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ABSTRACT

The Karroo volcanic succession in the Nuanetsi Igneous FProvince
of uouth;aatorn Rhodesia is 22,000 - 26,000 feet thick. The lowest
6,500 feet of this succession comprises the Olivine-rich Group =~ a
distinctive series of tholeiitic lavas and hypabyssal intrusions which
are rich in olivine and which frequently have glassy groundmasses.
Preliminary chemical analyses of these basalts, limburgites and picrites
indicated (a) that these rocks were rich in KZQ and certain trace
elements and (b) that the relationship between the Olivine-rich Group
and the overlying low-MgO 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 (En90-80)'
orthopyroxene phenocrysts, which occur in half the rocks examined, and
the rare,magnesian (F°92-78)' olivine megacrysts 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 cryatulli;cd 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-rock chemical analyses confirm the high~-Mg0 nature of
the rocks and that they contain normative hy., It is concluded that
this picritic character was an inherent feature of the magmas and does
not reflect near-surface accumulation of olivine phenocrysts in more

evolved tholeiitic magmas, ¢f. Hawailan picrites. Only limited low=-



ii.

pressure differentiation by crystal-liquid fractionation appears to
have taken place and the effects of this are largely restricted to the
hypabyssal holocrystalline pierites.

The richness of K and the associated elements P, Ti, Ba, S5r,

Rp and Zr is confirmed by the wholo-rock analyses. There is also an
intriguing, and statistically highly significant, sympathetic relationship
between MgO and K and associated 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. 40 kb. may account for the high
enrichment levels and the sympathetic relationship with HgO.

Finally, a tentative polybaric evolutionary model for the Nuanetsi
high=-MgQ magmes is proposed. The mein features are, (a) the fractionation
of eclogite at high pressure - 2. 40 kb, (b) the fractionation of
harzburgite in the pressure range 7-10 kb. and (¢) rapid ascent to the
surface from ¢. 30 km. depth accompanied by a minimum of erystal-liquid

fractionation, and hence differentiation.
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CHAPTER 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 Frovince

The Nuanetsi 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, unconformably overlie the gneissose 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 22,000 - 26,000 ft. (Cox et al, 1965, p«85). The
lavas have been intruded by a number of ring complexes and a large
granophyric sheet - the Main Granophyre.

wWhole-rock Rb/Sr age doterminationé by Manton (1968) indicate
that the rhyolitic lavas, which occur in the upper parts of the volcanic
succession, were erupted 206 4 13 me yrese. ago, i.e. during the very late
Triessic. Granites from the ring complexes gave ages of 177 = 7 Me yTrSae,
i.e. early Jurassic.

The two main structural elements of the Nuanetsi Ignecus Province



; =R
A e

-1 K
.

] g R |
. Xy st e

R e A T T o i e
= > ""’u' i it e




k3 Be—
N « Fort e
..- Victoria ————%
/N § 3
: =1
- A e i
m—— .. ") £
20 ML, N ———
.
) A
) : =
. .
.
... v
N\ /7 N\ BT
.
s
.
4 %
%, .
”e,‘,' :.' Tr‘angle
*
=. LUn l R = t‘a + o’
% : ' et
® d * + 4
£ Nuanetsi 2
TULI

SYNCLINEY? 274

Lesotho—'

T e
RING T WATERBERG, °
COMPLEXES UMKONDO »**  ROAD
. MAIN KARROO | | BASEMENT ; INTERNATION
. + . + o AL
GRANOPHYRE| |aNEOUS | e BOUNDARY

RHYOLITE ROCKS E] ALLUVIUM
NN BASALT . - “ FauLT




2

are the Mateke-Sabi monocline and the Nuanetsi syncline. The latter
feature is up to 35 miles wide =~ Jjudging by present-day outcrop
patterns. Cox et al (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 outecrop 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, Fige 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 (1963).

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 basalts | 5,500
Upper Basalts, tholeiitic and essentially olivine-~free 10,000
Olivine-rich Group 64500
The figures are estimates of the maximum thickness each unit attains
in the Nuanetsi syncline, No rhyolites 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

Fige 2 In genercl, the Olivine-rich Group is restricted to the

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

Sabi monocline, Because of the stratigraphic level expocsed, in the

east, and the westerly overlap by the Upper Basalts, in the west, few

olivine-rich rocks have been recorded in the axial 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 plcrite was
collected from 'a small escarpment' and Lightfoot observed that ‘'the
composition and non-vesicular character of the rock combined with itﬁ
coarse grain is more suggestive of a basiec 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 limburgites, with abundant glass and no feldspar, olivine basalts
and picrite-basalts which are frequently glassy, and picrites. The latter
are relatively coarse-grained and are holocrystalline. They are especially
common in the Beacon - Gomakwe area and were thought to represent

hypabyssal intrusions, both sills and dykes, closely associated with the
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lavase. Many of these holocrystalline 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.F.W.
norms of the analyses (Table 3) show varying amounts of hy - 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 SiOZ, KZO' Tioz, PZO s Ba,

Sr and 4r. Monkman carried out a further 5 partial analyses - for

KZO’ Na.0 and Ti0., <« which confirmed that the contents of KZO and TiO2

2 &
and the K/Na ratio of the olivine-rich rocks are higher than in most
basic rocks. He compared the geochemistry of the Buanetsi rocks with
that of the volcaniec rocks of the Birunga - Bufumbira area of S.W.
Uganda and the Congo which have been described by Holmes (1950) and
Higazy (1954).

In a complementary manner, Cox et al (1965) contrasted the
geochemistry of the Nuanetsi - northern Lebombo basic rocks (both the
olivine-rich types and the overlying Upper Basalts) with the geochemistry
of the Karroo dolerites and lavas of South Africa and Lesogho. The
basic rocks of these two southern areas, although broadly contemporaneous
with the Nuanetsi veolecanic rocks, have much lower contents of Kao, TiO2
and P205 and a higher AlaO3 content.

Since the current research was started Cox et al (1967) have
published a paper which emphasises the contrasting geochemical aspects
of Karroo basic lavas in southern Africa. Two geochemical provinces

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

which is characterised by high KZO. Ti0,, P205. Ba,; Sr and Zr.



LITERATURE ANALISES

TABLE 1

Wtek LM 428 LM 432 LM 434 KC 37 LM 593 KC 42 C 888 L

510, 49,11 48,98 49,61 49,58 43,89 44,97 46,59 45.00
740, 2:99 334 3.54  2.87 154  1.48 2,83 2,06
A1,0, 9439 7476 11428 9417  5.51  S5.7b  5.89  5.13
Fe 0, 183 3,75 2.3 2.47 6450 3.45 3.54 3,52
FeO 7490 6453 10411 8449 732 10.18 8431 10,35
MnO Oulh 0413 0.18 0415 0417 0418 0,16 0,17
MgO 12.84 15452 7.67 14,82 25.53 2415 21400 23,06
Ca0 7.18 6,44 9.66 7436 4,51 626  5.79 6464
Na 0 2431 1.40 2437 2,07 0.8 0491 1437 1.06
K,0 1,42 2,44 1.83 1498 0459 0475 1.97 1,60
P,0 0683  0.54  0.52 0.52 0.28 0423 046 0415
Hao* 3,50 . 2.36 0,80 5 052 2:77 0487 . 1,76 125
Hao‘ 0.62 0491 0.42 0+18 0.56 0429 0.0 0.19
Crao3 - - - - - - 0.19 -

N10 - - - - - - - 0,14
5 - - - - - - - 0,08
CO2 - - - - - 0.50 - -

Total 100415 100,08 100,12 100,18 99,98 99.96 100.40

99.96

Key to analyses presented below Table 3.




TABLE 2

LITERATURE__ANALYSES

Ppme LM 434
Ba 700
Be 10
Co 45
Cr e
Ga 30
Ge 30
La 100
11 5
Mo 3
Nb 50
Ni 300
Pb 25
Sc 10
Sr 700
Ta 300
v 300
Y 60
ar 450

All analyses by optical spectrograph.

Key to analysis presented below Table 3.



TABLE 3

C.I.Pyw, NORMS OF LITERATURE _ANALYSES

Wtei IM 428 LM 432 1M 434 KC 37 LM 593 KC 42 C 888 L
or 8.35 1447 10.57 11,69 3.3 L5 11,7 9.6
ab 19.40 12,06 19,92 17430 6.82 7.86 11,5 9.1
an 11413 751 15.02 10,01 9.73 9.17 4.7 4,6
ai 15,09 16,40 23,77 18.16 8.30 14,58 16.9 2241
hy 28410 30455 17.64 18,65 31,03 21.56 18.1 549
ol 3464 2.91 0.97 13.40 24,33 32,57 2hk.2 39.4
mt 2455 533 3.01 347 9.49 5+10 51 5.2
il 5461 6437 6468 546 2.88 2.89 53 4.0
ap 2,02 1.34 1.34 1434 0.67 0.34 1.0 0.4
cc - - - - - 0.50 - -
Hao - - - - 3433 116 1.9 o4
KEY to Analyses in Tables 1 - 3.
LM 428 Limburgite, (Cox et al, 1965, Table 9)
LM 432 Limburgite, (Cox et al, 1965, Table 9)
LM 434 Olivine basalt, erroneously described as limburgite by

Cox et al.(1965, Table 9)
LM 593 Piorite, (Cox et al, 1965, Table 12)
KC 37 Limburgite, (Cox et al, 1965, Table 9)
KC 42 Picrite, (Cox et al, 1965, Table 12)
C 888 Picrite, (Cox et al, 1965, Table 12)
L Olivine Gabbro, (Lightfoot, 1938, p.195)
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Cox et al (1965) considered the petrogenesis of the Nuanetsi
volcanic succession. With the aid of an addition-subtraction variation
diagram these authors were able to demonstrate convincingly that low-
pressure crystal-liquid fractionation of one parental magme could not
account for the recorded compositional variation of the basic rocks -
from the limburgites and basalts of the Olivine-rich Group to the'
olivine-poor and § normative basalts which are typical of the Upper
Basalts. They stated :

"It must be concluded that whatever the Tholelitic Series [3!

lavag7 represents, it does not represent a crystallisation-

differentiation trend caused entirely by the separation or
concentration of the minerals actually present in the lavas.'

(Cox et al, 1965, pe 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 olivinej; the olivine-free basalts representing residual
liquid magmas (Macdonald, 1944; Muir et al, 1957; Powers, 1955)

0f the possible causes of variation of the basaltic compositions
which were considered by Cox et al, varying degrees of mantle partial
melting was thought 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.

Eclogite fractionation at elevated pressures and zone~refining

(Harris, 1957) were suggested as possible causal factors of the observed
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high contents of K20 and certain trace elements.

To summarise, previous research has established in the Nuanetsi
Igneous Frovince:

(a) the occurrence of an Olivine-rich group of lavas and

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

lower parts of the Karroo volcanic succession of Nuanetsi,

(b) that the rocks are frequently glassy, may contain no

feldspar and contain up to 50% olivine (generally 15 = 300),
and preliminary chemical analyses indicate :

(¢) that the rocks of the Olivine-rich Group are rich in hy

and contain relatively higH contents of KEO, Tioz, on5 and

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

(d) that the relationship between the Clivine-rich Group

and the overlying thick Upper Basalts is not a direct one

which involves the fractionation of the phenocryst phases

found in the lavas.

(1i) 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 :

(a) the apparently unusual geochemistry of the olivine-

rich rocks,

(b) 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 evolutien
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. Thin 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

The 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
texte 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.



CHAPTER 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

phasess The use of the rock name 'limburgite' is discussed.

Main Petrographic Features
As Cox et al (1965, ppe 130-138) have already outlined the

petrography of the Olivine-rich Group, only those features which
characterise the CGroup are described below.

(i) Olivine content

A high modal content of olivine is a consplcuous feature of
these rockse. lModal analysis of 41 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 groundmass of
the more coarse-grained specimens and are probably present in most
of the rocks.

(1i) Abundance of glass

Many of the olivine-rich rocks contain a high proportion of
glasse Rocks which contain only olivine, an ore phase and clino-
pyroxene have previously been termed 'limburgites'. The use of this
term is discussed below.

Examination 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 basalts, with abundant glass and small amounts of
skeletal or dendritic plagioclase, to basalts with abundant plagioclase
laths and interstitial glass in the groundmass.

Approximately 25% of the specimens from the Clivine-rich Group
are relatively coarse-grained holocrystalline 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 equivalecnts. Furthermore, some of the holocrystal-
line specimens were collected from obvious intrusive bodies =
especially sills.

(i4i) Crystal habit and form

Cox et al (1965, pe131 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 al (1965, pe133) and are
illustrated in FPlates 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 ecrystals are less common but occur in many limburgites
and glassy basalts (FPlates 3, 4 and 14),

Although olivine phenocrysts are frequently euhedral =~

subhedral, some of the phenocrysta in a number of specimens are embayed
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and somewhat steletal (Plates 5 and 18)., However, the acicular
skeletal crystals with axial ecavities, which have been described by
Drever and Johnston (1957) and Clarke (1968) from natural rocks and
by Kopecky and Voldan (1959) from melting experiments oﬁ natural rocks,
have not been found.

There is, therefore, an increasing tendency to skeletal and
even dendritic habit in the series :

olivine —> clinopyroxene —> plagioclase -> ore.

(iv) COrthopyroxene phenocrysts

The occasional occurrence of large orthorpyroxene phenocrysts
is a striking feature of many of the rocks., The characteristics of
these phenocrysts are their large size, euhedral - subhedral habit and
invariable rim of clinopyroxene.

The occurrence of these phenocrysts was referred to briefly
by Cox et al (1965, p.132) but Rogers (1925) appears to have been first
to record then, In a description of the Karroo limburgitic lavas of
the Zoutpansberg area of South Africa, which is situated across the
Limpopo River from Nuanetsi, 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 levas contain small amounts of these highly distinctive ortho-
pyroxene phenocrysts. Thin sections of the orthopyroxene~bearing
rocks frequently contain only 1-5 phenocrysts (cae 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 phenoccrysts, which are up to 10 mm in length,
are generally larger than any other phenoerysts in the rocks (Flates
6=11) Composite clusters of 2-4 erthOpyrox;nc crystals have been
commonly observed (Plates 7 and 8).

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 clinopyroxene is continucus around the orthopyroxene 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, 10 and 11). PFolysynthetic 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 (FPlate 11).

An interesting, and probably significant, feature is that these
orthopyroxene phenocrysts are almost completely absent in thq holo~-
crystalline picritic rocks - only 3 examples have been found in thin
sections of some 40 rocks. However, some of the picrites do contain
smaller orthopyroxene crystals which lack all the distinctive features
which are described above. In contrasty, neither phenocrysts 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

phenocryests as 'xenocrysts'. 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 c¢lino-
pyroxene phenocrysts of the rocks.

(v) 0Olivine 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) Alteratiocn

In many rocks both the phenoecryst and the groundmass olivine
are somewhat altered. The most common products are a red iddingsitic
material and ore - both hematite and magnetite. Less comuon is a
pale-green - yellow - colourless serpentinous material which occurs
to the exclusion of the iddingsitic 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 FCZO and FeQ have been adjusted

3

in some specimens (see Chapter 4).
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The Term 'Limburgite'’.

In one respect 'limburgite' is not an entirely appropriate
name for the Nuanetsi feldspar-free glassy rocks. All the analysed
rockscontain hy in the C.I.P.W. norm and it is implicit in several
standard references that limburgites are critically undersaturated
with respeet to 5102 and, therefore, contain ne in the norm, e.ge.
Turner and Verhoogen (1960) and williams et al (1954). Furthermore,
Holmes (1920) defines limburgite as being chemically equivalent to
nepheline basalt, with glass in place of nepheline.

However, the name was first used by Rosenbusch (1872) on a
strictly mineralogical basis to deseribe rocks from the Kaiserstuhl
complex, West Germany. Rosenbusch (1908) defines the essential
features of limburgites as the presence of olivine, augite (often of
two generations) and a brown glass. The rock chemistry was not a
factor in this definition.

Mennell (191C, p.140) appears to be first to have applied the
term 'limburgite' to rocks in southern Africa. He described a rock
from the Zoutpansberg area of South Africa as being very similar to
the Kaiserstuhl limburgites. In the same area Rogers (1925) recorded
abundant glassy Karroo volcanic rocks which he named limburgites. The
neme is also found in du Toit's (1954) deseription of the Karroo
volcanic succession of the Zoutpansberg area and the northern part of
the Lebombo monocline.

North of the Limpopo River Lightfoot (1938, p.198) and Swift
et al (1953, pe37) used the name 'limburgite' to describe Karroo rocks
in the country around the Sabi River, and Cox et al (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 lavas.

Rock Classgification

Within the range of olivine-rich rocks examined during the
current research the following groupings can be distinguished on
petrographic grounds :

(a) 1_- phenocryst limburgites, containing phenocrysts of

olivine in a groundmass of glass, microphenocrysts of clino-
pyroxene which are frequently skeleta}, and dendritic ore
(Plates 13 and 14).

(b) 2 = phenoceryst limburgites, which contain pheaocrysts of
olivine and clinopyroxene in a groundmass of glasa and ore,
the ore commonly being dendritic. The c¢linopyroxene
phenocrysts are generally smaller than the olivine phenocrysts
(Plates 15 and 16). However, a small number of rocks contain
euhedral clinopyroxene phenocrysts and olivine phenocrysts of
similar dimensions (FPlate 17).

(e) 1 = phonoc:yat;g;asgy olivine basalts, which contain

olivine phenocrysts in a groundmass of glass, dendritic and
normal ore crystals, skeletal and dendritic plagioclase and
clinopyroxene (Flate 18).

(d) 2 = phenocryst glassy olivine basalts, which are similar

to the 1~ phenocryst glassy basalts but also contain clino-
pyroxene as a phenoeryst phase.

(e) 1 - phenocryst olivine basalts, 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 = subhedral
laths of plagioclase.

(f) 2 - phenoecryst olivine basalts, which are similar to

the 1- phenocryst olivine basalts but contain, in addition,
clinopyroxene phenocrysts.

(g) 3_- phenocryst olivine basalts, which contain phenocrysts

of olivine, clinopyroxene and plagioclase in an intersertal
groundmasse This type of basalt is rare.

(h) Picrites, which are holocrystalline and relatively

coarse~-grained, In most specimens no clear distinction

between phenocrysts and groundmass crystals can be made. As

mentioned above, this group is considered to be the hypabyssal

equivalent of the lavas,

In order to be consistent with a previous classification scheme
(Monkman, 1961, p.4k4) and generally accepted usage in other provinces,
e.ge Hawaii, olivine basalts rich in modal olivine are termed picrite-

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

1 _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 (1949). 1In a similar manner, holocrystalline

rocks with less than 25% olivine are termed picrodolerites.

In the case of one picritic body, the Beacon sill, modal
analyses of samples collected at different levels (Table 4) 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- phenocryst olivine basalts, the classi-

fication scheme is sometimes difficult to apply and, because the



TAELE &4

BEACON__SILL__PICRITE

Vol.% =21 N=22 N=23
Olivine 29 38 L2
Clinopyroxene 27 25 32
Alkali Feldspar 19
38 35
FPlagioclase 3
Ore 6 2 i
Apatite 1 tre. 1
Mgo (wt.%) 1546 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 (e¢) and groups
(b) and (d).

The classification schese is summarised in Table 5 and Table 6
shows the distribution in the various groups of the 56 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
erystalline phases it is related to possible low pressure fractionation
events. Cox et al (1967) have used an essentially similar scheme to
'aub-divide Karroo basic lavas from different areas of Rhodesia.

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 clinopyroxene then plagieclase.

The large orthopyroxene phenocrysts occur in all the groups of
lavas. They are, however, rare in the picrites. The presence or
absence of these phenoerysts cannot be rationally related to any other
petrographic features These observations are consistent with the
belief that the phenocrysts are not the products of low pressure
crystallisation - an argument developed in a discussion of the

mineralogy of the rocks (Chapter 3).



TABLE

ROCK__CLASSIFICATION SCHEME

Groundmass
Glass Glass and Flagioclase laths
skeletal plagioclase and glass

i-phenoeryst 1-phenoeryst glassy 1= phenocryst
Olivine limburgite olivine basalt olivine basalt
and pierite-basalt and picrite basalt

Phenoeryst Olivine 2-phenocryst 2-phenocryst glassy 2= phenocryst
+ limburgite olivine basalt olivine basalt
assemblage
¢linopyroxene and picrite-basalt and picrite basalt
blizine g 2- ghenocrxst
VLENSEIF ORENS olivine basalt
plagioclase

Note : (i) clinopyroxene is also present in the groundmass
of all types

(11) olivine basalt { 25% modal olivine < jpicrite basalt.

(1i1) piecrites and picrodolerites are holocrystalline,

relatively coarse-grained rocks.

(iv) picrodolerite & 254 modal olivine £ picrite,




TABLE 6

PETROGRAPHIC _TYPES

Groups No. of Specimens
1 = phenocryst limburgite ; 9
2 = phenocryst limburgite e A 10

1 - phenocryst glassy olivine basalt and picrite-basalt 10

2 - phenoeryst glassy olivine basalt and picrite-basalt 7
1 = phenoeryst olivine basalt | 6
2 = phenocryst olivine basalt 3
5 = phenocryst basalt 2

Ficrite and picrodolerite =
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CHAPTER 3

MINERALOGY

The compositions of mafiec phenocryst and groundmass phases in
several limburgites, basalts and picrites have been determined. These
are reported and discussed in this chapter.

The Mg : Fe ratios of these phases indicate that the rare, large
orthopyroxene phenocrysts are unlikely to have been in equilibrium
with the clinopyroxene and clivine phenocrysts and groundmass crystals
present in the rocks. However, the orthopyroxene phenocrysts and the
rare nodular olivine aggregates and megacrysts could constitute an
equilibrium assemblages. On this baﬁil a distinction is made between
a relict orthopyroxeneée-olivine assemblage inherited from an elevated
pressure crystallisation event and the common low pressure assemblage
olivine = clinopyroxene -~ ore - plagioclase - very rare orthopyroxene.

The clinopyroxene rim around the orthopyroxene phenoccrysts is
considered to be an overgrowth and not the product of reaction between

orthopyroxene and liquid.

Olivine

Olivines from 2 picrites, li=22 and N-27, were separated, purified
and analysed by X-ray spectrographic techniques (see Appendix 5). The
resulis are presented in Table 7. According to the nomenclature of
Deer et al (1962a, pe.22, Fige 11) both are chrysotile.

Electron microprobe analyses of the rare, large olivines, or
megacrysts, and olivine phenocrysts were carried out in one limburgite
(N=356, illustrated in Plate 12) and one glassy olivine basalt (N=117).

These results are given in Table 8, It is clear that the megacrysts



TABLE

OLIVINE ANALYSES

- — - -

Wte% N-22 OLIV N-ZZVOLIV
SiO2 39.2 38.5
'1‘:|.O2 0+15 0.27
A1203 0:71 0.26
r.ZOB_ 0.7 345
FeO 19.8 179
n0 0.27 «26
Vg0 3944 38,0
Ca0 0,27 033
HZO 0.06 Oolth
Total 10040 99,5
Eo E:mo

Cr 100 -
K4i 2120 2160
Formula F°78 F°80 .

*++

* = adjustment made to Fe / Fe'" before

formula calculated.



TABLE 8

(a) Hegacrysts

N-761 N = 3361 K = 356 11
utek Core Core Margin Core Margin Core Margin Margin
FeO T 12,9 15.3 20.2 4.1 18.9 8.3  17.1 21,0
MgO L,7 42,4 39.3 Lh,5 37.0 505 44,1 41.8
Ca0 022 0.28 002? 0-25 0.2‘" 0t27 0.57 0'28
Formula F°86 F083 F°78 F°85 F°78 Fo92 Fo82 F°78

(b) Small phenocrysts and groundmass crystals

R N=76 N-3356
e Groundmass FPhenocryst
FeO T 22.7 22.4
MgO 3740 32.7
Cal 0033 0032

Formula F°74 Fo72



18.

are significantly more forsterite-rich than the phenocrysts.

Figure 3, which shows the intensity of Fe radiation during a
traverse of olivine crystals, shows that both phenocrysts and megacrysts
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 im Appendix Bj 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 phenoerystse. With the
olivine 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 megacrysts and the more common phenocrysts,

The compositions of N=-22 OLIV and N-27 OLIV determined by the
diffraction method are in good agreement with ﬁh. chemical analyses
(Table 7).

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

N=117 and N-313. This last basalt was not analysed. Satisfactory
final purification (D> 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 5% and 2.5% respectively. When electron microprobe
analyses of the olinOpyro¥ono rims were available appropriate adjustments
were made to these orthopyroxene X-ray spectrographic analyses.

The analyses, adjusted where necessery, are presented in Table 10
and Fig. &4, The pyroxonis are enstatite and bronzite according to

the nomenclature used by Deer st al (1962b, p.28, Fig. 10).
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OLIVINE _COMPOSITIONS

Picrites

Limburgites

QClivine
nodule

Fo mol %
=21 76
N-22 78
N-27 78
N-41 77
N=-90 83
K=-95 75
N=55 75
N=-60 77
N=356 86 and 78
N=160 nod 87

Figures given are the means of determinations

given by the two diffraction methods described in

Appendix B.

given in Table B-11,

The individual determinaticns are



TABLE 10

ORTHOPYROXENE _ANALYSES

Wt o N-88 OFX N=117 OPX N-313 OPX
T:I.Oa 0.35 051 0.30
Alao3 1.66 1okl 149
Faao3 0.54 0.6 0.3
FOO 6.39 10.8 10.0
MnO 013 0+20 0419
Cal 1.50 2060 2.50
Na ;0 Otk 0413 i
KZO 0402 0.03 -
Total 9941 99.1 9849
Eo Eomc

Cr 3110 2340 3060
Cu 33 39 -
Ni 1727 1158 1292
in 97 126 120
Formula En89.6 Ens.‘.s &8306
Cations

er 6 X+ X 2003 2,00 2.01
Cxviend ¢ Z 199 200 200

* = calculated according to the scheme of Hess (1949)
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Electron microprobe analyses were carried out on orthopyroxene
phenocrysts in 2 basalts, N-88 and N-117, and 1 limburgite, N=76,
Table 11 and Fige. & give the results.

An electron microprobe traverse (Fig. 5) acercss an orthopyroxene
phenccryst revealed that there is not continuous compositional zoning
but, instead, there is a sharp change near the phenocryst margins to
a more Ca=-rich and Fe-rich composition.

One rock (N-90, a picrite) contained 4% orthopyroxene which
lacked the distinctive characters of the large orthopyroxene phenocrysts
in the lavas. The composition of this orthopyroxene 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 phenocrysts.

Clinopyroxene

Clinopyroxenes from > different modes of occurrence were
investigated,
Firstly, clinopyroxenes from 6 picrites (N-2z, N=23, N=27,
N=41, N=90 and N=95) and a 2-phenocryst limburgite (N-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 Poldervaart and Hess (1951, p.474) are, with the exception of N-95
CPX, endiopside but lie close to the endiopside-asugite boundary.
Secondly, because attempts to separate and purify groundmass
and phenocryst clinopyroxene from 1 and 2 = phenocryst lavas were
generally unsuccessful, groundmase clinopyroxenes in two 1= phenocryst

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



TABLE - 11

ORTHOPYROXENE MICROPROBE__ANALYSES

N =761 N - 76 11

Wty % Core Core Core HMargin Margin Margin
Alao3 0.6 0,8 1.0 0.6 1.9 Telt
FeO T 71 73 71 9.6 8.9 77
Cao 1.7 1.8 1.? 5.0 2.9 1 -9
Total® 9601 97.1 9605 96-5 9503 98."|‘

K - 88 §-336
Wt o Core Core Margin Core
31203 1¢3 1.6 0.8 11
FeO T 7.2 7.4 808 ?09
Ca0 1«5 17 247 11
Total® 9.4 96.9 970 978

* = totals calculated assuming an ideal metasilicate formula,

fse. ALA10,, FeSi0,, Mg5i0, and Casio,.
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FIGURE 5

Orthopyroxene zoning.
Chart record of electron microprobe scan across
orthopyroxene phenccryst in N-88; Fe and Ca radiation

being counted simultaneously.
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TABLE 1

CLINOPYROXENE ANALYSES

Wt e l=22 CPX N=-23 CPX l=27 CPX N-41 CPX N=60 CPX N=90 CFX N=95 CPX
540, 52,5 5244 52,6 52.6 5245 52,6 51.8
'rio2 1,31 1.16 1.29 1.33 1.37 1.16 1.27
Alao3 1.75 1.64 1.61 1.78 1.78 1,82 2.42
F0203 0,77 0.72 0.8k 1.78 0.73 0.84 1,26
FeO 5.21 5;26 “.93 “061 ‘0’.95 ‘&.80 5'80
MnO 0.12 Ou1k 0,13 Oe1h 0.13 0.13 0+15
MgO0 1745 17.8 18,0 174 1746 1849 17.0
Ca® 2046 20,0 20.1 19.6 20,6 19,6 19,3
Naao 0.36 0435 0432 036 0435 0.28 -
K,0 0.06 0.07 0.05 0e11 0.03 0,03 -
Total 100.2 99.5 99-9 99-7 100.0 100.2 9900
E - E ol a

Cr 3925 hh2s Lh25 3650 4300 4305 k140
Ni 490 530 560 k€5 525 555 490
in 56 50 58 55 57 58 61

ar 56 43 ! 36 97 48 38 36

Ca "1 ._6 40.6 %.6 ‘01 .“ ‘01 .6 39 «0 ‘00-0

Formula Mg 49,1 50,0 5046 50,0 49,5 52. 14 49,0
Fe® 9.3 9k 8.9 9.5 9.0 8.6 11.0
Cations
or 6 WHX+T 2,02 2,02 2,02 2,00 2,02 2.03 1.98
ey 1,98 . 1.98 1.99 1499 1.99 1.98 2,00
o ++ +4++

Fe - TFe + Fe + Mn

* - cgalculated according tc the scheme of Hess (1949)



FIGURE 6

Clinopyroxene compositions.

@ : separated and analysed clinopyroxenes.
4 : electron microprobe analyses of groundmass
clinopyroxenes,

O : electron microprobe analyses of e¢linopyroxene
rims around orthopyroxene phenocrystse.

The location of the main figure is indicated by
stippling in the Di - Hd - En - Fs quadrilateral,

Compositions are expressed in mol. %.
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These results are presented in Table 14a and plotted in Fig. 6. All

the compositions are augite according to the nomenclature of Foldervaart
and Hess (1951). when compared with the clinopyroxenes from the picrites
and the 2~ phenocryst limburgite N-60 they have marginally lower Mg : Fe
ratios. This is almost certainly due to the relatively later crystal-
lisation of these small groundmass crystals and is entirely consistent
with the assumption that the picrites are the hypabyssal eguivalents

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, N-88 and N-356), The results are presented in
Table 14b and Figs 6. The compositions are very similar to those of
the analysed bulk c¢linopyroxene 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.

The formation of the clinopyroxene rims is discussed below,

Other Minerals
No work was undertaken on any other minerals, Alkali feldspar

is relatively abundant in many picrites and von Knorring and Cox (1961)
have recorded a new Ti (Mg, Fe) oxide mineral - kennedyite - in a

plcritic rock. 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 reflectlion of, and not the cause of,

the unusual petrological features of the rocks.

Mine uilibria

Despite several limitations, for example see O'Hara and Mercy



TABLE 14

CLINOPYROXENE !ICROPROBE . ANALYSES

(a) Groundmass crystals

Wtef N-76 I N=-76 II N:?G III N=76 IV N=356
A-]..ZO} 2.1 . 2‘6 2.6 2.3 1.9
FeQ T 6.3 6.2 545 845 6.6
MgO 16,8 16.3 16,9 15.9 16,8
Cal 20,8 20.8 2045 20,0 15.9
Total* 98.6 97.7 9?02 9809 9?.0

Ca 42 43 42 41 41
ZOTRAN gs - 0f 47 48 45 48
Fe 10 10 10 14 1

(b) Rims around orthopyroxene

Whae N=76 I N-76 II N-88 N-356
A1203 0.7 1.6 5.0 107
FeQ T S.6 640 6.8 5.8
MgO - 18.9 1842 1649 177
Total?* 7.4 97.6 976 9649

Ca 38 39 4o 39
Formula Mg 53 51 49 52
Fe 9 10 11 10

* = totals calculated assuming an ideal metasilicate formula,

i.e.

AlAlQ

>

. FoSiO3

s Mg8i0, and CasSio,.

3
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(1963, ppe 307-309), the distribution coefficient of Fe and Mg between
coexisting pyroxene pairs, KD (MgiFe)® has been used as a possible
indicator of equilibrium and non-equilibrium assemblages. As defined

by Kretz (1961 and 1963)

XopX ¢ 1 = Xepx

K
D (MgiFe) 1 = Xopx « Xepx

where Xopx and Xepx are the mole fractions of Mg in each pyroxene phase.
Distribution coefficients are given in Table 15, the Mg : Io ratios
having been abstracted from Tables 10,11,13,14,

KD (MgiFe) for the pyroxene pair in the picrite N-90 is within
the range of values recorded from igneous environments = 0.65 = 0.86
(Kretzy 19634 pe 777)s This distribution pattern suggests that the
pyroxenes attained their compositions in equilibrium with each other
and a liguid 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
limburgites H-76 and N-356, as determined by electron microprobe,
give values of K, (Mg:Fe) (Table 15) which are well outside the range
of distribution coefficien®s recorded from supposod.igneou- 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 (Fige 7).
The possible orientation of the tie-line between the coexisting pyroxenes
of N-90 has been added to fige 7« Because of the restricted compositional
ranges of both pyroxenes this treatment is not unreasonable and the data

indicate that, in general, the Mg : Fe ratics of the orthopyroxene



TABLE 15

PYROXENE DISTRIBUTION _CGEFFICIENTS

Sample X epx X opx KD S“ :Fe)
N=90 85.8 82 0.75
=76 83 * 89 * 1.65
N=356 81 * 87 * 157

85 - 76 90 - 82

ALl mean of mean of hoi

11 - 83 3 - 86

* - since Foao3 content is not given by electron
microprobe analysis, FeO T has been used in

the calculation of X cpx and X opx.



FIGURE 7

Possible clinopyroxene - orthopyroxene equilibria.

@ : -separated and analysed pyroxenes.
D : electron microprobe analyses of orthopyroxene
phenocrysts and groundmass clinopyroxenes.
O : electron microprobe analyses of clinopyroxene
rims round orthopyroxene phenocrysta,
The tie~line between co~existing pyroxenes in N=90
is based on a full analysis of the clinopyroxene and the
M/F ratio of the orthopyroxene.

Compositions are expressed in atomic %.
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phenocrysts are too high to give values of £y (MgiFe) < 1. This implies
that the orthopyroxene phenocrysts and the clinopyroxemes of the rocks
do not constitute an equilibrium assemblage.

(ii) Clivine - orthopyroxene

Bowen and Schairer (1935), Ramberg and De Vore (1951) and O'Hara
(1963) have noted that in most magnesian (Mg : Fe > 60) igneous
equilibrium assemblages the Mg : Fe ratios of olivine and 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 kimberlite - 4is 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 Schairer (1935) in the system Mgl - FeO = si0, -
at equilibrium the synthetic olivine was enriched in Fe ;olative to
the Ca-poor clinopyroxenes.

In the cuse of N-90 CLIV (Mg : Fe = 83) and =90 OPX (Mg : TFe
= §2) the distribution of Fe between the two phases suggests one is
dealing with an equilibrium igneous assemblage.

Figure 8 gives the range of orthopyroxene compositions from &
lavas, the range of compositions recorded in olivines in picrites 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 Fige. 8 suggests that, if the observations of Ramberg and De Vore
(1951) and O'Hara (1963) do aﬁply to these rocks, only the olivine

megacrysts can constitute an equilibrium assemblage with the orthopyroxene



FIGURE 8

Possible orthopyroxene ~ olivine oguilibria.

The ranges of measured compositions of olivine
megacrysts, phenocrysts and groundmass crystals and the range
of orthopyroxene compositions are shown in terms of the M/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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phencerysts - the other olivines in the rocks are relatively too
Fe-riche

(ii4) Conclusions

The mafic mineral assemblage olivine = orthopyroxene = clino=-
pyroxene, which is recorded in one picrite, N-90, appears to represent
an equilibrium assemblagee.

The large orthopyroxene phenocrysts 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 Chay;;r 5).

These conclusions lead the author to recognise two distinct mafic
mineral assemblages

(a) a low pressure olivine - clinopyroxene - very rare ortho-
pyroxene assemblage; olivine and clinopyroxene occurcing
both as phenocrysts and groundmass crystals.

(b) an olivine - orthopyroxene phenocryst assemblage,
characterised by higher Mg : Fe ratios, which is considered
to have been inherited from an elevated pressure crystal-
lisation event. As such this relict assemblage constitutes

valuable evidence regarding the development of the basic

magmas at depth.

The Olivine - Orthopyroxene Fhenocryst Assemblage.

The Alzo3 content of Alzoj-saturated pyroxenes and the mutual

solubility of coexisting pyroxenes 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. Referencees to the relevant literature are given by
O'Hara (1967 ). Using data from both synthetic and natural assemblages,
O'Hara produced a provisional P-T grid (Fig. 12-4) which utilises these
parameters. However, as there is no evidence that the olivine mega~
crysts and orthopyroxene phenocrysts ever coexisted with a Ca~rich
pyroxene or an Alzos-rich phase, these parameters cannot be used as a
guide to the depth of erystallisation of this assemblage.

Phase equilibrium consideratiocns have proved to be more useful in
assessing the P and T of equilibration (see Chapter 5)., After the
relationship between the bulk compositions of the rocks, the mineral
assemblage and phase relations 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
inherited from depths exceeding 10 km,

Figure 5 demonstrates a sharp compositional change near the edge
of an eorthopyroxene phenocryst. This change may indicate that after
the initial, main growth further 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 factorse.

Clinopyroxene Rims
Figure 6 and Table 15 demonstrate that the clinopyroxene rims

arcund the orthopyroxene phenocryste have compositions which closely
match the other clinopyroxene phases in the rocks. This feature
suggests that the rims are simply overgrowths 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 ¢lino-
pyroxene it is considered that the resorption took place prior to the
overgrowth of clinopyroxene. Once shielded by clinopyroxene rims

the non-equilibrium orthopyroxene phenocrysts would ¢learly be preserved
from further magmatic resorption.

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) hypersthene phenocrysts in
two Hawaiian lavas have the same compositions as the groundmass clino=-
pyroxene phase. Muir and Long conclude that the c¢linopyroxene jacket
is a parellel growth effect.

The concentration of olivine crystals around some of the ortho-
pyroxene phenocryste (Plate 11) is further evidence of resorption of
the phenocrysise. During resorption the liquid phase surrounding the
orthopyroxene must have been relatively enriched in Hg*+, Fe'" and
510:* ions and ionic lattices and, if olivine was a precipitating phase,
a concentration of olivine would occur around the orthopyroxene
phenocrysts. Since these small olivine 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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CHAPTER &

PETRCCHEMISTRY

Chemical analyses and C.I.P.W. norms of 47 limburgites and
basalts and 9 picrites are presented.

The overall high-magnesian character of the rocks is confirmed
by average Mgl contents of 15.1% in the lavas and 19,1/ in the picrites.
Since few rocks with MgO contﬁnta in the range 8-10% have been found,
it appears that the olivine-rich lavas form a group which is not only
stratigraphically but also compositionally distinct from the voluminous
low=-MgO, Upper Basalts.

The contents of K and the associated elements Ti, ¥, Ba, Rb, Sr
and Zr are high throughout the range of rock compositions - confirming
the earlier observations of Monkman (1961) and Cox et al (1965). These
elements behave as a strongly coherent group. 4

A positive correlation between K and associated elements and MgO
and a negative correlation between xao and Nazo 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 tholeiites,

Chemical Analyses

(i) The data.

Analyses of 47 basalts and limburgites and 9 picrites are
presented in Tables 16 and 17 respectively. Short descriptions of

the analysed specimens, including modal analyses and localities, are



TABLE 16

CHEMICAL ANALYSES OF LAVAS

Wb | Nel  Ne5  Ne13  N-15.  Ne26  Naph = Ne35 He37  H-ko
510, bg,9 48,2 45,1 48,7 49,5 hB.4 48,6 50,5 49,6
TiOz 3410 3404 2,56 2416 3,30 341k 3,26 2,94 2,66
Alzo3 8424 1041 561 10,4 8e35 7434  7:19 8,68 8,93
F&ZOB 3.0. “02. 7.3. 2-9 2;3 y 2'9 2.5 108 107
Fel ?.86‘ 8026‘ 5.00‘ 9.25 8.}4 7 82 8.05 9076 9.86
MnoO 0a11 0415 013 0416 0414 0412 0412 0415 0416
MgQ 15,0 12¢5° 233 134h 7 154 16,3 15.8  15¢3 1547
Ca0 7013 8458 5.25 8BlU5 - 7626 6,57 6.56 7.68 8,21
naao 142 1,97 0,98 2,01 1657 - 130 189 178 1.13
Kao 252 MeB7. 1,722 0478 . 250 2,92 1.8 1652 1,62
9205 0e50 Ookl  O04li1 0,32 0487 OMU8 0.52 0433 047
H,0 0490 © Oli2 "2423 1453 0458 3,21 3,47 0,66 0.8
Total 9947 9947 99¢6 100eT 99«7 100.5 99.8 1011 100.9
¥ B1e9 49k - 33,6 47,7 41,0 38.6 400 43,1 k2.5
PePaelle
Ba 1235 830 925 420 1165 1250 1320 650 570
Cr 965° 680 1130 770 990 1190 1130 970 920
Cu 38 - Ly - - - - - -
La 62 - 53 - - - 60 e e
b 24 - 18 - - - 24 - -
Ni 730 588 1380 710 750 813 794 725 675
Fb <20 B {20 - - <20 - -
Rb Ls 30 32 28 51 75 70 23 18
sr 1237 946 931 625 1191 1200 1295 907 666
v 230 - - - - - - -
Zn 108 - 113 ¥ g : 97 " *
Zr 380 245 3L42 205 450 Lbs 454 290 275
* = values subsequently adjusted Ly F‘goé + Fel

-

o - spectrophotometric determination

F32Q§ + FeO + MgO



TABLE 16 (continued)

CHEMICAL _ANALYSES OF LAVAS
WEe =55 N=60 N-72 N-76 N-79 N-84 K-88 [E-89 N-01
510, §8¢1 45,7  48.6 - 47.6 49,3 50.4 49,3 50,2 49,6
40, 2.85 2.89 290 2,60 2.74 1.82 1.717 1.2 2,70
A1203 8498 6311 P27 ' 6:52 < 9M1 1145 577 1561 1040
F.203 3.6‘ 400‘ 3.2‘ “‘07‘ 1.7 1.6 700. 2.2 2.2
FeQ 7679 B8407% 7.78% 6,48* 9.65 9497 L4.18* 8413 9,03
MnO 0615  0a15  Oull 0414 0415 0416 0,15 0415 0415
MgO Wl 213 0 164 1940  13.6 1141 2047 8426 1247
cal 7083 ‘4085 7'2‘* 5'9“‘ 8.28 8.63 5.87 1005 8.12
Na 0 185 1410 1435 . 0,98 183 2419 0491 2458 1,78
K,0 1490 1483 2.19 2,08  1.25 0.52 0478 0e64 1,56
P205 Oelt7 OB6 0,52 046 038 0424 0426 0419 0o39
H,0 1462 2468 146 286 1,02 1485 - 3,06 1406 1,38
Total 99«1 991 991 994 99¢3 99.4 9947 10043 99.6
Fom . B339 35,8 80,1 3643 - WSuk . 51,2 34i7 554 b6.9
E.E.mo
Ba 565 1335 960 960 865 300 325 320 750
Cr 900 1240 1110 1130 920 780 1526° 198° 80
Cu - 62 - - - - 4s 39 v
La - 53 - - - - 75 20 -
Nb - 18 - - - - 12 -
N 660 1235 &50 1108 635 390 1105 220 596
Fo - - - - - - <20 - -
Kb 36 36 35 36 17 18 25 9 31
Sr 819 996 1083 884 978 354 Lyl 359 833
v - - - - - & 180° : 210° | -
Zn - 110 - - - - 106 89 -
Zr 280 370 4oo 346 28s 130 188 130 310
* = values subseguently adjusted ¥, F°2°27f Fel

s

o - spectrophotometric determination

10203 + FeQ + Mg0
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TABLE 16 (continued)

Wt e % N=100 =102 N=105 N=113 N=117 K=126 N=133 =135 N-149
Sioz 48,6 500"‘ ‘4‘903 “‘902 ‘0905 "'903 4702 “'7-9 L8 4L
710, 3,90 2,64  2.58 2,48 2,31 2473 2455 2.78 2.7
AL,0, 10.4 1040 8,51 9,06 9,08 9,00 6,34 7.83 8,88
F3203 6.9 . Haa¥.l 243 2.8 2.6 225 Bol® . T0% 2,3
FeO 640" 7:36* 8+.87 8.70 791 938 730" "'063. 9.99
MnO Oe16 04,15 0414 014 0414 0,15 0,09 0411 0,13
MgO 10,9 1238  15.1 W1 W9 135 19,6 16,8 . 13.3
CaC 8.75 8411 7460 7«90 727 8.01 6.55 7.07 8.40
Na20 1697 188  1.55 1,82 1,53 178 1,08 1439 1.60
K0 1490 1459 1,48 0,73 153 1346 2,01 2,46 0490
P205A 0uli6  0e39 0.l2 0,36 0435 042 0.45 0,47 0.34
HZO 0.36 030 1.29 2.31 2439 1.“'} 1.96 2.“'8 0096
Total 99s1 99a7 98:9 9946 9945  99¢5 9945 10049 999
F 52.6 4648 42,0 45,0 43,5 46,9 36,8  39.9 48,0
EQB.M.

Ba 910 740 640 €615 €600 &40 1040 990 600
Cr €60 820 1100 1000 910 760 1321° 1010 940
Cu 93 = - - 7 - 65 B -
b 20 - - - 18 - 16 % o
Ni 912 431 730 700 748 644 1055 901 730
b <20 - - - r - - - *
Rb 39 32 30 53 27 28 29 Lo 19
Sr 1008 819 795 777 695 822 1077 1015 665
v - - - - 220% = 180° - L.
Zn 102 - - - 98 - 104 - -
ir 260 285 280 325 275 305 353 350 280
* « wvalues subsequently adjusted ?/M p! Fo203 + FeC

o = spectrophotometric determination Fe O, + FeO + MgO



TABLE 16 (continued)

CHEMICAL ANALYSES OF LAVAS

———————— - —— -~ - -

Wt o % K-160 N-187 =190 N=225 N=231 N=245 N=355 N=356 N=357 =361

540 48,7 48,6 48,9 48,6 LB.8 49,8 48.9 49,6 50,7 48.9
Alao} Be71 9439 7.79 9.42 7477 1343 8406 7499 1043 1045

Fe 0y 241 S5e4% 1.8 241 2.6 243 243 266" 237 2.7
FeO 916  7.27° 8.36 11.7 8.49 8.94 9.78 7.39* 8.31  9.15
MnO 0s15 0616 0413 0218 0e14 0416 0417 0613 0416 0,17
HgO 1560° 1142 152 ' 13.7 1746 9.65 14l 16,9 1246  13.9
Ca0 769 9,76 6,74 8469 646 9,36 8 .74 5.62 7.61 8.65
Na_O 1,80 1,67 1,64 1,64 1,29 2,59 1.65 144 2.06 2,16
K, 0 1,08 1426 2412 04,20 1,38 0,76 1.27 2,78 1.7% 0.73
PO Ot 0439 0456 0423 0436 0,29 Ok 0,36 0,45 0.21

HO 1490 2,08 “ 3,00 1ob2 2,16 136 1,09  1.9% 0.53 . 1.20

Total 995 99¢9 99.5 10041 99¢5 100s1 99.5 993 99.7 99.8

/M L3,0 52,5 40.1 50e2 3846  53.7 45,8  37.0 46,3 46,1

E.E-m. \
Ba 570 585 1105 175 580 656

1

748 1540 867 460

Cr 930 790 1140 680 1040 730 1020 870 890 1090
Cu - - - - - - - - 94 -

La - - - - - - - - 47 -

Nb - - - - - - - - 30 -

Ni 734 k6o 775 704 904 296 540 962 570 545
Fb - - - - - - - - - -

Rb 27 16 81 6 34 1 26 53 3h 21
Sr 800 683 1107 354 667 676 792 1146 855 658
v - - - = - - - - = -

Zn - - - - - - - - 90 -

ir 275 280 365 140 260 148 2hé 363 310 165
* = values subseguently adjusted F Feao3 + FeQ

o - spectrophotometric determination /H P Fe.O. + FeO + Mg0

23



TABLE 16 (continued)

CHEMICAL ANALYSES OF LAVAS

Wteic H=399 N=-4OO N-405 N-406 N-440 N-442 [-462 N=517 N=319 KC=-204

s4i0 8.7 47,8 49,2 48,9 48,2 50,2 48,4 47,6 49,9 49.7

Ti0 2,85 2450 2.80 2.83 2.80 3.17 2.54 2,94 2,83 3,18
AJ.ZO3 836 6+93 9465 9.64 64,60 9.04 774 729 11.4 777
Fe. O 21 6.1‘ 242 109 ’408. 205 305‘ 705' 3.0 2.8.

2

FeO 3 9.39 S.4°* 10.1 10,2 6427% 8427  7.27° 3,76 9.7  7.94°
¥nO 015 Os1% 0417 04,17 0,14  0.,1% 0,14 0.14% 0,16 0,14
Mg0 15,7 18,1 13,0 13,2 19,0 13,8 17,7 17:0 10.4 1645
Ca0 7,97 5488 B.60 8,62 5,75 7.47 6,16 6.61 9,72 6469
Na_O 1470 ° 132 1481 1,83 1420 1.49 1,23 1,40 1,97 1,45
KO 0,86 2422  1.25° 1:32 1,83 2,12 2,10 2,17 0,80 2447
PO Ooli1 0,48 0,40 0,37 047 0,55 0.42 0,49 0433 0.56

22
H,O 1.70 2.38_ 0.86 0,81 2,60 1,65 2,21 2.54 0,94 0.46

Total 99.9 99.3 100,0 99,8 99.7 100.,2 99.4 99.4 101.2 99,7

Frg o h2s2 38,1 48,6 h7.6 36,3 - 43,3 37,6 38,7 55,1 39,1

Ba Lko 1180 700 610 1050 1082 1040 1060 L6o 940
Cr 960 750 550 650 1180 970 1200 1010 650 925
Cu 79 - - 104 - - - - - -
La 22 - - 39 - Sy - - > v
Nb 19 - - 24 - - - - - -
Ni 780 1026 540 565 1093 663 1295 911 338 835
b - - - - - - - ~ - -
Rb 22 Ls 26 2k 29 4o L6 31 17 Lo
Sr 704 1056 743 731 1935 1113 921 1109 597 1105
v B - = > e ) - = i =
Zn 107 - - 100 - - - - - -
ar 265 325 275 265 320 395 330 koo 250 295
* - values subseguently adjusted g/ 3 Fezo3 + FeO

o - spectrophotometric determination . Fe_ 0, + FeQO + MgO

23



TABLE

CHEMICAL ANALYSES

1

_OF__PICRITES

Hte =21 N-22 N-23 B§=27 N=41 =90 N-95 Ne=163 N=364
5102 L8,5 47,6 46,1 hL6,3 47,6 L6.4 47.5 49,3 49,5
T.{o2 3.62 2.62 2420 2.88 3.54 1479 253 2.12 151
A1203 6.98 5.83 4,35 €.22 6465 4,87 746 9.09 9e52
F.a()} ‘*.2. 3.“. }.1‘ 300 5.0' 2.? ‘*Q"’. 3.‘*‘ 2.6
reC 7.02. 8.“’0. 9.80. 8080 6032. 8060 70?"" 806"' 9-78
¥nQ Q.15 0.15 0.17 015 0415 0416 0.16 0416 0.17
Cal 718 6.05 7:11 575 707 L 46 8,13 8.65 6.83
NaZO 1.5} 1.09 OQM 1.09 1.}9 0.90 1052 1.55 1-72
KZO 2.46 1.99 1.34 2.2 220 1420 1.06 0.62 0.52
P2°5 0.54 0.2 033 046 0451 0635 037 0423 0419
nao 1415 1.48 0.91 1455 1631 1426 1.45 0.94 1.58
Total 98.9 99.3 99.3 9940 99.1 995 99.3 99,6. 100.3
¥ B2.3 " 3648 35,9 T 36,37 3848 2947 M3 S k341
Eo g.m.
Ba 880 760 540 860 960 605 380 155 230
Cr 860 1265 1245 1252° 820 1175 960 780 690
Cu - - - 78 - - - - -
La - - - 86 - - - - -
Ni 760 1145 1290 1145 800 1470 830 703 812
b % = r - - e of & &
Rb b3 30 22 37 46 26 18 11 11
Sr 1130 945 775 1000 1240 655 690 k40 275
v - - » 200° " > = S &
Zn - - - 110 - - - & P
ar 430 370 220 380 390 220 220 165 130
* = wvalues subsequently adjusted B Fozo3 + FeO

, P
o0 - spectrophotometric determination : Feao} + FeQ + MgO
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given in Appendix A,

The analyses were carried out by a combination of X-ray
spectrographic and rapid chemical technigues. Details of the
analytical methods and the crushing and grinding procedure are given
in Appendix B,

Because the olivine in some of the rocks is somewhat altered
(see Chapter 3) the appropriate values of F0203 and FeO in Tables
16 and 17 were adjusted before the calculation of C.I.F.W. norms
and other parameters. This was done for rocks which, in thin section,
showed signs of alteration by adjusting the determined values of

-+

Fe_ 0, and Fe( so that the ratio Fc**+/ b P B AP RE [k equalled 0,18 =

& D
this being the value calculated from the Feao3 and Fe0O 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 Fc*++ V. Fe*** T Fe++

and the other components in
the 30 unaltered rockss
C.I.P.i. norms for the analysed rocks are presented in Tables

18 and 19, Without exception they contain hy and by definition are

tholeiitic.

(ii) Average analyses.

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, Similarly
Table 21 gives the range of nofmative constituents in the two groups of
rocks and C.I.F.wWw. norme 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

2



TABLE 18

Csl.Psiis _NORMS OF LAVAS

Wt _N=1 N=5 K=13 =15 =26 N-34  N=35 = H=37
Z Os1 6.1 0.1 0e1 041 041 0«1 041
or 15.0 1141 10.4 b7 1449 177 11.0 8.9
ab 12.1 16,8 8.5 1742 13.4 1.3 16.5 14,6
an 8.8 133 5+9 173 8l 547 6.0 1143
ai 19,0 21o6 | b 18,6 19,8 20,0  19.4  19.6
hy 2546 1241 153 24,0 2042 2040 2542 2644
ol 9.0 4.7 3546 849 1243 139 10.1 949
mt 3.1 345 37 b3 ekt ko3 38 2.6
ct 0.2 0s2 043 0e2 0.2 043 0e3 042
il 5¢9 548 5.0 4,2 643 61 bolt 545
ap 142 141 1.0 ‘0.8 141 142 1e3 0.8
dtei I-40  N=55  N=60 N=-72 N=76 N=79 N=84 N=-88
pA 0.1 041 041 041 O 0s1 0.0 0.0
or 945 1145 1142 1342 12,7 745 3.1 4,8
ab 95 1246 9.6 1.7 8.6 15.7 18.9 8.0
an 1445 1247 6.5 745 75 14,0 20.4 9.7
ai 1846 19.2 12.3 2047 1640 20.4 1746 14,9
hy 298 22.8 2245 2342 28.7 25.0 31.8 47.2
ol Fe3 11.0 2743 134 1648 8e5 1.7 7.9
ot 2.5 3.3 345 31 3.2 2.5 2.4 342
ct 0.2 0e2 0e3 0e3 0.3 0.2 042 043
il 5.0 55 S5e7 Seb 51 Ded D5 3k
Qp 141 1e1 Ta'd 13 1.1 049 0.6 0.6

Calculated on a H. O=free basis.



TABLE 18 (continued)

CaloBo. NORMS OF LAVAS
dt.k  N=89  N=91 N-100 H=102 HN=105 N=113 N=-1127 N=126
Z 0.0 0.1 0.1 0.1 0.1 0.1 0.1 01
or 348 9okt 11.4 245 8.9 bot 9.3 8e1
ab 22,0 15,3 1649 < 16,0  13.8 15,8 13,3 15.3
an 2749 14,9 14,1 14,2 12,1 14,8 1347 12.8
di 19,0 1849 21.8 19,1 1849 18.5 1647 20.0
hy 1646 . 2741 1645 2741 29,8 3h,4 33,0 2843
ol b,6 k.9 8¢5 be? 7okt 33 be5 Sebt
mt 32 3e2 35 3«2 a1 b2 3.9 37
ct 040 041 0.1 0+2 042 0.2 0.2 0.2
il 2.4 5¢2 640 5.0 5.0 4,8 beS Se3
ap 045 0.9 Te1 049 1.0 0.9 049 1.0
Wte#%  N=133 N=135 N=149 N-160 N=187 K=1 N=225 K=231
4 0s1 O« 0a1 0.1 O, 0.1 0.0 01
or 23 14,8 Skt 645 746 12.9 1¢2 8ot
ab 9e3 12.0 1346 15.6 14,5 14,3 14,0 1.2
an 647 8.0 1445 12.8 1447 748 18.0 1146
di 18.9 19.7 20,3 1847 26,1 18.4 19.5 15.0
hy 2045 1541 25.2 27.4 23.9 26.5 3247 35.0
ol 22.7  20.4 1143 943 341 92 6ab 941
mt 3.4 342 3k 341 3.6 2.7 39 349
ct 0s3 0.2 042 0e2 0e2 0.3 02 0.2
il 540 Sekt 542 5¢3 53 643 be3 4.8
ap Te1 1.1 0.8 1e1 0.9 Tob 0.6 049

Calculated on a H.O=free basis,

2



TABLE 18

(continued)

GalaBalia_ _NORMS__OF LAVAS

WboX  Ne245 N335 He356 N=357 N=361 N-399 K=h0O N-405
Z 0,0 041 041 0.1 0,0 041 0e 041
> b5 766 16,8 10s3 . Bab 5.0 134 7.
ab 22,1 el 12.5, 1743 18,5 A6 115 154
an 2237 - A150.L  FaB T oNBaB - NTD . 12e9 . 6aB1 i Theb
ai 18,2  24e2.. 152 1741 2002 1947 16,3 20.8
hy 18,3 . 2359 24,0 1275 18,2 2847 233 243
ol 649 Ge2 1542 3e7 14.2 Se3 19.1 748
mt Sl 3ok 249 349 4,0 3e1 Je3 3e2
et SRl R 0o, o f e T Ol L el i Qe 04
11 3.1 R o el S NI L X |
ap 0s7 - Aed 0.9 1.1 0.5 1.0 1.2 1.0
dbed  N-4O6 NehhO N-bh2 N-462 N=-517 N=519  KC-20k

4] - - - - - 0.9 -

Z 041 0.1 Go 0.1 0.1 041 0.1

or 749 1161 12:7 12.7 133 b,7 14,7

ab 1566 1045 128 7 1047 1243 1645 12.3

an 1he3 7okt 1149 9.6 7ot 19.8 74

ai 21,3 1541 1747 5.2 18.6 21,0 17.8

hy 20.8 7 Bet 3240 CU87.2 0 BNl 2645 2408

ol 1008 AP Z0 . 19.2 1649 - 12,5

mt 2.8 3e1 34 31 3e2 Lo3 361

ot 0.1 ¥ e B btk T e 0.2

11 Sl 9.5 641 540 8.8 gy 641

ap PG T P 140 S T g gy

Calculated on a H. O=free basis.
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or

ab

di
ny
ol
mt
ct

il

ap

TABLE

1

N=90
041
7.2
77
S5e8

1145

23.6

3644
Je2
05

345

CoI.P.W, NORMS OF _PICRITES
N=21 [N=22 N=23 N-27 N=1
0.1 O 041 0o 0e1
14,8 12.0 8.0 12.8 13.3
13.2 ek 7.2 S.4 12,0
5:0 ' 5.2 4,2 5.9 5e5
22,1+ 1841 23,5, 16:,1 . 21,58
21,5 23,0 16,54 18,9 18,2
1147 22,5 31,7 254 17.8
342 Sk 347 hob 33
O " 03 043 03 042
740 561 b,2 546 6.9
143 1.0 0.8 141 142

0.8

0.1

belt
13.1
10.6
2245
20.8
17.1

3ok

be9

0.9

§-163
0.0
37

13.2

1642

20.7

3142
7.0

3

be

0.6

31
147
1649
12.9
3540
10.0

3.8

2.9

0e5

Calculated on a H. O=-free basis.
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540
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F0203

FeC

Mgd
CalO
Na .0
K, O
P_O

2’5
H,0

Pelells

TABLE 20

SUMMARY OF CHEMICAL ANALYSES

47 Basalts and Limburgites

Range
k5.1 = 5047
.24 = 3,26
5461 = 15.1
146 = 745
3676 = 1147
0.,09 = 0.18
8426 = 2343
4,85 - 10.5
0.91 = 2459
0420 = 2492
0419 = 0455
030 = 3,47
175 = 1540
198 - 1526
220 - 1380
9 - 8
275 - 1240
130 - U454

Mean

48,9
2,64
8.77
2.0*

10,2
0.15

1541
7.56
1.62
1458
081
1.63

795
929
752

33
859
300

Anhydrous

Mean
49.7
2,68
8.9
2.0*
1045
0415
15.5
7.68
1,64
1.61

O.b2

795
929
752

33
859
300

2.Ficrites
Sange Hean
46,1 - 49,5 47.6
151 = 3.62 2:53
he35 = 9452 6477
2.6 = 5.0 2.4°
6.32 = 9.80  9.38*
0415 =. 0,17 0416
14,9 - 26,8 19.1
Lkt - B8.65 6.80
0.84 = 1,72  1.29
0.52 = 2,46 1,50
0619 = 0.54 0.38
0,91 = 1.58  1.29
155 - 960 597
690 - 1265 1005
703 - 1470 995
11 - 46 27
275 = 1240 795
130 - 430 281

adjusted values.

297
1005
995
27
795
281



TABLE 21

SUMMARY OF C.I.P.W, NORMS

47 lavas 9 _Ficrites
Abes fange Hean Range Hean
Q 0.0 = 0.9 0.0 " -
A 040 = 041 041 040 = 041 0.1
or 1e2 = 1747 S5 3.1 - 14,8 9.0
ab 3.1 - 22,7 13.8 7.2 <« 14,7 (A lFy
an 7.8 = 22,7 1240 o2 = 1649 8ok
di ok - 2641 1844 1145 = 2345 1846
hy 1241 = 47,2 24,2 16.4 - 35,0 2h b
ol 0e0 = 3546 132 740 = 36.4 19.1
mt 2.4 = 4,3 2.9 3.1 = bk 3.5
et 0.0 = 043 Oa2 0e2 ~ 043 042
11 2.4 = 6ok 5% 2.9 - 649 4.9

ap 0.5 - 1.3 1.0 0;5 - 103 009
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terms and relative to Naao. The trace elements Ba, Sr, and Zr are
also exceptionally high for such basic (MgU-rich) compositions., These
chemical aspects are described in more detail belows.

The considerable excess of hy over ol in the norms of the lavas
is a reflection of the high 3102 content and there is a marked contrast
between contents of normative and modal olivine -~ compare Table 17

and petrographic data given in Chapter 2.
(1i1) Variation

Table 22 is & correlation matrix which gives the correlation
coefficients (r) between the 16 chemical variables in the 47 olivine-
rich lavas.

Chayes (19603 1962) has emphasised that correlation coefficients
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
correlatiocns between variables which make a significant contribution
to the total variance of the array tend to be enhanced, This is because
& 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 arraye.

The standard deviations (=) and variances (c‘z) of each oxide
and trace element are presented in Table 23, One variable (FgO)
contributes more than half the total variance of the array and 5 variables
(Mg0, Al

0,, Cal, 5102 and Fe T) make up more than 95% of the total

2 2%

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



810
Ti0
1].203

0
hz }'.l'

¥n0
g0
Cal
Na,0
K20
PO
Rb
Sr
Ba
Zr
Cr
Ni

Ti0

1.00
=051
-0,09
~0,36
40,23
«0,33
~0,38
+0,65
+0,8%

+0,75
+0,61
+0,82
+0,22
+0,28

11203

1400
+0,14
+0,49
~0.92
+0,86
+0.90
=054
=0.58
=0,48
=0.55
=0,53
=0,62
-0.80
-0.85

9
!'0203

- 1.00
+0,51
=0,19
+0,42
+0. 14
~0.57
=0.37
=0,51
=0,48
-0.50
~0.45
-0,26
-0.18

MnO

1400
=0,50
+0,55
+0.45
=0,63
=0,50
=0.55
-0,65
=-0,61
=0,62
-0.48
~0.48

CORRELATION MATRIX

1.00
=0, 91
-0,88
+0.43
+0,38
+0,36
+0,40
+0.45
+0.45
+0,79
+0,91

Cal

1,00
+0,78
=0,63
=-0.51
-0,56
=0.59
=0,66
=0,60
=0,72
-0.89

Na,0

1.00
=053
=0.49
=0.30
~0,38
=0.41
=0.50
-0.69
-0,82

K20

1.00

+0. 71
+0,88
+0,88
+0,85
+0, 34
+0,49

PZOB

1.00
+0,68
+0,83
+0.73
+0,86
+0,37
+0.41

1.00
40,74
+0, 74
+0,76
+0,43
40,40

Sr

1.00
+0,92
+0.91
+0.39
+0,45

Ba
1.0
40,8, 1,00 T
+0,37 +0.42 1,00
’0951 ’0050 *0069

N

1.00



ANALYSIS OF VARIANCE

Standard % of Total
Deviation Variance Variance
(o) ()
510, 0.983 0.97 5«7
Ii0, 0.462 0.21 T3
A1305 1.80 3«25 19.2
Foao} T 0.798 0.64 348
MnO 0.0164 o hd
MgO 3.2 9.77 577
Ca0 1.22 1.49 8.8
Na,0 0.378 0.14 0.8
K20 0.€653 043 25
PZOS 0.,0927 0.01 e
Rb 0.0015 s o
Sr 0.023 .- .
Ba 04031 s "
Zr 0,0080 % .
Cr | 0.023 4 ’
Ni 0,025 “ *

Concentrations of oxides and trace elements

calculated on a wt. /i basis.

* = insignificant.
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reported by Chayes (196k4) in a survey of variance-covariance in analyses
of calc-alkaline basalt - andesite - dacite suites. However, Chayes
found that 5102, not MgO, made the dominant contribution to the total
variance - the range being 37 - 76% o!’c‘ZTotal, and that 8102,
together with Alzos. CaO, FeO, Feao3 and Mg0 - which individually
contributed 3-9% =~ accounted, on average, for more than 97/ of the
total variance.

From the reasoning developed by Chayes (1960, pp. 4185-4188) it
is clear that as a result of the constant sum factor, at least 2 of the
correlation coefficients between the varisble with the dominant variance
(Mg0) and variables with smaller but significant variance (Alzoj' Ca0,
5102 and Feao} 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 :
S 1

CTc(1 - M)

E (r1j) =

Variable 1 is MgO and variables j = 2 - 5 are A1203, Ca0, 3102
and FaZQ3 Ty G ¢ is the mean standard deviation of variables j = 2 = 5
and M' is the reduced number of variables, i.e. 5 The egquation and
the assumptions made are given by Chayes (1962, p.ﬁha).

Substituting in this equation it was found that a correlation
coefficient of =0.65 could result between MgO and the other significant
variables solely because of the constant sum factore. The negative
correlations between Mg0O and 5102. AlZO3 and‘CaO are, therefore, not as
high as the values of r indicate.

Correlation between the variable of dominant variance (MgQO) and



the components which make very small contributions to the total variance

2
virtually unaffected by the constant sum factor and the correlation

of the array of variables (Naao. KZO, P 05. Ti0, and trace elements) is

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 :
(a) that all correlation coefficients between pairs in the
- group of components MgQO, Tioa. KZO’ PZOS’ Rby Sr, Ba,
Zr, Cr and Ni are positive.

(b) the totally contrasting behaviour of K_O and Na_ O,

2 2

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 MNgO
as a variation index is also sound since any crystal-liquid processes
during the development of the Nuanetsi MgO-rich magmas must have
involved mafic minersl assemblages with high MgO contents. Table 24,
thor;foro. qualitatively summarises the covariance between lgO and the
other components = the appropriate modification being made in the
case of CaO, Al > 3, 810 and Feao3 Te Because of the constant sum
factor one is not dealing with independent variables and guantitative
assessment of the correlation coefficients is difficult. However,
Student & tests are not inappropriate in the case of correlation
between MgO and.TiOa, xao. P’ao5 and the trace elements. These tests
indicate that r values of 04,36 and O.45 are significant at the 99%
and 99,9% levels respectively.

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

against 8510, Naao and K20. This has been done to illustrate graphically
o



TABLE 24

CORRELATION _WITH Mgl

Insignificant Significant
+ -

8102 '1‘102 Alzo3
F‘oZO5 T Ca0

Very Significant

+ -

K20 Naao

P205 MnO
Rb

Sr

Cr

Ni



FIGURE 9

MgO v. 8102 variation diagram.

¢t basalts and limburgites -~ 44 in number.

: plerites - 9, ‘

¢ lavas enriched in cumulus olivine - 2,

: lava enriched in cumulus orthopyroxene - 1,

>oO e

Control lines from typical magnesian olivine
(ce F°85)' full lines, and orthopyroxene (g, Ehéo).

broken lines, have been added to this variation diagram.
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FIGURE 10

MgO v, Na O 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

MgO v. KZO 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 alsc been plotted in these Figures.

The olivine and orthopyroxene control lines in Figs. 9 - 11
are lines which radiate from the plotted positions of a typical
forsteritic olivine = say F°85' and that of an enstatite-rich
orthopyroxene - say En90' Three lavas which were suspected, on
petrographic grounds, of being cumulus-enriched = N=13 and N-60 in
olivine phencecrysts and N-88 in inherited orthopyroxene phenocrysts =
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 hypabyssal anaiogﬁes 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 phenocrysts, hes had its bulk composition
significantly modified by orthopyroxene accumulation - a process
which must have taken place at elevated pressures (see Chapters3 and 5),
These coneclusions are not solely based on the evidence of Figs. 9 - 11,
Vari{tion~diagrans in which MgO is plotted against other chemical
eompopenta display similar features.,

Une aspect of the average analyses in Table 20 is apparently
anomalous with respect to the olivine-enrichment mechanism proposed
above = the KZO/BAZO ratioco of the picrites is higher than that determined
in the basgltl and limburgites. However, the picrites analysed are

mainly from the Beacon - (omakwe area of the liuanetsi syncline northern
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limb, The lavas, and hence also the picrites, of this area are somewhat
more Kao-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, are compared with basalts and
linburgites with a much wider areal distribution.

From this assessment of the variation of rock compositions
using Mgl as a variation index it is concluded that the major or primary
compositional variation is that shown by the 44 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
sorting =~ these processes being the cause of the minor or secondary
element of the total compositional variation.

Only the ofort 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 Asaoqiated klements

Potassium is largely rejected by the major silicate phases of
any probable 3 or 4- phase peridotite assemblage in the zone of magma
genoratién in the upper mantle (Griffin and Murthy, 1968a and b; Harris,
19573 Oxburgh, 1964), Although relevant data are sparse, this is
probably also true of P, Rb, Sr, Ba, 4r, Pb, Th, U and the rare earth
elements. Ringwood (196¢) proposed the term 'incompatible elements’
for this groups 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 1iquid formed on the partial melting of mantle peridotite 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 basalts
has been an important aspect of the arguments developed in several
publications dealing with the origin of basalts, viz. Harris (1957);
Engel et al (1965), Green and Ringwood (19€7), Gast (1968) and G'Hara
(1968a). |

The mean of the 47 lava analyses (Table 20) is reproduced in
Table 25 along with the average composition of 182 olivine tholeiites
as compiled by Manson (1967) and Prinz (1967). Comparison of these
average analyses, despite the limited number of trace element data
included in the general average, confirms the conclusions of Honkman
(1961), Cox et al (1965) ahd Cox et al (1967) that the Nuanetsi olivine-

rich rocks are groatly enriched in K 0, » Tio s Bay, S5r and Zr in

2 5
relation to other basaltse.

| Correlation coefficients between KZO, Paos. Ba, b, Sr, and ar
which are given in Table 22 are reproduced in Table 26. Correlations
with Tioz are also given and these demonstrate that Ti can also be
considered as an element which is associated with K in these rocks. 1In
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.y by Green and Ringwood (1967),
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AVERAGE THOLEIITIC ANALYSES

At el ¥ 2 3
3102 h9,7 49,0 45,92
T10, 2,68 127 1.02
A1203 8.91 15,6 | 1066 y
Fa205 2.0* 246 2,98
FeO 1095. . 8.8 : »8017
Mo 0.15 0417 0.18
MgO 1543 845 19.56
Ca0 7.68 104 9.47
Na,0 1,64 2.3 - 1.34
K,0 1.61 0ub i 0.14
P205 O.h42 0.23 0.12
E- E.m.

Ba 795 215 59
Cr 929 218 1040
Ni 752 130 €95
Rb 33 18 2.4
Sr 859 350 170
Zr 300 91 68

1 = 47 Nuanetsi lavas (from Table 20).

2 -~ 182 olivine tholeiites (Manson, 1967, Table VI, no. 8 and

3 =~ 48 Baffin Island =~ West Greenland lavas (D.B. Clarke,

personal communication).

* = adjusted value.



Sr

ar

Level

TABLE 26

CORRELATION MATRIX

K,0
1,00 Fa%
+0.80 1,00 ey
b5 BOBEE Al
v0.88 +0.73 061 4,00 ol
40471 40468 40,57 40,74 1.00 o
+0.88  +0.83 40,75 40492  #0.7% 1,00

of significance

"’0.82 +0.8‘|' "0.76 “‘0091

- 99% when r = 0.36
99,9% when r = 0,45
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Because the oxides K20. P205 and T102 and trace elements Ba, Rb,
Sr and 4r together contribute less than 5% of the total variance of the
closed array of compositions, 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 Student
t test. These highly significant correlaticn coefficients clearly
demonstrate that in addition to being relatively abundant, K and the
associated elements P, Ti, Ba, Rb, Sr and Zr behave as a geochemically

coherent group in the Nuanetsi olivine-rich lavas,

Content of Mgl

Average MgO contents of 15.1% in the lavas and 19.1% in the
picrites convineingly confirm the overall picritic character of the
Olivine~-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 picritic Olivine=~
rich Group and the thicker sequence of olivine-poor Upper Basalts is
of particular interest. This aspect of the picritic compositions is
best demonstrated by a histogram which gives the frequency distribution
of Mgl contents in all available Nuanetsi basaltic analyses (Fig. 12).
Most of the data in this histogram are from Tables 1, 16, 17 and C=3,
Further analyses were taken from Cox et al (1967, Table 1), Cox et al
(1965, Table 31). All the analyses were recalculated on an anhydrous
basis.

There is clearly a vimodal distribution in Fig, 12. However,

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



FIGURE 12

Frequency distribution of MgC determinations in

basaltic rocks from the Nuanetsi Igneous Province.
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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 basalts which have been collected and
examined, but not anmalysed, in the current research would greatly enhance
the numbers of MgO contents in the 2-7% range.

A deliberate cttort_wns 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 Basalts.
Specimens N-89, N-100, N-245 and N-519 are examples of this intermediate
type; they have MgO 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 intermedliate 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 distinet 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, this aspect of the volcanic
succession was noted by Cox gt al (1965) on the basis of an addition-

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

Comparison with other Suites

The analyses presented in Table 25 clearly demonstrate that the
average of the Nuanetsi olivine-rich lavas is, in two respects, in
marked contrast to the average of a‘genoral compilation of olivine
tholeiite analyses, viz.

(a) the content of Mgl, and Cr and Ni.
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(b) the content of K and the associated elements Ti, P,
Bay Rby Sr and Zr.

Combinations of high MgO, Cr and Ni with extremely high contents
of K and associated elements are found in the mafic members of the
K-rich volcanic provinces of Leucite Hills, Wyoming (Carmichael, 1967),
the Western Rift in S.W. Uganda (Holmes, 1950; Higazy, 1954) and West
Kimberley, Australia (wWade and Prider, 1940) and occasiocnally in the
Italian Quaternary volcanic province (J.D. Appleton, personal communi-
cation)s 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 phlogopite.
Nevertheless the Nuanetsi lavas do provide a compositional link
between these extremé compositions and more common basalts which are
characterised by an excess of_Na over K and have compositions which
generally conform to the mean tholeiite in Table 254

Finally, attention is drawn to the occurrence of a suite of
Terti@ry picritic tholeiite lavas in Baffin Island, Canada and the
adjacent parts of dest Greenland (Clarke, 1968). The average of 48
ana}yset is given in Table 25 to demonstrate that the overall picritic
charict.r:ot a thick éucoession of lavas is a feature which is not
exclusivé to the Nuametsi Ignecus Province = in fact the Baffin
Island - West Greenland lavas are considerably more MgO-rich than
thei? Nﬁanetai counterparts. However, with respect to K and associated

elements the contrast between the two suites is total,
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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 minegll composition
points and to the probable location of phase boundaries.

On the basis of such projected phase diagrams, the inherited
nature of the large orthopyroxene phenocrysts is again demonstrated and
the primitive picritic character of tho Olivine-ricﬁ Group is confirmed.

The genesis of the olivine megacryst - orthopyroxene phenoceryst
assemblage is considered and, in the light of known and estimated
pressure-induced changes to phase relation; in analogous‘natural and
synthetic systems, it is concluded that this biminaralic assemblage
could have crystallised from these compositions in the depth range of
22 = 30 kms

However, all aspects of the compositional variation of the lavas =
in particular the sympathetic relationship between MgC and Kao = 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‘ﬂuanetsi olivine-

rich magmass

Data Reduction and Projection Scheme

Chemical, mineralogical and textural features of basic igneous
rociks have been extensively described with reference to phase relations

in synthetic systems such as CaMgSiZO6 - M525104 - CaAlzoiaoe - cioa
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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 melts and basic
magma should not be overstresseds.

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 system with its 12 major and
minor oxide componentse 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 proBlcns and
two methods of data reduction have been adopted in recent attempts to
draw natural phase diagrams @

(a) A norm-based method =~ Coombs (1963), Muir and Tilley (1964,

Figs 6) and O'Hara (1965, Figs. 2 and 3), by considering
only normative diopside, plagioclase, olivine and quartaz,
or nepheline, have reduced the analyses of tholeiitic and
other basalts to 4 components and after carrying out
geometrical projections within this tetrahedron, have

constructed partial natural phase diagrams. In general,



39«

70 = 90%, by welght, of the rock bulk compositions is
included in this schemes

(b) 4n oxide~based methods =~ DBy 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
Alao y CaO, Mg0 and 510, but have been labelléd 3203.

X0, YO, 20, to avoid confusion with the synthetic systems

2
. This nomenclature is a modification of the A -~ C = M = 8
labelling scheme used by O'Hara. This data reduction
method is described in full by O'Hara (1968a, Fig. 4).

This 1att§r'dhta”reduction scheme has been adopted in the current
investigation sincé it has already been tested (O'Hara, 1968a; Jamieson,
in press) and it_appeafs to have the following advantages over the
norﬁﬁtivd"selection hgthod 3

(a) Although co-ordinates are calculated on a weight percent basis,

the éaloul;tion, for example, of all FeO, MnO and lNg0 as
Yovavoids the distortion brought about by varying Fe/lig
ratios 1; the normative scheme,

(b) uince almost all the major minerals of basic and ultrabasic

‘ rocks have composition points in the system R203-X0-YO-302.
e«ffs diopside is XG.YO.2202,‘a large number of convenient
projection points and planes are available within the
tetrahedron. The comprehensive nature of this scheme
allows a wide range of basic and ultrabasic rock compositions

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

saturated in silica can be represented on the same diagram.
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is described by O'Hara (1968a, Figs 4) a computer program has
been written to calculate the co-ordinates of analyses in the RZOB-XO-
YO-ZO2 tetrahedron and in various sub-projections within the tetrahedron.
Co-ordinates of up to 12 sub-projections are printed out and the user
can select those most appropriate to his needs,

In the present study the following three sub-projections are
used @

(a) a projection to, or from, the clinopyroxene composition

point, X0.Y0.,220

¢ into the plane YO = - XO.ZOZ.

2 %%
(b) a projection to, or from, the olivine composition point,

2Y04 20 into the plane | - X0.40, - Y0ua20

2 2503 2 2*
(¢) a projection to, or from, the orthopyroxene composition

into the plane 2Y0,%40

point, Y0.Z0 ki

5 = 2X0,3Z0, = 28,0,

&
3202. | :

The analysed Nuanetsi picrites, limburgites and basalts are
presented ip these projections in Figs. 13-15 respectivelye. The phase
boundaries projected in these natural phase diagrams are those on the
boundary of the primafy phase volume of the mineral which is the
projection point, 1.9, oliiine, clinopyroxene or orthopyroxene. They
have,be;h drawn on tha‘basia of the projected composition points and
the atmospheric pressure meliing relations of some 30 basalts. Host
of"fag melting relaﬁione were determined in the Géophyaical Laboratory,
Zashington, UsCy, and they have been reported regularly by Tilley, Yoder
ané schairer in the Annual Report of the LDirector during the period
1963-68, These phase boundaries have already been used by O'Hara
(19¢8a) and Jamieson (in press) to describe and predict basalt erystal-

lisation behaviour at low pressures



FIGURE 13

A projection from X0,¥0,2Z0 Clino oxene) into the plane

XG.REQ - YO ---,ZO2 of phase relations and Nuanetsi rock
_3“
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 OLIV, PLAG, and OPX correspond
to the loci of liguid compositions in the equilibria Oliv +
Cpx # Liq, Flag + Cpx + Liq and Upx + Cpx + Liq on the

surface of the clinopyroxene primary phase volume.

The projected data points are as follows i

¢ basalts and limburgites - 44 in number
: picrites - 9
: lavas enriched in cumulus olivine - 2

bPoOe

¢t lava enriched in cumulus orthopyroxene - 1,

The compositions are expressed in weight %.
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FIGURE 14

A projection from ZYO,ZO2 5011v1nQ2 into the plane

5293 - xo.zoa - IO.-ZO2 of phase relations and Nuanetsi
rock compositions.

The projected phase relationsy at atmospheric
pressure, on the surface of the olivine primary phase
volume have been taken from O'Hara (1968a, Fige. 4).

The fields labelled PLAG, CPX and OFX correspond
to the loci of liquid compositions in the equilibria Plag +
Oliv + Liq, Cpx + Cliv + Ligq and Opx + Oliv + 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.

The projected data points are as follows @

: basalts and limburgites - 44 in number.
: plerites - 9.
: lavas enriched in cumulus clivine - 2,

>DoOe

¢ lava enriched in cumulus orthopyroxene - 1,

The compositions are expressed in weight %.
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FIGURE 15

4 _projection from Y0.240. (Orthopyroxeme) into the plane
2R203.2202 - axo.zzoa - 21'0.2.02 of phase relations and
Nuanetsl rock compositions.

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 OLIV, PLAG and CPX correspond to
the loci of liquid compositions in the equilibria 0liv + Opx +
Liq, Plag + Opx + Liq and Cpx + Opx + Liq on the surface of
the orthopyroxene primary phase volume.

The projected data points are as follows :

: basalts and limburgites = 44 4in number.
¢ plerites = 9.
: lavas enriched in cumulus olivine - 2,

>oDOe

: lava 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 boundsries give only a general indication of the
position of the Nuanetsi phase boundaries. Experience with these
diagrams has led one to expect a shift in the location of some
Oy TiO_ and trace

2 2
elements varies from province to province. Nevertheless, although

boundaries as the content of minor elements, K

these natural phase diagrams must be used with caution, when taken
together they do demonstrate that all the Nuanetsi composition points

lie within the clivine primary phase volume.

bic;itic,bharacter

. 1t has been argued previously, on the basis of variation diagrams,
espgciaily K,0 ve 1g0. (Cox et al, 1965), and on the basis of an Mgl= gap
(Chapter'ﬂ), that the Clivine-rich Group is unlikely to represent magmag
of Upper Basalt composition enriched in cumulus olivino - in contrast
to phe accepted originfdf the relatively rare Hawaiian picrite basalts,

- seey for éxahple, ﬁurata and Richter (1966 a and b)e. The clinopyroxene
projéction (Fig. 13) éhows that the lava compositions form a roughly
liqga¥ trend which is oblique to élivineicontrbl liness  The composiﬁidns
of these lavas coﬁldidbﬁ.vtheéefﬁtei.have resulted from the accumulation
of oliVIﬁé in any low=-MgO tholeiitic magma,

‘__Thé pieritic'character of the Huanetsi Olivine-rich Group is,
ther%for&t an inherent feature of the rocks. They must have crystallised
from magmas which had compositions which were primitive, i.e. poorly
evelved, in terms of possible fructionation under conditions of, and the

phasé relations appropriate to,pressures close to one atmosphere.

‘The occurrence of this thick series of lavas &nd hypabyssal rocks
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which have apparently undergone very limited low pressure fractionation
is attributed to relatively fast ascent of the magmas through the low
pressure regime of the continental crust, say the upper 15 km, Evidence
of some low-pressure olivine accumulation within the Group, especially
in the hypabyssal rocks, has, of course, been presented in Chapters 2

and "l'o

Low FPressure Crystallisation

(n the basis of the petrography and mineralogy of lavas it has
preiicusly;been argued (Chapter 2) that the order of appearance of phases
during the final erystallisation of the rocks was : |

2 Qlivine-'CIinOPyroxcne Plagioclase - possibly Urthopyroxene

Evidence fqp the 1ate appearance of orthepyroxene was mainly
negative- but the phase was recorded in one holocrystalline picrite. The
large orthopyroxene ghenocrysta with their clinopyroxene rims were
considered to be‘geiicts of an earlier ér&stallisation event (Chapter 3).

The arder of ciyﬁtallisation proposed above is not»entirely
oonhistenﬁ with the natural phase diagrams (Figse 13=15).  The location
of phane'boundariegﬁih Fige 14 implies that the liguidus phase. olivine,
should-hd'Joined by'plqéioclaae_beforo clinopyroxénc in some of the
eompogitions. Since the phenocryst ;asemblage olivine + plagioclace
has.nﬁt been recorded, not even in the rocks which project into the
olivine + plagioclase + liquid area of Fig. 14, it is concluded that,
for the luznetsi compositions, the boundary between the olivine +
plagioclase + 11§uidrand olivine + clinopyroxene + liquid fields in Fig.
14 should be moved up the diagram as indicated.

Cne feature of the data reduction and projection schemes adopted

is that the phuse boundaries in the olivine orojection (Fis. 14) 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 E#waiian lavas are considerably removed from the
analggdus boundaries in the ajnthetic system Alzo3 ~ Cab = MgO =~ 3102.
and Clarke (1968) has shown that the phase boundaries for the Saffia

Bay Tertiary basalts = a series with very low contents of alkali oxides,
TiOé, P 05 and trace olomonts - must 11§ between thﬁQFyﬁthetié and
established Hawaiian phase boundarios.._‘ ' . ;

Such shifts in the pogition of éhaso‘ﬁzﬁﬁdariea>;re; in general,
likely to have two compoments = an apparent movement duc to the method
'of distribution of oxides imherent in tho data roduetinn edhemo and a
real movement which actually reflects the changing bulk cgnwogitions of
the rocks in the poly-component natural syatem.

The clinopyroxene and olivine projeot?ons (Figs.lﬁj and 14)
indicate that orthopyroxene should bq‘the third phase to erystallise,
after olivine and elinopyroxene, in almost 33% of the rocks. This is
not confirmed by the petrographic evidence. Two explanatiﬁns of this
apparent anomaly are, firstly, that the orthOpyroxcne-yriha:y phase
volume in the Nusnetsi natural basaltic syatem is moreAregkficted than
that in the Hawaiian case and, secondly, that the orthopyroxene expected
to crystallise is occult in clinopyroxene85 until a relatively late stage
of the crystallisation is reached.

The large orthopyroxene phenocrysts are unlikely to be the misaing
pyroxenes. Considerations of Fe/Mg ratios apart (Chpater 3), the large
size of these phenocrysts suggests an early,rather than late, commencement
of crystallisation. Furthermore, the distribution in Figse 17 and 18

of composition points which represent rocks containing these orthopyroxene



FIGURE 16

2Y0.z0. (Olivine) projection showing changes in the
peositions of phase boundaries.

See caption to Figure 14 for . general doscéiption
of this projection.
The phase boundaries between the Cpx + Oliv + Liq,
Opx + Oliv + lLiq and Plag + Oliv + Lig fields on the boundary
of the olivine primary phase volume are as follows:
Syn : 4in the synthetic system AJ.203 - Ca0 = MgO = 5102
(O'Hara and Schairer, unpublished data).

BB ¢t tholelitic basalts of the Baffin Bay area
(Clarke, 1968).

Haw : Hawaiian tholeiites (C'Hara (1968a) and Jamieson
(in press).

Nu ¢ Nuanetsi (see text).
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FIGURE 17

xo.yo.azoi (Clinopyroxene) projection showing the
distribution of ortho oxXene enoerysts in the

Nuanetsi olivine-rich lavas.

See caption to Figure 13 for a general
deseription of this projection.

The data points are as follows :

@ : lavas which contain orthopyroxene phenocrysts
O : lavas which do not contain orthopyroxene
phenocrysts.
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FIGURE 18

2¥0.40, (Clivine) projection showing the distribution

of orthopyroxene phonooryata in the Nuanetsi olivine=-

rich lavas,

See caption to Figure 14 for a general
description of this projecticn.
The data points are as follows :

@ : lavas which contain orthopyroxene phenocrysts
O : lavas which do not contain orthopyroxene
phenocrystse
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phenccrysts cannot be rationally related to any likely configuration of
the atmospheric phase boundaries. This provides further support for the
interpretation of the large orthopyroxene phenocerysts as the products of
a crystallisation event at elevated pressures.

Atmospheric pressure phase relations in natural phase diagrams,
therefore, confirm the inherited nature of the orthopyrdxing phenocrysts
and the observed low pressure phenocryst assemblages lre broadly
consistent with the relation between the rock composition paints and the
phase relations in these natural phase diagrnna. now‘ver, more definitive
phase diagrams for the Nuanetsi provineo uannot be draun until the

‘ melting relations of a number of the rocks a:a determineq.‘

Lxperimental determinations in éynthetio and hgtural systems at
various elevated pressures up to 4o kb; hav‘ given aniigsighi into the
general features of the phase relations which controlAthe.pgrtial
melting of ultrabasic mantle material and any anbseque;t equilibrium
or fractional erystallisation of the partial melt, i.e. tﬁe primary
magma .

Of considerable relevance to the'devalopmeﬁt of the luanetsi
picritic magmas at elevated pressure is the demonstration that the
primary phase volume of orthopyroxene expands progressively with pressure
increase in the range O = 15 kbe, there being concomitant contractions
of the olivine and plagioclase primary phase volumes.

Even before high pressure experimental work commenced, petrographic
evidence had led several investigators to propose that the "... crystal-
lisation of hypersthene is favoured over oliviné at great depth (great

pressure)." (Yoder and Tilley, 1962, p+410)e
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Vogt (1921) and Holmes and Harwood (1932) appear to have been
amongst the first to meke such proposals. Yoder and Tilley (1962,
ppe 410-413) give a review of the proposals and illustrate teatative
phase relations in the systems Di--i“o--SiO2 and An-Fo-Sioa at 10 kb.
assuming the En primary phase area has increased at the expense of

*
the Fo area.

In synthetic systems thi expansion of the pripary_ﬁhaso volume
of ortﬁopyroxﬁnc ;ﬁ implicit in the demonstration, by 30&&, Ingland -
ang DA 1IP08) 1 Phat pratasirtetite SAF anstatits ot $oHgriently
at pressures in exeesé of 2-5 kb. Yoder (1964), 4in the join ¥o =~ 4b
. at 9 kb., and Kushiro (1964), in the %};tgg.Di-Ep-8192 dt 20 kb,

' provide clear evidence of the expansion of the orthdpyiox(neiprimary
phase volume. Yoder, hpwefer. at that tiﬂi attributed the appearance
of liguidus orthopyroxene in the joiano-Ab to matagtablo'gryatal~
lisations Further confirmation was providéd by Kushiro (1965) in
systems involving the plagioclase end members =~ Fo-fCaAIZSioé-Sioz
(at 20 kb.) and Fo=Ne =510, (at 10 and 20 kb.).

In natural basaltic systems the results of Tillé& and Yoder
(1964) and Green and Ringwood (1964) demonstrate analogous changess
The olivine tholeiite and picrite oompositions investigated by Green
and Ringwood have olivine as liquidus phase at atmospheric pressure
but between 10 - 20 kb. pressure orthopyroxene becomes the liquidus
phase. The olivine tholeiite (K 1921) studied by Tilley and Yoder
has olivine as liquidus phase at one atmosphere (Tilley, Yoder and
Schairer, 1963) but no olivine was recorded in the 20 kb, erystallisation

history. The primary phase volume of olivine must, therefore, have

contracted with increasing pressure.
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~ Using these initial results in natural systems, andbsubsequent
results from the Geophysical Laboratory, Washington, DeCey the Department
of Geophysics and Geochemistry, A.N.U., Canbérra and the Institute of
Geophysice and Planotnry Fhysics, U.C.L.A., California, U'Hara constructed
diagrams which show the phase relations for natural ba51c and ultrabasic
compesitions at various pressures in the range 0 - 30 kb. (1968&,F188.
'4 - 6)s GC'Hara was encouraged to find that these rqaul&g, produced
by different uorkerg'nqing'a variotj of toehéiqucé, nge,:in general,
mutually eoniistint;‘ ' » % :.:_ I ,Q»_ ;
The main features of the projected pﬁfec diagram;'drawn by C'Hara
ares with preasure increase i
(a) the continuocus contracticn of th. olivine prinnr; phase
volume . '
(b) the expansioh of the clinopyroféhe and orthopyroxene
primery phasi volumes, espéciaiiy the lattor,.in the
range O = 20 kb e T
(¢) the expansion of a garnet primary phase voluna; at the
expense of all the other volumes at pressuresin excess
of 20 = 25 kby -
For details of the pressure-induced changes on the phase
equilibria in natural basiec and ultrabasic systems the reader is

referred to C'Hara (1968a).

Gienesis of the Olivine-Urthopyroxene nésgmblagg.

The natural phase diagrams constructed by CO'Hara (1968a) were
produced by using 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 kb. phase boundaries directly from U'Hara's Figs. & - 6
to the various projections of liuanetsi composition points. This has
been done in Figs. 19 and 20.

These Figs., and the orthopyroxene projection (got shown)

_ indicate that at 10 kb. almost all the composition points lie in, or
‘closb to, the olivine + orthopyroxene + liQuid 3urr;;é;ﬁ§§mq digtance
fre- the intersection of thia surface with the ¢linepyroxone primary |
phase volunnc Olivine and orthnpyroxene wonld be the f:rst two phases
to ecrystallise from these eoapoaitions at 10 kb prcasurn. Tharefore.
the relation between the composition innta and the likelg form of the
10 kb phase boundaries is clearly conaistcnt with the rare olivine~-
orthopyro:ono megacryst, phongcryst aaaembllge (1dcntifie& in Chapter 3)
being the product of early cryltallisatipn at cas 10 kb

On the baeis of all the nvailable oxperinental data, in particular
the results of Green and Ringwood (ﬂ95??,'oﬁﬂara (1968a). has estimated
that at a pressure around 8 - 10 kbs the orthopyrox;no pgimary‘phase
volume must penetrate the plane of critiecal silica-fundo;saturation-
clinopyroxene-plagioclaae-olivine." Above this pressure hypersthene-
normative compositions can, by fractionating olivine énd orthopyroxene,
produce nepheline-normative residual liquids.

The absence of nepheline-normative basalts in the Nuanetsi
sucesssion could be taken as evidence that the crystallisation of the
clivine-orthopyroxene assemblage took place at pressures less than
thoce needed to cross this plane, i.e. at pressures less than 8 = 10 kb
i different, but valid interpretation, however, is that only limited
fractionation of olivine and orthopyroxene toock place and as a result

no extreme diversification of magma compositions occurred during this



FIGURE 19

X0.Y0,220, (Clinopyroxene) projection showing Nuanetsi
e
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 kb. pressure on the surface
of the clinopyroxene prinary phase volume have been taken
from O'Hara (1968a, Fige 6A)s, These are shown by full
lines, Broken lines represent the phase boundaries at
1 atmosphere - taken from Figure 13,

The fields labelled SP, PLAG, OLIV and OPX correspond
to the loci of liquid compositions in the equilibria Spinel +
Cpx + Liq, Plag + Cpx + Liq, Oliv + Cpx + Liq and Opx +
Cpx + Lig on the surface of the primary phase volume of
¢linopyroxene at 10 kb. pressure.

The key to the projected data points is as in the

captions to Figures 13 -« 15,
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FIGURE 20

2Y0,20, (Olivine) projection showing Nuanetsi rock

compositions and possible phase relations at 10 kb.

pressul'ce.

See caption to Figure 14 for a general description
of this projections

FPhase relations at 10 kb. pressure on the surface
of the olivine primary phase volume have been taken from
O'Hara (1968a, Fige 44)e These are shown by full linese.
Broken lines represent the phase relations at 1 atmosphere -
taken from Figure 14,

The fieldes labelled SP, PLAG, OPX and CPX

“cOtrespond to the loci of liquid compositions in the

equilibria Spinel + Oliv + Liq, Flag + Oliv + Ligq, Opx +
Oliv +.Liq and Cpx + Oliv + Lig on the surface of the
olivine primary phase volume at 10 kb. pressure.
| The key to the projected data points is as in ﬁhe

captions to Figure 13 = 15.
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stage of the magmatic development,

The relaiively low contents of 51203 in the lNuanetsi orthopyroxenes -
'1.5-1'?% = is also suggestive of crystallisation at relatively modest
pressuresj compare Al O3 contents of 4.9 and 5.4% in orthopyroxenes
from the assemblage olivine + orthopyroxene + glass generated at 9 kb.
and 1270 - 1290 ©°c in an olivine tholeiite by Green aud Ringwood (1967,
Table 9)s Houovor. in the absence of an Al, B-rich‘cbexieting phase,
such ooﬁparisons are difficult. The ;n-omblages gqngratad by Green
- and Ringwood may roprcsontra-greatorrd§g§;6 of crystallisation.

The abundance of orthopyroxene phonocrysts 1n.onc specimen =~
N-88 with 21% orthopyroxene <~ at first suggostod ‘that orthoyyrox@no
alone was the precipitating phase dnring thia elevated preaaure event.
However, as has been pointed out by O'Hara 119685) this is a remote
possibility in any magma which is the p§rt151 melt of an olivine-rich
peridotite. Because the primary phase volume of olivihe'ébpears.to
expand continuously with pressure decrease, all ascending m.gms; are
likely to remain in equilibrium with olivine and to precipitete olivine
at all stages of development, unless olivine has a react¥$n relationship
with the liquid - a situation which is realised at pressures of less
than 2=5 kbe with the onset of the familiar reaction :

olivine + 1liquid =—>» orthopyroxene.

Because of this objection to the crystallisation of orthopyroxene
alone, selective, or differential fractionation must be invelved to
account for the abundance of phenocrysts in the picrite - baaali, 1i-88.,

Taking all the above evidence together, it is concluded that the
olivine-orthopyroxene megacryst and phenocryst assemblage bears witness

to the imperfect fractional crystallisation of harzburgite from the
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ascending Nuanetsi picritic magmas at depths of 22 - 30 km. (7=9 kb.)
The primitive picritic compositions of the rocks, discussed above, and
the preservation of the harzburpgitic assemblage imply that, subseguent
to the proposed harzburgite fractionation event, little differentiation
took place. Relatively rapid ascent of the magmas from depths as great
as 30 km, is, therefore indicated,

The role played by intermediate pressure harzburgite fractionation

in diversifying the magma compositions is discussed below.

Compositional Variation'

- Used as variation diagrams, Figa 13 - 15 demonstrute that olivine
and ontﬁopyroxene may huave exercised considerable control over the
'variaiicn‘of rock compositionse The phase equilibrium aspects of
Figse 19 and 20 appear to be perfectly consistent with a petrogenetic
scheme which assumes parental or primary picritic magma, of near constant
composition, was su?plied at depthsof 22 -« 30 kme and that harzburgite
fractionatioﬁ,at'thib déepth, together with some low pressure olivine
fractionation, wore:respgnsihle for the diversification of the initial
magma compositions

Bowevor; such anvinterpretation i not consistent with gll the

available evidences. An assessment of the analytical data reveals that
K and associntod elements reach their highest concentration at the
basic end of the trené of composition points in Fig. 19 = the reader
may recall the intriguing sympathetic relationship between K and
associated elements and MgO. This is demonstrated in Fig. 21, a
clinopyroxene projection with the Kzo/Nazo ratios of the rocks added.
The concentrations of P205. Bay, Rb, Sr and 2Zr in the rocks display

similar distribution patterns in this projection.



FIGURE 21

10,¥0,240, (Clinopyroxene) projection showing the K, o(ncao

ratios of the Nuanetsi olivine-rich lavass

See capt:l.én to Figure 13 for a general description
of this projection.
The data points are as follows 1

@ : lava with xzo/nazo ratio > 1.
O : lava with KZO/NQZO ratio < 1.
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Such a systematic relationship clearly could not result from the
fractionation of harzburgite alcone. It follows, therefore, that, either
the magmas were not of constant composition prior to the onset of the
proposed harzburgite fractionation at ¢. 10 kbs pressure but were already
differentiated in a rationel 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 these
fractionation events.

Ip“the‘following two Chapters this interesting aspect of the
compositional variation is considered in detail and several causal

mechanisms are proposed and critically discussed.
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CHAPTER 6

STATISTICAL ANALYSIS

The standard statistical technigue of principal component
analysis has been applied to the chemical analyses of the Nuanetsi
olivine-rich lavas. From the results of tﬁis treatment three variation
diagrams have been constructed =~ Dby plotting the first and second
transformed variables, the first and third transformed variables and
the second and third transformed varisbles. Unce selected mineral
analyses are added, these diagrams provide convincing evidence supporting
the proposal that theifractiqnation of olivine and orthopyroxene has
exerciéed considerable oontf&l on the bulk compositional variation of
the lavass The statistical analysis also confirmsthat the progressive
changes in the concentrayidns of Mg0 and K and asscciated elements is an
important element of the onrall variationa. Although specific conclusicns
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, phlogopitic mica or amphibole.

Princigg;.ﬁamponent Analysis
(1) General

———————— -

Principal component analysis is a standard statistical technigue
which detects the main elements or components of variation in an array
of data containing m members (e.g. chemical analyses); each member
contaihing n variables (e.g. oxides). Lach member of such am array

of data can be considered 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.g. oxide axes).

In a principal component analysis such & n-dimensional cloud of
m “points is 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 >-dimensional
analogy, the first transformed axis in a cigar-shaped cloud of data
points would be close toc the major axis of the cloud.

The second, and subsequent, transformed axes account for increasingly
smaller proﬁbrtions of the total variation. The transformed axes are all
mutually perpendiculars.

The orientation of the transformed axes relative to the original
(oxide) axes is giveﬁ by eigenvectors. These eiggnvectora are the
cosines of the angles het;oen a transformed axie and each of the original
axes = in n-dimensional spaces Kach transformed axis has its
chéracterietic set of n eigenvectors. A large eigenvector for one
variable (say, MgC) meanavthat that transformed axis has an orientation
in n-dinenéinns which 1-5.amongnt other things, close to the Mgl axis,
Following similer reasoning it is obvious that a small eigenvector
indicatesvthat 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 nc direct
relation to the number and nature of the individual eveats or processes

(e.gs 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 greatly exceed the number of individual
events causing variations

The transformed variable of each member (chemical analysis) of
the m 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 variablci(exido) for the appropriate transformed axis.

In aummarj. the principalvéompoﬁent analysis identifies the main
linaafzelen.nta (transformed .xes) of the total variation in an array
of data and produces co-ordinates of (transformed ;ariables) each
member”of the array along each of the transformed axes.

For a more rigorduswdéscription 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.

(11)  Current Application
éecguso rectilinear, triangular and projected tetrahedral
variation diagrams all{invplve the selection or the combination of

some components dissimilar rock and mineral compositions can appear

similar, in terms of the variation diagram being used. HMisleading
interpretatibna can be the result of a slavish adherence to the apparent
relztionship between rock compositions in such diagrams.

in general, therefore, a principal component anaiysis 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.



Sk

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 MO and K and associated elements =
is not apparent in the projected phase diagrams (Figse 13 = 15).
Therefore, the application of a principal component analysis to this
array of chemical data is especially pertinent.

A computerised principal component analysis was carried out on
an array of 47 analyses of Nuanetsi basalts and limburgites. Dres ReFe
Cheeney, Grant Institute of Geology, kindly wrote the necessary programs

Table 27 gives the variance and eigenvectors of each of the
three ioat significant linear elements, or transformed axes, of the
bulk ooﬁposition variation of the 47 chemical analyses. The sum of
the variances indicates mé‘i 84% of the total variation can be
expressed in terms of fhrcoafranafornod axes.

Bearing in mind that the eigenvectors are the cosines of the
angles between the transformed axts-and the original axes, it is
obvious*that the first transformed axis (TA1) is not close to any single
oxide or trace eloment'a;ia but has a rather similar orientation
(eigenvector) relative to all the original axes. The TA, eigenvectors
of I10,, MgO, K0, péos;'QS, sr, Ba, Cr and Ni are very similar < in
the range ~0+22 to -0.29.  This indicates that the sympathetic
relationship between these elements and oxides is an important factor
in thoAbrindipal component of variation (TA1), which accounts for 57%
of the total variation esnd confirms that this sympathetic relationship
is statistically very significant.

Of the original axes, 5102, F9203T and MgO are closest to TAE

and, if these components are sufficiently abundant in the original



Variance
o
2 1%
3 9%
continued
Variance
1 57%
2 175%
- Qe

EIGENVECTORS
510, TiO2
0.12 -0.22
-O .31 -0 022
=048 043
AT, X
-0,28 =0.27
-0.22 =-0,21
0.01 0.23

TABLE 2

OF PRINCIPAL COMPONENTS

41,0,

0.28

~0426

=0.05

&

=0425

=0+23

*0.11

Fe, 0,7

0.15
0.26

0.58

-0 .28
=025

0.10

~0.28

"0021

0.02

~0426
0436

=011

I&

-0,29

-0.21

0.4

Cal

0.29
=019

0.19

"0 .23
0.25

=024

Na.O

—-—2—

0.25

=-0430

=001

-0.26

0431

~0 4Ok



55

analyses, they are likely to make the largest contributions to the

co-ordinate, or transformed variable (TV), of each analysis on TA,.

Similarly, T:I.O2 and F0203T will tend to make the dominant contributions

to co-ordinates on TA}'
OUnce the principal componenis 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 28,

Iransformed 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 prinecipal transformed
axes, a set of 3 rectilinear variation disgrams is a convenient
graphiéal repreaentafianéf the variation trend., [Figures 22 - 24
are such variation diagrams, TV1 of each rock composition being plotted
against IVZ, then TY1 against '.I:'\I’3 and, finally, TVZ against Tv3°

In addition to the 47 lava analyses, selected analysed rocks
and minerals have been added to these diagrams, Transformed variables
for these minerals were ;alculatod by summing the produsts of each
oxide and trace element value times the appropriate eigenvectors These
additional analyses have been added to the diagrams in order to assess
the importance of crystal-liguid fractionation in the generation of
the trend of lava bulk composition variations

In Figs. 22-24 the alignment of the variation trend and the

relative positions of the mineral composition points are consistent
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FIGURE 22

IV, v. TV, transformed variable variation diagram.

@ : represents Nuanetsi olivine-rich lavas =
47 in number.
[] : represents selected minerals which are coded

as follows =
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FIGURE 23

IV, _Y¥e TV, transformed variable variation disgram
-

Key as in caption to Figure 22,
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FIGURE 24

IV, Ve Tv3 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)e. This mineralogical
control on the variation trend is most obvious in Figs, 22 - a diagram
which presents 754 of the total variation =~ but is also shown in the
other diagrams (Figs. 23 and 24).

The orthopyroxenes which have been plotted in these figures are
from the basalts N-88 and N-117 and have compositions of Engo and ing,
respectively. Cne of the olivines is from the picrite N-22 and has
the composition F°78‘ the other olivine analysis, which gives a
composition of Foy,s was taken from Desr et al (1962a, Table 24 noe 5).

" In an attempt to understand more completely the behaviour of K
and associated elements in the Nuanetsi olivine-rich lavas, composition
points representing 2 eclogite nodules in basalt (Saggerson, 1968,
Table 2, nos. 9, and Yoder and Tilley, 1962, Table 41, no. 1) and the
garnet and clinopyroxene separated from one of these nodules - from
Salt Lake Crater, Oahu, Hawaii (Yoder &nd Tilley, 1962, Table 41, nos.
2 and 3) '= have been added to Figs. 22-24. O'Hara and Yoder (1967)
and O'Hara (1968a) have proposed that the high pressure fractionation
of biminerélic eclogite from primary and primitive basic magmas plays
an important role in detormiﬁing the concentration level and K and
associated elements in basalts erupted at the EZarth's surface.

The K-bearing mafic phases phlogopite and amphibole are also
relevanf to this aspect of the variallion trend. Accordingly
composition points representing one amphibole (Aeki and Zushiro, 1968,
Table 4, nos 1) and two phlogopites (Carmichael, 1967, Table 6; and
Aoki and Kushiro, 196&, Table 4, no. 2) have also been added to the

variation diagrams (Figs. 22-24). The amphibole and the phlogopite
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reportéd by Aoki and Kushiro occur in nodular inclusions in the Dreiser
Weiher alkali basalts and tuffsy West Germany. The phlogopite analysis
given by Carmichael is the average of 12 individual analyses of

phlogopites in the K-rich lavas and plugs in the Leucite Hills, dyoming.

Since the composition points of phlogopite plot in Figs, 22-24
at the same end of the variation trend as two established fractionating
crystalline phases - olivine and orthopyroxene =- these variation
diagrams are considered to be, in general teraus, consistent with the
hypothesis that the fractionation of phlogopite was a further cause of
differentiation in the evolution of the lavas. This possibility ;a
examined in more detail in the following Chapter.

Th§ viability of eclogite fractionation as an alternative
K-enrichment process is diffioult ﬁo assess in terma of the information
presented in the transformed variable variation diagramaf The stability
relations of eclogite imply that fractionation of this assemblage must
be a-high pressure ;v-nt‘ - oceurring at pressures in excess of 20 =
8D kbe Any'variation'trend produced by spch high pressure fractionation
woulﬁ be modified by subaeqncnt fractionation - for example, the
proposcd nlivinc + orthopyroxene fractionation at intermediate pressure.
Hevertheleus the genoral position of eclogite composition points at the
1ow-KaO and low xaq/naao end of the trend of lava compoaition points is
broadly consistent with eclogite fractionation being a significant
differentiation mechanism., As with phlogopite fractionation, further
aspects of eclogite fractionation will be considered in the following
chapter.

Figures 22 - 24 show that, although the amphibole composition

point is not positioned at an extremity of the variation trend,
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intratelluric fractionation of this phase should be considered as a
possible differentiation factor leading to the observed variation of
K and associated elements in the trend. Fractionation of olivine
and/or orthopyroxene after a periocd of amphibole fractionation would
tend to produce'the relationship between the lava composition points
and the amphibole composition point in Fige 22.

The limitations of transformed variable variation diagrams
(Figse 22-24) in this situation should be fully appreciated. Because
the compogitional variation displayed by these rocks is likely to be
the result of, perhaps, 2 or 3 fractionation events, the diagrams are
not”coupeteht to specifically identify each fractionating assemblage.
By considering bulk compositions alone there is unlikely to be an
unique solution to the reiation‘bétweoa rock and mineral composition
points and minerals other than those plotted in Figse. 22 - 24 ¢onid.
apparently, be equally ﬁuitsblo as fractionating phases., Therefore,
to further investigate the distribution of K and associated elements
in the Nnan;tsi olivine-rich lavas, all petrological and chemical
aepeofs of the pospibi;.fractionating assemblages must be considered.
This 4s done in Ch&pﬁér 8, along with an assessment of other mechanisums
leading to K-enrichment;

In conclusion, this statistical treatment of the variation of
the iava gulk compositions has confirmed conclusions made in Chapter 5
on thﬁ Ba;ia 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 again clearly demonstrated.
On the grounds of bulk composition alone, the fractionation of

phlogopitic mica, eclogite or amphibole are shown by the transformed
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CHAPTER 7

POTASSIUM AND ASSOCIATED ELEMENTS

- ENRICHMENT LEVELS

Estimates 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 lavas.

General

Reference has previously been made to the probable distribution
of K, and the asscciated elements P, Rb, Sr, Ba, 24r, Th, U and R.E.E.,
in the upper mantle (Chapter 4). Largely rejected by the major silicate
phases of peridotite, these elements may be principally held in trasze
amounts of amphibole (Lambert and Wyllie, 1968; Oxburgh, 1964) or mica
(Kushiro et al, 1967; Yoder and Kushiro, 1969), apatite and zircon.

The geochemical behaviour of Ti was also described in Chapter b,
Although significant amounts of T4 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 incorporatibn in the major mafic
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
O'Hara (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 assoclated elements, represent an upper mantle primary magma =
a proposition which is, however, open te strong criticism, see for

example O'Hara (1968b).

Levels of Enrichment
In Chapter 4 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 tholeiites. The enrichment of these elements is
particularly marked when the overall pieritic character of the lavas is
taken into consideration - the average content of MgO being 15.3%.

DBefore 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 mantle composition. These enrichment factors
are presented in Table 29, column 3. The derivation of these factors
ie described below.

In Table 29 the contents of 510,, AlZO}, FQZO3 Ty MnC, MgO, Cal,
ugzo. Cry Ni, 1‘:!.02 and PZOS in the average mantle peridotite composition
(column 1) are the valucs in the average composition of garnet
iherzolite nodules in kimberlite (Ito and Kennedy, 1967, Table 1, no. 3).
O'Hara and Mercy (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



TABLE 2

ENRICHMENT FACTORS__IN__LAVAS

Oxides in wt.i 3§

trace elements in p.peme.

Average Mantle 01?::2:f;ich o Deep Oceanic E
Peridotite Lavas & Tholeiites e
2.6 8491 3k 17425
749 1245 1.6 9.67
0.13 0.15 1.2 0.17
: not
b1.4 153 037 7.28
applicable
1..90 7.68 ’*Qo 11‘86
0«19 1.64 8.6 2.76
3100 929 0430 297
1950 752 0.39 97
0.01%4 1.61 115 0.16 "
0«2 2.69 12 1.51 746
0.03 0.42 14 0.16 53
0.25 33 132 1.2 4.8
15 859 57 130 8.7
3.9 795 202 14 346
12 300 25 95 79

Enrichment factor (E) = Conc. of component in basalt/
Conc. of component in average

mantle.
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of the Earth's mantle. The aveiagn composition of germet lherszolite

is, unfortunately, based on only L analyses. However, the enrichment
factors for the major oxides and Cr and Ni are not of critical importance
iﬁ this discussion and the enrichment factors for TiO2 and PZOB can be
checked by an independent method =~ see below.

The value of KZO reported by Ito and Kennedy in the average
gornet lherzolite in kimberlite =~ 0,12% -~ is not used in Table 29.

A small amount of contamination of the Kzo-poor nodules by the volatile-
rich and Kao-rich host kimberlitic fluid would greatly alter the original
content of xzo. Some contamination is indicated by the occurrence of
secondary serpentine and phlogopite =~ a primary phase in kimberlite -
in garnet lherzolite nodulos (Ho1n¢s. 1936; Nixon et al, 1563; Ito and
Kennedy, 1967).

The contents of &20. Rb 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 Harth (Hurley, 1968 a
&nd b)e 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 Table 29 for these elements in the average mantle
peridotite have been based on the chondritic Earth model. Chondritic
abundances of 4 p.pem. Ba and 10 p.p.m. Zr are indicated by Taylor (1964b,
Table 1) and by the data of Schmitt et al (1964) respectively. The
figure for 4r is a r;viaion of earlier estimates which indicated an
average chondritic content of 35 p.p.me« (Taylor, 1964b, Table 1). The

mantle average values in Table 29 were derived from the chondritic mean

values by assuning that both elements are absent from the Earth's core
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and that 33% of the Earth's total Ba and 1.6% of the Zr are in the crust
these proportions have been estimated by Taylor (1964b).

The enrichment factor (E), relative to the average mantle
peridotite, is given for each oxide and trace element in the Nuanetsi
lavas in Table 29, 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 :

(a) Substantial increases in Al, Ca and Na.

(b)  Equivalent decreases in Mg, Cr and Ni,

(¢) Enormous 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,

S5ince 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, 19653 Tatsumoto
et al, 1965), presented in Table 29, offers an opportunity for such a
check.

Assuming that K and essociated elements are characterised by

highly incompatible behaviour, i.e, distribution coefficients between
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liquid and solid are in excess of 10, the liquid formed on the partial
melting of peridotite will contain almost all the K and assoclated
elements in the liquid-solid system. The initial enrichment factorsy
therefore, devend on the degree of melting. Subsequent enhancement of
these initial enrichment factors will be brought about by erystal-liquid
fractionation and will be directly related to the degree of fractionation,
In such a closed-system -olting-traetionation'lchono O'Hara (1968a) has
estimated that the lowest enrichment f=ctors likely to be recorded in
common basalt types at the surface is 8. Thi; 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 tholeiites have very low contents of K and
associated elements yet are well-evolved in terms of 'compatible' elements
(C'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, column 5), and to compare these 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 C'Hara's model
sﬁggosta 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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There is an indication in the data in Table 29 that the average
mantle Ba content of 3.9 pepems is too highe A value of 1,8 p.pem. is
necessary to raise the deep oceanic tholeiite enrichment factor to &,

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 cccurrence of very high K and assoclated enrichment levels in
lavas which have also been shown to have primitive pieritic compositions
(Chapter 5) emphasises the independence, or decoupling, of these elements
from the major oxide composition of basalts. 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), Gast (1968), Griffin and Murthy (1968b) and O'Hera (1968a).

Available chemical analyses indicate that deep oceanic tholeiites
with low or prinitife contents of K and associated elements =~ but
evolved major oxide compositions - and the Nuanetsi olivine~rich
tholeiites which have high or evolved contents of K and associated elements
represent the end-members of a spectrum of contents of these elements in
tholelitic basalts.

The independence of K and associated elements from the major oxide
_composition in tholeiitic basalts is also shown by the wide range of Kao
contents displayed by average tholeiitic analyses which have the same g0
content, i.e. the same degree of evelution (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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CHAPTER 8

POTASSIUM AND ABSOCIATEQ ELEMENTS

-l ENRICHMENT PROCESSES

Several enrichment processes of K and associated elements are
eritically discussed. " The signiflonnoo of these processes is
atacased both from a general standpoint and in tho apocific conxext
of the Nuanetsi clivine-rich rocks,

Of the processes considered mantle wall-rock rancfion and the
high pressure fractionation of eclogite from picritic primary magmas
seem to be the most plausible. Both of these ar; clearly deep-seated
processes; they are also rather speculative. It is difficult,
therefore, to choose objectively betwo;n them. ﬁow.vor. the
compositions of the ciivino-rich rockssuggest that any eclogite
fractionation during the evqlntion of the magmas must have taken place
under very high pressures = c¢. 40 kb, Existing experimental
evidence indicates that one possibley and intriguing, result of eclogite
fracticnation under such pressures - which correspond‘to depths of

120 = 140 kms = may be an enrichment of both K

2O and Mg0 in residual

liquids. .

Because of this possible mechanism for aimnltaneoua;y generating
the recorded Mgl - Kzo relationship, the author proposes a petrogenetic
model for these rocks which incorpératcs the fractionation of eclogite

at 40 kb. pressure as an important enrichment process of K and

associated elements.
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Introduction

Before discussing the merits otrvarioua petrological processes
it is pertinent to restate eoncisoly the main features of the
distribution of K and associated elements in the Nuanetsi olivine-
rich iavas ¥

(a) The mean contents of K and associated elements in
47 lavas are very high. Enrichment relative to
the average mantle composition rnngesvtron 13 times
to 202 times.

(b) There are highlj 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 Chapter 1) that Cox et al (1967)
demonstrated that the high levels of K and associated elements recorded
in the Nuanetsi olivine-rich rocks are also found, to a lesser degree,
in all the Karroo baﬁic rocks of Rhodesiae It was this distinctive
geochemical character which Cox et al used as a criterion to divide
the Karroo basic rocks of Southern Africa into 2 provinces =~ the
Northern province having high K, T4, P, Ba, Sr and 4r, the Southern
province with contents of these elements which are lower and which
closely conform with the tholeiitic average.

The proceas;s leading to the marked enrichment in the Nuanetsi
olivine-rich rocks appear, therefore, to have operated, albeit on a
leaser scale, in thcﬁgenoration of the Nuanetsi Upper Basalte and the
basalts of adjacent areas in Rhodesia. Therefore, an acceptable:

hypothesis must not be specific only to the Nuanetsi olivine-rich rocks.
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The rollowingAjrbcessea. which potentially could lead to the
enrichment of K and ga&ociatod olemegta in basic magmas, &are now
discussed.

(a) Chemical inhomogeneity in the mantle,

(b) Partial mélting of thc-mantle,

(¢) Mantle contamination or wall-rock reaction.,

(d) Crystal-liquid fractionation.

(e) Crustal oontaminaélon or wall-rock reaction.

(£) Volatile transfer, etc.

Mantle Inhomogeneity

(1) Vertical

Any hypothesis based on - model upper mantle which is chemically
and mineralogically homogeneous is likely to be an ovorsimplitiéation.
The mineral assemblage at the beginning of chting varies with depth

because of P- and T~ dependent solid-solution effects. The stabilities

| of mica and amphibole, possible trace coﬁstituonts, are critically
devendent on P, T and volatile content (Kushiro et al, 1967; Lambert
and Wyllie, 1968; Yoder and Kushiro, 1969). Therefore, we can

expect small, but possibly significant, changes in the distribution
coefficients of elements between ;élid and liquid. For example,
Dickinson and Hatherton (1967) hav; considered that a sympathetic
relationship between the KZO content of andesites and the depth of
seismic activity in the Benioff zone is a result of distribution
coefficients between solid peridotite and magma varying with pressure.

The absolute #buidancesand distribution in the crust and the

mantle of the redicactive heat-producing elements K, U and Th is still

a matter of discussion, ¢f. Taylor (196ka), Hurley (1968b) and Shaw
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(1968). However, there is widesércad agreement that the equivalence
of oceanic and contiﬁént&l heat=-flow implies that the heat-producing
elements in the oceanid mantle are almost totally concentrated in the
upper 400 - 700 km., (see, for ox&.plu. Von Herzen (1967) and Shaw (1968)).

This proposed upwnrda eonccntration is not, however, consistent
with the enrichmcnt factors relative to average mantle peridotite which
are shown by deep oceanic tholyiitis (Table 29). Average mantle

contents of 0,015 pepeme U ani O;ésh pepems Th (Hurley, 196Eb) and
the aieragu contents in & deep oceanic tholeiites of 0.09 pepems U and
0¢17 pepemms Th (Tatsumoto, 1966) give enrichment factors of 6 and 3.2
respectively = the figure for K d4s 11 (Table 29). 4s has been
pointed out these values are generally consistent with 20% partial
melting of this average manfle peridotite 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 Th in deep oceanic tholeiites, therefore,
vplaco a severe restriction on the concentration of these elenents in
the zone of magma generation of the upper mantle, Values in excess
of the poatulatod‘average mantle concentrations cannot be reconciled
with the contents in these basalts. If the data for U and Th in
Table 29 are correct, either the nédol of O'Hara (1968b) is wrong, or
the upwards concentration of K; U and Th in the upper mantle is much
less marked than hds beeﬁ assumed. The latter is a strong possibility,
especially if the principal means of heat-transfer in the upper mantle
is convection rather than conductien.

In conclusion, it is considered that the variations in the
concentration of K and associated elements which are recorded in

basalts are unlikely to be the direct result of the mantle belng
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vertically inhomogenous with reqpoct'to these elements. Any downward
depletion of Kk and associated elements is unlikely to be marked in the
upper 150 km. = the part of the nantli'which has been considered to
be the zone of magma generation by O'Hara and Yoder, (1967s Furthermore,
the absoclute abundances of K, U and Th in deep oceanic tholeiites do,
in fact, cast doubts on the proposed nnrﬁ-d concentration of these

elements in the upper-most mantle.
(11) Lateral

Reference has been made above to ﬁhe widely nocopt§d hypothesis
that the sub-oceanic upper mantle must be greatly enriched in heat
producing elements relative to the sub~-continental upper mantle., Such
a gcéchomieal distribution would cause striking inhomogeneity with
respect to these elements in the zone of magma generation =~ i.e, down
to 150 km, depths

Although the data for trace elements are sparse, there seems to
be a very close petrochemical similarity between oceanic and continental
basaits. The average analyses of tholeiitic basalts from these two
environments, which were caleculated by Manson (1967),,are reproduced in
Table 30. Aa has been pointed out by Engel et al (1965), the
continental average analyqié contains more K,0 than its oceanic
counterparte. However, Méo is iow.r and 5102 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 througﬁ the continentel crust to the
Earth's surface.

Data compiled by Wood (1968, Table 33) show that 10 continental



ZABLE . 230

THOLEIITIC _AVERAGES

282 946
Oseanis Tholoiitga Gonfinnntal Tholeiites
Moy el paeig 5145
0, | 2.4 ; T R
A-la% : 14,6 : T GE 16.; e Lt
’I‘ons 3.2 - 2'8
Fel 8.5 . 7.9
MuO v 0017 0317
MgO : 7okt By, 5.9
Ca0 10.6 9.8
N!ao 22 2.5
K,0 053 0.86
PaO5 0.26 0«21

Data from Manson (1967, Table IV)



ZABLE 21

ENRICHMENT OF K, Rb, Sr__AND Ba

IN PERIDOTITE _PARTIAL _MELTS

Spinel Lherzolite GarnctﬁLhorsolite Hbl. Lherzolite

Degree of 1.2 4e8  10.8 &3 10 5 .40
melting %
Kl/Ko xl/Ko Kl/Ko' Kl/Ko Kl/Ko Kl/l(o Kl/Ko
K 23 15 9 18 10 16 10
Rb 36 19 9 16 9 %51
Sr 17 13 9 17 9 , 15 10
Ba 27 17 9 18 9 13 10

Kl/Ko - concentration in the liquid/concentration in the unuelted

peridotite.

o

Data from Gast (1968, Figs. 9 and 11) for spinel lherzolite; from
Griffin and Murthy (1968b, Tables 9, 10 and 13) for garnet and hormblende

lherzolites. -
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By adopting the contents of K and associated elements in
selected mafic minerals 6&3%'(1568) and Griffin and Murthy (1968b)
cuzlculated possible distribution coefficients for K and associated
elements and considered the behaviour of these elements during the
partial melting of various model peridotitic assemblages. Data from
these theoretical atudicaryhiqh give the relative enrichment of K
and associated elements id,thé_liquid phase after various small degrees
of partial melting are given iﬁ Table 31,

“While the actual values in Table 31 clearly depend on the
distribution coefficients adopted, it is obvious that, with
distributioﬁ coefficients in the range 10 = 100 increased melting
can only effect a dilution of these elements in the primary magmas.

Thus degrees of melting of mantle peridotite in the realistic
range of 5% - 33% can endow primary magnaavwith 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 varying 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 hy - biivine and orthopyroxene
being the residual solid phases when‘thia composition is partially
iolted 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 basalts would display

emall but gignificant 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 m‘lttuﬁlof the upper mantle peridotite must
be an important enrichment factor of K and associated elements in
basalts and variations 1n;£ha'dcgroo of partial melting are a very
efficient method for varying enrichment factorse

The relative oonpo?ifional differences between the average
Kilauea and Mauna Loa baa;ié; are interpreted as reflecting different
degrees of partial»neltink‘(?&ble %2). DlNo low pressure fractionation
scheme, which is ﬁllﬁsiblo in terms cf the recorded appearance of
‘erystalline phasea.'can account for the major oxide composition and
fhe relative concentrations of K and aaso&iated elements.

In the case of the Nuanetsi olivine~rich tholeiites, however,
there is little support for the superficially attractive hypothesis
that the peculiar geochemistry of the rocks is largely the result of
unusually small, but variable, degrees of partial melting of mantle
peridotite. Firstly, it is difficult to envisage the thick and
voluminous succession of olivine-rich basalts (Ghaptcr 1) being the
result of unusually small degrees of partial melting. The thick nature
of the succession and the evidence of relatively rapid ascent of the
magmnas (Chapter 5) indicate a vigorous magmatic event which implies an
abundance of magma in the nonc.ef generation and in the conduits
leading to the surface. Secondly, the sympathetic relationship
between Mgl and K and associated oleneit- (Chapters 4 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 lherzolite
at 30»kb. produces primary nagﬁan thnh are more piloritic and which

have lower enrichment values of K and associated elements.



KILAUEA AND MAUNA 1OA THOLEIITES

510,° Hgo* 539“4 AZz.s' Ba s Zr
Kilauea 49,96% 8.39% 0.54%  0,30% 184 652 @ 202

Mauna Loa 51.11% 8.79% 0+38% 0.24% 59 81 144

- from Macdonald and Katsura (1964, Table 9,
"nos.6 and 7)« Traéc‘gloments in pepeliay

from Prinz (1967, Table IV).
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Mantle Wall-Rock Reaction

Harris (1957) proposed that the industrial metal purification
process of zonc-retining might bclrolevant to the genesis of K-rich
mafic lavas. In the 5vologioal-ln¢logy Harris envisaged a body of
magma (solid + liqu@d). surroundod by hot wall-rock, ascending by a
process of solution cf luntle pcridotito. at the top, and precipitation
of a peridotitic assemblage, in the lower parts of the magma body. The
proportions of silicate phalol-nqltcd and precipitated wos controlled
by the phase relations appropriate to the prevailing P and T. During
such a process K and associated elements, with liquid/solid distribution
coefficients > 1, would be readily incorporated in the melt but the
silicate precipitate would be almost free of these elements. Hence
the magma would become enriched in these elements although the major
oxide bulk composition chenged 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
that all alkali basalts and some tholeiites had their K and associated
element enrichment factors enhanced by this process. Described as
'solution of low-melting componentf from the wall-rock and their
incorporation into the nagln'.(Grein and Ringwood, 1967, p.175), the
process is essentially an attempt to achieve equilibrium between the
magma and the relativolfrunaltorod wall-rock through which it is
passing. It is important to realice that this process is not
haphazard but is controlled by distribution coefficients and the
rather obscure phase rol@tions which control the initial stages of the
partial melting of peridotite - stage 1 (0'Hara, 1968a)s The magma

composition produced after extensive wall-rock reaction would be
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similar to that produced by small amounts = ~» 3% = of partial
melting of peridotite.

The author accepts the principip of mantle wall-rock reaction
but finds it very difficult to assess the importance of the process.
The following two pertincnﬁ nbaorvationa have recently been made with
regard to this process : — |

(a) 'eus althonghtit'night work reasonably well for the

first batch of magma to ascend through a conduit, it is

difficult to envisage it working with eéqual or increased
efficiency for succeeding batches ...' (CQ'Hara, 1968a,

pe117)s

(b) 'eee the opportunity for enrichment will decrease

rapidly as small conduits (10 = 100 cm.) coalesce inte
larger channels.' (Gast, 1968, 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 thos; elements
which are excoptional;y high when compared with those of other
tholeiitic rockse To accoﬁnt for this geochemical feature one can
invoke either an oxtrouo}y unusual process Or & common process,
normally of limited importance, whicﬁ hné operated with unusual
efficiency in the particﬁlar cases

The efficiency of anj reaction process between magma and wall-
rock must increase as temperature increases in the zone of magma

generation and, in particular, its immediate surrounds. - Reaction will
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also be encouraged if the oontacﬁa between magma and the wall-rock are
penetrative and d;ffuso. Maximum enhancement of K and associated elements
might, therefore, be expected to occur by this process if there was a
thermil ﬁigh of exceptionally large volume in the upper mantle. Under
these circumstances there might be. a minimal temperature contrast between
magma and the wall-rock p;ridotito for a considerable distance away from
the zone of magma generation and the coaleseing of small magma droplets,
conduits and other bodies might occur at a relatively late stage 1p the
evolution of the magma. The occurrence of an unusually large thermal
high in the mantle is not inconsistent with the voluminous nature of the
volcanic products = both the Olivine-rich Group and the Upper Basalts -~
in the Nuanetsi Frovince, ,

Unusually efficient reaction between magma and peridotite wall-
rock resulting from exceptional physical conditions in the mantle does,
therefore, seem to be a possible cauéc of the high contents of K and
associated elements in the Nuanetsi olivinc-rich4tholoiitos. It is
difficult, however, to envisage how this process can account for the
cbserved sympathetic rel:utionship between MgC and K and associated
elements, Nevertheless, it is conceivable that in a relatively hot
mantle enviromment at depths corresponding to 25 = 35 kb. pressure the
efficiency of wall-rock reaction might markedly increuse as the degree
of partial melting increases. Since increased melting of garnet
lherzolite at 30 kb.'bré;aure produces primery magmas which become
progressively picritic,Athia hypothetical relationship could be the
cause of the observed coherence between Mgl and K and associated elements,

Wall-rock reaction, therefore, is a plausible process of
enrichment of K and associated elements. It is, however, difficult to

assess on a more quantitative basise
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Crystal-Liquid Fractiomation

The concentration of KZO builds up in the residual liquid during
the low pressure fractionation of tholeiitic magma. This is because
the gabbroic crystulline extract of olivine, clinopyroxene and plagioclase
contains very little KZO' '~ Wager and Brown (1968, Chapter VII) have
documented this behaviour in the Skuorgnard intrusion. However, the
Nuanetsi olivine-rich lavas have primitive picritic compositions
(Chapter 5); thoy have been subjootod to minimal low-preasuro fraction-
ation. Also it will be recalled that xao and MgO in these rocks are
sympathetically related. Clearly, low pressure fractionation cannot
have significantly enhanced the KZO contents of the olivine-rich rocks.
In this respect the Nuantsi Olivine-rich Group almost certainly contrasts
with the well-evolved, low-magnesian Upper Basalts.

In their recent papers dealing with basalt origins Green and
Ringwood (1967), O'Hara (1968z) 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 result, 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 vari considerably in detail, there is
agreement that the dominaﬁf erystalline phases which will fractionate
during magmatic ascent are olivine, orthopyroxene 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, 1a_insutficient to account for the enrichment factors
of these elements recorded in aéme tholeiites and in most alkali basalts.
This led Green and Ringwood to propose that wallerock reaction (discussed
above) makes an important contribution to the content of K and associated
elementse O'Hara, on the other hand, protefring a closed-system
evolutionary scheune, considered thaﬁ'potrogcnotic models which incorporated
varying degrees of high pressure fractionation of eclogite from primary
magmas could account for all tho-ébé.rved enrichment factors.

The possibility that eclogite fractionation has played an important
role in the evolution of the Nuanetsi olivine-rich rocks is discussed
below, as is the fractionation of the Kzo-bearing phases amphibole and
mica.

(i) Fractionation of miga.

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 rocks, particularly nepheline basalts,
leucite basalts, nephelinites and leucitites,

The sympathetic relationship between xao and MgO in the Nuanetsi
olivine-rich tholeiites first suggested to th; author that the fraction-
ation of a phlogopitic mica might be, in part, responsible for the trend
of compositional variation. Typical natural phlogopites contain between
9% and 11% Kao and 18% to 26% MgO (Carmichael, 1967).

It must be anbhésisod that fractionation of phlogopite can account
only for the variation trend within the suite of rocks and cannot, in
itself, account for the rié¢hness. in K ana associated clements of the
suite - in fact phlogopite nucleation'and precipitation must be a
result of the relatively high concentration of KzO in the magmas.

Recent P and T determinations using the phlogopite composition
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(Yoder and Kushiro, 1969) have confirmed that the field of phlogopite
stability extends above 30 kb, and have shown that, in the absence of
a gas phase, phlogopitp 1‘ stable to higher temperatures than in the
presence of a gas. In the gas-free system the upper stability limit
of phlogopite = &t which it breaks down to forsterite + liquid -
passes through 1270°C at 5 kb, and 1375°C at 30 kb,

Cne result of this 1noroah0ﬁ itability is that, below 25 kb.,
the upper stability limit of phlogopito is located at temperatures
which are up to 150°C above the solidus of & natural garnet peridotite
(Itc and Kennedy, 1967, Fig. 1). It is conceivable, therefore, that,
given sufficient nao. phlogopitic mica could nucleate in a Kzo-rioh
basic magma at temperatures above the solidus of a 4-phase peridotite,
i.e. in relatively ncn-svolved magmas which were still capable of
producing basaltic magma at the surface (O'Hara, 1968a, Fig. 7).

The upper stability limit of phlogopite is a maximum of 150°C
above the natural 4-phase peridotite sclidus in the pressure range
5 = 10 kb. Considering that phlogopitic mica in a natural KZO-rich
basic system will have & stability field which is more restricted, the
chances of significant phlogopitic mica crystallisation are highest in
this pressure range. An hypothesis of phlogopitic mica fractlicnation,
in addition to olivine and orthppyro;ono (Chapter 5), during an inter- :
mediate pressure fractionation event was, therefore, considered.

This hypothesis of mica + olivine + orthopyroxene fractionation
‘ds supported by the positions of th. lava compositions relative to the
appropriate mineral composition points in the transformed variable
variation diagrams (Figures 22 - 24) and by conventional variation
diagrams of MgO y. Ba and K,0 (Figures 25 and 26). However, the

following facts are all unfavourable to the hypothesis :



FIGURE 2

MgO ve. Ba variation diagram

@ : represents Nuanetsi olivine-rich lavas
= 44 in number.

In the triangle formed by the plotted positions
of magnesian olivine (OLIV) and orthopyroxene (OFPX) and
phlogopite (FHLOG) tgo heavily shaded area represents the
most likely necessary crjatallino extracts if romoval“of
these three phases is the principal cause of magmatic
variation. The lighter shaded areas represent less
likely, but possible, extracts.

The 25% phlogopite composition is indicated.
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FIGURE 26

MgO ve xao variation diagram

@ : represents Buanetsi olivine-rich lavas
= 44 in number.

In the triangle formed by the plotted positions of
magnesian olivine (CLIV) and orthopyroxene (CPX) and
phlogopite (PHLOG) the heavily shaded area represents the
most likely 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 50% phlogopite composition is indicated.
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(a) A close examination of Figures 25 and 26, especially the latter,
reveals that the negessary erystalline extracts must contain
large amounts of phlogopite; the 60% mica harsburgito required
to account for the relétionship between K,0 and MgO (Fige 26)
seems particularly improbable in wiew of factor (e), below.

(b) There is no evidonce_in the 6livinb-rich rocks that the magmas
contained above-average contents of 820. No primary hydrous

- minerals wére recorded. The average HZO content of the lavas
is 1.63% but this is closely related to the degree of secondary
alteration, The freshest rocks generally contain less than
O«5% HZO' Furtihermore, the lavas show no marked vesicularity
which night be due to volatile loss on eruption.

(e) None of the olivine-rich rocks 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, scme relict mica or its pseudomorph
might be expected. :

(d) Considering the platy crystal form of micas the efficiency of
the fractionation of phlogopite in basic magmas is likely to

be very lows.

It is concluded that the hypothesis of mica iractionation as the
cause of some aspects of ths variation displayed by the Nuanetsi olivine-

rich rocks must be considered to ba‘ihterosting but improbable.

(ii) Fractionation of amphibole.

Since amphibole is ome of the important K,O-bearing mafic minerals,
fractionation of this phase has bccn'cdqsidored as a possible cause of
the compositional variation in the olivine-rich rocks. The mineral

analyses compiled by Deer et al (1962b) show that while amphiboles can
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contain up to 3% KZO most contain 0.5 = 1.5%s

The preliminary results of Lambert and Wyllie (1968) indicate
that amphibole may be stable under upper mantle conditions of modest
Fand ¥ = i.e. &5 kb, and 1.00000. Under these conditions relatively
H,O-rich basic magmas might exist.

However, the plottid position of an amphibole =~ from a hornblende
clinopyroxenite inclusioi in the lavas of Dreiser Welher, West Germany
(Acki and Kushiro, 1968) = 4n 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 rock
composition points, not at one end as would be expected.

Amongst mafic minerals the KZO/NaaO ratio of amphiboles is
relatively high. However, with only a few exceptions the value of this
ratio is less than 1 =~ generally 0.,25 = 1 (Deer et al, 1962b). The
concentrations of Ba, Bb and .r in amphiboles are also relatively high
(beet et al, 1962b). The highest values of these trace elements in
amphiboles appear to be those determined by Woed (1968) in pargasite
from xenoliths in 4 alkeli-rich rocks - Ba 234 - 398 pe.pem., Kb
13 = 77 pepems and Sr 274 - 485 pepeme

Héwever. neither the xzo/uaao ratio nor the contents otAKZO. Ba,
Rb and Sr in amphibole a?o sufficiently high to account for the observed
trend of rock compositions and it is conecluded that the fractionation
of amphibole has not played a significant role in the development of

the Nuanetsi picritic magmas.

(441) Fractionation of eclogite at high pressures.

As was pointed out in the introduction to this section on crystal
fractionation, at all pressures K (and certain other elements) passively

build up in the liquid phase during the evolution of basic magmas by



fractionation of the major mafic silicate phases. Ignoring factors
such as wall-rock reaction.‘thg KZO cpntcnt is a rough fractionation
index of basic magmas. !

Because crystal-liquid fractionation of mafic silicates progres-
sively alters the major element cbnc;ntrntion, i.e. the bulk composition,
of magmas, there must hﬁ an upper limit to the degree of fractionation
(K0 enrichment) which an evolving basic magma can sustain and still
remain capable of producing tholgiific magma at tho surface. Green
and Ringwood (1967) considered this point and concluded that the enrich-
ment factors which could be achieved by partial melting and fractional
erystallisation were not high enough to account for the concentrations
of K and associated elements observed in alkali and tholeiitic basaltis.
This logically led these authors to propose the open-system enrichment
process of wall-rock reaction which has been discussed above. However,
the conclusions of Green and Ringwood have been challenged. O'Hara
(1968a) coneidarcd‘fhat the high pressure fractionation of eclogite
(O'Hara and Yoder, 1967) is a process which, if included in a closed-
system petrogenmetic model, is capable of producing all the enrichment
factors displayed by basalts without resorting to open-system processes.

Experimental research has indicated that the partial melt of
garnet peridotite at 25 - 40 kh. is & hypersthene-normative picrite with
a composition lying close to the garnet-clinopyroxene join. With
increasing degrees of melting this liquid becomes progressively enriched
in normative olivine and hypersthene (Ito and Kemnedy, 1967§ 0O'Hara,
1968, p.82 and Figs. & ~ é). Because of reaction relationships between
crystals and liquid O'Hara and Yoder (1967) have proposed that the frac-
tional crystallisation of a garnet lherzolite partial melt in this

pressure range will lead to the precipitation of bimineralic eclogite.
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The 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 (19563),
Green and Ringwood (1967), Ito an Kemnedy (1967) and O'Hara and Yoder
(1967). However, the evidence of the necessary reactioan relationship
between olivine and liquid ia less direct. O'Hara and Yoder (pp. 102 -
107) argue that olivine is likely to be resorbed in the equilibriuu
which involves garnet, elivino. olinopyrox;no and liquid. Liquids
which fractionate through the 4 solid phase, 'beginning of melting' .
equilibrium will continue to fractionate, with decreasing temperature,
in this equilibrium and according to the proposal of C'Hara and Yoder,
garnet and clinopyroxene will be the only precipitating pheses.

Perhaps the wmost 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 - 40 kb. (the liquid) and the likely garnet-clineupyroxene mixtures
which will precipitate from this liquid on cooling (the crystalline
extract). A8 a resuli, eclogite fractioﬁation can gife rise to
derivative residual liquids which vary very little in major element
concentration from the o;iginal liquid or magma., Nevertheless, because
an eclogite crystalline oxfract contains very small concentrations of K
and associated elements, fhoio will be a passive builﬁ up of these
elements in the residual liquids, Therefore, enrichme&t Iaétora,df
K end zsscociated elements will chahgo markedly relative to the change of
major element concentration;

During a period of high pressure eclogite fractionmation the trend
of residual liquids is likelyhto be towards highly-alkaline, nepheline-

normative basic compositions. Small amounts of K-rich mafic magma and
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magma corresponding to the groundmass of kimberlite are congidered by
O'Hara and Yoder (1967) to be poasiblo products of prolonged eclogite
fraction;tion of hypersthene-normative picritic magma at 30 kbe However,
the attainment of such extreme compositions requires extensive fraction=-
ation and is not relevant to tholctltlg basalts. With regard to tholeiites
O'Hara (1968a, p.118) estimates that 1tk;ight.bo possible to double
en:ichment factors in ro;idﬁ&l-nﬁgnﬁ. before a nepheline normative
composition was reached.:“‘

Because an eclogite crystalline extract comtains significant
. NaZO - held in the oﬁphacitie ¢linopyroxene =~ this is one of the few
fractionation schemes for basic magmas which efficiently discriminates
between Na and K. In fact, an increasing xao/naao ratio 15 probably
the best index of eclogite fractionation, A much more detailed analysis
of the geochemical aspects of high pressure eclogite fractionation is
given by CO'Hara and Yoder (1967, ppe 107 = 114).

Small, but varying, amounts of eclogite fractionstion, therefore,
seem to offer an ideal means of enhancing enrichment factors of K and
asaociated elements in such a way that magmas at the surface with broadly
similar compositions, ie.e. tholeiitic basalts, can display greatly
lvarying concentrations of K and associated elements., Can eclogite
fractiohation be invoked to account for the high contents of K and
assoclated elements, and tho'high K,0/Na 0 ratios in the Huanetsi
olivine-rich rocks 7 '

From the descriptioné above and by O'Hara and Yoder (1967) it
will be obvious that eclogife fractionation in the pressure range of
25 kbe to 40+ kb, cannot commence until a magma has the composition of
the liquid which is ;n equilibrium with the 4 solid phases of garnet

lherzclite, This composition is, of course, almost immediately achieved
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during the partial melting of garnet lherzolite and is also regained if a
more advanced partial melt is allowed to cool and to fractionally ecrystal-
lise. The composition of this 'beginning of melting' liquid exercises
an important control over the range of residual magma compositions which
can be produced by eclogitq‘fractionation because such residual magmas
are likely to become progressively dcplotod in normative hypersthene,
albeit at a slow rate. In other wogds, at a given elevated pressure
a residual magma from which eclogite has been extracted will be poorer
‘in _x,than the initial liquid produced by partially molting garnet
lherzolite at that pressure.

Because the Nuanetsi olivine-rich lavas have suffered a minimum
of 1§w pressufe fractionaﬁion = which clearly increases hy in tholeiitic
compositions = the reasoning above has been applied to this suite in
an attempt to define the composition of the 'beginning of melting' liquid,
and hence the pressure, from which the Nuanetsi parental magmas might
have evolved by eclogite fractionation. The following argument is
illuatrated'by means of a diagram (Figure 27). This is a section

(RZO3 - X0.20, - YO.ZOZ) of the pseudoguaternary system R - X0 ~ Y0 -

2%
ZOZ, projected from the ZIO.ZOZ compogition point, which was extensively
used in Chapter 5 to present rock compositions and phase relations.

In Figure 27 the curve A B C D is the locus of ligquid compositions
which are in equilibrium with the solid phases of natural 4-phase
peridotites in the proséuro range 1 atmosphere to hO kb. The data,
except the 40 kb, conﬁosition, have been taken from O'Hara (1968a, Fig. 4).
The composition of the 50 kb 'beginning of melting' liquid w;s approxi-
mately determined by Davis (1964) and Davis and Schairer (1965) in the
analogous synthetic system A'lao3 - Ca0 = ﬁgo - 5102.

It 1s obvicus from an inspection of Figure 27 that the Nuanetsi



FIGURE 27

2¥0.40, (Clivine) projection showing the changing
composition of peridotite initial partial melts with
increasing pressure.

A=Be=QC=0D represents the locus of the

composition of the 'beginning of melting' liquid in
- equilibrium with 4-phase peridotite in the pressure
range 0 - 40 kb,

The range of composition of the Nuanetsi olivine-
rich lavas is indicated by stippling (picrites and
cumulus~enriched types having been excluded).

4 represents the possible composition of the
initial eclogite extract from a piecritic 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 (g 40 kb.) and high temperature (ec. 1500°C)

(C'Hara and Yoder, 1967; O'Hara, 1967).



N R;Os

GARNET

/
.- 30 80 OPX

CPX
X0.Z0, YO.ZO,



864,
rocks contain more hy than the 30 kﬁ.rcritioal liquid and it is concluded
that the parental magmas are unlikely to have undergone eclogite frac-
tionation at this preasuro.‘ In cohﬁrast, however, at 40 kb, the relative
positions in Figure 27 of tiae Nuanetsi rocks (the residual magmas) and the
estimated compositions of the 'beginning of melting' liquid (the initial
magma) and bimineralic zclogito (the crystalline extract) are consistent
with an eclogite fractionation evcnﬁg | »

By referring to Figure 27 the ;csder may care to confirm that any
fractionation of olivine'er.harlburgito during the ascent of the magmas
after eclogite traoiionation does not destroy the argument presented
above, In fact, the fractionat%pn of an orthopyroxene-bearing assemblage
strengthens the arguments Low pressure fractionation of olivine +
plagioclase + clinopyroxene does, however, blur the record of high pressure
eclogite fractionation.

It is concluded that the compositions of the olivine-rich rocks
indicate that any eclogite fractionation which occurred during magmatic
evolution must have taken place at pressures of ¢. LD kbe = correépond-
ing to depths of about 130 km, This is considerably greater than the
deptu of magma geneEation which is generally envisaged and it is certainly
greater than the 50 = 60 km. depth of magma generation'interred from
seismic data in Hawaii (Eaton and Hur;tu. 1960).

In the transformed variable variation diagrams (Figs. 22-2h4)
the composition points of two eclogite nodules in basalt have been
plotted, as have the clinopyroxene and garnet separated from one of the
eclogitese. Since these compositions lie at one end of the tfehd of
composition points - tﬁe dow xzo 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
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in the trend of rock conpositiona_i-.thc result of olivine and ortho=-
pyroxene fractionation = these minerals plotting beyond the other
end of the trend. |

Having dcnonstrated the plausibility of eclogite fractionation
.at LO kbe., it is pertin;nt'to enqnirc'whether this process can account
for the somewhat onismafio rolntionlh1£ between Mgl and K and associated
elements which has pr.viou§17 been describedj in Figure 22 the rocks
which have compositions plotting furtheat'fron the two eclogites not
only have high contents of KZO'hut'have also the highest Mg( contents.

The next part of this discussion is, therefore, an attempt to develop
petrogenetic schemes which incorporate eclogite fractionation and which
can account for the sympathetic relationship between MgO and K and
associated elementse

There are two alternative models of magmatic evolution, based on
high pressure evlogite fractionation, which the author believes can
account for the sympathetic relationship between ¥;0 and K and associated
elements. The essential difference between the models is the contrasting
behaviour of MgO in the residual magmas produced by eclogite fractionation .
These models are described with the aid of generalised KZO Ve Hgé
variation diagrams (Figse. 28a and b).

In Model 4 it is assumed that the initial or primery magma contains
slightly less MgO than the eclogite extract. After eclogite fraction-
ation a trend of residual liquids iueh‘as A B will be produced. In order
to derive the observed relationship between lMg0 and KEO it is now
necessary to assume that there is an inverse relationship between the
degree of high preassure eclogite fractionation and the degree of the
polybarie fractionuﬁion of olivine + orthopyroxene which occurs during

the ascent of the magmas from the site of eclogite fractionation. This



FIGURE 28

Hypothetical MgO v KEO yvariation diagrams

illustrat the effects of dual fractionation
schemes involving eclogite fractionation.

A =B and C - D are variation trends

resulting from the fractionation of eclogite (E)
and subsequently olivinme (0) from an initial

magma (M)e
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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 Kzo and Kzo/Nazo) would

be least evolved in terms of intornodiﬁto proaeuro'a*actionatioﬂ_of
olivine = orthopyroxene (indexed by decreasing Mg(Q), 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 factorj the passage of time is
an obvious examples 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 bctwoeg
separate fractionation events. If the primary, or initial, pieritic
magma, which exists prior to the onset of eclogite fractionation, has
an Mgl content which is greater than the crystalline extract, MgO will
increase in the residual ligquids along with K and associated elements.

In Figure 28b this situation is debict‘d and a trend of residual
compositions such as A B would be pfodﬁcod by eclogite fractionation.
The characteristic Nuanetsi rolationghip has now been achieved and any
amount of further fracticnation of Kao-froo mafic phases will not
destroy it. Polybaric fractionation of olivine b 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
Mg0 - 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 hes already been argued that any
eclogite fractionation must have taken place at considerable pressures =«
¢+ 40 Xb, Since the initial partial melt of garnet-lherzolite 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) =~ 4it is quite reasonable to expect that at 40 kbe the
liquid does contain slightly more MgO than the eclogitic extract as is
envisaged in Figure 28b. Therefore the relationship between MgO 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-
guantitatively 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 Nuanetsi
olivine-rich rocks 7

During eclogite fractionation at 40 kbe the near-coincidence of
initial magma and cryatalline 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, ppe 117=118). The general 2 times

enrichment limit proposed by C'Hara is prebably not appropriate to this
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case of eclogite fractionation. The closer the coincidence between
initial magma and extract oonpositiohs, th§ higher the maximum enrichment
values which can be achieved before a nepheline 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, giviné enrichment factors of 15 ~ 20, followed

by extensive eclogite fractionationy giving enrichment factors of 8, and
finally polybaric olivine : 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 - g« 40 kb, = ¢an account for the abundances of K and
associated elements and the relatiomnship between these elements and

MgO which are observed in the Nuanetsi olivine-rich rocks.

Crustal Cégtanination

Views on the importance of crustal contamination in the develop-
ment of continental tholeiitic magmas are currently in i considerable
state of flux. Although crustal contamination of basic magma has been
largely out of favour with most pbtrolbsiatu as a generally significant
process, recent determinations of Sr ﬁnd Fb isotopic ratios in
continental basalts have been interpreted as evidence in favour of
interaction between magma and the crustal wall-rock,

An extreme stand is taken by Engel et al (1965) who have proposed
that sialic contamination plays an important role, along with erystal-
liquid fractionation and alkali transfer, in the development of typlcal

continental tholeiites from a low-Kzo primary magma of the composition
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of deep oceanic tholeiites. This crustal contamination process was
rather poorly defined by Zngel et al. However, since 5i was included
amongst the elements (3i, K.fba, Cs, Rb, 5r, Th and U) which are
tscavenged s..s from the walls of orﬁstal conduite' (Engel et al, p.727)
the process is rather different !rog,thc gselective wall-rock reaction
which was proposed by Green and Ringwood (1967) as an unusual, but
poisible, crustal contamination proéeui;

Green and Ringwood_onvisasbﬁ crubtal wall=rock roiétion as an
extension of mantle wall-rock reaction. However, in the sialic crustal
environment Sr, largely held in plagioclase, does not display
*incompatible' behaviocur. Therefore, on the basis of K/8r 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/Sr) and the few tholeiitic
rocks which they consider have been enriched in these elements in the
continental crustal environment by reactibn processes (high K/Sr and
Rb/5r) The best exemples of tholeiites with high K/Sr and Rb/Sr
ratios are the petrochemically distinctive Jurassic dolerites of
Tasmania and the Ferrar dolerites of Antarctica of.apprbximayoly the
same age (Compston et al, 1968). It is of some interest to note
that the K/5r and Rb/Sr ratios of the average lNuanetsi olivine-rich
tholeiite are 16 and 0,04 respectively. These values are typical of
basalts considered by Green and Ringwood to show only high pressure v
mantle enrichment of K and asaociagodrolomentao

Finally, a more subtle reaction between magma and wall-rock has
been proposed by Pankhurst (1969) on the basis of 8r isotopic studies in

the Caledonian Basic Masses of Insch and Belhelvie in N.E. Scotland.
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Pankhurst shows that the 8r87/Sr86 ratio of the magma from which these
layered intrusions erystallised must have undergone an enrichment in
Sr87 during differentiation from gabbro to syenite. In Insch the
Sr87/5r86 ratio systematically increases from 0.703 to 0.712. Since
several chemical tcatures of the rookn‘dro claimed to be inconsistent
with the progressive extraction of Ky Ba, Zr, Fb and Sr from the country
rock, Pankhurst concluded that some !orn of isotopic exchange took place
between the Sr in the magme and the country rock and that this exchange
did not involve the bulk addition of any element to the magmas.

Sr87/8r86 ratios in continental basalts, both alkali baaaita and
tholeiites, have a slightly higher average than the average in oceanic
basalts. Furthermore, the frequency distribution of 528748r86'ratio in
continental basalts has a’pronoﬁncod positive skew, in contrast to the
near-Gaussian distribution in oceanic besalts. 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 comes from the Nuanetsi Igneous Frovince, Seven specimens
of basalt, 6 of which are from the Upper Basalts and the basalts inter-
bedded with the overlying rhyolite extrusives, have markedly variable,
and rather high 8r87/8r86 ratios (0.706 = 0.712) (Manton, 1968). This
feature led Manton to tentatively invoke a 10% contaminati&n of the
basalt parent magmas with average upper crustal material.

It bf general applicability, the isotopic exchange process
proposed by Pankhurst (1969) could account fdr the above features of
Sr87/8r86 ratios in c:ntinental 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 ultrabasic Tertiary rocks of Skye for which the isotopic
studies of Moorbath and Welke (1968) indicate a significant contribution
from old crustal uateriai to the total Fb in the rocks.

If the high, and variable Sr§7/3r86 ratios detected by Manton
(1968) are also present in the Oiivino-rioh Groups it may be necessary
to appeal to an isotopic exchange reaction as envisaged by Phnﬁhurat
{1969). A% preaont’thoro is only one 8:87/8r85 dotyrnination for an
olivine-rich rock - LM 43# (Table 1, and Manton, 1968, Table 2,
noes NB=7) « which gives a measured value of 0.,7074.

As for K and asscciated elements in the olivine-rich rocks, the
rapid ascent of the magmas, ospeci&lly from depths corresponding to
Ce 7 = 10 kb. pressure, which has previously been considered necessary
to account for the primitive picritic compositions of these rocks

(Chapter 5), is thought by the author to render unlikely any enhancement

of these elements by crustal contamination processes.

Volatile Transfer

Some petrologists 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 Rittman (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's hypothesis is that operation of the process will
render the upper parts of a differentiating body of basic magma enriched

in Na_O and the middle and lower portions of the magma relatively

2

enriched in K 0.  Hecent experimental work by Luth and Tuttle (1967)

has confirmed that in a 5aa-silicat§ melt system Na is more soluble than
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K in the ges phase,

Pneumatolytic differentiation, erystal-liquid fractionation and
limestone assimilation are thought by Rittman (1962) te be the most
important processes in the development o( the distinctive K-rich basiec
lavas of the RHoman provinces

A siﬁilar proec-s.of tdifferentiation by filtration' has recently
been proposed by Marinelli and Hittonperghor (1966). 1In this process
a volatile-rich magmatic fraction rather'than & gas phase is the trans-
porting medium and K is thought to be carried upwards in a magma body
more efficiently than Na,

These differentiation processes are envisaged by their proponents
as operating when a volatile-rich body of magma is held near the Earth's
surface in a tectonically stable region. However, there is no evidence
that the Nuanetsi magmas were ever rich in volatiles. This fact, and
the evidence of rapid ascent of 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 cnrichhont
of K and associated elements in the Nﬁanotsi 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 Kao?beqring mafic phases phlogopite and amphibole,

While chemical inhoﬁogenoity of the mantle cannot be totally
rejected the general compositional similarity of basaltic lavas all
over the Larth's surface doc;vimply a chemically homogeneous upper mantle.

Furthermore, to account for the enrichment in K and associated eleﬁonts,
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the mantle below the NuanetsiAarca'dnring the Jurassic would have to
have been enriched in Jnst~th660 radioaotiv; heat-producing elements in
which the sub-continental mantle is predicted to be depleted by many
models, ' ’

The degree of ncltigg‘ot tho_ﬁéﬁtlo peridotite is clearly a very
important enrichment proc;;ﬁ. 81ncifhigh'proasuro eclogite fractionation
can start only when a primary melt hai‘tho compositicn of & restricted
partisl melt =~ say 5% - A petro;dnqﬁie model which involves eclogite
fractionation at;éonati;:ally incorporates the enrichment factors resulting
from limited meltinge.

Mantle wall-rock reaction is certainly a feasible process of X
enrichment. However, the eympathetic'rolationship between Mgl and K
and associated elements ia.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 temperature and degree of partial melting increase
during magma genesis.

The high pressure fractionation of eclogite from pieritic magmes
is also a rather speculative process. As described by O'Hara and Yoder
(1967) 4t is potentially a very important mechanism of K enrichment.
O'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 Qlcmenté in tholeiitic basalts but may
also be a major factor in tﬁcpgeneration of mildly nepheline nonative
magmas which, in turn, give rise to aik;li basalt magmes at the Earth's
surface. In the case of ‘uanetsi the rock compositions indicate that
any eclogite fractionation must have taken place at pressures close to

40 xb, However, as a result of eclogite fractionation at this pressure -
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corresponding to 130 km, depth « 4t may be possible to account for
both the high enrichment factors of K and associated elements and the
relationship between Mgl and these elements.

Because ¢f this possibility of accounting for both of these
geochemical aspects of the Nuanetsi olivineerich rocks the author
favours a petrogenetic scheme which includes the fractionation of

eclogite at 120 « 140 km, depth.
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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 Nuanetsi olivine-rich rocks is outlined.

Summary

A chemical and mineralogical study of the 6,500 ft. succession

of olivine~rich rocks in the Buanetsi Igneous Province has shown that i

(a)

(b)

(c)

(d)

(e)

The concentration of MgO in the rocks is high, ranging
from 843% to 23.3% in 47 lavas and 14,9% to 26.8% in 9
hypabyssal picrites; the average content in the lavas is
15¢1%. The rocks are, therefore, picritic, or rich in
normative olivine.

411 the analysed rocks are silica-saturated; normative
hypersthene ranges from 12.1% to 47.2%.

Average contents of K and associated elements in 47 lavas
are - K,0 1.58%, Ti0, 2,64%, P2°5 OM41%, Ba 795 peDele,
Rb 33 pepeBaey Sr 859 p.p.m. and Zr 300 p.p.m. These
values, and the K20/ ano ratio of 0.98, are exceptiomally
high for tholeiitic rocks.

There are highly significant positive correlations between

Mg0 and each of K, O, Tioz. PZOS’ Ba, Rb, 5r and Zr.

2
There is a marked compositional gap between the olivine-
rich rocks and the overlying Upper Basaltsj the former

generally have MgO contents in excess of 10, while
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existing analyses of the latter show Mgl to be generally
less than 7%.

(£) The rare, but distinctive, orthopyroxene phenoccrysts and
the very rare olivine megacrysts are appreciably more

magnesian than the other phcqoory-ta.

Conclusions

The following major conclusions are made from an interpretation

of these data :

(a)

(b)

(e)

The pieritic compositions of the Nuanetsi olivine-rich rocks are
primitive, i.e. the rocks do not represent tholeiitic magmas
enriched in cumulus olivine under low pressure conditions, cf.
Hawaiian picritess In fact the picritic magmas appear to have
undergone very little differentiation by fractional crystallisation
in the pressure range O = 7 kbs 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 Basalts. However, there is clearly a close
spatial and temporal relationship between the two groups. In
addition the Upper Basalts show, to a lesser degree, the enrich-
ment in K and associated elements which characterises the
Clivine-rich Group;

The orthopyroxene phenocryste and rare olivine megacrysts cannot
have been in equilibrium with the other phenocrysts in the rocks.
Phase equilibrium considerations indicate that this assemblage

was inherited from a fracticnation 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 fraétionation of eclogite from picritic primary
magmas at pressuresof 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
elementses For this reason the author favours eclogite
fractionation over other plausible proéola-a, for example,

wall-rock reactions

Petrogenetic Model

On the basis of the data and conclusions presented above the
following preferred petrogenetic model for the Nuanetsi olivine=-rich
rocks is offered :

(a) Partial melting at 120 = 140 km. depth of mantle peridotite

which has the composition of garnet lherzolite nodules in
kimberlite. The primary magma produced from such a
mantle composition at this depth is hypersthene normative
and picritic.

(b) Cooling and fractional erystallisation of the primary magmas

while they are still near the site of generation. This
essentially isobaric process will lead to the precipitation

of bimineraliec odlogito. After extensive eclogite
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(d)

(e)
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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 olomcnfn will be greatly enhanced.
Relatively rapid ascent of these well-fractionated magmas
aoeonpaniodlbj the slight polybaric fractionation of olivine.
It is anticipated that dT/dP of the magmas during rapid
ascent will be considerably less than dI/dP of the relevant
phase equilibria. Because of this the magmas will be
unable to change their compositions, by fractionatiomn, at

a sufficiently fast rate to remain in equilibrium with the
hephase peridotite wall-rock., The compositions of the
magnmas under these circumstances will move, relative to the
phase relations, into the primary phase volume which under-
goes the greatest expansion with pf;sauro 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 accémpanied by very little olivine
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polybaric fractiomation.

(f) Limited accumulation of olivine, and po#sibly elinopyroxene,
during the crystallisation of the magma which forms the
hypabyssal intrusions. ' This fractionation event represents
a further compositional diversification which is, however,

largely rcatrictdd to the holocrystalline picritic rocks.

According to this model the Xunngtsi olivine-rich rocks combine
‘a high degree of high pressure fracfionition 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 for the Nuanetsi olivine-rich magmas.

The relatively rapid ascent of the magmas after a period of
essentially iscbaric fractionation at 120 = 140 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 Nngnotai 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 furthoé 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 magnma

generation and erystal-liquid fractionation at pressures of around 40 kb,
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FLATE 1

N=98 : Ore combs in glassy Olivine Basalt
x60.

N=15 : 3Skeletal plagioclase crystals in glassy

Clivine Basalt.

X 500






PLATE

N=-400 : Skeletal clinopyroxene microphonocrxsta
in Limburggte.

x 450

PLATE &

N=4OO0 : Skeletal ¢linopyroxene micrthenocrxat
in Limburgite.
X?Oo






PLATE 5

Ne1 : Embayed olivine phenoerysts in Limburgite.
x-30-

PLATE 6

N=159 : Orthopyroxene phenocryst in Limburgite.
x 15.






PLATE

§-88 : Abundant, rounded clusters of orthopyroxene
phenocrysts in Clivine Basalt.

Note rim of clinopyroxene with included,
altered olivine (dark crystals).
xS.

PLATE 8

§=103 : Small cluster of orthopyroxene phenocrysts

!£ Lgbnrg_i_to.

Again note rim of clinopyroxene crystals

separating the orthopyroxene from the
remainder of the rocke.

X 35






PLATE

————— -

N=26 : Orthopyroxene phenocryst in glassy Olivine

Basalt.

Overgrowth of single clinopyroxene crystal.
X l"5.

PLATE 10

——————— -

Same as Plate 9,4953 crossed nicols.

Urthopyroxene in extinction position.
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FLATE 11

i-88 : Orthopyroxene phenoeryst in Clivine Basalt.

Note concentration of small, rounded olivine
crystals (dark) in, and around, the clino-
pyroxene rim,

x 12,

FLATE 12

e = e e

N=356 Olivine megacrysts im Limburgite.
150
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PLATE 13

§=135 ¢ A 1-phenocryst Limburgite.

Well-developed ore combs,

x 20,

PLATE 14

N=56 ¢ A 1-phenoeryst Limburgite.

Clinopyroxene microphenocrysts are generally

skeletal = note axial cavities.
x 13,






PLATE 15

N-37 :+ A typical 2-phenocryst Limburgite.

Clinopyroxene phenocrysts are smaller than
the olivine phencecrysts.

x 25,

PLATE 16

§=-369 : A 2-phenoeryst Limburgite.

The size contrast between euhedral olivine
phenocfyat and amallQr subhedral - anhedral
c¢linopyroxene phenocrysts is typical of this
groups

x 40.
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PLATE 17

§-13 : 2-phenocryst Limburgite.
A relatively uncémmon variety with
clinopyroxene phenocrysts (clear)
equal in size to the olivine phenocrysts.

X 15.

PLATE 18

N=-199% : A 1-phenoeryst glassy 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.






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 thi; 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 groundmasses. Modal data are expressed as
volume per cent.

In the medium-grained holocrystalline rocks a sodium cobaltinitrite
stain preparution1 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.

Nel O30 Koy - 2'2‘“2%!!“ Linbnrgitc

%+ mile West of Gomakwe intrusionm.

Large, anhedral olivine phenocrysts which are rather spongy;

1 CHAYES, F., 1952. Am. Miner. 37, 337-340.



A=2

microphencerysts of clinopyroxene and olivinej; minute acicular and
granular ore in glassj; general appearance suggests the rock has
undergone slight thermal motamorphism;

Fhens oliv. 17
Microphes oliv, 7
Microphs cpx. 23 oy
Ore 1 )
Glass , 42

B=5  ©0-43 km  1=phenocryst Iimburgite .

& mile West of Gomakwe intrusione

subhedral phenocrysts set in a fine-grained, granular matrixj thermally

metamorphosed; probably transitional tdna-phenocryst limburgite.

Oliv. 9

Cpx. 6

(re >

Matrix 81

Opxe 1
N=13 ©-35 2=-phenocryst lLimburgite

P/yNuﬂd

27 miles South-west of Gomakwe intrusion.

large phenocryste = up to 2 mme in diameter ~ of olivine (subhedral-
euhedral), ¢linopyroxene (euhedral) and bladed ore in a glassy matrix
with a few, small, acicular feldspar and apatite crystals; c¢onsidered

to be enriched in cumulus olivine.

FPhen. oliv, L6
Fhen. cpXe 5 Y
FPhen. ore 3
Glass 20

Mesostasis 4



A=3

N=15 1-phenocryst glassy Olivine Basalt

3 miles East-south-east of Beacon.

Sample of a & ft. dyke. Large, subhedral olivine phenocrysts (up
to 3 mme in diameter) in a groundmass of olivine, clinopyroxene,
skeletal plagioclase laths and interstitial glassj relatively

coarse grained.

Fhen. oliv. - 5 Noed 3l
Olive 14
Cpxe 31
Flags 34 A
Glass 14 i
Ore 2 !

N=21 Plcrite

Beacon sill, Beacon.

Olivine generally large (up to 3 mm., in diameter)j; clinopyroxene occurs
as euhedral, prismatic erystals up to 0,75 mm. in diameter; ore phase
is translucent and has a bladed habit ~ probably Kennedyite;

abundant alkall feldspar in felsic matrix.

Cliv, 29
CpXe 27
Alk, Felds, )
Flage g 38
Glass )
Ore 6

Apatite 1



A=l

N=22 Ficrite

Beacon sill, Beacons

Holocrystalline rock with all species except interstitital alkall
feldspar and the ore phase fornuing subhedral grains ca. 1 mme in

diametery a few bladed to prismatic ore crystals are up to 4 mm.

long .
Olive 38
CpXo . 25
Feldspar 35
Cre 2
Apatite tr.
N=2 Picrite

Beacon sill, Beacon,

A hélocrystallino rock with abundant olivine-rounded, subhedral crystals
up to 2 mm, in diameterj and clinopyroxene, the latter occurring as
prismatic erystals up to 3 mm.longj clinopyroxene tends to form
radiating clusters or rosettesjy plagioclase and alkali feldspar are
interstitial; ore blebs thoroughly opaque and probably titaniferous

magnetite =~ cfe. N=21 and N=22,

Cliv. " 42
Cpx. 32
Alk, feldss 19
Flage 4

Ore 3



A=5

N=26 1-phenocryst glassy Olivine Basalt

Beacone

Sample of a 12 =15 ft. East = West dyke. Olivine phenocrysts subhedral=-
euhedral, up to 3 mm. in diameterj rare orthopyroxene phenocrysts, up

to 2 mme in length and rimmed by clinopyroxene; clinopyroxene and ore
mierpphinoeryata all in a matrix of glass, fine-grained plagioclase

and finely comminuted ore granulesj has suffered slight thermal

metamorphism < presumably when the Beacon sill was intruded.

Cliv. 21
Cpxe 25
Ore 7
Matrix 46
Opxe 1
N-27 6.05 ¥m . Pierite

100 yd. North of Beacon,

lLarge, subhedral olivine crystals = up to 5 mm. in diameter;
euhedral clinopyroxene crystals - also up to 3 mm, in length -
and smaller ore laths and bladed crystals in a fine-grained felsic

groundmassj transitional to a 2-phenocryst Picrite Basalt.

Olive 37
Cpxe 21
Cre 4

Matrix 38



A=6

N-34 1-phenoeryst limburgite

1 mile North of Beacon.

OUlivine phenoerysts are subhedral and up to 1.5 mm. in diameter;
tabulgr to prismatic ore and clinopyroxene microphenocrysts; abundant
acicular clinopyroxene crystals = up to 0.5 mms. long in a colourless-

faint brown glassjy transitional to 2-phenceryst Limburgite.

Olive 24

Cpxe 25

Cre 5

Matrix 46

Opxe tr.
N=35 005 A=-phenocryst Limburgite

L7508

1 mile North of Beacon.

Olivine phenocrysts are subhedral and up to 2 mm. in diameter; abundant
microphenocrysts of clinopyroxene, generally displaying delicate skeletal
habitj ore dendritic and skeletal, frequently occurring in the parallel

growth habit known as combsj glass colourless - faint brown.

Olivs 25

Cpxe 22

Cre 13

Matrix 4o
N=-37 0-12 2=phenocryst Limburgite

2% miles Last of Beacon.

Sample of an 8 ft. East = West dyke, Clivine phenocrysts =~ freguently



A-7

somewhat skeletaly up to 1.5 mme in diameter - and prismatic, euhedral
clinopyroxene nicrophenocrysts in a brown glassy lathlike - bladed ore
microphenocrystsy very rare fine-grained, acicular plagloclase; one

cluster of orthopyroxene phenocrysts.

Olive 24
Cpxe 26
Cre )

50
Glass ;
OUpx 7t.l' .

N-h0 o eyq J-phenocryst glassy Olivine Basalt

2% miles East of Beacon.

Ulivine phenoerysts are subhedral and up to 2 mm, in diameter; c¢lino-
pyroxene occurs as fine-grained euhedral, crystalsjy plagicclase laths
are subhedral and up to 2.5 mm. long =~ often with axial holes - and

polysynthetic twinning is irregular or absentj dinterstitial glasse

Oliv. 19
Cpxe 20
Plag. 26
Ore &
Glass 17
Opxe trs
E=b1 0.2 Ficrite

2% miles Last-North~Last of Beacon.

Somewhat rounded olivine céystals up to 3 mm, in diameter; clinopyroxene

displays more euhedral habit, and is generally less than 1 mm. longj;
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ore occurs as bladed cryatgls which are frequently brown and translucent
probably Kennedyitej felsic groundmass contains alkali feldspar and

plagioclase; one large erystal of orthopyroxene with clinopyroxene rim.

Olive 33

Cpxe 25

Ore 5

Flag. 22

Alk. felds. 14

Cpxe tr.
B35 5.5 2-phenocryst Limburgite

+ mile South-East of Gomakwe intrusion.

Large euhedral clinopyroxene phenocrysts = up to 2.5 mm. long =
and smaller, rounded olivine phenocrysts, together with prisms and
laths of Kennedyite - all in a felsic glassy g:oundmaas; transitional
to a picrite or 2-phenocryst glassy Olivine Basalt; one very large

orthopyroxene phenocryst (3 mm.).

Oliv,. 31

Cpx. 27

Cre >

Hatrix 38

Opxe 1
B=60 5, 7¢ 2-phenocryst Limburgite

1% miles Suﬁth~of Gomakwe intrusion.
P

A rock very similar to N=55; the fresh, euhedral c¢linopyroxene 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,
acicular laths of plagioclasey; often with a fluxion orientation,
occur in the glassy groundmassj enrichment in cumulus olivine, and

possibly clinopyroxene suspecteds

Olive 39
Cpxs 16
Cre L
Matrix 41

=72 2-phenoeryst glassy Picrite-Basalt

03

2 miles North-West of Gomakwe intrusion.

Large (up to 3 mme in diameter) phenocrysts of irregularly shaped
olivine; clinopyroxene phenoerysts much smaller (ea. 0.5 mm., long) and
are prismatic - lathlike; large single crystals of orthopyroxene and
clusters, all with marginal clinopyroxene rimj glassy groundmass with

abundant small plagioclase laths, many of which are acicular.

Olive 29
Cpx . 22
Ore h
)
Plas . ) “3
Matrix )
Opx. 2
" H=76 6+ 4 i=phenoeryst Limburgite

1 mile South=South-West of Gomakwe intrusiones

Relatively abundant orthopyroxene phenocrysts = one of which is 6 mme

long = which are invariably rimmed by clinopyroxene; one large
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irregular olivine crystal which is 6 mme by 3 mm., is considered to be
an inherited megacrystj the olivine phenocrysts are rounded, up to

1¢5 mme in diameter, and somewhat altered; these, together with small,
euhedral clinopyroxene microphenocrysts and bladed ore crystals, up to
1.5 mme long, are set in a glassy matrix along with considerable acicular
plagioclase; transitional to a T-phenocryst glassy Olivine Basalt.

Olive 39
Cpxe 17
Cre L
Matrix 36
Opx. 4

N=79 b Es 2=phencecryst Olivine Basalt

L miles South-South-Bast of CGomakwe intrusion.

Subhedral olivine phenccrysts - wup to 1 mm, in diameter - and rare
c¢clinopyroxene phenocrysts in a groundmass of granular clinopyroxemne and
olivine, plagioclase laths, anhedral ore grains and glassj intersertal

texture; relatively coarse-grained.

Phen. olive. 15
Phen. cpxe. tr.
Hatrix 85

=84 0-5%3 1-phenoeryst glassy Olivine Basalt

4 miles South-Zast of Gomakwe intrusion.

Relatively infrequent subhedral - euhedral olivine phenocrysts - up
to 1 mm. in diameterj granular clinopyroxene, skeletal and dendritic

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,

Phen: olivs 7
Matrix 93
N 8 0'b° 1-phenoc 0l e Basal

5 miles South-Last of Gomakwe intrusions

i relatively coarse~grained rock with only small patches of interstitial
glass and mesostasisj abundant large orthopyroxene phenocrysts (up to

7 mm, long), all of which are surrounded by ¢linopyroxene rime; altered
olivine micrephenoerysts (up to 1 mm, in diameter), smaller olivine
crystals, clinopyroxene prisms, plagioclase laths and laths of ore

constitute the matrix,

FPhen. oliv. 5
Matrix oh
Opx . 21

§-89 0:-64 l=phenoceryst Clivine Basalt

5 miles South-East of Gomakwe intrusion.

A rare basalt type containing occasional microphenocrysts of olivine
“and very sparse orthopyroxene phenocrysts in a groundmass of subhedral =
anhedral clinopyroxene, ore and stubby plagioclase laths; & pronounced
sub=ophitic relationship between clinopyroxene and plagioclase is a
prominent featurej no modal analysis as distinction between

microphenoccryste and groundmass crystals is very slight.
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=90 Picrite

5 miles South-East of Gomakwe intrusion.

Sample of a pronincnt bast - West dyke, 100 ydse. wide, A thoroughly
mafic holoerystalline rock composed of abundant subhedral olivine

(up to 2 mm, in diameter), clinopyroxene, orthopyroxene and ore =
probebly Kennedyite = in an interstitial groundmass of plagioclase
laths (up to 1 mm, long) and anhedral alkali feldspar; the ortho~-
pyroxene is gglArimmed by'clinbpyroxene and forms subhedral prismatie

crystals up to 3 mms long.

Cliv. 48
Cpxe 15
Opx. L
Ore .
Feldspar 31

N-91 by 2-phenceryst glassy Olivine Basalt

-5 miles South~fast of CGomakwe intrusion.

Microphenocrysts of euhedral - subhedral olivine and clinopyroxene
 (always less than 1.5 mm. meximum dimension); relatively abundant
‘small orthopyroxene phenocrysts with characteristic clinopyroxene
rim; c¢linopyroxeneé microphenocrysts tend to form clusters; ground-

mass of plagioclase laths, granular c¢linopyroxene, ore and glass,

Oliv. 19
Cpxe 23
Ore 8
Flage 26
Glass 21

Opxe >
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N=-95 0-51 Picrite

5 miles South-East of CGomakwe intrusion.

A holocrystelline aggregate of rounded - subhedral olivine, subhedral
¢linopyroxene and plagioclase, euhedral Kennedyite laths and prismsj
alkali feldspar rare and interstitial; one remnant erystal of ortho-

pyroxene surrounded by a cluster of clinopyroxene prisms was noteds

Oliv. 36

Cpxe 27

Plag., 25

Alk, felds. 8

Ore >

Cpxws tr.
=100 2=-phenocryst Limburgite

Gy

50 yards South of Gomakwe intrusion.

4 thermally metamorphosed assemblage consisting of anhedral, oxidised,
olivine phencerysts and a few subhedral clinopyroxene and orthoypyroxene
phencerysts all in a dense groundmass with abundant, fine-grained,

. granular ore. ; ,
Qlive

9
Cpxe S
Matrix 84
Opx 2
=102 048 S-phenoeryst Olivine Basalt

40 yards South-East of Gomakwe intrusion,

Small (less than 1 mm.) phenocrysts of oxidised olivine, subbedral
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clinopyroxene and euhedral plagioclase laths in an extremely fine-
grained groundmass of granular ore, felsic material and clinopyroxene 7

One préminent cluster of orthopyroxene; has clearly suffered thermal

metamorphism.
Olive. 10
Cpx. 2
Plag. 1
Matrix i
Opxe >

N=105 i 2-phenocryst Limburgite

2 miles East-South~-East of Beacon.

licrophenocrysts of euhedral - subhedral olivine and clinopyroxene
and combs of ore in a brown translucent glassj microphenocrysts are
always less than 1 mm. in diameter and average 0.5 mm.; rare

orthopyroxene phenocrysts.

Oldive 18
Cpxa 29
Cre g9
Glass Lk
Opx. tr.

N=-113 68k 2=-phenocryst glassy Olivine Basalt

6 miles North-West of Chikombedzi.

Subhedral microphenocrysts of olivine and ¢linopyroxene, skeletal and
dendritic ore and rare orthopyroxene phenocrysts in a matrix of long

acicular plagioclase erystals (up to 2 mm. long) and glass,
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Oliv,. 18
Cpxe 25
Ore 6
Matrix 51
OUpxe tre

X'
=117 1 05 1-phenocryst assy Olivine Basalt
6 miles liorth-lieet of chikoahcduiu

" Large, subhedral olivine phenocrysts = up to 2.5 mms in diameter =
in a matrix of granular, subhedral clinopyroxene, quenched plagioclase
crystals = up to 1,5 mm. long and frequently with axial cavities =
ore and glassj relatively abundant 1a£ge qrthopyroxone phencerysts

with clinopjroxene rims.

Phen. oliv. 5
Matrix 89
Opz . 6
li=-126 2-phenoeryst glassy Olivine Basalt

oX¥-23

3% miles South-South-West of Beacon.

Subhedral phonoor&ata of olivine = up to 1.5 mm. in diameter -~ and
smaller, microphenocrysts of subhedral clinopyroxene; the rare remnants
of orthopyroxene phenoeiyata are surrounded by large, euhedral clino=-
pyroxene phenocrysts = up to 6 mms long = displaying polysynthetic
twinning; acicular plagioclase crystals in the glassy groundmass are
up to 2 mm. longe

Olive. 1 9
Cpx. 2k
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Ore i
Plag. ;

Glass ) 8
Opxe 1

=1 2‘: 629 1-phenoeryst glassy rierite-Basalt

I miios South of Beacon.

_ Large pnenocrysts = up to 2 mm. in diameter - of subhedral -
rounded olivine; bladed crystals of Kennedyite attain lengths of
2 mmej matrix consists of subhedral clinopyroxene and fine-grained

plagioclase laths in interstitial alkali feldspar; rare acicular

apatite.
Cliv,. 34
Cpx . 24
Feldspar 39
Apatite tr.
(re >
ﬁ-12§ 0.9 3 1-phenccryst Limburgite

4 miles South eof Beacons

Large euhedral phenocrysts of olivine = up to 3 mms long; granular

microphenocrysts of olivine and clinopyroxene and combs of orej

reddish-brown glass.

Fhen. oliv.

22

Microph. 01170) 28

Microphs €pXe

Glass §
Cre hé
Mesostasic 4
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N=149 ? 4 2-phenoeryst Olivine Basalt

3 miles East of Beacons

Subhedral olivine phenocrysts up to 1,5 mme in diameter; euhedral
clinopyroxene phenocrysts diapléy polysynthetic twinning and are
associated with the rare orthopyroxene jhonoerysts; the groundmass
conaieta,ot'graualar clinopyroxene, ore combs, plagicclase latihs
and interstitial glass.

Clivs 16
Cpxs 6
Matrix 78
Opxe tre

=160 0-4% 2-phenccryst glassy Olivine Basalt

Sownfh
2 miles No;%h-west of Gomakwe intrusion.

Frobably a sample of'a dykes Subhedral olivine phenccrysts - up to
1.5 mm. in diameter = and euhedral clinopyroxene phenocrysts of
#imilar dimensions; the clinopyroxenes temd to form clusters around
the remnant cores of orthopyroxans'rhenocrysta; smell, euhedral

plagioclase laths = up to Ou3 mm. long = in a dark brown - black

glasse.
Oliv. 22
Cpxe 18
Flag. 14
Glasse Le

Opx. tr.
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N=163 Picrodolerite

Chitea intrusion.

A holocrystalline rock with an average grain-size of 0.3 mm.j
olivine crystals are subhedral and larger than average; plagioclase
forms staut 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.

Oliv. 13
Cpx.e 28
Cpx.e 15
Flag. 35
Alk. felds. 3
Ore 5

N-187 _":a' 2-phenoeryst Olivine Basalt

8 miles South-South=West of Chitea intrusion.

Clinopyroxene phenocrysts occur as single euhedral crystals = up
to 1 mm. long - and as aggregates of several crystals which are
surrounding the remnant cores of orthopyroxene phenocrystsj olivine
phenoerysts are smaller and generally are altered to a green productj
the relatively coarse-grained matrix consists of clinopyroxene, ore,

plagioclase laths and some interstitial glass.

Oliv. 19
Phen. cpx. 20
Cpx. 11
Plag. 33
Glass 9
Ore 5
Opx. 3
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§=-190 A K po i 1-phenoeryst Limburgite
025 Kn

10 miles South-West of Chilonga's.

Anhedral olivine phenocrysts, many with cavities and amoeboid habit =~
up to 1 mme in diameterj very small clinopyroxene microphenocrysts

and ore combs in a brown glasse

Oliv. 2’
Cpx . 21
Glass ; 56
Cre )

N=225 VT 1-phenocryst Olivine Basalt
0‘5 km.

47 miles South-East of Chilonga's.

Small, rounded olivine phenocrysts in a groundmass of granular clino-
pyroxene, olivine (rather altered), plagioclase laths, ore and glassj

almost aphyric.

Phen. oliv. L
Olive 10
Cpxe 36
Matrix 50
N-231 S AN 1:pgonocr;at glassy Picrite-Basalt
» "

10 miles South-East of Chilonga's.

Subhedral olivine phenocrysts - somewhat altered - and micro-
phenocrysts of subhedral - anhedral clinopyroxene in matrix of ore

combs, acicular plagiocl&ao with a quenched appearance and brown glass.
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Olive 29
Cpx . 1 7
Matrix 54
N-245 (.20 1=-phenocryst Clivine alt

4} miles East-North-East of Chitea intrusion.

Rare, rounded olivine phenoecrysts - up to 1 mm, in diameter;
even-grained groundmass of granular olivine and clinopyroxene,

plagioclase laths, ore and glassj intersertal texture,

FPhen. oliv. b4
Olive. 11
Cpxe 20
Rest 65
Opxe tr.
=355 o&:; 2-phenocryst glassy Olivine Basalt

Beside railway at base of volcanic succession.

Abundant small phenocrysfa of euhedral clinopyroxene and subhedral
olivine; maximum pherocryst size 1 mm.; clinopyroxene phenocrysts
occasionally form clusters; groundmass of smaller, anhedral olivine
and clinopyroxene crystals, plagioclase laths - often with axial

cavities =~ ore and glass,

Oliv, 20
Cpxe 29
Plags 235
Glass 22
Ore 6

Opxe tr.
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N=356 G0 1-phenocryst Limburgite

+ mile East of railway at base of volcanic succession.

Large, euhedral olivine megacrysts up to 5 mu. by 4 mm, contrast
with subhedral olivine phenocrysts which are up to 1 mm. in diameter;
subhedral microphenocrysts of clinopyroxene and needles of ore, all

in a clear glasse

Megacryst, oliv, 7

Fhen. oliv. a2

Cpx. 17

Glass 48

Ore 6

Opxe tre.
=357 o.0 2-phenccryst Iimburgite

1 mile North-East of railway at base of volecanic succession.

Subhedral phenocrysts of olivine and clinopyroxene in a dense fine-

grained groundmassy a thermally metamorphosed sample.

Clive 1‘0
Cpx. 6 '
Matrix 80

N-361 |.25 7 i1-phenocryst Olivine Basalt

7 miles North-North-East of Chikombedzi.

Subhedral olivine phenocrysts up to 1 mm, in diameter; groundmass
very fine-grained and consists of granular clinopyroxene and olivine,

ore and elongate plagioclase erystals - many of which have axial
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cavities.
Fhen. oliv, 5
Rest 95
N=364 Picrodolerite

6% miles North-North-East of Chikombedzi.

A relatively coarse-grained, holocrystalline rock consisting of
olivine, c¢linopyroxene, plagioclase, ore and orthopyroxenej the
subhedral orthopyroxene crystals lack a clinopyroxene rim and marginally
they poikilitically enclose small plagioclase lathsj; they appear,

therefore, to be in equilibrium with the assemblage.

Cliv. 18

Cpxe 26

Opxe 13

Flag. 36

Ore

Mesostasis 1
N=-399 2-phenocryst Limburgite

% miles South-West of Chilembeni intrusion.

Euhedral - subhedral olivine phenocrysts = up to 0.7 mm. in diameter;
and smaller subhedral clinopyroxene phenocrysts in a dense brown glassj

imperfect development of ore combs.

Olivs 20
Cpx. 26
Glass

) 2
Ore )
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Q:&gg ; 1-phenocryst Limburgite

3 miles South-West of Chilembeni intrusion.

Subhedral - euhedral olivine phenocrysts, small clinopyroxene micro-
phenocrysts displaying skeletal habit and ore combs in a dark brown

glassy very rare orthopyroxene phenocrysts surrounded by clinopyroxene.

Olive 29
Cpxe 20
Glass § 49
Ore
Opxe tr.
N=405 2-phenocryst glassy Olivine Basalt

2 miles North of Davata.

Phenocrysts of subhedral clinopyroxene (up to 2 mm, long) and olivine
(generally less than 1 mm. in diameter); groundmass consists of
subhedral - anhedral clinopyroxene, rounded olivine, plagioclase laths

with a highly quenched aspect, ore combs and interstitial glass.

Phen. oliv. u
Phene Cpxe. 1
Olive. 15
Cpxe 28
Plag. a5
Glass 18
Ore 9
N=-406 i-phenocryst glassy Olivine Basalt

2 miles North of Davata.

Small, subhedral phenocrysts of olivine (up to 0.8 mm, in diameter);
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very sparse small clinopyroxene phenocrystsj groundmass of olivine,
clinopyroxene, well developed ore combs, plagioclase with axial

cavities and interstitial glassj transitional to 2-phenocryst type.

Phen. oliv. 10
Olive 8
Cpxe 27
Flage. 30
Glass 13
Cre 12
N=440 1-phenceryst glassy Ficrite-Basalt

Chikwarakwara, Beitbridge District.

Somewhat rounded and marginally altered olivine phenocorysts - up
to 1 mm, in diameter; prismatic clinopyroxene microphenocrysts,
relatively rare olivine microphenocrysts and elongate blades of ore,

all in a matrix of small felted plagioclace laths in glass.

Qlive 55
Cpx . 20
Matrix 38
Cre 7
i 1-phenoeryst Olivine Basalt

Chikwarakwara, DBeitbridge District.

Subhedral olivine phenocrysts (up to 1 mm. in diameter) in a ground-
mass of rounded olivine crystals, laths of clinopyroxene, plagioclase

and ore and interstitial brown glasse.
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Fhen. o0liv. 12
Rest 88
N=462 2-phenocryst Limburgite

200 yards North-West of Chilembeni intrusion margin.

Phenocrysts of olivine and clinopyroxene (up to 1 mm. in size) and
elongate bladed ore crystals inm a groundmass of dendritic ore,

minute felted plagioclase laths and clear glass.

Oliv. 29

Cpxe 20

Matrix b7

Ore ' 4
N=517 533 1-phenocryst Limburgite

P ‘@ﬁ«'w;
2% miles South-West of Gomakwe intrusion.
Large, euhedral phenocrysts of olivine, which are mavginally altered
to a dark brown product, in a groundmass of prismatic and granular
erystals of clinopyroxene, acicular and lathlike ore and glass; rare

orthopyroxene phenocrysts with characteristic clinopyroxene rim,

Phen. oliv. 31
Cpxa 23
Glass 29
Ore 7

Cpxe tr.
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N=519 ¢-20 3=-phenoeryst Olivine Basalt

3 miles East of Beacon.

A sample of a 12 ft, wide dyke. Subhedrsal olivine phenocrysts - up
to 1 mme. in diameter =~ smaller clinopyroxene phenoecrysts, occurring
in clusters, and very rare plagioclase phenocrysts up to 1 mm, in

length; groundmass of plagioclase laths, clinopyroxene, ore combs and

brown glasse

Phen. oliv,. 9
Phen. CPpXe 1
Phens plage. tre.
Rest 20
KC=20k  1-phenocryst glassy Olivine Basalt

Exact locality unknown.

Large phenocrysts of subhedral olivine (up to 3 mm, long)j micro-
phenocrysts of prismatic clinopyroxene and bladed ore crystals in a
groundmass of glass, alkali feldspar and plagioclase; orthopyroxene

phenocrysts with distinctive clinopyroxene rim relatively abundant,

Qliv, 21
Cpx. 28
Feldspar

Glass § 43
Cre 5

Opx. 3



APPENDIX B

METHODS

The chemical analyses which form the basis of this thesis were
among the first carried out by X-ray emission apoctrograéhic techniques
in the Grant Institute of Geology. Accordingly 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.

Crushing and Grinding

Rock samples selected for chemical analysis were first scrubbed
with a hard brush and washed with deionisod water, The samples, which
had weights in the range 500 - 2,000 g., were then broken into pieces
of maximum dimension ¢. 5 cm by a 'Cutrock' hydraulic rock aplitter.
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 weighing c. 400 g., was reduced to - 10 mesh
by passing it through a case-hardened steel roller-mill - similar to
that described and illustrated by Wager and Brown (1960, pe13 and Fige3).
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°¢ 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, W and Co from the
cemented tungsten carbide pestle and plate and 5i 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 N«190, were each split into two parts
after reduction to 2 em pieces with the tungsten carbide pestle and
plates Cne part (WC) was broken to = 10 mesh size on the tungsten
carbide pestle and plate while the other part (RM) was reduced to - 10
mesh according to the normal procedure. Both the WC and MR samples
were reduced to = 125 mesh in the automatic agate mortar and they were
analysed as separate unknowns. The results of this experiment (Table
B=1) suggest that the level of contamination introduced by the roller-

mill is less than the precision of the analytical methods employed.

or Llements

The general principles of X-ray emission spectrography are
described in several recent publications, e.g. Adler (196€) and Jenkins
and de Vries (1967).

(1) Sample preparation

The technique adopted for major element analysis is essentially
that developed by Rose et al (1963) and involves combined dilution,
heavy absorber addition and fusion of the rock powder. Fusion of the

sample with LizBAO as a flux completely destroys its mineralogical

7
identity and renders it homogenous. The large guantities of LiZB“O?
and the heavy absorber, L‘ZOB’ 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 Kot 1l radiation the mass

absorption coefficients of the rock standards G-1 and wW-1 differ, after



F0203 T
MnGC

Cr

Ni

TABLE B=-1

RESULTS OF DUAL GRINDING TE&ST

N130 n321?
¢ RM WG RM WG
1.83% 1141 11,3 11.9 12,0
2,36% 0.132 04138 04160 0.154
7% 1140 1150 890 900
7% 775 791 570 562

F.ZOS'B and MnO as wt. %3 Cr and Fi as p.pens

8-

taken from Table B=5 and text.

relative deviation of analytical method =~
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fusion, by only 2%. This preparation, therefore, practically eliminates
effects due to variztion of matrix between samples and standards and
allows one to produce and use linear calibration curves of intensity y.
concentration for all major elements with Z2>11.
The following changes were made to the sample preparation scheme
of Rose et al (1963, pp. 82-83):
(a) A sample : ano3 : L123“07 ratio of 1:1:8 was adopted,
The fusion mixture, therefore, consisted of 04,7500 g. of
sample, 047500 ge of L..ao3 and 6,00 g. of anhydrous
L123“070

(b) The mixtures were fused by heating at 1050°C for 20 minutes.

(¢) The cracked glass bead was ground for 40 minutes in a
tungsten carbide ball mill; the powder was passed through
a 200 mesh nylon sieve and finally dried for several hours
at 110°¢.

(d) 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 Mg, Al and 3i is relatively
soft and non-penetrstive - almost all the measured radiation originates
at depths less than 5 - 50 /un. below the surface - the 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 Applications Laboratory of M.E.L. indentified

erystalline Li_B, 0, hydrates All fusion discs were subsequently stored
27477
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in & 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.

(4i) Operating conditions

4 modified Philips single channel spectrometer (PW 1540) was used
for the analysess Determinative curves for the oxides 8102. AIZOB'
total Feao s Mg0, MnO, Cal0 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 rock powders. The standards used
were i

U.5. Geological Survey ltnidard rock powders G-1 and w=1

(Fleischer and Stevens, 1962).
Canadian Association for iApplied Spectroscopy standard rock
powder S-1.

(Webber, 1965).

U.3. National Bureau of Standards synthetic standards

NBS 76, 77, 91 and 102, and

Milford Granite standard rock.

Karroo picritic basalts from Nuanetsi, Rhodesia, LM 432,

LM 593

(Cox et al, 19€5)

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 standard 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)
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Ti0

A1203

F020} g

FnO

MgO

Cal

TABLE Be2

MAJOR OXIDE CALIBRATION

G=1, W=14 8=1, NBS = 76,77, 91
and 102, Milf. Gre 0,9991 Octe 1965
é'1' W=1, 8=1, NBS = 76 and 77
¥A1fs Gre 049998 Decs 1965
G=1, W=1, 8-1, NBS.= 76 and 91, .
Milf. Gr., LM 593, LM 432 049996 Dec. 1965
102, Milfe Gr. 049995 Dec. 1965
G-1' ‘lf-‘l’ 8-1’ Hilf’ Gr.' 4
LK 593, LM 432, 0.9988 Mar., 1966
G=1, W-1, 8-1, LM 593, 1M k32 0.9999 Jan. 1966
G=1, W=1, 5=1, N85S - 76, 91 and
0.9995 Feb. 1966

102, Milf. Gr., LM 593, 1M &32.

Milf. Gre = Milford Granite.

r - correlation coefficlent between concentration
of the oxides and the measured intensities of
characteristic 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 W=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 :

(a) The analyses of the synthetic standards are less accurate.

(b) 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 standaréa. 1M 432 and
LM 593 lay close to all the calibration curves, except that for TiOZ.
This feature of the synthetiec standards accounts for the MgO correlation

coefficient being higher than that for 5102 and A1203 despite the

lower number of counts recorded.

Operating conditions for the analysis of each oxide are given
in Table B=3.
(i11) fLecuracy

Table B-4 gives partial analyses for the rock standards G-1,
W=1 and S-1, 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 4 - 10 individual determinations on 2 - 4 fusion
discs made from one fusion of G=1, W=1 and 5-1 powders. The results
for each oxide were collected over two working periods between October

1965 and March 1966,



Line
Tube
KV
mA

Analysing
Crystal

Detector
Vacuum Path?
Collimator

Count Time:
GEeCsS,

No. of
Counts

Count Type

Background
Position

Count Rate

TABLE B~

QPEHATING CONDITIONS__QF X-RAY SPECTROGRAFE
- MAJOR OXIDES

5102 Tioa . Alao3 Feao3 ;4 MnO Mg0 CaO
Kd1 X N Ll Y N Wl Ll

Cr W Cr W W Cr W
50 ko k5 40 Lo 50 L0

28 20 32 20 28 28 20

Fe LiF Pe LiF LiF ADF IiF
Flow Flow Flow Scint. Scint. Flow Flow
Yes Yes Yes No No Yes Yes
Coarse Fine Coarse Fine Fine Coarse Coarse
60 40 40 4o Lo 100 Lo

1 3 5 3 3 k4 3

P ¥ P P P=B P P

- - - - +2.60%29 - -
4O eps 360 cps 30 cps 260 cps 420 cps 2 cps 690 cps

Count Rate given is rate

Count Type -

P = Peak

per 1% of oxide in sample.

FP=B = Peak-Background

All determinations were duplicated during one working

period.



STANDARD SAMPLES G-=1, Wel and S=1

=1
it i tdin
5102 72.8 7247
no2 0.26 0+26
Alao3 14,0 14.5
F0203T 1496 2406
MnO 0.03 0,028
Mgl - 0.1 - 0437
Ca0 1439 1438

=1
ib% 5 zdin
5102 5246 5247
140, 1.07 1.0l
A1203 14,9 15,2
F0203T ' & ) %
F¥nO 0.16 00172
MgO 6.62 6.53
Ca0 1140 11.2

S=1
e $ Edin
540, 59.45 59.4
Td0, 0.49 0.49
FoaojT 8:32 . 8.19
MnQO 040 06392
Cal 10432 1047

* . Preferred values, Fleischer and Stevens, 1962
o = DMean values, «€ebber, 1965.
Edin, - Edinburgh X-ray spectrographic analyses.
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Except for A1203, agreement between the accepted values and the
Edinburgh X-ray values is good and it is concluded that there are no
significant systematic errors in the method. Results presented below
indicate that for 41.0, relative deviations greater than 3.2% should

2>
occur only in 1% of AlZO3 determinationss Both the G-1 and 5-1
discrepancies exceed this value. It seems probable, therefore, that
there is a significant error in the 41203 determinations and it seems
probable that the errors are due to enhancement and absorption of Al
KoL 1 radiation by the rolatively. abundant Mg and 81 in the fusion discs.

(iv) Precision

In an attemptvto measure the precision of the I-ray spectrographic
methods adopted in the Grant Institute of Geology 7 samples of N-117
were each treated as unknowns and taken through all stages of the sample
preparation and analytical programmese. The results of this investigation
are presented in Table B-Da. Conparable results obtained by Rose et al
(1963), using a very similar X-ray technique, Volborth (1963), using a
different X-ray technigue, and Gould (1966), using 'rapid' wet chemical
methods, are given in Table B-5be.

The overall precision of the present X-ray method is considered
to be made up of 3 parts @

(a) random errors during sample preparation - 1i.e, during

the preparation of fusion discs.

(b) 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

errorse. However, because of the accuracy of the method

(described above) there cannot be any gross systematic errors.,

(e¢) random instrumental errorse.



TAELE B=5a

ANALYTICAL PRECISIOR

x a s c

810, 49,35 1410 0432 0.64%
T40, 2.31 0.05 0019 7 .0.82%
AlaO3 9.04 0.3 06097 1.07%
Fe,0,T 11.47 0.67 " 013 L 1,83%
MnO 0144 © 0,011 © 04,003 2436%
Mgl 1 74 0.84 0.28 T 1,90%
caC 7427 0.2 0.078 1.07%

~ mean of 7 X-ray spectrographic determinations.

-~ s@tandard deviation

x
d = range of deviations about the mean
e
¢ = relative deviation (100 s/x)

TABLE B=5b

A B

{e]

Comp.Range c CompsRange c P c

540 50 =75 " 0.50% 50 ‘=80 0.07

2 O.l%  71.78 0.46%

Ti0, 01 = 240 2.74% 0s2 = Ms6 05 = 5.0% 0.59 1.86%
41,04 10 =20 1.02% 10 = 20 Qa2 = 0e9% ' 13e12 1.22%
Fe203T 1 = 12. 0,95% Ot = 12 0el = 1,6% 4,13 0.97%
MnO 0401~ 045 3s13% 0+03= 0618 0.0 = 2.,2% 0.073 4411%
MgO Ot = 10 2,07% 0e2 = 646 Dol = 1.2% 0.59 6427%
Cal 1 7 =12 0.,97% 03 = N Del1 = O.b% 148  2.57%

A - precision of X-ray spectrographic analyses by Hose et al (1963)
B ~ precision of X-ray spectrographic analyses by Volberth (1963)

C = precision of 'rapid' wet chemical analyses by Gould (1966)



The magnitude of random instrumental errors can be readily
assessed. There are 3 factors which contribute to the total
jnstrumental error - counting statistics (standard deviation of N
counts iavfﬁ). generator stability or short term drift (always < 041%)
and other equipment errors, e.g. goniometer setting (< 0.,05%) (Jenkins
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 Mgl and MnO are considerable.
Addition of the 3 instrumental factors for the N=117 analyses according

to the egquation -

—

error (total) = (-rror)2 count. + (orror)2 gen.stab. +
(error)2 equip.
gives the total instrumental errors. These are listed in Table B-6.

Long term drift is eliminated by ratioing 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 1 fusion disc of G=14 wW=1
and 5-1 6 months apart. Along with other standard fusion discs these
dises 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
deseribed above (Table B-6) suggests that it is significant despite
the care taken to ensure guantitative transfer of material at all

stages of the sanple preparation scheme.



TABLE B-6

ANALYTICAL PRECISION

c 1netrumental‘~ C disc deterioration® C total®
540, Ce2hi 0.5% 0. 6h%
Tie, | 0,23% 240% 0.82%
A;203 o.zg% 0465 1.07%
FOZO3 2 0e16% 1e3% 1.83%
MnO 0.72% - 24365
MgO 0e65% 0e5% 1490%
Ca0 0o 145 1eh% 1.07%

* « based on counting statistics for N-117,
generator stability and other equipment

errorse

R estimated errors based on duplicate determinations
on G=1, wW=1 end S5-1 standard disce 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 1 set of standard fusion discs was prepared
and these were used to establish calibration curves for each oxide on
separate occasions several months apart. The tentative results of
Table B-f indicate that the repeatability 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 & lack of precision in the successive positions of the
spectrometer sample holders.

The following improvements are recommended to the method of
X-ray spectrographic analysis using a manual, single-channel speciro=-
mneter :

(a) &ll standard and unknown fusion discs should be prepared

before the analytical programme is initiated.

(b) 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.

(d) 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 AlaOB. has been established, The precision is similar to that
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obtained by the developers of the method =~ Rose 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 Volborth's
results has been questioned (iercy 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.

X-ray Spectrographic Analysis - Trace Zlements

Spectrographic trace element analyses were carried out on - 125
mesh rock powder supported by a Mylar film. Ba, Cr, Ni, Rb, Sr and
Zr were determined in all the unknowns; Cu, La, Nb, Fb and Zn only in
a representative sample. The operating conditions are given in Table
B=7e

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, 1958).

Correlation coefficients between the concentration of each
element in the standards and the measured peal : 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 regarding the correct concentrations of
elements in some standards.

Because the Zr Kol1 line is subject to interference by the
Sr K/31 line an appropriate correction factor was applied to the

measured peak count. The determination of Cr presented a problem.



TABLE Be

OPERATING CONDITIONS OF X-RAY SPECTROGRAPH « TRACE ELEMENTS

Ba 14 Qu la . ] o B Eb Sr in Zr

Line el KIM a1 L& I Ead L1 ey e BCH o
Tube v L W W L W w W W L ¥

KV 55 50 60 50 50 45 60 60 45 40 45

mA 20 28 20 20 20 20 20 20 20 20 20
Analysing Crystal Topaz Topaz IdF I4F 200 L4F I4F 200 LiF 200 ILiF Lir IiF 200 I4F 200
Detector Seint, Flow  Scint, Flow Seint, Seint, Seint, Seint, Seint, Seint, Seint,
Vacuum Path ? No Yes No Yes No No No No No No No
Collimator Fine PFine  Pine “ine Fine  Fine Fine Fine Fine  Fine Pine

Count Time [°%K 2x40 2x40 2x40 3x40 1x40 2x40 2x40 2x40 2x40 2x40 2 x 40*

.Bckgnd.. 2xh0 Lxi0 2x40 3x40 2x40 1 x40 2x40 2x40 1 x40 2x40 2x40
0

Background Position =1,32° :g:z‘s’o A04° -1,65° 20,50° ~1.40° 20.55° 40,85° -2,00° ~1.44° 40,75°

Detection Limit

PePele 2 65 2 5 & ? 20 3 3.5 2 5

* = Correction applied for Sr IP! interference,

Detection 1imit given by 2.5 Fate background in x secs,
2 x rate per 1 p.p.m, in x seecs,



TABLE B=-8

TRACE BLEMENT CALIBRATION

o
Ba 0.9946
ér , 0.9916
Ni \ 049999
Rb 09976
Sr : | 0.9983
ir ‘ 0.9924

r = gcorrelation coefficient between the
concentrations of the elements and

the measured peak : background ratios.
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v K,&‘l interferes with the Cr KA1 line, Ti Kf.:‘l interferes with the

V K1 line and Mn Kd1 interferes with the Cr K/51 line, As the
aveilable range of standards diaplayid_a considerable range of MnO
content and the Nuanetsi rocks have a small range of MnO, it was

decided to determine Cr in several Kuanetsi rocks by a spectrophotometric
method (see below) and use these rocks as standards in the X=ray method.
The peak : background ratio of the Cr x,51 line was measured and a
satisfactory calibration was thus established.

As an indication of the accuracy of the X-ray spectrographic
determinations the results cbtained by Dr. N.B., Price, of the Grant
Institute of Geology, for six n.si Geological Survey standards are
given in Table B=9 and compared with the means of all the determinations
reported by Flanagan (1969).

The precision of the method has not been fully investigated.
Statistical analysis of a few duplicate determinaticns indicates a
repeatability of 2 5-10% for elements exceeding 100 p.p.m. and + 10-

20) for elements below the 100 p.p.m. level,

det Chemical Analysis

Nazo and xao were determined using an EEL Model A flame photometer.

The sample solutions were diluted to contain 2 = 20 pepellie Nazo or K20
and the acid concentration was in the range 0.1 = 1.0k stoh' Standard
alkali solutions in 041% HZSO“ were read at the same time as the
unknown solutions.

FeO was determined by the cold solution method of Wilson (1955).
PTFE erucibles were used to contain the solutions during the reduction

of the metavanadate.

The spectrophotometric method of Baadsgaard and Sandell (1954)



TABLE B~
ACCURACY. OF TRACE ' ELEMENT ANALYSES
G=2 GSP=1 AGV=1
4 ° = Q % e

Ba 1860 1950 1590 1360 1520 1410
Cu <2 1047 30 35.2 60 6347
Ni <2 6.4 6 10.7 12 178
b 15 28.7 ko 52.4 20 3544
b 170 - 234 260 . 343 70 89.4
Sr* 545 k63 260 247 745 657
Zn 90 74,9 100 143 80 112
ar 340 316 580 Shh 240 227

PCC-1 DTS=1 BCR=1

- e . ° m °
Ba - 649 - 643 970 790
Cu 5 10.“‘ < 2 709 7 22.4
Nb < b 13 < L 4 10 34,1
Ni 3300 2430 3200 2330 8 15
Rb £ 2 0.5 5 2.8 45 7246
sSpt <2 043 < 2 - 340 345
Zn 45 53 Lo 61 100 132
Zr <4 - L 4 - 180 185

* = Edinburgh values, reported in Flanagan, 1969, Table 3.

mean values (Flanagan, 1969, Table 5).
determined by thin film technique (Price and Angell, 1968).

All values pe.psfie
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was used for the determination of Paos.

Hao was determined gravimetrically using dried powders. 1 g. of
rock powder and 3 ge. of FbO and PbCrO“ fiux were heated in a Fyrex
test tube., The water given off was collected and weighed.

Two spectrophotometric methods were used to determine Cr in
6 samples. These samples were subsequently used as standards in the
X=-ray spectrographic analysis of Cr. The results obtained by the
direct Chromate method (Sandell, 1959, p«398) were in good agreement
with those obtained by the second method which used Diphenylecarbazide
as a complexing agent (Sandell, pe 399).

Because of spectral interference on both main V X-ray lines this
element was determined in & samples by the Fhosphotungstate spectro-
photometric method (Sandell, 1959, p«934). Duplicate determinations
were in good agreement and a single dctornination on W=1 gave a result
of 270 pepemis = the recommended valus is 240 p.pems (Fleischer, 1965) .

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, and x2 then =

8 = (x1 -.xa) / Sz
The relative deviations (C) are given in Table B-10
C = 1008 / x
x being the average concentration of each oxide or element in

all the samples.

X-ray Diffraction
(1) Olivimes

Both the method of Yoder and Sshama (1957) - based on the olivine



TABLE B=-10

PRECISION OF WET CHEMICAL METHODS

X X i = L.
FeO 72 8.01 04073 0,052 0465%
Na 0 60 1.87 0.036 0,025 1e34%
K0 60 1.56 0.031 0.022 1e41%
Pao5 7 O.46 0.009 04006 1ol %
H20 73 1451 04051 04036 2438%
CrZO3 5 04136 0,007 0,005 347 %
V203 5 0.031 0.002 0.001 he2 %
N - number of duplicate determinations
X = average wte¥
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
compositions. These methods involve the addition of an internal
standard, Silicon and LiF respectively, to the ground sample. The
values for the (130) 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=11.

(11) COrthopyroxenes

Hancock (1964) used diffraction techniques to determine ortho-
pyroxene compositions. The absolute position of the (10, 34 1) and
(060) reflections are sensitive to Mg i Fe substitution and can be used
to determine En content. The separation between the (10, 3, 1) and
(060) reflections is proportional to the A1203 content of the ortho-
pyroxenes A plot of 4 (10, 3, 1) ¥« d (060) for standard orthopyroxenes
produces a grid from which the En and A1203 contents of unknown ortho~-
pyroxenes can be read.

Initially it was hopgd that X-ray diffraction might be used for
a detailed study of the orthopyroxene phenocrystsin the lavas. - However,
preliminary results, using Hancoeck's grid, gave less than satisfactory
results. The method indicated 4% 31203 in N-88 OPX (reported by
Jamieson (1966))3 this was shown to be 1.66% AL,0, by X-ray
spectrographic analysis.

Once analyses of 3 Nunnotl; orthopyroxenes were available, a
further attempt was made to use this method, These 3 samples and a
' further analysed orthopyroxene, 10584 (supplied by Dr. M.J. O'Hara) were
used to define a new determinative griq. The compositional data are

given in Table B-12a.  Thie new grid differed slightly from that produced



TABLE _B-11

OLIVINE CUMPOSITIONS

Jackson Yoder and Sahama
=21 75 77
N-22 77 78
N=27 78 78
N=l1 76 ~ 78
N=55 70 75
N=60 76 77
N=90 82 &4
N=95 73 7€
N=160 nod 88 86
N=356 86 and 78* 85

* = two olivine compositions detected.

All compositions mol % Fo.



TABLE B=-12

ORTHOPYROXENE DATA

Be
N-88 N=117 Ne313
OPX OPX OPX 10584
A1.0
23
Wt % 1.66 1ol 1449 4,00
En
mel o% %0 82 .5 8‘.. 91
be
N=90 BUCH &
OPX OPX
A1.0
2°3
wte% To1 0. ?
mol.% 82 88'5

L

chemical analysis of Buch 4 OPX by Dr. E.L.F.

Mercy gives Alzo3 0.95% and En 84%.



B=13

by Hancock (1964)., Two further samples, Buch-4 (an analysed ortho=-
pyroxene) and N-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 Buche4 (Table B-12b) and it is, therefore,

considered that a reasonable catinnfo of the Alzo content and Mg : Fe

>
ratio of N-90 OPX has been produced.

Electron Frobe I-ray Microanalysis

Analyses were carried out at the Department of Geology, University
of Durham through the generosity of Dre 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 ana;yaed pyroxenes and olivines with compositions very close to

those of the unknown minerals.

Mineral Separation
Mineral separation and purification was achieved by using Franz

electromagnetic separators and heavy liguid tochniqueh. In genoral
heavy liquid technigues were adopted only in the later stages. In
the case of 2 orthopyroxenes - N=117 OPX and N-313 OPX =~ it proved
impossible to remove all clinopyroxene 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 ¢

MISCELLANEOUS ANALYSES

Nephelinites

The alkaline rocks which occur at the base of the volcanic
succession in the Bendezi - Chilonga's area consist essentially of
nepheline and augite. Both minerals are present as groundmass and
euhedral phenccryst phases. In N=201 and N=207 the augite phenocrysts
and groundmass crystals are zoned to aegerine - augite. Less common
phenocryst phases are olivine (N-207 and R-212), apatite (K-207 and
N-222) and biotite (N-222)s The groundmass in the 4 specimens is
holocrystalline, consisting mainly of augite laths and interstitial
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=1; modal and normative data

in Table C=2.

N-201 : Nephelinite, summit of Bendezi, Ndanga District,

N=207 : Olivine nephelinite, northern slopes of Bendezi,
Ndanga District.

N=212 : Olivine nephelinite, 2.7 miles south west of
Bendezi, Ndanga Distriect.

N-222 : Nephelinite, 1 mile west of Chilonga's.

Upper Basalts

An investigation of the olivine-rich Karroo basic rocks was

always the primary objective of this research project. Nevertheless,



TABLE C=-1

NEPHELINITE _ANALYSES

Wte% K~=201 N=-207 H=212 N=222
5102 Lh,2 40.9 44,6 bhe2
Ti0, 3403 355 3.1 34006
Alao3 1641 144 11.6 1643
FQZO3 79 77 Sl 645
Fel 2415 L.,25 7495 3.42
MnO 0+20 020 0.19 0e21
Mg0 3464 5.19 6.56 2459
Cal 5.02 5089 9090 3'8}
Naao 1045 8402 5.45 1049
Kao 2677 3,00 1371 2,04
on5 1400 1436 0.54 1.2k
F 0046 0."1 - -
Hao 2.54 1.33 1.91 4,23
Total 995" 99.0* 98.9 9845
Pe E‘m‘

Ba 2860 2080 2190 2240
Cr < 65 £ 65 85 £ 65
Cu 207 237 - -
La 66 59 - -
Nd 2 25 50 A
Rb 82 78 . 41 75
Sr 2019 1700 585 2020
ir 290 188 150 320

* « 4includes adjustment for F.



TABLE C=2

NEPEELINITE_MODES_AND NORMS

Volume % §-201 §-207 N-212 N-222
Nepheline 34" 12* 32 27°
Clinopyroxene _5‘ 5 37 }1'
Olivine tn® 7

Alk,., Feldspar 9

Apatite trd 05"
Cre _ 9

Hornblende ' 6

and Biotite

Croundmass 61 83 72

- phonoorysts

or 1649 29 104 12.8
ab 1.9 v 14,4 11.5
an - - 2e2 -
le - 12.0 - -
ne 3646 31.8 18,0 35.4
ac 19.5 95 - 18.4
dai 11.8 26.6 359 9.2
ol 2,7 0.6 3.7 247
nt - ko2 - Ba1 0.8
hm 144 1.7 - -
il Se1 649 6e1 6e2
pf 0.7 - - -
ap 2kt 33 13 el
= 0.9 0.7 - -
H.O 245 13 19 b2




C=2

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 al (1965).

Five of the new analyses (Table C=3) contain small amounts of
normative §. The remaining specimen, N=335, is virtually an ankaramite.

However, it does not contain fresh olivine.

{ Kp. Ne243 : Chikwedziwa basalt, 4.5 miles east of Chitea intrusion.

IJ? N-285 : Chikombedzi basalt, in Nuanetsi River, 200 yds north
of causeways

2% N-308 : Chikwedziwa basalt, 2.5 miles north east of Chikombedzi

Al 4 7 le H=335 : Thermally metamorphosed ankaramitic basalt, 1.7 miles

west-north-west of wWusaka Pane
v N=340 : Interbedded basalt, 1 mile north west of Jordaan's.

N-497 : Basalt, 1 mile north of Marumbe Complexes

Qlivine monzonites

There are 2 olivine monzonite intrusions in the Nuanetsl igneous
province. These are thought to represent differentiates produced
during near-surface, i.e. low pressure, fractionation of the K-rich
parental basic magma. Specimen N-451 is of the leucocratic facies
of the Chilonh;ni Hill intrusion which has been described by lHonkman
(1961) and Cox et al (1965). .N-19h;15 from a small intrusion
discovored.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 S.W, Highlands
of Scocland (Westoll, 1968).

Analyses are given in Table C=5; modal and normative data in

Table C=6. Analysis of the brown clinopyroxene separated from N=451



HnO

Cal
Na_O
K, O
P_O

25
H_O

Total

L. E.mc

Cr

Ri

Sr

TABLE C=

UPPER_BASALT ANALYSES

5240 5242 5243 48,8 5046 k9.2
2.97 © 3.56 1.71 2430 0.80 3412
1544 1541 1540 7465 1345 1549
347 b5 245 641 5e¢2 56
775 6451 §.03 6,28 715 7464
0.15 0413 Ou14 0,18 0.22 0420
ba91 2.87 Ge27 152 6487 517
8491 7484 9470 9.70 1142 1049
2.48 2439 2.72 2.26 2.24 2.13
1.71 2.46 0,88 1.42 0.52 0450
0439 0460 0.24 0.29 0410 0433
0489 1,10 0448 0.15 1.42 1416
992 99.3 100.0 100.3 99.8 99.9
735 735 410 735 140 225
< 65 85 140 1275 220 < 65
ko 35 135 640 35 b5
23 38 2k 25 52 10
745 910 399 515 175 470
320 - 165 220 32 210

oy A

N 335
)26
2R3
/a4 1%
430



TABLE C=4

UPPER BASALT MODES AND NORMS
Volume n-ahz §=-285 N=308 N=335 N=340 N=-497
Flagioclase® 1 12 5 6
Clinopyroxene® 1 31
Orthopyroxene” 2
Clivine* 0«5
Groundmass 975 88 93 69 100 ok

* =« phenoecrysts

W% N-243° N-285° N-308 N-335°  N=- N=497°
Q 5.7 803 30“ - 103 4.7
or 10.3 1“.8 502 8.“ 3.1 3.0
ab 21 .’4- 20.6 23.1 19.1 19.3 180}
an 2007 2}.7 2602 6-5 25.7 2?.3
ai 179 101 1648 31.9 24,9 211
hy 14,0 10.9 177 T3 2043 1561
01 - - > 2“.1 - -
mt 33 31 306 55 3e5 347
il 57 649 33 Lel 1.6 6,0
ap 049 15 046 07 042 0.8
Rest‘ 100 101 006 0.5 105 1.2

e Fe '/ Fe ' + Fe' adjusted to 0.18.

4

* - includes Z, ¢t and H_ O«

2



sice
T410
Alao}
F0203
FeO
FnO
MgC

CaC

=
o

Total

20 g.m.

Ba
Cr
Ni

Rb

TABLE C-5

MONZONITE ANALYSES

N=194 Beb51
48.9 46,8
274 380
1.8 15.8
2.3 2,7
8450 751
0.16 0.12
744 3.78
1043 954
3415 2.82
2.31 3.07
0.42 1.73
0499 1,08
99.0 98,8
1315 1410
420 < 65
15 45
L6 58
1750 2460
350

430




TABLE C-6

OLIVINE MCNZONITE MODES AND NORMS

Volume % =194 N-451
Plagioclase 26 b1
Alk, Feldspar 18 37
Clinopyroxene 32 7
Clivine 8

g - b :
Ore L 6
Apatite tr. =
dt e =194 E=451
or 13.9 18.5
ab 20,6 244
an 114 21.9
ne 346 -
di 30.8 12.4
hy - 1.8
ol 9.8 5okt
mt Selt 4.0
i1 53 7ol
ap 1.0 b2
Rest*® 142 1.2

* = includes 4, ct and H,C.

2



C=3

is given in Table C~9.
H=194 : Olivine monzonite, 4.5 miles west-south-west of
Chilonga's, on track to railway.

N=451 3 Olivine monzonite, Chilembeni Hill.

Bezi-type Pierites

Specimens from 2 bodies of fine-grained picrite, the Dezi dyke
and the Gomakwe intrusion, were analysed., Mineralogically and
texturally these picrites are very different from the relatively coarse-
grained picrites 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 picrites (Table C-7) show several marked
contrasts to analyses of the alkaline picrites. In particular, the
lower contents of KZO' Paos. Ba, Rb and Zr and the higher content of
Ca0 are distinctive. On this evidence it was concluded that these
post-volcanic Bezi-type picrites were not relevant to the main research
projecte

N6 : Pierite, Gomakwe intrusion

N=7 3 Picrite, Gomakwe intrusion

N-106 : Picrite, Bezi dyke.



Fe .0

FeQ

MgO
Cal
Na O
K, O
P_0O

2’5
H_O

Total

EoEollo

Cr
Hi

b

EJ

TABLE C=~7

N=6 =7 §=106
49.1 L5.5 46.5
2420 1.15 2.74
1041 7.92 6492
240 241 242
9.68 12,00 10.73
0.19 0.18 0418
4.7 21.6 18.6
1044 7+09 9.27
1448 1.21 0497
0461 0.54 0.46
0ok 0.16 0.15
0437 0.40 0.b2
101.0 9949 9941
230 275 240
880 1200 1390
575 1030 765
10 6 7
801 Loé 603
1035 150 120




TABLE C=-8

BELI-TYPE__PICRITE_ MODES AND  NORNS
Volume N-6 i~ N=106
Clinopyroxene L7 19 55
Flagioclase 36 30 20
Olivine s 38 19
Crthopyroxene 1 tr.
Ore L 2 6
Apatite tr. tr. -
or 346 3.2 2.8
ab 12.4 1043 83
an 19.0 14.6 1343
di 2542 15.8 2547
hy 20,4 1240 21.8
ol 12.0 38.3 19.0
mt 2.9 S 342
il b 2,2 5¢3
apv 0.3 Ol Ol
Rest” 046 047 0.8

* = includes Zy ct and H20°



TABLE C=9

CLINOPYROXENE ANALYSIS

————— - - - -

R-451 epx

501
1442
2.92
0.8
Bolile
0.17

139

2144
0445

0.05

99.7

< 65
100
220

88
274

Ca

Mg

Fe

bl 6
40,2
1543



Cebe
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