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ERRATUM

The South African Comm for Stratigraphy recently recommended 

a change in the name of the carbonatite body at Phalaborwa.

This was brought to the attention of the student as the thesis 

was being completed and too late for some of the references to the 

Phalaborwa Igneous Complex to be corrected.

Throughout this thesis for Phalaborwa Igneous Complex read 

Phalaborwa Complex.



ABSTRACT

The Phalaborwa Complex, northeastern Transvaal, South 

Africa, consists of the main body of clinopyroxenites and 

subordinate phoscorite, carbonatite and syenite which is 

surrounded by numerous pipe-like bodies of syenitic 

compositions and rare clinopyroxenites.

Clinopyroxenites of the main complex are characterized 

by cumulus textures formed by separation and accumulation of 

coprecipitating clinopyroxene, apatite and phlogopite. 

Potassium feldspar is an intercumulus phase in feldspathic 

pyroxenite. . "Inch-scale" layering of clinopyroxene, apatite 

and phlogopite formed as in situ cumulus layering near the 

outer contact of the complex early in the cooling of the 

magma. Breccias of monomineralic assemblages such as 

glimmerite and massive pyroxenite reflect breaking up of 

early formed rocks by magmatic currents.

Clinopyroxenes from clinopyroxenites are characterized 

by Fe/(Fe+Mg) = 0.07-0.29, low Ti02 (0.00-0.25%), A1 20 3 

(0.00-1.63%), N a 20 (0.00-1.06%), and Cr, and high Wo 

component and Sr. Micas from pyroxenites have Fe/(Fe+Mg) = 

0.12-0.28, low Ti0 2 (0.17-1.73%) and have reverse and normal 

pleochroism and increasing A1 with increasing Fe/(Fe+Mg). 

Mineral compositions among feldspathic, massive and 

micaceous pyroxenites overlap; no zonation of the complex 

from outer contact inward is discernible with respect to the 

Fe and Mg content. However, phlogopites in "inch-scale"
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layering have low Fe/(Fe+Mg) of 0.12 and have reverse 

pleochroism due to Fe3+ entry into the Al-deficient 

tetrahedral site. Micas from phoscorite and carbonatites 

have reverse pleochroism, Fe/(Fe+Mg) = 0.05-0.58, low Ti0 2 

(0.00-0.84%) and decreasing A1 with increasing Fe/(Fe+Mg).

Olivines range from Fo 79 to Fo91 and have very low Ni 

content (<0.06% N i O ) . Olivines interpreted as xenocrysts 

have Fo 84 to Fo87. One of the olivine xenocrysts has an NiO 

content of 0.29%.

Minerals from carbonatites have initial 8 7Sr/86Sr 

ratios of 0.70393-0.70623 and 0.71022 and minerals from 

clinopyroxenites have values of 0.71152-0.71242. Small- 

scale inhomogeneities exist within samples. Post­

crystallization processes can account for variations within 

samples, but cannot account for variations within a rock 

type or for raising initial 8 7Sr/86Sr ratios of pyroxene 

from 0.7039 to 0.7115. Magmas forming pyroxenites and some 

carbonatites were generated in a high Rb/Sr mantle from 

isotopically distinct sources. Hence, liquid immiscibility 

and differentiation are not viable mechanisms for relating 

these rocks to one another. Mixing of magmas and 

assimilation of crust may account for isotopic variations 

within a rock type.

U-Pb dating of uranothorianite and baddeleyite from 

phoscorite and carbonatite yields an age of 2047+11/-8 m.y. 

Rb-Sr dating of phlogopites gives widely disparate apparent 

ages. Nine phlogopites yield an isochron of 2012 + 19 m.y.
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One sample of phlogopite gave ages of 1661-2360 m.y. in nine 

different determinations. Older micas may be present in the 

Phalaborwa complex. Based on the two methods, a best age of 

the Phalaborwa complex is 2030 + 18 m.y.

Two of the syenite pipes, Kgopoeloe and Spitskop, show 

different levels of emplacement. Kgopoeloe is highly 

brecciated from a fluid derived from the syenite. Spitskop 

contains minor breccia and represents multiple injection of 

syenite. At Spitskop, inward crystallization of the second 

syenite forms a ring syenite and central syenite; both 

syenites have cumulus enrichment of minerals.

Feldspathic pyroxenite of the Guide Copper Mine is 

cogenetic with the pyroxenites of the main complex and 

contains clinopyroxenes with oscillatory zoning. 

Fluctuations in f02 may be attributed to formation of an 

immiscible sulphide liquid.

Multiple intrusion of the Phalaborwa Complex is 

proposed. Initial injection of potassic, probably 

ultrabasic, liquid formed the pyroxenites. A second 

intrusion of low-silica, carbonate-rich magma formed 

phoscorite and banded carbonatite. A third intrusion of 

carbonatite liquid formed the transgressive carbonatite. 

Magmatic, cumulus processes dominated the formation of the 

main complex. The syenites of Kgopoeloe and Spitskop are 

not cogenetic with rocks of the main complex.
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Chapter I 

INTRODUCTION

1.1 THE SIGNIFICANCE OF CARBONATITE

Alkaline rocks are estimated to comprise only a few percent 

of the world's igneous rocks (Daly, 1933; Barker, 1969; and 

of these, carbonatites are a minor proportion. One may 

wonder why this group of relatively rare rocks should be 

studied at all. Although carbonatites pale economically in 

significance compared to porphyries, layered complexes and 

volcanic suites, various carbonatites are economically 

viable deposits of P, REE, V, Cu, Zn, Mo, Pb, Th and U 

(Deans, 1966).

More importantly, carbonatite petrogenesis directly 

bears upon some larger geologic problems. It has long been 

established that H 20 has a dramatic effect on magmatic 

processes (Yoder and Tilley, 1962). Within the last decade, 

improvement of experimental techniques has produced 

innumerable studies to elucidate the influence of C0 2 in 

production and evolution of magmas. Studies show that C0 2 

causes a shift in phase boundaries (Wyllie and Huang, 

1975a), alters differentiation paths (Wyllie and Huang,

1976), and lowers the temperature of melting of various 

mantle assemblages (Wyllie and Huang, 1975b; Eggler and 

Rosenhauer, 1978).

1
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Tuttle and Gittins (1966) summarized the nature of the 

problems carbonatites provide: the ultimate origin and 

evolution of carbonatite magma and nature of their 

emplacement. The argument for a magmatic origin over 

assimilation of limestone was strengthened with production 

of a carbonate melt at geologically reasonable temperatures 

by Wyllie and Tuttle (1959). The broad relationship in 

space and time among carbonatites, kimberlites, lamprophyres 

and other alkaline ultramafic rocks (Tuttle and Gittins, 

1966; Verwoerd, 1967; Mclver and Ferguson, 1979) along with 

similarities in mineralogy and chemistry (Dawson, 1967; 

Bachinski and Scott, 1979) suggest a close genetic link. 

Current thought is that different degrees of partial melting 

within the mantle produce ultrabasic magmas with various 

degrees of undersaturation which in turn evolve into 

numerous types of rocks through fractional crystallization 

and formation of immiscible liquids (Koster van Groos and 

Wyllie, 1966; Koster van Groos and Wyllie, 1973; Eggler and 

Rosenhauer, 1978; Wyllie, 1978).

1.2 CARBONATITE-SILICATE ASSOCIATION

Carbonatites most commonly are associated with various types 

and proportions of silicate rocks. In southern Africa 

alone, Verwoerd (1967) proposed an eight-fold classification 

of carbonatite complexes based on associated silicate rocks 

which range from Na-rich volcanic breccias and tuffs, 

through feldspathoidal lavas and plutonic varieties to K- 

rich, ultramafic pipes.
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Similarly, throughout the world, silicate rocks, 

intimately associated with carbonatite, show an extreme 

range in composition. The silicate assemblages are commonly 

enriched in the same group of elements which are abundant in 

carbonatite. This is anomalous because the REE, Sr, Ba, Rb, 

K, and Na are usually associated with crustal rocks, and 

elements such as N i , Co, and Cr are known to be abundant in 

mantle-derived rocks. Although carbonatites are believed to 

originate in the mantle, it is still unclear as to whether 

the associated silicate rocks are magmatic products of the 

mantle or crust or are the results of metasomatic processes.

The important role of volatile species in the genesis 

of carbonatites and their associated rocks is corroborated 

by the presence of carbonates, micas, sulphides and 

sulphates. Fluid inclusion studies (LeBas et al. ; 1972, 

Rankin, 1975; Rankin and LeBas, 1974; Aldous, 1980) are 

helping to establish the compositions of fluid phases and 

the differences in those of the silicate- and carbonate- 

magmas. Metasomatism, the ubiquitous process associated 

with these complexes, has had a number of functions 

attributed to it. The three most important questions 

associated with this process are the source of fluids 

(Tuttle and Gittins, 1955; Wyllie, 1978), the controls over 

fenitization of country rock (McKie, 1956) and how gaseous 

transfer affects both formation of metasomatic minerals 

(Gittins et al., 1975) and controls partitioning of elements 

between solids and fluids in the magmatic process (LeBas,

1977) .
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l. 3 PHALABORWA IGNEOUS COMPLEX: ITS SIGNIFICANCE

There are three obvious reasons for studying the Phalaborwa 

Igneous Complex. Phalaborwa is unique in its being the only 

carbonatite presently mined for copper (see Palabora Mining 

Company, 1976, for a review of the economic aspects). Other 

carbonatites have occurrences of copper, e.g., Bukusu 

(Bloomfield, 1973), Iron Hill (Nash, 1972), Killala Lake and 

Port Coldwell (Bell, personal communication, 1978), which 

indicate that Cu in the Phalaborwa complex is not unique and 

that metal mineralization is an important process in the 

petrogenesis of carbonatites. Secondly, Phalaborwa is 

possibly the world's oldest carbonatite. It has been quoted 

in the literature as being between 1 1 0 0  m.y. and 2000 m.y. 

in age (Heinrich, 1966, 1970) even though a uranothorianite 

was dated previously which gave a concordant age of 2060

m. y. (Holmes and Cahen, 1956). The emplacement of 

Phalaborwa at the same time as the Bushveld complex around 

2094 + 24 m.y. (Hamilton, 1977) has a possible significance 

both for the tectonic history of the southern African 

subcontinent and carbonatite magmatism.

Lastly, given the importance of the carbonate-silicate 

rock association, the Phalaborwa complex presents a unique 

opportunity for studying a well exposed complex containing 

ultramafic to salic rocks which appear to have an origin 

related to the emplacement of carbonatite. Mechanisms for 

emplacement of carbonatite complexes have been described as 

injection of liquid (Dawson, 1966; Melcher, 1966), diapiric
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flow (Jennings and Mitchell, 1969), and rifting of solid 

blocks (Lee, 1973). Chemical and mineralogical information 

can support petrologic and geologic data to interpret 

emplacement history of these alkaline rocks.

1.4 APPROACH AND OBJECTIVES

Phalaborwa has been the subject of numerous studies since 

the late 1800's (Hanekom et al., 1965). However, apart from 

detailed mapping projects in earlier years, most of the 

recent studies have concentrated on the petrography and 

chemistry of the carbonatite and phoscorite with isolated 

measurements of Sr (Powell et al. , 1966; Pineau et al. ,

1973), S (Mitchell and Krouse, 1975; Von Gehlen, 1976), 0 

and C isotopes (Sheppard and Dawson, 1973; Suwa et al. ,

1975). Frick (1975) studied the plugs surrounding the 

complex, and Briden (1976) placed the Phalaborwa complex in 

the palaeomagnetic framework of southern Africa.

Modern petrologic techniques have ample application to 

the virtually unstudied silicate rocks which constitute 

about 95 percent of the main complex. The determination of 

mineral compositions can be used to reflect the compositions 

of magma from which they formed (Simpkin and Smith, 1970; 

Arth, 1976) as well as giving information as to pressure, 

temperature, and composition of fluid phases (Buddington and 

Lindsley, 1964; Wones and Eugster, 1965; Nicholls, 1976). 

Minerals found in potassic-ultrabasic rocks have not been 

studied to the extent of other ultramafic rocks and

distribution coefficients of trace elements between solid
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and liquid are not well known, but some pertinent 

information can be gleaned from the chemistry and mineralogy 

of these rocks. This thesis proposes to study the suite of 

pyroxenites, the phoscorite, and surrounding syenite plugs 

with respect to their chemical and isotopic composition and 

interpret these data in the light of recent petrologic and 

experimental studies.

The objectives of this study include:

(1) An analysis of the mineral- and whole-rock chemistry 

for the main complex and an interpretation of the 

interrelationships of rock types;

(2) An analysis of the time of emplacement of the main 

complex using uranium-lead and rubidium-strontium 

dating of minerals;

(3) An evaluation of strontium isotopes as a petrogenetic 

indicator for the origin of these rocks;

(4) An interpretation of the satellite bodies in terms of 

their mineralogy and chemistry to determine any 

relationship with the main complex.



Chapter II 

PREVIOUS STUDIES

Many geologists in the late-nineteenth century recognized 

the "limestone" and copper stainings of Phalaborwa, but 

Mellor (1906) was the first to postulate a mode of origin 

involving a modification of granitic magma by pre-existing 

limestone. Various geologists have since studied the rocks 

of the Phalaborwa Igneous Complex during exploration and 

development of mining operations in the complex. Hanekom et 

a l . (1965) summarized the studies done on the Phalaborwa

Igneous Complex prior to 1965.

2.1 MAIN COMPLEX

2.1.1 General Geology

The Phalaborwa Igneous Complex is intruded into Archaean 

rocks which consist of granites, gneisses, quartzites, 

granulites, amphibolites and talc- and serpentine-schists 

(Hall, 1912a; Shand, 1931; Brandt, 1948; Hanekom et al.,

1965). The main complex is an elongate, irregularly-shaped 

body covering about 16 sq km. A gravity survey (Hanekom et 

al., 1965) indicates that it is a pipe-like body, pitching

76-80 degrees to the east and that the pyroxenite has a 

vertical extent of at least 5 km. Diamond drilling by the 

Palabora Mining Company indicates a vertical continuity of 

the carbonatite with respect to lithology, mineralogy, and 

economic mineralization to at least 1500 m (Palabora Mining 

Company, pers. comm., 1976).

7
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There has been a great deal of controversy over the 

contact relations since 1912 when Hall (1912b) postulated 

the presence of a "Palabora" granite as a distinct rock type 

surrounding the complex. The nature of the contact lies in 

the interpretation of feldspathic pyroxenite and its 

relationship to country rock and to pyroxenite of the 

complex.

Hall (1912a) described a leucocratic, pink granite 

which became less siliceous toward the contact with the 

complex, grading into a feldspar-rich rock containing 

pyroxene; he attributed these relationships to 

differentiation of a single magma. Shand (1931) described 

the feldspathic pyroxenite as a primary rock type, basing 

his interpretation on the presence of idiomorphic feldspar. 

Gevers (1948) disregarded Shand's interpretation due to the 

"schlieren" texture of clinopyroxene in syenite, quartz 

syenite, and "Palabora" granite and supported Hall's view 

that feldspathic pyroxenite represents contamination of pure 

pyroxene rock by mixing with a granitic fraction. Hanekom 

et al. (1965) reinvestigated the outer boundary of the 

pyroxenite and concluded that feldspathic pyroxenite occurs 

on the boundary in most places but is best developed where 

the pyroxenite is associated with younger syenite intrusions 

near or on the pyroxenite contact. In the areas where 

pyroxenite adjoins granite-gneiss, the feldspathic variety 

is absent or poorly developed, and the intrusive nature of 

pyroxenite is demonstrated by transgressive pyroxenite dykes
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within granite-gneiss. Hanekom and his coworkers 

interpreted the feldspathic pyroxenite as assimilated 

Archaean granite by pyroxenite magma, followed by intrusion 

of syenite.

Various types of pyroxenite comprise about 70 percent 

of the main complex. As can be seen from Figure 2.1, 

feldspathic pyroxenite occupies a narrow band at the 

periphery of the complex which varies from zero up to 

several metres in width. Away from the contact, feldspathic 

pyroxenite gives way to massive- and micaceous-types of 

pyroxenite which comprise the main portion of the kidney­

shaped body. Hanekom et al. (1965) estimate that micaceous- 

and massive-pyroxenites are in equal proportions.

Large pegmatoid bodies occur in the northern and 

southern lobes of the main complex (Figure 2.1), but this 

rock type is poorly developed in the central part of the 

complex. The northern pegmatoidal body is zoned with a core 

consisting of predominant serpentine and phlogopite with 

minor apatite (Hanekom et ad., 1965) and a rim consisting of 

the same minerals plus clinopyroxene. The southern 

pegmatoid and the outer portion of the central plug resemble 

the outer portion of the northern pegmatoid. Diopside 

crystals reach over 20 cm in length in the outer regions and 

serpentine is reduced to occasional lenses.

DeJager and Fourie (1978) studied the field relations 

of the pyroxenites in the Foskor Pit in great detail. They 

concluded that pyroxenites are the result of multiple



L E G E N D

C A R B O N A T I T E

P H O S C O R I T E  

I N N E R  P E G M A T O I D

O U T E R  P E G M A T O I D

P Y R O X E N I T E

M I C A  P E G M A T O I D  

F E L D S P A T H I C  P Y R O X E N I T E

F E N I T E

S Y E N I T E



Figure 2.1 The generalized geology of the Phalaborwa Igneous Complex. 
Late-intruded dolerite dykes have been omitted to clarify the 
geology of the complex. (after Hanekom et al., 1965).
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injections of magma. Phlogopite in the pegmatoidal areas 

formed from magmatic crystallization but volatile-rich 

fluids were channeled through fractures to produce 

phlogopitization of dunites and pyroxenites.

Phoscorite is a locally-named rock consisting of 

olivine, apatite and magnetite which is confined to the 

central pegmatoid containing carbonate rocks (Figure 2.1). 

Hanekom et al. (1965) give an average modal composition 

based on Foskor mill estimates of 25 percent apatite, 35 

percent magnetite, 18 percent carbonate and 22 percent 

serpentine, olivine and mica. The proportions of minerals 

vary considerably from pure magnetite to pure olivine with 

concentration of minerals forming rough vertical banding 

parallel to the cylindrical shape of the body. Lombaard et 

al. (1964) describe pure olivine rock up to 15 metres in 

width occurring in the eastern portion of the phoscorite. 

From the description of Lombaard et al. (1964), both the 

inner and outer contacts of phoscorite appear gradational. 

Outwards diopside becomes abundant, magnetite disappears and 

fine-grained mica replaces olivine until phoscorite is no 

longer recognizable. However, Lombaard et al. (1964) regard 

micaceous pyroxenite as being younger than phoscorite. 

Carbonatite occurs in irregular patches and lenses within 

phoscorite with these becoming larger and more numerous 

inwards, giving way to carbonatite. In a few places, the 

carbonatite-phoscorite contact is abrupt. DeJager and 

Fourie (1978) also suggest that the phoscorite (dunite) may
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have been the first intruded phase with pyroxenites intruded 

around it.

The main features of the carbonatite members of the 

complex have been described repeatedly in the literature, 

the most recent being the Palabora Mining Company (1976) who 

recognize two main periods of carbonatite emplacement.

Magnetite-rich carbonatite maintains the elliptical 

concentric zoning of the phoscorite and is known as banded 

carbonatite. Early workers (Lombaard et ad.., 1964) noted 

several generations of banded carbonatite, each similar in 

mineralogy and texture, with cross-cutting relations. 

Relationships between these various phases are not clear and 

have subsequently been interpreted as remobilization of the 

banded carbonatite. Current usage classifies all the 

carbonatites with thickness of magnetite bands on the order 

of a few millimetres together as banded carbonatite.

A younger, distinct carbonatite member occupies the 

central portion of the centre plug, radiating primarily 

along fractures at N70W and N70E (Lombaard et al. , 1964). 

Magnetite and silicate phases are present in disoriented 

clots and lenses rather than concentric banding. Veining of 

banded carbonatite, phoscorite, and the massive, micaceous 

and feldspathic pyroxenites by transgressive carbonatite is 

common. Two curvilinear intrusions of transgressive 

carbonatite which persist with depth and contain a larger 

than normal proportion of mica occur in the eastern portion

of the banded carbonatite.
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Several dykes of various sizes cut through the entire 

complex. These have been thought to be dolerites of Karoo 

age (Hanekom et a l . , 1965) until Briden (1976) measured 

paleomagnetic poles on one large dyke which gave an 

orientation compatible with the Waterberg period of 

magmatism at around 1900 m.y. More detailed work (Briden, 

pers. comm., 1977) confirms that most cross-cutting dykes in 

the Phalaborwa complex are Precambrian in age, although at 

least one may be Karoo (around 170 m.y.) in age.

Taljaard (1936) documented a medium-grained melilite- 

augite rock picked up in the Phalaborwa area by E. Cohen in 

1895, but there is no documentation on its precise location. 

Although this rock could have been the product of primitive 

smelting of copper-bearing rocks, Shand (1931) also sought 

this rock and "collected a number of dark basaltic-looking 

rocks but all turned out to be ordinary plagioclase 

basalts."

Various sized bodies of dark fine-grained rocks 

described as dolerites and diabases have been mapped in the 

Foskor pit. New occurrences of similar dark, fine-grained 

rocks, one with a peculiar arcuate outcrop, have been 

discovered by mining personnel at the western periphery of 

the PMC mining area.
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2.1.2 Petrography

Petrographic and mineralogic studies up until the mid-1960's 

concentrated on gross textural descriptions and relied on 

optical determinations or bulk analyses for mineral 

compositions. Hanekom et al. (1965) reviewed what had been 

done but little of the information relates to the 

petrogenetic implications of the data.

Because of the economic importance of the carbonatite 

and phoscorite members, most petrographic studies dealt 

exclusively with these rock types (Lombaard et al. , 1964;

Van Rensburg, 1965; Hennig-Michaeli, 1968; Palabora Mining

Company, 1976). DeJager and Fourie (1978) performed limited 

petrographic work on the pyroxenites. Details of these 

studies which pertain to the petrogenesis of the complex are 

reviewed below.

2.1.2.1 Pyroxenites

Petrographic description of pyroxenite is limited. DeJager 

and Fourie (1978) note that apatite is both interstitial to 

diopside or may be partially enclosed by diopside. 

Microcline and phlogopite are both interstitial to pyroxene. 

Recrystallization of diopside was noted in cases where 

phlogopite is present in large amounts (DeJager and Fourie,

1978). They attribute this recrystallization to 

metasomatism of pyroxene by fluids to form phlogopite.
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2.1.2.2 Phoscorite

Olivine grains from 2-3 mm to several centimetres in length 

are serpentinized to different degrees. There is no 

decrease in serpentinization with depth (PMC Mining Staff, 

pers. comm., 1977), and highly serpentinized olivine may 

exist within a few centimetres of almost fresh olivines. 

Olivines with rims of phlogopite or chondrodite are 

sometimes present. Bornite, chalcopyrite, and possibly 

pentlandite are present within olivines (Van Rensburg, 1965; 

Aldous, 1980) as minute blebs and in fluid inclusions. 

These are taken to represent the presence of sulphide liquid 

prior to crystallization of olivine (Van Rensburg, 1965; 

Aldous, 1980). Olivine also exists poikilitically enclosed 

in large sulphide grains.

At least two generations of magnetite exist. Primary 

magnetite forms anhedral to euhedral grains varying from 

less than 1 mm to tens of centimetres across. Hennig- 

Michaeli (1968) noted ilmenite-rich rims on some magnetite 

grains. Van Rensburg (1965) and Hanekom et aJL. (1965) 

observed ulvospinel and ilmenite exsolution in the 

magnetite. Late magnetite replaces baddeleyite in places 

(Van Resnburg, 1965) and rims sulphides (Hennig-Michaeli, 

1968). Aldous (1980) suggested that magnetite was 

introduced late as a pneumatolitic/hydrothermal fluid along 

with apatite and sulphides.

Baddeleyite occurs as black, prismatic crystals up to a 

few centimetres in length (Hanekom et al. , 1965). Apatite
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forms short, stubby crystals a few millimetres in length as 

well as larger, anhedral masses. The {0001} cleavage is 

pronounced and crystals are sometimes bent and fractured. 

Phlogopite occurs in anhedral masses around olivine and as 

euhedral books. Hennig-Michaeli (1968) noted that very 

often clinohumite is present rather than the commonly-quoted 

chondrodite, and often replaces olivine.

Fine-grained calcite is present in disseminated grains 

and in veinlets and can comprise up to several percent of 

the phoscorite.

Extensive descriptions of the iron- and copper- 

sulphides are present in the literature (Lombaard et al. , 

1964; Van Rensburg, 1965; Hennig-Michaeli, 1968; Palabora 

Mining Company, 1976). Bornite and chalcocite are the 

dominant sulphides and appear late in the crystallization 

sequence, with the exception of those enclosed in olivine, 

as noted earlier (Van Rensburg, 1965).

2.1.2.3 Carbonatite

The division into banded carbonatite and transgressive 

carbonatite is based primarily on their distinct sulphide 

mineralogy and gross textural features.

Banded carbonatite contains calcite with up to 7.5 

percent MgC03 (Lombaard et al., 1964) and often contains 

exsolution lamellae of dolomite (Van Rensburg, 1965). 

According to Van Rensburg (1965) some of the banded type 

whose banding is not concordant to the phoscorite-
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carbonatite contact contains dolomite as interstitial 

lenses.

Olivine in the banded carbonatite is rare and is 

commonly cracked, and partially replaced by phlogopite, 

monazite, or clinohumite. Serpentinization is minimal.

Magnetite is found as discrete, idiomorphic grains 

ranging from 1 mm to 1 cm in length. Grains are aligned 

parallel to the outer contact of the banded carbonatite 

giving a finely banded appearance. A second stage of 

magnetite rims the sulphides and lies in phlogopite cleavage 

planes.

Bornite is the predominant sulphide mineral in the 

banded carbonatite and occurs as disseminated grains, 

droplets enclosed within olivine, magnetite and calcite (Van 

Rensburg, 1965), as massive patches, and lenses occasionally 

parallel to primary magnetite banding.

The predominant carbonate of the transgressive 

carbonatite is more Mg-rich than that of banded carbonatite, 

containing up to 14 percent MgC03 (Hennig-Michaeli, 1968). 

Subordinate dolomite occurs as discrete grains.

Apatite is less abundant in the transgressive 

carbonatite (Hennig-Michaeli, 1968). It occurs as 

disseminated anhedral grains, as idiomorphic crystals, and, 

rarely, as extremely elongated crystals with parallel 

alignment.

Phlogopite is more abundant in the transgressive 

carbonatite and according to Van Rensburg (1965), strained
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biotite is also present. Hennig-Michaeli (1968) described 

idiomorphic intergrowths of phlogopite and magnetite and 

carbonate replacing phlogopite along cleavage planes.

The magnetite concentration is about equal in the 

transgressive- and banded-carbonatites. In transgressive 

carbonatite, magnetite forms massive blebs and idiomorphic 

crystals, both varying in size from 1-2 mm to tens of 

centimetres in diameter. The proportions of magnetite may 

vary from less than 1 percent of a rock to over 90 percent 

on the scale of about a metre.

Ilmenite as exsolution lamellae in magnetite has often 

been reported (Lombaard et ad., 1964; Hanekom et a l ., 1965; 

Van Rensburg, 1965), and Hennig-Michaeli (1968) has reported 

isolated grains of ilmenite in association with magnetite in 

both types of carbonatite.

Chalcopyrite is the major sulphide in the transgressive 

carbonatite, containing exsolution lamellae of bornite and 

cubanite. It occurs as disseminated grains and massive 

blebs along fracture planes.

Olivine is very rare in the transgressive carbonatite 

but clinohumite or chondrodite appear as large aggregates of 

crystals varying from less than 1 mm to a few centimetres in 

diameter.

2.1.2.4 Fenite

Hanekom et al. (1965) did not describe the fenites from 

Phalaborwa, but concluded from previously reported



19

descriptions (Brandt, 1948; Gevers, 1948) that metasomatized 

country rocks graded in texture into syenites and into 

feldspathic pyroxenites. Frick (1975), however, noted that 

fenitization around the main complex is less intense than 

noted by Hanekom et al.. (1965). Frick (1975) characterized 

the fenitization by three stages: (1) small round grains of 

orthoclase forming at the expense of quartz at orthoclase- 

quartz and plagioclase-quartz grain boundaries; (2) increase 

in amount of orthoclase with appearance of alkali-amphibole; 

and (3) formation of alkali-amphibole at the expense of 

biotite and chlorite.

2.1.3 Dating of the Phalaborwa Complex

Previous data on the age of the Phalaborwa complex consist 

of two uranothorianite analyses done in the 1950's (Holmes 

and Cahen, 1956). There is no information as to what rocks 

the samples came from and concentration of U and Pb are 

given in rough percentages. The dating of the 

uranothorianite by de Villiers (Holmes and Cahen, 1956) gave 

Phalaborwa the unique distinction of being the oldest known 

carbonatite (2060 m.y.), one of the rare Precambrian igneous 

carbonatite complexes (Martineau and Lambert, 1974; Bell, 

pers. comm., 1978). Data presented by Holmes and Cahen 

(1956) should have ended the dispute that the Phalaborwa 

complex is as young as Karoo in age (Brandt, 1948; Truter, 

1955). However, many North American and European geologists 

still question the age (Bell, pers. comm., 1978), and it has
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been quoted as possibly Karoo as recently as 1966 (Heinrich,

1966).

2.2 SATELLITES

2.2.1 General Geology

Satellite bodies of syenite and feldspathic pyroxenite are 

concentrated on the periphery of the main complex but 

occasional pipe-like intrusions occur throughout the 

countryside for many kilometres and extend northward to the 

southern edge of the Soutpansberg Range (Brandt, 1948) and 

into the northern parts of Kruger Park (Hanekom et al. , 

1965). Brandt (1948) suggested that passive intrusion of 

alkali granite preceded explosive brecciation which was a 

precursor to the main period of syenite emplacement. This 

resulted in plugs showing various degrees of brecciation 

from narrow brecciated margins to entire hills of oriented 

breccia fragments. Brandt (1948) described five types of 

syenite which are distinguished by differences in grain size 

and were interpreted by Brandt (1948) as having different 

origins. Hanekom et al. (1965) gave cursory descriptions of 

the various types of plugs but discussed the syenites only 

with respect to relative timing of emplacement of syenite 

and pyroxenite members of the main complex. Hanekom et a l . 

(1965) interpreted the syenites as being emplaced after the 

pyroxenites.

Frick (1975) studied the petrography and major element 

chemistry of the syenites and concluded that, although there
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are gross textural differences among syenites of the plugs, 

they are chemically identical and represent a differentiated 

end product from an alkali basalt magma which formed the 

main complex. Briden (pers. comm., 1977) found that 

palaeomagnetic properties of the syenite satellites suggest 

that syenite magmatism took place over 200 m.y. beginning 

with the emplacement of the main complex and occurring in 

spurts thereafter.

The presence of pyroxenite pipes has long been noted in 

the area. Two pyroxenite pipes are present on the map of 

Hanekom et a l . (1965) which occur to the east of the main 

complex; one is at the site of the Palabora Mining Company 

magnetite dump, and the other is too deeply weathered to 

yield any petrologic information. The third pyroxenite pipe 

at the Guide Cooper Mine property is the only one of the 

three which has been described in any detail (Shand, 1931).

The Guide Copper Mine pyroxenite body is pipe-like in 

form with a U-shaped outcrop covering approximately 15,000 

square metres (Hanekom et al. , 1965). The feldspathic 

pyroxenite which resembles that of the main complex is 

closely associated with the syenite of the adjoining 

Kitchener's Kop and carbonatite dykes have been mapped in 

the area (Shand, 1931). Locally, biotite and bornite form 

irregular patches and constitute a major proportion of the

rock.
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2.2.2 Petrography

The syenite plugs surrounding the main complex have been 

studied petrographically by Frick (1975) in coordination 

with his chemical study. He divided the syenites into 

porphyritic, hypidiomorphic, granular and gneissic types. 

All four textural types contain a similar mineralogy of 

orthoclase and/or microcline, aegirine-augite, quartz, 

alkali amphibole, sphene, apatite, calcite, magnetite, and 

in the case of hypidiomorphic syenite, albite is present. 

Frick (1975) interpreted the various syenites as being 

derived from a single magma; various degrees of deformation 

upon intrusion and cooling caused the different textures.

The Guide Copper Mine was described by Shand (1931) as 

containing idiomorphic clinopyroxenes poikilitically 

enclosed in microcline and sulphide. Aldous (1980) thought 

that the sulphides replace the feldspar although there is no 

evidence of replacement of pyroxene. Aldous (1980) 

interpreted the replacement of feldspar as either 

remobilization of sulphide liquid or hydrothermal 

emplacement of sulphides. He also cited the lack of 

replacement of pyroxene as evidence against hydrothermal

alteration.



Chapter III

GEOLOGY AND FIELD RELATIONS

The general geologic observations made here relate to the 

rock types studied in detail chemically and mineralogically. 

The various textural types of pyroxenites within the main 

complex have generally been classified together, but when

studied in detail, reveal much about the nature of intrusion 

of the complex. Other features within the main complex,

namely the nature of the contact of the main complex to the 

country rock, were studied when sampling within the open pit 

areas. Observations on country rock were made while 

selecting unaltered samples for isotopic analysis. The

process of fenitization is not under study here.

The general geology of the satellite bodies has been 

reviewed in Chapter 2, but two of these, Kgopoeloe and 

Spitskop, have been studied in detail in order to more 

clearly understand the relationship of the plugs to each

other and to the main episode of igneous activity in the 

main complex.

3.1 MAIN COMPLEX

3.1.1 Country Rock and Its Fenitization

Two rock types dominate the area surrounding the main 

complex. To the north and northeast of the complex a pink, 

equigranular granitic rock occurs and from the central part 

of the complex to the south, a white, gneissic biotite

23
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granitic rock containing areas of muscovite pegmatite, 

dominates the geology. These two types of fresh country 

rock correspond to the two types of metasomatized or 

fenitized country rocks found near the contact of the 

complex as exposed in the Foskor and PMC open pits.

The pink, granitic rock is present at the western 

contact in the Foskor pit and is typical of fenitized rocks 

by having a distinctly reddish tinge with "schlieren" of 

dark green pyroxene. Samples taken from diamond borehole 

cores show progressive desilicification as the contact of 

the complex is approached with the concomitant replacement 

of plagioclase by potassium feldspar. Trace amounts of 

phlogopite have been found in one sample of fenitized 

country rock.

The second type of metasomatized rock, found at the 

western and southern edges of the PMC copper pit, retains 

its gneissic texture but differs from unaltered country rock 

by its darker appearance caused by the presence of 

clinopyroxene. Potassium enrichment of feldspar is also 

present in this fenite as the contact is approached.

The extent of metasomatic effects is difficult to 

establish. In the northern, equigranular rock type, samples 

taken up to five km from the contact contain some dark green 

pyroxenes. Whether these were present prior to the 

intrusion of the main complex, are related to emplacement of 

the numerous plugs, or are caused by metasomatism from the 

main complex is difficult to determine. However, at the
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contact with the main complex, both the northern pink type 

and the southern white type of country rock contain some 

plagioclase feldspar which has not been completely replaced 

by the potassium phase; this is indicative that the degree 

of alteration due to metasomatism is not intense around the 

Phalaborwa complex.

3.1.2 Pyroxenites

3.1.2.1 Feldspathic Pyroxenite

The most striking feature of the feldspathic pyroxenite is 

one which has been noted before (Brandt, 1948) but which has 

generally been ignored, that is the pervasive presence of 

euhedral pyroxenes set in poikilitic microcline. Not. only 

does this rock type appear in the narrow band shown in 

Figure 2.1, but the rim thickens noticeably in places and 

patches occur within the massive- and micaceous-pyroxenites. 

The feldspathic pyroxenite often grades into massive 

pyroxenite but in some places there is a sharp contact 

between the two types of pyroxenites which is interpreted as 

cross cutting of the feldspathic pyroxenite by intrusion of 

massive pyroxenite. No chilling of massive pyroxenite at 

these margins has been observed.

3.1.2.2 Micaceous and Massive Pyroxenites

The micaceous and massive pyroxenites can be conveniently 

divided into the two types based on modal proportions of 

phlogopite and clinopyroxene. Pyroxenite with more than 10
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percent mica is considered to be micaceous pyroxenite. 

Geologically, this classification is meaningless for these 

are gradational rock types believed to result from processes 

of crystallization and emplacement which together form the 

various textures. This classification is used, however, for 

convenience of description.

The massive pyroxenite always contains apatite, from 

less than one percent up to about 15 percent, and almost 

always exhibits a flow texture of sub-parallel prisms of 

clinopyroxene with interstitial apatite. A few areas within 

the Foskor pit contain friable, granular massive pyroxenite.

Micaceous pyroxenites occur with a wide variety of 

textures:

(1) almost unimodal rock of mica referred to as glimmerite 

with minor amount of clinopyroxene and/or apatite;

(2) alternating layers of clinopyroxene-apatite and mica on 

the scale of a few millimetres;

(3) euhedral clinopyroxene surrounded by varying 

proportions of mica;

(4) pegmatitic clinopyroxene with mica growing in and 

around the clinopyroxene; and

(5) angular fragments of glimmerite in a sugary, friable 

clinopyroxene matrix.

One distinctive texture of micaceous pyroxenite, type 2 

from above, is found at the western side of the Foskor pit. 

Alternating layers of pure phlogopite and clinopyroxene- 

apatite form outcrops several tens of metres wide. Banding
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is parallel to walls of the complex but slumping and folding 

of these sets of layers have occurred to form complex 

patterns of phlogopite and pyroxene. Figure 3.1 shows the 

uniform layering of this rock. The top central portion 

shows folding of the sets of layers. Each individual layer 

is remarkable in its constant thickness and lateral 

continuity. Individual layers can be traced for several 

metres.

Brecciation of glimmerite which resulted in angular and 

rounded fragments (Figure 3.2) within massive pyroxenite 

points to formation of some glimmerite prior to the pyroxene 

crystallization. Other textures, types 3 and 4 above, show 

that the two minerals formed contemporaneously, often under 

pegmatitic conditions (Figure 3.3).

3.1.3 Discussion

From general geological observations, there is no evidence 

that the feldspathic pyroxenite is a form of fenitized 

country rock. There is no gradation between the feldspathic 

pyroxenite and country rock, and feldspathic pyroxenite 

extends into the interior of the pipe more extensively than 

is generally noted (DeJager and Fourie, 1978). Whether the 

feldspathic pyroxenite was formed as a mixing of magma with 

country rock cannot be determined from field or petrographic 

evidence. The petrogenesis of the feldspathic pyroxenite 

will be discussed further with regard to geochemical and 

isotopic data.
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Figure 3.1 "Inch-scale" layering in micaceous pyroxenite in
the Foskor pit at Phalaborwa. Slumping off the side of the 
pipe walls has resulted in folding of sets of banding.

Figure 3.2 Fragments of glimmerite in massive pyroxenite from 
the Foskor pit at Phalaborwa.
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Figure 3.3 Large euhedral clinopyroxenes in mica from the 
Foskor pit at Phalaborwa.



30

The "inch-scale" layering (Figure 3.1) found at the 

outer margin of micaceous pyroxenite is good evidence for 

magmatic, cumulus processes operating in the main complex. 

Petrographic evidence for a cumulus origin will be presented 

in Chapter 4. However, vertical, alternating, often folded 

layers of phlogopite and clinopyroxene-apatite is a texture 

similar to some found at the base of several basic 

intrusions (Hess, I960; Morse, 1969; Irvine, 1974; Campbell, 

1978). Hess (1960) noted regularly alternating layers of 

plagioclase and pyroxene, each a half inch thick, in the 

Stillwater intrusion. Similar textures showing layering 

from millimetre to centimetre dimensions have been described 

at Kiglapait (Morse, 1969; Irvine, 1974) and most recently 

by Campbell (1978) at Jimberlana. Campbell suggests that 

this texture is not a result of minerals being transported 

great distances as is suggested by the original definition 

of cumulate but results from crystallization and 

accumulation jin situ, especially along the edge of an 

intrusion where a magma may be supercooled. All these 

workers have noted perturbations of the layering resulting 

from gravity slumping, folding, or magma movement.

The occurrence of "inch-scale" layering at Phalaborwa 

only near the contact of pyroxenite with the country rock 

supports a cumulus origin for this rock type. Folding of 

the sets of layers is consistent with this mechanism of 

formation because unconsolidated crystals could not be 

expected to maintain rigid layering parallel to the vertical 

walls of the complex and slump features would occur.



31

Flow differentiation (Bhattachari, 1967) may 

concentrate early formed minerals in the interior of the 

pipe. Platy minerals such as phlogopite have different 

behavior from tabular ones and may be concentrated along the 

pipe wall (Bhattachari, 1967) or may be carried upward in a 

body (Edgar et al., 1976). Gravity settling must be of some 

importance due to the specific gravity of many minerals 

versus the low viscosity of silica under-saturated magmas 

(Shaw, 1972).

Rifting of early-formed rock fragments by a gently 

flowing liquid or more probably a crystal mush would produce 

the broken nature of glimmerite, micaceous pyroxenite and 

massive pyroxenite blocks and fragments of one type rock 

included in the others found in the Foskor area. This would 

account for the sharp and gradational contacts observed 

between the various types of pyroxenites.

3.2 SATELLITES

Kgopoeloe Hill and Spitskop were chosen for detailed work 

because they represent two styles of intrusion. The highly 

brecciated character of Kgopoeloe shows the result of 

explosive processes whereas Spitskop contains little 

breccia. The study of these two pipes was intended to give 

some insight into how the rock types and structures of the 

various pipes surrounding the Phalaborwa complex relate to 

one another and to the main complex.
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The location of the pipes is shown in Figure 2.1. 

Kgopoeloe Hill is situated 2 km to the north-northwest of 

the Phalaborwa township. Spitskop lies 5 km from town to 

the northwest directly adjacent to the highway to

Gravelotte.

3.2.1 Kgopoeloe Hill

Kgopoeloe Hill is a breccia plug about 150 metres in 

diameter whose top stands about 50 metres above the general 

landscape. It is comprised of two main parts: a pink,

equigranular granite forming a low slope at the base of the 

pipe and the dominant central portion of the plug composed 

of spectacular, predominantly horizontally reposing, pink 

granitic breccia fragments in a darker, syenitic 

interfragmental matrix.

3.2.1.1 Granite

The granite forms a small hillock which partially encloses 

the breccia pipe. There is no granite exposed on the 

southeast and west sides of the pipe. The granite is 

intruded into the surrounding country rocks which consist 

predominantly of gneisses, schists, and granites. Some of 

these country rocks are present in the granite as xenoliths, 

particularly near the granite-breccia contact. Fractures 

radiate from the breccia-granite contact out into the 

granite; metasomatism has occurred along these fractures as 

indicated by a quartz-poor, 2-3 cm zone along the fracture.
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The pink granite and its contact with the breccia are shown 

in Figure 3.4.

3.2.1.2 Breccia

The breccia is composed predominantly of originally granitic 

fragments which are small and closely packed on the margin 

at the breccia-granite contact (Figures 3.4 and 3.5) and 

which are larger in the centre of the pipe. The fragment 

size also increases downward. The fragments are primarily 

tabular in shape with an occasional blocky fragment and 

range in size from 1-2 mm in thickness and 3-4 mm in length 

up to about half a metre in thickness by 2-3 m in length and 

width. The overall horizontal orientation of the tabular 

fragments and the tabular nature of these rock fragments are 

distinctive. There are rare fragments of trachyte (Figure 

3.6) and amphibolite (Figure 3.7) in the syenite matrix of 

the pipe. Rarely, fragments contain other rock types, such 

as gneiss or syenite which were incorporated into the 

granite before brecciation. Figure 3.5 shows such a 

breccia-fragment containing a fine-grained syenite.

The matrix of the breccia changes in texture as the 

proportion of matrix to fragment increases. Figure 3.5 

shows two types of matrix. Between the very small, tightly 

packed fragments the matrix is primarily monomineralic 

alkali-pyroxene. The lower parts of Figure 3.5 and Figure 

3.8 show the fine-grained syenite which fills the 

interfragmental space where the fragments are further
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Figure 3.4 Contact of breccia (dashed line) with pink granite 
at Kgopoeloe.

Figure 3.5 Close-up of microbreccia at Kgopoeloe. Note the
fine-grained rock (upper center) within a granitic fragment 
which does not extend into matrix.
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Figure 3.6 Fine-grained trachyte fragment in syenite at 
Kgopoeloe.

Figure 3.7 Gneissic amphibolite country-rock xenolith in 
syenite at Kgopoeloe.
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separated. This fine-grained syenite commonly weathers to a 

smooth, black surface (Figures 3.5 and 3.8). Toward the 

centre of the pipe and downward, the proportion of matrix 

increases and it takes on a coarser grained, hypidiomorphic, 

granular texture. Minor quartz (Figures 3.5, 3.8, 3.9) 

forms interfragmental matrix in some places, primarily near 

the granite-breccia contact where the granitic fragments are 

free of quartz.

The fragments show varying contact relationships with 

the matrix. Figure 3.5 shows the sharp contact of the small 

fragments with the matrix. Although there is a sharp 

contact, the edge of the fragments are "leached"; this 

leaching of fragments can penetrate the entire fragment. As 

the fragments get larger, a zone of leaching which rims the 

fragments is obvious (Figures 3.5 and 3.8).

As the proportion of matrix to fragments increases, the 

fragment-matrix contact becomes more complicated. Textures 

which resemble the spalling of weathered granite occur 

commonly at the ends and rarely within the fragment. Figure

3.10 shows the thin, slightly curved slivers of granite 

which are separating from the fragment. These slivers are 

concentrated at the fragment edge and are not dispersed 

within the matrix. Rare but significant cases of 

gradational contacts of fragment with matrix occur. Figure

3.11 shows a composite fragment of gneiss with minor granite 

which has a sharp contact with the breccia matrix on the 

lower contact but has a wispy, poorly-defined contact on the



I

37

Figure 3.8 Coarse breccia in fine-grained syenite matrix at 
northeast corner of Kgopoeloe breccia contact. Note the 
interfragmental quartz-filling at lower right of photo­
graph .

Figure 3.9 Close-up of quartz filling of Figure 3.8, Kgopoeloe
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Figure 3.10 Spalling of granitic fragment into syenite matrix, 
Kgopoeloe. The arrow indicates up.

Figure 3.11 Gneissic fragment at base of Kgopoeloe syenite 
with diffuse upper contact (left of photograph) with 
syenite matrix. Arrow indicates up.
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top. An unusual phenomenon is the occurrence of fine­

grained syenite on the upper side of some large fragments. 

Figure 3.12 is a sketch of one of these fragments. This 

association of fine-grained syenite at the upper contact 

with granitic fragment does not occur in the microbreccia or 

in the lower part of the pipe where there are few fragments 

in syenite. It mainly occurs in the transitional area where 

fragments are relatively large and in relatively great 

abundance.

3.2.2 Spitskop

Spitskop is a larger hill than Kgopoeloe Hill, with a 

diameter of about 300 metres. From the general erosional 

level of the countryside, an outcrop of syenite rises to the 

vertical exposures of the pipe. Breccia is minor around 

this pipe. The only evidence of brecciation is a limited 

zone at the contact of the outer syenite with the vertically 

exposed central syenite where gneissic textured rocks such 

as the amphibolite found at Kgopoeloe (Figure 3.7) appear as 

xenoliths within the outer syenite.

From a distance, a black ring of vertically dipping 

rock is conspicuous at Spitskop. Figure 3.13 shows an 

outcrop of this rock type, hereafter called the "ring 

syenite." Where exposed this ring syenite varies in 

thickness from less than one to about four metres. It 

cannot be traced in outcrop all the way around the pipe 

because of the vertical exposure and local pinching out.
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syenite matrix

Figure 3.12 Schematic representation of the fine-grained
syenite layer which sometimes occurs on top of granitic 
fragments at Kgopoeloe.
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Figure 3.13 Outcrop of Spitskop showing the dark, ring 
syenite at the outer edge of the pipe.
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This ring syenite has a sharp outer contact and, in most 

places, a gradational contact toward the centre of the pipe. 

Occasionally the inner contact with the central syenite is 

abrupt. The ring syenite is black in hand specimen and is 

comprised of needle-like crystals of clinopyroxene set in 

poikilitic feldspar. The grain size of the feldspar 

increases from 1 to 2 cm in length in the outer part of the 

ring to 2 to 3 cm in length toward the inner edge. Figure 

3.14 shows a narrow portion of the inner contact of the ring 

syenite. The sharp contact at the left of the photograph is 

parallel to the periphery of the pipe. In this example, the 

feldspar grain size changes markedly (at the hand lens on 

Figure 3.14) toward the inside of the ring to a finer- 

grained rock containing megacrysts, presumably phenocrysts. 

Figure 3.15 shows a more representative appearance of the 

ring syenite. The lower part of the photograph shows the 

sharp outer contact. The upper left corner shows a more 

gradational contact but the lower right hand corner shows a 

sharp inner contact. It appears that the ring may be cut by 

the central syenite giving the sharp inner contact and 

removing the ring syenite locally.

The rocks of the centre of the plug are predominantly 

alkali syenite which appear to have a cumulus texture. 

Rhombs of potassium feldspar with surrounding alkali 

pyroxene and quartz show flow textures and strong alignment 

of feldspar grains. These central syenites contain 

occasional large, 10-15 cm in length, crystals of potassium
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Figure 3.14 Close-up of the 
nature with the central

ring syenite and its gradational 
syenite, Spitskop.

Figure 3.15 Ring syenite and its contact with the central- 
and outer-syenite, Spitskop.
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feldspar. This central syenite retains its texture across 

the plug but the grain size of the feldspar varies. The 

centre is coarser-grained overall although dykes of 

similarly textured but finer-grained syenite occur in the 

coarser-grained syenite.

Fine-grained, leucocratic trachyte dykes varying from 

8-10 cm to 0.5 m in width cut across the pipe. These are 

vertically dipping and extend across the ring syenite into 

the syenite surrounding the pipe.

3.2.3 Pi scussion

Kgopoeloe and Spitskop are enclosed by granite and syenite, 

respectively, which are slightly more resistant to erosion 

than the general terrain. At Kgopoeloe it is obvious that 

the granite was consolidated before the brecciation 

occurred. Lack of exposure at the base of the granite 

outcrop precludes discussion on the relationship of the 

resistive granite to the country rock, but presumably it was 

an intrusive magmatic event prior to the syenite pipe. The 

syenite surrounding Spitskop is similar in texture and 

composition to other syenites at Spitskop, and, 

therefore,oogenetic magmas may have formed these rocks.

The breccia pipes at Phalaborwa are not unique. The 

potassium-rich alkaline rocks of southeastern Spain are 

predominantly breccia-mantled pipes (Borley, 1967) where 

breccia caps overlie magmatic rocks. Similarly at 

Phalaborwa, Kgopoeloe may be viewed as the uppermost portion
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of a magmatic pipe where rising magma developed a high fluid 

pressure at the country rock-magma interface. As 

supersaturation occurred, a fluid phase was generated, 

possibly with an explosive force which broke the rock at the 

interface between the country rock and the intruding magma. 

Close horizontal packing of tabular fragments at Kgopoeloe 

point to limited amount of movement of breccia fragments in 

the pipe. However, complex fragments such as the one in 

Figure 3.5 which contain coarse and fine-grained syenites 

and quartz fracture-filling attest to the rearrangement of 

breccia fragments. There are no other fragments on the 

breccia-face (Figure 3.5) which may have once been attached 

to this fragment. There may have been some in situ 

brecciation with magma penetrating between fragments to a 

greater degree as they rifted downward into the magma and 

the lower viscosity, fluid phase penetrated the upper and 

outer reaches where breccia fragments remained more closely 

packed. Spalling (Figure 3.10) may also have been a 

mechanism of further breaking breccia fragments.

Comparison of densities between granite and syenite 

liquid show that the breccia fragments should have fallen 

downward through the magma. Using the data of Bottinga and 

Weill (1970), syenite magma with a composition of sample 

K21m (Table 7.2), should have a density of 2.48, 2.39 and 

2.30 gm/cm3 with 1%, 5%, and 10% water content, 

respectively. These densities are lower than the values for 

granites which are 2.516-2.809 as given by Daly et a l . 

(1966).
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The important aspect of the brecciation to the 

petrochemistry of the syenites surrounding the Phalaborwa 

complex is the evidence that a volatile-rich phase was 

important in the emplacement and geochemical development of 

these syenites. Also important is the fact that the degree 

of brecciation in a pipe may provide evidence as to how the 

pipes are related to one another. For example, Kgopoeloe 

should represent the highest structural level in any pipe. 

Pipes containing little or no breccia mantle, i.e., 

Spitskop, may represent a lower level where magmatic 

intrusion is dominant. Figure 3.16 is a schematic drawing 

of such a pipe.

The type of intrusive process should influence the 

composition and textures of the rocks as seen today. The 

fluid-rich magma at Kgopoeloe reacted with the granite 

breccia for there is a high surface area of contact between 

country rock and intruding magma. Evidence supporting this 

is the metasomatism of breccia fragments as indicated by the 

silica-poor margins of the fragments. Assimilation may be 

of importance since spalling of granite edges and wispy, 

partially melted fragments are present in the syenite at 

Kgopoeloe.

The texture of fine-grained syenite lining the upper 

edge of some granitic fragments (Figure 3.12) is interpreted 

as resulting from the creation of microenvironments on the 

upper edges of fragments due to their falling through the 

magma. Factors such as slight variations in fluid pressures
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Figure 3.16 Schematic drawing of a model for emplacement of the 
syenite pipes surrounding the Phalaborwa complex. Kgopoeloe 
represents the upper portion of the pipe and Spitskop, the 
lower portion.

ROCK
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or activities of some components may have resulted in rapid 

crystallization of magma above these fragments. Spitskop on 

the other extreme, contains little evidence of contamination 

by country rock and should represent crystallization from a 

magma and its dissolved vapor.

The ring syenite at Spitskop appears from a distance to 

be a ring dyke. However, the gradational inner contact and 

lack of chilling suggest that this is not the case. 

Geologic relations point to an intrusion of magma with the 

ring syenite crystallizing pyroxene and then feldspar. A 

change in the order of crystallizing phases occurred 

producing the central syenite which has a porphyrytic 

texture of feldspars forming before pyroxenes. Predominant 

alignment of feldspar laths parallel to the contact with the 

ring syenite and the maintenance of this rough alignment 

throughout the interior of the pipe suggest that the 

porphyritic syenite is a cumulate with a feldspar mush 

flowing through the pipe. Locally, the parallel alignment 

is absent, suggesting some turbulent flow. Cross-cutting 

dykes may be interpreted as representing intercumulus- or 

late-stage liquids or multiple injection.

Lack of contact between separate pipes makes any 

interpretation of the temporal relationship among the pipes 

around the main Phalaborwa complex conjectural. Guide 

Copper Mine may represent another part of the same pipe 

model. However, interpretation of this paleomagnetic data of 

Briden (pers. comm., 1977) indicates intrusion of syenites
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over as much as 200 m.y. Paleomagnetic data on Spitskop are 

not available and, therefore, the age of this specific pipe 

with respect to Kgopoeloe cannot be determined. The further 

discussion of this model must be based on textural and 

geochemical evidence.



Chapter IV 

PETROGRAPHY

4.1 MAIN COMPLEX

The development of a mining industry within the Phalaborwa 

Igneous Complex provides an excellent opportunity to study a 

wide variety of non-weathered rock types. Samples were 

taken from representative textural and compositional rock- 

types having a wide spatial distribution.

The area of the Foskor open cast mine contains a large 

range of pyroxenite textures along with contact relations of 

the complex with the country rocks. Samples of carbonatite, 

phoscorite, micaceous pyroxenite, and metasomatized country 

rock were taken from the Palabora Mining Company (PMC) 

copper mine and their diamond borehole core.

4.1.1 Fenite

Several rocks containing clinopyroxene and feldspar were 

studied from borehole core around the PMC area. These rocks 

are a fenitized portion of the white, biotite granitic rock 

described in Section 3.1.1. Figures 4.1 and 4.2 show two of 

these rocks, representative of the fenites studied. 

Clinopyroxene is present but exhibits none of the cumulus 

textures noted later in the main complex. Pyroxenes are 

granular and are rarely idiomorphic. Figure 4.1 shows 

idiomorphic pyroxenes exhibiting colourless to bottle green

50
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I________I

Figure 4.1 Photomicrograph of fenitized country rock with
clinopyroxene lining a crack or dykelet. Sample P146-610N. 
Bar represents 3 mm. The rock-type of each sample 
is coded by the letter following the sample number. See 
Appendix A.l for key.

I___________I

Figure 4.2 Photomicrograph of a fenitized country rock containing 
abundant biotite, feldspar, clinopyroxene and amphibole. 
Sample P146-440N. Bar represents 10 mm.
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zoning outward; these pyroxenes are aligned perpendicular to 

the walls of a dykelet or crack. The centre of the filling 

contains microcline. Dark brown biotite with normal

pleochorism is present in the rock but not in the "dykelet." 

Figure 4.2 shows a granular rock containing abundant 

biotite, amphibole, and fine-grained clinopyroxene. The 

microcline exhibits irregular grain boundaries and is highly 

strained. The amphibole in this sample, P146-440N1, is the 

only alkali amphibole seen in or around the main complex. 

However, as noted in Chapter 2, previous workers have 

observed amphibole in metasomatized country rocks. Apart 

from the amphibole, this rock is typical of the fenites 

around the PMC area.

4.1.2 Pyroxenites

4.1.2.1 Feldspathic Pyroxenites

Subhedral to euhedral clinopyroxenes varying in length from 

0.2-0.3 mm to 4-6 mm are poikilitically enclosed in 

microcline. Pyroxene is generally colourless or pale green 

in thin section and exhibits no obvious compositional zoning 

within a grain. However, where feldspar is abundant 

clinopyroxene rims are often deeper green showing a slight 

Fe-enrichment. In clinopyroxene-rich patches, clinopyroxene 

grains exhibit 120° intersections between grains.

JThe rock type of each sample is coded by the letter 
following each sample number. See Appendix A.l for the key.
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Feldspar commonly exhibits a gridiron pattern of 

twinning indicating microcline. Grains are commonly 

anhedral; Shand (1931) reported idiomorphic grains. Nearly 

equant feldspar grains measure several centimetres across 

and contain varying proportions of poikilitically enclosed 

clinopyroxene.

Apatite may be present as a major component or as an 

accessory mineral. It occurs as small prismatic crystals 

poikilitically enclosed in both clinopyroxene and feldspar 

and as interstitial grains.

Phlogopite is rare but occasionally forms irregular 

patches as small laths interstitial to pyroxene. More 

rarely, phlogopite forms small, euhedral flakes within the 

clinopyroxene, and an isolated case of veinlets of calcite 

with phlogopite rimming the veinlet in feldspathic 

pyroxenite was found. Phlogopite shows strong absorption 

and exhibits a normal pleochroism of x = reddish-gold, y = 

gold-brown.

4.1.2.2 Massive Pyroxenite

The massive pyroxenite consists of 90-100 percent 

clinopyroxene with varying proportions of minor apatite, 

phlogopite, and microcline. This pyroxenite is generally 

well indurated and crystals are well developed, exhibiting 

flow banding due to parallel alignment of prisms. Massive 

pyroxenite is gradational into both feldspathic- and 

micaceous-pyroxenite.
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Clinopyroxenes are colourless or pale green and vary 

from 0.1-0.2 mm to 1 cm in length. They have [110] cleavage 

and pronounced [001] parting. Grains rarely show 

compositional zoning and occasionally exhibit two-stage 

growth by a distinct break in extinction angle.

Apatite occurs as poikilitically enclosed, euhedral 

crystals within clinopyroxene and as anhedral, interstitial 

grains.

Rare, colourless amphibole, probably tremolite, occurs 

as incipient growth along some partings and cleavage planes 

of the clinopyroxene.

Phlogopite occasionally is found as small flakes within 

clinopyroxenes but more often is interstitial to it. Both 

normal and weakly reverse pleochroism may be found in 

phlogopites of different samples of the massive pyroxenites.

4.1.2.3 Micaceous Pyroxenite

Clinopyroxene occurs as anhedral to euhedral crystals. In 

varieties (3) and (4) of section 3.1.2.2, grains are always 

euhedral, often twinned, and show extremely well-defined 

[001] parting. Clinopyroxenes vary from yellow-green to 

bottle green among hand specimens but each hand specimen has 

pyroxenes of the same colour. In thin section, pyroxenes 

vary from colourless to pale green to grass green. In thin 

section, pyroxenes are not optically zoned and may enclose 

or be enclosed in phlogopite. All large crystals contain 

abundant small flakes of phlogopite.
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Mica can comprise from 10 percent to 99 percent of the 

rock. Laths vary from less than 1 mm to several centimetres 

in length. DeJager and Fourie (1978) note that in this rock 

type, phlogopite is always interstitial to diopside and 

apatite. However, as noted above, many clinopyroxenes 

poikilitically enclose phlogopite. Pleochroism is strong, 

varying from yellow-browns to reddish-browns. Occasionally, 

the pleochroism is reversed but normal and reverse 

pleochroism are not found in the same specimen. Suwa and 

Aoki (1975) noted the presence of normal phlogopite with 

rims exhibiting reverse pleochroism from micaceous 

pyroxenite at Phalaborwa. However, this feature was not 

observed in this study.

Olivine crystals from 5-10 cm in length occur rarely in 

the pyroxenites surrounding the central pegmatoid. 

Serpentinization is subordinate to oxidation with lamellae 

and "finger print" dendrites of magnetite occurring along 

[010] cleavage. Reaction rims are not noticeable in the 

borehole cores, but one sample taken from the PMC copper pit 

(Figure 4.3) has a 2 cm wide reaction rim of phlogopite and 

clinopyroxene.

4.1.3 Phoscorite

The main petrographic feature in phoscorite which has not 

been described in other works is the reverse pleochroism of 

phlogopite. The colours of phlogopite from the phoscorite 

are extreme with X = reddish brown, and 2 = colourless to
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I____________I
Figure 4.3 Photomicrograph of olivine crystal with rim of

clinopyroxene and phlogopite. Sample P120P, a micaceous 
pyroxenite. Bar represents 5 mm. The dark rim between 
the olivine and clinopyroxene-phlogopite is serpentinized 
olivine.

Figure 4.4 Photomicrograph of olivine crystals which have
been partially replaced by serpentine enclosed poikiliti- 
cally in chalcopyrite. Sample P19K. Bar represents 4mm.
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pale buff. It occurs as masses around olivine and as 

euhedral books.

Other workers (Van Rensburg, 1965; Aldous, 1980) have 

noted sulphides included in olivines. An unusual texture is 

the reverse of that texture, in which serpentinized olivines 

are poikilitically enclosed in chalcopyrite with bornite 

exsolution (Figure 4.4). The discreet olivine grains are 

not in optical continuity. Although the olivines have been 

serpentinized, the euhedral nature of the original grain 

indicates that the serpentinization occurred after the 

precipitation of the sulphide.

Clinopyroxene is rarely present in phoscorite. In one 

sample, a centimetre-wide band of granular dark green 

clinopyroxene is present. The pyroxenes are not of uniform 

colour, ranging from those which are entirely dark green to 

others which have dark green cores to colourless rims to 

colourless pyroxenes containing fine lamellae of magnetite. 

This sample, P146-1056K, will be discussed further in 

Chapter 5.

Lastly, although carbonate minerals are not included in 

the original definition of phoscorite, they invariably are 

present. Fine-grained calcite occurs as disseminated 

grains, in veinlets and monomineralic lenses and can 

comprise up to several percent of the rock.
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4.1.4 Carbonatite

Because of previous research on the carbonatite members 

(section 2.1.2.2), phlogopite and apatite are the only two 

minerals in which significant new features have been 

observed in this study. As is the case for the phoscorite, 

the nature of the phlogopite has generally been overlooked. 

Phlogopite exclusively exhibits reverse pleochroism in the 

transgressive and banded carbonatite. Phlogopite is rare in 

banded carbonatite and much more abundant in transgressive 

carbonatite. The colours of phlogopite from the carbonatite 

are similar to those of phlogopite from phoscorite. 

Phlogopite occasionally shows strain characteristics, and 

phenocrysts are often zoned (Figure 4.5) and rarely have 

patchy colouration.

Apatite was found in the PMC copper pit with extremely 

elongated crystals with parallel alignment, the crystals 

measuring several centimetres in length with a diameter of 

2-3 mm. These are very different in habit from the usual 

disseminated, anhedral grains and stubby idiomorphic 

crystals usually observed in the Phalaborwa carbonatite.

4.1.5 Pi scussion

One of the key factors in unraveling the petrogenesis of the 

Phalaborwa complex is determining the metasomatic and/or 

magmatic contribution to the formation of the various rocks 

and minerals. Some of the criteria for recognizing 

metasomatic rocks established by Borodin and Pavlenko (1974)
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Figure 4.5 Photomicrograph of zoned phlogopite crystals in 
carbonatite. Sample P134-2056C. Bar represents 10 mm.
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may be recognized at Phalaborwa. A tendency for 

monomineraiic assemblages, concentric zoning of ultramafic 

to more silica-rich rocks, and abundant alkali minerals 

sometimes replacing magmatic minerals (section 2.1.2.1) can 

be used as evidence that various pyroxenites, phoscorite, 

and even some parts of the carbonatites are results of 

extensive metasomatic processes. However, similar criteria 

for recognizing magmatic processes, as discussed below, may 

also explain many textures present in this group of rocks.

The variety of textures in rocks along the contact of 

the complex has been well exposed due to mining operations. 

The most problematic relationship is between the fenitized 

pink, granitic rocks and the feldspathic pyroxenite. As 

discussed in Chapter 2, controversy regarding the 

relationhip of the feldspathic pyroxenite to the country 

rock is resolved because it can be seen today that no one 

fenite type is present in all parts of the complex. As 

DeJager and Fourie (1978) point out, in the Foskor area 

feldspathic pyroxenite does not grade into fenite. In the 

vicinity of the PMC copper pit, the relatively thin sequence 

of feldspathic pyroxenite is in contact with a texturally 

and compositionally distinctively different rock, i.e., 

micaceous, gneissic white granite.

The origin of the feldspar in the contact rocks of 

alkali complexes is often attributed to metasomatism. 

Feldspathization as an extreme product of K-metasomatism has 

received extensive coverage in the literature (Heinrich and
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Moore, 1970; Strauss and Truter, 1950). The feldspar in the 

feldspathic pyroxenites or the "fenite" at Phalaborwa has 

none of the features cited by Heinrich and Moore (1970) as 

being diagnostic of metasomatic feldspar. Turbidity, red 

staining, lack of gridiron twinning, and coexistence of 

opal, fluorite, or albite are not characteristic of the 

feldspar of feldspar-bearing pyroxenites at Phalaborwa. 

McKie (1966) suggested that microcline is converted to 

orthoclase during extreme metasomatism, a feature not found 

at Phalaborwa. While the textural features do not prove 

that the feldspar of Phalaborwa is magmatic, they do not 

support a metasomatic origin.

Similarly, the suggestion that phlogopite is a 

metasomatic mineral in alkalic rocks has an overwhelming 

support (Borodin and Pavlenko, 1974; Gittins et al. , 1975; 

Borodin, 1965). Advocates of phlogopitization cite the 

existence of large-scale remnants of dunites and pyroxenites 

set in phlogopite-rich portions of the same rock types as 

examples of an incomplete process of phlogopite-replacement 

of clinopyroxene and olivine. Hanekom et al. (1965) and 

DeJager and Fourie (1978) use this argument to suggest that 

glimmerite in Phalaborwa is the result of phlogopitization 

of pyroxenite by alkali-rich, late-stage fluids. However, 

as noted in section 3.1.2, large exposures, of micaceous 

pyroxenites in the Foskor pit show angular fragments of 

glimmerite within unfoliated massive pyroxenite. DeJager 

and Fourie (1978) explain this as a stage of
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phlogopitization followed by glimmerite breakup due to a 

second injection of pyroxenite magma.

Associated rock types show textures which indicate that 

at least some of the phlogopite is not secondary but a 

coprecipitate with clinopyroxene and apatite. Figure 3.1 

shows one of these micaceous pyroxenite textures. Infilling 

of tensional cracks in massive pyroxenite by late-stage 

fluids (DeJager and Fourie, 1978) does not account for the 

regular spacing of the bands of constant thickness found in 

areas tens of metres across. Likewise, the common texture 

of euhedral crystals of clinopyroxene set in a mass of 

phlogopite grains (Figure 4.6) points to an equilibrium 

precipitation relationship between the two minerals rather 

than a replacement of clinopyroxene by mica. The inclusion 

of mica in some of these clinopyroxenes suggests that mica 

was also stable during crystallization of the pyroxene.

On the other hand, rare textural relationships 

involving phlogopite indicate that it is not always a 

primary precipitate. Figure 4.7 is an example of phlogopite 

forming in feldspathic pyroxenite from the introduction of 

external material in the form of carbonatite veinlets. The 

lack of parallel alignment of phlogopite crystals suggests a 

reaction between the carbonate liquid and the vein walls of 

potassium feldspar and clinopyroxene rather than an 

accumulation of platy minerals precipitating from through- 

flowing magma. In this case, the phlogopite may be 

considered metasomatic because, whether the reaction took
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I____________ I
Figure 4.6 Euhedral grain of clinopyroxene partially inter-

grown with phlogopite. Sample P28P. Bar represents 3 mm.

i__________ I
Figure 4.7 Photomicrograph of carbonatite dykelets in feld-

spathic pyroxenite. Phlogopite is lining the vein showing 
the reaction of carbonatitic liquid with the feldspathic 
pyroxenite. Bar represents 2 mm.
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place between feldspar and carbonatite magma or feldspar and 

through-flowing carbonate-rich fluid derived from 

carbonatite in the centre of the body, fluid was derived 

externally from the feldspathic pyroxenite.

However, not all such reactions involve externally 

derived fluids. McKie (1966) cautioned against attributing 

all features to metasomatism, noting that many are better 

described as a reaction with liquid rather than a 

fenitization phenomenon. Figure 4.3 is an example of such a 

reaction. Figure 4.3 shows an olivine megacryst from a 

pyroxenite which appears to have reacted with a liquid to 

form clinopyroxene and phlogopite. This reaction will be 

discussed further in section 5.2.2.3. The distinction to be 

made here is that the olivine reacted with a magma, whether 

the liquid or fluid portion, and that the reacting 

components are part of the magma and not transported from 

some external source. The definition of metasomatism (Bates 

and Jackson, 1980) demands liquid or gases to be present 

within a body of rock or to be derived externally. This 

does not pertain to crystal-liquid reaction within a magma. 

This distinction between metasomatism and reaction of a 

mineral with a magma is important in the petrogenesis of the 

Phalaborwa complex.

The samples discussed in section 4.1.1 as fenites 

contain feldspar and clinopyroxenes but are not considered 

feldspathic pyroxenites. The micas appear to have been 

original constituents of the granite although it is possible
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that they have been formed metasomatically. Fine-grained, 

disseminated pyroxenes are present in some rocks but do not 

have the characteristic colouration of alkali pyroxenes 

commonly associated with fenitization. The pyroxene in this 

type of rock is not magmatic but is interpreted as forming 

from metamorphism related to heat of intrusion of the 

complex or from a fenitizing fluid which did not contain the 

high Na normally associated with metasomatism. This fluid 

must have been rich in Ca and Mg instead. Fenitization is 

not under study here. The important feature is that these 

pyroxenes are texturally distinct from the magmatic 

pyroxenes.

Most of the clinopyroxene in the Phalaborwa complex is 

a product of crystallization from a magma. The textures of 

various pyroxenites point to a cumulus origin along with 

apatite and phlogopite. Similarly-textured rocks have been 

found as xenoliths in ultrabasic lavas (King and Sutherland, 

1966; Dawson et al. , 1970), in carbonatites (Erickson and 

Blade, 1963), and in kimberlites (Dawson and Smith, 1975) 

and most often are attributed to cumulates formed at depths 

from magmas congenetic with their host rock (Lloyd and 

Bailey, 1975). Massive pyroxenite with aligned parallel 

prisms attest to the presence of a crystal mush in the 

Phalaborwa pipe.

It has been suggested (DeJager and Fourie, 1978) that 

the pyroxene in the feldspathic pyroxenite and in many 

places throughout the complex has been recrystallized as
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indicated by triple point junctions. Although this is 

possible, an equally plausible origin for this texture could 

result from their cumulate origin. Triple point junctions 

of 120° are ubiquitous throughout the various pyroxenites, 

but the feldspathic pyroxenite also shows textural changes 

over a few millimetres from euhedral, poikilitic pyroxenes 

to those with granular texture. Wager et al. (1960) show 

the results of extreme adcumulate growth exhibiting textures 

in which monomineralic clusters of cumulus crystals are 

characterized by 120° intersections. Adjustment of grain 

boundaries to a low-energy configuration at the time of 

their cooling is common in cumulate rocks (Upton and Thomas, 

1973). A crystal mush moving within a large pipe-like body 

would be as likely to exhibit this texture as those rocks 

classically used to exhibit cumulate textures; namely, thick 

sequences of plagioclase at the base of a basic intrusion 

(Wager et al., 1960).

Furthermore, observations in this study show that of 

the clinopyroxenes in the complex, those in the feldspathic 

pyroxenite are the only ones to have some limited optical 

zoning. A discussion of the complicated kinetics of 

diffusion must be made in order to determine if primary 

zoning would be removed during recrystallization, but 

parameters such as temperature and time are not available. 

However, the presence of optical zoning in this rock type 

alone is evidence against extensive recrystallization of the 

clinopyroxenes.
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Clinopyroxene, as noted above, has been observed with 

phlogopite rimming an olivine megacryst. Clinopyroxene has 

also been noted by itself as small anhedral grains around 

large olivine. This, like the phlogopite, is believed to be 

a reaction of olivine + liquid, but is not volumetrically 

significant.

Petrographic and geological observations of the 

carbonate-bearing rocks (Lombaard et al., 1964; Van 

Rensburg, 1965; Hennig-Micaheli, 1968; Hanekom et al., 1965) 

described in Chapter 2 indicate that some minerals in each 

type are cumulus. It has been noted (DeJager and Fourie, 

1978) that the average proportion of magnetite to apatite in 

the phoscorite is identical to that found experimentally 

(Philpotts, 1967) for a eutectic cooling of a magnetite- 

apatite liquid. Local accumulations of olivine, magnetite, 

and apatite account for the large areas of monomineralic 

rocks and concentric banding within the phoscorite and 

concordant contact with the carbonatite.

The formation of fine-grained magnetite in vertical 

concentric bands in the banded carbonatite and local 

enrichments in the transgressive type suggest that cumulate 

processes are also operative in this rock type.
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4.2 SATELLITES

4.2.1 Kgopoeloe

4.2.1.1 Granitic Breccia Fragments

Fragments in the microbreccia contain granular, fine-grained 

quartz, albite and microcline. Rarely, a feldspar crystal 

within a microbreccia fragment is much larger than the 

quartz grains. These feldspar grains have undulose 

extinction and are intergrown with quartz at the edge of the 

feldspar grain. Alkali pyroxene grains, probably aegirine- 

augite, penetrate the fragment along fractures and feldspar 

cleavage planes and are rarely enclosed in feldspar and to a 

lesser degree, in quartz (Figure 4.8), particularly at the 

fragment edge. The interior of small fragments commonly 

contains sphene, alkali pyroxene, and amphibole between 

feldspar grains.

The larger granitic fragments are of similar texture 

but are enriched in microcline at the outer margin of the 

fragment. An average composition would be 55 percent 

microcline, 15 percent albite, 20 percent quartz, and 10 

percent aegirine-augite. Feldspar grains are zoned and the 

rims are recrystallized. The interior of the fragments are 

recrystallized and equigranular and contain microcline and 

albite with no zoning, but good twinning, and have sharp 

edges. An average composition of an unaltered fragment 

centre would be around 45 percent quartz, 25 percent 

microcline, 25 percent albite, and 5 percent biotite. 

Biotite, either a green or brown type, is a common accessory
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L - -----------  I
Figure 4.8 Photomicrograph of microbreccia filling of mono-

mineralic aegirine-augite which is penetrating the fragment 
and replacing quartz and feldspar, Kgopoeloe. Bar represents 
0.5 mm.

Figure 4.9 Photomicrograph of microbreccia fragment and 
aegirine-augite crystals lying parallel to fragment 
edges, Kgopoeloe. Bar represents 3 mm.
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in the relatively unaltered granitic fragments. Rarely, 

alkali amphibole has formed along the boundary between two 

crystals in the interior of a large fragment.

4.2.1.2 Matrix

Matrix ranges from pure aegirine-augite to syenite from the 

microbreccia to the base of the pipe, respectively. Where 

the granitic fragments are small and closely packed and in 

the spalled corners of large granitic fragments, the matrix 

consists of a felted mass of aegirine-augite containing 

minor discrete grains of alkali amphibole (Figures 4.9, 4.10 

and 4.11). Pyroxene grains commonly grow perpendicularly to 

fragment edges indicating growth into interfragmental space. 

This is seen in outcrop where small cavities in the 

microbreccia contain a felt of pyroxenes radiating inward.

Two textural types of syenite are found in Kgopoeloe 

Hill. The fine-grained syenite weathers to a shiny, black 

surface in outcrop (Figures 3.5 and 3.5). It contains 

microcline, albite, quartz, aegirine-augite and alkali 

amphibole with accessory sphene, apatite, and biotite. 

Sphene can comprise up to one percent of the syenite. A 

typical modal analysis of the fine-grained syenite would be 

60 percent microcline, 15 percent albite, 15 percent quartz, 

and 10 percent amphibole plus pyroxene. Feldspars and 

quartz exhibit equigranular texture with uniform triple­

point junctions. Incipient weathering enhances the 

compositional zoning of the feldspars showing them to have



71

Figure 4.10 Photomicrograph of microbreccia fragment with
aegirine-augite crystals growing perpendicular to edge of 
the fragment, penetrating the fragment and growing in the 
interior of the fragment, Kgopoeloe. Bar represents 1 mm.
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I____________ I

Figure 4.11 Photomicrograph of microbreccia at Kgopoeloe 
showing the close packing of fragments with aegirine- 
augite filling between fragments. Bar represents 1 mm.

I_____________ 1

Figure 4.12 Photomicrograph of fine-grained syenite at
Kgopoeloe which contains aegirine-augite and amphibole 
growing in intimate association. Bar represents 0.2 mm.



73

an albitic core which becomes potassium-rich (microcline) at 

the edge (Figure 4.12). This type of syenite matrix is 

found where the proportion of fragment to matrix is about 

one or more, specifically near the margins of the pipe.

The second textural type and most abundant syenite 

resembles the hypidiomorphic texture described by Frick 

(1975). Microcline rather than orthoclase as described by 

Frick (1975) is the dominant feldspar in this rock, forming 

large subhedral crystals with smaller, intergranular 

microcline intergrown with quartz and aegirine-augite. The 

modal composition of this textural type is not significantly 

different from the fine-grained syenite.

Throughout the syenite matrix, alkali amphibole and 

alkali pyroxene exhibit complex textural relations. With 

the exception of the microbreccia and spalled edge-filling 

where amphibole and pyroxene form discrete grains, pyroxene 

and amphibole are commonly intergrown (Figure 4.12). 

Commonly, the amphibole forms the centre of the grain and 

has a rim of pyroxene but this occasionally is reversed. 

These complex intergrowths are a common phenomena in 

peralkaline rocks (Deer et al.., 1978).

4.2.2 Spitskop

Four rock types were sampled at Spitskop; the syenite on the 

low hill around the pipe, the black rim, the central syenite 

and the fine-grained, leucocratic dykes cutting across the

pipe.
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Figure 4.13 Photomicrograph of outer syenite at Spitskop 
showing granular texture with minor aegirine-augite. 
Bar represents 1 mm.

Figure 4.14 Photomicrograph of ring syenite at Spitskop 
showing aegirine-augite and amphibole poikilitically 
enclosed in feldspar. Bar represents 0.2 mm.



75

The syenite surrounding the pipe is similar in texture 

to the pipe immediately to the north (Figure 2.1); this type 

of syenite has been described in detail by Frick (1975) as 

being hypidiomorphic. It is similar in texture and 

mineralogy to the coarse-grained syenite at Kgopoeloe 

(Figure 4.13).

The black ring encircling Spitskop consists of dark 

greenish-black, coarse-grained syenite. The ring syenite is 

composed primarily of large (4-5 cm diameter) microcline and 

microperthite poikilitically enclosing several tens of 

elongate, euhedral alkali-amphibole and aegirine-augite 

crystals (Figure 4.14). The amphiboles and pyroxenes are 

aligned sub-parallel to each other within the feldspar 

grains. There are two generations of microcline and 

orthoclase. The first generation is coarse grained and 

encloses the pyroxene and amphibole (Figure 4.14); it is 

zoned and commonly has undulose extinction. The second 

generation is not deformed and forms intergranular material 

along with equigranular quartz and aegirine-augite and 

alkali-amphibole (Figure 4.15).

Aegirine-augite and alkali amphibole are included in 

the first generation of feldspar, commonly cutting across 

grain boundaries. Interstitially, they are randomly 

orientated. A notable feature is the occurrence of broken 

laths of the chain silicates within undeformed, granular 

quartz (Figure 4.15). This indicates some movement of the 

rock after formation of the pyroxenes and amphiboles prior 

to crystallization of the quartz.
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Figure 4.15 Photomicrograph of ring syenite at Spitskop show­
ing microcline, quartz and aegirine-augite between large 
feldspar grains. Bar represents 0.2 mm.

I

Figure 4.16 Photomicrograph of ring syenite at Spitskop
showing a broken aegirine crystal in undeformed, late- 
stage quartz. Bar represents 0.1 mm.
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Figure 4.17 Photomicrograph of central syenite at Spitskop
showing idiomorphic feldspar with interstitial aegirine- 
augite and quartz. Late-stage feldspar has enclosed 
pyroxene in outer edges of grain (indicated by arrow). 
Bar represents 2 mm.

I____________ |

Figure 4.18 Photomicrograph of a cross-cutting dyke at
Spitskop with orthoclase and crystals of mixed aegirine- 
augite and amphibole. Bar represents 2 mm.
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The central syenite is that described by Frick (1975) 

as porphyritic. Figure 4.17 shows a representative sample. 

One feature not noted in Frick's (1975) description is the 

presence of pyroxene in the outer rims of some feldspar 

grains. There is a temptation to describe this rock as a 

cumulate because of the idiomorphic feldspar, sub-parallel 

to parallel alignment of tabular feldspar, and the linear 

arrangement of pyroxene and amphibole around the feldspars. 

However, similar textures have been described in peralkaline 

granites which have been interpreted as crystallizing in 

situ from a liquid (Bowden, 1974).

The fine-grained, leucocratic syenite dykes at Spitskop 

are comprised of orthoclase, aegirine-augite and alkali 

amphibole and quartz. The orthoclase grains are orientated 

subparallel and have triple-joint junctures. Needles of 

amphibole are commonly included in the feldspars. Minor 

quartz is present interstitial to the feldspar. Aegirine- 

augite and alkali amphibole are intergrown with rims of 

pyroxene on amphibole as the most common occurrence (Figure 

4.18).

4.2.3 Guide Copper Mine

Samples studied from the Guide Copper Mine were taken from 

dumps on the mine property and therefore have no spatial 

significance with regard to the geometry of the pipe. The 

rocks are exclusively feldspathic pyroxenite.



79t

Figure 4.19 Photomicrograph of feldspathic pyroxenite from
Guide Copper Mine. Euhedral clinopyroxenes are poikili- 
tically enclosed in microcline. Bar represents 2 cm.

Figure 4.20 Photomicrograph of feldspathic pyroxenite from 
Guide Copper Mine. Zoned pyroxene laths are poikiliti- 
cally enclosed in microcline and in chalcopyrite. Bar 
represents 2 cm.
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Figure 4.19 shows the idiomorphic, bottle green 

clinopyroxene crystals poikilitically enclosed in microcline 

closely associated with finer-grained, monomineralic 

clinopyroxenite. Changes in rate of crystal growth and/or 

accumulation or mechanism of trapping intercumulus liquid 

may account for rapid changes in texture. In Figure 4.20, 

the pyroxenes are similarly enclosed in chalcopyrite which 

contains bornite exsolution.

The most distinctive feature of this rock is the 

oscillatory banding in the pyroxenes; pyroxenes vary from 1 

mm to several centimetres in diameter. Alternating bands of 

pale green and bottle green clinopyroxene are concentrically 

arranged. Rarely, pyroxenes are not complete crystals but 

fragments of crystals. This is suggested by oscillatory 

banding which abutts perpendicular to the pyroxene-feldspar 

contact.

Phlogopite forms rare, fine-grained aggregates in the 

feldspathic pyroxenite. The mica has been subjected to 

surficial weathering and is associated with cloudy 

microcline. Apatite occurs as minute accessory, idiomorphic 

crystals.

4.2.4 Discussion

4.2.4.1 Kgopoeloe

The breccia fragments are classic examples of metasomatic 

alteration. This can best be seen in the microbreccia where 

changes in mineralogy across a fragment can be seen within
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the area of a thin section. The major features of the 

metasomatism are the reduction in sodium feldspar and quartz 

and the formation of potassium feldspar and alkali chain- 

silicates with progressive metasomatism.

The transformation of plagioclase to potassium feldspar 

during metasomatism by a potassium-rich fluid is a common 

occurrence (McKie, 1966; Verwoerd, 1966) . The simple 

exchange of K + for N a + results in this change in mineralogy 

(Orville, 1963):

NaAlSi 30 8 + K + -> KAlSi30 8 + Na+

(4.1)

The sodium released by this reaction can unite with 

quartz and iron from the fluid to form aegirine:

N a + + Fe3+ + 202 ' + 2Si02 -► NaFeSi20 6

(4.2)

Similarly, when water is involved, alkali amphibole is 

formed. Whether riebeckite or arfvedsonite forms is 

dependent on the oxidation state of the iron. Reaction 4.2 

requires one mole of albite for each mole of aegirine 

formed. Changes in modal albite are significant between the 

larger granite fragments and the microbreccia fragments and 

the interiors of large fragments with their rims.

Therefore, the sodium for formation of the matrix may have 

been derived from the granitic fragments. However, the Fe 

forming the microbreccia matrix must have been present in 

the metasomatizing fluid. Some iron may be available from 

the breakdown of biotite, although biotite is found in
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accessory amounts in the unaltered granite fragments. This 

breakdown has been noted in the incipient stages as shown by 

the alteration of green biotite to a brown variety 

(McBirney, 1979).

The decrease in quartz at the edge of fragments 

suggests that, in part, quartz is being utilized for the 

crystallization of the alkali pyroxenes and amphiboles. The 

decrease in quartz in the fragment edges may also be a 

result of simple dissolution by fluids, resulting in its 

reprecipitation locally in the form of interfragmental 

quartz filling seen in Figures 3.8 and 3.9. A similar 

desilicification is found along the fractures radiating 

outward into the granite surrounding the Kgopoeloe breccia 

pipe.

Evidence for a vapor-rich phase is also seen in the 

texture of the microbreccia matrix. The radiating habit of 

the alkali pyroxene perpendicular to fragment edges and the 

presence of the mineral in miarolitic cavities suggests that 

major Fe, and possibly Na, Mg and Al, may have been 

components of the fluid phase.2 The fugacity of H 20 in the 

fluid may have controlled the formation of pyroxene rather 

than amphibole. A fluid phase is the most likely medium for 

transporting these elements because a low viscosity phase 

would be necessary to impregnate the thin spaces in the

2The phase is being called fluid purposefully, for at 
the temperatures and pressures in plutonic environments, a 
gaseous portion of a magma probably is present in one phase 
which behaves as a fluid.
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microbreccia. The textures of the mineral and the rock also 

preclude a cumulate texture for the monomineralic 

microbreccia matrix.

The formation of microbreccia matrix is thought to 

result from forceful intrusion which shattered the edges and 

top of the pipe. The fragments could have formed a self- 

supporting framework into which a fluid percolated 

precipitating the alkali pyroxene. The fluid filling the 

microbreccia replaced granitic fragments along fractures to 

form the alkali pyroxene and in-filled spaces between the 

fragments. The fluid was cogenetic with the syenite liquid 

and expansion of the fluid, possibly caused by unmixing with 

the magma, could have acted as the force which caused the 

brecciation. The formation of microbreccia matrix is 

distinct from the formation of the macrobreccia in which 

syenitic magma infilled between rifted breccia fragments.

Metasomatism appears to be the mechanism for the 

spalling of fragments from edges of large granitic 

fragments. The penetration of pyroxene and amphibole into 

fragments along grain boundaries may eventually result in 

the formation of chain silicates across the fragment and 

subsequent crystal growth which gives the appearance of 

slivers fracturing and breaking away into the syenite. 

However, the reason for the curvature of the granitic 

slivers formed during this process is not explained by the 

metasomatic growth of the Fe-rich minerals.
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The fine- and coarse-grained syenites contain abundant 

alkali-pyroxene and -amphibole which are commonly complex 

intergrowths of the two chain silicates rather than discrete 

grains. The intimate association of alkali-pyroxene and 

-amphibole is common in alkaline rocks (Deer et a l ., 1978), 

which has been attributed to fluctuating f02 conditions 

(Bailey, 1969; Nash and Wilkinson, 1970) and fluctuating 

chemical conditions (Jacobson et al. , 1958). The difference 

in mode of occurrence of the pyroxenes and amphiboles 

between the microbreccia matrix and the syenites may be a 

function of the cooling of the microbreccia matrix and the 

syenite. Rapid cooling in the microbreccia provided no 

opportunity for fluctuating conditions; syenite 

crystallization was slower with changing conditions, whether 

f02 or chemistry. Feldspars which appear to have 

crystallized from a sodium-rich core to a potassium-rich rim 

point to an increase in the activity of potassium in late- 

stage fluids.

4.2.4.2 Spitskop

The ring syenite of Spitskop shows two generations of 

crystals. The undulose extinction of the larger feldspar 

crystals and broken pyroxene grains set in undeformed 

intergranular material suggests that intrusion of magma with 

a high proportion of crystals was followed by final cooling 

in place. The undulose extinction of the large feldspars 

suggest they were crystallized and deformed before final
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cooling of the magma. Van der Molen and Paterson (1979) 

found that a critical melt fraction exists at which point 

supension-like behavior of grains changes to one in which 

granular-framework interaction of grains occurs in a liquid. 

Although this fraction is dependent on such factors as grain 

size and grain shape, grain to grain interaction takes place 

at approximately 30-35 percent melt. With less melt 

present, differential stress occurs and grains may be 

deformed. At Spitskop, the undeformed phases are less than 

30 percent of the rock. Therefore, this mechanism of 

deformation is likely to have taken place at Spitskop.

The ring syenite, although very different in 

macroscopic appearance, is texturally somewhat similar to 

the surrounding syenite. The major differences are the 

proportion of amphibole and pyroxene included in the first 

generation of feldspar of the ring syenite. The texture in 

the ring syenite implies amphibole crystallizing early. 

Alkali pyroxenes and amphiboles are generally believed to be 

late in the cooling history of alkaline rocks (Deer et a l . , 

1978) although as many as three generations of aegirine have 

been noted (Vlasov et ad., 1956), some of which predate 

potassium feldspar. The sharp outer contact of the ring 

syenite with the outlying syenite points to an intrusive 

relationship even though there are petrographic 

similarities.

The difference in the central syenite and ring syenite 

lies in the lack of included amphibole in feldspar, the
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higher proportion of intergranular material, the proportion 

of alkali pyroxene and quartz to second generation feldspar, 

and the flow texture or parallel alignment of interstitial 

aegirine crystals around feldspar laths in the central 

syenite. This implies the alkali pyroxene is magmatic. As 

noted in Eigure 4.16, alkali pyroxene of the central syenite 

is included in some of the feldspar rims indicating that the 

feldspars crystallized in the presence of a Na- and Fe-rich 

fluid either during late crystallization of the feldspar 

laths or upon recrystallization. As Frick (1975) notes, 

syenites showing a greater degree of recrystallization of 

feldspars also contain a higher proportion of intergranular 

quartz and aegirine-augite. It could be that the more 

quartz-rich rocks are representative of late-stage liquids 

which would be expected to contain a higher vapor content.



Chapter V

MINERAL CHEMISTRY

Since the widespread use of the electron microprobe has come 

into being, petrologists can routinely study the 

distribution of elements between the different phases of a 

rock. Partition coefficients between coexisting phases and 

between solids and liquids have been determined both 

empirically and experimentally for many systems so that 

chemical changes in minerals can be used to determine the 

chemistry of the magma from which they have crystallized. 

This technique has particular application in cumulate rocks 

in which no "magma" may be sampled. Since petrographic 

evidence points to accumulative processes at Phalaborwa, 

this is a most promising method for study on these rocks.

The mineral chemistry previously published from 

Phalaborwa is limited to a few chemical analyses of 

phlogopite and vermiculite and one diopside by Gevers 

(1948), a baddeleyite (Hiemstra, 1955) and a few optical 

determinations of olivine and feldspar (Shand, 1931; Brandt, 

1948; Gevers, 1948; Russell et aJL. , 1954). Suwa and Aoki 

(1975) give some chemical data for phlogopites but no 

complete analyses. DeJager and Fourie (1978) give a bulk 

analysis of apatite from phoscorite. Aldous (1980) lists an 

olivine and phlogopite analysis from phoscorite and several 

apatite and magnetite analyses.

87
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The present study has concentrated on the silicate 

minerals clinopyroxene, mica, and olivine because their 

crystallization can be used to give some indication of the 

characteristics of the magma. Limited data on feldspar, 

magnetite, and amphibole are included.

5.1 ANALYTICAL DATA

Microprobe and XRF analyses of clinopyroxene, mica, olivine, 

feldspar and magnetite from the main complex are found in 

Appendix A in Tables 5.1, 5.2, 5.4, 5.5, 5.5 and 5.7. 

Sample locations are shown in Figures A.l and A.2 of 

Appendix A. Mineral analyses from the satellite bodies are 

listed in Tables 5.8 and 5.9. Analytical information and 

quality of microprobe data are discussed in Appendix B.

Trace element data measured by XRF for clinopyroxenes 

and micas are given in Tables 5.2 and 5.5, respectively. 

Analytical information for these analyses is in Appendix B. 

Impurities of mica, clinopyroxene and/or apatite could cause 

values of Ba, Ce, La, Rb and Sr to be incorrect for mineral 

separates. However, the samples were washed in dilute HC1 

to remove apatite. Duplicate runs on one clinopyroxene 

showed that this method was effective.

No effort was made to analyze for F or Cl for all the 

phlogopites but Gevers (1948) reports 0.62 and 0.92 percent 

fluorine in unaltered phlogopite from Phalaborwa. Lower 

concentrations were observed in three phlogopites measured 

on the microprobe (see Chapter 6) in this study. Because of
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the variable water contents of phlogopites which cannot be 

measured by electron microprobe, it is difficult to assess 

the accuracy of an analysis. Analyses of phlogopites were 

considered acceptable if the total oxide weight was in the 

range 93.5 to 97.0 and providing they yielded a reasonable 

mineral formula.

5.2 MAIN COMPLEX

5.2.1 Clinopyroxenes

5.2.1.1 Crystal Chemistry

Given the general formula for clinopyroxene XV111YV1Z 21V0 4 , 

the Z position contains from 1.942 to 2.000 cations of Si

with A11V varying from 0.000 to 0.043 cations. Some 

pyroxenes show a tetrahedral vacancy of about 0.05 cations, 

but this may reflect the quality of the Si02 analysis. For 

example, if sample F100P, grain 2, with 54.20% Si02 and 

0.195 cations of Si contained 1.40 percent more silica there 

would be no deficiency of Si in the tetrahedral position. 

The important feature of the tetrahedral site occupancy is 

the low A1 content.

The Y position is occupied by Fe and Mg with A1V1 of 

0.000 to 0.051 cations, a low, constant amount of Mn and 

little or no T i . Ca and Na occupy the X site and sometimes 

exceed one cation per unit formula but only by a small 

amount, with a maximum of 0.029. There is conflicting 

experimental work as to whether Ca can occur in the smaller 

Ml sites of clinopyroxene (Kushiro, 1954; D. H. Lindsley, 

pers. comm., 1978; Davidson et a l ., 1979).
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Estimation of Fe20 3 was calculated by two methods. 

Cawthorn and Collerson (1974) calculated Fe3+ by assuming 

stoichiometry, i.e., four cations and six oxygens. This 

method depends on the quality of the analysis and is heavily 

dependent on the Si02 analysis. Alternatively, Fe3+ may be 

equated with Na, assuming that all the Na forms acmite. 

Tyler and King (1967), Stephenson (1972) and Larsen (1976) 

show that this is the case in pyroxenes from alkali rocks. 

In the Phalaborwa samples from the main complex, sodium 

content is commonly very low and imprecision in Na content 

will not vary the percentage of acmite content dramatically. 

The two techniques are compared in Table 5.3. Analyses in 

Tables 5.1, 5.2, and later in Table 5.8 are calculated by 

allotting an equal portion of Fe cations to Na, forming 

Fe20 3, with the remaining iron left as F e O .

5.2.1.2 Mineralogical Characteristics

Texturally, the pyroxenes may be divided into two groups: 

those occurring in rocks with cumulate textures (Group I), 

and those occurring in rocks with a wide variety of textures 

(Group II), some of which are considered to be metasomatic. 

Chemically, the pyroxenes also fall into two distinct 

groups. Group I pyroxenes generally are chemically 

homogeneous whereas Group II pyroxenes contain considerable 

intra- and inter-grain variation. Rocks containing Group I 

pyroxenes are found in the pyroxenites of the Foskor area 

and in the PMC area but rocks containing Group II pyroxenes
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R e s u l t s

Sample

P146-218N
P146-610N
G12F

TABLE 5.3

o f  A l t e r n a t e  M e t h o d s  o f  C a l c u l a t i n g  F e 3 +  i n  P y r o x e n e s

Fe3+ cations per 6 oxygen

after Cawthom and Collerson 
(1974)

Fe3+ as Acmite

0.020
0.199
0.185

0.178

0.021
0.171

0.126
0.128
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are found in the micaceous pyroxenites, phoscorite and 

fenitized country rocks exclusively around the carbonatite 

centre.

Pyroxene microprobe analyses are plotted on the Wo-En- 

Fs diagram in Figure 5.1. Analyses by XRF method are 

excluded from this diagram because of inaccuracy of calcium 

analysis yielding a low cation content for the octahedral 

sites, as shown in Table 5.2. Analyses for Wo-En-Fs 

diagrams are commonly plotted two ways, either Ca-Mg-total 

Fe which is appropriate for rocks of tholeiitic compositions 

or Ca-Mg-(Fe2 + +Mn) in which Fe3+ has been removed. This 

latter method which eliminates the influence of acmite is 

commonly used for pyroxenes of alkaline rocks; Figure 5.1 is 

plotted accordingly with the ferrosilite component 

represented by Fe2+ + Mn.

Group I pyroxenes have a range of Fe/(Fe+Mg)1 of 

0.07-0.29. According to Hess (1949) they are termed 

diopside and salite. Within any one grain or thin section, 

there is little change in Fe/(Fe+Mg) (Table 5.1) or Wo 

component (Figure 5.1) but overall there appears to be a 

fractionation trend, the significance of which will be 

discussed later in this chapter. Group II pyroxenes vary in 

Fe2 + enrichment with Fe/(Fe+Mg) = 0.12-0.65. There is 

generally no decrease in Wo component among Group II 

pyroxenes although two samples, P146-374N and P146-440N show

1Hereafter, Fe/(Fe+Mg) represents proportion of total 
iron in the iron/iron + magnesium ratio.
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Wo contents of 46-53 mole percent. Samples P146-610N and 

P120P show normal zonation of increasing Fe/(Fe+Mg) from 

grain centre to edge. However, pyroxenes of Group II also 

show reverse zoning. Sample P146-1056K,, described in 

Chapter 4 as having marked colour zonation and containing 

magnetite lamellae, shows a change in Fe/(Fe+Mg) of 0.66 to 

0.21 from core to rim. Two representative analyses of 

P146-1056K are plotted in Figure 5.1 to show that core and 

rim compositions from different grains do not have identical 

compositions.

The N a 20 content in the form of an acmite component is 

illustrated in Figure 5.2 in which M g - (Fe2++Mn)-Na is 

plotted to represent diopside, hedenbergite, and acmite 

components, respectively. Group I pyroxenes cluster within 

a limited compositional range with little Na- and Fe- 

enrichment. Group II pyroxenes, with the exception of 

samples P146-218N and P146-440N, form a definite trend of 

increasing Fe2 + with slight acmite enrichment. Samples 

P146-218N and P146-440N are fenitized country rock. Sample 

P146-218N shows a very slight acmite enrichment with little 

accompanying hedenbergite enrichment and may represent the 

early part of a differentiation scheme of a fenitizing fluid 

with sample P146-440N lying on the extension of that trend. 

However, this cannot be established without data to fill the 

gap.

The reversed zoning of sample P146-1056K is evident in 

the M g - (Fe2++Mn)-Na plot. The trend for this sample lies
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Figure 5.2 Compositions of clinopyroxenes from the main complex are plotted in
the Mg-(Fe^++Mn)-Na system. Lines and arrows are the same as in Figure 5.1. 
Additional analyses are those performed by XRF.
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along the trend established by Group I pyroxenes, even 

though the texture of this sample is not cumulus.

Two trends are suggested in Figure 5.2; a short trend 

with stronger hedenbergite enrichment relative to acmite 

including Group I and Group II pyroxenes, and a more acmite- 

rich trend for pyroxenes with possibly metasomatic textures. 

This latter trend includes only two samples of Group II 

pyroxenes; metasomatic pyroxenes lie on both trends.

All of the pyroxene samples from Phalaborwa are 

extremely poor in A 1 20 3 . Titanium content is extremely low 

ranging from undetectable to 0.29% Ti02 • Chromium was not 

detected on microprobe, as it was less than the detection 

limit of 0.02% (la) Cr 20 3 and could not be measured 

quantitatively by XRF (see Appendix B).

5.2.1.3 Petrologic Significance

Although the liquid is not directly determinable at 

Phalaborwa, certain aspects of the pyroxene composition give 

indirect indication of the character of the magma.

5.2.1.3.1 Calcium

There is little doubt that the Ca content of a clinopyroxene 

is dependent on the activity of silica (aSi02 ) in a magma 

rather than its alkalinity or calcium content (Smith and 

Lindsley, 1971; Gibb, 1973; Carmichael et a l ., 1974).

Figure 5.3 shows the position of the Group I clinopyroxenes 

from Phalaborwa in relation to other pyroxenes from basic
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Wo

Figure 5.3 Group I pyroxenes (dotted area) plotted in the pyroxene quadri­
lateral. Compositional trends for various types of rocks are shown:
1) Skaergaard (Brown and Vincent, 1963), 2) pantellerites (Nicholls 
and Carmichael, 1969), 3) Nandewar volcano (Abbott, 1969) and Kungnat 
intrusion (Upton, 1960), 4) Shiant Isles sill (Gibb, 1973), 5) Tugtutoq 
giant dykes (Upton, 1964), 6 ) Shonkin Sag laccolith main trend (Nash 
and Wilkinson, 1970), 7) Iron Hill carbonatite (Nash, 1972) and 
8 ) Uganda Nephelinites (Tyler and King, 1967).
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and ultrabasic igneous rocks. It should be noted that 

plotting the ferrosilite component as ferrous iron and 

manganese shortens some trends by removing the influence of 

acmite (Larsen, 1976), but Group I is not rich in acmite so 

this effect is negligible. Low silica activity is expected 

for rocks found in a carbonatite complex, but the fact that 

the pyroxenes of Phalaborwa plot near those of nephelinites, 

e.g., trend 8 , in Figure 5.3 (Tyler and King, 1967) 

testifies to the extremely silica-poor nature of the magma 

of the Phalaborwa complex from which these pyroxenes 

crystallized. The pyroxenes from Phalaborwa contain Wo 

content overlapping with pyroxenes of the Shonkin Sag 

laccolith, trend 7, Figure 5.3 and the Iron Hill carbonatite 

(Nash, 1972).

Sample P146-374N is the only pyroxene to show a 

significant decline in Ca content (Figure 5.1). Texturally, 

this rock looks like a metasomatized biotite granite-gneiss; 

therefore, the chemistry of the pyroxene does not reflect 

the nature of the crystallizing magma. This is also the 

case of sample P146-440N (Figure 4.2) with anomalously high 

Wo content. P146-440N also contains alkali amphibole and 

may represent a metasomatized rock influenced by late-stage 

Na-rich carbonated fluid.

The presence of anomalously high and low Wo content in 

clinopyroxenes in fenitized country rocks may reflect the 

relative importance of the country rock or the 

metasomatizing fluid in controlling the aSi02 of the rock. 

Pyroxenes with high Wo content should reflect low aSi02 .
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The presence of amphibole in sample P146-440N with high Wo 

content of pyroxene may indicate that this rock experienced 

the highest degree of metasomatism of rocks sampled around 

the complex, and therefore also had a low activity of silica 

during crystallization of the clinopyroxene.

5.2.1.3.2 Aluminum

The content of A1 and Si in the tetrahedral sites, 

normalized to 2.0 cations, is plotted in Figure 5.4. The 

pyroxenes from Phalaborwa are anomalous in their low A1 20 3 

content considering their high Ca content and geological 

association. Most rocks of basic and ultrabasic origin 

which, according to their Ca content, come from systems of 

lower silica content, have A1 20 3 contents much higher than 

pyroxenes from Phalaborwa. For example, pyroxenes from 

large basic plutons, e.g., Shonkin Sag (Nash and Wilkinson, 

1970), Ilimaussaq (Larsen, 1975), and some rocks from 

alkalic plutons of Eastern Uganda (Tyler and King, 1957) 

have A 1 20 3 contents of 1.3-1.9 percent, 2-5 percent, and 

2.9-5.9 percent, respectively. Alkalic pyroxenite xenoliths 

(Dawson and Smith, 1973) with similar mineralogy and texture 

to the micaceous- and massive-pyroxenites from Phalaborwa 

have much higher values of 3.0-4.5% A 1 20 3 . Some rocks of 

kimberlitic affinity which are possibly cogenetic to 

carbonatites (Dawson et al., 1971) have groundmass diopsides 

containing 3-6% A 1 20 3 . The Shonkin Sag laccolith 

crystallized at pressures around 0.3 kb (Nash and Wilkinson,
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Figure 5.4 Tetrahedral site occupancies for clinopyroxenes from 
Phalaborwa plotted as the number of A1 cations against the 
number of Si cations per formula unit (after LeBas, 1962). 
Pyroxenes from Rainy Creek (Boettcher, 1967), Shonkin Sag 
(Nash and Wilkinson, 1970), Square Top (Wilkinson, 1966) and 
Ilimaussaq (Larsen, 1976) are shown for comparison.
No distinction has been made as to Groups I and II as the 
groups cannot be distinquished on the basis of tetrahedral 
aluminum content.
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1970) and Ilimaussaq crystallized at about 1 kb (Sorensen, 

1969). The presence of pyroxenes with A1 contents much 

higher than those of Phalaborwa which have crystallized at 

much lower pressures than those at Phalaborwa (see Chapter 

6 ) argues against a pressure dependence on aluminum in the 

pyroxenes.

However, some pyroxenes with high Ca contents and low 

A12 0 3 can be found in the literature. Rocks similar in 

mineralogy and occurrence to the pyroxenites of Phalaborwa 

are those of Rainy Creek, Montana, containing around 0.5% 

A12 0 3 in the Ca-rich clinopyroxene. Boettcher ( 1967) 

suggests that the biotite formed first with the A120 3 

fractionating into this phase such that the pyroxenes of the 

biotite-pyroxenite and subsequent magnetite-pyroxenite are 

formed from magmas highly depleted in A1 . For this 

mechanism to work, the biotite must go into reaction 

relation with the liquid to produce later cumulates of 

magnetite-pyroxenite. No one has managed to produce that 

reaction relation experimentally. In Chapters 3 and 4, it 

was suggested that clinopyroxene and phlogopite 

coprecipitated and that inclusions of glimmerite in massive 

pyroxenite were the product of rifting of cumulates in a 

crystal mush. Hence, there is no evidence of extensive 

early formation of phlogopite or biotite before 

clinopyroxene at Phalaborwa. Low A120 3 may be an inherent 

feature of the original magma. The absence of cumulus 

feldspar in this level of the complex would support that.
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Of the Uganda plutons, only the pyroxenes from the 

extremely sillca-undersaturated melteigites and ijolites 

(Tyler and King, 1967) have aluminum contents approaching 

the values reported here. From Leucite Hills, Carmichael 

(1967) reports several Al-poor pyroxenes with the lowest 

A1 20 3 contents occurring in the madupite, the rock with the 

highest alkalis and lowest silica. The A1 20 3 contents of 

these rock types range from 7.32% A 1 20 3 for ugandite 

(Holmes, 1950) to over 14% A1 20 3 for some ijolites (Erikson 

and Blade, 1963).

Figure 5.5 shows A 1 20 3 content of Group I pyroxenes 

versus Fe/(Fe+Mg). There is no indication in the pyroxenes 

from Phalaborwa that there is a correlation of increasing 

A 1 20 3 with Fe/(Fe+Mg) in pyroxenes which would show up as 

higher A1 content with differentiation as suggested by Gibb 

(1973).

Kushiro (1960) and LeBas (1962) found that low silica 

activity in a magma resulted in high A 1 20 3 content in Ca- 

rich pyroxenes. This usually manifests itself by high A1 

occupancy of tetrahedral sites in clinopyroxenes. From 

their experimental work on melting relations of Leucite Hill 

lavas, Edgar et al. (1976) and Barton and Hamilton (1978) 

suggest that the peralkalinity of a magma influences the 

entry of A 1 20 3 into the pyroxene structure. Edgar et al. 

(1976) further suggest that a high concentration of K + ions 

affects the structure of a melt by inhibiting Ca-Al and Ca- 

Ti bonds. As phlogopite is an abundant early crystallizing
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Figure 5.5 A^O, content of Group I pyroxenes plotted against 
Fetot/(Fe^ot+Mg). The size of the dots are much less than 
the precision of the AI2 O3 analyses,(see Appendix A).
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phase together with Mg-rich clinopyroxene at Phalaborwa, the 

potassium content of the magma probably was quite high. 

Hence, this may be a reasonable explanation here.

5.2.1.3.3 Iron and Magnesium

Pyroxenes representing magmatic processes (Group I and 

sample P120P of Group II) are Mg-rich at Phalaborwa (see 

section 5.2.1.2). The amount of Fe-enrichment in these 

pyroxenes of Phalaborwa may not represent the entire range 

in compositions in the complex but could be the result of 

the areal and vertical section of the complex available for 

study.

Pyroxenes in the study represent samples taken from 

outcrop in open pit mines and boreholes spaced at intervals 

across the complex. Even though the samples studied are 

representative of the available, unweathered samples across 

the complex, boreholes and outcrops are concentrated at the 

periphery of the complex because of the location of mining 

operations. It is impossible to sample the rocks present at 

great depths. Vertically, the diamond drill cores have 

penetrated about 1.5 km which is but a fraction of the known 

depth of the complex (Hanekom et a l ., 1965). Because of the 

angles of borehole drilling, there are no deep pyroxene 

samples of magmatic origin available for study. However, 

more differentiated rocks with higher Fe/(Fe+Mg) may have

been eroded.
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Clinopyroxenes from the mantle commonly have low 

Fe/(Fe+Mg); groundmass clinopyroxenes from kimberlites have 

Fe/(Fe+Mg) of 0.05-0.10 (Emeleus and Andrews, 1975; Dawson 

et ad.., 1977) and clinopyroxenes from kimberlite xenoliths 

have Fe/(Fe+Mg) of 0.01 to 0.10 (Dawson et a l . , 1977). 

Hence, the clinopyroxenes samples from Phalaborwa possess 

Fe/(Fe+Mg) ratios comparable to supposedly undifferentiated 

mantle material.

The Fe/(Fe+Mg) of pyroxenes from the Phalaborwa complex 

which are interpreted as having a magmatic origin are shown 

at the sample locations in Figure 5.6. Samples from the 

borehole cores are projected to their approximate location 

on the surface. From the area around the carbonatite 

(Figure 5.6a), it appears that there is no systematic zoning 

of Fe and Mg from the edge of the complex inward. Samples 

P146-764P and P146-826P have Fe/(Fe+Mg) of 0.28 and 0.19, 

respectively; samples P21P and P28P with the same spatial 

relationship with respect to the outer edge of the complex 

have Fe/(Fe+Mg) of 0.29 and 0.15, respectively. Thus, both 

sets of minerals increase in Mg/Fe toward the centre of the 

complex. There is more intense zoning within single 

specimen P4P than within the area as a whole. However, 

despite rock-type designations on published maps, 

pyroxenites are not well developed around the carbonatite, 

and it would be unwise to characterize crystallization of 

the entire complex based on the pyroxenites in the

carbonatite centre.
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Figure 5.6b shows a similar plot for pyroxenes of the 

Foskor open pit. Around the edge of the complex, 

represented by samples F12M, F6F and F100P, Fe/(Fe+Mg) 

varies from 0.08 to 0.17. Toward the centre this ratio, 

represented by samples F15M, F101P, and F10M, decreases 

rather than increases as expected from a magma which has 

differentiated upon cooling from the margins to the centre. 

The pyroxenes from micaceous pyroxenites have lower Fe 

content, Fe/(Fe+Mg) = 0.07-0.08, than pyroxenes of the 

massive and feldspathic pyroxenites, Fe/(Fe+Mg) = 0.16-0.17.

Sample F100P has been interpreted from geological 

observations as having crystallized at the walls of the 

complex by cumulus processes. The low Fe/(Fe+Mg) of this 

rock supports this interpretation of crystallizing early in 

the cooling of the pyroxenites. Likewise, the lack of an 

increasing Fe/(Fe+Mg) in pyroxenes inward supports the lack 

of geological evidence for a static crystallization inward 

and, instead, points to multiple intrusion of crystal mush.

The chemical composition of the magma may have affected 

the limited iron enrichment seen in the Phalaborwa 

pyroxenes. At Square Top intrusion of New South Wales, 

Fe/(Fe+Mg) of pyroxenes at the lower contact is 0.24 which 

increases to 0.32 at the exposed top (Wilkinson, 1966). 

Wilkinson (1966) interpreted this limited enrichment of FeO 

in pyroxenes as resulting from increasing oxidation state of 

successive liquid fractions limiting the FeO which is 

available to enter the clinopyroxene.
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WiIkinson (1966) noted that clinopyroxenes from

alkaline basic rocks rarely are more Fe-rich than

Ca 4 5M g 2 5 Fe 3 0 due to the relatively high Fe 20 3/Fe0 in the

magmas. Presnall (1966) described such a buffering process 

for water-rich basaltic magmas in the system CaO-MgO-FeO- 

Fe20 3 -Si02 . He postulated that significant amounts of water 

in the magma buffer its oxygen fugacity through diffusion of 

hydrogen to the wall rock, thereby limiting the range of 

Fe/Mg in silicates among a series of differentiated rocks. 

With abundant phlogopite and carbonatite present in the 

Phalaborwa complex, the composition of an abundant vapor 

phase could similarly have an effect on controlling the 

composition of silicate phases. However, a possible lack of 

Na20 could prevent the formation of acmite.

Group II pyroxenes show pronounced variation in 

Fe/(Fe+Mg) and in Fe2 +/(Fe2 ++Mg) (see section 5.2.1.2). 

Sample P120P is a single sample containing olivine (Fo8S) 

with a reaction rim of clinopyroxene and phlogopite (Figure 

4.4). Clinopyroxene grains at the olivine-clinopyroxene 

contact are extremely Mg-rich but become more Fe-rich with 

increasing distance from this contact (Figure 5.7). 

Texturally, this rock appears to indicate a reaction 

relation of unstable olivine reacting with magma to form 

clinopyroxene and phlogopite. In nodules and alkali 

basalts, the Fe/(Fe+Mg) of the clinopyroxene and of the 

olivine are approximately equal. Hence, an olivine of Fo85 

would be in equilibrium with a clinopyroxene with a
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Figure 5.7 Sketch of the olivine crystal from micaceous pyroxenite 
with reaction rim of clinopyroxene and mica (Figure 4.3).
The olivine composition and Fe/(Fe+Mg) of clinopyroxenes are 
shown at the spots measured. The range of compositions in the 
micaceous pyroxenite are for a zoned crystal.
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comparable Fe/(Fe+Mg) ratio. The clinopyroxene away from 

the olivine has a Fe/(Fe+Mg) of 0.36 which is crystallizing 

from the magma; hence, the Fo8 5 olivine and the magma are 

not in equilibrium and a reaction relation is expected, 

producing clinopyroxene at the olivine edge which has a 

comparable Fe/(Fe+Mg) as the olivine.

Sample P146-1056K is a phoscorite from within the 

complex and contains a reversed trend of Fe-enriched centres 

with Mg-enriched rims (Figures 5.1 and 5.2). This is the 

only pyroxene noted in the complex which possesses reversed 

zoning. Some of the pyroxenes of P146-1056K contain Mg-rich 

pyroxene with lamellae of magnetite (section 4.1.3). Nash 

and Wilkinson (1970) note that aegirine never coexists with 

olivine and magnetite. All three components are present in 

P146-1056K which suggests that the magnetite is not magmatic 

but has exsolved under high f0 2 conditions to form a 

diopsidic pyroxene and magnetite, a process which did not 

equilibrate in this rock, possible due to a rapid change in 

oxygen fugacity.

Sample P146-610N (Figure 4.1) shows enrichment of Fe2+ 

and total Fe on grain edges (Table 5.1). Because P146-610N 

represents fenitized country rock, acmite enrichment 

represents changes in the fenitizing fluid composition 

rather than magmatic changes. Along with the iron 

enrichment in P146-610N, rims of sphene on magnetite give 

evidence for conditions of high f02 or high aSi02 in the 

fenites. Haggerty (1976) suggests that in undersaturated
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systems, oxygen fugacity plays the more important role. 

Because the Wo content of P146-610N is comparable to 

pyroxenes of Group I, there is no indication that aSi02 was 

high. This supports Haggerty's suggestion of high f02 in 

the fenitizing fluid and that the fluid composition 

controlled f0 2 conditions in the rock.

5.2.1.3.4 Titanium

There is little agreement as to what affects the titanium 

concentration in a pyroxene. Although Yagi and Onuma (1969)
t

found from an experimental study of a silica-undersaturated 

system that clinopyroxenes increased in Ti02 as 

crystallization progressed, there is no evidence of such a 

trend in the magmatic pyroxenes from Phalaborwa (Figure 

5.8). Ti is low and fairly constant. Similarly, the low-Al 

ferrosalites of Ilimaussaq contain 0.27-0.94% Ti0 2 (Larsen,

1976); clinopyroxenes from Iron Hill pyroxenite have 1.50%, 

from ijolite have 1.30 and from sovite have 0.70% Ti02 

(Nash, 1972). Thermodynamic considerations by Verhoogen 

(1962) indicate that high temperature and low silica 

activity enhance the Ti content of pyroxenes and that in 

undersaturated rocks, temperature has the greatest effect. 

Gibb (1973) discussed at length the substitution of minor 

elements in pyroxenes and concludes that A1 and Ti contents 

in pyroxenes are not diagnostic of parental magma but 

reflect the silica activity and conditions under which they 

crystallized. From charge balance considerations, he
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pointed out that with low A1 in tetrahedral position, it is 

impossible to add Ti to the pyroxene. Both elements seem 

deficient in minerals from Phalaborwa.

5.2.1.3.5 Sodium

Sodium enrichment in pyroxenes of the Phalaborwa main 

complex is not extensive. Figure 5.9 shows the trend of 

pyroxenes from Phalaborwa and those of other alkaline and 

basic complexes in the system M g - (Fe 2 ++Mn)-Na. The trend 

with more iron and less sodium enrichment contains all of 

the pyroxenes from cumulate-textured rocks (Group I), the 

magmatic pyroxenes of Group II and some pyroxenes from 

fenitized country rock. Gibb (1973) and Larsen (1976) agree 

that most often it is the availability of Fe3+ in the magma 

which is dependent on high f0 2 that determines the entry of 

sodium into the pyroxenes. At Phalaborwa there is no 

indication of how much sodium is available. In section 

5.2.1.3.3, it was suggested that F e 3+ was present; 

therefore, lack of sodium could have precluded acmite 

formation.

Limited sodium-bearing minerals are present in 

fenitized country rock but are not common, as described in 

section 4.1.1. The low-Na trend containing magmatic 

pyroxenes also contains some metasomatic pyroxenes. This 

suggests that, for the most part, the fenitizing fluid was 

also low in sodium and sodium which did go into these 

pyroxenes may have been derived from breakdown of
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plagioclase in the granite-gneiss with replacement by K-rich 

feldspar.

However, there are pyroxenes from fenitized country 

rocks which are more Na-rich as shown in Figure 5.9. Sample 

P145-440N alone contains pyroxene with considerable acmite 

component. Figure 5.2 shows this sample to have an acmite 

content of 35-49 percent. Texturally and geographically 

this rock seems to be a metasomatized wall rock. Possibly, 

sodium from the original plagioclase in the country rock 

combined with Fe3+ from the fenitizing fluid to form the 

acmitic pyroxene. This is the sole sample near the main 

complex containing alkali-amphibole (section 5.25). It 

should be noted that other pyroxenes from feldspathic rocks 

throughout the complex are low in N a 20.

The trend with more sodium and less iron contains only 

two samples; therefore, it is dashed. Two possibilities 

exist for this trend, either the rocks contained higher 

sodium initially, or the fenitizing fluid affecting these 

two rocks was different in chemical composition. Because 

extensive study of the fenites was not undertaken, the 

origin of this sodium-rich trend is not determined here.

5.2.1.3 . 6  Zirconium

Zirconium was not determined directly on mineral separates, 

but the Zr concentration of the pyroxenes may be inferred 

from the whole-rock chemistry (Table 7.1). These rocks 

generally have 2-55 ppm Zr although rarely, concentrations 

reach 385 ppm (P4P) and 178 ppm (Pir 95-297P). No
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baddeleyite or zircon was found in these samples 

petrographically, but it is possible that inclusions of 

these minerals may cause the high concentrations in these 

two samples. Trapped intercumulus liquid may also account 

for the high Zr. Zr is normally enriched in ultrabasic 

liquids (Dawson, 1967), and baddeleyite is mined from 

phoscorite at Phalaborwa, indicating a relatively high Zr 

content of the magma forming the phoscorite. Larsen (1976) 

reports 0.4-4.0% Zr02 in pyroxenes of the Ilimaussaq pluton.

Distribution coefficient for Zr between clinopyroxene 

and basic liquid is around 0.10-0.12 (Irving, 1978; Pearce 

and Norry, 1979). Clinopyroxene with 2 ppm Zr crystallizes 

from a magma with approximately 16 ppm Zr, and clinopyroxene 

with 55 ppm Zr crystallizes from a magma of approximately 

458 ppm Zr. Using the same distribution coefficient, the 

pyroxene from the Ilimaussaq pluton containing 4.0% Zr02 

(Larsen, 1976) would have crystallized from a liquid of 

300,000 ppm Zr. As there are no known liquid compositions 

with this Zr concentration, inclusions of zircon may have 

been present in the pyroxenes measured from Ilimaussaq. 

Melteigite from Fen (Barth and Ramberg, 1966) contains up to 

0.1% Zr and the potassic lavas of Leucite Hills (Carmichael,

1967) contain up to 0.28% Zr02 . Therefore, the magma forming 

the pyroxenites at Phalaborwa is not enriched in Zr. Zr 

generally behaves as an incompatible element which remains 

in the liquid until a zircon-rich phase becomes stable. At 

Phalaborwa, zircon did not form from silicate liquid but
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baddleyite crystallized, only in the phoscorite. Deans 

(1966) notes that Zr is not commonly abundant in 

carbonatites but reaches its highest concentrations in some 

nephelinites and rare alkaline rocks. This suggests that 

the silicate liquid forming the pyroxenites were not highly 

differentiated.

5.2.1.3.7 Strontium

Strontium contents of the clinopyroxenes from Phalaborwa 

vary from 200-450 ppm (see Chapter 9 and Table 5.2) which is 

extremely high, even for such Ca-rich pyroxenes. Shimizu 

(1975) reported similar concentrations in clinopyroxenes 

from granular nodules in kimberlites. Shimizu (1975) used 

his own experimentally determined distribution coefficient 

of 0.1 to estimate a melt concentration of 3500-9300 ppm Sr 

which he attributed to a late reequilibration of pyroxenes 

with a carbonatitic-kimberlitic liquid. Using the same 

coefficient, a value of 2000-4500 ppm Sr is indicated for 

the magma producing the clinopyroxene at Phalaborwa. Irving 

(1978) suggests that Sun et al. (1974) have good data for 

distribution coefficients of Sr. Their value of D = 0.22 

yields a liquid composition of 909-2045 for the Phalaborwa 

liquid. The chilled lower margin of the Shonkin Sag 

laccolith has a Sr concentration of 2195 ppm (Nash and 

Wilkinson, 1970); this is the highest concentration of Sr 

found in the literature from a rock believed to represent a 

liquid composition. Using the latter distribution
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coefficient, the values for Phalaborwa are comparable to the 

magma forming the Shonkin Sag laccolith. The values for 

Phalaborwa are high regardless of which distribution 

coefficients are used for calculation. Values of 900-4500 

ppm Sr are not unrealistic considering the vast amount of 

Sr-rich apatite (section 7.1.2) and the close association 

with Sr-rich carbonatite (Table 7.4). Koster van Groos 

(1975) suggested that Sr fractionated into a silicate melt 

when in equilibrium with carbonatite. Although he used a 

granitic silicate liquid, he stated that similar results may 

be applied to alkaline magmas. Thus, there is ample support 

for a Sr-rich parental magma for the pyroxenites at 

Phalaborwa.

5.2.1.3 .8 Chromium

Chromium is extremely low in the pyroxenes at Phalaborwa 

(see section 5.2.1.2). In a primary magma of 200-300 ppm 

Cr, and D = 4 (Schreiber, 1975), clinopyroxenes should have 

a concentration of 800-1200 ppm Cr. Thus, some chromium- 

rich phase must have been removed from the magma at 

Phalaborwa at an earlier stage. Magnetite is a likely 

candidate with a distribution coefficient of 10 (Cox et al.,

1979). Chromite can only form given around 100 ppm Cr in 

the liquid, thus removal of chromite cannot reduce the Cr 

to the observed levels.
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5.2.2 Mica

5.2.2.1 Crystal Chemistry

The tetrahedral Z site in micas from the Phalaborwa main 

complex contains from 7.176 to 8.030 cations of Si, A1 and 

T i . Ferric iron must be present in tetrahedral coordination 

to make up the eight cations in some micas. The amount of 

Fe3+ needed to fill the tetrahedral site is shown in 

parentheses below the Z occupancy in Table 5.4. In 

subsequent discussions, the deficiency in the tetrahedral 

site is assumed to equal Fe3+.

The total number of cations in octahedral occupancy is 

usually over six, indicating the need for iron in the 

tetrahedral position and the calculation of some iron as 

Fe3+. The excess Fe in octahedral position is enough to 

fill the tetrahedral vacancy. An excess of octahedral 

cations are usually needed to fill the tetrahedral 

positions. Vacancies may exist in the phlogopite structure. 

Fe3+ was measured on two phlogopites, P28P and P134-577P, by 

wet chemical techniques (Appendix B) and Fe 3+/(Fe 3++Fe2+) 

was 0.10 and 0.16, respectively. In the case of P28P (Table 

5.5), the Fe3+ should go entirely into the tetrahedral 

position; sample P134-577P (Table 5.5) indicates that the 

majority of Fe3+ occupies the octahedral site. In many 

samples, e.g., F100P, Table 5.4, an excess of total cations 

remains in the octahedral position after removing Fe as Fe3+ 

for the tetrahedral deficiency. Either Fe, Mg or Mn must 

occupy the large position with potassium, which is highly
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unlikely, or the micas are nonstoichiometric. 

Alternatively, there is some error in the analysis.

Chromium was not detected on microprobe and nickel is 

extremely low, less than 0.01% NiO. Titanium occupies up to 

0.199 cations in the octahedral site and Mn is constant and 

low, less than 0.024 cations.

The large 12-coordinated position is occupied by K with 

minor Na. No calcium was detected in microprobe analysis. 

This position is rarely completely filled by two cations, a 

feature found in the majority of analyses in the literature. 

This may be attributed to the difficulty of measuring K and 

Na, but because both XRF and microprobe give low alkalies, 

it probably reflects a genuine deficiency in this site. The 

difference in K content between XRF (1.4-1 .6 cations of K) 

and microprobe analysis (1 .7-2.0) reflects the method. 

There is more error in XRF analysis for mineral separates.

5.2.2.2 Mineralogical Characteristics

Fe/(Fe+Mg) ratios (0.04-0.52) indicate that micas range from 

Mg-rich phlogopite to Mg-rich biotite. Phlogopite is by far 

the most abundant mica. Phlogopite in which Fe3+ occupies 

tetrahedral sites is termed tetraferriphlogopite. The micas 

of Phalaborwa may be divided into two chemical groups which 

are optically distinct in exhibiting normal and reverse 

pleochroism.

Reverse pleochroism is a widespread phenomenon in 

phlogopites from carbonatites (Rimsaite, 1969; Suwa and
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Aoki, 1975; Heinrich, 1956) and other ultrabasic rocks 

(Dawson and Smith, 1977; Emeleus and Andrews, 1975; Smith et 

al. , 1978). Hogarth (1964) suggested that Fe3+ in the 

tetrahedral position accounted for this trait, and Faye and 

Hogarth (1969) established that it is a charge transfer of 

0 2 ' 2 •+ Fe3+ which accounts for the reverse pleochroism. 

Suwa and Aoki (1975) studied various micas from kimberlites 

and carbonatites, among them Phalaborwa, to show that a 

further restriction upon reverse pleochroism is that 

Fe 3 +/(Fe 3 ++Ti+Cr) should be greater than 0.90 and 

(Fe3 ++Ti+Cr) should be greater than 0.30 out of eight 

tetrahedral cations.

Comparison of optical data and mineral chemistry in 

micas from Phalaborwa (Table 5.4) show that micas with as 

little as Fe 3 +/(Fe 3 ++Ti+Cr) = 0.45+0.15 (Sample P120P, grain 

6 , Table 5.4) and (Fe3++Ti+Cr) = 0.058+0.80 (Sample P3C, 

Table 5.4) exhibit reverse pleochroism. Assuming that 

microprobe analyses are accurate to one percent (Appendix 

B), the amount of error in F e 3 +/(Fe 3 ++Ti+Cr) still produces 

a value lower than the number given by Suwa and Aoki (1975). 

Inaccuracy of Fe3+ places the (Fe3 ++Ti+Cr) within their 

breakoff value of 0.30 for reverse pleochroism.

Figure 5.10 characterizes the two groups of micas with 

reverse and normal pleochroism through various chemical 

parameters. Within the reverse pleochroism group, several 

trends are evident. With the exception of sample P120P, Al

decreases and iron in tetrahedral coordination increases as
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Figure 5.10a Compositions of micas from Phalaborwa plotted 
as number of A1 cations per formula unit versus Fe/(Fe+Mg) 
ratio. Fe represents total iron. Crosses denote micas 
with normal pleochroism, dots denote micas with reverse 
pleochroism, dots with diamonds are sample F100P 
and symbols with circles are sample P120P.

Fe"1-01/!Fe70T * Mg)
Figure 5.10b Tetrahedral iron in micas plotted against

Fe/(Fe+Mg) ratios for micas from Phalaborwa. Symbols 
are the same as in Figure 5.10a.
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Figure 5.10c Number of A1 cations per formula unit plotted
against total iron for micas from Phalaborwa. Symbols are 
the same as in Figure 5.10a.

Figure S.lOd Number of Ti cations per formula unit plotted 
against the Fe/CFe+Mg) ratio for micas from Phalaborwa.
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Figure 5.10e Compositions of micas from Phalaborwa
plotted for A1 and Ti. The dashed line emphasizes 
the separation of micas with normal and reverse 
pleochroism.
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Figure 5.10f Compositions of micas from Phalaborwa 
for A1 and tetrahedral iron.
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Figure 5.10g Si versus tetrahedral iron for 
micas from Phalaborwa.
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both Fe/(Fe+Mg) (Figure 5.10a and b) and total iron (Figure 

5.10c) increase.

Micas with normal pleochroism do not show the same 

correlation of iron in tetrahedral coordination with 

Fe/(Fe+Mg). Fe/(Fe+Mg) increases from 0.20 to 0.58 with no 

increase in tetrahedral iron (Figure 5.10b). A1 also shows 

a different trend from the reverse pleochroism group with A1 

increasing with both Fe/(Fe+Mg) and total iron (Figure 5.10a 

and c). Micas with normal pleochroism generally have higher 

titanium (Fig. 510d), averaging about 0.80% Ti02, than the 

micas with reverse pleochroism although there is a wide 

overlap in titanium compositions (Figure 5.lOd and e). The 

biotite sample from metasomatized country rock P134-474N has 

a very high Ti 0 2 content of 4.32 percent and exhibits normal 

pleochroism.

Figures 5. lOe and f show Ti versus A1 and tetrahedral 

iron versus A1 for micas from Phalaborwa. There is a 

definite compositional cutoff in Figure 5.10f at about Fe = 

0.1 at the change between normal and reverse pleochroism. 

Figure 5.lOe shows that there is considerable overlap of Ti 

content and optical properties. However, a sloping line 

(Figure 5.10e) which is dependent both on A1 and Ti content 

separates the two types of micas. Sample P146-225P (Table 

5.4) shows that A1 can be as little as 1.88 cations and Ti = 

0.125 cations, and pleochroism is normal. Figure 5.lOg is a 

plot of Si cations versus tetrahedral Fe. Micas with normal 

and reverse pleochroism overlap in Si content. The average



129

content of micas with normal pleochroism, 5.91 cations, is 

the same as micas with reverse pleochroism, 5.98 cations, 

within experimental error.

Not only is the orientation of the pleochroism, i.e., 

reverse or normal, dependent on composition, but the 

intensity of pleochroism is also affected by composition. 

Phlogopites are generally described as having a lower 

intensity of pleochroism than biotite (Kerr, 1959). It has 

often been noted (Deer et a l . , 1962; Rimsaite, 1969) that 

high Ti02 or high MnO accounts for this feature, but the 

very highly pleochroic micas of carbonatite and phoscorite 

at Phalaborwa (samples P134-2506C, P146-1056K) have 

negligible Ti02 (0.00-0.13%) and MnO (0.00-0.11%) but a high 

Fe3+ content (0.238-0.800 cations).

Sample P120P (Figure 4.2), contains micas which change 

composition and optical properties moving away from the 

phlogopite + clinopyroxene -- olivine contact described in 

section 4.1.2.3. Fe/(Fe+Mg) changes from 0.20-0.28 whereas 

Al increases markedly in the tetrahedral site from 1.085 to 

1.934 cations. As the Al content increases (P120P, grains 

3-7, Table 5.4 and Figure 5.11), pleochroism becomes less 

distinct (x = reddish-brown, y = gold-brown). Analyses of 

sample P120P bridge and merge into both trends (Figure 

.5.10a,b ,c ).

Sample F100P shows a low intensity of reverse 

pleochroism and lies on the junction of trends formed by 

micas with reverse and normal pleochroism (Figures 5.10 a
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Figure 5.11 Aluminum contents of phlogopites in sample P120P 
in which olivine has reacted with liquid to form clino- 
pyroxene and phlogopite. The sketch corresponds to the 
photograph in Figure 4.3.
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and c) and clusters (Figure 5.10 b , d /e,f,g). It should be 

noted that all micas with high intensity of pleochroism also 

exhibit reverse pleochroism. There is an overlap in A1 

content and Fe/(Fe+Mg) among micas with reverse, normal, and 

no pleochroism (Figure 5.10a).

The data from Phalaborwa support Suwa and A o k i ' s idea 

that it is not simply a deficiency in the tetrahedral site 

that causes reverse pleochroism, but that Fe3+ must be 

present in sufficient quantities to cause reverse 

pleochroism. Because of the inability of the microprobe to 

measure oxidation states of iron and the subjective 

measurement of pleochroism, no more specific conclusions can 

be made from the available data.

Figure 5.12a shows the range of mica compositions with 

respect to Al, Ti and (Fe+Mg+Mn) . Micas from other 

ultrabasic rocks and marble are shown in Figures 5.12a for 

comparison. The majority of micas from Phalaborwa are 

deficient in Al compared to ideal phlogopite and are 

relatively low in Ti02 . Figure 5.12b shows the phlogopite 

compositions with respect to Al, Mg and Fe.

5.2.2.3 Petrologic Significance

Reverse pleochroism is a trait particularly found in micas 

of kimberlites (Suwa and Aoki; 1975; Smith et al. , 1978), 

carbonatites (Rimsaite, 1969; Nash, 197 2; Gittins et al. , 

1975) and occasionally in various ultramafic xenoliths 

(Boettcher, 1967; Dawson and Smith, 1973).
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Al

o PYROXENITE, PHALABORWA 
• PHOSCORITE, PHALABORWA 
o CARBONATITE, PHALABORWA 
+ FENITE, PHALABORWA 
0  KIMBERLITE 

A LAMPROPHYRE 
<7 MARBLE 
+  IDEAL PHLOGOPITE

30 -  Ti

Figure 5.12a Micas of pyroxenites, phoscorite , carbonatite and fenitized 
country rock are shown in the Al-Ti-(Fe+Mg+Mn) system. Ideal phlogo- 
pite, micas from kimberlite (Dawson, 1972), lamprophyre (Scott, 1977), 
and a marble (Deer et al.,1963) are shown for comparison.
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Figure 5.12b Micas from Phalaborwa shown in the system Al-Mg-Fe. The 
dashed lines connect different compositions in zoned crystals; the 
arrows show directions of zoning.
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Suwa and Aoki (1975) explained the occurrence in 

kimberlites and carbonatites by the nature of bulk magma 

chemistry. Both rock types crystallized from magmas 

containing less A120 3 than most rocks (4.2-4.9% A120 3 in 

kimberlites, Dawson, 1967) and a high Fe3+/(Fe3 + + Fe2 + ) . 

Rimsaite (1969) and Gittins et al. (1975) explained the red 

rims of micas in carbonate-rich rocks as having crystallized 

from a carbonatitic fluid at a late stage when Al was 

depleted in the magma. Nash (1972) reported an extreme case 

of a biotite occurring in rauhaugite (dolomite carbonatite), 

also an Al-poor magma, in which rims of mica contain 2.8% 

A 1 20 3 and 22.3% FeO where iron has substituted for aluminum 

in the mica structure. This mica has reverse pleochroism. 

Gittins et al. (1975) also reported an Al-poor phlogopite 

with 0.2% A l 20 3 from the Cargill complex, Canada. All of 

these show reverse pleochroism. Aldous (1980) analyzed 

phlogopite from fluid inclusions in olivine from Phalaborwa 

phoscorite; the phlogopite contains a normal amount of K 20 

(9.65%), low Fe/(Fe+Mg) but only 0.40% A120 3 . Thus, the 

reverse pleochroism in micas from Phalaborwa may imply 

crystallization from an Al-poor magma. This was also the 

conclusion regarding pyroxene compositions (section 

5.2.1.3).

Within the group of micas showing reverse pleochroism 

at Phalaborwa, a positive correlation of tetrahedral Fe and 

Fe/(Fe+Mg) (Figure 5.10b) exists. This correlation was also 

noted by Smith et al. (1978) in their Type II micas from
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kimberlites. Their Type II micas are characterized by 

Fe/(Fe+Mg) = 0.07-0.20, and are lower in Ti02 (0.7-4.0%) and 

A 1 20 3 (6.8-14.2%) than the Type I micas. Type II micas also 

have considerable F e 3+ substitution in tetrahedral 

coordination.

Smith et al. (1978) noted that the correlation of Fe3 + 

with Fe/(Fe+Mg) may reflect increasing f02 in a magma due to 

loss of volatiles to surrounding rocks. This mechanism was 

suggested in section 5.2.1.3 to explain the lack of 

significant increase of iron in cumulus pyroxenes from the 

main Phalaborwa complex. High H 20 pressure decreases the 

stability field of magnetite (Eggler and Burnham, 1973) 

explaining the lack of magnetite in the pyroxenites. This 

mechanism may also explain the presence of magnetite only in 

rocks containing phlogopites with reverse pleochroism.

Smith et al. (1978) also tentatively suggested, based 

on the data of Rimsaite (1969) and Bass et al. (1974), that 

carbonatite magmas give rise to micas with tetrahedral sites 

completely filled with Si and Al; this is not the case at 

Phalaborwa. Gittins et ad.. (1975), however, interpreted 

their micas with reversed pleochroism as forming from a 

carbonatite magma, a result of either differentiation or 

immiscibility from a kimberlitic magma.

Phlogopites from Phalabrowa with distinct reverse 

pleochroism belong primarily to phoscorite and carbonatite 

but rarely occur in pyroxenites. Samples P19K and P3C as 

well as about 20 other samples from phoscorite and
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carbonatite examined optically show extreme, reverse 

pleochroism which reflects their extreme undersaturation 

with respect to A120 3 . These micas have the lowest 

Fe/(Fe+Mg) and may represent very early-formed phlogopites 

in a magma producing phoscorite and carbonatite.

P120P may provide evidence of the process whereby much 

of the phoscorite mica formed. Mica at the contact with the 

olivine is extremely depleted in A 1 20 3, has Fe/(Fe+Mg) = 

0.24 and shows reverse pleochroism; mica progressively 

further from this contact shows enrichment in A120 3 and, to 

a lesser degree, increases in Fe/(Fe+Mg) and has normal 

pleochroism. This latter mica reflects the magma producing 

the pyroxenites. Boettcher (1967) noted a similar texture 

in the Rainy Creek Igneous Complex where the mica was 

arrayed in acicular blades perpendicular to the boundary of 

an altered ultramafic nodule. The reaction

[olivine + liquid 1 -*• phlogopite + liquid 2] 

produces phlogopite with decreasing temperature of an 

ultrabasic liquid (Edgar et a^., 1976). Micas found rimming 

olivine in phoscorite may represent a reaction of olivine 

with magma. Clinopyroxene is also present as a reaction 

product in sample P120P. Whether phlogopite only is formed 

according to the above reaction or clinopyroxene forms in 

addition according to the reaction

[forsterite + liquid -*• phlogopite + diopside + vapor] 

(Modreski and Boettcher, 1973) may depend on the type of

magma involved.
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The group of micas with completely filled tetrahedral 

sites of (Al+Si) and normal pleochroism occur in pyroxenites 

with the exception of P134-2121C. An increase in Ti with 

increasing Fe/(Fe+Mg) might be expected (Suwa and Aoki, 

1975; Edgar et al. , 1975) because titanium is chemically 

coherent with Fe, and FeO is generally higher in biotites 

(Deer et al., 1962). The Ti02 content is low in phlogopites 

from Phalaborwa compared to those of other ultrabasic rocks 

(Figure 5.11) and there is no good correlation between Ti 

and Fe/(Fe+Mg) (Figure 5.10). Low-temperature phlogopites 

formed as metasomatic products in kimberlites contain less 

Ti02 than high-temperature phlogopites (Gittins et al. , 

1975) but contain several percent more Ti02 than phlogopites 

from Phalaborwa.

The general trend of increasing Al with total Fe 

(Figures 5.10c and 5.12) and Fe/(Fe+Mg) (Figure 5.10a) in 

phlogopites from pyroxenites may reflect the increase of Al 

in silicate magma as Al-deficient phlogopite and Al-poor 

clinopyroxene crystallize. The only pyroxene analyzed with 

reverse pleochroism in pyroxenites is sample F100P which 

occurs in "inch-scale" layering at the edge of the complex. 

This sample has also among the lowest Fe/(Fe+Mg) of all 

minerals in the complex. Early crystallization of this rock 

from silicate magma is postulated on textural and geological 

evidence. Crystallization of the Al-poor phlogopite 

provides a mechanism of increasing Al in subsequent liquid 

so that phlogopites with higher Fe/(Fe+Mg) possess normal
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pleochroism. Phlogopite from sample F101P, measured by XRF, 

has a comparable Fe/(Fe+Mg) ratio to sample F110P but has 

normal pleochroism. The pleochroism of this sample is very 

weak, however, and the XRF analyses of mineral separates are 

considered inferior to those obtained on the electron 

microprobe. It may be that very small chemical variations 

may have caused the difference in pleochroism between these 

two samples with identical Fe/(Fe+Mg). There is no evidence 

that carbonatitic fluid from which the reverse pleochroic 

phlogopites crystallized has modified the chemistry of

phlogopite from pyroxenites by producing Al- poor rims

these phlogopites. As reported in Chapter 4, rims

reverse pleochroism have been reported by Suwa et

(1975) but that cannot be widespread as it was not observed 

in this more detailed study.

The texture and mineralogy of sample P134-2121C may 

explain why a carbonatite contains mica with high A1 and 

normal pleochroism. Sample P134-2121C is very fine grained, 

and aside from the dark-brown phlogopite and biotite 

(Fe/(Fe+Mg) = 0.29-0.58), contains fine-grained, dark green 

clinopyroxene. 2 Clinopyroxene is extremely rare in

carbonatite and is interpreted as being xenolithic. This is 

discussed further in Chapter 9. The iron-rich nature of the 

biotite is similar to biotite analyzed from fenite. The 

mica found in sample P134-2121C most likely formed from a

2This clinopyroxene did not yield good microprobe 
analyses, possibly because of high carbonate content in 
fractures and grain boundaries.
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silica-rich rock being incorporated as a xenolith in the 

carbonatite magma. Either the clinopyroxene and phlogopite 

are remnants of the xenolith which were not dissolved in the 

carbonatite liquid, or the xenolith provided the chemical 

conditions for forming the anomalous mineralogy found in 

this rock.

Figure 5.13 shows the Fe/(Fe+Mg) ratios of the 

phlogopites in relation to sample locations. As with 

Fe/(Fe+Mg) ratios from clinopyroxenes there is no clear 

differentiation trend from the rim of the complex inward. 

Fe/(Fe+Mg) for sample F100P which is interpreted as one of 

the early-formed pyroxenites is identical to the mica of the 

coarse pegmatoid in the Foskor pit, sample F101P (Figure 

5.13a). Optical properties of 20 other samples suggest that 

all of the phlogopites in the Foskor area have similar, low 

Fe/(Fe+Mg) ratios. As with the clinopyroxenes, there is 

limited iron-enrichment in phlogopites in pyroxenites. 

Figure 5.13b shows Fe/(Fe+Mg) ratios for phlogopites from 

fenite, micaceous pyroxenite, phoscorite and carbonatite in 

the PMC area. Overall, the ratios plotted are lower in 

carbonatite and phoscorite than in pyroxenites although 

there is some overlap. Lack of clear-cut Fe enrichment 

among micas in pyroxenites, phoscorites, and carbonatites 

supports the conclusion that carbonatites and phoscorite are 

not formed by differentiation of magma which produced the 

pyroxenites. There is also significant overlap between 

Fe/(Fe+Mg) in micas of carbonatite and phoscorite.
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Therefore, a differentiation trend between these two rock 

types is not obvious.

The two distinct trends in Figure 10a support two 

evolutionary trends to explain the phlogopite chemistry. 

From Figure 10a, it appears that phlogopites from phoscorite 

and carbonatite, i.e., the trend with decreasing A1 with 

increasing Fe/(Fe+Mg) formed early in the crystallization 

sequence from a magma with extremely low A 1 . Formation of 

phlogopite, albeit an Al-poor one, decreased subsequent A1 

content in the liquid. In contrast, crystallization of 

phlogopite, together with Al-poor clinopyroxene, increased 

the A1 content of the magma producing the pyroxenites. If 

immiscibility occurred between the silicate-rich and 

carbonate-rich liquid, from Figure 10a, phlogopites indicate 

it might have occurred at the point where Fe/(Fe+Mg) of the 

phlogopites are around 0.12, i.e., where the two trends

meets. However, this does not fit with geological evidence. 

If the magma producing the phoscorite and carbonatite and 

the one producing the pyroxenites are cogenetic, then 

phoscorite and carbonatite magma separated early in the 

cooling of the magma but were intruded last. This, also, 

seems unreasonable geologically. Therefore, it appears that 

phlogopites in pyroxenites crystallized from a magma which 

was not cogenetic with that producing the phoscorite and 

carbonatite.

Low chromium in the phlogopites is consistent with low 

Cr content in the clinopyroxenes. Smith et al. (1978) found
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that chromium content varies among kimberlite micas and 

commonly is not detected.

5.2.3 Olivine

5.2.3.1 Crystal Chemistry

The general formula A 2V1B 1V0 4 contains Si filling the B 

sites and Fe, Mg, Ca and Ni filling the octahedral positions 

in olivines from Phalaborwa (Table 5.6). CaO is less than 

0.10% and NiO is low. One sample contains 0.28-0.31% NiO; 

the others contain less than 0.06%. Chromium was not 

detected by electron microprobe. Deficiencies in the 

tetrahedral site are due to analytical error and are not 

believed to reflect vacancies in that site.

5.2.3.2 Mineralogical Characteristics

The olivines from Phalaborwa belong to the forsterite- 

fayalite series with extremely small amounts of larnite 

component. Compositions range from F o 79 to Fo91. Olivines 

from ultramafic intrusions contain olivines in the Fo85_95 

range and olivines from stratiform mafic intrusions have a 

wide range in composition of Fo95_0. Table 5.6 lists 

olivine compositions from this study. With the exception of 

sample P146-1056K, grains are unzoned. Banded carbonatite 

has olivine with the highest Fo content, sample P3C. 

Phoscorite contains olivine with the lowest Fo content 

(P146-1056K) measured here. No olivine was found in 

transgressive carbonatite (see Chapter 2). P(79a)X is a
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coarse-grained, highly serpentinized olivine xenocryst from 

pyroxenite. Its Fo content is similar to olivines measured 

from carbonatite and phoscorite but it contains higher Ni, 

0.28-0.31% NiO.

Olivine compositions are shown with relation to sample 

location in Figure 5.14. Sample locations do not give a 

good cross-section across the phoscorite so no conclusions 

can be drawn on inward crystallization within the 

phoscorite. The relatively rare sample of olivine within 

banded carbonatite shows a decrease of iron in the centre 

of the pipe but because of the scarcity of data, no 

crystallization trend should be inferred.

Calcium content of olivines is less than 0.09% CaO, 

which is compatible with data from rocks of plutonic 

environment (Simkin and Smith, 1970). NiO is generally low, 

0.00-0.06% NiO, in all olivines except the xenocryst which 

has a NiO content of 0.28+0.03%. This is still relatively 

low and is within the range of NiO content in terrestrial 

rocks which generally have less than 0.5% NiO (Brown, 1980). 

The higher Ni content of sample P(79a)X does not correlate 

with the Fo content (Table 5.6). Olivines in kimberlites 

have compositions of Fo89_94 with NiO of 0.3-0.5% (Dawson,

1980). NiO decreases with increasing Fo content. If Ni 

content increases with increasing Fo content as is generally 

believed (Ribbe, 1980), then sample P3C should contain the 

highest Ni content. This is not the case.
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Chromium in olivines of terrestrial rocks is usually 

below detection limit on an electron microprobe (Ribbe, 

1980) with the exception of some olivines from kimberlites 

(Meyer and Boyd, 1972; Prinz et aJL. , 1975).

5.2.3.3 Petrologic Significance

Lack of correspondence between nickel and forsterite content 

in olivines is a significant feature of the Phalaborwa 

samples. Olivines with Fo91 such as sample P3C contain up 

to 0.28% NiO in some ultramafic rocks (Duke and Naldrett, 

1978). Olivine of composition Fo87 contains 0.28+0.03% NiO 

which is a more common Ni concentration for a Fo-rich 

olivine. The difference in nickel content between these two 

samples is easily explained because the sample with high 

nickel content is a megacryst of olivine found near the 

outer periphery of pyroxenite. It has been described 

earlier (Chapter 4) as a xenocryst. Therefore, this high-Ni 

olivine probably crystallized from different magma to that 

forming the phoscorite and carbonatite and was caught up in 

the Phalaborwa magma forming the pyroxenites at the time of 

intrusion.

Olivines of these Fo contents with very low-NiO content 

suggest that some phase rich in Ni had previously been 

removed from the magma. Figure 5.15 shows the results of a 

numerical model that simulates magmatic differentiation due 

to olivine and molten sulphide from mafic and ultramafic 

liquids (Duke and Naldrett, 1978). Compositions of olivines
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Wt. % MgO in Liquid

Mole % Fo in Olivine
Figure 5.15 Compositions of fractionating olivine for sulfide- 

undersaturated case (solid line) and for sulfide-saturated 
case (dashed curves) and MgO composition of the liquid at 
saturation (after Duke and Naldrett (1978). Numbers on 
solid curve represents mole% of olivine fractionation. 
Phalaborwa data are plotted: P42K O  , P3C 0 , P120P □ ,
and P(79a)X V  .
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from phoscorite and carbonatite from Phalaborwa have been 

plotted on this diagram (Figure 5.15). Fractionation of 

olivine alone (solid line) produces later olivines with 

significant nickel content. However, Hart and Davis (1978) 

have shown that partitioning of Ni between olivine and 

liquid is highly dependent on melt composition and, that in 

certain cases, the distribution coefficient of Ni between 

olivine and liquid is very high and with a small amount of 

olivine fractionation, melts with unusually low-Ni contents 

may be formed with little effect on other constituents of 

the melt. This would have the effect of also lowering the 

MgO content of the liquid. However, in the Duke and 

Naldrett (1978) model, in the sulphide-saturated case, 

olivines of low Ni content at Fo89_91 can be produced. 

However, this is not a good solution for the olivines at 

Phalaborwa, because of the high Cu-concentrations in the 

phoscorite and carbonatites. Not only are copper sulphides 

abundant in these rocks, but reports of copper sulphides as 

inclusions within olivines (Van Rensburg, 1965; Aldous, 

1980) point to copper being present during olivine 

crystallization. The partition coefficient of Cu between 

olivine and sulphide melt, D = 178, is thought to remain of 

similar magnitude in mafic and ultramafic melts (Rajamani 

and Naldrett, 1978). This strong partitioning of Cu into 

sulphide melt precludes significant amounts of sulphide 

liquid acting as a sink for Ni in Phalaborwa magmatism.
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Fractionation of magnetite might produce liquids low in 

Ni without significantly lowering the MgO content of a 

magma. D(Ni-mag) can range from 12 to 77 depending on 

temperature and f02 (Lindstrom, 1976). With D(Ni-mag) = 77, 

removal of small amounts of magnetite from a liquid would 

reduce the remaining Ni-content dramatically. Magnetite was 

also postulated earlier as possibly reducing the Cr content 

in magma forming the pyroxenites.

The low-Ca content of the olivines points to cooling in 

a plutonic environment. Simkin and Smith (1970) established 

that pressure and not temperature of crystallization of 

olivine controls the amount of Ca substitution in olivines. 

Finnerty and Boyd (1978) substantiated this for olivines 

coexisting with orthopyroxene and clinopyroxene. However, 

Brown (1980) points out that the influence of bulk chemistry 

of the magma has not been established. Obviously, at 

Phalaborwa, abundant Ca is present in the magma as indicated 

by the proportion of clinopyroxene, apatite and calcite 

present.

5.2.4 Magnetite

5.2.4.1 Mineralogical Characteristics

One magnetite was analyzed in this study (Table 5.7). It 

appears to be pure magnetite with very low Ti and Mn; no 

chromium was detected. The overall trend in composition of 

magnetite is known from analyzed concentrates from mining 

operations (Palabora Mining Company, 1976). Titanium
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decreases from 4.0% Ti02 in magnetite from outer phoscorite 

to less than 0.10% Ti02 in magnetite in banded carbonatite. 

Aldous (1980) gives magnetite analyses for two samples each 

of phoscorite and banded carbonatite. He shows that 

magnetite from phoscorite contains more MgO (0.65-1.45% Mg) 

than magnetites from banded carbonatite (0.35-1.01% MgO).

5.2.4.2 Petrologic Significance

The compositions of primary oxide minerals are dependent on 

the bulk chemistry of the magma, the depth of emplacement, 

and the oxygen fugacity of the magma. Haggerty (1976) notes 

that in highly undersaturated rocks where aSi02 and f02 are 

dominating parameters, titanium is often depleted in the 

oxides. The decrease in Ti02 in magnetite from carbonatite 

may indicate a decrease in f02 from phoscorite to 

carbonatite or may simply reflect a concentration of Ti in 

early-formed phases and subsequent depletion in the magma. 

Haggerty (1976) also notes that composition of the magma 

rather than pressure, as is commonly believed, determines 

the Mg content in magnetites. Therefore, the decrease in Mg 

from phoscorite to carbonatite may represent a direction of 

crystallization.

5.2.5 Amphibole

5.2.5.1 Crystal Chemistry

Analysis of amphibole from the fenite around main complex is 

given in Table 5.7. The general formula of amphibole,
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W 0.1x "xllX 2V1"vlllY 5V1Z 81VO 22(OH/F,Cl)2 has the tetrahedral 

position filled with Si + Al; Fe, Mg, Ti, A1 and Mn occupy 

the Y position and the X and W positions are occupied by 

calcium, sodium, and potassium. The W site is only 

partially filled as indicated by Ca + Na + K < 3.0 cations. 

Some of the iron was calculated as Fe3 + to fulfill 

stoichiometric considerations.

5.2.5.2 Mineralogical Characteristics

The amphibole from sample P146-440N is the only one found in 

the main complex in this study. Its composition indicates 

that the components richterite (Na2CaMg5Si80 22(OH)2 ) and 

magnesioriebeckite (Na2M g 3F e 3+2Si80 22(OH)2 ) are present. 

Potassium can substitute for sodium in either series (Ernst,

1968). The composition is plotted in the triangle Mg-Ca-Na 

(Figure 5.16).

5.2.5.3 Petrologic Significance

Amphibole is one of the few minerals containing significant 

sodium in the main complex at Phalaborwa. Its coexisting 

pyroxene is the most sodium-rich of those studied here 

(Figure 5.2). Figure 5.16 shows the composition of the 

amphibole from Phalaborwa as well as amphibole compositions 

from other ultrabasic intrusions. The amphibole from

Phalaborwa is relatively Na-poor compared to these

amphiboles. Low Ti and Al are chemical characteristics 

common to the amphibole and pyroxenes of the main complex.
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Na • PHALABORWA, 146-440N

Figure 5.16 The composition of the amphibole from fenitized country 
rock around the main complex plotted in the Mg-Ca-Na system. 
Other data are from Ilimaussag(Larsen, 1976), Iron Hill (Nash, 
1972) , Laacher See (Ferguson, 1978) and a tinguaite (Ferguson, 
1978) .
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The texture of rock P146-440N is suggestive of a fenitized 

country rock. The fenitizing fluid at Phalaborwa may have 

contained some sodium but was depleted in sodium compared to 

many alkaline complexes (Tuttle and Gittins, 1966). As 

discussed in the pyroxene section, sodium for the chain 

silicates may have its origin in the plagioclase of the 

country rock.

5.2.6 Feldspar

5.2.6.1 Mineralogical Characteristics

The feldspars analyzed from fenites surrounding the main 

complex (Table 5.7) are potassium-rich and contain limited 

sodium and no calcium. Their compositions are plotted in 

the three-component feldspar system in Figure 5.17.

5.2.6.2 Petrologic Significance

The amount of Ab component in P146-610N and P146-440N mimic 

the low amount of sodium in the coexisting pyroxenes. The 

two fenite samples show that the sample closest to the 

complex is richer in potassium which suggests a higher 

degree of metasomatism from a K-rich fluid. The sodium in 

the feldspar and probably in the pyroxenes may be derived 

from the plagioclase of the country rock.
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Ab

Figure 5.17 Compositions of feldspars from fenitized country rock 
around the main complex plotted in the orthoclase-albite- 
anotthite system.
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5.3 SATELLITES

5.3.1 Kgopoeloe and Spitskop

5.3.1.1 Clinopyroxenes

5.3.1.1.1 Crystal Chemi stry

The pyroxene formula (section 5.1.1) has the X positions 

filled with sodium and calcium and the Y positions filled 

with Fe3 + , Mg, Fe2 + , Ti, and A 1 . Mn was not analyzed in 

these samples but presumably a small amount is present in 

the Y site. The tetrahedral positions contain silica and 

aluminum. Iron was calculated as Fe3+ in sufficient

quantity to match sodium to form the acmite molecule (see 

section 5.2.1.2). Samples K26m and KlOm contained excess Na 

over total Fe, but this discrepancy is within the 

experimental error for analyzing Na on the microprobe (see 

Appendix B). The analyses of high-Na pyroxenes given in 

Deer et al. (1978) commonly have Na in excess over total F e . 

The low octahedral totals in Table 5.8 allow for the 

addition of manganese.

5.3.1.1.2 Mineralogical Characteristics

The separation of pyroxenes into aegirine and aegirine- 

augite has been defined in many ways (Washington and Merwin, 

1927; Sabine, 1950; Troger, 1952). Classification here is 

based on Deer et al. (1978) who restrict aegirine to 

compositions containing between Fe3+0 >3 and Fe3+1>0. 

Therefore, samples K26m and KlOm contain aegirine and sample
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K8m and K27m contain aegirine-augite. The four samples 

cluster closely around the defined compositional break of 

Fe3+0 ,a and therefore, little emphasis should be placed on 

the petrologic or chemical differences between aegirine and 

aegirine-augite.

Aluminum substitution in alkali pyroxenes is commonly 

low and usually in the octahedral position. Of the 19 

analyses of aegirine and aegirine-augite given in Deer et 

a l . (1978), only two have A120 3 contents lower than the 

pyroxenes from the satellites at Phalaborwa. These two 

pyroxene analyses from Deer et al. (1978) have A 1 20 3 

contents in the 0.40-0.60 percent range. These are from a 

shonkinite (Nash and Wilkinson, 1970) and from quartz- 

aegirine pegmatite (Kostyak et al., 1970).

The titanium contents of the satellite aegirines are 

higher, 1.19% Ti02 and 1.23% Ti02 , than commonly observed in 

aegirines (Deer et al. , 1978). The higher Ti02 content in 

the aegirine-augites from Kgopoeloe is consistent with the 

general trend of increasing titanium in more ferrous 

pyroxene (Deer et al. , 1978).

The Fe/(Fe+Mg) ratios range from 0.88 to 0.97. The 

samples with highest ratios occur toward the upper and outer 

part of the pipe. The microbreccia filling (K26m) has a 

Fe/(Fe+Mg) ratio of 0.94 as opposed to the base of the pipe 

exposure which has an Fe/(Fe+Mg) of 0.88. The two samples 

of matrix which are in areas of high fragments to matrix 

have an intermediate and a higher Fe/(Fe+Mg) ratio. The
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analyses listed in Table 5.8 are averages of four to seven 

analyses within one hand specimen. No zoning within a grain 

or compositional differences among grains of one polished 

thin section were detected with the number of analyses 

performed.

The sodium-rich character of the pyroxenes is seen in 

Figure 5.18 where the compositions are plotted on a 

M g - (Fe2++Mn)-Na diagram. (Fe2++Mn) component was calculated 

by assuming that manganese makes up the deficiency in the Y 

position; Mn calculated in this way ranges from 0.047 to 

0.067 cations. This was added to the Fe2+ as calculated. 

This calculation will affect the Mg to Fe2++Mn drastically. 

However, these pyroxenes are very Na-rich and therefore, any 

error in these assumptions will not significantly effect any 

petrogenetic implications derived from Figure 5.18.

5.3.1.2 Amphiboles

5.3.1.2.1 Crystal Chemistry

The general formula for amphiboles may be represented by

W 0_iX "xllX 2V 1 'vlllY 5vlZ 8lvO 22(OH,O,F,Cl)2 . Analyses 5, 6

and 7 in Table 5.8 give the composition and site-occupancy 

for the amphiboles measured from the satellites. The W and 

X positions are occupied by sodium, potassium and calcium; 

only K26m shows a slight deficiency in the W site as 

indicated by Na+K+Ca < 3.0 cations. The Y position is

filled predominantly with magnesium and ferric iron with a 

minor amount of ferrous iron, titanium and aluminum. The
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Na

Mn

Figure 5.18 Compositions of pyroxenes from Kgopoeloe and 
Spitskop plotted in the Mg-(Fe^++Mn)-Na system.
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tetrahedral site is comprised predominantly of silica with 

minor aluminum.

The Fe3+ composition was calculated by allocating iron 

to Fe3+ in sufficient quantity to satisfy the charge balance 

requirements for the amphibole structure. The three 

analyses are very high in Fe3+/( Fe3 + +Fe2 + ) . Mn was not 

included in these analyses but was not noted on energy 

dispersive spectra as being present. Therefore, these 

charge balance calculations should not be significantly 

different with the addition of Mn.

5.3.1.2.2 Mineralogical Characteristics

These amphiboles represent solid solution between richterite 

and riebeckite series. Figure 5.19 shows the compositions 

of the three amphiboles in relation to the four end members. 

They are composed predominantly of magnesioriebeckite and 

richterite. The open circles show the compositions as they 

have been calculated and listed in Table 5.8. With 

complicated chemistry such as amphiboles, the oxidation 

state of iron is difficult to calculate precisely. If the 

formula of analysis 5, sample S3r,. conforms to the ideal 

amphibole formula with two cations of Fe3+, then the sample 

would have a higher percentage of riebeckite component; that 

alternate composition is also shown in Figure 5.19.

Titanium content is constant and low in the amphiboles 

(0.15-0.23% Ti02 ), alumina is more variable (0.00 to 0.72) 

and is comparable in A 1 20 3 content to many riebeckites and
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FERRORICHTERITE 

Na2CaFeg Sig022^^^2

RICHTERITE
Na2CaMggSig022(OH)2

Na2Fe2 Fe^ Sig022(OFI)2 

R IEBECKITE

3+
Na2MggFe2 Sig022(^FI)2

MAGNESIORIEBECKITE

Mg/(Fe^+ + Mg)

Figure 5.19 Amphibole compositions from Kgopoeloe and Spitskop plotted 
in relation to the end members of the richterite and riebeckite 
compositional series. Solid circles represent sample S3r. The 
right hand circle shows the composition as calculated in Table 5.
The left hand circle ^s the composition if the ideal composition 
of two cations of Fe^ is used. Open circles represent compositions 
of samples K26m and KlOm.
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richterites (Deer et a l ., 1978; Ferguson, 1978). There is

considerable substitution of potassium in these amphiboles. 

The compositions of the satellite amphiboles are plotted in 

the system Mg-Ca-Na in Figure 5.20.

5.3.1.3 Feldspar

5.3.1.3.1 Crystal Chemistry

The feldspars are potassium-rich with significant iron 

substitution. The formula XY Z 30 8 has Si occupying the 

tetrahedral Z position, Al and Fe occupying the Y position, 

and K, Na and Fe filling the large X position. Iron as Fe3+ 

should replace Al (Smith, 1974).

5.3.1.3.2 Mineralogical Characteristics

The iron substitution in feldspars is distinctive. The 

highest value of iron reported in a feldspar is from a 

sanidine from highly differentiated volcanic rocks (Smith,

1974). Smith (1974) suggests that the amount of iron in a 

feldspar is dependent on the iron content of the parent 

magma, the temperature of crystallization, and the oxidation 

state of the iron. The deficiency of Al in the three 

feldspar analyses of Table 5.8 may reflect the amount of 

F e 3+ substitution in the same position. Deer et al. (1963) 

note that Shand (1931) reported an unusually K 20-rich 

feldspar which contained 1.02% Fe20 3 from Phalaborwa, but 

suggest that it is due to inclusion of f erromagnesian 

material. Microprobe data in this study supports Shand's
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Na

Figure 5.20 Amphibole compositions from Kgopoeloe and Spitskop 
plotted in the Mg-Ca-Na system.
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wet chemical analysis of the iron-rich feldspar. Deer et 

al. (1963) also suggest that any Fe20 3 over 0.50% may be 

material which has exsolved upon cooling. If this is so, it 

is disseminated finely enough to be picked up on all the 

analyses made.

The feldspars are extremely potassium rich; their 

compositions are plotted in Figure 5.21.

5.3.1.4 Petrologic Significance

Ferguson (1978) states that deep green pyroxenes are 

commonly described optically as aegirine or aegirine-augite, 

but upon analysis rarely possess the compositions of these 

minerals. The sodium- and iron-rich nature of the pyroxenes 

from Kgopoeloe and Spitskop is characteristic of late-stage 

pyroxenes in alkaline rocks. The pyroxenes from the

satellites cluster at the Na = Fe3+ corner of the triangle 

and tend to lie on the Mg side of the Mg- (Fe2 + +Mn) -Na 

triangle, indicating no strong enrichment of Fe2 during the 

evolution of this magma. End-stage trends of other alkaline 

rocks are shown in Figure 5.9. If the magma had yielded 

pyroxenes with a trend similar to Ilimaussaq or South 

Quoroq, Greenland (Figure 5.9), then end-stage pyroxenes 

would be closer to the Fe2++Mn apex of the triangle. The 

occurrence of aegirine in rocks believed to have formed by 

vapor, i.e., microbreccia, suggests that Fe3+ and Na were 

enriched in the vapor phase relative to the liquid at 

Kgopoeloe.
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Figure 5.21 Feldspar compositions from Kgopoeloe and Spitskop 
plotted in the orthoclase-anorthite-albite system.
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The amphiboles and pyroxenes show some similar chemical 

characteristics and some differences. Both are low in A120 3 

and have a similar A 1 20 3 composition to pyroxenes of the 

main complex. Ti02 is enriched in the pyroxenes of the 

satellites which is not the case in the main complex. The K 

substitution in amphiboles of the satellites is notable as 

is the low Ti02 content.

Alkali pyroxenes and amphiboles are known to coexist 

(Jacobson et al., 1958; Nash and Wilkinson, 1970; Ferguson, 

1978) although there is no agreement as to what conditions 

permit this association. Bailey (1969) suggests that the 

presence of aegirine requires the magma to be more 

peralkaline than indicated by the presence of arfvedsonite- 

riebeckite. It is more likely, however, that the pressure 

of volatiles, particularly water, controls the stability of 

the two phases. Therefore, where amphibole and aegirine are 

intimately intergrown, PH20 has fluctuated. Such is the 

case at Kgopoeloe in the chain silicates in the syenite. At 

Spitskop, however, the amphibole and pyroxenes are found in 

discrete crystals which may be indicative of more stable 

conditions of volatile content.

A notable feature of the amphiboles and pyroxenes in 

the satellite bodies is the significant difference in 

Fe/(Fe+Mg) ratios between coexisting phases (Table 5.8). 

The Mg content of amphiboles is higher than in the 

clinopyroxenes. Literature examples of coexisting 

clinopyroxenes and amphiboles from alkaline rocks in which
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the Fe/Mg ratios are similar such as lavas from Leucite 

Hills are cited by Carmichael (1967). Pyroxenes commonly 

have Fe/(Fe+Mg) of 0.07-0.08 and coexisting amphiboles have 

the same ratio of 0.07. Other examples such as Ilimaussaq 

have pyroxenes of Fe/(Fe+Mg) of 0.50, 1.00, 0.98, with 

coexisting amphiboles having values of 0.63, 0.95 and 1.00, 

respectively (Larsen, 1976). The largest difference in 

Fe/Mg values found in the literature is from a syenite from

Laacher See reported by Ferguson (1978) in which the

titanian aegirine had a Fe/(Fe+Mg) of 0.93 and the

coexisting amphibole, 0.43 to 0.85 from core to rim.

Without established distribution coefficients for Fe/Mg 

between amphibole and clinopyroxenes, no petrogenetic 

conclusions can be drawn. The importance of the amphiboles

and clinopyroxenes at Kgopoeloe and Spitskop lies in

contrasting their chemistry with pyroxenes of the main

complex, the petrologic significance of which will be

discussed in Chapter 10 on petrogenesis.

5.3.2 Guide Copper Mine 

5.3.2.1 Crystal Chemistry

The crystallographic site occupancies of the pyroxenes are 

similar to those of the main complex (see section 5.2.1.1). 

Microprobe analyses for representative pyroxenes are listed 

in Table 5.9, Appendix A. Trace elements measured for a 

clinopyroxene from Guide Copper Mine are listed in Table 

5.2, Appendix A.
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5.3.2.2 Mineralogical Characteristics

Clinopyroxenes from the Guide Copper Mine range from 

diopside through Na-rich augite to aegirine-augite (Fe3+ > 

0.2 cations). The majority of the clinopyroxene 

compositions are sodian augite. The clinopyroxenes are 

highly zoned and commonly exhibit the entire compositional 

range in one crystal. Optical oscillatory zoning described 

in section 4.2.3 is a result of compositional fluctuations. 

These are illustrated in Figure 5.22 which shows 

Mg-(Fe2++Mn)-Na. Cations per formula unit are plotted 

against distance from core to rim in Figure 5.23. The plot 

for sodium is identical to a plot for Fe3+ because of the 

calculation procedure (section 5.2.1.2). Figure 5.23 shows 

that total iron varies sympathetically with sodium and 

ferric iron and varies in an opposite manner to ferrous 

iron, magnesium, and calcium. This implies enrichment of 

acmite versus diopside components in the dark-green versus 

light-green bands.

Sodium variation is not constant among various grains. 

The number of cations of Na in sample G12F increases from 

0.037 at the core to 0.223 at the rim, whereas G8F decreases

from 0.106 to 0.074. Table 5.9 also shows that rims of

various clinopyroxenes are not in equilibrium with one

another. For example, the G12F pyroxene contains 0. 223

cations of Na at its outer rim and G8F contains only 0.074 

cations of Na. This phenomenon is found within one thin 

section and among different thin sections as recognized by
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Figure 5.22 Representative analyses of clinopyroxene from Guide
Copper Mine, sample G12F, plotted in the system Mg-(Fe^++Mn)- 
Na to show oscillatory zoning from core (analysis 1) to rim 
(analysis 16).
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the distinct green color of Na-rich pyroxene and microprobe 

data. There is no systematic relationship between 

composition of the mineral rim and the mineral with which it 

is in contact. Pyroxenes poikilitically included in 

microcline may or may not have identical compositions to 

pyroxenes contained within sulphides. Table 5.10 gives rim 

compositions for several grains within one hand specimen.

Augites characteristically contain 2.5-4.0% A120 3 (Deer 

et a l ., 1978). Similarly to the clinopyroxenes of the main 

complex, pyroxenes from the Guide Copper Mine are low in 

A l 2O 3 , not exceeding 0.52% A120 3 . Ti02 is similarly low.

Trace elements in the Guide pyroxenes as represented by 

a single analysis (Table 5.2) are similar to levels found in 

clinopyroxenes of the main complex. The exception is copper 

which is extremely high in the Guide sample (457 ppm). This 

could be due to impurities of sulphides within the sample, 

as Aldous (1980) found that abundant fluid inclusions in 

these pyroxenes contain sulphide minerals. The abundant Cu 

is therefore probably not contained within the crystal 

lattice.

5.3.2.3 Petrologic Significance

Oscillatory zoning is a rare phenomenon among pyroxenes but 

has been documented in terrestrial volcanic rocks (Smith and 

Carmichael, 1969; Downes, 1974) and lunar basalts (Weill et 

al. , 1971; Boyd and Smith, 1971). Oscillatory zoning in 

clinopyroxenes of the Shonkin Sag laccolith has been noted
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TABLE 5.10

Rim Compositions of Pyroxenes in One Hand Specimen, G8F

Grain 1 Grain 2 Grain 3
Coexists with Coexists with Coexists with

Sulphide Sulphide Feldspar

Si02 52.90 53.17 52.97

Ti02 0.24 0.00 0.00 -

Al2°3 0.22 0.30 0.28

FeO 8.94 10.88 10.60

MnO 0.20 0.25 0.31

MgO 12.28 10.66 11.18

CaO 23.68 21.42 21.57

^2° 0.65 1.83 1.85
Total 99.11 98.51 98.76

Fe/(Fe + Mg) 0.29 0.36 0.35
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in passing but with no reference of its origin (Wilkinson 

and Nash, 1966) or petrogenetic significance. The Mt. Etna 

calcic augites (Downes, 1974) and the Al- and Ti-rich 

clinopyroxenes from trachybasalts (Smith and Carmichael,

1969) both exhibit fluctuations in aluminum and titanium 

contents which are attributed to cooling conditions in which 

equilibrium growth and normal crystallization cannot be 

maintained but growth is slow enough to prevent reversed 

zoning alone. This can happen when supersaturation occurs 

at the crystal-liquid interface prior to the initiation of 

growth of each fine band (Downes, 1974). A similar 

mechanism is invoked to explain the common occurrence of 

oscillatory zoning in plagioclase (Ribbe, 1979).

The difference in diffusion rates of Ca and Na through 

magma is another commonly cited mechanism for oscillatory 

zoning in plagioclase. The lack of correspondence in Na 

variation between the two samples in Table 5.9 could be due 

to this phenomenon. An alternate hypothesis is that the 

equilibrium was not maintained on a larger scale throughout 

the pipe and that these two grains crystallized at different 

times or in localized magma with different composition.

The Guide pyroxenes are low in titanium and aluminum 

and show no evidence of fluctuations in these elements. The 

fluctuations in acmite component suggest that f02 

fluctuations may likely influence the crystallization of 

these pyroxenes.
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The presence of copper sulphides in seemingly 

immiscible blebs within the pyroxenites provides a possible 

mechanism for fluctuations in oxygen fugacity. 

Relationships among sulphur, oxygen, and iron in melts of 

various compositions have been determined experimentally 

(Haughton et a l ., 1974; Shima and Naldrett, 1975) which are 

summarized by Buchanan and Nolan (1978). An immiscible 

sulphide melt forms when a silicate melt becomes saturated 

with sulphur. When this happens, the amount of FeO and the 

fugacity of sulphur decrease in the silicate melt and the 

oxygen fugacity of the silicate melt rises. The decrease in 

Fe2+ activity and increasing stability of acmite with higher 

f02 produce a pyroxene with lower total FeO and higher Fe3+.

The formation of an immiscible sulphide melt has been 

suggested by Buchanan (1979) for reversals in Fe/(Fe+Mg) of 

pyroxenes over very short vertical intervals in the Bushveld 

complex where sulphide and pyroxene crystallized 

simultaneously.

Similar trace element abundances of the Guide pyroxenes 

to those of the main complex (Table 5.2), especially the 

high Sr, Ce and La, point to a similar origin for the 

pyroxenes of both intrusions. Similarly, the low Al and Ti 

contents of the pyroxenes of the Guide Copper Mine and the 

main complex suggest that the temperature and composition of 

the two magmas may have been similar.



Chapter VI

THERMODYNAMIC CONSIDERATIONS

A modern petrological-thermodynamic approach to the study of 

rocks utilizing theory, experimental work, and mineral 

chemical data now allows the petrologist to place more 

accurate constraints on the various factors influencing the 

cooling history of a magma. This approach is most often 

used to determine either the pressure or temperature at 

which minerals equilibrated or to determine the activity or 

effective concentrations of components in a melt.

Equation 6.1 involves the exchange of Fe and Mg between 

coexisting phases which may be used to determine a 

temperature of equilibration:

2CaMgSi20 6 + Fe2Si04 ■* 2CaFeSi20 6 + M g 2Si04 
clinopyroxene olivine clinopyroxene olivine

( 6 . 1 )

The Gibbs free energy for this reaction may be written:

AG = AG° + 2.303RT log K
(6 .2 )

where AG is the change in the Gibbs free energy for the 

reaction at some P and T (°K), G° is the free energy of the 

reactants in their standard states, R is the gas constant, 

and K is the equilibrium constant for the reaction.

For reaction 6.1, K may be written

K

o l i v
aM g 2Si04

cpx
aCaFeSi20g

2

cpx
aCaMgSi

o l i v
F e 2SiO

4

(6.3)

174
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where am^ is the activity of the component x in the mineral

m. At equilibrium, AG = 0 and the reaction may be written

AG° = -2.303RT log K
(6.4)

For reactions in which AG° has been determined

experimentally, knowing the compositions of the phases

involved will enable equation 6.4 to be solved for T.

In the case of solving for the activity of some

component in a melt, for example,

2/3 Fe30 4 + Si02 - Fe2Si04 + 1/3 0 2
magnetite melt olivine fluid

(6.5)

£G° = -2.303 RT log

o l i v

l F e 2 S i 0 4 _

r- —i 1/3

'0.

melt
lSiOo

mag ~1 (6.5)

‘Fe 30 4_!

one must have an idea of T and the fugacity of oxygen (f02 ) 

to solve for the activity of silica in the melt. Data for 

many petrologically significant reactions have been 

published in recent years (Nicholls et a_l. , 1971; Nicholls 

and Carmichael, 1972, Bacon and Carmichael, 1973; Carmichael 

et al., 1977) .

As sophisticated as this technique is, it is liable to 

several uncertainties. The thermodynamic equations are 

approximations of what occurs in nature but are assumed in 

petrologic calculations to adequately describe the reactions 

measured. The problem of relating compositions to 

activities has received wide attention (Carmichael et al. ,

1977), and activities of components in a mineral are
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calculated differently depending on what solution model is 

thought to best fit the mineral. Activity of a component in 

a melt is more difficult to predict and its formulation is 

in an early stage of development. The most important source 

of error in current use of thermodynamic data is the 

measurement of compositions of mineral phases. Microprobe 

measurements commonly give variable results for different 

elements and are less precise at low concentrations. The 

inability to distinguish between Fe3+ and Fe2+ on this 

instrument is a source of error for some calculations.

6.1 CONDITIONS OF FORMATION AT PHALABORWA

6.1.1 Pressure

Geological evidence provides the only method for estimating 

the pressure of equilibration for the rocks studied from 

Phalaborwa. The configuration of sediments in the Transvaal 

Basin shows that there was a maximum of 12 kilometres of 

stratigraphic overburden in the Phalaborwa area around 

2100-2000 million years ago (Button, 1976), consisting of 

sandstone, dolomite with chert, shale and mafic volcanics in 

the proportion of about 1:1:1.2:1. Using the rock densities 

of Daly et al. (1966) and adding about 3 km of granite- 

gneiss, as estimated by extending the dip of the Transvaal 

Supergroup sediments to the location of Phalaborwa, this 

overburden gives a lithostatic pressure of 4.9 kilobars. A 

value of 5 kb will be used in subsequent calculations.
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6.1.2 Temperature

Former workers at Phalaborwa have used various mineral 

assemblages and mineral compositions to estimate 

temperatures of formation. These are listed in Table 6.1. 

Subsequent studies have shown that these temperature 

estimates are of varying effectiveness in measuring magmatic 

temperatures.

Use of calcite-dolomite pairs as geothermometers gives 

minimum temperatures which are usually much lower than the 

magmatic temperature because of the migration of Mg from 

calcite into dolomite at subsolidus temperatures. Gittins 

(1979) criticizes almost all published temperature data on 

calcite-dolomite pairs on this basis, emphasizing that 

temperatures in the range of 300-500°C are much too low for 

temperature of crystallization. However, Gittins (1979) 

accepts that, in rare instances, temperatures derived from 

calcite-dolomite pairs may approach magmatic temperatures 

which should be on the order of 900°C. The temperatures 

reported for Phalaborwa carbonates (Table 6.1) are lower 

than the 900°C but much higher than commonly quoted in the 

literature (Gittins, 1979). On the basis of the above 

argument, Van Rensburg's (1965) temperature estimate is most 

likely the closest to the actual solvus temperature. 

Pressure affects on the solvus are small (Goldsmith and 

Newton, 1969) so temperatures are unaffected by 

uncertainties in pressure estimates.
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TABLE 6.1 - Temperature Estimates for 
Coexisting Minerals fran the Literature

Temperature
C  C)

Assemblage Rock Type Method Used for 
T. estimation

Reference

675 calcite-dolcmite carbonatite solvus Verwoerd
(1966)

750-800
minimum

calcite-dolomite transgressive
carbonatite

solvus Van Rensburg 
(1965)

600 minimum calcite-dolomite phoscorite solvus Hennig-Michaeli
(1968)

600-1000 baddeleyite phoscorite stability 
of mineral

Hennig-Michaeli
(1968)

1000 olivine phoscorite composition Hennig-Michaeli
(1968)

600 ilmenite-magnetite
ulvospinel

transgressive
carbonatite

assent) lage Van Rensburg 
(1965)

500 magnetite-ilmenite phoscorite compositions 
of phases

Hennig-Michaeli
(1968)

500-600 chondrodite phoscorite stability of 
phase

Henning-Michaeli 
(1968)

500 sulphides transgressive
carbonatite

assemblage Van Rensburg 
(1965)

600 sulphides carbonatite assemblage Hanekcm et ail. 
(1965)

450-600

400-550

sulphides

magnetite-ilmenite

phoscorite

phoscorite

assemblage

composition 
of phases

Henning-Michaeli
(1968)

Aldous
(1980)

400-475 magnetite-ilmenite carbonatite composition 
of phases

Aldous
(1980)
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The temperatures derived from stability of baddeleyite 

and chondrodite (Hennig-Michaeli, 1968) should be considered 

rough estimates at best because of the wide range of 

conditions which can govern the stability of these minerals. 

For instance, aSi02 governs the stability of baddeleyite 

(Figure 6.1), and the partial pressure of water can affect 

the stability of chondrodite (Butler, 1972).

The Buddington and Lindsley (1964) iron-oxide 

geothermometer is widely used today although temperatures 

derived from it are often subsolidus rather than magmatic 

temperatures. Ilmenite coexisting with magnetite has been 

reported in a number of previous studies on Phalaborwa (Van 

Rensburg, 1965; Hanekom et al., 1965; Hennig-Michaeli, 1968; 

Aldous, 1980). Many descriptions of the textures indicate 

that ilmenite has exsolved from more Ti-rich magnetite, a 

situation yielding the exsolution-equilibration temperature. 

Aldous (1980) described the textures which he used as being 

coarse grains of ilmenite at the edge of magnetite grains 

which are thought to represent a higher temperature process 

than fine exsolution (Rollinson, 1979). Temperatures of 

400-600°C have been derived from magnetite-ilmenite pairs of 

phoscorite (Van Rensburg, 1965; Hennig-Michaeli, 1968; 

Aldous, 1980) and a lower temperature range, 400-475°C, for 

banded carbonatite (Aldous, 1980). These temperatures are 

in the range estimated for the equilibration of sulphides in 

the phoscorite and carbonatite (Table 6.1).
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The exchange of Fe and Mg between Ca-rich pyroxene and 

olivine is expressed in equation 6.1. Powell and Powell 

(1974) have calibrated this reaction as a geothermometer. 

This geothermometer is not in general usage and in many 

cases gives erroneous results because, as Wood (1976) has 

pointed out, the empirical equation is dependent almost 

entirely on the amount of Al, Ti, and Fe3+ rather than the 

Fe/Mg ratio of the coexisting phases. Additional problems 

arise from the narrow compositional range and limited 

geological occurrence of the pyroxenes used for calibration 

of the geothermometer. An example of Wood's (1976) argument 

with regard to Fe/Mg ratios having little influence on 

calculated temperatures is given in sample P146-1056K where 

core and rim compositions of the clinopyroxenes with 

different Fe/Mg give similar temperatures assuming the same 

olivine composition (Table 6.2). The olivine from 

P146-1056K is unzoned. Zoning of minerals in a reaction rim 

is not unlikely.

Although not a reliable geothermometer, it was thought 

to be instructional to calculate the temperatures for the 

equilibration of coexisting clinopyroxene and olivine. 

Table 6.2 gives data and the temperature calculated for 

pyroxene-olivine pairs from Phalaborwa. Clinopyroxene used 

for P120P is in direct contact with olivine and, because of 

this petrographic relationship and similar Fe/Mg between the 

two minerals, is assumed to be in equilibrium with the 

olivine (see section 5.2.1.3.3).
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Table 6.2. 
coexisting

Temperatures derived from 
olivine and clinopyroxene.

Sample Rock Type ( Mg ) ' 2+ 
Mg+Fe

cpx Mq °liv
K „ 2 +
Mg+Fe

T°C

P120P micaceous
pyroxenite

0.878 0.841 1024

P146- 
105 6K

phoscorite 0.425*
0.828

0.785
0.785

1046
1040

* The more iron-rich composition does not coexist with the olivine but 
is given here to illustrate the lack of dependency of the geothermometer 
on the Fe/Mg ratio of the clinopyroxenes.
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The temperature calculated from sample P146-1056K 

(1040-1046°C) is close to that derived from sample P120C 

(1024°C). It was shown in the geologic and petrographic 

descriptions in Chapters 3 and 4 that olivine and 

clinopyroxens do not commonly coexist in the Phalaborwa 

complex. Therefore, the temperature derived from this 

mineral pair at Phalaborwa is the temperature at which the 

two minerals have equilibrated. It is not necessarily the 

temperature at which they crystallized initially for one or 

both may have been xenocrysts.

The exchange of fluorine and hydroxyl anions between 

phlogopite and apatite has been established as a 

geothermometer by Stormer and Carmichael (1971), equation 

6.7, but is not thought to be reliable for plutonic rocks 

because of extensive post-crystalline exchange of OH* and F" 

between late-stage fluids and phlogopite.

[KMg3AlSi3O 1 0 ]1/2F + C a ^ P O ^ O H  

fluorphlogopite hydroxyapatite

(6.7)

Ca5 (P04 )F + (KMg3AlSi3O 1 0 ]1/2OH

fluoroapatite hydroxyphlogopite

Phlogopites and apatites from phoscorite and micaceous

pyroxenite were analyzed in this study, but microprobe 

conditions which prevent extensive fluorescence of fluorine 

cannot detect the low levels of F" present in the phlogopite 

from Phalaborwa. Although not quantitative and, therefore, 

not reported here, the microprobe data did indicate that 

F/(F->-OH) in the phlogopites measured would be around 0.1 or
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less. This is used to plot the upper limit of F/(F+OH) in 

phlogopite of the box in Figure 6.2.

Data from Hanekom et a l . (1965) and De Jager and Fourie

(1978) for F* and OH' from minerals which come from the same 

rock type but from different samples and therefore cannot be 

considered to coexist have been plotted in Figure 6.2. 

These data have been used here because the low values of F" 

in phlogopite have been shown above to be representative of 

phlogopites in several samples from Phalaborwa.

Temperatures of 150-600°C are inferred which supports 

Stormer and Carmichael's (1971) idea that extensive low 

temperature re-equilibration of volatiles with phlogopite 

occurs in plutonic settings. The metasomatic formation of 

phlogopite would also be compatible with these data. 

However, from arguments presented previously, the low 

temperature equilibration is preferred here.

6.1.3 Activity of Components in the Melt 

6.1.3.1 Oxygen Fugacity

An assemblage containing magnetite-sanidine-biotite has been 

calibrated by Wones and Eugster (1965) to determine the 

fugacity of gaseous species. Knowing the compositions of 

the phases and the temperature of equilibration and assuming 

the vapor is made up solely of H 20 and 0 2 , one can calculate 

the fugacities of both these vapor species. Unfortunately, 

at Phalaborwa this assemblage is unknown. Feldspar and

phlogopite coexist in the feldspathic pyroxenite, and
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Figure 6.2 Calculated temperature curves for the apatite-phlogopite 
geothermometer of Stormer and Carmichael (1971) are shown with 
data from Phalaborwa (X) calculated from published data 
(Hanekom et al., 1965; DeJager and Fourie, 1978). The box 
encompasses the area covered by phlogopite compositions measured 
on the microprobe which have low F contents.
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phoscorite contains both magnetite and phlogopite but no 

rocks contain all three minerals. Secondly, the vapor phase 

at Phalaborwa would contain carbon dioxide as well as oxygen 

and water.

However, a very rough estimate of f02 may be made from 

the ferric-ferrous ratio of mica. Wones and Eugster (1965) 

point out that biotites with F e 3+/(Fe3++Fe2+) of 0.05, 0.10, 

and 0.25 formed under oxygen fugacities near the 

Fe30 4-Fe2Si04-Si02 , Ni-NiO, and magnetite-hematite buffers, 

respectively. These values are not significantly 

temperature dependent (Wones and Eugster, 1965). Two 

phlogopites have been analyzed for ferric iron by the wet 

chemical technique which is the same as for whole rock 

analysis found in Appendix B. Samples P28P and P134-577P 

are found in micaceous pyroxenite and have Fe3+/(Fe3++Fe2+) 

of 0.10 and 0.16, respectively. These lie close to the Ni- 

NiO buffer. Phlogopites from phoscorite and carbonatite 

were not analyzed for Fe3+ but from their analyses (Table 

5.4) it is possible that the Fe3+ content is much higher. 

From inferred ferric iron in tetrahedral sites (see section 

5.2.2.1), one obtains Fe3+/(Fe3+ + Fe2 + ) of 0.38 for sample 

P146-1056K. Comparing this value to the compositional 

ranges given above for the various buffers (Wones and 

Eugster, 1965) suggests that the f02 of phoscorite 

P146-1056K lies above that of the magnetite-hematite buffer. 

This is impossible since carbonatite and phoscorite contain 

abundant magnetite and no hematite. This means that either
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the stoichiometric inferences concerning Fe3+ in tetrahedral 

position are incorrect or the values given by Wones and 

Eugster (1965) are not valid for phlogopite compositions 

with considerable Fe3+ in tetrahedral coordination.

The composition of a mica within a given rock merely 

permits an estimation of maximum f02 at a given temperature. 

This f02 is a maximum because at higher f02 , mica of a given 

composition breaks down to a more Mg-rich composition (Wones 

and Eugster, 1965). Stability ranges for coexisting mineral 

phases can place further constraints on a rock. Figure 6.3 

shows curves representing maximum stability in f02 versus 

temperature of olivines and micas of varying iron-magnesium 

compositions. This diagram has been recalculated for 5 kb 

from Wones and Eugster's (1965) equations.

Data from Tables 5.4 and 5.6 for coexisting phlogopite 

and olivine from P120P and P3C are plotted in Figure 6.3. 

As with the clinopyroxene-olivine pair used for temperature 

calculations in the previous section, the phlogopite from 

P120P lies at the olivine contact, and both minerals have 

comparable Fe/Mg ratios. Thus, they are considered to 

represent conditions of equilibration of the two minerals.

Both of the samples plotted in Figure 6.3 lie on or 

near the Ni-NiO buffer curve as plotted in Figure 6.3; this 

agrees with the results using the Fe3+/(Fe3++Fe2+) of mica 

for pyroxenites. The mica from P120P lies approximately 60° 

below the temperature calculated for the olivine- 

clinopyroxene pair from the same sample. Phlogopite could
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Figure 6.3 Lines showing the upper stability of olivines and phlogopites 
of varying compositions on an oxygen fugacity versus temperature 
diagram calculated for 5 kb (after Wones and Eugster, 1965).
Fe/(Fe+Mg) represents the ratio of total iron to iron and magnesium 
for the micas. Buffer curves for magnetite-hematite, Ni-NiO, and 
quartz-magnetite-fayalite assemblages are plotted in dashed lines.
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have formed at a lower temperature than the clinopyroxene or 

could have re-equilibrated to a lower temperature. Textural 

evidence (Figure 4.3) points to the latter interpretation. 

However, the fact that samples from both carbonatite and 

micaceous pyroxenite plot at high f02 values, gives support 

to the argument presented in Chapter 5 that f02 has 

controlled the Fe/Mg ratios of the silicate phases at 

Phalaborwa. However, the diagram (Figure 6.3) should be 

used with caution because of the maximum figures for f02 

involved.

Data for phlogopite and olivine from sample P146-1056K 

fall at temperatures above the 1200°C scale in Figure 6.3 

and are not plotted for this reason. That temperature, 

around 1300°C, is much higher than the 1040-1046°C 

calculated (Table 6.2) from clinopyroxene and olivine. 

Therefore, non-equilibrium exists, the Powell and Powell 

(1974) geothermometer is incorrect or calculations shown 

graphically in Figure 6.3 are not meaningful. It has been 

discussed previously that the Powell and Powell (1974) 

geothermometer does not give accurate numbers in all cases. 

The textures in P146-1056K are not considered equilibrium 

textures as discusssed in Chapter 5.

The oxygen fugacity for carbonatites at Phalaborwa 

suggested by Mitchell and Krouse (1975) based on the 

sulphide assemblage, i.e., at T = 700°C, f02 = 10"16 lies on 

the curve of the Ni-NiO buffer. However, the magnetite- 

ilmenite work of Aldous (1980) yields f02 values of the QFM
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buffer. The data of Mitchell and Krouse imply that similar 

buffering conditions prevailed during the formation of the 

pyroxenites and carbonatites.

Any discrepancy of f02 data among methods is easily 

reconcilable in that the estimates based on phlogopite 

compositions probably represent magmatic conditions. Both 

sulphides and oxides are known to undergo extensive 

subsolidus recrystallization, and therefore, estimates of 

f02 using these minerals probably represent subsolidus 

conditions.

Certainly, the available tools for measuring f02 at 

Phalaborwa are not well established for these rocks. The 

discussion in Chapter 5 centered on high versus low oxygen 

fugacities controlling the Fe2+ entrance into the silicates. 

Low f02 such as 10'16 at 700°C is a lower value than f02 = 

10'10 at 1000°C. However, both values of f02 lie on Ni-NiO 

buffer.

6.1.3.2 Silica Activity

Silica activity or effective concentration of silica in a 

melt may be calculated from the reaction 6.5 based on the 

composition of olivine and magnetite and using previously 

estimated values of f02 . In cases where magnetite and 

ilmenite have exsolved, as in samples measured by Aldous 

(1980), calculations of f02 yield conditions of subsolidus 

equilibration and not magmatic conditions. Buchanan (1976) 

found this was the case in the Bushveld Complex where
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calculated f02 and crystallization temperatures were 

unreasonably low; therefore, they could not be used in 

calculating aSi02 .

However, as mentioned in Chapter 3 and earlier in this 

chapter, the majority of magnetite occurring in the 

Phalaborwa complex does not contain exsolved ilmenite and, 

therefore, its composition may be used in calculating aSi02 .

Equation 6.8 was used in calculating aSi02 for 

phoscorite in which f02 may be estimated using Figure 6.3 

from coexisting olivine and phlogopite. These minerals 

commonly coexist with magnetite in phoscorite; rarely, these 

three minerals are present in carbonatite. Formulae used 

for calculating activities of components in minerals are 

listed in Appendix B.

log ameltsi°2 4 G V 2 . 3 0 3  RT + log a " ’
2 4

+ 1/3 log f02 - 2/3 log a ^ gQ
( 6 . 8 )

Using compositions of olivine P42K (Fo87) and a common 

magnetite composition for phoscorite of ulvospinel content 

of 5.5 mole percent (Aldous, 1980), with f02 = 10“10: 

log aSi02 = -1.52 at 1025°C, 5 kb.

Calculations for carbonatite may be made using olivine 

sample P3C (Fo90) with a more Fe-rich magnetite (Usp = 

0.035) (Aldous, 1980) giving:

log aSi02 -2.51 at 1200°C, 5 kb
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and

log aSi02 = -1.75 at 1025°C, 5 kb.

Calculation of aSi02 at a given pressure is highly dependent 

on T, f02 and olivine composition. Small changes in 

magnetite composition do not affect aSi02 significantly.

Comparison of silica activity of the carbonatite and 

phoscorite from Phalaborwa with those calculated for the 

Bushveld Complex (Buchanan et al. , 1980), kimberlite and

ugandite lava (Nicholls et a^. , 1971) are listed in Table

6.3. As expected from the mineralogy, ultrabasic kimberlite 

and ugandite show aSi02 less than that of the basic Bushveld 

rocks of harzburgite and diorite. Silica activities 

calculated for the phoscorite and carbonatite from 

Phalaborwa lie close to the values for kimberlite and 

ugandite with silica activity for the carbonatite being the 

lowest. This is not surprising considering there are fewer 

silicate minerals present in carbonatite.

Reactions defining silica activity for zircon- 

baddeleyite and enstatite-forsterite from Nicholls et al. 

(1971) have been recalculated for P = 5 kb (Figure 6.1) and 

for olivine (Fo90) coexisting with orthopyroxene. The 

curves for these two buffer reactions at 5 kb change in 

relationship to the one bar configuration in which the Fo-En 

curve lies above the zircon-baddeleyite curve (Nicholls et 

al., 1971). Because forsterite (Fo90) and baddeleyite occur 

together in phoscorite, silica activity must be below the 

curve delineated by dashes. The values of aSi02 calculated
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above for carbonatite and phoscorite lie in the correct 

field. It should be noted that aSi02 calculated with f02 

from the magnetite-hematite buffer lies above the zircon- 

baddeleyite curve (Figure 6.1).

6.2 SUMMARY

The level of the Phalaborwa complex exposed today 

crystallized at pressure of approximately 5 kb based on 

estimates of overburden at the time of intrusion. No well- 

established geothermometers exist for the assemblages 

present in the Phalaborwa complex. Best estimates are 800°C 

for calcite-dolomite pairs (Van Rensburg, 1965) and 1175° 

for olivine-phlogopite pairs in carbonatites, 1024°C and 

975°C for pyroxenites based on an olivine-pyroxene pairs, 

respectively. Temperatures are those of equilibration and 

not crystallization.

Estimates of oxygen fugacity based on Fe3+ content of 

phlogopite agrees with estimates of f02 based on coexisting 

phlogopite and olivine. The agreement in values of f02 

based on silicate and sulphide assemblages (Mitchell and 

Krouse, 1975) suggest constant buffering during formation of 

the main complex. Subsolidus equilibration of oxides is 

thought to account for the discrepancy in f02 values based 

on the oxide assemblage (Aldous, 1980). Implications of 

constant buffering of f02 for the petrogenesis of the 

complex will be discussed in Chapter 10.
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Estimates of low silica activity for phoscorite and

carbonatite based on f02 estimates in this study and

compositions of magnetite and olivine are reasonable and

fall in predicted ranges of silica activity when compared to 

published data for basic and ultrabasic rocks.



Chapter VII 

WHOLE ROCK CHEMISTRY

Published chemical data for the rocks of the Phalaborwa 

complex are rare and are restricted to major and minor 

elements of the carbonatites (Lombaard et a_l. , 1967; Van 

Rensburg, 1965; Hennig-Michaeli, 1967), syenite satellites 

(Frick, 1975) and a few feldspathic pyroxenites (Hanekom et 

al., 1965).

Whole rock chemistry in the main complex is largely 

restricted in this study to the various clinopyroxenites 

because they comprise a large portion of the complex, have a 

wide spatial distribution, and appear to be rocks least 

affected by late-stage fluids. The phoscorite, for example, 

has been altered by late-stage magmatic fluids as evidenced 

by the widespread serpentinization of the olivine.

Certain minor and trace elements have been measured on 

carbonatites for comparison to the clinopyroxenites, and one 

syenite dykelet from the Foskor pit was analyzed for 

comparison with the syenites of the satellite pipes.

The whole-rock chemistry of the satellite pipes are 

represented by 37 samples from Kgopoeloe and Spitskop and 

one sample from the Guide Copper Mine covering the range in 

textures and composition including Kgopoeloe granite 

outcrop, breccia-fragments and matrix and the various types 

of syenite found at Spitskop.

196
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Chemical analyses and CIPW norms are listed in Appendix 

A in Tables 7.1 and 7.2.

Sample locations of whole rocks are listed in Appendix 

A; analytical methods and descriptions of the quality of 

data are found in Appendix B.

7.1 MAIN COMPLEX

In a complex such as Phalaborwa which has experienced 

widespread surface alteration and which contains rocks 

formed with an abundant gaseous phase in an alkali-rich 

environment, it is instructive to note what information may 

be gained from whole rock analyses.

Metasomatism is a frequently postulated mechanism for 

the formation of alkali-rich minerals in alkaline complexes 

(Borodin and Pavlenko, 1974; Gittins et a l ., 1975). Workers 

at Phalaborwa have unanimously regarded phlogopite as a 

metasomatized pyroxene or olivine (Hanekom et al., 1965; 

DeJager and Fourie, 1978). If this is so, then whole rock, 

or any chemistry, will not reflect the product of 

crystallization from a magma. However, as indicated in

Chapter 4, phlogopite displays textures best described as 

cumulus and, as such, phlogopite-bearing rocks should 

reflect a magmatic rather than metasomatic origin. 

Similarly, the chemistry of other cumulus pyroxenites should 

be compatible with this origin.

Both magmatic and late-stage hydrothermal fluids must 

have played a part in the formation of the Phalaborwa
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complex. Serpentinization extending to depths of over 1-1/2 

km in the phoscorite suggests that serpentinization of the 

phoscorite took place at somewhat elevated temperatures as 

an intrinsic part of the cooling of the complex rather than 

by surface weathering. However, there is no evidence that 

the pyroxenites were affected by this process.

Lastly, nearly-monomineralic rocks will reflect the 

chemistry of the dominant minerals thus providing an 

additional method of studying trace element abundances.

7.1.1 Major Elements

The pyroxenite compositions are plotted in the system FEM- 

SAL-VOL after Dawson (1960) in Figure 7.1. They show their 

ultrabasic nature by covering portions of the triangle 

occupied by kimberlites, lamprophyres and certain ultra- 

potassic volcanic rocks. Phoscorites would plot within the 

triangle defined by olivine-magnetite-apatite/calcite. 

Dawson (1960) showed that the kimberlite field is continuous 

with that of carbonatite, but that there is a density 

minimum between them. Based on the modal proportion of 

minerals, some of the more silicate-rich carbonatites in the 

Phalaborwa complex would lie in the area connecting these 

two fields.

Variation diagrams in Figure 7.2 show that most 

pyroxenite compositions lie near to the composition of 

clinopyroxene (sample F6F, Table 5.1) and scatter from there 

toward compositions for phlogopite (sample F100P, Table
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SAL

VOL

Figure 7.1 Compositions of pyroxenites from Phalaborwa plotted
in the FEM-SAL-VOL triangle after Dawson (1960). Compositions 
of other ultrabasic rocks are shown for comparison. Data for 
lamprophyres and potassium-rich lavas are from Scott(1977); 
data for kimberlites and carbonatites are from Dawson (1960). 
The dashed lines represent the compositional transition 
between kimberlites and carbonatites. This area covers rock 
types such as carbonated kimberlites and silicate-rich carbon­
atites.
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Figure 7.2a FeO versus MgO for pyroxenites from Phalaborwa.
Compositions of the minerals comprising the pyroxenites are 
plotted in Figures 7.2a through 7.2d.
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t

t

MgO

Figure 7.2d versus MgO for pyroxenites from Phalaborwa.
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5.3), feldspar (sample P146-610N, Table 5.7), or apatite. 

Figure 7.3 indicates the strong interrelationship between 

CaO and P 20 5 . Rocks with lower CaO and P 20 5 do not lie on 

the line connecting apatite and clinopyroxene compositions 

but are controlled by low-Ca mica, clinopyroxene, apatite, 

and potassium feldspar. The control by cumulus mineralogy 

on the chemistry of these rocks is also apparent in Figure 

7.4. Along the trend defined by CaO and K 20, K 20 increases 

by a factor of 50 although CaO decreases by a factor of 2.6. 

In any model for either partial melting or fractional 

crystallization involving a Ca-rich or K-rich phase such a 

relationship would be very unlikely for liquids. Some of 

these rocks with the most divergent CaO and K 20 contents are 

found within a few metres of one another, making 

fractionation even more difficult. However, as with all the 

variation diagrams of Figure 7.2, a cumulus origin easily 

explains the chemistry. Crystallization, coaccumulation and 

separation of phlogopite, clinopyroxene and apatite occurred 

to form the various massive and micaceous pyroxenites. 

Feldspar formed as an intercumulus mineral in the 

feldspathic pyroxenite.

Data showing Fe/(Fe+Mg) for whole-rock samples are 

plotted in Figure 7.5 on a simplified geologic plan of the 

Foskor open pit area. These ratios can be used as a 

differentiation index for feldspathic and massive 

pyroxenites because Fe and Mg occur only in clinopyroxenes. 

However, because the Fe/Mg ratios between coexisting
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phlogopite and clinopyroxene are slightly different, varying 

proportions of those two minerals in the micaceous 

pyroxenites will affect the Fe/(Fe+Mg) ratios of the rocks. 

The Fe/(Fe+Mg) ratios vary from 0.11 to 0.18 within the 

feldspathic pyroxenites. Although the lowest ratio occurs

at the outer edge of the complex, there is no clear cut

increase in Fe/Mg inward. Based on the accuracy and

precision given in Appendix B, ratios greater than 0.01

difference are significant. Within the massive pyroxenite

body, Fe/(Fe+Mg) varies from 0.14 to 0.24. As with the 

feldspathic pyroxenites, there is not a definitive increase 

of Fe/Mg inwards. The Fe/(Fe+Mg) values for the massive 

pyroxenites overlap with values for feldspathic pyroxenites. 

Although Fe/(Fe+Mg) cannot be directly compared to those of 

the other two rock types, taking the differences in 

phlogopite and clinopyroxene into account, many of the 

Fe/(Fe+Mg) ratios for the micaceous pyroxenites are lower 

than those in the feldspathic and massive pyroxenites.

Titanium has a constant, low concentration throughout 

the pyroxenites. The average Ti02 content for all the 

pyroxenites of 0.23 weight percent is well below the average 

value for most alkaline igneous rocks although it is 

comparable to a few silica-undersaturated volcanic rocks.
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7.1.2 Trace Elements 

7.1.2.1 Introduction

Trace elements are generally considered to be those with 

concentrations of 1000 ppm or less. The partitioning of an 

element among minerals or between mineral and liquid phases 

is dependent on various factors including temperature, 

pressure, and composition of the liquid.

Using trace elements as petrogenetic indicators for 

carbonatites and their associated rocks has several severe 

limitations. Partition coefficients measured on mineral 

pairs and phenocryst-liquid are not well known for 

ultrabasic rocks. Some elements, mainly strontium and the 

rare earth elements, are present in high concentrations and 

may not strictly obey Henry's law (Nicholls, 1976; Mysen,

1978). Since concentration limits for ideal dilute 

solutions have not been established for most elements 

(O'Nions and Powell, 1976), this may pertain to several of 

the enriched incompatible elements of ultrabasic rocks. 

Lastly, Kable (pers. comm., 1978) has noted that in plutonic 

rocks of relatively low pressure regime, partitioning of 

many trace elements is complicated by complexing with C022 ', 

F”, Cl", and O H”, all abundant in carbonatites.

Despite these limitations, by studying the relative 

abundance of trace elements in various rocks within the 

complex and comparing these with similar rocks elsewhere, 

aspects of the chemistry of the magma or magmas at 

Phalaborwa may be ascertained.



207

7.1.2.2 Trace Element Data

Strontium content in the measured pyroxenites averages 1032 

ppm. Feldspathic pyroxenites have the highest content (1175 

ppm) and micaceous pyroxenites the lowest (150 ppm), with 

massive pyroxenites averaging around 1040 ppm. Figure 7.5 

shows the strong correlation of Sr concentration with P 20 5 

content reflecting the high Sr content of apatite (see Table 

9.10).

Figures 7.7 and 7.8 show that the cumulus apatite 

content strongly influences the trace element concentration 

of Sr in the pyroxenites; no increase or decrease of Sr with 

mica, pyroxene, or feldspar content can be discerned.

Table 7.3 contains strontium abundances for 20 whole- 

rock carbonatites. Values are high as expected for 

carbonatites. Apatite-rich carbonatites are richer in Sr. 

There is no obvious difference in Sr content between the 

transgressive and banded carbontatites.

Rubidium content varies sympathetically with K 20 and 

with Ba (Figures 7.9 and 7.10). Figure 7.9 shows a very 

good correlation between Rb and K 20. Concentration of Rb in 

the mica gives the micaceous pyroxenites the highest values 

with an average of 300 ppm Rb.

Barium attains the highest concentration in the 

feldspathic pyroxenite (up to 1103 p p m ) . Barium is 

generally enriched in micaceous pyroxenites (average = 438) 

but is often below detection limit in the massive 

pyroxenites. Barium contents of the feldspathic and
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micaceous pyroxenites are higher than average for ultrabasic 

rocks (Dawson, 1966) but very much lower than similar rock 

types from Southwest Uganda (Higazy, 1954) which contain 

biotite pyroxenites with 1200-2000 ppm Ba, pyroxenites with 

15-50 ppm, and glimmerite with 3200 ppm. The pyroxenes of 

Shawa carbonatite have Ba = 100-200 ppm (Lee, 1976).

The light rare earth elements lanthanum and cerium and 

the element yttrium were measured by X-ray fluorescence for 

the pyroxenites (Table 7.1) and 20 carbonatites (Table 7.3). 

Yttrium does not belong to the REE group but is 

geochemically coherent with them in most systems (Kable, 

pers. comm., 1978) and is often plotted in place of, or next 

to, dysprosium to give a rough approximation of the REE 

pattern (Scott, 1977; Eby, 1975).

Detailed study of rare earth elements in apatites from 

pyroxenites, phoscorite, and carbonatite by Aldous (1980) 

showed that apatite from phoscorite shows the lowest total 

REE abundance and has the least amount of light REE 

enrichment. Pyroxenites have variable REE contents with 

light REE enrichment slightly greater than phoscorite, and 

carbonatites have the highest REE content and the greatest 

light REE enrichment. As postulated on geochemical grounds, 

apatite content controls total REE content of the rock 

(Aldous, 1980).

Normalized carbonatite data from this study are plotted 

in Figure 7.11 along with data for similar rocks from Oka 

(Eby, 1975), Lashaine carbonatite and calcite from
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Figure 7.11 Rare earth element data for carbonatites from Phalaborwa.
The stippled area represents data from twenty analyses of carbonatites; 
the highest and lowest data are plotted; the remaining data completely 
fill in the stippled area. . Chondrite data used to normalize the 
data are modified Leedy chondrite values of Taylor and Gorton (1977). 
Other data plotted for comparative purposes are from Lashaine (Ridley 
and Dawson, 1975), Benfontein kimberlite sill and the Oka 
carbonatite complex (Frey et al., 1977).
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carbonatite from Benfontein (Frey et al. , 1977). Phalaborwa 

carbonatites show the usual carbonatite traits (Loubet et 

al. , 1972) of enrichment of total REE compared to other 

igneous rocks and enrichment of light to heavy rare earth 

elements. Carbonatite samples measured comprise pure 

calcite rocks to apatite-rich carbonatites. Relative to 

some calcites and carbonatites of similar origin (see Figure 

7.11), Phalaborwa carbonatites are enriched in these 

elements.

A similar diagram showing REE contents for pyroxenites 

is Figure 7.12. Clinopyroxenites show a high degree of 

light to heavy REE enrichment although comparing Ce/Y ratios 

for pyroxenite data (this study) to carbonatite data is only 

possible for the massive pyroxenites because of the low 

precision of Ce in barium-bearing rocks (see Appendix B). 

The total REE content is comparable to carbonatites (Eby, 

1975; Mitchell and Brunfelt, 1975; Aldous, 1980) as well as 

to kimberlites (Fesq et al. , 1975), potassic volcanic rocks 

(Mitchell and Bell, 1976) and lamprophyres (Bachinski and 

Scott, 1979).

The pyroxenite data fall into two overlapping groups, 

one of lower average total REE with La/Ce less than one and 

the other with higher average total REE and La/Ce greater 

than one. Phlogopite, apatite and a massive pyroxenite 

containing less than five percent phlogopite from Phalaborwa 

are plotted in Figure 7.12 along with phlogopite from 

kimberlite (Fesq et al. , 1975). Comparing modal mineralogy
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Figure 7.12 Rare earth element data for forty-three pyroxenites 
from Phalaborwa. The normalizing data are the same as for 
Figure 7.11. The cross-hatched area represents the field of 
pyroxenites with La>Ce. The horizontally-lined area repre­
sents pyroxenites with La<Ce. The phlogopite with La and Ce 
only recorded is from Phalaborwa, Table 5.5. The apatite is 
from Phalaborwa (DeJager and Fourie, 1978) and the kimberlite 
phlogopite is from Fesq et al.,1975).
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for the two groups of pyroxenites, it can be seen that the 

lower La/Ce is produced by high mica content of the 

pyroxenites as opposed to the apatite-bearing pyroxenites 

which show higher La/Ce. Aldous (1980) noted that a 

pyroxenite containing five percent apatite has 50 percent of 

the total REE elements contained within the apatite. 

Therefore, the micaceous pyroxenites must contain very small 

amounts of apatite to show the low La/Ce pattern.

The pyroxenites are low in nickel (average = 86 ppm) 

compared to the average ultrabasic rock containing 2000 ppm 

Ni (Dawson, 1966). Nickel partitions into clinopyroxene 

with D(Cpx-liq) = 7.4 at 1200°C (Lindstrom and Weill, 1978). 

Using analysis F51M from Table 7.1 with approximately 90 

percent clinopyroxene, 102 ppm Ni and the distribution 

coefficient given above, the Ni concentration in magma from 

which the pyroxenes crystallized should have contained 

approximately 12 ppm N i . Similar calculations for other 

pyroxenites show values as low as 4-5 ppm Ni for the liquid 

composition. Hess and Poldervaart (1967) quote a range of 

0-350 ppm Ni for alkali basalts although the mean value for 

alkali basalts is 98 ppm N i . Such low values for liquid 

composition imply that some early crystallized, Ni-rich 

phase has removed Ni from the magma forming the pyroxenites. 

In Chapter 5, it was suggested that magnetite might be a 

likely early-crystallizing phase.

Vanadium has an average concentration of 27 ppm for the 

pyroxenites which is slightly lower than the average for
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ultrabasic rocks (Dawson, 1966). Vanadium concentrations in 

the clinopyroxenes at Phalaborwa are very low (2-3 ppm) as 

measured by XRF (Table 5.2). Partition coefficients for 

vanadium are highly dependent on oxygen fugacity (Lindstrom, 

1976; Duke, 1976) . There are no published data on 

partitioning of vanadium into alkali feldspar, phlogopite or 

apatite. However, trace element analysis of phlogopites by 

XRF (Table 5.5) shows that phlogopites have significantly 

higher concentrations of V than clinopyroxenes. The 

phlogopites measured range from 3-15 ppm V. It is 

conceivable that other phlogopites may have much higher 

concentrations of V. However, higher V contents are also 

found in feldspathic and massive pyroxenes indicating that 

feldspar and apatite may contain some V. At conditions of 

lowest oxygen fugacity in which vanadium more easily goes 

into the pyroxene structure, D(Cpx-liq) = 10 (Lindstrom, 

1976), the vanadium content of parental liquid for 

pyroxenites would be extremely low. The range of vanadium 

concentrations given by Hess and Poldervaart (1967) for 

alkalic basalts is 37-500 ppm.

In the case of oxidizing conditions, or 8-10 times 

higher than the iron-wustite buffer, however, V is excluded 

from clinopyroxene, D(Cpx-liq) = 0.03 (Lindstrom, 1976) and 

the vanadium content of liquid could be as high as 100 ppm. 

The calculated content of vanadium in the magma at high f02 

conditions implies some V may have been present in the

magma.
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Deans (1966) reported that the magnetite from 

Phalaborwa contains about 0.1 percent V 20 5 which is 

considerable compared to magnetite from other carbonatites. 

D(Mag-liq) for V established by Lindstrom (1976) for 

magnetite in an alkali basalt varies from 0 to 60 under 

conditions of high and low oxygen fugacity, respectively. 

If conditions of high oxygen fugacity were operative as 

implied from phlogopite compositions in Chapter 6, then 

vanadium content of the carbonatite magma could be several 

percent V 20 5 . This is very different from the implied 

concentrations of V in the magma forming the pyroxenites.

Copper concentrations range from an average of 15 ppm 

for the feldspathic pyroxenites to 166 ppm average for the 

massive type. A few pyroxenites have Cu abundances of 

300-500 ppm with the Guide Copper Mine satellite pyroxenite 

containing 1804 ppm. These pyroxenite values from the main 

complex are higher than the average ultrabasic rock (20 ppm) 

and lie around the value for kimberlites of Yakutia (60 ppm) 

and Basutoland (100 ppm) (Dawson, 1967). Copper is highly 

concentrated as a sulphide phase in the phoscorite and 

carbonatites.

Zinc concentrations in pyroxenites average 34 ppm. 

There are little data with which to compare the Phalaborwa 

data and, therefore, zinc values are not definitive in 

describing petrogenetic conditions.

Niobium often attains economic abundances in 

carbonatites (Tuttle and Gittins, 1966), but at Phalaborwa



218

it is extremely depleted. Not only are niobium minerals 

absent but pyroxenites average 5 ppm and niobium in the 

carbonatite is below the detection limit of 8-9 ppm for that 

rock type.

Zirconium in the Phalaborwa pyroxenites (average = 36 

ppm) is similar to the average for ultrabasic (30 ppm) rocks 

given by Dawson (1966). The feldspathic pyroxenites are 

slightly higher (37 ppm) than micaceous (15 ppm) or massive 

types (11 ppm). The Guide Copper Mine feldspathic 

pyroxenite has considerably higher (162 ppm) zirconium. 

Pyroxenes in ijolites at Shawa (Lee, 1976) have 8-70 ppm Zr.

Chromium is generally low in the entire complex. 

Values for pyroxenites are not given here due to problems 

with analytical equipment but are in the range of 0-10 ppm. 

Chromium was not found in clinopyroxene, phlogopites or 

olivines using the energy and wave length dispersive units 

of an electron microprobe. The significance of low Cr was 

discussed in Chapter 5.

7.1.3 Discussion

The chemistry of the various pyroxenites points to a cumulus 

origin. The use of partition coefficients between minerals 

and liquid has permitted some estimates of magma composition 

to be made from mineral chemistry (Chapter 5) for elements 

which can be measured on an electron microprobe or deduced 

from analysis by XRF. Whole-rock chemistry allows us to 

make some estimates of magma compositions for elements which
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are more easily measured in whole-rock samples, namely the 

REE and to compare mineral analyses with whole-rock 

compositions.

There is little agreement in the literature as to how 

light and heavy rare earths behave in a volatile-rich 

environment (Mysen, 1977). Cullers and Medaris (1977) found 

that some sovites showed higher values and a more 

fractionated pattern than those of cogenetic ijolites. Eby 

(1975) was the first to find that, although pyroxenes showed 

slightly different fractionation patterns between rock 

types, apatites in silicate and carbonate rocks had similar 

values and patterns.

The variation in pyroxenite values with the higher 

values dominated by apatite suggests that Phalaborwa data 

mimic the Oka data (Eby, 1975). However, data for apatites 

(Aldous, 1980) shows a fractionation between apatites of the 

different rock types with the total REE being fractionated 

into the carbonatite and light REE fractionated from 

phoscorite to pyroxenite to carbonatite.

Early workers (Eby, 1975; Cullers and Medaris, 1977) 

believed that the difference in patterns and abundances 

between rock types indicated a path of differentiation. 

More recently (Wendlandt and Harrison, 1979), experimental 

data have indicated that coexisting carbonate and silicate 

liquid have a light REE and total REE partitioning into the 

carbonate phase. Experimental work by Watson and Green 

(1981) on REE partitioning between apatite and liquid shows 

a high dependence on temperature and melt composition.
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Therefore, nothing can be deduced from the whole rock data 

of pyroxenites and carbonatites from Phalaborwa as to 

whether the carbonatite separated early as an immiscible 

liquid or was derived through fractionation. However, the 

fact that the pyroxenites contain REE patterns similar to 

those of carbonatites points to similarities in their 

geological history.

Pecora (1956) explained the presence or absence of Nb 

in carbonatites by the miascitic or agpaitic nature of the 

rocks, but his association of low Nb with agpaitic nature of 

a rock and numerous Ti-species does not fit Phalaborwa or 

numerous other carbonatites (Heinrich, 1966). Pecora (1956) 

did not distinguish between cumulates and liquids. Deans 

(1966) notes that niobium is minor or absent in complexes 

where carbonatite is subordinate to syenites, pyroxenites, 

and dunites and is minimal in late-stage, rare earth- 

strontium-barium carbonatites. It may be that at Phalaborwa 

niobium has partitioned into a fluid phase or into liquid 

and has reached upper levels of the intrusion which have 

subsequently been eroded. Nb substitutes readily for Ca and 

has been shown to be an intrinsic part of carbonatite 

magmatism (Watkinson, 1970) so its absence at Phalaborwa is 

problematic.

As mentioned in sections 7.1.1 and 7.1.2, the major- 

and trace-element chemistry of the pyroxenites, phoscorites, 

and carbonatites of Phalaborwa is similar to kimberlites and 

ultrapotassic lavas (Dawson, 1967; Carmichael, 1967). The
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significance of chemistry of Phalaborwa in relationship to 

the phase relations and the mineralogy of these other rocks 

will be discussed in Chapters 8 and 10.

7.2 WHOLE-ROCK CHEMISTRY OF THE SATELLITES

The chemistry of the pipes surrounding the main Phalaborwa 

complex is important in determining if there was a common 

parental magma to the main complex and the pipes and, if so, 

how such a magma evolved to give the various rock types 

found in the main complex and the pipes. The chemistry can 

elucidate the relationships between Kgopoeloe and Spitskop 

which have been established by field and petrographic 

methods.

The following sections explore the following questions:

(1) How do the various rock types in Kgopoeloe, Spitskop, 

and Guide Copper Mine relate to each other chemically;

(2) what roles do assimilation and metasomatism play in 

determining the chemistry of the rocks in the 

satellites; and

(3) are the various rock types in the pipes part of a 

differentiation trend related to crystallization of the 

main complex?
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7.2.1 Classification of Rock Types

Nomenclature of the rock types in Kgopoeloe and Spitskop in 

the preceding chapters has been based on hand specimen 

descriptions. Here, a more formal classification is made 

based on the chemistry of the rocks. A classification is 

based on the system of Streckeisen (1967) using normative 

mineralogy as found in Table 7.2. Descriptive terms such as 

mela- referring to colour index is used to indicate high 

content of mafic minerals instead of obscure rock names such 

as lusitanite and ordosite.

Kgopoeloe contains breccia matrix with compositions of 

mela-alkali syenite, alkali quartz syenite and granite. 

Matrix from the lower part of the pipe, where there is a 

high proportion of matrix to fragment, generally contains 

normative acmite and has between 5 and 20 percent normative 

quartz; these rocks are termed alkali quartz syenites and 

mela-alkali quartz syenites. One sample of matrix has 

greater than 20 percent quartz and must be termed granite.

The chemistry of the granitic rocks surrounding the 

Kgopoeloe pipe show the effects of metasomatism described in 

Chapters 3 and 4. Most granites from outcrop are true 

granite (>20% quartz) but one of those (K17g) and one 

breccia fragment (Kllf) are syenites. None of the analyzed 

granites or fragments contain normative acmite. Fragments 

of quartzo-feldspathic gneiss need not be considered in 

terms of igneous nomenclature because of their metamorphic

origin.
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At Spitskop, the ring syenite and most of the central 

syenites have the composition of alkali quartz syenite 

(5-20% quartz) with the ring syenites being higher in mafic 

phases. One sample (S8c) is considered an alkali granite. 

The sample from the surrounding syenite (S16s) is slightly 

silica-oversaturated and is an alkali syenite bordering on a 

syenite. The leucocratic dykes are trachytes and alkali 

trachytes.

7.2.2 Kgopoeloe Hill

The close association of granitic fragments dispersed 

throughout syenite matrix demands that the effects of 

contamination on the syenite be established before the 

chemistry of an uncontaminated syenite is compared to the 

Spitskop and Guide Copper Mine pipes or to the main complex. 

Two mechanisms, metasomatism and assimilation, must be 

addressed in this section.

7.2.2.1 Chemical Trends

The major and trace element chemistry of the various rocks 

from Kgopoeloe has been plotted in Figures 7.13 and 7.14 

according to their Si02 contents. Silica content increases 

from left to right from the most silica-poor matrix sample 

to the most silica-rich granitic rock. Ti02 has been 

plotted separately in Figure 7.15 because of the low 

concentration of the oxide. The granitic rocks, both

granite outcrop and granitic breccia fragments, lie along
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Figure 7.13 Major element chemistry plotted to evaluate effects of 

mixing between granite and syenite at Kgopoeloe. The top line 
represents SiOp content of the rocks. Numbers on the Si02 line 
refer to sample numbers prefixed by K in Table 7.2. The left hand 
side of the diagram is taken to be the least contaminated syenite 
and the right side the least altered granite.



LO
G 

CO
NC

EN
TR

AT
IO

N 
(p

pm
)

225

Granite
Figure 7.14 Trace element chemistry plotted in a similar manner to

Figure 7.13. Sample distribution on matrix-granite scale is the 
same as in the previous figure.



226

Figure 7.15 TiCL versus Si02 for granite, breccia fragments and 
matrix from Kgopoeloe. Symbols are □ for granite and granitic 
fragments, * for matrix, and ®  for sample Kim. These symbols 
are used in Figures 7.16 through 7.18.

Figure 7.16 SiC>2 versus total alkalies (Na20 + K20) for rocks 
from Kgopoeloe.
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the trends on the right; samples of matrix form the left- 

hand trends.

The major elements of CaO and MgO show little variation 

among granitic rocks. N a 20 decreases (Figure 7.13) and K 20, 

A120 3 (Figure 7.13) and Ti02 (Figure 7.15) increase with 

decreasing Si02 . Sample K22f has slightly enriched K 20 and 

A120 3 compared to the two other samples, K18g and K12g, of 

comparable Si02 contents. This sample also shows marked 

enrichments of Sr, Rb, Zr, and Y compared to K18g and K12g. 

Sample K22f is a breccia fragment and abundances of Sr, Rb, 

Zr, and Y are more comparable to matrix values. Aside from 

the sample which causes an anomalous spike in the trends in 

Figure 7.14, granitic rocks generally have constant Y and 

La, increasing Ba and Rb, and decreasing Zr and Sr with 

decreasing Si02 .

Silica shows a decrease with increasing alkali content 

(Figure 7.16). This trend is well documented in metasomatic 

rocks (McKie, 1966; Verwoerd, 1966).

Matrix compositions show more variations. None of the 

major element oxides show smooth trends. For syenite matrix 

with silica content less than 64 percent or those with 

silica content less than that of sample Kim, there is a 

fairly constant major element composition. These samples 

also show the smallest trend of trace elements toward the 

concentrations in the granitic rocks. Two samples, Kim and 

KlOm, show anomalous enrichments and depletions of major and 

trace elements compared to the other samples.

Sample Kim shows depletion of A l 20 3 , K 20 and Ba and 

enrichment in MgO, and Y; KlOm
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shows enrichment of A 1 20 2 , K 20 and depleted Sr, Y and La. 

Aside from these two anomalous samples,the only major 

element oxide showing a dramatic change in concentration is 

CaO which is considerably higher in matrix with low Si02 

content.

Sr content is not solely dependent on P 20 5 content 

(Figure 7.17). Within the matrix, the Fe/(Fe+Mg) ratio 

varies from 0.45 to 0.70. There is no clearly defined 

linear trend of increasing Fe/(Fe+Mg) in matrix with 

increasing values of the Thornton and Tuttle (1950) 

differentiation index (Figure 7.18) which is based on the 

feldspar and quartz content of the rock.

1 . 2 . 2 . 2  Discussion

Geological evidence including the spalling of granitic 

fragments into syenite matrix indicates that limited 

assimilation of granitic material by syenite has operated at 

Kgopoeloe. Likewise, the leaching of microbreccia fragments 

and edges of larger fragments point to selective 

incorporation of Si02 and plagioclase into the matrix.

However, from Figures 7.13 and 7.14, it can be deduced 

that bulk assimilation is not an important factor in 

altering the major element chemistry of matrix. 

Theoretically straight lines drawn between the composition 

of the most silica-rich granitic rock and the most silica- 

poor matrix should correspond to compositions plotted in 

Figures 7.13 and 7.14. There is no geochemical evidence for
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Figure 7.17 Sr versus
P2°5

for rocks from Kgopoeloe.

Figure 7.18 Fe/(Fe+Mg) versus the Differentiation 
Index for rocks from Kgopoeloe.
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large-scale assimilation of granitic material as suggested 

by geologic relations such as shown in Figures 3.10 and 

3.11.

In Figure 7.13, samples Kllf and K17g show aluminum and 

potassium abundances greater than that found in either end 

member. Na is lowest in these two samples of granite with 

the lowest silica. The trends of K 20, A 1 20 3/ N a 20, and Ti02 

correspond to petrographic analysis which noted that 

potassium feldspar and to a limited extent alkali pyroxene 

was formed at the expenses of sodium plagioclase in granitic 

outcrop and breccia fragments.

Overall, Ba, La, Y, and Zr have higher concentration in 

the matrix than in the granitic rocks. Rb and Sr show a 

similar pattern but with more overlap between the two 

groups. Within the granitic rocks, the fragments show 

higher concentrations of Zr and Sr than granite surrounding 

the breccia pipe. One fragment, K22f, also shows pronounced 

enrichment in Sr, Zr, Y and Rb over the outcrop granites. 

It appears that these elements may have been preferentially 

added to granite fragments during contact with syenite 

matrix. The opposite is true of the granite outcrops with 

the most silica-poor also having the lowest Sr and Zr. The 

activities of Sr and Zr may have been different in the fluid 

affecting the granites and the magma which reacted with the 

fragments. If the fluid was derived from the magma, then 

activity of a component in fluid should be equal to activity 

of that component in the magma. However, if both fluid and
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liquid evolve separately, then activities in each phase may 

be different.

Enrichment of A120 3 and K 20 in matrix samples K9m and 

KlOm may indicate slight cumulus enrichment of potassium 

feldspar. However, Rb and Ba do not increase in these 

samples. A cumulus mineral of mica rather than feldspar is 

indicated. Depletion of Sr in these two samples may 

indicate a higher mica content because Sr is also 

concentrated in alkali feldspar (Pearce and Norry, 1979). 

Sample Kim, on the other hand, may be enriched in aegirine, 

based on the higher Na20, MgO, Y and La content.

The microbreccia matrix of nearly pure aegirine has not 

been analyzed for trace elements. However, samples Kim, 

KlOm, K8m, K9m represent higher proportions of fragment to 

matrix than samples K16m, K21m, K23m, K19m, K20m and K24m. 

Metasomatic enrichment and selective assimilation are 

operative in matrix of the upper parts of Kgopoeloe where 

fluid content and proportion of breccia fragments are 

highest. The samples of matrix which are relatively 

uncontaminated are those where fragments are large and form 

a relatively small proportion of the breccia pipe, i.e., 

toward the base of the pipe. In comparing the syenite at 

Kgopoeloe with those at Spitskop, compositions corresponding 

to the syenites at the base of the pipe, namely, samples 

K 2 1 , K2 3 , K24 and K16, will be used.
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7.2.3 Spitskop

The whole-rock chemistry of Spitskop covers four rock types: 

the ring syenite, the central syenite, the fine-grained 

dykes, and the syenite surrounding the pipe. The main 

purpose in selecting samples was to determine the origin of 

the black, ring syenite and the central syenite, and their 

relationship to each other. Samples were taken radially 

from the ring and the central syenite.

7.2.3.1 Chemical Trends

Spitskop rocks are peralkaline as indicated by the normative 

acmite and the agpaitic index greater than 100 (Table 7.2). 

The only exception is a dyke rock, sample S22d, which 

contains more feldspar than the other rocks and has no 

normative acmite.

Figures 7.20-7.28 and 7.30-7.31 are variation diagrams 

for the rocks from Spitskop using the differentiation index 

of Thornton and Tuttle (1960) as a common plotting 

parameter. Increasing differentiation index for the ring 

syenite and central syenite corresponds to samples taken 

progressively inward. Figure 7.19 shows the amounts of 

normative quartz and feldspar indicating that the 

differentiation index depends more on the quartz content 

than the feldspar content.

Increasing differentiation within the ring syenite 

corresponds to increasing Fe/(Fe+Mg) and Fe3+/(Fe3++Fe2+) 

(Figure 7.20a and b), Zr (Figure 7.21), Nb (Figure 7.22),
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rigure 7.19 Normative quartz versus normative feldspar for 
rocks from Spitskop. The ring syenite is represented 
by circled x's, the central syenite by closed circles, 
the outer syenite by open circle and the cross-cutting, 
fine-grained dykes by crosses. These symbols are used 
in the remaining figures in chapter 7.
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Figure 7.20a Fe/(Fe+Mg) ratio versus Differentiation Index 
(Thornton and Tuttle, 1960) for rocks from Spitskop.
Fe represents total iron.

3+ 3+ 2+
Figure 7.20b Fe /(Fe +Fe ) versus Differentiation Index 

for rocks from Spitskop.
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Figure 7.21 Zr versus Differentiation Index for rocks 
from Spitskop.

Figure 7.22 Nb versus Differentiation Index for rocks 
from Spitskop.
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and Y (Figure 7.23). Over the same profile, Rb, K 20, and 

Ti02 (Figures 7.24-7.26) show no marked change, and 

concentrations of Ba (Figure 7.27), Sr (Figure 7.28), Ni 

(Figure 7.29) and Na20 (Figure 7.30) decrease. The total 

alkalies show no obvious trend (Figure 7.31).

The Fe/(Fe+Mg) (Figure 7.19) shows a clear linear 

trend; although the oxidation ratio (Figure 7.20b) is not 

clearly linear, it increases inwards across the ring 

syenite. The scatter of Fe3+/(Fe3++Fe2+) away from a linear 

trend may be due to surface weathering of outcrop.

Figure 7.32 shows that the main factor controlling the 

Sr concentration is the amount of P 20 5 / found as apatite, 

which decreases inward across the ring syenite. This makes 

the increase in Y over the same profile problematic because 

of the high REE element content in apatite. Y is normally 

chemically coherent with the REE.

Crystallization of Na-pyroxene and amphibole will cause 

the decrease in N a 20 and Ni (D = 3) (Mysen, 1978) and 

increase in Zr (D = 0.8) (Pearce and Norry, 1979). The Ti02 

which does not change appreciably inward may reflect the 

decreasing amount of mafic minerals inward, which is 

counterbalanced by the tendency for Ti02 to follow the more 

Fe-rich phases. Fe/(Fe+Mg), as noted earlier, increases 

inward.

The central syenite shown as solid circles shows much 

less variation in chemistry across the pipe. The
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Figure 7.23 Y versus Differentiation Index for 
rocks from Spitskop.

Figure 7.24 Rb versus Differentiation Index for 
rocks from Spitskop.
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Figure 7.25 K?0 versus Differentiation Index
for rocks'-from Spitskop.
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Figure 7.26 TiC^ versus Differentiation Index 
for rocks from Spitskop.
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D iff. index
Figure 7.27 Ba versus Differentiation Index for rocks 

from Spitskop.
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Figure 7.28 Sr versus Differentiation Index for 
rocks from Spitskop.

Figure 7.29 Ni versus Fe/(Fe+Mg) ratios for rocks from 
Spitskop.
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Figure 7.30 Nao0 versus Differentiation Index for 
rocks from Spitskop.

Figure 7.31 Total alkalies versus Differentiation 
Index for rocks from Spitskop.
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Figure 7.32 Sr versus P?0^ for rocks from 
Spitskop.

3+ 3+ 2+
Figure 7.33 Zn versus Fe /(Fe H-Fe“ ) for rocks 

from Spitskop.
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differentiation index, Fe/(Fe+!YIg) (Figure 7.20a), 

Fe3+/(Fe3++Fe2 + ) (Figure 7.20b), Ba (Figure 7.27) and Sr 

(Figure 7.28) are fairly constant within this rock type. In 

contrast, Zr (Figure 7.21), Nb (Figure 7.22) and Ti02 

(Figure 7.26) show a large variation within the central 

syenite. The Zr and Nb are not a function of 

differentiation but Ti02 shows a poorly defined decrease 

with increasing differentiation index. Total alkalies 

increase with increasing differentiation index (Figure 

7.31). P 20 5 is low and constant (Figure 7.32). Rb and K20 

increase over the same profile (Figures 7.24 and 7.25).

Barium in the central syenites is anomalously low for a 

rock rich in potassium feldspar. Lavas from the Leucite 

Hills commonly contain over 7000 ppm Ba (Higazy, 1954); 

ugandite contains 2000 ppm Ba (Higazy, 1954). Rocks 

containing such low values of barium include some 

peralkaline obsidians (Bowden, 1974), pantellerites (Noble 

and Haffty, 1969), nepheline syenites (Gerasimovsky, 1963) 

and potash nepheline melilitite (Higazy, 1954), but these do 

not contain abundant alkali feldspar.

Zinc shows no inclination for an overlapping of values 

or a trend between the ring and central syenite (Figure 

7.33). The trapping of Zn within the rock is probably a 

function of oxidation ratio in these syenites as the ring 

syenites with high Zn content have low Fe3+/(Fe3++Fe2+) and 

the central syenites have Fe3+/(Fe3++Fe2+) greater than

0.90. Zinc preferentially resides in rocks richer in Fe2 + .
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Ni content was measured on only one sample of the central 

syenites. It has 2 ppm which is just at the detection limit 

for N i .

The dykes are not all highly differentiated liquids 

according to the Thornton and Tuttle index. Their 

Fe/(Fe+Mg) ratios lie within the trend defined by the ring 

and central syenites. The low value of Fe3+/(Fe3++Fe2+) of 

one dyke rock (S2d, Figure 7.20b) cannot be attributed to 

surficial weathering.

The dykes are enriched in Ba (Figures 7.27) and K 20 

(Figure 7.25) compared to the other rock types but contain 

low Sr (Figure 7.28), N a 20 (Figure 7.30), Ni (Figure 7.29) 

and Zn (Figure 7.33). The low Sr is particularly notable 

because the dykes contain appreciable amounts of P 20 5 ; the 

Sr versus P 20 5 trend (Figure 7.32) is different for the 

dykes than for the ring syenites.

The Zn in the dykes does not correlate with the 

oxidation trend seen in the alkali syenites (Figure 7.33). 

Zirconium is highly variable and Y is lower than the ring 

syenites, but higher than the central rocks. Rb is higher 

than the ring syenite but comparable to values of the 

central syenites. The dyke rocks contain lower normative 

quartz and higher potassium feldspar than the other rocks 

(Table 7.2). Nb content lies close to the other rocks of 

the pipe.

Sample S16s is from the syenite slopes outside the 

Spitskop pipe. It has a differentiation index comparable to
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the central syenites but contains much higher Ba, Rb, 

similar Zn and Sr content and low Zr, Nb, La compared to the 

central syenite. Ba contents are comparable to the dykes.

7.2.3.2 Discussion

Chemical trends such as increasing Fe/(Fe+Mg), Rb and Zr and 

decreasing Sr and Ba with increasing values of 

differentiation index inward across the syenite suggest that 

Spitskop crystallized from the edge toward the centre. An 

inward decrease in Sr and Ba concentrations could be 

accounted for by the fractional crystallization of apatite 

and/or microcline or by cumulus enrichment of these minerals 

in the outer portions of the pipe, i.e., in the ring 

syenite. Modeling of the partitioning of trace elements can 

help distinguish among possible mechanisms of 

crystallization.

The bulk partition coefficient for an element in a rock 

is calculated by combining mineral-liquid partition 

coefficients for individual minerals in the proportions in 

which they crystallize in a rock. Phases crystallizing in 

the ring syenite at Spitskop are microcline, riebeckite and 

aegirine-augite, quartz, apatite, and magnetite. They are 

present in approximate proportions of 40 percent feldspar, 

40 percent amphibole and pyroxene, 16 percent quartz, 2.5 

percent magnetite, and 1.5 percent apatite, but these are 

not necessarily the proportions in which they crystallize if 

there has been cumulus enrichment of one or more phases.
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Values of D(Min-liq) for the various minerals are 

listed in Table 7.4. Few partition coefficients have been 

determined for alkali-amphibole and alkali-pyroxene; values 

for hornblende are used in these calculations because the 

chemistry of hornblende is closer to the phases found in 

these rocks than is Ca-rich clinopyroxene for which 

coefficients have been determined. This is an approximation 

at best. Choosing values for Sr, Ba and Rb is an important 

factor in these calculations because of the strong 

dependence of the partition coefficients of these elements 

in alkali feldspar on the bulk composition of the magma 

(Pierozynski and Henderson, 1978).

Various calculations have been made to estimate the 

proportions of various minerals crystallizing to produce the 

chemical trends observed at Spitskop. Three methods have 

been used; first, using the chemistry of two compositions to 

calculate the proportion of liquid remaining for selected 

trace elements and second, calculating proportions of 

minerals crystallizing by assuming a certain amount of 

crystallization. Third, a two-stage model has been 

proposed. The results of these methods are discussed below.

7.2.3.2.1 One-Stage Trace Element Models

Assuming perfect fractional crystallization and using 

the bulk partition coefficients for Ba, Rb, Sr, Zr and Nb 

(Table 7.5) from the proportions of minerals present in the 

outer part of the ring syenite, calculations of liquid
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Table 7 .4. Distribution Coefficients 
Mineral-Liquid Partitioning

for

Element K-■feldspar Hornblende Apatite

Ba 6. 12 (3,4) 0.044 (1) -

Rb 0 ..34 0.014 (1) -

Sr 4.. 5 (4) 0.022 (1) 15 (?)

Zr - 0.80 (2) -

Nb - 1.4 (2) -

Ni - 2.9 (5) -

Source of distribution coefficients (references in paren­
theses above):

1. Nagasawa and Schnetzler (1971)
2. Pearce and Norry (1979)
3. Pierozynski and Henderson (1978)
4. Long (1978)
5. Mysen (1978)
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Table 7.5. Calculated Bulk Distribution Coefficients 
for Spitskop with Concentrations of Elements for Initial 

and Final Liquids, and Degree of Liquid Remaining

Element

Bulk
Distribution
Coefficients

Concentration 
in remaining 
liquid (ppm)

Concentration 
in initial 

liquid (ppm)

Proportion 
of liquid 
remaining

Ba 2.46 598 777 0.84

Rb 0.142 395 244 0.56

Sr 2.034 58 1156 0.06

Zr 0.56 792 559 0.44

Nb 0.32 23 18 0.72
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remaining after crystallization from the outer edge of the 

ring syenite to the most central syenites have been made 

(Table 7.5). In this first model, the initial liquid 

composition was taken to be approximately the composition of 

sample S23r which was taken from the outer part of the ring. 

Sample SlOc is considered to be the sample nearest the 

centre of the pipe and is taken here as the composition of 

the remaining liquid. As mentioned earlier, these 

compositions may not represent liquid compositions but may 

be enriched in one or more cumulus phases. However, the 

calculations should show whether these are reasonable liquid 

compositions.

Table 7.5 shows the proportions of liquid remaining 

using the bulk distribution coefficients based on rock 

compositions. The proportion of liquid remaining varies 

from 6 percent to 84 percent. Clearly, fractional 

crystallization of phases in the modal amount in the rock 

cannot account for crystallization of Spitskop.

The results of the second method of assuming a certain 

amount of residual liquid and calculating the proportion of 

minerals needed to produce the observed chemistry are listed 

in Table 7.6. Several degrees of crystallization have been 

used (F = 0.4 to 0.9) but none of the sets of proportions of 

minerals fit with crystallization of nearly equal 

proportions of feldspar and chain silicate. With half of 

the liquid remaining, all of the coefficients are positive 

indicating that crystallization and removal of the phases
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explain the chemical trends. However, for the other 

residual liquids, i.e., F = 0.4, 0.6, 0.7, and 0.9, one 

coefficient is negative indicating that that phase must be 

resorbed by the liquid. The most reasonable solution is for 

F = 0.6 where amphibole is resorbed and minor amounts of 

feldspar are removed. However, for this solution, more 

apatite is being removed than feldspar. This does not 

correspond to any of the modal compositions in the pipes 

and, therefore, is not considered a viable explanation.

Neither of these calculations can reasonably explain 

the chemical trends. Errors in distribution coefficients 

may be one of the reasons, although the solutions are so 

extreme, e.g., 20 parts amphibole for 0.1 part feldspar 

crystallization, that small changes in D's would not bring 

the solutions into line with observed mineralogy. A more 

likely explanation is that either the ring syenite, the 

central syenite, or both, are enriched in cumulus phases 

and, therefore, do not represent reasonable liquid 

compositions.

7.2.3.2.2 Two-Stage Trace Element Models

Liquids of peralkaline composition may be plotted on a 

modified version of "Petrogeny's Residua System" termed the 

peralkaline residua system (Bailey and Schairer, 1966). 

Lavas from the Roman Province (Cundari, 1979) show 

differentiation trends with increasing peralkalinity due to 

the removal of feldspar.
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The various types of syenites and trachytes from 

Spitskop are plotted in a similar manner in Figure 7.34. 

However, the trend postulated for the evolution of trachytic 

magma to oversaturated equivalents is not consistent with 

the geologic relations of Spitskop.

According to such a model involving liquid 

compositions, the rocks which are the most differentiated 

should lie furthest away from the feldspar composition; 

these are the first to crystallize at Spitskop. On the 

other extreme, the dykes which are rich in feldspar and 

barium lie at the non-differentiated end of the trend toward 

the feldspar.

Peralkalinity also should increase with fractionation 

of feldspar. Figure 7.3 5 shows that the ring syenite has 

higher agpaitic index or degree of peralkalinity than the 

central syenite. LeMaitre (1962) found that Sr and Ba 

decreased with peralkalinity in the volcanic rocks of Gough 

Island. The opposite trends occur at Spitskop (Figures 7.36 

and 7.37).

The ring syenites and central syenites form two 

distinct trends as plotted in Figure 7.34. The ring dyke 

trend may be extrapolated to a point between the feldspar 

and aegirine compositions. The trend formed by the central 

syenites, the outer syenite and the dykes may be 

extrapolated toward the feldspar composition. A two-stage 

model for crystallization of Spitskop with changes in 

accumulating phases may best describe the chemistry. If an
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S i0 2

Figure 7.34 Rock compositions from Spitskop plotted in the peralk- 
aline residual system (AJ^C^-SiO^-Na^O+K^O) . P and P' represent 
liquid compositions as discussed in the Eext. A syenite from 
Kgopoeloe is plotted as an asterisk. Clinopyroxenes from 
Kgopoeloe, Guide Copper Mine, amphibole from Kgopoeloe, and 
phlogopite from the main complex are plotted on the diagram.
A madupite (Edgar, 1979) is plotted for comparison.
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Figure 7.35 Differentiation Index versus Agpaitic Index 
for rocks from Spitskop.



255

1200-1

1000 -

_  800 -  
E

~  600 -
u.
CO

400 -

3>

200-

+
1—

80 90
-t" • *

I------- !-------1-------------1------1---------1----------1----------- 1------T—
100 110 120 130 140 150 160 170 180

AGPAITIC INDEX

Figure 7.36 Sr versus Agpaitic Index for rocks from 
Spitskop.

Agpaitic Index
Figure 7.37 Ba versus Agpaitic Index for rocks from Spitskop.



256

initial liquid has the composition of P and a mixture of 

aegirine and feldspar in the approximate proportions of 

65:35 crystallizes, the liquid composition will move toward 

P'. Then if feldspar is the predominant accumulating phase, 

rocks with compositions of the central syenites will form. 

This may account for the higher Sr and Ba concentrations in 

rocks of higher peralkalinity.

Figure 7.38 shows the results of modeling such a 

crystallization sequence. The composition of the initial 

liquid has been calculated by assuming that sample S23r 

contains 10 percent cumulus aegirine and riebeckite. 

Appendix B.5 lists the calculations for this model. 

Extending the trend of ring syenite compositions toward the 

join between feldspar and the aegirine-riebeckite 

compositions yields a mixture of crystallizing phases of 65 

percent aegirine-riebeckite to 35 feldspar. Calculations 

for the first stage of crystallization in Figure 7.38 have 

assumed 65 percent aegirine-riebeckite, 34 percent feldspar 

and one percent apatite. The trends of trace element 

abundances during this part of the crystallization sequence 

are compatible with the trends of the ring syenite 

compositions. Absolute values are different because of the 

cumulus enriched rocks.

The proportion of feldspar to aegirine-riebeckite has 

been changed at the point when 40 percent of the liquid has 

crystallized. This has been chosen because abundances of Sr 

and Ba have been significantly reduced at this point which
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)l__________ I__________ I__________ ____________________
1.0 0.8 0.6 0 .4  0 .2 0.0

Percentage of remaining liquid

Figure 7.38 Trace element model for crystallization of
Spitskop involving a two-stage sequence of different 
mineral assemblages crystallizing.



258

is compatible with the compositions of the ring syenites. 

Further crystallization of the liquid proceeds with 95 

percent feldspar and five percent riebeckite-aegirine. The 

trend of increasing Rb and Zr and rapidly decreasing Sr and 

Ba fits with the compositions of the central syenites. Zr 

does not show an increasing trend as such but the central 

syenites contain a wide range in Zr values (Figure 7.21). 

Increasing Zr in the liquid will provide a means for 

crystallization of zircon; various proportions of liquid to 

zircon which may or may not be cumulus would give the wide 

range in Zr values.

Certainly, this model may be modified using different 

proportions of minerals, initial liquid compositions, 

distribution coefficients, etc. The model shown in Figure

7.38 is compatible with major and trace element chemistry 

of the ring and central syenites and is a likely mechanism 

for the formation of these rocks.

Compositions of the outer syenite, the dyke rocks, and 

a syenite from Kgopoeloe have been plotted in Figure 7.34. 

None of thtese rocks is a likely parental composition to the 

ring and central syenites. The outer syenite could be a 

cumulus feldspar-enriched liquid which crystallized prior to 

the intrusion of the second magma which gave rise to the 

ring and central syenite.

The model most compatible with the chemistry, textures 

and geological relationships of Spitskop is a two-stage 

intrusion starting with the outer syenite which comprises
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the lower slope of Spitskop and the adjacent connected hill 

to the northwest. After consolidation, a second liquid 

intruded causing the brecciation of the narrow band around 

Spitskop. Crystallization inward produced the ring syenite 

which was rapidly decreasing in Ba and Sr due to 

crystallization and accumulation of alkali feldspar and 

alkali amphibole and pyroxene and apatite. Crystallization 

of the central syenite continued with accumulation of a 

higher proportion alkali feldspar to pyroxene and amphibole 

with possible pulsation of magma giving rise to the 

orientation of phenocrysts. Trapping of residual liquid at 

the last stages of crystallization produced the rocks high 

in quartz with feldspars containing alkali pyroxenes.

In the variation diagrams the dykes from Spitskop 

commonly lie on a different trend from that formed by the 

ring and central syenites. The dykes are highly enriched in 

barium but are depleted in Sr, a common feature of 

trachytes. These dykes intruding Spitskop cannot be late 

differentiates from liquids of the ring or central syenites, 

because even if clinopyroxene alone influenced the 

fractionation trend, it would be impossible to attain such 

high concentrations of Ba. However, as discussed 

previously, clinopyroxene is probably not the sole 

fractionating phase. The syenite dyke found within the main 

complex (F20s, Table 7.7) has a similar concentration of Ba 

although Sr is higher. The fact that the Sr content of the 

syenite from the main complex is 465 ppm for a rock
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Table 7.7. Syenite dykelet in Foskor Pit.

F20S Normative Mineralogy

Si02 60.30 qtz 9.63
Ti02 0.89 orth 58.23
A 1 20 3 16.45 ab 8.84
Fe20 3 2.97 an 12.18
FeO 1.20 di 3.63
MnO 0.05 hy 1.80
MgO 1.36 mag 1.49
CaO 3.57 i lm 1.73
N a 20 1.02 hem 2.02
K 20 9.62 ap 0.48
P 2O s 0.15
H 20' 0.65
LOI 1.60
Total 100.18

Sr 465 Diff index 79.92
Rb 402
Ba 4372 Fe/(Fe+Mg) 0.62
Ce (116)
La 32 Agpaitic
V 37 Index 73.4
Cu 52
Ni 1
Zn 34
Nb 22
Zr 525
Y (7)
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containing 0.15 percent P 20 5 compared to a dyke of Spitskop, 

sample S2d, which has a comparable differentiation index of 

80.39, P 20 5 = 0.26 and 46 ppm Sr makes a crystallization 

from the same liquid untenable.

7.2.4 Interrelationships of the Satellites

The geology, petrography and whole-rock chemistry have 

indicated an extremely complex history for the intrusion and 

crystallization of the satellite pipes. The major- and 

trace-element chemistry does not follow a simple 

crystallization path because of the partitioning of elements 

between liquid and vapor phases and variation in cumulus 

phases.

The syenites at Kgopoeloe and Spitskop may have 

crystallized from a similar parental liquid. Syenites at 

Kgopoeloe are influenced by accumulation of feldspar while 

those at Spitskop are influenced by aegirine-augite and 

riebeckite as well, at least in the ring syenite. Thus, the 

model proposed in Chapter 3 holds up to geochemical 

evidence.

Chemically, it is difficult to compare Kgopoeloe and 

Spitskop with the feldspathic pyroxenite pipes like the 

Guide Copper Mine. The moderate values of barium, rubidium 

and strontium (Table 7.1) in a rock with cumulus 

clinopyroxene and intercumulus feldspar suggests 

crystallization at the Guide pyroxenite from a liquid which 

is highly differentiated. The low concentrations of REE and
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high Cu and Zr values relative to the main complex suggest 

that rocks from Guide Copper Mine could be differentiates 

from a common magma to the main complex.

The relationship of the syenites from Kgopoeloe and 

Spitskop to the main complex is not clear-cut. However, 

nickel concentrations in the ring syenites are comparable or 

higher than those of pyroxenites in the main complex. 

Because Ni is strongly partitic ,d into olivine, it is 

unlikely that syenites would have such high concentrations 

of Ni with large amounts of olivine fractionation. 

Therefore, a cogenetic relationship with the phoscorites is 

unlikely.

The syenites of the satellites share many chemical 

characteristics with pyroxenites of the main complex, namely 

high K 20/Na20 and high REE. Other characteristics such as 

higher Fe/Mg and Zr and lower Sr and Ba in the satellites 

relative the main complex may have resulted through 

differentiation. These features are suggestive of a 

cogenetic relationship but are not conclusive. Chapters 8 

and 10 further explore chemical and mineralogical 

relationships between the satellites and the main complex.



Chapter VIII

EXPERIMENTAL PETROLOGY AS RELATED TO THE 
PHALABORWA COMPLEX

During the past 20 years, experimental studies have provided 

additional clues as to the origin and crystallization of 

alkaline rocks. The wide variations in composition of this 

group of rocks makes it impossible for every natural system 

to be studied, but basic principles and general trends have 

been established to help interpret the complex suites of 

alkaline rocks. This chapter reviews experimental work on 

the origin of alkaline magmas in general and more 

specifically reviews experimental studies which may pertain 

to the crystallization of the main complex and how a magma 

producing such a suite of rocks might evolve to form the 

rocks comprising the surrounding satellites.

8.1 ULTRAPOTASSIC-ULTRABASIC MAGMAS

Experimental studies on the melting relationships of highly 

potassic and ultrabasic rocks similar to the classic 

examples of Leucite Hills (Carmichael, 1967) and East Africa 

(Holmes, 1950; Cundari and Le Maitre, 1970), provide the 

closest analogue available to magma producing the main 

Phalaborwa complex. Low Si02 and high K 20, MgO, CaO, and 

incompatible elements are characteristics of potassic lavas 

and rocks from Phalaborwa, but certain elements such as Ti 

and Nb are not as enriched in the Phalaborwa complex as they

263
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are in potassic lavas. Melting experiments on these lavas 

(Edgar et aj.., 1976; Barton and Hamilton, 1978, 1979) have 

bearing on the proportions and order of crystallization of 

phases and on the mineral chemistry of precipitating phases.

Experimental work on melting of potassic lavas has 

utilized various natural compositions including the least 

siliceous mafurite through madupite and wyomingite 

compositions to the most silica-rich orendite under dry 

conditions through various degrees of water content to water 

saturation at pressures up to 30 kb. Liquidus relations, 

proportions of the crystallizing minerals and order of 

crystallization vary under different experimental conditions 

(Edgar et a l . , 1976; Barton and Hamilton, 1978, 1979), but 

major phases are ubiquitously olivine, clinopyroxene, and 

phlogopite. Figure 8.1 shows the order of crystallization 

of a biotite mafurite with 5% H 20 (Edgar et al. , 1976). 

Olivine crystallization is followed by crystallization of 

phlogopite and clinopyroxene; the order of the last two 

minerals is determined by pressure. Clinopyroxene and 

phlogopite appear within a short temperature interval. 

Figure 8.2 shows crystallization behavior of madupite under 

water-undersaturated conditions (Barton and Hamilton, 1979). 

At pressures above 7 kb, clinopyroxene is the primary 

liquidus phase. Below that pressure, clinopyroxene and 

olivine are the first precipitates. In all of the 

experiments performed by Barton, Hamilton, Edgar and 

coworkers, olivine appears to react with liquid to form
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Figure 8.1 Diagram showing above-solidus boundaries for 
appearance of minerals in melting experiments of a 
highly potassic biotite mafurite with 5% H^O. The 
olivine-out boundary at high pressure is shown as a 
dashed boundary (after Edgar et al., 1976).
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T(°C)

Figure 8.2 Diagram showing results of water-undersaturated melting 
experiments on madupite with 2.9% H2 O. The boundaries which 
are not well determined are shown in dashed lines (after 
Barton and Hamilton, 1979).

t
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clinopyroxene and phlogopite. This reaction has also been 

found in the synthetic system of K 20-Ca0-Mg0-Al20 3-Si02-H20 

(Modreski and Boettcher, 1973) where

Forsterite + Liquid -*■ Phlogopite + Diopside.

Figure 8.2 also shows that the temperatures at which 

olivine and clinopyroxene crystallize are slightly higher 

than estimated from the olivine-clinopyroxene geothermometer 

in Chapter 6. However, the 50-75°C difference is not great 

and, given the fact that reactions in Figure 8.2 were 

synthesized in C02-absent conditions, these agree remarkably 

well. Also, the olivine in sample P120P obviously was not 

in equilibrium conditions with the magma because of the 

reaction rim surrounding it. Figure 8.2 does show that the 

stable assemblage around 5 kb and 1050-1100°C is 

clinopyroxene, phlogopite and apatite. These three minerals 

form over 90 percent of the main Phalaborwa complex.

In Chapter 5, it was proposed that early crystallizing 

phases depleted the primary magma in Ni and Cr. Two 

possible phases were magnetite and olivine. Although 

clinopyroxene is a liquidus phase at all T and P in Figure 

8.2, spinel crystallizes at all T between 12 and 17 kbar and 

may act as a sink for Ni and C r . Olivine crystallizes from 

the liquid at higher T and P than the clinopyroxene- 

phlogopi te-apatite assemblage and may act as the sink for 

N i . Likewise, earlier crystallizing clinopyroxene may help 

deplete the liquid in Cr. However, olivine and 

clinopyroxene crystallization could not be extensive or the
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Mg/Fe ratio of the minerals at Phalaborwa would be lower. 

Hence, spinel is a more likely candidate for early depletion 

of Cr and Ni in the magma.

The addition of C02 to the experiments discussed above 

may alter the order of crystallization and proportion of 

various minerals. However, two points are in favour of a 

highly potassic magma similar to the Leucite Hills lavas as 

a parental magma for the main complex at Phalaborwa. As 

mentioned above, the mineral assemblage at Phalaborwa is 

similar to those produced at appropriate pressures for 

potassic lavas. Secondly, compositions of the phlogopites 

and clinopyroxenes formed in the experiments are strikingly 

similar to minerals formed at Phalaborwa, most noticably, 

the low A1 and Ti content of Ca, Mg-rich diopsides and the 

Al- and Ti-poor nature of phlogopite (Edgar et al. , 1976; 

Barton and Hamilton, 1979). The lavas studied 

experimentally contain up to 4.9% T i 0 2 and 11.39% A 1 20 3 so 

are by no means depleted in these elements. This is an 

extremely important point because, as shown in Chapter 5, 

there are few analyses in the literature of clinopyroxenes 

with similar compositions to those at Phalaborwa. This is 

also the case with the phlogopites, although to a lesser 

degree.

Up to this point in this thesis, the relationship 

between the satellite pipes and the main complex has been 

discussed only in comparative terms, avoiding discussion of 

a genetic relationship. At this point, it is useful to look
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at experimental evidence to establish if the various 

syenites, alkali granites and pyroxenites of the satellites 

can be derived by differentiation or some other mechanism 

from magma producing rocks of the main complex.

The bulk composition of crystal aggregates precipitated 

from liquid will determine the differentiation path a magma 

will take upon cooling. If silica-undersaturated minerals 

are removed from a liquid, it will become more silica rich. 

Barton and Hamilton (1978) note that peralkaline liquid, 

represented by madupite, produces minerals in which A1 does 

not appreciably substitute for Si. Therefore, progressive 

liquids are silica deficient. Clinopyroxenes and 

phlogopites at Phalaborwa have similar characteristics, with 

clinopyroxene in particular being silica rich with 

approximately 54% Si02 . The micaceous pyroxenites from 

Phalaborwa have 43-51% Si02 and massive pyroxenites a range 

of 48-52% Si02 (Table 7.1). Apatite-rich pyroxenites have 

as little as 39% Si02 . It would be difficult to derive 

silica-rich liquids such as the syenites of Kgopoeloe and 

Spitskop (Table 7.2) by crystallization of pyroxenites at 

Phalaborwa from a composition similar to Leucite Hills 

madupite with 43% Si02 (Carmichael, 1967). However, if a 

peralkaline equivalent of wyomingite or orendite (with 55% 

Si02 ) were the parental magma, such a trend towards silica 

enrichment may be more plausible.

Experimental work on alkaline systems presents a myriad 

of mechanisms for the evolution of alkaline liquids. Edgar
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(1979) reviews these with an emphasis on application to 

naturally occurring assemblages. Because of uncertainty in 

the parental magma composition, it is difficult to relate 

the evolution of liquid from the main complex at Phalaborwa 

to crystallization of satellite pipes within such an 

experimental framework. However, using certain assumptions, 

a few important points from experimental work suggest ways 

to produce both the main complex and satellites.

It is necessary to find a way to produce:

(1) peralkaline, basic liquid as discussed above to produce 

the main complex. The Si02 content of this magma is 

not known,

(2) trachytes (Spitskop),

(3) syenite, alkali syenite, alkali granite (Kgopoeloe and 

Spitskop),

(4) liquid which will produce the cumulus feldspathic 

pyroxenite (Guide Copper Mine).

The liquid must be capable of producing diopside and 

phlogopite which later precipitates aegirine, riebeckite, 

microcline and quartz. The undersaturated (glimmerite) 

versus oversaturated assemblage suggests that the liquids 

producing these assemblages may be under- and oversaturated, 

respectively. In some cases, however, such as the system 

quartz-nepheline-kalsilite, quartz normative liquid can 

produce undersaturated minerals, in this case, leucite 

(Hamilton and MacKenzie, 1965). Precipitation of leucite 

further enriches the liquid in Si02 . Early experimental
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work based on that of Bowen (1937) found a thermal barrier 

which prevents an undersaturated liquid evolving to an 

oversaturated liquid. However, later work (Carmichael and 

MacKenzie, 1963; Bailey and Schairer, 1964; Edgar and Nolan, 

1966; Nolan, 1966) found mechanisms by which the thermal 

barrier could be "bridged."

The "plagioclase effect" whereby removal of CaAl2Si20 8 

component enriches residual liquids in sodium and silica, is 

not operable as such at Phalaborwa because plagioclase is 

not found in rocks of the main complex (Chapter 4) and 

anorthite component is nonexistent in plagioclase in 

syenites of the satellites (Chapter 5). However, a similar 

effect has been found involving diopside (Nolan, 1966) and 

alkali feldspar (Bailey and Schairer, 1964). Diopside, 

CaMgSi20 6, will have the effect of increasing alkalis in the 

liquid from which it crystallizes while alkali feldspar, 

particularly KAlSi30 8, will have the effect of increasing 

the acmite and silica components of a liquid, thus producing 

aegirine and quartz in late-stage rocks. Diopside and 

alkali feldspar are the primary phases in the three 

pyroxenite pipes surrounding the main complex, as well as in 

the feldspathic pyroxenites of the main complex. If liquid 

forming the cumulus rocks of Guide Copper Mine is close to 

liquid producing pyroxenites of the main complex, not an 

unreasonable assumption given the mineral assemblage and 

trace element content, then residual liquids will be driven 

toward a more peralkaline silica-rich composition.
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Although not mentioned in experimental work on 

synthetic systems, the precipitation of phlogopite would 

have a similar effect. Phlogopite at Phalaborwa (Tables 5.4 

and 5.5) contains approximately equal molecular proportions 

of A1 and K. Removal of this phase will produce a liquid 

enriched in Na, thereby increasing (Na+K)/Al. Because 

phlogopite is an undersaturated phase, i.e., leucite- 

normative, Si02 will also be increased in liquid with 

removal of phlogopite. Addition of forsterite component to 

the residual system involves the precipitation of forsterite 

and phlogopite (Luth, 1967) which would enhance silica 

enrichment with crystallization.

In summary, it has been shown in experimental systems 

that there are ample opportunities for liquids to evolve in 

a manner compatible with the assemblages seen at Phalaborwa. 

Removal of an immiscible carbonate liquid to form the 

carbonatite would further enrich a liquid in silica and 

sodium, thereby enhancing the previously discussed 

mechanisms.

Alternatively, can the liquids producing the satellites 

be unrelated to the liquids producing the main complex? A 

likely alternative source for the liquids producing the 

satellite bodies might be a partial melt of crustal rocks. 

The strongest evidence against this is the work of Bailey 

and Schairer (1966) who showed that eutectic compositions of 

peralkaline, oversaturated rocks, corresponding to some 

syenites of Kgopoeloe and Spitskop, do not correspond to



273

granitic eutectic compositions which would be expected in 

partial melting of granite. Experimental work in part of 

the basalt tetrahedron (Sood and Edgar, 1972; Platt and 

Edgar, 1972) shows that silica-saturated, peralkaline magmas 

may evolve from alkali olivine basalts and that 

predominantly K-rich magmas are produced by fractionation of 

liquid originating in or near the leucite volume in the 

system Si02-KAlSi04-NaAlSi04 . It is not the purpose of this 

chapter to explore experimental work related to syenite 

generation. However, a mantle origin for these syenites is 

reasonable.

8.2 GENERATION OF ALKALINE MAGMAS

The general consensus today is that kimberlites, 

carbonatites, and other volatile-rich alkaline magmas are 

derived from the mantle, either directly by partial melting 

(Dawson, 1971; Mitchell and Crockett, 1972, Mysen and 

Boettcher, 1975) or through fractional crystallization of a 

mantle-derived liquid (O'Hara and Yoder, 1967; MacGregor,

1970). Extensive experimental work during the 1970's 

coupled with more sophisticated geochemical measurements on 

natural assemblages have derived models for the evolution of 

these rocks.

Most workers agree that the major constituents of the 

mantle acting as a source for the kimberlite and related 

rocks is a four-phase peridotite consisting of olivine- 

orthopyroxene-clinopyroxene with either a spinel or a
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garnet. There is strong evidence that minerals and magmas 

derived from the mantle contain C02 and H 20 (Wyllie, 1971; 

Eggler, 1978) which has led to extensive experimental work 

on the effects of these two volatile phases on the melting 

and phase relationships of systems modeling peridotite 

compositions. Many workers (Eggler, 1975, 1978; Wyllie and 

Huang, 1975a,b, 1976; Mysen and Boettcher, 1975) have 

demonstrated that the presence of C 0 2 produces liquids 

strongly depleted in Si02 and, that by varying the partial 

pressures of these volatile phases, liquids with various 

compositions containing different proportions of 

carbonatitic component can be formed.

Pressure differences (Modreski and Boettcher, 1973) 

could produce from the same starting material, magmas 

ranging from a quartz-normative composition at 15 kb to 

leucite-normative at depths of 35 kb under vapor-absent 

conditions. Wendlandt (1977) used a constant vapor 

composition and produced carbonatitic to kimberlitic 

compositions with increasing depth. Eggler (1978) formed 

nephelinites from a similar composition at shallow depths.

Under a constant C02-rich vapor composition, the 

mineral assemblage is important in controlling magma 

composition (Wyllie, 1979). Small degrees of partial 

melting of phlogopite peridotite produces a high K 20 liquid 

with high Mg/Ca resembling leucite-normative magmas and 

kimberlites. With phlogopite absent, melilitic compositions 

are formed. The presence of dolomite ensures that the 

silica content of all these liquids is low.
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Another approach to the origin of alkaline magmas 

involves studies of fractional crystallization. O'Hara 

(1965) and O'Hara and Yoder (1967), found that removal of an 

eclogite fraction from a picritic magma could produce 

kimberlitic compositions, and Green and Ringwood (1967) 

produced nephelinite from picrite.

Barton and Hamilton (1979), however, found no evidence 

that the highly potassic lavas they studied could originate 

as primary magmas in the upper mantle. At no pressures up 

to 30 kb was orthopyroxene in equilibrium with liquids. 

They do state that other experimental work (Eggler, 1975; 

Kushiro, 1975; Brey and Green, 1977) shows that the addition 

of C02 to a system has the effect of stabilizing 

orthopyroxene at high pressures. Wendlandt and Eggler 

(1980a) modeled the generation of potassic lavas by studying 

a potassic peridotite containing forsterite, enstatite, 

pyrope, phlogopite and magnesite. In melting experiments, 

Wendlandt and Eggler (1980b) found that in vapor-absent 

conditions, small degrees of partial melting at pressures of 

20-30 kb produced potassic, silica-undersaturated magmas. 

Therefore, regardless of the specific composition of the 

liquid producing the Phalaborwa complex, a mantle origin is 

probable.



Chapter IX

ISOTOPIC STUDIES

The objectives of the isotopic study were two-fold: to 

obtain a reliable age for the carbonatite and pyroxenites of 

the complex and to obtain accurate strontium isotopic data 

to aid in establishing the petrogenesis of the complex. 

Plans to fulfill these objectives included: (1) obtaining 

initial strontium isotopic ratios to provide constraints on 

the origin of the magma, and (2) determining the age 

relationships of the carbonatites, phoscorite and pyroxenite 

by dating of mica using the Rb-Sr method, corroboration of 

earlier U-Pb data on uranorthorianite and dating of another 

uranium-bearing phase, baddeleyite.

This study proposed to date a previously undated U- and 

Pb-bearing phase, baddeleyite (Zr02 ), and to redate 

uranothorianite from known rock types. In addition, modern 

equipment allows for greater precision in measuring isotopic 

compositions than was available in 1956 (see section 2.1.3). 

Uranothorianite and baddeleyite occur exclusively in the 

carbonatite and phoscorite rock types of the Phalaborwa 

complex and, thus, give no information about age of the 

pyroxenites. Phlogopite, an abundant constituent in both 

silicate and carbonate rocks of the complex, was dated by 

the Rb-Sr method to provide data on pyroxenites as well as 

carbonatite and phoscorite.

276
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Initial 87Sr/86Sr ratios on the carbonatite from 

Phalaborwa have been reported by Powell et al.. (1966) and 

Pineau et a l . (1973). The 0.7051 + 0.0012 ratio of Powell 

et a l . (1966) may be slightly inaccurate because of an 

arbitrary correction factor applied to the data. However, 

Pineau et al. (1973) confirmed the work of Powell et a l . 

(1966) by reporting a 87Sr/87Sr ratio of 0.7053 + 0.0005 for 

the carbonatite. These values are considerably higher than 

expected for uncontaminated material derived from the mantle 

around 2000 m.y. ago. These data prompted further work on 

the 87Sr/86Sr ratios of the carbonatite. Clinopyroxenes and 

apatite from pyroxenites were also measured for 87Sr/86Sr 

ratios in this study to place constraints on the origin of 

the pyroxenites. For the carbonatites, 87Sr/86Sr ratios for 

apatite and clinopyroxene were measured to establish whether 

homogeneity in the initial 87Sr/86Sr ratios existed among 

minerals of the carbonatite and between the pyroxenite and 

carbonatite phases.

9.1 SAMPLES

Sample locations are shown in Figures 9.1 and 9.2. 

Carbonatite samples include transgressive and banded types. 

Clinopyroxenes come from the PMC and Foskor areas, and one 

sample G12F is from the Guide Copper Mine pyroxenite pipe. 

Apatite samples also come from both the PMC and Foskor 

areas. Samples of mica representing various textures, 

derived from different rock types and from different
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ZZ ^N E T ki

VERM ICULITE

- ROAO 
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-* RAILROAO

Figure 9.1 Outline of the Phalaborwa complex with sample locations of
country rocks, vermiculite, pyroxene from the Guide Copper Mine and 
index maps for the PMC and Foskor areas of Figure 9.2.
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geographical location, have been analyzed. Samples of 

uranothorianite and baddeleyite for U-Pb dating come from 

the PMC area phoscorite and from the banded and 

transgressive carbonatites. Brief descriptions of the rocks 

from which the mineral separates were taken are found in 

Appendix C-l.

Localities of country rocks used in the 87Sr/86Sr 

tracer study are shown in Figure 9.1 and brief descriptions 

are given in Appendix C-l.

9.2 QUALITY OF DATA

All of the isotope work was performed at the Bernard Price 

Institute of Geophysical Research, University of the 

Witwatersrand (BPI) with the exception of one U-Pb analysis 

of a uranothorianite, two Rb-Sr analyses of micas and one 

87Sr/86Sr analysis of clinopyroxene which were performed at 

the University of Texas at Dallas. All details of the data 

given below pertain to the BPI laboratory unless otherwise 

noted.

Decay constants and atomic ratios used are those 

recommended by the IUGS Subcommission on Geochronology 

(Steiger and Jager, 1977). Errors are quoted throughout 

this study as plus or minus two standard deviations (2o). 

Concentrations of elements of importance for the isotopic 

studies for phlogopite, clinopyroxene, uranothorianite, 

baddeleyite, carbonatite, and apatite were measured by 

isotope dilution with the exception of Sr and Rb contents of
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carbonatites which were measured by x-ray fluorescence using 

as standards carbonatite samples in which concentrations of 

Sr and Rb had been measured using isotope dilution 

technique. Details of sample preparation, chemical 

procedures and instrument conditions are given in Appendix 

C - 2 .

9.2.1 Rb and Sr

9.2.1.1 Accuracy

Accuracy is a measure of how closely data approach their 

true value. Accuracy is affected by such experimental 

factors as sampling and weighing errors, spike calibration, 

and chemical procedures and is commonly measured by 

performing replicate analyses of a sample of known 

composition, usually an international standard. Details of 

accuracy obtained for Rb and Sr concentrations and 87Sr/86Sr 

ratios in the BPI laboratory are listed in Tables C-l and 

C-2 in Appendix C - 2 .

Accuracy for elemental concentrations in micas is 

better than 0.5% based on the NBS feldspar standard. The 

accuracy of 87Sr/86Sr ratios for micas is difficult to 

assess because no fully homogeneous mica standard exists. 

The Sr concentration of micas is much lower than that in the 

commonly used NBS standard, and the precision of the 

measurements is lower. Therefore, in this study the in-run 

precision of 87Sr/86Sr ratios of mica runs is taken as the 

accuracy of the BPI data because the in-run precision is
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larger (0.57%) than accuracy measured from the NBS feldspar 

standard (0.05%) as listed in Table C-l in Appendix C-2.

Accuracy of elemental concentrations determined by 

isotope dilution for carbonatites, pyroxenes and apatites is 

taken to be the same as for the micas, i.e., 0.5% as 

determined by the NBS standard data. In samples in which 

elemental concentrations were measured by x-ray 

fluorescence, accuracy is taken as 1.0%. The details of 

this method are listed in Appendix B. Accuracy of 87Sr/86Sr 

ratios of carbonatite, pyroxene, and apatite was determined 

by replicate analysis of the Eimer and Amend SrC03 sample 

which gave an average value of 0.70799 ± 0.00002 (2a) with

an accuracy of better than 0.01%. The accepted value for 

the Eimer and Amend standard given by the manufacturers of 

this standard is 0.7080 ± 0.0001 (2a). The accuracy of the 

87Sr/86Sr ratio of pyroxene measured at UTD by M. Halpern is 

inferior to that of the data obtained at the BPI. The in- 

run precision of sample F23F is ± 0.0012 (2o) which may be 

up to 0.34% uncertainty in the measured 87Sr/86Sr ratio. 

This is taken as both the accuracy and precision of the UTD 

data on the clinopyroxene. As the upper and lower limits of 

these data fall within the variation in 87Sr/86Sr ratios of 

clinopyroxenes measured at BPI, this larger degree of 

inaccuracy does not affect the results of this study. All 

87Sr/86Sr ratios are normalized to a 86Sr/88Sr ratio of

0.1194.
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9.2.1.2 Precision

Precision of data describes how well measurements agree with 

one another. The best measurement of precision is the 

variation in machine readings, i.e., in-run precision of a 

single run. In-run precision is better than 0.00072 or 0.2% 

for 87Sr/86Sr ratios of natural strontium runs of 

carbonatite, pyroxene and apatite. Almost all of these 

analyses have an in-run precision of better than 0.1%. As 

mentioned earlier, one run of natural strontium at UTD has 

an in-run precision of 0.34%. Spiked strontium runs on 

pyroxene-leach material give in-run precision of 87Sr/85Sr 

ratios at better than 0.00008 or 0.02%.

In-run precision of spiked strontium ratios in micas is 

better than 0.005 or 0.57%. The lesser degree of precision 

in micas is due to the small concentration of strontium in 

the samples and the presence of an interfering Rb beam. 

Because of the high Rb concentration with respect to Sr, the 

degree of imprecision in this measurement does not affect 

the calculated ages significantly.

Duplicate runs of the same dissolutions are listed in 

Table C-3 in Appendix C-2; the results overlap. Apart from 

giving information on the instrument blank, found to be 

negligible in these two cases, such data augment the 

assessment of in-run precision.



285

9.2.1.3 Sample Heterogeneity

Reproducibility of data on a fully homogeneous sample 

involves the accuracy of the investigator, and has been 

considered above. However, duplicates of geological samples 

are normally separately prepared from the bulk rock and are 

not identical with one another in terms of mineralogical 

purity.

Accordingly, duplicate measurements of separate 

dissolutions of a sample show greater variation (Table C-4, 

Appendix C-2). The additional factor of possible sample 

heterogeneity is added to the data when different splits of 

the same sample are analyzed.

Duplicate mica samples (Table C-4, Appendix C-2) show 

that although 87Sr/86Sr ratios may vary by as much as 16.5% 

and elemental concentrations by as much as 22.3% (Table 

9.3), calculated ages are in agreement by 0.10% and 0.25% 

for P134-1006K and P28P, respectively. This indicates 

significant sample heterogeneity in micas from Phalaborwa 

which is extremely common in micas (H. Allsopp, pers. comm.,

1981).

Natural strontium measurements on separate dissolutions 

of carbonatite (Table C-4, Appendix C-2) show that while 

some samples give identical results within the precision of 

the analysis, others have greater variation. Two runs of 

sample P72C differ by 0.00001 but are within the 0.01% 

accuracy and thus have the same 87Sr/86Sr measured ratios. 

Carbonatite sample Pir64-2356C varies in a7Sr/86Sr by 0.015%
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which is slightly greater than the 0.01% quoted accuracy. 

Apatite F16M has measured 87Sr/86Sr ratios which are 

different by 0.1%. Clinopyroxene sample F101P varies in 

87Sr/86Sr by 0.03%. Sample inhomogeneity is indicated in 

the latter two samples.

9.2.1.4 Selection of Initial 87Sr/86Sr Ratios in Age 
Determination

Imprecision in mica ages also arises from arbitrary 

selection of the initial 87Sr/86Sr ratio used in calculating 

the apparent age. However, because the 87Sr/86Sr ratios in 

the micas are high, small differences in initial ratio make 

little difference in the calculated age. The exception to 

this is sample P29P which has a low 87Sr/86Sr ratio. Listed 

in Table 9.1 are apparent ages for mica samples PIC and P29P 

to illustrate the effects of using different initial 

87Sr/86Sr ratios.

9.2.1.5 Blanks

Blank concentrations could be significant for samples with 

low levels of the element of interest; namely, K and Rb in 

clinopyroxene and Rb in carbonatite and apatite and Sr for 

mica. Blanks for Rb did not change over the time interval 

of the study as the value of 0.1 yg Rb reported for 

carbonatites is the same as that reported for clinopyroxenes 

although these were measured at least one year apart.
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Table 9.1. Apparent Ages of Micas Using 

Different Initial 87Sr/86Sr Ratios

Sample (8 7Sr/8 6S r ) Initial Apparent Age (m.y.)*

PIC 0.700 1991 ± 3

(measured 87Sr/8 6Sr

3.304±4) 0.705 1988 ± 3

0.710 1984 ± 3

P29P 0.700 2086 ± 60

(measured 87 Sr/8 6 Sr

0.8708±50) 0.705 2026 ± 60

0.710 1966 ± 60

*In-run precision used to calculate error in age.
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Corrections for blanks of 0.1 yg Rb do not affect the 

calculated 87Sr/86Sr initial ratios for any of the minerals 

reported because of the very high Sr/Rb ratios of all the 

minerals. Sr blanks were not run because these are only 

applicable to micas; mica ages are insensitive to blanks 

where samples with high 87Sr/86Sr ratios are involved as in 

almost all of the Phalaborwa samples.

9.2.1.6 Summary of Errors in Rb-Sr Measurements 

The largest contribution to error in age determination is 

the measurement of the concentrations of elements. Although 

a figure of 0.5% was quoted earlier in this section as the 

accuracy of data obtained by isotope dilution for BPI 

measurements, a more conservative estimate of 1% will be 

used in this study. This value of 1% reflects the

difference in experience between the analysts listed in 

Table C-l of Appendix C-2 and the primary investigator in 

this study. In addition, work for this study was done over 

a span of five years; lack of practice may also contribute 

error to the data. The quoted 1% error in age

determinations includes reproducibility, standard

calibration, weighing and sampling.

Errors used in calculation of isochrons for micas are 

taken as 1% for elemental concentrations, as discussed 

above, and as the in-run precision for 86Sr/86Sr ratios 

because the error in in-run precision is greater than any 

measured error in 87Sr/86Sr of standards.
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Total error in determination of elemental 

concentrations and 86Sr/86Sr ratios for the two micas 

measured at the University of Texas at Dallas is given as 2% 

by M. Halpern (pers. comm., 1981).

Error in 87Sr/86Sr ratios of carbonatites, 

clinopyroxenes and apatites is taken to be the square root 

of the sum of squares of the accuracy and precision of each 

analysis. In most cases the accuracy of 0.01% is much 

larger than in-run precision.

9.2.2 U and Pb

Accuracy of U and Pb analyses is much more difficult to 

assess than the Rb-Sr method because there is no 

internationally accepted isotopic standard for U and Pb, 

particularly for U-rich samples. Error in the U-Pb ages 

include errors in U and Pb concentrations, in isotopic 

ratios of natural Pb runs, and in the initial lead isotopic 

composition used in the calculation of an age. Initial 

ratios for Pb isotopic compositions at 2050 m.y. are taken 

as 15.15 for 207Pb/204Pb and 15.10 for 206Pb/204Pb (Zartman 

and Wasserburg, 1969). The highly radiogenic nature of the 

samples measured in this study makes errors in initial lead 

composition negligible compared to other sources of error.

Estimates of error at the BPI laboratory have been 

obtained through discussion with Dr. Hans Welke of the BPI 

(pers. comm., 1981). Separate gravimetric analyses of 

standards over the years have shown very little variation,
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on the order of less than 0.5%. However, Welke quotes an 

error of 1% for BPI which is based on his experience of 

replicate analyses of samples. This includes errors in 

concentrations of elements, isotopic ratios in natural runs, 

spike calibration and operator errors. The value of 1% 

error was used in this study in calculating the age of 

minerals from the concordia diagram.

The 1% error quoted above does not, however, include 

any systematic error in laboratory measurements. This 

systematic error, normally assessed by measurement of an 

international standard such as NBS'607 feldspar for Rb and 

Sr, may add an additional 1% error in age determination (H. 

Welke, pers. comm., 1981). Welke points out that this 

systematic error is not commonly quoted in U and Pb isotopic 

studies because there is no way of measuring it.

Spike calibrations were performed by BPI personnel at 

the beginning and at the end of the course of this study. 

Concentrations of U and Pb were found to increase with time 

according to the curves shown in Figure C.l of Appendix C.2. 

Data listed in Table 9.2 were recalculated to coincide with 

concentrations of spike at the time of sample spiking.

Measurement of reproducibility by this investigator was 

through duplicate runs of one sample, uranothorianite I 

(Table 9.2). Samples were taken from a single dissolution 

and were spiked separately. These data show a 0.05% 

difference in Pb concentration, 0.92% difference in U 

concentration, and 0.32% difference in 2#7Pb/206Pb ratio. 

These are within the 1% error quoted by Welke.
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The discordia was calculated by linear regression 

according to the method of York (1966). This straight line 

fit is acceptable because only small degrees of discordance 

are involved.

It is not possible to distinguish between episodic loss 

of Pb, time-dependent diffusion (Wasserburg, 1963) and 

continuous diffusion (Wetherill, 1963), in cases where data 

lie on the upper 25% of the discordia array. This is the 

case for the data from Phalaborwa. The intersection of the 

discordia with the concordia was calculated by a reiteration 

technique. Error in the intersection was calculated by 

rotating the fitted line with its associated errors in slope 

around the centroid of the data and recalculating the 

intersection of discordia and concordia of these new 

discordia.

9.3 GEOCHRONOLOGY

9.3.1 U-Pb Ages

Pb isotopic data and U and Pb elemental concentrations for 

two uranothorianites and four baddeleyites are listed in 

Table 9.2 along with the calculated ages. The data are 

plotted on a concordia diagram in Figure 9.3. All samples 

show some discordance; a maximum of 7% discordance is found 

in uranothorianite I from banded carbonatite. There is no 

correlation in degree of discordance with mineral or rock 

type (Table 9.2, Figure 9.3).
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Figure 9.3 Concordia diagram showing compositions of uranothorianites
(squares) and baddeleyites (circles) from Phalaborwa. Intersection 
of the isochron with the concordia curve is at 2047 +11/-8 m.y.
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The data define an isochron (MSUM = 0.307) which 

intersects the concordia curve at 2047 + 11/-8 m.y. This 

error takes into account only scatter in the data. However, 

as discussed in section 9.2.3, another one percent error may 

be applied to this age due to possible systematic error. 

This could place the age of the Phalaborwa complex as low as 

2025 m.y. or as high as 2070 m.y.

The analyzed uranothorianite samples have uranium 

concentrations which vary by 15.5% among samples and Pb 

concentrations which vary by 1.6%. The baddeleyites, 

however, have a greater variation in composition. U 

concentrations in the baddeleyites vary from 165 ppm to 2052 

ppm U and from 452 ppm to 5939 ppm Pb. Forster (1958) noted 

that uranothorianite occurs as inclusions in baddeleyite at 

Phalaborwa. The wide range in U and Pb concentrations 

suggests that baddeleyites may contain trace amounts of 

uranothorianite inclusions. Baddeleyites I and II were 

examined in polished section, and no inclusions were 

observed. The listed variation in U and Pb concentrations 

may therefore represent variation in baddeleyite 

compositions. Baddeleyite samples with lower concentrations 

of U and Pb show smaller degrees of discordance. The 

implications of the variation in composition are not 

explored in this study.
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9 . 3 . 2  Rb-Sr Ages of Micas

9.3.2.1 Rb-Sr Data

Tables 9.3a and b list Rb and Sr data from eight hand 

specimens taken from carbonatite, phoscorite and various 

textures of micaceous pyroxenite. Gross discrepancies in 

the apparent ages of the micas are present, both between 

hand specimen samples and in the case of P29P, within one 

hand specimen. Ten of the micas are from the same hand

specimen, P29P, which is discussed later in this chapter.

Nine of the micas define an isochron (MSUM = 1.36) of 

2012 ± 19 m.y. (2a) with an initial ratio of 0.70558 ± 

0.00724 (2a) (Figure 9.4). Several points on the isochron

are from the same hand specimen but are counted as separate 

points because of the heterogeneity in composition within 

samples (Table 9.3). The isochron method does not provide a 

definitive initial 87Sr/86Sr ratio because of the high 

87Rb/87Sr ratios. However, the value of this initial ratio 

with its accompanying large error will be used in section

9.4 in the discussion of 87Sr/86Sr ratios as tracers.

Micas which do not belong on the isochron defining the 

age of 2012 m.y. are generally older in apparent age. Two 

samples yield younger apparent ages. Most of these data are 

from sample P29P.

9.3.2.2 Removal of Contaminating Sr-rich Material

Total Sr in the micas analyzed from Phalaborwa ranges from 

13 to 295 ppm Sr. The large percentage of variation in
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total Sr suggests that a Sr-rich phase may be present in the 

micas. The rocks at Phalaborwa are commonly apatite-rich

and many rocks contain cross-cutting carbonatite dykelets. 

Samples PIC and P134-1006K come from carbonate-bearing 

rocks. Because high common Sr concentrations cause the

87Sr/86Sr ratio to be close to the initial value, choice of 

the initial ratio used could have a large effect on the 

calculated ages for such samples (see section 9.2.1.4).

All samples measured subsequent to PIC and P29P(a) were 

washed in distilled water in an ultrasonic bath with washes 

discarded until the wash remained clear. This technique is 

performed routinely on micas in which common Sr is enriched 

as intergrown phases (H. Allsopp, pers. comm., 1975). This 

procedure has not been found to affect the ages of micas (H. 

Allsopp, pers. comm., 1979). Duplication of two washed 

samples, P28P and P134-1006K, with inevitable variations in 

the efficiency of the washing procedure, yielded identical 

ages for each sample, supporting the assumption that washing 

does not affect the calculated ages of the micas (Table 

9.3a).

However, sample P29P presented a problem in the 

determination of the mica age. Upon the first washing of 

P29P, an age of 1661 + 7 m.y. was calculated and upon dating 

of a different portion of the P29P sample, an age of 2360 + 

33 m.y. was obtained (Table 9.3b). The dating of P29P was 

repeated several times, as discussed below, by this 

investigator and by H. Allsopp to determine the cause of
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this discrepancy in ages. Descriptions of sample 

preparation for the various samples of P29P are given in 

Appendix C-3; results of the isotopic measurements are 

listed in Table 9.3b. The purpose in performing the various 

types of sample preparation listed in Appendix C-3 was to 

determine if, in spite of the conclusion reached previously, 

the washing technique affected the apparent age of the mica 

or if minerals of different ages are actually present in the 

sample. Dr. H. Allsopp performed at least one dating of 

each type of sample to ensure that operator error was not 

the cause of the age discrepancies.

Samples of P29P labelled (a) in Table 9.3b and Appendix 

C-3 are flakes of P29P with no visible impurities but which 

experienced no washing or grinding. Ages from this group 

vary significantly from 1776 m.y. to 2171 m.y. Samples 

labelled (b) are characterized by a slight grinding of 

sample and extensive cleaning in an ultrasonic bath of H 20. 

Apparent ages of the (b) group range from 1661 m.y. to 2254 

m.y. Samples labelled (c) have undergone both extensive 

grinding and washing, the purpose of this treatment being to 

date only very pure mica, particularly any which might be 

resistive to the grinding treatment. Micas of the (c) group 

range from 2081 m.y. to 2421 m.y. There are no "younger" 

ages in this latter group.

Because no obvious cause and effect of washing is 

evident from Table 9.3, a more detailed study of sample P29P 

was required and is discussed below.
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9.3.2.3 Compositional Variation

Figures 9.5a through 9.5e show apparent ages of the various 

P29P fractions plotted against (a) 87Rb, (b) total Sr, (c)

87Rb/86Sr, (d) 87Sr/86Sr, and (e) radiogenic 87Sr.

The scatter of points and the overlap of unwashed, 

washed, and finely-ground samples suggest that the washing 

procedure does not preferentially remove any component to 

give the variation in ages. Figures 9.5a through 9.5d show 

no correlation and so preferential removal or addition of 

these components has not occurred during processing. Figure 

9.5e shows a broad correlation in amount of radiogenic Sr 

with age. This correlation does not reflect washing 

technique as washed samples lie at the lowest and highest 

values of radiogenic Sr. However, with one exception, the 

samples labelled (c) which were finely ground and washed 

show the same pattern as fractions (a) and (b), but are 

offset to higher ages. This pattern may reflect the gain or 

loss of radiogenic Sr through natural causes or may be 

explained by mixing of a highly radiogenic, older component 

with micas of younger ages. These two possibilities will be 

explored in the next two sections.

9.3.2.3.1 Alteration of Micas

There is experimental evidence that, under various 

conditions, 87Rb, 87Sr radiogenic, and common Sr may be 

added to or removed from a mica lattice. From experiments 

under various pressure and temperature conditions and
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a)

c)

e)

1600 2000 2400

b)

1600 2000 2400

APPARENT AGE (My)

APPARENT AGE (My)

d)

APPARENT AGE (My)
Figure 9.5 Apparent ages for various analyses of sample P29P (Table 9.3b) 

versus a) ®^Rb, b) total Sr, c) ®^Rb/^^Sr, d) ^^Sr/^^Sr and 
e) ®^Sr radiogenic. Samples labelled a in Table 9.3b and text are 
denoted by closed circles, those labelled b̂ by open circles and 
those labelled £ by squares.
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various aqueous fluid compositions, McNutt (1964) calculated 

from diffusion equations that Precambrian biotites should 

lose 50% of their radiogenic strontium in 1000 million years 

at temperatures of 60°C. Assuming that Mg-rich phlogopite 

behaves similarly to its Fe-rich counterpart, biotite, only 

7% of radiogenic strontium would have to be lost in 

Phalaborwa micas to lower the apparent age by 150 million 

years. Kulp (1967) showed that Rb will be added to a mica 

with the simultaneous removal of 87Sr if sufficient Rb is 

present in the ground water. Boettcher (1966) found that 

alkali metals are leached from phlogopite by ground waters. 

This would have the effect of Rb-loss giving apparently 

older ages. Figure 9.5a shows that two of the older micas 

have lower 8 7Rb contents than the majority of micas from 

P29P but the other two (c) samples have average 87Rb 

contents. Therefore, there is no conclusive evidence that 

loss of 8 7Rb has occurred in Phalaborwa micas. Conclusions 

as to the origin of the "older" and "younger" micas are 

reached later in this chapter.

9.3.2.3.2 Presence of Older Micas

A detailed mineralogical study of sample P29P was undertaken 

to determine if the sample contains minerals that might have 

different ages. Older minerals which would significantly 

affect the apparent ages would have to be Rb-rich, e.g., 

mica, K-amphibole, tourmaline, etc. Two tests were 

performed. In the first, numerous grains of the highly 

ground and washed fractions labelled (c) were analyzed by
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electron microprobe to determine if mica with a distinct 

chemical character (representing older material) might be 

present. Smith et al. (1978) found two compositional types 

of micas in kimberlite which are partly characterized by 

different concentrations of Fe, Mg, Ti and Cr. Allsopp and 

coworkers (pers. comm., 1982) have found that the Type I 

micas are often characterized by anomalously high ages. 

Secondly, associated minerals found in this (c) fraction 

were also microprobed to determine if sample preparation 

inadvertently concentrated any other specific minerals.

Table 9.4a and b lists microprobe data for several fine 

fractions of mica from P29P which received different 

cleaning and grinding treatment (Appendix C-3) and which 

gave different apparent ages (Table 9.3b). An additional 

microprobe analysis of this sample on an unwashed, large 

grain of P29P (labelled P29H/A) is given in Table 5.4. Data 

in Table 9.4a were obtained on the UTD microprobe by S. C. 

Eriksson. Although no analyses are reported for Cr or Ni, 

searches were made for both of these elements but they were 

not detected. Data in Table 9.4b were obtained on the Anglo 

American microprobe in Johannesburg on behalf of H. Allsopp. 

Cr was analyzed but not detected. The measured Ni and Na 

values are within experimental error of data obtained on the 

UTD microprobe (see Appendix B) and are not significantly 

different from zero.

An average of four analyses of P29H/a (Table 5.4) gives 

an Fe/(Fe+Mg) = 0.16. Large, washed grains labelled b(3) in



Table 9.4a. Microprobe data for various fractions 
of glimmerite sample P29P, by S. Eriksson 
University of Texas at Dallas microprobe.

b (3) c (3) c (4)

1(2) 2(3) 3(2) (2) (3)

Si02 42.02 42.14 41.84 41. 80 42.35

Ti02 1.55 1.60 1.64 1.57 1.13

A12°3 11.16 10.67 10.62 11.17 10.29

FeO 8.27 8.15 8.37 6. 80 7.93

MgO 23.22 22.92 22.97 23.66 23.75

k 2o 10.18 10.38 10.14 10.20 10.10

Total 96.40 95.84 95.58 95.20 95.42

Number of cations based on 22 oxygens .

Si 6.017 6.054 6.031 6.003 6.089

A1 1. 872 1. 807 1. 803 1.890 1.743

Ti 0.160 0.172 0.178 0.169 0.127

Fe 0.984 0.979 1.009 0.816 0.953

Mg 4.923 4.905 4.938 5.068 5.051

K 1.860 1.902 1. 863 1.869 1.853

Site Occupancy

Z 7.889 7. 861 7.834 7.89 3 7. 832

(0.111) (0.139) (0.166) (0.107) (0.168)

Y 6.072 6.056 6.125 6.053 6.131

X 1. 860 1.902 1.86 3 1. 869 1.853

Fe/ (Fe+Ilg) .17 .17 .17 .14 . 16
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Table 9.4b. Microprobe data for various fractions 
of glimmerite sample, P29P, Anglo American 
microprobe.

29/Ha

Pal 29/H 
a

Av. of 3

Pal 29/H 
b

Av. of 3

Pal 29/H 
c (3) 

Av. of 3
c (4) 

Av. of 3

si°2 40.36 40.60 40.06 40.74 40.56

Ti02 1.35 1.31 1.40 1.28 1.37

A l 2°3 10.77 10.64 10.48 10.36 11.08

Cr2°3 0.00 0.00 0.00 0.00 0.00

FeO 7.79 7.86 7.98 7.61 6.99

MnO 0.04 0.05 0.04 0.05 0.02

NiO 0.02 0.01 0.01 0.02 0.00

MgO 23.61 23.39 23.44 23.44 23.40

CaO 0.00 0.00 0.00 0.01 0.00

Na20 0.11 0.09 0.10 0.11 0.10

k 2o 10.29 10.03 10.34 10.10 10.18

Total 94.34 93.98 93.85 93.72 93.70
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Table 9.3 show similar Fe/(Fe+Mg) ratios. Two fine 

fractions, c(3) and c(4) which were ground extensively and 

sieved, show Fe/(Fe+Mg) ratios of 0.14 and 0.16, 

respectively; these values are significantly different and 

may indicate the presence of mica of slightly lower FeO 

content (Sample c(3)). The data in Table 9.4b show slightly 

lower Fe/(Fe+Mg) ratios of 0.15 and 0.14 for samples c(3) 

and c(4), respectively. Comparison of standard data between 

the two laboratories shows the data to be the same (Table

B.l, Appendix B ) . Although slight compositional zoning may 

be present in sample P29P, this is characteristic of 

phlogopites throughout the complex. Other micas studied 

from Phalaborwa (Chapter 5) exhibit compositional zoning of 

Fe and Mg which are as great or larger than that shown among 

various fractions analyzed from sample P29P. Sample 

P134-1006K (Table 5.4) shows more extreme zoning from 

Fe/(Fe+Mg) = 0.17-0.26 and has an apparent age of 1993 + 4 

m.y. Other elements, such as T i , Ni, Cr and Na, show no 

differences among analyses of P29P. Therefore, there is 

nothing inherent in the composition of the micas of P29P to 

indicate the presence of micas of different ages. The two 

other samples in Table 9.3a which gave older apparent ages, 

F16P and Pir64-2395P were also probed to detect possible 

compositional differences in older micas. The data (Table 

5.4) show the micas to be similar to other phlogopites of 

the Phalaborwa complex.
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The possibility of older micas cannot be excluded, 

however, because older micas may not have possessed or 

maintained a different chemistry. Whether micas can 

maintain their isotopic character at elevated temperatures 

is a controversial topic. Xenolithic mica in kimberlites 

may retain older ages (h . Allsopp, pers. comm., 1981); they 

also exhibit a chemical distinction.

9.3.2.3.3 Presence of Exotic Material

Descriptions of various fractions analyzed isotopically 

(Appendix C-3) show that long grinding and washing did not 

yield a completely pure phlogopite sample for dating. These 

minerals found in trace amounts and taken from samples c(3) 

and c(4) were analyzed by microprobe; their compositions are 

listed in Table 9.5. The majority of minerals analyzed were 

apatite with fewer grains of diopside. However, the 

minerals amphibole, olivine, orthopyroxene, and magnetite, 

not normally associated with micaceous pyroxenites or 

glimmerite, were found in this sample. The magnetite has 

concentrations of Ti02* A 1 20 3 and Cr20 3 which are below 

detection limit. This may be a breakdown product of olivine 

or phlogopite rather than an igneous magnetite.

The olivine has higher forsterite content (Fo93) than 

any other olivine analyzed from the Phalaborwa complex and 

is comparable in forsterite content to olivines from mantle- 

derived, ultramafic nodules found in kimberlites (Boyd, 

1975; Danchin, 1979). Similarly, orthopyroxene from P29P is
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Table 9.5

Microprobe Analyses of Minerals 
in Trace Amounts in Sample P29P-c(3) and c(4)

Anphibole
(3)

Diopside 
(3)

Olivine
(3)

Opx
(3)

Magnetite
(2)

Si02 56.34 55.17 42.15 59.34 1.00

Ti02 0.13 0.39 0.00 0.00 0.00
a i2o3 0.49 0.00 0.00 0.75 0.00
Cr203 0.00 0.00 0.00 0.39 0.00
FeO 6.35 3.22 7.34 3.87 96.52
MgO 19.36 17.05 51.53 36.16 0.42

CaO 6.55 25.54 0.00 0.47 -
Na20 5.12 0.00 - - -

k2o 2.16 - - - -
Total 96.50 101.34 101.02 100.98 97.94

Number of cations on the basis of:

24 0 6 0 4 0 6 0

Si 7.691 1.988 1.006 1.992

A1 0.080 0.000 0.000 0.000

Cr 0.000 0.000 0.000 0.038

Ti 0.013 0.011 0.000 0.000

Fe 0.718 0.097 0.147 0.111

Mg 3.939 0.916 1.837 1.814

Ca 0.957 0.986 0.000 0.014

Na 1.339 0.000 - -

K 0.375 - - -

Fe/Fe+Mg .15

0r—1 .07 .06
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extremely Mg-rich and contains appreciable A120 3 and Cr20 3/ 

suggesting crystallization from a different magma or under 

different P,T conditions than the majority of pyroxenes at 

Phalaborwa.

The amphibole from P29P contains Ca, Na, and K. The 

magnesioriebeckite composition is somewhat similar to the 

amphibole found in fenitized country rock at Phalaborwa 

(P146-440N) (Table 5.7) but the amphibole from P29P is much 

lower in Fe/(Fe+Mg) with a ratio of 0.15 versus 0.35 in 

P146-440N; K and Na are also higher in the glimmerite 

sample. The magnesioriebeckite contains 2.16% K 20 and,

therefore, would contain substantial amounts of R b . 

However, if the amphibole is the cause for the older 

apparent ages, it would have been present in sufficient 

quantity to have been observed optically in thin section as 

its green color and crystal habit are distinctive. 

Therefore, although K-amphibole is present, it is not 

present in sufficient quantities to have mixed with 

phlogopite to give the ages found in Table 9.3.

9.3.2.3.4 Xenoliths in the Phalaborwa Complex 

Although chemically and texturally sample P29P resembles the 

majority of glimmerites in the main Phalaborwa complex, the 

presence of a wide suite of accessory minerals in a hand 

sample of a few hundred grams suggests a complex history for 

this sample. It should be noted that a thin section was 

examined carefully to detect these minerals. Small
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inclusions appear but are too small to be identified 

optically. They have only been identified after separation 

and probing. The presence of high-Mg orthopyroxene and 

olivine suggests that these minerals did not form at 

conditions of the overall complex at the level studied. A 

xenolithic component, whether a precipitate from a 

Phalaborwa magma at depth or as a non-cognate xenolith from 

mantle or crust, may account for micas of older age in 

sample P29P. Such micas appear not to have had a unique 

chemical composition but retained, at least in part, their 

isotopic characteristics. The majority of mica in sample 

P29P could have crystallized with the rest of the main 

complex, thus possessing the mineral-chemistry 

characteristics of other micas in the complex; the trace 

amounts of diopside, apatite and possibly magnetite 

crystallized at this time.

There is supporting evidence for xenolithic components 

at Phalaborwa. High concentration of Ni is present in 

olivine found in a sample very near the outer contact of the 

complex [Sample P(79a)X, Table 5.6]. No other olivines from

phoscorite and carbonatite approach this sample in: Ni

content. Brandt (1948) reported the presence of

orthopyroxene in phoscorite but this has generally been

disregarded by subsequent workers at Phalaborwa as a 

misidentification because of the petrologic association. 

However, on the basis of Brandt's work and the presence of 

other xenoliths found in this study, more xenocrysts of 

orthopyroxene may be present in the complex.
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Although there is no unequivocal evidence for the

presence of older minerals in the Phalaborwa complex, the 

presence of exotic phases suggests that older micas may 

account for the ages obtained in sample P29P. The wide 

range in apparent ages are then a result of mixing different 

proportions of younger and older phases. The lengthy

grinding of samples labelled (c) appear to have concentrated 

the older mica which was resistant to the grinding

technique.

9.3.2.3.5 Mixing of Minerals to Form Isochrons 

There is a possibility that the isochron for the nine micas 

is a mixing line rather than a true isochron in which

minerals of different composition crystallized at the same 

time. Two possibilities exist for mixing of mica with

extraneous material. Mica with high Rb/Sr ratios

coprecipitated with low-Rb apatite. In this case the

apatite and mica would be in isotopic equilibrium and the 

apatite would maintain an 87Sr/86Sr very close to the 

initial 87Sr/86Sr ratio. The "isochron" or mixing line

would then represent very nearly the true age of the micas.

In the second case, mica which may or may not be older 

than later carbonatite could have been permeated by

carbonate-rich fluids derived from intrusion of the 

carbonatite. Carbonate fluid could penetrate grain 

boundaries and may not easily be removed by grinding and 

washing. Because of the intimate association of these
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fluids with micas, they may be a more significant 

contaminant than apatite described above.

The carbonatites generally have lower initial 87Sr/86Sr 

than clinopyroxenites, as discussed later in this chapter, 

but as Table 9.1 illustrates, apparent ages of micas with 

high Rb/Sr ratios will be relatively unaffected by mixing of 

mica with a component having a slightly different initial 

87Sr/86Sr ratio. The differences in initial 87Sr/86Sr 

ratios of concern here are between 0.704 and 0.710. 

Therefore, consideration of the scatter in mica ages 

resulting from mixing of two or more components does not 

affect the apparent ages significantly nor does it account 

for the discrepancies in apparent ages of micas.

9.3.2.4 Unsolved Problems

The two younger apparent ages obtained on sample P29P have 

not been explained. Although groundwater alteration can 

cause lowering of apparent ages in micas at Phalaborwa (see 

vermiculite analysis, Table 9.14), it would be unjustifiable 

to invoke this mechanism for these two specific samples 

because of the intimate association with very old micas. 

The possibility of experimental error cannot be ruled out, 

specifically weighing errors of sample or spike. One 

purpose in performing experiments, labelled (c) in Table 9.4 

which were performed in cooperation with Dr. H. L. Allsopp, 

was to take extreme care throughout the procedure to exclude 

such errors. No younger ages were found in this group.
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Therefore, taking the above considerations and the overall 

purpose of this thesis into account, the younger ages are 

interpreted as being due to experimental error.

The isotopic data do not exclude the possibility that 

intrusion of pyroxenite occurred around 2150 m.y. or 

earlier. There is a suggestion of an isochron (MSUM = 

0.846) of four phlogopites with an age of 2152 ± 24 m.y. 

(2a) but two of these points are from sample P29P which 

yielded a range of apparent ages. Because this same sample 

also yielded older ages of 2360 m.y. and 2340 m.y., the ages 

around 2150 m.y. could be geologically meaningless artifacts 

of mixing micas of 2360 m.y. and 2011 m.y.

The problem of older micas remains unsolved although 

steps were taken to find the source of apparent age 

differences. The possibility exists that multiple intrusion 

of magma forming pyroxenite occurred or that intrusion 

producing the pyroxenites occurred at around 2350 m.y. and 

that some mica ages were reset by intrusion of carbonatite 

at around 2012 m.y. However, given the agreement in ages of 

numerous samples with cumulus textures and the span of time 

of approximately 300 m.y. between possible intrusive events, 

based on Rb-Sr dating, the intrusion of the Phalaborwa 

complex is considered as taking place as one intrusive event 

around 2012 + 19 m.y. Although widely disparate ages have 

been obtained on different events in kimberlite pipes 

(Allsopp, pers. comm., 1981), most workers on kimberlites do 

not accept that a single conduit is operative over wide time

intervals.
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More detailed study of mica ages is needed. The main 

purpose in dating the Phalaborwa complex was to define an 

age to use in calculating initial 87Sr/86Sr ratios to aid in 

the determination of the petrogenesi s . The U-Pb data and 

the bulk of the Rb-Sr data define an age, as discussed 

below, which is sufficient for this purpose.

9.3.3 Age of Country Rocks

Three country rocks were also dated by Rb-Sr method 

utilizing muscovite and one whole-rock sample with very high 

Rb/Sr ratio. Data for these rocks are given in Table 9.6. 

Sample locations are noted in Figure 9.1. The significance 

of these rocks in this study will be discussed in section

9.4.2.3.2 on mixing of magma with upper crust.

The ages were calculated using the measured 87Sr/86Rb 

assuming an initial 87Sr/86Sr ratio of 0.705 and represent 

minimum ages for the country rocks. Muscovite pegmatoids 

yielded ages of 2647 ± 4 and 2725 ± 1 m.y. and pink granite 

gave an apparent age of 2707 ± 9 m.y. The maximum age of 

2725 m.y. was used as the minimum age of country rocks in 

later calculations.

Biotite from the suite of country rocks collected in 

this study was measured by J. Barton (pers. comm., 1979) who 

obtained an age of 2811 m.y. for the biotite from granite. 

From other unpublished data which yields an errorchron (MSUM 

= 2.14) of 3266 + 113 m.y. (2o), Barton suggested that 

country rocks of the Phalaborwa area may be much older.
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9.3.4 Age of the Phalaborwa Complex

The age of 2012 + 19 m.y. obtained by the Rb-Sr method on 

micas and the age of 2047 + 23 m.y. based on the U-Pb method 

dating of uranothorianite and baddeleyite agree within 

experimental error.

Inherent differences in the U-Pb and Rb-Sr methods 

exist and may bring the ages obtained by the two methods 

into closer agreement. The half-lifes of 238U and 235U are 

amenable to accurate determination and are well established. 

However, as discussed earlier, the error in determination of 

elemental concentrations is less well known in this method. 

On the other hand, from use of international standards, we 

have a very good knowledge of error in elemental 

determination in Rb and Sr. However, the decay constant for 

8 7Rb is not well known and the internationally accepted 

value changes every few years. BPI uses the accepted value 

of X = 1.42 x 10'11; however, many laboratories use X = 1.41 

x 10'11 at the present time and, as recently as 1975, a 

value of X = 1.39 x 10"11 was accepted. The lower values of 

the 87Rb half-life have the effect of raising the calculated 

ages of the micas which would place them in closer agreement 

with the U-Pb ages.

A "best age" for the Phalaborwa complex is taken as an 

average of the ages obtained by the two methods, i.e., the 

age of the Phalaborwa complex is 2030 + 18 m.y. The age 

obtained from the Rb-Sr method will be used in correction of 

87Sr/86Sr ratios in a later section because of internal 

consistency of the system.
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9.4 87SR/86SR RATIOS AS TRACERS

9.4.1 Results

9.4.1.1 Carbonatites

Strontium isotopic ratios and Sr and Rb concentrations for 

nine carbonatite samples are listed in Table 9.7. Of these 

nine, two samples are listed in duplicate because the 

analyses are of separate dissolutions. Initial 87Sr/86Sr 

ratios have been calculated for an age of 2012 m.y. (section 

9.3.4). Rb contents are very low and, even for the sample 

with detectable Rb content, the calculated initial ratio is 

within the 0.01% accuracy of the measured 87Sr/86Sr ratio.

Initial 87Sr/86Sr ratios range from 0.70393 + 6 to

0.71022 + 6. The bulk of initial 87Sr/85Sr ratios lie in 

the range of 0.704-0.706 with sample Pir64-2356C possessing 

an anomalously high ratio of 0.710. Within the group of

lower ratios, 87Sr/86Sr ratios vary. As discussed in

section 9.2, some of these variations are within

experimental error, e.g., sample P72C, while other

variations, e.g., Pir64-2356C, are slightly greater than 

experimental error of isotopic analyses. Sample 

inhomogeneity is indicated by the two analyses of 

Pir64-2356C; differing Rb contents of the two samples might 

cause these slightly different values between samples. 

However, Rb is not detectable in other samples and cannot 

account for variation among samples within the 0.704-0.706 

range or between that group and sample Pir64-2356C with the 

higher 87Sr/86Sr ratio.
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The two samples of banded carbonatite (Table 9.7) have 

different initial 87Sr/86Sr ratios. Sample P152-1430C 

possesses the lowest initial 87Sr/86Sr ratio obtained in 

this study. The five samples of transgressive carbonatite 

overlap the values from banded carbonatite; the highest 

87Sr/86Sr ratio measured belongs to a sample of 

transgressive carbonatite. Variation in initial 87Sr/86Sr 

ratios between samples P72C and P68C is within experimental 

error as is the difference in samples P146-1368C and P51C. 

However, these two groups of samples are different from one 

another and from samples of banded carbonatite with initial 

87Sr/86Sr ratio of 0.70393 + 6 in sample P152-1430C and of 

0.70623 ± 42 in sample P10C, and from the higher initial 

ratios of 0.71006 ± 4 and 0.71027 ± 6 in sample Pir64-2356C.

The mineralogy of the carbonatites varies considerably. 

Descriptions of the samples are listed in Appendix C - 2 . 

Carbonatite samples represent whole rock samples with the 

exception of visible magnetite and phlogopite which were 

removed from each sample. The two dissolutions of sample 

P72C represent two portions of a large specimen about 400 

cm3 . The magnetite-rich area of this sample possesses the 

same 87Sr/86Sr ratio as the portion of sample which 

contained a considerable amount of phlogopite.

Clinopyroxene from sample P72C has a measured 87Sr/86Sr 

ratio (Table 9.8) of 0.70529 + 10. This value is slightly 

higher than the coexisting carbonate fraction of the rock 

which has an initial 87Sr/87Sr ratio of 0.70448 + 18. 

Elemental concentrations were not measured in this pyroxene.
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However, clinopyroxene is extremely rare in carbonatite and 

is considered a xenocryst, possibly derived from the 

pyroxenite body. It is significant that the initial 

87Sr/86Sr ratio of the pyroxene would be equal to or very 

close to the initial ratio of the carbonatite. The 

difference between measured and initial 87Sr/86Sr ratios 

required for pyroxene and carbonatite from P72C to be equal

is in the same range as that between measured and initial

ratios of the other samples. As discussed in the next

section, the 87Sr/8 6Sr ratio of this pyroxene • is very

different from pyroxenes of the pyroxenites. Because of its 

non-cognate nature, it is not crucial whether the initial 

87Sr/86Sr ratios of pyroxene and host rock are identical.

Apatite from sample Pir64-2356C (Table 9.9) has an 

initial 87Sr/86Sr ratio of 0.71008 + 8 which is the same as 

both dissolutions of carbonatite whole rock of that sample.

Previously measured values of 87Sr/86Sr by Powell et 

al. (1966) and Pineau et al. (1973) are identical to each 

other and, although lying in the range of 87Sr/86Sr ratios 

measured in this study, they do not represent the wide range 

in values revealed in the Phalaborwa complex by this study.

9.4.1.2 Pyroxenites

87Sr/86Sr ratios were measured on clinopyroxenes from five 

different rocks: micaceous pyroxenites (F101P and 

P150-975P), massive pyroxenite (F15M), feldspathic 

pyroxenite (F23F) and carbonatite (P72C) from the main
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complex and feldspathic pyroxenite (G12F) from the Guide 

Copper Mine. Details of their preparation are given in 

Appendix C-2. Sr, Rb and K contents were measured by 

isotope dilution; initial 87Sr/86Sr ratios are calculated 

for samples in which elemental abundances were measured. 

These are listed in Table 9.8.

Pyroxenes from pyroxenites have initial s 7Sr/86Sr

ratios ranging from 0.71152 + 6 to 0 .71241 + 14. In

addition, F23F has a measured 87Sr/86Sr ratio of 0.7114 +

12; the initial ratio has not been measured. Even though it 

could have the lowest 87Sr/85Sr ratio of the pyroxenes from 

pyroxenites, because of the large error associated with this 

analysis, it also overlaps in 87Sr/86Sr with the highest 

value measured, i.e., sample F15M.

Sample F101P exhibits slight differences in initial 

87Sr/86Sr ratios between separate dissolutions. Taking the 

accuracy and precision into account, the two analyses differ 

by 0.0002. Concentrations of elements were measured on 

different dissolutions; thus, slight differences in Sr 

and/or Rb concentrations between the two dissolutions may 

bring the initial ratios into agreement. These differences 

must be larger than the 1% accuracy quoted for measurement 

of elemental abundances.

Initial 87Sr/86Sr ratios fall into two groups. Sample 

F15M is the same as one dissolution of F101P. The second 

dissolution of F101P overlaps the initial 87Sr/86Sr ratio of 

P150-975P and G12F.
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As mentioned in the previous section, pyroxene from 

carbonatite P72C has a measured 87Sr/86Sr ratio of 0.70529 + 

10. This value falls in the range of ratios for 

carbonatites but is much lower than any value of 87Sr/86Sr 

measured on pyroxene from a pyroxenite.

Clinopyroxene from the satellite body, the Guide Copper 

Mine, has an initial 87Sr/86Sr ratio identical to two 

clinopyroxenes of the main complex. The significance of 

this analysis will be discussed in Chapter 10.

9.4.1.3 Isotopic Inhomogeneity

Initial 87Sr/8SSr ratios for the rocks and minerals measured 

in this study are shown in Figure 9.6. Analyses fall into 

two groups which are distinctive in initial 87Sr/86Sr ratios 

and in rock type. The one exception is carbonatite sample 

Pir64-2356C in which both carbonatite and apatite lie in the 

high 87Sr/86Sr group with minerals from pyroxenites.

Within the cluster of lower 87Sr/86Sr ratios, values 

range from 0.70393 ± 6 to 0.70623 +42. As discussed in 

section 9.4.1.1, some of these values overlap, but the 

variation between the upper and lower values of the group is 

significant. A clinopyroxene megacryst, probably of 

xenocrystal origin, has an initial 87Sr/86Sr equal to or 

very close to host carbonatite.

The cluster of higher initial 87Sr/86Sr ratios contains 

values ranging from 0.71008 ± 8 to 0.71241 ± 14. Isotopic 

inhomogeneity exists within samples and between samples.
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coexisting
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pyroxene 
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87 88Figure 9.6 Summary of initial Sr/ODSr ratios for rocks and minerals 
from the Phalaborwa complex measured in this study. Measured
87 ,gg

St/ Sr ratios are shown for those minerals in which element 
concentrations were not measured. Coexisting phases are denoted 
above the histogram.
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Carbonatite sample Pir64-2356C has slightly different ratios 

between dissolutions, a minimum of 0.00005 difference taking 

into account accuracy and precision of the analyses. 

Apatite, on the other hand, is in agreement with both 

dissolutions of this sample.

Isotopic inhomogeneity is also indicated for 

pyroxenites. Pyroxene from F15M has an initial 37Sr/86Sr 

ratio of 0.71241 + 14 and its coexisting apatite (Table 

9.10) has an initial ratio of 0.71198 + 10. Maximum error 

on these analyses leaves a 0.00015 difference in initial 

ratios. Replicate analyses of apatites from F16M indicate 

isotopic inhomogeneity. Two separate dissolutions of F16M 

yielded 87Sr/86Sr ratios of 0.71125 + 10 and 0.71039 + 4. 

These are statistically different; although concentrations 

of Sr and Rb were not measured on these two samples, even if 

they contained no Rb, they could not have the same initial 

87Sr/86Sr ratio as a third dissolution with an initial 

87Sr/86Sr ratio of 0.71234 + 10. Concentrations of elements 

were measured on the same aliquot of sample as the 87Sr/86Sr 

measurement, and, therefore, sample inhomogeneity has no 

effect on the calculation of this initial ratio. A minimum 

amount of difference between the upper and lower values 

obtained for F16M is 0.00169.

Two magnitudes of variation in initial 87Sr/86Sr ratios 

must be accounted for geologically, the larger differences 

between the two groups of ratios and the smaller variations 

within a single sample and among samples within a group.
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The larger variation is on the order of 0.005; the smaller 

variations are on the order of 0.0025 or less. The 

subsequent four sections describe additional analyses 

obtained to help explain the variations in initial 87Sr/86Sr 

ratios in the Phalaborwa complex. The implications of these 

data are then discussed in section 9.4.2.

9.4.1.4 Leaching Experiments on Pyroxenes

Leaching experiments were performed on one sample of 

clinopyroxene to establish whether contaminating material, 

rich in radiogenic Sr derived from hydrothermal fluids or 

groundwater may have contributed to the high initial 

87Sr/86Sr ratios of pyroxenes. Material deposited by 

contaminating fluid is thought to reside along cleavage 

planes, partings and in pits and other surface 

irrregularities in a mineral.

Results of the leaching experiments on sample F15M are 

listed in Table 9.10. Material for these analyses was 

prepared by placing a known amount of clinopyroxene, 

comparable in purity to that reported in Table 9.8, in 6N 

HC1 and leaching to remove material which may be adhering to 

surfaces and cracks within the crystal. The pyroxene of 

Leach B experiment was leached cold for one hour, the 

identical treatment to all other pyroxenes measured. 

Pyroxene of Leach A experiment was subjected to ultrasonic 

treatment in the cold HC1; the purpose of the ultrasonic 

treatment was to detect any additional contaminant which 

might be released under more drastic conditions.
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Analyses reported in Table 9.10 represent the leachate 

or liquid portion of the leaching experiments. This portion 

contains whatever contaminant has been removed from crystal 

cracks and surfaces. Leach B material has the highest 

initial 87Sr/85Sr ratio measured in this study (0.713388 + 

5); Leach A, which was expected to remove more contaminant 

from the pyroxene, has the same initial 87Sr/85Sr ratio 

(0.71224 + 8) as the pyroxene (Table 9.8). The Rb content 

of the leached material is very low compared to the Sr

content; this is compatible with either carbonate or apatite 

contaminant.

9.4.1.5 Oxygen and Carbon Isotopes

Table 9.11 lists oxygen and carbon isotopic data for 

carbonatites from Phalaborwa performed for this study. The 

error in the measurements from this study are +0.1% as given 

by R. Forester of Arco Oil and Gas Co. who supervised the 

analyses. Analyses are compared to standard mean ocean

water for oxygen and limestone standard PDB for carbon. 

Variations in 6180 and 613C values, in excess of the

associated experimental error, were observed.

9.4.1.6 Country Rocks

In order to test the extent to which magma from the 

Phalaborwa complex may have mixed with upper crust,

composition of a "bulk country rock" was established by 

study of 30 samples of country rock. These were collected
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Table 9.11. C and 0 isotopic data for 
selected carbonatites.

Sample

Initial
87Sr/86Sr

Ratio S O  (SMOW) S C  (PDB)

P51C 0.70569+8 7.6+.1 o/oo -4.3+.1 o/oo

P152-1430C 0.70393+6 7.1+.1 o/oo -4.5+.1 o/oo

PIR64-2356C 0.71000+4 8.1+.1 o/oo -3.9+.1 o/oo 
0.71022+6
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from a 2-3 km radius surrounding the Phalaborwa complex. To 

the north and west of the complex, pink equigranular 

granitic rock is prominent which occasionally contains 

irregular schlieren of dark-green pyroxene. South and 

southeast of the complex, the dominant rock is gneissic 

biotite granite containing numerous areas of muscovite 

pegmatite. To the southwest, pink granitic and gneissic 

rocks are interbanded in approximately equal proportions. 

The Kruger National Park bounds the complex to the east; it 

was not logistically practical to sample in the park.

A petrographic study was undertaken and Rb-Sr 

concentrations (Table 9.12) were measured by XRF to 

determine the effects of surface weathering and/or 

metasomatism from the complex. J. Barton (pers. comm.,

1979) found that three samples of gneissic biotite granite, 

C9B, C25B and C28B, did not lie on the errorchron 

established for country rocks, and he surmised that they had 

been affected by metasomatism from the main complex. From 

Rb and Sr compositions, petrography and Barton's work, 18 

samples were judged to be free from metasomatism and 

weathering; rock powders were mixed in proportions estimated 

from sample collecting, i.e., pink granite : biotite gneiss; 

muscovite pegmatite are present in a ratio of 5:4:1. 

Isotopic measurement on this mixture yielded an 87Sr/86Sr 

ratio of 0.7527 + 8 with a Sr concentration of 261 ppm and a 

Rb concentration of 119 ppm.
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TABLE 9.12
Kb and Sr Concentrations of Country Rocks

Sanple Sr (ppm) Kb(ppn)

Gneissic Biotite Granite
C13B 435 75
C14B 611 35
C(27A)B 15 186
C(24A)B 470 60
C9B 330 91
C25B 342 58
C28B 302 143
C(27B)G
C(21)B

237 182

Gneissic Fenite
P75N 642 203
P78N 394 100
P79N 690 126
P81N 344 96
P86N 563 177
P87N 658 140

Muscovite Pegmatite
C7V 98 224
CSV 42 143

Pink Fenite
F73N 241 213
F(79A)N 406 377
P76N 114 194
F81N 369 268

Pink Granite
C1G 197 155
C(10A)G 60 127
C16G 103 130
C20G 151 186
C22G 269 113
C29G 327 131
C30G 346 271
C(20A)G 547 32
C3G 155 150
C2G 256 124
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9.4.1.7 Vermiculite Composition

Table 9.13 contains Rb and Sr concentrations and isotopic 

compositions for a vermiculite sample from Phalaborwa. The 

sample was taken from the open pit on PMC property where 

mining for vermiculite takes place. The location of the 

sample is shown in Figure 9.1. The total Rb content of the 

vermiculite is 332 ppm compared to 615 ppm to 829 ppm Rb for 

phlogopites listed in Table 9.3a.

9.4.2 Significance of Initial 87Sr/8 6Sr Ratios 

The concept of using a7Sr/85Sr ratios as petrogenetic 

tracers (Gast, 1960; Faure and Hurley, 1963; Hedge and 

Walthall, 1963) is based on the tenet that a rock has the 

same initial 87Sr/86Sr ratio as the magma from which it 

formed and that the magma is derived from a homogeneous 

source area with a unique initial 87Sr/86Sr ratio. With 

subsequent study, it soon became apparent from differences 

in 87Sr/8SSr ratios of basalts from oceanic floor and 

islands that the mantle is inhomogeneous laterally and 

vertically (Gast et al., 1964; Hofmann and Hart, 1978).

The assumption that erupted material is isotopically 

representative of the source material has also been 

questioned. Some workers postulated that, although derived 

from a homogeneous source, disequilibrium melting (O'Nions 

and Pankhurst, 1974; Gast et a l . , 1964; Peterman et al. ,

1970; Harris et al. , 1972) or changes within the magma

during its ascent (O'Hara, 1973, 1975) account for

variations of isotopic ratios within a given rock type.
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Study of oceanic rocks essentially should overcome the 

problem of contamination by crustal rocks. However, 

continental suites possess the additional problem of 

possible contamination by crustal rocks during ascent 

through a thicker, chemically different crust. Studies of 

ultrapotassic lavas of Africa, North America, and Australia 

provide extreme cases of possible crustal influence on 

strontium isotopes. Initial 87Sr/86Sr ratios of East 

African ultrapotassic lavas range from 0.7035 to 0.708 with 

a strong correlation of 87Sr/86Sr with Rb/Sr (Bell and 

Powell, 1969, 1970), a feature compatible with crustal 

contamination. However, other lavas of similar composition, 

such as those of Australia and Spain (Powell and Bell, 1970) 

have negative correlation between these two ratios.

A corollary of the basic theory that initial strontium 

ratios of rocks reflect their source is that comagmatic 

rocks should have identical initial strontium ratios. This 

has been used to test whether certain rocks in intimate 

spatial association are in fact cogenetic (Allsopp and 

Ferguson, 1970; Powell et al., 1966; Foland and Friedman, 

1977) .

Changes in strontium ratios by post-crystallization 

processes can mask the petrogenetic character of a rock. 

Characteristics not related to the isotopic system are 

necessary to determine if such processes have taken place. 

For instance, oxygen and carbon isotopes have been used to 

determine if rocks have experienced deuteric alteration by 

ground water (Taylor, 1968).
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The strontium isotopic data from the Phalaborwa complex 

represent a wide range in initial 87Sr/86Sr ratios. As 

discussed in section 9.4.1.3, these variations are small 

within single samples, are somewhat larger within each rock 

type studied, and are generally very large between 

carbonatites and pyroxenites. The following sections 

explore different possibilities as to the origin of this 

range in initial 87Sr/86Sr ratios. The initial 87Sr/86Sr 

ratios in the Phalaborwa complex represent their source 

region or regions or must have been altered either during 

ascent and cooling or by post-crystallization processes.

9.4.2.1 Effects of Post-crystallization Processes 

An obvious possibility for the cause of a wide range of 

87Sr/86Sr values with small-scale inhomogeneities within a 

rock is groundwater contamination. The geographical 

location of the Phalaborwa complex in flat-lying terrain of 

semi-tropical climate suggests that groundwater interaction 

could play a large role in altering isotopic compositions. 

The erosional pattern of South Africa (Brink, 1979) shows 

that the Phalaborwa complex could have interacted with 

ground water for the last 20 m.y. The overlying Malmani 

Dolomite of the Transvaal Supergroup had retreated to the 

escarpment and caves had formed which are similar to the 

famous archaeological sites dated at 20 m.y. (Partridge, 

1973). This estimate is probably a minimum age for 

groundwater interaction.
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9.4.2.1.1 Alteration of Phlogopite to Vermiculite 

The Phalaborwa complex contains vast quantities of 

phlogopite which have been altered in places to vermiculite 

and hydrobiotite (Hanekom et a l ., 1965; Gevers, 1948).

Table 9.13 contains an analysis of vermiculite taken 

from the northern pegmatoid body which is mined for 

commercial vermiculite. This vermiculite has lost about 110 

ppm 87Rb and 3.4 ppm radiogenic 87Sr compared to the average 

phlogopite. Probably all the mica within a few metres of 

the surface has been transformed to vermiculite, and large 

bodies in the northern and southern pegmatoid bodies extend 

to depths of 50 metres below the present erosional surface 

(Hanekom et al., 1965). Hydrobiotite is confined to a small 

body on the western contact and small, scattered outcrops 

within the complex. It is volumetrically insignificant 

compared to the vermiculite. X-ray diffraction on 

phlogopites listed in Table 9.3a from the Foskor and PMC 

pits showed the phlogopite to be unaltered. These analyses 

included K-saturation of the mineral to measure 

expansibility.

Calculations may be made to determine whether the 

radiogenic strontium derived from mica during alteration of 

phlogopite to vermiculite could account for the variations 

in 87Sr/86Sr ratios in the complex. Appendix C-4 contains 

estimates of vermiculite tonnage in the Phalaborwa complex;
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these are slightly higher than the amounts given by Hanekom

et al. (1965) in order to allow a generous source of

radiogenic strontium for contamination. The amount of 87Sr

generated from 8 7Rb in 20 m.y. and 8 7Sr lost from the

phlogopite structure during alteration is added to

clinopyroxenes of the complex to a half kilometre depth and 

to carbonatite to a similar depth. These calculations, 

listed in Appendix C-4, assume that clinopyroxenites and 

carbonatites are cogenetic and possessed an initial 

87Sr/86Sr ratio of 0.704 upon intrusion.

Clearly, vast tonnages of 87Sr percolating through the 

complex will raise the initial strontium ratios. The 

magnitude of the change estimated from the data in Appendix 

C-4 is of the order of 0.0003. Changes of this magnitude 

may account for many of the smaller variations in initial 

87Sr/86Sr ratios found within single samples. Differences 

in initial strontium ratios between clinopyroxene and 

carbonatite in sample P72C, apatite and pyroxene in F15M, 

and the two dissolutions of clinopyroxene in sample F101P 

and of carbonatite in sample Pir64-2356C may be accounted 

for by this mechanism.

Changes of the order calculated in Appendix C-4 are

about eight to 10 times too small to account for the

variations in 87 Sr/ 86Sr ratios found among pyroxenes and

among carbonatites and are about 20 times too small to

account for variations between the majority of carbonatites 

and the pyroxenites.
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Based on these calculations, radiogenic strontium 

derived from alteration of phlogopite to vermiculite can 

account for much of the isotopic inhomogeneity found within 

coexisting minerals and duplicate samples of the same rock. 

However, this mechanism cannot account for variations among 

samples within a rock type or for variations between the two 

groups of initial 87Sr/86Sr ratios.

9.4.2.1.2 Diffusion from Phlogopite

A distinct but similar source for 8 7Sr is from diffusion of 

87Sr from phlogopite. This may occur as a continuous 

process not associated with vermiculitization. In this 

case, solid state diffusion would transport the 87Sr to the 

grain boundaries and some other mechanism, such as movement 

of ground water, would have to transport the 87Sr out of the 

mica into the rock. Carbonatite samples from P72C were 

measured with this in mind. However, the mica-rich portion 

of the rock has the same initial 87Sr/86Sr ratio (0.70425 + 

4) as an area free of mica (0.70448 _+ 18) within 

experimental error. Clinopyroxenes from micaceous 

pyroxenites generally have lower 87Sr/86Sr ratios than 

pyroxene from massive pyroxenite (Table 9.8). Therefore, 

diffusion of 87Sr out of phlogopite is not considered a 

viable mechanism for raising initial 87Sr/87Sr ratios even 

the small amounts observed within samples.
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9.4.2.1.3 Leaching Experiments

Leaching experiments were carried out on one pyroxene to 

determine if contaminating material with high 87Sr/36Sr is 

present along cracks, cleavages and imperfections in 

clinopyroxene and if isotopic measurements reflect these 

mixtures. Results listed in Table 9.10 show that the leach 

material from one sample is comparable in 37Sr/86Sr to the 

leached pyroxene (Table 9.8) and does not approach the 

87Sr/8SSr ratios of the present-day country rock (section 

9.4.1.6). This leach which included ultrasonic treatment 

may have leached intergrown apatite or calcite as well as 

surface contaminant. Leach B has a slightly higher 

37Sr/85Sr ratio than the clinopyroxene and contains 58 ppm 

total Sr. Using the mixing equation of Ewart and Stipp 

(1968)*, an initial ratio of 0.704 for the clinopyroxene 

(550 ppm Sr), 0.714 for contaminant (58 ppm Sr) and 0.712 

for hybrid gives 37.9 units of contaminant per unit of 

clinopyroxene needed to raise the initial ratio to 0.712.

Similar calculations for raising initial 87Sr/85Sr 

ratios from the lowest to highest within the group of ratios 

in the 0.710-0.712 range show a high proportion of 

contaminant is needed. Using data from Table 9.8, raising a 

87Sr/86Sr ratio of 0.71152 with 318 ppm Sr in the

r  Sr
p r 8 7 S r 1 _L

X Sr
c P  87Sr *1 " 8 7 sr]

Sr + x Sr
P _ 8SSr J

P
Sr + X SrL p <=J L 86Sr j

c ^ 86SrJ

p = parent; c = contaminant; h = hybrid; x = 
contaminant needed.

proportion of
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clinopyroxene to a ratio of 0.7124 (F15M), requires three 

units of contaminant for every unit of clinopyroxene. 

Similar calculations for apatites show proportions of 

contaminant required are of the order of several hundred 

units contaminant.

The initial 87Sr/86Sr ratio of contaminant is very near 

the values of the minerals and the relatively low Sr 

contents precludes contaminant transported by groundwater 

having made any significant changes in initial 87Sr/86Sr 

ratios. Contaminant could not have raised the initial 

87Sr/86Sr ratios from the carbonatite values to those of the 

pyroxenites and could not have caused the range in values 

observed among rocks of similar type. The contaminating 

material probably does represent material precipitated from 

ground waters percolating through the complex. These 

experiments do not address the problem of exchange in Sr 

within the pyroxene structure with Sr in the ground water. 

However, the 87Sr/86Sr composition of the leached material 

is only slightly different from the composition of the 

pyroxene so that, at best, actual alteration of pyroxene by 

ground water is only capable of explaining the small scale 

variation in initial 87Sr/86Sr ratios within the pyroxenes.

9.4.2.1.4 Oxygen and Carbon Isotopes

A final estimate of degree of groundwater alteration of the 

complex was made by measuring oxygen and carbon isotopes for 

carbonatite members. Three samples of carbonatite
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representing lowest to highest 87Sr/86Sr ratios measured 

were submitted to the Geological Research facilities of ARCO 

Oil and Gas, Dallas, Texas, for stable isotope analysis. 

The results along with errors are listed in Table 9.11 and 

plotted in Figure 9.7 with data from other carbonatites, 

including previously reported data for the Phalaborwa 

complex (Pineau and Javoy, 1969; Sheppard and Dawson, 1973; 

Suwa et a l ., 1975).

None of the data from Phalaborwa lie in the box which 

Taylor et al. (1967) interpreted as primary, unaltered 

igneous carbonatites (Figure 9.7). However, there is 

considerable disagreement as to what represents unaltered 

carbonatite material. Deines (1970) established a wider 

range of values for the Oka complex which he and others 

(Suwa et al., 1975) interpret as unaltered carbonatite 

(Figure 9.7). Sheppard and Dawson (1973) advocated a range 

of 613C of -2 to -9 per mil for "primary" igneous 

carbonatite; Dawson and Fuge (1980) extended the "primary" 

box to enclose 613C values up to -2 per mil and accept that 

data from Phalaborwa lie in this primary carbonatite field. 

Thus, from the more recent studies, data from Phalaborwa may 

be considered as primary, igneous values.

In addition, because meteoric water compositions have 

negative 6180 values, alteration of carbonates by 

groundwater interaction should have the effect of creating 

lower 6180 values in altered carbonatites. This is not the 

case at Phalaborwa. Higher values of 5180 are commonly
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Sl80%o
(2) Phalaborwa, this study 

A  Phalaborwa (Sheppard and Dawson, 1973)

□ Phalaborwa, banded carbonatite
(Suwa et al., 1975)

o  Phalaborwa, transgressive carbonatite 
(Suwa et al., 1975)

X Oldoinya Lengai (Fontes)*
□ Busumbu (Pineau)*
0  Sukulu Hill (Pineau)*
■ Lime Kiln Hill, Tororo (Pineau)*
+ Tororo Hill (Pineau)*
• Kirumba (Pineau, Fontes)*
S Lueshe (Pineau, Fontes)*
▲ Napak (Pineau)*

V  Bachelor Lake (Sheppard 
and Epstein, 1970)

▼ Kimberlite calcite vein 
(Baertschi, 1957)

© Spitzkop (Baertschi, 1957)
® Tundula (Baertschi, 1957)
23 Chilwa Island (Baertschi, 1957)
&  Iron Hill (Taylor et al. , 1967) 

Cripple Creek (Taylor et al., 1967' 
o Alno (Taylor et al., 1967)
A Laacher See (Taylor et al., 1967)

*Pineau and Fontes data as 
quoted in Denauyer (1970).

Figure 9.7 Oxygen and carbon isotopic data for carbonates from Phalaborwa 
and other alkaline complexes and pipes. The box denoted by dashed 
lines refers to values considered as primary igneous values of 
mantle-derived rocks by Taylor et al. (1967); the solid box covers 
’primary’ mantle-derived rocks by Deines (1970). The line represents 
a differentiation path suggested by Denauyer (1970).
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attributed to hydrothermal alteration or differentiation 

(Taylor ejt al. , 1967; Denauyer, 1970). Denauyer (1970) 

proposed a change in 613C and 6180 to higher, more positive 

values along the line shown in Figure 9.7 to represent 

differentiating material. Data from this study and from the 

study of Suwa et al. (1975) fall on this line. Hydrothermal 

alteration of early-formed phases by later magmatic events 

cannot be ruled out on oxygen and carbon isotopic evidence. 

However, there is no mineralogic evidence that intrusion of 

carbonatite liquid influenced the mineralogy of the 

pyroxenites. The lower initial 87Sr/86Sr ratio of 

carbonatites would only have the effect of lowering the 

87Sr/86Sr ratios of the pyroxenites. Intrusion of the 

transgressive carbonatite could have provided fluids with 

high initial 87Sr/86Sr which affected the isotopic 

composition of the banded carbonatite. However, the 

transgressive carbonatite also contains samples with low 

87Sr/86Sr ratios, thereby making hydrothermal alteration an 

unlikely process to explain the observed range in initial 

87Sr/86Sr ratios.

There is also a correlation among initial 87Sr/86Sr 

ratios, 5180 and 513C (Table 9.11). The significance of 

this relationship is not clear cut, but, along with the 

absolute values of 6180 and 613C being regarded as primary 

igneous values, groundwater alteration as a mechanism for 

raising the 87Sr/86Sr ratio may be ruled out. The 

ramifications of the oxygen and carbon isotopic compositions 

with regard to magma mixing are discussed later.
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9.4.2.1.5 Geologic Evidence

Aside from looking at post-crystallization alteration from 

calculations in the previous sections, the geologic 

relations also shed light on the problem. The association 

of high-Sr apatite and relatively low-Sr clinopyroxene in 

the same rock with both possessing equal and considerably 

higher 87Sr/86Sr ratios than most of the carbonatites sheds 

some evidence on the nature of these ratios. If these two 

minerals have been affected by the same amount of isotopic 

alteration, the apatite containing over 10,000 ppm Sr should 

possess considerably lower 87Sr/86Sr ratios than the 

clinopyroxene. This is not the case. Clinopyroxenes are 

considerably less soluble in ground water than carbonate or 

apatite so that equal amounts of replacement of these 

minerals is unlikely. If groundwater alteration caused the 

variation in Sr ratios, then it also might be expected that 

samples from diamond-drill core would have lower Sr ratios 

than samples taken from open pit areas. However, Tables 

9.8, 9.9 and 9.11 show that there is no correlation between

depth and 87Sr/86Sr for pyroxenites or for carbonatites. 

Certainly, fractures within the complex and the relatively 

porous nature of the rocks provide conduits for groundwater 

migration which can obliterate depth variation; this is not 

substantial evidence against groundwater alteration, but it 

is one piece of negative evidence. In addition, studies
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which do invoke groundwater alteration as a mechanism for 

raising 87Sr/86Sr initial ratios (Kramers, 1977; Bolivar and 

Brookins, 1979) generally have substantial mineralogical 

alteration as proof of this process.

9.4.2.1.6 Conclusions

It has been shown that there is no evidence to support post­

crystallization alteration of 87Sr/86Sr ratios to such an 

extent that all measured rocks and minerals possessed a 

common initial strontium ratio and were altered to their 

present values. 87Sr derived from alteration of phlogopite 

to vermiculite and transported by ground water will account 

for the minor variations within samples. No mechanism 

discussed, however, will account for pyroxenites and 

carbonatites having a common initial 87Sr/86Sr ratio with 

later alteration of pyroxenites yielding the present-day 

high values. Neither can these mechanisms account for the 

high 87Sr/86Sr value of carbonatite Pir64-2356C which has an 

initial strontium ratio comparable to pyroxenites. 

Hydrothermal fluids from intrusion of a second carbonatite 

liquid could account for recrystallization of the earlier 

carbonatite but not for the lower initial 87Sr/86Sr ratios 

of some of the samples of transgressive carbonatite. 

Lastly, variations within rock types are too great to be 

explained by post-crystallization processes.
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9.4.2.2 Ratios Inherited from Source Areas

It is generally accepted that carbonatites are derived from 

the mantle. Geological evidence (Ferguson and Currie, 1972; 

Tuttle and Gittins, 1966), radiogenic and stable isotope 

studies (Powell et al. , 1966; Deines and Gold, 1973; 

Lancelot and Allegre, 1974; Mitchell and Krouse, 1975) and 

experimental work (Huang and Wyllie, 1974; Wyllie and Huang, 

1976, Wyllie, 1977a, Eggler, 1978) point to the upper 

asthenosphere as a probable source for C02-rich rocks. 

Powell et al. (1966) reported low values of 87Sr/86Sr ratios 

for carbonatites which have been cited extensively in the 

last decade as representing uncontaminated mantle ratios.

All types of mantle-derived rocks occasionally show 

perturbations in 87Sr/86Sr ratios from what was once 

considered uncontaminated mantle source material. Ocean- 

floor basalts show the least amount of variation (87Sr/86Sr 

= 0.7025-0.7035) and oceanic island basalts show a slightly 

greater variation (87Sr/86Sr = 0.7025-0.7065) (Hofmann and 

Hart, 1978). Likewise, rocks intruded through continental 

crust such as continental basalts (Brooks et al., 1976b; 

Brooks and Hart, 1978; Carter et al. , 1978), alkalic lavas 

(Bell and Powell, 1969; Peterman et al., 1970; Paul, 1971), 

carbonatites (Deans and Powell, 1968; Rock, 1976), and 

ultramafic nodules (Kudo et al. , 1972; Allsopp and Barrett, 

1975; Burwell, 1975) show variations in initial strontium 

ratios within minerals, nodules and coexisting magmas.
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The most simple explanation for variation in initial 

87Sr/86Sr ratios is contamination by crustal rocks, 

discussed in the next section. In many cases, however, this 

can be ruled out on the basis of geochemical and Pb-isotopic 

data. A more fundamental question is whether the isotopic 

composition of uncontaminated magmas is truly representative 

of the source region or is unrelated to the source region 

through the process of disequilibrium melting. Several 

workers in isotope systems (Gast et al. , 1964; Peterman et 

a l ., 1970; Harris et al., 1972; O'Nions and Pankhurst, 1974; 

Flower et al. , 1975) invoked disequilibrium melting rather 

than heterogeneous mantle to account for variations in 

8 7Sr/8 sSr in cogenetic rocks. Most of these workers now 

accept that heterogeneities in isotopic composition are 

present in the mantle.

There is considerable evidence that the Precambrian 

mantle was isotopically heterogeneous. The simplest models 

for upper mantle isotopic evolution are based on one-stage 

(Faure and Hurley, 1963) or two-stage (Birch, 1965; Steuber 

and Murthy, 1966) development. Figures 9.8 and 9.9 show two 

models. The first (Figure 9.8) from Davies et al. (1970), 

shows an evolution curve (AB) based on the Rb/Sr ratio of 

oceanic basalts with an early separation of mantle and 

crust; also shown is curve (AC) based on a higher Rb/Sr 

ratio of 0.10 invoking a model where crustal material 

separates later, around 3500 m.y., leaving a mantle depleted 

in alkalis (CD) relative to crust (CG). Data from some



350

Figure 9.8 Model for 87Sr/86Sr evolution (from Davies et al., 1970) 
with initial 87Sr/8^Sr ratios from Phalaborwa (this study) and 
several southern African intrusions. PC=the lower values for 
Phalaborwa carbonatites, PP= Phalaborwa pyroxenites, D-S= Dorowa-Shawa, 
BIC= Bushveld Igneous Complex, U=Ushushwana, T=Trompsburg and L=Losberg.
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TIME ( billion years)

Figure 9.9 Model for upper mantle growth curve (AB) from 
Moorbath (1976). Other lines show ®^Sr/®^Sr growth 
curves for various gneisses from Zimbabwe.
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southern African layered complexes lie along the line (CD) 

indicating higher 87Sr/86Sr ratios were present in sub­

continental mantle than estimated from the oceanic basalt 

evolution curve. The lowest value of initial 87Sr/86Sr 

obtained from Phalaborwa lies close to this same line (CD, 

Figure 9.8) supporting the fact that 87Sr/86Sr = 0.7039 is a 

reasonable initial 87Sr/86Sr ratio for the Phalaborwa 

complex. This trend of 87Sr/86Sr ratios extends through 

time in southern Africa as indicated by the Usushwana 

complex, the Trompsburg complex, and Dorowa-Shawa 

carbonatite complex in Zimbabwe (Figure 9.8).

The Bushveld Complex has considerably higher initial 

87Sr/86Sr ratios with values of 0.7065 + 0.0020 (Davies et 

al. , 1970) and 0.70563 + 2 to 0.70769 + 6 (Hamilton, 1977) 

for mafic rocks and 0.7153 + 0.0088 (Davies et al. , 1970) 

for acidic rocks. The Losberg complex has similar high 

87Sr/86Sr initial ratios for Precambrian rocks derived from 

the mantle (Figure 9.8). Although the initial 87Sr/86Sr 

ratios of the pyroxenites of Phalaborwa are considerably 

higher than these other complexes, from the data on Figure

9.8 it is easy to envisage a heterogeneous mantle which 

produces rocks with a wide range in isotopic compositions.

If one considers the majority of carbonatites to have 

an initial 87Sr/86Sr of around 0.7039 with the variation 

among them resulting from some modification on their path 

toward final emplacement and cooling, then those data fall 

well within values of 87Sr/86Sr ratios for subcontinental
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mantle in southern Africa; i.e., Phalaborwa data fall very 

near line CD in Figure 9.8 and fall well below line CG. 

Thus, the lowest value of initial 87Sr/86Sr for the 

Phalaborwa complex fits well with other data supporting a 

subcontinental mantle in southern Africa which is enriched 

in Rb/Sr relative to normal oceanic basalts.

If the initial 87Sr/86Sr ratios measured for 

pyroxenites from Phalaborwa are representative of relatively

unmodified values, i.e., possessed a common 87Sr/ a sSr ratio

of around 0.7100, then the pyroxenites must have been

derived from a source isotopically distinct from that

forming the carbonatites. A Rb/Sr ratio of approximately 

0.15 for the mantle would be required to produce initial 

ratios similar to those of the pyroxenites from Phalaborwa. 

This value (Rb/Sr = 0.15) is more compatible with crustal 

compositions than with the mantle unless there is 

significant Rb enrichment of the mantle locally. The 

presence of phlogopite in the mantle would provide a source 

for high Rb/Sr.

The presence of phlogopite in the mantle has long been 

postulated on experimental (Yoder and Kushiro, 1969) and 

geochemical (Carmichael et al. , 1974) grounds. More 

recently (Aoki, 1974; Dawson and Smith, 1977), nodules 

labelled the MARID-suite containing phlogopite as a main 

constituent have been identified as being derived from the 

mantle. Some of these nodules are sufficiently mica-rich to 

be termed glimmerites. Megacrysts of phlogopite thought to
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have crystallized from kimberlitic magma (Dawson and Smith,

1975) also provide evidence of a Rb-rich mantle.

This model postulating a distinct source for 

pyroxenites and most of the carbonatites requires an 

inhomogeneous mantle which has maintained isotopic 

disequilibrium for some time in order for the source of the 

pyroxenites to attain such a high 87Sr/86Sr ratio. It also 

requires that phlogopite be present in the mantle for a 

substantial amount of time before generation of the 

pyroxenite magma. The amount of time and the proportion of 

mica required cannot be discussed quantitatively because the 

degree of partial melting of the source rock is not known. 

However, there is a suggestion that older micas may be 

present in the Phalaborwa complex (section 9.2) which may 

represent mantle-derived cognate or non-cognate xenoliths 

transported into the crust by the magma. The 87Sr/86Sr of 

the source must have been at least 0.7100. The isochron 

based on micas around 2000 m.y. has an initial 87Sr/86Sr of 

0.70558 ± 0.00724 (2o). The error associated with the 

initial ratio is quite large but allows the calculated ratio 

to have an upper limit of 0.71282. This is higher than all 

of the initial 87Sr/86Sr ratios measured for apatites and 

pyroxenes of the pyroxenites.

Ramifications of a phlogopite-bearing mantle for 

isotopic data have been discussed at length (Beswick, 1976; 

Hofmann and Hart, 1978); these workers conclude that low 

K/Rb phlogopite can produce local isotopic heterogeneities
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in a completely crystalline upper mantle. Mineral 

disequilibria have been observed in nodules (Dasch and 

Green, 1975; Basu and Murthy, 1977) and long-term 

heterogeneities have been present over long time periods of 

1.5-2.0 b.y. as indicated by Pb (Gast et a l ., 1964; 

Tatsumoto, 1966) and Nd isotopes (DePaolo and Wasserburg,

1976).

It is significant that rocks varying in age from the 

Archaean Messina Layered Intrusion (Barton et al., 1979) to 

Cretaceous kimberlite nodules (Kramers, 1977) have high 

initial 87Sr/86Sr ratios which are interpreted as being 

derived from a heterogeneous subcontinental mantle. Both 

longevity of heterogeneous mantle and extremely high initial 

87Sr/86Sr ratios have been indicated. Barton et al. (1979) 

suggested that the inhomogeneity must have been present from 

around 3570 m.y. to the time of intrusion of the Messina 

Layered Intrusion at 3157 m.y. Initial 87Sr/86Sr ratios of 

micas in kimberlite nodules can be as high as 0.71282 

(Kramers, unpublished data).

Differences in initial 87Sr/86Sr ratios between the 

pyroxenites and carbonatites at Phalaborwa could also be a 

result of how much phlogopite was involved in the melting of 

magmas giving rise to these two rock types. This implies 

disequilibrium melting. Phlogopite would contribute high 

87Sr/86Sr to a melt; 87Sr/86Sr could increase or decrease in 

melt fractions depending on the amount of partial melting 

involving phlogopite. This mechanism could also account for
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the smaller variations in 87Sr/86Sr ratios found within 

carbonatite and within pyroxenites. The melt would have to 

maintain isotopic disequilibrium during intrusion and 

cooling. However, because of the order of intrusion of the 

pyroxenites and carbonatites, i.e., pyroxenites before 

carbonatite, disequilibrium melting cannot account for 

differences in these two types of magmas. Small degrees of 

partial melting would form carbonatite first; larger degrees 

of partial melting would produce silicate melts (Wyllie, 

1978).

The carbonatite with an initial 87Sr/86Sr ratio of 

0.71000 falls in the same group as the pyroxenites and 

cannot be raised from 0.7039 to its present value by post­

crystallization processes. It is conceivable that this 

carbonatite was derived from a phlogopite-rich source 

similar to that acting as source for the pyroxenites. 

Texturally or mineralogically there is nothing to 

distinguish Pir64-2356C from the other carbonatites.

Discussion of the initial 87Sr/86Sr ratios being 

inherited from the source rocks has established that an 

initial 87Sr/86Sr ratio of 0.7039 is a reasonable value for 

carbonatites derived from subcontinental mantle in southern 

Africa. A phlogopite-rich source area for pyroxenites which 

is not in isotopic equilibrium with the source of 

carbonatites is feasible but requires a Rb/Sr ratio of the 

mantle that is locally higher than any reported to date. 

The possible presence of older micas at Phalaborwa and the



357

recognized existence of phlogopite-rich rocks in the mantle 

support such a hypothesis.

Because small variations within a sample may be

explained by post-crystallization alteration, these small- 

scale inhomogeneities do not argue against separate source 

areas. However, variations in 87Sr/86Sr within rock types 

suggest an almost continuous variation in degree of partial 

melting with each fraction possessing and maintaining a 

different 87Sr/86Sr ratio. This manifestation of

disequilibrium melting cannot be ruled out. However, other 

possibilities will be explored. Changing of isotopic

composition during cooling, mixing of magmas and

contamination of magma by crustal rocks are possibilities 

discussed further below.

9.4.2.3 Aging of Magma

It has been suggested (McCarthy and Cawthorn, 1980) that 

decay of 8 7Rb to 87Sr over the cooling life time of a 

differentiating magma may significantly change 87Sr/86Sr 

ratios so that the measured initial 87Sr/86Sr ratio of a 

rock is significantly higher than that of its source region. 

For this to happen, two conditions must be met: (1) the

cooling time must be very long, and (2) at some point, Rb/Sr 

must be quite high.

As discussed in section 9.2, both the pyroxenites and 

carbonatites are considered to have an age of 2030 m.y. 

Micas with apparent ages greater than 2100 m.y. are present



358

at Phalaborwa, but because of the problem in age differences 

due to sample preparation, it has not been determined if the 

older micas represent multiple intrusion, are xenolithic, or 

are altered by sample washing to give older apparent ages. 

It is unlikely that the range in mica ages documents the 

cooling time of the complex.

The second condition for raising the initial 87Sr/86Sr 

ratios of a magma, i.e., a high Rb/Sr ratio is present, is 

more easily studied. Even though certain rocks such as 

glimmerites have extremely high Rb/Sr ratios of 17-35, these 

rocks are cumulates which crystallized from a magma with 

extremely high Sr concentrations. In Chapter 5, it was 

estimated that the magma producing the micas and pyroxenes 

would have a Sr concentration of 2000-4500 ppm Sr. Rb is 

concentrated in phlogopite, but using the Rb composition of 

phlogopite as an upper limit of Rb concentration in melt 

(808 ppm Rb), the Rb/Sr ratio could not exceed 0.4. A magma 

with an initial ratio of 0.704, Sr = 2000 ppm and Rb = 800 

ppm would take about 500 m.y. to raise the initial 87Sr/86Sr 

ratio from 0.704 to 0.712. Variation in initial 87Sr/86Sr 

within the pyroxenites, i.e., 0.00232, would take about 146 

m.y. Four micas define an isochron of 2152 + 24 m.y. (2a) 

which is very close to 146 + 2012 = 2158 m.y. Thus, the 

magma forming the pyroxenites either cooled over 146 m.y. at 

the level of study or may have been aging in a lower magma 

chamber and spurts of magma were emplaced at the present 

level of erosion to give the diversity of initial 87Sr/86Sr
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ratios present today. The latter possibility is more 

probable on the basis of thermal behavior of cooling magmas.

It is very difficult to estimate Rb and Sr contents of 

the carbonatite magma. The transgressive carbonatite 

locally contains abundant phlogopite. However, from U-Pb 

data, there is no indication of an extended cooling period 

of the carbonatites.

Aging of magma cannot account for differences in 

initial strontium ratios between carbonatites and 

pyroxenites or the two values of carbonatites. This

mechanism might account for the variation in initial 

87Sr/86Sr ratios within pyroxenites if cooling within the 

pyroxenites took place over about 150 m.y. However, aging 

of magma is rejected on the basis of the very long cooling 

time required.

9.4.2.4 Mixing of Magmas

Although there is no correlation of mineralogy with 

87Sr/86Sr composition in carbonatites, there is an

indication of chemical characterization. The anomalous

sample Pir64-2356C has the highest Ba content and lowest Y 

and La contents of any of the carbonatites studied. Figure 

9.10a is a plot of initial 87Sr/86Sr ratios versus Ba 

content of the carbonatites; Figures 9.10b and c are similar 

plots for initial 87Sr/86Sr versus La and Y. These trace 

elements were measured by XRF method; because of matrix 

effect differences between carbonatite and silicate rock
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standards, these concentrations do not have the same 

accuracy as trace elements for silicate rocks and minerals. 

There is no estimate of error for these analyses. However, 

even with a large error there is a definite correlation 

between increasing initial 87Sr/86Sr ratio and increasing Ba 

content. There is a negative correlation between initial 

87Sr/86Sr and both La and Y. Concentration of La and Y is 

mainly controlled by the amount of apatite in a rock 

(Chapter 7). However, because it has been established that 

apatite from carbonatite Pir64-2356 has the same initial 

87Sr/86Sr ratio as the carbonatite whole rock, the trends in 

lower 87Sr/86Sr with higher REE concentrations cannot be 

attributed to mixing of high 87Sr/86Sr carbonate with low 

87Sr/86Sr apatite. These patterns could be generated by 

mixing of separate carbonatite magmas with different 

isotopic and trace element compositions. There is no 

correlation between composition and whether a carbonatite is 

described as banded or transgressive. However, one sample 

of banded carbonatite has the lowest recorded initial 

87Sr/86Sr ratio and a sample of transgressive carbonatite 

has the highest recorded initial 87Sr/86Sr ratio from 

Phalaborwa.

The linear array of oxygen and carbon isotopic 

compositions as discussed in section 9.4.2.1.4 is compatible 

with magma mixing.

Mixing of carbonatite magmas must be considered a 

possibility for explaining the variation in 87Sr/86Sr within
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carbonatites. Such a mechanism requires at least two 

carbonatitic liquids from isotopically distinct sources. 

The first would be the banded carbonatite with a lower 

initial 87Sr/86Sr and 6180 and 613C values followed by the 

transgressive carbonatite with an initial 87Sr/86Sr ratio of 

0.710 or higher and higher 5180 and 613C composition.

9.4.2.5 Effects of Magma Contamination

9.4.2.5.1 Bulk Assimilation of Lower Crust by Mantle 
Material

The possibility that pyroxenites of Phalaborwa were derived 

from mantle-derived magma which mixed with material from the 

lower crust must be examined in light of the high 87Sr/86Sr 

compositions at Phalaborwa. Hart's (1978) study of the 

Vredefort dome yields direct evidence of the isotopic 

composition of the lower crust in southern Africa. The 

central intrusive granite of the Vredefort dome has an 

initial ratio of 0.7100, similar to the pyroxenites at 

Phalaborwa, and of approximately the same age (Table 9.14). 

This is not a possible candidate for raising the pyroxenites 

from initial 87Sr/86Sr ratios of 0.704 to 0.710 because of 

the same ratio as the end product. Likewise, it cannot 

account for raising pyroxenite initial strontium ratios 

above 0.710. The three other rocks reported by Hart (1978) 

are better prospects for raising the pyroxenite values above 

0.710. Using the mixing equation of Ewart and Stipp (1968), 

only 1.5 units of Inlandsee leucogranofels are required to
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one unit of pyroxenite magma to raise the initial 87Sr/86Sr 

ratios from 0.710 to 0.7125 (Table 9.14). It is unlikely 

that these rocks have raised the pyroxenite initial 

strontium ratios from 0.704 to 0.710.

Moorbath (1975, 1976) has plotted isotopic compositions 

of Archaean gneisses of Zimbabwe showing the hypothetical 

growth curve of 87Sr/86Sr with time for appropriate Rb/Sr 

ratios in each area (Figure 9.9). Similarly to rocks of the 

Vredefort area, compositions of the Mushandike granite 

gneiss, Mashaba granite gneiss and the Gwenoro migmatitic 

gneiss have low initial 87Sr/86Sr ratios but could have 

generated very high 87Sr/86Sr ratios (Figure 9.9) by the 

time of the Phalaborwa intrusion. The Mushandike granite 

gneiss in particular possesses a high 87Sr/86Sr ratio at 

around 2000 m.y. Calculations of proportions of these rocks 

needed to raise the Phalaborwa initial 87Sr/86Sr would yield 

similar results to those for the more Rb-rich rocks from 

Vredefort. The work of Barton (1979) and Barton et al. 

(1979) on rocks of the Limpopo mobile belt also shows that 

rocks which may represent lower crustal components in the 

southern Africa region have a wide range in 87Sr/85Sr 

compositions. Two of these are listed in Table 9.14. 

Although the initial ratios are considerably higher than 

mantle forming oceanic basalts, the leucogabbro (Barton et 

a l ., 1979) is not a candidate and the diabase (Barton, 1979) 

must be mixed in very high proportions to have the required 

effect. Spooner and Fairbairn (1970) report isotopic data
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on numerous pyroxene granulites throughout the world. None 

of these are prospective candidates for a contaminant.

There is no geochemical evidence that large proportions 

of rocks with high percentages of Ca-, Al-rich plagioclase 

contributed to the magma producing the Phalaborwa 

pyroxenites. On the contrary, lower crustal material is 

generally depleted in alkali elements and REE, all of which 

are extremely high in the rocks of the Phalaborwa complex. 

Using the mixing model of Ewart and Stipp (1968), 

calculations for raising carbonatites to account for 

variation within the majority of them (0.704-0.706) show 

2.0-8.8 units of lower crustal material required for each 

unit of carbonatite magma. It is doubtful whether a 

carbonatite would maintain its identity as a carbonate rock 

if mixed with such proportions of silicates. These 

calculations suggest that at least 1.5 units of lower crust 

is required to mix with magma to account for variation 

within the pyroxenites at Phalaborwa. Much larger amounts 

of lower crust, from 3 to 49 units of crust per unit of 

magma, are required to raise the magma forming pyroxenites 

from around 0.704 to their present values. This is highly 

unlikely, supporting the existence of pyroxenite magma being 

derived from a Rb-rich heterogeneous mantle. Likewise, 

raising carbonatites to values of 0.710 would be extremely 

unlikely and raising carbonatites from 0.704 to 0.706 is 

improbable.
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9.4.2.5.2 Bulk Assimilation of Upper Crust by Mantle 
Material

Many of the early workers at Phalaborwa (Mellor, 1906; Hall, 

1912b; Shand, 1931) attributed the carbonatite member to 

metamorphism of limestone. Brandt (1948) recognized that 

the carbonate was intruded, but it was believed that true 

magmatic carbonate could not exist. Therefore, the 

substratum must include sedimentary carbonate. Powell et 

a l . (1966) measured one sample of Transvaal Dolomite with an 

initial 87Sr/86Sr ratio of 0.7099. Its low Rb/Sr ratio 

means that there would have been little change in the 

87Sr/86Sr of the rocks in 2000 m.y. Clearly, the majority 

of carbonatites with values in the 0.704-0.706 range were 

not derived from the Transvaal Dolomite. Sample Pir64-2356C 

has an initial 87Sr/86Sr very close to the value for the 

sedimentary carbonate. However, the high Sr and REE content 

of carbonatites including sample Pir64-2356C preclude a 

sedimentary origin.

It has been suggested (DuToit, 1931; Shand, 1931) that 

the Phalaborwa complex was generated from a sialic crust. 

Hanekom et al. (1965) proposed a mixing of magma with 

Archaean granite to form the Phalaborwa complex. Although 

geochemical evidence refutes this model, strong correlation 

of 87Sr/86Sr with Rb/Sr ratios and Si02 content in other 

continental rocks has led to models of bulk assimilation of 

crustal material (Holmes, 1950; Heier and Adams, 1965; 

Compston and Lovering, 1969; Bell and Powell, 1969).
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A bulk country rock was synthesized from samples around 

the Phalaborwa complex. Details are given in section 

9.4.1.6. The 87Sr/86Sr ratio today of 0.7527 + 8 was 

recalculated for the time of intrusion of the Phalaborwa 

complex around 2012 m.y. ago. The 8 7Sr/8 6Sr of the total 

country rock around the Phalaborwa complex was 0.7157 + 8 at 

that time. Although the measurement of 87Sr/86Sr is very 

precise, the initial ratio calculated for the country rock 

is very imprecise primarily because of the estimation of 

mixing proportions used and the assumption that the measured 

concentrations are representative of the area sampled. 

However, the calculated initial ratio is a good indicator of 

the range of initial 87Sr/86Sr ratios which may have 

influenced the magma if extensive bulk assimilation did 

occur.

Similarly to previous sections, several mixing 

calculations were made using the equation of Ewart and Stipp 

(1968); values of 87Sr/86Sr of contaminant of 0.716 and a Sr 

concentration of contaminant of 260 ppm Sr. 87Sr/85Sr of 

0.716 was used instead of 0.7157 in order to allow for 

errors in its estimation and to enhance calculations of 

mixing by using conservative estimates of mixing parameters.

Table 9.15 summarizes the calculations using the same 

magma compositions as in the previous section for magmas 

forming pyroxenite and carbonatites. The number of units 

(3.5) of country rock required to raise carbonatites within 

the range of 0.704-0.706 is quite high; to raise
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Table 9.15. Calculated proportions of upper crust 
required to raise initial 87gr//86gr ratios 

at Phalaborwa complex.

Rock
Magma

Composition

Proportion needed to raise 
initial ratios:

704-. 706 .704-.710 . 710-.7125

7.7Pyroxenite 2000 ppm Sr 

Carbonatite 4500 ppm Sr 3.5 17.3

5.5



369

Pir64-2356C to its present value requires 17.3 units of 

country rock to each unit of magma. Likewise, the number of 

units of country rock needed to raise a pyroxenite magma 

from 0.704 to 0.710 is 7.7; the amount required just to 

cause variation within the pyroxenites is 5.5, a very high 

proportion of country rock to magma. Bulk assimilation of 

these proportions is generally considered on heat

considerations to be improbable (Ewart and Stipp, 1968).

The mineralogy of some of the rocks with high ratios is 

sufficient to rule out bulk assimilation of higher-level 

crustal rocks. Most simply, the carbonatite Pir64-2356C is 

pure calcium carbonate with minor apatite. It is clearly 

unlikely that four or five parts of country rock would mix 

with anything, vapor or liquid of any known geological 

material, to produce such a rock. In all the cases 

described above, excessive amounts of country rock seem to 

be necessary to raise initial ratios. The model for bulk 

assimilation of upper crust is thus rejected on the basis of 

the large amounts required. Bulk assimilation of upper 

crust cannot account for raising 87Sr/86Sr values of 

pyroxenites to 0.710 nor can it account for variation within 

each rock type.

9.4.2.5.3 Selective Contamination by Crustal Rocks 

Mitchell and Crockett (1972) explained the anomalous ratios 

of the Fen complex by contamination of primary magma by 

mixing with a partial melt of crustal rocks. Average
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crustal compositions with one percent pore fluids start 

melting at around 700°C under crustal pressures (Wyllie, 

1977b) with biotite completely absent at around 900°C. 

Jaeger (1957) has calculated temperatures of country rock 

which have been intruded by magma. These temperatures are 

highly dependent on the range in cooling temperature and the 

latent heat of the magma. Temperatures of country rock at 

the contact of an intrusive body range from 586°C-728°C for 

magma intruding from 1000°C to 1200°C into rocks at 0°C. At 

15 1cm (Chapter 6), the country rocks would have been 

considerably warmer than 0°C, thus raising the calculated 

temperatures some tens of degrees, depending on the 

geothermal gradient and surface temperature. Thus, 

depending on the composition of the country rock and the 

temperature of the magma, partial melting could have taken 

place around the Phalaborwa pipe.

The breakdown of potassium feldspar and mica occurs 

early in partial melting. These minerals would add much 

more Rb than 87Sr. To raise values of 87Sr/86Sr to the 

extreme that Phalaborwa rocks have been raised necessitates 

addition of significant 87Sr without 85Sr. Green and 

Ringwood (1967) noted that strontium which primarily resides 

in plagioclase would be one of the last elements to enter a 

melt. Therefore, high degrees of partial melting would have 

to take place around Phalaborwa so that plagioclase would 

contribute natural strontium.
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Blaxland et al. (1976) rejected this type of 

contamination in Ilimaussaq on grounds that considerable 

partial melting involving plagioclase would probably 

eliminate the peralkaline nature of the magma. As stated in 

Chapters 5, 7 and 8, the magma forming the pyroxenites was

probably peralkaline; therefore, the same reasoning is also 

applicable at Phalaborwa.

Calculations involved in partial melting of crustal 

material with intruding magmas would be based on so many 

assumptions as to composition, and degree of partial melting 

that they are not appropriate. However, they would probably 

be on the order of magnitude of bulk assimilation and, 

therefore, may account for variations of initial 87Sr/86Sr 

ratios but would not account for raising initial ratios 

around 0.704 to 0.710 or higher. Therefore, the initial 

87Sr/86Sr of the pyroxenites and sample Pir64-2356C must be 

considered as not being modified by partial melting of 

crustal material.

9.4.2.5.4 Equilibration of Sr with Crustal Rocks 

Equilibration of Sr between a magma and crustal rock has 

been postulated by Heier (1964) and Pankhurst (1969). 

Little is known about how such a mechanism might work and it 

is usually called upon when all other theories fail to 

explain the data. It is particularly attractive for 

Phalaborwa rocks, because, unlike volcanic rocks and some 

carbonatites, these rocks are coarse grained, sometimes
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pegmatitic, indicative of slow cooling in a crustal 

environment, which would be an ideal setting in which this 

process could operate.

Experimental work on transfer and diffusion of Sr under 

different conditions yields supportive information. 

Baadsgaard and Van Breemen (1970) heated adamellite in air 

and found that apatite gained considerable 87Sr but little 

Rb while biotite gained common Sr and lost 87Sr. Base 

exchange experiments by Kulp (1967) showed that 8 7Sr and 

common Sr are readily movable in biotite and plagioclase.

The flexibility of this mechanism is that it could have 

taken place anywhere within the crust both at lower levels 

where the magma may have undergone fractionation or near the 

present emplacement level where there is indication of 

limited fluid interaction with wall rock in the form of 

narrow fenites. Clinopyroxene from feldspathic pyroxenite, 

found at the periphery of the main complex, does not have a 

higher initial 87Sr/86Sr ratio than clinopyroxenes toward 

the interior; this indicates that equilibration of Sr with 

crustal rocks at the present emplacement level did not 

occur. In addition, because of the lack of information on 

this process of equilibration with no melting, it is only 

conjectural to postulate this mechanism to explain the range 

in initial 87Sr/86Sr ratios at Phalaborwa.
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9.4.3 Conclusions

Some of the mechanisms discussed in this chapter may account 

for variations in initial 87Sr/86Sr within single samples of 

a rock and within the pyroxenites as a group. None of the 

processes explored here can account for the range in 

carbonatites in the 0.704-0.706 range or for the high 

initial 87Sr/86Sr ratio of carbonatite and pyroxenites by 

methods of contamination of magma.

Post-crystallization process of diffusion of 87Sr from 

phlogopite does not account for any of the variations. 87Sr 

generated from formation of vermiculite may account for 

variations of initial 87Sr/86Sr ratios within single samples 

of handspecimens but cannot account for the larger 

variations observed here. Leaching experiments on 

clinopyroxenes and oxygen and carbon isotopic data confirm 

that groundwater alteration, by providing contaminant or 

altering the pyroxene composition, was not effective in 

altering the initial 87Sr/86Sr ratios to the values 

measured.

Processes operating prior to crystallization such as 

aging magma or assimilation of lower or upper crust may 

account for variations of initial 87Sr/86Sr within the 

pyroxenites as a rock type. These pre-crystallization 

processes do not account for variations within carbonatites 

in the 0.704-0.706 range, the high value of 0.710 found in 

one carbonatite, or for raising the pyroxenites from values

of 0.704 to 0.710.
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Disequilibrium melting cannot be ruled out. However, 

the sequence of events described below is preferred over 

disequilibrium melting, based on the sequence of intrusion 

of silicate liquid before carbonatite magma and the general 

lack of evidence that disequilibrium melting occurs.

Therefore, it is proposed here that the magmas forming 

the pyroxenites and the carbonatites are not cogenetic but 

were derived from an isotopically inhomogeneous mantle. The 

carbonatites were formed by at least two magmas, one with an 

initial 87Sr/86Sr of around 0.7039 which was typical of the 

southern African subcontinental mantle at 2030 m.y. The 

second carbonatite magma was characterized by very high 

87Sr/86Sr, around 0.7100, and was derived from a Rb-rich 

portion of the mantle. Mixing of these two carbonatite 

magmas created the range in initial 87Sr/86Sr ratios 

observed in the carbonatites. The magma forming pyroxenites 

originated in a Rb-rich mantle containing abundant 

phlogopite. This magma was modified during intrusion by 

interaction with wall rock or aging in the crust to form the 

observed variation in initial 87Sr/86Sr ratios.

However, because carbonatite magma is unlikely to be 

produced from mantle having undergone a previous melting 

episode, the carbonatite with high initial 87Sr/86Sr was 

produced from a different part of the mantle from that 

producing the magma forming the pyroxenites. Because of the 

sequential intrusion of distinct magmas in one place, this 

implies a mantle which is vertically inhomogeneous.



Chapter X

A PETROGENETIC MODEL

10.1 MAIN COMPLEX

10.1.1 Origin of Pyroxenites

The various types of pyroxenites in the main Phalaborwa 

complex formed by cumulus processes which included in situ 

accumulation of clinopyroxene, phlogopite and apatite to 

form the "inch-scale" layering at the outer contact of the 

complex, flow differentiation to form glimmerite and some 

flow-banded massive pyroxenites, and gravity separation. 

The magma from which the pyroxene, phlogopite, feldspar and 

apatite crystallized had a peralkaline composition as 

recorded by the low A1 in clinopyroxene and phlogopite. The 

low silica activity, denoted by the high wollastonite 

content of clinopyroxene, may be a function of the 

peralkalinity of the liquid or the liquid may have been 

ultrabasic as well. Chemistry of the minerals at Phalaborwa 

are very similar to those produced experimentally in 

ultrabasic, peralkaline liquids such as the ultrapotassic 

lavas of Uganda and Wyoming (Barton and Hamilton, 1978).

The high Mg/Fe ratios and low Zr content of the 

pyroxenites suggest that the magma forming the pyroxenites 

was not highly differentiated. Low concentrations of Cr in 

the rocks point to earlier crystallization and removal of 

magnetite from the magma. The low concentrations of Na in
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minerals within the complex suggest that the K/Na ratio in 

the magma was very high. The abundance of Fe3+ in 

phlogopites suggests that f02 was relatively high; this 

supports a low abundance of Na because Fe3 + was available 

for formation of acmite in pyroxenes.

Apatite was an inherent part of the magmatic 

crystallization of the pyroxenites as evidenced by its 

textural relations with pyroxene and phlogopite and its 

isotopic equilibrium with coexisting pyroxene. These 

features do not support a hydrothermal origin for apatite as 

suggested by Hanekom et al. (1965), DeJager and Fourie 

(1978), and Aldous (1980).

Feldspathic pyroxenites did not result from mixing of 

pyroxenite magma with country rock or as metasomatic 

replacement of country rock but crystallized as a cumulate. 

Pyroxene from feldspathic pyroxenite has the same initial 

87Sr/86Sr ratio as pyroxenes from massive and micaceous 

pyroxenites, textures of pyroxenites and feldspar are 

indicative of magmatic minerals, and trace element chemistry 

of the rocks are similar to the other pyroxenites.

10.1.2 Origin of the Carbonatite

The carbonatites of the Phalaborwa complex have chemical 

characteristics such as high REE, Sr and Ba which preclude 

the theory of limestone assimilation for their origin. The 

initial 87Sr/86Sr ratios for the majority of carbonatite 

sample.s studied are characteristic of a mantle origin. The
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initial 87Sr/86Sr ratios of the carbonatites are much lower 

than those for the pyroxenites which points to separate 

magmas for the carbonatite and pyroxenite rock types. The 

large range in 87Sr/86Sr ratios in the carbonatites may be 

accounted for by mechanisms occurring prior to emplacement 

and crystallization. The most likely mechanism is mixing of 

magmas of different initial 87Sr/86Sr ratios during ascent 

into the crust. The anomalously high initial 87Sr/86Sr 

ratio of 0.7100 for one carbonatite suggests that local 

heterogeneities are present in the mantle and that very high 

Rb/Sr is present in some pockets of the mantle, probably due 

to the presence of phlogopite. The lowest initial 87Sr/86Sr 

ratio of 0.7039 for the carbonatite measured is 

characteristic of continental mantle under the southern 

African subcontinent and points to a mantle enriched in Rb 

relative to suboceanic mantle.

Evidence such as Fe/(Fe+Mg) ratios and chemical trends 

in mineral chemistry of phlogopites and forsterite contents 

of olivine support the suggestion from isotopic data that 

the carbonatites are not cogenetic with the pyroxenites 

either by differentiation or immiscibility.

Isotopic equilibrium between apatite and its host 

carbonatite suggests that apatite results from magmatic 

crystallization with carbonates and was not a later, 

unrelated mineralization event. Textures such as extremely 

elongate apatites also point to magmatic crystallization.
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The age of the carbonatite magmatism is well 

established as 2030 + 18 m.y. based on U-Pb dating of 

uranothorianite and baddeleyite and Rb-Sr dating of 

phlogopite. Baddeleyite proved to be a reliable indicator 

of age for the Phalaborwa complex.

10.1.3 Origin of Phoscorite

Several lines of evidence point to a cogenetic origin for 

phoscorite with carbonatite magmatism. The age of the 

phoscorite, based on both U-Pb and Rb-Sr methods, is the 

same as the carbonatite. The mineral chemistry of the 

phlogopites is very similar to those in carbonatites in 

having relatively low Al, high Fe3+ and similar chemical 

trends. Likewise, olivine compositions are similar to those 

found in the banded carbonatite. Based on the low Ni 

content of olivine from phoscorite it was suggested earlier 

that magnetite may have been an early fractionating phase to 

deplete the magma in N i . This was also the case with regard 

to depleting the magma forming the pyroxenites in Cr. If 

these two magmas are indeed not related genetically, it is 

surprising that magnetite crystallizes early in both magmas. 

Compositions of coexisting phases point to a low silica 

activity in magma forming the phoscorite.

Because most of the effort in the 87Sr/86Sr study was 

concentrated on explaining the wide range in initial 

87Sr/86Sr ratios and the high values in both carbonatites 

and pyroxenites, there are no data concerning the initial 

87Sr/86Sr of phases of the phoscorite.
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The geologic relationship between the pyroxenite and 

phoscorite has been described as gradational by Lombaard et 

a l . (1964) although this has not been observed in this study

or by staff of PMC after extensive open pit mining 

operations (PMC staff, pers. comm., 1977). Therefore, it is 

considered here that phoscorite intruded into the pyroxenite 

forming sharp contacts and interleaved rocks due to 

intrusion along fractures parallel to the contact. Chill 

margins are absent due to the short time between intrusive 

events. There is no textural evidence that olivine formed 

metasomatically from pyroxene as postulated by Hanekom et 

al. (1965).

10.1.4 Emplacement History of the Main Complex 

Intrusion of the main Phalaborwa complex commenced with a 

peralkaline, possibly ultrabasic liquid derived as a partial 

melt from a mantle highly enriched in phlogopite. At the 

edge of the complex, liquid crystallized to form inch-scale 

layering of phlogopite, apatite and clinopyroxene. 

Feldspathic pyroxenite formed as a cumulate with pyroxene as 

a cumulus phase and trapped intercumulus liquid forming 

intercumulus feldspar and minor apatite. Isotopic evidence 

suggests that assimilation of country rock was not operative 

in forming the feldspathic pyroxenite. Crystallization of 

phlogopite, pyroxene and apatite along with internal flow 

within the pipe promoted separation of phlogopite from 

clinopyroxene and apatite to form glimmerites and massive
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pyroxenites. Micaceous pyroxenites formed in those places 

where separation was minimal. Undisturbed cooling of the 

complex from the edge inward did not occur, but multiple 

pulses of magma created internal currents within the magma 

and provided new magma. These pulses were not in isotopic 

equilibrium indicating that, in the upper mantle or more 

probably the crust, different amounts of contamination 

occurred prior to emplacement.

Quiescent spots within the pipe occurred as testified 

by pegmatoidal textures within micaceous pyroxenite. These 

are not the result of late stage crystallization because of 

the high Mg/Fe content of the pegmatoidal clinopyroxene and 

phlogopite.

Previously published maps of the Phalaborwa complex 

suggest that at least three centers of intrusion were 

operative with a coalescing of pyroxenite rock types.

Subsequent to intrusion of magma forming the 

pyroxenites, a silica-poor, carbonate-rich magma was 

intruded. This magma was derived from a part of the mantle 

which was isotopically distinct from the first magma. The 

timing of this magmatic event is well established at 2030 + 

18 m.y. Olivine, magnetite, apatite, and carbonate 

crystallized from this silica-poor magma forming the 

phoscorite. Mineral compositions indicate that conditions 

of oxygen fugacity were much the same as in the 

crystallizing pyroxenes. Constant buffering in two non- 

related magmas is not unrealistic, particularly if the
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magmas have similar vapor compositions. As with the 

pyroxenites, cumulus processes were dominant giving rise to 

monomineralic assemblages such as dunite observed in 

previously published work (Lombaard et a l . , 1964; Hanekom et 

al., 1965).

Although not conclusively established, banded 

carbonatite probably formed from the second intrusion. The 

similar character of olivine and phlogopite between 

phoscorite and carbonatite, the same age, and the geologic 

relations point to these being cogenetic rocks.

However, the relationship of the phoscorite to 

carbonatite is not well established from the data presented 

here. There is no clear-cut indication of differentiation 

from phoscorite to carbonatite although it cannot be ruled 

out. Immiscibility of the magma to form a carbonate versus 

silicate-rich rock is also a possibility.

Lastly, intrusion of the transgressive carbonatite 

completed the magmatic activity of the main complex. This 

was limited to the previously formed carbonatite plug and 

cut across banding of earlier carbonatite as well as through 

phoscorite and pyroxenite; a few dykes of transgressive 

carbonatite extend into the country rock. The transgressive 

carbonatite is richer in phlogopite than the banded 

carbonatite. This may reflect higher silica composition 

than magma forming the banded carbonatite. The phoscorite 

contains some phlogopite but it is not as abundant as in the 

transgressive carbonatite.



382

One sample of transgressive carbonatite has a very high 

87Sr/86Sr ratio. The transgressive carbonatite as defined 

may consist of multiple intrusions of magma not in isotopic 

equilibrium. These could result from various amounts of 

partial melting in a locally inhomogeneous mantle. The wide 

spread in initial 87Sr/86Sr ratios within the 0.704-0.706 

range may reflect mixing with magmas of different initial 

87Sr/86Sr during ascent and emplacement. Contamination by 

crustal rocks is difficult to envisage, but contamination by 

a phlogopite bearing rock, such as micaceous pyroxenite at 

depth, could account for the high ratios of the 

carbonatites.

Mineralization of the complex has not been under study 

here. However, no petrogenetic model of the Phalaborwa 

complex would be complete without some statement concerning 

the economic minerals of the complex. It has been suggested 

previously that apatite is an inherent part of the magmas 

forming Phalaborwa and is not a result of a late-stage 

hydrothermal fluid. This is based on textural, isotopic and 

chemical data. A strong piece of evidence for other 

minerals such as uranothorianite, baddeleyite, magnetite and 

sulphides being part of the magmatic process and not an 

unrelated, later hydrothermal event is the geologic 

relations. These minerals are strictly confined to 

phoscorite and carbonatite in the main complex. Late-stage 

fluids would surely permeate radial fractures in pyroxenite 

similarly to the intrusion of transgressive carbonatite.
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There is no indication of such a process. Texturally, 

uranothorianite and baddeleyite have been placed early in 

the petrogenetic sequence (Van Rensburg, 1965). Likewise, 

copper sulphides have been found as inclusions in olivine 

(Aldous, 1980; Van Rensburg, 1965) indicating the presence 

of sulphide liquid during olivine crystallization. It is 

proposed here that sulphides may have separated from 

silicate-carbonate liquid at any point, but because of their 

low crystallization temperature relative to other phases, 

were mobilized late into fractures and around grain

boundaries.

10.2 SATELLITES

10.2.1 Origin of the Guide Copper Mine

Several lines of evidence point to a cogenetic relationship 

of the feldspathic pyroxenite of the Guide Copper Mine with 

pyroxenites of the main complex. The rare, low-Al

composition of Ca-rich pyroxenes and cumulus textures have 

analogues in the main complex. Isotopically, pyroxene from 

the Guide Copper Mine is indistinguishable from those of 

the main complex, and trace element chemistry is similar to 

feldspathic pyroxenites in the main complex.

The presence of abundant copper sulphides is suggestive 

of a link to the main complex although it is interpreted 

here that the pyroxenite magma of the main complex was not 

derived from the same magma as the copper-bearing rocks.
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The oscillatory zoning of the pyroxenes in the Guide 

Copper Mine resulted from internal crystallization processes 

within the confines of the pipe.

10.2.2 A Model for the Syenite Pipes

The model of intrusion presented in Figure 3.16 for the 

relationships of satellite pipes to each other was based on 

field relations. It holds up with the addition of 

petrographic and chemical data. Vapor exsolving from a 

magma upon movement into the crust expanded rapidly to 

create the brecciation at the magma front. Release of 

pressure caused rapid infilling of brecciated space by 

minerals, namely alkali pyroxene from a vapor. Slightly 

lower in the pipe, magma also crystallized fairly rapidly 

with no opportunity for extensive separation although minor 

accumulation of feldspar occurred. Syenite at the base of 

Kgopoeloe represents this portion of the idealized model.

Still further away from the magma front, little 

brecciation occurred but cooling against country rock or 

previously intruded syenite or granite formed abrupt outer 

margins of syenites. Cooling inward accompanied by 

accumulation of various proportions of alkali-amphibole, 

-pyroxene, -feldspar and apatite falling through a low- 

viscosity liquid caused the textures and chemical

characteristics exemplified at Spitskop.

Fine-grained dykes did not form from late-stage, highly 

differentiated liquid from these syenites or from liquids
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forming the syenite dykes in the main complex. Heat from 

the intrusions may have caused partial melting of country 

rocks to produce these volumetrically insignificant rocks.

The magma forming these rocks of the satellite pipes 

was peralkaline but only slightly silica-undersaturated as 

indicated by the rocks overlapping syenitic to granitic 

compositions.

10.2.3 Origin of the Satellites

Evidence for a direct relationship between the syenites and 

pyroxenites of the satellites and the main complex consists 

of certain chemical characteristics. The mineral chemistry 

of chain silicates in the satellites and main complex is 

distinctive in the low A 1 20 3 content pointing to a 

peralkaline parental magma. Similarly, enriched total REE 

and high K/Na ratios are characteristics of both satellites 

and the main complex. The increased Si02 , Zr, Fe/(Fe+Mg), 

Na/(Na+K) and reduced Ba and Sr concentrations point to 

increased differentiation from main complex to satellites.

However, other features put doubt on a cogenetic 

relationship. Certain aegirines in the satellites are high 

in Ti, a characteristic not compatible with pyroxenes of the 

main complex. High Wo components in clinopyroxenes of the 

main complex point to crystallization from a relatively 

silica-undersaturated liquid. In Chapter 8, it was pointed 

out that for liquid compositions from the main complex to be 

driven to the more silica-rich compositions of the
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satellites, then a liquid must have at least 54-55% Si02 . 

It is doubtful whether the clinopyroxenes of the main 

complex crystallized from such a liquid. In addition, the 

occurrence of differentiated pipes very close to the main 

complex places doubt on extensive fractionation over short 

distances.

Geological evidence from other workers also questions a 

direct relationship between these various intrusions. As 

discussed in Chapter 2, Brandt (1948) pointed out that 

similar syenites to the ones immediately surrounding the 

Phalaborwa main complex occur hundreds of kilometres from 

Phalaborwa. Briden (pers. comm., 1978) has paleomagnetic 

evidence that syenite magmatism may have taken place over a 

time span of some 150 m.y. or longer.

In view of the available data, it is suggested here 

that the syenites were not derived directly from the main 

complex at or near the level presently exposed. They may 

have been intruded as liquids from a much more deeply seated 

magma chamber. Evidence of multiple intrusion within the 

main complex argues for such a deep-seated chamber. The 

syenites may also be derived through a separate line of 

differentiation of a mantle-derived liquid originating at a 

different level or with higher degrees of partial melting 

than liquid forming the main complex. Wendlandt and Eggler 

(1980b) suggest depth of melting may control the Na/K ratio 

of a magma due to the relative stabilities of amphibole and 

phlogopite. More K-rich liquids corresponding to liquids of 

the main complex would originate at the greater depth.
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10.3 SIGNIFICANCE OF THE PHALABORWA COMPLEX

10.3.1 Magmatic versus Metasomatic Processes 

It has been emphasized throughout this thesis that solely 

metasomatic processes do not explain the petrogenesis of the 

Phalaborwa complex. Unquestionably, metasomatism has played 

a strong role in modifying country rocks but the main 

features in the rocks of Phalaborwa resulted from magmatic 

processes.

There is little study to date on the complex

relationship of fluid interaction with rock during

crystallization. Reaction relations such as olivine

reacting with liquid to form clinopyroxene and phlogopite is 

commonly cited as phlogopitization, a form of metasomatism 

(Borodin and Pavlenko, 1974; Gittins et a l . , 1975).

Certainly, water must be involved to form a hydrous mineral, 

but such a reaction is bett§r described as strictly igneous.

Previous interpretations of metasomatic alteration of 

pyroxene to olivine (Hanekom et al. , 1965; Palabora Mining

Company, 1976) has no geologic basis other than the spatial 

arrangement of more silica-rich minerals such as

clinopyroxene through olivine to carbonates. Again, based 

on current geologic knowledge, these may be ascribed to 

cumulus processes.

Thus, it must be stated that petrologists should use 

caution in describing alkaline rocks as generally being due 

to metasomatism. The petrogenesis of alkaline rocks may

involve magmatic processes to a greater degree than has 

generally been accepted.
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10.3.2 Mantle Inhomogeneity

The pyroxenites and carbonatites at Phalaborwa are 

characterized by significantly different, high initial 

87Sr/86Sr ratios. These features lend strong support to a 

subcontinental mantle in southern Africa which is enriched 

in Rb/Sr relative to suboceanic mantle. The arguments for 

such a subcontinental mantle in southern Africa were 

presented in detail in section 9.4.2.2.

The presence of various types of igneous bodies with 

elevated initial 87Sr/86Sr ratios intruded over a time span 

of over three billion years in a geographical area of 

thousands of square kilometers points to large scale 

heterogeneities in the mantle. Within the Phalaborwa 

complex, magma possessing different initial 87Sr/86Sr ratios 

intruding through the same conduit suggest that local 

inhomogeneities also exist. These inhomogeneities may be on 

a grain-to-grain scale if pyroxenites and carbonatites 

originated by different amounts of partial melting from the 

same source. More likely, vertical inhomogeneities exist on 

a larger scale with different rock types originating from 

different depths. Vertical inhomogeneities as well as 

lateral variations probably exist in the mantle.

Data from Phalaborwa, namely the high Rb/Sr for the 

source region of magma producing the pyroxenites, suggest 

that mantle inhomogeneities would have occurred well before 

production of magma and that inhomogeneities must have been 

maintained for a significant period of time. Other workers
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in southern Africa have come to the same conclusion (Barton 

et al., 1979, 1980).

Two main theories for isotopic and chemical 

inhomogeneities in the mantle are currently in vogue. One 

is that mixing of crustal material with the mantle at their 

interface has occurred through convective processes. 

Secondly, alkali metasomatism within the mantle has resulted 

in phlogopite enrichment and C 0 2-rich phases. Metasomatism 

is preferred here because of the extreme isotopic 

compositions, REE and alkali enrichment.

10.4 FUTURE WORK

This study raises numerous questions with regard to 

Phalaborwa and to alkaline magmatism on a broader scale.

Phoscorite appears to be closely related to carbonatite 

magmatism, but any relationship with the pyroxenites of the 

main complex may be obscured by modification by carbonatite 

liquid. More extensive mineral chemistry on olivines and 

phlogopite may provide additional data as to the 

relationship between phoscorite and carbonatite. Initial 

87Sr/86Sr ratios of olivines should be examined. Pb 

isotopes of sulphide inclusions in olivines and their 

comparison with later sulphide mineralization would also 

shed light on the origin of these minerals. Similar study 

on sulphides of the Guide Copper Mine would be useful in 

deciphering any genetic relationship between copper 

deposits.



390

Pleochroism in micas and its cause is receiving 

widespread attention due to the recognition of phlogopites 

with reverse pleochroism as megacrysts and in nodules in a 

variety of mantle-derived rocks. The dependency of 

pleochroism on composition of magma and f02 conditions 

should be studied experimentally and empirically.

The initial 87Sr/86Sr ratios of pyroxenites and some 

carbonatites from Phalaborwa are extremely high for mantle- 

derived rocks. Oxygen and carbon isotopic data suggest that 

there may be some correlation in 6180, 613C, and 87Sr/86Sr 

in carbonatites. More work is needed in this field, both at 

Phalaborwa and in general. O and C isotopic analyses of 

silicate phases will reinforce similar data on carbonate 

minerals. Nd isotopic study of the minerals of Phalaborwa 

will shed light the role of contamination in modifying 

87Sr/86Sr ratios and provide information on the nature of 

subcontinental mantle with high 87Sr/86Sr values.

Dating of phlogopite resulted in unexpected 

difficulities. Washing of micas is generally considered a 

viable tool in dating such minerals. It was not proven to 

be detrimental or helpful here. The relationship between 

mica composition, rock type and age should be explored 

further to clarify the ages of pyroxenites. This has direct 

bearing on the petrogenesis of Phalaborwa and all mica­

bearing rocks from the mantle.

Dating and obtaining initial 87Sr/86Sr ratios on the 

syenites will be a large step in clarifying the relationship
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of the satellites to the main complex of Phalaborwa. More 

detailed work on additional satellites with different 

intrusive mechanisms and rock types will also fill in gaps 

in the model presented here.

10.5 CONCLUSIONS

(1) Magmatic processes dominate the formation of the main 

Phalaborwa complex. Pyroxenites, phoscorite and 

carbonatites are primarily cumulates with phlogopite, 

pyroxene, apatite, olivine, magnetite and calcite of 

these rocks crystallizing from magma.

(2) Metasomatism in the main complex is limited to 

fenitization of country rocks and minor amounts of 

phlogopite in carbonatite and phoscorite.

(3) Feldspathic pyroxenite crystallized as a cumulate and 

not from metasomatism of country rock or extensive 

mixing of magma with granite.

(4) The feldspathic pyroxenites of the Guide Copper Mine 

are cogenetic with pyroxenites of the main complex.

(5) Pyroxenites and carbonatites of the main complex are 

not cogenetic but crystallized from at least three 

magmas derived from different sources.

(6) Variation in initial 87Sr/86Sr ratios in carbonatites

resulted from mixing of two carbonatite magmas.

(7) Pyroxenites crystallized from a peralkaline, ultrabasic 

liquid with high K, Sr, P 20 5, REE. The magma had been 

modified prior to crystallization of pyroxenites by
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removal of Cr, probably through crystallization of 

magnetite.

(7) Phoscorites are not cogenetic with pyroxenites but are 

most likely cogenetic with carbonatite.

(8) Reverse pleochroism in micas is due to the presence of 

Fe3+ greater than 0.1 cation per formula unit. This is 

due to an A1 deficient magma as well as high f02 

conditions.

(9) The syenite satellites are not cogenetic with 

pyroxenites of the main complex.

(10) The age of the Phalaborwa complex is 2030 + 18 m.y.

based on U-Pb dating of uranothorianite and baddeleyite 

and Rb-Sr dating of phlogopite. The ages of 

uranothorianite and baddeleyite are well established, 

but apparent ages of phlogopites are not in agreement; 

older micas may be present in the Phalaborwa complex.

(11) The main complex crystallized from magmas derived from 

subcontinental mantle which is isotopically 

heterogeneous, both on a local and regional scale. 

Phlogopite was present in the source regions of both 

carbonatites and pyroxenites.
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SAMPLE LOCATIONS AND CHEMICAL DATA

A . 1 Sample Numbering System

Figure A.l Sample locations, PMC Area 

Figure A.2 Sample locations, Foskor Area 

Table A.l Sample locations, Kgopoeloe

Table A . 2 Sample locations, Spitskop

Table 5.1 Clinopyroxenes, microprobe data

Table 5.2 Clinopyroxenes, XRF data

Table 5.4 Micas, microprobe data

Table 5.5 Micas, XRF data

Table 5.6 Olivines, microprobe data

Table 5.7 Amphibole, feldspar, magnetite, main com' 
p l e x , microprobe data

Table 5.8 Clinopyroxene, amphibole, feldspar, 
satellites, microprobe data

Table 5.9 Clinopyroxenes, Guide Copper Mine, 
microprobe data

Table 7.1 Whole rock analyses, main complex, XRF

Table 7.2 Whole rock analyses, satellites, XRF

Table 7.3 Trace element data, carbonatites, XRF
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SAMPLE NUMBERING SYSTEM

Prefix: Location

P Main Complex, PMC area
F Main Complex, Foskor area
K Kgopoeloe Hill
S Spitskop
C Country rock
G Guide Copper Mine

Samples with hyphenated numbers are from borehole cores - 
first letters refer to borehole designation - digits 
after hyphen refer to depth (m) . For example, 
LK153-400K is a phoscorite sample from borehole LK153 
at 400 m.

Suffix: Rock Type

F feldspathic pyroxenite
P micaceous pyroxenite
M massive pyroxenite
C carbonatite
K phoscorite
N fenitized country rock
X xenolith
S syenite, undesignated variety
m breccia matrix, Kgopoeloe
f breccia fragment, Kgopoeloe
g granite outcrop, Kgopoeloe
n gneissic fragment, Kgopoeloe
d dyke, Spitskop
r ring syenite, Spitskop
c central syenite, Spitskop
B gneissic biotite granite, country rock
V muscovite pegmatite, country rock
G pink granite, country rock



395

Fi
gu
re
 
A
.
1 

Sa
mp
le
 
lo
ca
ti
on
s 

fo
r 
mi
ne
ra
l 

an
d 

w
h
ol

e
 
ro
ck
 
an
al
ys
es
, 

PM
C 

ar
ea
.



XU
o
2

<u
s
>12t—
2
<2M
2s
w2
2

WHM
22
X
o2
>!
2

2H
<
22Q
2
W2

C/D
CO
M
w
2O

ww Hw H MH M 2M W2 2 2W fV* o2 O Q

Q2Wo
w
2



396

F
i
gu

re
 A

.
2 

Sa
mp
le
 
lo
ca
ti
on
s 

fo
r 

mi
ne
ra
ls
 
an
d 
wh
o
le
 
ro
ck
 
sa
mp
le
s 

fr
om
 
th
e 

Fo
sk
or
 
op
en
 
pi
t.
 

Th
es
e 

sa
mp
le
s 

ar
e 

pr
ef
ix
ed
 
by
 
th
e 

le
tt
er
 
F 

in
 
th
e 

te
xt
 
w
i
t
h
 
th
e 

ex
ce
pt
io
n 

of
 
co
re
 
sa
mp
le
s 

fr
om
 w
el
l 

Pi
r9
5.



397

Table A-l

Localities and Rock Types of Satellite Bodies,
Kgopoeloe Hill

Kim Syenite matrix, fine-grained, black, from northeast 
corner ofpipe.

K8m Syenite matrix, from large boulder of coarse breccia 
at base of slope, southeast side of hill.

K9m Syenite matrix, from large boulder at base of south 
side of hill.

KlOm Syenite matrix, from breccia, south side of hill.

Kllf Granite fragment, southeast side.

K12g Granite from large boulder on north side of hill.

K13n Gneissic fragment in granite on north side.

K16m Syenite matrix near base on south side--large
proportion of matrix to fragment.

K17g Granite, 2/3 up slope on southwest side of hill.

K18g Granite, about 4 m from breccia contact, west side.

K19m Syenite matrix, southwest side.

K20m Syenite matrix, same locality as K19g.

K21m Syenite matrix, south-southeast side of pipe near base 
of outcrop, high proportion matrix where one granite 
fragment is almost completely assimilated into 
syenite.

K22f Granite fragment, west side.

K23m Syenite matrix, northeast side, granitic breccia
fragments have sharp contacts with matrix; matrix: 
breccia on face = 60:40.

K24m Syenite matrix, same locality as K23m.

K25n Gneissic fragment, north side, in granite at contact
with breccia.
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Table A-2

Localities and Rock Types of Satellite Bodies,
Spitskop

Sic Central syenite, northeast side.

S2d Fine grained, leucocratic dyke cutting central 
syenite, north side.

S3r Dark, alkali syenite, ring around central syenite--at 
contact with central syenite, north side.

S4r Same as S3r - 2 ft. away, north side.

S5c Central syenite, north side.

S7c Central syenite, northwest side.

S8c Central syenite, northwest side.

S9c Central syenite, extremely coarse-grained, west side.

SlOc Central syenite, north side near top, probably near 
centre of pipe.

Sllc Central syenite, east side near top.

S12d Fine grained leucocratic dykelet, strike 80°, top of 
pipe near Sllc.

S13c Central syenite, very fine grained, south side.

S16s Syenite from low hillock on east side of Spitskop.

S17c Syenite, south side of Spitskop.

S19r Alkali syenite, fine grained, needle-like dark green 
pyroxenes in poikilitic microcline, coarse grained 
rock west of large outcrop at northeast side of hill.

S20r Similar to S19r, outer edge of outcrop.

S21r Similar to S20r, finer grained.

S22r Fine-grained, leucocratic dykelet, inside central 
syenite, near outcrop of S19r-S21r.

S23r Similar to S20r, coarse grained, near outer edge of 
outcrop west of S20r.

S24r Similar to S21r, near S23r.
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TABLE 5.2
X-ray Fluorescence Analyses of Clinopyroxenes

F10P F15M F21P F101P P21P P28P P146-
764P

P146— 
826P

G12F

Si02 53.48 54.10 55.17 55.46 53.26 54.38 53.90 53.41 53.05
TiC>2 0.15 0.15 0.17 0 . 2 1 0.26 0.30 0.13 0 . 1 2 0 . 2 2

AI2O3 1.46 0.38 0.59 0.29 0.79 0.55 1.23 0.39 0.50
FeO 6 . 0 0 5.54 2.99 2.49 10.52 5.17 9.69 6 . 6 8 9.54
MnO 0.13 0.13 0.05 0.06 0 . 2 2 0 . 1 0 0 . 2 1 0 . 2 2 0 . 2 0

MgO 16.74 16.26 19.79 19.11 14.17 16.92 13.76 15.66 14.17
CaO 22.44 23.02 21.92 22.29 20.94 21.71 19.74 22.49 20.92
Na2° 0.15 0 . 2 2 0 . 0 0 0 . 0 0 0.24 0 . 0 2 0.44 0.61 0.41
k2o 0.06 0 . 0 2 0.08 0 . 1 0 0 . 2 0 0.14 0.49 0.09 0.03
p2°5 0.42 0 . 2 2 0.06 0.05 0.06 0 . 2 1 0.08 0 . 0 0 0 . 0 0

L D 1 0.06 0 . 0 1 0.16 0.57 0.30 0.55 0.76 0.43 1.38
Total 100.93 100.03 100.99 100.65 100.95 100.05 100.13 100.14 100.44

No. Cations based on 6 oxygens
Si 1.960 1.988 1.980 2 . 0 0 2 1.981 2.000 2.019 1.977 1.969
A1 0.040 0 . 0 1 2 0 . 0 2 0 0 . 0 0 0 0.019 0.000 0.000 0.017 0 . 0 2 2

Tet. Total 2.000 2 . 0 0 0 2 . 0 0 0 2 . 0 0 2 2.000 2.000 2.019 1.994 1.991
A1 0.023 0.005 0.005 0.014 0.016 0.024 0.074 0 . 0 0 0 0 . 0 0 0

Ti 0.004 0.004 0.005 0.006 0.007 0.008 0.004 0.003 0.006
Fe^ 0 . 0 1 1 0.016 0 . 0 0 0 0 . 0 0 0 0.017 0.001 0.032 0.044 0.030
Fe2+ 0.173 0.155 0.090 0.075 0.310 0.158 0.232 0.163 0.272
Ntl 0.004 0.004 0 . 0 0 2 0 . 0 0 2 0.007 0.003 0.007 0.007 0.006
Mg 0.914 0.892 1.059 1.028 0.786 0.928 0.773 0.864 0.829
Ca 0.865 0.908 0.843 0.862 0.835 0.856 0.797 0.892 0.848
Na 0 . 0 1 1 0.016 0 . 0 0 0 0 . 0 0 0 0.017 0.001 0.032 0.044 0.030
Oct. Total 2.005 1.999 2.003 1.986 1.994 1.979 1.950 2.017 2 . 0 2 2

Trace Elements
Sr 532 533 369 318 296 360 449 382 419
Kb 6 2 5 BDL 7 BDL 26 6 1 1

Ba BDL BDL 30 67 378 46 319 164 BDL
Ce 71 69 24 30 35 76 6 8 55 33
La 33 41 9 15 2 1 39 32 1 2 16
V 2 2 3 BDL 2 BDL 3 1 2

Ca 8 6 1 0 16 2 1 5 24 6 457
N i 72 70 197 56 53 40 28 89 30
Zn 44 40 2 1 2 1 69 39 6 8 45 67
F e / (F e 4 M g ) 0.17 0.16 0.08 0.07 0.29 0.15 0.28 0.19 0.24
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TABLE 5.5

X-ray Fluorescence Analyses of Fhlocopites
F101P P28P PIR 64—2395P P134-577P P134-601F

Si02 47.35 42.34 42.83 42.59 42.56
Ti02 0.72 1.90 1.45 1.57 1.14
ai2o 3 10.33 12.18 11.28 11.62 10.56
FeO 5.57 10.86 11.92 11.60 10.27
MnO 0.05 0.07 0.08 0.15 0.09
MgO 23.91 21.54 23.09 21.61 20.82

8.52 8.63 9.01 7.97 8.13
Ma2° 0.39 0.00 0.00 0.00 0.00
Total 96.84 97.52 91.76 97.11 96.25

No. of cations based on 22 oxygens
Si 6.493 5.884 5.955 5.985 5.996
A1 1.670 1.996 1.849 1.925 1.754
Fe 0.639 1.262 1.386 1.363 1.210
Ti 0.074 0.199 0.152 0.166 0.121
Mn 0.006 0.008 0.009 0.018 0.011
*3 4.887 4.625 4.786 4.526 4.777
K 1.491 1.530 1.599 1.429 1.461
Na 0.104 0.00 0.00 0.00 0.00

Site Occupancy
Z 8.163 7.880 7.304 8.076 7.871
Y 5.606 6.094 6.333 5.907 5.998
X 1.595 1.530 1.599 1.429 1.461

Trace Elements
Sr 9.5 56(8.2)* 21(8.0)* 35 203
Rb 844.3 552(616)* 725(808)* 617 508
3a 970 1939 879 3252 2418
Ce BDL (169) (35) (69) (83)
la 3 88 BDL 18 34
V 3 10 14 15 8
Cu 0 6 6 1 4
Ni 273 146 113 106 105
Zn 67 126 132 162 119
Fe/Fe+Mg 0.12 0.21 0.22 0.23 0.20
Pleochroism

N N N N N

'Numbers in parenthesis are values obtained by isotope dilution
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Table 5.7

Amphibole Feldspar Magnetite
P146-440N P146-440N P146-610N LK157-675C

Si02 54.07 64.60 64.72 0.07
Ti02 0.07 - - 0.00
A 1 20 3 0.33 17.90 18.21 0.00
FeO 14.52 0.52 0.14 93.90
MnO 0.27 - - 0.16
MgO 14.96 - - o . o p
CaO 7.35 0.00 0.00 -

N a 20 3.53 2.61 0.76 -
K 20 1.69 13.81 15.38 -

Total 96.79 98.81 99.21 93.97

Number of cations on the basis of

24 0 32 O

Si 8.104 12.002 12.046
A1 0.164 3.921 4.006
Ti 0.008 - -

F e 3 + 1.640 5.192 0.081 4.002 0.022 4.028
Mn 0.036 - -
Mg 3.344 i

Ca 1.180 0.000 0.000
Na 1.024 2.528 0.940 4.065 0.274 3.926
K 0.324 3.125 3.652

An 0.00 
Or 0.77 
Ab 0.23

0 . 0 0
0.92
0.07

Fe/(Fe+Mg) 0.35



T
A
B
L
E
 
5.
8

M
i
c
r
o
p
r
o
b
e
 
an
a
l
y
s
e
s
 
fo
r 
m
i
n
e
r
a
l
s
 
fr
om
 
K
g
o
p
o
e
l
o
e
 
an
d 

Sp
i
t
s
k
o
p

415

o> ® in or in o co O'

*n<NO
ui ie n r ' ®  o ® o

n o n  i i l o i o o O r H

8 S  ®CNw . GO O'• • •on o co l I

VO VO CN O' (T» O' O' O' O'

*co
S
o
*
8(N

cn o co I I I O I

CN
rHCN
GO

CN»—)CN
CO I

VOinCN
GO

s

§ H f rH rH ^ O
O  O' o• • • •

O  O  O  rH

§ in cn
H  ^
O H

• • • •
O  O  O  *H

CN
ino

Q CO O VO vo CN **O O Q r** pH  vOCN O' O O' CN cn in
CN
ro

O O r H O C N O C N O

vO O
CNCO

VOin voin VO >—loCN S 1s sCN CN o O'• »H CC CO • •
CO I

5
O O - H O C N O ^ H O

s 8 COCNo •H o
00 in CO

CN GO CO VO VOin CN voin 8 3 3 §8O' O o o O in CN CN in
d d o o CN O CN o CN o

in cn r* r** cn ~ O' O
vo vo cn avn co cn o ^ co n-o r** o h  cn r-* O'

H O r H O O O O O O O

n rf h v w. r̂* CN O' o t GOO' o O' o o r-
in O' r* ^ »h r*‘"  H O' ^ COo o cn

r H O n H O O O O O O O

co r-CO rH O' O
in rfco r- O CO

co vO co .CN co co O H O'
r H O C N O O O O O O O

8
o

CD CN Co i n r -  c r *35 rH CJ  rH CO co c5 i n r»
O'  o  c5 o o CO c5 o H

• H O C N O O O O O O

co
r-
O'

COr-
O'

CN CM o O  iq
o o <N O  C1 Q cn O  -y
•H •*H H  B  !2> rt it) m  o
CO Eh <  t  : S u 2  «  P •H

+ +
CO CN

Fe
/(

F
e 

+ 
M

g)
 

0.
94

 
0.

97
 

0.
90

 
0.

88
 

0.
44

 
0.

42
 

0.
39



TA
BL
E 

5.
9

Py
ro
xe
ne
s 
- 
Gu
id
e 
Co
pp
er
 M
in
e

416

8 CN cn o co in ON cn 0 0 in rH OON Q 0o CN CN V!o c0  CN
8

cnCN ONpHCN cn cn pH co CN o pH ON o ON o o CN pH C5 0 CN o
O O r-t O rHin pH r*H on n  copH ON

3 0\r;p~Om<NCNfN{NrtvOCNTtr'COO
IN O O 0\ O f*1 i-l in -h <n
m  in  g i oin m ni n
n o o o o in

^  *P d Q t01 00 00 01 • • • • CN rH r-H Q
0 0 CO CO cn 
O' CN ^  CN H a cn in 0 m

O O ON O  cn cnpH CN
H C N h i n O N ^ A N O O
C 0 H ( N T f H v 0 C 0 ^ ) O

cn o O in O cn opH CN
in i0  cn cn
CN O O in

^ t ^ ^ 5n ^ (N O' O cn r f  
0  CN

ON O CN CN pH ON pH CN ON
cn cn CN 10 V0 cn in ph o cn in

»H CN pH C0

cn o O in o

inovoco^i0r^iHCNc o o n m H H i n o ' O
c N O o r ^ o ^ t c n oin pH cn
r^OcncNr^OcnTj*
C O ^ H C N O ^ m i n o
cn O O CO in

S 0 pH Ocn cn Is
pH o o r-
CN h  H o 
cn cn cn cn

O cnpH cn

IT  H  CN cn pH in ^
o  N* cn opH cn

S?

o o oo
i0 ^  ^  in  on
p H CN O  in pH• • • • •o o opH CN o

cn o m r* co m cn ^
CN O O in

rH
CN 10
CN O O in

CO

O n 10 pHh O in on • • • • o ^ o o pH cn o
r* r*CN pH
00

00 0  ocn o  m
o ^ orH cn

co cn o  h  O'
CN cn ^  CN pH

on cnTf 00
o o co O rf OpH CN

ONONpHi0OcncnTj*cnpHcncncNmONin
c n oo o o o ^ r c n O p H
in pH  c n o

O ^ T f O N ^ c n n c OcncNcnpHOONinr^
co o ^ cn o  onpH CN ONcn O  Oin

r H O - H O O O O O O O O C N

inin
ON

pH 0cn r- O on
CNcn CO &  ^ 0 r- co

p H O r H O O O O O O O

CN o cn inpH O
O CN

n cn 0 C:> o ON in ON CN CN ON inco c CN r- O pH 0 CN CNIN o ON C5 o pH pH o r~ cu pH o
rH o

on cnpH CO 
O  ON

o  o  o

o r*- 0
O  O  O  O  O  CN

p H O r H O O O O O
3 $r- co 
o o

0 £pH cnpH O

8

• • •
pH O  rH

CN ON
p H r *  O ON

ON
0ON

in 5*
pH CDO ON
O  rH

§ cn in
8 S• • •o o o

o  r * on

O CN
0 in1 s

o  o  o  o  o  cn

on cn tj*
p H inoo on

in
0

0
CN

ON CN pH cn pH O

in
on

cnCN on o ON

O O O 
Q 0 <N

pH O pH O O O

o  o

co in
3 8
o o

O O O cn
cn in P-* pH r** on

cn oCO rH O O
O  O  O  CN

CN
ON

0 CO 
pH  CO O  ON
O  rH

O pHrH r-O  ON
pH O rH

inON

rf in
o 8 • • O  rH
tj* r** pH 0 O  ON

io VP 00 cn 10 CN
$ 8 0pH 8 95 8 cnO
o o o o o o o CN
cn in 0 in CN in in Q
8 o pH 8 8

cnO' O 8
d o o o o o o CN

CN O' in pH in CN ooo cnO ©CN 8 CNCO 8
cnO r -O

o O o o O o o CN

pH O pH o d d
coinon

inrH r-> 
o  on

rH O pH o  o  o

cn in

S 8
o o 
co ui
S 8 • • 
o  o

cn cn 
ON 0  
P" ON

o o
Q  CN

1 8 • • 
O  CN

Q  CN m 
o  o

O  O  O  CN

cn r* co m on

in  cn

S o w  • • •pH O rH
r^0GOincnpH0r^ cn pH g on 0 cn
b o c ' i o n - C T ' d o  

d d d d d d d o c N

8

o• • • • • • •  • • • • •r H O r H O  O O O O O O O C N

2 ° in o co in cn r"* in ON in: 0 pH r- Q O cn CN C0 CO in cn; on o ON O O o CN C5 r- ON O
0
0

ON
8
pH O  rH

cn cn
pH  CO O ON

in on in
8 C n  p HO CN

S 0 on r** 
3* cn cnP- ON o o d d d d d d d o c N

■8 ON CN O Q co p* O Ncn in pH r- Q q  cn CN C
R ON O ON O o o CN C

-h O pH O O O O O
8 • •b b

8in  cm .00 vo co - - l-~ O' o o • • O CN

CN CN
cn

O b
pH

o o CN Q  Q O  O  N 4-J
•H
w

•H
E-* 3  £  i £ 3 ^ e

•H
•PfO0
UH0
2 3 2 £ 3 3 £ 2  S £ 6  g S Fe

/(
Fe
 +

 M
g)
 

0.
25
 

0.
24
 

0.
25
 

0.
24
 

0.
25
 

0.
24
 

0.
23
 

0.
23
 

0.
23
 

0.
23
 

0.
28
 

0.
22
 

0.
27
 

0.
30
 

0.
28
 

0.
33



TA
BL
E 
5.
9 
Co
nt
in
ue
d 

Py
ro
xe
ne
s 
- 
Gu
id
e 
Co
pp
er
 M
in
e

417

E 8  8
CMrH inrH COrH r̂in Os

VO CV
Os

OS
in

u rH o o o o rH CM o r-in rH pH CN os
__

8
rH Os Os

a
cn r*CN in rH vO rH VO rH CN

' CM o O OS o rH CN pH coin rH CN OS

in
8

cn cn in
s

co
8CN o rH CM rH rH

CM o o CO o CN CN pH VOin rH CM ov

in cn in cp in CN cn VO r*CN VO CN CN cn cn cn cn
CN o o CO o CM cn o coin rH CN Ov

OS OS OS 00 cn pH Os rH
8CM if) CN CM VO rH pH VO CM

CM o O o cn CN •H
in pH CN Os

G
8F CN s

iH
CN inCN pHO CMCN pH•H 3

COrH 8• •
CN o o CO o cn CN rH COin •H CN Ov

CN S
cnCM OScn OScn inCM

inCN cn $
• • • • ■ • • •

o o Os o rH CN rH
in pH CN os

rH CM in CN vO CM 8
CN

8CN pH cn in CN r*
CM O o ov o rH CN rH COin rH CN Ov

0) CM VD cn 8
CN ON

u CO CM rr CN in CN
o •
b o O OS O rH CN rH

in rH CM ON

<N JC'1 °  „  O O O Sh ih (D w e- « fa

s
a\
*H O  »H

in os cD Q  ^ CN vjp cn ** ■Vf p
O  os c5 q in c5 vo cn r-~ CO  os c5 o  o CN c5 vo ov o  c

O O O O O O O O C N

o  in inCv Q  CV 
as o  ov • • • 
H  O  H

in in oov o  o
os o  O

in in q
os o  Q
os o  O  • • • 
H  O  tN

VO vp CN ^  Q
cm o  cn cu oCN O  VO os O  O• * • • • •  

O  O  CM

O O O O O O O O C N

5 o 8
d d d d d d d o d

o o o o

CO CM inCO CO o Os
o pH o VO
o o o O

VO cn rHin •H pH OV
o CN o VO

r- cn q  CO rH O  
OS O  O  • • • 
H  o  fN

OS

s a
o  o  o  o  o  o o  o  cm

*X) h  co h 
Os O  Os • * • 
rH O  rH

§ vp vo inO  CO VO t O  O  H
d o d o

r- ^
8 P
o o

^  in ^•H CO o 
OS O  O
o d d

m co co mc r- h  (?v
0) os o  CvUv • • •
5?^ ° ^0

vo 3 h  8 
ov o  o

0 d o d

ro o 
tn co ^  qO' o  on • • •

rH O  CN

CM O
8 0  ovrH rH

o d d

g  ^  CM g  O

• • • • •
O  O  O  O  CM

10 *o  oO  rH rH • • •
o  o  o

invoVO
ino

O  O  O  o  CM

S 8 8O  rH rH
o d d

5 8 8Cn iH O• • • • •O  O  O  O  CM

VOvO

+Jidu
UHo
6 -h rj 1u
2  CO <  Eh

5
+  +ro cm-H 4) «H fa fa

&

2  8 & $ Fe
/(
Fe
 +
 M
g)
 

0.
31
 

0.
31
 

0.
31
 

0.
26
 

0.
25
 

0.
28
 

0.
28
 

0.
31
 

0.
33



TA
BL
E 
7.
1 

Wh
ol
e 
Ro
ck
 C
he
mi
st
ry

418

B

I

X
V

.5
2

a .
r *
cn

rH
CN

0
0 8

rH
Tp

Tp
CN

CN
1 0

rH
CN

CN rH
0D

0
0

t p
8

CN CN CN o 0 rH rH 0 0 T f 0 vO cn
t p • • • • 0 rH 0 CN

8
c n 0 rH 0

s
0 1

a
5

o vO rH Tp o O ' O '
rH

o in in o rH
8

0
rH

CN r - rH
8

Du
CO
rH

OV
rH

rH
0

c n
c n 8

in V0
in *

t p
CN

o v
CN S 0 rH o rH O ' CN c n 0 c n CN 0 0 0

—4 • • • • 0 0 rH 0 CN
s

00 0 o 0 0 CN
a c n

0
o c n c n t p o O ' GO

rH
rH c n rH o o

8

rH rH
rH

rH

rH

Du 0 vO
3

rH O ' cn CN c o c n CN
«

Ov r -
0

8 CN CN 0 r * c n o CN
g o r-4 «"H CO in CN OV in o in 0 'T CN r - CN CN 0 cn cn TP cn
3 • • o cn
CM

s
o o o c n o t p

rH
tp
CN

o o c n o o
8
rH

rH

a © in ON r * vO in cn
8

CO
$ s

m 0 OV
3

0 0 o CN O o v 0 0 0CO o rH CO CN in CN o in rH t p 0 rH 00 CN vO rH rH rH 0 l

E
• • • • • • • • • • • • • cn cn

?
o o rH CN o Tp

rH
in
CN

o o 0 o o
8

rH

a VC 1 0 CN
8

in CO
8

rH c n rH CN OV 0

9
4 r - rH r - o n OV r t o Q

r - i—4 — 4 o in cn vO vO ID c n •H 0 c n 0 rH CN
§

cn 0 l

E
• • • cn o o

o —4 o CN o cn vO O o vO o o O *H
■<p rH CN O

rH

fa »-h r - 0 OV CO a o in cn CN 0 rH CN OV cn 0 CN CO O ' c n o
vO o rH VO CN CN in CO 0 c n tp CN 0 "*• CN rH TP rH cn VO l

E
• • • • • • • • • • • • 0 0

in o O rH CN o cn o o o o O rHrr rH CN o
rH

fa 0 in Ov
8

m
8

cn
8

o
§

0 r*
$

cn 0 0 Ov cn rH 0 0 tJ* cn Ov
in o v <—4 r - tp tp 0 "T rH t p o rH 00 CN r r rH CN vO i
r - • • • • • • ■ • • • • • • • 0 OV
Du in o o o CN o cn vO o o P * o o o rH

tp rH CN o
rH

EU Ov rH in rH rH CTv vO rH
8

T p T p
3

CN 0
3

rH 0 cn vO v o cn vO c n
CO CN in CD c n CN tP rH t p rH CN rH CN 3 cn rH o v i

SO • • • • • • • • • • • • p rH CN 0 O l
fa

$
o rH O CN o CN

rH
CO
CN

o rH rH
rH

o o 8 CN rH

rH

fa vO 0 CN Tp rH CO in CN CO v o 00 Tf CO
8

o 0 o 0 CN r* co rf rH CN
CO rH CO rH in CN o v rr VO tF 0 o 0 ■? CN rH Sv Ov rH c n TP l

VO rH rH 0 CN
Du CT* o o rH CN o tt TT o o o o d rH

TT rH CN o
rH

Du Tf r - 1 0 cn rH <3* in Ov CO O ' Tp rH c n c n vO 0 rj* CN c n 0 0
Ov rH rH rH c n Tp CN rH 0 o Ov © *P 0 CN o r * vO 3 vO cn c n 0 CN
CN • • • • • • • • • • • • • • CN rH rr rH 0
fa o o rH rH CN o o o ■vr o o O rH

in rH CN O
rH

fa in cn CO CN o 8 1 0 vO rH CN rH r * Tp CN rH o n n c n
8

0 0 c n CN rH r *
cn rH <h CN cn rH 00 vO 0 rH Tp CN vO 0 TJ* rH cn cn cn TP i—4 rp
<N • • • • • • • • • • • • • • c n rH Q
fa t p

in
o in CN CN o o

rH
0
rH

o Tp o o rH
8

rH

fa rH Tp O
S

CN in CN rH ID CO 8 0 0 O ' CN P*̂ c n CN o 0
3

cn
CN ■<r r-4 © c o o o VO VO rH vO VO r—* cn CN 0 cn

3
cn 0 CN

• • • • • • • • • • • P* o c n
k t S o o CN o c n

rH
CN
CN

o o Tp o o 8
rH 5

rH

8 CO 0 < p o cn 0 cn c n CN
3

03 0

8
6

3
c n 0 0 CN c n Q CN rH

fa CN rH o r - rH in in 0 0 o c o 4J rH
8

cn 0 cn TP Tp

£
• • • • • • • • • • • • o

OV o CN CN CN O CN o rH c n o o OTp rH CN O
rH i

•H *H
W  E-1

9̂  o 
3 S S

Q if) IN O  O '« N N
2 fa fa

fa
<u

=* 3  £  ^ « S S S i3 5 z S ^ n > i >



419

p , O
o 3

o
o 3

O'
o

C
in

in
CO 8

o
o

oX o
X

pH
rr\

CO
no■C • « • • • • • • •
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T A B L E  7 . 3

T R A C E  E L E M E N T S  I N  C A R B O N A T I T E S

Sr Ba Ce La Y

P1B 953 346 1059 581 519

P10B 4250 256 832 406 374

P51T 4585 489 863 463 439

P59B 5678 543 1158 603 443

P63T - - - - 292

P68T - 170 1202 636 585

P69T 5307 231 846 422 397

P(69a)T 5565 205 898 470 474

P73T 4275 696 651 341 305

P99B 3672 431 464 219 165

P100B 4416 1174 821 428 418

P102T 5275 1391 887 505 439

P104B 4306 1126 734 412 349

P110B 6301 523 746 382 348

PIR64-2356T* 4312 1475 625 332 324

P146-1128B - 624 873 469 424

P146-1368T* 4817 418 982 546 413

P146-1391T 5620 741 748 393 434

P152-1430B 4957 60 1034 523 474

P153-1301B 4269 616 464 228 215

* S r  m e a s u r e d  b y  i s o t o p e  d i l u t i o n  
o r  m a s s  s p e c t r o m e t e r  a n d  u s e d  
f o r  X R F  S r  s t a n d a r d .
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B.l ANALYTICAL TECHNIQUE FOR THE ELECTRON MICROPROBE 

Equipment

Three microprobes were used to collect the data 

presented in this study: an ARL probe (model SEMQ) at Angle

American Research facilities in Johannesburg, the ARL probe 

(model SEMQ) at the University of the Witwatersrand and an 

ARL (model EMX-SM) at the University of Texas at Dallas. 

The majority of data were obtained on the latter two probes.

Method

Standard procedures for slide preparation were used.

Analytical conditions included: 15 kv accelerating

potential, 150 y amp emission current, and beam current of 

0.10-0.15 vi amp for pyroxenes, olivines, feldspars, 

magnetite and apatite, and 0.05 v amp for micas and 

amphiboles.

Counting time varied among probes and minerals to 

ensure adequate counting statistics with minimum damage to 

specimen.

Beam size varied among minerals from finely focused 

(1 - 2  microns) for anhydrous minerals such as pyroxene to a 

more dispersed beam (up to 4-5 microns) for micas.

Pulse height analyzers on the amplifiers were 

controlled to insure highest peak/background ratio.

Standards varied among laboratories but standards of 

clinopyroxene and feldspars were most commonly used. Mn was 

measured on pyrope with 0.33 percent MnO, Cr on chromite and
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Ni on N iS 2 standards. Calibration was checked when 

instability beam current occurred or at a maximum of one 

hour intervals.

Data reduction on all three microprobes used the Bence- 

Albee method to correct for absorption and matrix effects.

Mineral Formulas

Calculations of proportions of cations in a formula 

unit were performed using the program of R. G. Cawthorn, 

developed at Newfoundland University. The exception to this 

was calculation of Fe 3 + which was calculated by alloting an 

equal molar proportion of Fe to the Na content. This is 

discussed in Chapter 5.

Quality of Data

Accuracy of microprobe data is measured by performing 

replicate analyses of minerals with known composition. 

Listed below (Table B.l) are results of replicate analyses 

of standards performed on the Anglo American and UTD 

microprobes. Data from WITS is of comparable accuracy.

Interlaboratory consistency was measured by utilization 

of a working standard. Clinopyroxene F100P was used. Table 

B.2 lists results of replicate analyses from the WITS and 

UTD probes. Comparable results were obtained on the Anglo 

American microprobe.

Precision of analyses is measured by replicate 

analyses. Data in Table B.2 are a reflection of the 

precision obtained in this study.
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Table B.l. Replicate analyses of standards.

Clinopyroxene Clinopyroxene
Ml Cpx-K

(Anglo American)  (UTD)

Accepted
Value

Value 
Obtained 
in the 
Study

Accepted
Value

Value 
Obtained 
in the 
Study

Si0o 51.40 51.23+.31 50.72 50.95+.27
2.

Ti0 2 0.53 0.49+.01 0.73 0.71+.05

A l 2°3
5.51 5.19+.20 7.85 7.79+.30

FeO 3.80 3.92+.03 6.77 6.57+.23

MgO 16.07 16.01+.04 16.64 16.44+.09

MnO 0.08 0.07+.02 0 . 1 2 0 .1 0 + . 0 2

CaO 21.06 20.93+.06 15.82 15.99+.12

Na-0 0.95 0 .9 2+. 0 2 1.26 1.04+.36

Total 99.40 98.76 99.91 99.59
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Table B.2
Replicate analysis of unknown, electron microprobe 

F100P (Average of five analyses)

WITS UTD

SiO_ 53.59+.15 53.69+.482

TiO~ 0 .2 1 + . 0 2 0.13+.04
z

A l 2° 3 0.09+.02 0.07+.02

FeO 2.48+.33 2.65+.03

MnO 0.05+.01 0.05+.01

MgO 17.41+.26 17.28+.21

CaO 24.81+.04 24.58+.23

N a o0 0.08+.01 0.07+.03
Z

Total 9 8.72 98.57
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Appendix B.2

ACTIVITY OF COMPONENTS IN MINERALS

Clinopyroxene

cpx
aCaMgSi202

(CaMgSi20g)

* XCa (XM g > (X
t
Si

2
Carmichael et al. (1977)

where X = Ca/Ca + Mn + Na + Mg + Fe in cation proportions
3 i

XMg = M<?/M9 + Fe + Al + Ti + Cr

X„. = Si/Si + Al 
Si

Olivine ((Mg,Fe)2Si04)

oliv _ ,yoliv . 2 
aFe2Si04 lAFe2Si04;

where x°liv
FeSi04 Fe/Fe + Mg

Magnetite 

mag

(Fe30 4)

aFe304 1 ” Xusp

usp

Nicholls et_ ad. (1971) 

in cation proportions

Carmichael (1967)

where = Ti/Ti + Fe
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APPENDIX B . 3

X-ray Fluorescence Analytical Procedures

QUALITY OF DATA

The values quoted below for analytical accuracy and precision are 

taken from McCarthy (1977, personal conmunication). They are the 

accepted values for the facilities in the Department of Geology, 

University of the Witwatersrand. EXaring this study at least one 

standard or duplicate sample was run with each group of samples, and 

values not agreeing with the accepted laboratory values were rerun. The 

values presented here were obtained on sample powder treated as separate 

samples and thus reflect the entire analytical procedure.

Accuracy

Table B.3 lists values for major and minor elements obtained on 

National Institute of Metallurgy standards in the Department of Geology 

X-ray facilities along the recommended values of the National Institute 

of Metallurgy.

P2O5 accuracy mainly reflects the correction for Ca interference as 

noted in Table B.3 . Since international standards do not cover the 

range of values in the rocks measured in this study, standards for high 

P205 values were prepared using analytical grade CaO and Ca2P2°7’

Values obtained frcm these standards did not differ frcm those using 

international standards so were subsequently discarded. Thus the 

accuracy at high P2O5 values is believed to be comparable to that at lew 

values.

Table B.4 presents values for international trace element 

standards obtained in this study combined with those for the lab 

(McCarthy),
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TABLE B.3
Accuracy - Major and Minor Elements

NIM
WITS

P
REC

NIM
WITS

S
REC

NIM
WITS

G
REC

NIM
WITS

D
REC

Si02 51.52 50.88 64.02 63.72 75.69 75.59 38.25 38.86
TiC>2 0.20 0.20 0.06 0.05 .11 .09 .03 .04
ai2o 3 4.45 4.38 17.81 17.33 12.42 12.08 .44 .44
Fe2°3 12.91 12.29 1.44 1.40 1.98 2.02 17.07 16.97
MnO 0.23 0.18 0.02 0.01 0.03 0.02 0.22 0.20
MgO 26.41 25.19 0.57 0.48 0.08 0.10 44.42 43.30
CaO 2.69 2.68 0.69 0.70 .79 .80 .27 .31
Na20 0.76 0.37 0.49 0.43 3.76 3.32 .34 .10
K2O 0.10 0.10 14.93 15.34 4.99 4.98 0.02 0.04
P2°5 0.02 0.04 0.12 0.13 0.02 0.03 .01 .03

Sr
WITS REC

TABLE B .4
Accuracy - Trace Elements 

Rb Nb Zr 
WITS REC WITS REC WITS REC

Y
WITS REC

Cu
WITS REC

AGV 657.0 667.7 67.0 66.4 15.0 12.7 225.0 226.6 21.7 21.7 59.7 63.4
GSP 233.0 229.6 254.0 254.2 29.0 30.4 562.0 563.8 30.4 31.6 - -
W-l - - - - 9.5 8.5 105.0 95.4 25.0 23.2 110.0 107.6
BCR 330. 329.8 47.0 47.6 - - - - - - 18.4 17.5
PCC-1 - - - - - - - - - - - -
GR - - - - - - - - - - 345.0 355.5

TABLE B. 4 (continued) 
Accuracy - Trace Elements

Zn Ni V Ba Ce La

WITS REC WITS REC WITS REC WITS REC WITS REC WITS REC

AGV 84.0 91.3 18.5 18.2 — — 1208 1213 __ _ — —

GSP — - - - - - 1300 1287 394.0 394.0 191.0 191.0
W-l 86.0 77.1 76.0 79.8 264.0 259.0 160 154 - - - -
BCR 120.0 115.9 15.8 14.1 399 402 675 708 - - - -
PCC-1 - - - - 30.0 28.0 - - - - - -
GR 60.0 64.8 55.0 61.2 - - - - - - - -
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1977, personal cotrmunication) and the recommended values published by 

Flanagan (1973).

Precision

Table b .5 lists values of replicate analyses for internal 

laboratory standards along with their standard deviations.

Table b .6 lists similar values for trace elements. Precision for 

each element decreases as the abundance approaches the detection limit, 

and MnO precision reflects its low, measured intensity due to 

instrumental conditions. Loss on ignition figures are determined by 

mass loss and are not as good at lew levels.

SAMPLE PREPARATION

Whole rock samples ranged in size frem a few grams to about 7-8 

kilograms depending on grain size and the amount of fresh rraterial 

available. Weathered surfaces were removed by cutting with a diamond 

saw and were broken into blocks of a few centimetres by sawing or 

breaking by sledge hammer. There were further crushed by a jaw crusher, 

split, and finally pulverized in a tungsten steel Siebteknik mill to 

minus 120 mesh.

Mineral separates were broken initially in a steel mortar and 

further reduced to minus 100-120 mesh size by a silica mortar and 

pestle. A Frantz isodynamic separator, Haultain Superpanner, Bromoform, 

and Methylene Iodide were used for mineral separation. Samples were 

checked optically for purity and were finally cleaned by handpicking and 

rinsing in H2O in an ultrasonic bath. Samples are estimated to be at 

least 99 percent pure.

ANALYTICAL EQUIPMENT

Major-, minor-, and trace-element annalyses were carried out on a 

Phillips X-ray fluorescence spectrometer, model PW 1410, equipped with a
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TABLE B.5

Precision - Major ard Minor Elements
WITS P WITS G WITS B

mean std. dev. mean std. dev. mean std. dev.

Si02 55.13 0.200 75.34 .341 57.71 .362
TiC>2 0.22 .001 0.29 .004 .92 .004
ai2o 3 5.83 .027 11.98 .079 8.89 .064
Fe203 11.95 .120 3.47 0.45 9.12 .036
MnO 0.20 .007 .05 .006 .13 .005
MgO 21.80 0.121 .04 .016 10.97 .072
CaO 4.01 .025 1.51 .012 6.86 .029
Na^ 1.12 0.40 3.09 .097 2.55 .077
K 2 o 0.16 .001 4.46 0.26 .08 .002
p2°5 0.02 .002 .04 .003 .09 .004
H20- .06 .018 O .005 .21 .226

TABLE B.6
Precision - Trace Elements

WITS B WITS G
mean std. dev. mean std. dev.

Cu 107 1.41 8 0.62
Ni 983 12.97 2 0.81
Zn 60 0.70 74 0.87
Rb 1 0.00 99 1.49
Sr 99 1.49 108 1.36
Y 14 1.07 80 1.22
Zr 77 0.91 354 10.61
Nb 3 0.78 24 0.49
Ba 49 6.81 2744 35.00
Ce 20 2.05 186 6.30
La 6 2.28 122 1.00
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3kw generator (PW 1140). Angular settings were controlled automatically 

but crystal changing, collimator setting and filter placement were done 

manually. The data were captured on paper tape and later processed on 

an IBM 370 computer at the University Computer Centre.

A few Sr and Rb analyses were done on a Phillips X-ray 

fluorescence spectrometer, model 1520, with all settings and data 

readings done manually.

A sanple holder of Cu was used for major and minor elements with 

the exception of Na, and a holder of A1 for Na and for trace elements. 

DATA COLLECTION AND REDUCTION

Machine operating conditions for najor, minor and trace elements 

may be found in Tables B.7 and B.8. Instrumental drift was monitored 

by reading of a reference regularly, usually every three samples and no 

data was used when drift exceeded 5 percent.

Calibration curves used standard concentrations of Flanagan 

(1973).

Data reduction was done by standard programs available in the 

department of geology (written by T. S. McCarthy).

Fe, Mn, Ti, Ca, K, P, Si, Al, and Mg were analyzed on fused discs 

and Na on pressed rock pellets according to the method of Norrish and 

Hutton (1969). Rock powder was heated to 110° C and 1000° C to constant 

mass and the weights recorded after each heating to give loss on 

ignition and ^ 0 “. Fused pellets were made with heated powder and rock 

pellets of unheated sample.

Trace element analyses were rrade on pressed rock pellets according 

to Norrish and Hutton (1969). Mass absorption coefficients were 

calculated from major element chemistry using the tables of Birks 

(1963).
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TABLE B. 8
Instrumental Conditions 

Trace Elements

Element 
Spectral Line 
Crystal 
Angle (20) 
Collimator (rtm) 
Detector 
Counting times 
Tube target 
KV 
MA
Filter
Interference

Element 
Spectral Line 
Crystal 
Angle
Collimator (nm) 
Detector 
Counting times 
Tube target 
KV 
MA
Filter
Interference

Bg Nb
Ka

eg Zr Bg Y Bg
K
a

Sr
K
a

Bg Kb
Ka

Bg

29.52 30.44 30.92 32.10 33.20 33.90 34.80 35.85 36.80 37.99 38.80

40 100 40 100 40 100 40 100 40 100 40

- YKjs - Sr̂ %  -
- - - -

Bg Bg Ba
Ij62

Bg Bg Ti 
%

Ce
1*1

Bg Bg La
1*1

112.50 113.60 115.18 118.00 121.00 123.94 128.16 133.00 136.50 138.78

20 20 40 20 20 10 40 20 20 40

TiK* Balgi

Bg = background



AAA

Element 
Spectral Line 
Crystal 
Angle
Collimator (run) 
Detector 
Counting times 
Tube target 
KV 
MA
Filter
Interference

Element 
Spectral Line 
Crystal 
Angle (20) 
Collimator (irm) 
Detector 
Counting times 
Tube target 
KV 
MA
Filter
Interference

Element 
Spectral Line 
Crystal 
Angle (20) 
Collimator (run) 
Detector 
Counting times 
Tube target 
KV 
MA
Filter
Interference

TABLE B.8 (continued)

Ti Bg V
\ 2

Bg

_T TTT ( 0 0 (0  1

Bg Cr
^ 2

Bg

123.94 130.30 123.38 116.90 110.90 107.29 102.90

10 40 100 40 40 100 40
Gold-
-50-
-50-

out out out out in in in
“

'

TiKg
"

V^s

Au Bg Zn Bg Cu Bg Ni
^ 1 — *a ----Tjp Ka

toon}
— Ka

53.25 56.80 60.58 62.58 65.55 69.25 71.26
■150

eg

75.25

------ -Flow proportional + Scintillation----- — —
10 20 40 20 40 20 40 20
___________ ________________-Gold-------------------------
_______ _______ _____________ 50-------------------------
__________ __________________ 50 ■ ---

■out

Mo Bg
Compton -

Sr-Rb 
Sr Bg
*0.

Kb
K*

-60—
-40—
-out-

Bg

29.02 34.85
-- LIF (220)----

35.85 37.26 
i _______

37.99 38.85

40 20 40 20 40 20

Bg = background
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Trace elements were analysed in groups of similar X-ray character­

istics or with interelement interference as described below.

Ba, Ce, La

Ba, Ce, and La were measured along with the TiK^peak. Two back­

grounds were measured on each side of BaL^- Two spiked Ba samples con­

taining no Ca or Ti were read to obtain the interference factor of Ba on 

Ce and two spiked Ti samples with no Ba, Ce, or La were measured to cor­

rect for TiK^ interference with the BaLg2 *

Two blanks were used to calculate background factors, and absorp­

tion effects were corrected frcm calculated primary and secondary mass 

absorption coefficients (primary CeK^, secondary BaL^). Calibration 

curves using standards GSP-1, W-l, BCR, and AGV-1 were used for Ba; 

because of the quality of standard values for Ce and La, these elements 

were standardized by GSP-1 alone.

Kb, Sr

Rb and Sr concentrations were calculated using background factors 

calculated from two blanks and absorption effects based on the intensity 

of the Ccrpton peak of the molybdenum tube (Reynolds, 1967).

Standards BCR, AGV-1, and GSP-1 were used for silicate materials 

and two carbonate samples with Sr values measured by isotope dilution 

were used as standards for carbonatites.

Cu, Ni, Zn

Measurement of Cu, Ni, and Zn concentrations involved the measure­

ment of blanks to determine the Au tube's contribution to Cu, Ni, and Zn 

intensities and the background factors. The molybdenum Compton peak was 

measured for each saitple to correct for absorption.

Standards used were AGV-1, GR, BCR, and W-l.
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Zr, Nb, Y

Kb, Sr, Nb, Y, and ZrK^ peaks were measured with a background read­

ing between each peak. Spikes of Rb, Sr, and Y were measured to correct 

for interference on Y, Zr, and Nb respectively. Blanks were measured 

for background corrections and absorption correction was made by 

molybdenum Comptcn peak.

Standards used were GSP-1, AGV-1, and W-l. Flanagan's (1973) 

values were used with the exception of GSP-1 value for Zr where 562 ppm 

(J. P. Willis, personal conmunication, 1977) was used.

V

Ti, V, and Cr were measured together because of mutual inter­

ferences. Spiked Ti samples were measured to find its interference on 

V; likewise spiked V samples yielded V interference on Cr. Calculated 

mass absorption coefficients (frcm primary W rad., secondary V) were 

used and backgrounds were measured on blanks.

Acceptable Cr values could not be obtained due to massive tube 

interference, so were not used in this study and Ti concentrations from 

major element runs are used.

Standards used were BCR, PCC-1, and W-l.
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APPENDIX B.4 

Wet Chemical Technique

FeO

FeO determinations were made following the modified method of 

Wilson (Maxwell, 1968) involving cold acid decomposition. Care was 

taken to avoid oxidation of the sample by analyzing after 24 hours of 

dissolution. Blanks and standards were run with each set of dissolu­

tions, and a sample was rerun if duplicate analyses varied more than 

10%. Internal standard WITS B yielded FeO = 7.13 4-0.285, as compared to 

WITS B, FeO = 7.23 + 0.274 obtained by McCarthy (personal ccnm, 1977) 

using the method of Schafer (1966).
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B .5 TRACE ELEMENT MODEL CALCULATIONS - SPITSKOP

Assuming rock with composition of S23R is liquid with 10% 
cumulus aegirine-riebeckite.

Ba 777
Rb 244
Sr 1156
Zr 559

0.044

Let B = true liquid 
0.1 (.004)B + .9B = 

.9044B = 
B =

composition of Ba
777
777
859

0.022
Let A = true liquid composition of Sr 
0.1 (.022)A + .9A = 1156

A = 1281

0.014

Let C = true liquid composition of Rb 
0.1 (.014)C + .9C = 244

C = 271

0.80

Let D = true liquid composition of Zr 
0.1 (.80)D + .9D = 559

D = 570

Starting composition of liquid

Ba
Rb
Sr
Zr

859 ppm 
271 

1281 
570
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Using the equation: D

log

1 =
log F

in which CL = concentration in liquid remaining 

C0 = concentration in initial liquid 

F = proportion of liquid remaining 

D = bulk distribution coefficient

Stage 1, phases crystallizing are 65% aegirine and
riebeckite, 34% potassium feldspar and 1% apatite

DBa " .65(.044) + .34(6.12) = 2.11

D Sr =
.65 (. 022) + .34(4.5) + .01(15)

°Rb =
.65 (.014) + .34(.34) = 0.125

D Zr * . 65 (. 80) = 0.52

CL

co
(F=.8) (F=.6)

B a : 859 670 487
Sr: 1281 1098 900
Rb: 271 329 423
Zr: 570 634 728

Stage 2, phases crystallizing are 95% feldspar, 5% 
aegirine-riebeckite

Dn = .95 (6.12) + . 05 (. 044) = 5.82
Dd

D Sr = . 95 (4.5) + .05 (.022) = 4.28

D , = . 95 (. 34) + .05 (. 014) = 0.324 
Rb

D Zr .05 (.80) = 0.04

CL

co
(F=. 8) (F=. 6) (F=.4) (F=.2)

Ba: 487 166 41.5 5.88 0.208
Sr: 900 433 168 44.6 4.59
Rb: 423 492 597 786 1250
Z r : 728 902 1190 1750 3410
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C.l SAMPLE DESCRIPTIONS

For Locations, see Figures 9.2 and 9.2a

Carbonatites

P10C Fine-grained, banded with magnetite contains calcite, 
apatite, minor magnetite, sulphides and one large 
flake of mica which was removed. Bench 14 East, Sept. 
1975.

P51C Coarse white calcite with occasional grains of 
apatite. Very minor, small flecks of mica (removed). 
Central part of plug, Bench 19, Dec. 1976.

P146-1368C Coarse grained, white with some apatite and 
magnetite. Borehole core.

Pir 64-2356C Coarse, nearly pure calcite with minor 
apatite. Borehole core.

P152-1430C Greyish, fine-grained sugary with one piece of 
magnetite. Borehole core.

P 68C Medium-grained calcite and chalcopyrite. Bench 19 
East, Aug. 1977.

P72C Coarse white calcite with abundant phlogopite, 
magnetite, chalcopyrite with large (2 - 6  cm) crystals 
of diopside. Also contains some portions of fine­
grained sugary carbonate. Bench 18 East, Aug. 1977.

Clinopyroxene

P150-875P Dark green augite from micaceous pyroxenite.

F101P Part of a diopside crystal 35-40 cm in length by 20 cm 
wide, parting well developed, rare tremolite along 
parting, contains minute flakes of mica (removed) from 
pegmatitic micaceous pyroxenite.

P72C Pale green diopside 4 cm in diameter. Rare megacryst 
from carbonatite, cloudy appearance in hand specimen.

F15M Pale green diopside from massive pyroxenite with a 
bimodal size distribution of diopside crystals.

G12F Euhedral crystal of diopside from feldspathic 
pyroxenite contains pronounced oscillatory zoning from 
Guide Copper Mine pyroxenite pipe.

F23F Pale green diopside from feldspathic pyroxenite.
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Apatite

F16P Apatite-mica rock with apatites growing through and 
around mica grains, from south side of Foskor Pit.

Pir 64-2356C Apatite from coarse-grained carbonatite.

F15M Apatite from massive pyroxenite with prismatic 
clinopyroxenes and interstitial apatite.

Mica

PIC Large crystals, no visible impurities in mica, reverse 
pleochroism, from Trangressive Carbonatite, Bench 12 
East, Sept. 1975. PMC

P28P Contains some apatite, normal pleochroism but nearly 
equal in intensities of red and gold, from micaceous 
pyroxenite, Bench 17 South West, Sept. 1975. PMC

P29P Glimmerite contains large amounts of apatite, 
phlogopite has normal pleochroism of red and gold, 
Bench 17 South West, Sept. 1975. PMC

F16P Large book of mica with large crystals of apatite 
growing perpendicular through the book of mica, from 
near edge of Foskor Pit.

Pir 64-2395P Dark brown phlogopite from glimmerite in 
massive pyroxenite, borehole core.

P134-1006K Contains abundant calcite and contains veinlet 
of calcite with chalcopyrite and magnetite, from 
phoscorite, borehole core.

Vermiculite Large book of golden vermiculite from 
vermiculite quarry. PMC

F100P Mica from micaceous pyroxenite with inch-scale 
layering, west side of Foskor Pit.

F102X Dark brown phlogopite from finely-banded, micaceous 
pyroxenite xenolith in Foskor Pit. Xenolith is 
several metres in diameter.

Uranothorianite

Thor I LK135-1831 ft., banded carbonatite.

Thor II LK146-1208 m, transgressive carbonatite from 
borehole core.



453

Baddeleyite

BaddI Phoscorite, rock of carbonate, olivine, serpentine, 
and chondrodite.

BaddII Transgressive carbonatite, apatite rich, 238 m above 
mean sea level, western fringe of transgressive 
carbonatite.

BaddIII Phoscorite.

BaddIV Phoscorite, coarse-grained.
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Appendix C.l (continued)

COUNTRY ROCK DESCRIPTIONS 
For Locations, see Figure 9.1

C1G, C2G, C3G Pink, equigranular, medium-grained granite, 
taken from water-pipe trenches between Kgopoeloe Hill 
and a small syenite pipe to northeast. Samples 
slightly iron-stained but in thin section look fresh 
although recrystallized.

C7V Fine-grained white granite, taken at intersection of 
waterwork road with railway line. In thin section 
seems fresh, highly recrystallized, contains 
muscovite, no obvious metasomatism.

C8V Coarse-grained muscovite pegmatite, closely inter- 
fingered with weathered fine-grained gneiss, taken 
from intersection of waterworks road and railway.

C9B Leucocratic, medium-grained granite with biotite and 
veins of feldspar and quartz, taken from large outcrop 
along power lines by Selati River.

C10G Pink granite with scattered aegirine, taken from area 
containing minor amounts of weathered biotite gneiss 
and some pegmatitic rocks.

C11V, C12V White muscovite pegmatite, taken north of Selati 
River next to road. Muscovite from this rock dated by 
Rb-Sr.

C13B, C14B Medium-grained, biotite granite, taken from 
large boulder blasted from side of road.

C15G, C16G Coarse-grained pink granite, taken from cutting 
along railroad tracks in area with equal proportions

* of pink and gneissic type rocks.

C17G-C20G Pink granite, taken from trenches showing area to 
consist of muscovite pegmatite and fine- and coarse­
grained pink granite.

C21B Gneissic biotite from boulder containing this type and 
a pegmatitic pink granite.

C22G Pink granite from area containing gneissic- and pink- 
granite, slightly altered feldspar.

C23B, C24B Gneissic biotite granite.

C25B Dark, biotite-rich gneissic granite.

C26G-C30G Pink granite from roadside boulders.
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C .2 MASS SPECTROMETRY TECHNIQUES 

Sample Preparation

Whole-rock samples ranged from 10 g to about 0.5 kg 

depending on the grain size of the sample. Whole rocks were 

pulverized in a chromium-steel Siebtecnik mill.

Mineral separates were finally hand picked from rocks 

crushed in a steel mortar. Thorianite was concentrated 

using a Haultain superpanner. All separates are at least 

99.9 percent pure.

Spikes

Spikes of 8 7Rb (spike > 99.2% 87Rb), 84 Sr (spike >

99.3% 8 7Sr), 39K (spike > 99.2% 39K), 2 3 8U (spike > 99%

2 38U), and 2 0 6Pb (spike > 88% 2 0 6Pb) were used in

determining element content. Spikes were calibrated against 

gravimetric standards and checked periodically.

Changes in concentration of U and Pb spikes over the 

time of this study are shown in Figure C.l.

Chemical Procedures

Micas. Phlogopites were washed in deionized, distilled 

water in an ultrasonic bath to remove intergrown material or 

substances adhering to surfaces, with the exception of those 

noted in Table 9.3. The micas were washed repeatedly and 

washes discarded until wash water remained clear.

Rb and Sr spikes were weighted into teflon beakers and 

dried, and the sample was added along with 10 ml HF and a
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Figure C.l a) Concentration of U spike over the period of this study, 
b) Concentration of Pb spike over the period of this study.
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few drops of HC10., . Beakers were covered and left on low 

heat for at least 24 hours to dissolve. After drying, 2.59 

N HC1 was added to check for complete solution and sample 

was dried, heated to drive off the perchloric acid, and 

taken up in 2-3 ml 2.59 N HC1. After centrifuging, 

decantant was added to resin ion-exchange columns for 

separation of Sr. The precipitate was washed and retained 

for Rb analysis.

Rb from phlogopite was loaded onto double tantalum 

filaments with H 20, and Sr was run as a chloride from single 

Ta filament. Some of the analyses performed by H. Allsopp 

were loaded with H 3PO4 to oxidize the filament and, in some 

cases, Ta 20 5 was applied directly to the filament.

Carbonatite. Approximately 0.1 gm of carbonatite was 

dissolved in teflon with doubly distilled H 20 and HC1. If 

insoluble material remained, sample was heated. In all 

cases, heating caused dissolution of remaining material. 

After drying, sample was taken up with 2-3 ml 2.59 N HC1, 

centrifuged and added to resin columns. Each carbonatite 

sample was run through columns twice to sufficiently clean 

the Sr sample.

Spiked samples were treated in the same manner after 

carbonatite had been added to dried spike in the teflon 

beaker.

For Rb spiked samples, a larger portion of sample, 

around two grams, was added to dried spike in a teflon 

beaker. Doubly distilled acids were used. Ammonia solution



458

was added to dissolved sample, centrifuged, and decantant 

removed. 8M HN 0 3 was added and sample dried.

Clinopyroxenes. Samples were cleaned in cold, doubly 

distilled 6N HC1 for six hours, rinsed several times and 

dried. Spiking and dissolution method was identical to 

phlogopites but reagents were all doubly distilled. Sr was 

separated on resin columns and K and Rb were isolated by the 

method of Allsopp et al. (1969) involving precipitation of 

hydroxides by ammonia solution.

Sr was run on triple Re, and K, Rb were run on double 

Ta filaments.

Apatites. Apatites were rinsed in dilute HC1 to remove 

tiny particles of optically visible calcite. Dissolution by 

HC1 was complete and separation of Sr and Rb was identical 

to that described for clinopyroxenes.

Uranothorianite. Samples were washed in reagent-grade 

acetone in an ultrasonic bath, then dissolved by boiling in

2.5 N HN0 3 for about two hours. This solution was further 

diluted to a litre solution of 0.5 normality from which 

about 10 ml were added to a given amount of spike. U and Pb 

were isolated in small teflon columns using 6N HC1 for 

collection of Pb and H 20 for U. Pb was further concentrated 

by electrodeposition. U was converted to nitrate by heating 

with HN 0 3 .

Pb was loaded with HN0 3 onto silica gel on single Re 

filament, dried, and then converted to phosphate.
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U was loaded on triple Re filament as nitrate and then 

converted to an oxide by heating.

Baddeleyite. Baddeleyite samples were boiled in 1 N 

HN03 for one hour to remove traces of sulphides and then 

rinsed by boiling in H 20 twice for one hour each time. 

Sample was weighed into a teflon bomb with 3 ml doubly 

distilled HF and a few drops of doubly distilled HN03 . The 

bomb was sealed and heated to 220°C overnight. This 

solution was transferred to another teflon container and

dried to remove HF. This was then taken up with 10 ml of 1

N HCL for splitting and spiking. U and Pb separation 

followed the same method as uranothorianite.

Equipment and Running Conditions

A Micromass 12-inch, 90° solid source mass spectrometer 

with automatic peak switching and digital voltmeter output 

was used for Sr, U, and Pb measurements. Rb and K were

measured on an 8-inch, 60° mass spectrometer of Bernard

Price Institute construction. The bulk of Sr analyses of 

carbonatites were measured by X-ray fluorescence on a 

Philips 1540 X-ray fluorescence instrument (see Appendix B 

for further X-ray technique) with standards measured by mass 

spectrometry by isotope dilution technique (values in Table 

9.7).

Strontium isotopic measurements were normalized to a

8 6Sr/8 8Sr value of 0.1194. Because normalization is not

possible for Pb, K and Rb, fractionation of isotopes was

minimized by running Pb at a constant temperature of 1200°C
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and running at constant temperature and obtaining data for 

K, Rb, and U in as short a time as possible. Peaks were 

checked for centering between blocks of data, and data were 

recorded after interfering elements were burned off.

Quality of Data

Accuracy of Rb and Sr elemental concentrations by 

isotope dilution are gauged by replicate analyses of 

feldspar standard in the BPI laboratory. Table C.l lists 

the results of these analyses and the values obtained at the 

National Bureau of Standards. The mean values and variation 

(2o) in elemental concentrations are Sr = 65.645 ± 0.290 

yg/g and Rb = 520.48 ± 2.48 yg/g giving an accuracy of Sr 

concentration of 0.44 percent and an accuracy of Rb 

concentration of 0.48 percent. The accuracy of 87Sr/86Sr 

analyzed from the NBS feldspar standard is 0.05 percent from 

the average of 1.20033 + 0.0006 (Table C.2).

Accuracy of 87Sr/86Sr for carbonatites, apatites and 

clinopyroxenes which contain substantial amounts of Sr is 

measured from replicate analyses of the Eimer and Amend 

standard SrC03 with a BPI laboratory value of 0.70799 ± 

0.00002 (2o). Table C.2 lists laboratory measurements over 

the time period this work was done.
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Table C.l. MBS 607 - K-feldspar standard.

NBS': Rb = 523. 90 + 1.01

Sr = 65. 485 + 0.32

87, ,86
Sr/ Sr = 1. 20039 + 0.0002

Date Rb + Sr + 87 ,86_ 
Sr/ Sr + Analyst

24.6.75 521. 9 * 65 .223 HLA

10.8.75 524. 8 66.305 HLA

1.6.77' 518. 4 65 .715 0.045 1.2011 0 .0008 HLA

30.6.77 519. 8 65.683 0 .068 1 .1999 0 .0002 HLA

7.1.80 518. 6 65 .495 1.2005 0 .0002 TPE

7.1.80 516 .5 65 .450 1 .2005 0 .0001 TPE

24.1.80 522. 2 65 .745 0 .130 1 .19939 0 .00007 EB

3.3.80 520. 4 65 .608 1 .19998 .0001 RAA

6.4.80 521. 7 65 .585 1 .20095 .0001 HLA

Analysts: HLA H. Allsopp 
EB E. Barton 
RAA R. Armstrong 
TPE T. Elworthy

*Where errors are missing, data were not available.
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Table C.2.
n  "7  Q £

Sr/ Sr values for Eimer 
standard over period of this

and Amend 
study.

Date
87c ,860 Sr/ Sr Standard Deviation

7-77 0.707909 0.00009

8-77 0.70792 0.00006

9-76 0.707981 0.00002

11-76 0.708001 0.00002

7-76 0.70802 0.00002

7-76 0.70795 0.00003

7-76 0.70804 0.00003

7-75 0.70801 0.00002

7-75 0.70794 0.00002

7-75 0.70805 0.00003

Combined mean 0.70799 + 0.00002 (2a).

Analysts: H. Allsopp, S. Eriksson
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Table C.3. Duplicate 
analyses of same

87Sr/86Sr, K, 
dissolutions.

Rb

Sample Type A B
%

Difference

P51C carbonatite

87 .86 _
Sr/ Sr =

0.70569+8

87 ,86 
Sr/ Sr =

0.70569+6 0.00

F101P pyroxene K/Rb=194.0 K/Rb=194.7 0.36
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Table C.
87 86

4. Duplicate Sr/ Sr analyses of 
different sample dissolutions.

%

Sample Type A B Difference

P28P mica 3.1987+7 3.342+5 4.30

P134-1006K mica 3.157+3 2.709+1 16.38

P72C carbonatite 0.70448+18 0.70425+4 0.00

PIR 64-2356C carbonatite 0.71006+4 0.71027+6 0.02

F16M apatite 0.71125+10 0.71039+4 0.10

F101P pyroxene 0.71282+24 0.71229+6 0.03
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C.3 NOTES ON SAMPLE PREPARATION - P29P

a(l)(SCE) No washing, flakes of phlogopite hand picked. No
obvious inclusions or discrete grains of apatite 
or calcite. Grains 0.5 to 1 mm.

a (2)(SCE) Same as a(1).

a(3)(HLA) Same as a(1).

b( 1 ) (SCE) Sample selected as in a(l), washed in H 20 in
ultrasonic for two 15-minute periods. Sample 
appeared free of inclusions and were free of 
powder adhering to surfaces. Grains are 0.5 to 1 
mm.

b (2 ) (SCE) Same as b(1).

b ( 3 )(HLA) Selected as for a(3), slightly ground and cleaned 
in ultrasonic for several washes; selected from 
this material, flakes with no inclusions.

c(l) (SCE) Sample selected as for a(l); sample then ground, 
washed in ultrasonic for three 10-minute periods 
in H 20, last wash was clear. Grains are 0.1-0.3 
m m .

c (2)(SCE) Ground by hand in agate mortar at least 15 
minutes, washed three 15-minute periods; H 20 was 
clear after third wash.

c (3)(H L A ) First crushing in agate mortar on Siebtecnik 
mill, sieved off fines (125 pm) and cleaned in 
ultrasonic. Magnetite flakes removed by magnet. 
White mineral still present so crushed in agate 
mortar by hand until like powder, washed in 
ultrasonic.

c (4)(H L A ) Same as c(3). Mica flakes were larger than white 
grains, so majority of white material removed by 
sieving at 63 pm (the material passing through 63 
urn sieve was analyzed on microprobe, see text p. 
304, and Table 9.6 (SCE).
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Appendix C-4

ALTERATION OF PHLOGOPITE AS A SOURCE OF RADIOGENIC Sr

Estimate of area containing vermiculite from Hanekom et a l . 
(1965) :

northern inner pegmatoid 
southern pegmatoid 
hydrobiotite

1.00 km2 
0.32
0.50 ?
1.82 km

Assuming this area 
depth of 50 m with 
lite:

(1.82 km2 ) is pure 
a specific gravity

mica weathered to a 
of 2.65 for vermicu-

2.4 x 108 tons of vermiculite

For a vermiculite composition found in Table 9.13, having 
lost 110 ppm 87Rb which has decayed to 87Sr over 20 m.y.:

87
20 x 106 yr = 1/X In (1 + X = 1 . 4 2 x l 0 _1

8 7
Sr* = 0.03124 ppm

8 q  7
2.4 x 10 tons x 0.03124 ppm Sr* =

2.4 x 108 tons x 0.0312 x 10_o = 0.07488 x 102
o 7

= 7.488 tons Sr* from 
decay of 87Rb.

3.5 ppm lost of radiogenic Sr.

2.4 x 108 x 3.5 x 10"6 = 8.4 x 102 = 840 tons 87Sr*

840 + 7.5 = 847.5 tons 87Sr* available from alt. of
phlogopite.
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Case I

2
Clmopyroxenites cover about 9.6 km ; if 50% is clinopyroxene 
= 4.8 kirr with specific gravity of 3.4; for a depth of 0.5 km 
= 8.16 x 10^ tons clinopyroxene.

Assuming an initial ratio of 0.704, and a Sr content of 
425 ppm,

0.704(8.16xl09 ) (4.25xl0~4 tons 87Sr) + 847.5 tons 87Sr*

(8.16xl09)(4.25x10 4 tons ®^Sr)

_ (24.415xl05 tons) + 847,5 tons 

34.68 x 105

2441500 + 847.5 
3468000 0.70425

Case II

2Carbonatites cover 0.33 km
1/2 km depth = 0.165 km3 with specific gravity of 2.72 = 
4.49 x 10° tons carbonatite.

Average Sr = 4500 ppm

0.704(4.49xl08 t o n s ) (.0045 tons 87Sr) + 847.5 tons 87Sr*

(4.49x10 8) (.0045)

1.422 x 10 + 847.5

2.0205 x 106
= 0.70421

Case III

Assuming clinopyroxene with an initial ratio of 0.7115, the 
lowest initial Sr ratio measured from the clinopyroxenites 
with Sr = 425 ppm.

0.71151(8.16 x 109 tons)(4.25 x 10~4) + 847.5 

(8.16xl09 ) (4.25xl0~4)

24.6055 x 105 + 847.5 

34.68 x 105
0.71176
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