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ABSTRACT 

A study of petrological and geochemical variations throu~h tje 
upper Critical Zone of the Bushveld Complex at Amandelbult 
section of R.P,M. was undertaken. 

·T~-le secluenc.e at. t~bis locality ITIay c·e cii\7idecl iYlt,O E.8\7erl !lTJrlit2-~H, 

two of which appear to be complete, possessing the sequence 
harzburgite-pyroxenite-norite-anorthosite. 
lac:}.\: 'b8.::::3.1! irltermecliatl:? or l)}?,l::,er mernbl'3r:3. 

The other five Units 
Considerable lateral 

variations are apparent in this sequence, but these are 
restricted to the Lower Pseudo Reef-Merensky Reef interval, tne 
same portion of the succession which is affected by pothole 
::;truc t 1..:.res. 

The single most important petrographic feature of genetic 
s i 3n i f i c:o. :-.;.(':·8 is the occurrence of annealed, recrystallized 
o.1101-tl1osi t.e inrrnecliately unclel-l::li:ng ill t.rama.fic~ la)7erE., -This! 
together with the undulatory nature of the contact between the 
two rock layers, suggests that the ultramafic layer was emplaced 
as a hot licuid over a pre-existing, crystalline anorthosite 
floor, and that some remelting OI this layer occurred. 

Variations in the chemical make-up of constituent silicate 
minerals reveal a number of significant processes which may ~ave 
been ooerative in the magma chamber prior to crystallization, 
Olivine grains, for instance, exhibit extremely wide chemical 
variations both within single layers and from one layer to the 
next. These variations are best explained by re-eguilibratio~ 

wide variations in original liquidus compositions. 
that the compositions of the initial liquids from which each 

simi 10.1-. 

pyroxenes indicate well defined continuous fractionation trends 
in units which are considered to be complete. l''IagTl~?S i a.11 

compositions are recorded in ultramfic members, while 
increasingly iron-enriched values are recorded upwards thr 
the sequence pyrozenite-norite-anorthosite. Plagioclase grains 
exhibit less well defined fractionation trends, but it 1s clear 
that an upward increase in An is encountered through individual 
Units. This is in direct contrast to the trend exhibited by 
orthopyroxene. A further feature of plagioclase grains is the 
considerable degree of chemical zonation exhibited by them. In 
cl)mulus grain::::, this:, is:; conmonly manifested as strongly revE<r-!.:,ed 
rims, while in intercumulus grains normal zoning is ubi~uitous. 

Whole-rock chemical variations through the succession indicate 
that cyclical variations cccur through successive Units, but 
that these merely reflect changes in modal mineralogy and not 
liquid fractionation trends. Such trends can be shown for 
selected element ratios, where these elements are known to 
partition into a sinRle mineral phase. Ratios of pyroxene 
compGnents such as the nickel/scandium ratio, exhibit a saw­
tooth pattern throu8h successive Units, while ratios of 



,\ 

1 
\ 

j 

i 
! 

plagioclase components such as the strontium/alumina ratj.o have 
unique, fairly constant values for each individual Unit but 
different values for successive Units. The latter type of 
cyclicity is not always strictly confined to lithologically 
recognized boundaries between Units, and a slight overla~ into 
overlying ultramafic layers is apparent. 

An investigation of variations in trace element levels lD a 
single layer in five widely separated boreholes revealed that 
there is some evidence for a lateral fractionation trend from 
the southwest (more primitive) to the northeast (more evolved), 
although the small number of data pOlnTs available nreclude 
definite conclusions. 

There exists in the data some evidence, that the Giant Xcttled 
Anorthosite differs chemically from the other anorthosites in 
the study section, and that it more closely rese~bles rocks of 
tll.e Ma i rl Z-one. This evidence is particularly apparent in 
"\l:3.r· i a. t i ODS CiI t~ne 1.-: l-ll-omi 1.JTI1/o.1-1J mi T1 i Uill rat J_ 0 of ort.l-lo:ll-c:::--:e ne 

grains, and in the An content of plagioclase gralDs, both of 
whose trends exhibit distinct inflections at the base of TfllS 

TIle lTI be 1- . 

The features of the succession at Amandelbult are best ex~laincd 
by tJ.18 mCJd~el of Eale:::; f3t 0.1. <: i~l :press~ G.), v-rhici1 \ii~:;:jali=e:3 ~.:.~,.~ 

input of a number of pulses of new, hot liquid into a ~a8Da 

chamber containing the fractionated residua of previous 
i 1"".1.1 11..1.>:e.s. At a critical point in time, 
Kerensky Reef input, a large input of gabbroic liquid was 
intruded at high levels in the chamber. The lower portiens of 
t 11 i ~3 1 i q 1.1 i d II! i :,.: e (i ~d i t 11 t :.:. e r (= s :i. c_ u a 0 f ear 1 i l= 1- lla fie j_ ~n :p ~.: t :::; , 
which in turn mixed with new inputs of mafic, typical Critical 
Zone liquids. Thus the lower portions of the study sect ian 
represent mixtures of new Critical Zone liqiuds with t~e residu5 
of previous such influxes, while the upper portions have the 
added complication of mixture with a Main Zone-type liqUid. The 
unique chemical character of the Giant Mottled Anorthcsi~e 
appears to be a direct manifest-o.tion of the influence of tlje 
Main Zone liquid. 
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I.IST OP PIOURBS, 

Figu r e 1 . 1 . The I.U,G,S. classii1.:::ation scheme fm- gabbroic 
and ultrarnaiic plutonic r oclts (after St r ecke:i: $:en , 
197() ) , This scheme is used to classify the rocks 
o f the study section, but only cumulus minera l 
constituents are considered . 

Figure 1.2 .tJ. mere rigid classification of the rocks of the 
upper Critical Zone at Union Section of R . p, ",,", 
tafter Eales et al. , in press) , based on 
geochemical criteria. This scheme is equally 
applicable to the rocks at .I'Imandelbult . 

Figure 1 . 3a . A ;nap showing the I-egional geology of the ..... este r n 
Transvaal , and the localities qf the mines r~ f­
erred to in the text . ( After Viljoen et al . , 1986) 

Figure 1.3b . A map showing the surface geology of the area 
around Arr..andelbult Section of R. P. H. 

Figure 1 .3e. A map oi' the southwestern portion 01 ll.m~ndelbult 
Section, showing the o ut.c.rop of the Merensky 
ReEd, the positions of pothole st.ructures, and 
tr.8 posi tions of th,=, boreholes which were sample:d 
sanpled. (Reproduced ""itll permission of the Mir.e 
Geol.ogist of Amandelbult Section of R.P.M.;t . 

Figure 1 . 4a Legs o f bore :,oles AD , AE and AF. The numbers 
marked dmvn the right hand side of each log 
rE?resent individual sample posit i ons . 

Figure 1 . 4b L ogs of boreholes A'W , AX and AZ, Note that 

Figure 2.1 

saTllples were only taken f r om the UG-2 pyro:~:enite 

layer, and that boreholes ,",Wand .'"-, X represe nt 
" p othole" successi ons. 

Tr.e stratigr aphic '5ubdi vision of (a) the 
B;.;shveld Comple x, (b) the Rustenburg Layered 
Suite and (c) the study section at Amandelbult, 
Thicl{!leSSeS of suites and zones in c olumns (a) 
and (b) a r e taken f r o m SACS (1980~ , while those 
in (c) were measure:d in borebole cores. 

Figur e 2 . 2a Photograph showi n g t h e nature of the Gian t 
TIlGttled anorthosite at Union Section of R.P.M, 
This member is no t exposed i n mine 'fiorkings at 
Aruandel bul 't. 

Figure 2 . 2b p:t.atog r aph ::;:howing the undulatory contact o f the 
Kerens::':y ReE'f and the under lying FCrotwa 11 
~northcsite. 

PigUT8 2.2c P~otoE~aph s howing fine , inch-sc al~ l ayer~n R in 
T.crite be 10',/ the ;:ootwall l",arker. :~is:",,- a.t 
ap;,ro:,,::!'!}ate':"y the same stTat:18 rapb i.<: pos)"'ion as 
t~e " s~rep:"e3" h or:"zon at Union SeC ~i Q!l . 

1· j gure 2 . ~'d P:.c.togr<.;ph =. :Jo wir,(. :~~e !:..:/')a~-p, undu_otory r_::.ntC!ct 
te~wee~ th~ P2 m i ~~lin8 anGr~hos it ~ ?l~ucc -



Figure 2_2e 

Figure 2 . 2f 

F i8m-e 2 . 2g 

?igure 2 . 2h 

Figure 2 . 3 

Figure 2.4 

Figure 2.5 

Figure 2 .6 

Figure 2.7 

Figure 3. la 

troctolite and harzburgite of the Upper Pseudo 
Reef. Note the bleached nature of the anortho­
site in the scalloped area in the centee 01' the 
photograph. E~amination of this rock in thin 
section re·vealed a recrystallized texture. 

PhDtograp~ showing the il-regular and sha!-p natm-e 
of the cont~ct between norite and har~urgite of 
the Lowe r Pseudo Reef. Note the fragments of 
harzburgi tic material trapped i n lav ... er parts of 
the nO !"' ite 

Photograph of the P2 middl i ng anorthosi te_ sanc­
I ... iched between the two harzburgi tic: layers of 
the Uppe r pseudo Reef. 

Photograph of the thin peg;w,toidal pvrCixenite 
layer underlying the UG-2 chr omi ti te layer. The 
painted arrow head is on chromitite. 

Phot.ograph o f "the. basal portions of the VG-l 
chromitite at Union S~ct ion. Similar fe~tvres 
are ·seen in core specimens at Amandelbult, , ... here 
the UG-l is cnly poorly exposed underground. 

A more c2tai:ed log oi the Pseudo Unit irJte.rsect~cn 

of bore~ole .~.E, which shows more clEarly c::-:e nature 
of harzburgite and olivine-bea rin g ?yroxenite 
horizons of the Pseudo and Footwall Units. 

This diagram shows the lateral variations of 
"normal" Euc,::essions at Amandelbult (after Viljoen 
et al. I 1986 >. 

Variations in the thiclmess of the Merensky 
Reef layer a't A:mandelbult, and the distribution of 
pothole struc~ures (after Viljoen et al. I 1986) . 

A dip-sEctic:'. shOwing the essential features of a 
pothole structure, and the developme_nt of the 
various types of " Reefs". Here BR- Bastard Reef, 
M.R- Mel-ensky ;1eef, P-1- Upper Pseudo Reef, P-2-
Lower Pseudo Reef. 

The distribu~ion cf ultramafic pegl"'~tite fc..u nite/ 
pegmatoid) 2:": ,'l,mandelbult (af ter Viljoen e't al . , 
19.'36) 

Photo!TIic-rogr~?h of a typical r.,ottl~ '-::' anort:,osite, 
wi th i:n-:erc-.::-:'-1l us c rthopyroxene wh icb pot}::: 1 i t-
ically Enclcse cu~~lus plagioclase Brains . Note 
the sma;ler, r ounc<=::-d nature 0: thE ~ ::-, ,::los,; :: 

g rains. 

I-'riotol:l:-:.rog:r",?h oi an " ad<:umulus a:-.crthosi":8" . 
which cQnsis~ s en~:rely of plagioclase. :; ~ ~e tho 
pr<:!"C!T:'O:d CT:.::.·ntc ":: :m oj ttl ':: ],:, r8.2-0 I~ ra:i r. s ?:r,d t}:,,. 
.-:.iu:st.,e;r or s::.;;llc;~ ~Jr r_.dnb (OIJp'2 1- r:'~:lt,) , ·'.:1.'~h 



Figure 3.1c Photomi crog raph o f the contact between harzburgit.e 
and an "annealed anorthosite". The two rock types 
are seperated by a thin ch romitite layer <dark 
grains in the centre). Note the recrystallized 
nature of the plagioclase grains, 

Figure 3.ld Photomicrograph of a resorbed oli v ine grain in the 
Footl-lall anortbosite of borehole AF . 

Figure 3. 1e Photomicrograph of a sulphide bleb (dal~k patch , 
lower right) in the Merensky anor thosite, 

Figure 3.1f Photomicrograph af intercumulus magnetite (dark 
patches, centre right) in the Giant Jl10ttled 
Anorthosite. 

Figure 3.1g Photomicrograph of the P2-middling leuco­
troctolite showing the presence of olivine grains, 
whose outer reaches contain inclusions of 
plagioclase. 

Figure 3. lh Lower magnification photomi c r ograph of the P2-
middling leu<::otroctolite, shovdng the p redominance 
of cumulus plagioclase over olivine. 

NO!E: The scale bar below each pbotomicrograph re pn~sents 1 
millimetre. 

Figure 3. 2a Phot o mi c rograph of a c UiIlul us orthopyro)-:ene g rai n 
in norite, showing a late-stage overgrowth which 
poikiliti ca lly encloses small plagioclase grains, 

Figure 3,2b Photomicrograph of a norite, showing the 
occurrence of two different orthopyroxene habits, 

Figure 3.2c Photomicrograph of a norite s h owing the poikilit i c 
enclosure of ortboproxene a!1d plagioclase by 
clinopyroxen.e . 

Figure 3,2d Photomicrograph of cumulus or·thopyroxen e in 
norite, showing the development of fine e:--:solution 
larnallae of cli nopyroxene parallel to tr,e (100) 
crystallographic direction of the host grain, 

Pigure 3.2e Photomicrograph of a poikilitic pyroxenite, 
showing the interpenetration of cumulus ortho­
pyroxene g rains, and the nature of intercumulus 
plagioclase, 

Figure 3,2f Photomicrograph showing the enclosure of cumulus 
orthopyroxene by intercumulus clinopyro;..:ene . Note 
the resorbed nature the enclosed graine. 

Figure 3 .2g Photomicrograph of poikilitic pyroxenit~ under­
lying a thin chr omitite later. Note tte presence 
of an extremely elongated o rthopyroxen E:- grair., 
whose direction of e longat ion para llel ; the tase 
of the chromitit e laye r. 

Figure 3.2h PhotomicrQgraph showing a strainEd cumvlus 
orthopyroxer,e grain, whose exsolution l e..:nalla<: are 
kinked. Note also, that the intercu~ui~s 



plagioclase grains are polygonized, further 
evidence of strain. 

Figure 3.3a Photomi c rograph showing the presence of a 
myrrnekitic intergrowth of quartz and plagioclase 
in the intercurnulus assemblage of poikilitic 
pyroxene. 

Figure 3.3b Photomicrograph of a poikilitic pyroxenite, 
showing the presence of cumulus orthopyroxene and 
intercumulus plagioclase. Note also the co­
existence of strained and unstrained cumulus 
grains. 

Figure 3.3c Photomi c rograph showing the presence of calcite in 
the intercuroulus assemblage of pokilitic 
pyroxenite . 

Figure 3.3d Photol!licrognl.ph of the pegmatoidal py ro: .. enite of 
the Merensky Reef, showing the presence of coa.rse 
oli v ine grains, and large intercumulus plagioclase 
grains . 

Figure 3.3e Photomicrograph 2howing the enclosure of a r ounded 
plagi oclase grain in an altered cumulus olivine 
grain in tho::! Herens ky Reef. 

Figure 3.3f Photomicr ograph of a finer-grained olivine g rain , 
showing the development of a reac-tion rim of 
clinopyroxene , in the Merensky Reef. 

Figure 3 .38 Photomicrograph shm .. ing a symplectic intergrowtl?­
of olivine and orthopyroxene in the l1er ensky Reef. 

Figure 3.3h Photomicrograph of Upper Pseudo Ree f barzburgite, 
showing the presence of cu mulus olivine and 
orthopyrm·:ene. 

Figure 3.4a Photomicrograph of a harzburgite, showing the 
poikiliti c enclosure olivine by orthopyroxene . 

Figure 3.4b Photomicrograph of a resorbed, elongated 
orthopyroxene grains adjacent to a th in chromitite 
layer. 

Figure 3,4c Photomicrograph of an un-annealed chrom i tite 
layer. 

Figure 3.4d Photomicrograph of an annealed chromitite lay~r. 

Figure .3 . 48 Photomicrograph of an un-annealed cbrorei ti te 
layer , in 'n'nieh stacks or chains of chyamite 
layers can be recognized. 

Figure 3.4£ Photomicrograph shovling the occurrence of ovoid 
struc tures which possibly describe the origina l 
outlir,es of orthopyroxen e grains, which have s ince 
been resor bo:d . 

Figure 3.4g Photomicrograph of a chramite iTlelusion 
orthopyroxr::ne , around which a plagioclase halo has 



developed. 

Figure 3. 4h Photomicrograph of an opaque grain I.,hieh 
poikilitically encloses intercuruulus plagioclase. 

Pigure 4. I A str~tigraphic log showing the positions o f 
saruple~=- whi ch were analysed by electron 
microp;robe, and the mineral species whi ch were 
analysl=d . 

Figure 4.2 A plot of mole percentage Fa in olivine, against a 
stratigraphic log. Here P-I, F-2 and MR refer to 
Lower Pseudo, Upper Pseudo and Merensky Reef 
respectively. 

Figure 4.3 A plot of Fo mole perceTlt against NiD :for olivine 
grains. In (a) each individual analysis is 
plotted , and in (b) averged analyses for each 
sample are plotted. The error bars in <b) l-e present 
one standard deviation. Symbols! stars - Merensky 
Reef; solid triangles - P2 middling; open t r ia !lgles 
- P2 marker (base of Foot\ .. all Un i t); open c ircles -
base of" UG-2 Unit; solid circles - Upper Pseudo 
Reef , upper layer; sol id squares - Upper Fse'lldo 
Reef, lower layer; open squa r es - LDI.,er Pseudo Reef 

Figure 4.4 A plot of Fa mole percent against MnO for olivine 
grains. Eac h data point re presents an average per 
sample , and en-or ba r s one st.anda l-d deviation. 
Symbols are the same as for figure 4.3. 

Figure 4 . 5 The FYI-ox ene quadrilateral , showing avera ge d 
compositions per sample. Supe rimposed on the 
diagram are the fra c tionation trends of Atkins 
(1969) , 

Figure 4.6 Variation diagrams in whi ch major and mino r element 
composl.t i ons (as .... eight percentages ) of 
orthopyroxenes are plotted against MgO . Each data 
point represents a single analysis , exce;}'t. where 
such points are very close to one another. 

Figu r e 4.7 Variattons in orthopyroxene chemistry plot ted 
against a st rati graphic column. In (a) the MMF 
(atomic Hg/Hg+Fe) ratio is plotted for each 
individual analysis. In <b) and (c) averaged Cr/Al 
and C I-/T i are plotted, where the error bars 
represent one standard deviation. 

Figure 4.8 Clinopyroxene composition , represented by En 
percent. Otg/Mg+Fe+Ca) , and 'Wo (Ca/Hg+Fe+Ca). 
each individual analysis is plotted . 

ro'Jle 
r.ere 

Figure 4.9 Variations in plagioclase chemistry represented on 
a portion of the Ab-An-Or diagram. AnalJ's~s are 
presented for eac h Unit for intercumulus a.nd 
curnulu.s g rai ns . 

Figure 4.10 Microprobe profiles, in terms An mole p,,= !" cent and 
potas~.ium in parts per million, across 2:::1 intE r ­
cumulus plagioclase grai n. The p rofile: !"eFre,=-<:! nt.s 



a complete profile fram grain rim to grain rim. 

Figure 4.11 Three microprobe profiles across cumulus 
plagioclase grains , in terms of An mole' percent 
and potassium. In ( a ) an anorthitic core 1s 
rimmed by a more alb1tic margin. !n (b) a reversed 
anorthitic margin is evident at both ends. In (c) 

a strongly anorthit1c margin is apparent on one 
margin on ly. 

Figure 4.12 A plot of plagioclase analyses, in terms of An mole 
percent, against a stratigl-aphic log. Here 
squares represent intercumulus grains, ci r cles 
cumulus unrestrained grains, and triangles cumul us 
restrained gra ins. Open symbols represent grain 
margins, and solid symbols grain cores . 

Figure 5.1 Variation diagrams in whi ch major element concen­
trations are plotted against MgO . 

~igure 5 .2 Variations in major element oxide levels through 
the s tratigraphic column. 

Figure 5.3 Variations in normative constituent s . In (a) the 
relative variations of the four major normative 
constituents are presented. In (b) variations in 
the leve l of Sr in normative plagioclase are shown. 

Figure 5 .4 Varaitian u lagrams of trace elements , plotted 
aga i nst MgO. 

Figure 5.5 Variations in trace element levels through 
boreholes AE and AF. 

Figure 5.6 Trace element varaitions through the poikilitic 
pyroxenite of the 1)G-2 Unit . Symbols for the five 
boreholes are; AE- so lid triangles, AF- solid 
squares, AW- open circles , AX- solid circles, and 
AZ- open tri angles. 

Figure 5.7 Variations of selected trace element ratios through 
the UG-2 pokilitic pyroxenite, The symbols are the 
same as for figure 5.6. 

Figure 5.8 Plan-diagrams of Amandelbult showing averaged Ni /Sc 
and Co/Sc val ues for the UG-2 poikilitic pyroxenite 
in each of five boreholes. These values only reflect 
samples which do not contain olivine, chroroite, or 
base metal sulphides. 

Figure 5.9 Geochemical variat ions through the succession which 

* in~icate cyclicity. In (a) , the Sr/Al 0 ratio is 
2 3 

de~lgne d to eliminate the presence of Al in pyrozen8 

(see text for details), so that the ratio ind ica tes 

variations in p lagioclase components. In <b) and <c) 

variatiGT,s re flect c}H,ngEs in pyrozene components. 



Figure 5.10 A plot of MgO against Sr for the Footwall, 
Merensky and Bastard Units, which shows that a 
unique linear trend can be defined for norite and 
anorthosite rocks of each Unit, 

Pigure 6,1 A conceptual model which describes the seqeunce of 
events which led to the formation of the study 
section . Refer to the text for details, 
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CHAPTER 1 . INTRODUCTION. 

In rec:ent y ears consider-a-i)le research has been conduc.ted on 

rocks o f the Bu.shv'=!ld Complex in t he "'est.ern and northl"r'estern 

Transvaal, by sta f f and post.graduate students of the Geology 

Department at Rhodes Un i ve !-si ty. Th i s wo r k has oo ncentrated 

largely on aspects o f the laye r ed ,celts of the upper Criticz:l 

Zone and intrusive ultramafic pegmati t es at the Rustenburg and 

U11ian Sections o f Rustenburg Plat i num Mines Limited cR,P . N . ) . 

The only previous wo r k on petrogr~ph ical and geochemic-al 

aspects of a similar sequence of uFper Cri t ical Zone rocks at. 

the Amandelbult Section of R. P. M. was conducted by Seaor"! 

(1985) , whose main theme was ultramafic pegmat i tes . The y-efaTe, 

a mo r e intensive investig1:tion of these r ocks was desirable, to 

gain greater inS:,ight into variations wh i ch occur withi n this 

compar tme nt of the Comple.-z . This thesis was wr itten to 

docume n t s uch a n investigat i o n. The proj ect ·,.,ras carr i ed out as 

part o f t he Cou nc il for Scienti f ic a nd I ndus trial Research's 

Coope r ati v e Scient if' ic P r Dj ect on the Bushveld Complex. The 

l o ng- t e l-m aim of t hi s p r oject is t o document the geology and 

geocbemi st r y of t he ComplE :-: as e>:tensi v el y as poss i ble , and to 

use the data so gai n ed to arrive at a geneti c model which 

satisf actori ly explains IlIost oi t:-Ie features of the Complex. 

but in part i <:.ular the ori3in of l<erensky Reef-type platiniurn 

gTOUp e]enJent mi nE-To] depcsit: . 

I 



1.2 Nomenclature. 

At the outset of thi s chapter it is necessary to review the 

terminology of layered igneous rocks. Much of ths pioneer-ing 

work in this :field was done on the Sl"aergaard intrusion o f 

Greenland, by workers su;::h as fWag8r, Bz-own and Wadsworth 

(1960) . Their inte r p r etation of the layering I.,:hi eh is 

developed in this intrusio n, is that it formed as a di r ect 

!-esl.ll t oi cryst.als nuclea t ing and then settling out of the 

host liquid to form layers on the floor of t he rr~g~~ chamb~ r, 

in a sedinlentary fashion, under t.he influe nce of g z-avity. 

These c rystals Nere referred to as "cumulus" crystals. while 

~ny !!lei t which might have b e come trapped between t hem "'!as 

cal le d intercurnulus, and any mir,erale whi ch subsequently 

crystall ized f 'rom tbe inter-cumuluS melt would therefore ~e 

postcumulus minerals. This bec~me known as the cumulus zheory. 

In more r ecent i nvestigat i c :-,s msny workers have ser i ously 

questioned the validity of gravity se ttli ng as the dominant 

:mechan i sm for the formation of layered intrusions. Foremost 

amongs t these were Campbell (1978 ) , McBirney a n d Noyes tlQ'19) 

and Morse (1979) . One of 'I:;:-,ei r most serious objections · ... 0.5 

that tbe density af plagio~lase is too low for it to sink in 

basaltic liquids. The terminology introduced by ''''~ger et al . 

( 1960) , has however becorn~ ~ntrenched in descriptions of 

laye red ror.:l~s. 1rvine (191:: 2> , in a review 01 terminolos /, for 

laye r ed intrUSions . r eco:mm-: :-:ded t:,a't the terminol g y int , c t:uced 
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by Wager et al. (op.cit . ) be retained, and that it be used in a 

non-genetic sense. 

A cumulate rock is defined (Irvine , 1932) as an igneous rock 

characterized by a cu mulus framework of t~ouching mineral grains 

that were evidently formed and concent rated p rimari ly tlu-ough 

fractional c rystallizat i on. The fr-actionated crystals are 

called cumulus crystals. They are typically subhedral to 

euhedral in habit and a re cemented together by text'Llrally 

ymmger postcumulu5 :material. 'This material appears to have 

crystallized from the intel'cumulus liquid whi ch occupied the 

inters tiCES of the cumulus frame"'iork . In orthoc~lmulate rocks 

there is abundant (25-201~) postcumulus material and the 

cumulus minerals should id,,=ally exhibi t many of their original 

crystallization forms. Mesocumulates have less postcumulus 

material (7-25%) and c umulus g!-ains should adjoin in part along 

mutual interference boundaries developed through overgrowth . 

Adcumulates have only minor discrete postcumulus lMterial (O~ 

7"/.,), ~nd mutual interference boundaries between cumulus grains 

must be common. 

The nomenclature used in 't:.e naming of the rocl'i:s o:f the study 

section is based on that proposed by the I . U.G.S. (Inter­

nati onal Union of Geological Sciences) subcommission on the 

systematics of igneous roc~~ for gabbroic and ultramafic rocks 

(Streckeisen, 1976) presen\;.;-d in figure 1.1. The nomE'nclatuTe 

adopted here however , Gons::":::ers cnly the eurnul us canst i tuents 

of <2-a.ch rock in t[J€ :r..ain T. ~::.e . FOT example , a reck ccnsisting 

of cumulus Ol-thopyro;.:ene a::-.:::: cumulus olivine could be ca l l,~d 

3 



Figure 1.1. The I.U.G.S. classification scheme for 
gabbroic and ultramafic plutonic rocks 
(after Streckeisen , 1976) . This scheme is 
used to classify the rocks of the study 
section, but only cumulus mineral 
constituents are considered. 

Figure 1.2 A more rigid classification of the rocks of 
the upper Critical Zone at Union Section of 
R. P. M. (ai/ter Eales et a1., in press) , based 
on geochemical criteria. This scheme 1s 
equally applicable to the rocks at 
Arnandelbult. 
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either a h~rzburgite Dr an olivine o r thopyroxenite depending on 

the relative proportions of these t· ..... o phases present in the 

rock. Certain rnodiiie l-s are introduced here to broaden the 

classi f ication. for example, if a rock contains a large modal 

p r oportion of postcurnulus feldspar , it may be referred to as a 

feldspathic py r oxenite . Norites exhibit a wide compositional 

r~nge which is based upon varing proportions of cumulus plagio­

clase and orthopyrm;ene! and it is convenient therefore to 

divide them into three g!'"oups based on the ir relative p ro?­

o rtiens of dark (orthopyroxene) and light <plagioclase) 

coloured roinerll,ls into lauDo- , meso- and :melano- members. Fer 

the sake of brevity the prefix "meso-" is usually dropped. 

Textural terms me.y also be used to modify rocie: nam,::s l and here 

the terms "poikilitic" and " pegmatoidal" are most commonly used 

to distinguish two varieties of pyroxenite. Another term which 

bas become entr€:nched in :'he literature i s "mott.l ed", v.'hic:'1 has 

bee n used to describe certain anDrthosi tes ·,..,hieh contain large 

oikocrysts of pyro:;:ene "'hieh impart a mottled appearance to the 

rocll: . Eales et al. (in press) have shown that t~is nomenclature 

ca n be more rigidly definEd on a chemical basis, and their 

classification is presented in figure 1.2. 

The Bus:bveld Comple x i s a lar ge body of igneous rocl;;: , whose 

E'ast-west and north-south diameters are ar.:proxi!:lO,tely 400 krn 

and 200li:!'!l respect::: -.rely. It wa s intruded into t:he sedi:nents oj 

t.he Transvaal Seq-v,="nce bei;ween 2095 and 1'570 mil!ion yea: s aeo 



<Tankard et 0.1. , 1982) , ""nd consists of a wi de diversity of 

rock types. ranging from ultramafic dunites and per idot.ites, 

through mafic gabbros, norites and anor t h osites to felsic 

gr-an i tes and granophyres. Hall, a pioneering worker, suggested 

in 1932 that the Complex is made up of five megascopic 

components , namely; a volcanic phase represented by the 

volcan i cs of the Pretoria Group ; a sill phase l-epresent.ed by 

various satellite intrusions of gabbro, diorite and diabase 

found around the periphery of the Complex; -:'In epicrtlstal phase, 

the Rooiberg felsites; a main plutonic phase making up the 

la.yered rocks; and a late plu:tonic phase represented b y the 

B·\.i.shveld gnm! tes, Althoug:t there is some doubt about the 

r-elationship between the Pr-e_toria Group volcanics and the 

Complex, the ather phases ~ re clearly recognizable . Their-

relative chronologies , par-ticularly that of the Rooiberg 

fe l sites, are still not clear- however . 

1 _ 3, 1 Te.::tonica !"ld Structural Setting . 

Thoe Bushveld Complex intrudes the the predominantly sedimentary 

sequence of the Transvaal Group . The Transvaal basin was just 

ane o f a number of sedimentary basins whi ch Iormed on the 

.lI.rchaean Kaapvaal craton c.uring Proterozoic times. Prior to 

the intrusion of the Coroplez , this cratonic region had been 

subjected to a conside r-able number of ultr~_mafic igneous 

events, includi:-15 the kO!!la~iitic lava flows 01 the Onverwacht . 

intrusion of plutonic comp:'t:;·:es such the Usush ...,ana, Mambula and 

KuldEr s dr if, tl;<2 e::-:trlJsioT: ::.,1 DOJ~j TI l on Gr oup andesi tes and t:'1e 



massive outpourings of Ventersdorp lava. Kven within the 

Transvaal sequence itself p-.Io!!.grnatic activity in the form of the 

Hekpoort andesites and Dullstroom basalts, is evident. , It is 

clear the r efor e, that the Bushveld Complex does not rept-es8nt 

an isolated igneous event. 

The mode of intrusion of the Bushveld Complex has been widely 

debated. Early interpretations by Hall (1932) suggested that 

the Complex was intruded as a single, large lapolit~h , This 

theory has been disroissed in more recent years, part icularly 

s ince the results of a number of geophys i cal surveys have 

became available, Truter (1955) was the first to suggest that 

the Complex consists of a number of separate compartments, and 

this was supported by the ::-Esul ts of the gre:.vi ty survey of Smi t 

et al . (1960), and later by numerous other surveys, including 

those of inter alia, Walraven and Darracott (1976> and 

Holyneaux and Klinkert (1978). This division of the Complex 

into fOU1- seperate compartments, namely the far- ..... estern, 

western, eastern and nortj,ern is still favoured today (Lee and 

Sharpe, 1986). 

Struct.urally, the Bushvel c Comple x vIas intruded into a ter rain 

that is dominated by east - northeast and north-northWest trends, 

TectoniC movements along ~hese trends are thought have been 

important in the de \Telopm~:'lt of the ,=uccessive sediment", ry 

basins wh i ch formed o n tl-.'=: Kaav.!aal <:-raton , and in particu lar, 

they are thought to have '::~en respons i ble for the southeast to 

northwest mig-ra t i on o f thE: deposi tiona 1 a_xes 0:£ 't~e suc.cessi ve 



basins. Lee and Sharpe ( o p. cit, ), who used Landsat images to 

aid structural inter p retati o n, defined si x structur~l domains 

in the host rocks of the B1..lshveld Compl e x , each of which 

con t ains a unique s et of lineaments. In most o f these domains 

the lineaments are appa.rently related to otber major s truc t .ural 

features such as the Johannesburg Dome o r Pilansberg .a.lkaline 

Complex . 

A number of t heori es h.3.ve bee n proposed in orde r to explain the 

?osi tion a nd fo rm of the Complex. Hamilton (1970> and Rhodes 

(1975) suggested a roet,::!orite impact o ri gin , but since no direct 

e v idence can be found to p rove this , the theory has not be~n 

g reatly f avoured. Van Biljon (1976) rel a t ed the Bushveld to 

plate- t ecton i c theory , and suggested that the eastern and 

westel-n lobes were once joined, and have since been separated 

by a spreading-centre . ?rstorius (1973). in a coreprehe!1sive 

treatment of the Arch;~ean and Pr oterozoic structure of south-

ern Africa, suggested ,~ 't :"lat concentri c pattern o f tect o nic 

domains is centred <!oro 'un,j central Z i rnb~bwe , and that a number 

of radially disposed upw.!"rps diverge f rom this n ucleus. The 

Great Dyke pa r al l els one of these upwa rps , whil e its extensions 

bisect the long axi s o :f "t ::-,e Bushveld Complex in the sout h a nd, 

it may be linked UD wi "tb t.he y ou nge r East Air i can Ri it system 

in the north. This evid'=::1ce suggests that the Complex may have 

been i nt r uded along a d..:,=?-seated fracture system. Hunte r 

(976) propos~d t b.~-: t he 2!!1placement 01- the Comp lex occu r ed in 

r esponse to cO:'!lpr el:.s ion ",;::ich i nduced ::-.or i zonta l st r esses , but 

that t hese we r -=: n Gt du!::! "":'J basinal s ,..tbsidence alene {Hl..:o nter and 

Hamilton,19703 ... . S.!"l.:::-pe .0-:-. -1 Sny:tan ( : ';.180) developed a hypothesis 
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based on thin-elastic p late theory , and on a s tudy of 

deformation in the Kaapvaal Craton dur ing Transvaalsedi-

mentation . They suggest that the intrusion of satellite 

diabase sills occur- Ed in response to depression of Transvaal 

sediments in a dorn3in of horizontal compression. Further-

subsidence lead to the intrusion of the Complex proper along 

zones of shear failure . In addition it is suggested that the 

feeders of the Complex lie on two elliptical traces '"hieh 

represent t'rlO large-scale inverted conic fractures. These are 

thought to have originated as a result of b rittle failure of 

the crust brought about by mantle diapirism. Lee and Sharpe 

(1986) could find no evidence t o suggest that the location and 

form of the Bushyeld Complex were influenced by deep-seated 

crust.,.1 fract.ureE, and instead they point out two impor tant 

observat ions. Firstly, tbat the the locus of the Transvaal 

bas in, the Busbveld Complex and the greatest development of 

Bushveld granite lie along the Great Cyke-Busbve l d lineame.nt, 

and secondly that all the feeders of the eastern compartment of 

the Comple:·: lie along a prominent 0100 t.rend, while the two 

feeders of the western compartment lie on a prominent 1650 

1 ineament . The f anner observation is though t to represent a 

single waxing and Haning asthenospheric bulge, while the latter 

emphasizes the importance of loca l struct1.Jral factors. 

1..3.2 The Layered S equence. 

The rocks cansti tuting tt,e study section cannot b e considered 

in isolation fr om the ellormous thickness of unc.e!-ly ing a!irl 

overlying layered roc ks , as th~se are in strat igT &phic 



continuity with them, ~nd their genes i s is likely to be 

intimately interwoven with those of the study section. 

therefore necessary to cons i der briefly thE mEgascopic 

I't is 

characte.ris t ics of the layt2 !-ed suite. These l-ocks constitute 

Hall's (1932) Main Plutonic Phase, or in more recent 

terminology , the Rustenburg Layered Suite (S .. A..C.S., 1980) . The 

:eubdivision of this Suite !las undergone numerous c hanges in the 

past 50 years (see S.A . C.S., 1980, P 234), of which the 

informal subdivisiol) of S. A. C . S. (1980) is adopted in this 

thesis. As a di!-ect r,=,.sul t of poor outcrop in the weste!-n 

Transvaal, most stratigra:?!lic descriptions of the layered 

succession have been mad~ o n exposures in the eastern compart­

m,=,nt. and although :megascopic similarities exist between the 

twa lobes their consanguinuity cannot be assumed. It was for 

this reason that the followin g descriptions are restricted to 

those features which haVE been observed in outc~O? in the 

western lobe. 

The Marginal , Lower and lc· ... 'er Critical ZonE;s are best known 

from the region west of t~,e Pilansbe:!"""g. Here the ~fargino.l 

Zone rocks. which overlie ~etarnorphosed Transvaal sediments , 

are 800 metres thick and ca n be divided into five cycliC units 

(Engelbrecht, 1985 ) , e~cb consisti n g of olivine norite , 

gabbroi.: norite and norite or websterite. The LO;-'ler Zone 

consists largely of interlayel-ed olivine norite, norit-e, end 

bronzitite , with minor d1):'",ite <3,nd harzburgite lay~rs. It has 

t.efrn dc-scribed b y Er.gelb:--:.·:.:ht (op.cit.) as a zo!'".E: of 101-1 

plagioclase content. It :'s apIJroximately 1000 Th'2:'res thick. 



The base of the Critic,al Zone is defined by the first 

occurrence of a significant chrornitite layer, the LG-l chro-

mitite. The Cri t iea 1 Zone is interspersed wi th a var ia bl..e 

number of these layers, which have been divided into three 

groups, the Lower Group eLG) , the Middle Group ( MC ) and the 

Upper Group (UG) chromitites, In the western Bushveld eight. 

LG, four MG and t,'I'O UG chrorni ti ts layers have been recogn.ized. 

Apart from chromitites the Critical Zone consists largely of 

bronzitite and harzbuq~ite layers in its lower regions, while 

above the ]l1G-2 chronlit ite, rocks bea ring cumulus plagioclase, 

such as norit.es and amJrthosites ~egi n to dominate. It is 

within this upper port ,ion of the Crit ical Zone that the 

study section is locatf::;d. 

. " oresen ... 

The boundary between the Critical and 1>fain 'Zones is somewhat 

debatable and uncertainty exists as to whe_re it should be 

placed. Some authors , Euch as Kruger (1983) , pla.-:e it above the 

Merensky Reef, while o·thers, such as Eales et al. <in p ress,a) . 

prov ide strong geochem:ical Evidence for it to be placed at the 

top of the Bastard Unit. Tankard et al. (1982) define the Main 

Zone as those rocks wh:lch contain cumulus clinopyroxene and 

lack chromi te. This ZlJnE contains a great thickness (2700-4400 

met.res, S. A. C. S . , 1980) of interlayered norite, gabb.ro and 

anorthosite. 

The Upper Zone is ehanlcter ized by the occurrence of thrE:-E 

distinct.ive cumu lus minerals, namely magnetite, apatite and 

fayaliti c olivine. each ot "...'hi en ha s been used to deiine a 
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different subzone . Subzone A contains numer ous composite 

magnetitite l",yers overlai n by magnetite gabbr o , ""hile Subzone 

B is dominated by troctolite and Subzone C contains cumulus 

apatite in troctolite layers . The uppermos-t laye l~ o f this Zone 

appears t oo be the most highly evolved lithology in t.he layered 

succession .!lS it consists of a hornblende-b'=!aring diorite-. 

which contains interstitial all,;:ali feldspar and quartz (Tankard 

et a1 1982) . 

ll.mandelbult Section of R . p , N. is situated 100 I"m north of 

Rustenburg and 40 km south of Thabazimbi in the nOl-thwestern 

Tra!'lsvaal ( see Fig. 1 . 3a), The mine includes portions at the 

fa r ms Elandsfontein 386KQ , Schildpadnest 385KQ, Zh'artkop .'369KQ, 

Amandelbult 383 KQ, Middellaagte 328KQ , Elandskuil 378 KQ and 

Haakdoorndrift 374KQ (Fig.l. 3b), Geologically , i t occupies a 

discrete suboutcrop of upper- Critical and !·!ain Zone rocks ..... hich 

strike approximately northeast , and dip on average at 22 

degrees towards tilE! southeast , Outorop of upper Critica 1 Zane 

rocks is poor, their topographical expression being that of a 

flat plain whi ch is cove red by a 3 metre th ick layer of black 

turf. Main Zone gabbros outcrop as large painted hills 

(pyralnids) to t :be southeast, Nhile Lower Critical Zone 

pyroxenites constitute Swa r tkop hill to the northwest. The 

Upper Zor.e rocks arE- also poorly exposed , but their weatherir,g 

gives rise to characteristic. r ed soils, fr-orn which their 

presen ce: ;na,} be inier-red . 
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Figure 1.3a. A map showing the regional geology of the 
western Transvaal, and the localities of the 
mines · referred to in the text. (After 
Viljoen et al . ,1986) 

Figure 1 , 3b. A map showing the surface geology of the 
area around Amandelbu1t Section of R,P.M, 

Figure 1,3c. A rnap of the southwester n portion of 
Amandelbult Section , showing the outcrop of 
the Merensky Reef, the posit.ions of pothole 
structures, and the positions of the 
boreholes which were samlped sampled. 
(Reproduced with permission of the Mine 
Geologist of Amandelbult Section of R. p, M. ), 
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The upper Critical and Main Zone rocks at Amandelbult are 

terminated along 5tl-il~e in the northeast and southwest , as at 

Union Section, by enigmatic feature s known as " gaps" . I n t hese 

regions Upper Zone rocks appear to transgr ess those of the 

upper Critical and Main Zones , and a dramatic c hange in ~ trilte 

is witnes~ed . The "northern gap" separates the upper Critical 

Zone 1' o.:::1:s at Amandelbult and their equivalents at Union 

Section, Ylhile the "far northern gap" at the n ortheastern 

extremity of Amandelbult has the same effect , although no 

continuation of Crit ical Zone r ocks is knC'wn further to the 

northeast . 

• t:.. large number of faults transgress the 5uc.::ess ion , and whi Ie 

roost of "them have minor displacements (throws of around 5 

metres, Viljcen et a!. , 1986) , a few, such as those bounding 

the Middelaagte graben , may have thrQHS of up to 530 metres 

(V iljoen et a1., op . cit.), Host of tbe faults, as \" ell as a 

large number of cross-cutting dykes. tnmd in a northwesterly 

direction . The dykes are of various affinities, and although 

no detailed investigation of them has been undel-taken, both 

doleritic and kirnberlitic varieties have been recognized. The 

latter type is thought to be related to the nearby Pilansberg 

11.U~aline Cornple ;-:: , "'hile the former may be either o f Water bE:-rg 

or K".roo age. 
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In all, samples were taken from six borehole cores, whose 

SDTiace positions are indicated on figure l . 3c . In boreholes 

AD, AE and AF, the succession from just above the Gia nt Mat t led 

Anorthosite to just below the UG-l chromiti te (see fi gD r£' 2 . U . 

an interval of 125 metres, \Vas sampled at app l-oxiroately t .... ·o 

metre intervals . In boreholes AW, AX .;lind AZ , the ten metre­

thick horizon between the 10we 1- Pseudo Reef and the UG-2 

chr-omit it e \Vas sampled at one metre intervals. All these 

sampling positions are indicated on their respecti ve borehole 

logs in figure 1.4 . The original numbe l- s of these borehol es-

are EL-15 , SKN-l9 , l1L-30, 5L-1 7 , SKN-19 and EL-18 for AD . AE , 

A.P, AW, .4.X and AZ respec tively. 

In each case a sample consis ted of a 30cm length of core, whic~ 

was b 1- oken into three roughly equal parts. The outer tHO 

thirds were combined and c rushed together to a fine pulp. which 

was used to manufactUl-e pressed powder briquettes and fusion 

discs for X. R. F whole-rock analyses ( see appendix A). The 

inner third was retained as a handspecimer. , from which thin 

sections and microprobe SEction.s were cut. In a few cases. 

samp les were taken across lithological cOTltaets . Here the 

outer two thirds were crushed as separate samples , and labelled 

as "A" and "B" respect i vely. The inner third , which usually 

contained the contact , Has retained, and in most cases thin-

Cl.nd microprobe sections .... 'Ere cut across tl"',e lithological 

contact. A lar3e samp le of i1E:rensky Reef was t"aken from an 

underg r ound exposure. It i s labe lled AE-Y. R. 



I ~ () , 

Figu r e 1.4a Logs of boreholes AD , AE and AF. The 
numbers marked down the right hand side of 
each log represent individual sample 
positions. 

Figure 1. 4b Logs of boreholes AIJ, AX and AZ, Note that 
samples \ .. ere only taken from the UG-2 
pyrox en1i:e layer, and that boreholes A'W and 
AX repreEent "pothole" successions, 
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Figure 2.1 The stratigraphic subdivision of (a) the 
Bushveld Comple x, (b) the Rustenburg Layered 
Suite and (c) the study section at 
AHlandelbult. Thicknesses of suites and 
zones in columns (a) and (b) are taken from 
S.A.C.S, (1980) , while those in (c) were 
measured in borehole cores. 



, 
o 
o 
o • 

LEBOW"' 

QRAHITE 

SUITE 

R"SHOOP , , 
GRANOPH'I'RE / 

sUITe 

, , , 

, , 
, , 

, , 

RUSTENBURO 

- , LAYERED 

sUITe 

- '- . 

/ 

, , , 

, , 

, , 
, , 

, , , , , 

RUSTENBUAG LA YERED 

, , 
, 

SUITE 
700g , 
, 

- -
S{lOO 

2037 f-l-LJ,-Y , , , , , , 

~=~~ 
~'0' 

""~ 

UPPER 

ZONE 

'-lAIN 

ZONE 

, , 

, , , , 

, , 

CFUTICAL' 

ZONE 

LOWER 

ZONE ~ 
L __ -'- __________ _ __ ___ _ __________ ~~~~~~~~:~IN~l 

Figure 2.1 

, , 
, , , 

, , 
, , 

, , , , 

, , 

, , 

, 

" 

, 

, , , , , , 

" 

, , , , 

, , 
, , 

AMANDELBUl T 

STUDY SECTION 

'" 
, , , 



Cb 

2. 1 I nt.rod.1Jc:t iOI1 

The Bushveld Complex has been divided into three lithostrati-

graphic suites by the South African Committee for Stratigraphy 

CS.A.C.S. ,1980), namely the Rustenburg Layered Suite, the 

Rashoop Granophyre Suite and Lebowa Granite Suite. Of these 

only the Rustenburg Layered Suite is pertinent to the present 

study. The subdivision of this group of lithologies has 

undergone numerous changes over the past fifty years. The most 

recent re-ciassiiication of Bushveld stratigraphy (by 

S.A,C.S. ,1980), places the rocks of the present study :=;ection 

in the Mathlagame Rorite-Anorthosite of the Rustenburg Layered 

Suite. The old cla:=;sification of Cameron (1971) has, however, 

remo.i:neci irl 'use~ a:nd h.3.:3 'beerl acloI?t.i3cl 1)y S~ 11 .. f.:. s~ (1geO) o.S O.:n 

informal subdivision. In this context the rock:=; of the :=;tudy 

section form part of the upper Critical Zone, the subdivi:=;ion 

which is adopted .; +h'c -'- n OJ~Ll-~ thesis (see figure 2.1). 

has been :=;ubdivided into a number of recognizable "Units". 

These Units, ideally, have a mafic lithology at their base, 

,.-rhich grades upwards into more felsic members. Some, however, 

appear to have been truncated, while others appear to lack 

intermediate, or lowermost members of the ideal sequence. It 

is for this reason t~at these apparently repetitive units are 

not refered to 8.5 "CycliC Units". 
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At least seven repetitive units can be recogniz e d in the uppe" 

Critical Zone succession at Amandelbult Section of R.P.M. 

namely ; (from the bottom upwards) , the UG-l , UG-2 , LO\"er 

Pseudo , Upper Pse-cldo, Footwa 11, Mel-ensky and Bastal-d Un it s 

respectively . Each of these Units is described separat~=ly 

below , while an idealized column is given in figure 2.1. 

2.2 . 1 The UG-l Unit 

The UG-l Unit cons!sts of a basal chromitite layer whi ch is 

ove rlain by a poikilitic pyroxen ite. The basa 1 chromi t. i te ( the 

UG-l C'hromitit;,~) is uSl.1311y a cDr:Jposite l",y.-::r 0 . 7 tD 1.5 metrc€; 

::.hick, but it inte.rmittently splits and penetr"tr:s the 

underlying a northosit.e causi ng the for·IJ'I.ation of lenses of 

anorthosite in chrorniti t e and str i ngers of chromitiT.e in the 

anorthosite (see figure 2.2h) . The association of anorthosite 

wi th chromi ti te is characte ristic of the UG-l throughout th.,. 

Comple:<, and is particularly well known frmn the ial!lDUS Dwa l-s 

River section in the Easter~ Transvaal . The overlying 

pyroxenite is a fine g r ained poik i lit i c bronzitite which is 

usually 15 metres thick . A persistent 2 em-thick chromitite 

layer is developed approxirr~tely 10 met r es above the UG-l 

ch r o mi t ite , while a second such layer separates the poikilitic 

pyroxen i te from the topmost layer o f the unit , a l-metre th ick 

pegmato i dal pyroxenite (see figure 2.23)' 
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2.2.2 The UG-2 Uni t 

'Ibis unit is simila r to the UG-l in that it con s i sts of a b5sal 

chromit i te overl a in by pyroxenite. The UG-2 chromiti te differs 

from the UG- l in that it is not a sing le layer, bu t consists of 

a lower "main s eam" \"ith two or t.hree ove r lying "leader seams" . 

The latt er are separated fr om t he main seam by thin layers o£ 

poikilitic pyroxenite. The main se am is betHee n 60 and 80 em 

thick , Hhile the leaders are considerably thinner <10 em) . The 

leader seams and the uppe r pa r -ts of the ma in seam are e.3sily 

distinguished from other c hromitit es as they conta in la r g e 

clots of pyroxE:.ne, which gives 1:r.e:11 a spotted appearance . The 

r emainder of the unit consists of 10 metres of pa:!.k i litic 

pyroxenite . The low~rmos;t metre of t h e pyroxenite may contai:1 

cumulus olivine gra.ins, whereas 'the remainder of it i s a iair ly 

uniform bronz i tite. 

2 . 2.3 The Lower Pseudo Un it 

This unit sharpl y overlies the UG-2 pyro::-:eni te , cO!D...'nencing wi th 

65 cm of olivine-bearing feldspath ic pegmatoidal pyrox en i te 

(the Lower Pseudo Reef). 'dhich is separated from the OVErlying 

har zbur gite by a 0 . 5 e m thick c hrornitite band . The 

harzburgit e , Hhich is :20 cm thick, is itself o ver la in by a thin 

cbromi ti te of 0.5 cm . ThE: l-ernair,der of the unit consists o f 

nar i te (10 m) which grades upl-{ard.s into anorthosite (3 rn 

thick) . The COT,tao:.t batwE:en the :,arzburgite and norite 1s 

s harp but t:ndula.tor y. i~nd "flaroGs" of harzbu r g ite C3 n be seen 

protruding into 1~he norite. (see :igur(! 2 . 202> . 

10 



2.2.4 The Upper Pseudo unit 

The Upper Pseudo Unit represents one of the most complex 

horizons encountered in the Critical Zone of the Bu.shveld 

Complex lViljoen et al., 1986). In the southweste r n section of 

the mine , this u n it consis.ts of a basal chromitite (2-3 em 

thick) overlain by a feldspathic r:arzburgi te (2 metres thick) . 

which itself is overlain by a thi n chromi1:.ite (1 em), These 

1 i thologie:s <=:re overlain by an c:morthosi tic layer known as the 

P-2 rniddl ing . The basal part of this layer Qonsist of pure 

plagioclase rocl{ but this grades upwards into a leucotractolite 

whir:h may i "tself grade up,.,rards into a mottled anorthosi ts (see 

figure 2 . 2f·1 . The P-2 middling is sharply overlain by a second 

narzburgi te layer ],-2 metres thick. This un i t is collectively 

known as the Upper Pseudo Reef' . In the north-eastern section 

of the mine the P-2 :niddli:1g is no longer p r esent and the Upper 

Pseudo unit con.sists of a composite feldspat h ic hal-zburgite 

layer with a basal chr omi tite . 

The Uppe r "Pseudo Unit 1s enigmatic, as it consists o f ma f ic 

(harzburgite) and felsic (anorthosite) endmembers af typical 

Cri t ical Zone r ocks, but laclts any inte r mediate members such as 

pyroxenites and r.o r ites. rurthermore , correlation with upper 

Cr it ical Zone rocks at otne:r mines in the western lobe of the 

Complex is .:.oroplir::ated by ""this horizon . A more detai led 

seetio" of this -;:tortian of the s u ccession is sho l.-ITI i n figure 

2.3. 
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Figure 2.2a Photograph showing the nature of the Giant 
mottled anorthosite at Union Section of R.P . M. 
Tbis member is not exposed in mine workings at 
Amandelbult. 

Figure 2.2b Photograph showing the undulatory contact of 
the Merensky Reef and the underlying 
Footwall anorthosite. 

Figure 2.2c Photograph showing fine, inch-scale layering 
in norite below the Footwall Marker. This 
is at approximately the same stratigraphic 
position as the "strepies" horizon at Union 
Section. 

Figure 2 .2d Photograph showing the sharp. undulatory 
contact between tbe P2 middling 
anorthosite / leucotroctolite and harzburgite 
of the Uppe r Pseudo Reef. Note the 
bleached nature of the anorthoosite 
in the scalloped a rea in the cent r e of the 
photograph , Examination of this r ock in thin 
section revealed a recrystallized texture. 

Pigu re 2,2e Photograph showing the irregular a nd sharp 
nature of the contact between norite and 
harzurgi te of tbe Lower Pseudo Reef. Note 
the fragments of harzburgitic material 
trapped in lower parts of the norite. 

Figure 2,2f Photograph of the P2 middling anorthos ite 
sandwiched between the two harzburgitic layers 
of the Upper pseudo Reef. 

Figure 2 . 2g Photograph of t he thin pegmatoidal pyroxenite 
layer underlying the UG-2 chromitite layer. The 
painted arrow head is on chromi tite. 

Figure 2.2h Photograph of the basal portions of tbe UG-1 
chrornitite at Union Section. Similar features 
are seen in core specimens at Amandelbult , where 
the UG-l is on ly poorly exposed underground. 
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Figure 2,3 A more detailed log of the Pseudo Unit 
intersection of borehole AE, which shows more 
clearly the nature of harzburgite and 
olivine-bearing pyroxenite horizons of the 
Pseudo and Footwall Units , 
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2.2.5 The Footwall Unit 

Genera,lly, the Footwall Unit conforms Vlell with the definition 

of a typical cycl ic unit (Irvine, 1982) . It commences with a 

thin chromitite layer (0.5 e m thick) , whieh is followed upwards 

by a thin layer (6 cm) of olivine-bearing feldspathic 

pegmatoidal pyroxenite. The latter lithology grades upwards 

into melanorite , norite and mottled anorthosite . A 

complication in this ideal c rystallization seque nce is the 

development of a persistent , 50 em thick layer of mottled 

anorthosite within the norite layer, known as the Footwall 

Marker, Both the upper and l ower contacts of this horizon are 

gradational over a few centimet res , while the norite 

immediately below the Footwall Harker has an extremely well 

devoloped " inch-scale" layering . similar to that observed in 

the " strepi.es" horizon at Union Section (De Klerk, 1982) 

(figure 2. 2c) , It should also be noted that this Unit lacks a 

poikilitic pyroxenite member, and therefor e does not represent 

a complete Unit in the strictest sense. 

2 , 2 . 6 The !1erensky Un it 

The Merenslty unit is regarded by Vermaak ( 1976) as one of the 

most complete cyclic units in t he Critical Zone of the Comple:-c, 

It commences ... /ith a thin chromitite layer (1 em thick) whi ch 

forms a sharp , but wavy (undulatory ) contact with t he under-

lying Footwall anorthosite (figure 2 . 2b), This is then 
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follOl .... ed by an oli vine-beur ing f "e lds puthi c pcgl1lt:.ltiti c 

pyro ;-:i~ nit e m - ha r::-.:burg it e , whi c h i s 1n turn overlain by a thin 

t1 e m) c hromitite. Th i s g roup , !. e c hram! ti te + peRmatoid -+ 

c hromitit e , consti tutes the economica lly important "Merensky 

Reef", whi ch i s t he world ~s largest producer of platinum group 

elements (P . G . E ) , as well as signi fi cant quan tit i es of ccppe r , 

nicll:el. co ba l t and gold. 

The upper chromitit e is overlain by poikiliti c pyroxenite, 

which grades upwa rds into melanorite, norit e and mottled 

anorthosite . The tota l thickness of the uni ·t is variable. 

averaging a r ound 20 metres. 

2. 2 .7 The Bastard Uni t 

This is the second of Vermaa k -s (op. c it) complete c y c lic units , 

and al though it megasc opica l ly resembles the lo1.erensky Unit, 

there al·e important differences betwee n the two. Firstly, the 

Bastard Unit does not conta in any s ignificant .-:oncent rations of 

c hromitej secondly, olivine does not occur as a cunmlus 

mineral,at Amandelbultj thirdly , no pegrnatoidal rock occurs 

at the base of the Unl t ; and fourthly . it is very poorly 

minerali zed (in terms of P . G. E . ), eve n though abundant su lphide 

blebs may be present in the ba.sa l me.rnber , a poikiliti c 

pyr o xeni te , kno wn as t he Basta rd Reef . The polkilltic 

pyroxe n ite g r ades upwards into melanorite , norite and finally 

mottled ano r thos i te (see t- igure 2 . :311) . Th~ Bastard Unit mottled 

anorthosi t e is a partiC\11arly str ikin g -member as it contains 
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ij ,-: UU, , >It,] 'fJ !l'-;"f~ll,~ntly II 1" r,",J. f ~ J I'-! d 1'.0 tJ.8 Lhe "G .lant l-tottled 

fll)(l l' I"j j u: ..• i t t· ". 11. L" cll" ' I ,·.j· . tcHt. w:.ull . ·, hurlson, und it s top 

contac t with overl y ing norite ma y be us€d as an a.pproximation 

01- t .he Cr it:l,-al Zone - Main Zan!? boundary. 

2 . ;) . 1 L~te l ~ J_ Variatloos 

11 numbe r 01 \'IOrkeIS (eg., IJe Klerk ,1982 ) have distinguished 

" nonna. L" L:u \tl " rf')thol '~tl " ~tratiZTa ph ic -successIo ns in the 

!lu ~. livc ! d ( ~ fJJlIl ' I " :-: , Wh"f(' "lIu('UJlll " ·.:.u (. c,e~;D iotl~. are tlJusD whi c h 

hav.? nol.;. bo: e n ,1ffected by " potholGs" (see t he following-

sec t~ ion , ~ . "1 . . » . III thi .r .. s c.-:.tio!l lateral v a ri a ti o n s in normal 

su.:ce ssion:.: .... I'Ti II be ':::D!1sidered. 

Later<1l vari a t.ions a rC! most pronounced i n the northeastern 

sectors of the mine . A large area of the sout hweste l-n sector , 

1. e., from (J 3 \~ to l2W ( s ee Nap fig 1. 3c) , \ .. h ich includes bore­

bolns fl O, 1\.13 , AW, AX , and AZ, e:-:hibi -ts a normal s uccess ion 

wll i c_h c lrJs~ J)' .lr}b e mbl E:s th'-::1.t descrlbed in t he preceding 

sec tious ( 2 . :} . L to 2 . 2 . 7 ; . I t i s bet ween Lhe L2W a nd llW 

I'lin2'cs that Lbe first l ,~teral c h anges become e vi dent , whe r e the 

P - 2 mlddI11l0 ctnort:hos itt':! thI ns out , and the t wo harzburgite 

lo.yers of tIl e Uppe r Pseudo Un it coalesce . T1:li :5 succession is 

In.3.intaine d a.'~" f a r e<J.st ,J ~ the l"E \'Iin~e , and J11utche s th~t 

observed in bore hole .1\1-'. 



Figure 2.4 This diagr am shows the lateral variations of 
"normal" successions at .4mandelbult (after Vi ljoen 
et al. 1 1986). 



sw 

43W- 12W llW-l0E 15E 

" 

" 

"" 

,"" 

------~::::::::::::::~:: 
" --

1-- ----- --

,- , 

u Q-1 . ---- - -- - - ------- - --

______ ______ _ 'iiiliiiiL _____________ ~ 

" 

Fi gure 2 . 4 

38~-55E 

II "! ." , / , II 

, 
." 

, c, : 
o 0 

" I I" " \ 

" " ,",',' -'-'~I ------
'11 , " .. , 
I" '" 

'" j ll "I , .. 

HE 

.OE 

t Il '" " '" ,II ' " 

• 

___ *"O,-"!,,J 
'" "1", 

" 

.. 

.. 

.. 



To the east of the 15E winze the Upper Pseudo r eef thins 

d r amatically, and its overlying chrolDitite is seen to part from 

the harzbu r gite l ayer and to transgress the ove r lying norites 

to a preferred height, after Hhich it maintains a fairly 

constan t stratigraphic position below the lower Merensky 

chroroitite . \Vhere this c~rolDitite is in this disposition, it 

is known colloquially as the " Lone Chrome " chromitite. 

( Cilliers , pers carom). in the extreme northeastern sector of 

the mine , i.e. east of 55E , the succe.ssion changes 

cOTiside r a bly. He.re I ne i ther the Lower or Upper Pseudo Reefs is 

developed, while the inuIIediate footwall of the 11erensky Reef i s 

rnelanori te, instead o f anorthosi teo The Footwall Marker, 

however maintail1s its previous st r atigr aphic position . In the 

stratigraphic positions previously occupied by the har:zburgitic 

Pseudo Reefs , several alternating layers of mottled 

anorthosite and norite occur . These variations are summarized 

in figure 2.4. It is also important to note that the lateral 

stratigraphic changes appear to be limited to the succession 

betwee n the uppe r contact of the UG-2 Unit and the lowe r 

contact o f the !':'e!""ensky Uni t . 

2.3 . 2 Potholes 

Potholes are anongst the most enigmatic features 01 the layered 

l-ocks of the BUchveld Complex. They are slump-like structures 

which commonly affect the Y.erensky Reef horizon , and 

consequently ha'IE a great bEaring on mining operations, In a 

pothole , normal ~~ereJjsky RE"2f plunges sbarply downwards , and in 

so doing transgresses its :::.:::'?diat e f o ot'rlall, ;)=.ually corning t o 
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rest on the upper Pseudo Reef. I n plan view a pothole i s 

c ircular to elliptical in shape , varying in diameter .from a few 

tens of metres to a kilometre or more. 

Amandelbult is shown in figure 2.5. 

The i r distribution at 

The mare important features of potholes are best seen in a dip 

section <figure 2.6) , from which it can be seen that as a 

pothole i s approached , the Merensky Reef becomes progressively 

thinner, until at the edge of the pothole tha pegmatoidal 

portion of the reef wedges aut completely and the upper and 

lower Merensky chromitites coa lesce . This coalesence results 

1 n the formation of "contact-type" reef. The edge of the 

pothole is defined as that point at which the contact-type reef 

begins to transgress the Foob .... all Unit (Viljoen et a1.,1956). 

Those layers whi c h overlie normal Reef are warped into the 

pothole , with immediate hangingwall members being affected to a 

greater extent than those which are higher up in the 

success ion. 

0' Pothole-type" Reef is developed whe re contact-type Reef comes 

to rest upon the Upper Pseudo Reef. This Reef is usual l y a 

pegmatoidal feldspathic pyroxenite , similar to normal Merensky 

Reef . It is separated from the Upper Pseudo Reef by a thin 

chromitite, while a c hromitite separates it from overlying 

poikilitic pyroxenite . It can be seen from figure 2.6 that it 

is possible for the pothole to reach the Footwall Harker , but 

no pegmatoid is developed where this is the case. It is also 

possible for a pothole to transgress the upper harzburgite 
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Figure 2.5 Variations in the thickness of the Merensky 
Reef layer at Amandelbult, and the 
distri~ution of pothole structures (after 
Viljoen et al., 1986). 
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Figure 2.6 A dip-section showing the essential features 
of a pothole structure, and the development of 
the variom; types of Reefs". Here BR-
Bastard Reef, HR- Merensky Reef, P-l- Upper 
Pseudo Reef, P-2- Lower Pseudo Reef. 
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layer of th", tipper Pseudo Uni t and -to reach the lower 

l.F1.r::::burgi t e . t..lthough potltul~s h<J.vl;? been see n to transgress 

t he }'s8udo Ree l o,t Union Cect ion (De Kle r lt , pers. COlOm) to date 

none has b ef"n observed to breach 'the Uprer Pseudo Reef at 

Aln<:!ndelbul't. ( Vil.ioen et al. ,1986) . 

As far as mineralization i s cOllcerned, both contact- type and 

pothole-type He ... t s arem:in~ralized . The fanner ty pe is s eldom 

mill e d becauso of its i rregularity , but the latter ofte!1 

cont ll ins gnHk's higher th.:\n that Ol normal J\eo£ , a nd is thus 

rI.?Zd l-ded as favQu rD.blt::l for exploitation (Viljoen at aI , 

op.cit.) . 

'-' ." ,~ 
& • ...- • • j Iron-rir::o. Pegm;:,_tites< 

T!H..! p l-ese n ce of these bodies further c omplI c ates the strati-

graphy of th~ Critical 20ne . They arC! seldom exposed at 

Bu r lae e and {He k.nown only from undergr ound e:<posures a nd their 

pronounced s l1rfo.c e magneti c anomal ies (Seoon , 1985) . They vary 

ill size from the large Hiddello.uc;te P i pe , which has a long axis 

of 2 km (1I111 0c n et aI , op . ,:: it . ) , to s mall bodie s measuring a 

! el--/ !!I0tl"CS ~tcro~.s . Their distribution ut Am~ndelbul t is s hown 

in l'ieur>? :? , ~( , 

<lb€.' peSlTI.-:ttile:c. are geneTall:,~ darh colourod ,3nd ranfle in 

composition I I"f.JITI pure hm-t.onalite dutJites to Hehrlites and 

orti o ns oi ma ,'1 n e tttr~, 13ulphidr~s; and platinum p,roup elements . 



Figure 2.7 The distribution of ultramafic pegmatite 
(dun ite/pegmatoid) at Amandelbult (after 
Viljoen at al., 1986) 
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Their effect on the succession is particulal-ly pronounced in 

the upper Critical Zone , where they have replaced certain 

li thologies. Replacemen~ is particularly pronounced in rocks 

~'here of anorthositic affinity, but is not r estricted to them. 

replacement has occurred the original lithology way be 

dil~ficult to recognize, while the only horizon wh ich appears to 

escape total replacement is the Uppe r Pseudo Reef ~Viljaen et 

aI. , op . c it.) . SeDan (1985) has obse,rved that wbere the 

Me!-ensky Reef has been replaced, the P.G. E. values a::-e main-

tained. The origin af these peglllatoidal bodies is beyond the 

scope of this investigation and the reader is referred to 

Phillips (1984), Seoan (1985) and Viljaen and Seoon (1985 ) . 
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CHAPTER 3: PETROGRAPHY 

3.1 Introduction . 

Petrographic studies were carried out on a suite of 280 thi~ 

sections which are representative of samples taken from all 

six boreholes (see Chapter 1). This meant that a l.;;..rge m..lmber 

of samples of 8.!.ch rocl" type ",ere examine.d, which in tUl-n 

meant that a large measure of generalization ..... ·as requil~ed in 

their descriptions if excessive l ength was to be avoi d r: li. 

Rowever. similarities and differences of individual rock type s 

in different t'nits have been noted. Each individual rod·: 

type, as defined by the no:nenclature laid out in Chapt.;,y- 1, is 

describEd sEp~r~tely bela"f, 

3.2 Anort:-1osi tes. 

Anorthosi tes ar-e defined as those rocks which contain plagio-

clase as their sale cumulus constituent . while cornman post-

cumulus phases include clinopyro:·:ene and o rthopyro:{ene, Rare 

postcumu l us phases are biotite , olivine , base-metal sulphides 

and magn-=tite, These rocks usually constitute the uppermost 

layers of cyclic un i ts, but they may also occm- as discrete 

layer.s within norites, as for example the Footwall Marker , or 

between harzburgite layers, as for example the P-2 Middling . 

A unique association is that of &nortbosite with cbromitite at 

the base of the UG-l chromi ti te IbyeT. 



Petrographically . three varieties of anorthosite c an be 

r ecog nized, namely " mottled", " adcurnulus" and " annealed" 

a nort hos i tes, Mottled anorthosites a re charac teriz ed by the 

o,,;:,cu rrence o f large oikocrysts o f p ostcumulus clino- and 

o r thopy r oxene wh i c h po iki litically enclose sorne plag ioclase 

grains , The se oikocrysts al-e ext re mely va ri able in both s ize 

and dist:-i~ution, while the rel ative p r oport ions of py r o:-:ene 

arid pl~810cla=.e in anyone thin sec-tion a re dependent on the 

chance intersect ion of a "mot t I e ", a nd are therefore unl iki?l y 

to be repl-esentative o f the roc.-lr as a ... ."hole, A ieature of t:Je 

pla;~iocla:::e in these rocks is that those g 1-a::'n5 I"'hi eh ax e 

poik ilitica. lly e.nclosed by pyroxene are somewhat dif:ferent to 

those whi ch are not. T~e latte~ are uEually subhedral, la"g': 

(1-4 rrl1!l i~ ~engt:tl) . distinctly :::c~-Jed and. appeay to have thei~~ 

long ~xes pre=-erer:tially orien"ted, whi 1e .. hosE that are 

encaps·ulat.ed within pyro:{enes ar~ often smal l er (less t ban 1 

rom) , Eubhedral to rounded in habit, less- obviously zoned 31-,d 

randomly oriented (see figure 3,la'_ 

"Adcumulus" ano r thosites cont ai n very little (less than 7 

p .?rcent) pOEtcurnulus ma"t<:;r ia l, They are of "ten equigranular , 

\'dth g rain sizes betl .. een 2 and 4 nL>:l , 'n'hile the lon s a:-':ES of 

plagioclase g rains shc\'J a rnode!""ate to st rong preferred o ri en-

tat i on , Occas ional aggregates o f small (0 . 5- 1 rom), equi-

dimensiomd plagioc l ase g rai ns app<:;a r to disrupt 'the layeri ng 

(see Figure 2 _ Ib), Osc~ll atory zoni ng is a particularly 

di&tinctive feature o f t~e larger oriented plagioclase grains 

and up to fo~ r zones ca~ be r ~cog~ized in singlE ~ rainz in 

thin sectic.:r.. Th is zon: :"lg !!loy bf2 -:::ake n a s e ..... ider't:e l or late 



stage ove.rgrowth oj feldspar components onto pri:nocryst. 

plagioclase gra i [!s. "Annealed" anor thosi teE USU<:I; lly occur as 

localized thin selvages along contacts bet ween mottled or 

adcuroulus anorthosites and more mafic rocks, such as 

harzburgites and pyroxenites . In underground e>:posur es and in 

cora specimens they appear as milky white bands s6?arating 

such lithologies (see :ig ure 2 , 2d) . ln thin section these 

l-ocks are characteriZi:ld by the occurrence of plag ioclase 

grains which are equidimenslonal, and grain bQur,cia!'ies wbicb 

meet in near per fect triple junctions of 120 degref:ls. This 

suggests "'that tbey have !:'een recrystallized, P't..lrtherrnore 

tbese grains do not appes.r t .o be zoned, while a:1Y pr-efen'ed 

orientation has beeD de~::, roy€d , and they do net 3.Fpear to 

contain any true postcu~;..:lus material, ,although some olivlne 

and pyroxene grains Irer:: overlying litho!ogi.:=s :r;;~y be 

incorporated within the:;:. :!?igure 3. Ie is a photo::sicrognq)h of 

such an annealed anortn Daite . The three petrogr3;phic 

varieties of anorthosi t~ dest:ri bed above r,eed !1.0~ canst i tute 

entire anorthosi te layers , indeed they seldom do, the norm 

being a g radation of O~E into another. 

Accessory phases in ano!"tnosites include biotite, chromite , 

olivine , base-metal sul:::·b ides and magnetite . Biotite often 

OCCU1~S as fine needles "':"lich a l~e preferentially oriented 

parallel to exsolution :amellae in pyroxene oik~cr-ysts, or as 

large flakes in close a==.o,:;iation ',l1th pyro:~:enE, chromite or 

~agnetite grains . C~rc:::i te :'s most ,:; o:n;non in :::,,,= anorthosite 

2'/ 



Figure 3,la Photomicrograph of a typical mottled 
anorthosite , with intercumulus o r thopyroxene 
which poik1litically enclose cumulus 
plagioclase grains, Note the s maller, 
rounded nature of the enclosed grains, 

Figure 3, lb Photomicrograph of an "adcumulus 
anorthosite" , which consists entirely of 
plagioclase, Note the preifered orientation 
of the larger grains and the cluster of 
smallel- grains (upper right), which disrupt 
the layer i ng, 

Figure 3, lc Photomicrograph of the contact between 
harzburgite and an "annealed anorthosite", 
The two r ock types are seperated by a thin 
c hromitite layer (dark grains in the cent re ), 
Note the recrystallized nature of the 
plagioclase grains, 

Figure 3 ,ld Photomicrograph of a resorbed olivine grain 
in the Footwall anor thosite o f borehole AP, 

Figm-e 3,le Photomicrograph of a su lphide bleb (dark 
patch , lower right) in the Merensky 
anorthosite. 

Figure 3,lf Photomicrograph of intercumulus magnetite 
<dark patches, centre right) in the Giant 
Mottled Anorthosite. 

Figure 3. 18 Photomicrograph of the P2-middling leuco­
troctolite showing the presence of olivine 
grains, whose outer reaches contain 
inc lusions of plagioclase, 

Figure 3. lh Lower magnification photomicrog raph of the 
P2-middl ing leucot l-octoli te , showing the 
predominance of c umulus plagioclase over 
oli·line. 

NOTE: The scale bar below each photomicrograph 
represents 1 millimetre . 



.. --<'I~ --_ .. ..---: 
I ~ .-

.-~ ~ . '." 

c 

g 



large concentrations of euhedral grains fo r m str i ngers Dr 

bands of chromi t i te . This mine ral can also be. found i n other 

anort:r:Josites as ".e ll , ,.;here it occurs as tiny (0 , 1 ::!'.m ) euhed-

ra1 grain.s, cOT!L'llon1y ;:=.t pl.:!.gioclase grain boundaries . Ol ivi r.e 

is a ra1-e constituent i n a northosi tes , but a few resorbed 

g rains were f o -:..: r.d in ·t !:' e Footwall anor thosite in borehole .A.F . 

.... ·herl3 they a re ::::antled by a rim o f reaction magnetite ~ nd 

ol-thDpyroxe~1e ( see Figur8 3 . l d ). Bas-:- metal sulphides are 

frequentl y encountered in anorthosites u nd erlying mafic laye!"""s 

such as the Bas"t.s.rd, Mer ensky , and Upper Pseudo Reef !1or-izo:i.s . 

He,e they occur as anhedral vlebs in pore spaces between 

C'..:mulus pl.agioclase g rains , oecause they ~re restrict.ed to "the 

u.p";·ermost cont.s.c;: reE :~ ons of anm-thosite5 , it likely that they 

p?orticularly good ex::.r!iple of an anurthu:S":te cont5.ining 

sulphide blebs ( see ::i.gure 3 . le) . Apa r~ from being an 

alteration phase 01 c;:tivine . lnagn ~ti te rr..ay occur as -a di scr ete 

postcuroulus pha~e in -:he 3asti!lrd ( Gi ant !~ot tled) anor thosi t e 

(see Figure 3.1:). 

The P-2 Jlliddling anDn~hosite rnay ,:antain a troctolitic la yer 

in Hhi ch large c l ots of olivine Q.re to be fou nd in a pre-

dominantly pla2::'oclasE: rocl~ . Th i s oliv:!.ne may be bot h c umul u s 

and f-Iost c uroulus i n :; a1~ure . as the centers of "the grains do not, 

appeal- to be ir,':'ento:::::' b y fe ldspa r, whi 1e the Quter regi ons 01 

the g rains poik :'liti c.ally E:r.clos€ sl1l.311 plagioclase lath:::;. 

Thi:=; suggests e:..::l o ri z-:.na l r:u::llulus 2,rain o nto -;.d"dc:'J. late-stage 

g r o'", t h " 'as adc<.:-=. 

rock . 

F:..gur e 3, IF; is a phc-:::.mio:::rog :: a:;:;h of this 



L~te st~8e d~ut.eric alteration of ;:>no rthosites is generally 

limited to that which occ-urs along, and adjacent to per vasive 

veins and c r acks which t. l-ansgress the rock. This alteration 

t:s-ually r esults in the S3USSUl-itization of plagi oclase and t~e 

replacement of pyro~ene by a felted intergrowth of c h lorite 

3.11d seric ite. Olivine , h'b,ere it is present, appears to b e. 

most affected, being alte r ed to serpentine , magnetite and 

bOl.;lingite and / or iddingsite . 

3 .3 Norites 

Norit.es contain both orthopyro:-:ene and plagioclase as C'Ll;!l1.::l'\.lS 

~ineral constit. uents. The? relat.:.ve. abund.::nce ox t::-:8SE: two 

mine!-al phases is e:{tremely variable. and may vary systerr;at-

ica11y \ .. i th stratigraphic ~~ight in some units. ~or tr.es~ 

reasons it is conveni .::nt .. 0 divide norites into three EU=:'-

'types , namely, leuconorite, nOl-ite (or roe6onorit.e ) and !!lela-

nGrite, In this regard tr.e proposal ai Scoon 0985 >, that the 

t!'!ree subtypes be defined :n terms of their modal ;:ercentagl~s 

of cr thopyroxene, is adop+~ed, Thus leuconorites contai~s 

less than 30 percent, no~::'~es between 30 and 70, ~nd 

me la r.ori -tes morE than 70 :?-=Tcent cumul us orthopyr ozene 

respectively . It is impo~~ant to note here that a number of 

sy~,ony:ms for thEse variet :<:s are to be iauT:o in t:1e 

l~~erature. For exa~?le. V~rT!laalt (1976) uses the !'.~:<.e "s;-~~tted 

o.l".orthosite " for leuconori-:e., I'/hi~_E Vil joer, et n1. !'1986 ) use 

"a:-.orthositic narite" and " ?y r oxenitic- r,ori'te" as = ~'nan y!i!s for 
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"leuconorite" and " melanorite" r espectively. The former 

author-s classification is not justifiable in terms of th3 t 

laid out at the begining of this chapter , as the " spots" of 

spot ted 3northosi tes are aggregates of cUTOul us orthopyro~:ene, 

and the rock should therefore be tErmed a nor:!' te. 

~orites are to be found in the Bastard , Merensky, Footwall and 

Lower Pseudo uni ts, where they are often the dominant roel" 

type (volumetr i cally'. There is often a gradation be.tHeen 

poikilitic pyro:{enite and melanorite at the base, and less 

cO!!ll"!'lonly bet ... leen leuconorite and anorthosite at t he top o f 

these uni ts. .Ii. :feat'.lre of the contact between le uconorite and 

:mottled anorthosite in the Footwall Unit . is the development 

of two dark, pyroxerle-ri c :'1 bands (5-10 CTU thick) separatiug 

the two lithologies. Wit~in the norites themselves there is 

often a g radati on f~om me lanorite at the base thr ough norite 

to leuconori te_ The rela~ive thicknesses of tbes~ three 

subtypes vary, but ~esoDQ"ite usually is dominant. The nor i te 

l~yer of the Loy/e!" Pseudo Unit is unusual in t.hz:.t it does not 

have a melanoritic base, and mesonorite overlies h"rzburgite. 

In thin section it can be seen that pyroxene gI-ain morphology 

is extreme ly var ia b1e. !:-, the leuconorites the cumulus nature 

of primocryst orthopyro:-:e:-_e g rains is oIten obscured b y late­

s tage ove rgrowths, · .... hich :;: 1so po iki 1 i tically er,close some 

plagioclase grains and t:, ... s impart a :nottle-like aspect to the 

rock (see figure 3. 2a). :he GUillU 1 us core howe-.,rer, is revea l e d 

where such grains a r~ in ~ontac t an~ mutual interference 

boundaries are deve::' oped ~:~twE<::n tr_'=" ::1_ In ~so- and ~ela-



norites interference bou n da ries are more common, and l~te-

stage overgrowths less common. Where orthopyroxene grai ns are 

unaffected by late - stage overgrowth two dominant grain fonus 

o.l-e obvious, namely a stumpy, prismatic, equidimensional 

habit, and ~n elongated lath-like habit, in which tbe 

length: bTeadth r at i o of the 8 !-ains is C'lround 3: 1 (see figure 

3, 2b). There does not appear to be any systemat i c correlation 

bet-ween the occurrence of the two forms and stratigraphic 

posi t ion. 

Plagioclase grain morphology in norites is not unlike that in 

anorthosit~s, and b ... o distinctive populations can be 

rec ogn ized, namely a population of small, sometimes rounded 

gra lns which are encloso?d in oikocrysts o f pyrQ:-:ene, .3.nd 

larser :~ubhEdral to eu!lEdral grains which are oriented in a 

preferred direction . 1:1 pyroxene~domihated lithologies 3 

.subophiti c relc..tions:bip is commonly developed betwt:.cn 

plagioclase and orthopyroxene, h'hile there is also a tendency 

for- :3mall plag ioclase g rai ns to be clustered around the 

peripheries of larger crthopyroxene g rains (Figm-e 3. 2C). 

Cl:!. nopyroxene is a corn."'!:on JIlir.or constituent of nori tes , in 

I .. bich it may be found i:: at least four distinctly aifiel-ent 

ha:,i ts. Most commonly :t occurs as l a rge oikocrysts which 

poikilitica ll y enclose toth plagiocl a se and orthopyroxene . 

T~ese poikilocrysts a re ran~omly dist r ibuted, and ere preaE:1t 

in ~ ll the differe:1t !~~~!te l~yer~ . Clinopy ro:-::ene ::e..y al .so be 

found as r<:! a:o:.tion rires 1::rOUTJ': somo:: orthopyro:{'="m~ ?,ra ins , ·,·It.'~Te 



it appa r ently is the product of a reaction betwee n ortho-

pyrox ene and plagioclase. (Wells , 1952). Thirdly, th i s mineral 

is found as exsolution lamellae and blebs in o r thopyroxep.e, 

whe re the lamellae a2-e parallel to the (100) crystal face of 

the host (see figure 3 . 2d), 1 t is also possible tha.t some of 

the rims previously mentioned aY'e the l-esult of the mig!"..'!t:'on 

of exso2"ed material 't>eyond the confines of the host graip.. 

This could be part i cularly tru2 \~·here such ri ms are in optical 

continuity with e-:-:soluticn lamell.38 . A more rare occurence of 

clinopyroxene is where it has forroed symplectic intergrowth':; 

wi th ortbopyro::-:ene . Wells (952) t-ecognized simil':!r features, 

and cor,cluded t hat the lac k of normal crystal faces in theE '~ 

intergrowths could b.;:o taken as ev i d-3~ce lor their co-

crystallizat i on. I f this is s o i t means that orthopyro:-:ene 

c l-ystallized over an extended time-period. 

Hinor phases in these roc~s include olivine, biotite and 

chromite . Ol ivine oo:;.curs o nly in the Footwall norite, and in 

most c".ses it is restricted to the lower portions. of the 

layer . In borehole .t\F, bD","ever, , .. idely scattered, partially 

resorbed olivine grains occur above the Footwall Marker . 

Biotite is present in most thin sections where it is usually 

closely associated .... 'ith py ro::{ene grains , but it also occurs as 

larger postcuTilulus g :;ains f il ling interstitial spaces between 

Cllmu 1 us g ra i ns. Ch :- omi te is an accesso ry component af 

nOTites, and generally occurs as s mall (0 . 05-0.1 rom), 

euhedral , wi dely scattered grains . 



Figure 3 .2a Photomicrograph of a cumulus o rthopyroxene 
grain in norite, showing a late - stage 
overgrowth which poikilit ically encloses 
s mall plagioclase gra ins. 

Figur e 3 . 2b Photomic rograph of a norite, s h o win g the 
occurrence of t wo different orthopyroxene 
habi ts. 

Figu r e 3.2c Photomicr ograph of a nori t e showing t he 
poikilitic enclosur e of o rthopr o xene and 
pl ag i oclase by clinopyro:-cene. 

Figure 3 . 2d Photomicrogra?h of cumulus o rthopyroxene in 
nor1te, showir.g the development of fine 
exsolution lar~llae of clinopyroxene para l lel 
to the (100) crystallographic direction of 
the host g r ain. 

Figure 3.2e Photomicrog r aph of a po1lt illtic pyroxenite, 
showi ng the i n terpenet rat ion of curnu I us ol-tho­
pyroxene grains , and the nat"ure of interc'Jmulu5 
plagioclase. 

Figur e 3.2f Photomicrogra?~ showing the enclosure of 
cumulus orthopyroxene by inte r curnulus 
clinopyroxenE. Note the resorbed naturt! the 
encl osed graiLs . 

Figure 3 . 2g Pbotomicrograph of poik ilitic pyroxenite 
under-lying a t hin ch r omitite later. Note 
the presence o f an e xt r emely elongated 
orthopyroxene g rain, whose direction of 
elongation pacal1els the base of the 
chr o rniti te layer . 

Figure 3.2h Photornicrogr a~~ s h o wing a st rained c umul us 
orthopyroxene grain, whose exsolution 
lamallae are k:nked. Note also, that the 
intercumulus ~, !ag i oclase grains are 
polygonized, ~ urthe r ev i dence of strain. 

NOTE': The scale bar be 1 c' ... ' each photomicrograph 
represents 1 rnilli=~tre . 



c 

g 

. , '~ir 
Il[1~1\ {". 

~O-C~ F" 
I 41 .­

• ...-..... J 



with alteration being z-estricted to crosscutting veins ~nd 

their i~uediate surroundings . 

These rocks have orthopyro:-:e ne ( > 90:~) as the i:: dami nant 

cumulus mineral p~ase, "'~ile olivine and chromite rnay be 

present in lesse r amounts . The orthopyroxene is usually 

bronzite and consequently t~i.e rock is often referred to a::­

b !-onzit.:;.te: but the si::nple term "pyroxenite" is prefern~· c! 

h ere, and since ,::ulI!ul u s c2.inopyroxene cumulates do n ot oc.: ;')' r 

in the S1..lccession this t,:,rrn may be used unambiguously . THO 

distin,:;t textuz-al varieties. of pyro:·:enite , namely l'0ikilitic 

.~H~d pegmatoidal , can be recognized. 

c onsidered separately belew . 

The.se two variet ies 5.r,= 

3 . 4.1 Po ikilitic Pyroxenites. 

These rocks are characteri3ed by the poikilitic enclosure of 

fine- to meciium- grained c:- t hopyrrn:ene crystals by postcum1..l11..ls 

plagioclase and clinopyro:-:e:Je oi~ocryst s. rn the study 

section they constitute 1;;-::-802. po!"'tlons of the UG-l and UG-2 

iJnits, while in the Mere TI':t::y and Basta r d Units they foym 

? Yomir.ent horizons at or ~.=;;;r thE base. Significant ly, ~hey 

are absent from the Footw~ ~l Uni~. 

The G';:ilulus ort:-,opyroxenE:- E::::ain.s .sre variable in both size ,;nd 

:norp}-.':ilogy, ;~nri al7..h'=lugh -; :;J'::y a!" '=: z enl?:rally e u : ,'.2dral to 



subhed r.;;l in habit . t-; .... o distinct crystal forlUS can be l-e cog-

nized. ;;'irstly, there a r- e stumpy, prismatic g rC)ins whose 

diroensio!1S are roughly equidimens i onal , and secondly there is 

a population of lath-like grains, whose length/breadth ratios 

ave r 3ge .::;round 3 :1. Some exceptional individuals ha\'e r,3.tiQS 

-of £' : l. These elong~\ted individuals are often loc:'l.ted :;ear 

small chromitite layers, and it may be significant that their 

long axes are oriented parallel to the bases of these layers 

(see Fig ... ::!"e 3.2g and ~3 . 4:0. The subhedral natu!-e of rna:;y 

orthopyroxene grains is crought about by a number of inter-

ac'tions and reactions. .fl. common fea.ture is to find intei.--

lock ing orthopyro:-:ene lat:hs, in w:'ich on.? grain appears -:0 

penetrate another ( see Fig . 3. 2e >. Secondly , Wh€l-e ortho-

?yro:-:-=r:e grains are enclo~;:.d by c. linopyroxeT,e oikocrysts, 'the 

::or:::er grains have a I-ouncea appearance, suggestive of a 

!"'eacti on relationship betYl-=en trle!D (see Figure- 3 . 2f>. A third 

p"heno!!ienon. which has p r eviously been described by Eales and 

?eynolds (1986) is th;:~ occurence of embayrnents of plagio.::;lase 

into orthopyro:{ene wh€~rev<;:=- this :nir,eral is in contact with 

chTomian spinel. This is a"C'Cl-ibuted by these authors to the 

following reaction ; 

Mg-Al spinel + Op~: ~- liq· ... id =- Fe-Cr spinel + Plag + 1 iquid , 

This reaction like wist:! may explains the occurrence of ha::'os of 

!-·lagioclase which surrour:d inclusions of chr omite in 

orthopyroxene (see Figure .3. 4b). Many o r thopyro:·:ene grains 

c.ontai rl fine, closely spaco:d e :-:solution lamellae and blebs o f 

c.li nopyroxene, ,,,,!lich ax e or-:-~T!ged parallel to t:.'2 ClOD) :)lar,e 
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of the host gra in. Two f eatures of these lamellae are p~ r t-

icularly noteworthy_ Firstly, it i s apparent that not all 

o r thopyro:-:ene g rains in a thi:1 sect ion contain such lamell~~: 

and secondly , a numbe r of these Sl-ains have bee n st r e:in.?d, and 

consequently their e:.:solut i o n lamellae have been kinked (se.:,: 

figure 3_ 2h). Of particular interest in the latter case is 

that not all g r ains in a pa r ticula r thin section have kink,?('i: 

lamellae . a::-.d orthopyroxene g l-ai ns H i th kinked lamellae ~y 

any :strain . 

f'~a8ioclase 10 the dominan't. postcuJnul1.lS pnase in these rcck~, 

a nd in roany cas~s it may co,.tribute 10 percent or mOl-e teo t. l:.;-

rock ~ S l:lOCe_ ] n s"'}cn , . 
cases .. ne is referred to as a ~e!~E-

pathlc poikilitic pyroxenite . I:1d::'vidu~l plagioclase 8 ra i~,:=: 

a1-e gE-neral ly large 05rr.r!i) , and poi kilit.ical1y enclose bet::. 

ort h opyroxene and <::h !- omi te grains , 3nd '!n ma n y gra ias dist:r..-::"': 

zcmir:g is diser r:able . In sene grains zoning may be obscured t.y 

strain effects, while in ether s"!::E:cimens strain has 19d to t:-.e 

recrys tallization a r polygonizaticn of l .arge g ~-ains into a 

numbe r of s:rna.lle r individ1..;als. These may easily be confused 

;vith cumul us g r ai ns (see Fig 3 .2h ) . T:Je post cumul us nature 

of p l ag i oclase is best GO:l i irmed by its presencE: in myrrnekitic 

inte;growtJI..S with quc.rtz (!7:'g, 3. 3a). 

Clinbpyrozene is a subar di :'",ate , 0'.1"': important postcumul-.)s 

cu mu:" us or'thoP:,'ro :-: er.E and -:.:_romitE 2p."ains , as \"/ell as post -

T~.i·s !:".eans -::_~t it is a,l e: :-:tremelv l~~~ c-



crystallization-produr.;t in these rod;;s. Ho wever, some gra.ins 

appear to possess cUl1lulus affinities as well, such as well 

developed crystal facHs and rational interference bounda!-ies 

with orthapjToXene g rains. This is indicative of an extended 

crystallization period . Other postcumulus phases include 

biotite, quart:: . an opaque phase and calc ite. Bioti te is-

clearly recognizable as an inter-cumulus preCipit ate, and 

although it generally does not constitute more than 5 p erc.e!l"t 

of the l-ock~s r::ode, it 1!lay be locally more common , 

particularly i;: the UG-l pyrm:enite , ..,ha !- e it m.:;y be the 

lJroduct of Cl l ate crystall izi ng , vapour-enriched liquid. The 

occurrence of quartz tn the postcuroulus assemblage has also 

~een documented by Vermaa}: and Hendr-il~s ( 1976) and De Kler-l;; 

(1982) . I n thEse rocks t!lis mineral is sparsel y develor.;ed , 

and J.ndividual grains .seldo~:l exceed 0 .1 !ItIn in diam,:=ter. 

Similarly c a lci te OCCl.U-S as small discrete anhedral g rains . 

whose habit nega.tes any s uggestion that it i s an alt.eration 

product of sarag other pri:rnary phase, (see Fig. 3 . . '30) . although 

it may be of hydrot.her-mal origin . There is some .~ eV luenc.e to 

suggest that an opaquEl phase , pOSSibly a spinel, may have 

c r ystallized from t he postcumulus liquid . In figure 3.4h an 

opaque grain which par-tially encloses part of a postcumulus 

plagioclase grain can be seen. 

The poikilitic pyroxenites from the different units are 

similar in most macrm:;copis featur€s, including g rain size ~nd 

mineral composition. The 1)0-2 pyroxeni te howE'ler, is the only 

horizon whi eb contai:-,:::; oli'/ine, a::d here it occ.ur s only at the 
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Figure 3.3a Photomicrograph showing the presence of a 
myrmekitic intergrowth of quartz and plagio­
clase in the intercumulus assemblage of 
poikilitic pyroxenite. 

Figure 3.3b Photomicrograph of a poikilitic pyroxenite, 
showing the presence of cumulus orthopyroxene 
and intercumulus plagioclase. Note also the 
coexistence of strained and unstrained cumulus 
grains. 

Figure 3.3c Photomicrograph showing the presence of 
calcite in the intercumulus assemblage of 
pokilitic pyroxenite. 

Figure 3.3d Photomicrograph of the pegmatoidal pyroxenite 
of the Merensky Reef,showing the presence of 
coarse olivine grains, and large intercumulus 
plagioclase grains. 

Figure 3.3e Photomicrograph showing the enclosure of a 
rounded plagioclase grain in an altered 
cumulus olivine grain in the Merensky Reef. 

Figure 3.3f Photomicrograph of a finer-grained olivine 
grain, .showing the development of a reaction 
rim of clinopyroxene, in the Merensky Reef. 

Figure 3.3g Photomicrograph showing a symplectic inter­
growth of olivine and orthopyroxene in the 
l1erensky Reef. 

Figure 3.3h Photomicrograph of Upper Pseudo Reef 
harzburgite, showing the presence of cumulus 
olivine and orthopyroxene. 

NOTE: The scale bar below each photomicrograph 
represents 1 millimetre. 
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base of this layer. The UG-l and UG-2 poikilitic pyroxenites 

conta i n a considerably greater proportion of scattered, 

accessor y chroreian sp:inel grains than their Merensky and 

Bastard Unit counterparts . 

3.4 . 2 Pegmatoidal Pyroxenites . 

"These roc-ks, whose main cumulus constituent is orthopyroxene . 

may also contain sign:ificant proport i ons of olivine and 

chroroite , as well as large postcuroulus grains of plagioclo3lse 

and clinopyroxene, wh:lle base metal sulphides are a common 

accessory phase. As thei l- name implies, they are extremely 

C03.rse grained rocks, a characteristic Hhieh rr.akes them 

difficult to describe frOID th i n sections of conventional s iz~. 

Pegrnatoidal pyr'oxeni tE?S a l-e present in t -he study section in 

the 'platiniferous Men~nsky Reef, the lowermost few cer.timetr-::.s 

of the Footwall Unit, the Lower Fseudo Reef and the im.":ledia t e 

footwall of the UG-2 ~::-hrornitite (or UG-l pegroatoidal 

pyroxEni te). Each of thes~ occurrences is considered 

separately below. 

3 .4.2.1 The Merensky R~ef. 

This horizon is bounded on both upper and lower surfaces by 

thin chroroitite layers . and it is texturally a most inhomo-

geneous layer. In general, it can be considered to be an 

ol i vine-bearing pegr..at:oidal pyroxenite , ' and , .... hile Verroaak ar.d 

Hendriks (1976) give Gin av<::rage modal 
or ':hopyro:·:ene 
fe:"dspar 

3 7 

composition of:-
6 3.2 perc~nt 
13 . 8 perc ent 



clinopyroxene 12.9 percent 
Dlivine 2.7 percent 

for Rustenburg and Union Sections, the Amandelbult variety 

.... ould appear to contain a greater modal p r oportion of olivine. 

Kegascopically, that is in underground exposures , the central 

and lov;e r portions of the Reef contain mOl-e olivine than the 

uppE~r parts. The p!-oportion of intercumulus space betwe€71 

cum\llus grains may be great , and is la rgely filled by large 

post;cumulus plagioclase grains (see figure 3 . 3d) . while large 

cliTlopy roxene and biotite grains !!15y also be locally aom.-non. 

The poikilitic enclosure of a numbel- of cumulus gl-ains by a 

sinE;le postcu!Dulu5 phase is a common featUl-e of this 

lithology. Smaller postoumulus g rains of base-metal sulphide3 

and quartz complete the intercumulus assemblage. 

'that does not apFear to ~ave been satisfactorily explained is 

the manner in which the c umulus grains are widely separated 

\-/ithin the intercuTIrulus phases. This renders it difficult to 

accept that the cumulus phases ever occurred as packed 

aggregates of grains bet ..... een Hbich the intercumulus liquid 

crystallized merely as an "infil l". 

The inter- relationships bet\-Ieen the various mineral phases are 

particularly complex in -:.his rock, and often obscu.red by la b:! 

stage deuteric alteration of cumulus grains. The mineral 

spec'ies mast affected by alteration is 01 ivine, which is often 

perv'aded by thick veins of serpentine , chlorite and magnetite. 

I n ~,Dme cases this alteration has res ulted in the total 

replacement of the grain (see figures 3.3e and £). Fyro~:en(2 

and feldspar grains are ~~ss affected , but some sericit iztion 

a nd saussur:izatiOT! of t!:,=:-se pbases can be s eeT, in places . 



Ver.r::taak and Hendril<::s Cop.cit) recognized a bimoda lity in g rai n 

size distribution of olivines and p y roxenes in the Reef, a 

feat ure whi c..h is readi ly recogn i::able in the rocl{s of this 

study section as well . Figm-e 3 . 3 f (Eample lIF- 28) shOl"s 

typ i ca l eX:3.mples of t he finer grained variety of olivine, 

while figure 3.3d exhib i ts typicall y larger g rains. Some 

rounded anhedral olivine 8,Elin5 ~re separated from postc\.1lnul:.:s 

feldspar by a rind of clinopY l- oxi=ne, while in other inst<!!nces 

subhedral gn!ins of olivine are in direct contact wi th 

postcumulus feldspar ~nd no "r.:?act i on rim" of clinopyroxene is 

developed l)etween the two phas.::s. Fur t hermore some olivine 

grains may themsel v es contain rounded inclusions of 

plagioclase (Figure 3 . 3e) . The l-eli5.tion~,hip between 

orthopyroxene 05 nd o!ivine is also ~pp"r8ntly incongruous , as 

in some cases a grain of the fo r mer phase may poikil i t i c~lly 

enclose an olivine g !:6.in, (Figure 3 . 38) while in the same thin 

s.ection a symplectic inteq~;rowt.h of the t wo :may be seen. A 

fU!-ther complication is a si tuation where r ational gra i n 

boundaries bett-.·een the two phases a l-e develofed. 

3. 4.2.2 The Lowe r Pseudo Reef 

This th in horizon may r esemble tr.e !l!:erensky Reef , although 

gra ins ma y not be as lar g e. Lar ge orthopyrozene g r ains 

domina te the cumulus assemblage , but olivi ne grains are not 

uncommon, These latt e r grains are of tHO recognizable types . 

Firstly, there aTe l~~ge an~edr~l grains whjc~ bre inter g r own 

\.,.i t~ o r thopyrozene, t.be intel-face bet we E:1 the::l consist tng of 



cuspate - l obate projections of one into the other ; and 

secondly there are subhedral grains wb ich may be 

poiki lit ically enclosed in either orthopyroxene , cl inopyr-oxene 

or plagioclase . Those olivine grains enclosed by o r tho-

pyroxene a r e usually ri~~ed b y a rind o f clinapyro~ene. 

Chrarnite is a common accessory cumulus phase . 

The postcumuIU5 assemblage is dominated by plagioclase , wit~ 

l':ss€: r amounts of- cl i nopyro:-:ene and biot i te bei ng present . 

Generally, the cont!-i but ion of p l ag iocl a se to the overall moc.e 

of the rocl .. seldom E:"::c,eeds "': en percent. 

3 . 4 . 2 . 3 The UG-l Pegl"'..atoida: Pyro:-:enite-. 

This horizon i s- tota.lly devoid of oliv ine and the cU;!lulus 

assemblage con.slsts :nostly of orthopyroxene with acce:::,sory 

chromite . Plagiocla!:e is 1:::e dominant postcumulus pno.st? , , .... ith 

lesser amounts of clinopyroxene and biotite being represented. 

}l.lthough the orthopy:;oxene g rains in this horizon are lar ger 

than those f ound in po i kilitic pyroxenites, the. e :dremely 

large g rains ( more than 2G~) found in other pegmato idal 

pyroxen i tes a r e not represe:-,te d here. Nevertheless, this 

me mber is distincly coarSEr grained than the underlying 

po iki liti c py r ox e ni te . and 'therefo re warrants distinct io n from 

other pyroxenite layers. 



:lar:;:burgites are those rocks which contain both olivine a:1d 

orthopyroxene as cumulus phases, and in ,.,-.hich the f o rr.1o:r 

species is dominant. ]n the upper Critical Zone at Amandel-

bu'lt these !-ocks are minor layers, restricted to the Pseu<io 

Reef horizons. The harzb'urgites are :medi;,;:m g rair: ed , 

melclnocratic rocks which eften o:-ontain significant quantities 

of tnter c uroulus plagiocle::se. This results :in an essenti.3.1 1y 

dal-};:-coloured rock h'ith a spotted white appea rance , for ''''~li~h 

the l1amE' "tarentaal" (guiYleafowl) has been coined by t:'e 

mint:~rs:. 

T!le upper Pseudo Reet horizo':1 in the:- western portions of -:!1e 

m::'nt:: con.sists of two hal-zb;;.rgi te ~ayers which are separated '~y 

an anorthositic to leucotroctolit!c layer (the P2-middli~g ). 

The t ... /O ha rz burgi ti c laY€l-S are ·,'E.-ry sinilar in appearance, 

cans,isting of subhedral olivine and s ubhed ral to anhedral 

or-thopy roxene cumulate 81'.3_i<15 . INhere these two mineral 

species are in contact, enbayments of one into the othe:r- al-e a 

common feature, which is suggesti-JE of disequilibrium betwe~n 

them (see figure 3.4a). Le,ss common is the poikilitic 

enclosure of orthopyroxene b y 011-..-ine. lipart from postcu::nulus 

plag i aelase, the occurrence of lor 3e c 1 i nopyro;-:ene oikocrysts 

is a. featu r e of these rocks, ar;d ;:;.had<=:,cryst s of olivir,e and 

orthopyroxene are commonly enclos ed by it. 

common postcu1llulus: phase. 

Biotite is a less 

The alteration oi !TniiC !!li~. eral r~}lb~es i:-J h.:::rz c1.:: r p;ites bE's e. 



Figure 3.4a Photomicrograph of a harzburgite, showing t .he 
poikilitic enclosure olivine by orthopyroxene. 

Figure 3 .4b Photomicrograph of a re sorbed , elongated 
orthopyroxene grains adjacent to a thin 
chromitite layer. 

Figure 3.4c Photomicrograph of an un-annea led chrorniti te 
l aye r. 

Figure 3.4d Photomicrograph of an annealed chromitite 
layer. 

Figure 3.4e Photomicrograph of an · .. m-annealed c hromitite 
layer, in wh 1ch stacks or cha 1 ns of chromi te 
layers can be recognized. 

Figure 3.4f Photomicrograph showing the occurrence of 
ovoid structures which possibly describe the 
orig inal out lines of orthopyroxene grains, 
whi ch have since been resorbed. 

Figure 3.48 Photomicrograph of a ch romite inclusion 
orthopyroxene, around which a plagioclase 
halo bas developed. 

Figure 3.4h Photomicrograph of an opaque g rain whi c h 
poikilitically encloses intercumulu.s plagio·­
clase . 

NOTE: The scale bar below each photomicrograph 
represents 1 millimetre . 
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profound_ influence on the appearance. o f the I-ock , The most 

notable effect is the breakdown of olivine which yields an 

arra y of alteration products , such as serpent ine, lnagnetite 

and iddingsite-bc:> wlingite intergrowths, Pyroxene and feldspar 

are less affected and are only mildly altered, In some rocks 

alteration lead~ the the total breakdown of all p r irnal-Y 

phases, 

3,6 ChrOlTIitit-=s, 

Cnro!!li ti te is a !-ock h'hieb .:-on~ist5 almost 8nt"_i!'"ely 01 

chrOTIlian spinel, In the Cri tical Zone of the =t!3hveld Comp l '?x 

.3. la l-ge nur.,ber s f sud'! laye!""s :'1ave been cesel- i bed, and t1"!ey 

.have been assigned to thl-ee main groups, namely the Lower 

(LG) , Hiddle (MG) and Upper CUG) , All of those intersected in 

the study section are from the Upper Group . Tr;e th ickest C'! 

these bre t21e UG-l and UG-2, which , were not sanpled because 

of restrictions imposed by the mine managemerlt, P.owever, '-"" 

number o f smaller chromitites , .. e re sampled. These occur at the 

follow ing positions; 

i. between the P2 harzburgi te and P2·-rniddl ing CI,northosi te-

leucotroctolite; 

i i. betH8er. the P2 harzburgi te and the Pl anorthosite.; 

iii. bet. ..... een the Lower Pse-<.ldo Ree f (Pl) and 't he UG-2 , . 
DO 1':<: 1 

li t :c pj'YCJzeni t e; 

iv. the ':. :-,rom : T. ite whi-:h is half c ml~t r e abc '''~ the l!U1in 



UG-2 chroroitite , in the UG-2 poikilitic pyroxenite 

v. a thin layer approximately 4 metres below the UG-2 

leader, in the UG-l poikilitic pyroxenite; 

vi. various layers, closely related to the UG-l in both 

the UG-l poikilitic pyroxenite, and the unde r lying UG-1 Foot­

Hall anorthosite. 

I n broad terms the cnromitites can be described in terms of 

two end-me mber textu r al varieties, The more p rimitive end 

m~:mbe.r consists cf an aggregate of individually recognizablE: 

grains with i nte!.-cu!nulus plagioclase, I.,.hlle the most evol ved 

type !las chro!Ili-:e grains which have coalesced and annealed to 

such a deg r ee t~at individual cumulus g rains are no longer 

T-?cognizable. Figures 3,4c and d, illustrate '":y pic~_l e:-:a-mples 

of such endmembel·s . Any inter-:nediate texture ::"et ween these 

endrnerobers !Il.3.y De pl-e::erved. 

E~les and Reynolds (1986 ) describe a numbe r of textural 

features of chromitites at Union Sectlon. SOIDe of these an::. 

recognizable at Arnandelhult as well. Firstly, there is a wide 

range in t he sizes o f chrornite grains , and wh~ r e t hey a r e 

scattered, the y are s.mall ( 0,05-0.1 rom) , but wbere they have 

coal-?sced the y a r e considerably la r ger (up to 1 mm). I n some 

laye r s small g rains fo r m the base of the layer, wh il e the 

la l- gest grains tend to be found in the centres and at the tops 

of l"-yers, This is a fea ture which In--lst lead c.:e- E-eriously to 

question grav ity-settling as a viable :oe<:hani-s-::'; for their 

presence. 1 n :Sume rr:-lati'J<:: ly un-anneal<:::d chrc::.i ti t.e s , g r a ins 



appear to have been stacked on top of one another to form long 

columns (see Figure 3 . 4e). 

bifu r cate to f orm branches . 

In places these columns may 

This feature is attributed by 

Eales and Reynolds Cop . cit) to in-situ g r o wt.h and to be 

inimical to the hypothesis of growth by cumulus deposition . 

Another fe~ture which was noted by these l).uthors, is the 

occurrence. of avoids formed by scattered chroroi te STains whic:h 

~Te surr ounded by orthopyroxene grains (Fig . 3.4g). Purthermore 

, as has been p l-eviosly not e d , :many chromit,: 8r~i ns that have 

been enclosed within, or that gre w adjacent to , ortl1opYI-o:-:.:ne 

grains , are surrounded ':Jy a halo o£ plagioc15se . This 

reac .... ~ion relationship ll!ay also explain the occu rrence of 

arra:lgements 0: ch rorai't e grains ""'hich mimic the original 

totally replaced by inte~cumulus plagioclase (F:gure 3 ,4d ), 

The chromitites of the ?.=.eudo Reef horizons are general l y very 

thin (0 . 5cr:l} , and discon t inuous. The Merensky pegmatoid is 

bo'unded on both ,=urf~ces by thin un-annealed chrOlui ti tes. The 

uppermost of these is the last sign ificard~ accumUlation of 

chromite in the study sec~iQn . In spite of the ~ecognition of 

a chrornitite layer at the base of the Bastard Ree f, by Viljoen 

et . al. (1986) no such l~yer was encountered in any of the 

bor ehole cores that were samp led , and nor Has it seen in 

und~rground e x posures by the author. 



CHAPTER4: MINERALOGY 

4.1 Introduction 

The maj Gri ty of l-ocks in the study section consist o f varying 

proportions of two main mineral types, namely orthopyro:·:ene 

and plagioclase. Olivine and chromite are major constit uents 

only in discrete layers. Ch emical variations of the thl-ee 

abovementioned $ ili ca te phases were investigated by electron 

microprobe analysis using a Jeol 7.33 super-probe with crystal 

SFEctrometers. The analyses ;-,'2::-e performed on highly polis!Jed 

thin sections taken from regularly spaced samples t hl- ough 

borehol e AE. These sar:mles include all nine olivine-beal-ing 

me mbe rs as ""ell as 32 other sarnples. The stratigraphic 

posi tiOTlS of the sa mples , and the minerals that were analysed 

in each are repres~ntt?d :n figure 4.1, "'nile the e.?:perim~nt31 

conditions used lor e."lC:!:l. t.ype of analysis al~e summarized in 

Appendix B. 

4.2 Olivine. 

Oliv ine is an o rt hosil ica t e, whose structure is made UD of 

independent SiD tetrahecira which are linker:. by divalent 
4 

cat ions in six-fold co-ordination (Deer et al. , 1982). The 

ferromagnesian oli vi nEs , of which the Bushveld variety is an 

e;..:ample , show a complete solid solut i on series between 

£orsterite <Mg SiD ) ane 
2 4 

fayalite ( Fe Si04 ) 
2+ 2 

in which complete 

di~dochy exists between Yg ~nd Fe (Deer et al. op.cit). In 

i r on-rich members Mn an': Ca may replace Mg a.nd Fe, while at 

t he magnesium end of the spec trum Ni may S1.J·:zstitute for these 

io!"ls. 



Figure 4.1 A stratigraphic log showing the positions of 
samples which were analysed by electron 
microprobe, and the mineral species which were 
analysed. 
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Table 4.1 Averaged olivine analyses for each of the 
01 i vine-bear ing samples which were sa.mpled. 
The analyses show weight percentage 
concentrations of element oxides, the number of 
cations, based on 4 oxygens, and the number of 
analyses used in the average (N) . 

. _ ...... ~ _. ~ __ .. _~ ___ ~ ~ .r ....... ,. ____ ~ ________ '..... . 



TABLE 4. 1 OL I V I N E A.N AL Y bEb .l:S Y 1'11 L,1\U.r'1\U.t:S.I:!. 

Sample Number: AE-MR 
Oxides 

Si02 39.55 
FeD 18.52 
MnD 0.22 
NiO 0.32 
MgD 41.40 
CaD 0.02 
Total 100.06 

Cations 
Si .... l + 

Fe~:~ ·1· 

Mn::: .. ···,·· 
I-Ji::""" 
f{; cr :;,,'. , . 
... 1.0 

1.0099 
0.3950 
0.0040 
O. 008i3 

0.0005 

9 

~~ a mpJ- e _~ 'U Jl!.l;:·E r : ... li E -= 4, 0 . 2 
OXtg.8E':'" 
SiD~ 40,15 
FeD 16.95 
MnD 
NiO 
MgD 
CaD 
Total 

~3i .4-1" 

Fe::;······ 

N 

0.21 
O. ~3·2 

43.23 
0.02 

lOO.E,8 

1.0075 
o ~ 35:5 /(" 
0.0044 

0.OC'06 

5 

AE-39.4 

40.75 
14.06 
0.19 
0.33 

45.60 
0.02 

101.03 

1.0073 
0.2912 
0.0040 

0.0004 

7 

AE-39.5 

39.85 
16.91 
0.22 
0.32 

43.37 
0.01 

100. e,9 

1.0029 
0,3556 
0.0040 
o.oce·5 
1. t:'2?O 
0.000:3 

5 

AE-42 AE-48 ... _--------. 

40.13 
itS.87 
o ?? 

0,:34 
42.38 

0.02 
99.97 

1.0157 
0.3·5'71 
0.0048 
0.0069 

0.0005 

4 

40.11 
"1':; ~7 
..:.."..'. '..,J I 

0.19 
O. :35 

43.44 
0.01 

lOO.f·8 

1.0070 

0.0041 
0.0071 
1 . t52~:';3 
0.0003 

AE-39.6 

39.90 
17.92 
0.26 
0.29 

41.62 
0,02 

100.00 

1.0145 
0.3810 
0.0057 
0, OO~·8 
1.5781 
0.0004 

3 

__ ~AE-55 

39.90 
18. (59 
0.23 
0.35 

41.16 
n n-::1 
01' ' ... 1..-' 

100.38 

1.0144 
0.3973 
0.0050 
0.00'12 
1. 5611 
0.0007 

5 

AE-40. 1_ 

40.01 
15.68 

0.20 
0.31 

43.54 
0.01 

99,96 

1.0086 
0.3349 
0,0044 
o. OOl:>4 

0.0002 

5 



At .A.mandelbult, olivine occurs in thin pyrox e.nite and harz-

burgite laye l~s at the baEe of each of the Merensl{y , Footwall, 

Lower Pseudo and VG-2 u:;.i ts , wh i Ie in the Uppe l- Pseudo Un i tit 

occurs in a th icker harzburgi te layer ~s \yell ~s in the thi n 

leucotroctolitic P-2 middling laye r. r t i s absent from the 

VG-l and B~stard Units , 115 olivine analyses were pe rf ar~e d 

o n gr.3ins from nine thin sectiorls. Averag ed analys~s for each 

sample .are 1 ist ed in Ta hIe 4 . 1 

4 . 2 .1 Fe-Hg Relationships. 

Olivine may b e regarded as an import.ant genet ic indicat.or 

:nineral beca 'l..'se it is gene !'".:ll ly O!)e 0: the fir s t minen!ls to 

cl-ystal:ize from mafic liquid.::. ..\5 a l-esul t of the complete 

solid soluticn se r ies which exists bet.ween "Mg 810 and 
2 4 

Fe SiD, t he oeasured Mg/F~ r~tiQ of tl18 minera l may give scree 
2 4 

clue as to t::-:2- :maf it:: nai;, ~re of t:-:'e liquid frC'In which they 

c rystal l ized. provided that it s .:::hemistry hes not been 

altered Eubeequent to cryst31li=ation. ln c UThulate rocks, 

where whole-:;ock analyses cannot be ec:.uated wi ti. origina.l 

liquid comp.-:;s. itions, olivine cherr:istry may be the only 

poss ib le indication of the nat u re of that original liquid . 

The Mg- Fe relationship in olivi:-.e is conventiona l ly €xpr essed 
2+ 

as a Po (forsterite) vali,.;l?, \.,.hic:i i.s the atomic Mg/01g+Fe ) 

ratio . A pl:;,t of these values Ggains:-c a stratigraphic column 

in figu!'"e 4. 2 . shows that a fal:; degre,e of variation i s 

preva le:-:-,t bo~h \·dthin ir.c.:;'vidua l laye:-s and beth'een successive 

olivine-bea r ::-!g laye r s. it cou:~ be said tha~ there is a 

r.o:nera:l IJPHa:-~'::' inr.;.re:-ase in Fa H~-. !"i hE-ight in the colu17.n 
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Figure 4.2 A plot of :mole perc entage Fa 
against a ~:;tratigraphi c log. 
and MR refE~r to Lower Pseudo , 
Merensky Reef respectively. 

in oliv i ne, 
Here P-l, P-2 
Upper Pseudo and 
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between the basal portions of the UG-2 Unit- ( Fa ) 

through the Lower Pseudo Reef (Po ) , 
81 . 5-82 . 6 

'1'9.3-80.0 
to the Upper 

Pseudo Re ef ( Fo ), \."i th thf';! h i ghest value of Fa 
81. 8 to 83. 4 

being attained in the olivine-bearing pegmatoic.al 
89 
pyroxenite of the Foot .... all Unit (the P2 Marj{er). The ali vines 

of the P2 rniddling leucotroctolite have laHer Fa Vi3.lU,2S r.'~O .4 

to 81 . 6) than t heir equivalents in both enveloping harzburgite 

layers of the Uppe r Pseudo Reef. The 011 v ine5 of the J.!erensky 

ReEd, which has the highest strat igraphic occurl~ence o f 

olivine in the stUdy ar~3 , have low Fo values of 79 . 7 to 80.4 . 

In each of the olivine-bearil~g layers no s i gnificant chemical 

z onation could be detected in individual grains, ,5C -<::!J,at the 

ranges .in cornpositior.ls eviden-t in figure 4.2, l-eflec""': grain-

to-gl-ain variations. 

I n the light of this ~ineral - s early PQsition in the crystal-

lizai:.icn sequen'-:::E , it cou ld be suggested that each 0: t.h03 

ulivine-bearing layers between the TJG-2 and Foot wal l Un its 

represents the crystallization of increasingly magneSian 

liquids . Before accE-~"':.il,l8 ": .h15 possibility ::c'"i'ever. :. t 1': 

necessBory to ccnsidey-- :~r:.tors which may have infll..len-::ed the 

composit i on of olivine . Since cbromi te i s a fa irly ,:. ornman 

accessOl-y cumu l us pha.:e in harzburgites and olivir,e-i:l-=aring 

pyroxenites, and since it also an early crystallizing pha.s-e 

from mafic liquids , olivine-spinel interacti o :-:s may !-.ave 

important genetic impli c ations. Jackson (19159) and ~vans .snd 

Vr ight (1972) assumed tbat 1 iquidus equi l i b ri -..: n bet'd<:-En 

olivine and spinel is ::laintained at su:'-solic:..1s tern~o::raturE: .s , 

and fUrther that the p.3.rti tioning of Fe and ~(g 'betl'I.;!-=n the tHO 

Epecies could be, used -:.s tbe basis fo:; a 8E o~:.eT mo:re,=-:<:r . 

Roeder et al . (1979) s~beequently re-e~aluatGG ~he c~ ~ ~inG -
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spinel geotherrnometer, and showed convincingly th.3t subsol idu€ 

re-equilibration is indeed possibl e between the two mineral 

species, particularly in plutonic rocks which remain at 

elevat_ed temperatures for long pe riods. This means that the 

Fe in olivine is likely to be exchanged for Mg in spinel, wit!'! 

the result that the Fa value of olivine is modified and no 

lon g er is representative of the grain's original liquidus 

COI!lpositlon. It is indeed significant therefore that the 

sample \..,.hich yie lded values of Fa contains a 2 em thick 
87 

chromitite layer, whilst the Mel-ensky Reef and P2 rni .:'dlin?; 

samples , which have lower Fa values, contain little or no 

chrornite grains . Fu r- thermare, if the lowest I!l€aSured Fa 

values for ea.:h samp l e ~re telk",m as the best ~ppro":i;.J.3.t ion .s of 

liquidus compositions, a far narrower renge (Fo ) is 
79.3-8 1 . 8 

described . This indi c ates, that each new liquid inp'ct, fr o :!!l 

which Each sucCE'sive olivine-bearing layers crystallized, W~$ 

problacly of a simi lar compo.sition. 

4.2.2 Ni-Olivine Rela'tionships. 

The partitioning of Ni between olivine crystals and tbeir 

coexi s t.ing liquid has been regarded by some authors , :or 

example Ringwood (lg5~) , as being of some genetic 

Significance . Deer et a1. (1982) rega!""d the partitic;) data 

with so:ne circumspection, as it has been shm·; :'l, for example by 

Hart a"d Da vi s (1978 ) , that pa rtition ·:.oeffic:"ents a rs: 

depenc.ent on a numbe!" of factm-s inch .. ding tE""perat t< r-E, 

presst:!""e and bulk cor:.':osition, Kevertheless, Seoon ( 1985) and 

Seoon and [:e KlerI\: (in press) bav8. shmm that sUCCEssive 

cl.ivi:-.<::-bearing layc!"" "S at llni n n E;T,d fi.rr.cndel'u-..:-::''t Sec..:: o ns o..r e 



Figure 4.3 A plot of Fo mole percent against NiO for 
olivine grains. In (a) each individual 
analysis is plot.ted, and in (b) aver-ged 
analyses for each sample are plotted. The 
error bars in ( b ) represent one standard 
deviation. Symbols : stars - Merensky Reef; 
solid triangles - P2 middling ; open triangles 
- P2 marker (base of Footwall Unit); open 
ci rcles - base of UG-2 Unit; solid c ircles -
Upper Pseudo Reef , upper layer ; solid s quares 
- Uppe r Pseudo Reef , lower laye rjopen squares 
- Lowe r Pseudo Reef. 
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un i quely characterized by the Ni/Mg ratios of their constit­

uent olivine gra i ns . 

In an attempt to see if this characterization could be re ­

produced by the data of this study, Ni weight percentages a!-e 

plotted against Fo in fisures 4.3a and b. In the iirst 

diagram each individual a nalysis Has plotted , and the res-t.1 1t ­

ant diagram ( figure 4. 3 a ) .shows that each layer is peorly 

Tho;: individ!Jali ty of each layer is sorr;€'h'h 5.t 

clear-er in figure 4.3b, where tbe aDlyses have been averaged 

for- each sample and standard dev i ations c alculated. 

gl-aupings can be recognized in figure 4. 3b , namely; 

(1) the Footwall peglll.3.toidal pyro::--:enite , 

(i i > t}-,e :Heren~.ky Reef, 

( iii ) t,he P-2 middling leucotroctolite , 

(iv) the basal, olivine-bearing portion of the UG-2 

poikilitic pyroxenite and , 

Five 

(v) the remainder- 01 t.:he Uppe r and Lower Pseudo Reef layer-so 

Thi s diagram (f igure 4-.3b ) m::.ty be somewhat misleading, for the 

differences between layers is b r ought about more by 

diffe r ences in Fo content, which have been shown to be arti­

f i cial (with respect to initial liquidus compositions), rather 

than by r eal diffe r ences between the Ni contents of olivine 

g r a i ns in each d i fferent layer. 

A fUrther feature of figure 4. 2a is "the the wid e range ~n Ni 

concEnt rations exbibit~d by o l i?ine grains from individ~ al 



layers. This feature has previously been recognized ~y Sco= ~ 

a nd De Kle r k (i n press) for the Me r e nsky Ree f at Union 

Section, and b y B3rnes and Nald r ett <1985 > in the J-M 

(Howland.) Reef af the Stillw~te !" Comple x . The latter autbo!"E 

ascribe tbis to equilibra.t i on between sulph i des and olivine. 

Early wo r kers, such as Vager and Mitchell (195'1) showed that 

Ni is preferential l y incor porated into Mg-rich olivin~. 

work an synthetic systems by Ri n gwood (1956) , shoHed that Ft:re 

Ni 8iO b~s a 
2 4 

lower nelting point than Fllre Mg ,siO , 50 that 
2 4 

early olivine crystals should theoretically haV8 lower Hi / YS 

ratios than the liquids from \-v'hieh they c rystallized. Thi 6 

r.:.ontrast in behaviour- ;,et""een natural and synthetic ,=yste~s 
2+ 

was aSL~ribed by Ringwood (op. cit) to the presence of Fe i n 

litl;tul·al syste1!1s , so tl-;at Ni would rep lace Fe rather than ]1.8. 

Otbers , fo, exa:mple El,jrns and Fyie (1966) a:1d !rvi!'!€ (1974 ) 

attribute the hi8!l. Ni/Hg ratio of early olivines to a highE"!". 

proportion of octahedrally co-ardinated sites (for which Yi 

hG,S.3. high affinity) in olivine than 1:1 the host liqUid. 

Ear:r"es and Nalc.rett (1985) showed that a linear correlatic:1 

exists bet\i'een NiO and FeO for olivine.s of' the J - M Reef, and 

fur-ther that olivines in the Reef have both higher NiO and FeD 

1:han those beyond its confines . They a:.ttri '.::>u te thi s 

phenomenon to re-equilibration betHeen olivines and Ni-bearing 

sulphides duriTlg magma !!li:-::ing . Thei r model will be considered 

in ::r.ore deta iIi n Chapter 6 Land it is suff icient to poi nt out 

he r e that a new magma batch . en r iched with i mmiscible sulphide 

droplets is rec.uired to mix with a mo:-e evol".'ed magma which is 

crya~allizing oli vi ne. Through ~urb-...;;2.~ nt r:Ji:dng, the oli'Jines 

fron the old b5tch come into con'tact · .... ith s'Jlphide droplE:i:.s 

l-rO:7l the new r:.agmb. 
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ions, with Ni being transfered from sulphide to o livine. A 

whole a rray of oli vine g r ai ns, possessing a wide variety of Ni 

C oncentrat i on.s is produced th r o ugh the eff ect 1 veness of the 

contact they m6ke with the sulphide d r oplets . 

'l' h1s !!Iodel may be used to explain the high variability of Ni 

concentrations in the olivines of the study section as well, 

but the paucity of olivine grai ns in the remainder of the 

succession, particularly in sulphide-£ree rocks roal..:es the 

hypothesis difficult to test . If the variable Ni conten t of 

olivines is b !-ought about by ['e-equilibration with sulphid8s, 

then tf.€" cha r &cte:ri :zation of individual layers through Ni/Kg 

r<=.ti os is purely artificial , and in no \-Jay reflects signif­

icant dif fererJCe s bet ween tIle compositions of initial liquid;- . 
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SI 

Figure 4.4 A plot of Fo mole percent against MnO for 
olivine grains , Each data point represents an 
average per sample , and error bars one 
standard deviation. Symbols are the same as 
for figure 4.3. 

Figure 4.5 The pyroxene quadrilateral, showing averaged 
compositions per sample. Superimposed on t he 
diagram are the fractionation trends of Atkins 
(1969), 
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4,2,3 Mn-01ivine RelationEhips, 

2+ 
Manganese may substitute fm- the ( Mg , Fe ) group in olivine, 

pa.rticularly if the olivine is relatively Fe-en r iched (Dee r 

et a ]., 1982), The Mn concentrations of o l ivinE's in the study 

sec t ion va r y from 0.14 to 0 . 213 wei ght percent , \-.hile a plot o~f 

l'lnO against Fa content , in figure 4,4, reveal s "that most of 

the layers have narrow ri!lnges of MnO contents , Here aga in, 

o nly the Pseudo Reef borizons rnay be grouped together, while 

al l the other layers plot a~ sep~rate entities, Furthe rmore, 

a near-linear inverse co rre lation between Fo ,;nd MnO is 

apparent, with only the P2 middling olivines deviating greatly 

f rom the tl-end , The I inear sequence does not , hOl .... e'.n;!r, f ollcw 

the stratigraphic Eeq-'}2nCE: , 

To sUlIDna rize, the oL.'Fines o f the study section e xhibit faiy-l y 

wide chemical variatio~e, These variations do not appear to 

represent difference.s i:: li quidus compositions , s,s sub- solidus 

equilibration with spinel has affected their Fe-.'1g ratios, 

while re-equilibratic:J. Hith sulphides may be invoked to 

exp l a in wide var i ations in Ni contents. 

4,3, 1 . Introduction 

Pyro",;enes are the r.}os';'~ o.bundant ier r omagnesian silicate 

mineral phase i n the ror:ks of the s t udy section , and both 

ortha- and clino- var~Eties are y-epresented, o!-thopyroxene, 

occur s !:la 1n ly 03S a C\H::o..l]US pba~e , but it ::lay a1 3D bE: an 

intercu~u]us miner bl i~ ~~orthoEites. Cl ir. opy r o ;,:ene OCCuTS 
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excl usi vely as an inte r- cumu lus phase a.nd it is present., albe it 

sporadically, in all the different r ack types repres;,en ted 1n 

the succession. 

Pyr-D:-;e~es may be expressed che mi call y by the general fonnula 

[(M.2 ) ( Ml ~ (S i, AI ) 0 ] , 
2 6 

where in o rthopyroxe n es 
2 + 

sites ;:u-e occupied all:lost exclusively by Fe 

the Nl and ~ 
2+ 

~nd 1>r..~ cat-

i ons , ...... hile in c li nopyrm-:enes the M2 site is ge n e r ally 
2+ 

occ- upi ed by Ca Other ele ments whi ch may substitute int.o 

the K-sites, include Ti , . .'d, Mn, Cr, Na and Ni (Deer et 

a l., 1978). A :fu r the r fe ature o f ?y r o :·:enes is that t1- i valent 

and te travalent cat io,1S may substitute for divalent ones ir, 

the :~1-sites-, provided that the extra charge is compe ~sated :for 
:3+ 4+ 

in t~e (Si ,AI ) g r oup by the subst i tution o f Al for S1 

This means that Al ;r.ay be prt:~serj t bot ~ in M-site-s 50S 'o'I-'ell as 

t.he t~trahed!'"al si t~s. 

The essential feat Ure of pyr o :.:ene s tr uctu re is the 1 i nka ge of 

SiD tetrahedra by the .sharing o f two corr,el-S of the tetra-
4 

he d ron to Torm cont in uuus n(SiO ) c hains, 
3 

These chains are 

linked laterally by }H and H2 ca.tions . The former 1 i'? bet.ween 

the apices of SiD chains , whereas the latte r lie beth'een 
3 

their bases. Co-or dim:'> ti on around HI is regular octal,edTal, 

whereas around 112 co-ordination is dependent 0:1 the nature of 

the 1'12 c ation. If it is :.'1g , the co-ordination i s s i :-:-f o ld, 

whereas it is eight-fold f o r Ca and Na (Deer- et al. , 196.3) . 

A feature of the py r o :-:enes from plutonic envi r onment s is the 

de velopment oJ exsolu':ion featu r '2s . these ,:.orne about as ;:;;, 

result 01 hieb- ternper'=:<:".JTE: orthcpyrD:~E:-ne. b":ing capab1e o f 
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Table 4.2 Averaged orthopyroxene analyses for each 
sample. The ana lyses show weight percentage 
concentrations of element oxides, the number of 
cations based 6 oxygens, and the number of 
analyses in the average (N) , 



TABLE 4. 2 . ORTHOPYROXENE ANALYSBS BY MICROPROBE 

DBm'olo:? Sumbe r: AE-l 

Si D, .. 
TiD ... 
Al :, O 
FeD 
Cl- .... 0_. 

NiO 
MgD 
C~O 

Na~, 0 
Total 

CGltion~: 

53 . 75 
0 . 36 
0. 73 

20.29 
0 . 08 
0.34 
0 . 05 

23 . 34 
1. 1S 
0.04 

100 . 14 

S i ~' 1.9807 
Ti~' 0 . 0099 
Al ,. 0 . 0318 
Fe ~" 0 . 6252 
Cr t, 0 . 0022 
~b;'" 0.0106 
N ~. ' -' 0.0015 
Mg'o" 1 . 2827 
c'31 · t 0 . 0464 
Na~ 0.0027 

N 6 

TiO._ 
Al .. O." 
FeD 
Cr .,,(.\. ,' 
~.nD 

NiD 
~lgD 

CaD 
Ya,;,. Q 
Total 

Cations 
51 ..... · .. 
Ti"'~ 

.A. l ""' .... 
Fe~~ ,. 

er'''''' 
Mn~'~ '" 
Ni :;· ... 

Ka;" , 
Ca""" 

" 

55 . 61 
0 . 25 
1. 28 

1 1 . 43 
0 . 27 
0 , 2:S 
0.07 

29 . 72 
1. 12 
0.01 

100 . 02 

1 . 9681 
0 . 0065 
0 . 05.34 
O. 33 ,~· 4 

0 . 007 4, 
0 . 0076 
0.0019 
1 . 56,~4 
0 , 04215 
0.0010 

5 

AE-2 

53 . 89 
0 . 28 
0 . 83 

19.67 
0 . 10 
0 . 37 
0 . 04 

23 . 68 
1 . 13 
0 . 01 

100 . 00 

1. 982.3 
0 . 0078 
0 . 0358 
0.6051 
0 . 0030 
0.0114 
0.0012 
1 . 20;>87 
O. 0446 
0.0008 

5 

55 . 40 
0.25 
1. 16 

1 1. 85 
0 . 25 
0 . 2 1 
0 . 08 

28 . 9 5 
1. 41 
0.05 

99 .61 

1 . 9739 
0.0066 
0 . 0 4 8 8 
0 . 3532 
0 . 007 1 
0 . 0063 
0 . 0024 
1 . 5378 
0 . 0538 
0.0 032 

AE-5 

53 . 8 4 
0 . 28 
0 . 70 

19.43 
0 . 09 
0 . 39 
0 . 07 

23 .. '31 
1. 13 
0 . 02 

99 . 77 

1 . 9341 
0 . 0078 
0,0304 
0.5988 
0 , 0027 
0.0122 
0 . 0022 
1 . 3083 
0.0446 
0 . 0012 

.3 

54,76 
0 , 19 
1. 30 

1 4 . 96 
0 . 29 
0 . 31 
O. 14 

27 . 02 
1. 85 
0 . 02 

100,84 

1. 9e.O l 
0 . 00'31 
0 . 0540 
0 . 4 4 78 
0 . 0082 
0 . 0094 
O. 00 4·0 
1 . 4421 
0 , 0710 
0 . 0014 

4 

l! E-7 

5 4. 1 6 
0 . 26 
0 . 8E· 

17 . 53 
0 . 11 
0 . 3'1 
0 . 05 

25. 40 
1 . 22 
0 . 02 

99.903 

1 . 9745 
0.0072 
0,0371 
0 . 5345 
0 . 0031 
0 . 0115 
0.0014 
1 , 3,'~·07 

0 , 0475 
0.0013 

3 

54..77 
0.20 
1. 1 9 

14. 9 4 
0.26 
0.31 
0.08 

27 . 12 
1.38 
0 .02 

100 . 27 

1 . ge77 
0 . 0054 
0 . 050 4 
0 .4489 
0 . OQ7 4 
0.0094 
0 . 0023 
1 . 4528 
0. 05 ... .::.1 
0 . 001 4 

5 

AE-9 

54.62 
0 . 3 1 
1. 01 

14 . 80 
0 . 22 
0 . 31 
0 . 08 

27 , 13 
1. 3 4 
0 . 02 

99 . 84 

1 . 9699 
0 . 0085 
0 . 0427 
0 . 4465 
0 . 0062 
0 , 009 4 
0 . 0023 
1 . 4-591 
0 . 0517 
0 . 0013 

8 

54· . 90 
0 . 21 
1. 09 

13 . f31 
0.22 
0 . 26 
0 . 10 

27 . 85 
1. 34 
0 . 03 

99 . 6 1 

1. 9727 
0 . 0057 
0 . 0462 
O. 4 090 
0 . 0061 
0 . 0080 
0 . 0027 
1 ,4920 
0 . 051'7 
0 . 0023 

5 

AE-10 

55 . (1 '7 
0 . 28 
1. O£1 

12 . 89 
0 . 29 
0 . 29 
O. 10 

23 , 71 
1 . 20 
0 . 02 

99 . 93 

1 . 9663 
0 . 0076 
0 . 0458 
0 , 3850 
0,0082 
0.0066 
0 . 0028 
1 . 52e2 
0 . 0 460 
0 . 0013 

5 

55.39 
0 . 19 
1. 32 

1.3 . 30 
0 . 27 
0 . 23 
0 . 10 

28 , 51 
1. 25 
(l . C,2 

1 00 . 6.3 

1.9662 
0 . 0049 
0 . 0554 
0 . 39 49 
0 . 0076 
0 . 0085 
0 . 0029 
1. 5085 
0 . 047 6 
0 . 0013 

5 

/\. 1:;"-12 

55.53 
O. 19 
1. 24 

11.12 
0 . 26 
0 . 25 
0 . 09 

29 . 73 
1 . 03 
0.01 

99 , 50 

1 . 9735 
0 . 0050 
0 . 0518 
(I.3~ 03 

0.0074 
0.0075 
0 . (1025 
1,5743 
0.0'391 
0. 0 009 

55.--:0 
o . 15 
1.61 

12 . 49 
0.28 
0.27 
0.08 

28 . 62 
1. 57 
0, 0 .3 

100 .4 0 

1. 9617 
O. 0041 
0 . 0')74 
0 . 3 7 07 
0.0079 
O. 0081 
0 . 0022 
1.513·8 
0,0598 
0 . 0018 

5 



Sampl e Numbe r: .4E- ]1m 
Ox ides 
Si~;:,. 

TiQ:~ 

Al ," O,.-
FeD 
Cl- " O·", 
MnO 
NiO 
JlfgO 
CaD 
Na 0 
Tot.., 1 

C3. t i...QL!..§ 
8i·· ·· 
Ti'" , 
4 ' -." 

"" " 
It;n 
Nt < 

!{g ';" 

Ca 
Na ' 

N 

54 . 38 
0 .28 
1. 66 

1 1. 33 
0 . 23 
0 . 23 
0 , 07 

28 "74 
1 . 52 
0 . 03 

99 . 02 

1 . 9529 
0 . 00"75 
0 . 0"702 
0 . 3553 
0 . 0066 
0 . 0084 
0 . 0021 
1 . 5389 
0 . 0 '583 
0 . 0019 

4 

AE-29 

54-.98 
0 .24 
1.20 

14.65 
0 . 26 
0.32 
0 " 07 

27 , 39 
1. 40 
0 . 02 

10(1 .54 

1 . 9672 
0 , 00 (54 
0 . 0505 
0 . 4383 
0.0075 
0.0098 
0 . 0021 
1 . 4613 
0.0536 
O. OC17 

5 

AE-32 A l:-33 

55 . 15 55 . 30 
0 . 33 0 , 26 
1.11 1.01 

14. 60 13.84 
O. 28 O. 19 
0.31 0.29 
0 . 05 0 . 08 

27 . 49 28, 16 
1 . 4 .3 1.09 
O. 02 O. 01 

100.77 100 . 23 

1 . 8962 1 . 9743 
0 . 0084 0 .0070 
0 . 0 448 0 , 0 425-
0 .4 199 0 , 4 131 
0.0075 0 . 0053 
0 . 0089 0 . 00e8 
0 . 0014· 0 . 0022 
1 .4 005 1 , 4994 
0.0526 0 . 0416 
0 . 00 13 0 . 0009 

10 3 

AE-36 

55 . 61 
0 . 22 
1. 30 

11"78 
0 . 30 
0"25 
0 "09 

29 " 13 
1. 54 
0 . 02 

100 " 25 

1. 9691 
0 . 0059 
0 . 0541 
0 . 3488 
0 . 0085 
0 .0075 
0 , 0027 
1 . 5378 
0 . 0585 
0 " 0013 

5 

55 "99 
O. 16 
L 61 

11. 08 
0 . 28 
0 . 24 
0 . 06 

29.98 
1. 25 
0 . 02 

100.67 

1 . 9649 
0 . 0042 
0 . 066 4 
0 . 3252 
0 . 0079 
0 " 0072 
0 . 0016 
1.5686 
0 . 0470 
0 . 001 4 

6 

55 .4 7 
0 . 17 
1. 6 2 
9 . 53 
0 . 32 
0 . 27 
O. 12 

30 . 36 
L67 
0 . 03 

99.56 

1 . 9598 
0 . 0045 
0 . 0675 
0 . 2 816 
O. 0089 
0 . 008 1 
0 . 0034 
1. 5994 
0 . 0632 
0 . 0021 

2 

S.:'< .:h.l r-- tJumbe r: AE-3'-:.l. 5 .:'\:2-40.1 AE-40 . 2 AE- 42 __ ..-.--!A)J -4.~:;,--_-,A"E",-:c~""5,,-_-,,,.!l.E-46 

0:4: t¢.e~ 
SiD '= 
TiD. 

Al 0" 
? eO 
Cr "C., 
:":nO 
NiG 
1-1g0 
CaO 
Na :.,Q 
Tota l 

Cations 
:; i ·1· 

Ti .... · , 
.t...l -.,," 
Fe !> .. 
Cl- :'~ 

w ,,1 
Kg :" •. 
Ca':~ • 

!.':"\. ' 

11 

55.25 
O. 17 
1. 6 5 

10" 19 
0 " 26 
0.24 
O. DIS 

30" 01 
1. 58 
0.04 

99 . 45 

1 . 95313 
0 " 0045 
0 . 0690 
0.3021 
0"0073 
0 . 0072 
0 . 0017 
1.5864-
0"0600 
0 . 0028 

4 

0 " 25 
1. 54 

10 . 96 
0 .32 
0.25 
0 . 09 

2 9 . 80 
1.59 
0 . 0"3 

1 00 . 07 

1. 95 ·-: ~:) 

0 " 0067 
0 . 0643 
0.3242 
0 . 0090 
0 . 0076 
0 . 0025 
1,572.2 
0" 0601 
0 . 0020 

2 

55.99 
O. 16 
1. 61 

11 .08 
0 . 28 
0 , 24 
0.06 

29 . 98 
1. 25 
0 , 02 

100.67 

1 . 9649 
0 . 0042 
0 . 0664 
0 .3252 
0 . 0079 
0 . 0072 
0 " 0016 
1. 5636 
0"0470 
0 " 0014 

6 

55.33 
0 " 10 
1.70 

10.68 
0"32 
0 .23 
0 . 07 

29.65 
1. 49 
0 " 0.3 

99.60 

1 . 9619 
0 " 0027 
0.07'10 
0 . 3 167 
0 . 0090 
0.0069 
0 , 0020 
1.5676 
0 . 0566 
O. 0021 

3 

54·. 130 
0" 30 
0 . 98 

16 . 46 
0 . 23 
0 . 35 
0.03-

2 6. 45 
0.03 
0 . 01 

100"54 

1 . 9738 
0 . 000'32 
0 . 0414 
0 .4959 
0 . 0066 
0 . 0 1 06 
0 " 0008 
1. 4 205 
0 . 0360 
0 . 0005 

55 . 17 
0 "27 
1. 02 

1 4. 55 
0 . 24 
0 . 32 
0"07 

27 . 65 
1. 14 
0 " 01 

100 "43 

1. 9'129 
0.0072 
0 " 0 431 
0 . 4352 
0 " 0069 
0 . 0097 
0 . 0019 
1 . 4743 
0 . 0436 
O. oootS 

8 

54 . 91 
0 " 36 
1. 12 

1"3 . 16 
f) . 26 
0.28 
0 " 0 4 

'27 . 85 
1, 52 
0 .02 

99 . 53 

1. 9'115 
0 . 0098 
0 . 0 4 76 
0 . '3952 
0 . C074 
0"0034 
0 . 001 1 
1.4909 
0 . 0585 
0"00 17 

5 



Samole ~J urober; A5-47 A5-48 AE- 49 AE- 51 AE- 55 AE-57 AB·-59 

Oxides 
SiD", 55.34 55.49 55.67 55.77 '55 . 27 55 . '18 56.24 
TiD ... 0.23 O. 14 0 . 22 0.24 O. 17 O. 18 0 . 2? 
ft.1 .0 , 1. :~4 1. 48 1. 22 1. 26 1 . 50 1 . 26 1 . 04 
re-O 13.27 1 0.59 12 . 39 12 . 53 11 . 77 11 . 6 4 P " . ~5 
C l~ . 0 , 0 . 30 0 . 27 0. 23 0 . 30 0 . 28 O. ,32 0 . 25 
MnO 0 . 24 0 . 26 0 . 25 0 . 27 0 . 2 4 0 . 28 0 . 27 
HiO 0 . 06 0.07 0 . 07 0 . 07 0 .10 O. 07 0 . 07 
HgO 28 . 16 30 . 0 1 29 . 00 28 . 94 28 . 51 2 8 . 97 29 . 36 
CD.D 1. 31 1. 51 1. 17 1. 50 2 . 10 1 . ,g2 1. 53 
N::...·O 0 . 02 O. b1 0 . 02 0 . 0 4 0.05 0 . 03 0 . 02 
Total 100 . 17 99 . 33 100 .25 100 . 92 99 . 99 100 . :35 10 1. 21 

Cat.in.,s -----
S' ,,~ ' . 1.9'724 1 . 9627 1. 9734 1. 9679 1 . 9655 1 . 97:2.8 1.9742 
Ti '" 0 . 0063 0 . 0033 0 . 0058 0 . 0064 0 . 00 45 0.00·1-7 0 . 0076 
Al .. 0 . 0520 0 . 0617 O. 05 1 1 0 . 0524 0 . 0629 0 . 05:27 0 . 0428 
?,:; 0.3955 0 . 313'3 0.-'3673 0 . 3699 0.3501 0 . 344 .3 0 . 3566 
Cr'" O. 0085 0 . 0076 0 . 0066 0 . 0084 0 . 0079 0 . 009 1 0 . 0069 ,r --... n ' 0 . 0073· 0,0078 0.0075 O. 0080 O. 0073 0.00134 0 . 0079 
~i 0 . 0017 0 . 0020 0 . 0020 0 . 0020 0 . 0029 0 . 0019 0 . 0020 
!.fg ~-. , 1 . 49":,8 1 . 5e27 1 . 5329 1 . 5226 1. 5118 1 . 52'18 1 . 5367 
Ca . , 0 . 0500 O.057:.? 0 . 0446 0 . 0567 0 . 0300 0 . 0690 0 . 05"77 
!la' 0 . 001'5 O. 00(17 0.0017 O. 0024 0.0035 o. 00:22 0 . 00 16 

N 5 6 5 12 4 8 7 

~{~:rn-ole ~t;ITlbe 1"" : AE-61 .A.E-6 4 
9:{ :\.1s...~ 

SiO 55 , 89 55 . 74 
TiO 0 . 21 0 . 25 
A1,.0 , 1. 32 1 . 15 
FeD 12 . 26 13. 1r~ 
c::- ,0 ~ 0 . 30 0.30 
MnO 0 . 27 0.27 
~iO 0.08 O . Oil 
i1gQ 29 . 0e 28 . . 3.3 
C".o 1. 61 1. 54 
!b. .,.O 0 . 03 0 . 03 
Total 1 01 . 04 1 00 . ,55 

C ('!l:..t_~ on::. 
Si~' . 1.9677 1 . 9734 
Ti .... , O. DOSS O. OOCO 
Al ,,, O. 0546 0 . 0481 
Fe .!.'" 0 . 3610 0 . 3897 
Cr -" 0 . 0084 0 . 0084 
Yin';"" 0 . 0082 0.0082 
Hi ""., 0 . 0022 O. 002.'; 
M.g": ' 1 . 5261'~ 1.495fJ 
r .,, ;:.· .. 
-~ 0 . 0606 0 . 05;::5 
Na I Q.O Ole 0.0022 

11 12 co , 



incorporat ing a considerable proportion of Ca in its c rystal 

latti ce. 'Wi th cooling however, thi s Ca i s exso lv e d a s very 

fine lamellae or blebs of cli n opyr oxene. In the case o f 

lamellae this usually occurs along spec ifi c c rysta ll ographi c 

planes , namely the [lOOJ set o f t he host orthopyroxene gTain. 

The ve r y fine nature of these lamell e e, which a r e. 

app!-o:d mately bet .... ·een o . 001 and 0 .002 mro t hick a nd O.005roro 

aport, p resent a m.!!jor problem du ring microprobe anal ysis, 

because it is e :.-tremely d if fi c ult to place the e l ectron beam 

between them . To overcome t his p!-oblem a defocussed bea.m of 

20 microns diameter was emp l oyed , and the resultant a na lyses 

are taken to represe!"! t high-temperatur e, pre-e :--:solution compo-

sitions . Averaged o l-t hopyro:·,;?ne an~l)'ses for each sample are 

presen ted in Table ~.2. 

4.3 . 2 MajoI:" and Min o r Elelnent Variations o i Ort hopy r o :·:enes. 

It is COlDmon practice to represent p:;n-oxene a nalyses on the 

py r ox ene quadril ateral di agram, o n wh i ch py r oxene composit i ons 

can be classi fi ed within var ious fields . Figure 4.5 is such a 

diagram on .."hi c h averaged analyses, per san:ple , have been 

plotted . In add iti o n to these the p yro x e ne- fractionation 

trends of Atkins (1969) fo r the Bushve ld Complex have been 

plotted. The o rt r_opyro:-:e nes of the s tudy section fal l in to 

tbe " bronzite" field and lie close to Atki ns·- frac ti onation 

curve. Furthermore, ED ",'alues can be seen to decr ease through 

the rock seq·I.len ce ha rz bur g i te- pyr oxeni t e-nori te-anorthosi t e . 

Analyses of cl i nopy r oxenes pla<:e these mine rals in four 

field s , namely e!"!diopsice . diopside . salite and augite. 

a nalyses a r e broadly s<:a ~tered ~rou nd A tkins~ (1969) 

These 

f r actionfitiCD CU T ~~ , whi~ e indi~idual ~ock : ype s do no t 8~peaT 

54 



f s~ 

Figure 4.6 Variation diagrams in which major and minor 
element compositions (as weight percentages) 
of orthopyroxenes are plotted against MgD. 
Bach data point represents a single analysis , 
except where such points are very close to one 
another. 
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to follow succe;o.sively down the curve. Th i s most p r o b.!!bly 

f olloh'S fr o m the postcumulus nature o f c linopyroxene . 

V.!l.riatio;;. diagrams r ejJ !"" esenting Ol-thopyroxene composit i ons , in 

which element o xi des are plotted a ga inst JlfgD , a r e Fresented in 

figure 4.6. SOlDe infor mation cancel-ning the chem i cal 

vari"b i li t y of QI-thoPYI"o:c:enes c an be gleaned f r om these 

< . ul.agrams. 

Linear re lationships betwee n MgO and S i O , TiO . Al 0 , FeD, 
2 223 

C.r 0 and ¥onD indi cate that these elements behave r-a tionally 
2 3 

d'uring fractionation prOCf.?sses. SiD , 
2 

Al 0 
2 :3 

and Cr 0 ~re 

2 .'3 
d ::o> pl eted in sympathy \'ii th MgO . ' ..... hi Ie TiD ,FeD and ~nO attain 

2. 
high.:::!" levels i n gl- ains Hhieh &.re poorer in MgO. Thus MgO-

rich g r ains a r e clearl y ::!lore primiti v e , while MgO-poor grair.s 

~:re mo r e evol v ed <fr ,,-ct ionated ) . 

!·t is evident !~ rom the e,.:c.ellent linear relatiorlsh i p bet .. ,"e.,;-n 

MgO and FeD in figu.re 4.6d , that complete diadoc hy exists. 

b .?tween these two elements in orthopyro:--:;:.ne, and that the 

v ,:!tri a tiOTI trend fr-orn IF,g -rich to Fe-r i ch v(;l.ril?t ie s represents ~ 

bl:ma fi de fractionation trend , \.Jhi c fl is confirmed by the saH -

tooth variation pattern exhibited in figure 4.7a. 

The fact that AlDis deplet.ed ... Jit.!1 fra c t ionat ion (dec reasin g 
2 .'3 

MgO > possibly r e flects t be infl ue nce o f p l ag ioc lase , whi ch is 

a co-crysta l l iz ing phaSE wi th i nte r rnediatc.:- and low-HgD o rt ho-

pyroxene. \:l~en Kg-rich pyroxerlE c ryst a 11 izes, it does not 

have to o:..ompete with plog ioclas~ for /, 1 ir. the n:elt. The 

si mul ta n eou=:· lowe !"" 1ng of SiD h r,d Al 0 
2 2 .'3 

5 '5 



somewhat unusual f eature , 
4+ 

would substitute for S1 

3+ 
for i t would be expected that Al 

in more evolved grains , and there-

fore an increase inA I 0 wi th deereasi ng MgO , .. auld be 
2 3 

expected . Clearly, the r emoval of Al by plagioclase has a far 

gre.:lter effect on the amount of Al inc orpor ated in 

o r thopyroxene . 

Titanium, which has a normal valency of 4+, is more highly 

concentrated in Mg-poor t han in Mg- ri ch orthopyroxenes ( See. 

figure 4. 0b) . This element 's behaviour is appal-ently 

inflUEnced by two major factors, namely its tetravalent state. 

and the fact that it has a crystal field stabilization ene r g y 

(C FSE ! of ZEro. This msans that it will only enter the 

;qro:-:e ne 
3+ 

t"iO Al 

la-:'t:ice if a cnar ge imbalance exists, for e:<:!I.l1lple if 
4+ 

ions have substituted for twa Si ions. Further-

mOl·e, it h'i11 not substitute into tbe lattice abead of Cr 
4+ 

as this cation haS a f.ar higher CFSE than Ti This 

behaviour ic clearly illustrated in figure 4. 6, where T i O can 
2 

be seen. to reach its :maximum level at low IlJgO ( when Cr 0 is 
2 3 

also low) , SiD and Al 0 levels, when enough vacant sites are 
2 2 3 

av~ilable, ~nd when charge i:1lbal~.nce-s are most likely . 

The ,=ornmon valence state of chromium in eal-th materials is 3+ . 
3+ 

Cr bas been found <Deer et al. ,1978) to partition strong ly 

into early formed pyro :.;:~ne grains. This tendency is best 

Explained by the ~at ion ~s high CFSE, which is the highest for 
3+ 

all the transitiGn metel ions. For Cr to substitute into 

o l-thopyroxE::1e's octahedral 5i tes , a charge irnbalance needs to 

be created in the tet r 3.£ledral s1 te o This condition is usu31Iy 

met t .h rO'\Jgh the s-..l bsti":·~tion o f Al fo Si ( Ca mpbell and BaTley , 

197 4 ) . Car:,;:.be1I a nd B,= ~ le'V fop.'-:-it) have observed that Cr is 



-
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Table 5.4 Some distribution coefficient data, taken from 
the literature. 



0 (oeff 

Ni 

eu 

("ft v, 

Zn 

Sr 

olivine Nih. pyx l' c. InO. pyx plagioclase biotite 

10(2) 
35-3.8(3) 
3.4-.4.8(6) 

.47-.27(1) 
0.023(7) 

0.2(2) 
2.7(9) 
3.HO(3) 

0.09(3) 
0.05(9) 

1.1-3.1(1) 2(2) 0.01(2) 
4(2) 4-2(3) 0.2W 
5-3(3) 6.5(5) 

0.071(7) 2.4-1.5(1) 

2(2) 10(2) 
20(9) 
40( 12) 

0.06-3.AII) 1.5(3) 
0.3(3) 1.3(9) 
0.5-2.3(8) 0.9.4-4.1(12) 

\).06-·3.4(14) 

0.004(7) 
0.2.4(5) 

0.01(2) 
0.1(11) 

3.5(2) 

0.37 (1) 0.53-1.4(1) 3.1(3) .017-.065(1) 
0.33(7) 
0.25(3) 

1. 8(7) 

3.3(7) 
1.1 (:3) 

0.003(1) 0.018(1) 0.07(2) 

0.008(7) 
0.01(23) 

2.2(2) 
0.001(2) 0.01(2) 0.067(15) 1.5-2.2(16) 
0.00019(15) 0.007(15) 0.165(3) 3.06(17) 
0.016(15) 0.016(15) 0.1(18) 1.75(24) 
O.H 19) 

0.08(2) 

0.00018(15) 0.0006(15) 0.0011(15) 0.03(19) 3.1(2) 

spinel 

5(2) 

10(2) 

3S(1) 

O. NSf 1) 

0.01(2) 

0.01(19) O.OOl{2) 0.07(2) 1.26-1.58(20) 
G.03{lB) 

O.002(it:) 

Lr 0.01(21) 0.03(21) O.Ol(2i) 
O. i{2!) 

y 0.002(3) 0.009(3) 0.20(3) 0.031(1) 0.03(21) 
O.S(21) O.03(2i} 
1.65(22) 0.014(17) 

0.001(2) 0.001(2) 0.0026(1) 0.2(1) 2.7(2) 
0.0018(15) 0.001(5) 0.002(2) 0.2(2) 

0.OQ2(15) 

References: 
(1) !rvin'2(1978),12) Cox et 11.(1979),(3) Frey et 

al.(1978','.) De Long(197.I,(S) E~arl e\ al.(1973',16) Leeman 
• Lindstro~(1978',(7) Paster el al.(197AI,(SIJensenI1973',191 
Dukel1974l,IIOl lindstrom' Weill(1978),1111 .Ual­
ker(1979',(12) Ca~pbell • 80rley(1974), (13) Flo~er(1973), 
(I.' RingwoodI1970I,(lS) Hansen(19771,116) Sun et 
al.(197A',1171 Drake(197S',IIBI Hart I BrooksI197A',(19) Phil­
Ipots • Srhnetzler(1970),(20) Marsh(1973),(21) Pearce' 
NorryI1919I,(22) Morse a Nola~(198S),(23) Salpas et 
al. (1983',(24) "orse(19821. 

Table 5 .. 4 

0.01(2) 



also preferentially incor porated into clinopyroxene rather 

than orthopyroxene. Since clinopyroxene is an intercumulus , 

late-crystallizing phase in the rocks of the succession, th i s 

competition is unlikely to have had a significant influence on 

the distribution of Cr in orthopyroxene , whi c h is 

pl-eferentially partitioned into Mg-rich gr.ains (see fi gure 

4 . 6s) . 

Manganese i s a fair ly common divalent cation in mDst magmas, 
2+ 2+ 

i!!nd since it is o f a s:milar size as the Fe and 118 

ca tions, it cou ld be e:'!p8cted to compete .,.,Iith these ions £or 

lattice s i tes in c rt ho?yroxene. strong partitioning is !,ww-

ever nullified by the icns~ zero CFSE . Some substituti on does 

occur, and since the innie size of the element more c l osely 

r,:·sernbles that Xn is more readily accepte d into Fe-rich 

orthopyroxe·ne. Hen,; e l;;~e negative cor-relaticn with MgO . in 

figure 4. 61" , ca~ b e conside red to be normal. 

2+ 
The behaviour of Ni which hos a hig~ ePEE ~nd the same 

,;h.:5. rge as Fe and Mg ccu.ld be expected t o be rational with 

r espect to these e2ements . Consideration of f igure 4.6h does 

not confirm this , and instead a. wide scatter of data points is 

h'itnesSed in I-Ihich hi gh and low Ni val'...l€s ar>: recorded for 

both high ;,.nd low ~g orthopyro~:enes . In geL~ral the Ni 

.-:ontent of o rthopYToxenes .-:an be said to be low. The occur-

rence of 10w Ni concentrations in some high-~~g grains rnay 

r ef1ect the fact that ~:.ese gz-ains coezist w::.th olivine and/or 

su l phides wh i ch h~v€ a ~ igher affinity for i~. High-Ni , high-

Mg g l-ains TJossibly CCT:'? irom non olivir.e-beb.ring mafic roc ks 

such as the poiki:!.itir:.. pyroxenites of the 1)(.-: and Bast.ard 



Units, 

Figure 4,6g reveals that a wide variation in the Ca content of 

o r thopyro:-:enes is apparent, Th i s wide scatter probably 

reflects the presence of fine e xsolution lamellae, whose 

influence is g r eater on more Ca- r ich analyses, 

4,3.3 Fe-Mg Vari~tions in Or thopyroxene Through the 

Succession. 

It is clear from the above discussion that orthopyr oxene 

chemist ry can be related to rock type, This is emphasized in 
2+ 

figure 4.7 in which the MMF <atoroic Mg/Mg+Fe ) ratio of 

Ol-thopyro:.;:enes is plotted against a s tratigraphic column , 

This diagr~rn shows that in "c.oroplete " units, such as the 

Mer-ensky Unit . the r02lative proportions of Mg i.n orthopyroxene 

de c rease systematically upwards reaching lowest values in the 

anorthosi te layer. In the overlying basal layer of the ne;{t 

unit high !lig (primitive) pyroxene is again present. This must 

represent strong evidence for cryptic cycl i city in these 

uni ts, There are a number of other features ;""hich are wort.h 

noting in th is diagram, Firstly, in the Bastard unit an 

initial increase in the MMF ratio is encountered from the base 

of the unit upwards , and it is only Ylhe r e pyroxenite grades 

into norite that an upwGl.rd decrease becomes evident, The 

other units do not exhibit thi s feature. Secondly, it is 

clear that the orthopyroxenes of olivine-bearing layers have 

cons iderably higher ]lL'1F ratios t :han those in overlying 

pyro:~en i tes, and t ha t t:-.ese 'Ja I u-=~ disrupt the smooth curves 

ciesc:r:'bed t:,roug:-, rock~ ;'/hi t::!'l co:-, tain cumulus pLagioc.las e and 



r ) 

Figure 4.7 Variations in orthopyroxene chemistrj plotted 
against a stratigraphic column. In (a) the MMF 
(atomic Mg/Mg+Fe) ratio is plotted for each 
individual analysis. In (b) and (c) averaged 
Cr/Al and Cr/Ti are plotted, where the error bars 
represent one standard deviation. 
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cumulus plagioclase and pyroxene e.g., at the base of the 

Footwall Unit , and within the PI har::burgite . Thirdly, if the 

LOHer Pseudo Ree£ horizon were to be ignored, a fairly E!!loo"'.::h 

cu rve could be drawn th r ough the plagioclase cumul~tes of :'he 

Lo wer Pseudo Unit , Dnd this could be extrapolated i nto the VG-

2 Unit ; and fou r thly . a slight upward incr ease in MMF is 

appal'ent through the UG-l Unit, which is a reversal of the 

trend encDuntered in the remainder of the sequence. 

No chemical zoning is apparent in these orthopyro:-:enes, and 

the spread in HMF values for particular samples represents 

differences between separate gL:l.ins. It is noticeable that 

this spread is greatest in anorthosites, where ortnopyroxi?ne 

is a postcumulus Inineral. lmy primary zonation which may have 

e:dsted was probably l ost through subsal idus readj ustrnent con­

comitant with exsolution of clinopyroxene l~I!)o?llae. 

4.3,2 Cr / . .e.l and Cr/T1 Variations in Ort hopyro:-:ene. 

In columns band c o!- Figure 4.7 these ratios are plotted 

An upw~rd increase in ~he 

Cl-/Al o f orthopyrm\frne is evident thrm.lgh the Lower f'se'.1co, 

Footh'all and Merensky Units, while the UG-2 unit exhibits a 

reversal in this trend half way up the unit, and, the UG-l has 

an initial decrease upwards, foll o wed b y an upward increase. 

Of particular interest however, is the Bastard Unit , in · ... :-,ich 

t~o well-defined trends are discernible. At the base of ~he 

Unit , that is, throu8~ the poikilitic py roxenite and norit e , 

the ratio is roughly ,: onst,ant at around 0.15 . However at the 

base of the Bastard anorthosite (Giant Mot tl~d Anorthosi te; 

the Cr/Al ratio drops markedly to 0.10, and cont in ues to 

5'~ 



decreas~ upwards. 

Cr/Ti rati os in orthopyroxene generally decrease upwards 

th r ough cyclic units , wbi,;h is what would be expected given 

t ha t Ti wi 11 on ly enter the pyroxene struc t ure once Cl- has 

been dep leted, for it cannot compete successfully with this 

trivalent cation (Dee r- et a l. 1980 ) . In U'le Bastard Uni t 

this t rend is not as smooth as it is the other units, and a 

distinct "step" is visi b1e at the ba~e of the Giant Mottled 

anortho<=iite, which correlates well wit!1 the c hange in the 

Cr / Al ratio. 

4.3.3 Clinopyroxene. 

This mi neral occurs eitnel- as fine exsolution laJ!lell;:5.e in 

orthopyr-oxene, or as large intercumul u:. ~rains. Mic_roprobe 

analyses of the latter variety were carried out on 42 g r ai:!s 

from -,)'arious sa:npl.::s (see figure 4 . 1 ) . Tbese analyses are 

listed in Table 4.3. Unfortunately, d --·,:. to the sporadiC 

occurrence of these gra ins, they are T, Q t prEsent in all the 

polished thin sections, thereby renderi~g 1~ diff i cult to 

establish valid trl'?nds. 

The c hemistry of tte clinopyro:-:enes of the study section is 

summarizF.:d in fi gure 4 . 8, where their =:n <V..g/Mg+Fe+Ca) and Va 

(Ca/l1g+Fe+ Ca) mo le percentages a re plc":ted agai nst the strati-

graphic colunm . The data are scatter80-:', due largely to ~be 

limited r,umber of analysed samples . ~r_-: it. :'s only in the 

Bastard a.nd Herensky Un! ts that any tr.::r,ds G!'""e di s<;erni bl.::. 

En val ur:,s S IlOl-' a g enera] uT.Mard -:'ecrec:=,=, in ::.oth -'):1 i ts, 



Table 4.3 Averaged clinopyroxene analyses. The analyses 
show weight percent concentrat ions of element 
o~ides , the number of cations based on 6 
c.ations , and the number- of analyses in the 
average (N). 



S,nnple Number: 
Oxides 

SiO;­
TiD,;¢, 
A 1::;,0,,, 
FeD 
Cl-;J', O"" 
MnO 
NiO 
I1g0 
GaO 
Na ~. O 
To t al 

Cations 
S1~l "' 

Ti ~,-. 

A 1 " .. 
Fe ~ '-o-

Cr'· ... 
M:n ·"<'1' 
:Ii ........ 
HS;.. ... 
Ca '.~ 

lla .• 

SiD:.'. 
TiD,,· 
AL.O~, 

FeD 
Cr:;:o,O , 
NnD 
lliO 
l'~gO 
CuD 
Na .. ,Q 
Tot", 1 

Cations 
31" , 

Ii"'" 
A. l ,J" 

Fe ~' " 

Cr"·' " 
!f:n··· ... · 
Ni ;:~ ~ 
Kg /'-' 
Ca -..:: ..... 
Na " 

N 

T .!I.BLE 4.3: CLI NOPYROXENE ANALYSES BY MICROPF;OBE 

AE-2 

52 . 65 
0.50 
1 . 50 
S . 47 
(> . 17 
0 . 20 
0 . 04 

15.26 
20.34 

(\,28 
99 . 42 

1, ~:619 
0,0 141 
O. 0659 
0.2639 
0,0051 
!). N164 
0 . C01 2 
O . e~77 

0 . 5121 
0.0206 

52,81 
0 , 63 
2 . 22 
5 . 96 
0 .47 
O. 15 
0 . 08 

16.77 
30.84. 

0 . 40 
100 , 34 

1 . 9326 
0 . 01'13 
0 . 0956 
O. 1824 
O. 0137 
O. 0047 
0 . 002 4 
0 . 9152 
0.81'12 

0 , 0289 

1 

AE-5 

52 . 51 
0 .49 
1. 23 

10 , 93 
0,09 
0 . 26 
0.01 

14.05 
20 , 14 

0 . 25 
99,94 

1.9671 
0 . 0137 
0 . 0541 
0 , 3 42.3 
0.0025 
0 , 0082 
0 . 0002 
Cl,7651 
0 . 8086 

0.0181 

5 

AE-29 

53 , 15 
0 , 42 
1 . 90 
6.15 
0 . 31-
0 . 15 
0.00 

16.41 
21 . 17 

0.31 
99 . 98 

1,9518 
0 . 0115 
0,1888 
0 , 0096 
0 . 004 6 
0,0046 
0,0000 
0.8982 
0,8330 

0 , 0221 

3 

AE-7 

52.35 
0 . 47 
1. 72 
8 . 30 
0.16 
0,2.3 
0,0 4 

15 .78 
19,98 

0 . 28 
99 . 30 

AE-l·'3 

53 . 00 
0 .4 8 
2 . 23 
5 . 30 
0 . 59 
O. 15 
0.00 

1'1 . 30 
20 .10 

0 . 35 
99 ,151 

1 . 95Cl9 1.9938 
0.01·'31 0 . 0133 
0 . 0755 0,0963 
0 .2588 0 . 1625 
0.0048 0 . 0 170 
0 , 0075 0 , Oli46 
0.0010 0 . 0000 
0 , 8707 0.9451 
0.7976 0 . 7915 

0.0202 0 . 0249 

1 3 

52 , 44 
0 . 64 
1. 65 
6,74 
0 , 18 
0,20 
C. 02 

14,85 
22.7.'3 

0 . 3'5 
99.68 

1, 9t~69 
0,0186 
0,0719 
0.2071 
0 . 0054 
0,0062 
0.0005 
0.821·3 
0 . 9051 

Q. ()241 

1 

53. 10 
(1 , 49 
2,27 
5 . 02 
0 ,4 5 
O. 18 
0.02 

16 . 41 
21 , 92 

0 .. 35 
100,20 

1.9-"~11 

0,0134 
0.0978 
0,1536 
0 . 013 1 
r). 0056 
0 . 0008 
0,.'3945 
0 . 8580 

0.0246 

1 

;\E-15 AE-16 AE-20 

52 , 130 52 . 95 52.97 
0.60 0 , 50 0 . 51 
2 , 08 1 . 80 1?~ 

5 . 19 6,57 6.49 

0 .4 6 0.36 O . 3~ 
0 . 14 0 . 19 0 ,2 0 
0 , 05 0.12 0 . 04 

16,36 14-.73 15,97 
21 , 18 23 . 01 2 1. 74 

0 . 44 0 . 34 0.32 
99 , 37 100 . 56 100,27 

1 . 9 4 74 
0 , 0166 
0 . 0903 
0 , 1598 
0 . 0135 
0 . 0044 
0 . 0010 
O. ege4 
0.8362 

0.0320 

1 

52 . 61 
0 ,41 
2 . 56 
5,40 
0 . 54 
O. 14 
0.04 

17 . 30 
19 , 91 
0.50 

99.93 

1,9239 
0 , 0114 
O. 1111 
0 , 1651 
0 .0155 
0.0044 
0 . 0012 
0 . 9706 
Q, 7803 

0, 0359 

2 

1. 9 4 97 
0 , 0138 
0,0782 
0 . 2024 
0.0105 
0.0053 
(I , 003-4· 
0 . 13084 
0 . 9076 

0 , 0247 

3 

AB-43 

52,55 
0 . 59 
1. 82 
6 . 71 
0 .4 2 
0 .2 0 
O. 07 

15 . 54-
21 . 02 

0,30 
100.10 

1 .9408 
0 , 0162 
0 ,0792 
0 . 2072 
0 . 0123 
0,0062 
O.OOl? 
0.8556 
0 . 8674 

0 . 0217 

1 

1 . ~479 

Q , 0140 
0 . 07<15 
0,1996 
0 . 009 4-
0 , 0061 
0,Q01.2 
0 . 8754 
(\.8564 

0, 02';·2 

0 ,55 
3.04 
6.01 
0 . 50 
O. 18 
0.03 

17,01 
19,90 

0 . 08 
99.75 

1. 0552 
0, ()153 
0 . 0881 
0 , 1e41 
0 . 0146 
O. 005 ·' 
0,0010 
0 . 9287 
0 . 7838 

0 . 0042 

AE-24-

53 . 19 
O. l~ 0 
2 .16 
6.5_5 

0.45 
0 . 20 
O. ')4 

17,38 
19,00 
0.32 

100.60 

1,9390 
0 . 0110 
0 . 0930 
0 ,1 9913 
0 . 0130 
0 . 0063 
0 , 0012 
0 . 94.·::;'0 
0.7773 

0,022'7 

2 

'52 . 46 
O. 0':· 
2 . '50 
6,59 
0,57 
0 , 1 '? 
0.06 

17.52 
18 . 78 

0 , 45 
99.16 

1. 9371 
(j , 0013 
O. 1088 
0 . 2036 
0 .0166 
0,0054 
0 , 0018 
0,964.'1 
0.7432 

0 . 0328 

2 



Figure 4.8 Cli n opyroxene composition, represented b y En 
mole percent (Mg/Mg+Fe+Ca), and 'Wc 
(Ca/}jg +Fe+Ca). Here each individual analysis is 
plotted. 

(,0 c. 
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~lthou8h an initial upwCi ;d inc;ease is app",rent at tr:e D.."lse of 

the Bas ta r d Unit. This latter featu r e matches that exhibited 

by the MMF ratio o f ortbopYI-o:-:enes. In the reJD.:1inder of the 

sequen,::e high En values a r e recorded f o r olivine-bearing 

horizons such as the UG-2 hanging wall and Uppe r :seudo Reef , 

whi l e the r eve r se is true o f clinopyroxenes of anor t hositic 

lay en:. such as the Foot walt Marker. Wo values exhibit an 

upI.,.ard increase in the 1·!erensky Un it, wh i I e an i nf lE.'c 'ti on is 

CI.pparent in the Basta:-d , ,,'here a:1. ini ticd upHa r d decreas.a 

becom.as r eve r-sed at the base of the GiGint Hottled Anorthosite . 

Olivine - bearing horizons have low VIa values, whi le 

clinopyrc:·:enes in anorthosites are gene r ally enriched in this 

lUolecule . 

The comIIio n feld _spar rr:in.:-rals :nay be classified in terms of 

three end-member components , orthoclase (K A1Si 0 ) , albite 
3 8 

( NaAlS i 0 ) and anorthite (CaA1Si 0 ) . Apart fr om this 
3 8 2 8 

chemical classification however, it is essential that they 

also are def ined in terms of the ir s tructural s tates . This 

depends on their temperature of crystall i zation and subsequent 

therma 1 history. Volcanic feldspars are commonly q u enched in 

thei r high-temperature s tate, whereas in pll.:;tanlc rocks, (for 

example those of the 3ushv e l d Complex) the y have evol ved to a 

ION temperature state as a r esult of slow cool ing from 

elevated magmatic t empe ratures. The feldspars o f the Cr i ticb,l 

Zone of the Bus-hveld Comple x belong almost e :·:clusively to the 

plag i oclase (Na A1 S i 0 - CaAlS i 0 ) series , ... .<hile they ,~onta:i n 

3 ~ 2 8 
on ly minor quantities <less t:!1an 2 :mole per cent) of the ortho-

clase cornpone;lt . 



, 
; 

Table 4,4 Representative plagioclase analyses. The 
analyses show weight percent concentrations of 
element oxides and the number of cations , based 
on 32 oxygens . Analysis codes are: R- rim of 
grain, C- core of grain and RS- restrained 
grain . 



Sample N'umber: 
O;d de 

3:.0 
Al.0 . 
F(;!O 
CeO 
~Ja ,·0 
K ·.·O 
Ta-:.!:.l 

CatioTIE 

Fe' ~ , 
Ca ' 
Na' 
~-. 

Sample Xi..1;:joer: 
Oxic.? 

SiO. 
A 1 ... ':1 
~eO 
(;.::.0 
lla ,.~ 

K .. O 
Tut.~! 

Cs. t. i C'L =:-
Si··' 
Al · 1 

Fe ., 

Ca'" 
N.::- ' 
y. 

TABLE 4. 4: FLAG! OCLAGE ANALlicES BY )~! CROF'ROBE 

AE-IR 

49 . 9-1 
30.4 3 

0. 23 
14 . 60 

2 . 79 
0.23 

9<'3 . 22 

9 . 2693 
6 .6575 
0 . 0357 
2 . 9032 
1,0185 
0 . 0537 

AE-5R 

48.26 
32 . ('0 

0 . 23 
16 . 17 

2 . . '30 
0,09 

99 , C5 

8 . 9299 
6.9793 
0 .. 035'1 
3 . 206·'). 
0 . 8359 
0 . 0222 

AE-IC AE-2R 

49. 22 49 , 95 
31 , 9 ,'3 :31.79 

0 , 19 0 , 3 1 
16 . 09 15 , 70 

2 . 26 2 ,69 
0 . 140. 16 

99 , 59 1 0 0.60 

9 , 0154 
6 , 9049 
0 . 0290 
3 . :!.581 
0 . 8159 
O. OT34 

AE-5C 

31.39 
O. 19 

~ - ." _ :3 , 1." 

2,61 
O. :6 

99 . 03 

9 . 08«t) 
6 . 82S9 
(l,Q2t'9 
3,0548 
0 , 946-6 
0 ,0419 

9 , Oe46 
6 , 81 52 
0 . 0476 
:3 . 0602 
0.9627 
D.O:"7e· 

,,·5 .4 .3 
:31 . 09 

\) , 41 

:6 , 63 
2.46 
0 . 16 

99, 17 

6 . 7981 
~' , ['633 
:3.3052 
1) , 8960 
0 , 0374 

AE-2C AE-2RS 

51 , 76 50,99 
30 . 29 30 . 65 

0 , 23 0 , 19 
14,1 5 14.19 

3 ,4 8 2 . 46 
0 , 21 1.56 

100 . 17 1 00 . 0 4 

9.4090 
6 . 491J. 
0 . 0423 
2 . 7567 
1 . 2451 
O.047;j, 

.!I.E- TR 

4·9 . '71 
31 . 2 4 

0 . 32 
1'5 ,44 

2 , 70 
O . 14-

99 . 55 

9 . 13:"0 
6 . 76 4 0 
0.049.3 
3 ,0381 
0 . 8960 
0 . 0316 

9 . 3270 
6,6055 
0,0288 
2 , 7801 
0 , ,S653 
0 , ::C6.26 

AE--?C 

40'3 , 44 
.22 . 14 

0 . 32 
16 . 38 
2. 10 
O. 12 

99,51 

8 . ;1252 
6.9805 
0 , 0499 
3 . 2339 
0 , ';.,'{'73 
0.0270 

47 . 26 
32 . 25 

0 . 2 6 
2.0 , 99 

1. 79 
0 , 09 

9S , f)'7 

8 . $013 
7 . 0e61 
O. 039'7 
3 , .3699 
0 , 6562 
0.0209 

' , i2' 07,. ..... 
.- . _' -, .... ,:0 

0'. 7 . 98 
32 , 69 

0,35 
;'6 , 73 

:2 . 09 
Cl . 06 

'jt"J,90 

8· . 3200 
7 . 0629 
.) , 0544 
'?: , 2960 
0 .7627 
~.0150 

l,E - 4 C . ./I. E -4RE 

50. 28 49.2S 
30 . 6031.5C 

0 . 2 6 0 . 21': 
1,1. 98 }5,5 1: 

2 , 87 ?5r: 
0 , 19 <') , 17 

99 . 37 99 . 3<1 

9 , 2352 
6.6672 
O. 1)395 
2 , 9 490 
2..0369 
O. 0438 

AE-9R 

413 . 55 
32 , ·30 

0 ,24 
16 . 31 
2,00 
0, 11 

99 . 5.1.. 

7 . 0049 
O. 0369 
3.2161 
0 , 755.'3 
0 . 0265 

9 . 0761 
6 ,836':­
O. \):397 
3' ' 06';":: 
0,02S:;' 
0.039 C 

4e.79 
31 , B2 

0 , 21 
15 , 0;:..:0 

2 . 86 
(" 1 ~ 

1)9 . ::.1 

? 0(''::7 
6 .923') 
'J. 032~ 
3 . 144e. 
O,7244 
0.0325 

Sa:np1e \\:r::,ber : .I'l.E- 9RS AE-I O~ AE- l0C AE-IOR8 AE-12R AE- 12C A5- 12RS AE-l·?R 
Oxial:: 

SiD,., 
AL.n 
'?eO 
(;&.0 

!;'a.."Q 

'fat;:;. 1 
Cv.t:: 0 :-.:: 
Si '~ , 

Al " 
Fe'.-,· , 
Ca ' ' 
Na ' 
K ' 

4 9 . 02 
31. 7P 

0.31 
15 , 93 

2 , 34 
0 , 13 

99 . 53 

47. 78 
.32.72 

0 . 23 
16 . 87 

1. e4 
0 , 12 

99 .55 

48 .40 
3.!.93 

0 , 17 
1 6 . 10 

2 , 35 
0 , 1 7 

9 9 . 12 

48 . 65 
32 . 16 

0 , 19 
It' , 34 
2.21 
0, 18 

99 , '73 

9.0165 8 , 8093 8 . 9 499 8 , 9499 
6. eg25 7 . 1103 ~,9582 6 , 9670 
0 . 0483 0 . 0353 0 . 0266 0 , 0295 
3 . 1399 3 . 3329 3.1894 3,2172 
0 . 8 48 4 0 , 6686 0 . 854 6 0 , 7992 
0 . 031 4. 0 , 027} (), O:3~l2 0 . 0431 

47 . 99 
:32, 15 

O. 19 
10.tSl 

2 . 05 
O. 1 ,3 

99 .12 

8.9408 
7.0151 
0 . 0300 
3 . 2941 
0 . 7451 
O . :.300 

48.95 
31.82 

0 , 2 4 
1 5 , 85 

2 , 35 
0, 18 

99 ,38 

48. 68 52.23 
3),'13 2~; , 95 

0 . 28 0 ,.'35 
16 . 05 13,5·3 

2 . 24 3 . 69 
0 , 190. 30 

99 ,1 6 100 ,1 9 

5 . 8826 9,01 43 9 , 0143 
0,907 4 6 . 9096 6 . 41 80 
0 .0.362 0 . 0434 0 . 0528 
3 .1273 3 .1 770 2 . 6 346 
0 , 8515 0 . 8125 1,31g9 
0 . 0 421 0 , 0 ·14 3 0 , [17(;5 



f.l <" 

Sample Number: .4E-1 3C AE-15R AE-15C AE-16R .4E-16C AE- 16 RS /l E-18R AE-lSC 
Oxide 

SiO._ 49 . 15 54 . 38 50 , !)6 4B . 82 49 .4 7 49.44 49.01 49 . 87 
A l~_ O, 31. 8 7 27 . 75 30 . 79 32.24 3 1. 75 32 . 01 32 . 24 32.4C 
FeD 0 . 17 0 .4 8 0 . 18 0. 4-1 0 . 27 0 . 40 0 . 37 0.41 
CaD 16 . 08 1 1. 30 1 4 . 99 16 . 15 15 . 53 15.8 1 16 . 04 16 . 1e 
Na .. ·O 2.28 4. 82 2,98 2.00 2 . 5 5 2 . 3 7 2 , 25 2 . 2,~ 
K, •. D 0.14 0 . 31 O. 16 O. 12 O. 17 O. 15 0.13 0 . 1, 
Total 99 . 70 99 . 04 99. 15 99 . 7·1 99.7.3 100 . 19 100 . 05 lOl.2( 

Cb;tiol1~ 

Si" " 9 . 0201 9.9286 9 , 217.3 8 . 9618 9.0692 9 . 0.312 8.9715 9, 015t 
A 1 -,. 6 . 8951 5.9718 6 . 6814 6 . 9752 6 . 8607 6 . S922 6 , 9551 (:> . 9034 
FE;" 0 . 0262 0 . 0728 0 . 0280 0 . 0636 O. 0417 0 . 0614 0 . 0569 O. 062C 
Ca " " 3 . 1623 2.2105 2 . 9572 3 . 1754 .3 . 0504 3 . 0950 3 , 1466 3 . 129~ 
Na ~ O. e237 1 , 7318 1. 0795 0 . 7216 0 . 9180 0 . 8514 0 . 8111 O.80£l~ 

K' O~O335 0.0717 0.0366 0.0274 0.0388 0 . 1)345 O. 0306 O. O·::~3f 

S~mple N·I.ll'Dber: AE-18RS AE-20R AE-20C AE-20RS AE-?3R A£-2:3C .iI..E-23RS AE-24~ 

O:·:ice 
SiD ..... 
Al ,.O, 
PoD 
CaD 
N3 0 
K ... O 
' :01:50 1 

Ca.~iGns 
8i .. . 
Al " 
,:-.-- ' 
. ~ 

C"" 
[Ja' 
;{" 

49. 15 
32 . 08 

0 . 39 
15.90 

0 . 15 
99 . 88 

9 . 0051 
6.9273 
0,0590 
3.1220 
0.8021 
0 . 0339 

49 . 74 
31 . 9'7 

0.29 
15 . 74 
2.18 
O. 18 

100.10 

9.0755 
6.8768-
0 .0435 
3 . 0776 
0 . 7830 
0 . 0424 

49 . 77 
31 . 87 

O . . 35 
15.53 

2 . 48 
0 , 16 

100 . 15 

9.03103 
e.1S552 
0,0528 
3.0370 
0,8905 
0 . 0.'370 

49.41 
32 . 04-

0.26 
15.59 

2 . 11 
0 . 21 

99.61 

9,0556 
6 . 92i5 
0 .0403 
:3 . 0625 
0 .'1595 
0.0479 

48 . 06 
32.15 

0 , 15 
16.66 
2.06 
0 . 10 

99. Ie-

,5 . 8877 
7,0090 
0 . 0234 
3 . .3014 
0.7465 
0.0241 

48.86 
31 . 68 

0 . 20 
15 . 93 

2 . 39 
(I, 16 

')9 . 0.3 

9.0010 
6.9050 
0 , 03 12' 
3. 15~8 
O. ,'Sot·5 
0.03e2 

48 . 62 
31 , 74 

0.23 
16 . 10 

2 . 44 
O. 14 

99.26 

a. ')78.'3 
6.9091 
(),0352 
3. 1856 
0.8845 
0 . 0332 

50.2~ 

31. ge 
0.2,1 

15':;'4 
2.6e 
O. lE 

100.7e 

9. 1097 
6.& 1'77 
o (\361 
3.010~ 

0 , 9::61 
Q.04()7 

Sample Nu~bel- ; AE-24C AE-24RS .e.E-25R AE-25C P.E-KRR AE- M~R AE-29R AE-~~?C 

O:"ide 
3iO. _ 
A 1-.~Oc. 
FeD 
CaO 
1'6 ._ 0 
K..O 
Total 

Cations 
S1~' . 
A1 •. 
Fe .. ·· .. 
Ca' 
~.2>" 

K' 

49.13 
32 . 53 

0 . 22 
16 . 26 

2 .10 
O. 14 

100 . 38 

8 . 9559 
6 , 9903 
0.0335 
3.1'170 
0 . 7526 
0,03 16 

49,05 56 . 09 
32 . 76 28 . 24 

0 . 22 0 . 32 
16 . 50 10 . 81 

2,2.1 5.07 
0 . 12 0.37 

100 . 76 100,91 

8 . 917110 , O:!.6'7 
7 . 0187 5.2446 
0, 0339 
3,213 1 
0,7533 
0 . 0281 

0.0479 
2.0683 
1 . 7818 
0.0850 

52 . 97 
30 . 3 6 

O. 12 
1·3 . 41 

3 ,75 
0 . 26 

100 . 86 

9.5267 
6,4346 
0.0173 
2,58 4 3 
1 . . 3273 
0 , 0592 

49,95 
'31.58 

0 . 23 
15 . 14 
2.86 
0 . 08 

99 . 83 

9 . 1334 
6.8059 
0.0352-
2 . 9658 
1 . 0279 
0,0187 

49 . ~:: 

21. 67 
0 . 25 

15.:3-5 
2.60 
0 . 12 

99 . 53 

9 . 0937 
6 . 84S5 
0 . 0376 
3 . 0179 
0.9,'370 
0 , 02.';'5 

4e . 05 
3.'3 . 10 

0.31 
17, 15 

1. 83 
0 . 08 

100 . 57 

0'3. . 7755 
7 , 1387 
0,0469 
3 . 356 1 
0 . 6584 
0 . 0175 

4i3 . '1c 
·'3 2.5f) 

0.3C 
16,75 
2,('3 
O. 13 

100.20 

5 . 8795 
7 . 0169 
0,0460 
3 . 2ee2 
0 , 7324 
0.0311 



Sample l~umber: AE-29RS 
Ox ide 
SiD 49 . 22 
Al ;Q, 32 . 2 5 
FeO 0.19 
GaD 16. 28 
Na.,U 2 . 12 
K; .. O 0 . 12 
Total 100 . 18 

Cat i en>:" 

AE-32R 

48 . 6 0 
32 . 14 

0 . 20 
16 . 38 

2 . 22 
0 . 10 

99 .63 

Si'" . 
A. ' ,-, , 

Fe " 
Ca' . 
[Jet" 

K' 

8 . 9883 8 . 9391 
6.9423 6.9676 
0.0290 0 . 030 15 
3 . 1856 3 . 2282 
0 . 7625 0 . 8016 
0 . 0284 0.0223 

.<l..E- 32C AE-32RS 

49.19 48.68 
31 , 75 32 . 05 

0,26 0 . 3'1 
15 . 65 16 . 42 

2 . 45 2.28 
0 . 12 0 . 10 

99 . 41 99 . 91 

AE-33R 

49 . 28 
31.81 

0.25 
15,83 

2 . 53 
0 , 09 

99 . 78 

9 , 0 4-72 
6 . 8833 
0 . 0401 
.3 . O,~::4 
O. BE·56 
O. 0289 

8 . 9406 9 . 0368 
6 . 9377 6 . 87 47 
0 . 0564 0 . 0390 
3 . 23 1 9 3 .1 095 
0 . 8253 0 . 9117 
0.0277 0 . 0201 

AE- 33C 

4'1. 12 
3 3. 27 

0 . 26 
17 . 54 

1. 68 
0 . 05 

99 . 91 

8 . 67'75 
7 . 2228 
0 . 0393 
3 . 4619 
0 , 6081 
O. 01 1 0 

AE-35R 

4$.42 
32 . 3 9 

0,27 
16.48 

2. 10 
0 ,05 

99 , 70 

8 . ~'0 03 
7 .01'78 
O. (1407 
3.24-54 
0,7603 
0 . 0127 

.l..E-35C 

·~ 9 . 4~ 

3l . 6= 
0.2J" 

15.7:;: 
2,51 
O. H 

99 , bE 

<:l.062E 
\3 . 83S~ 
('I . 05S!:: 
3.0eG:? 
('I .927~ 

O. 02S4 

S:3.mple X\;mber: AE-36R AE-36C A3-36RS AE-38R AE-3eC AE-38RS A~!-39 , 4R t~::::?94C 
OxidE 

SiD 
Al. .O , 

CaD 
N:L O 
K..-,.Q 
Tot.:;_~ 

C:\':':i c'Js 

, ' , r. , 

Fe ' ." 
Ga 'j 

Na " 
K ' 

Sample Numbe r: 
OXlde 

SiOc ' 
Al . ,O I 

FeO 
GaO 
Na-",Q 
K., .O 
To"tal 

Cat ions 
8i'<O , 

A 1 "+ 
Fe··· .. 
C;;:, " . 
N~ . 

K ' 

49.49 49.'30 
:31 . 99 32.05 

O. lS 0 . 22 
16 . 13 15 , 99 

2 .48 2 . 49 
0 . 120. 14 

1(~0 .3? 100.1'3 

9 . 0253 9 . 0091 
6 . ;:,7'72 6.9024 
O. 0235 r; . 03.30 
3 . 1519 3 . 1304 
0 , 8881 0 . .'3967 
0.02134 0 . 0331 

AE-39SR AE-39·5C 

49 . 00 
~9 . 80 

0 ,13 
13.52 

3 . 92 
0 . 0'5 

99 . 41 

4 9 . 07 
51 . '74 

O. 14 
15 . 57 
2.65 
0 . 04 

99 . 2 1 

49 . 23 49 . 04 48.69 50 . ~5 

32,12 32 . 24 32 . 49 30 . 94 
0 . 20 0 . 17 0 . 27 0.55 

:6 . 14 16 . 26 16 . 44 14. 60 
2 . 13 2 . 47 2 . 23 3 . 16 
0 . 120. 140.170,1 8 

~'9 . 9 ·'i 100.32 100 . 3"9 100 . 08 

50 . 20 
31. 10 

O. l '7 

1,1.51 
2 . 98 
0, 18 

29. 14 

49 . 2f 
31.97 

O . l~: 
15 .76 

Z, ::,9 
O. 14 

~'-J .?[. 

~; . 0084 
6.9264 
O. 0309 
3 . 1646 
G. 7i576 
o. 0285 

8 . 9590 
6,9425 
0.0255 
.'3 . 1331 
0.8860 
0.0333 

8 . 9052 
7 . 0041 
O. 0408 
:3 . 2211 
0 . .3028 
0 . 0404 

9 . 2 4 42 9 . 22152 9 . 031.5! 
6.6563 6 . 7361 6.9099 
O. ()839 ,) . 0263 o . 0200 
2 , 8553 2 . 8573 3 . 0957 
1. 1344 1 . 0769 0 . 8619 
0 .0412 0 . 0429 0 . 0318 

.!I.3.-396R 

0 . 28 
'5 . 93 

2 . 49 
O. 15 

: 00 .54 

AE-396C AE·396RS AE- 401C AE-401C 

49,15 
.32 , 11 

0.28 
15.80 

2 . 42 
O. 14 

99 . 90 

4 9 . 25 
32 . 16 

0.22 
15 , 80 

2 . 41 
O. 14 

99.9.3 

54 . 76 
28 . 65 

0 . 26 
11 . 46 
4.76 
0 . 30 

100 . 18 

53,20 
30 . 10 

O. 15 
12.97 

3 . 95 
0 ,20 

100 . 57 

AE - 42R 

50 . 9 4 
31 . 62 
0.15 

14 . 54 
3 . 1'3 
0 . 1 1 

100 . 49 

9 . 2689 
6 . 6439 
0 . 020.3 
2 .74 09 
l .4583 
0 . 0121 

9 . 0405 '2'.0 146 
6.8931 6.9057 
0.0214 f) . 0 422 
3 . 07 4 1 ;; . 10'71 
0 . 9595 ',J. (:.905 
O. 0082 '. ' 0353 

9 . 0026 
6 . 9324 
0 . 0424 
3 . 1014 
0 . B7 11 
0 . 033 '7 

9 . 0086 
6.9341 
0 . 0335 
3 . 09'78 
0 . 8689 
0.0320 

9 . 8696 
6 . 087() 
0 ,0·389 
2.2130 
1 . 6876 
0 . 0688 

9 . 5836 
6.'3897 
0 .022F.. 
2 .5033 
1.3985 
0 .0460 

~l , 2282 
6.7511 
O. 02·'33 
2.8225 
1.1161 
0 . 0261 



Sample Number: AE-42C AE -43R AE-43C AE- 43RS AE- 45R AE-45C AE-45RS .;E;-1 6R 

O~ide 

SiD:.;> 
AI. 0,\ 
FeD 
CaD 
Na .. o 
K, .. Q 
Total 

Cat:i.ons 
13i .. , , 

Ca'" 
Net ' 

48,90 
31 . 97 

0 .30 
15.64 
2,42 
0 , 10 

99.33 

46.25 
3 4 . 45 

0 .27 
18.73 

1.06 
0 , 04 

100,79 

9 . 0047 8.4681 
6 . 935 1 7 . 4.357 
0 . 0464 0 , 0406 
3 . 0864 3 . 67."38 
0 . 8772 0 . 3530 
0 . 02:37 0 . 0086 

49,00 49, 15 
32 . 29 32 , 27 

0.32 0,29 
16,39 16.27 

2 . 09 2.25 
0 .14 0 . 14 

100.22 '100 . 36 

8 . 9571 8 , 9704 
6 . 9567 6 . 9426 
0 , 0482 0 . OL!46 
3,2106 3 . 1814 
0,752 1 0 . 8066 
0 , 0317 0 , 0319 

47. 36 
33 . 38 

0.24 
17 , 52 

1. 62 
0,08 

100 ,1 8 

48.98 
32 , 06 

0 . 27 
16 . 09 

2 . 33 
0, 113 

99 . 18 

8.6925 8 . 9824 
7 . 2213 6 . 9292 
0 . 0367 0 . (14·16 
3 . 4450 3 , 1610 
0 . 5847 0 . 8408 
0 , 0180 0 . 0367 

48.69 
:38.4 1 

0.:36 
16 .4 2 
2.09 
0. 1 [I 

100.07 

48.39 
32 .13 

0.21 
16.61 
2,20 
0 , 05 

99 .63 

13 . 9183 E- .9101 
6 . 9974 6.9740 
O. (1548 0.0328 
.3 . :2255 3,2774 
O. 7'325 0 , 7960 
0 . 0222 (;,0188 

Sa:np1e Nurnbel-; AE-46C AE-46RG AE-47R AE-47C .ll:E-47RS AE-48C AE-4-oC AE-49R 
Oxide 

3iO ", 
A1 .. C, 
FeD 
CaD 
Na ... O 
K .. 0 
To't:tl 

Cu'ticl":s 
81"' 
fl.l 
F I2 
Ca 
N'a ' 
K' 

So.mple Number: 
0:.;:1 c.e 

SiC. 
Al;;.O .• 
Fo:>O 
CaD 
Na .O 
K"Q 
Total 

Cations 
Si··' , 
AI " , 
Fe' ' -, 
Ca ' 
Ni.'l. ' 
K" 

4,5.57 
31 , 88 

0 . :5 
1.6,21 

2 . 35 
O . 12 

99 . :39 

8 . 9596 
6 . 9318 
0.0381 
3 .2 046 
0,·'3518 
0.0289 

.f.l.E-49C 

5:3.59 
29 , 32 

O. 11 
12 . 58 

4 . 23 
0.23 

100 , 16 

46.52 
32 . 07 

0.23 
16 . .38 

2 . 2? 
0.10 

99 .54 

<3.9353 
6 . 9625 
0 . 0350 
3 . 2330 
0 . 8124 
0 . 0230 

AE-51 !:\ 

55 . 82 
28 . 05 

0 . 15 
10 . 92 
5,22 
0 . 41 

100 . 58 

9. 6 887 10 . 0090 
6 . 2475 5.9272 
0.0169 0.0262 
2,4374 2 .09132 
1.5411 1.8406 
0 . 0531 O. G926 

46.75 
33 . 24 

0, 19 
17 .61 

1.50 
0,09 

99.38 

49,04 
31 , 69 

0,23 
15 . 96 

0.21 
99 ,46 

5,17,561. 9.0270 
7 . 2543 6 .E;759 
0 . 0291 0 . (\353 
3 . f,,930 3 . 147:2 
(\ . 5475 0 . 6508 
0.0208 0 . 0486 

AE-51C AE-5'5C 

53 . 84 53".18 
29 . 11 29 . 34 

0 .10 0.13 
12 . 51 12 . 17 

4 . 37 4,20 
0 . 29 0 . 21 

100 . 22 99,22 

9.7274 
6. 1990 
0 ,0154 
2 ,4209 
1,5549 
0 .0662 

9 . 6894 
6 . 2998 
0 . 0204 
2.3752 
1 . 5041 
0.0479 

411.41 
:32 . 27 

0 . 19 
16.87 
2.17 
0.11 

100 . 0.3 

3 . 8869 
t5,9820 
0.0296 
3,3183 
0 .7345 
0 ,026 0 

,,~·.E-55C 

52.80 
29,79 

0,14 
12 . 57 
4.02 
O. 16 

99 .49 

9.6044 
6 . 3877 
0.0218 
2.4502 
1. 4376 
0.0373 

50 . 22 
31 .37 

0.15 
14 , '14. 

2 , 96 
0 . 0'1 

99 . 03 

9 . 1947 
6,'1698 
0,0225 
2.8914 
1.0671 
0 , 0168 

AE-57R 

54 . 61 
28.80 

0, 14 
11 . 85 

4 . 70 
0 .24 

100.34 

9,8321 
6 . 1118 
0 . 0208 
2 . 2868 
1 , 6\547 
0,0561 

5:.:36 54. . 51 
30 . 67 2,3 . 68 

0.18 0 , 11 
14,:!.5 1.1 . 76 

3 . 46 4. es 
C . O'1 0 . 24 

99.e9 100.14 

9.3"':'44 9,8362 
6 . 5':,30 15 . 0986 
0 , ('276 '0,01.69 
2.7604 2.2731 
1 . 2403 1 . 7:224 
0 . 0172 0.0541 

AE-57C AE-59R 

54 . 0758 . 29 
29 , (''1 26 . 14 
0.090 . 18 

12. 22 8 . 76-
4.52 6.25 
0.25 0.47 

100.32 100 . 08 

9.752.7 10.4337 
6 . 1e·Ol 5 . 5142 
0 , 0142 0 , 0272 
2 . 38 >'~ 1.6806 
1 . 6000 2 . 2002 
O.05e4 0.1069 



S::1mp1e Numbe :r-; AE-59C AE-61 R AE-61C AE-64R AE-64 C AE- IS6R AS-GoG ,~E- 6!Y 

Ox ide 
SiO . . 5'1 , 96 51 . 93 50 . 40 55.12 54 . 7 1 4 9 . 70 49.5 0 49.2f. 
A 1 ;.0", 26 . 4 3 30 . 49 31 . 56 27.51 28 . 9 4 3L 9 1 31.7 4 3 J .6C 
FeD 0.07 O. 19 0 . 17 O. 15 O. 12 0 . 30 0 . 22 O. 3C 
CaO 9 . 08 1 4 . 16 15.12 1 0.20 12 . 0 6 15 . 82 15 . 7 5 15 . e·( 
Na :~O 6 . 03 3.71 2 . 72 4 . 81 4 . 59 2 . '54 2 . 38 2 . 4E 
K .·O 0.45 0 . 20 0.15 1. 01 0.22 0 . 17 O. 16 0 . 1:: 
Totol 100 . 02 100.66 100 . 12 99 . 82 1 00 . 64 100 . 45 99 . '14 99 . 5'= 

GD ti ons 
Si ~~ , 10.3817 9 . 3952 9 . 1788 10 . 0161 9 . 3209 9 . 0553 9 . 0712 g . 056) 
Al·'" 5.5793 6.5026 6. 7747 5 . 8891 6 . 1237 6 .8531 6.8567 6 . ,'3 4 7::' 
Fe .... ~ 0.0111 0.0280 0 . 025'1 O . 1739 0 . 0180 0 . 0457 0 . 0331 O. Q46( 
Ca ..... ' 1 . 7431 2 . 7453 2.9500 1 . 9839 2 . 3197 3 . 0891 3 . 0926 3 . 111:'; 
Na"' - 0 

~. 12 ~5 1 . 3197 0 . 9750 1. 7198 1 . 62{)3 0 . 9098 0.8568 0 . 88 44 
r~" O. 1026 0 . 0450 0 . 0339 0 .233 1 0 . 0497 0 . 04.02 0 . 0369 0 . 0340; 



Plagioclase feldspa r s have triclinic symmetry , and their 

structure involves a framework of linked (Si , Al) - 0 

tetrahedra iDeer et al. , 1982) . This framel .... ork has lar ge 

interstices which an: f illed essentially by Ca and Na ions , 
3+ 

while minor quant ities of K, Mg, Fe Ti , Mg, Ba and S r may 

also be preser.t . 

In the study sec.tion, three textural varieties of plagioclase 

are defined. There are" intercumulus" grains whi.::h oc cur in 

the interstices between pyroxer..e a.nd olivine grains in 

pyroxenites ",nct harzburgites. ,secondly t.here are the "cu:llulus-

n?straineci" grains which are paikilitically eni::losed by 

olivine and/or pyroxene, and fins11y, the "cumulus-

unrestra i ned" variety · ..... hose gl-owth was not i n1:. i bi ted by 

erlc l osure . Tte lat_t'?r vari~ty ar~ thF- most Gomme", G-o!"lstit-

uents of anort~osites and norites. 

An inherent problem in microprobe analysis of plagioclase 

grains is the e:-:treme cbemical zonation exhi bi ted by them 

(Kruger. 1983 ; Cameron , 1980). This means that random 

analyses are unlikely to be representative cd the rnineral~s 

chemistry. To overcome this problem traverses of whole g r ains 

"';::ore made to allow their full chemical variation to be 

display~d. In all, 600 plagioclase analyses were performed. 

Selected representative analyses are presente.d in TC'~ble 4.4. 

The'E'.e grc:ins €:;·:lJibi t wide r:hemica.l varietior,s. Thi s is evi-
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Figure 4.9 Variations in plagioclase chemistry represented 
on a portion of the Ab-An-Or diagram. Analyses 
are presented for each Unit for intercurnulus and 
cumul us grains. 

Figure 4.10 Microprobe profiles , in terms An mole percent 
and potassium in parts per million, across an 
intercurnulus plagioclase grain. The profile 
represents a complete profile froro grain rim to 
grain riro. 
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dent in figu,e 4.12 wbe:r-e mole percentage lIn content is 

plotted against stratigraphic height. It is clea r that this 

variation is apparent in individual samples as well as fro~ 

one samp Ie t -o the next. Tn f igu re 4,9 , it is clear that 

intercurnulus plagioclase not only has lower An conten t s than 

cumulus plagioclase, but it may contain higher h~vels of K O. 
2 

The chemical va r iations in s ingle g rains aloe best illustrated 

by microprobe profiles, such as those in figure 4.10. The 

most str iking fe~ture of these profiles is the marked 

depletion in An mole percentage of t!-,e feldspar at its grain 

boundaries with cumulus o rthopyroxene grains. The cent ra l 

portions o f the g l-ains howe::vEr, may be fairly hornog8w;ous, or 

they may show weak oscillatory zoning. The3e strongly sodie 

zones were recorced in all the srains which were p r ofilE:d . 

HOh'ever , their absclut~ value.s va ry \·.,ri dely from sample to 

sample , This c.hernic;:;.l zon ing is also appare!"lt in the potasium 

content, of tha :mi ::.era l, wi th highest K ,::oncentra ti ons m",tchi "8 

highest Ab values, 

4,4.2 Unrestrained, Cumulus Grains . 

It is evident from figure 4,12 that the5e gr~ins have a more 

restricted compositional range than the previous type . Most 

analyses fall in the An70-AnBO range, and it is also evident 

that successive samples vary more s ystematically with strati-

g r aphic height . In spite of tbeir more r est ricted range , 

these grai ns do exhibit marlted chemical zonation patterns, 

Vlhich is evident in the micr opr obe prefiles of figure 4.11, 

lI. commor, featUre of this c,heroical 20ni::-'3 is t.r.e occurrence of 

strongly revErsed rins on other ... lise os-::.illa'tcry :::oned g r ains, 
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Furthermore , these rims are irregular features whi c h need not 

totally envelope the cumulus gra ins. Commonly they v a !-y 

considerably in Hidth, while the An-values of the rims, 

although still higher than those of the core, may differ 

considerably at opposite ends o f a grain. In thin section 

these TilUS can be seen a.s bands which have slightly different 

extinction angles wh\?n c01npared with the remainder of the 

gra i n. 

The oscillatory zoning 0 1- the i!'lTIer parts of um-estrained 

grai ns is variable, especially in the number o f zones whi~h 

any single g r ain may ?os~e_ss . Usually, but not always, -the 

core is 51 ight 1y ~C're cali:::-ic ~nd it is surrounded by up to 

four alternating sadie and calcic zones. O?tical observations 

indicate that reo r e co mplex zoning patterns , o f the type 

l-ecorded by Mi",alu€ (1976) in Skae:rg~ard rocl(s 1llb.y b e present. 

in these rocks as wel l. 

?otassi UIll levels in cuz!lu2.us plagioclase are ge nerally lower 

than those recorded in :nte r curoulus grain.s, while the highest 

levels are r ecorded in albit::!.c portions of the OSCillatory 

zoned cores of gr~ i ns. Chemical zonation of potas ium is anti-

pat_hetic to that e:·:hibited by An mole percent . 

4.4.3 Rest rained Cumulus Gra ins . 

Although these grains G.rE' te ;·:turally distinct frorr:. the un­

restrained v~riety . the composi tions of tl":e majority of 

::.na lysed g ra in:::. c:Te incist inguishab1e from +;.:-.ose of the latter 

type. Occasional grair.=. . howe"Jer, hav02 eit:-.o:r higher or low~r 
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Figure 4,11 Three microprobe profiles across cumulus 
plagiocla!;e grains, in terms of An mole percent 
and potassium, In (a) an anorthitic core is 
rimmed by a more albitic margin. In (b) a 
reversed anorthitic margin is evident at both 
ends . In (c) a strong l y anorthi t ic margin is 
apparent on ane margin only, 
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.lI.n contents tnan unrestrained grains from the same s~rnple. It 

is possible that the composition of these grains is deFendent 

on the stage at which they become trapped . Smaller grains 

generally have higher An values than larger ones . sugges.·tins: 

that they were trapped at a n y early stage during 

crystallization, It is evident from figure 4 . 12, however, that 

a number of these grains also contain the highly anorthitic 

reversed rims, evident in unreEtrained grains, 

4 . 4.4 Var i ations in Plagioclase Compositions with 

Stratigr.!i.phic Height. 

Upw.::::.rd incre~se in the average An cantent of plagioclase i= 

obv i o us wherever plagior:lase-cuTIlulates over l ie rocks cont.ain-

ing only in":.ercumulus feldspar (Figure 4,12). There is . 

however , 3.150 an upward increaee in the An cont.eTlt of cores cf 

Gumulus grains througl-. t!J.e pl"'gioclase-cuIDulatss o f t.he l ower 

Pse udo, Footwall and Y:e ~-ensl\ y Units. In the Bastard Unit. by 

,:ontrast, this pat.teT:1. is only developed through the noritic 

rocl'i:s, whi Ie a clear upwa rd decrease in An is ~pparent through 

the Giant Mottled Anorthos ite. 

An-values in the UG-2 :'ind UG-l Units , where only intercumulus 

plagioclase occu ~-s, are widely scattered . In the UG-2. the 

cores of the grains e:·:hibit a vague upward decrease in .!I.n with 

height, A wide range of An-values is apparent in the UGl 

Unit, (see Figure 4.12 >, and no consistent pattern is 

a pparent . The thin c::T"ornitit.e layer which is contained within 

this unit is distincti"le, H.e 5~mDl e be 1 O\'I t:,e chrornitite baS" 

high-An plagioclase , when cornp5red to other intercurnulus 

gl-ains . 'vIhereas th e sa:rople contoining tr,e c:.:romiti te r:ontains 



Figure 4.12 A plot of plagioclase analyses, in terms of An 
mole percent, against a stratigraphic log. 
He r e squares r epresent intercuroulus grains , 
circles cumulus unrestrained grains , and 
triangles cumulus restrained grains. Open 
symbols represent grain margins, and solid 
symbols grain cores. 
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plagioclase which is the most sadie recor ded in t he entire 

succession . 

4.5 Discussion. 

4 . 5.1 Causes and Impli ca tions of Chemical Zoning o:f Feldspar. 

Chemical zonation i n plagioclase has been documented from a 

host of magmatic and metamorphic environments (Smith,1974). 

Three varieties of zoning have been recognized by Smith 

( op. o it ) , namely " normal", " oscillatory" and ·' reversed". The 

origins and genetic significance of zoni ng have been wi dely 

discussed in the literature , and the following f i ve poi nt s 

summarizes the majority of ideas: 

l i ) the simultaneous c r ystallization o f hornb l e:r.de with 

plagioclase leads to the withdrawal of Ca from the melt , which 

lMy result in the formation of oscillatory zoning in 

plagioclase; 

t ii) convection re~ults in the movement of g r owing 

crystals to and from areas of undepleted magma. This may 

bring about anyone of t3e three types of zoning , depending on 

the extent of movement; 

(iii) the imbalanCE which results from diffe;ing rates of 

diffusion of new cOmpOnE:1ts to the growth surface may bring 

about zon i ng , depending on thE: availability and nature of su,::h 

components; 

(iv) zoning may bl:: ·:::>r ought about by diffusion in the 

solid-state , subsequent ~o crystallization; 
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(v) volati Ie lass or pressure changes may lead to the 

depression or elevation of the Ab-An solidus-liquidus loop, 

with concomitant changes in feldspar composition . 

Morse and Nolan(1984-) found An-enriched reversed rims on 

cumulus plagioclase gr.ains in the Kiglapait i ntrusion of 

Labrador . These rims resemble those of this study, although 

the cores o f Bushveld plagioclases are more calcic than those 

of Kiglapait. These authors believe that the reversed rims 

!Tl3.y be explained by the " aug ite-effect", in whi c h a strar,g 

correlation has been found between the CIFV-norrnative An­

partition coe fficient and the Di-content of a basaltic liqUi d 

(Morse, 1979) . They show that by increasing the Di-content of 

a liqUid, plagioclas~ I->'hich becomes inc reasingly Ca-rich, !lt3.Y 

c rystallize. This means that the reversed rims on plagiocla&e 

may be b rought about b y increasing augite components in the 

residual melt. This explant i o n may also be invoked to e:·colaiT! 

the occu:rrence of c alci c rims on cumulus plagioclase in this 

study because, as has been n oted , they resemble late-stage 

overgrowths on cumulus grains and , they occur in rocks where 

intercumulus clinopyroxene is cornmon. The i nt.ercumu 1 us cl i no-

pyroxer,e may have crystallized at roughly the same time, 01-

just after the h i ghly CGl_lcic plagioclase. 

4.5.2 Cryptic Cyclical Variations in Mineral Chemistry 

The main eviden ce for cryptic cycles through the sequence 

comes from variations in the chemistry of orthapyro;·:ene >3nd 

plagioclase, mainly because bGth these mineral phases are 

present: in all the samp~es tt,a.t were analysed . This meant 
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that closely spaced samples were analysed , fr om whi c h va li d 

tl-ends could be described. Olivine chemistry indicates that 

layers containing p rimitive minerals are present at t he base 

o f each unit, which in turn indicates that new primitive 

liquids " .... ere probably in jected into the magma chamber at these 

le ve ls. 

Cbe~ica l cyclicity is best illustrated by variations in the 

Y.g--F.;> ratio o f orthopyr o :·,enes , where in the upper three Un its 

var.iations from :Xg-ric:~ to less magnesian varieties are indi-

.=ated upwar ds t hrough all three of these units. ITlipo~-tantly, 

-:,;be lo ..... 'ermost sample of ·the OVErlying unit again possesses 

pr i rei t i ve Mg-r ich orthopyroxene , These variations cl.csely 

match the lithologically re.cognizable contacts between Units . 

The c yclic ity r eflected by plagioclase chem i stry is sOlD~"'hat 

more Eubtle . He r e an ",Jpl-iard :i ncrease in An content is 

apparent through the three uppermost Un i ts . If Bowe:'l"S 

React i o n Ser·jes i s t:;:ke-n to in.dicate valid fn~.ctionat.ion 

trends , then the variations exhibited by plag ioclase a r e of 

t he opposite SEnse to t~ ose o f orthopyrox ene. T he ;;:ost 

e volved <sad i e} g rains oc,~ur at the bases af Un it s , whe r eas 

lUore calcic ones occur at the top . Furth.:nnor e , it is 

apparent that the lowermost s amp l es in some Units , for 

exa mple the Merens l{y Unit , have plag i oclase compositions whi ch 

are ffiore akin to those o f the underlying Unit. 

Di ff e rences in composition betVlEen cumulus a r,d inter c umulus 

g r ains may be b roug ht about by the ir re spe<:.ti·"e pos i tions in 

t.he cr ystallization seqUEnce , H:.'l ere c u:;:mlus r.,a ins ere earljer 

fractionation product~ and are r':!5ul tant ly :UC!"E c~l;:i.-:. r:!'= 



observation that intercumulus plagioclase is more sodie , and 

occurs- at lower levels in Units . may be explained by thE­

occucence at lov .. levels (in such units) of plagioclase .:,orepo-

n ents which are more typic~l o f underlying units. This aces 

still not explain the upward incl-ease in anorth ite cantent 

thr ough members con taining cumu lus plagioclase . Verma..:lk 

(1976) E-uggests that this fe.a ture can be e:-:plained by the 

flotation of plagioclase. He envisaged tl"l e formation 01 a 

floating plagioclase mat, onto which later-crystallizing 

grains would u nderplate. Early, ca l cic grains would therefore 

be lOGated at the top of the Unit, while later. mm-e sod i e 

gr.3ins -.... o-_lld be found at its bC!se. Eales et al. (in rress) 

suggested that the upwal-d increase resu 1 ts from the mi;~ i ns cf 

new !"!l3.gma magma impulse.s with hy"brid layers. This has tbe 

effec t of shifting the liquid into the primery phase-field of 

?l~gioclase in the Di-Plag-En+4Q system. Others, for ~x~mpl~ 

Ferg~son and Wright (1970) have sugges~ed that the ~Dward 

incY"ease is brought about by by changes in oxygen ft:gacity, 

whi c.h also have the effect of shifttng thE li<;uid i!"lI,O the 

anorthite field . 

The variations which are observed in mineral chemist r y through 

each unit are clearly !Dore comple:-= than t hOSE which might be 

e:-..:pected from the simple fractional crystallization o r bottom 

c rystallizat ion of a single magma batch, as coherent 

fractionation patterns for pyro;.:ene and felds pa r WOl.lld be 

expected. It is li.kely that the obse rved chs:reical di-.rersity 

may also have been brought about by the mi:dng of chemically 

different U _quids, while proc~ss'?s -such as dC'..1ble-diffusivE: 

convect, io!"1 arE! also lik~ly to t,oV8 been contr:butory factors. 



4. 5 , 3. rne Crit ical Zone- Mai n Zo ne Boundar y . 

The e x act position of t he boundar y bet ween t he Mai n and 

Cr itical Zones of the Busbveld Complex i s some what uncerta i n, 

and h a s not been unequivocally def i ned . Th e Giant Mottled 

Anorthosite is gene r ally regarded as the boundary , probably 

o n ly because it is such a good ma.rker hor izon. 

l1ic r oprobe analyses of clm~.ely spaced samples through this 

rnernbe l-, and i1:5 underlying lithologies, reveal that t here is a 

geochemica 1 i ni 1 ect i on through th i s " anorthosi ta" layer and 

that trends which are charcteristic of the lower por tion of 

t:tJe study section become reversed at this level. The dat.a 

which mos't clearly exhibits this c hange_ are the Cr/Al ratlo of 

orthopyrox enes (figure 4 . 7b) and the An content of plagioclase 

<figure 4. 12) , 

Eales et al. (in p r ess) hav e shoy.'n that there is a significant 

s hi ft i n Cr/Al o f orthopyr o xenes at the top of the Upper 

Critical Zone. They give va 1 ues of 0.2 to 0 . 3 £or the 

Cr it i c a l Zone, and 0 to 0.1 for the Main Zone, Clearly , 

therefore the pyroxenes 01 the Giant Mottled anorthoSite are 

more aki n to those of the Main Zone , whi Ie those of the 

r emainde r of the succr:.ss-ion are t y p i cal 01 the Cl- i t i -::al Zone 

lineage . Low Gr /Al ratios arE: also obtained in ha r zbu r git·? 

and peg matoidal py r o:-::enite laye r s, but these 1014 values could 

conceivabl y be ascribed to the presence of" chromite in these 

rocks , h'hich ha.s depleted Cr in t Ile Delt. and bas thereiore 

had the effect of reducir,g this element ~s abundance in or tho-

pyroxene. Xc ~hromi te is preEent in t te Gi~nt Mottled 



Anorthosite , a fact attested to b y lew wbole-roc]~ values ef 

around 140ppro. Another possibility is that nucleation of 

plagioclase has depleted the melt in AI, causing Cr/Al to 

rise. This depletion in A1 is not typical af harzburgite. 

presumably because f eldspar was nat nucleating, and hence 

Cr/ Al is low. 
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CIlAPTER 5 VHOLE-ROCK GEOCHE~ISTRY 

IJhole-rock geochemicC!.l analyses were per-iOl-med by X-r~y 

fluorescence spec trometry on 141 s amples f I-om bor-eboles ,1l. E and 

AF. Trace elements 2n Cu , Ni, Co, Cr , V, Sc, Rb, S r , Yand 

21' , and Na we r e determined on pressed-poI .. der briquettes , while 

rnaj or elements oxides SiD , TiD , Al 0 , Pe 0 , MnO, CaD , K 0 
2 2 2 3 2 ,3 2 

3nd P 0 were deter.mi ned an fused discs. All the eXFerimental 
2 5 

cond i"tions per tinent to each analytical run are SU1!IlT,arized in 

Appendix ,h. I while anhydrous analyses are presented in Table 

5.1 and 3nalyses including H 0 and lass-an-ignition , i n Table 
2 

B in this Appendix. 

The Non--ish and Hutton (1969) fusion method was e!I!ployed fOl--

these analyses. All the samples from bDretlDl~ .'::.E were 

analysed i n duplicate, and t!lDse whose totals range-d bet .... ·een 

99 and 101 weight percent were accepted , whil-: dupli<::at~ p ai r::= 

were cbeckad for cornpa~ibili~y . Total iron was determined as 

Fe 0 and for purposes of G. I . P . W. normative calculations an 
2 3 

Fe 0 /FeO ratio of 0_ 1 Has assumed. This v alue Has chosen , 
2 3 

because tbe I rvine and Ba raga,r (1971> equat ion; 

%Fe 0 = %TiO +1,5 
2 3 2 

yieldEi unrealistically h i gh !=",ercent ages of normative magnetite 

and h€mat ite, wh ich <!iTe not in accor-d with the modes of these 

!'o.::ks, These analyses, toget.:ler with their trace element 

analys .. ~s, are presented in Te.::-le 5 , 1 . 



Table 5.1 Whole- rock analyses for samples from borehole 
AE. These i nclude major elements, without H20-
and LOI , as well as trace elements. 



~ample :xo. 

SiO;;o, 
TiD,. 
.'1.1 ",0 :. 
Fe:.,.O" 
FeD 
MnO 
MgO 
CaD 
N.:l_O 
K;~O 

P"O'c. 
Tc t:ll 

Zn 
C'..l 
lITi 
3c 
Co 

y 

::::.0 
TiD. 
k:". Q, 
Fe .. 0" 
F2Q 
}~~O 

HgD 
CDO 
N~_IJ 

PO" 
To::a 1 

Se. 
Co 
Cr­
V 

Sr 
y 

" :,.0 . 

AE-l 

50 . 08 
O. 10 

28 . 70 
0.22 
2 . 15 
0 . 03 
2.50 

13.20 
2.33 
0 . 25 
0 . 03 

99.59 

20 
16 
46 

6.8 
17 

1.31 
.95 

6.3 
346 
1.6 

10 . 8 
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.. \E-2 

50 . 84 
0 .1 3 

26 . 68 
0 . 27 
2 . 65 
O. 04 
3.42 

13.83 
2 . 13 
0.26 
0 . 06 

100 . 01 

23 
15 
64 

10.2 
21 

229 
64 

'5.13 
32 1 
4 . '5 

13.6 

l;.E-3 

50 . 34 
0 . 07 

28 . 29 
O. 17 
1. 69 
0.03 
2 . '15 

1 4, 15 
2 . 25 
0.20 
0 . 06 

100 . 00 

17 
15 
43 

- a o. _ 
24 

141 
3 4 

2.7 
.35.3 
5.6 
7 . 2 

AE-4 

50.40 
0 . 08 

29,56 
O. 16 
1. 55 
0.03 
1.79 

13 . 91 
2 .24 
0.23 
0 .06 

100.01 

15 
12 
36 

6.0 
12 

106 
29 

4.6 
."::63 
3 .5 
S .9 

AE-5 

50 . 29 
0.10 

2B.92 
O. 17 
1 . 65 
0.03 
1. 58 

14.65 
2 , 29 
0.25 
0 . 06 

99 .99 

15 
12 
32 

7 . 2 
11 
84 
45 

3.7 
353 
5 . 4 

11. 2 

AE-6 

50 . 08 
O. 10 

28 .87 
0.22 
2 . 19 
0.04 
2 . 35 

1.3.56 
2 . 30 
0 .25 
0 . 05 

100.01 

19 
19 
42 

7.6 
15 

114 
38 

2,6 
351 
3.1 
9 . 5 

AE-7 

49.35 
0 . 12 

29 . 12 
0.19 
1. 86 
0 . 03 
2 . 81 

14- . 32 
1.95 
0 . 20 
0 . 05 

100.00 

16 
IS 
5::::~ 

6 . 8 
16 

193 
35 

4.4 
329 
2.7 
8 , 5 

A~-~o=-z9 __ -"~.E- 1~0~ __ A~E~-~1~1 __ ~A~E~-='~2~ __ ~AE-l~3L-~AE-14, ____ .~A£E=-~1~5~ 

50 . :35 
O. 13 

23 . 33 
0.43 
4.25 
0 . 09 
7 .83 

11. 68 
1. 66 
0 . 21 
o ';:J 1 

100.01 

01 
37 

177 
12 . 1 

37 
327 

62 
6.3 
273 
.'3. 7 

12 . 3 

5 1.4 0 
O. 12 

19 . 70 
0.50 
5 . 01 
0 . 11 

11.36 
10.13 

1. 45 
O. 17 
O. l? 

100 . 00 

45 
23 

239 
14.5 

38 
1287 

65 
3.8 
237 
4 . 6 

11. 1 

51. 60 
O. 12 

17.30 
0 , 56 
5 .63 
O. 11 

14.2."3 
9.08 
1. 17 
) . 09 
O. 05 

99 . 99 

45 
20 

314 
15 .7 

56 
18 17 

74 
1.4 
191 
5.4 
5.8 

52 .83 
O. 10 

1:3 .4 0 
0.6? 
6 . 66 
0 .14 

17 .90 
7 . 14 
1. 10 
0 . 06 
O. 00 

COO . OO 

52 
22 

38'1 
19 . 2 

67 
2331 

84 
4.1 
228 
5.8 
8.3 

54.10 
O. :~:6 
7.15 
0 . 6'7 
8 . 60'5 
0 . 20 

23.20 
4.87 
0 . 5/5 
O. oe 
0.05 

100. 02 

76 
33 

553 
27 ,4 

91 
3459 

125 
3.2 

57 
4.5 
9 . 03 

55 . 01 
0 . 25 
6 . 18 
0 . 89 
S.93 
0 . 20 

22,92 
4. 57 
0 . 75 
O . 2~ 

O. (5 
99 . 99 

,:; 0 
102 
6~7 

28. 1 

2717 
12'5 
7.1 

65 
4. 1 

17 . ~ 

5 4. 84 
0 . 21 
5.53 
0 . 95 
9 .47 
0 .21 

2.3 . 40 
3 . 98 
0 . 7.3 
0 , 22 
0 . 1'7 

100 . 01 

77 
239 
871 

26.8 
96 

2878 
125 
4.1 

63 
7 . 2 

18.2 

AE-B 

49.62 
O. 12 

26 .18 
0.32 
3.1?3 
0.06 
5 . 04 

13 . 30 
1. 86 
0 . 22 
0 . 06 

1 00 . 00 

24 
28 

105 
9 . 6 

25 
41 0 

46 
6 . 9 
312 

15 . 2 

4fl.41 
O. 10' 

23 .4 0 
0.56 
5.56 
0 . 08 
7 . 70 

11 ' 14 
1. e 4· 
O . 18 
0 . 04 

100,01 

36 
1676 
4295 
9,3 

93 
971 

4 4 
2.6 
283 
1.8 
8 . 8 



SiO.,~ 

TiD· 
Al .... D" 
Fe;,... 0 

F eD 
!-'inO 
MgO 
CaO 
Na·O 
K"Q 
f'. 0. 
Total 

2n 
Cu 
Iii 
~. 
.':>'~ 

Co 
Cr 
V 
Rb 

y 
z.-
~ -

E:iO 
7iO. 
A1 G. 
?<e .0. 
F-::Q 
:~r,O 

MgD 
C~O 

Na .. O 
K .. ,Q 
p~ 0, .. 
Total 

2n 
Cu 
!Ii 
Sc 
Co 
Cr 
V 
Rb 
~r 

4 9 . 20 
0 , 06 

3 1, 30 
0 , 10 
0.96 
0.01 
l. 08 

14 . 96 
2 . 1 1 
0 . 17 
0 . 05 

100 . 01 

6 
41 
67 

·3 . 6 
9 

102 
15 

3 . 8 
393 
3 . 6 
8,5 

53.97 
0 . 25 
5 . 35 
1. 05 

10.52 
0 . 23 

23 . 66 
3 . 99 
0 . 81 
O. 15 
O. 05 

100 , 03 

9 4 
600 

1151 
27 . 6 

1 13 
435'1 

1 4 6 
5 . 5 

62 
7.3 

15.0 

49 . 2 4 
0 . 0 5 

3 1 . 46 
0 , 0 9 
0,88 
0 . 03 
1 . 06 

14 .73 
2 . 07 
0 , 18 
0 . 06 

100 , 01 

7 
42 
65 

3 , 1 
8 

73 
1< 

5.0 
394 
0 . 9 
6.5 

49 . 10 
0 . 09 

30.42 
O. 16 
1. 64 
0 . 03 
1 . 67 

14.44. 

O. 17 
0 . 06 

100 , 01 

nd 
nd 
nd 
nd 
1 1 
87 
25 

1.0 
4 49 
5 . 1 
7 . 2 

50 , 10 
0 , 08 

27 . 85 
0 . 22 
2 . 19 
0 . 0 4 
3 . 40 

13 . 86 
2 , 03 
0 . 19 
0 . 06 

100 . 02 

14 
GO 

139 
6 . 3 

20 
.'3 67 

29 
4.3 
35.3-
2 . 5 
8.6 

49 . '12 
0,09 

29.56 
O. 16 
1. 61 
0 . 05 
2.08 

14 . 33 
2 . 18 
0 . 17 
0 . 05 

100 , 00 

1 4 
2'3 
39 

5.4 
12 
99 
23 

4 . 1 
444 
3 . 2 
9 . 1 

5(1 , 75 
0 . 08 

26 . 6:-
0 . 23 
2 . 64 
0 . 04-
5 . 00 

12.29 
1. 73 
0.16 
0 . 01 

99 . 93 

23 
54 

166 
3.9 

54 
547 

25 
3 7 . 4 

4 . .2. 

2'?-:,6 
:) . ~ 8 
2..75 
G. ')3 
2.27 

1.3.58 
:".';)7 

O. 19 
0,02 

100,02 

l4 
25 
40 

S.7 
,~ 

.0 

114 
2 7 

4 . 4-
~ 47 
~ , 3 

4·9 . 96 
O. 12 

27 . 55 
0 . 2 4 
2 . . 38 
0 . 05 
4. 06 

12 . 96 
2 . 52 
0 . 17 
0.02 

100 . 03 

21 
48 

133 
8.4 

21 
439 

31 
2 . 3 
350 
l. ,3 
7 . 6 

49 . 52 
0.03 

'31. 21 
0 . 12 
1. 20 
0 . 03 
1. 23 

14 . 14 
2 . 21 
0.20 
0.02 

100 . 0 1 

76 

553 
27 . 1 

91 
3429 

125 
3 . 2 
4 57 
4 . 5 
9.6 

50 . 5 1 
0 . 08 

2 4.4 1 
0 . 3 7 
.'3 . • 56 
0.07 
7 . 04 

11 . 86 
1. 87 
O. 13 
0.01 

100.01 

29 
103 
280 

10.0 
34 

805 
46 

2.0 
.312 
4.45 
7 , 4 

49. '10 
D. 12-

31 . 4-9 
O. 1:2 
1 . :6 
0 . 02 
1. 51 

13 . 9;,l 
, ..,. . 
.l. ' , _ 

0 , 19 
0.01 

100 . 0:' 

35 
4.7 

9 
144 

. -.... . ':l 

4.:::2 
4.0 
9.'5 

5 1. 17 
0 .13 

l7 . 3 } 
0 . 63 
6 , 29 
O. 12 

13 . 36 
9.42 
1. 4:3 
(). 10 
0 , 05 

100 . 0) 

46 
167 
508 

16 . 0 
100 

1639 
31 

3.3 
215 
3 . 6 
7 . 8 

54 . 89 
0.2 4 
5 .42 
0 . 99 
9 . 91 
0 . 22 

23 . 00 
4 . 46 
0 . 63 
0 . 21 
0 . 07 

100 . 04 

8] 
300 

1185 
30.5 

99 
'30.35 

139 
7.0 

62 
8.7 

23 .4 

A E _. 3 2 B'----"A~~:: ... 't~ 

49 . 83 
0 . 09 

28 . 1} 
0 . 20 
2 . 04-
0.04 
3 . 95 

13 . 55 
1 . 96 
O. Ie 
0.06 

100 . 01 

19 
2 1 
31 

7.5 
19 

435 
29 

.3 . 7 
413 
2 . 9 

1 2. 1 

49.'S3 
0 . 07 

29 . 38-
0.17 

0 . 03 
3 . 06 

14.01 
2 . 04 
0 . 17 
0.06 

100 . 00 

1 4 
13 
65 

15.6 
1 4 

.324 
22 

3 . 5 
·HIS 
3 . 5 
6 . 3 



S.sroDle No . .lI E-34 

SiO .. _ 

T i D;;;;. 
A 1 ·..,. 0 ;,. 
Fe~ ... Q.., 

FeD 
MnO 
;.tgO 
CaD 
Na:;.O 

K·"O 
r;'c,Oh 
Total 

Zn 
Cu 
Ni 

Co 
Cr 
v 
Rb 

y 

SiO ~ 
T!.O 
Al .l' O~, 

Fe. 0;., 
FeO 
::-~;,O 

!ligD 
CaD 
N<l.~O 

K"D 
P :.,O ... , 
Total 

Zrl 
Cu 
w., 
8c 

V 
Rb 
~,r 

y 

Zr 

51.37 
O. 12 

21.94 
0 , 40 
4 ,04 
0 . 09 
9 , 3 1 

10·. 9 1 
1. 62 
O. 16 
0,05 

09 . 96 

29 
20 

210 
13.1 

40 
1050 

.3,4 
::l15 
6 . 6 

_3 . '.7 

49,34 
0 . 09 

27 . 98 
C' . 24· 
2.4.3 
i) . ')6 

4 . 24 
1.3 . 3 4 

2 . 0e 
O. 16 
0.05 

100 . 0 1 

26 
65 

279 
nd 
25 

4. 5 

1.5 

AE-35 

48 . 93 
0 . 10 

30 . 70 
O. 12 
1. 2 4 
0 . 03 
1. 53 

1 4. 93 
2 , 16 
0 . 20 
0 . 0.3 

100 . 02 

9 
19 
33 

6 . 4 
9 

37 
20 

2.0 
456 
4.8 
6 . 3 

48 . 90 
0 . 06 

31. 45 
0 . 11 
1. 11 
0 . 03 
1. 4 1 

14 . 64 
2.09 
0 . 15 
0 . 05 

100 . 00 

.g 

18 

4 . 9 
8 

597 
17 

4.3 
4 50 
2 . ,5 

A,:;' -3G AE-37 

50 . 90 50 . 08 
0 . 10 0 . 08 

2 1 . 62 24 . 35 
0 . 4 2 0 . 3 4 
4. 21 3 . 37 
0,09 0 . 08 

10 . 01 '1.oa 
1 0 . 86 12 . 18 

1. 60 1. 55 
0,140.13 
0 . 05 0 . 05 

100 . 00 100 . 01 

32 25 
21 22 

237 189 
12.2 9.7 

42 33 
1141 348 

49 136 
4 . 6 :2 . 4 
3 17 346 
4 . 7 1.5 
9 . 1 6 . I) 

48. S7 
0 . 06 

31,92 
0 , 09 
0 . 8-8 
0 . 03 
0 . 95 

14 . 9 1 
2 . ()8 
O. 16 
0 . 05 

100 , 00 

7 
18 
29 

4. 9 
7 

57.'3 
16 

3 .4 
459 
4 . 7 
1.': 

.~ 0 1; .... _. --
0 . 0'7 

30 .35 
(I . 15 
1. 49 

2 . 21 
1 4. 32 

2. 05 
O. 1 4 
0 . 05 

1()0 . 01 

12 
19 
55 

5 . 6 
12 

5e8 
20 

~ . :3 
435 
1 ... 3 
F ~J 
.' • oJ 

:\E-38 

50 . 92 
O. 10 

16 . 59 
0 . 59 
5 . 92 
O. 16 

15 . 61 
8 . 6 1 
1. 33 
O. 13 
0 . 05 

100 . 01 

45 
49 

369 
16 . 8 

58 
1975 

67 
4 . 3 
213 
2 . 9 
5 . 6 

AE-45 

49 . 36 
0 , 06 

30 . 91 
0, J2 
1 . 15 
0 . 03 
1. 62 

14 . 50 
2 . 05 
0 ,15 
0 . 05 

100 , 00 

11 
13 
42 

5. -1 
9 

600 
19 

1 . 0 
4 43 
5 .. "3 
5.6 

51.5 1 
0 , 14 

11 .'1 3 
0 . 77 
'7 . 69 
0 , 16 

19 . 92 
6 , 64 
1,28 
0, 11 
0,06 

100 , 01 

54 
130 
760 

17 . 5 
81 

3006 
8~1 

0.7 
157 
5.5 
8 . 3 

49 . 64 
0.06 

29 . 62 
0 . 15 
1. 52 
O. (}3 
2 . 66 

14 . 03 
::::.03 
O. 16 
0 . 05 

100 . 00 

13 
19 
1':.6 

5 . 7 
~4 

21 
2.7 

44. 22 
0, J3 
4- . 10 

12. 4 8 
0 . 22 

32,78 
4 . (14 

0 . 55 
O. II 
0 . 1)3 

100 . 1)2 

nd 
nd 
nd 
nd 

160 
158:3 

58 
1.6 
60 

5 . 0 
11. 4 

49 . 26 
0 . 06 

29 .7 1 
0 . 16 
1. 61 
0 . 04 
2 . 69 

14.27 
1. 99 
O . 16 
0 . 05 

100.00 

14 
2,3 
63 

6 . 1 
14 

603 
21 

3 . 6 
430 
0 . 8 
P . t: 

42 . 87 
O. 17 
5 . 35 

0 . 22 
33.76 

3 . 20 
o ';Q 

0 . 17 
O. 05 

100.00 

08 
52 

1500 
8.7 
168 

408.: 
S~ 

1.6 
02 

I). '7' 

o 1 u . _ 

/,? . e.4 
0.06 

29 . 2'1 
0 . 2'1 
2.26 
0.00 

:3 . 97 
1. 7(5 
0 . 19 
0 . 05 

l,)O . Ol 

23 
71 

245 
4.0 

26 
1180 

22 
4, 0 
44.'5 

'1.6 



Sample No.AE-48g 

S i D:;;. 
TiD:.! 
Al_ .0 \ 
Fe..;.D .. , 
FeD 
!·fnO 
MgO 
CaD 
Na.O 

P •.. D.,.. 
Tota l 

Cu 
1\~ " 

Sc 
Co 
Cr 
II 

i3iD . 
TiO~, 

A1"O.,. 
Fe ... :O ~ 
FeO 

NZO 
CaO 
~a ... O 
K .. O 
F,.O",. 
Total 

21, 
eu 
!'Ii 
Sc 
Co 
Cr 
V 
Rb 

v 

4 :3 . 36 
0. 08 
5 . 72 
1. 39 

13.86 
0 . 23 

30 .22 
2 . 71 
2.34 
0.09 
0.02 

1 00.02 

84 
719 

3 413 
8 . 4 
le2 

4434 
56 

0.0 
76 

2 . 9 
"7 . 0 

AE-56-

54.79 
0.25 
4 . 7S 
1. 04 

10 . 35 
0 . 23 

23 . 04 
4 . 51 
0 .86 
O. 11 
0 . 05 

100 . 01 

30 
2 1 

590 
28 . 5 

96 
3743 

145 
2 . 3 

66 
7 . 7 

, 4. 1 

AE-49 

5 4.53 
0.16 
6 . 27 
0 . 91 
9 . 10 
0 . 20 

23 .49 
4 . 4 2 
0 . 77 
0 .10 
0 . 0 5 

100 . 00 

79 ,,7 
566 

2 4.3 
90 

3561 
l~'O 

l . 1 
3::1 

4.3 
6 . 5 

P.E-58 

54 . 78 
0 . 22 
5. 11 
1. O! 

10. 13 
0 . 21 

23 . 7 4 
3 . 90 
0 . 63 
0.16 
0 . 05 

99 . 9 9 

81 
2 4 

55'1 
29 . 0 

9 4 
4506 

1 4 9 
5 .4 

69 
6 .7 

1 ~.!. 2 

53.88 
0.20 
5.77 
0 . 95 
9 .45 
0 . 21 

2 3.34 
3 . 67 
2 . 18 
0 . 26 
0.03 

55019 
0 . 26 
5 .57 
0 . 95 
953 
0 . 21 

22 . 76 
4 .49 
0 . 7 8 
0 . 22 
0 . 05 

55.07 
0.27 
4.8 3 
1. 02 

10. 16 
0 . 22 

23 .69 
3 .56 
0 .81 
0 . 32 

100 . 03 100. 01 
0 . 06 

100 . 01 

74 
.34 

550 
26 .4 

90 
3324 

129 
9.5 

3 . 8 
14.3 

:::·4 . 20 
0 . 23 
5 . 06 
1. 07 

10.15'7 

23 . 59 
4. 09 
0 . 68 
0 . 11 
0 . 06 

75 
34 

545 
27 . 1'3 

91 
3427 

2.(12 
8.5 

75 
4.7 

2i).7 

55.51 
0.22 
4 . ,39 
1.01 

10.09 
0 . 22 

23 . 35 
3,59 
0 , 68 
0 . 27 
0 . 07 

82 
:35 

556 
28 .8 

93 
3596 

143 

11. " 
61 

5 . 6 
26 . 3 

55 . 13 
0 . 23 
4.97 
·}. 01 

~O . 14 
0 . 21 

23 . .36 
3 . 91 
0.71 

99 . 99 100.00 

0.27 
O. 06 

100 . 00 

82 
24 

565 
.30 . 2 

96 
6000(+) 

206 
4 "-

63 
4.7 

13.1 

82 
25 

550 
23 .7 

95 
6000( +) 

1<8 
11. 5 

59 
7.4 

26.08 

80 
20 

550 
29 .0 

93-
3270 

153 
7.6 

60 
I .. 9 

20 . 6 

5 4. 1.3 
0 . 23 
(5 . 17 
0 . 96 
9 . 56 
0 . 23 

22.93 
4.79 
0 . 75 
0 . 14-
0, U! 

100.01 

77 
63 

573 
29.0 

90 
452J. 

138 
3 . 9 

74 
3 . 3 

16.8 

54 . 64 
0,.33 
4 . 19 
1. 06 

10. 59 
0,23 

24 . 23 
3.95 
0 . 52 
0.21 
0.05 

100 . 00 

Q" --> 
19 

570 
24 . t) 

95 
3252 

16: 
5. 8 
Ii~ 

5 . 1 
25 . '3 

5 1. 97 
0 . 29 
6.67 
1. 09 

10 . 92 
0 . 22 

24 . 13 
3 . 99 
0.60 
0.08 
(.1 . 05 

100.01 

49 . 55 
0.20 
5 . 1::-
1. 22 

12 . 23 
0 . 24 

27 . 15 
3 . 59 
0 . 52 
('1 . 09 
0 . 0 6 

100 . 00 

95 0;.4-
42 21 

810 1091 
26 . 7 20 .5 

1 05 126 
6000 ( .L ) 0('00 (.q 

220 155 
1.7 5.':1 

78 j58 
40 . 2 2,::; 
9 . 3 :.J~.5 

5 4· . 23 
0 . 17 
5.45 
1. 02 

10 . 19 
0 . 22 

24.21 
3.'76 
0 . 65 
O. (,6 
0 . 05 

100. 01 

81 
20 

559 
23.9 

98 
32·30 

16:3 
5 . .1 

59 
7 .4 

2 7 . 2 

54.45 
O. 17 

1. 01 
10.09 

0 . 21 
24.13 

3 . 73 
0 . 64 
0,07 
0 . 05 

100.03 

78 
17 

552 
:23.0 

07 
~ 02 

::58 
0 . 0 
69 

5 . 3 



S~;no1e No. AE-fj5 AE-66 AE- 67 A AE-67B AE-68 AE-MRl 

SiD 51.50 4-9.24 49.19 50.52 49.35 47. 10 
TiO~. 0.23 0 . 05 0 . 05 0.06 0.05 O. 12 
."LO 6.79 31.95 32.00 27 . 43 3J . 83 10. 12 
Fe .. 0. , 1. 09 0.08 0 . 07 0.23 0.08 1.06 
FeD 10 . 85 f) . 80 0.70 2.29 0.81 10.62 
Y.nO 0.25 0 . 03 0 . 03 0.04 0.03 O. 19 
JI~gO 22. ~51 0 . 98 0 . 75 4.33 0.77 2 4.21 
C.!O 3.97 14 . 48 14 . 80 13 . 24 14.56 5 . 65 
Na;.O 0 . 76 2 11 2 . 15 1. 63 2.24 0.67 
'{.,O 0 . 06 O. 18 O. 17 O. 19 0.24 0 . 21 
P 0 . . 0.00 O . 0'3 O. 05 0.05 0.05 0.05 
Tot;:}l 100.01 99 . £I . ., 09 . 99 100 . 01 100.01 100.00 

Z :1 12.3 6 8 11 5 82 
Cu 16 11 10 11 16 42 
Ni 573 37 17 92 J2 1291 
;"3~ 29.2 ~.5 5 . 0 8.2 3.7 9 . 9 
Co 108 6 5 18 5 123 
Cr 6000{+) 599 :393 718 53 2430 
V 443 '7 13 35 11 54 
:;:b 14 . 8 2.7 3.3 5 . 0 5.5 5.6 
E"!- at; 4'56 463 384 463 15t) 
Y 0.0 5 4 1.2 4.7 3 . 2 1.5 
Zr 6.5 6.8 3.2 6.7 4.7 8.13 



Figure 5.1 Va riation diagrams in which major element 
concentrat ions are plotted against MgO. 
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4.1.1 Variation Diagrams 

Binary plots of ~~j or element oxides against some index o f 

fractio n ation have been widely used ( Cox et al. , 1981) in the 

interpretation of chenical data of igneO'L1S rocl .. s . Although 

they are roore appli c o:'!.ble to v olcani c roel .. su ites, where whole 

rock analyses can be directly corr-elated , ... ith liquid 

compos! t!ons , they se rva the purpose o f displaying t he , ... ide 

cbemical vari a ti ons Qf the p lutoni c rocks of the study area In 

addition, they give some indication of the modal mineral 

species whi c h controlled the distribution of the different 

e leroents . 

In the variation diagrams presented in Figure 5.1, MgD is 

employed as the abscissa because it has been widely used as an 

iude:.:: of fr.:..cti onati o~, and because it has an e:dremely wide 

range in l-OC!iS of trle study section ( from 0 . 75 weight p ercent 

in anorthosites --:'0 35 ·,.;ei ght percent in harzburgite) . With 

the exception 01 ~ 0 a~d P 0 . . 1 ra't.lona_, near-linear 
2 2 5 

variations e :--:ist be tween other oxides and MgO . Th:'s ne~r-

l i nearity i5 best deL.::::ed in the Al D 
2 3 

Fe 0 , MnO, CaD and 
2 3 

Na 0 diagr ams , where cata for anorthos i tes, narites, rnela -
2 

norites and pyrm-:enitc:: plot along a straight line . 

Harzburgit8s . ho ... · .. ever, lie off this line . I i1 the Si02 and 

TiD diagro.!Js the linearity is rest ri cted to plagioc l ase-
2 

cumulates , -,;hil e pyrw:~ E:n it es deiine a second, discord3nt 

linear tren":. T:le va:-iation diag r am for K a shows a 
2 

relatively · .. :ide scatto:!"" of c.ata . HOYIever , one fea ture whi ch 

is noticeat.~e :,. thi :: jib-graI!! , is the higrJer concer,tration of 

K 0 in so~ ?yrc zenit~ samp:es. 
2 

A similar p~ak in P 0 

'" 5 
concent rat ~=~s :.~ pyr:~enites ia also e v ide~~. 

'13 



Interpretation of these diagrams is complicated by the fact 

tha t t h e whole- r ock analyses cannot be correlated with 

ori ginal liquid compositions . This means that the concepts of 

"mixing lines" and " liqu i d-lines-of-descent" , cannot be us?d 

in the i nterpr etation of the variati on diagrams. In the 

majority of cases , the rational variations which can be 

observed merely r epresent ..... ariations in the modal proportions 

of plagioclase, pyro~ene and olivine fI-Oro sample to sample. 

The only possible exceptions are P 0 and K 0, 
252 

as these 

oxides are effectiVely incompatible in the .structures of the 

above-mentioned mineral spE1cies. This explains theil- low 

corlcent rations. occurrence of higher values in some 

pyroxenites suggests that these rocks contain actual accur.lUl -

ations of late-stage liouids. 

5.1.2 Variations with Strat i graphic Height . 

In figure 5.2, whole-rock major element concentrations are 

plotted against the borerlo le log. It is clear fro~ these 

diagrams that a number of discrete layers c~n be recognized 

through which element cO:1centrations vary systematically. 

They are suggest i ve of the existence of cyclic units , but as 

Eales et al. (in press,a) point out, are not proof o f 

cycl 1'~ity , because the variations are brought about by chaYJgoes 

in the modal mineralogy cf the layer ( lmit). 

Where the ba·se of a uni't. is a py roxenite (fo; eX".mple the 

Bastard Unit) SiO decreases upwa r ds througr. that unit , 
2 

represent i ng an i nGrease i n lToodzll plD.g i DC la~E: over pyr oxene. 

'11, 



Figure 5,2 Variations in major element oxide levels through 
the stratigraphic c olumn, 
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'Where the b3se is cnromitite, or an olivi n e-bearing layer ( lor 

example the Merensky Unit) the r e is an initial increase in 

SiO upwa r ds, representing an increase in modal pyro~ene, and 
2 

a decrease in modal ol ivine and/or chromite, Similarly upwa rd 

inc r eases in Al 0 , 
2 3 

CaD and Na 0 , 
2 

and dec r eases in Fe 0 
2 3 

MnO 

and MgD are brought a,bout by an increase in modal plagiocl ase 

over pyroxene. In non-chromite bearing r ocks, TiD levels 
2 

decrease upwa r ds in sympathy wi th decreasing moda l pyro~ene . 

However TiD - em-ich:rnent is evident where chrornite is 
2 

abundant . Variati ons in K D are haphazard , but , as noted in 
2 

the prev i ous E·ectj on , maximu m concentrations of this eleJ!lent 

occur in pyro:v:eni te layers, often near the bases of units . 

5 .1. 3 Normative Data 

C . I. P. 'W. weight percent norms ';/ere calc;..llated fOl- all sample$> 

froJD anhydrous <L. O. 1- ~nd H 0 free ) ma j or element data using 
2 

a fortran program available on open-file on ;:he Cyber ]':lain 

frame computEl- at Rhodes University, This program is based on 

the method of Kelsey (2965). The I-esul tant norms are listed 

in Table 5 . 2, 

All the rocks of the study section have normative feldspar 

fAn+Ab+Qr ) and hypersthene (Hy En+HyFs), while a large number 

have s mall percentages of normative diops i de <D iEn+ DiFs+D iWo ) . 

Normative olivine is restrictEd to the ultramafic rocks , while 

all those wi th no normative olivine have nor:na.tive quartz. 

Ac cessory normative constitue nts (less than 5 weight per cent ) 

2i_ re apat i te, illllErJite, corundum and magnetit,=" 

In :figure 5 . .'3: the n :::l s-c.i'.'e variations of thE ::-.:ain narlT13t1ve 

'1'5 



Table 5.2 G.J.P.II. weight percent norms for samples from 
borehole AE. The normative mineral codes al-e; 

Ap - apatite En - enstatite 
Il ilmenite Fs - ferrosilite 
Dr - orthoclase 110 - wollastonite 
An anorthite Hy - hypersthene 
Ab - albite Q - quartz 
C - corundum Fo - forsterite 
Mt - magnetite Fa fayalite 
Di - diopside MgNo is the magnesium number. 
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Figure 5.3 Variations in normative constituents. In (a ) 
the relative variations of the four ~~jor 
normative constituents are presented. In (b) 
variations in the level of Sr in normative 
plagioclase are shown. 
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constituents, namely olivine . hypersthene, diopside and feld-

spar , are plotted against a s tratigraphic column. Vari.;lti ons 

exhibited in this diagram compare favourably with thaee of the 

mode, ·.."i th i!t fe,,_ e xceptions. These include the occu~-~-ence of 

normative olivine in the Basta!-d poiltilitie pyroxenite ~nd t he 

M€rensky poikilitic pyroxenite, not matched in the mode, 3nd 

the relative amount of norma.t i ve clinopyroxene (dicpsi..:ie) 

which is greate r in the norm than in the made. Severa.l 

fell.tur~s of this diagram a1""<:> worth noting. First, the nonn-

a"tive feldspar content of the. XereTJslty Reef is higher than its 

overlying poikilitic pyroxenite. Second, normative diopside 

decre~ses upwards in the Bastard, Me.re'lsky ~nd Foot·..",:; 11 UnitE, 

Third, the normative feldspar Gontent of the norite of the 

Lower Pseudo Unit is high when compar ed to other ,1orite 

layers , and finally, the UG-2 ~nd UG-l units show little 

v~ri !itioD . These. point.s will be used in la·"<;-r argl:n:e!"!ts. 

5 . .2 Trace Elements. 

Trace element analyses ot 141 samples are li::-"ted in Tables 5 .1 
, 

( for borehole AE) and 5.3 (for boreholes AF , AW, AX and .0.2), 

I-Ih11e the experimental conditi ons for each se:t of de:ter-

mina.tions are summar ized in Appendix B. Variation diagrams in 

wh ieh indi v idual trace E le:rnent concentrat ions (i n parts pEr 

million) a re plotted against MgO (in weight percent) are 

p l-esented in figure 5 . 4, while variatiGns in trace e:ement 

levels wi th stratigraphic height are depicted in plots against 

bore hole logs in figu r e 5.5 . For convETlienc-? of di-=<:.ussion, 

the elements have "been grouped into f i·Je g r c·;?s , noDely Ni, 

Cu , Co - the "cnalo:..op!·d l ",," E;}e::l~nts; Cr a "E:;.:nel-o:..c:":"!patible" 



Table 5 . 3 Trace element analyses for boreholes AF, AW, AX 
and AZ . 



Tl!.B1..E 5,3 TRACE ELEMENT AN ALYSES 

~ample N~D~.~A~F~-~1 __ ~A~F_-~2~~A~F~-~3 __ ~A~F~-~', __ ~.~~F~-~5 __ ~A~F~-~6~ __ ~A~F=-~7 __ -2A~F~--~8~ __ ~ALF~-~8~b~~~F-9 
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66 
6 . 5 
306 
3.3 

1 7 .3 

.-,0 

328 
924 
5 . 5 

25 
1~'5 

18 
4 . 1 
5.?G 
4.6 
4.3 

.1.2 
21 
:: ,) 

5 . 3 

" 30 

2 . 9 
liC·5 
1 . 4 
5.5 

4' 
15 

215 
15 .5 

48 
1207 

69 
1.3 
243 
3 . 9 

10.8 

15 
60 

~16 

6 . 8 
13 

2 0 1:' 
2 1 

2 .0 
376 
1 . 6 
4 . 7 

18 

48 
'l . l 

13 
124 

2 7 
3 . 0 
444 
1.9 
7.2 

:;a"mlg_~To . AF-32 AF-33 AF-3 4 AF-35 AF-36 AF- 37 AF-38 AF-39 AF-I'~ (~ AF-41 
Ele!nent 
Zn 
Cu 

Sc 
Co 
':r 
V 

Rb 

.{ 

10 
13 
30 

6.7 
7 

97 
nd 

3 . 0 
453 
2 . 5 
7 . 0 

19 
20 
g o 

.J 

5 . 8 
15 

454 
22 

5 . 1 
416 

23 

1 07 
5.9 

nd 
nd 
nd 

3 . 7 
-4 06 
1.7 
15 .0 

41 
134'1 
4 006 

7.4 
96 

1238 
46 

4 . 8 
316 
4 .4 

12.5 

35 
1075 
2t:S4 
10 . 4 

71 
1144 

54 
.'3 . 7 
240 
6.3 

J,f.l . O 

:0 
24,,5 
653 
6.4 

16 
1 06 
:6 

6.7 
457 
3.2 
7 . l 

38 
22 

1'53 
11. 6 

':3 
9 08 

46 
4 . 1 
3'55 
6.3 
7.1 

30 
19 

174 
10.5 

838 
40 

2 . 6 
209 
2.7 
7. 6 

27 
20 

1 0. l 

(:,g I) 

37 
1.'5 
2 47 
3. ~ 

5 S 
:32 

.3 7f3 
17.1 

64 
2007 

74 
1.9 
208 

!J . e 



Sample No. AF-4 2 AF-43 AF- 44 AF-45 AF- 46 AF-47 A AF- 4 7B AF-40'3 .<\ F-49 ,1F-·.?O 
Element 
Zn 
Cu 
!a 
Sc 
Co 
Cr 
V 

"b c ._ 
~. 

y 

67 
97 

958 
16,6 

97 
7310 

110 
2,9 
154 
5 . 0 
9 . 7 

74 
17 

1590 
9.5 
147 

1097 
39 

1.6 
67 

2 . 1 
3 . 9 

122 
32 

2002 
9.0 
143 
712 

48 
13 . 1 

63 
3 . 4 

12 . 6 

66 
14 
32 

7 . 0 
10 

26 4 
19 

2 . 8 
446 
2 . 1 
5.0 

12 
10 
30 

7.4 
8 

452 
21 

3.1 
452 
6. 0 
6 . 9 

10 
11 
22 

7 . 0 
15 

539 
23 

2.7 
465 
3 , 6 

11. 6 

23 
13 
60 

7.8 
14 

390 
23 

1.5 
482 
1 . 5 
5 . 7 

16 
11 
65 

8 . 4 
15 

407 
2 4 
nd 

422 
3 . 1 
7 . 3 

13 
10 
92 

9 . 1 
'19 

52:3 
27 

1.9 
405 
2 . 8 
5 . 9 

23 
14 

2.07 
9 . ,5 

20 
553 

29 
1.0 
395 

6 . 9 

~a:nDle No . AF-Sl AF-52 A?,-53A AF-53B AF -5 4 AF-56 AF-57 AF-58 AF-59 A!C-6Q 
Element 

Be 

Cr 
v 

y 

16 
18 

105 
9.6 

22 
589 

20 
2.8 
401 
2 . 4 
5 .7 

17 
19 

102 
9 . 5 

21 
577 

28 
3.0 
1,.00 

21. 8 
5 . 5 

19 
48 

1 14 
lO . 1 

19 
568 

28 
~ld 

nd 
3 . 6 

106 
959 

3293 
20,0 

155 
6000 

204 
'1.6 
114 
nd 
nd 

109 
671 

3760 
S.7 
182 

6000 
190 
2.7 

78 
1.4 
4 . 2 

52 
43 

590 
27,6 

93 
34.31 

137 
9,3 

57 
'7 , 1 

22 . 2 

78 
31 

5 40 
26 . 7 

94 
331 
126 
6.2 

75 
4. 1 

11. 4 

80 
30 

55? 
27.1 

96 
372 
146 

11. 5 
65 

8 .4 
22 . 3 

87 
30 

580 
28.9 

91 
3446 

139 
13 . 6 

61 
7 . 0 

29.0 

71 
23 

804 
26.4 

l07 
6141 

13-3 
.'3" 0 

85 
4.4-

17 . 1 

'?~!'.ml"f_JLo. AF-61 AP-62 AF-63 AF-64 AF-65 AF-66 AF-6'1 AF-68 r~F~59_P~ .. :E:.:T?~ 

c.:-
" ,. 

v 

Zr 

61 
32 

1004 
25.5 

120 
3717 

118 
13 . 3 

51 
9.3 

30 . 7 

':"~:nole 1(0 . AF-'1:3 

z "' 
.--.. ' ).. 

Co 

y 
" .-

22 
16 
30 

4.9 
9 

651 4 
78 

3.1 
458 
1.2 

nd 

94 
2!:· 

600 
,3 0 .0 

101 
4702 

1 !3-2 
9.9 

7 . 9 
·33 . 5 

A 'yJ-1 

88 
753 

14t.0 
43 . 5 

147 
3440 

162 
1 . I; 

4·3 
12,0 
10. '7 

62 
24 

G<J6 
31. 0 

100 
6900 

167 
3 .5 

57 
5.5 

18 , 6 

22 
635 

30,6 
108 

6000 
270 
3 , 4 

63 
5 .6 

12.3 

83 
18 

602 
12 . 9 

96 
3595 

124 
4,4 

68 
6.8 

15 . 9 

74-
2 0 

548 
2'1.6 

96 
3572 

157 
9 . 5 

58 
6 ' .. 

21. 2 

79 
18 

54·0 
27 ,4 

95 
3355 

141 
3.1 

61 
4 . 8 

14.7 

87 
2 2 

573 
23.3 

99 
:3481 

141 
4 . 9 

61 
5.6 

16 .5 

A 'W-=2_----"A'-'\�cc-"'.3L-~.,,~ '!!.J=-"4_---"A,,\I,,-,,5'---~A,,.!!.\I=-"'6'_____'A,,\I,,-=_7'_ 

116 
27 

603 
3 1. 1 

89 
3.'32 4 

11 8 
1.8 
75 

10 .5 
11. 5 

65 
19 

522 
33 ,3 

89 
.'3124 

109 
0 . 4 
117 
15.8 
5.2 

82 
14 

5f58 
26 .5 

9 4 
3.'302 

120 
3 .2 

68 
6.7 

15.5 

8-9 
20 

623 
29 . 1 

96 
3593 

139 
2.4-

71 
9.9 
e . o 

87 
15 

582 
27.9 

96 
5371 

2.55 
4 . 2 
60 

.'3 . 7 
11. 7 

80 
25 

638 
25 . 5 

9 4 
6178 

1,37 
nd 
82 

5. 1 
6 .1 

52 
2.0 
.'3 0 

.(3 . 1 
27 

6 t) OO 
225 
3.9 
437 
2 . 9 
?,4 

A';l-8 

100 
44 

794 
29.0 

11)1 
ryr;.: 05 

":'::6 
7. 4 

54 
'5.1-

1c".6 

1 9 

'31 
6,3 
;~d 

TId 
nd 

2 . 9 
443 
0 . 8 
0 . 9 

_4.'J-g 

83 
22 

l099 
18.2 

4C.64 
nd 

1.4-
86 

4 . 9 
5 . 9 



lb ct 

Sample ~o. AIi-10 AX-1 AX-2 AX-3 U - 4 AX-5 AX-6 AX-7 AX -9 .'\2-3 

Elenent 
2n 384 130 23 93 98 87 77 86 85 7t 
CU 69 125 63 31 30 nd U~ 21 26 101 
Ni 4068 867 632 557 563 499 547 623 132 1 804 
Sc 21. 2 35.8 28.5 29.1 29.2 27.5 26.4 27.9 16. 7 26 . '( 
Co 124 108 97 99 95 96 93 94 147 1.01 
Cr 6G74 3411 3391 3201 3231 3532 5934 5863 3922 366 '7 
V 117 161 138 144 137 143 144 147 91 12'7 
Rb 1.4 4.2 2.4 6 . 1 4.1 5.6 2 .. 3 8.:3 0.2 4. 4 
S1' 70 41 67 59 38 48 7 ·1 57 57 6::: 
y 2.G 8,4 32.0 7 . 2 nd 8,9 5 . 1 6.7 6.9 5.1 
Zl- 7.9 11,8 22 . 8 19 .1 8. 4 20,1 8 . 6 29 .1 10.5 9 . £ 

Sample No. A2-2 .0\2-.3 AZ-4 AZ- 5 A2-6 .4.2-9 ,\2-10 
!!lernen't. 
Zn 85 77 80 90 83 88 102 
Cu 26 22 21 28 31 2 4 66 
Ni 573 528 542 588 603 1152 1338 
Sc 25.9 27.4 27 . 4 29.8 28.6 19.4 19.9 
Co 92 !.02 94 94 99 133 130 
Cr 3460 3327 3506 362 4 6300 6000 4634 
V 113 134 128 nd 190 108 109 
~b 1.6 4.9 .3.6 6, 1 4,9 5 .3 2.4 
8 1- 82 83 59 54 48 56 57 
Y 3 .8 7.8 3 . 1 7.9 8.3 6.6 5.7 
?r 5.2 l!. " :1. 5 23.7 11. 7 12.7 7 . 2 



element, S r - a p l a gioc lase compatible" element; V. Sc , Zn -

"pyroxene-compatible" elements; and Rb . Zr , Y - the 

"incompat ibl e " elements. 

The r ecent treatment of trace element behaviour in magmatic 

systems is based largely on the concept of distribution 

coe fficients (Cox et 0.1 ., 1981). This concept leans heavil y 

o n the Henry··s law .5ssumption (see Atkins, 1979 , p . 2l3) that 

~t 1m ... concentrations , the following relati onship holds: 
A 

Di = cone of i in cr ystal/ cone i in liquid 

Where D A is a constant . known as the distribution coefficient 
i 

of elemen t i in crystal A, Numerous determinations of 

distribut i o n coefficients of elements in co~~on sili c ate 

phases have been .m3de on natural and synthetic systems. Some 

published distribution coef fici ent data are summa::-ized in 

Table 5 .4 , 

5 , 2 . 1 Nickel, Coppel- and Coball., 

These elements have beEn grouped together beca~se of thei r 

H~:<ll documented dual c~alcophilic-lithDph ilic behav iOl..l r in 

magmatic systems, !''!aclean and Sh imi zaki (1976) inve stigated 

1~he distribut ion of these elements between s ilicate and 

sulph ide me lt s . Thei r obse rva tions t ha t the r elative chalco-

phile affinity decreases in the o rder Ni > Cu > Co > Fe > Zn. 

are confi rmed to a larg~ degree by the analyses pre~e nt8d 

here , 

Distri bution coefficients for Cu in silicate minerals are 
2+ 

genera l l y low (see table 5 ,4 ), This means that Cu ions in 

the melt wi1l be e;-;cledr:d from crystal1i2inE: silicate prlose s. 

'1'/ 



In most instances this element will be prefe ren tially 

concentrated in any immi sc ible sulphide droplets in the 

silicate melt, This fact is cOTtfil~med in both the vari3tion 

diag r am (figure 5,4) and the st ratigr a phic plot, where higher 

eu concentrat i o ns are found for samples known to canta~n 

sulph ide, In ather samples , Cu concentratio n are low, 

generally less than 50ppm , 

Nickel diSpl.3.ys a more complex geochemical behavio',Jr, f o r 

apart from its affinity for sulphides , it m..,;y also st.lbstit'l.lte 

readily into olivine ar,d less readily into orthopYl-a:-::ene (.see 

Table 5.4), nh~_ variation d:agram , figure 5 ,4c, indic.ates 

t hat good linear correlation exists bet',..een MgO and Ni, but 

that a small number of samples plot above , but nevel~ below, 

t his linear trend, The carrBlation with MgO is indic<!lti'.'€ of 

Ni substituting into ferrorna gnesian silicate . 1 TIl lnera_s, wbi i f!.' 

the higher va lues indicate the pl-esence of sulphide in the '3e 

s ample, This feature has beEon noted by Nalcrett et a1. (l9g6) 

and Seoon and de Klerk (in press) at Rustenburg and Union 

Section of R.P,J.L The latte r authors suggest that Eulphid~ 

control on Ni concentrations becomes ev ident when Ni exceeds 

1800 ppm in },arzburgite, and 700-800 ppm in pyroxenite, 

olivine and sulphide do nat cont rol Ni, this element is seen 

to decline rapidly upvards through any un i t , and although 

distribution coeffi cients in excess of unity are quoted for Ni 

in orthopyroxene (see Table 5 . 4), microprobe analyses of this 

mineral (see previous chapte r ) yield low Ni concentration~ 

<generolly less tha n 0,1 weight perGen~ ) , 

VaT'iati ons in who l.e-ror:}~ coba l t r:oncen-::ratioT.2. are e'Jident in 



the variation diagram <figure 5 , 4d ) and stratigraphie column 

( figure 5, 5c). The former diagram shows that a good linear 

con-elati o n e:-: i sts between Co and MgO , whi c h i ndicat es that i t 

sub s titutes r ead ily into s ili cate mine rals. Lowest Co \lal ues 

occur in an orthos ites, but concentrations inc r ease 

successively in nori te, pyroxeni tes and har~burgites . The 

higher Co values in harzbur gite indicate that this element l1l.3.y 

be pre f erentially incorporated within ol iv ine . The occur rence 

o f d;,.ta points .;tbove the linear trend in Figure 5.4d , may 

indicate that sulphides contain o nly minor proportions of this 

element. This is confi r med in Figure 5.5c , 'rl'here maximum 

concentrati ons of Cu and Ni correspond with those of Co , b'ut , 

enrichment f actors of Ni and. Cu are signif i cantly greater tha" 

for Co , The opposi te, however , is not a 1 ways true , that is , 

samples with high Cu concentrations do not al h'ays have corrES-

pond ing high Co concent rat ions. This could represent 

di fference_s in the campGsi t i ans of sul phides , and dif terences 

in the cho lcophile affinity of ,::opper and cob~lt. 

To summa r ize . the stratigraphic column rr~y be divided int o 

three regions in terms o f the relative conce~~rations of Ni , 

Co and Cu : those regions where sulphic-=-s are present . 

'dhi ch are l-epresented by higher ooncentratior, s of all trJree 

eleme n ts . o r of on ly Ni and Cu . (i 1) O l iv i ne-~earing horizons, 

where high Ni and Co values are recorded. and (iii) regions 

whe re Ni, Co and Cu levels are 10\>(, and wh ole rock values are 

apparently controlled by the relative abundar. ·:e of o rt ho-

pyroxene, whi ch may incerporate low levels 0:: a l l three 

elements, and plagioclase, wh. i c~ effectively s: :-:cludE~ theTI! . 

Regions (i) o.nd (ii) no_; be co inciden+, . 
. pa 



Figure 5 . 4 Var ait i on diagr ams of trace elements , plotted 
against MgO. 
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Figure 5.5 Variations in trace e l ement levels through 
boreholes AE and AF. 
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5.2.2 Vanadium , Scandium and Zinc 

These three elements display similar distribution patterns 

th r ough the study sections, This is clearly evident in 

figures 5.4f.h and a . and 5 . 5e , d and k respectively . 

. 1I.cearding to the distribution coefficient data in Table 5.4 , 

vanadium is incompatible with respect to olivine and 

plagioclase, while it is -favourably partitioned into clino-

pyroxene and spinel. This behaviour is Hell illustrated in 

both the variation diagram and the stratigraphic log. A 

linear correlation wit.h MgO is evident for anorthosites , 

nori tes and pyro~:eni tes, which reflects the parti tionlng of 

vanadium into increasing !nodal proportions of orthopyroX8!le . 

Those points .... 'hich lie above the straight line represent 

chromi te-bearing py;oxeni tes, whi le olivine-bearing sa11!ples 

plot below the line. The higher levels of whole-rack 

vanadium , brought about by the presence of chromite, is also 

evident froIl! the stratigraphic log, where maxima in vanadium 

concentrations can be seen to c orrespond with the 

stratigraphic positions of chromitite 13yers. The upV"ard 

decrease in V <::ontent throug h uoit s c orres p on ds to an 11pl-.'a r-d 

decrease in moda I pyr oxene. 

Scandium concentrations through the study section va,ry from 

a r ound 3pprn for anorthosites to around 30ppm for pyroxenite::; , 

while all other roelt types e:-:hibit intermediate 

<;oncentraticns. These relative variations indicate that the 

behaviour o i this element is well accounted :or by the 

distribution ~oefficients quoted in Table 5.4. ThE-5e date 

30 



indicate that Sc 1:5 most likely to be incorporated into the 

c rystal lattices of orthopyr o xene and clinopyroxene, while it 

shou ld be e xcluded ft-om olivine, plag i oc las e a nd s pine l. The 

variation di.~graro (figure 5 . 4h) confirms this , as py r o xene-

bearing r- ocks plot on a st r aight line, while olivine-bear-ing 

r eeNS plot below i't .- I n the st ratigraphi c colu:mn , Sc C'onc en-

tra t i ons decrease L:pwa rds th r ough " complete" un its. 

representing an increase in modal plagioclase over pyroxene , 

Where olivine-be", r ing rock forms the base of !Such a unit, for 

I?:-:anple t ne Nerensl .. y ur, i t , an initial upwards increase is 

e nc~ounte r ed . 

Vi t h the exception of some oliv i ne-beari ng hori:;;ans in bore-

ho l e AF, all the sa,rep les analysed fO!- zinc yielded value::; 

t)2 I ow 100 ppm . ZL'! c :!evels appeaT to vary systematically 

within each "compll:: t e" unit ( figure 5 . 5k) wi t h hi8h':!st values 

b o::ing recorc.ed at ·the base of each unit , follO\'I"ed by a 

systemat i c decreas!:: upwards . Further more, t. he variation 

diagram (ii gur e 5.4a) reveals a good linear relati o nship 

bF.!tl"een Zn ,,-nd 1I:gO . These factors indicate t:l.:!.t 

element's dist r ibution is controlled by silicat. e phases , but 

thE) pos sible inclw5i o n of Zn within sulphide must be 

conside r ed . Liebenberg (1970) investigated th e sulp~ide 

speci es present in the Compl e :{ , a nd reported t ~at Zn in 

magmatic environments has a limi ted cbalcoph i le affinity , a nd 

that although minor ophale ritic inclusions occur in cha l co-

pyr ite and cubanite , the element gene rally 't<:o:,aves lit:ba-

philicall y . Dist r ibut i on coefficients (Ta ble 5 .4 ) ind i c ate 

t hat z inc would be incorporated most r eadily HitnirJ o livine , 

and to a lEsser exte!l~: in orthopy r o x ene, but t hat :t would be 



excluded by plagioclase . 

in figures 5 . 4k and 5.5a. 

This behaviour is clearly confirmed 

The partitioning of V,Se and Zn is the refore controlled to a 

large degree by the crystallization of pyroxene, whereas 

vanadium may be locally concentrated in ch t-amite-bear ing 

members , and zinc in olivine-bearing layers. Systemati c 

v:lrlations are cle.arly related to the modal abundance of 

pyroxene in each sample. 

5.2 . 3 Chromi um 

Chromium concentl-a t ions of rocks in the study sectiD-!1 are both 

high and variable, ranging from percentage l.avel concen­

trations in chromi ·te-bearing pyroxenites to aro\md 100 ppm in 

anorthosi tea . The variation diagl-arc (figure 5 . 4e) shows "that 

a linear correlation exists between MgO and Cr, particularly 

for rocks "~ontaining cumulus plagioclase, and cumul;Js plagio-

clase and orthopyro::-:ene. Furthermor e , Cr variations through 

the stratigraphic column (figure 5.5f) show t!':!.at a rapid 

depletion is displ,~yed uph'ards through a comDlete u::.it, where­

as high levels are maintained thro ughout the UG-2 and UG-l 

units. 1t is clear therefore that high Cr levels are brought 

about by the presence of chroroite , while where this mineral is 

absent , whole rock concentrations are controlled by the modal 

proport ion of pyroxene in the rocks. Dist r ibution coeff-

icients for silicate minerals (table 5.4) indicate that this 

element could be incorporated within both 01i-.,1ne a",d 

pyroxene . The occurrence o f lower Cr levels (1000 !;pm) in 

harzburgite samples, suggests that pyroxene is the z:..ain phase 

into which Cr is s ubstituted . .Mi croprobe a:-.alys€:s fsee 
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Chapter 4 ) confirm this suggestion. 

5.2.4 StI~ ontiurn 

Distrir-utioTl coefficients for this element in common silicate 

phases have been determined by a number of workers (see table 

5.4) . All of these show emphat i ca lly that stroT,tium is in-

compa tible in ferroIDagnes ian s ilicates but that it is st rongly 

comp~t i ble in plagiot::lase. Th i s behaviour is clearl y 

discernible in the str~tigra?hic col umn in fi gu re 5 . 5j where 

Sr levels can be seen to increase upwards through complete 

cyclic '-ln tt s, whi c h are charac terized by an upward inc rease in 

modal plagioclase. In Figure 5. 4g a negative linear 

correlation is evident betwee:n MgD and S r. Close r obsi2 r v~tion 

of this d i agram revea l _s that a number of con verging 1 i nea r 

t r ends ~ re discernible . E~ch of these trends corresponds to a 

dii' f e re nt Unit, "'hi eh c-cnta i ns cumulus plagiccl as€' -bea rir:: g 

r ocks . The Mg- ri ch r ock types , namely pyro~:enite and 

harzburgite are clustered t og~ther , wit.h no apparent 

differences !-ecogn izable for rocks from the differe!'!t un i ts . 

These s eparate trends f o r plagioclase cumulates have iT!lpo r tan t 

genetic impl i cations , which will be disc ussed in the final 

chapter. 

5.2.5 Zirconium , Yttriu n and Rubidiuw. 

These elements may be ':'e fine c. as i ncompatible , because they 

have distribution coeii icients Hhi c h are conSiderably smaller 

than unity for all the ~ineral phases represented in the study 

SEction. This me ans tr,at d-c:;ing crystall i z"tion they wi1: be 

1.: ;. 



e xcluded from lattices of c rystallizing minerals and enr:!.cf.ed 

in the residual liquid. This process will continue until the 

final liquid has crystallized , with the result that the 

mineral or r ock that crystallized last will contain the 

highest concent ration of incompatible elements. 

Incomp.3tible element concentrations in these rocks are low 

(zi rconium ranging from 3 to 3 5 ppm , yttrium from ° to 10 , .!).nd 

-rubidi urn from 0 to 15 ppm). Variation diagrams, in which 

these elements are plotted .:.gain5t MgO ( figure 5 . 4i-l~) show a 

wide sCatter of data points in \ih1ch no defini to: trends ar<; 

discernible . A common feature of all three! diagrams is the 

occurr~nce of maximum concentrations of incompati ble elements 

in pyroxel1i tes. Variations i .... i th stl-atigraphic height (f i gure 

5.5g-i) show also that the data are widely scattered, however, 

it is also clear t:t:at maximum concentrations for all t bree 

elements oCCur in the same samples , and that these maxima 

occur at low stratigraphic levels in c omplete units. The 

occurrence of maximum incompatible trace-element 

concentrations in roc ks which contain mafic ferromagnesian 

minerals, would appear to be an enigma. However, these rocks 

do contain greater intercurnulus space than those wi th cumulus 

plagioclase , and it would appear that it was in this intel~­

cumulus space that the final, incompatible element-enriched 

liquid crysta lli zed. 

5 . 3 Trace Element Variat ions Through the UG-2 Foikilitic 

Pyroxen i te . 

Samples vlere taken at c losely spaced ( approzimately 1 metre) 

intervals through thQ poikilitic pyro~enite laye r of the UG-2 



Figure 5.6 Trace element varaitions through the poikilitic 
pyroxenite of the UG - 2 Unit . Symbols for the 
five boreholes are ; AE- solid t riangles , 
AF- solid squares, AIJ- open circles , 
AX- solid circles . and AZ- open triangles. 
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Unit in five wi del y s eparated bor eholes. The r ationale of the 

excerc ise wa s to invest igat e latera l trace element v;:Tiat ions 

in a s ingle layer . This part-i ou lar layer was chosen becaus.: 

it is fairly homogeneous, because it contains only a few thi n 

ch romi t ite layers . and because it is not affected by pothole 

st r uctures . The layer is underlain by the UG-2 leader 

c hromi tite and overlain by the olivine-bearing pegmatoidal 

pyro=---eni t _e /harzburgi te of" the Lower Pseudo Reef. Apar t from 

the presenc e o f scattered cumulus olivine grains in the basal 

part s of the layer . it is a fairly homogeneous poikilitic 

bronzitite with intercumulus p lagioclase. 

Selected trace elements ""ere <!:nalysed arld their concentratior.s. 

through a generali z ed log are presented in fi g ure 5 . G. The 

fairly tightly constrained distribution patterns o f py roxene­

compatible elements such as Ni, Co. Sc and Cl- refle .: t th~ 

cumulus nature of orthopyroxene . whereas increases in Ni a nd 

Co and a de c rease in Sc ·at the base of the layer , refle<: t t he 

p resen c e o f cumulus olivine . An increase in Cr near the base 

reflects the influence of chroml te close to the UG-2 l eader 

c.hromitite. Corresponding inc reases in Ni. Cu and Co at the 

top of the layer pOSSibly r eilect the influence o£ sulphides 

associated with the Lo ..... er Pseudo Reef. The extremely 

irregular distribution of Sr values through the layer reflect 

the intercunmlus nature o f p lagioc las e and its- irregular 

distribution. Zr leve ls also e x hibit a fairly irregular 

distribution. which is in accord with its incompatible nature, 

but it i s noticea ble th~t rna:-:i:n1.lm concent r ations of thi s 

el8ment occur at low ]",-;e18 c:: the layer in ot least fo u r o f 

the bor eholes . 



Figure 5.7 Variations of selec ted trace element ratios 
through the UG-2 pokilitic pyroxenite. The 
symbols are the same as for figure 5.6. 
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Figure 5.8 Plan-diagrams of Aroandelbult showing averaged 
Ni /Se and Co/Se values for the UG-2 
poikilitic pyroxenite in each 
boreholes. These values only 
which do not contain olivine , 
metal sulphides. 

of five 
reflect samples 
chromite, or base 
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I n an attempt to ove r come the modal influence on whole-rock 

ooncentrations, selected inter-element r atios were calculated 

and platted against the st r atigr aphic log (Figure 5.7'> . In 

these diagrams, the modal affects of olivine , chromite and 

sulphides c:~nnot be entirely elimin."ted , but it is apparent 

that fairly constant values are JDaintained in the centl";:l.l 

portions of the layer, \..,.here petrographic observations have 

shown that the above mentioned mineral species are absent. ]n 

order t o test whether different levels of these ratios ~. :-e 

a,pparent in each borehole, the v3lues of c entrally located 

samples in each borehole hlere averaged , and these values 

plotted on a lease-area plan in figure 5.8. This diag ram s ho ws 

that a decrease in Ni / Sc and Cr/ Sc occur from the sout!n,'€st to 

the TI o r 'thea s t, wbich i s suggestive of a fractionation trEnd in 

this direction. The obvious failure of these diagrams is 

pauc ity o f sufficient data points from which to drahl more 

definite conclusior,s. This t r end is in a ccord with the obser-

vat ions of Eales et al. ( in p ress b) who found that rocl~s at 

Union Section are more primitive in nature than their 

equivalents at Aroandelbult. This is taken to mean that Uni o n 

is more pro:dmally, and Amandelbult more distally situated 

with respect to a feeder zone . 

5.4 Discussion. 

5.4 . 1 Compatible Elements - Evidence for Cyclicity. 

I t i s cle~ r ly ~pp~ rent from the preceding sections that the 

modal mineralogy of tbese rocks controls the distribution of 

compatible elements to s uc h a deg :-ee t::-Iat cy·:.lical '"ariat.:ons 
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in their concent rat ions cannot be taken as prima facie 

evidence f o r the existence of repetitive cycles of 

crystallization or fract iona tion. Eales et a1. (in press), 

have investi gated the geochem i oal parameters whi c h may be used 

to define such cyc les , particul arly as to where the bases and 

tops of such un i ts shou ld be placed. They conclude that 

c y c les may be defined by either (a) some par amete r that is 

constant in each cycle, b ut different in successive cycles , or 

(b) a parameter that evolves progressively from some primitive 

in itia l value in each cycle , displaying a saw-too t .!! pattern 

through the succession . 

..since element c oncentrati o ns · are modally controlled , r::\ t ios af 

selected elements, based on thei r occur r ence in one phase . a:ld 

virtual exc l us i on from athers, should be used ir •. stead 0 1-

absolute values . as these ratios should be independent of 

modal c entra l . If these ratios show a pl~o8 ressive cha.nge troT:! 

some pri:::!litive value thr ough th;: sequence, this will 

c.onstit'Ute evidence f or the consa ngu i nity of the sequenc:e . .4 

geochemical discontinuity would indi c ate a lithological 

hiatus. 

In figure 5 . 9 there is e videnc e of both types o f cycles 3·S 

defined in (a) and Cb) above. 

" the S r / Al 0 ratio, where 
2 3 

In column (a) of this diagram, 

Ai 0 
2 3 

= Al 0 r ock - l( MgO in rock/MgO in pyroxene) x Al 0 
2 3 2 3 

in pyro;·:ene] 

(afte r Eales et al ., in press,a) i s plotted agains t the str a t -

igraphic column, th is para mete r is seen to ha'l8 a fairly 

constant value for each u nit, but d if fers f r om on e unit to 

another, in tbe ma r.ner of (a) above . These data group'=-
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Figure 5.9 Geochemical variations through the succession 

which indicate cyclicity. 

* 
In (a ), the 

Sr/Al 0 ratio is designed to 
2 3 

eliminate the presence of Al in pyroxene (see 

text for details) , so that the ratio indicates 

variations in plagioclase components. In (b) and (c) 

variations reflect changes in pyr oxene compone nts . 
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cor~espond closely with the l ithologica l ly r ecognizable units 

sepa r ated by the defined contacts bet ween units (the dashed 

l ines in figure 5 . 9) , However , a cO!!l1llon feature is tha.t tl.e 

r ",tio for the lowest sample in each 1-mit corresponds more 

closely with the value of the underlying unit , than with that 

o f otber samples in the unit wit h in. which it is contained . 

This pattern has proved to be almos t ide n tical to that 

described Eales et aI, (in press, CI) for the same suC"cessior,.s 

at Union and Rustenberg sectio!"lS of R . F . }t . 

cyclicity is exhibited in figure 5.3b r where the concentrati on 

of Sr in nOTJ!l.3.tive feldspa r is plotted against a str.s.tigrap!1ic 

column. 

Cyclicit.y in the Amandelbult ::-ection is also evidenced ty 

ratios of pyroxene-compatible elements. In columns (b) and 

(c) of figure 5 . 9 , Ni/Sc and Cr / V rat.io e:-:hibit a saw-teoth 

pattern, in the manner of (0) above. The rationale for using 

Ni /Sc and Cr/V ratios exists in the distribution coeffic: e nt.s 

relevant to pyrox ene, being Ni > Be and Cr ) V. Accordingl y. 

these ratios may be e xpected to decreBse with fractionation , 

or with increased proport i ons of residual liquid in the rocks 

concerned . Rocks containing Eoxcess Ni and Cr, by vi r tue of 

their containing sulphides and lor chromite , Gan be recognized 

f r om variation dia.grams such as f" i gu r es 5.4c and , and these 

samples were excluded from the plot in figure 5 . 9 . The 

cyclicity is most promi nently displayed in the " complete" 

FootHall , Me r ensky and Bastard units, but is not a·s clea!-ly 

discern! b l e in the " incomplete" Pseudo and "beheaded" UG -2 and 

UG-l uni "ts, 

Furthe:r <::vic~nce fer <:.y<:.J.jclty is alEC disy.::'a yed i n fi K~:e 



Figure 5.10 A plot of MgD against Sr for the Footwall, 
Merensky and Bastard Units, which shows that a 
unique linear trend can be defined for norite 
and anorthosite rocks of each Unit. 
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5. 10 .... '~ere analyses of rocks irom the three " complete" units 

have been plotted on 3 Sr versus MgD variation diagram. Each 

unit plcots 0:1 a dif:ferent linear tre!l.d , and linear regressions 

through each g roup h~ve different slopes and intercepts. Th;~ ••• _0 

m'ust strongly f5vour a sugge~,tion that each of these units 

represents.=. diffen;nt population of CU!r.ul-.::s plagioclase 

g r ains, differing subtly in their composition . Furthermore . 

following the str-a.t:igraphic s 'uccession, whi c!: is suggesti'h:!' c':: 

an evolutio~ary change ir-om c~e unit to the ~ext, The f~ct 

t hat these str.:iiS!1t Lnes conver-ge at high ~~gO val ues is 

indicative t!:at the ba,:es of eac:: unit reFrese nt geoche:ti ,:al::r 

unit in fig ures 5.9~ and c . 

The lithol08ica1 

CYClES ccrrespolld e;·;actly -::'0 those of 

pyro:·:ene-conpcnents w;-,i2.e plagicclase-compo:.=nts define cycl-=':: 

A T,umber of authors, i!v: l ud ing P.ender:.on ~lo;,i5-8), Lee 098·'3) 

and Ca·,..;thOl-n and XcCar-t:,:..' (1985) hi'ive '-,sed ::'r:ccmpatible ele-

:nent cor.centratioTls in c)!Uulate rocks to ce>:ulate the 



this liquid crystallized. 

The distributions o f :<20, P205 , Rb i Zr and Y through the 

succession , <fi gure s 5 .2i and j , 5,58 , hand i,) indica te t hat 

the highest concent rati ons of the elements occur in 

pyroxenites at or near the bases of uni t s, This poses a 

p r oblem, as fi gures 5 . 9b and c c l ea r ly indicate upwa r d 

fractionation trends through eac h u ni t , on the g rounds of 

which the r esidual liquid would have been e xpec ted to 

crystallize at the top of the unit, It must be borne in mind 

however , that higher incompatible element concentrations 

probably occur in ro,:::-':s · .... hi,::b conta ined the g reatest amount of 

intercumulus space, Bec~use ol-thopyrox:enes fO!"'l!1 a less 

effective close-packed st r-ucture, tha n plagioclase_ was 

p r obably in poikilitic ?yroxenites that the last residual 

liqUid was accommodated, The quest i on whi ch thero::.fa r e arises 

is, does this incompati~le-enriched fluid repr esent the last 

vestiges of the unit h'it~in wh ich it is cor,tained, or did this 

fluid originate from t he un it below? 

Consideration of figu re 5 , 9a strongly supports the latter 

possi b i 1 i ty , a s the feldspar components of the lowest sample 

in each unit coromonly correspond to those of the unde l-lying 

unit, and i t is together wit h these f~ldspar components , now 

represented as intercuffiulus plagioclase, tha1: incompatible 

elements are conceTltra ted. Th is situation is reminiscent of 

the " infiltrati on metasQ:!latism" model a f Irvine (1 98003.), but 

it differs in O DE ve r y i::lport c. nt respe c t na:7.e ly , that the 

compositions of cumulus :::r. i ne r als in the lOH>:r layers do not 

appear to bave been afi 0::-: ted by react i on ...,< th the i nter-

cumulus liquid , to any E:-eat degree , One ca~e in which such a 



react i o n may have occurr ed is in the Bastard Unit, whE'~·e the 

MMF r at i o o f orthopyr-oxene. (see c hapter 4 , fi gu re 4, 63) at the 

lower level s o f t he reef increases upwards, in a r everse trend 

to that evident in tne remainder of the success i o n. Kerr a nd 

Tai': (1985) h ave l-ecently documented experiments i n I>lhich pore 

!-luid be tl"een cumulus g r ains may be convec tively e:-:c~anged 

wi t h an ove r lying mag~ reservoir. The effects of ~uch 

e:v:cha n ge could be considerable , par ticularly ii residual 

l iquids could bemoved by this convective process, as their 

final crystal li zation pDsition could then be entirely Y"andom 

within a given Unit . 

A second pcssibility i s '!:hat t!1e incompatible ele~ents were 

oY"igina l ly concentrated at tlle top of the underlying unit , and 

that as a result of melting o f · t h is (feldsp.:=.t.hi c) layt? r , 

induced by the i!"tflo·1'f' of C!I. new hot \lltr~IDC!l.fic liquid , they 

becol!l'=! i ncD r por ated i nto t.:be new liquid . 

elements ",ere then proba:)ly inhibited from risi ng, by newly 

c rystallized roc1:s cOTlte-ining c umulus plagioclase . Thi~ could 

~ lso explain the occur:;ence of more sorlie plagiocL~_se at t he 

base of such Uni ts . 



CHAPTBR e DISC1JSSIOJl 

6.1 Introduction 

This chapter consists of three parts. In the first. , some 

recent ideas on, and models for the formation of layel'o?d 

corople)(es , part i c ulaI'ly the layered r oelts of the Bushveld 

Complex, are considered . In tbe .second section, the fa,:;.tual 

data recorded in the :?re.cedi~8 chapters ~Te eV,3.1uated in terms 

of these models . and in the t~ird . a genetic model is 

developed, which atte:npts to e ::-:p la in the Ol-iglns of ~ost of 

the featul-es recorded i:-, €.5.r!ier chapters. 

S 1:-:: existing models are summar-ized here in order to emphasize 

the oiversity of ideas concern in g the origins of layered 

igneous rocl~s, These aTe considered sepe rate l y below. 

6.2.1 The Wager and E-rown (1968) Hodel 

W:=;.ger , Brown and 'Wadswort"2 (960) dev.::loped 't;:e " c'!..:l'::mlus 

theory" to explain the layering present in igneous ~ntrusion.s 

such as Skaergaard . The y postulated that crystals ·";QuId 

nucleate and grcH Hit h in a magmatic liquid u :"lt i l dc· .... nwar-d 

gravi tational forces .::.cting upon thO:;l!l exceed vp\..;arc bouyB,ncy 

forces exe r- ted by the ~agma and they would t~en se~~le through 

the magma under the influence of gravity and ''''QuId '::;8 

deposit '2:d on the Ghan;cer floOT as sedirnent-l~::':e deI=csits. 

Sorting prcces.se s l',tOu l d be controlled by den~i ty a::-, :1 size 

fluctuations , and wO'..lld res-c:;; in the format:.-=n of :ayel' s. 

This theory Has appl ied. by .... E;gEr and Brown ':' 9 68) . -;0 accou nt 



for layering in the Bushveld Complex as well. 

For the Bushveld, they visualized the existence of two signif ­

ica ntly cliffe_rent stages , n~mely an "integration" and a 

"differentiation" stage. They suggested , also , that a very 

large volume of basaltic magma was injected into the crust , 

but that this did not occur as a single event. Rather, the 

ma8~a filled four interconnected chambers during a number o f 

discrete pulses of magma injection. 

During their integration stage, b r onzite and Ng-olivin8 were 

tbe main mineral phases to crystallize . These der.se grains 

sett led through the resi dua l magma to form the pyroxenite and 

dunite layers of the Basal Series ('thei r terminology) . 

Although c rystal settling was regarded as be ing the dominant 

process reponsi ble f or 'Ch,? for~,tion of such layer::;:, a minor 

role is ascr-ibed to convection currents in tt,e magJna as well. 

Later, Cr-spinel became an important liquidus phase, and it 

c rystallized as great SWaths which settled pE'riodically to 

f orm the chromi ti tes of the Critical Series. Upwards through 

the accumulat ing crystal pile, olivines and pyro:{E-nes were 

becoming increasingly Fe-rich, and plagioclase more sadie. 

These trends are complicated by ocoasional fluctuations in 

cumulus compositions, which were brought about by periodic 

flood i ng of the chamber , .... i th fresh suppl ies of parenta 1 magma. 

These fresh pulses mixed with the residues of previous 

in f luxes. They visualized that towards the close of the 

integration stage, a major replenishment of fresh ~gma ""d5 

introdUC8d. This new liq'Jicl mized with the pre-e:dsting 

residue, and led to the formati on of an imlDiE-:cible su lphide 
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liquid from which platinoid and sulphide minerals 

crystallized. The sulphide crystallized together with chromite 

and bronzite, to form the Merensky Reef horizon. The 

turbulence of this mixing Event led to the formation of 

channel and scour structures, which brought about the 

tormation of potholes. The integration stage was therefore 

characterized by tectonic instability . 

Their differentiation stage , by contrast, I .. as characteriz ed. by 

relative tectonic stability, in which c rypti c layering 

developed in preference to rhythmic layering . Here O1- tho-

pyro::ene, clinopyrm-:ene and plagiocla.se crystallized. to form 

the weak rhythmi c layering observed in the Main Zone . _0.. 

return to strong rhythmic layering is envisaged in the Upper 

Zone, where dense Fe-1"ich o:ddes and Fe-ric;' olivine beSi:l.n to 

crystallize. 'w'agel- and Brown therefore view the layered !"ock:s 

of the B ... ~shveld Complex as the p roduct oi the complete 

fractional crysta llizat i o n of a single parental magma, w~ich 

has intruded as a number of pulses into the magma c hamber. 

They extend this fractional c rystallization process to include 

the granophyric roof roc:l'i:S as Hell. 

6.2.2 Irvine~s <198Gb) Kadel 

Following the crystal settling hypotheses of 'Jager and Bro'rm 

(l968~, a number of workers presented evidence that 

plagioclase vlQuld be less dense than its parental liguid, and 

that it would float rather than settle through basaltic 

liquids. Foremost a.mongst thE-sE workers wer€:: Canpoe-ll (19'78) , 

\-Iho found such 8videnCE in t1".e J imberlana in-.!"usioT, o f lJestel'n 

Australia. N'cBil"n-:y ar,d l~oye s (1979) HQrldng o n Sk,i,=r g aar': and 

84 



Campbell et al. (1973) who provided experimental evidence to 

suppor t this view. In l1ght of this , Irvine (l9.'30b) explO!~ed 

possible mechanisrcs whereby the mechanical aspects of magmatic 

currents could bring about the deposition of low-density 

mineral s at or r~ear the floors of such intrusions. Two of his 

p r oposed mechanisms, namely densit y currents , and double 

diffusive convection are worthy of more detailed 

consideration . 

Density currents, Irvine postulated , are formed when liquids 

with suspended crystals move down the side walls of an 

intrusion in the form of a surge. \;1hen such surges contain 

only mafic minerals , coarser crystals would advance 

pl'eierentially by virtue of their grea"ter momentum and would 

be enril:.hed in the le-wer fringes of the flo· ...... This fri nse 

... ;auld be cDDtinuo"".Jsly left behind along tne floor ~s tne sur,!;"e 

passed over it, ".ith t:he c.oar5er crys.tals being concentrated 

along tbe bottc]!!. Piner c r ystals 1-1Quld be enriched at the to"!) 

rear of the surge, from where they would be transferred to the 

top of the trailing lay~r. Tne resulting trail1ng layer · ..... ould 

therefore be graded in terms of grain size. If t:he surgo:; 

contained both plagioclase and mafic minerals, there would be. 

little tendency for the plagioclase to be enriched at its 

head , because of its 10\';e r density. Consequently . plagioclase 

wou ld concentrate behind the head of the surge and mafic 

minerals at its head. Mafic minerals "IQuld then be deposited 

at the base of the trailing layer and plagioclase at the top. 

Consequently a mineral-graded layer wculd b~ produced. :Ile 

plagioclase, depGsit8d at the top of ::l":e layer, would be 

trapped by the overlying magma and c01!:d not float up warc"S 
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th rough it. 

The second mechanism considered by Irvine ( 195Gb) was that of 

layer formation by bottom c rystall ization, whi c h invokes the 

theory o f double-diffusive convect i on. Th is process involv8E 

bo th heat and mass t r ansfe r b y a mechanism of coupled 

diffusion and convection . There are generally two 

ma nifestat.ions of t.he process , the so-called "f i nger" and 

"diffusive" cases. The latte r is appl ieahle .... ·!1ere a bigh-

temperature :uagmatic liqu i d underlies a less dense, lO I"er--

tempe r atur e liquid of dU'ferent compos ition. These liquids 

become gra v i tat ionally st r-at i fied a ·s ho r izontal laye l-5, each 

of which cor,tain :1u:::erous, highly irregi..ilar convection cells. 

The re is a step-wise upward decl-ease in de nsi ty from one l~ye!"" 

to the nex t, ... lith s i:;nilar steps in composition and 

temperature . The interface:: (boundary layers ) betl'Jeen the 

l aye rs nave finite "t!J.ic!,nesses, and the liquid within tbem is 

static , while rapid heat but less rapid ehe~ica l t ransfer 

occurs through them by diffusion. This d ifi·.;sion results from 

steep t emperature a:1d compos i tion gradients tret ween individual 

layers . Tbe ~oundary layers a re mainta ine d because heat 

diffusivity through t he liquid exceeds chemi ca l diffusivity. 

As a result., the upwa r d !novement of h e at caUEes a reduction in 

the density of the liqUid above each bou ndary layer. This 

causes gravi t ational instabili ty which driv€:s convection . 

Three zones can be di s tingu i shed in such in trusion s. At the 

base a zone of bottom crystallization occurs. wher e the 

liquidus temperature pro f ile of the magma i ~~ersects the 

adiabatic t empera t ur e pr o file . In thE: ce n t r al port i o n s of the 

chamber, a zone of strong liqu i d blend:ng G,:':.;,:rs , 'ethere th€ 

fresh primitive lI!bg!::a mi;.:es ',...,ith the c:e r ly:':-.g residual ;:l5..gJ:!la. 
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In the upper portions of the intrusion , the residual m~groa may 

be contaminated through inte l-actions with roof rocks, In the 

zone of bottom crysta11ization olivine and chromite would be 

the first minerals to crystallize as a reeult o f their higher 

liquidus temperatures, but with continued heat loss and 

c hemical transfer upwards, the lit{uidus tempera ture grad ient s 

could be shifted so that pyroxenes and p l agioclase could also 

c rystallize, while ch rornite and olivine would cease to do SQ, 

In this way each layer 'Would yield a separat e . modally graded 

layer, and by this process of bottom crystallization 

plagioclase would not float through its parental liquid . 

6,2 , 3 Vermaak - s (1976) Medel 

Vermaak invest,igated the Her-ensky reef and i-.::s enclosing units 

in th.= Western lobe of the Bushveld Complex . suggested 

that the lm..;er parts of the Cr i tica l Zon e , which is composed 

o f thick i.somodal pyro:·:eni tes, interspersed 'di th chro!ni ti t8 

layers, c rystallized from an ultrabasic magma, Essential to 

h i s model, however, is the repeate_d flataticn of plagioclase 

in t he evalved melt residue o f this crystallization event, to 

temperature- , density- and cornpositian- inversions, The 

floating plagioclase would form a mat, ,.,.hi eh would have grown 

by underplat i n g of later c rystallized grains, This would 

effectively account for the upward An-en ri,:;,h!!l€:nt trend 

documented for anorthos ites in these rocks , Furthermore, the 

presence of this mat ";QuId greatl y affect the- cont inued 

evolution of the mag~ b~low it, If the mat formed an 

effectiv~ trap. volatiles would be trapped in the magma, which 

would lead to a lo"ler ing of its viscosi t y an':: b ring about the 

97 



rapid growth of ferrcmagnesi an phases . Rapid crystallization , 

Vermaak postulated, would lead to the aggregation of 

ferroroagnesi a n minerals to f or m "boul der-like" masses, and 

wou ld c reate an "ac idifi cation trend" in the residual magma. 

Superimposed on this would be a " basif i cation trend" c r eated 

by the removal of plagioclase through fl otation. Bct!1 t:!-Jese 

t rends would be manifested in the che mistry of the boulders, 

as these would have !!'.alic rims , and altered cent r es , in 

~ddition to which olivine and quartz could be found as co­

existing phases within them. 

In the Boulde r Bed at Rustenburg, the boulders a re postulated 

to have froze n before they coalesced, whereas at Union S~ction 

they coalesced to fOl-m -che Pseudo reef. At both 10c31ities 

their coa lescence reeul ted in the formation of the }ferensky 

reef. Vermaak c1~ims ~ hat the outlines of such boulders can 

be seen in weathen?d out- c rops of 11erensky reef. 

To explain the finer details of the );ferensky reef horizons, 

Ver~aak suggests that just prior to its deposition, the floor 

af "the Comple x · ..... as tect o nically readjusted . This caused 

turbulence and erosion of the pre-existing c rystalline pile, 

as well as assimilation of country r acks. The former led to 

the formation of pothole st ructures while the latter brought 

about the crystallization of ch r am ite, either by increasing 

oxygen fugacity (Cameron and Desborough. 1969) or by 

increasing the s ilica activity o f the magma, in the manner 

desc ribed by Irvine (1975). This chromite settled to form the 

lower l1erensky ch r Dmi t i te. The r emeva 1 of Fe from the roe 1 t 

(into ch r omite) led to an increase in sulph1;r activity and the 

conco mi tant f o rmation of immiscible sulphice dropl ets, Hr.'!,:!", 
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collected P.G . E . f r om t h e melt . Th i s was fallo wed by the 

flotation of p lag i oclase to for m a ma t, a n d the formatio n of 

boulders, which settled under g r avitational fo r ces to for!'!! the 

J>{..e r ensky Reef . These heavy boulders dimpled the underlyins; 

chromit i te layer and st i ll-plastic Footwall anorthosite. 

These events were followed by a second crystallization 

sequence which commenced with chromi te and was followed by 

pyroxene and plagioclase , to complete the Merensky Unit . In 

the case af the Bastard Unit , an effective volatile trap ,,,as 

not formed, and the sequence of events, described above, did 

not evolve to completion. 

6.2 . 4. The Model of Irvine, Keith and Todd (1983). 

This model is based largely on observations :made in the 

Stillwater Comple:)i , which hav~ been extrapolated to incl':.lde 

the Bushveld as well. These authors have evidence which 

suggests that the Stillwater Complex crystallized from two 

parent liquids, an ultramafic (U-type) and an anor thos i tic (A­

type) liquid, and that their crystallization and mixing wel-e 

controlled by double-diffusive convect i on. In double-

diffusive convection systems t'v-JO types of interfaces may be 

developed between two different liquic.,s . Diffusive int~rfaces 

d",velop vJhere a hot liqUid underlies a relatively cooler. but 

less dense liqUid of different compos i t i on. Through such 

interfaces thermal and chemical exchanges occur onl y by 

diffusion, while they also tend to inbibit rr:echanical mixing-

of the liquids . Fi nger interfaces are for:med when relatively 

hot liquid floats on a cooler liqUid that 1s denser only 

because it is cooler. These interf-ac'O: s de'.'"<:::lop because 
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diffusive exchangEs cause mechanical mixing, 

The two pa r ental liquids , the authors cla im, differed 

su f ficiently in density for sepa r ate liquid layers to exist in 

t h e chamber, The whole sequence of cumul<';l,tes then developed 

concurrently by downdip accretion from a column of liqu id 

layers that \."ere s eparated by dif fusi ve interfaces, Each 

laye r grew from one or more liquid L~yers . with its lower 

cumul-ates g rowing in advance of the uppl?r i n accor dance with 

their higher crystalli zation temperatures , If the liqUid 

residua that fractionated along the crystallization front had 

lower densities than their pa r ent liquids, they would be 

continuously transferred .step-by-step up the £ront, This 

;'muld eventually lead to the elimination of liquid layers that 

occup i ed the bottom of the column, but would also ensure t hat 

new layers were produced at th~ top , Intermediate layers 

would subside into the chamber , and cumulate strata would 

form, inclined into the c hamber, with p r ima ry dips. 

These authors~ calculations sho\." that anortbositic layers 

would be more dense than ultramafi c ones, and hence that 

anorthositic liquid layers were emplaced beneath mixed 

deri va t ,i ves, 

In thi.s case " finger-mixing" h'ould o,:;cur along the interface 

bG tween t he two liquids, Mixing "'QuId lower the liquidus 

temperat ure and produce hybrid liquids capable of dissolving 

earlier cumulates , This process they use to aCCQur,t for the 

fQr~ation of potholes, ?urthe r more, roi:dng ',,",auld lead to the 

precipita.tion of iIilJlliscible sulphide liquids , which "'QuI d 

The repetition of c ycliC unit s could rJE' 
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expla1ned by having periodic additions of dense (anorthositic ) 

magma beneath a subsiding column of c rystallizing liquid 

layers, thus rai sing them r epe atedly so they could c l-ystall1ze 

repeated pulses of the same cumulates, 

I n their e x trapolation to the Bushveid Complex . Irvine et 

al. (op . cit) suggest that the anor thositic liquid was somewhat 

more siliceous than its Stillwater c:olmterpart . while the 

Bushveld;s V-liquids were somewhat less evolv~d . To e x plain 

the great lateral persistence of layers it is suggested that 

the layered liquid succession extended ac ross the whole of a 

single lobate lopolith, so that similar sequences of rocks 

cou ld crystallize at widely seperated points. eyel ie 

repititions in the Bushveld , especia l ly in t he upper Cl-itical 

Zone i~u-e aser i bed to re - e levat ion of cont i nuously 

fractionating liquid l~yer successions, in v/bich compositional 

c hanges from zone to zone reflect progr~ssive differentiation 

o f parent liquids. 

6 . 2.5 The Models of Campbe.ll et al. (1983) o.nd Naldrett at 

al. (1986). 

These two lDodels are essentially the same, with Naldrett and 

Barnes being author s in bath. They have considered the 

Bastard , Merensky and Footwall units at Union and Rustenburg 

mines, and they point out that the base of each unit is marked 

by an increase in the !>Ig-number of orthopyro;·;ene, and by 

pockets, or a lay,:!" of sulphide which have a highe r !H.lCu and 

much higher Pt/Cu ratios than s\.llph ides from the remainde r of 

the Units. Furthermore, they sbow that the Pt - ten~r 
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alternates fr orn high to low through each u nit, whi ch :rn3y b~ 

taken as e vidence t _hat the sulphi des and t!Je Pt-teno r were 

established with the str a t igraphy, a nd not by later pos t ­

deposi tional processes. 

Ca mpbell e t al. (19S3 ) show that th e Pt-rich borizon s of both 

the Bushveld and Stillwater co mp le xe s ha ve high Pt/S and ~d/S 

r a ti os when compared to ot.her ultramafi c rocks , and that a 

close correl a tion exists between p, G, E . ~nd Slliphides. The 

hIgh P . G. E . content of these sulphides is problematic , because 

it would mean eit her t .hat 3. h igh di st ribution coeffi ci.-:!nt for 

platinum in :=ulphide · .... auld be I-equired or, that tbe sulphides 

would no.v8 to h!l.ve been in equilibr i um with a v ery large 

volume o f liquid . They show that , a silico't02/Sulph i de :maES 

rat io (R- f actor) g r eater tha n the dist r ibution coefficient 

wou l d have to be attained, and that very special conditio;;.s 

would have to prevail i o !- this requ ir_~ment t o be met. 

Their mode l visualizes a res:i.dual magma , which "!las 

c rys t all i zed plagioclase . and theref ore has a higl1er censi ty 

than a f resh :magma inp·,;:. . This fresh input ... ·ould rise Un-ough 

~he fract i onated magma , and seek out its own dens ity level , 

where it would spread ~l..l t as a layer. It WD'Jld r ise through 

the r esidual magma as a turbulent plume, entrain ing o l d magma 

into itself. If both :.::ese :magmas "te r e c l ose to saturat i on 

wi th respe ct t o sulph~!"" , sulphide d r op l ets woul d sepa r ate f rom 

the silicate melt, and -:.he y would be .sl'drled arou nd in the 

pI u rne. 

factor . 

The sulp~ide c~=ple t s wou l d thereby attain a high R-

On reaching :.-:;:; derlsi ty level the •. 'O:. w ma g ma would 

f o r m a rapidly convec~~~8 lay~r . whi ch woul~ lose beat rapidly 

t hr ough its uppe~ sur!~~e. h~ some critic~: stage convection 
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would change from being turbulent to laminar , and sUE-pended 

crystals o f 01 i vim; and orthopyr o xene , together with sulph ide 

droplets and entra'ined liquid , would sink through the under-

1 yi ng magma as dow:r.~PQuts to spread over the c rysta 11 i ne 

floor, to fOl'm the Merensky Reef. Chromite would be 

precipitated as a result of the mixing of the two liquics , in 

the manner' describ;:-d by irvine (1977), to form the lowe!-

Merensky chrami t i t (O'. ,;t a later stage, the neN layer \','Quld 

ha.ve cooled suffici ently , EO that its density would match -t.hat 

of "t.he older magma, allm-'ing them to mix . The cl-ystalli:.::a.tion 

sequence from this mixture would be ortnopyroxenei 

orthopyroxene + pL"sic-clase . and finally pl .3.giocla.se .;l l one , 

and this would account for the formation of the entire unit. 

The upper Merensky chrcmitite wou ld be formed by diffusicn an,i 

Merensky Reef . Th.=- su:phiC:.::s precip i tat i ng ir-om tt,e hy'b:;id 

.... Quld have lower N:i /Cu r3tios than their Y:e-re nsky 

counterparts . 

The Footwall and B,,-s t ard Uni ts are proposed to baye been 

produced by similar- me.::hanisrr:=;, but in each case slightly 

different cirCU1!lstancES are t hought to have. prevailed. In the 

Pseudo Reef (at th~; bas'=! of the Foot ..... ·a l l Uni t) , the propOl-tion 
of sulphide/silicate liquids ",.;as very much lowe r than wa.s the 

case in the Merensll.:Y R~<:: f, w~ile the Boulder- Bed a.t Rustenbur g 

resulted f r om diif~~rer,r..Es in viscosities between the do"m~ 

spout ing material (~nd -:'::'8 ho~-;. magma . These differences were 

such that the dOWT1--SPc-..:"'::s b r ske up into dro!-,lets . In the 

Eo_s tard Unit , a high ::;'..: lphi d'S/.s ilicate liqu:'d volume ratio I'las 

attained, but no down-s?outi~g occurred. 1 !",stead. the 



modified in the process. 

6,2.6 The Model of Eales, Marsh, Mitchell, De Klerk, Kruger 

and Field (1986: in press). 

These authors present geochemical data for the upper Critical 

- Main Zone intersection at Rustenburg and Union sections of 

R. P. M. The geochemical trends presented by them for the 

Bastard Unit - UGl Unit intersec:.ticn are closely roatc!ied by 

those documented in earlier chapte r s of this thesis. I:mport -

ant additional data presented include Sl--isotope s ystematics 

through the sane sequence at Union Sect i on , and chemical dat,a 

pertaining to the Main Zor,e and the lower Critical Zone . 

Initial Sr-lsotope ratios (S l- ) are seen to be constant 3. t ca. 
a 

0 . 7063 through the lower portions of t::te succession , but the\' 

rise rapidly th r ough the Merensky and B<5.sta r-d Units , and only 

become relative.ly constant again 350m above the Giant }1ottled 

Anortnosite, at the levEl of the Porphyritic Gabbro Marker, 

.,."here a value of 0.7087 is attained. These ~,i8h \"31 ues 

chracterize most of t he Main Zone up to the Pyra:-:eni te }~arker 

(2240m above the Bastard Reef). Here the i!""dtial Sr l-atio 

drops to 0,7077 - 0.7073. It is important to note that the 

sustained increase in Br through the Merens~y und Bast~rd 
o 

Units occurs irrespective of rock type. 

The analyses of the rocks 340 to 570 ITtet res above the Bastard 

Unit indi cate that they are homogeneous and geocheroica lly 

\o1it!:;in 

the first l200ro of the Xain Zone hOWE",,,, r, a :1umb",,!"" o f h:' gh ly 

feldspathic inter·)als cc-:ur. Amongst ~hese ~re 0northosites 
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\yhich have geochemical cha racteristics typical of the upper 

CJ;"itical Zone . A fUrthel- parameter of i nterest is the Cr / Al 

ratio of orthopyroxene, ""hieh exhibits a clear break between 

the upper Crit i cal ~nd Main Zones (see section 4 .. 3.2), as wel l 

as a similar b r eak at the top of Main Subzone B, above ..... hich 

it reverts to values typical o f the uppe r Critical Zone. 

The presentation of the model of Eal<?s et al . (in p r ess, a) 

begins wi th a column of residual, evolved magmatic 1 iauid 

above the UG-2 pyroxenite. This liquid has an S r of 0.7063. 
a 

They visualize that a layer of hot, dense, primit ive liquid 

was emplaced at t he b~se of the residual liquid colu:mT"! . Mafic 

cumulates . ... >'fth geochEmi c al affinities akin to those o f the 

underly i ng crystal pile, precipitated i r om the new l iquid. 

With crystalli z ation, the density of this liquid wa s 10\'1€red, 

unt il it ec"ualled tha.t of the overl yi ng residue, at rl!lieh 

point mixing cDIlilll2nced, and norites and anorthosites were 

p r ec i pi ta ted . Th i s r epresents the FootNall Uni t. 

These eve:-:ts were followed by the .:::rnplacement of a wedge of 

Main Zone liquid, hundreds o i " metres above the crystalline 

floor, whi c h had a Sr close to 0.7090 . 
o 

Progressive mixing 

bet ween the new wedge and the u nderlying residual liquid 

produced a hybrid liquid , which possessed isotope ra t ios 

which incr~ased upwar ds , as a result of mixing. 

Further e:I::Jlacem'2:nts o f pr i mitive Critical Zone liq1;:ds t~hen 

followed. The first s f these produced the Merensky Un it. 

This liquiri was ini ti~lly above the feldspar liquic".;s , whi <:h 

led to trl':: resor p tion v f t1J0 anor t hosit i c flCiGr and -::h e 



dimpling of the lONer surf'aee. Ass i milation of this felds-

pathie material brought about changes in the bulk composition 

of the new layer lind lowered its density. Heat balance 

requirements ca used accelerated c rystal growth oi mafi c cumu-

lates and the formation of the pegmatoidal Merensky Reef ar,d 

pyroxeni teo Once mixing with the overlying residue was 

achieved, precipitation of norites and anorthosites occurred . 

The Bastard Unit represents. essentially. a repetition of tti!; 

process, while the remainder of the liquid c olumn c rys"tal lized 

as norite and gabbro . It i s possible that the anorthosites of 

the Main Zone included fe1dspathic cryst.al mushes or 

schlieren of upper Critical Zone material Nhieh became 

entangled with. Dr upli fte d bYI tr.e influx of new Main-Zane 

magma . 

6 . 3 Evaluation of Models. 

The most obvious fai lu!""e of the. Wager and Brown (1968) model 

is the plazioclase-flotation problem, \"hich was discussed 

under I!""vi~e~s (l980b) model. A further objection arises from 

their in~erpretation oi the Main Zone, for recent stud ies by 

Harmer and Sharpe (985) and Eales et aI, <in press,a) have 

shown that it i s geoGhemically and isotopioally distinct from 

both the Critical and Upper zones, a nd is therefore most 

likely to represent the int!""usion of a new liquid above the 

Critical Zone. Their model also does not explain the finer 

details of the upper CritiGal zon~ , particula!""ly the origin of 

repetiti ve cycliC units. Tbey do , however recognize that the 

Bushveld ~gma was intruded as a number of pulses , and t.tat 

comple:d t:'.es CGuld be broug.ht abc,ut by the nixing of fre s~ 

inf luxes wit h t~e residua of pre~ious influxes. 
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The applicability of Irvine~s (1980) density current hypo-

thes is to the Bushveld is somewhat dubious, It is difficult 

to visualize how .:'\ suffi cientl y large volume of liquid could 

build up on the sidewalls of· an intrusion with the dimensions 

and shape of the Bushveld. so that the resultant density 

cur rent could deposit layers that exhibit the lateral 

persistentce of those recorded in the Complex. Furthermor~ • 

the size-graded laye r s typ i cel of the Skaergaard and Muska:..;: 

bodies al-e not evident in the study section, part i cularly in 

roc ks free of cumulus plagioclase. where o ne would expect this 

phenomenon to be most p rominent. Irvine~s <19.'30) double­

diffusive cOTlvect i on 'model would seem to be :!lon:! plausible, 

pal-ticularly in ex.plaining the chemical cyclicity exhibited by 

the rocks of the study section. A proble1!l Hith this mode l is 

that it dOES not e:-{plain the occurrenr:e of primitive mafic 

mi nera Is at the base of each un i t, 

Verrnaak (1976) makes :naximu!n use of the plagi o<:: lase-flotation 

hypothesis and. although it offers a viable expla na tion as to 

why plagioclase becomes more calcic with height, his model 

fai Is on a number of a<::counts, Firstly, the ~odel does not 

account for the exist=nce of primitive mafic ~inerals at the 

base of each unit. f or no new liquid inputs a!'"e envisaged. 

Secondly . his model does not explain the presence of P.G . E,­

bearing sulphides beyond the confines of the Xerens}:y Reef. as 

he states that the se:;:a rat lon of iJ!lllliscible s·..llphide liqu id 

was indirEct ly. but essentially. brought abou~ by the 

assimilation of countr l r ock as a result of t~ctonir: r e­

a.djustmEnt just prior to thE: de;:ositlon of t:;<: Mere: Tlsk y REoE-i. 
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This tectonic readjustment is implied to be the cause of 

pothole structures , so that a corre l ation may exist between 

potholes and F.G .E. -bearing sulphides. This correlat i on most 

ce rtainly is not applicable to the UG-2 chrornitite layer, 

where high and mineable P.G.E. values occur . Clearl y, 

sulphur-isotope work i s required to ascertain the origin of 

the sulphur in the P.G.E.-rich sulphide. 

Irvine et a1.;s (198.3) model is particularly complex , but it 

has several aspects whi c h arE of considerable merit. Of 

particular merit are the explanations for the presence of 

P . G.E. in layers such as the Merensky and ')-M Reefs, and the 

extreme lateral persist€nce of individual cumulate layers. A 

serious objection however arises when the model is extra­

polated to the Bushveld Complex, par ticularly with regard to 

the intrusion of A-type liquids beneath U-type deri vatives. 

Evidence frOID Harmer and Sharpe (1985) and Eales et 501. (in 

press) clearly shows that the M-ain Zone of the Comple x: appear~ 

to represent a loajor neVI influx of A-type liquid, and this i s 

obviously placed above typical Critical Zone U-type liquids. 

The geochemical data presented in this thesis indicate that 

fractionation trends define cycles whi ch commence in 

ul tramafic layers and pass upwards through the sequence 

harzburgite-pyroxenite-melanorite-norite-anorthosite . and that 

it would be inappropriate to place anorthosite at the bases of 

such units. lt could be that the crystallization of the 

Bushve Id Comple x proceeded ina. s i roi lar to that descr i bed by 

these authors, but that the A- type liquid wa.s emplaced above 

U-type_ derivatives, instead of vice versa. Cyclicity could 

have been brought about by re-elevation of existing layers as 

a result of the intl~1Jsion of new batches of U-type, rathr::r 
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than A-type liquids. If this possibility is to be 

entertai ned , relative density conside r ations wou l d have to 

evaluated . Another aspect of this model whic h may be 

questioned, is the growth of l,,-yers "dth p r imary diFs. 

Hattingh (1984) , has shown through palaeo lMgnetic studies of 

the Merensky Reef footwall rocks, that tbey cooled fram the 

floor upwards, and later (Hattingh, 19 86 ) , that parts of tbe 

M~in Zone a c quired their remanent magnetization while the 

igneous layering was in a horizontal position, which is in 

c onfli c t with the idea of accretionary grO'o·/th of a dipping 

layer. 

The models of Campbell et a!. ( 9 63) and Naldrett et a!. (1 ~ cl5 ) 

sati::;fy a number of the c onstraints provided by the data of 

this thesi2. Particularly, they explain the occ urrence 01 

pr i mi t ive ~fic minerals ~t the bases of each of t he Foot w~ll, 

Merensky and Bastard Units, and provide a viable e::-:planati on 

for the wide range in Nt contents of olivines in single 

layers. Further-more, the 'failure of downspouting in the 

Bastard Unit may explain the initial upward increase in mafic 

nature of pyro:..:enes in this unit, which does not occur 

elsewhere. There are however , some difficulties with the 

model. For example, do the turbulent plumes invoked by t l"lese 

authors bring about pothole structures , as is suggested by 

Buntin et al. (1985 ) 7 If this is the case , then why are the.-se 

structures only associated with the Ycerensky plumes, and never 

with thos E.' of the Bastard and Footwall? Furthermore , was the 

important F.G.E. mineralization in the UG-2 c hromitite broug ht 

about by a simi lar mechanism, and if so , \ .. ..:hy H.35 EO luueb more 

chromite precipitated here than from the other eve ~ ts? It 
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should be not be o verlooked that the UO-2 c hro mi ti te wholly 

overshadows the Merensky Reef as a future reSe l-V I:! of P . G . E. 

The model of Eales e t al. (in press , a) is favoured here, f o r 

i t consider s in detai 1 the chemi ca l c h~racteri st i c s o f r oc]{s 

under lying and ovel-lying the Merenslty Unit , in 3ddit::.on to 

whi ch it meets the important constraints imposed by initial 

Sl~-isotope ratios, .... ,hose variat i o ns ca nnot be attributed "to 

fractionation processes . This model may also be used to 

e xplain some of the features recorded in this thesis . For 

example, the abrupt c hanges i n trends o:f the Cr/Al ratio of 

ort hopyrox ene and the An-content of plagioclase at the base of 

the Giant J>rottled Al1orthosite , may be brought about by the 

first maj or mi:-:ing even;:; between typical C::-i tical ~one liqu i d 

residua and Hain zone-type l i quid . The continued re-e l evation 

of Critical ZO:1e r e:::idua , brought about by ne w inf !u:-:es o f 

priroit.i v e Crit ical zane l iqUid , rr.ay be involted to explain the 

comple:< zoning patterns in plagioclase g rains , whi le An-rich, 

reversed rims may be a direct 1'"uan ifestation of the mix tt;re of 

evol ved liquid with a ne w Ca-rich liquid. The model is 

particularly applicable to the Bastard , Merensl~y .!:>;nd Foat l .. all 

units , but t he interp re tation of t h e lower part s of the study 

sect ion are more prable~~tic, Foremo~t amongst these 

problems, is an adequate explanation f or the Pseuc.o re e f 

horizons. The upper PSEudo r eef has sha rp c ontacts with its 

P2 middling leucotroctolite and underlying anor thosite , while 

the lower r ee f has a sharp contact with the o v e r ly ing norite . 

Tn all three cases the contacts are ur,dulatory , s'.1E;gest:.:'ng 

r esor ption, and t~:e as~cc i ated felsic rocks are 

recrystallized. These r~lati Gnships sugses~ that t he ~~fic 

lay~rs w~r e i ntru~ed b~ ~ot li~uids C~ c r y5~bl ~~s~eE :~tD a 
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Figure 6.1 A conceptual model which describes the seqeunce 
of events which led to the formation of the 
study section. Refer to the text for details. 
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crystalline pile . The associated neat brought about re -

crystallization of plagiaclas~, while the only evidence of 

melting and subsequent mixing lies in P-2 middling leuco-

troctol i te. This intrusive theory is problematic, in t.h",t no 

small-sc ale cross-cutting features are apparent. and the 

lateral persistence of these layers is difficult to re concile 

wi th an intrusive origin. It should nevertheless be noted that 

the we dg ing-out of the P2 middling anorthosite .along st ri}:e is 

in reality a low angle transgression that would be consistent 

with an intrusive origin fO!~ the P2 harzburgite. It is also 

likely that the upper Pseudo reef predated the Merensky event. 

because it fonns the '!:'"efractory layer on whi ch pothole. 

H~rensl~y reef' is depos± ted. 

A fu'!:'" ther complication is the ::;pparently beheaded nature of 

the UG-l and UG-2 Units for no adequate exp-lan'!ttion e:.;ists tD 

expain the ;'ihereabouts or their ;::-omplereentary feldsp~thi<::: 

cornponentE. The shar';) contact of the LOHer f'seudo Re'2£ with 

its overlying norites suggest that it may be int r us.i....-e with 

reEpect to 'them, and ;:'~'1at the nor ites and anorthosit·es of tne 

Lower Psel,i:da Uni t P'..z:.y in fact be long to the UC;-2 Uni t. p. 

problem with this the ory is that it does not fit the c rypti c 

* cycles desc ribed by tbe Sr/Al 0 
2 3 

ratio (see Fig. 5. 9a) . wh:-:.h 

indicat e that the UG-2 and Lower Pseudo Units have 

significantly differe,:t val ues. 

In conclusion tll.:reic..,-==. the layered seq uenCE of u:;:;:;.sr 

:. .!. J 



the following manner: ( refer to Figul-e 6. U 

(i) A primitive Critical Zone-type liquid (U1) was intruded at 

the base of a column of residual liquid. Chromi te. 

c rystallized from this liquid, to form the UG-l chromitite 

layer, and w~s fallowed by the crystalli=ation of bronzite. 

If any ol ivine did crystallize at the b~se of this Unit it is 

1 H~ely that it became unstable and I"as !~esorbed. 

figure 6.1. 

Stage 2 in 

eii) .4. second pulse of primitive liquid (U2) Nas intruded 

into the liquid residue above the floor. This pulse 

crystallized chro;.Jite, fallowed by oli\'ine and bronzite, 

bronzite alane , then bronzite and plagioclase, and finally 

plagioclase alone to, produce the chroroitite ~nd poikilitic 

pyroxenite of the UG-2 Unit as well as the ~orite and 

anorthosite l~yers of the Lower Pse\:clo Unit. 

f 19ure 6. 1. 

St.s.ge 3 in 

(iii) A third pulse of p!-imit.1ve :magma (U3) intruded the 

unconsol ida ted c rystal pi Ie between tr.e newly crystall ized 

pyro:-:enite and norite laye.rs. Its high te:ro~erat\.!re brought 

about recrystallization o f feldspar in the overlying nortte, 

but little or no ~elting, This layer of li~uid crystallized 

chrornite , olivine end bronzite to form the :ower Pseudo Reef 

tP-l) . Penecontemporaneously similar liqu1cs (U3a and b) 

intruded at the top of the layer of anorthosite. This liqutc. 

melted some of the anort:hosite .... ·hich then recrystallized as 

leucotroctolite Ct.:-,e P2 middling leut:atroci;. ,::;lite), whi le the 

bulk of it c rysta llized as harzburgite to f=rm the upper 

Pseudo reef (P2) . Sta.ge 4 in figure 6. 1. 

(iv) A fourth pulse of Frim i tive liquid (U~ j precipitated a 

thin layer of olivine and bronztte, b~fare =ixing with the 

overlying liquid column ~o crystalliz~ the ~ ronzi~e .3,n~ 
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plagioclase-bearing layers whi c h constitute the Footwall Unit. 

Mixing of the new pulse with the pre-existing residue occur red 

rapidly as no pyroxenites were developed here. 

fi gure 6.1. 

Stage 5 in 

(v) A major infl ux o f allortbositic or gabbro i c liquid (AU 

followed a fel .... hu ndred metres above the c !-ystal line fl oor. 

This was t he Main-Zone liquid which had a highe!~ initial Sr-

isotope ratio then Cri tical zone liquid (see the model of 

Eales at al. lin pres.s,a» ) . Tbis liquid mixed with the 

underlying residua of pr eceding Cr iti cal zone pulses. to 

c r eate a hybrid liquid (H ) . Stages 6 and 7 in figure 6.1. 

( vi) This was followed by a fifth pulse of p!-imitivE! Critical 

zone material (U5). The liquid was at a temperat'.1!""8 higher 

than the liquidus temj)eratUl-e of the underlying crystalline 

anorthosite, and as a result, the upper portions of the latter 

melted . This materia l ~oJas assimilated into the primitive 

magma. The mel ti ng episode accounts for the undulatory bas al 

contact of the H.erensky Reef, while the assircilated material 

brought about the precipitation of chromite through the 

contamination mecha.nism of Irvine (1975). The presence of 

this felsic material also brought about the rapid 

crystallization of mafic minerals (Eales et &.1., in p r ess ,a) 

as a result of changir.g the heat - balance requirements of the 

magma, and hence the po:gmataidal nature of the Merensky Reef . 

Once density and temperature condi tions had been modified 

sufficiently. mixing with the overlying hybrid liquid occurred 

and bronzitite, norits and anorthosite crystallized. St&.ge 7 

in figure 6 .1, 

(viii) The final inpu~ of p rimitive Critical zone liquid (U6) 

occurred at thE: bas e c: the Bastard Unit. 
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assimilation of unc.erlying anorthosite o c curred, and only 

bronz i te crystallized from the primitive liquid , and ~TIixing 

occurred soon afterwards. The hybrid liquid which DOW mixed 

\-.lith the ne l-l primitive bat c h, had a cons iderabl e Main zone 

s i g natur e , which is most clearly rr~nife6ted in the chem i cal 

att ri butes o f the Giant Mo t tled Anorthosite. 

It is like ly that wit~ each new pul se o f Crit ica l zone liquid, 

a c ertain a:mount of pr e-existing- residual material \-Ias en-

tra ined into the prim i tive pulse . It was from this ma t erial 

that low An-intercumulus plagioclase cr ystallized . Th i s 

rn.3.te rial also carr ied s:i.ightly higher incomp~tib l i~ element 

abundances. 

It shou ld be borne in ::::.:!nd tbat during each of the above 

::.tages, that a great n ·...;~ber o f complex physica l procE-ss",SS 

Vi~re probably operati ·,€-. For 02:.cample , it i s li}:ely that the 

residual I iquid column w",s stratified , and t:'3.t double 

diffusive convection ... ~&.£ occ '..:lrring in each of the layel-s. 

Furthermore, impol-tant rheologica l fact o rs, suc h as viscosity 

and density , probably cO::-ltrolled the mixtul">2, or separation of 

different liqU ids. 



The following FOints summarize the more important geological 

and geochemical features of the study section at. Amandelbult. 

1. The succession can be divided into a number of repetitive 

"Units" , o n ly two of which, namely the Merensky and the 

Bastard, apFea r to conta in the full spectrum of roclt types 

possible in any un it. The others laclt uppel-, intermediate or 

b-!l.sal member s o f the sequence harzburgi te and/or pyr o x eni te-

me lanari 'te-nor i te-lE".Konori te-ano::.-thosi ts. 

2. Considerable lateral s trati grapbic v.:..riations occur , but 

these a re restricted to the sequence between 'the base of the 

Lower Pseudo Reef and the base of the Merensky Reef. 

features also occur only wit hin this interval . 

Pothole 

.s . 1r1e rocks ot the ~tudy section Jnay be classi fied in terms 

of the relative abunda.'jces of their Gumulus mineral 

const ituents according to an e:..;isting 1. U.G.S. schemE and, 

lUore rigidly, using chemical c riteria based on normative c.ata 

c~lculated from who le-rOClt analyses, 

4 . The presence of annealed anorthosites i::n."J;ediately belo", 

ul tramafic layers. and the pre.sence of undulatory contacts 

between these 11l'2!iJbers in the Pseudo, Footwall and Merensky 

Units indicates that '".:!'le ultramafic layers of each of these 

Un i ts were probably in~ruded as bot liquids over pre-e:(isting 

r:. l-ystallir,e anorthositic floors, and that SOD'2 remelting of 

this floor p rob&b ly tCQk place . This re:rnel-:r:. r";' material '1'10':'= 

then inco!'?orate;, rl intc. the M:W , lTlaf ic Ii q'..Ji':'. 



5. V3ria tions in mine ral chemi s t:ry thT O'ug!l the Guccession 

indicate unique trends for each of th~ species i nvestigated. 

Olivines exhibit wide chemical v8riations both with in single 

layel-s and f!' om one l ayer to the ne:-:t. These variatic!;.s .:nE 

shown to r e flect subsolidus re -eguilibrat ion processes wit~ 

species such as chromite and sulphides , rath,=r than b02 ::1~ 

indicative o f chemi cal dis~inctive mother -liquids . O l' ":~O-

pyrox e n es Exhibit_ well-defined frac1:.ionatian t.re:-.ds t!:.::oug:.-:t 

individ1.:al Un it s , pad.ieularly where eueh appe3.T "to b: 

corop l e'tE. BEre Mg - rich values are !'ecorded in basal r.li:>m"!:terS" , 

seguenc':? F!'i roitive cCwDcs i ':ions are re-insta't~ed at 1: 1". -2 base 

of t~e ne~t Unit . Plagioclase grains exhibit chemical 

variati ons of the apposi!:t? senSE , ,,,ith a.n upwcl.l- d increase in 

An ccnt ent t~Tough Uni ~e. 

c he:t: cal zonation patt"'T;:S. 

6 . "l~ole-rock che.:n:ical v3.ri ati ons , of nost elements , e:-:n :' ::lit 

pseudo-c r c1ic-al variai "t.ion pa -~tern.s , .....,hiGh 1:1 :act repreE·e"t 

changes in modal mine ra :;'ogy ratrier thaCl c.ry?-: :' c cycles. 

Through the use of seV==,:.t-=d intere l e-rnent ratiGs , bona f ide 

cyclical variations can ~e shown . Ratios o f pyro:·:ene-

compatible elements SU'-;:-l as Ni/:;c exhibit a sawtoQ"t.h cyc:"ical 

v .e.riation pattern throug :, the uppermost thT<::--= Un! to:.. 

" of the plagioclo.se-compatible elements Sr/.~ :!. 0 (3ee SEction 
2 3 

5.3 .1 ) display a d iffer~nt ferm of cyclic i ty in which 

individual Units have :'i '='3. r cc!";stant Vc.l"..l es, ::,u t s-...:cces ive 

Unit s ha ·...-e uniqu<:ly di::erent "!alu8s. 

7 . Variations in the ~:~ ce e~~ments c: ~~ ~ ~. d iv i~~al la 'rer in 

severa 1 t · o r E;,ho!~~, 



for a fractionation trend :from the sDuthh'Gst towards the 

northe3st, but that a greate l~ number o f data points are 

required to show this convincingly. 

O. S...,dden cha71ges i:1 the Cr/Al ratio oi orthopyroxene ~:-.d .a 

reve l~sed u p Hard decrease in "the lw content of plagiocl.::;.s~, 

Eets t:::e Giant Mottled Anorthosite layer geochemically aF~'>.l"t 

from o;;.t,:? r anorthosite layers in the succession. 

F<~_r2i:::;et~rs suggest that thi.:; :;cernber is closely akin to 't':'e 

Xain Zo-:-i€ than its u?per Cr:tical Zone counterparts f:-o!D :he 

lDl .. .:r si :.; Units . 



APPElfDIlC A 
~=~~y ~l~~~~§~~~~~ §2~~1ro~et~ 

Rock samples \','ere 'bralten into match box-sized pieces using a 

roc-k splitter before be in g c r ushed in a mechanical jaw crusher . 

and then milled to a fine powder in a swi ng mill, The grain 

s ize af this pm",der was reduced to -.300 meE,h in an autOlnatic 

pestle and ~ortar. Five g r ams of this :rruter i al ;.,ras then 

CGropressed to 12 tons pressure to l:lake a .• pressed-powd el--

briquette" , o n which trace elenen't a r,d sodium analyses ..... .'er-e 

carried out . .fl. further two g2-a:r.s- was 3,_:.cura.tely wG'ighed , 
o 

h;:'~l;ed in ~n o','en at 110 C f o r 5i z hours, and then Tewei,~:-.e d. 

\leight loss a:ter thi~ proco:::dure was reeorc!ed a,s H 0 
o 2 

::.ample Ivas then heated i:1 a fur::.ace at :'000 C for 8 hOUTS . ~nc. 

subsequE:1t :mass ch3.ng~.s Here recorded as LOI (loss on 

igni tion ) , 0 . 28 grams of this materia l ;.,ras t.hen accurately 

.... '~ig hed out ( to fi ..... e decirne.l places of :::. gram' and l1li:.'-:':!d w:"th 

1 .5 grams of lithiu:r::! tetrabor~te flux. This mixture was ffielt~d 

ir. Ft-Au alloy cnJcibles , at high temperatures . Vhile ati.!l 

molten i1:. w~s pour ed onto an ,~ l",; roiTIiuIll :'isc ~r!.d cOJiipr':6sed .~ :-:d 

rapidly c.uenched, 1;.0 for:::: Norri sh and H·..:t.t on (1969) fusion 

discs. Two discs were prepa r ed per salt?::'e, al'.d these werE-

analysed for maj or elements, 

The ins tr ume ntal settings used con the P:,il lips 14 10 X- r ay 

SFectroroeter a re SUJ"T ... -rnarize:d in the table- bel 0 ' .... Y.ass 

absorptio;j coeff i cients ·.."ere determined ".15 i ;l8 the Ko -

compton/Fe-K-·a lpr.a "t8chrd .. que d~sc ri bed ':...y Nesbitt et al. 

(19'16 L Stanc.iu-d calibrc;:tion and data :-educti o n was ach1e ·'Gd 

Unive r sity Cyt.~r main f:-::::,e cO::'?·Jter , 



position, d ead-time and background cor rections. instrumental 

dr i ft and spectra 1 line interferences. 

C3librat ian curves were_ determined from the following inter-

n~tional and in-house standards. 

Major elements NIM-N, BCR , GSP, ACV, DTS , G-? 
Na 0-2 , PCC , BCR , AGV, GSP , NHf-G. 
Z" , Cu . Ni PCC, BHVO, DTS . BeR, AGV. 
Sc Be R , AGV . GSP, NIM-N. 
Co . Cr , V QLO , pce, SDC , BHVO, KRF-1 3 , BCR . 
Rl . ,. Sr, Zr . Y BCR, G-2 , 8-12 . AGV, SDC . 
MAC- s DTS . BHVO . GSP . BeR, G-? - , AGV. 



Table A ~ing (xmditioos used for the various X.R.F. analyses 

ELD<ENl' ruBE kV MA CRYstAL TIME caMI'ER COLLIMAmR SPOCIMEN 
(SD:S) 

51 Cr 55 40 p,", 40 fleM coar'" fusion disc 

T1 Cr 55 40 L1.F(200 ) 10 neM fine fusion disc 

Al Or 55 40 """ 40 fleM roar,. fusion d.isc 

F. Cr 55 40 LiF(200) 20 fleM ''''. fusiOfl disc 

>In Or 55 40 L1.F(200) 20 neM coar,. fusion d.isc 

'" Or 55 40 TLAP 100 fl"" ,"'- fusion d.isc 

Ca Cr 55 40 L1.F(200) 10 neM fine fusioo disc 

N. Cr 55 40 TIJ\P 100 neM fine ~er p:!llet 

K Cr 55 40 LiF(200) 10 fleM ,"'- fusion disc 

p Cr 55 40 Ge 20 ''''''' coar,. fusion d.isc 

5r W 55 40 LiP (220) 200 scinto ,"'- ~r p:!llet 

"" W 55 40 LiI'(220) 200 scinto ,"'- pa..der p:!llet 

Zr W 55 40 LiF (220) 200 scinto ''''. po..tder p:!llet 

y W 55 40 LiF(220) 200 scint o ''''. po..tder p:!llet 

Co W 55 40 L1.F(220) 200 fleM ,,,,. po..der p:!llet 

Cr " 55 40 LiF(220) 200 fl"" ,"'- fX7Wder p:!llet 

V W 55 40 LiF(220) 200 flow ,,,,. fO-'der p:!llet 

zn "" 55 40 LiF(220) 200 flow + scinto ,"'- powder p:!llet 

CU '" 55 40 LiF(220) 200 flo..' ... scint . fine po..tder p:!llet 

N1 "" 55 40 LiF(220) 200 flow ... scint ''''. fO'>'der p~llet 

50 Cr 55 40 L1F(200) 200 fleM ,"'- po..tder pellet -



Table B: Whole rock major element analyses for samples 

from borehole AE, including LOI and H 0 
2 
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APl' llIflllX ~, 

Mi c roprobe analyses Here c.!l:rried Gut on Rhodes Unive r s lty -s new 

Jeol 7 .33 Superpr wbe instrument. Highly polished thin sections. 

were coated u nder vac-..;! u m t o 250 ang.s t roms wi th ca!-ban. The 

thi ckness o f t!:i1s coat wa s mo ni tor-Ed by observing the 

i :1terf e r ence colours p r oduced by the carbon on a po li E'hed br.;;s~ 

stl- ip . 

The energy excitat i o n Fote n t i al of the mi c r oprobe was set at 

15kv , whil e a. beam cur r ent of 25n A v.as rr.aint<!'.i ned. Th e beam 

CUl-rent was Gcntir,ual1y monitoTed by referen.:e to a Far .;day 

cage . The insb- urue nt h~s four crystal spectr e'mete r s , two of 

""hieh a re gas flow CQU;lters , ... "hile t~e others cu-e s ealed xenon 

counters . CO'..lnting tim~s of 30 seconds on e:8r.:lE'nt K- alpha 

pe~ks and !O sEconds on b~ckgr ound pD~i~ioTIS u ~ both sices of 

tb.e peak we!-e instituted for all eleme-n t s. 

D.!lta r eduction was acb i.::ved by usi n g the PACX p Tog!";!.m supplied 

by the manu iactu!'"ers of the instrument. 

the Z AF correction sche;r;e , t b a t is, an Atomi c numbe r ( Z) 

correction using Ph ilibe:-t- Ti xi e r -s formula, an Absor pt i on (lU 

correcti o n using Phili be rt-HEinrich's formula ~. nd a 

Fluorescence (P) cor rec t-ion using Reed's forro·Jla. See 

Phi li bert and Ti xier (2.968), a nd tbe Jeol Operat i ons manual, 

The instl-umer,ta l .setting.s and sta nda r ds ,-"sed fo r each of the 

three mi neral species t:-,at wen? anal ysed , a r e presented the. 

tabl.?s ove r leaf ; 

120 



TABLE C I n s tr u me n tal s ettIng s and standards u~E:d fC'l-

mi oroprobe anal y ses 

ELEHENT 

S i D 
2 

CaO 

IhO 

FeD 

MnO 

ELEM.ENT 

SiD 
2 

TiD 
2 

Ai D 
2 3 

FeD 

Cr D 
2 3 

MnO 

!l i D 

MgD 

CaO 

L lI. BLE C.l. OLIV I NE' AN."LY SES 

STANDARD CRYSTAL 

SiO <U.K. ) TAP 
2 

Y:gO <U.K. ) TAP 

Wol l astonite ( R. U.) PET 

NiD (1). K . 1 LiF 

Rhodoni:-: (lJ , K , ) LiF 

Rhodoni'te cU . K . ) PET 

T.ll.?:"E: C . 2 . FYROXENE ANALYSES 

stANDARD 

SiD <U.X . ) 
2 

TiD (U. :.{, ) 
2 

Al 0 (I}. !(. ) 

2 3 

Rhodani -: e (U . }{.) 

Cr 0 ( U . K. ) 
2 3 

Rhodon i ~~ (1) . K. ) 

!J iO (U.~ . , 

l~gO (U.!.) 

121 

CRYSTAL 

TAP 

PET 

TAP 

Li F 

PET 

LiP 

LiF 

TAP 

PET 

TYPICAL 
STA NDARD 
C. P . S .. 

25 245 

6 3iO 

3 925 

4~1 

TYFICAL 
STANDARD 

C . P . S. 
25 33'1 

10 852 

26 791 

439 

3 3 516 

1 276 

3 8.'37 

22 560 

IS 227 



Na 0 
2 

ELEMENT 

SiD 
2 

Al O-t 
2 

FeD 

CaD 

Na 0 
2 

x 0 
2 

Jadeite <R .O .) TAP 

TABLE C . 3 . PLAGIOCLASE AN ALYSES 

STANDARD 

SiD CU. K. ) 
2 

Al 0 
2 3 

CU. K. ) 

Rl!Odonite ( U. K.) 

wollastonite <R. U.) 

OrnDh.3.cita ( R.ll. ) 

Orthocla.s-e CR . U, ) 

CRYSTAL 

T AP 

LA,P 

LiF 

PET 

TAP 

PET 

1 

TYPICAL 
SL<\NDARP 

25 Ct 

6 30 1 

1 7'. 

llote: - T:,;:> st. ~=-ld.:::rds cel10ted CU. K.) were obtained from PQlarqa 

Equipment limit;:d , \Vatfor-d, E:1g1~i1d, whilr:= those denoted ( R. U. \ 

are Rhodes Univ8!"sity in-house s tandel.rds which have aGquir~d :fr 

various O?e ra ti:1g labora'tories, and al-e \Yell characteri:::ed. 
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