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A B ST RA CT 

The Karroo volcanic succession in the Nuanetsi Igneous Province 

of southeastern Rhodesia is 22 9000 - 26,000 feet thick. The lowest 

6,500 feet of this succession comprises the Olivine-rich Group - a 

distinctive series of tholeiitic lavas and hypabyasal intrusions which 

are rich in olivine and which frequently have glassy groundmassee. 

Preliminary chemical analyses of these baaalts, limburgites and picrites 

indicated (a) that these rocks were rich in K 2 
 0 and certain trace 

elements and (b) that the relationship between the Olivine-rich Group 

and the overlying low-14g0 Upper Basalts was not a direct one involving 

the fractionation of the phenocryst phases found in the lavas. 

A mineralogical study indicates that the rare, magnesian (En 900 ), 

orthopyroxene phenocrysts, which occur in half the rocks examined, and 

the rare magnesian (1o92_78)e olivine megacryats are an inherited 

assemblage. This is supported by a consideration of the bulk compositions 

of the 56 rocks analysed in this study and possible phase relations in a 

natural basaltic system. 	It is suggested that this inherited phenocryst 

assemblage may have crystallised under 7-10 kb. pressure. However, the 

compositional variation displayed by the suite of rocks cannot be fully 

accounted for by this proposed fractional crystallisation event alone. 

The whole-rook chemical analyses confirm the high-MgO nature of 

the rocks and that they contain normative DZ. 	It is concluded that 

this picritic character was an inherent feature of the magmas and does 

not reflect near-surface accumulation of divine phenocrysta in more 

evolved tholeiitic magmas, of. Hawaiian picritee. Only limited low- 
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pressure differentiation by crystal-liquid fractionation appears to 

have taken place and the effects of this are largely restricted to the 

hypabyssal holocryatalline picrites. 

The richness of K and the associated elements ?, Ti, Ba, Sr, 

Rb and Lr is confirmed by the whole-rock analyses. There is also an 

intriguing, and statistically highly significant, sympathetic relationship 

between MgO and K and as8ociated elements. 

The degrees of enrichment of K and associated elements in these 

high-MgO tholeiites and possible enrichment processes are discussed at 

considerable length. 	It is proposed that the fractionation of eclogite 

from primary magmas at pressures of c. kG kb. may account for the high 

enrichment levels and the sympathetic relationship with MgO. 

Finally, a tentative polybaric evolutionary model for the Mianetsi 

bigh-'ig0 magmas is proposed. 	The main features are, (a) the fractionation 

of eclogite at high pressure - ce ko kb. (b) the fractionation of 

har3burgite in the pressure range 7-10 kb. and (c) rapid ascent to the 

surface from c. 30 km o  depth accompanied by a minimum of crystal-liquid 

fractionation 1  and hence differentiation. 
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CHAPTM 1 

INTRODUCTION 

The geographical and geological settings of the Nuanetsi 

olivine-rich tholeiites are described and the main objectives of 

the research project are defined. 

The Nuanetsi Igneous Province 

The ivanotsi Igneous Province is situated in the extreme south-

east of Rhodesia (see Fig. 1). 	The geology of this area was studied 

in considerable detail by members of the Research Institute of African 

Geology, University of Leeds, during the period 1956 - 1959. 	The 

combined results of this work were published in 1965 (Cox et al). 

The general geology of the Nuanetsi Igneous Province and the 

surrounding area is given in Fig. 1. 	Karroo sediments, frequently 

less than 500' thick, uziconformably overlie the gneiasoae Basement 

Complex. 	Overlying these sediments is a thick series of late - Karroo 

basic and acidic lavas; the maximum thickness of this volcanic series 

has been estimated at 22 9000 - 26,000 ft. (Cox et al l  1965 9  p.85).  The 

lavas have been intruded by a number of ring complexes and a large 

granophyric sheet - the Main Granophyre. 

dhole-rock Rb/Sr age determinations by Manton (1968) indicate 

that the rhyolitic lavas, which occur in the upper parts of the volcanic 

succession, were erupted 206 	13 in. yree ago, i.ee during the very late 

Triassic. 	Granites from the ring complexes gave ages of 177 1  7 in. yrs., 

i.e. early Jurassic. 

The two main structural elements of the luanetsi Igneous Province 



FIGURE I 

General geology of the Nuanet8i Igneous Province and 

eurrounding areas. 

The area included in the main figure is stippled 

in the inset figure. 

(after Cox et al, 1965, Fig. 1). 
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are the Mateke-Sabi monocline and the Nuanetsi syncline. The latter 

feature is up to 35 miles wide - judging by present-day outcrop 

patterns. 	Cox et a]. (1965) considered that deformation of this syncline 

was contemporaneous with much of the volcanic and intrusive igneous 

activity. 

On a broader scale, the Nuanetsi Igneous Province is a part of 

the huge late and post-Karroo magmatic event, the results of which are 

preserved in many areas of southern Africa. 	The main expression of 

this event was volcanic and from the Nuanetsi area the outcrop of lavas 

continues in a north-easterly direction towards Mozambique and Malawi 

and southwards into the Lebombo monocline of Mozambique, Swaziland and 

the Republic of south Africa. 	Outcrop in a westerly direction is 

discontinuous, through the shallow Tuli Syncline, to Botswana. Cox 

et al (1967, Fig. 1) have illustrated all the significant outcrops of 

Karroo lavas in southern Africa. General accounts of Karroo volcanicity 

have been given by du Toit (1954 ) and Haughton ( 1 963). 

The Volcanic Succession 

The volcanic succession of the Nuanetsi syncline was divided by 

Cox et al (1965) into 3 units. 	They are, in stratigraphic order : 

feet 

Rhyolites, with subordinate basalte 5,500 

Upper Basalts, tholeiitic and essentially divine-free 10 9 000 

Olivine-rich Group 6,500 

The figures are estimates of the maximum thickness each unit attains 

in the Iluanetsi syncline. 	No rhyolitee are exposed in the Mateke-Sabi 

monocline. 	However, this may simply be a result of the overlap by the 

post-Karroo sediments - the Malvernia Beds. The approximate boundary 
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between the lower Olivine-rich Group and the Upper Basalts is shown in 

Fig. 29 	In generz.l, the Olivine-rich Group is restricted to the 

northern and southern limbs of the Nuanetsi syncline and the IIateke- 

abi monocline. Because of the etratigraphic level exposed, in the 

east, and the westerly overlap by the Upper Baalt&, in the west, few 

olivine-rich rocks have been recorded in the axis.l parts of the syncline. 

A detailed petrological study of the Olivine-rich Group is the 

subject of the current research. 

The Olivine-rich Group 

(i) Previous research 

Lightfoot (1938) described a reconnaissance geological trip to 

the area between the Nuanetsi and Lundi Rivers in south-east Rhodesia. 

He recorded the occurrence of coarse- grained picrite - 'olivine gabbro' - 

at the base of the volcanic succession and presented a chemical analysis 

of the rock. The analysis is given in Table 1. The picrite was 

collected from 'a small escarpment' and Lightfoot observed that 'the 

composition and non-vesicular character of the rock combined with its 

coarse grain is more suggestive of a basic sill'. 	On the basis of this 

description and the analysis (Table 1) it is certain that this specimen 

came from what is now known as the Beacon sill. 

Cox et al (1965) established the areal distribution of the Olivine-

rich Group (see Fig. 2). On petrographic grounds they divided the rocks 

into lixnburgites, with abundant glass and no feldspar, olivine basalts 

and picrite-basalte which are frequently glassy, and picritea. The latter 

are relatively coarse-grained and are holocryatalline. 	They are especially 

common in the Beacon - Goniakwe area and were thought to represent 

hypabyssal intrusions, both sills and dykes, closely associated with the 
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lavas. 	Many of these holocryatalline rocks were found to contain 

alkali feldspar in addition to plagioclase. 	Seven new chemical analyses 

were carried out. 	These are given in Tables 1 and 2. The C.I.i.. 

norms of the analyses (Table 3) show varying amounts of YZ - the rocks 

are, therefore, tholeiitic as defined by Yoder and Tilley (1962) and 

Tilley and Muir (1967). 

Both Cox et al (1965) and Monkman (1961) pointed out that the 

rocks of the Olivine-rich Group, despite an overall thoroughly basic 

character, had relatively high contents of 81021 K20, T129 22051  Bag 

Sr and Zr. 	Monlçinan carried out a further 5 partial analyses - for 

k20, !is 20 and Ti02  - which confirmed that the contents of K 2  0 and Ti02  

and the K/Na ratio of the olivine-rich rocks are higher than in most 

basic rocks. He compared the geochemistry of the Nuanetsi rocks with 

that of the volcanic rooks of the Birunga - Bufumbira area of S.d. 

Uganda and the Congo which have been described by Holmes (1950) and 

Higazy (195 1+). 

In a complementary manner, Cox et a]. (1965) contrasted the 

geochemistry of the Nuanetsi - northern Lebombo basic rocks (both the 

olivine-rich types and the overlying Upper Basalta) with the geochemistry 

of the Karroo doleritea and lavas of South Africa and Lesotho. The 

basic rocks of these two southern areas, although broadly contemporaneous 

with the Nuanetsi volcanic rooks, have much lower contents of K 20, TiC2  

and 2205  and a higher A1 203  content. 

Since the current research was started Cox et al (1967) have 

published a paper which emphasises the contrasting geochemical aspects 

of Karroo basic lavaa in southern Africa. Two geochemical provinces 

were defined, the Nuanetsi basic rocks belonging to the northern province 

which is characterised by high K 20, TiC2, 2205. Ba, .r and Zra 



TABL 1 

LIT 'TUE 	 S 

I 	r. kM 1+28 kM 1+32 kM 431+ C 37 kM  593 K 	42 c 888 L 

Si02  49.11 48.98 49.61 49.58 1+3.89 44.97 46.59 45.00 

Ti02  2.99 3.34 5.54 2.87 1.54 1.48 2.83 2.06 

9.39 7.74 11.28 9.17 5.51 5.71+ 5.89 5.13 

1e203  1.83 3.75 2.13 2.47 6.50 3.1+5 3.54 3.52 

FeO 7.90 6.53 10.11 8.49 7.32 10.18 8.31 10.35 

MnO 0.14 0.13 0.18 0.15 0.17 0.18 0116 0.17 

NgO 12.84 15.52 7.67 14.82 25.53 24.15 21.00 23.06 

CaO 7.18 6.44 9.66 7.36 4.51 6.26 5,79 6,61+ 

.31 1. 1+0 2.37 2.07 0.81 0.91  1,37 1.06 

1(20 1.42 2.44 1.8 1.98 0.59 0.75 1.97 1.60 

0983 0.54  0.52 0.52 0928 0.23 0.46 0,15 

H20' 3.59 2.36  0.80 0.52 2.77 0.87 1.76 1.25 

H 2 
 0 0.62 0.91 0.42 0.18 0.56 0.29 0010 0.19 

Cr203  - - - - - 
- 0.19 - 

NiO - - - - - - 
- 0.14 

S - - - - - - 
- 0.08 

002 - - 

- 0.50 - - 

Total 100.15 100.08 100.12 100.18 99.98 99.96 99.96 100.40 

Key to analyses presented below Table 3. 



TABLE 2 

LIT&TU1 ALLY.S 

ppm. 	 124 434 

Ba 	 700 

Be 	 10 

Co 	 45 

Cr - 

Ga 30 

Ge 30 

La 100 

Li 5 

NO .3 

Nb 50 

Ni 300 

Pb 25 

10 

Sr 700 

Ta 300 

V 300 

Y 60 

L5 

All analyses by optical spectrograph. 

Key to analysis presented below Table 3. 



TABLE 3 

C. I. OF LIT RATURi. 	A1iiu.Y.ES 

124 428 L 	432 LY, 434 KC 37 593 KG 42 C 8 L 

or 8.35 111.47 10.57 11.69 3.34 4.4 11.7 9.6 

ab 19,40 12.06 1 9 , 92  1 7,30 6.82 7.86 11,5 9.1 

an 11.13 7.51 15.02 10.01 9.73 9.17 4.7 4.6 

di 15.09 16.40 23.77 18.16 8.30 14.8 16.9 22 1 1 

by 28.10 30.55 17.64 18.65 31.03 21.56 18.1 5-9 

o]. 3.64 2 0 91 0.97 13.40  24.33  32.57 24.2 39.4 

mt 2.55 5.33 3.01 3.47 9.49 5.10 5.1 5.2 

ii 5.61 6.37 6.68 5.46 2.88 2.89 5.3 4.0 

ap 2.02 1.34 1.34 1.34 0.67 0.34 110 0.4 

cc - - - - 
- 0.50 - - 

H 2 0 - - - - 3.33 1.16 1,9 1.4 

KI to nalyaes in Tables 1 - 3. 

12.1 428 : 	Limburgite, (Cox at al l  1965, Table 9) 

124 432 : Liinburgite, 	(Cox at al l  1965, Table 9) 

1.14 434 ; C].ivine basalt, erroneously described as liniburgite by 

Cox at al.(1965, Table 9) 

LM 593 : Picrita, 	(Cox at a]., 	1965, Table 12) 

KC 37 	: Lixnburgite, 	(Cox at al, 1965, Table 9) 

KC 42 	: Picrite, 	(Cox at al l  1965, Table 12) 

C 888 Picrite, 	(Cox at al, 1965, Table 12) 

1. Olivine Gabbro, (Lightfoot, 1938 9  p.195) 
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Cox et al (1965) considered the petrogenesis of the Nuanetsi 

volcanic succession. 	ith the aid of an addition-subtraction variation 

diagram these authors were able to demonstrate convincingly that low-

pressure crystal-liquid fractionation of one parental magma could not 

account for the recorded compositional variation of the basic rocks - 

from the limburgitea and basalts of the Olivine-rich Group to the 

olivine-poor and normative basalts which are typical of the Upper 

asalts. 	They stated : 

'It must be concluded that whatever the Tholeiitic Series /of 

lavas7 represents, it does not represent a crystallisation-

differentiation trend caused entirely by the separation or 

concentration of the minerals actually present in the 1aVa6.' 

(Cox et al, 1965, p. 208). 

The relationship between the olivine-rich and olivine-free 

Nuanetsi lavas, therefore, differs from the direct relationship 

observed between the picritic and olivine-free basalts of Hawaii - 

the picrites representing olivine basalt magma which has become enriched 

in cumulus olivine; the olivine-free basalts representing residual 

liquid magmas (Macdonald, 1944; Muir et al, 1957; Powers, 1 955). 

Of the possible causes of variation of the basaltic compositions 

which were considered by Cox et al l  varying degrees of mantle partial 

melting was thught to be the most likely factor. The voluminous 

Upper Basalts were taken to be the normal products of partial melting 

of an ultrabasic mantle and it was proposed that the lavas of the 

olivine-rich Group were the result of more complete fusion of the mantle. 

Ecloite fractionation at elevated pressures and zone-refining 

(Harris, 1957) were suggested as possible causal factors of tie observed 
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high contents of K 2 0 and certain trace elements. 

To summarise, previous research has established in the huanet.5i 

Igneous province: 

the occurrence of an Olivine-rich group of lavas and 

minor intrusions, of maximum thickness 6,500 1 , in the 

lower parts of the Karroo volcanic succession of Nuanetsi, 

that the rocks are frequently glassy, may contain no 

feldspar and contain up to 50% olivine (generally 15 - 

and preliminary chemical analyses indicate 

that the rocks of the Olivine-rich Group are rich in 

and contain relatively higfl contents of K20, Ti02 , P 2  0 5 
 and 

possibly Ba g  Sr and Zr and have a high K/Na ratio, 

that the relationship between the Olivine-rich Group 

and the overlying thick Upper Basalts is not a direct one 

which involves the fractionation of the pheriocryst phases 

found in the lavas. 

(ii) Current research 

In view of the implications of the two features indicated by 

the existing analyses, it was decided that the primary objectives of 

the current research should be an investigation of : 

the apparently unusual geochemistry of the olivine-

rich rocks, 

the status and history of the magmas from which the 

olivine-rich rocks crystallised. 

It was considered that a detailed petrochemical study of the 

Olivine-rich Group, supplemented by petrographic and mineralogical 

studies should elucidate the significance of these features. 
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On a more general scale, it was hoped that the results of the 

current research might have some bearing on the origin and evolution 

of basic magmas in general and our knowledge and understanding of the 

Karroo volcanic event. 

Fieldwork was carried out during the period July - October, 1964 

and consisted of collecting samples of the entire Nuanetsi volcanic 

succession. 	£hin sections of 300 specimens were examined in the 

laboratory and 71 of these were selected for chemical analysis; 

selection being on the basis of freshness and sampling the range of 

petrographic types. 

Plan of the Thesis 

,he text consists of the presentation of data, the interpretation 

and discussion of the data and conclusions. 	Only data which are 

relevant to the primary objectives of the research are included in the 

text. 	Other analytical data are given in Appendix C; all methods 

of analysis are described in Appendix B and descriptions of the 

analysed specimens are given in Appendix A. 
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CHAW1R 2 

PETROGRAPHY AND ROCK CLASSIFICATION 

The salient petrographic features of the Nuanetsi olivine-

rich lavas are described. The classification scheme which is adopted 

is based on the phenocryst assemblages and the nature of the groundmass 

phases. The use of the rook name 'liniburgite' is discussed. 

lain Petrographic Features 

As Cox et al (1965, pp.  130-138) have already outlined the 

petrography of the Olivine-rich Group, only those features which 

characterise the Group are described below. 

(j) Olivine content 

A high modal content of olivine is a conspicuous feature of 

these rocks. Modal analysis of kl specimens, which are thought to be 

from lava flows, indicates the average content of olivine phenocrysts 

is 21% by volume - the range being 5 - 39.. 	In addition, small 

amounts (2-7%) of olivine have been identified in the roundrna6s of 

the more coarse-grained specimens and are probably present in most 

of the rocks. 

(ii) Abundance of_g1t2! 

Many of the olivine-rich rocks contain a high proportion of 

glass. 	Rocks which contain only olivine, an ore phase and clino- 

pyroxene have previously been termed 'limburgites'. 	The use of this 

term is discussed below* 

xamination of some 150 thin sections has shown that there is 

a continuous spectrum from limburgitic lavas, with no feldspar, 
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through glassy basalta, with abundant glass and small amounts of 

skeletal or dendritic plagioclase, to basalte with abundant plagioclase 

lathe and interstitial glass in the groundmass. 

Approximately 25% of the specimens from the livine-rich Group 

are relatively coarse-grained holocryetal].ine rocks. Although some of 

these specimens have higher contents of modal olivine than the lavas 

they do have the same distinctive chemical features and are taken to 

be their hypabyssal equivalnta. 	Furthermore, some of the holocrystal- 

line specimens were collected from obvious intrusive bodies - 

especially sills. 

(iii) Crst21 habit and form 

Cox et a]. (19659 p.131 and Figs. 36 and 37) have drawn attention 

to, and illustrated, the occurrence of embayed, skeletal and dendritic 

crystals in the lavas. 	However, current research has established 

that the best development of skeletal and dendritic crystals is 

restricted to a few lavas and rarely do all the crystalline species 

in one specimen display such habit. Nevertheless, the ore phase very 

frequently occurs as a series of sub-parallel, elongate, bladed crystals. 

These have been described as combs by Cox et a]. (1965 9  p.133) and are 

illustrated in Plates 1 and 13. The combs are interpreted as cross-

sections of lamellar branches of large dendritic crystals. 

In many of the glassy basalts plagioclase occurs as skeletal 

or dendritic crystals (Plates 1 and 18). Clinopyroxene dendrites and 

larger, skeletal crystals are less common but occur in many limburgites 

and glassy basalts (Plates 3, k and 14), 

Although olivine phenocrysts are frequently eubedral - 

subhedral, some of the phenocryata in a number of specimens are embayed 
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and somewhat L'cletal (Plates 5 and 18). 	However, the acicular 

skeletal crystals with axial cavities, which have been described by 

rver coid onston (1957) and Clarke (1968) from natural rocks and 

by opec- and Ioldn (1959) from melting experiments on natural rocks, 

have not been found. 

There is, therefore, an increasing tendency to skeletal and 

even dendritic habit in the series 

olivine -3 clinopyroxene -3 plagioclase - ore. 

(iv) 2222_22 

The occasional occurrence of large orthorpyroxene phenocrysta 

is a striking feature of many of the rocks. 	The characteristics of 

these phenocrysts are their large size, euhedral - eubhedral habit and 

invariable rim of clinopyroxene. 

The occurrence of these phenocryata was referred to briefly 

by Cox et a]. (1965, p.12) but Rogers (1925) appears to have been first 

to record them. 	In a description of the Karroo limburgitic lavas of 

the Zoutpansberg area of South Africa, which is situated across the 

Limpopo River from Nuanetal, he states (p.48) 

'... but some (olivines) are enclosed in large (3 mm* wide 

and more than that in length) crystals of enstatite which 

have a colourless monoclinic pyroxene along the margin.' 

Current research has shown that at least 60 of the olivine-

rich lavas contain small amounts of these highly distinctive ortho-

pyroxene phenocrysta. 	Thin aeCtiOfl8 of the orthopyroxene-bearing 

rocks frequently contain only 1-5 phenocrysts (ca* 1, by volume) and 

only 5 specimens contain more than 1' orthopyroxene phenocrysts. Of 

these, only 2. N-88 and N-117 with 21 and 6 respectively, contain 
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more than 4%. 

The orthopyroxene phenocrysts, which are up to 10 mm in length, 

are generally larger than any other phenocrysts in the rocks (Plates 

6-11). 	Composite clusters of 2-4 orthopyroxene cry3tala have been 

commonly observed (Plates 7 and 5). 

The rim of clinopyroxene can be up to 3 mm but is generally less. 

In some specimens the rim is composed of a large number of granular 

crystals which appear to be replacing the orthupyroxene. 	In others 

the olinopyroxene is continuous around the orthopyroxeno and all parts 

of the clinopyroxene are in optical continuity (Plates 9 and 10). 

Again, however, the clinopyroxene appears to be replacing the ortho- 

pyroxene. 	In some specimens only a small core of orthopyroxene remains 

inside a broad rim of clinopyroxene which may have euhedral (clino- 

pyroxene) habit (Plates 9 9  10 and 11). 	Folysynthetio twinning of the 

clinopyroxene is common. 	In a few specimens there is a concentration 

of small rounded olivine crystals around the orthopyroxene and these 

have been partially included within the clinopyroxene rim (Plate 11)* 

n interesting, and probably significant, feature is that these 

orthoyroxene phenocrysts are almost completely absent in the holo-

crystalline picritic rocks - only 3 examples have been found in thin 

sections of some 40 rooks. However, some of the picrites do contain 

smaller orthopyroxerie crystals which lack all the distinctive features 

which are described above. 	In contrast, neither phenocrysta nor 

groundmass crystals of orthopyroxene without the characteristic clino-

pyroxene rim have been found in the Nuanetsi lavas. 

It is appreciated that many investigators would describe these 

phenocrysts as 'zenocrysts'. 	However, the author feels strongly that 
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until it can be shown that the crystals are indeed foreign material 

and not related to the development of the basic magma at depth they 

should be described as phenocrysts. 

In a discussion of the mineralogy of the rocks (Chapter 3) 

it will be demonstrated that the orthopyroxene phenocrysts could not 

have been in equilibrium with a liquid phase and the olivine and clino-

pyroxene phenooryats of the rocks. 

(y) Olivine nodules 

One nodular aggregate of large olivine crystals was found (in 

N-160). 	The maximum dimension of the nodule was Ca. 35  mm. 

In several other lava specimens, notably N-356 (Plate 12), a 

few exceptionally large and euhedral olivine crystals contrasted sharply 

in size and habit with the more abundant olivine phenocrysts. These 

differences immediately led one to suspect that the large crystals, or 

megacrysts, were of a different and earlier generation. 

(vi) Alteration 

In many rocks both the phenocryst and the groundmaaa olivine 

are somewhat altered. The most common products are a red iddingaitic 

material and ore - both hematite and magnetite. Less common is a 

pale-green - yellow - colourless aerpentinous material which occurs 

to the exclusion of the iddingaltic material. This serpentinous 

alteration is more penetrative and olivines in some rocks (not analysed) 

are completely pseudomorphed. 

In an attempt to offset the chemical effects of this olivine 

alteration, the analysed contents of Fe 203  and F.O have been adjusted 

in some specimens (see Chapter k). 
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The Term '..imburbite' 

In one respect 'limburgite' is not an entirely appropriate 

name for the Nuanetsi feldspar-free glassy rocks. All the analysed 

rockscontain hy in the G.I.?.. norm and it is implicit in several 

standard references that limburgites are critically undersaturated 

with respect to SiC?2  and, therefore, contain ne in the norm, e.g. 

Turner and Verboogen (1960) and :illiams et al (1954). Furthermore, 

Holmes (1920) defines limburgite as being chemically equivalent to 

nepheline basalt, with glass in place of neph.line. 

However, the name was first used by Roaenbusch (1872) on a 

strictly mineralogical basis to describe rocks from the Kaiserstuhi 

complex, est Germany. i'osenbuach (1908) defines the essential 

features of limburgites as the presence 	olivine, augite (often of 

two generations) and a brown glass. 	£he rock chemistry was not a 

factor in this definition. 

Mennell (1910 9  p.140) appears to be first to have applied the 

term 'limburgite' to rocks in southern ifrica. 	He described a rock 

from the Zoutpansberg area of South Africa as being very similar to 

the Kaiseratuhi limburgites. 	In the same area Rogers (1925) recorded 

abundant glassy Karroo volcanic rocks which he named limburgites. The 

name is also found in du Toit's (1954) description of the Karroo 

volcanic succession of the Zoutpansberg area and the northern part of 

the Lebombo monoclinee 

North of the Limpopo River Lightfoot (1938, p.198) and Swift 

et a]. (1953, p.37) used the name 'limburgite' to describe Karroo rocks 

in the country around the Sabi River, and Cox et a]. (1965) have employed 

the name extensively in describing the Nuanetsi volcanic succession. 
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Therefore, on grounds of priority and because of established 

local usage, the term 'limburgite' has been retained in the current 

study as a name for the feldspar-free, glassy, tholeiitic lavaa. 

Rock Classification 

aithin the range of olivine-rich rocks examined during the 

current research the following groupings can be distinguished on 

petrographic grounds : 

1 -  phenocryst limburgitee, containing phenocrysts of 

olivine in a groundmass of glass, micropbenocrysts of clino-

pyroxene which are frequently skeletal, and dendritic ore 

(Plates 13 and 14). 

2 - phenocryat limburgites, which contain phanocrysts of 

olivine and clinopyroxene in a groundmaas of glass and ore, 

the ore commonly being dendritio. 	The clinopyroxene 

phenocryats are generally smaller than the olivine phenocrysts 

(Plates 15 and 16). 	Eo;ever, a small number of rocks contain 

euhedral cliriopyroxene phenocrysts and olivine phenocrysts of 

similar dimensions (Plate 17). 

(o) 1 - phenocryat glassy olivine basalts, which contain 

olivine phenocrysts in a groundmaae of glass, dendritic and 

normal ore crystals, skeletal and denciritic plagioclase and 

clinopyroxene (Plate ib). 

2- phenocryst gLssy olivine basalts, which are similar 

to the 1- phenocryst glassy basalts but also contain clino-

pyroxene as a phenoaryst phase. 

I - phenocryst olivine basalte, which differ from the 

1- phenocryst glassy basalts in their smaller content of 
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glass and the presence of well-formed euhedral - eubhedral 

laths of plagioclase. 

2 - phenocryat olivine baaelts, which are similar to 

the 1- phenocryat olivine basalts but contain, in addition, 

olinopyroxene phenocrysts. 

3 - phenocryst olivine basalte, which contain phenocrysta 

of olivine, clinopyroxene and plagioclase in an intersertal 

groundmaas. This type of basalt is rare. 

Picrites, which are holocrystalline and relatively 

coarse-,rained. In most specimens no clear distinction 

between phenocrysts and groundinasa crystals can be made. As 

mentioned above, this group is considered to be the hypabyssal 

equivalent of the lava. 

In order to be consistent with a previous classification scheme 

(i'onkman, 1961, p.44) and generally accepted usage in other provinces, 

e.g. Hawaii, olivine basalta rich in modal olivine are termed piorite-

basalts. 	Hence we have 1and 2- phenocrat glassy picrite-basalt and 

I and 2- phenocryst picrite-basalt. The division between olivine and 

picrite-basalt is 25 modal olivine, in contrast to the 15% division 

adopted by Macdonald (199). In a similar manner, holocrystalline 

rocks with less than 25,. divine are termed picrodolerites. 

In the case of one picritic body, the Beacon sill, modal 

analyses of samples collected at different levels (Table k) clearly 

indicate that sorting of olivine crystals has occurred. 

Since there appears to be a continuous spectrum of types from 

1- phenocryst limburgites to 3- piaenocryst olivine basalts, the classi-

fication scheme is sometimes difficult to apply and, because the 



TABLI. k 

BEACON SILl. FICUTE 

Vol.% N-21 N-22 N-23 

Olivine 29 38 42 

Clinopyroxene 27 25 32 

Alkali Feldepar 19 

38 35 

ilagiOO1a8e 3 

Ore 6 2 3 

Apatite 1 tr. I 

FigO (wt.%) 	 15.6 	20.3 	23.0 
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criteria used in the classification are somewhat subjective, differences 

between members of adjacent groups may be marginal. However, there are 

clear differences between, for example, groups (a) and (c) and groups 

(b) and (d). 

The classification schee is summarised in Table 5 and Table 6 

shows the distribution in the various groups of the 36 specimens 

analysed in the current study. 

The scheme is easy to use - requiring only a thin section 

examination - and, being based on the order of appearance of 

crystalline phases it is related to possible low pressure fractionation 

events. 	Cox et al (1967) have used an essentially similar scheme to 

sub-divide Karroo basic lavas from different areas of IUiodesia. 

The petrographic criteria which are used in the scheme clearly 

result from the relationship between phase equilibria in the appropriate 

natural basaltic system and the bulk composition and temperature of the 

lavas immediately prior to eruption. 	It is implicit in the observed 

petrographic groupings that the order of the appearance of the silicate 

crystalline phases was : 

olivine then olinopyroxene then plagisolase. 

The large orthopyroxene phenocrysts occur in all the groups of 

lavas. 	They are, however, rare in the pioritea. 	The presence or 

absence of these phenocrysta cannot be rationally related to any other 

petrographic feature. 	These observations are consistent with the 

belief that the phenocryats are not the products of low pressure 

crystallisation - an argument developed in a discussion of the 

mineralogy of the rooks (Chapter 3). 



TABLE 5 

ROCK CLASiIFICATICN 	ki2 

Groundmass 

Glass 	
Glass and 	Plagioclase laths 

skeletal plagioclase 	ar.d glass 

I -phenocryst 1 -phenocryst glassy 1- phenocryst 

Olivine 
	

liiburgit e 	olivine basalt 
	oliv ine basalt 

and picrite-basalt and picrite basalt 

Phenocryat 

ass erLlage 

Ulivine 

-r 

c linopyr ozene 

2-phenocryst 

limburgi t e 

2-2henocryst glassy 

olivine basalt 

and crite-basalt 

2- phenocryst 

olivine basalt 

and picrite basalt 

Llivine 	 - phenocryst 
clinopyroxene 	 olivine basalt + 
plagioclase 

hote : (i) clinopyroxene is also present in the groundmaas 

of all types 

olivine basalt < 25 , . modal olivin& < 	icrite basalt. 

picrites and picrodolerites are iolccryatalhine, 

relatively coarse-grained rocks. 

picrodolerite ( 	nodal olivine < Licrite. 



TABLL 6 

PETROGRAPHIC TYPES 

	

Groups 
	

No. of 	.pecimens 

I - phenocryat limburgite 
	 vi 

2 - phenooryat liinburgite 
	

10 

I - phenocryat glassy olivine basalt and picrita-basalt 	10 

2 - phenocryst glassy olivine basalt and picrite-basalt 	7 

1 - phenocryst olivine basalt 	 6 

2 - phenocryat olivine basalt 	 3 

	

- phenocryst basalt 	 2 

iicrite and picrodolerite 	 9 
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CHAPTER __j 
MTh2ALOGY 

The compositions of niafic phenocryst and groundmass phases in 

several limburgitea, basalts and picritea have been determined. These 

are reported and discussed in this chapter. 

The Mg : Fe ratios of these phased 'indicate that the rare, large 

orthopyroxene phonocryats are unlikely to have been in equilibrium 

with the clinopyroxne and olivine phenocrysts and groundmaes crystals 

present in the rocks. 	However, the orthopyrxene phenocrysts and the 

rare nodular olivine aggregates and megacrysta could constitute an 

equilibrium assemblage. 	On this basis a distinction is made between 

a relict orthopyroxone-olivine assemblage inherited from an elevated 

pressure crystallisation event and the common low pressure assemblage 

olivine - clinopyroxene - C' 	Pl'-r .  !oolase - very rare orthopyroxene. 

The clinopyroxene rim around the orthopyroxene phenocrysts is 

considered to be an overgrowth and not the product of reaction between 

orthopyroxene and liquid. 

Olivine 

Olivines from 2 picrites, 1-22 and I-27,  were separated, purified 

and analysed by x-ray spectrographic techniques (see ppendix .). The 

results are presented in Table 7. 	ii,ccording to the nomenclature of 

Deer et al (1962a, p.22 9  Fig. 11) both are chrysotila. 

Electron microprobe analyses of the rare, large olivines, or 

rneacrysts, &nd olivine phenocrysts were carried out in one limburgite 

(N-35 6 , illustrated in Plate 12) and Qie glassy olivine basalt (N-117). 

These results are given in Table 8. 	It is clear that the megacryBta 



TABLE 7 

CLIVINE—ANALYSES  

N-22 CLIV N-27 c•LIV 

39.2 38-5 

TiC2  0.15 0.27 

1l203 0111 0.26 

Fe203  0.7 3.5 

Fe0 19.8 17.9 

NnO 0.27 o.:6 

gQ 39.4 38.0 

CaO 0.27 0.33 

H 
2 

 0 0.06 o.kk 

Total 	 10000 	 99.5 

r.p.m. 

Cr 	 100 	 - 

Ni 	 2120 	 2100 

Formula 	ko78 	 F080  

S  - adjustment made to Fe 	/ .rc
++ 
 before 

formula calculated. 



TAUS 8 

CLI VINi. IQPI0BE ANALY$S 

Megacry8ta 

N-761 -356I N-336II 

core Core 	Margin Core Margin Lore Margin Mar4n 

FeC T 12.9 15.3 	20.2 14.1 1819 8.3 17.1 21.0 

mgO 44.7 42.4 	39.3 44. 37.0 50.5 414 .1 41.8 

CaO 0.22 0.2E 	0.27 0.25 0.24 0.27 0.57 0.28 

iormula F086 1087  FO 78 	F08,5 1078 	1092 1082 F078 

Small phenocrytB and groundinass crystals 

11-76 	 14-356 

Groundzna5s Phenocryst 

Fe  T 	 22.7 	 22.4 

XgO 	 37.0 	 32.7 

GaO 	 0.35 	 0.32 

Formula 	Fo74 	 1072 
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are significantly more forsterite-rich than the phenocryata. 

Figure 3, which shown the intensity of Fe radiation during a 

traverse of olivine crystals, shows that both phenocrysts and xnegacrysts 

are regularly and normally zoned from core to margin. 

This analytical work was supplemented by X-ray diffraction 

determinations of the composition of olivine concentrates from several 

specimens. The methods employed are described in Appendix B; the 

results are presented in Table 9. Again it is clear that the olivine 

which constitutes the nodule in the glassy olivine basalt N-160 is 

considerably more forsteritic than the olivine phenocrysts. With the 

divine concentrate from N-356 the determinative technique of Jackson 

(1960) consistently produced a split olivine (062) peak. This is taken to 

indicate 2 discrete olivine compositions - a result of the compositional 

difference between the rare megacryste and the more common phenocryats. 

The compositions of N-22 OLIV and N-27 OLIV determined by the 

diffraction method are in good agreement with the chemical analyses 

(Table 7). 

Ort hopyroxene 

Orthopyroxene phenocrysts were separated from 3 basalts, N-88, 

N-117 and N-313. 	This last basalt was not analysed. 	Satisfactory 

final purificatior. (> 99%) could not be achieved in the cases of N-117 

and N-313 and contamination by clinopyroxene was estimated by point- 

counting to be 3% and 2.5% respectively. 	When electron microprobe 

analyses of the olinopyroxsne rims were available appropriate adjustments 

were made to these orthopyroxane X-ray spectrographic analyses. 

The analyses, adjusted where neoeaacy, are presented in Table 10 

and Fig. +. The pyroxenea are enatatite and bronzite according to 

the nomenclature used by i)er at al (1962b, p.26, Fig. 10). 
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FIGURE 3 

Olivine zoning. 

kaeotron microprobe scan for F. radiation across 

olivine ph.nocrysts in 14-117 and 14-356. 
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TABLE 9 

OLIVINF, COMPOSITIONS 

N-21 76 

1-22 78 

N-27 78 
Picrit e8 

N-kl 77 

N-90 83 

1-.95 75 

	

N-55 	 73 

Limburgites 	11-60 	 77 

	

-356 	86 and 78 

Olivine 

nodule 	
14-160 nod 	87 

Figures given are the means of determinations 

given by the two diffraction methods described in 

Appendix B. The individual determinations are 

given in Table B-il. 



TABLE 10 

cric 	 c 

N-88 Ok-X N-117 OP  X N-313 OPX 

sic   55.4 511.3 54.5 

Tic   0.35 0.51 0.30 

1.66 1.114 1.49 

2°3 
0.64 0.6 0.3 

FeO 6.39 10.8 10.0 

14n0 0.13 0.20 0.19 

EgQ 32.9 28.5 29.6 

CaO 1.50 2.60 2.50 

1'4&20 0.14 0.13 - 

1(20 0.02 0.03 - 

Total 	 99,1 	99.1 	98.9 

P • p • iii, 

Cr 3110 2340 3060 

Cu 33 39 - 

1727 1158 1292 

97 126 120 

Formula En89.6 En81.8 En 
83-6 

Cat ions 

per 6 	X + Y 2003 	2.00 	2.01 

0xyens 	 1.99 	2900 	2.00 

* - calculated according to the scheme of fleas (1949) 
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Liectron microprobe analyses ..ere carried out on orthopyroxene 

phenocryste in 2 basalte, N-88 and N-117, and I liinburgite, N-76. 

Table 11 and hg. 14  give the results. 

An electron microprobe traverse (Fig. 5) across an orthopyroxene 

phenocryat revealed that there is not continuous compositional zoning 

but, instead, there is a sharp change near the phenocryst mrin3 to 

a more Ca-rich and Fe-rich composition. 

One rock (N-90, a picrite) contained 1%  orthopyroxene which 

lacked the distinctive characters of the large orthopyroxene phenocrysts 

in the lavas. The composition of this orthoyroxene was determined 

by an X-ray diffraction technique (Appendix B). 	The results of this 

determination (Table 12) show this orthopyroxene to be more Fe-rich 

than the phenooryats. 

Clinoyroxene 

Clinopyroxenes from differc modes of occurrence were 

investigated. 

Firstly, clinopyroxenea from 6 picrites (N-22, J-2 9  r-27 9  

i-41 1  N-90 and N-95) and a 2-phenocryst liniburgite (14-60) were separated, 

purified and analysed by the X-ray spectrographic technique (Appendix B). 

The analyses are presented in Table 13 and Fig. 6. The 

compositions are all very similar and according to the nomenclature 

of Aoldervaart and Hess (195 1 9 p.474) are, with the exception of 14-95 

CPX, endiopeide but lie close to the endiopside-augite boundary. 

Secondly, because attempts to separate and purify groundrnaaa 

and phenocryst olinopyroxene from I and 2 - phenocryst lavas were 

generally unsuccessful, ground - 7r- ''inopyroxenea in two 1- phenocryat 

rocks (N-76 and  -356) were analysed using the electron microprobe. 



TABLES 11 

ORTH0PYR0Xi.NI HICROPROBL,  ANALYSLZ  

N - 76 1 	 N-7611 

Core 	Core 	core 	iargin Margin 	argin 

0.6 0.8 1.0 O. 1.9 1,4 

FeO T 7.1 7.3 7.1 9.6 8.9 7.7 

MgO 31.7 31.8 31.7 28.8 28.5 31.7 

a0 1.7 1.8 1.7 3,0 2,9 1.9 

Total* 9€.1 97.1 96.5 96 9 5 95,3 98.4 

.LOZ'rnUla 	
89 	89 	84 	En

85 	I:.r168 

Ii  - 88 

Core core .arin Core 

1.3 1.6 0.8 1.1 

FeO T 7.2 7.4 8.8 7.9 

MgCi 31.6 31.4 29.9 31. 1+ 

CaO 1,5 1.7 2.7 1.1 

Total 96. 1+ 9L.9 97.0 97.8 

Formula 	En 89 88 	81+ 	Ln
87 

- totals calculated assuming an ideal metaailic(te formula, 

i.e. ALJ.0 3 , FeiO3 , F1iO3  and Ca.iC3. 



FIGURE k 

Orthopyroxene compositions. 

• 	separated and analysed ortliopyroxenes. 

+ 	electron microprobe analyses. 

The location of the main figure is indicated by 

stippling in the Di - lid - En - Fe quadrilateral. 

Compositions are expressed in inol. %. 
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FIGURE 5 

Orthopyroxene zoning. 

Chart record of electron microprobe scan across 

orthopyroxene phenooryst in N-88; Fe and Ca radiation 

being counted simultaneously. 
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TLE 12 

ORTHOPY RUM -  DATA 

N-90 OPX 

A1 203  wt. 	 1.1 

En mol : 	 82 



TALi. 13 

CLIN0PYR0XJ24E AI4ALYS ES 

i-22 Ci"X ;-2 	CI 1-27 CiX !1-41 r-6o 	Cl-'.. 14-90 C 1-.95 Cj 

3i02  52.5 52,4 52.6 52.6 52. 52.6 51.8 

1,31 1.16 1.29 1.33 1,37 1.16 1.27 

1.75 1,64 1.61 1.78 1.78 1.82 2.1+2 

1e203  0,77 0.72 0.84 1.78 0.73 0.81+ 1,26 

ie0 5,21 5.26 4.93 4.61 1+,95 4,80 5.80 

MnO 0.12 0.11+ 0.13 0.14 0.13 0.13 0,15 

1.gC 1 7-5 1 7.8 18.0 17.4 17.6 18.9 17.0 

CaO 20.6 20.0 20.1 19.t. 20.c 19,6 19,3 

Na20 0.3L 0.35 0.32 0.36 0.35 0.28 - 

K 2  0 0.06 0.07 0.05 0111 0.03 0.03 - 

Total 100.2 99,5 999 99.7 100.0 100.2 99.0 

3925 4425 4425 3650 4300 4305 4140 

Ni 1+90 530 560 1+65 525 555 1+90 

zin 56 50 58 55 57 58 61 

Lr 56 48 36 97 1+8 38 36 

Ca 1+1.6 40.6 40,6 141,4 41,6 39.0 40.0 

Formula 	Mg 49.1 50.0 50.6 50.0 49.5 52.4 49.0 

Fe 
0 

9.3 9.1+ 8.9 9.5 9.0 8,6 1110 

Cations 

per 6 	+ A t ! 2.02 	2.02 	2.02 	2.00 	2.02 	2.03 	1.98 

cxygens' 	ZA 	1.98 	1.98 	1.99 	1.99 	1.99 	1.98 	2.00 

0 	++ 	+4+ 
Fe - Fe 	+Fe 

- calculated according to the Gcheme of lies (1949) 



FIGURE 6 

Clinopyroxene compositions. 

• 	parated and analysed clinopyroxenee. 

+ 	eotron microprobe analyzes of groundinass 

Anopyroxenes. 

o 	cectron microprobe analyses of olinopyroxene 

rime around orthopyroxene phenocrysts. 

The location of the main figure is indicated by 

stippling in the Di - lid - iin - Fe quadrilateral. 

Compositions are expressed in mol. %. 
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These results are presented in Table 1+a and plotted in Fig. U. 	..Jl 

the compositions are augite according to the nomenclature of Ioldervaart 

and kleaø (19 1 ). 	hen compared with the clinopyroxenes from the picrites 

and the 2- pbenocryst limburgite F-60 they have mariiily lower Mg ; Fe 

ratios. 	This is almost certainly due to the relatively later crystal- 

lisation of these small groundmase crystals and is entirely consistent 

with the assumption that the picritea are the hypabyssa.l equivalents 

of the lavas. 

Finally, the clinopyroxene phase which occurs as a rim surrounding 

the large orthopyroxene phenocrysts was analysed by electron microprobe 

in 3 specimens (N-76 9  N-88 and N-356). 	The results are presented in 

Table 14b and Fig. 6. 	The compositions are very similar to those of 

the analysed bulk c]-iaopyroxene phases. 	In view of the different 

analytical techniques employed it is not clear whether the apparent 

lower Ca contents of the clinopyroxene rims is a significant feature. 

2he formation of the olinopyroxene rims is discussed below. 

Other Minerals 

Do work was undertaken on any other minerals. Alkali feldspar 

is relatively abundant in many picritea and von Knorring and Cox (1961) 

have recorded a new Ti (Mg, Fe) oxide mineral - kennedyite - in a 

picritic rocc. 	Although an electron microprobe study of the feldspars 

and ore phases would certainly be a valuable mineralogical contribution, 

these phases are considered to be a reflection of, and not the cause of, 

the unusual petrological features of the roc-..3, 

Mineral £4uilibria 

() 

Deepite several limitations, for example see O'Hara and Mercy 
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C LINO PYOX12E li)LIJFji tySrS 

Crounthnaea crystals 

-76 I -76 II N-76 III Ii -76 IV 14-356 

2 C 3 2.1 2.6 2.6 2.3 1,9 

FeO T 6.3 6.2 5.5 8.5 (,6 

MgO 16.8 16.3 16.9 15.9 16.8 

CaO 20.8 20.8 20.5 20,) 19.9 

Total 98.6 97.7 97.2 9819 97.0 

Ca 	42 43 42 41 41 
Formula 1'lg 	48 47 48 45 48 

Fe 	10 10 10 14 11 

.inis around orthopyroxene 

I -76 II N-88 N-356 

A1203  0.",  1.6 3.0 1.7 

FeC T 5. '.0 6.8 5.8 

18.9 18.2 16.9 17.7 

1 9.0 19.2 19,3 1 9.6 

Total* 97.4 97.6 97,6 9.9 

38 39 40 39 
Formula Mg 53 51 49 52 

Fe 9 10 

- 

11 10 

totals calculated assuming an ideal metasilicate formula, 

i.e. ztlAl0, Fei0, 
3 

LgiO 	and Cai0. 
-, 3 -. 
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(1963 9  pp. 307-309), the distribution coefficient of Fe and Mg between 

coexi6ting pyroxene pairs, i' (NgFe)' has been used as a possible 

indicator of equilibrium and non-equilibrium assemblages. 	AS defined 

by rretz (1961 and 1963) 

'D 	
Xopx • 1 - Xcpx 

1 - Xopx • Xcpx 

where Xopx and Xcpx are the mole fractions of Mg in each pyroxeno phase. 

Distribution coefficients are given in Table 15, the ig ; F. ratios 

having been abstracted from Tables 10 9 11 9 13,14. 

K  (M:Fe) for the pyroxene pair in the picrite N-90 is within 

the range of values recorded from igneous environments - 0.65 - 0.86 

(!ret, 1963, p. 77?)* 	his distribution pattern suggests that the 

pyroxenee attained their compositions in equilibrium with each other 

and a liquid phase. 	This is, of course, consistent with the petrography 

of the rock which offers no evidence of non-equilibrium. 

In contrast the compositions of coexisting pyroxenes in the 

limburites i-76 and N-356, as determined by electron microprobe, 

Give values of X 	g:Fe) (Table 15) which are well outside the range 

of distribution coe!ficiens recorded from supposed igneous equilibrium 

assemblages. 

Although no further analyses of coexisting pyroxene pairs are 

available, it is instructive to consider the average and the range of 

Mg : Fe ratios in the remaining analysed pyroxenes. These ratios are 

presented both in tabular form (Table 15) and graphically (Fig. 7). 

The possible orientation of the tie-line between the coexisting pyroxenes 

of -90 has been added to fig. 7. 	Because of the restricted compositional 

ranges of both pyroxenes this trt is not unreasonable and the data 

indicate that, In general, the Mg : Fe ratios of the orthopyroxene 
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PYROXIXE DIS2RI.jUTI0N 0EFFICIENTS 

Sample 	X cpx 	X opx 	K;  

N-90 	 85.8 	82 	 0.75 

N-76 83 0 6, 9 *  1.65 

V-356 81 	• 87 • 1.57 

85-76 	90-82 

Ui 	 1.0 
mean of 	xnen of 
ii - 83 	3 - 86 

* - 

 

since Fe203  content is not given by electron 

microprobe analysis, FeO T has been used in 

the calculation of X cpx and X opx. 



FIGURE 7 

Poa1b1e clinopyroxene - orthopyroxene equilibria. 

• : :parated and analysed pyroxenes. 

o 	ciectron microprobe analyses of orthopyroxene 

pnenooryats and groundma8s clinopyroxenee. 

o • electron microprobe analyses of clinopyroxene 

rime round orthopyroxene phenocryats. 

The tie-line between co-existing pyroxeries in 1-90 

is based on a full analysis of the olinopyroxene and the 

M/F ratio of the orthopyroxene. 

Compositions are expressed in atomic %. 



Fe—> 
CaMg 

0 	
Fe— 
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phenocrysts are too high to give values of K 
(1,6: Ze < 

that the orthopyroxene phenocrysts and the clinopyroxenes 

do not constitute an equilibrium assemblage. 

(ii) 	_:_22E2!2 

Bowen and Lchairer (1935), Ramberg and De Th- (1951) and O'Ilara 

(1963) have noted that in most znagnesian (Mg : 	> 	igneous 

equilibrium assemblages the Mg : Fe ratios of olivirdnd orthopyroxene 

are either close to unity or the olivine is relatively more magnesian. 

The data of O'Hara (1963, Figs. 1 and 2) indicate that only in one mode 

of occurrence - peridotite nodules in kimbcrlite - is olivine 

commonly enriched in Fe relative to coexisting orthopyroxene. This 

distribution of Fe between Mg-rich olivine and orthopyroxene is, of 

course, contrary to that between olivine and Ca-poor clinopyroxene 

determined by Bowen and Lchairer (1935) in the system MgC - FeO - AO  - 

at equilibrium the synthetic olivie was ez:riched in Fe relative to 

the Ca-poor clinopyroxene. 

In the case of N-90  CLIV (Mg : Fe = 83) and 14-90  OPX (Mg : Fe 

= 82) the distribution of 10 between the two phases suggests one is 

dealing with an equilibrium igneous assemblage. 

Figure 8 gives the range of orthopyroxene compositions from Zi. 

lavas, the range of compositions recorded in olivines in picritea and 

as lava phenocrysts, and the range of compositions of olivine megacrysts. 

Tie-lines connect the compositions of the phases in a limburgite (N-356). 

A consideration of these tie-lines and the general range of compositions 

in Fig. 8 sugest8 that, if the observations of Ramberg and De Vore 

( 1 95 1 ) and O'Hara (1963) do apply to these rocks, only the olivine 

megacrysts can constitute an equilibrium assemblage with the orthopyroxene 



FIGURE 8 

Possible orthopyroxene - olivine equilibria. 

The ranges of measured compositions of olivine 

megaorysts, phenocryats and groundmass crystals and the range 

of orthopyroxene compositions are shown in terms of the 14/F 

ratio. 

The compositions of olivines and orthopyroxenes 

in N-356 are also indicated. The tie-line marked 2 is 

considered not to represent an equilibrium assemblage 

(see text). 
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ph.nocryste - the other olivines in the rocks are relatively too 

Fe-rich. 

(iii) Conclusions 

The mafic mineral a seribla 	divine - orthop 	.rie - c.ino- 

pyroxene, which is recorded in one picrite, N-90, appears to represent 

an equilibrium assemblage. 

The large orthopyroxene phenocryate are unlikely to have been in 

equilibrium with the clinopyroxene and olivine present in the rocks but 

could constitute an equilibrium assemblage with the rare olivine megacrysts. 

The first observation regarding the orthopyroxene phenocrysts is, of 

course, strongly supported by petrographic features, by the apparent 

haphazard distribution of orthopyroxene phenocrysts in the rocks, and 

also by phase equilibrium considerations (see Chapter 5). 

These conclusions lead the author to recognise two distinct mafic 

mineral assemblages : 

a low pressure olivine - clinopyroxene - very rare ortho-

pyroxene assemblage; olivine and clinopyroxene occurring 

both as phenocrysts and groundmass crystals. 

an olivine - orthopyroxene phenocryst assemblage, 

characterised by higher Mg : ie ratios, which is considered 

to have been inherited from an elevated pressure crystal-

liaation event. 	As such this relict assemblage constitutes 

valuable evidence regarding the development of the basic 

magmas at depth. 

The livine - Orthopyroxene Phenocryat Assemblage. 

The A1203  content of ;12 	" O-ted pyroxenea and the mutual 

solubility of coexisting pyroxenea are two parameters which have been 
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widely used in attempts to estimate the T and P of equilibration of mafic 

mineral assemblages. References to the relevant literature are given by 

O'Hara (196"01 ) 	Using data from both synthetic and natural assemblages, 

O'Hara produced a provisional P-T grid (Fig. 12-4) whicli utilises these 

parameters. However, as there is no evidence that the divine mega-

crysts and orthopyroxene phenocrysts ever coexisted with a Ca-rich 

pyroxene or an Al203-rich phase, theee parameters cannot be used as a 

guide to the depth of crystallisation of this assemblage* 

Phase equilibrium considerations have proved to be more useful in 

assessing the P and T of equilibration (see Chapter 5). 	After the 

relationship between the bulk compositions oL the rocks, the mineral 

assemblage and phase relaticn8 in natural and synthetic systems at 

elevated pressure had been fully explored (Chapter 5) it was concluded 

that the olivine - orthopyroxene assemblage, if cognate, must be 

inn, ri. 	ü.'om depths exceeding 10 kin. 

Figure 5 demonstrates a sharp coilpobitional change near the edge 

of an ortnopyroxene phenocryst. 	This onange may indicate that after 

the initial, main growth farther crystallisation took place under 

different pressure conditions, that the final crystallisation occurred 

in a magmatic liquid with a different composition, or a combination of 

both £actore 

linopyroxene Rims 

Figure 6 and Table 15 demonstrate that the clinopyroxene rims 

around the orthopyroxene phenocrysts have compositions which closely 

match the other clinopyroxene phases in the rocks. 	This feature 

suggests that the rime are simply overgrowtha of the normal, low pressure 

clinopyroxene of the lavas and are not the products of reaction between 
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orthopyroxene and the magmatic liquid. 	In those specimens where the 

orthopyroxene appears, superficially, to have been replaced by clino-

pyroxene it is considered that the resorption took place prior to the 

overgrowth of olinopyroxone* 	nce shielded by curio ,roxene rime 

the non-equilibrium orthopyroxene phenocry6ts would clearly be preserved 

from further magmatic reoorptton. 

It is interesting to note that, on the basis of an electron 

microprobe examination, Muir and Long (1965) have demonstrated that 

clinopyroxene jackets around (equilibrium) hyperathene phenocryets in 

two hawaiian lavas have the same compositions as the groundmass clino-

pyroxene phase. Muir and Long conclude that the clinopyroxene jacket 

is a parellel growth effect. 

The concentration of olivine crystals around some of the ortho-

pyroxene phenocrysts (Plate II) is further evidence of resorption of 

the phenocrysts. 	iuring resorpt1.r the liquid phase surrounding the 

ortriopyroxone must have been relatively enriched in 1Ig, Fe and 

iO ions and ionic lattices and, if olivine was a precipitating phase, 

a concentration of olivine would occur around the ortnopyroxene 

phenocrysts. 	ince these email divine crystals are partly enclosed 

within the clinopyroxene rims this feature is consistent with the 

relatively late growth proposed, above, for the rim. 
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CHR 1+ 

PETROCHaIISTRY 

Chemical analyses and C.I.F.il. norms of 47 ].imburgites and 

basalta and 9 picrites are presented. 

The overall high-magnesian character of the rocks is confirmed 

by average MgO contents of 1591% in the lavas and 19.1, in the picrites. 

Since few rocks with MgO contents in the range 8-10 have been found, 

it appears that the olivine-rich lavas form a group which is not only 

stratiraphically but also coxnponitionally distinct from the voluminous 

low-IlgO, Upper Basalts. 

The contents of K and the associated elements Ii, i t  Ba s  Rb, Sr 

and Zr are high throughout the range of rock compositions - confirming 

the earlier observations of Monkman (19 61 ) and Cox et a]. (1965). These 

elements behave as a strongly coherent group. 

A positive correlation between K and associated elements and ig(' 

and a negative correlation between K 2 
 0 and Ia2O are noted. 	These 

features are considered to be the most significant geochemical aspects 

of the variation within this picritic suite. 

The chemistry of the olivine-.rich rocks is compared with that of 

other tholeiitea. 

chemical knalyses 

(i) The data. 

Analyses of 47 basalts and 1imbur'ites and 9 picrites are 

presented in Tables 16 and 17 respectively. 	;hort descriptions of 

the analysed specimens, including modal analyses and localities, are 



TABLE 16 

CHi2IICAL ANALYSES OF LAVAS 

L 	1-13 	.-i5 	1-26 	L-3k 	N-35 	!I-37 	i-14o 

14 45,1 48.7 49.5 48.4 48,6 50.5 49,6 

.i02  3.10 3.04 2.56 206 3.30 3,114 3.26 2.94  2.66 

A1203  8.24 10.1 5.61 10.4 8.35 7.34 7,19 8.68 8.93 

Fe2 03  3.0' 14.2' 7.3' 2.9 2.3 2.9 2.5 i s a 1.7 

ieO 7,86' 8.26' 5,00 9,25 8.34 7.82 6.05 9.76 9.86 

L'nC 0.11 0.15 0.13 0.16 0.14 0.12 0.12 6.15 0.16 

LC 15,0 12.5 25,5 13.4 i,4 V.3 15.8 15.5 13.7 

SaC 7.13 8.4 5.25 4.5 7.2 .57 6.56 7,66 8,21 

1,42 1.97 0.98 2,U1 1,57 .30 1 1 39 ,,4 .13 

2.52 1.7 1.72 0.78 2.50 2.92 1.80 1,.52 1,62 

P2 05  0.50 0.44 0,41 o.32 0.47 0.48 0.52 0.33  0.47 

0.90 0.42 2.23 1,53 0.54  3.21 ,47 0,e 0.61 

Total 99,7 99,7 999 6  100,1 99,7 100.5 99.8 101,1 100.9 

41.9 49.4 33.6 47,7 41.0 38.6 40.0 43.1 42,5 

• • In. 

Ba 1 235 830 925 420 1165 1250 	1320 6o 570 

Sr 965°  680 1130 770 990 1190 	1130 970 920 

313 - 44 - - - 	- - - 

La 62 - - - - 	60 - - 

Nh 24 - 1E - - - 	24 - - 

710 750 '. 	'4 725 675 

< 2 0 - <20 - - - 	<20 - - 

26 51 70 23 18 

Sr 1237 946 951 625 1191 1200 	1295 907 666 
V 230 °  - - - - - 	- - - 

kin 106 - 113 - - - 	97 - - 
I 

4r 350 245 342 205 450 445 	454 290 273 

values subsequently - 	- 

 

adjusted .e2 	* feC 

4,  - o - spectrophotometric determination ' Fe,03  + FeO + MgO 



TABLE 16 (continued) 

C1iICAL 	ANALLL' OF 	LALVAS 

h-60 N-72 N-76 14-79 N-84 N-88 N-89 N-91 

48.1 145.7 1+8.6 147.6 1+9.3 50.4 49.3 50.2 1+9.6 

2.85 2 .89 2.90  2.60  2.74  '1,82 1.71 1.24 2.70 

A12 03 
 

8.96 6,11 7,7 6.52 9.41 11 ,5 5,77 15.1 1010 

36' 4.0' 3.2' 11.7' 1.7 1.6 7.0' 2.2 2.2 1e2 03  

leO 7.79' 8.07' 7.78' 6.1+8' 9.65 9,97 4.18 0  8.13 9.03 

MnO 0.15 0.15 0.14 0,14 0.15 0.16 0.15 0.15 0.15 

MgO 14.4 21.3 1.4 19.0 13.6 11.1 20.7 8.6 12.7 

GaO 7.83 4.85 7.24 5.94 8.28 8,63 5.87 10.5 8.12 

1.115 1,10 1.35 0.9 1.83 2.19 0.91  2.58 1.78 

.. '. 2.19 2.08 1.25 0.52 0.78 0.61+ 1,56 

?20, 0.47 0.46 0.52  0.1+6 0.38 0.21+ 0.26 0.19 0,39 

1120 1.62 2.66 1.1+6 2.86 1.02 1.25 3.o6 1.06 1.38 

Total 99.1 99.1 99.1 99.4 99,3 99,14 99.7 	100.3 99.6 

43.9 35.8 40,1 36.3 45.4 51.2 34.7 55.4 1+6.9 

565 1335 960 960 865 300 325 320 750 
Cr 900 121+0 1110 1130 920 780 15260 

 1980  580 

Cu - 62 - - - - 45 39 - 

La - 53 - - - - 75 20 - 

Nb - 1 - - - - 12 - 

Ni 660 1 235 60 i:c i'Ci. 220 596 

Pb - - - - - - - - 

Rb 36 36 35 17 9 31 

Sr 819 996 1083 881+ 978 351+ 1+41+ 359 833 

V - - - - - - 180°  210 0  - 

Ln -  110 - - - - 106 89 - 

Zr 280 370 1+00 31+6 285 130 188 130 310 

- values subsequently adjusted F. 10203 + FeO 

o - speotrophotornetric determination Fe203  + FeO + MgO 



TABLE 16 (continued) 

CffrMICAL 01 	LAVAS 

N-100 -102 N-105 I-113 N-117 i-126 t-133 1.-135 N-149 

sio.. 48.6 50.4 49.3 49.2 '+9.5 49,3 47.2 47,9 48.4 

TiC2  3.10 2.64 2.58 2.48 2.31 2.73 2.55 2.78 2.71 

10.4 10.0 8.51 9.06 9.08 9.00 6.34 7.83 8.88 

6.5 +L' 2.1 2.2 2.6 2.5 4.4' 7.0 0 
 2.3 Fe203  

FeO ¼0' 7.36' 8.87 8.70 7.91 9.38 7.30' 4.63' 9.99 

i1nti 0.16 0.15 0.14 0.14 0.14 0.15 0.09 0.11 0.13 

MgO 1009 12.8 15.1 14.1 14.9 13.2 1,u 1b.. 15.3 

CaO 6.75 8.11 7.60 7.90 7.27 6.01 6 , 55 7.07 o,'+O 

Na2 0 1.97 1.88 1.55 1.62 1,5 1.78 1.0 1.39 1,60  

K 2  C 1.90 1.59 1.48 0.73 1...; 1.4 2.01 2.46 0.90 

p205 o.46 0.39 0.42 o.6 0.35  0642 0.45 0.47 0.,4 

H20 0.36 0.30 1,29 2.31 2.39 1.43 1.96 2,48 0.96 

i.0ta1 9 9 .1 99.7 9.9 99.6 99.5 99.5 99.5 100.9 99.9 

F/p. 52.6 46.8 42.0 45.0 43.5 146.9 36.8 39.9 46.0 

• p • 

B  910 740 640 615 600 640 1040 990 600 

Or £60 820 1100 1000 910 760 1321 °  1010 940 

Cu 93 - - - 74 - 65 - - 

La 61 - - - 18 - 73 - - 

20 - - - 18 - 16 - - 

12 431 730 700 748 644 1055 01 730 

<20 - - - - - - - 

39 32 30 53 27 28 39 40 19 

Sr 1008 819 795 777 695 822 1077 1015 65 

V - - - - 220° - 1 8 00  - - 

Zn 102 - - - 98 - 104 - - 

360 285 280 325 275 305 353 350 280 

* 	- values subsequently adjusted F 	 - 1520, + leO 

o 	- spec trophotometric determination 
14 Fe203  + FeO + Ngo 



TABLE 16 (continued) 

CHi.i1ICiL JN.L1S OF LAVS 

:-16o 1-187 N-190 N-225 1-231 l421+5 I-355 N-356 N-357 N-361 

SIC2  48.7 48.6 48.9 48.6 48.8 1+9.8 48.9 496 50.7 1+8.9 

Ti02  2.73 2.75 3.23 2.22 2.46 1.62 2.72 2,54  2.53 1,49 

A1203  8.71 9.39 7.79 9.42 7.77 13.3 8.06 7.99 10.3 10.5 

1e203  2.1 5,1+' 1.8 2.1 2.6 20 2.3 2,6' 2.7 2.7 

FeC 9.16 7,27'  8.36 11.7 8.49 8,94 9.78 7,39' 8.31 9.15 

MnO 0.15 0.16 0.13 0.18 0.14 0.16 0,17 0,13 0.16 0.17 

15.0 11.2  15.2 13.7 17.6 9.65 14.4 1t,9 12.6 13,9 

CaC 7.69 9.76  €.74 i.69 6.46 9.36 8.71+ 5.62 7.61 8.65 

1080 1.67 1.64 1.64 1.29 2.59 1.65 1.44 2.06 2.16 

K2   1.08 1.26 2.12 0.20 1.38 0.76  1.27 2.78 1.74 0.73 

P205 0.1+4 0.39 0.56 0.23 0.36  0.29 0.44 0.36 0.145 0.21 

H 2  0 
1.90 2.08 3.00 1.1+2 2.16 1.36 1.09 1.94 0.53  1.20 

Total 99.5 99.9 99.5 100.1 99,5 100.1 99.5 99.3 99.7 99.8 

43.0 52.5 40,1 50.2 38.6 53.7 1+5.8 37.0 46.3 46.1 

p.p.m. 

Ba 570 595 1105 175 580 656'  748 151+0 867 460 

Cr 930 790 1140 680 1040 730 1020 870 890 1090 
91 - 

La -  - - - - - - - 47 - 

14 b - - - - - - - - 30 - 

Vi 734 1+60 775 701+ 90 1+ 296 51+0 962 570 51+5 

Pb -  - - - - - - - - - 

Rb 27 16 81 6 34 11 26 53 34 21 

Boo 683 1107 354 667 676 792 1146 855 658 

V - - - - - - - - - - 

- - - - - - - - 90 - 

Lr 275 280 365 1 140 260 148 246 363 310 165 

* - values subsequently adjusted Fe-0- + FeC 
1,41 

o - Bpectrophotometric determination - Fe0 2  3 + FeO + MgO  



TABLE 16 (continued) 

CFICL A1IU.LSES OF LAVAS 

:t.i- 1t-399 N-kOO 	-4o5 N-406 rt-440 N-442 N-462 1-517 N-519 KC-204 

siO2  48'7 47.8 1+9.2 48.9 148.2 50.2 

Ti02  2.85 2.50 2.80 2.83 2.80 3.17 

A12 03  8.36 6.93 9.65 9.64 6.60 9.04 

Fe203  2.1 6.1' 2.2 1.9 4.8' 2.3 

FoO 9.39 5.4 10.1 10.2 6.27' 8.27 

I"lnO 0.15 0.14 0.17 0.17 0.14 0.14 

MgO 15.7 1811 13.0 13.2 19.0 13,8 

CaO 7.97 5.88 8.60 84.62 5.75 7,47 

Na20 1.70 1.32 1,51 1,83 1 0 20 1,149 

K20 0.84 2.22 1,25 1.32 1.83 2.12 

P205 o.41 0.48 0.40 0.37  0.47 0.55 

1i 20 1.70 2.38 0.86 0.81 2.60 1.65 

Lota]. 99.9 99,3 100.0 99.8 99.7 100.2 

48.4 47.6 49.9 1+9.7 

2.511 2.94 2.83 3.18 

7.74 7.29 11.4 7.77 

3.5' 7.5' 3.0 2.8' 

7.27' 3.76' 9.74 7.94' 

0.14 0.14 0.16 0.11+ 

17.7 17.0 10.4 16.5 

6.16 6.61 9.72 6.69 

1.23 1.40 1.97 1.45 

2.10 2.17 0.80 2.47 

0.1+2 0.49 0.33 0.56 

2.21 2.54 0.94 0.46 

99.4 99,4 101.2 99.7 

42.2 38.1 48.6 47.6 36.3 43.3 37.6 38.7 	55.1 39.1 

p.p.m. 

ia 1+40 1180 700 610 1050  1082 101+0 1060 460 940 

Cr 960 750 550 650 1180 970 1200 1010 650 925 

Cu 79 - - 104 - - - - - - 

La 22 - - 39 - - - - - - 

fib 19 - - 24 - - - - - 

780 1026 540 565 1093 e63 1295 911 338 835 
- - - - - - - - - - 

1b 22 45 26 24 29 40 46 31 17 40 

704 1056 71+3 731 1135 1113 921 1109 597 1105 

V -  - - - - - - - - 

in 107 - - 100 - - - - - - 

265 325 275 265 320 395 330 1+00 250 393 

- values subsequently adjusted F 
15 70 

- 
+ FeO 

o - spectrophotometric determination 1e20, + FeO + MgO 



TABLE 12 

CiiMICAL Ar4ALYS 	OF PICUTS 

11-21 	N-.22 	11-23 	N-27 	N-4I 	-90 	N-95 	N-163 -364 

48,5 47.6 1+6.1 1+t.3 

3.62 2.62 2.20 2.88 

6.98 5.83 4.35 6.22 

4.2' 3.1+' 3.1' 300 

7.02' 8.40 9.80' 8.80 

0.15 0,15 0.17 0.15 

15.6 20.3 23.0 20.7 

7,18 6.05 7.11 5.75 

1.53 1.09 0.84 1,09 

2.1+6 1,99 1,31+ 2.12 

0.51+ 0.1+2 0.33 0.46 

1.15 1.1+8 0.91  1,55 

98.9 99.3 99.3 99.0 

47.6 1+6.4 47.5 49.3 1+9.5 

3.4 1.79 2.53 2.12 1,51 

6.65 4.87 7.1+6 9.09 9.52 

5.0' 2.7 1•40 3,1+' 2.6 

6.32' 8.60 7.74' 8.64* 9.78 

0.15 0.16 0.16 0.16 0.17 

17.1+ 26.8 1.0 14.9 16.4 

7.07 4.46 8.13 8.65 6.83 

1,39 0.90 1.52 1.55 1.72 

2.20 1.20 1,06 0.62 0,52 

0.51 0.5 0.37  0.23 0.19 

1,31 1.26 1.45 0.94  1,58 

99.1 99.5 99,3 99,6. 100.3 

i02  

TiC2  

Al 2°3 

Fe 2  03 

FeC 

MnO 

hg0 

GaO 

Na20 

K 2  0 

1120  

Total 

42.3 36.1+ 35.9 36.3 38.8 29.7 1+1.3 1+4,5 43,1 

880 760 54o 860 960 b05 380 155 230 

860 1265 121+5 1252°  820 1175 960 780 690 

- - - 78 - - - - - 

- - - 86 - - - - - 

- - - 20 - - - - - 

760 1145 1290 1145 800 1470 830 703 812 

143 30 22 37 46 26 18 11 11 

1130 91+5 775 1000 121+0 655 690 1+1+0 275 

- - - 200°  - - - - - 

- - - 110 - - - - - 

1+30 370 220 380 390 220 220 165 130 

FIM 

p.p.rn. 

Ba 

Cr 

Cu 

La 

Nb 

Rb 

V 

Ln 

- values subsequently adjusted 	F 	 202 + leO 

I4 - 
o - spectrophotometric determination 	 Fe203  + FeO + MgO 
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given in Appendix A. 

The analyses were carried out by a combination of X-ray 

spectrographic and rapid chemical techniques. 	Details of the 

analytical methods and the crushing and grinding procedure are given 

in appendix . 

Because th e olivine in ;ome of the rocks i: 	et 1tered 

(see Chapter 3) the appropriate values of Fe203  and FeO in Tables 

lb and 17 were adjusted before the calculation of C.I.t.. norms 

and other parameters. 	This was done for rocks which, in thin section, 

showed signs of alteration by adjustine the determined values of 

1e203  and FeO 80 that the ratio Fe/ Fe 	+ Fe equalled 0.18 - 

this being the value calculated from the Fe 203  and FeO contents of the 

30 rocks in which no alteration was detected. 	This adjustment to 

a predetermined ratio is justified by the apparent lack of a rational 

relationship between Fe 	/ Fe t  + Fe and the other components in 

the 30 unaltered rocks. 

C.I.P.. norms for the amilysed rocks ure resented in 	b1e 

18 and 19. 	..ithout exception they contain LZ and by definition &re 

tholelitic. 

(i.) 	!! 

The data of Tables 16 - 19 are summarised in Tables 20 and 21. 

Table 20 gives both the concentration range of each major oxide and 

trace element in the lavas and picrites and the mean values. .Aznilarly 

Table 21 gives the range of normative constituents in the two groups of 

rocks and .I.P... norms of the two mean analyses. 

The most striking features in these Tables are the high content 

of MgO in all the rocks and the high content of K,O, both in absolute 



TABLE 18 

C.I.P., ICi 	CF LAVAS 

____  -26 N-34 N-35 Ii-)? 

z 0.1 0,1 0.1 0.1 0.1 0.1 0.1 0.1 

or 15.0 11.1 10.4 4.7 14.9 17,7 11.0 8.9 

ab 1211 lt.8 8.5 17,2 13,4 11,3 16,5 14,6 

an 8.8 13.3 5.9 17.3 8.4 5.7 6.0 11.3 

di 19.0 21.4 14. 1+ 18.6 19.8 20.0 19.4 19,6 

hy 25.6 12.1 15.3 24.0 20.2 200 25.2 26.4 

0]. 9.0 14,7 35.6 8.9 12.3 13.9 1011 9.9 

mt 3.1 3.5 3.7 4 • 3 3.1+ 4.3 3.8 2.6 

at 0.2 0.2 0.3 092 0.2 0.3 0.3 0.2 

ii 5.9 5.8 5.0 4.2 6.3 6.1 t,4 5-5 

ap 1.2 1.1 1 1 0 0.6 1.1 112 1.3 0.8 

____  ____  N-38 

0.1 0.1 0.1 0.1 0,1 0.1 010 0.0 

or 9.5 11.5 111,2 1392 12.7 7,5 3.1 L+,b 

ab 9,5 12,6 9.6 11.7 8.6 15.7 18.9 8.0 

an 14.5 12.7 6.5 7,5 7,5 14.0 20.4 9.7 

di 18.6 19,2 12.3 20.7 16.0 20.4 17.6 14.9 

hy 29.8 22.6 22.5 23.2 28.7 25.0 31.8 47.2 

o]. 9.3 11.0 27.3 15.4 1(, 1,7 7.9 

tnt 2.5 3,3 3,5 3,1 3.2 2.5 2.1+ 3.2 

at 0.2 0.2 0. 0.3 0.3 0.2 0,2 0.3 

ii 5.0 5,5 5.7 5-IL 5,1 5.3 3.5 3.1+ 

a  1.1 1.1 1.1 1,3 1.1 0,9 0 1 6 0,6 

Calculated on a H20-rree basis. 



TL3Li 18 (continued) 

OF "VAS  v;s 

r-89 I-91 N-100 Ii 4 -102 N-105 4-113 i-117 N-126 

Z 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

or 3.8 9.4 11.4 965 8.9 1,4 9.3 8.1 

ab 22.0 15.3 16.9 16.0 13.4 15.8 13.3 15.3 

an 27.9 14.9 14.1 14.2 12.1 14.8 13.7 12.8 

di 1910 1819 21.8 19.1 18.9 18.5 16.7 20.0 

hy 1€.6 27.1 16.5 27.1 29.8 34.4 33.0 20.3 

01 4.6 4.9 8.5 14,7 7.4 2.1 1+,5 5.4 

nit 3.2 3.2 3.5 3,2 3.1 4.2 3.9 5.7 

Ct 0.0 0.1 0.1 0.2 0.2 0.2 0.2 0,2 

ii 2.14 5.2 6.0 5.0 5.0 4.8 14.5 5.3 

ap 0.5 0.9 1.1 009 110 009 0.9 1.0 

ti-153 	L-13,5 	N-149 	N-160 	N-167 	Z-lQ 	Ii-225 	X\-231 

0 0 1 0.1 061 0.1 0.1 0.1 000 0.1 

or 12.1 14.8 5.4 6.5 7.6 12.9 1.2 8.4 

ab 9.3 12.0 13.6 15,6 14, 114,3 14.0 11.2 

an 6.7 8.0 14,5 12.8 14.7 1.8 18.0 11.6 

di 18.9 19.7 203 18,7 26.1 18.4 19.5 15.0 

by 20.5 15.1 25.2 27.4 23.9 2.5 32.7 35.0 

ol 22.7 20.4 11. 9.3 3.1 9.2 6.6 9.1 

nit 3.4 3.2 3.4 3,1 3.6 2.7 3,1 3.9 

ct ).3 0,2 00 002 0.2 0.3 0.2 012 

ii 5.0 5.4 5.2 5.3 5.3 6 .3 4.3 4.8 

ap 1.1 1.1 0.8 1.1 009 1.4 0.6 0.9 

Calculated on a H2Ofree basis* 



T3LE 	18 (continued) 

I-355 N-356 N-357 -361 14-399 i'-400 N-405 

000 0.1 0.1 0.1 0.0 0.1 011 0.1 

or 14.5 7.6 16.8 10,3 4,14 5.0 13,4 7,4 

ab 2291 14.1 12.5 17.3 1,5 14.6 11.5 15.4 

an 2297 11.0 7.3 1 3,8 17.0 12.9 t,6 14.6 

di 18,2 24,2 15.2 17.1 20.2 19.7 16.3 20.8 

by 18.3 23.9 24.0 27.5 18.2 26.7 23.3 24. 

ol 6.9 9.2 15 9 2 3,7 14.2 9.3 19.1 7,8 

nit 3.4 5.4 249 3.9 4,0 3.1 3,3 3,2 

ct 0.2 002 0.2 0.2 0.2 002 002 0.1 

ii 3,1 5.2 4.9 4.8 209 5.5 4.9 5.4 

ap 0.7 1.1 0.9 1,1 0.5 110 1.2 1.0 

-ko Ii -44o 1_442 N-4L2 1.-517 N -5i9 KC-204 

- - - - - 009 - 

0.1 0.1 0,1 0.1 0.1 0.1 0.1 

or 7.9 1: .1 12,7 12.7 13.3 4,7 14.7 

ab 15.6 10.5 12.8 10.7 12.3 16.5 12,3 

an 14.3 7,4 11.9 9. 7,14 19.8 7.4 

di 21.3 15,1 17.7 15.2 18.6 2110 1 7.8 

hy 20.c 31.1 32.0 27.2 21.1 26.5 2405 

oi. 10.8 1I+.7 2.0 15.2 16.9 - 12.5 

nit 2,8 3.1 3,4 3,1 3.2 1+.3 3,1 

ct 0.1 0.3 0.2 0.3 0.2 0.1 0.2 

ii 5.4 5.5 6.1 5.0 5.8 50 6.1 

ap 0.9 1.2 1.3 1.0 1.2 0.8 1.3 

Calculated on a 1120-free basis. 



TABLE 19 

C.I.P. . 	0i13 OF PICRITS 

 14-21 	14-22 	N-23 	14-27 	-kl 	B=20 I-95 	N-163 N-364 

2. 0.1 0,1 0,1 0.1 0,1 0.1 0.1 010 010 

or 14.8 12,0 8.0 12.8 13.3 7.2 6.4 3,7 3,1 

ab 13.2 9,1+  7.2 9,4 12,0 7,7 13.1 13,2 14,7 

an 5.0 5,2 4.2 59 5.5 5,8 10,6 16.2 1L,9 

di 22.1 18.1 23,5 16,1 21.5 11.5 22.5 20.7 12.9 

ily 21.5 23.0 16.4 18.9 18.2 23.6 20.8 31.2 35.0 

ol 11.7 22.5 31.7 25. 4  17.8 36.4 17.1 7.0 10.0 

nit 3.2 3.1+ 3.7 4.1+ 3.3 3.2 3.1+ 3,1 3.8 

ct 0.2 093 0.3 0.3 0.2 0.3 012 0.2 0.2 

ii 7.0 5.1 4.2 5.6 6.9 3.5 4.9 4.1 2.9 

ap 1.3 110 0.8 1.1 1.2 0.8 0.9 0.6 0.5 

Calculated on a 1120-free basis. 



9 ticrites 

1nhydrous 
i san !ean 

	

47.6 	48.2 

	

2.53 	2.56 

	

6.77 	6.86 

2.1+' 	2.14 

9.38' 	950' 

	

0.16 	0.16 

	

19.1 	19.4 

	

6.80 	0.90 

	

1.29 	1.31 

	

1.50 	1.52 

	

0.38 	0.39 

	

1.29 	- 

ange 

46.1 	- 49.5 

1.51 	- 3.62 

4.35 - 9.52 

2.6 	- 5.0 

6.32 - 9.80 

0115 - 	 0.1 It,  

14.9 - 26.8 

4.146 - 	 8.65 

0.84 - 	 1.72 

0.52 - 	 2.46 

0.19 - 

0.91 - 	 1.5u 

20 

SUAi OF Ii 	ii ii 

Anhydrou s  
ange Mean Mean 

45.1 - 50.7 4.9 1+9.7 

1.21+ - 	 3.26 2.64 2.68 

5.61 - 15.1 8.77 8.91 

116 - 	 7.5 2.0' 2.0' 

- 11.7 10.2' 10.5' 

0.09 - 	 0.18 0.15 0.15 

8.26 - 23.3 15.1 15.3 

4.85 - 10.5 7.56 7.68 

0.91 - 	 2.59 1.62 1.64 

0.20 - 	 2.92 1.58 1.61 

0.19 - 	 0.55 0.1+1 

0.30 - 	 3.1+7 1.63 - 

., t. 

TiC2  

Al2  03  

Fe 203  

FeC 

MnO 

MgO 

CaC 

Na20 

K 
2 

 0 

205 

H  0 

_p .p.ui. 

Ba 175 - iko 795 795 155 - 	 960 597 597 

Cr 198 - 1526 929 929 690 - 1265 1005 1005 

Ni 220 - 1380 752 752 703 - 1470 995 995 

ib 9 - 	 81 33 33 11 - 	 46 27 27 

Zr 275 - 1240 859 859 275 - 1240 795 795 

Zr 130 - 	 44 300 300 130 - 	 430 281 281 

- adjusted values. 



TABLE 21 

SUMMARY 01 	. I • P • J • NORMS 

1+7 .LavaB 9 i-icritw. 

ange Mean iU&nge Mean 

0.0 - 	 0.9 0.0 - - 

'a 010 - 	 0.1 011 060 - 0.1 3.1 

or 1.2 - 17.7 9. 3.1 	- 14,8 9.0 

ab 3,1 - 22*1 13.8 7.2 - 14.7 11.1 

an 7. - 22.7 12.0 4.2 - 1e.9 6.4 

di 14.4 - 26.1 18.4 11.5 - 23.5 18.6 

hy 12.1 - 47.2 24.2 16.4 - 35.0 24.4 

ol 0.0 - 3.6 1.2 7.0 - 36.4 19,1 

mt 2.4 - 	 4.3 2.9 3.1 - 4,4 3.5 

ct 0.0 - 	 0,3 C"L,  0.2 - 0.3 0.2 

ii 2.4 - 	 6.1+ 5. 2.9 - 6.9 4.9 

ap 005 - 	 1.3 1.0 u. 	- 1.3 0.9 



28. 

terms and relative to Na20. 	2he trace elements Ba, sr, and Lr are 

also exceptionally high for such basic (NgC-rich) compositions. These 

chemical aspects are described in more detail below. 

The considerable excess of hy over ol in the norms of the lavas 

is a reflection of the high ..i02  content and there is a marked contrast 

between contents of normative and model olivine - compare Table 17 

and petrographic data given in dhapter 2. 

(iii) Variation 

Table 22 is a correlation matrix which Lives the correlation 

coefficients (r) between the 16 chemical variables in the 47 olivine-

rich 

dhayes (19b0; 1962) has emhaiscd th..t correlation coeicients 

between variables in an array of variables which have a constant sum 

(100 in the present case) must be treated with caution. 	The main 

restriction imposed by the constant sum factor is that negative 

correlations between variables which make a significant contribution 

to the total variance of the array tend to be enhanced. 	This is because 

a real increase in the concentration of one oxide variable causes an 

apparent decrease in the concentration of all the remaining oxide and 

element variables. 	Before assessing the correlation matrix (Table 22) 

it is, therefore, advisable to examine the contribution each variable 

makes to the total variance of the 47 member array. 

The standard deviations (() and v.triancea () of each oxide 

and trace element are presented ±r Table 23. 	One v.able (NgO) 

contributes more than half the total variance of the array and 5 variables 

(MgO, •tt12031  CaO, •.i02  and 1e203  T) make up more than 95 of the total 

variance. These findings are, in general terms, similar to those 



TBLE22 

£2R2L tATRI 

S102 

5102 1.00 

PlO2  -01 19 100 23 

Al 
203 +045 051 100 

Fe2 03T -0.38 -0.09 +0.14 100 VnO 

MnO +0.18 .0,36 +0,49 +0.51 1,00 MgO 

MgO -0.52 +0,23 -0.92 -0.19 -0.50 1.00 CaO 

CaO +0.34 -0.33 +0.86 +0.42 +0.55 -0,91 1.00 NO  
Na20 +0.42 -0.38 +0.90 +0,14 +0.45 -0.88 +0.78 100 K20 

K20 -0.17 +0.65 -0.54. -.0.57 -0.63 +0.43 -0.63 -0.53 1.00 

P205  -0.22 +0.84. -0.58 -0.37 -0.50 +0.38 -0.51 -0.49 +0.80 1.00 Rb 

Rb +0,02 +0,57 -0.48 -0.51 -0.55 +0.36 -0.56 -0.30 +0.71 +0.68 1.00 Sr 

Sr -0,20 +0.75 -.0,55 -0.48 -0.65 +0,24.0 -0,59 -0,38 +0,88 +0,83 +0,74 1.00 B& 

Ba -0,22 +0.61 -0,53 -0.50 -0.61 +0,45 -0.66 -.0.41 +0.88 +0.73  +0,74 +00 92 1.00 	Zr 

Zr -0.20 +0,82 -0,62 -0.45 -0,62 +0,45 -0.60 -0,50 +0.85 +0,86 +0.76 +0.91 +0.84. 	1,00 	Cr 

Cr -0.21 +0.22 -0,80 -0.26 -0,48 +0,79 -0.72 -0.69 +0.34 +0.37 +0,43 +0.39 +0,37 	+0.4.2 	1.00 

Ni -0.56 +0,28 -0,85 -0,18 -0.48 +0,91 -0,89 -0,82 +0.4.9  .0,41  +0.40 +0.4.5 +0.51 	+0.50 	+0.69 	1.00 



TABLE 23 

ANALYSIS OF VARIANCE 

Standard of Total 

Deviation Variance Variance 

(cr (Cy- 
2 

102 0.983 0.97 5.7 

.1i02  o.462 0.21 1.3 

A12 03  1.80 3.25 19.2 

1e203  T 0.798 0.64 3,8 

MnO 0.0164 ' 

MgO 3.12 9.77 57.7 

CaO 1.22 1.149 8.8 

Na20 0.378 0.14 0.8 

1(20 0.653 o.43 295 

P205  0.0927 0101 * 

Rb 0.0015 * 

Sr .023 0 

Ba 0.031 

Zr 0.0080 * * 

Cr 0,023 * 

Ni 0.025 * * 

Concentrations of oxides and trace elements 

calculated on a wt. ;. basis. 

S - insignificant. 
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reported by Chayes (1964) in a survey of variance-covariance in analyses 

of calc-al.kaline basalt - andesite - dacite suites. 	However, Chayes 

found that 402, not MgO, made the dominant contribution to 
the total 

variance - 	 the range being 37 - 76% c: o- ota1, and that Si02 , 

together with Al2O3 "at.i 1  FeO, Fe203  an" 	- which individuc..].ly 

contributed 3-9' - accounted, on average, for more than 97 of the 

total variance. 

From the reasoning developed by Chayes (1960 9  pp. 4185-4188) it 

is clear that,as a result of the constant sum factor, at least 2 of the 

correlation coefficients between the variable with the dominant variance 

(14g0) and variables with smaller but significant variance (A1 203 , CaO, 

iu2  and 1e203  T) are likely to be strongly negative. 	The expected 

value of the correlation coefficients resulting from the constant sum 

factor can be estimated from the following equation, several assumptions 

being made 
1 

E (r jj
) 

Variable 1 is MgO and variables j = 2 - 5 are A1203 , .aC, i02  

and 1e203  -, 	c is the mean standard deviation of variables j = 2 5 

and M I  is tne reduced number of variables, i.e. . 	The equation and 

the assumptions made are given by Chayes (1962, p.442). 

Substituting in this equation it was found that a correlation 

coefficient of -0.6 could result between MgO and the other significant 

variables solely because of the constant sum factor. The negative 

correlations between MgO and .402, Al 203  and CaO are, therefore, not as 

high as the values of r indicate. 

Correlation between the variable of dominant variance (MgO) and 
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the components which make very small contributions to the total variance 

of the array of variables (Na20, 1(20,  P205 , Ti02  and trace elements) is 

virtually unaffected by the constant sum factor and the correlation 

coefficients in Table 22 can be accepted without reservation. 

Certainly the most interesting aspects of Table 22, and, perhaps, 

also the most genetically significant aspects are 

that all correlation coefficients between pairs in the 

group of components MgO, TiC2 , K2 0
9 
 F25'  b, ..r, Ba, 

Zr, Cr and Ni are positive. 

the totally contrasting behaviour of 

The above analysis of variance has demonstrated that as a simple 

index of variation for the Nuanetsi olivine-rich lavas, the MgO content 

is an obvious choice. 	From a petrological standpoint the use of Mg-C 

as a variation index is also sound since any crystal-liquid processes 

during the development of the Nuanetsi MgO-rich magmas must have 

involved mauic mineral assemblages with high MgO contents. Table 24, 

therefore, qualitatively summarises the covariance between MgO and the 

other components - the appropriate modification being made in the 

case of CaU. A1 203 , i02  and Fe203  T. 	Because of the constant sum 

factor one is not dealing with independent variables and quantitative 

assessment of the correlation coefficients is difficult. However, 

tudent t. tests are not inappropriate in the case of correlation 

between MgO and TiC2, 1(209  P 2  0  5 
 and the trace elements. These tests 

Indicate that r values of 0.36 and 0.45 are significant at the 99 

and 99.9L levels respectively. 

Figures 9 - 11 are variation diagrams in which MgO is plotted 

against SiC 2 , Na 20 and 1(20. 	This has been done to illustrate graphically 



TABLE 24 

Insignificant 

b i02  

Fe203  T 

Significant 

+ 

"i02 Al 
23 

GaO 

Very 6ignificant 

+ 

K 2  0 	Na20 

?nO 

Rb 

Sr 

Ba 

Zr 

Cr 

Ni 



FIGURE 9 

MO v. Si02  variation diagram. 

• 	baaalts and 1iburgitea - 44 in number. 

D 	pioritea - 9. 

Q : lavas enriched in cumulus olivine - 29 

•  

Z,  olivine 

(C. F085 ), Lull lines, and orthopyroxeno (c. 

broken lines, have been added to this variation diagram. 



ig 

55 

SiO2 
50 

wt 
percent 

45 

 

25 	20 	15 	10 

MgO 	wt percent 



FIGURE 10 

MgC v. Na 20 variation diagram 

Key as for Figure 9. 

Control lines from magnesian olivine (full lines) 

and orthopyroxene (broken lines) have again been added. 
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FIGURE 11 

V. K20 variation diagram 

Key as for Figure 9. 

Olivine and orthopyroxene control lines have 

again been added. 
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very significant and insignificant correlations, and to demonstrate 

possible relationships between the lavas and the picrites - the 9 

picrite analyses have also been plotted in these Figures. 

The olivine and orthopyroxene control lines in Yigs. 9 - 11 

are lines which radiate from the plotted positions of a typical 

Lorsteritic olivine - say Fo, and that of an enstatite-rich 

orthopyroxene - say A.n90 . 	Three lavaa which were suspected, on 

petrographic grounds, of being cumulus-enriched - N-13 and 1-60 in 

olivine phenocrysts and F-88 in inherited orthopyroxene phenocryste - 

are plotted in Figs. 9 - 11 with a distinctive ornament. 

The relationship between the control lines and the rock composi-

tions is clearly consistent with earlier proposals that the picrites 

are the hypabyasal analogues of the lavas and that they tend to display 

varying degrees of enrichment in cumulus olivine. 	Furthermore, two 

of the lavas (N-13, N-60) do appear to have experienced significant 

enrichment in cumulus olivine phenocrysts and one Lava (N-88), which 

contains 21 orthopyroxene phenocry8ts, has had its bulk composition 

significantly modified by orthopyroxene accumulation - a process 

which must have taken place at elevated pressures (see Chaptex3 and 5). 

These conclusions are not solely based on the evidence of Figs. 9 - 11. 

Variation diagrams in which MgO is plotted against other chemical 

components display similar features. 

One aspect of the average analyses in Table 20 is apparently 

anomalous with respect to the olivine-enrichment mechanism proposed 

above - the K20/Na20 ratio of the picrites is higher than that determined 

in the basalta and limburgites. However, the picrites analysed are 

mainly from the Beacon - Gomakwe area of the Iuanetsi syncline northern 
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limb. The lavaa, and hence also the picrites, of this area are somewhat 

more K20-rich than the Olivine-rich Group lavas from other areas of the 

province. 	The apparent anomaly is, therefore, considered to be the 

result of a sampling bias and in Table 20, picrites, which are dominantly 

from a relatively restricted area s  are compared with basalts and 

limburgites with a much wider areal distribution. 

From this assessment of the variation of rock compositions 

using MgCi as a variation index it is concluded that the major or primary 

compositional variation is that shown by the kk lava compositions. The 

compositions of the picrites and the remaining three lavas can be 

related to the major variation trend through simple processes of crystal 

sortinL - these processes being the cause of the minor or secondary 

element of the total compositional variation. 

only the overt aspects of the compositional variation have been 

considered above. 	In the following Chapters the variation is examined 

in more detail - using transformed variables in Chapter 6 and from 

the standpoint of phase relations, known and estimated, in natural and 

synthetic systems in chapter 5. 

Potassium and Associated lements 

Potassium is largely rejected by the major silicate phases of 

any probable 3 or k- phase peridotite assemblage in the zone of magma 

generation in the upper mantle (urif fin and Murthy, 1968a and b; Harris, 

1957; Oxburgh, 1964). 	Although relevant data are sparse, this is 

probably also true of P, ib, ur, isa, zr, Pb, Th, U and the rare earth 

elements. Ringwood (196L) proposed the term 'incompatible elements' 

for this group. 	However, the term 'K and associated elements' is 

preferred by the present author since it avoids the genetic implications 
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of the term 'incompatible elements'. 

Because of the chemical discrimination by the major silicate 

phases, K and associated elements are likely to be concentrated in the 

initial liquid formed on the partial melting of mantle per1dote and 

should remain in the residual liquid during any subsequent fractional 

crystallisation* 	This aspect of the minor and trace element 

geochemistry of basalts was fully appreciated by Harris (1957). 

The enrichment level of K and associated elements in basalta 

has been an important aspect of the arguments developed in several 

publications dealing with the ori;in of basalts, viz. harris (1957); 

Engel et al (1965). Green and .Ringwood (190), Gast (1963) and O'Hara 

(198a), 

The mean of the 47  lava analyses (Table 20) is reproduced in 

Table 25 along with the average composition of 182 olivine tholelites 

as compiled by Manson (1967)  and irinz ( 1 967). 	ompariaon of these 

average analyses, despite the limited number of trace element data 

included in the general average, confirms the conclusions of Monkman 

(1961). Cox et a]. (1963) and Cox et a]. (1967)  that the Fuanetsi olivine-

rich rocks are greatly enriched in K20, P205 , Tic2 , Ba, ur and r in 

relation to other basalta. 

correlation coefficients between K20, P25 . Ba, A. 3r, and Zr 

which are :iven in Table 22 are reproduced in Table 26. Correlations 

with Ti02  are also given and these demonstrate that Ti can also be 

considered as an element which is associated with K in these roc;. In 

fact, although Ti is not excluded by the major minerals of peridotite 

(Mercy and O'Hara, 1967),  on the basis of its geochemical behaviour 

this element has frequently been considered as one of the 'incompatible 

elements', e.g. by Green and Ringwood (1967). 



TABLE 25 

AVERAGE TUOLEIITIC ANALYSES 

1 

6iO2  49.7 1+9.0 1+5.92 

£102 2.68 1.7 1.02 

it1203  8.91 15.6 10.66 

1e2 03  2.0k 2.6 2.98 

FeO 10.5 s  8.8 8.17 

KnO 0.15 0,17 0.18 

MgO 15.3 8.5 19.56 

a0 7,68 10.4 9.47 

a 2  0 1.64 2.3 1.34 

1(20 1.61 0.6 0.11+ 

P 205 o.1+... 0.23 0.12 

p .p.m. 

Ba 795 215 59 

Cr 929 218 1040 

Ni 752 130 695 

Rb 33 18 2.1+ 

Sr 859 350 170 

Zr 300 91 68 

1 - 1+7 ivanetei lavaa (from Table 20). 

2 - 182 olivine tboleiite8 (Z4anaon, 1967 9  Table VI, no. 8 and 

Prinz, 197, Table II, no. 2). 

3 - +8 Baffin Island - üeet Greenland lavas (D.i. C11rk, 

personal communication). 

* - adjusted value. 



TABLE 26 

0odELATIoI MATRIX 

K20 	1.00 

P205 	+0.80 	1.00 	
Ti02 

Ti02 	+0.65 	+0.84 	1100 	
Ba 

 

Ba 	+0.38 	+0.73 	+0.61 	1 1 00 

+0071 +0.68 +0.57 +0.74  1.00 

+0.83 +0.75 +0.92 +0.74  

rO.85 +0.86 +0.82 +0,84 +0,76 

Level of significance - 99Y when r = 0.36 

99,9, when r = 0,45 

Sr 

	

1.00 	
Zx 

	

+0.91 	1.00 
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Because the oxides X20, P205  and Ti02  and trace elements Ba, Rb, 

hr and Zr together contribute less than %- k', of the total variance of the 

closed array of coapooitions, and because all the correlations between 

these variables are positive, the constant sum restrictions do not apply 

and the significance of the correlations can be assessed by the Otudent 

t teat. 	These highly significant correlation coefficients clearly 

demonstrate that in addition to being relatively abundant, K and the 

associated elements A Ti, Ba g  Rb, Sr and hr behave as a geochemically 

coherent group in the 1uanetsi olivine-rich lavaa. 

Content of EgO  

t.verage MgO contents of 150 in the lavas and 19,1, in the 

picritea convincingly confirm the overall picritic character of the 

ilivine-rich Group. 

It Is pertinent at this stage to consider the status of this 

picritic character in the broader context of the complete Nuanetsi 

volcanic succession. 	The relationship between the picritio Olivine- 

rich Group and the thicker sequence of olivine-poor Upper Basalts is 

of particular interest. 	This aspect of the picritic compositions i8 

best demonstrated by a histogram which 3ves the frequency distribution 

of MgO contents in all available Nuanetsi basaltic analyses (Fig. 12). 

Lost of the data in this histogram are from Tables 1 9  16 1  17 and c-3. 

Further analyses were taken from Cox et al (1967, Table 1), Cox et al 

(1965 9  Table 31). it].l the analyses were rec1cu1ated on an anhydrous 

basis. 

There is clearly a 'iimodal distribution in Fig. 12. However, 

because the olivine-rich rocks have been relatively oversampled as a 



FIGURE 12 

Frequency distribution of MgO determinations in 

basaltic rocks from the Nuanetsi Igneous krovince. 
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result of the current research, no significance can be attached to the 

actual sizes of the two modes. A proportional representation of the 

many olivine-poor and olivine-free basalta which have been collected and 

examined, but not analysed, in the current research would greatly enhance 

the numbers of MgO contents in the 2-7% range. 

A deliberate effort was made to over-represent in the samples 

selected for analysis lavas which had olivine contents intermediate 

between the typical olivine-rich types and the olivine-poor Upper Basalta. 

Specimens N-89 9  N-100 1  N-243 and N-519 are examples of this intermediate 

type; they have NgC contents in the range 8-11,. Because of this bias 

in favour of lavas with intermediate olivine contents (9-15%) in Fig. 12, 

it is confidently concluded that lavas with intermediate olivine contents, 

or MgO contents in the range 7-10%, are relatively rare in the succession 

of basic lavas. 	The olivine-rich lavas are, therefore, not only 

stratigraphically but also compositionally distinct from the thick 

succession of Upper Basalts. 

This is a further piece of evidence which suggests that the olivine-

rich lavas are unlikely to have a direct genetic relationship with the 

Upper Basalts. As is mentioned in Chapter 1 9  this aspect of the volcanic 

succession was noted by Cox et .1 (1965) on the basis of an addition-

subtraction variation diagram. 	It is further discussed in Chapter 5. 

Gomparieon with other Suites 

The analyses presented in Table 25 clearly demonstrate that the 

average of the Nuanetsi olivine-rich lavaa is, in two respects, in 

marked contrast to the average of a general compilation of olivine 

tholeiite analyses, viz. 

(a) the content of MgO. and Cr and Ni. 
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(b) the content of K and the associated elements Ti, P, 

Ba t  A. Sr and Zr. 

ombinatioris of high 1gO, Cr and Ni with extremely high contents 

of K and associated elements are found in the mafic members of the 

x-rich volcanic provinces of Loucite hills, .yoxning (Carmichael, 1 967), 

the .estern Rift in S.d. Uganda (Holmes, 1950; Higazy, 1954) and iest 

rimberley, Australia (vade and Frider, 19+0)  and occasionally in the 

Italian uaternary volcanic province (J.D. Appleton, personal communi-

cation). 	In contrast to the Nuanetsi lavas, however, these suites 

are characterised by the occurrence, often in abundance, of the silica-

undersaturated minerals leucite, kalsilite, melilite and phiogopite. 

Nevertheless the Nuanetsi lavas do provide a compositional link 

between these extreme compositions and more common basalts which are 

characterised by an excess of Na over K and have compositions which 

generally conform to the mean tlLoleiite in Table 25. 

Finally, attention is drawn to the occurrence of a suite of 

Tertiary picritic tholeiite lavas in Baffin Island, Canada and the 

adjacent parts of dest Greenland (Clarke, 1968). 	The average of 1+8 

analyses is given in Table 25 to demonstrate that the overall picritic 

chracter of a thick succession of lavas is a feature which is not 

exclusive to the Nuanetsi Igneous Province - in fact the iaffin 

Island - .est Greenland lavas are considerably more iO-rich than 

their Nuanetsi counterparts. 	However, with respect to K and associated 

elements the contrast between the two suites is total. 
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CHJ.PTSR 5 

PHASE EQUILIBRIUM ASPECTS 

In this chapter the lava analyses are considered as composition 

points in a pseudo-quaternary natural basaltic system. Geometrical 

projections within this equilibrium tetrahedron allow an assessment of 

the positions of the rock compositions relative to mineral composition 

points and to the probable location of phase boundaries. 

On the basis of such projected phase diagrams, the inherited 

nature of the 1are orthopyroxene phenocryst8 is again demonstrated and 

the primitive picritic character of the Clivine-rich Group is confirmed. 

The genesis of the olivine megacryst - orthopyroxene phenocryst 

assemblage is considered and, in the light of known and estimated 

pressure-induced changes to phase relations in analogous natural and 

synthetic systems, it is concluded that this bimineralic assemblage 

could have crystallised from these compositions in the depth range of 

2 - 30 km. 

However, all aspects of the compositional variation of the lavas - 

in particular the sympathetic relationship between NgC and 	- cannot 

be the result of the fractionation of this harzburgite (olivine + ortho-

pyroxene) assemblage alone. 	It is concluded, therefore, that there must 

be yet another factor in the evolutionary history of the uanetsi olivine-

rich mms, 

ita .eduction and Projection 6cheme 

the.nical, mineralogical and textural features of basic ± ieous 

rocis have been extei:ively described with reference to phase relations 

in synthetic systems such as CaMg.i 206  - ig2 iO - Cal2.i2O8  - 
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and the bounding ternary faces, for example, by Bowen (1914 and 1928) 

and by Osborn and Tait (1952). 	In general there is a similarity 

between phase assemblages and crystallisation behaviour in the synthetic 

and natural systems. 	However, since only 4 of the 12 major and minor 

oxides in basic rocks are included in the synthetic system, the 

similarity between the crystallisation of synthetic malts and basic 

magma should not be overstressed. 

Experimental studies on natural basic rocks, carried out over 

the last decade, have led towards an understanding of crystallisation 

behaviour in a complex natural system. 	From the results of these 

experiments it has been possible to estimate the essential features of 

the phase relations in a natural basic .ystem with its 12 major and 

minor oxide components. It should also be possible to describe and 

predict, with some measure of success, the crystallisation histories 

of analysed rocks, the melting relations of which have not been 

determined, by relating the bulk compositions to these phase relations. 

The graphical presentation of phase relations in a 12 component 

system does, however, present considerable geometrical problems and 

two methods of data reduction have been adopted in recent attempts to 

draw natural phase diagrams : 

(a) ;. norm-based method 	- Coombs (1963),  Muir and Tilley (194 9  

Fig. 6) and O'Hara (1965, Figs. 2 and 3), by considering 

only normative diopaide, plagioclase, olivine and quartz, 

or nepheline, have reduced the analyses of tboleiitio and 

other basalts to 4 components and after carrying out 

geometrical projections within this tetrahedron, have 

constructed partial natural phase diagrams. 	In general, 
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70 - 90,, by weight, of the rock bulk COmTOStiOfl8 is 

included in this scheme. 

(b) 'Lfl oxide-based method. 	- iy considering chemical 

affinities between cations in basic magmas, O'Hara 

(1968a) has devised a scheme which allows 10 of the major 

and minor oxides of basic rocks to be expressed in terms 

of 4 components. 	These components are analogous to 

J`L1
2 
 039  CaU s  MgCi and 	but have been labelled 

XC, Y(, Z0 2  to avoid confusion with the synthetic system. 

This nomenclature is a modification of the A - - - 

labelling scheme ued by O'Hara. 	This data reduction 

method is described in full by U'liara (1966a, 'i. 'k ). 

This latter data reduction scheme has been adoptea in the current 

investjation since it has already been tested (C'Hara, 1968a; Jamieson, 

in press) and it apjeurs to hve the following advantages over the 

normative selection method : 

lthugh co-ordinates are calculated on a weiçht percent basis, 

the calculation, for example, of all Fec.'. MnO and 1gC as 

Y0 avoids the distortiin brought about by varying Fe/hg 

ratios in the normative scheme. 

.inco almost all the major minerals of L 1c 	ultrb;ic 

rocks have composition points in the system R203-X0-Y0-O2 , 

e.g. diopsiue is XL.YC.'.2 21  a large number of convenient 

projection points and planes are available within the 

tetrahedron. 	The comrrehensive nature of this scheme 

allows a wide range of basic and ultrabasic rock compositions 

to be handled, for example, types over-saturated and under-

suturatec. in silica can be represented on the same dlagrari. 
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s described by Q'kiara (1968a, ii. 4) a computer program has 

been written to calculate the co-ordinates of analyses in the 

Y0_02  tetrahedron and in various sub-projections within the tetrahedrons 

to-ordin.&tes of up to 12 sub-projections are printed out and the user 

can select those most appropri.te to his needs. 

In the present study the following three sub-projections are 

used : 

a projection to, or from, the clinopyroxene composition 

point, x1.YO.2iC2 , into the plane YO - R203  - 

a projection to, or from, the olivine composition point, 

2Y0.h02 , into the plane R203 - XO.02  - 

a projection to, or from, the orthopyroxene composition 

point, Y0.Z02 , into the plane 2iO.0 2 - 2X0.3Z0 2 - 2 2 
 03. 

3 

.ihe analysed uanetsi picrites, 1 imburites and basalts are 

presented in these projections in Figs. 13-15 respectively. 	ihe phase 

boundaries projected in these natural phase diagrams are those on the 

boundary of the primary phase volume of the mineral which is the 

projection point, i.e. olivine, clinopyroxene or ortho?yroxene. 	They 

have been drawn on the basis of the projected composition points and 

the atmospheric pressure zneU.ing relations of some 30 basalta. Most 

of the meltind relations were dettr:ined in the Geophysical Laboratory, 

ashirigton, .J., and they hive been reported regularly by - Tilley, Yoder 

and .chairer in the .nnual eport of the Lirector during the periud 

1 9e3-68. 	These phase boundaries have already been used by C'Iiara 

(19t 8a) and Jarnieson (in press) to describe and predict basalt crystal-

1i:tin 	hiV1ou at lo 	rosure. 



FIGURE 13 

A projection from XC.7C.2b02  (Clinopyroxene) into the plane 

XG.R203 -  TO - 	of phase relations and Nuanetsi rock 

compositions. 

The projected phase relations, at atmospheric pressure, 

on the boundary of the clinopyroxene primary phase volume 

have been taken from O'Hara (1968a, Fig. 6). 

The fields labelled CLIV, PLAG, and OPX correspond 

to the loci of liquid compositions in the equilibria Cliv + 

Cpx + Liq, Flag + Cpx + Liq and (ipx + Cpx + Liq on the 

surface of the clinopyroxene primary phase volume. 

projected data points are as follows z 

•alts and liznburgitee - 44 in number 

O • 	: rites - 9 

o 	vae enriched in cumulus olivine - 2 

va enriched in cumulus orthopyroxene - 1. 

The compositions are expressed in weight ,. 
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FIGURE 14 

A projection from 2Y0.Z02  (Olivine) into the plane 

	

23_- 	
-YO.402  of phase relations and Nuanetsi 

rock compositions. 

The projected phase relations, at atmospheric 

pressure, on the surface of the olivine primary phase 

volume have been taken from O'Hara (1968a, Fig. 14), 

The fields labelled HAG, C?X and 01X correspond 

to the loci of liquid compositions in the equilibria Plag + 

Cliv + Liq, Cpx + Cliv + Liq and Opx + Cliv + Liq on the 

surface of the primary phase volume of olivine. 

The intersection of the olivine - plagioclase join 

with the projection plane - the olivine - plagioclase 

piercing point - is shown. 

projected data points are as follows : 

• asalts and limburgitee - 14 in number. 

	

D 	icrites - 90 

	

o 	..iva$ enriched in cumulus olivine - 2. 
.ava enriched in cumulus orthopyroxene - 1 1  

- 	compositions are expressed in weight %. 
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FIGUi 	15 

projection from YO.402  (rthopyroxene) into the plane 

22,07.310 - 2XC.0 - 2YO.O of phase relations and 2 	 2 	2 

Nucnetsi rock compos i tions *  

The projected phase relations, at atmospheric pressure, 

on the boundary of the orthopyroxene primary phase volume 

have been taken from O'Hara (1968a, Fig. 5). 

The field labelled CLXV, PLG and CFX correspond to 

the loci of liquid compositions in the equilibria Cliv + Opx + 

Liq, ilag + Upx + Liq and Cpx + Opx + Liq on the surface of 

the orthopyroxene primary phase volume. 

:;jected data points are as follows : 

• 	;lts and limburgites - k in number. 

o 	.crites - 9. 

o 	vas enriched in cumulus olivine - 2. 

iva enriched in cumulus orthopyroxene - 1. 

The compositions are expressed in weight . 
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Since the melted basalts were mainly from Hawaii it is likely 

that these phase boundaries give only a general indication of the 

position of the Iuanetsi phase boundaries. 	ixperienoe with these 

diagrams has led one to expect a shift in the location of some 

boundaries as the content of minor elements, K 2 0, TiG2  and trace 

elements varies from province to province. 	Nevertheless, although 

these natural phase diagrams must be used with caution, when taken 

together they do demonstrate that all the Iuanetsi composition points 

lie within the divine primary phase volume. 

A icritic Character 

It ho been argued previously, on the bsis of variation diadrams, 

especially K20 v. iigO (Cox et al, 196), and on the basis of an ijL- gap 

(dhater ), that the livine-rich Group is unlikely to represent magmas 

of Upper Basalt composition enriched in cumulus divine - in contrast 

to the accepted oriin of the relatively rare Hawaiian picrite basalts, 

see, for example, 1urata and ichter (1966 a and b). 	The clinopyroxene 

projection (ii. 13) shows that the lava comporitions form a roughly 

linear trend which is oblique to olivine control lines. 	The compositions 

of these Lva could not, therefore, have resulted from the accumulation 

of olivine in any low-igC tho.Leiitic aAgma. 

The picritic character of the ivanetsi alivine-rich Group is, 

therefore an inherent feature of the rocks. 	They must have crystallised 

frm madmas which had compositions which were primitive, i.e. poorly 

evolved, in terms of possible fractionaticn under conditions of, and the 

pbse relations appropriate to,pressures close to one atmosphere. 

The occurrence of this thick series of lavas and hypabyssa]. rocks 
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which hve apparently undergone very limited low pressure fractionation 

is attributed to relatively fast ascent of the magmas through the low 

pressure rebime of the continental crust, sy the upper 15 km. 	Lvidence 

of some low-pressure olivine accumulation within the Group, especially 

in the hypabyssal rocks, h'-s, of course, been presented in Chapters 2 

and k. 

iow rressure rjstaulioation 

Ln the basis of the petroraphy and mineralogy of lavas it has 

previously been argued (Chaf tar 2) that the order of appearance of phases 

durinG the final crytallisuticn of the roci:s was 

(aalvine - Clinopyroxene - .tlioclase - possibly Lrthopyroxene 

Lvidence for the late appearance of ortbopyroxene was ii.iniy 

negative but the phase was recorded in one holocrystalilne picrite. The 

large orthopyroxene phenocrysts with their clinopyroxene rims -,-;ere 

considered to be relicts of an earlier crystallisation event (h'ter ). 

The order of crystallisation propocad above is not entirely 

consistent with the natural phase diagrams (Fi1s. 13-15). 	The location 

of ohase boundaries in Fi. 14 implies that the liquidus phse, olivine, 

should be joined by plioclase before clinoyroxene in some of the 

compositions. 	.iince the pheLlocryot assemblage olivine 	plz.L;ioclase 

h.c not been recorded, not even in Lhe rocks hich project into the 

olivine • plagioclse •r liquid area of i1;. 1, it is concluded that, 

for the Iuanetsi compositions, the boundary between the olivine + 

pliocLse + liuid and olivine + clinopyroxene * liquid fields in 

14 should Lo moved up the digram as indicated. 

(me fetre of the data reduction and projection schemes adopted 

is tht the ;:hAe ba:aries in the olivine projection (:j.. it-f) appear 
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to be sensitive to the overall minor oxide and element content of the 

projected rock compositions. 	For example, Fig. 16 shows that the phase 

boundaries for the uwaiian lavs are considerably removed from the 

analodous boundaries in the synthetic system 4203 - CaO -  

and Glarke (1968) has shown that the phase boundaries for the affin 

Bay Tertiary basalts - a series with very low contents of alkali oxides, 

iio 2' P
20 and trace elements - must lie between the synthetic and 

established Hawaiian phase boundaries. 

ouch shifts in the position of phase boundaries are, in general, 

likely to have two components - an apparent movement due to the method 

of distribution of oxides inherent in the data reduction scheme and a 

real movement which actually reflects the changing bulk cornpoeitions of 

the rocks in the poly-component natural system. 

The clinopyroxene and olivine projections (Figs. 13 and iii-) 

indicate that orthopyroxene should be the third phase to crystalline, 

after olivine and clinopyrOxefle, in almost 33 of the rocks. 	Zhis is 

not confirmed by the petrographic evidence. 	Two explanations of this 

apparent anomaly are, firstly, that the orthopyroxefle primary phase 

volume in the NuAnetsi natural basaltic system is more restricted than 

that in the Hawaiian case and, aecondly, that the orthopyroxefle expected 

to crystallise is occult in clinopyroxene 85  until a relatively late st • e 

of the crystallisation is reached. 

The large orthopyroXefle phenocryt8 are unlikely to be the missing 

pyroxenes. 	Considerations of Fe/Mg ratios apart (Ghpater 3), the large 

size of these phenocrysts suggests an early,rather than lute, ctmencement 

of cryn tall is-ition. 	Furthermore, the distribution in Fis. 17 and 16 

of composition points which represent rocks containing these orthopyroXefle 



FIGURL 16 

2Yi.C2  (Clivine) projection showing changes in the 

positions of phase boundaries. 

e caption to Figure 14 for a general description 

of this projection. 

The phase boundaries between the Cpx + Cliv + Liq q  

Opx + Cliv + Liq and Plag + Cliv + Liq fields on the boundary 

of the olivine primary phase volume are as f011OW8* 

3yn 	: in the synthetic system A1 203  - CaO - 1"lgO - iO2  

(O'Hara and 5chairer, unpublished data). 

BB 	: tholelitic basalta of the Baffin Bay area 

(Clarke, 1968). 

Haw 	: Hawaiian tholeiites (L'riara (19th) and Jamieon 

(in press). 

: Iuanetsi (see text). 



;ç R 203  

M cPx US- 
xo.z02  

oPx 
YO- Z02 



FIGURE 17 

XC.YC.2i..0 (linopyroxene) projection showing the 

distribution of orthopyroxene phenocrysts in the 

r4uanetsi olivine-rich lavas. 

See caption to Figure 13 for a general 

description of this projection. 

data points are as follows 

• 	vaa which contain orthopyroxene phenocryste 

o 	vas which do not contain orthopyroxene 

itenoorysts. 
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FIGURE 18 

(Llivine) projection showing the distribution 

of orthopyroxene phenocrysta in the Nuanetsi olivine-

rich lavas. 

ee caption to Figure i'+ for a general 

description of this projection. 

• 
Q 	.'v&s which do not contain orthopyroxene 

enocryata, 
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phenocrysts cannot be rationally related to any holy confiuration of 

the atmospheric phase boundaries. 	This provides further support for the 

interpretation of the large orthopyroxene phenocrysts as the products of 

a crystallisation event at elevated pressures. 

1-.tmospheric pressure phase relations in natursl phase diagrams, 

therefore, confirm the inherited nature of the orthopyroxeno phenocrysts 

and the observed low pressure phenocryst assemblages are broadly 

consistent with the relation between the rock composition points and the 

phase relations in these natural phase diagrams. However, more definitive 

phase diagrams for the ivanetsi province cannot be drawn until the 

melting relations of a number of the rocks are determined. 

ihase .ielations at levated cressures 

Axperimental determinations in synthetic and natural systems at 

Various elevated pressures up to 40 lb. have given an insight into the 

general features of the phase relations which control the partial 

zelting of ultrabaic mantle material and any subsequent equilibrium 

or fractional crystallisation of the partial melt, i.e. the primary 

magma. 

Lf considerable relevance to the development of the fluanetsi 

picritic mas at elevated pressure is the demonstration that the 

primary phase volume of orthopyroxene expands proressively with pressure 

increase in the range 0 - 15 kb., there being concomitant contractions 

of the olivine and plaioclase primary phase volumes. 

Even before bih pressure experimental work commenced, petrographic 

evidence h:d led several investigators to propose that the 	crystal- 

hisation of hypersthene is favoured over olivine at great depth (great 

pressure'." 	(Yoder :.,.nd Tilley, 1962, p.410). 
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Vogt (1921) and liolmea and Harwood (192) appear to have been 

amongst the first to make such proposals. 	Yoder and Tilley (1962, 

pp. 410413) 6ive a review of the proposals and illustrate tentative 

phase relations in the systems Di-.fo-31u 2  and .n-ro-i62  at 10 kb. 

assuming the En primary phase area has increased at the expense of 

the Fo area. 

In synthetic systems the expansion of the primary phase volume 

of orthopyroxene is implicit in the demonstration, by oyd, ngland 

and Davis (1964), that protoenetatite and enetatite melt condruently 

at pressures in excess of 2-5 kb. 	Yoder (1964), in the join .io-b 

at 9  :b., and ushiro (1t!4), in the system ji-Fo-.i02  at 20 kb., 

provide clear evidence of the expansion of the orthopyroxene primary 

phase volume. 	Yoder, however, at tht time attributed the appearance 

of liuidus orthoyroxene in the join i'O-b to metastable crystal- 

lisation. 	Further confirmation was provided by 1uohiro (196 ) in 

systems involvin' the plagioclase end members 	- Fo - CaAl2  sic 6  - 

(at 20 kb.) and 	'o-e-ic2  (at 10 and 20 kb.). 

In natural basaltic systems the results of Tilley and Yoder 

(1964) and Green and Ringwood (1964) demonstrate analog-us changes. 

The olivine tholeiite nd picrite compositions investi-ated by Green 

and ingwood have olivine as liquidus phase at atmospheric pressure 

but between 10 - 20 kb. pressure orthopyroxene becomes the liquidus 

hsse. 	The divine tholeiite (K 1921) studied by Tilley and Yoder 

has olivine as ljquidus phase at one atmosphere (Tilley, Yoder and 

chairer, 1963)  but no olivine was recorded in the 20 kb* crysu.tllisation 

history. 	ihe primary phase volume of olivine must, therefore, have 

contrcted with increasing pressure. 
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Using these initial results in natural systems, and subseçuent 

results from the Geophysical Laboratory, ;.ashington, 	the epartment 

of Geophysics and Geochemistry, 	U., Canberra and the institute of 

.eophyaics and ilanetary i-hysica, U.C.L..., Lalifornia, C'Eara constructed 

diararna which show the phase relations for natural basic anL ultrabasic 

compositions at various pressures in the range 0 - 30 Ith. (1968a,Figa. 

If - t). 	Q'Rara was encouraged to find that these results, produced 

by different workers using a variety of techniques, were, in General, 

mutually consistent. 

The main features of the projected phase di:rams drawn by Liara 

are, with pressure increase 

the continuous contraction of the olivine primary phase 

volume 

the expansion of the clinopyroxene and orthoyroxene 

primary phase volumes, esjecially the Litter, in the 

range 0 - 20 kb. 

the expansion of a garnet primary phase volume, at the 

expense of all the other volumes at pressures in excess 

of 20 - 25 kb. 

For details of the pressure-induced changes on the phase 

equilibria in natural basic and ultrabasic systems the reader is 

referred to C'hara (19 68a). 

Genesis of the Liivne-urtho .pyrOYeflO ssemblag. 

2he natural phase diagrams constructed by (,'Hara (196&) were 

produced by usin, the same data reduction and projection scheme as has 

been adopted in this study. 	It has been possible, therefore, to 
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transfer the 10 kbe phase boundaries directly from U'llara's 1b• 1  - 6 

to the various projections of livanet8i composition points. 	This has 

been done in 	19 and 20. 

These Figs., and the ortbo.yroxane projection (not shown) 

indicate that at 10 kb. almost all the composition points lie in, or 

close to, the olivine + orthopyroxene + liquid surface, some distance 

from the intersection of this surface with the clinopyroxene primary 

phase volume. Llivine and orthopyroxene would be the first two phases 

to crystallise from these compositions at 10 kb. pressure. Therefore, 

the reltion between the composition points and the likely form of the 

10 kbe phase boundaries is clearly consistent with the rare olivine-

ortnopyroxene megacryst, phenocryst assemblage (identified in ..hapter 3) 

being the product of early crystallisation at ca. 10 kb. 

On the basis of all the available experimental data, in particular 

tI&e results of Green and L- ingwood (1967)9 C'Hara (1968a) has estimated 

that at a pressure around 8 - 10 Ku. the orthopyroxene primary phase 

volume must penetrate the plane of critical silica- undersaturr.tion-

ciinopyroxene-plagioclase olivine . above this pressure hyperathene-

normative compositions can, by fractionatin olivine !id ortliofyro:ene, 

produce nepbeine-norm.-tiVe residual liquids* 

The abeuce of nepheline-normative busalte in the ivanetsi 

&ucesssion could be taken as evidence that the crystallisation of the 

..l1vine-orthopyroxene assemblage took place at pressures less than 

thoLe needed to cross this plane, i.e. at pressures less than 8 - 10 kb. 

different, but valid interpretation, however, is that only ..imited 

fractionation of divine and orthopyroxene took place and as a result 

no extreme diversification of magma compositions occurred during this 



FIGURL 1,9 

AC.YC,2Z02  (linopyroxene) projection showing Fuanetsi 

rock compositions and possible phase relations at 10 kb. 

pressure. 

See caption to Figure 13 for a general description 

of this projection. 

Phase relations at 10 kbo pressure on the surface 

of the olinopyroxene primary phase volume have been taken 

from O'Hara (1968a, Fig. 6h). These are shown by full 

lines. Broken lines represent the phase boundaries at 

1 atmosphere - taken from Figure 13. 

The fields labelled 5? 9  .iLAG, OLIV and O?X correspond 

to the loci of liquid compositions, in the equilibria Spinel + 

Cpx + Liq, Plag + Cpx + Liq, Oliv + Cpx + Liq and Opx + 

Cpx + Liq on the surface of the primary phase volume of 

clinopyroxene at 10 kb. pressure. 

The key to the projected data points is as in the 

captions to Figures 13 - 15. 
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FIGU RE 20 

2YC.O 2  (&livine) projection showing Nuanetsi rock 

compositions and possible phase relations at 10 kbo 

pressure* 

See caption to Figure 14 for a general description 

of this projection, 

Phase relations at 10 kb. pressure on the surface 

of the olivine primary phase volume have been taken from 

O'Hara (1968a, Fig. 44. 	These are shown by full lines. 

Broken lines represent the phase relations at 1 atmosphere - 

taken from Figure 14. 

2he fields labelled SP, PLAG, OPX and CPX 

correspond to the loci of liquid compositions in the 

equilibria Gpinel + Cliv + Liq, slag + Cliv + Liq, Opx + 

Cliv + Liq and Cpx + Cliv + Liq on the surface of the 

olivine primary phase volume at 10 kb. pressure. 

The key to the projected data points is as in the 

captions to Figure 13 - 15. 
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stage of the tnatic development. 

The relatively low contents of h].203  in the 1uanetsi orthopyroxenes - 

1 .5 - 1 .7,. - is also euge3tive of crystallisation at relatively modest 

pressures; compare 
Al. 

0 contents of 4.9 and 5.4,L. in orthopyroxenes 

from the assemblage olivine + orthopyroxene + glass generated at 9 kb. 

and 1270 - 1290 °C in an olivine tholeiite by Green and inwood (1967, 

Table 9)9 	However, in the absence of an A1207-rich coexisting phase1 

such comparisons are difficult. 	The assemblages generated by Green 

and .ingwood may represent a treater degree of crystallisation. 

The abundance of orthopyroxeno phenocrysts in one specimen - 

N-So with 21 orthopyroxene - at first suggested that orthoyroxene 

alone was the precipitating phase during this elevated pressure event* 

however, as has been pointed out by L'Hara (1968a) this is a remote 

posibility in any magma which is the partial melt of an olivine-rich 

peridotite. Lecause the primary phase volume of olivine appears to 

expand continuously with pressure decrease, all ancendia 	nxa; are 

likely to remain in equilibrium with olivine and to precipitte olivine 

at all stages of development, unless olivine has a reaction relationship 

with the liquid - a situation which is realised at pressures of less 

than 2-5 kb. with the onset of the familiar reaction 

divine + liqi.i. 	-- 	thopyroxene. 

Because of this objec 	u . 	crystallisation of orthopyroxene 

alone, selective, or differential fractionation must be involved to 

account for the abundance of phenocrysts in the picrite - bsa1t, -88* 

iaking all the above evidence together, it is concluded that the 

olivine-orthL,roxene megacryst and phenocryet assemblage bears witness 

to the imperfect fractional crystallisation of harzburgite from the 
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ascending ivanetsi picritic Lnagznas at depths of 22 - 30 km. ((-9 ::b.) 

The primitive picritic compositions of the rocics, discussed above, and 

the preservation of the harzbur.itic .tsaemb1e imply that, subsequent 

to the proposed harzburite fractionation event, little dif!erenti.ticn 

took place. delatively rapid ascent of the magmas from depths as great 

as 30 kme is, therefore indicated. 

The role played by intermediate pressure harzburite fractionatiLr. 

in diversifying the magma compositions is discussed below. 

Compositional Variation 

Used as variation diagrams, Figs-13 - 15 demonitrate that olivine 

and orthopyroxene may have exercised considerable control over the 

variation of rock compositions. 	fhe phase equilibrium aspects of 

Fis. 19 and 20 appear to be perfectly consistent with a petroenetic 

scheme which assumes parental or primary picritic magma, of near constant 

composition, was supplied at depthsof 22 - 30 km. and that harzburgite 

fractionation at this depth, together witL some low pressure divine 

fractionation, were responsible for the diversification of the initial 

magma composition* 

toever, such an interpretation i' not consistent with all the 

available evidence. an assessment of the analytical data reveals that 

K and assocLted elements reach their highest concentration at the 

basic end of the trend of composition points in Fig. 19 - the reader 

may recall the intriguing sympathetic relationship between r and 

associated elements and hgO. 	This is demonstrated in Fig. 21, a 

clinopyroxene projection with the K20/Na20 ratios of the rocks added. 

!he concentrations of P 2 059  Ba g  Rb, 6r and Zr in the rocks display 

similar distribution patterns in this projection. 
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(1inopyroxene) projection showing the K 2c/Na20 

ratios of the Nuanetsi olivine-rich lavas. 

See caption to Figure 13 for a general description 

of this projection. 

The data points are as follows  

• 	va with K2 0/lia2O rats > 

0, j,va with K20/Na 20 ratio < . 
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Such a systematic relationship clearly could not result from the 

fractionation of harzburgite alone. 	It icllows, therefore, that, either 

the magmas were not of constant composition prior to te onset of the 

proposed harzburite fractionation at c. 10 kbo pressure but were already 

differentiated in a rational manner, or a further differentiation mechanism, 

for example, the fractionation of a further crystalline phase, occurred 

between the intermediate pressure fractionation of harzburgite and the 

low pressure fractionation of olivine, or during either of theLie 

fractionation events. 

In the followinE two hapters this interesting aspect of the 

compoultional variation is considered in detail and several causal 

mechanisms are proposed and critically discussed. 
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CHAPTER 6 

STATISTIC 	ANALYSIS 

The standard statistical technique of principal component 

analysis has been applied to the chemical analyses of the Nuanetsi 

olivine-rich lavas. 	From the results of this treatment three variation 

diagrams have been constructed - by plotting the first and second 

transformed variables, the first and third transformed variables and 

the second and third transformed variables. 	(ince selected mineral 

analyses are added, these diagrams rovide convincing evidence supporting 

the proposal that the fractionation of olivine and orthopyroxene has 

exercised considerable control on the bulk compositional variation of 

the lavas. 	The statistical analysis also confirmstbat the progressive 

changes in the concentrations of MgO and K and associated elements is an 

important element of the overall variation. 	Although specific conclusions 

cannot be drawn from the transformed variable variation diagrams, they do 

show that this latter aspect of the variation may be the result of the 

fractionation of bimineralic eclogite, phiogopitic mica or amphibole. 

Arirlcipal doztponent analysis 

(i) 	 General 

i-rincipal component analysia i .. standard statistical technique 

which detects the main elements or components of variation in an array 

of data containing m members (e.g. chemical analyses); 	each member 

containing n variables (e.g. oxides). 	J.ach member Of such an array 

of data can be conidered as a point in n-dimensional space - 
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position of the point being defined by n co-ordinates (e.g. oxide 

concentration values) along n axes (e.ge oxide axes). 

In a principal component analysis such a n-dimensional cloud of 

m points in statistically assessed - using a computer - and new, 

or transformed, linear axes are calculated. 	The first, or major, 

transformed axis, by definition accounts for the maximum possible 

variation within the cloud of points - for example, in a 3-dimensional 

analogy, the first transformed axis in a cigar-shaped cloud of data 

points would be close to the major axis of the cloud. 

The second, and subsequent, transformed axes account for increasingly 

smaller proportions of the total variation. 	The transformed axes are all 

mutually perpendicular. 

The orientation of the transformed axes relative to the original 

(oxide) axes is given by eigonvectors. 	These eigenvectors are the 

cosines of the angles between a transformed axis afld each of the original 

axes - in n-dimensional space. 	zAch transformed axis has its 

characteristic set of n eigenvectors, 	A large eigenvector for one 

variable (say, MgC) means that thL transformed axis has an orientation 

in n-dimensions which is, amongst other things, close to the gO axis. 

Following similar reasoning it is obvious that a smell eigenvector 

indicates that the transformed axis is close to being perpendicular to 

the oxide axis. 

It is important to appreciate that this is purely a statistical 

analysis and that the number of significant components of the overall 

variation, or transformed axes, which are detected bears n. direct 

relation to the number nd nature of the individual events or processes 

(e.ge crystal-liquid fractionation events) which have combined to 
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produce the total variation. 	In general, the number of significant 

components of variation will c:rcatly exce I te number of individual 

Lvents causin, variation. 

The transformed variable of each member (chemical analysis) of 

the in member array is the co-ordinate of each of the data points on 

a transformed axis. Transformed variables are calculated by summing 

the products of each original variable (oxide) times the eigenvector of 

that variable (oxide) for the appropriate transformed axis. 

In summary, the principal component analysis identifies the main 

linear elements (transformed xes) of the total variation in an array 

of data and produces co-ordinates of (transformed variables each 

member of the array along each of the transformed axes. 

For a more rigorous description of principal component analysis 

the reader is referred to Kendall (1957) and Cooley and Lohnes (1962). 

Le Maitre (1968) has used this technique in a petrochemical context. 

(ii) 

Because rectilinear, triangular and projected tetrahedral 

variation diagrams all involve the selection or the combination of 

some components dissimilar rock and mineral compositions can appear 

similar, in terms of the variation diagram being used. 	iisleading 

interpretations can be the result of a slavish adherence to the apparent 

relationship between rock compositions in such diagramso 

in general, tasrefore, a principal component LLnaysi8 of the 

variation displayed by an array of rock compositions is advised since 

all the chemical variables can be included, without any combination, in 

this procedure. 
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It was demonstrated in Chapter 5 that one aspect of the variation 

of the bulk composition of the Nuanetsi olivine-rich rocks - the 

sympathetic relationship between MgO and K and associated elements - 

is not apparent in the projected phase diagrams (Figs. 13 - 15). 

Therefore, the application of a principal component ana.ysis to this 

array of chemical datt is especially pertinent. 

computerised principal component analysis was carried out on 

an array of 117 analyses of Nuanetsi basalts and limburgites. 	.r. ReFe 

Cheeney, Grant Institute of Geology, kindly wrote the necessary program. 

Table 27 gives the variance and eigenvectOrs of each of the 

three most significant linear elements, or transformed axes, of the 

bulk composition variation of the 47 chemical analyses. 	The sum of 

the variances indicates that 84 of the total variation can be 

expressed in terms of three transformed axes. 

Bearing in mind that the eigenvectors are the cosines of the 

angles between the transformed axes and the original axes, it is 

obvious that the first transformed axis (T 1 ) is not close to any single 

oxide or trace element axis but hs a rather similar orientation 

(eigenvector) relative to all the original axes. 	The TA  eienvectors 

of i029  L.,O, K20, 25' ib, Sr, Ba g  Cr and Ni are very sin2ila2 - in 

the range -0.22 to -0.29. 	This indicates that the sympathetic 

relationship between these elements and oxides is an important factor 

in the principal component of variation (TA 1 ), which accounts for 5Th 

of the total variation and confirms that this sympathetic relationship 

is statistically very significant. 

Of the origin1 axes, 4029 Fe C 7 T and 1 	are closest to 
2 	 2 

and, if these components are sufficiently abundant in the original 



TABLE 27 

EIGENVECTORS OF PRINCIPAL C0MP0NbNTS 

Variance j2 LjO2 
23 

CaC 

1 	57 0.12 -0.22 0.28 0.15 0.24 -0.26 0.29 0.25 

2 	17, -0.31 -0.22 -0.26 0.26 0.07 0.36 -0.19 -0.30 

3 	9,. -O.fb O.43 -0.05 0.58 0.20 -0.11 0.19 -0.01 

continued 

Variance K 0 
-2- 

P O. 
-2-7 - 

3r 
- 

Ba r 
- 

Cr 
- 

Ni 
- 

1 	57 -0.28 -0.27 -0.25 -0.28 -0.28 -0.29 -0.23 -0.26 

2 	17 -0622 -0.21 -0.23 -0.25 -0.21 -0.21 0.25 0.31 

3 	9 1;1 0.01 0.23 -0.11 0.10 0.02 u.ik -0.24 -u.ok 
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analyses, they are likely to make the largest contributions to the 

co-ordinate, or transformed variable (TV), of each analysis on TA 
20 

iiuilarly, Ti02  and Fe2O3T will tend to make the dominant contributions 

to co-ordinates on TA7 . 

cnce the principal components or major transformed axes, have 

been calculated, the transformed variables of each chemical analysis 

are calculated. 	The end-members of the transformed variables on 

each of the 3 transformed axes are given in Table 2. 

Transformed Variable Variation Diagrams 

since 84 of the total variation displayed by the array of 47 

chemical analyses can be represented in a 3-dimensional diagram, the 

mutually perpendicular axes of which are the 3 principal transformed 

axes, a et of 3 rectilinear variation diagrams is a convenient 

graphical representation of the variation trend. 	Figures 22 - 24 

are such variation diagrams, TV  of each rock composition being plotted 

against TV2 , then TV1  against TV3  nd, finally, TV2  against TV-.. 

In addition to the 47 lava analyses, selected analysed rocks 

and minerals have been added to these diagrams. Transformed variables 

for these minerals were calculated by summing the products of each 

oxide and trace element value times the appropriate eigenvector. These 

additional analyses huve been added to the diagrams in order to assess 

the importance of crystal-liquid fractionation in the generation of 

the trend of lava bulk composition variation. 

In Figs. 22-24  the alignment of the variation trend and the 

relative positions of the mineral ...ompoaiticn points are consistent 



TABLE 28 

RANGE OF TRAI4Si ORMED VARIABLES 

TV  
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FIGURE 22 

TV V. TV transformedvariable variation diagram. 

• 	:.'eTDreseflt8 Nuanetsi olivine-rich lavas - 

number. 

0 	r 	sents selected minerals which are coded 

ä Lollows - 

CLIV - join between 2 magnesian olivines 

OPX - join between 2 magnesian orthopyroxenea 

Amph - amphibole (Aoki and Kushiro, 1968) 

Phlog A - phiogopite (Aoki and Ku8hiro, 1968) 

Phiog C - phlogopite (Carmichael, 1 967) 

	

cl Y 	- eologite (Yoder and Tilley, 1 962) 

	

£cl Is 	- eclogite (Saggerson, 1968) 

Gut - garnet separated from eclogite - Ecl Y 

Cpx - clinopyroxene separated from eclogite Ecl Y. 
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FIGURE 23 

v. TV3  transformed variable variation diagram 

Key as in caption to Figure 22. 
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FIGURE 2 

v. TV 3  transformed variable variation diagram 

Key as in caption to Figure 22. 
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with the proposed fractionation of olivine and orthopyroxene (at 

intermediate pressure) and olivine (at low pressure).:his mineralogical 

control on the variation trend is most obvious in Fig. 22 - a diagram 

which presents 75. of the total variation - but is also shown in the 

other diagrams (Figs. 23 unu ak). 

The orthopyroxenea which hve been plotted in these figures are 

from the bsalts N-88 and N-117 and have compositions of n 90  and 4n 82 

respectively. 	(ne of the olivinea is from the picrite i-22 and has  

the composition 1076$ the other olivine analysis, which gives a 

composition of 10921 was taken from Dear et al (1962a, Table 2, no. 5). 

In an attempt to understand more completely the behaviour of K 

and associated elements in the 1'uanetai olivine-rich lava-s 1  composition 

points representing 2 eclogite nodules in basalt (aggerson, 196c, 

Table 2, no. 9, and Yoder and Tilley, 1962, 'Table 41 9  no. 1) and the 

garnet and clinopyroxene separated from one of these nodules - from 

Salt bake Crater, Oahu, Hawaii (Yoder ..nd Tilley, 19, Table 41, floe. 

2 and 3) - have been added to Figs. 22-24. 	O'Hara and Yoder 19 6 7) 

and O'Hara (1968a) have proposed that the high pressure fractionation 

of bimineralic eclogite from primary and primitive basic magmas plays 

an important role in determining the concentration level and x nd 

associated elements in ba-salts erupted at the arth'a surface. 

The K-bearing mafic phases phiogopite and amphibole are also 

relevant to this aspect of the variation trend. 	.-ccordinly 

composition points representing one amphibole (Aoki and .ushiro, 1966 9  

Table 4 0  no. 1) and two phloopitea (Carmichael, 1967, Table 6; and 

Aoki and Kushiro, 1969 Table 4 1  no. 2) have also been added to the 

variation diagrams (Figs. 22-24). 	The amphibole and the phiogopite 
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reported by Aoki and Kushiro occur in nodular inclusions in the L'reiser 

.oiher alkali basalts and tuffs, ..est Germany. 	The phloopite analysis 

given by Carmichael is the average of 12 individual analyses of 

phiogopites in the K-rich lavas and plugs in the i.eucite iiill, yoming. 

.ince the composition points of phiogopite plot in iigs. 22-24 

at the same and of the vriation trend as two established fractionating 

crystalline phases 	- olivine and orthopyroxene - 	 these variation 

diagrams are considered to be, in general terns, consistent with the 

hypothesis that the fractionation of pblogopite was a further cause of 

differentiation in the evolution of the lav.s. 	!his possibility is 

examined in more detail in the following Chapter. 

The viability of eclogite fractionation as an alternative 

K-enrichment process is difficult to assess in terms of the information 

presented in the transformed variable variation diagrams. 	The stability 

reL.tions of eclogite imply that fractionation of this assemblage must 

be a high pressure event - occurring at pressures in excess of 20 - 

25 kb. 	Any variation trend produced by such high pressure fractionation 

would be modified by aubsequent fractionation - for example, the 

proposed olivine + orthopyroxene fractionation at intermediate pressure. 

iovertheless the general position of eclogite composition points at the 

low-K20 and low K20/Ia20 end of the trend of lava composition points is 

broadly consistent with eclogite fractionation being a significant 

differentiation mechanism. 	As with hlogopite fractionation, further 

aspects of eclogite fractionation will be considered in the following 

chapter. 

Figures 22 - 	chow that, although the amphibole composition 

point is not positioned at an extremity of the variation trend, 



possible differentiation factor leading to the observed vsriation of 

K and associated elements in the trend. Fractionation of olivine 

and/or orthopyroxene after a period of amphibole fractionation would 

tend to produce the relationship between the lava composition points 

and the amphibole composition point in Fig. 229 

The limitations of transformed variable variation diagrams 

(Figs. 22-24) in this situation should be fully appreciated. because 

the compositional variation displayed by these rocks is likely to be 

the result of, perhaps, 2 or 3 fractionation events, the diagrams are 

not competent to specifically identify each fractionating assemblage. 

3y considering bulk compositions alone there is unlikely to be an 

uuiue solution to the relation between rock and mineral composition 

points and minerals other than those plotted in Figs. 22 - 24 could, 

arently, be equally suitable as fractionating phases. Therefore, 

to further investigate the distribution of K and associated elements 

in the Nuanetsi olivine-rich lavas, all petrological and chemical 

aspects of the possible fractionating assemblages must be considered. 

This is done in Chapter 8, along with an assessment of other mechanisms 

leading to K-enrichment. 

In conclusion, this statistical treatment of the variation of 

the lava bulk compositions has confirmed conclusions made in Chapter 

on the basis of natural phase diagrams which have finite compositional 

limits and are, therefore, more restricted. 	The control of olivine 

and orthopyroxene on the variation trend is ain clearly demonstrated. 

On the grounds of bul composition alone, the fractionation of 

phiogopitic mica, eclogite or amphibole are shown by the transformed 
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vriab1e variation diagrams to be possible causes of the rational 

distribution of K and associated elements in the variation trend. 
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CHAPT.R 7 

POTASSIUM AND ASSOCIATED ELEMENTS 

- ENRICHMENT LEVELS 

stimatea are made of the enrichment factors of K and associated 

elements, relative to the average upper mantle composition, which are 

displayed by the Nuanetsi olivine-rich lavae. 

General 

Reference has previously been made to the probable distribution 

of K, and the associated elements F, Rb, Sr, Ba g  Zr, Th, U nd 	., 

in the upper mantle (Chapter 14)• 	Largely rejected by the major silicate 

phases of peridotite, these elements may be principally held in tra:e 

amounts of amphibole (Lambert and yllio, 1968; Oxburgh, 1964) or mica 

(K.uehiro et a,1 9  1967; Yoder and Kushiro, 1969) 0  apatite and zircon. 

The geochemical behaviour of Ti waa also described in Chapter k. 

4Jthough significant amounts of Ti are held in the major silicate phases, 

in basic rocks this element tends to vary sympathetically with K and 

associated elements and, on these grounds, it has been considered as a 

member of this distinctive group, for example, by Green and Ringwood 

(1967). 

Because of this very limited incorporation in the major xziafic 

silicate phases, K and associated elements will passively build up in 

the residual liquid during the fractionation of basic magmas. 

The concentration of K and associated elements in basic rocks 

and magmas, and its implications, were fully considered in recent 
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publications by Engel et al (1965). Green and Ringwood (1967) and 

C'liara (1968a). 	By using the concentration levels of this group of 

elements as a type of fractionation index, Engel et al (1965) proposed 

that the deep oceanic tholeiites, with their characteristic low contents 

of K and associated elements, represent an upper mantle primary magma - 

a proposition which is, however, cpen to strong criticism, see for 

example O'Hara (1968b). 

Levels of nrichment 

In Chapter k the content of K and its associated elements in the 

Nuanetsi olivine-rich rocks was shown to be high relative to the average 

values in olivine tholeiitea. The enrichment of these elements is 

particularly marked when the overall picritic haracter of the lavas is 

taken into consideration - the average content of MgO being 15.3%. 

Before discussing possible causes of the enrichment of K and 

associated elements in the Nuanetsi olivine-rich rocks, a semi-quantitative 

estimate was made of the enrichment levels which these rocks display 

relative to the average iantle composition. 	Ihese enrichment factors 

are presented in Table 29, column 3, 	The derivation of these factors 

is described below. 

In Table 9 the contents of 2i02 , 
112039  Fe203  , MnC, MgC, CaO, 

Na20, Cr, Ni, Ti02  and P 2  0 
 5 in 1:e average mantle peridotite composition 

(column 1) are the valus in the average composition of garnet 

lherzolite nodules in kimberlite (Ito and Kennedy, 19679 Table 1 9  no. 3). 

O'Hara and kercy (1963) have argued that these 4-phase peridotite 

nodules are pieces of the upper mantle which have suffered a minimum 

of primary magma extraction and that they are the best available 

chemical and mineralogical sample of the peridotite in the upper parts 



TItBLL 29 

RICHI'1iNT FMTOR3 I LAVAS 

A verage Mantle 
Iuanetsi 

Olivine-rich i 
Deep Oceanic 

-eridotite Lavs £holeiites 

siO2  +9.7 1.1 49.94 

A1203  2.6 6.91 3.4 17.25 

1e203  T 	7.9 12.5 1,6 9.67 

MnO 0.13 0.15 1.2 0.17 
not 

flgC 1+1. 1+ 13.3 0.37 7028 
applicable 

GaO 1.90 7.68 4.0 11.86 

0.19 1.64 8.6 2.76 

Cr 3100 929 0.30 297 

1i 1950 752 0.39 97 

20 0.014 1.61 115 0.16 11 

:i02  0.2 2.69 13 1.51 7.6 

P205 0.03 0.42 11+ 0.16 5.3 

rib 0.25 33 132 1.2 4.8 

15 859 57 130 8,7 

Ba 3.9 795 202 14 3.6 

12 300 25 95 7.9 

Oxides in wt., ; trace elements in p.p.xn. 

inrichment factor (E) = Conc. of component in basalt/ 

,.;one. of component in average 

mantle. 
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of the arth'a mantle. 	The average composition of j'net lherzolite 

is, unfortunately, based on only k analyses. However, the enrichment 

factors for the major oxides and Cr and Ni are not of critical importance 

in this discussion and the enrichment factors for TiC 2  and P 2  0  5  can be 

checked by an independent method - see below. 

The value of 1(20 reported by Ito and Kennedy in the average 

garnet lherzolits in kimberlite - 0.12, - is not used in Table 29. 

A small amount of contamination of the K20-poor nodules by the volatile-

rich and K2C-rich host kimberlitia fluid would greatly alter the original 

content of 1(20. 	some contamination is indicated by the occurrence of 

secondary serpentine and phiogopite - a primary phase in kixnberlite - 

in garnet iherzolite nodules (Holmes, 1 936; Nixon et al l 1963;  Ito and 

Kennedy, 1967). 

The contents of 1(20, 1b and Sr used in Table 29 for the average 

mantle peridotite are from a recent theoretical estimate of the absolute 

abundance and distribution of these elements in the LArth (Hurley, 1968 a 

and b). 	The data presented by Hurley (1968b) have been modified in 	this 

study by assuming that these elements are absent from the Earth's core. 

As there have been no recent estimates of Ba and Zr in the mantle, 

the figures in Tbble 29 for these elements in the average mantle 

poridotite have been based on the chondritic Earth model. 	Chondritic 

abundances of L  p.p.m. Ba and 10 p.p.m. Zr are indicated by Taylor (1964b, 

Table 1) and by the data of Schmitt et a]. (1964)  respectively. 	The 

figure for hr is a revision of earlier estimates which indicated an 

average chondritic content of 35 p.p.m. (Taylor, 1964b, Table 1). The 

mantle average values in Table 29 were derived from the ohondritic mean 

values by assuming that both elements are absent from the Earth's core 
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and that 33,. of the art1A'8 total Ba and 1.6 of the r are in the crust 

these proportions have been estimated by Taylor (1964b). 

The enrichment factor (i), relative to the average mantle 

peridotite, is given for each oxide and trace element in the Nuanetsi 

lavas in Table 29 9  column 3. 	These figures highlight the contrast 

between the geochemistry in basic rocks of K and associated elements on 

the one hand - the 'incompatible elements' of Ringwood (1966) - and, 

on the other hand, the remaining 'compatible' oxides and elements which 

have enrichment factors in the range 0.30 - 8.6. 

The net chemical results of the processes involved in the generation 

of the Nuanetsi olivine-rich basalts from the upper mantle are : 

Substantial increases in Al, Ca and Na* 

Equivalent decreases in Mg. Cr and Ni. 

inormous increases in the concentration of K and 

associated elements. 

The processes which brought about these chemical changes must include 

partial melting and crystal-liquid fractionation and may also include 

contamination by both mantle and crustal material. 

since the enrichment factors for K and associated elements in the 

Nuanetsi basalts from the basis of the semi-quantitative discussion of 

enrichment processes which follows, it is desirable that there should be 

independent confirmation of their accuracy. The average analysis of a 

small number of deep oceanic tholeiites (Engel et al, 1965; Tatsumoto 

et al, 1965), presented in Table 29,  offers an opportunity for such a 

check. 

Assuming that K and associated elements are characterised by 

highly incompatible behaviour, i.e. distribution coefficients between 
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liquid and solid are in excess of lQ, the liquid formed on the partial 

melting of peridotite will contain almost all the K and associated 

elements in the liquid-solid system. The initial enrichment factors, 

therefore, depend on the degree of melting. 	Subsequent enhancement of 

these initial enrichment factors will be brought about by crystal-liquid 

fractionation and will be directly related to the degree of fractionation. 

In such a closed-system melting-fractionation scheme O'Hara (1968a) has 

estimated that the lowest enrichment otora likely to be :recorded in 

common basalt types at the surface is 89 This assumes advanced partial 

melting - 20'," -  and the minimum of fractionation which is consistent 

with the degrees of bulk compositional evolution displayed by basalts at 

the surface. 

The deep oceanic tholsiite5 have very low contents of K and 

associated elements yet are well-evolved in terms of 'compatible' elements 

(O'Hara, 1968b). 	It is tempting, therefore, to consider that the 

evolution of these basalts represents a close approach to the limiting 

conditions envisaged by O'Hara and it is appropriate to calculate 

enrichment factors for K and associated elements, relative to the assumed 

average mantle composition, for the average deep oceanic tholeiite 

(Table 29 9  column 5), and to compare those with the optimum minimum 

figure of 8. 

The general agreement between the enrichment factors for the deep 

oceanic tholeiite average and the value of 8 predicted by 	 model 

suggests that the average values of K and associated elements in mantle 

peridotite which are used in Table 29 are acceptable estimates of the real 

values. 	It follows, therefore, that the Nuanetsi enrichment factors 

(Table 29, column 3) are reasonably accurate. 
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Jere is an indication in the data in fable 29 that the avere 

mantle Ba content of 399 p.p.me is too high. A value of 1 9 8 p.p.me is 

necessary to raise the deep oceanic thol.iite enrichment factor to 80 

If adopted, this downward revision of the mantle Ba content would raise 

the Nuanetsi enrichment factor from the high value of 202 to the extra-

ordinary value of 455. 

The occurrence of very high K and associated enrichment levels in 

lavas which have also been shown to 	primitive pioritic compositions 

(Chapter 5) emphasises the indep.ndence, or decoupling, of these elements 

from the major oxide composition of baealts. Although Harris (1957) 

drew attention to the likelihood of such behaviour, it is only in recent 

years that there has been widespread appreciation of its significance and 

implications, for example, in publications by Ringwood (1966), Green and 

Ringwood (1967)0  Gast (1968), Griffin and Nurthy (1968b) and O'Hara (1968a) 

Available chemical analyses indicate that deep oceanic tholeiites 

with low or primitive contents of K and associated elements - but 

evolved major oxide compositions - and the Nuanetsi olivine-rich 

tholiites which have high or evolved contents of K and associated elements 

represent the end-members of a spectrum of contents of these elements in 

tholeiitio basalts, 

The independence of K and associated elements from the major oxide 

composition in tholeiitic basalts is also shown by the wide range of K 2  0 

contents displayed by average tholeiitic analyses which have the same MgO 

content, i.e. the same degree of evol ;ion (Jamieson and Clarke, in 

preparation). 

Processes leading to the enrichment of K and associated elements 

in tholeiites, in general, and in the Nuanetsi Lavas, in particular, are 

discussed in the following Chapter. 
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POTAS 1W4 AND ASSOCIATED ELEMENTS 

- EURICIiMENT PROCESSES 

everal enrichment processes of K and associated elements are 

critically discussed. 	The significance of these processes is 

assessed both from a general standpoint and in the specific context 

of the 1uanetsi divine-rich rocks. 

Of the processes considered mantle wall-rock reaction and the 

high pressure fractionation of eclogite from picritic primary magmas 

seem to be the most plausible. Both of these are clearly deep-seated 

processes; they are alO rather oeculative. 	It is difficult, 

therefore, to choose objectively between them. 	However, the 

compositions of the divine-rich rocks suggest that any eclogite 

fractionation during the evolution of the magmas must have taken place 

under very high pressures - ce kO b* 	ixisting experimental 

evi:nce indicates that one possible, and intriguing, result of eclogite 

fractionation under such pressures - which correspond to depths of 

120 - Iko km. - may be an enrichment of both ICO and MgO in residual 

liquids. 

Because of this possible mechanism for si.nultaneously generating 

the recorded MgC - K 2 
 0 relationship, the author proposes a patrogenetic 

model for these rocks which incorporates the fractionation of eclogite 

at ko kb. pressure as an important enrichment process of K and 

associated elements. 
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Introduction 

Before discussing the merits of various petrological processes 

it is pertinent to restate concisely the main featurea of the 

distribution of K and associated elements in the Nuanetsi olivine-

rich lavas * 

The mean contents of K and associated elements in 

17 lavas are very high. Enrichment relative to 

the average mantle composition ranges from 13 times 

to 202 times. 

There are highly significant sympathetic relationships 

between each member of the K and associated group of 

elements and Mg. 

These chemical aspects of the rocks may, or may not, be related. 

The reader may recall (from Chapte:- 1) that Cox et al (1967) 

demonstrated that the high levels of i and associated elements recorded 

in the Nuanetsi olivine-rich rocks are also found, to a lesser degree, 

in all the Karroo basic rocks of ihodeia. 	It was this distinctive 

geochemical character which Cox et al used as a criterion to divide 

the Karroo basic rocks of Louthern tfrica into 2 provinces - the 

Iortbern province having high K, Ii, A', Ba s  6r and r, the outhern 

province with contents of these elements which are lower and which 

closely conform with the tholeiitio average. 

The processes leading to the marked enrichment in the Nuanetsi 

divine-rich rocks appear, therefore, to have operated, albeit on a 

lesser scale, in the generation of the Nuanetsi Upper Baulte and the 

aaalts of adjacent areas in Rhodesia. Therefore, an acceptable 

hypothesis must not be apecifio only to the Nuanetsi olivine-rich rocks, 
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The following processes, which potentially could lead to the 

enrichment of K and associated elements in basic magmas, are now 

discussed, 

Chemioal inhomogeneity in the mantle. 

kartial melting of the mantle. 

(o) Mantle contamination or wall-rock reaction. 

Crystal-liquid fractionation. 

Crustal contamination or iall-rock reaction. 

Volatile transfer, etc. 

Mantle Inhomogeneity 

(i) 	vertical 

Any hypothesis based on model upper wntle which is chemically 

and mineralogica..1y homogeneous is likely to be an oversimplification. 

The mineral assemblage at the beginning of melting varies with depth 

because of P- and T- dependent solid-solution effects. The stabilities 

of mica and amphibole, possible trace constituents, are critically 

de' endent on F, T and volatile content (Kushiro et al, 1967; Lambert 

and iyllie, 1968; Yoder and Kushiro, 1969). 	Therefore, we can 

expect small, but possibly significant, changes in the distribution 

coefficients of elements between solid and liquid. 	For example, 

Dickinson and Hatherton (1967) have considered that a sympathetic 

relationship between the 1(20  content of andesitea and the depth of 

seismic activity in the Benioff tone is a result of distribution 

coefficients between solid peridotite and magma varying with pressure. 

The absolute abundanc 	rid distribution in the cruet and the 

mantle of the radioactive heat-producinG elements K, U and Th is still 

a matter of discussion, cf. Taylor (196a)9 :urey (1968b) and .haw 
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(1968). 	Lowever, there is widespread agreement that the equivalence 

of oceanic and continental heat-flow implies that the heat-producing 

elements in the oceanic mantle are almost totally concentrated in tht 

upper +00 - 700 km. (see, for example, Von Herzen (1967) and Shaw (1968)). 

This proposed upwards concentration is not, however, consistent 

with the enrichment factors relative to average mantle peridotite which 

are shown by deep oceanic tholeiites (Table 29). 	Average mantle 

contents of 0.015 p.p.m. U and 0. 	.p.m. TL (burley, 1966b) and 

the average contants in 6 deep oceanic tholeiites uf 0009 p.p.m. U and 

0.17 	Th (Tataumoto, 1966) give enrichment factors of 6 and 3.2 

respectively - the figure for K is 11 (Table 29). As has been 

pointed out these values are generally consistent with 20% partial 

melting of this average mantle .:'idotite at pressures of 25 - 35 kb. 

and a simple fractionation scheme involving the removal of olivine 

only from the primary magma. 

The contents of K, U and Tb in deep oceanic tholeiites, therefore, 

place a severe restriction on the concentration of these eleienta in 

the zone of magma generation of the upper mantle. 	Values in excess 

of the postulated average mantle concentrations cannot be reconciled 

with the contents in these basalts. 	If the data for U and fh in 

Table 29 are correct, either the model of O'Hara (1968b) is wrong, or 

the upwards concentration of K, U and Th in the upper mantle is much 

less marked than has been assumed. 	The latter is a strong possibility, 

especially If the principal means of heat-transfer in the upper mantle 

is convection rather than conduction. 

In conclusion, it 18 considered that the variations in the 

corntration of and associated elements which are recorded in 

basalts are unlikely to be the direct result of the mantle being 
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vertically iz±omogenous with respect to these elements. 	ny downward 

depletion of K and associated elements is unlikely to be marked in the 

upper 150 km. - the part of the mantle which has been considered to 

be the zone of magma generation by O'Hara and Yoder, (1967),  Furthermore, 

the absolute abundances of K. U end Th in deep oceanic tholeiites do, 

in fact, cast doubts on the proposed marked concentration of these 

elements in the upper-most mantle. 

(ii) Lateral 

Reference has been made above to the widely accepted hypothesis 

that the sub-oceanic upper mantle must be greatly enriched in heat 

producing elements relative to the sub-continental upper mantle* uch 

a geochemical distribution would cause striking inboniogeneity with 

respect to these elements in the zone of magma generation - i.e. down 

to 150 km. depth. 

although the data for trace elements are sparse, there seems to 

be a very close petrochemical similarity between oceanic and continental 

basalta. 	The average analyses of tholeiitic baaalta from these two 

environments, which were calculated by Nanson (1967),are  reproduced in 

Table 30. As has been pointed out by angel et ml (1965), the 

continental average analysis contains more K 2 
 0 than its oceanic 

counterpart. However, MgO is lower and i02  is higher in the 

continental average and it is concluded that the greater part of these 

small differences is due to the higher degree of evolution, or 

differentiation, displayed by continental basalts - a reflection, 

perhaps, of a slower passage through the continent&l crust to the 

iarth's surface. 

Data compiled by Wood (1968 9  Table 33) show that 10 continental 
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TROLEIITIC AVERAGES 

282 

Oceanic Tholeiitea 

iO2 
 49*3 

ho2 
 2.4 

2 03 
14.6 

Fe 203 3.2 

FeO 8. 

}th0 0.17 

1'gC 71 

CaO 10.6 

Na2 0 2.2 

1(20  0.53 

P205  0.26 

946 

Continental £holeiites 

51.5 

1.2 

16.3 

2.8 

7.9 

0.17 

5.9 

9.8 

2.5 

0.86 

0.21 

Data from Hanson (1967, Table IV) 



TABLE 31 

IN PERID0TIE PARIIAL MELTS 

Spine]. Lherzolits Garnet Lherzolite Jib].. Lherzolite 

Degree of 1.2 4.8 10.8 5 10 5 10 

melting 

K]. /i'o 
K]. /Yo Xl /Ko 

K]. /Ko K]. /Ko 
K]. /KO K]. /lto 

K 23 15 9 18 10 16 10 

36 19 9 16 9 18 10 

Sr 17 13 9 17 9 15 10 

Ba 27 17 9 18 9 13 10 

K1/ 	- concentration in the liquid/concentration in the ur elted 

peridotite. 

Data from Gast (1968, Figs. 9 and 11) for spinel ].herzoiite; 	from 

Griffin and Murthy (1968b, Tables 9 1  10 and 13) for garnet and hornblende 

lherzolites. 
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By dopting the contents of K and associated elements in 

selected maf Ic minerals Gast (1968) and Griffin and Kurthy (1968b) 

cculated possible distribution coefficients for K and associated 

elements and considered the behaviour of these elements during the 

partial melting of various model peridotitc assemblages. Data from 

these theoretical studies which give the relative enrichment of K 

and associated elements in the liquid phase after various small degrees 

of partial melting are given in 2abl 31 #  

hile the actual values in Table 31 clearly depend on the 

distribution coefficients adopted, it is obvious that, with 

distribution cot;fficients in the rane 10 - 100 increased melting 

can only effect a dilution of these elements in the primary niaginas* 

hua degrees of melting of mantle peridotite in the realistic 

range of 	- 33 can endow primary magmas with enrichment factors 

for K and associated elements which could, ideally, range from 20 - 3. 

Both harris (1967)  and O'Hara (1968a) have drawn attention to the 

importance of partial melting as an enrichment factor. 

The effect of vurying the degree of partial melting will be 

much less marked for the major oxide bulk composition of primary 

magmas. 	The results of Ito and Kennedy (1967) indicate that, with 

increased melting, in the range 5;. - 33% the primary picritic magma, 

which is produced at 30 kbe from a garnet lherzolite mantle, will be 

progressively enriched in ol and #Z - olivine and orthopyroxene 

being the residual solid phases whei this composition is partially 

malted at 30 kb. 	If subjected only to the simplest fractionation 

scheme of O'Hara (1968a) - polybaric fractionation of olivine - all 

such magmas would be erupted as basalts. These basalta would display 

small but significant variations of major oxide bulk composition but 
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a considerable range of enrichment factors of K and associated 

elements. 

Thus the partial melting of the upper mantle peridot.ite must 

be an important enrichment factor of K and associated elements in 

basalts an variations in the degree of partial melting are a very 

efficient method for varying enrichment factors. 

The relative compositional differences between the average 

Kilauea and Mauna Loa baaalt8 are interpreted as reflecting different 

decrees of partial melting (Table 32). No low pressure fractionation 

scheme, which is plausible in terms of the recorded appearance of 

crystalline pha.es, can account for the major oxide composition and 

the relative concentrations of K and associated elements. 

In the case cl the Nuanetuai olivine-rich tholeiitea, however, 

there is little support for the superficially attractive hypothesis 

that the peculiar geochemistry of the roe-" is largely the result of 

unusually small, but variable, degrees of partial melting of mantle 

periciotite. 	Firstly, it is difficult to envisage the thick and 

voluminous succession of olivine-rich basalts (chapter 1) being the 

result of unusually small degrees of partial melting. £he thick nature 

of the succession and the evidence of relatively rapid ascent of the 

magmas (Chapter 5) indicate a vigorous magmatic event which implies an 

abundance of magma in the zone of generation and in the conduits 

leadin& to the surface. 	Secondly, the sympathetic relationship 

between FgO and K and associated elements (Chapters k and 6) is just 

the reverse of that expected if the variation of enrichment values 

within the suite of rocks was to be the result of variable degrees of 

partial melting in the mantle. 	Increased melting of garnet lberzolite 

at 30 kb. produces primary magmas which are more picritic and which 

have lower enriciuent values of K and associated elements. 



TLBi 	32 

h ilau ea 

KILAI.EA AND -MAUNA--LOA THOLEIITLS 

225 

k9.96% 8.39% 0.54% 0.30 

Mauna Loa 	51.11% 	8.7% 	0.38 	0.24% 

	

Ba 	Sr 	Zr 

	

184 	652 	202 

59 	481 	144 

- from x.acdonald ind Ktsura (1964, Table 9, 

n08.6 and 7). Trace elements in p.p.m., 

from Prinz (19 679 Table Iv). 
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Mantle ,al-Rock Reaction 

Harris (1957) proposed that the industrial metal purification 

'process of zone-refining might be relevant to the genesis of K-rich 

mafic lsvas. In the geological analogy Harris envisaged a body of 

magma (solid + liquid), surrounded by hot wall-rock, ascending by a 

process of solution of mantle peridotite, at the top, and precipitation 

of a peridotitic assemblage, in the lower parts of the magma body. The 

proportions of silicate phases melted und preipitated w..s controlled 

by the phase relations appropriate to the urevailing il and T. During 

such a 	 rind associated elements, with liquid/solid distribution 

coefuiciL: > 1, would be readily incorporated in the melt but the 

silicate preipitate would be almost free of these elements. Hence 

the rnaa would 1iecI1e enriched in tLse elements although the major 

oxide bulk composition changed very little. 

In 1967 Green and Ringwood formulated a more generalised version 

of the zone-refining hypothesis. 	Their wall-rock reaction process 

has much wider application and it was considered by Green and Ringwood 

th,Lt all alkali basalte and some tholeiitee had theirK and associated 

element enrichment factors enhanced by this process. 	Described as 

'solution of low-welting components from the wall-rock and their 

incorporation into the magma' (Green and Ringwood, 1 967, p.173), the 

process is essentially an attempt to achieve equilibrium between the 

magma and the relatively unaltered wall-rock through which it is 

passing. 	It is important to realie that this process is not 

haphazard but is controlled by distribution coefficients and the 

rather obscure phase relations which control the initial stages of the 

partial melting of peridotite - stage I (O'Hara, 1968a). 	The magma 

composition produced after extensive wall-rock reaction would be 
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similar tc that produced by small amount. 	 - of partial 

melting of peridotite. 

he author accepts the principle of mantle wall-rock reaction 

but finds it very difficult to assess the importance of the process. 

The following two pertinent observations have recently been made with 

regard to this pl'OCeSB : 

(L) '... although it might work reasonably well for the 

first batch of magma to - cend through a concrit, it is 

difficult to envisage it workii, with equal or increased 

efficiency for succeeding batches ... 	(O'Hara, 1968a, 

P- 1-1 7)-  

(b) '... the opportunity for enrichment will decrease 

rapidly as small conduits (10 - 100 cm.) coalesce into 

larger channels.' (Gast, 19 6d, p.1081). 

These observations are considered by the author to be very 

reasonable. They imply that reaction between peridotite wall-rock 

and magma may be, in general, of limited importance as a factor giving 

rise to enrichment in K and associated elements. However, the Nuanetsi 

olivine-rich tholeiites display enrichment factors of these elements 

which are exceptionally high when compared with those of other 

tholeiitic rocks. To account for this geochemical feature one can 

invoke either an extremely unusual process or a common process, 

normally of limited importance, which has operated with unusual 

efficiency in the particular case. 

The efficiency of any reaction process between magma and wall-

rock must increase as temperature increases in the zone of magma 

generation and., in particular, its immediate surroundse 	reaction will 
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also be enccuraged if the contacts between magma and the wall-rock are 

penetrative and diffuse. Maximum enhancement of K and associated elements 

might, therefore, be expected to occur by this process if there was a 

thermal high of exceptionally large volume in the upper mantle. Under 

these circumstances there might be a minimal temperature contrast between 

magma and the wall-rock peridotite for considerable distance away from 

the zone of magma generation and the coalescing of small :rna droplets, 

conduits and other bodies might occur at a relatively late stage in the 

evolution of the magma. The occurrence of an unusually large thermal 

high in tho mantle is not inconsistent with the voluminous nature of the 

volcanic products - both the Olivine-rich Group and the Upper Basalte 

in the lNuanetsi rovince. 

Unusually eff ient reaction between magma and peridotite wall-

rock resulting from exceptional phy...ical conditions in the mantle does, 

therefore, seem to be a possible cause of the high contents of K and 

associated elements in the 14uanetsi olivine-rich tholeiites. It is 

difficult, however, tn envisage how this process can account for the 

observed sympathetic reltionship between MgL and K and associated 

elements. 	heverthelesa, it is conceivable that in a relatively hot 

mantle environment at depths corresponding to 25 - 5 kb. pressure the 

efficiency of wall-rock reaction might markedly racreae as the degree 

of partial melting increases. 	Since increased melting of garnet 

lherzolite at 30 kb. pressure produces primary magmas which become 

progressively picritic, this hypothetical relationship could be the 

cause of the observed coherence between MgO and K and associated elements. 

Wall-rock reaction, therefore, is E plausible process of 

enrichment of K and associated elements. 	It is, however, difficult to 

assess on a more quantitative basis. 
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Crystal-Liqu id Fractionation 

The concentration of K 2 
 0 builds up in the residual liquid during 

the low pressure fractionation of tholeiitic magma. 	This is because 

the gabbroic crystlline extract of divine, clinopyroxene and plagioclase 

contains very little K20. 	Wager and Brown (1968 9  Chapter vii) have 

documented this behaviour in the Skaerguard intrusion. However, the 

Nuanetai divine-rich lavas have primitive picritic compositions 

(Chapter 5); 	they have been subjected to minixal low-pressure fraction- 

ation. 	Also it will be recalled that K 2 
 0 and MgO in these rocks are 

sympathetically related. 	Clearly, low pressure fractionation cannot 

have significantly enhanced the 1(20  contents of the olivine-rich rocks. 

In this respect the Nuantsi (.livine-rich Group almost certainly contrasts 

with the well-evolve t,, low-magneaian Upper Basa.ts. 

In their recent papers dealing with basalt origins Green and 

Ringwood (1967),  C'Hara (196) and Ito and Kennedy (1967) have 

demonstrated that during ascent to the Earth's surface the primary 

magmas generated at depths of up to 130 km. must be modified in 

composition by means of crystal-liquid fractionation. Hence magmas 

erupted at the surface are, in general, the end-products of almost 

continuous processes of fractionation and, as a reeLit, their compositions 

may be very different from those of the parental primary magmas. 

Although the details of the basalt evolutionary schemes proposed 

by Green and Ringwood and O'Hara vary considerably in detail, there is 

agreement that the dominant crystalline phases which will fractionate 

during magmatic ascent are olivine, orthoyroxene and clinopyroxene. 

These authors also agree that the passive build up of K and associated 

elements in the liquid, which must accompany such fractionation of mafic 
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crystalline phases, is insufficient to account for the enrichment factors 

of these elements recorded in some tholeiites and in most alkali basalts. 

This led Green and Ringwood to propose that wall-rock reaction (discussed 

above) makes an imortant contribution to the content of K and associated 

elements. 	O'Hara, on the other hand, preferring a closed-system 

evolutionary scheme, considered that petrogenetic models which incorporated 

varying degrees of high pressure fractionation of eclogite from primary 

magmas could account for all the observed enrici.iient factors. 

The possibility that eclogite fractionation has played an important 

role in the evolution of the Nuanetsi divine-rich rocks is discussed 

below, as 1s the fractionation of the K 20-bearing phases amphibole and 

mica. 

(j) Fractionation of mica. 

Bowen (1928) proposed that the fractionation and subsequent 

resorption of biotite in basic magmas might play an important part in 

the development of alkali-rich basic rooks, particularly nepheline basalts, 

leucite basalta, nephelinites and leucitites. 

The sympathetic relationship between K 2 0 and ,C i ti i\uanetsi 

olivine-rich tholelites first suggested to the author that the fraction-

ation of a pblogopitic mica might be, in pert, responsible for the trend 

of compositional variation. 	Typical natural phiogopites contain between 

9 and 11% K 2 
 0 and 18% to 26% MgO (armichael, 1967). 

It must be emphasised that fractionation of phiogopite can account 

only for the variation trend within the suite of rocks and cannot, in 

itself, account for the rlèhneas in K and associated elements of the 

suite - in fact phlogopitc nucleation axd precipitation must be a 

result of the relatively high concentration of 1(20  in the magmas. 

Recent P and T determinations using the phiogopite composition 
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(Yoder and .(uahiro, 1969) have confirmed that the field of phlogopite 

stability extends above 30 kb, and have shown that, in the absence of 

a gas phase, phiogopite is stable to higher temperatures than in the 

presence of a gas. 	In the gas-free system the upper stability limit 

of phlogopite - at which it breaks down to torsterite + liquid - 

passes through 1270 °C at 5 kb. and 1375°C  at 30 kb. 

One result of this increased stability is that, below 25 kb., 

the upper stability limit of phiogopite is locted at temperatures 

which are up to 150 °C above the solidus of a natural garnet peridotite 

(Ito and ennedy, 1967 9  Fig. 1). 	It is conceivable, therefore, that, 

given sufficient E20, phlogopitio mica could nucleate in a K20-rich 

basic magma at temperatures above the solidus of a 4-phase peridotite, 

i.e. in relatively rn-evolved magmas which were still capable of 

producing basaltic magma at the au.iface (O'Hara *  1968a, Fig. 7). 

The upper stability lait of phiogopite is a maximum of 150°C 

above the natural Li--phase peridotite solidus in the pressure range 

5 - 10 kb. 	Considering that phiogopitic mica in a natural K20-rich 

basic system will have stability field which is more restricted, the 

chances of significant phlogopitic mica crystallisation are highest in 

this pressure range. 	ku hypothesis of phiogopitic mica fractionation, 

in addition to olivine and ortbopyroxene (Chapter 5), during an inter-

mediate pressure fractionation event was, therefore, considered. 

This hypothesis of mica - olivine + orthopyroxene fractionation 

is supported- by the positions of the lava compositions relative to the 

appropriate mineral composition points in the transformed variable 

variation diagrams (Figures 22 - 2 1+) and by conventional variation 

diagrams of MgO v. Ba and K 2 0 (iigures 25 and 26). However, the 

following facts are all unfavourable to the hypothesis I 



FIGURE 25 

++ in number. 

In the triangle formed by the plotted positions 

of magnesian olivine (OLIV) and orthopyroxene (QFX) and 

phloopite (PULOG) the heavily shaded area represents the 

most likely necessary crystalline extracts if removal of 

these three phases is the principal cause of magmatic 

variation. 	he lighter shaded areas represent less 

likely, but possible, extracts. 

The 25% phiogopite composition is indicated. 
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FIGURE 26 

MgO V• K20 variation diagram 

• 
 

represents Nuanetai olivine-rich lavae 

- +4 in number. 

In the triangle formed by the plotted positions of 

magnesian olivine (CLIV) and orthopyroxene (OPX) and 

phiogopite (PHLOG) the heavily shaded area represents the 

most lie1y necessary crystalline extracts if removal of 

these three phases is the principal cause of magmatic 

variation. The lighter shaded areas represent less 

likely, but possible, extracts. 

The 505L phiogopite composition is indicated. 
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A close examination of Figures 25 and 26, especially the latter, 

reveals that the necessary crystalline extracts must contain 

large amounts of phiogopite; 	the 60. mica harzburgite required 

to account for the relationship between K 2 
 0 and MgO (Fig. 26) 

seems particularly improbable in vie;. of factor (c), below. 

There is no evidence in the olivine-rich rocks that the magmas 

contained above-average contents of E20. No primary hydrous 

minerals were recorded* ihe average a20 content of the lavas 

is 1.63% but this is closely related to the degree of secondary 

alteration. 	The freshest rocks • enerally contain less than 

0.5) ñ2C. 	Furthermore, the lavas show no marked vesicularity 

which might be due to volatile loss on ruption. 

None of the olivine-rich rooks examined in thin section contained 

mica* Admittedly, on eruption any phlogopitic mica would be 

out of its stability field and would break down to olivine + 

liquid. 	Nevertheless, some relict mica or its pseudoaorph 

might be expects.. 1. 

Considering the platy crystal form of mics the effic1r.cy of 

the fractionation of phlogopite in basic magmas is liciy to 

be very low. 

It 18 concluded that the hypothesis of mica fractionation as the 

cause of some aspects of the variation displayed by the Nuanetai olivine-

rich rocks must be considered to be interesting but improbable. 

() 

Since amphibole is one of the important K20-hearing mafic minerals, 

fractionation of this phase has been considered as a possible cause of 

the compositional varia 1 ion in the olivine-rich rocke. 	The mineral 

analyses compiled by Deer et a]. (1962b) show that while amphiboles can 
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contain up ..o 3,%-)' , 1(20 most contain 0.5 - 1.5. 

The preliminary results of Lambert and ;ylli. (1968) indicate 

that amphibole may be stable under upper mantle conditions of modest 

- and T - i.e. ii kb. and 1,000 °C. 	Under these conditions relatively 

112C-ricb basic magmas might exist. 

However, the plotted position of an amphibole - from a hornblende 

clinopyroxenite inclusion in the lavas of Dreiser •Ieiher, West Germany 

(Aoki and Kushiro, 1968) - in the transformed variable variation 

diagrams (Figs. 22 - 24) is not favourable to amphibole fractionation. 

The amphibole composition point lies in the middle of the trend of rook 

COfllpO8iti011 points, not at one end as would be expected. 

Amongst mafic minerals the K20/a20 ratio of amphiboles is 

relatively high. However, with only a few exceptions the value of this 

ratio is less than 1 - generally 0.25 - I (Deer et al, 1962b). The 

concentrations of Ba g  Rb and r in amphiboles are also relatively high 

(Deer et al l  1962b). The highest values of these trace elements in 

amphiboles appear to be those determined by Wood (1968) in pargasite 

from xenoliths in + alkali-rich rocks - Ba 234 - 396 p.p.m., Rb 

13 - 77 p.p.m. and Sr 274 - 485 p.p.m. 

iiowever, neither the K20/Na20 ratio nor the contents of i 2 O 1  Ba g  

ib and Sr in amphibole are sufficiently high to account for the observed 

trend of rook compositions and it is concluded that the fractionation 

of amphibole has not played a significant role in the development of 

the Nuanetsi picritic magmas. 

(iii) 

As was pointed out in the introduction to this section on crystal 

fractionation 1  at all pressures K (and certain other elements) passively 

build up in the liquid phase during the evolution of basic magmas by 
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fractionation of the major mafia silicate phases. 	Ignoring factors 

such as wall-rock reaction, the K20 content is a rough fractionation 

index of basic magmas. 

Because crystal-liquid fractionatiOr of mafic silicates progres-

sively alters the major element concentration, i.e. the bulk composition, 

of magmas, there must be an upper limit to the degree of fractionation 

(K20 enrichment) which an evolving basic magma can sustain and still 

remain capable of producing tholelitic magma at the surface. Green 

and ingwood (1967) considered this point and concluded that the enrich-

merit factra which could be achieved by partial melting and fractional 

cryatallisation were not high enough to account for the concentrations 

of K and associated elements observed in alkali and tholeiltic basalts. 

This logically led t.es• authors to propose the open-system enrichment 

process of wall-rock reaction which has been discussed above. 	However, 

the conclusions of Green and .ingwood have been challenged. 	O'Hara 

(1968a) considered that the high pressure fractionation of eclogite 

(O'liara and Yoder, 1967) is a process which, if included in a closed-

system petrogenetic model, is capable of producing all the enrichment 

factors displayed by busalts without resorting to open-system processes. 

Experimental research has indicated that the partial melt of 

garnet peridotite at 25 - 140 kb* is a hyperethefle-normative picrite with 

a composition lying close to the garnet-clinopyroXefle join. .ith 

increasing degrees of melting this liquid becomes progressively enriched 

in normative olivine and bypersthene (Ito and Kennedy, 1967;O'Hara, 

1968 1  p.82 and Figs. k - £). 	Because of reaction relationships between 

crystals and liquid .i'liara and Yoder (19c7) have proposed that the frac-

tional crystallisation of a garnet lher$olite partial melt in this 

pressure range will lead to the precipitation of bimineralic eclogite. 
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Th€ evidence of the required reaction relationship between 

orthopyroxene and liquid at the beginning of melting is contained in 

the results of Tilley and Yoder (1964), Davis and schairer (1965), 

Green and Ringwood (1967), Ito a Kennedy (1967) and O'Hara and Yoder 

(1967). 	However, the evidence of the necessary reaction relationship 

between olivine and liquid is less direct. 	O'Hara and Yoder (pp.  102 - 

107) argue that olivin€ is likely to be resorbed in the equilibrium 

which involves garnet, olivine, clinopyroxene and liquid. Liquids 

which fractionate through the + solid phase, 'beginning of melting' 

equilibrium will continue to fractionate, with decreasing temperature, 

in this equilibrium and according to the proposal of O'Hara and Yoder, 

garnet and clinopyroxene will be the only precipitating phases* 

Perhaps the cost important aspect of high pressure eclogite 

fractionation is a fortuitous near-coincidence of the bulk compositions 

of the initial partial melt of garnet lherzolite in the pressure range 

25 - +O kb. (the liquid) and the likely garnet-linopyroxene mixtures 

which will precipitate from this liquid on cooling (the crystalline 

extract)* 	s a result, eclogite fractionation can give rise to 

derivative residual liquids which vary very little in major element 

concentration from the original liquid or magma. Nevertheless, because 

an oclogite crystalline extract contains very mall concentrations of K 

and associated elements, there will be a p.ssive build up of these 

elements in the residual liquids. 	Therefore, enrichment factors of 

K and zasociated elements will change markedly relative to the change of 

major element concentration. 

During a period of high pressure eclogite fractionation the trend 

of residual liquids is likely to be towards highly-alkaline, nepheline-

normative basic compositions. Small amounts of K-rich mafic magma and 
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magma corresponding to the groundmae& of kimberlite are considered by 

O'Hara and Yoder (1967) to be possible products of prolonged eclogite 

fractionation of hyperethene-normative picritic magma at 30 kb. However, 

the attainment of such extrue compositions requires extensive fraction-

ation and is not relevant to tholeiitic basalts. Nith regard to tholeiites 

O'Hara (1968a, p.118) estimates that it mi&ht be possible to double 

enrichment factors in residual magmas before a nepheline normative 

cOlnpO6itiO!1 was reacd. 

Because an eclogite crystalline extract contains significant 

Na20 - held in the omphacitic clinopyroxene - this is one of the few 

fractionation schemes for basic magmas which efficiently discriminates 

between 1a and K. 	in fact, an increasing K 2L/Na20 ratio is probably 

the best index of eclogite fractionation. 	A much more detailed analysis 

of the geochenical aspects of high pressure eclogite fractionation is 

given by C'Eara and Yoder (197 9  pp. 107 - 114). 

Small, but varying, amounts of eclogite frctionation, therefore, 

seem to offer an ideal means of enhancing enrichment factors of K and 

associated elements in such a way that magmas at the surface with broadly 

similar compositions, i.e. tholeiitic basalts, can display greatly 

varying concentrations of K and associated elements. Can eolojite 

fractionation be invoked to account for the high contents of K and 

associated elements, and the high K20/Na20 ratios in the Iuanetsi 

olivine-rich rocks ? 

From the descriptions above and by O'Hara and Yoder (1917) it 

will be obvious that eclogite fractionation in the pressure range of 

25 kb. to 40+ kb cannot commence until a magma has the composition of 

the liquid which is in equilibrium with the 4 solid phases of garnet 

Ihermolite. This composition is, of course, almost immediately achieved 
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during the partial melting of garnet lh.rzolite and is also regained if a 

more advanced partial melt is allowed to cool and to fractionally crystal-

lie.. 	The composition of this 'beginning of melting' liquid exercises 

an important control over th- range of rea. dual magma compositions which 

can be produced by eclogite fractionation because such residual magmas 

are likely to become progressively depleted in normative hypersthene, 

albeit at a slow rate. 	In other words, at a given elevated pressure 

a residual magma from which ecloite has been extracted will be poorer 

in DZ than the initial liquid produced by partially melting garnet 

lherzolita at that pressure. 

Because the Nuanetsi olivine-rich lavas have suffered a minimum 

of low pressure fractionation - which clearly increases hL in tholeiitic 

compositions - the reasoning above has been aplied to this suite in 

an attempt to define the composition of the 'beginnin&. of melting' liquid, 

and hence the pressure, from which the uanetsi parental magmas might 

have evolved by eclogite fractionation. 	the fol --,:)wink, rgument is 

illustrated by means of a diagram (Figure 27). 	This is a section 

(1-11,203 - - 0.2) of the pseudoquaternary system R 2 
 0 3 - - YO - 

O21 projected from the 2YO.40 2  composition point, which wan xtensvely 

used in Chapter 5 to present rock compositions and phase relations. 

In Figure 27 the curve A B C D is the locus of liquid compositions 

which are in equilibrium with the solid phases of natural 4-phase 

peridotites in the pressure range I atmosphere to kO kb. 	The data, 

except the kO kbe composition, have been taken from ('Hara (1968a, Fig. 1+). 

The composition of the kO kb. 'beginning of melting' liquid was approxi-

mately determined by Davis (1964) and i'avis and .ckiirer (19 65) in the 

analogous synthetic system A1 203  - CeO - MgO - Sic2 0 

It Is obvoue from an inspection of Figure 27 that the Nuanetsi 



FIGtJ 	27 

2YC.02  (olivine) projection showing the changing 

composition of paridotite initial partial melts with 

increasing pressure. 

A - B - C - D represents the locus of the 

composition of the 'beginning of melting' liquid in 

equilibrium with k-phase peridotite in the pressure 

range 0 - 1+0 kb. 

The range of composition of the Nuanetal olivine-

rich lavaa is indicated by stippling (pioritee and 

cumulus-enriched types having been excluded)* 

represents the possible composition of the 

initial ec].ogite extract from a picritic primary magma 

according to the hypothesis of O'Hara and Yoder (1967). 

This composition (Z) is derived from a consideration of 

likely clinopyroxene and garnet compositions at high 

pressure (o. 40 kb.) and high temperature (C. 1500°C) 

(O'Hara and Yoder, 1967; O'Hara, 1967). 
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rooks contain more hX  than the 30 kb. critical liquid and it is concluded 

that the parental magmue are unlieely to have undergone eclogite frac-

tionation at this pressure* 	in contrast, however, at 1+0 kb. the relative 

positions in Figure 27 of the Iuanetsi rocks (the residual magmas) and the 

estimated compositions of the 'beginning of Lriting' liquid (the initial 

magma) and binineralic ecloite (the crystalline extract) are consistent 

with an ealogite fractionation event. 

By referring to Figure 27 the reader may care to confirm that any 

fractionation of olivine or harzburgite during the ascent of the magmas 

after eclogite fractionation does not destroy the argument presented 

above. 	In fact, the fractionation of an orthopyroxone-bearin6 assemblage 

strengthens the argument. Low pressure fracti.nation of olivine + 

plagioclase + clinopyroxene does, however, blur the record of high pressure 

eclogito fractionation. 

It is concluded that the compositions of the olivine-rich rocks 

indicate that any eo1oite fractionation which occurred during magmatic 

evolution must have taken place at pressures of c. 1+0  kb. - correspond-

ing to depths of about 130 km. 	This is considerably greater than the 

deptk4 rf magma generation which is generally envisaged and it is certainly 

greater than the 50 - 60 km. depth of magma generation inferred from 

seismic data in Hawaii (atan and Murata, 1960). 

In the transformed variable variation diagrams (Figs. 22-21+) 

the composition points of two eclogite nodules in basalt have been 

plotted, as have the clinopyroxene and garnet separated from one of the 

eclogites. 	.ince these compositions lie at one end of the trend of 

composition points - the low 1(20 end - the hypothesis of eclogite 

fractionation can be considered to receive general support from these 

diagrams. 	However, it must be remembered that some of the variation 



in the trend of rock compositions is the result of olivine tn.i ortho-

pyroxene fractionation - these minerals plotting beyond the other 

end of the trend. 

Having demonstrated te plausibility of eologite fractionation 

at kO kb., it is pertinent to enquire whether this process can account 

for the somewhat enigmatic relationship between MgO and K and associated 

elements which has previously been described; 	in Figure 22 the rocks 

which have compositions plotting furthest from the two eclogites not 

only have high contents of K 2 
 C but have also the highest NgO contents. 

The next part of this discussion is, therefore, an attempt to develop 

petroenetiO schemes which incorporate eclogite fractionation and which 

can account for the sympathetic relationship btween MgO and K and 

associated elements. 

There are two alternative models of magmatic evolution, based on 

high pressure eulogite fractionation, which the author believes can 

account for the sympathetic relationship between }'T( and K and associated 

elements. 	The essential difference between the models is the contrasting 

behaviour of MgO in the residual magmas produced by ecloite fractionation . 

These models are described with the aid of generalised K 2 
 0 V. MgO 

variation diagrams (Figs. 28a and b). 

In Model A it is assumed that the initial or primary magma contains 

slightly less MgO than the eclogite extract* 	Lfter eclogite frtction- 

ation a trend of residual liquids such as A B will be produced. 	In order 

to derive the observed relationship between MgO and 1(20  it is now 

necessary to assume that there is an inverse relationship between the 

degree of high pressure eclogite fractionation and tie degree of the 

polybaric fractionation of olivine i. orthopyroxene which occurs during 

the ascent of the magmas from the site of eclogite fractionation. This 



FIGURE 28 

Hypothetical IlgQ v. K20 variation diagrams 

illustrating the effects of dual fractionation 

schemes involving ecloite fractionation. 

A - B and C - D are variation trends 

resulting from the fractionation of eologite (E) 

and subsequently olivine (0) from an initial 

magma (N). 
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relationship would mean that amongst the range of compositions of magmas 

which reached the surface those most evolved in terms of high pressure 

eclogite fractionation (indexed by increasing K 2 
 0 and K20/Na20) would 

be leant evolved in terms of intermediate preaue actionation of 

olivine 	orthopyroxane (indexed by decreasing ligO), and vice versa. 

In Figure 28a a trend such as C D, which displays the required sympathetic 

relationship, would be produced by the proposed fractionation of olivine 

orthopyroxene during magmatic ascent. 

The required relationship between high and intermediate pressure 

fractionation may not be as improbable as it might appear. The two 

processes could be related to a common factor; the passage of time is 

an obvious example. The efficiency of eclogite fractionation could 

wane with time whilst the efficiency of the polybaric fractionation 

could increase as time passes. 

The alternative scheme of magmatic evolution - Model B - is 

more attractive since it does not rely on an inverse relationship between 

separate fractionation events. 	If the primary, or initial, picritic 

magma, which exists prior to the onset of eclogite fractionation, has 

an MgO content which is greater than the crystalline extract, EgO will 

increa.se in the residual liquids along with K and associated elements. 

In Figure 28b this situation is depicted and a trend of residual 

compositions such as A B would be produced by eclogite fractionation. 

The characteristic Nuanatsi relationship has now been achieved and any 

amount of further fractionation of 1(20—free mafic phases will not 

destroy it. Polybaric fractionation of olivine Z orthopyroxene during 

ascent would produce in Figure 28b the trend C D, which is similar to 

the actual trend of compositions recorded* 

Because this Model does not rely on a sympathetic or antipathetic 
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relationship between two different processes to account for the observed 

MgO - K and associated elements relationship, as do, for example, Model 

A (above) and a scheme involving wall-rock reaction (described in a 

previous section), the author finds it the most appealing of the various 

schemes considered. 	Furthermore, it has already been argued that any 

eologite fractionation must have taken place at considerable pressures - 

C. kO kb. 	Since the initial partial melt of garnet-lharzolite probably 

becomes increasingly rich in normative olivine with pressure increase - 

because of the expansion of the garnet primary phase volume (O'Hara, 

1968a, p.83) - it is quite reasonable to expect that at 40 kb. the 

liquid does contain slightly more MgO than the eclogitic extract as is 

envisaged in Figure 28b. Therefore the relationship between MgC and 

K and associated elements in the Nuanetsi olivine-rich rocks may be an 

inevitable result of the fractionation of eclogite at depths of around 

130 km. 

Finally, before eclogite fractionation is accepted as a plausible 

K enrichment mechanism for these rocks, an attempt must be made to semi-

quantitatively assess a petrogenetic scheme which incorporates eclogite 

fractionation. Is this process competent to account for the exceptionally 

high enrichment factors of K and associated elements in the ZLuanetai 

olivine-rich rocks 2 

During eclogite fractionation at 40 kb, the near-coincidence of 

initial magma and crystalline extract is particularly striking - see 

Figure 27. 	Under these conditions it seems reasonable to propose that 

the Nuanetsi primary magmas were subjected to eclogite fractionation 

which was much more extensive than was considered possible in the evolution 

of tholeiites by O'Hara (1968a, pp. 117-118). 	The general 2 times 

enrichment limit proposed by O'Hara is probably not appropriate to thin 
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case of eclogite fractionation. 	The closer the coincidence between 

initial magma and extract compositions, the higher the maximum enrichment 

values which can be achieved before a nephe].ino normative residual liquid 

is produced. Under these circumstances it is difficult to deny that 

enrichment values of 200 (Ba) might be produced by the combined efforts 

of 5 partial melting, giving enrichment factors of 15 - 20 0  followed 

by extensive eclogite fractionation giving enrichment factors of 8, and 

finally polybaric divine orthopyroxene fractionation which might 

enhance the enrichment factors by 1.3 times. The final enrichment 

factors in this scheme are 160 - 210. 

It is, therefore, concluded that a magmatic evolutionary scheme 

involving extensive eclogite fractionation under unusually high pressure 

conditions - C. 40 kb. - can account for the abunthuaces of K and 

associated elements and the relationship between these elements and 

MgO which are observed in the Nuanetsi olivine-rich rocks. 

Crustal Contamination 

Views on the importance of crustal contamination in the develop-

ment of continental tholeiitic magmas are currently in a considerable 

state of flux. Although crustal contamination of basic magma has been 

largely out of favour with most petrologists as a generally significant 

process, recent determinations of Sr and Pb isotopic ratios in 

continental basalts have been interpreted as evidence in favour of 

interaction between magma and the crustal wall-rook. 

An extreme stand is taken by Engel et al (1965) who have proposed 

that sialic contamination plays an important role, along with crystal-

liquid fractionation and alkali transfer, in the development of typical 

continental tholeiitea from a low-K20 primary magma of the composition 
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of deep octfl1 	o_iiteso iis crut.ü containation ;rooes 

rather poorly defined by Engel at a].. 	However, since Si was included 

amongst the elements (Si g  K, i, Cs, A. Sr, Th and U) which are 

'scavenged ...* from the Walls of crusts]. conduits' (ngel at all p.727) 

the process is rather different from the 8e.Lcive wall-rock reaction 

which was proposed by Green and Ringwood (1967) as an unusual, but 

possible, crustal contamination process. 

Green and Ringwood envisaged crustal wail-rock reaction as an 

extension of mantle wail-rock reaction. 	However, in the sialic crusts]. 

environment Zr, largely held in plagioclRae, does not display 

'incompatible' behaviour. 	Therefore, on the basis of K/Sr and Rb/Sr 

ratios Green and Ringwood (Table 21) distinguish between basalts in 

which the content of K and associated elements is thought to reflect 

mantle wall-rock reaction (low K/Sr and Rb/Zr) and the few tholeiitio 

rocks which they consider have been enriched in these elements in the 

continental crustal environment by reaction processes (high K/Sr and 

Rb/Sr). 	The best examples of tholeiitea with high K/Sr and Rb/Sr 

ratios are the petrochemically distinctive Jurassic dolerites of 

Tasmania and the Farrar dolerites of Antarctica of approximately the 

same age (Ccmpeton at a]. 1968). 	It is of some interest to note 

that the K/Sr and Rb/Sr ratios of the average ]uanetsi olivine-rich 

tholeiite are 16 and 0.01+ respectively. 	These values are typical of 

basalts considered by Green and Ringwood to show only high pressure 

mantle enrichment of K and associated elements. 

Finally, a more subtle reaction between magma and wall-rook has 

been proposed by Pankburst (1969) on the basis of Sr isotopic studies in 

the Caledonian Basic Masses of Inech and Beihelvie in N.E. Scotind. 
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Pankhurst iiows that the sr8 /sr86  ratio of the magma from which these 

layered intrusions crystallised must have undergone an enrichment in 

r8  during differentiation from gabbro to syenite. 	In mach the 

r8 /r86  ratio a.3tematically increases from 0.703 to 0.712. 	Since 

several chemical features of the rocks are claimed to be inconsistent 

with the progressive extraction of K, Ba, r, Rb and Sr from the country 

rock, Fankhurst concluded that some form of isotopic exchange took place 

between the Lr in the magma and the country roc and that this exchange 

did not involve the bulk addition of any element to the magma* 

r8 /r86  ratios in continental basalts, both alkali basalts and 

tholelites, have a slightly higher average than the average in oceanic 

baaalts. Furthermore, the frequency distribution of SrS7/,sr&t) ratio in 

continental basalts ) , as a pronounced positive skew, in contrast to the 

near-Gaussian distribution in oceanic baaalts. These features have 

been taken as evidence of contamination of basaltic magma by sialic 

crustal material (Gast, 1967; Hedge, 1966). An example of this 

actually cornea from the Nuanetsi Igneous Province. Seven specimens 

of basalt, 6 of which are from the Upper Basalts and the basalts inter-

bedded with the overlying rhyolite .xtrusivsa, have markedly variable, 

and rather high Sr8 /Sr86  ratios (0.706 - 09712) (Manton, 1968). This 

feature led Manton to tentatively invoke a 10% contamination of the 

basalt parent magmas with average upper crustal material. 

If of general applicability, the isotopic exchange process 

proposed by Pankhurst (1969) could account for the above features of 

..r /r ratios in conental basalta, which are taken to imply crustal 

contamination, without causing any enhancement of K and associated 

elements. 	An isotopic exchange process might also be applicable to the 
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basic and vitrabasic iertiary rocks of Skye for which the isotopic 

studies of Moorbath and Welke (1968) indicate a significant contribution 

from old crusts.l material to the total Pb in the rooks. 

If the high, and variable r 8 sr86  ratios detected by Manton 

(1968) are also present in the Glivine-rich Group, it may be necessary 

to appeal to an isotopic exchange reaction as envisaged by Panithuret 

( 1 969). 	At present there is only one Sr 87/Sr determination for an 

olivine-rich rock - LM 434 (Table 1 9  and Mantn, 1968 9  fable 2 1  

no. NB-?) - which gives a measured value of 0.707 4 . 

a for K and associated elements in the olivine-rich rocks, the 

rapid ascent of the magmas, especially from depths corresponding to 

c. 7 - 10 kb. pressure, which has previously been considered necessary 

to account for the primitive vicritic compositions of these rocks 

(chapter 5), 18 thought by the author to render unlikely any enhancement 

of these elements by crustal contamination processes. 

Volatile Transfer 

Some petrologist have always held that redistribution of the 

so-called 'pneumatophilic elements' in a magma can occur by solution 

and upward transport of these elements in a gas phase. This process, 

termed 'pneumatolytic differentiation' by iittman (1962), is essentially 

the same as the gaseous transport differentiation mechanism outlined by 

Fenner (1926 ). 	Since Na is considered to be more soluble in a gas 

phase than K, Rittman'a hypothesis is that operation of the process will 

render the upper parts of a differentiating body of basic magma enriched 

in Na20 and the middle and lower portions of the magma relatively 

enriched in K20. 	Recent experimental work by Luth and Tuttle (1967) 

has confirmed that in a gas-silicate melt system Na is more soluble than 
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K in the 	?he. 

Pneumatolytic differentiation, crystal-liquid fractionation and 

limestone assimilation are thought by Rittman (1962) to be the most 

important processt;s in the development of the distinctive K-rich basic 

lavas of the doman province. 

A similar process of 'differentiation by filtration' has recently 

been proposed by Zcarinelli and ?littempergher (1966). In this process 

a volatle-rich magmatic fraction rather than a gas phase is the trans-

porting medium and K is thought to be carried upwards in a magma body 

more efficiently than Na e  

These differentiation processes are envisaged by their proponents 

as operating when a volatile-rich body of magma i8 held near the arth's 

surface in a tectonically stable region. However, there is no evidence 

that the tuanetsi magmas were ever rich in volatilea. 	This fact, and 

the evidence of rapid ascent :f these magmas, lead the author to 

conclude that gaseous - volatile transfer differentiation processes 

have no relevance to Nuanetsi basalt petrogenesis. 

Conclusions 

Of the processes considered as possible causes of the enrichment 

of K and associated elements in the Nuanetsi olivine-rich rocks crustal 

contamination and gaseous - volatile transfer are rejected as being of 

no significance. 	This conclusion also applies to the fractionation 

of the 1C20-bearing mafic phases phiogopite and amphibole. 

While chemical inhomogeneity of the mantle cannot be totally 

rejected the general compositional simila'ity of basaltic lavas all 

over the 	surface does imply a chemicall homogeneous upper mantle. 

iurthermore, to account for the enrichment in K and associated elements, 
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the mantle below the Iuanetsi area during the Jurassic would have to 

have been enriched in just those radioactive heat-producing elements in 

which the sub-continental mantle is predicted to be depleted by many 

models* 

,he degree of melting of the mantle peridotite is clearly a very 

important enrichment process. 	Since high pressure sologite fractionation 

can start only when a primary melt has the composition of a restricted 

partial melt - say 51,c' - a petrogenetic model which involves eclogite 

fractionation automatically incorporates the enrichment factors resulting 

from limited melting. 

Mantle wall-rock reaction is certainly a feasible process of K 

enrichment. However, the sympathetic relationship between MgO and K 

and associated elerne 	is not an obvious result of this process and 

it is necessary to invoke a somewhat speculative increase in the efficiency 

of the reaction as the tempeiture and degree of partial melting increase 

during magma genesis. 

The high pressure fractionation of eclogite from picritic magmas 

is also a rather epeculetive process. As described by O'Hara and Yoder 

(1967) it is potentially a very important mechanism of K enrichment. 

C'Hara (1968a and personal communication) believes that such eclogite 

fractionation not only plays a key role in the production of variable 

contents of K and associated elements in tholeiitic basalts but may 

also be a major factor in the generation of mildly nepheline normative 

magmas which, in turn, give rise to alkali basalt magmas at the Earth's 

surface. 	In the case o u&netsi the rock compositions indicate that 

any eclogite fractionation must have taken place at pressures close to 

40 kb. 	However, as a result of eclogite fractionation at this pressure - 
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corresponding to 130 km. depth - it may be possible to account for 

both the high enrichment factors of K and associated elements and the 

relationship between 14g0 and these elements. 

Because of this possibility of accounting for both of these 

geochemical aspects of the Nuanetsi olivine-rich rocks the author 

favours a petrogen•tic scheme which includes the fractionation of 

eclogite at 120 lkO km. depth. 
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CHAPTER - 

SUMMARY AND CONCLUSIONS 

The data presented in this thesis and the main inferences 

based on these data are summarised. A preferred petrogenetic model 

for the ?uanetai olivine-rich rocks is outlined. 

Summary 

A chemical and mineralogical study of the 6 9 00 fte succession 

of divine-rich rocks in the Nuanetsi Igneous Province has shown that 

The concentration of MgO in the rocks is high, ranging 

from 8,3; to 23.3% in 47 lavas and 114.9% to 26.8% in 9 

hypabyssal piorites; the average content in the lavas is 

15.1;.. 	The rooks are, therefore, picritic, or rich in 

normative olivine. 

All the analysed rocks are silica-saturated; normative 

hyperethene ranges from 12.1% to 7.2%. 

Average contents of K and associated elements in 47 lavas 

are - K 2 0 1.58% 9  Ti02  2.64, P205  0. 141%, Ba 795 p.p.m., 

Rb 33 p.p.w., Sr 859 p.p.m* and Zr 300 p.p.m. 	These 

values, and the K20/ Na20 ratio of 0.98, are exceptionally 

high for tholeiitic rocks. 

There are highly significant positive correlations between 

MgO and each of K20, Ti02 , P205 , Ba, Rb. Sr and 4r# 

There is a marked compositional gap between the olivine-

rich rocks and the overlying Upper Basalts; 	the former 

generally have )lgO contents in excess of 10, while 
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existing analyses of the latter show MgO to be generally 

less than 7. 

(1) The rare, but distinctive, orthopyroxene phenocrysts and 

the very rare olivine niegacryate are appreciably more 

niagnesian than the other phenocryats. 

Conclusions 

The following major COflClU6iOflS are made from an interpretation 

of these data : 

The picritic compositions of the Nuanetsi olivine-rich rocks are 

primitive, i.e. the rocks do not represent tholeiitio magmas 

enriched in cumulus olivine under low pressure conditions, of. 

Hawaiian picritea. 	In fact the picritic magmas appear to have 

undergone very littie differentiation by fractional crystallisation 

in the pressure range 0 - 7 kb. The hypabyssal picrites do, 

however, show some evidence of limited low pressure fractionation. 

It follows from the above conclusion that there is no direct 

genetic relationship between the Olivine-rich Group and the 

overlying Upper Basalta. However, there is clearly a close 

spatial and temporal relationship between the two groups. In 

addition the Upper Basalta show, to a lesser degree, the enrich-

ment in K and associated elements which characterises the 

Olivine-rich Group. 

The orthopyroxene phenooryate and rare olivine megacrysts cannot 

have been in equilibrium with the other phenocryste in the rocks. 

Phase equilibrium considerations indicate that this assemblage 

was inherited from a fractionation event at 7 - 9 kb. pressure. 
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(d) 
	The enrichment of K and associated elements may have resulted, 

in part, from the fractionation of eclogite from pioritic primary 

magmas at preasuresof around 40 kb. - corresponding to depths 

of 120 - 140 km. The assessment of possible enrichment processes 

of these elements was very difficult and rather subjective. 

However, the version of the high pressure eclogite fractionation 

hypothesis (O'Hara and Yoder, 1967), which has been developed 

at some length in Chapter 8, has the advantage over other 

processes of accounting for both the high enrichment factors and 

the sympathetic relationship between MgO and K and associated 

elements. 	For this reason the author favours eclogite 

fractionation over other plausible processes, for example, 

wall-rock reaction. 

.k etrogen.etic Model 

On the basis of the data and conclusions presented above the 

following preferred petrogenetic model for the Nuanetsi olivine-rich 

rocks is offered : 

Partial melting at 120 - lkO km* depth of mantle peridotite 

which has the composition of garnet lherzolite nodules in 

kimberlits. The primary magma produced from such a 

mantle composition at this depth is hyperethene normative 

and picritic. 

Cooling and fractional crystallisation of the primary magmaa 

while they are still near the site of generation. This 

essentially isobaric process will lead to the preoipitatoi 

of bimin.ralio eclogitoe 	tfter extensive eclogite 
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fractionation - sufficient to reduce the volume of the 

residual magmas to 15% - 10% of the original magmatic 

volume - the residual magmas will have compositions which 

are little different from the initial magmas, except that 

K and associated elements will be greatly enhanced. 

Relatively rapid ascent of these well-fractionated magmas 

accompanied by the alight polybaric fractionation of olivine. 

It is anticipated that dT/dP of the magmas during rapid 

ascent will be considerably lees than dT/dP of the relevant 

phase equilibria. Because of this the magmas will be 

unable to change their compositions, by fractionation, at 

a sufficiently fast rate to remain in equilibrium with the 

4-phase peridotite wall-rock. The compositions of the 

magmas under these circumstances will move, relative to the 

phase relations, into the primary phase volume which under-

goes the greatest expansion with pressure drop - the 

olivine primary phase volume. 

A slowing down of the rate of magmatic ascent in the pressure 

range 7 - 9 kb. - corresponding to 23 - 30 km. depth. 

This will allow orthopyroxene to join olivine as a frac-

tionating phase. This short period of harzburgite frac-

tionation is responsible for a further element of the 

overall magma compositional diversification. 

Relatively rapid ascent of the magmas from 23 - 30 km& 

depth to the surface and either eruption or the formation 

of minor near-surface intrusions. This stage of magmatic 

development must be accompanied by very little olivine 
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polybario fractionation. 

(f) Limited accumulation of divine, and possibly clinopyroxene, 

during the crystallisation of the magma which forms the 

hypabyssal intrusions. This fractionation event represents 

a further compositional diversification which is, however, 

largely restricted to the holooryatallin* picritic rocks. 

According to this model the Nuanetsi olivine-rich rocks combine 

a high degree of high pressure fractionation with limited fractionation 

and compositional diversification under intermediate and low pressure 

conditions. 	It is because of this limited low pressure fractionation 

that the chemical and mineralogical evidence of the earlier evolutionary 

history of the magmas is preserved. 	From this evidence it has been 

possible to construct a detailed, but nevertheless speculative, 

evolutionary model £ or the Nuanetsi olivine-rich magmas. 

The relatively rapid ascent of the magmas after a period of 

essentially isobaric fractionation at 120 - ikO km., which is required 

by the model, may seem unlikely. 	It should be borne in mind, however, 

that the olivine-rich rocks probably developed in a rather special 

tectonic environment - just prior to, or during the formation of a 

major downwarp, the Nuanetsi syncline. 

This model adequately accounts for the observed features of the 

olivine-rich rocks of the Nuanetsi Karroo volcanic succession. However, 

several aspects of the model are speculative and further developments 

in petrology, especially high pressure experimental petrology, are 

likely to cause the model to be modified. 	In particular it should be 

possible to prove or disprove the assumptions made about magma 

generation and crystal-liquid fractionation at pressures of around 40 kb. 
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I LATc, 1 

-98 : Ore combs in glassy Olivine Laalt 

x 60. 

JJAT 2 

____ 	Skeletal plagioclase crystals in glassy 

Clivine Basalt. 

x 50. 
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PLATE 3 

i-kOO : 4keletal clinopyroxene microphenocryits 

In Lirnburgite. 

x +5. 

If 

i-IfoO : bkeletal clinopyroxene microphenocryst 

In Limburgite. 

Y,  70. 
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PLATi. 5 

N-190 : i..mbyed olivine phenocryst5 in Limburite. 

x 30. 

6 

I-159 : Orthopyroxene phenocryst in Limburgite. 

x 15. 
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PI-T2 7 

i-88 : jibundant, rounded clusters of orthopyroxene 

jhenocryets in Llivine Basalt. 

Note rim of clinopyroxene with included, 

altered olivine (dark crystals). 

x 5. 

FT 8 

N-105 : 3mall cluster of orthoyroxene phenocrysts 

in 4mburgite. 

Again note rim of clinopyroxene crystals 

separating the orthopyroxene from the 

remainder of the rook. 

x 35. 
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PL-TL 9 

: Orthopyroxene phenocryst in glassy Olivine 

Basalt. 

Overgrowth of single olinopyroxene crystal. 

x 45. 

LL? 10 

anie as Plate 9, but crossed nicols. 

Urthopyroxene in extinction position. 
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PLATE 11 

Orthopyroxene phenocryst in Olivine Basalt. 

Note concentration of small, rounded olivine 

crystals (dark) in, and around, the dma-

pyroxene rim. 

x 12. 

PLATE 12 

N-356 : Olivine megacrysts in Limburpite. 

x 5. 
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PLATh 13 

N-135 : A 1-phenocry8t Limburgite. 

dell-develoed ore combs. 

x 20. 

14 

14-56 : A 1-1 henocryst iimburgite. 

linopyroxene microphenocryta are generally 

skeletal - note axil cavities. 

x 13, 
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PJATL. 15 

I-37 : A typical 2-phenocryst Limburite. 

Clinopyroxene phenocryats are smaller than 

the olivine phenocrysts. 

x 25. 

PLATE 16 

N-399 : A 2-rhenocryst _irnburgite. 

The size contrast between euhedral olivine 

phenocryst and smaller subhedral - anhedral 

clinopyroxene phenocryste is typical of this 

group. 

ko. 
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PLATE 17 

N-I) ; 2-phenocryst Limburgite. 

4t relatively uncommon variety with 

clinopyroxene phenocrycts (clear) 

equal in size to the olivine phenocryets. 

x 15. 

PLATE 18 

N-199 : L 1-phenocryst gictasy Olivine Basalt. 

Groundmass, with dendritic and skeletal 

plagioclase crystals and glass, is fairly 

typical of this group. 	This specimen is 

transitional to a Limburgite. 

x 35. 



17 

- 

As 

: '. 	.k1& 	•J.qt;t( 

lu 



A-I 

APPENDIX 	A 

DESCRIPTIONS OF ANALYSED SPECIMENS 

Petrographic notes and the modal mineralogy of the 56 analysed 

rock specimens are given below. 

The modal data were obtained by counting only 700 - 1200 points 

in one thin section of each specimen and should be considered as 

approximate estimations of the actual modal mineralogy. Modal 

analysis was further complicated by the sparse distribution of large 

phenocryst phases - principally orthopyroxene - and the medium-

fine grain-size of groundmassea* iodal data are expressed as 

volume per cent. 

In the medium-grained holocrystalline rOCICB a sodium cobaltinitrite 

stain preparation  facilitated the identification of alkali feldspar. 

The general locality of each analysed specimen can be obtained 

from the locality reference, below, and Figure 2. Unless otherwise 

stated, the localities are in Nuanetsi District. 

N-i 	 2-henocryst Liinburgite 

j mile West of Gomakwe intrusion, 

Large, anhedral olivine phenocryate which are rather spongy; 

CHAYES, F., 1952. 	Am. t'iner. 37, 337-340. 



m2crophenocrysts of clinopyroxene and olivine; minute acicular and 

granular ore in glass; general appearance suggests the rock has 

undergone slight thermal metamorphism. 

ihen. olive 	17 

hicroph. oily. 	7 

flicroph. cpx. 	23 

Ore 	 11 

Glass 	 42 

c)3 	1-phenocryst LimburLite 

mile .est of Gomakwe intrusion. 

•ubhedral phenocrysts set in a fine-grained, granular matrix; thermally 

metamorphosed; probably transitional to 2-phenocryst limburgite. 

olive 9 

Cpx. 6 

(ire 3 
Matrix 81 

Opx. I 

L-13 

 

03 	 2-phenocryst Liluburgito 
1/oS U4 

21 miles south-west of Gomakwe intrusion. 

Large phenocryste - up to 2 mme in diameter - of olivine (subbedral-

euhedral), clinopyroxene (euhedral) and bladed ore in a glassy matrix 

with a few, small, acicular feldspar and apatite ory8tala; considered 

to be enriched in cumulus olivine. 

Pen. olive 46 
Phen. cpx. 17 

?hen. ore 3 

Glass 30 

Mesostasis 4 

A-2 
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N-15 	1-phenocryat glassy Olivine Basalt 

3 miles i.aat-south-east of i3eacone 

a.mp1e of a k ft. dyke. 	Large, subhedral olivine phenocryate (up 

to 3 mm, in diameter) in a groundmasa of olivine, clinoyroxene, 

skeletal plagioclase lathe and interstitial glass; relatively 

coarse rained. 

.khen. 	oliv. 

uliv. 14 

Cpx. 

Alag. 34 

Glass 14 

Ore 2 

1icrite 

Beacon sill, Beacon. 

Olivine generally lare (up to 3 mm. in diameter); clinopyroxene occurs 

as euhedral, prismatic crystals up to 0.7 rn. in diameter; ore phase 

is translucent and has a bladed habit - probably Kennedyite; 

abundant alkali feldspar in felaic matrix. 

(liv. 29 

.px. 2? 

Alk. 	.ielda. ) 

klag. 38 

Glass ) 

Cre 6 

Apatite 1 
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11-22 	 Picrite 

Beacon sill, Beacon. 

iiolocryataJJine rock with all species except interstitital dJ:a1i 

feldspar and the ore phase for 4ing aubhed.ral grains ca. I mm. in 

diameter; a few bladed to prismatic ore crystals are up to k mm. 

long* 

Oliv. 38 

Cpx. 25 
ieldspar 35 
Ore 2 

Apatite tr. 

N-23 	 Picrite 

becon sill, 13ocon. 

holocrysta.11ine rock with abundant olivine-rounued, ub.cdraJ. crystals 

up to 2 mme in diameter; and clinopyroxene, the latter occurring as 

prismatic crystals up to 3 mm.long; chinopyroxene tends to form 

radiating clusters or rosettes; plagioclase and alkali feldspar are 

interstitial; ore blebs thoroughly opaque and probably titaniferous 

magnetite - cf. -21 and N-22o 

hiV. 42 

Cpx. 32 

Alk. felds. 19 

J1ag. If 

Ore 3 
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N-26 	 1-phenocryst gassy Clivine Basalt 

Beacon. 

.;ample of a 12 - 15 ft. .ast - .est dyke. ulivine phenocryst 5ubecirl-

euhedral, up to 3 mm. in diameter; rare orthopyroxene phenocrysts, up 

to 2 mm* in length and rimmed by clinopyroxene; clinopyroxene and ore 

microphenocryts all in a matrix of glass, fine-grained plagioclase 

and finely comminuted ore granules; has suffered slight thermal 

raetariorphiarn - presumably when the Beacon sill was intruded. 

Cliv. 21 

Cpx. 25 

Ore 7 
Matrix 46 

(/PX. I 

O.o5 kb 	 iicrite 

100 yd. North of Beacon. 

Large, subhedral olivine crystals - up to 3 min. in diameter; 

euhedral clinopyroxene crystals - also up to 3 mm. in length - 

and smaller ore laths and bladed crystals in a fine-grained felic 

groundmass; transitional to a 2-phenocryt ..-'icrite Basalt. 

Oliv. 37 
Cpx. 21 

Ore 

Matrix 3 



I -phenocryst Limburgite 

A-6 

1 mile North of Beacon. 

(.livtne phenocryste are subhedral and up to 1.5 mm. in diameter; 

tabular to prismatic ore and olinopyroxene microhenocryste; abundant 

aoicular clinopyroxene crystals - up to 0.3 nmo long in a colourless-

faint brown glass; transitional to 2-phenocryst Limburite. 

Oliv. 24 

Cpx. 25 

Ore 5 
Matrix 46 

Opx. tr. 

1-phenocryat Limburtite 

1 mile North of Beacon. 

Clivine phenocryets are subhedral and up to 2 nun, in diameter; abundant 

uiorophenocry8ta of clinoyroxene, generally displaying delicate skeletal 

habit; ore dendritic :_td skeletal, frequently occurring in the parallel 

growth habit known 	combs; glass colourless - faint brown. 

Cliv. 25 

Cpx. 22 

Ore 13 

iatrix ko 

-37 	 2-phenocryot Limbur . ite 

2- 1> miles Last of Beacon. 

Sample of an 8 ft. Last - West dyke. 	Clivine phenocrysts - frequently 
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somewhat skeletal, up to 1.5 mm* in diameter - and prismatic, euhedral 

clinoyroxene microphenocrysts in a brown glass; lathlike - bladed ore 

microphenocry3ts; very rare fine-grained, accular plagioclae; one 

cluster of ortopyroxene phenocrysts. 

Cliv. 24 

Cpx. 26 

Cre 	) 
) 

50 
Glass 

Opx tr. 

14O 	gig 1-phenocryst glaGsy Olivine Basalt 

2 -  miles Last of Beacon. 

Clivino phenocrysts are oubbedral and up to 2 mm. in diameter; clino-

pyroxene OCCU3 as Line-grained euhedral, crystals; plagioclase laths 

are subhedral and up to 2.5 nun. long - often with axial holes - and 

polysynthetic twinning is irregular or absent; interstitial glass. 

Cliv. 19 

Cpx. 30 

P1a. 26 

Ore 8 

Glass 17 

Cpx. tr. 

0.I 	 Picrite 

2 miles ast-North-Last of Beacon. 

Somewhat rounded olivine crystals up to 3 mm. in diameter; clinopyroxene 

displays more euhedral habit, and in generally less than 1 mm. long; 
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ore occurs as bladed crystals which are frequently brown and translucent - 

probably Kennedyite; felsic groundmass contains alkali feldspar and 

plagioclase; one large crystal of orthopyroxene with clinopyroxene rim. 

Oliv. 33 
Cpx. 25 
Ore 5 
-1ag. 22 

ilk. folds. 14 

Cpx. tr. 

2-henocryst Limburgite 

mile South-bust of Gonnakwe intrusion. 

Lar1'e euhedral clinopyroxene phenocry'ots - up to 2.5 mm. lone - 

and smaller, rounded olivine phenocryste, together with prisms and 

laths of Kenneclyite - all in a felsic glassy groundmass; transitional 

to a picrite or 2-phenocryst glassy Olivine Basalt; one very large 

orthopyroxene phenocryst (3 mm.). 

Oliv. 31 

t.px. 27 

Cre 3 
I;atrix 38 

Opx. I 

bO 	 2-phenocryst Limburgite 

ij- miles ottbof Gomakwe intrusion. 
P, - (t 

rock very similar to 11-55; the fresh, euhedral clinopyroxene phenocrysts 

contrast with the more rounded, smaller olivine phenocrysts, which show 
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some alteration to a red iddingsitic product; very fine-grained, 

aoicular laths of plagioclase, often with a fluxion orientation, 

occur in the glassy groundmass; enrichment in cumulus olivine, and 

possibly clinopyroxene suspected. 

Oliv. 39 
Cpx. '16 

Ore 

Matrix 1+1 

l-72 	 2-phenocryst glassy Picrlte-Basalt 

2 miles florth-,iest of Gomakwe intrusion. 

Large (up to 3 mm. in diameter) phenocrysts of irregularly shaped 

olivine; clinopyroxene phenocrysts much smaller (ca. 0.5 mm. long) and 

are prismatic - lathlike; large single crystals of orthopyroxene and 

clusters, all with marginal clinopyroxene rim; glassy Croundmaas with 

abundant small plagioclaue laths, many of which are acicular. 

Oliv. 29 

Cpx. 22 

Ore k 
) Ping. 	
) 4.3 

Matrix 	) 

Opx. 2 

N-76 	
, 	

1-phenocryst Limburite 

I mileSouth-outh-west of Gornakwe intrusion. 

ltivey bunLnt orthojyroxene Thenc.crto - one OL LciL i 'J Zflfll. 

long - which are invariably rimmed by clinoyroxene; one large 
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irregular olivine crystal which is & nun, by 3 mm., is considered to be 

an inherited megacryat; 	the olivine phenocryats are rounded, up to 

1.5 	. in diameter, and somewhat altered; 	these, together with small, 

euhedral clinojyroxene microhenocrysts and bladed ore crystal&, up to 

1 0 5 mm e  long, are set in a glassy matrix along with considerable acicular 

jlagioclaoe; transitional to a 1-phenooryst glassy Olivine 3aalt. 

Cliv. 39 
Cpx. 17 

Ore 

Matrix 36 

Qpx. 4 

179 	 2-phenocryst Clivine Basalt 

4 miles outh-.outh-aat of Qomakwe intrusion. 

-.ubhedral olivine phenocryst 	- up to 1 mm. in diameter - and rare 

clinopyroxene phenocrysts in a groundniaaa of granular clinopyroxene and 

olivine, plagioclase laths, anhedral ore grains and glass; intorsertal 

texture; relatively coarse-grained. 

Phen. oliv. 	15 

Phene cpx* 	tr. 

hatrix 	 85 

-84 	 1-phenocryst glassy Olivine Basalt 

1+ miles outh-ast of 3oinkwe intrusion. 

ielatively infrequent subhedral - euheth'al olivine phenocryats - up 

to 1 mm* in diameter; granular clinopyroxene, skeletal and dend.ritic 

ore and elongate, skeletal plagioclase laths, with axial cavities and 
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which are up to 1.5 mm. long; all set in a glassy base. 

.hen. oliv. 	7 

Matrix 	 93 

	

1,-88 	 1-phenocry&3t Clivine Basalt 

5 miles Jouth-ast of Gomakwe intrusion. 

A relatively coarse-grained rock with only small patches of interstitial 

glass and mesoetasis; abundant large orthopyroxene phenocrysta (up to 

7 mme long), all of which are surrounded by clinopyroxene rims; altered 

divine microrhenocryate (up to 1 mns in diameter), r.lier olivine 

crystals, clinopyroxene prisms, plagioclase laths and lathe of ore 

constitute the matrix. 

I-hen. oily. 	5 
Matrix 	 74 

Opx. 	 21 

	

-69 	(4 	1-phenocryat Llivine Basalt 

5 miles outh-..ast of Gom;e intrusion. 

i. rare basalt type containing occasional microphenocryste of olivine 

and very sparse orthopyrcxene phenocrysts in a groundmaes of subhedrs.]. - 

anhedral clinopyroxene, ore and stubby plagioclase laths; a pronounced 

sub-ophitic relationship between clinopyroxene and plagioclase is a 

prominent feature; no modal analysis as distinction between 

microphenocrysts and groundmaas crystals is very slight. 
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Pic rite 

5 miles South-ast of Gomakwe intrusion. 

..ample of a prominent Last - West dyke, 100 ydas wide, 	thorouh.ly 

mafic holocrystalline rock composed of abundant subhedral olivine 

(up to 2 mm, in diameter), clinopyroxene, orthopyroxene and ore - 

probably iennedyite - in an interstitial broundmass of plagioclase 

lathe (up to I mm, long) and anhedral alkali feldspar; the ortho- 

pyroxezo is not rimmed by clinoyroxene and forms subhedral prismatic 

crystals up to 3 mm. long. 

Oliv. 48 

Cpx. 15 

Opx. k 

Ore 2 

eldspar 31 

1\-91 	 2-phenocryst glassy Olivine Basalt 

5 miles.outh-iaat of Gomakwe intrusion. 

Microphenocrysts of euhedral - subhedral olivine and clinopyroxene 

(always less than 1.5 mm. maximum dimension); relatively abundant 

small orthopyroxene phenocryata with characteristic clinopyroxene 

rim; clinopyroxene micropheriocrysts tend to form clusters; around-

mass of plagioclase laths, granular clinopyroxene, ore and glass. 

Cliv. 19 

Cpx. 23 

(.)re B 

Flag. 26 

Glass 21 

Opx. 3 
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Pjcr it e 

5 miles South-East of Goakwe intrusion* 

holocrystalline aggregate of rounded - aubhedral olivine, subhedral 

clinopyroxene and plagioclase, euhed.ral Kennedyite laths and prison; 

alkali feldspar rare and interstitial; one remnant crystal of ortho-

pyroxene surrounded by a cluster of olinopyroxene prisms was noted. 

Oliv. 36 

Cpx. 27 

25 

A.lk. felds. 8 

Ore 3 
Cpx. tr. 

2-phenocryst Limburgite 
S 

50 yards South of Gomakwe intrusion, 

.
"

L thermally metamorphosed assemblage consisting of anhedral, oxidised, 

olivine phonocrysts and a few aubbedral clinopyroxene and orthoyroxene 

phenocrysts all in a dense groundmaes with abundant, fine-grained, 

granular ore. 

LaljV. 9 
Cpx. 5 
Matrix 64 

Opx 2 

i,-102 	 3-phenocryst Clivine Basalt 

kO yards South-Last of Gomakwe intrusion. 

Small (lees than 1 mm.) phenocrysts of oxidised olivine, subh.edral 
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clinopyroxene and euhedral plagioclase laths in an extremely fine-

trained groundmasa of granular ore, felsic materiai and clino?yroxene 

cne prominent cluster of orthopyroxene; has clearly suffered thermal 

metamorphism* 

Guy. 10 

Cpx. 9 

Pla. 1 

•:atrix 77 

Cpx. 3 

11-105 	 2-phenocryst Limburgite 

2 miles ,ast-.outh-East of Beacon* 

iicrophenocryste of euhodral - subhedral olivine and clinoyroxene 

and combs of ore in a brown translucent glass; rnicrophenocryts are 

always less than 1 min. in diameter and averige 0.3 mm.; rare 

orthopyroxene phenocryst3. 

Lliv. 18 

Cpx. 29 

Ore 9 

Glass 44 

Opx. tr. 

11-113 	2-phenocryst glassy Olivine Basalt 

miles 11orth-..ost of Chikombedzi. 

ubhedral microphenocrysts of olivine and clinopyroxene, skeletal and 

dendritic ore and rare orthopyroxene phenocrysta in a matrix of long 

acicular plagioclaie crystals (up to 2 mm. long) and glass. 



Cdliv. 18 

Cpx. 25 

Ore 6 

Matrix 51 

Opx. tr. 

H-117 	 1-2henocryst Classy Olivine Baealt
1.05 

6 miles iorti-'eet of Chikoinbedzi. 

Large, eubhedral olivine phenocryats - up to 2.5 mme in diameter - 

in a matrix of granular, subhedral olinopyroxene, quenched pla:ioolase 

crystals - up to 1.5 mm. long and frequently with axial cavities - 

ore and glass; relatively abundant large orthopyroxene phenocrysts 

with clinopyroxene rims. 

i-hen. oliv. 5 

Matrix 69 

Cpx. 6 

N-126 	 2-phenocryst glassy Clivine Basalt 

j .iles South-.outh-.est of 3eacon. 

SubhecLral phenocrysts of olivine - up to 1.5 mm. in diameter - and 

smaller, microphenocrysts of subhedral olinoyroxene; the rare remnants 

of orthopyroxene phonocryats are surrounded by large, euhedral olino-

pyroxene phenocrysts - up to 6 mm. long - displaying polysynthetic 

twinning; acicular plagioclase crystals in the glassy groundmaszs are 

up to 2 mm. long. 

Oliv. 	 19 

Cpx. 	 2k 
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Ore 	 1+ 
• 	 ) A-lag. 

Glass 	) 	52 

Opx. 	 I 

11-133 	 1-phenocryst glassy icrite-Basalt 

14 miles .outh of Beacon. 

Large pnenocrysts - up to 2 nun. in diameter - of subhedral - 

rounded olivine; bladed crystals of Kennedyite attain lengths of 

2 mm.; matrix consists of subhedral olinopyroxene and fine-grinod 

plagioclase laths in interstitial alkali feldspar; rare acicular 

apatite. 

Lliv. 34 

(ipx. 24 

Feldsr A 

Apatite tr. 

Ore 3 

1-phenocryst iirnburite 

4 miles outh of Beacon. 

Large euhodral phenocryats of olivine - up to 3 nm* long; granular 

microphenocrysts of olivine and clinopyroxene and combs of ore; 

reddish-brown glass. 

rhen. oliv. 	22 

I'icroph. oliv.) 

Jicroph. cpx. 3 
Glass ) 

46 
Ore 	) 

I.e80st3siL 	4 
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14-149 	 2-phenocryst Olivine Basalt 

3 miles East of Beacon. 

ubbed.ral olivine phenoorysts up to 1.5 mm6 in diameter; uuhedral 

clinoyroxene phenocrysts display polyaynthetic twinning and are 

associated itl the rare orthopyroxane phenocrysta; the Eroundmass 

consists of cranur clinopyroxene, ore combs, plagiocLse laths 

and interstitial glass. 

C;Liv. 16 

Cpx. 0 

Natrix 78 

Cpx. tr. 

11-160 	2-phenocryet glassy Glivine Basalt 

2 miles 	-rtii-',eat of Gomakwe intrusion. 

k-robably a sample of a dyke. ubhedral olivine pheocrysts - up to 

1.5 mm, in diameter - and euhedral clinopyroxene phenocrysts of 

similar dimensions; the clinopyroxenes tend to form clusters around 

the remnant cores of orthopyroxefle henocrysts; small, euhedral 

plagioclase lathe - up to 0.3 mm. long - in a dark brown - black 

glass. 

Oliv. 22 

Cpx. 18 

Plag. 14 

Glass. 46 

Opx. tr. 
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N-163 	 Picrodolerite 

Chitea intrusion. 

A holocrystalline rock with an average grain-size of 0.3 mm.; 

olivine crystals are subhedral and larger than average; plagioclase 

forms ataut laths and prisms, some of which are totally enclosed in 

the relatively abundant orthopyroxene, most of which appears to be 

in equilibrium with the rest of the assemblage. 

Olive 13 

Cpx. 28 

Cpx. 15 

Flag. 35 

]k. folds. 3 

Ore S 

11-1E7 	 2-phenocryst Olivine Basalt 

8 milesSouth-South-West of Chitea intrusion. 

Clinopyroxene phenocrysta occur as single euhedral crystals - up 

to 1 mm. long - and as aggregates of several crystals which are 

surrounding the remnant cores of orthopyroxene phenocryste; olivine 

phenocryats are smaller and generally are altered to a green product; 

the relatively coarse-grained matrix consists of clinopyroxene, ore, 

plagioolaas laths and some interstitial glass. 

Cliv. 19 

Phone cpx. 20 

Cpx. 11 

Flag. 33 

Glass 9 

Cre S 
Opx. 3 
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N-190 	 1-phenocryst Liniburgite 

10 miles South-;eat of Chilonga's. 

Anhedral olivine phenocryats, many with cavities and amoeboid habit - 

up to 1 mme in diameter; very small clinopyroxene aicrophenocryste 

and ore combs in a brown glass. 

Cliv. 	 23 

Cpx. 	 21 

Glass 	) 	56 
) Ore 

	

N-225 	 1-phenocryst Olivine Basalt 
O' 	k. 

42 milesSouth-Last of Chilonga's. 

Small, rounded divine pbenocrysts in a groundmass of granular clino-

pyroxene, olivine (rather altered), plagioclase laths, ore and glass; 

almost aphyric. 

Phon. oliv. k 

Cliv. 10 

Cpx. 36 

Matrix 50 

N-231 	1-phenocryst glassy }icrite-Basalt 
O 

10 miles South-East of Chilonga's. 

£ubhedral olivine phenocrysts - somewhat altered - and micro-

phenocrysts of aubhedral - anhed.ral clinopyroxene in matrix of ore 

combs, acicular plagioclase with a quenched appearance and brown glass. 
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Oliv. 29 

Cpx. 17 

Matrix 54 

N-245 	J.L o 	1-phonocryst Clivine Basalt 

pj- miles East -North-East of Chitea intrusion. 

Rare, rounded olivine phenocrysts - up to 1 mm, in diameter; 

even-grained groundmass of granular olivine and clinopyroxene, 

plagioclase laths, ore and glass; intersertal texture. 

Phen. oily. 

Cliv. 11 

Cpx. 20 

Rest 65 

Opx. tr. 

N-555 	 2-henocryst glassy Clivine Basalt 

Beside railway at base of volcanic succession. 

Abundant small phanocrysta of euhedral clinopyroxene and subhedral 

olivine; maximum p}i.nocryet size 1 mm.; clinopyroxene phenocryste 

occasionally form clusters; groundmass of smaller, anhedral olivine 

and clinopyroxene crystals, plagioclase laths - often with axial 

cavities - ore and glass. 

OUv. 20 

Cpx. 29 

Plag. 23 
Glass 22 

Ore 6 

Opx. tr. 
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]-356 	01 0 	1-phenocryst Limburgite 

j mile East of railway at base of volcanic succession. 

Large, euhed.ral olivine megacryats up to m. by 1+  mme contrast 

with aubhedral olivine phenocrysts which ax*  up to 1 mm, in diameter; 

subhedral microphenocryste of clinopyroxene and needles of ore, all 

in a clear glass. 

Negacryst. oliv. 7 
Phen. oliv. 22 

Cpx. 17 

Glass  

Ore 6 

Opx. tr. 

11-357 	0.0 	2-phenocryst Limburgite 

1 mile North-East of railway at base of volcanic succession. 

3 ubhedral phenocrysts of olivine and clinopyroxene in a dense fine-

grained groundmaes; a thermally metamorphosed sample. 

Oliv. 14 

Cpx. 6 

Matrix 80 

N-361 	 1-phenocryst Clivine Basalt 

7 miles North-North-Last of Chikombedzi. 

Subhedral olivine phenocryata up to 1 mm, in diameter; groundmaae 

very fine-grained and consists of granular clinopyroxane and olivine, 

ore and elongate plagioclase crystals - many of which have axial 
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cavities. 

Phone olive 	5 

Rest 	 95 

N-364 	 Picrodolerite 

61 miles North-North-mast of Chikombedzi. 

A relatively coarse-grained, holocryetalline rook consisting of 

olivine, clinopyroxene, plagioclase, ore and orthopyroxene; 	the 

subhedral orthopyroxene crystals lack a clinopyroxene rim and marginally 

they poikilitically enclose small plagioclase laths; they appear, 

therefore, to be in equilibrium with the assemblage. 

olive 	 18 

Cpx. 	 26 

Opx. 	 13 

Plag. 	 36 

Ore 	 2 

Nesostasis 	I 

N-399 	 2-phenocryat Limburite 

3 miles South-West of Chilembeni intrusion, 

uhedral - subbedral olivine phenocrysta - up to 0.7 mme in diameter; 

and smaller subhedral clinopyroxene phenocrysts in a dense brown glass; 

imperfect development of ore combs. 

Olive 	 20 

Cpx, 	 26 

Glass ) 54 
) Ore 
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N-400 	 1-pheriocryst Limburgite 

3 miles South-West of Chilembeni intrusion. 

Subhedral - euhedra.l olivine phenoorysts, small clinopyroxene aigro-

phenocryats displaying skeletal habit and ore combs in a dark brown 

glass; very rare orthopyrox.ne phenoorysts surrounded by clinopyroxene. 

Qliv. 29 

Cpx. 20 

Glass 
49 

Ore 	) 

Opx. tr. 

N-405 	2-phenocryst glassy Olivine Basalt 

2 miles North of Davata. 

Phenocrysta of subhedral clinopyroxene (up to 2 mm. long) and olivine 

(generally less than 1 mm. in diameter); groundmaaa consists of 

subhedral - anhed.ral clinopyroxene, rounded olivine, plagioclase laths 

with a highly quenched aspect, ore combs and interstitial glass. 

Phan. olive 4 

Phone cpx. I 

Clive 15 

Gpx. 28 

Plag. 25 

Glass 18 

Ore 9 

N-406 	1-phenocryst glassy Olivine Basalt 

2 miles North of L)avata. 

Small, subhedral phenocrysts of olivine (up to 0.8 mm, in diameter); 
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very sparse small clinopyroxene phenocryste; groundmasa of olivine, 

clinopyroxene, well developed ore combs, plagioclase with axial 

cavities and interstitial glass; transitional to 2-phenocryst type. 

Phen. oliv. 10 

Cliv. 8 
Cpx. 27 

Plag. 30 

Glass 13 

Ore 12 

1-phenocryst glassy -icrite-Basalt 

Chikwarakwara, Beitbridge District. 

Somewhat rounded and marginally altered olivine phenooryste - up 

to 1 mm. in diameter; prismatic clinopyroxene microphenocrysts, 

relatively rare olivine inicrophenocrysta and elongate blades of ore, 

all in a matrix of small felted plagioclace laths in glass. 

Cliv. 35 
Cpx. 20 

Matrix 38 

Ore 7 

I41+2 	 1-phenocryst Olivine Basalt 

Chikwarakwara, Beitbridge District. 

Subhedral olivine phenooryste (up to 1 mm, in diameter) in a ground-

mane of rounded olivine crystals, laths of clinopyroxene, plagioclase 

and ore and interstitial brown glass. 
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Phan. oliv. 	12 

est 	 88 

N-462 	 2-phenocryst Limburgite 

200 yards North-West of Chilembeni intrusion margin. 

Phenocrysta of olivine and clinopyroxene (up to 1 mm. in size) and 

elongate bladed ore crystals in a groundmass of dendritic ore, 

minute felted plagioclase laths and clear glass. 

Olive 29 

Cpx. 20 

Matrix 147 

Ore 

N-517 	 1-pbenocrystLimburgite 

aj miles South-est of Gomakwe intrusion. 

Large, ouhedral phenocryata of olivine, which are marginally altered 

to a dark brown product, in a groundmaas of prismatic and granular 

crystals of clinopyroxene, acioular and lathlike ore and glass; rare 

orthopyroxene pLenocryata with characteristic clinopyroxene rim. 

Phan. oily, 31 

Cpx. 23 

Glass 39 
Ore 7 
Opx. tr. 
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N-519 	 3-henocryst Olivine Basalt 

3 miles East of Beacon. 

A sample of a 12 fto wide dyke. Subhedral olivine phenocrysts - up 

to 1 mm. in diameter - 	 smaller alinopyroxene phenocrysta, occurring 

in clusters, and very rare plagioclase phenocrysta up to I mme in 

length; groundmaea of plagioclase laths, clinopyroxene, ore combs and 

brown glass. 

Phen. oliv. 9 

Phen. cpx. I 

Phens p1mg. tr. 

Rest 90 

KC-204 	1-thenocry5t glassy Olivine Basalt 

Exact locality unknown. 

Large phenocrysta of subhedral olivine (up to 3 mm. long); micro-

phenocryz3ts of prismatic olinopyroxene and bladed ore crystals in a 

groundmaaa of glass, alkali feldspar and plagioclase; orthopyroxene 

phenocrysts witb distinctive clinopyroxene rim relatively abundant. 

Oliv. 21 

Cpx. 28 

Feldspar 
43 Glass 

Ore 5 
Opx. 3 
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APFN D I X B 

MET}IOL)3 

The chemical analyses which form the basis of this thesis were 

among the first carried out by X-ray emission spectrographic techniques 

in the Grant Institute of Geology. ;.coordingly an attempt has been 

made to establish the accuracy and precision of the analytical methods. 

After an assessment of the results proposals are made which, if adopted, 

should improve the precision of the method. 

ruskiing and Grinding  

.Rock samples selected for chemical analysis were first scrubbed 

with a hard brush and washed with deionised water. The samples, which 

had weights in the range 500 - 2 9 000 g., were then broken into pieces 

of maximum dimension c. 5 cm by a 'Cutrock' hydraulic rock splitter. 

Care was taken at this stage to remove, with a hard toothbrush, any 

smears of steel from the rock pieces. 	By using a manually operated 

tungsten carbide pestle and plate these pieces were broken down to 

smaller pieces of maximum dimension 2 cm. A grab sample of the 

smaller pieces, generally weihing E. kOO g., was reduced to - 10 mesh 

by passing it through a case-hardened steel roller-mill - similar to 

that described and illustrated by dager and Brown (19 6C, p.13 and Fig.3). 

A random fraction (0.1 - 0.33) of this coarse powder was finally 

reduced to - 125 mesh size in an automatic agate mortar and pestle. 

Before analysis this powder was dried at 110 ° C for 24 hours. 

During crushing and grinding some contamination of the samples 

must have occurred. 	Fe, Cr and Mn are the main contaminants from 
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the 'Cutrock' hydraulic splitter and the roller-mill, 4 and Co from the 

cemented tungsten carbide pestle and plate and Si from the agate mortar. 

Initially the roller-mill was considered to be the major source of 

contamination and the following dual grinding experiment was devised. 

Two samples, N-357 and IL-190, were each split into two parts 

after reduction to 2 cm pieces with the tungsten carbide pestle and 

plate. 	(ne part (SC) was broken to - 10 mesh size on the tungsten 

carbide pestle and plate while the other part (RN) was reduced to - 10 

mesh according to the normal procedure* Both the 4C and MR samples 

were reduced to - 125 mesh in the automatic agate mortar and tney were 

analysed as separate unknowns. 	The results of this experiment (Table 

B-I) suggest that the level of contamination introduced by the roller-

mill is less than the precision of the analytical methods employed. 

.k-ray 6pectro graphic Analysis - Major Llements 

The ;eneral principles of X-ray emission spectrography are 

described in several recent publications, e.g. Adler (1966) and Jenkins 

and de Vries (1967). 

) 

The technique adopted for major element analysis is essentially 

that developed by Rose et a). (1963) and involves combined dilution, 

heavy absorber addition and fusion of the rock powder. 	Fusion of the 

sample with Li2BkO?  as a flux completely destroys its mineralogical 

identity and renders it homogenous. 	The large quantities of Li2BkO? 

and the heavy absorber, La203 , which are added make a large contribution 

to, and hence buffer, the total mass absorption coefficient of the 

glass beads produced on fusion. 	For Mg KQ&1 radiation the mass 

absorption coefficients of the rock standards G-1 and -1 differ, after 



TABL1 B—i 

RkULTS OF DUAL GRINDING TEST 

Fe203  T 

Cr 

i;i 

C RN 4C RE 

1.83, 11 1 1 11.3 11.9 1210 

2.3 0.132 0.138 0,16o 0.151+ 

11 1+0 1150 890 900 

775 791 570 562 

and MnO as wt. ,; Cr and Ni as p.p.m. 

C - relative deviation of analytical method - 

taken from Table B-5 and text. 
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fusion, by only 2%. 	This preparation, therefore, practically eliminates 

effects due to variation of matrix between samples and standards and 

allows one to produce and use liner calibration curves of intensity V. 

concentration for all major elements wit. .>11. 

The following changes were made to the sample preparation scheme 

of Rose et al (1963, pp. 82-83): 

A sample : La203  : Li2BkO7 ratio of 118 was adopted. 

The fusion mixture, therefore, consisted of 0.7500  go of 

sample, 0.7500 g. of La203  and 6.00 go of anhydrous 

Li 2BLfO7. 

The mixtures were fused by heating at 1 050°C for 20 minutes. 

.fhe cracked glass bead was ground for 1+0  minutes in a 

tungsten carbide ball mill; the powder was passed through 

a 200 mesh nylon sieve and finally dried for several hours 

at 1100 C. 

The powder was pressed against a polished silver steel 

surface under 15 tons pressure for 1 minute to form a 

pellet or fusion disc backed by boric acid. 

Since the characteristic X-radiation of 1'g, Al and Si is relatively 

soft and non-penetrative - almost all the measured radiation originates 

at depths less than 5 - 50 ,m. below the surface - te surfaces of 

the fusion discs were treated with great caution. Nevertheless, 

deterioration of the fusion discs, indicated by a darkening of the 

surface and a drastic reduction of light element count-rate, was 

noticed after a period of several months. 	An X-ray diffraction scan, 

carried out by the pplications Laboratory of M.E.L. indentified 

crystalline Li2B07 hydrate. 	All fusion discs were subsequently stored 
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in a warm drying cabinet. 	This treatment did prolong the useful lives 

of the fusion discs. 	However, all discs more than 6 months old were 

liable to have serious deficiencies. 

(ii 	 _E2! 

A modified Philips single channel spectrometer (Pv 1540) was used 

for the analyses. 	Determinative curves for the oxides S10 2 , A120
31 

 

total 1e203 , !4g0, NnO, CaO were set up by using a number of synthetic 

and natural standard materials which had been prepared in a manner 

identical to that of the unknown rook powders. 	The standards used 

were 

U.S. Geological Survey standard rock powders G-1 and 

(Fleischer and Stevens, 1962 1;0 

Canadian Association for Applied Spectroscopy standard rock 

powder S-i. 

(bvebber, 1965). 

U.S. National Bureau of dtandards synthetic standards 

NBS 76, 77, 91 and 102 0  and 

Milford Granite standard rock. 

Karroo picritic basalts from ivanetai, Rhodesia l  LM 432, 

1k! 593 

(Gox et all 1915) 

Once calibration had been achieved the samples were analysed 

in batches of 3 - the fourth position in the spectrometer sample 

holder being used for a staniard fusion disc. 	The intensity of 

radiation from this disc was measured with each batch and a correction 

made for instrumental drift. 

No apparent departure from linearity was noted for any of the 

calibration curves. 	Table B-2 gives the correlation coefficient (r) 



TABLE B-2 

MAJOR OXIDE CALIDRTICI 

Standards Used 	 r 	 Date 

i02  G-1, -1 9 	-1, 1, 36 	- 7977, 91 
0.9991 Oct. 1965  

and 102, Milf. Cr. 

Ti02  0-1, d-1, 	-1, NB3 - 76 and 77 
0.9998 Dec. 1965 

Ijif. 	3r. 

ti3•203 G-1 9  .4-1 9  3-1, NDS - 76 and 91 9  

Milf. Or., 121 593, 124 432 
0.9996 Dec. 19€5 

Fe203  T G-1, 1-1, 	..-i, NB 	- 7 9 	77 and 
0.9995 Dec. 1965  

102, 	i ilf. Gr. 

Zn0 G1 1  •;-i, 	3-1, 	.i1f. 	Gr., 

LM 593, DM 	32. 
0.9988 Mar. 1966 

MgC) G-1, i-i, 	3-1, 	124 593, 	121 432 0.9999 Jn. 1966 

CaC G-1 1  i-I, 	-1, 	I'.35 	- 76, 	91 and 

102, Milf. Or., LM 	93, 124 432. 0.9995 Feb. 1966 

Milf. Cr. - Milford Granite. 

r - correlation coefficient between concentration 

of the oxides and the measured intensities of 

ohracteristic fluorescent radiation. 
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between the intensity of a measured line and the concentration of the 

oxides in the standards. 

In general, standards G-1 and •-1 lay on, or close to, all the 

calibration curves; 	the fit of the synthetic standards was less good, 

This observation may be the result of two factors 

The analyses of the synthetic standards are less accurate. 

Because of the marked chemical contrasts between the 

rock and the synthetic standard powders, differential 

mass absorption effects may not have been rendered 

completely insignificant by the dilution, heavy absorber 

addition preparation. 

In this latter respect it is interesting to note that, despite 

being single analyses, the two secondary rock standards, LM 432 and 

LM 593 lay close to all the calibration curves, except that for Ti0 2 . 

This feature of tLe synthetic standards accounts for the MgO correlation 

coefficient being higher than that for AO  and 4t1203 despite the 
lower number of counts recorded. 

Operating conditions for the analysis of each oxide are given 

in Table B-3. 

Table B-14 gives partial analyses for the rock standards G-1, 

-1 and S-I. 	The Edinburgh analyses have been calculated from the 

calibration curves used during the analytical programme, each standard 

being treated in turn as an unknown. 	For each oxide the value 

represents the mean of k - 10 individual determinations on 2 - k fusion 

discs made from one fusion of G-1, .-1 and -1 powders. 	The results 

for each oxide were collected over two working periods between October 

1965 and March 1966. 



TABLL B-) 

cTIhG 	IITI(,LOF X-RAY SCIRoC-.1H 

-_-MAJOR OXIDL' 

$02 	Tic 	203 	FeC3  T MnO 	gC 	G&O 

d.. 	 d..i 

XV 50 1+0 1+5 1+0 1+0 50 40 

MA .28 20 32 20 28 28 20 

21ni.ysing Pe LiF P. LiF UF ADP LiF 
rystal 

Detector Flow Flow Flow Scint. Scint. Flow Flow 

Vacuum Path? Yes Yes Yes V 0 No Yes Yea 

tollimator Coarse Fine Coarse Fine Fine Coarse Coarse 

Count Time: 
1 0 1+0 1+0 1+0 1+0 100 1+0 

secs. 

Xo. 	of 1 3 5 3 3 4 
Counts 

Count Type 11 P P P-B P p 

Background -. 	 - 9- 
.L-O sit ion 

- 

Count Rate 1+0 cpa 360 cps 30 cps 260 cps 1+20 cps 2 cps 690  cps 

Count Rate given is rate per 1% of oxide in sample. 

Count Type - P = Peak 

P-B a Peak-Background 

All determinations were duplicated during one working 

period. 
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 and S-1 

0-1 

AC  72.8 72.7 

Ti02  0.26 0.26 

A1203  14,0 114.5 

Fe 203T 1,96 2.06 

10 0.03 0.028 

0.kl 0.37 

CaC 1.39 1.38 

- I 

Edin 

i02  52.6 52.7 

£i02  1.07 1,04 

A1203 
 

14.9 15.2 

F.203T 11.2 11 1 1 

nO 0,16 0.172 

NgO 6.62 6,53 

CaO 11 1 0 11.2 

3-1 

2  Ain 

sic2 59,45 59,4 

Tic  0.49 0 9 49 

141203 9,58 9.07 

Fe203 T o.32 8.19 

n0 0.140 0.392 

1gC 14.07 14.09 

CaO 10.32 10.1 

• - Preferred valuea, Fleischer and Stevens, 19 62 

o - Mean valuea, 	ebber, 1 9 65- 

i.din. - idinburgh X-ray spectrographic ana.Lyees. 
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Except for Al2O, agreement between the accepted values and the 

dinburgh X-ray values is good and it is concluded that there are no 

significant systematic errors in the methods 	esults presented below 

indicate that for A1203  relative deviations greater than 3.2 should 

occur only in 'I of A1203  determinationo. 	Both the G-i and S-i 

discrepancies exceed this value. It seems probable, therefore, that 

there is a significant error in the Al 2O determinations and it seems 

probable that the errors are duo to enhancement and absorption of Al 

d radiation by the relatively abundant 4g and Siin the fusion discs. 

dvi Precision 

In an attempt to measure the precision of the ..'-ray spectrogr:hic 

methods adopted in the Grant Institute of Geology 7 samples of 1- 11 7 

were each treated as unknowns and taken through all stages of the sample 

preparation and analytical programmes. 	The results of this investigation 

are presented in Table B-5a. 	Comparable results obtained by Rose et al 

(1963), using a very similar 1.-ray technique, Volborth ( 1 963), using a 

different X-ray technique, and Gould (1966) 9  using 'rapid' wet chemical 

methods, are given in Table B-b. 

The overall precision of the present X-ray method i8 considered 

to be made up of 3 parts : 

random errors during sample preparatiob - i.e. during 

the preparation of fusion discs. 

a lack of precision due to deterioration of the fusion 

discs, especially the standards, during the latter stages of 

the analytical programme. 	These may, in part,be systematic 

errors. 	However, because of the accuracy of the method 

(described above) there cannot be any gross systematic errors. 

random instrumental errors. 



TABLE B-5a 

ANALYTICAL RECLI0N 

d a C 

4+9,35 1 1 10 0.32 0.64 

210 2  2.31 0.05 00019 0.82 

9.04 0.31 0.097 1.07, 

Fe203 T 1147 0.67 0.13 1.E33, 

EMO o. 144 0.011 0.003 2.36 

MgO 14.74 0.84 0.28 1.90,. 

CaC 7.27 0.24+ 0,076 1.07,. 

x - mean of 7 X-ray spectrographic deterininationo. 

- range of deviations about the mean 

- standard deviation 

C - relative deviation (100 a/i) 

B-5b 

Comp.Ianga C Comp.ange C X C 

50 	- 75 0,30 50 	- 80 0.07 - 0,4 71.78 0.46% 

Tic. 2 0.1 	- 2.0 2.14+ 0.2 - 1.6 0.5 - 5.0o 0.59 1.86% 

10 	- 20 1 .02% 10 20 0.2 0.9iu 13e 1 2 1,22> 

1 	- 12 0,95;. 0.4+ .12 0.1 1,6% 4.13 0.97% re2O3T 

4n0 0.01- 0.5 3.13 0.03- 008 0,0 - 	 2. 2)""', 0.073 4.11 

NgO 0.4+ - 10 2.07. 0.2 - 6.6 0.1 - 	 1.2; 0.59 6.27% 

CaO I 	- 12 0.970 0.3 - 11 0.1 0,k 1,48 2.57% 

A - precision of X-ray spectrographic analyses by iose et a]. (1963) 

B - precision of X-ray spectrographic analyses by Volbcrth (1963) 

C - precision of 'rapid' wet chemical analyses by Gould (1966) 
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The magnitude of random instrumental errors can be readily 

assessed. 	There are 3 factors which contribute to the total 

error - counting statistics (standard deviation of 

generator stability or short term drift (always < 

and other equipment errors, e.go goniometer setting (<0.05.) .eniva 

and de Vries, 1967). Ideally generator stability should be the 

largest, and therefore limiting, factor. 	However, because of limited 

time - the longest working period was 30 hours - this was not 

achieved and the random counting errors for MgO and FinO are considerable. 

Addition of the 3 instrumental factors for the N-li7 analyses according 

to the equation - 

error (total) 	Frror)2  COLr:t. 	(errr)d 

(c'rGr) equip. 

:iv 	the total instruirtai errors. 	These are listed in Table B-6. 

Long term drift is eliminted by ratloing each unknown against 

the standard fusion disc which was permanently in the sample holder. 

A rough estimate of the magnitude of the disc deterioration 

factor is given in Table B-6. 	These figures are the average relative 

deviations of duplicate determinations made on I fusion disc of G-1, .0-1 

and 5-1 6 months apart. 	Along with other standard fusion discs these 

discs were used to establish calibration curves at the start of 

analytical working periods. 

There are insufficient data to establish the magnitude of the 

first factor - errors during sample preparation. However, a comparison 

of the overall precision with the errors attributed to the two factors 

described above (Table B-6) sugesta that it is significant despite 

the care taken to ensure quantitative transfer of material at all 

stages of the sample preparation scheme. 



TABLE B-6 

AN4.LYT1 	kECL, IX 

C instrumental* 	C disc deterioration0 	totaiX 

Ji02 	 0.24, 	 0.5,  

2.O, 	 0.82% 

•1205 0. -M- O.6 1.07 

Fe20 	T o. 16 1.3, 1 .83, 

4nC 0.72 - 2.36 

MgO 0.65% 1.90 

GaO 0.1 1f 1 • . i.07 

• - based on counting statistics for N-117, 

generator stability and other equipment 

errors. 

o - estimated errors based on duplicate determinations 

on G-1, -1 and .-1 standard discs 6 months apart. 

x - from Table B-5a. 



(v) Conclusions 

During the analytical programme it was realised that the precision 

of the results could have been improved had a different approach been 

adopted initially. 	Only I set of standard fusion discs was prepared 

and these were used to establish calibration curves for each oxide on 

beparute occasions several months apart. 	The tentative results of 

Table B-6 indicate that the repeatak.ility of the calibration curves 

was not high. The factors considered to be responsible for this lack 

of precision were physical deterioration of the working surface of 

the discs, possibly chemical changes (see section on sample preparation, 

above) and a lack of precision in the successive positions of the 

spectrometer sample holder. 

The following improvements are recommended to the method of 

X-ray spectrographic analysis using a manual, single-channel spectro-

meter : 

all standard and unknown fusion discs should be prepared 

before the aialytical programme is initiated. 

all fusion discs should be stored in a relatively dry 

atmosphere - e.g. in a warming cabinet. 

all analyses should be carried out as soon as possible 

after the preparation of fusion discs. 

all determinations of each oxide should be made in one 

working period, using one calibration curve. 

If implemented, these recommendations should improve the precision 

of the method. 

The analyses produced during this study are, nevertheless, 

considered satisfactory. 	The accuracy of the method, apart, perhaps, 

for kl 
2 
 0 
30 
 has been established. 	The precision is similar to that 
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obtained by the developers of the method - iose et al (1963). 	The 

precision achieved by Volborth (1963) has not been matched. Volborth's 

method involves simplifying the sample preparation procedure and 

recording large numbers of counts. However, the accuracy of Volbortb's 

results has been questioned (Mercy and Saunders, 1966). 	In view of 

the minimal efforts made to reduce matrix effects it is not surprising 

that the method adopted by Volborth should give less accurate results. 

:i-ray pectrogrphic Analysis - Trace £lements 

Spectrographic trace element analyses were carried out on - 125 

mesh rock powder supported by a Mylar film. Ba, Cr, Ni, A. Sr and 

r were determined in all the unknowns; Cu, La, ib, Pb and 	only in 

a representative sample. The operating conditions are given in Table 

B-?. 

No attempt was made to calculate the varying mass absorption 

coefficients of the standards and unknowns. 	However, the method of 

counting adopted - peak : background ratio - largely compensates 

for this variable factor (Andermann and Kemp, 1 958 ). 

Correlation coefficients between the concentration of each 

element in the standards and the measured peak : background ratios 

are given in Table B-8. These are considerably lower than the 

calibration correlation coefficients for major oxides (Table B-2). 

This is almost certainly a result of the approximate matrix correction 

factor and the uncertainty retarding the correct concentrations of 

elements in some standards, 

t;' r of-i iiii 	 j':ct to interference by the 

crrct1w factor was applied to the 

meurd peak count. 	The determination of Cr presented a problem. 



TABLE 3-7 

OPERATING CONDITIONS OF X-RAY SPECTROGRAPH - TRACE ELMTS 

Li 161 LM 414 K44 41 

w 

55 50 60 50 50 4.5 60 60 145 14.0 4.5 

20 28 20 20 20 20 20 20 20 20 20 

Topas Topaz Li? Li? 200 LiP LiP 200 147 200 UP Li? UP 200 LiP 200 

Saint. Flow Saint. Plow Saint. Saint. Saint. Saint. Soint, Saint, Søint, 

No Yes No Yes No No No No No No No 

Fine Fine line me Fine Fine Fine Fine Fine Fine Fine 

2x40 2x4.0 2x4.0 3x4.0 1z4.0 2114.0 240 2x40 2x4.0 2114.0 21140 

2x4.0 4.x4.0 2x4.0 3x4.0 2214.0 1 z40 2x1,0 2x4.0 1x4.0  2x40 2214.0 

-1,32°  +1.44°  -1.65°  0.500  -1.14.00  0.550  +0,850 
 .2.000 

 -1.440  +0.750  

214. 65 5 5 6 2 20 3 3.5 2 5 

- Correction applied for Sr 191 interference. 

-- h 	x 'Irate baokg'ound, in x secs. 

rate per i p.p.. in x sees. 

Line 

Tube 

xv 

mA 

Analysing Crystal 

Detector 

Vacuum Path ? 

Collimator 

Count Time • Peek 

sees, 	Bokgnd. 

Background Position 

Detection Limit 
p.p.m. 



PT 	;_ 

Tie 	•Ni 	iI3TIL1N 

I.  

Ba 	 O.99k6 

Cr 	 0.9916 

Ni 	 0.9999 

Rb 	 0.9976 

Sr 	 0.9983 

0.9924 

r - correlation coefficient between the 

concentrations of the elements and 

the measured peak : background ratios. 
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I 0.170 interferes with the C 	d.1 line, 	4- f 1  interferes with the 

i 	no and Mn K4_1 interfera ;.itr tie r f1 LjflO. 	3 the 

avi 	range of tacrda displayed cA conaierjI 	Of J1L 

content and the Nuanetsi rocks have a small range of NnO, it was 

decided to determine'Cr in several Iuanetei rocks by a spec trophotoxnetrio 

method (see below) and use these rock5 	.tandards in the X-ray mettod. 

The 	t 1 C 	L(-,:round ratio of the r 	line was measured and a 

satisfactory calibration was thus established, 

An an indication of the accuracy of the X-ray spectrographic 

determinations the results obtained by Dr. .L. Price, of the Grant 

Institute of Geology, for six U.S. Geological urvey standards are 

given in Table 13-9 and compared with the means of all the determinations 

reported by Flanagan (1969). 

The precision of the method has not been fully investiateds 

tatistical analysis of a few duplicate determinations indicates a 

repeatability of 1  5-10 for elements exceeding 100 p.p.m. and 1  10-

20 for elements below the 100 P.P.M. level. 

.tet Chemical nalysis 

and K 2 
 0 were determined using an E.L Model A flame photometer. 

The sample solutions were diluted to contain 2 — 20 p.p.me ia20 or 1(20 

and the acid concentration was in the range 0.1 - 190 ,io H2..Ok. standard 

alkali solutions in 0,1, H2S0 4 were read at the same time as the 

unknown solutions. 

FeO was determined by the cold solution method of •.ilson (1955). 

PTFZ crucibles were used to contain the solutions during the reduction 

of the metavanadate. 

The ap.ctropbotometriC method of Baads;aard and andell (195+) 



p00-i 

2 

- 	6.9 

- 	-' 

24-,. 
17 

DT-1 

2 

6.3 

7.9 

If 

2330  

1k., 

2. 

61 

TABLE 3-9 

GCUiJCY OF T' Ci 	LJT 

GSI-1 AGV-1 

2 2 

1 950 1 59 1 360 1520 1410 

10.7 30 35.2 60 63.7 
1611 30 28.3 20 21.7 

6.4 6 10.7 12 17.6 

2c.7 40 52.4 20 35.4 

ib 170 24 260 343 70 89.4 

545 463 260 247 745 657 

Ln 90 74.9 100 143 80 112 

340 316 580 544 240 227 

BCR-1 
S 

970 

7 

10 

45 

340 

100 

180  

0 

790 

22.4 

34.1 

15 

18 

72. 

345 

132 

185 

- 	dinburti valuez, reported in flanagan, 1969 9  Table 39 

o - mean values (Flanagan, 1969,  Table 5). 

Is - determined by thin film technique (Price and ;.ngell, 1968). 

All values p.p.in. 
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was used for the determination of P 2 
 0 

5 *  

1120 was determined gravimetrically using dried powders. I g. of 

rock powder and 3 g. of PbO and PbCrO4  flux were heated in a Pyrex 

test tube. The water given off was collected and weighed. 

Two spectrophotometric methods were used to determine r in 

6 samples. 	These samples were subsequentl used as standards in the 

X-ray spectrographic analysis of Cr. 	The results obtained by the 

direct Chromate method (auciell, 19599 p.39) were in good agreement 

with those obtained by the second method which used Diphenylcarbazide 

as a complexing agent (Sandell, p.  399). 

Because of spectral interference on both main V A-ray lines this 

element was determined in 6 samples by the hosphotungstate spectro-

photometric method (andell, 1959, p.934).  Luplicate determinations 

were in good agreement and a single determination on 01-1 gave a result 

of 270 p.p.ri. - the recommended value is 240 p.p.m. (Fleischer, 1 965). 

The precision of these methods has been investigated by calculating 

the standard deviations of all the duplicate pairs of determinations 

for each oxide or element. 	If the results of a duplicate determination 

are x i and x2  then - 

= (x1  

The relative deviations (C) are given in Lable B-iC 

C 	lOOs/x 

x being the average concentrEition of each oxide or element in 

all the samples. 

X-ray Diffraction 

(i) (.iivines 

Both the method of Yoder and 6ahama (1957) - based on the olivine 
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PR.CLSICI CF ,T CUICAL 147fl1ODS 

N 	x 	 d 	 8 	 C 

FeO 72 8.01 0.073 0,052 0.65, 

Na20 60 1.87 0.036 0.025 1.34% 

K 
2 

 0 60 1.56 0.031 0.022 1.41% 

7 0.46 0.009 0.001 1.4 ,. 

73 1.51 0.051 0.036 2.38, 

.,r 203  5 0.136 0.007 0.005 3,7 

203 5 0.031 0.002 01001 4.2 

- number of duplicate determinations 

x - average Wt. 

d - mean difference between duplicates 

s - standard deviation 

- relative deviation. 
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(130) reflection - and the method developed by Jackson (1960) - 

based on the olivine (062) reflection - were used to determine olivine 

comoaitiOns. These methods involve the addition of an internal 

standard, Silicon and LiT respectively, to the ground sample. The 

values for the (150) and (062) reflection positions are the means of 

at least 6 oscillations of each sample. The results obtained by the 

two methods are compared in Table B-Il. 

(j_) Qrth22!! 

Hancock (1964) used diffraction techniques to determine ortho-

pyroxene compositions. The absolute position of the (10, 3, 1) and 

(060) reflections are sensitive to Mg I Fe substitution and can be used 

to determine Jn content. 	The separation between the (10, 39 1) and 

(060) reflections is proportional to the A1 203  content of the ortho- 

pyroxene. 	A plot of d (10, 3, 1) v. d (060) for standard orthopyroxenes 

produces a grid from which the in and A1203  contents of unknown ortho-

pyroxenes can be read. 

Initially it we hoped that X-ray diffraction might be used for 

a detailed study of the orthopyroxene phenocryatsin the lavas. However, 

preliminary results, using Hancock's grid, gave less than satisfactory 

results* The method indicated k% 	in N-88 OPX (reported by 

Jamieson (1966)); this was shown to be 1.66% Al203  by X-ray 

spectrographic analysis. 

Once analyses of 3 Nuanetsi orthopyroxenes wexe available g  a 

further attempt was made to use this method. 	These 3 samples and a 

further analysed orthopyroxene, 10,984 (supplied by Dr. E.J. O'Hara) were 

used to define a new determinative grid. The compositional data are 

given in Table 13-12a. 	This new grid differed slightly from that produced 



TABLE B-li 

OLIVINE COMPOSITIONS 

Jackson 	Yoder and aha..0 

N-21 75 77 

77 78 

N-27 78 78 

N-kl 76 78 

li -55 70 75 

N-60 76 77 

N-90 82 84 

N-95 73 76 

N-160 nod 88 86 

N-356 86 and 78 85 

* - two olivine compositions detected. 

All compositions mol Foe 



TABLE B-12 

ORTHOPYROXENE DATA 

 

N-88 N-117 N-313 
1084 

oPx or'. opx 

Al2  03  
1.66 1.44  1.49 	4.00 

En 
90 82.5 84 	91 

 

BtJCH k 

oPx 	 OPx 

l203 
1.1 	 0.7 wt.% 

82 	 88. 
mol.% 

* - chemical analysis of Buch k OPX by Dr. A.L.P. 

Mercy gives "23 0.956 and An 844 
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by Hancock (1964). 	Two further samples, Buch- (an analysed ortho- 

pyroxene) and ]-90 (an important Nuanetsi sample which was not sufficiently 

abundant for a destructive analysis) were used as unknowns. The results 

obtained by this diffraction technique are in good agreement with the 

chemical analysis of Buch-k (Table B-12b) and it is, therefore, 

considered that a reasonable estimate of the 1t1203 content and Mg : Fe 

ratio of N-90 CPX has been produced. 

Electron Probe X-ray Microanalysis 

Analyses were carried out at the Department of Geology, University 

of Durham through the generosity of Dr. C.H. Emeleus. A Cambridge 

Geoscan microprobe with a dual-channel spectrometer was used. No 

absorption correction was made to the counts as the standards used 

were analysed pyroxenee and olivines with compositions very close to 

those of the unknown minerals. 

Nineral separation 

Mineral separation and purification was achieved by using Franz 

electromagnetic separators and heavy liquid techniques. 	In general 

heavy liquid techniques were adopted only in the later stages. In 

the case of 2 ort hopyr oxen es - N-117 OPX and N-3 13 OPX - it proved 

impossible to remove all clinopyroxeno grains* Point counting 

indicated 2.5% and 5% residual clinopyroxene. An appropriate 

adjustment was made to the chemical analyses of these orthopyroxenes. 
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APPENDIX C 

MISCLL1U4OU 

ephelinit es 

The alkaline rocks which occur at the base of the volcanic 

aucceeion in the Bendezi - Chilonga's area consist essentially of 

nepheline and augite. Both minerals are present as groundniass and 

euhedral phenocryst phases. 	In N-201 and N-207 the augite phenocrysts 

and groundmass crystals are zoned to aegerine - augite. 	Less common 

phenocryst phases are olivine (14-207 and 14-212), apatite (L1-207 and 

14-222) and biotite (14-222). The groundniass in the 4 speimens is 

holocrystalline, COflSi8tiflg mainly of augite laths and interititial 

nepheline or its alteration products. The medium grain size of N-212 

suggests it may be a dyke rock. 

The analyses are given in Table C-i; modal and normative data 

in Table C-2. 

11-201 ; Nephelinite, summit of Bendezi, Ndanga Districts 

I-207 : Olivine nephelinite, northern slopes of Bendezi, 

Ndanga District. 

14-212 ; Olivine nephelinite, 2.7 miles south west of 

Bendezi, Ndanga Dist riot. 

14-222 Nophelinite, I mile west of chilonga's. 

tipper Basalta 

An investigation of the olivine-rich Karroo basic rocks was 

always the primary objective of this research project. Nevertheless, 



TABLE C-I 

NIPHELINITE ANALYSES 

N-201 N-207 71-212 N-222 

144,2 40.9 1+4.6 144.2 

Ti02  3.03 3.55 3.11 3,06 

Al 203 16,1 14.1+ 11.6 

Fe20 7  7.9 7,7 5.1+  65 

FeC 2.15 4,25 7.95 3.142 

hnO 0.20 0.20 0,19 0921 

MgO 3.64 5.19 6.56 2.59 

GaO 5.02 CJ 089 9.90 3.83 

1a2 0 10.5 8.02 5,45 1009 

K 2 0 2.77 3.00 1,71 2.04 

1205 1 1 00 1,36 0.51+ 1.21+ 

F O.46 0.1+1 - - 

H 2 C? 2.54 1.33 1 1 91 4.23 

Total 99.5' 99.0' 989 98.5 

p.p.La. 

2 	3 2080 2190 

<'5 8 

- - 

La 66 59 - - 

Ni 7 25 50 <2 

ib 82 78 41 75 

Sr 2019 1700 2020 

95 - - - 

Lr 290 188 150 320 

- includes adjustment for F. 



TABLE C-2 

NEPBELINIT U S AND NORMS 

Volume ; N-201 N-207 N-212 N-222 

Nepheline 34' 12* 32 27' 

Glinoyroxene 5' 5* 37 1' 

ulivine tr.' 7 

ilk. Feldspar 9 

Apatite tr 0.5' 

Cre 9 

llornblende 6 
and Biotite 

Groundmaas 61 83 72 

- ph.noory8ta 

N-201 1-207 N-212 11-222 

or 16.9 2.9 10,4 12,8 

ab 1 0 9 - 14,4 11,5 

an - 
- 2.2 - 

lc - 12.0 - - 

ne 36.6 31,8 18.0 35,4 

ac 19.5 9.5 - 18.4 

di 11.8 26.6 35.9 902 

ol 2.7 0.6 397 2.7 

- +.2 c..1 0.8 

hm 1,4 1.7 - - 

ii 5.1 6.9 6,1 6.2 

pf 0.7 - - - 

ap 2.4 3.3 1.3 3.1 

fr 0.9 0.7 - - 

H 2  0 2.5 1.3 1.9 4.2 
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6 specimens from the thick series of olivine-free and olivine-poor 

Upper Basalts were analysed in order to supplement analyses published 

by Cox et a]. (1965). 

Five of the new analyses (Table C-3) contain email amounts of 

normative . The remaining specimen, N-335, is virtually an ankaramite. 

However, it does not contain fresh olivine. 

: Chikwedziwa basalt, 4.5 miles east of Chitea intrusion. 

I * 	N-285 t Chikombedzi basalt, in Nuanetsi River, 200 yds north 

of causeway. 

i- 	N-308 : Cbikwedziwa basalt, 295 miles north east of Chikombedzi 

J N-335 Thermally metamorphosed ankaramitic basalt, 1.7 miles 

west-north-west of .iusaka Pan. 

V N-340 Interbedded basalt, I mile north west of Jord aants. 

N-497 ; Basalt, 1 mile north of )Iarumbe complex. 

Olivine monzonitee 

There are 2 olivine monzonite intrusions in the ivanetsi igneous 

province. 	These are thought to represent differentiates produced 

during near-surface, i.ee low pressure, fractionation of the K-rich 

parental basic magma. 	..pecimen I-45I is of the leucocratic facies 

of the hilembeni Hill intrusion which has been described by 1ionkman 

(1961) and Cox eta]. ( 1 965). 	N-194 is from a small intrusion 

discovered during field work in 1964. 	In terms of both chemistry 

and mineralogy, the rocks from this second olivine monzonite body are 

strikingly similar to the Caledonian kentallenites of the 	Highlands 

of Scoland (estoll, 1968). 

Analyses are given in Table C-5; soda nd normative data in 

Table 0-6. Analysis of the brown clinopyroxefla separated from 14-451 



TABLE C-) 

UPPER BA3ALT MLiS.S 

 N-308 	N-332 	N-340 	L-497 

5200 52.2 52,3 48.8 o.6 49.2 

Ti, 2.97 3.56 1.71 2.30 0.80 3.12 

Al 
23 

1,4 15.1 15.0 7.65 13,5 13.9 

3.7 4.5 205 6.1 5,2 5,6 

1.0 7.73 6.51 &.03 6,28 7.15 7.64 

kno 0.15 0,13 0.14 0,18 0.22 0,20 

14g0 4.91 2,87 6.27 15.2 e,87 5,17 

GaO 8.91 7,84 9.70 9.70 1112 10.9 

1a20 2.48 2.39 2.72 2.26 2.24 2.13 

K 2 
 0 1.71 2.46 0.88 1.42 0.52 0.50 

1 20, 0.39 0.60 0.24 0.29 0110 0.33 

1120 0.89 1.10 0.48 0.15 1.42 1.16 

Total 99-2 99.3 100.0 100.3 99.8 99.9 

• p • n. 

7)5 qlo 7-5-17 

85 11+0 1275 22: 

Ni 40 35 135 61+0 35 45 

lib 33 38 24 23 52 10 

Sr 745 910 399 515 175 470 

2r 320 - 16 220 32 210 



TABLE C-k 

UPPER BASALT MODE3 JD N0R1LS 

Mlolwne ,. 	 N243 	£285 	N08 	N335 	N-340 	N-497 

Plagioclase* 	1 	12 	5 	 6 

Clinopyroxerie' 	1 	 31 

Orthopyroxene 	 2 

Olivine' 	 005 

Groundmaas 	97 , 5 	88 	93 	69 	100 	94 

* - henocryets 

.t. t-2 k3°  N-285 °  11-.308 N-335 0  i'-340 °  I-4970 
 

5.7 8.3 3.4 - 1.3 4.7 

or 10.3 14.8 5.2 4 3.1 5.0 

ab 21.4 20.6 23.1 19.1 1).3 18.3 

an 20.7 23.7 26.2 6.5 25.7 27,3 

di 17.9 10.1 16.3 31.9 24.9 21.1 

hy 14.0 10.9 17.7 1.3 200 15.1 

ol - - - 24.1 - - 

mt 3.3 3,1 3,6 3.5 3.5 3,7 

ii 5.7 6.9 3,3 4.4 1.6 6 1 0 

ap 0.9 1.5 0.6 007 0.2 0.8 

iest 110 1.1 0,6 0,5 1.5 1.2 

o 
- re 	/ Fe 

++ 
+ Fe adjusted to 0.18. 

* 	
includes 2,, Ct and 



TABLE C-5 

0LIVfl 	Ck0IT 

1-194 

sic  48.9 46.8 

T102  2.74 :5.80 

14120, 11.8 15.8 

2.3 2.7 

FeO 8.50 7.51 

0.16 0.12 

MgC 7,1+4 3.78 

GaO 10.3 9514 

Na20 3.15 2.82 

1(20 2.31 3.07 

t205 0.1+2 1,73 

H,C 0.99 1.08 

12 ota1 99.0 98,8 

p .p 

Ba 1313 lhlO 

Cr k2 

Ni 115 45 

Rb '+6 58 

1 750 2460 

hr 350 430 



TABLE C-C 

ciIVIN 	LI1ITr AND INCRI"'S 

Volume 14-194 N-451 

Plagioclase 26 41 

Alk. Feldspar 18 37 

Clinopyroxene 32 7 

Olivine 8 6 

Hornblende 12 
and Motite 

Ore k 6 

Apatite tr. 3 

N-19 14. 

or 13.9 18.5 

ab 20.6 24.4 

an 11.+ 21.9 

no 3.6 - 

di 30.8 12.4 

hy - 1.8 

ol 9.8 

at 3.k 

ii 5.3 7.4 

ap 1.0 4.2 

Rest 1.2 1.2 

- includes h, Ct and 



C-3 

is given in Table C-9. 

N-194 : olivine inonzonite, +.5 miles west-south-west of 

Chilonga's, on track to railway. 

N-451 s Clivine monzonite, Chilembeni Bill. 

Bezi-type Picrites 

Specimens from 2 bodies of fine-grained picrite, the ezi dyke 

and the Gomakwe intrusion, were analysed. Mineralogically and 

texturally these picrites are very different from the relatively coarse-

grained picritee described in the main text. They contain little 

or no alkali feldspar and have relatively abundant orthopyroxene which 

appears to have been in equilibrium at the time of the final crystalli-

sation. 

Analyses of these picritea (Table C-7) show several marked 

contrasts to analyses of the alkaline picritea. 	In particular, the 

lower contents of 1(20, P205 , Ba g  Rb and r and the higher content of 

GaO are distinctive, 	On this evidence it was concluded that these 

post-volcanic l3ezi-type picrites were not relevant to the main research 

project. 

N-6 : Picrite, Gomakwe intrusion 

N-7 : Picrite, Gomakwe intrusion 

-106 : licrite, Bezi dyke. 



TABLE C7 

BEZI-TYPE PICRITE ANALYSES 

-io6 

io2  
49,1 45.5 46.5 

Ti02  2.20 1.15 2.74 

A1203  10.1 7.92 6.92 

Fe2 03  2.0 2.1 2.2 

FeO 9.68 12.00 10.73 

MnO 0.19 0.18 0.18 

MgO 14.7 21.6 18.6 

GaG 10.4 7.09 9.27 

Na20 1.1+8 1.21 0.97 

1(20 0.61 0.54  o.46 

P2 05  o.ik 0.16 0.15 

1120 0.37 0.40 0.42 

Total 10110 99.9 99,1 

p.p.rn. 

Ba 330 275 21+0 

Cr 880 1200 1 390 

Id. 575 1030 765 

10 6 7 

Sr 801 406 603 

Zr 105 150 120 



TABLE c-8 

BI-TYPEPICRIT LODES AND NOz 

Volume -iO6 

Clinopyroxene 47 19 55 

Plagioclaee 36 30 20 

Olivine 1 19 

Orthopyroxene 9 11 tr. 

Ore k 2 6 

Apatite 	 tr. 	 ;r. 	 - 

N-6 N-1o6 

or 3.6 3.2 2.8 

ab 12, 1+ 10.3 8.3 

an 19.0 1.6 13.3 

di 25.2 15.8 25.7 

by 20. 14 12.0 21.E 

o]. 12.0 38,3 19.0 

mt 2.9 3.1 3.2 

ii 4.1 202 5.3 

ap 0.3 0.1+ 0.1+ 

Rest* 0.6 0.7 0.8 

- includes Z, Ct and H. 



TABLE C-9 

CLINOPYRQX ~XL ANALYSIS 

i-451 cp1!c 

50.1 

Ti02  
1.42 

A1203  2.92 

Fe 203  0.8 

leO 8,44 

MnO 0.17 

MgO 13.9 

CaO 21,4 

Na20 0.45 

K2u 0.05 

Total 99.7 

p.p .m. 

220 

Zn 	 88 

lAr 	 274 

Ca 

kO.2 

fe 	15.3 



c-LI. 
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