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ABSTRACT 

Bulk rock compositional variations in lavas from four loca-

lities in the Atlantic Ocean are evaluated quantitatively in terms 

of fractional crystallisation and partial melting models. Samples 

studied are from the Mid-Atlantic Ridge at 36°49'N (FAMOUS), from 

the Islas Orcadas fracture zone on the Southwest Indian Ocean Ridge, 

from the Conrad fracture zone on the America-Antarctica Ridge and 

from Bouvet Island, situated at the .southernmost tip of the Mid-

'Atlantic Ridge and in the vicinity of both the fracture zones 

mentioned above. 

Bulk rock major and trace element variations in selected 

basalts from the FAMOUS area, in conjunction with a detailed study 

of the chemistry of phenocryst minerals and associated melt inclus-

ions are used to place constraints on the genetic relationships 

between the various lava types. The distribution of NiO in olivine 

and Cr-spinel phenoc~ysts distinguishes the picritic basalts, pla

gioclase phyric basalts and plagioclase-pyroxene basalts from the 

olivine basalts. The NiO content of these phenocrysts in the former 

· 1 f · I 2+ · · three basalt types is ow, or a given Mg Mg+Fe atomic ratio of 

the mineral, relative to the phenocrysts in the olivine basalts. 

Consideration of the Zr/Nb ratio of the lavas similarly distinguishes 

the olivine basalts from the plagioclase phyric and plagioclase-

pyroxene basalts but, in addition, distinguishes the picritic basalts 

from the former three basalt types. 

Consideration of Fe-Mg partitioning between olivine and host 

· rock suggests that the picrites represent olivine (±Cr-spine!) en-

riched magmas, derived from a less MgO rich parental magma. The 
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partitioning of Fe and Mg between Cr-spinel and coexisting glass is 

evaluated in t of the ·1·b · KFe-Mg (XFeO/ __ MgO)sp/ erms equ1 1 rium constant _l) = x--

(XFeO /~gO)g1. The value of this KD is shown to be close to unity 

in the olivine basalts and picrites, which implies that the FeO/MgO 

ratio of melt inclusions trapped within Cr-spinel phenocrysts closely 

reflects the FeO/MgO ratio of the magma at the time of melt entrap-

ment. This factor is used to predict a primary magma composition 

parental to the picrites, which is ·character:i.sed by relatively high 

* MgO (12.3%) and CaO (12.6%) and low FeO (7.96%) and Tio
2 

(0.63%). 

Least squares calculations indicate that the plagioclase 

phyric basalts are related to the plagioclase-pytoxene basalts by 

plagioclase and minor clinopyroxene and olivine accumulation. The 

compositional variations within the olivine basalts can be accounted 

for by fractionation of plagioclase, clinopyroxene and olivine in an 

open system, steady state, magma chamber in the average proportions 

45 : 32 : 23. It is suggested that the most primitive olivine 

basalts can be derived from a pristine mantle composition by approx-

iJllately 17% equilibrium partial melting. Although distinguished by 

its Zr/Nb ratio and NiO content of phenocryst phases, the parental 

magma to the picrites can be derived from a similar source ·com-

position by approximately 27,% equilibrium partial melting. It is 

suggested that the parental magma to the plagioclase-pyroxene and plagio-

cla.se phyric basalts is derived from greater depth resulting in the 

fractionation of the Zr/Nb ratio by equilibration against residual 

garnet. 

The Islas Orcadas and Conrad fracture zone basalts are 
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characterised by their evolved compositions and large compositional 

variation. The Islas Orcadas fracture zone basalts are further cha-

racterised by a transitional to mildly alkaline chemistry while the 

Conrad fracture zone basalts are more similar to 'normal' or depleted 

mid-ocean ridge basalt. The major and trace element variations in 
I' 

the Islas Orcadas fracture zone basalts can be accounted for by up 

to 40% fractional crystallisation of domfoantly plagioclase and 

clinopyroxene with minor olivine. The lavas dredged from the south-

eastern wall of the Islas Orcadas fracture zone can be distinguished 

on the basis of their lower Zr/Nb and Y/Nb ratios and higher Zr/Y 

ratio from those dredged from the northwestern wall. These differ-

ences can be accounted for by var~ed degrees of partial melting 

of a garnet bearing source. The basalts have a similar bulk chem-

istry to other samples dredged from the Southwest Indian Ocean Ridge,. 

and are characterised by low Zr/Nb and Y/Nb ratios and LREE en-

richment. It is suggested that the chemical features of these 

lavas reflect the influence of a mantle plume situated near Bouvet 

Island. 

Both extrusive and intrusive rocks were recovered from the 

Conrad fracture zone. The samples generally show a significant 
I 

degree of alteration and K-and Na-feldspar replacement of plagioclase 

is common. Systematic variations in immobile major and trace ele-

ments indicate that most of the samples are genetically related, a 

feature borne out by quantitative geochemical modelling. Extensive 

fractionation (up to 66 to 76%) of plagioclase, clinopyroxene and 

minor opaque oxides is required to account for the compositions of 
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* the evolved ferrobasalts (13-16% FeO, 2.5 - 3.5% Tio
2
). 

Bouvet Island is characterised by lavas ranging in composition 

from hawaiite through mugearite and benmoreite to rhyolite. Major 

and trace element modelling indicates that the compositional variat-

ion can be described by extensive differentiation of a parental 

hawaiite. Following this scheme an hawaiite parent magma experienced 

44% fractional crystallisation of plagioclase + clinopyroxene + oli-

vine + opaque oxides and minor apatite to give rise to the mugearite 

magma, which in turn experienced a further 69% fractional crystallis-

ation of the same phase assemblage (though with more evolved com-

positions) to give rise to the Bouvet Island rhyolite. Extensive 

fractional crystallisation (64%), possibly separated in time, of the 

parental hawaiite gave rise to the benmoreite magma. The fraction-

ating phases are similar in composition and proportion to those 

crystallising in the passage from hawaiite to mugearite. 

It has been demonstrated that it is possible to account 

for much of the chemical variation encountered in the ridge, fracture 

zone and island basalts investigated in this study by fractional 

crystallisation processes. It has, in most instances, not been 

necessary to invoke a process such as magma mixing to account for 

the variations, although it is recognised that such a process is 

probably more realistic than 'closed system' fractionation. 

The common occurrence of highly differentiated basalts in 

fracture zones, even when transecting slow spreading ridges, ~s regarded 

as reflecting a lower magma supply rate than at the ridge axis. 

Magma would therefore reside in crustal chambers for a sufficient 
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length of time to experience substantial 'closed-system' fractional 

crystallisation without mixing with new batches of 'primary' magma. 

This results in the extrusion of a higher proportion of different

iated basalts at fracture zones relative to mid-ocean ridges. 

Chemical variations not accounted for by fract1onal crystal

lisation can to a first approximation be attributed to equilibrium 

partial melting. Knowledge of mantle mineralogies and distribution 

coefficients under melting conditions for the elements considered 

in this study are such that melting models are less tightly con-

strained. It is possible to account for observed variations by 

simple equilibrium partial melting, and it was found to be unneces

sary to consider mor.e complex, though probably more realistic, 

models such as dynamic melting. Instead, on the basis of imcom

patible inter-element ratios, persistent chemical differences are 

attributed to source area characteristics. In this regard, there 

appears to be no distinctive differences with respect to tectonic 

location, and the differences are best ascribed to deep mantle 

plumes. 
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CHAPTER 1 

INTRODUCTION 

1. GENERAL 

Interest in basalts extruded from the ocean floor (commonly re-

ferred to as ocea~ floor basalts) has been concomitant with the develop-

ment of the theory.of plate tectonics. The inter-connecting 65,000,km 

mid-ocean ridge system, which forms the constructive margins of the· 

spreading lithosphere plates, marks the site of eruption of the vast 

majority of these ocean floor basalts; the most voluminous eruptive 

rocks on earth. Extensive sampling over the last one and a half decades 

has shown that these basaltic lavas are a major component of the upper 

oceanic crust, and their eruption and emplacement is the principle 

mechanism for the generation of new oceanic crust. 

Early studies of ocean floor basalts (e.g. Engel et al., 1965; 

Gast, 1965; Tatsumoto et al., 1965; Kay et al., 1970) emphasised their 

rather consistent and unique chemical composition; e.g. low large ion 

lithophile element abundances, light rare earth element depletion, high 

K/Rb, Na/K, and K/Ba ratios, and constant silica values. The close.com-

positional similarities between ocean floor basalts and Ca-rich achon-

drites was taken as evidence of their 'primitive' nature (Engel et al., 

1965) and consequently ocean floor basalts were regarded as providing a 

'window' to the upper mantle, unaffected by the possible contamination 

by sialic continental crust. . 
I , 

More recent studies, aid~tl by detailed sampling by means or 

drilling and u'se of submersibles, have however shown that despite broad 
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2. SCOPE OF STUDY 

This thesis involves the quantitative investigation of the compo

sitional variation in lava suites from four widely separated areas with

in the Atlantic Ocean: the Mid-Atlantic Ridge at 36°49'N, the Islas 

Orcadas fracture zone on the Southwest Indian Ocean Ridge, the Conrad 

fracture zone on the America-Anarctica Ridge, and Bouvet Island situated 

at the southernmost extremity of the Mid-Atlantic Ridge. The basalts 

from these areas range in composition from the most primitive (e.g. 

basalts from 36° 49 'N on the Mid-Atlantic Ridge) to the most evolved· ever 

recovered from the ocean basins (e.g. ferrobasalts from the Conrad 

fracture zone). The main aims of the study include: 

(i) To establish the extent of compositional variation within the 

individual lava suites. 

(ii) To augment bulk rock chemical data with a detailed investigation 

of the chemistry of phenocryst and matrix mineral phases. 

(iii) To quantitatively evaluate possible petrogenetic models to 

explain the observed petrographic and geochemical variation 

within the individual lava suites. 

(iv) To evaluate criteria for the recognition of potential 'primary' 

magmas and to discuss source area characteristics in the light 

of estimated 'primary' magma compositions. 

Petrogenetic models involving fractional crystallisation and 

crystal accumulation have been evaluated quantitatively by means of 

least squares calculations (e.g. Bryan et al., 1969). Further evalua

tion of these models has been carried out using trace elements and by 

applying recently developed ideas of trace element distribution (e.g. 

Gast, 1968; Shaw, 1970). Geochemical modelling has been taken to the 

extreme and postulated petrogenetic models have been assessed according 
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to rigid criteria in an attempt to rigorously evaluate the extent to 

which the o.bserved compositional variations can be attriquted solely to 
I 

the above-mentioned processes, rather than to a combination of processes. 

The success achieved in most instances supports the contention that much 

of the compositional variation observed in different oceanic environ-

1ments can be attributed to a simple process of phenocryst redistribution 

which, given precise geochemical data, can be accurately modelled. 

The data from the four study areas are finally compared in an 

attempt to provide answers to some important questions in terms of the 

relationship between rock type and tectonic setting: 

(i) Do rock types from ridge systems and fracture zones show consis-

tent differences? 

(ii) Do the differences in igneous rock suites (e.g. ridge-axis 

basalts and fracture zone basalts) reflect source area differ-

ences or differences introduced by differentiation processes, and 

how do these relate to the tectonic setting? 

(iii) To what extent can systematic geochemical differences be attri-

buted to the action of mantle plumes? 

This thesis falls naturally into five main sections: a discussion 

of computer-simulated models and the determination of trace element dis-

tribution coefficients; a study of the basalts from the Mid-Atlantic 

0 I 
Ridge at 36 49 N; a study of the basalts from the Islas Orcadas and 

Conrad fracture zones; a study of the Bouvet Island lavas; and 

finally a general evaluation in terms of tectonic setting. The chapters 

related to the study of the four oceanic areas are each preceded by a 

more specific introduction. 



- 5 -

CHAPTER II 

ANALYTICAL TECHNIQUES, SOURCES AND PRESENTATION OF DATA, 

AND PETROLOGIC MODELLING 

' 1. ·ANALYTICAL TECHNIQUES 

• 

All bulk rock major and trace element analyses have been obtained 

using x.:.ra·y fluorescence techniques (XRF). The specific methods used 

are those currently applied in the Geochemistry Department, University 

of Cape Town. They have been described by Willis et al. (1971, 1972) 

and are briefly summarised in the appendix. Analytical errors and 

detection limits for individual major and trace elements are also given 

in the appendix. Mineral compositions (except in the case of mineral 

separates which were analysed by XRF) have been determined with the use 

of a Cambridge Microscan 5 microanalyser (electron microprobe). The 

analytical data were reduced using the method of Bence and Albee (1968) 

with the alpha factors of Albee and Ray (1970). Operating conditions, 

standards used, and analytical errors are given in the appendix. In 

selected cases minerals have been analysed for Sr (as a trace element) 

by electron microprobe. The analytical technique developed has been 

described by Rickard and le Roex (1977) and is outlined in the appendix. 

2. PRESENTATION OF ANALYTICAL DATA 

2.1 Bulk Rock Analyses 

Individual bulk rock major and trace element analyses, CIPW norms 

and selected interelement ratios are presented in tables throughout the 

text. Since the Fe2o3 content of basaltic rocks commonly reflects post 

consolidation oxidation, FeO was not specifically analysed for in most 
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samples (by wet chemistry), and an Fe
2
03 /Fe0 ratio of 0.15 has been 

assumed throughout. This value has been selected in accord with the 

suggestion of Brooks (1976). + Only in selected instances were H
2
o and 

co2 determined by gas chromatograph. For all other analyses, loss on 

ignition at 1000°C (LOI) was determined and is arbitrarily expressed as 

+ 
H20 in the tables of analyses. Since much of the volatile content of 

the basalts studied can probably be attributed to post consoli~atio~ 

alteration and·is therefore not a primary compositional feature, all 

data have been normalised to 100% on a volatile-free basis before use 

in calculations and diagrams. 

2.2 Mineral Analyses 

The number of mineral analyses made in the course of this study 

is rather large and only selected analyses are presented in tables within 

the text. All individual analyses are given in microfiche tables as 

appendices to the thesis and table num~ers are listed in the appendix. 

For silicate minerals all Fe has been expressed as FeO and no attempt 
•' 

has been made to calculate Fe2o3 for pyroxenes or amphiboles. Consi

deration of charge balance in certain pyroxenes indicates that it is. 

probable that a significant proportion of Fe2o3 is present, but owing to 

the large errors inherent in the estimation of ferric iron in silicates 
et al., 

(e.g. Papike0/1974), Fe2o3 has not been calculated. 

Ferric iron in Fe-Ti oxides and Cr-spinels has been estimatedl 

from the microprobe data (total Fe as FeO) by assuming stoichiometry' and 

charge balance. The method used is based on the same principles as 

discussed by Neumann (1976) and expresses ferric iron as equivalent to 

the difference between the ideal c~arge based on stoichiometry and the 

calculated charge. The proportion of ferric iron has then been used to 
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calculate end-member components of titanomagnetite (ulvospinel and 

magnetite) and ilmenite (ilmenite, geikelite and hematite). In calcu-

lating these end-members, minor components have been excluded and only 

the pure end-member cations have been used to calculate the end-member 
I 

molecules. For ilmenite, end-member compositions have been calculated 

as follows: 

Ti - Mg 
I1 (mol %) = 

i F 3+ +Ti '2 e 
* 100 

Mg 
Gk (mol %) = 

·1 F 3+ + Ti '2 e 
* 100 

i F 3+ 
Hm (mol %) = '2 e 

3+ 
~Fe + Ti 

* 100 

Titanomagnetite end-members were calculated as follows: 

Us (mol %) = 

Mt (mol %) = 

Ti 

~Fe3+ +·Ti 

i F 3+ 
'2 e 

~Fe3+ +Ti 

* 100 

* 100 

These are simplified molecular formulae and titanomagnetite end-

members such as hercynite (FeA1
2
o4 ), magnesioferrite (MgFe204 ) and 

jacobsite (MnFe2o4 ), which are present in only very minor amounts 

(<1 mol %), have been ignored. 
. 2+ The ratios Cr/Cr+Al, Mg/Mg+Fe and 

3+ 3+ Fe /Fe +cr+Al have been calculated for Cr-spinels and are noted in 

the tables as Cr, Mg and Fe respectively. 
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3. PETROLOGIC MODELLING 

3.1 Fractional Crystallisation 

3.1.1 Major Elements: 

One of th~ more important aims of this study is to investigate 
i 

the role of fractional crystallisation as a mechanism for producing 

compositional variations observed in oceanic basalts from different 

tectonic environments, e.g. ridge systems, fracture zones and oceanic 

islands. In order to evaluate whether fr~ctional crystallisation is 

responsible for the observed total major element variation, use has been 

made of a least squares approximation programme based on that of Bryan 

et al. (1969). The programme enables the solution of an overdetermined 

major element data matrix.to test whether or not postulated 'parent' 

and 'daughter' compositions can be related by addition or subtraction 

of various minerals (vectors). The matrix may be weighted or unweighted, 

and the calculated solutions are unconstrained in terms of sign (i.e. 

may be positive or negative). For this study a simple unweighted data 

matrix has been used throughout. To maintain an overdetermined matrix, 

the maximum number of vectors (e.g. fractionating phases plus 'parent' 

and 'daughter' compositions) must be at least one less than the number 

of elements in the matrix. Mixing calculations (the terms 'least 

squares approximation', 'mixing calculation' and 'mix' will be used i 

synonomously throughout this thesis) involving 'parent' and 'daughter' 

compositions can be approached as either fractional crystallisation 

(i.e. 'parent' - various minerals= 'daughter') or crystal accumulation 

(i.e. 'parent' +various minerals =~,.daughter') problems. 
,I J.· 

Since botih 

·are linear mass balance calculations, either can be performed in 

reverse. For example, fractional crystallisation can be regarded as; 
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'daughter' +various minerals= 'parent'. This latter approach has the 

advantage of yielding the p+oportion of residual magma (F) and of frac-' 

tionating minerals directly and is therefore adopted throughout this 

study. 

Input data for the computer program used (written by A.R. Duncan 

of this Department) comprises 'parent' and 'daughter' compositions ' 

together with proposed fractionating mineral phases. All data were~ 

first normalised to 100% volatile f~ee, with all Fe expressed as FeO. 

Any elements not desired in the c'alculations (e.g. K - due to altera

tion) were then excluded. For Fe-Ti oxides all Fe was expressed as FeO 

before normalising to 100%. The daughter composition and mineral phases 

are 'independent vectors' in the program which then calculates the 

'dependent vector I (parent composition). r Output from the program con

sists of the observed and calculated composition of the dependent 

'vector' (i.e. the parent composition), the oxide residuals, the sum of 

squares of the oxide residuals and the calculated proportions of the 

independent 'vectors' (i.e. 'daughter' composition and fractionating 

mineral phases). Standard deviations on the proportions of the indepen

dent 'vectors' are also presented in the output. These data can then 

be evaluated to assess the consistency of the mixing calculation. In 

general, solutions were assumed to be potentially valid only if the sum 

of squares of residuals was <0.10 (e.g. Wright, 1974), with no major~ 

discrepancies occurring in any of the individual oxide residuals. This 

constraint is compatible with the precision and accuracy of the data 

used. For samples which were obviously altered (as shown by petrographic 

examination and chemical data such as LOI) the individual oxide residuals 

were evaluated in accordance with their known mobility during weathering; 
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such models were regarded as being provisionally acceptable if the 

residuals were less than the known uncertainty in the whole rock compo

sitional data. Additional criteria that were evaluated before a mix 

was accepted were that the proportions of the independent 'vectors' 

should sum close to 100% and that the standard deviations on the indivi

dual vectors and on the total should be as small as possible. Large 

standard deviations imply that the mixing calculation is not tightly 

constrained. A· most important criterion was that the calculated propor

tions of fractionating phases, and their compositions, should be realis

tic in terms of the modal proportions and the compositions observed in 

the ''parent' and 'daughter' rocks. Examples of what are regarded as an 

acceptable and an unacceptable least squares approximation are given in 

Tables 2-1 and 2-2 respectively. 

The choice of suitable mineral compositions to use in the mixing 

calculations was based on the range of determined mineral compositions · 

in the proposed 'parent' and 'daughter'. Where this range was extremely 

large (between parent and daughter), pure end-member compositions (e.g. 

Fo, Fa, An, Ab) were used for the initial mix. The relative proportions 

of the end-members, calculated by the program as best satisfying the 

known compositional variation, were then combined to give the appropriate 

mineral composition. This composition was then compared to the obs~rved 

range in mineral composition and if realistic, the mixing calculation 

was repeated using the deduced mineral compositions. 

Trace Elements: 

Once an acceptable fractional crystallisation model had been' 

obtained for the major elements, the trace element data were used to 

provide an independent check on the validity of the proposed model. 
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Table 2-1: An example of an acceptable major element 
least squares approximation relating two arbitrary 
magmas, 'PARENT' and 'DAUGHTER', via fractional 
crystallisation of olivine, piagioclase, clinopyroxene, 
ilmenite and titanomagnetite. Note the low sum of 
squares of residuals and the low standard deviations 
on the 'vectors'. 

Input data 

PARENT PLAG OLIV CPX ILM TiMGT DAUGHTER 

Si02 50. 71 53.38 35.28 48.68 0.15 0.23 55.62 

Ti02 3.54 0.11 0.11 2.03 50.00 23.61 2.00 

Al 203 15.56 28.68 0.06 3.90 0.07 0.48 15.90 

FeO* 12.11 0.67 36.25 10.69 47.02 74.44 11. 21 

MnO 0.19 0.01 0.51 0.17 0.53 0.51 0.21 

MgO 4.35 0.13 27.29 13.54 2.04 0.22 2.22 

Cao 8.82 12.18 0.31 20.51 0.18 0.51 6.12 

NazO 3.40 4. 77 0.01 0.47 0.01 0.01 4.42 

KzO 1.32 0.08 0.01 0.01 0.01 0.01 2.30 

Least squares approximation 

PARENT MIX 

OBS. CALC. DIFF. VECTOR Wt.% S.D. 

Si02 50.71 50. 70 -0.01 DAUGHTER 56.19 0.91 

Ti02 3.54 3.54 o.oo PLAG 21.17 o. 74 

A1 2o3 15.56 15.55 -0.01 OLIV 4.28 0.45 

FeO* 12.11 12.11 0.00 CPX 13.61 0.52 

MnO 0.19 0.19 0.00 ILM 3.61 0.30 

MgO 4.35 4.36 0.01 TiMGT 1.29 0.33 

cao 8.82 8.84 0.02 

Na2o 3_.40 3.56 0.16 TOTAL 100.16 1.43 

K20 1. 32 1.31 - 0.01 

Sum of squares of residuals = 0.026 
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Table 2-2: An example of an unacceptable major element least squares 
approximation. The input data is the same as that in 
Table 2-1 wi'th the exception that ilmenite is excluded 
as a fractionating phase. Note the high sum of squares 
of residuals, and the high standard deviations on the 
'vectors'. 

Input data 

as in Table 2-1. 

Least squares approximation 

PARENT MIX 

OBS. CALC. DIFF. VECTOR Wt.% S .D. 

Si02 50.71 50.68 -0.03 DAUGHTER 56.97 5.57 

Ti02 3.54 2.56 -0.98 PLAG 20.24 4.48 

Al203 15.56 15.48 -0.08 OLIV 2.31 2.59 

FeO* 12.11 12.42 0.31 CPX 15.12 3', 12 

MnO 0.19 0.18 -0.01 TiMGT 4.63 1.10 

MgO 4.35 3.98 -0.37 

Cao 8.82 9.08 0.26 TOTAL 99.27 8.29 

Na20 3.40 3.56 0.16 

K20 1.32 1.33 0.01 

Sum of squares of differences = 1. 29 
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Only models that satisfy the trace element variations as well as the 

major element constraints are regarded as being internally consistent 

and potentially valid. 

The partitioning of a trace element in a crystal-magma system 

can be described either in terms of surface equilibrium (i.e. Rayleigh 

Fractionation) or of total equilibrium (i.e. Nernst) crystallisation •. 

Expressions describing the behaviour of a trace element during surface 

equilibrium have been proposed by Gast (1968) and Greenland (1970) and 

are. reproduced below. Following Cast's formulation, the concentration 

of a trace element a in the residual magma is given by: 

= ................................. (1) 

where F =weight fraction of residual liquid (calc. in the 

. major element· model). 

c1 = concentration of trace element a in the residual 
a 

liquid. 

c0 = concentration of trace element a in the initial 
a 

liquid. 

D = bulk distribution coefficient for element a. 
a 

The bulk distribution coefficient D is a function of all the phases 

crystallising from the initial liquid, such that 

D 
a = ............................. 

where D~ = the distribution coefficient for element a in 
1 

(2) 

mineral i. 

I 

X. = weight fr~ction of mineral i (calculated in the 
1 

major element model). 
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Equations (1) and (2) assume constant distribution coefficients. For 

linear variation of the distribution coefficient with crystallisation 

such that D = D + dF (i.e. D changes from D + d to D as F changes 
a o o 

from 1 to O), equation (1) can be rewritten as (Greenland, 1970): 

cl 
ln -

co 
= (D - l)lnF + d(F - 1) 

0 
••••••••••• ~..... (3) 

The lack of specific knowledge on the variation of D with crystallisation 

limits the appltcati6n of equaiio~ (3), and since the differences pro-

duced by using equation (3) rather than equation (1) are within the 

uncertainties of the known values for distribution coefficients, equation 

(1) has been used in preference. 

The above equations allow quantitative modelling of trace element 

variations during fractional crystallisation. To model trace element 

variations during crystal accumulation, it is necessary to calculate 

first the average trace element content of the accumulating minerals. 

This was done by assuming surface equilibrium and using the formula 

proposed by Gast (1968), modified to allow for the simultaneous crystal.'-

lisation of more than one phase (le Roex and Reid, 1978): 

C /c0 

a a = 
1 - FDa 

1 ·- F 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 4) 

where C = average concentration of element a in a suite of ; 
a 

perfectly zoned crystals. 

Le Roex and Reid (1978) have noted that two assumptions are necessary 

before crystal accumulation can be modelled quantitatively: 

(1) Phenocrysts were homogeneously distributed throughout the magma. 

(2) At the instant when the weight fraction of residual liquid was 

equal to F, all the phenocrysts migrated to the cumulus-enriched 

magma. 
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These assumptions allow an. estimate of the maximum value for F, using 

the following equation: 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 5) 

where M = weight fraction of phenocrysts added to the cumulus-

enriched magma (calculated in the major element , 

model). 

v1 = volurne"of the cumulus-enriched magma. 

v2 = volume of magma from which the phenocrysts were 

derived. 

Since the volume relationships in a volcanic magma chamber are unknown, 

the values for v1 and v2 have as a first approximation been regard~d as 

being equal. The value for F is therefore directly derived from the 

major element model. After the trace element abundances in the pheno-

cryst assemblage have been calculated, the concentration of a particu-

lar trace element a in the cumulus-enriched magma can be calculated 

using the following mass balance equation: 

co 
a x + c o a x. 

1 
••••••••••••• ~ •••••••••• (6) 

where cP = predicted concentration of trace element a in the a 

cumulus-enriched magma. 

c0 = concentration of trace element a in initial magma. 
a 

X = weight fraction of original magma in the cumulus
o 

enriched magma (calculated in the major element 

model). 

C =.average_ conqmtration of_element a in the phenocryst 
a 

assemblage. 
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X. = weight fraction of the phenocryst assemblage added 
l. 

to the cumulus-enriched magma (calculated in the 

major element model). 

Recently, O'Hara (1977) has formulated equations for quantita-

tively modelling more complex processes such as open-system fractional 

crystallisation. These formulations allow for the periodic replenish-

ment of a magma chamber by new batches of unfractionated 'parental' 

magma from ·depth. Ignoring the added possibility of digestion of p.re-

viously erupted basalt, O'Hara's equation for describing this process 

can be written as follows: 

= (X+Y){l-X)D-l ...................... (7) 

) ) D-1 
1-(1-X-Y {1-X 

where cs = concentration of an element in the residual liquid 
B 

of the fractionation cycle, in the steady state. 

C = initial concentration of an element in the parental 
0 

liquid. 

X ~ weight fraction of cumulate formed from the magma in 

each cycle. 

Y = weight fraction of the original liquid before this 

fractionation, which is extracted as a lava flow at 

the end of each cycle. 

D = bulk distribution coefficient. 

O'Hara (1977) has suggested that such an open-system fractiona-

tion process provides the possibility of fractionating incompatible 

element ratios, rather than attributing them to source area hetero-

geneities. Quantitative application of this type of model, however, 

indicates that only a limited degree of incompatible element fractiona-
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tion is achieved and is not a viable alternative in those cases where 

mantle heterogeneity has been invoked on the basis of trace element 

data (Pankhurst, 1977). Although the model of O'Hara (1977) may be 

geologically more reasonable than single closed-system fractionation and 
/ 

may provide a mechanism for explaining the commonly noted decoupling of 

compatible and incompatible elements in oceanic basalts, it is unlikely 

to result in large changes in diagnostic incompatible element ratios. 

0 1 Hara 1 s equations have not been quantitatively applied in this study, 

but the qualitative effects of open-system fractionation are apparent in 

selected cases and are further discussed where relevant. 

An alternative method for evaluating quantitatively the trace 

element variation within a suite of lavas is that introduced by Allegre 

et al. (1977) and discussed further by Minster et al. (1977). This 

method involves the calculation of bulk distribution coefficients for a 

range of elements from the slope of trace element variations on log-log 

plots involving a highly incompatible element as the abscissa. Com-

bining these calculated bulk distribution coefficients with known 

mineral-liquid distribution coefficients in a matrix of equations 

enables one to solve for the weight fractions of individual minerals 

which are theoretically contributing to the fractionation sequence. At 

present mineral-liquid distribution coefficient data are insufficiently 

well known and consequently errors are propagated and amplified during 

solution of the relevant equations by matrix inversion. This can lead 

to results which are incompatible with known petrology and therefore 

this method is not used here. 

Most of the lava suites studied are characterised by zoned 

phenocrysts and thus Rayleigh fractionation has been adopted for trace 
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element modelling. Equations for modelling equilibrium or Nernst 

crystallisation are the same as those applicable for equilibrium partial 

melting. The relevant equation as formulated by Shaw (1970) is given 

in the following section on partial melting (equation 9). 

Partial Melting 

Major Elements: 

Quantitative modelling of partial melting processes has generally 

been limited to c9nsideratioh of trace element variations. However, 

Hanson and Langmuir (1978) have recently developed a method for calcula-

ting the behaviour of major elements using an approach similar to that 

used for trace elements, and this will be briefly outlined below. 

The behaviour of major elements can be modelled in a fashion 

similar to that used for evaluating trace element behaviour during par-

tial melting, but with the additional constraints imposed by stoichio-

metric requirements. During equilibrium or batch partial melting, the 

distribution of an element between the melt and the residual solid must 

satisfy the mass balance: 

where 

c 
0 

c 
0 

cl 

c s 

= initial source 

= concentration 

= concentration 

................................. 
concentration. 

in the liquid. 

in the residual source. 

F =the fraction of melting. 

(8) 

This mass balance equation can be rewritten in the form of the equili-
;-, 

brium or batch melting equation of Schilling (196~) and Shaw (1970): 

............................... (9) 

and .......................................... ( 10) 

where D = bulk distribution coefficient. 
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Hanson and Langmuir (1978) have shown that equations (9) and (10) 

can be used to model FeO and MgO variations during partial melting by 

utilising the known mineral-liquid Kd's, in conjunction with known 

stoichiometric constraints in mantle minerals. Their approach is 

briefly as follows: 

The calculation of the concentration of MgO and FeO in a mantle-

derived melt requires knowledge of the following parameters: (1) initial 

concentration (mol %) of MgO and FeO in the source (C )· (2) the tem-
o ' 

perature of melting (T); (3) the degree of melting (F); and (4) the 

bulk distribution coefficients for MgO and FeO (D). It is necessary to 

assume values for the first three parameters, while the fourth can be 

calculated by indirect means. Although Kd's for all mantle minerals are 

not known, it is possible to model MgO and FeO accurately, providing 

residual olivine is present, because of the following relation for D: 

D = = Kol/liq 
d 

• • • • • • • ( 11) 

where c
01 

= concentration of FeO or MgO in olivine. 

The bulk distribution coefficient D for MgO and FeO can therefore 

be calculated with a knowledge of their concentration in the residual 

h · · · h · d 1 1. · d K01 I liq source, t eir concentration in t e resi ua o ivine an d . • 
ol/liq 

The 

Kd for MgO and FeO is temperature dependent and over the range. 

1000-1300°c at 1 atm. is given by the expressions (Roeder & Fros lie, 1970): 

3740 
= T(KY - 1. 85 .......................... (12) 

3911 
= T(K) - 2.50 ••••••••••••••••••••••••• ·'· (13) 

When only olivine is left in the residue, i.e. for the maximum degree of 
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melti·ng, then D = K0dl/liq (from · 10) d h equation an t e composition of the 

melt is controlled only by the temperature of melting and the composition 

of the residual olivine. For the minimum degree of melting (F = O), D 

can be calculated from equation (11) with C = C • For intermediate 
s 0 

degrees of melting between these two extremes, the value of D can be 

calculated via an iterative procedure involving equations (9), (10) and 

(11), the stoichiometric relationships relating the molar concentration 

of MgO and FeO in olivine: 

MgO + FeO = 66.67 •••••••• ~ •••••••••••••••••••••••• (14) 

and the equilibrium constant ~ relating the FeO/MgO ratio of a liquid 

to the FeO/MgO ratio of an equilibrium olivine: 

~eO/MgO = (FeO/Mg0) 01 /(FeO/MgO)liq ............. (15) 

= 0.30 + 0.03 (Roeder & Emslie, 1970) 

The procedure involves estimating an initial D which lies between 

the maximum and minimum values (equation 11). This allows the calcula-

tion of an estimated c1 for a given F and source composition. The 

. FeO MgO estimated o1 and c1 enables the calculation of the equilibrium 

olivine composition (equations 15 and 14) and an estimate of the residual 

source composition (C ) (equation 10). These data can then be combined 
s 

to give a new improved estimate of D (equation 11). Jhis is r~peated 

until the iteration converges to give a final estimation of D and there-

by the MgO and FeO content of the equilibrium melt. This normally 

occurs within three or four iterations. When Kd's for other major 

elements in mantle phases become available, their behaviour during par-

tial melting will be able to be evaluated ih a similar fashion. 
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Trace Elements: 

Models describing trace element behaviour during partial melting 

have been extensively discussed by Schilling and Winchester (1967), 

Gast (1968), Shaw (1970), Hertogen & Gijbels (1976), Consolmagno & Drake 

(1976), Langmuir & Hanson (1977), and Langmuir et al. (1977). As in 

fractional crystallisation, melting can occur with total equilibrium 

(batch melting) or under surface equilibrium conditions (fractional 

melting). The simplest models and relevant equations describing the 

trace element distribution during partial melting are discussed below 

(formulations and definitions are taken from the above references). 

(1) Equilibrium (or batch) melting - melting in which the liquid 

remains continually in equilibrium with the residual solids 

until the moment of removal when all the melt is removed: 

1 = D +F(l-P) 
0 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 16) 

where D = bulk distribution coefficient calculated from the 
0 

initial source mineral assemblage. 

P = bulk distribution coefficient calculated from the 

proportions of phases entering the melt. 

This equation has been extended by Hertogen and Gijbels (1976) to 

allow for incongruent melting and for the disappearance of phases 

during melting. Consolmagno and Drake (1976) have noted that pro-

vided the residual mineral composition of the source is known, the 

complex equations of Hertogen and Gijbels (1976) simplify to the 

original Shaw (1970) type equation where D and P can be replaced 
0 

by D, the bulk distribution coefficient based on the residual 

mineral assemblage. 



- 20 -

(2) Fractional melting - melting in which infinitesimal fractions of 

melt are continuously and completely removed from the solid 

phases as melting proceeds. 

Cl/Co = _!__(l-PF)(l/P-1) 
D D 

0 0 

• • • • • • • • • • • • • • • • • • • • • • • • ( 17) 

(3) Fractional melting plus accumulation - melting occurs as in (2) 

above, but melt fractions accumulate and mix together. 

cl /Co = .!.o 
F 

(l_PF)(l/P) 
D 

0 

• • • • • • • • • • • • • • • • • • • • • • ( 18) 

Models (2) and (3) involve only surface equilibria and the compo-

sition of the melt is influenced by all initial phases, i.e. even 

if a phase is exhausted during melting it will leave its imprint 

on the liquid. To allow for the possibility of a phase being 

exhausted during a given melting interval, Hertogen and Gijbels 

(1976) have extended equations (17) and (18) respectively as 

follows: 

and 

cl /Co 

where MA = 

and FA = 

= 

= ~ {1 
cl 

1 - ~ c 
0 

PII(F-FA) 

DA (1-FA) 

p II (F-F A) 

DA(l-FA) 

•••• (19). 

• • • • ( 20) 

degree of melting corresponding to the disappearanc~ 

'.<!ti·· of aiip~ase 1 A1 • 

DA = bulk distribution coefficient calculated at the 

point where phase 'A' is exhausted. 
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P11 = bulk distribution coefficient calculated from the 

cl 
A 

Continuous 

proportions of minerals entering the melt after 

the disappearance of phase 1 A1 • 

= concentration in the liquid at the point where 

phase 1 A1 is exhausted. 

melting - melting in which fractions of the melt are 

continuously, but not completely, removed from the solid residue 

as melting proceeds. The first melt formed by this model is 

derived by simple batch melting (equation 16). The source for 

the second melt is calculated as the sum of the solid residue 

from the first melt plus the fraction of first melt left behind, 

i.e. 

= ..................... (21) 

where BS 
concentration in the bulk residue. c = 

xl = weight fraction of residual melt. 

cl = concentration in the residual melt. 

cs = concentration in the residual solid. 

The concentration in the second melt is then calculated using 

this new source and equation (16), and so on. 

The ·concept of continuous melting was introduced by Langmuir and 

Hanson (1977) and Langmuir et al. (1977) as representing a more realis-

tic model of the partial melting process. The model is of a process 

gradational between batch melting and fractional melting and involves 

increments of melting occurring in a source consisting of both melt and 

solid residue. The melt increments may then either be erupted as 

separate magmas or alternatively may accumulate and mix elsewhere. 

Models developed by Sleep (1975,) and experimental work and theoretical 
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considerations of Arndt (1977;:') support models in which the melt remains 

in the residue until a certain degree of melting is reached. Beyond 

this point the melt becomes unstable and separation occurs, leaving 

some melt behind in the residue. 

Evaluation of the role of partial melting in various sample 

suites studied in this project has involved the use of a computer pro

gram written so as to produce results for all four of the models given 

above, together also with the respective residual source concentrations. 

Results are calculated for any range of F-values and compared (in terms 

of sums of squares of differences) with the postulated primary magma. 

A typical input and output for an arbitrary F-value is shown in Tables 

2-3 and 2-4. The data in Table 2-4 also serve to illustrate quantita

tively some of the differences in the results obtained using the 

various models. In Tables 2~3 and 2-4 the term 'incremental equilibrium 

melting plus accumulation' is synonomous with the term 'continuous 

melting' in which melt increments accumulate and mix. All trace element 

data in Tables 2-3 and 2-4 are given in ppm, while the oxide data are 

given in weight percent. Most emphasis in this thesis has been placed 

on simple equilibrium melting rather than on the more complex models 

as the results were found to be consistent (within the uncertainty of 

the data) with the analytical data, and it was not necessary to appeal 

to more complex processes. 

4. DISTRIBUTION COEFFICIENTS 

Reliable values for trace element distribution coefficients are 

essential for the accurate quantitative geochemical evaluation of 

petrogenetic processes. Although there is a wealth of data on crystal/ 

liquid distribution coefficients in the literature, and significant 

/ 
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experimental progress has been made in estimating distribution coeffi-

cients under controlled conditions, the choice of appropriate values 

for D for a given magma composition is still somewhat arbitrary. 

Experimental results clearly indicate that the magnitude of D is de·pen-

dent on composition (e.g. Henderson, 1977; Hart and Davis, 1978; Glassley 

and Piper, 1978; Pierozynski and Henderson, 1978; Ryerson and Hess,, 1978; 

Irving, 1978; Lindstrom, 1976; Irving and Frey, 1976, 1978; Watson,, 1977; 

Takahashi, 1978), temperature (e.g. Leeman, 1974; Lindstrom, 1976; : 

Leeman and Scheidegger, 1977; Leeman and Lindstrom, 1978; Arndt, 19778; 
\I 

Drake and Weill, 1975; Long, 1978), and pressure (e.g. Mysen and Kushiro, 

1979; Mysen, 1976a,b, 1978). In addition parameters such as f02 and 
., 

pH2o (e.g. Mysen and Kushiro, 1976; Mysen, 1978, 1979) and adsorption 

(e.g. Dowty, 1977) also affect trace element distribution. Id~ally, D's 

should be determined on the specific lava suite of interest either by 

experimental measurements on the compositions in question or by pheno-

cryst-matrix separation and analysis. This is rarely possible and one 

is generally forced to turn to the literature of published distribution 

coefficients and attempt to select 'realistic' values. The range in 

published values is however often large and the choice of 'inappropriate' 

values, especially for the more compatible elements, can lead to mis-

,leading conclusions. A compilation of published and unpublished (this 

work) mineral/liquid distribution coefficients for a large number of 

minerals and trace elements is given in Tables A2-1 to A2-13 in the 

appendix. This compilation includes experimentally determined values, 

data from phenocryst/matrix pairs and data from coexisting minerals1in 

ultramafic rocks. Selected values from this compilation have been used 

in the quantitative modelling throughout the thesis; where necessary 
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the basis for the choice of specific values is discussed in the relevant 

sections. 

4.1 Mineral Separates 

Prior to the publications of Mccallum and Charette (1978) and 

Pearce and Norry (1979), there was little quantitative information 1 

available on the distribution coefficients for Zr, Nb and Y in basaltic 

minerals. These three elements have generally been regarded as being 

incompatible during partial melting and fractional crystallisation ·pro

cesses. Since much importance will be attached to the quantitative 

variation of these elements during magma generation and subsequent frac

tionation, an attempt has been made to determine applicable D's specifi

cally for these elements. Minerals have been separated from four porphy

ritic lavas and three kimberlite nodules to allow XRF and spark source 

mass spectroscopy analysis of coexisting phases for the selected trace 

elements. Mineral/liquid and mineral/mineral distribution coefficients· 

have been combined to estimate mineral/liquid distribution coefficients 

for all of the separated minerals. 

To ensure a high degree of purity in the mineral separates, all 

grains were hand picked under a binocular microscope from 20-40 mesh.jaw. 

crush material and then washed in HCl in an ultrasonic cleaner. This 

cleaned ma~erial was then crushed further and any foreign material and 

impure grains were removed by hand picking. This final separate was 

then finally washed again in HCl, dried and analysed for major and trace 

elements by XRF or for selected trace elements by spark source mass 

spectroscopy. Trace elements determined by XRF were analysed using a 

loose powder technique to ensure infinite thickness. Analytical errors 

are comparable to those given in Table Al-2 in the appendix for trace 
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(i) 
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elements which were determined on pressed briquettes. 

Phenocryst-matrix Data: 

Olivine, plagioclase and clinopyroxene 

Two porphyritic alkali-basalts from Gough Island (ALR51G and 

ALR52G) were selected for mineral separation to allow estimation of' 

mineral/liquid distribution coefficients for, amongst other elements, Zr, 

Nb and Y in olivine, clinopyroxene and plagioclase. Clinopyroxene from 

an additional extremely porphyritic .lava (ALR41G) was also separated and 

analysed. Whole rock analyses done by XRF for ALR51G and ALR52G, together 

with matrix and mineral separate analyses for these two samples and the 

clinopyroxene separate from ALR41G are given in Table 2-5. These data 

have been used to calculate mineral/liquid distribution coefficients for 

a Rayleigh fractionation model .in the following manner: 

Rearrangement of equation (4) as follows: 

C/C
0 

= 

D = 

1 - FD 
1 - F 

1n(1-(C/c0 )(1-F)) 
ln F 

.................. • ..... • . (22) 

enables the bulk distribution coefficient (D) to be expressed as a func-

tion of the average trace element concentration of a suite of zoned· 

crystals, the initial liquid composi~ion (C
0

) and the amount of residual 

liquid (F). The individual mineral/liquid distribution coefficients can 

then in turn be derived from D by the following relationships: 

and = 

+ Dn/l • X 
n 

.......... ·• .................. . 

(23) 

(24) 
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Da/1 = mineral/liquid distribution coefficient 

mineral a. 

0a/b 
= ~ineral/mineral distribution 

minerals a and b. 

X = weight fraction of mineral a. a 

coefficient 

for 

for 

.. 
Comination of equations (23) and (24) leads to the following expression: 

• • • • • • • • • • • ( 25) 

To calculate mineral/liquid distribution coefficients, knowledge 

is required of the following parameters: (1) F - the weight fraction of 

residual liquid (equivalent to the groundmass); (2) X. - the weight 
1 

fractions of individual mineral phases; (3) C - the average trace element 

content of these mineral phases; (4) c0 
- the initial liquid composition 

(equivalent to the whole rock composition); and (5) D - the bulk distri-

bution coefficient. The weight fractions of residual liquid (F) and 

mineral phases (X ) have been calculated by least squares approximations a 

using the major element data for the whole rock, the matrix (groundmass) 

and the individual minerals. The calculated chemical modes for ALR52G 

and ALR51G are as follows: 

ALR52G ALR51G 

COMP. Wt.Fr. COMP. Wt.Fr. 

Matrix 0.8732 Matrix 0. 7811 

Oliv. 0.0379 Oliv. 0.1398 

Pyx. 0.0499 Pyx. 0.0791 

Plag. 0.0389 

This data can then be combined with that in Table 2-5 to calculate the 

average trace element content of the phenocryst minerals which can then 
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be substituted into equation (22) together with F and the whole rock 

composition to give an estimate of D. The weight fractions of the 

phenocryst minerals and the calculated mineral/mineral distribution 

coefficients can then be substituted into equation (25) in o~der toi 

solve for D. 

Implicit in the above calculations is the fact that the whole 

rock composition represents a liquid composition, i.e. is not phenocryst

enriched. Since both samples are porphyritic with large (1-4mm) pheno

crysts of olivine and clinopyroxene set in a fine grained matrix, the 

possibility of phenocryst enrichment has been monitored by calculating 

olivine-whole rock ~e-Mg,s (see Chapter III, section 5.2.1 for defini

tion and discussion) for each sample using, in each case, the most Mg

rich olivine analysed by electron microprobe. Results of these calcu

lations suggest that ALR51G could well represent a liquid composition 

(~ = 0.32), while ALR52G is highly unlikely to represent a liquid com

position (~ = 0.60). Mineral/liquid distribution coefficients have 

therefore only been calculated for ALR52G. The calculated Rayleigh 

distribution coefficients are given in Table 2-6, together with simple 

Nernst (equilibrium) distribution coefficients (i.e. the ratio of the 

concentration of an element in a mineral to the concentration of the 

element in the groundmass). The mineral/mineral distribution coeffici

ents used in equation (24) have been determined from both ALR51G and 

ALR52G, and slight differences have led to slightly different calculated 

D's in Table 2-6. The values on the right have been derived using the 

mineral/mineral distribution coefficients from ALR51G. The low concen

tration of incompatible elements (e.g. Rb, Ba) in the mineral separates 

(less than 1% of their concentration in the matrix) attests to the 



Table 2-6: Mineral-liquid distribution coefficients calculated 

Zr 

Nb 

y 

Rb 

Ba 

Sr 

Co 

Cr 

Ni 

v 
Zn 

Cu 

Sc 

Ga 

assuming a Rayleigh crystallisation model for two Gough 
Island lavas. Values given in brackets have been calculated 
assuming an equilibrium (Nernst)crystallisation model. 
See text for further explanation, 

Dcpx/liq Dol/liq Dplag/liq 

0.22 - 0.23 (0.21) 0.03 - 0.02 (0.02) 0.03 (0.03) 

0.09 - 0.10 (0.09) 0.05 (0.05) 0.03 (0.03) 

0.69 - o. 70 (O. 71) 0.13 (0.13) 0.18 (0.20) 

0.04 (0.04) 

0.013 (0 .013) 0.007 (0.007) o.35 (0.34) 

. 0.11 (0.11) 0.009 (0.009) 2.44 (2.47) 

1.30 - 1.27 ( 1. 27) 5.36 - 5.40 (5.26) 

12.89 -13.08 (12.93) 0. 72 - 0.47 (0.73) 0.06 (0.06) 

1. 77 - 2.60 (2.18) 16.33 -15.23 (20.19) 0.08 (0.10) 

1.68 - 1.69 (1. 27) 0.11 - 0.10 (0.08) 0.04 (0.03) 

0.47 - 0.46 (0.45) 2.11 (2.00) 0.05 (0.05) 

0.23 (0.25) 0.44 (0.48) 

4.98 - 4.99 (4.87) 0.22 (0.22) 0.26 (0.25) 

o.39 (0.41) 0.88 (0.93) 
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purity of the separated fractions. In addition to olivine, clinopyroxene 

and plagioclase phenocrysts, ALR52G has sparse (<0.5%) phenocrysts of 

titano.-magnetite which were not separated from the matrix. This c~uld 

lead to very slight errors in the calculated distribution coefficients. , 

The data given in Table 2-6 compare favourably with available 

published values (Tables A2-1, A2-2, A2-5). The distribution coeffi-

' cients for the immobile incompatible elements Zr, Nb and Y(e.g. Pearce 

ar;id Cann, 1973; Erlarik and Kahle, 1976) ·indicate that Y is· significantly. 

less incompatible with respect to the major basaltic minerals (olivine, 

clinopyroxene and plagioclase) than either Zr or Nb, and that clino-

Zr pyroxene favours Zr over Nb (D = 0.22, cpx 
DNb = 0.09) a feature also 

cpx ' 

noted by Mccallum and Charette (1978). The high distribution coefficient 

for Yin clinopyroxene (Dy 0.70) is in good agreement with data from 
cpx 

Ewart and Taylor (1969) and Pearce and Norry (1979), and with available 

data on the partitioning of the heavy rare earth elements into clino-

pyroxene (e.g. Arth, 1976). The less incompatible nature of Ba in 

plagioclase (An60 ) relative to Rb is also evident from the data in 

Tables 2-5 and 2-6. A final point worth emphasising from Table 2-6 is 

the high distribution coefficients for Zn in olivine (DZn = 2.1) and: ol 

clinopyroxene (DZn = 0.47) which, if applicable at mantle depth and. 
cpx 

temperature, would account for the limited range of Zn in basaltic rocks 

since a bulk distribution coefficient for Zn would be close to unity;. 

Choices of appropriate values for quantitative modelling are discussed 

more fully in the individual chapters~ 

(ii) Titanomagnetite 

Due to the marked lack of published distribution coefficient data 

for Zr, Nb and Y between Fe-Ti oxides and.liquid, an attempt has been 
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made to estimate these distribution coefficients. A porphyritic 

benmoreite (WJ10B) from Bouvet Island (see Chapter V) was selected as 

being the most suitable sample due to the relaUvely large size (0.5rmn) 

and discrete habit of the titanomagnetite phenocrysts. Seventy milli-

grams were separated by using a magnet and then cleaned by hand picking? 

it was however not possible to obtain a completely pure separate. The 

final separate was then analysed for Zr, Nb, Y and Ba by spark source 

mass spectroscopy at the Australian National University, Canberra, '.by 

kind favour of A.R. Duncan. 

Although Ba is excluded from titanomagnetite, analysis of the 

mineral separate showed the presence of significant Ba (216 ppm), indi-

eating substantial 'matrix' contamination (Ba tends to be excluded 'from. 

the other phenocryst phases). Assuming Rayleigh fractionation and 

using equation (1), it is possible to calculate the Ba concentration of 

the 'matrix' in WJlOB. The weight fractions of the phenocrysts in WJlOB 

have been recalculated from modal proportions (vol %), determined by 

point counting, using mineral densities from Deer, Howie .and Zussman 

(1966), and are as follows: matrix 0.7437, plagioclase 0.1720, cliho-

pyroxene 0 .0365, olivine 0 .0111, titanomagneti te 0 .0367.. Assuming 

DBa . = 0.25 (selected from Table A2-2) and that the distribution 
plag 

coefficients for the other phases all equal 0.01, then a Ba concentration 

of 754 ppm is obtained for the matrix. A.value of 749 ppm is obtained 

assuming equilibrium crystallisation and using equation (9). Hereafter, 

values given in brackets are for equilibrium crystallisation. This. 

implies 28.6%1 (28.8%) matrix contamination in the separate. The amount 

of Zr, Nb and Y in the 'matrix' portion of the separate can similarly 

be calculated using known D1 s for the phenocryst phases (Tables A2-1, 
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.· 
A2-2, A2-5) and initially assuming a D = 0.01 for the three elements. 

mgt 

This enables one to remove the effect of matrix contamination for these 

elements and finally to calculate distribution coefficients. The whole 

calculation can then be repeated with these improved D's and so on until 

the iteration converges. In practice• the bulk D's are found to be 

relatively small and so the calculation converges on the second itera-

tion. Corrected and ·uncorrected concentrations in the titanomagnetite 

using this procedure and the 'concentrations in the whole rock are given 

below in ppm. 

Whole Rock 

Ba 590 

Zr 676 

Nb 99 

y 63 

Uncorrected Ti-Mgt 

216 

462 

272 

37 

Corrected Ti-Mgt 

0 (0) 

206 (205) 

237 (237) 

14 (14) 

Titanomagnetite/matrix distribution coefficients can now be cal-

culated assuming either equilibrium (Nernst) crystallisation (equation 9) 

or fractional (Rayleigh) crystallisation (equation 4). For equilibrium 

crystallisation, equation (9) can be used in an iterative fashion to 

calculate a titanomagnetite/matrix distribution coefficient. This is 

done by initially assuming a D for ~itanomagnetite for a given trace 

element which then enables the calculation of an approximate bulk DJ 

using equation (2) and the distribution coefficients given below (source 

of data is Tables A2-1, A2-2 and A2-5). 

Plag. Olivine 

Zr 0.01 0.21 0.01 

Nb 0.01 0.09 0.01 

y 0.18 0.70 0.12 
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Equation (9) can now be used to calculate a first approximation 

to the concentration of the respective trace elements in the 'matrix' 

which can then be ratioed to the concentration in the titanomagnetite 

to obtain an initial distribution coefficient. This distribution co-

efficient can then be used to calculate a new bulk D which in turn 1 

enables the calculation of a better approximation of the respective trace 

element in the matrix and so eventually a better estimation of the titano-

magnetite D. This is done until the calculated D's converge. Equilli-

brium distribution coefficients calculated in this fashion are as 

follows: 

0zr 
Ti-Mgt 

= o. 23, 0
Nb 
Ti-Mgt 

= 1.96, Dy 
Ti-Mgt 

= 0.18 

Since the phenocrysts in WJlOB show evidence of zoning, D1 s cal-

culated assuming Rayleigh fractionation might be more realistic. To 

enable use of equation (4) in this respect, it is however necessary to 

make one assumption. This assumption is that since the amount of 

titanomagnetite is small relative to the total phenocryst population, 

,the trace element contents of the remaining phenocrysts are relatively 

unaffected by its presence. This assumption enables one· to calculate 

the average trace element content of the remaining phenocryst phases 

using equations(2) and (4'). The known trace element content of the 

titanomagrietite can then be added to that of the other phenocrysts (in 

the correct proportions) and then substituting this value (C) into 

equation (4), D can be solved for. With a knowledge of D , equation a a 

(2) enables the solution of D~gt" This method results in the following 

estimated D1 s for titanomagnetite: 

0
zr 
Ti-Mgt 

0 .24, 0
Nb 
Ti-Mgt 

= 2 .16, Dy 
Ti-Mgt 

= 0.17 • 
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These data compare favourably with those values obtained assuming 

equilibrium crystallisation and will be used as estimates for titano-

magnetite/liquid distribution coefficients for quantitative petrogenetic 

modelling throughout this thesis. 

Mantle-nodule Data 

Shimizu and Allegre (1978) have reported ion-microprobe data for, 

amongst other elements, Zr, Co, Sc and V in coexisting garnet and clino-

pyroxene from kimberlite nodules. Calculated garnet-cpx distribution 

coefficients for these elements using Shimizu and Allegre's data are 

given in Table 2-8B. The most interesting feature of these data is the 

strong preference of Zr for garnet relative to clinopyroxene. The . 

ability for Zr to substitute readily into the garnet lattice is indicated 

by the production of synthetic Ca-Zr garnets (e.g. Ito and Frondel, 1967; 

Erlank et al., 197a'm, and of the rare occurrence of natural zirconium-

rich garnets (e.g. Platt and 'Mitchell, 1979). In order to investigate 

the partitioning of specifically Zr, Nb and Y .among mantle phases, clino-

pyroxene, garnet and orthopyroxene were separated from a garnet 

websterite (JJG1424) from the Mothae kimberlite pipe, Lesotho (kindly 

provided by Dr. J.J. Gurney). Phlogopite and clinopyroxene, and 

phlogopite and ilmenite were separated from two phlogopite nodules (198) 

and AJE31) from the Bultfontein kimberlite pipe, Kimberley (kindly pro-

vided by Prof. A.J. Erlank). 

Major and trace element analyses of these mineral separates by 
the major elements 

XRF are given in Table 2-7 and;are compared to average microprobe 

analyses of individual grains in Table A1-4 in the appendix. It was 

not possible to make.a fusion disc of the ilmenite separate for major 

element XRF analysis and so·an average microprobe analysis of the.major 
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Table 2-7: Major and trace element data for mineral separates 
from kimberlite nodules JJG1424, 198 and AJE31, 
determined by XRF. With the exception of ilmenite, 
all Fe is expressed as FeO. 

JJG1424 198 AJE31 

GARNET CPX OPX CPX PHLOGO PH LOGO 

Si02 42.78 54.57 57.18 53.59 43.26 42.26 

Ti02 0.09 0.27 0.14 0.29 3.69 o.59 

Al203 23.15 3.03 1. 29 0.73 8.65 10. 73 

Cr2o3 1.06 0.80 0.19 0.13 0.07 0.18 

Fe2o3 
FeO 7. 71 1. 65 4.78 6.60 6.67 5.00 

MnO 0.34 0.05 0.09 0.15 0.03 0.03 

MgO 20.55 16.44 35.57 15.41 22.53 25.60 

Cao 4.62 21.45 0.34 20.25 0.40 0.07 

Na20 0.04 1.43 0.08 1.19 0.28 o.17 

K20 ND ND ND o.16 9.08 10.25 
+ 

H20 0.17 

C02 0.23 

Zr 30.5 56.0 3.5 37.4 18.0 22.0 

Nb <1. 5 <1.5 1.8 4.4 13.1 38.0 

y 23.4 5.0 <1.5 9.6 2.5 3.4 

Rb <1. 5 <1. 5 <1.5 5.0 45.1 578 

Ba <2.0 4.2 10.6 2860 6676 388 

Sr <l. 5 323 3.0 775 365 16.7 

Co 42.9 175 56.5 33.3 95 74.3 

Gr 6912 5025 1288 821 500 1241 

Ni 30.l 281 587 165 652 1301 

v· 155 496 71.8 388 179 51.9 

Zn 7.6 7 .0 30.9 28.5 57.0 42.l 

Cu 7.2 7.7 9.5 17.4 29.2 <3.0 

Sc 67.8 25.7 1. 7 40.0 2.8 2.1 

tt Major element composition determined by electron microprobe. 

ILMtt 

ND 

51. 81 

0.04 

2.67 

8.10 

26.76 

0.40 

10.91 

282 

3520 

7.4 

24.2 

311 

127 

195 

1458 

825 

126 

48.l 

22.l 
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elements is given in Table 2-7. The excellent major element agreement 

between the XRF mineral separate data and the microprobe data from 

individual grains (Table Al-4) plus the low concentrations of elements 

such as Rb and Ba attest to the high purity of the garnet websterit'e 

separates. The high Rb and Ba contents of the clinopyroxene and 

ilmenite from the phlogopite nodules suggest that these separates are 

not as pure and may contain a significant amount of impurity. Less 

importance has therefore been· attached to these data, but they do serve 

to give an approximate estimate of the distribution coefficients of. 

some important trace elements such as Zr, Nb and Y. The temperature 

and pressure of equilibration of the phlogopite nodules is not known 

but following the methods of Ellis and Green (1979) and Wood (1974) the 

. 0 
conditions of equilibration for the garnet websterite are 1180 C at 

45 kbar. These data are in good agreement with the results of studies 

on similar nodules from the Lesotho area (J.J. Gurney, pers. comm.). 

The trace element data given in Table 2-7 have been expressed in 

terms of mineral/mineral distribution coefficients in Table 2-8A. Com-

bination of these data with published clinopyroxene/liquid distribution 

coefficients allow the estimation of mineral/liquid distribution coeffi-

cients via the relationship given in equation (24). Results of these 

calculations are given in Table 2-9. They were derived from the data in 

Table 2-8A and B in combination with the clinopyroxene/liquid distribu-

tion coefficients from Table 2-6 and the published values from Lindstrom 

(1976), Bougault and Hekinian (1974) and Mccallum and Charette (1978). 

In the absence of experimental values, these data have been· used in the 

quantitative evaluation of partial melting processes, bearing in mind 

however the effects of composition, temperature and pressure. 

/ 



Table 2-8: Calculated mineral/mineral D's: - .Kimherlite.nodules. 

A. This work: 

Dgt/cpx Dcpx/opx Dgt/opx 

Zr 

Nb 

y 

Rb 

Ba 

Sr 

Co 

Ni 

v 

Zn 

Cu 

Sc 

0.54 

±1 

4.68 

2.45 

0.11 

0.31 

1.09 

0.94 

2.64 

16.0 

0.40 

0.31 

0.48 

6.91 

0.23 

0.81 

15.1 

B. Shimizu and Allegre (1978) 

Dgt/cpx (N=l2) 

Zr 4. 99 ± 2.9 (0.75 -

Co 1. 62 ± 0.63 (0.80 -

v 2.00 ± 0.84 (0.85 -

Sc 5.66±1.27 (3.11 -

8.64 

o. 76 

0.05 

2.16 

0.25 

o. 76 

39.9 

11.0) 

3.0) 

3.4) 

7.38) 

Dcpx/ph 

2.08 

0.34 

3.84 

0.35 

0.25 

2.17 

o.50 

0.60 

14.3 

Dilm/ph 

12.8 

93 

2.18 

2.62 

1.12 

15.9 

3.00 

10.5 

Dcpx/Ilm 

0.16 

.004 

1. 76 

0.92 

0.22 

0.14 

0.17 

1.36 



- :r~b-

Dgt/liq Dopx/liq Dllm/liq hl/l. DP . l.q Dcpx/liq 

Zr 0.02 - 2 .42 .003 - .014 0.19-1.38 0.01 - 0.11 0.04 - o. 22 

Nb 0.03 - 0.09 0.04 - 0.11 7.5-22.5 0.09 - o. 26 0.03 - 0.09 

y 3.28 0.40 0.18 o. 70 

Sc 2. 61 - 65 0.06 - 0.58 o. 62 - 6.43 0.06 - o. 61 0. 84 - 8. 75 

Co 0.40 - 6.0 1.61-6.45 1.46 3.83 0.50 - 2.0 

Ni 0.17-0.96 3.15-18.1 6.86-39.5 6.04 - 34.8 1.51-8.69 

v O.Ol-2.64 0.01-1.23 o. 29 - 61 o. 77 0.04 - 8. 50 

Zn 0.51- 0.55 2 .04 - 2 .17 2.76-2.94 o. 94 - 1.00 0.47 - o. 50 

Cu 0.17-0.22 0.22 - 0.28 0.30 - 0.38 0.18-0.23 

Table 2-9: Calculated mineral/liquid distribution coefficients for 
garnet, orthopyroxene, ilmenite and phlogopite. Values 
were calculated by combining the mineral/cpx distribution 
coefficinets given in Table 2-8 with cpx/liquid distribution 
coefficients given above. The sources of cpx/liquid distribut
ion coefficients were; this study (Table 2-6), Mccallum 
and Charette (1978), Bougault and Hekinian (1974) and 
Lindstrom (1976). 
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CHAPTER III 

MID-ATLANTIC RIDGE AT 36°49'N FAMOUS 

1. ·. ::JN.TRODUCTION 

One of the most intensely investiga~ed areas of the ocean floor 

is that situated in the central rift valley of the Mid-Atlantic Ridge 

(MAR) at 36°50
1
N (Fig. 3-1). The area lies just to the south of the 

Azores and within the geochemical transition zone between the 'normal' 

87 86 . large-ion lithophile (LIL) element-depleted, low Sr /Sr , mid-ocean 

ridge basalts (MORB) south of 33°N and the LIL element-enriched, higher 

87 86 . 
Sr /Sr , basalts to the north in the vicinity of the Azores Plateau 

(Schilling, 1975~White and Schilling, 1978). Samples were collected 

during Project FAMOUS: (French-American Mid-Ocean Undersea Study) which 

was initiated as a joint French-American undertaking and resulted in 

over 150 samples b'eing recovered from an area of approximately 15 km
2 

within the inner floor and adjacent walls of the rift valley. An impor-

tant feature of the sampling in the FAMOUS area was the use of manned 

submersibles (Archimedes, Alvin and Cyana), in addition to more conven-

tional dredging techniques. Many of the recovered rock samples could 

thus be precisely positioned to within 5 or 10 m relative to each other 

(Bryan and Moore, 1977). 

Initial studies on the recovered rocks showed that with respect 

to major elements, the lavas from the FAMOUS, area virtually span the 

compositional range of all basalts returned from the ocean floors. In 

addition some of the most primitive lavas and glasses (in terms·of high 

MgO and Ni) reported from the ocean basins are to be found in the FAMOUS 
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Simplified bathymetric map of the North-Atlantic 
Ocean (taken from Hekinian and Thompson, 1976). 
showing the location of the FAMOUS area, 
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area. The close spatial association of the samples, the known field 

relationships, and the diversity in major element composition provides 

therefore a unique opportunity to investigate the importance of low 

pressure crystal fractionation and/or partial melting processes as con-

trolling factors in the evolution of ocean floor basalts. 

Initial work on dredged samples was reported by Bougault and 

Hekinian (1974) and subsequently Arcyana (1977), Hekinian et al. (1976), 

'.Bryan and Moore (1977), White ancl Bryan Gi977) and Langmuir et al. (1977) 
I 
I 

have reported on compositional variations primarily in basaltic glasses 

from the FAMOUS area. Various petrogenetic models have been proposed to 

account for the observed compositional variations. Bender et al. (1977) 

reported experimental work on primitive basalt glass from the FAMOUS 
I 

area, and Nisbet and Fowler (1978) have reviewed the geochemical and 

geophysical data from the area and have attempted to derive a model that 

reconciles both sets of data. 

This study was initially based on 6 samples (DRS, DR4, DR3-1, 

. ARP74-11-18, ARP74-8-10 and CY~74-31-38) provided by Dr. H.D. Needham 

(Centre Oceanologique de Bretagne, Brest). The samples were specifi-

cally chosen to span the compositional range shown by the FAMOUS collec-

tion to enable a detailed mineralogical and geochemical study of the 

relationship, if any, between the various rock types. On the basis of. 

the preliminary findings fr.om this suite of 6 samples, an additional 12 

samples (ARP73-10-03C, DRl-122, DR4-303, DR4-329, DR9-308, DR9-322, 

DR9-323, DR3-131, DR2-174, DR2-301, DR10-101C, DRl0-310) were selected, 

and kindly provided by Dr. Needham, in order to allow a more rigorous 

test to be made of the initial conclusions. Most of the findings pre-

sented in this chapter are based on the study of the initial 6 samples. 
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In addition to the analytical data determined by the writer, some data 

have been drawn from the literature, specifically the publications of 

Bougault and Hekinian (1974), Arcyana (1977) and Bougault et al~ (1979). 

In addition to the interest in the effect of low pressure frac

tionation as a controlling factor in the compo~itional diversity of the 

FAMOUS lavas, a major aim of the study is an attempt to elucidate the 

enigma of the identification of possible high magnesium basalt precur

sors to typical ocean floor basalt. The recovery of abundant high-Mg 

basalts (picrites) from the FAMOUS area (Bougault and Hekinian, 197A) 

provides a unique opportunity for the study of the whole rock and 

mineral chemistry of these lavas in an attempt to place genetic con'

straints on their origin. 

2. GEOLOGICAL SETTING 

The MAR at 36°50
1
N comprises a main rift valley 26-30 km wide 

with walls 1.2-1.5 km high, and an inner rift valley 1.5-3 km wide with 

its floor 2.5-2.9 km below sea level (Hekinian et al., 1976). The inner 

rift valley is bounded by scarps 100-400 m high and defines the actual 

boundary where the African and North American plates are diverging at a 

rate of approximately 2.2 cm/yr (Hekinian et al., op. cit.). Topographic 

highs occur within the inner rift valley in the form of volcanic hills 

(e.g. Mt de Venus and Mt Pluto) which rise 100-250 m above the floor and 

mark the sites of some of the most recent volcanism. 

The basalts recovered from the FAMOUS area have been classified 

on the basis of petrography in'.to six categories: pi.critic basalts, 

olivine basalts, plagio~lase-olivine basalts, highly phyric plagioclase 

basalts (HPPB), moderately phy~ic plagioclase basalts (MPPB), and 

plagioclase-pyroxene basalts (Arcyana, 1977). These rock types show an 
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I 

assymetrical distribution within the rift valley (Fig. 3-2). Pi~ritic 

basalts (20 - >40% modal olivine) are restricted to the inner floor of 

the rift valley and occur mainly on the flanks of Mt de Venus. Picrite 

DRS was dredged from the flanks of the central high (Bougault and 

Hekinian, 1976) and ARP73-10-03C was sampled near the foot of the eastern 

slope of Mt de Venus (Arcyana, 1977). Olivine basalts (2-6% modal. 

olivine, Hekinian et al., 1976) are also confined to the rift valley 

axis and are associated with Mt de Venus and Mt Pluto (Fig. 3-2). The 

olivine basalts studied were dredged from the inner floor (DR4, DR4-303, 

DR4-329, DRl-122) and from the foot of the western (DR9-308, DR9-322, 

DR9-323) and eastern walls (DR2-174) (Bougault and Hekinian, 1976). 
, 

Plagioclase-olivine basalts occur on both sides of the rift valley 

axis (to 1.4 km east and 2.0 km west; Hekinian et al., 1976) and also 

between Mt de Venus and Mt Pluto (Fig. 3-2). Plagioclase-olivine basalt 

ARP74-8-10 was sampled from the prolongation of the Eastern Marginal 

High (Arcyana, 1977). 

There is some contradiction in the classification of some of the 

less phyric samples with Hekinian et al. (1976) not recognising the sub-

division plagioclase-pyroxene basalts (Arcyana, 1977). The former· 

authors have a general category of plagioclase-olivine-py~oxene basalts, 

which incorporates both the plagioclase-pyroxene and plagioclase-olivine 

basalts of Arcyana (1977). They also have a category of aphyric basalts 

which include many of the plagioclase-olivine basalts of Arcyana (1977). 

The classification proposed by Arcyana (1977) has been adopted for this 

study. 

Plagioclase-pyroxene basalt CYP74-31-38 is a sample of thick dyke 

exposed on the western scarp of the inner floor. Sample DR2-301 was 



• pl-phyric 
basalt 

pl-ol 
basalt 

Fi~. 3-2: 

- 3 -=fa.. -

picri te 
basalt 

11111 
olivine 
basalt 

• 

36° 
52' 

36° 
so' 

36° 
48' 

aphyric 
basalt 

Generalised distribution of five basalt 
types in the FAMOUS area, after Hekinian 
et al. 1976. Mt. Venus (V) and Mt. Pluto 
(P) are on the rift valley axis (longer 
dashed line). J, indicates Mt. Jupiter. 
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dredged from the eastern wall, while sample DR10-310 was dredged from 

the foot of the western wall. 

Hekinian et al. (1976) have suggested that the plagioclase 

phyric basalts were restricted to the west rift valley wall (Fig. 3-2) 

which is the location of the HPPB DR10-101C. However, DR3-131 and -

DR3-1 are both HPPB's and were dredged from the eastern wall (Bougault 

and Hekinian, 1974). ARP74-11-18 has been classified as a MPPB by 

Arcyana (1977) arid as a plagioclase-olivine-pyroxerie basalt by ·Hekirtian 

et al. (1976). Due to its extreme similarity to DR4 both in composition 

and texture, it will be classed in this work as an olivine basalt. l 

Samples studied in this thesis therefore include examples from 

each of the dominant petrographic categories and, in terms of spatial 

distribution, cover most of the sampled area. More detailed descriptions 

of sample locations are given in Arcyana (1977) and Bougault and Hekinian 

(1974). 

3. PETROGRAPHY AND MINERAL ASSEMBLAGES 

3.1 

The petrography of the rocks recovered from the FAMOUS: area has 

been extensively described by Bougault and Hekinian (1974), Arcyana (1977) 

and Hekinian et al. (1976) and only the more salient features pertinent 

to the rocks comprising this study will be described here. 

The picritic basalts DRS and ARP73-10-03C (10-03C) are highly 

porphyritic (Plate 3-1A) and are characterised by abundant (>20%) olivine 

phenocrysts (up to 4mm in diameter) portraying a variety of habits from 

euhedral to highly embayed (Plate 3-1B). Olivine phenocrysts show a very 

small compositional range (Fo91 -Fo89 ) and are marked by a complete lack 

of zoning. Olivine microphenocrysts have a composition of Foss· Olivine 
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phenocrysts are also characterised by the presence of trapped melt 

inclusions which can reach sizes of up to 0.5 mm (Plate 3-1C). A 

featur.e of these Mg-rich olivines is their relatively high cr2o3. con-· 

tents. Average cr2o3 concentrations range from 0.04 to 0.10% but can be 

as high as 0.19%. Repr~sentative olivine analyses are presented in 

Table 3-1 and individual anilyses are given in microfiche Table F3-1. 

Plagioclase phenocrysts are relatively sparse in picrite DRS and are 

absent in 10-03C, but plagioclase microlites are abundant. Plagioclase 

phenocrysts (1-2rnrn) in DRS are generally rounded in habit and show·com-

positional zoning covering nearly the full range in compositions 

observed, An91 -AnS 1 (Fig. 3-3A, Table 3-1), while plagioclase microlites 
' 

are slightly more sodic (An
79

) (Fig. 3-3A, Table 3-1). Individual 
I 

plagioclase analyses are presented in microfiche Table F3-2. Quench 

glass is present on the outer surface of DRS and assuming this average 

glass to be in equilibrium with the plagioclase microlites present, a 

quench temperature of 1162°C is obtained using the Kudo-Weill plagio-

clase thermometer as modified by Mathez (1973). 

Euhedral to subhedral 1 Cr-spinel 1 phenocrysts (up to 1mm in 

diameter) occur as inclusions in, or attached to, olivine phenocrysts 

or as discrete crystals in the groundmass (Plates 3-1B, C and D). The 

spinels commonly contain trapped melt inclusions which occ~r either· as 

a few large inclusions or as numerous small inclusions defining the 

dominant crystal faces (Plate 3-1D). Over 40 1 Cr-spinels 1 have been 

analysed and two distinct populations were found. The dominant variety, 

comprising over 90% of the spinel phenocrysts, are red-brown in colour, 

show little zoning and in composition correspond to the magnesio-

chromites typical of basaltic lavas from the Mid-Atlantic Ridge 
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(Sigurdsson and Schilling, 1976), though they are slightly more 

magnesian (Fig. 3-4). Representative analyses are given in Table 3-1 

(No's 6, 7 & 8), and individual analyses in microfiche Table F3-3. The 

second generation of spinel is yellow brown in colour and has a distinct-

ly different composition (Table 3-1, No's 9 & 10, Fig. 3-4). These. 

correspond to the chrome-spinels from high-alumina picrites from the 

Mid-Atlantic Ridge at 33°N (Sigurdsson and Schilling, 1976). Composi-

tionally these spinels are richer in A1 2o3 and MgO.and poorer in cr
2
o

3 
I 

and Fe203 (Table 3-1) than the 
0

dominant variety of spinel and occur both 

included within olivine phenocrysts and in the matrix. Similar spinels 

have been found in ocean floor basalts by other workers (e.g. Bryan 

(1972); Frey et al. (1974); Dick (1976). Dick (pers. corrnn.) has found 

a complete range in spinel compositions from those rich in Al
2
o

3 
to more 

typical Cr-rich spinels in FAMOUS lavas. 

Sigurdsson and Schilling (1976) and Sigurdsson (1977) have shown · 

that a correlation exists between the A~2o3 content of the magma and the 

coexisting spihel. Experimental works suggest also that formation of 

high-Al spinel is favoured by high pressure, consistent with the signi-

ficantly smaller partial molar volume of the Al-rich spinel end-members 

(Robie and Waldbaum, 1968). The origin of the high-Al spinels at 33°N 

has been attributed to high pressure crystallisation by Sigurdsson and 

Schilling (1976). 

The occurrence of the aluminous spinels in DRS could be explained 

by one of the following hypotheses: 

(1) They could represent early spinel which crystallised at signifi-

cantly greater depth (i.e. higher pressure) than the dominant 

variety. Subsequent rapid transport to the surface and quenching 
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preserved some of these Al-rich spinels. 

(2) They could represent xenocrystic spinel derived from disaggre-. 

gated mantle material brought up by the rising magma. Spinels 

found in lherzolite inclusions in alkali basalt, for example, 

have very similar compositions with respect to Cr and Al (Best, 

1974; Frey and Green, 1974). Simkin and Smith (1970) have shown 

that slowly crystallised mantle-derived olivine and olivine 

- . . . . . \ . 
crystallised from basaltic magma can be distinguished on the: 

basis of their Cao content. Mantle olivine typically contains 

<.10% Cao, while volcanic olivine conunonly has 0.20-0.40% Cao. 

The higher.and uniform CaO content <± 0.33%) of DR8 olivine,i 

including those containing inclusions of Al-rich spinel, argues 

against some of the olivines and Al-rich spinels representing 

disaggregated mantle material. Olivines containing Al-rich 

spinel inclusions also have significantly lower NiO content 

<± 0.29%) than that typically found in mantle olivine <± o.40%, 

Sato, 1977). 

3.2 Olivine Basalts 

The olivine basalts are characteristically sparsely phyric to 

aphyric with olivine and plagioclase microphenocrysts (and in some cases 

euhedral to subhedral phenocrysts (1-2nun) of both plagioclase and 

olivine) set in a hyalocrystalline matrix (Plates 3-1E & F). The term 

'aphyric' is not used in the strictest sense but will be used for rocks 

which are essentially aphyric (i.e. <2% phenocrysts). The relativeipro-

portions of plagioclase and olivine vary considerably within the olivine 

basalts. Samples DR4-303 and DR1-122 have dominantly olivine micro~ 

phenocrysts (showing typical hopper morphologies; Donaldson, 1976) with 
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P L A T E 3-1 

A: Photomicrograph of picrite DR8 showing abundant olivine phenocrysts 
and plagioclase microphenocrysts. 

B: Large embayed olivine phenocryst in picrite DR8 containing numerous 
Cr-spinel inclusions. 

C: Euhedral olivine phenocryst in picrite DR8 containing trapped melt 
inclusions and poikilitically enclosing Cr-spinel microphenocrysts. 

D: Equant Cr-spinel microphenocrysts set in the matrix of picrite 
DR8 and containing abundant trapped melt inclusions. Note the 
distribution of the inclusions subparallel to the dominant crystal 
faces. 

E: Photomicrograph of sparsely phyric olivine basalt DR4-303. 

F: Photomicrograph of olivine basalt DR4-329 showing large plagioclase 
phenocryst and smaller clinopyroxene and olivine phenocrysts. Note 
the quench glass in the lower right hand corner. Crossed polars. 

G: Photomicrograph of highly plagioclase phyric basalt DR3-l. Note 
the abundant trapped melt inclusions in one large phenocryst. 
A single large clinopyroxene phenocryst is shown in upper right 
hand corner. Crossed polars. 

H: Photomicrograph showing large Cr-rich diopsidic clinopyroxene 
phenocrysts in plagioclase phyric basalt DRlO-lOlC. 



PLATE 3-1 
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very minor plagioclase, while ~4, nt4-329, and 11-18 have significantly 

more plagioclase phenocrysts than olivine (Plate 3-1F). Clinopyroxene 

is also a phenocryst phase in the latter three. A chemical mode of DR4 

indicates the following modal proportions of phenocrysts (wt %): 5% 

pl~gioclase, 3.5% 6livine, and 1.2% clinopyroxene. The majority of:the 

olivine basalts studied show the presence of pparse Cr-spinel (magnesio-

chromites) microphenocrysts occurring as inclusions in olivine or as 

isolated grains in the matrix. 

Olivine phenocrysts range in composition from Fo
90 

to Fo
80 

(Table 3-2) and are typically zoned, e.g. Fo88 (core) to Fo83 (rim). 

Olivine phenocrysts in DR4 and 11-18 span the full compositional range 

observed for the olivine basalts. An interesting feature of the 

olivines analysed is th~ir relatively high Cr2o3 content (0.04-0.10%). 

Individual analyses are given in microfiche Table F3-4. 

A number of authors have shown that the distribution of Mn between 

olivine and coexis.ting melt is a re1atively sensitive indicator of tern-

per~ture of crystallisation (Roeder, 1974; Duke, 1976; Lee~an and 

Schreidegger, 1977). 
I 

ol-liq . Watson (1977) has found that DMn is also a 

.function of liquid composition, and that the temperature and composi-

tional effects can be separated by comparing melts of similar Si/O ' 

ratio. Following these methods, initial olivine crystallisation tern-

peratures have been calculated using the whole rock MnO content and the 

MnO content of the most MgO-rich olivines. Calculated temperatures for 

the olivine basalts, plagioclase-olivine basalts and plagioclase-

pyroxene basalts which approximate liquid composi·tions (in terms, of 1the 

Fe-Mg distribution in olivine and whole rock, see section 5.2) are 

given in Table 3-3. Quench temperatures for DR4 and 11-18 from 
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Table 

1) 

2) 

3) 

- L., 2..c. -

3-3: Olivine crystallisation temperatures 
using the distribution of Mn between 

(
0
c) calculated 

olivine and liquid 

(K~n ol-liq). 

A B c 

Olivine basalts 

DR4-303 (liquidus olivine) 1258 1274 1213 

DRl-122 1245 1273 1198 

DR9-322 1216 1223 1160 

DR9-323 1210 1210 1152 

DR4-329 1227 1246 1174 

~-ll-18 (quench olivine) 1201 1198 1141 

*DR4 (quench olivine) 1172 1142 1105 

DR2-174 (liquidus olivine) 1197 1186 1136 

Plagioclase-olivine basalt 

8-10 (liquidus olivine) 1218 1224 1162 

Plagioclase-pyroxene basalt 

**DR2-301 (liquid us olivine) (1199) (1199) (1154) 

31-38 (liquid us olivine) 1246 1273 1199 

DRl0-310 (liquidus olivine) 1201 1198 1142 

A: T(K) 12184 Leeman (1977) (wt. ratio) = lnD+7.96 

B: T(°C) 4.02-lnD Watson (1977) (mol. ratio) = 
0.00329 

C: T(K) 3850 Roeder (1974) (wt. ratio) = logD+2.59 

* These samples have possibly experienced redistribution of phenocrysts 
(see section 5.2) so liquidus temperatures were not calculated. 

** Only one olivine was analysed from DR2-301, and had a very low total 
(Table 3-6). 

' 
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coexisting olivine microphenocryst-quench glass pairs are also given. 

The calibration from Watson (1977) .(Table 3-3, col. B) was taken for a 

melt with Si/O = 0.30, corresponding to the average Si/O ratio of most 

basalts. The calculated temperatures following Leeman and Sc~reidegger 

(1977) and Watson (1977) are in good agreement, while that calculated 

following Roeder (1974) is consistently lower. All three methods indi-

cate decreasing olivine crystallisation temperatures with decreasing 

whole rock MgO content with the exception of DR4-329. The calculate.d 

liquidus temperatures (following Watson, 1977) of the two most primitive 

samples (DR4-303 and DRl-122) of 1274 and 1273°c (Table 3-3) are in good 

agreement with the experimentally determined liquidus temperature of 

1268°C on a high-MgO glass from the FAMOUS area (Bender et al., 1978). 

Plagioclase phenocrysts in DR4 and 11-18 show a restricted range 

in composition (An91 -An85 ) (Table 3-2, Fig. 3-3). Reverse zoning (An
87 

(core) to An91 (rim)) is present in some phenocrysts in sample 11-18 

(Table 3-2). Plagioclase microphenocrysts are significantly more sodic 

with compositions of An68 to. An73 (Table 3-2, Fig. 3-3). Individual 

plagioclase analyses are presented in microfiche Table F3-5. Plagioclase 

microphenocryst-quench glass pairs in DR4 and 11-18 indicate a quench 

0 
temperature of 1118-1149 C (Mathez, 1973) in good agreement with olivine 

quench temperatures (Table 3-3). Assuming the core of the most calcic-

plagioclase to be in equilibrium with the whole rock, an initial plagio

o clase crystallisation temperature of 1232-1261 C can be calculated for 

DR4 and 11-18 respectively (Mathez, 1973). 

Fifteen Cr-spinels have been analysed from olivine basalts DR4, 

11-18, DR4-303, DRl-122 and DR9-322. Individual analyses are presented 

in microfiche Table F3-6 and representative spinel analyses are presented 
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in Table 3-2. Compositionally the spinels fall within the field of 

Mid-Atlantic Ridge magnesio-chromites (Fig. 3-4) and tend to be slightly 

' 
more iron-rich than the spinels from the picrites DR8 and 10-03C. 

Clinopyroxene phenocrysts in DR4 and 11-18 are relatively con-

stant in composition (Fig. 3-SA, Table 3-2) and range from Wo
44

En
51

Fs
5 

to Wo40 En51Fs9 • A characteristic feature of these clinopyroxenes is 

their high cr2o3 contents (0.30-1.32% Cr2o3 ). Individual analyses are 

presented in microfiche Table F3-7. Donaldson and Brown (1977) have 

suggested that such refractory chromian diopside 1megacrJsts' observed 

in oceanic tholeiites have multiple origins and could represent: 

(1) cognate or accidental mantle fragments; 

(2) relict fragments from fractional crystallisation of parental 

liquids considerably more primitive than oceanic tholeiitic; and, 

most commonly, 

(3) the fractional crystallisation product of such liquids mixed with 

oceanic tholeiitic magma. 

The reverse zoning in plagioclase from 11-18 and the rounded morphology 

of many of the larger phenocrysts in DR4 are in accord with those lavas 

possibly having a hybrid origin. 

3.3 Plagioclase-olivine Basalts 

Sample 8-10 is an aphanitic, holocrystalline plagioclase-olivine 

basalt. The matrix consists of an intergrowth of plagioclase, pyroxene 

and olivine microlites, with very rare phenocrysts of plagioclase being 

present. 

A wide range in plagioclase composition is observed in sample 

8-10, with sparse large phenocrysts being relatively calcic (An88 ) and 

commonly having a thin rim of relatively more sodic composition (An72 ). 
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The rims correspond closely to the composition of the groundmass 

plagio~lase (An68 -An71 ) (Fig. 3-3C). Application of the Kudo-Weill 

plagioclase thermometer as modified by Mathez (1973) for basaltic rocks 

yields temperatures of first crystallisation of plagioclase of 1238°c. 

Clinopyroxene ranges in composition from Wo38En52Fs10 to Wo
38

En
45

Fs
17 

(Fig. 3-5B) with zoning spanning the full compositional range. Relative 

to pyroxenes from the other basalt types, those in 8-10 are character-

ised by their sub-calcic nature (Fig. 3-5B). Olivines are small in size 

and range in composition from Fo84 to Fo81 • The distribution of Mn 

between the most Mg-rich olivines and the whole rock indicates a tern-

0 perature of 1162-1224 C for the start of olivine crystallisation (Table 

3-3). The predict·ed liquidus temperatures, using plagioc lase pheno

crysts (Mathez, 1973) and olivine (Watson, 1977), of 1238°C and i224°C 

respectively are in remarkably good agreement. Representative mineral 

analyses are presented in Table 3-4 and individual analyses are given 

in microfiche Table F3-8. 

3.4 Highly Plagioclase Phyric Basalts (HPPB) 

The plagioclase phyric basalts studied are characterised by 

abundant (10-50/'o) large plagioclase phenocrysts (1-10mm) .and glomerc,rysts, 

and subordinate ( < 3/'o) green chromian diopside ( 1-3mm) and olivine 1 

(0.5-1.5mm) (Plate 3-1G and H). The matrix is fine grained with sheaves 

of plagioclase and pyroxene in an aborescent texture (DR3-1, DR3-131) 

or is hyalocrystalline \DR10-101C).· 

Plagioclase phenocrysts in DR3-1 range in composition from An89 •5 

to An
86 

(Fig. 3-3D). There is a marked lack of zoning, though an 

increase in albite component is sometimes observed along the extreme 

rims. Plagioclase microphenocrysts have an average composition of An84 •6 • 
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( 

Representative analyses are presented in Table 3-5 and individual 

analyses in microfiche Table F3-9. 

Clinopyroxene compositions similarly show a restricted range 

(Fig. ~-5D) varying from Wo 43 En52Fs5 to Wo
38

En
54

Fs
8 

(Table 3-5). The 

Cr203 content of the clinopyroxenes is high; many of the euhedral green 

clinopyroxene phenocrysts can be classed as chromian-diopside. Cr
2
o

3 

contents vary from 0.26% to 1.43% with marked zoning of cr
2
o

3 
being 

evident (Table 3-5). Individual analyses are presented in microfiche 

Table F3-10. Olivine occurs mainly as phenocrysts and varies in compo-

sition from Fo90 to Fo86 (Table 3-5). Olivine phenocrysts in DR3-1 iare 

on the whole extremely uniform in composition (Fo86 ); individual 

olivine analyses are presented in microfiche Table F3-11. 

Cr-spinel has been analysed from DR3-1 and DR3-131. It is 

generally very scarce and shows a restricted compositional range in terms. 

of Cr/Cr+Al ratio but with variable Mg/Mg+Fe2+ ratios and ferric iron 

content (Table 3-5). Compositionally the spinels are similar to those 

observed in the picrites (red-brown Cr-spinels, Table 3-1), and olivine 

basalts (Table 3-2) and fall within the range of MAR magnesio-chromites 

(Fig. 3-4) found by Sigurdsson and Schilling (1976). Individual 

analyses are presented in microfiche Table F3-12. 

3.5 Plagioclase-pyroxene Basalts 

Three plagioclase-pyroxene basalts (DR2-301, 31-38, DRl0-310), 

have been studied, though only in sample 31-38 have all the mineral 

phases been analysed. These basalts are aphyric with a holocrystalline 

matrix comprising interlocking laths of plagioclase, pyroxene and 

olivine microlites suggesting cotectic crystallisation of all three 

phases. Though aphy~ic in texture, in thin section it is possible to 
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distinguish larger plagioclase microphenocrysts and smaller groundmass 

laths. Plagioclase microphenocrysts range in composition (Fig. 3-3; 

Table 3-6) and are marked by extreme compositional zoning (AnS
4

-An
72

, 

Table 3-6). Groundmass plagioclase is significantly more sodic with 

average composition of An64•5 (Table 3-6, Fig. 3-3). Individual 

analyses are presented in microfiche Table F3-13. Clinopyroxene compo-

sitions range from Wo41 En52 Fs7 to Wo41 En46Fs13 (Fig. 3-SC, Table 3-6) 

and though similar to those in plagioclase-olivine basalt S-10 in terms 

of ferrosilite component, they have significantly lower Cr
2
o

3 
and are 

not as subcalcic (Tables 3-4; 3-6). Individual analyse.s are present·ed 

in microfiche Table F3-14. 

Olivine from DR2-301, 31-3S and DRl0-310 shows .a limited compo-

sitional ran.ge (Table 3-6,. microfiche Table F3-15) of Fos2 to Foss· The 

distribution of the Mn between the most Mg-rich phenocrysts and whole 

rock indicates temperatures of initial olivine crystallisation of 1246-

1200°c (Leeman and Schreidegger, 1977) and 1273-1200°c (Watson, 1977) 

(Table 3-3). 0 The values for 31-3S (1246 C, Leeman and Schreidegger, 

1977; 1273°c, Watson, 1977) compare favourably with the predicted 

liquidus temperature of 1237°C using the Kudo-Weill plagioclase ther-

mometer as modified by Mathez (1973). 

4. WHOLE ROCK CHEMISTRY 

4.1 General Statement 

The overall chemistry of the FAMOUS lavas has been extensively 

discussed by Bougault and Hekinian (1974) and Arcyana (1977), while that 

of the quench-glass compositions has been reported by Hekinian et al. 

(1976), Bryan and Moore (1977), White and Bryan (1977), Langmuir et al., 

(1977) and Br~an et al. (1979). This section is therefore limited to a 

general review of the whole rock chemistry, with a more detailed dis~ 
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cussion of a few salient points and of additional trace element data 

obtained during the present study. Major and trace elements, CIPW norms 

and selected element ratios of the samples analysed in this study are 

given in Table 3-7, together with the following differentiation indices: 

M.I. (mafic index= FeO + Fe203 /Mg0 + FeO + Fe
2
o

3
), Mg# (magnesium 

2+ 
num_ber = atomic Mg/Mg + Fe ) and D. I. (Thornton and Tuttle differentia-

• • d I~ t1on in ex<,;J960). 

4.2 Major Elements 

·With the exception of three samples (DR4-329, 8-10 and 31-38), 

the samples studied are all olivine normative tholeiites. With the 

basqlts 
exception of two picritl.C'/ lDR8 and 10-03C), all the samples fall within 

the field of typical MORB (from Dickey et al., 1977) in terms of total 

alkali~ versus Si02 (Fig. 3-6). The compositional variation in terms of 

an AFM diagram, together with designated fields for Atlantic Rift Valley 

volcanics, Atlantic Fracture Zone volcanics and Aseismic Ridges 

(Hekinian and Thompson, 1976), is shown in Fig. 3-7. 

The study of the FAMOUS lavas has revealed some diagnostic 

features: 

(1) The large overall chemical diversity of lavas in this single well 

sampled area of the Mid-Atlantic Ridge. This variation is almost 

as large as that observed for all sea-floor basalts recovered 

from ~he three major ocean basins. 

(2) The abundance of relatively primitive (in terms of high MgO con-

tents, high Mg-number and low Ti02 ) aphyric lavas and quench-glass 

crusts on pillow lavas. 

(3) The apparent asymetric distribution of the lava types across the 

rift valley (Hekinian et al., 1976). 
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(4) A remarkably systematic compositional change across the rift 

valley (Hekinian et al., 1976). 

The chemical characteristics of the different rock types can be 

summarised as follows (Bougault and Hekinian, 1974; Arcyana, 1977):. 

(1) Picritic basalts: These lavas are characterised by high MgO 

content (>14%) and low K20 (<0.11%), Ti02 (<0.64%) and Al
2
0

3 

(<14.5%). Samples DR8 (16.3% MgO) and 10-03C (24.4% MgO) are 

therefore both cl~ssified as.picritic basalts and 10-03C is in 

fact the most MgO-rich picrite sample recovered from the FAMOUS 

area. 

(2) Olivine basalts: The olivine basalts have between 8.0 and 11.0% 

MgO, less than 0.2% K20 and Ti02 contents of between 0.8 and 

1.5%. Al 203 shows a very restricted range (14.8-15.5%). The 

nine olivine basalts analysed in this study span the full compo-

sitional range of all the olivine basalts and show uniformly 

increasing Ti02 and P205 with decreasing MgO (Table 3-7). 

Samples DR4-303 and DRl-122 are the most primitive of the olivine 

basalts studied with± 10.45io MgO, Mg-number 0.717 and have the 

lowest Ti02 (0.86%) and P205 (0.08%) contents. 

(3) Plagioclase-olivine basalts: These basalts are in general more 
I 

evolved than the olivine basalts and are characterised by lower 

MgO (6-8%) and higher incompatible element contents (Ti02, P205 

and K20). Sample 8-10 (Table 3-7) is an example of the plagio-

clase-olivine basalts. 

(4) Plagioclase-pyroxene basalts: The lower constant Ti02 (± 1.00%) 

and higher MgO (8-8.5%) contents distinguish these basalts from 

the plagioclase-olivine basalts. They are also characterised by 
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high Cao contents (12.6-13.7%) relative to the olivine basalts. 

The three plagioclase-pyroxene basalts analysed in the study 

(Table 3-7: DR2-301, DR10-310 and 31-38) span the compositional 

,range observed for all FAMOUS plagioclase-pyroxene basalts. 

(5) Plagioclase phyric basalts: These basalts are characterised by 

high A1 2o3 (up to 21%) and Cao (14-15%) coupled with low Ti02 · 

(<1%). MgO contents vary from 6.4 to 8.3%. The three sampl.es 

of this rock type analysed (Table 3-7: DR3-131, DR3-1 and 

DR10-101C) span the Al 203 and CaO range shown by the plagioclase 

phyric basalts, and are relatively primitive in terms of Mg-

number (0.65-0.71). 

The overall chemical diversity of the FAMOUS lavas is clearly 

illustrated by two variation diagrams: Al 203 versus MgO (Fig. 3-8) and 

Cao versus MgO (Fig. 3-9). In these plots the aphyric to sparsely 

~hyric olivine b~salts, plagioclase-olivine basalts and plagioclase-
1 

pyroxene basalts fall within a central field in terms of MgO (8-10.5%), 

Al 203 (14.5-15.5%) and Cao (11.5-13.5%), while the plagioclase phyric 

basalts and picritic basalts lie, respectively, along well defined 

plagioclase (An89 ) and olivine (Fo 90 ) control lines. 

4.3 Trace Elements 

The trace element variations (Bougault and Hekinian, 1974; White 

and Bryan, 1977; Langmuir et al., 1977; Bougault et al., 1979) and. Sr 

isotope characteristics (White and Bryan, 1977) of the FAMOUS lavas show 

them to be transitional between the incompatible element-enriched high 

87 86 Sr /Sr basalts of the Azores Plateau and 'normal' ocean ridge basalts 

South Of lat1.tude 33°N. I 1 th b lt h ct r· ed by . n genera e asa s are c ara e 1s ·; 
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high concentrations of Ba (28-91 ppm), Rb (2.0-6.7 ppm) and Nb (5-11 ppm) 

and low concentrations of Sr (74-136 ppm) and Zr (31-80 ppm) relative to 

normal MORB (average MORB: Ba = 9.3 ppm, Rb = 1.3 ppm, Nb = 3.3 ppm, 

Sr = 137 ppm, and Zr = 122 ppm; Erlank and Kahle, 1976). The enrichment 

in LIL (large ion~lithophile) elements is further emphasised by the 

I 
generally flat to LREE-enriched patterns of the FAMOUS lavas (Langmuir 

et al., 1977), in contrast to the LREE depletion found in typical MORB 

(Frey et al., 1968;· Schilling,. 1971). Schilling (1975a) has noted a-

progressive change from LREE enrichment on the Azores Plateau to LREE 

0 
depletion south of 33 N. This gradation across the FAMOUS area has also 

been observed for Sr-is~tope ratios, LIL elements and LIL element ratios 

by Whi~ and Schilling (1978). 

87 86 
Sr /Sr ratios in ten selected FAMOUS lavas range from 0.70288 

to 0.70307, implying an isotopically very homogeneous source (White and 

Bryan, 1977). Three of the basalts comprising the present s~udy (DR-8, 

' 87 86 DR3-1 and DR4) were analysed for Sr /Sr by Dr. A.J. Erlank at Oxford 

University. 
87 86 The results, Sr /Sr = 0.70302±5 (DR3-1), 0.70299±5 (DR4) 

and 0.70302±5 (DRS), confirm that these lavas have been derived from an 

isotopically homogeneous source. All ratios have been normalised to a 

86 88 . Sr /Sr . ratio of 0.11940 and are reported relative to a value of 

0.70800 for the Eimer and Amend standard. 

The suite of eighteen samples included in this study have been 

analysed for 14 trace elements (Table 3-7) and selected elements are 

plotted against mafic-index (M.I. = FeO + Fe203 /Mg0 + 
0

FeO + Fe203 )as a 

measure of differentiation in Figs. 3-10A, B, c, D, 3-11 and 3-12. The 

following qualitative discussion of the trace element variations in the 

FAMOUS lavas is, except for Ni and Cr, limited to those samples analysed 
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Fig. 3-10: Trace element variation in FAMOUS 
basalts with respect to mafic index 
(M.I. = FeO + Fe 2o3/Fe0 + Fe 2o3 + MgO). 
Symbols are as follows: 

O Olivine basalts 

A Plagioclase-pyroxene basalts 

• Plagioclase-olivine basalts 

A Plagioclase phyric basalts 

x Picritic basalts. 
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in this study, so as to exclude possible effects of interlaboratory 

bias. 

The immobile incompatible elements (Zr, Nb and Y) show uniform 

enrichment in the olivine basalts with differentiation (Fig. 3-10A). 

Of these three elements, Nb is the most incompatible with respect to the 

observed phenocryst phases (Tables A2-1, A2-2, A2-5) and the approximate 

2.4-fold enrichment in Nb implies that at least 60% crystallisation must 

occur if the 6bserved trend is.due· soleiy to low pressure fractionation 

from a single magma. The plagioclase-olivine basalt (8-10) is depleted 

in Nb, Zr and to a lesser. extent Y relative to the trend shown by the 

olivine basalts, while the plagioclase-pyroxene basalts show an enr.ich-

ment in Nb an.d slight depletion in Zr and Y relative to the olivine 

basalt trend (Fig. 3-10A). Assuming that the plagioclase phyric basalts 

have exprien.ced dominantly plagioclase enrichment, and so dilution of 

incompatible elements at constant M.I., the parent magma would appear to 
• I 

have been enriched in Nb relative to the olivine basalts prior to plagio-

clase accumulation (Fig. 3-10A) • 

. / Ba, Rb and Sr show significant- scatter when plotted against M. I. 
' ! 

(Fig. 3-10B). Since these elements are known to show varying degrees 

of mobility during sea-floor weathering (Hart et al., 1974; Humphri.s 

and Thompson, 1978b; Mottl and Holland, 1978), much of the observed 

scatter could be related to alteration effects and so little signifi-

cance has been attached to variations observed in these elements. 

The variations in Sc, Ga and V with M.I. are shown in Fig. 3-10C. 

Both Ga and V show well defined enrichment trends with increasing M.I. 

in the olivine basalts. The 1 plagioclase-olivine and plagioclase-

pyroxene basalts plot slightly below the trend defined by the olivine 
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sitions found in the FAMOUS area. Additional evidence for the distinc-

tion between the olivine basalts and plagioclase-pyroxene basalts is 

provided by the small scale variations of Zr and Nb. This is clearly 

illustrated in a plot of Nb versus Zr (Fig. 3-13) where two distinct 

trends are apparent; one corresponding to the olivine basalts (including 

the single plagioclase-olivine basalt), and one corresponding to the 

plagioclase-pyroxene basalts and plagioclase-phyric basalts. The.pie-

rites have extremely low Nb concentrations but appear to fall on the 

trend defined by the olivine basalts. Since both Nb and Zr can be 

regarded as incompatible elements with respect to basaltic minerals, the 

Zr/Nb ratio should be unaffected by fractional crystallisation and so 
. ' . . . 

reflect s6urce area characteristics (Erlank and Kahle, 1976). Reference 

to Fig. 3-13 and Table 3-7 shows that the plagioclase-pyroxene basalts 

and plagioclase-phyric basalts have similar Zr/Nb ratios (ave. 5.96; 

range 5.6-6.1), while the olivine basalts have slightly higher and more 

variable ratios (ave. S.4; range 7.5-10.4). In contrast to the two 

distinct trends for Zr and Nb variations, all samples define a common 

trend with respect to the variation of Y and Zr (Fig. 3-14). 

4.4 Residual Glass Composition 

Quench glass rinds present in picrite DRS and olivine basalts 

DR4 and 11-1S have been analysed for major elements by electron micro-

probe. The quench glass in DRS (Table 3-S) is characterised by low Ti02 

(0.70-0.73%) and Na
2
o (1.63-2.07%) and high Al 2o3 (15.9-16.9%) and CaO 

(13.2-14.2%) contents. The glass has an MgO content of S.5-9.5% a:nd the 

high Mg-number (0.6S-0.70) attests to its relatively primitive nature. 

The glass in DR4 and 11-1S (Table 3-9) is more evolved (MgO = 7.1-S.5%, 

Mg-number = 0.60-0.66) than that present in DRS and is relatively 
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enriched in Ti02 (1.0-1.2%), Na2o (2.2-2.6%) and depleted in A1
2
o

3 
· 

(14.9-15.6%) and Cao (11.5-12.8%). The Ti02 and Na
2

o contents of the 

quench glass in DRS are significantly lower than those observed in even 

the most primitive olivine basalts (DR4-303, DR1-122; Table 3-7). Since 

the glass is residual (i.e. has lost olivine), these Ti02 and Na
2

o c.on

tents indicate that the parental magma had extremely low concentrations 
·' 

of these elements. It will be argued later that the differences in_ 

incompatible el~ment contents (Na2o and Ti02) between the olivine 

basalts and the parent to the ·picritic basalts are real and reflect 

differing degrees of partial melting during generation of these magma 

types. 

4.5 Discussion 

Major and trace element variations in FAMOUS lavas indicate them 

to be compositionally diverse, with most of the variations being 

apparently related to olivine and plagioclase control (Figs. 3-8, 3-9, 

3-11). Qualitatively the compositional variations within the olivine 

basalts (Figs. 3-10, 3-11, 3-13, 3-14) suggest that they comprise a , 

consanguinous suite of lavas, related either by fractional crystallisa-

tion and/or partial melting. Variation of Ni, Cr, Cu and Zn with M.I. 

(Figs. 3-10D, 3-11, 3-12) suggests that the plagioclase-pyroxene 

basalts are unrelated to the olivine basalts, a fact which is supported 

by Zr/Nb ratios (Fig. 3-13). The similar Zr/Nb ratio of the plagioclase-

phyric basalts and plagioclase-pyroxene basalts suggests that these.lava 

types may be genetically related, so indicating the presence of at least 

two distinct magma types in the FAMOUS area. This possibility was pre-

viously suggested by Bougault and Hekinian (1974) who postulated the 

possibility of two magma· types in the FAMOUS area, one giving rise to. 
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the olivine basalts and the other to the plagioclase basalts. This 

hypothesis is not in accord with the views of Bryan and Moore (1977) and 

Hekinian et al. (1976). The relationship of the picrites to the other 

basalt types will be discussed in a later section, but assuming simple 

olivine accumulation and so dilution of most trace elements, it can be 

seen from plots of, for example, Sc, V (Fig. 3-lOC) and Cu (Fig. 3-lOD) 

that the picrites are unlikely to be related by fractional crystallisa-

tion to the olivine basalts. Additional evidence and quantitative 

modelling of the relationships between the various basalt types is con-

sidered in later sections. 

5. MINERAL CHEMISTRY 

5.1 General Statement 

A critical factor in the evaluation of partial melting and.frac-

tional crystallisation models is the extent to which postulated parental 

magmas truly represent liquid compositions. Fresh aphyric lavas and 

glass quenched on the outer surface of pillow basalts can in general be 

taken unequivocally to represent liquid compositions. Lavas with varying 

proportions of phenocrysts, however, pose more of a problem due to the 

possibility of phenocryst accumulatio.n. Such lavas are especially prob-

lematical if one accepts the concept of compensated crystal settling 

(Cox and Bell, 1972; Krishnamurphy and Cox, 1977) which would allow a 

lava to become extremely porphyritic yet maintain its initial chemistry. 

The possible occurrence of high-Mg basaltic precursors to the 

voluminous ocean floor basalts has long been a contentious issue (O'Hara, 

1965, 1968; Green and Ringwood, 1967; Donaldson and Brown, 1977; Hart 

and Davis;0 1978; Jakobsson et al., 1978; Dungan and Rhodes, 1979; 

Elthon, 1979; Maal¢,e, 1979). As yet no high-Mg (>10-11%) glasses have 
v· . 



- 57 -

ever been recovered from the ocean floors. Numerous porphyritic high-

Mg 'picrites have however been' found on the ocean floors and the possi-

bility that such lavas may represent high-Mg liquids is of .crucial 

importance to an understanding of ocean floor basalt petrogenesis. tWith 

this problem in mind, a detailed study of the mineral chemistry, and 

specifically the Fe-Mg-Ni distribution, of olivine and Cr-spinel has 

been conducted in order to assess the relationship between the picrites 

and the more evolved lavas of the FAMOUS region. 

A consanguinous suite of lavas should, amongst other factors, 

show uniform variations in their mineral chemistry, especially with: 

respect to minor elements. If the wide compositional variations in =the 

FAMOUS lavas are purely a function of low pressure fractionation in a 

centrally situated magma chamber· (Bryan and Moore, 1977; Hekinian et al., 

1976), then liquidus mineral compositions should show systematic chemical 

variations. If one or more parental magmas are involved (Bo~gault and 

Hekinian, 1974; Nisbet and Fowler, 1978; Langmuir et al., 1977), then it 

is feasible to expect displaced or discontinuous mineral compositional 

variations. As will be shown below, Ni variations in both olivine and 

Cr-spinel unequivocally exclude the hypothesis that all the lavas are 

derived from a single magma chamber. 

5.2 Olivine 

Olivine is ubiquitous in the FAMOUS basalts and since it is pro-

bably the liquidus phase (or co-liquidus ph~se with Cr-spinel) at 

pressures less than 10 kbar (Bender et al., 1978), a study of the dis~ 

tributions of Fe, Mg and Ni in the olivines should reflect the nature 

of the liquids at the onset of crystallisation. 
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Fe-Mg Distributions 

The distribution of magnesium and ferrous iron between olivine 

and coexisting liquid can be used to assess whether olivine phenocrysts 

are in equilibrium with the host rocks in which they occur. This dis-

tribution can be represented by the following equation:· 

The distribution coefficient (~) for this reaction can be written ?S: 

= (Xol /xol ) (xliq / xliq) 
FeO -~go -~go Feo • • • • • • • • • • • • • • • • • • ( 2) 

ol 
where XFeO is the mole fraction of FeO in olivine, etc. 

Roeder and Emslie (1970) investigated the equilibrium represented 

in equation (1) for a variety of basaltic compositions over a range in 

temperature (1150-1300°C) and oxygen fugacities (1o-0 •68 to 10-12 atm) 

at one atmosphere total pressure and found that the value of ~ 

(equation 2) was essentially constant (0.30 ± 0.03) and independent of 

temperature and oxygen fugacity. Subsequently experimental studies by 

Roeder (1974) and Longhi. e~ al. (1978) have confirmed the value of 

~ = 0.30 ±0.03 over a wide variety of.compositions. Cawthorne et al. 

(1974), Thompson (1975) and O'Hara (1977) have predicted a slightly 

higher average ~ of 0.33. Roeder (1974) suggested that the ~ was also 

relatively insensitive to changes in the bulk composition of the liquid 

.in tha.t alkalis and Al 203 affected. the solubility of MgO and FeO in the 

liquid in the same direction. Longhi et al. (1978), however, found a 

small but significant compositional effect on the distribution of FeO 

and MgO which can best be ascribed to variations in silica concentra.tion. 

In addition Longhi et al. (1978) found a noticeable pressure effect above 
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5 kbar. A systematic increase in ~ with pressure has also been 

reported from experimental studies on a FAMOUS glass (Bender et al., 

1978). The findings of Bender et al. (1978) in this respect, however, 

may be open to question as no account appears to have been taken of 

possible Fe2o3 in the experimental charges. Mysen (1975) found a similar 
I 

pressure effect on Kn (all Fe expressed as FeO). For the purposes of 

this study~ values of between_0.27 and 0.33 wiU be regarded as rep-

resenting equilibrium conditions. 

This relationship has been verified on those FAMOU~ basalts that 

clearly represent liquids on the basis of texture (i.e. are aphyric) and 

also on microphenocryst glass pairs. Since the analysed olivines in the 

aphyric and sparsely phyric rocks all show nominal zoning, the assumption 

has been made that the core of the most-Mg olivine should represent the 

equilibrium composition that crystallised from a liquid with the FeO/MgO 

ratio of the host rock (the Fe203 /Fe0 ratio of the whole rock is 

assumed to equal 0.15). Calculated Fe-Mg ~' s for the olivine basalts 

(excluding DR4 and 11-18), plagioclase-olivine basaltsand plagioclase-

pyroxene basalts range from 0.31 to 0.33 (Table 3-10), indicating that 

the samples listed have probably not experienced phenocryst redistribu-

tion. If the assumed ,Fe2o3/Fe0 ratio is lowered to 0.10, then the ~' s 

range from 0.30 to 0.31. DR4 and 11-18 both give bulk rock ~ values 

that are too low (0.24 and 0.22 respectively) to indicate equilibrium 

and indicate that the most Mg-rich olivines are too fosteritic to have 

crystallised from a liquid with a composition equivalent to the whole 

rock. The low calculated ~'sin DR4 and 11-18 could be attributed to 

the Mg-rich olivines either: (1) being xenocrysts, i.e. the rocks are 

enriched in olivine, or (2) representing remnant olivines left after the 



Table 3-10: Predicted liquidus temperatures of aphyric to sparsely 
phyric 'FAMOUS' lavas, based on Fe-Mg distributions. 
(Longhi et al., 1979). 

OBS. KD Predicted KD T(°C) 

1) Olivine basalts 

DR4-303 o.311 (0.299)* o.3o3 1268 

DRl-122 0.325 (0.312) 0.304 1267 

DR9-322 0.321 (0.308) 0.303 1249 

DR9·308 ( ) 0.304 1250 

DR9-323 0.322 (0.310) 0.303 1248 

DR2-174 0.314 (0.302) 0.306 1224 

2) Flag-olivine basalts 

8-10 0.313 (0.301) 0.307 1217 

3) Flag-pyroxene basalts 

DR2-30l 0.315 (0.302) 0.304 1219 

31-38 0.316 (0.303) 0.304 1219 

DRl0-310 0.309 (0.296) 0.306 1215 

* values in bracketscalculated assuming Fe2o3/Fe0 = 0.10, others 

assuming Fe2o3/Fe0 = 0.15. 
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bulk of liquidus olivines have been lost by gravitational settling from 

a more primitive parental magma. Average microphenocryst-quench glass 

pairs in DR4 and 11-18 give Fe-Mg ~ values of 0.35 and 0.32 respectively. 

The high ~ in DR4 can be attributed to the slight but significant varia-. 

tions in glass compositions (Table 3-9) relative to the fairly uniform 

microphenocryst compositions. The most Mg-poor glass (Table 3-9, No. 4) 

gives a~ of .0.32 against the average microphenocryst. 

Roeder and Emslie (1970) and Longhi et al. (1978) have shown that 

it is possible to ca,lculate the liquidus temperatures of olivine-saturated 

basaltic liquids given only the bulk composition. This requires the 

calculation of a predicted ~ by the following equation (Longhi et al.; 

1978): 

= 0.165 + 0.299 XSi 
L 

••••••••• ~..... • • • • • • • • •. • • • (3) 

where XSi = 
L 

Si/~cations (mol. proportions). 

This predicted ~ can then be combined with the bulk composition to give 

the Fe/Mg ratio of the coexisting olivine. From the simple stoichiometry 

of olivine, ~y0 can then be calculated. 
M 0 M 0 Si 

From XLg , X
0
t and XL one·can 

then calculate the liquidus temperatures using the following expression 

(Longhi et al., 1978): 

K
Mg 3469 

log = T(K) - 1.512 ........................... (4) 

where = • • • • • • • • •. • • • • • • • • • • • • ( 5) 

Predicted ~' s and liquidus temperatures for the aphyric olivine basalts, 

plagioclase-olivine basalt and plagioclase-pyroxene basalts are given 

in Table 3-10. The predicted and observed ~',s are in good agreement 
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if a liquidus Fe203/Fe0 ratio of 0.10 is assumed (Table 3-10). The 

calculated liquidus temperatures show extremely good agreement with 

those predicted by the Mn distribution (Table 3-3) using the formulatfon 

of Watson (1977) or of Leeman and Schreidegger (1977). It is interes

ting to note that the liquidus temperature of DR4-303 and DRl-122 (the 

two most MgO-rich rocks: 10.5% MgO) are identical to that found experi

mentally for the MgO-rich glass 572-1-1 from the FAMOUS regibn by 

Bender et al. (1978). These authors found that the sequence of 

appearance of phases at one atmosphere was: olivin~ - 1268°c, plagio-

c lase - 1235°c and clinopyroxene - 1135°c. 

Similar calculations for the •plagioclase phyric samples indicate 

that DR3-1 might have been enriched in only plagioclase as the olivine-

whole rock ~ is 0.29, while DR10-101C (~ = 0.21) and DR3-131 (~ = 0.26) 

have probably experienced enrichment in Mg-rich olivine in addition to 

plagioclase. 

Olivine microphenocrysts and quench glass in picrite DR8 have 

been analysed and give an average ~ of 0.32. The Fe2o3 /Fe0 ratio of 

the quench glass in DR8 was calculated by a mass balance equation using 

the chemical mode and whole rock Fe203 /Fe0 ratio, to compensate for the 

large proportion of FeO present in the olivine phenocrysts. The 

Fe203 /Fe0 ratio of the whole rock is 0.13, while the calculated value 

for the matrix is 0.25. 

The experimental studies of Roeder and Emslie (1970), Roeder (1974) 

and Longhi et al. (1978) were conducted on relatively low MgO liquids. 

In an attempt to verify the ~ at higher MgO levels (for comparison with 

DR8 and 10-03C whole rock compositions), the experimental data from 

Arndt (1977b) was investigated. Arndt (1977b) conducted melting experi-



- 62 -

ments on basaltic compositions ranging in MgO content'from 25% to 10% 

at controlled temperatures and oxygen fugacities. Using the quoted 

temperatures a.nd f02 ' s, _the amount of ferrous iron in the melt can be 

calculated from the following equation (Lindstrom, 1976): 

log Fe3+ I Fe2+ = -6300 3 L T(K) + .01 - ~log f02 

Using FeO,contents determined by this method, cal~ulated ~'s range from 

0.31 to 0.33 for coexisting liquid-olivine compositions. This suggests 

that a ~ value of 0.30 ± 0.03 is applicable at MgO levels shown by the 

FAMOUS picrites (14-24%). Using the whole rock composition as represen-

ting a liquid, the ~ calculated for DR8 (16% MgO) is 0.38, while that 

for 10-03C (24% MgO) is 0.56, indicating that the observed most Mg-rich. 

olivines (Fo91 ) are too Fe-rich to have crystallised from the observed 

compositions for the respective whole rocks. However if, as suggested 

by the unzoned nature of the olivine phenocrysts, these rocks have 

experienced equilibrium crystallisation, then an erroneous (and 

apparently too high) ~ would be obtained since the cores would no 

longer represent liquidus compositions. Two factors, however, argue 

against closed system equilibrium crystallisation: (1) though zoning is 

absent, different phenocrysts show a range in composition (Fo91 -Fo89 ), 

an unlikely situation for closed system equilibrium crystallisation, and 

(2) if equilibrium crystallisation occurred, then the phenocrysts should 

give a ~ of 0.30 when calculated against the groundmass. An average 

value for DR8 of 0.22 is however obtained. It is suggested then that at 

least DR8 and 10-03C and probably all the FAMOUS lavas with >14% MgO do 

not represent liquid compositions and are cumulus-enriched in olivine. 

From this conclusion it is possible to postulate the composition 
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of th~ parental liquid. If one envisages the accumulation as taking 

pla~e at the base of a temperature-zoned magma chamber, then the 

accumulating olivines would probably reflect a range in compositions in 

accord with their temperature of crystallisation. Assuming a melt

olivine ~ of 0.30, then it is necessary to accumulate 10% average 

olivine (Fo90 ) into DR8 and 32% into 10-03C to give the observed compo

sitions. Predicted parental melts would then have the following 

characteristics: 

Si02 

Ti02 

A1 2o3 

FeO* 

MnO 

MgO 

Cao 

Na
2
o 

K
2

0 

Totals 

Mg-number 

Ca0/Al 203 

Ca0/Na2o 

DR8 (P) 

48.57 

0.64 

15. 72 

8.30 

0 .16 

12.76 

12.59 

1.58 

0.08 

100. 40 

74.9 

0.80 

7.97 

10-03C (P) 

47. 77 

0.60 

15.93 

7.85 

0 .15 

12.42 

12.49 

1. 71 

0.09 

99.01 

75.5 

0.78 

7.26 

Average 

48.17 

0.62 

15 .83 

8.08 

0.15 

12.59 

12.54 

1.65 

0.09 

99.72 

75.2 

0.79 

7.63 

This average parental melt is obviously only a first approximation from 

the simplified accumulation model adopted. The accumulation of minor 

Cr-spine! will 'for example contribute to a very small extent towards the 

observed composition. Nevertheless this composition is in good agreement 

with other predicted parental melts (Table 3-11) and reflects some 
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Table 3-11: Possible parental magmas for ocean floor basalts. 
(Extracted from the literature). 

Si02 
Ti02 

Al203 

FeO* 

MnO 

MgO 

CaO 

Na20 

K20 

TOTAL 

Mg-number 

CaO/Al20 3 

CaO/Na20 

1 

50.26 

0.61 

14.21 

6.82 

0.10 

11. 89 

13.46 

1.42 

0.07 

98.66 

77. 9 

0.95 

9.48 

2 

49.58 

0.65 

14.43 

8.19 

11.64 

12.89 

1. 70 

·o.o3 

99.10 

74.2 

0.89 

7.58 

3 4 

50.3 50.4 

0.73 o. 7 

16.6 15.6 

7.99 7.1 

0.12 0.2 

10.2 9.1 

13.2 13.6 

2.00 2.0 

0.01 0.3 

101.15 99.0 

72.l 72.2 

I Q,80 0.87 

6.60 6.80 

5 

49.4 

o.81 

15.64 

7.44 

o.15 

10.01 

12.93 

1.95 

0.17 

98.50 

73.1 

0.83 

6.63 

Donaldson and Brown (1977) - Melt inclusions in Cr-spinel. 

6 

47.76 

0.59 

12.06 

8.96 

0.12 

17.78 

11.20 

1.31 

0.03 

99.81 

80.1 

0.93 

8.55 

'1. 

2. 

3. 

4. 

5. 

6. 

Dungan and Rhodes (1978) - Reconstructed melt inclusion in olivine, 

Frey et al. (1974) - South Atlantic. Quench glass 3-18-7-1. 

Watson (1976) - Melt inclusion reconstruction, Bouvet Triple Junction. 
0 Rhodes - 45 N MAR (from Dungan and Rhodes, 1978). 

Elthon (1979·)· Calculated from Tortuga ophiolite. 

--~ ------- -- ----- ---



Table 3-12: Calculated Mg-Ni Kn's for aphyric basalts and 
microphenocryst-glass pairs from FAMOUS lavas • 

1) Olivine basalts 

DR4-303 

DRl-122 

DR9-322 

DR9-323 

DR2-174 

*DR4-329 

*DR4 

2) Plagioclase-olivin~ basalts 

8-10 

· 3) Plagioclase-pyroxene basalts 

DR2-301 

~31-38 

DRl0-310 

4) Quench glass-microphenocryst 

DR4 

DRS 

. Mg~Ni 
KD 

2.24 

2.21 

2.10 

2.33 

2.27 

2.59 

2.56 

2.06 

2.58 

2.63 

2.33 

2.31 

* Slightly phyric samples which have possibly experienced slight 

phenocryst redistribution (see section 5.2). 
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Kushiro (1976) and Takahashi (1978) have similarly noted the composi

tional and, to a lesser extent, temperature effect on ~g-Ni. Experi

mental data of Takahashi (1978) indicate a variation in ~ from 1.4 to 

3.5. This trend is graphically illustrated using the data from Hart and 

Davis (1978) in Fig. 3-15. With the exception of a few data points, an 

exponential decrease in ~ with increasing MgO is observed. ~ clearly 

only falls within the range 2.0-2.6 for lavas with between 6 and 12% MgO. 

);i The ~ values obtained for DR8 (1.50) and 10-03C (1'24) are well below 
:1 
I 
I 
i 
.I 

that observed at even the highest MgO levels in. Hart and Davis' (1978) 

! experiments and, taken together with the Fe-Mg Data, lend support to the 

contention that these lavas are cumulus-enriched. However, the fact 

that the Mg-Ni ~ is clearly composition-dependent severely limits its 

applicability for determining liquid-crystal equilibrium at high MgO 

l·evels. 

It has become more and more apparent in recent years that trace 

element distribution coefficients are strongly dependent on compositonal 

variations as well as being dependent on temperature and pressure 

(Lindstrom, 1976; Leeman and Schreidegger, 1977; Hart and Davis, 1978; 

Ryerson and Hess, 1978). The sensitivity of D:i to compositional 

variation (Hart and Davis, 1978) and/or temperature (Arndt, 1977b; 

Leeman and Schreidegger, 1977) makes it important to be able to predict 

suitable values applicable to the composition of interest. The formu

lation of Hart and Davis (1978) relating n:i to the composition of the 

magma is potentially useful to determine D:i for a fractional crystal-

lisation series as temperatures are not always easily determined. The 

relatively accurate Ni data from quench glass-microphenocryst pairs, an~ 

olivine microphenocryst-aphyric lava data have been used to calculate 
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DNi and are compared with the Hart and Davis (1978) predicted ol-liq 

values in Table 3-13. In ge~~u-1 there is good agreement between the 

two sets of values. In subsequent quantitative modelling the Hart and 

Davis (1978) equation will be used to predict DNi unless otherwise 
ol 

stated. 

The minor (or trace) element content of early phenocryst minerals 

can be very diagnostic of the parental melt chemistry, especially when 

the distribution coefficient for a given element is significantly 

greater than unity. Ni is such a minor element in the olivines from the 

FAMOUS lavas. Since olivine is ubiquitous in the FAMOUS lavas, the dis-

tribution of Ni should closely reflect the chemistry of the parental 

{llel.t(s) and/or the physico-chemical conditions of crystallisation. /fo~ 
-------- ---~--~ - -·- -~---- >' - - _ ... ~~--

Nickel has been determined in olivines from picrites DRS and 10-03C, 

plagioclase-phyric lavas DR3-1, DR3-131 and DR10-101C, plagioclase-

pyroxene basalts DR2-301, 31-38 and DR10-310, and olivine basalts DR4-303, 

' DR1-122, DR9-323, DR9-322, DR4-329, DR4 and DR2-174. Individual analyses 

are presented in microfiche Tables F3-1, F3-4, F3-11 and F3-15. Variation 

in NiO content with fosterite content in the olivine is shown in Fig. 3-16 

where two very distinct trends are defined. The upper trend comprises 

olivines from the olivine basalt series, which are clearly more Ni-rich, 

for a given fosterite content, than those from the picrites, plagioclase-

phyric basalts and plagioclase-pyroxene basalts (lower trend). Another 

important feature of the two varieties of olivine is that those from the 

upper trend show significant compositional zoning, while those from the 

lower trend tend to be.unzoned (<0.01% NiO, <0.5% Fo), though different 

grains within a thin section show different compositions (Fo91 -Fo89 ). 

The variation shown in Fig. 3-16 negates a single magma chamber hypothesis 



Table 3-13: Calculated D:~-liq for glass-olivine pairs and host 

rock-liquidus olivine pairs for aphyric FAMOUS lavas. 

D(obs) D*(calc.) 

Glass-olivine microphenocryst 

DR4 13.3 15.46 

DRS 12.2 12.95 

Glass inclusion-olivine host 

DRS 12.00 12.9 

DRS 13.50 12.9 

DRS 14.40 14.50 

Olivine basalts 

DR4-303 10.81 10.9S 

DRl-122 10.30 11.10 

DR9-322 10.20 11.90 

DR9-323 11.50 12.15 

DR2-174 12.2 14.13 

Plagioclase-pyroxene basalts 

DR2-301 11.13 14.17 

31-38 13.92 13.6 

DRl0-310 14.47 14.66 

* D 
124 =- -MgO 

0.90 (Hart and Davis, 1978). 
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(Br~an and Moore, 1977; Hekinian et al., 1976) and clearly distinguishes 

the voluminous olivine basalts from the subordinate picrites, plagioclase

pyroxene basalts and plagioclas~-phyric basalts which would appear to'be 

related to a single differentiating magma. This variation is also 

reflected in the whole rock chemistry of the lavas (Section 4, Fig. 3-11). 

The significance of this distinction in olivine composition with 

respect to the petrogenetic relationships of the FAMOUS lavas will be 

discussed in Section 7. 

5.3 Cr-spinel 

5.3.1 

Cr-spinel is a co-liquidus phase with olivine in the less evolved 

FAMOUS basalts and so can potentially provide additional constraints on 

the chemistry of possible parental magma(s). A discussion on the distri

bution of Fe-Mg and Ni in Cr-spinel is therefore of relevance. 

Fe-Mg Distribution 

The distribution of Fe and Mg between olivine and Cr-spinel was 

suggested to be a potentially useful geothermometer by Irvine (1967). 

Jackson (1969) discussed the olivine-spinel geothermometer which appeared 

to give realistic temperatures when applied to plutonic rocks. Subse

quently, however, a number of workers (e.g. Evans and Wright, 1972; 

Evans and Frost, 1975) have found that Jackson's formulation gives 

excessively high temperatures, though the relative scale of temperatures 

appears to be correct (Evans and Frost, 1975; Wood and Fraser, 1976). 

Fujii (1978) has similarly claibrated an olivine~spinel geother

mometer from experimental data over a range of pressures, but calculated 

temperatures for volcanic rocks from Kilauea are still excessive (1600-

20000c). Recently Roeder et al. (1979) have re-evaluated the olivine

spinel geothermometer and used a different free energy value for FeCr2o4 
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in the formulation and found that more realistic temperatures could be 

obtained. The exchange reaction of interest is: 

where a, S and y ar~ the atomic fractions of the respective trivalent 

cations. The equilibrium constant for this reaction, 

= .................... (2) 

is temperature-dependent, and the potential geothermometer as formulated 

by Jackson (1969) and modified by Roeder et al. (1979) is as follows: 

T(K) = 3480 a + 1018 S - 1720y + 2400 
(3) ... 

2. 23 a + 2. 56 S - 3.08y - 1.47 + 1.987lnKD 

where a= Cr 
s= 

Al Fe3+ 

Cr+Al+Fe3+ 3+ y= 
Cr+Al+Fe3+ Cr+Al+Fe 

~he formulation and the constraints are extensively discussed by Jackson 

(1969) and by Roeder et al. (1979) and will not be repeated here. The 

relationship in equation (3) has been used to calculate olivine-spinel 

equilibration temperatures in selected FAMOUS lavas. 

With this object in mind, 8 olivines containing Cr-spinel inclu-

sions from DR8 and one from 10-03Cwere analysed to determine the dis-

tribution of Fe and Mg between the two phases. Analyses on the olivines 

were carried out as close to the actual contact as possible. One of the 

olivines analysed from-DRS has two Cr-spinel inclusions of the high-Al 

variety. The (Fe/Mg) atomic ratios for coexisting pairs are plotted in 

Fig. 3-17, where an excellent correlation is clearly defined, giving an 

average ~ = 2.828. This is significantly lower than that observed for 
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( 

olivine-spinel pairs from strataforrn intrusions (Jackson, 1969) and the 

Hawaiian lavas (Evans and Wright, 1972), but is similar to that observed 

in some lherzolite inclusions in alkali basalt (Aoki and Prinz, 1974; 

Littlejohn and Greenwood, 1974). The data from Sigurdsson and Schilling 

(1976) indicate an average ~ = 3.11 for spinel-olivine pairs from the 

MAR basalts. The average ~1-rich spinels in DRS give a ~ = 2.62, 

similar to that observed for spinels of similar composition from DSDP 
/ 

Leg 3 basalts (~ = 2.52; Frey et al., 1974). 

The average temperature of equilibration for the Cr-spinels from 

DRS is 1365 + 21°c (after Roeder et al., 1979) which would appear to be 

somewhat high relative to the liquidus temperature of 126S0 c for a 10% 

MgO basaltic glass obtained experimentally by Bender et al. (197S). 

However, it is believed that the parental liquid to DRS was more basic 

(± f2.3-13.1% MgO, see Sections 5.2.1 and 6.3) than that used by Bender 

et al. (197S) and so a somewhat higher liquidus temperature might be 

expected. Roeder et al. (1979) have pointed out that temperatures cal-

culated for high-Al spinels tend to be somewhat high, using any combi-

nation of available free energy data. The Al-spinels in DRS indicate a 

temperature of 1165°c, significantly lower than that for the 'normal' 

spinels, a factor possibly indicating a xenocrystic origin for the sub-

ordinate high-Al spinels. 

Ni Distribution 

It has been shown that the olivines from the picrites, HPPB and 

plagioclase-pyroxene basalts can be dist inguished from those in the 
. ' 

olivine basalt in terms of their NiO content. A similar separation is 

obtained for the Cr-spinels in these lavas (Fig. ~-1S). Relatively few 

data are available, but there is a definite tendency for the Cr-spinels 
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Fig. 3-18: Variation in NiO content of Cr-spinel from 
selected FAMOUS basalts. Data are from 
3 olivine basalts, 2 picrite basalts and 
1 plagioclase phyric basalt. 
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in olivine basalts (DR4-303, DR1-122 and DR9-322) to have higher NiO for 

a given Mg/Mg+Fe atomic ratio than the Cr-spinels in picrites DRS, 10-03C 

and HPPB DR3-131. It is suggested that this distribution reflects an 

inherent difference in the parental magmas for these two distinct suites 

of lavas. 

6. MELT INCLUSION CHEMISTRY 

6.1 General Statement 

Recently it has been increasingly realised that the study of melt 

inclusions in liquidus mineral phases can provide important constraints 

on the composition of the magma at the time of melt entrapment (Anderson 

and Wright, 1972; Anderson, 1974, 1976; Watson, 1976; Donaldson and 

Brown, 1977; Dungan and Rhodes, 1978). The picritic basalts DR8 and 

10-03C contain melt inclusions in both olivine and Cr-spine!. The study 

of these inclusions enables constraints to be placed on the composition 

of the magma from which they crystallised and will be used as independent 

evidence in postulating a parental magma composition. 

6.2 Melt Inclusions in Olivine 

Abundant, clear, rounded glass inclusions occur in the larger 

olivine phenocrysts present in DR8 (Plate 3-1C), a number of which have 

been analysed. Inclusion analyses and host olivine compositions are 

presented in Table 3-14. One or two inclusions per olivine grain are 

generally present and have subspherical morphologies. This tendency 

towards sphericity has been attributed by Watson (1976) to equilibration 

between the melt and host phase after incorporation. Calculated Fe-Mg 

~'s for inclusion - host olivine pairs indicate an apparent marked lack 

of equilibrium between the inclusions and host olivines. Values of ~ 

(Table 3-15) vary from 0.22 io 0.29 (Fe203 /Fe0 = 0.15), indi~ating that 
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Table 3-15: Calculated Fe-Mg Kn's for melt inclusion-host olivine 
pairs in picrite DRS. (See Table 10 for analyses)~ 

~ (F;;g3 = 0.15) KD (F;!ga = 0. 25) 
---

Melt 1 (Edge) - Olivine 4 0.25 0.27 

Melt 2 (Center)- Olivine 7 0.27 0.29 

Melt 2 (Edge) - Olivine 7 0.26 0.28 

Melt 3 (Center)- Olivine 7 0.27 0.29 

Melt 4 (Center)- Olivine 8 0.25 0.27 

Melt 5 (Center) - Olivine 10 0.28 0.31 

Melt 5 (Edge) - Olivine 10 0.27 0.29 

Melt 6 (Edge) - Olivine 11 0.22 0.24 

Melt 7 (Center) - Olivine 12 0.25 0.26 

Melt 7 (Edge) - Olivine 12 0.23 0.25 

Melt 8 (Edge) - Olivine 13 0.29 0.31 

Melt 9 - Olivine 14 0.23 0.25 

Melt 10 - Olivine 21 0.23 0.25 

Melt 11 - Olivine 27 0.23 0.25 

Melt 12 - Olivine 28 0.24 0.26 

Av. 0.25 ± 0.02 0.27 ± 0.02 
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many of the inclusions have evolved in composition since the time of 

entrapment. A detailed study of the contact between the host olivines 

and melt inclusions (Fig. 3-19) shows an enrichment in Fe and depletion 

in Mg in olivine, and depletion in both Mg and Fe in the inclusion 

adjacent to the contact. The inclusions have apparently continued to 

crystallise out olivine after entrapment and no longer represent the 

initial melt composition. The approximate 8% relative increase in Fe in 

the olivine adjacent to the contact (Fig. 3-19) is sufficient to .raise 

the average ~ from 0.25 to 0.29. Assuming an Fe203 /Fe0 ratio slightly 

higher than 0.15 would also tend to increase the~' but to raise the 

~ from 0.26 to 0.30 would require an Fe203 /Fe0 ratio of 0.35, signifi

cantly higher than the observed ratios for these FAMOUS lavas. 

These melt inclusions have clearly experienced differing degrees 

of olivine fractionation and their bulk compositions will therefore 

reflect decreases in FeO, MgO and increases in Sio2 • The remaining 

elements. are all essentially incompatible and so wil 1 reflect ab so lute 

enrichment to varying degrees. Ratios between the latter elements should 

however be·unaffected and will indicate the ratios in the parental magma. 

Of significance in this respect are the high Ca0/Al 203 (0.878_±0.03) and 

Ca0/Na2o (7.25±3) ratios, a feature that has been suggested as charac

teristic of primitive ocean floor basalt (Dungan and Rhodes, 1978). 

There is a significant range in Ti02 and K2o contents of the melt inclu

sions (Table 3-14) which would appear to be too great to be attributed 

solely to post-entrapment crystallisation (up to +30% crystallisation 

would be required). Dungan and Rhodes (1978) found a similar phenomenon 

in melt inclusions in olivines from DSDP Legs 45 and 46 which, in con

junction with decreasing CaO/A12o3 content with increasing Tio2, led 



Mg 
9 

8 

Melt Incl us ion 01 . . ~ 
1v1ne 

--30)"---

Fig. 3-i9: Electron microprobe scan for Fe and Mg across a m~lt 
inclusion in an olivine from picrite DR8. Analyti~al 
conditions were: 15kV 

4 
1500nA; scale range - 3x10 3 

cts/div. (Fe) and lxlO cts/div. (Mg); Scanning 
speed-beam 30 µm/min, chart 50 mm/min. Crystal-RAP 
(Mg), Qtz (Fe), flow proportional counters,, 
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them to postulate magma mixing and clinopyroxene fractionation (to 

decrease Ca0/Al203 ) in a magma chamber. A similar broad decrease in 

CaO/A12o3 ratio with increasing Ti02 is found in the melt inclusions in , 

DR8 and might be ascribed to a similar process. However, an alternative 

mechanism that could result in a decreasing Ca0/Al203 ratio with ~ 

increasing Ti02 is a combination of olivine fractionation within ~ magma 

chamber and injection of successive impulses of new magma formed by 

increasing degrees of partial melting of a s~urcewith residual clino-

pyroxene. 

6.3 Melt Inclusions in Cr-spinel 

Some of the larger Cr-spinel phenocrysts in the picritic basalts 

contain dark, rounded glass inclusions (Plate 3-1D). These generally 

occur three or·four per grain and they are mostly too small for accurate 

analysis. Four of the larger inclusions have however been analysed and 

their compositions, together with host Cr-spinels, are presented in 

Table 3-16 (No's 13-19). A comparison of the overall chemistry of these 

inclusions with those from olivines (Table 3-14) indicates their more 

primitive nature. This is reflected in higher absolute MgO contents and 

lower Ti02 and K20. 

Donaldson and Brown (1977) have analysed melt inclusions in Cr- t 

spinel from basalts from Leg 37, and postulate an average composition as 

representing primitive oceanic basalt magma. The characteristics of 

their magma composition are: high MgO (~12%), high CaO (N13.5%) and low 

Al
2

0
3 

(14.4%), coupled with low incompatibles: Ti02 (0.6%) and Na 2o 

(1.4%). Inspection of Table 3-16 shows that the inclusions analysed show 

a range in composition, e.g. MgO 12.04% to 9.5%, but are similarly 

ch&·racterised by high CaO, Low Ti02 and Na2o. Al 203 is somewhat higher· 
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than that found by Donaldson and Brown (1977). 

In an attempt to monitor the effect of post-entrapment crystal-

lisation on the FeO/MgO ratio of the melt; the distribution of FeO and 

MgO between Cr-'spinel and liquid has been investigated. The exchange 

reaction of interest can be expressed as follows: 

In a manner analogous to that of Jackson (1969), it can be shown that: 

~ = (FeO/MgO)sp/(FeO/MgO)liq • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 2) 

This expression assumes .ideality in equation (1) which, though not 

strictly true, may suffice as a first approximation (Jackson, 1969). It 

is likely that ~ will to a certain extent be temperature-dependent, while 

the pressure effect is likely to be small, a conclusion supported by par-

tial molar volume data from Robie and Waldbaum (1968)". 

The magni.tude of ~'·(equation 2) has been investigated empirically 

using (1) Cr-spine! microphenocryst-whole rock pairs from three relatively 

aphyric olivine basalts, (2) quench glass-Fe-rich Cr-spine! pairs from 

DR4 and 11-18 (olivine basalt), and (3) glass inclusion-host spinel pairs 

in picrite DR8. The aphyric olivine basalts DR4-303, DRl-122 and DR9-322 

have been shown to represent liquid compositions and the most Mg-rich 

Cr-spinels have been assumed to represent the liquidus Cr-spine! Compo-

sition. These should reflect equilibrium partitioning of FeO and MgO 

with the liquid (whole rock). Calculated ~ values for the three occur

rences are given in Table 3-17; they give an average value very close to 



_...,3.,..-

Table 3-17: Calculated Cr-spinel-liquid Fe-Mg KD's for aphyric lavas 
and trapped melt inclusions in Cr-spinel from picrite DRS. 

Olivine basalts 

1) Whole rock - Av. spinel phenocryst (Fe203/FeO whole rock= 0.15) 

DR4-303 1.02 

DRl-122 0.98 

DR9-322 1.01 

Average 1.00 

2) Quench glass - Fe-rich spinel (Fe203/FeO glass = 0.17) 

DR4 

DR4 

11-18 

11-18 

Average 

Picrite basalt 

Glass inclusion-host spinel 

DRS 

DRS 

DRS (average of 2 incl. in 1 spinel) 

Average 

0.96 

0.99 

0.94 

0.92 

0.95 

1.01 

1.14 

0.90 

1.01 
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unity. It has not been possible to obtain any directly comparable data 

from the literature but, using an indirect method, i.e. 

~p-liq = ~p-ol X ~1-liq 

it is possible to utilize the coexisting spinel-olivine data given by 

Sigurdsson and Schilling (1976). Assuming an olivine-liquid ~ = 0.31, 

an average spinel-liquid ~ of 0.96 is obtained, in excellent agreement 

with the measured values obtained in the present study. 

Assuming that, at least over the temperature range of interest, 

the K!e-Mg f . 1 l' 'd . 1 . h F 0/ 0 f h _l) or spine - iqui is c ose to unity, t e e Mg ratio o t e 

' trapped glass inclusion should then reflect that of the magma at the 

time of melt entrapment. Donaldson and Brown (1977) found no evidence 

for reaction between melt inclusion and spinel and noted that there was 

no zoning across the interface between spinel and glass. However, three 

of the four inclusions analysed in this study do show evidence of a narrow 

reaction rim surrounding the inclusions, and the opaque nature of the rim 

suggests it is probably an Fe-Ti oxide. Crystallisation of a Ti-bearing 

phase from the inclusion would account for the slightly lower Ti02 con

tents of the three inclusions (No~. 13, 15 and 16, Table 3-16) which are 

surrounded by such rims. Since melt inclusion 4 (No. 18, Table 3-16) 

has the highest.MgO and shows no evidence for post-entrapment crystalli-

sation, this composition has peen assumed as that most likely represen-

tative of the parental melt. This composition is given below and com-

pares favourably with that calculated from the olivine phenocryst compo-

sitions (Section 5.2.1). 

With the exception of the high MgO parent suggested by Elthon 

(1979), this predicted parental melt (P1) shows marked compositional 

similarity to other postnlated parental magmas for ocean floor basalt, 
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PREDICTED PARENTAL MELTS 

Cr-spinel From olivine 
Inclusion data Average (P1) 

Si02 49.38 48.17 48.78 

Ti02 0.64 0.62 0.63 

Al203 15.71 15.83 15. 77 

FeO* 7.84 8.08 7.96 

MnO 0.15 0 .15 

MgO 12.04 12.59 12.32 

Cao 12.68 12.54 12.61 

Na2o 1.44 1.65 1.55 

K2o 0.08 0.09 0.09 

Ni (ppm) 396 396 

Mg-number 75.7 75.2 75.8 

CaO/A1 2o3 0.807 0.792 0.800 

Ca0/Na2o 8.81 7.63 8.14 

though with slightly higher MgO (cf. Table 3-11). Characteristic 

features of these magmas are: high CaO/A1 2o3 and Ca0/Na2o ratios 

(Dungan and Rhodes, 1978)~ high absolute CaO (-12-13%) and MgO (10-12.3%) 

and low Tio2 (0.63-0.82%). The chemical composition of this postulated 

primary magma is discussed further in Section 7. The overall mineralo-

gical evidence suggests, therefore, that the picritic basalts in the 

FAMOUS area are derived from a relatively MgO-rich parental magma by 

olivine (± Cr-spinel) accumulation and do not represent liquid compo-

sitions. 
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7. PETROGENESIS 

7.1 General Statement 

Knowledge of the field relationships of the large number of 

samples collected from the relatively small area of the Mid-Atlantic 

Ridge comprising the FAMOUS area has provided a unique opportunity for 

the detailed investigation of local heterogeneities in ocean floor 

basalts. Possible causes of such heterogeneities are: low pressure 

fractional crystallisation, different degrees of partial melting, source 

area heterogeneities, magma mixing or some or other combination of these 

processes. The initial study of samples dredged from the FAMOUS area 

was carried out by Bougault and Hekinian (1974). From their study of 

the transition elements, these authors recognised the possibility of the 

occurrence of at least two distinct magma types in the FAMOUS region; 

one giving rise to the olivine basalts and the other to the plagioclase 

basalts. They further suggested that the plagioclase-pyroxene basalts 

could be.the product of fractional crystallisation of either the olivine 

basalts or of megacryst-free plagioclase basalts. 

Subsequently, a study of the compositional variations of basaltic 

glasses from the FAMOUS area, led Hekinian et al. (1976), Bryan and 

Moore (1977) to postulate the presence of a single, shallow, magma 

chamber <± 6 km wide) underlying the median valley and elongate parallel 

to it. They proposed that the chamber was compositionally zoned with 

the hotter axial zone giving rise to the primitive lavas (olivine 

basalts, picrites) comprising the central volcanic hills and with the 

flank lavas (plagioclase-phyric basalts, plagioclase-pyroxene basalts) 

deriving from the cooler, differentiated melt towards the margins of the 

chamber. Fractional crystallisation of olivine, plagioclase and clino-
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pyroxene within this chamber then gave rise to the observed range of 

lava compositions. This single magma chamber hypothesis, however, fails 

to account for observed differences in incompatible element concentra-

tions (l<.iO, Ti02 Ba, Rb, LREE, H2o) between the centrally situated 

olivine basalts and the flank lavas (Bryan and Moore, 1977; White and 

Bryan, 1977; Bryan, 1979; Bryan et al., 1979). To compensate for these 

differences, the authors appealed to processes such as volatile transfer 

of alkali metals and other LIL, elements from the 'hot' central zone of 

the magma chamber to the 'cooler' walls. The above-mentioned discrepan-

' cies led White and Bryan (1977), Bryan (1979) and Bryan et al. (1979) to 

sugge~t that the zonation in the central magma chamber might alterna-

tively arise from injections of primary magma batches derived by sue-

cessively greater degrees of partial melting of the same source, into 

the centre of the chamber. The zonation in the chamber could be estab-

lished if each magma batch was incompletely mixed with the preceding 

batch. 

A study of the REE distributions in the most primitive FAMOUS 

lavas led Langmuir et al. (1977) to reject the single magma chamber 

hypothesis as fractional cryst~llisation processe~ fail ·to account for 

crossing REE. patterns observed for several pairs of FAMOUS lavas. In 

this respect they note that the seismic study of Fowler (1976) shows no 

evidence for a single magma chamber beneath the FAMOUS area. To account 

for the observed REE patterns, Langmuir et al. (1977) postulated a 

mechanism of dynamic melting, acting on a homogeneous mantle source, 

leaving varied amounts of clinopyroxene and lesser garnet in the 

residue. Postulated degrees of partial melting range from 8-25%, with 

5% melt always being left in the residue. To explain the REE patterns 
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in some samples, the above authors suggest that in addition to dynamic 

melting, fractional crystallisation processes were also probably~pera

tive. The apparent decoupling of major and trace elements in the 

FAMOUS region, as observed by Bryan and Moore (1977) and White and 

Bryan (1977), may therefore be produced through dynamic melting (Langmuir 

et al., 1977). Experimental work by Bender et al. (1978) on a primitive 

FAMOUS glass led these authors to conclude that fractionation of olivine 

followed by olivine and plagioclase can account for much of the observed 

major element variations in FAMOUS basalt glasses. They note however 

that some of the variations in Ti02 and .Na2o can only pe explained by 

postulating different primary liquids. 

Nisbet and Fowler (1978) have reviewed existing geophysical and 

petrographical evidence from 37°N. From thermal considerations they 

conclude that it is questionable whether a steady-state magma chamber 

can exist at. slow spreading ridges with half-spreading rates of less · 

than 1 cm/yr. It has been suggested that spreading in the FAMOUS area 

is asymmetric (0.7 and 1.5 cm/yr), Needham and Francheteau, 1974; 

1.0 and 1.2 cm/yr, Greenwalt and Taylor, 1974), and Nisbet and Fowler 

(1978) calculate a maximum width of a possible magma chamber (assuming 

an average half-spreading rate of 1.1 cm/yr) of 1.2 km, which would.be 

confined to depths equivalent to the lower part of layer 3. Nisbet and 

Fowler (1978) propose a model (the 'infinite le~') whereby melting is 

initiated at depths of ± 60 km with the melt then rising in equilibrium 

with the mantle until it segregates at depths of 15-25 km and then 

rises rapidly to form pools at the base of the crust. Lava is extruded 

from these pools by utilising cracks that propagate into the crust. 

In sunnnary then, there are two schools of thought with respect to 
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the petrogenesis of the FAMOUS lavas; the one favouring fractional 

crystallisation within a single low level magma chamber as being the 

process whereby the range in compositions is generated, the other 

favouring partial melting processes as being the prime mechanism for 

accounting for the compositional variations. Certain data obtained from 

the present study place additional constraints on any possible petro

genetic model for the FAMOUS lavas. As noted previously by Bougault and 

Hekinian (1974) and confirmed for additional samples in this study, the 

distribution of the f erromagnesian elements, and specifically Ni, Cr and 

Cu~(Figs. 3-11, 3-12 and 3~10D), clearly indicates the presence of at 

least two distinct magma types; the one giving rise to the olivine 

basalts and the other to the plagioclase-pyroxene basalts (Figs. 3-11 

and 3-12). This divi~ion into two magma types is supported by the NiO 

content of the olivine (Fig. 3-16) and Cr-spinel phenocrysts (Fig. 3-18) 

of the lavas. This observed distribution suggests that the picrites and 

plagioclase-phyric basalts may be genetically related to the plagioclase

pyroxene basalts, rather than to the olivine basalts. Variations in Zr 

and Nb (Fig. 3-13) similarly suggest the presence of at least two dis

tinct magma types, one having an average Zr/Nb ratio of 8.41 ± 0.8, 

corresponding to that of the olivine basalts, and the other having an 

average ratio of 5.96 ± 0.2, corresponding to the plagioclase-pyroxene 

basalts and the plagioclase-phy~ic basalts. Since olivine of similar 

fosterite content but with significantly different NiO content will not 

crystallise from a single magma chamber with relatively constant fo2, 

and since incompatible element ratios will not be fractionated by frac

tional crystallisation processes (e.g. Gast, 1968), it seems improbable 

that one parental magma could give rise to all the FAMOUS lavas. The 
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above observations therefore are inconsistent with the single magma 

chamber hypothesis and provide strong evidence for the presence of at 

least two distinct parental magmas in the FAMOUS region. The possibi

lity of attributing the compositional variations within the postulated 

lava suites to low pressure fractional crystallisation will be quanti

tatively discussed below. The older plagioclase-pyroxene and highly 

plagioclase-phyric basalts (Arcyana, 1977) will be discussed first, 

followed by the younger olivine basalts and finally the possible rela

tionship of the picrites to one or other of these two suites will be 

considered. 

7.2 Plagioclase-pyroxene Basalts 

The possibility that the aphyric plagioclase-pyroxene basalts 

comprise a consanguinous suite related by low pressure fractional crys

tallisation has been quantitatively investigated using the least squares 

approximation technique of Bryan et al. (1969) and utilising the compo

sitions of observed microphenocryst phases. A least squares approxima

tion relating one of the most primitive plagioclase-pyroxene basalts 

(31-38) to one of the most evolved (DR10-310) is presented, together with 

input data, in Table 3-18. With the exception of K2o, the major element 

composition of DR10-310 ·can be explained by the removal of 1.3% olivine 

Wo
86

), 4.1% plagioclase (An84) and 3.5% clinopyroxene (Wo39 En52Fs9 ) from 

31-38. The plagioclase-pyroxene basalts show evidence for a certain 

degree of alteration, to which the slight discrepancy in K2o can probably 

be attributed. 

The adequacy of this model, based on the major elements, is 

attested to by the close agreement between the observed trace e.lement 

content of DR10-310 and the predicted trace element content calculated' 
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Table 3-18: Least squares approximation relating plagioclase-pyroxene 
basalts 31-38 and DRl0-310. 

Input data 

31~38 OLIVINE PLAG PYX DRl0-310 

Si02 50.49 39.74 47.00 51.56 50.89 

Ti02 1.00 0.04 0.04 0.61 1.01 

Al203 14.87 0.07 33.31 2~81 14.73 

FeO* 9.04 13.42 0.40 5.75 9.47 

MgO 8.63 45.99 0.27 18.99 8.07 

Cao 12.89 0.40 17.18 20.07 12.57 

NazO 2.48 0.01 1. 78 0.14 2.55 

K20 0.18 0.01 0.02 0.01 0.30 

Fo 85.93 An 84.08 Wo 39.37 

Fa 14.07· Ab 15.81 En 51.82 

Or 0.12 Fs 8.80 

Least squares a1212roximation 

31-38 MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

Si02 50.49 50.52 0.03 DRl0-310 90.88 0.85 

Ti02 1.00 0.94 -0.06 OLIVINE 1.31 0.26 

Al203 14.87 14.86 -0.0l PLAG 4.11 o.46 

FeO* 9.04 9.00 -0.04 CPX 3.52 0.56 

MgO 8.63 8.62 -0.01 

Cao 12.89 12.84 -0.05 TOTAL 99.83 1.14 

Na20 2.48 2.40 -0.08 

KzO 0.18 0.27 0.09 

Sum of squares of residuals = 0.023 
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using the above model (Table 3-19). The predicted trace element content 

of DRl0-310 was calculated assuming Rayleigh fractionation (Equation 

(1), Chapter II). Distribution coefficients were taken from the compi-

lation in the appendix and are given in Table 3-19. The value for DNi 
ol 

was calculated from the expression of Hart and Davis (1978), 

DNi 124 
ol = MgO - 0.9, using the average MgO content of DRl0-310 and 31-38. 

D~~ was calculated assuming an olivine crystallisation temperature of 

1220°c (Table 3-10) and using the expression of Lindstrom and Schrei-

degger (1977): 

lnD~~ 9676 = T(K) - 5.23 

Though samples 31-38 and DRl0-310 span the compositional range of 

plagioclase-pyroxene basalts with respect to M.I. and can apparently be 

related by a simple ·process of fractional crystallisation, it appears 

that not all samples can be explained by this simple scheme. For 

example, DR2-301, though more primitive than DRl0-310 in terms of higher 

MgO, A1 2o3, Cao, Ni and Cr, has significantly higher concentrations of 

incompatible elements (Table 3-7) than DRl0-310. It is therefore not 

possible to obtain a satisfactory major and trace element fit relating 

DR2-301 to either 31-38 or DRl0-310 using observed microphenocryst phases. 

It is necessary to propose a more complex relationship which would allow 

for the decoupling of major and trace elements. The similar incompatible 

element ratios (e.g. Zr/Nb) of the plagioclase-pyroxene basalts suggest 

derivation from a homogeneous source area. Apparent decoupling of major 

and trace elements can be achieved to a certain extent by small varia-

tions in the degree of partial melting (e.g. Langmuir et al., 1977) or 

by fractional crystallisation within a magma chamber which is periodi-
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Table 3-19: Predicted and observed trace element composition of 
DRl0-310 using results pf the least squares approximation 
given in Table 3-18: The source of distribution coefficients 
are Tables A2-l, A~-2, A2-5. The calculated Ni value given 
in brackets was derived µsing distribution coefficient given 
in brackets. 

DISTRIBU_TION COEFFICIENTS 

OLIVINE PLAG CPX 

Zr 0.01 0,01 0.20 

Nb Q.Ol 0.01 0.04 

y 0.13 0.18 0.70 

Rb .001 .001 .001 

Ba .001 .oot .001 

Sr .01 1.8 o! 12 

Sc .01 ,01 2.5 

Ga .01 .90 .30 

N' _1 13.95 (11.00) .01 1.5 

Co 3.5 .01 1.0 

TRACE ELEMENT MATCH 

31 - 38 DRl0-310 
OBS. CALC. OBS. 

Zr 53 58 56 

Nb 8.8 9.7 9.4 

y 2L9 23.2 22.4 

Rb 4,4 4.8 4.6 

Ba 50 ,,55 52 

Sr 108 109 114 

Sc 39 39 40 

Ga 14.3 1s.o 15.5 

Ni 74 63 (66) 75 

co 52 52 53 
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cally refilled by new batches of magma from depth, which then mix with 

existing magma (e.g. O'Hara, ~977; Usselman and Hodge, 1978; Dona-ldson 

and Brown, 1977; Dungan and Rhodes, 1978). The small scale variations 

within the plagioclase-pyroxene basalts may be attributed to one, or a 

combination of such processes. 

On the basis of similar Zr/Nb ratios and similar NiO content in 

olivine, it was postulated abdve that the plagioclase-phyric basalts 

might be genetically related to the plagioclase-py'roxene basalts rather 

than to the olivine basalts. Table 3-20 presents a least squares appro

ximation relating HPPB DR3-1 to plagioclase-pyroxene basalt 31-38 by 

accumulation of 37.65% plagioclase (An88 ), 1.25% olivine (Fo
86

) and 

4.84% clinopyroxene (Wo42En51Fs7). The excellent major element agree

ment, realistic phenocryst proportions with respect to the modal 

mineralogy of DR3-1 and the low standard deviations of the components, 

attest to the consistency of the model. The model is further supported 

by the excellent agreement between predicted and observed trace element 

contents of DR3-1 shown in Table 3-21. An equally good agreement between 

predicted and observed major and trace element concentrations is obtained 

if one relates the other highly plagioclase-phyric sample DR3-131 to 

31-38 by the accumulation of 23.52% plagioclase, 3.24% olivine and 4.54% 

clinopyroxene. Predicted trace element concentrations in these accumu

lation models were calculated· using equations (4) and (5) (Chapter II) 

and assuming equal values for v1 and v2• Distribution coefficients are 

given in Table 3-19. It. should be noted that although DR3-1 and DR3-131 

have been related to aphyric plagioclase-pyroxene basalt 31-38, it is 

not suggested that 31-38 is the direct 'parent' liquid. The more evolved 

nature of the mineral phases in 31-38 relative to DR3-1 and DR3-131 



Table 3- 20: Least squares approximation relating plagioclase-pyroxene 
basalt 31-38 to HPPB DR3-l. 

Input data 

31-38 OLIVINE PLAG CPX DR3-1 

Sio2 50.49 39.74 46.08 52.49 48.74 

Ti02 1.00 0.04 0.01 0.28 0.61 

Al203 14.87 0.07 34.51 2.96 21.51 

Feo* 9.04 13.42 0.37 4.21 5.69 

MgO 8.63 45.99 0.24 18.39 6.40 

Cao 12.89 0.40 17.47 20.93 14.89 

.Na20 2.48 0.01 1.31 0.20 1. 73 

K20 0.18 0.01 0.01 0.01 0.11 

Fo 85.93 An 88.00 Wo 42.03 

Fa 14.07 Ab 11. 94 En 51.37 

Or 0.06 Fs 6.60 

Least s9uares approximation 

DR3-1 MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

Si02 48. 74 48. 77 0.03 31.38 56.21 1.13 

Ti02 0.61 0.58 -0.03 OLIVINE 1.25 0,33 

A1 2o3 21.51 21.50 -0.01 PLAG 37.65 0.59 

Feo* 5.69 5.59 -0.10 CPX 4.84 o. 70 

MgO 6.40 6.41 0.01 

Cao 14.89 14.84 -0.05 TOTAL 99.95 1.49 

Na20 1. 73 1.90 0.17 

K20 0.11 0.11 -0.00 

Sum of squares of residuals = 0.043 



Table 3-21: Predicted and observed trace element content of DR3-l 
using results .of. the.least squares approximation 
given in Table 3 • 2 0. 

DISTRIBUTION COEFFICIENTS 

as in Table 3-19. 

TRACE ELEMENT MATCH 

31-38 DR3-l 

OBS, Cale. 

Zr 53 31 

Nb 8.8 5.0 

y 21. 9 14.9 

Rb 4.4 2.5 

Ba 50 28.l 

Sr 108 125 

Sc 39 27.8 

Ga 14.3 13.4 

Ni* 74 71 

Co 52 35 

Cr* 87 234 

* Ni was calculated using the observed average NiO content of 0.16% 
and 0.035% in DR3-l olivine and clinopyroxene respectively. 
Cr calculated using the observed average Cr203content (0.56%) in 
DR3-l pyroxenes. 

OBS. 

35 

5.7 

14.0 

1. 9 

23.8 

122 

30.6 

13.0 

83.4 

34.1 

242 
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indicates that 31-38 is itself probably a derivative liquid relative to 

some connnon 'parent•. Since we are, however; discussing a linear accu

mulation model, the absence of an intermediate parent is unimportant 

for most elements. Exceptions are Ni, Cr, Sr and Co which will be 

affected to a certain extent by this approximation due to their high 

distribution coefficients. 

As discussed earlier, it is unlikely that simple fractional 

crystallisation and accumulation of phenocrysts were the only proFesses 

operative during the evolution of these early lavas in the FAMOUS area. 

This is borne out by the fact that not all samples comprising this suite 

can be simply related, with respect to both major and trace elements, 

to the plagioclase-pyroxene basalts. For example, though DR10-101C 

appears to be closely related to the other plagioclase-phyric basalts 

and the plagioclase-pyroxene basalts with respect to diagnostic incom

patible element ratios such as Zr/Nb and to the NiO content pf phenocryst 

olivines, models using observed phenocryst phases fail to account for 

both major and trace element variations satisfactorily. As in the case 

of DR2-301, it appears that additional processes such as varying degrees 

of partial melting and/or magma mixing have left an additional chemical 

imprint on some of these lavas. 

In sunnnary, quantitative modelling of both major and trace 

elements indicates that the plagioclase-pyroxene basalts and plagioclase

phyric basalts of the FAMOUS area comprise a consanguinous suite of lavas 

that can be related to a large extent by fractional crystallisation and/or 

accumulation of plagioclase, olivine and clinopyroxene. Inconsistencies 

observed for some samples suggest that the magma chamber, from which 

these early FAMOUS lavas derived~ experienced periodic impulses of new 
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primitive batches of magma (formed by slightly varied degrees of partial 

melting), which were then mixed with the existing magma in the chamber. 

No primitive parental magmas related to this suite have been identified. 

A simplified schematic representation of the proposed petrogenetic rela

tionship of the plagioclase-pyroxene and plagioclase-phyric basalts is 

presented in Fig. 3-21. 

7.3 Olivine Basalts 

The number of samples comprising the suite of olivine basalts and 

the very fresh condition of the rocks affords the opportunity of 

rigorously applying current approaches for the quantitative modelling of 

major and trace element variations. The relationship between the 

various olivine basalts will therefore be evaluated as rigorously as 

possible. 

Trace element variations within the olivine basalts, and specifi

cally within those comprising this study, are qualitatively in accord 

with those that could be expected to result from fractional crystallisa

tion. The possible contribution of fractional crystallisation to the 

observed compositional variations has been investigated quantitatively 

and a sunnnary of selected least squares approximations for possible 

parent-daughter pairs is given in Table 3-22. For the purposes of the 

mixing calculations, samples DR4-303 and DRl-122 have been averaged, as 

have DR4-329 and DR4. Inspection of Table 3-22 reveals some salient 

features: 

(1) The models relating the most primitive of the olivine basalts 

(DR4-303, DRl-122) to the rest are not really satisfactory, as 

exemplified by the high s~m of the squares of re~iduals (0.24 to 

0.49). The remaining solutions are generally satisfactory, all 
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giving low sums of the squares of residuals (<0.11). 

(2) Clinopyroxene fractionation appears to play an important role in 

relating the olivine basalt major element compositions. Plagio-

clase comprises the dominant proportion of the calculated frac-

tionates, with olivine comprising the lowest proportion. Dungan 

and Rhodes (1978) have noted the apparent chemical imprint of 

clinopyroxene fractionation on trapped melt inclusions from ocean 

floor basalts, even in the absence of clinopyroxene phenocrysts. 

They suggest that this can be accomplished by underplating of 

gabbro onto the upper walls of a subvolcanic magma chamber as it 

evolves between mixing events involving the addition of unfrac-

tionated magma to the chamber. The feasibility of clinopyroxene 

fractionation in the FAMOUS lavas is indicated by both the occur-

rence of abundant clinopyroxene phenocrysts in the slightly more 

evolved olivine basalts (DR4, DR4-329, 11-18) and the experimental 

work of Bender et al. (1978) and Dungan et al. (1978), who found 

clinopyroxene crystallisation follows olivine and plagioclase by 

0 50 to 100 C. This temperature interval decreases with increasing 

pressure and at 10.5 kbar clinopyroxene replaces olivine as the 

liquidus phase (Bender et al., 1978). 

Though some of the mixing calculations relating the different 

olivine basalts are apparently successful with respect to major elements 

(Table 3-22), not all these mixes explain the observed trace element 

variation adequately. Two mixes re~ating one of the more primitive 

olivine basalts, DR9-322, and two of the relatively evolved olivine 

basalts, DR4-329/DR4 and 11-18, are presented in Tables 3-23 and 3-25. 

The models satisfy both the major element and trace element variations 
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Table 3- 2 3: Least squares approximation relating olivine basalt 
DR9-322 to olivine basalt DR4-329/DR4 

Input ·data 

DR9-322 OLIVINE PLAG CPX DR4-329/DR4 

Si02 50.02 40.02 45.74 52.49 50.79 

Ti02 1.00 0.03 0.03 0.28 1.15 

Al203 15.49 0.03 34.29 2.96 15.30 

FeO* 8.66 12.36 o.37 4.21 9.62 

MgO 9.65 46.98 0.24 18.39 8.69 

Cao 12.45 0.32 17.72 20.93 11.82 

Na20 2.18 0.01 1.59 0.20 2.05 

KzO 0.16 0.01 0.02 0.01 0.18 

Fo 87.17 An 85.93 Wo 42.03 

Fa 12.83 Ab 13.95 En 51.37 

Or 0.12 Fs 6.60 

Least squares approximation 

DR9-322 MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

Si02 50.02 50.04 0.02 DR4-329/DR4 83.96 1.67 

Ti Oz 1.00 0.98 -0.02 OLIVINE 2.68 0.54 

Al203 15.49 15.50 0.01 PLAG 7.22 0.93 

Feo* 8.66 8.68 0.02 CPX 5. 75 1.06 

MgO 9.65 9.63 -0.02 

Cao 12.45 12.42 -0.03 TOTAL 99.61 2.25 

Na2o 2.18 1. 85 . -o. 33 

KzO 0.16 0.15 -0.01 

Sum of squares of residuals = 0.11 



~able 3-24: Predicted and observed trace element content of DR4-329/DR4 
using results .of least.squares approximation given in Table 
3-23, and distribution coefficients frolll Table 3-19. 

DR9-322 DR4-329/DR4 

OBS. Cale. OBS. 

Zr 58 68 65 

Nb 7 .o 8.3 7.9 

y 22.4 25.4 23.6 

Rb 3.1 3.7 4.2 

Ba 34.3 40.9 -38.6 

Sr 100 102. 113 

Sc 39 40 39 

Ga 15.1 16.4 15.9 

(DNi * Ni 209 = 12.62) 155 158 
01 

Co 52 (nCo = 3.0)t 53 54 
01 

Ni * n01 calculated from; DNi = 124 ( . ) 
01 MgO - 0.9 H~rt and Davis, 1977 

where MgO = 9 .17% (average of DR9-322 and DR4-329./DR4). 

Co Co 9676 ( . t n
01 

calculated from; n01 = T(K) - 5.23 Leetllan and Scheidegger, 1977) 

where T( 0 c) = 1250 (calculated liquidus T of DR9-322, Table 3-10) 
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Table 3-25: Least squares approximation relating olivine basalt 
11-18 to olivine basalt DR4-329/DR4. 

Input data 

11-18 OLIVINE PLAG CPX DR4-329/DR4 

Si02 50.34 40.02 45.74 52.49 50.79 

Ti02 1.02 0.03 0.03 0.28 1.15 

Al203 16.14 0.03 34.29 2.96 15.30 

FeO* 8.73 12.36 0.37 4.21 9.62 

MgO 8.96 46.98 0.24 18.39 8.69 

CaQ 12.15 0.32 17.72 20.93 11.82 

NazO 2.10 0.01 1.59 0.20 2.05 

KzO 0.16 0.01 0.02 0.01 0.18 

Fo 87.17 An 85.93 Wo 42.03 

Fa 12.83 Ab 13.95 En 51.37 

Or 0.12 Fs 6.60 

Least squares approximation 

11-18 MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

Si02 50.34 50.28 -0.06 DR4-329/DR4 88.77 1.22 

Ti02 1.02 1.03 0.01 OLIVINE 1. 79 0.39 

Al 2o3 16.14 16.17 0.03 PLAG 7.35 0.68 

FeO* 8.73 8.88 0.15 CPX 2.13 o. 77 

MgO 8.96 8.97 0.01 

cao 12.15 12.25 0.10 TOTAL 100.04 1.64 

Na2o 2.10 1. 94 -0.16 

KzO 0.16 0.16 0.00 
t, 

Sum of squares of residuals = 0.063 



Table 3- 2 0 : Predicted and observed trace element content of DR4-329/DR4 
using results of least squares approximation given in Table 
3- 2 5, arid distribution coefficients from Table 3- 19. 

11-18 DR4"'329/DR4 -
OBS. Cale. OBS. 

Zr 57 64 65 

Nb 6. 7 7.5 7.9 

y 22.8 24.9 23.6 

Rb 2.5 2.8 4.2 

Ba 36.0 40.6 38.6 

Sr 110 107 113 

Sc 34.4 37 39 

Ga 14.7 15.3 15.9 

(n~f * Ni 174 = 13.15) 148 158 

Co 50 (Dco = 3.3)t 52 54 
01 

* Calculated from Hart and Davis (1977) using an average MgO content of 8.83%. 

t Calculated from Leeman and Scheidegger (1977) using an olivine crystallisation 
temperature of 123o0 c. 
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Table 3- 2 7: Least squares approximation relating olivine basalt 
DR4-329/DR4 to most evolved olivine basalt DR2-174. 

I rt put data 

DR4-329/DR4 OLIVINE PLAG CPX DR2-174 

Si02 so. 79 39.98 47.00 S2.89 50.71 

Ti02 1. lS 0.03 0.04 0.32 1. 38 

Al203 lS.30 0.03 33.31 2.6S lS.02 

FeO* 9.62 14.8S 0.40 S.81 10.13 

MgO 8.69 44.3S 0.27 18.18 8.25 

Cao 11.82 0.32 17.18 19.87 11. 66 

Na20 2.0S 0.01 1. 78 0.2S 2.14 

K20 0.18 0.01 0.02 0.01 0.26 

Fo 84.19 An 84.08 Wo 40.00 

Fa lS.81 Ab lS.81 En S0.88 

Or 0.12 Fs 9.12 

Least squares ·approximation 

DR4-329/DR4 MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

Si02 so. 79 so. 71 -0.08 DR2-174 92. 77 1.44 

Ti02 l. lS 1.29 0.14 OLIVINE 1.44 0.46 

Al 2o3 lS.30 lS.34 0.04 FLAG 4.03 0.79 

FeO* 9.62 9.76 0.14 CPX 2.26 0.89 

MgO 8. 69 8. 71 0.02 

Cao 11.82 11. 96 0.14 TOTAL 100.SO 1. 93 

Na20 2.0S 2.06 0.01 

K20 0.18 0.24 0.06 

Sum of squares of residuals = 0.071 
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Table 3 - 28: Predicted and observetl trace element content of evolved 
olivine basalt DR2-174 using results of the least squares 
approximation given in Table 3-27 .. Distribution co
effici~nt~ ar~ given irt Tabl~ 3~19; 

Zr 

Nb 

y 

Rb 

Ba 

Sr 

Sc 

Ga 

Ni 

Co 

DR4-329/DR4 DR2-174 

OBS. Cale. OBS. 

65 70 82 

7.9 8.5 10.9 

23.6 25.0 27.4 

4.2 4.5 4.8 

39 42 59 

113 113 114 

39 40 41 

15.9 16.4 17.5 

(DNi * 158 = 13.74) 136 123 
01 

54 (DCo = 3.3)t 54 52 
01 

calculated from Hart and Davis (1977) using an average MgO of 8.47%. 

0 
calculated assuming a crystallisation temperature of 1230 C and 
using equation from Leeman and Scheidegger (1977). 
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in these samples by the fractional crystallisation of plagioclase, 

clinopyroxene and olivine in the proportions 17 : 46 : 37 and 

16 : 65 : 19 respectively. The success of these models in predicting 

the trace element contents of the 'daughter' compositions (Tables 3-24 

and 3-26) attests to their consistency. 

It is possible to account successfully for the major element 

' difference between sample DR4-329/DR4 and the most evolved olivine 

basalt, DR2-174, by the fractional crystallisation of 1.4% olivine 

(Fo84), 4.0% plagioclase (An84) and 2.3% clinopyroxene (wo
40

En
51

Fs
9

) 

(Table 3-27). This mix, however, fails to account for the trace element 

content of DR2-174 (Table 3-28). Although many of the compatible trace 

element abundances are correctly predicted, a large discrepancy occurs 

between predicted and observed incompatible elements (e.g. Zr, Nb and 

Ba). Since the predicted incompatible element abundances are unaffected 

by choice of distribution coefficients, and since at least Zr and Nb are 

not affected by weathering processes (Pea~·and Cann, 1973), this dis-

crepancy is regarded as invalidating this simple fractional crystallisa-

tion model. 

An attempt has been made to show that although many of the compo-

sitional variations shown by the olivine basalts can be attributed to 

simple factional crystallisation processes, not all samples have this 

simple relationship. Diagnostic incompatible element ratios (e.g. Zr/Nb) 

suggest that the olivine basalts have been derived from a single source 

and in general the trace element variations describe systematic trends 

suggesting that the olivine basalts comprise a consanguinous suite of 

lavas. Coupling this information to the demonstrated inconsistency of 

many of the major and trace element calculations, it is suggested that 
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the discrepancies in the quantitative modelling can be attributed to 

open system fractional crystallisation acting within a magma chamber 

that experiences periodic replenishment by new 'primitive' magma (pos

sibly derived by varying degrees of partial melting) which then incom

pletely mixes with existing magma. Usselman and Hodge (1978) have out

lined a model for thermal control of open system low-pressure fractiona

tion. Periodic replenishment by additional parental liquid can result 

in a steady thermal fractionating state being achieved which allows a 

fractionating-mixing magma chamber to remain active for an indefinite 

period of time and maintains a constant temperature interval bracketing 

a cotectic boundary. Such a situation would result in the buffering of 

the major elements and compatible trace elements (whose bulk D = ± 1.0) 

in the liquid, but would result in a decoupling and apparent excessive 

enrichment in incompatible elements in lavas tapped at progressive 

stages. 

In summary, a model is proposed in which the olivine basalts from 

the FAMOUS area comprise a consanguinous suite of lavas related by open 

system fractional crystallisation within a magma chamber that has reached 

a steady thermal state, probably at the olivine-plagioclase-pyroxene 

saturation surface. Periodic replenishment of this chamber by magma 

derived by slightly different degrees of partial melting (e.g. Langmuir, 

et al., 1977) and subsequent incomplete mixing has resulted in an 

apparent decoupling of major a.nd trace elements. Such processes would 

be ineffective in fractionating incompatible element ratios but would 

account for apparent excessive enrichment in absolute abundances of 

incompatible elements in some of the more evolved lavas. The primitive 

nature of many of the FAMOUS olivine basalts suggests that some magma 
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reaches the surface without excessive fractionation. This is further 

discussed in a later section. 

7 .4 Picritfc basalts 

On the basis that the picrites represent olivine +minor Cr-

spinel cumulus-enriched rocks, and from a study of melt inclusions iq 

Cr-spinel phenocrysts, a major element parental composition (P
1

) for 

the picrites was calculated (Section 6.). Using this average composi-

tion, it is possible to predict accurately the amount of olivine accu-

mulation necessary to account for the compositions of DR8 and 10-03C, 

utilizing a least' squares approximation technique and average olivine 

phase compositions. The proportions of cumulate olivine can then be 

used to •back-calculate' the trace element content of the hypothetical 

parent from the whole rock trace element contents. 

A summary of the major element least squares approximation is 

presented in Table 3-29, and it can be seen that it is necessary to 

accumulate 11.09% and 32.46% olivine to account for the compositions of 

DR8 and 10-03C respectively. Cr-spinel has been excluded from the cal-

culations due to its extremely low abundance (<1.0%), but it would 

theoretically contribute minor Al203, MgO and FeO* to the cumulate. 

These values have been used individually to back-calculate the trace 

element content of this hypothetical parent from the whole rock compo-

sitions of DR8 and 10-03C. Results of this calculation are presented 

in Table 3-29 and show remarkably good agreement for the two cases. 

Y Zn With the exception of Y(D
01 

= 0.13), Zn(D01 = 0.86, Bougault and 

Hekinian, 1974) and Ni, all trace elements were assigned a distribution 

coefficient of zero. Values for Y and Zn were calculated using 

equation (4) (Chapter II) to predict the concentration in the cumulating 
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Table 3-29: A. Summary of least squares approximation for the 
derivation of picrites DR8 and l0-03c from the 
postulated 'primary' magma P1 (see section 6·0). 

B. The predicted trace element content of this 
hypothetical 'primary' magma P1 derived by 
'back-calculation' from DR8 and 10-03c. See 
text for further discussion. 

A.Summary of major element least squares approximation. 

DR8 = 88.32% PAR+ 11.09% Foa 9 (ER2 = 0.07) 

10-03c = 66.95% PAR+ 32.46% Fo90 (ER2 = 0.16) 

B.Predicted trace element content of parent. 

From DR8 From l0-03c 

Zr 34.l 33.0 

Nb 2.99 2.60 

y 18.4 16.80 

Rb 1. 90 

Ba 27.3 17.5 

Sr 78.6 71.8 

Sc 42.2 42.0 

Ga 12.3 13.1 

Ni 396 

v 205 199 

Zn 61 55 

Cu 113 130 

Average 

33.5 

2.8 

17.6 

1. 9 

22.4 

75.2 

42.1 

12.7 

396 

202 

58 

122 
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olivine (two iterations were required) and then a simple mass balance 

calculation was performed to determine the concentration in the parent. 

Ni was predicted by first calculating an applicable o=f for the given 

MgO content of the parent. This was calculated using an equation from 

Smith et al. (in press), i.e. 

= 111.33 
- 1. 71 MgO 

This equation has been suggested (Smith et al., in press) to be more 

applicable than the relationship of Hart and Davis (1978) at high MgO 

contents. N" The c_alculated D0 ~ (7.33) was then divided into the highest 

NiO content (0.37%) observed in an olivine in 10-03C, on the assumption 

that the olivine with highest NiO content would reflect the liquidus 

composition. An inherent assumption in this procedure is that the 

olivines are products of Rayleigh crystallisation rather than equilibrium 

crystallisation. Considering the relatively unzoned nature of the 

olivines, this assumption might not be strictly valid, but is regarded 

as sufficing as a first approximation. 

The possibility that this hypothetical compos.ition might represent 

the 'parental' magma from which either the olivine basalts or plagioclase-

pyroxene basalts evolved will now be considered. The variations in NiO 

with Fo content in. phenocryst olivines suggest that the picrites, and 

by inference the hypothetical parent, are related to the plagioclase-

pyroxene basalts. Although least squares modelling of the major elements 

supports such a model, the trace element abundances negate such a rela-

tionship. This is most strongly reflected in the different Zr/Nb ratios 

of the picrites (Zr/Nb = 10.5) ~nd plagioclase-pyroxene basalts 

(Zr/Nb= 6). To change the Zr/Nb ratio by this amount would require 
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over 98% clinopyroxene (DZr = 0.2, DNb = 0.03, Table A2-5) crystalli-
cpx cpx . 

sation, a clearly unrealistic requirement. A simple low pressure frac-

tional crystallisation relationship between the picrites and plagioclase-

pyroxene basalts is therefore ruled out. 

Though the picrites have, within experimental error, similar 

Zr/Nb ratios to the olivine basalts, major element modelling does not 

account for the compositional differences between these lavas. The 

significantly different NiO content in the phenocryst olivines similarly 

rules out a direct relationship via olivine accumulation. The different 

NiO content of the olivines with similar Mg/Fe ratios suggests that they 

derived from magma with inherently different Mg-Ni-Fe contents. A 

simple genetic relationship be}ween the picrites (and the hypothetical 

parent) and the olivine basaits via olivine fractionation and accumula-

tion, can therefore be ruled out. Partial melting, however, offers a 

mechanism in which major elements, and trace elements with high distri-

bution coefficients, are buffered relative to the more incompatible 

trace elements and so the possible effects of partial melting will now 

be considered. 

7.5 Partial Melting 

To evaluate the possibility that two lavas may be related by 

different degrees of partial melting of a similar source, rather than by 

fractional crystallisation, it is necessary to consider only compositions 

that could represent primary magmas, i.e. magmas unmodified in composi-

tion since derivation from their source. Since basaltic magmas are 

generally regarded as deriving from the upper mantle, of which olivine 

is thought to comprise a considerable proportion, any potential primary 

magma should have a composition that could have been in equilibrium 
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with residual mantle olivine. The Mg-number of a magma may therefore 

be regarded as a criterion for recognising potential primary magmas 

e.g. Green, 1971; Kesson, 1973). The characteristics of such primary 

magmas in terms of absolute concentrations, specifically with respect 

to MgO, is however much debated. For example, O'Hara (1968), O'Hara et 

al. (1975), Clarke (1970) favour generation of extremely magnesian 

liquids (20-25% MgO) by partial melting, which then evolve via olivine 

fractiona'tion to produce mid-ocean ridge basalt with characteristic 

8-10% MgO. From a study of ophiolites, Elthon (1979) has postulated 

that MORB is the product of olivine and gabbro· fractionation from a 

parental magma having approximately 18% MgO. Hart and Davis (1978) have 

argued from a consideration of Ni partitioning in olivine that primary 

magmas have between 11 and 13% MgO and not 20-25% MgO as suggested by 

others. Hanson and Langmuir (1978) have put forward the concept of 

modelling major elements - and specifically Mg and Fe - in terms of 

trace element equations for equilibrium partial melting. Assuming a 

pyrolite source, they conclude that primary magmas to ocean floor 

basalts must contain less than ± 15.5% MgO and ± 8.2% FeO. There appears 

therefore to be a general consensus that primary ocean floor basaltic 

magmas probably have greater than 11% MgO. Least differentiated basalts 

with 10.-11% MgO, however, may weil have experienced only limited olivine 

fractionation. 

The most Mg-rich olivine basalts, DR4-303 .and DRl-122, have 

approximately 10.5 and 10.4% MgO respectively. An analysis of another 

fragment of DR4-303 by Bougault and Hekinian (1974) gave 11.3% MgO, with 

similar concentrations of other elements. The average major element 

composition of these three analyses has been taken as representative of 
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a possible primary magma. This composition has 10.7% MgO and the 

average trace element content.has been taken as the average of DR4-303 

and DR1-122 (this study). This parental composition (P2) is presented 

together with the hypothetical parent (P1) calculated for the picrites 

in Table 3-30. A model will now be constructed which will attempt to 

show that these respective parental magmas may have been generated from 

a homogeneous source by different degrees of partial melting. It is 

unlikely that either parent can be regarded as a true primary magma, but 

it is suggested that they might have experienced as little as 3% olivine 

fractionation since equilibration with their source area. The model 

will be based on quantitative modelling of trace elements and selected 

major elements. A possible model for accounting for the different NiO 

content of the olivine observed in the picrites and olivine basalts will 

finally be proposed~ 

Any quantitative part;:ial melting model requires estimates of a 

number of parameters, most of which are still poorly known. Such para-

meters include initial (or residual) mantle mineralogy, proportions of 

phases entering the melt, the degree and type of melting, temperature 
I 

and pressure of melting, concentration of elements in the source region 

and applicable distribution coefficients. The approach that has been 

used is first to determine to what extent the two 'parental' magmas of 

interest, P1 and P2, truly represent primary magmas. This has been 

done following the approach of Hanson and Langmuir (1978) for modelling 

Fe-Mg relationships (see Chapter II, Section 3.2 for details), combined 

with modelling of Ni distributions. This is then followed by modelling 

selected trace elements by simple non-modal equilibrium melting (Shaw, 

1970). Though the more complex dynamic melting proposed by Langmuir et 
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Table 3-30: Compositions of postulated primary magmas. 
P1 ha~ been calculated from melt inclusion data 
and consideration of Fe-Mg distribution in 
picrites DR8 and 10-03c. P2 is the average 
composition of the most Mg-rich olivine basalts, 
DR4-303 and DRl-122. 

P1 P2 

Si02 48.81 50.48 

Ti02 0.63 0.87 

Al203 15.77 15.33 

FeO* 8.00 8.36 

MnO 0.15 0.15 

MgO 12.33 10. 72 

Cao 12.57 11.84 

Na20 1.54 1. 88 

K20 0.08 0.17 

P205 0.06 0.09 

Zr 33.5 49.2 

Nb 2.8 6.1 

y 17.3 19.0 

Rb 1. 9 3.4 

Ba 22.4 41.6 

Sr 74.8 114 

Co 53.1 

Cr 583 

Ni 396 270 

v 202 198 

Zn 58 69.0 

Cu 122 74.7 

Sc 41. 9 35.4 

Ga 12.7 15.2 
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al. (1977) is possibly more realistic, the simple equilibrium melting 

model satisfies most variations and due to the unconstrained nature of 

many of the parameters, it is felt that the more complex approach is 

not warranted at this stage. 

The modal mineralogy of the source area has been assumed to be 

similar to that predic-ted for the source of Mauna Loa, Hawaii (Leeman 

et al., 1977). The mineral proportions are: olivine 58; orthopyroxene 

22; clinopyroxene 14; garnet 6. These are assumed to enter the melt in 

the proportions 10 : 10 : 40 : 40 respectively (Leeman et al., 1977) 

until all garnet is exhausted and then in the proportions 20 : 20 : 60 

(Kushiro, 1968, 1969). The choice of garnet in preference to spinel (or 

plagioclase) as the aluminous phase is based on a number of criteria: 

(1) The geochemically 'enriched' nature of the lavas suggests deriva

tion from an undepleted source. In accord with generally accepted 

mantle models (e.g. Hanson, 1977; Sun and Hanson, 1975a), this is 

assumed to be below the depth of generation of depleted MORB (i.e. 

below + 68 km, Bottinga and Steinmetz, 1979) and possibly within 

the upper reaches of the garnet stability field. At the posi

tion of the M.A.R. the garnet peridotite-spinel peridotite phase 

transition is assumed to be at approximately 68 km depth (Bottinga 

and Steinmetz, 1979). 

(2) Langmuir et al. (1977) have postulated dynamic melting of a garnet-

'bearing source to account for the REE distributions in the FAMOUS 

lavas. 

(3) The model presented by Nisbet and Fo'wler (1978) for the FAMOUS 

region postulates initiation of melting at depth within a rising 

diapfr. The depth of initial melting might well be wl.thin the 
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garnet stability field (Nisbet and Fowler, 1978). 

The predicted compositions of P1 and P2 are, however, not affec

ted in the model by the presence of garnet as the aluminous phase as 

this phase is exhausted at the required degrees of melting. The exhaus-

tion of garnet prior to clinopyroxene is in accord with melting occur-

ring at low pressures within the garnet stability field (Yoder, 1976). 

Temperatures of last equilibration of the primary melt with the residual 

mantle have been assumed to be not significantly greater than the 

observed liquidus of the basalts (Yoder, 1976). Bender et al. (1978) 

have shown that the liquidus of one of the most primitive FAMOUS glasses 

is 1268°C and the calculated liquidus temperature for DR4-303 and 

DR1-122, on the basis of olivine Fe-Mg partitioning, is 1268°c (Table 

·3~10), and.on the basis of Mn partitioning is 1245-1274°c (Table ~-3). 

Consequently the temperature of last equilibration with residual mantle 

has been assumed to be approximately 1300°c. Hanson and Langmuir (1978) 

have shown that, given the temperature of melting, FeO and MgO of the 

source and degree of melting, it is possible to calculate the FeO and 

MgO contents of an equilibrium melt (see Chapter 11; Section 3.2). Ni 

abundances may similarly be predicted for such melts using the equili-

brium partial melting equation for non-modal melting (Shaw, 1970). 

was calculated using the equation of Smith et al. (in press) relating 

n:i to MgO content of the melt. Distribution coefficients for Ni in 

orthopyroxene, clinopyroxene and garnet were assumed constant 

(DNi = 3 DNi = 1.5 DNi = 0.1). A mantle composition similar to that 
opx ' cpx ' gt 

proposed by Sun and Nesbitt (1977) for Archean mantle has been adopted 

for the calculations (i.e. 37.6% MgO, 9.04% FeO). Fig. 3-20 shows a 

partial melting grid giving predicted Ni and FeO/MgO+FeO ratios in 

·' 
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primary magmas derived by various degrees of partial melting (from 12 

to 28%) at temperatures ranging from 1300 to 140o0 c. 

From Fig. 3-20 it can be seen that P2 (the most primitive olivine 

basalt) is unlikely to represent a primary magma but could be derived by 

+ 3.5% olivine fractionation from a primary melt formed by ± 17% melting 

(the choice of the value 17% is based on additional trace element con-

straints - see later) at 1300°c. The characteristics of this primary 

melt would be: ± 12.11% MgO, ± 8.38% FeO and 365 ppm Ni. The olivine 

fractionation paths were calculated following the method of Pearce 

(1978) using a program kindly provided by Dr. K.G. Cox, and a value for 

~e-+Mg = 0.30 for the partitioning of Fe and Mg between olivine and 

liquid (Roeder and Emslie, 1970). The upper fractionation path is based 

Ni on D01 calculated from the equation of Smith et al. (in press) and the 

lower using the equation of Hart and Davis (1978). P2 (the hypothetical 

parent composition giving rise to the picrites), however, could well 

represent a primary magma as it falls within the partial melting grid. 

Alternatively, it may have experienced as little as 1% olivine fractiona-

tion from a melt derived by 28% partial melting (value again based on 

trace element data - see later) at 132o0 c. The characteristics of this 

primary melt would be: ± 13.13% MgO, ± 8.25% FeO and± 419 ppm Ni. 

The results of these calculations, depicted graphically in Fig. 

3-20, reflect some important implications with respect to magma genera-

tion, some of which have been reported by Hanson and Langmuir (1978): 

(1) At a given temperature, increase in the degree of melting results 

in a relatively small increase in Ni and MgO and relatively large 

decrease in FeO. Resultant liquids would therefore show a range 

in Mg/Fe ratio (increasing Mg-number) with similar Ni contents. 
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(2) An in~rease in temperature of melting results in a relatively 

large increase in MgO and Ni and a relatively small increase in 

FeO for a given degree of melting.(e.g. at F = 0.16 at 13oo0 c 

MgO = 12.1%, FeO = 8.4%, Ni = 364 ppm and at 1400°c - MgO = 16.,9%, 

FeO = 11.3%, Ni= 561 ppm). Consequently melts produced at 

higher temperatures have a greater Mg-number for a given F. 

(3) The predicted concentration of Ni in the melt is very sensitive 

Ni 
to the choice of D01 and consequently, although the relative 

relationships in Fig. 3-20 would be unaffected, absolute values 

may vary significantly. 

(4) Hanson and Langmuir (1978) have in addition pointed out that the 

effect of increasing the pres·sure at which partial melting occurs 

would tend to result in progressively more MgO and FeO-rich 

liquids. 

An attempt has been made to show that of. the two postulated 

parental magmas, P1 and P2, only P1 possibly reflects the composition of 

a true primary magma. P2 may, however, have experienced as little as 

3.5% olivine fractionation since derivation from its source. All the 

trace elements considered in the partial melting study (Table 3-31) are 

basically incompatible with respect to olivine. Olivine fractionation 

would therefore result in only a small absolute enrichment in these 

elements and would have no effect on their mutual ratios. Since 3.5% 

fractional crystallisation is equivalent to about a 1% difference in 

degree of partial melting at the 17% melting level, which is well within 

the uncertainties of the data, both P1 and P2 have been regarded as 

representing primary magmas. 

Due to the 'enriched' nature of the FAMOUS lavas, i.e. their 



Table 3-31: Selected trace element distribution coefficients 
used in partial melting modelling (Table 3-32). 
Source of data are Tables A2-l, A2-5, A2-6, A2-7. 

Olivine Opx Cpx 

Zr 0.01 ·0.01 0.20 

Nb 0.01 0.01 0.03 

y 0.10 0.10 a.so 
Rb 0.01 0.01 0.011 

Ba 0.01 0.01 0.013 

Sr 0.01 0.01 0.10 

Sc 0.15 0.40 2.00 

Ga 0.01 0.01 0.40 

KzO 0.01 0.01 0.011 

Pz05 0.01 0.01 0.01 

Ti02 0.01 0.02 0.20 

Garnet 

1. 2 

.0.01 

3.00 

0.015 

0.023 

0.01 

10.0 

0.01 

0.015 

0.10 

0.20 
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trace element contents and incompatible element ratios are more akin to 

oceanic island basalts than to MORB, a relatively pristine mantle compo

sition is preferred to a more depleted one that might characterise the 

source of MORB. For the elements in question the best available esti

mate of such a composition appears to be that postulated by Sun and 

Nesbitt (1977) for Archean mantle. Selected values from the ranges given 

in their compilation have been used in the proposed model. The selected 

source concentration chosen for Nb (1.00 ppm) is somewhat higher than 

that proposed by Sun and Nesbitt (1977) (0.53-0.72 ppm) but is not 

unrealistic. Applicable distribution coefficients for the elements have 

been selected from Tables A2-1, A2-5, A2-6 and A2-7 and are presented in 

Table 3-31. With the exception of Sc, all the elements have bulk solid

melt distribution coefficients significantly less than 1 and so are not 

sensitive to small uncertainties in the selected values. 

Table 3-32 presents the proposed melting model whereby P2 can be 

generated by 17% equilibrium melting and P1 by 27% equilibrium melting 

of a homogeneous source, leaving residual olivine, orthopyroxene and 

clinopyroxene. Garnet is consumed after 15% melting. The initial trace 

element content of the source is given, together with observed and cal

culated values for the two proposed parental compositions. Residual 

mineralogy at the time of melt extraction is given for F = 0.17 and 

F = 0.27. As mentioned earlier, correction for 3.5% olivine fractiona

tion from P1 would require that the degree of melting giving rise to 

this composition would increase to 18%. It must be stressed that the 

values of F = 0.17 and F = 0.27 are values applicable for equilibrium 

melting. If a model based on continuous melting (Langmuir et al., 1977) 

is developed, significantly different F values can be obtained. For 

\ 
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example, for continuous melting, which proceeds to 12% before melt 

extraction, which then occurs in 4% increments, an equally acceptable 

solution for the derivation of P1 by 20% melting would be obtained. In 

either event, the excellent agreement between observed and calculated 

trace element concentrations for both parent compositions supports their 

derivation from a single homogeneous source by different degrees of 

partial melting. 

One, of possibly several, possible explanations for the signifi

cantly different NiO contents in the olivines crystallising from these 

two parent magmas is evident from Fig. 3-20. Increasing the degree of 

partial melting results".in an increase in Mg/Fe ratio of the liquid with 

little change in absolute Ni content. Olivines crystallising from these 

liquids, or their derivatives, would therefore reflect these primary 

differences in Mg-Fe-Ni of the parental magmas. Although not entirely 

satisfactory, this model requires that the apparent coherency of the NiO 

in the oliyines from the picrites with those of the plagioclase-pyroxene 

basalts and plagioclase-phyric basalts is fortuitous. The fact that the 

trends have maintained their uniqueness still requires the operation of 

distinct 'magma-chamber systems' for the generation of the picrites (by 

olivine accumulation) and the evolution of the olivine basalts. 

The relationship of the plagioclase-pyroxene basalts and plagio

clase-phyric basalts to the olivine basalts is not well determined as 

quantitative modelling is frustrated by the lack of a suitable plagio

clase-pyroxene basalt primary magma. Any suitable model would have to 

account for the different Zr/Nb ratios (Fig. 3-13) and different NiO 

contents in the olivines (Fig. 3-16). Trace element analyses of co

existing garnet and clinopyroxene for Zr (Shimizu and Allegre, 1978) 
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and Zr and Nb (this study, Chapter I~) suggest that garnet might prove 

a suitable phase for the fractionation of the Zr/Nb ratio. Assuming 

applicable distribution coefficients (Table 2-9), a source with initial 

Zr/Nb = 9.4 (similar to that of the postulated source for the olivine 

basalts), containing 8% residual garnet, could give rise to a melt, 

derived by 15% equilibrium partial melting, having a Zr/Nb ratio of 

approximately 6 (similar to that of the plagioclase-pyroxene basalts). 

Yoder (1976) has shown that at low pressures within the garnet stability 

field, garnet is exhausted before clinopyroxene during melting, while at 

higher pressures clinopyroxene is consumed first. Generation of a 

primary magma, which subsequently gave rise to the plagioclase-pyroxene 

basalts, at higher pressure from a source with similar composition and 

by similar or slightly lesser degrees of partial melting as that proposed 

for the olivine basalts, might result in residual garnet rather than 

clinopyroxene being present (Yoder, 1976). Equilibration against this 

residual garnet would be a possible mechanism for accounting for the 

lower Zr/Nb ratio of the plagioclase-pyroxene basalts. A greater con

tribution by clinopyroxene to the melt would similarly be qualitatively 

in accord with the relatively higher Cao content of the plagiocla.se

pyroxene basalts. The lower Zr/Nb ratio in the plagioclase-pyroxene 

basalts could alternatively be accounted for by postulating a lower 

degree of partial melting, leaving both clinopyroxene and garnet in the 

source. However, this would not account for the observed low NiO content 

in the olivines of the plagioclase-pyroxene basalts as lower degrees of 

partial melting would result in the production of a relatively more Fe

rich magma with similar Ni content. 

Taking into account the possible effect of 

pressure on ~'s for MgO and FeO, Hanson and Langmuir (1978, 
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Fig. 4) suggest that melts derived at higher pressure would have a 

higher Mg-number than those derived at lower pressure. It would seem 

' 
possible therefore that the variation in Mg{?:FeO-Ni of primary melts . v 
derived at higher pressure might 'be similar to variations due to highe.r 

degrees of partial melting at constant pressure. If this is correct, 

then it would be consistent with the olivines in derivative magmas having 

lower 'NiO content for a given ffu:rstefTte\content than those from magmas 
~I 

derived by melting at lower pressure. Such a model'is preferred to one 

in which dynamic melting is the sole cause of the fractionation of the 

Zr/Nb ratio as one would then expect a continuous range in Zr/Nb ratio 

rather than two distinct groups. In addition, the similar Sr isotope 

ratios of the olivine basalts (DR4), picrites (DR8) and plagioclase-

phyric basalt (DR3-1) suggest derivation from a homogeneous source area 

rather than from chemically distinct source areas. 

Summary 

Quantitative modelling of whole rock compositions from the FAMOUS 

area indicates that generation of all observed lava types is not possible 

from a single magma chamber. Evidence against such an hypothesis can be 

summarised as follows: 

(1) The NiO contents of liquidus olivf~and Cr-spinel from the various ...__,, 

lava types describe two distinct 'fractionation' paths indicating 

evolution from two distinctly different 'parental' magma composi-

tions. This distribution clearly distinguishes between the 

olivine basalts on the one hand and the plagioclase-pyroxene, 

plagioclase-phyric and picritic basalts on the other. 

(2) The distinct Zr/Nb ratios (which are not readily fractionated by 

low pressure fractionation processes) of the olivine basalts and 
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plagioclase-olivine basalt (Zr/Nb = ± 8.4), the plagioclase-

·pyroxene basalts (Zr/Nb = ± 6) and the picrites (Zr/Nb = ± 10), 

suggest derivation of these magma types from distinct 'parental' 

magmas. 

(3) Least square approximations indicate that low pressure fractional 

crystallisation within an open system magma chamber can account 

for intra-group compositional variations, but fails to account 

for inter-group variations. 

Zonation within a central magma chamber, as proposed by Hekinian 

et al. (1976), White and Bryan (1977) and Bryan et al. (1979), is 

unlikely to account for these differences. Consequently it is proposed 

that during the evolution of the FAMOUS region at least three distinct 

'parental' magmas have experienced low pressure, open system fractional 

crystallisation resulting in the overall compositional variation of the 

lava types. A simplified schematic representation of the proposed 

genetic relationships of the FAMOUS lavas is presented in Fig~ 3-21. 

Following this scheme, the plagioclase-phyric basalts are related to the 

plagioclase-pyroxene basalts by low pressure accumulation of dominantly 

plagioclase. These magmas are characterised by having a low Zr/Nb ratio 

and are derivatives of a primary magma which possibly formed by ± 10.-15% 

partial melting of a peridotitic source leaving residual garnet. On the 
~ 

basis of their lower Zr/Nb ratio and lower NiO content of the olivines 

and Cr-spinel, these magmas can be distinguished from the olivine 

basalts and picrites, which are postulated to derive from a chemically 

similar source, but at lower pressure. The compositional range of the 

olivine basalts is suggested to be a function of open system fractiona-

tion of plagioclase, clinopyroxene and olivine in a magma chamber which 
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is periodically refilled by new batches of 'primary' magma. These new 

magma batches are probably derived by successively greater degrees of 

partial melting~ Two of the most primitive olivine basalts from the 

present study could represent 'primary' magmas which have experienced 

as little as 3.5% olivine fractionation since derivation from their 

source area. The trace element composition of these samples is consis

tent with derivation from an 'Archean-type' mantle by ± 17% equilibrium 

partial melting. 

The study of melt inclusions in phenocryst phases in the picrite 

basalts enables the prediction of a hypothetical parent composition 

which could have given rise to the picrites by olivine accumulation. 

This magma is more primitive than the most MgO-rich olivine basalts 

sampled and could represent a true primary magma. The trace element 

composition of this primary magma is consistent with its derivation by 

+ 27% partial melting of a similar source to that of the olivine basalts. 

The distinct NiO contents of the olivine and Cr-spinel phenocrysts 

of these three 'types' of FAMOUS lavas, in conjunction with their dis

tinct Z~/Nb ratios, indicate that much of the magmatic activity in the 

FAMOUS region has been separated in time or space. 
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CHAPTER IV 

THE ISLAS ORCADAS AND CONRAD FRACTURE ZONES 

1. INTRODUCTION 

The Bouvet triple junction at 55°s, 1°w marks the site of the 

divergence of the South American, Anarctica and African plates and is 

situated just to the west of Bouvet Island (Fig. 4-1). To the west of 

the triple junction the America-Antarctica Ridge marks the boundary 

between the South American and Antarctica plates, and to the east is the 

Southwest Indian Ocean Ridge which separates the African and Antarctica 

plates. Sclater et al~ (1976, 1978), Bergh and Norton (1976) and Norton 

(1976) have conducted geophysical studies of the area and note that both 

ridges are slow spreading (<1 cm/yr half spreading rate) and are charac-

terised by long deep transform faults offsetting short ridge sections. 

During cruise 11/76 of the R.V. "Islas Orcadas", which took place 

in December 1976, the ridge system in the vicinity of the Bouvet triple 

junction was surveyed and dredging was carried out at three locations: 

at the Islas Orcadas fracture zone near 54°5
1
S and 6°4

1
E, at the ridge 

0 0 I 0 I 
crest at 11 E and at the Conrad fracture zone near 55 40 S and 3 51 W. 

Dredge locations are indicated in Fig. 4-2. Basaltic fragments from 

these dredges were made available to the University of Cape Town's 

Geochemistry Department by H.J.B. Dick (assistant chief scienti,st during 

the cruise) as part of a collaborative study of the South Atlantic ridge 

system involving the Woods Hole Oceanographic Institution, U.S.A., and 

the U.C.T. Geochemistry Department. A study of the mineralogy and geo-

chemistry of the basaltic fragments from this collection comprises the 
I 

dominant portion of this chapter. 



- I o3"'-

50°5 

Fig. 4-1: A sketch map of the plate boundar~es between the 
South American, African and Antarctic plates (after 
Sclater et al., 1978). The Bouvet triple junction 
and study area are shown by the open box. 

30°5 

50°5 
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2. GEOLOGICAL SETTING AND SAMPLE LOCATION 

Preliminary results relating to the tectonic structure and petro-

logy of the area of interest have been presented by Sclater et al. (1978). 

The survey of the Southwest Indian Ocean Ridge led to the discovery of 

an en echelon suite of four large fracture zones situated between Bouvet 

0 
Island and 14 E (Sclater et al., op. cit.). Fig. 4-2 shows the location 

of these fracture zones which have been named, from west to east, 

"Moshesh', "Islas Orcadas", "Shaka" and "Dingaan" (Sclater et al., 1978). 

The Islas Orcadas fracture zone, the second largest, is over 100 km lo~g 

and has a vertical relief of 3000 m. Three of the six successful dredge 

stations on the Islas Orcadas fracture zone, which recovered basaltic 

fragments, are depicted in Fig. 4-3B. Samples considered in this study 

are nine from Station 62/Dredge 13, and two from Station 63/Dredge 14 on 

the northwest wall, and three from Station 60/Dredge 11 on the southeast 

wall. Sample numbers have the prefix I062-, I063- and I060- respec-

tively. A single sample (I075-2) of aphyric basalt from Station 75/ 

Dredge 15 on the Southwest Indian Ocean Ridge crest at 11°E is also 

included in this study. 

The Conrad fracture zone cuts the American-Antarctica Ridge just 

to the west of the Bouvet triple junction. Two successful dredges were 

made on the northern wall of this fracture zone, the locations of which 

are.shown in Fig. 4-3A. Twenty samples recovered from Station 45/ 

Dredge 3 on the lower half of the northern wall, and 8 samples from 

Station 47/Dredge 4 towards the top of the northern wall, have been 

studied. Sample numbers have the prefix. 1045- and 1047- respectively. 

More detailed information regarding the positioning, depth and success 

of the various dredges is given in Sclater et al. (1978). 
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Fig. 4-3: A. The sites of two successful dredge 
stations on the Conrad fra_cture zone 
(from Sc later et al., 1978). 

B. The sites of three successful dredge 
stations on the Islas Orcadas fracture 
zone (from Sc later et ai .. , i97.8). ~·· 
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3. ISLAS ORCADAS FRACTURE ZONE 

3.1 Petrography and Mineralogy 

' 3.1.1 

The basaltic fragments recovered from the Islas Orcadas fracture 

zone (IOFZ) have been investigated optically, and phenocryst and micro

phenocryst phases from the majority of the samples have been analysed 

by electron microprobe. In selected cases secondary minerals have been 

analysed. Individual analyses are presented in microfiche tables (see 

appendix for list of tables) and only selected analyses are included in 

the text. Mineral phases in samples 1063-3, 1062-49 and 1062-1A have 

not been analysed. 

Station 60/Dredge 11: 

Only three samples were recovered from Dredge 11. Two of these 

(I060-1 and I060-3) are plagioclase phyric with subordi~ate olivine and 

clinopyroxene, while the third (1060-2) is highly olivine phyric. Indi

vidual mineral analyses for these samples are given in microfiche Tables 

F4-1 to F4-3. 

In basalt I060-2 olivine occurs as fractured euhedral to sub~ 

hedral phenocrysts ( L0-1. 5 mm) and microphenocrysts (Plate 4-1A). The 

phenocrysts show negligible zoning and range in composition from Fo
85 

to Fo80, and microphenocrysts have an average composition of Fo 76 

(Table 4-1). The calculated ~ for the partitioning of Fe and Mg between 

olivine and liquid, using the most Mg-rich olivine in I060-2 and the 

whole rock Fe/Mg ratio, gives a value of 0.33 (assuming an Fe203/Fe0 

ratio for the whole rock of 0.15). This compares favourably with an 

equilibrium value of 0.30 ± 0.03 (Roeder and Emslie, 1970), indicating 

that the olivine phenocrysts could have crystallised from a liquid with 

a composition similar to that of the whole rock, and that the abundant 
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olivine phenocrysts do not necessarily imply phenocryst enrichment. 

Plagioclase occurs mainly as microphenocrysts in an intersertal texture 

set in a hyalocrystalline matrix (Plate 4-1A). Representative analyses 

are presented in Table 4-1 and depicted in Fig. 4-4. Equant Cr-spine! 

microphenocrysts occur poikilitically enclosed within olivine phenocrysts 

(Plate 4-1B), .and have a chemistry typical of spinels found in alkali 

basalt. Representative analyses are given in Table 4-1 and depicted 

graphically in Fig. 4-5. Relative to the compositional range of spinels 

from the M.A.R. (Sigurdsson and Schilling, 1976; Sigurdsson, 1977), these 

spinels are significantly enriched in FeO, calsulated Fe2o3 and Ti02 

and have unusually low cr2o3 contents. High Fe2o3 and Ti02 contents in 

Cr-spinels are typical of alkali basalts (Gunn et al., 1970; Wass, 1973), 

though they have been reported in tholeiitic basalts with 'alkaline' 

affinities (Sigurdsson and Schilling, 1976) and in a tholeiite from Snake 

River Plain (Thompson, 1973). Evans and Wright (1972) have reported Cr

spinels from Kilauea lavas with comparable Ti02 (2.2-3.2%) and Fe2o3 

(10.4-11.2%), though they are richer in cr2o3 (38-44%) and poorer in 

A1 203 (12.9-13.5%). Arculus (1974) has reported a nearly complete series 

from chromite to titanomagnetite from island arc basalts. That complete 

solid solution does exist between Cr-spinel and titaniferous magnetite 

has been demonstrated experimentally at basaltic temperatures and at 

oxygen fugacities above 10-8 atm. (Hill and Roeder, 1974). At lower fo2, 

clinopyroxene crystallisation may interrupt that of chromite due to a 

reaction involving chromite, silicate liquid and clinopyroxene (Irvine, 

1967). The occurrence of titaniferous, Fe203-rich Cr-spinels coexisting 

with olivine (Fo80 ) in 1060-2 suggest relatively high oxygen fugacitie~ 

during the crystallisation of this basalt. 



A: 
B: 

C: 

Dredge-1i Basalts 

Dredge-13 & 14 
T Pl-01- Pyx Bas. 

• Porph. Pl-Pyx Bas. 

Dredge -13 

Non porph. Bas. 

An An An 

c 

phenocrysts 

microphenocrysts 

Fig: 4-4: Variation in end-member compositions of 
plagioclase phenocrysts and microphenocrysts 
from Islas Orcadas fracture zone basalts. 
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Fig. 4-5: Analysis of 1060-2 spinels plotted on two faces 
of the spinel compositional prism (Irvine, 196\:Y· 
The compositional fields of alpine peridotite 
spinels, lherzolite spinels, MAR spinels and 
high-Al spinels are taken from Sigurdsson and 
Schilling (1976). Fields designated 1, 11 and 
111 correspond to high-Al spinels, MAR spinels 
and titaniferous magnesiochromites respectively 
(Sigurdsson and Schilling, 1976). 
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' Sample 1060-1 is characterised by extremely abundant 'sieve 

textured' plagioclase phenocrysts and glomerocrysts (1-2 mm) with central 

'cores' charged with trapped ~elt inclusions (Plate 4-1C). Some plagio

clase phenocrysts show complex oscillatory zoning and range in composi

tion from An72 to An48 (Table 4-2, Fig. 4-4). Olivine occurs as rela

tively sparse subhedral phenocrysts (1-2 mm) and microphenocrysts and 

ranges .in composition from Fo81 to Fo 74 (Table 4-2). Assuming a whole 

rock Fe203 /Fe0 ratio of 0.15, the calculated~ for the distribution of 

Fe and Mg between the most Mg-rich olivine and whole rock is 0.29. Com

parison to an equilibrium value of 0.30 + 0.03 (Roeder and Emslie, 1970) 

indicates that the olivines are in equilibrium with the host rock. The' 

relatively low Cao content of the olivines (0.16 wt.%) distinguishes 

these olivines from those found in the other Dredges 11 and 13 basalts 

(.e.g. Tables 4-1, 4-3 and 4-4). Brownish-green clinopyroxene occurs as 

discrete phenocrysts (0.5-1.0 mm) and in aggregates with plagioclase and 

are relatively restricted in composition, Wo 43En45Fs12 to Wo 47 En40Fs13 

(Table 4-2). The unusual occurrence of titanomagnetite microphenocrysts 

(0.1-0.2 mm) poikilitically enclosed within olivine (Plate 4-1D), clino

pyroxene and occasionally plagioclase, as well as in the matrix, is a 

feature of this rock. Representative titanomagnetite analyses are pre

sented in Table 4-2, and inspection of the compositions indicates subtle 

differences which can be related to the mode of occurrence. Those 

occurring within olivine are poorer in Ti02 (10.7-11.2%) and FeO (33.8-

34.7%) and richer in Cr2o3 (0.80-1.6%), Al 203 (5.3-6.3%), Fe2o3 (41.3-

42.1%) and MgO (4.7-5.3%). than those occurring within clinopyroxene 

(TiOz - 15.3%, FeO - 39.1%, Cr2o3 - 0.79%, Al 203 - 2.8%, Fe2o3 - 36.6% 

and MgO - 3.9%). Both varieties are distinguishable from those occurring 
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in the matrix which are richer in Ti02 (17.0-17.6%) and ferrous iron 

(.4,1:.5-41.7%) and poor in Al2o3 (2.3-2.4%), Fe
2
o

3 
(33.0-33.8%), cr

2
o

3 

(0.7%) and MgO (3.5-3.6%). The Cr2o3 content of the titanomagnetite 

included within olivine is significantly higher than that cormnonly found 

in 'late stage' titanomagnetite crystallising from ocean floor basalts 

·.(e.g. Conrad fracture zone, this study). The occurrence of 'early' 

titanomagnetite in sample 1060-1 is suggestive of relatively high fo2 

conditions during the crystallisation of this basalt. 

1060-3 is a holocrystalline basalt (hypabyssal?) comprising large 

(1-5 rmn) plagioclase phenocrysts set in a fairly even grained (0.2-0.5 rmn) 

~atiix of orientated plagioclase laths with dispersed olivine and· clino-

pyroxene and Fe-Ti oxides (Plate 4-1E). Plagioclase phenocrysts range 

in composition from An85 to An61 , with microphenocrysts being signifi

cantly more sodic, An35 (Table 4-3, Fig. 4-4). Olivine occurs only as 

microphenocrysts and is significantly more Fe-rich than that in the 

other Dredge 11 basalts, ranging in composition from Fo64 to Fo37 (Table 

4-3). Clinopyroxene microphenocrysts have a restricted compositional 

range and a representative composition is given in Table 4-3. Both 

ilmenite and titanomagnetite occur as microphenocrysts in the groundmass 

and representative analyses are presented in Table 4~3. The presence of 

coexisting ilmenite and titanomagnetite allows the use of the experimen-

tal T-fo2-X relations (Buddington and Lindsley, 1964) to determine the 

temperature and oxygen fugacity of last equilibration of the oxide phases 

in 1060-3. Using the curves of Buddington and Lindsley (1964), an fo 2 of 

-11 0 10 atm. at 1000 C is indicated. The lack of exsolution and restricted 

compositional range of the Fe-~i oxides suggest that this might represent 

crystallisation conditions rather than post extrusion alteration. 
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-1o~b-

P L A T E ·4-1 

A: Photomicrograph of dredge-11 basalt 1060-2 showing numerous 
olivine phenocrysts and plagioclase microphenocrysts. 

B: Fractured olivine phenocryst in 1060-2 containing a small 
Cr-spinel inclusion. 

, C: Photomicrograph of plagioclase phyric dredge-11 basalt 1060-1. 
Note the abundant trapped melt inclusions in the plagioclase 
phenocrysts. Crossed polars. 

D: Fractured, anhedral olivine phenocryst in 1060-1, containing 
titanomagnetite inclusions. 

E: Photomicrograph of dredge-11 basalt 1060-3 showing the porphyritic 
texture of large plagioclase phenocrysts set in a matrix of 
orientated plagioclase laths. Crossed polars. 

F: Photomicrograph showing the plagioclase phyric nature of dredge-13 
basalt 1062-42A. Crossed polars. 

G: Subhedral olivine phenocryst in subophitic relationship with 
plagioclase in 1062-42A. Crossed polars. 

H: Photomicrograph of 1062-42A showing subophitic relationship of 
plagioclase and clinopyroxene. Crossed polars. 
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Stations 62/63, Dredges 13/14 

Since both these Dredges are closely situated on the north

western wall and since only two basaltic fragments from Dredge 14 have 

been studied, the samples have been combined for descriptive purposes. 

Of the 12 samples studied from these Dredges, two are highly plagioclase 

phyric with subordinate olivine and clinopyroxene and the remainder are 

characterised by the presence of only plagioclase and clinopyroxene 

phenocrysts. 

(a) Olivine-plagioclase-pyroxene basalts: 

Samples I062-42A (Plate 4-lF) and 1062-49 have a porphyritic 

texture, with large plagioclase phenocrysts and glomerocrysts (1-4 mm) 

set in a microcrystalline matrix of plagioclase laths and pyroxene 

sheaves in an arborescent texture. Fe-Ti oxides occur as minute grains 

and dendrites filling the interstices in the groundmass. Plagioclase 

phenocrysts are characterised by containing abundant trapped 'melt' 

inclusions and have core compositions ranging from An89 to An73 • Zoning 

is extensive and ranges to compositions similar to that of the ground

mass plagioclase, An62 • Representative analyses are presented in Table 

4-4 and are depicted graphically in Fig. 4-4. Olivine phenocrysts 

(0.5-2.0 mm) show minor zoning and range in composition from Fo87 to 

Fo83 (Table 4-4). Some of the larger olivine phenocrysts partially or 

totally enclose plagioclase phenocrysts (Plate 4-lG). Assuming a whole 

rock Fe203 /Fe0 ratio of 0.15, the calculated olivine-host rock~ for 

the most Mg-rich olivines is 0.20. This is signif,icantly less than the 

equilibrium range (Roeder and Emslie, 1970) and indi'cates that the 

olivines are too Mg-rich to have crystallised from a liquid with a com

position equal to that of the host rock. The low ~ suggests therefore 
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that 1062-42A has experienced olivine enrichment, but the small propor

tion of olivine present (<2 vol. %) is unlikely to have significantly 

affected the whole rock Fe/Mg ratio. Clinopyroxene occurs as large clear 

phenocrysts, connnonly in ophitic relationships with plagioclase (Plate 

4-1H). Phenocryst compositions range from Wo44En
49

Fs
7 

to Wo
41

En
47

Fs
12

, 

with microphenocrysts being slightly more iron-rich and Ca-poor 

(Wo36En51Fs13; Table 4-4, Fig. 4-6). Individual mineral analyses are 

~eported in microfiche Table F4-4. 

(b) Plagioclase-pyroxene basalts: 

The dominant variety of basalt recovered from the lOFZ is satu

rated in plagioclase and clinopyroxene. Two petrographically distingui

shable varieties occur: one with a porphyritic texture (1062-51, 1063-2 

and 1063-3), and the other with an even grained, non-porphyritic texture 

(1062-5, 1062-12, 1062-15, 1062-30, 1062-31, 1062-42B and 1062-lA). 

The porphyritic variety has large plagioclase (2-4 nnn) and clino

pyroxene (1-3 nnn) phenocrysts set in a medium grained matrix of inter

sertal plagioclase and clinopyroxene (Plate 4-2A). Titanomagnetite , 

occurs in the interstices in the matrix. The plagioclase phenocrysts 

have a uniform composition, An88-An90 (Table 4-5) and are typically 

surrounded by a thin rim of more albitic plagioclase, An60 (Plate 4-2B, 

Table 4-5). Plagioclase microphenocrysts have a composition of An41 -An34 

(Table 4-5). Compositional variation is depicted in Fig. 4-4B and 

individual analyses are presented in microfiche Tables F4-5 and F4-6. 

Some zoned clinopyroxene phenocrysts occur in subophitic relationship 

with plagioclase and have a range in composition from Wo 43 En50Fs7 to 

Wo36En43Fs22 (Table 4-5). Microphenocrysts are somewhat more Fe-rich 

(Table 4-5). Clinopyroxene compositional variation is presented in 
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Fig. 4-6B, and individual analyses are presented in microfiche Tables 

F4-5 and F4-6. Sample 1063-2 shows evidence of extensive alteration 

with the majority of plagioclase, including that ophitically enclosed 

within pyroxene (Plates 4-2C and 4-2D), being replaced by K-feldspar 

(Table 4-5). Fodor et al. (1978) and Mathews (1971) have reported simi

lar occurrences of K-feldspar in ocean floor basalts from the Rio Grande 

Rise and the Swallow Bank (an abyssal hill in the NE Atlantic) respec

tively. K-feldspar replacement of plagioclase is also extremely common 

in many of the samples from the Conrad fracture zone (see Section 4.1). 

Additional K-feldspar analyses are presented in microfiche Table F4-6. 

The even grained non-porphyritic variety comprises small (0.5-

1.0 mm) zoned plagioclase phenocrysts (An83 -An61 ) .in subophitic rela

tionships with zoned clinopyroxene (Plate 4-2E). Rare large plagioclase 

phenocrysts occur in some samples (1062-31, I062-42B). Plagioclase and 

clinopyroxene commonly occur in 'rosette'-type aggregates (Plate 4-2F) 

of elongate plagioclase laths intergrown with smaller anhedral clino

pyroxene grains. Clinopyroxene phenocrysts range in composition from 

Wo43En49Fs8 to Wo 41En3]Fs22 (Fig. 4-6C) with compositional zoning of up 

to 4 mole % ferrosilite. Microphenocryst compositions are typically 

Wo38En44Fs19 to Wo40En37Fs23 • Plagioclase phenocrysts range in compo

sition from An85 to An53 (Fig. 4-4C), with microphenocrysts being 

s~ightly less calcic, An52-An46 • Representative mineral analyses are 

presented in Table 4-6 and individual analyses in microfiche Tables 

F4-7 to F4-11. The matrix comprises sheaves of plagioclase and clino

pyroxene in an arborescent texture with abundant dendritic titanomagne

tite. Segregation vesicles (Smith, 1967) are common and are typically 

filled with Fe-rich magmatic residue (Plate 4-2G). 

' -, 
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In primitive basalts (i.e. Mg-number >0.68), spinel compositions 

are potentially informative with respect to the earliest stages of mag

matic crystallisation (e.g. Sigurdsson and Schilling, 1976; this work, 

Chapter III), while clinopyroxene is potentially useful with respect to 

the middle and late stages of crystallisation (La Bas, 1962; Nisbet and 

Pearce, 1977; Schweitzer et al., 1978, 1979; Coish and Taylor, 1979). 

Pyroxenes are especially useful for indicating the alkaline or ·tholei~ 

itic affinities of a magma from which they crystallised (Schweitzer et 

al., 1978, 1979; La Bas, 1962; Nisbet and Pearce, 1977). Schweitzer et 

al., (op. cit.) have noted, for example, that alkalic pyroxenes are 

depleted in cr2o3 and enriched in Ti02 and Na2o relative to tholeiitic 

pyroxenes. Pyroxenes from the IOFZ show a wide range in composition but 

have a tendency to be slightly more alkaline in nature (i.e. have higher 

Ti02 and Na2o contents) than those from typical abyssal tholeiites or 

those from the Conrad fracture zone. The slight enrichment in Na rela-

tive to 1 tholeiitic' pyroxenes is shown in Fig. 4-7A, where most IOFZ 

pyroxenes fall within the 'alkali' pyroxene field. The divisions in 

Fig. 4-7A have been estimated by the writer from the distribution given 

by Schweitzer et al. (1979). 

The close correlation between Na, Ti and AlIV in the IOFZ 

pyroxenes is shown in Fig. 4-8. The correlation coefficients for the 

trends shown in Fig. 4-8 range from 0.806 (Na vs Ti) to 0.947 (AlIV vs 

Ti), indicating the close association of these elements in the pyroxene 

structure. The well known positive correlation between Ti and Al 

(Kushiro et al., 1970; La Bas, 1962; Ross et ~i., 1970; Schweitzer et 

al., 1978, 1979) is clearly shown by the IOFZ pyroxenes and relates to 

the substitution of AlIV for Si in the tetrahedral site coupled with the 
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P L A T E 4-2 

A: Photomicrograph of porphyritic dredge-13 basalt !062-51 showing 
large plagioclase phenocrysts set in a crystalline matrix. 
Crossed polars. 

B: Plagioclase glomerocryst in !062-51 containing melt inclusions 
and surrounded by 'a distinct rim with a more albitic composition. 
Crossed polars. 

C: Clinopyroxene phenocryst in dredge-14 basalt !063-2, subophitically 
enclosing plagioclase laths which have been totally replaced by 
K-feldspar. 

D: Large plagioclase phenocryst in 1063-2 which ~as been totally 
~eplaced by K-feldspar and albite. 

E: Pqotomi~rograpr of nop-porphyritic plagioclase-pyroxene basalt 
1062-12. 

F: !~osette' of intergrown plagioclase laths and anhedral clino
pyroxene in !062-12. 

G: Par~ially filled segregation vesicle in 1062-15. 
Note the tangentially arranged plagioclase microlites. 
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substitution of Ti for Mg in the octahedral Ml site (Schweitzer et al., 

1978, 1979). · IV Substitutional couples involving Na-Ti and Na-Al (either 

directly or indirectly) are also indicated in the IOFZ pyroxenes (Fig. 

4-8). Ti, Na and AlIV also show extremely good negative correlations 

with Mg in the IOFZ pyroxenes (Fig. 4-9), with correlation coefficients 

of -0.937, -0.853 and -0.872 respectively. Schweitzer et al. (1979) 

have noted that common substitutions in ocean floor pyroxenes are: Al 

for Si in the tetrahedral site coupled with Ti or Fe3+ for Mg or Fe2+ 

respectively in the octahedral Ml site. The preference of Ti and appa

rently Na for the Mg-site rather than the Fe2+-site is indicated by the 

significantly better correlation coefficients between Ti, Na and Mg 
I 

(-0.937 and -0.853 respectively), than those between Ti, Na and Fe 

(0.843 and 0.689 respectively). The good correlation ~etween AlIV and 

Mg (Fig. 4-9) is regarded as indirectly reflecting the correlation 

IV between Al and Ti. The lesser degree of correlation of Ti and Na with 

Fe is possibly partly due to the fact that total Fe was plotted rather 

than Fe2+. The occurrence of significant Fe3+ in the IOFZ pyroxenes. is 

indicated by a plot of charge deficiencies (AlIV + Na) versus charge1 

excess (Al VI+ 2Ti +Cr) (Fig. 4-7B). The fact that the majority of. 

3+ IOFZ pyroxenes fall to the left of the 'charge balance' line (Fe =.O) 

indicates that a significant portion of the Fe is present as Fe3+ 

(Schweitzer et al., 1979). The inherent errors in the estimation of the 

amount of Fe3+ in pyroxenes (e.g. Papike et al., 1974) makes it difficult 

2+ 
to assess the correlation of Ti and Na with Fe more rigorously. 

La Bas (1962) suggested that the substitution of Al and Ti into 

the pyroxene structure may be used to characterise volcanic rocks. Fig. 

4-10 shows a plot of Al1V ( x 50) vs Ti02, and Si02 vs Al 203 with the 



·08 

·06 

..... 
·04 

·04 

·03 

0 
z 

·02 

·01 

·3 

> 
--·2 
<( 

·1 

• 

·70 ·75 

............. . ........... • 
............ 

y = -0·068X+0·083 

r=-0·853 

c rFe= o ·689) 

·70 ·75 

.............. ............ 

• 

·70 ·75 

--11zb-

y = -0·210X + 0·217 

r = -0.937 

c rFe == 0·843) . ........... .. 
• . ........... . . .. ..... • 

0 g. ............. ..... . ........... . . . ...... • a• eo• f# 

• 

·80 ·85 
Mg 

• 

·90 

·~ . 
c.~: 

·95 

ff) 0 

............. . . ......... . .: 
•o'••• • • 

• • 

• 

·80 

• • 
• 

• • 
............. • 0 

............... " .. 
• 

Mg 

•• 0 ............ 
• • • 0 

0 ........... ............ c. 
• .'-D . ........ 

·85 ·90 ·95 

y = -0·518X+ 0·580 

r=-0·872 

crFe= 0·742) 

............... • • ........... a:. •• , ........... 
• • • ': , ..... ' o • ·~o • • • • ~-\ :f:>.o 

0 -...... 

·80 ·85 ·90 ·95 
Mg 

Fig. 4-9: Correlation of Ti, Na and Al
1

V with Mg in IOFZ 
pyroxenes. Correlation coefficients for the 
variation with Fe are given for comparison. 
Symbois and units as in Fig. 4-8. 



- 114 -

non-alkaline, alkaline and peralkaline fields as defined by La Bas 

(1962). The IOFZ pyroxenes straddle the alkaline/non-alkaline dividing 

line, again indicating their slightly a·lkaline nature relative to 

typical ocean floor tholeiites. Pyroxenes from the Conrad fracture zone 

are restricted to the non-alkaline field, while the pyroxenes from 

Bouvet !~land hawaiites tend to be more alkaline (Fig. 4-10) and are 

relatively enriched in Ti02 and depleted in Si02 for a given Al content. 

In this regard it should be noted that Coish and Taylor (1979) have 

stressed the effect of cooling rate on pyroxene composition and note that 

Ti and Al contents of pyroxenes increase with increased cooling rate. In 

an attempt to overcome this problem, only cores of phenocrysts have been 

plotted in Fig. 4-10. If all pyroxene compositions are plotted, the 

data points extend significantly further into the alkaline field. 

Bryan (1974) has investigated the Fe-Mg relationships in plagio

clase from ocean floor basalts. From considerations of the stoichio-

metry of the plagioclase samples that he studied, Bryan concluded that 

· the substitution of divalent Fe and Mg is best described by a formula 

unit of the type Ca(Mg, Fe) Si308, i.e. Mg and Fe substitute for Al in 

the plagioclase structure. Similar conclusions have been reached by 

Neibuhr et al. (1973), Crawford (1973) and Wenke and Wilde (1973). The 

substitution of Fe and Mg is reportedly favoured by decreasing tempera

tures (Bryan, 1974). 

The variation in Fe and Mg (calculated on the basis of 8 oxygens) 

with An content in plagioclase from the IOFZ is shown in Fig. 4-11. 

Though there is considerable scatter in the data, there is a definite 

trend of increasing Fe and decreasing Mg (and consequently increasing 

Fe/Mg ratio) with decreasing An content-. The Fe/Mg ratio in plagioclase 
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is generally regarded. as reflecting the Fe/Mg ratio of the magma at the 

time of crystallisation, an interpretation consistent with the observed 

increasing ratio with increasing albite content in the IOFZ plagioclase 

(Fig. 4-11) •. In addition it is interesting to note that zoned plagio-

clase shows a far greater variation in Fe than in Mg. To investigate 

the site occupancy of Fe an.d Mg in the IOFZ plagioc'lase, the approach 

used by Bryan (1974) has been adopted and is outlined below. 

A variety of substitutions can balance charges in the plagioclase 

structure. For the albite end-member the common substi-tution is of t.he 

type R+R3+Si
308 (or R2+R2+si

3
08) and in the anorthite end-member charges 

are balanced by a substitution of the type R2+CR3+)
2
si

2
0

8
• 

If all Ca is combined as formula units of the anorthite type, the 
") 

following two expressions will be fulfilled: 

Ca = Al - 1.0 and Ca = -1.0Si + 3.0. 

Substitution of Fe and/or Mg can theoretically occur for either Ca, in 

an anorthite-type molecule, resulting in the following relations: 

Ca-+Mg+Fe =Al - 1.0 and Ca+Mg+Fe = -1.0Si + 3.0 

or for Al, in an albite-type molecule, where: 
./ 

Ca = (Al+2Fe+2Mg) - 1 and Ca = 
./ 

-1.0(Si-Fe-Mg) + 3.0. 

(Though only one divalent ion is required to balance Ca in an albite-

type substitution, the amounts of Fe and Mg must be doubled to satisfy 

the expected relation for pure anorthite-albite mixtures.) 

Utilising the above relations, Bryan (1974) found that a plot of 

Ca vs Al showed an excess of Ca over Al, which increased in the less 

calcic feldspars. An excess of Ca over Si was also indicated. From 

co~siderations of various possible substitutions, Bryan (1974) concluded 

that the data were best satisfied by the substitution of Fe and Mg for 
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Al in an albite-type formula unit, i.e. according to the relations: 

Ca = (Al+2Mg+2Fe) - 1.0 and Ca= -1.0(Si-Fe-Mg) + 3.0. 

Manipulation of the IOFZ plagioclase data in a similar fashion 

reveals additional possible Fe, Mg substitutions. Figs. 4-12A and 4-12B 

show the variation of Ca with Al and Si respectively in IOFZ plagioclase. 

Analagous to the findings of Bryan (1974) Ca shows a slight excess over 

Al (specifically at low Ca contents), but contrary to Bryan's findings, 

Si is slightly deficient relative to Ca (Fig. 4-12B). Assumption that 

all Fe (as divalent Fe) and Mg substitutes for Al in an albite-type A 

formula unit, as suggested by Bryan (1974), results in an even greater 

discrepancy between the calculated regression lines and the expected 

relations (Figs. 4-12C and 4-12D). If all Fe is regarded as being tri-

valent, the discrepancy is slightly reduced, but is still significant. 

Of the various other possible substitutions, that which was found to 

satisfy the data best was the substitution of Mg for Ca in an anorthite

type formula unit, coupled with the substitution of Fe for Al in an" 

albite-type formula unit. In Figs. 4-12E and 4-12F it is assumed that 

all Fe is divalent and substitutes for Al, with Mg substituting for Ca. 

The calculated regression equations are very close to the ideal relation 

and are as follows: 

Ca +Mg = 1.002(Al+2Fe) - 1.018 

and Ca +Mg = -1.02(Si-Fe) + 3.028. 

An even closer agreement is obtained between the calculated regression 

equations and the expected trends if some Fe is assumed to substitute 

directly for Al as trivalent Fe. Figs. 4-12G and 4-12H show the close 

relation between the expected trends and the calculated regression lines 

assuming that half the Fe is present as Fe3+; the regression equations 
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Fig. 4-12: Substitutional relationships of Fe and Mg in 
IOFZ plagioclase. Units are cations per 8 
oxygens. Solid lines represent the predicted 
relations for pure albite-anorthite mixtures; 
dashed lines represent linear regression lines 
for data set. The slopes, intercepts and cor
relation coefficients are given for the 
regression lines. See text for further 
discussion. 
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are: 

Ca +Mg = 0.989(Al+1.5Fe) - 0.986 

and Ca +Mg = -1.005(Si-0.5Fe) + 3.003. 

The above clearly indicates that, at least in some instances, Fe 

and Mg substitute in different sites in the plagioclase structure. Due 

to the different crystallo-chemical effects of the tetrahedral (Al) 

site and 8-fold co-ordinated Ca site, the Fe/Mg ratio of plagioclase i~s 

therefore unlikely to reflect directly the Fe/Mg ratio of the magma from 

which it crystallised. 

3.1. 3 Alteration: 

The detailed mineralogy of the alteration products of the IOFZ 

basalts has not been considered to fall within the scope of this stud~ 

however, a brief description of the degree of alteration is of relevance. 

Most samples from the IOFZ show varying degrees of alteration, ranging 

from the minor development of chlorite through to the extensive replace-

ment of matrix and phenocryst phases by secondary hydrous minerals and 

K- and Na-feldspar. 
I 

The development of hydrous minerals in the Dredge 13 non-porphy'-

ritic plagioclase-pyroxene basalts and the plagioclase-phyric olivine 

basalts is restricted to the matrix with the plagioclase and clinopyro-

xene phenocrysts and microphenocrysts being generally free of alteration. 

Olivine phenocrysts in I062-42A and 1062-49 are, however, characteristi-

' I cally surrounded by a brown alteration rim (bowlingite/iddingsite?). 

The Dredge 13 and 14 porphyritic plagioclase-pyroxene basalts are more 

extensively altered as indicated by the widespread development of 

chlorite, actinolite and other secondary hydrous minerals in the matrix 

and by the common replacement of plagioclase phenocrysts by chlorite 
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(1062-51, 1063-2) and/or K- and Na-feldspar (1063-2). 

The basalts from Dredge 11 on the southeast wall tend to be less 

altered than those recovered in Dredges 13 and 14 from the northwest 

wall, with alteration being restricted to the minor development of 

hydrous minerals in the matrix. 

3.2 Whole Rock Chemistry 

Major and fourteen trace element analyses, CIPW norms and selec-

ted element ratios for fifteen IOFZ samples and a single sample from the 

Southwest Indian Ocean Ridge crest at 11°E (1075-2) are presented in 

Table 4-7. CIPW norms were calculated after normalising the data to 

100%, volatile-free, and assuming an Fe203/Fe0 ratio of 0.15. 

Most of the samples show varying degrees of alteration when 

examined in thin section. This is also evident in the significant 

. + 
values measured for LOI (or H2o ) in most samples (Table 4-7). A number 

of recent studies (e.g. Hart et al., 1974; Andrews, 1977; Baragar et al., 

1977; Humphris and yhompson, 1978a,b; Mottl and Holland, 1978) have been 

concerned with the chemical changes that take place during low tempera-

ture alteration of sea floor basalts. Major element variations commonly 

ascribed to sea floor weathering are: depletion in 

and Na2o, and increase in MgO, Fe2o3, total Fe, K20 

Sio2, Cao, 

+ and H20 • 

Al203 

Ti02 and 

P205 are regarded as being immobile (Pearce and Cann, 1973; Hart et al., 

1974). Of the analysed trace elements, Rb, Sr, Ba, Cu, Ni and Co show 

varying degrees of mobility during weathering, while Zr, Nb, Y, Ga, Gr, 

V and Zn are relatively unaffected by alteration processes (Pearce and 

Cann, 1973; Frey et al., 1974; Hart et al., 1974; Humphris and Thompson, 

1978b). In the light of the relatively high volatile content (1.9-3.5%) 

of most of the IOFZ rocks, the following discussion below will emphasise 

the less mobile major and trace elements. · 
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Major Elements: 

All but one sample (1060-2) from the IOFZ are hypersthene norma

tive basalts, indicating their tholeiitic affinities. All but four 

basalts (1063-2, I062-42B, I062-1A and 1063-3) are olivine normative, 

and of the four quartz normative samples, only 1063-3 has significant 

normative quartz (8.9%, Table 4-7). Although sample 1060-2 is nepheline 

normative (0.75% Ne) and can therefore be strictly classified as an 

alkali basalt (Yoder and Tilley, 1962), it is preferred not to distin

guish this basalt specifically from the other IOFZ basalts which have a 

transitional to mildly alkaline chemistry. The single sample from the 

ridge crest at 11°E is olivine normative with very minor (0.94%) norma

tive hypersthene. In terms of total normative pyroxene, plagioclase 

and olivine (Fig. 4-13), the majority of the IOFZ samples from Dredges 

13 and 14 from the northwest wall (i.e. the plagioclase-pyroxene 

basalts and the two plagioclase-phyric olivine basalts I062-42A and 

1062-49) lie slightly to the plagioclase side of the inferred olivine

plagioclase cotectic of Shido et al. (1971). In contrast, the samples 

from Dredge 11 on the southeast wall show extreme scatter (Fig. 4-13). 

Basalt 1060-2 is displaced, relative to the others, towards the olivine 

apex, in accord with its more primitive chemical composition, while the 

plagioclase-phyric olivine basalts 1060-1 and 1060-3 are displaced 

towards the plagioclase apex. The aphyric 11°E sample is similarly 

displaced towards plagioclase and away from the pyroxene field. Rela

tive to the field of FAMOUS glasses (Bryan et al., 1976), the IOFZ 

basalts are displaced towards the plagioclase field, and the plagioclase

pyroxene basalts and Dredge 13 olivine basalts extend the range of off

ridge extrusives and intrusives (from Bryan et al.; 1976) to olivine

poorer compositions (Fig. 4-13). 
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The variation in total alkalis with respect to Si0
2 

content is 

illustrated in Fig. 4-14. The Dredge 13 basalts are enriched in total 

alkalis relative to the Conrad fracture zone basalts (Section 4.2) and 

typical MORB (Dickey et al.~ 1977), and fall close to the field of 

Bouvet Island hawaiites (Verwoerd et al., 1974; this study, Chapter V). 

The displacement of plagioclase-pyroxene basalt I063-2 into the alkali 

field is due to the abundant secondary K-feldspar in this sample. 

Sample I063-3 from Dredge 14 has an unusually high Si0
2 

content 

(56 wt.%, volatile-free) and extremely low MgO content (3.0 wt.%, 

Table 4-7), and in this respect differs from all other IOFZ basalts. 

The distinctive compositions of the Dredge 11 basalts 

are clearly evident in Fig. 4-14. The 

sample lies on the Irvine and Baragar (1971) alkali basalt-tholeiite 

dividing line, and since the rock is relatively fresh, its alkali con-

tent is regarded as a true reflection of its primary composition. 

The compositional variation in terms of an AFM diagram is shown 

in Fig. 4-15,. together with designated fields for Atlantic fracture 

zone basalts, Atlantic rift valley volcanics and aseismic ridges 

(Hekinian and Thompson, 1976). The more iron-rich basalts from both 

walls of the fracture zone extend the total field of fracture zone 

basalts to more Mg-depleted compositions. Basalt I060-2 has the least 

evolved composition (in terms of the MgO/FeO* ratio) of the IOFZ basalts. 

The relative enrichment in alkalis in the highly altered I063-2 is 

evident: the apparent enrichment in alkalis in 1060-1 is attributed to 

the highly plagioclase phyric nature of this sample. 
0 ! 

The 11 E sample 

is poorer in MgO and richer in alkalis than typical Atlantic rift 

valley volcanics (Fig. 4-15). 
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In accord with previous studies on fracture zone basalts (e.g. 

Shibata and Fox, 1975; Hekinian and Thompson, 1976; Shibata et al., 

197~~>the lOFZ basalts have an evolved major element chemistry relative 

to abyssal tholeiites. The most 'primitive' basalt recovered is the 

alkali basalt (1060-2) from Dredge 11 on the southeast wall, which has 

a Mg-number of 0.65, with an absolute MgO content of 9.8% (Table 4-7). 

All other samples are significantly more evolved, with Mg-numbers 

ranging down to 0.42 (Table 4-7) and with MgO contents of 7.0 to 2.9%. 

The most primitive basalts from Dredge 13 are the two olivine basalts 

and the porphyritic plagioclase-pyroxene basalt 1062-51 (Mg-numbers = 

0.58-0.60). Since all are highly plagioclase phyric, their absolute 

MgO contents have been diluted. 

The evolved nature of the tholeiitic basalts is clearly illus

trated by the high degree of enrichment attained by the incompatible 

major elements. Ti02 concentrations range from 0.9 to 3.2% and P2o5 

from 0.08 to 0.46%. K20 contents are likewise high for abyssal 

tholeiites, but since K20 is highly mobile and in view of the secondary 

alkali feldspar present in 1063-2, little significance is attached to 

the observed variation. The FeO* and Ti02-rich nature of the IOFZ 

basalts is illustrated in Fig. 4-16 in a plot of Ti02 versus FeO*/MgO. 

The non-porphyritic plagioclase-pyroxene basalts from Dredge 13 all plot 

within the field of ferrotholeiites from the Ninetyeast Ridge (Frey et 

al., 1976). They do not however attain the extreme FeO*-, Ti02-rich 

compositions of some of the Conrad fracture zone basalts (see Section 

4.2). The olivine tholeiites and porphyritic plagioclase-pyroxene 

basalts have compositions similar to the more evolved FAMOUS glasses 

(Bryan et al., 1976). Basalt 1063-3 is significantly depleted in Ti02 
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for its FeO*/MgO ratio. The Dredge 11 basalts show a range in composi-

tion in terms of Ti02 and FeO*/MgO, with 1060-3 being highly enriched 

in Tio2 and basalt 1060-2 relatively depleted in FeO* (Fig. 4-16). 

0 
The 11 E basalt is also relatively FeO*- and Ti0

2
rich and falls within 

the field of the Ninetyeast Ridge f errotholeiites. 

The variation of some major elements with M.I. (mafic index = 

FeO+Fe203 /FeO+Fe2o3+MgO) is shown in Fig. 4-17. Significant scatter is 

observed for the oxides Cao, Al 203, Na2o and K20 with no systematic 

trends being defined. However, Ti02 and P2o5 in Dredge 13 basalts do 

show a uniform enrichment with increasing M.I. The high P
2
o

5 
content of 

olivine basalt 1062-42A is anomalous, especially in light of the fact 

that it has a nearly identical composition with respect to all other 

elements (majors and traces) to olivine basalt 1062-49. Porphyritic 

plagioclase-pyroxene basalt 1063-2 (Dredge 14) falls within the trends 

defined by the Dredge 13 basalts, but Si02-rich basalt 1063-3 is signi-

f icantly displaced. The Dredge 11 basalts are similarly displaced 

from these trends. 

Since the mutual ratios of incompatible elements are -largely 

unaffected by fractionation processes (e.g. Gast, 1968; Erlank and 

Kahle, 1976), the covariance of such elements is useful in the investi-

gation of the genetic relationships within a suite of samples. With 

respect to the observed phenocryst mineral assemblages in the lOFZ 

basalts, P205 and to a lesser extent Ti02 are two such major elements. 

These two elements are plotted versus Zr (also an irrunobile incompatible 

element) in Fig. 4-18, where most samples define excellent correlations. 

In the plot of Ti02 versus Zr, only basalt 1060-1 is signifi

cantly displaced from the main trend, having a relatively low Ti02 
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content. The average Ti/Zr ratio of the IOFZ basalts (excluding I060-1) 

is 82.6 ± 3, which is significantly lower than typical MORB (Ti/Zr = 100-

110; Pearce and Cann, 1973; Sun et al., 1979) but very similar to the 

Conrad fracture zone basalts and dolerites (Ti/Zr= 87.5). The Dredge 

13 and 14 basalts similarly define a good correlation between P
2
o

5 
and 

Zr (Fig. 4-18), with an average P/Zr ratio of 7.9 + 6. This ratio is 

somewhat higher than both MORB (P/Zr = 6.55; Sun and Nesbitt, 1977) and 

the Conrad fracture zone basalts and dolerites (P/Zr = 6.97) and more 

like that observed in Archean basalts (P/Zr = 7.2; Nesbitt and Sun, 

1976). Although Dredge 11 basalt I060-3 has a similar 

P/Zr ratio to the Dredge 13 and 14 basalts, basalts 1060-1 and 

1060-2 are clearly distinguished by their P/Zr ratios (Fig. 

4-18). The very distinct P/Zr ratios of these latter two samples, both 

with' respect to one another and to the main trend, clearly indicate that 

either P and Zr are not behaving as true incompatible elements, or that 

distinct source regions are involved in the production of the IOFZ 

basalts. 0 It is interesting to note that the 11 E sample plots very 

close to the Ti02-Zr and P205-zr trends (Fig. 4-18) defined by Dredge 

13 and 14 basalts, suggesting derivation from a source with similar 

ratios of these three elements. 

In sunnnary, the suite of samples from the IOFZ are dominantly 

tholeiitic basalts, though a single nepheline normative basalt was 

recovered. The basalts have a more evolved composition than normal MORB 

and tend towards a transitional or mildly alkaline chemical composition. 

The interelement variation of immobile elements suggests derivation of 

the Dredge 13 and 14 basalts from a relatively homogeneous source which 

is apparently distinct from that giving rise to the Dredge 11 basalts. 



3 

2 

1 

0.4 

0.3 

V') 

ON 
a: 0.2 

0.1 

/ 

Fig. 

/ 
/ 

}' 

100 

.-ll°'!>OI...' 

0 

Zr 

!::.. 

.,../. 
/• 

® 

200 

1062-42A 
• ® / 

/ 0 .. 
/•• 

./ 
/ 

o• 0 
/ 

/ 

100 200 

Zr 

300 

v 
/ 

/ 

300 

4-18: Variation of Ti02 and P205 with respect to Zr 
in IOFZ basalts. The single 11°E basalt is 
plotted for comparison. Symbols as in Fig. 

4-13. 



3.2.2 

- 124 -

The large range in absolute concentrations of incompatible elements and 

the evolved compositions of the basalts suggest that fractional crystal

lisation has played a significant role in the evolution of these basalts. 

No potential primary abyssal basalts have been recovered from the IOFZ. 

Trace Elements: 

In accord with their relatively evolved, somewhat transitional 

major element compositions, the IOFZ basalts are characterised by high 

concentrations of incompatible trace elements and low concentrations of 

the compatible ferromagnesian trace elements. To illustrate the trace 

element variations, selected elements are plotted against Zr (as a 

measure of differentiation) in Figs. 4-19 and 4-20• Zr has been used 

as a measure of differentiation in preference to M.I. to avoid the 

effect of alteration on the FeO*/MgO ratio (Humphris and Thompson, 

1978a). 

The mobile incompatible elements Rb and Ba are present in high 

concentrations (6-75 ppm and 10-373 ppm respectively) and define a broad 

increase (with much scatter) with increasing Zr (Fig. 4-19). Sr concen

trations are more restricted (180-250 ppm) in the Dredge 13 and 14 

basalts and, with the exception of highly altered 1063-2, can be readily 

distinguished from the Sr-rich (457-630 ppm) Dredge 11 basalts (Fig. 

4-19, Table 4-7)~ bredge 13 and 14 basalts are also clearly disting

uished from the Dredge 11 basalts by their higher Sc content (Fig. 4-19, 

Table 4-7). 

Relatively inunobile, Sc, Ga, V and Zn all show systematic 

increases with differentiation in the Dredge 13 and 14 basalts, while 

Ni, Cr and Cu define somewhat more scattered trends, decreasing with 

increasing differentiation. Ga increases from 16 to 21 ppm, V from 240 
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to 360 ppm, and Zn from 55 to 140 ppm, as Zr increases from 115 to 190 

ppm with differentiation in the Dredge 13 and 14 basalts. The Si0
2

-

rich 1063-3 is distinguished from the other basalts by having a rela

tively high Sc (41 ppm) and Zn (90 ppm) content for its low Zr content 

(42 ppm). Ni and Cr abundances are lo~ with all tholeiitic basalts 

having less than 80 ppm Ni and most having less than 80 ppm Cr. The 

olivine basalts from Dredge 13 are characterised by high Cr contents -

in qualitative accord with the abundance of clinopyroxene phenocrysts. 

The unusual composition of Si02-rich 1063-3 is also illustrated by the 

low Ni (14 ppm) and Cr (35 ppm) contents, in relation to its low Zr 

content (42 ppm), relative to the other IOFZ basalts. Olivine-rich basalt 

1060-2 has the highest Ni content (211 .ppm) which, in conjunction with 

its high Mg-number, illustrates its primitive composition. With respect 

to the trace elements depicted in Fig. 4-19, the sample from 11°E is 

compositionally similar to the non-porphyritic plagioclase-pyroxene 

basalts from Dredge 13 on the northwestern wall of the IOFZ. 

In contrast to the more mobile incompatible elements, Zr, Nb and 

Y show an excellent degree of co·rrelation in the Dredge 13 and 14 

basalts (Fig. 4-20). The plot of Nb versus Zr clearly distinguishes the 

Dredge 11 olivine-rich and plagioclase-rich basalts from the 

remaining basalts which describe a well ·defined trend. This trend cuts 

the Zr axis some distance from the origin, indicating that Zr is signi-

ficantly less incompatible than Nb. Nb concentrations range from 12 to 

24 ppm in the Dredge 13 and 14 basalts with a corresponding change in 

Zr from 115 to 192 ppm. The Dredge 11 olivine basalt 1060-3 is the 

sample most enriched in Nb and plots close. to the main trend in Fig. 4-20. 

Relative to this trend, the olivine-phyric basalt 1060-2 is enriched in 
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Nb for its Zr content, while 1060-1 is depleted in Nb for its Zr 

content. 0 
The 11 E sample is characterised by its similar Nb content 

and lower Y content than the Dredge 14 plagiocla·se-pyroxene basalts. 

The Y-Zr variation similarly serves to distinguish between the Dredge 

13 and 14 b~salts, the Dredge 11 olivine- and plagioclase-rich basalts 

(Fig. 4-20). Plagioclase-phyric olivine basalt I062-42A is anomalous 

in its high Y content and, taken together with pr.eviously noted high 

P205 content, it seems possible that this sample may have experienced 

contamination from a superficial marine phosphorous-rich deposit. Si02-

rich 1063-3 is similarly displaced from the main trend defined by the 

Dredge 13 and 14 samples. 

Several incompatible element ratios have been shown to be diag-

nostic of source region characteristics. Such ratios (e.g. K/Rb, K/Ba, 

Zr/Nb, Y/Nb, Zr/Y, Sm/La, La/Ta) can serve as a measure of the degree 

of depletion of the source region (Gast, 1968; Hart, 1971; Pearce and 

Cann, 1973, Erlank and Kable, 1976; Bougault et al., 1979). From this 

group of ratios the first two are susceptible to alteration and conse-

quently have little value for the fairly altered IOFZ basalts. The 

Dredge 13 and 14 basafrs have an average Zr/Nb= 8.4 ±.6, which is sig-

nificantly lower than typical MORB (Zr/Nb = 37; Erlank and Kable, 1976) 

and the Conrad fracture zone basalts (Zr/Nb = 21), but identical to the 

olivine basalts from the FAMOUS region (Zr/Nb = 8.4, this study) and 

similar to that commonly associated with tholeiitic basalts from oceanic 

islands (ave. Zr/Nb = 6.6; Erlank and Kahle, 1976). Bouvet Island 

hawaiites have, for example, an average Zr/Nb ratio of 6.6 (this work), 

similar to that characteristic of an undepleted or incompatible element 

enriched source (e.g. Erlank and Kahle, 1976). Two of the Dredge 11 
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basalts have similar though slightly lower Zr/Nb ratios (I060-2 _ 

Zr/Nb - 6.3; I060-3 - Zr/Nb= 7.3) to the Dredge 13 and 14 basalts, 

while the third (I060-1) has a significantly higher ratio (Zr/Nb= 22.7). 

The Dredge 11 basalts (excluding I060-1) can also be distinguished by 

their higher Zr/Y ratio (7.5) and lower Y/Nb (0.95) relative to the 

Dredge 13 and 14 basalts (Zr/Y = 4.2 ± 0.4; Y/'Nb = 1.98 ± 0.2). The 

low Y/Nb ratio of these basalts illustrates the transitional to mil~ly 

alkaline nature of these IOFZ basalts (e.g Pearce and Cann, 1973). The 

sample from 11°E is similarly characterised by having 

and Y/Nb (1.45) ratios. 

low Zr/Nb (7.95) 

A single Dredge 13 basalt, I062-30, has been analysed for the REE 

at the Australian National University, Canberra, by A.R. Duncan, and the 

data are given in Table 4-8. In contrast to the typical LREE-depleted 

patterns of MORB (e.g. Bryan et al., 1976) and in accord with the low 

Zr/Nb ratios characterizing ~he IOFZ basalts, I062-30 has a strongly 

LREE-enriched pattern (Fig. 4-21). Such a highly fractionated REE 

pattern (La/Yb = 3.39) probably requires the primary magma, which gave 

rise to the evolved I062-30, to have been in equilibrium with residual 

garnet during partial melting. 

In summary, the trace element variations in the IOFZ basalts dis

tinguish these basalts from normal depleted MORB. The basalts are 

characterised by high absolute concentrations of the incompatible 

elements, attesting to their evolved compositions. Diagnostic incompa

tible element ratios (e.g. Zr/Nb, Y/Nb, La/Yb) suggest that these lavas 

have slightly transitional to mildly alkaline compositions and that they 

derived from a relatively undepleted (or possibly enriched) mantle. 

Certain trace elements (e.g. Sr, Sc, Nb, Y) serve to distinguish the 
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Table 4-8. Rare earth element concentrations and chondritic 
normalised values for lOFZ basalt 1060-30. 
Concentrations were normalised using the values 
for Leedy chondrite divided by 1.2 (Sun& Hanson, 1976). 

1062-30 -------
~ chondritic --------

La 20.0 63.49 

Ce 44.0 54.12 

Pr 5.2 44.83 

Nd 24.0 40.20 

Sm 6.2 32.29 

Eu 1. 91 26.53 

Gd 6.10 23.55 

Tb 1.13 23.06 

Dy 7.50 23.08 

Ho 1. 70 23.29 

Er 4.60 21.60 

Tm 0.59 19.67 

Yb 3.90 18.75 

t CH La/Sm 1. 966 

CH La/Yb 3.386 

Eu/Eu* 0.962 

t CH chondritic = 
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Dredge 13 and 14 basalts from the Dredge 11 basalts. Possible genetic 

relationships among the IOFZ basalts will be considered in the follow

ing section. 

Petro genesis 

Fractional Crystallisation: 

Qualitatively, the trend depicted in Figs. 4-18 and 4-20 suggest 

a consanguinous relationship for many of the IOFZ basalts. However, 

consideration of the variation of a few critical elements and element 

ratios indicates that some samples are clearly distinctive and must be 

derived from compositionally distinct source regions. Possible genetic 

relationships among various samples via fractional crystallisation of 

observed phenocryst phases have been quantitatively evaluated utilising 

the least squares approximation technique of Bryan et al. (1969). As 

before, whole rock compositions and average mineral compositions have 

been normalised to 100% volatile-free and all iron expressed as FeO. 

P205 and K20 have been excluded from the mixing calculations due to the 

low concentrations of the former and the high mobility during alteration 

of the latter. P205 has been treated as a trace element and used as an 

independent check on the calculated major element models. Due to the 

already noted distinct differences in composition between the Dredge 11 

and the Dredge 13 and 14 basalts, the two groups will at first be consi

dered separately. 

(1) Dredge 13 and 14 Basalts: 

With the exception of the Si02-rich Dredge 14 basalt, 1063-3, 

the Dredge 13 and 14 basalts display systematic trends in terms of the 

innnobile incompatible trace elements (e.g. Fig. 4-20). In order to 

evaluate the extent to which the observed compositional variation can 



/ 

- 129 -

be attributed to fractional crystallisation, the seven evolved Dredge 

13 basalts have been grouped and an average composition (referred to as 

ferrobasalt) has been used for the purposes of modelling. The least 

evolved plagioclase-phyric olivine-bearing basalts, I062-42A and 

1062-49, have similarly been averaged. In terms of absolute incompa

tible element contents, the Dredge 13 and 14 basalts can then be 

ordered in the following differentiation scheme (average Zr contents 

are given in brackets): 

1063-3 - I062-42A/I062-49 -

(42) (116) 

1062-51 

(121) 

- I063-2 - Ferrobasalt 

(141) (183) 

Since none of the above basalts can be regarded as representing 

'primary' magmas, in view of their low Mg-numbers and low Ni and Cr con

tents (Table 4-7), the choice of a suitable parental composition is 

somewhat arbitrary and all possible parent-daughter pairs have been con

sidered. Although I063-3 has the lowest incompatible element content 

(Table 4-7), its very high Si02 content, low MgO and low ferromagnesian 

trace element contents are in conflict with this sample being represen

tative of a possible parental magma. In fact, the above-mentioned 

compositional characteristics preclude any simple fractional crystalli

sation relationship relating this basalt to any of the other IOFZ 

basalts and, considering the numerous glacial erratics recovered during 

dredging (Sclater et al., 1978), the possibility exists that this rock 

may be an erratic. 

A summary of least squares approximations relating various 

Dredge 13 and 14 parent-daughter pairs is given in Table 4-9. Inspec

tion of Table 4-9 shows that it is not possible to relate all the major 

element compositional variations to low pressure fractionation of a 
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single 'parental' magma. Considering only the sum of squares of resi-

duals of the models presented in Table 4-9, it is evident that only 

four models, No's 1, 1b, 5 and 6, are at all acceptable. Although the 

sum of squares of residuals for model-6.is somewhat high, the model is 

regarded as acceptable in light of the highly altered state of 1063-2 
I 

(see Section 3.1). 

The derivation of the ferrobasalt from I062-42A/I062-49 by the 

fractionation of 23.0% plagioclase, 15.5% clinopyroxene and 1.0% olivine 

is shown in more detail in Table 4-10 as an example. The major element 

fit is generally good and the proportions of fractionating minerals are 

realistic in terms of observed modal proportions in the rocks, but two 

points requi~ed elaboration. Firstly, the 'parental' composition in any 

modelling calculation should ideally represent a 'liquid' composition. 

The plagioclase phyric nature of I062-42A and 1062-49 and the already 

noted minor olivine accumulation suggests that this composition might 

not represent a true 'liquid'. However, since the major element model-

ling is linear, accumulation effects in the 'parent' will be trans-

parent providing the introduced phases are derived from.the same magma 

system. In essence, the model indicates that I062-42A/I062-49 was 

derived by partial cumulus enrichment from a 'parental liquid' which in 

turn fractionated to give the evolved ferrobasalts. The second point 

is that the required pyroxene composition is somewhat more Fe-rich than 

is de,sirable when compared to observed phenocryst compositions. Use of 

a slightly more Fe-rich olivine (e.g. Fo 77 ) results in a slightly more 

realistic pyroxene composition (Wo39En47Fs14r since it is intermediate 

between that observed in the parent (Wo39 En50Fs11 ) and that observed. in 

the daughter (Wo 41En43Fs16). The olivine composition is, however, then 
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significantly more Fe-rich than that observed in the parent (Fo
83

-Fo
86

). 

The results of the respective mixing calculations are virtually identi~ 

cal (table 4-9, models 1 and lb). In a similar study on the formation 

of ferro-basalt a~ East Pacific mid-ocean spreading centres, Clague and 

Bunch (1976) were forced to postulate the fractionation of an Fe-rich 

pyroxene (Wo36En43Fs21 ) to satisfy their mixing calculations. These 

authors suggested that minor pyrrhotite fractionation might serve to 

account for the Fe discrepancy. 

To illustrate the consistency of the model presented in Table 4-10, 

the results have been used to calculate a predicted trace element con-

tent of the IOFZ ferrobasalt. The trace elements have been modelled 

assuming Rayleigh fractionation (Equation 1, Chapter II) and using 

distribution coefficients selected from Tables A2-1, A2-2 and A2-5 in 

the appendix and given in Table 4-11. Predicted and observed trace 

element concentrations in the IOFZ ferrobasalt (Table 4-11) generally 

show excellent agreement and attest to the consistency of the model. 

Only the relatively immobile trace elements have been modelled due to 

the already noted alteration of many of the .IOFZ basalts. Any cumula-

tion effects in I062-42A/I062-49 will affect the predicted concentra-

tions of the more compatible ,trace elements, Sr, Ni and Sc, due to the 

difference between exponential (fractional crystallisation) and linear 

(cumulation) variations. The small differences that might be produced 

are, however, within the known uncertainty in the values of these com-

patible trace element distribution coefficients. 

It is not possible to relate the IOFZ ferrobasalt to the plagio-

clase-phyric I062-51 via fractionation of the observed phenocryst 

phases (Table 4-9). However, if orthopyroxene fractionation is invoked 
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Table 4-11: Calculated and observed trace element concentrations 
in the IOFZ ferrobasalts using the results from the 
~ajor element model presented in Table 4-11. 
Distribution coefficients have been selected from 

Distribution 

Zr 

Nb 

y 

Sr 

Sc 

Ga 

Ni 

v 

P205 

* 

the compilation in Tables A2-l, A2-2 and A2-S in the 
appendix. 

coefficients 

PLAG CPX OLIV 

.01 .24 .01 

.01 .OS .01 

.18 .so .12 

2.0 .12 .01 

.01 2.2 .01 

1.0 .40 .01 

.01 s.o 21* 

.01 1.0 .01 

.01 .01 .01 

calc. from the equation of Hart and Davis (1978). 

Trace element model 

I062-42A/I062-49 Ferrobasalt 

OBS. CALC. OBS. 

Zr 116 183 183 

Nb 13 21 23 

y 30 43 42 

Sr 23S 211 224 

Sc 34 36 37 

Ga 17 19 20 

Ni 72 34 30 

v 247 33S 337 

P205 0.20% 0.33% 0.33% 
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' 

in addition to plagioclase and clinopyroxene, then it is possible to 

derive the ferrobasalts from 1062-51 (Table 4-9, model 5), at least in 

terms of the major elements. Orthopyroxene fractionation in ocean floor 

basalts is not totally unrealistic as Bender et al. (1978) have, for 

example, identified orthopyroxene as a coliquidus phase in a FAMOUS 

basalt in certain of their run products at 15 kb. In a study of the 

fractionation of Leg 37 basalts, Flower et al. (1977) found it necessary 

to postulate substantial orthopyroxene fractionation to satisfy major 

element variations in certain magma groups. Although no orthopyroxene 

gabbro has been dredged from the IOFZ, a hypersthene gabbro has been 

dredged from the Conrad fracture zone (see Section 4.1) consistent with 

the possibility of orthopyroxene fractionation in some ocean floor 

basalts. 

The remaining sample in the Dredge 13 and 14 fractionation trend, 

1063-2, can be related to 1062-51 by the fractionation of 14.4% plagio

clase and 8.0% clinopyroxene. Although the sum.of squares of residuals 

is somewhat high (0.32, Table 4~9), the sample is high~y altered (see 

Section 3.1) and the major element match is regarded as being within 

the uncertainty of the true composition. Most of the mismatch is in 

MgO (-0.40) and Na2o (-0.29), elements which are both mobile during sea 

floor alteration (e.g. Humphris and Thompson, 1978a), while Ti02, which 

is relatively immobile (e.g. Pearce and Cann, 1973), is almost perfectly 

matched. 

The consisteniy of the above models has been independently tested 

by using the results to calculate the predicted immobile trace element 

contents of the daughter magmas, i.e. 1063-2 and the ferrobasalt. · The 

predicted and observed trace element compositions are compare in Table 
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4-12 where it can be seen that a generally excellent agreement is 

obtained. There is a slight discrepancy in Zr in both models, with the 

predicted Zr being .somewhat high, while the predicted Nb and Sc contents 

of the ferrobasalt are slightly low and high respectively. With the 

exception of these two discrepancies, the trace element calculations 

support the major element mixes. It would appear therefore that ortho-

pyroxene fractionation may well be a feasible mechanism in controlling 

the composition of certain ocean floor basalts. 

Attempts at relating the plagioclase-phyric olivine basalt 

I062-42A/I062-49 to either I062-51 or I063-2 have proved unsuccessful 

(e.g. Table 4-9), even if orthopyroxene fractionation is invoked. 

In summary then, the compositional variations of all but one 
I 

(I063-3) of the Dredge 13 and 14 basalts can be described by fractional 

crystallisation of observed phenocryst phases. One proposed model 

requires substantial orthopyroxene fractionation. The amount of frac-

tionation required to account for the range in compositions varies from 

23% to 40% and the fractionating phases comprise dominantly plagioclase 

and clinopyroxene. As noted by Clague and Bunch (1976), the importance 

of these two phases in controlling the evolution of ocean floor basalt 

to ferrobasalt is clearly illustrated. 

(2) Dredge 11 Basalts: 

Of the three Dredge 11 basalts, I060-1 can be readily distinguished 

by its significantly higher Si02 content and specifically by its very 

much higher Zr/Nb ratio (Table 4-7). Since it is extremely difficult to 

fractionate this immobile incompatible element ratio by fractional crys-

tallisation, it is unlikely that this sample is genetically related to 

any of the other IOFZ basalts. Although ilmenite and/or titanomagnetite 
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Table 4-12: Calculated and observed trace element compositions 
of 1063-2 and IOFZ ferrobasalt using the results 
of models 5 and 6 in Table 4-9. Distribution 
coefficients have been selected from Tables A2-2, 
A2-5 and A2-6 in the appendix. 

Distribution coefficients 

PLAG CPX OPX -- - --
Zr .01 .35 .10 

Nb .01 .05 .01 
y .18 .5 .12 

Sc .01 2.2 1.4 

Ga l.O .4 .01 

Ni .01 2.5 5.0 

v .01 l.O 1.0 

P20s .01 .01 .01 

Trace element check 

PARENT· -·· 1062-51 

PARENT 1063-<2 FERROBASALT 

OBS. OBS. CALC. OBS. CALC. 

Zr 121 141 151 183 191 

Nb 12.4 17 15 23 20 

y 28 33 34 42 42 

Sc 35 36 37 37 42 

Ga 17 20 18 20 21 

Ni 45 46 46 30 28 

v 242 278 285 337 323 

P205 .21% .26% .27% .33% .34% 
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fractionation is theoretically capable of increasing the Zr/Nb ratio 

. Nb Nb ' 
due to the high D. 1 and D (Tables A2-8 and A2-9), over 40% titano-

1 m mgt 

magnetite fractionation (DNb = 2.16, DZr = 0.24) or 12-30% ilmenite 
mgt mgt 

fractionation (D~bl = 7-22, D~rl = 0.19-1.38) ·would be required to change 
1 m 1 m 

the Zr/Nb ratio by the required amount. This is clearly unrealistic, and 

consequently it is concluded that 1060-1 is genetically unrelated to the 

IOFZ basalts and must be derived from a separate source area and may rep-

resent an erratic. 

A least squares approximation relating the Dredge 11 basalt 

1060-2 to basalt 1060-3 is presented in Table,4-13. The results indi-

cate that although the parent magma is slightly nepheline normative, 

fractional crystallisation of 14.2% plagioclase (An68 ), 14.1% olivine 

(Fo81 ), 4.2% clinopyroxene (Wo39En47Fs14) and minor titanomagnetite 

(0.6%) can give rise to a hypersthene normatiye magma similar to 1060-3. 

With the possible exception of Ti02, the low sum of squares of residuals 

attests to the consistency of the mixing calculation. If this mix is 

then used to calculate a predicted trace element content of 1060-3, the 

concentrations of the majority of trace elements are adequately 

accounted for (Table 4-14). Closer inspection of the results presented 

in Table 4-14, however, indicates some subtle differences between the 

observed and calculated contents of Nb, Rb, P2o5 
and possibly Sr. 

Although the discrepancy in Sr can be accounted for by selection of a 

slightly higher though not unrealistic DSrl (e.g. 3.5), and the Rb 
P ag 

difference can possibly be attributed to minor alteration, the discre-

pancies in Nb and P205 are significantly greater than the uncertainties 

in th'e data. Both elements are immobile during alteration (e.g. Pearce 

and Cann, 1973) and both are highly incompatible with extremely low bulk 



Table 4-13: Least squares approximation relating basalt 
1060-2 to dredge-11 olivine basalt 1060-3. 

··Input data 

1060-3 PLAG CPX OLIV Ti-Mt 

Si02 50.43 51.19 51.16 39.14 0.25 

Ti02 3.22 0.01 0.88 0.03 23.25 

Al203 15.74 31.34 3.43 0.06 2.15 

FeO* 11.37 o.58 8.74 17.68 72. 71 

MnO 0.19 0.01 0.20 0.22 0.51 

MgO 4.85 0.13 16.03 . 42.69 1.06 

cao 9. 75 13.66 18.59 0.31 0.10 

Na20 3.82 3.63 0.33 0.01 0.01 

An 67.53 Wo 38.97 Fo 81.14 

Ab 32.47 En 46. 73 Fa 18.86 

Fs 14.30 

Least squares ·approximation 

1060-2 MIX 

OBS. CALC. DIFF. COMP. Wt.% 

Si02. 48.90 48.90 .oo 1060-3 67.29 

Ti02 2.18 2.35 ~17 PLAG 14.22 

Al203 15.21 15.21 .oo CPX 4.23 

FeO* 11.10 11.04 -.06 OLIV 14.11 

MnO 0.15 0.17 .02 TiMgt 0.61 

MgO 9.97 9.99 .02 

Cao 9.34 9.33 -.01 TOTAL 100.46 

Na20 3.14 3.10 -.04 

Sum of squares of residuals = 0.04 

1060-2 

48.90 

2.18 

15.21 

11.10 

0.15 ' 

9.97 

9.34 

3.14 

S.D. 

1.63 

o. 94 

0.86 

0.36 

0.22 

2.11 



Table 4-14: Calculated and observed trace element concentrations in 
dredge -11 olivine basalt 1060-3; using the results 
of the major element model in Table 4-13, and distributions 
given below. Source of distribution coefficients are 
Tables A2-l, A2-2, A2-5 and Ac9. 

Distribution coefficients 

PLAG CPX OLIV Ti-Mgt 

Zr .01 .24 .01 .24 

Nb .01 .05 .01 2.16 

y .18 .50 .13 .17 

Rb .01 .01 .01 .01 

Ba .10 .01 .01 .01 

Sr 3.0 (3. 5) .12 .01 .01 

Sc .Ol 2.5 .01 5.0 

Ni .01 2.5 12 10.0 

P205 .01 .01 .01 .01 

Trace element check 

1060-2 1060-3 

OBS. CALC. OBS. 

Zr 163 238 236 

Nb 26 38 32 

y 23 32 33 

Rb 10 15 19 

Ba 148 216 207 

Sr 557 493 (453) 457 

Sc 25 31 28 

Ni 211 34 37 

P205 0.40% .59% .46% 
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distribution coefficients. Variations in selected D's will therefore 

not significantly affect the calculation. Furthermore, in contrast to 

the commo~ly found underestimation of incompatible element enrichment 

in fractionation models for ocean floor basalts (e.g. Bryan et al., 

1976; Bryan, 1979; Bryan et al., 1979), the proposed model results in 

excessive enrichment in Nb and P2o5 • Though apatite has not been iden

tified in 1060-2, a qualitative scan with the electrom microprobe indi

cates its presence in the matrix of 1060-3; minor apatite (0.20%) frac

tionation could adequately account for the P205 discrepancy. The Nb 

anomaly, however, remains unaccounted for, and although one is reluctant 

to reject a model on the basis of one (or two) elements, the discrepancy 

in Nb (and possibly P205 ) does cast doubt on the consistency of this 

model. 

(3) Variation between Dredges: 

Chemical characteristics of the Dredge 11 basalts and_ the Dredge 

13 and 14 basalts (Section 3.2.2) preclude any simple fractional ~rystal

lisation relationship between the basalts of these dredge hauls from 

opposite walls of the IOFZ. The differences (excluding the obviously 

distinct 1063-3 and 1060-1) can be summarised as follows: 

Northwest Wall Southeast.Wall 

Zr/Nb = 8.39 Zr/Nb = 6.80 

Y/Nb = 1.98 Y/Nb = 0.95 

Zr/Y = 4.26 Zr/Y = 7.15 

Sc relatively high Sc relatively low 

y relatively high y relatively low 

These differences cannot readily be accounted for by any low pressure 

fractionation scheme. For example, over 50% fractionation of clino-
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pyroxene alone would be required to increase the Zr/Y ratio by the 

required amount. Differences in certain incompatible element ratios of 

the basalts from the southeastern wall and those from the northwestern 

wall therefore preclude a direct relationship via fractJonal crystalli-

sat ion. 

Partial Melting: 

Although none of the IOFZ basalts can be regarded as primary 

magmas (with the possible exception of I060-2), the incompatible element 

ratios of these lavas should still closely reflect those in the parental 

magmas. A brief qualitative evaluation of the effect of partial melting 

on these ratios, with the objective of accounting for the observed dif-

ferences between basalts from opposite walls of the IOFZ (see above), 

is given below. 

The incompatible element ratios which serve to distinguish 

between the basalts from the southeastern and northwestern walls are: 

Zr/Nb, Zr/Y and Y/Nb. None of these ratios is easily changed by low 

pressure fractional crystallisation. Consideration of distribution co-

efficients for suitable residual mantle phases in_dicates that these 

ratios can, however, be fractionated by equilibration against residual 

garnet (Table 2-9). Approximate distribution coefficients for these 

elements with garnet are as follows (selected from Chapter II, Table 2-9): 

Dzr = 1.2· 
gt ' 

DNb = 0.1· 
gt ' 

Dy = 3.3. Assuming residual garnet in the 
gt 

source, it is clear that Zr and Y will be substantially fractionated 

from Nb, and Zr will be fractionated relative to Y. In order to illus-

trate this fractioDation, Zr/Y, Zr/Nb and Y/Nb ratios have been calcu-

lated for different degrees of partial melting (10% and 15%), with a 

residual assemblage of ol + opx, cpx and gt in the proportions 
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87 : 8 : 5 and 93 : 5 : 2. Assuming applicable mineral-liquid distribu

tion coefficients (e.g. Table 3-31) and suitable initial concentrations 

in the source region (e.g. Zr= 13 ppm, Nb= 1.2 ppm, and Y = 4.6 ppm; 

Sun and Nesbitt, 1977), the mutual·.ratios of these elements in the melt 

would be: 

Zr/Nb 

Y/Nb 

Zr/Y 

15% melt 

9.3 

1.94 

4.8 

10% melt 

6.6 

0.97 

6.6 

If these ratios are compared to those given previously as characteristic 

of the basalts from the opposite walls of the IOFZ, it is clear that the 

apparent differences are readily explained in terms of different degrees 

of partial melting of the same garnet-bearing source. 

4. CONRAD FRACTURE ZONE 

4.1 Petrography and Mineral Chemistry 

4.1.1 

The suite of samples from the Conrad fracture zone (F.Z.) can, in 

terms of texture, be broadly subdivided in~o apparently extrusive and 

apparently intrusive varieties. The extrusive rocks and the majority of 

intrusive rocks are basaltic in composition and are classified as basalts 

and dolerites respectively. In addition to the dolerites, an intrusive 

ferrodiorite and hypersthene gabbro were recovered from the Conrad F.Z. 

and are included in this study. 

Extrusive Rocks (Basalts): 

The Conrad F.Z. basalts range in texture from highly phyric to 

aphyric and on the basis of phenocryst type can be subdivided into: 

(1) olivine-plagioclase-pyroxene basalts, and (2) plagiocla?e-pyroxene 

basalts. These subdivisions are purel~ descriptive and carry no genetic 

implications. 
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A: 

B: 
C: 

01- Pl - Pyx Basalts 

Pl - Pyx Basalts 

Dolerites 

• phenocrysts 

o micropheno. 

An An An 

c 

• med. grained 

o pigeonite dol. 

D. ferrodoler i tes 

Fig. 4-22: End-member variation of p1agioclase phenocrysts and 
microphenocrysts from Conrad F.Z. basalts and dolerites. 
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(i) Olivine-plagioclase-pyroxene basalts: 

Only three samples fall into this group, 1045-97, 1045-152 and 

1045-161, of which the latter comprises a fragment of the glassy rind 

of a pillow. The former two samples are porphyritic with phenocrysts 

of olivine (0.5-1.0 mm), plagioclase (0.5-2.0 mm) and clinopyroxene 

(0. 5-1.0 mm) set in a groundmass with an arborescent texture of sub-

microscopic sheaves of plagioclase and pyroxene with fine grained 

titanomagnetite .filling the interstices (Plate 4-3A) •.. Olivine occurs 

as fractured euhedral to subhedral phenocrysts and microphenocrysts 

which generally range in composition from Fo85 to Fo 78 (Table 4-15). 

One of the microphenocrysts analysed in 1045-97 had a compositiop of 

Fo68 • Zoning is minimal but some grains show a range of up to 3 mol % 

fosterite. A brown/green alteration product (bowlingite/iddingsite?) 

occurs surrounding some olivine phenocrysts. Plagioclase occurs as 

elongate laths and in glomerocrysts and aggregates with olivine and/or 

clinopyroxene are not uncommon (Plate 4-3B). Complex oscillatory zoning 

is characteristic and many of the larger plagioclase phenocrysts contain 

abundant trapped melt inclusions (Plate 4-3C). Variation in plagioclase 

phenocryst composition (An87 -An67 ) and microphenocrysts (An58-An65 ) is 

depicted in Fig. 4-22A, and representative analyses are presented in 

Table 4-15. Reverse zoning of up to 4 mol % An is found in some pheno-

crysts (Table 4-15, No's 11 and 12). Clinopyroxene (diopsidic augite) 

occurs as discrete euhedral to subhedral phenocrysts or in subophitic 

intergrowth with plagioclase (Plate 4-30). Compositio~s range from 

Wo43 En49Fs8 to Wo37 En48Fs15 (Fig. 4-23A) with the greatest variation 

occurring in the proportions of Wo and Fs. The substitution of Ca-Fe in 

these pyroxenes can be attributed to conditions of rapid crystallisation 
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I 
Representative analyses are presented in 

Table 4-15. Segregation vesicles (Smith, 1967) occur in the matrix and 

are generally filled with Fe-rich magmatic residue. Sparse, secondary 

orange/brown minerals.(K-Fe chlorophaite, celadonite?).occur in the 

matrix or partially filling vesicles in 1045-97. A representative 

analysis of this secondary mineral is presented in Table 4-15 (No. 19). 

Individual olivine, plagioclase and pyroxene analyses from the olivine 

basalts are presented in microfiche Table F4~12. · 

The porphyritic nature of 1045-97 and 1045-152 implies the possi-

bility that these samples might have experienced phenocryst redistribu-

tion. Calculation of the Fe-Mg ~ between the most Mg-rich olivine 

phenocrysts (Fo85 ) and whole rock compositions of 1045-97 and 1045-152, 

gives values of 0.24 and 0.25 respectively. Compared to an equilibrium 

value of 0.30 (Roeder and Emslie, 1970), this would suggest that the 

most magnesium olivines are too Mg-rich to have crystallised from the 

host rock. A liquidus olivine composition of Fo83 (similar to the domi

nant olivine composition) gives a ~ of 0.29. Coexisting olivine micro-

phenocryst-quench glass pairs in .sample 1045-161 similarly give an 

average~ of 0.29 (assuming an Fe203 /Fe0 ratio for the glass= 0.15). 

Additional.evidence that 1045-97 and 1045-152 might have experienced 

phenocryst redistribution is found in the occurrence of strongly reversed 

zoned plagioclase phenocrysts (Table 4-15, No's 11 and 12). 

(ji) Plagioclase-pyroxene Basalts: 

The.remaining basalts (1045-91, l045-130B, 1045-151, l045-161B, 

1045-173, 1045-14, 1045-106, 1047-62, 1047-64) are all characterised by 

the presence of only two phenocryst phases - plagioclase and clinopyro-

xene. These basalts show great variations in texture, ranging from 
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P L A T E 4-3 

A: Photomicrograph of olivine-plagioclase-pyroxene basalt 
1045-152, showing plagioclase, olivine and clinopyroxene 
phenocrysts set in a hyalocrystalline matrix. Crossed polars. 

B: Aggregate of olivine, plagioclase and clinopyroxene in basalt 
1045-97. Crossed polars. 

C: Large euhedral plagioclase phenocryst in 1045-97 with,abundant 
trapped melt inclusions. An olivine-plagioclase aggregate can 
be seen in the lower right hand corner. Partially crossed 
polars. 

D: Elongate clinopyroxene phenocryst in 1045-152 showing subophitic 
relationship with plagioclase. Crossed polars. 

E: Photomicrograph showing the coarsely porphyritic texture of 
plagioclase-pyroxene phyric basalt l045-130B. 

F: Photomicrograph showing the porphyritic texture of plagioclase
pyroxene basalt 1047-64. The large phenocrysts include both 
plagioclase and clinopyroxene. 

G: Photomicrograph showing the texture of plagioclase-pyroxene 
basalt 1045-91. 

H: Photomicrograph showing the texture of plagioclase-pyroxene 
basalt 1045-151. 
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coarsely porphyritic (I045-130B, 1045-173, 1047-64, 1047-62), with 

large phenocrysts (1-4 mm) and glomerocrysts of plagioclase and clino

pyroxene·, 'through intermediate varieties (1045-91, 1045-151, 

I045-161B, 1045-106), to microporphyritic (1045-14). Some of the more 

typical textures are shown in Plares·4-3E to H and Plates 4-4A and B. 

The matrix of the samples commonly comprises intergrown sheaves of 

plagioclase and pyroxene with Fe-Ti oxides occurring as finely dissemi

nated, equant grains filling the voids between the groundmass plagio

clase and clinopyroxene. Some samples (e.g. 1047-64) have an interser

tal matrix of plagioclase laths with interstitial clinopyroxene and 

opaque oxides. The groundmass ferromagnesian minerals show varied 

degrees of alteration·. 

In the porphyritic varieties plagioclase and clinopyroxene occur 

as large euhedral to subhedral phenocrysts, often in subophitic relation

ship (Plate 4-4C). In contrast, samples 1045-91, 1045-151 and 1047-62 

are charac~erised by the occurrence of aggregates (1.0-3.0 mm) of 

radiating plagioclase laths (0.5-1.0 mm) intergrown with anhedral 

brownish clinopyroxene (0.2-0.5 mm) in a 'rosette' type structure 

(Plate 4-40). · Sample 1045-151 is typified by the presence of abundant 

vesicles. 

The variation in plagioclase composition is depicted in Fig. 4-22B. 

The majority of phenocrysts range in composition from An89 to An60 , 

though zoning can occur to compositions as sodic as An36 • Zoning is 

generally normal, but reverse zoning does occur in some phenocrysts. 

For example, a large subhedral plagioclase phenocryst (An48 ) in 1045-91 

is bounded by a sharp contact from a rim of calcic plagioclase (An67 ). 

Microphenocrysts generally range in composition from An60 to An45 • 
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Representative plagioclase analyses are presented in Table 4-16, and 

individual analyses are given in microfiche Tables F4-13 to F4-21. 

Relative to the olivine-plagioclase-pyroxene basalts, the plagioclase 

compositions extend to more sodic varieties (Figs. 4-22A and B). 

Cores of the larger clinopyroxene phenocrysts have a relatively 

restricted range in ,composition: Wo42En51Fs
7 

to Wo
37

En
52

rs
11

, but some 

are zoned to more Fe-rich compositions at the extreme rims, e.g. 

Wo 41 En46Fs13 to Wo38En46Fs16 • · Smaller phenocryst and microphenocrysts 

range in compositicin from Wo38En4ls15 to Wo37 E:n32Fs31 • Representative 

analyses are presented in Table 4-16 and individual analyses are depicted 

in Fig. 4-23B. 

Unlike the IOFZ pyroxenes, pyroxenes from the Conrad F.Z. basalts 

do not show systematic minor element variations, suggesting the lack of 

a simple genetic relationship between all the various basalts. In a 

plot of Al 1V versus Ti02 and Si02 versus Al 203 (Fig. 4~24), the Conrad 

F. z. basalt p~v·oxenes show consider ab le scatter but fall within the 

'non-alkaline' field of La Bas (1962), attesting to their tholeiitic 

affinities. In terms of ,i\11v, Ti02 and Sio2, the pyroxenes from the 

dolerites of the Conrad F.Z. are indistinguishable from those occurring 

in the basalts (Fig. 4-24). This contrasts, however, with the pyroxenes 

from the IOFZ which show considerable displacement into the 'alkaline' 

field (Figs. 4-24 and 4-10). 

Fe-Ti oxides occur as finely disseminated grains in all the 

samples. Though they are generally too small for accurate microprobe 

analyses, semi-quantitative analyses indicate the presence of both 

ilmenite (I045-130B, 1045-173, 1047-62) and titanomagnetite (I045-130B, 

1045-91, 1045-151, I045-161B, 1047-62). Analyses of ilmenite grains in 
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A: 

-IL.flt,-

P L A T E · ·4-4 

Photomicrograph 
basalt 1047-62. 
plagioclase and 

of sparsely porphyritic 
The larger phenocrysts 

clinopyroxene. 

plagioclase-pyroxene 
consist of both 

B: Photomicrograph of microporphyritic plagioclase-pyroxene 
basalt 1045-14. 

C: Clinopyroxene phenocryst subophitically intergrown with 
plagioclase in plagioclase-pyroxene basalt 1045-130B. 
Crossed polars. 

D: 'Rosette' comprising radially orientated plagioclase laths 
intergrown with anhedral clinopyroxene in plagioclase-pyroxene 
basalt 1045-91. Crossed polars. 

E: Photomicrograph showing the texture of medium grained dolerite 
1045-159, comprising interlocking plagioclase and clinopyroxene 
grains with dispersed Fe-Ti oxides. The vein cutting across the 
field of view consists of K-feldspar. 

F: Photomicrograph of medium grained dolerite 
large plagioclase crystals set in a matrix 
plagioclase and clinopyroxene grains. 

1045-34 showing 
of interlocking 

G: Photomicrograph of ferrodolerite 1045-68 comprising a 
crystalline intergrowth of plagioclase and dominantly altered 
clinopyroxene. The vein cutting across the field of view in 
the lower left hand corner consists of analcite. 

H: Photomicrograph showing the contact between porphyritic 
plagioclase-pyroxene basalt 1045-130B and medium grained 
dolerite 1045-1300. 
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samples I045-130B and I047~62 show them to be of very similar composi

tion (Il96Hm4; Table 4-16) in terms of major components, but the ilmenite 
-

from I045-130B is relatively enriched in Mn (Table 4-16). It was pos-

sible to analyse only a single coexisting titanomagnetite in each of the 

above two samples (I045-130B, 1047-62) and in both cases the total was 

extremely low (Table 4-16). The two compositions differ significantly 

Us40 and Us60 respectively), but whether this is a primary feature or a 

result of post-Consolid~ti6n oiidati6n (e.g~-Hag~erty, 1976) i~ diffi-

cult to assess. A 'factor favouring the latter is the extremely low 

temperature and oxygen fugacity obtained for the coexisting compositions 

in I045-130B. Using the T-f02-X curves of Buddington and Lindsley·(1964), 

and equilibration temperature of 0 -17 750 C at an f02 of 10 . atm. is indi-

cated for the coexisting ilmenite-titanomagnetite in l045-130B. The 

coexisting Fe-Ti oxides in I047-62 indicate a temperature of 85o
0 c at 

-14 10 atm. 

Intrusive Rocks: 

Twelve hypabyssal basalts (dolerites), one ferrodiorite and a 

hypersthene gabbro ha~e been studied from the Conrad F.Z. The three 

varieties are described separately below. 

(i) Dolerites 

The majority of dolerites (samples 1045-34, 1045-49, 1045-1300, 
1045-160, 1047-101) 

I045-148, l045-159,A1047-12, 1047-32 and~are medium grained (0.5-2.0 mm), 

and comprise varying proportions of plagioclase and clinopyroxene forming 

an interlocking meshwork, with sparse large phenocrysts and glomerocrysts 

of plagioclase and.clinopyroxene. Some typical textures are shown in1 

Plates 4-4E to H. Plagibclase varies in composition from calcic byto~-

ite to andesine (Fig. 4-22C, Table 4-17) and is marked by extreme compo-
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sitional zoning (e.g. 1047-32; An85 (core) - An41 (rim)). Representative 

analyses are given in Table 4-17 and individual analyses in microfiche 

Tables F4-22 to F4-28. Clinopyroxenes range in composition from diop

sidic augite to ferro-augite. The range in composition (Wo 42En51Fs
7

-

wo36En33Fs31) is depicted graphically in Fig. 4-25 and representative 

analyses are given in Table 4-17. With the exception of a greater pro

portion of Fe-rich pyroxenes, the compositional spread is very similar 

to that observed for the pyroxenes of the Conrad F.Z. plagioclase

pyroxene basalts (Fig. 4-23B). 

Ilmenite and/or titanomagnetite occur in the matrix of all the 

medium grained dolerite samples. Titanomagnetite ranges in composition 

from Us60M~40 to Us77Mt23 (Table 4-17) and generally has well developed 

exsolution, resulting in an apparent range of compositions within one 

thin section. Most of the exsolution observed conforms to the 'trellis 

type' (Haggerty, 1976) and can be attributed to post emplacement oxida

tion. Ilmenite varies in composition from 1190Hm10 to 1198Hm2 (Table 

4-17) and generally has a more uniform composition than coexisting 

titanomagnetite. Though coexisting titanomagnetite-ilmenite occurs in 

samples 1045-49, 1045-1300 and 1045-159, the exsolved nature of the 

titanomagnetite restricts its potential use in calculating temperatures 

and oxygen fugacities. 

Sample 1047-28 has an even grained microdoleritic texture of 

interlocking plagioclase laths (0.5. mm) and fine grained augitic pyroxene, 

interspersed with equant ilmenite grains (Plate 4-5B). Plagioclase 

varies in composition from An51 to An37 (Fig. 4-22C); representative 

· analyses are presented in Table 4-18 and individual analyses in micro

fiche Table F4-29. Clinopyroxene has an Fe-rich composition 

\'; 
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(Wo35En51Fs14 to Wo34En40Fs26 ); the compositional variation is depicted 

in Fig. 4-25. Ilmenite is extremely uniform in composition (Il
94

ttm
6

) 

and is distinguished from the ilmenite of the other dolerites by its 

extremely high MnO content, 5.1-6.5% (Table 4-18). 

A single sample of pigeonite dolerite (I047-72) was dredged from 

the Conrad F.Z. Abundant large plagioclase phenocrysts (1.0-2.0 mm) 

are set in a matrix of smaller plagioclase laths and small (0.2 mm) 

anhed~al ~ugftic pyroxene and pigeonite (Piate 4-5A). Relatively large 

(0.2-0.5 mm), equant to irregular Fe-Ti oxides occur dispersed through-. 

out the matrix. Plagioclase varies in composition from An
93 

to An
55 

'(Fig. 4-22C) and shows marked compositional zoning (e.g. An
89

-An
55

). 

Larger plagioclase phenocrysts commonly have abundant trapped melt inclu

sions and poikilitically enclosed pyroxene grains (Plate 4-5C). Repre

sentative analyses are presented in Table 4-18 and individual analyses 

in microfiche Table F4-30. Pigeonite ranges in composition from 

Wo9En60 Fs31 to Wo 10En47Fs43 (Fig. 4-25) and coexists with zoned augitic 

pyroxene ranging from Wo41En47 Fs12 to Wo 35En41Fs24 (Fig. 4-25, Table 

4-18). 

Sample I045-68 can be classified as a ferro-dolerite with a fine 

even grained texture of plagioclase (andesine to oligoclase) laths 

intergrown with extremely altered augitic pyroxene (Plate 4-4G). 

Titanomagnetite (exsolving ilmenite) and £ine apatite needles occur in 

the matrix. Individual plagioclase analyses are depicted in Fig. 4-22C 

and representative mineral analyses are given in Table 4-18. Individual 

analyses are reported in microfiche Table F4-31. 

In terms of AlIV versus Ti02 and Si02 versus Al 203 (Fig. 4-26), 

the pyroxenes from the Conrad F.Z. dolerites'are very similar to those 
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P L A T E 4-5 

A: Pigeonite dolerite 1047-72 showing abundant plagioclase 
phenocrysts. Crossed polars. · 

B: Photomicrograph of microdolerite 1047-28 showing 
intergranular texture. 

C: Plagioclase phenocrysts in 1047-72. Crystal on the right 
has trapped melt inclusions in a zone separating the central 
core from the rim. The large phenocryst in the center has 
poikilitically enclosed pigeonite. 

D: Hypersthene gabbro 1045-172 with interlocking plagioclase 
orthopyroxene and clinopyroxene. 

E: Photomicrograph of ferrodiorite 1045-51 showing interlocking 
plagioclase, pyroxene and Fe-Ti oxides with dark patches of 
altered mesostases. 

F: Subhedral 'brown' amphibole adjacent to a granophyric inter
growth of quartz, alkali feldspar and apatite needles. A 
slightly altered fayatitic olivine occurs in the center of the 
granophyric intergrowth. 

G: Photomicrograph showing the typical occurrence of a pigeonite 
core surrounded by a mantle of Fe-rich clinopyroxene which 

H: 

is in turn mantled by 'secondary' green amphibole. 

Plagioclase phenocryst in 
to K-feldspar and albite. 

1047-64 showing partial alteration 
Partially crossed polars. 
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occurring in the basalts (Fig. 4-24). Like the basalt pyroxenes, they 

are restricted to the non-alkaline compositional field (La Bas, 1962), 

with the pigeonite dolerite augitic pyroxenes having the lowest AlIV 

and ~io2 contents and the micro-dolerite pyroxenes having the highest. 

(ii) Gabbro 

A single sample of hypersthene gabbro (1045-172) was recovered 

from the Conrad F.Z. (Plate 4-5D). The rock comprises interlocking 

grains of primary plagioclase (An47 -An65 ), clinopyroxene -(Wo46 En43Fs11 ), 

orthopyroxene (Wo1En64Fs35 ) and accessory ilmenite (1190 -11
93

). Secon

dary minerals include brown ple ochroic amphibole, connnonly replacing 

orthopyroxene and sparse flakes of biotite connnonly .associated with 

ilmenite. Representative mineral analyses are presented in Table 4-19 

and individual analyses are given in microfiche Table F4-32. 

(iii) Ferrodiorite 

A single sample of f errodiorite (1045-51) was recovered from the 

Conrad F.Z. Though evolved rocks of similar composition have previously 

been reported from the ocean floor (e.g. Aumento, 1969; Hart, 1971; 

Frey et ·ai., 1976;. Subbaro and Hekinian, 1978; Fodor et al., 1977; 

Viswanatha Reddy et al., 1978), numerous glacial erratics were recovered 

during dredging (Sclater et al., 1978) and the possibility exists that 

this rock may represent an erratic. Dickey et al. (1977) have reported 

on a rock with similar composition (basaltic andesite) from the dredge 

station just to the north of the Conrad F.Z. These authors concluded 

that the chemical characteristics of the rock were such as to indicate 

that it was an erratic. However, the interesting mineral chemistry of 

1045-51 warrants further discussion. 

Ferrodiorite 1045-51 is a medium grained rock (Plate 4-5E) with 
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an extremely complex mineral paragenesis. Primary minerals include 

plagioclase, augitic pyroxene, pigeonite, olivine (fayalite), titanomag-

netite, ilmenite, alkali feldspar, apatite, quartz and possibly amphi-

bole •. Secondary minerals include biotite and a second amphibole. Quartz 

occurs as discrete anhedral grains up to 1.0 mm in size or in granophyric 

intergrowth with alkali feldspar (Or7Ab 27An
2) and is commonly in close 

spatial association with fayalitic olivine (Fo
9
). The olivine occurs as 

small anhedral grains with slightly altered grain boundarie·s (Plate 4-'SF). 

Apatite needles occur dispersed throughout the rock and a.re particularly 

abunda~t in the granophyric intergrowths. Two varieties of amphibole are 

present: a brown variety (pleochroic in two shades of brown) and a green 

variety. The former occurs as discrete subhedral grains (Plate 4-5F), 

while the latter occurs both as discrete grains and as overgrowths on 

clinopyroxene (Plate 4-5G). Chemically the two varieties can be <listing-

uished by their different Ti02 contents; the brown variety having 

1.5-1.7 wt.% Ti02 and the green variety 0.5-0.9 wt.% Ti02 (Table_4-20). 

Plagioclase shows a range in composition from An57 to An23 and some 

grains are considerably zoned (An48 -An24) (Table 4-20). 

Coexisting ilmenite and titanomagnetite occur in 'sandwich' or 

'composite' intergrowths (as defined by Haggerty, 1976) and have fairly 

uniform compositiohs. Ilmenite compositions range from Il97 to 1199 and 

titanomagnetite ranges in composition from Us40Mt60 to·Us42Mt58 (a single 

grain having a composition of us48Mt52 ). Representative analyses are 

given in Table 4-20 and individual analyses are given in microfiche 

Table F4-33. The estimated temperature and oxygen fugacity during the 

crystallisation of these Fe-Ti oxides, using the T-f02-X curves of Bud

dington and Lindsley (1964), are 650°C and 10-21 atm. respectively. 
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Clinopyroxene and pigeonite occur as subhedral grains in sub

ophitic relation with plagioclase. Pigeonite occurs both separately 

and as cores mantled by clinopyroxene (Plate 4-5G), many of which are 

in turn mantled by green amphibole (Plate 4-5G). The pyroxenes of 

1045-51 have unusual compositions and show zonal variations more typical 

of some lunar pyroxenes than of terrestrial pyroxenes. 

Fig. 4-27A illustrates the unusual compositional variation of Ca

r.i.ch and C~-poqr pyroxenes in ferrodior.ite 1045-51, relative to the 

trends shown by Skaergaard and Bushveld Complex pyroxenes (Brown, 1957; 

Brown and Vincent, 1963; Atkins, quoted in Lindsley and Munoz, 1969). 

Representative analyses are presented in Table 4-20 and individual 

analyses in microfiche Table F4-33. The most marked features of the 

pyroxenes in 1045~51 are their extremely Fe-rich nature (Fs comprises 

up to .75 mol. %), the lack of a pyroxene minimum_ in the 'Ca-rich' trend, 

and the corresponding subcalcic nature of the more evolved ferro-augites. 

Though similar Fe-rich 'pigeonites' have been reported from the Bjirkrem 

SoJndal massif (Duchesne, 1972), the coexisting Ca-rich pyroxenes follow 

a normal tholeiitic crystallisation trend, i.e. crystallisation towards 

hedenbergite. Iron-rich 'pigeonite' associated with similar subcalcic 

augite has, however, been reported from the Trough bands of the Skaer

gaard Intrusion (Yin Yin Nwe, 1975). The nearest analogy to the Ca-rich 

pyroxene trend has been found in the lunar literature where subcalcic 

augite from lunar rocks 12021 (Boyd and Smith, 1971; Ross et al., 1973) 

and. 12022 (Bence and Papike, 1972) define a similar compositional trend 

towards the pyroxenoid pyroxferroite. 

The presence of the pyroxene minimum in the crystallisation trend 

of tholeiitic pyroxenes is closely related to the cessation of Ca-poor 



- JJ.i""fd .... 

Fig. 4-27: A. Compositional variation in pyroxenes from ferrodiorite 
1045-51. Solid lines joining data ~oints indicate 
extent of zoning. The solid trend lines (SK) represent 
the variation Skaergaard pyroxenes, and dashed lines 
(BlC) represent the variation in Bushveld Complex 
pyroxenes (taken from Lindsley and Munoz, 1969) .. 

B. Compositional variation of 1045-51 pyroxenes in 
relation to the position of the pyroxene 'forbidden zone'. 
The position of the 'forbidden zone' at 95o

0
c is taken 

from Smith (1971) and the-position of 65o
0

c curve is 
estimated from the experimental data from Smith (1971) 
for compositions along the En-Fs join. 
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pyroxene crystallisation, which in turn is closely related to the posi-

tion of the so-called 'forbidden zone' in the pyroxene quadrilateral 

(Lindsley and Munoz, 1969; Smith, 1971, 1972; Campbell and Nolan, 

1974). The position of the 'forbidden zone' marks the composition of 

the most Fe-rich low-Ca pyroxene that is stable under the given tempera-

ture and pressure conditions, after which Ca-poor pyroxene breaks down 

according to the reaction (Lindsley and Munoz, 1969; Campbell and Nolan, 

1974): 

2FeSi03 = 
in Ca-poor pyroxene 

Fe2Si04 
in olivine in the melt 

(1) 

to give fayalitic olivine and quartz coexisting with Ca-rich clinopyro-

xene. At this point in the pyroxene crystallisation sequence the high-

Ca pyroxenes continue to crystallise and become progressively more Ca-

rich (Campbell and Nolan, 1974). 

The extent of the forbidden zone is not well known, but is repor-

tedly a function of pressure, temperature, aSi0
2 

and aFeO (Smith, 1971; 

Lindsley and Munoz, 1969; Smith, 1972; Campbell and Nolan, 1974; Mori, 

1978). Decreasing temperature or increasing pressure results in a con-

traction of the forbidden zone along the En-Fs join (Smith, 1971, 1972; 

Mori, 1978), while increase in aSi0
2 

also results in Ca-poor pyroxene 

compositions extending to higher Fe/Mg ratios (Campbell and Nolan, 1974). 

A possible explanation for the continuation of crystallisation of 

low-Ca pyroxene in 1045-51 to extremely iron-rich compositions 

(Wo
9

En
15

Fs
76

) is in the interplay of the abovementioned fac.tors. The 

~ffect of pressure on the crystallisation of 1045-51 is difficult to 

assess, but if one assum~s that the sample is not an erratic (borne out 

to a certain extent by the bulk composition), then the pressure is 
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unlikely to have been very high. The effects of temperature a
8

i
02 

and 

aFeO are more readily assessed and are more likely to be of importance. 

The extremely iron-rich nature of the magma is an extremely important 

initial factor. The initial high aFeO (whole rock FeO*/MgO = 7.5) 

resulted in the initial pyroxene compositions being themselves very 

iron-rich (Fig. 4-27). Campbell and Nolan (1974) have demonstrated that 

the presence of free quartz (as found in 1045-51) implies that the a
8

i
02 

.. is such as to stabilise low-Ca high-Fe p.yroxene. Consequently low-Ca. 

pyroxene crystallisation continues until the limiting point of the for-

bidden zone for the given te~perature and pressure of crystallisation. 

If the activity of Si02 is such that free quartz does not crystallise, 

then low-Ca pyroxene breaks down to olivine at lower Fe/Mg ratios. The 

presence of abundant modal quartz in I045-51 is consistent with contin-

uous crystallisation of low-Ca pyroxene until the limiting point of the 

forbidden zone was reached. The extremely low temperature of final 

crystallisation of 1045-51 (.± 650°C), as indicated by the coexisting 

Fe-Ti oxides, would result in the forbidden zone only extending a short 

way along the Fs-En join. Data from Smith (1971) indicates that the 

limiting composition of the forbidden zone along this join at 600-700°c 

is En20Fs80 which, if superimposed on the pyroxene quadrilateral (Fig. 

4-27B), corresponds closely to the most Fe-rich pyroxenes from 1045-51. 

It is apparent from Fig. 4-27B that by this stage of crystallisation the 

high-Ca pyroxene trend had simultaneously reached the limit of the for-

bidden zone. From this stage onwards further crystallisation involved 

precipitation of olivine (Fa92 ) and quartz in place of low-Ca pyroxene 

and should theoretically have resulted in the composition of the final 

Ca-rich pyroxene moving towards the Hd-Di join, along a path defined by 
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the extent of the forbidden zone (Lindsley and Munoz, 1969). The 

absence of a trend towards higher Ca content in the high-Ca pyroxenes 

can possibly be attributed to the crystallisation of a metastable highly 

subcalcic ferroaugite because of local compositional heterogeneities and 

low diffusion rates in the magma, which by this stage was nearly totally 

crystalline. The presence of primary amphibole suggests a local build-

up of pH2o and possibly during the final stage of crystallisation amphi-

.. bo.le W(iS stabilised relative t;o Ca.-rich pyroxene, accounting for the 
I 

cessation of Ca-rich pyroxene crystallisation on reaching the forbidden 

zone. Alternatively the presence of 'secondary' amphibole mantles on 

many of the Ca-rich pyroxenes (Plate 4-5G) might mask the presence of 

originally more calcic rims. 

4.1.3 Alteration: 

Most samples from the Conrad F.Z. show varying degrees of altera-

tion ranging from minor development of chlorite, through chlorite-actino-

lite intergrowths, to a greenschist facies assemblage of chlorite-

actinolite-epidote-albite •. Such assemblages are fairly typical of 

altered sea-floor basalts (Humphris and Thompson, 1978a), and especially 

typical of fracture zone basalts (e.g. Bonatti et al., 1971; Melson and 

Thompson, 1971; Thompson and Melson, 1972). 

(i) Chlorite-actinolite 

Chlorite and/or actinolite are present in many of the basalts 

(1045-14, 1045-106, 1045-130B, 1045-173, 1047-62, 1047-64) and in all the 

dolerites. The extent of chlorite/actinolite development varies from 

sample to sample but when present is fairly extensive and is signifi-

cantly greater in the hypabyssal rocks (pigeonite dolerite 1047-72 

excepted). The chlorite and actinolite occur separately or as patchy 
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intergrowths and replace both clinopyroxene and plagioclase. Represen

tative analyses are presented in Table 4-21. In the presentation of 

the analyses, all iron has been expressed as FeO. 

(ii) Epidote 

Epidote is present as small irregular grains in the matrix of 

only one sample (I045-106) in which most of the primary mineral assem

blage has.been replaced by secondary minerals. A representative 

epidote analysis is presented in Table 4-~1. In accord with Deer, _Howie 

and Zussman (1966), all iron has been expressed as ferric iron., 

(iii) Alkali feldspar-analcite 

Partial or total replacement of plagioclase (both groundmass and 

phenocryst) by aikali feldspar occurs in numerous samples. The alkali 

feldspar is either nearly pure albite (I047-62, I047-Z8, I047-101) with 

compositions ranging from An7Ab92or
1 

to An
2

Ab
78

or
20

,or nearly pure K

feldspar (I047-62, I047-64, I047-32, I045-14, 1045-34, I045-159, I045-160, 

1047-12, I047-28) with compositions of Or90Ab 10 to Or99Ab
1

• Analcite has 

been identified in samples 1045-14, 1045-68 and 1045-160. Representative 

analyses are pre~ented in Table 4-21. The alkali feldspar and analcite 

occur as patchy (or total) replacement of plagioclase, and both albite 

and K-feldspar can occur together as distinct patches within a single 

plagioclase crystal (Plate 4-5H). A second mode of occurrence is as 

veins of alkali feldspar and/or analcite (Plate 4-4 E and G). Similar 

replacement of plagioclase by K-feldspar and analcite has been reported 

in samples dredged from the Rio Grande Rise (Fodor et al., 1977) and in 

basalts from the Swallow Bank, an abyssal hill in the NE Atlantic 

(Mathews, 1971). 

The abundance of secondary alkali feldspar in the Conrad F.Z. 
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samples, and in accord with the commonly more altered nature of fracture 

zone basalts relative to rift valley basalts (Melson and Thompson, 1971; 

Thompson and Melson, 1972; Bryan, 1979), suggests the alteration is 

associated with the movement of alkali-enriched hydrothermal fluids 

within the fracture zones rather than simple interaction with seawater. 

This significant introduction of alkalis (K, Na, Rb and Ba) clearly 

limits the use of these key elements in any meaningful petrogenetic 

interpretation. 

4.2 Whole Rock Chemistry 

Major and fourteen trace elements, CIPW norms and selected element 

ratios are presented for 12 Conrad F.Z. basalts in Table 4-22 and for 12 

dolerites, one ferrodiorite and one hypersthene gabbro in Table 4-23~ 

CIPW norms were calculated after normalising the data to 100%, volatile-

free, and assuming an Fe203 /Fe0 ratio of 0.15. 

As discussed in the previous section, most of the samples show 

varied degrees of alterati~n in thin section. This is clearly evident 

in the significant values for LOI (up to 3.9, wt.%) and, in selected 

+ cases, for H2o and co2 (Tables 4-22 and 4-23). The chemical changes 

associated with low temperature alteration have been summarised in 

Section 3.2 (IOFZ basalts). The Conrad F.Z. samples are on average more 

altered than those from the IOFZ, and secondary K- and Na-feldspar are 

abundant in many of the samples. The degree of mobility in some elements 

is shown by analyses 1045-911 and I045-91R (Table 4-22) which are from 

the exterior and interior portions respectively of a single sample •. In 

hand specimen the only distinction between the two zones is the slightly 

darker (oxidised) nature of the exterior zone. Chemically, the exterior 

zone is enriched in Rb (factor of 3), K2o (factor of 1.5) and total Fe, 
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and depleted in Sr, Ba, Cu, Si02, Al 2o3, CaO and Na
2
o. The marked dif

ference in Ni, Co and cr·are attributed to contamination from the saw 

blade during sectioning. The difference in FeO/MgO+FeO ratio of the 

two zones is also noteworthy. Quantitative interpretation of bulk rock 

chemical variations is thus severely limited. In an attempt to 1 see. 

through' compositional variations introduced by secondary alteration. 

petrologic interpretations will, in most instances, be placed on the 

less mobile major and trace elements (i.e. Tio2 ~ P2o5 ~ Zr, Nb and Y). 

Major Elements: 

The tholeiitic affinity of all the samples from the Conrad F.Z. 

is indicated by their normative hypersthene content. All but two 

basalts (I045-151 and I047-64) and four dolerites (I045-49, I047-12, 

I047-72 and I047-101) are also olivine normative (Tables 4-22 and 4-23). 

In terms of total normative pyroxene, plagioclase and olivine, both 

basalts and dolerites straddle the inferred olivine-plagioclase cotectic 

of Shido et al. (1971) (Fig. 4-28) and are displaced towards plagioclase 

relative to the field of FAMOUS glasses (Bryan et al.," 1976). Relative 

to the IOFZ basalts, the Conrad F.Z. samples are not as plagioclase-rich, 

but like the IOFZ basalts, they extend the range of off-ridge extrusives 

and intrusives (Bryan et al., 1976) to olivine-poor compositions (Fig. 

4-28). 

The variation in total alkalis with respect to Si02 is shown in 

Fig. 4-29. The Conrad F.Z. basalts fall within, or close to, the field 

of MORB, while the dolerites appear to be significantly enriched in b.oth 

Si02 and total alkalis. Basalt 1047-62 and dolerites are significantly 

enriched in alkalis an~/or Si02 relative to MORB and some of this varia

tion may be attributed to secondary alkali feldspar. In terms of an . 
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AFM diagram (Fig. 4-30), the Conrad F.Z. samples describe a broad iron 

enrichment· trend and fall within the field of Atlantic F.Z. basalts as 

defined by Hekinian and Thompson (1976). 

In accord with previous st'udies on fracture zone basalts (e.g. 

Shibata and Fox, 1975; Hekinian and Thompson, 1976; Shibata et al., 

1979~ the Conrad F.Zt" basalts and dolerites not only have evolved major. 

element compositions relative to abyssal tholeiites, but also show an 

~xtreme .range in compositions. . No ! primitive' basalts have been reco-. 

vered and MgO contents range from 7 .6?o to 5. 7%, with a corresponding 

range in Mg-number from 0.65 to 0.46 (Table 4-22). The dolerite compo

sitions extend to slightly lower MgO contents and range from 7.5% to 

4.4% with Mg-numbers ranging from 0.60 to 0.35 (Tab~e 4-23). It is 

relevant to note that the basalts with modal olivine (1045-97, 1045-152 

and 1045-161) do not have the highest MgO contents or Mg-numbers, 

suggesting that the suite of rocks does not conform to a single simple 

fractionation sequence. 

The evolved nature of the basalts and dolerites is clearly illus

trated by the extreme .enrichment attained by the incompatible major 

elements, e.g. Ti02 and P2o5 • Ti02 concentrations range from 1.0% to 

2.5% in the basalts and from 1.5% to 3~5% in the dolerites (one dolerite, 

1047-72, has 0.65% Ti02). P205 shows a similar degree of enrichment, 

ranging from 0.10% to 0.32% in the basalts and from 0.16% to 0.44% in 

the majority of dolerites (samples 1047-72 and 1047-101 have 0.05% and 

0.79% P205 respectively). Little importance is atta~hed to the K20 

variations due to occurrence of secondary K-f eldspar in many of the 

samples. The FeO and Ti02-rich nature of the Conrad F.Z. samples is 

readily displayed in a plot of Ti02 versus FeO*/MgO (Fig. 4-31). The 
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majority of basalts and dolerites plot towards the upper extreme of the 

field of FAMOUS glasses (Bryan et al., 1976) and within the field of 

olivine basalts from the Nirietyeast Ridge (Frey et al., 1976). However, 

basalt 1047-62 and dolerites 1047-12, I047-28A and 1047-101 correspond 

closely to the compositional field of ferrotholeiites from the Ninety

east Ridge (Frey et a~., 1976), while ferrodolerite 1045-68 is even more 

enriched in Ti02 and FeO*/MgO (Fig. 4-31) than the extremely iron-rich 

differentiates from the Galapagos Spreading Center (Clague and Bunch., 

1976). 

The variations of some major elements with mafic index are illus

trated in Fig. 4-32. Bearing in mind the altered nature of many of the 

samples, .CaO and Al 203 show an overall decrease with increasing M. I., 

while Na2o shows a tendency to increase. The Na20 and K20 variations, 

and to a lesser extent Cao and A1 2o3, are strongly influenced by the 

presence or absence of alkali feldspar, a factor contributing to the 

considerable scatter observed. In contrast, the variation of the innno

bile, incompatible elements P205 and Ti02 in the majority of samples 

describe remarkably systematic positive trends with M.I. (Fig. 4-32). 

As mentioned earlier, it is noteworthy that the basalts with modal 

olivine do not have the lowest concentrations of Ti02 and P2o5, elements 

which are preferentially partitioned into the liquid. Another feature 

in the compositional variations shown in Fig. 4-32 is that although the . 

basalts and dolerites have a similar range, the dolerites tend towards 

more differentiated compositions, i.e. higher Ti02, P205, M.I. and lower 

Cao, A1 2o3• Pigeonite dolerite 1047-72 is consistently displaced off 

the main trends described by the other Conrad F.Z. samples, being rela

tively depleted in Ti02 and P205 and enriched in CaO and Al 203 for a 
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given M.I., while 1047-101 is conversely enriched in P
2
o

5 
and depleted 

in Cao and Al203 (Fig. 4-32). These variations are qualitatively in 

accord with the effects of substantial plag~oclase accumulation (in 

accord with the high proportion of modal plagioclase in pigeonite 

dolerite 1047-72) and of plagioclase fractionation respectively. 

The covariation of 'incompatible' elements is potentially useful 

in investigating genetic relationships within a suite of samples since 

the mutual ratio is. largely unaffec~ed by fractionation processes (e.g •. 

Gast, 1968; Erlank and Kahle, 1976). With respect to observed pheno-

cryst mineral assemblages in the basaltic rocks from the Conrad F.Z., 

P205 and Zr are two such incompatible elements. The excellent correla

tion between these two elements (Fig. 4-33) provides compelling evidence 

for a simple genetic relationship among most of the basaltic rocks. Two 

notable exceptions are evident: these are dolerites 1047-32 and 1047-101 

(Fig. 4-33), which fall well off the main trend. It is interesting to 

note that the ferrodiorite (1045-51) and hypersthene gabbro (1045-172) 

plot very close to the basalt trend. The average P/Zr ratio of the Con-

~ad F.Z. basaltic rocks (excluding 1047-32 and 1047-101) is 6.97, inter-

mediate between that observed for average MORB (P/Zr = 6.55; Sun and 

Nesbitt, 1977) and archean basalts (P/Zr = 7.21; Nesbitt and Sun, 1976). 

The variation in Ti0
2 

and Zr is also shown in Fig. 4-33, where a similar 

' 
close linear correlation is defined for the majority of the samples. 

Dolerites 1047-32 and 1047-101 (highly altered) are again displaced from 

the average trend, as is dolerite 1047-12. Since ilmenite and titano-

magnetite are crystallising phases in the more evolved rocks, Ti02 does 

not behave as an incompatible element at this stage and consequently the 

displacement of these samples from the main trend can be explained. The 



0 
- I S"lott.. ... 

12 . 0 0 •• 0 0 
xx 
0 

x x x 
10 

. )( 

0 
x 

0 
0 

u <?c 
)( 

8 
ox 

6 
55 65 75 85 

17 x 1047-72 

0 

• 
M15 •ox 

0 0 .cs x 

N o• - 0 x x 
< 0 >\) 

13 
x 

0 

Jf 
x 

55 65 75 85 

4·0 
o• x x 

xx 
Oo 3·0 0 

oO x 

0 x 0 • ·x .. x 
N 0 x 

0 0 
0 

x 

z 2·0 

55 65 75 85 

M.1. 

Fig. 4-32: Major element variation in Conrad F.Z. basalts and dolerites 
with respect to M. I. as index of differentiation. 
Open circles = plag-pyx basalts, closed circles·= ol-plag-pyx 
basalt, crosses = dolerites, closed triangle= ferrodiorite. 



·' 
i~ 

-:/Sb b-

2.0 

0 
)( 

N 

~ 
x 

1.0 x 

x x.o Ox 
Oo • 0 0 

0 Cf) ~ x 
)(IC 

55 65 75, 85 
y 

/ 
3.0 / ,, 

)( /0 
N 

0 /" )( 

~2.0 ox,('O 
ooox ox 

• )( 
)( • /o 

1.0 0 

)( 10 47-72 

55 65 75 85 
)( 1047-101 

0.7 

0.5 
. -----x 

o'.3 

0 
1047-72 

55 65 75 85 

M.I. 

, Fig. 4-32 (Cont.): 



·8 

·6 

U") 

0 .4 
Q.N 

·2 

3·0 

N 

02·0 .... 

1·0 

- l~c. -

100 
Zr 

200 

100 200 
Zr 

.,. 47-32 

/ 
/ 

.,. 47-12 

A 

><47-32 

300 

300 

47-101 .,. 

.,. 
47-101 

Fig. 4-33: Plot showing the correlation of P2o 5 and Tio2 with Zr 
in Conrad F.Z. basalts and dolerites. Symbols as in 

Fig. 4-32. 



4.2.2 

- 157 -

average Ti/Zr ratio of the majority of Conrad F.Z. basalts and dolerites 

is 87.5, significantly lower than that characteristic of MORB (Ti/Zr= 

100-110; Pearce and Cann, 1973; Sun et al., 1979), but similar to the 

IOFZ basalts. 

In sunnnary, the major element characteristics indicate composi

tional similarity between the Conrad F.Z. basalts and dolerites, with 

the dolerites however extending to somewhat more evolved compositions. 

Chernital variations ainong the irnmobil~ elements suggest. that the majority 

of samples (both basalts and dolerites) are genetically related and 

derive from a homogeneous source, at least in terms of Tio
2

, P
2
o

5 
and 

Zr. Secondary alteration has extensively altered the distribution of 

some of the more mobile elements. The large compositional variations in 

terms of absolute incompatible element concentrations (variation by more 

than a factor of 3) suggest that inten~fractionation has taken place 

during the evolution of these basalts. 

Trace Elements: 

In accord with their evolved major element compositions, the 

Conrad F.Z. basalts and dolerites are char~cterised by low concentra

tions of compatible ferromagnesian trace elements and high concentra

tions of incompatible trace elements·, relative to MORB. The extreme 

degree of differentiation within the suite is also well illustrated by 

the trace element variations. This variation is illustrated in Figs. 

4-34 and 4-35 where selected trace elements are plotted against Zr as a 

measure of differentiation (Zr has been used in preference to M.I. to 

avoid the effect of alteration on the FeO*/MgO ratio; Humphris and 

Thompson, 1978a). 

Unlike the well defined enrichment trends described by the 
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innnobile incompatible major elements (Ti02 and P20
5

) with Zr (Fig. 4-33), 

the incompatible trace elements Rb and Ba (Fig. 4-34) do not describe 

coherent trends. The considerable scatter observed in these plots and 

the extreme range in concentration of these elements (Rb, 1-35 ppm; 

Ba, 8-476 ppm) is attdbuted primarily to alteration effects. Rb is 

known to be highly mobile during ocean floor weathering, but Ba and Sr, 

which shows a relatively restricted compositional range (Fig. ·4-34) in 

most Conrad F.Z. samples (between 110 and 180 ppm .Sr), are generally 

considered to be only moderately mobile. The high mobility of Ba and 

Rb is regarded as being related to the hydrothermal alteration (by pos

sibly an alkali-rich brine) that resulted in the K-feldspar, Na-feldspar 

and analcite replacement observed in many of the samples. In contrast 

to the connnon practice of using Rb and Ba as sensitive indicators of 

petrogenetic relationships (e.g. consideration of K/Rb and K/Ba ratios; 

Gast, 1968; Hart et al., 1971.H, these elements, including possibly Sr, 

will clearly be of li~tle use in assessing any genetic relationships 

within the Conrad F.z. basalts and dolerites. 

In contrast to the above elements, Ga shows a relatively well 

defined positive correlation with Zr, with concentrations increasing 

from 16 ppm to 22 ppm (Fig. 4-34). Sc and V show considerable scatter, 

though if some of the more evolved dolerites (I047-32, I047-12, I047-101) 

are excluded, V does define a broad increase with differentiation. Both 

Sc and V are readily incorporated in clinopyroxene and Fe-Ti oxides (e.g. 

Ewart et al., 1973; Lindstrom, 1976; Leeman et al., 1978a,b), a factor 

which would contribute substantially to the observed scatter in the data. 

Specifically the low V content of some of the more evolved dolerites 

could reflect Fe-Ti oxide fractionation. 
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Ni and Cr abundances are characteristically low (100-15 ppm and 

380-15 ppm respectively) and define broad negative correlations with 

increasing differentiation (Fig. 4-34), emphasising the evolved nature 

of these rocks. The highest Ni and Cr contents (100 ppm and 380 ppm 

respectively) are observed in a highly plagioclase-pyroxene phyric 

basalt (1045-130B). The significant displacement of pigeonite dolerite 

1047-72 from the main Cr and Ni trends (Fig. 4-34) is in qualitative 

accord .with .th~ a.bundant modal plagioclase in this rock representing 

cumulus plagioclase, a feature in accord with the major element compo

sition. Zn and Cu both show considerable scatter with Zn varying from 

70 to 260 ppm and Cu from 40 to 140 ppm. Much of the Cu variation can 

probably be attributed to the effect of alteration, but Zn is connnonly 

regarded as being relatively innnobile during weathering. 

Unlike the variation of the more mobile incompatible elements, 

the innnobile incompatible elements Y, Nb and Zr show an excellent degree 

of correlation (Fig. 4-35) over an extremely large concentration range. 

The concentration ranges of Zr from 30 to 375 ppm, Nb from <3 to 21 ppm, 

and Y from 19 to 96 ppm, indicate the exceptionally large degree of 

differentiation reflected by these basalts and dolerites. Further 

inspection of Fig. 4-35 shows the previously noted feature that the 

dolerites span the basalt compositional range and extend to significantly 

more evolved compositions. Dolerite 1047-32 is once again displaced from 

the average trends, indicating the possibility that this rock may repre

sent a glacial erratic. 

The ferrodiorite 1045-51 plots within the framework of the 

observed variations for most of the trace elements (Fig. 4-34). However, 

with respect to Zr, Nb and Y variations (Fig. 4-35), it lies somewhat off 
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the main enrichment trend and, in terms of absolute abundances, is not 

as enriched in these elements as would be expected from its major element 

composition. The possibility of this ferrodiorite being genetically 

related to the Conrad F.z. suite of basalts is discussed in a later 

section. 

The absolute abundance of incompatible elements in a suite of 

lavas can be used to estimate the degree of fractionation, or phenocryst 

accumulation, that may have taken place during evolution -of thE;! ·1ava 

suite. Within the suite of basalts and dolerites from the Conrad F.Z., 

the immobile incompatible elements Zr, Nb, Y, Ti.and Pall show excellent 

correlations, suggesting that a genetic relationship exists among the 

various samples. From the above-mentioned elements, Nb and P, and to a 

slightly lesser extent Zr, are the most 'incompatible' with respect to 

the observed phenocryst phases (Table 2-1, Anderson and Greenland, 1969; 

Clague and Bunch, 1976). The two samples with the lowest incompatible 

element concentrations are 1047-72 and I045-130B. The petrography of 

these samples suggests that.both might be cumulus-enriched (a factor 

qualitatively borne out by diagnostic compositional variations, Figs. 

4-32 and 4-34). The low concentrations are therefore not features of a 

'liquid' composition. If the remainder of the range of compositional 

variation was to be attributed solely to fractional crystallisation of 

a single 'parental' magma, it would require approximately 80% crystal

lisation to account for the 4.5 to 6.5-fold enrichment in incompatible 

elements. 

Although the absolute abundance of incompatible elements in a 

suite of lavas is a function of the degree of partial melting and sub

sequent fractional crystallisation, several incompatible element ratios 
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have been shown to be diagnostic of source region characteristics and 

in particular may serve as a measure of the degree of depletion of the 

source region. Of the trace element ratios used in this manner (e.g. 

K/Rb, K/Ba, Zr/Nb, Y/Nb, Sm/La and La/Ta (Gast, 1968; Hart, 1971; 

Pearce and Cann, 1973; Erlank and Kahle, 1976; Bougault et al., 1979)), 

the first two are susceptible to alteration and consequently have little 

application to the altered Conrad F.Z. samples. The latter ratios, how

ever, involve more immobile elements and so are more applicable to the 

Conrad F.Z. basalts. The Conrad F.Z. basalts and dolerites have an 

average Zr/Nb ratio of 21 ± 3 which, though somewhat lower than typical 

MORB (Zr/Nb = 37; Erl.ank and Kahle, 1976), contrasts with the low Zr/Nb 

ratio <± 8.4) of the IOFZ basalts. The Zr/Nb ratio of the Conrad F.Z. 

basalts is however similar to that of the Juan de Fuca basalts (Zr/Nb = 

23; Kahle, 1972) and the basalts from the Blanko Fracture Zone (Zr/Nb = 

17; Kahle, 1972). The higher Y/Nb (6.1 ± 1.0) and lower Zr/Y 

(3.44 ± 0.47) ratios of the Conrad F.z. also serve to distinguish these 

basalts from the IOFZ basalts (Y/Nb = 1.98, Zr/Y = 4.36). 

Two Conrad F.Z. samples (1045-68, 1047-12) have been analysed for 

the REE•s. The analyses were performed at the Australian National 

University, Canberra, by Dr. A.R. Duncan, and the data are given in 

Table 4-24. In contrast to the typical LREE depletion observed in MORB 

(e.g. Bryan et al., 1976), dolerite 1047~12 is characterised by having 

a flat REE pattern (Fig. 4-36) with a pronounced Eu anomaly (Eu/Eu* = 

0.78). In comparison ferrodolerite I045-68 has a slightly LREE-enriched 

pattern (La/Yb = 1.42) and possibly a very minor Eu anomaly (Eu/Eu* = 

0.91). The overall absolute abundance of the REE in these samples rela

to that commonly found in MORB emphasises the evolved nature of these 

rocks (Fig. 4-36). 



Table 4-24: .Rare earth element concentrations and chondrite 
normalised values for Conrad F.Z. samples 1047-12 
and !045-68. Concentrations were normalised using 
the values for Lee4y chondrite divided by 1.2 
(Sun and Hanson, 1976). 

!047-12 !045-68 

* * ppm chondritic ppm chondritic 

La 11.80 37.46 15.90 50.48 
Ce 34.00 41.82 45.00 55.35 
Pr 5.10 43.97 6.30 54.31 

. Nd 26.00 43.55 35.00 58.63 
Sm 7.70 40.10 8.50 44.27 
Eu 2.12 29.44 2. 71 37.64 
Gd 9.20 35.52 10.00 38.61 
Tb 1. 70 34.69 1.80 36.73 
Dy 11.00 33.85 12.20 37.54 
Ho 2.60 35.62 2.70 36.99 
Er 7.50 35.21 7.60 35.68 
Tm 1.01 33.67 1.02 34.00 
Yb 7.00 33.65 7.40 35.58 

t CH La/Sm .934 1.140 
CH La/Yb 1.113 1. 419 
Eu/Eu* .780 .910 

t CH = chondritic 

* Chondrite normalised 
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\ 

4.3 Petrogenesis 

4.3.1 

It has been shown in the previous section that the immobile 

incompatible major and trace elements of the Conrad F.z. basalts and 

dolerites describe extremely systematic trends (e.g. Figs. 4-33, 4-35). 

These trends strongly suggest that the majority of samples dredged from 

the Conrad F.z. are genetically related through either fractional 

crystallisation or partial melting processes. The constant ratios of 

' 
the immobile incompatible· elements (e.g.· Zr/Nb, Y/Nb, ir/Y) suggest 

that if more than one parental magma is involved in giving rise to the 

range in compositions, then the source area for these magmas was homo-

geneous with respect to these elements. 

Fractional Crystallisation: 
. 

Consideration of the Ni contents (100-15 ppm) and Mg-numbers 

(0.65-0.35) of the basaltic rocks from the Conrad F.~. clearly indicates 

that these rocks cannot be regarded as 'primary magmas' (e.g. Green, 

1971; Kesson, 1973; Bougault et al., 1979; this work, Chapter III). 

The range in compositions is therefore in large part a consequence of 

fractional crystallisation, of one or more parental magmas. The extent 

to which the compositional variations in the Conrad F.Z. can be attri-

buted to low pressure fractional crystallisation can be evaluated quan-

titatively from the participating minerals and the relative importance 

of the fractionating phases, using a least squares approximation tech-

nique (Bryan et al., 1969). All input data to the least squares calcu-

lations were normalised to 100%, volatile-free, and all iron was 

expressed as FeO. Due to the low concentration of P205 and the suscep

tibility to alteration of K, these two elements were excluded from the 

calculations. 
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(i) Basaltic Rocks 

In order to accommodate the large number of samples (both basalts 

and dolerites) which contribute towards the compositional spread, those 

samples with very similar compositions have been grouped and their 

average composition used. Samples that have been averaged in this 

fashion are: olivine-plagioclase-pyroxene basalts 1045-97 and 1045-152 

(referred to as 45-97/45-152), plagioclase-pyroxene basalts 1045-91, 

1045-151 and 1045-161 _(referred to as 45~91/45-151/45-161), dolerites 

1045-49 and 1045-160 (referred to as 45-49/45-160), dolerites 1045-34 

and 1045-1300 (referred to as 45-34/45-1300), and samples 1047-64 and 

1045-148 (referred to as 47-64/45-148). For the purposes of modelling 

no distinction has been made between supposedly intrusive and extrusive 

varieties, though it is appreciated that the coarser grained samples 

' 
may well reflect the effects of minor flow differentiation (e.g. le Roex 

and Reid, 1978). These effects are, however, likely to be small relative 

to the extreme range of overall differentiation. For the remainder of 

this section all samples will be referred to as basalts. 

Sinee none of the Conrad F.Z. basalts are potential candidates ' 

for primary magmas, and since a fairly continuous compositional range is 

observed, the choice of a suitable parental magma is not well constrained. 

For the purposes of moedlling therefore, the more evolved basalts have 

been regarded as potential derivatives of any of the less evolved basalts. 

On this assumption all possible parent-daughter pairs have been evaluated. 

The results of this evaluation indicate certain parent-daughter pairs are 

not pennitted and that it is not possible to relate all samples to a 

single parent. Most of the compositional variation can be ascribed to 

varying degrees of fractional crystallisation of two potential 'parental' 
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magmas, 45-91/45-151/45-161 and 45-49/45-160. A summary of the success-

ful least squares approximations relating the more evolved basalts to 

these two parental magmas is given in Table 4-25 and depicted schemati-

cally in Fig. 4-37, where the samples are arranged in order ·of increa-

sing Zr content (as a measure of differentiation). 

Before consideration of selected models in more detail, it should 

be noted that since large degrees of crystallisation are involved in the 

proposed models, with only two phases (plagiocla·se and clino·pyroxene) 

contributing over 97% of the fractionate, the mixing calculations are 

not tightly constrained. Calculated degrees of crystallisation were 

found to be very sensitive to small variations in mineral composition, 

especially the minor components of clinopyroxene (Ti02, Al 203 ). In many 

cases variation of the mineral compositions resulted in significantly 

different predicted degrees of crystallisation, without significantly 

detracting from the acceptibility of the model (i.e. the sum of squares 

of differences remained small). Consequently mineral compositions were 

selected so as to fall within the observed compositional ranges and best 

satisfy both the major element variations and the required degree of 

crystallisation as indicated by the immobile incompatible elements •. The 

selected mineral compositions are presented in Table 4-26. 

Inspection of Table 4-25 and Fig. 4-37 shows that it is possible 

to relate the four most evolved Conrad F.Z. basalts to the 'parental' 

composition 45-91/45-151/45-161 by substantial fractionation of plagio-

clase and clinopyroxene with or without minor titanomagnetite. The 

-amount of crystallisation varies from 53% (to produce 1047-62) to 76% 

(to produce 1047-101); clinopyroxene and plagioclase each comprise 

approximately 50% of the fractionate. With the exception of sample 
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Fig. 4-37: Schematic representation of the possible fractional 
crystallisation relationships relating the Conrad 
F.Z. basalts. Samples are arranged in order of 
increasing Zr content. F equals the weight fraction 
of residual liquid calculated by least squares 
approximation. Samples enclosed by stipled lines 
cannot readily be related to the other samples by 
fractional crystallisation. 
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1045-173, the remaining 'evolved' basalts (1047-28, 47-64/45-148 and 

45-34/45-1300) can all be related to 'parental' composition 45-49/45-160 

by fractional erystallisation, varying in amount from 19% to 47% (Table 

4-25, Fig. 4-37). The fractionates comprise plagioclase, clinopyroxene 

and titanomagnetite in the average proportions 47:50:3. Two of the 

least squares approximations presented in Table 4-25 are given in detail 

in Tables 4-27 and 4-28. Table 4-27 shows the derivation of the 

extrernely Fe~Ti-rich ferrodolerite 1045-68 from parental.composition 

45-91/45-151/45-161 by 66% fractional crystallisation. The fractionating 

minerals comprise 35.8% plagioclase (An56 ) and 30.1% clinopyroxene 

(Wo37En48Fs15 ). The good major element agreement between predicted and 

observed compositions (as illustrated by the low sum of squares of resi

duals) and the low standard deviations of the components attest to the 

consistency of the calculation. The derivation of 45-34/45-1300 from 

parental composition 45-49/45-160 by 19% fractional crystallisation of 

plagioclase (8.3%), clinopyroxene (10.7%) and minor titanomagnetite 

(0.4%) is shown in Table 4-28. Although the error in Na 2o is greater 

than desirable, it is well within the uncertainty associated with the 

effects of alteration observed in these samples. In this regard it 

should also be noted that the apparently high sum of squares of residuals 

(0.33) in calculation (1), Table 4-25 associated with the derivation of 

1047-101, is also within the uncertainty in the original composition of 

this sample due to its highly altered state. 

The remaining samples illustrated in Fig. 4-37 cannot be related 

to one or other of these two fractionation schemes, and appear to be 

compositionally distinct. Two of these five samples have distinct modal 

mineralogy: 45-97/45-152 are the only samples with modal olivine, and 



Table 4-27: Least squares approximation relating ferrodolerite 
1045-68 to plagioclase-pyroxene basalt 45-91/45-151/45-161~ 

Input data 

45-91/45-151/45-161 PLAG CPX 1045-68 

SiO 2 52.06 53.89 51.40 50.88 

Ti02 1. 70 .08 1.30 3.65 

Al2o3 15.18 29.09 2.02 12.58 

FeO* 8.64 0.50 9.21 17.05 

MnO 0.18 0.01 0.23 0.27 

MgO 6.66 0.13 17.19 4.58 

Cao 12.04 11.34 18.42 7.32 

Na20 3.03 4.97 0.24 3.62 

An 55. 77 Wo 37.20 

Ab 44.23 En 48.28 

Fs 14.52 

Least squares approximation 

45-91/45-lSJ/45-161 MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

Si02 52.06 51.99 -.07 1045-68 33.87 .60 

Ti02 1. 70 1.66 -.04 PLAG 35.80 .37 

Al203 15.18 15.28 .10 CPX 30.09 .42 

FeO* 8.64 8.72 .08 

MnO 0.18 0.16 - .02 TOTAL 99.76 .82 

MgO 6.66 6.77 .11 

Cao 12.04 12.08 .04 

Na20 3.03 3.08 .05 

Sum of squares of residuals = .040 



Input 

Si02 
Ti02 
Al 2o3 
Feo* 

MnO 

MgO 

cao 

Na20 

Least 

Si02 
Ti02 

A1203 

Feo* 

MnO 

MgO 

cao 

Na20 

Table 4-28: Least squares approximation relating 
45-34/45-130D to 45-49/45-160. 

data 

45-49/45-160 PLAG CPX Ti-Mgt 45-34/45-130D 

50.80 50.80 51.38 0.20 50.63 

1.58 0.05 0.80 24.62 1.82 

15.34 31.27 3.17 1. 35 15.17 

10.08 0.50 7.92 72.94 10.91 

0.18 0.01 0.16 0.49 0.19 

7.51 0.13 16.99 0.38 6.86 

11.53 13.69 19.35 0.01 10.40 

2.49 3.55 0.22 0.01 3.06 

An 68.06 Wo 39.36 

Ab 31.94 En 48.07 

Fs 12.57 

squares approximation 

!!:2.:~2.~~.:.~Q MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

50.80 50.80 .00 45-34/45-130D 81.24 3.04 

1. 58 1.67 .09 PLAG 8.26 1.59 

15.34 15.25 -.09 CPX 10.65 1. 52 

10.08 10.05 -.03 Ti-Mgt .42 .38 

0.18 0.17 -.01 

7.51 7.40 -.11 TOTAL 100.57 3. 77 

11.53 11.64 .11 

2.49 2.80 .31 

Sum of squares of residuals = 0.138 

j 
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1047-72 is a pigeonite-bearing, plagioclase-rich rock. The former can 

however be related to ferrodolerite 1045-68 with respect to both major 

and trace elements, but not to any of the other samples in the series. 

Plagioclase-pyroxene basalt 1045-173, microporphyritic basalt 1045-14 

and plagioclase-pyroxene phyric basalt 1045-130B are all compositionally 

unique in the sense that they cannot be related one to another or to any 

other samples by least squares modelling. Although these samples are 

apparently unrelated .in terms of fractional crystallisation to the 

majority of Conrad F.z. basalts, their very similar incompatible element 

ratios and in general their similar compositional variations suggest that 

they represent differentiation products of magma(s) derived from the same 

source region. 

A least squares calculation relating the two proposed parental 

magmas 45-91/45-151/45-161 and 45-49/45-160 is given in Table 4-29. The 

inability of fractional crystallisation of the observed phenocryst phases 

to account for the compositional variation, specifically the trace 

elements, is clearly evident. 

To test the consistency of the mixing calculations given in 

Table 4-25, the results have been used to calculate predicted trace 

element contents of the differentiated basalts. Owing to the already 

noted mobility of many of the analysed trace elements, only the rela-

tively immobile elements, Zr, Nb, Y, Sc, Ga and P205 have been modelled. 

Though elements such as Cr, Ni, Co and V are also relatively immobile 

during ocean floor alteration (e.g. Humphris and Thompson, 1978b), they 

have extremely high and varied distribution coefficients for clino-

pyroxene (e.g. Der = 0.8-87; 
cpx 

oxides (e.g. DNi = 5-77 Der = 
mt ' mt 

Lindstrom, 1976; Table A2-5), and Fe-Ti 

v 20-620, D = 4-190; see Table A2-9). 
mt 
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Table 4-29: Attempted least squares approximation and corresponding 
trace element model relating 'parental' magmas 
45-91/45-151/45-161 and. 45-49/45-160. 

A. Least s9uares aEEroximation. 

45-191/45-151/45-161 MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

Si02 52.06 51. 95 -.11 45-49/45-160 45.67 12.39 

Ti02 1. 70 1. 75 .05 FLAG (An3 6) 29.52 6.38 

A1203 15.18 15.35 .17 Cpx (Fs i3) 22.39 5.18 

Feo* 8.64 8.62 -.02 Ti-MGT (Mt3 o) 2.86 1.12 

MnO 0.18 0.14 -.04 

MgO 6.66 7.04 .38 TOTAL 100.43 14.91 

Cao 12.04 12.00 -.04 

Na2o 3.03 3.36 .33 

Sum of squares of residuals = 0.30 

B. Trace element check. 

45-91/45-151/45-161 45-49/45-160 

OBS. CALC. OBS. 

Zr 115 231 98 

Nb 5.6 11 4.2 

y 37 64 31 

Sc 43 42 40 

Ga 17 20 17 

PzOs .18% .39% .17% 
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Calculations involving these elements are therefore totally uncon-

strained by the major element models and have consequently been omitted. 

Predicted and observed trace element contents for the two proposed 

fractionation series are given in Tables 4-30A and B. Values were cal-

culated assuming Rayleigh fractionation (Equation 1, Chapter II) and 

using distribution coefficients given in Table 4-31. It was found that 

it was necessary to select two values for DZr (0.22 and 0.35) to satisfy 
cpx 

tJ,i.e Zr variations, wi.th the lower value being used when. Fe-Ti oxide ... frac-

tionation was involved. The lower value is similar to that determined 

for clinopyroxene from a mineral separate from Gough Island (Chapter II) 

and the higher value is intermediate between this value and the values 

Hf reported for Hf (D = 0.20-0.55; Schock, 1978), which has a very 
cpx 

similar geochemical behaviour (e g. Er lank et al., 1978a, b). It was 

also necessary to select three very slightly different values for DSc 
cpx 

(2.0, 2.1 and 2.2) to accoqnt for all the variations, but again these 

values are well within the known uncertainty (e.g. Table A2-5). Data 

for DGa is relatively sparse (Goodman, 1972; Willis, 1979) and the 
plag 

two slightly different values are probably well within the likely range. 

Inspection of Table 4-30 shows that in nearly all cases the agreement 

between observed and predicted values is excellent with only P2o5 having 

a tendency to be somewhat high in the predicted values. Qualitative 

scans with the electron microprobe across the matrix of 1045-68 have 

indicated the presence of minor apatite. The small P205 discrepancies 

in this and other samples can likely be accounted for by minor apatite 

fractionation (<0.1%). The trace element calculations therefore confirm 

the consistency of the major element mixing calculations. 

On the basis of the major and trace element modelling, it is 
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Table 4-31: Distribution coefficients used in the trace element 
calculations presented in Table 4-30. 

-----
I 
i 

i 
I 

I 

I Zr 

Nb 

y 

Sc 
I 

Ga I 
i 

j P205 ! 
L I 

· The values have been selected from Tables 
A2-2, A2-S and A2-9. See text for further 
discussion. 

Plagioclase I clinopyroxene Ti-magnetite 

I .01 .3S, , 22 I .24 ! 
I 

.01 I .OS 2.16 I 
I 

.18 .so .17 

.01 2.0, 2.12 , 2.2 3 4.0 

1.0, 1. 11+ .4 2.0 

.01 .01 .01 

------· ·-

Superscripts: 1 = value used in models 3, 7, 6, s 
2 = II II II II 2 

3 = II II II II 4, 3 

4 = II II II II 4 



- 168 -

suggested that most of the compositional variation observed in the Con-

rad F.Z. basalts can be attributed to varying degrees of low pressure 

fractional crystallisation of two distinct 'parental' magmas. These 
I 

'parental' magmas do not have primary compositions and must themselves 

be derivatives of more primitive magmas not yet sampled. The calcula-

tions indicate that the fractionation involved dominantly plagioclase 

and clinopyroxene which were removed in approximately equal proportions 

throughout the differentiation .series, together with minor (<3?o) 

titanomagnetite. The extensive fractionation (the calculations indicate· 

that the most evolved ferrobasalts represent as little as 24 to 34% 

residual magma) suggests that the magmas must have resided in shallow 

chambers for a considerable length of time. 

It is intersting to compare the results of this study to those of 

Clague and Bunch (1976) who did similar geochemical modelling of ferro-

basalt petrogenesis from the East Pacific mid-ocean spreading centers. 

These authors found that, in contrast to previously inferred olivine-

plagioclase fractionation, clinopyroxene played a dominant role in the 

generation of the highly fractionated ocean floor basalts from these 

areas. In the postulated models for the generation of the East Pacific 

ferrobasalts, plagioclase and clinopyrxene contr,ibuted approximately 

equally towards the fractionate and comprised over 90% of the total, a 

feature in cormnon with that found for the Conrad F.z. Clague and Bunch 

(1976) found, however, that the best least squares solutions wei::e 

obtained by postulating the fractionation of a"····· pyroxene composi-

tion more iron-rich than can be reasonably expected". This pyroxene 

composition (Wo35En43Fs21 ) is significantly more iron-rich than that 

used in the Conrad F. z. calculations (Wo41 En45Fs13 - Wo 37En48Fs15 ) • The 
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compositions used in this study are within the compositional range 

observed in the actual samples. 

Strongly fractionated ocean floor basalts are generally regarded 

as being associated with fast spreading ridges (e.g. East Pacific Rise, 

Juan de Fuca Ridge), while slow spreading ridges (e.g. Mid-Atlantic 

Ridge) generally lack extensively fractionated basalts (Bass, 1971; 

Scheidegger, 1973; Clague and Bunch, 1976). This has been attributed 

to the fact that_ thermal .mod~l.s for. the· formation of oceanic c.rust 

(Sleep, 1975; Kusznir and Bott, 1976) suggests that the latent heat of 

basalt in the top 5 km of the oceanic crust at slow spreading ridges is 

insufficient to maintain a large steady-state magma chamber (Nisbet and 

Fowler, 1978). The thermal regime at fast spreading ridges is however 

more favourable for the maintenance of a large magma chamber, thus 

allowing more extensive fractionation. Fracture zones, however, appear 

to be an exception, even if cutting slow spreading ridges. For example, 

Bonatti et al. (1971), Melson and Thompson (1971), Thompson and Melson 

(1972), Shibata and Fox (1975), Hekinian and Thompson (1976) and Shibata 
,,.., 

et al. ( 1979~ have all reported extensively fractionated basalts from 
"' 

fracture zones cutting the slow spreading Mid-Atlantic Ridge. The 

results of this study provide further documentation of highly fraction-

ated basalts occurring in a fracture zone which cuts a slow spreading 

ridge. Quantitative modelling of the compositional variations observed 

in the present study indicates that.extensive fractional crystallisation 

has resulted in the development of evolved basalt compositions, implying 

the existence of a large magma chamber. 

(ii) Ferrodiorite 

Hart (1971) has demonstrated that oceanic andesite dredged from 
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Table 4- 3 2: Least squares approximation relating ferrodiorite 
I045-51 to olivine-plagioclase-pyroxene basalt 
45-152/45-97. 

Input data 

45-152/45-97 PLAG OLIV CPX IL 1045-51 

Si02 51.12 53.89 35.26 49.61 .15 59.97 

Ti02 1. 51 0.08 .03 1.48 47.85 1. 97 

A1203 16.23 29.09 .06 2.96 .17 12.31 

FeO* 9.48 .50 38.21 12.75 50.65 14.25 

MnO 0.17 .01 .22 .45 1.04 .20 

MgO 6.49 .13 25.86 14.13 .10 1.91 

cao 12.17 11.34 .33 18.20 .01 6.54 

Na20 2. 71 4.97 .01 .37 .01 2.83 

An 55.77 Fo 54.67 Wo 38.07 

Ab 44.23 Fa 45.33 En 41.11 

Fs 20.82 

Least squares approximation 

45-152/45-97 MIX 

OBS. CALC. DIFF. COMP. Wt.% S.D. 

Si02 51.12 51.14 .02 1045-51 11.99 .79 

Ti0 2 1.51 1.58 .07 PLAG 47.29 . 58 

Al 2o3 16.23 16.20 -.03 OL 6.40 .39 

Feo* 9.48 9.42 - .06 CPX 32.64 .60 

MnO 0.17 0.21 .04 IL 1. 71 .18 

MgO 6.49 6.56 .07 

cao 12.17 12.11 -.06 TOTAL 100.02 1. 22 

Na20 2. 71 2.81 .10 

Sum of squares of residuals = .030 
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the East Pacific Rise can be derived from average oceanic tholeiite by 

approximately 60% crystallisation of plagioclase, olivine, clinopyroxene 

and minor titanomagnetite. Attempts at relating ferrodiorite 1045-51 

to any of the basaltic rocks recovered from the Conrad F.Z. have however 

only proved partially successful. A least squares approximation relating 

ferrodiorite 1045-51 to olivine-plagioclase-pyroxene basalt 45~152/45-97 

is shown in Table 4-32. The results indicate that it is quite feasible 

to derive a magma of composition similar to that of the f~rrodi6rit~ by 

the fractionation of 47.3% plagioclase (An56 ), 32.6% clinopyroxene 

(Wo38En41Fs21 ), 6.4% olivine (Fo54) and 1.7% ilmenite (1190 ). The excep

tionally large degree of crystallisation required to satisfy the major 

elements (88%) is however in conflict with the observed enrichment in 

incompatible trace elements. Using the distribution coefficient data 

from Tables A2-1, A2-2, A2-5 and A2-8, some selected trace element pre

dictions for 1045-51 using this model are as follows: 

Zr 

Nb 

y 

Sc 

Ga 

Observed 

255 

12 

57 

33 

20 

Calculated 

700 

38 

127 

32 

33 

The excessive amount of crystallisation is clearly illustrated. The 

choice of alternate parents can equally satisfy the major element varia

tions, but likewise fails to account for the observed enrichment in 

incompatible trace elements. 

The relationship of the ferrodiorite to the Conrad F.Z. basalts 

remains therefore unresolved. The unusual mineral chemistry of this 
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sample (Section 4.1.2) may however indicate unusual conditions of 

crystallisation, a factor which may have resulted in the apparent 

decoupling of the major and trace elements. Alternatively, the sample 

may be a glacial erratic, unrelated to the other fracture zone samples. 

5. DISCUSSION 

5.1 Islas Orcadas and Conrad Fracture Zones 

Comparison of the general characteri$tics of the two suites of 
. .. . . ~ ' . 
fracture zone samples reveals a number of similarities. Basaltic rocks 

from both.fracture zones are petrographically similar in that the domi-

nant mineral assemblage comprises plagioclase and clinopyroxene with or 

without minor Fe-Ti oxides. Subordinate triply saturated olivine-· .1 

plagioclase-pyroxene basalts do occur. This contrasts with the charac-

teristic olivine-plagioclase assemblage in typical MORB (e.g. Bryan et 

al., 1976). Also, in contrast to typical MORB, the majority of the 

fracture zone basalts are holocrystalline with quench glass being rela-

tively scarce. In addition, a high proportion of intrusive mafic rocks 

were recovered from the Conrad F.z., though none were dredged from' the 

IOFZ. The samples from both fracture zones show a high degree of alter-

ation, especially the intrusive varieties from the Conrad F.z. The. 

alteration process involved the formation of hydrous secondary minerals ' 

and in many cases the replacement of phenocryst and groundmass plagio-
1 

clase by K-feldspar, Nei-feldspar or analcite. Comparison of the 

mineral compositions of the extrusive rocks indicates a similar rang~ in 

plagioclase phenocryst compositions (An90 -An50 ) and clinopyroxene compo-

intrusive rocks, however, extends to more sodic compositions (An30 ). 

Higher concentrations of minor elements (Ti, Al, Na) in the IOFZ 
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pyroxenes distinguishes these from the Conrad F.Z. pyroxenes and . 

emphasises their more alkaline affinity. The petrographic features of 

the Conrad F.z. basalts indicate a similarity to fractionated Group I 

ocean floor basalts as defined by Bryan et al. (1976), while the IOFZ 

basalts show a closer similarity to Group II basalts. 

Basaltic rocks from both fracture zones are characterised by 

their evolved compositions and extreme compositional variation. This 

factor has previously been proposed as a characteristic feature of 

fracture zone basalts, in contrast to the less evolved compositions and 

minor range of differentiation of typical 'MORB (e.g. Hekinian and 

Thompson, 1976; Shibata et al., 1979b). The evolved nature of the Con

rad F.Z. and IOFZ basalts is illustrated by the absence of any potential 

primary magmas (i.e. magmas with Mg-number >0.67) and by their high 

FeO*/MgO ratios (1.1-3.7) relative to unfractionated Mid-Atlantic Ridge 

basalt (FeO*/MgO = 0.8-1.8; Bryan et al., 1976). This evolved nature 

is further illustrated by the high concentrations of irmnobi le incompa

tible elements (e.g. Ti, Zr, Nb, Y, P) and low concentrations of the 

ferromagnesian trace elements (Cr, Ni). Most of the observed composi

tional variation in both fracture zones can be attributed to the frac

tional crystallisation of plagioclase and c linopyroxene in approximately 

equal proportions, with or without minor Fe-Ti oxides. The degree of 

crystallisation required to account for the compositional spread in the 

individual fracture zones does however differ, with the Conrad F.z. 

basalts reflecting far greater differentiation. Least squares calcula

tions indicate that the most evolved Conrad F.Z. basalts can be 

accounted for by up to 76% fractional crystallisation of a postulated 

parental magma, while the most evolved IOFZ basalts represent the pro-
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ducts of at least 40% fractional crystallisation of a parental magma. 

Similar large degrees of fractionation have been proposed by Shibata 

and Fox (1975) and Shibata et al. (1979a) to account for the observed 

compositional variation in basalts from the Oceanographer fracture zone 

0 
(MAR, 35 N). The fractionating phases, and relative proportions, 

involved in the evolution of the Conrad and IOFZ basalts are very similar 

to those required to account for the production of f errobasalt at some 

East Pacific spreading centers (Clague and Bunch, 1976). As noted by 

these authors, fractionation of plagioclase and clinopyroxene appears 

to be an important mechanism for the generation of highly evolved ocean 

floor ferrobasalts. The extensive fractionation observed in the fracture 

zone basalts implies the presence of large magma chambers, which are not 

normally regarded as being stable under the thermal regime of slow 

spreading ridges (e.g. Nisbet and Fowler, 1978). 

The above-mentioned similarities in petrography, bulk major element 

composition and differentiation products are all related to high level 

processes such as mode of emplacement and fractional crystallisation. 

Comparison of selected incompatible element ratios (e.g. Zr/Nb, Y/Nb, 

Zr/Y, La/Yb) however reveals some important differences between the two 

fracture zones. Such ratios have been shown to be diagnostic of source , 

region characteristics, and in particular may serve as a measure of 

depletion of the source region (e.g. Gast, 1968; Hart, 1971; Pearce 

and Cann, 1973; Erlank and Kahle, 1976; Bougault et al., 1979; Pearce 

and Norry, 1979). The Conrad F.z. basalts and dolerites have an average 

Zr/Nb ratio of 21 ± 3 which, though somewhat lower than MORB (ave. Zr/Nb 

= 37; Erlank and Kahle, 1976), contrasts with the low Zr/Nb ratio 

(8.4 ± 0.6) of the IOFZ basalts (Fig. 4-38). The Zr/Nb ratio of.the 
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Conrad F.Z. is similar to that of the Juan de Fuca Ridge basalts (ave. 

Zr/Nb = 23; Kahle, 1972) and the basalts from the Blanco fracture zone 

(ave. Zr/Nb= 17; Kahle, 1972). The low Zr/Nb ratio of the IOFZ is 

similar to that characteristic of oceanic island tholeiites (Zr/Nb = 

6.6; Erlank and Kahle, 1976) and to ocean floor basalts from the 

vicinity of postulated mantle plumes (e.g. 45°N (MAR) Zr/Nb = 6.6; 

Erlank and Kahle, 1976; FAMOUS (MAR) Zr/Nb = 8.4, Chapter III). The 

higher Y/Nb (6.1 ± 1.0) .and lower Zr/Y (3.4 ± 0.47) ratios of the Conrad 

F.Z. basalts (Fig. 4-38) also serves to distinguish them from the IOFZ 

basalts (Y/Nb = 1.98 ± 0.2, Zr/Y = 4.36 ± 0.4). The low Y/Nb ratio of 

the IOFZ basalts is a reflection of their more alkaline chemistry 

(Pearce and Cann, 1973), a feature commonly associated with fracture 

zone basalts (e.g. Bonatti et al., 1971; Hekinian and Thompson, 1976; 

Shibata et al., 1979b). 

Although REE data are available for only three of these basalts, 

the Conrad F.Z. basalts can be readily distinguished from the IOFZ 

basalts by their flat to slightly enriched LREE patterns (La/Yb = 1.1-1.4) 

relative to the strongly LREE-enriched pattern of the IOFZ basalt 

(La/Yb = 3.4). Both patterns are distinguishable from the LREE-depleted 

patterns characteristic of MORB. The REE variations are in accord with 

the previously discussed incompatible element ratios and further illus

trate that the Conrad F.z. basalts are transitional between Group I 

(La/Yb = 0.4-1.0) and Group II (La/Yb = 1.4-13.6) oceanic basalts (Bryan 

et al., 1976), while the IOFZ basalts are more similar to the variable 

Group II basalts. Although complex partial melting processes such as 

dynamic melting (e.g. Langmuir et al., 1977; Wood, 1979) can give rise 

to small variations in the incompatible element ratios, the large 
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differences observed between ratios, such as Zr/Nb, Y/Nb and La/Yb, 

imply derivation of the IOFZ and Conrad F.Z. basalts from two very dis-

tinct source regions. The source region of the Conrad F.Z. is charac-

terised by ra.tios similar to those in chondrites (cf. chondritic Zr /Nb 

= 16, Graham and Mason, 1972; flat REE patterns), while those from tlle 

IOFZ are more similar to the LIL. element-enriched source regions asso-

ciated with oceanic islands and.mantle plumes (e.g. Schilling, 1973, 

1975~);. The two IOFZ Dredge. 11 basalts with low Z~/Nb ratios h~ve vir

tually identical Zr/Nb, Y/Nb and Zr/Y ratios to those of Bouvet Island 

hawaiites (Fig. 4-38), illustrating their close similarity to these 

nearby island basalts and suggesting derivation from similar source 

regions. 

5.2 Bouvet Triple Junction Basalts 

The data from the detailed study of the two fracture zones, the 

sample from the ridge crest at 11°E and the samples described by Dickey 

et al. (1977) from the vicinity of the Bouvet triple junction allow ~ 

wider study of the geochemist~y of this South Atlantic ridge system. To 
I 

' avoid laboratory bias and to facilitate a more direct comparison of the 

data, the samples described by Dickey et al. (1977) (kindly provided by 

Dr. J.S. Dickey) have been re-analysed for 13 trace elements by XRF. 1 

These new data, together with the whole rock major element analyses 

(from Dickey et al., 1977). are presented in Table 4-33. Sample numbers 

e.g. 37/lD-1) reflect the station number and dredge number and correspond 

to those given in Dickey et al. (1977). Also given in Table 4-33 is a 

' whole rock and glass analysis (by electron microprobe) of an additional 

sample (50/35D) from Station 50, Dredge 35D also provided by Dr. J.S. 

Dickey. The dredge locations of the various samples which will be dis-
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cussed are shown in Fig. 4-2. 

The overall chemical and petrographic features of the basalts 

dredged from the Bouvet triple junction have been described by Dickey 

et al. (1977), and these authors have noted that the basalts dredged 

from Station 50 (east of Bouvet Island), Station 44 (Spiess Ridge) and 

Station 37 (MAR) differ from normal MORB. These basalts are LIL 

1 · h d h h" h 87s 186s · d l" · e ement-enric e , ave ig r r ratios, an c inopyroxene is a· 

common .phenocryst mineral.. In. contrast, the basalts dredged from 

Station 38 (Scotia Ridge) to the west of the Conrad F.Z. resemble 

typical MORB. The trace element analyses from this study support these 

conclusions. The variation of selected trace elements (Zr, Nb, Y) from 

all basalts dredged from this South Atlantic ridge system is illustrated· 

in Fig. 4-38 and is compared with the range of Bouvet Island hawaiites 

and FAMOUS basalts in some instances. 

All basaltic rocks (both ridge and fracture zone basalts) that 

have been dredged from the Southwest Indian Ocean Ridge in the vicinity 

of Bouvet Island, i.e. from the triple junction area to 11°E (Fig. 4-2), 

are characterised by having low Zr/Nb, low Y/Nb and high Zr/Y ratios 

(Fig. 4-38). The available REE data (Fig. 4-39) and the negative cor-

relation between Zr/Nb and La/Sm ratios (Sun et al., 1979) suggests that 

this portion of the ridge is also characterised by being LREE-enriched, 

in contrast to the LREE depletion commonly associated with ocean ridge 

basalts. Although many of the samples are highly altered, the positive 

correlation between Zr/Nb and K/Ba in ocean ridge basalts (Erlank and 

Kahle, 1976) would suggest that the basalts to the east of the triple 

junction would also have low K/Ba ratios. Basalts dredged from the 

Conrad F.Z. and from Station 38 (Fig. 4-2) to the west of the triple 
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junction, on the American.:.Antarctic Ridge, are characterised by having 

interelernent ratios more like normal mid-ocean ridge basalts, i:e. high 

Zr/Nb, Y/Nb, low Zr/Y and flat to LREE-depleted RE~ patterns (Figs. 

4-38, 4-39). 

Dickey et al. (1977) noted the apparent LIL enrichment in the 

basalts dredged from the immediate vicinity of the Bouvet triple junc-

tion and they attributed the composition of the lavas to the influence 

of a mantle·plume situated beneath Bouvet Island (Morgan, 1971; 1972, · 

1973). The results of this study confirm this conclusion and indicate 

that not only do basalts in the immediate vicinity of Bouvet Island 

carry a 'plume-enriched' chemical imprint, but basalts dredged from as 

0 far east as 11 E have a LIL element-enriched chemistry. This suggests 

that the chemistry of the Southwest Indian Ocean ridge from the triple 

junction to at least 11°E can be likenened to the well known LIL element-

enrichment· along the MAR in the vicinity of the postulated Azores plume 

(e.g. Schilling, 1975; White et al., 1976; White and Bryan, 1977; White 

and Schilling, 1978) and to the Reyki~anes Ridge in the vicinity of the 

postulated Iceland plume (e.g. Schilling, 1973). Mantle plumes have been 

envisaged as representing the manifestation of convection in the lower 

mantle, which brings up heat and primordial material to the asthenosphere 

and provides the driving force for the separation of the lithospheric 

plates during continental drift (Morgan, 1971, 1972, 1973). Anderson 

(1975) suggests that plumes represent sites of anomalously deep melting, 

induced possibly by high concentrations of radioactive elements. Either 

model offers an explanation for the more 'pr.istine' or enriched LIL 

element compositions of the lavas generated by this mechanism. If Bouvet 

Island is indeed the site of a mantle plume, originally giving rise to the 



I 

Fig. 4-38: Variation of Nb, Y and Y/Nb ratio with 
respect to Zr in basalts from the vicinity 
of the Bouvet triple junction. The field 
of FAMOUS basalts is taken from this 
study and the Nb-Zr variation in MAR 
basalts from Kahle (1972). Symbols are 
as follows; 

+ Bouvet Island hawaiites 

• Islas Orcadas fracture zone basalt 

0 Conrad fracture zone basalt 

6 Spiess Ridge - Station .44 

~ Ridge axis east of Bouvet Island - Station 50 

o MAR in vicinity of the Bouvet triple junction -

Station 37 

v Scotia Ridge - Station 38 

® Southwest Indian Ocean Ridge - at 11°E. 
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break-up of Gondwanaland (Morgan, 1971, 1972, 1973), then the similarity 

in compositions (e .• g. LREE, Zr/Nb, Y/Nb ratios) of the Southwest Indian 

Ocean Ridge basalts and the Bouvet Island hawaiites (Figs. 4-38, 4-39) 

suggests that the ocean floor basalts and the island basalts have been 

derived from a very similar source region. This is supported by the 

87 86 . . 
similar Sr/ Sr isotope ratios of the Stations 44 and 50 basalts 

(0.70325 to 0.70372; Dickey et al., 1977), and those from Bouvet Island 

(0. 70368±3; 0'.Nions and Pankhurst, 1974). The. low 87 Sr/86sr ratios, 

LREE depletion and low LIL element concentrations in basalts from the 

American-Antarctic Ridge indicates that the effect of the 'Bouvet 

plume' does not extend to the west of the triple junction. 
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CHAPTER V 

BOUVET ISLAND 

1. INTRODUCTION 

( 
0 I 0 I 

Bouvet Island lat. 54 26 S, long. 3 25 E) is situated at the 

southern end of the Mid-Atlantic Ridge (MAR) immediately to the west of 

the triple junction of the African, Anarctic and South American plates 

(Fig. 5-1). 

This southernmost island on the MAR has been suggested by Johnson 

et al. (1973) to be an especially high peak in the western rift moun

tains. Bouvet is a stratovolcano covering an area of 51 km2 and rising 

to a height of 780 m above sea level, .with a centrally situated caldera 

(Verwoerd et al., 1974). Gradual slopes characterise the leeward 

southern and eastern sides, .while precipitous sea cliffs typify the 

western and southern margins. Verwoerd et al. (1974) have shown that 

the island is built up of volcanic rocks of the series hawaiite, 

mugearite and benmoreite with minor rhyolite. Hawaiite is the predomi-

nant rock type, though exposure is poor with over 95% of the island 

being covered by ice. 

Bouvet is a young oceanic island, with published maximum ages 

ranging from 1 m.y. to 6 m.y. Verwoerd et al. (1974) suggest a maximum 

age of 1 m.y. on the basis of the normal magnetisation of orientated 

specimens (Snape, 1971), whilst Imsland et al. (1977) argue that a 

maximum age of 6 m.y. is indicated on the basis of a half-spreading 

rate of 0.83 cm/yr (Sclater et al., 1976) and a distance of 50 km from 

the ridge crest. The volcanism giving rise to Bouvet Island has been 

\ 
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P L A T E 5-1 

A: Photomicrograph of plagioclase phyric hawaiite WJ8B. 
Phenocrysts in field of view include plagioclase and 
clinopyroxene. Crossed polars. 

B: Plagioclase phenocryst in WJ8B showing resorption features 
and a subhedral clinopyroxene phenocryst poikilitically 
enclosing plagioclase laths. Crossed polars. 

C: Photomicrograph of sparsely phyric hawaiite WJ2B showing 
large plagioclase glomerocryst and subhedral olivine 
phenocrysts, in a fine grained matrix of orientated 
plagioclase laths. Partially crossed polars. 

D: Photomicrograph of aphyric mugearite WJlB showing 
intergranular texture of plagioclase and clinopyroxene. 

E: Porphyritic texture of benmoreite WJlOB. Phenocrysts 
comprise plagioclase, clinopyroxene, olivine and. titano
magnetite set in a dense hyalocrystalline matrix. 
Crossed polars. 

F: Photomicrograph showing the poikilitic relationship between 
plagioclase and clinopyroxene in benmoreite WJlOB. 

G: 'Atoll' type and subhedral to euhedral growth forms in 
plagioclase phenocrysts in benmoreite WJlOB. A clinopyroxene 
phenocryst containing poikilitically enclosed titanomagnetite 
is shown in the lower left hand corner. Partially crossed 
polars. 

H: Photomicrograph of rhyolite WJ18B showing subhedral anortho
clase phenocrysts enclosed in a glassy groundmass of microlites 
with a well developed flow structure. Crossed polars. 
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altered subhedral phenocrysts. Minor olivine occurs as inclusions in, 

or attached to, plagioclase phenocrysts. Titanomagnetite occurs as dis

crete euhedral to subhedral phenocrysts (up to 0.5 mm in size) and also 

commonly as inclusions in clinopyroxene (Plate 5-1G) and plagioclase. 

Apatite (Cao 56.16%, P205 42.48%) forms acicular needles in the matrix 

or occurs as inclusions in clinopyroxene, opaque oxides and plagioclase. 

The mutual poikilitic relationships between the various phenocryst 

phases is taken as evidence of co..:precipitatfori of these phases. Modal 

proportions (determined by point counting) of the phenocryst phases are 

as follows: (vol.%) plagioclase 18.0; clinopyroxene 3.0; titanomagnetite 

2.0; olivine 1.0. 

3.4 Rhyolite 

The single sample of rhyolite (WJ18B) is a fine-grained, sparsely 

porphyritic lava, with anorthoclase phenocrysts set in very fine-grained 

matrix of.alkali-feldspar microlites which exhibit well developed flow 

structures (Plate 5-1H). Verwoerd et al. (1974) report the presence of 

aegerine and soda hornblende crystallites. The sample of obsidian is a 

black quench glass and lacks any detectable crystallites. 

4. CHEMISTRY 

4.1 General Statement 

With the exception of the sample of obsidian analysed by the 

writer, all major element data were taken from Verwoerd et al. (1974). 

Certain trace elements (Zr, Nb, Y, Rb, Ba and Sr) were redetermined on 

the original briquettes together with Sc. The remaining trace element 

data were taken from Verwoerd et al. (op. cit.). 

Major and trqce elements, CIPW norms and selected element ratios 

are presented in Table 5-2. The CIPW norms were calculated volatile-
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free, with Fe203 /Fe0 adjusted to 0.20 (Verwoerd et al., 1974). The 

analyses presented in Imsland et al. (1977) are similar to those used 

in this study with minor differences (possibly laboratory bias) 

occurring in some trace elements. 

4.2 Whole Rock Chemistry . 

4.2.1 

The chemical variations in the Bouvet Island lavas have been 

previously discussed by Verwoerd et al. (1974) and Imsland et al. (1977). 

Consequently ·only the more salient· features will be discussed here. 

Major Elements: 

The essential major element composition of the Bouvet Island 

lavas is shown on AFM diagram in (Fig. 5-2), where a strong Mg depletion 

is associated with an enrichment in total alkalis through the sequence 

hawaiite to rhyolite. The trend for Gough Island lavas (A. le Roex, 

unpublished data) is shown for comparison. In a total alkalis-silica 

diagram (Fig. 5-3) the lavas are seen to straddle the alkali-basalt

tholeiite dividing line of Irvine and Baragar (1971) attesting to their 

previously reported transitional to mildly alkaline nature (Verwoerd et 

al., 1974; Imsland et al., 1977). The compositional field of Gough 

Island lavas is again shown for comparison. 

Some important features of the evolution of the Bouvet Island 

lavas are demonstrated by the behaviour of a few selected major elements: 

CaO, Ti02 and P205 • These elements are plotted versus mafic index 

(M.I. = Fe2o3+FeO/Fe2o3+FeO+MgO) in Fig. 5-4. The increasing M.I. of 

the lavas through the sequence hawaiite to rhyolite indicates that if 

these lavas can be related by low pressure fractional crystallisation, 

then a ferromagnesian mineral such as olivine and/or clinopyroxene must 

have played an important role. The continual decrease in Cao, the 
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initial increase in P2o5 from hawaiite to mugearite f~llowed by a 

decrease through benmoreite to rhyolite and continual decrease in Tio
2 

from the sparsely phyric hawaiites through to rhyolite provide con-

straints on other possible fractionating phases. 

The variation in Ca indicates that plagioclase and/or clino-

pyroxene must comprise a significant proportion of any fractionate, while 

the initial enrichment of P2o5 followed by a depletion indicates that 

apatite rriust become an important crystailising phase in the later stages. 

The decrease in Ti02 throughout th7 series similarly indicates the frac-

tionation of a Ti02 -bearing phase. The decrease in Ti02 in the highly 

phyric hawaiites WJSB and WJ17B (M.I. = 70.3 and 73.2 respectively) can 

probably be attributed to a dilution effect involving plagioclase. The 

overall major element variation of the Bouvet Island lavas therefore 
i 

shows well defined trends which are in qualitative accordance with a 

fractional crystallisation model involving plagioclase, clinopyroxene, 

titanomagnetite, with possibly minor olivine and apatite. 

Trace Elements: 

Trace elements in the Bouvet Island lavas similarly show well 

defined trends with increasing M.I. (Figs. 5-SA to C), again suggestive 

of a simple fractionation process having given rise to the spectrum of 

observed lavas. The general behaviour of the trace elements will be 

discussed on the assumption of such a model and in terms of two groups: 

those showing incompatible behaviour and those showing compatible 

behaviour. 

(1) Incompatible Trace Elements 

In the Bouvet Island lavas the following trace elements exhibit 

varying degrees of incompatibility (arranged in order of decreasing 
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. If an element is completely incompatible (i.e. ,D-O), then the 

concentration of that element in the residual liquid (CL) is inversely 

proportional to F (the amount of liquid remaining), i.e. 

CL 1 
= 

co F 

where c0 = concentration in the initial liquid. Assuming Th to have the 

lowest bulk D and that the range in composition from hawaiite to rhyolite 

can be explained in terms" of fractional crystallisation, it would be 

necessary to crystallise approximately 82% of the parental hawaiite to 

account for the observed enrichment of wholly incompatibl.e elements in 

the rhyo lite. 

In the early part of the sequence, hawaiite to benmoreite, Ba 

behaves as an incompatible element and increases with differentiation. 

However, the rhyolite has a significantly lower Ba content than the 

benmoreites (Fig. 5-5B), and if the rhyolite comprises the end product 

of a fractional crystallisation sequence, it would be necessary to 

invoke the crystallisation of a phase in which Ba was compatible. The 

presence of anorthoclase phenocrysts in the rhyolite is in qualitative 

accord with this (DBa ~ 
anorth 5· 

' 
Sun and Hanson, 1976). The change in 

bulk distribution coefficient for Ba between the benmoreites and the 

rhyolite is also shown by the Zr/Ba ratio (Fig. 5-7) which remains con-

stant from the hawaiites through mugearite to the benmoreites and then 

rapidly increases. Any fractionation scheme must obviously account 

adequately for this variation. 

(2) Compatible Trace Elements 

The variation of the compatible trace elements (Sr, Sc, V, Co, 

Cr, Ni) in the Bouvet Island lavas can be used to place qualitative 
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restraints on the type and proportion of possible fractionating minerals 

compatible with the observed compositional variations. The continuous 

decrease in Sr and Sc (Fig. 5-5B) throughout the series requires that 

plagioclase (DSr = 2-3; Korringa and Noble, 1971) and clinopyroxene plag 

(D~~x = 1-8; Lindstrom, 1976; Ewart et al., 1973; D.ale and Henderson, 

1972) comprise significant proportions of any fractionating assemblage. 

Minor magnetite fractionation could also contribute to the decreasing 

Sc (DSc = 1--8; Leeman et al., 1978; Ewart et al.,' 1973; Lindstrom, mgt 

1976). 

The decrease in Co, V (Fig. 5-SC), Cr and Ni requires the crystal-

lisation of clinopyroxene (DCo = 0.5-7.0; 
cpx · 

V Cr 
D = 1-8· D = 1-32, and cpx ' cpx 

DNi = 1-14; Lindstrom, 1976; Ewart .. et cpx al., 1973; Lindstrom and Weill, 

1978), olivine (D~~ = 2-5; D~~ = 8-25; Lindstrom, 1976; Dale and 

Henderson, 1977; Hart and Davis, 1978), and/or titanomagnetite 

(DV = 5-100; 
mgt = 3-17; Cr = 5-77; and D = 20-600; Lindstrom, mgt 

1 9 7 6 ; Ewart et a 1. , 1 9 73 ; Leeman et al., 1978). It is clear ~hat rela-

tively minor amounts of titanomagnetite fractionation could result in 

large decreases in the elements V, Cr, Co and Ni. The initial decrease 

in Co, V and Sc in the highly phyric hawaiites (Figs. 5-5B,C, M. I. = 

70.3 and 73.2) reflects a dilution effect by plagioclase, the accumula-

tion of which simultaneously results in an increase in Sr (Fig. 5-5B). 

Rare Earth Elements: 

Rare earth elements (REE) have been determined on eight Bouvet 

Island samples by E.D.J. Kable using neutron activation techniques. 

Average values, normalised to the Leedy chondrite / 1.20 (Sun and 

Hanson, 1976) are presented in Table 5-3 and REE variations are illus-

trated in Fig. 5-8. 
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The Bouvet Island lavas show strong LREE enrichment typical of 

ocean island basalts (e.g. Schilling and Winchester, 1969; Zielinsky 

and Frey, 1970; Flower, 1971). The overall parallel trends show 

increasing enrichment in all REE from hawaiite through to rhyolite, with 

the highly phyric hawaiite (WJ8B) having the lowest overall REE content. 

Superimposed on these general smooth trends is a marked negative Eu 

anomaly in rhyolite WJ18B and a lesser anomaly is present in benmoreite 

WJ10B. The REE trend- for the highly phyric hawaiite has the suggestion 

of a slight positive Eu anomaly. 

The continuous enrichment in total REE through the sequence 

hawaiite to rhyolite is in accord with a fractional crystallisation 

model relating the composition of the lavas as the REE have bulk D's 

for the observed phenocryst assemblages of less than unity. The nega-

tive Eu anomalies in the benmoreite and rhyolite support the earlier 

conclusions, on the basis of Sr contents, that plagioclase fractionation 

played an important role in the evolution of the Bouvet Island lavas. 

The small positive Eu anomaly in the highly phyric lava is in accord 

with accumulation of calcic plagioclase in which the DEu is still 
plag 

relatively low (Arth, 1976). 

Mineral Chemistry 

General Statement: 

Microprobe analyses of phenocryst, microphenocryst and matrix 

phases were made on six samples (WJ8B, WJ2B, WJ7B, WJ1B, -WJ10B and WJ18B) 

selected to span the spectrum of whole rock compositions on Bouvet Island. 

In any low pressure fractionation scheme mineral compositions should show 

relatively smooth compositional variations throughout the sequence (Baker 

et al., 1977). One of the objects of the study therefor~ has b~en to 
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monitor mineral compositional variations through the sequence hawaiite 

to rhyolite. A second objective is to obtain compositional ranges for 

use in quantitative modelling. Finally, selected trace elements have 

been determined for some mineral·s in an attempt to determine and utilise 

calculated trace element distribution coefficients. 

Olivine: 

Olivine is present in WH2B (hawaiite), WJ1B (mugearite) and 

WJ10B (benrnoreite) ~ Average olivine analyses for the Bouvet Island 

lavas are presented in Table 5-4, and individual analyses can be found 

in microfiche Tables F5-1, F5-4 and F5-5. The range in compositions is 

depicted in Fig. 5-12. The average olivine phenocryst in WJ2B 

(hawaiite) has a composition of Fo
75 

(Table 5-4, No. 1) and a typical 

phenocryst shows strong zoning from Fo
75 

to Fo
60 

(Table 5-4, No's. 2 

and 3). Olivine microphenocrysts are significantly more iron-rich with 

compositions corresponding to Fo41 (Table 5-4, No. 4). 

Calculation of an olivine-liquid Fe-Mg ~ (Roeder and Emslie, 

1970) (see Chapter III, Section 5.2 for full discussion) for hawaiite 

WJ2B gives a value of 0.24. This is-obtained using the whole rock 

FeO/MgO ratio (as representative of the liquid composition, with 

Fe203/Fe0 adjusted to 0.20) and the core of the most Mg-rich olivine 

(as representing the liquidus olivine composition). This value is out

side the range (0.30 ± 0.03) observed by Roeder and Emslie (1970) for 

equilibrium assemblages, and though Bender et al. (1978) and Longhi et 

al. (1978) have suggested that the Fe-Mg K0 decreases with increasing 

temperature and is to a certain extent composition-dependent, it is 

unlikely that the hawaiite had a sufficiently high liquidus temperature 

to lower the ~ to the observed level. Knutson and Green (1975) have, 
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for example, found the liquidus temperature of a typical hawaiite 

(water-free) to be 1150°C, which is at the low end of the range of 

temperatures used by Roeder and Emslie (1970). 

Adjustment of the Fe203 /Fe0 ratio has a small effect on the ~' 

but to raise the calculated ~ to 0.29, the Fe
2
o

3
/Fe0 ratio would have 

to be raised to approximately 0.55, which is significantly higher than 

even the observed Fe2o3 /Fe0 ratio of WJ2B, which is all probability 

ref lee ts post consolidation· oxid.ation. The seiect~d Fe
2
o

3
/Fe0 value of 

0.20 is probably a maximum value, since Fe-Ti oxide data suggest a value 

closer to 0.13 (see Section 4.3.5). On the basis of the above arguments, 

it is suggested that the olivine phenocrysts in WJ2B are too fosteritic 

to have crystallised from a magma with the composition of WJ2B. Their 

presence suggests the existence of a ~lightly more Mg-rich precursor to 

the hawaiites on Bouvet Island, of which they are relict phenocrysts. 

An olivine-of composition Fo70 would be expected to crystallise from a 

magma of composition similar to WJ2B. The bulk composition of WJ2B is 

probably not significantly altered by the presence of these scarce 

phenocrysts due to their low modal abundance (< 1%). 

Olivines present in the mugearite sample show a relatively 

restric~ed compositional range of Fo 31 to Fo 27 ; an average olivine 

composition is given in Table 5-4 (No. 5). The benmoreite WJ10E is 

characterised by similar Fe-rich phenocryst olivines (Table 5-4, No. 6) 

which also show a limited compositional range (Fo 28 -Fo 25 ) and negligib~e 

zoning. 

Fig. 5-9 shows the variation of MnO, Ti02 and CaO with fosterite 

content of all the Bouvet Island olivines. As might be expected, MnO 

shows a strong enrichment with increasing fayalite content, while CaO 
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shows only a slight enrichment i~ the very iron-rich olivines of the 

mugearite and benmoreite. The Cao content of the olivines (0.3% and 

greater) suggests all observed olivines are relatively 'low pressure' 

phases (Simkin and Smith, 1970). Tio2 shows a strong correlation with 

fayalite content in the olivines of WJ2B, although there are fewer 

analyse~ of Ti02 than CaO and MgO in olivines from hawaiite WJ2B (Ti0
2 

was not determined in selected cases where NiO was analysed), and then 

a sharp drop towards-the mugear-ite and benmoreite olivines, reflecting 

the onset of the crystallisation of oxide phases. 

Numerous authors have recently studied the distribution of Mn 

between olivine and silicate liquids (e.g. Roeder, 1974; Duke, 1976; 

Watson, 1977; Leeman and Sch .eidegger, 1977) as a function of tempera-

ture. It was suggested earlier that the 'liquidus olivine' of WJ2B 

would have a composition of approximately Fo70 • Interpolation from 

Fig. 5-9 gives a corresponding MnO content of 0.33%. Using this value 

with a whole rock MnO value of 0.19 (Table 5-2) gives a D~~-liq(wt.%) 
ol-liq of 1.74 and a DMn (mol.%) of 1.41. Insertion of these values in 

ol-liq the relevant equations relating temperature to DMn enables the cal-

culation of the liquidus temperature of the Bouvet Island hawaiite WJ2B. 

The equation, authors and corresponding values are given below (calcu-

0 
lated errors for these equations are in general+ 50 C): 

1. Roeder (1974) 

2. Duke (1976) 

3. Watson (1977) 

log D (wt.%) = ~~~~ - 2.59 

T = 1087°C 

D (wt.%) = 0.00388 T (°C) + 5.856 

T = 1060°C 

in D (mol.%) = -0.00329 T (
0
c) + 4.02 

T = 1117°C 
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4. Leeman and Sch eidegger (1977) 1n D (wt.%) 

T = 1158°C 

= 12184 - 7 96 
T(K) • 

Although the calculated temperatures show a range of 100°c, all are 

within one standard deviation of the mean value of 1106°c. This value 

is close ,to the predicted liquidus temperature (1122°c) using an equa-

tion derived by H.S. Smith (unpublished data) relating MgO content of a 

magma to liquidus temperature as follows: 

T
0 c = 18.7~ MgO + i04~ 

It also corresponds favourably to the experimental work of Knutson and 

Green (1975) who found the 'dry' liquidus temperature of a typical 

0 
hawaiite to be 1150 C, while the 'wet' liquidus' with 2% H

2
0 present was 

1080°C. The order of crystallisation in both instances was olivine -

olivine+ plagioclase - olivine+ plagioclase + clinopyroxen~which 

corresponds to the observe9 petrography of the Bouvet Island hawaiites. 

NiO was determined in a few selected olivine phenocrysts of 

hawaiite WJ2B. Concentrations vary from 0.07% NiO (Fo
76

) (Table 5-4, 

No. 2) to 0.03% NiO (Fo63 ). NiO shows normal zoning in the olivine 

phenocrysts with a maximum decrease of about 0.02% NiO from core to rim. 

In view of the already noted disequilibrium-between olivine phenocryst 

and bulk rock composition of hawaiite WJ2B (on the basis of Fe-Mg distri-

butions), no attempt has been made to utilise the observed Ni distribu-

tion between the analysed phenocrysts and the bulk rock. 

Feldspar: 

Bouvet Island lavas show a range in feldspar composition from 

An84 to An20 and or20 to Or30 (Fig. 5-10). Individual analyses are pre

sented in microfiche Tables F5-1 to F5-6, while average compositions and 

ranges are presented in Table 5-5. 
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Fig. s~10: Compositional variation of plagioclase and alkali-feldspar 
from Bouvet Island lavas. 
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Plagioclase phenocrysts and glomerocrysts in the Bouvet Island 

hawaiites range in composition from An83 to An
56 

(Table 5-5, No's. 1 

and 2) with zoning typically being quite marked (An
70

-An
53

) (Table 5-5~ 

No's. 3 and 4). There is little difference in composition between the 

glomerocysts and the phenocrysts, but the plagioclase microlites are 

significantly more sodic (An49 , Table 5-5, No. 5). The plagioclase in 

the porphyritic hawaiite WJ8B is of similar composition to those in the 

·sparsely phyric ·haw.:iiites and ranges from An7
8 

to· An
60

• Zoning of the 

large plagioclase grains is typically from An75 (core) to An
70 

(rim) 

(Table 5-5, No's 6 and 7) with some of the larger phenocrysts being 

surrounded by a thin rim of andesine (An44, Table 5-5, No. 9). Micro-

phenocrysts have a composition of An47 • 

Feldspars in the mugearite show variable composition and range 

from An45 through An20 to anorthoclase - An
9

Ab64or
26 

(Table 5-5, No's. 

10, 11 and 12). Though only a limited number of plagioclase analyses 

are available from the benmoreite sample, there appears to be a possible 

·grouping of compositions into a more calcic variety (which is generally 
0 

more euhedral) of average composition An45 (Table 5-5, No. 13), and a 

more sodic variety, An27 (Table 5-5, No. 14). Those phenocrysts showing 

'atoll-type' growth forms generally fall into the latter group. 

Anorthoclase phenocrysts of rhyolite WJ18B show a limited range 

in composition (Or30Ab68An 2 - Or27Ab 70An3 ) and commonly show a small 

degree of zoning (Or30Ab68 - or26Ab 72 ; Table 5-5, No's. 17 and 18). A 

typical anorthoclase microlite has composition Or31Ab 67An2• 

The distribution of Sr in plagioclase phenocrystsand micropheno-

crysts h~s been determined by electron probe microanalysis (see 

Appendix for a description of the analytical techniques). The object of 

------ -·-



Table 5-6: Sr and Na20 concentrations measured by electron rnicroprobe 
in plagioclase and clinopyroxene phenocrysts and rnicro
phenocrysts. A single matrix determination is presented. 

I. P lagioclase 

A. Hawaiite(WJ2B): Whole rock Sr = 435 ppm 

Large euhedral pheno. (core) 

Sarne grain (rim) 

Anhedral pheno. (core) 

Glornerocryst (core) 

Microphenocryst 

B. Hawaiite (WJ8B): Whole rock Sr = 578 ppm 

Phenocryst (core) 

" (rim) 

Glornerocryst (core) 
II (rim) 

Small phenocryst 

Phenocryst 

Plag. pheno enclosing cpx 

Microphenoc r y s t 

Microphenoc r y s t 

C. Mugearite (WJlB): Whole rock Sr = 419 ppm 

Phenocryst (core) 

Large phenocryst 

Small phenocryst 

'Anorthoclase' 

'Anorthoclase' 

Sr(pprn) 

796 

814 

734 

820 

865 

823 

898 

855 

867 

877 

870 

848 

832 

880 

1278 

1061 

ll28 

754 

597 

D. Benrnoreite (WJlOB): Whole rock Sr = 
Euhedral phenocryst (core) 

11 11 (rim) 
II II (core) 

(rim) 

(core) 

(rim) 

309 ppm 

1139 

1115 

1151 
II 

II 

II 

II 

II 

II 

' 1256 

1310 

ll30 

Naz0(%) 

2.42 

2.92 

2.44 

3.31 

4.66 

3.30 

2.70 

3.35 

4.50 

6.0 

6.0 

5.34 

5.06 

5.67 

7.31 

6.66 

6.51 

5.62 

6.19 

5.61 

6.54 



Table 5-6 (continued): 

D. Berunoreite (WJlOB): Whole rock Sr = 309 ppm (continued) 

Embayed phenocryst 1068 6.75 
Euhedral phenocryst (core) 1067 6.56 
Flag. enclosing cpx 1184 5. 72 
Microphenocryst 929 7.15 

II. Clinopyroxene Sr(ppm) 

Hawaiite (WJlB) 

Phenocryst 101 

Benrnoreite (WJlOB) 114, 105 

Phenocrysts 

Hawaiite (WJ8B) 

Phenocrysts 86,89,108 

III.Matrix 

Berunoreite (WJlOB) 151 
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microphenocryst/matrix pair from benmoreite WJ10B, a DSr = 6.15 (An
24

) 
plag 

is obtained, again in reasonable agreement with data from Korringa and 

Noble (1971) who give D~~ag = 7.0 (An
30

). 

Clinopyroxene: 

Average clinopyroxene analyses are presented in Table 5-7 and 

individual analyses are depicted in Fig. 5-12 where the trends for 

Skaergaard 'tholeiite' pyroxenes and Tristan da Cunha 'alkali' pyroxenes 

are shown for comparison. 

Titanif erous augite is the typical clinopyroxene of hawaiite WJ2B 

and shows a relat~vely constant composition of Wo
43

En
40

Fs
17 

(Table 5-7, 

No. 1). Microphenocrysts show slight depletion in wollastonite compo-

nent relative to enstatite but have a similar ferrosilite composition 

(Table 5-7, No. 2). Clinopyroxene phenocrysts, present as subophitic 

intergrowths with plagioclase, are chemically indistinguishable from 

those forming discrete grains. 

The clinopyroxenes of the highly phyric hawaiite (WJ8B) are sig-

nificantly more magnesian and are also near constant in composition, 

averaging Wo 44En44 •5Fs 11 •5 (Table 5-7, No. 3). With respect to minor 

elements, the clinopyroxenes of WJ8B are depleted in Ti02 and Al
2
0

3 
and 

enriched in ct2o3 relative to WJ2B clinopyroxenes. 

Mugearite WJlB is characterised by augitic clinopyroxene showing 

a limited compositional range and having average composition Wo 41 En
31

Fs
22 

(Table 5-7, No. 4). Clinopyroxene phenocrysts in benmoreite WJ10B show 

a range in composition from Wo
41

En34Fs25 to Wo~ 1En27Fs32 (Table 5-7, 

No's. 5 and 6). With respect to minor elements, they are depleted in 

Ti02 and A1 2o3 relative to those present in the mugearite. A small 

degree of zoning is present in some grains and reverse zoning of appro-
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ximately 2 mol.% Fs is not unconunon. There is little compositonal dif-

ference between clinopyroxene present as inclusions in plagioclase and 

those present as discrete grains, both showing a range in composition. 

The major end-member components (Wo, En, Fs) of the Bouvet Island 

clinopyroxenes describe a smooth compositional variation of iron enrich-

ment with associated slight Ca depletion through the sequence hawaiite-

mugearite-benmoreite (Fig. 5-12). The Bouvet Island trend is midway 

between that typical for alkaline magmas (i.e. a trend parallel to the 

Di-Hd join; Barberi et al., 1971) and that characterising typical 

tholeiitic pyroxenes (e.g. Skaergaard, which follows a trend of marked 

initial decrease in calcium content with iron enrichment). 

~ 

Minor and/or trace element contents of minerals are often more 

sensitive indicat~of consanguinit~ within a lava series than major 

element contents. Fig. 5-13 depicts variations of selected minor 

elements as a function of ferrosilite content. Though there is a rela~ 

tively large degree of scatter in the plots, two salient features can 

be noted. 

(1) There is a smooth variation with increasing ferrosilite compo-. 

nent through the series hawaiite to benmoreite, with a decrease 

in Al
2
0

3
, Na 20 and Ti02 and an increase in MnO. 

(2) The clinopyroxenes of the highly phyric hawaiite WJ8B are dis-

placed from these trends. 

The variation in Ti02 and srn2 with Al 20 3 is also shown in Fig •. 5-13. 

The·decreasing Al
2
03 content with increasing Si02 in the Bouvet Island 

pyroxenes in going from hawaiite through to benmoreite can be attributed 

to increasing degree of silican saturation (La Bas, 1962), while the 

well documented close correlation between Al 203 and Ti02 (La Bas, 1962; 
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Fig. 5-13: Minor element variation with respect 
ferrosilite and Al 203 content in pyroxenes 
from Bouvet Island. Symbols are as follows; 

• Hawaiite 

X Hawaiite (plag. phyric) 

0 Mugearite 

0 Benmoreite 
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Kushiro et al., 1970; Ross et al., 1970) has been suggested to be 

directly controlled by silica content (Verhoogen, 1962). Schweitzer et 

al. (1979) have.suggested that a common substitution in pyroxenes is Al 

for Si in a tetrahedral site, combined with Ti for Mg in an octahedral 

site. In both th~se figures the.anomalous composition of the pyroxenes , 

from the highly phyric hawaiite WJ8B is again evident. As for the 

Bouvet Island olivines, there is a smooth variation in the composition 

of the Bouvet Island cliriopyroxenes from hawaiite through to benmoreite, 

supporting the postulation of a relatively simple differentiation model 

for the evolved Bouvet Island lavas. The minor element composition of 

clinopyroxenes from the highly phyric hawaiite WJ8B, however, appears to 

preclude a simple plagioclase cumulation model relating these lavas to 

the sparsely phyric hawaiites. 

An attempt was made to determine the Sr contents of Bouvet 

clinopyroxenes. Typieal concentrations range from 86 to 114 ppm (Table 

5-6), which is only just above the detection limit (70 ppm) and, consi

dering that the statistical error is ± 30 ppm, any meaningful inter

pretation is severely limited. Calculated mineral/bulk rock distribu

tion coefficients range from 0.15 to 0.37, increasing from hawaiite 

through mugearite to benmoreite. 

Fe-Ti Oxides: 

With the exception of the rhyolite, Fe-Ti oxides are ubiquitous 

in all the Bouvet Island lavas. The hawaiites are characterised by the 

presence of both ilmenite and titanomagnetite, or only ilmenite (WJ8B), 

whereas the mugearite and benmoreites have titanomagnetite as the opaque 

phase. Average compositions of the oxide minerals are presented in 

Table 5-8. 
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The oxides of WJ2B are confined to the groundmass and are rela

tively uniform in composition with ilmenite having an average composi

tion of 1188Gk6Hm6 (Table 5-8, No. 1) and titanomagnetite an average 

composition of Us66Mt33 (Table 5-8, No. 2). Hawaiite WJ7B similarly 

has both ilmenite and titanomagnetite microphenocrysts. Average ilmenite 

(11 89 •0Gk 1• 4ttm9 •6 ) and titanomagnetite (Us58Mt 42 ) are presented in Table 

5-8 (No's. 3 and 4). 

Sample WJ8B is characterised by the presence of only ilmenite of 

average composition n 88Gk
3

Hm
9 

(Table 5-8, No. 5). In terms of minor 

elements, the ilmenites from sample WJ2B are enriched in MgO (i.e. 

geikelite molecule) relative to those from WJ7B and WJ8B, while titano

magnetite from WJ2B is enriched in both MgO and Al2o3 relative to that 

of WJ7B. The distribution of Mg between oxides and silicates is pri

marily con'trolled by the magma composition, and secondly by the para

genetic sequence, temperature of formation and on rates and paths of 

equilibration (Haggerty, 1976). Due to the extreme similarity in bulk 

composition of WJ2B and WJ7B, the latter factors are probably dominant 

in causing differing MgO contents. 

Titanomagnetite from the mugearite sample has a.n average compo

sition of Us69Mt31 (Table 5-8, No. 6) and that from the benmoreite a. 

composition of Us68Mt32 (Table 5-8, No. 7). 

Comparison of the minor element components of the Bouvet Island 1. 

titanomagnetites shows that those from the benmoreites are slightly 

enriched in MgO and A1
2
o3 relative to those from the mugearites and 

similar to those from hawaiite WJ2B. Those from the mugearite are 

most similar to the titanomagnetite from hawaiite WJ7B. 

The presence of coexisting ilmenite and titanomagnetite in 
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hawaiites WJ2B and WJ7B enable the calculation of crystallisation tern-

peratures and oxygen fugacities for these lavas using the method of 

Buddington and Lindsley (1964). 

To bring natural oxide,cornpositions into accord with the experi-

mental data on pure end-members, the effect of minor constituents (MgO, 

MnO, Al 203, Cr203 ) must be taken into account. Buddington and Lindsley 

(1964) discuss the problem and suggest a procedure for recalculating 

natural iltnenites and fitanornagnetites in 'terms of the pure end-members. 

The minor element tontent of the Bouvet Island titanornagnetite is, 

however, sufficiently low to have little effect on the final ulvospinel 

component. There is, however, significant MgO in the ilrnenites necessi-

tating these formulae to be recalculated MgO-free as shown by Buddington 

and Lindsley (1964). 

Using the contours on the T( 0 c), log f0 2 projection given by Bud

dington and Lindsley (1964, p. 316), the average ilrnenite-titanornagnetite 

composition of 1193 •
5 

- Us67 for hawaiite WJ2B gives an estimated oxygen 

fugacity of 10-
11

•1atrn. and temperature of + 1000°c. Average data for 

) -10. 7 hawaiite WJ7B (1190 - Us58 suggests an fo2 of 10 atrn. and a tern-

o 
perature of + 1000 C. 

From the above it can be concluded that the Bouvet Island 

0 
hawaiites crystallised at an average temperature of 1000 C and at an 

-11 h oxygen fugacity of 10 atrn. This temperature is in good agreement wit 

the experimental work of Knutson and Green (1975) who found a typical 

hawaiite to be quadruply saturated (olivine-plagioclase-clinopyroxene-

opaque) at ± 1040°C at Skbar and 2% tt 2o. 

A number of relationships have been suggested for relating oxygen 

fugacity and Fe3+/Fe 2+ ratio (e.g. Fudali, 1965; Roeder and Emslie, 
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1970; Lindstrom, 1976). 

and Emslie (1970) relate 

Those reported by Fudali (1965) and Roeder 

2+ 3+ 
f02 to Fe /Fe at constant temperature 

(1200°c), while the relationship reported by Lindstrom (1976): 

2+ 
Fe log --
Fe3+ 

= -6300 
T(K) + 3.01 

incorporates a temperature effect as well. 

Using Lindstrom's (1976) relationship, an Fe
2
0

3
/Fe0 ratio of 0.17 

is· calculated for· the hawaiites at the time of ·extrusion. This, ·however,· 

is unlikely to be a liquidus Fe203 /Fe0 ratio as cooling can be regarded 

as a process of oxidation, even though cooling causes a decrease in fo
2 

(Verhoogen, 1962). An idea of the Fe2o3/Fe0 ratio at liquidus tempera-
' 

tures can be obtained at the cost of two assumptions. Firstly, it is 

necessary to assume a liquidus temperature. It has been argued (Section 

4.3.2) that olivine compositions suggest a temperature of 1100°c. 

Assuming olivine to be the liquidus phase (and this is supported by 

experimental data of Knutson and Green, 1975), this temperature can be 

used as an approximate liquidus temperature. Secondly, the oxygen 

fugacity at the time of olivine crystallisation must be assumed. This 

can be derived using the data of Kennedy (1948) which show a change in 

f02 of approximately an order of magnitude for every 100°C in tempera-

ture (Fudali, 1965). On this basis the liquidus f02 would be -10 10 atm. 

Insertion of this parameter into Lindstrom's (1976) relationship gives 

an Fe203 /Fe0 ratio of 0.13 at liquidus temperatures. 

5. PETROGENESIS 

5.1 General Statement 

The overall whole rock chemical variations with r,espect to both 

major and trace elements in the Bouvet Island lavas, coupled with the 
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observed smooth variations in mineral chemistry are strongly suggestive 

of a consanguineous lava suite. Further evidence for a close genetic 

r 1 t . h. th 1 . f d . h . . 1 87s 186 s . e a ions ip among e avas is oun in t e simi ar r r ratios 

(0 •. 70369 + 3) of the hawaiites and benmoreites (0 1Nions and Pankhurst, 

1974). 

In the following section a fractional crystallisation model is 

quantitatively investigated and shown to describe adequately the observed 

compositional variations iri the Bouvet Island ·lavas. Though partial 

melting could theoretically account for at least the trace element varia-

tions, the evolved nature of the lavas, i.e. low Mg-numbers (atomic 

Mg/Mg+Fe) and. low Ni contents preclude their direct derivation from 

typical mantle (see Chapter·III, Section 7). Furthermore, it is 

·generally accepted that more evolved alkaline rocks, including hawaiites, 

mugearites and ben~oreites have formed.by crystal fractionation at low 

or high pressure from more primitive basaltic magma (Green and Ringwood, 

1967; Ito and Kennedy, 1967; and Green et al., 1974). Considering the 

successful application of fractional crystallisation models to other 

lava suites of similar composition, e.g. Reunion Island (Ludden, 1978a, 

1978b) and Kenya Rift (Baker et al., 1977) and the successful accounting 

of the variation in the Bouvet Island lavas by this means, it is felt to 

be unwarranted to turn to more complicated partial melting melting models 

of undetermined source areas. Baker et al. (1977) examined a similar 

problem with respect to the benmoreites and trachytes of the Kenya Rift 

and found that partial melting models could not adequately account for 

the trace element abundances. 

5.2 Choice of Parental Magma Composition 

The most primitive lavas yet returned from Bouvet Island are the 
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Table 5-10: Predicted and observed trace element content of the 
Bouvet Is. Mugearite using the results of the least 
squares approximation given in Table 5-9. The sources 
of the distribution coefficients used are discussed in 
the text. 

A. Distribution coefficients. 

Element PLAG 01 CPX IL Ti-MGT APAT. 

Zr 0.01 0.01 0.21 0.28 0.24 0.01 

Nb 0.01 0.01 0.09 0.8 2.16 0.01 

y 0.20 0.12 o. 70 0.1 0.17 16.9 

Rb 0.01 0.01 0.01 0.01 0.01 0.01 

Ba 0.01 0.01 0.01 0.01 0.01 0.10 

Sr 2.30 0.01 0.12 0.01 0.01 2.0 

Ga 1. 1 0.03 0.4 0.14 2.0 0.01 

Co 0.04 10. 7 4.5 2.2 10.0 0.20 

Sc 0.15 0.20 5.0 1.8 3.0 0.22 

v 0.01 0.04 4.0 12.0 45.0 0.01 

Th 0.01 0.01 0.01 0.01 0.01 1.3 

u 0.01 0.01 0.01 0.01 0.01 4.0 

B. Trace element check. 

HAWAII TE MUGEARITE 

OBS. CALC. OBS. 

Zr 268 451 473 

Nb 42 68 70 

y 36 50 53 

Rb 21 38 40 

Ba 243 433 446 

Sr 448 415 419 

Ga 23 27 26 

Co 45 15 18 

Sc 28 16 15 

v 303 54 48 

Th 3.0 5.3 5.9 

u 0.9 1. 6 1. 6 

P205 .47% 0.68% o.66% 
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present in the mugearite. Therefore it is feasible that apatite might 

comprise an extremely small (0.2%) portion of the crystal fractionate. 

Though all trace elements show good agreement, many of the data 

are not tightly constrained due to the wide ranges in published distri-

bution coefficients. The trace elements which are most tightly con-

strained are those for which distribution coefficients are extremely 

small for all mineral phases present (i.e. are totally incompatible). 

The elements which satisfy thes·e requirements in the passage from 

hawaiite to mugearite are Rb, Ba, Th and U. Though Th and U possibly 

have significant D's for apatite (values estimated from data in Ludwig 

and Stuckless, 1978), the extremely small amount of apatite fractiona-

tion has little effect on the bulk D. The extremely good agreement for 

these elements is therefore a good test of the model. 
I 

Distribution coefficients used in the calculations presented in 

Table 5-10 have been selected from Tables A2-1, A2-2, A2-5, A2-8, A2-9· 

and A2-11 as being realistic estimates similar to, or within ranges of, 

published distribution coefficients. Where a choice has been available 

within these criteria, those values giving the better trace element 

match have been selected. Values of 0.01 have been arbitrarily assigned 

to cases where a given element is generally regarded as being totally 

excluded from a given mineral. 

The slightly low predicted Zr in the mugearite is dominantly 

controlled by the distribution coefficient used for clinopyroxene. The 

value used is that obtained from two mineral separates from Gough Island 

lavas (Chapter II) which corresponds to the upper limit of the experi-

mentally determined values of Mccallum and Charette (1978). Using the 

lower limit of their range (DZr = 0.05) gives a value of 464 ppm which 
cpx 



- 208 -

is in closer accord with that observed (473 ppm). The choice of values 

for ilmenite (taken from McCallum and Charette, 1978) and titanomagne-

tite (taken from this study, Chapter II) have only a small influence on 

the predicted Zr due to their relatively low weight fraction in the 

crystal fractionate. 

Selection of data for Y was somewhat more arbitrary. The domi-

nant control on Y variation is the small fraction of apatite required 

It has been assumed that Dy is possibly 
ap 

similar to DDy on the basis of the well known chemical coherency of Y 
ap 

with the heavy rare earth elements (e.g. Frey et al., 1978). Nagasawa 

and Schnetzler (1971) report a DDy = 16.9 for dacitic rocks and this 
ap 

y 
value has been arbitrarily selected as an approximation to D • The 

ap 

value of Dy = 0.18 is that obtained for a mineral separate from Gough plag 

Island (Chapter II), in preference to the significantly lower experimen-

tal results of Drake and Weill (1975) (DY = 0.01-0.03): the resultant 
plag 

difference in calculated Y is small. The value of 0.7 for Dy is 
cpx 

similarly taken from the average mineral separate from Gough Island and 

corresponds to phenocryst/matrix data of Ewart and Taylor (1969). There 

is therefore a significant choice in the selection of distribution 

coefficients for Y, any combination of which could yield the desired 

result. The chosen values are felt to be the most realistic. 

R? and Ba have been regarded as being totally incompatible, while 

Sr enters plagioclase to a significant degree and clinopyroxene to a 

lesser extent. 

and Schnetzler 

DSr of 2.30 is in agreement with data from Philpotts 
plag 

(1970) and Berlin and Henderson (1968) for plagioclase of 

~imilar composition, but significantly less than that obtained by 

Korringa and Noble (1971) (DSr = 3.8; An60 ). The range in published 
plag 
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data, coupled with the probable effect of fact rs such as temperature 

and magma composition on DSr (Drake and Weil , 1975), makes the choice plag 

of a suitable D somewhat arbitrary within reas nable limits. It should, 

however, be noted that while the major element model predicts an average 

plagioclase composition of An58, the fractiona ing plagioclase is likely 

to have continually changed in composition fro! ± An
75 

(ave. hawaiite) 

t +A ( 't ) 'th d' h · DSr Th o _ n40 ave. mugear1 e , w1 a correspon 1 g c ange 1n 
1 

• e 
p ag 

estimate of D
8

r1 = 2:3 is therefore not thoug t to. be unreasonabl·~. p ag 

Co readily enters all ferromagnesian mi erals and opaques with 

large and variable D's. Values for titanomagnetite, ilmenite and 

plagioclase have been taken from Paster et al. (1974) and Lindstrom 

(1976). Published data on clinopyroxene indicate a strong compositional 

and/or temperature effect on DCo (Lindstrom, 1 76; Ewart et al., 1973). 
cpx 

The data from Lindstrom (1976) suggests a DCo 4.5 for a temperature 
cpx . 

of 1000°c, which is a reasonable estimate of thk temperature at which 

fractionation took place (Section 4.3.5). The ~ormula relating tempera

ture to D~~ given by Leeman and Scheidegger (19t7), 

Co gives a D
01 

of 10.7 for 

therefore been selected 

fractionation model. 

ln DCo 
ol 

9676 
T(K) 

I 

5.23 

0 a temperature of 1000 C. These 

as the most realistic vJlues to 

values have 

use in the 

The distribution of the REE's enables a Burther test for the 

validity of the fractionation model. Although the REE's have been 

determined on hawaiites WJ2B, WJ16B and WJ7B, the latter was excluded 

due to its anomalously low La value relative to rhe former two, and the 

average of samples WJ2B and ¥J16B has been takenl as representative of 



Table 5-11: A. Phenocryst/liquid distribution coe ficients for the 
REE used in crystal fractionation calculations. 
Values are from Ludden (1978a) exc pt for the apatite 
data which are from Nagasawa and S hnetzler (1971). 

, .. 

A. 

B. 

La and Tb values were extrapolatedlfrom Ce and Gd respective-
ly. . 

B. Chondrite normalised REE check f r fractionation 
model relating the average Bouvet ts. h awaiite to the 
Bouvet Is. mugearite'using the results of the least 

I 

squares approximation given in Table 5-9. 

Distribution coefficients. 

Element PLAG OL CPX 1L+MT APAT 

La 0.12 0.01 0.10 0.05 14.0 

Ce 0.11 0.009 0.12 0.05 16.6 

Sm 0.11 0.006 0.38 0.05 20.7 

Eu * 0.006 0.39 f .05 14.5 

Tb 0.10 0.010 0.50 ~.OS 19.3 

Yb 0.10 0.010 0.60 .05 9.4 

Lu 0.10 0.010 0.60 0.05 7.9 

* 0
Eu 

An60 = 0.60, An53 = 0.70 
plag 

REE check 

HAWAII TE MUG ARI TE 
i 

OBS. CAL<i:. OBS. 

La 101 165 164 

Ce 64 103 109 

Sm 51 79 79 

Eu 44 60 63 

Tb 31 46 46 

Yb 14 21 22 

Lu 12 18 18 
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the hawaiites. Results of the modelling calc lations are presented in 

Table 5-11B, with the applicable distribution coefficients listed in 

Table 5-11A. 

The excellent agreement between the predicted and observed REE 
I 

iontent of the mugearite further attests to t e consistency of the pro-

posed fractionation model. The slight discr~pancy in Ce is difficult 
l 

to explain as the Ce distribution coefficient 's relatively small for 

all ph4ses extept apatite. However, Dee wouid have to be lowered to ap 

zero to produce the required enrichment, which is obviously not justi-

fied. The slight discrepancy for Eu could easily be accounted for by a 

selection of slightly lower DEul • 
p ag Though the value of 0.60 for DEu 

plag 
' 

was selected,,as corresponding to a pla~i~clas~ lcomposition of An
60 

(Ludden, 197~), the distribution coeff1c1ent 1s also dependent on fac-
~ I 

tors such·as temperature and oxygen fugacity (drake and Weill, 1975) 

and so selection of a slightly lower value woulld not necessarily be 

unrealistic (DEu = 0.50 gives an estimated Eu content of 62.5 ppm in plag 

contrast to 60.8 ppm, Table 5-11). 

The success of the proposed model in rellting the 
I 

major element 

compositions of the average Bouvet Island hawaiite to the mugearite, 

coupled with the excellent agreement obtained flr the trace elements, 

attests to the consistency of the proposed low lressure fractionation 

model relating these lava types. 

5.4.2 Benmoreites: 

The Bouvet Island benmoreites have been suggested to represent a 

very recent (between 1955 and 1958) eruption (Baler and Tomblin, 1964), 

and various petrogenetic schemes can theoreticallly be suggested for 

their evolution from the more basic rock types. Two such models are 
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presented schematically below: 

(1) 

/MUGEARITE 

HAWAII TE 

BENMOREITE 

(2) HAWAIITE ~ MUGEARITE ~ BENMOREITE 

In model (1) hawaiite differentiates directly benmoreite, while 

in model (2) hawaiite differentiates to mugear te which in turn 

experiences further diff~~enti~tio~ to give b~I oreite. 

A least squares approximation representJng model (1), i.e. 

direct derivation of the benmoreites hawqiite is pre-

sented in Table 5-12, together with the input The benmoreite 

composition used is the average of the five ben oreites analysed (Table 

5-2). 

The model suggests that to produce a ma a with a composition of 

the average Bouvet Island benmoreite, it is nee ssary to fractionally 

crystallise 63.7% of the parental hawaiite. Th crystallising minerals 

comprise 32.5% plagioclase (An53 ), 4.7% olivine (Fo 57 ), 18.3% clino-

nd 4.6% titanomagnetite 
I 

(Us66 ). To satisfy the P2o5 content of the ben,oreite, it is necessary 

for apatite to comprise 0.78% of the fractionat • The abundance of 

apatite needles poikilitically enclosed in clinopyroxene, plagioclase 

and opaque oxides in benmoreite WJ10B attests to the feasibility of 

minor apatite fractionation. The small amount of apatite necessary will 

have negligible effect on the major element leas squares approximation. 

It is interesting to note that, with the xception of plagioclase 

which has a slightly more evolved composition, t e minerals fractiona-

ting to produce the benmoreite are identical to hose required for the 
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Table 5-12: Least squares approximation relating the average 
Bouvet Is. hawaiite to the average Bouvet Is. 
benmoreite. 

Input data 

HAWAII TE PLAG OL CPX IL Ti-MGT BENMOREITE 

Si02 50.47 54.02 35.28 48.68 .15 0.23 61.40 

Ti02 3.66 0.16 O. ll 2.03 sf .oo 23.61 1. 20 

Al 203 15.46 28.30 0.06 3.90 .07 0.48 15.13 

Ferf' 
I 

12.25 0. 75 36.25 10.69 ·7 .02 74.44 9.13 

HnO 0.19 0.01 0.51 0.17 0.53 0.51 0.28 

MgO 4.28 0.13 27.29 13.54 2.04 0.22 1.04 

Cao 8.87 11.08 0.31 20.51 0.18 0.51 4.00 

Na20 3.50 5.24 0.01 0.47 0.01 0.01 4.79 

K20 1. 31 0.33 0.01 0.01 0.01 0.01 3.02 

An 53.37 Fo 57.29 Wo 43.01 

Ab 45.68 Fa 42.7 En 39.49 

Or 0.95 Fs 17.50 

Least squares approximation 

HAWAII TE MIX 

OBS. EST. DIFF. COMP. Wt.% S.D. 

Si02 50.47 50.48 0.01 BENMOREI E 36.30 .46 

Ti02 3.66 3.66 0.00 PLAG 32.55 .43 

Al 2o3 15.46 15.45 -0.01 OL 4.73 .30 

F * eO 12.25 12.25 0.00 CPX 18.33 .35 

MnO 0.19 0.20 0.01 IL 3.43 .20 

MgO 4.28 4.27 -0.01 Ti-MGT 4.58 .23 

Cao 8.87 8.86 -0.01 

Na2o 3.50 3.53 0.03 TOTAL 99.91 .84 

K20 1.31 1. 21 -0.10 

Sum of squares of differences = a.on 
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derivation of the less evolved mugearite. F rthermore, the relative 

proportions of the minerals are very similar \in both cases (mugearite: 

plagioclase:clinopyroxene:olivine:opaque = 47~32:9:12, and benmoreite: 

51:29:7:12). These factors suggest that the louvet !~land hawaiites 

correspond in composition to a five-phase satlration surface plag + cpx 

+ ol +opaque + liq and that the differentiat~d lavas resulted from 

differing degrees of crystallisation on this Jurface. 

Compar·ison t>f pre.dieted ·and observed trace element abundanc.es in 

the Bouvet Island benmoreites (Table 

major element modelling verifies the 

crystallisation model. Distribution 

5-13) using the results of the 

f easibilily of a fractional 

~oef f icielts used in the calcula-

tions are, with the exception of Ba, Sr and Eu, the same as those used 

for the modelling of the mugearite trace element variations (Tables 

5-10 and 5-11). 

Although it is generally assumed that Ba is incompatible with 

respect to plagioclase feldspar, a number of st dies (e.g. Hart and 

\ . 
Brooks, 1974; Paster et al., 1974; Nagasawa and Schnetzler, 1971; 

Sun and Hanson, 1976; Ewart and Taylor, 1969; Ewart et al., 1973) have 

found that Ba can show significant plagioclase/liquid distribution 

coefficients. This is also borne out by the mijeral separate from Gough 

Island which gives a DBal = 0.3 (Chapter II). 
P ag 

To satisfy the Ba content in the benmoreite, it is necessary to 

postulate a DBa = 0.25 which, though well with"n the range of published 
plag I 

data (Table A2-2), is inconsistent with the valu~ used for the modelling 

of the mugearite (DBal = 0.01). Though it is glnerally found that 
p ag l 

crystal/liquid distribution coeffi~ients increas with increasing poly-

\ 
merization of a silicate melt (e.g. Henderson, 1977; Watson, 1977; 
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Lindstrom, 1976), Ryerson and Hess (1978) have shown that Ba partition

Ba ing is relatively unaffected by polymerization and that D 
1 

values 
p ag 

are similar for ferropyroxenetic liquids and granitic liquids. 

Korringa and Noble (1971) have, however, found lthat DBal varies 
p ag 

linearly with plagloclase composition, with n:~~g increasing sli~tly 

with sodic content of the plagioclase. The similarity in average 

plagioclase composition (An58-An53 ), however, precludes such a signifi

cant change in distri

0

btitfon coefficient. The. slmilar mineral composi

tions in the two models suggest a reason~bly sitilar temperature of 

crystallisation and so significantly lower tern erature is unlikely to 

I 
account for the observed discrepancy. It should be noted, however, that 

Ba 
use of an average value, say D 

1 
= 0.12, resu ts in only a 6% relative 

p ag 

error in both cases and, considering the large -steps and other assurnp-

tions, this is thought to be not unreasonable. 

It is well documented that the distribution coefficients of Sr 

between plagioclase and liquid is very sensitivJ to plagioclase cornpo-

sition (Philpotts and Schnetzler, 1970; Korrin a and Noble, 1971; 

Drake and Weill, 1975; Sun et al., 1974). The DSr for the benrnoreite 
plag 

modelling has therefore been assumed to be sligHtly higher (DSrl 2.6) 
I p ag 

than that for the rnugearite considering the sli~ht but significant 

difference in plagioclase compositions used. 

The REE modelling similarly shows excelle t agreement between 

predicted and observed concentrations for the be rnoreite (Table 5-13B). 

Distribution coefficients used are those given in Table 5-llA, with 

DEu = 0~7 being selected as corresponding to tle plagioclase cornposi
plag 

tion An53 • 

The results of this quantitative rnodellin therefore suggest it 
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is quite feasible for the Bouvet Island benmoreites to be derived 

I 

directly from the average hawaiite by fractional crystallisation of 

plagioclase, olivine, clinopyroxene, ilmenite, titanomagnetite and 

minor apatite. The derivation of the benmoreites from the mugearite 

magma (Model (2)) has been quant_itatively tested and found to be 

improbable for a number of reasons. Firstly, with respect to the major 
( 

element least squares approximation, it is necessary to postulate the 

fractionation of a· small amount of ·alkali-"feldspar, which is not a 
I 

phenocryst phase in either lava, though does occur as a. late-stage 

groundmass phase in the mugearite. If, however, the major element 

model is accepted, then the degree of fractionation (55%) is in conflict 

with the observed enrichment in incompatible elements. Assuming Th to 

be totally incompatible (i.e. DNQ.01), then only 30% crystallisation is 

required to account for the enrichment in the benmoreites, a value which 

is borne out by other (possibly slightly less) incompatible elements 

such as Rb, U, Nb and Zr. This large discrepancy in degree of crystal-

lisation therefore invalidates the derivation of the Bouvet Island 

be~moreites from the less evolved mugearite. 

Rhyolite: 

The most evolved rock type present on Bouvet Island is rhyolite 

and in the postulated fractionation scheme is the logical end pro-

duct of extensive fractional crystallisation of the less differentiated 

lavas. Three possible petrogenetic schemes may be suggested for their 

evolution: 

(1) BENMOREITE ~~~~~---..... ~ RHYOLITE 

(2) MUGEARITE RHYOLITE 

(3) HAWAIITE RHYOLITE 
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i.e. derivation of the rhyolite by fractional crystallisation of th~ 

benmoreite (Model (1)), by fractional crystallisation of the mugearite 

(Model (2)), or direct extensive fractional crystallisation of the 

hawaiite (Model (3)). The latter case is difficult to assess due to the 

large degree of fractionation required and the extreme change in mineral 

composition. Models (1) and (2) can, however, be investigated more 

readily. 

In terms of major elements it is possible to derive the rhyolite 

from the average benmoreite (Model (1)) by fractional crystallisation 

of 25% plagioclase (An47 ), 4% olivine (Fo 26 ), 6% clinopyroxene 

(Wo 40En30Fs30 ) and 4% titanomagnetite (Us66 ). The plagioclase composi-

tion (An47 ) required for this model is, however, unrealistic for two 

reasons. Firstly, the most calcic pl~gioclase in the benmoreite corres-

ponds to this composition with the majority of the phenocrysts being 

significantly more albitic (An27 ), and so it is unlikely that the 

average plagioclase fractionated would have a composition of An47 • The 

second even more limiting factor to fractionating such a calcic plagio-

clase is the marked decreased in Sr and Ba in the passage from benmore-

ite to rhyolite. Distribution coefficients for Ba in plagioclase are 

small (generally less than 0.4; Table A2-2), and to satisfy the 

observed decrease in Ba, a distribution coefficient of + 4 for plagio-

clase (Ba is essentially incompatible for all other phases) is required. 

Such a value is more in keeping with a feldspar of anorthoclase composi-

tion (Sun and Hanson, 1976). To account for the Sr decrease, a DSr 
plag 

10 is required, which is even greater than typical values for alkali-

feldspar (e.g. Korringa and Noble, 1971). The required degree of 

fractionation, 39%, is also insufficient to enrich the more incompatible 
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trace elements, e.g. Zr, Nb, Rb, Th and U, to the required extent. It 

can therefore be concluded that the derivation of the Bouvet Island 

rhyolites by fractional crystallisation of the average benmoreite is 

improbable. 

The evolution of the mugearite by fractional crystallisation can, 

however, give rise to a magma of similar composition to the rhyolite 

(i.e. Model (2)). A preferred least squares approximation relating 

rhyolite WJ18B to fuugearite WJ1B is presented fo Table 5-14 together 

with the input data. The olivine, clinopyroxene and titanomagnetite 

have been selected as typical compositions present in the mugearite 

(these phases are absent from the rhyolite). Feldspars in the mugearite 

range in composition from plagioclase (An44) to 'anorthoclase' 

(or27Ab64An9 ), while those present in the rhyolite are anorthoclase 

(Or30Ab68An2). The feldspar used in the modelling therefore corresponds 

to a combination of the two end-members in the approximate proportion of 

80:20 (plagioclase:anorthoclase). To derive the rhyolite from a 

mugearite parent, it is necessary to crystallise 69% of the mugearite 
I 

by fractionating 44.3% 'feldspar', 4.4% olivine, 12.6% clinopyroxene 

and 7.7% titanomagnetite. The realistic mineral proportions, their 

composition and low sum of squares of differences attests to ,the con-

sistency of this least squares approximation. To account for the marked 

decrease in P2o5 from mugearite (0.55%) to rhyolite (0.01%) requires the 

additional removal of 1.5% apatite during fractional crystallisation. 

Selection of distribution coefficients to model the differentia-

tion of mugearite to rhyolite in terms of trace elements proves somewhat 

of a problem in the light of the large major element compositional 

change. It is well documented that distribution coefficients show a 



Table 5-14: Least squares approximation relating Bouvet Is. mugearite 
WJlB to rhyolite WJ18B. 

Input data 

MUG EAR I TE FSP OL CPX Ti-MGT RHYOLITE 

Si02 55.62 58.42 31.83 51.08 0.23 70.51 

Ti02 2.00 0.01 0.09 o. 78 23.61 0.30 

Al 203· 15.90 26.02 0.02 1.30 o.48 13.47 

Feo* · 11. 21 0.08 53.95 13.62 74.44 4.41 

MnO 0.21 0.01 1.15 0.37 o.51 0.12. 

MgO 2.22 0.01 12.49 12.94 0.22 0.09 

Cao 6 . .12 7.57 0.46 19.57 0.51 o. 77 

Na20 4.42 6.06 0.01 0.34 0.01 5.40 

K20 2.30 1. 72 0.01 0.01 0.01 4. 92 

An 36.98 Fo 29.21 Wo 40.60 

Ab 53.28 Fa 70. 79 En 37.34 

Or 9.95 Fs 22.06 

Least square approximation 

MU GEAR I TE MIX 

OBS. EST. DIFF. COMP. Wt.% s.n. 

Si02 55.62 55.62 0.00 RHYOLITE 31.07 .13 

Ti02 2.00 2.01 0.01 FSP 44.26 .13 

Al 2o3 15.90 15.90 0.00 OL 4.42 .12 

Feo* 11.21 11. 21 o.oo CPX 12.58 .09 

MnO 0.21 0.18 -0.03 Ti-MGT 7.66 .07 

MgO 2.22 2.23 0.01 

cao 6.12 6.11 -0.01 TOTAL 100.00 .25 

Na20 4.42 4.40 -0.02 

K20 2.30 2.29 -0.0l 

Sum of squares of differences = 0.002 

~-- - ----~---~---~ --- ---------- ---- -- -···- ·---·----



Table 5-15: Predicted and observed trace element content of the 
Bouvet Is. rhyolite using the results of the least 
squares approximation given in Table 5-14. The 
sources of the given distribution coefficients are 
discussed in the text. 

A. Distribution coefficients 

Element FSP 01 CPX Ti-MGT APATITE 

Zr .01 .01 .6 .8 .01 

Nb .01 .01 . 2 2.5 .01 

y .1 .12 . 7 .17 16.9 

Rb .30 .01 .01 .01 .01 

Ba 2.1 .01 .01 .01 .10 

Sr 5.8 .01 .12 .01 5 

Ga 0.9 .03 .40 2.0 .01 

Co .04 10.7 4.5 10.0 .20 

Sc .15 .20 10.0 5.0 .50 

v .01 .04 4.0 45 .01 

Th .01 .01 .01 .01 1.3 (5.0) 

u .01 .01 .01 .01 4.0 

B. Trace element check. 

MUGEARITE RHYOLITE 

OBS. ·cALC. OBS. 

Zr 473 1198 1190 

Nb 70 155 155 

y 53 88 90 

Rb 40 107 106 

Ba 446 301 299 

Sr 419 16 15 

Ga 26 30 31 

Co 18 2.6 4.0 

Sc 15 2.6 1.3 

v 48 <l.O 3.0 

Th 5.9 18.4 (16.8) 16.3 

u 1.6 4.7 4.8 

P205 o.66% 0.02% 0.01% 
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relative to alkali-feldspar by a factor of approximately 2 (Willis, 

) Ga 1979 , and so a slightly lower Df than that used for the more basic 
sp 

end of the fractionation series is warranted. 

Distribution coefficients for Co, Sc and V are so large and 

variable in the ferromagnesian phases (specifically titanomagnetite) 

that slight modifications of these D's to accommodate compositional 

changes are felt to be unwarranted. Similar D's to those used previous-

ly have therefore been·selected. Data for the partitioning of Th and 

U between apatite and liquid is lacking in the literature, but estimates 

for DTh from data given by Ludwig and Stuckless (1978) suggest a DTh of 
ap ap 

greater than 1.0. To satisfy the observed Th enrichment, however, it is 

necessary to postulate a D of 5 which, though relatively high, might not 

be too unrealistic. The value of DU = 4 is similarly taken from Ludwig 
ap 

and Stuckless (1978). 

Predicted and observed REE contents of rhyolite WJ18B are presen-

ted in Table 5-16B and distribution coefficients used are those presented 

in Table 5-16A. With the exception of Eu for which a D more typical of 

alkali-feldspar has been chosen (Arth, 1976), the distribution coeffi-

cients are the same as those used in modelling the less differentiated 

rocks. Though use of these D's does not predict the REE's in the 

rhyolite as well as they do for the less evolved rocks, the small dis-

crepancies do not warrant significant changes in individual values of 

distribution coefficients. Due to the extremely large degree or frac-

tionation, the results of the calculations are extremely sensitive to 

very small changes in D for feldspar, apatite and to a lesser extent 

clinopyroxene. With the exception of Tb and Ce for which predicted 

values are too low, there is a slight tendency for the values to be on 



Table 5-16: A. Phenocryst/liquid distribution coefficients 
for the REE used i~ the crystal fractionation 
calculations. Values are from Ludden (1978a) 
except for the apatite data which are from 
Nagasawa and Schnetzler (1971). La and Tb 
values were extrapolated from Ce and Gd 
respectively. 

B. Predicted and o~served chondrite normalised 
REE content of the Bouvet Is. rhyolite using 
the results of the least squares approximation 
given in Table 5-15. 

A. Distribution coefficients 

Element FSP OL CPX Ti-MGT APAT 

La .12 .01 0.10 .05' 14.0 

Ce .11 .009 0.12 .05 16.6 

Sm .11 .006 0.38 .05 20.7 

Eu I.so* .006 0.39 .05 14.5 

Tb 0.10 . 010 0.50 . .05 19.3 

Yb 0.10 .010 0.60 .05 9.4 

Lu 0.10 .010 0.60 .05 7.9 

* Selected from Arth (1976). 

B. REE check. 

MUG EAR I TE RHYOLITE 
OBS. CALC. OBS. 

La 164 334 330 

Ce 109 210 214 

Sm 79 130 121 

Eu 63 42 42 

Tb 46 77 88 

Yb 22 47 44 

Lu 18 40 34 
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the high side. Slight increase in the D's would therefore be indicated 

in accord with the general tendency for D's to increase with polymeri

zation of the melt. The slight increase indicated is, however, signi

ficantly lower than that usually observed for silecious liquids (e.g. 

Arth, 1976). A possible explanation for the small increase is the high 

P205 content of the mugearite (0.66%) which has been suggested to lower 

mineral/liquid distribution coefficients for the REE (Ryerson and Hess, 

1978). 

On the basis of the above evaluation, it is concluded therefore 

that the Bouvet Island rhyolites have evolved by fractional crystallisa

tion of a parental mugearite and would comprise the residual 17% of the 

initial hawaiite magma. 

5.5 Highly Phyric Hawaiites 

The highly plagioclase phyric nature of samples WJ8B and WJ17B 

suggests the presence of cumulus plagioclase, derived perhaps from the 

more aphyric hawaiites. Mixing calculations relating WJ8B to the 

average hawaiite support this contention, although minor yet consistent 

discrepancies occur in some elements, e.g. Na 2o, P205, Ba and Sr. The 

calculated degree of accumulation is 40% (comprising 34% plagioclase and 

6% clinopyroxene) and is in agreement with the modal proportion of 

plagioclase and clinopyroxene (± 37 and± 3 vol.% respectively). Incom

patible elements other than Ba are adequately accounted for by this 

crystal accumulation model. 

The distinct minor element content of clinopyroxene phenocrysts 

in plagioclase phyric WJ8B (Section 4.3.4) relative to those in the 

sparsely phyric hawaiites, how~ver, argues against a direct relationship 

via simple crystal accumulation. The apparent difference in minor 
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element chemistry of the pyroxenes might be related to polybaric 

crystallisation. Knutsen and Green (1975) have shown, for example, that 

at. pressures of 10 kbar under 'dry' conditions clinopyroxene is the 

liquidus phase of hawaiite, followed by plagioclase. Clinopyroxene 

crystallised under these conditions could conceivably have a slightly 

different minor element composition than the more evolved low pressure 

varieties. 

Although the mixing calcufations are not as satisfactory ·as 

those for the differentiated lavas, it is suggested that the plagioclase 

phyric hawaiites are probably related to the more sparsely phyric 

varieties via plagioclase and minor clinopyroxene accumulation. In view 

of the distinct minor element content of the clinopyroxene in plagioclase 

phyric WJ8B, it is probable that the crystal accumulation occurred under 

different conditions (P,T and/or fo 2) from those pertaining to the evolu-

tion of the differentiated lavas. 

5.6 Discussion 

An attempt has been made to show that fractional crystallisation of 

I observed phenocryst phases can account adequately for the observed com-

positional range in the Bouvet Island lavas. Of the fractionating 

phenocrysts (plagioclase + olivine + clinopyroxene + Fe-Ti oxide + 

apatite), plagioclase plays the dominant role in controlling the lava 

composition. The ability of plagioclase to 'sink' or 'float' in a 

magma has been experimentally demonstrated by Walker and Hays (1977) and 

Campbell et al. (1978) and has been shown to be critically dependent on 

bulk magma composition and the presence or absence of a fluid phase. 

Calculated volatile-free liquid densities (following Bottinga and Weill, 

1970) for the average Bouvet Island hawaiite, mugearite and benmoreite 
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are given below, together with calculated plagioclase densities: 

1100°C 1000°c 

Hawaiite 2.67 (2.60) 2.69 (2.62) 

Mugearite 2.51 2.52 

Benmoreite· 2.46 2.47 

Plag (An75) 2.68 2.68 

(An58) 2.66 2.66 

. (An44) 2.64 2.64 

(Ab100) 2.56 2.56 

'Partial molar volumes were taken from Bottinga and Weill (1970) 

and extrapolated to 1100 and 1000°c. Coefficients of expansion for 

plagioclase were taken from Clark (1966) and applied to densities at 

0 20 C from Deer et al. (1966). The values in brackets were calculated 

assuming 1% H2o in the hawaiite magma. Comparison of these data suggests 

that it is quite feasible for plagioclase of composition similar to the 

observed phenocrysts to 'sink' in the mugearite and benmoreite magmas and 

that in the presence of minor H20 a plagioclase of composition An
75 

would tend to be more dense than the hawaiite magma. The common occur-

rence of clinopyroxene inclusions in plagioclase would tend to raise the 

effective density of the plagioclase and so further facilitate 'sinking'. 

Removal of plagioclase by gravitational settling is therefore feasible 

in the Bouvet Island lavas. 

Experimental data on a natural hawaiite give some indication of 

the possible depth at which fractionation took place. Knutsen and Green 

(1975) found that plagioclase crystallisation is restricted to pressures 

of less than 6 kbar under hydrous conditions. Clinopyroxene is the 

liquidus phase, followed by plagioclase under dry conditions at 10 kbar. 
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Olivine and plagioclase are the liquidus phases at 5 kbar under 

anhydrous conditions. The presence of olivine, plagioclase and clino

pyroxene phenocrysts in the sparsely phyric hawaiites limits the depth 

of fractionation to less than 10 kbar under anhydrous conditions and to 

less than 6 kbar in the presence of minor H
2
o. 

The proposed model for the evolution of the Bouvet Island lavas 

is sunnnarised in Fig. 5-14 and involves the fractional crystallisation 

of a 'parental' hawaiite at moderate to low pressure on a multiply 

saturated (olivine + plagioclase + clinopyroxene + Fe-Ti oxide + 

apatite+ liquid) surface. Crystallisation of 44% of this 'parental' 

hawaiite gave rise to a magma of mugearite composition which, following 

partial extrusion, experienced a further 69% crystallisation to give 

rise to minor amounts of rhyolite. Extensive (+ 64%)crystallisation of 

the 'parental' hawaiite magma (at shallow depths?) allowed the formation 

of the Bouvet Island benmoreites. The suggestion of Baker and Tomblin 

(1964) that the benmoreite represents the product of recent volcanic 

activity on Bouvet Island is circumstantial support for the postulated 

petrogenetic scheme presented above and in Fig. 5-14. The possible 

evolution of the Bouvet Island hawaiites will now be considered. 

6. SOURCE AREA CHARACTERISTICS 

6.1 Primary Magmas 

Chemical characteristics of 'primary' magmas that have not 

experienced any significant change in composition since derivation from 

their source area have been discussed in Chapter III. Some diagnostic 

features are: high Ni (250-400 ppm) and Cr (400-600 ppm) contents and' 

high Mg-numbers (0.68~0.77) (e.g. Green, 1971; Dungan and Rhodes, 1978; 

Sato, 1977; Bougault et al., 1979). Verwoerd et al. (1974) have noted 
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that several chemical features of the Bouvet Island hawaiites attest to 

their being evolved rather than 'primary' magmas. These features include 

their low Ni (19 ppm) and Cr (22 ppm) contents and their low Mg-numbers 

<± 0.42); characteristics which clearly exclude Bouvet Island hawaiites 

as representing primary magmas. The above factors suggest that the 

hawaiites have experienced significant fractional crystallisation prior 

to eruption and that they are themselves derivative magmas from some 

more primitive basalt precursor. Verwoerd et al. (1974) showed that 

fractionation of olivine ± Cr-spinel from a more basaltic precursor 

could account for the low MgO, Ni and Cr abundances in the Bouvet Island 

hawaiites. Green et al. (1974) have suggested that many hawaiite magmas 

might derive from alkali-olivine basalt by fractional crystallisation, 

involving kaersutite, within the upper mantle, while Ludden (1978) con

cluded that the hawaiite lavas of Reunion Island are the result of low, 

pressure fractionation involving olivine, plagioclase, clinopyroxene and 

magnetite from a primitive olivine basalt. Price and Taylor (1973) have 

similarly invoked low level fractionation of basalt to give rise to the 

more differentiated hawaiites of the Dunedin Volcano, New Zealand. 

To enable some constraints to be placed on the trace element com

position of the source area of Bouvet Island lavas, and in the absence· 

of any potential 'primary' magma sampled from Bouvet Island, a model 

will be developed in which an estimate is made of the trace element 

character of a hypothetical primitive precursor to the evolved Bouvet 

Island hawaiites. This composition will then be used to place some con

straints on the composition of the source area. The construction of the 

model is based firstly on the assumption that the hawaiites are evolved 

lavas and have therefore experienced a degree of fractional crystallisa-
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tion since generation in their source area, and secondly that melting 

was initiated at depths below present day convection in the mantle (e.g. 

Sun and Hanson, 1975a). This is in accordance with Morgan's (1971, 

1972) conclusion that Bouvet Island is the surface expression of a mantle 

plume originating at great depth. 

In order to 'back calculate' the trace element content of a 

hypothetical parental magma, it is necessary to know not only the frac

tionating phases involved, but also their proportions. This can be 

achieved on the assumption that since the major elements (excluding Ti02, 

K20 and P205 ) are to a certain extent buffered during partial melting 

processes (e.g. Irvine and Kushiro, 1976), they are not unduly sensitive 

to varying degrees of partial melting. This assumption allows one to 

postulate an hypothetical parental composition with respect to major 

elements, which will then allow the calculation, by least squares appro

ximation, of the approximate degree of fractional crystallisation 

required to generate the average hawaiite. This calculation will also 

give some idea of the type and proportion of fractionating minerals. 

The choice of an hypothetical major element parental composition 

was made on the assumption that it would have a transitional to mildly 

alkaline chemistry in accord with the observed overall chemistry of the 

hawaiites, rather than being similar to the typically more alkaline lavas 

of most oceanic islands. Although no primitive magmas have been sampled 

from Bouvet Island, Watson (1976) has postulated a primary magma compo

sition for this area from a study of melt inclusions in lavas dredged 

from the ridge crest just to the east of Bouvet Island. Considering the 

chemical similarity, with respect to diagnostic trace element ratios, of 

these Southw€st Indian Ocean ridge basalts with those from Bouvet Island 
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(Dickey et.al., 1977; this work, Chapter IV), this major element corn-
/ 

position has been selected as representing a possible parental magma to 

the Bouvet Island hawaiites. 

Possible fractional crystallisation schemes relating this hypo-

thetical 'primary' magma to the average Bouvet Island hawaiite are 

briefly evaluated in the following section. The results are then used 

to place some constraints on the type of mantle and the degree of partial 

melting required to give rise to a primary basaltic precursoi to th~ 

Bouvet Island hawaiites. 

6.2 Fractional Crystallisation 

Three possible fractionation schemes were investigated: (1) high 

pressure, (2) low pressure, and (3) a combination of (1) and (2) via an 

intermediate parent. Of these three, only low pressure fractionation 

provided realistic results. Models (1) and (3) both require substantial 

garnet fractionation (in addition to clinopyroxene and possibly kaersu-

tite) to satisfy the major element variation, and this leads to a number 

of serious inconsistencies when back-calculating the trace element con-

tent of this hypothetical parent magma• For example, combining known 

distribution coefficients with the required proportions of fractionating 

minerals leads to a calculated Sc content in the primary magma of 

± 1150 ppm and an Y content of + 62 ppm, both of which are well outside 

the range observed in any primitive basaltic rocks. The calculated Ni 

content of 119 ppm in such a scheme is significantly lower than the 

250-400 ppm Ni of primary melts (e.g. Sato, 1977; this work, Chapter III). 

'Low' pressure fractionation of 26% plagioclase, 6% olivine and 

30% clinopyroxene from this hypothetical parent magma results in a 

reasonable approximation to the major element composition of the average 
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Bouvet Island hawaiite. The trace element composition of the hypothe-

tical Bouvet Island parental magma has been calculated using these· 

mineral proportions, applicable distribution coefficients (Table 5-17), 

and assuming Rayleigh fractionation. This predicted composition is 

given in Table 5-18 and appears to be realistic when compared to the 

compositional range of typical 'primitive' olivine basalt. 

6.3 Source Area Composition 

It is possible to calculate the trace element composition of a· 

source region that could give rise to a magma with the observed trace 

element content of the hypothetical parent, providing the residual mineral 

assemblage is known. In the absence of any specific knowledge of the 

source mineralogy, an arbitrary residual mineral assemblage of 57% olivine, 

26% orthopyroxene, 15% clinopyroxene and 2% garnet has been assumed. These 

proportions are similar to those required to satisfy the REE variations 

in lavas from Mauna Loa, Hawaii, assuming that the lavas were generated 

by between 10 and 20% partial melting (Leeman et al., 1977). The initial 

source concentration can then be calculated!by rearrangement of Shaw's 

(1970) equation for equilibrium partial melting as follows: 

c = c
1

F + c 1D (1-F) 
0 

where c = concentration in the source 
0 

cl = concentration in the liquid 

F = degree of melting 

D = bulk distribution coefficient based on the residual 

mineral assemblage. 

Calculated mantle compositions, which could give rise to the 

parental magma by 6% and 7% equilibrium melting, are presented in Table 

5-18. With the exception of Nb and Sr, the calculated composition corn-



Table 5-17: Distribution coefficients used in fractional 
crystallisation and equilibrium partial melting 
models for the derivation of a hypothetical 
'primary' Bouvet Is. magma. Values have been 
selected from Tables A2-l, A2-2, A2-5 to A2-7. 
Where two values are given the value in brackets 
has been used in the partial melting calculations. 

PLAG OLIV CPX OPX GARNET 

Ni .01 18 (11) 4.0 ( 1. 98) 4.0 0.5 

Co .01 6.0 (3.o) 1.0 2.0 1.0 

Rb .01 .01 .01 .01 .01 

Ba .01 .01 .01 .01 .01 

Zr .01 .01 .20 .01 1.2 

Nb .01 .01 .09 ( .03) .01 .03 

y .18 .10 .50 .10 3.0 

Sr 1. 9 .01 .12 .Ol .01 

Sc .10 .15 2.0 .40 10.0 

Ga 1.0 .01 0.4 .01 .01 

K20% .01 .01 .01 .01 .01 

P205% .01 .01 .01 .01 .10 

Ti02% .01 .01 .20 .02 .20 



Table 5-18: 

Ni 

Co 

Rb 

Ba 

Zr 

Nb 

y 

Sr 

Sc 

Ga 

K20% 

P205% 

Ti02% 

Calculated trace element composition of a postulated 
'primitive' Bouvet Island magma, and predicted mantle 
composition assuming 6% and 7% equilibrium partial 
melting. Residual mantle mineralogy is indicated. 

PRIMITIVE MELT PREDICTED.MANTLE MANTLE* 

F=0.06 F=0.07 

253 1827 1810 1600-2000 

48 111 111 100 

8.0 0.56 0.63 0.57-0.78 

91 6.3 7.2 7.1 

112 13.3 14.3 9.7-13.0 

17 1. 2 1.4 0.53-0.72 

19 5.0 5.2 4.2-5.8 

383 32.5 36.3 19 - 26 

28 19.8 19.9 14 - 20 

16 2.9 3.1 3.4t 

0.49 .034 .039 0.024-0.033 

0.18 .012 .014 0.018-0.024 

1. 65 0.17 0.18 0.18-0.24 

RESIDUAL MANTLE: OLIVINE 57% 

OPX 26% 

CPX 15% 

GARNET 2% 

* From Sun and Nesbitt (1977) 

t Assumed from data in Willis (1979). 
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pares very favourably with the postulated primitive mantle composition 

(Table 5-18) of Sun and Nesbitt (1977). Bearing in mind the assumptions 

made and the hypothetical nature of the model, it is suggested that the 

Bouvet Island hawaiites have been derived from a primitive olivine 

basalt magma with a trace element composition similar to that presented 

in Table 5-18. Such a magma could be generated by 6-7% partial melting 

of a mantle composition similar to that postulated by Sun and Nesbitt 

(1977), leaving residual garnet in the sourc~. 
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CHAPTER VI 

DISCUSSION 

The preceding chapters have embodied the detailed petrogenetic 

modelling of oceanic lava suites from three distinct tectonic environ

ments: mid-ocean ridge, fracture zone and oceanic island. The results 

of these studies have been· suminar.ised in the individual chapt~rs and 

will not be repeated here, but rather an attempt will be made to con

sider some of these results coliectively in terms of the relationship 

between rock type and tectonic setting. Some important questions in 

this respect can be summarised as follows: 

(1) Do r~ck ~ypes from ridge syste~s and fracture zones show consis

tent differences? 

(2) Do the differences in igneous rock suites (e.g. ridge systems 

and fracture zones) reflect source area differences or differences 

introduced by differentiation processes, and how do these relate 

to the tectonic setting? 

(3) To what extent can systematic geochemical differences be attri

buted to the action of mantle plumes? 

In order to evaluate the extent to which observed geochemical 

differences of oceanic rocks from different tectonic environments can be 

attributed to source area characteristics and/or tectonic control, it is 

important to take into account first the effect of second order magmatic 

processes. Such second order processes include fractional crystallisa

tion, magma mixing and variation in type and degree of partial melting. 

Of these processes, fractional crystallisation is the most readily 
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evaluated and a large portion of this study has been concerned with 

investigating the extent to which the observed compositional variation 

in these oceanic basalts can be attributed to low pressure fractional 

crystallisation. The lava suites that have been studied include samples 

from the Mid-Atlantic Ridge at 36°49
1
N (FAMOUS), from the Islas Orcadas 

Fracture Zone on the Southwest Indian Ocean Ridge, from the Conrad Frac-

ture Zone on the Antarctica-America Ridge and from Bouvet Island. The 

samples from these· areas range from· some· o·f the most primitive (e.g. the 
I 

picrites and olivine basalts from FAMOUS) to some of the most evolved 

(e.g. the ferrobasalts from the IOFZ and Conrad F.Z.) basalts ever re-

covered from the ocean floor. The compositional variation of the Bouvet 

Island lava suite further extends this range to highly evolved rhyolitic 

compositions. 

It has long been recognised that the suboceanic mantle is to a 

first approximation composed of at least two distinct chemical units; 

the one giving rise to LIL element-enriched oceanic island basalts and 

the other to LIL element-depleted ocean ridge basalts (e.g. Gast, 1968; 

Kay et al., 1970; O'Nions et al., 1976; Hanson, 1977). The mantle 

source giving rise to oceanic island basalts is characterised by low 

small/large ion incompatible element ratios (e.g. K/Rb, K/Ba, Zr/Nb, 

Y/Nb), LREE enrichment and high 
87

sr/
86

sr ratios (high 
207

Pb/
204

Pb and 

206
Pb/

204
Pb ratios and low 

143
Nd/

144
Nd ratios are also characteristics; 

e.g. Tatsumoto, 1966; O'Nions and Pankhurst, 1974; O'Nions et al., 

1977; De Paolo and Wasserburg, 1976, 1979). The chemical characteris-

tics of most ocean ridge basalts imply derivation from a depleted source 

characterised by high values for the above ratios, LREE depletion and 

87 86 207 204 206 204 . . 
low Sr/ Sr ratios (low Pb/ Pb and Pb/ Pb ratios and high 
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143
Nd/

144
Nd ratios are additional characteristics; e.g. Tatsumoto, 1966; 

0 1 Nions and Pankhurst, 1974; 0 1 Nions et al., 1977; De Paolo and 

Wasserburg, 1976, 1979). Although basalts derived from both types of 

source region have been described from the ocean floor (e.g. Erlank and 

Kahle, 1976}, there are, to the writer's knowledge, no reported occur-

rences of LIL element-depleted basaltic volcanism on oceanic islands. 

Although a continuum of compositions probably exists, LIL element-

depleted and LIL element-enriched ocean floor basalts correspond respec-

tively to Group I and Group II type ocean floor basalts of Bryan et al. 

(1976). In terms of this classification, no chemical distinction is 

~ecognised between basalts extruded at fracture zones and those extruded 

along mid-ocean ridges. For example, basalts from the Mid-Atlantic 

Ridge in the FAMOUS region and from the Southwest Indian Ocean Ridge 

reflect the characteristics of unfractionated and fractionated Group II 

basalts respectively, as do the basalts from the Islas Orcadas Fracture 

Zone. Although the basalts from the Conrad F.z. have a chemistry 

transitional between fractionated Group I and Group II basalts, they are 

more similar to the former. Clinopyroxene (a characteristic of Group II 

basalts; Bryan et al., 1976) is present in all but the most primitive 

of the FAMOUS basalts and is ubiquitous in the fracture zone basalts. 

Olivine is abundant in all the FAMOUS basalts but is rare in the fracture 

zone basalts. Texturally the FAMOUS lavas also differ from the fracture 

zone basalts in that they are characterised by the presence of abundant 

quench textures and quench glass rinds, while the fracture zone basalts 

tend to be more crystalline. These textural differences, however, 

reflect the extent of fractional crystallisation and mode of emplacement 

rather than relatipg to source area characteristics. 
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The results of the petrogenetic modelling of these lava suites 

indicate that fractional crystallisation is an imp~rtant process occur

ring in all three tectonic environments, and that most of the observed' 

compositional variation can be accounted for by cr,stal fractionation 

of one or more parental magmas. For example, the compositional range 

of the relatively primitive FAMOUS basalts can be accounted for by up 

to 25% fractional crystallisation of observed phenocryst phases, and by 

crystal accumulation of up to 40% plagioclase or 30% olivine. The·com

positional variation of the more evolved fracture zone basalts can be 

accounted for by up to 76% fractional crystallisation. Similar large 

degrees of crystal fractionation (± 83%) are required to account for the 

passage from hawaiite to rhyolite on Bouvet Island. Several authors 

(e.g. Kay, 1970; Shido et al., 1971; Scheidegger, 1973; Schilling, 

1975b; Bryan et al., 1976) have noted the importance of the cotectic 

crystallisation of olivine and plagioclase at low pressures in control

ling the bulk chemistry of ocean floor basalts. In contrast, the 

results of the quantitative modelling in this study emphasise the impor

tance of clinopyroxene fractionation in controlling the bulk chemistries 

of the lavas studied. This is i1lustrated by the average proportions of 

fractionating phases in the four study localities given below: 

FAMOUS plag ol cpx = 45 23 32 

IOFZ - plag ol cpx 57 3 39 

CONRAD F. z. - plag cpx : Fe-Ti oxides = 51 46 3 

BOUVET IS. - plag ol : cpx : Fe-Ti oxides 50 : 9 : 30 : 11 

Plagioclase is clearly the most important fractionating phase in 

all cases, but is closely followed by clinopyroxene and only in the 

relatively primitive F.AMOUS lavas does olivine contribute substantially 
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to the fractionating assemblage. The importance of clinopyroxene in 

controlling the bulk chemistry of. certain ocean floor basalts has also 

been noted by Cann (1971), Byerly et al. (1975), Clague and Bunch (1976), 

Flower et al. (1977), Donaldson and Brown (1977), Dungan and Rhodes 

(1978) and Rhodes et al. (1979). Considering the abundant clinopyroxene 

phenocrysts in the samples studied, with the possible exception of the 

more primitive FAMOUS lavas, it is not necessary to invoke magma mixing 

(Dungan and Rhodes, 1978; Rhodes et al., 1979) to account for the sig

nificant proportion of clinopyroxene in the crystal fractionates. How

ever, detailed consideration of trace element variations in many of the 

lava suites (and specifically FAMOUS) suggests that open system frac

tionation and magma mixing (O'Hara, 1977; Dungan and Rhodes, 1978; 

Rhodes et al., 1979; Bryan, 1979; Bryan et al., 1979) is apparently a 

more realistic fractionation process than simple closed system fractiona

tion. This is specifically evident in the FAMOUS basalts but is possibly 

obscured in the fracture zone basalts (and in the Bouvet Island lavas) 

by the relatively greater degree of differentiation that has occurred in 

these basalts. The greater degree of alteration of the fracture zone 

basalts may also have obscured some of the subtle variations that could 

be attributed to magma mixing. Although fractional crystallisation,has 

been shown to be an important process occurring at both oceanic ridges 

(FAMOUS) fracture zones (IOFZ, Conrad F.Z.) and oceanic islands (e.g. 

Bouvet Island), the extent to which this process occurs is clearly dif

ferent. At the Mid-Atlantic Ridge in the FAMOUS area, the amount of 

differentiation is significantly less than at the fracture zones. 

Consideration of the fine scale chemical variation of the FAMOUS 

lavas and associated phenocryst minerals indicates that the observed 
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compositional variation in the FAMOUS region is unlikely to have arisen 

from differentiation within a single magma chamber. Differentiation of 

at least two and possibly three distinct parental magmas,· derived from 

two different source areas, is required to account for the observed com

positional variation. This suggests either the coexistence of a number 

of small magma chambers which are individually tapped and experience 

magma mixing by addition of new 'primitive' batches of magma, yet main·-

·. tain their chemical identity or; mbre plausibly~· the existence of small 

temporal separated magma chambers which are created, experience crystal 

fractionatioh, magma mixing and eruption, and then disappear to be 

replaced by a new chamber as a consequence of some or other tectonic 

event (e.g. Nisbet and Fowler, 1978; Bougault et al., 1979). Such a 

mechanism would result in the eruption of predominantly moderately 

evolved magmas that have experienced relatively smal~ degrees of frac

tional crystallisation (e.g. Rhodes et al., 1979). 

A similar model is apparently not applicable for describing the 

, compositional variation of the fracture zone basalts. In cormnon with 

the FAMOUS: lavas, it has been shown that the differentiation of more 

than one parental magma is required to account for the overall composi~ 

tional variation observed in the fracture zone basalts. However, in 

contrast, the_ extremely evolved nature of many of these basalts and the 

large amount of fractional crystallisation (up to 76%) required to 

account for this differentiation, implies the presence of a large, stable 

low level magma.chamber, that has existed for a significant time interval. 

The presence of large magma chambers and extensive fractionation 

has previously been suggested to be a feature of fast-spreading ridges 

(e.g. Ciague and Bunch, 1976; Nisbet and Fowler, 1978; Rhodes et al., 
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1979). Fast spreading rates imply more frequent tapping of a magma 

I 

chamber through fracturing and fissure eruptions~ The incidence of 

fracturing and tapping of magma relative to injection and mixing of 

'primitive' magma will be greater than at slow spreading ridges (e.g. 

MAR), and will therefore favour the sampling of the magma chamber during 

the quiescent fractionating part of the cycle. This.will result in the 
/ 

more frequent eruption of highly fractionated magmas. Although such a· 

mechanism ·may be applicable· for fast spreading ridges, it is unlikely 

to be valid for the IOFZ and Conrad F.z. as both are situated on slow 

spreading ridges (Sclater et al., 1978). In this respect though, it is 

important to bear in mind that spreading rates are generally determined 

over a large time scale and that they may be very variable over the 

short time scale more applicable for magmatic events (Bougault et al., 

1979). Nisbet and Fowler (1978) have reviewed the geophysical data from 

mid-ocean ridges and argue that the thermal regime at slow spreading 

ridges is unlikely to support the presence of a large magma chamber. 

The· common occurrences of highly differentiated rocks in fracture 

zones (Hekinian and Thompson, 1976; this study), even when situated on 

slow spreading ridges, suggests some additional tectonic control. A 

possible explanation is that faulting may have exposed more fractionated 

basalts in fracture zones than those found in rift valleys (Hekinian and 

Thompson, 1976). Thompson and Melson (1972) favour the concept of so-

called 'leaky' transform faults in which new oceanic crust is injected 

into fracture zones in response to sea floor spreading normal to that 

which occurs at the ridge axis. They have suggested that the chemical 

characteristics of this new crust differs from that formed at normal 

ridge crests. Assuming that volcanic activity does occur along fracture 
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zones, and since they are displaced from the actively spreading ridge, 

it is likely that the magma supply rate in fracture zones is relatively 

low. Under these conditions magma may well reside in chambers for a 

sufficient length of time and experience substantial 'closed-system' 

frac~ional crystallisation, without injection of and mixing with new 

batches of 'primary' magma. This would result in the extrusion of a 

higher proportion of differentiated basalts relative to mid-ocean ridges. 

It is suggested that most of the observed chemical differences between 

fracture zone basalts and ridg~. axis basalts are related to the tectonic 

control on magma supply rates and so indirectly the extent of possible 

fractional crystallisation, rather than to source area differences. The 

extensive differentiation that is shown by the basalt suites comprising 

this study emphasises the importance of comparing only incompatibl'e 

ele~ent ratios (and isotope ratios where available) rather than the 

absolute element abundances of basalts from different tectonic environ-

men ts. 

With the exception of a few isolated cases (e.g. the Mid-Atlantic 

Ridge at 45°N), most occurrences of Group II basalts are found in the 

vicinity of oceanic islands. This effect of oceanic island volcanism on 

nearby ridge segments has been attributed to the action of mantle plumes, 

marked by the.site of the oceanic island. Such effects have been docu

mented near the Azores (Schilling, 1975a,b; White and Schilling, 1978), 

near Iceland (Schilling, 1973), near St. Paul, Amsterdam Island (Frey et 

al., 1976) and near Bouvet Island (Dickey et al., 1977; this study). 

It has been noted that the mantle source for oceanic island basalts is 

clearly distinguished from that,for normal Group I ocean floor basalts, 

in terms of some diagnostic trace element ratios (e.g. K/Rb,· K/Ba, Zr/Nb, 
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87 86 
Y/Nb, Sr/ Sr, La/Yb). The similarity of these ratios in oceanic 

island basalts and Group II ocean floor basalts suggests derivation of 

the latter from a similar source area to that of oceanic ~slands. The 

very similar values for these ratios in the FAMOUS basalts, those from 

the Southwest Indian Ocean Ridge and from Bouvet Island support this 

contention. In addition, quantitative modelling of the derivation of 

primary magmas from .the FAMOUS region and from Bouvet Island and consi-

deration of selected incompatible element ratibs bf basalts from the 

IOFZ, indicate that basalts from these areas can all be derived from a 

source with composition similar to that postulated by Sun and Nesbitt 

(1~77) for Archean mantle. The basalts from FAMOUS and the IOFZ can be 

derived by 10-27% partial melting of such a source, while <10% melting 

is required to give rise to a primary 'parental' Bouvet Island magma. 

The source area for the Conrad F.z. basalts is chemically distinct and 

more similar to the depleted source of normal Group I basalts. 

The origin of these two apparently distinct mantle sources and 

the maintenance of their identities, is a question of much debate. There 

is, however, a general consensus, on the basis of isotopic data, that the 

mantle source of depleted, normal mid-ocean ridge basalt has a long-term 

history ( ~1 b.y.) of depletion in incompatible elements (Sun and Hanson, 

1975a; Brooks et al., 1976; Richard et al., 1976; Sun et al., 1979). 

Various possible depletion models have been summarised by Sun et al. 

(1979). Of more relevance to the present study is the origin of the LIL 

element enrichment in Group II ocean floor basalt and oceanic island 

mantle sources~ The isotopic data of·Group II-type ocean floor basalts 

indicates that the enrichment in incompatible elements is a relatively· 

recent event (e.g. < 300 m.y.; Sun et al., 1979), i.e. such basalts are 
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derived from long-term depleted sources which were added to by a LIL 

element enriched fraction (e.g. 0 1 Nions et al., 1977; Carlson et al., 

1977; Sun et al., 1979). This enrichment event could involve the 

intrusion of veinlets, derived by very low degrees of melting, into 

existing depleted mantle (e.g. Sun and Hanson, 1975b)· or involve a meta

somatic process invol~ing a fluid phase (e.g. Erlank, 1973; Aoki, ~1975; 

Lloyd and Bailey, 1975; Erlank and Rickard, 1977). 

Sun a:nd Hanson ( 197 5a) have suggested that the most likely source 

of oceanic island basalts is below the presently convecting mantle. This 

deeper undepleted mantle rises adiabatically as a diapir, melts and 

results in oceanic island type volcanism which marks the site of a so

called mantle plume. Dynamic melting (including processes such as con

tinuous melting with incomplete removal of melt, zone refining and magma 

mixing) during uprise of this mantle diapir provides the necessary frame

work for the 'second-order' enrichment of adjacent depleted mantle. 

Following the model of Sun and Hanson (1975b), this enrichement might 

occur by the intrusion of very small fractions of melt, derived from the 

rising diapir, as veinlets into the adjacent mantle or by metasomatic 

fluid movement. Subsequent melting of this enriched mantle would produce 

Group II-type basalts having the chemical imprint of the more directly 

related plume-derived oceanic island volcanism. The mixing of plume

derived and normal mantle has, for example, been offered as an explana

tion for the gradua~ chemical change along the Mid-Atlantic Ridge 

southward from the Azores (Schilling, 1975a; White and Schilling, 1978). 

The results of the present study support a close genetic relationship 

between Group II ocean floor basalts and oceanic island basalts, and 

suggest their derivation from a similar source area. 
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APPENPIX 

Al. ANALYTICAL TECHNIQUES 

Al. l Whole rock analyses 

Al.1.1 Major elements: 

All major elements (with the exception of Na) were analysed by 

X-ray fluorescence (XRF), using the lithium tetraborate fusion method 

of Norrish and Hutton (1969), Na was analysed by XRF using pressed 

powder briquettes, prepared using the method of Ba.ird (1961). The 

operating conditions used are the routine procedures adopted in the 

Department of Geochemistry at U.C.T: they have been described in de-

tail by Willis et al. (1971, 1972). 

Natural rock standards used for calibration include the U.S.G.S. 

standard set and in-house standards originally calibrated against the 

U.S.G.S. standard set. Estimates of the precision and detection limits 

for the major oxides and of the accuracy of the data (derived from the 

average absolute error on the standard calibration curves) are given 

in Table Al-1. 

Al. l. 2 Trace elements: 

Unless otherwise noted all trace elements were analysed by XRF, 

using pressed powder briquettes. The procedures followed are similar 

to those outlined in Willis et al. (1971, 1972), and the operating con-

ditions are those adopted for routine trace element analysis in the 

Department of Geochemistry at U.C.T. Natural rock standards used for 

calibration include the U.S.G.S. standard set and in-house standards 



Table Al-1: Estimated precision and detection limits and average 
absolute error (accuracy) on the calibration curves 
for the major oxides using XRF techniques. Precision 
is expressed as an absolute error (2o) on the given 
percentage oxide. 

OXIDE PERCENTAGE PRECISION ACCURACY DETECT. LIMIT 

Fe203 9.0 0.038 0.064 0.014 

MnO 0.15 0.008 0.003 0.008 

Ti02 1.0 0.008 0.008 0.005 

Cao 12.0 0.028 0.030 0.008 

K20 0.20 0.002 0.022 0.002 

P205 0.20 0.012 p. 018 0.011 

Si02 50.0 0.140 0.264 0.036 

Al203 15.0 0.080 0.079 0.022 

MgO 8.0 0.148 0.086 0.072 

Na20 2.5: 0.032 0.067 0.080 

Cr203 0.5 0.008 0.012 0.007 

NiO 0.3 0.008 0.005 0.006 
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calibrated against the u.s.G;S. standards. Estimates of the uncert-
1 

ainties in the data due to counting statistics are given in Table 

Al-2. In instances where very low detection limits and errors were 

required - e.g. for Nb in the picritic basalts from the FAMOUS area 

and in the analysis of mineral separates, counting times were in-

creased by a factor of 6, reducing the average precision errors and 

detecti~n limits (Table Al-_2) by approximately a factor of. 2. 5. 

The REE data for the Conrad and Islas Orcadas fracture zones, 

and the Zr, Nb and Y data, for the titanomagnetite separate from Bou-

vet Island, were obtained by A.R. Duncan using a direct reading spark 

source mass spectrograph at the Australian National University, Can-

berra. The procedures that were used and the associated errors have 

been.described by Taylor (1965, 1971) and by Taylor and Gorton (1977). 

The REE data for the Bouvet Island lavas was obtained by 

E.J.D. Kahle using instrumental neutron activation analysis at the 

Nuclear Physics Research Institute, University of the Witwatersrand. 

The method has been described by Fesq et al. (1973). 

Electron Microprobe Analyses 

Major elements: 

The major element composition of minerals and of quench glasses 

have been determined using a Cambridge Microscan 5 Microanalyser. 

Samples were prepared as polished sections on glass slides which were 

coated with carbon to allow conduction. Operating conditions were as 

follows: 
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Table Al-2: Counting errors and detection limits for trace elements 
.analysed by XRF. All data in ppm. The detection limit 
is given at the 99% confidence level, and the counting 
error at the 95% confidence level. 

Element Cone. range SD(2 a) D.L. 

Zr 40 - 400 0.9 - 1.4 1.4 

Nb 4 - 150 1.0 - 1. 2 1. 8 

y 20 - 40 0.8 - 1.0 1.3 

Rb 2.5 - 90 0.8 - 1.1 1. 5 

Ba 10 - 800 2.1 - 6.0 3.7 

Sr 80 - 800 1.0 - 1. 7 1. 5 

Co 18 - 100 1. 9 - 2.5 4.5 

Cr 25 - 350 1. 5 - 2.1 2.2 

Ni 10 - 208 2.5 - 3.7 4.0 

v 50 - 350 2.4 - 3.7 5.5 

Zn 8 - 150 0.9 - 1. 7 1.4 

Cu 5 - 90 1. 8 - 2.1 2.9 

Sc 25 - 40 1.0 - 1.2 1. 2 

Ga 15 - 20 0.38 -0.46 0.45 
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Beam current' 1500 nA 

Accel ~rating voltage 15 kV 

Analysing crystals Quartz (Fe, Mn, Ca, Ti, Cr, K); 

RAP (Si, Al, Mg, Na). 

Detection Flow counters with Ar/co
2 

gas 

mixture. 

A focussed (1-2µ) beam was used for all elements, except when analys-

ing feldspars, quench glass and hydrous minerals, when a 10-30µ 'de-

focussed' beam was used. Calibration was achieved using natural 

(e.g. Kakanui pyrope, Kakanui hornblende, Stillwater chromite, Mar-

jalahti olivine) and synthetic(pure diopside glass, anorthite glass 

(GL24), and rutile) mineral standards. Raw counts were corrected for 

dead time and background. Standardisation was undertaken at the be-

ginning of each analytical run and nominal concentrations were calcul-

ated from the detennined K-factors (cps/% oxide). Nominal concentrat-

ions were subs.equently corrected using the method of Bence and Albee 

(1968) with the alpha factors of Albee and Ray (1970). 

The precision of the technique has been discussed by Reid 

(1977) and is illustrated in Table Al-3 where the standard deviation 

about the mean of 10 analyses of the same spot is compared with the 
I 

uncertainty due to counting statistics. The data for all elements 

except cr
2
o3 and MnO in Table Al-3 was determined on a pargasitic 

~hornblende and are taken from Reid (1977). The data for Cr 2o3 and 

MnO were taken from Shee (1978): the analyses were done on a garnet 

megacryst from the Koffiefontein Mine by P.C. Cardoso. Because of 



Table Al-3: Estimation of the precision of the electron microprobe 
analyses for the major elements. All quantities are 
expressed in weight percent of the oxide. 

OXIDE 

Si02 

Ti02 

Al203 

Cr 203 

FeO 

MnO 

MgO 

Cao 

Na20 

K20 

X = Mean of 10 replicate analyses of the same spot within 
a pargasitic hd'~lende (Reid, 1977). The means for 
Cr203 and MnO a~for 12 replicate analyses of a garnet 
megacryst from the Koffiefontein Mine (Shee, 1978). 

S.D. = Standard deviation about the mean 
ERR = 2cr error (95% confidence limits) due to counting statistics. 

DL = Theoretical detection limit (99% confidence level) 

x S.D. ERR D.L. 

41.97 0.08 0.08 0.06 

3.92 0.08 0.10 0.07 

13.51 0.06 0.06 0.04 

0.78 0.02 0.02 0.03 

6.82 0.15 0.16 0.10 

0.26 .0.01 0.01 0.03 

16.34 0.07 0.10 0.05 

12.10 0.07 0.08 0.05 

2. 71 0.12 0.14 0.09 

1.18 0.06 0.10 0.07 
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the possibility that natural mineral standards are not homogeneous on 

the micron scale, the absolute accuracy of the technique is difficult 
I 

to establish. However, Reid (1977) notes that good agreement is a-

chieved when analysing one natural mineral standard against another, 

using abundance data that were obtained by a different method (e.g. 

XRF data provided by B.W. Chappell, Australian National University). 

Comp_arison of XRF data for high purity mineral separates with average 

electron microprobe data for individual grains from this study (Table 

Al-4) indicates excellent agreement between the two analytical tech-

niques. For routine analysis of those minerals whose oxides should 

sum close to 100 percent, analyses were generally only accepted if the 

total fell between 99.0 and 101.0 percent. The stability of the elec-

tron microprobe and the analytical conditions used were such that ana-

lytical totals seldom fell outside this range. 

Al. 2. 2 Trace elements: 

(i) Nickel 

In selected cases where Ni had to be determined in olivine, 

clinopyroxene, Cr-spinel and quench glass, the operating conditions 

were as follows: 

Accelerating voltage 25 kV 

Beam current 1000 nA 

Crystal LiF (200) 

Detector sealed counter 

PHA E = 1.8 v (threshold) 

6E = 1.7 v (window) 
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Table Al-4: Comparison of analytical data (for the major oxides) 
obtained using XRF and electron microprobe (EMP) techniques . 
in the Department of Geochemistry at U.C.T. Analyses are 
from a garnet, clinopyroxene and orthopyroxene separated 
from a garnet websterite (JJG1424) from the Mothae 
Kimberlite pipe. Electron microprobe data represent the 
average of four grains. 

GAR.NET CLINOPYROXENE ORTHOPYROXENE 

x~ EMP XRF EMP XRF EMP 

Sio2 42.78 41.86 54.57· 54.57 57.18 57.63 

Ti02 0.09 0.09 0.27 0.23 0.14 0.09 

Al203 23.15 23.47 3.03 2.96 1. 29 1.07 

Cr203 1.06 1.06 0.80 0.81 0.19 0.22 

* FeO 7. 71 ·8.11 1. 65 1. 62 4.78 5.04 

MnO 0.34 0.30 0.05 0.07 0.09 0.07 

MgO 20.55 20.39 16.44 16.78 35.57 35.85 

cao 4.62 4.69 21.45 21.63 0.34 0.26 

Na20 0.04 0.02 1.43 1. 67 0.08 0.23 
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Standardisation was achieved using a natural olivine with 

0.35% NiO from a kimberlite nodule as standard. For the determination 

of Ni in olivine, clinopyroxene and Cr-spine!, to.ta! counting times 

of 150 sec. on the peak and 100 sec. at the background position 

were used. This gave an estimated relative precision for olivine 

based on counting statistics of ±3.36% on 0.23% NiO (or ±78 ppm on 

,2300 .ppm NiO) and a detection limit· of 0.011% (110 ppm) NiO. ..These 

data are at the 95% and 99% confidence levels respectively. For the 

NiO determination in clinopyroxene the statistical error was ±35 ppm 

on 320 ppm (or 11% relative error). To ensure adequate precision and 

detection limits when analysing the quench glass, longer total count-

ing times of 300 sec. on the peak and 300 sec. on backgrounds were 

used. These conditions gave an estimated statistical error of ±20% 

(i.e. ±40 ppm on 200 ppm) with a detection limit of 65 ppm NiO. To 

prevent volatilisation of the sample, a 'defocussed' beam of 20-30µ 

diameter was used. 

(ii) Strontium 

The procedure for the determination of Sr as a trace element 

using the electron microprobe has been des~ribed by Rickard and le 

Roex (1977). Subsequent to this paper two additional feldspar stand-

ards were obtained allowing a more rigorous evaluation of matrix 

effects. A brief description and discussion of the method is present-

ed here. 

Evaluation of various analytical conditions showed that the 

SrL line was the most suitable analytical line to use as it is 
·a 
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relatively free from interference and has a more suitable excitation 

potential (1.806 KeV) than the SrKo: line (14.131 KeV). The best com

bination of analytical conditions for the measurement of the SrLo: 

line were found to be as follows: 

Accelerating voltage 30 kV 

Beam current 100 nA 

Crystal PET 

Detector flow counter 

PHA E = l.6v (threshold) 

' 
liE = 1.5v (window) 

EHT on detector 1035 v 

103°32 
I 

~rLo: 

104°00 
I 

Background 

Counting time 240 sec. (peak) 

240 sec. (bkg.) 

A wavelength scan across the SrL peak indicates that the only 
. 0: 

spectral line likely to interfere on the Sr
1

o: peak is the Si non-

diagram in line SiSKS'' The relative position of the two peaks is 

shown in Fig. Al-lA. If an excitation potential of 30 kV is used the 

SrLo: peak is very slightly tailed by the Si nondiagram line. This 

tailing can be removed (Fig. Al-lA) by utilising carefully selected 

pulse height amplitude settings. At a lower excitation potential 

(e.g. 20 kV) the sr
1

o: peak is tailed to a significant extent by the 

Si nondiagram line, due to the lower count rate ratio of Sr to Si, 

\ 



Fig. Al-1: A. Wavelength scan across the Sr
1

a peak using 

the electron microprobe with pulse height 

discrimination and an accelerating voltage 

of 30 kV. Note the position of the SiSKB 

non-diagram line and that the spectrum does 

not reach true background between the two 

peaks. 

B. Sr calibration curves for clinopyroxene 

and feldspar standards using beta factor 

corrected counts per second. The alpha 

factors used to calculate the beta factors 

were taken from Albee and Ray (1970). 

Analytical conditions were as given in 

the text. 
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resulting in a poorer resolution between the Sr and Si nondiagram 
La 

lines. This effect cannot be completely removed by pulse height 

amplitude selection. Inspection of Fig. Al-lA shows that although 

the SrLa is not tailed by the Si nondiagram line. at 30 kV with pro

per PHA settings, the spectrum does not reach minimum true back-

ground level between the two peaks. Consequently the background 

count rate was determined at ot'lly ~:me background position, .situat:.ed . 

at the higher angle side of the Sr peak. 
La 

Calibration was achieved using natural clinopyroxenes separat-

ed from kimberlite nodules (provided by A.J. Erlank), which had pre-

viously been analysed for Sr by isotope dilution and by ion micro-

probe techniques, and also using two feldspar standards Lake County 

and Pacaya (provided by A.M. Reid), The major and trace element 

composition of these feldspars are given in Table Al-5. All the 

standards were initially used to draw up a series of working curves 

using (1) only the clinopyroxene standards, (2) only the feldspar 

standards and (3) combining all standards into one working curve. 

Each of the above sets of data were compared both, with and without 

making a matrix correction using S-factors calculated from ~he 

a-factor data of Albee and Ray (1970). The results from these 

various working curves are summarised in Table Al-6 and two of the 

working curves using S-factor corrected cps. for the clinopyroxene 

standards and the feldspar standards are illustrated in Fig. Al-lB. 

Inspection of these data indicates that making a B-factor correct-

ion does not significantly improve the working curves using only 

clinopyroxene or only feldspar standards. If both sets of standards 
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Table Al-5: Composition of the feldspar standards used for 
calibrating the Sr working curves for the analysis 
of Sr by electron microprobe. 
Data supplied by A.M. Reid. 

Lake Count~ Pacaya 

Microprobe XRF Microprobe XRF 

Si02 51.55 49.68 45.22 45.43 

Ti02 o.os 0.02 

Al203 · 30.99 29.77 35.45 34.93 

Feo* 0.41 0.44 0.40 0.49 

MgO o.oo 0.00 . 
cao 13.24 13.11 18.12 8.22 

Na20 3.63 3.63 0.94 0.94 

K20 0.13 0.12 0.03 0.06 

P205 0.02 

s o.oos 0.004 

TOTAL 99.96 96.80 100.16 100.11 

Trace elements - by isotope dilution (ppm) 

Mg 822 ± 66 398 ±. 12 

K 986 ± 16 147 ± 11 

Ti 230 ± 14 134 ± 11 

Sr 582 ± 6 942 ± 9 

Ba 63 ± 2 28.8 ± o.9 

Li 4.1±0.2 0.68±0.19 

I 



- 276 -

are combined then the S-factor correction does tend to improve the 

data (Table Al-6, part III), and it is apparent that the average 

absolute error on the working curve is controlled by the counting 

statistics (Table Al-6, parts III and IV). When the combined data 

are plotted on a working curve (Fig. Al-lB) then it is apparent that 

the two sets of standards do still tend to define separa~e working 

curves (i.e. different slopes) which sugge_st.s that .either t.he ... 

S-factor correction is not compensating totally for the different 

matrix effects or that the standard values used reflect inter-

' laboratory bias. For this reason all Sr data were determined using 

the two feldspar standards only. 

It was found that the count rate (which is extremely low) is 

extremely sensitive to the condition of the detector, the detector 

gas and the EHT on the detector. It was therefore necessary to check 

periodically that the EHT on the counter was correctly set and that 

no pulse shift had occurred. At the start of each analytical run 

it was necessary to readjust and check all the conditions. For 

these reasons an attempt was made to determine all data that were 

to be directly compared in a single analytical run. To achieve 

meaningful data (in terms of the statistical errors) a total count

ing time of 480 sec. (peak plus background) was used, which together 

with the high accelerating voltage necessitated use of a 'defocussed' 

beam (±30µ) to prevent damage to the sample. Under these conditions 

an average analytical error, based on counting statistics, of 4.7% 

(±26 ppm on 550 ppm) and a detection limit of 80 ppm was obtained. 



Table Al-6: Comparison of working curve data for Sr in elinopyroxene and 
feldspar standards, with and without S-factor corrections. 
All concentrations in ppm. 

I. Working curves using clinopyroxene standards only. 
A. No B-factor correction. 

Std. cps. cone. calc. abs. error % error 

AJE13 2.38 183 196 13 7.10 

31/351 2.94 235 242 7 2. 98" 

JJG352 6.67 558 549 -9 -1. 61 

BULT DI 8.67 712 714 2 0.28 

DBX 10.96 904 903 -1 -0.11 

Slope = 0.01214 cps/ppm Av. 6.4 Av. 2.42 

B. With B-fact6r correction. 

Std. cpx x B cone. calc. abs. error % error 

AJE13 3.04 183 196 13 7.10 

31/351 3.75 235 242 7 2.98 

JJG352 8.48 558 548 -10 -1.79 

BULT DI 11.05 712 714 2 0.28 

DPX 13.99 904 904 0 0 

Slope = 0.01548 cps/ppm Av. 6.4 Av. 2.43 

II. Working curves using feldspar standards only. 
A. No B-factor correction. 

cps. cone. calc. abs. error % error 

LAKE COUNTY 6.19 582 581 -1 -0.15 

PACAYA 10.04 942 943 1 0.11 

Slope = 0.01065 cps/ppm Av. 1 Av. 0.13 

B. With S-factor correction. 

cps. cone. calc. abs. error % error 

LAKE COUNTY 8.29 582 576 -6 -1.03 

PACAYA 13.62 942 946 4 0.42 

Slope = 0.01440 cps/ppm Av. 5 Av. 0.73 



Table Al-6 (cont.): 

III. Working curve using both clinopyroxene and feldspar standards. 
A. Without 8-factor correction. 

Std. cps. cone. calc. abs. error % error 

AJE13 2.38 183 206 23 12.57 

31/351 2.94 235 254 19 8.09 

JJG352 6.67 558 577 19 3.41 

BULT DI 8.67 712 749 37 5.20 

DBX 10.96 904 947 43 4.76 

LAKE COUNTY 6.19 582 535 -47 -8.08 

PACAYA 10.04 942 868 -74 -7 ,'37 

Slope = 0.01157 cps/ppm. Av. 37 Av. 7.14 

B. With 8-factor correction. 

Std. cps. cone. calc. abs. error % error 

AJE13 3.04 183 202 19 10.38 

31/351 3.75 235 250 15 6.38 

JJG352 8.48 558 564 6 1.07 

DULT DI 11.05 712 735 23 3.23 

DBX. 13.99 904 931 27 2.99 

LAKE COUNTY 8.29 582 552 -30 -5.15 

PACAYA 13.62 942 906 -36 .;.3.82 

Slope = 0.01503 cps/ppm. Av. 22 Av. 4.72 

IV. Counting Statistics. 

i) Av. % error = 
4.87% 

(= 27 ppm on 550 ppm) 

ii) Detection limit = 80 ppm 
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A2. DISTRIBUTION COEFFICIENTS 

' 

A compilation of mineral-liquid distribution coefficients 

taken from the literature and from this study are given in Tables 

A2-l to A2-13. The tables contain the following data: element name; 

value of the distribution coefficient, either as specific values 

or as a function of a parameter such as temperature or composition; 

the. applicab,le experimental conditions, if ,e~perimentally determined; · 

the composition for which the coefficient was determined; the tech

nique used and the reference source. Distribution coefficients have 

been compiled for the following minerals; 

Olivine Table Ai-1 

Plagioclase Table A2-2 

Anorthoclase Table A2-3 

Alkali-feldspar Table A2-4 

Clinopyroxene Table A2-5 

Orthopyroxene Table A2-6 

Garnet Table A2-7 

Ilmenite Table A2-8 

Titanomagnetite Table A2-9 

Spine! Table A2-10 

Amphibole Table A2-ll 

Apatite Table A2-12 

Mica Table A2-13 
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A3. MICROFICHE TABLES 

In view of the large number of mineral analyses obtained 

during the course ·_of this study, individual analyses are presented 

in microfiche tables as appendices to this thesis (see pocket inside 

back cover). Table numbers are given in the index of each microfiche 

card and are also given below, together with appropriate annotations. 

CHAPTER III 
I 

Mid Atlantic Ridge at 36°49 N - FAMOUS 

Table 

F3-l Olivine analyses: Picritic basalts (DR8 and l0-03C) 

F3-2 Plagioclase analyses: Picritic basalt (DRS) 

F3-3 Cr-spinel analyses: Picritic basalts (DR8 and l0-03C) 

F3-4 Olivine analyses: Olivine basalts (DR4-303, DRl-122, 

DR9-322, DR9-323, DR4-329, DR4, 

DR2- l 7 4 , 11- t 8) 

F3-.5 Plagioclase analyses: Olivine basalts (DR4, 11-18) 

F3-6 Cr-spinel analyses: Olivine basalts (DR4, .11-18, DR9-322, 

DR4-303, DRl-122) 

F3-7 Clinopyroxene analyses: Olivine basalts (DR4, 11-18) 

F3-8 Mineral analyses: Plagioclase-olivine basalt (8-10) 

F3-9 Plagioclase analyses: Plagioclase phyric basalt (DR3-l) 

F3-10 Clinopyroxene analyses: Plagioclase phyric basalt (DR3-l) 

F3-ll Olivine analyses: Plagioclase phyric basalts (DR3-l, 

DR3-131, DRlO-lOlC) 

F3-12 Cr-spinel analyses: Plagioclase phyric basalts (DR3-l, 

DR3-131) 
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F3-13 Plagioclase analyses: Plagioclase-pyroxene basalt (31-38) 

F3-14 Clinopyroxene analyses: Plagioclase-pyroxene basalt (31-38) 

F3-15 Olivine analyses: Plagioclase-pyroxene basalts (31-38, 

DR2-30l, DRl0-310) 

CHAPTER IV Islas Orcadas and Conrad Fracture Zones. 

( i}. Islas Orcadas Fracture Zorte 

Table 

F4-l Mineral analyses: Dredge-11 basalt I060-l 

F4-2 " II Dredge-11 basalt I060-2 

F4-3 II II Dredge-11 basalt I060-3 

F4-4 " II Dredge-13 basalt I062-42A 

F4-5 II II Dredge-13 basalt I062-51 

F4-6 II II Dredge-14 basalt I063-2 

F4-7 II II Dredge-13 basalt I062-5 

F4-8 II II Dredge-13 basalt I062-12 

F4-9 II II Dredge-13 basalt I062-15 

F4-10 II II Dredge-13 basalt 1062-31 

F4-ll II II Dredge-13 basalt I062-42B 

(ii) Conrad Fracture Zone 

Table 

F4-12 Mineral analyses: 01-Plag-Pyx basalts (1045-97, 1045-152, 

1045-161) 

F4-13 Mineral analyses: Plagioclase-pyroxene basalt 1045-91 

F4-14 II II Plagioclase-pyroxene basalt 1045-151 



F4-15 Mineral 

F4-16 ti 

F4-17 ti 

F4-18 ti 

F4-19 ti 

F4-20 " 
F4-21 ti 

F4-22 Mineral 

F4-23 " 
F4-24 II 

F4-25 ti 

F4-26 " 

F4-27 II 

F4-28 " 
F4-29 " 
F4-30 ti 

F4-31 II 

F4-32 I.I 

F4-33 " 

. CHAPTER V 

Table 
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analyses: Plagioclase-pyroxene basalt l045-130B 

ti Plagioclase-pyroxene basalt l045-161B 

ti Plagioclase-pyroxene basalt 1045-173 

ti Plagioclase-pyroxene basalt 1045-14 

" Plagioclase-pyroxene basalt 1045-106, 

1047-101 ' 

II Plagiocl~se7pyrcixe~e basalt 1047-62 

ti Plagioclase-pyroxene basalt 1047-64 

analyses: Medium grained dolerite 1045-34 

II Medium grained dolerite 1045-49 

II Medium grained dolerite l045-130D 

" Medium grained dolerite 1045-159 

II Medium grained dolerite !045-160 

" Medium grained dolerite !047-12 

II Medium grained dolerite 1047-32 

II Microdolerite 1047-28 

" Pigeonite dolerite 1047-72 

II Ferrodolerite 1045-68 

" Hypersthene gabbro 1045-172 

II Ferrodiorite 1045-51 

Bouvet Island 

F5-l Mineral analyses: Hawaiite WJ2B 

F5-2 

F5-3 

II 

II 

II 

II 

Plagioclase phyric hawaiite WJ8B 

Hawaiite WJ7B 
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F5-4 Mineral analyses: Mugearite WJlB 

F5-5 

F5-6 

II 

II 

II 

II 

Benmoreite WJlOB 

Rhyolite WJ18B 
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