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The Phikwe, Selebi and Selebi North Ni-Cu sulphide deposits occur in 
highly deformed and metamorphosed Archaean gneisses near the north 
margin of the Central Zone of the Limpopo Belt. The ores and host 
rocks have suffered all the phases of deformation that have affected 
the enclosing gneisses. Nappes and thrusts formed during the first 
deformation period, during which granulite facies conditions of 800° C 
and 10 kbar (acccxnpanied by minor partial melting) were attained. 
Sheets of anorthosite were thrust into the sequence during late Dl 

The main conponents of the Selebi-Phikwe sequence are hornblende 
gneiss, grey leucocratic gneiss and anorthositic gneiss. Granitic 
gneiss represents post-Dl granitic intrusions, not a basement or a 
sandstone unit as previously proposed. The hornblende gneiss has the 
geochemistry of a suite of variably altered fractionated tholeiitic 
basalts and Ti-rich ferrobasalts. Low-Ca biotite gneiss associated 
with hornblende gneiss represents a variety of basalt-derived rocks 
ranging from in situ alteration products to volcaniclastic and politic 
sediments. Lithological associations indicate that the hornblende 
gneiss represents both extrusive and high-level intrusive basalt. The 
grey gneiss has the geochemistry of a calc-alkaline suite. Ihe 
mineralogical and chemical variation shown by the grey gneiss indicate 
a volcano-sedimentary rather than an intrusive origin. The protoliths 
of the anorthositic gneiss were gabbroic plagioclase-clinopyroxene 
cumulates. Ultramafic lenses within the sequence were olivine and 
clinopyroxene-rich cumulates. Minor components of the gneiss sequence 
are magnetite quartzite representing chemically precipitated silica- 
iron oxide sediment and associated cummingtonite-actinolite amphibol­
ites representing mixtures of Mg-clays and carbonate.

The three Ni-Cu ore bodies are intimately associated with a layer of 
homblende-plagioclase amphibolite plus minor pyroxenite within grey 
gneiss. The ore bodies consist of Ni-rich massive sulphides and (Zu­
rich disseminations. Metamorphism of the host rocks was mainly iso­
chemical. Localised shearing resulted in higher contents of Ti, K, P, 
Nb, Rb, Y and Zr and lower contents of Ca. Fe-rich garnet artphibolite 
resulted from reaction between sulphide and silicate. The variation in 
host rock chemistry between the three ore bodies can be modelled in 
terms of mixtures of cumulus olivine and plagioclase, basaltic liquid 
and syngenetic immiscible massive and disseminated sulphide. The host 
airphibolite represents a tholeiitic intrusive mush. Chemical variation 
within the host body was due to a combination of flow differentiation 
during mush emplacement and later gravitational settling. Deformation 
resulted in physical remobilisation of massive sulphides and chemical 
mobilisation of Cu, Ni and S relative to Fe.

The subeconcmic Ni-Cu sulphide-bearing ultramafic rocks at Dikoloti 
and Lentswe were tholeiitic cumulates, which were intruded or thrust 
into the sequence. The Selebi-Phikwe and Dikoloti-Lentswe host rocks 
and sulphides were ccmagmatic ..-with the country-rock hornblende gneiss 
(tholeiitic basalts and ferrobasalts). The concentration of S in the 
ore bodies was due to magmatic processes in periodically replenished 
tholeiitic magma systems. The rocks at Selebi-Phikwe are more like 
those of a greenstone belt than a high-grade quartzite-marble- 
anorthosite association. They have affinities with oceanic crust.
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Frontispiece

(A) Contact of massive sulphide layer (Type 2) with grey gneiss, 
Phikwe - Zone E.

(B) "Durchbewegung" - host amphibolite inclusions in massive sulphide 
(Type 2), Phikwe -Zone E. Note chalcopyrite in pressure shadows.

(C) Vein quartz inclusions in massive sulphide, Phikwe - Zone E.

(D) Tongue of host amphibolite into massive sulphide (Type 2), Selebi. 
Upper Body.
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CHAPTER CNE ]]mRCDLRZriON

1.1 INTRCDOCTICN
This thesis deals with the nickel-copper deposits of eastern 

Botswana, principally the Selebi-Phikwe ore bodies - Selebi, Phikwe 
and Selebi North, the only ones currently being mined (Fig. 1.1). The 
Selebi deposit (Gordon 1973) and a smaller occurrence at Dikoloti 
(Marsh 1978), were discovered by BCL - Bamangwato Concessions Limited 
(BotswanaRST) in late 1962 during reconnaissance soil geochemistry. 
Systematic soil sampling led to the discovery in 1966 of the Selebi 
North and Phikwe deposits, respectively 7.5 and 14.5 km northeast of 
Selebi, and the Lentswe prospect. Ni-Cu mineralisation was also 
discovered at about the same time at Phoenix, Selkirk and Tekwani 
(Fig. 1.1) during a reinvestigation of old gold prospects (Key 1976; 
Baldock et al. 1976). These prospects were evaluated by Sedge Botswana 
(Pty.) Limited, a subsidiary of Anglo American.

The establishment of the Phikwe and Selebi mines has rapidly 
changed a remote, sparsely populated area, which previously supported 
only cattle herding and subsistence agriculture, into Botswana’s third 
town. Underground exploration development started at Phikwe and Selebi 
in 1967, with underground and open-cast production commencing at 
Phikwe in late 1973. Opencast production at Phikwe ceased in 1981. 
Underground production at Selebi started in 1976. Underground 
exploration development started at Selebi North in 1981.

The climate of eastern Botswana is dry subtropical with average 
maximum simmer and winter temperatures of 32 and 27 C. The annual 
rainfall varies greatly but averages 419 mm, with most falling during 
thunderstorms in the summer months from October to April. The topog­
raphy of the Selebi-Phikwe area is a flat, sand-covered pediment, 870 
m above sea level, broken only by inselbergs and koppies of more 
resistant granitoid gneisses (Key 1976). Exposure is poor, apart from 
inselbergs and in some of the usually dry drainages. The vegetation is 
mainly mopane and acacia bush and woodland. Relatively large flat 
exposures are often hidden frcm view by thick bush. Despite poor 
exposure, photogeological expression is very good, due to slight 
changes in soil and vegetation (Plate 1). Access within the area is 
by a network of small tracks, best suited to 4-wheel drive vehicles.

1.2 PREVIOUS WORK
The geology of eastern Botswana has been investigated by three
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groups: the Botswana Geological survey, BCL and Leeds University.
The Botswana Geological survey has mapped eastern Botswana, from 

the Archaean granite-greenstone terrain of the Rhodesian Craton in the 
north, to the highly imetamorphosed and imultiply deformed rocks of the 
Limpopo Belt in the south (Figs 1.2 & 1.3), in a variety of detail 
(Key 1977). (The geological term "Rhodesian Craton" has been retained 
instead of converting to "Zimbabwean Craton".) The most relevant 
reports of their early work are those by Thomas (1970) on the Selebi 
area and Bennett (1971a) on the Magogaphate area. This early work has 
been synthesised by Bennett (1970, 1971b, 1972, 1973). A thesis by 
Mason (1970) covers the geology from Francistown to Mmadinare and 
includes the Selebi-Phikwe area. Key (1976) remapped the same area as 
part of the Survey's "Eastern Geotraverse" (Eitherland & Key 1974; Key 
et al. 1976), from the Vumba greenstone belt of the Rhodesian CTaton, 
through the Northern Marginal Zone, to the Central Zone of the Limpopo 
Belt (Figs. 1.2 & 1.3). Key (1976) briefly described the Phikwe ore 
body of the Limpopo Belt and the Phoenix, Selkirk and Tekwani 
prospects of the Tati greenstone belt, including 4 chemical analyses 
of the Selkirk and Tekwani host metagabbros.

Geologists of BCL have mapped in eastern Botswana from 
Kgarimacheng in the Tati greenstone belt in the north to the Limpopo 
River during the course of mineral exploration. Lear (1971) described 
several ultramafic bodies found in the Central Zone, and included a 
short discussion on the host rocks to the Ni-Cu mineralisation at 
Selebi-Phikwe and Dikoloti. The Selebi North deposit has been 
described by MCKecMnie (1971). The first published description of the 
Selebi-Phikwe deposits was by Gordon (1973), who thought that all 
three Selebi-Phikwe ore bodies are hosted by the same sill-like body 
of amphibolite, repeated by folding. Gordon (1973) published 4 
chemical analyses of the host rocks. Lear (1977, 1979) briefly 
described the mineralogy of the Selebi-Phikwe ores and discussed the 
origin of the ore bodies. Marsh (1978) described the Dikoloti and 
Lentswe occurrences, including 3 analyses of their host rocks which, 
in contrast to the amphibolite at Selebi-Phikwe, are mainly metapyrox- 
enite and metaperidotite. Marsh (1978) concluded that the host rocks 
and sulphides at Dikoloti and Lentswe did not have a common magmatic 
origin with those at Selebi-Phikwe and that they were not related. 
Recently BCL geologists (Gallon 1986) have suggested that the gneisses 
at Selebi-Phikwe were mainly sedimentary in origin, with seme of the 
granitic gneisses having been arkosic sandstones, anorthositic



gneisses having been calcareous sediments and the host airphibolite 
possibly having been sedimentary.

The Leeds group (Coward and co-workers) have concentrated on the 
structure of the Limpopo Belt^ particularly the northern margin 
(Cbward et al. 1973, 1976a; Wright 1973, 1974). The deformation 
pattern of the Tati greenstone belt has been described by Coward 
(1973) and COward & James (1974). Coward et al. (1976b) and Wright 
(1977) have constructed successions at several localities from the 
Linpopo Belt to the Rhodesian Craton, particularly at Sefhope, Phikwe 
and Kgarimacheng.

The most relevant of the Leeds work is by Wakefield (a former 
BCL employee), who studied the structural and metamorphic history of 
the Selebi-Phikwe area (Wakefield 1971, 1972, 1974, 1977a, 1977b), and 
described the Phikwe deposit. He included 4 new chemical analyses of 
Phikwe host rocks (Wakefield 1973, 1974, 1976). These indicated that 
the Phikwe host amphibolite has a troctolitic composition. Dumbbell- 
shaped sulphide blebs in a small ultramafic pod in the host amphib^ 
olite led Wakefield (1973, 1974, 1976) to conclude that the ore was 
emplaced as an immiscible sulphide magma along with an olivine mush 
into the pre-existing troctolite. The host amphibolite and associated 
sulphides subsequently suffered all the high-grade tectonoMmetamorphic 
events of the Limpopo Belt (Wakefield 1974, 1976).

Van Breemen and oo-workers from Leeds found evidence for two 
widely separated isotopic events in the Limpopo Belt of eastern 
Botswana, about 2,700 and 2,000 Ma (Van Breemen et al. 1966; Van 
Breemen 1970; Van Breemen & Dodson 1972; Hickman & Wakefield 1975; 
Hickman 1976). They also recorded a metamorphic age of 2630* t 70 iMa 
for the Selkirk volcanics in the Tati greenstone belt. Hickman & 
IWakefield (1975) working on gneisses from Selebi-Phikwe related these 
ages to tectono-metamorphic events in the area, with the first meta- 
mcrphism at 2720* + 40 Ma. (Unless otherwise stated, ages quoted in 
this thesis are Rb-Sr whole-rock isochron ages using 1.42 as the decay 
constant of Rb87. Ages indicated * have been recalculated using 1.42).

1.3 THE LIMPOPO BELT

1.3.1 Introduction
The Limpopo Belt was first recognised by Macgregor (1953) as a 

major east-northeast-trending zone of high-grade metamorphic 
tectonites in Botswana, Zimbabwe and South Africa, separating the



Archaean granite-greenstone terrains of the Rhodesian and Kaapvaal 
Cratons (Figs 1.2 & 1.3). The Belt had a long tectonoMmetamorphic 
history from its initiation in the early Archaean (3570 Ma suggested 
by Barton & Key^ 1981) to approximately 2000 Ma (Hickman & Wakefield 
1975; Watkeys 1983). Included within the Limpopo Belt are the oldest 
recognised rocks in Africa, the Sand River Gheisses, which have 
yielded a metamorphic age of 3790 + 61 Ma (Barton et al. 1978, 1983b; 
FTipp 1981, 1983). The Belt is approximately 700 km long and up to 250 
km wide (watkeys 1983). However the main Limpopo deformation extends 
well into the flanking cratons (Coward 1976; Key et al. 1976), as far 
as the Gwanda greenstone belt to the north (Wright 1974) and Murchison 
to the south (Graham 1974). The limiting boundaries are arbitrarily 
taken to be the orthopyroxene isograds (Fig. 1.2).

Both ends of the Belt are obscured by later sedimentary 
seguenoes. In the west the Belt either extends under Kalahari and 
Karoo sequences to the Kalahari and Makgadikgadi Lines in Central 
Botswana (Fig. 1.3) (Reeves 1976; Barton & Key 1981; Barton 1983a) or 
expires just a short distance into the Kalahari Basin (Reeves & 
Hutchinson 1975; Key & Hutton 1976). In the east after disappearing 
under Proterozoic and Phanerozoic sedimentary cover, the Belt is 
overprinted by the Pan-African Mozambique Belt. It is possible that 
further portions of the Limpopo Belt exist to the east in Dronning 
Maud Land, Antarctica (Barton 1983a) and Madagascar.

1.3.2 Subdivision of the Belt
The tectonic subdivision of the Limpopo Belt into Northern and 

Southern Marginal Zones, with predominantly east-northeast-trending 
structures, separated by a Central Zone of north-trending structures 
(COX et al. 1965) was later rationalised with lithostratigraphic 
differences by Mason (1973) (Fig. 1.3). These works have provided a 
valuable framework, although the symmetry implied can be disputed. 
Highly metamorphosed equivalents of the flanking Archaean granite- 
greenstone terrains comprise the Northern Marginal Zone (Robertson 
1973, 1974; Key 1976; Key et al. 1976) and the Southern Marginal Zone 
(Du Toit & Van Reenan 1977; Du Toit et al. 1983). Between them is the 
central Zone with a different Archaean stratigraphy, including 
supracrustal cover sequences and layered igneous complexes (Key 1977; 
Barton et al. 1979a; Fripp 1983; Watkeys et al. 1983).

Of the recent reviews of the Limpopo Belt (Robertson & Du TOit 
1981; Barton & Key 1981; Light 1982; Tankard et al. 1982), the
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approach of Watkeys (1983) is regarded here as both the simplest and 
potentially most rewarding. Watkeys (1983) subdivided the belt inbo
seven tectono-stratigraphic domains, each with its own internal 
stratigraphic, structural and metamorphic histories (Fig. 1.3).
Domain I, adjacent to the Rhodesian Craton, consists of high-grade 
equivalents of the granite-greenstone terrain. It has been interpreted 
as a wide ductile shear zone (Coward et al. 1976). In the west, a 
gradational structural contact is apparent through the Tuli-Sabi 
Straightening Zone (Bennett 1970; Key & Hutton 1976). Within Domain II 
the lithologies of the Central Zone and the Rhodesian Craton are 
juxtaposed in a wide dextral straightening zone (Light et al. 1977). 
Watkeys (1983) has shown Domain III,in which the Selebi-Phikwe ore 
bodies are situated,as consisting of Central Zone Limpopo gneisses and 
high-grade equivalents of the "Older Gneisses" of the Rhodesian 
Craton. Both Domains II and III seem to merge into Domain IV through 
the disappearance of the cratonic lithologies (Watkeys 1983). Domain V 
is a sinistral shear zone (Bahnemann 1972), which was reactivated to 
form post-Limpopo sedimentary troughs (Jansen 1975). Domain VII, the 
southernmost portion of the Limpopo Belt, consists of high-grade 
lithologies that have been correlated with the Kaapvaal Craton. ^ may 
coalesce with the lower-grade cratonic rocks by a decrease in meta­
morphic grade, without any structural discontinuity, as represented by 
the Hout River Transition (Du Toit & Van Reenen 1977). However the 
contact is possibly a sinistral shear zone (Watkeys 1983).

1.3.3. The Central Zone in the Msssina-Beit Bridge Area
The Central Zone supracrustal gneisses including those in Domain 

III which host the Selebi-Phikwe ore bodies are generally grouped 
together as though they are all the same suite and the same approx­
imate age (e.g. 3.3-3.5 Ga, Barton & Key 1981). However there has 
been little comparative work between different areas of the Central 
Zone and it is possible that the Central Zone supracrustals vary 
significantly in lithology, setting and age. The Selebi-Phikwe 
gneisses need to be cotpared to those in the rest of the Central Zone, 
particularly in the key Messina-Beit Bridge (M-BB) area, and to the 
greenstone belts to the north.

The Central Zone has been best studied in Domain IV, partic­
ularly the M-BB area (Fig. 1.2), #iere it is characterised by ancient 
basement, well-developed supracrustal sequences and major anorthositic
igneous complexes, all metamorphosed to granulite or amphibolite
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facies (Sohnge 1945; Bahnemnn 1972) (Table 1.1). Undisputed basement 
has only been mapped in the Sand River area southeast of Messina 
(Fripp 1981, 1983). The basement Sand River Gneisses (3790 Ma, Barton 
et al. 1983b) are tightly infolded and possibly thrusted within the 
supracrustal Beit Bridge Gneisses (BBG). The Sand River Gneisses are 
cut by deformed and metamorphosed mafic dykes of two distinct ages, 
3570 m and 3060 Ma (Barton et al. 1977).

The supracrustal BBG and similar lithological groups further 
west form most of the Central Zone in Domain IV. There are no reliable 
way-up criteria and there is much duplication by isoclinal folding and 
imbricate thrusting. Table 1.1 is only a pseudo-stratigraphic column. 
Conspicuous within the BBG are a quartzite-pyroxene amphibolite 
association and a politic gneiss-banded iron formation association and 
minor calc-silicate gneiss and marble (Jacobsen 1974; Brandi 1983; 
Fripp 1983). However much of the area is composed of less prominent 
variably gametiferous quartzofeldspathic gneiss (Barton 1983a). Calc- 
silicate gneiss and marble are abundant near the southern margin of 
the Central Zone, vAiereas banded iron formation occurs more commonly 
near the centre (Horrocks 1983a). The BBG are thought to represent a 
relatively thin, predominantly sedimentary sequence deposited in a 
broad basin under shallow water (Sohnge et al. 1948; Bahnemann 1972; 
Mason 1973; Coward et al. 1976b; Light & Watkeys 1977). However the 
association of basic volcanism (now represented by arngjiibolite and 
hornblende gneiss), cherts (some of the thinner quartzites) and banded 
iron formation suggests an oceanic environment (Fripp 1983). The 
origin of the various volumetrically significant quartzo-feldspathic 
gneisses is an important problem (Barton 1983a). For example the 
Singelele (kieiss has been interpreted as either representing felsic 
volcanic or volcaniclastic rocks (Fripp et al. 1979; Fripp 1983) or as 
being a granitic intrusive derived by partial melting of the basement 
(Sohnge 1945; Bahnemann 1972, 1973; Barton 1983a; Watkeys et al.l983).

Conformable sheets of netairorphosed anorthosite and leucogabbro 
(Hor et al. 1975) are intimately associated with the BBG, often near 
their contact with the Sand River Gneisses. (The description meta­
morphosed and the prefix "meta" will be emitted for convenience, vhen 
describing the Limpopo anorthosites, gabbros and associated ultramafic 
rocks.) Minor layers and pods of pyroxenite and serpentinised perid­
ot! te and dunite occur adjacent to and concordant with the layers of 
anorthosite and leucogabbro. Barton et al.(1979a) included them all in 
their Messina Layered Intrusion (MLI). However similar pyroxenites



and serpentinites also occur within the BBG without any associated 
anorthosites and Light et al. (1977), Brown (1981a,b) and Watkeys et
al. (1983) noted the association of this ultramafic suite with banded
iron-formations. Light et al. (1977) and Light & Watkeys (1977) still
included these ultramafic rocks along with anorthosites in a layered 
igneous oomplex. However Brown (1981a,b) and Watkeys et al. (1983) 
tentatively suggested that this separate ultramafic suite has affinit­
ies with komatiites which are typical of Archaean greenstone belts.

The last major unit within Domain IV in the M-BB area is the 
Bulai Gneiss, a grouping which includes several syntectonic plutons 
composed of porphyroblastic granitic gneiss (Sohnge 1945; Watkeys et 
al. 1983).

The relationships between these various units in the M-BB area 
are not clear and their isotopic ages are seldom discriminatory. Ihe 
contacts between the basement Sand River Gheisses, the supracrustal
BBG and the MLI are planar and tectonic. None of the older 3570 Ma 
dykes has been found cutting the BBG (Barton 1983a). The BBG are 
usually assumed to have been deposited unconformably on the already 
deformed Sand River Gneisses (Barton 1983a; Watkeys et al. 1983). 
However it is possible that the Sand River Gneisses were thrust into 
contact with the BBG and that they are not the true basement upon 
which the BBG were deposited (Fripp 1981; Barton 1983a). Xenoliths of 
possible supracrustal quartzite in the MLI indicate that it was 
intruded into both the Sand River and Beit Bridge Gneisses (Barton 
1983a). However Fripp (1983) regards this as inconclusive and suggests 
that the MLI is older than the BBG.

In the rest of the Central Zone the direct correlation of the 
Limpcpo Gheisses with those in the M-BB area and their subdivision 
into equivalent basement and supracrustal cover has proven difficult. 
Rare slivers of basement equivalent to the Sand River Gneisses have 
only been mapped to the north in Zimbabwe (Watkeys et al. 1983). BBG 
can be traced westwards in Domain IV, past Alldays (Brown, unpub. data 
1976). Further west in Domain IV in Botswana, similar supracrustal and 
anorthositic gneisses have been mapped as the Baines Drift Formation 
by Mason (1967) who was the first to include quartzo-feldspathic 
gneiss as well as obvious metasediments into a Limpopo supracrustal 
group. Nearby at Zanzibar, Key (1977) recognised a basement to the 
supracrustal gneisses, which consisted of foliated pale-grey tonalite 
gneisses with pink adamellite anatectite phases and mafic stringers, 
all cut by mafic dykes that are apparently absent from the Baines
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Drift supracrustal rocks. The unique occurrence of mafic dykes is the 
only criterion for regarding them as basement (Key 1977). This 
"basement" gneiss has been dated as at least 3230 Ma old (a presumed 
metaitorphic Rb-Sr age) and the intrusive age of the mafic dykes as 
2960 + 89 Ma (Barton & Key 1983). However Barton & Key (1983) also 
decided that the "basement" Zanzibar Gneisses are equivalent to the 
Sand River Gneisses and that the Baines Drift supracrustal rocks are 
equivalent to the BBG. They therefore concluded that the 2960 Ma-old 
dykes should be found in the supracrustal Baines Drift rocks. The 
evidence is that the Baines Drift sipracrustal and anorthositic 
gneisses are lithologically similar to the BBG and MLI. The rocks near 
Malahapye in Domain VI in the far west, are stated by Barton & Key 
(1981) (referring to Erraanovics 1977) to be quite different to those 
in Domain IV and probably a new and younger succession. However the 
dcminantly politic gneisses near Mahalapye appear to be the structur­
ally upper part of a typical Domain IV supracrustal assanblage 
(Ermanovics 1977).

1.3.4. The Central Zone in the Selebi-Phikwe Area
In Botswana in Domain III a distinction has been made between

extensive tracts of photogeologically homogeneous granitic gneisses 
and a varied well-banded supracrustal assemblage of hornblende 
gneisses and amphibolites, quartzofeldspathic grey gneisses, anorth­
ositic and gabbroic gneisses, and minor metasediments (quartzites, 
marbles and banded iron formations), characterised by abundant photo- 
geological trend-lines (Thomas 1970; Bennett 1971, 1973; Gordon 1973; 
Mason 1973; Wakefield 1974; Key et al.l976; Watkeys 1983). This supra­
crustal assemblage contains Ni-Cu sulphide ore bodies in the Selebi- 
Phikwe area (Gordon 1973). Thoms (1970) , Mason (1973), Wakefield 
(1974) and Key et al. (1976) regarded the granitic gneisses as a 
basement to the supracrustal assemblage and Watkeys (1983) compiled 
them as the high-grade equivalents of the "Older Gneisses" of the 
Rhodesian Craton. Hcwever Bennett (1973) thought that there is a 
gradational contact between the two assemblages and doubted vdiether 
any stratigraphic significance should be attached to the distinction. 
Wright (1977) concluded that a large proportion of these granitic 
gneisses are strongly deformed, post-supracrustal intrusives.

An association between the amphibolites and hornblende gneisses 
of the supracrustal assemblage and the anorthosites has been suggested 
(Meson 1967, 1970, 1973; Key 1976, 1977; WTight 1977). For example Key
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(1977) states that amphibolites of basaltic composition grade into 
anorthosites and therefore represent mafic sheeted intrusions. He 
further found no evidence to suggest an extrusive origin for the 
amphibolites and argued that extrusive rocks are confined to the 
greenstone belts of the Rhodesian Craton to the north. Only Gordon 
(1973) has suggested an extrusive origin for the amphibolites. The 
quartzofeldspathic gneisses are commonly regarded as metasedimentary 
because of their association with definite metasediments (Mason 1967; 
Key 1976, 1977; Key et al. 1976). However Mason (1973) suggested that 
some might be acid-intermediate volcanics and Wright (1977) believed 
many to be intrusive granitoids. The anorthositic and gabbroic 
gneisses are similar to those in the M—BB area (Mason 1973). However 
Barton & Key (1981) state that those in the Selebi-Phikwe area are 
anomalously rich in quartz and Barton (pers. ccsrm. 1981) doubts that 
they are equivalent to the MLI L<xye.tecL

Hickman & Wakefield (1975) obtained a metamorphic age of 2720*
]Ma from quartzofeldspathic and anorthositic gneisses at Selebi-Phikwe. 
The greenstone belts of the Rhodesian Craton are of three ages, 3.5, 
2.9 and 2.7 Ga approximately (Wilson et al. 1978; Wilson 1979) (Fig.
1.2 and Table 1.2). Before Barton and co-workers obtained the very 
ancient dates in the Messina area the supracrustal gneisses of the 
Central Zone were generally regarded as the high-grade, shallow-water 
equivalents of the 2.7 Ga-old greenstone belts to the north (the 
Matsitama and Tati greenstone belts or the slightly older Tutume 
croup) (Bennett 1970; Van Breemen & Dodson 1972; Litherland 1973;
Mason 1973; COward et al. 1976a,b; Key et al. 1976; Saggerson & Turner 
1976; Cbomer et al. 1977; Key 1977). The Central Zone supracrustals 
are currently regarded as all being 3.3-3.5 Ga old (Barton & Key 1981; 
Barton 1983a). The combining of all the Central Zone supracrustal 
gneisses into one group is not justified. The BBG and MLI can be 
traced westwards to the possibly equivalent, lithologically similar 
Baines Drift supracrustal and anorthositic gneisses. However the 
gneisses in Domain III to the north contain more amphibolite (Key 
1976; Barton & Key 1981) and less-obvious metasediments than the Beit 
Bridge—Baines Drift gneisses in Domain IV and are separated frcm them 
by granitic gneisses (Whtkeys 1983). The age of the supracrustal 
gneisses of Domain III is problematic. They could be the equivalents 
of the 2.7 or 2.9 Ga-old greenstone belts to the north, or the 3.3-3.5 
Ga-old BBG to the south, or neither (Table 1.2).
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1.3.5 Structure and Metaitorphism
The Lirtpopo Belt has suffered a long and complex deformational 

history and many complicated and conflicting accounts of the deform­
ation have been published. However a pattern that can be seen through­
out the Central Zone is one of early recumbent folds and refolds 
(nappes) and thrusts that were later deformed into the periclinal 
interference structures that are typical of the Central Zone. These 
deformation events and fabrics produced were probably not synchronous 
throughout the belt (Coward et al. 1976a). The Limpopo deformation 
lasted from at least 3200 to 2500 Ma in the M-EB area in Domain IV 
(Barton 1983a; FTipp 1983; Watkeys et al. 1983); whereas in the Selebi 
-Phikwe area in Domain III the first reoognisable deformation and 
formation of the regional fabric at granulite facies has been dated as 
2720* Ma (Hickman & Wakefield 1975). This is very broadly coeval with 
the development of fold nappes and imbricate thrust faults that took 
place about 2600 Ma in the majority of the greenstone belts in the 
southwestern part of the Rhodesian Craton (Wright 1974; Coward 1976; 
coward et al. 1976a,b; Cooper et al. 1977). The later events that 
formed the typical done and basin interference pattern of the Selebi- 
Phikwe area have been dated as late as 2100-2000 Ma (Hickman & 
Wakefield 1975). Cbward et al. (1976a), working only in the northern 
half of the Limpopo Belt, concluded that the early and late deform­
ation resulted from two intracratonic movements, widely separated in 
time, with movement taking place obliquely to the trend of the belt 
and producing shear zones.

Rocks in the Limpopo Belt have undergone granulite-facies meta­
morphism, although present mineralogies typically reflect retrograde 
amphibolite-facies conditions. There was an early pre-3570 Ma gran- 
ulite event that only affected the Sand River basement gneisses Fripp 
(1980). Horrocks (1980), Barton (1983a) and Watkeys et al. (1983) view 
the later metamorphism of the Central Zone in the M-BB area as having 
taken place in one long metamorphic P-T loop of burial, uplift and 
erosion, beginning with the deposition of the supracrustal rocks and 
ending about 2000 Ma. The detailed shape of the loop is uncertain ]but 
granulite facies conditions were reached about 3100 Ma (Horrocks 1980, 
1983a,b; Barton & Key 1981) when the supracrustal rocks were 
a depth of about 35 km during recumbent folding(watkeys et al. 1983). 
Amphibolite conditions existed at about 2700 Ma (Horrocks 1980) when 
rapid uplift resulted in decorpression, the introduction of water and 
anatexis (the Bulai Gneiss) (Watkeys et al. 1983). Barton & Key (1981)
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have stated that the grade of metamorphism is apparently lower in the 
western Central Zone in Botswana, possibly reflecting a higher crustal 
level than at M-BB. However the metamorphic facies in Botswana is also 
typically airphibolite and relict granulite (Wakefield 1974; Ermanovics 
1977; Key 1977).

The Southern Marginal Zone rocks were subjected to similar 
conditions of granulite-facies metamorphism followed by retrogression 
and hydration (Van Eeenen & Du Toit 1977, 1978; Du Toit et al. 1983; 
Van Reenen 1983). In the North Marginal Zone, granulite-facies 
conditions (Robertson 1968) were reached at about 2900 Ma (Hickman 
1976, 1978; Robertson & Du Toit 1978). A large wedge of granulites 
occurs in this zone in Zimbabwe. Further west in Botswana amphibolite- 
facies rocks are present, due either to retrogression during later 
shearing (Mason 1973) or because they represent a higher crustal level 
within this major shear zone (assuming later tilting) (Coward 1983).

1.3.6. Models for the Evolution of the Limpopo Belt
The relationship of Archaean high-grade terrains to adjacent low 

-grade granite-greenstone terrains is controversial. Three simplistic 
options have been suggested (Windley 1976, 1977; Condie 1976a, 1981):
1) Adjacent high-grade and low-grade terrains are unrelated and differ 

in age and tectonic setting (Hunter 1974).
2) High-grade terrains represent the uplifted and eroded root zones of 

low-grade terrains - a vertical relationship in viiich the high- 
grade terrain is younger (Glikson 1976).

3) Adjacent high and low^-grade terrains are the same age but reflect 
different tectonic settings - a lateral relationship (Windley 
1976, 1977).

Condie and Windley favour the third option, stressing that 
supracrustal rocks in high-grade terrains (including the Limpopo Belt) 
do not represent high-grade equivalents of greenstone belts, but are 
composed instead of quartzites, pelitic gneisses, carbonates and 
anorthosites. Similarly most overviews of the evolution of the Limpopo 
Belt treat the rocks of the Belt as a completely separate domain from 
those of the adjacent granite-greenstone terrains. Tectonic models by 
Barton & Key (1981), Light (1982), Fripp (1983) and Burke et al.
(1985) are examples of this separate treatment. The intracratonic 
model of Barton and Key (1981) and Barton (1981) is the simplest and 
stresses the importance of the ancient Sand River Gneisses. In this 
model the Limpopo Belt formed as a graben in a proto-craton that was
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neither the Kaapvaal nor the Rhodesian Cratons. The Limpopo Gneisses 
are the sediments filling the graben. The deformation of the Belt 
occurred as a result of differential movement between the portions of 
the proto-craton on either side of the graben. The granite-greenstone 
terrains of the Kaapvaal and Rhodesian Cratons formed in back-arc 
basins at the edge of the proto-craton and were accreted on to it.

Light (1982)y Pripp (1983) and Burke et al. (1985) have 
interpreted the Litpopo Belt in modem plate-tectonic terms, involving 
an accreting continential margin and the destruction of significant 
amounts of oceanic crust. Some workers (e.g. Kroner 1981 and Condie
1982) doubt that modern plate tectonic regimes can be applied to the 
Archaean (see Burke et al. 1976 for an Archaean plate-tectonic view). 
ILight (1982) and Burke et al. (1985) view the Belt as the product of 
continent-continent collision between an Atlantic-type margin of the 
Rhodesian Craton and an Andean-type margin of the Kaapvaal CTaton.
The subduction zone dipped under the Kaapvaal CTaton and over 1000 km 
of oceanic crust was subducted before collision (Light 1982). Burke et 
al. (1985) present no new evidence and their model is essentially that 
of Light. Gtanites and anorthosites, not andesites, were produced 
during partialimelting of this subducted oceanic crust (Light 1982). 
Fripp (1983) sees the M-BB area as representing a convergent plate- 
margin, including a vague magmatic arc, back-arc basin and continental 
inargin. He believes the MLI formed in a marginal continental rift 
(also stressing the importance of the very old Sand River Gneisses) 
before the BBG which formed in the resulting back-arc basin.

Earlier workers in the north of the Limpopo Belt have presented 
similar though less elaborate plate-tectonic models involving 
northwards subduction of the Central Zone under the Rhodesian Ciaton 
(Robertson 1973; Key 1977). A non-uniformitarian plate-tectonic view 
is that the Limpopo Belt and adjacent granite-greenstone terrains have 
evolved as part of the same continental plate, with the Belt situated 
ever a convective mantle downcurrent and the greenstones forming in 
continental rifts (Condie 1976a).

One of the imain problems of the Limpopo Belt is its apparently 
very long history, with features that are supposedly definitive of the 
Belt spanning 1 billion years. The BBG which are regarded as a key 
oomponent of the Belt and are oommonly thought of as being an assem­
blage of quartzites, pelitic gneisses, carbonates and anorthosites 
(Shackleton 1976; Sutton 1976; Windley 1976,1977; Condie 1976a) were 
deposited 3.3-3.5 Ga. The imetamorphism of the Belt, which is regarded
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as its most definitive aspect by workers in the Southern Marginal 
Zone, has been dated in that area at 2626 Ma (Barton et al. 1983a).
The deformation within the Belt has been used to define and subdivide
it (Cox et al. 1965; Key & Hutton 1976; Watkeys 1983). However the 
imain Limpopo fabric is found in 2.7 Ga greenstones belts of the 
Rhodesian Craton (Wright 1974; Coward et al. 1976a,b). The regional 
fabric and main metamorphism in the Selebi-Phikwe area have been dated 
at 2720* Ma, with the characteristic dome and basin interference 
pattern forming possibly as late as 2100 Ma (Hickman & Wakefield
1975).

The recognition of the original nature of the Limpopo gneisses
and their comparison with the adjacent granite-greenstone terrains is 
still of major importance to the understanding of the Limpopo Belt. 
This applies particularly to the Selebi-Phikwe area, in which Ni-Cu 
ore bodies are an integral part of the Limpopo Gneisses. An under­
standing of the original nature of the ore bodies is required before 
the original nature of the Limpopo Gneisses can be recognised and 
vice versa.

1.4 NICKEL DEPOSITS: A REVIEW

The Selebi-Phikwe Ni-Cu sulphide ore bodies have been described 
as being synvolcanic, of uncertain parentage, in a tectonically 
reworked terrain (Naldrett IGCP Project 1979). It is pertinent at this 
stage to consider the main types of Ni-Cu sulphide deposit.

Nickel production is dominated by only two types of deposit, 
both associated with mafic and ultramafic igneous rocks or their 
altered or metamorphosed equivalents. These are (a) nickeliferous 
laterite deposits, and (b) Ni-Cu sulphide deposits, on vAiich this 
review will concentrate. Nickel also occurs in "Cobalt type" arsenide- 
vein deposits associated with cobalt and native silver (Stanton 1972) 
(e.g. the Noel deposit in Zimbabwe, Williams 1979, and in the uranium 
deposits of Saskatchewan, Gatzweiler et al. 1979). These hydrothermal 
deposits are not important in terms of nickel production. Economically 
attractive, unexploited concentrations of nickel and copper (>1.8% 
combined Ni & Cu) are found in deep-sea ferromanganese nodules of the 
Pacific equatorial zone (Heath 1981), with potentially recoverable 
reserves of nickel (Archer 1981) of the same order as estimates of 
land-based reserves (Buchanan 1982).
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1.4.1 Nickeliferous Laterite Deposits
Laterite deposits account for 40% of current production of 

nickel (Boss & Travis 1981; Buchanan 1982). Nickel laterite deposits
are the residual products of tropical chemical weathering of ultra- 
mafic rockSy particularly Mesozoic and Cenozoic pphiolitic peridotites 
in relatively mountainous^ modern island arcs (e.g. New Caledonia) 
(Golightly 1981). The nickel is present along with important minor
cobalt, either in goethite in the limonitic oxide zone at the top of 
the laterite profile, or more importantly (up to 4% Ni) in garnierite
in the saprolite zone at the base vhere nickel, magnesium and silica 
are precipitated to form hydrous silicate ore (Golightly 1981;
Buchanan 1982).

The source of the nickel in nickeliferous laterite deposits is
forsteritic olivine (Golightly 1981) which typically contains 0.3-0.4% 
Ni (Simkin & Smith 1970; Fleet et al. 1977). The enrichment of nickel 
in olivine and to a lesser extent in pyroxene during the fractional 
crystallisation of basic-ultrabasic magma has been explained by 
crystal field theory, as due to nickel's high octahedral "site prefer- 
ence energy" (Bums & Fyfe 1966; Bums 1970).

1.4.2 Ni-Cu Sulphide Deposits
Ni-Cu sulphide deposits account for 60% (about 4000,000 tons 

annually) of present production of nickel, although they represent 
only half the nickel reserves of laterite (Boss & Travis 1981;
Buchanan 1982). Laterite ores require 2 to 5 times the energy used 
with sulphide ores, for equivalent nickel production (Dasher 1976).

Ni-Cu sulphide ores have a simple mineralogy, they consist 
mainly of pyrrhotite, with variable amounts of pentlandite, chalco- 
pyrite, pyrite, magnetite and chronite. Cobalt, platinum group 
elements (PGE) and gold are locally significant constituents.

1.4.2a Deposit types and their relative importance
Ni-Cu sulphide deposits have been classified (Naldrett &

Gasparrini 1971; Naldrett 1973, IGCP Project 161 1979, 1981; Naldrett 
& Cabri 1976) in terms of the type, size and tectonic setting of the 
mafic and ultramafic bodies with vAiich they are associated. These 
classifications only show that Ni-Cu sulphide deposits are associated 
with a variety of igneous, mainly intrusive bodies or their metamorph- 
osed equivalents, of both tholeiitic or komatiitic parentage, in 
several tectonic settings. Ophiolites, mafic (as cotpared to ultramaf-
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ic) lava flows. Alaskan-type bodies and alkaline ultramafic bodies 
(such as kimberlites)oontain few significant Ni-Cu sulphide
deposits (Naldrett 1981). Because it is often difficult to precisely 
place a deposit in these elaborate schemes, a simpler classification 
based on that of Marston et al. (1981) and Ross & Travis (1981) for 
Australian deposits is used in this thesis. Deposits are classified as 
being either kcmatiite-associated, gabbroid-associated, or in a few 
cases sedimentary-associated. The hydrothermal vein-arsenide assoc­
iation is of minor econcmic importance and will not be considered.

Ni-Cu sulphide deposits occur throughout geologic time, the most 
recent major deposits being the Triassic ore bodies at Noril'sk- 
Talnakh in Siberia (Glaskovsky et al. 1977). They are, 
dcsninan+ZY Lower Proterozoic (e.g. the gabbroid-
associated deposits of Sudbury in Canada) and Archaean (e.g, 
kcmatiite-associated deposits) cx^c-.

When the reserves or past production of the main nickel- 
producing classes of Ross & Travis (1981) are compared, the Sudbury 
intrusion's dominant position is very clear. However this is partly 
due to historical, economic and logistical factors. Of the original 
resources containing greater than 0.8% sulphide Ni, the gabbroid- 
associated Sudbury deposits contribute 39%; other gabbroid-associated 
deposits contribute 38% and kcmatiite-associated deposits account for 
23% (Ross & Travis 1981). Original resources with less than 0.8% Ni 
are dominated by deposits in large layered gabbroid-associated 
intrusions. Sedimentary-associated deposits contribute less than 0.5% 
of original resources of sulphide Ni.

1.4.2b Description of deposit types
1) Komatiite-associated deposits
Ni-Cu sulphide deposits are associated with kcmatiites in 

Archaean greenstone belts of the Yilgam Block in Vfestem Australia 
(W.A.), the Rhodesian Craton and the Superior Province in Canada and 
the Lower Proterozoic Cape Smith fold belt in Ungava, Canada (Hynes & 
Francis 1982). Komatiite-associated deposits in Western Australia 
(Marston et al. 1981) and Zimbabwe typically occur near the base of a 
sequence of ultramafic volcanics, later eruptions in the sequence 
being less magnesian with minor or no sulphides. For example in 
Zimbabwe ore bodies are located at the base of the first volcanic unit 
of the Bulawayan Group (Williams 1979).

Kcmatiite-associated ore bodies are nickel rich (10-15% #ien

21



recalculated to 100% sulphide) and copper poor (0.5-1.5%) (Naldrett 
1981) (Fig. 1.4). Deposits with even higher grades of nickel are 
either hicgily chemically altered; for exaitple the talc-carbonate 
hosted Epoch deposit in Zimbabwe (Naldrett 1981), the magnetite-rich 
Langmuir 1 ore body in Ontario (Green & Naldrett 1981) and the super- 
gene Durkin deposit (WVA.) (Ross & Keays 1979); or have suffered 
extreme dynamic metamorphismf for example the Nepean deposit (VLA.) 
(Barrett et al. 1976).

ROmatiite-associated deposits occur in three situations:
(a) 4S thin layers of massive to disseminated sulphide at the base of
individual komatiite lava flows (the volcanic peridotite-associated
deposits of Marston et al. 1981). The deposits of Ka^balda (W.A.) 
(Woodall & Travis 1969; Ross & Hopkins 1975; Gresham & Loftus-Hills
1981) are the main examples. Others include the Damba-Silwane deposits 
in Zimbabwe (Williams 1979) and the Langmuir (Green & Naldrett 1981)
and Alexo (Naldrett 1973) deposits of the Abitibi Belt, Canada. Flow- 
hosted ore bodies are generally small (1-5 million tons), with high 
nickel grades (1.5-3.5% Ni) (Naldrett 1981).
(b) in intrusive ultramafic bodies (usually toward the base) intimate-
ly associated with komatiitic volcanics. The deposits of the Ungava 
Ni-belt (e.g. the Katiniq sill deposit, Wilson et al. 1969) and the 
Shangani ore body in Zimbabwe are of this type. The intrusions acted 
as feeders for eruptions, for example the Shangani host peridotite has 
been interpreted as a volcanic neck or vent (Williams 1979) or a sub- 
volcanic magma chamber (Viljoen et al. 1976). These obviously sub- 
volcanic, komatiite-associated ore bodies are intermediate in type, 
grade and size between flow-hosted deposits and intrusive dunite- 
associated deposits.
(c) gs dominantly disseminated sulphides in large intrusive lenses of
variably serpentinised dunite locally with peripheral peridotite (the 
intrusive dunite-associated deposits of Marston et al. 1981).
Examples are the Six-Mile (Naldrett & Turner 1977), Mt. Keith (Burt & 
Sheppy 1975) and Agnew (Perseverance) (Martin & Allchurch 1975; 
Billington 1984) deposits of the Leonora-Wiluna Belt (W.A.) and the 
Dumont deposit in Quebec (Eckstrand 1975; Duke 1980). The deposits of 
the highy deformed and metamorphosed Thompson Belt in Manitoba 
(Zurbrigg 1963; Peredery 1979; Peredery et al. 1982) are possibly of 
this type. Intrusive dunite-associated ore bodies occur in more 
deformed terrains than flow-hosted deposits and are less obviously 
related to komatiitic volcanism than the subvolcanic deposits. The

22



dunitic lenses have been interpreted as either snbvertical bodies, 
dynamically emplaced after initial deformation, or as relics of sill-
like feeder chambers for komatiitic volcanics (Marston et al. 1981). 
Disseminated intrusive dunite-associated deposits are large (up to 250 
million tons) and mainly low grade (0.6% Ni) (Naldrett 1981).

2) Gabbroid-associated deposits
Gabbroic mafic-ultramafic intrusive cottplexes hosting Ni-Cu 

sul[jiide deposits vary fron very large layered intrusions to small 
irregular intrusions. Ihey appear to have crystallised from basaltic 
rather than ultrabasic (kcmatiitic) magmas, though the affinity of the 
parent magmas of these intrusions is not always clear. For example 
various estimates have been made of the ccmposition of the early 
magmas of the Bushveld Complex in South Africa (Wager & Brown 1967; 
Vermaak 1976; Cawtliom & Davies 1982; Irvine & Sharpe 1982). Some 
deposits are in intrusions related to and possibly feeders for flood 
basalts, for example tl^ Noril'sk-Talnakh deposits, hosted in differ­
entiated gaWaroic sills (Glaskovsky et al. 1977), and the unexploited 
deposits of the Late Proterozoic Duluth Complex in Minnesota (Weiblen 
& Morey 1980), a large layered troctolite-anorthosite complex 
associated with Keewanawan basalts.

Tbe class includes the Sudbury Nickel Irrrptive, a medium-sized 
differentiated intrusion, \dK)se ore bodies have domunated sulgdrlde 
nickel production. Sudbury will be treated as a separate subclass of 
gabbroid-associated deposits due to its enoimous original resources 
and widely accepted, impact-related origin (Dietz 1964). However it 
must be stressed that Sudbury has many features in common with other 
gabbroid-associated deposits.

Gabbroid-associated ore bodies have simple mineralogies, similar 
to those of kcsmatiite-associated deposits. However they have lower 
Ni:Cu ratios (Fig. 1.4) and usually much higher PGE (particularly Pt 
and Pd) (Naldrett et al. 1979) than those associated with kcmiatiites. 
Flood basalt-related deposits are rich in copper and have very low 
Ni:Cu ratios (Naldrett 1981).

(a) Deposits in large layered intrusions
Ni-Cu sulgbide deposits in these are characteristically 

extensive, low-grade, stratiform and undeformed, with relatively high 
concentrations of PGE. Large layered intrusions, such as the Bushveld 
Complex (Von Gruenewaldt 1979) and the Stillwater Complex in Montana
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(Page & Simon 1978; McCallnm et al. 1980) are significant in early to 
mid-Proterozoic rockS; when major cratons were first stabilised 
(Windley 1977).

(1)) Deposiuts ill EzrKLl]. tzo rnexiiim irEifixz-iiltzrcnnaifix: (?al)broijc :lnl:rns]uoru3

'rh«as<2 niir*:ix3lised iritrruEiicxnE: \^ari^ jErom lar^eapexl isiJLli, tao
iLr^zriisiuons \vhdLcli cire conl^^ {oar-tijalLly If^yeireNa ()r zcaned. "IhjLS 

cLiversit^^ iLs (iLK: ipairtJ;/ ibo tfactaoriism. ftarQr thws (leixosilos (occruir iii 
cksfxrcmeci t^siiradLnf; cuncL Fcnoixosecl txamgpoiralL i^s]jatjuonsliipw3 :Lr«iliide EM[e--y 
syn-, and post-tectonic emplacement of host intrusions. Some host 
intrusions include a range of rock types from gabbro to peridotite, 
and others consist only of mafic rocks. Where ultramafic rocks are 
present, they occur either at the base of the intrusion (e.g. the 
Dumbarton-Bird River sill deposit, Karup-Moller & Brummer 1971, Coates 
et al. 1979, and the Lynn Lake deposit, Scoates 1971, both in Archaean 
differentiated gabbroic sills in Manitoba, and the Jinchuan deposit in 
China (Ross & TTavis 1981; Yin Dezhi, pers. comm. 1986), or in the 
central portion (e.g. the host to the Empress deposit in Zimbabwe, and 
the synorogenic concentrically zoned Rana intrusion hosting the 
Bruvann deposit of the Norwegian Caledonides, Boyd & Mathiesen 1979).

Deposits in small to medium gabbroic intrusions are of higher 
grade and consist of more-massive sulphides than those in large 
layered intrusions. Sulphides are commonly concentrated toward the 
base of the host intrusion (e.g. in the Jurassic Insizwa Complex in 
the Transkei, South Africa, Scholtz 1936). However many of the 
deposits occur in deformed intrusions in which sulphides have been 
mobilised into tectonic zones to form tectonic ore bodies (e.g. some 
of the ore at Dumbarton and Lynn Lake, Naldrett & Gasparrini 1971). At 
Carr Boyd (W.A) and Giant Mascot (British Columbia) sulphides are 
associated with a pegmatoidal troctolitic phase in layered intrusions 
(Purvis et al. 1972; Nesbitt, pers. comm. 1987).

Mineralised intrusions typically occur in basaltic volcanic 
terrains, for example the early Proterozoic Pechenga deposits in the 
Kola Peninsula, U.S.S.R. (Glaskovsky et al. 1977), hosted by deformed 
stratified mafic-ultramafic intrusions associated with thick basaltic 
lavas of greenstone belt affinity in a graben (Grachev & Fedorovsky 
1981). However exceptions include the mid-Proterozoic (Svecokarelian) 
Kotalahti deposits in Finland (Papunen et al. 1979; Gaal 1981), hosted 
in synorogenic differentiated intrusions without any obvious 
associated basic volcanics.
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(c) Sudbury
The Ni-Cu sulphide deposits at Sudbury are a special case of 

deposits hosted by gabbroic intrusions. The norite-gabbroMmicropegmat- 
ite units that form the majority of the basin-like Sudbury Nickel 
Irruptive represent a differentiated intrusion of one or more pulses 
of relatively siliceous^ basic magma (Souch et al. 1969; Naldrett et 
al. 1970; Peredery & Naldrett 1975). The massive and disseminated 
ore bodies are associated with a sublayer at the base of the Irruptive 
(Souch et al. 1969) and with dyke-like bodies of sublayer (offsets) 
radiating outwards from the Irruptive. The sublayer consists of 
norite, breccia and sulphides (Pattison 1979).

There is now general concensus (see Card & Hutchinson 1975, and 
Fleet 1979a for the main alternative view that Sudbury was a major 
volcanic oentre) that the Sudbury structure and its associated 
intrusions were triggered off by the impact of a large meteorite about 
1800 Ma. This was first suggested by Dietz (1964) who described 
shatter cones in quartzites to the south of the Irruptive. Additional 
evidence was provided by French (1967, 1972), who noted shock meta- 
morphic effects in country-rock quartz and feldspar grains, and 
peredery (1972), who interpreted the Onaping Formation (directly 
overlying the Irruptive) as impact fail-back breccia (suevite).

One of the main problems of Sudbury geology has been the 
relationship of the sublayer to the main Irruptive. Early workers 
thought that the sublayer is the basal differentiate of the main 
norite-micropegmatite body (Coleman 1926). Hcwever there is an almost 
complete absence of pyrrhotite and pentlandite from the main Irruptive 
and Naldrett & Kullerud (1967) and Souch et al. (1969) have proposed 
that the sulphide-bearing sublayer is not the basal differentiation of 
the main Irruptive, but rather a series of late intrusions along the 
base of the Irruptive and in the offsets, concentration of immiscible 
sulphides having taken place at a deeper level. Pattison (1979) 
concluded that the norites, breccias and sulphides of the sublayer are 
pre-main Irruptive and suggested that the sublayer resulted frcsn 
direct emplacement of sulphide-enriched impact melt along the walls of 
the crater (the splash emplacement of Dietz 1972) and that the offset 
deposits formed by forceful injection into impact-induced fractures. 
However this coincidentally requires pre-impact concentrations of Ni 
and Cu sulphides at the impact site. In support of this, Sudbury lies 
in a belt from Duluth to Cobalt, that contains numerous Ni-Cu sulphide 
-bearing basic intrusions (Guy-Bray 1972).
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3) Sedimentary-associated deposits
A few small Ni-Cu sulphide deposits are associated with (roeta-) 

sediments. The best documented are the Redstone deposit in the Abitibi 
Belt (Robinson & Hutchinson 1982) and the Sherlock Bay deposit in the 
Pilbara Block (W.A.) (Carr 1974; Miller & Smith 1975). At Redstone a 
layer of Ni-rich massive sulphides occurs within altered dacitic 
volcanisediments associated with a sulphide-facies iron formation, 
near the contact with overlying komatiitic flows. At Sherlock Bay Ni- 
Cu sulphides are concentrated in carbonate, sulphide and oxide-facies 
iron formations within a calc-alkaline metavolcanic sequence, with no 
obvious relationship to kcmatiites.

Ni-rich sulphide ores occur within interflow metasediments 
associated with more typical komatiitic flow-hosted deposits in the 
Yilgam Block (W.A.), at Kambalda (particularly Jan Shoot) (Bavington 
1981), Windarra (Secccmbe et al. 1977; Groves et al. 1979) and 
Wannaway (McQueen 1979). The metasediments are banded albitic and 
sulphidic cherts.

The highly deformed and metamorphosed Thompson Belt deposits are 
hosted dominantly by serpentinised ultramafics of probable komatiite 
parentage (Peredery 1979). However 25% of the ore in the Thonpson Belt
occurs in metasediments, particular in association with pelites and 
iron formation at the Thompson mine and with dolomite and dippsidic
skam at Pipe 2 mine (Peredery et al. 1982),

1.4.2c The genesis of Ni-Cu sulphide deposits
Ni-Cu sulphide deposits have long been regarded as magmatic 

(CPleman 1926; SCholtz 1936; Hawley 1962). According to the tradition- 
al magmatic theory they result from (1) the formation of droplets of 
immiscible sulphide liquid within a basic or ultrabasic silicate 
magma; (2) the partitioning of Ni, Cu and PGE into these droplets; and 
(3) the subsequent concentration of the sulphides (Naldrett 1981). An 
origin by hydrothermal replacement has also been suggested, particu- 
larly for Sudbury (Wandke & Hofj&nan 1924; Phemister 1937; Fleet 1977, 
1979b; Fleet et al. 1977). The discovery of komatiite flow4hosted 
deposits has led to the suggestion that this type formed by hydro- 
thermal volcanic-exhalative processes (Lusk 1976a,b; Hutchinson 1982,
1983).

The evidence for a magmatic origin of most Ni-Cu sulphide 
deposits is formidable:
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(1) All Ni-Cu sulphide deposits (excluding Sherlock Bay) are
associated with mafic and ultramafic igneous rocks or their altered or
metamorphosed equivalents.

(2) The ]metal and sulphur contents of Ni-Cu sulphide ores (Fig. 
1.4) (Naldrett 1981) and the correlation between the Ni:Cu ratio of a 
deposit and the composition of the magma from which its host rock 
formed (Wilson & Anderson 1959? Rajamani & Naldrett 1978) are 
consistent with the Ni and Cu contents of basic and ultrabasic magmas 
(Duke 1979) and the coefficients that govern the partitioning of Ni, 
Cu and Fe between sulphide and silicate melts (Maclean & Shimazaki 
1976? Rajamani & Naldrett 1978? Doctor 1981, 1982). The high Cu 
content of flood basalt-related deposits has been attributed (Naldrett 
1981) to basalt magmas with exceptionally high Cu (400 ppm, Prinz 
1967) (supported by the lava-hosted Keewanawan Cu deposits, Robertson
1975), or alternatively to post-emplacement processes, such as 
fractional crystallisation and the blending of successive magma 
batches (Rao & Ripley 1983) .

(3) Tmmiscibility textures have been described in ores, for 
example at Sudbury (Hawley 1962) ,

(4) Most Ni-Cu sulphide ore bodies are concentrated towards the 
base of their mafic or ultramafic host (e.g. Kambalda). Gravitational 
settling is presumed (Naldrett 1979) to have concentrated dense 
immiscible sulphide (density 3.9 g/cc, as compared to silicate magma 
with a density of 2.6 to 3.0 g/cc) at some stage in the formation of 
these basal deposits. However the exact time of formation of the 
immiscible sulphides is often in doubt. In several cases, for example 
the Sudbury sublayer, estimates of the solubility of sulphur in basic- 
ultrabasic magmas indicate that in situ sulphide immiscibility and 
gravitational settling could not have taken place. Segregation and 
oonoentration of immiscible sulphides within a larger magma pool, 
prior to final emplacement of host rocks and sulphides has been 
invoked for the Sudbury sublayer (Naldrett & Kullerud 1967? Souch et 
al. 1969).

(5) Metallurgical observations of the formation of immiscible 
sulphide melts during smelting (Skinner & Barton 1973 and references
therein).

(6) The direct observation of the precipitation of immiscible 
sulphide globules during the crystallisation of basaltic magma 
(Skinner & Peck 1969).

The hydrothermal replaoament origin of Sudbury ores has been
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based mainly on minor details of mineral alteration, for example the 
local occurrence of blue sodic amphibole adjacent to sulphide (Fleet
1977). Naldrett (1979, 1981) has effectively criticised the experi­
mental data of Fleet et al. (1977) and the hydrothermal replacement 
hypothesis, except as a process which modified pre-existing ore, for 
example at Strathoona, Sudbury (Naldrett & Kullerud 1967).

A hydrothermal volcanic-exhalative origin seems probable for the 
minor deposits of Redstone and Sherlock Bay. It is feasible that 
exhalative Ni sulphides formed iwhere sea floor Ihydrothermal 
circulation affected Ni-rich komatiitic lavas (Hutchinson 1982). 
However at Kambalda and Windarra where examples of this possibly 
occur, physical remobilisation of komatiite-hosted massive sulphide 
and hydrothermal diffusion and migration of Ni and CU into adjacent 
sulphidic sediments during deformation and metamorphism has been 
invoked for the sediment-hosted ores associated with more typical 
flow^hosted deposits (Paterson et al. 1984; Schmulian 1984).

The of Lusk (1976a,b) that komatiitic flow-hosted deposits 
were actually volcanic-exhalative Ni deposits that have coincidentally 
been partially melted by, and incorporated into, immediately overlying 
komatiite lava flows has been strongly countered by Groves et al. 
(1976, 1979) and Groves & Hudson (1981) who argue convincingly that 
most of the features used by Lusk to indicate an exhalative origin are 
actually of metamorphic derivation. Barrett et al. (1977) suggested 
that komatiitic flow-hosted massive sulphides could have been 
generated from more dissemin-ated mineralisation during metamorphism 
and deformation. However Groves et al. (1979) concluded that though 
this happened locally, for example at Nepean (Barrett et al. 1976), it 
was usually pre-existing magmatic sulphides that had been modified and 
rembbilised. The association of sulphides with metasediments in the 
Thompson Belt is probably due to deformation which moved the sulphides 
away from their komatiitic hosts (Nesbitt, pers. comm. 1986).

Basic and ultrabasic magmas are capable of supplying the metals 
to form Ni-Cu sulphide deposits. However concentration of magmatic 
sulphide is not the normal oonsequenoe of the generation, emplacement 
and crystallisation of basic or ultrabasic magma (Naldrett 1981). The 
sulphur content of basalt magma immediately prior to eruption rarely 
exceeds 0.16% (Moore & Fabbi 1971; Anderson 1974; Czamanske & Moore 
1977). Sulphur saturation and the production of minor immiscible 
sulphide globules occurs during the quenching of the magma (Fleet et 
al. 1977). Most komatiites, even those from sequences containing Ni-
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Cu deposits have sulphur contents (<0.05%) (Cameron et al. 1971;
Gtoves et al. 1979) considerably below the saturation levels of 0.3% 
determined by Shima & Naldrett (1975). The key to the formation of 
ore is the availability of sulphur (Naldrett & Macdonald 1980). Only
when a high supersaturation content of sulphur is present in a magma 
can the process of immiscibility and partitioning proceed efficiently. 
This must take place under critical conditions and at a critical time 
so that sulphides can concentrate undiluted by silicates.

Excess sulphur in the magmas that formed the host rocks and 
their associated Ni-Cu sulphide deposits could have originated either:
(a) internally, by the supersaturation of magmatic mantle-derived 

sulphur,
(b) externally, by sulphurisation, for example by assimilation of 

sulphur from country rocks, or
(c) a combination of both.

With respect to the first case, namely supersaturation of
magmatic sulphur, experimental work has shown that the solubility of 
sulphur in a silicate melt decreases with falling temperature 
(Haughton et al. 1974) and with falling pressure (Mysen & Popp 1980). 
The sulphur-carrying capacity of a basic-ultrabasic silicate melt has 
been experimentally reduced by increasing the silica or alkalies 
content (Shamazaki & Clark 1973; Haugton et al. 1974), by reducing the 
iron or the Fe/Mg ratio (Fincham & Richardson 1954), and by oxidation 
(Shima & Naldrett 1975, Buchanan & NOlan 1979). Possible examples of 
these effects producing ore by the supersaturation of magmatic sulphur 
are:

(1) the reduction of sulphur solubility in komatiite magma due 
to falling temperature and pressure and possibly oxidation during 
rapid rise of the magma from the base of the lithosphere, for the 
formation of kcmatiite-associated deposits (Lesher et al. 1981). 
Processes proposed for the genesis and transport of komatiite magma 
however are equivocal (Arndt 1977; Arth et al. 1977; Sickle et al. 
1977; Naldrett & Turner 1977; Nesbitt et al. 1979; Walker et al.
1980; Nisbet 1982). The possible extrusion of some komatiites with 
high contents of immiscible sulphides compounds the problem. Naldrett 
(1973) and Naldrett & Cabri (1976) have suggested that the source of 
the sulphur in komatiite-associated deposits was sulphur-rich mantle 
at 200 km depth (enriched in sulphur due to the melting of sulphides 
in the mantle below 100 km and their downward percolation).

(2) reduction of sulphur solubility in a basic-ultrabasic magma
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due to an increase in silica and alkalies by:
(a) assimilation of salic country rocks, to produce SUdbury (Irvine 
1975), the PGE-rich sulphides of the Stillwater Complex (Barker 
1975), the Sally Malay deposit (W.A.) (Thomett 1981) , the Madziwa 
deposit in Zimbabwe (Buchanan, pers. ccmm. 1981), and the Insizwa 
mineralisation (Lightfoot et al. 1984). Naldrett & Macdonald (1980) 
have suggested that sulphur saturation and the precipitation of 
immiscible sulphides at Sudbury without silicate crystallisation 
resulted from the assimilation of hot fractured siliceous rocks of 
the impact zone by rising impact-triggered basic magma (25-50% 
assimilation, Naldrett^l986). The relatively siliceous nature of the 
Irruptive supports this. Field relationships (Pattison 1979) and 
magmatic, low 34S values (Naldrett 1981) rule out a sedimentary 
derivation of the sulphur at Sudbury (Cheney & Lange 1967).
(b) mixing and blending with a more siliceous magma (Irvine 1977). 
Irvine & Sharpe (1982) and Irvine et al. (1983) proposed that the 
PGE-rich sulphides of the Merensky Peef of the Bushveld Complex and 
the Stillwater J-M Reef precipitated during the mixing of sulphur- 
carrying anorthositic magma and boninitic magma carrying the PGE, Ni 
and Cu.

(3) the Merensky Reef. Lee (1983) suggested that the sulphides 
of the Merensky Reef were the consequence of two opposing trends in a 
normally differentiating basic magma, variously described as being
sulphur-poor (Willanse 1969; Liebenberg 1970; Vermaak 1976). Lee 
(1983) propose! that the dissolved sulphur content of the residual 
Bushveld magma increased as it became enriched in FeO during
fractional crystallisation. However at the Merensky Reef stage after 
which plagioclase crystallisation became dominant, the rapid increase 
in silica and alkalies in the residual melt reduced sulphur 
solubility resulting in the formation of immiscible sulphides. LeelKu^ 
(1985) ha^also suggested a role for chromite crystallisation in the 
supersaturation of magmatic sulphur.

With respect to the second case, namely sulphurisation, sulphur 
isotope studies and field relationships indicate that introduction of 
sulphur from sedimentary country rocks at the magmatic stage contrib-
uted significantly to sulphur availability in the formation of 
several gabbroid-associated deposits:

(1) the Noril'sk-Talnakh deposits, the sulphides of which are
anomalously heavy in sedimentary 34S (Godlevski & Grinenko 1963);
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country rocks include extensive Devonian evaporites (Mainwaring & 
Naldrett 1977; Naldrett & Macdonald 1980).

(2) the deposits of the Duluth Ccrrplex (Mainwaring & Naldrett 
1977). Ripley (1981) and Rao & Ripley (1983) suggested that 
sulphides and hydrous minerals of the underlying Virginia Formation 
Exdimen^werel^rAen W^heat Armthe]r±rush%:and sh^hur
introduced as an H20-rich volatile phase.

(3) the Platreef at the base of the Bushveld Complex. Buchanan 
et al. (1981) suggested incorporation of sedimentary sulphur into 
Bushveld magma from anhydrite in the floor rocks. Buchanan & Rouse 
(1984) later suggested multiple contamination, with increased 
contents or iron and carbon from the assimilation of banded iron­
stones and organic material resulting in a higher sulphur-carrying 
capacity of the magma, as well as sedimentary-derived sulphur.

Sulphurisation has also been proposed for komatiite-hosted 
deposits (Naldrett 1966 for Alexo, retracted 1973; Finder 1970; 
Hbpwood 1981). The similarity of high S/Se ratios and sulphur isotope 
values for metasediments and ores frcm a number of flow-hosted 
deposits, particularly Windarra (Secconbe et al. 1977) and Langmuir 
led Groves et al. (1979) and Groves & Hudson (1981) to suggest that 
seme sulphur was derived via contamination from a crustal source, 
more likely at a high-level magma chamber stage than in situ after 
eruption. Assimilation of sulphur from sulphidic sediments by 
komatiite lavas during flow has recently suggested, particularly for 
the Kambalda deposits, by Lesher et al. (1984) and Huppert et al. 
(1984), who respectively interpret the linear troughs which the ores 
occupy as pre-existing topographic channels down which the lavas were 
channelled, or as thermal erosion channels. Both groups of authors 
use the mutually exclusive relationship between the ores and stratig- 
raphically equivalent sulphidic metasediments as evidence for the 
localised assimilation of these sediments to form ore. However the 
high, undepleted Ni contents of olivines in mineral-ised flows 
(Groves & Hudson 1981) argues against the post-eruptive extraction of 
Ni from komatiite magma into immiscible sulphides. It is unlikely 
that magmatic Ni could have been efficiently scavenged by assimilated 
sulphur during flow and later rapid cooling. The occurrence of 
disseminated ore bodies in intrusive dunites also argues against 
post-eruptive sulphurisation as the major source of sulphur. The idea 
of Lusk (1976a,b) that komatiite flow-hosted deposits derived both 
their sulphur and nickel by assimilation of underlying volcanic
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exhaletive Ni deposits is also unlikely (Groves et al. 1976, 1979; 
Groves & Hudson 1981).

At Mt. Keith,Groves & Keays (1979) concluded that external 
sulphur had been added progressive serpentinisation, and they 
suggested that the increase in sulphide volume during alteration 
possibly represents an important initial stage in the formation of 
metamorphic ores in highly strained and metamorphosed environments. 
Serpentinisation can also result in the release of silicate Ni and 
the upgrading of the Ni content of sulphides, most notably in weakly 
mineralised intrusive dunites, for example at Dumont (Eckstrand 1975) 
and Six-Mile (Naldrett & Turner 1977).

Acoept in the few cases where sulphur isotopes and field 
relationships indicate sulphurisation, there is little agreement on 
the relative roles of sulphurisation and magmatic sulphur in the 
formation of Ni-Cu sulphide ore bodies (e.g. for komatiite-hosted 
ores). The Sudbury and Merensky sulphides appear to be of magmatic 
sulphur, although the actual processes for magmatic sulphur super­
saturation in them are still highly debated.

In conclusion, the great majority of Ni-Cu sulphide deposits 
are of magmatic origin, caused by the formation of immiscible 
sulphides in basic to ultrabasic magma, the partitioning of Ni and Cu 
into these sulphides and the subsequent concentration of the 
immiscible sulphides. Basic to ultrabasic magmas are able to provide 
the Fe, Ni, Cu and PGE to form the deposits. The key to their 
formation is the availability of sulphur. Excess sulphur can be of 
magmatic mantle-derived origin, or may be assimilated from country 
rocks, or a combination of both. Supersaturation of magmatic sulphur 
may be caused by a variety of physical and chemical processes. Seme 
mantle-derived magmas, particularly Archean komatiites, possibly have 
high initial sulphur contents. The preponderance of Ni-Cu sulphide 
deposits in the Archaean and early Proterozoic may reflect sulphur 
depletion of the upper mantle caused by many cycles of plate 
tectonics or similar processes (Naldrett 1981). The only large Ni-Cu 
sulphide deposits that are younger than mid-Proterozoic, Duluth (1115 
Ma) and Noril'sk (Trlassie), both probably acquired most of their 
sulphur by assimilation of sedimentary sulphur in an intracontinental 
setting.

Hydrothermal replacement has not played an important role in 
the formation of Ni-Cu sulphide deposits, except to modify and 
concen-trate pre-existing magmatic sulphides. Similarly deformation
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and imetamorphism (particularly serpentinisation) have been locally 
important in the formation of more massive sulphides from dissemin- 
ated magmatic sulphides. Hydrothermal volcanic exhalative processes 
may have formed at least two minor deposits, and exhalative ores 
possibly occur adjacent to more-important magmatic komatiite flow- 
hosted deposits. The Sudbury deposits, although essentially magmatic, 
remain enigmatic. Although a role for meteorite impact in the form- 
ation of the world's largest occurrence of Ni-Cu sulphides has been 
accepted, there is (as yet) no evidence for, or acceptance of a 
cosmogenic origin (Dietz 1964, 1972) for all or some of the Ni, Cu 
and S. High contents of magmatic mantle-derived sulphur, high degrees 
(up to 50%, Naldrett 1986) of sialic crustal contamination, and pre­
impact conoentrations of Ni-Cu sulphides have all been proposed.

1.5 AIMS AND METHODS OF RESEARCH

The main aims of the research recorded in this thesis were to 
study the nature of the host rocks and mineralisation at the Selebi- 
Phikwe Ni-Cu mines, to elucidate the geochemical nature of the host- 
rock (e.g. are they komatiitic or tholeiitic ?) and to evaluate the 
relationships between host and ore. (Are the ores syngenetic?)

Secondary aims, with a direct bearing on the primary aims were:
a) to study the nature of the nearby Dikoloti-Lentswe Ni-Cu deposits 

(Are they similar and related to Selebi-Phikwe?); and
b) to investigate the nature and geochemistry of the Limpopo gneisses 

in the Selebi-Phiklwe area, as to the setting of the Ni-CU 
deposits and in a more regional sense, to contribute
to the understanding of the Limpopo Belt. (What were the gneisses 
originally? Are they high-grade equivalents of granite-greenstone 
terrains or do they represent a ccmpletely separate setting?)

By-products of the research are a better knowledge of aspects of 
the structure and metamorphism of the area, particularly the 
deformation suffered by the Selebi-Phikwe ore bodies.

The field of work for the research was carried out in two 
periods of three months during the winters of 1980 and 1981. 
Information on the Selebi, Selebi North and Phikwe ore bodies and the
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Dikoloti-Lentswe prospects was obtained by relogging and sampling 
diamond drill core, (Surface exposure of the mineralisation is non- 
existant). Underground observation and sampling were carried out at 
the Selebi and Phikwe mines. Mapping and sampling were carried out 
in the Selebi-Phikwe area to increase understanding of particular 
problems (e.g. the original nature of the granitic and supracrustal 
gneisses). However poor exposure meant that a lot of information and 
sanples had to be gathered from diamond drill core. This had the 
(advantage of providing complete fresh sections. Two regional 
traverses from Selebi-Phikwe were made to the Sefhqpe area to the 
southeast and to Kgarirnacheng to the north. The Phoenix and Selkirk 
deposits in the Tati greenstone belt 70 km to the north of Selebi- 
Phikwe were examined and the limited amount of available core was 
logged and sampled. A week was spent in the Messina area examining 
key exposures in order to catpare with the Selebi-Phikwe area. 
Information was also gained from the author's previous employment for 
BCL in the Matsitama area from 1973 to 1975 and in the Messina-Beit 
Bridge area for Johannesburg Consolidated Investments during 1975 and 
1976. Petrological and geochemical analysis of samples were carried 
out at Southaxipton University. Mineral probe data were obtained at 
the Open University and Imperial College.
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CHAPTER 2 THE GEOLOGICAL SETTING OF THE SELEBI-PHIKME NI-CU 
DEPOSITS

2.1 INTRODUCTICN
The Selebi-Phikwe area, located near the north margin of the 

Central Zone of the Limpopo Belt in Botswana (Figs 1.2 & 1.3), has 
been mapped by BCL geologists (Gordon 1973; Gallon 1986), Wakefield 
(1974) and Key (1976). It was not the intention of this research to 
remap the area but rather to concentrate on areas of possible 
extension of the Ni-Cu mineralisation, particularly the Dikoloti- 
Lentswe horizon, and on specific problems such as the nature of the 
"basement" granitic gneisses and the anorthosites, given the present 
view by BCL geologists at Selebi-Phikwe that these gneisses are of 
sedimentary origin. Exposure is poor. The more resistent granitic 
gneisses, anorthosites and hornblende gneisses are the best exposed 
lithologies. Drill core provided complete sections through the 
gneisses.

The gneisses of the Selebi-Phikwe area can be conveniently sub­
divided into photogeologically homogeneous granitic gneisses and a 
photogeologically well-banded assemblage including hornblende gneiss, 
grey quartzo-feldspathic gneiss, anorthosite and netasediimnts (Plate 
1, Fig. 2.1). A section without obvious major repetitions occurs to 
the south of Phikwe and is seen in the deepest drill holes at Phikwe 
(Fig. 2.2). Wakefield (1974) and Wright (1977) have proposed from 
limited structural evidence that the Phikwe section is upside down. 
Figure 2.3 is a pseudostratigraphic column for the Selebi-Phikwe 
area. The gneisses above the Selebi ore body, although similar to 
those at Phikwe, can not be exactly correlated with those at Phikwe, 
possibly because of repetition due to early folding at Selebi.

2.2 GRANITIC GNEISSES
Granitic gneisses corprise about 40% of the Selebi-Phikwe area. 

They occur at the top of the deepest holes at Phikwe (Fig. 2.2). The 
granitic gneisses include a variety of lithologies. The three main 
types and their proportions are:

Plate 1, overleaf. Air photo montage of the Selebi-Phikws area. PD-
Phikwe Done, SB-Selebi Basin, MR-Motloutse River, LF-Lethlakane
Fault, P-Phikwe ore body, S-Selebi ore body, SN-Selebi North oreboc^.
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Intrusive porphrdblastic
granite gneiss plus a 
hornblende diorite phase.

B

V

D

Thin granite gneiss 
bands throughout 
the section.

T-O

-lOO

U20om. G p DPj>
■p-s'p

Intermediate biotite gneiss and 
hornblende gneiss plus biotite 
anphibolite, quartzite and minor 
serpentinite. Disseminated sulphides.

Dikoloti-Lentswe unit 
Magnetite-anphibole quartzite. 
Mg amphibolite, hornblende 
gneiss and minor grey gneiss. 
Mineralised ultramafic rocks.

Thin relicts of grey gneiss and hornblende gneiss.

Hornblende gneiss plus intermediate biotite gneiss, quartzite, 
biotite aitphibolite, gamet-quartz-feldspar granulite, coarse 
mafic garnet gneiss and minor grey gneiss. Disseminated sulphides.

Thin relicts of grey gneiss and hornblende gneiss.

Hornblende gneiss plus grey gneiss.
Pyroxene anorthosite.

Highly sheared anorthositic gneiss, intercalated with grey gneiss, 
granite gneiss and minor hornblende gneiss. Abundant rayIonite zones.

Anorthositic to metagabbroic gneiss with deformed mafic dykes.

Assumes no repetitions due to D1 folding at Phikwe.
MyIonite zone

Hornblende gneiss (with locally abundant magnetite), plus hornblende 
anphibolite and thin ultramafic bands. Minor grey gneiss (including 
magnetite-rich grey gneiss).

gradational contact

Grey gneiss (incl. cordierite-)3earing gneiss) , plus hornblende 
gneiss, granitic gneiss and minor intermediate biotite gneiss.

Thin granite gneiss.

Phikwe host amphibolite.

Hornblende gneiss with hornblende 
anphibolite, grey gneiss (incl. 
cordierite-bearing gneiss) and 
minor intermediate biotite gneiss. Selebi

Monotonous interbanded grey gneiss, 
intermediate biotite gneiss and 
hornblende gneiss. Minor cordierite 
and diopside gneiss. Structurally 
ajxive the Selebi ore }oody.

Hornblende gneiss (with garnet) 
and diopside gneiss. Minor 
intermediate biotite gneiss.

Undifferentiated thin anorthositic, 
hornblende and grey gneiss.

H I'bi^hi^pl Uiopside quartzite, diopside n 1—p—£—I amphibolite, marble and -? Dikolti-Lentswe unit
magnetite quartzite, 

p Undifferentiated anorthositic, hornblende and grey gneiss.

Intrusive porphyroblastic granite gneiss

Fig. 2.3 "Stratigraphic" column of the Phikwe area
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a) ooarse porphyroblastic^ dark pink, biotite granite gneiss (65%);
b) medium grained, granoblastic, pink quartzofeldspathic granite 

gneiss (15%); and
c) migmatitic, well-banded, pink and grey granitic gneisses, often 

]±u^bly deformed (20%).
The most common granitic lithology is a moderately coarse

porphyroblastic granitic gneiss, which is either massive or has a 
faint segregation foliation. A good fabric indicated by biotite is 
present. Good examples occur in the intrusive body north-east of 
Phikwe (Plate 3c & d) and in the koppies forming the rim of the 
Selebi structural basin northwest of Selebi North and between the rim 
and the Dikoloti-Lentswe unit further west (Plate 3a & b).

The medium-grained granoblastic granitic gneiss (b) is hcmogen- 
eneous and massive to very weakly foliated. It contains less biotite 
than the porphyroblastic gneiss. Good exanples occur in the rim to 
the Selebi basin, within the basin in contact with anorthositic 
gneiss (Plate lie) and in the core of the early fold closure to the 
east of Botsabelo (Plate 3e).

Both porphyroblastic and granoblastic granitic gneiss are cut by 
deformed quartz-feldspar veins (Plate 13e). Both contain rare diffuse 
hornblende-rich patches and schlieren which are regarded as xenoliths 
(Plate 3e). No intrusive contacts between the two types were found.
In the rim to the Selebi basin northwest of Selebi North, granoblast­
ic granitic gneiss grades into coarse porphyroblastic gneiss going 
westwards. There are few obvious intrusive contacts between the gran­
itic gneisses and the supracrustal assemblage. Granoblastic granitic 
gneiss intrudes and cuts across the fabric of banded hornblende and 
grey gneisses and anorthositic gneiss in the Selebi basin, just west 
of Selebi North. The porphyroblastic gneiss bodies to the northeast 
of Phikwe and northeast of the Selebi basin appear on air photographs 
to have intrusive dome relationships with the surrounding supra­
crustal gneisses. Thin granitic bands occur throughout the well- 
banded supracrustal gneisses. Their sharp margins and homogeneous 
coarser-grained unbanded granitic appearance within finely banded 
gneisses suggest these bands are intrusive rather than in situ 
partial melts. One particularly prominent granitic gneiss band up to 
15 m thick occurs 6 to 20 m above the Phikwe ore body (Fig. 2.2).

Hornblende-bearing dioritic gneiss is associated with the gran­
itic gneisses, particularly with porphyroblastic gneiss, and is well 
seen in the Phikwe core-section and near Tobane (Plate 2g). In the
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Phikwe section this dioritic gneiss occurs as homogeneous unhanded 
layers within porphyroblastic granitic gneiss and is cut by abundant 
pink quartz-feldspar veins.

The third type (c) varies from well-banded gneiss consisting of 
biotite-bearing grey gneiss cut by pale pink quartz-feldspar gneiss, 
to ptygmatically folded, nebulously migmatitic gneiss (Plate 13a,b,f, 
& h). locally the biotite-bearing portion of the migmatites resembles 
the grey gneiss of the supracrustal assemblage (Plate 13c & d). This 
is well seen in the Phikwe section vAiere well-banded granitic and 
grey gneisses occur between the coarse porphyroblastic gneiss and the 
supracrustal assemblage below (Fig. 2.2). Near Tobane there is a thin 
strip of highly deformed and sheared migmatitic gneiss with abundant 
mafic shlieren (Plate 2). This strip occurs within weakly deformed 
porphyrdblastic granitic gneiss associated with moreymafic finer- 
grained hornblende-bearing gneiss (Plate 2g & h). Adjacent koppies to 
the west consist of nebulously migmatitic granitic gneiss (Plate 
13h). The contact of the weakly deformed granitic gneiss with the 
migmatites is a thin diffuse pegmatitic zone (Plate 2f). Thin veins 
of granite gneiss intrude into the migmatites. There is no doubt that 
the highly deformed migmatites were intruded by the weakly deformed 
granitic gneiss. The contact between the porphyroblastic and mafic 
gneiss was not seen and their precise relationship is not known. The 
migmatitic gneisses near Tdbane appear to have suffered more deform- 
ation than the supracrustal assemblage and the typical granitic 
gneisses. They are possibly a sliver of older basement in which the 
mafic schlieren represent presupracrustal dykes. However their appar- 
ently higher deformation could also be the result of localised higher 
strain.

Bands of the supracrustal assemblage, most obviously hornblende 
gneiss bands, occur within the granitic gneisses (e.g. IMit A, Fig. 
2.2). The Dikoloti-Lentswe unit of supracrustal gneisses (Chapter 8) 
occurs within porphyroblastic granitic gneiss.

Current thinking by BCL geologists is that much of the granitic 
gneiss at Selebi-Phikwe is metamorphosed arkosic sandstone (Fig.2.4c, 
Gallon 1986). They claim to have found evidence which they interpret 
as sedimentary structures (e.g. current bedding) in the granoblastic 
biotite-poor granitic gneisses. However in the writer's opinion these 
structures are produced by thin intersecting quartz and quartz- 
feldspar veins and minor shears and are not sedimentary structures. 
The massive to poorly foliated granitic gneisses (Plate 3) have the
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appearance of massive granitic intrusives rather than metasediments.
Regional traverses were made from Selebi-Phikwe to the Sefhope 

area and to Kgarimacheng (Figs 1.1 & 1.2). The rocks between Selebi
and Sefhope are dominately porphyroblastic granitic gneiss. A prcmin- 
ent band of granitic augen gneiss (Plate 3f) occurs 2 km east of 
S^fhope. It appears to mark a zone of increased deformation. Granitic 
gneiss comprises the majority of the terrain between the Lethlakane 
Fault and Kgarimacheng. Porphyroblastic and migmatitic granitic 
gneisses predominate. Porphyroblastic granitic gneiss immediately 
north of the Lethlakane Fault is variably augened with diffemtial 
development of augens in adjacent bands (Plate 3h). A later granite 
nearby has a brecciated appearance (Plate 3gj. Cataclastic granitic 
gneiss occurs in the Lethlakane Fault zone (Plate 16a-f).

The granitic gneisses have been interpreted as being a basement 
to the supracrustal assemblage (Wakefield 1974), as granitic intrus­
ives into the supracrustal assemblage (Wright 1977) and as metasand- 
stcnes (Gallon 1986). A similar sedimentary hypothesis in which a 
huge thickness (up to 20 km) of dominantly granitised arkose under- 
lies the Vumba and Tati schist belts (the Tutume Group) has been 
proposed by Litherland 1973 and Key et al. 1976. Similar granitic 
gneisses in the Mmpatse area, east of Matsitama, have been identified 
as meta-arkoses by Key (Brown unpub. report 1974). The majority of 
the granitic gneisses at Selebi-Phikwe were regarded by the writer 
during field-work as having been intrusive granites rather than 
metasediments. The granitic gneisses are not a basement to the well- 
banded gneisses, although minor slivers of highly deformed granitic 
gneiss could be older than the supracrustal gneisses.

2.3 BANDED GNEISSES
The banded gneisses are dominately composed of hornblende 

gneiss, grey guartzo-feldspathic gneiss and anorthositic gneiss in 
the approximate proportions of 6:3:2. Gradational relationships exist 
between some of the lithological divisions, e.g. between hornblende 
gneiss and intermediate biotite gneiss.

2.3.1 Hornblende Gneisses
Mafic homblende-rich gneiss occurs throughout the area. Hom- 

blende gneiss is best exposed by sand pits in the Motloutse River, 
northeast of Phikwe (Plates 4 & 14d), and on the southeast side of 
the Phikwe dome (Plates 5d & 15d & e). In the section at Phikwe
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hornblende gneiss forms a significant component of the non-granitic 
gneiss units (Fig. 2,2).

Hornblende gneiss varies from massive 100% hornblende amphibol­
ite to well-banded hornblende-feldspar gneiss containing 50% hom- 
blende. It is typically a medium-grained weakly banded speckled 
gneiss containing 70% hornblende and 30% feldspar. Locally hornblende 
gneiss contains bright red garnets (particularly in Unit G), magnet- 
ite (particularly in Unit D), biotite or disseminated sulphides 
(particularly in units A and By Plate 5b).

Hornblende gneiss is interbanded with grey quartzo-feldspathic 
gneiss throughout the Phikwe section on all scales. Bands of horn­
blende gneiss vary from centimetres to 10 metres in thickness. The 
contacts of individual hornblende gneiss bands are usually sharp. The 
gradational contact between units, particularly that between Unit D 
and E, is due to the gradational decrease in the number of hornblende 
gneiss bands. Hornblende gneiss is also interbanded with intermediate 
biotite-bearing gneiss and quartzite, for example in the Motloutse 
River exposure (Plate 4c & d) and in Units A and B (Plate 5a & b) and 
with diopside gneiss in Unit G. Several hornblende gneiss bands (0.5 
to 3 m thick) within grey gneiss in Units E and F of the Phikwe core 
section show a gradation from a coarse-grained mafic hornblende-rich 
structural base to a finer-grained less mafic top. Apart from a 
spotted appearance of hornblende gneiss at Dikoloti, this mineralog- 
ical gradation is the only possible original feature seen within the 
hornblende gneisses. No original textures are preserved. Hornblende 
gneiss was regarded in the field as metamorphosed mafic igneous rock. 
It was speculated by the writer that the protolith of hornblende 
gneiss that is interbanded with quartzite, diopside gneiss or biotite 
gneiss was a mafic extrusive rock.

2.3.2 Grey Gneisses
Variable medium-grained grey quartzo-feldspathic banded gneisses 

occur throughout the supracrustal assemblage and comprise the 
majority of Unit E in the Phikwe section. They form the hanging and 
footwall gneisses at Selebi-Phikwe (Plates 14a & b, 15a,b,c, & f) and 
are present at the margins of the Dikoloti-Lentswe unit. Exposure of 
grey gneiss is usually poor. Grey gneiss is commonly interbanded with 
hornblende gneiss and lesser intermediate gneiss. However, unlike 
hornblende gneiss, grey gneiss was never found in association with 
quartzite or diopside gneiss. The main variation within grey gneiss
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is the variable quantities of biotite and hornblende which give the 
banded appearance of the order of centimeters to one metre. This 
banding was regarded in the field as possibly representing original 
ccnpositional differences in grey gneiss protoliths, e.g. in sedi­
ments or volcanics. This is the only possibly original feature seen 
in grey gneiss. No original textures were seen. Garnet and minor 
sillimanite are common. Garnet is conspicuous in grey gneiss 
immediately above and below the Selebi ore body. Locally the grey 
gneiss has a blue tinge due to altered cordieritey particularly in 
Unit F below the Phikwe ore body and at Selebi. Grey gneiss locally 
contains thin leucocratic bands (Plate 27c & g). All gradations 
exist between banded grey gneiss and migmatitic gneiss (Plate 13c & 
d). However thick sections of banded variable grey gneiss occur 
without significant leucocratic banding. The leucocratic bands iwere 
regarded in the field as having a variety of origins including 
partial melting (both intrusive locally derived partial melts and in 
situ partial melts), metamorphic segregation and original 
compositional differences.

2.3.3 Intermediate Biotite Gneisses
The distinction of intermediate biotite gneisses was made for 

those quartz-feldspar-biotite-amphibole gneisses that could not be 
clearly assigned to the suites of hornblende gneiss or grey gneiss. 
Initially the distinction was made in core, but intermediate biotite 
gneisses are also found in outcrop, for example interbanded with 
hornblende gneiss and quartzite in the Motloutse River, northeast of 
Phikwe. Two types of biotite gneiss are recognised, a quartz-rich 
type and a quartz-poor type. Garnet and cordierite are common oompon- 
ents, particularly of the quartz-rich type. Disseminated sulphides 
are conspicuous in biotite gneiss in Units A and B (Plate 5a-c). 
Biotite gneisses are usually found interbanded with hornblende 
gneiss, particularly in Units A and B. They are less ccmmonly 
distinguished within grey gneiss (usually the quartz-rich type).
They also occur interbanded with diopside gneiss of Unit G. Some thin 
hcmogeneous bands of intermediate biotite gneiss mineralogy are dis­
tinctly finer grained (0.5mm) than typical biotite and grey gneiss.

2.3.4 Anorthositic Gneisses
Anorthositic gneiss outcrops relatively well throughout the 

area. In the Phikwe section there is a single composite layer of
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anorthositic gneiss up to 200 m thick. The base of the anorthositic 
layer is approximately 250 metres above the Phikwe ore body (Fig.
2.2), a fact which can obviously be used to predict the depth of the 
highly sheared and thinned ore body in the deepest holes (Brown 
1980), It is not known whether it is the same single layer that is 
repeated by folding and thrusting throughout the area or if there is 
more than one layer. Anorthositic gneiss is usually found near the 
contacts of major porphyroblastic granitic gneiss layers with supra- 
crustal gneisses.

The anorthositic gneisses are coarse-grained plagioclase-rich 
rocks with lesser hornblende. The plagioclase content varies frcm 
100% (anorthosite) to 60% (metagabbro), but is typically 80 to 90% 
(hornblende anorthosite) (Plate 9). A higher than average proportion 
of metagabbro occurs in the anorthosite-metagabbro body, just north 
of the Lethlakane Fault (Plate 10). In outcrop the distinctively off- 
white, coarse to medium-grained anorthositic gneisses are massive to 
moderately foliated. Hornblende occurs as coarse patches and thin 
laminae (Plate 9). Locally the hornblende occurs as "ophitic" patches 
enclosing coarse plagioclase porphyroblasts, which gives the rock an 
igneous cumulate appearance. Patches of coarse pegimtitle hornblende 
anorthosite also occur within normal anorthosite (Plates 9h & 12f). 
Coarse porphyroblastic plagioclase occurs in the Lethlakane 
anorthosite-gabbro body. Usually the anorthosites are poorly layered, 
although bands of anorthosite, hornblende anorthosite and metagabbro 
with both gradational and sharp contacts are seen in core sections 
(Plate llh). An important exertion is the Lethlakane boc^, in which 
distinct bands of anorthosite, hornblende anorthosite and metagabbro 
and thin minor bands of weathered ultramafic rock occur (Plate lOe).

Anorthositic gneiss contains bands of grey gneiss and minor 
hornblende gneiss and granitic gneiss. This is well seen south of 
Selebi North and in core (Plate llh), Highly interbanded and sheared 
anorthositic, grey and hornblende gneisses are concentrated in the 
upper part of the anorthosite layer in the Phikwe section (Fig. 2.2) 
Hornblende and grey gneisses immediately below the anorthosite layer 
at Phikwe are also highly sheared. Ihin (>20 cm) gametiferous quartz 
-rich myIonite zones, parallel to the banding, occur throughout the 
anorthosite section (Plates Ilf & 20d), but are concentrated at 
Phikwe w/ithin the upper interbanded zone and at the base of the 
anorthosite layer (Fig. 2.2). Garnet only occurs in these siliceous 
zones. It does not occur in typical anorthosite.
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Quartz is locally abundant in the anorthositic gneisses as 
coarse quartz-rich patches. It is this high quartz-content and the 
included grey gneiss bands that has led BCL geologists (Gallon 1986) 
to regard the anorthosites as metasedimentary. However the quartz can 
be shown to be secondary (see Ch. 3.4). For example quartz occurs at 
the contact of anorthosite with granitic gneiss (like a reaction rim) 
and as a diffuse network of undeformed quartz veins cutting the 
anorthosite (Plate lla-e). Massive quartz-palgioclase anorthosite 
appears to replace and transgress weakly foliated hornblende 
anorthosite in core sections. Grey gneiss appears to have been 
tectonically interbanded with anorthositic gneiss during thrusting. 
The anorthositic gneisses were regarded in the field as metamorphosed 
igneous cumulates. This proposal is tested petrochemically in 
Chapters 3 and 4. The main alternative is that they are aluminous 
calcareous metasediments (Bahnemann 1972). No intimate relationship 
between anorthositic gneiss and hornblende gneiss was seen.
Hornblende gneiss, particularly hornblende gneiss that is interbanded 
with quartzite and biotite gneiss, was easily distinguished from 
coarse-grained hornblende anorthosite and netagabbro.

2.3.5 Other Lithologies
Other lithologies present in the Selebi-Phikwe supracrustal 

assemblage include metasediments, calc-silicate gneiss and quartz- 
feldspar granulite, diopside gneiss, ultramafic rocks (including the 
host rocks to the mineralisation at Selebi-Phikwe and Dikoloti- 
Lentswe) and deformed mafic dykes.

2.3.5a Metasediments
Rocks regarded as undisputed metamorphosed sediments occur as a 

very small fraction of the supracrustal assemblage at Selebi-Phikwe. 
They include magnetite quartzite and marble. They are individually 
much thinner and volumetrically much less important than similar 
rocks in the Messina-Beit Bridge area. An intermittent but persistent 
magnetite quartzite-bearing unit has been mapped to the west of 
Selebi-Phikwe (Fig. 2.1) and has a N-S strike length of 40 km. The 
Dikoloti and Lentswe prospects occur within this unit. Most conspic­
uous is a finely laminated magnetite quartzite from 0.5 to 2 m thick. 
However more canton is a well-banded quartz-amphibole rock with or 
without magnetite (Plates 6 & 7). These banded rock are associated 
with a imassive light-green to red-brown weathering amphibolite (up to
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5 m thick). The aitphibolite contains thin bands canposed of quartz 
with very minor airphibole (Plates 6e, 7c & d). Small isolated pods of 
serpentinite and lesser pyroxenite,including the mineralised serpent- 
inised peridotites and amphibole pyroxenites at Dikoloti, Lentswe and 
Phokoje (Ch. 8), intermittently outcrop along the entire length of 
this magnetite quartzite~anphibolite unit (Fig. 8.1), The unit has 
next hxaear r-ecogniused iii tiie Ekelejbi-rPhdLkvx: cirefi Ixsfcxre. It: is tiue rnost: 
extensive single unit mapped in the area.

Similar magnetite quartzite is not found in the Phikwe section. 
However the occurrence of quartzites and serpentinous gneisses, both 
with significant pyrrhotite, in Unit A (Figs 2.2 & 2.3) suggests that 
Unit A could be the equivalent at Phikwe of the Dikoloti-Lentswe 
horizon. This is reinforced by mapping the position of the Dikoloti- 
Lentswe horizon round the open late folds to Phikwe (Fig 2.4d) and by 
the exposure of a pod of serpentinite in the Selebi-Phikwe township 
within Unit A. Alternatives to this are that the Dikoloti-Lentswe 
unit is equivalent to Unit H or that it is a part the Phikwe section 
does not contain the \iAole of the Selebi-Phikwe sequence.

Thin quartzites containing pyrrhotite, sillimanite and feldspar, 
associated with hornblende gneiss and intermediate biotite gneiss 
occur in Unit B in the Phikwe section (Plate 5b) and in the Motloutse 
River exposure (Plate 4d). A thin diopside quartzite associated with 
diopside amphibolite (Unit H) outcrops in the Riikwe deme, northeast 
of Phikwe. A thin marble was mapped by Wakefield (1974) along the 
continuation of this horizon. However its location is now covered by 
the Phikwe tailings dam.

2.3.5b Calc-silicate Gneiss and Quartz-Feldspar-Gamet Granulite 
Thin bands (usually less than one m) of calc-silicate gneiss

and gametiferous quartz-feldspar granulite outcrop between the 
anorthosite unit and the main granitic gneiss unit, for example east 
of Botsabelo where both lithologies occur in a tight early antiform, 
adjacent to granitic gneiss in the core. The calc-silicate gneiss is
a fine to medium-grained greasey-looking quartz-feldspar-homblende
gneiss. It is usually finely banded and contains variable ameunts of
hornblende, but is usually quite felsic (Plate 8a-c). It has not been 
recognised in the Phikwe core-section. Calc-silicate gneiss is easily 
distinguished frem grey gi^iss because of its gieasey siliceous 
appearance and lack of biotite. The lithology was initially difficult
to distinguish from nearby anorthosites, and has been misidentified
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as anorthosite by Key (1976) (see Plate 14, Key 1976) and Gallon
(1986), the latter using its finely banded siliceous nature as 
further evidence that the anorthosites are metaselimentary.

Where the rock contains no hornblende it has been termed a 
quartz-feldspar granulite. The pale-pink quartz-feldspar granulite 
usually contains a few scattered bright-red garnets and is more 
feldspathic and less-banded than the calc-silicate gneiss (Plate 8d). 
Quartz-feldspar granulites are conspicuous in the Phikwe core-section 
within and immediately above Unit B associated with hornblende 
gneisses (Fig. 2.2, Plate 5c). Here they have the appearance of 
intrusive granitoids, but minor garnet-rich bands (Plate 20c) and 
traces of sillimanite argue against this. Garnetiferous quartz- 
feldspar granulite forms only a small portion of the assemblage at 
Selebi-Phikwe. However in the Messina-Beit Bridge area, similar rocks 
are more important, for example at Mount Shanzi (Brown unpub. report 
1976; Whtkeys et al. 1983). Although the calc-silicate gneiss and 
gametiferous quartz-feldspar granulite at Selebi-Phikwe have been 
grouped together, it is was thought in the field that they could 
represent significantly different protoliths, e.g. sediments, felsic 
volcanics, felsic intrusives and myIonites (see Chs 3.4 & 4.4).

2.3.5c Diopside Gneiss
Diopside gneisss outcrops in the koppies immediately northwest 

of Phikwe and in the Lethlakane River near its junction with the 
Motloutse River. Up to 85 m of diopside gneiss (Unit G) occurs below 
the Phikwe ore body (Fig. 2.3). The diopside gneiss consists of 
coarse weakly-foliated diopside-feldspar gneiss (up to 7 im thick) and 
highly banded diqpside-feldspar-hornblende gneiss, in about equal 
proportions. Individual bands in the highly banded gneiss are 2-5 cm 
thick and seme appear to be mineralogically graded. The two types of 
diopside gneiss occur interbanded with each other and together occur 
interbanded with gametiferous hornblende gneiss and lesser biotite 
gneiss. Similar banded (and mineralogically graded) diopside-feldspar 
-hornblende gneiss was found associated with hornblende gneiss in the 
large gently plunging folds 13 km to the east of Sefhope (Fig. 1.2). 
The origin of the diopside gneiss was thought in the field to be 
intimately related to that of the hornblende gneiss.

2.3.5d Ultramafic Rocks including Host Rocks to Ni-Cu Mineralisation
Ni-Cu sulphide mineralisation at Phikwe, Selebi and Selebi North
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is associated with a similar layer (from 1 to 25 m thick) of horn-
blende-rich amphibolite with lesser pyroxenite and minor peridotite 
at approximately the same "stratigraphic" position (Figs 2.2 & 2.3 
and Chs 5^ 6 & 7). The host amphibolite is conformable with the 
surrounding grey quartzo-feldspathic gneiss. Ni-Cu mineralisation 
also occurs in serpentinised peridotite and amphibole pyroxenite at 
Dikoloti and lentswe (Ch. 8). Isolated thin pods and bands (from 1 to 
8 m thick) of ultramafic rocks with very minor or no disseminated 
sulphide occur throughout the supracrustal assemblage and particular- 
ly within the hornblende gneisses of Unit D (Fig. 2.2 & 2.3). These 
ultramafic pods consist of amphibole pyroxenite^ variably serpentin­
ised peridotite and amphibolite^ either as composite or single^ 
lithology pods. Pyroxenite pods have amphibolite margins. The ultra­
mafic rocks, particularly the pyroxenites, are coarse-grained and 
imassive. However some of the amphibolites are schistose and have a 
good fabric picked out by phlogopite, e.g. some of the ultramafic 
amphibolites at Dikoloti-Lentswe. Except for minor ultramafic bands 
in the layered lethlakane anorthosite-metagabbro body, the anortho- 
sitic gneisses are not associated with ultramafic rocks.

2.3.5e Deformed Dykes
Deformed and metamorphosed mafic dykes are found in the Selebi- 

Phikwe gneisses, particularly in the anorthosites (Plate 12a-e). In
the Phikwe core section they mainly occur near the top of the 
anorthosite layer. The dykes consist of fine to medium-grained 
hornblende-feldspar gneiss or amphibolite. Recognition of them in 
core is difficult. However seme deformed mafic dykes within 
anorthosites and granitic gneisses have been distinguished by their 
fine-grained nature, relative thinness, sharp contacts and unhanded 
appearance. They are more easily recognised in anorthosites and 
granitic gneisses than in hornblende gneiss units. However the 
observation that they mostly occur within anorthosites is thought to 
be valid.

Undeformed and unmetamorphosed dykes trending between east and 
northeast (i.e. parallel to the ENE Limpopo trend) are easily 
recognised and are of Waterberg and Karoo age (Mason 1969).

2.4 STRUCTURE AND METAMORPHISM OF THE SELEBI-PHIRME ARE^
The structure of the Selebi-Phikwe area has been studied by

Wakefield (1974, 1977), Key (1976) and Wright (1977) and placed in
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the regional framework of the northern margin of the Limpopo Belt by
Coward et al. (1976a,b). The structural history outlined here is a 
simpler version of these accounts and agrees most closely with that 
of Wright. The deformation suffered by the Selebi-Phikwe gneisses 
has been divided into two major periods, early (Dl) and late (D2)
(Fig. 3.4).

The major early folds were flat-lying structures (nappes). 
Wright (1977) has differentiated the early deformation into Fl and 
F2, However the early deformation is treated here as a continuous 
event with later folds refolding the earliest ones. Examples of 
major early closures are those at Selebi and Selebi North (Fig. 2.4). 
The regional gneissic foliation was formed during the early episode. 
The foliation is axial planar to the earliest folds, for example as 
defined by biotite at Selebi (Plate 14b). A redding lineation formed 
parallel to the early fold axes (Plate 13g, Fig. 5.3a). Examples of 
early minor folds are shown in Plates 7f & g, 8b and 14. The 
development of flat-lying nyIonites (Plate 14f) due to thrusting and 
imbricate stacking was important during the early episode, 
particularly during late Dl. Flat-lying ityIonites and cataclasites 
were also formed in the Sefhope area (Plate 16g & h). It was not 
always straight forward to distinguish between Dl and D2 minor folds, 
particularly in the migmatitic granitic gneisses (Plate 13e-f). The 
folding in the migmatitic gneisses is thought to be mainly late Dl 
and lesser early D2.

There are no reliable younging criteria at Selebi-Phikwe. 
Regional work by Wright (1977) indicates the Phikwe section is 
inverted. This is weakly reinforced at Phikwe by the location of the 
massive sulphide usually at the structural top of the host amphibol­
ite (see Chs 5, 6 & 7). No definite major Dl folds nor any minor Dl 
folds were found in the anorthositic gneisses. The contacts of the 
anorthositic units are nyIonite zones and the upper portion of the 
anorthosite unit at Phikwe is interbanded with grey and granitic 
gneiss and is highly irylonitised. It is thought possible that slices 
of anorthosite were thrust into the Selebi-Phikwe sequence during the 
late Dl. Somewhat similarly, post-Fl intrusion of anorthosite was 
suggested by Key (1976) and Light and Watkeys (1977) but later 
rejected (Key 1977; Watkeys et al. 1983) for pre-Fl in situ 
intrusion. The practice of regarding the anorthosites at Selebi- 
Phikwe as a single "stratigraphic" marker in the construction of 
cross-sections (Fig. 2.4a-c) is questionable. Seme calc-silicate

49



6W

(b)

5AI= A/04TH

5/^_ ,hcms/w^Dsroi'^e:5

+ ^ f ^ -t ^
bf\S<£.f\eJ^T _).

+ + i-. ^ 4- -f- 1- o

(po BROWM MA3^< FOAD/ F" OaJL^ Y c>V(£
(A/^o^THoS/rc PH'/CWk ?oss;/&i.Y

p V, ,0 |£ep£rirto 5Y

/ fiNTi fOK.M .
F/C LF

DikolvTi- cMNiric. ^ "^4- +, /— A I-r r, . ,L ^ c e .— //vr,L/Y5<55
(^%TR/)P9;^/)n=0 ONTO

OF 5FC770/\/)

/NTMS/Of-J M^LQ/^\TeS

F/(y.^.4^ ^6L<r6MP/Y;/TW^ S7%^Cr(AR./lL.T/VT6/^P;2.e71iT/0/Vj'
^<rp



gneiss bands have been mistaken for anorthosites in these sections.
A sinpler less-interpretative section is preferred (Fig. 2.4d). The 
gneisses in the Selebi basin above the Selebi ore body can not be 
precisely correlated with those below the Phikwe ore body (Fig. 2.3), 
possibly because of Dl repetition at Selebi. It is therefore not 
possible to conclude that there is only one anorthosite layer and 
hence the anorthosite layer cannot be used as a "stratigraphic" 
marker (Fig. 2.4dp'n

The Selebi ore body is a complex early structure (Figs 5.4 & 
5.5). Brown (1980, 1981b) showed that the repetition of the Upper 
body was due to Dl folding (Plate 14b). Shearing and possible 
complete attenuation of a middle antiform has taken place. The 
antiformal closure at Selebi North is possibly the same early fold 
structure as Selebi and both are possibly part of a major early 
nappe (Fig. 2.4d). If the alignment of the Selebi, Selebi North and 
Phikwe ore bodies is more than coincidence, it means that a Selebi- 
Selebi North early nappe is more likely and that the early nappe 
closure should be repeated at Phikwe. However no evidence of an 
early closure was found at Phikwe. Possibly Phikwe is a sheared limb 
of an attenuated early structure. However major early closures are 
difficult to find. Soil geochemistry rather than conventional 
mapping found the closure at Selebi. There appears to be a section 
without repetitions at Phikwe.

The later deformation period (D2) produced the open dome and 
basin structures (Figs 2.1 & 2.4). Major examples are the Selebi 
basin and the Phikwe dome (Plate 1). Wakefield (1974) thought that 
these structures were produced by interference of F3 folds (trending 
approximately NW) and F4 folds (approximately NE). However it is 
thought that these structures possibly formed during one continuous 
event of combined compression and shearing (Wright, pers comm 1986). 
1967). Early D2 folds are recumbent. Later D2 folds are upright.
Good examples of D2 minor folds are found in the footwall of the 
Phikwe ore body (Plates 15a, 26b & c. Fig. 5.3). Phikwe lies on the 
southwest limb of an early D2 anitform (Fig. 2.4). The possible 
repetition of Phikwe in this antiform to the northeast is an import­
ant exploration target (Brown 1980). Other examples of D2 minor folds 
are shown in Plates 15 and 28g. Associated with D2 is the development 
of cataclasites and imyionites, particularly well seen in the Phikwe 
ore body (Plates 26g & h, 27a-d). Shearing was localised in the 
Selebi-Phikwe ore bodies during both Dl and D2. The role of deform-
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ation and metamorphism in the location of sulphides at Selebi-PhikMS 
is discussed in detail in Chapters 5 and 6.

Immediately north of the Lethlakane Fault at Selebi-Phikwe, 
there is a 10 km wide, ENE-trending strip of highly sheared, 
dominantly granitic gneisses with thin zones of intense cataclastic 
deformation (Plate 3h). This is the western continuation of the Tuli- 
Sabi Straightening Zone (Figs 1.2 & 1.3). The southern margin of 
this strip is a prominent zone of cataclastic granitic gneiss up to 
100 m wide on either side of the later Lethlakane Fault (Plate 16a- 
f). The Lethlakane Fault is marked by pseudotachylitic veins cutting 
the granitic gneisses (Plate 16e & f). The Lethlakane Fault has had 
repeated post-Limpopo movements, with at least 20 m post-Karoo down­
throw to the south (Hart, pers. comm. 1974). Small outliers of flat- 
lying Karoo sediments unconformably overlie the Selebi-Phikwe 
gneisses, particularly along the south side of the Lethlakane Fault, 
for example northeast of the Phikwe dare. The swing of the F4 axial 
traces frcm N38E in the south to N56E immediately south of the 
Lethlakane Fault indicates late dextral movement along the Tuli-Sabi 
Straightening Zone. Much of the deformation in this zone was syn­
chronous with the later deformation period at Selebi-Phikwe (Table 
1.2).

Granitic gneisses, the great majority of #rich are regarded as 
intrusive, have suffered varying degrees of deformation and are of a 
variety of ages. Sane appear to have been deformed during the Dl, 
for example the migmatitic granitic gneisses. Thick sheets of granite 
were probably intruded between Dl and D2, The granitic bodies 
northeast of Phikwe and the Selebi basin appear to be associated with 
D2. The body northeast of Phikwe has cataclastic margins (Plate 3c).

The metamorphism of the Selebi-Phikwe area will be discussed 
along with the detailed petrology of the Selebi-Phikwe gneisses in 
Chapter 3. It is sufficient to indicate here that the supracrustal 
gneisses at Selebi-Phikwe have a complex metamorphic history with 
rocks of the transition frcm amphibolite to granulite facies 
preserved. Sillimanite, corundum and later cordierite formed in the 
grey quartzo-feldspathic gneisses and biotite gneisses. The 
ultramafic rocks contain metamorphic olivine and pyroxene, Sapphirine 
occurs in a feldspathic amphibolite at Dikoloti.

2.5 SimiARY
The highly deformed and metamorphosed gneisses at Selebi-Phikwe
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can be split up into granitic gneisses and a well-banded supracrustal 
assen±)lage of hornblende gneiss, grey quartzo-feldspathic gneiss and 
anorthositic-ftetagabbroic gneiss with minor calc-silicate gneiss, 
metasediment, quartz-feldspar granulite aixi ultramafic rock 
(including the hosts to Ni-Cu mineralisation at Selebi-Phikwe and 
Dikoloti-Lentswe). % befic.ve the granitic
gneisses Wet& intrusive granites into the vell-
banded gneisses rather than a basement to the well-banded gneisses 
or metasandstones.. Minor slivers of highly deformed granitic gneiss 
could be older than the supracrustal gneisses. The anorthositic 
gneisses were regarded in the field as metamorphosed feldspathic 
igneous cumulates rather than metasediments. No relationship between 
anorthosite and hornblende gneiss was seen, in disagreement with the 
observations of Key (1977) and Wright (1977). The deformation 
suffered by the Selebi-Phikwe gneisses can be singly split into an 
early period (Dl) of flat-lying isoclinal folds and refolds (nappes) 
with imbricate thrusting and a later period (D2) of dates and basins 
and cataclastic deformation (see Fig. 3.4), The Selebi-Phikwe ore 
bodies and host rocks have suffered the earliest phase of deformation 
that can be recognised in the Selebi-Phikwe gneisses. It is possible 
that the anorthosites were tectonic slices emplaced during late Dl 
rather than situ pre-Dl intrusions. Granites were mainly intruded 
in the interval between Dl and D2. Migmatitic granitic gneiss 
locally formed during late Dl.

PLATE 2 (overleaf)

Migmatitic gneisses near Tobane

(A) - (E) Highly deformed migmatitic gneisses with mafic schlieren.

(F) Contact of migmatitic gneiss with massive weakly deformed 
granitic gneiss (at top of photo).

(G) Fine-grained weakly deformed hornblende-bearing dioritic gneiss.

(H) Coarse-grained weakly deformed porphyroblastic granitic gneiss.
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PLATE 2



PLATE 3
Granitic gneiss

(A) Moderately foliated granitic gneiss, Phokoje North.
(B) Wsakly foliated porphyroblastic granitic gr^iss, Phokoje South.
(C) Porphyroblastic granitic gneiss (see D). Microcline 

porphyrdblasts in matrix of quartz, microcline and minor 
biotite. Cataclastic texture. Northeast of Phikwe, Sample #
31-7-3. FV = 6 ram.

(D) Porphyroblastic granitic gneiss, northeast of Phikwe.

(E) Coarse-grained weakly foliated granitic gneiss with mafic 
xenolith, east of Botsabelo in core of D1 antiform.

(F) Granitic augen gneiss, Sefhope.
(G) Coarse-grained porphyroblastic (brecciated ?) granodioritic 

gneiss, Segodi immediately north of the Lethlakane Fault.

(H) Sheared and augened granitic gneiss, Segodi immediately north of 
the Lethlakane Fault.

PLATE 4
Hornblende gneiss in the Motloutse River, northeast of Phikwe

(A) Coarse-grained homogeneous hornblende gneiss. Folded leucocratic 
veins with more mafic hornblende gneiss at their margins.

(B) Banded hornblende gneiss.
(C) Banded hornblende gneiss and intermediate biotite gneiss (both 

quartz-poor and quartz-rich types).
(D) Banded hornblende gneiss and intermediate biotite gneiss (both 

quartz-poor and quartz-rich types) with minor quartzites (meta- 
cherts ?).

PLATE 5
(A) & (C) Unit B in PW 210 (continuous section from A to C, top of 

is towards top of hole). Variable interbanded hornblende gneiss, 
intermediate biotite gneiss (QRIB, QPIB, ARIB and GREiG) and 
quartz-feldspar granulite plus minor grey gneiss. Disseminated 
pyrrhotite and traces of chalcopyrite in hornblende gneiss and 
intermediate biotite gneiss.

(B) Unit A in PW 213. Interbanded hornblende gneiss, intermediate 
biotite gneiss (irminly GRIB plus GRHG) and quartzites (meta- 
cherts ?). Disseminated sulphides (mainly pyrrhotite) 
throughout.

(D) Feldspathic hornblende gneiss with quartz bands (deformed 
veins ?), Phikwe done.
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PLATE 3







PLATE 6
The morphology of amphibolites associated with magnetite quartzite

(A) Siliceous magnetite-anphibole quartzite, Seloka North (see Fig.
8.1 for locations).

(B) Banded actinolite amphibolite and quartzite (with minor 
actinolite and magnetite), Mogolodi.

(C) Banded cummingtonite amphibolite and quartzite, Lethlakane S.

(D) Cummingtonite amphibolite with quartzite laminae, Lethlakane 
South.

PLATE 7
The regional nature of the amphibolite-quartzite association.

(A) Siliceous magnetite-airphibole quartzite, Khurumella.

(B) Siliceous magnetite-amphibole quartzite with amphibolite bands, 
Mogolodi.

(C) Banded actinolite amphibolite and quartzite, Lethlakane.

(D) Banded quartzite-amphibolite (early D2 folding ?), Lethlakane 
South.

(E) Massive cummingtonite amphibolite, Phokoje.

(F) Siliceous magnetite-amphibole quartzite, Seloka North

(G) Detail of (F) showing amphibolite in core of D1 interference
fold.

PLATE 8
Calc-silicate gneiss and quartz-feldspar granullte

(A) Banded plagioclase-homblende-quartz gneiss, east of Botsabelo.

(B) Siliceous quartz-homblende-plagioclase gneiss, with D1 minor 
fold, east of Botsabelo.

(C) Banded homblende-plagioclase-quartz gneiss, near Selebi North.
(D) Spotty gametiferous quartz-plagioclase granulite, east of 

Botsabelo.

PLATE 9
Morphology of Selebi-Phikws Anorthosites (1)

(A) & (B) Banded hornblende anorthosite, Phikwe.
(C) Banded hornblende anorthosite, Dikoloti-Lentswe.
(D) (E) Banded hornblende anorthosite, Khurumella. Folding and 

shearing in (E).
(F) Sheared cataclastic anorthositic gneiss, Lethlakane immedately 

south of Lethlakane Fault.

(G) Anorthosite with "ophitic" hornblende patches, towards Tobane

(H) Zone of cxjarse-grained banded (sheared ?) plagioclase-homblende 
gneiss in massive hornblende anorthosite, southwest of Selebi 
North.
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PLATE 10
Lethlakane anorthosite-tnetagabbro body immediately north 

of the Lethlakane Fault
(A)-(D) Range of textures in hornblende anorthosites from: coarse­

grained "ophitic" texture (A) without signs of Tuli-Sabi 
shearing, sheared foliated hornblende anorthosite (B), to 
porpyroblastic plagioclase texture (C & D).

(E) Sharp contact of anorthosite and metagabbro.

(F) & (G) Porphyroblastic metagabbro.

(H) Porphyroblastic metagabbro with silicified anorthosite bands.

PLATE 11
Morphology of Selebi-Phikwe Anorthosites (2)

(A)-(E) Highly folded siliceous contact of anorthosite with grey 
gneiss and granitic gneiss, southwest of Selebi North. Note 
siliceous rims of quartz anorthosite to anorthosite boudins in
(B), (C) and (D) and siliceous veinlets and patches of quartz 
anorthosite within anorthosite. Late D1 - early D2 folding.

(F) MyIonite band "M" in hornblende anorthosite, PW 211.

(G) Contact of anorthosite with hornblende gneiss "H" of Unit C. 
Clinopyroxene porphyroblast "P" riitmed by hornblende, PW 208.

(H) Typical section of hornblende anorthosite. Note metagabbro band 
"G" and grey gneiss band "GG".

PLATE 12
Deformed dykes in anorthosite

(A)-(E) Deformed crosscutting mafic dykes (hornblende gneiss) in 
anorthosite, southwest of Selebi North.

(F) Coarse-grained "pegmatitic" hornblende-rich anorthosite, south­
west of Selebi North.

PLATE 13
Migmatitic grey and granitic gneiss

(A) & (B) Highly deformed, sheared migmatitic gneiss, east of 
Lentswe. Late D1 - early D2 deformation.

(C) & (D) Highly.folded migmatitic grey gneiss, east of Botsabelo. 
Late D1 - early D2 folds.

(E) Ptygmatically fold^ (early D2) quartz vein in granitic gneiss, 
southwest of Selebi North. Note development of axial planar 
quartz-ribbon fabric.

(F) Sheared migmatitic gneiss, east of Botsabelo.

(G) D1 rodding lineation in grey gneiss, southwest of Selebi North.

(H) Nebulous migmatitic granitic gneiss, near Tobane.
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PLATE 12



PLATE 13



ELATE 14
Dl structures

(A) Dl folds in grey gneiss below Selebi ore body.

(B) Dl fold in grey gneiss at Selebi. "A" = Upper A amphibolite with 
disseminated sulphides. Upper B amphibolite just in photo in
bottom right comer.

(C) Folded Mg-amphibolite - quartzite (correction - probably early 
D2 folding), Lethlakane South.

(D) Dl fold in hornblende gneiss in Motloutse River northeast of 
Phikwe.

(E) Dl fold in hornblende gneiss, east of Sefhope.

(F) & (G) Dl myIonites, east of Botsabelo.

(H) Dl folds in migmatitic grey gneiss associated with Dl mylcnites, 
east of Botsabelo.

PLATE 15 
D2 structures

(A) D2 folds (early F3) in "platey" grey gneiss in the footwall of 
the Phikwe ore body, Phikwe open pit.

(B) D2 fold (F4) in grey gneiss below massive sulphide, Selebi ore
body.

(C) Open D2 fold (F4) in grey gneiss at Selebi ore body. Note band 
of cataclastic gneiss.

(D) D2 fold (F3) in hornblende and grey gneiss, northeast of Phikwe.

(E) Boudins (D2 - early F3 ?) of hornblende gneiss/amphibolite in 
grey gneiss, northeast of Phikwe.

(F) D2 (early F3) folding and boudinage of pegmatitic quartz- 
feldspar band within grey and hornblende gneiss in the footwall 
of the Phikwe ore body.

PLATE 16
Lethlakane Fault Zone — D2 Tuli-Sabi deformation

(A) D2 cataclastic granitic gneiss in the Lethlakane Fault zone, in 
Motloutse River northeast of Phikwe.

{B)-(D) D2 cataclastic gneiss in the Lethlakane River, immediately 
south of the Lethlakane anorthosite-metagafcbro body.

(E) & (P) Pseudotachylyte veins in cataclastic gneiss, Lethlakane 
Fault immediately south of Lethlakane anorthosite-metagabbro
body.

(G) & (H) Cataclastic gneiss and pseudotachylyte veins, east of 
Sefhope.
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chapter 3 DETATT.KD petrography and mbtamorphic history of the 
SELEBI-PHIKWE GNEISSES

This chapter deals with the petrography of the Selebi-Phikwe 
gneisses and their metamorphic history. The geochemistry of the 
gneisses along with a discussion of their protoliths are discussed in 
Chapter 4. Since the majority of the granitic gneisses are regarded 
as being intrusive into an already deformed Selebi-Phikwe sequence 
(see Ch.2.2), they are described after the Selebi-Phikwe banded 
gneisses. The metamorphic assemblages are simply subdivided into Ml 
and M2 assemblages (see Fig. 3.4).

3.1 HORNBLENDE GNEISSES
The various hornblende gneisses have simple mineralogies and 

textures. They consist of hornblende and plagioclase (labradorite) 
with lesser biotite, quartz, clinopyroxene, garnet, magnetite and 
apatite. They have been divided into three major gradational 
mineralogical groups:
a) Homblende-plagioclase gneiss (HGN) - the most typical;
b) Homblende-plagioclase-magnetite gneiss (HGF); and
c) Homblende-plagioclase-clinopyroxene-quartz gneiss (HGC) .

The distinction between HGN and HGF was initially made vdiile 
mapping and sampling. Although minor pyroxene was noted while 
sampling, the distinction of a separate group was not made until after 
thin-section work and geochemistry had been completed. The three 
groups occur throughout the Selebi—Phikwe banded gneisses. However HGF 
occurs mainly in Unit D of the Phikwe section (in which it is the most 
cottnon hornblende gneiss). HGC is cotimon in Units B and F (Table 4.4).

Typical medium-grained HGN consists of hornblende with slightly 
less plagioclase (Plate 17a). Minor quartz, biotite, iron oxide and 
rare garnet may be present. The rock has a decussate granoblastic 
texture with a weak foliation shown by hornblende. Biotite if present 
is usually randomly orientated. This granoblastic Ml assemblage is 
typical of the majority of the mafic gneisses in the Selebi-Phikwe 
area and is designated Mlm. The subidioblastic hornblende is strongly 
coloured and pleochroic, dominantly green and unzoned. The smaller 
plagioclase is usually twinned and is unzoned with a composition of 
labradorite. Locally the Mlm homblende-plagioclase is altered to a M2 
assemblage of fine clinozoisite and chlorite, particularly in D2 shear 
zones. Coarse-grained rocks with more plagioclase (feldspathic
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aitphibolites with weakly zoned plagioclase) or more hornblende (up to 
100% aitphibole) occur interbanded with typical hornblende gneiss and 
are part of the HOSI group. Hornblende gneisses (HGG) that are rich in 
garnet but do not have significant magnetite (Plate 17e) are 
associated with the diopside gneisses of Unit G.

HGF is similar to HQJ but with the addition of magnetite (up to 
7% is common) plus garnet and minor apatite. The high Ti content of 
HGF (Ch. 4.1.2b) indicates that the magnetite is probably titano- 
magnetite. The magnetite occurs at hornblende grain boundaries^ rather 
than as an included phase or replacement. Coarse porphyroblasts of 
magnetite (up to 5 mm) locally occur, particularly in HGF of Unit D.
As in HGN, minor biotite or quartz may be present. HGF hornblende is 
more brown than that of HGN. Garnets vary from small idioblastic 
crystals to large xenoblastic poikiloblasts including hornblende and 
magnetite (Plate 17b). Some garnets are rimmed by plagioclase. Rare 
bands containing coarse garnets (1 cm) with pyrrhotite in pressure 
shadows occur in hornblende-rich HGF.

The mineralogically graded hornblende gneiss bands in Units E 
and F generally consist of hornblende-rich HGN at their base and less 
mafic magnetite-bearing H3N or HGF at their top. Both HGN and HGF 
occur in the hornblende gneiss envelope to the Dikoloti-Lentswe 
ultramafic rocks. Spotted HGF at Dlholoti contains sub-round patches 
(4 mm) of labradorite with fine included idioblastic hornblende. It is 
impossible to deduce vdiether these spots represent an original feature 
(e.g. amygdales in a basaltic volcanic rock) or are a metamorphic 
recrystallisation phenomenon. The latter is preferred because no other 
original textures appear to have been preserved in these highly 
strained rocks.

HGC oontains up to 20% clinopyroxene as well as slightly imore 
labradorite than hornblende. Magnetite and quartz are always present 
(quartz locally up bo 15%). Biotite is rare. The clinqpyroxene varies
from small grains or aggregates within the granoblastic plagioclase-
hornblende fabric to rare xenoblastic porphyroblasts enclosing 
hornblende, plagioclase and iron oxide (Plate 17c). The included 
hornblende is idioblastic and does not replace pyroxene. The 
clinqpyroxene is not a relict mineral. Magnetite typically occurs 
adjacent to clinopyroxene (Plate 17d).

Minor disseminated sulphides (pyrrhotite and lesser chalcqpyrite 
with pyrite in later veinlets) are found in the hornblende gneisses, 
particularly in HGC and HGF, and particularly those in Units A and B.
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3.2 GREY QUABTZOHFELDSPATHIC GNEISSES
Grey quartzo^feldspathic gneisses are massive to well-banded 

medium-grained rocks consisting of a Ml assemblage of essential 
quartz, plagioclase and biotite, with minor hornblende, garnet, 
magnetite, microcline, cordierite or sillimanite. Locally M2 clino- 
zoisite and chlorite are developed. Hiey contain no sulphides except 
where adjacent to the Selebi-Phikwe ore bodies from which iminor 
sulphides appear to have been mobilised. Their texture is granoblast- 
ic, with a tendency towards a "mortar-like" texture of coarser plagio- 
clase rimmed ]by finer quartz and plagioclase. Any fabric is picked out 
by aligned biotites (Plate 18a).

In the less siliceous gneisses both hornblende and biotite are 
present in varying amounts. The more mafic grey gneisses contain 
hornblende with only minor biotite (Plate 18b). As the quartz content 
increases, the ratio of hornblende to biotite decreases. The plagio­
clase is andesine and is usually twinned and unzoned. Rare, embayed 
and coroded plagioclase poikiloblasts occur. They are zoned and 
strained and commonly have round quartz inclusions (Plate 18c). These 
inclusions appear to have grown during recrystallisation after the 
coarse plagioclase and are not an earlier included phase. It is not 
possible to deduce whether the coarse plagioclase is a relict from an 
earlier metamorphic assemblage (Mle, see Fig. 3.5) or a premetamorphic 
assemblage. Isolated irregular poikiloblastic garnets occur but do not 
include biotite. Magnetite content varies from ccmmonly a trace to 
more than 5%. This rare magnetite-rich grey gneiss (FRGG) is finely 
interbanded with hornblende gneiss in Unit D and at Dikoloti (Plate 
19f).

In the more siliceous gneisses there is no hornblende and the 
amount of biotite is less than in the less siliceous grey gneiss 
(Plate 18d). The feldspar is mainly oligoclase, but there is also 
minor microcline with distinctive tartan twinning. A lot of the 
feldspar however is untwinned. Coarser quartz shows undulose 
extinction. The development of lobate growths of myrmekite (sytrplectic 
vermicular quartz and plagioclase) from plagioclase into usually 
untwinned feldspar is conspicuous (Plate 18e). Sparse garnets occur 
(Plate 18f) in siliceous grey gneiss but there are only traces of 
magnetite. Blue-tinged siliceous gneisses (SCGG) contain large 
xenoblastic poikiloblasts of Mlm cordierite. The cordierite includes 
trains of fibrolitic sillimanite, usually only in the core (Plate 
18g). Fine blue-green spinel was noted along with sillimanite in one
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cordierite core. The sillimanite and spinel are regarded as forming at 
about the peak of Ml metamorphism (Mlp^ see Figs 3.4 & 3.5) prior to 
the development of the main Ml assemblage (Mlm). Plagioclase is not 
common in cordierite-bearing grey gneiss. If microcline is present it 
occurs at the margins of the cordierite as a rim (Plate 18h). Biotite 
is always present. The cordierite is corraonly and distinctively 
altered^ either completely or partially along cracks and at its rim, 
to M2 pinnite (giving the rock a blue colour) (Plate 18h).

Finely banded grey gneisses form the majority of Unit E in 
which the main varieties of grey gneiss (quartz-poor, quartz-rich and 
quartz-oordierite) are completely interbanded with each other and iwith 
hornblende gneiss and biotite gneiss.

3.3 INTERMEDIATE BIOTITE GNEISSES
The umbrella-term of intermediate biotite gneiss was initially 

used to indicate biotite-bearing gneisses that could not readily be 
placed into the hornblende gneiss groups by virtue of containing more 
biotite than either of these two groups. The original splitting of 
the bictite gneisses into a quartz-poor group and a quartz-rich group 
has been confirmed by detailed petrology and geochemistry (Ch. 4.1).

3.3.1 Quartz-poor Biotite Gneisses
The fine to mediumrgrained quartz-poor biotite gneisses (QPIB) 

have a staple Ml mineralogy of plagioclase, biotite, green hornblende, 
quartz and minor magnetite, plus locally clinqpyroxene, garnet and
disseminated sulphides. They vary frcm rocks vAiich are texturally and 
mineralogically similar to typical granoblastic hornblende gneiss with 
just the addition of biotite and quartz to feldspathic biotite schists 
(Plate 17f). The plagioclase has the composition of andesine to 
labradorite, usually andesine. Quartz occurs as fairly coarse grains 
throughout (cf. the fine quartz that occurs as a late recrystallis- 
allisation product in some grey gneisses). Clinopyroxene occurs 
locally as (Mlp ?) relicts altered to hornblende, along with rare 
relicts of altered plagioclase. Garnet is rare, although coarse 
idioblastic helicitic garnets (Mle ?) were found in a plagioclase- 
magnetite-rich biotite gneiss (Plate 17h). This rare coarse-grained 
(1 cm.) garnet-rich biotite gneiss (GRHG) commonly contains cordierite 
as well as essential magnetite and is only found as thin bands within 
hornblende gneiss.

Biotite amphibolite (ARIB) with only minor plagioclase and
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quartz occurs in Unit B. The amphibole is typically non-calcic and is
either clinoartphibole (well-twinned cummingtonite ^ Plate 17g) or 
orthoamphibole (gedrite).

The similarity of the mineralogy of GPIB to that of the 
hornblende gneisses with which they are commonly interbanded suggests 
a genetic relationship between the two. QPIB is commonly finer grained 
and more finely banded than the associated hornblende gneiss.

3.3.2 Quartz-rich Biotite Gneisses
Quartz-rich biotite gneisses contain essential biotite and 

quartz. Where biotite is abundant the rock is a schist. Thin (>5 cm) 
bands of 100% biotite schist locally occur in the grey gneisses. 
However some of the thin biotite schists are considered to have a 
tectonic origin, for example the biotite-magnetite schists at Dikoloti 
-Lentswe. Disseminated pyrrhotite and chalcopyrite are locally abund­
ant in QRTB, particularly the QRIB that is interbanded with hornblende 
gneiss in Units A and B. Cordierite (Mlm) is a very common constituent 
along with lesser plagioclase and sparse garnets. Fibrolitic silliman- 
ite (Mlp) is included in the oordierite, either in the cores along 
with minor green spinel or throughout spongey poikiloblasts along with 
quartz and biotite (Plate 19a & b). Plagioclase occurs in quartz- 
biotite plagioclase schist/gneiss with or without cordierite. However 
if cordierite is present the amount of plagioclase is minor. Isolated 
poikiloblastic garnets are found in the cordierite gneisses and in 
this case plagioclase only occurs rimming the garnets. Myrmekitic 
quartz intergrowths that have grown outwards from the garnet are 
conspicuous in the garnet-rimming plagioclase (Plate 19c). If anphib- 
ole is present, it is calcium-poor. Orthoamphibole occurs in gedrite- 
biotlte-quartz bands in a oordierite-bearing gneiss and clinoamphibole 
in a cummingtonite-quartz-biotite-plagioclase-apatite gneiss (Plate 
19d & e).

In a banded cordierite-biotite schist within grey and biotite 
gneisses 150 m above the Selebi ore body, cordierite occurs as nodular 
Ml aggregates of small grains surrounded by biotite (Plate 19g). The 
aggregates coalesce in one band to form a oordieribe band 0.5 m wide. 
Skeletal corundum occurs in the cores of the fine-grained polygonal 
grandblastic cordierite aggregates (Plate 19h). Relatively coarse 
subididblastic sillimanite (as compared to the more common fibrolite) 
also occurs in the cordierite aggregates. The corundum in each 
aggregate consists of several skeletal crystals, as indicated by their
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extinction positions. The skeletal corundum branches are located at 
cordierite grain boundaries. The corundum and cordierite appear to 
have crystallised at the same time. The relationship of the silliman- 
ite to the cordierite and corundum is less clear. Corundum never 
occurs adjacent to sillimanite. In one case corundum surrounded by 
oordierite is enclosed within relatively coarse sillimanite. However 
this is possibly a section effect. In more typical oordierite gneiss, 
early fibrolitic Mlp sillimanite is included in later porphyroblastic 
Mlm oordierite. It is suggested that the coarse subidioblastic 
sillimanite possibly owes its form to replacement of earlier andalus- 
ite or kyanite. However Chinner (1961) has shown that when sillimanite 
forms in a rock containing andalusite or kyanite, it nucleate within 
biotite. The cordierite and corundum were recognised with difficulty. 
The fine alteration of the cordierite to pinnite along cracks is 
distinctive. However conclusive identification was provided by X-ray 
diffraction. The metamorphic corundum-cordierite nodules either 
represent original Al—rich aggregates in a biotite gneiss protolith, 
or the concentration of Al during metamorphism. A similar problan is 
posed by the oorundumrspinel-sapphirine aggregates in the Dikoloti 
feldspathic amphibolite (Chs 3.9 & 8.6.2).

The mineralogy of the quartz—rich biotite gneisses shows obvious 
gradational similarities to the grey gneisses. The biotite gneisses 
contain more biotite, more cordierite at lower quartz contents, non- 
calcic araphibole and disseminated sulphides.

3,4 cALC-STnTCATE GNEISS, QUARTZ-FELDSPAR GRANULITE and ANOPTHDSITE
Calc-silicate gneiss and quartz-feldspar granulite will be 

considered in the same section as the anorthositic gneisses as they 
have similarities in their mineralogies. Calc-silicate gneiss and 
anorthosite have been grouped together as anorthosites (Key 1976) or 
as metasediments (Gallon 1986).

3.4.1 Celc-silicate Gneiss and Quartz-Feldspar Granulite
Calc-silicate gneisses consist of quartz, plagioclase and 

hornblende in a granoblastic texture. They are banded due to
variations in the quartz-plagioclase content and hornblende laminae. 
At Botsabelo calc-silicate gneiss contains poikiloblastic porphyro- 
blasts of green pleochroic hornblende (Mle ?). Clinopyroxene (Mlp) 
rims occur around the hornblende porphyroblasts (Plate 20a). The
hornblendes contain abundant quartz inclusions, often in their core
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with an outer inclusion-free zone or in a weak spiral pattern. The
age relationship between the hornblende and the clinopyroxene is 
opposite to that in the anorthosites in which Mlm hornblende and 
actinolite-quartz intergrowths form rims to Mlp clinopyroxene 
por^hyrdblasts (Plate 21d & e). The felsic matrix of the calc-silicate 
gneiss consists of plagioclase and quartz with minor clinopyroxene and 
amphibole and significant ididblastic sphene. The texture is even 
fine-grained polygonal granoblastic (Plate 20b). Plagioclase is 
slightly coarser than quartz although in more siliceous gneiss the 
quartz grain-size increases. The plagioclase has cores of bytownite 
(An81) and margins of labradorite (average An70) (Table 3.1 & p.A.3). 
The range in plagioclase composition is similar to that in the 
anorthosites although the latter appear to have had a more complicated 
history. The clinopyroxene is a calcic salite, very similar in 
composition to the clinopyroxene porphyroblasts in the anorthosites^ 
although the calc-silicate gneiss clinopyroxene contains slightly more 
Cay Aly Fe and Na and slightly less Mg (Table 3.1 & p.A^2). The 
hornblende is edenitic to ferroan pargasitic hornblende (Fig. 3.1). 
Scapolite was considered a possible constituent of the calc-silicate 
gneiss assemblage but none was identified. Overall the compositions 
of the calc-silicate gneiss minerals are very similar to those of the 
anorthosites.

Interbanded with hornblende-bearing calc-silicate gneiss at
Botsabelo are garnetiferous quartz-feldspar granulite. They vary from 
well-banded gneisses due to variations in quartz-plagioclase oontent 
to massive unbanded rocks. Their fine-grained granoblastic matrix is 
similar to that of the calc-silicate gneisses. However the plagioclase 
is albite-oligoclase. The small subidioblastic garnets are in bands or 
scattered throughout. Sphene is a significant constituent. Where 
finely-bandedy the grandblastic quartz-feldspar granulite has a 
mylonitic appearance.

The gametiferous quartz-feldspar granulites that are associated 
with hornblende gneiss in Unit B are similar to the Botsabelo rocksy 
but with a more complex granoblastic felsic matrix which contains 
minor microcline. Quartz occurs as coarse polygonal grains and as 
small round inclusions in both feldspars. The plagioclase is albite. 
Bright red almandines occur either as isolated crystals or concen­
trated in bands (Plate 20c). The garnets are idioblastic to subrounded 
with few inclusions. Minor sillimanitSy biotite and rarely magnetite 
in thin laminae parallel to the garnet bands also occur. One garnet-
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poor quartz-feldspar granulite band contains scattered fibrolite knots 
and grades into a quartzite at its base. Other coarse-grained white 
quartz-oligoclase bands (particularly the band at the top of Unit B, 
Fig. 2.3) without garnet or sillimanite have a granitic intrusive
appearance.

3.4.2 Anorthosite
The anorthositic gneisses are medium to coarse-grained^ 

granoblastic plagioclase-rich rocks^ with variable amounts of 
hornblende, clinopyroxene and quartz. Plagioclase occurs in at least 
four generations. The most conmon generation is equigranular, 
polygonal, well twinned and unzoned (Plate 21a). Polygonal 
plagioclase composition varies between samples from calcic bytownite 
to sodic labradorite, although intrasample variation is small. Calcic 
labradorite however is by far the most common polygonal plagioclase 
(Table 3.1 and p.A.2). Rare labradorite porphyroblasts that occurr 
within the medium-grained polygonal fabric are irregular, typically 
untwinned (Plate 21b) and zoned with more calcic cores. They are 
interpreted as the earliest generation seen. Fine-grained plagioclase 
between polygonal plagioclase grains is calcic labradorite-bytownite. 
It is interpreted as the third generation, having formed by 
granulation and recrystallisation at polygonal plagioclase margins.
The fourth generation is andesine porphyroblasts which only occur 
adjacent to quartz in coarse quartz-anorthosites (Plate 21g).

Hornblende is usually present in the anorthositic gneisses and 
is the main mafic phase. Metagabbroic rocks within the anorthosites 
simply have a higher hornblende content (Plate 21c). The foliation in 
the anorthosites is due to thin hornblende-rich bands and laminae.
The granoblastic hornblende (actinolitic to magnesio-homblende,
Table 3.1 & p.A.2, Fig. 3.1) forms part of the polygonal fabric and is 
interpreted as being in equilibrium with and tl% same generation as 
the polygonal plagioclase. Clincpyroxene porpiiyroblasts occur within 
the anorthosites, usually near the structural top of the anorthosite 
unit at Phikwe (Plate llg. Fig. 2.3). They are aligned parallel to the 
anorthosite foliation. The clinopyroxene is a calcic salite. The 
clinopyroxene porphyroblasts are aligned parallel to the hornblende 
foliation and are usually rimmed by hornblende grains. Fine SEdiene 
commonly occurs with the rimming hornblende. A few unrimmed 
clinopyroxene poikiloblasts vdiich include fine idioblastic hornblende 
and plagioclase (Plate 21f). Seme clinopyroxene porphyrcblasts are
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rimmed by a coarse actinolite-quartz intergrowth (Plate 21d & e). Fine
clinozoisite forms a thin mantle between the intergrowth and the 
surrounding plagioclase. It is difficult to balance the hydration
reaction which formed the actinolite-quartz intergrowth. Some plagio-
clase is required to have been consumed to provide the M for the
actinolite:

calcic salite + labradorite + H20 —>
actinolite + quartz + clinozoisite + Ca

The very thin rim of clinozoisite is insufficient to account for the 
excess Ca produced in the formation of the intergrowths and Ca was 
possibly removed from the system. The plagioclase surrounding the 
actinolite-quartz intergrowth was not probed and any possible change 
in its anorthite ccmponent could not be determined.

Quartz is usually only a minor intergranular constituent of the 
anorthosites. However quartz locally forms large patches^ typically 
in hornblende-poor anorthosites. Rare magnetite rimmed by biotite 
occurs with these coarse quartz patches (Plate 21g).

The ultramafic bands that form a minor component of the 
layered Lethlakane anorthosite-metagabbro body are pyroxenites with 
irregular olivine porphyroblasts in a granular clinqpyroxene-olivine 
matrix (Plate 21h).

The granoblastic polygonal labradotite-hornblende assemblage is 
the main Ml assemblage (Mlm). The question arises whether the clino- 
pyroxene porphyroblasts and early zoned labradorite porphyroblasts are 
a metamorphic or relict prertetanorphic assemblage (i.e. igneous if the 
proposal in Ch. 2.3.4 is oorrecty see Ch. 4.4). The poikiloblastic 
nature of some of the clinopyroxenes, the alignment of the clinopyrox- 
enes in the anorthosite foliation and their high calcium content show 
that the clinopyroxenes are metamorphic (Mlp). The nature of the early 
labradorite porphyroblasts is more difficult to determine. No conclus­
ive original textures are seen. Ellipsoidal aggregates of labradorite 
surrounded by "ophitic" hornblende suggest recrystallised cumulate 
plagioclase megacrysts. However the minerals are all metamorphic. The 
metamorphic nature of the clinopyroxenes suggests that the early 
labradorites are also metamorphic and both are regarded as an Mlp 
assemblage that formed at the peak of Ml. Minor hornblende that is 
included in Mlp clinopyroxene is the result of prograde metamorphiszn 
(Mle) during Ml. However it is not known vAiether all the matrix Mlm
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hornblende formed frcm Mlp clinopyroxene or whether the Mlp assemblage 
only formed locally within the Mlm assemblage at the peak of Ml. The 
third and fourth generations of plagioclase are tentatively regarded 
as M2 assemblages.

Significant amounts of quartz would have been produced in the 
formation of matrix hornblende at the expense of clinqpyroxene. This 
quartz could have been redistributed to form the quartz anorthosites. 
However the high quartz contents at the margins of the anorthosite 
body (Plate 11b,d & e) were possibly formed by transfer of Si from 
adjacent siliceous grey and granitic gneisses. The higher Ti content 
of the granoblastic matrix hornblende than of the actinolite inter- 
grown with quartz possibly suggests that the former formed at a higher 
netamorphic grade than the latter (Raase 1974). However there is also 
a strong control by whole-rock Ti contents on aitphibole Ti contents, 
for exanple in the hornblendes of the Phikwe host amphibolite and the 
chromium-rich hornblendes of the Selebi North host amphibolite (Table
5.2 & Fig. 7.7) . The actinolite-quartz intergrowth is thought to be 
later than the matrix Mlm hornblende and its coarsely symplectic 
nature suggests a relatively rapid decrease in pressure during late Ml 
(Leyreloup et al. 1975).

Thin (>20 cm) quartz-gamet-plagioclase bands are found in the 
anorthosites parallel to their foliation. They are of two types in 
about equal proportions:

Type (a) - composite bands with garnet-quartz-plagioclase-sphene
cores and banded quartz-plagioclase-sphene-minor biotite marginal 
zones (Plate 20d). The planar margins are parallel to the anorthosite 
foliation and weakly gradational. The marginal banding is due to 
lenses and laminae of coarsely recrystallised quartz (Plate 20e). The 
sphene occurs in lensoid aggregates parallel to the banding. The 
plagioclase in the marginal zones is labradorite, the same as in the 
immediately adjacent anorthosite. The marginal banding is thought to 
be an early Dl nylonitic fabric that was statically recrystallised 
during Ml to a granoblastic garnet-bearing Mlb assemblage (see Sutton 
& Watson 1959). Some of these recrystallised ityIonite bands have acted 
as the sites for later D2 shearing in which a M2 greenschist facies 
assemblage developed. The yellow-green garnets have been broken and 
partially altered to chlorite (Plate 20g) and clinozoisite, epidote 
and minor anthophyllite have grown in the marginal quartz-plagioclase 
zones (Plate 20f).
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Type (b) -honnogeneous quartz-gamet-plagioclase-sphene-minor 
epidote bands with very sharp irregular "intrusive-like" contacts with 
the anorthosite. The subidioblastic garnets are colour zoned with 
yellow-green cores and darker green margins (Plate 20h). The garnets 
occur in aggregates typically with sphene at the core of the 
aggregate. The garnets are grossular-andradites (Table 3.1 & p.A.2). 
There is little chemical difference between garnet cores and margins, 
although the margins are slightly poorer in Ca and Al. The colour 
zoning is possibly due to variation in the Zr and Y contents of the 
garnets (see Fig. 4.14).

The similarities between the mineralogies of the two types of 
gametiferous band in the anorthosites suggest they are genetically 
related. Type (a) are thought to have been either Dl mylonitised and 
metasomatised anorthosites or early Dl veins/intrusives which acted as 
the sites of shearing and became mylonitised. The rtyIonites 
recrystallised during Ml. Type (b) were veins or alteration zones that 
were not sheared or in which a mylonitic fabric was not developed. It 
is thought that a banded itylonitic fabric would not have been 
destroyed during recrystallisation. The nature of the recrystallised 
my Ionites (Type-a) and possible element mobility during shearing is 
discussed in Chapter 4.

Hor (1972), Wakefield (1974) and Hor et al. (1975) concluded in 
a detailed study of a cotrplete core section (PW 75) through the 
anorthosite layer that there was no systematic variation in the 
plagioclase composition. However they failed to recognise the highly 
deformed nature of the anorthosite layer and interpreted all the 
siliceous bands within it as intrusive granitoids. Wright (1977) 
reinterpreted these siliceous bands as granite that had been intruded 
along thrusts within the anorthosite and concluded that the 
anorthosite layer was made up of at least seven overturned imbricate 
thrust slices. He suggested that within each thrust slice the 
plagioclase composition varied systematically, with the more calcic 
plagioclase at the structural top of each slice. Wright (1977) 
regarded this variation as due to igneous differentiation in a layered 
intrusion which was later overturned and imbricated. The mylonitic 
gametiferous bands and the mixed siliceous gneiss-anorthosite zones 
recorded in this current study confirm the highly sheared, probably 
imbricately repeated nature of the composite anorthosite layer.
However there is no evidence for any systematic variation in the 
plagioclase composition and hence no "way-up". Hor and Wakefield's
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data show wide variations in plagioclase compositions within 
individual samples and Wright has been very selective in the analyses 
he used to define a differentiation trend. The andesine porphyroblasts 
recorded by Hor and Wikefield and in this study are obviously 
relatively late and along with coarse quartz replace the typical 
polygonal labradorite. It is thought here that the variation in 
plagioclase composition is metamorphic and not an original igneous 
feature.

The anorthosites in the Selebi-Phikwe area are mineralogically 
similar to those of the Messina area. The latter however contain thin 
bands of chromitite and magnetite. (Barton et al. 1979a) have included 
the minor peridotites and pyroxenites which occur immediately adiaoent 
to the anorthosites in their anorthositic Messina Layered Intrusion. 
Barton & Key (1981) considered that the Selebi-Phikwe anorthosites 
contain much more quartz than those at Messina and for this reason 
Barton (pers. comm. 1981) doubts that they are lithologically 
equivalent. Barton & Key (1981) believe that the quartz in the Selebi- 
Phikwe anorthosites is due to hydrothermal alteration. However the 
higher content of the Selebi-Phikwe anorthosites is possibly related 
to ainore pervasive amphibolite-facies retrogression as compared to 
the typical granulite facies at Messina. The Selebi-Phikwe 
anorthosites also appear to be more highly imbricated and mixed with 
siliceous gneisses. Although the Selebi-Phikwe anorthosites 
(metamorphic age -2720 Ma, Hickman & Wakefield 1975) are possibly 
significantly different in age to the Messina anorthosites 
(metamorphic age - 3279 Ma, Barton 1983b) (Table 1.2), they are 
definitely similar in mineralogy and texture. A geochemical comparison 
isimade in Chapter 4.4. The Selebi-Phikwe and Messina anorthosites 
have similar mineralogies and settings to anorthosite-gabbro complexes 
in other high-grade Archaean terrains (Windley et al. 1981), for 
example in West Greenland (Windley et al. 1973; Windley & Smith 1974; 
Steele et al. 1977), in southern India (Subramaniam 1956; Bose 1979) 
and Labrador (Collerson et al. 1976; Wiener 1981).

The mineralogical differences between the Selebi-Phikwe 
anorthosites and calc-silicate gneisses are subtle. The ranges of 
plagioclase composition and the highly calcic clinopyroxenes in each 
lithology are similar. Calcic amphibole in the anorthosites ranges 
from magnesio-homblende to actinolite, wtereas that in calc-silicate 
gneiss is edenitic to ferroan pargasitic hornblende (Fig. 3.1). Calc- 
silicate gneisses have much higher quartz contents. Their quartz-
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plagioclase banding is thought to be a primary feature, whereas the 
coarse quartz patches in the anorthosites are secondary and transgress 
the hornblende foliation. A geochemical comparison between the 
anorthosites and calc-silicate gneisses is made in Chapter 4.1.

3.5 MAGNETITE QUARTZITE AND ASSOCIATED AMPHIBOLITES
The main occurrence of magnetite quartzite is in the Dikoloti- 

Lentswe unit, where it is associated with banded and massive 
amphibolites. Four lithologies are recognised; the first three are
intergradational:
a) finely banded magnetite quartzite;
b) finely banded magnetite-amphibole quartzite;
c) thinly banded quartz-amphibole rock (bands from 1-25 cm, usually 

10 cm); and
d) massive amphibolite up to 5 m thick with few or no quartz bands.

The magnetite quartzite is a finely banded rock (Plate 22a).
The variation in grain-size between adjacent bands is related to 
imagnetibe content. Magnetite-rich bands contain coarser ididblastic 
magnetite grains (Plate 22b). The magnetite grain-size also increases 
if the magnetite quartzite occurs immediately adjacent to ultramafic 
rocks (e.g. at Lentswe and Phokoje). Finely banded magnetite-amphibole 
quartzite with minor aitphibole scattered throughout or more usually 
concentrated in the magnetite-rich bands is the most common type of 
quartzite (Plate 22c). The amphibole is clinoamphibole and bothiweakb/ 
pleochroic actinolite and highly twinned cummingtonite are present 
even in the same band. Actinolite is the more ccitinon of the two. The 
fine banding of the quartzites is frequently cut by a Dl cleavage 
formed by magnetite trains, aligned amphiboles and quartz grain- 
boundaries (Plate 22c), The fine banding is regarded as a primary 
feature.

Thinly banded quartz-amphibole rock is a common component of the 
association. The amphibole bands can be either actinolite (Plate 22d), 
cummingtonite or less frequently hornblende (Plate 22e). Actinolite 
bands are the most common. The hornblende bands were only found 
immediately adjacent to the ultramafic rocks at Lentswe. The amphibole 
bands usually contain only one amphibole. Rare thin cummingtonite 
laminae occur within some actinolite bands (Plate 22f). The amphibole 
hands usually contain minor disseminated quartz and magnetite. JAt 
Lentswe disseminated pyrrhotite occurs in both the amphibole and 
quartz bands (Plate 22g). Quartz bands contain scattered imagnetite
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LT 31. TRUE WAY-UP NOT KNOWN

GREY QUARTZOFELDSPATHIC GNEISS 
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abundant diss. po and ccp.

MAQNETITE - AMPHI BOLE 
QUARTZITE -finely banded with 
thin hornblende laminae near top, 
thin cummingtonite laminae in middle.
Less amphibole, more siliceous near base. 
Minor diss. po,throughout

ACTINOLITE AMPHIBOLITE thin lamina 
of cummingtonite at top. Abundant fine diss. po.
HORNBLENDE - BIOTITE AMPHIBOLITE 
with diss. po at base.
CUMMINGTONITE AMPHIBOLITE coarse, 
massive, minor diss. po.

BIOTITE - FELDSPAR - AMPHIBOLE SCHIST 
[sheared hornblende gneiss)

SERPENTINITE shear zone, down into mineralised 
serpentinised peridotite and 
amphibolitised orthopyroxenite

Figure 3.2 Banded amphibolites and 
Quartzite in LT 31.
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and aitphibole, locally both cronsningtonite and actinolite in the same 
quartz band. The hornblende bands at Lentswe have sharp with adiaoent 
actinolite-bearing quartz bands (Plate 22e).

A detailed example of banded amphibolites and magnetite 
quartzite from LT 31 is shown in Figure 3.2. (Diamond drill holes at 
Phikwe, Selebif Selebi Norths Dikoloti and lentswe are prefixed PW,
SD, SN, DK and LT respectively.) In LT 26 & 27 (Fig. 8.5) well-banded 
quartz-airphibole rocks below the mineralised ultramafic rocks contain 
thin cummingtonitef actinolite and hornblende-biotite-cummingtonibs 
amphibolite bands. The amphibole in the quartz bands in this case is 
mainly cunmingtonite (see p.A.3). Fine disseminated pyrrhotite occurs 
throughout but particularly in the hornblende amphibolite which 
contains thin orthopyroxene-quartz-pyrrhotite laminae (Plate 22h).

The banding in the quartz-amphibole rocks is regarded as a 
primary feature. However the presence of Mg-amphibolites in magnetite 
quartzites adjacent to ultramafic rocks could possibly be due to Mg- 
metasomatismy possibly during shearing. These alternatives are tested 
geochemically in Chapter 8.

The thick massive amphibolites are dominantly cummingtonite 
anphibolites. Thick actinolite amphibolites are less ccranon. The
cummingtonite amphibolites often oontain thin laminae of hornblende. 
The actinolite amphibolites contain minor disseminated quartz. As a 
generalisation, the amphibole in thinly banded quartzite-amphibolibe 
is actinolite; that in thick massive amphibolite is cummingtonite.

3.6 OTHER QUARTZITES
Thin quartzites are associated with hornblende and biotite 

gneisses, particularly in Units A and B of the Phikwe section. Some 
are moncmineralic quartz bands, hut normally they are feldspathic (up 
to 30% albite-oligoclase) with only minor magnetite. The quartzites 
usually contain laminae of sillimanite and/or biotite (Plate 23a) or 
minor hornblende (with relicts of clinqpyroxene being replaced by 
hornblende, Plate 23b). Quartzite in Unit B contains laminae of 
fibrous sillimanite and pyrrhotite (Plate 23c).

Well banded magnetite quartzite and associated amphibolites are 
not found at Dikoloti. They are represented by a finer grained, imore 
siliceous and magnetite-rich facies of grey and biotite gneisses and 
plagioclase quartzites. For example in DK 23, fine-grained plagioclase 
quartzite within grey and hornblende gneiss adjacent to mineralised 
ultramafic rocks contains thin bands that are rich in plagioclase and
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]magnetite plus either (a) hornblende with minor cummintonitey or (b) 
cummingtonite, garnet and biotite. "This quartzite is similar to the 
plagioclase quartzites that occur in Units A and B at Phikwe.

A thin unit of interbanded diopside quartzite and diopside 
amphibolite occurs in the Phikwe dome (Unit H). The quartzite contains 
scattered diopside (salite ?) and actinolite (Plate 23g). The actino- 
lite occurs as separate prisms^ not as a replacement of diopside. The 
amphibolite is dominantly coarse-grained actinolite with relicts of 
diopside (salibe ?) and very fine-grained aggregates of an epidote- 
group mineral or saussurite (possibly after plagioclase although no 
plagioclase was founds Plate 23h). Quartz is a minor constituent and 
minor carbonate occurs between grains. The contact of the amphibolite 
with the quartzite is a thin zone of epidote. Marble (M^kefield 1974) 
and minor magnetite quartzite (Key 1976) occur at the same structural 
position in the Phikwe dome as the diopside amphibolite and quartzite.

3.7 DIOPSIDE GNEISSES
Diopside gneisses occur in Unit G, structurally below the Phikwe 

ore body, associated with fine-grained gametiferous hornblende-rich 
gneisses (HGG) and biotite gneisses. (The clinopyroxene was assumed 
during field work to be diopside. However whole-rock analyses indicate
that it is Fe-rich, i.e. ferrosalite. The term diopside gneiss however 
has been retained.) The diopside gneisses are of three types, inter­
banded with each other and with HGG, In order of decreasing abundance, 
they are:
a) Weakly-banded coarse-grained granoblastic clinopyroxene-plagioclase 
gneiss with minor sphene. The weak banding is due to the variation in 
clinopyroxene and plagioclase content. The plagioclase is calcic
labradorite.
b) Well-banded rocks: - hornblende-plagioclase bands and clinopyroxene 
-plagioclase bands with minor magnetite and a trace of carbonate 
(Plate 23d). The banding is on the scale of 2-5 cm and has sharp 
imargins. Clinopyroxene (Mlp ?) is locally replaced by hornblende. 
However the majority of the clinqpyroxene, hornblende and plagioclase 
occurs in an equilibrium Mlm assemblage.
c) Similar to b, but withimineralogically graded and size-graded bands 
in which an upper assemblage of coarse-grained clinopyroxene-gamet- 
plagioclase-minor magnetite-carbonate grades down into a lower 
hornblende-plagioclase assemblage (Plate 23e). The base of the band is 
hornblende-rich and sharp, not gradational.
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similar mineralogically graded diqpside-plagioclase-hornblende 
gneisses occur east of Sefhope (Plate 23f).

These banded gneisses are mineralogically and morphologically 
similar to the striped amphibolites of Connemara (Evans & LeaJce 1960) 
and Sirdhi, India (Bhattacharyya & Mukherjee 1984). The nature of the 
banding (e.g. grading) of the Selebi-Phikwe diopside-bearing rocks and 
the lack of leuoocratic segregations indicate that the banding is not 
due to metamorphic differentiation or partial melting. The banding is 
considered to be an original feature, probably accentuated by tectonic 
flattening. This conclusion can be contrasted with that of Evans & 
Leake (1960) for the Connemara amphibolites (i.e. banding due to 
tectonic and metamorphic processes).

3.8 ULTRAMAFIC BOCKS
Thin ultramafic bands and pods occur throughout the well-banded 

Selebi-Phikwe gneisses particularly Unit D and include the host rocks 
to Ni-Cu mineralisation at Dikoloti-Lentswe (Ch. 8) and some of the 
host rocks at Phikwe and Selebi-North (along with less mafic amphibol­
ites, Chs 5 & 7). The ultramafic rocks of Unit D contain traces of 
disseminated sulphide, mainly pyrrhotite.

3.8.1 Mineralogy of Unit D Ultramafic Rocks
The full range of ultramafic bands is seen in Unit D and 

consists of variably retrogressed peridotites, amphibole pyroxenites 
and amphibolites, usually as single-lithology bands but also as 
composite bands. The unretrogressd ultramafic rocks consist of 
various proportions of olivine, green spinel, amphibole (hornblende to 
tremolite) and pyroxene (Plate 24c). The pyroxene is usually ortho- 
pyroxene. Olivine-two pyroxene rocks are rare at Selebi-Phikwe. The 
most common lithologies are actinolite amphibolites and hornblende 
pyroxenites. Actinolite amphibolites (Plate 24d) may contain ortho­
pyroxene and olivine (Plate 24e) but lack green spinel. Hornblende 
pyroxenite consists of porphyroblasts of orthopyroxene (highly 
included with hornblende) in a matrix of hornblende and minor olivine 
and green spinel. All gradations also exist between dunite and ortho- 
pyroxenite (Plate 24a & b). The olivine is typically interstitial to, 
and wraps around, the orthopyroxenes in the pyroxenites (Plate 24b &
c). Olivine also includes hornblende. Magnetite networks locally 
surround and cut across unaltered olivines in unserpentinised rocks. 
Green spinel usually occurs as inclusions in olivine (Plate 24c).
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Olivine-rich ultramafics have commonly been retrogressed to M2 
assemblages of mainly serpentine with chlorite^ phlogopite^ magnetite 
and talc. Amphibole pyroxenites are less altered^ except where they 
have suffered D2 shearing. Orthopyroxene is locally replaced by (M2a 
?) cummingtonite and phlogopite (Plate 24f). More extensive retro- 
gression has developed cummingtonite-rich amphibolites with abundant 
phlogqpite and orthoamphibole and rare relict calcic clinoamphibcle 
(Plate 24g).

Serpentine also occurs in a thin highly sheared orthoamphibole- 
serpentine-biotite-pyrrhotite-quartz schist (Plate 24h) in Unit A.
This serpentine-schist is associated with hornblende gneiss and 
amphibolite^ garnet-biotite schist and feldspathic and sillimanitic 
quartzite, all with minor disseminated pyrrhotite. It is possibly a 
highly sheared and attenuated equivalent in the Phikwe section of the 
Dikoloti-Lentswe unit.

3.8.2 Interpretation of Ultramafic Assemblages
The olivines, orthopyroxenes and green spinels of the ultra- 

mafic rocks in Unit D are either metamorphic or relict igneous 
assemblages. The textures between olivine, pyroxene and calcic 
amphibole are equivocal although the olivine is typically interstitial 
to orthopyroxene, a feature of metamorphic ultramafic assemblages 
(EVans 1977). The calcic amphiboles were initially thought by the 
author to postdate and replace orthopyroxenes. However the amphibole 
that would be expected from the isochemical retrogression of ortho- 
pyroxene is anthophyllite or magnesio-cunmingtonite, not hornblende or 
actinolite (Evans 1982). A retrograde (M2) assemblage of cummington- 
ite, orthoamphibcle :r^placing the orthcpyrcxKf^ cuxl
calcic amphibole assemblage is in fact developed. Hornblende is 
locally included in olivine and appears to be in metamorphic 
equilibrium with it, not replacing it. Therefore the actinolite- 
orthopyroxene-olivine assemblage and the homblende-orthopyroxene- 
olivine-green spinel assemblage are thought to be prograde Ml 
metaitcrphic assemblages that do not contain relict igneous minerals. 
These two assemblages are respectively typical of those that form in 
ultramafic rocks at the middle amphibolite facies and upper 
araphibolite-granulite facies transition (Trommsdorf & Evans 1974;
Evans 1977, 1982). The networks of magnetite locally surrounding 
unaltered olivines are tentatively suggested as being derived from the 
iron oxide produced during serpentinisation of original igneous
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olivine-bearing assemblages (of. Eckstxand 1975).
Further evidence for the mstamorphic nature of the olivine- 

orthopyroxene-green spinel-calcic amphibole assemblage comes from the 
mineralised ultramafic rocks (to be discussed in Chapters 5 & 8). The 
evidence includes the variety of Cr-bearing spinels in a single rock 
and the low nickel-contents of the olivines (Evans 1977). Theoretical 
and experimental studies on ultramafic systems (Trommsdorf & Evans 
1974; Evans 1977: Lieberman & Rice 1986) indicate that the calcic 
amphibole-bearing Ml assemblages formed at metamorphic conditions of 
about 725-825° C at 3-8 kbar (Fig. 5.7). The higher grade hornblende 
and green spinel-bearing assemblage near the upper limit of this 
estimate at the transition from amphibolite to granulite facies. These 
temperatures and pressures are broadly in agreement with those deduced 
from the corundum-pleonaste-sapphirine assemblage (see Ch. 3.9).

The variable nature of the resulting prograde Ml assemblage 
(actinolite-bearing or hornblende-green spinel-bearing) in the 
ultramafic rocks is possibly due to bulk chemical variations and water 
content. Juxtapositioning of apparently different metamorphic grades 
is also seen at Lentswe. Monomineralic actinolite and cummingtonite 
Mlm amphibolites (indicative of low to middle amphibolite facies 
conditions) without any obvious relict prograde metamorphic minerals 
(Ch. 3.5) occur immediately adjacent to Lentswe ultramafic rocks with 
a typical amphibolite-granulite facies transition assemblage of 
olivine, orthopyroxene, green spinel and hornblende and rarely an 
olivine-two pyroxene Mlp assemblage (Ch. 8.2). This juxtapositioning 
could be due to a retrogressive metasomatic origin of the actinolite 
and cummingtonite amphibolites. However it is suggested that this 
juxtapositioning of apparently different metamorphic grades is more 
likely to be due to rapid chemical variations between lithologies 
(Stanton 1982a, 1982b) and possibly the high original water-contents 
of the amphibolites (Stanton, pers. comm. 1976).

3.9 SAPPHIRINE-BEARING DimLOTI FEIDSPATHIC AMPHIBOLTTE

3.9.1 Mineralogy of Sapphirine-bearing Dikoloti Amphibolite
At Dikoloti a gabbroic feldspaathic amphibolite is associated 

with mineralised ultramafic rocks. The amphibolite contains an 
important metamorphic asseniblage vhich it is apprcpriate to discuss
here. The geochemistry and protolith of the amphibolite will be
discussed in Chapter 8. Sapphirine (Table 3.2 & p.A.4) occcurs in the
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Dikoloti feldspathic amphibolite in two situations:
a) Subround aggregates (5-50 mm) of spinel^ sapphirine and corundum.
Each aggregate is surrounded by a corona of fine-grained alteration 
products (dominantly clinozoisite plus chlorite and sericite) and 
coarse orthoanphibole (Plate 40a).
b) Thin bands and laminae (<10 mm) of the corona minerals with minor
sapphirine and spinel (Plate 40b).

The aggregates consist dominantly of dark green spinel with 
lesser sapphirine grains (Plate 40d). The sapphirine appears to rim 
the spinel. Corundum only occurs in the cores of the largest 
aggregates where it occurs as coarse subidioblastic grains (Plate 
40e). This coarse corundum is surrounded by a rim-like aggregate of 
spinel. This spinel is locally rimmed by and appears to be altering to 
sapphirine (Plate 40f & g). The coarse corundum is also replaced by 
sapphirine. Opaque anastomising veinlets of unknown mineralogy and 
composition surround the granular aggregates of corundum^ spinel and 
sapphirine at the margins of coarse corundum (Plate 40f & g). The 
sapphirine is distinctively pale blue and pleochroic. The spinel is 
pleonaste showing little variation in composition (Table 3.2 & p.A.4). 
The more-aluminous sapphirine (663) is associated with the least- 
aluminous pleonaste. There appears to be a limited range of solid 
solution by Mg-Fe substitution in the pleonaste and (Si,Mg)-Al 
substitution in the sapphirine.

The aggregates are each surrounded by a corona of fine-grained 
granular and radiating minerals in light and dark patches (Plate 40a &
d). Microprobe analysis (Table 3.2 & p.A.4) shows them to be 
dominantly zoisite/clinozoisite plus mixtures of this and chlorite, 
sericite and gedrite with no chemical difference between the light and 
dark patches. Minor relicts of anorthite occur in the corona and 
plagioclase multiple twinning is mimicked by the fine-grained 
clinozoisite. Cordierite with twinning and minor kyanite and ortho­
pyroxene were tentatively identified in the coronas. The contact of 
the spinel-sag^hirii^ aggregates with the coronas is marked by a thin 
rim of high Al-Mg chlorite (corundophilite) on the spinels (Plate 
40d). A similar corundum-sapphirine-corundophilite assemblage has been 
described from Mount Painter, Australia (Oliver & Jones 1965). The 
outer margin of the corona against feldspathic amphibolite is marked 
l:y relatively coarse tangential fibrous orthoarr^ihibole extensively 
replaced by (or intergrown with) chlorite. The sapphirine-bearing 
laminae and bands consist of a similar minerlaogy to the fine-grained
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bwt
ooronas^with higher proportions of coarse orthoamphibole and chlorite
and only minor spinel and sapphirine grains (a higher sapphirine/ 
spinel ratio also) (Plate 4Oh). The coarse fibrous minerals grow 
randomly across the bands. The amphibolite that hosts the sapphirine- 
bearing aggregates and bands has a very simple (Mlm) mineralogy of 
coarse-grained granoblastic tshermakitic hornblende (Fig. 3.1) and 
anorthite (Plate 40c) #iich are unzoned, unaltered and show no 
compositional variation (Table 3.2 & p.A.4).

The corundum-pleonaste-sapphirine aggregates at Dikoloti are 
similar to the corundum-pleonaste-anorthite aggregates found in the 
Selebi host amphibolites, although the latter have a simpler coronitic 
texture (Ch. 5.2.2, Plate 32b & c). The pleonastes from the two 
occurrences are very similar chemically (Table 5.2).

Sapphirine-bearing assemblages have been described from 
elsewhere in the Central Zone of the Limpopo Belt by Schreyer and 

(1976), Bkurrxdcs (1983), «rnd Horrocks (1984) and
VOrrihqriat ,al. (1984) and frcmtl^ Ikmrthl^arginal Zone ky FktxuMbxri 
(1977). However the other occurrences in the Central Zone are only 
loose piles of pegmatitic material near to anorthosite exposures. No 
precise field relations are known. The importance of the Dikoloti 
occurrence is that core provides a complete section of the sapphirine- 
bearing rocks.

3.9.2 Discussion of Dikoloti Sapphirine-bearing Assemblage
The assemblages found in the Dikoloti feldspathic amphibolite 

indicate a complicated metamorphic history and many mineral reactions 
can be proposed to have occurred in the Al-rich, Si-poor aggregates 
(see Windley et al. 1984). The complicated history of the aggregates 
is in contrast to the apparently simple mineralogy of the Mlm 
assemblage of hornblende and anorthite in the amphibolite. The 
corundum at both Dikolti and Selebi apppears to be the oldest phase in 
the aggregates and is thought to have formed at the peak of Ml 
metamorphism (Mlp) possibly from a highly aluminous precursor. Mlp 
magnesium-bearing phases that have possibly been consumed include 
garnet. The coronas particularly the simple ones at Selebi are thought 
to be Ml and M2 retrogresssion coronas around an Mlp corundum nucleus 
within a homblende-anorthite amphibolite (Leyreloup et al. 1975) .
A generalised reaction for the formation of the coronas of spinel and 
sapphirine can be expressed as:
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Corundum + An-rich Plagioclase + Hornblende-- > Sapphirine + Spinel

Subsiduary reactions possibly involving localised Si metasomatism also 
took plaosy for example:

Pleonaste + Si02 --- > Sapphirine (Robertson 1977)

Sapphirine + Si02 ----> COrdierite (Robertson 1977; Droop &
Bucher“Nurminen 1984)

Later reactions during late Ml/early M2 involved hydration^ for 
example the formation of corundophilite from spinel and:

Cordierite + H20 ---> Gedrite + Kyanite + Si02 (Van Reenen &
Du Tbit 1977)

Thermodynamic calculations for the reactions in similar 
sapphirine-bearing assemblages of Horrocks (1983) , Droop & Bucher- 
Nurminen (1984) and Windley et al. (1984) indicate metamorphic 
conditions of approximately 10 kbar and 80o'c during the formation of 
Mlp corundum^ followed by almost isothermal decompression (possibly 
during rapid uplift) down to about 4 kbar at 700 C during late Ml 
(Fig. 3.3) for the Dikoloti corona assemblages. Sapphirine possibly 
formed at Dikoloti rather than at Selebi because of a higher degree of 
Siimetasomatism (cf. Herd et al. 1969) or higher Mg activity (cf. 
Yardley & Blacic 1976) in the former. However sapphirine could 
possibly have been formed at Selebi but have been destroyed in later 
spinel and corundum-forming reactions (Droop & Bucher-Nurminen 1984; 
Windley et al. 1984).

Further cooling, decompression and hydration (plus localised K 
metasomatism) during M2 led to the development of fine-grained 
clinozoisite, chlorite and sericite in the outer plagioclase-rich 
(+ cordierite) corona.

"Hie geochemistry and origin of the of the corundum-spinel- 
bearing amphibolites at Dikoloti and Selebi is dealt with in Chapters 
7.2, 8.2.2 and 8.6.2. liie original nature of the corundum-spinel 
aggregates of the Dikoloti feldspathic amphibolite and Selebi host 
amphibolite is prcblematic. An origin by metamorphism of aluminous 
xenoliths or hydrothermally altered patches seems the most likely. 
However the effects of metamorphism (e.g. exsolution of corundum in 
anorthite) and metascmatism can not be ruled out.
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Amph1 bo 11te Sp1ne1 -Sapphirine Aggregate Corona
a b c d e f 9 h 1

pig hor Spl sap cor chi zoi/clz ser ged
S,02 43.92 45.69 0.06 12.86 0.03 25.85 39.24 46.75 45.14
Ti02 0.08 0.02 0.03 0.02 0.02 0.02 0.02 0.05
A1203 35.58 15.34 65.23 63.43 97.79 25.99 32.70 37.72 17.26
FeO 0.09 7.19 17.37 5.59 0.38 4.15 0.54 0.35 10.67
MnO 0.15 0.13 0.07 0.02 0.03 0.04 0.02 0.31
MgO 16.07 16.76 17.09 0.00 27.97 0.01 0.04 21.17
CaO 19.51 11.30 0.02 0.03 0.01 0.28 24.25 0.07 0.83
Na20 0.41 1.62 0.02 0.01 0.08 0.20 1.53
K20 0.00 0.25 0.00 0.01 11.08 0.00
Cr203 0.00 O.OI 0.01 0.00 0.00
NiO 0.09 0.20 0.00
Tota 1 99.51 97.66 99.80 99.11 98.27 84.30 9^^9 %.25 %.%

An 96
No. of 3 4 6 8 3 5 4 1. 1
analyses

Feldspathic Amphibolite 
a Anorthite 660 
b Hornblende 660 & 663

See appendix A.4 
for a I I analyses

Spinel-Sapphirine Aggregate 
c Pleonaste 660 & 663
d Sapphirine 660 & 663
e Corundum 660
f CorundophiIite rimming

pleonaste 663

Corona rimming 
Spinel-Sapphirine Aggregate 
g (Clino)zoisite 660 & 663 
h Sericite 660
i Gedrite 663

Samples 660 and 663 from OK 23 See Plate 40 for 660 & 663

TABLES.% - AVERAGE MINERAL ANALYSES - OIKOLOTI FELDSPATHIC AMPHIBOLITE



3.10 GRANITIC GNEISSES
The typical porphyroblastic granitic gneiss contains microcline, 

quartz, plagioclase and minor fine biotite. The porphyroblasts are 
microcline with tartan twinning or less-commonly microcline perthite 
in a matrix of quartz, plagioclase and microcline in a weak "mortar- 
like" granoblastic texture (Plate 25a). Evidence for weak early-D2 
cataclasis is common in the granitic gneisses and textures vary from 
porphyroblastic granoblastic to porphyroclastic. Plagioclase 
(oligoclase) is always a minor ccnponent. Myrmekite penetrating into 
microcline is well developed in both granoblastic and cataclastic 
types (Plate 25b). The porphyroblastic granitic gneiss body to the 
northeast of Phikwe has a highly cataclastic margin (Plate 3c). In its 
core the bo(^ contains microcline porphyrdblasts surrcwnded by large 
areas of fine-grained microcline and quartz, locally in a graEdrlc-like 
intergrowth. The hornblende-bearing dioritic gneisses associated with 
the porphyroblastic granitic gneisses are plagioclase-dominated 
granoblastic rocks with quartz, hornblende and biotite (Plate 25c). The 
plagioclase is andesine and is unaltered, unzoned and well twinned. 
These hornblende-bearing gneisses do not have cataclastic textures and 
do not appear to have been highly deformed.

3.11 MZLONITES AND CATACLASITES
Thin zones interpreted as recrystallised irylcnites occur 

throughout the Selebi-Phikwe well banded gneisses (Plate 25e & d).
They are most cccmon at the margins of and within the anorthositic 
gneiss layers, in vhich Dl myIonites have been recrystallised to Ml 
quartz-feldspar granulites (see Ch. 3.4).

Important nylonites and cataclasites occur in the Selebi-Phikwe 
ore bodies. At least three phases of typically superimposed shearing 
have effected the Phikwe ore body. The earliest shearing is represent­
ed by banded quartz-plagioclase-gamet Mlm granulites which occur at 
the base of the massive sulphide in Zone C and as relicts in later 
thick M2a cataclastic gneisses in Zone F (Fig. 5.2). These banded 
granulites are thought to represent recrystallised Dl nylonites. There 
are no signs of early shearing having been preserved within the host 
amphibolite.

Most of the apparent shearing at Phikwe is related to early-D2 
deformation during which finely banded M2a blastcnyIonites (Plates 27b 
& 34e & h) with subround plagioclase and minor microcline 
porphyroclasts were developed in the immediately adjacent footwall and
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hanging wall grey gneisses, particularly the latter. These commonly 
contain broken and altered garnets (Plate 25g & h) which are 
interpreted as relicts of recrystallised Dl mylonites. Highly sheared 
and thinned host amphibolite is represented by thinly banded, fine­
grained mafic and felsic zones. The mafic zones consist of ellipsoidal 
plagioclase porphyroclasts^ rare hornblende porphyroclasts and 
(zrcwikExl cpainneMbs iLn ,a inatjrjic o:E jfirws trLoiiitas cund irdunca: fxilsiLcs; (IPlarbe 
25f). The roundness of the plagioclase porphyroclasts increases as the 
mica content increases. This early-D2 shearing is most conspicuous 
where the host amphibolite and sulphides are thin or missing. 
Superimposed on the early-D2 cataclasites are thin late-D2 shear zones 
(Plates 26g & 27a). These are located exactly at the ore body horizon. 
Their effect on the ore body is not as great as the early-D2 shears 
and they appear to have been significantly developed only wiiere the 
ore body was already absent. They consist of a fine-grained finely 
banded M2b assemblage of chlorite, felsics and minor epidote and 
calcite with highly altered plagioclase porphyroclasts (Plates 25g,
26h & 27b-d). These mylonites are typically crosscut by coarse 
calcite and pyrite veins.

The Phikwe ore body has repeatedly acted as a zone of shearing.
The most important shearing appears to have been associated with early
-D2 folding during which the ore body acted as a zone of decoUement.

The other major development of M2a cataclasites during early D2 
is in the granitic gneisses. The majority of granite bodies were 
intruded during the interval between Dl and D2, although some were 
intruded during D2.

3.12 SUMMARY of METAMORPHIC HISTORY of the SELEBI-PHIRWE AREA
The mineral assemblages in the Selebi-Phikwe gneisses can be 

simply divided into Ml and M2. The Ml minerals show little zoning 
either optically or chemically. No relict premetamorphic minerals are 
recognised. For example the clinopyroxenes of the anorthosites and 
hornblende gneisses are metamorphic. The olivines, pyroxenes and 
spinels of the ultramafic rocks are thought to be metamorphic rather 
than igneous. The earliest recognisable minerals (Mle) are relict 
prograde porphyroblasts with syntectonic rotational structures that 
grew during Dl. The highest grade assemblages (Mlp) occur as possible 
relicts in the main Mlm assemblages. The granulite facies Mlp 
assemblages indicate temperature and pressure conditions of about 800” 
C and 10 kbar. They are thought to have formed at the end of Dl
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deformation, when tectonic burial to about 35 km had taken place. The 
great majority of the assemblages are siitple unaligned granoblastic 
Mhn amphibolite-facies assemblages as exemplified by the homblende- 
plagioclase assemblages of the hornblende gneisses and the 
anorthosites. Cordierite porphyroblasts including sillimanite (Mlp) 
are characteristic of Mlm in the grey and biotite gneisses. There is 
evidence from the corundum-spinel-sapphirine assemblage in the 
Dikoloti feldspathic amphibolite for rapid, almost isothermal, uplift 
to oonditions of about 700 C and 4 kbar (c. 10 km) during late Ml. The 
common hornblende plagioclase assemblage appears to have been stable 
over a wide variety of metamorphic conditions, M2 assemblages are 
greenschist facies and indicate a pervasive hydration. M2 assemblages 
are important in D2 shear zones (e.g. in the Phikwe ore body). Where 
structural data allow, the M2 assemblages can be subdivided into early 
M2a and later M2b.

The porphyrdblastic granitic gneisses are regarded as having 
beenimainly intruded during the interval between the two main
deformation periods. Although it is difficult to estimate to vdiat 
degree the textures seen in the porphyroblastic gneisses are plutonic
modified by metamorphism or if they are entirely metamorphic, they do 
not appear to have suffered the Ml conditions. Many show dynamic 
cataclastic effects {M2a granulation and recrystallisation) that 
occured during D2. Very limited partial melting of the Selebi-Phikwe 
gneisses probably took place during late Ml to produce some of the 
thin granitic bands seen in the Selebi-Phikwe gneisses. However 
formation of the grey gneisses as extensive partial melts of a mafic- 
gneiss dominated sequence as suggested by Wakefield (1974) did not 
take place (see Ch. 4 for the likely protoliths of the grey gneisses).

The relationship of the three metamorphic stages to the two main 
deformation periods is shown in Figure 3.4. A possible P-T time-path 
is shown in Figure 3.3. The peak of Ml took place at P-T conditions 
of approKimately BOo'c and 10 kbar. This shows that metamorphic grade 
reached in this northwest portion of the Central Zone was as severe as 
in the rest of the Central Zone and not of a lower grade as suggested 
by Barton & Key (1981). It is not known whether (a) the amphibolite- 
facies Mlm assemblages all formed by retrogression of granulite-facies 
Mlp assemblages, i.e. the Mlp assemblages are simple relicts, or (b) 
the Mlp assemblages only developed locally within the Mlm assemblage 
at the peak of iretamorphism. It is tentatively thought that the 
textures indicate the latter case. It is therefore possible that
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severe metamorphic conditions at Selebi-Phikwe were attained for a
much shorter time than in the rest of the Central Zone.

The ages of the deformation and metamorphism are not well known. 
Widespread Rb-Sr mineral ages show that the Limpopo deformation had 
oeased by 2.0 Ga and that the rocks of the Selebi-Phikwe and the rest 
of the Limpopo Belt were near to their present erosion level by then 
(Van Breemen & Dodson 1972; Hickman & Wakefield 1975). The isotopic 
work of Hickman and Wakefield (1975) indicates that the main Mlm 
metamorphic assemblages formed approximately 2.7-2.6 Ga. Hickman and 
Wakefield (1975) argue that the dome and basin interference folds were 
formed as late as 2.1-2.0 Ga. However major deformation in the North 
Marginal Zone had ceased by the time of intrusion of the Great Dyke at
2.5 Ga. Although the undeformed Great Dyke does not intrude the 
Central Zone it is thought here that significant major deformation did 
not take place in the Selebi-Phikwe area (on the northern boundary of 
the Central Zone and immediately adjacent to the westward continuation 
of the main North Marginal Zone) after 2.5 Ga.

PLATE 17 (overleaf)
Mafic Amphibole-rich Gneisses (mainly Hornblende Gneiss)

(A) HGN. Hornblende, labradorite and trace of quartz. Phikwe Unit B
(LK 2), Sample # 560. FV = 6 rm.

(B) HGP. Garnet poikiloblast (G) with included magnetite, quartz 
and hornblende. Phikwe Unit D (PW 195), # 275. FV = 6 mm.

(C) HGC. Clinopyroxene poikiloblast (P) with included hornblende, 
plagioclase and magnetite. Phikwe Unit B (PW 210), # 535.FV = 6mm.

(D) HGC. Granular clinopyroxene (P) associated with magnetite. 
Granoblastic hornblende (H) and plagioclase matrix. Phikwe Unit 
D (PW 210), # HG3. FV = 3]mm.

(E) HGG. Garnet porphyroblast in homblende-plagioclase gneiss.
Phikwe Uhit G (PW CAM 38/1), * 634. FV = 6 mm.

(F) QPIB. Biotite-plagioclase-hornblende-quartz-pyrrhotite schist. 
Relicts of pyroxene (Mlp ?) altering to hornblende and biotite. 
Phikwe Uhit B (PW 210), # 547. FV = 3 mm.

(G) ARIB. Cummingtonite-biotite-plagioclase-quartz amphibolite/ 
schist. Phikwe Unit B (PW 210), # 533. FV = 6 mm.

(H) GRHG. Idioblastic helicitic garnet (Mle ?). Phikwe Unit D (PW 
149), # 12. FV = 6 mm.
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PLATE 17



ELATE 18 
Grey Qieiss

(A) Typical gametiferous quartz-plagioclase-biotite (B) grey
gneiss (low-Si). Phikwe Unit E (PW 210), # GG3 FV = 6 mm.

(B) Mafic plagioclase-homblende (A) -quartz-minor biotite grey gneiss 
(low-si). Phikwe Uhit F (PW 188), # 56, FV = 3 mm.

(C) Round quartz inclusions in corroded plagioclase. Selebi Unit E/F 
(SD 80), * 102. FV = 3]mn.(D) Granoblastic oligoclase-quartz-biotite(B) -minor microcline grey 
gneiss (med.-Si). Phikwe Unit (PW 210), # GG5. FV = 3 mm.

(E) Syirplectic vermicular quartz and plagioclase (?). Phikwe Unit E 
(PW 93), * 34. FV = 1.5 mm.(F) Gametiferous siliceous grey gneiss. Note minor inyrmekite. Same 
as (E) above. FV = 3 ntn.(G) SCGG. Cordierite poikiloblast(C) with sillimanite in core.
Phikwe Uhit F (PW 208A), # 705. FV = 3 mm.

(H) SCGG. Cordierite altered to pinnite at margin. Microcline rxm to 
cordierite. Selebi North Unit E/F (SDN 51), #525. FV =3 mm.

(A)

(B)
(C)

(D)
(E)

(F)

(G)

(H)

PLATE 19
Intermediate Biotite Gneiss

QRIB. Green spinel and sillimanite in core of cordierite. Selebi 
Unit E/F (SD 80), # 103. FV = 1.5 mm.
QRIB. Quartz and sillimanite in spongey poikiloblastic 
cordierite. Phikwe Unit A (PW 213), # 541. EV = 3 inn.
Vermicular quartz in plagioclase rimming garnet in (A) above.
FV = 3 mm.Gedrite (G)-biotite-quartz band :m (A) above. FV = 3 mm.
QRIB. Cummingtonite-quartz-biotite-plagioclase-apatite gneiss. 
Phikwe Unit B (PW 210), # 529. FV = 3 m.
FRGG. Quartz-plagioclase-biotite-magnetite bands in hornblende 
gneiss. Dikolti (DK 17), # 658. FV = 3 mm.
Skeletal corundum in aggregate of cordierite surrounded by 
biotite. Selebi (SD 79) , # 177b. FV = 6 inn.
Detail of (H). S = sillimanite. FV = 3 mm.

PLATE 20
Calc-silicate Gneiss & Gametiferous Quartz-feldspar Granulite 

(A) Calc-silicate gneiss. Hornblende porphyroblast (Mle ?) with 
spiral of included quartz. Clinopyroxene (Mlp ?) rims the outer 
inclusion-free hornblende. East of Botsabelo, # 30/7/Id. FV - 6

(B)

(C)

mm.Typical polygonal granoblastic plagioclase(bytownite)-quartz 
matrix of (A). FV = 6 mm.Gametiferous quartz-feldspar granulite. Band of almandines m 
quartz-albite-minor microcline matrix. Phikwe Unit B (PW 208), 
# 574. FV = 6 mn.
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PLATE 18



PLATE 19



PLATE 20



Plate 20 (continued)
Mylonites in Anorttosite

(D) Recrystallised Dl i^lonite band in anorthosite - Type (a). A = 
anorthosite; M = finely banded mylonitic quartz and plagioclase; 
G = gametiferous zone in centre of band. Phikwe (PW 208), #
576.

(E) Type (a) .Banded recrystallised (Mlm) mylonitic texture of quartz 
and plagioclase with biotite. Phikwe (PW 211), # 570. FV = 6 mm.

(F) Type (a). D2 shear superinposed on Dl recrystallised nylcnite. 
Development of M2 chlorite, clinozoisite, epidote (?) and 
anthophyllite (?). Phikwe (PW 208), # 575. FV = 3 mm.

(G) Type (a). D2 shear superimposed on Dl recrystallised my Ionite. 
Broken Mlm garnets altered to M2 chlorite. Phikwe (211), # 569, 
FV = 3 mm.

(H) lype (b). Colour zoned garnets in unbanded quartz-plagioclase 
matrix. Phikwe (PW 211), # 566. FV = 3 mm.

PLATE 21 
Anorthosite

(A) Polygonal granoblastic unzoned plagioclase, 2nd generation. 
Phikwe (PW 208), # 549. FV = 6 itm.

(B) 1st generation zoned plagioclase in 2nd generation granoblastic 
plagioclase matrix. Phikwe (PW 211), # 572, FV = 6 ram.

(C) Granoblastic homblende-plagioclase of itetagabbro. Phikwe (PW 
208), # 553. FV = 6 mm.

(D) & (E) Altered Mlp clinopyroxene (P) surrounded by actinolite- 
quartz intergrowth. Same as (B). FV = 6 mm.

(F) Mlp clinopyroxene porphyroblast including Mle (?) hornblende and 
plagioclase. Phikwe (PW 211), # 561. FV = 6 mm.

(G) Quartz-anorthosite with 4th generation plagioclase (andesine) 
and magnetite (M) rimmed by biotite. Phikwe (PW 211), # 559. FV 
= 6 mm.

(H) Olivine porphyroblast in granular clinopyroxene-olivine matrix. 
Lethlakane clinopyroxenite, # 992/8. FV = 6 mm.

PLATE 22
Magnetite Quartzite and Associated Amphibolites

(A) Finely banded magnetite quartzite with minor actinolite and 
trace of pyroxene (?). Note Dl foliation marked by magnetite and 
actinolite cutting across primary banding. Lentswe (LT 30), # 
667. FV = 6 mm.

(B) Finely banded magnetite quartzite with minor actinolite. Note 
magnetite grain-size variation. Phokoje (PJ 1),# 332. FV = 6mm.

(C) Magnetite quartzite. Note actinolite in the magnetite bands and 
cross-cutting Dl foliation marked by quartz. # 4-9-la.FV = 6mn.

(D) Banded actinolite amphibolite (A) and magnetite quartzite. 
Phokoje (PJ 1), # 331. FV = 6 mm.

(E) Banded hornblende amphibolite (H) and actinolite quartzite in a 
banded quartz-airphibole rock. Lentswe (LT 25), # 664. FV = 6 ittn.

(F) Laminae of cummingtonite (C) in actinolite amphibolite band (A). 
Same as (E). FV = 6 mm.

(G) Disseminated pyrrhotite in actinolite band. Lentswe (LT 27), #
LT 27-30a. FV = 6 mm.

(H) Orthopyroxene-quartz-pyrrhotite-biotite-cummingtonite laminae in 
hornblende amphibolite. Interbanded with (G). FV = 6 mm.
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PLATE 21



PLATE 22



PLATE 23
Quartzites and Diopside-bearing Gneisses

(A) Fibrolite knots in plagioclase-biotite quartzite. Phikwe Unit A
(PW 213), # 539. FV = 3 mm.

(B) Plagioclase-homblende quartzite with relicts of clinopyroxene 
(Mlp ?) altering to hornblende. Plagioclase is altered. Phikwe 
Dome - Unit H, * 31-7-lb. FV = 3 mm.

(C) Sillimanite(S)-pyrrhotite quartzite. Phikwe Unit B (PW 210), # 
530. FV = 6 ram.

(D) Well-banded diopside gneiss (Type b). Diopside (D) -plagioclase 
and hornblende (A)-plagioclase bands. Phikwe Unit G (CAM 38/1), # 
640. FV = 6 ran.

(E) Well-banded diopside gneiss (Type c). Hornblende (A) -plagioclase 
base of band and diopside (D)-plagioclase-gamet (G) top. Phikwe 
Unit H (CAM 38/1) , # 638. FV = 3 ran.

(F) Sefhope diopside(D)-hornblende(A)-plagioclase gneiss. # 2-8-6a. 
FV = 6 ram.

(G) & (H) Diopside (salite ?)-actinolite quartzite in (G) and 
diopside(D,'salite?)-actinolite amphibolite with quartz, epidote 
and carbonate in (H). Phikwe Dome - Unit H, # 31-7-5b. FV = 3ram.

(A)

(B)

(C)

(D)
(E)

(F)
(G)

(H)

PLATE 24
Ultramafic Rocks

Serpentinised dunite. Olivine altering to serpentine. Minor 
pyroxene. Phikwe Unit D (PW 213), # 213-2. FV = 6 ram. 
Peridotite. Pyroxene porphyroblast including olivine in olivine- 
rich groundmass. Phikwe Unit D (PW 213), # 213-2, FV = 6 ram. 
Peridotite. Olivine(0) with included green spinel and hornblende 
wrapping around pyroxene porphyroblast(P). Selebi (SD 97),# 157. 
FV = 6 ram.
Actinolite amphibolite. Phikwe Unit D (PW 217),# 217-1.FV = Gram. 
Actinolite amphibolite with pyroxene(P). Olivine is included in 
the pyroxene. Phikwe Unit D (PW 217), # 217-2. FV = 6 ram. 
Retrogressed hornblende orthopyroxenite. Development of M2 curatv- 
ingtonite and phlogopite. Phikwe Unit D (PW 213) ,# 14. FV = Gram. 
M2 crmmingtonite-orthoamphibole-phlogopite amphibolite with 
relict Ml hornblende.Phikwe Unit D (PW 213), # 213-1. FV = 6 ram. 
Orthoanphibole-serpentine-biotite-pyrrhotite-quartz schist. 
Phikwe Unit A (PW 210), # 527. FV = 6 ran.

PLATE 25 
Granitic Gneiss

(A) Granitic gneiss. Vermicular quartz in plagioclase penetrating 
into microcline. East of Botsabelo, # 30-7-lk. FV = 3 ran.

(B) Vermicular quartz in plagioclase penetrating into microcline. 
North-east of Phikwe, # 31-7-lc. FV = 1.5 ran.

(C) Dioritic gneiss. Plagioclase (andesine), quartz, hornblende and 
biotite.Phikwe (PW 208), # 700. FV = 3 ran.

MyIonite
(D) - (E) l^lonite. Quartz ribbons and perthitic microcline 

porphyroblast in quartz-plagioclase-microcline-rayrirekite 
groundmass (mylonitised granite gneiss ?). East of Botsabelo, # 
30-7-6C. FV = 6 ram.

(F) M2a inyIonite. Relict garnet (G) and ellipsoidal plagioclase 
pori±iyroblasts in biotite-felsics matrix. Phikwe ore bocfy - Zone 
C, # 188. FV = 6 ran.

(G) & (H) Superimposed shearing. Broken garnets (Dl-Mlm) in early 
D2-M2a quartz-plagioclase my Ionite. Cross-cutting late D2-M2b 
rayIonite consisting of chlorite, felsics, epidote and carbonate 
in lower half of (G). Phikwe ore body (PW 202) ,# 515. FV = 6 ran.
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PLATE 23



PLATE 24



PLATE 25



CHAPTER 4 GBOCHEMISTRy AND ORIGIN OF THE SELEBI-PHIRME GNEISSES

4.1 GEOCHEMISTRY OF THE SELEBI-PHIRME GNEISSES

4.1.1 Intoduction
Geochemistry is used in this thesis as a major tool in the 

unravelling of the original nature of the gneisses^ because of the 
high metamorphic grade of the Selebi-Phikwe gneisses and the absence 
of original textures. Analytical techniques are described in the 
Appendix where all analyses are listed. Core samples were fresh.
Field samples were also relatively fresh^ due to the arid climate 
(e.g. typically unaltered metamorphic feldspar and ferromagnesium 
minerals). Recent weathering is therefore considered to have played a 
negligible role in the chemical alteration of the sampled rocks.

4.1.2 Hornblende Gneiss and Intermediate Biotite Gneiss

4.1.2a Major subdivision by Ca content
These gneisses were initially split during field work by their 

essential mineralogy. The initial subdivisions were confirmed by thin 
section work (Ch. 3.1 & 3.3). Geochemistry has also confirmed the 
original subdivisions. The assignment of samples to geochemical 
groups has not resulted in significant changes to the original sub­
divisions. The mineralogical-geochemical groups are intergradational.

The major geochemical subdivision, that can be made of the 
mafic hornblende gneiss and the intermediate biotite gneiss, is into 
high-Ca and low^Ca gneiss (Figs 4.1-4.3). The average and range of 
chemical compositions of the mafic and intermediate gneisses are 
shown in Tables 4.1 (high-Ca) and 4.2 (low^Ca). The high-Ca gneiss 
has CaO contents of 5-12 wt% (typically >8 wt%). The low-Ca 
hornblende and intermediate gneisses have CaO contents below 3 wt%. 
The high-Ca gneiss includes the HGN, HGG, HGC, and HGF hornblende 
gneisses and the quartz-poor type of intermediate biotite gneiss 
(QPIB, see Ch.3.3). QPIB has relatively low CaO contents (5-9 wt%). 
The low-CaO gneiss includes the coarse garnet-rich mafic gneiss 
(GRHG), the quartz-rich type of intermediate biotite gneiss (QRIB) 
and the (non-calcic) amphibole-rich type of intermediate biotite 
gneiss (ARIB).

Major and trace element contents of the hornblende and 
intermediate biotite gneisses (and ultramafic rocks in the sequence)
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have been plotted against a fractionation index-FeO/(FeO+MgO) (total 
Fe as FeO, Figs 4.2, 4.4, 4.5 & 4.6a). Lines have been drawn joining 
samples from the structural top and bottom of two mineralogically 
graded layers of hornblende gneiss (see Chs 2.3.1 & 3.1).

4.1.2b High-Ca hornblende and intermediate biotite gneisses
The high-Ca gneisses show a marked fractionation trend towards 

increasing Fe content (Fig. 4.1a). The low-C^ mafic and intermediate 
gneisses and the high-Ca intermediate gneiss have higher K contents 
than typical high-Ca hornblende gneiss (Tables 4.1 & 4.2, Fig. 4.3), 
which accounts for the spread towards the alkali apex of the AFM 
diagram. The geochemical characteristics of the various high-Ca 
hornblende gneisses are as follows:

HGN, the main type of hornblende gneiss (hornblende-plagioclase 
with minor magnetite and clinopyroxene), has a wide variation in 
fractionation index, vdiich reflects the wide range in mineralogy from 
plagioclase-rich to hornblende-rich. HGN can be split chemically 
(Table 4.1) and mineralogically into HGNl (homblende-plagioclase) 
and HQN2 (homblende-rich) . HGNl is Al-rich (13-17 wt% A1203) and 
shows a wide variation in fractionation index. Al, (Ca) , Mg, Ni and 
Cr decrease with increasing fractionation index. Fe, Ti, P, (Cu), Y 
and Zr increase with increasing fractionation index (Figs 4.2, 4.4,
4.5 & 4.6a). HGN2 is Al-poor (5-10 wt% A1203) with high MgO contents 
(12-18wt%). HGN2 has significantly higher Cr, Ni and Ca/Al and K/Pb 
than HGNl. (Elanent contents and relative differences vAiich are 
regarded as particularly significant are indicated thus elements 
^Aich shew small differences are shown as (Mg).)

HGG, the gametiferous hornblende-plagioclase-^minor magnetite 
gneiss, is the dominant hornblende gneiss in IMit G. HGG (Tables 4.1 
and 4.5-C) has higher contents of Ti, Al, Fe, (Mn), Na, P, (Cu),
(Nb), (S), (Sr), (V), Y and Zr, and lower contents of Si, Ca, K, 
Cr and Rb than average HGNl. Compared to HGC, HGG has higher contents 
of Al, Fe, Mg and Na and lower contents of Si, Ti, K, Cu, Nb, (Pb),
S, V, Y and (Zr). In terms of Ti and Mg, HGG is intermediate between 
HOTl and HGC (Fig. 4.7). However it has significantly higher 
contents of Fe and lower contents of Si than both groups. One sample 
(HGGX, Table 4.5-D) has higher contents of Si, Mn, P, Nb, S,
Y and Zr, similar Ti, and lower Al, Mg, Ca, Na, Or, Ni, Sr and V than 
typical HGG. The HGG samples lie on a line of Pb-enrichment relative 
to K (K/Pb = 52, Fig. 4.3b).
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Si02 51 
Ti02 0 
A1203 14 
Fe203 11 
MnO 0 
MgO 
CaO 
Na%)
K20 
P205 
Cr203 0

100

10
2
0
0

HGNl
.32 50.0-53.0 52. 
.73 0.19-1.54 0. 
.89 13.6-16.9 7, 
.07 8.9-14.4 10. 
.18 0.14-0.21 0. 
.24 6.6-10.1 15, 
.07 7.5-12.2 11, 
,44 1.4—4.0 1. 
.91 0.51-2.26 0, 
.10 0.03-0.23 0. 
.05 0.02-0.08 0, 
.00 100.

HGN2
28 49.7-53.8 
70 0.40-1.26 
27 5.1-10.0 
63 9.8-11.3 
23 0.17-0.36 
59 12.5-18.4 
50 10.3-12.4 
06 0.65-1.77 
43 0.15-0.80 
12 0.06-0.25 
19 0.08-0.39 
00

HGG
47.26 46.9-47.6 50, 
1.60 1.5-1.8 2.
15.47 15.1-16.1 13, 
15.10 14.2-15.6 14, 
0.22 0.16-0.29 0,
6.98 6.5-7.6 
9.87 9.0-10.5 
2.91 2.8-3.1
0.33 0.31-0.35 
0.23 0.22-0.24 
0.03 0.02-0.03 

100.00

5. 
9, 
2. 
0, 

0. 
0, 

100,

HOC
,64 47.1-53.5 
02 1.7-2.4 
,91 13.1-16.7 
64 13.8-16.2 
,19 0.15-0.21 
34 4.7-6.4 
,93 9.6-10.6 
37 1.6-2.9 
,67 0.43-1.31 
,27 0.06-0.46 
,02 0.00-0.07 
,00

Cr 339 122-552 1260 560-2600 168 160-173 156 19-484
Cu 30 nd-68 104 nd-348 46 12-89 187 11-431
Nb 4.9 3-7 5 3-7 6.7 6-7 8.5 3-16
Ni 124 103-162 300 158-430 114 111-117 93 57-121
Rb 36 12-114 8 4-15 11 6-15 22 7-14
S 247 nd-1196 204 65-344 338 nd-959 912 427-1269
Sr 108 83-145 31 13-60 137 75-187 145 100-197
V 185 115-264 169 113-258 248 220-266 399 239-671
Y 20 7-27 17 13-21 28 23-33 37 31-49
Zr 57(79) 15-110 38 28-56 104 97-114 129 66-187

(259)
N-Sanples 9

HGFl
Si02 49.14 46.9-51.9
Ti02 2.57 2.0-3.3
A1203 12.92 12.5-13.8
Fe203 16.77 15.7-19.0

0.27 0.21-0.55 
5.26 3.9-6.0 
9.56 8.4-10.3 

Na20 2.18 1.3-3.0
0.88 0.70-1.24 

P205 0.43 0.23-0.91
Cr203 0.02 0.01-0.02

100.00

HGF2
44.37 43.3-45.8 
3.72 3.3-4.4

11.02 9.5-12.4
21.57 19.1-22.8 
0.22 0.21-0.24 
6.40 5.4-7.4

10.38 9.8-10.7 
1.48 1.3-1.8 
0.75 0.67-0.84 
0.08 0.04-0.14 
0.01 0.01-0.02

100.00

OPIB 
57.12 54 
1.29 0 

15.19 12 
11.01 9. 
0.17 0. 
.66 3. 
.91 5.

2.14 1.
1.14 0. 
0.36 0. 
0.01 0.

100.00

4.
6.

9-60.7
36-2.55
0-17.3

6-12.8
14-0.24
6-6.1
1- 9.1
2- 3.4 
53-1.89 
10-1.05 
00-0.02

Cr 106 43-154 95 68-131 42 5-108
Cu 94 37-277 223 70-353 114 5-350
Nb 10 7-17 6.3 2-13 8.5 4—14
Ni 63 56-67 66 39-87 203 13-890
Rb 20 7-78 11 6-16 70 19-129
S 1560 360-2720 4850 1360-9440 3130 nd-7260
Sr 110 80-172 63 41-78 106 47-166
V 349 286-415 1232 1178-1323 202 77-359
Y 42 36-58 21 12-38 51 26-104
Zr 151 79-273 37 21-62 128 29—266

N-Saitples 8 3 6

Table 4.1 Average chemical composition (wt% and ppm) of High-Ca
hornblende gneiss and intermediate biotite gneiss. Analyses
recalculated to 100% on an anhydrous and sulphide-free basis.



HOC, the clinopyroxene-bearing hornblende-plagioclase-minor 
magnetite gneiss, has a narrower range of composition than HGN. HOC 
typically has higher contents of Fe, P, Cu, Nb, (Sr), V, Y and Zr 
and lower contents of (Si), (Al), Mg, (Cr) and (Ni) than average 
HGNl.

HGF, the magnetite-rich hornblende-plagioclase gneiss, can be 
geochemically subdivided into HGFl and HGF2. The main mineralogical 
difference is the higher proportion and coarser grain size of 
magnetite in the latter. HGFl and HGF2 are both characterised by high 
Fe and Ti contents. HGFl has lower contents of (Si), (Al), (Mg),
(Ca), (Cr) and Ni and higher contents of Ti, 5^, Mn, P, Nb, Y, and Zr 
and higher K/Rb than both HGNl and HGC. HGF2 differs from HGFl by 
having even higher Fe (21 wt% Fe203) and Ti (3.7 wt% Ti02) contents 
and higher Mg, Ca and V, but lower Si, Al and Na, and significantly 
lower JP, INby Y and Zr (Table 4.1).

QPIB, the quartz-poor intermediate biotite gneiss, has higher 
Si and lower Ca than the other high-Ca mafic gneisses. The contents 
of Ti, P, Cu, Ni, S, Y and Zr in OPIB are very variable. OPIB 
typically has higher contents of Si/ Ti, Al, Fe, (K), P, Cu, Nb, Ni, 
Rb, S, Y and Zr, similar contents of Na, and lower contents of Mg, Ca 
and Cr and lower K/Hb ratios than average HGNl, after allowing for 
the effect of simple dilution due to increased Si. The Mg contents of 
QPIB areimore like those of HGC and HGFl than HGNl (Fig. 4.10b).

D, deformed hornblende gneiss bands that crosscut foliation 
are regarded as deformed mafic dykes. They are most prominent within 
the anorthosites. Deformed dykes in the anorthosites (Table 4.6-E) 
are characterised by high contents of Al, P, Nb, Y and Zr, moderate 
Ti (1.4 wt% Ti02), and low contents of Mg and Cr.

4.1.2c LowHCa hornblende and intermediate biotite gneisses
QRIB, the quartz-richr biotite gneiss of the intermediate 

biotite gneiss group, is characterised by high Si (60 wt% Si02), low 
Ca (1 wt% CaO) and relatively high Mg (8 wt% MgO) (Table 4.2). QRIB 
has higher contents of Siy K, Nb, Hb and (S) and lower contents of 
Cay Sr, Na and Mn than all the high-Ca gneisses. Compared to average 
HGNl, ORIB also has higher contents of (P), (Cu), Y and Zr, similar 
contents of Ti, Fe, Mg and V, and lower contents of (Al), cr and 
(Ni) and lower K/Rb ratios. The degree of enrichment in P, Y and Zr 
is, however, highly variable (Figs 4.5, 4.6 & 4.11). QRIB has similar 
Si and Ti contents to the low^Si grey gneiss (Fig. 4.10a). However
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QRIB
Si02 60.03 55.9-64.2
Ti02 0.77 0.37-1.45
A1203 14.40 13.0-16.7
Fe203 11.37 9.1-16.6
KhO 0.09 0.05-0.13
ftp 8.19 5.6-10.3

1.18 0.34-3.0 
Na20 0.95 0.29-2.32
K20 2.78 0.23-4.55
P205 0.21 0.05-0.82
Cr203 0.03 0.00-0.06

100.00
Cr 188 32-425

79 5-167
Mb 12.6 5-32
fa 92 58-235
Fb 155 14-277
S 1640 nd-6780
Sa 39 9-92
V 180 61-579
Y 32 9-76
Zr 134 78-331

ARIB
52.70 50.0-54.3 
1.46 0.67-2.94 
10.05 7.9-12.4 
16.16 14.0-17.5 
0.23 0.15-0.31 

14.04 11.8-16.4 
2.23 1.1-3.2 
1.29 0.41-1.89 
1.70 0.44-3.29 
0.10 0.05-0.17 
0.04 0.01-0.09 

100.00
284 63-587 
439 12-1282
9.0 6-14 
194 151-239 
162 33-342 
2210 nd-4420 
38 10-66
121 74-195 
33 32-35
139 77-220

G8HG
48.07 46.9-51.4 
1.34 0.53-2.87 
18.61 13.2-23.0 
15.31 11.3-19.1 
0.17 0.12-0.21 

10.65 9.9-11.3 
1.25 0.37-2.41 
0.81 0.33-1.70 
3.59 1.8-6.1 
0.16 0.03-0.45 
0.04 0.01-0.09 

100.00
297 90-557
196 6-441
10.5 8-13 
112 68-148
154 84-229
14250 23-32640 
18 9-30
209 126-259
42 13-69
105 43-178

N-Saitples 10 3 4

Table 4.2. Average chemical compositions (wt% and ppm) of low-Ca 
mafic gneiss and intermediate biotite gneiss.

Si02 51.47 49.6-53.5 51.10 42.47
Ti02 0.38 0.29-0.60 0.37 0.13
A1203 4.21 3.4-5.2 6.41 2.84
Fe203 9.80 7.6-14.5 9.92 11.15
f&^ 0.14 0.10-0.21 0.22 0.15

22.11 20.9-23.2 25.83 39.47
CaO 10.50 5.1-12.6 1.93 2.10
Na20 0.56 0.47-0.61 0.20 0.32
K20 0.29 0.11-0.66 3.08 0.26
P205 0.05 0.04-0.06 0.05 0.05
Cr203 0.49 0.36-0.60 0.89 1.06

100.00 100.00 100.00
Cr 3290 2420-3980 5960 6830
Cu 137 10-477 14 10
Nb 3 nd-4 4 2
Ni 618 476-915 998 1550
Rb 9 4-21 125 13
Sr 13 11-16 7 10
S 2380 nd-7140 nd 90
V 127 97-152 62 54
Y 9 5-14 6 3
Zr 31 23-43 73 21

N-Samples 4 1 1

Table 4.3. Average chemical compositions (wt% and ppm) of
ultramafic rocks in Unit D. Analyses recalculated to 100%
on an anhydrous and sulphide-free basis.
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CPIB has much higher contents of Mg (Fig. 4.10b) and Cr, and lower 
contents of Ca and Na (Fig. 4.9b) than low-Si GG.

ARThf the (non-calcic) amphibole-rich intermediate biotite 
gneisSf is characterised by low Ca (2 wt% CaO) and high Mg (14 wt% 
MgO) and Fe (16 wt% Fe203). The Mg contents are similar to those of 
HGN2. Compared to both HGNl and HGN2, ARID has higher contents of Ti, 
Fe, K, Ch, Nb, Pb, S, Y and Zr, similar contents of Si, and lower 
contents of Ca, Cr and V. The contents of Ti and Zr in ARID are 
highly variable (Fig. 4.11b). K/Rb ratios are relatively low (87,
Fig.4.3b).

GRHG, the coarse garnet-rich mafic biotite gneiss, is 
characterised by low Ca (1 wt% CaO) and Si (48 wt% Si02) and high Al
(18 wt% A1203), Fe (15 wt% Fe203), Mg (10 wt% MgO) and K (3 wt% K20) 
and Rb. GRHG has similar Al/Mg ratios to those of HGNl (Fig. 4.1b) . 
Contents of Ti, P, S, Y, and Zr are relatively high but highly 
variable (Figs 4.5, 4.6, & 4.11).

The proportions of the main types of hornblende gneiss in the 
units at Phikwe, along with the main types of intermediate biotite 
gneiss in each unit, are shown in Table 4.4.

Unit A - poorly sampled, 100% HGFl, abundant intermediate biotite 
gneiss (particularly QRIB), minor quartzite.

Unit B - 50% HGNl, 50% HGC, abundant intermediate biotite gneiss 
(GPIB, QRIB, ARIB, CGHG), minor quartzite.

Unit C - not sampled.
Anorthosites - deformed dykes D.
Unit D - 18% HGNl, 9% HGN2, 9% HGC, 27% HGP2, 27% HGFl.
Unit E - poorly sampled, 100% unaltered HGG, mainly grey gneiss. 
Unit F - 44% HGNl, 11% HGN2, 22% HGC, 22% HGFl, minor QPIB.
Unit G - 100% HGG, significant diopside gneiss, some QPIB and QRIB.

Table 4.4. The various high-Ca hornblende gneiss types,expressed 
as the percentage of total high-Ca hornblende gneiss in each unit.

4.1.3 Diopside Gneisses
Diopside-rich gneiss occurs, along with hornblende gneiss 

(HGG) and minor QPIB and QRIB, in Unit G (see Ch.3.7). The thick
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A B C D E
massive banded-graded HGG HGGX

Si02 49.00 47.8-50.2 49.28 48.6-49.9 47.26 52.71 53.06
Ti02 0.58 0.47-0.69 1.66 1.5-1.8 1.60 1.60 0.14
A1203 9.22 7.9-10.6 16.38 16.4 15.47 10.41 11.07
Fe203 13.93 13.5-14.3 11.87 11.3-12.4 15.10 19.82 4.95
MnO 0.56 0.53-0.58 0.27 0.27 0.22 0.63 0.13
MgO 2.54 2.3-2.8 3.03 3.0-3.1 6.98 5.46 11.61
CaO 23.00 20.2-25.8 13.58 13.0-14.2 9.87 7.38 16.49
Na20 0.71 0.40-1.02 3.34 3.1-3.6 2.91 1.00 0.96
K20 0.11 0.08-0.14 0.30 0.29-0.31 0.33 0.45 1.53
P205 0.35 0.34-0.36 0.25 0.23-0.27 0.23 0.54 0.03
Cr203 0.00 0.00 0.04 0.03-0.04 0.03 0.00 0.03

100.00 100.00 100.00 100.00 100.00

Cr 8 5-dl 221 172-270 168 11 213
Cu 38 19-57 66 43-89 46 48 15
Ijb 13 12-14 8 8 6.7 13 5
Ni 10 10 108 98-118 114 19 54
Rb 8 7-9 9 8-9 11 30 54
S 1320 518-2120 3295 2840-3750 338 6830 2390
Sr 56 52-59 124 111-137 137 27 146
V 11 11 248 239-256 248 20 68
Y 64 51-76 38 35-41 28 75 13
Zr 241 194-287 116 109-122 104 272 168

N-Samples 2 2 3 1 1

Sefh(^
Si02
Ti02
A1203
Fe203
MnO
MgO
CaO
Na20
K20
P205
Cr203

Cr
Cu
Nb
Ni
Rb
Sr
S
V
Y 
Zr

F
massive

45.68 45.3-46.5 
1.45 0.85-2.63 
14.34 13.7-15.0 
10.82 9.1-13.4 
0.29 0.27-0.30 
5.44 4.5-5.9 
20.77 18.8-22.8 
0.55 0.33-0.89 
0.41 0.07-0.90 
0.23 0.17-0.28 
0.02 0.01-0.03 

100.00

153
24
7.3
116
18
177
2400
255
29
97

46-207
13-37
4-11
45-158
2-38
112-262
2400
166-407
21-45
67-151

G
graded
48.57
1.09
15.82
11.60
0.20
6.17
13.72
2.32
0.33
0.11
0.05

100.00

323
25 
6
135
8
146

279
26 
73

H
mafic
50.61
0.97
15.42
11.23
0.17
6.97
11.79
2.37
0.33
0.10
0.04

100.00
269
42
6
132
9
149
161
244
27
76

Table 4.5. Average chemical compositions (wt% and ppm) of the
diopside-rich rocks of Units G and H, and Sefhope. Analyses
recalculated to 100% on an anhydrous ans sulphide-free basis.
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massive diopside-plagioclase bands are characterised by high contents 
of Ca, (Fe), Mh, P, Nb, Y and Zr, and low contents of Na, K, Cr, 
Ni and V and relatively low K/Rb (114) (Table 4.5-A). The thin, 
locally graded, bands (diopside-garnet-plagioclase to hornblende- 
plagioclase) are characterised by high contents of Ca, (Al) and Na, 
ana low oontents of Mg (Table 4.5-B). The thinly banded and graded 
diopslde gneiss (B) was initially thought to be a mixture of the 
massive dippside-rich gneiss (A) and hornblende gneiss (HGG, Table 
4.5-C) . In terms of Ca, Mg, Mn, (K) , (P) , Nb, Ni, Sr, Y and (Zr), 
this could be possible. However (B) has lower contents of Fe and 
higher contents of Si, Ti, Al, Na, Cr and Cu, than both (A) and (C).

A similar suite of diopside and hornblende-bearing gneiss was 
found to the east of Sefhope (Figs 1.1 & 1.2) during a reconnaissance 
traverse. The suite includes massive diopside-plagioclase gneiss 
(Table 4.5-F), banded and graded diqpside-plagioclase-horhblende 
gneiss (G) and mafic hornblende-rich gneiss (H).

The diopside amphibolite of unit H (Table 4.5-E) is 
characterised by high Ca, Mg and (Cr), and low Fe, Ti and Cu.

4.1.4 Ultramafic Rocks
Thin lenses of unmineralised ultramafic rock occur as a minor 

constituent throughout the Selebi-Phikwe gneisses but are most 
prominent in Unit D. The analysed ultramafic rocks in Unit D are of 
three types (Table 4.3): (A) olivine and pyroxene-bearing actinolite 
amphibolite with 22 wt% MgO, 4 wt% A1203 and variably high CaO 
(average 11 wt%); (B) retrogressesed (M2) amphibolite (both ortho- 
and clinoaitphibole) with 26 wt% MgO, 6 wt% A1203, and 2 wt% CaO; and 
(C) serpentinised peridot!te with 39 wt% MgO, 3 wt% A1203, and 2 wt% 
CaO (Fig. 4.1b). There is an inverse relationship in types (A) and 
(B) between K content and Ca/Al ratio (Fig. 4.3). The Cr and Ni 
contents are high but variable (Fig. 4.4) and increase along with Mg 
from (A) to (C). Ti contents are low and decrease from (A) to (C) 
(Fig. 4.5). Ultramfic type (A) has chemical similarities to HGN2 
(Table 4.1) and the clinopyroxenite bands in the Lethlakane layered 
body (Table 4.6-D).

4.1.5 Grey Gneisses
A suite of representative grey gneiss was sampled from drill 

core at Selebi-Phikwe. Relatively homogeneous bands without 
leucocratic metamorphic segregations were sampled. The analysed grey
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gneiss has been subdivided into typical grey gneiss^ siliceous 
cordierite-rich grey gneiss (SCGG) and magnetite-rich grey gneiss 
(FBGG, see Ch. 3.2).

The suite of typical grey gueiss (quartz-plagioclase-biotite- 
hornblende gneiss) is characterised by a wide range of Si02 contents 
(58-72 wt%) and high Al (14.0-17.5 wt% Al.203^ T^ble 4.6). Grey gneiss 
is Na and Ca-rich (3.0-4.7 wt% Na20, 6.9-2.6 wt% CaO) and K-poor 
(0.9-2.7 wt% K20) (Fig. 4.9b). The typical grey gneiss has been 
subdivided imineralogically and geochemically into low^Si GG (58-64 
wt% Si02), medium-Si GG (66-68 wt% Si02) and high-Si GG (70-72 wt% 
Si02). Low^Si GG can be further subdivided into high-Ca (6-7 wt% CaO) 
and low^C^ (4-5 wt% CaO). Low^Si grey gneiss is volumetrically the 
most important type, followed by high-Si GG.

As the Si content increases from low-Si to high-Si grey gneiss, 
all major elements, except Na and K, decrease in content (Fig. 4.10). 
The increase in Na and K, along with only a small increase in the 
Fe/Mg ratio defines a good trend on an AEM diagram (Fig. 4.9a). The 
decrease in Al content with increasing Si content is less than would 
result by simple dilution due to increasing Si and high-Si grey 
gneiss plots near the Al apex of an ACM diagram (Fig. 4.1b). The 
decrease in Fe, Mg and Ca is more than would result by dilution due 
to increasing Si. The suite of typical grey gneiss shows marked 
increase in Zr and Y with increasing Ti content (Fig. 4.11). TWO 
separate trends of increasing Zr and Y can be discerned for (a) low- 
Si GG; and (b) medium and high-Si GG. The field of Ti v. Y for the 
low-Si GG is a more diffuse trend than the good trends of Ti v. Y for 
medium to high-Si GG and Ti v. Zr for both groups. Grey gneiss, 
particularly high-Si GG, has a high Ni content, when compared to 
tonalites or felsic volcanics. The high Ni in high-Si GG is partly 
due to one sample, 0.3 m. above the Phikwe host amphibolite, with a 
Ni content of 90 ppm. This grey gneiss is porphyroclastic and has 
been sheared. Ni was possibly mobilised from the host amphibolite. 
After allowing for this anomolous sample, the Ni content of high-Si 
GG (not adjacent to the Selebi-Phikwe ore bodies) is still relatively 
high (26 ppm, cf. Condie 1981; Bhatia & Crook 1986).

The blue siliceous cordierite-rich grey gneiss (SCX%1, T^ide 
4.6) is characterised by high contents of Si, Mg (Figs 4.8, 4.9a & 
4.10b) and K, low contents of Ti, C^, Na, Cr, Ni and V (Figs 4.1b & 
4.9b), and variable Y (Fig. 4.11). In terms of Mg, Ca and Na, SCGG 
has more in common with QRIB than high-Si GG. However the Ti/Y and
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Low-Si GG Med.-Si GG High-Si GG
Si02 61.30 58.0-64 .2 66.97 66.2-67.8 71.11 70.3-71.7
Ti02 0.81 0.60-1.:14 0.60 0.42-0.79 0.36 0.22-0.44
A1203 16.32 15.0-17 .5 15.52 15.2-15.9 14.19 14.0-14.7
Fe203 7.42 6.3-8.7 5.15 4.5-5.8 4.00 3.4—4.8
MnO 0.08 0.04-0. 13 0.05 0.05-0.06 0.05 0.02-0.12
MgO 3.22 1.8-4.4 1.46 1.35-1.58 1.29 0.85-2.38
CaO 5.37 4.1-6.9 4.52 4.5-4.5 3.00 2.6-3.4
Na20 3.72 3.0—4.4 3.85 3.8-3.9 4.04 3.7-4.7
K20 1.54 0.87-2. 12 1.74 1.5-2.0 1.88 1.1-2.7
P205 0.21 0.14-0.:32 0.14 0.12-0.17 0.08 0.05-0.10
Cr203 0.01 0.00-0.101 0.00 0.00-0.00 0.00 0.00-0.00

100.00 100.00 100.00

Cr 41 7-83 18 8-29 9 nd-31
Cu 34 5-162 13 11-15 17 9-21
Nb 11.5 8-14 14.5 13-16 10.6 8-13
Ni 50 11-78 20 12-28 39 14—90
Rb 71 43-107 76 73-79 74 46-114
Sr 172 125-202 163 147-179 146 125-160
V 87 56-124 40 35-44 30 26-34
Y 32 18-41 51 37-64 25 12-41
Zr 206 112-339 382 220-544 186 93-242

N-Samples 10 2 5

SCGG FROG
ccrdierite-rich Fe-rich GG

Si02 73.92 73.8-74.0 58.75 57.2-60.3
Ti02 0.25 0.22-0.28 0.60 0.45-0.75
A1203 14.31 13.6-15.0 14.24 12.2-16.3
Fe203 2.24 1.9-2.6 15.78 12.4-19.2
MnO 0.04 0.04-0.04 0.10 0.06-0.14
MgO 5.21 5.2-5.3 3.00 2.6-3.4
CaO 0.22 0.05-0.40 2.80 1.8-3.8
Na20 0.71 0.63-0.80 2.76 2.7-2.8
K20 3.08 2.3-3.8 1.87 0.97-2.78
P205 0.02 0.02-0.03 0.09 0.04-0.14
Ct203 0.00 0.00-0.00 0.01 0.00-0.01

100.00 100.00

Cr 6 5-6 52 28-76
Cu 10 7-12 37 6—68
Nb 10.5 8-13 5.5 5-6
Ni 12 11-13 64 39-89
Pb 112 84—140 139 29-248
Sr 47 29-642 155 71-239
V 12 9-14 76 64-87
Y 42 14-70 15 8-22
Zr 146 137-154 113 82-143

NHSa^d.es 2 2
Table 4.6. Average chemical compoeitions (wt% and ppm) of grey gneiss.
Analyses recalculated to 100% on an anhydrous and sulphide-free basis.



Ti/Zr ratios are more like those of high-Si GG.

The magnetite-rich grey gneiss (FRGG,Table 4.6) is character-
ised by high contents of Fe and (Na) and low contents of Si and Ca 
(Figs 4.1 & 4.9). It has similarities with several lithologies and
can also be described as a high-FeNa^ low-Mg type of ORIB^ or as an 
Fe-rich^ Si-poor leucogneiss or plagioclase quartzite.

4.1.6 Plagioclase-rich Gneisses
The plagioclase-rich gneisses include the anorthositic-

imetagabbroic suite^ the hornblende-bearing calc-silicate gneiss and 
the garnetiferous quartz-feldspar granulite.

4.1.6a Anorthositic-metagabbroic suite
There is little compositional difference between the 

anorthositic-metagabbroic rocks at Selebi-Phikwe and the Lethlakane
layered body, except that there is a higher proportion of mafic rocks
at Lethlakane (Figs 4.12 & 4.13). The two groups are therefore 
treated together. The anorthositic-roetagabbroic suite has been
subdivided (Table 4.7) into: (A) anorthosite and hornblende
anorthosite, (B) gabbroic anorthosite and meta gabbro; (C) quartz- 
rich anorthosite, and (D) lethlakane clinopyrcxenite. Hie 
anorthositic-metagabbroic suite is charaterised by high A1 and Ca and 
lew Ti. The main difference between (A) and (B) is the irxirease in Mg 
and Fe at the expense of Al. The suite defines a good trend of 
increasing Mg/Al at relatively constant Ca/(Mg+Al) on an ACM diagram 
(Fig. 4.12b) and on a plot of Al v. Mg (Fig. 4.13). The suite also 
defines a good trend of increasing alkalies at relatively constant 
Fe/Mg (Fig. 4.12a). The quartz-rich anorthosite is characterised by 
high Si, relatively high Ti, Al and Fe (Fig. 4.12a) and lew Ca (Table 
4.7-C). The Lethlakane clinopyroxenites are characterised by high 
Mg, Fe, Ti and Cr, and relatively lew Al.

Some of the high-Ca hornblende gneiss (particularly the 
coarser, more aluninous ones) resemble metagabbro of the anorthosite- 
metagabbro suite. The chemistry of the two lithologies slightly over­
laps (i.e. aluminous low-Ti HQSFl is similar to metagabbro) but is 
usually distinctly different (e.g. inccmpatible elements). The 
textures and lithological associations of the two rock types are also 
distinctive.
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A B C
Si02 51.21 47.6-55.8 49.62 47.6-51.8 71.47 63.4-79.3
Ti02 0.11 0.01-0.35 0.23 0.14-0.36 0.31 0.14-0.41
A1203 27.20 24.0-32.2 19.11 11.6-24.3 14.34 11.7-18.0
Fe203 3.22 1.0-6.6 6.74 3.8-10.0 3.45 0.95-5.00
MnO 0.04 0.01-0.08 0.12 0.04-0.21 0.03 0.01-0.04
MgO 1.80 0.31-3.58 7.81 5.4-11.5 1.12 0.60-1.53
CaO 12.63 9.8-16.4 13.84 11.6-16.8 6.30 3.8-9.45
Na20 3.16 1.7-4.1 1.88 1.2-2.8 2.52 1.8-2.9
K20 0.57 0.04-1.41 0.52 0.06-2.08 0.40 0.30-0.58
P205 0.05 0.02-0.12 0.11 0.03-0.71 0.06 0.04-0.09
Cr203 0.01 0.00-0.03 0.02 0.01-0.03 0.00 0.00

100.00 100.00 100.00
Cr 43 6-177 130 43-238 14 6-25
Cu 10 nd-25 65 nd-298 36 14-62
Nb 4.5 3-9 4.4 nd-lO 5.7 5-6
Ni 38 9-79 148 95-218 27 20-32
Rb 26 4-74 14 4-33 15 8-25
S 10 nd-96 50 nd-473 nd
Sr 257 151-455 188 80-394 172 144-226
V 38 nd-129 131 55-215 13 nd-25
Y 12 nd-32 9 6-24 17 10-28
Zr 27 12-88 21 9-62 139 29-330

N-Samples 10 10 3

D E F
Si02 48.03 46.8-49.7 50.12 46.4-53.2 58.04 47.5-66.9
Ti02 1.67 1.6-1.8 1.40 0.78-1.95 0.51 0.06-1.14
A1203 5.35 3.5-7.1 16.64 12.3-19.2 19.27 13.9-26.5
Fe203 15.14 14.5-15.5 12.96 10.2-17.8 5.61 4.2-6.5
MnO 0.22 0.20-0.24 0.19 0.15-0.26 0.05 0.03-0.06
MgO 16.68 15.9-17.1 4.78 3.7-6.1 0.81 0.25-1.94
CaO 11.60 11.4-11.8 9.80 8.5-12.2 14.51 10.4-17.1
Na20 0.93 0.26-1.35 2.32 2.0-2.5 0.68 0.43-1.02
K20 0.15 0.12-0.22 1.33 0.42-1.93 0.30 0.16-0.45
P205 0.04 0.04-0.04 0.45 0.23-0.70 0.22 0.05-0.59
Cr203 0.19 0.18-0.20 0.01 0.01-0.02 0.00 0.00-0.01

100.00 100.00 100.00
Cr 1267 1206-1346 81 46-145 23 7-48
Cu 193 167-229 139 24-205 127 10-243
Nb 6 5-7 16 13-21 8.3 3-15
Ni 682 679-688 71 41-120 46 21-62
Rb 8 3-16 45 8-83 13 10-15
S 163 nd-252 164 117-211 850 nd-2175
Sr 224 88-354 153 90-216 329 225-432
V 234 215-257 208 58-388 21 nd-50
y 17 15-20 54 34-88 29 11-58
Zr 38 34-43 288 129-537 501 14-1009

N-Saitples 3 3 4

Table 4.7. Average chemical compositions (wt% and ppm) of the Selebi- 
Phikwe and Lethlakane anorthosite-metagabbro bodies. A - anorthosite 
to hornblende anothosite; B - gabbroic anorthosite to metagabbro; C - 
quartz-rich anorthosite; D - Lethlakane clinopyroxenite; E - deformed 
dykes in anorthosite; and F - myionites in anorthosite. Analyses 
recalculated to 100% on an anhydrous and sulphide-free basis.
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4.1.6b My Ionite bands in anorthosite
Geochemical sections across two mylonite bands^ from 

anorthosite to the centre of the mylonite^ are shown in Figure 4.14. 
The average chemical composition of the myionites is listed in Thble 
4.7-E. Section (A) is of a D1 mylonite with a recrystallised Mini 
assemblage, within a quartz-rich anorthosite. Section (B) is of a 
repeatedly sheared zone, in which Mlm recrystallised mylonite has 
been partly replaced by a M2 assemblage associated with D2 shearing. 
Both ityIonites are enriched in Fe (relative to Mg and alkalies. Fig. 
4.12a) and in Ca (Fig. 4.12b). The middle of the mylcnite band in 
Section (A) is enriched in Ca, Fe, P, Ti, Ce, Nb, Y and Zr, and 
significantly depleted in Al, Mg, Na, Cl and Cr compared to the 
quartz-anorthosite. The middle of the mylonite band in Section (B) is 
enriched in Ca, P, Sr and Rb and significantly depleted in Mg, Na,
Ti, Ce, Cl and Zr.

4.1.6c Hornblende-bearing calc-silicate gneiss
The hornblende-bearing calc-silicate gneiss (CSG, Table 4.8) 

is characterised by high but variable Si (Fig. 4.10a), Al, Ca and Sr 
contents, and low Ti (Figs 4.10a & 4.11), Fe, Mg and K (Fig. 4,9b). 
The Ca/Al ratio is constant (Fig. 4.12b), but the Ca/Na ratio is 
highly variable (Fig. 4.9b). Zr and Y contents are also highly 
variable, but are ger^ally inversely proportional to Si content.

The quartz-rich anorthosites are chemically similar to the 
homblende^Dearing calc-silicate gneiss. Ibe former are slightly 
higher in Ti, Fe and Mg, and lower in Ca.

4.1.6d Gametiferous quartz-feldspar granulite
The two analysed gametiferous quartz-feldspar granulites

(GCFG, Table 4.8) occur as: (a) bands within hornblende gneiss in 
Unit B; and (b) interbanded with hornblende-bearing calc-silicate 
gneiss. They are both characterised by high Si (Fig. 4.10a), Al, Mi, 
Na (Fig. 4.9a), m and Y, and low Ti (Figs 4.10a & 4.11), Ca, Fe and 
Mg. The Nb and Y contents are particularly high but variable. Sanple 
30-7-4 (associated with calc-silicate gneiss) contains 158 ppm Nb, 49 
ppm Y, and 0.08 wt% MiO. Sample 574 (associated with hornblende 
gneiss in Unit B) contains 32 ppm Nb, 401 ppm Y and 1.61 wt% MnO. The 
variably high Y and Nb are contained in the spessartine-rich garrets.

Compared to hi^-Si GG, gametiferous quartz-feldspar granulite 
has lower contents of Ti, Fe and Mg, and a lower Ca/Na ratio.
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A B
CSG GGFG

Si02 71.40 59.6-87.2 75.59 72.1-79.1
Ti02 0.14 0.04-0.24 0.01 0.01-0.01
A1203 15.44 7.9-22.5 13.35 12.5-14.2
Fe203 1.72 0.16-3.62 2.32 0.45-4.19
MnO 0.01 0.01-0.02 0.85 0.08-1.61
MgO 0.38 0.01-1.26 0.27 0.11-0.44
CaO 9.09 2.1-12.5 1.09 0.92-1.26
Na20 1.62 0.57-2.72 5.45 5.3-5.5
K20 0.14 0.03-0.26 1.05 0.84-1.25
P205 0.06 0.03-0.08 0.02 0.02-0.03
Cr203 0.00 0.00-0.00 0.00 0.00-0.00

100.00 100.00
Cr
Cu
Nb
Ni
Rb
Sr
V
Y 
Zr

8
14

nd-14
9-17

12.5 3-24
23
6
330
16
28
142

9-35
na-20
216-422
6- 36
7- 39 
42-247

nd
23 
95 
26 
39
24 
6
225
52

20-26
32-158
19-34
26-52
12-35
nd—8
49-401
17-86

N-Samples 8 2
Table 4.8. Average chemical compositions (wt% and ppm) of (A) 
calc-silicate gneiss and (B) garnetiferous quartz-feldspar granulite.

A B C
Si02 80.06 80.24 75.42 60.2-84.5
Ti02 0.04 0.67 0.02 0.00-0.03
A1203 12.69 9.32 0.77 0.49-1.15
Fe203 0.86 4.14 19.79 8.0-36.4
MnO 0.01 0.05 0.05 0.01-0.10
MgO 0.28 3.30 2.48 1.2-4.8
CaO 1.97 0.98 1.34 0.83-1.95
Na20 3.53 0.67 0.05 0.00-0.12
K20 0.54 0.53 0.02 0.00-0.03
P205 0.02 0.06 0.06 0.03-0.08
Cr203 0.00 0.04 0.00 0.00-0.00

100.00 100.00 100.00
Cr 4 191 15 7-22
Cu 7 216 172 39-378
Nb 3 5 2 nd-4
Ni 33 166 286 107-475
Rb 34 19 5 4-8
Sr 84 27 4 4-5
S nd 47360 7220 554-17500
V 9 108 23 21-25
Y 9 10 6 6-7
Zr 86 43 6 6—6

Samples 1 1 3

Table 4.9. Chemical compositions of quartzites: (A) typical sodic 
plagioclase quartzite of Unit A; (B) sillimanite-pyrrhotite quartzite 
of Unit B; and (C) magnetite quartzite of Dikoloti-Lentswe unit. 
Analyses recalculated to 100% on an anhydrous and sulphide-free basis.



4.1.7 Quartzites
Analysed quartzites (Table 4.9) include: (A) a typical albite- 

sillimanite quartzite; (B) a sillimanite-pyrrhotite quartzite; and 
(C) magnetite quartzite (fran the Dikoloti-Lentswe unit).

The albite-sillimanite quartzite is characterised by low Ti, 
Fe, Mg, Cr and S. It has a high Zr content (86 ppm). The pyrrhotite 
quartzite has a higher contents of Ti, Fe (on a sulphide-free basis), 
Mg, Cr, Cu and Ni than the typical quartzite.

The main chemical variation in the magnetite quartzite is in 
Si and Fe, reflecting variation in magnetite content. The Mg and Ca 
contents relect the minor amphibole component. Sulphide is also an 
important minor ccnponent. The magnetite quartzite has a relatively 
high Ni and Cu content (286 & 172 ppm respectively, cf- Groves et al. 
1978; Bavinton 1981).

h B C D E
Si02 73.89 72.7-75.0 59.29 74.96 73.2s 73.93 72.3-75.3Ti02 .0.17 0.16-0.18 1.00 0.01 0.13 0.20 0.16-0.26A1203 14.22 13.7-15.0 15.03 14.08 15.19 13.51 13.1-13.8Fe203 1.54 1.1-1.9 10.18 0.11 1.12 2.18 1.3-3.0MnO 0.03 0.02-0.04 0.12 0.02 0.03 0.01 0.01-0.02
MgO 0.37 0.29-0.50 2.75 0.05 0.32 0.66 0.46-0.81CaO 1.60 1.4-1.9 5.91 0.58 3.63 1.48 1.2-1.7
Na20 4.08 3.3-4.7 3.35 2.85 4.65 3.18 2.6-3.8K20 4.05 3.8-4.3 1.94 7.33 1.63 4.82 4.2-5.3
P205 0.05 0.04-0.06 0.42 0.01 0.05 0.03 0.03-0.04
Cr203 0.00 0.00 0.01 0.00 0.00 0.00 0.00

100.00 100.00 100.00 100.00 100.00
Cr 4 nd-8 64 7 9 nd nd
Cu 16 13-17 45 8 10 15 6-22
Nb 9.7 4-14 15 25 13 10.3 5-15
Ni 24 19-32 40 22 26 13 3-22
Rb 180 108-239 89 361 73 108 102-114
Sr 195 79-416 151 58 109 103 74-120
S 198 198 nd nd nd 162 162
V 14 12-174 135 6 10 16 13-317
Y 22 3-39 54 20 18 32 12-43
Zr 134 115-158 263 21 52 158 119-234

N-Saitples 3 1 1 1 3
Table 4.10. Chemical composition (wt% and ppm) of granitic gneisses. 
(A) to (D) - porphyroblastic granite gneiss suite; (A) - porphyro- 
blastic granite gneiss; (B) - dioritic gneiss; (C) - granitic vein;
(D) - tonalitic vein; and (E) - thin granite gneiss bands within grey 
gneiss. All analyses recalculated to 100% on an anhydrous and 
sulphide-free basis.
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S'!?* 4.6. The Selebi Phikwe itiafic and intermediate gneiss and ultra— 
rock: (a) Zr contents; (b) Ti-Zr-Y variation diagram. Fields 

after Pearce & Cann (1973). Same symbols as Fig. 4.3.
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Fig. 4.7. Crystal fractionation and the evolution of the Selebi-Phikwe 
basalts (least altered saitples only). Ti, Al, and Mg contents.
Same symbols as Fig. 4.3.
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Fig. 4.8. Crystal fractionation and the evolution of the Selebi-Phikwe 
basalts (least altered'samples).. Fe-Mg contents and Cu/(Cu+Ni) ratios. 
Same symbols as Fig.4.1.
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4.10. The Si, Ti, and Mg contents of the Selebi-Phikwe gneisses: 
(a) Ti02 V. Si02. Diagonal line separating calc-alkaline igneous 
rocks frcra clastic sediments, after Tamey (1976). (b) Si02 v. MgO.
Same symbols as Fig. 4.3; CSG (calc-silicate gneiss) GFQG
(gamet-quartz-feldspar granulite)
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Fig. 4.11. The Ti, Y and Zr contents of the Selebi-Phikwe gneisses: 
(a) Ti02 V. Y; (b) Ti02 v. Zr. Same syitibols as Fig. 4.10.





Fig. 4.13. Anorthosite and Calc-silicate gneiss; A1203 v. MgO. 
Same symbols as Fig. 4.12. Trend of evolution of Selebi-Phikwe 
basalts also shown.

Fig. 4.14. Recrystallised myIonites in anorthosite. Relative 
chemical changes going froti anorthosite to centre of mylonite 
band (6-12 cm) . (A) Dl-Mlm assemblage; (B) superimposed D2-M2 
assemblage on Dl-Mlm.



4.1.8 Granitic Gneisses
little geochemistry has been done of the volumetrically

important granitic gneiss of the Selebi-Phikwe area. The granitic 
gneiss has been subdivided into the porphyroblastic granitic suite 
which occurs as a major unit within the Selebi-Phikwe gneiss (e.g. 
at the top of the section at Phikwe) and thin granitic gneiss bands 
that occur within the sequence of grey and hornblende gneiss (Fig. 
4.9). As well as typical porphyroblastic granitic gneiss, the 
porphyroblastic suite also includes dioritic gneiss and relatively 
undeformed quartz-sodic plagioclase and quartz-microcline bands. The 
granitic gneiss, with its high K contents, is easily distinguished 
from the grey gneiss (Table 4.10). There is little difference between 
the thick porphyroblastic granitic gneiss and the thin bands of 
granitic gneiss. The dioritic gneiss is similar to low-Si GG, but the 
high Fe, P, Nb, V and Y are outside the range of low-Si GG.

4.2 DISCUSSION - IHE ORIGINAL NATURE OF IHE HOFNELENDE AND
INTERMEDIATE QQEISSES AND ULTRAMAFIC ROCKS

4.2.1 The High-Ca Hornblende and Intermediate Biotite Gneisses

4.2.1a HGNl, HGG, HOC, HGFl and D
The major element trends and the trace element signatures 

(e.g. Cr & Ni) of the high-Ca hornblende gneisses (high-Ca BG) 
suggest that they have been derived from basic igneous rocks rather 
than from sediments. The HGNl, HGC, HGG and HGFl hornblende gneisses 
and deformed mafic dykes (D) have major element compositions of 
basalt-gabbro (Gill 1979). In terms of Si and (Na + K) contents, the 
high-Ca HG (except HGG) has the composition of a sub-alkaline basic 
suite (Macdonald & Katsura 1964). Their enrichment in Fe, Ti and V 
and their Ti/Zr (77-102) and Zr/Y (2.8-3.7) ratios are characteristic 
of the tholeiitic magma series (Pearce & Gann 1973). HGC and HGFl 
are best described as Ti-rich ferrobasalts or ferrogabbros (high Ti, 
Fe & V).

The Selebi-Phikwe high-Ca HG represent either metamorphosed 
extrusive basalts or intrusive basalts/gabbros. During field work it 
was thought that the intimate interbanding of some hornblende gneiss 
layers with quartzites, diopside gneiss, QRIB, QPIB, ARIB and CGHG 
possibly indicates that these hornblende gneiss layers represent
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metamorphosed mafic extrusive rocks (see Ch. 2.3.1). This suggestion
is developed further in Chapter 4.7.1 after the nature of the 
protoliths of the other Selebi-Phikwe gneisses has been discussed. It 
should be borne in mind at this stage that seme of the hornblende 
gneiss bands probably represent metamorphosed extrusive basalts.

4.2.1b gPIB
High-Ca quartz-poor intermediate gneiss mainly occurs in 

hornblende gneiss-rich units (e.g. Unit B). In terms of Si and the 
ACM diagram (Figs 4.1b & 4.10a)^ QPIB is intermediate between the 
high-Ca HG and the low^Si grey gneiss. However on the AFM diagram 
QPIB has distinct affinities with high-Ca hornblende gneiss (Fig. 
4.1a). The wide range of Ti (Fig. 4.10a) contents is also similar to 
that of the hornblende gneiss. The Zr and particularly Y contents of 
C2PIB are very variable. However #ien Zr and Y are plotted against Ti 
(Fig. 4.11), the widespread fields of QPIB are more like the trend in 
the high-Ca HG, particularly Ti v, Zr, than those in grey gneiss.
Also on the Ti-Zr-Y plot (Fig. 4.6b), QPIB mainly plots near the 
high-Ca hornblende gneiss field, although the QPIB field is more 
widespread. Low-Si grey gneiss would plot nearer to the Zr apex on 
the Ti-Zr-Y plot. It is considered that QPIB is a siliceous type of 
high-Ca hornblende gneiss rather than a mafic type of grey gneiss.

When compared to all the main types of high-Ca HG (HGNl, HOG, 
HGC, and HGFl), QPIB has lower contents of Ca, Mg and Cr, and higher 
Si, K, Rb, S and Y contents. These chemical differences, plus the 
widespread fields on the plots of Ti, Y and Zr (Fig. 4.11), suggest 
that QPIB was derived from tholeiitic rock (now represented by high- 
Ca HG) by such processes as alteration, weathering or sedimentation 
rather than by igneous fractionation. The wide range of Ti contents 
of QPIB suggests that it was derived from the vhole range of 
litholgies represented by HGNl to HGFl (Fig. 4.10a). QPIB could 
represent altered in situ basalt or altered basaltic volcaniclastics. 
The high Si content could be the result of silicification or, if QPIB 
were a volcaniclastic, could alternatively be due to epiclastic 
quartz. The banded nature of the QPIB and its interbanding in unit B 
with QRIB, ARIB, CGHG, thin quartzites, HGNl and HGC suggest that a 
volcaniclastic origin is more likely. This would mean that seme of 
the variabilty in chemistry could be due to sedimentary processes.
For example, a minor corponent of QPIB could have been grey gneiss 
protolith (volcaniclastics of andesitic to rhyodacitic cemposition,

118



see Ch. 4.3). The protolith of QPIB is tentatively regarded as having
been moderately altered tholeiitic rock^ possibly of volcaniclastic
origin (e.g. tuffs).

4,2.1c Layered bodies and the original nature of HGN2 and HGF2
A imineralogically graded HGNl layer (4.4 m. thick) oocurs in 

Unit F. It consists of A1 & Mg-rich, Ti-poor HGNl at the base and Ti- 
rich, Al & Mg-poor HGNl at the top. These major element variations 
are matched by traoe element variations (Figs 4.2^ 4.4, 4.5 & 4.6a). 
The base of the layer is interpreted as HGNl enriched in cumulus 
olivine and plagioclase (Fig. 4.7 & 4.8). The top of the layer is 
interpreted as residual HGNl liquid. The layer is regarded as a right 
way-up differentiated tholeiittic sill (or flow, cf. Arndt 1977;
Arndt et al. 1977) of Ti-rich HGNl.

The high Mg content (15.6 wt% MgO) of HGN2 suggests that HGN2 
might have been basaltic kcmatiite. The CaO (11.5 wt%), A1203 (7.3 
wt%). Cl (1260 ppm) and Zr (37 ppm) contents, and Ca0/Al203 (1.6) and 
Al203/Ti02 (10.4) ratios of HGN2 are similar to those of aluminium- 
depleted basaltic komatiites fron Barberton, although Ca0/Ti02 (16.4) 
is chrondritic and Ti02/P205 (5.8) is lew (Nesbitt et al. 1979). An 
alternative interpretation is that HGN2 are basalts, rich in cumulus 
clinopyroxene and olivine (or orthopyroxene). This interpretation is 
supported by the occurrence of HGN2, interpreted as tholeiitic basalt 
enriched in cumulus clinopyroxene and olivine (Fig. 4.7 & 4.8) at the 
base of a mineralogically graded hornblende gneiss layer (0.3 m. 
thick) in Unit E. The hornblende gneiss at the top of the layer is 
typical HGFl, interpreted as residual liquid. The layer is regarded 
as a right way-up differentiated sill (or possibly a layered flow), 
with an approximate overall composition of HGG. It is therefore 
concluded that HQN2 represents cumulus clinopyroxene and olivine- 
enriched HGG (and HGNl), rather than basaltic kcmatiite.

The way-up inferred from these two differentiated layers is 
consistent and is opposite to that concluded by Wakefield (1974) and 
Vkight (1977).

HGF2 only occurs in Unit D, intimately associated with HGFl. 
The very high Fe and Ti contents, but relatively low P, Y, and Zr, 
(Fig 4.11) suggest that there is a significant cumulate component in 
HGF2 (cf. Graham 1976). The much higher Fe, Ti and V, the slightly 
higher Mg and Ca, and the lower Al of HGF2 cempared to HGFl suggest 
that the cumulate component is titanomagnetite/ilmenite and low-Ca
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clinopyroxene (Figs 4.7 & 4.8). HGF2 has chemical similarities with
seme of the high-Ca ultramfic rocks that occur in Unit D (Table 4.3- 
A) and the clinopyroxenites of the Lethlakane layered body (Table
4.7-D). It is concluded that HGF2 represents cumulus clinqpyroxene
and titancmagnetite-enriched HGFl.

4.2.2 Dlopside Gneiss
The massive and banded diopside gneiss of Unit G is intimately 

interbanded with HGG-type hornblende gneiss. This interbanding is 
thought (see Ch. 2.3.1) to indicate an original relationship between 
the diopside gneiss and the hornblende gneiss and that the hornblende 
gneiss in Unit G was possibly extrusive HGG-type basalt rather than 
intrusive tholeiitic rock (see also Ch. 4.7.2).

In order to gain an insight into the original nature of the 
diopside and hornblende gneisses of Unit Gy geochemical comparisons 
can be made with geochemically similar suites of rocks. For examplOy 
a suite of middle Proterozoic amphibolites, including pillowed 
amphibolite and banded high-Ca amphibolite, from Rajasthan in India 
(Bhattacharyya & Mukherjee 1984), has a similar compositional range 
as the suite of diopside and hornblende gneisses in Unit G. Seme of 
the Dheli Supergroup massive amphibolites are chemically similar to 
HGG and some of the pillowed amphibolites are similar to the banded 
and graded diopside gneiss (B). The banded high-Ca amphibolites 
(including one sample with 55 wt% Si02, 0.4 Ti02, 9.3 A1203, 7.9 
Fe203, 0.5 MnO, 2.9 MgO, 23.2 CaO, and 0.6 NaO) are chemically 
similar to the massive diopside-plagioclase gneiss (A). The main 
differences are the higher Nb, Y, and Zr contents and lower Sr of the 
massive diopside-plagioclase gneiss (56 ppm Sr : 301 ppm Sr).

The massive diopside-plagioclase gneiss (A) is also chemically 
similar to epidotised tholeiitic basalt frem the Barberton greenstone 
belt (Table 4.11-P, Condie et al. 1977), particularly with respect to 
their high contents of Ca, Fe and Zr and low Mg, Na, K and Cr. (The 
main difference again is in Sr.)

The highly banded (and graded) diopside gneiss (B) is 
chemically similar to a greenschist-facies altered mafic tuff fron 
the Penhalonga Mixed Formation in the Tati greenstone belt (Table 
4.11-N; Brown, in prep.), particularly the Si, Al, Fe, Mg, Ca, Cr,
Cu, Nb, Ni, Sr, V and Zr contents. Type B also has similarities to an 
altered greenschist-facies pillow margin (Table 4.11-0; Gelinas et 
al. 1982) fran the Abitibi greenstone belt.
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A B C D E F G H
Si02 50.2 49.5 49.94 58.9 55.4 59.7 68.4 67.90
Ti02 0.94 1.49 2.07 0.65 0.81 0.70 0.25 0.34
A1203 15.5 15.2 12.95 15.5 17.6 17.1 14.8 15.19
Fe203 1.63 2.80 1.5 3.4 2.8 1.20 1.30
FeO 9.26 9.17 13.36 4.5 6.1 3.8 2.85 1.74
lytiO 0.22 0.18 0.20 0.21 0.12 0.08 0.05
MgO 7.53 6.82 5.84 4.5 4.3 3.2 1.58 1.69
CaO 11.6 8.79 10.59 5.1 9.1 6.6 3.20 3.29
Na20 2.15 2.70 2.59 4.0 2.7 3.3 4.00 5.16
K20 0.22 0.69 0.15 1.9 0.43 1.5 1.65 1.73
P205 0.10 0.17 0.20 0.16 0.19 0.25 0.12
H20 1.62 2.04 3.0 0.78 1.0 1.25
Cr 490 250 88 40
Cu 110 100 36 15
Ni 140 125 60 20
Rb 75 48
Sr 100 190 580 320 519
V 260 365 20
Y 20 30 35 32
Zr 53 135 190 260

I J K L M N 0 P
Si02 63.3 58.8 70.7 57.4 60.41 48.85 54.57 46.6
Ti02 0.56 1.06 0.64 0.59 0.84 1.08 0.85 0.73
A1203 13.3 17.1 14.0 13.3 14.18 16.52 16.49 15.5
Fe203 1.0 1.9 1.4 12.2 8.97 10.79 2.56 9.63
FeO 4.9 5.5 3.1 3.43 3.0
MnO 0.1 0.15 0.10 0.11 0.14 0.18 0.21
MgO 3.7 3.6 2.0 6.2 14.53 3.77 4.09 3.58
CaO 3.4 5.8 2.7 0.94 0.35 15.99 11.82 18.9
Na20 2.9 4.1 3.1 0.99 0.09 0.64 2.44 1.09
K20 2.1 1.6 1.9 2.3 0.25 1.86 0.00 0.19
P205 0.15 0.26 0.16 0.1 0.18 0.28 0.04 0.05
H20 2.0 2.05 0.7
Cr >800 397 276 68
Cu 7 50 56
Nb 8 6 5.6
Ni 586 180 113 76
Rb 8 46 3.2
Sr 11 108 1800
V 200 120 218
Y 18 22 nd
Zr 105 159 115 199

Table 4 .11. Chemical conpositions (wt% and ppm) of sane possible equi-
valents of the Selebi-Phikwe gneisses; A & B -The most cannon types of 
Archaean tholeiitic basalt (THl & TH2, Condie 1976b, 1981); C - Ferro- 
basalt fron Galapagos (Anderson et al. 1975); D - Archaean andesite 
(Type II, Condie 1976b, 1981, 1982); E & F - Orogenic andesites, low-K 
basic (E) and roed-K acid (F) (Gill 1981); G - Archaean rhyodacite (FII 
Condie 1976b, 1981); H - Tonalite diapirs. Ancient Gneiss Cotplex, 
Swaziland (Hunter 1974); I-Conposite Archaean greywacke (Condie 1976b, 
1981); J & K -Sandstones of oceanic island arcs (J) and continental 
island arcs (K) (Bhatia 1983); L - Fig Tree shales, Barberton green­
stone belt (Condie et al. 1970; MoLennan et al. 1983b); M & N -Tuff 
fron bedded coarse (andesitic?) lapilli tuffs (M) and green chlorite- 
feldspar-quartz schist (altered mafic flow/tuff) (N), Penhalonga Mixed 
Formation, Tati greenstone belt (Brown in prep.); GHVlargin of altered 
greenschist-facies mafic pillow, Abitibi belt (Gelinas et al. 1982);
P - Epidotised tholeitic flow, Barberton belt (Condie et al. 1977).



The elements in the diopside gneisses that show the most 
variation freon contents in HGG (the main lithology with which they 
are interbanded are:
(1) in (A), + Ca, Mn, P, (Fe), Nb, Y and Zr; -Ti, Mg, Na, K, Cr,
Ni, Sr and V.
(2) in (B), + Ca, Na and (Al); - Mg (see Table 4.5).

The above chemical comparisons plus the interbanding of the
diopside gneiss with HGG-type hornblende gneiss (that is thought to 
have had an extrusive origin) are considered to be evidence that the 
diopside gneiss represents highly altered HGG-type tholeiitic 
volcanics or HGG-derived volcaniclastics. The high Ca and low Mg 
contents of the diopside gneiss suggest highly epidotised tholeiitic 
volcanics or volcaniclastics. The migration of Ca during 
epidotisation is typically accompanied by Sr-enrichment (Hunphris & 
Thotpson 1978), The lack of Sr-enrichment possibly indicates a low 
fluid/rock ratio during alteration (Ludden et al. 1982), The very 
high Ca content of the massive diopside gneiss (A) is possibly also 
due to an original carbonate conponent. This is supported by the 
traces of carbonate in well-banded diopside gneiss and the occurrence 
of marble in Unit H. Highly effective netamorphic decarbonation 
reactions (cf. Klein 1973) have possibly taken place. The epidotised 
rock could have been highly altered in situ HGG-lava or volcanic 
detritus (e.g. pillow breccia and hyalotuff). Thick hyalotuffs can 
foim by the reworking of lava detritus in shallow water, followed by 
transportation into deeper water by turbidity currents (Dimroth et 
al. 1978). In deeper water they could mix with deep water argillite 
or carbonate. The banding of the well banded diopside gneiss with 
alternate diopside and hornblende-rich bands is considered to reflect 
an original feature of the gneiss. Ihe well banded diopside gneiss 
and the mineralogically graded diopside gneiss could indicate highly 
altered pillows that have been deformed during Dl (cf. Ehlers 1976; 
Myers 1978; Holland & Norris 1979). It is speculatively suggested 
that the mineralogically graded diopside gneiss may also possibly 
represent altered, graded hyalotuffs (Dimroth et al. 1978).

The suite of diopside and hornblende gneisses at Sefhope is 
also considered to represent altered tholeiitic pillow basalt and 
volcanic detritus.

(Ihe diqpside amphibolite associated with quartzite and marble
in Unit H is possibly a mixture of dolomite, Mg-Al clay and altered 
tholeiitic volcanic detritus, that has suffered decarbonation.

122



QRIB has higher Si^ Nb^ Rb and S; and lower Ca^ Mn^ Sr and 
]Na (Table 4.2)^ than all the main types of high-Ca HG (HGNl^ HGG;
HGC, & HGFl). However Ti, Al, Fe and Mg contents are within the range 
of the above hornblende gneiss and are particularly similar to those 
in HGNl. The composition of QRIB is such that it could not represent 
unaltered igneous rock. The relatively high Mg suggests QEHB is not 
related to low-Si grey gneiss. QRIB is thought to be derived from 
tholeitic basalt, now represented by high-Ca HG. The highly banded 
nature of QRIB and its interbanding with other lithologies (as with 
QPIB) indicates a sedimentary origin for the tholeite-derived QRIB, 
rather than in situ alteration/silicification. The relatively high 
but variable K content and the low Ca and Na contents (Figs 4.3 & 
4.9b) suggest a clay component. The relatively high Si content 
possibly indicates detrital quartz or silicification.

QRIB has similar major element chemistry to the Fig Tree 
shales of the Barberton greenstone belt (McLennan et al. 1983b), 
except for the high Cr and Ni of the latter (Table 4.11-L). McLennan 
et al. (1983a) have suggested that the high Cr and Ni of some 
Archaean shales is due to a secondary enrichment process, such as 
adsorption of Cr and Ni on chlorite or its precursor.

QRIB is thought to be a pelitic/semi-pelitic sediment derived 
mainly from altered tholeitic basalt or tholeitic volcaniclastics. 
QRIB possibly consisted of Mg-Al smectite or other Mg-Al clays such 
as the fibrous magnesium clays (palygorskite, attapulgite and 
sepiolite). Other components could have been chlorite, illite, 
phillipsite, epiclastic quartz and andeistic volcaniclastics (see 
grey gneiss protoliths in Ch. 4.3).

ARIB: The low Ca and Cr and high Mg contents of ARIB indicate 
that it can not be an unaltered igneous rock. The hic^ Mg (14 wt%
MgO, Table 4.2) content suggests that ARIB could be altered basaltic 
kcmatiite. The low Ca and relatively high K are indicative of 
alteration. However the high Ti, Al, Cu, Nb, Y, Zr and Ca/(Cu+Ni) and 
lew Cr and Ni are so unlike those of basaltic kcmatiite (Nesbitt et 
al. 1979) that an origin for ARIB by ^ situ alteration (even extreme 
alteration) of basaltic kcmatiite is thought unlikely.

The following features are thought to be important in the 
interpretation of the original nature of ARIB:
(a) The hi^i Ti, Nb, Y and Zr, which suggest a relationship to

4.2.3 Low-Ca Intermediate Gneiss - QRIB, ARIB and GRHG
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basalt (particularly HGC and HGFl);
(b) The lew Ca content and relatively high A1 and K, which indicate a 
clay component of /<-j-elcLspcLf;
(c) The high Mg (14 wt% MgO) oontentf but relatively low Cr (284 ppm)
and Ni (194ppti);
(d) The high Si content Wiich possibly indicates a detrital quartz 
conponent or silicificaticn;
(e) The interbanded nature of ARIB with QPIB, QRIB, OGHC, quartzite 
and high-Ca hornblende gneiss in Unit B; and
(f) The chemical similarity of ARIB to imgnesiopelites of the 
Murchison greenstone belt (Pearton 1982) and tuffaceous 
volcaniclastics within andesitic volcanics in the Tati greenstone 
belt (Brown, in prep; Table 4.11-M).
It is thought that ARIB represents altered volcaniclastic sediment, 
rather than in situ altered basalt. The high Mg content possibly 
indicates a high content of the alteration products of olivine or 
orthopyroxene, perhaps by the weathering of HGN2 or ultramafic rocks 
(cf. the serpentinous tuffs of Pharaoh 1985). However the low Cr and 
Ni contents of ARIB suggest that an alternative explanation for the 
high Mg content is Mg-rich clay. Clay and zeolite-rich sediments 
(e.g. a montmorillonite-phillipsite assemblage) possibly formed by 
devitrification of volcanic ash and were then enriched in Mg by 
absorption from seawater or hydrothermally fluids (cf. Hathaway & 
Sachs 1965; Bonatti & Joensuu 1968; Couture 1977; Desprairies 1982). 
Alternatively Mg-rich clay may have formed by direct precipitation 
from Mg-saturated seawater or hydrothermal solution reacting with 
seawater (cf.Bcwles et al. 1971; Jeans 1978; Natland & Mahoney 1982).

It is concluded that ARIB was semipelitic sediment, derived 
mainly from alteration of basaltic rocks and containing Mg-rich clay.

GREG; Similar chemical considerations as those applied to the 
other intermediate biotite gneisses (QPIB, QRIB and ARIB) imply that 
GRHG was derived form highly altered tholeitic basalt. The occurrence 
of GRHG within hornblende gneiss, rather than with (sedimentary ?) 
QPIB and QRIB, the high-Al and S contents (Table 4.2), and the coarse 
gamet-deminated mineralogy (cf. Hutchinson 1983), suggest that GRHG 
possibly represents situ hydrothermally altered tholeiitic basalt. 
An alternative possibility is that the GRHG (containing garnet, 
hornblende, cordierite, biotite and pyrrhotite) is the residue of 
partial melting of hornblende gneiss (cf. Winkler 1979).

When cotpared to high-Ca HG, the intermediate biotite gneiss
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(QPIB, QRIB, ARIB, GRHG) are characterised by lower Ca and higher K 
and higher but highly variable (P), Nb, S, Y, Zr and Cu/(Cu+Ni) 
ratio. The intermediate biotite gneiss are thought to represent a 
variety of lithologies derived from the alteration of tholeitic 
basalt. They possibly span a range from ir situ alteration to 
volcaniclastic and politic sediments. Seme of the metasediments 
possibly contain a minor grey gneiss precursor component.

4.2.4 Ultramafic Rocks
The high Mg of the ultramafic rocks in Unit D suggests that 

they could possibly be kematiites. However their high and variable Cr 
oontentSy their Ca and A1 oontents and Ca0/Al203 ratios (either too 
high - 2.5 in Type A, or too low - 0.3 in Type B), and their low Ti 
oontentSy are imore like those of ultramafic cumulates^ than typical 
ultramafic extrusives (Nesbitt et al. 1979) . Type A has similar Ca/Al 
and Al/Ti ratios to the Badplass basaltic kematiites from the 
Barberton greenstone belt (Viljoen & Vilioen 1969). The Badplas 
komatiitic basalts may not represent a liquid oomposition and may be 
clinopyroxene-rich cumulates (Nesbitt et al. 1979).

The major element contents suggest that the ultramafic rocks 
in Unit D were originally cumulus mixtures of clinopyroxene^ olivine^ 
orthopyroxene and minor plagioclase (Figs 4.7 & 4.8). It is thought 
that Type A was clinopyroxene-rich (plus olivine)^ Type C was 
olivine-rich; and Type B was possibly orthopyroxene-rich with some 
plagioclase. The Ca, Al and K contents of Type B indicate however 
significant alteration and loss of Ca. Type B could also have been 
clinopyroxene-bearing. Type (B) and (C) occur together in the same (4 
m. thick) layer, with (B) in the top half and (C) in the bottom lower 
half. The main alternative to a cumulate origin, suggested by the 
highly variable Ca and Al contents, is that the ultramafic rocks are 
highly altered kematiites. The absence of original (e.g. spinifex) 
textures means that this suggestion is speculative (Brooks & Hart 
1974; Nesbitt et al. 1979) .

4.3 DISCUSSION - THE ORIGINAL NATURE OF THE GREY GNEISS

4.3.1 Typical Giey Gneiss
The possible protoliths of the typical grey gneiss suite are 

thought to be:
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(a) tonalitic intrusives,
(b) intennediate-felsic volcanics, or
(c) sediments.

No intrusive oontacts of grey gneiss were found. Given the 
high deformation suffered by the Selebi-Phikwe gneisses and lack of 
exposure^ this is not surprising. The main morphological feature of 
the grey gneiss is its banding. The banding: due to variation in 
amounts of the major components -quartz, plagioclase, hornblende and 
biotite, is on all scales. Wi/tiK fyP'cal ^rv^'iSSj Ikji^ ax^

garnet, sillimanite, magnetite,
cordierite, or corundum. Although leuoocratic metamorphic segreg­
ations can be found, the main banding is not thought to be a 
tectono-metamorphic product. The banding is regarded as reflecting 
original compositional differences. This banding is regarded as major 
evidence for a dominantly volcanic-sedimentary origin for the grey 
gneiss suite, rather than a tonalitic intrusive origin. The main 
alternative for the banding is that it is tectonometamorphic. For 
example, a biotite-rich band with corundum, cordierite and 
sillimanite (Plate 19g & h) could represent either a highly aluminous 
protolith or the residue from the extraction of a partial melt (Green 
1976; Winkler 1979). Limited partial melting (see Ch. 4.7.4) would 
still have been oontrolled however by original compositional 
differences.

The typical low-Si to high-Si grey gneiss of the Selebi-Phikwe 
area define a good calc-alkaline trend on an AFM diagram (Fig. 4.9a) 
and in terms of Si02 v. FeO/MgO (not figured), which contrasts with 
the tholeiitic Fe-enrichment trend in the high-Ca hornblende gneiss 
(Fig. 4.1a). The grey gneiss has the major element geochemistry (Fig. 
4.9b) of tonalite, plus minor granodiorite and trondhjemite (O'Connor 
1965; Le Maitre 1976; Barker 1979). The volcanic equivalents, in 
terms of Si and Ca-Na-K (not figured), are andesite, dacite and 
rhyodacite.

The low-si grey gneiss has the major element geochemistry of 
erogenic (i.e. at oonvergent plate boundaries) andesite (e.g. medium-
K acid erogenic andesite - Table 4.11-E, Gill 1981). When compared to 
the range of andesite compositions, low-Si grey gneiss is relatively
high in Si, Na, Y and Zr and low in Ca and V. Compared to oceanic 
(anorogenic at divergent boundaries, Gill 1981) andesite, low^Si grey 
gneiss is significantly lower in Fe and Ti, but has similar contents
of V, Y and Zr (Byerly et al. 1976; Gill 1981; Hekinian 1982). Condie
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(1976, 1981, 1982) states that Archaean andesites (Table 4.11-C)
differ from modent andesites in terms of their low A1 contents and
their high Fe, Mg, Cr, Ni and Y. Low-Si grey gneiss has slightly
higher Si, Ti, Al and Fe, and lower Mg, Cr and Sr contents than the
Archaean andesite quoted. In terms of Cu, Ni, Rb, Y and Zr, they are 
identical.

The medium-si and high-Si grey gneiss have major element 
compositions of dacite and rhyodacite respectively and are similar to 
Archaean felsic volcanics (Gondie 1981). A typical Archaean rhyo- 
dhcite (Cbndie 1976, 1981) is tabulated for comparison (Table 4.10- 
F). The main differences are the higher Ti content and lower Cr and 
Sr of both medium and high-Si grey gneiss, and the high Y and Zr 
contents of the medium-Si grey gneiss. The higher Ti/Y and Ti/Zr 
ratios (Fig. 4.11) of low^Si grey gneiss compared to the medium to 
high-Si grey gneiss suggest that the grey gneiss does not represent a 
single magmatic suite. However if the grey gneiss represents 
sediments, this could be a sedimentary feature (e.g. sorting and 
concentration of zircons in more siliceous detritus).

If the grey gneiss suite protoliths were andesitic to 
rhyodacitic volcanics, their major and trace element contents (e.g.
Fe and Mg, Fig. 4.8, cf. Jolly 1975) and proportion (c. 1:2 - grey 
gneiss: hornblende gneiss) coipared to high-Ca hornblende gneiss 
indicate that the calc-alkali grey gneiss suite was not derived by 
continued low-pressure fractional crystallisation of tholeiitic HGFl. 
The production of HGFl from HGNlP by low-pressure crystal fraction- 
ation required approximately 75% crystallisation of HGNlP (see Ch.
4.2.5). The OPIB protolith could have been basic andesite (cf. Table 
4.11-E), intermediate between high-Ca hornblende gneiss and low^Si GG 
(Figs 4.1b, 4.8, 4.9a, 4.10b). However, as concluded in Chapter 
4.2.1b, the wide variation of Ti, Y and Zr in CPIB suggest that it 
was derived from tholeiitic basalt by alteration-sedimentation 
processes (Figs 4.10a, 4.11).

The main alternative to a volcanic origin for the grey gneiss 
is a sedimentary one. In terms of Na-K-(Fe + Mg) (not plotted), the 
grey gneiss suite has the composition of greywacke (Blatt et al.
1972; cf. average Archaean greywacke in Table 4.11-1, Condie 1981) 
Maynard et al. (1982), Bhattia (1983) and Bhattia & Crook (1986) have 
correlated the chemical compositions of sandstones and the tectonic 
settings of their respective sedimentary basins. In terms of Si/Al 
and K/Na, the grey gneiss suite is similar to modern deep-sea sands
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from active rather than passive plate-tectonic settings and in 
particular forearc basins (Maynard et al. 1982). Using Bhattia's 
parameters^ low^Si grey gneiss has the major element composition of 
sandstone (greywacke) from oceanic island arcs and high-Si grey 
gneiss has the composition of sandstone from continental island arcs 
(Table 4.11-J & K). These results are hardly surprising^ given that 
island arc sandstones are dominantly derived from andesites^ and 
continental island arcs from felsic volcanics. The thin biotite-rich 
bands and laminae (not analysed) within the grey gneiss suite 
possibly represent argillites of greywacke-argillite couplets of 
turbidity current origin. The grey gneiss suite could represent 
submarine calc-alkaline volcaniclastic turbidites or debris flows 
(cf. Fisher 1984; Carey & Sigurdson 1984; Suthren 1985).

In order to determine the premetamorphic nature (sedimentary 
or igneous) of high-grade quartzofeldspathic gneiss, Shaw (1972) 
derived a discriminant function:

DF = 10.44 - 0.21 Si02 - 0.32 Fe203 (total Fe) - 0.98 MgO 
+ 0.55 CaO + 1.46 Na20 + 0.54 K20 wt%

Positive DF values generally suggest an igneous parentage, whereas 
negative values point to a sedimentary origin. On application of the 
function to the typical grey gneiss suite, the majority have a 
positive DF (+ve 1 to 3). The main group with negative (-ve 2 to 0) 
or low positive (<+0.5) DF are the low^Si grey gneiss with lower Ca 
contents. The high-Si oordierite-rich grey gneiss (-ve 8) and the 
Fe-rich grey gneiss (-ve 2) are distinctively negative. The granitic 
gneiss bands within grey gneiss have a positive DF (+ve 1 to 2).

The Ti02-Si02 distribution of the grey gneiss (Fig. 4.10a) also 
suggests that grey gneiss protoliths were both sedimentary and calc- 
alkali igneous, although predominantly the latter (cf. Tarney 1976).

The suite of typical grey gneiss is concluded to be metamorph­
osed andesitic to rhyodacitic volcanics and/or little-altered 
volcaniclastic sediments derived frcm andesitic to felsic volcanics. 
It is not thought to be a tonalitic intrusive suite. Volcano­
sedimentary grey gneiss precursor could also have been a minor 
component in the intermediate biotite gneiss. The results of detailed 
petrology and geochemistry at Selebi-Phikwe in this thesis confirm 
the speculations of Mason (1973) based on mapping that the grey 
gneiss are psammitic and semipelitic metasediments with possible
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minor acid-intermediate volcanics.

4.3.2 Siliceous Cordierite-rich Grey Gneiss
SOQG does not have an igneous composition. The oocurrenoe of 

SOGG within grey gneiss rather than high-Ca hornblende gneiss 
suggests an an origin by alteration of grey gneiss protolith. The 
high Mg and Si oontents suggest that 9CGG may have been derived by 
chloritic alteration of typical grey gneiss protolith (calc-alkali 
volcanics or volcaniclastics). However the protolith of 9CGG could 
also have been a sediment partly composed of altered mafic detritus 
(derived from high-Ca HG protoliths). SGGG has more in common ivith 
GRIB and ARIB than typical grey gneiss. SCGG, GPIB and ARIB have 
similar K-Ca-Na ratios (Fig. 4.9b) and a clay component in 9CGG is 
indicated. If sufficient silica were added to GRIB^ a similar rock to 
SOGG would be obtained but with too little A1 and too much Fe 
compared to SOGG. It is suggested that the protolith of SCGG possibly 
consisted of a mixture of silica and Al-Mg clays. The clay could have 
been an Al-Mg clay (e.g. smectite^ palygorskite or attapulgite) or a 
mixture of Al-rich (e.g. beidellitef kandite or illite, or zeolites^ 
e.g. phillipsite or clinoptilolite) and Mg-rich (e.g. sepiolite, 
chlorite or even talc). The relatively high K content could be due to 
the mobility of K during regional metamorphism. Alternatively it 
indicates an original K-bearing phase (e.g. illite or phillipsite).
As with ARIB, the clays could have been derived either by (a) 
devitrification of volcanic ash, along with enrichment in Mg by 
reaction with sea water or hydrothermal fluids, or (b) direct 
precipitation from seawater or hydrothermal fluids. The low Cr and Ni 
oontents of SOGG possibly indicate direct precipitation of clay 
rather than by hydrothermal alteration of altered volcanic detritus. 
The silica could be precipitated or detrital. The high Zr content of 
EXDCXl pxcsMsiJbl^^ !?ucpg€M3tj3 cl ckstiri/taJL izjrtiorL [ouvol

TPh*: pxrcHbolLitjh (3f S()GG is; cxarusicleoned tr) Itavie laeesn (sitiheKr 
chloritised andesitic-rhyodacitic volcanics/volcaniclastics or a 
mixture of detrital or precipitated silica and Al-Mg clay minerals 
(such as the fibrous magnesian clays - palygorskite, attapulgite or 
sepiolite, or]Mg-rich smectite). Modern clays rich in palygorskite, 
attapulgite and sepiolite and zeolites such as phillipsite and 
clinoptilite have been reported from the Atlantic ridge and abyssal 
plain by Hathaway and Sachs (1965), Bonatti and Jbensuu (1968) and 
Bowles et al. (1971) and the Mariana trough and arc-trench system in
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the Pacific (Stonecipher 1978; Desprairies 1982; Natland & Mahoney
1982).

4.3.3 Fe-rich Grey Gneiss
FROG presents similar problems in deducing its protolith as 

QRIBf ARIB and SOGG. It has similarities with a wide variety of 
lithologies: low-Si GG (Figs 4.1b, 4.9b, 4.10ab), HGFl (Fig. 4.9a), 
HGN (Fig. 4.11a), QPIB (Figs 4.9a, 4.10b), and QRIB (Figs 4.9b,
4.11b).

The association of FRGG with high-Fe HGFl gneiss is thought to 
be significant. If FRGG were derived by alteration of HGFl, 
substantial loss of Ti, Mn, Mg, Ca, Cr, Nb, V and Y and addition of 
Si and K would have been required. FRGG could be a siliceous closed- 
system differentiate of HGFl, e.g. an icelandite (Gill 1981) or 
(xaaanic andesite (Hdkinian 1982). However the extreme Fe content and 
low Ti and Ca indicate that FRGG could not have been unaltered 
igneous rock. FRGG could be an Fe-enriched type of low^Si GG, e.g. 
Fe-rich volcaniclastic sediment. If FRGG has a sedimentary origin, 
the low Ti and V indicate the Fe-enrichment could not have been in 
the form of detrital iron oxide, but more likely as an Fe-rich clay 
(e.g. nontronite, Fe-saponite or Fe-beidellite). FRGG could therefore 
be the Fe-rich equivalent of ARIB and QRIB.

It is thought that FRGG possibly represents a semipelitic 
sediment of mixed intermediate (andesitic) and mafic source with 
significant Fe (in the form of Fe-rich clay) derived ultimately from 
alteration of HGFl, via altered volcanic detritus or hydrothermal 
fluids. The Fe-rich clay could be a direct precipitate. Hydrothermal 
Fe-rich clay is common in oceanic sediments (Weaver & Pollard 1973), 
for example nontronite in the East Pacific rise (Hekinian et al.
1980) and Fe-saponite and beidellite in the Marianna trough 
(Desprairies 1982). The main alternative is that FRGG is an Fe- 
enriched altered andesite.

4.4 DISCUSSION - THE ORIGINAL NATURE OF THE PLAGIOCLASE-RICH GNEISSES

4.4.1 Anorthosite-metaqabbro Suite
Previous workers have suggested that the Selebi-Phikwe

anorthosites (HOr 1972; Wakefield 1974; WTight 1977) are metamorph­
osed plagioclase-rich layered igneous rocks. The anorthosites in the
Messina area (Hor et al. 1975; Barton et al. 1979a; Windley et al.
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1981) are typical of Archaean high-grade anorthosite complexes of
igneous origin. The occurrence of thin chromite and magnetite seams 
within the Messina anorthosites would appear to put an igneous origin 
beyond doubt. However at Selebi-Phikwe a sedimentary origin for the 
anorthosites (and the rest of the Selebi-Phikwe gneisses) has been 
preferred recently (Gallon 1986a;b). Gallon has grouped together the 
typical anorthositic gneiss and mineralogically similar, finer 
grained, highly banded calc -silicate gneiss. The main point of 
further geochemical analysis of the anorthositic gneisses in this 
thesis was initially to compare the geochemistries of these two 
lithologies.

The good trends on the ACM diagram (Fig. 4.12b) and for Al v. 
Mg (Fig. 4.13) suggest that the composition of the anorthositic- 
metagabbroic suite is a refection of original variable proportions of 
cumulus plagioclase and a Ca-Mg phase, i.e. clinopyroxene. A good 
linmar plot of increasing Fe with Mg (not figured) indicates that 
magnetite was a not a significant cumulus phase. A linear but more 
diffuse trend of increasing Ca with Al (not figured) indicates that 
olivine and orthopyroxene were not significant phases, and that Ca 
was mobile during metamorphism. The trend on the AFM diagram (Fig. 
4.12a) is not a calc-alkaline trend (see Windley 1977 for a 
contrasting oonclusion for the Fiskenaesset Complex). It merely 
represents the original variation in proportion of calcic plagioclase 
(with Na and minor K) to a single magnesium phase (clinqpyroxene with 
negligible Na and K) (see r^ers 1975).

The anorthositic-metagabbroic suite at Selebi-Phikwe is con- 
eluded to be plagioclase-rich, plagioclase-clinopyroxene cumulates.
A similar conclusion was eventually made for the anorthositic to 
gabbroic cumulates of the Fiskenaesset Complex (Meaver et al. 1981), 
although it had previously been considered that hornblende had 
possibly been a cumulus phase (Steele et al. 1977). Estimates of the 
original cumulus mineral compositions can be made from Figures 4.12b 
and 4.13. The plagioclase was a bytownite-calcic labradorite (An 76- 
68). The clinopyroxene, indicated by the Lethlakane clinqpyroxenite, 
was a subcalcic ferroaugite with approximately 11.3 wt% CaO and 18.2 
wt% MgO. It is not known whether the range of plagioclase 
compositions is due to metasomatism or original cryptic variation.

The metamorphism appears to have been largely isochemical.
Some redistribution of Ca took place during the breakdown and 
recrystallisation of igneous plagioclase and clinopyroxene, particu­
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larly loss of Ca in the monomineralic anorthosites (Fig. 4.12b). 
Although a wide range of metamorphic plagioclase compositions was 
produced, the metamorphic plagioclase generally has a slightly lower 
Ca content to that proposed for the original igneous plagioclase. The 
metamorphic (Mlp) clinopyroxene (salite) had a higher Ca content than 
the proposed igneous clinopyroxene.

Barton et al. (1979a) suggested that the less calcic nature of 
plagioclase in hornblende anorthosites at Messina, compared to pure 
anorthosite, was due to the formation of secondary hornblende at the 
expense of the anorthite component of plagioclase. In the 
Fiskenaesset complex a similar relationship has been attributed to 
transfer of Na from aitphibole (some of which has been regarded as 
premetamorphic, Steele et al. 1977) to plagioclase during metamorph­
ism (Windley et al. 1981). At Selebi-Phikwe it can be seen that the 
formation of the Mlp metamorphic assemblage of lower-Ca plagioclase 
and higher-Ca salite is the control on the mineralogy of the Mlm 
plagioclase—hornblende assemblage. Much of the Si in the guartz—rich 
anorthosites was derived by the breakdown of metamorphic (Mlp) salite 

to form calcic amphibole.
The interpretation of the mylonite sections is complex. The 

original nature of the mylonite bands is not known (Are they simply 
the result of shearing and metasomatism of anorthosite or do they 
represent mylonitised intrusive bands at the site of shearing ?), It 
is thought that at least some of the chemical changes from anortho­
site to mylonite are the result of processes during shearing. Dl 
shearing has possibly resulted in significant enrichment of Ti, P,
Ce, Nb, Y and Zr in Section A. This enrichment is thought to be due 
to addition from metasomatic shear-zone fluids, rather than oonoen- 
tration as residual immobile elements during depletion of Mg, Cr and 
Na. In the case of section B, either Dl shearing was highly variable 
in its effects or D2 shearing has redistributed the effects of Dl 
shearing.

The anorthositic-metagabbroic suite at Selebi-Phikwe is 
essentially the same as that in the Messina area in terms of major 
and trace elements. Barton et al. (1979a) have modelled the major 
element oomposition of the Messina Layered Intrusion magma using 
plagioclase and olivine fractionation trends. They have not 
accounted for clinppyroxene fractionation. Their data can be 
reinterpreted in terms of plagioclase (An 70), clinopyroxene and only 
minor, if any, olivine fractionation. Olivine was not a significant
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cumulus mineral in the Messina anorthosites and gabbros.
The inclusion by Barton et al. (1979a) of all ultramafic rocks 

in the Messina area within the anorthositic Messina Layered Intrusion 
suite is questionable. The majority of the ultramafic lenses in the 
Messina area are spatially unrelated to the anorthosites. No 
ultramafic rock occurs within the Messina anorthosites. The 
juxtaposition of ultramafic rocks to the anorthosites is possibly 
tectonic. At Selebi-Phikwef the only ultramafic rocks that are 
considered to be both comagmatic and coeval with the anorthosites are 
the Lethlakane clinopyroxenites.

The origin of the anorthosite^metagabbro suite as plagioclase 
(An 76-62) - subcalcic ferroaugite cumulates can be related to the 
evolution of the high-Ca hornblende gneiss. Cumulus plagioclase 
(approx. An 70) and low-Ca clinopyroxene are the phases that are 
thought to have controlled the evolution of HGFl frcxn HGC (see
4.2.5). It is interesting to note that the average composition (20.8 
wt% A1203 and 6.3 wt% MgO) of the unaltered anorthosite-metagabbro- 
clinopyroxenite suite (average of Table 4.6-A,B & D weighted by 
number of samples) is very similar (Fig. 4.13) to the cumulus product 
(20.6 wt% A1203 and 6.6 wt% Mgo) of the fractional crystallisation of 
plagioclase and clinopyroxene in HGC in the proposed proportion of 
7:4 (see 4.2.5). It is therefore suggested that the anorthosite- 
metagabbroic suite were the cumulates produced during the low- 
pressure crystal fractionation of plagioclase plus lesser low-Ca 
clinopyroxene in the evolution of HGFl from HGC (Figs 4.7, 4.8 & 
4.13). The deformed mafic dykes cutting the anorthosites are thought 
to be the evolved liquids from further low-pressure crystal 
fractionation of low-Ca clinopyroxene and magnetite (producing HGF2) 
in evolved HGFl.

4.4.2 Hornblende-bearing Calc-silicate Gneiss
CSG is chemically similar to the quartz-rich anorthosites and 

the mylonite bands within the anorthosites. The morphology and 
textures of the lithologies are the main difference between than (see 
Ch. 3.4). The high Ca and Si of CSG are such that it could not be 
unaltered igneous rock. The highly variable quartz content but 
constant Ca/Al ratio (Fig.4.12b) suggest a sedimentary detrital 
origin or variable silicification. CSG could have been a mixture of 
detrital calcic plagioclase and quartz (although there is an excess 
of Ca). A more likely protolith is thou^t to be siliceous or

133



silicified calcareous argillite (although the K content is low). The 
possible occurrence of scapolite, the Al, Ca, Na and Sr (I.West, 
pars. comm. 1987) contents of CSG suggest an evaporitic oomponent
(cf. Ramsay & Davidson 1970).

4.4.3 Garnetiferous Quartz-feldspar Granulite
A sedimentary origin of GOFG is suggested by its local 

gradation into quartzite, minor sillimanite laminae, and chemically 
similar plagioclase quartzites (Table 4.9-A) elsewhere in the 
section. The major element chemistry of GQEX3 is essentially that of 
sodic sandstones (Marston 1978). The high Mh content is similar to 
that of some arkoses (Pettijdhn 1963). The very high but eratic 
contents of Nb and Y could indicate detrital heavy minerals, such as 
sphene, garnet, rutile and apatite.

In terms of Si and Ca-Na-K (Fig. 4.9b), GQFG is a quartz 
keratophyre or trondhjemite (O'COnnor 1965). GQFG is chemically 
similar to some volcanic rocks, e.g. high-Si dacites of Fiji (Gill & 
Stork 1979). These have the added similarity of high but variable Y 
contents (up to 560 ppm), although with very low Nb contents (<2ppm). 
The sodic plagioclase plus quartz mineralogy also suggests a 
keratophyre. The high-Na, relatively lowtK character is possibly the 
result of low^temperature hydrothermal alteration of intermediate to 
siliceous lava involving seawater (cf. Amstutz 1974). However Coleman 
and Donato (1979) regard some keratophyres in ophiolitic sequences as 
being the volcanic equivalents of ophiolitic plagiogranite. CQFG 
(574) (p.A.r^j has the approximate major element oomposition of 
plagiogranite (Coleman & Donato 1979). For example the relatively 
high Fe content indicates that 574 follows a tholeiitic rather than 
calc-alkali trend (Fig. 4.9a). The high Y content (401 ppm) is hard 
to explain. The field relations of 574 are worth noting. Sodic 
plagioclase-quartz gneiss with minor garnet is conspicuous in Unit B, 
interbanded with hornblende gneiss (interpreted as tholeiitic 
basalt). Quartzite and the semipelitic alteration products of basalt 
weathering (QPIB, GRIB & ARIB) are the other main components of Unit 
B. This suggests a volcanogenic origin for GQFG, along with the 
extrusion of basalt. Keratophyre may occur within basalt in ophiolite 
ccrtplexes as small plugs, parallel dykes or flows (Coleman & Donato 
1979). An alternative explanation for the intimate nature of GQFG and 
hornblende gneiss in Unit B is partial melting of basalt. Helz (1976) 
found that melting of tholeiite at PH20=5 kbar produced quartzo-
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feldspathic liquids of tonalite to trondhjemite oomposition (i.e. 
similar to GQFG). The occurrence of OGGH (containing coarse garnet 
plus hornblende, oordierite, biotite and pyrrhotite) within the more 
typical hornblende gneiss of Unit B possibly supports an anatectic 
origin of GQPG. OGHG could be the residue of partial melting of 
hornblende gneiss (cf. Winkler 1979). (The main alternative for OGHG 
is that it is metamorphosed hydrothermally altered tholeiitic 
basalt.) However once again the high Y (and low Ti) content of 574 is 
hard to explain. The high Y and Nb contents of GQFG can possibly be 
equated with the high Y and Nb in some garnetiferous pegmatites (Deer 
et al. 1966, Condie 1981).

Diverse protoliths are possibly represented by garnetiferous 
sodic plagioclase-quartz gneiss. One (574) is intimately associated 
with hornblende gneiss (basalt) in Unit B, whereas the other (30-7-4) 
is associated with C9G in a sedimentary unit.

The origin of gametiferous quartz-plagioclase granulite 
remains unsolved. Although a minor component of the Selebi-Phikwe 
gneisses, similar garnetiferous quartz-sodic plagioclase gneiss is 
volumetrically significant in the gneisses of the Messina area. Their 
origin has been suggested to be: argillaceous fedspar-rich arkose 
(Brandi 1983); sedimentary/volcano-sedimentary (Fripp et al. 1979); 
metamorphic high-pressure anatectic melt derived from pelite (Fripp
1983); or an acid intrusive phase associated with the anorthosite- 
metagabbro suite (Watkeys et al. 1983).

4.5 DISCUSSION - THE ORIGINAL NATURE OF THE QUARTZITES
The thin quartz bands associated with hornblende gneiss 

possibly represent metamorphosed cherts, although it is virtually 
impossible to distinguish these from deformed early quartz veins. The 
oligoclase-sillimanite quartzite is most easily explained as a 
metamorph-osed feldspathic argillaceous sandstone. It is also 
possible however that the high Si is not due to detrital quartz, but 
could be due to silicification. The Na content of albite-sillimanite 
quartzite might also indicate an evaporitic component (although no 
scapolite was positively identified). The mineralogy of the albite- 
sillimanite quartzites shows similarities to the finely laminated 
quartz-albite-(+ sulphide) rocks associated with mineralised 
komatiites in the Yilgarn Block. The latter have been interpreted as 
mixed volcaniclastic/exhalative metasediments (Groves et al. 1978). 
The Selebi-Phikwe quartzites are typically massive to weakly banded.
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The finely laminated pyrrhotite-sillimanite quartzite of Unit B is 
similar to some of the sulphidic sediments at Kambalda (Bavinton 
1981; Paterson et al. 1984). The fine pyrrhotite laminations are 
thought to indicate precipitation of sulphide during exhalative 
hydrothermal activity, with some Cu and Ni derived by hydrothermal 
leaching of basalt. Alternatively the sulphide could have been 
diagenetic or mobilised during regional tectono-roetamorphism.

The weakly banded albite-sillimanite quartzites are tentatively 
regarded as having been (silicified ?) volcaniclastic argillites or 
tuffs. The finely laminated quartzites with sillimanite and sulphide 
indicate mixed volcaniclastic and exhalative components. Thin quartz 
bands could be metamorphosed cherts. Unlike the Messina area, there 
are no thick orthoquartzites at Selebi-Phikwe.

The Fe content of the typical finely laminated magnetite 
quartzite of the Dikolti-Lentswe unit is too low to regard them as 
Algoma-type banded iron formation. However their origin is thought to 
be similar (i.e. as the metamorphic products of chemically 
precipitated silica-iron oxide sediments, Klein 1973). The 
relatively high Ni and Cu in the magnetite quartzite could have been 
leached from mafic-ultramafic rocks and precipitated. Hbwever it is 
also possible that Ni and Cd were metasomatically mobilised from 
adjacent ultramafic rocks during regional tectonometamorphism. The 
rare instances of minor Ni-Cu enrichment in grey gneisses immediately 
adjacent to massive Ni-Cu sulphides at Selebi-Phikwe suggest that the 
Ni and Cu in the magnetite quartzites was probably precipitated 
during the hydrothermal exhalative activity. The original nature of 
the magnetite quartzites is intimately related to that of the 
cummingtonite and tremolite amphibolites with which they are 
interbanded. The origin of these amphibolites is discussed in 
Chapter 8, because of their similarities to the adjacent Dikoloti- 
Lentswe ultramafic rocks hosting Ni-Cu sulphides. It is tentatively 
concluded in Chapter 8 that the protoliths of the cummingtonite and 
tremolite amphibolites were various mixtures of Mg,Fe-rich, Al-poor 
clays and carbonate, which were intimately associated with chemically 
precipitated silica-iron oxide sediments. They are not thought to ]he 
ckrived from, or related to, the Dikoloti-Lentswe ultramafic rocks.

4.6 DISCUSSION - THE ORIGIN OF THE GRANITIC GNEISS
In terms of Si and (Ca-Na-K, Fig. 4.9b), the porphyroblastic 

granite gneiss is granite (Barker 1979) and the thin granite gneiss
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bands within the Selebi-Phikwe gneiss are granite-quartz monzonite 
(O'Cbnnor 1965). There is very little chemical variation in the three 
porphyroblastic granite gneiss samples (Table 4.10-A), vAiich were 
t^ben fromiwidely spaced locations (the Phikwe section^ the intrusive 
body north of Phibwe^ and near Tobane, Fig. 2.1). The low variation 
in the K content and the ubiquitous occurrence of microcline 
porphyrdblasts suggest that the porphydblastic nature is not due t3 
late K-metascmatism.

The dioritic phase of the porphyroblastic granite gneiss suite 
is particularly Fe-rich (Table 4.10-B). It is chemically similar to 
ferrcdiorites that are part of a late Fe-rich intrusive suite within 
the Amitsoq gneiss of West Greenland (Nutman et al. 1984). The quartz 
-sodic plagioclase and quartz-microcline veinlets cutting the 
porphyroblastic granite gneiss (and as a minor phase throughout the 
Selebi-Phikwe gneisses) are late tonalitic and granitic minimum melts 
CMihkler 1979).

In Chapters 2 and 3, it was concluded on morphological, 
mineralogical and textural grounds that the porphyroblastic granite 
gneiss suite is a weakly deformed granitic intrusive suite (cf.Wright 
1977), intruded mainly between D1 and D2 and during D2, rather than a 
previously deformed and metamorphosed basement to the Selebi-Phikwe 
gneisses (Wakefield 1974; Key et al. 1976), or a thick meta—arkose 
unit (Gallon 1986). The limited geochemistry supports an intrusive 
granite origin. The genetic relationship of the ferrodiorite to the 
porphyroblastic granite is not known. The ferrodiorite magma could 
have been coeval with the granite magma (e.g. as an iimdscible phase 
vhich separated from a felsic magma, cf. Wiebe 1979), or the ferro­
diorite could have been incorporated into the granite magma (e.g. as 
contaminated highly evolved residual liquid of the tholeiitic rocks, 
or as partially digested hornblende gneiss inclusions).

4.7 FUETHER DISCUSSION AND SUMMARY OF CONCLUSIONS

4.7.1 Hiqh-Ca Hornblende Gneiss - Intrusive or Extrusive ?
There are no original textures remaining in the highly 

metamorphosed and deformed high-Ca hornblende gneiss (high-Ca HG). 
Therefore it is impossible to conclude unequivocally that high-Ca HG 
was either intrusive or extrusive. However it is thought that rock- 
associations can be used to give an insight into the original nature 
of these tholeiitic rocks.
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The intimate association of HGG with variable diopside gneiss 
and minor QPIB and QRIB suggest that HGG were submarine lava flows.

The intimate interbanding of high-Ca HG with quartzite 
Cmetacherts ?)^ GRIB (and in the case of Unit also with QPIBf ARIB 
and CGHG) indicates that the protoliths of the high-Ca hornblende 
gneiss of Units A and B were possibly extrusive.

unit E is dominated by grey gneiss. The relatively thin high- 
Ca HG bands occur within the grey gneiss without any other associated 
rocks (i.e. without quartzites^ QRIBy ARIB^ diqpside gneiss etc.). It 
is ooncluded that the high-Ca HG of Unit E are more likely to have 
been high-level intrusives (i.e. dykes or sills) than extrusives.
This is supported by the occurrence of the differentiated HGNl basalt 
layer (sill ?) in Unit E. (The degree of flattening suffered by the 
Selebi-Phikwe gneisses means that the recognition of the crosscutting 
nature of dykes is very difficult and impossible in core sections.)

The interbanding of high-Ca HG in Unit F with QPIB and grey 
gneiss including SCGG indicates that some high-Ca HG in Unit F may 
have been extrusive. When compared to Units A and however^ the 
quantity of basalt-derived volcaniclastic-pelitic rocks is much less 
in Unit F. It is therefore concluded that seme of the high-Ca HG in 
Unit F may also have been high-level intrusives. This is supported by 
the ocurrence of the differentiated HGG layer (sill ?) in Unit F.

The thickest occurrence of high-Ca hornblende gneiss is in 
unit Dy which consists of a variety of interbanded high-Ca hornblende 
gneiss, but particularly of Fe-rich HGFl and HGF2. Bands of grey 
gneiss including FRGG are only a very minor catponent of Unit D. 
Another minor but significant component of Unit D is ultramafic rock 
(mainly bands of metamorphosed clinopyroxene-olivine cumulate). No 
bands of quartzite, diopside gneiss or intermediate biotite gneiss 
were noted in Unit D. It is tentatively concluded that Unit D is more 
likely to have been an intrusive unit.

It is concluded that the high-Ca hornblende gneiss represent 
both extrusive tholeiitic basalts and their high-level intrusive 
equivalents.

4.7.2 The Origin of the Geochemical Variation within the High-Ca
Hornblende Gneiss Suite
The range of high-Ca hornblende gneiss compositions, from HGNl 

via HGG and HGC to HGFl, exhibits a marked tholeiitic Fe-enrichment 
fractionation trend (Figs 4.1 & 4.4). This is accompanied by
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pronounced enrichment in Ti^ Nb, Vy Y and Zr^ an increase in
Cu/Ni, and depletion in Mg, Cr and Ni. This suggests that the Selebi- 
Phikwe high-Ca hornblende gneisses represent a comagmatic suite of
fractionated basalts. However some of the differences could be due to
alteration rather than to original igneous processes. Alternatively 
the various types of hornblende gneiss could be unrelated, e.g.
products of separate partial melting events in the mantle.

4.7.2a The problem of alteration
In terms of virtually all analysed major and trace elements, 

HGNl is similar to the most camion volcanic rock in greenstone belts, 
a tholeiitic basalt (Table 4.11-A; Oondie 1976, 1981). The only 
elements that are significantly different are Ca and Cu which are 
lower in HGNl and K and Bb which are higher. HGC compares remarkably 
well with a modem ferrobasalt from the Galapagos spreading centre 
(Anderson et al. 1975; Table 4.11 -C), As in the comparison of HGNl 
with typical Archaean tholeiite, the Ca content of HGC is lower and 
the K content is higher than that of the ferrobasalt example. These 
differences in Ca and K content could be fundamental (i.e. due to 
igneous processes) or imposed (e.g. due to alteration). Alteration 
would have begun immediately after emplacement and would have pro­
ceeded gradually to a condition controlled ky regional metamorphism. 
The high metamorphic grade of the Selebi-Phikwe gneisses means that 
it is not possible to conclude whether any alteration occured before 
or during regional metamorphism. The limitation of the differences to 
minor loss of Ca and increase in K (Fig 4.3) is consistent with the 
geochemical changes that take place during regional netamorphic 
transition of gabbroic rocks to amphibolites at upper amphibolite to 
hornblende granulite facies (Elliott 1973; Field & Elliott 1974).

In terms of Ti, Al, and Mg, HGG is similar to the second most 
common type of Archaean tholeiitic basalt (Table 4.11-B). HGG has 
however lower contents of Si and Cr and higher contents of Fe and P. 
Comparisons of HGG with HGNl and HGC indicate that HGG is relatively 
enriched in Fe, Na and P and depleted in Si and Cr. In terms of Si 
and (Na & K), HGG is an alkali basalt (Macdonald & Katsura 1964).
It has been suggested that the interbanding of HGG-type hornblende 
gneiss with diopsidic gneiss in Unit G possibly indicates an 
extrusive origin for the hornblende gneiss. Some of the differences 
between HGG and HGNl-HGC could be the result of original igneous 
processes (e.g. higher Ti, Nb, V, Y and Zr and lower Mg in HGG than
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in less-fractionated HGNl, see Ch. 4.7.2b). The differences in Fe,
Na, P and Si however are the same as the relative changes that take 
place in basalt undergoing low-temperature submarine alteration 
(Miyashiro et al. 1969; Hart 1970; Shido et al. 1974; Aumento et al. 
1976; Scott & Hajash 1976; Smith et al. 1984) and higher temperature 
spilitisation (Cann 1970; Pearce & Cann 1973; Hart et al. 1974; Floyd 
& Winchester 1975). None of the assemblages in the gneisses of Unit G 
postdates the main Mlb metamorphic fabric. Post-Ml alteration (Condie 
et al. 1977; Cbndie 1981) can therefore be ruled out. Submarine 
alteration would be consistent with the suggested extrusive origin 
for HGG and the original nature concluded for the diopside gneiss 
(see Ch. 4.2.2). (This is a somewhat circular arguement because it 
has been proposed that the protoliths of the diopsidic gneiss result­
ed from high degrees of submarine alteration of HGG-type extrusive 
basalts. The main evidence for an extrusive origin is the intimate 
interbanding with lithologies of possible sedimentary origin.)

It is suggested that the the alkali character of HGG is due to 
alteration and that the geochemistry of HGG is consistent with 
submarine alteration of a slightly fractionated type of HGNl. It is 
also suggested the geochemistry of HGGX (Table 4.5-D) represents 
extreme submarine alteration that resulted in very high contents of 
Feif Mhy Py Nbf Pb, Y and Zr and lower Al^ Mg^ Ca^ Na^ Cr^ Nl^ Sr and 
V and K/Pb. Ti was unaffected. The difference in behaviour of Na 
(addition in moderate alteration^ depletion in extreme alteration) 
could be due to higher temperatures and higher water/rock mass ratios 
in the extreme alteration (Seyfried & Bischoff 1977, 1979). The low 
K/Pb ratio of HGGX and the trend of Pb-enrichment in the HGG rocks 
indicates significant enrichment in Pb relative to K. Similar Pb and 
K contents and low K/Pb ratios due to preferential absorbtion of Pb 
by smectite have been found in highly altered submarine basalts 
(Dasch 1973; Menzies & Seyfried 1979). It is interesting to note that 
cumulate-enriched HGN2 and HGFF2 (see Ch. 4.2.1c) have the highest 
K/Rb ratios of the hornblende gneiss suite (see Ch. 8.6.5).

The very high contents of Y (75 ppm) and Zr 272 ppm) in HGGX 
indicate that Y and Zr can not be unquestionably treated as immobile 
elements in high-Ca hornblende gneiss. The high Y and Zr contents are 
thought to represent addition of Y and Zr, rather than concentration 
by removal of other elements. This possibly explains why there is a 
wide variation in Ti/Zr ratios (HGNl-77, HGN2-110, HGG-92, HGGX-35, 
HGC-94, HGFl-102, QPIB-60) and Zr/Y ratios (HGNl-2.85, HGN2-2.24,
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HGG-3.71, HGGX-3.63^ HGC-3.49, HGFl-3.60; QPIB-2.51) (cf. Sun et al. 
1979).

It is concluded that the extrusive and intrusive tholeiitic
basaltSf ferrobasaltS; cumulate-enriched tholeiitic basalts and 
tholeiitic volcaniclastics (?) represented by high-Ca hornblende (and 
intermediate) gneiss have suffered various degrees of alteration, 
some of which can be attributed to early submarine alteration of 
extrusive basalt and some to regional metamorphism. HQS is thought bo 
represent extrusive basalt that has suffered submarine alteration, 
during iwhich Ti was relatively immobile and Y and Zr were enriched. 
The slight alteration that is thought to hav been suffered by HGNl, 
HOC, and HGFl (and HGN2, BGF2 and D) is consistent with alteration 
during regional metamorphism. An alternative explanation for the 
apparently little altered nature of high-Ca HG in Unit E is that if 
the grey gneiss protoliths were rapidly deposited volcaniclastic 
sediments (e.g. debris flows), extensive submarine alteration of 
basalt lava may have been suppressed by rapid burial.

4.7.2b The comagmatic nature of the high-Ca HG suite
The range of compositions shown by the Selebi-Phikwe high-Ca 

hornblende gneiss is similar to that of the basalts of the Galapagos
Spreading Centre (Clague & Bunch 1976). Clague and Bunch modelled the 
evolution of the Galapagos basalts in terms of low-pressure, closed 
system crystal fractionation of olivine (Fo 86), plagioclase (An 71- 
68) and augite in a single parent magma with the same Ti and Mg 
contents as HGNl. (HGNl has slightly higher Fe and lower Al.) Evolved 
basalt similar to HGG was produced after 34% crystallisation, basalt 
similar to HGC required about 58% crystallisation and basalt similar 
to HGFl required about 68% crystallisation (5% olivine, 36% plagio- 
clase and 27% clinopyroxene).

The two-element variation diagrams (Figs 4.7 & 4.8) indicate 
that the evolution of HGC form HGNl was controlled by crystal 
fractionation of plagioclase, augite and olivine (and possibly 
orthopyroxene) in the proportions 7:5:1. Further evidenoe of low- 
pressure crystal fractionation is provided by the differentiated 
HGNl-HQNl and HGF1-HGN2 layers. HGN2 is thought to be HGNl and HGG 
tholeiitic basalt enriched in cumulus clinopyroxene and olivine. 
Further evolution of HGFl from HGC was controlled by plagioclase and 
low-Ca clinopyroxene in the proportion of 7:4. The evolution-path of 
HQNl to BGG, the nature of HGN2 and the nature of the dominant type
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of ultramafic rock in Unit D indicate the relatively early crystall-
isation of clinopyroxene and that clinqpyroxene rapidly joined 
plagioclase on the liquidus following olivine.

Calculations using Figures 4.7 and 4.8 and the partition 
coefficients of Pearce and Norry (1979) for Ti (considered to be 
relatively immobile in Ch. 4.2.Id) and assuming closed system crystal 
fractionation of olivine (Fo 86), plagioclase (An 75) and clinopyrox- 
ene (En37.5 W025 Fs37.5) indicate that BGC would have required about 
66% crystallisation of HGNl (5% olivine, 33% plagioclase and 28% 
clinopyroxene) and that BGFl would have required about 75% crystall­
isation of HGNl (5% olivine, 39% plagioclase and 31% clinopyroxene). 
Significantly lower degrees of fractionation result using the Nb, Y 
and Zr contents (i.e. 60% crystallisation for HGFl using Y and 62%
using Zr). This is thought to be due to their mobility relative to Ti 
during alteration (see 4.2.Id). These discrepancies mean that the use 
of more detailed fractionation models (cf. Stem 1979) would not be 
worthwhile. The mineral compositions were estimated from the 
variation diagrams and are consistent with the melting experiments of 
Bender et al. (1978) and Walker et al. (1979).

HGG is thought to be an evolved type of HGNl (higher Ti, P,
Nb, Y and Zr and lower Mg, Cr and Ni) which has suffered significant 
submarine alteration, resulting in higher contents of Fe, (P) and Na, 
and lower Si, K and (Cr). Because of the alteration suffered by HGG 
it is not clear whether HGG represents a higher degree of early 
olivine fractionation in HGNl or whether HGG is simply an altered 
intermediate product of HGNl-HGC plagioclase-clinqpyroxene-olivine 
crystal fractionation (see Figs 4.7 & 4.8).

Significant titanomagnetite would have started to crystallise 
when the Ti content in evolved HGFl reached about 3.3 wt% Ti02 (the 
highest Ti content in HGFl, cf. Wager 1960, Wager & Brown 1968,
Hunter & Sparks 1987, for the onset of crystallisation of magnetite 
in the Skaergaard intrusion, the textbook example of closed-system 
fractional crystallisation of basalt). Crystal fractionation of low- 
Ca clinopyroxene and titanomagnetite in HGFl would have resulted in 
cumulus-enriched HGF2 and liquid of the composition of the dykes 
cutting the anorthositic-gabbroic suite (D, Figs 4.7 & 4.8).

The numbers of analysed samples of the different types of 
high-Ca hornblende gneiss (total = 37) are HGNl-9, HGN2-3, HGG-5, 
HGC-6, HGFl-7, HGF2-4, D-3. Attempts were made to make the sampled 
and analysed suites representative, although inevitably it is
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slightly biassed towards minor types {e.g. D within anorthosite),
The proportions of analysed samples indicates that the fractionated 
ferrobasalts are not a minor component of the basalt suite. HGF (HGFl 
+ HGF2) represents about 30% of the analysed suite. This is generally 
consistent with the modelling in which HGFl results from continued 
crystal fractionation of HGC after about 66% crystallisation of HGNl 
has already taken place.

There are no proven kcmatiites in the Selebi-Phikwe gneiss.
The most primitive magma at Selebi-Phikwe appears to have been HGNl 
and there seems to have been no primary magma variation component 
(cf. Pearce & Flower 1977). The differentiated HQSIl body (see Ch. 
4.2.1b) is important because it shows that the range of HGNl 
compositions are not just the cumulus olivine and plagioclase 
enriched-liquids of crystal fractionation in a tholeiite with a high 
Ti (c. 1.5 wt% Ti02) content. Instead, diffentiated HGNl layer 
indicates that the range of HGNl compositions represents the range of 
both evolved liquids and conulus olivine and plagioclase-enriched 
liquids, produced by low^ressure crystal fractionation of olivine, 
plagioclase and clinopyroxene in HQNl basalt with a Ti02 content of 
<1 wt% (c. 0.6-1.0 wt% Ti02). A reasonable estimate for the primary 
Selebi-Phikwe basalt (HGNIP) is 0.8 wt% Ti02, 14.9 wt% A1203 and 8 
wt% MgO (Mg number = 45).

Walker et al. (1979) and Bender et al. (1978) disagree whether 
high-FeTi basalts could result from low-presssure crystal fraction­
ation of a single parent in a magma chamber without replenishment or 
would require replenishment and mixing of magma (possibly of 
different-percentage partial melts from a single source) in an open 
magna chamber. The early crystallisation of clinopyroxene possibly 
indicates that the magma system was relatively closed (Walker et al. 
1979). However Pallister & Gregory (1983) suggested that the nearly 
simultaneous appearance of clinopyroxene and plagioclase on the 
liquidus following olivine is a feature Repeatedly replenished 

systems. The conclusion in Chapter 4.2.Id, 4.2.2 and 4.7.1 that seme 
of the high-Ca hornblende gneiss (HGG) was extrusive, indicates that 
the Selebi-Phikwe magma system was at least open to eruption. It is 
likely, therefore, that some replenishment also took place (see Ch. 
8.6.9).

An important feature of the evolution of the Selebi-Phikwe 
basalts is the increase in the S content and Cu/(Cu+Ni) ratio going 
from HGNl to HGFl (Fig. 4.8, Tables 4.1 & 8.8). The possible
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relevance of this to the formation of the Selebi-Phitewe and Dikoloti-
lentswe Ni-Ch sulphide deposits is discussed in Chapter 8.6.9.

It is concluded that there is a tholeiitic FeTi-enrichment 
series from HGNl to HGFl, via HGG and HGC. It is thought that 
although various types of alteration have modified the high-Ca 
hornblende gneiss chemistry^ alteration would not have produced the 
consistent chemical trends (see Figs 4.7 & 4.8). It is ooncluded that 
that the series from HGNl to HGFl is a genetically related series^ 
controlled by siitple low-pressure fractional crystallisation. The 
evolution of the series frcm HGNl to HGC is thcught to be due to 
crystal fractionation (66% if in a closed-system) controlled by 
plagioclase, clinopyroxene and olivine in the proprtion 7:5:1 (Figs
4.7 & 4.8). (Mg-rich gdiase could also have been orthopyroxene.)

Ibe evolution of BGFl from HGC was controlled by plagioclase 
and lesser clinopyroxene fractionation (in the proportion of 7:4). 
HGFl represents the evolved liquid resulting from about 75% crystal 
fractionation of HGNl (if in a closed system). HGF2 is thought to 
represent evolved HGFl magma^ enriched in cumulus clinopyroxene and 
titancmagnetite. HGN2 is thought to be HGNl and HGG tholeiitic basalt 
enriched in cumulus clinopyroxene and olivine. Ibe nature of the main 
ultramafic cumulate in Unit D (i.e. clinopyroxene plus minor olivine) 
and the prc^rtion of clinopyroxene-rich ultramafic cumulate to 
olivine (+opx.)-rich cumulate in Unit D is consistent with the 
proportion of clinqpyroxene to olivine (5:1) calculated in the 
modelling of the evolution of HGC from HGNl. The olivine (4opK.)-rich 
cumulate is thou^t to have crystallised from primary HOfl^ whereas 
the clinopyroxene-rich cumulate crystallised frati evolved HSNl and 
HGG. The order of crystallisation in HGNl was early olivine (plus 
orthopyroxene ?) follwed by plagioclase ai^ clincpyroxene.
Plagioclase and clinopyroxene dominated the crystallisation.

It is thought that the proposed crystal fractionation took 
place at low pressure and shallow depth (cf. O’Hara 1977; Walker et 
al. 1979). There is no need to resort to hi^ pressure fractionation 
(cf. Bender et al. 1978) or variable degrees of partial melting or 
mantle source heterogeneities (cf. Scheidegger 1973) to explain the 
compositional variation shown by the Selebi-Phikwe high-Ca hornblende 
gneiss. The development of highly evolved ferrobasalts at Selebi- 
Phikwe probably took place in a magma system that was periodically 
replenished.
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4.7.2c The "stratigraphic" evolution of the high-Ca HG suite
The inferred way-up frcm the differentiated HGNl-HGNl and HOI2-

HGFl layers indicates that the sequence of gneisses at Phikwe is the 
right way-up. There is a general increase in the proportion of 
fractionated basalt going up frcm Unit G to Unit A (particularly frcm 
unit G to Unit D, see Table 4.4), although the trend is not clear. 
There are several reasons why a smooth trend would not be expected:
(a) Some of the basalts were intrusive and could have been intruded 
into earlier less-evolved basalts.
(b) The basalts may have been tapped from different portions of a 
fractionating magma chamber (e.g. some may be intercumulus liquid 
from crystal mush areas^ whereas some may represent fractionated 
magma frcm the roof zone, cf. Siroky et al. 1985).
(c) Periodic magma replenishment probably took place in the Selebi- 
Phikwe magma system, with mixing of primary basalt with more evolved 
basalt. For example. Unit B contains less-evolved basalt than Unit D. 
Unit A contains evolved ferrdbasalt. Major replenishment between 
Units D and B is indicated.
(e) More than one magma chamber possibly existed in the Selebi-Phikwe 
magma system.
(f) The sequence in Tables 2.1 and 4.4 is only a pseudostratigraphy.
The possibility of unidentified D1 repetitions remains. The way-up 
evidence from the differentiated layers is also flimsy.
(g) .Although it is thought that the Selebi-Phikwe basalts represent a 
single type of primary basaltic magma (HGNIP) and its low-pressure 
fractionation products, it is also possible that separate tholeiitic 
melts produced by different percentages of mantle melting could have 
formed the high-Ca hornblende gneiss suite.

4.7.3 The Tectonic Setting of the Selebi-Phikwe Basalts
"The ]ii^h43a]horhblende gneiss suite is characterised by marked 

enrichment in Fe and Ti, but with little variation in Si content (cf. 
Miyashiro 1975). Marked Fe-Mg fractionation in tholeiitic suites can 
occur in a variety of crustal environments including island arc and 
continental margin suites, continental rifts, oceanic islands and to 
a lesser extent in oceanic crust at mid-ocean ridges and back-arc 
basins. Marked Ti-enrichment is not however typical of island arc or 
continental margin suites (Miyashiro 1975; Shervais 1982). In terms 
of Ni, Cr and V contents and Ti/Zr and Ti/V ratios the hornblende
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gneiss suite is most like fractionated MORE and quite different to 
continental tholeiites and particularly island arc tholeiites (Pearce 
& C^nn 1973; Pearce 1975; CCndie 1976a; Rogers 1982; Rogers et al. 
1984; Shervais 1982). The majority of the high-Ca hornblende gneiss 
falls in the plate margin fields (Pearce & Cann 1973) on the Ti-Zr-Y 
plot (Fig. 4.6b) and in the MORE field on the Ti-Zr-Sr plot (not 
figured). However it must be borne in mind that Zr and Y cannot be 
regarded as having been completely immobile during alteration and 
metamorphism (see Ch. 4.2.1). The hornblende gneiss suite has higher 
K contents than modern low-R tholeiites (including MORE) (CCndie 
1976a). This is thought to be due to alteration and the high-grade of 
metamorphism that has affected the Selebi-Phikwe rocks. The Selebi- 
Phikwe hornblende gneiss suite appears to lack the minor components 
of alkali basalts that commonly occur in oceanic island and 
continental rifts. HGG has an alkaline character due to its low Si 
content. However this is interpreted as being due to alteration.

Further evidence of the possible tectonic environment of the 
hornblende gneiss suite can be obtained by the lithological 
associations in which it occurs. Hornblende gneiss (HGG) is intimate­
ly associated with diopside gneiss in Unit G. The protoliths of the 
well-banded diopside gneiss were possibly pillow lavas. The chemistry 
of HGG is also comparable to tholeiitic basalt that has undergone 
submarine alteration. Hornblende gneiss is commonly associated 
(particularly in Units A and E) with QRIB and ARID of the inter- 
mediate biotite gneiss suite and FROG. The compositions of QRIE, ARIE 
and FRGG (and 9CGG within grey gneiss) are characterised by relative­
ly high Mg (or Fe in the case of FRGG). Their range of compositions 
are similar to the range in compositions of oceanic volcaniclastic/ 
hydrothermal exhalative sediments (cf. Desprairies 1982). Other 
intermediate biotite gneisses, QPIB and GRHG, are thought to 
represent less altered tholeiitic volcaniclastics and in situ altered 
basalt. Hornblende gneiss is also associated with thin quartzites in 
units A and E. The quartzites are interpreted as having been cherts 
and silicified aluminous sediments with a minor localised exhalative 
hydrothermal component. In contrast to the Messina area, there are no 
thick orthoquartzites or carbonates in the Selebi-Phikwe area. The 
above evidence indicates that some of the hornblende gneiss at Selebi 
-Phikwe was extrusive in a submarine (oceanic ?) environment.

It is tentatively concluded from the geochemistry and 
lithological associations that the hornblende gneiss suite has most
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in oommon with fractionated oceanic basalts from a mid-ocean ridge or 
back-arc basin. The primary Selebi-Phikwe basalt (HGNIP) has 
similarities to primary MORE resulting from a high degree (25%) of
mantle imelting (cf. Sun et al. 1979), although the Mg content and Mg 
number of HGNIP is lower and the Fe content higher. This is possibly 
due to a general weak depletion of Mg in the high-Ca hornblende 
gneiss due to alteration, or a magmatic feature. These differences 
are in agreement with the observations of Gill (1979) and Condie 
(1981) that Archaean tholeiites typically have higher Fe contents and 
are more fractionated than MDRB. Therefore caution should be applied 
when comparing the possible tectonic environments of formation of 
Archaean magmas with those of modem magmas. Gill and Bridgewater 
(1976), Gill (1979) and others have questioned the use of chemical 
parallels with modern volcanic suites to identify Archaean crustal 
environments, since modern magma chemistry reflects the attributes of 
the mantle source region, as much as crustal type. The problem of 
possible alteration of highly metamorphosed rocks exacerbates this 
situation.

Such fractionated tholeiitic suites as occur at Selebi-Phikwe 
(with the formation of Ti-rich ferrobasalt - HGFl) are not common in 
typical modern mid-ocean ridge basalts in the Atlantic, but do occur 
in fracture zones off the main spreading centre in the Atlantic 
(Shibata et al. 1979). They are more common in the Indian Ocean 
(Bryan & Moore 1976) and the East Pacific; for example the fraction­
ated MORB suites of the East Pacific Rise (Kay et al. 1970; 
Scheidegger 1973; Clague & Bunch 1976); the Juan de FUca Ridge 
(Clague & Bunch 1976; Vogt & Byerly 1976; Delaney^l98i); the 
Galapagos Spreading Centre (Anderson et al. 1975; Byerly et al.
1976); and the Galapagos Rise (Rhodes et al. 1976). High-FeTi basalts 
(along with alkali basalts) also occur in aseismic ridges (e.g. the 
Cocos and Carnegie Ridges, Hekinian 1982) and isolated oceanic 
islands and seamounts. The aseismic ridges and isolated oceanic 
islands are possibly "hot spots" generated by mantle plumes 
(Miyashiro 1975; Hekinian 1982).

A range of basalts from primitive basalts to highly evolved 
ferrobasalts also occurs in some ophiolitic complexes, including the 
Bay of Islands Complex in Newfoundland (Siroky et al. 1985), the 
Sariamento Complex in Chile (Saunders et al. 1979; Stern 1979) and 
the ophiolites of the Western Mediterranean, e.g. of the Northern 
Appenines (Ferrara et al. 1976) and Corsica (Beccaluva et al. 1977).
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Serri (1980) has classified these ophiolites as high-Ti cphiolites, 
as cotpared to the low-Ti Troodos and Vburinos ophiolites (see also 
Sun & Nesbitt 1978).

The formation of highly fractionatated Ti-rich tholeiites in 
the East Pacific has commonly been regarded as being due to fast 
spreading rates (Nisbett & Pearce 1973) and the formation of 
relatively closed-system^ unreplenishedU rarely tapped magma chambers 
distal from the ridge axis (Clague & Bunch 1976; Delaney^l981; Hey &
Sinton 1979), vhereas the less fractionated basalts of the Atlantic 
have been attributed to long-lived magma chambers
undergoing repeated periodic replenishment (O'Hara 1977; Bryan et al. 
1979; Walker et. al. 1979). Conversely however Flower (1977,1981), 
Pearce & Flower (1977) and Cann (1982) have suggested that slow- 
spreading ridges would be underlain by small, often semi-permanent 
magma chambers, whereas fast-spreading ridges would have a large 
permanent magma chamber.

A situation scmevdiat analogous to that in the Juan de Fuca 
Ridge of the East Pacific is envisaged in which maximum fractionation 
occurs in intermediate magma chambers of intermediate duration with 
periodic magma mixing. These magma chambers coexist with small short­
lived magma chambers and long-term steady-state magma chambers with 
continual replenishment coexist (cf. Delaney 1981).

Little geochemistry has been done of hornblende gneiss from 
elsewhere in the Limpopo Belt. The hornblende gneiss of the Messina 
area is chemically similar to HGNl, HGG and HGC and has been 
interpreted as basalts of intrusive and/or extrusive origin (Fripp 
1983). Fripp has tentatively suggested that some of the hornblende 
gneiss, particularly that associated with quartzites, may be oceanic 
spreading-centre basalts (mid-ocean ridge or back-arc basin). He 
concluded that bands of slightly Fe-enriched basalt within pelitic 
gneiss were dykes, although no cross-cutting relationships were 
found. HGFl-type ferrobasalts have not been found in the Messina 
area. It remains to be seen whether ferrobasalts are a feature of the 
Selebi-Phikwe area alone.

4.7.4 Partial Melting
The maximum pressure and temperature conditions during Mia of 

10 kbar and BOO^C suggest that partial melts may have formed in the
Selebi-Phikwe gneisses (Winkler 1979). Within the Selebi-Phikwe 
region, areas of migmatitic gneiss (see Ch.2.2 & 2.3.2) suggest that
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partial melting was locally significant. At Selebi-Phikwe minor 
coarse leucocratic bands occur in the grey gneiss and intermediate 
biotite gneiss and are interpreted as partial melts. A biotite-rich 
band with corundum, cordierite and sillimanite possibly represents a 
residue from partial melting (cf. Green 1976). However thick sections 
of banded variable grey gneiss occur without leucocratic granitic or 
tonalitic segregations, it is proposed (see Ch. 3.12) that the grey 
gneisses at Selebi-Phikwe have not been significantly affected by 
partial melting and that they are essentially palaeosomes (Winkler 
1979).

The amount of partial melting produced in melting experiments 
is suppressed by a lack of sufficient water (Winkler 1979). Also if a
situation of inadequate amounts of water exists then the amount of 
partial melt produced is decreased by an increase in pressure. The 
temperature of the beginning of anatexis is increased by a higher An 
content of plagioclase in a gneiss and the amount of partial melting 
produced at any P and T is decreased by a lower alkali feldspar 
content (Winkler 1979). Loss on ignition analysis (LOI <0.7 wt%) of 
the grey gneiss suite suggests that the water content of the grey 
gneiss is low. ^Although rocks of the composition of grey gneiss 
(Ab/An 1.5) with 2% water would start to melt at about 700° C, 
temperatures in excess of 1000° C at lOkbar would be required for 
carplete melting.

It is concluded that although seme partial melting of grey 
gneiss and intermediate biotite gneiss precursors took place and 
locally produced significant migmatites, the amount of partial 
melting of grey and intermediate gneiss at Selebi-Phikwe was 
typically low, because of lack of sufficient water. Weakly deformed 
granite gneiss bands do occur in the grey gneiss. These are regarded 
as intrusive granites related to the porphyroblastic granite gneiss 
intruded between D1 and D2 and during D2 rather than in situ partial 
melts. These granites were possibly produced by anatexis of Selebi- 
Phikwe-type gneiss at greater depth during relatively isothermal 
decortpression (Figs 3.3 & 3.4).

The mafic hornblende-bearing gneiss is typically devoid of 
leucocratic segregations and it can be concluded that partial melts 
have not formed in them. The exception is the hornblende gneiss in 
Unit B, ^^ch is associated with gametiferous quartz-feldspar 
granulite. The origin of GQFG is a problem. Partial melting of high- 
Ca hornblende gneiss is a possibility. Helz (1973, 1976) found that
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melting of tholeiite at PH20=5 kbar produced liquids of tonalite to
tzondhiemite composition. CGHG bands (coarse garnet plus hornblende^
cordierite, biotite and pyrrhotite) in the hornblende gneiss of Unit 
B could therefore be residues of partial melting^ rather than 
representing hydrothermally altered basalt. It is possible that the 
presence of water was the controlling factor in the production of 
partial melts in Unit B. Ringwood (1977) has stressed the importance 
of water in generating more siliceous magmas from mafic rocks. The 
corundum-sapphirine-spinel aggregates in the Dikolti feldspathic 
amphibolite (see Chs 3.9 and 8.6.2) are also possible residues of 
partial melting (cf. Cartwright & Bamicoat 1986) .

4.7.5 Summary of Conclusions
Conclusions as to the original nature of the Selebi-Phikwe 

gneisses have been made, based mainly on geochemistry (geochemical 
comparisons with known rock types), lithological associations, gross 
morphological features (e.g. banding) and minor textural evidence.
The conclusions should all be viewed with caution. Geochemical 
ccrparisons can not provide unequivocal answers. Original field 
relations have been obliterated and original textures
are absent. Given these caveats, the conclusions are made with a 
variety of degrees of confidence. Perhaps the most speculative 
conclusion is that the grey gneiss suite represents a relatively 
little altered, andesitic to rhyodacitic volcanic-sedimentary suite.

The ]main types of hornblende gneiss (HGNl, HGG, HGC & HGFl) 
are concluded to have been tholeiitic basalt and Ti-rich ferrobasalt. 
The basalts have suffered varying degess of alteration, some of which 
can be attributed to submarine alteration and seme to regional 
metamorphism. The basalts now represented by high-Ca hornblende 
gneiss are thought, based on lithological associations and type of 
alteration and alteration products, to have been both submarine 
extrusives and high-level intrusives (dykes and sills). HGN2 and HGP2 
were cumulus-enriched basalts. HGN2 formed by accumulation of clino- 
pyroxene and olivine in HGNl and HGG. HGF2 formed by accumulation of 
titanomagnetite and clinopyroxene in HGFl. The range of chemical 
compositions of the suite of tholeiitic basalt, ferrobasalt and 
cumulus-enriched basalt is satisfactorarily explained by low-pressure 
crystal fractionation dominated by plagioclase and clinopyroxene. The 
order of crystallisation was olivine, (orthopyroxene), plagioclase.
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clinopyroxene, titanaraagnetite. The early crystallisation of clino- 
pyroxene suugests that the Sel^i-Phlkwe magma system was a relative- 
ly closed system. The evolution of HGC frcm HGNIP was controlled by 
fractionation of plagioclase^ clinopyroxene and olivine in the prop- 
ortions 7:5:1 and required about 66% crystallisation. The evolution 
of HGFl frcm HGC was controlled by fractionation of plagioclase and 
clinopyroxene in the proportion of 7:4 and required a further 25% 
crystalliation of HGC (75% total crystallisation of HGNl). The 
differentiated basalt layers (sills or flows) indicate that the 
Phikwe sequence is the right way-up. There is a general increase in 
the evolved nature of the basalt frcm Unit G at the base to Unit A at 
the top of the Phikwe sequence.

The typical grey gneiss suite represents a little-altered 
calc-alkaline suite^ dcminated by rocks of andesite and rhyodacitic 
coitposition. Due to their high variability (e.g, their banding and 
local concentration of garnet, sillimanite, cordierite, magnetite and 
corundum), the typical grey gneiss suite is thought to represent a 
volcanosedimentary suite of calc-alkaline affinity, rather than a 
tonalitic intrusive suite. The grey gneiss could be volcanics, 
volcaniclastic sediments, or a mixture of both. The calc-alkaline 
grey gneiss is thought to be unrelated to the tholeiitic hornblende 
gneiss suite.

The intermediate biotite gneiss plus the low-Ca hornblende 
gneiss, the siliceous cordierite-rich grey gneiss and magnetite-rich 
grey gneiss are thought to represent a variety of lithologies derived 
frcm the alteration of tholeiitic basalt. They possibly span a range 
frcm in situ alteration to volcaniclastic and politic sediments. Mg- 
clays (Fe-rich clays in the case of FRGG) are thought to have been an 
important component. Seme possibly contain a minor grey gneiss 
volcaniclastic component.

The diopside-bearing gneiss of Unit G is regarded as having 
been derived form altered tholeiitic basalts (HQ3). The chemistry of 
the massive diopside gneiss suggests epidotisation and a possible 
carbonate component. The massive diqpside gneiss bands are regarded 
as thick hyalotuffs or highly epitodised in situ basalt. The banded 
and mineralogically diopside-homblende gneiss is regarded as 
deformed pillow basalts.

The ultramafic rocks of Unit D are mainly clinopyroxiene- 
olivine cumulates (derived frcm evolved HGNl and HGG) and lesser
olivine (and orthopyroxene ?) cumulates (derived frcm primary HaJl).
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The anorthositeMmetagahbro suite represents plagioclase- 
clinopyroxene cumulates. They are thought to be the cumulus products 
of the crystal fractionation that formed the high-Ti ferrobasalts of 
the high-Ca hornblende gneiss suite. The conclusion that the Selebi- 
Phikwe hi^-Ca hornblende gneiss suite represents extrusive and high- 
level intrusive basalts contrasts with the conclusions of Mason 
(1973) f Key (1977) and Wiight (1977). They concluded that the 
hornblende gneisses of the Central Zone in Botswana are mafic 
portions of layered anorthositic complexes^ rather than mafic 
extrusives. Key (1977) states that basaltic amphibolites grade into 
anorthosite and therefore represent layered intrusions. He also 
stated that there is no evidence of pillows or other features to 
suggest extrusives. In this thesis it has been shown that the high-Ca 
homblende-plagioclase gneiss represents a suite of fractionated 
extrusive tholeiitic basalt and their high-level intrusive 
equivalents. The superficially similar, but chemically distinct, 
metagabbros of the anorthositeMmetagabbro suite are part of a layered 
cumulus plagioclase-clinopyroxene body, which is comagmatic with the 
evolved basalts (HGC & HGFl).

The hornblende-bearing calc-silicate gneiss are thought to be
metasedimentary, possibly as siliceous or silicified calcareous 
argillite. It has been speculated that they may have had an 
evaporitic component.

The origin of the garnetiferous quartz-felspar granulite is 
equivocal. Diverse protoliths, including clastic sediment, volcanic
quartz-keratophyre and partial melt of tholeiite, are possibly 
represented by GQFG.

The albite^sillimanite quartzites are thought to represent
silicified aluminous sediments, which locally had a minor exhalative 
hydrothermal component. The protolith of the finely laminated 
magnetite quartzite is thought to be a chemically precipitated silica 
-iron oxide sediment.

The weakly deformed porphroblastic granite gneiss suite is
regarded as intrusive granites, intruded between D1 and D2 and during
D2. Only limited partial melting of the Selebi-Phikwe gneiss is
thought to have taken place.

The suggestion of Gallon (1986) that the granitic gneiss, 
anorthositic gneiss and hornblende gneiss are all metamorphosed
sediments is untenable.
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It is suggested that the suite of tholeiitic basalt, including 
the ferrobasalt and cumulus-enriched basalt, the ultramafic rocks in 
the gneiss sequence and the anorthosite-metagabbro suite were all 
oamagmatic and formed by low-pressure crystal fractionation of 
tholeiiitc magma. The primary magma at Selebi-Phikwe was chemically 
similar to MORB. The Selebi-Phikwe magma system is tentatively 
regarded as an open system with periodic magma replenishment. The 
role that the fractionating tholeiitic magma may have played in the 
formation of Ni-Cu sulphide deposits at Selebi-Phikwe is discussed in 
Chapters 7.4.6 and 8.6.9.

A speculative synthesis of the original tectonic environment 
of Selebi-Phikwe indicated by the proposed protoliths for the Selebi- 
Phikwe gneisses is made in Chapter 9.
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CEIAPTER FIVE THE SEIEBI-PHIKME NI-CU ORE BODIES

Each of the Phlkwe, Selebi North and Selebi Ni-Cu sulphide ore 
bodies is associated with an amphibolite layer vhich occurs within
grey gneiss and lesser hornblende gneiss of Unit E of the Selebi- 
Phikwe sequence (Plate 1 & Fig. 2.1). The ore reserves in 1971 (Gordon 
1973) and 1981 (Murray 1981) are shown in Table 5.1.

Million tonnes Grade (1971) Cu/ (Cu-H
1971 1981 %Ni %Cu

Phikwe 31.1 36.8 1.36 1.12 0.45
Selebi 12.6 16.9 0.74 1.50 0.67
Selebi North 1.9 1.9 0.86 0.97 0.53

Table 5.1 Selebi--HrLk^ Ore Reserves

This chapter deals with the form and structure of the ore
bodies and the petrology of their host rocks. Chapter 6 deals with the 
sulphides, their mineralogy, their relationship to the host rocks and 
their tectono-metamorphic history. Chapter 7 discusses the geochemist- 
ry and origin of the mineralised host rocks.

5.1 THE MORPHOLOGY AND STRUCTURE OF THE SELEBI-PHIRME ORE BODIES
The main aim of this thesis is not to unravel the complex 

deformation suffered by the Selebi-Phikwe ore bodies. However some 
assessment of the deformation and its effects, particularly those on 
the relationships between the host rocks and their sulphides, is 
necessary before conclusions about the origin of the ore bodies can be 
made.

The sulphide occurrences have been subdivided into either 
massive, disseminated or occasionally stringer sulphides. The main 
distinction is between massive and disseminated sulphide. Massive 
sulphide bodies consist dominantly (usually >70%) of sulphide with the 
remainder being small silicate inclusions. Disseminated sulphides 
consist of typically finely disseminated sulphide (usually < 30%) 
within host rock. Problems arose particularly when logging core if the 
massive sulphide contained more silicate inclusions than sulphide 
(massive inclusion sulphide) or if the disseminated sulphides in the
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host amphibolite occurred as abundant coarse segregations^ typical in 
garnet amphibolite. The textures of the sulphides and the sharp 
margins of the massive inclusion sulphide bodies enabled the 
distinction into massive or disseminated sulphide to be made. Stringer 
sulphides are thin (< 10 cm) veins which typically crosscut the 
foliation in the host amphibolite.

5.1.1 Phikwe
Phikwe has the most extensive underground development of the 

three ore bodies and apparently the simplest structure. Its form and 
structure are discussed in detail. The host amphibolite is a conform­
able layer within grey gneiss (Fig. 5.1a). It is usually less than 25 
metres thick, averaging 11 metres (Fig. 5.1c) (Gordon 1973). The 
Phikwe ore body consists of disseminated sulphides within the host 
amphibolite and massive sulphide layers. The main massive sulphide 
layer either occurs within the host amphibolite in the northwest or 
within grey gneiss without any associated amphibolite in the south­
east. The Phikwe ore body can be subdivided laterally into 6 zones 
(Figs 5.1b & 5.2) based on host amphibolite thickness and sulphide 
mode of occurrence. This subdivision was made from underground 
observations by the author between the 210 and 330 metre mine levels, 
where mining in progress provided the freshest sections. The zones 
from northwest to southeast are:

Zone A - host amphibolite with only weak sulphide disseminations.
Zone B - thin host amphibolite with disseminated sulphides and two or
more thin massive sulphide bands.
Zone C - thick host amphibolite with abundant disseminated sulphides 
and one main massive sulphide layer near the top of the amphibolite. 
Zone D - a thick massive sulphide layer (locally up to 12 m thick) 
above thin host amphibolite with only weak sulphide disseminations. 
Zone E - a thiok massive sulphide layer in locally cataclastic grey 
gneiss without any associated host amphibolite.
Zone F - very weakly disseminated sulphides (mainly pyrite) in highly 
cataclastic grey gneiss.

More rapid changes in amphibolite thickness are superimposed 
on the above zonation. These more abrupt ohanges are mainly due to D2 
folding and shearing. Observations of the Phikwe ore body below the 
330 m level were limited to diamond drill cores. The lateral variation
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from thick mineralised host airphibolite of Zone C to very weakly
mineralised cataclastic gneiss of Zone F appears to be partly mirrored 
going down dip from the 330 m level. In the deepest exploratory holes 
at Phikwe (e.g. PW 214) only a thin inclusion-rich massive sulphide, 
weakly mineralised cataclastic grey gneiss or very thin amphibolite 
are found (Fig. 5.1c).

The structure of the ore body appears to be controlled by D2 
folding and shearing. The layer of mineralised amphibolite has the 
form of an open late-D2 antiform which dies out down plunge (Fig.

O
5.1b). Dips are gentle (10-30 )on the southeast limb and steeper on 
the northwest limb (25-60° and locally vertical). The top of the ore 
body is relatively planar and usually only folded by open late-D2 
folds. There are few early-D2 folds in the immediate hanging wall 
grey gneisses. The base of the host amphibolite and the immediate 
footwall grey gneiss are highly folded by early-D2 folds which gently 
plunge to the northwest (Plates 15a & f & 28f & g). Locally early and 
late-D2 folds interfere to form domes in the immediate footwall gneiss 
and at the base of the host amphibolite. The early-D2 structures are 
particularly prominent in the open pit where the axial planes of 
early-D2 folds in the footwall grey gneiss are curved and become 
overturned towards the host amphibolite (Plate 26a,b & c & Figs 5.3a & 
b). A small difference in the angle of dip between the ore body and 
the hanging wall gneiss, vhich dips at a shallower angle, can also be 
seen in the open pit. The Phikwe ore body appears to lie on the limb 
of a major early-D2 antiform to the northeast (Fig. 5.1a) and not on 
the overturned limb of a recumbent synform as suggested by Wakefield 
(1974,1976).

Dl folds are uncommon in the hanging wall and footwall grey 
gneiss and have not been definitely recognised within the host amphib­
olite. Dl lineations and rare Dl minor folds in the grey gneiss at 
Phikwe plunge at approximately 20^ to the southwest (Figs 5.3a). In 
Zone B more than one thin massive sulphide band is present within 
relatively thin host amphibolite and the development of a footwall 
massive sulphide near the base of the host amphibolite is particularly 
notable. Initially these thin massive sulphide bands were thought by 
the author to be due to splitting of the thicker main massive sulphide 
layer of Zone C. Mining below the open pit however has shown that 
locally within Zone B the usually flat, unfolded contact of host 
amphibolite and hanging wall grey gneiss is highly folded and the 
foliation in the amphibolite is locally vertical (Plate 28a & b). At
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least some of the development of thin massive sulphide near the base 
of the host amphibolite is therefore considered to be due to 
repetition of the main massive sulphide layer by recumbent isoclinal 
folding within the host amphibolite (Fig. 5.3c). The age of the 
folding within the host amphibolite in Zone B is problematic. The 
folds appear to be the extreme development of the early-D2 folds seen 
in the open pit above, rather than Dl folds. No other major folds or 
repetitions were seen within the other zones of the Phikwe ore body. 
However, the possibility of isoclinal folding within the host amphib­
olite has implications for the interpretation of the vertical mineral- 
ogical and geochemical variations in the host amphibolite (Chs 5.2.1 
and 7.4.4). The localised development of the isoclinal folds within 
the host ampibolite in Zone B is possibly due to pre-D2 thinning of 
the amphibolite oombined with a high proportion of massive sulphide to 
amphibolite.

The Phikwe ore body has repeatedly acted as a zone of shearing 
and at least three superimposed phases of shearing have affected it 
(Ch. 3.11). The Mlm mylonite assemblage is thought to represent 
recrystallised Dl mylonite. The M2a and M2b assemblages are correlated 
with early-D2 and late-D2 folding and shearing respectively. The most 
important shearing appears to have been assoc^iated with early-D2 
folding, during which the ore body acted as a zone of decollement. The 
late'D2 shears are thin zones located exactly at the ore body horizon. 
Their effect on the ore body is not as great as the early-D2 shears 
and they appear to be most conspicuous in the grey gneiss where the 
ore body was already absent due to previous deformation.

The orientation of the zonation of the ore body, particularly 
the zone of thickest amphibolite (Zone C) and the cataclastic margin 
of the ore body at the transition between Zones E and F, trends to the 
southwest and is approximately parallel to the Dl lineations and to 
the late-D2 folds. Late D2 folding produces very open folds and late­
en shearing is responsible for only localised iminor dhanges in 
thickness of the ore body. Therefore it is thought that the zonation 
is unrelated to late D2. The zonation could be related to Dl. For 
example, the zone of thick amphibolite could be a Dl boudin. The main 
alternative is that the thick amphibolite zone and the orientation of 
the margins of the ore body are original predeformaticn features.

5.1.2 Selebi
Early drilling at Selebi revealed the presence of two mineral-
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ised amphibolite layers separated by about 12 m of grey gneiss^ which 
dip to the west at 35° (Fig. 5.4a) . The mineralisation consists of 
abundant disseminated sulphides and highly variable and irregular 
massive sulphides within host amphibolite. Thick tabular massive
sulphide is not developed at Selebi, unlike Phikwe. The most westerly 
exploration holes at Selebi seeking deep mineralisation failed to 
intersect any host amphibolite and the structure was tentatively 
interpreted as a tight early synform plunging to the north (Gordon 
1973). Interpretation was complicated by the presence of three amphib- 
olite layers in some holes.

Underground development has revealed the presence of three 
mineralised amphibolites, a Lower body and an Upper body that was 
split into an Upper A and an Upper B body (Figs 5.4 & 5.5). The 
splitting of the Upper body eventually dies out to the north. Before 
1980 the splitting of the Upper body was speculatively regarded as the 
result of folding or shearing, or as an original intrusive feature 
(Gallon, pers. comm. 1980; Gallon 1986). Brown (1980, 1981b) found 
evidence that the repetition of the Upper body was due to Dl isoclinal 
folding (Plate 14b). The lack of intersections in the most west^erly 
drill holes suggest the Upper and Lower bodies join in a tight DlO
isoclinal synform plunging to the north at 20 (Fig. 5.4). The contacts 
of the host amphibolite with the surrounding grey gneiss are conform­
able but typically sheared, with the development of abundant mica 
locally in the host amphibolite and coarse cataclastic textures in the
grey gneiss (Plate 29a). However the early D2 (M2a) shearing that is
protiinent at Phikwe is much less conspicuous at Selebi.

The average amphibolite thickness is about 13 m at Selebi
(Gbrdon 1973). The Upper amphibolite is thicker than the Lower amphib-
olite but its thickness is highly variable, froti 1 to 27 m. The Lower
amphibolite is thin (always less than 10 im), lenticular and locally 
absent. It is however the more persistent horizon. There is marked 
thickening in the synformal closure of the Upper and Lower bodies. The 
upper limit of the Upper body plunges to the north para;\llel to the Dl
axis (Fig. 5.4a). The pinching and swelling (Figs 5.4b & 5.5) of the 
ore body is thought to be mainly due to Dl boudinage, rather than 
being either an original feature or a result of D2 folding. D2 
folding (mainly late-D2) has produced only small flexures of the ore
body (Plates 15b & c & 29a & b). Locally D2 deformation has caused 
massive sulphide to invade the grey gneiss, cutting across their 
foliation (Plate 29f & g).
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The origin of the structure of the Selebi ore body is
obviously complex and is poorly understood (see Chs 5.2.2 & 7.4.4 & 
Fig. 7.15 for tentative way-up information obtained from the 
mineralogical and geochemical variations in the Upper B and Lower 
bodies). The geometry of the body suggests a control by thrusting and 
shearing (Wright, pers. comm. 1986).

5.1.3 Selebi North
The Selebi North ore body was only examined in diamond drill 

core. Only limited underground development has taken place. The ore 
body consists of disseminated sulphides and thin massive sulphides in 
a host amphibolite that has been folded into a moderately tight, over­
turned Dl antiform. The host amphibolite is conformable with the 
surrounding grey gneiss. The antiform at the surface plunges towards 
the south-southwest at 50^ (Fig. 5.6). At depth the antiform becomes 
tighter and the axial plane dips less steeply to the south. There is a 
persistent minor fold on the north limb, which is either a synchronous 
drag fold of the main antiform, or an earlier Dl closure that has been 
refolded by the main Selebi North closure (later Dl). There is imarked 
thickening of the host amphibolite and more abundant sulphide in the 
main antiform core. As at Selebi, there has been much less early-D2 
shearing than at Phikwe.

The main antiform is refolded by an open late-D2 synform (Fig. 
5.6a). The northern overturned limb can not be traced further than 
this late-D2 closure. The southern limb is more persistent and can be 
traced toward Selebi. A deep well between Selebi and the southern limb 
at Selebi North intersected thick (>50 im) highly sheared cataclastic 
grey gneiss but no host amphibolite. It is impossible to tell whether 
a once continuous amphibolite body between Selebi and Selebi North has 
been stretched and pulled apart, or whether the Selebi and Selebi 
Nbrth bodies have always been completely separate. It is possible that 
the closure at Selebi North is the same closure as the Dl synform at 
Selebi (Figs 2.4d & 5.4d). Both Selebi and Selebi North main closures 
appear to plunge towards the centre of the Selebi structural basin and 
towards each other. Ideas about the relationship of the structures at 
Selebi and Selebi North are speculative (see Ch. 7.4.4 for structure 
derived from the geochemical way-up) .

5.1.4 Structural Relationship of Phikwe, Selebi North and Selebi
It is impossible to prove that the host amphibolites of each
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ore body are at exactly the same "stratigraphic position". This is 
due to the lack of a detailed "stratigraphy" that can be applied 
throughout the Selebi-Phikwe area and because one of the main mappable
units is one or more layers of anorthosite^ which were possibly thrust 
into the sequence after the earliest deformation event (Fig. 2.3). It 
is likely however that the host amphibolite of each ore body is at the 
same approximate "stratigraphic" position within the gneiss sequence.

The Selebif Selebi North and Phikwe ore bodies are aligned in 
a southwest direction (Plate 1 & Fig.2.1). If this is more than 
ooincid-enoe, the alignment is probably a D1 feature and an early fold 
closure might be expected at Phikwe. There is as yet no sign of this. 
Phikwe may lie on a sheared limb of an attenuated early structure 
(Fig. 2.3). It is easier to think of the alignment of the ore bodies 
as being a Dl feature if the main closures at Selebi and Selebi North 
are the same major Dl nappe refolded during D2 rather than if they are 
two separate minor Dl closures.

Gallon (1986) thought that all three ore bodies were linked at 
depth. The lack however of host amphibolite in deep exploration holes 
between Selebi and Selebi North and the paucity of deep holes between 
Phikwe and Selebi North imean that it is impossible to conclude whether 
the three ore bodies were originally oonnected or were separate. The 
high strain suffered by the Selebi-Phikwe gneisses means that the 
original shape of the host bodies is difficult to determine. It is 
feasible that they were originally stock-like bodies that have been 
oompletely flattened. The host rocks to the Empress Ni-Cu deposit in 
Zi^b^bwe for example are a subvertical wedge-shaped plug of gabbroic 
amphibolite with a core of peridotite and pyroxenite (Mandery unpub. 
report 1982). The present form of the Selebi-Phikwe host rocks as 
discrete layers within unrelated grey gneisses suggests that they were 
originally sill-like bodies (or part of one sill). This remains the 
most plausible assumption.

5.2 THE PETROLOGY OF THE SELEBI-FHIKWE HOST AMPHIBOLITES

5.2.1 The Phikwe Host Amphibolite
The Phikwe host amphibolite is a variable horhblende-feldspar- 

gedrite-mica amphibolite with disseminated sulphides. Lateral 
variations in the amphibolite thickness and mineralogy are shown in 
Figures 5.1c and 5.2. Sections through the host amphibolite that have 
been studied geochemically are shown in Figures 7.1 - 7.4.
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5.2.1a Large-scale variations in the Phikwe host amphibolite
A generalised section through the host amphibolite of Zone C, 

the thickest and most variable part of the host amphibolite is shown 
in Figure 5.2. At the top of this section above the massive sulphide 
layer there is a variable thickness of weakly mineralised hornblende- 
feldspar amphibolite. The contact with the grey gneiss is sharp. A 
thin band of quartz-feldspar-garnet granulite (Mlm assemblage) is 
locally developed at the base of the massive sulphide. This is interp- 
reted as a recrystallised Dl mylonite. Below the massive sulphide 
there is a coarse gametiferous hornblende-rich amphibolite associated 
with abundant coarsely disseminated sulphide. The base of the garnet 
amphibolite is rapidly gradational into a massive hornblende-gedrite- 
mica amphibolite and coincides with an abrupt decrease in the amount 
of dissseminated sulphide. Further below, the hornblende-gedrite 
amphibolite gradually becomes more feldspathic, micaceous and foliated 
and takes on a sheared appearance. The basal contact of the host 
amphibolite is usually sharp against strongly banded grey gneisses 
with abundant quartz-rich segregations (Plate 28g). Locally this 
contact appears gradational, particularly if the grey gneiss is 
hornblende-bearing and relatively mafic. Locally at the base of the 
host amphibolite there is a highly micaceous sheared amphibolite. Rare 

of ultramafic rock with disseminated sulphide occurs in the 
thicker sections of mineralised host amphibolite, typically near the 
centre of the amphibolite layer within the hornblende-rich zone. The 
host amphibolite rapidly grades over a distance of approximately two 
cm into ultramafic rocks, which consist of amphibole pyroxenite with 
minor patches and bands of serpentinised peridotite.

Along strike to the northwest in Zone B the host amphibolite 
thins. The massive sulphide layer also thins and two or more thin 
irregular massive sulphides are locally developed (Fig. 5.2). The 
garnetiferous amphibolite decreases in thickness and disappears going 
from Zone C to Zone B. The centre of the host amphibolite is horn­
blende-rich with minor gedrite, mica and garnet and little feldspar. 
The upper and lower zones of the amphibolite gradually increase in 
feldspar and mica content towards the margins and become more 
foliated.

Further to the northwest in Zone A the host amphibolite 
thickens again before eventually thinning in the extreme northwest. 
The host amphibolite becomes less variable and consists of ^weakly 
foliated, relatively homogeneous hornblende-feldspar-mica amphibolite
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Twith only minor sulphide disseminations. The main variation within 
this amphibolite is the development of porphyroblastic (plagloclase) 
amphibolite and minor hornblende-feldspar gneiss at its margins (Fig.
7.4).

Southeast of Zone C the mineralised amphibolite becomes thinner 
along strike. The gametiferous amphibolite zone with its associated
abundant dissaminated sulphides rapidly thins and disappears. The main 
massive sulphide layer (up to 10 m thick) directly overlies weakly 
mineralised horhblende-gedrite amphibolite with more feldspathic and 
foliated amphibolite below (Zone D, Fig. 5.2). Where the host amphib­
olite is thin massive sulphide overlies basal feldspathic amphibolite 
only. The thin amphibolite above the massive sulphide is not present 
in Zone D and the massive sulphide is in contact with highly cata- 
clastic grey gneiss (Plate 34e). The lack of disseminated ore in Zone 
D is probably a oambination of original disseminated sulphide distrib­
ution in the host body and the effects of shearing. Some host amphib­
olite has possibly been sheared out and disseminated sulphides have 
possibly been mobilised into the massive sulphide layer (see Ch. 6.4). 
Further to the southeast the massive sulphide layer occurs within 
cataclastic grey gneiss^ without any associated host amphibolite (Zone 
E, Fig. 5.2).

5.2.1b Detailed mineralogy of the Phikwe host amphibolite of Zone C
The mineralised amphibolite of Zone C has a much more 

variable mineralogy than that of Zone A (Figs 5.2, 7.1 & 7.2). The 
hornblende-feldspar amphibolite above the massive sulphide is similar 
to the homogeneous amphibolite of Zone A. It typically contains 
abundant labradorite (50%), rare disseminated sulphide and no biotite 
and has a decussate granoblastic texture. Ihe labradorite is usually 
zoned ^with slightly more-calcic cores. The contact with the massive 
sulphide layer is sharp and locally marked by a thin vein of quartz 
and chlorite (Plate 34c).

The garnet amphibolite zone below the massive sulphide 
contains garnet, hornblende, minor gedrite, rare biotite and abundant 
dissam-inabed sulphide. The bright red garnets occur as single 
porphyroblasts or aggregates up to three cm across. They comprise 10- 
15% of the garnetiferous amphibolite and are evenly distributed 
throughout it. Similar probed garnets from Selebi North are 
almandines (Table 5.2 & p.A.6). The almandines are poikildblastic and 
contain abundant inclusions of hornblende and minor biotite (Plate
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32e). Locally the hornblende inclusions have rims of quartz. Sulphides 
rarely occur in the almandines but are abundantly disseminated both 
within the surrounding amphiboles and at their grain boundaries.
Gedrite has not been observed in contact with the almandines. Plagio- 
clase is absent from the garnetiferous zone. Garnet amphibolite occurs 
as inclusions within the massive sulphide layer and some contain in 
excess of 50% garnet. In one highly garnetiferous inclusion from Zone 
E hornblende porphyroblasts occur in a matrix of fine granular garnet 
(Plate 32g). The majority of the amphibolite inclusions within the 
massive sulphide however are garnet-free. The formation of garnet­
bearing amphibolite at Phikwe appears to be intimately related to the 
occurrence of disseminated ore. The geochemistry and origin of the 
gametiferous amphibolite are discussed in Chapter 7.2 and 7.4.2.

The mafic amphibolite below the gametiferous amphibolite 
consists of hornblende, gedrite and phlogopite with lesser amounts of 
disseminated sulphide. The hornblende is ferroan pargasitic hornblende 
in oomposition (Table 5.2, Fig. 3.1). Gedrite occurs as both a coarse 

and a fine-grained matrix mineral (Plate 31b). In the 
mafic hornblende-rich amphibolite the mica is commonly phlogopite 
whereas in garnetiferous or hornblende-feldspar amphibolite the mica 
is biotite. Minor orthopyroxene (usually altered to fine amphibole, 
Plate 31d) typically occurs in the mafic amphibolite. Fine-grained, 
dark green spinel occurs as inclusions within hornblende (Plate 31c).

The rare lenses of amphibole pyroxenite that occur in the 
central hornblende-rich amphibolite of Zone C, consist of coarse- 
grained idioblastic orthopyroxene, rare olivine and green spinel in a 
matrix of finer pale green clinoaitphibole (hornblende) (Plate 33b). 
SulEdudes occur as disseminations in the silicates and at grain 
boundaries. The orthppyroxene contains inclusions of fine hornblende. 
Locally orthopyroxene occurs as corroded relicts in a cmmingtcmite 
-gedrite-phlogopite-homblende matrix. Rare patches and bands of serp­
entine with minor relict olivine occur in the am#iibole pyroxenite.
One round xenolithic patch (4 cm across) of chrcmitite was noted in 
the serpentinite (Plate 33h).

The central hornblende-rich amphibolite of Zone C increases in
plagioclase content going downwards (Fig. 5.2) and the host amphib­
olite gradually changes frcm a massive homblende-gedrite-ghlogopite 
amphibolite to a weakly foliated homblende-plagioclase-biotite- 
gedrite amphibolite with up to 50% plagioclase and a variable kut 
typically low content of disseminated sulEhi(k (see Plate 31g). The
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PHIKWE
a b c d

hor ged hor pig
Si 02 43.70 44.62 48.03* 54.69*
Ti02 0.09 0.06 0.50
AI203 14.89 15.54 11.73 30.46
FeO 12.05 16.54 12.55
MnO 0.22 0.40 0.18
MgO 13.44 17.51 14.04
CaO 10.86 1.08 10.48 12.78
Na20 1.61 1.61 1.52 4.50
K20 0.28 0.01 0.33 0.03
Cr203 0.01 0.00 0.09
Tota 1 97.15 97.37 99.45* 102.46*

No. of 4 4
An 61
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Spinel
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SELEBI
Aggregates

9 h
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Si 02 0.07 44.05 39.75 38.24
Ti02
A1203 64.99 35.86

0.67
32.44 17.88

FeO 19.33 0.46 6.14
MnO 0.08 0.05
MgO 15.89 0.07 21.33
CaO 0.03 19.77 23.47 0.00
Na20 0.09 0.38 0.08 0.89
K20 0.01 0.02 0.15 8.18
Cr203 0.03 0.03
Tota 1 100.52 100.08 %.42 13.4-( 1

No. of 4
An 97

2 3 1

Host amphibolite samples
34e and 34q from PH 93

See Figure 7.2 for PW 93 section
See Plate 31b for sample 34e
a Fine matrix hornblende 34e

b Elongate idioblastic and fine 
matrix gedrite 34e

c Moderately coarse hornblende 34q

Matrix plagioclase 34q
Si02 too high (See appendix A.5 & 6

for a I I analyses)

Amph
i

pig
44.36
36.07

19.81
0.67
^^0

100.91 
An 94

3

bo Iite 
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44.66
0J8
n.65
11J^
0^0
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2J0
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98.51

Samples 112 & 113
See Plate 32b for

from SO 82 
112

analyses

e Pleonaste 112 & 113

f Plagioclase associated 
with pleonaste 112 & 113

g Clino?zoisite surrounding
aggregate 112 & 113

h Phlogopite at margin of
cl inozoisite rim 113

i Plagioclase of host
amphibo Iite 112 & 113 •

j Gedrite of host amp. 113

SELEEH
Cr-Amphibolite

NORTH
Garnet Amphibo Iite

k 1 m n
hor hor hor gnt

Si02 42.83 46.36 42.86 39.40
Ti02 1.32 0.51 0.20 0.02
A1203 14.48 11.58 15.47 22.14
FeO 12.75 8.96 13.68 25.28
MnO 0.22 0.21 0.22 1.66
MgO 12.70 15.87 12.10 8.64
CaO 10.38 10.45 10.71 4.19
Na20 2.17 1.78 1.60 0.04
K20 0.32 0.20 0.28 0.01
Cr203 0.04 0.86 0.08 0.02
Tota 1 97.21 96.78 97.20 101.40
No. of 3 7 5 13
ana 1ys es

TABLE 5.?. AVERAGE MINERAL ANALYSES

Samples 56-16 & 56-17 from SON 56
See Figure 7.7 for SDN 56 section 
Samples 129 & 133 from SON 42 
See Figure 5.66for SDN 42 section 
See Plate 32h for 56-17, 32d for 129
k Moderately coarse hornblende of

hornblende-(feldspar) amp. 56-16
I Cr-hornb1ende, average of coarse 

to fine-grained hornblendes of
hornblende-(feldspar) amp. 56-17

m Hornblende of gnt amp. 129 & 133
n Garnet of gnt amphibolite 129 & 133 

SELEBI-PHIKWE HOST AMPHIBOLITE
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actual base of the host amphibolite is usually a grandblastic feld- 
spathic amphibolite (Plate 31e) or occasionally a highly micaceous 
amphibolite. The sulphides typically occur at horhblende-plagioclase 
grain boundaries (Plate 31e) and are more abundant Wiere plagioclase 
is altered to clinozoisite. The plagioclase of the basal feldspathic 
amphibolite of Zone C is labradorite in composition (Table 5.2 & p. 
A.5). The hornblende is a magnesio-hornblende (Fig. 3.1) with higher 
Cr and Ti contents than the hornblende in the mafic amphibolite above. 
Chlorite (and minor anthophyllite) and clinozoisite locally replace 
amphibole and plagioclase respectively (see Plate 31h) and the amphib­
olite appears sheared. This new assemblage occurs either in thin shear 
zones subparallel to the massive sulphide layer or may locally pervade 
the whole lower feldspathic amphibolite.

The thin host amphibolite of Zone D is a weakly mineralised, 
foliated feldspathic amphibolite and is similar to the lower amphib­
olite of Zone C. it is typically sheared with abundant chlorite, 
anthophyllite and clinozoisite. The weakly mineralised, homogeneous 
amphibolite of Zone A is a granoblastic decussate hornblende (50%) - 
plagioclase (40%) rock with minor randomly orientated biotibe and 
gedrite crystals (similar to Plate 31a). The plagioclase is unzoned or 
very weakly zoned and is labradorite in composition.

5.2.1c Summary and discussion of the Phikwe amphibolite assemblage
The Phikwe host amphibolite shows the greatest mineralogical 

variation in Zone C, where it is thickest and contains the highest 
contents of disseminated sulphide. The weakly mineralised amphibolite 
of Zone A is a homogeneous hornblende-plagioclase amphibolite. The 
amphibolite of Zone D is similar to the basal part of Zone C. The 
upper part of Zone D amphibolite may have been removed by shearing.

The main granbblastic, dominantly unaligned hornblende- 
plagioclase-mica-gedrite assemblage of the Phikwe host amphibolite can 
be correlated with the typical Mlm assemblage observed in mafic Selebi 
-Phikwe gneisses. Almandine and hornblende of the garnet amphibolites 
associated with abundant disseminated sulphide are also thought to be 
a Mlm assemblage. The rare orthopyroxene and green spinel in the 
amphibolite and the orthopyroxene, olivine and green spinel of the 
uitramafic lenses are regarded as a metamorphic assemblage (Ml) and 
not as original igneous minerals (see Chs 5.3.2 & 8.2.5). The 
chlorite-anthophyllite-clinozoisite assemblage is a typical M2 
assemblage.
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5.2.2a The mineralogy of the Selebi host amphibolite
The Selebi host amphibolite is similar to that at Phikwe but 

is more feldspathic and shows less mineralogical variation. It is 
typically a homogeneous granoblastic hornblende-plagioclase amphib­
olite with minor mica (biotite or phlogopite), gedrite and dissemin­
ated sulphide. The amphibolite is weakly banded reflecting changes in 
plagioclase content. It also contains rare feldspathic bands of horn­
blende anorthosite up to one metre thick (Fig. 7.5).

Garnets are rare in the Selebi host amphibolite compared to the 
Phikwe amphibolite. At Selebi they occur either as rare porphyroblasts 
randomly distributed in the less feldspathic amphibolite or at the 
contact of massive sulphide with hornblende-rich amphibolite (Plate 30 
& Fig. 5.4c). In the second case inclusions within the massive 
sulphide are garnet-rich aggregates with only minor hornblende. A thin 
rim of chlorite occurs around the garnet-rich inclusions. The lack of 
a distinct garnetiferous amphibolite zone at Selebi compared to 
Phikwe, appears to be related to the absence of a zone of abundant 
disseminated sulphides. At Selebi fine disseminated sulphides are 
evenly distributed throughout the host amphibolite, with lesser 
amounts in the feldspathic amphibolite. In oontrast, at Phikwe abund- 
ant coarsely disseminated sulphides are concentrated in Zone C in the 
garnetiferous amphibolite immediately below the massive sulphide. The 
lower part of the Phikwe amphibolite is relatively barren.

Thin shear zones of more than one age are developed within the 
host amphibolite and particularly at the contacts of the amphibolite 
with the enclosing grey gneiss. Thin zones of phlogopite or porphyro- 
clastic plagioclase in a biotite-rich matrix occur in the host amphib­
olite. Coarse porphyroclastic plagioclase is typically developed in 
the adjacent grey gneiss and the marginal amphibolite often comprises 
hornblende porphyroblasts in a sulphide—rich matrix (Plates 29a &
32a). These assemblages are correlated with the M2a assemblage at 
Phikwe. However at Selebi early-D2 shearing is less ocnmonn than at 
Phikwe. Later zones containing an M2b assemblage of chlorite, 
anthoEbyllite and clinozoisite (Plate 31h) are superin:(X3sed on the 
earlier shear zones.

5.2.2b Localised vertical variation within the Selebi amphibolite
In parts of the Lower and I%)er B bodies there is a gradation

5.2.2 Ihe Petrology of the Selebi Host Amphibolite
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from feldspathic hornblende-plagioclase amphibolite (50-60% plag.) 
at the base (Plate 31f), through less feldspathic hornblende-gedrite- 
biotite-plagioclase in the middle (Plate 31g), to horhblende-phlogo- 
pite amphibolite at the top (Figs 5.4c, 7.5 & 7.6). The granoblastic 
basal feldspathic amphibolite consists of polygonal, weakly zoned 
labradorite (Michel-Ievy), green hornblende and minor quartz. It 
resembles the gabbroic and hornblende anorthosites. A thin irregular 
massive sulphide layer typically occurs at the top of the upper 
hornblende-rich amphibolite in contact with grey gneiss (Plates 29a & 
30a). cernet occurs locally at the contact of the host amphibolite and 
massive sulphide (Plate 30). Fine-grained disseminated sulphide occurs 
throughout the host amphibolite, except in the feldspathic amphibolite 
where it is rare. The vertical mineralogical variation seen in the 
Lower and Upper B bodies is similar, i.e. from feldspathic amphibolite 
at the base to hornblende-rich amphibolite at the top. If this 
variation is indicative of the original way-up of the Selebi host 
amphibolite (e.g. as it would be in a gravitationally differentiated 
igneous body), it may be of use in unravelling the complicated 
structure of the Selebi ore body (Fig. 5.4b). The origin of the 
geochemical variation accompanying the vertical mineralogical 
gradation in the Selebi host amphibolite is discussed in Chapter 7.4.

5.2.2c Spinel-rich aggregates in the Selebi host amphibolite
Spinel-rich areas occur in the centre of the host amphibolite 

of the Upper Body (below the A-B split). They either occur as rounded 
aggregates (1-2 cm across) of spinel with a rim of clinozoisite (Plate 
32c) or as larger more diffuse aggregates of spinel and clinozoisite. 
The boundary between the clinozoisite rim and enclosing amphibolite is 
marked by coarse-grained tangential phlogopite. Anorthite (An 97) 
(Table 5.2 & p.A.5) occurs interstitially within the spinel aggregates 
(Plate 32c). Locally a porphyroblast of corundum occurs at the core of 
the spinel aggregates (Plate 32b). Surrounding amphibolite oontains 
hornblende, anorthite and minor gedrite. The variation in the plagio- 
clase composition from anorthite to labradorite within the Selebi host 
amphibolite is thought to be due to variation in bulk chemistry, not 
differing metamorphic conditions. The spinel is pleonaste and is very 
similar chemically to the pleonaste of the Dikoloti feldspathic 
amphibolite (Tables 3.2 & 5.2 & Fig. 8.7), but is richer in Fe. The 
mimetic preservation of plagioclase twinning in fine-grained clino- 
zoisite rims shows that clinozoisite (regarded as M2) has replaced
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plagioclase. Anorthite occurring interstitially within spinel 
aggregates has been protected from this alteration.

The Selebi corundumrspinel-anorthite aggregates are thought to 
consist of Mlp relicts of corundum, surrounded by Ml amd M2 retro­
gression coronas. They are similar to the corundum-spinel-sapphirine 
aggregates of the Dikoloti feldspathic amphibolite and reflect a 
similar, though mineralogically less complex metamorphic history. Due 
to the high strain suffered by the Selebi host amphibolite the concen- 
tric zonation from corundum at the core, through rims of pleonaste, 
plagioclase (altered to clinozoisite) and finally phlogopite does not 
represent premetamorphic chemical zonation. It formed by diffusion of 
Al, Mg and Ca around a corundum-rich core within hornblende-anorthite 
amphibolite during retrogression after the peak of Ml (Leyreloup et 
al. 1975). The more complex sapphirine-bearing Dikoloti assemblage mat 
have fonned as a result of higher Mg activity (Yardley & Blacic 1976) 
than at Selebi, or minor Si and K metasomatism (Herd et al. 1969). It 
is also possible however that sapphirine in the Selebi assemblage was 
destroyed in spinel and corundumrforming reactions (Droop & Bucher- 
Nurminen 1984; Windley et al. 1984). The geochemistry of the spinel- 
rich amphibolite at Selebi and the origin of its aluminous aggregates 
are dealt with in Chapters 7.2 and 8.6.2.

5.2.2d Sunmary
The Selebi host amphibolite differs frcm the Phikwe host 

amphibolite in a number of ways:
1) The Selebi amphibolite is more feldspathic than the Phikwe
amphibolite.
2) There are no ultramafic rocks within the Selebi host amphibolite 
and no orthopyroxene was found in the host amphibolite.
3) At Selebi there is no distinct garnetiferous zone and disseminated 
sulphides areimore evenly distributed throughout the Selebi 
amphibolite.
4) Cbrundumrpleonaste-anorthite aggregates occur in the Selebi host
amphibolite.
5) Early-D2 shearing at Selebi is uncommon and the M2a assemblage is 
only weakly developed.

5.2.3 The Petrology of the Selebi North Host Amphibolite
The Selebi North host amphibolite was only examined from 

diamond drill core. It is typically a hornblende-plagioclaseMmica-
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gedrite amphibolite and is generally similar to the Phikwe and Selebi 
host amphibolites. Variations in the mineralogy of the host 
amphibolite occur between the limbs of the early antifom, the core of 
the early antiform and the eastwards continuation of the northerly 
limb where ultramafic rocks are associated with the host amphibolite 
(Figs 5.6 & 7.7).

5.2.3a The mineralogy of the Selebi North host amphibolite of the
southern limb and antiformal core
The host amphibolite of the limbs of the early antiform is a 

relatively homogeneous hornblende-plagioclaseHmica-gedrite amphib­
olite. However a systematic variation has been observed in some 
sections. The southern limb locally shows a mineralogical gradation 
from a dark hornblende—rich amphibolite containing minor phlogopite at 
the structural base^ through a horhblende-plagioclase-biotite-gedrite 
amphibolite in the middle, to a feldspathic plagioclase-hornblende 
amphibolite at the top (Fig. 5.6b). The plagioclase is labradorite in 
composition (Michel-Levy). Abundant apatite was noted in a sheared and 
altered horhblende-chlorite-clinozoisite amphibolite but was not found 
in the Phikwe or Selebi amphibolites. Thin massive sulphide bands 
occur iwithin the lower outer margin of the mafic amphibolite and in 
the immediately surrounding blastomylonitic grey gneiss. Weakly diss­
eminated sulphides occur in the rest of the host amphibolite, mainly 
in the lower more-mafic part. The same mineralogical gradation and 
sulphide distribution occurs in parts of the northern overturned limb 
near to the antiformal core. This mineralogical gradation and sulphide 
distribution is similar to that seen locally at Selebi (Fig. 5,4c).

In the core of the early antiform there is a trend towards the 
development of more feldspathic amphibolite at the base. However this 
gradation is less obvious than on the southern limb and is obscured by 
the development of garnet amphibolite, associated with zones <of abund­
ant disseminated sulphide (Fig. 5.6b). Sulphides, both as massive 
sulphide bands and disseminated zones, are abundant in the core of the 
early antiform. As at Phikwe, the association of garnet amphibolite 
with abundant disseminated sulphide is common. However at Selebi North 
this association occurs in zones throughout the antifbrmal core, 
whereas at Phikwe the association mainly occurs immediately below the 
massive sulphide layer in Zone C. The garnet-hornblende amphibolite at 
Selebi North is very similar to that at Phikwe. The poikiloblastic 
(Mlm) almandine garnets (Plate 32d) have a composition of Aim 58 -Pyr
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27 -Gro 11 - Sp 4 (Table 5.2). The almandine is chemically homo­
geneous, except for its MnO content which varies from 2.2% at the 
margin to 1.3% in the core (p. A.6). The surrounding hornblende is low 
in Si and has a oomposition ranging from tschermakite to ferroan 
pargasite (Fig. 3.1, Table 5.2 & p.A.€). Idioblastic inclusion-free 
garnets occur in an unmineralised section of well-banded hornblende- 
plagioclase host amphibolite associated with ultramafic rocks. The 
inclusion-free garnets are surrounded by coarse kelyphitic rims of 
intergrown hornblende and plagioclase (Plate 32f). The groundmass is 
typical Mlm granoblastic hornblende and plagioclase. The kelyphitic 
rims are thought to be due to late Ml retrogression of Mlp relicts of 
inclusion-free garnets.

5.2.3b Selebi North ultramafic rocks
Ultramafic rocks occur within typical homblende-plagioclase- 

mica-gedrite host amphibolite along the eastern continuation of the 
northern overturned limb (Fig. 5.6a). This is the largest occurrence 
of ultramafic rocks within the Selebi-Phikwe host amphibolite. Ultra- 
mafic rocks occur in several ways: (1) interbanded with typical host 
amphibolite; (2) in the centre of the amphibolite section; or (3) at 
the top of the overturned limb (Fig. 7.7). The contacts between host 
amphibolite and ultramafic rock are gradational over two c

The ultramafic rocks are similar to those within the Phikwe 
host amphibolite and mainly comprise massive amphibole pyroxenite with 
gradations between orthopyroxenite and amphibolite. Highly serpentin- 
ised peridotite bands (up to 20 cm) and pods occur within the amphib­
ole pyroxenite. The amphibole pyroxenite oonsists of coarse-grained 
ididblastic orthopyroxene (< 3 am) in a matrix of fine to medium­
grained green hornblende (Plate 33f & g). The orthqpyroxene contains 
abundant inclusions of randomly orientated fine-grained hornblende. 
Minor elongate idioblastic gedrite occurs at the margins of ortho­
pyroxene grains (Plate 33f). Rare olivine with inclusions of green 
spinel occurs in the amphibole pyroxenite (Plate 33c & d). Olivine is 
also found as inclusions in hornblende. locally orthopyroxene is 
corroded and occurs in a cummingtonite-gedrite-phlogopite-hornblende 
imatrix. Cummingtonite-rich amphibolite, with minor phlogopite and 
gedrite, is rare. Serpentinised peridotite consists of relict olivine 
and orthopyroxene (altered to talc) in a serpentine-talc-chlorite- 
phlogopite matrix. Weak sulphide disseminations occur throughout the 
ultramafic rocks, both as inclusions within silicates and at grain
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boundaries. They are more abundant where a retrogressive cummingtonite 
-rich or serpentine-rich assemblage is developed.

Analyses of orthopyroxene in typical hornblende orthopyroxen- 
ite show that it is bronzite (En 85) (Table 5.3 & p.A.7). The matrix 
hornblende ranges in composition from edenite to edenitic hornblende 
(Fig. 3.1) with an average Mg/M^+Fe ratio of 0.86 and a relatively 
hi^h Cr content (0.9% Cr203). There is little compositional difference 
between the fine-grained hornblende inclusions within orthopyroxene 
and the coarse-grained matrix hornblende. Orthopyroxenes are locally 
Ca and Na-rich (Table 5.3). This may be an effect of fine-grained 
hornblende inclusions in the orthopyroxene. Analyses of olivine in a 
hornblende orthopyroxenite show that it is chrysolite with a 
composition of Fo 80 and a relatively low Ni content (0.12% Ni). The 
associated orthqpyrox-ene is bronzite (En 80) and imatrix hornblende 
varies in composition from pargasitic to edenitic hornblende with an 
average Mg/Mg+Fe ratio of 0.81. The similarity in Mg/Mg+Fe ratios of 
coexisting olivine, orthopyroxene and hornblende is striking.

A wide variety of spinel is found in the ultramafic rocks of 
Selebi North (Fig. 8.7). Gteen spinel (pleonaste) with fine-grained 
magnetite inclusions is the most common. Pleonaste occurs more common­
ly as inclusions in olivine, than in orthopyroxene or commonly as 
inclusions in olivine, than in orthopyroxene or hornblende. The 
pleonaste inclusions have a variable size and CT content. Fine-grained 
Cr-bearing pleonaste (Table 5.3 & p.A.7) is locally concentrated as 
indistinct bands of inclusions within olivine, orthopyroxene and 
hornblende (Plate 33c). Within orthopyroxene CT-rich pleonaste occurs 
in trains of elongate hornblende inclusions and forms a definite 
fabric. Elsewhere coarse-grained pleonaste with a very low Cr content 
is found as inclusions in olivine in a coarse-grained hornblende- 
phlogopite-pleonaste-olivine orthqpyroxenite (Plate 33d). Pleonaste 
inclusions in olivine are typically rimmed by phlogopite, whereas 
relict pleonaste in serpentine is rimmed by chlorite. Minor laminae 
and lenses of fine-grained (1 mm.) grandblastic orthopyroxene 
associated with grains of picotite (Table 5.3 & p.A.7) and magnetite 
occur in porphyroblastic anphibole orthopyroxenite. The picotite 
contains small blebs of magnetite and pyrrhotite at its margins. Ihe 
fine-grained granular orthopyroxene is geochemically similar to 
porphyroblastic orthopyroxene (Table A.7). Apatite (Table 5.3) occurs 
along with serpentine, olivine and hornblende in a sheared ultramafic 
rock (Plate 33e). Its formation appears to be related to the shearing.
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TABLE 6.3' AVERAGE MINERAL ANALYSES - SELEBI NORTH HOST ULTRAMAFIC ROcKS

5.2.3c Chromium in hornblende in the Selebi North host amphibolite
In the ultramafic section studied in most detail (SEN 56, Fig. 

7.7) ultramafics occur at the structural top of the overturned limb 
above homblende-plagioclase amphibolite. The homblende-plagioclase 
amphibolite becomes increasingly feldspathic towards the base. A high 
-Cr homblendite zone (3.5% Cr203) occurs within the lower feldspathic 
amphibolite (Fig. 7.7). Within this zone the Cr content of Cr-bearing 
hornblende varies from 0.7% Cr203 in coarse-grained hornblende to 1.1%
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in adiaoent finer-grained intergranular hornblende (Plate SZh^ p.A.6). 
Elsewhere in this zone hornblende is low in Cr (<0.05% Cr203). The 
Cr-bearing hornblende is edenitic hornblende in composition and the 
low-Cr hornblende is a ferroan pargasitic hornblende with a higher Ti 
content than the Cr-bearing hornblende (Table 5.2 & Fig. 3.1). This 
negative correlation between Cr and Ti is typical of^c^cic^^mphibole 
within individual metamorphosed ultramafic complexes^ There is no 
basis for the use of Ti content as a geothermometer (Evans 1982). The 
lowHCr hornblende contains aligned titanomagnetite inclusions defining 
an fabric (Dl-Mle ?), whereas the high-Cr hornblende dbes not
contain opaque minerals. The highest measured Cr content of the horn­
blende is insufficient to account for the average Cr content of the 
zone. Either hornblende with a much higher Ci content is present or 
more likely, unobserved fine chromite occurs in the hornblendite. The 
variation in the hornblende major-element composition within the zone 
is due to subtle variations in whole-rock geochemistry. These whole- 
rock geochemical variations are thought to be original (see Ch. 7.4) 
and metamorphism is thought to have been essentially isochemical. The 
high variation in the Cr content of the hornblende of the zone is 
thought to be due to inherited bulk Cr variations. The concentration 
of Cr in the latest fine edenitic hornblendes indicates that localised 
Cr diffusion took place. The high cr content of the whole zone 
suggests that the original Cr-bearing phase is more likely to have 
been chromite rather than a silicate (e.g. pyroxene).

5.2.3d The nature of the Selebi North ultramfic assemblage - igneous
or metamorphic ?
The question arises as to whether the olivine, spinel and 

orthppyroxene at Selebi North are a metamorphic or igneous assemblage. 
Initially the amphibole pyroxenite was regarded by the author as 
consisting of relict orthopyroxene (of either igneous or metamorphic 
origin) in a retrograde amphibole matrix. The main assemblage and 
texture is one of orthopyroxene porphyroblasts in a hornblende matrix, 
the interpretation of which is equivocal. However the olivine- 
pleonaste-harhblende-orthopyroxene assemblage with hornblende 
inclusions in olivine appears to be in textural equilibrium (Plate 
33c). The amphibole that would be expected to form from the isochem­
ical retrogression of orthopyroxene is anthophyllite or magnesio- 
cummingtonite, not hornblende (Evans 1982). Abundant Ca and Al meta­
somatism would be required to form hornblende and there is no evidence
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(e.g. zonation of the ultramafic bodies) for this. In addition, the 
fine-grained hornblende inclusions within orthppyroxene are identical 
in composition to matrix hornblende. The hornblende-orthopyroxene and 
olivine-pleonaste-hornblende-orthopyroxene assemblages are therefore 
thought to be equilibrium Ml metamorphic assemblages. The cummington- 
ite-gedrite-phlogopite assemblage, which is developed in (sheared) 
amphibole pyroxenites, is the retrograde assemblage (M2). Serpentine 
with lesser amounts of chlorite, phlogqpite and talc is the M2 
assemblage developed in olivine—rich rocks. The fabric of pleonaste— 
hornblende inclusions in orthopyroxene porphyroblasts is thought to be 
a Dl-Mle metamorphic fabric rather than an original igneous fabric.

The assemblage olivine-green spinel-homblende-orthopyroxene is 
1:1*2 tr^pdjCcLL (aqiJLilarium iasisen^bl^igK! o:E rmetxipeariciotJLtes <at th*2 tocansi/ticn 
hxst^feen rqppear cungaiibxoliLte aixl crrcuiulitE! f'cicijss (ZcxidjJtirxns (EX/ans 1977, 
1982). Tlie amphibmiA cKt tlie :5el.ebd. Nkirtli lOLtr-cmeLific rcxcks;, vrLtli ilbs 
average Si content of 6.6 atoms per formula unit and edenitic horn- 
blende ocnposition, is typical of these conditions (Evans 1982).
During progressive metamorphism, magnesio-hombleide replaces tremol- 
ite through complex substitutions of the tschermakite and pargasite 
end^members at this high temperature facies (Frost 1975, 1976; Mlsch & 
Rice 1975; EVans 1977). The transformation can be represented by the 
following equilibrium reaction:

2 Treraolite + 5 Spinel + 2 Na + H20
= 2 Hornblende + 3 Forsterite + 3 Enstatite + 2 H

The porphyroblastic texture of Selebi North orthopyroxene is 
typical of metamorphic rocks (Evans 1977). The orthopyroxene has an 
average CaO content of 0.2%, which is characteristic of the amphib^ 
olite-granulite facies transition (Evans 1982). However the ortho^ 
pyroxene plots close to the boundary of the fields for igneous and 
metamorphic pyroxenes in a (Mg + Fe)—Al diagram (Bhattacharyya 1971; 
Medaris 1972). The minor lenses and laminae of fine-grained granular 
orthopyroxene associated with picotite are anomolous because of their 
texture and spinel ccmposition. The granular texture is similar to a 
cumulate texture and picotites do occur in unmetamorphosed ultramafic 
rocks (Henderson 1975). It is possible therefore that the granular 
orthopyroxene—picotite assemblage is a relict, original igneous assem— 
blage. Evans & Frost (1975) however have shown that during progressive 
meta-morphism of ultramafic rocks the range of spinel cco^sitions
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increases fron Al-poor Cr-magnetite alone in low-grade serpentinites,
and gradually includes ferrit-chromitef chromite^ Al-chromite and Cr- 
A1 spinel (picotite). Eventually the range includes green Mg-Al spinel 
close to the granulite facies transition. The picotite could there­
fore be of metamorphic origin. A metamorphic origin of the fine gran- 
ular orthopyroxene-picotite assemblage, possibly synchronous with the 
formation of the early pleonaste fabric (Dl-Mle), is preferred by the 
author. The variation in Cr content of pleonaste at Selebi North is 
probably due to variation in bulk rock geochemistry (Evans & Frost 
1975; Medaris 1975).

Theoretical and experimental studies on ultramafic systems 
(Trommsdorf & Evans 1974; EVans 1977; lieberman & Rice 1986) indicate 
that the olivine-spinel-edenitic hornblende-orthqpyroxene assemblage 
at Selebi North lies above the curve for the univariant reaction:

Chlorite = Forsterite + Enstatite + Spinel + H20 (Fig. 5.7)

The presence of enstatite and spinel rather than oordierite places the 
assemblage above the curve for the reaction:

Enstatite + Spinel = Cordierite + Forsterite

The absence of clinqpyroxene at Selebi North indicates that metamorph­
ic conditions did not reach high enough temperatures and pressures for 
the reaction:

Forsterite + Tiemolite = Diopside + Enstatite + H20

These three reactions in the pure Ca0-Mg0-A1203-Si02-H20 system 
constrain the metamorphic conditions of the Selebi North ultramafics 
to 725-825°C at 3-8 kbar (Fig. 5.7). The absence of plagioclase and 
the preserx^ of hornblende rather than tremolite indicate that 
temperatures and pressures were close to the upper limits of this 
range (Frost 1976).

Fe/Mg fractionation between olivine and spinel is strongly 
temperature dependent (Evans 1977). Evans & Frost (1975) and Fabrics
(1979) have empirically calibrated the olivine-spinel geothermcmeter. 
The ferric iron content of the Selebi North spinels has been estimated 
stoichicmetrically, although ccmplete analysis, particularly of ferric 
iron in spinel, is required for the geotbeimcmeter. Ccoparison with
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Fig. 5.7 PART OF THE P-T PHASE DIAGRAM FOR REACTIONS IN THE SYSTEM 
Ca0-Mg0-A1203-Si02-H20 (Evans 1977). Full lines experimentally
reversed, broken lines calculated or inferred. A, Antigorite; F, 
Forsterite; T, Talc; E, Ebstatite; CTE, Chlorite; SP, Spinel; TR, 
Tremolite; D, Diopside; An, Anorthite; CO, Cordierite; V, Water 
Vapour. Superimposed Alumino-Silicate phase diagram from
Holdaway (1971).

the above calibrations and that by Desmarais (1981) gives temperatures 
of around 750 + 50°C for olivine-spinel pairs at Selebi North. This 
estimate is consistent with the P-T estimate in Figure 5.7. and with

Owith that made frcm the corundum-spinel-sapphirine assemblage (800 C 
and 10 kbar) in Chapter 3.9.2.

The olivine, orthopyroxene and spinel occurring in the ultra- 
amafic rocks of Selebi North and Phikwe are regarded as Ml metamorphic 
minerals rather than original igneous minerals. The evidence for this 
can be summarised as follows:
(a) The olivine-green spinel-hornblende-orthopyroxene assemblage 
appears to be an equilibrium metamorphic assemblage rather than a 
disequilibrium assemblage of relict olivine, spinel and orthopyroxene 
with metamorphic aitphibole.
(b) The variation in Cr content of pleonaste inclusions in olivine.
(c) The coarse-grained porphyroblastic nature of the orthopyroxene.
(d) The similar Mg/Fe ratios of coexisting olivine, orthopyroxene and 
hornblende.
(e) The nature of the typical amphibole, i.e. hornblende which is 
typical of the upper amphibolite to granulite facies conditions (Evans
1977) , rather than anthophyllite or magnesio-cuttmingtonite vhich would
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be expected to form from the isochemical retrogression of orthopyrox­
ene (Evans 1982). The hornblende included within porphyroblastic 
orthqpyroxene is the same as that as forming the matrix to it.
(f) The metamorphic fabric formed by hornblende and pleonaste 
inclusions in orthopyroxene.

The view that the olivine and pleonaste of the ultramafic rocks 
at Phikwe and Selebi North are metamorphic rather than relict igneous 
is contrary to that of Wakefield (1974, 1976). Wakefield observed 
relict igneous olivine, pleonaste, magnetite and sulphide in meta­
morphic orthopyroxenite at Phikwe and suggested that igneous olivine 
was replaced by metamorphic orthopyroxene. He also observed subspher- 
ical, occasionally dumbbell-shaped blebs of sulphide within olivine.
He regarded this as of fundamental importance in proving the magmatic 
origin of the Selebi-Phikwe ore bodies. No evidence was found in this 
study of orthopyroxene replacing olivine. The olivine, orthopyroxene 
and pleonaste in the Selebi-Phikwe host rocks are all regarded as 
metamorphic. Contrary to the conclusion of Wakefield (1974, 1976), the 
rounded form of inclusions of sulphide in a mineral (in this case in 
olivine interpreted by Wakefield as relict igneous and by this author 
as metamorphic) does not necessarily mean that the sulphides are 
original immiscible droplets. The rounded form of sulphide inclusions 
could be due to the lack of gross orientation effects and to neglig- 
igible differences in interfacial energies between positions within, 
and at the grain boundary of, the host mineral (Stanton 1964).

5.2.3e Relationship of SN ultramafic rocks to SN host amphibolite 
The mineralogical variation shown by the host body in SDN 56 

(Fig. 7.7) from an ultramafic top to a feldspathic base suggests that 
tectonic overturning of an originally differentiated igneous body has 
occurred. This variation however is in the opposite direction of the 
previously mentioned gradation (in the same overturned limb near the 
antifbrmal closure to the west) from feldspathic amphibolite at the 
top to mafic amphibolite at the base (Fig. 5.6b). This apparent dis­
crepancy could be because the Selebi. North structure is more complex 
than envisaged or because the ultramafic rocks are unrelated to the 
host amphibolite. In other sections at Selebi NCrth, ultramafic rocks 
occur in the middle of the section surrounded by typical host amphib­
olite or are interbanded with host amphibolite. Although it is accept­
ed that unknown structural complexities probably exist at Selebi 
North, the section in SDN 56 (Fig. 7.7) is considered to be unrepres­

183



entative of the relationship of the ultramafics to the host amphib­
olite. Ultramafic rocks occur within the host amphibolite at Selebi 
Norths but at no particular position. The gradational contacts between 
host amphibolite and ultramafic at Selebi North and Phikwe indicate 
that the ultramafic rocks are related tOy and are an integral part of^ 
the Selebi-Phikwe host amphibolite. This is contrary to the conclusion 
of Wakefield (1974^ 1976), who regarded the contacts of ultramafic 
rocks with host amphibolite at Phikwe as sharp and intrusive. He 
therefore suggested that ultramafic rocks at Phikwe represent an 
intrusion into the host amphibolite protolith. Wakefield (1974, 1976) 
also concluded that the origin of the sulphides was intimately linked 
with these later ultramafic rocks. However the distribution of dissem­
inated sulphide in the ultramafic rocks is similar to that in 
surrounding host arrphibolite.

5.2.4 Summary of Conclusions
The mineralised host amphibolites at Selebi, Selebi North and 

Phikwe are essentially similar and comprise hornblende-rich amphibol- 
ites with variable amounts of plagioclase, gedrite, mica, garnet and
disseminated sulphide. Locally there are systematic mineralogical 
gradations vertically through the host amphibolites. At Phikwe the 
amphibolite locally develops a mafic core with more feldspathic 
margins. At Selebi and Selebi North there is a gradation from mafic 
hornblende-rich amphibolite at one margin to feldspathic amphibolite 
at the other.

The host amphibolites are conformable with the surrounding 
Selebi-Phikwe gneisses and have suffered all the phases of deformation 
that have been recognised in the gneisses. The metamorphic assemblage 
that occurs in the host amphibolites can be correlated with those that 
formed in the surrounding gneisses. The amphibolites have been meta- 
morphosed at conditions of the transition from upper amphibolite to 
granulite facies.

Ultramafic rocks are an integral part of the host amphibolites 
at Phikwe and Selebi North. The ultramafics are coeval with the host 
amphibolites and do not represent later intrusions. The assemblages in 
the ultramafics are metamorphic, not igneous.

The mafic hornblende-rich mineralogy of the Selebi-Phikwe host 
amphibolites, their association with Ni-Cb ores and their gradation 
into ultramafic rocks suggest an igneous origin for the host 
amphibolites.
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ELATE 26
Morphology of Phikwe Ore Body (1)

(A) Phikwe Open Pit. Early-D2 folds in footwall (FW) gneisses plunge 
towards viewer. No early~D2 folds in hanging wall (HW) gneisses.

(B) Phikwe Open Pit. Early~D2 folds in footwall gneisses.

(C) Phikwe Open Pit. Early-D2 fold in footwall gneisses and ore 
body. Hanging wall gneisses dip less steeply than the ore body 
(OB). See Fig. 5.3b.

(D) "Durchbewegung” - amphibolite inclusions in massive sulphide. 
Zone D/E.

(E) Chalcopyrite-rich upper part (C) of the massive sulphide layer. 
Zone E.

(F) "Durchbewegung" - anphibolite inclusions in massive sulphide. 
Abrupt termination of massive sulphide against host anphibolite
(A) which was in the process of being incorporated into the 
massive sulphide. Zone D/E.

(G) Late-D2 shear zone. Pyrite-bearing M2b nyIonite. Host 
anphibolite and massive sulphide absent. Zone C.

(H) M2b myIonite fran (G). Pyrite, chlorite and felsics. # 1600/315. 
FV = 3 mm.

PLATE 27
Morphology of Phikwe Ore Body (2)

Superimposed D2 shearing - Phikwe Ore Body^ Zone D
(A) Superimposed early and late-D2 shearing. See. Fig. 6.1a.

(B) Late-D2 M2b my Ionite of chlorite and felsics frcm (A) with 
relict phacoid of early-D2 M2a nyIonite. # 1900/200d. FV = 6nm.

(C) M2b ny Ionite frcm (A) with veinlet of calcite. FV = 6 mm.

(D) Pyrite in M2b ny Ionite from (A). M2a ny Ionite in bottom right 
comer. FV = 6 nrn.

(E) Anphibolite inclusion in massive sulphide. Note chalccpyrite in 
pressure shadow. Phikwe Zone E.

185



PLATE 26



NN
UJ
H<
_l
Q.



PLATE 28
Morphology of Phikwe Ore Bcx^ (3)

(A) Zone B. Massive sulphide layer crosscutting steep foliation in 
Ixist airphibolite.

(B) Zone B. Early-D2 tongue of host amphibolite v^ich is beconing 
mixed with massive sulphide.

(C) & (D) Massive sulphide crosscutting footwall grey gneiss. Minor 
tongues and veinlets fron massive sulphide into grey gneiss. 
Zone D/E.

(E) Zone D. The massive sulphide layer atypically below the host 
amphibolite (A).

(F) & (G) Massive sulphide crosscutting D2 folds in footwall 
gneisses. Grey gneiss has abundant quartz-rich segregations in
(G) . Zone D/E.

(H) Pfedge of massive sulphide into host amphibolite. Chalcopyrite 
and quartz at edge of wedge. Zone C.

PLATE 29
Morphology of Selebi Ore Body

(A) & (B) Upper Body below A/B split. Thin irregular massive
sulphide layer with "durchbewegung" at top of host amphibolite. 
See Fig. 6.1b.

(C) Vfedge of massive sulphide intomhost amphibolite.

(D) End of Upper A body. See Fig. 6.1c.

(E) Atypical coarse-grained magnetite (M) and chalcopyrite-rich (C) 
ore.

(F) & (G) Selebi Upper B body. Tongues of massive sulphide into grey 
gneiss. See Fig. 6.Id.

PLATE 30
Garnetiferous host amphibolite at Selebi

(A) - (D). Thin irregular massive sulphide at top of host amphibo­
lite in l%)per B body. Garnets (Gnt) developed at contact of 
mafic host amphibolite (Airp) '/ith massive sulphide. HWS = 
hanging wall gneiss. See Fig. 7.6.
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PLATE 31
The Selebi-Phikwe Host Amphibolite (1)

(A)

(B)

(C)
(D)

(E)

(F)

(G)

(H)

Typical host amphibolite of Zone A. A granoblastic decussate Mlm 
homblende-plagioclase rock with randomly orientated biotite. # 
34c. FV = 6 irni.
Idioblastic gedrite in mtrix of hornblende and gedrite .# 34e. 
FV = 6 irm.
Mlp (?) spinel inclusions in hornblende. # 34f. FV = 3 ntn. 
Altered relict of orthopyroxene (Mlp?) surrounded by hornblende. 
# 34j. FV = 3 mm.
Sulphide at homblende-plagioclase boundaries. Phikwe, # 34k.
FV = 3 ram,
Feldspatblc Mlm homblende-plagioclase amphibolite. Selebi, # Su 
30. FV = 6 ram.
Weakly foliated Mlm homblende-gedrite-plagioclase-biotite 
anphibolite. Selebi, # 268. FV = 6 ran.
M2 assanblage in sheared aragMbolite. Phacoid of relict plagio- 
clase in chlorite, anthophyllite, clinozoisite and biotite. 
Selebi, # 254. FV = 6 ran.

PLATE 32
The Selebi-Phikwe Host Amphibolite (2)

(A) M2a assemblages at contact of host amphibolite with grey gneiss. 
M2a blastonrylonitic plagioclase-rich grey gneiss. Hornblende 
porphyrdDlasts (clasts ?) in a sulphide-rich matrix in the host 
artphibolite. Phikwe, # 174. FV = 6 ram.

Selebi Spinel Amphibolite
(B) corundum porphyroblast (Mlp) at the core of the spinel 

(pleonaste) aggregate. Anorthite altering to M2 clinozoisite 
occurs at the bottom right comer. # 112. FV = 6ram.

(C) Edge of spinel aggregate within host amphibolite. Note anorthite 
within spinel. Spinel surrounded by mantle of clinozoisite after 
anorthite. # 153d. FV = 6 ran.

Phikwe and Selebi North Garnet Amphibolite
(D) Mlm poikiloblastic spongey almandine including hornblende.

Selebi North, # 129. FV = 6 ram.
(E) Mlm poikiloblastic almandine including hornblende and biotite. 

Phikwe, # 180. FV = 6 ram.
(F) Kelyphitic Mlm homblende-plagioclase rim around inclusion-free 

Mlp garnet. Selebi North, # 501. FV = 3 ram.
(G) Hornblende porphyroblast in granular garnet matrix. Highly 

gametiferous inclusion in massive sulphide. Zone E at Phikwe, # 
272. FV = 6 ram.

(H) Cr-rich hornblende amphibolite. Cr is higher in fine-grained 
intergranular hornblende than in coarse-grained hornblende. 
Selebi North, # SN 56-17. FV = 6 ran.
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PLATE 33
(A) Inclusion-rich Type 2 massive sulphide layer. Mainly biotite and 

plagioclase inclusions in pyrrhotite. Development of M2 
rayrmekite in area of fine-grained recrystallised quartz and 
feldspar at edge of plagioclase porrphyroclast. 5% situ stress- 
induced crystallisation. Phikwe, # 271. Fv = 3 mm.

Phikwe and Selebi North Host Ultramafic Rocks

(B) Hornblende orhopyroxenite. Equilibrium assemblage of spcngey 
orthopyroxene porphyroblast with inclusions of hornblende in 
matrix of hornblende. Phikwe (PW 204a), # 520. FV = 6 urn.

(C) Olivine-hornblende orthopyroxenite. Olivine porphyroblast in 
hornblende matrix. Inclusions of hornblende in olivine. Mle 
fabric of trains of green spinel in both olivine and hornblende. 
Selebi North (SN 56), # SN 56-5. FV = 6 mm.

(D) Dark green spinel (pleonaste) rimmed by phlogopite in olivine 
porphyroblast in orthopyroxenite. Selebi North (SN 45),# 506.
FV = 6 ram.

(E) i^atite (A) in hornblende in a homblende-spinel-olivine rock 
(as C). Selebi North (SN 56), SN 56-5. FV = 6 mm.

(F) Hornblende orthopyroxenite. Gedrite (G) at margin of ortho­
pyroxene porphyroblast. Matrix and inclusions in cpx. are 
hornblende. Selebi North (SN 56),# SN 56-11. FV = 6 mm.

(G) Hornblende orthopyroxenite. Hornblende inclusions in orthopyrox­
ene porphyroblast. Selebi North (SN 45),# 505. FV = 6 ram.

(H) Granular chrome-rich spinel (chromite ?) with unknown silicate. 
Phikwe, (PW 204a), # 522. FV = 3 mm.
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CHAPTER 6 THE SEIEBI-PHIRWE SULPHIDES

The primary sulphides of the Selebi-Phikwe ore bodies are 
mainly pyrrhotite with lesser pentlandite, chaloopyrite and pyrite. 
Magnetite is commonly associated with the sulphides. The products of 
near-surface oxidation processes in the upper levels of the ore 
bodies, which include pyrite, violarite, marcasite, bravoite, 
oovellite and bornite (Gordon 1973, Lear 1979), are not considered in 
this thesis.

6.1 SULPHIDE DISTRIBUTION AND GROSS FEATURES

6.1.1 Phikwe
Sulphides at Phikwe occur either as pyrrhotite-rich massive 

sulphides or as disseminations in the host rocks (mainly amphibolite 
with minor ultramafic rock). The zonation of the Phikwe ore body has 
been described in Chapter 5.1 and is shown in Figures 5.1 and 5.2. 
There is a thick tabular massive sulphide at Phikwe. This massive 
sulphide occurs in cataclastic grey gneisses without any host 
amphibolite in Zone E; at the top of relatively barren host 
amphibolite in Zone D; and towards the top of host amphibolite \vith 
disseminated sulphides in Zones C. Towards the northwest end of Zone 
C and in Zone B the main massive sulphide layer thins and occupies a 
more central position within the host amphibolite. Its place is taken 
by several thin massive sulphides within the host amphibolite. Early 
D2 folding within the host amphibolite of Zone B has possibly caused 
the massive sulphide to be repeated. The main massive sulphide layer 
is typically 2-3 metres thick and is thickest in Zone D (up to 12 m^. 
The massive sulphide layer locally thins (Plate 27f & g) and may be 
absent (Plates 26g & 27a, Fig. 6.1a) because of late D2 shearing. 
However it appears to be essentially the same continuous layer from 
Zone E to Zone C. The main massive sulphide layer locally crosscuts 
the foliation in the host amphibolite (particularly in Zone B, Plate 
28a), and the foliation in the grey gneisses in Zones D and E (Plate 
28c-f). The contacts of massive sulphide are sharp. There are no 
gradational contacts between massive sulphide and amphibolite hosting 
abundant disseminated sulphides (Plate 34d).

The Phikwe massive sulphides have been subdivided into 
magnetite-bearing massive sulphide with amphibolite inclusions (Type 
1) and siliceous inclusion-rich massive sulphide without magnetite
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(Type 2). There is a complete gradation between the two types. Type 1 
massive sulphides occur in Zones B and C whilst in Zone C they grade 
into Type 2 massive sulphide of Zones D and E. At the eastern end of 
Zone E abundant pyrite is developed within Type 2 massive sulphide 
and overlying cataclastic gneisses (see Chapter 6.2.3).

Near the base of the host amphibolite a thin Type 1 massive 
sulphide is locally developed. Locally at the base of the imassive 
sulphide layer there are wedges which project down into the host 
amphibolite (Plate 28h). These wedges were only found projecting into 
host amphibolite^ never into grey gneiss. Chalcopyrite is concen­
trated at the margin of the wedge and there is an outer rim of 
quartz-rich pegmatite. The wedges are probably tensional features 
associated with late D2 open folding of the ore body.

Disseminated sulphides in the Phikwe host amphibolite are most 
common in Zones C and B. In Zone C disseminated sulphides are most 
abundant in garnet amphibolite immediately below the massive sulphide 
and their content decreases downwards in the host amphibolite. The 
disseminations in garnet amphibolite are typically coarse chalco- 
pyrite -rich segregations. Sulphide stringers both parallel to the 
massive sulphide and randomly orientated are also common within the 
garnet amphibolite of Zone C. In Zone B disseminated sulphides 
typically occur in the middle of the host amphibolite and their 
content decreases towards both upper and lower margins of the 
amphibolite. Zones A and D contain only minor disseminated sulphide. 
Contrary to the conclusion of Wakefield (1974, 1976) disseminated 
sulphide is no more associated with the thin ultramafic lenses that 
occur in the middle of the host amphibolite in Zone C, than it is 
with typical surrounding host amphibolite.

Silicate inclusions are found in both Type 1 and Type 2 
massive sulphide. There is a gradual change in inclusion lithology 
from amphibolite to siliceous grey gneiss, and a decrease in 
inclusion size going from Type 1 massive sulphide in Zone B to Type 2 
massive sulphide in Zone E. In Zone B and C round inclusions (0.2 - 
1 m) of hornblende-rich amphibolite and lesser garnet amphibolite are 
the most common (Plate 26d & f). These inclusions have gradational 
imargins with the surrounding massive sulphide and appear to have been 
disrupted and replaced by sulphide. The inclusions typically have 
chalcopyrite and lesser pentlandite concentrated at their margins. 
Chalcopyrite disseminations are also abundant within amphibolite 
inclusions. Some amphibolite inclusions have the shape of detached
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fold cores (cf. Vokes 1969). Thin trains of hornblendes trail out 
from these detached fold cores (Plate 34a) or pick out isoclinal 
folds within massive sulphide. This fabric of round inclusions is 
similar to the "durchbewegung" of German workers (Vokes 1969) and 
appears to have resulted from a thorough "kneading" of the massive 
sulphide in which rotational movements dominated.

Passing from Type 1 massive sulphides in Zone C to Type 2 in 
Zone siliceous inclusions of cataclastic grey gneiss and 
individual quartz, plagioclase or biotite crystals gradually become 
more common until in Zone E they are the most abundant type (Plate 
34b, & f). At the eastern end of Zone E there are no amphibolite
inclusions. The amount of siliceous inclusions relative to sulphide 
also increases, until at the eastern end of Zone E up to 80% of the 
Type 2 massive sulphide layer consists of single small (l-5mm) 
crystals (Frontispiece A). This inclusion-rich massive sulphide has 
the appearance of a sulphide-cemented breccia (cf. Vokes 1969). This 
texture is also found in thin Type 2 layers intersected by deep 
exploration holes at the extremities of the ore body (Fig.5.1). These 
Type 2 massive sulphides typically have a weak foliation picked out 
by biotite (Plate 34b). Some plagioclase inclusions have myrmekitic 
intergrowths at their margins. Some of these are myrmekitic 
porphyroclasts from the enclosing cataclastic grey gneisses that have 
been incorporated into the Type 2 massive sulphide. However some of 
the myrmekite is thought to have been an in situ stress-induced 
crystallisation where the sulphide content is low (Plate 33a). The 
development of myrmekitic exsolution during cooling would have been 
aided by internal dislocations, especially micro-cracks in the high 
temperature plagioclase (Hubbard 1968). Some amphibolite inclusions 
do occur in the Type 2 massive sulphide eastwards of the termination 
of host amphibolite in Zone D. These amphibolite inclusions in Zones 
D and E have much sharper margins than those to the northwest in 
Zones B and C. Chalcopyrite is concentrated in pressure shadows 
around the inclusions (Frontispiece B, Plate 27e), rather than within 
the inclusions. Locally in Zone E there are quartz veins at the top 
of the massive sulphide at the contact with cataclastic gneisses. 
Large inclusions of quartz vein have been incorporated into the 
massive sulphide (Frontispiece C).

Except for the lateral continuation of the main massive 
sulphide into Zone E there is very little sulphide in the immediately 
surrounding grey gneiss. Minor tongues and stringers of sulphide cut

191



PH1KW£ - SUi?EfltM.Po^£l> 0^ - ZONE. D

fi^ 6.1b S^k^BI - UPP£R. 50DY - 5£A0W f\ (E 5Fa/T

Fi^,6. Ic 5£t,£6l - £^P OF UPPrR body

i^RE-V c^nass
CJ\ I fiC^STlC^ ^ 
C^£Y ‘yNdlii'^

nykONiTk -M2.b

Host /?yiphibo£|T£ 
iwlK. o(S

Mfl55lV£ SMHPHIPf 

P£CjMflT/T£

F,^.6.ld 5£*-£BI UPP£R. B BOPY

p,' j 5ULPHiD£ R.£LRTlO/\jSHIPS AT PhilKW£ A/SD 5ELEBI
U ------------- -------



across grey gneiss but only for short distances (Plate 28c & d).
Locally there are minor sulphide disseminations in grey gneiss. 
However grey gneiss in contact with host amphibolite or massive 
sulphide is normally oompletely barren. The base of the Type 2 
massive sulphide layer is usually sharp against weakly cataclastic 
grey gneiss (Frontispiece A). The base locally follows the minor D2 
folds in the grey gneiss, but typically cuts across them (Plate 35a, 
Fig. 6.2).

6.1.2 Selebi
Sulphides at Selebi are similar to those at Phikwe in that 

they are either disseminated sulphides in the host amphibolite or 
massive sulphides. However at Selebi the proportion of disseminated
to massive sulphide is much higher than at Phikwe (Table 6.1). The 
Selebi massive sulphides contain few siliceous inclusions and are 
dominantly Type 1. These Type 1 massive sulphides are thin and highly 
irregular in shape (Fig. 6.1b & c). There is no thick massive 
sulphide layer. Stringers of sulphide are more common at Selebi and 
commonly stem from massive sulphide as if in the process of 
incorporating amphibolite as inclusions into the massive sulphide 
(Plate 29a & b. Fig. 6.1b). Massive sulphides typically occur at both 
the upper and lower margins of the host amphibolite at Selebi (Plates 
29a & b & 30a-c, Fig. 6.1b) and locally they cut across from host 
amphibolite top to bottom (Fig. 6.1c). However where a mineralogical 
and geochemical gradation from a feldspathic margin to a hornblende- 
rich margin is seen within the host amphibolite, the massive sulphide 
cornrtKDnly occurs at the mafic margin and disseminated sulphides are 
more concentrated in the mafic portion adjacent to the massive 
sulphide (Fig. 5.4c). Locally the ore body (particularly the Lov«r 
body) is represented by a thin Type 1 massive sulphide without host 
amphibolite (e.g. SD 27, Fig. 6.4). Tongues of massive sulphide cut 
across and invade the surrounding grey gneiss to a greater extent at 
Selebi than at Phikwe (Plate 29f & g. Fig. 6.Id). Late tensional 
wedges of massive sulphide similar to those at Phikwe also intrude 
into the host amphibolite (Plate 29c). Amphibolite inclusions are 
cannon in the Selebi massive sulphides (Plate 29a-d) with a 
"durchbewegung" fabric. Tongues of amphibolite have locally been 
caught up in the massive sulphide (Frontispiece D).

Fine chalcopyrite-rich disseminated sulphides occur throughout 
the Selebi host amphibolite, although there are less in feldspathic
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portions. Coarser chalcopyrite-rich segregations also occur in the 
host amphibolite. They are particularly found in the middle of the
Upper body just below the A-B split, vdiere they are parallel to the 
D1 axial plane.

6.1.3 Selebi North
Observations of the Selebi North ore body were only made from 

drill core. The sulphide type and distribution is similar to that at 
Selebi rather than Phikwe. Thin Type 1 massive sulphides typically 
occur at the margins of the host amphibolite, particularly the outer 
margin (Fig. 5.6b). Sulphides (thin Type 1 massive sulphides, 
stringers and disseminations) are concentrated in the thickened core 
of the D1 antiform. The mineralisation on the limbs of the antiform 
consists of thin massive sulphides and minor disseminations. There is 
a weak tendency for disseminated sulphides to decrease in content 
going inwards from the outer margin of the host amphibolite (Fig. 
5.6b). The massive sulphides contain small amphibolite inclusions 
but few siliceous inclusions. There are few Type 2 massive sulphides 
at Selebi North.

The ultramafic rocks at Selebi North contain only minor 
sulphide disseminations. This is possibly because the ultramafic 
rocks only occur on the northern limb, whereas sulphides are 
concentrated in the antiformal core. However at Phikwe, disseminated 
sulphides are no more concentrated in ultramafic rock than they are 
in the immediately surrounding hornblende amphibolite. These 
observations refute the conclusion of Wakefield (1974, 1976) that the 
sulphides at Phikwe were not originally associated with the host 
amphibolite protolith but rather with later ultramafic rocks that 
were intruded into the host amphibolite protolith.

6.1.4 Sulphide Content of the Ore Bodies
Estimates of the amount of Fe-Ni-Cu sulphide in each of the 

Selebi-Phikwe ore bodies are shown in Table 6.1. Although factors 
such as the amount of barren host rock and the amount of amphibolite 
and grey gneiss inclusions in massive sulphide are taken into 
account, the estimates are crude. The estimate for Selebi North is 
the least reliable. However the estimates do indicate that the 
proportion of sulphide to host rock at Selebi-Phikwe is high. Phikwe 
has the highest sulphide content - 22 vol% (cf. the estimate of 50% 
for Phikwe by Wakefield, 1974).
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volume % of Sulphide Proportion of massive to
in ore body. disseminated sulphide

ms ds
Phikwe 22 vol% 70 % 30 %

Selebi North 12 vol% ? 25 % 75 %

Selebi 14 vol% 5 % 95 %

Table 6.1 The estimated volume percentage of Pe-Ni-Cu sulphides 
in the Selebi-Phikwe ore bodies.

Estimates of the proportion of massive to disseminated ore in 
each ore body are included in Table 6.1. These estimates are also 
very rough but they serve to show that massive sulphide is dominant 
at Phikwe, whereas Selebi is essentially a disseminated ore body.

6.2 SULPHIDE PETROGRAPHY

6.2.1 Massive Sulphides
Polished sections were only examined from Phikwe and Selebi. 

Massive sulphides at Selebi-Phikwe are irregular aggregates of
pyrrhotite (aproximately 70-80% in inclusion-free Type 1 massive
sulphide) with lesser pentlandite^ chalcopyrite and pyrite.
Magnetite varies from up to 15% in Type 1 massive sulphide to 0% in 
Type 2. The pyrrhotite is typically strain-free. Twinning (Plate 
37e) and kink banding are not common. The pyrrhotite grain-size at 
Phikwe gradually decreases from about 5 mm. in Type 1 massive 
sulphide in Zones B and C (Plate 37a & b) to about 0.1 itm. in Type 2 
sulphide in Zone E (Plate 37c & d). Selebi pyrrhotites are typically 
coarse, commonly up to 1 cm. (Plate 37g). Etching of Phikwe 
pyrrhotites with chromic acid (Naldrett & Rullerud 1967) revealed the 
presence of intimate lamellar intergrowths, interpreted as monoclinic 
pyrrhotite and hexagonal pyrrhotite (cf. Vaughan et al. 1971). The 
hexagonal phase occurs in the core of pyrrhotite grains and the 
monoclinic phase tends to occur at the margins of grains and adjacent
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to intragranular cracks where it commonly envelopes flame 
pentlandite. There appears to be slightly more hexagonal than 
monoclinic pyrrhotite.

Pentlandite occurs as rims to pyrrhotite grains (Plate 37b & 
g), as granular aggregates (Plate 37e)y as granular rims to magnetite 
and silicate inclusicns (Plate 37a,c & f) and as exsolution flame 
pentlandite within pyrrhotite (Plate 37g & h). The exsolution flames 
occur scattered throughout pyrrhotite and vary from very thin flames 
to irregular masses up to 0.2mm. (Plate 37a,b & h). Locally they 
occur en echelon along intragranular cracks in pyrrhotite (Plate 
37g). Flame pentlandite also occurs at the margins of coarser 
granular pentlandite. Flame pentlandite accounts for about 15% of 
the total pentlandite in the Type 1 massive sulphides in Zones B and 
C at Phikwe. However going laterally to Zone E (Type 2) the amount 
of pentlandite as flames and fine rims to pyrrhotite becomes neglig- 
igible and the pentlandite is either coarse granular aggregates, or 
rims and partial replacements of silicate inclusions (Plate 37c & d).

Chalcopyrite typically occurs as granular aggregates within 
pyrrhotite aggregates and as rims to magnetite (Plate 37a & f) and 
silicate inclusions. It is commonly associated with pentlandite. 
Chalcopyrite aggregates associated with pentlandite locally form thin 
(< 3mm.) lenses within pyrrhotite aggregates in Type 1 massive 
sulphide and impart a weak foliation. Chalcopyrite also accompanies 
pentlandite as rims to pyrrhotite grains in Type 1 massive sulphides. 
Chalcopyrite commonly corrodes and replaces silicate inclusions in 
massive sulphide and is commonly concentrated within amphibolite 
inclusions in Type 1 massive sulphide.

In the Type 2 massive sulphide layer at Phikwe chalcopyrite 
aggregates are concentrated at the top (Plate 26e) and bottom of the 
layer and in bands of fine siliceous inclusions (Fig. 6,3). 
Chaloopyrite is commonly associated with fine pyrite idioblasts in 
Type 2 massive sulphide (Plate 37c) in Zone E at Phikwe. At the 
extremity of the ore body in Zone E chalcopyrite occurs along with 
pyrite as crosscutting veinlets in Type 2 massive sulphide and the 
overlying pyritised cataclastic gneisses (Plates 35b & 36a, Fig.
6.2).

Pyrite is a minor constituent of the Selebi-Phikwe massive 
and disseminated sulphides and overall accounts for less than 1% of
the sulphides. Most of the pyrite occurs at Phikwe. There is very 
little at Selebi and Selebi North. Pyrite occurs in the following
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locations as:
(a) rare fine-grained idioblasts or rare replacements of silicate 
inclusions (Plate 37h) in Type 1 massive sulphide^
(b) abundant coarse-grained idioblasts (up to 1 cm) in some thin Type 
1 massive sulphides and stringers (e.g. in the massive sulphide that 
occurs near the base of the Phikwe host amphibolite),
(c) veinlets in mylonites associated with late D2 shearing (Plates 
26g & 27a & d) - particularly at Phikwe where the ore body and host 
amphibolite are thin or absent,
(d) thin crosscutting veinlets (post-D2),
(e) abundant idioblasts associated with chaloopyrite and replacement 
of silicate inclusions (Plate 37c & d) in Type 2 massive sulphide of
Zone E at Phikwe,
(f) the matrix of cataclastic gneisses and replacements of silicate 
clasts at the eastern end of Zone E and in Zone F at Phikwe (Fig.6.2, 
see Ch. 6.2.3).

Magnetite is common (up to 15%) in Type 1 massive sulphide
from Selebi, Selebi North and Zones B and C at Phikwe. Going 
laterally from Zone C at Phikwe to Zone E the magnetite content 
rapidly decreases to nothing. The magnetite occurs as rounded embayed 
crystals or idioblastic octahedra (up to 1 cm.). These are thought to 
represent two generations of magnetite. The rounded generation 
(concluded to be the earlier) locally contains round inclusions of 
pyrrhotite and has idioblastic magnetite overgrowths (Plate 37b). It 
is cracked and invaded by sulphides, particularly by chalcopyrite but 
also pentlandite and pyrrhotite (Plate 37f). Granular aggregates of 
magnetite associated with chalcopyrite occasionally occur at host 
amphibolite-Type 1 massive sulphide contacts. Locally within thick 
massive sulphide at Selebi there are patches of coarse octahedral 
magnetite and chalcopyrite (Plate 29e).

In summary, massive sulphides at Selebi-Phikwe are of two
intergradational types:
(a) Type 1 - the typical magnetite-bearing massive sulphides at 
Selebi and Selebi North and the massive sulphides that occur at 
Phikwe in Zones B & C. They are usually relatively thin and inclusion 
-poor (only host amphibolite inclusions). They are pyrrhotite-rich 
and consist of up to 15% magnetite (normally about 10%). Pentlandite 
typically occurs as intergranular rims to pyrrhotite or as flames in 
pyrrhotite.
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(b) Type 2 - inclusion-rich massive sulphides, the main exanple of 
;^ch is the massive sulpdiide layer in Zones D & E at Phikwe. This 
massive sulphide contains abundant inclusions (up to about 80%). The 
inclusions are ccranonly of the surrounding siliceous grey gneiss and 
include cataclastic grey gneiss and myIonite. They contain relatively 
less pyrrhotite and relatively more pentlandite and pyrite and 
particularly more chaloopyrite than Type 1 massive sulphides. They 
contain no magnetite. Pentlandite typically rims the silicate 
inclusions.

The mineralogical changes in the main Phikwe massive sulphide 
layer that occur going laterally from Type 1 in Zone C to Type 2 in
Zone E can be summarised as:
(a) a decrease in: (1) the pyrrhotite grain-size, (2) the proportion 
of pyrrhotite to both pentlandite and chalcopyrite, (3) the magnetite 
content, (4) the proportion of flame pentlandite to coarser inter­
granular pentlandite, and (5) the maximum size of the silicate 
inclusions.
(b) an increase in: (1) the proportion of chalcopyrite to pentland­
ite, (2) the pyrite content, (3) the degree to which all sulphides 
replace silicate inclusions, (4) the amount of inclusions relative to 
sulphide, and (5) the proportion of siliceous inclusions to 
amphibolite inclusions.

6.2,2 Disseminated Sulphides
Disseminated sulphides in the host amphibolites are the same 

as in the massive sulphides, namely pyrrhotite, pentlandite, and 
chalcopyrite with minor pyrite. The disseminated sulphides occur as 
intersilicate aggregates, particularly at silicate grain boundaries
(Plate 32a), and also as fine blebs within silicate crystals. Within 
hornblende-plagioclase amphibolite sulphide typically occurs at 
homblende-plagioclase grain boundaries (Plates 31e & 34d) rather 
than at hornblende-hornblende or plagioclase-plagioclase boundaries. 
Sulphides occur along cracks and cleavages in silicates. This is 
probably due to a combination of replacement and injection. Sulphides 
locally corrode and replace the silicates at their margins. Where 
disseminated sulphides are abundant, chalcopyrite is the most common 
sulphide. The chalcopyrite typically rims and replaces silicates 
(mainly hornblende), whereas pyrrhotite and pentlandite occur at 
interstitial sites with chalcopyrite forming an outer rim adjacent to 
silicate. Both granular pentlandite and flame pentlandite within
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pyrrhotite occur in these interstitial sites. The proportion of 
flame (up to 25%) to granular pentlandite is higher than in Type 1 
massive sulphide.

Disseminated sulphides are locally preferentially associated 
with the development of an M2 assemblage in host amphibolite or 
ultramafic rock, for example at the boundaries of plagioclase altered 
to clinozoisite or along with serpentine and chlorite in ultramafic 
rock.

6.2.3 The Development of Pyrite in Zone E at Phikwe
The main occurrence of pyrite at Selebi-Phikwe is at Phikwe,

at the eastern extremity of the ore body in Zones E and F (Fig. 5.2). 
Here the upper part of the pyrrhotite-rich Type 2 massive sulphide 
layer (referred to here as the massive sulphide) gradually changes 
laterally into a pyrite-rich zone consisting of abundant pyritised 
fragments in a fine dark silicate-pyrite matrix, until eventually 
there is a pyritic layer above Type 2 imassive sulphide (Fig. 6.2). 
Further east, as the whole sulphide-bearing zone thins, the 
proportion of pyritic rocks to Type 2 massive sulphide gradually 
increases (Plates 35b & 36a) until in Zone F the lateral equivalent 
of the ore body is a thin pyritic layer within thick cataclastic 
gneisses.

The basal contact of the pyritic layer with the massive 
sulphide is either rapidly gradational (over 2 ran., Plate 36e) or is 
a sharp, late-D2 shear plane. A thin pyrite stringer is typically 
developed at the shear (Plate 35a). The upper part of the massive 
sulphide is oommonly chaloopyrite-rich (Plate 35a). The upper contact 
of the pyritic layer with highly cataclastic gneisses without pyrite 
is also either gradational or more cotmonly a late-D2 shear with a 
pyrite stringer. Whether or not this contact is sharp, the pyrite 
content of the pyritic layer gradually decreases upwards. Quartz 
veins are commonly developed at the upper and lower contacts of the 
pyritic layer. Locally these quartz veins have been disrupted and 
inclusions incorporated into the massive sulphide or pyritic layer, 
particularly the latter. Both the massive sulphide and particularly 
the pyritic layer are cut by chaloopyrite-pyrite veins (Plates 35a & 
36a) . These veins typically dip to the west between 35 and 60 and 
are approximately parallel to small thrusts in the massive sulphide 
layer further west in Zone E. Locally where only the pyritic layer is 
present, the chalcopyrite veins form a chaotic network (Plate 35b).
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The massive sulphide below the pyritic layer represents the
most extreme development of Type 2 massive sulphide. It consists of a 
high proportion of fine (typically 1-5 rrm.) silicate inclusions 
(Frontispiece Plate 36e & gj in a matrix of fine (0.1 mm) 
unstrained polygonal pyrrhotite with abundant ididblastic pyrite 
associated with chaloopyrite (Plate 37c & d). There is no flame 
pentlandite and no magnetite. The inclusions are mainly siliceous, 
dominantly of quartz, but also of plagioclase and quartzofeldspathic 
gneiss. The few mafic inclusions are of chlorite. No amphibolite was 
found. Fine idioblastic pyrite locally replaces the siliceous 
inclusions (Plate 37c & d). Locally the inclusions have idioblastic 
overgrowths of quartz (Plate 36g) or thin chlorite rims.

The pyritic layer consists of variably pyritised mainly 
siliceous inclusions in a M2b matrix of very fine dark green-brown 
chlorite with minor pyrite (Plates 34g & h, and 36c, e & f). 
Inclusions are typically 1-5 mm. (Plate 36c & e) . Single quartz 
crystals are the main inclusion type. Others are fragments of 
myIonite, cataclastic gneiss and plagioclase (Plates 34g & h, and 36c 
& d). Some inclusions have been completely pyritised (Plate 36e & f). 
Plagioclase and chlorite inclusions are highly pyritised by pyrite 
without any crystal faces (Plate 35c, d & e). One coarse, six- 
sided, highly pyritised chlorite inclusion (Plate 35c) possibly 
pseudomorphs a dodecahedral garnet. Quartz inclusions have a variable 
degree of replacement, but always with idioblastic pyrite (Plate 35c, 
e & f). Angular quartz inclusions without any pyrite replacement 
(Plate 36f) were presumably the last fragments to be incorporated 
into the layer. The inclusions may have thin rims of quartz and/or 
radiating chlorite (Plate 36d). Weakly pyritised cataclastic rock 
from Zone F contains abundant chlorite in the matrix (Plate 35g). 
Chaloopyrite occurs as veinlets rimmed by chlorite (Plates 35c & 36b) 
or occasionally as rims to pyritised inclusions. Other fine-grained 
sulphide phases were difficult to identify. Violarite, pentlandite 
and pyrrhotite are possibly present. (More work needs to be done on 
this.)

The cataclastic gneisses, some of which contain pyrite at the 
eastern end of the Phikwe ore body, are the result of repeated 
shearing, during Dl and particularly D2. This shearing was localised 
at the Phikwe ore body. The nature of the Type 2 massive sulphide 
indicates that Type 1 massive sulphide has been mobilised laterally 
due to this shearing and that it has incorporated fragments of
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cataclastic gneiss. The pyrite in the pyritic layer occurs mainly as 
replacements of silicate inclusions. TWo alternatives are thought 
possible for the origin of the pyritic layer: (1) alteration and 
pyritisation of massive pyrrhotite-rich sulphide; or (2) pyritisation 
of cataclastic gneiss. The gross form of the pyritic layer, its 
location above the massive sulphide, its upwards gradation into 
unpyritised cataclastic gneisses, its dominantly silicate matrix and 
replacement textures, all suggest that an origin by pyritisation of a 
cataclasitic grey gneiss is very likely. The undeformed nature of the 
pyrite suggests that much of the pyritisation took place during and 
after late D2 (see Ch. 6.4.2 for mobility of S). The deformational 
origin suggested here for the inclusion-rich Type 2 massive sulphide 
and pyritic layer of Zones E and F at Phikwe completley refutes the 
sedimentary origin suggested by Gallon (1986). He considered that the 
cataclastic grey gneisses were coarse detrital sediments that were 
extensively replaced by sulphide. However the textures of the 
cataclastic grey gneiss, particularly the development of mylonites, 
indicate an origin by shearing of typical grey gneiss.

6.2.4 Sulphide Mineral Analyses
No micrqprdbe analyses of Selebi-Phikwe sulphides were made in 

this study and this remains an important part of future iwork. "The 
limited amount of microprdbe data that are available has been
summarised by Lear (1979). The average Ni content of pyrrhotite at
Phikwe is 0.4%, with two weakly distinguished phases containing 0.7%
and 0.3% Ni respectively. The average nickel content of pyrrhotite at 
Selebi is possibly higher - 0.6%. Pentlandite at Phikwe and Selebi
North contains 35-36% Ni and 2-3% Co.

6.3. THE BULK CHEMICAL OQMP06ITI0N OF THE SULPHIDES

The Ni and CU contents of a Ni-Cu sulphide deposit, particu- 
larly the Cu/Ni ratio (expressed here as the ratio - Cu/CCu+Ni3 ), 
are important petrogenetic parameters (Naldrett & Cabri 1976;
Rajamani & Naldrett 1978). Most of the information on the grade of 
mineralis ccK on has been obtained from BCL sampling and assays.
There are significant differences in the grades and Cu/(Cu+Ni) ratios 
between massive and disseminated sulphides and between ore bodies.

At Phikwe, Type 1 massive sulphide typically contains between
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2.0-3.5 wb% Ni and 1.2-1.9% Cu (Cu/Cu+Ni ratio of 0.3-0.4)f depending 
on the amount of amphibolite inclusions. Ni values exceeding 3.5% are
rare. Type 2 massive sulphide commonly has ratios of 0.4-0.45, with 
Ni contents of about 2.0-2.5%. The main massive sulphide layer 
gradually contains more Cu going from Zone C (Type 1) to Zone E (Type 
2) and the ratio changes from 0.32 to 0.47 (Figs 5.2 & 6.3). This 
agrees with the observation that as the amount of inclusions in the 
massive sulphide increases from Zone C to E, the pentlandite/ 
pyrrhotite ratio and particularly chalcopyrite/pyrrhotite ratio also 
increase. Ni is more uniform than Cu in its distribution in both Type 
1 and 2 massive sulphides (Fig. 6.3). There is little variation 
from top to bottom in the nickel content of the Type 2 massive 
sulphide layer of Zones D and E (typically 2.0-2.4%). However the Cu 
content is highly variable. The Cu content is typically high at the 
margins of the Type 2 massive sulphide layer, particularly the top, 
and also in bands of very fine inclusions within the massive 
sulphide. Locally there are thin massive sulphides/stringers with low 
copper contents and Cu/(Cu+Ni) ratios as low as 0.1, for example the 
thin massive sulphide that invariably occurs near the base of the 
host amphibolite (Fig. 6.3).

In Zones B and C at Phikwe disseminated ore is Cu-rich, with 
Ch/(Cu4Ni) ratios from 0.45-0.8. However the ratio is usually between
0.6 and 0.7. Cu is particularly abundant immediately below the 
massive sulphide layer in Zone C (Figs 6.3 & 7.2). Host amphibolite 
with only minor disseminated sulphide (e.g. in Zones A and D) is Cu- 
poor with ratios of 0.1-0.45 (typically 0.15 to 0.3) (Figs 6.3, 7.2-
7.4 & 7.16).

The Type 1 massive sulphides within amphibolite at Selebi have 
similar ratios to Phikwe, usually 0.3-0.4. However the actual Ni and 
Cu grades are higher than at Phikwe and are both comcnly over 3.5% 
(Fig. 6.4). As at Phikwe there are very minor thin massive sulphides 
and stringers that are Cu-poor (ratios down to 0.1). Type 1 massive 
sulphides that occur within grey gneiss without any host amphibolite 
are Cu-rich (e.g. in SD 27, Fig. 6.4). As at Phikwe, Ni tends to be 
more uniform than copper in its distribution within massive sulphide. 
The higher grades in Type 1 massive sulphide at Selebi ccmpared to 
those at Phikwe are due to a combination of: (1) very few siliceous 
inclusions at Selebi; and (2) higher pentlandite (Lear 1979) and 
higher chalcopyrite contents relative to pyrrhotite at Selebi. 
Disseminated ores at Selebi are Cu-rich with ratios from 0.6 to 0.8
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(Fig. 6.4). As at Phikwe weakly mineralised amphibolite is Cu-poor 
with ratios of 0.15 to 0.3 (Figs 6.4 & 7.5).

The limited assessment in this study of the Selebi North 
massive sulphides indicates that they are more like those at Selebi 
than those at Phikwe, with both Ni and Cu commonly over 3.5%. Type 1 
massive sulphides are Ni-rich with Cu/(CutNi) ratios varying widely 
from 0.1 to 0.6 (mainly 0.3-0.4). As at Phikwe and Selebi thin 
massive sulphides tend to have the lowest ratios. Disseminated ores 
are CU-rich with ratios from 0.5 to 0.8. Selebi North host ultramafic 
rocks with minor disseminated sulphides have a ratio of 0.24 and are 
essentially Cu-poor (Fig. 7.7). However adjacent hornblende-feldspar 
amphibolites with even less sulphides have a ratio of 0.08. The low 
Cu/(Cu+Ni) ratios of these weakly mineralised host rocks and those at 
Phikwe and Selebi appear to be related to their low sulphide content 
and are oonsidered to be partly due to a high proportion of the Ni 
having been originally located in premetamorphic olivine (& qpx., see 
Ch. 7.4.3). Some of this Ni is now in metamorphic silicates (e.g. 
hornblende) but some has probably been scavenged by the minor amount 
of disseminated sulphide (Ewers 1972; Eckstrand 1975).

Thin massive sulphide with euhedral pyrite 
near the base of the host amphibolite in Zone C

Pyritised cataclastic rock from Zone E

Table 6.2 Co contents (wt %) of pyrite-bearing samples from Phikwe

% Ni
0.93

% Cu
0.05

% Co
0.13

1.40 0.68 0.19

The Selebi-Phikwe ore bodies contain significant Co. Within 
each ore body the Co content of pyrite-free Type 1 massive sulphide 
is proportional to the Ni content and the CO appears to be contained 
in pentlandite. The Ni/Co ratio at Phikwe is 18.5 and the typical 
maximum for Type 1 massive sulphide with 3.5% Ni is 0.19% Co. 
Hodkinson (unpub.report, 1979) thought that Selebi contains less Co 
and has a Ni/Co ratio of 27.7. However Lear (1979) concluded that the 
Ni/Co ratios of Phikwe, Selebi North and Selebi were approximately 
the same (about 18). Anomolously high Co contents are found in 
pyrite-bearing samples (Table 6.2). Co contents as high as 0.57%
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(0.40% Ni) have been found in BCL sampling of the pyritised 
cataclastic gneiss of Zone E. It is not known whether the Co is 
contained within the pyrite or whether it is a separate exsolved 
phase (carrollite; King, pers. comm. 1981) associated with pyrite.

The estimated Ni-Cu-Fe-S-Co compositions (used in Fig. 6.5) of 
the main sulphide types at Selebi-Phikwe are shown in Table 6.3. They 
were estimated on a silicate and magnetite-free basis. The Ni, Cu and 
Co contents were recalculated frcm BCL assays (mainly by atonic 
adsorption). The Fe and S contents were estimated from BCL assays and 
from the mineralogies of the ores in unpublished BCL reports and Lear 
(1979). For the Type 1 massive sulphide, the highest grades (i.e. 
with the least inclusions) of typical mineralisation were used.

gi
Ni Cu Fe S Co CutNi

Type 1 massive 4.2 2.3 56.5 36.7 0.2 wt % 0.35
sulphide 3.1 1.6 44.7 50.5 atomic %

Pyrite-bearing 5.0 4.1 53.0 37.9 0.2 wt % 0.45
Type 2 massive 3.8 2.8 41.6 51.8 atomic %
sulphide (15% py)

Disseminated 2.5 4.6 56.4 36.5 0.1 wt % 0.65
ore 1.9 3.2 44.6 50.3 atomic %

Table 6.3 Chemical compositions of Selebi-Phikwe sulphide types

The composition, particularly the Fe and S content, of 
disseminated ore is more difficult to estimate than that of massive 
sulphide. The composition in Table 6.3 is only an approximation. 
Pentlandite/pyrrhotite ratios in disseminated ores are both higher 
and lower than in the Type 1 massive sulphides (Lear 1979). The loss 
of Fe from sulphide into silicates and to form magnetite and the 
removal of S from the system possibly occurred during complex 
metamorphic sulphide-silicate oxidation reactions (see Ch. 7.4.2). 
This has resulted in a local increase in the pentlandite/pyrrhotite 
ratio of the disseminated ores.

The best estimates of the overall Cu/(Cu+Ni) ratio of the ore
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todies are the published ore reserves: Phikwe 0.45, Selebi North 0.53
and Selebi 0.67 (Gordon 1973). Ihe differences in Cu/(Ci}+Ni) ratio 
between the three ore bodies are significant and are not seriously 
affected by the exclusion of low-grade uneconomic mineralisation. 
Host rocks with disseminated sulphides have a wide range of ratios. 
Disseminated ore is Cu-rich (ratio of c. 0.65). Weakly mineralised 
host rock is Cu-poor (ratios of 0.1-0.3). No major systematic 
differences in the CP/(CUtNi) ratios of each of the three main types 
of sulphide mineralisation (Type 1 massive sulphide. Type 2 massive 
sulphide and disseminated ore) were found between the three ore 
bodies. Selebi disseminated sulphides are typically Cu-rich, with 
Cu/(Cu+Ni) ratios oommonly over 0.7. These are within the range of 
Phikwe disseminated ores. The difference in the Cu/(Cu+Ni) ratios of 
the three ore bodies is essentially due to their differing 
proportions of the three sulphide types (Fig. 7.16). The Selebi ore 
body (ratio of 0.67) consists mainly of disseminated ore. Selebi 
North (0.53) consists of disseminated ore and Type 1 massive 
sulphide. Phikwe (0.45) consists of both Type 1 and Type 2 massive 
sulphide and disseminated ore.

6.4 DISCUSSION - THE EFFECTS OP DEFOBMATTDN AND METAMOPPHISM ON
SUIPHIDES AT SRhRBI-PHIKWE

6.4.1 Mobilisation of Sulphides: Gross Features
The general form of the Seiebi-Phikwe mineralised host rocks, 

the folding of the mineralised host rocks and massive sulphides by 
the early deformation (Dl) and the virtual restriction of sulphides 
to the host rocks indicate that sulphides were intimately associated 
with the host rocks prior to deformation and metamorphism. The imain 
alternative is that the ore bodies resulted from syn- or post- 
metamorphic replacement of host rocks by sulphide (Gallon 1986). 
However the high degree of replacement by sulphide that would be 
required and the virtual restriction of the sulphides to the host 
rocks implies that the replacement model is highly unlikely.
Sulphides at Seiebi-Phikwe are therefore considered to have suffered 
all the phases of deformation and metamorphism that have affected the 
host rocks and enclosing gneisses. The sulphides (their mineralogies, 
grade, distribution, crystallisation history etc.) can be considered 
as being the result of processes in two separate periods:
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(a) Processes prior to deformation and metamorphism (e.g. possibly
magmatic processes, see Ch. 7.4).
(b) Later tectono-metamorphic processes that modified preexisting
sulphides.
The effects of deformation and metamorphism on pre-existing sulphides
must be considered before the erection of models for the initial 
stage.

The sulphides at Selebi-Phikwe essentially occur as massive
sulphides or disseminated sulphides. The question arises as to 
whether these represent modified original massive and disseminated 
sulphides or whether they, and in particular the massive sulphides, 
have been generated (Barrett et al.l976, 1977) by tectono-metamorphic
processes from sulphide-bearing protoliths. The massive sulphides at
S^lebi-Phikwe have been divided into two types, imagnetibe-bearing 
Type 1 and inclusion-rich Type 2 massive sulphide. The generation of 
Type 2 massive sulphide, mainly from Type 1 massive sulphide but also 
fron disseminated sulphide by tectono-metamorphic processes during
repeated shearing, particularly during early D2, is indicated by:
(a) the gross form of the Type 2 massive sulphides,
(b) the occurrence of Type 2 massive sulphide at Phikwe in grey 
gneiss without any host rocks,
(c) the content and typically siliceous nature of inclusions in Type
2 massive sulphide,
(d) the gradation at Phikwe from Type 1 massive sulphide in Zone C to 
Type 2 massive sulphide in Zone E (see Fig. 6.3), and
(e) The association of Type 2 sulphides with D2 shearing.

The existence of massive sulphides (similar to Type 1) and 
disseminated sulphides as two separate forms of mineralisation prior 
to deformation and metamorphism, is indicated by:
(a) the Dl folding of Type 1 massive sulphides and disseminated 
sulphide bodies at Selebi and Selebi North,
(b) the sharp nontectonic contacts between host amphibolite 
containing disseminated sulphides and Type 1 massive sulphide,
(c) the relatively constant mineralogy of the Type 1 massive 
sulphides, and
(d) the differing Cu/ (CuWi) ratios of Type 1 massive sulphide (0.3- 
0.4) and disseminated ore (0.45-0.8).

Studies of the mineralogies of the rocks in the Selebi-Phikwe 
area (Chapter 3, Fig. 3.3) indicate that temperatures and pressures 
of at least 800^C and 10 kbar were attained during the peak of
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metamorphism (Mlpj. The compositions of the Type 1 massive sulphides 
(Table 6.3) are such that original massive sulphides would have 
homogenised at the peak of metamorphism to dominantly quaternary Cu- 
Fe-Ni-S monosulphide solution (MSS) with less than 10% magnetite and 
no pyrite (Fig. 6.5c & d) (Naldrett et al. 1967; Craig & Kullerud 
1969). Thus the sulphide assemblages now found have crystallised 
from metamorphic MSS. Rapid diffusion (Gill 1960, 1969; McDougall et 
al. 1961; McDonald 1967) characterises the Cu-Fe-Ni-S system at the 
temperatures of metamorphism suffered by the Selebi-Phikwe sulphides.

At temperatures considerably below those of the metamorphic 
climax, the two main components of the ore bodies (i.e massive 
sulphides and disseminated ores) would have had contrasting strengths 
(Graf & Skinner 1970; Clark & Kelly 1973; Kelly & Clark 1975;
Atkinson 1974, 1975; Roscoe 1975) and would have behaved as discrete 
entities during deformation. The massive ores (dcminantly quaternary 
MSS) would have been highly ductile at the peak of metamorphism and 
would have been mobilised much more than the disseminated ores.
Strain would have been concentrated in the very low strength massive 
ore layers. The mobility of the Type 1 massive ores is indicated by 
their concentration at Selebi and Selebi North in fold closures; by 
their "durchbewegung" fabric; by the isoclinal folds marked by 
airphibole inclusions within the massive sulphide; by the tongues of 
amphibolite within massive sulphide and by the crosscutting 
relationships of massive sulphide and host amphibolite. The 
occurrence of Type 1 massive sulphides at Selebi within grey gneisses 
without any host amphibolite (e.g. SD 27, Figs 5.5 & 6.4) indicates 
mass transport over tens of metres, probably by ductile flow of 
quaternary MSS. The Type 1 massive sulphides were mainly mobilised 
during Dl and early D2.

The continued high ductility of massive ore under cooler (M2) 
conditions is indicated by the generation of siliceous inclusion-rich 
Type 2 massive sulphide in Zones D & E at Phikwe during D2. Type 1 
massive sulphides and adjacent disseminated sulphides at Phikwe had 
probably been mobilised laterally into the grey gneisses during Dl. 
Further shearing during early D2 was localised along this mobilised 
massive sulphide. Sulphide was remobilised further along the zone of 
early D2 (M2a) blastomylonitic grey gneiss and formed Type 2 massive 
sulphide. Abundant fragments of cataclastic grey gneiss were 
incorporated into the Type 2 massive ore during flow. However at the 
eastern extremity of Zone E, where inclusions account for up to 80%
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of the massive layer^ the mobilisation mechanism was possibly solid- 
state stress-activated diffusion (Gill 1960, 1969), rather than 
ductile flow of sulphide. The typically unstrained polygonal annealed 
textures of both Type 1 and Type 2 massive sulphides indicate that 
the majority of the ductile deformation took place at temperatures 
above that of the unmixing of hexagonal and monoclinic pyrrhotite (at 
about 250°C, Kissin & Soott 1982). This agrees with the P and T 
estimates made from the assemblages in the surrounding gneisses (Fig. 
3.3). D2 shearing is less important at Selebi and Selebi North and 
there is little Type 2 massive sulphide developed there. At Selebi 
open D2 folding has caused Type 1 massive sulphide to flow and cut 
across grey gneiss.

The above discussion has concentrated on the massive sul­
phides. Less information is provided by the disseminated sulphides, 
ipart from the overall control of the shape of host amphibolite with 
disseminated ores by regional structures, the disseminated ores 
usually show little internal evidence of deformation. Mobilisation of 
disseminated sulphides is less obvious than that of massive 
sulphides. However evidence of mobilisation of disseminated sulphides 
is provided by their concentration in the crest of the Dl antiform at 
Selebi North. There is no evidence of upgrading of originally 
disseminated ores to Type 1 massive ores, although disseminated 
sulphide adjacent to massive sulphide was probably mobilised to form 
a minor corponent of Type 2 massive sulphides. The lack of dissemin­
ated ore in Zone D at Phikwe is possibly due to a combination of the 
original sulphide distribution, the attenuation of the host amphibol­
ite and the mobilisation of disseminated sulphide into Type 2 
massive sulphide. The shape of the disseminated sulphide aggregates 
was controlled by the growth of metamorphic silicates and interfacial 
energies, for example the location of sulphide at plagioclase- 
homblende rather than hornblende-hornblende or plagioclase- 
plagioclase boundaries. There is little evidence remaining for the 
original shape of sulphide aggregates. The round form of sulphide 
inclusions could be due to the lack of gross orientation effects and 
to negligible differences in interfacial energies between positions 
within and at the grain boundary of the host mineral (Stanton 1964), 
rather than to original sulphide immiscibility (cf. Wakefield 1974,
1976). The association of disseminated sulphides with the development 
of hydrous M2 assemblages indicates that localised hydrous redistrib­
ution of sulphides took place during D2.
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There is little evidence frcm the distribution and form of the
sulphide bodies for either significant in situ generation of Typs 1
massive sulphides frcm disseminated sulphides or for the suggestion 
by Wakefield (1974) that the disseminated sulphides were generated by 
the mobilisation of chalcopyrite from massive sulphide into host 
amphibolite. Type 1 massive sulphide and disseminated ore are 
respectively thought to be the tectonoMmetamorphically modified 
equivalents of original massive and disseminated sulphides in the 
host amphibolite-ultramafic protoliths. Original massive sulphides 
were mobilised to varying degrees relative to the disseminated 
sulphides during deformation and metamorphism. Mobilised massive 
sulphides moved independently of disseminated sulphides and there was 
substantial relative movement between massive and disseminated 
sulphides. The majority of the ductile deformation of the sulphides 
is recorded in their gross structures^ whereas the smaller scale 
structures and textures only record later deformation or annealing 
events at lower temperatures, i.e. when metamorphic quaternary MSS 
was not the dominant phase in the ores.

6.4.2 Mobility of Sulphide Elements
The distribution of chalcopyrite in massive sulphides at 

Selebi-Phikwe is more irregular than that of pentlandite.
Chalcopyrite is commonly irregularly distributed in NinCu sulphide 
deposits (McDonald 1967; Coats et al. 1976; Barrett et al. 1977; 
Patterson & Whtkinson 1984a,b). The CU content in the profiles 
through both Type 1 and 2 massive sulphide is highly variable, 
whereas the Ni content is uniform (Figs 6.3 & 6.4). The distribution 
of chaloopyrite appears to be related to mobility of Cu during both 
the itobilisation of the Type 1 massive sulphides and the generation 
of Type 2 massive sulphide. This is particularly well shown at 
Phikwe by the follcwing features:
(a) the oonoentration of chaloqpyrite at the margins of the Type 2 
massive sulphide layer in Zones D & E (particularly near the top of
the massive sulphide),
(b) the association of chalcopyrite with bands of very fine 
inclusions in Zones D & E,
(c) the oocurrenoe of chaloqpyrite in pressure shadows around 
amphibolite inclusions, and
(d) the gradual increase in the Cu/(CutNi) ratio in the massive 
sulphide layer going frcm Type 1 massive sulphide in Zone C to Type 2
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in Zone E.
The distribution of chalcopyrite in the massive sulphides is 
therefore indicative of migration of chalcopyrite and/or Cu during
deformation and metamorphism; rather than original processes. The 
occurrence of the Type 2 massive sulphide layer at Phikwe in grey
gneiss without any host amphibolite and the higher Cu/(Cu+Ni) ratio
of Type 2 compared to Type 1 massive sulphides suggests that some of 
the Cu in Type 2 massive sulphide was derived from disseminated 
sulphide.

During the majority of D1 and early D2 deformation; the Type 1 
massive sulphides and the disseminated sulphides would have been a 
quaternary MSS (Figs 3.3 and 6.5c & d). This fact plus the ore 
textures and the experimentally determined strengths of pyrrhotite 
and chaloopryrite (Kelly & Clark 1975) suggest that much of the 
distribution of chalcopyrite is controlled by repeated stress-induced 
diffusion of Cu in quatenary MSS rather than by the mechanical 
strength of chaloopyrite. Mechanical separation of chaloqpyrite and 
pyrrhotite by shearing possibly took place during initial deformation 
and during late D2, but was much much more localised than stress- 
induced diffusion (e.g. the formation of thin lenses of chalcopyrite 
in massive sulphide).

The pentlandite/pyrrhotite ratio and hence Ni/Fe ratio of the
main massive sulphide layer at Phikwe gradually increases as the 
inclusion content increases going from Type 1 massive sulphide in 
Zone C to Type 2 in Zone E (Fig. 6.3). This means that either there 
was Ni diffusion relative to Fe in the quarternary MSS above the 
metamorphic temperatures of about 600^C; below which pentlandite 
would beccme stable (Craig & Kullerud 1969, Hill 1984) or that 
significant mechanical segregation of pentlandite has taken place 
(Barrett et al. 1976, 1977). Mechanical segregation of pentlandite 
froti pyrrhotite could have taken place during the earliest 
deformation, prior to the establishment of metamorphic temperatures 
above 600'C; or from MSS at decreasing metamorphic temperatures (from 
about 600^0 down to 35o"C; to form the thin pentlandibe lenses in 
massive sulphide). However pentlandite is less ductile than 
pyrrhotite (Barrett et al. 1977; Marston & Kay 1980) and henoe it is 
thought unlikely that mechanical pyrrhotite-pentlandite segregation 
during early deformation would have increased the Ni/Fe content of 
the Type Zimassive sulphide at the extremity of the Phikwe ore body 
in Zone E. The very uniform Ni contents in each of the profiles
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through massive sulphide at Phikwe (Fig. 6.3) also rule out 
significant differential movement of pentlandite from cooling 
iretamorphic MSS due to mechanical segregation. They are more in 
agreement with the stress-induced diffusion of Ni relative to Fe 
during Dl and early D2 mobilisation of massive sulphide as a 
quaternary MSS. This is oontrary to the assumption of Barrett et al. 
(1977) and Patterson & Watkinson (1984b) that the diffusion rate of 
Ni is very similar to that of Fe. The correlation of the Co content 
of the massive sulphides with their Ni content indicates stress- 
induced diffusion of Co.

Although it is feasible that the premetamorphic precursor of
Type 2 massive sulphide at Phikwe had higher CU and Ni contents than 
those of Type 1 sulphide, it is proposed that the higher Cu and Ni 
contents of Type 2 massive sulphide than Type 1 are the result lof 
stress-induced diffusion of Cu and Ni along the Phikwe ore body. The 
higher Cu/(Cu+Ni) ratio of Type 2 massive sulphides than Type 1 is a 
combination of the higher mobilty of Cu ccmpared to Ni and the 
mobilisation of some of the Cu and Ni from CU-rich disseminated 
sulphide adjacent to massive sulphide. The slightly higher 
pentlandite and chalcopyrite contents of inclusion-free Selebi Type 1 
massive sulphides compared to those of Phikwe Type 1 are possibly due 
to lower diffusion rates at Selebi. Selebi is less sheared than 
Phikwe. The thin massive sulphides with very low Cu and lower than 
average Ni contents at Phikwe and Selebi are possibly the result of 
very high diffusion and removal of Cu and to a lesser extent Ni from 
typical Type 1 massive sulphide.

Pyrite is rare in Type 1 massive sulphides at Selebi-Phikwe. 
The compositions of the Type 1 massive sulphides are such (Thble 6.3) 
that there would be no pyrite associated with the quaternary MSS 
during the majority of the metamorphism (Fig. 6.5c-e). The minor 
pyrite idioblasts in Type 1 sulphide probably exsolved from cooling 
MSS between 350 and 250^C (Fig. 6.5f). Pyrite is commonly associated 
with D2 shearing at Phikwe, particularly in Zones E and F where it 
occurs in massive sulphide associated with chalcopyrite and in 
cataclastic gneisses. The occurrence of the majority of the pyrite 
at Phikwe could be due to either sulphur migration or oxidation of 
pyrrhotite. The occurrence of pyrite without magnetite in the 
imassive sulphide of Zone E suggests repeated stress-induced diffusion 
of S in quaternary MSS during Dl and early D2, rather than oxidation. 
Solid-state diffusion of sulphur is several orders of imagnibude
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slower than the diffusion of iron and nickel in the Fe-Ni-S system 
(Klotsrnan et al. 1963? Condit et al. 1974) so that solid-state 
diffusion of sulphur would not appear to be the main process. Sulphur 
diffuses much faster along fractures and in areas of high porosity 
than in massive sulphide in diffusion experiments. This is thought by 
Condit et al. (1974) to be due to vapour transport along grain 
boundaries.

The undeformed textures of the pyrite in the pyritised 
cataclastic gneisses of Zones E & F at Phikwe suggest replacement by 
pyrite at a relatively late stage in their metamorphic and 
deformation history. The association of pyrite with late D2 shearing, 
the replacement by pyrite of clasts in cataclastic gneisses, the 
calcite veinlets and the occurrence of quartz and/or chlorite rims to 
pyritised clasts indicate significant stress-induced sulphur 
migration in a fluid phase (cf. Lesher & Keays 1984? Seccombe et al. 
1981) during late D2. This is supported by the hydrated nature of the 
M2 assemblages that occur throughout the Selebi-Phikwe gneisses and 
particularly in late-D2 shear zones. The occurrence of chalcopyrite- 
pyrite veins cutting the pyritised cataclastic gneisses and the high 
Go and significant Ni contents of the pyritised cataclastic gneisses 
indicate that Cu, Co and Ni were also transported in a fluid phase 
along with the sulphur. (More work needs to be done on the mineralogy 
of the Ni-bearing phase. It could be violarite.) Fluid-phase 
transport in metamorphosed sulphide deposits has been suggested by 
Lawrence (1967), McDonald (1967), Vokes (1971) and Mikkola & Vaisanen 
(1972). Lawrence (1967) and VOkes (1971) proposed that 
inetahydrothermal fluids were the products of the partial melting of 
ores. However the Fe, S, Ni and Cu contents of the Type 1 massive 
sulphides and the metamorphic temperatures of about 800°C (even 
allowing for the effects of pressure) are such that melts (either Cu 
or Ni-enriched liquid. Fig. 6.5c) would not occur at the peak of 
metamorphism (Craig & Kullerud 1969). Sulphur diffusion appears to 
have taken place as repeated, high temperature, stress-induced 
diffusion in quaternary MSS during D1 and early D2 and as relatively 
low temperature and pressure fluid-phase diffusion during and after 
late D2. This fluid-phase diffusion was localised along thin zones 
of increased permeability produced by D2 shearing.

The alternative possibilty is that pyrite formed by oxidation 
of pyrrhotite, for example (Marston & Kay 1980):
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12^^ + 6^^

pyrrhotite magnetite pyrite

Similar equations can be postulated involving quaternary]MSS^
pentlandite and chalcopyrite. However the form and textures of the 
pyritised ores at Phikwe and their lack of associated magnetite 
suggest that in situ oxidation of pyrrhotite or MSS could not have 
been an important process in the formation of pyritic massive 
sulphide of Zone E. Another source of sulphur could have been the 
carplex sulphide-silicate netamorphic oxidation reactions that 
resulted in the formation of garnetiferous host amphibolite (e.g. in 
Zone C at Phikwe, see Ch. 7.4.2). Sulphur generated by these 
oxidation reactions would have diffused via a fluid phase into 
disrupted zones (Condit et al.l974).

The disseminated ores are significantly more Cu-rich (Cu/Cu+Ni 
ratio of 0.5-0.8) than the massive sulphides (0.3-0.4) (Fig. 7.15). 
This oould be an original premetamorphic feature of the two sulphide 
types or caused by tectono-metamorphic effects such as the stress- 
induced diffusion of Cu, mechanical separation of chalcopyrite or the 
formation of a Cu-enriched liquid at the peak of metamorphism. 
Although the coexistence of a CU-enriched liquid with quaternary MSS 
is possible at temperatures above 850”c in the Cu-Fe-Ni-S system 
(Fig. 7.5c) (Craig & Kullerud 1969), it has already been concluded 
that this latter process was unlikely. The concentration of strain in 
the massive sulphides suggests that mechanical segregation of 
chalcopyrite or stress-induced diffusion of Cu would have taken place 
in the massive sulphide layers rather than in the host amphibolite. 
Locally (PW 80, Fig. 7.3) chalcopyrite is very high adjacent to 
massive sulphide and some mobilisation of Cu from massive sulphide 
into immediately adjacent host rocks could possibly have taken place. 
The high Cu and Ni contents of the host amphibolite immediately below 
the main massive sulphide in Zone C at Phikwe (Fig. 7.2) and the low 
Cu and Ni of the amphibolite inclusion or band within the massive 
sulphide indicate only limited mobilisation of Cu and Ni from massive 
sulphide into host amphibolite. The Cu content of the host rocks is 
typically independent of adjacent massive sulphides (Figs 6.3 & Fig.
6.4). There is therefore little evidence for the suggestion of 
Wakefield (1974) that the disseminated sulphides were generated by 
the movement of chalcopyrite frcm massive sulphide into the host
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rocks. There is seme evidence for the mobilisation of Cu from 
disseminated sulphide adjacent to massive sulphide into Type 2 
massive sulphide. Locally chalcopyrite-rich zones have formed in the 
host amphibolite^ particularly at Selebi (Fig. 6.4) where stringers 
below the A-B split are parallel to the Dl axial plane. However 
these occur in host amphibolites with overall higher Cu/(Cu+Ni) 
ratios than the massive sulphides and they are thought to result from 
mainly stress-induced diffusion of Cu within the amphibolite combined 
with seme localised mechanical segregation of original chalcopyrite 
during early Dl and metamorphic chalcopyrite during D2. The higher 
Cu/(Cu+Ni) ratio of disseminated ore than that of Type 1 massive 
sulphide is therefore thought to be an original, pretectono- 
metamorphic feature.

Repeated (Dl and early D2) stress-induced diffusion Cu, S,
(Ni?) and Co relative to Fe in quaternary MSS aided by later 
diffusion (late D2) of S, Cu, Co and (Ni?) via a fluid phase are 
thought to have been responsible for the mobilisation of the ore 
elements. The later diffusion is particularly significant at Phikwe 
and was concentrated in thin D2 shear zones at the margins of the 
massive sulphides and at the eastern extremity of the ore body.

6.4.3 The Formation of Magnetite
Type 1 massive sulphides typically contain up to 10% 

magnetite. The magnetite occurs as two generations: subround <cracked 
resorbed magnetites and idiomorphic magnetites. In some cases partly 
resorbed magnetites have overgrowths of idioblastic magnetite. The 
subround resorbed magnetites are regarded as relicts of pre- 
metamorphic magnetites. The idiomorphic magnetites are regarded as 
iretanorphic magnetites. Any magnetite that existed in the original 
massive sulphides prior to metamorphism would have partly dissolved 
in the quaternary MSS at the peak metamorphic temperatures (Naldrett 
1969). (Oxygen solubility in the metamorphic MSS would have resulted 
in the unmixing of metamorphic magnetite from cooling MSS (Groves et 
al. 1977). There is no magnetite in the Type 2 massive sulphides. 
The cracking of premetamorphic imagnetites in Type 1 massive sulphide 
suggests that during the repeated deformation and mobilisation 
necessary to form the Type 2 massive sulphides the dissolution of all 
theimagnetite into metamorphic MSS was aided by high degrees of 
magnetite oconiinution. The occurrence of abundant pyrite instead of 
magnetite in the Type 2 massive sulphides indicates high S activity
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which is thought to result from stress-induced diffusion of S.
Ragged aggregates of magnetite locally occur at Type 1 massive 

sulphide-host amphibolite contacts and could have been derived by 
localised oxidation of pyrrhotite. Small changes in Eh and pH at the 
interface between sulphide-poor and sulphide-rich rocks may have 
controlled such magnetite deposition (Groves et al. 1977). However 
since no pyrite acoompanies the magnetite^ any pyrite or sulphur 
formed in the reaction must have been removed.

6.4.4 The Cooling History of the Metancrphic MSS
The compositions of the Type 1_ massive sulphides (Table 6.3)

are such that the original massive sulphides would have homogenised 
at the peak of metamorphism to dominantly quaternary Cu-Fe-Ni-S 
monosulphide solution (MSS) with less than 10% magnetite and no 
pyrite (Fig. 6.5c & d) (Naldrett et al. 1967; Craig & Kullerud 1969). 
The majority of the ductile deformation of the massive sulphides is 
recorded in their gross structures. The majority of the textures in 
the massive sulphides are unstrained polygonal fabrics. This indie- 
cates static crystallisation from metamorphic MSS and annealing after 
the majority of the D2 deformation. If chaloopyrite is removed from 
considerations of the phase relationships^ the compositions of the 
Type 1 massive sulphides plot (Fig. 6.5a & b) within the confines of 
the MSS field in the Fe-Ni-S system down to temperatures below 300 

(Naldrett & Rullerud 1967; Ciaig 1973). Bbwever errors accompany 
this widespread practice of ignoring copper when considering the 
cooling history of primary magmatic Ni-CU sulphides or metamorphic 
MSS (Hill 1984). Craig & Kullerud (1969) concluded that the stable 
coexistence of pentlandite and chalcopyrite solid solution (ISS) does 
not occur in the Cu-Fe-Ni-S system above 575 °C. Hill (1984) found 

however that there is stable coexistence of pentlandite and chalco- 
pyrite solid solution over a wide compositional range in the quatem- 
ary system at 600 ^'c. A phase diagram (Fig. 6.5e) at atmospheric 
pressure^ applicable to the compositions of the Selebi-Phikwe Type 1 
massive sulphides^ has been constructed by combining data in the Ni- 
free Cu-Fe-S system (Kullerud et al. 1969), the Cu-Fe-Ni-S system 
(Craig & Kullerud 1969) and the Cu-Fe-Ni S system with 10 atomic % Ni 
(Hill 1984). Assemblages have been projected at constant copper 
content and metal/sulphur ratio on to section X-Y through MSS shown 
in Figure 6.5b. The CU contents (1.2-2.0 atamic%, Table 6.3) of the 
Type 1 massive sulphides are such that the great majority, if not
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ally of the Cu was in the field of quaternary MSS until temperatures 
dropped to about 600^ when chalcopyrite solid solution (ISS) 
started to exsolve (Fig. 6.5d & e). The effects of confining pressure 
(about 10^'C/kbar, Bell et al. 1964, CTaig & Kullerud 1969) on the 
phase relations have been taken into account in the temperature 
estimates. The Selebi massive sulphides have slightly higher Cu 
contents than those at Phikwe and started to exsolve ISS at slightly 
higher tenperatures. Pentlandite started to exsolve frcm the MSS 
after the chalcopyrite solid solution, at a temperature between 600 
and 500 °C. (A more exact estimate is not possible.) Exsolved 
lamellae of pentlandite coalesced to form pentlandite veinlets (Craig 
1973). The great majority of the chalcopyrite and about 80% of the 
pentlandite is thought to have unmixed from the cooling metamorphic 
MSS between temperatures of 600 to 300 °C.

The last major deformation that affected the Selebi-Phikwe 
gneisses, late D2 folding and shear-ing, is thought to have taken 
place at a temperature and pressure of about 400''C and 2 kbar (Fig. 
3.3). The effects of D2 deformation on the unmixng MSS resulted in 
the localised redistribution of chalcopyrite and pentlandite. 
Segregation of thin chalcqpyrite and chalcopyrite-pentlandite lenses 
took place and imparted a weak foliation on the massive sulphides. 
Chalcopyrite and to a lesser extent pentlandite were concentrated at 
the margins of magnetite and silicate inclusions. There was an 
increase in the grain-size of pentlandite and relatively coarse 
granular pentlandite formed.

At the cessation of deformation, the remaining MSS would have 
been disordered high-temperature hexagonal pyrrhotite (Ic, Kissin & 
Scott 1982). Minor pyrite would have crystallised from the MBS 
between 350 and 250'^C (Fig. 6.5f, Kissin & Scott 1982) to give the 
small random idioblasts seen in Type 1 massive sulphides. In view of 
the normally brittle behaviour of pyrite during deformation (Graf & 
Skinner 1970), the relatively late crystallisation of pyrite is 
confirmed by its undeformed appearance. About 20% of the pentlandite 
is found as flame pentlandite in pyrrhotite. The association of some 
of the flame pentlandite with tension cracks (due to the thermal 
contraction of pyrrhotite, Taylor 1970) and with envelopes of mono- 
clinic pyrrhotite indicates that the flame pentlandite crystallised 
late in the cooling history of the metamorphic MSS after the final 
deformation. This probably occurred at and below about 250° C (Fig. 
6.5f), the temperature of unmixing of monoclinic and low temperature
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hexagonal (NC) pyrrhotite from the high temperature pyrrhotite 
(Kissin & Scott 1982; Taylor 1970). The development of twinning and 
kink banding in Selebi-Phikwe pyrrhotites is not oommon. The form­
ation of the undeformed pyrrhotite-flame pentlandite assemblage in 
theimassive sulphides at Selebi-Phikwe is consistent with the 
tectonoMmetamorphic history of the surrouding gneisses.

The cooling history of the Type ^2 massive sulphides isinore 
difficult to decipher and is a more complex interplay of repeated 
deformation^ metamorphio homogenisationy repeated stress-induced 
diffusion and unmixing of metamorphic MSS during waning metamorphism. 
An increase in CU plus S and Ni, due to repeated stress-induced 
diffusion during D1 and early D2, is thought to have taken place in 
the highly mobilised quaternary MBS that eventually formed the Type 2 
sulphide. (Ni diffusion possibly took place only at the Dl-Ml climax.) 
In metamorphic quaternary MSS enriched in Cu plus S and Ni (Table 
6.3)f dhaloqpyrite solid solution started to exsolve at a higher 
temperature than in typical Type 1 sulphide (possibly as high as 700^' 
C, depending on the rate of Cu diffusion). Further cooling resulted 
in the exsolution, of pyrite along with chaloopyrite (Fig. 6.5e) and 
eventually pentlandite. This sequence is in agreement with the 
textures observed in pyrite-bearing Type 2 massive sulphide.Continued 
D2 deformation imobilised the exsolved phases. Pentlandite^ chalco- 
pyrite and pyrite locally replaced silicate inclusions. Chalcopyrite 
was concentrated in zones of maximum stress within, and at the 
imargins of, the Type 2 massive sulphide layer at Phikwe. The ratio of 
flame pentlandite to granular pentlandite is much less than in Type 1 
massive sulphides. This is due to the higher Ni content and the 
effects of repeated deformation.

Original aggregates of disseminated sulphide had reverted to 
quaternary MSS aggregates by the peak of Ml metamorphism. The cooling 
history would have been similar to that of the Type 1 massive sulph- 
ides, except that chalcopyrite, the first phase to exsolve, would 
have exsolved at a higher temperature (possibly as high as 750 C,Fig. 
6.5e). The increase in the ratio of flame pentlandite to granular 
pentlandite in the disseminated ores compared to the massive sulph­
ides is because of the lower Ni oontents of the former. A higher 
proportion of the Ni possibly remained in the cooling metamorphic 
inonosul^hide solution until after the final deformation. The lower 
strain suffered by the disseminated sulphides compared to the massive 
sulphides also possibly had an effect on the proportion of flame
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pentlandite. The fact that the imineralogies and textures of the 
Selebi-Phikwe sulphides can be interpreted in terms of cooling 
metamorphic MSS is further evidence against the origin of the 
sulphides by syn-or postmetamorphic replacement of the host rocks.

6.5 SUMMARY OF OONCIUBIONB
The Selebi-Phikwe sulphides were associated with their host 

rocks prior to deformation and metamorphism. Replacement of silicate 
by sulphide has locally taken place, particularly replacement by 
pyrite in Zones E and F at Phikwe. An origin of the ore bodies by 
synmetamorphic or postmetamorphic replacement of the host rocks by 
sulphides (Gallon 1986) however is very unlikely. The Selebi-Phikwe 
sulphides are considered to have retained aspects of their original 
form and Ni-Cu contents. In contrast, the generation of purely 
tectono-metamorphic massive sulphides at Phoenix in the Tati green­
stone belt (Fig. 1.1) by the complete redistribution of Selkirk-type 
sulphides resulted in major easily recognised changes in the form of 
the sulphide bodies and their Ni-Cu contents (Brown, in prep.).

Type 1 massive sulphides and the disseminated sulphides 
represent separate forms of mineralisation that existed prior to 
deformation and metamorphism. Original massive sulphides were 
mobilised to varying degrees relative to the disseminated sulphides 
during deformation and metamorphism. Type 2 massive sulphides were 
generated from mainly Type 1 massive sulphides but also disseminated 
sulphides by tectonoMmetamorphic processes during repeated shearing.

The bulk chemical compositions of the massive and disseminated 
sulphides are such that the original sulphides would have homogenised 
at the peak of metamorphism to dominantly quaternary Cu-Fe-Ni-S 
monosulphide solution (MSS) with less than 10% magnetite and no 
pyrite. Subround resorbed magnetites are relicts of premetamorphic 
magnetites. Idicmorphic magnetites are metamorphic magnetites. The 
sulphide mineralogies and textures can be interpreted in terms of 
cooling metamorphic MSS. The formation of the undeformed pyrrhotite- 
flame pentlandite assemblage in the massive sulphides at Selebi- 
Phikwe is consistent with the tectono-metamorphic history of the 
surrounding gneisses.

Repeated (Dl and early D2) stress-induced diffusion of Cu, S, 
(Ni?) and Co relative to Fe in quaternary ]MSS aided later 
diffusion (late D2) of S, Cu, Co and (Ni?) via a fluid phase is 
thought to have been responsible for the mobilisation of the ore
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elements. The later diffusion is particularly significant at Phikwe 
and was concentrated in thin D2 shear zones at the margins of the 
massive sulphides and at the eastern extremity of the ore body.

The difference in the Cu/(CutNi) ratios of the three ore bodies 
is essentially due to their differing proportions of Type 1 and 2 
massive sulphides and disseminated ore (Fig. 7.16). The Selebi ore 
body (ratio of 0.67) consists mainly of disseminated ore. Selebi 
North (0.53) consists of disseminated ore and Type 1 massive 
sulphides. Phikwe (0.45) consists of both Type 1 and Type 2 massive 
sulphides and disseminated ore. The difference in Cu/(CU + Ni) ratios 
of the Type 1 massive sulphides (c. 0.35), host rocks with abundant 
disseminated sulphides (c. 0.65) and host rocks with minor dissemin­
ated sulphides (0.1-0.3) is thought to be an original, pretectono- 
metamorphic feature of the ore bodies, rather than a product of 
tectoncMmetamorphic processes. Tectono-metamorphic proceeses (e.g. 
diffusion) has only modified and blurred the original differences.
The original nature of the Selebi-Phikwe sulphides is discussed in 
Chapter 7.4 along with the original nature of the host rocks.

Plate 34 (overleaf)
Inclusion-rich massive sulphides at Phikwe

(A) Type 1 massive sulphide. Bent hornblende inclusion. Footwall 
stringer. Zone C, # 678. FV = 3 im.

(B) Type 2 massive sulphide with plagioclase and biotite inclusions. 
Biotite picks out foliation. Zone D (PW 194), # 271. FV = 6 mm.

(C) Contact of Type 1 massive sulphide with host amphibolite above 
imarked by a thin veinlet of Ms quartz and chlorite. Zone C, # 187 
(see Fig. 7.1b). FV = Simm.

(D) Contact between hornblende inclusion-rich massive sulphide (on 
right) and amphibolite with disseminated sulphides (on left).
Note disseminated sulphide located within plagioclase at grain 
boundaries. (PW 76), #6. FV = 6 rnn.

(E) Contact of inclusion-rich Type 1 to 2 massive sulphide with M2a 
cataclastic grey gneiss above. Zone D, # 170, FV = 6 irm.

(F) Type 2 massive sulphide with abundant plagioclase porphyroclasts 
and finer grained quartz. Zone E (PW 175), # 30. FV=6 mm.

(G) & (H) Pyritised cataclastic gneiss. Plagioclase porphyroclast 
with marginal granulation and recrystallisation in (G), folded 
M2a mylonite clast replaced by pyrite in (H) in chlorite-minor 
pyrite matrix. Zone E, # 679. FV = 6 mm (G), 3 mm. (H).
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PLATE 35
The development of pyrite in Zone E of PhjJcwe (1)

(A) Pyritised cataclastic gneiss (at top right) underlain massive 
sulphide. The sheared contact is marked by a pyrite stringer. 
Upper part of massive sulphide is chalcopyrite-rich (see Fig. 
6.2). Note the chalcopyrite-pyrite veins in the massive 
sulphide.

(B) Chaotic network of chalocpyrite veins in pyritised cataclastic 
gneiss. No massive sulphide layer.

(C) Pyritised cataclastic gneiss. Note;- 6-sided pyritised (without 
crystal faces) chlorite inclusion (at right), after a 
dodecahedral garnet; veinlet of chalcopyrite rinmed by chlorite 
(tcp centre); and quartz inclusion partially replaced by 
idioblastic pyrite. FV = 6 nm.

(D) Pyritised cataclastic gneiss. Note:- Pyritised (without crystal 
faces) plagioclase fragment; and chalcopyr ite veinlet rirmed by 
chlorite and quartz (bottom right). FV = 3 itm.

(E) Pyritised (cataclastic gneiss) inclusions in chlorite-rich 
matrix. Note:- idioblastic pyrite replacing quartz inclusion 
and pyrite (without crystal faces) replacing plagioclase (top 
right). FV = 6 irm.

(F) Pyritised cataclastic gneiss. Idioblastic pyrite replacing 
quartz inclusions. FV = 3 mm.

(G) Weakly pyritised cataclastic gneiss in Zone F. Note;- chlorite- 
rich matrix. FV = 6 mm.

PLATE 36
The development of pyrite in Zone E of Phikwe (1)

(A) Pyritised cataclastic gneiss layer without the massive sulphide 
layer. Note large cataclastic gneiss inclusions and chalcopyrite 
-pyrite veins.

(B) Pyritised cataclastic gneiss. Chalcopyrite veinlet with quartz 
and rim of chlorite. FV = 6 imi.

(C) Close-up of cataclastic gneiss inclusion in (A).
(D) Pyritised and chloritised edge of cataclastic gneiss inclusion 

in (A) & (C) . FV = 6 nm.
(E) Gradational contact of Type 2 massive sulphide into pyritised 

cataclastic gneiss above.
(F) Pyritised cataclastic gneiss frcm (E). Note:— angular quartz 

inclusions with limited pyrite replacement and completely 
py^itised fragments in a matrix of chlorite and minor pyrite.
FV = 6 run.

(G) Type 2 m^sive sulphide frcm (E). Note;- silicate inclusions 
with subidioblastic overgrowths of quartz in a sulphide 
(pyrrhotite)-rich matrix. FV = 3 mm.
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PLATE 37

Selebi-Phikwe sulphides

(A) Type 1 massive sulphide. Idioblastic magnetite (later 
generation) with rim of chalcopyrite (Cp) and granular 
pentlandite (Pe) in a pyrrhotite-rich matrix. FV = 1 ram.

(B) Type 1 massive sulphide. Subround embayed magnetite with 
magnetite overgrowths in a pyrrhotite-rich matrix. Coarse 
irregular mass of exsolution pentlandite (Pe) at pyrrhotite 
grain margins. FV = 1 ram.

(C) Type 2 massive sulphide. Idioblastic pyrite (Py) associated with 
chalcopyrite within pyrrhotite-rich matrix (Po). Note:- 
pentlandite (Pe) rim to silicate inclusion. FV = 0.5 mm.

(D) Type 2 massive sulphide. Idioblastic pyrite (Py) replacing 
silicate inclusion and in pyrrhotite-rich matrix (Po). Note:- 
abundant pentlandite (Pe) rims tp oyrrhotite grains. FV = 1 ram.

(E) Type 1 massive sulphide. Twinning in pyrrhotite. Granular 
pentlandite (Pe), chalcopyrite (Cp). FV = 2 ram.

(F) Type 1 massive sulphide. Cracked and invaded magnetite (earlier 
generation) with round inclusions of pyrrhotite. FV = 2 ram.

(G) Type 1 massive sulphide. Pentlandite as granular rims to 
pyrrhotite grains and exsolution flames along intergranular 
cracks in pyrrhotite. FV = 2 ram.

(H) aype 1 massive sulphd.de. Pyrite replacing silicate inclusion. 
Note;- flame pentlandite in pyrrhotite and at inclusion margin. 
FV = 1 mm.
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CHAPTER 7 SET^RI-PHIKME HOST ROCK GBCCHEMISTRY AND THE 
(3aGTN(^THEIB6T]XX%S;MmSULMniES

7.1 ]]m%)DUCTION: SAMPLING AND TREATMENT OF DATA
Sections through the host rocks at Phikwe, Selebi and Selebi 

North were sampled and analysed for major and trace elements (see 
Appendix^ p.A.18-p.A.25). A few individual host rock samples were also 
taken. The sampled sections were either from diamond drill core or 
from underground mining development. The sections were chosen on the 
basis of a combination of several factors: the availability of a core 
section or access to an underground section; the representative inature 
of a section; and the systematic mineralogical variation in a section. 
The host rocks contain significant but variable amounts of 
disseminated sulphide. In order to compare the major element chemistry 
of the host rocks on a sulphide-free basis, the Fe, S, Ni and Cu con­
tained in the sulphides were subtracted from the totals. The recalcul­
ation Involved the assumption that all the Ni in the amphibolite was 
in pentlandite with a Ni content of 36 weight %, that all the Cu was 
in chaloqpyrite with a stoichiometric composition of CuFeS2 and that 
any sulphur that remained after the subtraction of the sulphur in the 
assumed pentlandite and chaloqpyrite was in stoichiometric monoclinic 
pyrrhotite. All analyses have been recalculated to 100%, on an 
anhydrous and sulphide-free basis.

The geochemical variation in the host amphibolites has been 
displayed as profiles through the host amphibolites (Figs 7.1-7.7) and 
by variation diagrams (Figs 7.8-7.14).

7.2 THE AVERAGE CHEMICAL CCMPOSITIONS OF THE SELEBI-PHIEME HOST ROCKS
The average analyses and range of chemical oompositions of the 

Selebi-Phikwe host rocks are tabulated in Table 7.1. The Selebi North 
host rocks have been subdivided into host amphibolite and host ultra- 
mafic rock. These averages include virtually all the host rocks that 
were analysed. The only samples that have not been included are two 
host ultramafics from Phikwe (a pyroxenite and a serpentinised ]perid- 
otite), a hornblende anorthosite from Selebi and a highly sheared 
serpentinous rock from Selebi North (with anamolous Si,Ti, Al, Ca, P, 
Cr and Zr contents).

The Phikwe, Selebi and Selebi North host amphibolites are 
geochamically similar and are characterised by high A1203 and MgO 
contents. The Selebi North host ultramafic rocks are characterised by
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Phikwe Selebi
Mean Range

Si02 46_%i 42.6-50.9 47:45 43.5-54.7Ti02 0.33 0.08-1.67 0.44 0.08-1.64A1203 16.29 11.1-19.2 16.89 3.9-22.3Fe203 11.79 7.7-17.0 10.15 6.7-19.1MnO 0.16 0.09-0.45 OJ^ 0.05-0.46MgO 13.55 8.7-19.0 12.13 6.6-19.9CaO 8.81 1.9-11.7 9^0 4.0-13.6Na20 1.51 0.7-2.7 1.56 0.4-3.0K20 1.26 0.2-6.4 IJ^ 0.09-3.37P205 0.05 0.03-0.24 0.07 0.03-0.59
C±203 0.04 0.01-0.14 0.06 0.02-0.41100.00 100.00
Cr 300 89-990 392 108-2730Nb 3.9 nd-18 4.6 2-15
Rb 50 6-279 ' 49 5-137Sr 80 9-237 102 8-276V 87 32-159 111 42-212Y 14 3-47 17 4-69Zr 29 10-334 37 11-246

or 7.51 6^^ab 12.94 13.26an 34.26 35.97di 7.72 10.71hy 4.14 8.05ol 30.58 22.30mt 2.07 1.76il 0.62 0.84
ap 0.12 0.16cr 0.04 0.06
An 76 77Fo 74 75

l-Samples 62 65

Selebi North 
Amphibolites

Selebi North 
Ultrairafics

Si02 45.62 41.6-52.2 50.26 47.3-53.3Ti02 0.65 0.16-3.37 0.27 0.22-0.31A1203 14.05 4.4-19.4 5.73 4.8-9.9Fe203 13.60 6.1-20.0 11.36 9.0-15.0MnO 0.23 0.05-0.54 0.20 0.16-0.23MgO 14.06 9.8-19.9 25.76 24.1-27.7CaO 9.02 3.3-11.5 4.27 1.7-6.7Na20 1.38 0.4-2.7 0.64 0.4-1.0K20 0.9: 0.05-4.25 OJ^ 0.05-0.67P205 0.09 0.03-0.68 0.05 0.03-0.07Cr203 0.39 0.03-4.08 IJIO 0.20-2.63
100.00 100.00

Cr 2605 191-27090 8650 1280-16620Nb 4.6 nd-10 4.0 3-5Rb 33 3-188 8 3-32Sr 63 7-271 8 nd-11V 145 54-403 97 53-133Y 17 8-48 9 7-13Zr 45 10-175 23 18-32

or 5.45 O^Mab 11.84 5.50an 29.75 12.40
di 12.12 6.87
hy 7.48 53.12
ol 29.15 17.25
mt 2.37 1.97il 1.26 0.52
ap 0.19 0.12cr 0.39 1.31

An 75 79
Fo 72 85

[-Samples 30 10

Table 7.1 Average chemical and normative compositions of Selebi-Phikwe 
host rocks.
All analyses have been recalculated to 100% on an anhydrous and sulphide-free 
basis. The Fe203/Fe0 ratio in the norm calculation is assumed to be 0.15 
(Brooks 1976) .
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Selebi North
AU - with 

ultramafic rocks 
Si02 46.21 42.2-52.2
Ti02 0.73 0.27-1.39
A1203 13.14 4.4-19.4
Fe203 12.53 6.1-20.0
MhO 0.19 0.05-0.33

15.46 9.8-19.9 
8.03 4.9-11.4 

Na20 1.41 0.4-2.7
1.38 0.05-4.25 

P205 0.10 0.03-0.23
Cr203 0.82 0.04-4.08

100.00
5492 236-27090 

Nb 5.5 nd-10
Rb 51 3-188
Sr 65 7-271
V 160 67-274
Y 20 8-48
Zr 57 20-99

N-Samples 13

Host Mphibolites
A - without 

ultramafic rocks 
45.41 42.8-50.3 
0.42 0.16-1.51 

14.77 7.5-17.6 
14.34 9.6-19.2 
0.26 0.12-0.54 
13.05 10.3-19.2 
9.72 3.3-11.5 
1.36 0.5-2.4 
0.56 0.20-1.76 
0.05 0.03-0.17 
0.06 0.03-0.26 

100.00
402 191-1755
3.5 na-7 
20 4-58
63 14-101
116 54-382 
13 9-41
28 10-85
16

Table 7.2 Average chemical oompositions of Selebi North Host 
Amphibolites: AD - Amphibolites associated with ultramafic rocks 
on the northern limb of Selebi North; A - Amphibolites without 
ultramafic rocks in the core of the antiform and on the southern 
limb. (A sample with very high Ti02 (3.37 wt%) and P206 (0.68wt%) 
]has Ibeen (omitted from AD.) Anhydrous and sulphide-free basis.

Garnet Selebi Spinel
Amphibolite Amphibolite

Si02 43.61 42.6-45.5 44.28 43.5-44.9
Ti02 0.21 0.12-0.26 0.28 0.20-0.35
A1203 15.69 14.1-16.6 18.73 17.0-20.7
Fe203 16.80 15.9-19.2 9.10 8.3-10.3
rtp 0.39 0.24-0.54 0.13 0.12-0.15
MgO 12.34 10.6-13.7 14.25 13.8-14.6
CaO 9.16 7.4-10.7 11.37 10.4-12.0
Na20 1.10 0.7-1.6 1.30 1.2-1.4
K20 0.62 0.21-2.00 0.48 0.15-1.04
P205 0.04 0.03-0.04 0.05 0.04-0.06
Cr203 0.04 0.02-0.07 0.03 0.02-0.04

100.00 100.00
Cr 303 140-439 186 143-269
Nb 3.3 2-6 3.3 2-4

20 5-71 21 7-48
Sr 51 30-76 132 66-177
V 72 45-157 70 64-79
Y 13 4-30 16 14-17
Zr 15 10-20 23 13-29

N-Sairples 8 - 4 from Phikwe 3
4 from Selebi North

Table 7.3 Average chemical compositions of Garnet Amphibolite and 
Selebi Spinel Amphibolite. Anhydrous and sulphide-free basis.



high ]ygo and relatively high Si02 contents. The major differences in
the three average amphibolites are their Ti, A1 and Mg contents. The 
average Selebi North host amphibolite has significantly higher Ti,
Mg^ CTy Zr and V than the Phikwe and Selebi host amphibolites. The
higher Cr is mainly due to two high-Cr amphibolite samples (Fig. 7.7). 
The Selebi North host amphibolites have been further subdivided (Table 
7.2) into those that are associated with ultramafic rocks on the 
northern limb (e.g. those in SDN 56, Fig.7.7) and those that occur 
without ultramafic rocks in the core of the antiform and on the south- 
ern limb (Fig. 5.6). The former have significantly higher Ti, Mg, P, 
Cr, Nb, V, Y and Zr than the latter.

The average chemical compositions of gametiferous host 
amphibolite from Phikwe and Selebi North and the spinel-bearing host 
amphibolite from Selebi are also shown separately in Table 7.3. The 
gametiferous amphibolites have significantly higher contents of Fe 
and Mn than the average host amphibolites. When compared to average 
Phikwe host amphibolite and allowing for the effect of simple addition 
of Fe and Mn to that average Phikwe amphibolite, the gametiferous 
amphibol-ites also have relatively higher contents of Ca and to a 
lesser extent A1 and lower contents of Ti, Na, K, Rb, Sr and Zr.

The spinel-bearing amphibolites from Selebi have higher contents 
of Al, Mg, Ca and Sr and lower contents Si, Ti, Fe, Na, K, P, Cr, Nb, 
Rb, V and Zr than the average Selebi host amphibolite.

7.3 GEOCHEMICAL VARIATION IN THE SELEBI-PHIKWE HOST ROCKS

7.3.1 Geochemical Profiles

7.3.1a Phikwe
Figures 7.1 and 7.2 show representative profiles through the 

mineralogically variable, garnet-bearing mineralised amphibolite in 
Zone C at Phikwe (see Ch. 5.2.1b). Figure 7.1 illustrates two under­
ground sections. Figure 7.2 is a core section that has been sampled in 
more detail. The main features of these three profiles are:
(a) The gradual decrease in Fe and Mn from the garnet amphibolite 
immediately below the massive sulphide to near the base of the host 
amphibolite. Amphibolite inclusions (and bands ?; the distinction 
between silicate bands and inclusions is difficult in core sections.) 
in the massive sulphide are ccrmonly rich in Fe and Mn.
(b) The low Mg contents at the top and base of the host amphibolite
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(Figs 7,1b & 7.2). The highest Mg occurs in the middle of the main
body of amphibolite. The highest Al also occurs in the middle of the
main body of amphibolite.
(c) The high Si^ Ti and Zr content at the top and base of the host 
amphibolite. The lowest Si^ Ti and Zr are in the garnetiferous amph­
ibolite immediately below the massive sulphide. There is a gradual 
increase in Si, Ti and Zr from immediately below the massive sulphide 
to the base of the host amphibolite. The trend in the variation of Y 
(not plotted) is similar to that of Zr, although more variable 
(possibly because of less precise Y analyses).
(d) Cr is highest at the top of the host amphibolite. In Figure 7,2
there is also a gradual increase in Cr going from immed-iately below 
the massive sulphide down to the base of the host amphibolite.
(e) There is a weak antithetic relationship between K and Na. The 
variation in Rb (not plotted) mirrors that of K (Fig. 7.13). The 
highest Na contents are at the upper and lower margins of the host 
amphibolite (Figs 7.1b & 7.2).
(f) The highly sheared amphibolite band below the main body of host 
amphibolite in Figure 7.1b is high in K, Rb, Ti and Zr and particular-
ly low in Ca and Si.
(g) The high Cu (and Ni) contents of the host amphibolite below the 
main sulphide and the low Cu contents of the amphibolite band or
inclusion in the massive sulphide (see Ch. 6.4.2).

The profile shown in Figure 7.3 is from an exploration hole at 
the approximate margin of Zones C and D at Phikwe. It was chosen for 
its thickness of host amphibolite. However it is unrepresentative in 
this thickness and the poor development of massive sulphide. The 
section consists of a thick upper feldspathic amphibolite and a thin 
massive sulphide layer. Below the massive sulphide is a zone of inter- 
banded my Ionite and sheared amphibolite. The rest of the section 
consists of variably sheared host amphibolite. The main features are:
(a) The generally lower variability than in Figures 7.1 and 7.2.
(b) The high content of Fe in the garnetiferous amphibolite below the 
thin massive sulphide and the gradual decrease in Fe and to a lesser 
extent Mn downwards from garnet amphibolite,
(c) The high K and low Ca in the sheared amphibolite below the garnet- 
iferous amphibolite.
(d) The highest Mg (and Al) contents occur in the middle of the host 
amphibolite; the lowest Mg is towards the margins.
(e) The highest Cr content at the top of the host amphibolite.
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(f) The highest Ti content at the base.
(e) The weak antithetic relationship between Na and K.
(f) The high Cu/(CutNi) ratio of the disseminated sulphides in the 
highly sheared zone (indicating high mobility of Cu relative to Ni;
see Ch. 6.4).

A representative section of thick weakly mineralised of Zone A at 
Phikwe is shown in Figure 7.4. The whole of the relatively homogeneous
aitphibolite has been sampled. The main geochemical features are:
(a) The lower variability than in Figures 7.1 and 7.2.
(b) The lack of an Fe and Mn trend.
(c) The higher Ti and Zr contents at the upper and lower margins.
(d) The Mg contents are lowest at the upper and lower margins.
(e) The higher contents of both K and Na at the upper and lower
margins.
(g) The asymmetric distribution of Cu and Ni. There is a gradual 
decrease in Cu and Ni downwards from the Cu-Ni high but a imore abrupt 
decrease upwards.

7.3.1b Selebi
The Selebi ore body was sampled underground. The main reason 

for this was the complicated structure at Selebi, In exploration 
holes at Selebi it was difficult to know vhich of the three sub- 
divisions (Upper A^ Upper B and lower Bodies) was present. In under- 
ground development it was possible to establish without doubt which of 
the three subdivisions was sampled. The Selebi Upper B and Lower 
Bodies were sampled in an inclined drive^ which was only chosen for 
ease of access (Fig. 7.5). The Upper B Body was also sampled where it 
showed a mineralogical gradation from a mafic hornblende-rich top to a 
feldspathic base (Fig. 7.6).

The main features of the Selebi Upper Body in Figure 7.5a are:
(a) The highly variable nature of the profile.
(b) The general increase in Mg^ Fe and Mh towards the top of the host 
amphibolite.
(c) The general decrease in A1 towards the top.
(dj The high Ti and Zr at cukl margins. These high-Ti &
Zr marginal amphibolites are also high in P and Y.
(e) The typically "anorthositic" (see Ch. 4.1.6) geochemistry of the 
plagioclase-rich band in the amphibolite.
(f) The highly variable Cr content.

The main features of the Selebi Lower Body in Figure 7.5a are:
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(a) The more homogeneous nature of the lower Body compared to the 
Upper Bo(^.
(b) The high Mg and Cr contents at the top of the host amphibolite.
The Ci content also increases at the base.
(c) The low Ca contents at the upper and lower margins. In the lower 
half of the host amphibolite Ca and K have an antithetic relationship.
(d) The high Ti content at the top of the airphibolite.
(e) The highly variable Zr content which is unrelated to the variation 
of any major element.

The main features of the Selebi Upper Body in Figure 7.6 are:
(a) The general increase in Mg and Fe towards the top of the host
amphibolite.
(b) The general decrease in Al and Ca towards the top.
(c) The highest Cr content near the top.
(d) The weakly antithetic relationship between Ca and K.
(e) The highly variable Zr content which is unrelated to the variation 
of any major element.

7.3.1c Selebi North
The section chosen for detailed sampling at Selebi North was 

the exploratory hole with the greatest amount of ultramafic rock 
associated with host amphibolite. The whole section was sampled and 
analysed. The section consists of thick amphibole pyroxenite above 
typical homblende-plagioclase host amphibolite (see Ch. 5.2.3e). The 
main features of Figure 7.7 are:
(a) The relatively hcmogeneous nature of the ultramafic rocks.
(b) The high Ti, Zr, Al, Fe and P and low Ca, Na and CT contents of 
the thin serpentinous shear zone and the pyroxenite immediately above 
this shear zone. The Ti and Zr contents of the rocks above the shear 
zone gradually increase going down to the shear zone.
(c) The low Ti contents of ultramafic rock (average 0.28 wt%) and the 
relatively high Ti contents of amphibolite (average 0.80 wt%).
(d) The higher Zr contents of amphibolite compared to those of 
ultramafic rock.
(b) The gradual decrease in Ca and increase in K going down through 
the lower portion of the section.
(e) The zone of high CT (4% Cr203) in the host amphibolite which is 
unrelated to the variation of any other major element.
(f) The weakly mineralised ultramafic rocks have a Cu/(Cu+Ni) ratio of 
0.24. The amphibolites with even less sulphides have a ratio of 0.08.
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7.3.2 Two-element Variation Diagrams
Two-element variation diagrams were chosen to show the variation 

in host rock geochemistry. This was because if the host rocks have a 
basic-ultrabasic igneous origin (see Ch. 5.2,4), both liquids and
minerals can be easily represented on the diagrams (Cox et al. 1979). 
An indication as to vAiether an ancmolous sample is highly sheared (s) 
or occurs at the margin of the host body (m) has been made on the 
diagrams. The highly sheared ultramafic rock from SEN 56 is indicated
(UfS).
(a) Si02 V. MgO (Fig. 7.8) shews the wide range of MgO contents of 
Seldai-Phikwe host rocks. There appears to be a gap in MgO contents 
between 20 and 24.5 wt% MgO. The Si-poor nature of the gametiferous
amphibolites is illustrated.
(b) A1203 V. MgO (Fig. 7.9a) shews the more aluminous nature of the 
Selebi host amphibolite and picks out the ultramafic rocks at Selebi 
North and Phikwe. Tiie more diverse amphibolites and ultramafic rocks 
define an inverse relationship between Al and Mg. Ihe two amphibolites 
vhich lie below this trend are high in Fe and low in Al.
(c) Fe203 V. MgO (Fig. 7.9b) shews that Fe is weakly proportional to 

However there is also marked enrichment in Fe. Ihis enrichment can
be subdivided into two trends: the main one in rocks with average Mg 
ani Al contents (particularly shewn by garnet amphibolites) and the 
other trend in rocks with hi^er than average Mg but low Al. The 
serpentinised peridot!te at Phikwe is low in Fe.
(d) Cr203 V. MgO (Fig. 7.10a) shows a wide variation of Or contents 
which are only weakly related to the MgO cemtent. The host amphibolite 
samples f particularly those of Phikwe, t^ically have lew Or contents 
(less than 0.1 wk%). The lowest Cr contents occur in amphibolites with 
12-15 wt% MgO. Amphibolites with slightly Icwer (and higher) MgO than 
this range have slightly higher Cr contents. This is in agreement 
with the geochemical profiles in which Cr is typically higher in 
marginal amphibolite with lower than average MgO contents than in 
amphibolite from the middle of the section (e.g. Fig. 7.2). The 
highest Cr contents are at SeldDi North, in both ultramafic rocks and 
amphibolites. The Cr contents of Seldai amphibolites are more variable 
and camonly higher than those of Phikwe.
(e) Fe203 v. Ti02 (Fig. 7.10b) shews that Ti contents are unrelated 
to Fe contents. Ti02 contents typically range from 0.1 to 0.8 wt%.
The Fe-enrichment, particularly of the garnet amphibolites, is well 
shown. The samples with hi^ Ti02 contents are typically highly
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Fig. 7.8 ITO-ELEMENT VArug\.TION DIAGRAM - THE SELEBI-PHIKWE HOST ROCKS;
Si02 V. MgO.

+ Phikwe Host Rocks, x Selebi Host Rocks, • Selebi bkrth Host Rocks,
0 Garnet Amphibolites, su Highly Sheared Ultramafic Rock frcm SDN 56.
All analyses have been recalculated to 100% on an anhydrous and sulphide- 
free basis.

sheared and/or marginal host rocks. They are mainly frcati Selebi North. 
The Selebi North-SEN 56 section (Fig. 7.7) is particularly high in 
Ti02 and the field of the high-Ti amphibolites in that section is 
indicated. The highest Ti02 content is in the highly sheared serpent- 
inous ultramafic rock from SDN 56.
(f) Ti02 V. Zr (Fig. 7.11a) shows a diffuse proportional relationship 
betv\^en Ti and Zr. Normal Zr contents are between 15-60 ppm. The 
majority of host rocks have a Ti/Zr ratio of about 91. Seme high-Ti 
amphibolites have significantly lower Ti/Zr ratios. The samples with 
high Zr contents are typically highly sheared and/or marginal host 
rocks, particularly frcm the Selebi North-SDN 56 section. The high-Ti- 
Zr amphibolites have higher than average P and Y contents, although 
relationships are not linear. The highly sheared ultramafic rock frcm 
SDN 56 contains 0.61 wt% P205 and 34p[m Y. The marginal amphibolites 
of the Selebi Upper Body (Fig. 7.5a) contain 0.44-0.58 wt% P205 and 
33-58 ppm Y.
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Fig. 7.1 ITO-ELEMENT VARIATIW DIAGRAMS - THE SELEBI-PHIKWE HOST ROCKS 
(a) AI2.O3 V MgO, (b) Feg^Og v MgO.
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Fig. 7.12. THE CaO & Al^^Og CONTENTS OF THE SELEBI-PHIKWE HOST ROCKS



Fig. 7.13 THE Pb & K;i,0 CONTENTS OF THE SELEBI-PHIKWE HOST ROCKS

(g) Ti02 V. A1203 (Fig. 7.11b) further shows that the rocks can be 
split up into a high Ti02 group (over about 0.9 wt%) and a normal Ti02 
group (0.1-0.9 wt%). The highest Ti02 contents of the normal Ti02 
group occur in rocks with 15-17 wt% A1203. A similar diagram is 
obtained if Ti02 is plotted against MgO.
(h) CaO V. A1203 (Fig. 7.12a) shov/s a diffuse proportional relation­
ship between CaO and A1203. The more aluminous nature of the Selebi 
amphibolites is illustrated. There is a trend of Ca depletion in 
anphibolites with normal A1 contents. These low-Ca amphibolites are 
highly sheared.
(i) Ca0/Al203 v. K20 (Fig. 7.12b) shows that there is a general 
decrease in the Ca0/A1203 ratio with increasing K20. This is in agree­
ment with the geochemical profiles which typically show an antithetic 
relationship between Ca and K. The high-K amphibolites are typically 
highly sheared. The Ca0/Al203 ratio of the majority of the 
amphibolites is between 0.5 and 0.7. The Selebi North ultramafic rocks 
typically have high Ca0/Al203 ratios between 1.2 and 1.4 and low K20 
contents, (cf Dikoloti-Lentswe, Ch. 8.5.1)
(j) Eb V K20 (Fig. 7.13) shows a linear relationship between Rb and 
K20, with a K/Eb ratio of 189. The host rocks with high K-Eb contents 
are highly sheared.
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Fig. 7.14- TRIANGULAR DIAGRAMS OF THE SELEBI-PHIKWE HOST ROCKS 
(a) AFM and (b) ACM DIAGRAM



7.4 Discussim

7,4.1 Alteration and Element Mobility
Before conclusions as to the original nature of the host 

rocks can be made, it is necessary to make an estimate of the effects 
of alteration on the host rock geochemistry. The possible alteration 
that has been suffered by the host amphibolites can be subdivided 
into early pretectonic-metamorphic (hydrothermal) alteration, 
pervasive alteration due to regional metamorphism, localised 
alteration due to shearing and alteration due to weathering. Fresh 
samples were collected from recent underground exposures or diamond 
drill holes. Therefore the effects of/weathering are assumed to be 
negligible.

Of the other three alteration effects, that of localised 
shearing is the simplest to evaluate. The Selebi-Phikwe host rocks 
have suffered at least two phases of locally superimposed shearing 
(Ch. 5.1). Highly sheared amphibolites typically have higher than 
average contents of Ti, K, Rb, P, Y and Zr and lower than average 
contents of Si, Ca and locally Na. The effect of shearing on the Ti, 
Zr, Ca, K and Rb contents is shown in Figures 7.10b, 7.11, 7.12 and 
7.13. However the effect of shearing is also variable and results, 
for example, in highly variable contents of Ti, P, Y and Zr (Fig. 
7.11a). The geochemical changes that can be brought about during 
shearing are illustrated by the highly sheared serpentinous zone in 
the Selebi North section (SDN 56, Fig. 7.7). This ultramafic rock 
(26.8 wt% MgO) has significantly higher contents of Ti, Al, Fe, P, V, 
Y (34 ppm), and Zr (303 ppm) and lower contents of Si, Mg, Ca, Na and 
Cr than enveloping unsheared ultramafic rocks. The high P content is 
confirmed by the presence of apatite (Plate 33e). Shearing of 
anorthositic gneisses produced thin mylonitic zones, in some of which 
Ti, P, Ce, Nb, Y and Zr contents were increased and Al, Mg, Na and Cl 
were decreased (Fig. 4.14, Ch.4.4.1). It is proposed that shearing 
has caused significant but variable changes in host rock 
geochemistry.

The geochemical effects of premetamorphic alteration and 
regional metamorphism are more difficult to evaluate than those of 
localised shearing. Regional metamorphism possibly resulted in 
similar relative changes as localised shearing, but to a much lower 
degree. The most conspicuous difference in the geochemistry of some 
unsheared host rocks from the average host rock geochemistry is Fe-
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enrichment (Figs 7.9b, 7.10b & 7.14a), particularly in garnet 
amphibolites.

7.4.2 Garnet Amphibolites
The association of garnet amphibolites with high concentrations 

of disseminated sulphide (Ch. 5.2.1b & 5.2.3a) and the occurrence of 
garnets at massive sulphide-host amphibolite contacts (Plate 30) 
suggest that the garnet amphibolites obtained their excess Fe and Mn 
(Table 7.3, Figs 7.1-7.3) from sulphides. Apart from the increase in 
Fe and Mn, the relative changes in the other elements are difficult 
to evaluate. It is possible that the small differences in Ti, Ca, Al, 
Na and K between garnet amphibolites and average Phikwe host amphib­
olite are due to differences in their protoliths rather than desulph- 
urisation. The experiments of Kullerud and Yoder (1965) and MacRae 
(1974) have demonstrated that silicate minerals may react with S 
during metamorphism at temperatures above 500 C forming Fe-sulphides, 
Fe-oxides and Fe-depleted silicates. Macrae (1974) synthesised 
cordierite and pyrrhotite by the reaction of natural basalt and S. 
Plimer (1977) has suggested that silicate assemblages associated with 
the Broken Hill sulphide bodies. New South Wales, underwent 
desulphurisation reactions, equivalent to the reverse of those above, 
which produced a silicate fraction enriched in Fe and consumed S.

A possible desulphurisation reaction for the formation of garnet 
amphibolites (see mineralogy in Ch, 5.2.3) at Selebi-Phikwe is:

Magnesio-
Horhblende + Pyrrhotite + Plagioclase + Ca? =

Almandine + Tshermakitic hornblende + S + (Ti,Na,K,Pb,Sr,Zr ?)

However the occurrence of high-Fe amphibolites (containing a green- 
schist facies assemblage of chlorite, actinolitic amphibole, epidote, 
sulphides and minor plagioclase) adiacent to massive sulphide in the 
gabbroic, Selkirk deposit (Fig. 1.1) in the Tati greenstone belt 
indicates that the desulphurisation reaction was probably initiated 
at a low grade of metamorphism and involved greenschist facies 
minerals (Brown, in prep.).

7.4.3 The Original Components of the Selebi-Phikwe Host Rocks
In Chapter 6.4 it was concluded that the Selebi-Phikwe sulphides
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were associated with their host rocks prior to deformation and meta- 
morphism. The mafic hornblende-rich mineralogy of the Selebi-Phikwe 
host amphibolites, their association with Ni-Cu ores and their 
gradation into ultramafic rocks suggest an igneous origin for the 
host rocks. However as observed by Leake (1964) the existence of 
amphibolites does not always imply that they were derived from 
igneous rocks. Gallon (1986) suggested that the host amphibolites 
could be sedimentary in origin, although he does not indicate what 
type of sediment.

The Selebi-Phikwe host amphibolites are characterised by high 
A1203 and MgO contents and low Si02/Mg0 ratios which together are 
reflected by high normative contents of plagioclase and olivine 
(Table 7.1). The Selebi North host ultramafic rocks are characterised 
by high normative hypersthene. The geochemistry suggests an igneous 
origin for the host amphibolites and ultramafic rocks as troctolitic- 
noritic gabbros and orthppyroxenites respectively. In the AFM diagram 
(Fig. 7.14a) the host rocks exhibit a marked tholeiitic fractionation 
trend towards increasing Pe-content (cf. Myers 1975). The average 
Ti/Zr ratio of 91 (Fig. 7.11a) is within the range for tholeiitic 
rocks (Pearce & Cann 1973). However the low contents of imoompatible 
elements in the host rocks (Table 7.1) are more closely comparable 
with those of intrusive gabbroic rocks than extrusive basalts (Le 
Maitre 1976; COleman 1977). The wide ranging, locally high Cr 
contents (Fig. 7.10a) suggest a cumulate rather than an extrusive 
origin. The geochemistry of the average host amphibolites (A1203 14- 
17 wt%, MgO 12-14 wt%) is beyond the compositional limits of known 
natural melts. It is therefore suggested that the Selebi-Phikwe host 
rocks are metamorphosed gabbroic and ultramafic cumulates.

In order to test the gabbroic-ultramafic cumulate hypothesis, 
the compositions of the normative plagioclase, olivine and ortho­
pyroxene (and in a few diagrams, clinopyroxene) have been plotted on 
the two-element variation diagrams. A composition of An 83 (the 
average of the norms for the host rocks, corrected for K metasom­
atism) has been used for the plagioclase. Compositions of Po 85 and 
Eh 85, the normative mineral compositions of the Selebi North ultra­
mafic rocks, have been used for the olivine and orthopyroxene, rather 
than the less-magnesian normative mineral oompositions of the amphib­
olites, because of the Fe-enrichment in the latter.

If the host rocks were originally gabbroic-ultramafic cumulates, 
they are possibly related to the hornblende gneisses which are the
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major mafic lithology in the Selebi-Phikwe gneiss sequence. The 
majority of hornblende gneisses have been interpreted in Chapter 4.7 
as fractionated tholeiitic lavas and high-level intrusives. The 
average compositions of the three main types of hornblende gneiss, 
the dominant type of hornblende gneiss (HGNl), the clinopyroxene- 
bearing type (HOC) and the high-Fe & incompatibles type (HGFl), have 
also been also plotted on the two-element variation diagrams.

When the effects of element mobility, particularly the Fe- 
enrichment and the variable Ca content, are taken into account, the 
majority of host rock samples lie within fields (Figs 7.8, 7.9,
7.iab, 7.11b & 7.12a) bounded by lines joining the normative 
plagioclase, olivine and orthopyroxene compositions and SPHB. SPHB 
has a oompositon of about 50,9 wt% Si02, 0.9 Ti02, 14.6 A1203, 11.6 
Fe203, 7.1]MgO, 11.0 CaO and 59 ppm Zr, i.e. a tholeiitic basalt.
SFHB (Selebi-Phikwe Host Basalt liquid) is within the range of HGNl 
(Table 4.1). A similar oonclusion can be drawn from the ACM diagram 
(Fig. 7.14b) in which the host rocks lie on a trend between olivine- 
orthopyroxene and plagioclase. The majority of the host rocks appear 
to be unrelated to the other main types of hornblende gneiss, HGC and 
HGFl. It is possible that some of the high-Ti host amphibolites are 
high-Ti hornblende gneiss (HGC and HGFl-type) of the gneiss sequence 
that have been incorporated into the host rocks. However these high- 
Ti amphibolites are oommonly sheared which suggests a relationship 
between high Ti and shearing. The diagrams strongly suggest that the 
Selebi-Phikwe host rocks are metamorphosed mixtures of Fe-Ni-Cu 
sulphides, cumulus plagioclase (bytownite), olivine (chrysolite) and 
orthopyroxene (bronzite) and intercumulus tholeiitic basalt (SPHB). 
Cumulus clinqpyroxene appears to have been a minor phase, mainly at 
Selebi North.

Plagioclase, olivine and orthqpyroxene contain very little Ti 
(Deer et al. 1963). Therefore if the above hypothesis is correct and 
the effects of alteration are not too serious in the majority of host 
rocks, the Ti contents of the host rocks are an indication of the 
amount of SPHB and hence basaltic liquid in the mixture. For simplic- 
ity the following discussion will be of a sulphide-free assemblage. 
'The iHhikwelhost iamphibolibes contain an average of 0.33 wt% Ti02, 
compared to 0.9 wt% Ti02 in SPHB. This indicates an average basaltic 
liquid content of about 39 wt% in the Phikwe host rock protoliths, 
the remainder having been plagioclase, olivine and orthopyroxene 
crystals (sulphide-free basis). The average geochemical compositions
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(Tables 7.1 & 7.2^ corrected for Fe-enrichment and K-metasomatism) of 
the Selebi-Phikwe host rocks have been modelled in terms of mixtures 
of intercumulus SPHB basalt and cumulus plagioclase (An 83)^ olivine 
(Fb 85)y orthoproxene (En 85), clinqpyroxene (augite) and chromite 
(50% Cr203). Although it has been concluded that the Selebi-Phikwe 
sulphides were associated with their host rocks prior to deformation 
and metamorphism, the results of the modelling are shown for simplic­
ity on a sulphide-free basis in Table 7.4a. The range of the Ti, A1 
and Mg contents of the Phikwe host amphibolite (Figs 7.8, 7.9a & 
7.11b) indicates a wide range of SPHB content from approximately 10 
to 69 wt%. The Selebi host amphibolite has an average Ti02 content of 
0.44 wt%. The higher average Ti of the Selebi amphibolite compared to 
that of Phikwe amphibolite is considered to be an original feature 
rather than due to alteration or shearing. The Selebi host amphibol­
ite is thought to have originally contained an average basaltic 
liquid content of about 51 wt%. The higher Ti is supported by propor­
tionate increases in the P, Nb, V, Y, Zr and normative diopside 
contents of average Selebi amphibolite compared to average Phikwe 
amphibolite (Table 7.1). P, Nb, V, Y and Zr would have remained in 
the fractionating liquid rather than entering plagioclase, olivine or 
orthcpyroxene crystals.

The Selebi NOrth A amphibolite (without associated ultramafic 
rocks) has been modelled as originally containing having about the 
same plagioclase/olivine ratio and SPHB content as the Phikwe and 
Selebi amphibolites but a higher cumulus clinopyroxene content. The 
high Ti, P, Y and Zr oontents of the Selebi NOrth AU amphibolites 
(associated with ultramafic rocks) could be fundamental (e.g. a 
higher basaltic liquid/cumulus crystal ratio or a magma with a 
significantly higher Ti content than that proposed for the Phikwe and 
Selebi amphibolites) or imposed (e.g. due to shearing). Although 
shearing-induced alteration is proposed to have variably mobilised 
Ti, P, Y and Zr, it is thought that localised shearing could not have 
been responsible for all the significant differences between the two 
types of Selebi North host amphibolite. The Ti02 content of the 
basalt liquid of the Selebi NOrth AU amphibolites is proposed to have 
been appraximately the same as or only slightly higher than that in 
the Phikwe, Selebi and Selebi North A amphibolites (Figs 7.10b & 
7.11), rather than being significantly higher. The Selebi North AU 
amphibolites have been effectively modelled in terms of a high (70 wt 
%) content of basaltic liquid content (SPHB), 17 wt% olivine, 6 wt%
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clinopyroxene, 1.6 wt% chromite but only 3 wt% plagioclase (Table
7.4a). Other alternatives to partly explain AU geochemistry are that 
spinel was originally a significant phase or that Si has been 
depleted in the amphibolites. Taking either of these into account in 
the modelling would result in higher ratios of orthqpyroxene/olivine 
or intercumulus liquid/cumulus crystals.

The Selebi North ultramafic rocks have been modelled as original 
mixtures of approximately 27 wt% SPHB, 18 wt% olivine, 47 wt% ortho- 
pyroxene and minor plagioclase, clinopyroxene and chromite. They are 
regarded as an integral part of the host amphibolite body, rather 
than as a separate intrusion as suggested by Wakefield (1974,1976). 
The amount of ultramafic rock in the north limb varies from zero to a 
maximum of about 50% (SDN 56, Fig. 7.7). A combination of Selebi 
North ultramafic rocks and AD amphibolite in the proportion of 1:3 
has therefore been used to give an approximate indication of the 
original composition of the north limb host rocks (Table 7.4a).

Theimodelling is very simple and fraught with uncertainties and 
should only be regarded as an indication of the original components 
of the host rocks. For example the total amount of cumulus crystals 
is very dependent on the Ti02 content deduced for SPHB. A higher Ti02 
content (>0.9 wt%) content would give significantly different 
results. However the data appear to fit a Ti02 content of 0.75-1.0 
wt% for SPHB (Figs 7.10b & 7.11). The olivine/orthqpyroxene ratios 
obtained in the modelling are very dependant on the Si contents of 
the host rocks (the average Si contents of which are assumed to have 
only been significantly altered by Fe-enrichment and K metasomatism) 
and the Si content of SPHB. The fact that plots of the geochemistry 
of the imajority of the host rocks form trends that can be interpreted 
in terms of original components and processes indicates that the 
essential geochemistry of the majority of the host rocks has not been 
seriously distorted by premetamorphic alteration and regional meta­
morphism. The two-element variation diagrams (Figs 7.8 & 7.9) suggest 
that olivine was probably more dominant than orthopyroxene in the 
majority of host amphibolites and that orthppyroxene was more domin­
ant than olivine in the host ultramafic rocks. The results of the 
modelling are in agreement with this. The normative compositions of 
olivine (& opx.), plagioclase and clinopyroxene used in the modelling 
are generally consistent with the compositions used in the modelling 
of the evolution of HGC from HGNl (see Ch. 4.7.2b). It is important 
to stress that the modelling of the Selebi-Phikwe host rocks was done
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(a) SULPHICB-PREE BASIS
Cumulus Minerals Basaltic

Phikwe

Plag. 
An 83 
34.1

Oliv. 
Fo 85
19.2

Opx.
En 85 
9.7

Cpx.
tr.

Chr.

tr.

Liquid
SPHB
39

Total
102.0

Selebi
wt%
29.3 16.9 4.3 tr. 0.1 51 101.6

Selebi North 27.2 18.5 6.5 4.1 0.1 46 102.4
Amphibolite A

Selebi North 3 17 2 6 1.6 C.70
. ratio)Amphibolite AU (possibly includes spinel & higher opx./oliv

Selebi North 4.2 17.9 47.4 3.0 2.6 27 102.1
Ultramfics

Selebi North 3 17 13 5 2 60 100
northern limb

(b) INCLUDING SULPHIDES Basaltic Iitmiscible
Plag. Oliv. Opx. Cpx. Chr. Liquid Sulphide

Phikwe 23 13 6.5 tr. tr. 26.5 31

Selebi 23.5 13.5 3 tr. tr. 41 19

Selebi North 
southern limb

21 14.5 5 3 tr. 35.5 21

Selebi North 
northern limb

3 15.5 12 4.5 1.5 53.5 10

Table 7.4 The original canponents (wt%) of the Selebi-Phikwe host 
rocks: Results of mixing model calculations: (a) on a sulphide- 
free basis, and (b) including sulphides.
The mixing model consists of cumulus plagioclase, olivine, ortho­
pyroxene, clinopyroxene and chromite mixed with basalt (SPHB). The 
basalt composition is Si02 50.9, Ti02 0.9, A1203 14.7, Fe203 11.6, 
NgO 7.1, CaO 11.0, K20 0.2 & Cr203 0.05. The host rocks are the 
averages in Tables 7.1 and 7.2, corrected for Fe-enrichment and K- 
metascmatism. The host amphibolites have been adjusted for Fe- 
enrichment by decreasing their Fe/Mg ratios to be equivalent to 
that of the ultramafics which are assumed to have the lowest Fe- 
enrichment. The sulphide contents are those in Table 6.1, 
converted to wt%.

independently (and prior to) the modelling of the evolution of the 
protoliths of the high-Ca hornblende gneiss suite.

The results of the modelling are also shown with the average Fe- 
Ni-Cu sulphide contents (Table 6.1) of the ore bodies included (Table 
7.4b). The calculation includes the estimations that the ultraroafic- 
bearing host rocks on the northern limb of Selebi North account for
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about a third of the total Selebi North host rocks and that the 
content of sulphides in these weakly mineralised ultramafic-bearing 
host rocks is approximately half that in the host amphibolites (A) in 
the core of the antiform and on the southern limb (Ch. 6.1.3).

Amphibolites (garbenschiefer amphibolites) with similar geochem­
istry (15-20% A1203 and 8-19% MgO, depleted in Ti, Zr and P) to the 
Selebi-Phikwe host amphibolites are found in the Archaean Isua 
succession of West Greenland. These have been interpreted by Gill et 
al. (1981) as being metamorphosed basalts, the composition of which 
is due to the accumulation of olivine in an unusually aluminous 
basalt (18% A1203) with a moderate CaO content. It is suggested here 
that the geochemistry of the Isua garbenschiefer amphibolites can be 
more simply interpreted as being due to the accumulation of both 
olivine and plagioclase in a more typical Archaean tholeiitic basalt 
liquid. The moderately low Ca contents (Ca0/Al203 ratios vary from 
0.33 to 0.75 in rocks with the same Mg/Fe.) are possibly due to the 
removal of Ca during alteration.

7,4.4 Igneous Differentiation Within the Selebi-Phikwe Bodies
It is impossible to definitely conclude whether the Phikwe, 

Selebi North and Selebi bodies were originally connected or were 
separate intrusions (Ch. 5.1.4). The high strain suffered by the 
Selebi-Phikwe gneisses means that the original shape of the bodies is 
difficult to determine. The present form of the Selebi-Phikwe host 
rocks as discrete layers within unrelated grey gneisses suggests that 
the bodies were originally sills (or part of one sill), intruded into 
grey gneiss protoliths. It is feasible however that the bodies were 
originally stock-like bodies that have been completely flattened.
The facts that (a) the three ore bodies are aligned in a NE-SW 
direction parallel to D1 lineations, and (b) the Phikwe ore body 
extends down in a SW direction but dies out to the southeast, 
indicate that either the three ore bodies were originally connected 
in a single body, the longest dimension of which was orientated in a 
NE-SW direction or that the the three ore bodies were separate 
intrusions which were stretched in a NE-SW direction during Dl. The 
latter case is preferred and the Selebi, Selebi North and Phikwe host 
rocks are considered to have been separate sill-like intrusions of 
tholeiitic crystal mush. The fact that the host rocks of each ore 
body can be modelled in terms of different compositons of crystal 
mush supports this.
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In the analysed Phikwe sections (Figs 7.1-7.4), the Ti, Zr (and
Cr) contents are typically highest at the top and bottom margins of 
the host amphibolite. The Mg and A1 contents are commonly lower at 
the margins than in the middle of the host amphibolite. The Phikwe 
marginal amphibolites plot near the SPHB apex in Figure 7.9. It is 
thought that the high Ti-Zr contents at the margins could be due to:
(a) shearing; (b) Ti-Zr metasomatism during regional metamorphism; (c) 
contamination from surrounding grey gneisses; or (d) an original 
feature. Although the host rock body is typically sheared at its 
margins (hence higher Ti-Zr contents would be expected), some of the 
high Ti-Zr marginal amphibolites are not obviously sheared. Also the 
Ti-Zr variations in PW 93 (Fig. 7.2) are gradational over the whole 
section and independent of the degree of shearing. Therefore localised 
shearing is not thought to be the main cause of the high Ti-Zr 
contents at the margins. The same reasoning rules out redistribution 
of Ti and Zr within the host rock body during regional metamorphism. 
Marginal amphibolites commonly have higher Ti and Cr but lower Zr 
contents than the immediately surrounding grey gneiss (Fig. 7.4). The 
local gradual increase of Ti and Cr out toward the margin of the host 
amphibolite, with significantly lower values in the surrounding grey 
gneiss, is inconsistent with oontamination of host amphibolite with 
grey gneiss during intrusion or tectono-metamorphism. The higher Ti, 
Zr and Cr at the margins are considered to be an original magmatic 
feature of the host rock body.

The average intercumulus liquid (SPHB) content of the IW 93 
section (Fig. 7.2) is estimated as having been about 29 wt%. The 
average Ti02 (0.41 wt%) and Zr (32 ppm) contents of the marginal 
amphibolites indicate that they consisted of about 46 wt% SPHB. Ti-Zr 
contents in the Mg-Al-rich middle portion of the host amphibolite in 
PW 93 indicate a SPHB content of 10-16 wt%. (The high Cr in the marg­
inal amphibolites is more difficult to explain. It can not be simply 
accounted for by Cr in intercumulus liquid and the estimate of very 
low contents of cumulus chromite in the Phikwe crystal mush.) It is 
proposed that the margins of the host rock body in PW 93 contained 
less cumulus crystals and more SPHB liquid than the middle. This is 
consistent with the mechanism of flow differentiation during vertical 
and later horizontal emplacement of the crystal mush (Bhattacharii & 
Smith 1964; Bhattacharji 1967;'simkin 1967). Phenocrysts are concen­
trated away from the margins of a flowing body during flow different­
iation. Some gravitational crystal settling would be expected to have
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occurred at the cessation of flow. However the relatively low contents 
of intercumulus liquid in the crystal mush and and the rapid cooling 
and hence viscosity increase of the margins of the sill after emplace­
ment would have limited the degree of crystal settling (Gibb 1972).
The small ultramafic lenses which occur in the middle of the thickest 
Phikwe sections are thought to also have been formed by flow differ­
entiation. The other analysed sections from Phikwe (Figs 7.3 and 7.4) 
are more homogeneous than that from PW 93. The variation in their Ti 
and Zr contents indicates flow differentiation, but to lesser extents 
than that inferred from Figure 7.2. The thickest host amphibolite at 
Phikwe is in Zone C. Host rocks in Zone C appear to have been the most 
flow differentiated. The thick amphibolite of Zone C is therefore 
proposed to be a predeformational feature.

Ti and Zr contents are higher in marginal amphibolites at Selebi 
(e.g. Selebi Upper B Body, Fig. 7.5a). All three analysed sections 
from Selebi also shew a variation from an Al-rich base to a Mg-Cr-rich 
top which is consistent with the mineralogical variation (Ch. 5.2.2b, 
Fig.5.4c). However the middle portions of the sections show fairly 
uniform Mg/Al ratios. The geochemical variation shown by the Selebi 
Upper B Body (Fig. 7.5a) is more complex than the other two sections. 
The location of grey gneiss and anorthosite bands within this section 
are possibly due to tectonic stacking within the body or may be an 
original intrusive feature. The Al-Mg variation at Selebi suggests 
gravitational settling of olivine (& opx.) and chromite and indicates 
that all three analysed sections are overturned. The geochemical 
effects of this limited gravitational settling are most marked at the 
(original) intercumulus liquid-rich base and top of previously flow 
differentiated sections. In the middle portion of the sections there 
was less settling of olivine (& opx.) relative to plagioclase. The 
high A1 contents at the original top of the sections reflect that

magma (Bottinga&
Weill 1970; Campbell et al. 1978^ ,The anorthositic bands within the 
Selebi host amphibolite are possibly the result of flow different­
iation. It is proposed that the geochemical variation shown by the 
Selebi sections is best explained by flow differentiation that took 
place during the emplacement of the Selebi crystal mush, followed by 
variable but limited degrees of gravitational settling of olivine (& 
qpx.) and chromite relative to plagioclase. A higher degree of gravi­
tational crystal settling in the Selebi host rocks compared to those 
at Phikwe was the result of the higher content of intercumulus liquid
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in the crystal mush at Selebi (Table 7.4).
The geometry of the Selebi ore body indicates that Dl shearing 

has played an important role. The "way-up" derived from the geochemic­
al profiles in the Upper B and Lower bodies suggests that the early Dl 
structure was of a major Dl synform with a minor synform on the upper 
limb. It is proposed that Dl shearing attenuated and partly removed 
the lower limb of the intervening iminor antiform.

The mineralogical variation from a mafic margin to a feldspathic 
margin (Ch. 5.2.3a, Fig.S.Gb) in the amphibolites of the Selebi North 
antiform core and southern limb is similar to that at Selebi and is 
thought also to have been due to a combination of flow differentiation 
and later gravitational settling. The occurrence of ultramafic rocks 
(orthopyroxene-olivine cumulates, Table 7.4) at one margin of the host 
body (SDN 56, Fig. 7.7) on the northern limb at Selebi North suggests 
gravitational settling. However the apparent "way-up" is the qpposite 
direction to that deduced above. As noted in Chapter 5.2.3d, this 
ultramafic-rich section is unrepresentative. Ultramafic rocks typic- 
cally occur in the middle of the amphibolite body on the north limb. 
The formation of the orthopyroxene-olivine cumulates within the SPHB- 
rich protoliths of the AU amphibolites of the Selebi North north limb 
is proposed to have been due to flow differentiation and oonoentration 
of cumulus orthopyroxene plus olivine in a crystal mush with a high 
content of intercumulus liquid (60 wt%) and only 3 wt% cumulus plagio- 
clase (Table 7.4a). The occurrence of ultramafic rocks at the margin 
of the body in SDN 56 is possibly due to a localised intrusive feature 
during flow of the crystal mush or due to deformation.

The conclusion that the ultramafic rocks are an integral part of 
the host amphibolites and that they formed by flow differentiation is 
contrary to the conclusion of Wakefield (1974, 1976) that they repres- 
ent a composite magma of olivine crystal mush and immiscible sulphide 
magma that was intruded into host amphibolite protoliths. It is 
proposed that the difference in the host rocks in the antiform core­
southern limb and on the northern limb at Selebi North resulted from 
separate intrusions of significantly different crystal mush. Surface 
mapping does suggest that the north limb and antiformal core are not 
connected (Fig. 5.6a), although this could be a tectonic rather than 
original feature. The difference in geochemistry between the two limbs 
at Selebi North and the proposal that they represent separate 
intrusions of crystal mush of significantly different compositons 
support the proposal that all three ore bodies at Selebi-Phikwe
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represent separate intrusions of crystal mush.

7.4.5 The Formation of Massive and Disseminated Sulphides at the 
Magmatic Stage
In Chapter 6.4 it was proposed that the Selebi-Phikwe sulphides 

had retained aspects of their original form and Ni-Cu contents. Prior 
to deformation and metamorphism the Selebi-Phikwe ore bodies consist- 
ed of Ni-rich massive sulphides (with a Cu/(Cu4Ni) ratio of c.0.35) 
and Cu-rich disseminated sulphides (with a ratio of c. 0.65). The 
association of Fe-Ni-Cu sulphides with tholeitic crystal mushes 
suggests a "magmatic immiscible sulphide" origin for the sulphides. 
However Gallon (1986) has suggested that the ore bodies resulted from 
replacement of sedimentary host rock by sulphide. The high sulphide 
contents of the ore bodies (Table 6.1) and their virtual restriction 
to the host rocks indicate that an origin by replacement is highly 
unlikely, although localised relacement of metamorphic silicate by 
sulphide has taken place.

The Cu/(Cu+Ni) ratios and the Ni-Cu contents of the massive and 
disseminated sulphides (Table 6.3) are generally consistent with the 
theoretical modelling (Duke & Naldrett 1978; Rajamani & Naldrett 
1978; Duke 1979) of immiscible sulphides separating progressively 
from a basalt magma with between 10 and 5 wt% MgO, that is simultan­
eously crystallising olivine (Fig. 7.15). This is further evidence of 
a magmatic rather than replacement origin. However the relatively low 
Ni and Cu oontents of the Selebi-Phikwe sulphides (Table 6.3) 
compared to the major types of Ni-Cu sulphide ore bodies (Fig. 1.4) 
suggest either relatively low Ni and Cu contents of the magma or 
relatively lowvmagma/immiscible sulphide ratios (R = c. 63, see 
Campbell & Naldrett 1979). One method of producing low magma/sulphide 
ratios is by the assimilation of country rock sulphur. The possibil­
ity that calc-silicate gneiss had an evaporitic origin has been 
mentioned in Chapter 4.4.2. However calc-silicate gneiss forms only a 
very minor component of the Selebi-Phikwe sequence and is not related 
to the ore bodies. There are essentially no sulphur-rich country 
rocks in the Selebi-Phikwe gneisses and there is no evidence that the 
Selebi-Phikwe ore bodies obtained their sulphur by assimilation of 
country rock sulphur. It is suggested that saturation of sulphur must 
have been achieved by magmatic processes. The achievement of magmatic 
sulphur saturation is discussed in Chapter 8.6.9 along with the form- 
ation of the Dikoloti-Lentswe sulphides.
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Fig. 7.15a The Ni and Cu contents of typical mafic and ultramafic magms 
plotted as a function of their MgO content (from Rajamani & Naldrett 1978)
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Fig. 7.15b The Cu(Cu-Wi) ratios of the Selebi-Phikwe ore bodies and their 
main ore types superimposed on the calculated relationship between the 
Cu(Cu+Ni) ratios of sulphide liquids and the MgO content of magma (from 
Rajamani & Naldrett 1978).

Fig. 7.15 The "Magmatic" Cu(Cu+Ni) ratio of the Selebi-Phi)cwe ore bodies.



The sulphide contents of the ore bodies are high (10-25 wt%f 
Tables 6.1 & 7.4b). Their sulphur contents are much higher than the 
maximum sulphur content (0.16%) of basalt magma immediately prior to 
eruption (Moore & Fabbi 1971; Anderson 1974; CXamanske & Moore 1977) 
or the saturation levels (0.3% S) in basic-ultrabasic determined by 
Shima & Naldrett (1975). Therefore the sulphides could not have 
separated out as immiscible sulphides from intercumulus basaltic 
liquid after the emplacement of the crystal mushes into the Selebi- 
Phikwe sequence. The crystal mushes must have been emplaced with the 
great majority of their sulphides already as immiscible sulphide 
liquid. It is proposed that the immiscible sulphides separated out 
from a significantly larger body of magma than that represented by 
the host rocks.

The difference in the Cu/(CutNi) ratios between Type 1 massive 
sulphide and disseminated sulphide at Selebi-Phikwe could be due to 
either (a) tectono-metamorphic processes^ (b) fractional crystallis­
ation of magmatic immiscible sulphide liquid^ or (c) successive 
separations of magmatic immiscible sulphide liquid. The disseminated 
sulphides are thought to be the relatively unmobilised metamorphic 
equivalents of original magmatic disseminated sulphide (see Ch. 6.4). 
However more work needs to be done on the complex metamorphic 
sulphide -silicate reactions that may have taken place and the 
possible physico-chemical affinity of Cu or chaloopyrite for 
metamorphic silicates rather than metamorphic MSS. It is thought that 
the difference in CU/(CutNi) ratios is mainly an original magmatic 
feature.

Data on the CU-Pe-Ni-S system (Craig & Kullerud 1969) indicate 
the co-existence of Ct-enriched liquid with quaternary MSS at temper­
atures above 850^C. Fractional crystallisation of an accumulated 
immiscible sulphide liquid is thought to have taken place in some 
magmatic Ni-Cu sulphide ore bodies (Naldrett 1981). A fractionated 
Cu-enriched liquid may separate from crystallising MSS (e.g. by 
filter pressing) to form disseminated sulphide and veins with higher 
CU/(ChtNi) ratios than massive sulphides formed from the MSS. However 
the estimated Fe, S, Ni and Cu contents of the Selebi-Phikwe dissem­
inated sulphides and Type 1 massive sulphides (Table 6.3) are such 
that the the great majority of the Cu would have been incorporated 
initially in crystallising quaternary MSS (Fig. 6.5e). This exludes 
the separation of significant Cu-enriched liquid during fractional 
crystallisation. The disseminated Ch-rich nature of the Selebi ore
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body is further evidence against separation of Ct-rich liquid during 
fractional crystallisation after intrusion of the crystal mush.

In the modelling of a closed tholeiitic system crystallising 
olivine without magma replenishment (Duke & Naldrett 1978; Rajamani & 
Naldrett 1978; Duke 1979; Fig. 8.8), early formed immiscible sulph­
ides have lower Cu/(Cu4Ni) ratios than sulphides that separate later. 
The change in the CU/(CUtNi) ratio from Ni-rich Type 1 massive sulph­
ides to Cu-rich disseminated sulphides is therefore interpreted as 
indicating that the Ni-rich Type 1 massive sulphides are the eventual 
products of immiscible sulphides that generally separated out from 
basalt magma before the Cu-rich disseminated sulphides. It is prop­
osed that Ni-rich immiscible sulphides had already separated and 
accumulated in a magma chamber prior to their intrusive emplacement 
along with a crystal mush containing abundant disseminated Cu-rich 
immiscible sulphides. The previously accumulated Ni-rich immiscible 
sulphides would have remained segregated from the oomponents of the 
crystal mush during vertical emplacement, because of viscosity 
contrasts between the sulphide liquid and the intercumulus liquid- 
rich margin and the crystal-rich core of the crystal mush. The low 
viscosity sulphide liquid would have been concentrated towards the 
margins of the flowing crystal mush (cf. Ross & Hopkins 1975; Groves 
& Hudson 1981). After intrusion a limited degree of gravitational 
settling would have resulted in further accumulation of dense 
immiscible sulphide at the base of the body.

The disseminated Cu-rich immiscible sulphides iwouldinotlvnAs 
significantly segregated from their crystal mush during intrusion. 
After emplacement disseminated CU-rich immiscible sulphides would 
possibly have undergone some gravitational settling relative to 
intercumulus liquid and cumulus crystals. At Selebi and Selebi North 
the concentration of disseminated sulphides towards the mafic margin 
of mineralogically graded host amphibolite (Figs 5.4c & 5.6b, Ch. 
6.1.2) is possibly due to gravitational settling of disseminated 
immiscible sulphide liquid. If the conclusion of Wakefield (1974) 
that the Phikwe ore body is overturned is correct, the distribution 
of disseminated sulphides in PW 80 (Fig. 6.3), PW 93 (Fig. 7.2) and 
PW 185 (Fig. 7.4) may possibly indicate limited post-emplacement 
gravitational settling of disseminated immiscible sulphide liquid. 
However it has been proposed in Chapter 4.2.1c that Units E and F of 
the Selebi-Phikwe sequence are the right way-up. The distribution of 
the dissminated sulphides in these sections is possibly partly
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oontrolled by shearing within the host amphibolite.
It is proposed that flow differentiation of previously separated 

immiscible sulphide liquid followed by variable degrees of gravi­
tational settling can account for the typical occurrence of massive 
sulphides either at both top and bottom margins of the host bodies or 
at one margin that is thought to have been the base of the body (e.g. 
at Selebif Fig. 5.4c). The distribution of Type 1 massive sulphides 
and disseminated sulphides within the Selebi-Phikwe host rocks is 
consistent with the suggestions that immiscible sulphides separated 
from a large body of basaltic magma prior to mush emplacement^ that 
Type 1 massive sulphides represent the earliest immiscible sulphides 
to separate from this large body of magma and that disseminated 
sulphides separated later.

The crystallisation history of the magmatic sulphides iwould Ihave 
been similar to that of the cooling metamorphic MSS, but without the 
effects of diffusion and mobilisation caused by the deformation (Ch.
6.4). Quaternary MSS would have crystallised until the magnetite-MSS 
cotectic was intersected, when both <guabemar^ 1^33 
would have crystallised. The original massive and disseminated 
sulphides have retained their respective Ni-rich and Cu-rich nature, 
although the host rocks and sulphides have been highly deformed and 
metamorphosed. Strain was concentrated in the low strength original 
irregular marginal massive sulphide accumulations which moved 
independently of host rock with disseminated sulphides. TMakefield 
(1974,1976) has suggested that the occurrence of significant massive 
sulphide in grey gneiss without host amphibolite at Phikwe (Zone E) 
was due to the intrusion of a sulphide magma beyond the limits of tbe 
host intrusion. Low viscosity immiscible sulphides may have been 
concentrated at the intrusive front of the crystal mush. However the 
gross form, mineralogy and textures of the Type 2 massive sulphide in 
Zones D and E indicate an origin by repeated mobilisation of original 
magmatic massive and disseminated sulphide. It is possible that Zone 
D was the original limit of the Phikwe intrusion.

It can be speculated that, if the three host bodies represent a 
single highly deformed intrusion, the amount and type of sulphide is 
an indication of proximity to the sill feeder. Phikwe with its high 
content of low viscosity massive sulphide was possibly further from 
the feeder than Selebi. The higher content of intercumulus liquid at 
Selebi however suggests the opposite relationship.
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7.4.6 Evolution of Parent Magma
The proposed oompositon of the intercumulus liquid (SPHB) of the 

Selebi-Phikwe crystal mushes is that of moderately evolved HGNl. In 
Chapter 4.2.5 it was suggested that HGC (the clinqpyroxene-bearing 
hornblende gneiss) was possibly the derivative liquid resulting from 
the equivalent of about 66% closed system crystallisation of HGNl (5% 
olivine^ 39% plagioclase and 31% clinopyroxene). Average HGNl has a 
Cuy(CUtNi) ratio of 0.19 and a sulphur content of 247 ppm (Table 4.1^ 
Figs 4.8 & 8.8). Average HGC has a CU/(CutNi) ratio of 0.67 and a 
sulphur content of 912 ppm. The early crystallisation of HGNl was 
dominated by olivine and plagioclase which are the main cumulus 
components of the crystal mushes.

It is proposed that the nature of the Selebi-Phikwe host rocks 
and the CU/(CU+Ni) ratios of the sulphides are consistent with an 
origin from evolved HGNl tholeiitic parent magma^ the early fraction- 
ation of which was controlled by olivine (& cpx. ?), plagioclase and 
minor clinopyroxene. Immiscible sulphides separated from sulphur- 
saturated evolving HGNl magma and were accumulated by gravity in the 
magma chamber. Early inmiscible sulphides were Ni-rich. As the magma 
evolved toward an HGC composition, the immiscible sulphides separat­
ing out gradually became Cu-rich. Mushes (Table 7.4b) consisting of 
plagioclase and olivine (& opx.) crystals, SPHB intercumulus liquid 
(moderately evolved HGNl), disseminated CU-rich sulphides and semi- 
massive accumulated Ni-rich sulphides were expelled from the magma 
chamber and emplaced into the Selebi-Phikwe sequence. The nature and 
evolution of the parental HGNl magma, particularly a mechanism for 
the achievement of S saturation, are further discussed in Chapter
8.6.9 along with the origin of the sulphides of the Dikoloti-Lentswe 
prospects.

7.5 SUMMARY OP CONCLUSIONS

The Phikwe, Selebi North and Selebi host amphibolites have 
similar geochemistries characterised by high normative plagioclase 
and olivine contents. Shearing has caused significant localised 
changes in host rock geochemistry. Garnet amphibolites obtained their 
excess Fe and Mn from sulphides during metamorphic desulphurisation 
reactions. The fact that the geochemistry can be interpreted in terms 
of original oomponents and processes that the essentially
magmatic geochemistry of the majority of host rocks has not been
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seriously distorted by alteration.

The major and trace element geochemistry of the host rocks
indicates that they are metamorphosed tholeiitic gabbroic and ultra- 
mafic cumulates. The two-element variation diagrams and the modelling 
indicate that the geochemistry of the Selebi-Phikwe host amphibolites 
and ultramafic rocks can be interpreted in terms of various mixtures 
of intercumulus basalt (moderately evolved HGNl) plus cumulus plagio- 
clasSf olivine^ orthqpyroxenef clinopyroxene and chromite and immisc­
ible sulphides^ i.e. tholeiitic crystal mushes. The most compelling 
feature in favour of this hypothesis is that, when combined with the 
effects of alteration, it can explain all the geochemical variations 
shown by the Selebi-Phikwe host rocks. The geochemistry of the Selebi 
-Phikwe host amphibolites (e.g. their high but variable contents of 
Al, Mg and Cr) is such that the suggestion by Gallon (1986) that they 
are metamorphosed sediments is completely untenable.

It is proposed that the three ore bodies were originally 
separate intrusions of crystalimush (at least 4 intrusions). The 
geochemical variation in profiles through the host bodies is due to a 
oombination of flow differentiation during the intrusion of crystal- 
rich magma and later gravitational differentiation. The ultramafic 
host rocks are an integral part of the host amphibolites. They 
formed by flow differentiation. The Selebi-Phikwe host bodies are 
considered to be tholeiitic differentiated sills or stocks.

The Selebi-Phikwe sulphides are tectonoMmetamorphically modified 
magmatic immiscible sulphides that separated from tholeiitic magma 
prior to intrusive emplacement within crystal mushes. Ni-rich Type 1 
imassive sulphides represent the earliest immiscible sulphides to have 
separated from the parent magma. Cu-rich disseminated sulphides 
separated later. The distribution of massive and disseminated sulph­
ides is oonsistent with flow differentiation during emplacement of a 
crystal-rich mush followed by gravitational settling. The original 
components of the host bodies, the geochemistry of the tholeiitic 
intercumulus liquid and the Ni-Cu contents of the sulphides are con­
sistent with the formation of the host rocks and immiscible sulphides 
from fractionating and evolving tholeiitic HGNl basalt magma.
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CHAPTER 8 THE DIKOIOTI-LENTSME PROSPECTS

The Dikoloti and Lentswe prospects are located 15 and 22 km 
respectively southwest of the Phikwe ore body (Figs 1.1 & 8.1).

The ore reserves are shown in Table 8.1.

Million tonnes Grade Cu/(Cu+Ni)
%Ni %Cu

Dikoloti c. 2.5 0.7 0.5 0.42

Lentswe c. 1.5 0.5 0.4 0.44

8.1.

'Table 8.1 Dikoloti-Lentswe Ore Reserves

Gross Form and Structure
The Dikoloti-Lentswe prospects consist of imineralised 

ultramafic rocks (up to 45 im thick) within a thin unit of hornblende 
gneiss and minor grey gneiss. The whole unit is enclosed by 
porphyrdblastic granitic gneiss. The mineralised ultramafic rocks 
consist of amphibole pyroxenites, serpentinised peridotites and minor 
ultramafic amphibolite and schist.

Hornblende gneiss occurs both in the envelope to the ultramafic 
rocks and as thin highly sheared bands within and at the margins ofthe 
ultramafic rocks. Minor magnetite quartzite interbanded with 
cummingtonite and actinolite ampbolites (Mg-amphibolites) occurs in 
the unit at Lentswe. Only very thin quartzite occurs at Dikoloti. 
However elsewhere along strike (e.g. at Phokoje and Mogolodi) the 
magnetite quartzite and cummingtonite-actinolite amphibolite 
association is thicker (up to 15 m) and is the most important 
component of the unit (see Plates 6 & 7). The Dikoloti—Lentswe unit 
can be traced regionally (Fig. 8.1) by the occurrence of the Mg- 
amphiboliteMmagnetite quartzite association along with iminor ^weakly 
mineralised to unmineralised serpentinite and pyroxenite. It is 
tentatively suggested from mapping and photogeological interpretation 
that the Dikoloti-Lentswe unit is the approximate equivalent of Unit A 
at Phikwe. Alternative interpretations (given the complex structure) 
is that the Dikoloti-Lentswe unit is the approximate equivalent of
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Unit H or that it lies outside the range of the Phikwe sequence (Fig.
2.3). The first alternative is supported by the occurrence of minor 
marble and magnetite quartzite in Unit H.

At Dikoloti mineralised ultramafic rocks occur in a recumbent 
antiform plunging to both the north and south (Figs 8.2-8,4). It is 
uncertain whether this is a Dl structure that has been refolded during 
D2 or a D2 antiformL Feldspathic amphibolite occurs in the core of the 
antiform. Anorthositic gneiss occurs about 200 m to the west of 
Dikoloti. The mineralised amphibole pyroxenites and serpentinised 
peridotites are interbanded and contacts between them are typically 
gradational. Pyroxenite slightly predominates over peridotite. 
Ultramafic schist occurs within the ultramafic rocks and particualrly 
at their margins (Fig. 8.9). Disseminated sulphides and thin (<lm) 
irregular massive sulphides occur throughout the ultramafic rocks. 
Massive sulphide tends to occur near the outer margin of the 
ultramafic rocks and is commonly associated with ultramafic schists. 
Minor massive sulphide occurs in the hornblende gneiss-grey gneiss 
envelope, particularly in the nose of the antiform (Fig. 8.4). Thin 
quartzite locally occurs in the hornblende gneiss envelope adiaoent to 
the ultramafic rocks. The Mg-amphibolite-magnetite quartzite 
association was not found at Dikoloti. It is represented by a 
magnetite-rich facies of grey and intermediate biotite gneiss.

At Lentswe mineralised ultramafic rocks occur in a D2 antiform 
(?) plunging to the north (Fig. 8.5). The mineralised ultramafic rocks 
are separated from anorthositic gneiss in the core of the synform by 
about 8 m of porphyroblastic granitic gneiss with relict bands of 
hornblende gneiss and grey gneiss. The ultramafic rocks, predominantly 
interbanded amphibole pyroxenite with serpentinised peridotite 
(Fig.8.10), are identical to those at Dikoloti. The Dikoloti 
feldspathic amphibolite does not occur at Lentswe. Hornblende gneiss 
dominates in the enveloping gneiss immediately above the ultramafic 
rocks and also occurs as thin sheared bands within the ultramafic 
rocks (Fig. 8.10). Minor magnetite quartzite and associated Mg- 
amphibolite occur at both the upper and lower margins of the 
ultramafic rocks (Fig. 8.6). In a typical section (LT 30, Fig. 8.6), 
finely laminated magnetite quartzite occurs at the top of the 
ultramafic rocks (see also LT 31, Fig, 3.2) and thin quartzite with 
Mg-amphibolite laminae occurs at the base. Disseminated sulphides and 
irregular massive sulphides occur throughout the ultramafic rocks 
particularly near their margins. LT 13 (Fig. 8.6) is an atypical
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section^ in which relatively thick massive sulphide is associated with 
magnetite quartzite but only minor ultramafic rock.

Thinner weakly mineralised ultramafic rocks occur at Phokoje and
Mogolodi (Fig. 8,1). They contain a greater proportion of the Mg- 
amphibolite-magnetite quartzite association (10 m thick), particularly 
thick cummingtonite amphibolite with lesser finely banded actinolite
amphibolite-magnetite quartzite. Minor metagabbroic rocks similar to 
the Dikoloti feldspathic amphibolite also occur at Phokoje.

8.2 MINERALOGY OF DIKQLOTI-LENTSME ROCKS

8.2.1 Ultramafic Rocks
The mineralised ultramafic rocks at Dikoloti-Lentswe are 

similar to those at Phikwe and Selebi North. They consist essentially 
of serpentinised peridotite and amphibole pyroxenite. There appears to 
be a complete range of lithologies from serpentinised dunite through 
olivine-orthopyroxene-calcic amphibole peridotite (harzburgite) and 
hornblende pyroxenite to cummingtonite-horhblende amphibolite. The 
olivine-rich rocks consist of fine-grained (0.1-0.5 nm) granoblastic 
olivine and orthopyroxene with minor idioblastic calcic amphibole 
(hornblende), green spinel, imagnetite and disseminated sulphide (Plate 
39a). Minor clinopyroxene was tentatively identified in one sample of 
olivine-orthqpyroxene peridotite. In more orthppyroxene-rich rocks, 
orthopyroxene is porpyroblastic in a granular olivine-orthopyroxene 
imatrix and includes olivine (Plate 38a). Amphibole pyroxenites consist 
of coarse porphyrdblastic orthopyroxene (typically with abundant 
hornblende inclusions) in a matrix of hornblende with magnetite and 
(disseminated sulphide (sulphide in both porphyroblasts and imatrix) 
(Plate 38d). The peridotites are typically altered to serpentine-rich 
assemblages. Fine-grained aggregates (of talc and chlorite ?) after 
orthopyroxene occur in a matrix of serpentine with chlorite, magnetite 
and disseminated sulphide (Plate 38e). Pyroxene-rich rocks appear to 
have been more resistant to alteration.

The amphibolite pyroxenite grades into ultramafic amphibolite 
with variable proportions of cunmingtonite, calcic amphibole 
(hornblende), biotite-phlogopite, relict orthopyroxene and fine 
undetermined aggregates (talc, serpentine and chlorite ?) (Plate 38g). 
With increased mica content these anphibolites beoome schistose and 
have been termed ultramafic schists (Plate 38h). The Dikoloti-Lentswe 
cimmingtonite-bearing amphibolites are more ccmmon than at Aiikwe and
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Selebi North. Some sheared amphibole pyroxenite consists of corroded 
relicts of porphyroblastic orthopyroxene (typically altered to 
biotite) in an aligned matrix of orthoamphibole (gedrite 7)^ cumming- 
tonite, biotite and hornblende (Plate 38f).

Analyses of olivine and orthopyroxene in a typical serpentin- 
ised peridotite from Dikoloti show that they are chrysolite (Fo 86) 
and bronzite (En 86) respectively, with very little variation in 
composition (Table 8.2 & p.A.8). The olivine has a relatively low Ni 
content (average of 0.07 wt% NiO) compared to those of the upper 
mantle, high level layered intrusions and basalts (Fleet et al. 1977). 
One olivine contained 0.05 wt% NiO in the core and 0.25 wt% NiO at the 
margin (p.A.8). A rare zoned calcic amphibole had a core of edenite 
and a rim of cummingtonite. Analyses of orthopyroxene in a typical 
aitphibole pyroxenite (Dikoloti) and a spinel pyroxenite (lentswe) show 
that it is bronzite (En 84 and En 82 respectively). The calcic 
amphibole in the amphibole pyroxenite is magnesioHhornblende with 0.4 
wt% Cr203 and an Mg/Mg+Fe ratio of 0.80 (Table 8.2; Fig. 3.1). There 
is no compositional difference between matrix and included hornblende.

A wide variety of spinel occurs in the Dikoloti-Ientswe 
ultramafic rocks. Chromite (18-20 wt% Cr203, Table 8.2, Fig. 8.7) 
occurs as inclusions in olivine, orthopyroxene and calcic amphibole. 
Chrcmian spinel locally forms a fabric in the amphibole pyroxenite 
(Plate 38b & c). This is interpreted as an early Dl-Mla fabric. Green 
spinel is more common in amphibole pyroxenite than peridotite. It 
-varies from (ooarse-grained intergranular bright green spinel (Plate 
39b & c) to fine-grained dark green inclusions in amphibole and 
orthqpyroxene (Plate 39d). The bright green spinel commonly has coarse 
-grained magnetite inclusions (0.3-lmm). The green spinel varies in 
colour. Adjacent to the magnetite inclusions and locally at its 
margins (particularly if in contact with pyrrhotite) it is bright 
clear green. Elsewhere it is darker and grades locally to almost 
opaque. This darkening is due to very fine-grained (<1 micron) 
inclusions that are thought to be magnetite. Analyses of a bright 
green spinel in a pyroxenite fron Lentswe show that it is a chromian 
pleonaste with 4.7 wt% Cr203 (Table 8.2, Fig. 8.7). The coarse 
magnetite inclusions within the pleonaste are also chromian (3.9 wt% 
Cr203). There is no difference in composition within pleonaste grains 
from bright green areas without very fine-grained inclusions to very 
dusty, almost opaque areas with abundant inclusions (p.A.8). All the 
Selebi-Phikwe spinels lie on a linear trend of Cr/(CrtAl) against

273



LENTSWE Pyroxenite a Orthopyroxene, average of coarse
a b c d e idioblastic (core and margin) and

opx spi mag chi cum medium-grained matrix LT 27-25
Si 02 55.76 0.05 0.08 30.61 55.49
Ti02 0.04 0.03 0.13 0.02 0.04 b Cr-pleonaste, average of clear
A1203 2.66 57.14 0.34 16.67 1^9 green, dusty and very dusty spine
FeO 11.53 21.90 87.78 10.53 16.94 LT 27-25
MnO 0J6 0.11 0.12 0J7
MgO 30.02 14.42 0.16 26.80 2L99 c Cr-raagnetite included within
CaO 0.17 0.02 0.04 O.ll 1.30 Cr-pleonaste LT 27-25
Na20 0.01 0.09 0.03 0.05 0.48
K20 0.00 0.01 0.01 ■ d Chlorite (diabantite) rimming Cr-
Cr203 0.05 4.65 3.89 0.07 pleonaste in pyrrhotite LT 27-25
NiO 0.01 0.04 0.00 0^9
Tota 1 100.4-7 98.50 92.56 84.92 97.72

En 82 e Cumraingtonite of banded quartzite
No. of 4 7 2 1 5 -amphibolite LT 27-30
analyses

Samples LT 27--25 - pyroxenite and LT 27-30 - banded quartzite-amphibolite from LT 27
DIKOLOTI

Araph i bo le Pyf oxenife-
See Plate 39c for LT 27-25

f 9 h
opx hor chr Sample 616 - oompK(i>o/e pyroxenite from DK 32

Si 02 %.30 52.12 0.28
Ti02 0.01 0.16 1.08 See Fig. 8-9 for• DK: 32
A1203 0.84 5:18 5.70
FeO 10.49 4.76 67.59 f Orthopyroxene, average of core and margin 616
MnO 0.21 0.12 0.37
MgO 32.34 20.84 2.81 9 Hornblende, average of coarse and fine matrix
CaO 0.27 12.03 0.02 hornb lende and inclusion in orthopyroxene 616
Na20 O.OI 1.11
K20 0.00 0.15 0.04 h Chromite included in coarse orthopyroxene 616
Cr203 0.06 0.41 20.17
NiO 0.08 0.00 0.11
Tota 1 100.61 96.88 98.17 See appendix A.8 for all analyses

En 84
No. of 2 4 2 Sample 657 - serpent inised peri dotite from DK 17
analyses

Serpent inised Peri dotite
i j k 1 m n

opx Ol V chr ser hor cum
Si02 55.96 40.07 0.43 41.21 46.85 57.25 i Orthopyroxene 657
Ti02 0.07 0.01 IZO 0.06 0.24 0^^
A1203 0.82 0.01 3.15 0.26 9.41 0Z9 j Olivine, average of core
FeO 9J^ 13.73 70.29 1.39 5.75 9.n and margin 657
MnO 0.17 0J6 0.38 0.05 0.08 0Z2
MgO 32.80 46.24 1.79 40.31 18.89 28.69 k Chromite, avg. inclusions in
CaO OJ^ 0.02 0.02 0.02 12.09 0.55 olivine and pyrrhotite 657
Na20 0.01 0.00 L68 0X6
K20 0.02 0.00 0.01 0.03 0.35 OX^ i Serpentine 657
Cr203 0.08 0.02 18.24 0.04 0.69 0X7
NiO 0.07 0.07 0.10 0.06 0.03 ^X2 m Hornblende (edenite), core
Tota 1 99^^ 100.33 95.61 83.43 %.06 %.29 zoned amphibole 657

En 86 Fo 86
No. of 6 6 4 2 3 3 n Cummingtonite, rim of zoned
analyses araphibole 657

TABLES .Z AVERAGE MINERAL ANALYSES — DIKOLOTI AND LENTSWE ULTRAMAFIC ftOCKS



Mg/ (Mg+Fe) that is distinct fron the corpositional fields of spinel 
fran peridot!tes in ophiolites and stratiform intrusions (Fig. 8.7) . 
The trend is a continuation of the fields for spinels fron highly 
metamorphosed Archaean layered igneous cotplexes (Windley et al.
1981).

8.2.2 Dikoloti Feldspathic Amphibolite
The mineralogy of the Dikoloti feldspathic amphibolite has been 

described in Chapter 3.9 because of its importance in the evaluation 
of the metamorphic history of the Selebi—Phikwe area. It is sufficient 
to repeat here that the Dikoloti feldspathic anphibolite is a 
granoblastic (tshermakitic) homblende-anorthite (An 96) rock (Fig. 
3.1, Table 3.2). Included within this are aggregates^of corundum- 
spinel-sapphirine surrounded by mantles of epidote, orthoamphibole 
and chlorite (Plate 40).

8.2.3 Hornblende Gneiss
The majority of the hornblende gneisses enveloping the ultra-
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mafic rocks is similar to those of the Phikwe sequence. They consist 
of grandblastic hornblende-labradorite-minor biotite gneiss (similar 
to HGN) that grades with increasing magnetite content into HGF-type 
hornblende gneiss. Clinppyroxene or garnet-bearing hornblende gneiss 
is rare. Sheared hornblende gneiss (e.g. at Phokoje) contains abundant 
chlorite and quartz. Hornblende gneiss immediately adjacent to the 
ultramafic rocks is locally magnetite^ hornblende and pyrrhotite-rich. 
The contact of the ultramafic rocks is sheared and typically marked by 
biotite-magnetite-pyrrhotite schists with phacoids of hornblende- 
plagioclase gneiss. These pass into ultramafic schists and ultramafic 
amphibolites.

Hornblende gneiss occurs as thin bands within the mineralised 
ultramafic rocks. They are typically sheared and contain variable 
proportions of biotitef cummingtonite^ quartz^ disseminated sulphide^ 
porphyroblastic garnet and minor orthopyroxene as well as hornblende, 
plagioclase and abundant magnetite. Later chlorite occurs in multiply- 
sheared zones. Plagioclase is typically recrystallised to a fine 
aggregate or altered to clinozoisite and replaced by sulphide. Some of 
the hornblende gneiss has a spotted appearance due to aggregates of 
plagioclase. As stated in Chapter 3.1, it is impossible to deduce 
whether these spots represent an original feature (e.g. amygdales in a 
basalt) or are a metamorphic recrystallisation phenomenon. The latter 
is preferred because no other original textures appear to have been 
preserved in these highly strained rocks.

8.2.4 Magnetite Quartzite and Associated Amphibolites
The mineralogy of the magnetite quartzite and associated 

amphibolites has been described in Ch. 3.5. It is sufficient here to 
restate that the dominant amphibolite consists of cumningtonite with 
minor actinolitic calcic aitphibole, quartz and magnetite (typically 
massive thick bands). Of volumetrically lesser importance are 
actinolite-rich amphibolites with minor currsningtonite, quartz and 
magnetite (typically thin bands within quartzite) and minor thin 
hornblende-rich bands.

8.3 Discussion - Igneous or metamorphic ultramafic assemblage ?
The Dikoloti-Lentswe mineralised ultramafic rocks are very 

similar to the Phikwe and Selebi North host ultramafic rocks. Their 
mineral compositions are similar and their textures are the same. "The 
question arises as to whether the Dikoloti-Lentswe ultramafic
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assemblage and textures are netamorphic or igneous. The same evidence 
(see Ch.5.2.3d) that was used to show that the Phikwe and Selebi North 
ultramafic assemblages are metamorphic indicates that the main 
Dikoloti-Lentswe ultramafic assemblages are also metamorphic (Mlp-m) 
equilibrium assemblages rather than relict igneous assemblages. 
Additional evidence is provided by the idioblastic nature of the 
hornblende in olivine-rich rocks Plate 39a)^ the wide range of spinel 
cotpositions (Fig. 8.7) and the low Ni content of the olivine (Simkin 
& SMuth 1977; Binns & Groves 1976; EVans 1977). The assemblage of 
olivine-green spinel-hornblende-orthopyroxene is the typical assem­
blage of metaperidotites at the transition between upper amphibolite 
and granulite facies conditions (Evans 1977, 1982). The Dikoloti- 
Lentswe ultramafic assemblages are thought to have formed at approx­
imately the same metamorphic temperature as that estimated for the 
Selebi North ultramafic assemblage (c. 750°C). The very fine-grained 
dusty inclusions in pleonaste are interpreted as magnetite exsolution 
from metamorphic pleonaste during cooling. The Ml olivine-rich 
assemblages have retrogressed to M2 serpentine-rich assemblages with 
lesser chlorite, phlogopite and talc. The Ml aitphibole pyroxenites 
appear to have been more resistant to MS retrogression. Betrogessed 
pyrcxenites have commonly been sheared with the development lof 
cummingtonite, orthoamphibole (gedrite ?) and biotite.

8.4 DIKQLCTI-LENTSME SULPHIDES

8.4.1 Morphology, Mineralogy and Bulk Ccmpositon
Fe^i-Cu sulphides (dcminantly pyrrhotite plus chalcopyrite, 

pentlandite aM minor pyrite) occur thoughout the Dikoloti-Lentswe 
ultramafic host rocks, mainly as sulphide disseminations and thin 
irregular bands (typically <lm) of massive sulphide. There is an 
association of thicker massive sulghide (with sharper contacts) with 
the development of ultramafic schist. At Dikoloti there is a tendency 
for massive sulphides to be concentrated near the outer margin of the 
ultramafic rocks with disseminated sulphides adjacent to them in the 
ultramafic rocks inside (Figs 8.3 & 8.4). At Lentswe massive sulphides 
tend to be concentrated towards tie upper margin of the ultramafic 
rocks (Figs 8.5 & 8.6). Minor disseminated sulphide occurs in 
hornblende gneiss immediately envelcping the ultramafic rocks at 
Dikoloti and Lentsve. Massive sulphide (typically with higher contents 
of chaloopyrite than massive sulphide in the ultramafic rocks) also
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occurs in the hornblende-grey gneiss envelope (e.g. in the nose of the 
Dikoloti antiform). There is an inverse relationship between the 
proportion of massive sulphide to ultramafic rock and the amount of 
ultramafic rock (e.g. LT 13 & LT 27, Figs 8.6 & 8.10). The Dikoloti 
feldspathic amphibolite contains only weak Fe-Ni-Cu sulphide 
disseminations. However it does contain traces of disseminated 
molybdenite.

The Dikoloti-Ientswe sulphides are similar to those at Selebi- 
Phikwe in terms of mineralogy and textures. The common massive 
sulphide in the ultramafic rocks is similar to Type 1 Selebi-Phikwe 
massive sulphide and consists of granular aggregates of pyrrhotite 
with granular chaloopyrite (associated with magnetite) and both 
granular and flame pentlandite. Disseminated sulphides are texturally 
similar to those in ultramafic host rocks at Phikwe and Selebi North 
and are particularly associated with the development of M2 
assemblages. The Dikoloti-Lentswe sulphides differ from those at 
Selebi-Phikwe in that:
(a) The Dikoloti-Lentswe sulphides (particularly the typical massive 
sulphides) have significantly lower pentlandite and chaloopyrite 
contents than morphologically equivalent sulphides at Selebi-Phikwe. 
There is approximately half the amount of pentlandite and chaloopyrite 
at Dikoloti-Lentswe compared to that in Type 1 Selebi-Phikwe massive 
sulphide. The amount of flame pentlandite to granular pentlandite is 
about equal. This ratio is significantly higher than that in Type 1 
massive sulphide (flame pentlandite only 15% of total pentlandite).
(b) There is little development of Type 2 massive sulphide at Dikoloti 
-Lentswe. The massive sulphides are texturally similar to Type 1 
massive sulphide.

The estimated grade of the Dikoloti and Lentswe prospects is 
shown in Table 8.1. An estimate of the composition of typical Dikoloti 
-Lentswe massive sulphide within the ultramafic rocks (recalculated 
magnetite and silicate inclusion-free) is 1.6 wt% Ni and 0.5wt% Cu 
with a Ct/(CutNi) ratio of about 0.24 (Table 8.3, Fig. 8.8). 
Disseminated sulphides have an average Ct/(Ca+Ni) ratio of about 0.48. 
Massive sulphide in the hornblende gneiss-grey gneiss envelope and at 
the margins of the ultramafic rocks is Cu-rich and contains up to 3 
wt% Cn. The apparently mobilised Cu-rich massive sulphides account for 
the discrepancy between the Cu/(Cu+Ni) ratios of typical massive 
sulphide (average 0.28) and the grades from the ore reserve estimates 
(c. 0.43). Compared to morphologically equivalent Selebi-Phikwe

278



sulphide, normal Dikoloti-lentswe massive sulphide has significantly 
lower Ni and Cu contents (i.e. a maximum of c. 1.6 wt% Ni) and lower 
Cu/(CutNi) ratios (Table 6.3, Figs 6.5e, 7.15b & 8.8). This is in 
agreement with the imineralogical observations.

Ni Cu Fe Co Cu/(Cu+Ni)

Normal massive 1.6 0.5 60.0 37.8 0.1 wt % 0.24
sulphide

1.2 0.3 46.9 51.5 atomic %

Disseminated 1.2 1.1 c.60 c.38 tr. wt % 0.48
sulphide

0.9 0.8 C.47 c.51.5 atomic %

Table 8.3 Estimated chemical compositions of the Dikoloti-Lentswe 
sulphide types. (Recalculated magnetite and inclusion-free.)

8.4.2 Discussion
The great majority of the sulphides at Dikoloti-Lentswe are 

located within ultramafic rocks. It is thought that sulphides were 
present within their host ultramafic rocks prior to tectono-metamorph- 
ism. The same proposal was made for the sulphides and host amphibolite 
protoliths at Selebi-Phikwe. The disseminated sulphide in hornblende 
gneiss immediately adjacent to the mineralised ultramafic rocks 
appears to have migrated from the ultramafic rocks. The thin 
irregular massive to semimassive sulphides and the disseminated 
sulphides within the ultramafic rocks are regarded as only weakly to 
moderately mobilised pretectonic massive sulphides and disseminated 
sulphides. The low Ni contents of Dikoloti-Lentswe olivines suggest 
that the Ni contents of the sulphides have not been reduced from that 
of the original sulphides by tectonometamorphic processes (e.g. the 
crystallisation of metamorphic olivine). In fact the reverse has 
possibly occurred. Their Ni and Cu contents are regarded as generally 
reflecting the original Ni and Cu contents of pretectonoMmetamorphic 
sulphides. The bulk chemical composition of the Dikoloti-Lentswe 
massive (and disseminated) sulphides are such (Fig. 8.3) that they

279



would have homogenised at the peak of metamorphism to dominantly 
quaternary Fe-Ni-Cu-S monosulphide solution (MSS^ Fig. 6.5).

Thicker massive sulphides (with sharper contacts) are assoc­
iated with the development of ultramafic schists (mainly at the 
margins of the ultramafic rocks) and also occur in the hornblende 
gneiss-grey gneiss envelope. The inverse relationship of the ratio of 
massive sulphide/ultramafic rocks to the thickness of ultramafic rocks 
suggests that some of the massive sulphides have been significantly 
mobilised relative to the ultramafic rocks during shearing. However 
highly mobilised Type 2 massive sulphide has not been significantly 
developed. The mobilised sulphides have been enriched in Cu but not 
Ni which infers that Cu was more imobile than Ni during shearing- 
induced mobilisation. (Mobilisation probably also involved mechanical 
separation of pretectono-metamorphic chalcopyrite from pyrrhotite 
during initial deformation.)

The typical Dikoloti-lentswe massive sulphides have 
significantly lower Ni and CU contents and slightly lower Cu/(Cu+Ni) 
ratios.than morphologically equivalent sulphides at Selebi-Phikwe 
(Table 6.3f Figs 7.15b & 8.8). Dikoloti-Lentswe disseminated sulphides 
also have lower Cu/(CutNi) ratios than Selebi-Phikwe disseminated 
sulphides. The difference in Ni and Cu contents and hence Cu/(CU+Ni) 
ratios of Dikoloti-Lentswe sulphides compared to those at Selebi- 
Phikwe are thought to reflect original differences. The metamorphic 
cooling history of the sulphides would have been generally similar to 
that at Selebi-Phikwe (see Ch. 6.4.4). The higher proportion of flame 
pentlandite to granular pentlandite at Dikoloti-Lentswe is due to its 
lower content of Ni. Pentlandite would not have started to exsolve 
from cooling metamorphic MSS until a temperature of about 300 C had 
been reached (Fig. 6.5e). A higher proportion of the Ni at Dikoloti- 
Lentswe than at Selebi-Phikwe remained in cooling quaternary MBS and 
was exsolved as relatively late flame pentlandite.

8.5 GBOCHEMISTRY OF DIKQLOTI-LENTSNE ROCKS

8.5.1 Ultramafic Rocks
The average chemical compositions of the Dikoloti-Lentswe (& 

Phokoje) ultramafic rocks are shown in Table 8.4. As with the Selebi- 
Phikwe host rockSf analyses have been recalculated to 100% on an 
anhydrous and sulphide-free basis. There are no major differences
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between the chemical composition of mineralogically similar rocks from 
Dikoloti and Lentswe (& Phokoje) and they have therefore been grouped 
together. The ultramafic rocks have been subdivided in order of 
decreasing Mg content into serpentinised peridotite^ amphibole 
pyroxenite^ cummingtonite-calcic amphibole-biotite amphibolite and 
cummingtonite-biotite-calcic amphibole schist. The four lithologies 
grade mineralogically and chemically into each other. "The 
serpentinised peridotites and amphibole pyroxenites have been 
inineralogically separated by the appearance in the former of olivine 
or serpentine. This occurs at about 30 wt% MgO.

The serpentinised peridotites are characterised by high Mg (31- 
40 wt% MgO) and Cr (0.7-1.3 wt% Cr203) and low Si (42-48 wt% Si02), Ti 
(0.1-0.3 wt% Ti02), Al (2.5-7 wt% A1203), Ce (0.3-3.6 wt% CaO), Y and 
Zr (Figs 8.11-8.14). The wide variation in Al reflects locally high 
spinel and calcic amphibole. They have high normative contents of 
olivine (Fo 86) and orthopyroxene plus minor plagioclase (Table 8.4). 
The amphibole pyroxenites are characterised by typically lower 
contents of Mg (23-31 wt% MgO) and Cr\ similar contents of Ti and Fe 
and higher contents of Si, Ti, Al and Ca than the serpentinised 
peridotites (Figs 8.11-8.14). Both the serpentinised peridotites and 
amphibole pyroxenites have a minimum Al content of 2.5 wt% A1203 (Figs 
8.11b & 8.13a). The amphibole pyroxenites have high normative contents 
of orthopyroxene (En 84) and olivine plus minor plagioclase and 
clinqpyroxene. The Dikoloti-Lentswe amphibole pyroxenites are 
chemically similar to the amphibole pyroxenites at Selebi North (Table 
7.1). However they have higher contents of Mg, Fe, K and Rb and lower 
contents of Al, Ca and Cr than those at SelebiINOrth.

The ultramafic amphibolites are characterised by typically lower 
contents of Mg (22-27 wt% MgO), similar Ti, Fe and Cr and higher 
contents of Al, Ca, K, (Nb) and Rb than the amphibole pyroxenites 
(Table 8.4, Figs 8.11-8.14). The ultramafic schists are characterised 
by lower contents of Mg (19-22 wt% MgO) and Cr, similar Fe and higher 
contents of Ti, .Al, Ca, K, Y and Zr than the ultramafic amphibolites.

8.5.2 Dikoloti Feldspathic Amphibolite
The Dikoloti feldspathic amphibolite is characterised by 

variably high contents of Al (13-26 wt% A1203), moderate Mg (6-18 wt% 
Mgo) and C^ (10-15 wt% CaO), low Ti (0.0-0.2 wt% Ti02), Y and Zr and 
relatively low K/Rb (Table 8.5-A, Figs 8.11-8.14). It has high 
contents of normative plagioclase (An 86) plus olivine (Fo 79) and
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Serpentinised 
peridot!tes

Amphibole
pyroxenites

Si02 44.81 42.3-48.4 49.53 45.8-53.0
Ti02 0.19 0.12-0.33 0.23 0.08-0.45
A1203 3^^ 2.5-7.4 4.52 2.5-8.4
Pe203 13.78 10.2-17.3 13Jm 9.2-19.6
MnO OJ^ 0.11-0.23 0.18 0.21-0.29

34.75 30.7-39.9 27.76 23.4-31.3
CaO 0^0 0.29-3.56 2.96 0.4-6.3
Na20 0.14 0.05-0.24 OJ^ 0.06-0.57
K20 0^^ 0.01-2.08 0^4 0.07-1.86
P205 0.04 0.02-0.05 0.05 0.02-0.20
Cr203 1.04 0.74-1.32 0.81 0.07-1.65

100.00 100.00
Cr 6900 4270-8570 5M0 500-10700
Nb 3.7 nd-10 3.6 nd-6
Kb 56 5-183 27 4-159
Sr 7 nd-16 6 nd-11
V 94 55-131 110 28-243
Y 6 nd-23 8 nd-13
Zr 16 5-48 13 4-23

or 3^^ 2.00
ab 1.20 2wV
an 4.42 10.01
C T^l
di 3^^
hy 34^U 55.91
ol 51.77 22XM
mt 2.41 2^^
il 0.44
ap 0.11
cr 1^6 0^^

Fo 86 84
N-Sarrples 18 25

Si02
Ti02
A1203
Fe203
MnO
MgO
CaONa20K20
P205
Cr203

Ultramafic 
amphibolites 
52.02 50.4-54,1 
0.19 0.14-0.28 
3.90 3.0-4.7 

13.61 8.7-18.2 
0.24 0.16-0.41 

23.89 22.0-26.9 
3.66 1.0-7.5 
0.35 0.24-0.59 
1.28 0.09-2.05 
0.03 0.02-0.05 
0.83 0.28-1.49

Ultramafic
schists

48.52 47.5-50.4 
0.47 0.33-0.54 
7.78 7.0-9.3 

13.88 12.3-15.1 
0.19 0.12-0.23 

20.28 19.5-21.9 
5.71 4.3-6.9 
0.58 0.37-0.72 
1.87 1.08-2.75 
0.08 0.03-0.18 
0.64 0.34-1.35

loQ.OO 1 oO • Oo
Cr 5510 1840-9690 4127 2300-8655
Nb 5.5 3-9 5.4 4-9
Rb 122 7-265 126 75-196
Sr 8 5-12 12 10-16
V 96 58-134 167 104-207
■y 12 6-20 20 13-33
Zr 17 13-25 41 22-63

or 7.56 11.18
ab 2.94 4^m
an 5^^ FL26
di 10.20 11.95
hy 59.62 29.48
ol 10.59 25.01
mt 2J^ 2.41
il 0.91
ap 0^^ 0.17
cr 0.84 0^6

Fo 81 78

N-Samples .6 ■ 5

Table 8.4 Average chemical and normative compositions of Dikolti-Lentswe 
ultramafic host rocks.

All analyses have been recalculated to 100% on an anhydrous and sulphur-free 
basis. The Fe203/Fe0 ratio in the norm calculation is assumed to be 0.15 mnx)ksl976).
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A B C
Si02 46.93 44.9-50.0 44.19 43.5-45.4 36.63
Ti02 0.12 0.04-0.22 0.05 0.04-0.05 0.03
A1203 19.27 13.4-26.1 23.00 21.5-24.6 37.20
Fe203 7.72 5.4-9.8 7.14 6.8-7.5 4.58
MnO 0.13 0.07-0.16 0.12 0.12-0.13 0.07
MgO 11.89 6.1-18.2 11.88 9.2-14.3 8.34
CaO 12.03 9.8-14.6 11.75 11.2-12.5 11.53
Na20 1.35 1.1-1.9 1.23 1.0-1.5 0.69
K20 0.45 0.19-1.13 0.60 0.30-0.84 0.89
P205 0.04 0.03-0.05 0.02 0.02-0.03 0.03
Cr203 0.07 0.01-0.14 0.02 0.02 0.01

100.00 100.00 100.00
N-Sanples

Cr 491 73-929 140 114-155 46
Cu 162 nd-349 208 28-337 433
Nb 3.0 2-5 3.7 3-5 4
Ni 381 165-612 555 530-580 451
Rb 46 9-123 66 29-106 92
S 1149 29-2381 1305 nd-2361 2954
Sr 97 28-160 123 107-135 305
V 71 18-146 23 17-26 14
Y 5 3-7 <2 nd-2 2
Zr 14 9—18 8 7-9 7

or
ab
an
di
hy
ol
mt
il
ap
cr

An
Fo

2.67
11.47
45.45
11.56
6.98
20.13
1.35
0.23
0.09
0.07
86
79

Table 8.5 Average chemical ccnposition 
(■wt% and Epm) of Dikoloti feldspathic 
amphibolite.

A - Feldspathic amphibolite without spinel 
-sapphirine-corundum aggregates;
B - Feldspathic amphibolite with spinel- 
sapphirine-corundim aggregates;
C - Spinel-sapphirine-corundum aggregate.

Analyses recalculated to 100% on an 
anhydrous and sulphide-free basis.

clinopyroxene. It is chemically similar (particularly its A1 content) 
to the gabbroic rocks of the anorthosite-metagabbro suite (Table 4.7- 
B), although the latter have higher Si, Ca and lower Mg, (Cr) and Rb 
than the Dikoloti feldspathic amphibolite. The corundum-spinel- 
sapphirine aggregates (and hence the amphibolites containing the 
aggregates. Table 8.5-B) are characterised by higher contents of M 
(37 wt% A1203) , K, Sr, S, Cu and Ni and lower Si, Ti, (Fe) , Na,
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Cr^ V, (Y) aM (Zr) than the typical feldspathic airphibolite (Table 
3^5—C), These chemical differences are similar to those between
spinel-bearing host amphibolite at Selebi and average Selebi host 
amphibolite (see Ch. 7.2). The whole Dikoloti feldsapthic amphibolite 
suite is characterised by relatively low K/Bb ratios (55-86) and lies 
along a line of extreme Bb-enrichment (K/Bb slope = 68, Fig. 8.13b).

8.5.3 Hornblende Gneisses
The average composition of the various types of hornblende 

gneiss at Dikoloti-Lentswe are shown in Table 8.6. They have been 
subdivided on the basis of geochemistry, mineralogy and location into:
(A) Unsheared horhblende-plagioclase gneiss with only minor 
clinopyroxene and magnetite, all of which occurs in the hornblende 
gneiss—grey gneiss envelope to the ultramafic rocks. They are 
mineralogically and geochemically similar to HGNl (see Ch.4.1.2 &
Table 4.1), although Type-A has higher contents of Fe (13-16 wt%
Fe203), Ti (0.9-1.2 wt% Ti02), S, V, Y and Zr and lower Mg and Cr 
compared to average HGNl (Figs 8.12b, 8.14, 8.15 & 8.16).
(B) Unsheared homblende-plagioclase-magnetite gneiss, vhich occurs in 
the hornblende gneiss-grey gneiss envelope to the ultramafic rocks or 
between the ultramafic rocks and feldspathic amphibolite at Dikoloti. 
They are mineralogically and geochemically similar to HGFl, although 
Type-B has lower contents of Ti, P and Y and higher CU compared to 
average HCT’l.
(C) A slightly sheared version of Type-A with higher contents of 
biotite (and locally chlorite), magnetite and quartz, which typically 
occurs at the sheared margins (Fig. 8.10) and within the ultramafic 
rocks and locally in the hornblende gneiss-grey gneiss envelope. Type- 
C has higher contents of Tiy Mg, K, Cr, CU, Nb, Niand Bb (Fig. 8.13b) 
and lower contents of Ca and (Na) than Type-A.
(D) A slightly sheared version of Type-B with high contents of 
magnetite and locally recrystallised aggregates of plagioclase, which 
mainly occurs within the ultramafic rocks and at their sheared margins
(Fig. 8.9). Type-D has higher contents of Ti, (Al), Mg, P, CU, Nb^ Ni, 
S, Y and Zr and lower contents of Si than Type-B.
(E) unsheared hornblende-magnetite-plagioclase amphibolite, which 
typically occurs adjacent to mineralised ultramafic rock (Fig. 8.9) or 
massive sulphide. Type^E is characterised by high contents of Fe (>
18.5 wt% Fe203, Figs 8.14a & 8.16a) and Ti (> 1.8 wt% Ti02) and low 
contents of Si (> 42.6 wt% Si02). Type-E also has relatively high
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A B D
Si02 49.92 47.9-51.6 50.40 50.1-50.7 49.08 45.7-50.6 46.16 44.0-48.5
Ti02 1.08 0.89-1.25 2.22 2.0-2.3 1.43 1.2-1.6 2.70 2.4—3.0
A1203 14.41 14.3-14.6 12.15 11.9-12.3 13.65 11.8-14.6 14.05 13.6-14.4
Fe203 14.14 12.8-15.7 16.60 15.7-17.1 14.19 13.0-16.7 16.06 13.8-17.6
MnO 0.18 0.15-0.21 0.23 0.21-0.27 0.14 0.09-0.21 0.25 0.19-0.33
MgO 6.40 5.6-7.8 5.46 5.1-5.8 9.66 7.6-10.9 7.35 6.7-8.0
CaO 10.13 8.3-12.0 9.79 9.5-10.3 7.81 4.5-11.7 9.71 9.1-10.3
Na20 2.45 1.8-3.3 2.10 1.8-2.5 2.05 1.2-2.8 2.42 2.1-3.1
K20 1.13 0.78-1.38 0.82 0.55-1.09 1.85 1.0-3.7 0.94 0.83-1.07
P205 0.13 0.09-0.20 0.21 0.20-0.23 0.10 0.07-0.17 0.34 0.31-0.39
Cr203 0.03 0.02—0.04 0.02 0.01-0.02 0.04 0.01-0.12 0.02 0.02

100.00 100.00 100.00 100.00
Cr 194 116-255 114 85-125 289 96-788 112 108-117
Cu 37 nd-64 244 195-316 61 4-145 65 43-92
Nb 5.0 3-7 10.6 7-13 8.0 5-12 22 (13) 12-39
Ni 124 89-183 67 63-77 269 110-398 122 111-132
Rb 50 25-64 36 15-49 101 52-182 36 30-40
S 1310 562-2810 693 384-1216 1490 170-4093 2200 936-4162
Sr 109 94-131 134 107-163 96 65-133 126 100-149
V 251 228-286 376 330-418 236 95-386 369 332-429
Y 28 25-34 32 29-35 24 17-36 77 (49) 43-135
Zr 70 58-91 142 129-164 75 45-126 221 212-234

N-Sanples 3

E
Si02 41.26 40.2-42.6 42.80
Ti02 2.70 1.8-3.4 1.78
A1203 12.58 11.1-13.8 13.82
Fe203 20.99 18.5-22.1 16.39
MnO 0.23 0.19-0.26 0.12
MgO 8.81 7.4-12.3 15.95
CaO 10.72 9.8-12.0 2.99
Na20 1.59 1.3-2.0 0.73
K20 0.71 0.41-1.13 5.09
P205 0.39 0.29-0.57 0.27
Ct203 0.02 0.00-0.04 0.06

100.00 100.00

F
40.5- 46.7 
1.0-2.6 
12.1-15.2 
9.9-23.5 
0.03-0.22 
8.7-22.8 
0.43-5. 
0.55-1.
2.5- 7.6 
0.04-0.47 
0.00-0.25

.57

.07

G
47.57
0.60
7.78

17.12
0.25

16.91
6.81
0.76
1.02
0.13
1.05

100.00

H
46.37 45 
0.20 0 
14.59 13 
12.65 11 
0.17 0 

12.94 10 
10.47 10 
1.32 1. 
1.13 0. 
0.04 0. 
0.12 0. 

100.00

7-47.0
16-0.24
4-15.8
.1-14.2
14-0.20
.2-15.7
.3-10.7
3-1.4
65-1.61
04
08-0.16

Cr 149 30-253 387 11-1678 6870 768 570-965
Cu 149 18-286 181 23-649 1873 98 nd-193
Nb 14 7-28 17 7-53 5 2.5 nd-4
Ni 209 85-570 388 79-1008 717 329 266-392
Rb 22 10-39 363 140-567 50 64 49-79
S 4325 nd-14550 3983 630-12780 10650 20 nd-40
Sr 66 50-118 24 11-72 12 40 22-58
V 402 280-479 229 139-318 158 131 100-161
Y 48 34-61 33 5-102 33 8 6-11
Zr 186 115-304 147 23-232 54 17 16-18

N-Samples 6 12 1 2

Table 8.6 Average chemical composition (wt% and ppm) of Dikolti- 
Lentswe-Phokoje hornblende gneiss. Analyses recalculated to 100% on 
an anhydrous and sulphide-free basis.



contents of Ca (10-12 wt% CaO, Figs 8.14b & 8.16b), Nb, Y and Zr and 
relatively low K (< 1.1 wt% K20, Figs 8.13b & 8.14a) ccmpared to Type- 
F and G. In DK 30, typical lype-B (HGFl) hornblende gneiss of the 
hornblende gneiss-grey gneiss envelope grades over about 4 m into Type 
-E hornblende-bearing rock as a thick (4 m) inclusion-rich massive 
sulphide layer at the margin of the mineralised ultramafic rocks is 
approached. The Type-B hornblende gneiss gradually becomes coarser and 
less foliated and gradually contains magnetite porphyroblasts and fine 
disseminated sulphide. In DK32 (Fig. 8.9), Type-E hornblende-rich 
gneiss occurs in a band adjacent to mineralised ultramafic rocks. The 
possible gradation of the Type-E gneiss into Type-B below is obscured 
by a pegmatibe Iband.
(F) Highly sheared hornblende-plagioclase-biotite-magnetite gneiss 
with minor garnet and orthopyroxene grading into biotite-magnetite 
schist with phacoids of hornblende gneiss. Type-F typically occurs at 
the sheared margin of, or within the ultramafic package (Figs 8.9 & 
8.10). It is characterised by low contents of Ca (< 5.7 wt% CaO, Figs 
8.14b & 8.16b)) and Si (< 46.7 wt% Si02), high contents of K (> 2.5 
wt% K20), Hb, Hb^ Y and Zr and a wide range of typically high Fe and 
Mg (Fig. 8.16a). Those with the highest Fe/Mg ratios are garnet and 
magnetite—rich, The average K/Rb ratio is 113 (Fig. 8.13b). The 
majority of the Dikoloti-Ientswe hornblende-bearing rocks have 
relatively low K/Rb ratios and lie on a trerxl of K/Rb = 90-115 (Fig. 
8.13b).
(G) A sheared homblende-cunmingtonite-biotite-minor plagioclase 
gneiss frcm within the lentswe ultramafic rocks (Fig. 8.10), 
characterised by high contents of Fe, and ^ (1.1 wt% Cr203) and 
lowM (7.8 wt% A1203, Fig. 8.14b & 8.15b) and total alkalies (Fig. 
8.14a).
(H) Coarse-grained granoblastic homblende-plagioclase amphibolite, 
mineralogically similar to low-Ti HGNl, from within and at the margin 
of the ultramafic rocks. Type-H has higher contents of Mg and Cr and 
lower Si than typical Icw^Ti HGNl.

8.5.4 Mg-Amphibolites Associated with Magnetite Quartzite
The dominant type of Mg-amphibolite is massive cunmingtonite- 

rich amphibolite which is characterised by high contents of Mg (19-22 
wt% MgO), Fe (17-21 wt% Fe203) and Mn (0.2-0.6 wt% MnO,) moderate 
contents of Ni (212-359 ppm) and lew contents of Ti, M (< 1.6 wt% 
A1203) , Ca (<4.6 wt% CaO) , K (0.01-0.08 wt% K20) , ^ (<201 ppm Cr) , Cu
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C^mmingtonite-rich amphibolites
A B C

Si02 56.83 55.59 54.2-58.6 54.12
Ti02 0.06 0.06 0.04-0.11 0.27
A1203 1.64 0.90 0.65-1.10 2.77
Fe203 18.46 18.79 17.3-20.6 17.09

0.34 0.42 0.30-0.60 0.18
MgO 21.02 20.60 18.9-22.1 21.33
CaO 1.31 3.45 2.2-4.6 3.65
Na20 0.22 0.10 0.06-0.18 0.32
K20 0.08 0.02 0.01-0.05 0.05
P205 0.03 0.06 0.01-0.23 0.03
Cr203 0.01 0.01 0.00-0.03 0.19

100.00 100.00 100.00

Cr 56 74 10-201 1320
Cu nd 20(5) nd-125(9) 99
Nb 3 3.8 nd-6 2
Ni 250 285 212-359 628
Pb 6 3 nd-5 5
S 42 nd 3070
Sr nd 4 nd-10 nd
V 26 63 35-106 89
Y 9 23 6-45 9
Zr 11 9 6-12 12

N-Samples 1 8 1

Actinolite-rich Hornblende-rich
D E F

Si02 54.87 54.7-55.0 52.58 50.5-55.6 52.02 50.4-54.1
Ti02 0.04 0.01-0.07 0.46 0.34-0.61 0.19 0.14-0.28
A1203 1.63 1.2-2.0 6.55 5.6-7.8 3.90 3.0-4.7
Fe203 14.18 11.4-16.5 14.75 12.7-17.0 13.61 8.7-18.2
MnO 0.21 0.17-0.30 0.24 0.19-0.28 0.24 0.16-0.41
MgO 17.69 16.3-20.3 16.46 14.4-18.3 23.89 22.0-26.9
CaO 11.01 9.9-11.5 7.56 4.7-11.1 3.66 1.0-7.5
Na20 0.25 0.18-0.35 0.76 0.59-1.03 0.35 0.24-0.59
K20 0.07 0.05-0.09 0.35 0.11-0.82 1.28 0.09-2.05
P205 0.05 0.04-0.07 0.08 0.03-0.14 0.03 0.02-0.05
Cr203 0.00 0.00-0.01 0.21 0.16-0.24 0.83 0.28-1.49

100.00 100.00 100.00

Cr 30 16-39 1450 1120-1665 5510 1840-9690
Cu 34 5-77 105 nd-301
Nb 3.3 3-4 4.7 3-6 5.5 3-9
Ni 319 163-412 401 229-585
Fb 3 2-4 14 nd-38 122 7-265
S nd 10815 nd-21630
Sr 7 5-10 25 9-50 8 5-12
V 69 49-102 128 93-170 96 58-134
Y 38 35-41 13 13-14 12 6-20
Zr 9 8-9 43 23-70 17 13-25

N-Samples 4 3 6

Table 8.7 Average chemical composition of amphibolites
associated with Dikoloti-Lentswe magnetite quartzite. (F) -
ultramafic amphibolite from Table 8.3 for comparison. Analyses
recalculated to 100% on an anhydrous and sulphide-free basis.



^^^0, Yamd Zramd ratke
A single saiiple of curimingtanite-rich airphibolite (Table 8.7-C) ^ 
interbanded with quartzite 2 m below the ultramafic rocks in LT 26, is 
characterised by slightly higher contents of Ti, Al, Ca, Ni and 
particularly Cr (1320 ppm Cr) than typical cummingtonite-rich 
amphibolite.

The actinolite—rich amphibolites (typically finely Ibanded \vith 
magnetite quartzite) are characterised by high contents of Mg (16-20 
wt% MgO), Fe (11-16 wt% Fe203), Ca (10-12 wt% CaO), K (0.05-0.09) and 
Y (38 ppm), moderate contents of Ni (163-412) and low contents of Ti, 
A1 (< 2.0 wt% A1203), Cr (< 39 ppm Cr) and Zr (Table 8.7-D). There is 
a general trend of increasing Mg/Fe with increasing Ca content in the 
cummingtonite-actinolite amphibolites.

The minor hornblende-rich amphibolites are characterised by 
higher Ti, Al, Cr (1450 ppm Cr) and Zr contents than the cummingtonite 
and actinolite-rich amphibolites and moderate Ca (5-11 wt% cao) (Table 
8.7-E).

The distinctive geochemistry of the Mg-amphibolites, 
particularly their low Al, Mg and Cr contents compared to the 
Dikoloti-Lentswe ultramafic host rocks, is graphically shown in 
Figures 8.11, 8.12a & c, 8.13a & 8.14b.

8,6 DISCUSSION, THE ORIGINAL NATURE OF THE DIKQLCTT-IENTSWE BOCKS

8.6.1 The Protoliths of the Ultramafic Bocks
The ultrabasic (high Mg & Cr) nature of the Dikoloti-Lentswe 

serpentinised peridotites and amphibole pyroxenites unequivocally 
suggests an igneous origin. Their range of Mg and Si contents and low 
A1 and Ca contents (reflected in high normative contents of olivine 
and orthopyroxene) indicate a complete gradation in composition frcm 
dunite and harzburgite to orthopyroxenite. Clinopyroxene and 
plagioclase appear to have been only minor phases. The low Ti contents 
and high but variable Cr contents suggests that the ultramafic rocks 
represent olivine—orthopyroxene—chromite cumulates rather than 
ultramafic liquids. Serpentinisation has probably resulted in a loss 
of Fe (Fig. 8.11b) although some unserpentinised peridotites and 
amphibole pyroxenites are also enriched in Fe. Ca has also probably 
been depleted in some of the ultramafic rocks (Fig. 8.13a, cf. Challis 
1965).
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(b)

Fig. 8.11 The DiJcoloti-Lentswe Host Rocks - mineralised ultramafic 
rocks and Dikolti feldsapathic amphibolite; Al, Fe and Mg contents.
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Fig. 8.12 The Dikoloti-Lentswe Host Rocks - mineralised ultramafic 
rocks and Dikolti feldsapathic anphiholite; Cr, Ti and Zr contents. 
Ti and Zr contents of Dikoloti-Lentswe hornblende-bearing rocks also 
plotted in (b).





FeO*

„ Amphibolites associated 
with magnetite quartzite

B - Type (B) = HGFl ?

C - Type (C)
D - Type (D)
E - Type (E)

F - Type (F)

Fig. 8.14 The Dikoloti-Lentswe Host Rocks - mineralised ultramafic 
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The ultramafic amphibolites either represent metasamatised 
amphibole pyroxenites (i.e. metasomatically increased Si, Ca and K 
contents and decreased Mg contents) or slightly different ultramafic 
protoliths to the typical amphibole pyroxenites (i.e. clinopyroxene- 
bearing orthopyroxenites). The ultramafic schists have a distinctive 
geochemistry with significantly higher contents of Ti, Al, Ca, K, P,
Rb, V, Y and Zr and lower Mg and Cr than the other mineralised 
ultramafic rocks. The average values of Ti02 (0.47 wt%), P205 (0.08 
wt%), Y (20 ppm) and Zr (41 ppm) are similar to those of komatiitic 
basalts (Nesbitt et al. 1979). However the Ca0/Al203 (0.73),
Al203/Ti02 (16.5) and Ti02/P205 (5.9) ratios are not those of 
unaltered komatiitic rocks.

In Chapter 7.4.1, it was concluded that shearing had resulted 
in increased contents of Ti, K, P, Pb, Y and Zr in the Selebi-Phikwe 
host amphibolite. A highly sheared serpentinous (26.8 wt% MgO) zone at 
Selebi North has significantly higher Ti, ,A1, ]Pe, JP, "7, If 
lower Si, Mg, Ca, Na and Cr than the enveloping unsheared ultramafic 
rocks. It is therefore suggested that much of the geochemical 
distinctiveness of the ultramafic schists is due to shearing-induced 
metasomatism, rather than a komatiitic origin. The typical location of 
the ultramafic schists (and ultramafic amphibolites) at the margins of 
the ultramafic rocks (Figs 8.9 & 8.10) is further evidence of this. In 
the top 10 m of the DK 32 section (Fig. 8.9), there is a gradual 
decrease in Mg and (Cr) and a gradual increase in Ti, Al, Ca, K and 
(Zr) going upwards from typical amphibole pyroxenite, through 
ultramafic amphibolite, to ultramafic schist and hornblende schist 
(Type-F) at the margins. It is suggested that imetasomatism and in 
particular stress-induoed diffusion (possibly involving a fluid phase, 
cf. Sorensen 1967; Sharpe 1979; Pfeifer 1981) at the margins of the 
ultramafic rocks has resulted in the distinctive geochemistry of the 
ultramafic schists. A lower degree of metasomatism has modified the 
geochemistry of the protoliths of the ultramafic amphibolites, some of 
which probably contained more clinopyroxene than those of the 
amphibole pyroxenites.

8.6.2 The Protoliths of the Dikoloti Feldspathic Amphibolite
The typical Dikoloti feldspathic amphibolite without corundum- 

spinel-sapphirine aggregates is characterised by high Al and 
relatively high Ca and Mg contents which together are reflected in 
high normative contents of plagioclase (bytownite) and olivine (Table
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8.5). The geochemistry suggests an igneous origin for the feldspathic 
amphibolite as plagioclase-rich olivine gabbro. The low contents of 
incompatible elements in the feldspathic amphibolite are more closely 
comparable with those of cumulus gabbros than extrusive basalts (le 
Maitre 1976; Cbleman 1977). It is concluded that the protolith of the 
Dikoloti feldspathic amphibolite was a gabbroic plagioclase-olivine 
cumulate.

The Dikoloti corundum-spinel-sapphirine aggregates present the 
same problems as to their origin as do the localised occurrence of the 
corundum—spinel—anorthite assemblage at Selebi (see Ch. 3.9). The 
Dikoloti feldspathic amphibolite and the spinel-bearing Selebi host 
amphibolite have similar mineralogies, although simpler retrogression 
coronas have formed at Selebi. Both appear to have corundum as the 
earliest preserved phase in the aggregates. The coronas containing 
spinel, sapphirine and epidote are considered to be Ml and M2 
retrogression coronas around an Mlp corundum nucleus within a 
hornblende-anorthite amphibolite. There are also similar changes in 
geochemistry between between the corundum—spinel—bearing amphibolites 
and their average host amphibolites (Tables 8.5, 7.1 & 7.2). The 
corundum-spinel-bearing assemblages are both significantly higher in 
Al and Sr and lower in Si, Ti, Fe, Na, Cr, V and Zr than their host 
amphibolites. The volumetrically more important Dikoloti assemblage 
also has higher K, Rb, S, Cu and Ni and lower Ni than its host 
amphibolite. It has been concluded that both the Dikoloti feldspathic 
amphibolite and the Selebi host amphibolite (see Ch. 7.4.3) were 
originally gabbroic plagioclase-olivine (+ orthopyroxene) cumulates. 
The origins of the corundum-spinel-bearing aggregates in both 
lithologies are possibly related.

The aggregates are considered to be either (1) isochemically 
recrystallised premetamorphic aluminous concentrations in the igneous 
protolith, (2) metamorphic-metasomatic products (e.g. the restites 
from partial melting. Droop & Bucher-Nurminen 1984), or (3) the 
products of a combination of the effects of metasomaticm on pre­
metamorphic aluminous concentrations. The premetamorhic aluminous 
concentrations could be aluminous xenoliths (cf. Willemse & Viljoen 
1970; Windley et al. 1984), hydrothermally leached veins and patches 
(cf. Wilson 1971), subaerial weathering products or cumulus 
plagioclase-rich accumulations. A possible example of the combination 
of premetamorphic and metamorphic processes is the sapphirine-bearing 
assemblages of the Fiskenaesset Complex. Metasomatic addition of Si
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and K to a suitable high Al-Mg protolith has been suggested (Herd et 
al. 1969). The high Al-Mg protolith is proposed to have formed by 
assimilation (Herd 1973) or reaction (Friend & Hughes 1977, 1981) of 
aluminous ultramafic supracrustal rock with anorthosite magma.

The sole occurrence of the assemblages in completely separate 
but mineralogically and chemically similar amphibolites suggests a 
strong bulk chemical control on their formation and a link with the 
feldspathic cumulate origin of both the Dikoloti feldspathic amphibol­
ite and Selebi host amphibolite that is proposed. Original cumulus 
labradorite-bytownite would have recrystallised to highly calcic 
plagioclase during progressive Ml metamorphism. Anorthite melts 
anhydrously to corundum and liquid at pressures over 9 kbar and 
temperatures above ISOO^C (Hariya & Kennedy 1968; Goldsmith 1980). 
However at high water pressures the reaction has been found between 9 
kbar at 1150°C and 14 kbar at 1025^0 (Boettcher 1970) and at 8 kbar 
and 825°C (Yardley & Blacic 1976). The formation of corundum and 
sapphirine in the Sittampundi anorthosite intrusion in India by 
melting of plagioclase at high water pressures has been suggested by 
Leake et al. (1976). Hariya & Kennedy (1968) and Goldsmith (1980) 
also found that anorthite exsolves corundum and Al-deficient anorthite 
at similar high pressures but at temperatures of 350 C below the 
solidus. The apparent breakdown of the anorthite component of 
plagioclase to form corundum plus imore sodic plagioclase has been 
noted by Emslie (1983) in coronitic metagabbros from Labrador. 
Therefore at Dikoloti and Selebi corundum imay have formed Iby
exsolution (or partial melting) from calcic plagioclase at the peak of<?Ml metamorphism at pressures and temperatures above 9kbar and 825 C. A 
possible metamorphic origin from plagioclase is indicated by the high 
Al, Ca and Sr of the aggregates. Diffusion and the metasomatic 
removal of Si, Ti and alkalies would possibly have accompanied the 
exsolution of corundum from plagioclase. No corundum however has been 
found in the nearby anorthosites or in anorthosites elsewhere in the 
Limpopo Belt. The lack of corundum in the anorthosites is possibly due 
to their anhydrous nature compared to the amphibolites at Dikoloti and 
Selebi. However it does throw considerable doubt on the hypothesis of 
exsolved corundum from plagioclase.

There are siliceous sillimanite and cordierite-bearing grey 
gneisses with approximately 20% A1203 in the immediately surrounding 
gneisses at Selebi. However their Si contents would appear to be too 
high and their Al contents too low to have formed the aggregates.
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There are no high-Al gneisses at Dikoloti-Lentswe. Therefore aluminous 
xenoliths are considered unlikely as precursors for the aggregates.
With respect to hydrothermal leaching^ sea-floor hydrothermal systems 
can cause profound alterations involving extreme nobility. Highly 
aluminous rock compositions may result from these transformations 
(Hutchinson 1983). Alteration assemblages include Al-rich smectite 
and chlorite (Velde 1985). Low^high temperature hydrothermal 
alteration typically results in an increase in Al^ Fe, Mg and S and a 
decrease in Si, Ca and Na (Wilson 1971; Plimer 1979). These changes 
are similar to those that have taken place in the Dikoloti feldspathic 
amphibolite. The Dikoloti fedspathic amphibolite suite lies on a line 
of high Pb-enrichment (K/Rb = 52, Fig. 8.13b). A similar high degree 
of Rb-enrichment with low K/Rb ratio has taken place in the HGG 
hornblende gneiss (Fig.4.3b) and has been attributed to preferential 
adsorption of Rb by smectite formed during submarine alteration prior 
to regional metamorphism (see Ch. 4.2.1b). The high Rb contents and 
low K/Rb ratios of the Dikoloti feldspathic amphibolite are possibly 
due to preferential adsorbtion of Rb by smectite formed during 
hydrothermal alteration (cf. Dasch 1973; Menzies & Seyfried 1979) . It 
is suggested that the corundum—spine 1—sapphirine assemblage at 
Dikoloti resulted from the metamorphism of veins and patches of 
hydrothermally altered gabbro. Localised hydrothermal streaming would 
possibly explain why some sections of Dikoloti fedspathic amphibolite 
are dominated by corundum-spinel-sapphirine aggregates whereas seme 
sections are unaltered plagioclase-homblende anphibolite.
Hydrothermal alteration also provides the best explanation for the 
localised molybdenite disseminations in the amphibolite. It is likely 
that hydrothermal alteration would also have affected the adjacent 
ultramafic cumulates at Dikoloti but that the metamorphosed results 
are less obvious. Dikoloti-Lentswe ultramafic rocks have relatively 
low K/Rb ratios (50-115). It is possible that some of the 
serpentinites, pleonaste-bearing ultramafic rocks (particularly some 
of the spinel peridotites with high normative corundum) and ultramafic 
anphibolites at Dikoloti-Lentswe represent metamorphosed 
hydrothermally altered ultramafic cumulates. The origin of the Selebi 
spinel-corundum aggregates is also thought to be localised 
hydrothermal alteration.

8.6.3 Hornblende Gneiss
The various types (A-H) of Dikoloti-Lentswe hornblende-bearing
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rock display significantly different distribution patterns (Figs 8.15 
& 8.16) than the oommon types of hornblende gneiss (HGN, HGGy HOC & 
HGF) of the Selebi-Phikwe gneiss sequence. This is due mainly to the 
higher Mg contents and to a lesser extent higher Ti and Fe contents of 
the Dikoloti-Lentswe hornblende-bearing rocks, compared to HGN-HGF. Ti 
is generally proportional to Fe (not figured) and Zr (Fig. 8.12b).
A1 contents of the Dikcloti-Ientswe hornblende-bearing rocks are 
similar to those of HGN-HGF (Fig. 8.15b). Ca contents are generally 
similar to the common types of hornblende gneiss, except for Type-C 
and Type-F (Fig. 8.16b), which are low in Ch. Generally the Ca/Al 
ratio decreases with increasing K content (not figured). The high-K 
Type-F has the lowest Ca/Al. Type-A and Type-B plot in the approximate 
fields of HGNl and HGFl respectively and have similar Ti and Zr 
contents to HGNl and HGFl. Type-A and Type-B typically occur in the 
hornblende gneiss-grey gneiss envelope to the ultramafic rocks. It is 
concluded that they were HGNl and HGFl basalts respectively.

When compared to both Type-A (HGNl) and Type—B (HGFl), Type-E 
has significantly higher Fe and to a lesser extent Mg, and lower Si, 
Na, (K), Bb and Sr (Table 8.6). A1 and Ca are approximately the same. 
These chemical differences are similar to those between garnetiferous 
host amphibolite and typical host amphibolite at Selebi-Phikwe (see 
Ch. 7.4.2). The field relations suggest that Type-E hornblende­
bearing rock derived its high Fe-content from the adiacent mineralised 
ultramafic rocks. It is concluded that Type-E represents HGFl (and 
probably HGNl) hornblende gneiss modified by transfer of Fe from the 
adjacent mineralised ultramafic rocks. The most likely source of the 
Fe is pyrrhotite. Some mobilisation of sulphur/sulphide from the 
mineralised ultramafic rocks and massive sulphides into the adjacent 
hornblende gneiss is indicated by the presence in the hornblende 
gneiss of disseminated sulphide. It is not known however whether the 
high Fe content of the Type-E rocks represents mobilisation of 
pyrrhotite into the hornblende gneiss followed by desulphurisation 
(e.g. in sulphide-silicate desulphurisation reactions, see Ch. 7.4.2) 
or whether the majority of the Fe (and lesser Mg) was mobilised from 
the mineralised ultramafic rocks independently of S. The transfer of 
the Fe does not appear to have been accompanied by high degrees of 
shearing. It could have taken place prior to regional metamorphism 
(e.g. during hydrothermal alteration) or during Ml regional 
metamorphism.

The geochemistry of Type-F micaceous hornblende-bearing rocks
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^ such Odgh'^U Fe, that t±ey(%m nek
unaltered basic-ultrabasic liquid. Their highly sheared nature and 
their typical occurrence as thin shear-bounded bands ^within the 
ultramafic rocks or at their margins suggests that they owe their 
distinctive geochemistry to shearing. The protoliths of Type-F rock 
could be typical Type-A & B hornblende-plagioclase gneiss or 
mineralised ultramafic rock (e.g. amphibole pyrexenite). Despite their 
hi^b Mg oontent (average of 15.9 wt% MgO), the presence of phacoids of 
typical hornblende gneiss within the Type-F bands indicates that the 
majority are altered hornblende gneiss. There is not a complete 
geochemical gradation between T^pe-F rock and ultramafic schist. 
Although it is not known whether the protoliths were low^Ti Type-A 
(HGNl) or high-Ti Type-B (HGFl)^ it can be concluded that shearing has 
resulted in increased contents of Mg, Fe, K, S, (CU), Nb, (Ni), Bb, 
and decresed Ca, Na and Sr in hornblende-plagioclase gneiss. The 
effect of shearing on the Ti, P, Y and Zr contents can not be directly 
evaluated. However enrichment in these elements during localised 
shearing appears to have commonly taken place in the Selebi-Phikwe 
host amphibolite (see Ch. 7.4.1). The location of the Type-F bands 
indicates that the source of the Mg, Fe, S, CU and Ni was the adjacent 
mineralised ultramafic rocks. The process of their transfer would 
appear to have been stress-induced diffusion. However seme initial 
tectonic interfingering between Type-F protolith and ultramafic rocks 
followed by stress-induced diffusion can not be ruled out. Ibe 
metasomatic formation of the lype-F bands was probably coeval with 
that of the ultramafic schists.

Type-C and TypeHD hornblende gneiss have intermediate 
oempositions between Type-A and Type-F and between Type-B and T^e-F 
rocks respectively (e.g. Ti, Mg, Fe and Ca in Figs 8.15-8.16 and K in 
Fig. 8.13b). Type-C and Type^ hornblende gneiss typically occur 
within the ultramafic rocks and at their sheared margins (Figs 8.9 & 
8.10). It is therefore tentatively suggested that they respectively 
represent Type-A and Type-B hornblende gneiss that has been altered by 
similar processes to those that produced Type-F rock but to a lesser 
degree.

Type-H hornblende gneiss, characterised by moderately high 
contents of Al, Fe, Mg and Ca and low contents of Ti, is chemically 
and mineralogically similar to low-Ti types of HGNl enriched in 
cumulus plagioclase and olivine (and orthopyroxer^). The low-Ti 
content of lype-H hornblende gneiss is similar (Fig. 8.12c) to that of
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the Dikoloti-Lentswe serpentinised peridotite and amphibole pyroxenite 
and the Dikoloti feldspathic amphibolite which have been interpreted 
as cumulus dunites-harzburgites, orthopyroxenites and plagioclase- 
olivine gabbros respectively. Type-H rock is geochemically similar to 
the more magnesian samples of the Dikoloti feldspathic amphibolite 
(Figs 8.11-8.14). The location of Type-H rock only as bands within and 
at the margin of the ultramafic rocks and not in the hornblende 
gneiss-grey gneiss envelope strongly indicates that their protoliths 
were plagioclase-olivine (+ orthopyroxene) cumulates and that they are 
part of the peridotite-pyroxenite-feldspathic amphibolite suite rather 
than the enveloping hornblende gneiss suite.

Type-G horhblende-cummingtonite amphibolite is a minor oampon- 
ent of the Lentswe ultramafic rocks (Fig. 8.10). It is distinguished 
from the other hornblende-bearing rocks by its low-Al (Fig. 8.15). It 
is geochemically similar to a high-Fe, low-Ca type of cumulus 
clinopyroxene-rich HGN2. However Type-G rock can also be described as 
a low-Mg, high-Fe type of ultramafic schist (Figs 8.11-8.14). The high 
Cr content of Type-G also indicates that geochemically it is a part of 
the ultramafic cumulate suite rather than the enveloping hornblende 
gneiss suite. It is therefore suggested that the Type-G hornblende- 
rich gneiss is an altered sheared cumulate, possibly originally with a 
relatively high content of clinopyroxene.

Fe-enrichment is a feature of the Dikoloti-Ientswe host 
ultramafic rocks and adjacent hornblende gneiss (e.g. the Dikoloti- 
Lentswe amphibole pyroxenites have higher Fe contents than similar 
rocks at Selebi North). This Fe-enrichment appears to have been more 
^widespread than at Selebi-Phikwe where significant Fe-enrichment has 
only taken place in host rocks (garnet amphibolites, see Ch. 7.4.2) 
with very high contents of disseminated sulphide or at the contacts 
with massive sulphide. This more widespread Fe-enrichment is regarded 
as a secondary process rather than a primary igneous feature. It 
possibly resulted from hydrothermal alteration prior to regional 
metamorphism. Later shearing resulted in further localised metasomatic 
alteration (cf. Type-F hornblende gneiss).

8.6.4 The Protoliths of the Mg-amphibolites
The Mg-amphibolites are essentially characterised by high 

contents of Mg and Fe and low contents of Al and Cr (Table 8.7). There 
dbes not appear to be a complete gradation between Ca-poor 
curamingtonite amphibolite (< 4.6 wt% CaO) and Ca-rich actinolite
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amphibolite (9.9-11.5 wt% CaO, Figs 8.13a & 8.14b).
The occurrence of the Mg-rich amphibolites adjacent to the 

mineralised cumulus ultramafic rocks suggests that they may be related 
to the latter either as altered olivine-orthopyrcxene cumulates (now 
cummingtonite-rich) and clinopyroxene cumulates (now actinolite-rich) 
or as metasomatic products. However the association of the Mg-rich 
amphibolites with magnetite quartzites also suggests that their origin 
may be linked to that of the magnetite quartzites. The following 
features are thought to be important in resolving this:
(1) The regional intimate association of the Mg-amphibolite with 
finely laminated magnetite quartzite. The Dikoloti-lentswe prospects 
are somewhat atypical in that cummingtonite-actinolite amphibolite is 
only a minor component of the unit. Elsewhere ultramafic rocks are a 
minor component to magnetite quartzite and Mg-amphibolite (dominantly 
cummingtonite-rich bands up to 5 ]m thick).
(2) The morphology of the amphibolites which varies from massive thick 
bands (mainly cumningtonite) with minor amphibole quartzite 
laminations to finely banded amphibolite-magnetite quartzite (mainly 
actinolite) .
(3) The simple mineralogies (dominantly cummingtonite or actinolite t 
quartz) and textures (granoblastic and unsheared) of the Mg-
aitphibolites.
(4) The very low Cr contents of the Mg-amphibolites (with the 
exception of 1 out of 14 samples) which suggest that they can not be 
directly derived from ultramafic rocks.
(5) The low Aly Ti^ K and Hb contents (lower than in the mineralised 
ultramafic rocks). The Mg-amphibolites appear to have suffered no K- 
Rb-Tl metasomatism (i.e they have not suffered shearing induced 
metasomatism). A1 appears to have been one of the least mobile 
elements during shearing and regional metamorphism of Selebi-Phikwe 
rocks. Therefore it can be concluded that the Mg-amphibolites 
probably had their low Al contents prior to deformation and 
metamorphism.

The geochemistry of the Mg-amphibolites, their low Ti, Cr and 
Al contents and low Mg/Fe ratios, indicates that they can not be 
unaltered cumulates related to the Dikoloti-Lentswe olivine- 
orthopyroxene (+ clinopyroxene) cumulates. As well as a non-ultramafic 
cumulate origin, the morphology of the Mg-amphibolites and their 
intimate regional association with magnetite quartzite also suggest 
that they were not derived from the hydrothermal alteration of a
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suitable protolith by the leaching of Si02 and introduction of Mg and 
Fe from adjacent ultramafic cumulates undergoing serpentinisation and 
talc-carbonate alteration (cf. Robinson & Hutchinson 1982). The 
moderate degree of metasomatism locally shown by the Dikoloti-Lentswe 
mineralised ultramafic amphibolites and schists is typically 
associated with shearing particularly at the margins of the 
mineralised ultramafic rocks 'viiich has resulted in variably higher 
contents of Ti, (Al), K, Ca, Rb, Nb, Y and Zr and lower Mg, Mg/Fe and 
(Cr). The low Ti, Aly K, Rb and Cr contents of the Mg-amphibolites are 
distinctively different to the moderately metasomatised ultramafic 
rocks at Dikoloti-Lentswe. It is thought that the origin of the Mg- 
amphibolites is related to that of the magnetite quartzites, 
interpreted as chemical sediments (see Ch. 4.5), rather than to that 
of the mineralised ultramafic cumulates. Possible protoliths of the 
Mg-amphibolites are thought to be:

(1) premetamorphically altered ultramafic rocks, not directly related 
to the mineralised ultramafic cumulates, e.g. komatiitic extrusives,
(2) Mg-rich detrital sediment derived from mafic-ultramafic rocks, or
(3) Mg-rich chemical sediment.

The association of the Mg-amphibolites with magnetite quartzite 
suggest that they might be komatiitic extrusives. However the 
amphibolites do not have the chemistry of unaltered basaltic or 
peridotitic komatiite (extrusives or cumulates) (Nesbitt et al. 1979). 
It is possible that the amphibolites were derived by a variety of 
alteration processes (e.g. weathering, serpentinisation or talc- 
carbonate alteration) from olivine-orthopyroxene-rich rocks (now 
cummingtonite-rich) and clinqpyroxene-rich rocks (now actinolite- 
rich). For example the in situ products of the saprolitic weathering 
of ultramafic rocks are typically depleted in Ca and Mg and enriched 
in Fe (GOlightly 1981). Si-Mg-Fe gels with negligible Al, Ca and K, 
that are locally produced (along with saponite, talc and nontronite) 
during saprolitic weathering, are chemically similar to the 
curtmdLngtonite amphibolites (Fontanaud & Meunier 1983; Velde 1985). 
However saprolitically weathered ultramafic rocks are not 
homogeneously altered and are typically enriched in residual Al and Cr 
(Golightly 1981; Velde 1985). The massive cummingtonite amphibolites 
are homogeneous and have low Al and Cr oontents. Serpentinites also 
have high, typically ultramafic, Cr contents (e.g. serpentinites from
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the Mid-Atlantic Ridge, Miyashiro et al. 1969). Talc-carbonate 
alteration possibly results in a moderate decrease in Cr contents. For 
example talc-carbonate schists derived from komatiitic extrusives in 
the Murchison greenstone belt have reduced Cr contents (1700-2100 ppm 
Cr) and higher Ni/Cr ratios than less altered komatiites (Pearton 
1978; Viljoen et al. 1978). Also carbonate-chlorite alteration of 
tholeiites (with c. 5.8 wt% Mgo) in the Barberton greenstone belt 
(Cbndie et al. 1977) has resulted in significant loss of Cr. However 
the average Cr content (92 ppm Cr) of the carbonated tholeiites are 
higher than the average of the Mg-amphibolites. It is thought unlikely 
that any alteration process would reduce the Cr content of ultramafic 
rocks to less than 201 ppm Cr (average of 59 ppm CT and locally as low 
as 10 ppm). It is therefore concluded that the low Cr contents of the 
Mg-amphibolites can not be the result of in situ alteration of 
ultramafic rocks and that the Mg-amphibolites do not represent in situ 
altered ultramafic rocks.

Similarly detrital sediments derived from the weathering of 
ultramafic rocks have higher Cr contents than the Mg-amphibolites, for 
example the serpentinous tuffs (16-17 wt% MgO, 8-10 wt% A1203, 5-7 wt% 
CaO and 1500-2200 ppm Cr) of the Proterozoic Nussir Group in Norway 
(Pharaoh 1985) and magnesiopelites (10-13 wt% Mgo, 14 wt% A1203, <0.3 
wt% CaO and 330 ppm Cr) from the Murchison greenstone belt (Pearton 
1978, 1982).

The finely laminated magnetite quartzites with which the 
Mg-amphibolites are associated have been interpreted as silica-iron 
oxide chemical sediments (see Ch. 4.5). This raises the possibility 
that the Mg-amphibolites may have a similar origin. Cummingtonite and 
actinolite may form by dehydration and decarbonation reactions in 
silicate and carbonate-facies iron formations undergoing moderate to 
high-grade metamorphism (Klein 1973). Silicate—facies iron formations 
are typically low in Al and contain greenalite, minnesotaite (an Fe- 
rich talc) and stilpnomelane as original sedimentary, diagenetic or 
very low-grade metamorphic silicate phases (Klein 1973). Higher grades 
of metamorphism can result in the formation of cummingtonite-grunerite 
amphibole. Calcic amphibole (tremolite-actinolite) can form by 
decarbonation and dehydration in metamorphosed carbonate-facies iron 
formations (and in mixed carbonate-oxide-silicate assemblages) 
originally containing calcite, members of the dolomite-ankerite series 
or siderite.

Exaitples of simplified possible reactions (Klein 1973) are:
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(Fe,Mg)^Si^,o (CH)g + 4SiC^ = 2(Fe,Mg)jSi^,^(0H);^ + 2H;%0
greenalite minnesotaite

(FeyMg)jSi^/(,
mirmesotaite

(Fe,Mg)7Sig0a^(0H^ + 4510^ + 4H^0 
c^mmingtonite-grunerite

(FerMg)3Si^p^ (OH^^ + Ca(Fe,Mg)(CO^X^ + SiO^
minnesotaite ankerite

(Fe,Mg)y SigOj, 
cummingtcaiite

+ Ca_2^ (Fe,^!g)^ Si^O,^ (OH)^
actinolite

+ CO;^ + H;^0

Carbonate-facies iron fonnation that has been metamorphosed to 
msdiim or hi^ grade is generally decarbonated relative to less 
metamorphosed iron formation (Gole & Klein 1981). It is possible that 
the protolith of the actinolite amphibolite contained carbonate (in 
order to provide the Ca) and that carbonate has been lost in 
decarbonation reactions. The increase in Mg/Fe ratio with increasing 
Ca content in the cimmingtonite-actinolite amphibolites suggests that 
if carbonate were originally present ^ it was probably dolomite or Mg- 
rich ankerite. However no carbonate has been observed in the 
amphibolites. Although high-grade iron formation from the carbonate- 
bearing Archaean Weld Range in the Yilgam Block (W.A.) with tp to 8 
wt% CaO and less than 1 wt% A1203 have negligible carbonate contents 
and appear to have suffered hi^ degrees of decarbonaticn (Gole 1981), 
the complete absence of carbonate from the Dikoloti-Ientswe 
anphibolites remains a problem for the decarbonaticn hypothesis.

Geochanically the most analogous iron formation to the 
Dikoloti-Lentswe Mg-ampAiibolites is the Archaean silicate and 
carbonate-facies iron formation of Isua, Greenland (Appel 1980) 
carbonate facies includes massive Mg-rich siderite (with 10-32% MgO). 
The silicate facies includes banded magnetite-grunerite-quartz and 
magnetite-actinolite-quartz and massive grunerite anphiibolites. Ibe 
Mg/Fe ratio of the Isua carbonate and silicate-facies iron formation 
is typically less than 0.43 (with the exception of localised Mg-rich 
siderite).

The Mg-amphibolites have morphological and seme geochemical 
(their low Al and relatively high Mn contents, cf. Rena 1978) 
similarities to metamorphosed silicate and carbonate-facies iron

The
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formation. However they differ in their high Mg0/Fe203 ratios (>1, 
total Fe as FeZOS^ Fig. 8.11b). High-Mg iron formations with up to 10 
wt% MgO are Fe-rich (Mg0/Fe203 <0.53) and are typically carbonate 
facies (Klein 1978; Ewers & Morris 1981; Gble 1981). The Mg- 
amphibolites just fall outside the definition of iron formation of 
James (1954) in that they contain less than 15% Fe. They appear to be 
an Mg-rich version of iron formation.

A possible Mg-rich analogue of the Mg-amphibolites are the Mg- 
rich, Al-poor chemical sediments that occur in modern ooeanic 
sediments. Although attention has been concentrated on the transition 
inetal sulphides of modern exhalative chemical sediments of the deep- 
sea floor (Hackett & Bischoff 1973; Hekinian et al. 1980), they also 
contain a wide variety of exhalative silicates including celadonite 
(an illite), nontronite (a smectite) and talc. Remarkable among these 
silicates is the common lack of an Al-bearing phase (Velde 1985). 
Neoformed talc in hydrothermal aprons has been observed by Spies et 
al. (1980) in hydrothermal sediment of the East Pacific Rise and by 
Lonsdale et al. (1980) around sea-floor vents in the Guayamas Basin 
spreading centre in the Gulf of California. The latter talc deposit is 
extensive and particularly Fe—rich (51 wt% Si02, 0.7 wt% A1203, 17 wt% 
total Fe as Fe203, 21 wt% MgO and neglible CaO; i.e. very similar to 
the cummingtonite amphibolite). The talc deposit has been interpreted 
as a chemical sediment in a turbidite-filled pond at the spreading 
centre axis, formed from short-lived expulsions of water, perhaps 
partly as steam, following emplacement of shallow basaltic intrusions. 
Magnesium silicate was precipitated either from hot, reducing 
porewater on rapid cooling and imixing as it vented into bottom iwater 
or alternatively Mg was derived form the bottom water in the basin and 
was precipitated as this seawater reacted with siliceous and 
jkunnxpiKXg cUsoharges (Lonsdale et al. 1980).

A similar origin by chemical sedimentation of Mg-silicate is 
thought the most likely for the cummingtonite amphibolite, with Mg 
derived from leaching of mafic-ultramafic rocks (possibly the Dikoloti 
-Lentswe gabbroic and ultramafic cumulates) or seawater. Mg is the 
most important element extracted from seawaterin the Galapagos 
hydiothermal systems. Natland et al. (1979) show that during the early 
stages of the Galapagos systems, when the ratio of rock to water was 
high (rock-dominated), Mg-Fe silicates were deposited over exhalative 
vents. Fe-Mh oxides have become more abundant in its more recent 
water-dominated phase. The chemistry of Archaean seawater is problems
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atic. Krynine (1960) and Ronov (1964) have estimated that Archaean 
seawater was more magnesian than at present. It is therefore feasible 
that Archaean seawater exchange could have formed the cummingtonite- 
actinolite amphibolites.

No single hypothesis completely explains all the features of 
the Mg^amphibolites. Their association with magnetite quartzite, their 
morphology and their geochemistry (particularly the low-Cr contents) 
suggest that they were not directly derived from mafic-ultramafic 
igneous rocks. The most likely protoliths are thought to be chemically 
precipitated exhalative Mg-silicate (e.g. Fe-rich talc) and mixtures 
of this Mg-silicate with carbonate (dolomite or Mg-ankerite) that have 
suffered complete decarbonation (cf. Hutchinson et al. 1980;
Hutchinson 1983). The main detraction from this hypothesis is the 
absence of carbonate in the unit.

The hornblende-bearing amphibolite which forms a minor 
component of the Mg—amphibolites have higher Ti, Al and Cr contents 
than the cummingtonite-actinolite amphibolites. It is suggested that 
it was formed by input of mafic-ultramafic volcanic detritus into the 
depositional basin of the Mg-rich chemical sediments (cf. Gole 1981). 
Similarly a mafic-ultramafic detrital component is thought responsible 
for the geochemistry of the only cummingtonite amphibolite with 
significant Cr (1320 ppm CT, Table 8.7-C). It also has the highest Ti, 
Al and Na and lowest Mn of the cummingtonite amphibolites.

8.6.5 The K/Rb Ratios of the Rocks of the Selebi-Phikwe Area
Rocks in the Selebi-Phikwe area with basic-ultrabasic 

protoliths have relatively high K and Rb contents but low K/Rb ratios 
compared to unaltered, unmetamorphosed rocks of approximately the same 
composition (Gondie 1976). K and particularly Rb has commonly been

during alteration. The highest K/Rb ratios of mafic-ultramafic 
rocks ar Selebi-Phikwe occur in high-Ca hornblende gneisses of the 
tpes - HGFl (average K/Rb = 588), HGF2 (566) and HGN2 (446). These are 
regarded as having been only weakly altered, unsheared tholeiitic 
rocks for which an intrusive origin is more likely. The majority of 
the metamorphosed basic-ultrabasic rocks have K/Rb ratios of less than 
300, e.g. HGNl (234) and HGC (253). The lowest K/Rb ratios are thought 
to have resulted from premetamorphic alteration possibly involving a 
clay component (smectite), e.g. submarine alteration of the HGG 
basalts and hydrothermal alteration of the plagioclase-olivine 
cumulates at Dikoloti. Alteration during regional metamorphism has
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resulted in increased K and Rb contents but with higher K/Fb ratios 
than alteration thought to involve a clay component. Shearing 
(commonly repeated) has resulted in significant enrichment in K and 
Fb. However for each group of spatially associated lithologies, 
sheared rocks have a relatively constant K/Fb ratio, e.g 189 for the 
Selebi-Phikwe host rocks (Fig. 7.13) and 113 for Dikoloti-Lentswe host 
rocks (Fig. 8.13b). It would appear that the K/Fb ratios of 
previously altered rocks (independent of whether the alteration was 
prior to or during regional metamorphism) have not been changed by 
shearing (see Fig. 8.13b).

8.6.6 The Original Nature of the Dikoloti-Ientswe Cumulate Body
The protoliths of the Dikoloti-Lentswe mineralised ultramafic 

rocks were olivine-orthopyroxene (+ clinopyroxene) cumulates. The 
ultramafic schists and to a lesser extent the ultramafic amphibolites 
represent ultramafic cumulates that have been moderately metasomatised 
during shearing. The ultramafic cumulates have also possibly suffered 
hydrothermal alteration. The protolith of the Dikoloti feldspathic 
amphibolite was a plagioclase-olivine cumulate. This plagioclase-rich 
cumulate is thought to have been part of the same body as the 
mineralised ultramafic cumulates at Dikoloti. It is not known whether 
the Dikoloti and Lentswe bodies represent a single original body or 
several similar bodies. Ihe widespread occurrence of ultramafic 
cumulates in the regional Dikoloti-Lentswe unit suggests that there 
was probably more than one body. The hornblende gneisses of the 
hornblende gneiss-grey gneiss envelope are regarded as Hafl (Type-A) 
and B3F1 (Type-B) basalts that have suffered various types of 
alteration including Fe-enrichment (Type-E) and shearing-induced 
metasomatism (Type-F). Type-F tiomblende gneiss typically occurs as 
thin sheared bands at the margins of, and incorporated within, the 
ultramafic rocks.

The Dikoloti-Lentswe cumulates are thought to represent 
portions of either (a) a high-level layered sill or layered flow (cf. 
Arndt 1977), (b) intrusive cumulus mushes (cf. Selebi-Phikwe host 
rocks), or (c) a slice of a thicker deeper-level cumulus crystal pile.

Ibe relatively high-level nature of the cumulate bodies is 
indicated by the hydrothermal alteration that has apparently affected 
the cumulates (e.g. that suffered by the plagioclase-olivine protolith 
of the corundum-spinel-sapphirine-bearing Dikoloti feldspathic 
amphibolite). If the Dikoloti-Lentswe bodies represent cumulus
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portions of a basic-ultrabasic intrusion (or intrusions) into the 
Dikoloti-Lentswe unit^ virtually all of the evolved liquid must have 
been expelled from the system (of. MacRae 1969). The lack of 
significant clinopyroxene in the cumulates suggests that they do not 
represent the cumulus minerals from the complete in situ 
crystallisation of basic-ultrabasic magma (irrespective of whether the 
magma was komatiitic or tholeiitic). The lack of a gabbroic 
feldspathic amphibolite at Lentswe could be due to the removal of 
partly crystallised cumulus plagioclase-rich liquid. The repetition of 
the olivine-rich and orthopyroxene-rich bands suggests that the system 
was open to periodic replenishment. The hornblende gneiss of the 
hornblende gneiss-grey gneiss envelope are predominantly evolved HGFl- 
type basalts plus lesser HGNl-type basalts. It is possible that they 
were ccxnagmatic with the cumulates and also that they represent the 
expelled residual liquids. However the hornblende gneiss in the 
envelope is intimately associated with minor grey gneiss on all scales 
and does not appear to be directly related to the cumulates in terms 
of field relationships. The hornblende gneiss bands within the 
ultramafic rocks are thought to be slivers of the hornblende gneiss 
envelope that have been incorporated into the ultramafic rocks and 
metasomatised during shearing. It is therefore thought that the 
hornblende gneiss does not represent expelled evolved basaltic liquid 
that was directly related to the in situ formation of the cumulates. 
The absence of residual liquids from the cumulate crystallisation 
suggests that the Dikoloti-Lentswe cumulates could be a tectonically 
emplaced portion of a thicker cumulus crystal pile rather than a 
tholeiitic intrusion (that differentiated after intrusion) into the 
Dikoloti-Lentswe unit.

Tectonic emplacement during late Dl has been suggested for the 
plagioclase-clinopyroxene cumulates of the thicker anorthosite-
metagabbro suite. The Dikoloti-Lentswe rocks show abundant signs of 
shearing particularly at their margins. Sulphides have been mobilised 
during shearing. The localised concentration of massive sulphide with 
only minor ultramafic rock indicates significant relative movement 
during shearing. The lack of plagioclase-rich cumulates at Lentswe 
could therefore be due to tectonic dismemberment of a cumulate body 
rather than an original igneous process. Against significant 
translation of the Dikoloti-Lentswe cumulates during tectonic 
emplacement however is the regional nature (Fig. 8.1) of the 
ultramafic portion of the cumulates (relatively thin compared to the
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major anorthosite-metagabbro layers). Further evidence is provided by 
the very low Ti contents (see below in Ch. 8.6.6) of the cumulates 
'Which suggests low intercumulus liquid contents and high degrees of 
crystal packing (also the minimum Al content of the ultramafic 
cumulates). The low intercumulus liquid contents also indicate that 
the cumulates were probably not intruded as cumulus mushes (cf. the Ti 
contents of Selebi-Phikwe host rocks interpreted as intrusive mushes, 
see Ch. 7.4.3).

It is tentatively suggested that the Dikoloti-Lentswe cumulate 
bodies (or body) owe their present morphology and field relationships 
to tectonic emplacement and dismemberment. It is thought that the 
cumulate bodies were emplaced as either (a) tectonic slices of a 
cumulate (olivine-rich, orthopyroxene-rich and plagioclase-olivine 
cumulates) pile, or (b) high-level layered sills intruded inbo the 
tholeiitic basalts and chemical sediments of the Dikoloti-Lentswe unit 
(separate cumulate portions formed by a combination of igneous and 
tectonic processes). The Dikoloti-Lentswe cumulates have features that 
indicate bothimodes of emplacement. The relatively high-level nature 
of the Dikoloti-Lentswe cumulate bodies compared to the thicker 
anorthosite-metagabbro layers is indicated by the hydrothermal 
alteration that the former have apparently suffered.

8.6.7 The Parent Magma of the Dikoloti-Lentswe Cumulates
The cumulus nature of the Dikoloti-Lentswe host rocks and 

their highly sheared possibly dismembered nature means that it is very 
difficult to determine whether the parent magma was komatiitic or 
tholeiitic. The association of ultramafic rocks with magnetite 
quartzite led Brown (1981b) to suggest that they were possibly 
komatiitic extrusives. However it has been shown that there is no 
direct association with the magnetite quartzites.

The range of compositions of the Dikoloti-Lentse host rocks 
(metamorphosed cumulates) in terms of Mg and Al similar to that of the 
Selebi-Phikwe host rocks (Figs 7.9 & 8.11). Although metasomatism of 
the ultramafic rocks (e.g. the general Fe-enrichment) has altered the 
compositon of some of the ultramafic rocks, the compositions of the 
Dikoloti-Lentswe cumulates appears to have been controlled by the same 
phases as the Selebi-Phikwe host rocks. The controlling phases had 
approximately the same compositions at Dikoloti-Lentswe and Selebi- 
Phikwe, i.e plagioclase (bytownite), olivine (chrysolite) and 
othopyroxene (bronzite). Clinopyroxene was only a minor component.
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The ultramafic cumulates lie on a mixing line with low-Ti tholeiitic 
liquid of the composition of HGNl (Fig. 8.12c). The Cu/(CutNi) ratios 
of the sulphides also suggest a tholeiitic rather than hi^h-Mg 
komatiitic parent magma (Fig. 8.8). The Dikoloti-Lentswe cumulates are 
therefore thought to be tholeiitic cumulates from HGNl-type tholeiitic 
basalt magma. A similar origin from HGNl was concluded for the Selebi- 
Phikwe host rocks.

The Selebi-Phikwe host rocks are thought to be intrusions of 
tholeiitic olivine-plagioclase (+ orthopyroxene)-immiscible sulphide 
imush. They have significantly higher Ti contents than the Dikoloti- 
lentswe host rocks (Figs 7.11 & 8.12c). The high Ti content of the 
Selebi-Phikwe host rocks are due to the high contents (39-64 wt%y 
Table 7.4) of tholeiitic intercumulus liquid in the intrusive mushes, 
Twhereas the low Ti content of the Dikoloti-Lentswe cumulates indicate 
low intercumulus liquid contents. The low Ti contents of the Dikoloti- 
Lentswe ultramafic cumulates and the common minimum A1 content of 2.5 
wt% A1203 are consistent with a low content of tholeiitic HGNl 
intercumulus liquid. The average amount of intercumulus liquid in the 
ultramafic cumulates is estimated as having been about 27% with a 
common minimum of about 17%. The intercumulus liquid content of the 
cumulus plagioclase-olivine protolith of the Dikoloti feldspathic 
amphibolite was possibly lower than that of the ultramafic rocks 
(average 15 %, minimum <1%). However the low Ti contents of the 
IDikoloti feldspathic amphibolite are possibly partly due to the 
hydiothermal alteration. The estimates of the intercumulus liquid 
contents of the Dikoloti-Lentswe cumulates are similar to the 
estimates (some based on packing experiments) of the porosity of a 
cumulus crystal pile (Cox et al. 1979).

It is tentatively suggested that the cumulus host rocks of the 
Selebi-Phikwe ore bodies and the Dikoloti-Lentswe prospects both 
formed from differentiating HGNl tholeiitic basalt magma. The Selebi- 
Phikwe host rocks are intrusive mushes. The Dikoloti-Lentswe host 
rocks show features that are consistent with an origin as dismembered 
layered sills or portions of a cumulate crystal pile which have been 
thrust into the sequence.

8.6.8 The Origin of the Dikoloti-Lentswe Sulphides
In Chapter 8.4.2 it was concluded that the Dikoloti-Lentswe 

sulphides were present in their ultramafic host rocks prior to 
deformation and metamorphism. The virtual restriction of the sulphides
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to the ultramaflc host rocks suggests a magmatic origin for the 
sulphides rather than an origin by replacement (cf. Gallon 1986). The 
possibility exists that the hydrothermal alteration that the host 
rocks are thought to have suffered played a part in the distribution 
of the suphides. The Cu/(Cu+Ni) ratios of the Dikoloti-Lentswe 
sulphides are in general agreement with a magmatic origin from a 
tholeiitic parent magma rather than a high-Mg komatiitic magma (Wilson 
et al. 1969; Rajamani & Naldrett 1978; Fig. 8.8). The relatively high 
proportion of sulphides compared to ultramafic host rocks and the 
proposed tholeiitic cumulate origin of the ultramafic host rocks 
exclude the possibility of in situ separation of immiscible sulphide 
liquid from within the ultramafic rocks alone. The Dikoloti-Lentswe 
sulphides are thought to have originally farmed as magmatic immiscible 
sulphide liquids in tholeiitic magma. The immiscible sulphides 
accumulated by gravity along with the formation of the olivine- 
orthopyroxene cumulates. There are no sulphur-rich country rocks in 
the Selebi-Phikwe gneisses and there is no evidence that the Dikoloti- 
Lentswe prospects obtained their sulphur by assimilation of country- 
rock sulphur. As with the formation of the Selebi-Phikwe ore bodies^ 
the Dikoloti-Lentswe prospects are thought to be concentrations of 
magmatic sulphur. A process is required however to achieve the sulphur 
saturation necessary to form a magmatic sulphide deposit.

The Cu/(CutNi) ratios of the Dikoloti and Lentswe prospects 
(0.42 and 0.44 respectively) are similar to that of Phikwe (Fig. 8.8). 
However these ratios are made up of a variety of oomponents^ thin 
moderately to weakly mobilised massive and semimassive sulphides in 
the ultramafic host rocks (average ratio - 0.28), highly mobilised 
massive sulphides (0.46) and relatively unmobilised disseminated 
sulphides (0.48). The Ni and Cu contents and Cu/(Cu+Ni) ratios of the 
relatively unmdbilised massive and disseminated sulphides in the 
ultramafic host rocks are considered to be the best estimates (Table 
8.3) of original massive and disseminated sulphides within the 
ultramafic cumulates.

For the same reasons that were put forward to account for the 
difference in Cu/(Cu+Ni) ratio between Type 1 massive sulphide and 
disseminated sulphide at Selebi-Phikwe (see Ch.7.4.5), the difference 
in the Cu/(Cu+Ni) ratios of typical massive and disseminated sulphide 
at Dikoloti-Lentswe is tentatively regarded as indicating that the 
Dikoloti-Lentswe disseminated sulphides were immiscible sulphides that 
separated from their parent imagma after the majority of the
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gravitationally oonoentrated immiscible sulphides that formed the 
massive sulphides had separated. The alternatives are that the 
difference is due to fractional crystallisation of an original 
immiscible sulphide liquid or tectono-metamorphic processes. The 
lower Cu and Ni contents of the Dikoloti-Lentswe sulphides compared to 
those at Selebi-Phikwe make the formation of a Ch-enriched liquid 
during the fractional crystallisation of an immiscible sulphide liquid 
even less likely (Fig. 6.5e).

Although mobilisation of massive sulphide has partly destroyed 
the original distribution of the massive and disseminated sulphides^ 
the general occurrence of massive and disseminated sulphides at 
Dikoloti-Lentswe would appear to be consistent with original 
gravitational accumulation of earlier immiscible sulphides as massive 
sulphides towards the base of a subsequently overturned ultramafic 
cumulate body. Later immiscible sulphides formed more disseminated 
sulphides within the ultramafic cumulates above the massive sulphides.

8.6.9 The Relationship of the Dikoloti-Lentswe sulphides to those at
Phikwe
Normal massive sulphide at Dikoloti-Lentswe differs from 

morphologically equivalent Selebi-Phikwe Type 1 sulphide in its lower 
Ni and Cu contents and lower Cu/(CufNi) ratio (Tables 6.3 & 8.3). 
Although mobilised massive sulphides may have increased Ni and Cu 
contents (e.g. Type 2 massive sulphide at Selebi-Phikwe), the 
differences between Dikoloti-Lentswe and Selebi-Phikwe sulphides are 
significant and are considered to be an original feature. It has been 
concluded that both the Selebi-Phikwe and Dikoloti-Lentswe host rocks 
could have formed in tholeiitic magma systems with the approximate 
magmatic composition of HGNl. In the modelling of a closed tholeiitic 
system crystallising olivine without magma replenishment (Duke & 
Naldrett 1978; Rajamani & Naldrett 1978; Duke 1979; Fig. 8.8), early 
formed immiscible sulphides have higher Ni and Cu contents and lower 
Cu/(Cu+Ni) ratios than immiscible sulphides that separate later. 
However Selebi-Phikwe massive sulphides (and disseminated sulphides) 
have higher Ni and Cn contents and higher Cu/(Cu+Ni) ratios than 
texturally equivalent Dikoloti-Lentswe sulphides (Figs 7.15 & 8.8). 
Assuming that the two parent magmas did not have appreciably different 
major element oompositons, it is not possible to model in terms of 
closed magmatic systems the formation of the Selebi-Phikwe and 
Dikoloti-Lentswe sulphides as different extracts of immiscible
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sulphide liquid from similar differentiating HGNl magma with initially 
similar Ni, Cu and S contents.

The difference in the Ni and Cu contents and Cu/(Cu+Ni) ratios
between Selebi-Phikwe and Dikoloti-Lentswe sulphides could be because 
of:
(a) original differences in the Ni, Ch and S contents of the two 
parent HGNl magmas; or
(b) processes in two open HGNl magma systems (with initially similar 
magmatic Ni, CU and S contents) which resulted in different Ni, Cu and 
S contents of the two parent magmas.

If case (a) is correct, the Dikoloti-Lentswe parent HGNl magma 
would have had lower Ni and Cu contents and a lower Cu/(Cu+Ni) ratio 
or a lower magma/irnniscible sulphide ratio than the Selebi-Phikwe 
jparent HGNl inagma. A lower magma/immiscible sulphide ratio would cause 
lower Ni and CU contents and a lower Cu/(Cu+Ni) ratio of the 
immiscible sulphides (Campbell & Naldrett 1979). The two parent magmas 
could have been derived by separate partial melting events from 
approximately the same level or location in the mantle, as suggested 
by Marsh 1978. (The lower Ni and Cu contents of the Dikoloti-Lentswe 
parent magma could have been due to previous extraction of the Selebi- 
Phikwe parent magma).

The relatively low Ni and Cu contents of the Selebi-Phikwe and
particularly the Dikoloti-Lentswe sulgdiLdes ccmpared to the main types 
of magmatic Ni-Cu sulphide deposit (Fig. 1.4) suggest that both parent 
magmas had relatively lew Ni and Cu contents and/or low magma/ 
immiscible sulphide ratios (63 for Selebi-Phikwe and 16 for Dikoloti- 
Lentswe; see Campbell & Naldrett, 1979). The estimates of the magma/ 
immiscible suljghide ratios, particularly that for Dikoloti-Lentswe, 
are very low compared to those for other Ni-Cu sulphide deposits 
(Naldrett 1981). For the Ni-Cu sulphide deposits with lew estimated 
magma/immiscible sulphide ratios, assimilation of country-rock sulphur 
has been invoked (Campbell & Naldrett 1979). However at Selebi-Phikwe 
and Dikoloti-Lentswe there is no evidence for assimilation of country- 
rock sulphur.

With regard to case (b), namely processes in epen magmatic 
systems, it was suggested in Chapter 4.2.5 that the enrichment of 
inccmpatible elements in a tholeiitic basalt magma and the formation 
of Ti-rich ferrcjaasalt could take place in a differentiating 
tholeiitic magma system that is open at the top to lava extrusion and 
at the base to periodic replenishment with tholeiitic magma. The
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steeper gradient of MgO content against Cu/(Cu+Ni) ratio (Fig. 8.8) 
for the Selebi-Phikwe hornblende gneiss suite compared to the closed 
system experiments of Rajaraani and Naldrett (1978) and the sequential
increase in S contents in the evolved suite (Table 8.8) is considered 
to possibly be the result of processes in such an open system. It is 
thought that enrichment in magmatic S and an increase in the magmatic 
Cn/(CU+Ni) ratio could take place in an open tholeiitic magma system 
provided that (a) olivine is a crystallising phase^ and (b) the 
initial S content of the basalt magma is low (i.e. below saturation 
levels), so that significant separation of immiscible sulphide does 
not initially take place prior to replenishment. The rate of increase 
in the Cu/(Cu+Ni) ratio of the magma would depend on the amount of 
cumulus olivine that crystallises before replenishment. If the initial 
S content of the magma is below saturation levels, early cumulate 
formation followed by replenishment would result in increasing S 
contents in the magma. Higher Fe contents of the evolving tholeiitic 
magma would result in an increased sulphur-carrying capacity of the 
magma (Buchanan & Nolan 1979; Buchanan et al. 1981; Buchanan & Bouse
1984). Eventually sulphur saturation would be achieved and immiscible 
sulphide liquid would form. Mixing of evolved S-enriched Fe-rich 
basalt with a new batch of parent basalt would possibly cause rapid 
immiscible sulphide formation and result locally in low imagma/ 
immiscible sulphide ratios.

It is suggested that HGNl-type tholeiitic magma satisfies the 
two conditions above for the parent magma. HGNl has a low S content 
(average of 247 ppm S) and a low Cuy(CutNi) ratio (0.19, Table 8.8). 
Greater than 10% crystallisation of HGNl would be dominated by 
plagioclase and lesser clinopyroxene rather than olivine (see Ch.
4.2.5). The Cu/(Cu+Ni) ratio of HGNl (0.19) is consistent with the 
relatively early separation (compared to Selebi-Phikwe massive 
sulphides) of the Dikoloti-Lentswe low-Ni-Cu massive sulphides 
(average ratio - 0.28) from an evolving periodically replenished HGNl 
magma.

That identical sulphides did not develop in the Dikoloti- 
Lentswe and Selebi-Phikwe magma systems is because the two systems 
were not identical. They probably differed in the size of the magma 
chamber and frequency and amount of replenishment (O'Hara 1977). The 
Selebi-Phikwe magma system was possibly a more open system than the 
Dikoloti-Lentswe system and possibly had a longer evolutionary 
history, more frequent replenishments and only limited formation of
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HGNl HGG HGC HGFl

s 247 338 912 1560

Ni 124 114 93 63

Cu 30 46 187 94

Cu/ (Cu+Ni) 0.19 0.29 0.67 0.60

Table 8.8 The S, Ni and Cu contents
Selebi-Phikwe hornblende gneiss suite

(ppm) of the
(from Table 4

early iitimiscible sulphides.
It has been suggested that the difference in the Ni and Cu 

contents and Cu/(Cu+Ni) ratios between the Dikoloti-Lentswe and
Selebi-Phikwe sulphides can be explained in terms of either (a) 
differences in the original Ni, Cu and S contents of the two parent 
HGNl magmas, or (b) various degrees of crystallisation and 
replenishment in open evolving HGNl magmatic systems with initially 
similar Ni, Cu and S contents. Of the two options, the latter is 
preferred because (a) it provides a mechanism for achieving sulphur 
saturation and low magma/sulphide ratios, and (b) it is consistent 
with the evolution of the country rock basalts (the high-Ca hornblende 
gneisses) .

8.7 SUMMARY OF CONCLUSIONS

The Dikoloti-Lentswe unit is a regionally mappable unit of 
magnetite quartzite associated with cummingtonite and actinolite 
amphibolite (Mg-amphibolite), hornblende gneiss with minor grey gneiss 
and ultramafic-metagabbroic rocks. The ultramafic rocks are commonly 
weakly mineralised with Fe-Ni-Cu sulphides, the greatest 
(oonoentrations of !which are at Dikoloti and Lentswe. The ultramafic 
rocks consist of interbanded serpentinised peridotites and amphibole 
pyroxenites with lesser ultramafic amphibolites and ultramafic 
schists. The amphibole pyroxenites are mineralogically and 
geochemically similar to those at Selebi North and Phikwe. Uie
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olivine^ orthopyroxene^ green spinel and calcic amphibole assemblage 
of the ultramafic rocks is a metamorphic assemblage of the transiton
frcm. upper amphibolite to granulite facies conditons not a relict
igneous assemblage.

The Dikoloti-Lentswe sulphides (pyrrhotite; pentlandite and 
chalcqpyrite) consist of weakly mobilised massive and disseminated 
sulphides in the ultramafic rocks with average CU/(Cu+Ni) ratios of 
0.28 and 0.48 respectively. Mobilised massive sulphides have higher Cu 
contents. Normal Dikoloti-Lentswe massive sulphide is similar to 
Selebi-Phikwe Type 1 sulphide but has (a) lower contents of pentland­
ite and chaloqpyrite which are refected in lower Ni and Cu contents, 
and (b) higher flame pentlandite to granular pentlandite ratios. The 
Dikoloti-Lentswe sulphides were present in their ultramafic host rocks 
prior to deformation and imetamorphism.

The ultramafic rocks have the geochemistry of olivine- 
orthopyroxene (+ clinopyroxene) cumulates. The ultramafic schists and 
to a lesser extent the ultramafic amphibolites represent cumulates 
that suffered shearing-induced metasomatism, particularly at the 
margins of the ultramafic body. The feldspathic amphibolites which 
locally occur with the ultramafic rocks are regarded as gabbroic 
plagioclase-olivine cumulates. The corundumrspinel-sapphirine 
aggregates that occur in the Dikoloti feldspathic amphibolite are 
thought to be metamorphosed veins and patches of hydrothermally 
altered gabbro. It is possible that the ultramafic cumulates also 
suffered hydrothermal alteration.

The hornblende gneiss of the hornblende gneiss-grey gneiss 
envelope to the ultramafic rocks consists of HGFl and lesser HGNl-type 
basalts which have suffered various types of alteration, particularly 
where they are in contact with or tectonically included in the 
ultramafic rocks, e.g. Fe-enrichment of possible hydrothermal origin 
(Type-E) and shearing induced inetasomatism (Type-F).

The magnetite quartzites are metamorphosed silica-iron oxide 
chemical sediments. The associated Mg-amphibolites are geochemically 
characterised by low contents of Al and Cr and do not appear to be 
related to the ultramafic cumulates. The Mg-anphibolites are thought 
to be to be chemically precipitated Mg-silicate (the massive
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cummingtonite-rich layers) and mixtures of this Mg-silicate with 
carbonate (dolomite or Mg-ankerite) that have sufferd complete 
decarbonation (the actinolite-rich bands finely interbanded with
magnetite quartzite).

The Dikoloti-Lentswe cumulate (ultramafic + gabbroic) bodies 
(or body) owe their present morphology and field relationships to 
tectonic emplacement and dismemberment. The cumulate bodies have 
features that are consistent with an origin as either (a) tectonic 
slices of thicker olivine-orthopyroxene-plagioclase cumulate piles^ or 
(b) high-level sills into the tholeiitic basalts and chemical sedi- 
ments. The cumulates are not thought to be intrusive cumulus imr^hes. 
The parent magma of the cumulates is considered to be tholeiitic HGNl 
basalt, i.e. the same as that for the Selebi-Phikwe host rocks.

The Dikoloti-Lentswe sulphides were magmatic, gravitationally 
concentrated, immiscible sulphides in ultramafic cumulates that 
separated from differentiating HGNl magma. Immiscible sulphides that 
formed ]massive sulphides separated before those that formed 
disseminated sulphides. It is suggested that the S content and 
Ch/(Ch+Ni) ratio of a magma in an open tholeiitic magma system of the 
initial oomposition of HGNl can been increased by periodic 
replenishment with HGNl. Periodic replenishment in an open system 
provides aimechanism for achieving sulphur saturation in the magma and 
locally lowimagma/immiscible sulphide ratios. It is thought that the 
Dikoloti-Lentswe and Selebi-Phikwe sulphides formed in such open 
systems from initially similar HGNl magma with similar Ni, Cu and S 
oontents. Differences in the sulphides of the two systems are 
considered to be the result of differences in such parameters as the 
size of the magma chamber and the frequency and amount of 
replenishment. Selebi-Phikwe was a more open system than Dikoloti- 
Lentswe. The main alternative is that, although the parent magmas of 
Dikoloti-Lentswe and Selebi-Phikwe probably had similar HGNl major 
element oompositions, they had significantly different Ni, Cu and S 
contents.
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PLATE 38
Dikoloti-Lentswe ultramafic rocks

(A) Serpentinised peridot!te. Porphroblastic orthopyroxene in matrix 
of granoblastic olivine and orthopyroxene (and minor clino- 
pyroxene ?). Lentswe (LT 27), LT 27-20. FV = 3 mm.

(B) Amphihole pyroxenite. Chrcmian spinel forming a fabric (Mle)
in porphyroblastic orthopyroxene. Dikolti (DK 32), 607. FV =6mm.

(C) Amphibole pyroxenite. Chromian spinel forming fabric (Mle) in 
granoblastic calcic amphibole (hornblende ?). Dikoloti (DK 32), 
607. FV = 6mm.

(D) Amphibole pyroxenite. Ctoarse intergranular calcic amphibole 
between orthopyroxene porphroblasts. Dikolti (DK 20),397. FV = 
6 irm.

(E) Serpentinised peridotite. Fine aggregate (talc and chlorite ?) 
after orthopyroxene in serpentine (after olivine). Dikoloti (DK 
32) ,613. FV = 6mm.

(F) Sheared amphibole pyroxenite. Relict Ml orthopyroxene 
porphyroblast and calcic amphibole in M2a matrix of gedrite, 
cummingtonite and biotite. Lentswe (LT 20) , 358. FV = 6tnin.

(G) Ultramafic amphibolite. M2 cummingtonite and biotite/phlogopite 
with small areas of fine talc (or serpentine ?). Fhokoje (PJ 
1), 333. FV = 3 irni.

(H) Ultramafic schist. Foliated cummingtonite plus calcic amgjiibole, 
biotite and pyrrhotite. Dikoloti (DK 32), 619. FV = 6 mm.

PLATE 39
Dikoloti-Lentswe ultramafic rocks

(A) Serpentinised peridotite. Granoblastic olivine, orthopyroxem 
and minor idioblastic calcic am^Mbole (hornblende ?). Lentswe 
(LT 27), LT 27-20. FV = 3mm.

(B) Spinel pyroxenite. Intergranular pleonaste with magnetite 
inclusions between coarse orthopyroxene. Dikoloti (DK 30), 414. 
FV = 6 mm.

(C) Spinel pyroxenite. Variably dusty chrcmian pleonaste with 
chromian magnetite inclusions in pyrrhotite. Lentswe (LT 27), LT 
27-27. FV = 6 irm.

(D) Amphibolite band in serpentinite. Spinel inclusions in calcic 
anphibole (hornblende). Lentswe (LT 19), 346. FV = 6 mm.
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PLATE 40
Dikoloti feldspathic am^ibolite

(A) Cormdxan^-spiiiel-sapptdrine aggregate in feldspathic amphibolite, 
Epidote-rich rim to aggregate. DK 23, 660.

(B) Foliated feldspathic amphibolite with aggregates of spinel, 
sapphirine, orthoanphibole and epidote. DK 23, 663.

(C) Feldspathic amphibolite. Typical granoblastic hornblende and 
anorthite. DK 30, 411. FV = 6 nm.

(D) Pleonaste with minor sapphirine aggregate in feldspathic 
amphibolite. Aggregate suurounded by epidote and orthoamphibole. 
Pleonaste surrounded by thin rim (vhite) of corundophilite. DK 
20, 402. FV = 6 inn.

(E) Corundum porphyroblast altering to sapphirine and surrounded by 
sapphirine plus opaque alteration product. DK 23, 660. FV = 6 
inn.

(F) Edge of corundum porphyroblast. Corundum (C) being replaced by 
sapphirine. Corundum porphyroblast surrounded by opaque 
alteration product and plenaste grains (P). Pleonaste being 
replaced by sapphirine. DK 23, 660. FV = 3 mm.

(G) Rim of pleonaste grains (P) mantling relics of corundum 
porphyroblast (C). Pleonaste being replaced by sapphirine. DK 
23, 660. FV = 3 mm.

(H) Foliated felds^thic anphibolite. Band of orthoamphibole with 
epidote, chlorite with minor sapphirine and trace of kyanite 
(?). DK 23, 663. FV = 6 mm.
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CHAPTER 9 SUMMARY OF MAIN CONCLUSIONS AND FURTHER 
SPECULATION ON THE NATURE OF THE SELEBI-PHIKWE 

MAFIC-ULTRAMAFIC ROCKS AND THEIR TECTONIC SETTING

9.1 SUMMARY OF MAIN CONCLUSICNS

9.1.1 The Protoliths of the Selebi-Phikwe Gneisses
Whole-rock geochemistry of the Selebi-Phikwe gneisses combined 

with detailed mineralogical data and considerations of the litholog­
ical associations in which the gneisses occur have enabled conclusions 
about the original nature of the gneisses to be made. The most 
important lithological suites in terms of volume are the hornblende 
gneiss suite, the grey gneiss suite, the anorthosite-metagabbro suite 
and the granitic gneiss suite.

The protoliths of the main types of hornblende gneiss (HGN, 
HGG, HGC and HGF types of high-Ca hornblende gneiss) are proposed to 
have been both extrusive and intrusive tholeiitic basalts and ferro- 
basalts. Their original geochemistry has been modified by alteration, 
scene of vdiich is attributed to submarine alteration and some to 
regional metamorphism. The suite is geochemically characterised by 
marked Fe and Ti-enrichment. The range in composition of the suite is 
consistent with low-pressure crystal fractionation dominated by 
olivine, plagioclase and clinopyroxene in a periodically replenished 
magma system. Differentiated basalt layers indicate that Units F and 
E are the right way-up. This is the opposite direction to that prop­
osed by Wakelield (1974) and Wright (1977) from structural data. There 
is a general increase in the degree of Fe-Ti enrichment going upwards 
from Unit G. Major replenishment took place between Units D and C.

The typical grey gneiss is a calc-alkaline suite of relatively 
unaltered andesite to rhyodacite cemposition, which is tentatively 
regarded as being volcano-sedimentary rather than intrusive.

The protoliths of the anorthosite-metagabbro suite were 
plagioclase-clinopyroxene cumulates. Contrary to the proposal of 
Gallon (1986), they do not represent sediments.

The granitic gneiss suite represents moderately to weakly 
deformed granitoid intrusions into the Selebi-Phikwe gneiss sequence. 
They do not represent a basement to the gneisses (as proposed by 
Wakefield 1974) nor a sandstone unit (as proposed by Gallon 1986).

324



Of the volumetrically less important lithologies:
The protoliths of the ultramafic lenses that occur throughout 

the Selebi-Phikwe gneisses and particularly in Unit D are thought to 
be olivine, orthopyroxene and clinopyroxene-bearing cumulates. They 
are thought to have been derived from tholeiitic HGNl-type magma 
rather than komatiitic magma.

The protoliths of the intermediate biotite gneiss, low-Ca 
hornblende gneiss and diopside-bearing gneiss, all of vdiich are 
associated with high-Ca hornblende gneiss, were a variety of 
lithologies derived from the alteration of tholeiitic basalt ranging 
frcm i^ situ altered basalt to volcaniclastic and politic sediments.

The protoliths of the quartzites (ccamonly albite-oligoclase 
and sillimanite-bearing) associated with hornblende gneiss albite- 
sillimanite were cherts and aluminous volcaniclastic sediments.

The finely laminated magnetite quartzites associated with 
cummingtonite and actinolite amphibolites represent chemically precip- 
itated silica-iron oxide sediment. The protoliths of the currmingtonite 
amphibolite were chemically precipitated Mg-silicate sediment (e.g. 
talc). The actinolite amphibolite represents decarbonated mixtures of 
this j%-silicate chemical sediment with carbonate.

The hornblende-bearing calc-silicate gneiss represent 
sediments, possibly silicaeous or silicified calcareous argillite.

9.1,2 The Deformation and Metamorphism of the Selebi-Phikwe Gneisses
The Selebi-Phikwe gneisses are highly deformed and 

metamorphosed. The deformation has been subdivided into two main 
periods - D1 and D2. Dl is characterised by fold nappes and thrusts.
D2 iscA.a.r(icf^ri5eol by qpen periclinal domes and basins. Ihe 
temperature and pressure at the peak of metamorphism during late Dl 
are estimated as having been about 800 ° C and 10 kbar and are 
indicative of drastic crustal thickening (about 35 km). A metamorphic 
assemblage of olivine, orthopyroxene, hornblende and green spinel 
developed in the ultramafic rocks. Sheets of anorthositic plagioclase- 
clinopyroxene cumulate were possibly thrust into the Selebi-Phikwe 
sequence during late Dl. Localised partial melting and migmatisation 
of the Selebi-Phikwe gneisses took place during late Dl. Major 
granitic bodies were intruded into the Selebi-Phikwe sequence after 
the peak of metamorp^ism between Dl and D2 and during D2,
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9.1.3 The Original Nature of the Selebi-Phikwe Ore Bodies
The Phikwe, Selebi and Selebi North host amphibolites have 

suffered all the phases of deformation and metamorphism that can be 
recognised in the Selebi-Phikwe gneisses. Their essential mineralogy 
consists of hornblende, plagioclase, biotite and Fe-Ni-Cu sulphides. 
The olivine, orthopyroxene, hornblende and green spinel assemblage of 
the ultramafic portions of the host amphibolites are equilibrium 
metamorphic assemblages of the upper amphibolite-granulite facies 
transition. They are not a relict igneous assemblage.

The host amphibolites are geochemically similar and are 
characterised by high Al and Mg and hence high normative plagioclase 
and olivine contents. Field relationships and major and trace element 
geochemistry indicates that the three host amphibolites were intnxkxl 
as tholeiitic crystal mushes consisting of different mixtures of 
intercumulus basalt (of HGNl ccmpositon), cumulus plagioclase, 
olivine, orthopyroxene and chromite and syngenetic immiscible 
sulphides that were all fractionated from tholeiitic HGNl-type magma 
prior to intrusion. There are no sulphur-rich country rocks in the 
Selebi-Phikwe country rocks. The excess sulphur to form the deposits 
xs thought to have been derived by internal magmatic processes, rather
than by assimilation from country rocks.

The geochemistry of the host amphibolites has been modified 
during deformation and metamorphism, particularly by sulphide-silicate 
reactions which produced Fe-rich garnet amphibolites and shearing 
which resulted in increased contents of Ti, K, Rb, P, Y and Zr and 
decreased Si, Ca and (Na).

Ni-rich Type 1 massive sulphides represent the tectono- 
metamorphically modified equivalents of the earliest utmiscible 
sulphides to have separated form the parent magma. Cu-rich
disseminated sulphides separated later. The difference in the
Cu/(Cu+Ni) ratios between the three ore bodies is essentially due to
their differing proportions of massive and disseminated sulphide.

The geochemical variation in profiles through the host 
amphibolites and the distribution of massive and disseminated 
sulphides is due to a combination of flow differentiation during the 
intrusion of crystal-rich magma and post-emplacement gravitational 
differentiation. The ultramafic portions of the Phikwe and Selebi 
North host amEaiibolites formed ly flew differentiation. Contrary to 
the conclusion of mkefield (1974, 1976) , they are not separate 
intrusions into the host amphibolite protoliths.
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Sulphides
The sulphides were physically and chemically mobilised during 

deformation and metamorphism. Strain was concentrated in the low- 
strength massive sulphide layers with the eventual formation of 
inclusion-rich Type-2 massive sulphide. Repeated stress-induced 
diffusion of Cu, S, (Ni ?) and Co relative to Fe in quaternary 
metamorphic monosulphide solution (MSS) took place particularly in the 
mobilised massive sulphides. Later mobilisation was via a fluid phase. 
However the massive and disseminated sulphides have retained their 
original Ni-rich and Cu-rich natures.

The sulphide textures formed from cooling metamorphic MSS 
monosulphide solution and are consistent with the metamoirphic and 
deformation history of the Selebi-Phikwe gneisses.

9.1.4 The Effects of Deformation and Metamorphism on Selebi-Phikwe

9.1.5 The Original Nature of the Dikoloti-Lentswe Prospects
The Dikoloti-Lentswe host bodies are metamorphosed 

tectonically dismembered tholeiitic ultramafic and gabbroic cumulates 
emplaced into a unit of basalts and chemical sediments. The cumulates 
were either tectonic slices of thicker cumulate piles or high-level 
sills. The parent magma of the cumulates was tholeiitic HGNl basalt, 
similar to that fran viiich the Selebi-Phikwe host rocks formed. The 
corundum-spinel-sapphirine assemblage in the Dikoloti metagabbro 
represent metamorphosed veins and patches of hydrothermally altered 
gabbro. Ultramafic schists and some of the ultramafic anphibolites 
represent cumulates that suffered shearing-induced metasomatism 
particularly at the margins of the ultramafic body. The homblerrie 
gneiss which represent the basalt into vhich the cumulate bodies were 
emplaced have suffered hydrothermal or metasomatic enrichment in Fe 
and Mg derived from the adjacent mineralised ultramafic rocks and 
shearing-induced metasomatism.

Magmatic Fe-Ni-Cu immiscible sulphides were gravitationally 
concentrated in the olivine-orthopyroxene cumulates. Immiscible 
sulphides that concentrated to form the normal massive sulphides with 
low Cu/(Cu+Ni) ratios separated from parent magma before those that 
formed the disseminated sulphides with higher Cu/(Cu+Ni) ratios. 
Tectonically mobilised massive sulphides are enriched in Cu.
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9.2 THE CmAGMATIC NATURE OF THE SELEBI-PHIKWE MAFIC AND ULTRAMAFIC
ROCKS
The suite of high-Ca hornblende gneisses represent tholeiitic 

basalts (HG3SI1, HGG and HGC) , Ti-rich ferrobasalts (HGFl) and cumulus- 
enriched basalts (HGN2 and HGF2) . They are thought to be a ccmagmatic 
series in that they were all derived from HGNlP by low-pressure 
fractional crystallisation in the same or related magma systems.

The olivine, orthopyroxene and clinopyroxene cumulates that 
occur as thin lenses throughout the Selebi-Phikwe sequence are thought 
to have formed during the evolution of HGC from HGNl.

The thick tectonic slices of plagioclase-clinopyroxene 
cumulate represented by the anorthosite-metagabbro suite are thought 
to be the cumulus products of the crystal fractionation of HOG-HGFl 
type magma. It is suggested that they are the main cumulus products 
that formed during the evolution and fractionation of the more evolved 
types of basalt in the Selebi-Phikwe area, i.e. HGC and HGFl. The main 
evidence that the anorthositic gneisses were emplaced as tectonic 
slices is the mylonite zones that bound the anorthositic layers. This 
does not necessarily mean however that the anorthositic gneisses were 
translated significant distances prior to emplacement. It could just 
be due to rheological properties of the anorthositic gneisses.

It is concluded that the geochemistries of the hornblende 
gneiss suite, the ultramafic lenses and the anorthosite-metagabbro 
suite are consistent with the formation of their protoliths from 
evolving HGNlP magma. It is thought that they are ccmagmatic in that 
they actually formed in the same magma system or related systems with 
the initial composition of HGNl. The grey gneiss is geochemically 
unrelated to the tholeiitic hornblende gneiss suite.

The formation of highly fractionated Fe & Ti-rich tholeiites 
at mid-ocean ridges has been attributed to fractionation of MORE in 
both unreplenished closed systems or in frequently replenished open 
systems. The occurrence of different types of high-Ca hornblende 
gneiss representing various types of evolved basalt in the same unit 
indicate that the Selebi-Phikwe magma sytem(s) was not closed and was 
periodically replenished with HGNlP magma along with expulsion of 
variably evolved basalt as lava or high-level intrusive.

The protoliths of the host rocks to the Selebi-Phikwe ore 
bodies were intrusions of tholeiitic crystal mush consisting of 
cumulus plagioclase and olivine (+ opx.), intercumulus evolved HGNl- 
type basalt liquid and immiscible sulphides. The protoliths of the
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host rocks to the Dikoloti-Lentswe prospects were olivine, 
orthopyroxene and plagioclase-olivine cumulates. Both Selebi-Phikwe 
and Dikoloti-Lentswe protoliths are thought to have fractionated fron 
evolving HGNl-type parental magma.

It is thought that sulphur saturation and separation of 
significant immiscible Fe-Ni-Cu sulphides could have taken place in 
the fractionating and evolving, periodically replenished, open 
tholeiitic HQSIl systems that produced the highly evolved ferrobasalts 
of the Selebi-Phikwe area. The main requirements to produce immiscible 
sulphides of the composition that separated in the Selebi-Phikwe and 
Dikoloti-Lentswe systems is that the magma initially had a low S 
content and that only limited olivine crystallisation took place 
before replenishment. HGNl satisfies these requirements. The higher Ni 
and Cu contents and Cu/ (Cu-Wi) ratios of Selebi-Phikwe sulphides 
catpared to texturally equivalent Dikoloti-Lentswe sulphides are 
interpreted as indicating that the Selebi-Phikwe system was a mure 
open magma chamber with more frequent HGNl replenishment than the 
Dikoloti-Lentswe system. A situation somewhat analogous to that in the 
Juan de Fuca Ridge of the East Pacific is envisaged in vAiich small 
short-lived magma chambers, intermediate magma chambers of 
intermediate duration with periodic magma mixing and long-term steady 
state magma chambers with continual replenishment coexist (Delaney et 
al. 1981). It is a paradox of the model described above that a magma 
with a low sulphur content is initially required in order to form the 
ore bodies. This situation is scmeviiat analogous to that of the 
Bushveld Complex the parent magma of which is considered to have been 
sulphur-poor (Vermaak 1976) .

The metamorphosed and dismembered plagioclase-rich layered 
complex (including the mineralised crystal mushes) at Selebi-Phikwe 
has some similarities to larger layered gabbroid intrusions, e.g. the 
Stillwater and Bushveld Complexes and Sudbury. These complexes would 
appear to have formed in a continental setting. The most analogous 
Archaean intrusion to Selebi-Phikwe is possibly the Bird River sill in 
Manitoba (Karup-Moller & Brummer 1971; Scoates 1971; Coats et al.
1979). The main alternative to a continental setting for the Selebi- 
Phikwe layered cotplex is an oceanic setting.

9.3 THE TECTONIC SETTING OF THE SEIEBI-PHIKWE GNEISSES AND ORE BODIES 
The protoliths of the Selebi-Phikwe rocks are similar to those 

of the greenschist facies rocks in the Tati greenstone belt (Fig.
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1.2), which include tectonically emplaced sheets of gabbroic 
plagioclase-olivine cumulates with Ni-Cu sulphides (Brown in prep.). 
However ultramafic rocks are more common in the Tati greenstone belt 
than in the Selebi-Phikwe sequence. Ultramafic rocks, some of vbich 
may have been extrusive, generally occur towards the base of the Tati 
succession (Key 1976). Although the Ni content of the Phoenix ore 
body in the Tati belt has been upgraded during tectono-metamorphism 
(Brown in prep.) , the Selkirk ore body has similar Ni and Cu grades to 
the Selebi-Phikwe ore bodies. The host rocks to the Tati deposits are 
geochemically similar to the Selebi-Phikwe host rocks, i.e. they were 
gabbroic plagioclase-olivine cumulates. A genetic link between the 
Tati deposits and the Selebi-Phikwe ore bodies is thought to be 
possible, although the latter are probably older. The protoliths of 
the Selebi-Phikwe rocks and their proportions are similar to those of 
the Bulawayan Group of the Midlands greenstone belt in Zimbabwe (Fig. 
1.2, Table 1.2) (Condie & Harrison 1976; Condie 1981) vAiich contains 
little ultramafic rock.

The Selebi-Phikwe rocks most obviously differ froti those in the 
Messina-Beit Bridge area (the most studied area of the Limpopo Belt) 
in their lack of the latter's thick quartzites and carbonates. It is 
not possible to compare fully the two areas. For example data are not 
available to evaluate the amount of calc-alkali grey gneiss in the 
Messina-Beit Bridge area. The value of mineralogically and geochanic- 
ally analysing complete core sections through all the lithologies of 
the Selebi-Phikwe area is stressed. Any model of the tectonic setting 
of the rocks of the Limpopo Belt must take into account the fact that 
the rocks of the northern part of the Central Zone in Botswana (i.e. 
the Selebi-Phikwe area) are a different lithological sequence to the 
carbonate-quartzite-rich sequence of the southern part of the Central 
Zone (Fig. 9.1), although both sequences contain similar anorthositic 
ccmplexes.

The rocks of the Selebi-Phikwe area of the Linpopo Belt appear 
to be more like high-grade analogues of late Archaean greenstone belt 
to the north in the Rhodesian Craton (Condie 1984) than a separate 
"high-grade" quartzite, pelitic gneiss, carbonate and anorthosite 
association (see Ch. 1.3.6; cf. Shackleton 1976; Sutton 1976; Windley 
1976, 1977; Condie 1976a). Compared to greenstone belts however the 
rocks of the Selebi-Phikwe area have more fractionated tholeiites, 
abundant plagioclase-rich cumulates and no recognised kcmatiites.

The rocks of the Selebi-Phikwe area are thought to have
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formed either in a continental setting or an oceanic setting. 
Equivalents of the majority of lithologies represented by the Selebi- 
Phikwe gneisses are found in the modem ocean floor environment (c.f. 
Dewey & Bird 1970) and in ophiolite complexes (Gass 1977; Coleman
1977) . The hornblende gneiss suite have most in conmon with 
fractionated oceanic basalts from a mid-ocean ridge or back-arc basin 
(see Ch. 4.7.3).

The anorthosite-metagabbro suite would appear to have 
originated in either (1) an oceanic spreading centre, i.e. at an 
oceanic ridge or back-arc basin, (2) a continental Stillwater-Bushveld 
setting, or (3) a magmatic arc at a continental margin (Windley &
Smith 1976). The oceanic setting as layered cumulates is preferred 
because of (1) the prevalence of tectonic contacts indicating that the 
anorthosite-metagabbro suite was emplaced as tectonic slices, and (2) 
the interpretation that seme of the Selebi-Phikwe basalts were 
submarine extrusives. Anorthosites and anorthositic gabbros form a 
component of modem oceanic crust (Engel & Fisher 1969; Vame et al. 
1969; Hedge et al. 1979), although a smaller component (5% of 
intrusive rocks in the oceanic crust of the Indian Ocean, Engel & 
Fisher 1975) than is represented by the Selebi—Phikwe anorthosite- 
metagabbro suite. Ferrogabbros chemically similar to HGF2 also occur 
in ocean crust (Engel & Fisher 1975). Some ophiolites, for example 
t/oe Mcos/rct/v oj>/oio //fe , contain extensive cimulate
gabbroic anorthosite ( Mose /ey /9G9 ). The amount of ultramafic
cumulate in the oceanic crust represented by the Samail ophiolite is 
less than 3% (Pallister & Gregory 1983).

Deep-sea sediments are represented by some of the intermediate 
biotite gneiss and the Fe-rich grey gneiss (pelitic sediments) and the 
finely laminated magnetite quartzites and Mg-amphibolites (chenical 
sediments). Important negative evidence is thought to be the general 
lack of carbonate and orthoquartzite (shallow water, passive margin 
lithologies ?) that are significant components of the Littpopo Gneisses 
of the Messina-Bei Bridge area.

The main ophiolite component missing from the Selebi-Phikwe 
area are ultramafic rocks representing thick tectonised peridotite 
below layered cumulates. However this component is always missing in 
exposures of Archaean rocks. The major ultrabasic complexes with large 
podiform chromite bodies that occur in a large area south of Buhwa 
(Fig. 9.1, Mason 1973) possibly represent the basal portion of 
ophiolitic layered cumulates. The Selebi-Phikwe rocks differ from
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typical ophiolite complexes in the highly fractionated incanpatible 
element-enriched nature of the basalts, the plagioclase-rich nature of 
the layered cumulates and the intermixing of calc-alkaline rocks (the 
grey gneiss suite) with the basalts.

Shackleton (1986) concluded that the metamorphism (granulite 
facies and drastic crustal thickening) and structures of the Limpopo 
Belt suggest collision. He also stated that other criteria to support 
the proposal for collision, e.g, ophiolites, deep-ocean abyssal 
sediments and subduction-type calc-alkaline volcanism, have not been 
recognised. Although it is unlikely that modern-type plate tectonics 
can be applied without modification to the Archaean, it is 
tentatively suggested that some of the rocks of the Selebi-Phikwe area 
have "ophiolitic" affinities. Calc-alkaline volcanism is represented 
by the grey gneiss suite. They are thought to be fore-arc 
volcaniclastic sediments derived frcm an adjacent calc-alkaline arc 
(the belt of intrusive porphyritic granites between Selebi-Phikwe and 
the Tati greenstone belt). A reconstruction is shown in Figure 9,1. 
Convergence of the Rhodesian and Kaapvaal protocontinents resulted in 
closure of the oceanic basin and collision. The Selebi-Phikwe rocks 
were deformed and metamorphosed during drastic crustal thickening. 
Wright (1977) suggested that facing of the recumbent structures 
implied underthrusting to the north. Granites were the main melts 
produced by the collision. Closure was possibly oblique to the main 
trend of the Limpopo belt. Later dextral movement along the collision 
zone produced the D2 structures.

It is not known whether there was just a single oceanic-type 
basin between the Rhodesian and Kaapvaal Cratons (protocontinents).
The carbonates and quartzites of the Messina-Beit Bridge area 
represent a passive Atlantic-type margin to the Kaapvaal 
protocontinent that became tectonically intercalated with oceanic 
crust (including anorthosites-gabbros) . Asymmetry of the Limpopo Belt 
is also implied by the lack of young (2.6-2.7 Ga) greenstone belts in 
the Kaapvaal era ton. It is suggested that the Sand River Gneiss may 
not have been a "basement" to the Beit Bridge Gneisses but instead 
were tectonic slices of the Kaapvaal Craton.

Further work required in the Limpopo Belt includes: (a) the 
distribution of ferrobasalts within the Belt (Are they a feature of 
the Selebi-Phikwe area and its Ni-Cu deposits alone ?), (b) the 
distribution and original nature of the poorly exposed calc-alkaline 
grey gneiss suite and other leucocratic gneisses.
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Fig. 9.1 Regional Tectonic Settings within the Limpopo Belt 
(see Fig. 1.2 and Table 1.2)

The metamorphosed crystal mush intrusions that host the Selebi- 
Phikv/e ore bodies are regarded as analogous to mobilised cumulates in 
ophiolite complexes that intrude as crystal mushes along faults that 
penetrate deep into very young, partly consolidated oceanic crust 
(Karson et al. 1983). These are more prevalent at ridge-transform 
intersections or "leaky" transform regions. The Dikoloti-Lentswe 
cumulates are more regional in their occurrence. Whether or not they 
represent dismembered high-level sills or tectonic slices of a thicker 
cumulate pile (The latter is preferred.), the Dikoloti-Lentswe unit 
represents an early (Dl) zone of thrusting that was refolded into a 
done and basin pattern during D2.

The Selebi-Phikwe Ni-Cu sulphide deposits can be classified as 
tectonically modified deposits in synvolcanic intrusions associated 
with a tholeiitic suite of oceanic affinity (cf. Naldrett, IGCP 
Project, 1979) .
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APPENDIX

A. Mineral Analyses
All mineral analyses were performed by electron micrpoprobe. 

Energy dispersive analyses were perfonted at Inperial College. 
Wavelength dispersive analyses were performed at the Open University. 
The analyses are tabulate in pages A. 2 to A. 8. Only the wavelength 
energy dispersive (Open University) analyses have been used for the 
average compositions presented in the thesis.

B. Whole-rock Geochemistry
All the rocks were analysed by X-Ray fluorescence spectrometry.

Rock powders were prepared using the normal techniques in operation at 
Southampton (Cosgrove 1972).

Major Elements
Si, Ti, Al, total Fe, Mg, Ca, Na, K and P were analysed using a 

Telsec B300 electron excitation X-Ray fluorescence spectrometer (beta- 
probe) . Graphite was added to the rock powders in proportion to give 
mixtures oontainning 10 wt% graphite. The mixtures were ground in a 
tungsten carbide-lined Tema disc mill for 15 minutes. They were then 
pressed on to lead discs of suitable size for the beta-prdbe.

The beta-probe was installed in the Department of Geology at the 
University of Southampton in May 1978. Calibrations based on 
international rock standards (prepared in the manner described above) 
were developed under the direction of M. E. Cosgrove during the period 
1978-1980. These include separate calibrations for raw basic/ultra- 
basic igneous rockks, acid igneous rocks, sedimentary rocks (excluding 
carbonates) and carbonate rocks. A further calibration was developed 
for fluxed rocks of any composition.

New basic/ultrabasic calibration curves were set up by the 
'writer for both raw and fluxed samples. A secondary calibration of 7 
standards was used on each analytical run, instead of the inadequate 2 
point calibrations of the standard beta-probe analyticalimethod. A 
monitor was analysed roughly every 20 samples. Data output was 
recalculated by hand calculator using the secondary calibration.

Major component totals were generally satisfactory (98-101%). 
Some low or high totals were obtained outside the above range. If 
unsatisfactory analyses were obtained on raw samples, then the raw 
samples were reweighed and remixed. If after repreparation raw samples

A. I



572 PW zn
MINERAL ANALYSES ANORTHOSITE

ML GE GF MA MB G G MC MD MH MI GI GH GLcpx cpx mp amp pi g P 1 (1 pi q pig P 1 qSi 02 53 . 60 55 . 25 53. 27 52. 88 53. 09 53 . 25 49 . 44 48. 32 52. 91 52. 24 51. 63 54. 96 51. 89Ti02 0 . 08 0 . 06 0. 06 0. 15 0. 11 0 . 09 0 . 31 0. 42A1203 1 . 35 1 . 37 0. 76 4. 42 3. 84 4 . 97 6 . 95 8. 23 30. 31 30. 33 31. 25 29. 70 31. 21FeO 7 . 63 7 . 45 6. 58 10. 31 10. 16 10 . 48 11 . 62 12. 17 0. 08 0. 10MnO 0 .30 0 . 28 0. 35 0. 28 0. 27 0 . 25 0 . 26 0. 25MqO 13 . 64 13 . 91 13. 40 16. 41 16. 64 15 . 52 14 . 63 13. 98CaO 23 . 33 23 . 38 23. 27 12. 51 12. 59 12 . 49 12 . 34 12. 50 12. 82 13. 0 4 14. 10 12. 37 14. 25Na20 0 . 39 0 . 39 0. 29 0. 46 0. 43 0 . 58 0 . 69 0. 72 4. 31 4. 18 3. 59 4. 53 3. 52K20 0 . 00 0 . 00 0. 01 0. 30 0. 24 0 . 38 0 . 56 0. 69 0. 13 0. 13 0. 08 0. 12 0. 10Cr203 0 . 03 0 . 02 0. 00 0. 02 0. 03 0 . 03 0 . 03 0. 05NiO 0 . 00 0. 03 0. 02 0. 03 0 . 02 0 . 02 0. 00TOTAL 100 . 35 102 . 11 98. 02 97. 76 97. 43 98 . 06 96 .85 97. 33 100. 56 100 . 02 100. 65 101. 68 100. 97
572 ML Large cl inopyroxene rimmed by amphibo 1e- quartz i ntergrowthGE Margin of large c I I nopyroxene rimmod by amph i bo 1 o-ciua r t GF Core of large cl Inopyroxene (GE)MA Amphibole of quartz-amphlbole interqrowth MB as MA GG as MAMC Amphibole In piagIocIase-amphibo1e matrix MH Core of unzoned moderate-size plaqioclaso MI Margin of plagioclase (MH)GI Core of large zoned plagioclase GH Margin of plagioclase (GI)GL Core of weakly-zoned large plaqioclase

I n tergrowth 
tnming cl I nopyroxene hornblende

MD MC h.orr, bl otide

572 continued 549 ?W 208GK GJ MJ MK HC HD HE H3 MH HF HG HA HMpig pi q pig pig cpx cpx amp amp amp amp pi q pi g5 102 53.88 51. 19 50. 72 53. 12 53. 77 53. 67 53.17 50.39 4 9.7 4 4 9.30 50. 99 46.03 47. 75TI02 0. 13 0. 13 0. 15 0. 67 0.72 0.61 0. 52A1 203 30.52 32. 35 32. 38 30.28 1.04 1. 19 1. 39 6.59 7.03 6. 11 5. 57 33.24 33. S3FeO 0. 07 0.11 6. 31 6. 27 6.62 9.68 9.GG 9. 62 9.37 0. 13MnO 0. 11 0. 14 0. 13 0.09 0. 11 0. 09 0. 08 0. 02MqO 14. 46 14. 26 14.00 15.94 15. 77 15.91 16.28 0.00CaO 13. 04 15.27 15. 05 13. 06 22.61 22.46 22.33 11. 67 11. 57 11.71 11.79 16.02 17.34Na20 4. 19 3. 10 3.22 4. 35 0.31 0.3 4 0.32 1. 01 1.14 0. 90 0. 77 1.84 1.88K20 0. 12 0. 07 0. 06 0. 11 0. 00 0. 00 0.20 0. 20 0. 20 0. 17 0. 01Cr203 0.00 0.00 0.02 0.03 0. 02 0. 02N i 0 0.00 0. 03 0. 03 0.09 O.OS 0. 08 0. 06 0.00TOTAL 101.75 101.98 101.50 101.03 98. 74 98. 49 98.14 96.35 96.05 95. 05 95.62 97.28 100.51
GK Mara i n of weak 1y-zoned large pi aq 1oc1ase (GL)GJ Smai 1 pi ag i oc1 a SG near amphi bole-1quartz i nterqrowtl: MJ as GJMK Small matrix plaqioclase

549 HC Large c1inopyroxeneHD Clinopyroxene adjacent to plaqioclase (HA)HE Cl inopyroxeneHB Large amphiboleHH Large idiofplastic amphiboleHF Atnphibole inclusion in c 1 i nopyroxene (HD)HA Matrix plaqioclase adjacent to clInopyroxeneHM Matrix plagioclase

Instrument fluctuationPoor calibration particularlySi 02 and CaO too 1 ow
HG z(HD)

Si 02 Ti02A1203FeOMnOMgOCaOCr203TOTAL

546 BA qnt 39. 94 0. 36 13. S3 13. 77 0. 08 0. 07 31.83 0. 00

PW BB qnt 38. 55 0. 38 14. 66 13. 51 0. 06 0. 09 33. 04 
0. 00

GARNET-QUARTZ ZONES IN ANORTHOSITE

99.88 100.59

BC qnt 37.67 0. 41 13. 36 15. 17 0. 08 0. 05 32. 33 
0.00 99. 07

566BD BDR BE BF BG DH BHR BJ BJqnt gnt qnt gnt qnt qn t gnt qnt qnt38. 87 41.. 15 38. 52 37. 86 38. 30 37.91 38. 19 38. 62 36. 420. 32 0. 36 0. 45 0. 38 0. 39 0. 37 0. 37 0. 47 0. 4514. 85 13. 12 14. 56 14. SO 14. 98 13.82 13. 83 15. 41 15. 5713. 73 14. 13 12. 88 12. 85 12. 02 13.48 13. 82 11. 32 10. 840. 06 0. 05 0. 09 0. 09 0. 09 0. 08 ■ 0. 08 0. 09 0. 080. 03 0. 09 0. 09 0. 09 0. 10 0.07 0. 09 0. 09 0. 1030. 67 30. 85 33. 10 33. 01 33. 27 33. 06 31. 74 33. 89 34. 260. 0098. 53 99. 75 99. 69 99. 08 99. 15 93. 79 98. 12 99. 89 99. 72
546 BA to BD Traverse across zoned garnet from (BA) to r im (BD) BDR repeat oBE to BH Traverse across zoned garnet from (BE) to im (DH) BHR repeat o566 BI to BL Traverse across zoned garnet from (BI) to im (BL) qrossular-analyses instrument fluctuation$ Filament blew after th i 5 analysis

566 continuedBK BKR Bl BLR BM BN BO BP BQ DS BTqnt qnt qnt qnt qnt qnt qnt qnt pi q pi qSi 02 38. 06 37. 94 38. 05 37.76 38.05 37.86 38.67 37.70 44. 54 4 5.40 36.68Ti02 0. 47 0. 51 0. 34 0. 36 0.32 0.38 0 . 36 0. 36 0.02 0.02 0.13A 1203 15. 56 15. 69 15. 16 15.48 15.20 14.35 14.18 14. 08 33. 85 33. 96 24.53FeO 10.30 10. 26 12. 14 10. 95 11.42 12.29 13. 03 12.94 0. 70 0.24 7. 42MnO 0.11 0. 11 0. 09 0. 08 0.11 0.11 0. 06 0.09 0.02 0. 02 0.00MqO 0. 12 0. 10 0. 07 0. 10 0.09 0.05 0. 07 0.07 0. 00 0.00 0.08CaO 34. 36 34. 16 32. 37 33.82 33.64 33.76 33. 91 33.56 17.93 17.75 18.59Ha20 1. 16 1.34 0.58K20 0.26 0. 07 0.16TOTAL 98. 98 98. 77 98. 22 98. 55 98.83 98.80 100.28 98. 30 98.48 98.80 88.17
566 BI to BL garnet from core (BI) to r i■m (BL) BKR r peat of BK BLR of BLBM to BP garnet from core (BM) to r i:m (BP) ssular

BDBH

BQBRBS8T
Inclusion in cjarnet Inclusion in garnet Inclusion :n garnet

plaqioclasc plaqioclase plaqioclase opidote
Poor analysis possibly instrument fluctuation sibly high contents of Y S Zr
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CALC-SILICATE GNEISS

s;o2TI02A] 203FeOMnOMqOCaONa20K20Cr203NiOTOTAL
30- JH JI JK JJ JN JO JP JQ JL JM

30-7- IdJH JI JK J J JN JO JP J JL JMamp amp cpx pi q pi q pi q p 1 q sp h42.63 42. 99 51. 39 51. 19 47. 99 48. 70 47. 5 4 51 . 51 29. 96 29. 580.66 0. 70 0. 17 0. 17 33. 27 33. 2010.59 10. 40 2. 03 2. 1 4 32. 79 31. 69 32. 35 30 . 31 3. 02 3. 0 414. 43 14. 14 8. 89 9. 17 1. 4 6 1. 300.14 0. 12 0. 17 0. 19 0. 05 0. 0512. 63 12. 68 12. 49 12. 26 0 . 02 0. 0312. 18 12. 31 24. 12 24. 10 16. 78 15. 33 16. 4 3 13 . 47 28. 07 27. 781. 50 1. 3 4 0. 47 0. 50 2. 15 2. 9 0 2. 21 3 . 87 0. 07 0. 051. 94 1. 95 0. 00 0. 01 0. 06 0. 05 0. 05 0 . 11 0. 00 0. 010. 00 0. 00 0. 020. 0296. 70 96. 65 99. 73 99. 75 99. 77 98. 67 99. 13 99 . 27 95. 92 95. 0 4
-IdCore of large amphibole Core of large amphibole Clinopyroxene rimming amphibole (Jll) C1 i nopyroxene rimming Core of moderate-size Margin of plaqioclase Core of moderate-size Margin of plaqioclase Sphere Sphere

hornbiendc

amphI bole (JI) twinned plaqioclas ( JN)twiiined plaqioclas < JP)

*** Low total h i qh Ti calibratic or unat^alyccd olcmciit ?

Si02Ti02A! 203FeOMnOMqOCaONa20K20P205Cr203NiOCuO
sZnOCoOTOTAL

BANDED QUARTZITE-AMPHIBOLITE
IT 27-30 IC Energy Dispersive 1 2b 2camp amp amp 55.39 54.93 56.030.07 0.00 0.020.76 1.06 1.1916.80 16.62 17.680.19 0.21 0.2721.90 22.08 21.841.18 1.30 1.320.51 0.33 0.450.00 0.00 0.030. 1 0 0.0 0 0.000.15 0.01 0.030.00 0.00 0.300.00 0.12 0.00 0.00 0.00 0.00 0. 04 0.00 0.07

97.09 96.66 99.23

4 b 3d 4a 3a 3 b 3camp bi py po po55. 55 55. 34 38. 35 0. 03 0 . IS 0. 07 5 i0. 09 0. 00 2. 06 0. 00 0 . 00 0. 07 T ii. 05 1. 40 15. 28 0. 01 0 . 0 4 0. 0 6 A I16. 67 16. 95 10. 96 46. 63 60 . 03 59. 85 Fc0. 25 0. 18 0. 00 0. 00 0 . 00 0. 00 Mn22. 23 21. 88 17. 92 0. 00 0 . 03 0. 07 Mq1. 07 1. 62 0. 02 0. 00 0 . 00 0 . 00 Ca0. 52 0. 57 0. 53 0. 27 0 . 29 0. 34 Na0. 00 0 . 00 8. 39 0. 02 0 , 0 4 0. 00 K0. 07 0. 00 0. 00 0. 20 0 . 06 0. 05 P0. 02 0. 14 0. 65 0. 07 0 . 00 0. 08 Cr0. 06 0. 10 0. 26 0. 00 0 . 21 0. 35 N i0. 06 0. 21 0. 19 0. 0 i 0 . 00 0. 00 Cu0. 04 0. 04 0. 00 55. 07 3 9 . 96 40. 05 50. 00 0. 34 0. 06 0. 02 0 . 01 0. 14 Zn0. 00 0 . 00 0. 11 Co97. 68 98. 77 98. 06 102. 33 100 . 85 101. 2 4
cumin i nqton t tecumminqtonI to

LT 27-301 Cl inoamphibo 1e 2b Core of coarse amphibole 2c Margin of amphibole (2b)4b Amphibole cumminqtonite3d Amphibole cumminqtonite4a P/C/oAop,3a Opaque pyrite *** Assumes no 03b Opaque pyrrhotite3c Opaque pyrrhotito
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DIKOLOTI FELD5PATHIC AMPHIBOLITE660 PK 23BA BF BG BB BC BD BH BE DI BJ TC TDsap sap sap sap sp i spi unk? unk ?Si02 0. 03 0. 03 0. 03 12. 70 12.95 12.29 12.67 0. 06 0.09 0. 09 3 9.40 39.54Ti02 0. 02 0. 02 0. 02 0. 04 0. 04 0. 04 0.04 0. 02 0. 02 0. 02 0. 02 0. 02A1203 98. 11 97.50 97.77 63.63 63. 74 64.11 63.62 63. 74 63. 90 63.92 32.37 32.81FeO 0.38 0. 38 0.39 5.77 5. 80 5. 25 5. 65 17. 16 17.56 17.70 0. 35 0. 44MnO 0. 02 0. 02 0. 02 0. 06 0. 09 0. 06 0. 08 0. 12 0.11 0. 12 0. 05 0. 03MqO 0. 00 0.00 0, 00 16.80 16. 76 16. 87 16.68 16.19 16.27 16. 17 0.00 0. 02CaO 0.01 0.01 0.01 0. 03 0.01 0. 01 0.01 0. 03 0. 03 0.01 24.37 24. 51Na20 0.01 0. 03 0. 00 0. 08 0. 08K20Cr203 0.00 0. 00 0.00 0. 00 0. 00 0.00 0.00 0. 00 0.00 0. 02 0.01 0. 00
NiO 0.00 0. 00 0.00 0. 07 0 . 04 0.04 0. 06 0.19 0. 15 0. 15TOTAL 98. 57 97. 97 98. 27 99. 10 99.16 98. 67 99.01 97.51 98.13 98.20 97. 15 97. 45660 A ABA Large corundum i n corundum-sapphirine- spinel aggregat o in feldspathlic amphi: bo 1iteBF as BA BG as BABB Sapphlrine in corundum-sapphirine-spine1 aggregate BC as BB _ BD as BB BH as BBBE Spinel in corundum-sapphirine-spInel aggregate pleonaste BI as BE _ BJ as BE _TC Fine-grained aggregate in corona to corunditm-sapphirino-spine 1 (dark)TD adjacent TC (liglit) ( c 1 i no ) go i s i t o?* Low totals probably poor polish or high A1 calibration?** Low totals poor polish and fine-grained aggregates

(cl I 1)goisit o?

660 Icontinued 663 P/< 2 3
TE TF TG TH TI TL TJ TK TM BI BJ BKunk? unk ? unk ? unk ? amp p 1 g pi q p I a sap sapSI02 39.78 39. 28 43. 93 46. 75 45. 29 45. 30 43.91 44. 0 0 43.86 12. 93 12.93 13. 33Ti02 0. 02 0. 02 0. 02 0. 02 0.11 0. 09 0. 02 0. 02 0.^;A1203 30.36 32.52 35. 63 37.72 15. 16 15. 04 35. 53 35. 58 35.64 63.36 63. 21 62.99FeO 0.32 0.87 0. 10 0.35 7.39 7.39 0. 03 0. 14 0. 06 5. 40 5^^ 5. 43MnO 0. 03 0. 05 0. 02 0.02 0.14 0. 16 0. 03 0^^ 0. 06MqO 0. 06 0. 00 0. 00 0. 04 16. 01 16. 10 17.37 17.29 17.32CaO 24. 95 24. 04 19. 46 0. 07 11. ii 11.08 19. 52 19. 48 19.52 0.03 0. 01 0. 03Na20 0. 03 0. 11 0. 41 0. 20 1. 77 1.65 0.40 0.43 0. 41K20 0.01 0. 05 0.00 11.08 0. 24 0.24 0 . 00 0. 00 0.00Cr203 0.00 0. 00 0. 02 0. 02 0.00

TOTAL 95. 56 96. 94 99. 57 96.25 97. 22 97. 05 99.44 99. 63 9 9.49 99. 21 99. 27 99. 18
660 TE Fine -qrained f 1 brows (bow-t ic) aggregate in corona (dark) (clino) go isite?TFTGTHTITLTJTKTM

near TE (light) (c1 ino ) go Isite?Fine-grained aggregate near edge of corona adjacent to atr.ph i bo I I Fine-grained aggregate in corona (light) sericite?Amphibole in feldspathic amphibolite hornbletido as TI Plaqic as TJ

anorthite?

ioclase in feldspathic amphibolite 
of large plaqioclase in amphibolite

663 BI Sapphirine in sapphirine-spino 1 clot BJ BK as BI fe1dspathic amphibolite

663 continued

Si 02Ti02A 1203FeOMnOMqOCaONa20K20Cr203NiOTOTAL663BMBABBBHBHBLlBL2BO

BMsap 13. 03 
0. 02 62. 77 5. 62 0. 08 17. 36 0. 04

BA spi 0. 03 
0. 02 66. 43 17. 46

BB spi 0. 03 
0. 02 

66. 57 17. 17

0. 02
99. 21

0. 00 0. 27 101.38
0.00
0.22

BCspi 0. 06 
0. 02 66.80 17. 15 0.14 17.57 
0. 01

0. 000. 24

BH chi 25. 66
0. 02 25.394. 44 0. 03 27.630.29

0. 00

BN chi 25.93 0. 02 26. 04 3.32 0. 03 28.38 0. 26 
0. 00 
0.00 
0.00

BHR chi 26. 15 
0. 02 26. 18 3.14 
0. 02 29.14 0.27 
0. 00 
0. 00

BPchi25.390. 02

DPR chi 26. 10 
0. 0225.72 3.84 
0.02 26.61 0. 32 
0.00 
0. 00

BLl unk ? 30. 64 
0. 02 27.01 15. 97 0.09 8. 95 7. 02

0. 00

BL2 unk? 38.73 
0. 0232.32

24. 15
0. 00

101.49 101.99 83. 46 
aggregate

83.98
Sapphirine in sapph i r i ne-sp i ne 1 ,, . __ ... . ___Spinel in sapphirine-spine1 clot in feldspathic amphibolite BC as BA m high totals due to mas absorption effectThin vermicular rim to spinel chlorite (corundophilito) as BH BHR repeat of BN BP as Bll BPR repeat of BPFine-qr. aggregate in corona to sap-spin mixture of Fe-Al chlorite (70%) + cl go I adjacent to BL1 (cl :no)goisite ?as BLl mixture of (clino)zois:te (68%) + scricite (28%Low totals due to H20 content of chlorite plus fine-qrai

BOunk ? 41. 72
0.0232.86

16. 630.093.13
0.00

84.92 84.46 84.63 89.70 96.46 97.11
* * * ’‘.AA A* A A

foldspathic amphibolitepleonaste in dense minerals

) + chlorite (4%) ? nod nature and poor pol

(30%)?

i sh
663 continuedBO BRl BR2 BU BV BU TN TP BD BEunk ? unk? unk ? unk ? unk? unk ? unk ? Link ?Si 02 38. 74 35. 69 45. 14 38.74 41. 08 33. 85 26. 97 27.87 45. 73 4c"o3

TI02 0. 02 0. 04 0. 05 0. 02 0.04 0. 04 0. 05 0. 02 0. 06 0. 06A1203 32. 60 18. 38 17. 26 32. 32 22. 76 20.81 22.67 22. 07 15.85 15. 29FeO 0. 51 11.42 10.67 1. 07 4. 93 8.52 7.38 7. 48 6.96 7. 02MnO 0. 05 0.22 0. 31 0. 03 0. 03 0. 17 0. 03 0. 03 0.16 0. 13MqO 0. 00 21. 98 21. 17 0.25 20.37 26. 18 27.86 28. 24 16.02 16.14CaO 24. 08 0.57 0.83 24. 15 0. 36 0.29 0. 09 0.0 4 11. 45 11.55Na20 0. 05 0.89 1.53 0. 00 2. 01 0. 48 0. 02 0. 02 1.56 1. 50K20 0. 00 0. 01 0. 00 0. 00 0. 01 0. 01 0. 01 0.00 0.24 0. 27NiO 0. 08 0. 09TOTAL 96. 05 89. 20 96. 96 96. 58 91. 59 90.35 85. 08 85.77 93.11 98.08A* t? A A aO 0 (3BQ Fi ne-qrained aggregate near outer marqi corona (cl i no)go i 5 i tcBRl as BQ Mi f amph ibole and chi or t te ?BR2 as BQ adjacent to BRl ampti ibole gedr i te
BU Fi ne-grainod aggregate in corona adjacent to BL (c)ino)goi site ?BV Coarse str min. on outer ri m of corona. Amphiho 1e te? + clBU as Bv Mixture of chlorite + amphiboleTH TP as BV Chi or i te ? Cr203 ana IysBD Core of large amphibole of feldspath I c bo 1iteBE Typical amphibo 1e in amphibo 1 i te hornblende

chi or!te? 
not detected



PHIKUE HOST AMPHIBOLITE

SI02Ti02A1203FeOMnOMqOCaOHa20K20Cr203NiOTOTAL
34e BG BY BYR ME MG

BFBSBTBTRMF

34eBG
43^70 0. 09 15. 03 11.66 
0. 22 13. 55 11.30
1
0,
0,
0.97.

BY
42^72 0. 09 14, 72 11.89 0.20 13. 30 10. 42 1.65 0. 32 0. 02 
0. 01 95. 34

BYR amp 43. 05
14.81 12. 26 0.25 13. 41 10. 56 1.55 0. 33

96. 22

ME
44^20 0. 09 14.71 
11.88 
0. 20 13. 34 11. 09 1. 62 0. 24 
0. 00 0. 03 97. 40

MG
43.86 0. 09 15. 02 
12. 20 0.20 13. 44 10.48 1.64 0.33

97. 26

BF
44^83 0. 0515. 9016. 57 0.3917. 67 1. 18
1
0
0
0.98

BSamp43.780. 0515. 5516. 42 0. 3716. 97 1.06 1.69 
0.01 
0. 00 0. 03 95. 93

BT amp 44. 44 0. 0515. 1616. 27 0.3917.73
1.11

BTR amp 44. 57
15.2116.49 0. 39 17. 97 1. 13 1. 47 
0.00

96^8 97^3
Fine matrix amphibole hornblende adjacent to BF Matrix amphibole hornblende Repeat of BYFine green matrix amphiboie hornblendeFine green matrix amphibole hornblende
Long thin idioblastic amphibole straight extinction qedrite Core of large idioblastic amphibole godrite Margin of large idioblastic amphibole ^DS) gedrite Repeat of BT qedriteFine light brown matrix amphibole qedrite Poor analyses instrument fluctuation
34q PW 93GA GB GM GC GDpig pi q pig ampSi 02 53. 92 54. 92 55. 24 48.23 47'.'83

Ti02 0.50 0. 51A1203 30. 93 30.37 30. 08 11.62 11.85FeO 12.42 12. 68MnO 0. 17 0. 19MqO 14. 14 13. 94CaO 13. 43 12. 56 12.36 10.42 10.54Ha20 4. 10 4. 64 4. 77 1.49 1.55K20 0. 02 0. 04 0. 02 0.32 0, 35Cr203 0. 05 0.13N i 0 0. 06 0 . 06TOTAL 102.40 102.53 102.47 99.42 99. 63
34q GA Matrix plaqioclaseGB Matr i X plaqiCM Typiical small matrix plaqiGC Moderately coarse amphibole hornblendeGD Moderately coarse amphibol e hornblende

MFamp45. 29 0 . 0715. 5016. 66 0.4 617. 43 0. 96 1. 67 
0.01 
0.00 
0.0198. 06

** Totals too high spectrometer B counter fluctuating <Si 8 A1)

SELEBI HOST AMPHIBOLITE

Si 02A1203FeOMnOMqOCaONa20K20TOTAL
112 FA FB FG FK FL FC

Si 02Ti02A1 203FeOMnOMqOCaONa20K20Cr203NiOCuOSCoOTOTAL

112 FA sp i 0. 09 66. 37 20.38 
0. 11 15. 36 0. 03 0. 08

JD 8Z. FB spi 0. 09 65. 66 19.71 
0. 11 15.17 0. 01 0. 10

FG FK FL FC FD FH FE FI FF F.lpi q P I q pi q44. 62 45. 39 45. 33 40. 32 46. 83 44. 97 36. 83 31. 4 3 44. 94 45 . 1135.84 36. 30 36. 14 32. 05 35. 26 34. 85 29. 39 25. 52 35. 35 35. 802

19. 92 19. 73 19.70 22. 25 5. 34 8. 18 20. 80 22. 61 16. 86 17 . 970.50 0, 94 0. 92 0. 08 0. 5 4 0. 7 4 0. 52 0. 68 0. 48 0 . 830.01 0.00 0.01 0. 31 7. 53 6. 23 0. 20 0. 10 1. 55 . 9 0100.89 102.36 102.30 95. 01 95. 50 94. 97 87. 7 4 80. 34 99. 18 100 . 66
pioonaste

102.42 100.85
Spinel in spine) aggreqate surrounded by altered plaqioclase corona as FA *** High totals due to mas absorption effect in dense minerals Fine plaqioclase associated with spinel anorthitcMatrix piagioclase of hornblende-feldspar amphibolite anorthitc same plagioclase as FK

product of plaqioclase in the corona surrounding spinel aggregate FD-FJ below alteration products of matrix plagioclases of amphibolite FD and FH same plagioclase FE, FI, FF, FJ all same plaqioclase Low totals due to fine-grained nature, H20 content and counter B fluctuating
1135a spi 0. 05 
0. 01 64. 24 18. 79 0. 07 16. 75 
0. 02

IC Energy Dispers6 spi 0. 03 0. 06 63. 67 18. 44 0. 03 16. 26 0. 04 0. 43 0. 01 0. 05 0.21 
0.00 
0. 00 0.10 99.33

5b pi q 43. 48 0.04 35. 88 0.39 0. 03 0. 15 19. 62 0.25 0. 02 
0.00 
0. 00 0. 02 0.01 0.11 100.00

51 ve 
1c 1 z 38. 74 
0. 00 32. 55 0.51 0. 08 0.14 24. 48 0. 09 
0. 00 
0. 00 
0. 00 0. 18 
0.01 
0.00 96. 78

5P SZ. 
5c clz 39.63 
0. 02 33. 11 0. 41 
0. 00 
0. 00 24. 88 0. 05

0.00 
0. 0298. 14

8a phi 38. 24 0. 67 17.88 6. 14 0. 05 21.33 
0. 00 0.89 
8. 18 0. 03 0.0 4 
0.00 
0.00 
0. 00 93. 45

8b pi q 43.36 
0.00 35.91 0. 09 
0. 00 0. 07 19. 90 0. 41

8camp44.66 
0. 18 17.6511. 33 0. 30 21. 250.95

0. 0099. 77
113 5a

65b 1 i
8a8b8c

Spinel of spinel aggregate plconasteSpinel of spinel aggregate pleonasteFine plagioclase inclusion wit It In spinel aggregate Clinozoisite after plagioclase retaining twinning in corona surrounding spinel aggregate Coarse phlogopite on outside of corona Coarse plaqioclase of amphibolite anorthite Coarse amphibole of amphibolite gedrite

0. 00 0.09

anorthito



SELEBI-HORTH HOST AMPHIBOLITE

s;o2Ti02A1203FeOMnOMqOCaONa20K20Cr203NiOTOTAL

56-UD 16 UE UF 56-17UA UG High Cr UH amphibo 1 iteUB UC UI UJamp amp amp amp amp42.86 42.80 42. 83 46. 44 46. 30 46. 62 46. 62 46. 49 45. 48 46^591.35 1.39 1.21 0.50 0. 52 0. 50 0.50 0.52 0. 53 0. 5214. 48 14. 47 14. 48 11.44 11.50 11.42 11.67 11.59 12. 17 11.2612. 67 12. 79 12. 78 9. 06 8. 60 9. 01 8. 94 9. 12 9.25 8.7 40.22 12. 73 12. 66 12. 71 0. 20 16. 05 15. 76 16. 09 0.20 15. 91 0.22 16. 08 15. 43 15. 8010. 40 10.38 10. 37 10.13 10. 78 10. 28 10. 57 10. 36 10. 23 10. 782.11 2. 25 2. 14 1.79 1.72 1.74 1.60 1.82 1.85 1. 740.320. 05 0. 03 0. 03 0.200. 97 0.82 0. 78 0.190.66 0. 20 0.69 1. 08 1. 020. 00 97. 19 96. 77 96. 55 0. 09 96.87 96. 00 96. 44 0.09 97. 17 0.1197. 20 96. 02 96. 45
Moderate-:size amphi bole hornblende 6-6- (7 ^ rCSM J'DcV

56-17 UA Edge of small amphibole Cr hornblende UG Opposite edge of UA amphibole UH Core of UA amphiboleUB Core of large amphibole Cr hornblende UC Small amphibole Cr hornblende UI Very small amphibole Cr hornblendeUJ Very small amphibole Cr hornblende

5102Ti02A1203FeOMnOMqOCaONa20K20Cr203NiOCuOTOTAL
133 HI HIR HK HL

133 HI amp 41. 4 3 0.20 16.89 13. 73 0. 25 11. 09 10.28 1.65 0. 30 0. 02 0. 04

Gn t amphibo IiteHIR amp 43. 57 
0. 20 16. 47 13.69 0.26 

11.21 10.51 1. 62 0. 32

HKqnt 40. 03 0. 04 22 32 26. 272. 17 8. 333. 51 0. 04 
0. 00

HL qnt 40.19 0. 04 22.43 26. 45 1. 49 8. 43 3. 78 0. 04 
0. 00

95.88 97.85 102.71 102.85
* * * A ACoarse amphibole w/ 120 cleavage Repeat of HI after recalibrating Margin of coarse garnet almandi Core of garnet (HK)Low total Si S Ca calibration Garnets and spinels tend to give in dense minerals. However total

129 Garnet amphibo 1 itc IC Energy Dispersive4'-1 4-2 4-•3 4-•4 4 -5 4 -6 4--7 4-8qnt qnt qnt qnt qnt qnt qnt qnt38.. 66 38.47 39. 17 38. 91 39 . 18 38 . 66 33.. 88 38. 770,. 00 0. 00 0. 00 0. 05 0 . 00 0 . 00 0,. 00 0.0021 . 76 21.75 22. 34 21. 71 22 . 10 21 . 65 21,. 78 22.1825,. 47 24. 84 24. GO 24. 78 24 . 44 25 . 01 25 , 09 24. 682.. 09 1. 73 1. 69 i. 51 1 . 52 1 . 31 1,. 29 1. 507,. 99 8. 37 8. 90 8. 62 8 . 87 8 .84 8.. 64 8. 994,, 01 4. 29 4. 32 4. 33 4 , 24 4 . 53 4.. 43 4. 500,. 25 0.16 0. 36 0. 14 0., 24 0,, 40 0,. 26 0.380.. 03 0.00 0. 00 0. 00 0,, 00 0,, 00 0.. 00 0.000., 00 0.09 0. 00 0. 00 0,. 06 0,, 02 0.. 00 0.040.. 00 0. 13 0. 17 0. 00 0,. 04 0,. 16 0. 00 0. 080. 12 0. 02 0. 00 0. 00 0., 17 0,, 02 0.. 00 0. 00100. 38 99.85 101. 56 100. 05 100., 88 100.. 60 100. 37 101.12
Si & Ca

^33^ 9 ^ c5 D/V
h 0 r n b! e n d e

4-Z

129
high totals because of mass absorption effects 5 are still too h i gli Si counter drift ?

Traverse across coarse garnet from margin to margin almandine 4-3 0.01 S 4-5 0.02 S No Co detected

129 continued Garnet ampli i bo 1 i te IC Enorqv' Di spor6 -3 4a 8c 8m 8 1-•1 1--2
si02 qnt qnt qnt amp c 1 c 138. 90 39. 38 39 . 45 42. 78 41 . 76 42,, 90 42 . 77 39. 27 38. 88T i 02 0. 00 0. 00 0 . 00 0. 26 0 . 19 0,. 20 0 . 1 4 0. 05 03A1203 21. 82 22. 33 22 . 27 14. 66 15 . 18 15,. 50 15 . 4 0 31. 72 32. 0 7FeO 24. 83 24. 23 24,. 76 13. 44 13 . 90 13. 4 0 12 . 93 1. 24 i. 15MnO 1. 46 1. 69 1,. 59 0. 13 0 . 19 0. 25 0 . 25 0. 0 4 0. 12MqO 8. 74 9. 03 8 .89 12. 16 12 . 13 12..81 12 . 55 0. 08 0. 32CaO 4. 71 4. 43 4,. 64 10. 72 10 . 88 10. 93 1 0 . 71 24. 0 4 24. 57Na20 0. 32 0. 30 0,. 36 1. 51 1 . 54 1. 91 1,. 56 0. 06 0.K2 0 0. 02 0. 03 0,, 06 0. 22 0 . 31 0. 24 0.. 29 0. 0 0 0. 0 0Cr203 0. 01 0. 01 0., 04 0. 02 0 . 16 0. 16 0.. 10 0. 14 0. 0 7N i 0 0. 00 0. 00 0,, 09 0. 15 0 . 02 0. 11 0,. 27 0 . 12 0. 02CuO 0. 35 0. 00 0.. 05 0. 21 0 . 06 0. 0 4 0,. 25 0. 22 0 . 24S 0. 00 0.. 04 0. 00 0 . 01 0. 00 0,, 00 0. 02 0. 0 0CoO 100. 0. 00 0.. 00 0. 00 0 . 02 0. 00 0,, 00 0. 14 0. 03TOTAL 16 101. 43 102. 24 96. 26 96 . 35 98. 45 97. 22 97. 14 97. 57
129 6- 1 Coarse garnet near core almandine-2 6-3 4 a 8c 8m 85 

1-1 
1-2

St; gcirnei. ncur core Core of same coarse garnetMargin of amphibolc adjacent to coarse garnet 4 Core of coarse amphibole hornblendeMargin of coarse amphibole (8c) hornblende Small amphibole next to 8m amphibole hornblende (Clino)zoisite after plaqioclase (Clino)20i5ite after plaqioclase

hornblends

/). 6



SELEDI-MORTH HOST ULTRAMAFICS
SDH 56-5 OU Wavelenqth D i spers i veMS MT MU MO MP HR MV MW MQ MMsp i sp i sp iSI 02 40.09 40. 38 56. 01 55. 68 55.65 0.09 0.08 0. 11 0.16 45.31Ti02 0. 02 0. 02 0. 05 0. 05 0. 05 0. 07 0.39 0.34 0.03 0, 50A1 203 0.00 0. 00 1.64 1.85 1.71 57.64 33.80 35.49 0. 00 11.85FeO 18.93 19. 58 12. 96 12.87 12. SO 22.57 36.36 35.54 77. 41 7.17MnO 0. 25 0. 26 0. 31 0.30 0. 31 0. 17 0. 35 0. 34 0.0 4 0. 13MqO 42. 51 41. 99 29.38 29.81 29.67 14.58 7.8 4 8.41 0.00 16.96CaO 0.01 0. 01 0. 23 0. 20 0.21 0. 01 0. 01 0.0 4 11.56Na20 0. 00 0.00 0. 02 0.00 0.02 0.0 4 0. 02 0. 00 1. 91K20 0. 00 0.00 0.00 0.00 0.00 0. 00 0.23Cr203 0.00 0. 00 0.13 0.10 0.12 5.89 20.54 19. 97 0. 00 0.36NiO 0.11 0.11 0. 00 0. 02 0. 00 0.0 4 0. 02TOTAL 101.92 102.35 100.73 100.88 100.54 101.06 99.43 100.20 7 7.63 96.00

56-5 MS Sma 1 1 o 1 i V i no roll ct inserponti:MT SmaH olivine relict in serpentine MU Fino-gr. qranoblastic orthopyroxene associated w/ spinel MO Margin of coarse orthopyroxeneMP Core of orthopyroxene (MO) abundant inclusions of amphibole MR Green spinel in. o/iyiAe- p/eoAccj feMV Grey spinel assoc, w/ fine opx (MU)MW Grey spinel assoc, w/ fine opx (MU) picof'teMQ Magnetite assoc w/ fine opx (MU)MM Typical fine-grained matrix amphIbole hornblende 
56-5 IC Energy Dispersive

due to Fo203

d I f f er ent ((rains therefore not intorqrowths

la If 3d Gc 9 4 5b 5g DSpa a pa ol 0 PSI 02 0 . 07 0. 15 38. 21 54. 35 54 35 44. 52 44. 4 0 . 32T;02 0 05 0. 04 0. 00 0. 03 0 05 0. 6 3 0. 64 . 4 2A1203 0 03 0. 00 0. 00 1. 33 1 57 12. 12. 37 . 2 3FeO 0 17 0. 16 IS. 89 12. 25 12 51 7 09 7. IS , 17MnO 0 . 02 0. 00 0. 22 0. 33 0 4 0 0 . 05 0. 00 . 25MqO 0 17 0. 17 41. 96 29. 90 29 39 17. 13 17. 4 2CaO 55 02 54. 23 0. 00 0. 21 0 28 11. 51 11. 41 . 5 0Ha 20 0 1 9 0. 03 0. 35^ 0. 12 0 27 1. 89 2. 16 . 72K20 0 00 0. 02 0. 01 0. 00 0 00 0 . 20 0. 22 . 6 9P205 47 02 46. 80 0. 00 0. 00 0 00 0. 1 0. 00 . 05Cr203 0 06 0 . 07 0 . 06 0. 17 0 07 0. 3 4 0 . 28 . 05H i 0 0 07 0. 00 0 . 19 0. 05 0 05 0 . 03 0 . 12 . COCuO 0 03 0. 09 0. 00 0. 10 0 17 0. 15 0. 05 . 00S 0 14 0. 0 4 0. 00 0. 00 0 00 0. 00 0 . 00 . 00ZnO 0 00 0. 00 0. 15 0. 03 0 11 0. 00 0, 00 . 0 0CoO 0 02 0. 00 0. 00 D. 00 0 0 0 0. 0 0. 00 . 00TOTAL 103 06 101. 80 100. 04 98. 87 99 22 95. 92 96. 25 . 33
56-5 1 a Apatite associated w/ serpent inised olivine If Apatite associated w/ serpent ini sod olivine 3d Small olivine relicts in serpentine Gc Core of large orthopyroxone 9q F i tie-qr a i nod qranoblastic orthopyroxene 5b Fine-grained arnphibole associated w/ sorp.oll 5G as 5b

Sixspec-f.

0, spii-n;! and apat i te

High totals possibly P calibration no F or Cl included

SDH 56-7 A/A pA. ' boie. ortiiopy roxen! to 506CA CB CE CF CD CC CG C!i[ Cl j r JU JVopx opx opx op :P •P ci',1Si 02 55. 42 56. 69 56. 58 55. 26 47. GO 47. 00 47. 02 47. 79 48. 69 0. 06 54. 36 24. 84Ti02 0. 07 0. 07 0. 07 0. 07 0. 53 0. 52 0 . 52 0. 50 0 , 0. 05 0. 0 9 0 . 05A1203 1. 76 1. 52 1. 37 1. 65 10. 27 10. 11 10. DO 9. 73 9, 51 61 . 4 9 3. 1 5 24. 36FeO 10. 11 9. 43 9. 45 10. 16 5. 23 5. 52 5. 28 5. 16 5. 27 21. 96 13, 1 7 7. 05MnO 0. 19 0. 22 0. 22 0. 19 0. 08 0. 09 0 . 09 0. 09 0. 09 0. 09 0 . 12 0. 06MqO 31. 80 28. 13 28. 01 31. 96 18. 78 IS. 77 IS. 71 ] 9. 15 19. 16 15. 46 29. 32 26, 22CaO 0. 17 0. 52 0. 50 0. 17 11. 54 11. 30 11. 53 11. 4 6 1 1 . 28 0. 01 0. 20 0. 17Na20 0. 00 0. 27 0. 23 0. 00 2. 02 i. 89 1. 9 4 1. 88 1. 76 0. 02 0. 02 0. 09K20 0. 00 0. 00 0. 00 0. 10 0. 15 0. 13 0. 13 0. 00 0. 00 0. 01Cr203 0. 15 0. 18 0. 22 0. 13 0. 89 0. 31 1. 03 0. 93 0. 72 0. 16 0. 00NiO 0. 06 0. 06 0. 08 0. 03 0. 08 0. 11 0. 06 0. 05 0 . 12 0 . 25 0. 03TOTAL 99. 73 97. 09 96. 73 99. 62 97. 17 96. 22 96. 38 96. 37 97. 20 99. 55 100. 4 6 82. S5
56-7 CA Core of coar se o rthopyroxene w/ abunbant i nc 1 us i ons of ampli iboleCB Core of coarse orthopyroxeno altered ? pyribo IeCE Core of coarse orthopyroxene altered ? pyribo IeCF Core of coarse orthopyroxeneCD Ao^ihibole Inclusion in coarse orthopyroxene hornblende CC Fine matrix arnpliibole surrounding coarse orthopyroxene iiornbiendeeg Finematrix amphibolo surroundi i^q coarse orthopyroxene hornblendeCH Amphibole inclusion in coarse ortliopyroxcne lun-nb I cful oCl Amphibole inclusion in coarse orthopyroxeno hornblende
506 JT Coarse green spinel JU Orthopyroxene JV White rim around spinel

pieonaste 
chlorite - pe/i/ciA.i

fi. 7



Si02Ti02A1203FeOMnOMqOCaONa20K20Cr203NIOTOTALLT27-25

LT DA opx 55. 60 0. 04 2. 80 11. 70 0.23 30. 00 0. 16 
0. 00

27-25 DB opx 55. 96 0. 04 2. 24 11. 44 
0.22 30.20 0. 17 
0.
0.
0.
0.

DIKOLOTI-LENTSWE ULTRAMAFICS

. 02 . 00 . 05 

. 00

DC
55^27
0. 04 3. 22 11. 51 
0.20 29.65 0. 16

100.58 100.34 100.14

DG
56^20 0. 04 2. 37 11.36 
0.22 30.22 0. 17 
0. 00 
0. 00 
0. 02 
0. 02 100.62

DOamp? 56. 05 0. 04 2. 39 9. 90 0. 28 26. 56 0. 40 0.25 
0.00

DQchi 30.61 
0. 02 16. 67 10.53 
0. 12 26.80 
0. 11 0. 05 
0. 01

DDspi 0. 06 0. 03 57.2221. 91

DE spi 0. 03 0.03 57.79 21.27 0. 15 14. 46 
0.01 0.09

95.87 84.92
4. 21 0. 03 98. 16

450331

DI sp i 0. 030.0356. 9522.540.1414.280.01
0.11
4. 50 0. 0798.66

DHspi0 . 060. 0357. 92 21. 94 0. 17 14. 95 
0. 01 0.09
4. 47 0. 0399.67

DJspi0. 060.03 55. 94 22.260. 17

DMspi

57.15 21. 58 0. 14 14. 45

DMspi

57. 04 21.81 0. 15 14. 43

5.80 0. 03 98. 36
4.52 4.63

97.89 98.09
Near margin of coarse elongate orthopyroxene in large bleb of pyrrhotite Core of orthopyroxene (DA) DC Margin of orthopyroxene (DA)Typical medium-grained matrix orthopyroxene DO Amphibol® ?Chlorite rim between orthopyroxene (DC) and pyrrhotiteGreen spine! very dusty DE Green spinel (DD) clear Ct pl&on.<istc.Green spinel very dusty DH Green spinel (DI) mod.dusty DJ Green spinel (DI) clearGreen spinel very dusty DH Green spinel (DM) relatively clear

27-25 continued 657DF DK DL 3aopa opa opaSi02 0. 08 40.20Ti02 0. 12 4. 62 0. 13 0.00A1203 0.39 0. 23 0.29 0. 00FgO 87.58 84. 50 87. 97 13. 69MnO 0.11 0. 52 0.10 0. 22MqO 0. 13 0. 05 0. 18 46. 65CaO 0. 04 0. 03Na20 0. 03 0. 37K20 0.01P205Cr203 4. 01 3. 64 3. 70 0. 08NiO 0. 00 0. 00CuO 0.00S 0. 00ZnOTOTAL 92. 94 93. 56 92.37 101.25

IC Energy Dispersivela
40. 00 
0. 00 
0. 01 14. 18 0. 15 46. 17 0. 03
0. 03
0. 00

Id o 1 V 39. 71 
0. 00 
0. 02 13. 59 0. 03 45. 69 
0. 00

100.65 99.41

2a
40.01 
0. 00 
0.00 13. 760.26 46. 94 0. 04
0. 00 0. 05 
0.00 0. 25 
0. 10 
0. 00 
0. 00 

101.41

PK 19 
2c

39.670. 04 
0. 00 13. 09 0.14 45. 78 
0.00
0. 00 
0. 00 
0. 00

3b opx 57. 23 0. 040. 61 9.4 0 
0. 1033.30 0.23

lb
54. 81 0. 06 0.83 9.28 
0.10 33.34 0. 03
0. 03 0. 05 
0.01 
0. 12 0.04 
0.00

Ic
55. 12 0. 16 
1.10 8. 93 0.19 32.78 0.30

Ih
55. 02
0. 01 
1. 02 9. 40 0.29 31.37 0. 24
0. 06 0. 13

657 3a la 2a 3b lb ih

DF Opaque in green spinel DK Opaque in green spinel DL Opaque in green spinel

101.53 98.70 99.18
(DD/DE) Cr magnetite(DI/DJ) Cr-Ti magnetite (fine exsolution?). . DM/DN) Cr magnet I to *Small olivine ombayment into coarse orthopyroxene (3b)Core of olivine Id Margin of olivine (la)Margin of olivine 2c Core of olivine (2a) @Orthopyroxene

Mnrgin of orthopyroxene adjacent to olivine (Id)) Ic Core of orthopyroxene (lb) Thin orthopyroxene extension into olivine

low totals due to Fo203 content ?
Co analysed not detected

Si 02Ti02A1203FeOMnOMqOCaONa20K20P205Cr203NiOCuOSZnOTOTAL
657 2bieIf4a

6e4b

Si 02Ti02A1203FeOMnOMqOCaONa20K20Cr203NiOCuOSCoOTOTAL
657 JE JR

657 IC Energy Di spersive continuod2b le If 2d 4a Iq 1 i 1 j 6 oopx chr chr chr chr ph 156.61 0. 26 0.39 0. 31 0.77 39. 63 41.13 41.29 0^250.14 1.32 1. 06 1.32 1. 11 0. 29 0. 11 0.00 0.000.82 4. 03 4. 39 2. 22 1. 97 14. 02 0. 08 0.4 39. 48 70. 96 67.23 72.02 70. 95 3. 55 1.25 1. 52 93! 130. 14 0.37 0. 41 0. 32 0.4 0 0. 00 0. 00 0. 09 0.0032.69 1.50 1.88 1.69 2.07 23.59 40. 35 40.26 0.120. 16 0.00 0. 03 0.01 0. 020. 22 0. 00 0. 03 0.01 0. 00
0. 00 0. 00 0. 01 0. 02 0. 00 7.71 0.03 0. 02 0. 040. 01 0. 00 0. 00 0. 00 0.09 0. 06 0.19 0. 00 0. 050.19 14.89 20. 29 18. 61 19. 18 0.59 0. 03 0. 05 0. 140.00 0. 00 0. 03 0. 17 0. 21 0. 11 0.00 0.11 0.000.13 0. 00 0. 42 0. 17 0. 00 0. 03 0. 14 0. 03 0.000. 02 0. 04 0. 04 0.00 0.00 0. 00 0. 04 0.00 0. 030.00 0. 13 0. 29 0. 01 0.33 0.15 0. 03 0. 03 0. 10100.39 93. 50 96. 47 96.87 97.37 89. 73 83. 41 83.89 93. 92

4bpo0.14 
0. 00 
0. 00 60. 95 
0. 00 
0. 00 
0.00 0.16 
0.00'

Orthopyroxene next to olivine (2a)Idioblastic opaque in olivine Fe chromite (+ 2d Opaques in olivine Fe chromite (+ A],Ti, Opaque within pyrrhotite Fe chromite (+ A1, Phlogopite Serpentine

0 
00. 61
0. 2138.63
0.10100.82

4 c po0.34 Si 0.05 Ti 0.11 A1 58.48 Fe 0.00 Mn 0.14 Mg 0.11 Ca 0.13 Na 0.03 K 0. 07 P 0.13 Cr 0.50 Hi 0.26 Cu 37.37 S 0.11 2n 97.83

Al.Ti^Mg)Mg)T;,Mq)
dIfferent grains therefore not interqrowths

1j Serpent Ine Opaque adjacent to zoned amphiboU Pyrrhotite 4c Pyrrhotite magnetite
** Low totals due to higii H20 content

*** Assumes no 0
657 JE opx 56. 96 0. 04 0. 56 9. 46 0. 19 32. 84

OU WavelenqthJR
40.80 
0. 02 
0. 00 14. 08 0. 17 46. 21 
0. 01 
0. 00 
0. 00 
0. 00 0. 05

JFamp46.850.249. 41 5. 75 0. 08 18. 89 12. 09 
1.68 0.35 0.69 0. 03

JG amp? 57. 25
022913
2228. 69 0. 55

6165-1opx 56. 06 
0.01 0. 94 10. 71 0. 29 32. 19 0. 29 0.30 
0. 00

100.32 101.34 96.06 96. 29 100.98

IC Energy Di; ■ ■ 5-2amp51.65 0. 13 5. 46 4. 55 
0. 12 

20.68 11. 99 1. 16 0. 16 0. 54 
0. 00 0. 15 
0.01 
0. 00 96. 60

1-1
56. 5 4 
0. 01 0. 75 10.28 0. 14 32. 49 0. 26

0. 00 
0.00 0. 03 

101.01

pensive 1>K 3Z5-3 1-2 3-1 1-3 1-4cf-ir51. 72 52.38 52.74 0.38 0. 180.10 0. 25 0. 17 1.04 1. 125. 30 5. 13 4. 81 6.0 4 5. 365. 20 4. 72 4. 57 66. 43 68. 750. 17 0.08 0.09 0. 46 0. 2720. 67 21. 00 21. 00 2. 90 2. 7212. 01 12. 11 11.99 0. 00 0. 051. 18 1. 01 1. 07 0. 41 0. 510. 15 0. 20 0. 08 0. 02 0. 070.4 3 0. 43 0.23 20. 30 20. 040.00 0. 01 0. 00 0. 18 0.0 40. 00 0. 01 0.08 0. 00 0. 070.00 0.00 0. 05 0. 01 0. 020. 00 0. 00 0.00 0.00 0.0096. 93 97.33 96.88 98. 17 99. 20

616
JF5-15-25-3
1-21-3

OrthopyroxeneSmall unaltered olivine relict in serpentine
Core of zoned amphibole hornblende JG Rim of zoned amphibole cumm!ngton1te ’Margin of coarse orthopyroxene 1-1 Coarse orthopyroxeneFine amphibole next to orthopyroxene (5-1) hornblendeand 3-1 Coarse amphibole hornblendeAmphibole inclusion in orthopyroxene hornblendeI-*! Opaques Fe chromite (+ AI.Mg.Ti) different grains, therefore not intergrowths

A 8



were still unsatisfactory, they were fluxed. On repreparation, 
satisfactory totals were often obtained. The major cause of errors was 
thought to be weighing and mixing errors (i.e. dilution) and to a 
lesser extent inadequate disc preparation. All the individual 
components of the analyses with low or high totals were reduced or 
increased (in case of high) in the same proportion with respect to 
repeat preparations. When recalculated to a constant total (i.e. 100 
wt%) both initial and repeat preparation analyses were statistically 
identical. Therefore because of constraints on time and facilities 
not all rocks with unsatisfactory totals have been fluxed.

The main example of a litholgy which gave unsatisfactory (too 
high, c. 102-103 wt% ) raw analayses was the highly chloritised 
metagabbroic host rocks of the Phoenix deposit in the Tati greenstone 
belt (Brown in prep.). When recalculated to 100 wt%, their analyses 
(except for higher K contents) were similar to the unchloritised 
metagabbroic Selkirk host rocks. Because of mainly weighing & mixing 
because of time not all analyses were fluxed

Trace elements
As, Ba, Cr, Cu, Ga, Mn, Mo, Nb, Ni, Pb, Sc, Sr, S, V Y Zn Zr

were analysed at Southampton University using a Philips PW 1212 X-ray 
fluorescence spectrometer (SI). Departmental sample preparationn and 
calibration procedures with seme modifications were used throughout 
(Cosgrove 1972). Count times for Zr, Y, Nb and Rb were increased to 
100 seconds. V data were improved by correcting for Ti K overlap on 
the V K line. Better calibration lines for most elements were obtained 
if the Southairpton internal standards (CGM, DLC, GRD, KPL, BMS, PM & 
MCM) were excluded from the calculations. The practice of forcing 
calibrations through the origin was discontinued.

The detection limits (ppm) and coefficients of variation (%) for 
the Southampton 1212 analyses were:- Cr - 4 ppm & 9%, Cu - 5 & 16, Mo 
-3 & 17, Nb - 2 & 12 (100 sec.), Ni - 2 & 13, Rb - 2 & 7 (100 sec.), 
Pb - 5 & 15, Sr -4 & 8, S - 20 & 19, Th - 5 & 18, U -5 & 20, V - 5 &
10, Y - 2 & 12 (100 sec.), Zn - 5 & 12, Zr - 2 & 8 (100 sec.)

As a check on accuracy some samples were also analysed using the 
Philips 1400 spectrometers at Nottingham University (N) and 
Southampton University (S2) (replaced the Southamptn 1212).
Comparative analyses of three samples which were chosen only on the 
basis of covering a wide range in composition are tabulated in Table 
A.l. The overall comparison is regarded as good and the Southampton



HORNBLENDE GNEISSES
UNIT A UNIT B UNIT D528 535 544 546 560 HGl HG2 HG3 HG4 HG5 HG6Si02 50.20 52. 96 49. 03 52. 31 49. 68 47. 00 43. 38 5 0.14 49.09 48. 68 51. 71Ti02 3. 28 1. 72 0.25 i. 79 0. 81 2. 80 3. 32 2. 29 2. 35 0.4 0 0.71A1203 12. 49 13.22 16. 62 12.81 13. 84 12. 22 9. 33 13. 08 12. 26 6. 93 14. 86Fe203 16. 91 14. 52 8. 69 13. 77 11. 54 19. 38 22.83 14. 63 16.81 10.91 10. 46MnO 0.55 0. 15 0. 15 0. 19 0. 18 0.25 0. 22 0. 20 0. 23 0. 17 0.17MgO 4. 98 4. 64 9.27 5. 09 8. 73 5. 11 7.31 5. 21 4. 67 17.06 6.4 6CaO 8. 36 9.74 11.50 9.81 11.07 10. 11 10.55 9.74 9. 39 12. 14 9. 93Na20 1. 29 1.61 1.83 1. 99 1.88 1. 97 1.27 2.59 2. 24 1. 00 2. 72K20 1. 24 0.71 0.64 0. 51 0.60 0. 70 0. 66 1. 30 0. 78 0. 29 0. 56P205 0.77 0. 07 0. 04 0. 06 0. 11 0.37 0.07 0. 37 0.31 0.06 0. 12Cr203 0. 01 0. 00 0. 08 0. 00 0. 05 0. 02 0.01 0. 02 0. 02 0. 39 0.0 4LOI (1.05) (0.49) (1.28) (0.46) (1.04) (0.24) (0.32) (0.29) (0.18) (1.78) (0.58)TOTAL 100.40 99. 34 98. 10 98. 33 98. 49 99. 93 98.95 99. 57 98. 15 98. 03 97. 7 4

As nd% nd^ nd)» nd^ nd^Ba 188 81 39 111 57 138 86 308 150 21 133Ce 115 198 29 72 21 142 53 174 138 36 60Cl 566 153 171 100 nd 1462 1091 231 14 46 148 369Co 61 57 51 40 35 72 93 51 50 59 46Cr 67 39 552 30 320 131 68 154 143 2600 261Cu 54 199 8 431 21 105 70 297 92 64 49Ga 21 16 13 18 14 21 13 16 3 8 1 4La 44 82 nd 17 7 32 nd 44 45 nd 11Mo 3 3 12 nd nd nd 3 3 4 nd ndNb 9 5 3 5 3 8 2 18 8N !Pb 5810 1217 1387 5 1035 636 395 761 0 646 333At* 1055Rb 78 36 43 21 27 8 6 41 8 5 1 2S 1700 1270 nd 1180 nd 1950 1360 427 1310 344 412Sr 80 100 90 107 114 100 41 1G5 124 34 145nJ 7 10 6 8 G Ac: 7nd nd nd n d n d n d374 671 115 534 222 362 1200 355 340 113 17358 31 15 37 16 41 12 35 4 2 1 3133 111 91 98 95 143 146 97 150 96273 66 19 67 49 157 28 137 144 29 81
528 Fine-grained hornblende gneiss minor qarnet Un i t A PW 210535 Pyroxene-hornblende qnei 55 fairly coarse banded Unit B PW 210544 Coarse massiive hornblende-feldspar rock/ane i ss Un it B PW 213546 Pyroxene-hornblende qnei 55 well-bonded Unit B PU 7i -X560 Typical hornblende qne i s 5 Unit B LK 2HGl Hornblende qneiss Unit p PW 210HG2 Coarse mafic hornblende- rich qneiss minor diss. SU 1 t]h ! do=i lln i f n pu 91nHG3 Pyroxcne-hornblende-feldspar gneiss Unit D PW 210HG4 Hornblende gneiss typical Uni t D PW 210HG5 Hornblende amphibo 1 ite Unit D PW 210HG6 Typical hornblende gneiss Unit D PW 210

S«02TI02AT 203Fe203MnOMgOCaONa20K20P205Cr203LOITOTAL
As Ba Ce Cl Co Cr Cu Ga La Mo Nb H I Pb Rb SSrThUVYZnZr
HG7232752762775758 17474849 55

HG7 42. 46 4. 31 10. 99 23. 37 0.24 5.33 9. 66 1.81 
0 8214

02
21)99. 15

UNIT2351. 06 0. 95 18. 56 9. 69 0. 13 6. 08 10. 14 3. 35 0.33 0. 23 
0. 02 0.89 101.43

D contI 275 37. 407. 168. 92 33. 650. 40 6. 41 6. 41 0. 90 0. 33 0. 13 
0. 00 -0. 40 101.31

nd (r 134 239 1348 96 
34- 246 24 93 3 13 87 7
103730717nd13203815362

11229

nd10
”5
238ndnd1692488116

8
86

3727
654640

22

1531313530

nucd 276 45. 12 3. 39 
12. 22 21.42 
0.20 6.2G 10. 44 1. 28 0. 72 0. 04 
0. 01 (0.91) 

101. 10

154
1027301178735318nd4471

816945078

1180
12137
21

277 46. 51 2. 56 13. 73 17. 18 0.24 5.87 10. 07 2. 19 0.75 0. 24 
0. 01 0. 50 99. 85

UNIT E5748. 47 1. 98 13. 43 16. 43 
0.22 5. 98 9. 60

5853. 77 0.63 9. 96 9. 84 
0.21 
12. 49 10.34 1.77 0. 80 0. 09 0. 13 
1.00100.17 101.03

92 153 92137 57 nd
3 15 nd11 7 560 65 1583 25 2313 17 14360 1320 65117 96 541 i

415 286 16536 37 21125 109 11679 124 56

1750.30 1. 18 6. 4914.450. 33 13. 2211.32

4751.561. 08 13.84 12. 51 
0. 21 7. 53 7. 41 4. 02 0. 91 
0.11 0. 05 1.0 4 100.27

UNIT F 4850.71 0.19 16. 55 
8. 20 
0. 20 10.09 9. 371. 902. 25 0. 03 0. 07 1.89101.45 100.97

4950. 43 1.5213.5214. 61
0. 217. 23
2.62 
1. 08
0. 05 1. 49

nd*-

5549. 96 
2. 01 12. 9815.83
0.215.53

0. 25
0. 02 0. 45 100.25

nd It f38 ^
560 317 445 339 154348 1 0 6 41 4716* 19:74 1 8 '4 nd nd nd nd7 3 4 6 12279 117 138 109 6732 /(■-( 13 5 209 34 114 38 755 120018 100 108 83 88n d 5 ndnd nd nd258 264 126 182 34218 22 7 26 41165 67 88 101 7328 72 15 259 129
diss. sulphides Unit D PW 210

Unit D PW195

PW 149

Coarse hornblende gneiss with magnetite and apatite minor di'Feldspathic hornblende gneiss near top of Unit D PW Si Garnet-hornblende gneiss with magnetite diss. sulphides Coarse hornblende gneiss diss. sulphides Unit D PW 195 Fine-grained, well-foliated hornblende gneiss Lin i t D PW 195 Hornblende gneiss more mafic top of gradational band Unit E

Hornblende gneiss more mafic top of gradational band Unit F PW 177Coarser hornblende-gneiss more felsic base of gradational band Unit F Pw 177

/9./0



HORNBLENDE GNEISSES continued
UNIT F .oontinued UNIT E/F UNIT G65 156 264 704 511 632 634 636 639si02 50.28 48. 26 47.34 46. 54 52. 55 50.60 46.45 46. 96 45. 49Ti02 1. 01 2. 36 3. 10 2. 24 0.26 1. 57 1. 45 1. 75 1. 61A1203 14. 30 13. 76 12. 48 16. 48 15. 01 9. 99 14.96 15.84 14. 99Fe203 13. 11 16. 41 17.48 13. 98 8. 94 20.84 15. 46 13.98 15. 50MnO 0. 14 0.20 0. 22 0.18 0. 17 0.62 0.20 0. 16 0.29MqO 7. 40 G. 45 5. 83 5. 58 8. 67 5. 24 6.42 7. MS 6. 78CaO 9. 62 9. 63 10. 25 10. 45 12. 13 7. 03 10.31 8.3 4 10. 06Na20 3. 32 2. 32 1. 98 2. 73 1. 37 0.96 2.77 3.09 2.76K20 1. 01 0. 43 0. 90 0. 45 0.51 0. 43 0. 30 0. 32 0. 35P205 0. 09 0. 41 0. 91 0. 45 0. 05 0. 52 0. 22 0. 24 0. 24Cr203 0.04 0. 03 0. 02 0. 07 0. 02 0 . 00 0. 02 0. 03 0. 03LOI 0. 48 0.35 (0.34) (0.46) 0. 97 (-0.21) (0.33) (0.55) (0.34)TOTAL 100.80 100.61 100.51 99. 15 100.65 97.85 98. 56 93. 69 99. 10

Ba 186 57 214 74 121 65Co 184 85 182 71 48 72Cl 75 66 nd nd nd ndCo 41 36 3 4 63 59Cr 289 173 120 484 122 11 192 172 173Cu nd 11 81 32 61 51 89 3 4 10Ga 20 19 24 21 1 9 20La 61 26 47 12 10 22Mo nd nd nd nd nd 3 4 nd ndNb 6 14 11 8 6 13 6 7 8Hi 106 118 67 95 162 19 117 114 111Pb 16 8 A-u 7 13 Aei nd 5 9Rb 19 7 15 16 14 30 6 15 12S 54 737 2720 945 6830 959 ndSr 116 116 99 184 95 27 149 187 75Th 6 5 nd 103? 12 7 13U ndV 203 118 338 274 148 28 220 258 261Y 27 49 45 34 22 75 28 33 29Zn 56 83 141 100 113 153 122 123 146Zr 60 175 130 134 103 272 9 7 114 113
65156264704511632634636639

Hornblende gneiss PW 175Iiwi Iiu I eiiutr yneias Unit r r w i. t JFoliated hornblende gneiss with pyroxene? Unit Typical hornblende gneiss Unit F PW 195 Hornblende gneiss with pyroxene? Unit F PW 20fA Coarse massive hornblende-feldspar rock Unit E/F Banded garnet-hornblende gneiss cint-plag bands Fine-grained garnet-hornblende gnoiss Unit G PW CAM 38/1 Foliated hornblende gneiss w/ minor ejarnet Unit G PW CAM 38/1Fine-gr. hornblende gneiss w/ minor qnt dark spots Unit G PW CAM 38/1

F PW 84

S o ! o b i Nor": Unit G PW I SDN '15CAM 38/1

5i02 Ti02 A1 203 Fe203 MnO MqO CaO Na20 
K20 P205 Cr203 LOI TOTAL
AsBaCeClCoCrCuGaLaMoNbHiPbRbSSrThUVYZnZr
31-7-la31-l-7ei6-9-6a16-9-6b

31-7-la50.301. 7013. 2414. 62 
0.21 4. 72 9. 592. 90 0. 56 0.26 
0.01(0.09) 98. 11

84152

nd16
Id
13

197
11

32336115146

le51.31 2. 40 13. 01 15. 57 
0. 21 3.82 8.91 2. 54 0.80 0.32 
0. 01 (0.20) 98. 90

43281

nd1756
A<i
12

nd33739
121174

16-9-6a 51. 44 0. 70 14. 15 
11.00 0. 19 8.09 10. 75 
2.12 0. 54 0. 09 0. 06 (0.91) 99. 13

142327450442
6814ndnd
6141
627nd117

11
233
208454

Gb51.80 0. 50 5. 10 11.23 0. 19 18. 22 11. 13 0.64 0. 15 0. 09 0. 14 (1.47) 99. 19

961
Kd.

nd5430Ad4
13nd

141175841

B i
532 49. 602. 90 7. 8317.31 0. 31 16. 21 
1.11 0. 413. 26 0. 09 0.09 1.50100.62

o t i t o A T UNIT533 51. 40 0.7511.70 14. 21 0. 15 
11. 213.04 1.79 1.290. 16 0. 03^W3995.

4-0 ^

587 
12 15 ^ 28 nd 14 239 A<i 342
10Ac<nd1953325077

phibo 1 i B L53451.610.679.4916.30
0.2213. 40 
2

15311410954
20112801539126

615126
111 442 0 
66 nd
7 4 35 142119

5042050152

1 w C a55753.12

17.490. 13 7.26 2.821. 75 
0. 22 0. 78

97.98.ZL

6259nd5163
22
10
nd71911433nd37

156
220

80223nd4652167I 9684II235132667904 9

57976142116
Fine -grained hornblende gneiss with altered pyroxene Coarse hornblende gneiss Motloutse River Hornblende gneiss Tobane Coarse hornblende amphibolite Tobane

Motloutse River

532533534557

Actino 1 ite-biot«te amphibolite Unit B PW 210Uel1-banded_actinolite-biotite-plaqIoc1ase gneiss/schist Unit B PW 210 Coarse gedrite-plagioclase-biotite gneiss Unit B PW 210 Coarse hornblende gneiss diss. sulphide Unit B LK 2 Compare these low-Ca biotite amphibolites with the low-Ca quartz-rich biotite gneisses (I)
fi.ll ■



GREY QUART20FELDSPATHIC GNEISSES

5! 02Ti02A) 203
Fg203MnOMqOCaONa20K20P205Cr203LOITOTAL
AsBaCeClCoCrCuGaLaMoNbNiPbRbSSrThUVYZn2r
274278GGlGG2GG3GG4GG533*50*5163*185-

UNIT 274 59. 68 0. 75 16. 13 12. 64 0.14 2. 55 3.80 2. 69 0. 96 , 04
0. 01 0. 05 99. 44

76
68

3
639

10291730239

87
2285143

D278 70.3 7 0. 40 13.V 2 3. 86 
0. 02 0.82 
2. 66 3. 562. 56 0. 07 
0. 00 (0.39) 98.Z4

1076
101nd2651516 453
11
20187527145

322743242

GGl 65.3 7 0.79 1 5. G 95. 59 0. 061. 31 4. 393. 72 1. 41 0. 16 
0. 00 (0.36) 98.f9
386346325

8
12
2125nd1612
2079nd17913
3564 45544

GG2 53.6 3 0.89 16.*4 8. 03 0. 09 3. 19 6. 06 3. 00 1.84 0. 25 
0. 00 (0.58) 9 9.62

AL, #481126543233 18 22 62 nd 
12 56 17 76 48

202

10034 87245

GG360.S3 
0.86 16. 676. 97 0. 09 1.74 4.81 3.832. 05 
0. 28 
0. 00 (0.48) 98.13

457
6872
21
827

2231nd14
11339513718019
643392243

GG4 6S.9 3 0. 35 14.7 53. 25 0. 04 0. 97 3. 27 3. 91 2.58 
0. 08 
0.00 (0.44) 9 8.13

10 # 812 95nd25
1171852nd
121927 114nd15239528 
21 56

212

UNITGG5 
66.A8 
0.42 14. 63 4. 36 0. 05 1. 52 4. 35 3. 72 1. 95 
0. 12 
0.00 (0.62) 98.00

E33*74.09 0. 17 13. 59 
2. 21 
0.01 0.70 1. 183. 754. 21 0. 03 
0. 00 0. 41100.35

50*75. 10 0. 1613. 11 1. 30 
0.01 0. 46 1. 65 2.59 5.32 0. 03 
0. 00 0.37 

100.10

5157. 17 0.59 17.307. 13 
0. 084. 17 6.84 3. 67 1.4 7 0. 17 
0.01 0. 97 99. 57

63*70.29 0.26 13. 39 2.98 
0. 02 0.79 1. 573. 114. 77 0.04 
0. 00 0.6197.83

67178nd30

185-169. SG 
0. 22 13.74 3. 90 0. 03 2.32 3. 25 3. 58 1.24 0. 05 
0.00 (0.78) 9S. 19

Garnetiferous quartz-feldspar-bIotite qneisa a!Quartz-feldspar-biotIte gneiss PW 195 Banded quartz-feldspar biotite gneiss Unit E Feldspar-quartz-hornblende-biotite gneiss Unit Quartz-feldspar-biotite-qornet gneiss w/ Fe ox!d<Finely banded quartz-feldspar-blotite gneiss Un Well-banded quartz-feldspar-biotite gneiss ma Coarse granitic gneiss w/ biotite minor garnet 'Coarse granitic gneiss w/ biotite 17 m. above Banded fe1dspar-quartz-hornb1ende-biotite gneiss Fine-grained granitic gneiss 9 m. above Phikwe 1 Coarse porphyroclastic quartz-feldspar-biotite gneiss adjacent

29 nd nd 66 nd 318 18 22 7 6 1 9194 4nd nd nd nd nd nd13 15 5 13 11 1328 13 22 78 3 9018 39 41 20 36 3373 109 114 591 102 80nd 137 162 149147 7 4 120 195 114 12520 36 32 5 41 610 5 84 4 13 17 79 17 2637 43 12 36 41 1245 37 19 60 53 53220 120 119 194 234 93
jundant Fe oxide Unit D PW 195
PW 2 10E PW 210

i Unit E PW 210t E PW 210Ic * Unit E PW 210' 12 1m. above Plilkwe amphibo I ite PW 93PhIkwe host ampli i bo 1 i te PW 188Un it E PW 188host amphibo 1ite Un it E PW 175
to top of Phikwe host amphibolite Unit Granitic gneiss band up to 15 metres thick, PW 185G-20 metres above the Phikwe ore body

Si 02Ti02A1203Fe203MnOMqOCaOHa20
K20P205Cr203LOITOTAL
AsBaCeClCoCrCuGaLaMoNbNIPbRbSSrThUVYZnZr
185-14566470593
10156-22525526 631 27-1

185-14 60.17 0.74 16.6 8 6. 67 0. 05 3. 04 5.88 4.00 0.84 0. 17 
0. 01 (0.60) 

9 8.15

45
12

nd
1238195119716925
783854263

UNIT5659. 25 0. 90 16. 08 7. 22 0. 083. 25 6. 454. 35 1. 16 0. 18 
0. 00. 50

F6471.61 0. 44 13. 993. 78 0. 04 0. 97 2. 634. 69 
1. 66 
0. 10 
0. 00 0.30

705 72. 4 6 
0.22 14.72 1.81 0. 04

UNIT E/F

99.42 100.21
0. 00 1.54 99. 40

9370.17 0. 3913. 81 4. 75 
0. 12 1.23 2. 82 4. 07 
1.11 0. 08 
0. 00 
0.2898. 83

101 63. 59 0. 98 15. 26 6. 92 0.09

26* 72*
(o9 1* 412 S'iS-A
L8* nd 67 "ik

nd2326 11 5 38 713 20 6 21 16217* 18 17^* 10 3ftnd nd nd 5 49 8 13 9 1352 14 11 50 1618 22 33 26 1943 55 84 46 77nd168 146 64 160 20114 26 28 1 9 24nd nd nd nd103 34 9 30 6223 24 70 41 3553 42 41 45 34188 202 154 181 339

56-2262.81 0. 6715.75 
6. 18 0. 06 2. 17 5. 09 3.97 1.27 0.17 
0. 01

99.79 93.15

385

nd 13 4 3 26 52 104 
202

553841213
Coarse quart-f e 1 dspar-b i o 11 te gneiss at base of Pt- Feldspar-quartz-hornblende-biotite gneiss Unit F Quartz-feldspar-biotito gneiss Unit F PW 175 Blue quartz-;-cordier t te-bi ot i te-si I 1 iman I to gneiss Quartz-plagioc1ase-microc 1 Ine-blotite-garnet gneis'Garnetiferous quartz-feldspar-biotIte gneiss ’ Unit E/F SD Coarse grey gneiss w/ hhl. adjacent'to Selebi North host amphibol Blue quartz-cordierIte-biotIto-fe)dspar gneiss Unit E/F SDN 51 Fine-gr. blue quartz-feldspar-hornblende-chlorite gneiss Unit E/F

ELEBI NORTH DK -LT525 526 631 LT27-172. 23 59. 85 60.93 6^.760. 28 1.14 0. 64 0.7013. 29 16.1 14.4 4 15. 1-52. 56 8.13 8. 72 6. 860.0 4 0.13 0. 05 0. 045. 05 4. 23 3. 70 3. 100. 05 3. 97 4. 43 4. 460. 62 3. 06 3. 93 3. 513. 74 1. 58 1. 21 1.660. 02 0.21 0.14 0. 160.00 0.01 0. 01 0.01(1.92) (2.50) (0.66) (0.62)97.88 9 9.-2 98.70 99.0 1
nd f735 263 117 25453 88 53 32nd nd 123 6017 24 320 386 71 49 527 Kd 55 3816 21 18 2129 32 25 30nd 4 1 1 nd8 11 8 1013 60 65 7815 12 12 14140 77 68 107nd 1170 56329 141 125 13425 8 14 11nd14 122 124 7814 41 24 1832 80 32 22137 112 118 148

likwe host amphibolite PW 185PW 188
Unit F PW 208Ai Unit E/F SD

Mafic fine-gr. grey gneiss w/ hornblende as 631 Unit A? LT 27 Fe oxide above ultramafics

te SDN 56

32SDN 51DK
pmples give consistently lower totals than 'wet' samples. However no difference in element ratios between wet and dry when recalculated to 100%.



INTERMEDIATE BIOTITE GNEISSES
UNIT A UNIT B537 538 540 541 542 529 531 545 547 555 556Si 02 60.57 60.57 58. 89 63. 30 62. 33 56. 57 57.45 ;54. 51 58. 38 55. 33 56. 95Ti02 0. 61 0. 60 0.66 0. 36 0.58 0.6 4 1. 06 0.36 2.04 0. 88 0. 75A1203 13. 74 14. 08 14. 20 14. 57 14.10 12. 82 12.73 16. 28 11.59 15. 24 14. 00Fe203 11.59 11.23 10. 78 9. 05 10. 14 11. 09 13.63 10. 66 13. 82 11.81 10.90MnO 0. 12 0. 06 0. 07 0. 05 0. 08 0. 07 0.11 0.14 0. 14 0. 17 0. 18MgO 7.39 7.44 8.84 6. 95 7. 73 9. 33 9. 58 3. 88 3. 50 5. 66 5. 94CaO 0.67 0.41 0.64 0. 47 0.34 2. 95 0.85 8.86 4. 95 6. 81 6. 52Na20 0. 76 0.25 0. 51 0. 73 0. 29 2.28 0. 36 1. 46 2. 53 1.20 1. 42K20 3. 99 3. 83 4. 51 3. 07 3. 57 2. 33 0. 24 1.66 0.60 0. 52 0. 54P205 0. 04 0. 11 0. 10 0. 05 0. 10 0.26 0. 13 0. 38 0. 25 0. 14 0. 10Cr203 0. 03 0. 03 0. 04 0. 06 0. 02 0.0 4 0. 02 0.01 0.00 0. 01 0. 02LOI (1.94) (2.56)' (2.06) 2.29 (1.69) (0.96) 1. 65 '(1.11) (0.75) (0.42) 0. 67TOTAL 99. 51 98. 61 99.24 100.95 99. 28 98. 38 97.61 '?8. 12 97.80 97.77 97.191 I 1 1 1 1 h h? h hBa 452 382 441 441 252 107 175 191 108 115Ce 45 29 25 34 83 65 155 75 50 52C1 454 585 664 266 175 nd 281 12 nd 11Co 32 38 45 39 27 71 65 85 41 33Cr 191 200 237 425 123 253 108 81 21 36 108Cu 153 120 25 56 5 5 142 224 350 5 6Ga 24 14 15 16 13 16 17 17 17 14La 13 13 11 14 26 24 60 24 8 ndMo 3 r.v^ A-'-s Ad. nd xd nd nd AidNb 32 5 5 IS 8 9 5 4 6 11 5N i 59 60 62 103 58 65 61 101 890 68 68Pb 17 5 13 5 13 14 nd 21 6 $ GRb 269 231 277 181 144 165 14 127 32 31 19S 1171 955 375 nd nd 1070 1765 6604 nd ndSr 32 32 27 40 15 75 9 125 94 65 47Th 9 8 15 5 8U AdV 114 104 132 61 97 182 272 178 359 256 18943 17 9 30 12 3 4 31 104 26 32 36Zn 110 113 103 73 78 . 275 107 88 56 87 84Zr 105 121 107 78 124 112 96 29 118 82 130

537 Qtz-bio -qnt-p1ag-cordi erite gneiss Un i t A PW 213538 P1aq-qtz-amph-b1o-qneiss Unit A PW 213540 Qtz-b10 -cordierite-plaq-si 1 1 schist Un it A PW 213541 Qtz-bi0-cordierite-sil1 qneiss/schi st Unit A PW 2135 42 Banded qtz-b10 -amph-plaq-qnt gneiss Un it A PW 213529 Fine-grained plag-qtz-bio-cumminqtonite qneiss Unit Ei PW 210531 garnet- amph-qtz“bi0 qneiss Unit ■ B PW 210545 Well-banded fine-gr. hbl-plag-bio qneiss Unit B PW 213547 F1ne-gr .tollated plag- bIo-hb1 -qtz pyrox qneiss d i 55. 5U]phides Uni■ t B PW 213555 Fi ne-gr . piag- hbl-qtz-b1o-pyrox qne i ss Unit B LK 2556 Fine-gr . plag- hbl-pyrox-qtz-b io gneiss tuffaceous Uni t B LK 2

Si02Ti02A1203Fe203MnOMqOCaONa20K20P205Cr203LOITOTAL
AsBaCeClCoCrCuGaLaMoNbHiPbRbSSrThUVY Zn Zr

62103633641658

UNIT F 6255. 381. 13 17.469. 96 0. 17 4. 70 7. 212. 64 1. 91 0.24 0. 01 0. 98101.79 h

7114

nd
11761979

166
a<Lnd1542989145

UNIT E/F 103 58. 061. 43 16. 279. 06 0. 12 10.25 0. 90 0. 462. 51 0.32 
0. 01 1. 67101.06 1 14 «• 

XSl Tt-

58 29^ 2.2 *■ nd 19 74 13 120

UNIT G

24
10nd1303745331

633 54. 862. 50 14. 75 
11. 100.243. 77 6.29 3. 33 1.52 1. 02 0. 00(0.52) 99. 38 h

97975 nd 315842846nd14131861297260139

7776 245 266

641 58. 110.85 16. 16 10.09 0. 09 5. 45 1. 46 1.84 3. 14 0. 12 0. 04 1.36 98. 11 1
50457nd42250592326nd1313934121279092
11

13328135149

DK/LT 658 55. 79 0. 45 
11.88 18. 74 0. 06 3. 33 1.72

1. 13

Fine-grained piag-hbl-bio-qtz gneis

145 43. 600.7517. 2922.490.198. 90 2. 171.52

CoarseUNIT B149 41. 97

GarnetsUNIT E/F

1. 02 17. 55 22.96 0.14 9. 78 0.83 0.81 2. 30 0. 07 0. 05 2. 57

513 50. 912. 84 13. 05 16. 35
0.20 10. 70 1. 32 0.333. 97 0. 45 0. 02

514 47.48 0. 53 23. 30 11.41 
0. 12 11. 42 0.37 0. 34 6.16 0. 03 0. 01(1.64) (3.09)

Unit E

145149513514

Biotite-plag-qtz schist Unit G PW CAM 33/1 Fine-gr.dk-grey qtz-bio-mag-p1ag-gneiss (cf fel
Coarse piaq-gnt-bio-amph-magnetite gneiss disCoarse :-- * —-- - - ~Coarse Coarse

5.691 100.621 100.051 100.141 101.171
232 398 1480156 95 10431 nd nd14 77 1128 557 372 168 906 441 253 83 614 1 9 2537 29 106 4 3 3 nd5 13 11 10 889 136 148 95 6818 13 5 6 72 48 122 179 8 4 229nd 32370 19790 4540 2371 30 21 9 1113
64 225 225 259 1268 49 35 69 1386 204 221 95 9382 43 48 178 149
PW 195jnt qne i s 5 Unit E/F Selebi SD 80»ist/qnei S3 Unit G PW CAM 38/1
d.quartz ite) Uni t A? !Dikoloti DK 17
.s. sulph ides Un it B PW 195

h high calcium I low calcium

u . fejr I ; gnu , d i s s. 5U i p h i do s Unit B qtz-garnet-b10-magnetite-cordierite? gneiss Unit E/F Selebi North qtz-bio-gnt-cordicrite-si11 gneiss Unit E/F Selebi North SDN 45
PW 195 SDN 45

quartz-poor biotite gneisses quartz-rich biotite gneisses



CALC-SILICATE GNEISSES and QUARTZ-FELDSPAR GRAMULITES
30-7 30-7 30-7 30-7 30 -7 11 -8 11-8 17 -8 2 4-8 4 -9574 lb Ic Id If 4 3a 3c 6a 3c IqSi02 71. 73 75. 90 58 . 22 71 .36 67 .53 76. 95 85. fo7 71 . GO 69. 05 61 .95 59 .9 4Ti02 0. 01 0. 17 0 . 13 0 . 13 0 . 14 0. 01 0. 0 4 0 . 10 0. 18 0 . 24 1 . 15A1203 14. 10 12. 91 21 . 98 15 .44 16 .94 12. 76 7. 74 13 . 54 13. 29 19 . 96 18 .£: 6Fe203 4. 17 0. 48 1 . 95 0 . 77 1 . 03 0. 4 4 0. 16 3 . 34 4. 01 2 . 22 3 . 04MnO 1. 61 0. 01 0 . 02 0 . 01 0 . 01 0. 08 0. 01 0 . 01 0. 02 0 . 02 0 . 0 4MqO 0. 44 0. 01 1 . 23 0 . 63 0 . 58 0. 11 0. 08 0 . 06 0. 09 0 . 28 0 . 07CaO 0. 92 7.84 12 .42 8 . 49 10 .99 1. 22 2. 05 8 .71 9. 14 12 .3 2 13 .25Na20 5. 32 0. 55 1 .87 1 . 26 0 . 63 5. 38 2. 24 2 . 73 2. 48 0 . 96 1 . 52K20 1. 24 0. 03 0 . 25 0 . 17 0 . 03 0. 81 0. 18 0 . 20 0. 18 0 . 08 0 . 15P205 0. 02 0. 05 0 . 07 0 . 05 0 . 06 0. 03 0. 03 0 . 03 0. 08 0 . 08 0 . 52Cr203 0. 00 0. 00 0 . 00 0 . 00 0 . 00 0. 00 0. 00 0 . 00 0 . 00 0 . 00 0 . 01LOI -0. 15 0.32 (0 .71) (0 .39) (0 . 30) 0. 22 0. 16 ( 0 .26) (1. 24) (0 . 52) (0 . 68)TOTAL 99. 41 9.9. 27 9f . 14 98 .31 98 .3 4 99. Cl 9<. 36 100 . 32 98. 52 98 . 11 96 .Z5

AsBaCeClCoCrCuGaLaMoNbNlPbRbSSrThUVY Zn Zr
57430-7-lb30-7-lc30-7-ld30-7-lf30-7-4ll-8-3a11-8-3C17-8-6a24-8-3C4-9-lg

354 34 * 38+ 17* ndi35+ nd 31 4-9 + 92 2249 4-84 Ac(^ 8 223nd nd 1951 43 30
li 10 5 nd 5 13 7 12 14 82. 3727 14 15 12 13 20 14 14 9 17 834 4k 17 23 28 4 11 2818 * 34 7f 15 133nd nd nd nd nd nd nd n d nd 3 nd32 15 12 11 11 158 3 6 18 24 3534 30 17 25 20 19 35 9 25 19 1249 12 23 15 9 37 nc( 17 27 26 1152 nd 4 5 5, 26 n d 9, 20 4 11nd nd Ac( nd 2040 nd12 255 422 302 315 35 216 394 336 403 3336 49 39 80 44 9 8 5 75 72 65 12 7 7 14 25 15 158 7 11 7 12 nd 6 26 17 36 81401 39 34 28 24 49 7 24 32 39 9421 24 38 26 24 12 24 23 25 28 2186 104 216 173 66 17 42 92 199 247 221

Quartz-feldspar-garnet qranulite (cf 701 & 702 granitic bands) Unit B PW 208 Quartz-feldspar-qarnet qranulite finely banded mylonite? Botsabelo Quartz-feldspar-hornblende granu1ite/ca1c-si1icate gneiss Botsabelo Quartz-feldspar-hornblende-pyroxene granulite/ca1c-sI Iicate gneiss Botsabelo Quartz-feldspar-hornblende granulite/calc-silicate gneiss Dotsabelo Quartz-feldspar-garnet granulit© BotsabeloSiliceous quartz-feldspar-hornblende qranulito/csg Solebi North Qtz-feldspar-hornblende granul ite/csg my 1 onitisod? Selebi North Quartz-feldspar-hornblende granulite/calc-si 1icate gneiss Pliokoje Qtz-feldspar-hornblends granul Ite/esq my 1 onitised? Mogolodi NorthQuartz-feldspar-epidote granulite/esq mylonite Lethlakane fault zone

GRANITIC GNEISSES
31-7-3 16-9-5a 703 700 701 702SI02 72. 77 71.79 72.. 78 58.22 72. 44 75. 12Ti02 0. 17 0. 16 0. 18 1. 00 0. 13 0.01A1203 13.78 14.80 13.90 14.88 14. 82 14. 11Fe203 1.84 1. 13 1.57 9.88 1. 09 0.11MnO 0. 02 0. 02 0. 04 0. 12 0. 03 0. 02MqO 0.29 0. 49 0. 31 2. 67 0.31 0. 05CaO 1. 38 1.85 1. 45 5. 73 3. 54 0. 58Na20 4. 22 4. 64 3.57 3. 25 4. 54 2.86K20 3.92 3. 77 4. 0 1.88 1. 59 7.35P205 0. 05 0. 06 0. 04 0. 41 0. 05 0. 01Cr203 0. 00 0. 00 0. 01 0. 00 0. 00LOI 0. 32 0.68 (0.38) (0.40) <0.26) (0.21)TOTAL 98.76 99. 40 97. 94 9 3. 05 98. 54 100.22

As 33 + 36*Ba fc/0 # 7 ft* 599 492 115 439Ce ss + 59 133 14 ndCl nd 324 nd ndCo 47 32 39 27Cr IS /i 8 64 9 7Cu 13 17 17 45 10 8Ga 21 * 18 A- 17 21 25 19La 13 + 42 59 11 ndMo 5 3 6 nd nd ndNb 14 4 11 15 13 25Hi 18 21 32 40 26 22Pb 44 37 28 23 41 79Rb 150 108 193 89 73 361S 198 nd nd ndSr 91 401 79 151 109 58Th 38 7 35 15 9 GU 11 nd 19 ndV 13 17 12 135 10 6Y 21 3 39 54 18 20Zn 49 26 53 127 37 22Zr 160 108 130 263 52 21

META! amphibo 1 ite 31-7-5b52.54 0. 14 10. 97 5.97 0.13 11.50 16.34 0. 95 1.54 0.03 0. 03 (2.07) 100.14

27015

355546 5 44690 146 1 4
6813

100168

EDIMENTSquartzites530 69.26 0. 57 3.06 14.25 0.0 4 2.;,9 0.86 0.59 0.46 0. 05 03 60 56
04

10 1.

52713nd53191
21257nd5166I 0 194702027

103
105043

5397S.3J 0.04 
12.r 4 0. 84 
0.01 0. 27 1.92 3.63 0. 53 
0. 02 
0.00 (0.47) 9f.07

4 7 nd nd 40 4 7 15 n d 33 333 3034 nd 84

99
21
86

31-7-316-9-5a703700701702

core of body northeast of Phikwe T o b a n o
Coarse porphyroblastic granitic gneissMedium-gr. weakly porphyroblastic-granoblastic granitic qtiois Coarse porphyroblastic granitic gneiss PW 203 Dk-grey mod.-gr.'dioritic' p1ag-bbl-qtz-bio gneiss assoc. vJ 703 Cse pink-white *pegmatitic' granite band assoc w/ 703 PU 208 Cse pink-white * pegmat:tic' granite band assoc w/ 703 PW 208 definite weighing i mixing error

31-7-5b Diops!de-actInolite amphibolite assoc, w/ diop-act in quartzite Phikwe dome530 Finely banded sillimanito-pyrrhotIte quartzite Unit 3 PW 210539 Quartz-plagioclase-si11imanite-biotite gneiss/quartzito Unit A PW 213



ANORTHOSITES and RELATED ROCKS
PW 211 PW 208 26 -7 30-7 13-8 7- 8561 562 563 571 548 552 553 554 2 1 a la 3Si 02 47. 50 47.. 40 48. 11 50.. 71 47. 12 78. 22 49. 29 69. 72 50. 16 46 . 51 47 . 67 48. 61Ti02 0. 27 0. 01 0. 19 0.. 10 0. 32 0.. 14 0. 15 0.. 39 0. 21 0 . 08 0 . 35 0 . 14A1203 24. 25 32. 06 21. 88 26. 48 23, 09 11., 56 17. 4 0 12. 90 17. 09 28 . 77 24 . 06 23. 70Fe203 3. 88 1. 03 5. 71 3. 38 3. 74 0.. 94 7. 78 4. 27 6. 50 2 . 70 6 . 49 4. 88MnO 0. 04 0. 01 0. 08 0.. 05 0. 05 0.. 01 0. 15 0. 0 4 0. 14 0 . 05 0 . 07 0. 10MqO 5. 41 0. 31 7. 55 2.. 47 6. 57 0. 59 8. 64 1. 20 8. 50 1 . 38 3 . 53 6. 02CaO 16. 78 16. 33 14. 13 12. 19 16. 31 3.. 78 11. 74 5. 55 15. 57 14 . 03 12 . 97 14. 76Na20 1. 49 2. 21 1. 79 3. 36 i. 15 2. 78 2. 10 2. 80 1. 39 2 . 92 2 . 43 1. 78K20 0. 09 0. 04 0. 06 0. 45 0. 14 0. 57 0. 72 0. 29 0. 17 0 . 25 0 . 68 0. 11P205 0. 08 0. 12 0. 04 0. 03 0. 13 0. 06 0. 03 0. 0 4 0. 03 0 . 02 0 . 05 0. 03Cr203 0. 02 0. 00 0. 02 0. 01 0. 03 0. 00 0. 04 0. 00 0. 01 0 . 00 0 . 00 0. 01LOI (0. 90) (0. 34) (0. 96) ( 0. 61) <1. 08) (0. 43) (1. 22) ( 0. 37) ( 0. 74) (0 . 51) (1 . 40 ) (0. 85)TOTAL 99. 81 99. 52 99. 56 99. 23 96. 65 98. 67 98. 24 97. 20 99. 77 98 . 71 98 . 70 100. 14

Ba Ce Cl Co Cr Cu Ga La Mo Mb N i Pb Rb SSrThVY Zn Zr

nd521619

223249136177nd394
76242362

28ndnd26
11726ndnd995 4nd455
6 nd41542

5015 26 32113
1019ndnd
6

5nd231
870

104716

44nd262365
12
21ndnd543 
12 
12 nd167nd403244 16

nd
1215
21206nd13ndnd
10199nd8nd381
559
2158

125 67 35 164 ndnd nd nd nd ndnd 241 54 116 nd54 44 52 27 3010 238 6 4 3 28 27 8032 36 14 214 11 25 29812 11 13 20 15nd nd nd nd ndnd nd nd nd nd 3 nd6 2 5 4 3 3 432 169, 20 104 33 74 1159 a.4 9 nd 14 5 n d25 27 8 4 11 47 4nd nd n d 96 473144 105 146 103 214 151 1346 7 8 nd13 142 n d 186 23 129 10310 7 28 6 26 10 729 65 5 4 50 46 41 4529 9 57 11 12 27 11
561 Pyroxene hornblende anorthosite PW 211562 100% feldspar anorthosite PW 211563 Gabbroic hornblende anorthosite PW 211571 Typical coarse hornblende anorthosite PW 211 548 Banded pyroxene hornblende anorthosite (sheared)552 Quartz anorthosite PW 208553 Gabbroic hornblende anorthosite PW 208554 Foliated quartz hornblende anorthosite PW 20828-7-2 Gabbroic hornblende anorthosite Dikoloti30-7-la Hornblende anorthosite Botsabelo13-8-la Hornblende anorthosite Mahalapye Road17-8-3 Gabbroic hornblende anorthosite Phokoje

PW 208

4-9 10-9 LETHLAKANE SECTION2a 992-1 992-2 992-3 992-4 992-5 992-6 992-7S i 02 55. 16 49. 99 56. 12 52. 02 51. 53 51. 06 50. 21 50. 43 4 6.83T i02 0. 02 0. 20 0. 04 0. 07 0.36 0.26 0.17 1.65 1. 58A1203 28. 00 28. 54 26. 91 28. 01 15. 46 11.4 4 19. 60 3. 56 7. 03Fe203 1.51 3. 53 1. 58 2. 61 9. 69 9.68 7.29 15.81 14.27MnO 0. 02 0. 04 0. 01 0. 03 0. 19 0.21 0. 12 0 . 24 0.20MgO 0.68 1.71 0.65 1.52 8. 60 11.38 7. 05 17. 33 15. 70CaO 11.48 13. 05 9.81 11.79 11. 64 12. 67 12. SO 11.72 11.24Na20 3. 92 3, 50 4. 13 3.64 2. 27 1.34 2.29 0. 27 1. 53K20 0. 45 0.24 1.21 0. 41 0.85 0. 53 0. 56 0. 22 0.12P205 0. 04 0. 04 0. 03 0. 06 0. 03 0. 03 0. 03 0.0 4 0. 04Cr203 0. 00 0. 03 0. 00 0. 00 0. 01 0. 03 0. 02 0. 20 0.18LOI (0.84) (0.87) (1.39) (0.92) (1.74) (1.65) (1.27) (0.42) (0.70TOTAL 101.28 100.87 100.49 100.36 100.65 98.83 100.34 101.47 96. 52
BaCeClCoCrCuGaLaMoNbHiPbRbSSrThVYZnZr

4-9-2a10-9-lg
992-1992-2992-3992-4992-5992-6992-7992-8992-9992-10

992-8 47. 18 1. 77 5. 44 15. 57 
0. 21 17. 15 11.94 1. 17 
0. 12 0. 04 0. 18

992-9 52.61 0.10 24. 02 4. 12 0. 08 3. 31 10.70 3.66 1. 41 0. 03 0. 01 (2.14) 100.25

992-10 52. 16 0. 27 16.81 6.29 0. 16 
8. 12 11. 79 2.49 
0. 66 0. 03 
0. 01 (0.87) 100.79

258 114 181 48 63 494 234 177 250 81nd nd nd nd nd 46 64 107 nd 1045 nd 62 154 122 nd 67 64 99 126
10 177 12 10 51 48 45 90 80 92 17 4429 53 187 160 1346 1206 1248 41 6821 TV C. 14 48 6 230 167 184 3019 19 13 11 15 9 9 9 16 16
nd nd nd nd nd nd nd nd 7 12 nd o dnd nd nd nd nd 4 nd nd nd 34 3 4 3 nd 3 6 5 7 513 29 15 34 105 149 167 679 638 679 55 951 9 8 11 15 6 5 G At; 7 1 418 7 64 19 33 15 16 16 3 5 7 4 18

1779
32 40 106 280 129 42 292 174 175 642415 333 2659 137 80 IGl 88 354 230 272 151

13 66 6 17 203 215 115 257 215 231 47 141nd 7 7 9 8 20 17 15 11 734 nd 9 55 53 34 100 85 95 28 4821 13 16 9 9 12 34 38 43 15 9
A 1tered (green) anorthos i te Lethlakane fault zoneHornblende anorthosite Kurumela
Anorthosite Lethlakane section Hornblende anorthosite Lethlakane section Gabbroic hornblende anorthosite Lethlakane section Metaqabbro Lethlakane sectionPorphyroblastIc qabbroic hornblende anorthosite Lethlakane Thin mafic band in anorthosites Lethlakane sectionThin mafic band in anorthosites Lethlakane sectionThin mafic band in anorthosites Lethlakane sectionPorphyroblastic hornblended anorthosite Lethlakane section Gabbroic hornblende anorthosite Lethlakane section

iGction



ANORTHOSITES and RELATED ROCKS continued
PU 208 SHEAR ZONES575a 575b 575c 5 7 6a 576b 576cSi02 50. 35 48. 07 54.80 62.40 66.71 62.307 102 0. 17 0. 03 0. 06 0. 41 0.74 1.14A1203 24. 50 26. 80 22.76 17. 72 13.92 13.73F@203 5. 08 5. 72 4.19 4. 92 G. 30 6.74MnO 0.04 0. 04 0. 05 0.0 4 0. 03 0. 06MqO 2. 37 1. 97 0. 25 1.51 0.71 0.34CaO 13. 52 17.36 16. G7 9^^ 10.39 13. 63H a 2 0 1.63 1. 03 0. 64 1^^ 0.6 4 0. 43K20 0. 35 0. 16 0.31 0^^ 0^7 0. 45P205 0. 04 0. 07 0. 05 0. 09 0.18 0.58Cr203 0 . 00 0. 01 0.00 0. 00 0.00 0 . OOlOI (0.85) (2.98) (0.97) (0.97) (1.78) (1.78)TOTAL 98. 05 101.31 99.78 98.45 99^9 99. 40

Ba 13 nd nd 12 35 45Ce 10 9 nd 60 4 90 438C) 118 73 n d 4 3 26 9Co 46 32 4 7 39 GO 82Cr 33 4 8 23 25 14 7Cu 7 10 11 62 242 243Ga 21 23 23 15 22 23L a nd nd nd 35 283 252Mo 4 nd 3 nd nd ndNb 4 5 3 6 10 15Hi 79 54 21 30 4 5 62Pb 7 7 10 nd 6 1 7Rb 9 10 15 13 12 13S nd nd nd 5 1220 2170Sr 285 424 432 226 236 225Th nd nd nd 13 22 12U nd nd nd nd nd ndV 42 50 26 25 19 4 0Y 15 11 14 12 3 4 58Zn 34 29 20 30 29 1 9Zr 88 14 22 330 1009 961
575a Unshoarod hornblende a n 0 r t! 10 s PW 205575b Sheared marqln of shear rw 208575c Garnet i ferous one PU 208576a Unshoared quartz anorthosite FU 205576b Sheared margin of shear zone PU 208576c Garnet i ferous core of tiear z one PU 208

18-7-■la Deformed dyke, hornblende feldspar qne1ss567 F i ne-qra 1 ned hornblende qnoiss in anorttio573 Fine-qra ined hornLilencio qneiss in anortho195 Deformed dyke, hornblende felds par qneiss

DYKESMotamorpho^iod and doformod
18-7-la 53.07 0^^ 18.40 10.18 0. 15 3^^ 8^^ 2.54

(0.69)99.82

4G24
nd
21Ml
10S3

15313
53 
88 1 M M537

5G7 50.21 1.95 12. 15 17.69 0^^ 4.56 8.42 1. 97 1.62 0^^ 
0. 01 (0.56) 99.07
239 13G 992 5 4 52 189 

21 4 7 5 14 51 9 43 
211 90
ikJnd388 4 0147129

57345. 73
18.9410.71

19550. 90 1.15 14.11 14.010. 155^^
12.022^^0. 4i 0^^ 
0.02 (0.91) 98.53 :

72155nd 4 71452052356n d 13
1207S117216

1783 4 74197

0.010. 55

70171

4
659915426126

281
22877 4

n anorthesite te PW211 to PW21i n qranitic qnei ;

So 1obi North

Lobala north



ULTRAMAFICS IN THE SELEBI“PHIKUE GNEISSES
si02

1 14 213:-i 213:-2 217 -1 217 -2 15750 . 22 48 . 24 50. 56 42. 56 52. 46 50. 66 44. 98Ti02 0 .32 0 . 58 0. 37 0. 13 0. 29 0. 32 0. 62A1203 4 . 10 5 . 07 6. 34 2. 85 3. 30 3. 97 10. 25Fe203 8 . 64 15 . 86 9. 81 11. IS 8. 11 7. 44 13. 34MnO 0 . 13 0 . 20 0. 22 0. 15 0. 12 0. 10 0. 16MqO 20 . 91 22 . 29 25. 56 39. 55 20. 53 22. 86 24. 94CaO 12 . 32 5 . 00 1. 91 2. 11 12. 08 11. 77 5. 16Na20 0 . 64 0 . 59 0. 20 0. 32 0. 49 0. 46 0. 64K20 0 . 24 0 . 64 3. 05 0. 26 0. 11 0. 13 0. 13P205 0 . 05 0 . 06 0. 05 0. 05 0. 04 0. 05 0. 07Cr203 0 . 35 0 . 51 0. 89 1. 06 0. 49 0. 60 0. 19LOI 1 . 99 1 . 33 (2. 35) (6. 27) (1. 93) (2. 85) 0. 50TOTAL 99 . 91 100 . 37 98. 96 100. 22 98. 06 98. 36 100. 98
As ndtBa 401 42 ndCe 28 59 53Cl 115 1046 ndCo 56 98 50Cr 2420 3460 5960 6830 3300Cu 50 477 14 10 8Ga 6 4 3La nd nd ndMo nd nd nd nd 3Nb 3 4 4 2 ndNi 494 915 998 1550 588Pb nd 5 4 nd AdRb 8 21 125 13 4S 7140 nd 90 ndSr 14 11 7 10 11Th nd 7 nd ndU nd ndV 152 133 62 54 97Y 5 12 6 3 14Zn 64 126 118 83 70Zr 26 43 73 21 32
1 Pyroxen!te Unit D PW 166

nd2776593980113nd34476
85 nd 165

12476123

1320127

nd31080nd333806
8 4 6 91 24

158 44. 64 0. 54 17.89 10. 33 0.14 13. 44 9. 53 1. 281. 36 
0. 10 0.0 42. 25

307Ati

nd4594/\48330
101

79S7229

14 213-1 213-2217-1217-2157158

Amph i bo 1 i t i sed pyroxenite w/cu-rnnu/t^toAi^e. + v/vrr p pwAmphibolite <2 clino & ortho) + pAio^opite Unit D PU 213 SerpentinIsed peridotite Unit D PU 213 Cl I noamphi bol i te Unit D PW 21701 i V i tie- ov/T^o pyroxene cl i noamphibolite - Oliv.-pyrox c 1 i noamph i bo 1 i te-Xor/ii/. 270 m. above Hornblende feldspar amphibolite at margins of 157
Un i t Selebi SD 97

D PW 217 ore body SD 97 Unit E/F/G?
These ultrsmafics only include the small ultramafic bands and pods within the Seleb.-Ph.kwe section particularly Unit D. The ultranafics hosting Ni-Cu sulphide at Selebi-Phikwe and Diko1ott-Lentswe are tabulated elsewhere.

DIOPSIDE GNEISSES
635 637 638Si 02 47. 40 49. 88 47. 90Ti02 0. 4 7 0. 69 1. 50A1203 7. 78 10. 52 16. 12Fe203 14. 76 13. 57 13. 17MnO 0. 58 0. 53 0. 27MqO 2. 29 2. 75 2. 94CaO 25. 53 20. 12 13. 96Na20 0. 40 1. 01 3. 05K20 0. 08 0. 14 0. 29P205 0. 34 0. 36 0. 23Cr203 0. 00 0. 00 0. 04LOI (4. 74) (0. 69) (1. 12)TOTAL 99. 63 99. 57 99. 47

BaCeClCoCrCuGaLaMoNbNiPbRbSSrThVYZnZr

13
1102444
115716434
12
10
127

21205278?
1151139194

165197
22118519
22109314
109951859

102?
1176161287

10354776727089
2297
811814
83750137
824135113109

UNIT G
640 49. 35 1.79 16. 21 11.89 0.27 3. 04 12. 84 3. 54 0. 31 0.27 0. 03 (1.42) 99. 54
16940 9
6617243
20143
8982592840

111
1126141 135

122

SEFilOPE DIOPSIDE GNEISSES
2-8-■4a 4 b Ga 12-8-•3a Ga45. 94 46. 71 43. 37 50. 70 46. 080. 93 0. 85 1. 08 0. 97 2. 6314. 6 4 15. 01 15. 75 15. 4 5 13. 929. 52 9. 70 11. 55 11. 27 13. 620. 30 0. 29 0. 20 0. 17 0. 276. 04 5, 96 6. 14 6. 98 4. 5323. 12 20. 81 13. 66 11. 31 19. 130. 34 0. 43 2. 31 2. 37 0. 910. 07 0. 90 0. 33 0. 33 0. 260. 17 0. 24 0. 11 0. 10 0. 290. 03 0. 03 0. 05 0. 04 0. 01(2. 95) (2. 48) (0. 57) (0. 91) ( 0. 65)101. 10 100. 93 99. 55 100. 19 101. 65

20737

5 4158
6 
2

156
166
227073

449
8nd622072316

2047144 nd 33 240 0 
112

217567

32325

3
613513

146
10279269073

1723826582694216
83613299161 1 4 9 Ad 244 27 79 76

4613

5
1145913

262
84074570151

635 Diopside-piaqioclase gneiss Unit G PW CAM 38/1637 Weakly banded diopside-plagioc1ase gneiss Unit G PW CAM 38/1
rli size-min.graded hbl-plag & diop-plag gneiss Unit G PW CAM 38/1640 V.well-banded hornblende-plag and diopside-plaq gneiss Unit G PW CAM 38/1
2-8-4a Diopside-altered plagioclase band of graded? diopside amphibolites Sefhope East2-8-4b as 2-8-4a with minor thin hornblende-piagioclase amphibolite bands Sefhope East2-8-6a Whole thin graded band from hbl-rich to diop-plag-rich Sefhope East 12-8-3a Mafic hornblende-pIagioclase-diopside gneiss Sefhope East 12-8-6a *Felsic* diopside-plaqioclase-hornblende gneiss band Sefhope East

/)./7



PHIKWE HOST AMPHIBOLITE
PW 185 (core section185-2 3 4 5 6 7 8Si02 47. 75 45.35 44. 31 41.39 43. 79 4^. 21 45.-00TI02 0.56 0. 30 0.29 0. 26 0.22 0.23 0. 26A1203 17. 12 16.76 17. 93 16. 89 15. 48 16. 19 16.71Fe203 10. 56 10. 50 9. 94 16. 94 17. 11 13. 02 11.62MnO 0. 13 0. 14 0. 13 0. 12 0. 16 0. 13 0.14MqO 11. 05 14. 01 13. 71 10.87 10.92 12. 50 13. 59CaO 5. 69 8. 63 9. 17 9. 38 8. 17 9. 66 9.22Na20 2.32 1.30 1.22 1. 09 1.35 1. 12 1. 34K20 2.82 1.75 1. 26 0. 72 0. 54 0.31 0. 64P205 0. 07 0. 05 0. 04 0. 06 0. 04 0. 04 0.0 4Cr203 0. 03 0. 03 0. 03 0. 03 0. 04 0. 03 0. 04LOI 1. 93 2. 45 2. 08 3. 46 3. 39 3. 19 2.49TOTAL 98. 10 98.82 98. 03 97. 75 97.82 9^. 44 98. 60

Cr 233 233 226 195 259 230 251Cu 172 409 358 3614 2660 1110 516Mo nc'. 3 kC\ AcC Ae( /Kd. AC(Nb 11 5 3 2 5 3 2N? 506 769 895 2446 1732 1477 1568Pb 14 ki. 14 16 kk 9Rb 134 72 57 36 24 17 36S 1693 2997 4424 44625 29639 17314 11047Sr 80 89 111 99 65 81 77Th 8 yta 5 7 11 a4 5V 107 82 60 54 79 55 59Y 38 9 9 7 7 10 9Zn 105 72 78 80 105 89 77Zr 42 25 21 25 18 19 19

944. 660. 33 15.01 10. 77 0. 16 15.88 S. 15 1.25 1. 09

9<\39
322170/lA3654
aK50126030
acL74
118024

1046.61 0^815.85 11. 09 0. 13 
12.22 9. 461. 53 0.87 0. 04 0. 03
2. 1198.21
213199

6181436299980
885

228426

185345
67
8910 
11
1213

asas

as

4 ds ccp-rich 3.63-6.13 4 ds minor fold 6.13-8.634 ds 8.63-11.134 11.13-13.634 13.63-16.13

1147.810. 44 17. 739.540. 12 10.939.812. 03 1.09 0. 06 0. 031.39 99. 59
200 40 
A d 4364174745399a499196834

1247.87 0. 54 16. 5610. 73 0. 1411. 26 10. 331.83 1.37 0. 07 0. 06 1. 42 100.76
42472AcL5454

86198782Adf132188039
PW 185 Host amphibolite intersection completely sampled and analysed1 R 4" ? I .sf- . — ...^..4....  i_.,i • r2 Coarse hornbiende-biotite-fe1dspar-quartx: gneiss hybrid zone Hornblende-biotite-feldspar amphibolite 0.63-1.63 Hornbiende-feldspar-biotite amphibolite 1.63-3.63

Sheared amphibolite porphyroc 1astic feldspars 16.13-18.13 Hornblende-feldspar-biotIte amphibolite 18.13-19.13 Hornblende-feldspar-biotite amphibolite 19.13-20.13 Hornblende-feldspar gneiss185-i & 14 grey quartzofcldspathic gneisses immediately above and below host-amphibolite see grey gneisses for analyses

1350.67 0. 52 15. 91 9. 54 0. 14 9. 21 10. 33

381
4^
241517318
1009125206541

PW 130 core section
Si02T i02A! 203Fe203MnOMqOCaOHa20K20P205Cr203LOITOTAL

6746. 09 0.33 16. 90 11.56 0. 19 
12. 38 8. 76 1.28 1.82 0. 04 0. 13 2. 28 101.76

6844. 72 0.27 16. 72 13. 14 
0. 16 11.64 
8. 79 1.311. 56 0. 03 
0. 102. 67 

101.11

6946.84 0.24 17.33 10. 58 
0. 16 14. 00 7.65 1. 18 
1. 88 0. 04 0. 06 J. 64 10).60

7043. 02 
0. 28 12. 16 16. 24 0. 19 16. 944. 36 0.69 1.25 0. 05 0. 045. 28 100.50

71 72 73 74 151 75 76 152 7744. 32 44. 41 45. 25 46. 37 44. 68 44. 92 46. 65 46. 25 4 4. 6 40. 32 0. 37 0. 36 0. 32 0. 30 0. 36 0. 35 0. 39 0. 5215. 01 16. 04 17. 43 17. GO 17. 12 15. 93 17. 50 13. 96 15. 9013. 32 11. 90 10. 45 9. 76 11, 15 10. 42 9. 65 10. 99 12. 850. 17 0. 16 0. 14 0. 11 0. 10 0. 12 0. 12 0. 14 0. 1113. 41 14. 53 17. 76 14. 21 13. 31 14. 49 12. 42 14. 54 12. 899. 64 7. 55 1. 81 8. 26 8. 88 8. 86 9. 24 10. 32 9. 361. 55 1. 42 0. 94 1. 21 1. 38 1. 40 1. 64 1. 48 1. 500. 86 1. 68 3. 59 1. 79 1. 54 0. 99 1. 05 0 . 64 0. 920. 03 0. 03 0. 03 0. 04 0. 04 0. 03 0. 05 0. 04 0. 040. 04 0. 03 0. 05 0. 03 0. 04 0. 04 0. 03 0. 04 0. 031. 92 3. 54 4. 26 1. 83 3. 41 3. 53 2. 79 2. 12 3. 03100. 59 101. 66 102. 07 101. 53 101. 95 101. 90 101. 49 100. 91 101 . 79
Cr 870 657 435 257 305Cu 274 522 37 14 194Mo nd nd nd nd ndNb 2 5 2 5 5N i 445 993 820 885 371Pb nd 25 15 18 25Rb 84 65 87 49 33S 2030 11090 390 151 883Sr 72 86 63 9 35Th nd AciU ndV 112 91 71 63 159Y 7 6 9 7 47Zn 160 136 159 221 79Zr 22 17 22 20 36

22896nd54911772135061

101386435

34513nd
277532145291

68rid
801369
22

223177nd4726186915387

78
82723

260380nd39731565534091

83233022

241473
262012 4 04C875

31 9 4 4
22

217543nd596115464260103ndnd
80
104 927

263340nd3805724
2200

68

96
12 4 732

19571nd4466
84370628

116
224131

PU 130 not completely sampled only representative samples C7 : 4.. ---'ite amphibolite 93.6i te amphibo 1 ite
67
68697071727374151757615277

Hornblende-feldspar-biotite-gedr Hornblende-feldspar-biotite-godr Hornblende-feldspar-biotite-gedr Hornblendc-feldspai—gedrite-biot Hornblende-feldspar-^edrite-biot Hornblende-gedrite-blotite-chlor Talcy hornbiende-qedrite-biotite Hornblende-gedrite-biotite-chlor Hornblende-qedrite-biotite-chlor Hornblende-gedrite-biotite-chlor Hornblende-gedrite-biotite-chlor Hornblende-gedrite/anthophy11 I to Hornblende-gedrite/anthophy11ite

dsite amphibo 1ite 95.4 ite amphibolite 97.6 ite amphibolite 93.1 ite-feldspar amphibolite

94.6

schi:- tosechlorite feldspar amphibolite schi;I te feldspar ampiii bol i te schistose ite feldspar amphibolite schistose ite-feldspar amphibo 1 ite schistose ite feldspar amphibolite schistose -chlorite-feldspar amphibolite 104.C-chlorite-altered feldspar ampli I bo 1 i te

98.5tose 99.4 100.3 ds 101.2 sheared 102.7 ds 103.7
105. 9



PHIKWE HOST AMPHIBOLITE continued
PW 1500 sectior1 underground178 179 180 181 182 153 184 155Si 02 46. 05 45. 15 43. 67 41.89 39. 59 43. 47 44. 69 42. 20Ti02 0. 43 0.30 0.28 0. 12 0.21 0.27 0.23 0. 36A1203 10.81 16. 18 16. 32 15. 01 15. 14 17.39 18. 41 15.86Fe203 14. 73 13. 44 13. 18 17.56 21. 44 12. 66 10. 78 15. 47MnO 0. 18 0. 15 0. 18 0.31 0. 41 0. 15 0. 12 0. 13MgO 15. 13 13. 09 14. 23 12. 41 11.35 13. 15 15.00 12. 05CaO 8. 71 8. 65 7. 31 9. 15 7. 75 9.48 8.7 6 10.81Na20 0. 90 1. 15 1.02 1.52 0. 86 1. 10 0.94 1. 07K20 0. 95 2. 63 3. 63 0. 26 1.22 0. 90 1.53 0. 40P205 0.0 4 0. 03 0. 04 0. 03 0. 04 0. 03 0.0 4 0.14Cr203 0. 14 0. 03 0. 04 0. 02 0. 06 0. 03 0, 04 0. 03LOI 2.73 (1.99) (1.19) 1.26 1.87 1. 42 1.50 2. 00TOTAL 100.80 100.80 99. 90 99. 54 99. 94 100.05 102.04 100.52

Cr 990 225 245 159 413 224 241 166Cu nd 306 40 451 1230 179 74 1123Mo nd 12 4 nd nd nd nd ndNb 3 6 4 3 3 nd 3 3Hi 697 1090 670 857 1300 841 859 1440Pb 7 19 23 9 68 43 1 9 23Rb 36 95 119 6 42 40 71 10S 1080 4230 520 9350 27600 4630 1220 26240Sr 10 63 42 41 41 112 119 8 4Th Aci ndV 138 89 86 50 45 61 61 72Y 14 12 14 10 11 10 7 ISZn 125 108 151 168 125 133 99 101Zr 28 22 25 15 15 16 19 40
Phlkwe 1500 stops underground section large representative samples Thin micaceous amphibolite above massive sulphide Micaceous amphibolite folded inclusion into massive sulphide Micaceous amphibolite with sulphide stringersHornblende amphibolite with minor garnet inclusion in massive sulphide Hornblende-garnet amphibolite sulphide stringers Coarse hornblende-feldspar-godrite amphibolite Hornblende-plagioclase-biotite-qedrite amphibolite Hornblende-qedrite-plaqioclaoo-biotite amphibolite

178179180 181 182183184185

PW 1600 section underground

Si 02Ti02A1203Fe203MnOMqOCaONa20K20P205Cr203LOITOTAL
CrCuMoNbHiPbRbSSrThVY
ZnZr

186 48. 96 0.41 15. 90 10.43 0. 15 10. 45 11.29 
2. 00 0.37 0. 06 0. 09 
1. 12 101.23
596
20nd328423
1279104

128
218925

189 190 191 192 193 44 45 194 5441 . 16 43.80 44. 74 50 . 06 43. 86 4 4 . 42 49 . 85 4 4 .65 41 . 780 . 18 0. 16 0. 21 0 . 41 1. 67 0 . 33 0 . 37 0 . 23 0 . 2515 . 91 18. 22 18. 02 16 . 48 18.30 17 . 09 14 . 80 18 .81 15 . 0818 . 60 13. 63 11. 02 10 . 34 12. 90 14 . 65 10 . 23 10 . 89 18 . 280 . 38 0. 14 0. 13 0 . 11 0.09 0 . 11 0 , 11 0 . 14 0 . 2313 . 03 12. 56 14. 24 9 . 02 14. 43 13 . 24 10 . 38 11 . 82 10 . 137 . 20 9. 77 7.85 10 . 62 2. GO 5 . 09 11 . 50 10 . 43 10 . 180 . 96 1.25 1.66 2 . 97 1.66 0 . 98 2 . 40 1 . 29 1 . 351 . 93 0.86 1.19 0 . 36 6. 61 2 . 83 0 . 56 1 . 26 0 . 280 . 04 0. 04 0. 04 0 . 05 0. 24 0 . 03 0 . 0 4 0 . 0 4 0 . 030 . 02 0. 02 0. 03 0 . 05 0. 02 0 . 03 0 . 0 4 0 . 06 0 . 061 . 38 2. 07 2. 71 0 . 90 (1.69) 3 . 15 1 . 56 (1 .96) 1 . 27100 . 79 102.52 101.84 101 . 37 10%.38 iOj . 95 1 0.1 . 84 99 . 82 98 . 92
140 161 196 329 101 216 266 422 4392300 390 761 24 7 G 12 392 767nd 3 3 nd 4 nd nd 3 nd6 2 nd 4 18 6 7 3 4
826 927 1080 217 91 683 290 703 88123 30 24 19 25 13 9 23 4071 32 60 9 279 106 54 811750 7090 6330 405 57 275 105 8110 1038030 165 129 113 98 150 35 138 3315 G nd53 51 52 137 124 77 111 82 15730 16 7 24 21 15 32 7 4150 127 80 50 113 76 43 68 22316 13 20 28 334 23 43 19 14

PW 1600 stope underground large samples 186 Hornblende-plagioclase amphibolite189190191192193
4445194 54

mod.grained above massive sulphidesulphide stringersGarnet-hornblende amphibolite HorrUol ende-fel dspar amphibolite Hornblende-plagioclase-orthoamphibole-biotite-chlorito amphibolite sheared Feldspathic amphiboliteBiotite amphibolite biotito = bIotite/phlogcpite
Hornbl ende-feldspar-gedrite-biotite amphibol ite PW 177 Coarse feldspathic amphibolite PW 177 Hornblende-feldspar-gedrite-biotite amphibolite Garnet-hornblende amphibolite PW 188 sheared PW 1700 slope ug



PHIKWE HOST AMPHIBOLITE continued

SI02Ti02A) 203Fe203MnOMqOCaONa20K20P205Cr203LOTTOTAL

34a47.72 0.39 15. 94 12. 60 
0. 21 8. 57 10. 07

34b 45. 08 0. 42 13.73 17.42 0. 24 
10.20 9. 94 
2. 01 
0. 66 0. 05 0. 04 1. 40

34c46. 58 0. 39 16.81 12. 28 0. 17 8. 68 9. 90 2. 70 1. 13 0. 05 0. 07 1.6499.58 101.19 100.40

34d 44. 23 0. 54 14. 20 17. 57 0.23 9. 47 9. 05 1. 921. 42 0. 04 0.06
2. 02100.75

PW34e 41.69 0. 07 13. 28 18. 15 0.27 13. 92 
8. 66

1.89 99. 77

93 34f 43. 40 0. 18 14.6913. 43 0. 1414. 28 10.871.63 0. 42 0. 04 
0. 02

100.66

34q 43. 45 0. 09 15.8613. 38
0. 1114. 61 9. 52 1. 49 0. 64 0. 04 0.03 1. 59100.81

34h43.70 
0. 11 17.00 12. 42 
0. 12 14.04 9. 35 1. 49 1. 01 0.0 4 
0. 02 2.10 101.40

34i 4 3.49 
0. 21 15. 37 12. 25 
0.11 15. 53 8.95 1^8 1. 4 6 0. 04 
0. 02 2.08 100.79

34 j 43. 60 0. 25 15. 53 12. 62 0.13 16.43 7. 43 1. 25 1.28 0.04 0. 03 1. 36 99. 95

34k 4 4.29 0. 17 17. 22 11^3 0.14 14. 69 7. 58 1.36 1. 34 0. 03 
0. 02 1. 74 100.84

341 4 4.04 
0. 18 17.01 11.75 0. 13 14. 56 8.08 1.351. 41 0. 04 0. 032. 23 100.81

34m 44. 43 
0 . 22 17. 81 9. 70 
0.10 14. 17 7.93 1. 42 i. 91 0.04 0. 03 3^7 101.33

AsBa nd20 39 93 132 nd nd 31 18 94 119 82 68 206Ce 54 62 24 81 31 50 4 0 41 36 26 16 26 16Cl 99 165 75 254 66 19 nd 24 nd nd nd nd ndCo 42 92 44 57 138 51 51 54 69 59 60 58 69Cr 521 301 466 431 89 171 205 IGO 154 217 168 205 216Cu Ac, 364 65 181 749 266 100 133 180 148 137 222 37Ga 15 13 11 10 10 11 13 10 10 10 9 10 11La 10 nd nd nd nd nd nd nd nd nd nd nd ndMo 3 nd nd nd nd nd nd nd nd nd nd nd ndHb 3 4 nd 2 3 2 nd 3 4 3 3 3 ndNi 260 1090 434 803 1200 473 557 563 720 630 565 723 701Pb 24 35 73 30 15 27 24 25 20 13 14 12 50Rb 6 13 32 42 5 5 13 29 50 48 62 64 93S nd 8368 1023 3671 24961 3801 2061 2916 3303 2292 1568 3575 105Sr 124 63 237 63 33 33 44 80 39 55 128 105 132Th nd nd Act nd nd nd nd nd nd nd nd nd ndU nd nd nd nd nd nd nd nd nd nd nd nd ndV 130 135 119 161 55 78 34 37 56 61 47 55 53Y 10 9 11 17 5 5 7 5 7 10 3 5 32n 161 234 217 188 178 161 153 130 107 95 96 93 50Zr 30 24 24 25 10 13 13 14 14 18 18 17 27
PW 93 core representative samples analysed34a Feldspar-hornblende amphibolite 1169.1-1169.5 feet34b Garnct-hornblende-feIdspar-biotite amphibolite po stringers 1183.2-1183.534c Hornb1ende-fe1dspar-biottte amphibolite minor garnet 1185.3-1185.734d Hornb1ende-fe 1 dspar-biotite amphibolite po stringres 1186.5-1186.934e Hornblende-qedrI to amphibolite minor garnet probed po stringers 1190-1190.434f Hornblende-phloqopite-spinel amphibolite minor garnet po stringers 1193.9-1194.334g Garnet-hornblende-feldspar amphibolite po stringers 1195.7-1196.034h Hornblende amphibolite 1196.7-1197.034i Hornb1ende-biotite amphibolite (ph 1 ogopito?) schistose 1198.6-1198.834 j Hornblende-gedrite-pyroxene amphibol Ite 1200. 1-1200.434k Hornb1ende-qedrite-biotite-fe1dspar amphibolite 1200.8-1201.2341 Hornb1ende-qedrite-fe!dspar amphibolite 1201.7-1201.934m Hornblende-biotite-feldspar amphibolite schistose 1204.4-1205.0

PHIKWE ULTRAMAFICSPW 34 continued PW 2 0 4a34n 34p 34q 34r 518 519 523 211Si 02 45. 65 4 4 .81 49. 04 48. 73 42 . 29 44 . 74 51 . 15 4 4.94T i 02 0.50 0 . 43 0. 34 0.36 0 . 14 0 . 22 0 . 17 0.23A1203 16.87 16 . 09 15. 76 16. 47 14 . 72 11 . 30 4 . 26 3.40Fe203 10.77 12 . 18 12. 12 11.25 12 . 33 14 . 87 12 . 23 8.83MnO 0. 12 0 . 13 0. 13 0.14 0 . 18 0 . 20 0 . 22 0.20MqO 13. 11 12 . 48 10.61 9. 92 18 . 19 17 . 73 26 . 73 33.92CaO 9. 18 9 . 14 9. 63 10.10 7 . 06 7 . 21 2 . 88 2.73Na20 1.80 1 . 73 2.29 2.53 0 . 98 0 . 88 0 . 4 2 0. 40K20 1.25 1 . 40 0.64 0. 41 0 . 36 0 . 15 0 . 07 0. 20P205 0. 06 0 . 05 0.04 0. 05 0 . 03 0 . 05 0 . 04 0.0 4Cr203 0. 04 0 . 04 0. 07 0. 06 0 . 05 0 . 05 0 . 42 0.75LOI 2.47 3 . 40 1.36 1.61 <4 . 09) (1 .87) (0 . 94) 5.67TOTAL 101. 82 101 . 88 102.03 101.63 100 . 42 99 . 27 99 . 53 10J.31
As 9^Ba 169 159 64 30Ce 22 31 35 38Cl nd nd nd ndCo 71 72 62 72Cr 240 264 485 407 350 341 2880 5110Cu 162 218 151 124 216 605 263 68Ga 15 13 11 18La nd nd nd ndMo nd nd nd nd nd nd nd ndHb 5 5 2 8 4 6 3 5Hi 673 836 490 361 1110 1300 1210 1910Pb 12 13 17 12 nd nd 7Rb 52 57 22 17 14 4 6 13S 1810 5780 2940 2803 1160Sr 119 105 120 115 21 13 7 10Th nd nd nd ndU nd nd nd ndV 113 109 108 139 32 52 55 6 4Y 12 23 16 30 7 11 7 3Zn 83 44 60 62 115 79 104 121Zr 32 33 29 37 15 26 20 16

34n Hornbl ende-biotite-fe 1 dspar-chl orite amphibolite schistose 1207.6-1207.9 34p Hornblende-bIotite-fe1dspar amphibolite schistose 1209,4-1209.8 34q Feldspathic hornblende amphibolite probed 1211.2-1211.7 34r Feldspathic hornblende amphibolite 1212.2-1212.6
518 Hornblende amphibolite519 Hornblende amphibolite523 Coarse orthopyroxenIte
211

PW 204a PW 204aweakly amphibolitised
Orthopyroxene serpentinite w/ anthophy11ite & cse bronzites underground hole P3122 uq



SELEBI HOST AMPHIBOLITE 
SEIEBI SL SECTION underground

SL-1 2 3 4 5 6 7 8 9 10 11 12 13Si02 45. 75 46. 75 47.30 47. 08 47. 15 46. 65 46. 05 47. 90 4L. 41 4 7.77 47.01 46. 43 48. 47Ti02 0.46 0. 52 0. 45 0. 45 0. 45 0.50 0. 49 0. 48 0. 65 0. 43 0. 53 0. 53 0. 60A1203 17.84 16. 78 16. 50 16.83 17. 09 17.20 16. 83 17. 57 16. 33 17.20 16. 09 16. 48 17. 02Fe203 11.86 9.69 9. 96 10. 14 10. 30 9.83 10. 03 9. 40 10.21 9. 25 10.71 10.06 9.61MnO 0.24 0.20 0. 17 0. 17 0. 17 0. 16 0. 16 0. 17 0. 18 0. 16 0. 18 0. 16 0.15MgO 12. 64 11.60 12. 26 12. 16 11.80 11.24 12. 30 11. 01 11. 28 10.79 12. 28 11.39 10. 68CaO 8.60 9. 52 9. 91 10. 08 10. 47 11.02 10.00 11. 02 9. 97 10. 07 9. 94 10.06 10. 30Na20 0. 73 1. 13 1.48 1.52 1. 39 1.62 1.52 1.71 1.56 1. 62 1.67 1. 76 2. 28K2 0 2.35 2. 08 1.77 1. 65 1.52 0. 92 1. 15 0.69 0. 95 1.38 1.56 1.40 0. 93P205 0. 07 0. 06 0. 07 0. 07 0. 06 0. 07 0. 06 0. 06 0. 06 0. 05 0. 06 0.07 0. 08Cr203 0. 06 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 04 0. 03 0. 04LOI (4.89) (2.52) (2.20) (2.22) (2.31) (1.53) (2.00) (1.26) (1.68) (1.74) (2.14) (2!19) (1.33)TOTAL 100.60 98. 36 99. 90 100.18 100.43 99. 24 98. 62 100.04 97. 64 9e-. 75 100.07 98. 38 100.19
Cr 417 213 210 191 191 228 228 233 277 200 259 286 454Cu 48 18 94 139 176 74 50 26 72 65 101 50 27Mo nd 3 nd nd nd 3 nd 3 3 nd nd nd n dNb 5 4 2 4 4 4 5 4 4 3 3N i 437 452 465 453 383 470 372 369 420 432 413 319Pb n.4 8 14 12 12 16 15 15 13 20 13 6 18Rb 104 91 68 60 62 30 53 27 39 58 60 56 38S 692 150 641 936 1225 539 346 227 4 4 4 489 746 328 168Sr 45 80 79 81 90 121 97 125 99 98 83 111 143V 150 135 131 123 121 139 133 135 165 127 142 141 16030 13 20 15 9 14 12 12 18 21 18 15 16Zn 162 93 71 69 60 61 63 74 81 78 67 70 63Zr 33 33 32 27 27 37 33 32 44 32 31 41 37
SL-1SL-2SL-3SL-451-5SL-6SL-7SL-8SL-9SL-10SL-11SL-12SL-13

Highly micaceous schistose amphiboliteBanded feldspar biotite amphiboliteBanded amphibolite with feldspar and biotiteAmphibolite with minor biotite and feldsparHornblende feldspar amphibolite wth minor biotiteHornblende feldspar amphibolite with minor biotiteHornblende feldspar amphibolite with pyroxene? and minor biotiteHornblende feldspar amphiboliteHornblende feldspar amphibolite with coarse random biotite Hornblende feldspar amphibolite with coarse random biotite Hornblende feldspar amphibolite with increased coarse biotite Feldspathic amphibolite with biotite Feldspathic amphibolite with biotite

SI SECTION continued SELEBI SU SECTION underground
14 15 16 17Si02 48. 00 48. 73 47, 81 46. 78Ti02 0. 50 0. 27 0. 73 0. 26A1203 15. 70 10. 86 13. 71 10. 29Fe203 10. 46 12. 89 12. 31 13. 85MnO 0. 18 0. 27 0. 21 0. 24MqO 11. 19 14. 19 12. 11 19. 65CaO 9. 72 10. 04 8. 65 6. 71Na20 1. 85 1. 62 1. 66 0. 54K20 1. 28 0. 71 1. 79 0. 54P205 0. 07 0. 04 0. 14 0. 04Cr203 0. 04 0. 41 0. 13 0. 23LOI (1. 73) (1. 66) (1. 92) (4. 98)TOTAL 98. 99 100. 03 99. 25 99. 13

CrCuMoNbHiPbRbSSrThVYZnZr

280219nd3409175047983
1361711838

2733ndnd
65151423

10229
1193315331

88638038682
1260359070

173
2013749

15158nd490016
2016908

100720417

SU-1 48. 98 1.5916. 42
10.200984 69854344 

02(1.55) 99. 55
108915nd141055
12171294020671753361237

2 3 4 5 6 74*>. 95 4 5.50 46. 00 46. 55 47.22 52. 330. 31 0. 40 0.37 0.50 0. 46 0. 0817. 06 16. 69 18.58 17.84 18. 44 27.8511. 00 10. 59 9.84 9. 27 8.86 1. 990. 14 0.14 0. 13 0. 13 0.11 0.0110. 78 13. 14 11.68 10. 95 11.91 1.8610.41 8. 73 9.56 11.21 9. 30 10.301. 43 1.52 1. 56 1. 76 1.58 4. 180.58 1.25 1. 39 0. 62 1.36 0.630. 04 0. 04 0. 05 0. 05 0. 03 0. 020. 05 0. 03 0. 04 0. 17 0. 05 0. 02(1.91) (3.39) (3.46) (1.50) (2.53) (0.87)9 . 78 98. 03 99. 20 99. 05 99. 32 99. 17
369 197 261 1158 338 1271700 229 381 219 9 48nd 3 nd nd nd nd3 4 4 6 6 3893 625 657 467 319 6217 9 nd 8 12 3026 64 73 29 68 398730 1520 3510 1970 122 200101 87 117 129 154 51516 nd 8 9 nd nd103 82 81 120 81 137 10 13 9 27 471 62 74 78 80 3223 27 26 28 31 34

SL-14SL-15SL-IGSL-17
SU-1SU-2SU-3SU-4SU-5SU-6SU-7

Hornblende feldspar amphibolite with biotite and disseminated sulphides Coarse gabbrojc hornblende feldspar amphibolite with biotiteCoarse hornblende feldspar amphibolite with biotite and disseminated sulphides Highly micaceous amphibolite
Fine-grained feldspathic amphibolite with disseminated sulphidesHornblende feldspar amphibolite with biotiteSheared feldspathic amphibolite with biotiteHighly micaceous sheared feldspathic amphiboliteFeldspathic amphibolite with gedrite and biotiteCoarse banded micaceous feldspathic amphiboliteHornblende anorthosite

121



SELEBI HOST AMPHIBOLITE continued 
SELEBI 5U SECTION continued

SI 02 458 9 10 11 12 13 1 li. 24 45 . 86 46. 97 42. 94 42. 98 49 .‘:)7 47. 87Ti02 0 . 40 0 . 34 0. 42 0. 29 0. 33 0,. 44 0. 54A1203 16 . 46 17 . 75 19. 74 14. 44 11. 33 3.. 60 12. 1 9Fe203 11 . 03 10 . 10 9. 61 19. 50 19. 50 21 . 54 14. 64MnO 0 . 14 0 . 14 0. 11 0. 16 0. 13 0.. 44 0. 14MqO 13 . 52 12 . 83 10. 95 9. 26 13. 34 17,, 39 10. 71CaO 7 .81 8 .81 8. 26 8. 45 8. 01 3,. 77 9. 48Na20 1 . 23 1 . 53 1. 62 1. 34 1. 32 0,, 36 1. 39K20 1 . 84 1 . 61 1. 43 0. 70 0. 71 0. 23 0. 52P205 0 . 04 0 . 05 0. 04 0. 06 0. 05 0.. 0 4 0. 04Cr203 0 . 04 0 . 04 0. 05 0. 04 0. 07 0. 16 0. 0 4LOI (3 . 04) (2 . 26) (2. 02) (3. 63) (3. 31) (1. 59) (0. 96 )TOTAL 97 . 75 99 . 06 99. 20 97. 18 97. 82 97. i4 97. 56
BaCeClCoCr 268 266

16819nd56311 257 493Cu 310 147 679 16130 5820GaLaMo nd nd
11nd3 nd 4Mb 4 3 4 5 6Ni 600 436 654 2590 1870Pb 5 14 15 15 9Rb 89 78 74 31 34S 2040 1230 3730 55010 25350Sr 80 109 180 68 14Th 5 nd 6 6V 88 74 77 118 102Y 6 13 11 9 5Zn 108 98 104 126 145Zr 23 27 33 19 19

10977120

3410907
12174509
10161926819

24134
nd
6381 13 15 259 38 n d 137 17 178 27

1551.121. 09 11.60 13. 58 0.19 11.53 5. 12 1.33 1.87 0. 58 
0.10 (1.37) 98.11

68096

nd15386 3 4 80 608 
86 23 149 53 147 131

1646. 29 0. 3817. 4 2 11.08 0. 15 1 i. 47 9. 05 1. 24 1. SO 0. 06 0.04 (3.00) 98.99
2806583GO 294 2049 18 nd n d 464225 834770 99 
10 90 1 4 12626

SU-8SU-9SU-iOSU-115U-12SU-13SU-14SU-15Su-16

Sheared micaceous amphiboliteSheared micaceous feidspathic amphibolite with qedrite Feldspathic amphibolite with biotiteHornblende feldspar amphibolite with disseminated sulphides Mafic hornb ende biotite amphibolite with disseminated sulphides Mafic hornblende-rich an:ph I bo 1 i to Coarse hornblende feldspar amphiboliteFine-qrained mafic hornblende feldspar amphibolite with biotito Micaceous hornblende feldspar amphibolite with disseminated sulphide:

SELEBI 1625 SECTION underground SD 82 core
1 2 3 4 5 6 75102 47.83 49. 46 47. 49 47.68 48.87 48. 58 45. 98T i 02 0. 46 0.31 0.36 0.79 0.65 0.40 0. 59A1 203 22. 12 17. 77 14. 53 20. 59 15. 48 17. 67 16.85Fe203 6.85 7.87 9. 98 7. 71 9.70 8.88 9. 95MnO 0. 10 0. 14 0. 17 0. 10 0. 14 0. 14 0. 17MgO 7. 00 8.82 12. 35 9. 03 11.80 9. 93 10. 59CaO 12. 67 0.62 10. 66 10.44 9. 15 10.88 11.51Na20 2. 30 2. 58 1. 34 1. 98 1.73 2. 12 1.13K20 0. 58 0. 68 1.23 2. 16 2. 10 1. 03 1.62P205 0. 03 0. 05 0. 05 0. 10 0. 20 0. 06 0 . 06Cr203 0. 04 0. 05 0. 07 0. 05 0. 02 0. 04 0. 06LOI 0.84 (1.16) (2.47) (2.55) (2.20) (1.81) (2.26)TOTAL 100.82 98. 35 98. 23 100.63 99.84 99. 73 98.51

BaCeClCoCrCu6aLaMoHbNiPbRbSSrThUVYZnZr

12
20nd3224723914ndnd5229
1118616252ndnd124237835

611430 4232838 13 nd3728615 28

nd
10839 7631

946. 31 0. 53 
12. 11 13. 05 
0.22 13. 23 10.31 1. 18 0.56 0. 06 0.19 (i.17) 97.80 :

65 50 75 3428 28 20 GO79 235 34 963 46 47 4 6440 304 126 273 418 128379 131 134 18 50 21811 12 13 14nd nd nd ndnd 3 nd nd nd n d4 7 4 4 3 4444 403 607 299 304 5449 Au 15 Af. 1655 109 99 41 71 16251 849 961 23 23 120673 158 92 140 97 375 A& 16 Ad 6 5
133 155 91 113 202 20713 16 31 17 14 1765 67 61 70 93 12431 34 246 27 31 23

1 04 4.390.34 14.61 11.55 0.16 16.91 8.29 1. 4 4 2.06 0.0 4 0. 03 2.56 02.38
17741nd56

107 109 153a47,, 92 43. 90 45,, 010 ,, 54 0. 21 0. 2215,,81 15. 90 18. 6211,, 1 9 11. 68 9,. 010. 13 0. 17 0. 1311. 28 14. 91 13. S39. 25 10. 45 11. 132. 12 1. 83 1. 191. 49 0. 41 0. 130. 05 0 . 04 0. 040. 05 0. 03 0. 051. 53 1. 56 1. 13101. 36 101. 09 100. 49

231 355 185 3695 615 2143 16112
nd 3 nd nd2 5 4 4720 751 873 59211 16 6 17109 50 17 738 3874 1434 46727 87 72 141n dn d78 134 60 558 30 5 12126 85 159 5924 36 17 16

1625-11625-21625-31625-41625-51625-61625-71625-91625-10
107109153a

Highly feldspathic amphiboliteCoarse hornblende feldspar amphibolite with biotite Coarse hornblende feldspar amphibolite with biotite Feldspathic amphibolite with biotite Hornblende feldspar amphibolite with biotite Hornblende feldspar amphibolite with biotite Hornblende feldspar amphibolite with biotite Mafic hornblende feldspar amphibolite Micaceous mafic hornblende amphibolite
Feldspathic amphibolite SD-S2 Hornblende feldspar amphibolite SD-82 Feldspathic amphibolite SD-82



SELEBI HOST AMPHIBOLITE continued 
SD 82 continued

Si02Ti02
A1203
Fg203MnOMqO
CaO
Ha20K20
P205
Cr203lOI
TOTAL
Cr
Cu
MoMbHi
Pb
Rb
S
SrV
Y
2n
Zr

153b110153c153d111
113
114 153*116
153f
153q118

153b 110 153c 153d 111 11345. 92 44. 57 44. 44 44. 10 45. 35 42. 450. 22 0. 20 0.34 0. 20 0. 20 0. 2816, 94 15. 92 18. 37 16.85 16. 56 20. 179. 65 10.87 8. 97 10. 73 10. 39 9. 030. 15 0. 14 0. 12 0. 15 0. 16 0. 1214. 40 16. 89 13. 64 14. 48 14. 58 14. 0410. 38 9. 15 11. 92 11.56 9. 70 10.181. 09 1.39 1. 23 1.40 1. 27 1.210. 09 0. 14 0. 15 0.25 0. 50 1. 020. 04 0. 03 0. 04 0. 04 0. 03 0. 060. 08 0. 02 0. 02 0. 02 0. 02 0.0 41. 03 1. 04 1. 75 1.59 2. 07 2. 2299. 99 100.36 100.99 101.37 100.83 100.82
564 133 143 147 130 26962 432 177 651 418 6064 nd 3 nd nd 33 2 2 4 3 4497 702 573 67? 936 92911 6 7 acT 6 75 7 7 7 22 43313 2590 1580 2630 2590 4560119 46 153 66 116 17766 43 79 66 46 6415 6 17 16 12 1447 38 55 44 105 6318 17 29 13 20 26

Hornblende feldspar amph I bo 1 Ite SD-52Hornblende feldspar ampfi i bo I i te SD-62

114 I53e 116 153f 153q 11846. 29 46.58 47.86 45. 00 45.17 4 7.050. 22 ^^8 0. 44 0. 30 0. 37 0.4117. 77 16. 56 21.88 15. 64 16. 78 16. 589. 99 9. 60 7.71 11. 39 10. 10 10.560.14 0. 15 0. 10 0.14 0. 12 0. 1514. 46 12. 97 7. 50 16. 16 14. 70 12.259. 96 12. 42 13. 71 9^3 ^^4 9. 701.21 1. 32 1. 90 1.25 0. 55 1. 710. 18 0. 25 0. 20 1. 27 3. 38 1. 580. 04 0. 04 0. 06 0. 04 0. 05 0. 050. 03 0. 04 0.04 0. 03 0^^ 0. 031. 13 r^8 0.65 1. 38 ^^05 1.88101.42 101.59 102. 17 101. 93 101.13 101.95
211 250 2 54 216 171 190450 16 919 36 245 78nd nd nd nd 3 nd3 4 4 3 2 3750 4 4 7 327 406 550 4768 7 11 12 8 811 9 6 66 137 692580 57 2640 407 1290 731102 123 192 29 43 8452 66 106 73 75 11015 15 22 11 6 2 471 5 4 66 83 67 6922 23 27 23 24 33

Hornblende feldspar amphibolite with feldspar-spinel patches 50-82 
Hornblende feldspar amphibolite with spinels rimmed by feldspar SD-82 Sheared micaceous amphibolite SD-82 
Hornblende feldspar amphibolite plus large clots of spinel with feldspar coronas SD-82 
Gedritic hornblende feldspar amphibolite SD-82 
Hornblende feldspar amphibolite SD-82 Coarse feldspathic amphibolite SD-82 
Coarse micaceous schistose amphibolite SD-82 Fine-qrained micaceous amphibolite SD-82
Hornblende feldspar amphibolite with biotite 5D-82

Selebi host amphibolites

Si 02 86 87 203 207 265 279 2.91 8 453. 39 45 . 27 46,. 20 47. 30 48. 38 46. 69 49. 70 4 7 . 23 47. 59Ti02 0. 26 0 . 22 0,. 33 0. 33 0. 18 0. 38 0. 56 0 . 4 9 0. 82A1 203 15. 47 18 . 57 16.. 37 17. 18 17. 33 22. 37 18. 65 16 . 85 16. 11Fe203 10. 21 9 . 31 10. 67 9. 88 10. 48 9. 55 8. 89 1 0 . 43 1 0. 38MnO 0. 16 0 . 13 0.. 15 0. 15 0. 19 0. 11 0. 14 0 . 19 0. 17MqO 7. 99 13 . 42 13. 45 11. 25 14. 73 6. 58 9. 38 1 0 . 62 8. 95CaO 6. 62 11 . 74 11. 06 10. 19 6. 18 12. 35 10. 89 1 0 . 78 1 0. 73Na20 2. 82 1 . 20 0. 80 1. 21 1. 09 1. 76 1. 47 0 . 92 2. 1 5K20 1. 49 1 . 03 1. 53 2. 23 1. 55 0. 50 i. 43 2 . 65 0. 65P205 0. 05 0 . 03 0. 05 0. 05 0. 06 0. 04 0. 06 0 . 05 11Cr203 0. 06 0 . 04 0. 05 0. 04 0. 04 0. 06 0. 04 0 . 07LOI 2. 04 1.102 . 36 <3. 46) (2. 58) (3. 34) (1. 42) (1. 29) (2 . 59) (1. 16)TOTAL 100. 56 . 32 100. 66 99. 81 100. 21 100. 39 101. 21 100.. 48 97. 72
Ba
Ce
Cl
CoCr 441 299 302 282 246Cu 1055 33 256 10 61GaLaMo nd nd 4 nd n dNb 7 3 4 4 11H I 552 435 624 344 861Pb 22 7 9 24Rb 57 43 38 83 63S 4462 228Sr 117 146 16 96 100Th 10 nd a.4U 15V 88 61 69 93 4 2Y 69 8 14 7 4Zn 105 79 79 73 89Zr 34 27 23 21 11

4083595

nd59062921
276nd
103

78929

296
103

45353
1357

150nd
12612 
91 3 4

4406
3538214106

74
7

120
1313230

4 4 
37 
nd 
5639658216ndnd
5510242135051335

21221103
54

8687
203
2072652792812841625-8

Quartz feldspar amphibolite SD-89
Coarse banded feldspathic amphibolite SD-89
Sheared altered fine-grained amphibolite SD-79
Retrogressed amphibolite with random orientation amphibolesRetrogressed felspathic amphibolite 5D-91
Very feldspathic amphibolite SD-96
Sheared feldspathic amphibolite SD-96
Sheared micaceous amphibolite SD-95
Hornblende feldspar amphibolite 1625/100 underground



SELEBI NORTH HOST AMPHIBOLITE
SDN 56

Si02Ti02
A1203
Fe203MnOMgO
CaO
Na20K20
P205
Cr203LOITOTAL
Cr Cu 
Mo 
Mb N;
Pb
RbSSr
V
Y 
Zn 
Zr

SN5G.-1 56'-2 56- 3 56--4 56'-5 56--6 56- 7 56*'8 56--9 56--10 56--11 56- 12 56--1344. 76 49. 84 46. 42 43.. 33 44,. 35 3:. 84 50. 91 50. 41 46. 89 49,. 22 4S,. 11 49. 43 49. 351. 39 0. 23 0. 31 0,. 37 1,.81 3. 92 0. 29 0. 29 0. 31 0. 23 0,. 29 0. 25 0. 2714. 34 4. 72 9. 68 14. 53 10,. 43 18. 42 4. 84 5. 43 5. 99 4,. 73 5,. 53 5. 00 7. 9016. 32 13.. 31 12. 35 13.. 01 12,. 51 17. 12 9. 80 10. 00 12. 56 12,. 40 11,. 96 12. 06 9.. 910. 20 0. 21 0. 17 0. 16 0,. 16 0. 11 0. 16 0. 16 0. 20 0 , 22 0., 22 0. 23 0. 189. 83 26.. 00 23. 81 15., 03 19,, 34 27. 68 25. 02 25. 14 25. 32 27.. 30 25.. 25 26. 91 18. 4610. 33 1. 66 3. 89 11.. 20 9., 52 2. 02 6. 59 6. 46 3. 55 2.. 56 3,. 56 3. 23 10. 891. 58 0. 35 0. 60 1. 63 1,. 08 0. 15 0. 64 0. 95 0. 7 4 0.. 78 0,, 51 0. 55 1. 351. 03 0. 17 0. 66 0. 35 0,. 17 0. 03 0. 08 0. 07 0. 20 0. 06 0., 06 0. 08 0. 130. 14 0.. 04 0. 07 0.. 04 0,. 27 0. 61 0. 06 0. 07 0. 07 0. 05 0,, 03 0. 03 0. 150. 04 0. 78 0. 82 0. 21 0,. 57 0. 06 0. 76 1. 06 2. 47 2. 25 2,. 61 i. 59 0. 7 0(1. 45) <1. 34) (3. 15) (1. 72) (2,, 43) (9. 00 ) (i. 78) (1. 32) (1. 69) ( 1. 58) (0,.81) (0. 93) (1. 69)99. 46 97. 31 98. 78 99. 86 100,. 21 IOC. 96 99. 15 100. 0 4 98. 30 99. 80 9:^,, 13 99. 36 99. 29
23610
nd
71648 

34
43659274
36114
63

527064 
nd

65 811421

5420 1400 3810 350 5100 7110 16620 15130 17680 10 750 469089 281 364 604 452 637 1042 358 256 260 60nd nd 3 3 nd nd nd nd nd nd nd4 5 12 17 4 5 4 4 3 4 nd1610 1350 698 223 1030 1330 1830 1550 1130 1290 8395 10 7 Acf nd 9 5 nd nd 10 632 6 4 5 6 6 8 3 4 5 32780 6210 6280 3720 4430 4850 7820 5310 3930 40 0 0 5449 23 14 9 8 11 9 6 7 8 14115 148 178 224 115 114 133 101 120 95 10013 15 44 34 12 8 6 7 7 10 11114 64 67 23 102 119 376 183 231 163 8232 62 205 303 21 23 21 20 22 29 21
SDN 56 core complete intersection sampled and analysed
1 Banded hornblende qneiss/hornb1enda-fe1dspar amphibolite 12G.07-12G.87

Amphibol itis^ orthopyroxen i te V/cu/»^i)u’A^foAite 126.87-128.23 cse qtz-fel-hbl pegmatite
Amphiboly. (At/.; w/ serpent in ite patches towards base 129.72-131. 53Hornblende amphibolite ds 131.58-132.65Amphibolite - kor,\hl€.fJjL Ku/ orthopyroxene & olivine ds 132. 65-133. 60
Chlorite serpentinite band w/ apatite shear sulphide strinqer5-rAs=ndfGa=17?'133.60-133.86 I ds 133.86-135.86 LCe =

minor sorjj. ds 135.86-137.86
minor serp. ds 137.86-139.86

w/ thin cse antiiophy 11 i te band ds 13 9.86-141.86 minor serp. patches ds 141.86-142.96

Aififiklbole, orfkopytoxe.f^.'ite.
Or/Copyroxeyie por^Ayt-ob/aj/s //% ^ 
A.or'nbl-a./icLe, rAa.fri)i.

Hornblende amphibolite 143.92-144.86 I nor serp. patches 142. 96-143. 92

St02Ti02
A1203
Fg203
MnOMqO
CaO
Na20
K20
P205Cr203LOI
TOTAL

SELEBI NORTH 56 continued
56--14 56--15 56- 16 56-•17 56--18 56--19 56"-20 56--2143 . 68 43,. 53 43. 93 41. 75 46,. 00 45 . 44 49,, 40 48. 160 . 44 1..34 1. 14 0. 70 0,, 74 0,. 40 0., 75 1. 2416 . 31 14.. 32 11. 63 13. 48 12,. 94 14,. 50 17..80 19. 5612 . 98 12.. 65 13. 78 12. 66 11,. 38 12 . 67 7., 41 6. 190 . 21 0,, 20 0. 24 0. 20 0,. 16 0,. 16 0., 11 0. 0513 . 12 14., 29 15. 88 17. 04 20,, 00 17,. 56 12., 10 14. 139 . 95 8.. 12 7. 67 6. 23 5.. 73 6,. 62 6.. 51 4. 961,. 47 1. 39 1. 32 1. 00 0,, 96 1.. 17 2.. 66 2. 331,. 19 1. 73 0. 92 2. 01 1,. 73 1., 33 3.. 02 4. 290.. 04 0.. 20 0. 17 0. 06 0,, 07 0, 23 0. 05 0. 070,. 62 0., 64 3. 27 4. 08 0,. 77 0,. 06 0 . 14 0. 05(1,. 74) (1. 95) (1. 88) (3. 08) (3. 96) (5,,75) (2. 35) (4. 3 3100,. 01 98. 41 99. 95 99. 21 100.. 48 100.. 14 99. 95 101. 03

Cr 
Cu 
Mo 
Mb N i 
Pb 
Rb SSrV
YZnZr
SDN 56
14 Banded hornb1ende-feldspar-bIotite gneiss 144.68-145.8215 Banded hornblende-fe1dspar-bIotite gneiss 145.82-147.8216 Hornblende amphibolite minor feldspar 147.82-149.8217 Hornblende amphibolite minor feldspar 149.82-151.32
18 Hornblende amphibolite w/ gedrite minor feldspar 151.82-153.82
19 Hornblende-fe1dspar-biotite amphibolite 153.82-155.00
20 Feldspar-hornblende-biotite gneiss feldspar porphyrob1 asts 155.00-156.0421 Feldspar-hornblende-biotite gneiss 156.04-157.50
22 Grey quartzofeldspathic gneiss 157.50-158.50 see grey gneisses

4160 4270 21970 27090 5090 386 950 39388 36 200 105 63 64 7nd nd 19 5 nd nd nd nd3 7 7 6 6 4 6 10953 571 1250 1490 782 839 264 2716 8 5 14 9 8 14 2039 61 30 63 62 45 122 188594 208 1680 908 781 761 80 14753 60 27 23 36 62 271 191131 218 230 230 166 95 135 20510 23 20 8 17 19 16 1 0177 130 346 384 81 96 65 5 420 99 63 58 48 24 96 97



SELEBI NORTH HOST AMPHIBOLITE continued
SDH1 41 S,DN 45 u1 tramafi cs

S!02 163 164 165 166 167 168 169 502 505 507 509 51045. 04 47. 47 47. 39 48. 77 45. 06 44. 32 49,, 86 40. 97 48. 62 51. 63 4b. 59 52. 33T I 02 0. 38 0. 44 0. 55 0. 75 0. 37 1. 49 0.. 35 3. 36 0. 24 0. 35 0. 33 0. 22A1203 17. 05 17. 74 14. 62 15. 64 15. 96 13. 03 7.. 41 14. 06 5. 11 4. 36 8. 35 5. 02Fe203 10. 41 9. 81 11. 23 10. 37 11. 10 14.. 08 16. 56 15. 47 14. 48 19. 80 15. 26 9. 47MnO 0. 14 0. 13 0. 17 0. 15 0. 12 0. 18 0.. 34 0. 24 0. 18 0. 33* 0. 23 0. 19MgO 14. 10 11. 94 11. 16 10. 34 14. 22 12. 85 19.. 00 11. 51 23. 35 16. 84 15. 41 23. 63CaO 9. 61 10. 65 10. 95 11. 30 9. 68 11.. 42 3. 23 10. 56 3. 95 5. 02 10. 43 6. 36Na20 1. 42 1. 94 2. 03 2. 35 1. 49 1. 45 0.. 46 1. 42 0. 54 0. 44 1. 00 0. 64K20 1. 34 0. 83 0. 89 0. 35 0. 93 0. 46 1. 75 0. 38 0. 05 0. 05 0. 20 0. 13P205 0. 04 0. 06 0. 06 0. 07 0. 04 0. 17 0. 07 0. 67 0. 04 0. 04 0. 03 0. 07Cr203 0. 04 0. 03 0. 17 0. 07 0. 04 0. 07 0. 26 0. 0 4 0. 19 0. 05 0. 07 0. 31LOI 2. 31 1. 54 1. 24 1. 29 3. 25 i. 43 1. 53 (1. 23) 0. 99 1. 04 (1. 93) 1. 82TOTAL 101. 88 102. 58 100. 35 101. 45 102. 26 100. 95 100. 82 98. 68 97. 74 99. 95 9 7. 90 100. 19
As
BaCeCJ
Co

163
164165
166167
168 169
502
505507
509510

nd ^ ^
'ff: K<k 4r

Cr 256 217 405 474 263 511 1750Cu 112 65 29 37 81 y.c. 66Ga 12 + 13$ i4>ikLa Ati *• /id.Mo nd nd nd nd nd nd ndNb 3 nd 3 5 6 7 3Hi 525 382 412 218 482 198 2170Pb 12 11 9 11 10 14 5Rb 58 31 27 12 43 12 55S 879 497 249 900 1070 54 840Sr 81 85 62 78 62 25 14V 98 104 144 199 93 382 102Y 11 12 16 19 19 37 10Zn 44 37 53 49 45 128 272Zr 24 28 30 42 24 85 21

37 113nd
80

30231222
19nd9

3068
16112038 

40340
69

175

1280978

34
2510

7

6
53
9

3218

334
391

nd
4

3
7

6721
95
43

440719

nd6
300
nd
3

1984
45
6347

nd28nd
90

2140648
nd
nd
5

1590
5
4

1180116310
9320

upper 1imb SDN 41
upper 1imb SDN 41SDN 41

Foliated fe1dspar-hornblende-biotite amphibolite sheared 
Foliated feldspar-hornblende-biotite amphibolite sheared 
Coarse hornblende-feldspar amphibolite/gneiss w/ minor biotite Coarse feldspathic amphibolite lower limb SDN 41
Feldspar-hornblende-biotite amphibolite sheared & folded lower limb SDH 41
Dark, finer-gr. hornblende-rich amphibolite w/ minor feldspar lower limb SDN 41Dark, finer-gr. hornblende-rich amphibolite w/ phloqopite lower limb SDN 41
Spotty hornblendeyfeldspar ampphibolite w/ abundant opaques spots = altered feldspars Coarse weak lyamphibol 11 i sed orthopyroxen i te SDH 45 y//x;^ot Black hornblende-rich amphibolite SDN 45 jBlack hornblende-rich amphibolite SDN 45Amphibof/n^eci orthopyroxen i te (3ramph5)A6^je^^a.AA. phlogopite & chlorite SDH 45

SELEBI NORTH AMPHIBOLITES continued
SDH1 42 garnet amphibo 1 i tes128 129 131 132 133 134 139 14 0 1435 102 42.23 39.02 41.26 43. 38 39.86 43. 70 45. 83 4 2.37 41. 97T i02 0.25 0. 19 0. 24 0. 28 0. 20 0.29 0. 22 0.15 0. 28A1203 14.40 14.85 13. 48 14. 05 14. 97 14. 98 15.10 13. 15 13.72Fe203 16.64 22.10 20. 18 15.86 23. 20 16.81 15. 14 20. 98 18.09MnO 0.28 0.49 0.36 0. 22 0.50* 0.19 0. 17 0. 25 0. 26MqO 15.06 10.44 12. 79 14. 57 10. 69 11. 36 11.22 11. 75 12. 13CaO 8.97 9.00 8.80 9. 42 7. 74 10. 96 10. 95 8.81 9. 94Na20 1.01 0.83 0.83 1. 13 0.68 1. 25 1. 48 1.23 1. 55K20 0.19 0.24 0. 20 0. 27 0.30 0. 36 0. 25 0. 23 0. 31P205 0.04 0. 04 0. 04 0. 04 0. 04 0. 03 0. 03 0.04 0. 04Cr203 0. 03 0.03 0. 04 0. 03 0. 06 0. 06 0. 04 0. 05 0. 03LOI 1.68 1.66 1.53 1.59 2. 14 1.31 0. 94 1.47 1. 36TOTAL 100.86 98.89 99. 75 100.84 100.38 101.57 101.42 100.48 99.68

As nd ^ nd +Cr 217 233 274 215 396 392 292 366 191Cu 617 1134 701 131 829 24 193 1083 53110 + 12^Mo nd nd 3 3 nd nd 3 nd ndNb 3 2 3 4 3 2 4 5N i 1160 1180 1130 720 1200 295 759 1410 7 49Pb 89 100 53 67 35 59 22 8 24Rb 4 8 5 11 11 12 8 RS 12360 24090 18390 1200 20370 649 3250 23210 10440Sr 67 62 76 95 51 99 26 72 61V 54 61 77 83 56 102 90 80 148Y 15 11 10 9 13 12 13 11 10Zn 573 121 345 385 96 133 105 148 128Zr 27 16 17 16 20 21 18 10 21
SDN 42128 Coarse dark hornblende-rich amphibo 1 ite ds SDN 42129 Garnet-hornblende mphlbolite probed ds SDN 42131 Garnet-hornblende amph ibo 1 ite ds SDN 42132 Coarse dark hornblende -rich amphibo 1ite SDH 42 fla 64-'*. -133 Garnet-hornblende amph Ibolite ds SDN 42134 Coarse hornblende-feldspar amphibolite SDH 42 Bo. ft* Ce /Si,139 Dark hornblende-rich amph1 bo 1 ite SDN 42140 Garnet-hornblende amphibolite ds SDN 42143 Dark hornblende-rich amph1 bo 1 ite ds SDN 42



DIKOLOTI-IEHTSUE-PHOKOJE HOST ROCKS TO NI-CU MINERALISATION

s;o2Ti02
A) 203Fe203MnOMqO
CaO
Na20K20P205Cr203LOI
TOTAL
Ba
Ce
Cl
Co
Cr
Cu
Ga
La
Mo
NbMl
Pb
Rb
S
Sr
ThVY 
Zn 
Zr
600
601602
603604
605606607
608609
610 611 
612

32-600 45.84 
2. 65 14. 07 
17.08 0. 19 6. 66 10.24 
2. 06 
0. 91 0. 31 0. 02 

(0.71) 100.03

601 
41. 43 2. 40 13. 33 18.37 0. 09 15. 78 2. 64 0. 63 
5.62 0.34 0. 15 
(1.75) 100.78

602 47.30 
0. 52 7. 24 14. 83 
0. 18 19. 03 
6. 74 
0.63 1. 06 0. 05 0. 34 

(1.63) 97. 92

DK 32 
603 46. 96 
0. 45 9. 23 

12. 75 0. 12 
20. 42 
5.88 0.66 
2. 56 0. 03 0. 40 
(1.61) 99. 46

604 47. 17 
0.37 8. 23 

12. 79 0. 17 
23. 24

intersection completely sampled and analysed

(0.91) 
99. 57

605 48. 30 
0.34 6. 27 

13. 02 0. 18 
23. 37 
6. 27 
0.44 0. 38 0. 04 
0. 53 

(0.87) 99. 14

GOG 
47. 47 
0. 28 6. 01 13. 38 0. 16 

25. 30 4. 96 
0. 43 0. 12 
0.19 0. 41 
(1.41) 98. 71

607 
48. 02 
0.39 
2. 57 19. 66 
0.19 

25.77 1.84 
0. 18 0. 11 0. 04 
0.63 (0.11) 

9 9.40

608 
4 5.92 0. 21 3. 00 15. 18 0. IS 
32.87 0.6 4 0.12 0. 25 0.0 4 1.00 (4.68) 9 9.41

60946.27 0^^ 
2. 43 15. 78 0. 16 

32. 26 0. 66 
0.09 0. 19 0.0 4 
0.87 
(3.61) 98.98

610 
46.60 
0. 35 
3. 86 15. 83 
0. 15 

30. 03 
0.80 0.24 
0. 78 0. 03 0.88 (2.73) 99. 60

611 
47. 55 0.22 
2.83 16. 80 
0. 15 29.99 0.53 
0. 06 0. 33 
0. 03 0. 96 

(6.23) 99. 50

612 47 . 04 0^3 3.32 16.82 0.14 27.81 2. 07 0. 24 
0. 23 0. 03 
0.84 (2.13) 98. 77

97 729 65 167 69 29 nd 22 14 nd 43 19 13174 136 71 53 40 51 24 87 67 60 61 79 70640 273 nd nd nd nd 37 nd 305 379 223 365 19660 80 46 69 57 74 77 56 68 68 73 102 65108 979 2300 2710 3560 3610 2800 4310 6520 5720 5880 6150 565043 36 12 52 25 21 100 14 27 14 31 90 5825 22 12 8 6 3 7 6 6 6 9 4 562 38 nd nd nd nd nd nd nd nd nd nd nd3 4 3 nd nd nd 4 nd nd nd nd 3 nd12 14 4 4 4 4 4 5 3 2 3 3 5111 482 461 565 663 684 1040 373 1000 826 953 1220 8075 6 nd 4 nd nd Aii 6 nd 6 nd nd Ad44 376 75 176 87 30 9 13 32 21 61 33 241050 874 379 2350 1680 1750 7170 883 1790 939 1960 4500 3110157 23 14 14 9 9 1 0 7 2 8 4 512346 5307 5207 204 150 164 116 243 121 131 143 137 16243 21 13 13 11 12 5 4 3 4 10 7 559 74 56 44 50 39 35 55 61 57 63 41 55217 182 41 22 20 22 21 13 12 25 16 14 nd
Hornblende gnejss becomes more hornblende-rich towards base 132.53-133.40 PA/oflopite schist w/ bands of 2 amp. amphibolite (hornblende + fibrous amp) 133.40-133.73 
f^n.p'h.tbole. schist w/ pA/o^opti, + thin bands of hornblende amp. 133.73-135.17
/^/KpAiho!^ schist w/ seroentinite patches base gradational 135.17-136.65

(kyi.) - too-nse 133'e5-14o'65
Coarse orthopyroxenite locally w/ serpentine + olivine matrix ds 144.65-146.65
a/a 146.65-149. 00 149.00-149.30 serpent Inite w/ esc fibrous amphibole
Coarse orthopyroxenite w/ serpent inite patches 149.30-150.48Serpentine-ol ivine orthopyroxenite 150. 48-152.JO
Coarse orthopyroxenite w/ serpent inite patches 152.30-154.40

DIKOLOTI 32 continued
613 614 615 616 617 618 619 620 621 622 623 624 G?5Si02 45. 69 47. 01 42. 31 49. 85 47. 52 41. 57 45. 82 37.. 13 40 . 53 45. 40 43. 93 47.. 10 42. 74T 102 0. 16 0. 28 1. 43 0. 12 0. 12 0.. 24 0. 51 0. 27 0. 11 0. 13 0. 12 0. 11 0. 30A1 203 3. 47 5. 50 14. 82 2. 95 3. 07 3. 69 7. 07 6.. 77 2. 48 3. 81 3. 05 2.. 46 5. 56Fe203 16. 09 13. 10 16. 24 13. 26 14. 12 27. 67 19. 07 29. 30 21. 68 21. 91 16. 34 18. 26 15. 00MnO 0. 16 0. 12 0. 15 0. 17 0. 17 0.. 16 0. 22 0. 12 0. 12 0 . 12 0. 18 0. 23 0. 12MqO 31. 57 27. 49 14. 97 23. 84 27. 41 17. 52 18. 63 22. 40 35. 93 25. 28 35. 55 27. 10 32. 99CaO 1. 22 2. 73 4. 62 6. 11 5. 09 4. 22 6. 13 2. 20 0. 38 2. 70 0. 44 3. 01 1. 49Na20 0. 22 0. 32 0. 74 0. 28 0. 29 0. 36 0. 69 0. 27 0. 05 0. 25 0. 08 0. 23 0 . 20K20 0. 09 1. 18 4. 15 0. 07 0. 07 0. 52 1. 14 0. 11 0. 02 0. 06 i. 00 0. 25 2. 06P205 0. 03 0. 03 0. 28 0. 03 0. 03 0. 08 0. 07 0. 05 0. 0 4 0. 05 0. 03 0. 04 0. 42Cr203 0. 90 0. 63 0. 02 1. 48 1. 62 0. 70 1. 28 0. 55 0. 69 0 . 28 0. 78 7 1 76LOI (7. 76) (3. 94) (2. 60) (0. 89) (2. 95) (3. 20) (1. 32) (G. 90 ) (9. 07) (4. 94) (7. 39) (3! 50 ) (7! 66)TOTAL 99. 60 98. 39 99. 73 98. 16 99. 51 96. 73 100. 63 99. 17 102. 03 99. 99 101. 50 99. 50 101 . 6 4

Ba
Ce
Cl
CoCr
CuGaLaMo
HbHI
Pb
Rb
S
Sr
V
Y
Zn
Zr
613
614
615
616617
618
619
620 
621 
622
623624625

10 83 628 nd nd 58 95 12 10 nd 355 8358 32 106 61 75 176 199 115 84 56 49 101386 165 427 nd 164 nd 47 246 731 132 275 24114 60 75 57 58 863 113 410 120 219 82 1535660 4170 164 10040 10730 4640 8660 3530 4270 1810 4930 467 045 80 120 139 204 5534 463 1510 576 974 354 9897 18 5 2 4 6 6 nd 3 3 3nd nd 37 nd nd 19 10 5 n d nd nd ndnd nd 3 nd nd 3 nd 4 nd nd nd nd4 5 14 6 3 6 4 5 2 5 31180 697, 397 727 1040 1760 638 1830 1080 1540 993 18205 Acl 14 /id 13 nd nd nd 5 A.d. XcL13 93 317 4 5 27 68 1 1 7 9 645 242450 3330 2080 5740 7690 87800 20700 70770 22030 55960 7040 250706 11 32 K<K xd 5 16 9 5 9 4 8121 150 199 118 108 88 175 81 55 50 95 112nd 12 32 9 9 4 19 8 2 4 2 1369 56 66 92 112 90 98 273 86 55 98 885 10 180 19 12 16 35 18 8 16 9 12

651
3652249248205584
153nd61300

7
179 

1 057 017912258648
Serpent Inite w/ olivine relicts top & bottom gradational 15 4.40-155.80 Amphibole (W.) orthopyroxen ite w/ cse bronzites 155.80-156.89 
Biotite schist w/ feldspar and 2 amphiboles locally cse hbl.As 614 cse ds hbl + sulphide rim opx 157.39-159.00 
Sheared, banded amphibo le (k[yl.) o rthopyroxenite and serpen tinite As 617 grading down into 2 amph i bo I e- pA'oqoffc schist w/ abundant 
161.71-162.28 Quartz-fe1dspar-biotite pegmatite 
Banded I folded 2 amph i bo 1 e-schist ds shear at base As 617 abundant ds & sms 164.35-165.96 
Banded seroentinite and amphibole- orthopyroxenito ds 165.97-167.92Amphi bo le_(A.U} orthopyroxen i te w/ serpent in ite patches ds 167.92-168.70 
Serpent inite w/ minor amphibole (A.6/*] orthopyroxonite ds 168.70-170.62 
Amphibola(Afc/-) orthopyroxen i te ds 17 0.62-171.52 Serpent inite w/ orthopyroxene ds 171.52-173.62

gneiss 156.89-157.39
cse ds 159.00-160.40 

ds 160.40-161.71
162.28-164.35

ds = disseminated sulphides sms = semi-massive su1phides ms = massive sulphide



DIKOLOTI-IENTSWE-PHOKOJE HOST ROCKS TO HI-CU MINERALISATION continued
DIKOLOTI 32 continued32-626 627 628 629 6305f02 45. 01 42. 69 49. 59 51. 05 46. 36Ti02 0. 11 3. 35 2. 26 2. 17 0. 15A1203 6. 59 11.77 11.75 12. 29 19. 76Fe203 14. 56 21.64 17. 02 17. 52 8.81MnO 0. 13 0.26 0.23 0. 24 0. 14MqO 26. 81 7. 56 5. 62 5. 21 11.62CaO 5.81 10. 94 9. 52 10. 12 9.74Na20 0.50 1. 34 2. 06 1.77 1.33K20 0. 08 0.70 0. 77 0.55 1. 12P205 0. 04 0.31 0.21 0.23 0. 04Cr203 0.58 0. 03 0. 02 0. 02 0. 05LOI (5.37) (0.60) (0.49) (0.30) (2.51)TOTAL 100.22 100.52 99. 05 101.17 99. 12

Ba nd 69 136 142 103Ce 63 167 100 115 17Cl 138 1086 2639 2378 149Co 75 79 49 50 51Cr 3770 127 124 124 331Cu 373 180 195 278 35Ga 6 22 17 19 11La nd 55 21 27 ndMo nd nd nd nd ndNb 2 21 11 13 5Ni 962 97 65 63 398Pb 8 5 11 13 9Rb 7 20 44 24 123S 7680 1630 540 1220 515Sr 10 55 114 148 118Th 7 8 8 8 ndV 79 479 363 379 52Y 10 57 31 35 3Zn 106 111 99 105 76Zr 8 115 139 141 18
626 Amph I bo 1 e. fA-bL) orthopyroxcn i te w/ magnetite veinlets base sheared ds 173.62-175.51
627 Spotty honblende gneiss 175.51-177.55 

177.55-179.96 Cse quartz-fe1dspar-biotite pegmatite
628 Hornblende gneiss 179.96-184.90629 Hornblende gneiss 184.90-189.80
630 Weakly banded cse feldspathic amphibolite 189.80-201. 00 ampiiibo 1ite continues

400
401
402
403404411
412 
660a 
660b 
661 
662 
663

DIKOLOTI FELDSPATHIC AMPHIBOLITE
41248. 1 2 0. 13 

21.11 6.83 
0.11 
8. 06 13. 20 
1. 92 
0. 48 0. 04 
0.11 1.69

537
98

nd
3288

1155841
131nd
nd
826
4517

Coarse hornblende-rich amphibolite DK 20
Feldspathic amphibolite w/ sapphirine-spinel aggregates DK 20
Foliated amphibolite w/ laminae of orthoamphibole-chlorite + minor sap-spi. DK 20 Feldspathic amphibolite DK 20 Coarse amphibolite DK 30
Coarse gabbroic feldspathic amphibolite DK 30 
Feldspathic amphibolite DK 23
Large corundum-sapphirine-spinel aggregate in 660a separated out DK 23 
Feldspathic amphibolite w/ small sapphirine-spine1 aqcjreqates DK 23 
Hornblende-rich amphibolite DK 23
Foliated amphibolite w/ laminae of orthoamphibole-clinozoisite + minor sap-spi DK 23

400 401 402 403 404 411S i02 42. 61 46. 33 43. 35 44. 25 45. 97 50. 12Ti02 0. 15 0. 12 0. 05 0. 05 0. 09 0. 22A1203 23. 18 13.86 22. 75 24. 02 26. 22 13.46Fe203 13. 35 9. 15 7. 46 7. 07 5. 62 8.68MnO 0.21 0. 16 0. 12 0. 12 0. 07 0. 14MgO 8. 55 18. 02 12. 14 8.93 6. 10 13. 14CaO 7. 07 10. 16 12. 44 11.28 14. 68 13. 01Nla20 1. 46 1.25 1. 19 1. 45 1. 41 1. 05K20 1.23 0. 19 0.30 0.82 0.32 0.23P205 0. 03 0. 03 0. 02 0. 02 0. 03 0. 03Cr203 0. 03 0. 14 0. 02 0. 02 0. 02 0.14(LOI) 1. 33 1.47 2. 12 3. 08 1. 18 0. 92TOTAL 99.20 100.88 :101.96 101.11 101.71 101.14 1
As 104r ndv nd-^r nd* nd*Ba 4-7 * n *Ce A Aot* *
Cl
Co
Cr 200 929 155 151 105 930Cu nd 157 260 337 180 ndGa 9*- 13<r 12* 134- 10-fLa aAV A.U * *Mo nd nd nd 12 nd ndNb 2 2 3 3 2 3Ni 81 506 530 555 165 195Pb 9 6 nd 5 <4Rb 110 9 29 106 42 15S 155 1270 1550 2360 1120 29Sr 100 28 107 135 160 60Th nd nd nd nd ndU nd nd nd nd ndV 46 74 17 26 53 146Y 3 5 2 nd 4 7Zn 68 60 80 75 49 51Zr 14 12 8 9 14 17

GGOa GGOb 661 662 66344. 25 36.14 46. 66 4f:.4 0 43.620.0 4 0. 03 0.15 0. 11 0. 0423.48 36.70 23.19 15. 27 21.52G. 09 5^^ 6. 63 9.87 7. 460.10 0 . 07 0. 11 0. 16 0. 139. 97 8.23 8. 36 15.37 14. 2713. 22 11.38 13. 39 9.65 11. 171.27 0. 68 0. 98 1. 17 1.000. 39 0.88 1.33 0. 37 0. 650. 03 0. 03 0. 03 0. 05 0. 030. 01 0. 01 0. 08 0. 08 0. 02(2.24) (4.25) (2.27) (1.99) (3.53)98.85 99.31 100.91 98.10 99. 91

nd 70 114 39 38nd nd 9 nd ndnd 166 nd nd 3247 53 39 101 5873 46 551 535 114349 433 31 303 2310 18 13 13 13nd nd nd 5 ndnd 7 nd nd nd3 4 4 3 5504 451 210 612 580nd 6 5 nd42 92 123 33 641880 2950 27 2380 nd145 305 146 40 126nd Aol 8 5 7
18 14 89 72 253 2 7 4 nd4 9 138 56 79 6710 7 13 9 7

to DK u11 raba sics DK 20



DIKOIOTI-LENTSWE-PHOKOJE HOST ROCKS TO HI-CU MINERALISATION continued
AMPHIBOLE fHOL.) PYROXENITESSERPEHTINISED PERIDOTITES335 391 399 350 363 380 657a 657b 39 0 379 392 397Si02 91. 87 50. 58 92. 80 38. 86 91. 23 39. 80 95. 60 43. 97 99. 84 48. 39 49. 91 98. 22T i02 0. 13 0. 19 0. 16 0. 13 0. 15 0. 11 0. 17 0. 15 0. 08 0. 17 0. 25 0. 42A1203 2. 51 9. 80 2. 52 2. 53 3..80 2. 78 3.. 91 3. 19 2, 38 5. 39 9. 15 9. 55Fe203 17. 83 11. 53 11. 68 11. 73 16. 92 13. 62 13. 38 19. 37 13. 76 11. 12 23. 02 13.. 91MnO 0. 19 0.. 07 0. 21 0. 17 0. 16 0. 13 0.. 16 0. 11 0. 19 0. 15 0. 23 0. 15MqO 32. 96 28.. 18 35. 55 36. 36 32. 36 35. 89 34.. 01 37. 23 29.. 89 28. 64 24. 79 27. 03CaO 0. 31 0. 23 1. 01 0. 53 1.. 20 0. 26 0. 66 0. 59 1. 05 3. 40 0. 88 3. 64Na20 0. 12 0., 36 0. 15 0. 15 0. 17 0. 06 0.. 20 0. 17 0. 28 0. 56 0. 23 0. 99K20 0. 36 2. 08 0. 05 0. 02 0. 89 0. 01 1.. 97 0. 92 0.. 56 0. 30 0. 17 0. 13P205 0. 03 0. 02 0. 09 0. 02 0. 03 0. 03 0. 03 0. 05 0. 04 0. 05 0. 03 0. 06Cr203 1. 25 0. 83 1.. 08 1. 11 1.. 09 0. 83 1. 03 1. 11 0. 16 0. 39 0. 91 0. 07LOI 3. 82 3. 53 6.. 52 10. 53 4,. 08 6. 59 (9. 30) (7. 42) 1. 5 9 2. 99 1. 08 2. 00TOTAL 100. 83 102.. 90 101.. 77 102. 19 101. 58 100. 06 100. 62 101. 36 99. 67 101. 00 100. 10 100. 17

As
BaCe
Cl
Co
Cr 8570 5650 7920 7600

nd i
43*
ki 4"

7490

nd ^ 3o it 
aJ *■

5670

67
37

208
596750

37
49329
77

7 0 0 0 1090 2660 6220 507Cu 103 51 162 21 715 386 150 246 235 137 536 456Ga
LaMo 3 nd nd 3

5^
A.<1 +
3 4

7ndnd
3nd9 nd nd 3 3Mb nd 3 3 3 5 3 9 5 3 9 nd 4Ml 337 326 1880 1150 1390 1380 % 755 1170 581 1670Pb 7 7 5 9 5 nd 7 nd 9 5Rb 30 186 9 9 81 6 183 105 46 29 13 10S 5060 1320 9730 2470 19090 14590 5120 6500 13030 4730 24670 18690Sr 6 9 4 6 6 6 8 6 5 6 9 9V 88 73 83 68 101 60 68 66 28 60 114 81Y 9 nd 3 9 9 9 4 9 10 9 8 11Zn 101 66 136 190 70 77 77 73 65 50 183 32Zr 7 8 19 13 11 8 11 20 8 23 11 19

ds PJ 2 V/ .St:rp. PJ 2 PY/tOAif/XiTt).d3 'lT 19
LT 19

core
335 Orthopyroxene serpent inite
391 Phlogopite-orthopyroxenif^i399 Orthopyroxene serpentinite 
350 Serpentinite with olivine relicts ds 
363 Orthopyroxene serpentinite ds LT 20 
380 Serpent inised peri dotite ds LT 33
657a Serpent inised peri dotite ds DK 17
657b Serpent inised peri dotite ds DK 17
390 Amphibole (A-bl) orthopy roxen i tc ds PJ 2
379 Coarse orfhopyroxenite ds LT 33
392 Amph t bo 1 e (orthopyroxen i te with magnetite 397 OrthopyroxenIte ds DK 20 Til S U nd, DK 20

AMPH. PYROX. fff^PHI&OLlTeS -'PYK.OKe.NlT£.S AMPHIBOLITESwith Hx t./'/- fir910 917 655 325 333 398 364 381 331 339SI02 45. 83 50.54 45.36 53. 18 50. 60 51. 40 53. 06 51.87 54.38 55. 73Ti02 0. 23 0. 24 0.23 0.14 0.27 0. 15 0. 18 0 . 16 0. 04 0 . 06A1203 3. 23 9. 01 3. 53 2.93 3. 24 3. 46 4. 73 9.30 1.58 1. 61Fe203 20. 09 13. 94 20.32 19. 34 18. 91 11. 98 8. 74 19.89 15. 19 18. 10MnO 0.22 0. 28 0.19 0. 17 0.20 0. 27 0.16 0.9 0 0. 17 0. 39MqO 22.82 25. 59 23.46 21.66 22. 98 26. 65 23. 57 23.88 16.14 20. 61CaO 3. 52 0. 99 3. 59 5. 39 1. 52 2. 48 7. 57 0. 96 11.42 1.28Ha20 0. 99 0. 28 0.38 0.26 0. 24 0.34 0. 60 0.35 0. 35 0. 22K20 0.11 1. 77 0. 15 0.09 1.19 2. 03 1.65 2.00 0.09 0. 08P205 0. 15 0. 02 0. 65 0. 02 0. 03 0. 02 0. 03 0. 02 0. 07 0. 03Cr203 0.22 0. 96 0. 70 0.27 1. 08 1.04 0. 95 0.58 0. 00 0.01LOI 1. 11 2. 34 <1.26) 2.21 1. 76 2. 95 1. 92 (1.36) 1.25 0.84TOTAL 98. 79 99. 91 98. 58 100.71 101.97 102.27 102.16 100.72 100.63 98. 91
As
Ba
Ce
Cl
CoCr
CuGaLaMoHbHi
Pb
Rb
SSrV
YZn
2r
910917
655
325
333
398
369381
331339
370a

nd ir

Ati 4.

7190 3150

nd
88

295
120

4730 1890

Kd *

7380 7100 3080 3970 16 56601 150 951 198 6 70 23 17 77 nd
6*
2^
9 3

11
18

3. 4
8^ 

a4 f 4 3 4 3 nd4 5 Act 3 5 3 9 8 9 31060 767 621 1190 631 603 525 955 412 250AC. nd 6 A A<i 6 n d A v'. 5 nd7 159 9 7 62 265 1G3 186 4 628720 9020 25560 1060 3010 3210 76 579 2068 428 5 5 5 12 6 10 6 5127 42 265 60 156 99 66 58 49 2611 10 6 13 10 12 20 6 91 9115 149 79 98 77 189 61 182 27 5719 6 12 15 13 16 21 13 9 11

370a 52^7 0. 27 
2.62 17.20 
0. 18 20.71 3.56 0. 30 0. 05 
0. 03 0.19 (0.77) 

9 7.5"8

nd
81
nd
51

132099
213nd
2

6287
53070

89997
12

Amphibole (^6/ ) orthopyroxenite ds DK 30 
Orthopyroxene amphibolite ds DK 30 
Amph { bo le (Ail.) orthopyroxen ite ds DK 17
Mg amphibolite adjacent to ms PJ 1 
Coarse cummingtonite amphibolite ds PJ 1 Phlogopite amphibolite ds LT 19 
Mg amphibolite LT 20

amphibol ite Th & U nd, LT 33
Actinolite amphibolite within % ..lUTziff 1Cummingtonite amphibolite withinj *' ’ PJ 2
Cummingtonite-hornblende amphibolite within finely banded quartzite-amphibolite LT 26



nnm1ysGd 
27-12 274S.25 480.59 07.5G 4
19.21 160.24 016.44 23
6. 62 30.74 00.99 00.13 0
1.02 1 (1.45) (2 99.79 99

DIKOLOTI-IENTSWE-PHOKOJE HOST ROCKS TO NI-CU MINERALISATION continued
LENTSUE IT 27 nterscction con-plctely■ sampled andLT27-2 27-3 27-4 27-5 27-6 27-7 27-8 27-9 27-10 27-11SI02 50.29 40. 73 44. 97 42. 86 48. 33 44. 13 45.87 45.66 51. 57 38.28Ti02 1.23 1.28 0. 15 1. 12 0.32 2. 58 0. 48 1. 02 0. 17 0. 27A1203 11.66 14. 45 3. 20 13.79 6. 73 12. 57 7.35 12. 53 2. 92 2. 65Fe203 13. 20 17. 04 14. 98 14. 95 16. 55 18. 20 18.32 13. 52 13.78 31. 77MnO 0. 15 0. 03 0. 15 0. 07 0. 22 0. 16 0. 19 0.09 0.13 0.19MgO 10. 96 19. 07 34. 07 18. 02 19. 03 13. 03 20.85 18. 93 26.98 27. 32CaO 9. 50 0.53 1.20 3. 52 4. 76 5. 49 4. 10 4.06 2. 44 0.56Na20 1.80 0. 64 0. 24 0.72 0. 47 1. 07 0.35 0.63 0.32 0. 20K20 1. 01 7.47 1. 11 5. 63 1.66 3. 57 2.61 4.71 0. 42 0. 06P205 0. 17 0.25 0. 04 0. 41 0. 07 0. 30 0. 17 0. 17 0. 05 0. 05Cr203 0. 12 0. 02 1.22 0. 02 0. 43 0. 09 0.63 0. 25 1. 09 1.19LOI (1.07) (1.98) (3.76) (2.41) (3.09) (2.06) (4.87) (1.79) (1.09) (7.47)TOTAL 100.29 101.51 101.33 101.11 98. 57 101.19 100.92 101.57 99.87 102.54

Ba 82 618 54 433 80Ce 92 95 72 92 86Cl 468 599 450 627 106Co 62 100 78 82 89Cr 768 150 8030 163 2880 632 4090 1680 7380 7560Cu 23 319 39 197 300 134 405 30 79 5500Ga 17 19 5 17 10La 31 15 nd 19 ndMo nd nd nd 3 8 nd 6 nd nd ndMb 12 10 3 14 9 29 6 7 4 2Hi 250 482 1230 552 790 361 961 342 969 713Pb 10 10 5 15 17 13 12 12 8 17Rb 56 567 76 434 119 236 196 341 26 9S 780 12780 3420 4520 10620 5240 22700 663 2690 27570Sr 118 12 9 15 10 27 8 23 A j. 6Th 8 8 4 6 9V 217 151 98 139 104 318 144 148 90 291Y 36 8 10 27 33 102 21 33 8 3Zn 59 62 95 62 87 59 83 71 86 45Zr 126 131 14 145 63 215 45 113 18 9

•13 89 
22 45 51 18 
14 83 28 
7 4 05
45 0.0028) (3.48)74 101.23

27-14 
43. 37 
1.20 12. 53 

12. 31 
0. 07 22. 50
3. 44 
0.75
4. 77 
0. 29

68701870

3
5717
75010650

12

339354

9690421

nd5670nd
51

11000
6

134
138325

20402

nd8
435933910430
144157
1938136

27-2 Hornblende gneiss grading down to hornblende-biotite amphibolite at base 98.58-99.383 PA-Zogopfe-magnet I te schist shear zone ds 99.38-99.514 Serpent i ne-pA/o^opfe amphibolite (schist) ds 99.51-100.99
5 P/Jojopife sch i st shear zone ds 10 0.99-101.54
6 2 anphI bo 1e-p^o^opfe schist (fibrous + hbl. ) ds 101.54-102.627 Hornb1ende-biotite gneiss ds 103.02-103.84
8 Fine-grained, 2 amphibole-p'A/o^opM& schist (hbl.-poor) w/ metachert ? ds 10 3.84-104.27
9 2 amphi bol e-gne i 55 (hbl.-rich) shears 10 4.53-105.46
10 Amph i bo le (A.bi.) orthopyroxon i te ds 105. 46-107.14
11 Serpent inite w/ relicts of peridotite abundant magnetite ds 10 7.14-109.58
12 Hornblende amphibolite (w/ minor fibrous amp. 2 plaq.) ds 109.58-110.1913 Amphibolite (2 amps hbl.-poor) ds 110.19-110.7914 PX/o5*pife.-magnet i te schist ds 110.79-111.66Lt 27-1 grey quartz-feldspar-biotite gneiss 98.40

LEMTSWE 27 continued
27"-15 27--16 27 -17 27 -16 27- 19 27 -20 27--21 27--22 27- 23 27 -24 27--25 27--265102 46.. 20 45,,81 45.. 35 43 . 34 51. 44 46,. 58 47. 70 41. 16 47. 84 42..86 44, 82 40. 92Ti02 0. 21 0,. 29 0. 33 2 . 21 0. 19 0,, 18 0. 15 2. 35 0. 18 0,, 17 0 , 19 0 . 18A) 203 5.. 24 7.. 48 4. 39 14 . 62 4. 60 3,, 86 3. 54 12. 20 3. 91 3.. 83 2. 96 3. 06Fc203 17.. 05 11. 23 13. 35 15.. 64 14. 03 16.. 78 14. 62 21. 4 0 16. 56 17,, 21 22. 77 23. 00MnO 0.. 19 0.. 20 0. 21 0 . 12 0. 18 0,. IS 0. 18 0. 18 0. 15 0 ,. 15 0. 15 0. 12MqO 27.. 01 31.. 40 33.. 15 19.. 17 27. 55 29.. 55 30. 03 14. 26 28. 67 34,. 51 26. 46 31. 88CaO 1.. 98 3.. 58 1. 55 0 . 44 0. 49 0,. 41 0. GO 5. 62 0. 51 0.. 88 0. 32 0. 27Na20 0. 32 0. 16 0. 19 0.. 65 0. 11 0., 11 0. 03 0. 90 0. 06 0.. 13 0 . 07 0. 07K20 0.. 10 0, 20 0. 90 6,. 43 1. 61 0.. 64 0. 17 2. 56 0. 14 0.. 03 0. 06 0. 03P205 0. 04 0.. 04 0. 03 0,. 04 0. 04 0. 03 0. 04 0. 47 0. 05 0. 04 0. 05 0. 05Cr203 1. 49 0. 90 1. 12 0,, 07 1. 09 1.. 08 1. 00 0 . 00 1. 22 1. 04 1. 00 1. 10LOI ■ (3. 97) (5. 31) (7. 82) (2,. 92) (4. 61) (4. 95) (2. 04) (1. 50) (1. 23) (7. 41) (3. 51) (4. 67TOTAL 99. 83 101. 29 100. 57 102,. 73 101. 33 99. 40 98. 11 101. 10 99. 29 100. 85 98. 85 100. 68

Cr
Cu
Mo
Hb
HiPbRb
SSrTh
VY
Zn
Zr

27-15
16171819
20
212223242526

9780 5850 7090 441 7100 7030 6730 11 3260 6620 6600 7210374 84 144 649 222 317 199 23 345 229 1540 738nd 3 nd 4 nd nd nd nd nd nd nd 32 3 10 53 4 3 3 12 3 nd nd 2562 647 1070 1010 819 1060 978 79 1030 773 2300 1570Aci 5 6 24 Ad Aci 5 6 nd nci 7 A j12 18 70 518 130 52 16 140 12 7 9 510780 2700 4330 1720 9880 12050 8490 63 0 15920 7 30 0 46310 2951010 6 6 11 9 7 5 18 4 4 4 nd
98 87 88 190 86 98 81 310 93 62 no 817 15 23 5 8 2 2 32 5 4 nd 3130 83 69 110 68 66 64 43 63 49 40 4816 24 13 23 8 9 11 139 12 12 14 15

111.66-112.50
ds 112.50-114.75Bronzite pyroxenite ds Serpent inised peridotite 

a/a 114.75-118.07 PAJo^of.fe schi st 118.07-118.55
Serpent inite w/ asbestlform amphibole veins ds Serpent inised peridotite w/ amphibole veins ds 
Amphibo le CAbO orthopyroxenite w/ serp. patches
Hornblende-biotite amphibolite w/ magnetite & minor plag. 
Amphibole orthopyroxenite ds 124.15-125.58
Serpent inised peridotite ds 125.58-126. 95 
Amphibole (kbt.) orthopyroxen i te ds 126. 95-127. 4 7 Serpent inite w/ amphibole veins ds 127.47-128.43

US. 55-120. 40 120.40-121.02 
ds 121.02-122.43 122.43-124.



DIKOLOTI-LENTSWE-PHOKOJE HOST ROCKS TO NI-CU MINERALISATION continued 
LENTSWE 27 continued

Si 02 27 -27 27--28 27- 29 27--30 327 332 GG744.. 67 46.. 32 42. 09 58. 92 84,. 93 61,, 50 78.. 74TI02 0,. 22 0,. 22 2. 30 0.. 48 0.. 03 0,. 02 0. 00A1203 3.. 50 3,, 97 15. 16 6., 13 0.. 66 0,, 50 1. 11Fg203 19.. 12 19,, 75 17. 93 16. 79 8..84 37., 34 19. 04MnO 0.. 14 0., 16 0. 11 0. 18 0. 10 0., 02 0 . 04MgO 29.. 50 26., 75 14. 30 11. 33 4. 79 1. 52 1. 14CaO 0, 33 0. 81 1. 71 3. 67 1. 96 1. 27 0. 80Na20 0. 06 0.. 10 0. 77 0. 81 0. 02 0. 12 0. 00K20 0. 11 0. 30 6. 16 0. 65 0. 03 0. 0 4 0 . 00P205 0. 04 0. 05 0. 28 0. 11 0. 03 0. 07 0. 05Cr203 1. 06 1. 05 0. 02 0. 13 0. 00 0. 00 0. 00LOI (2. 20) (2. 63) (1. 79) (1. 30) 0. 46 -1. 11 (0. 33)TOTAL 98. 75 99. 48 100. 83 99. 20 101. 85 101. 30 100. 95
Ba 
Ce 
Cl 
Co Cr Cu Ga 
L 3 Mo 
Nb Hi Pb 
Rb 
SSrV
YZn
Zr

27-2728
29
30

327
332
667

nd92
195104

7110
4334
ndnd
3

10706
14

18210G
984 5015

20
73

166149
7020
571

5nd
nd
214009

2422940
4

119866
18

660127
724
83

121
11125 
21
3

29
26314
4283550
26 269
3660232

138
81
96
73899

301
823nd
3585
8

382163050
931343
70

16
100

34
%

4
3591 4 

2 4 
632
6

22
39

3
2

10613
8554
5257

nd6

nd19nd118
7

378
2nd
3 nd

4
17500

4
21625
6

Amphibole (A.bt.) orthopyroxen i te da 128. 43-130.50
Amphibolite banded w/ serpent inite ds 13 0.50-130.87
Sheared biotite-hornbiende-plaqioclase-qarnet-magnetite schist ds 130.87-131.63 Banded amphibolite and quartzite U-3amphibo 1es) ds 131.63-132.45 132.45-133.36 sms in banded amphibolite-quartzite 
after 133.36 pink-grey medium gr. granitic gneiss
Finely banded quartz-magnetite w/ amphibole laminae Finely banded quartz-magnetite PJ 1
Finely banded quartz-magnetite LT 30

PJ 1

OUTCROPPING AMPHIBOLITES ASSOCIATED WITH

Si 02
Tt02A1203
Fe203MnOMgO
CaO
Na20K20P205Cr203
LOT
•TOTAL
As
Cr
CuGaLa
MoNbHi
PbRb
Sr
ThU
V
Y 
Zn Zr

17-8 
2a2 56.82 
0. 06 0. 9517. 860.3218. 33 
3. 33 
0. 13 
0. 02 0. 06 
0. 00

(0.66)97. 91

10
5

36
339 

1 0
aI

5

id's
4544
12

24-8
id54. 85 
0. 04 0. 62 

18.71 0. 30 19. 78 3. 13 
0. 10 
0. 01 
0. 02 
0. 01 

(0.78) 97. 57

73
9

nd3269
74

381876
11

24-8
Ij68. 72 
0. 01 
0.82 

11. 17 0. 13 
11.69 6. 60 
0.12 0. 05 0. 03 
0. 00 

(0.95) 99. 34

2719

1637

y\^

69

24-8
3d5J.720. 05 
0.89 

18. 63 0. 41 
20. 98 
3. 29 
0. 12 
0. 02 
0. 22 
0. 00 

(0.68) 9 8. 33
ndf26
4
1*5*
46

28514
3

106
nd60
22637

24-5
3x54.71
0.11 
0. 92 17.39 0. 33 19. 99 4. 30 
0. 17 
0. 02 0.04 
0. 01 

(0.80) 
97.9 9

nd^r
nd

2*4-#
nd4

359nd
5 nd 

nd nd
102
3664
11

4-9
Ic50. 03 
0- 34 
5, 53 16.86 
0.28 18. 11 6.82 
0. 66 
0. 11 0. 06 
0.23 (0.67) 99. 03

nd -i 
1550 

10
8*

nd
62298
5 

15
6 nd

122
138223

14-9Ij60. 04 
0. 05 
1. 47 
9.70 0. 16 

17. 28 
9^^ 
0. 16 0. 04 0.04 
0. 01 (0.95) 98. 67

84‘
39
5
4*

nd3392nd
2
8
6 nd 58 39 309

14-9 1 m55. 960.0 40.8117. 24 
0. 6022. 05 2.830. 06
0. 02 
0. 01 
0. 0 I (0.87) 99. 63

nd
A.d.

2*r

nd32947
5 A.d
6

35
651
9

MA^^a T, rc
14-9 24-9 24-9 24-9 24-9lo 1 a 4a 5b 5e54. 52 51.04 54. 51 55. 56 59. 150. 07 0. 43 0. 07 0. 05 0. 041. 98 6. 20 0.84 1. 10 0.7813. 92 12. 51 20.24 18. 78 17. 090. 30 0.22 0. 47 0. 48 0. 4016. 72 16. 47 20. 03 20. 23 17.6511. 13 10. 98 2. 15 3. 30 4. 100. 29 0. 58 0. 06 0. 13 0. 050. 07 0. 11 0. 03 0. 05 0. 020. 04 0. 03 0. 02 0. 09 0. 020. 01 0. 24 0.01 0. 02 0.00(0.98) (0.81) (0.76) (0.91) (0.89)99.05 98.81 98. 43 99. 79 99. 30

nd-f nd'#36 1665 47 127 2135 A.i nd 9 94#r 2*«.<<«
3 nd nd nd nd3 5 rid 5 3308 390 270 254 2125 nd nd nd nd3 nd 2 2 nd1 0 9 5 5 67 ndnd nd1 02 170 51 57 5535 14 14 21 2452 96 71 80 7884 35 7 10 6

17-8-2a224-8-ld
24-8-1j24-8-3d
24-8-3X4-9-lc14-9-1j
14-9-lm
14-9-10
24-9-la24-9-43
24-9-5b24-9-5e

Massive amphibolite cummingtonite (+ talc?) Phokoje Massive amphibolite cummingtonite Mogolodi South
Well-banded quartz-amphibole rock actinolite Mogolodi South Massive amphibolite cumm ingtonito Mogolodi Nortli C><k 7/4, Ce aJ
Massive amphibolite cumm i ngton i te Mogolodi Nortli 6oL x w] *,
Banded amphibolite cumm i nqton i te + thin hornblende bands Lethlakane 6<».8NAmphibolite actinolite with minor quartz bands Seioka gn *
Massive amphibolite cumm i ngton i te Seioka Ra.Massive amphibolite actinolite Seioka b&, Ce.Ad*,
Massive amphibolite hornblende Lethlakane River SouthMassive amphibolite cummingtonite Lethlakane River South
Massive amphibolite _ cummingtonite lethlakane River South
Well-banded amphibolite cummingtonite and thin (2mm) quartz bands Let. R.

/I. J 0
S. 5a lO?*y 

Ce



BaCe
Cl
Co

334351354355372
373 
382 390
406
407
666

DIKOIOTI-LENTSWE-PHOKOJE HORNBLENDE GNEISSES of the Se]ebi-Phikwe Banded Gneisses, not enclosed within the ultramafic assemblage

DIKOIOTI-LENTSWE-PHOKOJE HOST ROCKS TO NI-CU MINERALISATION continued

334 351 354 355 372 373 382 390 406 407 GG6Si02 48. 01 50. 72 47. 79 47. 65 50. 66 40, 24 49. 56 50.. 26 49.. 80 41. 57 41. 04Ti02 1. 09 1.. 22 1. 49 1. 64 2. 34 3.. 72 0. 88 2.. 02 2. 27 2.. 75 S3A1203 14. 39 14.. 03 13. 11 15. 43 12. 41 11., 98 14.. 39 12., 00 12.. 19 11.. 0 4 12! 97Fe203 15. 89 14.. 40 16. 44 18. 94 15. 79 21.. 51 12.. 71 16. 12 16. 98 22. 32 18. 20MnO 0. 21 0. 15 0. 16 0. 09 0. 22 0. 19 0. 17 0. 27 0.. 21 0. 24 0. 22MgO 5. 66 5. 62 7. 53 8. 88 5. 59 9.. 03 7. 73 5. 73 5.. 08 7 .. 57 12. 13CaO 12. 01 8. 12 7. 84 2. 27 9. 59 10.. 43 10. 02 9. 42 10.. 20 11. 95 9. 80Na20 2. 21 3. 27 1. 97 0. 76 2. 56 2. 00 1. 78 2. 07 2. 02 1. 57 1. 35K20 0. 78 1. 20 2. 04 6. 23 1. 10 0. 72 i. 36 1. 04 0. 63 0. 60 0 . 4 0P205 0. 11 0. 20 0. 11 0. 16 0. 21 0. 33 0. 09 0. 20 0. 22 0. 29 0. 39Cr203 0. 03 0. 02 0. 01 0. 01 0. 01 0. 02 0. 0 4 0. 02 0. 01 0. 02 0. 04LOI 0. 64 1. 34 <1. 59) (1. 33) (0. 47) 0. 66 1. 07 (0. 87 ) 0. 36 0. 92 (1. 79)TOTAL 101. 03 100. 29 98. 49 102. 06 100. 48 100. 83 99. SO 99. 15 99. 97 100. 84 98. 37

Cr 210 116 96 94 100 122 255Cu
Ga
La

42 64 120 79 316 135 Act

Mo 5 3 5 5 nd 3 ndNb 7 5 5 7 10 28 3Ni 69 183 398 99 69 149 i 00Pb 4 16 nd 12 13 13 10Rb
S

25
562

622810 112 386 42 13
4420

64
562Sr

Th 94 131 84 72 152
10 50 101

V 286 183 386 303 418 450 228Y 26 34 20 25 34 61 25Zn 54 59 46 45 128 92 46Zr 58 91 45 80 134 304 62

208
94

1907
56

193
200
20
30
4

1077
1248384107

4632999129

85233

3
12638
156321236

3303386140

16082

n d 
12 85 
5 

13 
1040 

60

454
43116136

assoc, w/ quartzite LT 20

Well-banded coarse-grained hornblende gneiss (w/ pyroxene ?) PJ 1 Fine-grained hornblende gneiss LT 19 
Mafic hornblende gneiss w/ minor biotite LT 20 
Biotite-qarnet-hornblende-feldspar-magnetite schist Hornblende gneiss LT 31
Mafic hornblende gneiss/amphibolite w/ fine ds LT 31 Coarse hornblende gneiss w/ minor ds LT 33 Hornblende gneiss DK 20 Hornblende gneiss DK 30
Hornblende gneiss/amphibolite w/ cse magnetite DK 30 Gradation from 406 to 407 adjacent to massive sulphide (ms) Hornblende amphibolite/gneiss LT 25

37
13012969
25325
2224
nd
72359

10
nd56

3564050
202

DIKOLOTI-LENTSWE-PHOKOJE HORNBLENDE GNEISSES enclosed within the ultramafics
326 328 338 342 362 375 376 409 665 377 3 99Si02 49.. 40 49. 46 49. 24 38. 38 41. 07 48. 02 40., 08 45. 62 43.. 06 45.. 52 45.. 87T i 02 1,. 54 1. 45 1.55 1. 93 2. 37 2. 40 1.. 68 1. 15 3.. 01 24 0,. 1 6A1203 14. 27 13. 33 13. 97 12. 94 13. 98 14. 27 14. 72 14. 61 13. 34 is! 69 13.. 11Fe203 14.. 01 14. 33 13. 56 24. 93 21. 93 13. 99 23. 61 14. 86 18. 30 14. 15 10.. 8 1MnO 0. 09 0. 10 0. 11 0. 19 0. 26 0. 22 0. 22 0. 21 0. 33 0. 14 0.. 20MqO 7. 81 10. 69 10.81 8. 46 7, 43 7. 27 12. 69 9. 70 7. 86 1 0. 14 15. 32CaO 6. 62 6. 47 4. 44 9. 31 11. 29 8. 99 1. 65 11. 69 9. 58 1 0. 63 0 2Na20 2. 73 2. 52 2. 00 1. 72 1. 45 3. 10 0. 54 1. 18 2. 02 37K20 2. 15 1. 09 3, 70 1. 08 0. 70 0. 83 3. 89 1. 00 1. 05 1.P205 0. 07 0. 08 0. 09 0. 54 0. 46 0. 32 0. 21 0. 10 0. 38 0, 0 4Cr203 0. 03 0. 03 0. 01 0. 00 0. 03 0. 02 0. 03 0. 05 0. 02 0. 0 9 0.LOI 1. 64 3. 02 1.25 1. 56 (1. 13) (0. 80) (1. 49) 1. 78 (1. 08) (2. 47 ) ( 1.TOTAL 100. 36 102. 57 100.73 101. 04 100. 97 99. 43 99. 32 101. 95 98. 95 99. 61 97. 53

Ba
Ce
ClCo
CrCuGaLa
MoNb
Ni
Pb
RbS
Sr
Th
V
Y 
Zn Zr
326
328
338
342362
375376 
409 665

184145

4
8287

11
1254090
133
23223
3669

82 467212 84631 387
187 43 4991 30 199 130 1796 286 193 61 4426 1742 ndnd nd nd 4 nd 412 10 8 8 39 8273 296 570 120 122 1567 6 9 26 13 1353 182 39 37 30 248748 170 14550 1510 133092 96 54 118 130 16
149 95 323 424 332 35526 17 53 34 144 5435 33 112 53 53 3871 91 163 198 212 133

36365

6
5noftc

78
1650

65
338
22
6845

Foliated felsic hornblende gneiss assoc, w/ Fo formation 
Coarse sheared hornblende-feldspar-chlorite gneiss Feldspar-Z amphibo 1e-biotite gneiss PJ 2 
Hornblende gneiss/amphibolite w/ abundant magnetite Mafic hornblende gneiss w/ magnetite & ds LT 20 Spotty felsic hornblende gneiss LT 33 
Coarse garnet-biotite schist LT 33 Hornblende gneiss DK 30 
Hornblende gneiss DK 30

155
157
780
87

1529225654
15

132
1040

4160
100
47554
83

234
PJ 1

Coarse amphibolites similar to Phikwe host amphibolite 
377 Coarse hornblende-feldspar amphibolite LT 33
399 Coarse hornblende-feldspar amphibolite DK 20

570193

nd
4

266
7

79
58nd161
11
3416

26
nd165
67

965
6

10fid4
nd3924
49
nd
22nd

100
66718

PJ 1 
adjacent to ms

/9..31



1212 data are regarded as satisfatory. The main difference is that the 
Nottingham Zr data are consistently higher (see Table A.l). There was 
no correlation between the Southampton 1212 and 1400 As analyses The 
1212 As analyses have not been tabulated.

Ba, Ce, Cl, Ga and La were not measured on the Southampton 1212, 
but on the 1400 spectrometers. Southampton analyses on the 1400 
spectrometer (which are listed in pages A. 10 to A.31 ) are indicated 
- 4". Note that only analyses obtained from the Southampton 1212 
spectrometer have been used in this thesis. The data has not been 
mixed up.

Detection 
Limits ppm

Repeated Analyses

SI S2 N SI S2 N SI S2 N SI S2 N
Ultramafic Rock Grey Gneiss HG

As nd nd nd nd nd nd
Ba 13 10 365 401 460 481 136 133
Ce 15 8 nd 28 99 126 41 60
Cr 4 4 5960 5611 5178 33 38 39 261 192 196
Cu 5 1.5 14 nd 8 18 9 25 49 41 49
Ga 1 1 8 6 21 22 15 14
La 5 5 1 nd 55 62 15 11
Mo 3 2 nd 2 nd 2 nd 2
Nb 2 2 4 4 nd 12 14 14 7 6 4
Ni 2 1.5 998 1087 1135 56 53 57 105 96 98
Pb 5 3 nd nd 3 17 14 23 5 4 8
Rb 2 2 125 121 127 76 75 76 12 9 8
Sr 4 2 7 5 4 202 193 194 145 143 145
Th 5 3 7 4 18 17 7 4
U 5 5 nd 2 nd nd nd nd
V 5 5 62 68 54 100 104 108 173 195 215
Y 2 2 6 3 4 34 31 35 21 21 25
Zn 5 1 118 118 121 87 87 96 86 84 83
Zr 2 2 73 61 82 245 241 244 81 85 88

Table A.l Analyses at Southampton and Nottingham for ccmp)arison. All 
are in ppm. Detection limits are tabulated at the right; nd = not 
detected.

Analyses are tabulated in pages A.10 to A.31. Major components

A.3Z



are in wt%. Trace elements are in ppm. If there is a blank space, no 
analysis has been attempted for that sample, nd means that the element 
is present in a concentration below the detection limit. LOI = Loss 
on ignition. If I£)I is indicated thus (LOI), a fluxed sample has been 
used and DDI is not included in the total. All comparative treatment 
of major component chemistries has been undertaken with analyses 
recalculated to 100 % excluding LOI and iron sulphide.
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