 .264 .122 .257 .138 .227 

GRAIN SIIE 150. 100. 100. 100. 
HOST 2. I. 1. 1. 1. 2. 7. 7. 7. I. 
ROCK TYPE I. I. I. I. I. I. I. I. I. I. 

SAHPLE lOS 305 306 30, 306 306 306 306 l08 308 

ANALYSIS 

TlO2 
CR10l 
m03 
FE20l 
FEO 
HGO 
MNO 
HID 
TOTAL 

TI 
FEl+ 
CR 
AL 
FE3+ 
FE2+ 
KG 
HH 
NI 

2 3 

.87 . 68 
47.1l 48 . 38 
10.27 11.51 
9.89 8. 33 

14.l8 24.39 
6.04 6.12 
. 55 .52 
.1 0 . 13 

99.82 100.08 

.179 

.179 
10.303 
3.306 
2.0l 4 
5.311 
2.459 
. 127 
.022 

.l l8 

. ll8 
10.351 
l . 674 
1.698 
5. 384 
2.469 
.J!9 
.Ola 

HHF .306 . 308 
VIeR) .658 . 658 
VIAll .211.233 
YIF E3'l .130 .107 
FFF .267.135 

GRAIN SllE 
HOST 3. 1. 
ROCK TYPE I. I. 

. SO 
49.14 
11.65 
6.81 

25.06 
5.4l 
. 51 
.J! 

99.25 

.103 

. 103 
10.633 
3.757 
I. 403 
5.635 
1.115 

. 125 

.024 

2 3 

.90 
47.64 
11.l6 
8. l5 

14.40 
6. 10 
.51 
. 11 

. 87 
47 . 06 
IU4 
8.71 

24 . 21 
6.25 
.52 
.13 

. 57 . 14 . 13 
44.B6 4J .8B 45.08 
15.13 15.bl 14.04 
7.99 8. 88 9.18 

23.70 26.09 16. 61 
6.B3 5.13 4.68 
.48 .50 . 52 
.11 .07 . 08 

99.38 99.50 99.69 100.41 100.34 

CATIONS PER )2 OlYGENS 
. 184 .178 . llI 
.184 .178 .114 

10.167 10.105 9. 431 
3.649 3.757 4.741 
I. 715 J.7 81 I. S99 
5.380 5.m 5. 159 
2.419 1.530 1.707 
. 118 . 110 .108 
.014 .028 .016 

.028 

. 028 
9.lSl 
4.909 
I. 782 
5. 793 
2. 079 
.113 
.015 

. 026 

.026 
9.6 17 
4. 464 
I. 865 
5. 981 
I. 882 
. 119 
.017 

.66 
48.56 
IUS 
6.66 

25.04 
5.71 
. 59 

0. 00 
99 . 58 

.m 

. 135 
10.420 
l.950 
I. 360 
5.550 
2.l14 

.136 
0.000 

1 

.57 
48.07 
13.91 
6.30 

14.85 
6.ll 
.59 

0. 00 
100. 4l 

. J! 4 

.114 
10. 135 
4. 371 
1.l6S 
5.4l0 
2.m 
.13l 

0. 000 

.178 . 308 .315 .m .16l .ll8 .189 . 305 

.673 . 657 .645 .598 .580 .603 .662 .641 

.138 .133 .140 .300 .308 .179 .251 .177 

.088 . 109 .J!3 . 101 .111 .116 .086 .080 

.196 .135 .144 .231 .234 . ll6 .193 .185 

40. l50. 150. 250 . 40. 60. 
I. 3. 3. 2. S. 5. I. J. 
I. I. J. I. I. J. I. I. 



TA8LE 18 IconLI 

SA~PLE 

AIIALYSIS 

TlOl 
CR20) 
AL10) 
fE203 
fEO 
~SO 

MilO 
NIO 
IOTAL 

11 
FEl+ 
CR 
AL 
FE3+ 
FEZt 
H6 
~N 

111 

)08 )08 

) 

. bJ .63 
47.97 46. 69 
14 .29 15.79 
6.24 6.72 

lUI 2) . 99 
6.39 7.l b 
.57 .59 

0.00 0.00 
100 . 81 101.58 

l08 

.78 
47.41 
12.1I 
7.71 

2~. 26 
6.17 
.56 

0.00 
99 . )8 

.125 .123 . 159 

. 125 .1 1) .159 
10.044 9.m 10. 158 
4.460 4.938 3.950 
1.245 1.316 1.514 
5.)49 5.m 5.339 
1. 513 1.715 1.5l1 
.118 .130 .118 

0.000 0.000 0.000 

311 312 

1 3 

.46 .44 .48 
47.67 47.91 46.15 
16.76 16.78 17.64 
3.80 3. 41 4.17 

24.17 24.22 13.75 
6.89 6.8) 7.14 
. 42 .40 . 41 

0.00 0.00 0.00 
100.18 100.00 100. 05 

314 

.49 
48.05 
17.16 
2.3b 

23.58 
7.05 
. 51 
. 08 

99.19 

CATIOIIS PER 31 OXYGENS 

314 

1 

. 49 
H.49 
18. 01 
1. 11 

23.16 
7. 41 
.53 
. 07 

99.19 

. 091 

.091 
9.886 
5.181 
. 751 

5.113 
1.m 

.093 
0.000 

.087 

. 087 
9.m 
5.196 
. 674 

5.23b 
2.biS 
.089 

0.000 

.Q94 . 097 .096 

. 094 . 097 . 096 
9.m 10 .009 9.830 
5.416 5. 318 5. 560 

.841 . 469 . 417 
5.091 5.1 00 4.916 
1.817 2. 769 2.an 

. 091 .114 .117 
0.000 .017 .015 

J14 

.55 
47.50 
18.22 
1.31 

11.84 
7.81 
.45 
.1 0 

99.79 

.107 

.107 
9. 755 
5. 577 
.451 

4.856 
3.024 
.099 
. 021 

.72 
47.69 
16.91 
l . 98 

20 . 61 
9. 1~ 
. ~a 
.11 

99.b6 

.139 

.139 
9.716 
5. 165 
. 719 

4.330 
3.538 
.106 
.015 

~~f .315 . 341 . 315 .)36 .334 . 351 . 347 . 363 .37a .HI 
VICR) .m.m.64I.614 .619 .b03 . 633 .611 . 618 .611 
YIALI .18) .307 .251 . 327 .318 .m . 337 .351 . 353 .318 
VlfEJ+) . 079 . 08) .100 . 047 . 042 .05l . 029 .026 .018 .049 
fff . 185 . 201 . 222 .114 .111 .119 .081 .075 .083 .148 

GRAIN SIZE 80, 150. 55. 80. 40. 180. 115. 
HOST 1. 1. 2. I. I. 3. 1. I. 3. a. 
ROCK TYPE J. 1. 1. 1. I. I. 1. 1. 1. 7. 

SAMPLE lIS 315 315 l IS 315 315 .lIS 317A 317A 317A 

AfIALYS IS 

TI02 
(.R203 
Al203 
fE203 
fEO 
HSO 
~110 

1110 
TOTAL 

11 
FElt 
CR 
AL 
FE3+ 
FE2t 
NS 
HII 
111 

1 

.61 
46. b4 
1/./4 
3. 19 

13. 66 
7.19 
. 49 
.W 

99 .61 

.110 

.1 10 
9.656 
5.474 

.629 
5.063 
1.807 

.109 

.011 

2 

.56 
4U) 
17.85 
3.55 

13.00 
7.64 
.H 
.11 

99 . 83 

.110 

.11 0 
1.604 
5.480 
.m 

1.902 
1. 9b7 

.108 

.023 

~Hf . J5I .171 
YICR) .bll .b08 
YIALI .347.347 
YlfEJ+) .039 . 044 
fff .108 .111 

GRAIII SIZE 130. ISO. 
HOST 3. 3. 
ROCI: TYPE 1. 1. 

3 

.64 . 67 
47.07 47.lb 
17.16 11.15 
3. 41 3.b2 

13.10 11. 36 
7.47 7.98 
.52 .5J 
.1 1 . 11 

99,58 99.57 

.62 
47 . 34 
17 . 01 
3. 65 

21.61 
7,80 
. 49 
.10 

99 .64 

6 

. 50 
46.55 
17 .8a 
J.24 

23 . 43 
7. 25 
.50 
.10 

99.45 

.45 
45.19 
18.81 
3.63 

13.09 
7.51 
. 52 
.11 

99.43 

CA r 10115 PER 31 OmENS 
. 116 
. Ilb 

9.157 
5.301 
.689 

4. 940 
1.919 

.115 

. 015 

.131 .112 .09a .08a 

. 131 .121 . 098 .088 
9. 74l 9. m un 9.331 
5.181 5.144 5. 511 5.719 
.713 .710 .6l9 .713 

4.756 4.819 5.03b 4.945 
3. loa l.041 1.832 1.917 
.113 .108 .11 1 .115 
.013 .011 .011 .013 

.365 .388 .380 .355 . 366 

.619 .m .611 .610 .589 

. 336 .335 .331 . 349 .JbS 

. 043 .045 .045 .040 .045 

.119 .117 . 11/ .110 .114 

750 . 100. 140. 
3. 3. 3. 7. 7. 
I. I. I. I. I. 

. 65 
47.06 
16.68 
3.69 

14.16 
6.74 
. 54 
.11 

91.64 

.1 19 

.1 19 
9.al0 
5.188 

.734 

5.104 
1. 651 

. III 

.013 

1 

.61 
47 . 18 
lUI 
J. 71 

13.89 
6.90 
. so 
.10 

99.53 

.113 

.113 
9.846 
5.lb7 
.140 

5.151 
2. 715 
.111 
.021 

.70 
4b.89 
16.95 
3.71 

23 .39 
7. 31 
. 51 
. 10 

99 . 58 

.139 

.139 
9.739 
5.146 
.736 

5.001 
1.866 

.11 1 

.010 

.332 .3)9 .357 

. 623 .625 .619 

.329 . 327 , 333 

.046 .041 .04b 

. 111 . 113.114 

100. 100. 
I. I. 3. 
a. 8. 8. 



TABLE 28 (ton t.) 

SAMPLE mc LG6 318A 31BA 318A 318A 318A 31BA 318A 318A 

ANAL VIIS 

T102 
CR203 
AL203 
fE203 
fEO 
MGO 
MNO 
NIO 
TOTAL 

TI 
FE2t 
CR 
AL 
FE3+ 
FElt 
MG 
UN 
NI 

. 69 
47 . 82 
16.40 
4. 78 

20 . 33 
9.33 
.58 

0.00 
99.93 

. 134 

.13. 
9.793 
5.006 

.932 
4.270 
3.602 
. 127 

0.000 

. BO 
4B.S9 
14.62 
S,19 

21. 66 
8.42 

.36 
0.00 

99 . 64 

. 158 

. ISB 
10. 117 
4.537 
I. 02B 
1.614 
3.305 
.080 

0. 000 

.54 
41.24 
15. 19 
3.20 

24.36 
6.40 
. 53 
. 08 

99 . 55 

. 108 

.Ioa 
10.372 
4.76' 
.641 

5.311 
1.541 
. 110 
.017 

2 

.55 
49.97 
15. 09 
2.90 

24 . 42 
6.47 

. 51 

.OB 
99.99 

3 

. 58 
49.22 
15.25 
l.74 

23.42 
7. IS 
. 48 
. 09 

99. 93 

3 

. 62 
4B . 33 
15.75 
3.B4 

23.56 
7.08 
. 52 
.OB 

99 . 79 

.5B 
45.76 
16 . 43 
4.9B 

25.54 
S.BI 
. 51 
.07 

99 .69 

CATIONS PER 31 OXYGENS 
.1 10 . 115 .113 .116 
. 110 . 115 .J13 . J16 

10.4B3 10.179 10. OB9 9.611 
4.7la 4. H7 4 .• 00 5.147 
.579 . 744 .765 .• 9B 

5.309 5. 058 ::;'080 5.565 
2.559 1. BIS 2.7B6 1.m 
.1 15 . 107 . 116 . 117 
.017 .019 .017 .015 

. 61 
45.13 
16.68 
4. 9B 

26 . 25 
5.37 
. 53 
.06 

99 .6J 

.111 

.111 
9.514 
5. 141 
I. 000 
5.733 
2.134 
.1 20 
.013 

UMF . 449 . 409 . 31B .l10 .351 . 34B . lB8 .167 
Y(CR) . 622 . 645 . 651 .664 . 65 1 .640 .610 . 603 
YfAll . 31S .289 .302 .299 . 301 .311 .316 .m 
ffFE}+) . 059 , (165 .040 . 036 . 047 .04B .063 . 063 
ffF . m.177 .105 . 096 .115 .1 1B . 149 .145 

GAA JN SllE 60 . 65. 180. IBO . IBO. IBO . 
HOST B. B. I. I. 3. 3. 4. • . 
ROCK TYPE 5. S. B. 8. 8. B. 8. B. 

SAMPLE 318A 31BA 31BA 31B8 31BB 31BB mB 31BB 

ANALYSIS 

TI02 
CR103 
Al203 
fEl0J 
FEO 
MGO 
MHO 
NIO 
TOTAL 

TI 
fE2t 
CR 
AL 
fE3t 
FE2t 
MG 
UN 
NI 

5 6 

.66 .54 
47 . B3 50 . 19 
16.75 13 .98 
3. 40 4.06 

22.83 23.31 
7.69 7. 00 
.49 . 51 
.10 . 07 

99 . 76 99 . 66 

.1 30 .loa 

.130 .1 09 
9.900 10.577 
5.168 4.391 
.671 .BIS 

4.869 S. OBB 
3. 001 2.7BI 
. 109 .115 
.011 .015 

.63 .61 
47.79 50.65 
16.12 14.12 
4.19 1.99 

23.0B 13.75 
7.46 6.75 
. 51 .52 
. 07 .10 

99 .B6 99.60 

2 

.64 
49.70 
15.05 
1. 99 

23 . 54 
6.98 
.51 
. 09 

99. so 

3 

.66 
43.4B 
15. B4 
3.52 

13.37 
7.11 
. 53 
.08 

99 . 69 

5 

. 65 . 61 
47 . 66 4B.1I 
15.37 15.47 
US 1.00 

25 .84 25.3S 
5. 51 5.15 

. 61 . 53 

. 07 .06 
99.76 100.10 

CATIONS PER 31 OXYGENS 
. 114 
.11' 

9.929 
4. 991 
. 819 

4.949 
2.912 
.11 3 
.lllS 

. 111 .11B .1 31 .131 

.121 
10.68) 
4.470 
. 601 

5. 177 
1.6B4 

.12a .131 
10.m 10.1 11 
4.710 4. 925 
.59B .700 

5. IOJ 5. 027 
1. 763 1.835 

.1l1 
10.078 
4.B44 
.a16 

5.650 
1.IV 

. 117 . 115 . 119 . 13B 

. 011 .019 .018 .015 

.124 

.124 
10.107 
4.B44 

.801 
5.511 
1.357 
. 119 
.013 

5 

.59 
4B . 76 
IS. B6 
3.59 

23 . 48 
7.16 
. 57 
. OB 

100.10 

.1 17 

.1 17 
10.139 
4.916 

.711 
5.049 
1. B07 

.117 

.017 

.352 

.643 

.311 

.045 

.111 

110. 
7. 
8. 

)20 

.64 
45 . 49 
IUS 
2. 75 

13.41 
7.17 

.51 

.10 
9a.44 

. 127 

.117 
9.491 
5.707 
.547 

5.042 
1.821 

.116 

.021 

5 

.63 
4B.16 
16.54 
3.39 

12.99 
7.55 
.53 
. 10 

99.90 

.1 1' 

.124 
9.975 
5.106 
.670 

4.913 
1. 94B 
.I IB 
. 011 

. 369 

.63J 

. 324 

.041 

.117 

210. 
7. 
B. 

)10 

1 

. 90 
46 . 12 
17. 62 
3.0) 

13.76 
7.IB 
.5) 
. 10 

99.15 

.17B 

.1 78 
9. sas 
5. 458 

. 600 
5.047 
2. BI3 
.II B 
.011 

IlliF .m . 34B . )65 .m .345 .]54 .175 .194 .353 . 349 
YI CRI .629 .670 . 630 .678 . 662 .642 .640 . 641 . 601 .6 11 
YIAll . 328 .176 .317 .lB3 .299 .312 .307 .307 .361 .349 
YfFE3+ J .042 . 051 . 052 .038 . 037 .044 . 051 . 050 . 034 .038 
m .IIB .135 .140 .101 .101 .119 .1 23 . 124 .095 .1 03 

GRA IN SIZE 210. 450. IbO. 160. 100 . 200 . BO . 90. 
HOS T 7. 3. ) . I. I. ). •. 4. I. I. 
ROCY. TYPE 8. a . B. B. a. B. B. a. I. I. 

\S \ 



TABLE 2B lconl .) 

SAMPLE 

ANALYSIS 

1I02 
CR20l 
Al20S 
FE20l 
FEO 
H60 
HHO 
HIO 
TOTAL 

TI 
FE2. 
CR 
AL 
FE3+ 
FE2+ 
H6 
HN 
HI 

l20 l20 

. 88 I.l l 
45 . 91 U.II 
17.86 16.50 
2.79 3.07 

2l . 4l 2l . 74 
7.l4 7.26 
.48 .51 
.13 .11 

98.8l 99.4l 

.174 

. 174 
9. 557 
5.540 

.554 
4.985 
2.880 
.107 
.017 

.114 

.114 
9.817 
S.12S 
.b09 

5. 010 
2.852 
. 114 
.023 

HMF .358.351 
VICR) .610 .6ll 
mu .354 .319 
YIFEl') .Ol5.039 
m .096 .104 

GRA IN SIZE 180. 180. 
HOST I. 2. 
ROCK TYPE I. I. 

SAMPLE 

AHALYSIS 

TI02 
CR20l 
AL20l 
FE20l 
FED 
M60 
HNO 
HIO 
TOTAL 

T1 
FE2t 
CR 
AL 
FE3+ 
FE2+ 
HO 
HII 
NI 

l2l 

. 59 
19.14 
17.71 
1.41 

22.42 
8. 04 
.5l 
.11 

99.96 

.1 15 

. 115 
10.079 
5.414 
. lIS 

USI 
3.109 
.llb 
.013 

m 

5 

. 59 
19.20 
Ib.99 
1.90 

21. 96 
8.17 
. 51 
.11 

99.44 

.ll b 
• I Ib 

10. lb2 
5.230 
.m 

4.m 
l.182 
. I I 1 
.013 

HMF .389.m 
YICR) .m .b44 
VlAU . l43 .3ll 
YIFE3t) .017 .023 
m .053.071 

GRA IN SIZE 
HOST l . l. 
ROCK TYPE I. I. 

320 l20 

5 

. 97 .89 
4b.75 4b.05 
Ib . S2 17. 17 
3.07 3.42 

23.14 2l.05 
7.34 7.U 
.5l .51 
.1 I .12 

98. 43 98.b9 

m 

.49 
50.88 
15.86 
I. 02 

23. 35 
7.07 
.52 
.09 

99.28 

323 

2 

.52 
49.48 
16.36 
2. 05 

23 . 05 
7.38 
.49 
.07 

99 .41 

.44 
48.06 
17.2B 
2.62 

22 . 56 
7. 68 
.52 
.09 

99.25 

CATIONS PER l2 OXYGE NS 

m 

.44 
52.25 
14.09 
2. 29 

22.B2 
7.30 
.53 
. 08 

99.81 

m 

.52 
49.48 
16.27 
2.21 

22.52 
7.7 1 
.44 
.07 

99.23 

.194 

. 194 
9.823 
5.174 
• bl5 

4.949 
1.90B 

.119 

.013 

.177 .097 .103 . 087 . 08B .103 

.177 .097 .10l .087 .088 .10l 
U20 10.m 10.307 9. 967 10.961 10.305 
5.346 4.949 5. 079 5.341 4. 405 5.050 

.681 . 20l .408 .517 .458 .439 
4.918 5.07l 4.971 4.862 4.977 4.860 
2."2 2.nl 2.m l.~ 2.m l.N7 
. 11 4 .117 .109 . 115 .119 .09B 
. 025 .019 .015 .019 .017 . 015 

. 361 .l66 .350 
.674 

.l6l 

. 652 

.321 

.025 

.074 

.377 . l6l . 378 
. 629 .614 .629 .692 .m 
.3l1 .34 1 • I I 1 

.011 

.037 

.3l7 .278 .319 
.039 .04l .032 . 028 .027 
.106 . 11 7 . 094 .082 . 081 

220 . l70. 40. 
I. 
I. 

160. 200 . 200. 
2. 2. I. 

I. 
I. l. 3. 

I. I. I. I. I. 

m l2l 323 Jl5 l25 

5 6 

.5B .43 .44 
48. 95 
16.98 
2.49 

22.95 
7.55 
. 51 
.08 

. 42 .42 
51.86 
14 .0l 
2.00 

2l . 57 
6. 64 

.5b 
.OB 

4b.50 47.3b 51. 04 
14.67 
2. 02 

2UI 
6.83 

. 58 

IU7 18. 19 
1. 8b 2.4b 

21. b2 22 . 85 
B. 68 7.68 

.51 .4B 

. II . Ob • OS 
98.9l 99 . 53 99 . 51 99.96 99. 17 

.11 2 

.112 
9.454 
5.961 

. 360 
4.531 
3. 321 

.11 I 

.023 

CAll ONS PER 32 OXYGE NS 
. 084 . 086 .084 .085 
.OB4 .086 . 084 . 085 

9. 760 10.1 10 10.79B 10.993 
5.587 5.221 4. 626 4.m 
.483 .490 .407 . 404 

4.897 4.12S 5.133 5. 202 
2.984 2.940 2.724 2.654 

.1 0b .115 .Ill . 127 

.012 .017 .01 1 .017 

1 

.4B 
5U6 
16.25 
I. lO 

22.84 
7. 45 
. 51 
. 06 

9Ub 

.095 

.095 
10. 50 1 
5.050 

.2SB 
4.914 
2. 919 

.114 

.Oll 

Jl5 

.19 
49.45 
17.26 
1.15 

12. 68 
7.65 
.53 
. 08 

99.l0 

. 096 

.09b 
10. 247 
5.3J1 

.128 
4.877 
2.989 
.1 18 
.017 

l2l 

5 

.57 
49.7B 
16.4l 
I. 61 

22 . 53 
7.70 
.50 
. 11 

99.2l 

· I II 
• I I 4 

10.m 
5.096 

• ll9 
4.844 
3. 022 
• I II 
.022 

. l78 

.656 

. 322 

. 020 

.060 

l. 
I. 

m 

5 

.49 
46.24 
IB.54 
I. 89 

25.90 
5.68 

.54 

.08 
99 . l b 

.097 

.097 
9. b57 
5.771 
.376 

5.b2b 
2.m 
.121 
.017 

.417 .m .l69 .343 .m . lb7 . m .280 

.m .616 .638 .682 . 694 . 664 .648 .611 

.378 .l52 .330 .m .280 .l19 .m . lb5 

.022 .0lO . 030 .025 .025 . 016 . 014 . 023 

.071 .088 .089 .072 .071 .048 .04l .061 

BO. 170. 40. l5 . 90. 
3. 7. 7. I. I. I. 3. 4. 
I. I. I. I. I. I. I. I. 

325 

.50 
45 . 68 
IB.97 
2. 09 

15.76 
5.81 
.57 
.09 

99 .49 

.099 

.099 
9.504 
5.883 
.415 

5. 571 
2.283 
.127 
.019 

m 

.50 
47. 17 
17. 79 
2.00 

25. I 5 
6.10 
. 52 
.OB 

99.32 

.099 

. 099 
9.860 
5.542 
.m 

5.462 
2.404 
. I 16 
.017 

.297 .301 

.601 .624 

.m .351 

.026 . 025 

.068 .Ob6 

80. 
4. 3. 
I. I. 

.- , 
, " .: 



TABLE 21 !ICROPROBE AHALYSES Of CHRomE I LONER lONE I!A 5 I 

SAMPLE 

AMLYSIS 

Tl02 
CR203 
AL203 
fEl03 
fED 
MGO 
MIlO 
1110 
TOTAL 

II 
FE2+ 
CR 
AL 
fE3t 
FE2t 
MG 
HN 
NI 

410 

. J7 
48.13 
J I. 39 
8. 37 

24,66 
6.01 
.42 

0. 00 
100.43 

1 

.30 
41.B l 
12.17 
7.30 

24.36 
6.23 
.47 

0. 00 
100.65 

.115 .060 

.115 .060 
10.444 10.551 
3. 623 3.B45 
1.701 1.414 
5.m 5.403 
2. 45 1 2.410 

.016 .1 07 
0.000 0. 000 

HMF .305 .313 
YICRI .662 . 664 
YIALI .m .242 
YlFElt) .1 07 .0112 
FFf .233.212 

GRAIN SIZE SO. 
HOST 1. 1. 
ROC! TYPE 1. 1. 

SAMPLE 

ANALYSIS 

1102 
CR203 
AL203 
FE203 
FED 
MGO 
HNO 
HID 
TOTAL 

II 
FE2t 
CR 
AL 
FE3t 
FE2t 
HG 
MN 
Nl 

622 

.16 
42.36 
16.Bl 
7.1 2 

25 . 77 
5.15 
.41 

0.00 
91.39 

.191 

.112 
8.115 
5.273 
1.417 
5.547 
2.l6J 

.092 
0.000 

1 

1.00 
31.44 
18.43 
8.38 

15.34 
6.42 
.41 

0. 00 
11. 43 

.IIB 

.IIB 
B.117 
5.723 
1.663 
5.397 
1.511 

. 011 
0.000 

HMF .m .31 1 
YlCRI .570 .516 
flALI .337.366 
\'(fUll . 011 .106 
Fff . 111.m 

GRA IN SIZE 105. 
HOST 4. 4. 
ROC! TYPE 4. 4. 

410 

3 

.17 
52.75 
7.38 
1.41 

15.85 
4.77 
. 53 

0.00 
101.04 

. 056 

.056 
I !.SIS 
1.401 
1.172 
s.m 
1.963 
. 114 

0.000 

410 

.3B 
51.67 
6.61 

10.41 
17.17 
3.31 
.57 

0.00 
100.94 

410 

.11 
SUI 
6.71 

10.60 
17.B3 
3. 11 
.61 

0.00 
100.4B 

5 

.10 
51,20 
6.75 

10.5B 
27.71 
3.16 

.64 
0.00 

100.33 

571 

.71 
41.51 
20.33 
5.8B 

15.50 
6.75 
.35 

0.00 
101.04 

CAT IONS PER 11 OIY6ENS 
.OBO .046 .041 .131 
.OBO . 046 .041 .m 

11.455 11.416 11.413 B.430 
1.IB7 1.131 1.145 6.154 
1.m 1.141 1.147 1.138 
6.4BI 6.511 6. 518 5.331 
1.3B3 1. 310 1.311 1.5B4 
.135 .I4B .151 .076 

0.000 0.000 0. 000 0.000 

.147 .1 74 .161 .16B .310 

. 714 .723 .71B .717 .536 

.151 .13B .141 .141 .311 

.114 . 13B . 141 .141 .071 

.249 .250 .255 . 255 .171 

140 . 
9. 5. 5. 5. 4. 
1. 1. 1. 1. 4. 

3 

.BO 
40 . 63 
17.65 
B. 54 

15.4B 
6.10 

.3B 
0. 00 

11.61 

.15B 

.I SB 
B.m 
5.m 
1.611 
5.473 
1.441 

.OB5 

. 301 

611 

4 

.53 
41.53 
10.SB 
5.73 

11.21 
B.44 
. 3B 

0.00 
11.43 

5 

.11 
31.70 
11.11 
6.30 

11. BO 
B. OB 
.35 

0. 00 
11.45 

m 

. 40 
51. 06 
10.47 
5. B4 

15. 11 
5.17 
.45 

0. 00 
99. sa 

719 

.10 
49 .11 
11.41 
7.81 

15.01 
5.49 
.42 

0. 00 
9'1. 6~ 

CAIIONS PER 32 OXYGENS 
.101 . 055 .083 .041 
. 101 .055 .OB3 . 041 

B.446 B.04B 11.113 10.63B 
6.m 6.614 3.411 
1.111 1.216 1. 119 
4.6B I 4.B35 5. 757 
3.m 3.0BB 1.1 37 

.OB3 .076 .106 

J.h 73 
1.606 
5.669 
1.134 

.097 
0.000 0.000 0.000 0.000 

571 

1 

. 65 
45.56 
16.61 
7.13 

23.45 
7. 61 
. 45 

0.00 
101.55 

.116 

.126 
9.304 
5.056 
1.387 
4. 941 
1.961 

.09B 
0.000 

.368 

. 590 

.311 

. OBB 

.114 

I. 
4. 

m 

J 

.37 
5D.11 
11.07 
6.14 

14.74 
5.11 
.41 

0.00 
99.96 

.075 

.075 
10.734 
3.846 
1.170 
5.510 
1.3B6 
. 094 

0.000 

.301 .403 . lB7 
. 506 
.416 
. 076 
.199 
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TABLE 30: 

AVERAGE Cr203 CONTENTS AND YCr RATIOS OF CHROMITE ENCAPSULATED IN 
ORTHOPYROXENE CORE DOMAINS 

UNIT /SUBUNIT I n I 5 YCr CHROMITITE 

I E 49,56 0,656 24 I 0,035 I LG 7 : 0,628 

I D2 ZS7 49,22 0,657 2 I LG 6A: 0,659 

D2 ZS3 48,17 0,642 23 0,024 I LG 6A: 0,625 

I LG 6 0,645 

Dl 50,18 0,665 17 0,051 I LG 5 0,677 

C2 52,22 0,690 25 0,027 I LG 3 0,693 

Cl 49,55 0,641 6 ° ,Oll I 
I B 52,18 0,694 14 0,029 I LG 2 0,676 

LOWER ZONE 49,75 0,674 7 0,015 I 
I 

n = number of analyses 

s = standard deviation on estimate of YCr 

MB3AAB 
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WHOLE-ROCK GEOCHEMISTRY 

INTRODUCTION 

There 1S a fundamental difference between the geochemistry of rapidly 

cooled rocks and slowly cooled) adcumulate-textured bronzitites, 

viz., the whole-rock geochemistry of the latter is drastically 

removed from the prImary magma composi t ion. Absolute abundances of 

major and trace elements reflect the relative modal proportions of 

cumulus and intercumulus phases J and a meaningful interpretation of 

the data requIres a series of correction procedures to yield, for 

example, the concentration of a selected element 10 orthopyroxene. 

However, the ratio of two elements 10 solid solution within 

orthopyroxene IS, to a first approximation, independent of the modal 

proportion of orthopyroxene, and recognition of systematic changes 1 0 

these ratios in relation to stratigraphic height can be reconciled 1n 

terms of fractionation of a chemically unique batch of magma. Hence, 

the determination of selected ratios affords a means of recognizing 

cyclic units within a macroscopically homogeneous succession of 

bronzitites and, by implication, irruption of compositionally 

distinct or derivative batches of magma. 

The procedures adopted in the present study required an initial 

assessment of applicable correction factors for chromite-bearing 

assemblages. To this end, birnineralic assemblages of chromite + 

orthopyroxene and ch r omite + olivine, depicting a wide spread of 

modal chromite/silicate ratios) were selected 1n order to determine 

the levels of trace and m1nor elements in theoretically pure olivine, 

orthopyroxene and chromite. Similarly, feldspathic- and essentially 

anchimonomineralic- bronzitites were . selected 10 order to quantify 

trace element abundances in plagioclase. Application of these data 

to rocks 

pyroxene) 

composed 

thus 

of orthopyroxene-chromite-plagioclase­

facilitated an estimate of selected 

+ clino­

element 

concentrations and inter-element ratios in orthopyroxene at var10US 

stratigraphic levels. 
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6.2 ANALYTICAL METHODS 

MB4AAA 

All samples were prepared and analyzed 1n the Department of Geology 

at Rhodes University. The drill core samples were crushed in a 

primary jaw-crusher and then milled In a tungsten steel sWlng mill. 

Small chromite-rich samples were powdered In a Cr - steel swing mill. 

The swing mills were cleaned with a pure quartzite, washed and 

precontaminated prior to the preparation of each powder . All major 

PW 1410, and trace elements were analyzed on a Phillips 

semi-automatic, X-ray fluorescence spectrometer employing standard 

techniques used at Rhodes University (Marsh, 1979). The major and 

minor element oxides Si02, A1203, total iron as FeO, MnO, MgO, K20 

and P205 were analysed on glass fusion discs using the method of 

Norrish and Hutton (1969). The trace elements Sr, Rb, Y, Zr, Ba, Zn, 

eu, Ni, Co, V and Sc, as well as Na, were determined on pressed 

powder briquettes. Cr203 was determined on glass discs and on 

briquettes. Full · corrections were made for tube and spectral line 

interferences, instrumental drift, flow counter dead - time and 

background. Corrections for matrix effects were made USing mass 

absorption coefficients calculated from (a) major element analyses 

(Heinrich, 1966), and (b) the Mo - Compton scatter method (Reynolds, 

1967 and Nesbitt et al., 1976). 

Complete fusion of chromite in chromitiferous samples was not 

achieved. Hence, a determinat ion of chromium in powder briquet tes 

was attempted under standard operating conditions and the analytical 

results are presented in Fig. 51, which 1S a plot of wt. per cent 

Cr203 versus measured net Cr-peak intensity. It is evident from the 

data points that (a) the relationship is non-linear, (b) estimates 

based on Mo-Compton mass absorption coefficients (hereinafter denoted 

MAC) are unrea l istic at high concentrations and are cons i stently 

higher than estimates based on 

concentrations of less that 0,6 wt. per 

Heinrich MACls except at 

cent, and (c) estimates based 

on Heinrich MACls appear to fail due to the spurious major element 

analyses. However, calculation of MACls using Heinrich values 

applied to a range of hypothetical whole-rock compositions, derived 

by calculation from estimates of modal percentages and microprobe 

data (eg., mixtures of chromite with 20, 40, 60 and 80 per cent 

olivine), did not yield values which differed significantly from MAC 
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values calculated from measured whole-rock analyses. The infl uence 

of the assigned MAC value on Cr203 estimates is shown in Fig. 52. A 

range of assigned MAC values for each sample was submit ted to the 

data reduction computer program, and the results summarized ~n 

Fig. 52 clearly indicate a greater sensitivity of Cr203 estimates t o 

MAC values in chromite - rich rocks. Furthermore) there is a 1 inear 

relationship 

values, as 

between .the determined Mo-Compton Cr and vanadium MAC 

shown ~n Fig. 53, S1nce long-wavelength MAC I 5 are 

calculated from the same analytical 

following correction procedure was 

demonstrated a net Cr-peak intensity 

second: 

reading. Accordingly, the 

adopted for samples which 

1U excess of 10 5 counts per 

(a) Employing Mo-Compton MAC values, a sample of the LG 2 chromitite 

gave the highest Cr203 abundance of 81,75 wt. per cent for the 

suite of samples. Based on an inspection of polished thin 

sections and a normalized microprobe analysis of 51,91 wt. per 

cent Cr203 for chromite within this chromitite layer, it was 

assumed that 50,00 wt. per cent Cr203 was an appropriate 

whole-rock abundance. 

(b) The relative Cr203 abundance in other samples was calculated 

according to: 

Cr203* = (Cr203)rock x 50,00/81,75 

(c) The Cr* mass absorption coefficients which would yield these 

Cr203* abundances were calculated from regression equations of 

the type shown in Fig. 52. 

(d) Compatible V* and Sc* absorp t ion coefficients were 

calculated, respectively, from the following equations: 

(i) Mu v* = 1,286 Mu Cr* + 1,70 

(ii) Mu Sc* 2,164 Mu Cr* + 2,79 

(e) Short-wavelength MAC's derived by Heinrich and Mo - Compton 

procedures were in good agreement, and measured Mo-Compton MAC 

values were employed in the data reduction. 

Corrected Cr203 analyses based on this technique are depicted 1n 

Fig. 51 by open circle symbols and it 1S clear from the tabulation 

presented in Appendix IV that these estimates are in good agreement 

with duplicate analyses performed at a commercial laboratory. 

Furthermore, it should be stressed that the above procedure does not 
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change whole-rock inter-element ratios of Cr) V and Sc. Fe203 was 

calculated in chromite-poor bronzi t ites and dunites of drill core 

ZS 7 as: FeZ03 = 0,001 x FeO, and as: 

FeZ0 3 rock 

FeO 

~ 
FeO 

chromite x I Crz03 rock - CrZ030Px 

L CrZ03chromite J 

in chromite - rich samples and samples depicting chromite 

FeZ03 contents. The parameters CrZ03 (chromite), CrZ03 

(FeZ03/FeO)chromite were obtained from microprobe data. 

with high 

(opx) and 

6.3 GEOCHEMISTRY OF THE DZ SUBUNIT 

MB4AAA 

Table 31 presents major and trace element analyses of 10 samples 

selected from drill core ZS 3. Samples 31Z to 3Z3 are representative 

of granular - textured chromite-orthopyroxene assemblages, with minor 

to trace proportions of clinopyroxene, whereas samples 300 to 308 are 

plagioclase-bearing . Cr203 abundances determined in fusion discs are 

presented with the tabulation of major element oxides, whereas the 

abundances determined on briquettes are given with the trace element 

analyses. A tabulation of Zn, Cu, Ni, Co, V, Sc and Cr203 analytical 

results based on Heinrich MAC values is available in Appendix V. 

6.3.1 MAJOR ELEMENTS 

Fig. 54(A) is a plot of whole-rock Mg/(Mg + Fe Z+) mol. ratios 

(hereinafter denoted Mg-number) versus Crz03 content. The latter is 

employed here as an index of the modal proportion of chromite, and 

the plotted values are estimates derived from briquettes, Mo-Compton 

MAC values and adjusted MAC's in the case of chromite - rich samples. 

There is a good agreement between the Mg-numbers and MMF 

(orthopyroxene) ratios of samples 304, 308, 312 and 323, attesting to 

the low modal abundances of chromite and clinopyroxene in these 

rocks. It is evident from the data points that Mg-numbers decline 

with increasing Cr203, but extrapolation to hypothetically pure 

chromite does not yield an acceptable MMF (chromite) ratio . This 

arises primarily from sample preparation and analytical difficulties, 



TABLE 31: 

WHOLE-ROCK ANALYSES; D2 SUBUNIT (DRILL CORE ZS 3) 

I 
UNIT I E D2 

I 
I I I 

SAMPLE I 300 304 308 312 314 316 317C I 317c/o 318 I 323 

I I I 
Si02 I 52,02 54,61 55,67 54,86 53,18 36,82 9,25 I 30,30 47,12 I 54,02 
Ti02 I 0,17 0,11 0,09 0,09 0,10 0,28 0,53 I 0,30 0,15 I 0,09 
A1203 I 3,82 1,78 1,60 1,53 1,79 6,71 13,87 I 7,01 3,13 I 1 ,61 
Fe203 I 0,47 0,03 0,03 0,02 0,11 1,46 3,48 I 1,51 0,52 I 0,03 
FeD I 11,70 10,80 11 ,16 11 ,18 11 ,37 14,58 17,40 I 15,15 12,92 I 10,98 
MnO I 0,25 0,22 0,22 0,22 0,22 0,28 0,44 I 0,32 0,28 I 0,23 
MgO I 25,94 28,22 29,38 29,39 29,16 22,73 13,30 I 22,06 26,98 I 29,67 
CaD I 2,72 1,97 1,81 1,69 1,62 1,12 0,19 I 0,91 1,64 I 1,51 
Na20 I 0,52 0,29 I 0,22 0,15 0,09 0,18 NA I NA 0,14 I 0,14 
K20 I 0,03 I I I 
P205 I I I I I 
Cr203 I 2,44 0,59 I 0,68 0,71 1,93 I 10,79 I 28,97 I 15,82 5,34 I 1,70 
L.O.I I 0,82 I,ll I 0,88 1,04 0,89 I 0,67 I 1,24 I 1,88 0,88 I 0,61 

I I I I I I 
TOTAL I 100,87 99,76 I 101,74 100,88 100,46 I 95,62 I 88,67 I 95,29 99,10 I 100,59 
Mg-no . I 0,798 0,823 I 0,824 0,824 0,820 I 0,735 I 0,576 I 0,721 0,788 I 0,828 

I I I I I 
Sr I 34,0 6,9 3,1 I NA I NA I NA NA I 
Rb I 3,8 I NA I NA I NA NA I 
y I 3,1 3,2 3,2 2,7 I NA I NA I NA NA I 2,3 
Zr I 3,0 6,7 2,3 2,2 I NA I NA I NA NA I 
Ba I 18 NA NA I NA I NA I NA NA I 
Zn I 93 68 78 73 89 I 255 I 579 I 305 138 I 75 
Cu I 22 12 15 9 11 I 22 I 23 I 18 25 I 7 
Ni I 547 552 572 565 529 I 662 I 746 I 774 850 I 581 
Co I 110 100 109 108 113 I 104 I 173 I 119 129 I 99 
V I 266 114 112 114 182 I 787 I 2812 I 1060 611 I 157 
Sc I 34 30 32 31 31 I 25 I 25 I 25 I 39 I 30 
Cr203 I 3,06 0,68 0,81 0,83 2,30 I 14,66* I 41,74 * I 19,98* I 9,54* I 1,84 / ') 

BH DEPTH (m) I 164,22 167,47 171 ,62 177 ,56 179,89 I 180,21 I 180,30 I 180,44 I 181,40 I 187,90 
~.-... 

I I I I I I 
-:;) 
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but it should be appreciated that the hypothetical relationship 

between Mg-number and whole-rock CrZ03 cont ent is non-linear since 

the MMF (chromite) and MMF (orthopyroxene)- ratios rise with 

increasing modal abundance of chromite. Fig. 54(B) 1S a plot of 

whole-rock Si02 and A1203 versus Cr203 and, wi th the exception of 

sample 300 which is a chromitiferous, mesocumulate-textured 

feldspathic bronziti te, it is clear that (a) Si02 analyses can be 

used to estimate whole-rock modal abundances of chromite, and (b) 

extrapolation of the A1203 data yields mean A1203 (chromite) and 

A1203 (orthopyroxene) abundances for the subunit. For example, 

linear regression equation (3) permits calculation of a mean A1203 

(orthopyroxene) content of 1,39 wt. per cent for an assigned value of 

0 ,54 wt. pe r cent Cr203, which 1S 1n excellent agreement with the 

average of 1,38 wt. per cent A1203 determined by microprobe analysis 

within samples 308 and 314. If the plagioclase-bearing samples are 

excluded (as evinced by detectable levels of Sr), the derived linear 

regression equation is: A1203 = 0,3076 Cr203 + 1,098 (r = 0,9913), 

yielding mean A1203 (orthopyroxene) concentrations of 1,24 to 1,27 

wt. per cent for the microprobe determined range of 0,45 to 0,55 

wt. per cent Cr203 in orthopyroxene (r denotes correlation 

coefficient). The variation of Ti02 in samples 312 to 323 is defined 

in terms of: Ti02 = 0,011 Cr203 + 0,076 ( r = 0,9909), and calculation 

yields 0,60 wt. per cent Ti02 for an assigned value of 48,0 wt . per 

Cr203' This is 1n excellent agreement with microprobe data: the 

mean Ti02- and Cr203 - contents of chromite within the succession 

bounded by samples 308 and 323 are 0,60 and 48,7 wt. per cent, 

respectively (n 76). These consistencies indicate that the 

est i mates of CrZ03* In chromite-rich samples are reasonable. 

However J a point to be recognized IS that significant errors would 

arise if olivine were present. 

6.3.2 TRACE ELEMENTS 

Fig. 55 shows the variation of V against Cr203, and the following 

equation is derived by regression analysis: 

V = 49,814 Cr203 + 76,32 (r = 0,9976). 

This relationship is exclusive of sample 317c, which depicts chromite 

enriched in V relative to chromite in orthopyroxene-rich rocks. The 
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T�cALLy PURE ORTHOPYROXENE AND 2438ppm V (0.43% V2 05 ) IN HYPOTHETICALLY 

PURE CHROMITE. THE DISPOSITION OF DATA POINTS SUGGESTS THAT CHROMITE IN 

GRANULAR -TEXTURED ROCKS DISPLAYS LOWER V CONTENTS THAN CHROMITE 

IN FELDSPATHIC ASSEMBLAGES (SAMPLE 300) AND IN CHROMITITE LAYERS 

(SAMPLE 317 C l. 
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behaviour of V is therefore similar t o Ti, which was also noted to be 

higher in chromite within chromitite layers. Sample 318 is similarly 

enriched in V relative to the estimated whole-rock Cr203 content, but 

this feature may be attributed to sample inhomogeneity: though care 

was taken to select a porti on of sample 318 which did not depict 

l enses of ultramafic pegmatite, it ~s evident from the Ni content of 

850 ppm that olivine was present ,n the sample. Furthermore, an 

anomalously high modal abundance of clinopyroxene is indicated by the 

Sc content of 39 ppm [Sc preferentially partitions into clinopyroxene 

(DCPX = 
Sc 

V (DCPX 
V 

3 ,1; Frey et a1. (1978)] and would account for the excess of 

1 , 5; Frey et a1. (op. dt.)). Sample 318 is therefore 

neglected to suit the present purposes, as can samples 300 and 304 

s~nce (a) there is a conspicuous abundance of plagioclase and 

clinopyroxene ,n sample 300, and (b) minor amounts of plagioclase, 

clinopyroxene and biotite are depicted ,n sample 304. Hence, 

specific to a six-point data set comprising samples 308, 312, 314, 

316, 317 c/o (i.e., a chromite bronzitite) and 323, the variation of 

V against Cr203 is given by the following equation: 

V = 49,341 Cr203 + 69,605 ( r = 0,9999) 

Based on an average microprobe analysis of 0,52 wt. per cent CrZ03 In 

orthopyroxene, the computed V content of orthopyroxene ,n the D2 

subunit is thus 95 ppm. Alternatively, the V content of chromite ,n 

bronzitites and chromite bronzitites >s 2438 ppm, or 0,43 wt. per 

cent V205 (relative to an average Cr203 content of 48 wt. per cent). 

With respect to the bronzite-chromitite layer ,n the gradational 

hanging-wall of the LG 6 chromitite (sample number 317C), the 

estimated weight fraction of chromite ~n the whole-rock sample IS 

0,884 (based on microprobe and whole-rock Cr203 determinat ions and 

correction of the latter for a loss of ignition of 1,24 wt. per 

cent) . Calculation thus yields an estimated V205 content in chromite 

of 0,58 wt. per cent within this layer . The contribution of V (opx) 

and Cr203 (opx) to this whole-rock analysis is negligible relative to 

experimental error. The regresslon equation given above affords a 

means of estimating the V content of orthopyroxene in chromite­

orthopyroxene assemblages at other positions within the succeSSl.on. 

The procedure is as follows: 



MB4AAA 

159 

1. The contribution of chromite to the whole-rock Cr203 analysis is 

derived from: Cr203chr = Cr203(rock)-Cr203(opx). 

2. V in the chromite fraction is obtained by calculation from: 

ychr = 49,341 Cr203chr. 

3. Y ,n orthopyroxene is obtained by subtraction: 

y (opx) = Y(rock) - ychr. 

The variation of Zn, Cu, Ni, Co, and Sc against whole-rock Cr203 is 

shown in Fig. 56. It is evident from the data points that chromite 

is enriched in Zn, Cu, Ni and Co relative to orthopyroxene, but is 

depleted in Sc . With the exception of plagioclase-bearing samples 

300, 304 and 318, the variation of Zn, Cu, Co and Sc against Cr203 is 

given by the following equations : 

1. Zn = 12,41 Cr203 + 62,05 (r = 0,9993) 

2. Cu 0,33 Cr203 + 11 ,08 (r = 0,8094) 

3 • Co 1,46 Cr203 + 100,61 (r = 0,8938 ) 

4. Sc = 0,17 Cr203 + 30,50 (r -0,8299) 

Substitution of a Cr203 content of 0,52 wt. per cent thus yields 68 

ppm Zn, 11 ppm Cu, 101 ppm Co and 30 ppm Sc ,n hypothetically pure 

orthopyroxene. Relative to an average erZo3 content 1n chromite of 

48,0 wt. per cent, calculated contents in the spinel are 658 ppm Zn, 

27 ppm Cu, 171 ppm Co and 22 ppm Sc. 

systematically linked to Cr203 content . 

The variation of Ni is no t 

For example, Cr203 declines 

from 2,30 wt. per cent in sample 314 to 0,81 wt. per cent in sample 

304, whereas Ni rises from 529 to 572 ppm. The analysis of 774 ppm 

Ni ,n sample 317 c/o is also not consistent with the anticipated 

variation (due to a trace occurrence of olivine). If this sample is 

excluded from the data set the variation of Ni against Cr203 is given 

by the equation: 

Ni = 4,674 Cr203 + 560,7 (r = 0,9493), 

and the ca lculated estimates of Ni in orthopyroxene and chromite are 

563 ppm (0,07 % NiO) and 785 ppm (0,10 % NiO), r espectively. These 

values are in excellent agreement with microprobe analyses. It 's 

evident from t he data, however, that correction factors for Ni, Cu, 

Co and Sc ,n chromite need not be applied to samples showing less 

than ca. 4 wt. per cent Cr203. 
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The affinity of Sr for plagioclase is evinced by samples 300, 304 and 

308. Sr rises from 3,1 ppm in sample 308 to 34,0 ppm in sample 300, 

linked to a nse in whole-rock A1203 and ·CaO. Ba was detected in 

sample 300 (18 ppm) and Rb in sample 304 (3,8 ppm). The Zr abundance 

of the latter is 6,7 ppm, consistent with the presence of red mica. 

Y was detected in 5 samples (x = 2,9 ppm) and Zr in four (x = 3,5 

ppm). Nb was not detected ,n any samples throughout the studied 

section. 

6.4 GEOCHEMISTRY OF THE Cl AND C3 SUBUNITS 

MB4AAA 

Whole-rock analyses of 13 samples from the C3 subunit and 3 samples 

from the Cl subunit are presented in Table 32. A substantial loss of 

ignition was realized in these pervasively serpentinized rocks, and 

the trace element data presented ,n the tabulation have been 

recalculated on the basis of anhydrous conditions. 

values were employed in the correction of matrix 

Mo-Compton MAC 

effects . The 

assemblages selected for analysis ranged from adcumulate-textured 

dunites, with accessory levels of chromite, to olivine-chromitites 

and chromi t i tes . Samples depicting cumulus or reaction-replacement 

orthopyroxene were not included in the data set. 

6.4.1 MAJOR ELEMENTS 

Calculated Mg/(Mg + Fe2+) mol. ratios of chromite-poor dunites are ,n 

excellent agreement with microprobe estimates of Fa contents in 

olivine. Normalized Si02 contents vary between 41,05 and 4,06 

wt. per cent, with the latter concentration being representative of 

the H chromitite layer. This may be regarded as an exaggerated 

concentration since complete fusion of the chromite fraction was not 

attained. CaO contents of the olivine-rich dunites vary between 0,06 

and 0,44 wt. per cent, and are substant ially higher than microprobe 

estimates of the lime content of olivine. In conjunction with Na20 

contents of up to 0,10 wt. per cent, this feature suggests that a 

minor intercumulus silicate fraction ~s present in some of the 

samples (though this is not evident in thin section). The influence 

of the modal proportion of chromite on whole-rock geochemistry,s 



TABLE 32: 

WHOLE -ROCK ANALYSES: C3 AND Cl SUBUNITS 

UNIT C3 

I I I I 
SAMPLE 170 172 A 1 172 B 175 1 177 A 1 177 B 1 178 180 

1 1 I 1 
Si02 32,82 29,44 1 31,78 33,61 1 17,48 1 33,23 1 29,57 33,42 
Ti02 0,04 0,13 1 0,08 0,02 1 0,25 1 0,11 1 0,11 
A1203 0,85 3,67 1 2,08 0,51 1 7, 51 1 5,65 1 2,85 
Fe203 0,12 0,35 1 0,24 0,03 1 1,24 1 0,70 1 0,47 
FeO 12,40 11,52 1 12,06 11,54 1 12,42 1 11,74 1 11,80 
MnO 0,17 0,20 1 0,18 0,15 1 0,26 1 0,19 1 0,21 
MgO 36,64 33,101 35,68 38,041 23,251 34,411 32,91 
CaO 0,17 0,12 1 0,07 0,10 1 0,13 1 1,62 1 0,23 
Na20 0,09 NA 1 0,06 0,08 1 NA 1 NA 1 NA 
K20 1 1 1 0,04 1 
P205 1 1 1 1 
Cr203 1,32 4,62 1 3,47 1,05 1 12,60 1 4,79 1 4,65 
L.O.I 13,79 10,29 1 12,38 14,96 1 6,54 1 10,49 1 10,54 

1 1 1 1 
TOTAL 94,41 93,44 1 98,08 100,09 1 81,68 1 102,87 1 93,34 

1 1 1 1 
Mg-no. 0,840 0,8361 0,840 0,8541 0,7691 0 ,83 9 1 0,832 
Zn 67 156 1 91 48 1 257 1 121 1 115 
Cu 9 9 1 13 8 1 28 1 37 1 31 
Ni 1721 1606 1 1632 1821 1 1259 11684 1 1660 
Co 159 186 1 162 163 1 134 1 174 1 170 
V 80 510 1 225 46 1 958 1 362 1 346 
Sc 6 11 1 8 6 1 16 1 9 1 11 
Cr203 2,12 13,64 1 6,24 1,03 1 32,64 1 13,86 1 13,04 

1 1 1 1 
BH DEPTH (m) 254,15 255,56 1 255,64 256,10 1 257,76 1 257,90 1 258,10 

1 1 1 1 
1 1 1 1 
1 1 1 1 
1 1 1 1 
1 1 1 1 

0,08 
0,01 

12,13 
0,17 

37,98 
0,05 
0,05 

0,32 
15,13 

99,34 

0,848 
66 

113 
2069 

180 
27 

4 
0,29 

259,00 

.---. 
v 
....: 

v 



TABLE 32 (Cont.): 

UNIT C3 Cl 

I 
SAMPLE 183 A 183 B 191 199 I H CHROME 241 245 247 

I 
Si02 33,79 30,09 35,19 33,23 I 3,99 16,93 32,86 34,65 
Ti02 0,04 0,13 0,01 0,02 I 0,51 0,25 0,07 0,02 
A1203 1,02 3,13 0,19 0,37 I 13,67 7,78 1,64 0,38 
Fe203 0 ,11 0,45 0,01 0,02 I 1,59 1,33 0,12 0,03 
FeO 11 ,45 11 ,26 11 ,28 12,36 I 15,90 13 ,35 12,41 11 ,44 
MnO 0,18 0,20 0,16 0 ,1 6 I 0,44 0,32 0,20 0,17 
MgO 38,76 34,05 38,72 36,91 I 11,79 23,38 36,03 38,25 
CaO 0,18 0,41 0,29 0,23 I 0,48 0,03 0,07 0,38 
Na20 NA NA 0,06 0,10 I NA NA NA 0,04 
K20 0,02 I 
P205 
Cr203 1,84 3,61 0,22 I 0,44 31,65 17,92 3,36 0,57 
L. O.I 11 ,50 9,46 14,34 I 16,37 1,71 6,66 12,71 13 ,81 

I 
TOTAL 98,87 92,79 100,47 I 100,23 81,73 87,95 99,47 99,74 

I 
Mg-no. 0,857 0,843 I 0,859 I 0,842 I 0,569 I 0,757 I 0,838 I 0,856 
Zn 63 131 I 60 I 65 
Cu 24 I 25 I 2 I 29 
Ni 1787 I 1740 I 1787 I 1780 
Co 164 I 175 I 166 I 172 
V 76 I 363 I 14 I 21 
Sc 6 I 11 I 6 I 5 
Cr203 2,81 I 12,89 I 0,21 I 0,45 

I 
BH DEPTH (m) 260,63 260,73 267,77 I 274,99 

I 

Fe203/FeO = 0,001 in olivine-rich rocks. 
and Fe203/FeO = (Fe203/FeO)CHROMITE x Cr203(ROCK) 

Cr203(CHROMITE) 
in chromite-rich samples. 

. NA Not analyzed 

I 709 
I 29 
I 464 
I 172 
I 2830 
I 18 
I 49,44 
I 
I 275,52 
I 

I 297 I 85 I 65 
I 23 I 15 I 3 
I 1314 I 1721 I 1721 
I 146 I 173 I 154 
I 961 I 125 I 41 
I 13 I 8 I 7 
I 29,75 I 4,30 I 0,68 
I 
I 319,62 320,28 322 ,04 
I 

K20 = 0,00 Below det ection limit (denoted by (-) symbol) 
Mg-no. Mg-number 

Mg / (Mg + Fe 2+) mol. ratio 
Trace e lement abundanc e s, inc luding Cr203, re calculated on 
the basis of anhydrous conditions 

(), 
U 

,,--
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illustrated in Fig. 57, which shows a plot of normalized Ti02 and 

A1203 versus Cr203' Absolute abundances of Cr203 r ange between 0,21 

and 49,44 wt. per cent, but serve only as approximate indices of 

whole-rock chromite abundance since there i s a pronounced cryptic 

variation of Cr203 (chromite) in relation to stra tigraphic height. 

Hence, regression analysis of the data will yield mean 

concentrations. The variat ion of A1203 against Cr203 is g,ven b y the 

following equations: 

1. 

2. 

Olivine-rich: A1203 

Chromite-rich: A1203 

0,368 Cr203 + 0,16 

0,278 Cr203 0,13 

(r = 0,9919) 

(r = 0,9937) 

An A1203 content of 0,16 wt. per cent in Cr-free olivine, serpent ine 

and/or an intercumulus fraction, is indicated by equation (1). 

Significantly, the equations predict a higher A1203/Cr203 ratio ,n 

chromite grains within dunites. This 15 fully consistent with 

microprobe data, which yield average A1203/Cr203 (chromite ) ratios of 

0,41 and 0,29 for olivine-rich and chromite-rich domains, 

respectively. The variation of Ti02 against Cr203 in dunites and 

chromite-rich rocks is given, respectively, by the following 

equations: 

1. Ti02 = 0,0146 Cr203 + 0,008 

2. Ti02 = 0,010 Cr203 - 0,009 

Given that the Cr203 content of chromite in dunites varies between 45 

and 47 wt. per cent (microprobe analysis), the former equation thus 

yields an average Ti02 content of 0,68 wt. per cen t in weakly 

disseminated chromite grains, which 15 1n agreement with microprobe 

data. 

6.4.2 TRACE ELEMENTS 

Fig. 58 (A) shows the variation of V against Cr203 and regression 

analysis of the data, with the exception of the H chromitite sample, 

yields the following equation: 

V = 30,085 Cr203 + 8,33 (r 0,9920) 
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Hence J the mean V content of chromite-free olivine ~s 8 ppm, whereas 

that of the associated chromite containing 45 to 54 wt. per cent 

Cr203 is in the range 1360 to 1630 ppm. However, a more meaningful 

manipulation of the data is afforded if samples in stratigraphic 

juxtaposition are treated as separate subsets. For example, 

consideration of the subsets (a) hanging-wall of the LG 4 layer 

(i.e., samples 170 to 175), (b) footwall succession of the LG 4 layer 

(i.e., samples 177A to 183B), and (c) footwall succession of the E 

chromitite layer (Le., samples 241 to 247) yields, respectively, the 

following equations by regression analysis: 

1. V = 36,960 CrZ03 + 2,45 (r 0,9996) 

2 . V 28,978 Cr203 - 9,45 (r = 0,9975) 

3. V 32,091 Cr203 + 4,16 (r 0,9995) 

It is thus evideat from the data that (a) there is a significant 

cryptic variation in the V content of chromi te) and (b) chromi te wi th 

the highest V content (approximately 1780 ppm) is depicted in the 

hanging-wall succession of the LG 4 chromitite layer. However, these 

V contents are substantially lower than the measured 2830 ppm in the 

H chromitite layer, which is equivalent to the V content of chromite 

in the D2 subunit (drill core ZS 3). 

The variation of Zn and Sc against Cr203 is depicted in Fig. 58(B) 

and is given by the following equations: 

1. Zn 

2. Sc 

7,343 Cr203 + 49,00 (r = 0,9661) 

0,268 Cr203 + 5,98 (r = 0,9595) 

Equation (2) is representative of all samples cited in Table 32, 

whereas equation (1) does not accommodate the high Zn content of the 

H chromitite layer. The mean Zn content of chromite-free olivine is 

thus 49 ppm, but regression analysis of data subsets stipulated above 

yields the following Zn contents in relation to stratigraphic 

position: 

1. Hanging-wall LG 4: 43 ppm Zn in olivine 

2. Footwall LG 4 49 ppm Zn in olivine 

3. Footwall E layer 55 ppm Zn in olivine 
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Cu var1es between 2 and 29 ppm 1n the dunites, with sample 180 

showing an anomalous concentration of 113 ppm due to a minor modal 

abundance of sulphides The range In chromite-rich rocks is 9 to 37 

ppm and it is evident from the data that the Cu contents of chromite 

and chromite- f ree olivine are ca. 29 and 3 ppm) respectivel y. Ni 

var1es between 1721 and 1787 ppm (i.e., 0,22 and 0,23 % NiO) 1n 

chromite-poor dunites and these estimates are in excellent agreement 

with microprobe analyses. Similarly, the estimate of 464 ppm Ni 1n 

the H chromitite layer is consistent with a microprobe analysis of 

0,07 wt. per cent NiO in the constituent chromite grains. A plot of 

whole -rock Ni versus Cr203 (Fig. 59) shows that (a) olivine within 

chromite-rich rocks is enriched in Ni, and (b) the Ni content of 

chromite intergrown with olivine varies between 400 and 550 ppm. The 

former observation was clearly indicated by the microprobe study of 

olivine. The Co content of the H chromitite layer is 172 ppm, which 

is equal to the extrapolated concentration in hypothetically pure 

chromite of the D2 subunit (drill core ZS 3). Co varies between 154 

and 180 ppm 1n dunites and, on the basis of Fig. 59, the whole-rock 

Ni/Co ratio should decline with increasing modal chromite abundance. 

A tabulation of Ni/Co ratios 1S presented in Table 33, from which it 

1S evident that this trend 

stratigraphic juxtaposition. 

variation of Ni/Co against 

equations: 

1S portrayed 

Employing 

Cr203 is 

by samples 

regression 

glven by 

which are ~n 

analysis the 

the following 

1. Samples 170-175 Ni/Co = - 0,1968 Cr203 + 11,30 (r 0,9987) 

2. Samples 177A-183B: Ni/Co = - 0,0611 Cr203 + 10,96 (r = 0,8540) 

3. Samples 241-245 Ni/Co = - 0,0607 Cr203 + 10,74 (r = 0,8840) 

The analysis indicates that (a) the Ni/Co ratio of chromite-free 

olivine varies between the narrow limits of 10,74 and 11 ,30, (b) the 

Ni/Co ratio of chromite is 7,84 and 7,86 ln the footwall rocks of the 

LG 4 and E chromitite layers, respectively, and (c) chromite within 

the hanging-wall succession of the LG 4 layer has a mean Ni/Co ratio 

of 1,85. 
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TABLE 33: 

MB4AAA 

WHOLE-ROCK Ni/Co RATIOS AND EXTRAPOLATED 

(Ni/Co)ol AND (Ni/Co)chr RATIOS 

I SAMPLE I BH.DEPTH/m I Cr203 I (Ni/Co)ROCK I (Ni/Co)ol 

I 

I (Ni/Co)chr 

170 

172A 

172B 

175 

InA 

InB 

178 

180a 

183A 

183B 

191 

199 

H 

241 

245 

247 

254,15 

255,56 

255,64 

256,10 

257,76 

257,90 

258,10 

259,00 

260,63 

260,73 

267,77 

274,79 

275,52 

319 ,62 

320,28 

322,04 

2,12 I 
13 ,64 I 

6,24 I 
1,03 I 

I 

32,64 I 
13 ,86 I 
13 ,04 I 
0,29 I 
2,81 I 

12,89 I 
I 

0,21 I 
0,45 I 

49,44 I 
I 
I 

29,75 I 
4 ,30 I 
0,68 I 

I 

10,82 

8,63 

10,07 

11,17 

9,39 

9,69 

9,76 

11 ,49 

10,89 

9,94 

10,76 

10,34 

2,69 

9,00 

9,94 

11,17 

11,30 

(r - 0,9987) I 

10,96 

I 
I 

(r - 0,8540) I 

10,76b 

10,34 

10,74 

I 

(r = - 0,8840) I 

I 

Data point not employed in regression analysis. 

Insufficient data points, but (Ni/Co)rock 

(Ni/Co)ol. 

(Ni/Co)ol Cr-free olivine 

1,85 

7,84 

2,69 

7,86 

(Ni/Co)chr: Calculated from regression equations using average 

Cr203 contents in chromite (microprobe analysis). 

H H chromitite layer. 
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6.5 GEOCHEMISTRY OF BRONZITITES WITHIN THE E, D, C AND B UNITS 

MB4AAA 

Table 34 presents major and trace element analyses of (a) 34 

bronzitite samples, (b) a 60 gram sample from the basal portion of 

the LG Z chromitite layer, and (c) the Lower Zone bronzitite KA 410. 

The variation of major element oxides can be gauged from Fig. 60, 

which is a plot of whole - rock A1Z03 against MgO. It is evident from 

the disposition of data points that low modal proportions of 

plagioclase, chromite and clinopyroxene are present in the analyzed 

bronzitites. This is similarly evinced by the tabulated Mg-numbers 

in Table 34, which are generally in good agreement with microprobe 

estimates of orthopyroxene MMF ratios. It is thus possible to treat 

chromite - poor samples as bimineralic mixtures of orthopyroxene and 

intercumulus plagioclase, and an estimate of the contribution of 

plagioclase to the whole -rock AlZ03 content can be obtained from the 

following relationship: 

AIZ03* = A1Z03 (rock) _ I AIZ03 (opx) x MgO (rock) 

L MgO (opx) J 

where AlZ03 (opx) and MgO (opx) are afforded by microprobe analyses. 

The ratio MgO(rock)/MgO(opx) serves as an index of the modal 

prepart ion of orthopyroxene and, with recourse to microprobe data J 

calculation readily yields the range of observed compositions. 

6.5 . 1 STRONTIUM 

Sr vanes between less than 1 ppm and 51,4 ppm 1n the 35 ana l yzed 

bronzitites, associated with a range ln AlZ03 contents of 1,16 to 

3,50 wt. per cent. Ingestion of chromite was attained dur ing fusion 

of these samples, and a minor correction for AlZ03 in the chromite 

fraction was made in terms of the following relationship: 

AIZ03a (chromite) = AlZ03 (Chromite) x CrZ03 (excess) 

CrZ03 (chromite) 
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TABlE 34, 
WHOLE-ROCK ANAlYSES Of 8RONZITITES (DRIll CORE ZS 7 AND KA 5) 

I UNIT E r-·----Ol··-----,--- ---- .-------. --------OZ 

I SAMPlE 50 61 70 81 i 83 I 90 95 103 104 115 117 124 

I Si02 54,85 54,85 53,86 53,331 54,61 I 54,20 54,74 54,87 55 ,19 54,59 55,72 54,60 
I Ti02 0,09 0,13 0,15 0,14 0,10 I 0,10 0,09 0,10 0,11 0,09 0,09 0,07 
I A1203 1,16 2,26 2,88 1,74 I 1,57 I 1,80 1,58 2,13 2 ,98 1 , 68 1,63 1,24 
I feZ03 0,0l 0,0l 0,02 0,04 I 0,0l I 0,02 0,0l 0,0l 0,0l 0,0l 0,0l 0,0l 
I r eD 11,24 11,15 11, 35 11,93 I 10,80 I 10,89 10,81 10,43 10,45 10,39 10,33 9,94 
I MnO 0,22 0,25 0,26 0,25 I 0,23 I 0,22 0,25 0,23 0,23 0,21 0,23 0,23 
I MgO 29,62 28,03 26,41 28,35 I 29,88 I 29,02 29,09 28,68 27,80 29,29 29,73 29,91 
I CaO 1,SO 2,30 2,57 1,72 I 1,72 I 1,97 1,76 2,22 2,54 1,88 1,91 1,64 
I Na20 0,10 0,19 0,40 0,17 I 0,16 I 0,18 0,11 0,31 O,SO 0,20 0,10 0,12 
I K20 0,02 0,01 I I 
I P20S 0,02 I I 
I Cr203 I 0,52 0,53 1,12 1,75 I 0,90 I 0,75 0,88 0,56 0,55 0,66 0,62 0,51 
I L.O.! I 0,94 1,08 1,26 1,02 I 0,55 I 0 ,69 0,90 0,69 0,73 1,26 0,83 1,02 
I I I I 
I TOTAL I 100,35 100,53 100,31 100,44 I 100,53 I 99,84 100,22 100,23 101,09 100,26 101,20 99,29 
I Mg-no. I 0,824 0,817 0,805 0,809 I 0,831 I 0,826 0,827 0,830 0,825 0,834 0,836 0,842 
I I I I 
I Sr I 16,2 24,8 3,0 I 2,5 I 6,2 3,0 14,5 31,2 
I Rb I I I 
I Y I 2,7 3,3 5,5 4,3 I 3,5 I 2,4 4,2 2,6 3,2 
I Zr I 2,2 2,5 4,3 4,0 I 3,2 I 2,0 2,1 4,2 
I 8a I 25 I 12 16 25 

6,8 

2,9 
2,7 

5,3 

3,6 

I Zn I 69 80 80 80 I 71 70 73 68 70 65 68 
I Cu I 13 14 29 15 I 10 15 10 18 17 10 10 
I Ni I 544 526 557 585 I 566 536 552 504 497 531 553 
I Co I 101 101 102 102 I 102 100 100 101 98 95 99 
I V I 128 134 204 231 I 134 119 114 109 117 108 124 
I Sc I 30 32 32 31 I 31 29 28 28 27 27 26 
I Cr203 I 0,54 0,61 1,21 1,90 I 1,05 0,82 0,96 0,65 0,64 0,73 0,72 
I I I 

2,5 

64 
19 

513 
99 

108 
25 
0,60 

I BH DEPTH (mX 79,56 96,51 111,22 135,25 I 138,20 148,08 155 ,32 166,78 168,20 179,65 182,43 192,77 
I I I 

KEY TO TA8LES 31 and 33: 

(-) symbol denotes not detected or less than lower limit of detection 
Trace element abundances based on mass absorption coefficients derived from Heinrich values 
L.O.! loss of ign~tion at 1 100°C 
Mg-no. Mg /( Mg + Fe + ) mol. ratio 
BH Depth Taken at midpoint of sample 

~ 

i;; ...,-



TABLE 34 (Cont.); 

1 
1 
1 
1 
1 
1 
1 

1 

UNIT O2 1 C2 
1 

SAMPLE 133 134 139 155 161 164 165 I 201 * 203 I 205. 205 b 207 

1 1 
SiD2 55,14 54,39 55,32 55 ,85 54 ,81 55,98 55,52 1 54,86 1 53,83 54,57 55 ,11 
h02 0,11 0,10 0,08 0,14 0,15 0,14 0,13 1 N 0,10 1 0,12 0,11 0,12 
A1203 1,16 3,39 1,27 1,39 1,32 1,54 1,44 1 ° 3,18 1 2,78 2,98 2,85 
Fe203 0,01 0,01 0,01 0,01 0,02 0,01 0,01 1 T 0,01 1 0,04 0,02 0,01 
FeD 10,29 9,81 9,69 10,37 10,52 10,67 10,54 1 9,37 1 9,67 9,37 9,32 
MnO 0,22 0,22 0,22 0,22 0,21 0,21 0,18 1 0,19 1 0,20 0,20 0,18 
MgO 28,48 26,60 30,10 29,53 29,24 29,02 29 ,71 1 A 28,54 1 28 , 11 27,97 28,69 
CaD 1,91 2,80 1,72 1,02 1,09 1,22 1,25 1 N 2,57 1 2 ,41 2,72 2,47 
N.O 0,15 0,31 0,12 0,20 0 ,17 0,29 0,25 1 A 0,39 1 0,29 0,35 0,40 
K20 0,10 0,03 0,19 0,15 0,09 0,16 1 L 1 0,01 0,03 0 , 02 
P205 0,02 1 Y 1 
CrZDJ 0,52 0,48 0,53 0,48 0,83 0,72 0,69 I Z 0,80 I 1, 72 1,04 0,83 
L.O.! 1,91 1,55 1,02 1,12 1,24 1,40 0,92 I E 0,82 I 0,88 0,69 0,69 

1 D 1 
TOTAL 100,00 99,69 100,08 100,52 1 99,75 101,31 100,80 1 100,63 1 100,06 100,05 100,69 
Mg-no. 0,831 0,828 0,847 0,835 0,832 0,828 0,8341 0,8431 0,838 0,842 0,846 

Sr 
Rb 
Y 
Zr 
B. 
Zn 
Cu 
Ni 
Co 
V 
Sc 
Cr203 

6 ,3 
4,7 
8,0 

32 
69 

9 
444 
100 
120 

28 
0,61 

1 1 
46 ,0 3,0 9,8 9,5 I 7,9 42,9 
4,5 8,7 8,7 7,0 6,3 I 3,1 
3,2 6,3 4,3 4,8 5,2 1 4,2 
4,9 8,2 7,7 8,6 9,7 I 7,6 

34 61 27 65 120 1 24 
68 62 74 78 74 64 1 65 
12 19 31 17 69 21 1 109 

470 519 523 423 687 547 1 1324 
91 96 96 90 98 90 1 97 
91 120 194 206 187 118 1 213 
26 23 24 23 24 22 1 27 
0,53 0 ,60 0,55 1,07 0,78 0,76 1 0,88 

1 

3 ,4 
2,9 

27 
63 
18 

505 
88 

101 
21 
0,87 

29,3 

4,6 
4,4 

26 
67 
19 

516 
91 

150 
22 
1,90 

39,9 

3,9 
5,0 

2J 
61 
20 

491 
91 

119 
22 
1,20 

37,7 

4,6 
4,3 

31 
64 
17 

513 
90 

103 
22 
0,91 

1 8H DEPTH 
1 

(m) 1 205,69 206,94 214,33 236,95 245,70 250,00 251, 38 1 276,11 
1 

278 ,79 282,6D 282,72 284, 58 

201* ; 
205., 205b: 
Samples 155, 

Trace element data based on Mo-Compton mass absorption coefficien ts 
Full-core samples taken from opposite ends of an 18 em drill core section, 
164 and 201 are sulphide-bearing 

each of 7 em 

r; 
() 



TABLE 34 (Cont.), 

I -- I 
I UNIT C2 B LOWER ZONE I 
I I 
I SAMPLE 209 211 I 225 228 259 I 260 LG 2* 265 271 278 280 290 KA 410 I 
I I I I 

Si02 53,84 53 , 58 I 55,6B 56 ,05 55 , 81 I 55 , 71 2,34 53 ,93 54,74 54,15 54,64 55,60 55,17 I 
Ti02 0,13 0,13 I 0 ,13 0,11 0,12 I 0,11 0,38 0,11 0,10 0,10 0,12 0,12 0,13 I 
A1203 2,82 2,95 I 1,64 1,50 2 ,07 I 1 , 58 12,16 2,73 1,92 3 , 50 2,46 2,55 3,04 I 
Fo203 0,03 0,10 I 0,01 0 , 01 0,01 I 0 ,01 4,20 0,03 0,01 0,01 0 ,02 0,01 0,01 1 
reO 9,56 10,11 I 9,51 9,24 9,63 1 10,20 14,99 9,97 9,97 9,75 10,10 9,61 9,47 1 
MnO 0,18 0,21 1 0 , 19 0,17 0,17 1 0 , 19 0,45 0,23 0,20 0,20 0,19 0 ,19 0,21 1 
MgO 27 , 92 27 , 94 1 29,66 30,42 28,53 I 29 , 49 12,05 27 ,66 29 , 18 27,10 28 , 33 28 ,91 27,70 1 
CaD 1,97 2,07 1 1,18 1 , 62 1,60 1 1,52 0,19 2,18 1,94 2,66 1 ,97 2,41 2,31 1 
NaO 0,35 0,28 1 0,32 0,23 0,37 I 0,28 NA 0,33 0,30 0,40 0,32 0,35 0,60 I 
K20 0,06 0,16 I 0,23 0,06 0,09 I 0,10 0,04 0,05 0 ,07 1 
P205 0,02 1 I I 
Cr20) 1,77 2,63 I 0,55 0,54 0,75 1 1,00 32 , 49 1,20 0,72 0,86 0, 95 0,48 0,44 I 
L.O.! 0,74 0,88 1 1,21 1,28 1,24 1 1,18 0,73 1,03 0,63 0,93 0,93 0,66 1,01 I 

1 I I 
TOTAL 
Mg-no. 

Sr 
Rb 
Y 
Zr 
Ba 
Zn 
Cu 
Ni 
Co 
V 
Sc 
Cr203 

1 
1 
I 

BH DEPTH (m) 1 
I 

99,37 101,06 1 100 , 31 101,23 100,39 I 101,37 79,78 99,40 99,91 99,70 100,08 101,09 100,16 I 
0,839 0,8311 0,847 0,654 0,6401 0,837 0,588 0,631 0,839 0,832 0,833 0 ,843 0,639 1 

27,2 

4,3 
6,7 

38 
66 
19 

515 
90 

125 
21 
1,85 

287,51 

25,4 
6,8 
3,6 

10, 6 
38 
83 
20 

517 
92 

175 
21 
2,90 

1 I 1 
1 6,6 7,6 26,6 I 10,1 NA 33 , 4 16,5 51,4 27 , 7 29,S 47,0 1 
1 12,3 2,9 3,9 1 4,9 NA 2,7 1,9 4,0 1 
1 4,6 5,0 5,1 1 4,8 NA 2,7 3,1 3 , 6 5 ,2 4,3 2,9 1 
1 6,7 6,8 8,3 1 8,3 NA 4,4 3 , 6 5,8 7,1 4,4 9,9 1 
I 72 31 61 1 62 NA 27 17 42 32 23 40 1 
I 64 58 66 1 70 485 70 69 70 63 62 63 1 
I 25 18 17 1 15 25 16 16 16 12 14 30 I 
1 468 494 518 1 517 850 514 524 530 561 512 716 1 
1 86 93 92 1 96 178 97 101 92 94 94 92 1 
I 157 86 101 1 135 2528 106 96 97 97 95 91 1 
1 22 21 24 1 25 26 24 25 24 25 25 23 1 
I 0,63 0,64 0,69 1 1,08 50,00 1,44 0,79 0,92 1,00 0,58 0,52 I 
I I I 

290,48 1 298,86 303 , 42 332 , 031 333,44 334 ,76 337,52 345,95 356,19 358 , 75 369,37 4101 1 
I I 1 

LG 2*: Trace element data based on Mo-Compton mass absorption coefficients (corrected) 
NA : Not analyzed 
4101 : Depth in feet 
Samples 225 end KA 410 are SUlphide- bearing 

cr 
('f} 

Q... 
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where Cr203 (excess) = Cr203 (rock) - Cr203 (opx), and A120r and 

Cr203 - (chromite) are given by microprobe analysis. Hence, 

A1203b = A1203 (rock) - A1203a (chromite) 

~ A1203 (opx) + A1203 (plagioclase) 

Fig. 61 depicts a plot of Sr versus A1203b. It is evident from the 

disposition of data points that the variation of Sr against A1203b in 

the Band C units '" distinct from the D and E units. Regression 

analysis of the data subsets yields the following equations: 

l. B and C units Sr 21,578 A120} 25,12 (r 0,9969) 

2. D and E units Sr = 17,827 A1203b - 22,75 ( r = 0,9978) 

3. D2 subuni t (ZS3) : Sr 17; 529 A1203b 23,66 (r = 0,9999) 

Equation (1) is exclusive of samples 225 and 259, whi ch depict higher 

modal abundances of mica and amphibole. Extrapolation to Sr-free 

orthopyroxene yields a me an A1203 content of 1,16 wt. per cent. This 

is in excellent agreement with the mean calculated from microprobe 

analyses (Table 8). Based on 

wt. per cent in plagioclase 

an average A1203 

(Table ll), the 

content of 

Sr content 

31,5 

of 

intercumulus plagioclase in the Band C units may be calculated as 

654 ppm. Equation (2) is exclusive of samples 164 and 165, which are 

micropegmatite-, mica-, and quartz-bearing, 

variation of Sr against A1203b in the latter 

bronzitites ,n the Band C units (Fig. 61). 

and sample 134. The 

is more akin to that of 

Extrapolation yields 

1,27 wt. per cent A1203 in Sr-free orthopyroxene of the D and E 

units, wh i ch is equal to the average of 77 microprobe analyses, and 

539 ppm Sr in hypothetically pure plagioclase. Within the upper 

portion of the D2 subunit, drill core Z53, and basal portion of the E 

unit (sample 300), extrapolation yields 1,35 wt. per cent A1203 in 

orthopyroxene and 528 ppm Sr in plagioclase. Hence, an estimate of 

the modal proportion of plagioclase in these rocks is given by the 

ratio Sr (rock ) /Sr (plagioclase), hereby affording a means of 

correcting for the dilution of certain trace elements (e.g., V, Ni 

and Co) by the modal plagioclase content . 

An alternative method of estimating the Sr content of pure 

plagioclase ,s shown in Fig. 62, which '" a plot of whole-rock Sr 
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(I ) S, 21 ,57B M2 0 3 - 25,12 (r =- 0.9969) 
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(2 ) S, 17,B27 '<,0, - 22 ,75 ( r = 0.9978) 

(, ) S, 17,529 '<,0, - 23,66 (r = 0,9999) 
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° 2 3 4 

A~2 03 b / wI. % 

FIG. 61 PLOT OF WHOLE-ROCK Sr VERSUS M2 03b . THE ABSCISSA IS DEFINED BY 

At2 O,b = M 2 03 (ROCK) - M2 0,0, (CHROMITEl, WHERE M 2 0,'" (CHROMITE) IS 

REPRESENTATIVE OF M 2 0, IN THE CHROMITE FRACTION OF THE ROCK . THIS 

CORRECTION WAS MADE FOR DATA POINTS CONFORMING TO REGRESSION LINES 

(2) AND (3), AND CERTAIN CHROM ITI FEROUS BRONZITITES (e.g. , SAMPLES 2050, 

209, 211 AND 265) CONFORMING TO REGRESSION LINE (i). M 2 0,'" (CHROM ITE) 

IS PARTICULARLY SIGNIFICANT AT LOW WHOLE - ROCK Sr CONTENTS. 

BASED ON AN AVERAGE M 20 3 CONTENT OF 31,5 wI. PER CENT IN PLAGIOCLASE, 

CALCULATION YIELDS (Sr / M 20 3 ) PLAGIOCLASE RATIOS OF (I) 20,7, (2) 17,1 AND 

(3) 16,7 xlO-', RESPECTIVELY. 



Sr 4,907X - 1.23 (r:: 0,9919) 
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100 [ I - Mg (ROCK) I Mg (OPX)] 

FIG. 62 PLOT OF WHOLE - ROCK Sr VERSUS 100 (I - MgO (ROCK) I MgO (OPX)) FOR 27 

BRONZITITE SAMPLES. THE ABSCISSA IS REPRESENTATIVE OF PERCENTAGE 

INTERCUMULUS PLAGIOCLASE; THE RATIO MgO (ROCK) I MgO (OPX) WAS CAL-

CULATED FROM WHOLE - ROCK AND MICROPROBE ANALYSES NORMALIZED TO 

100% . 

SYMBOLS: 0 DATA POINTS USED TO CALCULATE THE REGRESSION LINE 

.. +-o CORRECTION OF MgO (ROCK) FOR MgO IN CHROMITE FRACTION 

SILICATE [Cr2 0 3 (Rock) - 0,52 ] Mg 0 ( ) = MgO (ROCK) - MgO (CHROMITE) 
FRACTION Cr2 0 3 (Chromlte) 
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versus 100 x[l - MgO (rock)/MgO (opx)). The latter parameter is a 

measure of percentage plagioclase 1n an orthopyroxene-plagioclase 

sample, and it is evident from the plot that the highest modal 

abundance is slightly In excess of 10 per cent. Extrapolation of the 

ind icated regression line, defined by 15 data points representative 

of samples within all the units, yields an apparent maXlmum 5r 

content of 490 ppm in plagioclase. Correction of whole-rock MgO for 

the contribution from chromite 15 significant in some samples (as 

illustrated by an arrowhead symbol in Fig. 62). 

The above considerations may be summarized 1n terms of the Sr/A1203* 

ratio, where an estimate the whole-rock 

plagioclase fraction (note that Sr/A1203* Calculated 

ratios for individual samples are pre sented in Table 35, from which 

it is evident that A1203a (chromite) imposes a significant influence, 

particularly at low levels of Sr. It is clear from the tabulation 

that intercumulus plagioclase above the level of sample 134 in the Dl 

subunit is characterized by a lower range of Sr /A1203* ratios. 

Samples with modal mica, amphibole and micropegmatite, such as 164, 

165 and 259, yield anomalously high ratios. Similarly, the Sr/A1203* 

ratio of 23,6 x 10-3 for the Lower Zone bronzitite KA 410 is not 

strictly representat i ve of the plagioc lase fraction, since mica and 

amphibole are conspicuous 1n thin section. In surrnnation, the 

Ruighoek Pyroxenite succession may be subdivided into two segments on 

the basis of distinctive whole-rock Sr/A1203* ratios, even though the 

modal proportion of plagioclase is extremely low. 

6.5.2 NICKEL, COBALT, VANADIUM AND SCANDIUM 

Table 36 presents estimates of Ni, Co, V and Sc in hypothetically 

pure orthopyroxene. These data have been corrected for (a) V in the 

whole-rock chromite fraction (employing the procedure outlined 1n 

section 6.3.2), and (b) dilution by plagioclase. Sc declines from 

26 ppm in the B un it to 22 ppm 1n the C2 subunit, then rises 

progressively through the D unit to 33 ppm 1n the basal portion of 

the E unit. This pattern of variation is surmnarized in Fig. 63, 

which is a plot of trace element abundances in hypothetically pure 

orthopyroxene in relation to stratigraphic height. It is evident 



TAEILE 35: 

MgO(rock )/MgO (opx ) AND Sr/AIZ03* RATIOS Of BRONZlTITES IN 
RELATION TO STRATIGRAPHIC POSITION 

I I 
UNIT I SAMPlE I MgO(rock) AIZ03(opx) x MgO(rock) I AIZ03

8 (chromite) I AIZ03* Sr/AIZ03* 
I I MgO (opx ) MgO (oPx) I I xlO-3 

I I I I 
I I I I 
I 61 I 0,969 1,Z31 0,03 I 1,009 16,2 

E I 70 I 0,911 1 , 157 0, ZO I 1,550 16 , 2 
I 300 I 0,878 1,186 0,5Z I Z , 114 16 , 2 
I I I 
I 304 I 0,947 1 , 279 0,03 I 0,491 14,2 

D2 I 308 I 0,971 1,311 0,07 I 0,Z05 15,2 
I 83 I 0,996 1,Z65 0,16 I 0,145 17 ,3 
I I I 
I 90 0,975 1, Z39 0,11 I 0,461 13 ,5 
I 95 0,983 I,Z49 0,13 I O,ZlO 14,4 

I 103 0,969 1,Z31 0,03 I 0,878 16,6 
104 0 ,932 1 ,183 I 1,786 17,6 

°1 115 0,978 1,242 0,05 I 0,397 17,3 
117 0,979 1, Z43 0 , 06 I 0,316 16,9 
134 0,892 1,133 I 2,316 ZO,Z 
155 0,979 1, Z44 I 0,154 19,5 
164 O,96Z 1,Z21 I 0,319 30,7 
165 ° ,985 1,Z51 I 0,189 50,2 

I 
Z03 0,910 1,055 0,08 I Z,054 21 ,0 
205a 0,904 1,049 0, Z8 I 1,473 20,1 
Z05b 0,898 1,042 0,14 1,817 22,1 

C2 Z07 0,921 1,069 0,09 1,691 22,4 
Z09 0 ,909 1, 055 0,33 1,465 18,7 
Zl1 0,896 1,039 0,54 1,365 18,8 
225 0 ,963 1,118 0,53Z 16 ,7 
228 0,980 1, 137 0,363 Zl ,2 

259 0,929 1, 077 0,07 0,940 30,7 
260 0,950 1,10Z 0, 11 0 ,358 28,4 
265 0,927 1,075 0,18 1,520 22,2 
271 0,964 1 , 119 0,06 0,758 Zl,8 

B 278 0,8996 1,032 0 , 08 2 ,4Z8 Zl,3 
280 0 , 9368 1,086 0,10 1,294 Zl,5 
290 0,9413 1 ,091 1 ,449 20,5 

KA 410 0,9097 1,055 2,005 Z3,6 

A1203 * = A1Z03 ( rock) - I A1Z03
a(chromite) + A1203(opx) x MgO( rock fj 

L MgO(opx) j 

AIZ03a(chromite) = A1203(chromite) x Cr203(excess)/CrZ03(chromite) 
where Cr203 (excess ) = Cr203(rock ) - 0,52 

A1Z03(opx): defined by extrapolation of regression l ines given in Fig. 61 

MBZAAJ 



TABlE 36: 

CONCENTRATION OF Ni, Co, Se and V IN HYPOTHETICAlLY PURE ORTHOPYROXENE 
(DRILL CORE ZS 7), AND INTERELEHENT RATI OS 

UNIT I SAMPLE 

I 
I 
I 50 

E I 61 

I 70 

I 
I 

O2 I 81 

I 83 

I 
I 
I 90 

I 95 
I 103 
I 104 
I 115 
I 117 

01 I 124 

I 133 

I 134 
I 139 
I 155 

I 161 
I 164 
I 165 

I 
I 
I 203 

I 205a 

I 205b 
C2 I 207 

I 209 
I 211 
I 225 

228 

259 
260 
265 

271 
B 279 

MB2AAJ 

290 
290 

KA 410 

Ni 

544 

542 
583 

588 

568 

542 

555 
518 
527 
537 
538 

513 

444 
505 

519 

525 
423 
697 

555 

540 

540 
522 
544 

537 
537 
474 

499 

541 
525 
541 

537 
575 
595 

536 

773 

Co 

101 
104 

106 

102 
102 

101 
100 
103 
104 

96 

100 
99 

100 

99 
96 
96 

90 
99 
91 

94 
95 
96 
95 
94 
95 
97 

94 

96 
97 

102 
103 

99 
99 
99 

99 

Se 

30 

33 

33 

31 

31 

29 
29 

29 
29 
27 

26 
25 
29 

29 

23 
24 

23 
24 
22 

22 
23 

23 
23 
22 

22 
22 
21 

25 

25 
25 

25 

26 
26 
26 

24 

V 

128 

134 
178 

164 
108 

106 

93 

106 
119 

99 
115 
105 

116 
91 

120 

193 
179 
177 
108 

90 
86 
91 
89 
62 
60 

154 
91 

97 
109 

66 

85 
84 
77 
96 

91 

Ni/Co 

5,38 

5,20 

5,46 

5 , 73 
5,54 

5,36 

5,52 
4 ,99 
5 , 07 

5,59 
5 ,39 
5,19 

4,44 

5,16 
5 ,40 

5,44 
4 , 70 
7,01 
6,07 

5 , 73 
5 ,67 

5,39 
5,70 

5,72 

5 ,61 
5,44 
5,31 

5,63 
5,38 

5,29 

5,18 
5,76 
5,96 
5,44 

7,80 

Ni/Se 

18,1 
16,4 

17 ,4 

18,8 

18,2 

19,4 
19,7 

18,0 
19,4 
19,6 
20 ,5 
20,5 
15,9 

18,0 

22,5 

21,7 
18,3 

29,6 
24,9 

24,0 
23,4 
22,3 
23,3 
24,5 
24,6 

21,2 
23,5 

21,5 

20,6 
21,4 

20,9 
22 ,0 
22,4 
20 ,4 

31,2 

Co/Se 

3,36 

3,15 
3,18 

3,29 

3,29 

3,44 

3,57 

3,60 
3,62 
3,51 
3 , 90 
3,96 

3,57 

3,50 

4,17 
4,00 

3 , 91 
4,08 
4,09 

4,19 
4,13 

4,13 
4,09 

4,29 
4,39 

3,90 
4,42 

3 , 83 

3,84 
4,04 

4,04 
3,83 
3 , 76 
3,76 

4 , 00 

V/Co 

1, 26 
1,28 
1,67 

1 ,60 
1,05 

1,04 
0,93 

1,02 
1,13 
1 ,03 
1,15 
1,06 

1,16 

0,92 
1,25 

2,01 
1,98 
1,78 

1,19 

0,95 
0,90 
0 ,93 
0,93 

0,65 
0,63 

1,77 
0,90 

0,90 

1 ,12 
0 ,64 
0,82 

0,84 
0,78 

0,97 

0,91 

I (" I, 
I L 

VISe 

4,26 
4 , 06 

5 , 39 

5,29 
3,49 

3,65 

3 , 32 
3,79 
4,21 

3,66 
4,42 
4,20 

4,14 

3,25 
5,21 
9,04 
7,79 

7,37 
4,90 

4,09 
3,73 
3,95 
3,96 

2,91 
2,72 

7,00 
3,95 

3,48 

4,36 
2,64 
3 ,40 

3 ,23 
2,96 

3 ,69 

3,79 
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from the data points that Co and Ni di s play comparable patterns of 

variation, both of which depict an irregular rise in whole-rock 

content with increasing stratigraphic height through the Dl subunit. 

The vanadium content of orthopyroxene declines from an average of 

86 ppm ln the B unit to an average of 80 ppm in the C2 subunit 

(excluding sample 225), the n ris es to an average of 107 ppm in the 

interval bounded by samples 83 and 139 (in wh ich a mild depletion in 

V with increasing s trat igra phic height lS suggested). A high 

vanadium content in late stage, intercumulus silicate phases (e.g., 

amphibole and micropegmatite) is evinced by samples 155, 161 and 164, 

in which estimates of vanadium in orthopyroxene are some 76 ppm 

higher than the average. Another notab le feature is the highe r Ni 

and V contents in samples 70 and 81, which are ln stratigraphic 

juxtaposition to the D2 subunit (Fig. 62). However, both of these 

rocks are substantially more chromitiferous than adjacent samples) 

and it is assumed here that the higher Ni and V contents stem from 

inadequate correction for this higher modal proportion. The higher 

abundances may, however, result ln part from compositional 

differences Slnce the microprobe study indicated higher Ti02 contents 

in chromite within sample 70. The vanadium content of orthopyroxene 

in the lower portion of the E unit is about 130 ppm. 

Deficiencies in the correction procedures adopted are only meaningful 

in mineralogically more complex samples such as 209 and 211, for 

example. Both of these bronzitites depict weakly disseminated 

chromite plus an intercumulus si licate fraction composed of 

plagioclase and titanian phlogopi te. Hence, the depleted V content 

in hypothetically pure orthopyroxene of these samples (Table 36 and 

Fig. 63) follows from the assumption that chromite is the only other 

Cr- and V-bearing mineral phase present. Nonetheless, it is evident 

from Fig. 63 that the estimates of Sc, Co and Ni in orthopyroxene 

appear to be consistent with the geochemistry of other samples from 

the subunit. This lends considerable support to the reliability of 

the data. 

Calculated Ni/Co, Ni/Sc, Co/Sc, V/Co and V/Sc ratios are presented in 

Table 36, and the variation of these ratios in relation to 

stratigraphic height is depicted in Fig. 64 . Features portrayed here 

are (a) the stepped rise in V/Co ratios upward through the succession 
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(b) the rise in ColSc and Ni/Sc ratios from the B unit to the C2 

subunit, followed by a decline of these ratios through the Dl subunit 

due to the progressive increase ,n the scandium content of 

orthopyroxene with increasing stratigraphic height, and (c) the rise 

,n Ni/Co ratios with stratigraphic height ,n the bronzitites 

underlying the LG 6 and LG 5 chromitite layers. An equivalent 

variation of Ni/Co rat ios adjacent to the LG 3, LG 2 and LG 1 

chromitite layers is suggested by the data. These trends of rising 

Ni/Co ratios do not correlat e with increment s in copper contents and 

thus do not stem from increasing whole-rock sulphide contents. By 

virtue of the positive correlation between Sc and Co (Fig. 63), the 

ViSe ratio also ,ncreases with stratigraphic height and, although 

there is some overlap of the ranges, average values for the units are 

as follows (disregarding samples 155, 161, 164 and 225), 

1. E unit 4,57 

2. Dl subunit: 4,11 

3. C2 subunit: 3,57 

4. B unit 3,39 

However, the ViSe ratio of orthopyroxene in the D2 subunit of drill 

core ZS 3 is 3,16 (using extrapolated values of 95 ppm V and 30 ppm 

Sc ,n hypothetically pure orthopyroxene), representing either a 

potential reversal in the trend or laterally disposed compositional 

changes. The latter may result from the sensitivity of DOpx to f02' 

available experimental data suggest that DOpx declines in response to 

a rise in f02 {Irving, 1978). Hence, the lower ViSe ratio indicated 

in drill core ZS 3 may reflect higher f02 of crystallization, which 

would be consistent with the higher Fe 3+/Fe 2+ ratio of chromite in 

this succession relative to drill core ZS 7. Finally, examination of 

thin sections yields no evidence of a stepped or progresslve lncrease 

in the modal proportion of clinopyroxene with stratigraphic height. 

Though the ViSe ratio of clinopyroxene in the studied section is not 

known, data submitted by Kruger (983) indicate a range of 3,75 to 

6,60 (x = 5,09) for clinopyroxene separates from 8 whole-rock samples 

of the Upper Critical Zone, Rustenburg district. By virtue of the 

extremely low modal abundance of clinopyroxene i n the studied section 

of the Ruighoek Pyroxenite, the rise in Vi Se ratios with increasing 
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stratigraphic height is therefore essentially independent of the 

modal orthopyroxene/clinopyroxene ratio. 

6.5.3 INCOMPATIBLE ELEMENTS 

Absolute whole -rock abundances of the incompatible elements Rb, Y, 

Zr and Ba are low, with highest concentrations observed in mica - and 

micropegmatite - bearing bronzitites. This is clearly illustrated by 

samples 155 to 16 5 in the basal portion of the 01 subunit (Table 34) . 

High concentrations of incompatible elements are indicated ~n the 

intercumulus silicate fraction of these samples by virtue of the low 

r esidual porosity. 

character of the 

Considering the essentially 

underlying dunites, and that 

anchimonomineralic 

of the overlying, 

granular-textured bronzitites, upward migration of later stage 

magmatic residua into these coarse-grained bronziti t es would account 

for the high concentrations. 

The influence of small amounts of mica and amphibole on whole-rock 

levels of Zr and Ba can be gauged from Figs. 65(A) and (B), which are 

plots of whole - rock Zr and Ba against Sr, respectively. Attention is 

confined to samples from the B uni~ and C2 subunit since it was shown 

earlier (section 6.5.1) that the Sr content of plagioclase in these 

bronzitites could be regarded as a constant. The variation of Zr 

against Sr in samples with plagioclase as the predominant 

intercumulus s ilicate phase is given by the equation: 

Zr = 0,0593 Sr + 2,54 ( r = 0,9394) 

Extrapolation yields 2,5 ppm Zr in Sr-free orthopyroxene and a Zr 

abundance of 41,3 ppm associated with hypothetically pure plagioclase 

(i.e., with a Sr content of 654 ppm). The average Ba/Sr ratio of the 

selfsame samples is 0,817 and calculation thus yields a Ba content of 

534 ppm in hypothetically pure plagioclase. Hence, the average Ba/Zr 

ratio of plagioclase i s 12,9, which is higher than the whole-rock 

average of 5,84 and the average of 6,32 fo r the other eight hydrous 

mineral-bearing samples ~n the data set. This ~s due to the 

detectable level of Zr in orthopyroxene. 

Whole-rock Zr/Y ratios vary between 0,50 and 3,00 and appear to 

separate the success~on into discrete segments. For example, the 
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average Zr/Y ratios of the B unit and C2 subunit are 1,44 (s = 0,26) 

and 1,47 (s 0,70), respectively, whereas the coarse - grained 

bronzitite s 1n the basal portion of the Dl subunit, bounded by 

samples 133 and 165, yield an average ratio of 1, 66 (s = 0 ,21 ). 

These values are higher than for the overlying succession, where 

average Zr/Y ratios of 0,87 (s 0,28) and 0,78 (s = 0,03) are 

indicated 1n the upper portion of the Dl subunit and E unit, 

respectively. With the exception of sample 304 1n the immediate 

footwall of the LG 6A chromitite layer (Zr/Y ratio of 2,09), the 

average Zr/Y ratio of samples 300, 308 and 312 is 0,82. 

6.6 SUMMARY 

MB4AAA 

1. The reia_tive abundances of compatible trace element s 1n 

hypothet ically pure olivine, orthopyroxene and chromi te , 

determined by extrapolation of whole-rock cont ents in bimineralic 

assemblages, can be summarized as follows: 

Zn: chrornite (400 - 660ppm » opx (60 - 80ppm) > 01 (40 - 55ppm) 

Cu: chromi t e (28ppm) > opx (7 - 25ppm) > 01 (3ppm) 

Ni: 01 (>1 700ppm) » 
Co: chromi te (170ppm) 

chromite (400 - 785ppm) ~ 

~ 01 (155 - 180ppm) > opx 

opx 

(90 

(440 - 585ppm) 

- llOppm) 

V : chromite (1 360 - 2 800ppm) » opx (65 - 130ppm) » 01 «lppm) 

Sc: opx (20 - 34ppm) ~ chromite (18 - 22ppm) > 01 (6ppm) 

2. Bronzitites l ocated stratigraphically above the coarse-grained 

assemblages in the D1 subunit (i .e., above the level of sample 

134) exhibit a distinctive range of Sr/A1203* ratios. This 

feature may be representative of crystallization from a 

chemi.cally different magma (relative to parental magma(s) of the 

B unit and C2 subunit). A point of interest is that this 

compositional change is linked to a transition from mesa- and 

adcumulate-textured rocks to finer-grained, granular-textured 

bronzitites (refer to Figs. 8A and C). 

3. Sc and Co in hypothetically pure orthopyroxene exhibit a m1n1mum 

abundance within the C2 sub~nit, then rise with increasing 

stratigraphic height. The vanadium contents of orthopyroxene in 
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the B unit and C2 subunit are comparable « 90 ppm), but are 

higher in the Dl subunit (107 ppm) and E unit (ca. 130 ppm). 

4. The Ni content of orthopyroxene does not exhibit a progressive 

decline with 
. . 
~ncreas~ng stratigraphic height. This 1S 

particularly apparent within the Dl subunit, where a progressive 

decline in orthopyroxene grain- size with increasing stratigraphic 

height (refer to Fig . BC) is linked to an irregular rise in Ni 

contents. This progressive change to a more primitive value may 

therefore represent diminishing degrees of sub-liquidus 

equilibration with Ni-depleted intercumulus melt (a progressive 

rise in whole-rock sulphide content with increasing stratigraphic 

height ~s not manifested either in thin-section or via r~slng 

levels of Cu) . 

5 . Co/Sc and NilSc ratios 1n hypothetically pure orthopyroxene 

exhibit primitive values within the C2 subunit, followed by a 

steady decline with increasing stratigraphic height through the 

overlying succession of bronzitites. Consanguinity of the C2' D 

and E units is implied , but both ratios exhibit a discontinuity 

within the stratigraphic interval bounded by samples 124 and 139 

(i . e., the succession of coarse-grained rocks interleaved between 

fine-grained, granular textured bronzitites some 35 metres below 

the LG 5 chromitite layer) . This feature 1S also shown by a 

decline 1n the Ni/Co ratio, but no discontinuity 1n the v/Co 

ratio is manifested at this level. 

With reference to Fig. 14, which depicts the variation 1n 

orthopyroxene MMF ratios in relation to stratigraphic height 

within the studied succeSS10n, it is evident that the variation 

1n NilSc ratios correlates with electron microprobe data (for 

example, relative to the B unit, a clear rise in orthopyroxene 

MMF and Ni/Sc ratios is portrayed within the C2 subunit). This 

coherency thus facilitates the use of Ni/Sc ratios as indicators 

of reversals 1n cryptic variation, and suggests that the 

transition f r om the B unit to the C2 subunit reports to a cryptic 

variation from evolved to geochemically more primitive 

charac ter. 
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7. DETAILED ANALYSIS OF COMPOSITIONAL VARIATIONS IN CUMULUS PHASES. 

A recurrJ.ng theme within the preceding t ext IS the apparent link 

between the mineral chemistry of coexisting cumulus phases, and the 

link between trivalent element contents in specific phases and 

variations ln atomic Mg/(Mg + Fe2+) ratios. A summary of these 

features is presented in the subsequent text, which includes sections 

dealing with the manipulation of chromite compositional parameters to 

yield calculated estimates of equ ilibration temperatures and f02 . 

7.1 COEXISTING ORTHOPYROXENE AND OLIVINE 

MB4AAB 

The variation of Mg/(Mg + Fe2+) ln orthopyroxene against Mg/(Mg + 

Fe2+) in olivine is depicted in Fig. 66. It is evident from the data 

that orthopyroxene compositions in the Ruighoek Pyroxenite and 

Groenfontein Harzburgite are systematically linked to XMgO ratios of 

coexisting olivine crystals and, by implication, to the XMgO ratio of 

parental magma. Significantly, the correlation encompasses 

reaction-replacement orthopyroxene of the C unit and olivine 

orthopyroxene pairs within bronzitites of the D and E units. 

The variation of measured values is not consistent with the equations 

derived by Morse (1979) and Scoon (1985), which relate the 

composition of the coexisting silicate phases (Fig. 66). Regression 

analysis of microprobe data for the studied section yields the 

following equation: 

MMF (opx) ; 0,906 MMF (01) + 0,091 (r 0,9787) 

Given that the distribution of Mg and Fe2+ between olivine and mafic 

magmas conforms to the relationship: 

KD ; (XFeO/XMgO)Ol . (XMgo/XFeO)liq ; 0,30 (Roeder and Emslie, 1970), 

manipulation of measured values of XMgO yields KD (opx-melt) ; 0,27 ~ 

0,01 (n ; 14). This value is higher than the estimate of 0,26 ~ 0,01 

for the Hartley Complex of the Zimbabwean Great Dyke (Wilson, 1982), 

and Scoon's (1985) estimate of 0,256 for a variety of olivine-bearing 

Bushveld rocks. 
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The Fo c ontent of olivine gra,ns found in juxtaposition to the LG 1 

and LG 3 chromi t i te layers (samples 213B, 214A and 286) is higher 

than the En content of cumulus orthopyroxene crystals ~n the 

immediately adjacent bronzitites . Microprobe measurements of 

reaction-replacement orthopyroxene depicted 10 the thin harzburgite 

layers were not carried out, hut the anticipated composition in the 

foo twall of the LG 1 chromitite layer, for example, is calculated to 

be EnS5,7. This composition contrasts with the measured En content 

of 83,8 mol. 

is possible 

per cent in the cumulus orthopyroxene crystals, and it 

that the magnesian character of these anomalous, 

oliv ine -bearing assemblages may be representa tive of an MgO-enriched, 

interstitial melt expelled from the compacting chromitite layers. It 

follows from this consideration that a cryptic rise in MMF ratios of 

associated chromite grains may stem from this process; it will be 

shown in section 7.3 of the present text that MMF ratios of chromite 

grains and coexisting cumulus s ilicate phases correlate positively. 

7.2 ALUMINIUM CONTENT OF ORTHOPYROXENE 

MB4AAB 

Fig . 67 is 

corresponding 

a plot of 

MMF ratios. 

aluminium 1n orthopyroxene versus the 

These data are compared with microprobe 

analyses of orthopyroxene In the Lower Zone of the Eastern Bushveld 

Complex (Cameron, 1978) and Ln the Zimbabwean Great Dyke (Wilson , 

1982), and it is clear from the disposition of data po int s that Al 

contents of orthopyroxene 1n the studied section are lower than 1n 

the latter occurrences. Furthermore, the negative correlation 

displayed by Wilson ' s data is not apparent in t he bronzitites and 

olivine-bronzitites of the Ruighoek Pyroxenite, where a restr icted 

range in Al contents is evident. With increasing proximity to the 

basal contact of the LG 3 leader chromitite layer, however, the 

grain-to-grain rise in the En content of cumulus orthopyroxene is 

linked to a decline In Al contents (sample 214A). Two additional 

features are portrayed in the figure. Firstly, the variation within 

bronzitites of the C2 subunit conforms to this trend, albeit over a 

restricted range, and secondly, the sense of the variation within 

sample 2l4A is subparallel to (a) cryptic zonal changes adjacent to 

occluded chrornite grains (as evinced by analyses denoted 184B), and 

(b) the correlation documented by Wilson (op. cit.). 
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The rise 1n Ai contents with declining MMF ratios 1n the Great Dyke 

is linked to c ryptic changes coincident with increasing st ratigraphic 

height, ~.e'J normal fractionation processes. Hence, the 

compositi onal changes observed in the immediate footwal l of the LG 3 

leader chromitite layer may represent a reversal ind uced by fairly 

rapid liquid mixing at the base of a new influx of magma. Features 

such as the high Cr content of the leader chromi t ite and occurr ence 

of juxtaposed nickeliferous olivine gra~ns lend some support to this 

proposal. However, as illustrated by cryptic z ona l changes adjacent 

to a euhedral chromite gra1n ln sample 184B (Fig. 67), subsolidus 

re-equilibration of orthopyroxene and chromite could equally account 

for this apparent reversal, but 1S should be stressed that the 

decline 1n Al content 1S only manifested within 400 m1crons of 

chromite grs10 boundaries. In view of the corresponding r1se 1n the 

MMF ratios of chromite grains, and decline 1.n Al contents J it 1.8 

advocated here that (a) the LG 3 leader chromitit e layer is depicted 

1n juxtaposition to the base of a cyclic unit, and (b) the 

nickeliferous olivine crystals within the granular-textured footwall 

roc k may have nucleated in the putative influx pr10r to liquid 

mlxlng. 

Core-rim 

crystals 

compositional relationships 

intergrown with plagioclase 

in well-formed orthopyroxene 

display a cryptic zonation of 

declining AI, with the MMF ratio remalnlng essentially constant 

(Fig. 67; sample 134). By implication, in situ secondary growth of 

orthopyroxene, followed by partial gra1n homogenization by diffusion, 

may account for the scatter that 1.S evident In the data. This, 

however, 1.S presumed to be a factor contributing to compositional 

diversity only in samples showing coarse-grained adcumulate texture s 

or significant modal abundances of intercumulus plagioclase. These 

parameters do no characterize samples selected from the E unit and 

upper portion of the D unit. Hence, the restricted range of Al 

contents 1.U orthopyroxene J linked to a somewhat greater range of MMF 

ratios, is possibly indicative of a restricted range of magma 

compositions. 

Fig. 68 is an 

orthopyr oxene 

noted 1n the 

equivalent 

ln the D2 

preceding 

plot of Al contents versus MMF ratios 

subunit, drill core ZS 3. Though it 

text that orthopyroxene crystals within 

for 

was 

the 
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footwall rocks of the LG 6 and LG 6A chromitite layers show lower 

A1Z03 contents, a negative corre lation between Al and Mg/(Mg + Fe Z+) 

in orthopyroxene ~s not evident ~n the plot Since a corresponding 

rise in Mg content was not detected. However, this trend is clearly 

illustrated by care-rim compositional changes within disseminated 

orthopyroxene crystals in chromite-rich domains (e.g., samples 303C 

and 3l7C). The main featur e portrayed ,n the figure ,s that 

compositional diversity within the subunit stems from (a) zonal 

s tructures (as illustrated by zonal cryptic changes depict e d within 

the orthopyroxene phenocryst , n sampl e 305 and the disposition of 

other data points relative to this trend), (b) the rise ,n Al 

contents above the LG 6 chromitite layer, without a mandatory decline 

in MMF ratios, and (c) subsolidus re-equilibration with chromite m 

spinel-rich domains, which induces a substantial reduction 10 Al 

content of the juxtaposed silicate phase. By virtue of the latter 

observation, the irregular decline in Al contents of orthopyroxene 

with increasing stratigraphic height through the gradational 

hanging-wall of the LG 6A chromitite layer (refer to Table 7) points 

to a primary magmatic influence. 

7.3 MMF RATIOS OF COEXISTING CHROMITE AND SILICATES 

MB4AAB 

Fig. 69 >S 

MMF ratio 

a plot of Mg/(Mg + FeZ+) ,n chromite gra,ns against the 

of the orthopyroxene or olivine host . A broad positive 

correlation is evident in the data although there ~s a considerable 

spread of chromite MMF ratios for a given MMF (silicate) ratio. The 

latter stems from (a) variable degrees of reaction with in t erstitial 

melt pr~or to encapsulation, (b) subsolidus re-equilibration with 

olivine and orthopyroxene, and (c) chromite grains enclosed in 

olivine crystals tend to be more Fe-rich than grains intergrown with 

orthopyroxene. This feature is also clearly displayed by microprobe 

analyses of mineral pairs in the Zimbabwean Great Dyke (Fig. 69). 

The correlation of MMF (chromite) ratios and grain-size has been 

discussed ,n the preceding text. In summary, it was noted that 

larger grains occluded in the core-domains of well-formed olivine and 

orthopyroxene crystals yield higher MMF ratios than smaller grains 

within the same specImen. Secondly, the analytical data indicate 
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that the compositional variation of chromite 15 linked to t he modal 

chromite/silicate ratio. This feature is summarized in Figs. 70 (A) 

and (B») which depict the variation in chromite MMF ratios against 

whole-rock Cr203 contents of olivine-chromite and orthopyroxene-

chromite assemblages, respectively. In conjunction with the observed 

links between composition and (a) nature of the occluding silicate 

phase, (b) grain-size, and (c) cryptic changes in the silicate phase 

as chromite gratn boundaries are approached, the relationships 

disp layed in Figs. 70(A) and (B) can be regarded as supportive 

evidence for the efficiency of subsolidus re-equilibration. It 

should be stressed, however, that the latter process induces a 

drastic rise of Fe 2+ in weakly disseminated chromite grains) without 

disturbing the bulk composition of the silicate phases, whereas a 

marked rise of Mg in weakly disseminated 

achieved without measureably changing 

juxtaposed spinel (Roeder et aI., 1979). 

orthopyroxene 

the Mg/Fe 2 + 

and olivine 15 

ratio of the 

7.4 COMPOSITIONAL VARIATION OF CHROMITE 

MB4AAB 

7.4.1. VARIATION IN Al AND Cr 

The reciprocal variation In the proportions of Al and Cr cations In 

chromite within drill core ZS 7, irrespective of mineralog ical 

environment, 15 summarized In Fig. 71. Regression analysis of the 

selected data yields a slope of -1,00, attesting to the constant 

level of Fe 3+ cations. It is evident from the plot that (a) atomic 

Al/Cr ratios of chromite grains occluded by o livine, orthopyroxene 

and plagioclase fall into distinct ranges, and (b) the Al/Cr ratios 

of grains in silicate-rich assemblages are a reciprocal function of 

the Al content of the sil icat e host. 

For purposes of clarity, data pertaining t o chromite graIns enclosed 

within the rim-domains of orthopyroxene crystals in feldspa thic 

environments were omitted from Fig. 71. However, these indicate 

Aller ratios intermediate between the respective loci of graIns 

enclosed in orthopyroxene and plagioclase. Within the latter 

associations) atomic Aller ratios are linked to the MMF ratios such 
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that Al/Cr declines with a decline in Mg/(Mg + Fe2+) . The range 1U 

Al/Cr ratios of chromite within chromitite layers overlaps that of 

gralns 

wi th in 

occluded by 

the LG 2 

orthopyroxene, with 

chromitite layer, 

the exception of chromite 

for example, where higher 

proportions of Fe 3+ and lower Al contents are indicated . The 

distinctive range 1n the proportions of Cr, Al and Fe 3 + cations in 

chromi te wi th in the upper port ion of the D2 subuni t 1n dri 11 core 

ZS 3 is emphasized in Fig. 71 . Th e data points are representative of 

chromite grains intergrown with plagioclase and orthopyroxene, and 

are compared with microprobe analyses of chromite 1n silicate-rich 

rocks from the Mooihoek Pyroxenite (Cameron, 1977). The range 1n 

AI/Cr ratios within the latter occurrences is subdued and, although 

the absolute Cr203 contents are substantially lower, overlaps the 

range ,n AI/Cr ratios d"ep ic ted by chromite intergrown wi th 

plagioclase in drill core ZS 7. This feature stems from the higher 

proportion of Fe 3+ cations and the maintenance of charge balance and 

stoichiometry by substitution of Fe3+ for Al cations, and Fe 3+ for 

(AI, Cr) to a lesser degree. Whereas Cr 3+ has a high octahedral site 

preference energy, Al and Fe 3+ cations have zero OSPE in Cr-spinels 

and the differences noted above point to a higher activity of Fe3 + in 

the magmas from which the ZS 3 (D2 subunit) and Mooihoek Pyroxenite 

successions crystallized. 

7.4.2. VARIATION OF Al AGAINST Mg/(Mg + Fe2+ ) IN CHROMITE 

The observed link between MMF ratios and the proportions of Cr and Ai 

cations in chromite grains is summarized in Figs . 72(A) to (D), which 

depict the variation of Al against Mg/(Mg + Fe 2+) ,n chromite. 

Fig. 72(A) 1S representative of chromite within chromitite layers 

exposed 'n drill core ZS 7, and includes data submitted by de Waal 

(1975). It ,s evident from the figure that the compositional 

relationship noted by Eales and Reynolds (1983) is manifested in both 

sets of analytical data, v~z, the proportion of Al cations rises with 

a decline in MMF ratios from high values to ca. 0,450, followed by a 

decline in Al with a further decline in MMF ratios. Furthermore, it 

is evident from the disposition of data points pertaining to the ZS 7 

succession that the compositional var iation in relation to increasing 

stratigraphic height conforms roughly to this trend. Inconsistencies 
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are represented by the LG 4 and LG 3 leader chromitite layers, and 

the cryptic rise in Al with rls>ng MMF ratios upward through the H 

chromitite layer. However, it is noted that the latter data points 

fall into discrete subsets which appear t o span the compositional 

field between pyroxenite-hosted chromitite layers (e.g., the LG 5 

chromitite) and the dunite-hosted LG 4 chromitite layer. This 

relationship would be wholly consistent with the occurrence of 

bronzitite below the H chromitite layer and magnesian dunite ~n the 

immediate hanging-wall. Upward percolation of late-stage residual 

me It from the underlying pyroxeni te into the basal port ion of the 

compacting chromitite layer, followed by equilibration, may account 

for the cryptic compositional changes, but the granular-textured 

nature of the footwall bronzitite militates against this notion. 

Impermeability of this assemblage is suggested by the mineralogical 

and evolved chemical characteristics of the underlying bronzitite 

(sample 201), which yields whole-rock trace element abundances of 7,9 

ppm Sr, 3,1 ppm Rb, 7,6 ppm Zr, 24 ppm Ba, and 213 ppm V (chromite is 

an accessory constituent of the rock). Hence, it is advocated here 

that consideration should be given to the concept of varying degrees 

of magma mixing at the base of a liquid column as a potential control 

on chromite nucleation and its duration . This follows from the more 

conspicuous grain-to-grain compositional changes measured in the thin 

C and H chromitite layers (where a thin layer of hybrid magma lS 

implied) relative to the extremely subdued cryptic changes measured 

within the thicker LG 6A chromitite (Fig. 71A). 

Fig. 72(B) depicts the variation of Al against MMF ratios within the 

Cl subunit, and it is clear from the data points that chromite graIns 

In olivine-rich domains are enriched In Al and depleted In Mg 

relative to chromite-rich domains. Furthermore, olivine-hosted 

grains are enriched in Al and Fe 2+ relative to graIns enclosed 1n 

coexisting cumulus orthopyroxene. The MMF ratios of the latter are 

spread about an average of ca. 0,450 , 

account for the AI-enriched nature 

orthopyroxene-hosted graIns In the 

reciprocal variation of Al and Cr 

within the Cl subunit. For example, 

points yields a slope of -1,00 and 

and this feature would seem to 

of these graIns relative to 

B unit and C2 subunit. A 

cations characterizes chromite 

regression analysis of 29 data 

a correlation coefficient of 

-0,993. Extrapolation of these data indicates average proportions of 
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15,40 cations Al and 15,35 cations Cr the hypothetically pure 

Fe3 + end-members MgAIZ04 and FeCrz04, respectively. 

cations released by deuteric oxidation of 

Incorporation of 

olivine, or periodic 

fluctuations in f02, are thus not factors to be considered at this 

level of the studied section. Fig. 72(C) summarues the variation 

within the C2 subunit, and it ~s evident that chromite gralos 

intergrown with silicate phases display (a) MMF ratios of less than 

0,450, and (b) a decline in the proportion of Al cations with 

declining MMF ratios. 

subunit (Fig. 72D). 

These features are also evident within the Dl 

The infl uenee of plagioclase nucleation and reaction with 

interstitial melt on chromite compositions can be assessed via 

Fig. 73, which depicts the variation in the proportions of Cr, Al and 

Fe 3+ cations against chromite MMF ratios for gra1.0S intergrown with 

plagioclase in the Band C units. Relative to grains occluded by 

calcian plagioclase in the C1 and C3 subunits, displaying MMF ratios 

of ..!. 0,450, chromite intergrown with plagioclase in orthopyroxene­

rich assemblages is depleted in Al and a positive correlation of Al 

contents and MMF ratios is indicated. By virtue of a similar 

correlation noted for chromite grains intergrown with orthopyroxene 

(e.g., Fig. 7ZC), and the restricted range of Al contents which 

overlaps that of chromite within chromitite l ayers (viz., 4 to 5 

cations Al per 3Z oxygen formula unit), the link between MMF ratios 

and Al contents in orthopyroxene-hosted chromite crystals sterns from 

(a) subsolidus re-equilibration with the silicate host, causing a 

shift to lower MMF ratios, and (b) the residence time in the magma 

pr~or to encapsulation. 

7.4.4 of the present text. 

The latter will be addressed in section 

The correlation of Al with MMF ratios ~n bronzitite-hosted chromite, 

grains is not dependent on the FeZ03 content of the spinel. This is 

illustrated by samples KA 410 and 729 from the Groenfontein 

Harzburgite subzone (Fig. 74A), in which substitution of Fe3+ for Al 

with declining MMF ratios is clearly indicated by the microprobe 

data. This feature is also evident within the DZ subunit of drill 

core ZS 3, and within Cameron1s type-section of the Critical Zone in 

the Eastern Bushveld Complex (Fig. 74B). Relative to chromite within 

the ZS 7 drill core section, the microprobe data reported by Cameron 
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(1977) indicate (a) chromite of comparable compositions within 

chromitite layers of the Mooihoek Pyroxenite, and (b) A1203-depleted 

composition s within silicate-rich domains, although the levels of 

Cr203 are comparable. In summation, it is evident that nucleation of 

intercumulus plagioclase can induce a compositional change of 

declining AlICr ratios linked to a decline in MMF ratios. This 1S 

achieved by (a) reciprocal substitution of Cr for Al, with Fe3+ 

rema1n1ng constant, or (b) substitution of Fe 3+ for Al, with Cr 

remalolng essentially constant. In geological areas where the lat ter 

relationship 1S depicted, chromite within chrornitite layers 1 5 

enriched in Al203 and depleted in Fe203 relative to juxtaposed 

silicate-rich environments. Furthermore, it would seem that lower Al 

contents and MMF ratios are displayed by disseminated chromite grains 

in these environments, whereas reciprocal substitution of Cr for Al 

ultimately yields a minimum Al content due to depletion of Cr in the 

residual melt volume (this is clearly illustrated in Fig. 73). 

7.4.3 RELATIONSHIP BETWEEN YFe 3 + AND Mg/(Mg + Fe2+) IN CHROMITE 

Based on theoretical considerations, Irvine (1965) concluded that a 

plot of the relative proportion of Fe3 + cations against the MMF ratio 

in Cr-spinels would reflect whether a particular assemblage of spinel 

crysta ls, in equilibrium with olivine and orthopyroxene, formed under 

increased or decreased f02 relative to another (at constant 

temperature). In principle, increased f02 within a magmatic system 

is reflected by a rise in the magnesioferrite (MgFe204) content of 

the Cr-spinel solid solution. In a plot of YFe 3+ against MMF ratio, 

this lS conveyed by a sympathetic r~se in both parameters. Data 

pertaining to chromite within chromite- and silicate-rich domains of 

the Band C2 units are summarized in Fig. 75. It is evident from the 

figure that polygonal chromite gra1ns within the LG 2 and LG 3 

chromit ite layers may have fo r me d under slightly higher f0 2 than 

chromite within (a) the C layer and LG 3 leader, and (b) bronzitites 

of the B unit and C2 subunit. This distinction is not manifested 

within the Cl and C3 subunits, where a range of MMF ratios, linked to 

a diversity of textural and mineralogical environments, is depicted 

for an essentially constant level of Fe3+ cations. A notable feature 
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of the B unit and C2 subunit is that intergranular chromite grains 

and graIns intergrown with orthopyroxene, plagioclase , mIca and 

quartz display comparable values of YFe 3+. In general terms, a flat 

trajectory of rising YFe 3+ with declin ing MMF rat io is indicated by 

chromite gralns intergrown with orthopyroxene and intercumulus 

silicate phases in the Cz subunit. This feature may point to 

buffered fO Z conditions in the interstitial melt volume. 

The var iation of YFe3+ against MMF ratio 1n the DZ subunit of drill 

core ZS 3 is summarized in Fig. 76 . The main feature portrayed in 

the figure 1S that the compositional variation of ch r omite within 

silicate -rich domains, 

height, 1S linked to 

dec lining MMF rat io. 

in relation to 

a steep tra j ectory 

. . 
Increasing 

of rISing 

stratigraphic 

YFe 3+ with 

This path is subparallel to the theoretically 

derived oxygen isobars of Irvine ( 1965) (a depiction of these 1S 

available 1n Eales et al. ( 1980)), and 1S subparallel to the 

evolutionary path disp l ayed by Cr-spinels during later stages of 

crystallization. It should be stressed, however, that this 

traje c tory is not linked to a cryptic trend of Cr-depletion. By 

virtue of the between- and within- borehole chemical differences 

noted above) some considerable do ubt is raised as to the importance 

of increased £02 in the formation of chromitite layers. 

7.4.4 VARIATION OF TiOZ AGAINST Mg/(Mg + Fe Z+) IN CHROMITE 

It is timeous a t this juncture to reiterate some salient features 

arising from the present investigation of TiOZ ~n chromite as a 

function of textural and mineralogical environments. Firstly, 

grain- to-grain microprobe analyses of chromi te within the H 

chromitite layer illustrate a cryptic decline in TiOZ content upward 

through the layer, linked to a rise in MMF ratio. Secondly, it was 

clearly revealed at a number of stratigraphic levels that the TiOZ 

contents of small chromite gra~ns, occluded ~n core domains of 

well-formed orthopyroxene crystals, are lower than the contents of 

polygonal chromite grains within chromitite layers. However, the MMF 

ratios of the former are substantially lower: a fea t ure attributed t o 

advanced subsolidus re-equilibration with the orthopyroxene host. 

Thirdly, larger chromite grains indented or wholly occluded within 
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orthopyroxene rim-domains depict comparable or higher Ti02 contents 

than grains within adjacent layers of massive ore (this feature is 

only evident 1U assemblages displaying an appreciable modal 

proportion of intercumulus plagioclase feldspar). Finally, coarse 

chromite gralns intergrown with plagioclase commonly display (a) 

crystallographically orientated lamellae of rutile, and (b) high Ti02 

contents 1n microscopically homogeneous, intracrystalline domains. 

The MMF ratios of the latter are substantially lower than gralns 

within chromitite layers, but overlap the range of MMF ratios 

displayed by grains intergrown with orthopyroxene. For descriptive 

purposes, the variation of Ti02 against MMF ratios 18 initially 

addressed 1n the subsequent text employing microprobe data from one 

thin section and from selected samples representative of a limited 

vertical succession. 

Fig. 77 sunnnarizes the link between Ti02 contents and MMF ratios ~n 

sample 70, a mesocumulate-textured bronzitite near the base of the E 

unit, and the variation within plagioclase dominant bronzitites 

(i.e., samples depicting intercumulus plagioclase as the predominant 

intercumulus silicate phase) in the C2 subunit. It is evident from 

the data points that (a) grains occluded in orthopyroxene and 

plagioclase expose a cryptic change of rls~ng Ti02 contents with a 

decline ln MMF ratios, and (b) there is no obvious chemical path 

l inking chromite within chromitite layers and grains intergrown with 

silicate phases. This IS to be anticipated gIven that graIns 

intergrown with plagioclase have undergone an extended period of 

in situ secondary growth, followed by graIn homogenization, whereas 

occlusion in enlarging orthopyroxene crystals ultimately results in a 

severe decline In Mg content with falling temperature. However, 

consideration of the compositional variation of chromite within 

chromitite layers of the Rustenburg Layered Suite provides a key to 

the disposition of data points in Fig. 77. 

The variation of Ti02 against MMF ratio for chromite within 

chromitite layers of the . Western Bushveld Complex ~s summarized In 

Fig. 78, and a clear correlation of rls~ng Ti02 contents with 

declining MMF ratios is indicated. The plot IS based on a 

combination of data from de Waal (1975), Eales and Reynolds (1985) 

and the present study, and encompasses data from a number of 
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geological areas and stratigraphic levels within the layered 

succeSSlon. Significantly, chromi te graIns intergrown with 

intercurnulus plagioclase in the Band C units of the studied section, 

for example, yield a 

colinear with this 

correlation of TiOZ with MMF ratios which 1S 

trend (Fig. 79A). By implication, gra1ns 

experIencIng an extended residence time in cooling magma and which 

escape encapsulation by orthopyroxene will follow this chemical path, 

with the maximum Ti02 and minimum MMF limits imposed by the magnitude 

of the subliquidus crystallization interval. Occlusion within 

ferromagnesian silicate phases arrests this evolution and subsequent 

subsolidus re-equilibration with the host causes a shift to lower MMF 

rati os . These features are summarized in Fig. 79(B), where it 1S 

suggested that occlusion of chromite gra1ns at an early stage of 

crystallization yields low Ti02 contents, whereas continued in situ 

growth and occlusion at a late stage results in higher Ti02 contents 

and lower MMF ratios. In terms of this proposal, it follows that 

chromite grains within chromitit e layers were isolated from magma at 

a lat er stage than small, equant crystals enclos ed in orthopyroxene 

core-domains (these are general ly less than 60 microns in diameter 

and, within the B unit and Cz subunit, yield TiOZ contents of between 

O,ZO and 0,40 wt. per cent). Furthermore, it 1S evident from 

Fig. 79(B) that (a) the pr1mary liquidus MMF ratio of chromite in the 

Cz subunit, with measured TiOZ contents and MMF ratios of ~. 0 ,30 

wt. per cent and 0,400, respectively, may have been 0,57 (based on 

the regression equation given in Fig. 78), and (b) the bulk MMF ratio 

of larger grains occluded within orthopyroxene rim-domains may have 

declined to ca. 0,49 prior to occlusion. 

Relative to the small, orthopyroxene-hosted gra1ns in the Cz subunit, 

gra~ns of comparable size and textural environment within sample 70 

(base of E unit) yield higher TiOZ contents and lower MMF ratios 

(Fig. 77). The latter 1S consistent with the lower En content of 

orthopyroxene at this 

from the disposition 

stratigraphic level, and it may be inferred 

of data points in Fig. 77 that a pr1mary 

liquidus MMF (chromite) ratio of 0,50 - 0,5Z was represented. Hence, 

as shown by the change in orthopyroxene compositions, a cryptic 

decline in calculated MMF (chromite) initial ratios with increasing 

stratigraphic height is evident within the upper units of the 

Ruighoek Pyroxenite. 



~ 
...: • 
'N 
0 
;:: 

0 

B UNIT a C2 SUBUNIT 
0 

1,2 - 0 
0 0 

rn 
0 

0 

DO Do 0 ~CORE 
~o , 

0 I , 
0 

I , 
0 Q II I 

0 
0 

, 
0 

I I • Do oq I I 
0,8- ro( 0 I I • 0 

~ 
I I , 
I I I • I 0 B I I I 

0 0 0 I I I 
0 

, I , • • DO <bgl I 
0 

O§ 
I I I I 

- ( I (I , 
I 

I 
P I 

• I I 
0 o - I I I 

0 
, 

00 I I I • 0 ~ ~ 0 I 

• • 0 
0 0 0 ~RIM 

0.4 
0 0 

~ 0 0 00 
0 

0 
0 

0& 
0 

0 
0 

0
0 

0 

- 0 

O-L--------,,-----------------,,-----------------'Ir-----------------,-------~ 
5 4 3 2 

10 x MMF (CHROMITE) 

FIG. 79(A) VARIATION OF Ti02 AGAINST 10 x MMF RATIO FOR CHROMITE GRAINS IN THE B UNIT 

AND C2 SUBUNIT. GRAINS INTERGROWN WITH PLAGIOCLASE YIELD A TREND WHICH 

IS SUBPARALLEL TO THAT DISPLAYED BY GRAINS IN CHROMITITE LAYERS. NOTE 

THAT GRAINS OCCLUDED BY ORTHOPYROXENE CRYSTALS SHOW LOWER Ti 02 CON­

TENTS THAN PLAGIOCLASE-HOSTED GRAINS, AND GRAINS INTERGROWN WITH QUARTZ(tMICA) 

DISPLAY A ZONAL DECLINE IN Ti0 2 CONTENTS. 

SYMBOLS: CHROMITE IN 

• CHROM ITITE LAYERS 

o ORTHOPYROXENE 

.C: EMBAYMENTS IN ORTHOPYROXENE GRAIN BOUNDARIES 

o PLAGIOCLASE 

III QUARTZ 



~ , . 

N 
o 
f= 

1,2 

0,8 

0,4 

Chemical path followed by groins 
with extended residence times 
in cooling magma. 

LG3~ 

==00(:> 
(b) late occlusion 

(/</ 
LlGODDDDD009° 0 

(a) early occlusion 0 

o 
o 

o 0 

o 

o 
Lorge grains Intergrown 
with plagioclase. 

o 
Larger grains In rim- domains 
of ex-thopyroxene crystals. 

Small, equant grains In 
core -domains of orthopyroxene 
crystals. 

I 'J ' \ \. '-\ ic 

O~-------------'--------------'--------------'------------~ 
6 5 4 3 2 

10 x Mg / (Mg + Fe 2+) 

FIG.79(B) SCHEMATIC RECONSTRUCTION OF DIVERGENT CHEMICAL PATHS FOLLOWED BY CHROMITE 

GRAINS IF ENCAPSULATED WITHIN ORTHOPYROXENE AT (0) AN EARLY STAGE OF 

CRYSTALLIZATION, AND (b) LATER STAGES OF CRYSTA LLIZATION, NOTE THAT THE 

SMALLER GRAINS IN POPULATION (0) EXPERIENCE A MORE SEVERE DECLINE IN 

MMF RATIO WITH COOLING BY VIRTUE OF HIGHER SURFACE AREA/MASS RATIOS. 

IT IS ASSUMED THAT DIFFUSIVE LOSS OF Ti TO THE ORTHOPYROXENE HOST DOES 

NOT OCCUR (THIS WOULD BE CONSISTENT WITH T HE HIGH ION IC POTENTIAL OF 

THE SMALL Ti 4t CATION) 



MB4AAB 

185 

In summation, the Ti02 content of chromite IS a most significant 

index of liquidus and sub- liquidus conditions and may be used to 

calculate the primary liquidus MMF ratio of chromite. This agrees 

with the conclusion of Hulbert and von Gruenewaldt (1984), who 

studied the cryptic variation through the Rustenburg Layered Suite 

south of Potgietersrus, that Ti02 In chrornite is a sensitive 

indicator of stratigraphic position. However, the present 

investigation has highlighted a number of physical and compositional 

parameters to which Ti02 contents are linked. These obscure the 

prImary cryptic changes in relation to stratigraphic height within 

the studied section, but it is clear that lateral changes within 

layers (e . g. , as measured within the LG 6A chromitite layer) 

represent a major and perplexing problem. Until such time as this 

aspect has been investigated, a given drill core exposure cannot be 

regarded as definitive. 

7.4.5 APPLICATIONS TO GEOTHERMOMETRY 

Experimental observations (e.g., of Fisk and Bence (1980)) have 

conclusively indicated that Ml1F ratios of chromite in equilibrium 

with basaltic magma decline with cooling. This exchange of 

Fe2+ ~ Mg between spinel and melt forms the basis of the olivine­

chromi te geothermorne ter; the ca li brat ion of the geotherrnome ter used 

in the present text is that given by Roeder et al. (1979), which is 

expressed as follows: 

3480YCr + 1018YAl - l720YFe 3+ + 2400 
T(K) -

2,23YCr + 2,56YAl - 3,08Fe3+ - 1,47 + 1,9871n KD 

where KO 

It is evident from the definition of the equilibrium constant KD that 

solid-state, diffusive exchange of Fe 2+ Mg between chromite and 

olivine or orthopyroxene in silicate-rich domains will induce a 

pronounced rise in KO, thus yielding calculated temperatures which 

are lower than presumed liquidus temperatures. For example, Fig. 80 
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is a plot of ln against at YFe 3 + = 0 05 , (as is the 

convention) for olivine- chromite pairs in the C unit of the studi ed 

section. The geotherms portrayed in the figure were calculated from 

the equation c ited above. I t is clear from the data points that 

encapsulated gra~ns olivine - rich domains yield calculated 

temperatures which cluster about the 60QoC geotherm, whereas coarse 

gra~ns within chromite-rich domains yield calculated temperatures 

tending towards 1 OOO°C (estimates of KD for the latter association 

employed average MMF ratios of olivine crystals in adjacent 

silicate-rich domains). Thus, it may be inferred that the axial 

spread of data points on the 600°C geotherm is in response to (a) 

subsolidus re-equilibrati on to a blocking temperature which is less 

than 600°C (olivine compositions well -removed from the Mg-enriched 

boundary conditions were used in the calculations), and (b) varying 

degrees of reaction with interstitial melt prior to occlusion (only 

diffus ive re-equilibration of Mg and Fe2+ cations can occur since er, 

Al and Fe 3+ cations are not accommodated in the olivine lattice). 

Small grains « 100 microns in diameter) intergrown with coexisting 

cumulus olivine and orthopyroxene at the base of the Cl subunit 

(sample 258) yield calculated temperatures of 620°C and 700°C, 

respectively. 

orthopyroxene 

This example serves to illustrate that chromite-

pa~rs exhibit higher blocking temperatures than 

chromite-olivine pairs. This feature would thus account for the 

consistently higher MMF ratios of gra~ns intergrown with 

orthopyroxene as compared to the MMF ratios of equivalent-size gra~ns 

encapsulated ~n olivine. Variations in grain-size give rise to a 

wide spread in calculated temperatures by virtue of the documented 

compositional differences, but manipulation of the equation to the 

geothermometer does yield some indication of primary chromite MMF 

ratios. For example, assuming that (a) diffusive exchange of Cr and 

Al with orthopyroxene does not occur under falling temperature J and 

(b) the measured En contents of orthopyroxene cores approximate to 

initial primocryst compositions, putative liquidus MMF ratios of 

small occluded chromite grains in samples 208 and 215 (C2 subunit) 

are calculated to be 0,590 and 0,600, respectively, at a liquidus 

temperature of 1 200°C. A point of interest is that these estimates 

are in excellent agreement with the previously cited value derived 
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from the regression equation linking Ti02 contents and MMF ratios. 

Selection of a liquidus temperature ~s arbitrary but, 1n this 

instance, a temperature of 1 200 0 e was assigned since application of 

the Mercier single-pyroxene geothermometer to whole - rock analyses of 

fine-grained, granular-textured bronzitites (such as exposed 10 

samples 117, 124, 139 and 312, and which approximate to pure 

orthopyroxene mineral separates) gave calculated temperatures in the 

range 1 230°C to 1 285°C. These suppositions thus demand that grains 

within the LG 3 chromitite layer, with an average MMF ratio of 0,512, 

equilibrated with an Fe-rich fluid phase prior to effective isolation 

of the layer from the system by grain annealing. It may be conceived 

that infiltration of evolved, magmatic residua from the footwall 

represents a potential source and mechanism by wh ich this is 

achieved. Intuitively, the efficiency of the equilibration process 

1S dictated by a high melt/chromite ratio, which would also govern 

the rate of 1ngress. It thus follows that the origin of the LG 3 

chromitite layer may be linked to separation of fractionated residua 

from the crystal mush in reponse to a pervasively applied shock, for 

example (the notion of chromite nucleation in response to mixing of 

footwall-derived, fractionated residua with a new pulse of fresh 

magma has been tendered by Eales (1985) and Young (1984)). 

7.4.6 f0 2 ESTIMATES 

No compelling evidence is gained from the present study to support 

the proposal that periodic fluctuations 1n f0 2 of the magma may 

trigger crystallization of chrornite. Rather, the analytical data 

demonstrate that (a) large changes 1n f02, as conveyed via cryptic 

changes ~n calculated Fe 2+/Fe 3+ ratios of chromite, correlate with 

homogeneous bronzit i tes, and (b) the proport ion of Fe3+ ca tions may 

show a grain-to-grain cryptic r~se towards the top contact of a 

chromi t i te layer, which is opposi te to the envisaged crypt ic trend . 

The intention here is thus to briefly present some quantification of 

f02 conditions using the equation derived by Wilson (1982), which 

relates Fe2+/Fe3+ ratios of chromite to the f0 2 of crystallization. 
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Calculated estimates of log f02 for chromite within chromitite layers 

in the studied section are summarized in Tab Ie 37. It is evident 

from the calculations that (a) chromite within the succession exposed 

in drill core ZS 7 exhibits extremely low log f02 values, varying 

between -9,57 and -13,73, (b) chromitites within drill co re ZS 3 

yield an average log f02 of -9,14, which is 3 units higher than the 

average for all chromitite layers 1n drill core ZS 7, (c) thin 

footwall leader layers generally portray crystallization under more 

reducing conditions than the main layers, whereas hanging-wall leader 

layers 1n the gradational upper contacts of the LG 6 and LG 6A 

reflect a rise in f02, and (d) the disparity in f02 between the two 

exposures of the LG 6A chromitite layer is 3 to 5 log units. By 

comparlson, published data pertaining to intrinsic oxygen fugacity 

measurements on chromi te from the LG 3, LG 4 and LG 6 layers on 

Zwartkop Chrome Mine (Western Bushveld Complex) suggest formation 

under substantially higher oxygen fugacities. For example, the 

fol l owing results are presented by Snethlage and Klemm (1978): 

1. LG 3: 

2. LG 4: 

3. LG 6: 

f02 = 10-5 to 10 - 7 ,6 

f02 = 10-6 ,35 to 10-7 ,20 

f02 = 10-6 ,20 to 10-7 ,50 

Application of Wilson's equation to a selection of their data 

(Table 1; p. 130) yields: 

1. Sample LG 3, + 8,5: 

2 . Sample LG 4, 6 

3 . Sample LG 6, + 40 

f02 = 10-7 ,47 

f02 10- 6 , 85 

f02 = 10-7 ,61 

These calculated values are in excellent agreement with the ranges 

measured by Snethlage and Klemm (op. cit.), thereby lending support 

to use of the equation. However, the strongly reducing environment 

indicated 1n the Zandspruit boreholes 1S anomalous in that 

experimental studies have shown that crystallization of chromite from 

basaltic magmas is suppressed at low oxygen fugacities. The obvious 

conclusion 1S that the high Fe 2+/Fe3+ ratios recorded in the 

stratigaphic succession must stem from some secondary phenomenon. 

However, it is difficult to conceive that a reducing medium can 

achieve access to every chromite grain within the diversity of 



MB4AAB 

189 

TABLE 37: 

CALCULATED LOG f02 FOR CHROMITE WITHIN CHROMITITE LAYERS OF THE 

STUDIED SECTION, BASED ON THE PROPORTION OF Fe2+ AND Fe3+ CATIONS 

PER 32 OXYGEN FORMULA UNIT 

LAYER 

LG 7 

LG 6A 

LG 6A (ZS3).HW 

LG 6A (ZS3 ) 

LG 6A (ZS3).FW 

LG 6 (ZS3).HW 

LG 6 (ZS3) 

LG 5 

LG 5.FW 

LG 4 

I Layer 

H Layer: Top 

H Layer: Bottom 

LG 3 

LG 3.FW 

LG 2 

C Layer 

Drill core ZS 7 unless stipulated. 

- 13,05 

- 11,73 to -13,73 

- 8,23 

- 8,58 

- 8,48 

- 10,18 

- 10,26 

- 12,60 

- 12,82 

- 13,58 

- 12,83 

- 12,43 

- 13,38 

- 10,53 

- 12,86 

- 9,57 

- 12,24 

Log f02 calculated according to the equation (Wilson, 1982): 

log (Fe2+/ Fe3+)chr = -0,139 log f02 - 0,741 

HW: hanging-wall leader layer . 

FW: footwall leader layer. 
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textural and mineralogical environments exposed 1n drill core ZS 7, 

or yield the cryptic decline 1n Fe 2+/Fe 3+ ratios with increasing 

stratigraphic height in the D2 subunit of drill core ZS 3. It .s 

thus tentatively submitted that the reduced conditions portrayed by 

chromite .n the studied section (in conjunction with sporadic 

occurrences of primary magmatic graphite) may reflect distance from a 

feeder or magma conduit. No attempt is made here to pursue this 

consideration other than to note that Kinloch (1982) has documented 

lateral changes lD the mineralogy of platinum group element 

mineralization within the Merensky Reef horizon, and invokes 

proximi ty to putative magma feeders to account for contrasted f02 

conditions (no information pertaining to the mineralogy and structure 

of the Merensky Reef, e.g., incidence and size of pothole structures 

within the Footwall unit, in the Zandspruit area is available). In 

essence, iron-rich platinum group minerals (PGM) rather than sulphide 

PGM are modelled as being indicative of a relatively oxidizing 

environment in juxtaposition to magma feeders. 
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8. ORIGIN OF CHROMITITE LAYERS 

MB4AAC 

Models for chromitite formation ~n layered complexes asp~re to 

integrate two fundamental features, ViZ., (a) the considerable 

lateral extent of individual layers which maintain fairly uniform 

thicknesses and exhibit only m,nor perturbations of the layering 

(e.g., silicate inclusions or partings), and (b) extraction of Cr 

from large volumes of magma is demanded to yield layers with Cr203 

contents in excess of 45 wt. per cent. Whereas recogni t ion of the 

former culminated ,n hypotheses such as fluctuations in f0 2 (Ulmer, 

1969) and changes in pressure (Cameron, 1980), the absence of strong 

Cr-dep1etion trends 1n response to fractional crystallization 

remained a perplexing issue. However, the advent of concepts 

relating to stratified magma chambers, multiple irruption, double­

diffusive convection and magma mixing has glven rlse to potential 

solutions to this problem. For example, it is acknowledged that very 

efficient communication with the magma volume can be achieved via 

vigorous convection within double-diffusive convection layers, thus 

sustaining the supply of Cr to the growth site which is presumed to 

be at or in juxtaposition to the base of a liquid column. The volume 

of magma ~n equi librium with a chromitite layer is thus an important 

consideration by virtue of the magnitude of DCr' 

The R factor of chromite (Campbell et al., 1983) 's defined as : 

R = mass of silicate melt H 

mass of chromite h 

where H = thickness of the liquid column from which the layer has 

precipitated, and h = thickness of the chromitite layer. Modelling 

submitted by Campbell and Murck (1984) suggests that R for major 

chromitite layers is in the region of 2 x DCr to 3 x DCr . Thus, if 

DCr = 1 000, a basal convecting layer some 3 km thick is required. 

These estimates may decline if DCr is lower (e .g., in response to f02 

lower than the QFM buffer) and if the Cr content of the magma is 

substantially higher than a presumed value of 620 ppm (0,091 wt. per 

cent Cr203) at 1 300°C. This Cr content is shown from experimental 

modelling (Campbell and Murck, op. cit. ) to saturate a basaltic melt 

at 1 300°C, which is infe rred to represent an upper crystallization 
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temperature of chromitite layers. Hence, by way of illustration, a 

liquid column Ln equilibrium with the 0,76 m thick LG 6 chromitite 

exposed in drill core ZS 3, with an estimated Cr203 content of 47 

wt. per cent, 15 calculated t o be 390 m thick. Furthermore, with 

reference to Table 38, which presents weighted mean Cr203 contents of 

units B to E in the studied section, calculation shows that a liquid 

column 15,8 times the 440 m thick stratigraphic column is required, 

i.e., ca. 7 km thick. 

TABLE 38: 

WEIGHTED MEAN Cr203 CONTENTS OF UNITS B TO E (ZANDSPRUIT) 

UNIT THICKNESS/m WEIGHTED MEAN Cr203/wt % 

E* 95 1,17 

D2 22 3,22 

D1 112 1,22 

C3 23 2,40 

C2 41 1,29 

C1 14 2,74 

B* 134 1,26 

TOTAL 441 1,44 

E* top of unit taken 3 m above LG 7 chromitite 

B* base of unit taken 100 m below LG 1 chromitite 

TOTAL: weighted mean average for the stratigraphic succession 

Average Cr203 content of bronzitite assigned as 1,05% (n 40), 

whereas that for dunite is 1,30% (n ; 8). 

Though mechanisms such as crystal settling and deposition from 

chromite-laden density currents have been rejected in the preceding 

text on the basis of textural features and cryptic compositional 

changes 1n relation to stratigraphic height within some chromitite 

layers, no unequivocal demonstration of cyclic units within the 
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studied section was achieved. This refers 1n part i cular to the 

envisaged disposition of a chromitite layer at or near the base of a 

cyclic unit , which would mark the stratigraphic position at which a 

new magma pulse entered the chamber. However, the rIse in 

orthopyroxene MMF ratios with increasing s t ratigraphic height through 

the upper portion of the B unit, reaching a high value within the C 

unit, IS interpreted here as indicative of a new influx of primitive 

magma entering the chamber. Though this cryptic change is manifested 

as a gradational feature, recourse is made to upward migration of 

magmatic residua which act via equilibration to smooth compositional 

offsets . The saw-tooth, irregular decline in orthopyroxene MMF 

ratios with increasing stratigraphic height above the Cl subunit may 

be representative of a restricted range ~n magma compos i tions, and 

infiltration metasomatism could thus readily achieve effective 

degrees of homogenization . The subtle variation of trace element 

l evels (e.g ., of Ni, V and Sc in hypothetically pure or t hopyroxene) 

appears to be consistent with this prem~se. A point to be recognized 

IS that fine-grained orthopyroxene crystals 1n granular - textured 

bronzitites do not necessarily yield the best estimates of primary 

liquidus compositions , Slnce the high surface area/mass ratios of 

small particles induce a marked degree of reactivity (this feature is 

most consplcuoUS small chromite gralns within silicate - rich 

domains) . However, the average calculated temperature of 1 255'C (n 

= 4) derived for whole-rock analyses of these assemblages, absence of 

zonal structures and restricted within-sample variation in chromite 

compositions point t o ear l y isolation from melt . 

It is evident from the weighted mean Cr203 contents of units B to E 

(Table 38) that the Cr203 content of 3,22 wt. per cent within the D2 

subunit is substantially higher than that of other pyroxenite 

subunits (these appear to define a subtle r l se with increasing 

stratigraphic height from 1 , 26% 1n the B unit to 1,29% ,n t he C2 

subunit, followed by a decline to 1,17% ,n the E unit). Notably, the 

D2 subunit overlies an 112 m thick bronzitite succeSSlon which 

exhibits (a) only one chromitite layer, (b) a predominance of 

fine - grained assemblages and very low modal proportions of mesostasis 

In the upper portioo, and (c) a progressive rise iO orthopyroxene 

crystallinity with increasing stratigraphic height. These features 
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are not exposed wi thin the C2 subuni t and B uni t, for example, and 

the following question thus arlses: 15 it entirely fortuitous that 

the thickest Lower Group chromitite layer is developed above a thick 

vertical column of fine-grained, essentially anchimonomineralic 

bronzitites, whereas thinner layers such as the LG 2 and LG 3 are 

developed above thin horizons of granular-bronzitite? By virtue of 

certain cone 1 us ions aris ing from the study of chromi te wi thin the 

succeSSlon (e.g., small graIns with primitive Ti02 contents are 

preserved by early encapsulation in orthopyroxene, whereas protracted 

residence times 1n melt yield coarser particles with evolved Ti02 

contents), the response 

interstitial melt from 

is tendered here 

a suspenSlon of 

that rapid separation of 

orthopyroxene primocrysts 

culminated in (a) fine-grained, granular-textured bronzitites, (b) 

the progressive decline In orthopyroxene grain-size with increasing 

stratigraphic height in the footwall of the LG 6 chromitite, and (c) 

the formation of the LG 6 chromitite layer. It is envisaged that 

separation of fractionated melt is induced by thermal and/or tectonic 

shock associated with the ingress of hot, primitive magma into the 

chamber. 

Thus, a suggested model for chromitite formation lO the Lower 

Critical Zone is as follows: 

1. Influxes of hot, primitive melt were constrained to spread along 

the interface between the crystal mush and supernatant magma by 

virtue of a higher density (Sparks and Huppert, 1984). 

2. The upper interface of the new influx is stable, thus limiting 

the degree of mixing with residua of the preVlOUS influx 

(Huppert and Sparks, 1980). However, very efficient transfer of 

heat is realized across this interface. 

3. Buoyant, fractionated melt exudes from 

with Cr-saturated melt, yielding a 

saturated with respect to chromite. 

the footwall 

hybrid magma 

and mixes 

that is 

4. Nucleation and in situ crystallization of chromite lS initiated 

at the basal interface. Steady upward compositional changes in 

the H chromitite layer, for example, are suggestive of in situ 

nuc leat ion rather than depos i t ion from densi ty currents. In 

addition, chromite at the base of this layer is intermediate In 
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composition between grains at the top of the layer and chromite 

within the footwall . 

5. Vigorous convection within double-diffusive convection layers in 

the overlying magma ensure sustained supply of Cr to the growlng 

crystals, thus achieving the required high value for R. 

Modelling by Campbell and Murck (1984) has revealed that mlxlng of 

evolved and primitive melts In the ratio of 1: 1 yields the most 

favourable conditions f or the formation of thick chromitite layers. 

This follows f rom the strongly concave upwards nature of the curve 

depicting Cr saturation in basaltic melt plotted against temperature 

on the abscissa, and the degree of penetration achieved into the 

field of chromite saturation with a 1:1 mixture. Thus, 

conclusion, the limited thickness of all but the LG 6 chromitite 

layer may stem primarily from exudation of small vo l umes of footwall 

contaminant, rather than mixing of l arge volumes of primitive and 

mildly fractionated melts. By implication, (a) the volumes of new 

influxes which gave r~se to chromitite layers must be fairly small, 

and (b) the basal portions of the Cl and C3 subunits may have 

crystallized from influxes of l arge volumes of olivine-normative 

primitive melt, followed either by convective overturn and mixing of 

double-diffusive convection layers or influxes of smaller volumes to 

yield the Cr203-rich LG 4, E and I chromi tite layers towards the top 

of these subunits. The relevance of the above considerations may be 

gauged from Fig. 81, which is a p l ot of layer thickness against the 

vertical 

cohesive 

separation of success~ve chromite-rich domains . 

relationship portrayed in the figure suggests 

The 

that 

contami nating melts were derived from the footwall of new influxes . 

• 
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VERTICAL TH ICKNESS BETWEEN SUCCESSIVE CHROMITE-RICH 
LAYERS / m 

PLOT OF CHROMITITE THICKNESS AGAINST THE VERTICAL SEPARATION 

BETWEEN SUCCESSIVE CHROMITE- RICH DOMAINS .. THE DISPOSITION 

OF DATA POINTS SUGGESTS THAT THE THICKNESS OF A LAYER IS 

LINKED TO THE VOLUME OF CONTAM INATING MELT DERIVED FROM 

THE FOOTWALL OF A NEW INFLUX. 

SYMBOLS: 

• PYROXENITE - HOSTED LAYERS 

o DUNITE - HOSTED LAYERS + THE H LAYER 

NOTE: (a) THE LG 4 LAYER IS 4m ABOVE THE I LAYER BUT 18m ABOVE THE 

BASE OF THE C3 SUBUN IT. 

(b) THE LAMINATED LG 5 LAYER IS 84m ABOVE THE LG 4 BUT IS 22m 

ABOVE THE BASE OF A GRANULAR-TEXTURED SUBUNIT. 

(THE LATTER VALU E IS PLOTTED HERE l-

(e) THE LG 3 IS 20m ABOVE SAMPLE 234 (OLIVINE-BEARING AND CHROMITE­

RICH) AND 4m ABOVE AN OLIVINE - CHROMITITE LAYER (SAMPLE 222), 
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9. SUMMARY 

MB5AAL 

The foregoing text offers a description of the sequence between the 

LG 1 and LG 7 chromitite layers as exposed on surface, and by drilling, 

on the farm Zandspruit 168 JP, in the Western Bushveld Complex. The 

main areas of study included: 

(1) Logging of the succession as exposed in boreholes ZS 3 and ZS 7, 

and correlation of this with the known sequence in the area. 

(2) Petrographic studies of the rock assemblage of orthopyroxenites 

(bronzitites), harzburgites, dunites and chromitites. Norites and 

anorthosites are exposed only within higher parts of the succession to 

which attention was paid. 

(3) Microprobe studies on 110 polished sections of chromite and 

silicate phases in various mineral associations. This work yielded 

analyses of 250 orthopyroxene, 60 clinopyroxene, 120 olivine, and 650 

chromite gralns, plus analyses of plagioclase, phlogopite, amphibole 

and silicate inclusions in chromite. 

(4 ) Geochemical analysis of whole-rock samples. A total of 62 rocks 

were analyzed for major elements, Cr and trace elements Sr, Rb) Zr, Y, 

Nb, Ba, Zn, eu, Ni, Co, V and Sc. Cr contents of chromite-rich rocks 

were determined on briquetted powders, with adjusted Mo- Compton mass 

absorption coefficients used in data reduction (pp. 154-155). 

Attention was focussed on the following aspects: 

(5 ) Grain-size variations within the succession, employing 

crystallinity as a reciprocal measure of gra1n-S1ze. Crystallinity 

values, representative of the number of cumulus silicate crystals per 

cm3 of rock, were derived from counts of the number of orthopyroxene or 

olivine gra1ns seen within 25 mm2 blocks drawn on orientated thin 

sections (p. 39). Plots of crystallinity against stratigraphic height 
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showed (a) significant var iations within t he studied section, (b) an 

element of cyclicity within isomodal sequences of bronzitite [e.g.) 

Fig. 8 (E)], (c) thin horizons of fine-grained, granular-textured rocks 

overlying coarser-grained, adcumulate-textured rocks in the B unit and 

C2 sub un i t, and (d) a substantial thickness of fine-grained bronzitites 

10 the D unit. The occurrence of fine -grained rocks might appear 

anomalous in a large plutonic body, but an explanation appears to be 

expulsion of interstitial melt from orthopyroxene cumulates at early 

stages of crystallization. 

(6) Cryptic trends in MMF ratios of orthopyroxene and olivine. MMF 

ratios of orthopyroxene rise with increasing stratigraphic height 10 

the B unit, reaching high values in the overlying C unit, then decline 

irregularly through the D and E units. MMF ratios of olivine 10 

dunites exhibi t a muted variation in relation to stratigraphic height, 

but higher ratios are seen In chromite -rich domains and at the 

respective bases of the C1 and C3 subunits, linked to higher Ni 

contents. Whole - rock Ni contents of bronzitites, corrected for 

dilution by modal plagioclase, do not decrease systematically with 

increasing stratigraphic height: Ni contents may r1se upwards In 

finer-grained units. These features are surmnarized 1n Fig. 82, which 

presents a columnar log of the studied successIon, with selected 

analytical data, and a plot of crystallinity against stratigraphic 

height. 

(7) Technique of regression analysis of selected whole-rock data to 

derive trace element levels ,n hypothetically pure phases [e.g. , Sr ,n 

plagioclase (p. 166) and V in orthopyroxene (pp. 158- 159)]. The data 

indicate that Sr ,n plagioclase decreases from 650 ppm in the Band C 

units to ca. 530 ppm ,n the D and E units . V in orthopyroxene rlses 

from ca. 90 ppm ,n the Band C units to 130 ppm ,n the E unit . 

Differences in the V content of chromite within the D2 and C3 subunits 

were shown . 

(8 ) Microprobe studies on cumulus silicate phases. Excellent 

agreement was obtained wi th values derived by regress10n analys i s 

[e.g., A1203 ,n orthopyroxene (p. 166)] . Microprobe analysis of 
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orthopyroxene indicated (a) higher MMF ratios in chromite - rich domains, 

(b) zonal structures in chromite-rich domains or towards contacts of 

impinging chromite grains (p. 75), (el zonal structures in well-formed 

crystals within meso- and adcumulate-textured assemblages (p. 76), (d) 

no detectable zonlng 1n fine-grained, granular-textured rocks, (e) 

higher Al/Cr ratios in olivine-bearing domains (p. 70), and (f) uniform 

levels of Cr203 throughout the succession of bronzitites. Microprobe 

analysis of olivine indicated that small crystals 10 chromite -ri ch 

rocks are enriched 10 Ni relative to coarse-grained crystals 1n 

juxtaposed, adcumulate-textured dunite (p. 58, Fig. 10) . 

structures were detected in the latter assemblages. 

No zona 1 

(9) Detailed microprobe data on chromite grains within chromitite 

layers and 

plagioclase. 

gralns intergrown with olivine, orthopyroxene 

Features arising from this study include: 

and 

(a) The hypothes is of ,n si tu gra,n growth leading to (Fe, Cr, Ti) 

enrichment and subsequent diffusive homogenization (pp. 128-130). 

(b) Notable differences ,n composition and compositional variability 

of chromite within massive chromitite layers relative to accessory 

chromite. 

(c) Grains within fine-grained, granular-textured rocks exhibit (i) a 

more restricted compositional range, and (ii) Cr203 depleted 

compositions relative to coarser-grained assemblages with higher 

modal proportions of mesostasis (Fig. 82). 

(d) The lack of zon,ng within polygonal-textured gra,ns m chromitite 

layers and small, euhedral grains occluded ,n orthopyroxene and 

olivine, whereas zoning is detectable in large grains intergrown 

with plagioclase, mica and quartz. 

(e) Absence of clear-cut correlations between composition and 

stratigraphic height (Fig. 82), but a within- sample correlation 

with grain- size is evident (p. 147 ; Fig. 49). 

(f) Chromite gra1ns 1n chromite-poor, olivine-be aring domains are 

substantially enriched in A1203 (p. 131). 
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APPENDIX I 

(a) Log of borehole ZS 7, with sample numbers and depths. 

BH. DEPTH 1m 

22.50-23.13 
23.13-23.14 
23.14-23.37 
23.37-2.3.45 
23.45-23.69 
23.69-24.58 

24.58-24.89 
24.89-25.12 

25.12-27.73 
27.73-29.61 

29.61-33.26 

.33.26 -33.66 
33.66-38.79 

38.79-39.59 
39 .5 9-40 .1 2 
40.12-40.22 

40.22-42.64 

42.64-42.95 
42.95-49.80 

49.80-49.88 
49.88-117.04 

ROCK TYPE (UN!T E ) 

Granular-textured bronzitite 
Chromitite 
Chromitiferous bronzitite 
Serpentinized chromite bronzitite 
LG 7 CHROMITITE LAYER 
Interleaved bronzitite and thin chromitite 
layers, with sporadic lenses of olivine­
bearing, ultramafic pegmatite. 
Bronzitite with one 0.5 cm thick chromitite. 
Serpentinized bronzitite with weakly dissem 
-inated sulphides. 
Medium to coarse-grained bronzitite 
Bronzitite and olivine-bearing ultramafic 
pegmatite; single chromitite stringer 
towards tap of sample (7). 

Sulphide-bearing, medium to coarse-grained 
bronzitite. Sulphides are interstitial to 
orthopyroxene crystals. 
Serpentinized bronzitite. 
Adcumulate-textured bronzitite. Trace 
sulphide content in samples (14) and (15). 
Bronzitite and ultramafic peg matite. 
Medium-grained bronzitite 
Serpentinite and bronzitite. 

Bronzitite with minor sulphides. Sporadic 
occurrence of olivine crystals i n samples 
(21) and (22). 
Serpentinite + sulphides. 
Bronzitite. Grain-size declines with 
increasing borehole depth to sample (28), 
which hosts a chromitite lens. Samples 
(24), (2 5) and (26) are olivine- and 
sulphide bearing. 
Serpentinite (co re 1055). 
Chromite-poor, adcumulate-text ured branz 
-itites. Basal portion is coarser-grained 
and feldspathic. Sample (30), thin 
chromite bronzitite la ye r midway through 
sample. Sample (321, thin chromite 
bronzitite layer at base of sample. Trace 
modal sulph id e contents in samples (571 
to (59); minor- to trace olivine contents 
in samples (36) to (42). Weakly dissem. 
chromite is conspicuous in thin section 
towards the base of the unit le.g., (701 
and (711). Base of E unit at 117.04m 
below collar. 

Al 

SAMPLE No. Ie 
DEPTH 1m 

(1) 22.50-22.63 

(2) 23.56-23.63 
(31 23.69-23.76 
(4) 24.07-24.26 

(51 24.94-25.07 

(6) 25.43-25.29 
(71 27.84-28.08 
( 8) 29.21-29.42 

(91 30.72-30.80 
(10 I .31.09-31.29 
(111 32.59-32.75 
( 12) 33.26-33.43 
( 13 ) 33.62-33.75 
( 14) 33.97-34.09 
( 15 ) 35.60-35.72 
(! 61 .37.00 -37.22 
(171 38.60-38.70 
( 18) 39.32-39.56 
( 19) 40.12-40.26 
(20) 40.69-40.90 
(211 42.22-42.35 
(22) 42.57-42.67 
(23) 42.76-42.89 
(24) 42.95-43.07 
(25) 43.68-43.80 
(26) 45.02-45.14 
( 271 46.59-46.74 
(28) 48.06-48.20 
(29) 49.56-49.71 
(30) 50.70-50.83 
(311 52.11-52.25 
(32) 5 .3.68-53.80 
(33) 55.12-55.25 
(34) 56.64-56.7.3 
(35) 58.02-58.13 
(36) 59 .0 4 -5 9.52 
( 371 60.95-61. 12 
(38) 62.44-62.56 
(391 63.82-63.91 
(40) 65.17-65.30 
(41 ) 66.95-67.08 
( 42) 68.44-68.55 



117.04-118. 04 

118.04-118.22 
118.22- 118.30 

! 18. 30-122. 63 
122.63-134.12 

134.12-139.90 

139.90-173.04 

173.04-173.07 
173.07-173.14 

173.14-173.51 

A2 

(43) 69.87-69.98 (59 ) 93.57-93.76 
(44 ) 71.29-71.40 (60) 95.08-95.24 
(45) 72.72-72.83 (61) 96 . 24-96.60 
(46) 74.09-74.20 (62) 98.26-98.37 
(47) 75.57-75.68 (63) 99.37-99.88 
(48) 76.97-77.08 (64) 101. 22-101.36 
(49) 78.16-78.27 (65) 102.70-102.80 
(50) 79.50-79.63 (66) 105.14-105.28 
(51 ) 80.96-81. 09 (67) 106.56-106.73 
(52 ) 82.41-82.55 (68) 108.33-108.51 
(53) 83.92-84 . 07 (69) 109.79-109.96 
(54) 85.03-85.18 (70 ) 111.16-111.28 
(55) 86.49-86.65 (71) 112.66-112.82 
(56) 88 . 25-88.41 (72 ) 114.10-114.31 
(57) 89.71-89.88 (73 ) 115.25-115.42 
(58) 91 . 24-91.37 (7 4) 116.81-116.93 

( D2 SUBUN IT ) 

Granular-textured bronzitite with chromite (75) 117.95-118.06 
bronzitite and ultramafic pegmatite at 
base. 
LG 6A CHROMITITE 
Chromitite, bronzitite and ultramafic 
pegmatite. 

(76) 
(77) 

Bronzitite (78) 
NOT SAMPLED (79) 
LG 6 CHROMITITE LAYER (81 cm thick) at 
132.30 - ·133.11m. 

(80) 
(81) 

Bronzitite with la yered chromite 
bronzitite at base (sample 84; base of 
D2 s ubunit ) . 

(82) 
(83) 
(84) 

( 01 SUBUNIT ) 

Fine-grained, granular-textured bronz­
itite, with occasional and thin medium­
grained assemblages (e.g., samples (93) 
and (104)). Modal chromite content is 
I 0" • 

(85) 141.10-141.30 ( 97) 157 . 32-157.47 
(86) 142.38-142 . 56 (98) 158.68-158.83 
(87) 143.64-143.79 (99 ) 160.00-160.16 
(88) 145.28-145.34 (100) 162 . 38-162 . 57 
(89) 146 . 50-146.66 (101) 163.82-164. 00 
(90) 148.00-148.16 (1 02) 165.27-165.35 
(91) 149.44 -149.65 ( 103) 166.71-166.84 
(92) 150.94-151.09 (104 ) 168.15-168.25 
(93) 152.41-152.55 (105 ) 169 . 77-169.92 
( 94) 153.85-154.01 ( 106) 171.14-171.29 
(95) 155.22-155 .43 ( 107) 172.60-172.70 
(96) 155.80-1 55.94 

Chromitite layer 

118.22-118.34 
118.34-118 . 51 
119.65-119.81 
120.07-120.20 
122.49-122.63 
135.18-135.22 
136.47-136.73 
138.12-1.38.27 
139.80-139.98 

Bronzitite with olivine, secondary 
orthopyroxene and minor sulphides. 
LG 5 CHROMITITE LAYER 

(108) 173.07-173.14 

(109) 173.36-173.46 
(110) 173 . 54-173.64 



A3 
173.51-196.00 Granular-textured bronzitite. Trace 

occurrences of olivine occur in samples 
(122), (123) and ( 1251 . 

( !Ill 173.78-173.88 ( 1191 185.23-185.42 
( 1121 175.25-175.38 ( 120 I 186.74-186.88 
( 1131 176.74-176.81 ( 1211 188.21-188.35 
( 114) 178.17-178.28 ( 122) 189.65-189.78 
( 115) 179.58-179.72 (123) 191.16-191.31 
( 1 161 180.90-181.05 ( 124) 192.70-192.85 
(117) 182.36-182.51 (125) 194.21-194.34 
( 1 18) 183.86-183.99 (126) 195.66-195.83 

196.00-210 .50 Adcumulate- and mesocumulate-textured, 
coarse-grained bronzitite. 

(127) 197.15-197.26 (132) 204.27-204.41 
(128) 198.57-198.71 (133) 205.61-205.77 
(129) 200.06-200.21 (134) 206.88-207.00 
(130) 201.51-201.65 (135) 208.12-208.26 
(131) 202.89-202.99 (136) 209.95-210.07 

210.50-216.70 Fine-grained! granular-textured bronzitite. Trace occurrences 
of olivine are present in samples (139) and ( 140). The olivine 
content (e.g., two grains per thin section) is sporadic. 

216.70-252.41 

252.41-255.14 

255.14-255.17 
255.17-255.76 
255.76-255.80 
255.80-257.45 

(137) 211.28-211.41 (139) 214.26-214.41 
(138) 212.73-212.92 (1401 215.89-216.05 

Medium-grained, adcumulate-text ur ed bronzitite grading with 
borehole depth into coarse-grained, adcumulate-te.tured 
bronzitite. Olivine is present metas tably (i.e., crystals 
rimmed by coronas of reaction-replacement orthopyroxene) in 
samples (1521 and (1601. A thin chromite bronzitite layer is 
exposed in sample (1481. 

( 141 1 217.36-217.50 ( 1541 235.79-235.91 
(1421 218.77-218.90 ( 155) 236.87-237.03 
(1431 220.17-220.35 ( 1561 237.84-238.00 
( 1441 221. 82-222. 00 ( 1571 238.98-239.11 
(1451 223.16-223.30 (158 ) 241. 23-241. 40 
( 1461 224.74-224.86 ( 1591 242.67-242.88 
(147) 226.16-226.31 ( 160 I 244.18-244.35 
( 1481 227.39-227.55 ( 161 ) 245.63-245.78 
( 1491 228.90-229.07 ( 1621 247.09-247.28 
(1501 230.38-230.56 ( 1631 248 . 42-248.56 
( 151) 231. 65-231. 80 (164) 249.95-250.08 
( 152) 232.94-233.09 ( 165) 251.29-251.48 
(1531 234.25-234.40 ( 1661 252.24-252.33 

( C3 SUBUNIT 

Granular harzburgite grading into dunite 
and chromite dunite. 

( 1671 
( 1681 

Chromitite 
Chromite dunite 
Chromitite 
Dunite, chromite dunite 

( 169) 
(1701 
( 1 71 ) 

(1721 

(1731 
( 1741 

252.41-252.57 
252.75-252.99 
253.24-253.41 
254.09-254.22 
254.81-255.06 

255.52-255.68 

255.87-256.04 
256.44-256.57 



257.45-257.78 
257.78-258.30 

258.30-260.86 

260.86-260.89 
260.89-261.03 
261. 03-261. 10 
261.10-261.19 
261. 19-275.05 

275.05-275.54 

275.54-275.62 

275.62-292.09 

292.09-292.26 
292.26-294.56 

LG 4 CHROMITITE LAYER 
Gradational contact: olivine-chromitite, 
chromitiferous poikilitic harzburgite. 
Coarse-grained, adcumulate-textured dunite 
and chromite dunite (1831. 

Chromitite 
Dunite 
I Chromitite layer (5 cm) 
Chromitiferous paikilitic harzburgite 

A4 
( 1751 256.93-257.13 
( 1761 257 . 41-257.46 

( 1771 257.76-257.93 
( 1781 258.02-258.30 
(! 79) 258.61-258.73 
(180) 258.94-259.06 
( 1811 259.63-259.80 
(182) 259.90-260.08 
( 1831 260.60-260.76 

(184) 261.05-261.19 

Adcumulate-textured dunite with spherical "plates" of 
reaction-replacement orthopyroNene. Occasional chromite-rich 
stringers are exposed. 

(! 85) 261. 40-261. 50 
(186 ) 262.73-262.92 
( 1871 264.33-264.50 
(188 ) 265.27-265.42 
( 189) 265.90-266.10 
( 1 90) 267.38-267.60 
(! 911 268.64-268.91 

(192) 
( 1931 
(194) 

269.27-269.54 
270.14-270.29 
272.18-272.31 

(195) 272.35-272.47 
( 196) 272.82-272.94 
(1971 273.57-273.77 
(198) 273.77-273.96 
(199) 274.71-274.87 

Chromite dunite, dunite and basal 4 cm (200al 275 . 46-275.54 
H chromitite layer. 
Granular-textured bronzitite interleaved (200b) 275.54-275.62 
between chromitite . 
Medium-grained, 

(201 ) 275.96-276.16 
(2021 276.71-276.92 
(20 .31 278.70-278.88 
(204) 279.90-280.07 
(205) 282.57-282.75 
(206) 283.90-284.07 

adcumulate-textured 
( 2071 
(2081 

bronzitite. 
284.49-284.65 
285.94-286.12 

(209) 287.43-287.59 
(210) 288.90-289.07 
(211) 290.42-290.53 
(212 ) 291.71-291.86 
(213) 291. 96-292. 09 

LG 3 CHROMITITE LAYER 
Leader chromitite layer, chromitiferous (214) 292.26-292.50 
olivine-bearing bronzitite and bronzitite (215) 293.15-293 .. 33 

294.56-296.69 Layered succession of olivine-bronzitites, harzburgites and 
chromite-rich rocks in basal 30 cm. 

296.69-316.50 

(216a) 294. 56-294. 66 (220) 295.28-295.41 
(216bI294.66-294.78 (221) 295.41-295.55 
(2171 294.88-295.03 
(218) 295.03-295.17 
(219) 295.17-295.28 

(222) 296.35-296.48 
(22.3) 296.48-296.69 

Adcumulate-textured bronzitite. Olivine and a higher chromite 
content are present in sample (234). 

(2241 297.48-297.64 (231) 307.84-307.89 
(225) 
(226) 

(227 a I 
(227bl 

(228) 
(229) 
(2301 

298.79-298.93 
300.35-300.49 
301.82-301.87 
301.87-301.97 
303.35-303.50 
304.74-304.86 
306.10-306 . 31 

(2321 309 . 26-309.43 
(233 ) 310.21-310.37 
(234) .311.96-312.10 
(235 ) 313.15-313.31 
(236) 314 . 85-315.02 



316.50-319.14 
319.14-319.30 
319.30-319.68 

319.68-320.02 

320.02-323.5 1 

323 . 51-330.20 

33 0 .20-334 . 51 

334 . 51-.334.76 

( Cl SUBUNIT 

Olivine-bronzitite 
Granular harzburgite 
Dunite, chromite dunite, chromitite 
and olivine-chromitite 
Poikilitic harzburgite 

Dunite, with chromite stringers in 
sample (245) 

(2371 
( 238) 
(2.391 
( 240) 
(241 ) 
(2421 
(2431 
(244) 
(245 ) 
(2461 
(2471 
(2481 

A5 

318.12-318.28 
319.14-319.30 
319.30-319.44 
319.44-319.56 
319.56-319.68 
319.68-319.85 
319.85-320.02 
320.02-320.22 
320.22-320 . 46 
32 1 .46-321.66 
322.97-323.11 
323.29-323.51 

Olivine-bronzitite and bronzitite with thin olivine-rich 
layers. 

(249) 323.51 - 323.65 
(250) 324.27-324.52 
(2511 324.52-324.64 
(2521 324.64 - 324.78 
(2531 324.78-324 . 95 

(2541325.90-326.07 
(255) 327.39 - 327.54 
(2561 328.21-328.40 
(257) 328.40-328.53 
(258) 330.16-330.39 

First appearance of cumulus olivine crystals at depth 
of 330.20 m. 

B UNIT ) 

Medium-grained bronzitite, with low modal 
chramite content (except for a chromitic, 
feldspathic bronzitite in the immediate 
hanging-wall of the LG 21. 
LG 2 CHROMITITE LAYER 

{2591331.95-3.32.11 
(2601 333.35-333.54 
(2611 334.41-334.51 

334 . 76 - 353.44 Bronzitite 
(262) 334.77-334.90 
(2631 335.84-336.06 
(264) 336.23 - 336.35 
{2651 337 . 44-337.59 
(2661 338.79-338.98 
(2671 340.03-340.43 
(2681 341. 72-341. 87 

353.44-353.46 C chromitite layer 
353.46-364.62 Medium-grained bronzitite 

( 2771 354.48-354.68 
(2781 356.10-356.28 
(279) 356.89-357 . 07 
(2801 358.67-358.84 
(281) 359.93-360.06 

364.62-364.95 LG 1 CHROMITITE LAYER 
364.95-381.20 Bronzitite 

(286) 364.95-365.09 
(2871 365.43-365.63 
(288) 366.99-367.12 
(2891 367.94-368.06 
(2901 369.27-369 . 47 
(2911 370.27-.370.42 
(2991 372.27-372.51 

(2691 343.11-343.22 
(2701 344.42-344 . 63 
(2711 345.87-346.04 
( 2721 347.29-347.42 
(273) 348.07-348.28 
(2741 350.16-350.33 
(275) 351. 53-351. 74 
(2761 .353.35-353.44 

(282) 361. 06-361. 19 
(2831 362.32-362 . 52 
(2841 364.10-364.34 
(2851 364.53-364.62 

(2931 373.41-373.57 
(2941 .375.59 - 375.70 
(295) 376.43 - 376.66 
(2961 377.68-377.82 
(2971 379.77-379.96 
(2981 380.87-381.06 
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(b) Log of bocehole IS 3, with sample locations. 

BH. DEPTH/m 

162.85-166.24 

166.24-167.24 

167.24-167.40 
167.40-180 . 15 

180.15-180.48 

180.48-181.25 
181.25-183.00 

183.00-185.40 

185.40-187.90 

187.90-187.99 

187 . 99-199.79 

ROCK TYPE ( E UN IT ) SAMPLE No. & 
DEPTH/m 

Hesocumulate-textuced bconzitite, with (300) 164.14- 164.33 
a conspicuous modal chcomite content and (301) 165.53-165.76 
feldspathic mesostasis. 

( D2 SUBUNIT) 

Chcomitifecous bconzitite gcading into 
chromite bronzitite and bronzite­
chcomitite with depth 
LG 6A CHROMITITE LAYER 
Granular-textured, fine-grained 
bronzitite: chromite-poo c except at 
top and bottom. 

(302) 166.94-167.11 
(303) 167.11-167.24 

(304) 167.40-167.54 (310) 174.55-174.67 
1305) 168.24-168.36 (31ll 176 . 04 - 176.16 
1306) 
13071 
(308) 
(309) 

169.51-169.70 
170.04-170 . 24 
171.53-1 71. 71 
173.08-173.21 

(312) 177.47-177 . 65 
(313) 178.73-178.86 
(314) 179.99-179.99 
(315) 179.99-180.16 

Gradaticnal hanging-wall of the LG 6 
chromitite layer, comprising chromite 
bronzitite and bronzite-chromitite 
layers. Localized olivine-bearing domains 
are present. 
LG 6 CHROMITITE LAYER 
Granular-textured, fine-grained and 
chromitiferous bronzitite . Discordant 
lenses of ultramafic pegmatite are 
sporadically developed. 
Feldspathic, medium-grained bronzitite. 
Grain-size rises with increasing 
stratigraphic height. 
Granular-textured bronzitite. Sporadic 
olivine crystals occur in sample 322. 
Chromite bronzitite. 

( Dl SUBUNiT 

(316) 180.16-180.26 
(31ll 180.26-180.48 

(318) 181.25-181.44 

(319 ) 183.16-183.25 
(.320) 183.86-184.03 
(321) 185.06-185.21 
(322) 186.65-186.84 
(323) 187.76-187.99 

Granular-textured bronzitite, with low modal proportion 
mesostasis and chromite content. Olivine grains ar e present 
in samples 325 and 331, with the latter clearly linked to a 
discordant, ultramafic pegmatite lens. 

(324) 189.59-189 . 73 1.328) 194.98-195.11 
(325) 191.00-191.14 (329) 196 . 77-196 . 90 
(326) 192 . 35-192.56 (,330) 199.64 - 199.79 

End of hole at 200 m. 
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APPENDIX II 

GENERALIZED COLUMNAR SECTION OF BOREHOLE KA 5 DRILLED ON 

THE FARM VLAKFONTEI N 207 JP. 

KASHANE 5 

m ft 

:::7:/{ 
:::::;:;:;:::::::;:; 

96,0 :-:.:-:-:.:-:.:-:.:- 312 

• KA 4 10 BRONZITITE 

133, 5 ~·Z., .c:;. ':::;" z: .. :::j. ~~~ 

155,4 505 

159, I :-;.;.;.:-: .;. : g~~ 

166,1 :-:.:.:.:-:.:.:.:-:. 540 

(((?? • KA 552 

::::}::::}:} • KA 57 1 
:.:.:.:.;.:.:.;.;.:. 
;:;:;:;:;:;::::::::: 

: ~:~:~:~:~: ~:~: ~:~:~ 
:::::::::::::::::::: • KA 622 
::::::::::;:::::;::: 
;:;:;:;:;:;:;:;:;:;: 
::;:;:;:;:;:;:;:;::: 

GRANULAR 
HARZB URGITE 

GRANULAR 
HARZBURGITE 

POIKILITIC 
HARZBURGITE 

208,0 :-:.:-:.:-:-:.:-:-: 676 

• KA 729 BRONZITITE 

-
LEGEND: 

D BRONZITITE k::::.::;:::] POIKILITIC AND GRANULAR HARZBURG ITE 



A8 

APPENDIX III: 

ELECTRON MICROPROBE OPERATING CONDITIONS 

All electron microprobe analyses were determined using Cambridge Microscan V 

instruments, which utilize wavelength dispersive crystal spectrometers, at 

Rhodes University and the University of Cape Town. The instrument at Rhodes 

University operated at 

current set at 30nA. 

an accelerating voltage of 20 KV 

Data collection and reduction 

and a 

employed 

speC1.men 

on-line 

f acilities, with count rates corrected using the Bence-Albee routine (Bence 

and Albee, 1968). 

(a) ANALYTICAL CONFIGURATION FOR ANALYSIS OF OLIVINE: 

Left hand spectrometer: LiF crystal 

FeO (St John's Island olivine) 

NiO (Nickel Magnetite) 

MnO (Rhodoni te) 

CaO (Pyroxene PSU 5-182) 

Right hand spectrometer: RAP crystal 

MgO (St John's Island olivine) 

Si02 (St John's Island olivine) 

(b) ANALYTICAL CONFIGURATION FOR ANALYSIS OF PYROXENE: 

I 

Left hand spectrometer: LiF crystal 

FeO (St John's Island olivine) 

Ti02 (Ilmenite) 

CaO (Pyroxene PSU 5-182) 

Cr203 (Chromite 53-In-8) 

MnO (Rhodonite) 

NiO (Nickel Magnetite) 

REFERENCE 

BENCE, A.E. AND ALBEE, A.L. (968). Empirical correction factors for the 

electron microanalysis of silicates and oxides. J. Geol., ~, 382 - 403. 

MB5AAC 



Right hand spectrometer: RAP crystal 

Si02 (Jadeite) 

Na20 (Jadeite) 

A1203 (Jadeite) 

MgO (St John's Island olivine) 

A9 

An equivalent configuration was used for amphibole, mlca and silicate 

inclusions 1n chromite, with K20 determined on the left hand 

spectrometer using an orthoclase standard (PSU-Or-IA). 

(c) ANALYTICAL CONFIGURATION FOR ANALYSIS OF PLAGIOCLASE 

Left hand spectrometer: Quartz crystal 

CaO (Pyroxene PSU-Pxl) 

K20 (Orthoclase PSU 5-182) 

Right hand spectrometer: KAP crystal 

Si02 (Pyroxene PSU-Px1) 

A1203 (Synthetic Spinel) 

Na20 (Jadeite) 

(d) ANALYTICAL CONFIGURATION FOR ANALYSIS OF CHROMITE 

MB5AAC 

Left hand spectrometer: LiF crystal 

Ti02 (Ilmenite) 

MnO (Rhodonite) 

FeO, NiO (Nicke I Magnetite) 

Cr203 (Chromite 53-In-8 ) 

Right hand spectrometer: RAP crystal 

A1203, MgO (Synthetic spinel) 

An equivalent configuration but with different standards was employed 

at the University of Cape Town: 



MB5AAC 

MINERAL 

Chromite 

Orthopyroxene 

Olivine 

OXIDE 

Ti02 

A1203 

Cr203 

FeO 

MgO 

MnO 

Si02, MgO, CaO 

Ti02 

A1203 

Cr203 

FeO 

MnO 

Na20 

Si02 , FeO, MgO 

MnO 

CaO 

AlO 

STANDARD 

Rutile 

Stillwater 

Stillwater 

Stillwater 

Stillwater 

Rhodonite 

Diops ide 

Rutile 

Chromite 

Chromite 

Chromite 

Chromi te 

Kakanui Pyrope 

Stillwater Chromite 

Olivine 

Rhodonite 

Kakanui Hornblende 

Olivine 

Rhodonite 

Kakanui Pyrope 

Although an excellent correspondence between the two sets of data was 

obtained (as shown 1n the main text), reported analyses of olivine and 

orthopyroxene were all determined at Rhodes University . The tabulated 

microprobe analyses presented in the text are representative of: 

olivine 120 analyses 

orthopyroxene: 250 analyses 

c l inopyroxene: 60 analyses 

others 66 analyses 

chromi te 650 analyses 



All 

APPENDIX IV 

Whole-rock estimates of Cr203 and Ni from two laboratories. Contents 

denoted (a) and (b) were determined by Messrs Gold Fields Laboratories (Pty) 

Limited and at Rhodes University, respectively. 

MB5AAD 

SAMPLE Cr203/wt.% Ni 

(a) (b) (a)% (b) ppm 

177A 31,66 30,51 0,110 1177 

178 10,57 11 ,67 0,134 1485 

183B 10,46 11,67 0,149 1575 

200 (H) 47,62 49,44 0,060 456 

300 2,60 3,06 0,080 547 

314 1,89 2,30 0,068 529 

316 16,90 14,66 0,077 662 

317C 39,83 41,74 0,082 746 

318 7,49 9,54 0,074 850 

LG 2 48,50 50,00* 0,088 850 

50,00*: assumed whole-rock content 

(a) Cr203 and Ni determined after dissolution of the 

sample by fusion with sodium peroxide; Cr203-

titrimetrica11y, Ni - AAS. 

Standard deviation on estimate of Cr203 is 2,11%. 



APPENDIX V: WHOLE-ROCK ANALYSES BY XRF 

(a) ESTIMATES OF WHOLE-ROCK Cr203 AND TRACE ELEMENT ABUNDANCES BASED ON 
MASS ABSORPTION COEFFICIENTS CALCULATED FROM HEINRICH VALUES 

SAMPLE Cr203 Zn Cu Ni Co V 

300 2,79 97 23 566 101 240 
304 0,67 69 12 561 99 112 
308 0,80 80 16 586 107 109 
312 0,82 75 9 576 106 111 
314 2,15 92 11 543 106 168 
316 13,70 247 21 642 97 725 
317c 25,24 550 22 709 104 1 641 
317c /o 17,05 296 17 752 102 888 
318 7,29 140 26 619 99 460 

170 1,9G 68 9 1 757 141 71 
172A 9,27 154 8 1 575 127 342 
172B 5,07 95 13 1 694 131 180 
175 0,98 49 8 1 860 154 43 
177A 21,55 242 27 1 183 89 618 
177B 9,44 121 37 1 6B5 118 242 
178 8,76 115 31 1 664 114 229 
180 0,28 67 114 2 093 174 27 
183A 2,55 65 25 1 844 149 68 
1838 8,70 130 24 1 721 119 242 
191 0,21 62 3 1 828 166 14 
199 0,44 67 30 1 853 170 20 
H 25,59 714 30 467 88 1 376 
241 21,14 285 22 1 261 104 667 
245 3,68 89 16 1 803 148 105 
247 0,65 67 3 1 765 148 38 

LG 2 25,53 474 25 831 91 1 235 

CrZ03: wt. % 
Trace elements expressed in ppm 
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A12 

Sc 

30 
30 
31 
31 
29 
23 
13 
21 
29 

6 
7 
6 
5 

10 
6 
7 
5 
5 
7 
6 
5 
8 
9 
7 
7 

11 
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(b) SUMMARY OF OPERATING CONDITIONS 

ElEMENT TUBE CRYSTAl I C(UIIlI\TOR COUNTER TIME C.E. l.L.O. 

I 

I 
Si Cr PET I C F 40 0,03 

Ti Cr LiF(200) I F F 10 0,006 

Al Cr PET I C F 40 0,03 

Fe Cr liF (200) I F F 20 0,02 
Mn Cr U F (200) I C F 20 0,02 
Mg Cr TlAP I F F 200 0,04 
Ca Cr liF(200) I F F 10 0,02 
K Cr liF(200)I F F 10 0,006 
P Cr GE I C F 40 0,011 

Na Cr Tl AP I F F 100 

I 

I 
Sr W liF (220) I F 5 200 0,5 1,8 
Rb W liF(220)I F 5 200 0,6 1,9 

Y W liF(220) I F 5 200 0 ,6 2 , 0 
Zr W liF ( 220 ) I F 5 200 0,5 1,7 
Nb W liF (220) I F 5 200 0,6 2,2 

I 

I 
Ba Cr LiF (220) F F 200 3,9 11 ,6 

Zn Mo liF (220) F F + 5 100 0,5 0,9 

Cu Mo liF (220) F F + 5 100 0 ,3 1,0 

Ni Mo liF (220) F F + 5 100 1,0 1 ,2 

Co W liF (220) F F 100 0,9 2,6 

V W liF (220) F F 100 1,5 4,2 
Cr* W liF(220) F F 100 6,2 2,8 

Sc Cr liF ( 200) I . F F 200 0,2 1,5 

I 

C.E . = counting error; l.L.D. = lower limit of determination. Major element analyses carried ou t 
with the Cr tube energized at 50 KV and 40 rnA , whereas trace element determinat i ons employed 55 KV, 
40mA. The Ka lpha emission line was detected for all elements except Ba (Lbeta 2 emission line). 

Cr* Counting statistics for bronzitite and dunite samples only; 10 and 20 second counting 
times were used for chromi te -rich samples . 

Collimator: F = r lne j C = Coarse 

Counter F = Flow; 5 = Scintillation 

M82AAJ 
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