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THESTS SUMMARY

Integrated field, petrographic, Sr-isotopic and geochemical

studies of portion of south eastern Eyre Peninsufa, South

Australia, have sought to define the nature of the geochemical and

structural evolution of Proterozoic crust in the Gawler orogenic

domain. Six suites of Proterozoic orthogneissesr paragneisses,

and granitoid and basaltic plutonic rocks were emplaced

sequentially throughout the major Kimban Orogeny, and constitute
the previously defined Lincoln Comp1ex.

Four deformations have been recognised in the Kimban Orogeny

of which the first two are high-grade and probably flat-lying'
the third is lower grade and upright and the fourth resulted in
only minor warping. Metamorphism IocaIIy attained granulite

facies with calculated pyroxene temperatures suggesting 8OOo-gOOoc

at greater than 8 kbar confining pressure.

The characterisitics of the six rock suites are i

(I) The Massena Bay Gneisses (MBG) are interpreted as an original
mixed sequence of silicic volcanic rocks and basaftic dykes

and/or sills and subordinate calc-silicate and pelitic
sediments, approximately coeval with, and forming at least
in part the provenance of, the westerly Hutchison Group

(which is not exposed in the study area).

Rb-Sr total-rock isotopic data show that the quartzofel-d-

spathic (QF) gneisses of the MBG have suffered considerable

disturbance.

(2) The Donington Granitoid Suite (DGS) of opx-granitoids was

emplaced into the MBG prior to D, and suffered prolonged

batholithic crystal fractionation. nb-Sr total-rock and

lJ-Pb zircon data suggest an emplacement age of I84I + 7 Ma

with an IR range of 0.7O4L - 0.7053.

Hornblende + biotite granite gneisses of the DGS are

spatially disposed adjacent to the major Kalinjala Mylonite

Zone (KMz), contain retrograd. Sl_2 fabrics, and have

similar, although slightly disturbed, Rb-Sr total-rock
systematics, but slightly different geochemical

characteristics, to the opx-granitoids. The granite
gneisses are believed to be the result of reÈrogressive

fluid flow along the KMZ.



XI

(3) Type 1 basaltic dykes (DKf) have granobl-astic textures

manifesting arnphibolite and granufite facies conditions

and were emplaced prior to D2 and in some case" D1.

Geochemical changes associated with amphibolisation are

spaÈially controlled bY the KMz.

(4) The colbert Granitoid suite (cGS) of hornblende granitoids

was emplaced as narrow dykes between D, and D, at 1757 + l0

Ma with an IR of 0.7087 + I0, and has experienced only

moderate local metamorphism in local D, shear zones'

(s) The Moody Granitoid Suite (MGS) comprising l-type hornbfende

granitoids and s-type muscovíte leucogranites, was emplaced

into the metasedimentary Hutchison Group west of the main

study area during or after Dr.

The I-types are unfoliated and produce an isochron age

of. L7O9 + 14 Ma with fR of 0.7O7O + 4.

The S-types are foliated and produce an isochron age of

1615 + 22 Ma with rR of 0.7L63 + 233.

(6) Type 2 basaltic dykes (DK2) have doLeritic textures with

variable degrees of sub-solidus recrystallisation and

amphibolisation. the dominant phenocrysts are plagioclase,

opx and cpx, with olivine occurring only rarely. Sub-

solidus corona textures manifest pyroxene granulite,

hornblende granulite and garnet granulite assemblages.

The metamorphic and strucÈural features outlined above are

suggested to be those produced by early crustal extension and

ductile spreading coupled with addition to the lower crust (and

sub-crust) of basaltic and l-type granitoid magma, followed by

Iater compression and near-isobaric cooling.

Geochemical studies of the intrusive rocks show that calc-

alkaline j_ntermediate rocks are absent, the magmatism being

bimodal basaltic and silicic. There are regular temporal

petrochemicaf changes within the the granitoid suites, but the

DKI and. DK2 basaltic dykes, although falling into three main

geochemical divisions, do not show any igneous temporal variation.



xll

Geochemical group A basaltic dykes contain primitive. high

MgO liquids with low TiOr, but show LREE and some other LIL

element enrichment and Ti/zr Iess than chondritic. and are

interpreted to represent fractionation from a high degree

partial melt of enriched upper mantle periclotite.
Geochemical group B basaltic dykes are more evolved, contain

tess MgO but greater TiO, than Group A, and are LREE and MREE and

some other LIL element enriched but have near chondritic ti/zr.
They are interpreted to be derived by fractionation of a melt of
upper mantle peridotite of enrichment character different in
detaiL from Group A.

Geochemical group C basaltic dykes are LREE and some other

Lll,-element enriched, but otrO:, CaO, TiO, relationships suggest

that the upper mantfe peridotite source had suffered a melt

extraction and depletion event prior to LIl-element enrichment

and partial melting.
The enriched source of Proterozotc Gawler domain basaltic

dykes was probably produced by mantle metasomatism by a LREE-.

LIL-, Co^-rich ftuid phase, and may rerÎIect mantle outgassing
z

at this time.
Vüithin the granitoid rocks the younging sequence from MBG

to MGS l-types shows a regular increase in level of elements such

as P^O-, Nb, LREE and except for the MGS l-types an increase in
25

K^o, TiO^, zr. The MGS l-types are displaced towards the fieldszz
of the MGS S-types and probably reflect the mixing of S-type

and I-type materials. Otherwise the enrichment sequence is
similar to the character of the proposed enriching component of
the basaltj-c magrma source. It is suggested that progressive

enrichment of the granitoid source region by a similar component

to that which metasomatised the upper mantle peridotite may have

occurred in the following way.

Upper mantle metasomatism and. basaltic melt production and

mobilisation may have been localised by a major zone of weakness

which may be represented within the crust by the Kalinjala Mylonite

zone. (Fluid flow along the Kalinjala Zone has caused extensive

retrogressive metasomatism in the crust. ) Basaltic melt

underplated at the mantle - Iower crust interface suffered high

crustal pressure fractionation, crystallisation and metamorphism,

and in a tensional tectonic regime formed dykes within the lower
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crust and inÈermediate crust. Deep crustal and sub-crustal isobaric

cooling of the underplated mafic material resulted in the garnet

granulite corona textures.
conÈinued transfer of heat to the lower crust and sub-crust

by ascending basaltic melts and fluids and possibly mantfe

diapirism may have raised the prevailing geotherm to a level

where the accreted mafic material may have been periodically

partially melted, thus producing the granitoid magmas.

Based on Sr fR's and geochemical considerations the

Proterozoic Gawler domain lower crust and sub-crust are proposed

to have consisted of mafic granulite material which yielded

initial silicic I LIL element poor melts (MBG), but was progressively

enriched with time to yield subsequent Lll-element enriched melts

(DGS, CGS anrL MGS I-types). The MGS S-Èypes are proposed to be due

to near-in-situ melting of pelitic metasediments at shallower

crustal depth, triggered by the diapiric intrusion of the MGS

I-types.
Major and, trace element least squares mathematical modelling

is consistent with these interpretations.
This model may be applied to the bimodal post-tectonic Gawler

Range Volcanic province 250 kn to the north of the study area, and

to other Proterozoic bimodal, plutonovolcanic complexes of

Austral-ia and other continents.
The absence of calc-afkaline intermediate igneous rocks

suggests that Protetozolc magmatism in the study area was probably

not subduction related, but more consistent with an ensialic

tensional environment. A close coupling of mantle and Iower

crustal thermal and geochemical events, especially of a metasomatic

character, is suggested. This may be ]inked to mantle degassing

at, this time.
The nature of temporal geochemical evolution has allowed a

petrogenetic model of Proterozoic magmatism to be erected, which,

it is proposed, has regional, and possibly intercontinental,

application.
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CHAPTER I

INTRODUCTION AND GENERAL GEOLOGY

I.I INTRODUCTION

The project, on which this thesis reports, was initiated subsequenÈ

to the discovery of Archaean crustal rocks on southern Eyre Peninsula

(Cooper et aI. L976¡ llebb & Thomson L977), for the following reasonsi

(1) to delineate the present day westerly extent of Archaean

crustal rocks

(2) Èo establish the relationship between the Archaean rocks

and later Early Èo Middle Proterozoic supracrustal and

metabasaltic and granitoid gneisses

and (3) to investigate in detail the petrogenesis of the Early

to Midd]e Proterozoic metabasaltic and granitoid gneisses.

In tlris way it was expected to be able to corsnent on the nature

of proterozoíc orogenesis and crustal growth, and the extent to which

pre-existing Archaean sial may be involved in them. These then

constitute the fundamental aims of this thesis.

In this chapter a review of the prior geological work is given

first. This is followed by an overview of the rock units and

structural relationships encountered in the study area in relaÈion

to the overall region. Subsequent chapÈers will describe in detail

the rock units delineated and the final chapter will draw these

observations together into a tectonic and petrogenetic framework for

Èhe study area, which will be generalised to cortunent on Proterozoíc

geology on a global sca1e.

T.2 METHOD OF INVESTIGATION

This study proceeded, from the basis of extensive field observation

and detailed mapping of small key areas resulting in the definition of

the rock units and interpretation of the sequence of events described

below. The rock units were examined in detail petrographically and

subsequently suites of samples believed to represent the diversity

within Èhe units were prepared for geochemical and isotopic study.

The analytical meÈhods employed are described in Appendix 41.

The plutonic rock nomenclature of Streckeisen (1976) has been

adopted. Metamorphic textural descriptions follow Èhe scheme of Moore

(re7o) .
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1.3 REGIONAL TECTONIC FRAMEhIORK

The high-grade gneisses of southern Eyre Peninsula (Fig. 1"1)

constitute the most southerly, best exposed rocks of the Gawler

oroqenic domain of Rutland (L976) " Rutland et a1" (198f) include the

Gawler orogenic domain in the Gawler Province which is characterised

by Early Proterozoic orogenic evolution, subsequent transitional

tectonism and cratonisation and Middle Proterozoic platform cover"

The present author's study area occurs within the Cleve subdomain

(Fis. I.1) of the Gawler orogenic domain" No comprehensive tectonic

interpretation of the Gawler orogenic domain has as yet been published,

although Rutland (L976) suggested that the orogenic activity was of

a continental interior type. Furthermore in a revie\À¡ of the

precambrian tectonic evolution of the Australian continent Rutland

(1981) proposed that Èhe orogenic belÈs "were probably developed in

back-arc environments adjacent to continental margins". More

particularllr he suggested the Early Proterozoic orogenic belts were

devetoped on Archaean protocontinental crust, resulting in vertical

accretion of continental crust, and Èhe orogenic trends "can probably

be attributed to the operation of a neI^r plate system" 
"

Northern Australia contains numerous Proterozoic orogenic

domains included within the linked Arunta - Gawler Province of Rutland

(Lg,76), and for which Rossiter & Ferguson (1980) have evolved a

unified model related to mantle plume activity and associated

continental rifting. In their model, early orogenic sequences'

transitional,tectonism, cratonisation and post-tectonic magmatism and

plaÈform cover are explained as the result of initiation, development

and cessation of shallowly rising mantle plumes. The abundant

similarities between the Gawler orogenic domain and the orogenic domains

of northern Austratia invite comparison, and the model of Rossiter &

Ferguson will be examined in more detail in Chapter 7 '

L.4 PREVIOUS INVESTIGATIONS

within the Gawler orogenic domain outcrop occurs largely on

narro\¡¡ coastal platforms and some discontinuous areas adjacent to

the coast. The bulk of Eyre Peninsula is covered by Cainozoic

sediments. The discontinuity of outcrop over most of the domain has

hindered regional correlations so that until recent years the

stratigraphy has been only poorly understood.
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The pioneering work of Tilley (L92O¡ L92I arb,c) suggested

the sequence depicted in Table I.1. He believed that the oldest rocks

exposed consisted of a metasedimentary sequence, the Hutchison Series,

intruded by a younger complex of igneous rocks, the Flinders Series.

Furthermore he maintained that the relationship of the Flinders

Series to the Hutchison Series "is always of an intrusive kind"

(TiIley I92Lc).

Within the Flinders Series Tilley recognised two main litho-

logical groupings, Èhe Sleaford Gneisses characterised by the

ubiquitous presence of garnet, and the Lincoln Gneisses characterised

by the augen granitic aneisses of Kirton Point and pyroxene granitoid

gneisses (charnockites). The l,incoln Gneisses are chiefly exposed

on the eastern side of southern Eyre Peninsula and constitute the bulk

of the present authorrs study area.

Tilley found difficulty in relating the large thicknesses of

metaquartzite on the western side of the peninsula to the Hutchison

Series but believed them to be younger and named them the Vrlarrow

Series. Later massive granites he assigned to his Dutton Series"

Later workers encountered difficulty in applying these strati--

graphic concepts to rocks away from the type areas studied by Tilley,

and considerable confusion arose. Johns (1961) attempted to simplify

the scheme of Tilley, and erected a simple two-fo]d subdivision

(Table I.1), consisting of "older gneissose rocks" the Flind'ers Group

and "younger schistose rocks" the Hutchison Group" His Warrow Quartzite
was placed within the Flinders croup. In doing this Johns attributed

to all the rocks a metasedimentary origin and effectively inverted a

large part of Tilley's stratigraphic succession. This scheme, however,

has also proved inadequate and confusing.

Reconnaissance Rb-Sr studies on Eyre PeninsuLa by Compston et al"

(f966) aimed to define the minimum age of the metamorphic basement

rocks so that a maximum age linit could be placed on the overlying

Adelaidean sediments. A relativety precise Rb-Sr totaf rock isochron

age of I5O3 + 25 Ma was dåtermined for the Gaw1er Range Volcanics which

unconformably overlie the Flinders and Hutchison Groups. Furthermore

granitoids and granitoid gneisses underlying the volcanics suggested

the basement may range in age between ca" 1600 Ma and ca, 1800 Ma"

Compston & Arriens (1968) reported an imprecise regional Rb-Sr

total rock isochron from Eyre Peninsula gneisses and granitoids gíving

an age of L74O + 120 l/la. Additional data reported by Arriens (1975)
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did not improve the precision of the isochron but suggested that a

range in ages between ca. 1600 Ma and greater than 2000 Ma may exist

in the basement gneisses.

The regional geochemical study of Bradley (L972) on the southern

and southeastern coasts of the Peninsula did not clarify the age

relationships of the rock units, but revealed a diversity of bulk

rock and mineralogical composition. He was able to constrain the

cond.itions of granulite grade metamorphism observed to SOOo - 95OoC

at 7-9 Kbar, and confirm the presence of metasedimentaryr metagranitoíd

and pyroxene granitoid rocks as we]l as dykes of amphibolite, pyroxene

granulíte and, dolerite, as originally reported by Tilley" In addition

he pointed out a major zone of retrogression ca. 5 km wide ad,jacent

to Port Lincoln,,which forms a major subject of the discussíon of this

thesis.
In an effort to more closely define the Precambrian polar wander

curve for Australia, Giddings & Ernbleton (L976) studied mafic d,ykes

from the Eyre Peninsula and adjacent Yorke Peninsula (FiS. 1.1). They

reported. two distinct groups of dykes, which were imprecisely dated by

Compston & Crawford (unpublished) at 1700 + 100 Ma and 1500 + 200 Ma"

stratigraphic concepts on Eyre Peninsula have recently been

revised extensively following an intensive period of field mapping and

Rb-Sr geochronological investigations by officers of the South Australian

Department of Mines and Energy and researchers in the Department of

Geology and Mineralogy, university of Adelaide" It has become apparent

that a long and complex history of evolution exists for the Gawler

domain, which has been sumarised by V'Iebb (1980) and Thomson (1980) and

presented in Table 1.I.
Investigations of southern Eyre Peninsula by Fanning (1975) |

Cooper et al. (f976) and Vüebb & Thomson (L977) demonstrated that there

h¡as a period of extensive generation and emplacement of granitoids

into high-grade metasedimentary gneisses at ca. 24OO Ma. ModeL

calculations suggest that the metasedimenÈary gneisses probably have

an Archaean pre-history (fanning 1975). This complex of Archaean

metasedimentary and granitic gneisses has been named the Sleaford

complex by Thomson (1980), in which Fanning et aI" (1981) proposed

the Carnot Gneisses as a "sub-complex" (Table 1.1) 
"

similar gneisses outcrop in the northurestern portion of the

Peninsula where they have been named the Mulgathing Complex (Daly

et al. 1980) and have yielded total rock Rb-Sr ages between ca" 2300 Ma



Table I.l Comparison of Pre-

Tilley L92O¡L92L a,b,c

ÐUTTON SERTES

"granitestt
intrusive into Warrow Series

VIARROVü SERIES

"metamorphosed sequence of
sediments"

mainly quartzite

FLTNDERS SERIES

"complex of igneous rocks"
intrusive into Hutchison Series
(a) "Lincoln Gneisses"
(b) "Sleaford Gneisses"

existing sÈratig terminologies for

Johns 1961

HUTCHÏSON GROUP

"youngest schistose rocks"
metasediments
and undigested sediments

FLTNDERS GROUP

"oldest gneissose rocks"
metasediments
metasomatised to granitoid tYPes

the Gawler orogenic domain.

Thomson 1980

LTNCOLN COMPLEX

Granitic aneisses e.g. Lincoln Gneisses
reworked older basement complexes

HUTCHTSON GROUP

metasediments
including lrlarrow Quartzite
unconformably overlies Sleaford Complex

SLEAFORD COMPLEX

= MULGATHING COMPLEX *
Vühidbey Granite
Kiana Granite (gneissic)
Carnot Gneisses **

HUTCHISON SERTES

"sedimentary origin"
"oldest group of rocks"

* after DaIy et al. 1980

after Fanning et al. 1981**
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and ca. 2500 Ma (Daly et aL. 1978) " Daty et aI. (1978) demonstrated

that the Mulgathing Complex experienced granulite facies metamorphism

in this age bracket.

In the south the Sleaford Complex is in tectonic contact with'

but believed to be unconformably overfain by, the basal v'larrow

Quartzite of the Hutchison Group (GIen et al. L917 ¡ Parker & Lemon L982) 
"

In the north, Hutchison Group correlatives overlie unconformably the

Mulgathing Complex (¡aty et aI. f980). The Early Proterozoic mixed

clastic and chemical sediments of the Hutchison Group have been

metamorphosed, muttiply deformed and intruded by various suites of

basaltic dykes and granitoids during the Kimban Orogeny (Thomson 1969)

which extended from ca. 1820 Ma to ca. 1580 Ma (Vlebb 1980) " A later

but much weaker deformation, the Wartakan Event (Thomson 1969), is

recognised locally throughout the craton and this occurred' ca' 1500-

1450 Ma (Parker & Lemon L9e2).

The complex of granitoid gneisses, migmatites, pyroxene graniÈoid

gneisses and basic intrusives, largely exposed on the southeastern

coast of the Peninsula and produced by the Kimban orogeny, has been

named the Lincoln complex (Thomson 1980) " IÈ includes the original

Líncoln Gneisses of Ti1ley, and comprises the bulk of the present

author's study area (Figs. 1.1, L.2) " !Ùithout specifying which particular

outcrops are intended, Thomson (1980) has included r¿ithin the Lincoln

Complex gneisses believed to be "quartzofeldspathic aneiss relics of

older basement complexes reworked by Kimban tectonism". A similar

theme has been presented by Rutland et aI" (I98I) and Parker et a'l'" (1981) 
"

The present author will show below that in the study area of this report

no reworked Archaean gneisses occur in the Lincoln Complex, but that

the Complex is composed entirely of Early Proterozoic supracrustal rocks

and more conunonly intrusives. The notion of Johns (196I) that the

rocks of the Lincoln complex, as well as the other major rock units,
,'are metasediments which have responded to metasomatism on a regional

scaleil is rejected in favour of a largely meta-igneous origin.

Three major deformation events have been recognised for the

Kimban orogeny on Eyre Peninsula (Parker L978t 1980; Glen et aI. L977¡

cooper et al. L976¡ Rutland et aI" 198I) followed by the weaker

Vtartakan Event (fable L.2). These authors demonstrate the existence

of a layer parallel s, schistosity, only rarely associated wiÈh Ft

folds but associated with high grade metamorphismf followed by a

tight to isoclinal group of major F, folds also accompanied by high



6,

grade metamorphism and a prominent s, schistosity. The third

d.eformation appears to be sígnificantly younger and to have produced

upright F, folds, retrogressive metamorphism and ductile shear

zones represented particularly by the major Kalinjala Mylonite Zone

(Fig. 1.I) of Parker (1980) and Clarke (L976), These observations

correlate well with events on Yorke Peninsula recorded by Richardson

(1978), and Pedler (L976) and are summarised in Table L"2.

The subsolidus recrystallisation and deformation of granitoid

gneisses in the Lincoln Complex emplaced prior to D, of the Kimban

orogeny locally occurred under granulite facies conditions

(Mortimer et aI. 1980). The granitoid gneisses have been dated by

the Rb-sr total-rock method at ca. 1820 Ma (Cooper et al. I916i

Mortimer et aI. 1980). The Gawler orogenic domain has thus experienced

granulite facies metamorphism at ca. 24OO Ma (Daly et al. 1978;1980)

and. again aÈ ca. I82O Ma. Further constraints on the age of Kimban

deformation have been proposed by Rutland et aI. (f98I) who reporL

an isochron age of 1650 + 35 Ma (l'Iebb 1978) for the syn - D, Middle

Camp Granite,

I.5 ROCK UNITS AND GENERAL GEOLOGY

1.5.1 Rock units in the present study area

The area mapped in detail by the present author occurs exclusively

within the Lincoln Complex (Figs" I.I, I.2). However it is the present

authorrs contention that the Lincoln CompÌex, as defined by Thomson

(1980), inadequately represents the variety of rock types present in

the study area, and does not convey their geotogical relationships.

For the purposes of the present discussion, six discrete rock

units have now been recognised, by the present author (Table I.3), vLz,

(I) Massena Bay Gneisses (MBG)

(2) Donington Granitoid Suite (DGS)

(3) Metabasaltic dykes; amphibolite and granulite facies (DKr)

(4) Colbert Granitoid Suite (CGS)

(5) Moody Granitoid Suite (MGS)

(6) Basaltic dykesi unmetamorphsed (DK2)

of these the Moody Granitoid suite and basaltic dykes have

already been differentiated. from the Lincoln Complex by Thomson (1980)

but the interrelationship of the other groups has not been described"

Each of these rock units is characterised briefly in Table 1.3, where

it can be seen that each has been generated prior to, during or soon



Table 1.2 sufitnarv of previousl v published structural and metamorphic
histo ries of the Gawler orogenic domain.
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kinks
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4

Pegmatite

S ca, weak
3

3
upright open
Kalinja1a Mylonite Zone

t3

Narridy Creek Granite

,z siflimanite, biotite

2
,2 isoclinal IocaIIy overturned to east

co-axial lineation
Middlecamp Granite' (1650 + 35 Ma)

Pegmatite

migrmatites, gabbro I grani S, lerite
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HUTCHISON GROUP sedimentation
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after the l(imban Orogeny or Wartakan event

L.5.2 Structural and. metarnorphic outline

In order to constrain adequately the relative temporal

importance of Kimban petrogenetic processes preserved in the rocks

of the study area, it is necessary to tie together the sequence

of structural events, metamorphic events, and the episodes of

emplacement of granitoid and basaltic magma.

comparison of the present author's qualitative observations

with previous detailed strucÈural studies in other parts of the

Gawler orogenic domain (e.g. Parker & Lemon 1982¡ Richardson 1978;

GIen et al. 1977) has allowed a relative chronology to be erected

(Table I.4). Each of the main intrusive, metamorphic and structural

events will also be described in more detail below.

(1) Pre-D featuresI
!{ithin the IvIBG there is a fine-scale, discon'tinous, migmatitic

layering that has apparently developed príor to the first deformation

(FiS. 1.64). This migrmatitic layering is cut by a suite of basaltic

"dykes" which also were emplaced prior to D, (Fig. f"6B), Porphyro-

blasts in the garnet - sillimanite and quartzofeldspathic gneisses

of the MBG tend to be poikiloblastic, the inclusions tendi-ng to be

randomly oriented, suggesting growth prior to the well-developed

early fabrics in the rocks (Figs. I.9 DrE). It is thought tikely that

metamorphism in the MBG prior to, or early in, the first deformation

caused growth of poikitoblasts and in situ development of migmatitic

segregations.
One specimen, at least, of pre-D, basaltic "dyke" or sill in

the MBG preserves a granulite facies assemblager suggesting the MBG

itself has experienced early granulite facies metamorphism"

Richardson (1978) recognised a similar migmatitic development

and basalÈic "dyke" emplacement prior to D, on Yorke Peninsufa, and

Glen et aI. (L977) suggest pre-Dl growth of poikiloblasts is conunon

throughout the Gawler domain. Richardson, furthermorer recognised a

pre-Dl intrusive suite of gabbros and megacrystic granite sheetsf

which the present author correlates with elements of the DGS 
"



Table 1.3 Characterisation of main rock units in present
study area.

Rock uni-t and
Èype locality Brief Description Field Relations

Basaltic dykes
(DK2 )

Cape Donington

unmetamorphosed
dolerites

dykes intruding all of
previous rock units
afÈer main metamorPhism
and deformation

Moody Granitoid
Suite

(MGS)

west of Tumby Bay

differentiated
granitoids

some hornblende -
bearing

some muscovite -
bearing

massive granitoids
intruding Hutchison
Group

Colbert Granitoid
Suite

(ccs)
Cape Colbert

differentiated
granitoid

gneisses
hornblende - bearing

narrov/ dykes íntruding
DGS

chilled margins

Metabasaltic dykes
(DKI)

metabasaltic
amphibolites

and pyroxene
granulites

dykes intruding DGS

before main Dr_,

metamorphism and deformation

Donington Granitoid.
Suite

(DGS)

Cape Donington
Kirton Point

d,if ferentiated
granitoids

opx-bearing
variable retrogression

batholith intruding MBG

before main Dr_,

metamorphism and deformation
retrogression pre Dr_,

Massena Bay Gneisses
(MBG)

Massena Bay

Cape Donington

-dominant biotite +

hornblende
quartzofeldspathic
gneisses

-subordinate
metasediments

-semiconcordant
metabasaltic dYkes

emplaced prior to Ð,
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(2) Event 1 (D1)

F_ folds are rare throughout the C1eve Subdomain and the present
I

author tentatively recognises only one occurrence. However, it is

clear that many F, folds are folding a fabric of earlier Kimban age"

Most commonly this earlier s, fabric is high-grade, planar, layer-

parallel and ftat-lying and is defined in rocks of appropriate

composition by the alignment of hornblende, biotite, elongate garnet

porphyroblasts and clinopyroxene.

Richardson (1978) observed F, isoctinal- folds in correlatives of

the MBG on Yorke Peninsula, whereas Parker & Lemon (1982) suggest that

S- in the Hutchison croup formed during burial and compaction of the
I

sedimentary pile.
Elsewhere in the Gawler Province, D, may be associated with nappe

tectonics (GIen et al. L977),

(3) Event 2 (D
2

prior to Dr, buÈ post-dating DI, a suite of coarse-grained pegmatitic

veins intruded the MBG, cross-cutting the pre-Dl migrmatitic layering"

These pegmatiÈes were deformed in D, and exhibíL E2 isoclinal folds

and weII developed fabrics (Figs. 1"6CrD¡ I"8CrD) 
"

In the pegrmatites and else\^¡here, the s, foliation is parallel to

51, so that in most outcrops the main foliation is a combination of S,

and S, and is designated tr_-2. Quartz ribbon fabrics are conunon in

SL_2, and are particularly well-developed in the MBG at Cape Donington

and DGS near Carcase Rock (fiS. I.2), Here the quartz ribbon fabrics

can be seen to wrap around feldspar porphyroblasts and relict phenocrysts

(FiS. 1.9 ArB) and also they may be folded with new quartz ribbons

formed in an axial planar orientation (FiS. I.9C).

This Sr_, fabric is also present elsewhere in members of the DGS|I

where it is expressed by parallel hornblende and biotite (Fig. 1"7 AfB),

although those rocks in the DGS containing primary igneous orthopyroxene

or recrystallised subsolidus orthopyroxene tend not to have developed

tectonite fabrics. In the MBG mineral assemblages with the st-, fabric

are generally of amphibolite facies" Hence it is suggested that DGS

and ivIBG during development of the Sr_, fabric have suffered high-grade

metamorphism locally attaining granutite facies, but in areas where

hydrated rocks are present assemblages manifest the amphibolite facies.

This observation will be discussed in more detail in Chapter 2 dealing

with the DGS.
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Richardson (1978) and Parker & Lemon (1982) also recognised tight
to isoclinal F, folds, with high-grade metamorphic assemblages and

strong fabric on both Yorke Peninsula and Eyre Peninsula respectively,
and Richardson recognised pre-D, pegmatite intrusions"

(4) Event 3 (D
3

F^ folds are conmon throughout the study area and may be symmetric
J

or asymmetric (Figs. 1.7ArB) and may have associated displacement on

limbs in which pegmatitic veins may occur in an axial planar orientation
(Figs. L.1D¡ l.8C,D). Similar pegmatitic veins have been noted by

GIen et al-. (1977 ) and Richardson (1978). S- fabrics are not commonly

well developed in F, folds.
Fabrics are more strongly d.eveloped in D, shear zones, (Fig. t"7C) |

some of which are mylonitic. A number of narrow mylonitic zones occur
throughout the present study area (FiS. L"2) and the major Kalinjala
Mylonite Zone of Parker (1980) has been assigned by hin to D3. In most

of these zones the mineral assemblages are of amphibolite facies, but
on Yorke Peninsula (Pedler 1976) and in northern central Eyre Peninsula

lower grade cond.itions are represented by Da 
"

D^ strain commonly is Iocalised at contacts between different
J

rock units, presumably because of inhomogeneity of rheological properties,
One such zorret less than 20m wid.e, occurs on Cape Colbert where the CGS

intrud.es the DGS and a tectonic layering has formed (Figs, L.7C¡ 1.4 ) "

Elsewhere the CGS is l-ittle deformed. However, adjacent to the zone

on Cape Colbert another D, zone in alkali feldspar granite gneiss of
the CGS contains mafic inclusions which appear to have been involved
in at least two fabric-forming events (Fig" I.5C), It is problematical
at this outcrop whether the mafic inclusions intrude the CGS or whether

they represent xenoliths and hence it is uncertain whether the earlier
fabric represent" SI_2 developed in situ, or is inherited from the

source of the inclusion. The presence of xenoliths of DGS material
with S, . fabrics in hornblende granite gneiss of the CGS, also ont-¿
Cape Colbert, argues for a xenolithic origin for the mafic inclusions.

In addition, the CGS chilled contacÈs against the DGS (Fig. l.5B¡
1.3) suggests emplacement into relatively cool country rocks after the
peak of D, ^ metamorphism.L-2

(5) Event 4 (Dì lrlartakan Event

The Dn event post-dates the later suite of essentially unmetamor-

phosed basaltic dykes (DK2f Table I"2) and is expressed in Fn flexures



Tab1e 1.4 Comparison of structural and metamorphic history
of this studv with previous studies summarised
in Tab1e 1.2.

M-
5

t4

,+

S
3

3

,z

,z

biotiÈe, pegrmatitic segregations in kinks

kinks and. shearsÐ

*4

4

D F

DK2 Dolerite dykes

MGS emplacement (?)

DKI d.olerites
Pegrmatite

SI

hornblende, biotite
pegmatiÈes in axial planar displacements

open to tight upright
local shear zones

CGS enplacement

sillimaníte, biotite, hornblender opx (?)
axial plane

isoclinal, recumbent (?)

3

t3

D
2

M
2

or

tl

F

sillimanite, biotite, opx, hornblende
layer parallel
rare isoclinalI

metabasaltic "dykes" in MBG

DGS emplaced and retrogressed

migmatites in MBG developed

hornblende, garnet poikiloblasts in MBG

MASSENA BAY GNEISSES
protolith

l-ateral equivalent (?)
of HUTCHISON GROUP
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(FiS. 1.5D), which may have diffuse pegrmatitic patches developed

in the axial planar orientation (rigs. I.8A'B).
A summary'of these structural and inÈrusive events is presented

in Tab1e 1.4 and may be compared with the observations of previous

authors in Table 1.2.
The discussion of the individual rock suiÈes in following

chapters r.riII enlarge upon some of Èhe more significant features
described in brief above,



Figure 1.5 Photographs of aspects of field geology,
south eastern Eyre Peninsula.

A Tectonically interlayered, original intrusive
relationship between megacrystic aranite gneiss
of the Donington Granitoid Suite and host
quartzofeldspathic Aneisses of ttre Massena Bay
Gneisses, Point Bolingbroke.

Scale : ball- point pen ca. 12 cm

Chilled intrusive contact and apophyse of
hornbl-ende granite gneiss of the Colbert
Granitoid Suite against quartz gabbronorite
grneiss of the Donington Granitoid Suíte,
Cape Colbert.
Scale : lens cap ca. 4 cm diameter

Metabasal-tic inclusion within alkali feldspar
granite gneiss of the Colbert Granitoid Suite,
showing 53 fabric in host gneiss and earlier
fol-ded fabric in inclusion, Cape Colbert.
Scafe : inclusion ca. 40 cm long

Metabasaltic dyke in granite gneiss offset by
F4 kínk, Point Boston.

Scale : dyke in fore ground ca. 1.5 m wide

B

(-

D
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Fiqure 1.6 Photoqraphs of aspects of field geology,
south eastern Evre Peninsula.

A

D

Pre-Dl- migmatitic layering in quartzofeldspathic
gneisses of thre Massena Bay Gneisses, Massena
Bay.

Scal-e : hammer head ca. 8 cm wide

B Pre-Dl metabasal-tic "dykes"
gneisses of the Massena Bay
Bay.

Scale : ball point pen ca.

in quartzofeldspathic
Gneisses, Massena

12 cm

c F2 isocLinal fotd in discordant pegmatite vein
in quartzofeldspathic Aneisses of the Massena
Bay Gneisses, IYlassena Bay.

Scale : l-ens cap ca. 4 cm diameter

F2 isoctinaf fold in d.iscordant pegmatite vein
in quartzofeldspathic Aneisses of the Massena
Bay Gneisses, Massena Bay.

Scale : ball point pen ca. 12 cm





Figrure J-.7 Photographs illustrating D, features,

south eastern Eyre Peninsula"

A

B

Centre of field of view (rOv): F3 crenulations
of Sl--2 fabric in megacrystic Aranite gneiss of
Donington Granitoid Suite.
Bottom left of FOV: 53 fabric well developed.
Top right of FOV: Sl--2 fabric almost unmodified
by F3; some of augen may be folded by I.2.
Kirton Point.
Scale : coin ca. 3 cm diameter

Close up view of F3 crenulations and 53
development in granite gneisses of Donington
cranitoid Suite, Kirton Point.

Scafe : lens cap ca. 4 cm diameter

Orthogneiss tayering developed in D3 shear
zone at contact of Co]bert Granitoid Suite
(light-col-oured) , Cape Cofbert.

Scale : l-ens cap ca. 4 cm diameter

F3 folds in metabasaltic dykes in
quartzofeldspathic Aneisses of Massena Bay
Gneisses, Massena Bay.
Note: pegmatitic veins in displacement zones
parallel to F3 fold. axial plane.

Scale : coin ca. 3 cm diameter

a

D
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Figure 1.8 Photographs of aspects of Da and Dn,

souttr eastern EYre Peninsula.

B

A

C. and D.

14 kink with diffuse pegmatite in axial plane
in megacrystic granite gneisses of Donington
Granítoid Suite, Peake Point.
Scale : pen ca. 12 cm long

F4 kink with diffuse pegmatite in axíal plane
in quartzofêIdspathic Aneisses of Massena
Bay-Gneisses, Massena BaY.

Scal-e : coin ca. 3 cm diameter

Different views of same F3 fold in
quartzofeldspathic aneisses of Massena Bay
Gneisses, Massena Bay, with sheared limb
and pegmatite vein in shear.
.tüso diseordant pegmatite veins folded by
F2 and F3.

Scale : bal-I point pen ca. 12 cm

o.





Fiqure 1.9 Line drawings from thin sections ill-ustrating
microtextural aspects of structure and.

metamorphism, south eastern Eyre Penì-nsufa.

A Feldspar megacrysts with quartz ribbon fabric
wrapping around in granite gneisses of the
Donington Granitoid Suite,
Cape Donington.

St-2 quartz ribbon fabric wrapped, around relict
plagioclase phenocryst in alkafi feldspar
granite gneiss of the Donington Granitoid Suite,
north of Carcase Rock.

S1-2 quartz ribbon fabric folded by F2 fold
and with new SI-2 quarLz ribbon fabric,
Cape Donington.

Hornblende Ml poikiloblast with sulo-random
quartz and opaque oxide inclusions, possibly
pre-Dl, in quartzofeldspathic gneisses of the
Massena Bay Gneisses;
Yorke Peninsufa.

carnet IaL poikiloblast in garnet-sillimanite
gneisses of the Massena Bay Gneisses with
sub-random inclusions of biotite, quartz and
opaque oxides possibly pre-Dl,
Cape Donington.

B

D

F
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CHAPTER 2

DONI NGTON GRANTTOID SUITE

2.L ÏNTRODUCTION

The Donington Granitoid Suite (DGS), as defined. here and in

Mortimer et aI. (1980), includes rocks containing pyroxene as the

major ferromagnesian mineral, as well as rocks containing hornblende

and biotite to the exclusion of pyroxene. It is the present author's

major contention that these two different groups of rocks originally

had a common magmatic origin as pyroxene granitoids (or charnockites;

Tobi 197I), and that the hornbl-ende-biotite bearing rocks were

derived by subsequent retrogression from the primary pyroxene granitoids.

Previous authors have recognised and described aspects of the

two groups of rocks, but largely because the pyroxene granitoids are

dark coloured and massive and the hornblende-biotite granitic rocks

are lighÈ-coloured and gneissic, and because the two are not commonly

seen in contact have not recognised the primary interrelaÈionship,

For instance, Tilley (192fC) recorded wiÈhout further comment that

variation existed within hís Lincoln Gneisses from hornblende-biotite

granite gneisses at the type locality, Kirton Point, to charnockitès

on Boston Island. Subsequently Brad']ey (L972;1980) described a "high-

potassium garnet-free charnockite" which he proposed was unrelated to

the hornblende-biotite granite gneisses around Port Lincoln which he

attributed, to a zone of retrogression ca" 5km wide, Bradley suggested

that Èhe charnockite may be part of a water undersaturated intrusive

batholith and that the gneisses may represent reworked and updated

elements of the Sleaford ComPlex.

on the basis of qualitative structural observations the present

author has implied that the granite gneisses of the DGS were emplaced

and retrogressed prior to, or during D, (Table I"3, Table 1"4¡ Chapter

1). The following sections of this chapter will document the petrographic

geochemical and sr-isotopic bases for the contention that the opx-

granitoids and granite gneisses of the DGS consLitute an original

comagrmatic suite of differentiated granitoids'

The importance of this conclusion líes in the fundamental question

as to the nature of the Proterozoic Kimban Orogeny i"e, whether the

extensive tracts of granite gneiss represent ne\^l magmatic additions to

the crust or tectonically reworked and updated Archaean crustal rocks,



Table 2.1 Doníngton Granitoid Suite - rock types and fielal relatlonships

Rock type an¿l type
locality

Approx
t total
outcrop

Fie1d relatLonships and general
characteristics

Previous designatíon

Quartz gabbronorite
gneLss
(QGNG)

Cape Donington

5

earllest íntrusíve phase
rare metasedimentary ancl netaigneous
xenoliths

massive, coarse grainedr dark coloured
plag + opx + cpx + biot + qtz

mafic charnockLte
(Flook 1975)
pre-Dt gabbro

(Richarclson 1978)

Ferrohypersthene graníte
gneiss I
(FGG1)

cape Colbert

intrudes QGNG south of Cape colbert
rare metaigneious nafLc xenollths
grades into FGG2 south of cape Colbert
mainly massive, nedim grained, dark

coloured
plag + opx + Kspar + qtz + biot + hblnd

high potasslun
garneÈ-free charnockite
(Bra¿lley 1972)20

Ferrohypersthene granite
gneiss 2
(FGG2 )

Point Bolingbroke

intrudes MBc on Point Bolingbroke
grades into FGGI south of Cape Col.bert
mainly massive, coarse grained' clark

coloured
plag+Kspar+opx+qtz

20

Eulitic alkali feldspar
granite gneiss

(EAGG)

carcase Rock

intrudes FGG2 at Carcase Rocks
rnainly rnassíve, mediun grained,

coloured
plag + Kspar + qtz (+ opx)

clark
2

cranite, gneíss 1
(cc1)

Snapper Point
15

local gradatlon lnto FGGI
mainly tectonic contacts
prominent adjacent to lGlinjala
Mylonite zone

meÈamorphic tectonite fabric
nedim grainedl, light coloured
plag + Kspar + qtz + hblnd + biot

cranite gnelss of
Flin¿lers croup
(Flook 1975)

cranite gneiss 2
(GG2 )

Kirton Point
25

local gradation into FGG2

(e.9. Engine Point)
mainly tectonic contacts
prominent adjacent to Kalinjala
Mylonite zone

coarse grainedl, light colou?ed
metamorphic tectonite fabric
plag + Kspar + qtz + hblncl + bioÈ

cranite gnej-ss
of Líncoln cnelsses
(rilIey 1921)

Alkali feldspar,granite
gneiss
(AGG)

Carcase Rock

gradational ínto EAGG

common metanorphic tectonite fabrLc
fine grained, light coloured
plag + Kspar + qtz (+ blot)

13

Note: (1)

l2)

rock nmes after Streckeisen (l-976)

Abbreviatecl mineral names PIag = plagioclase
cpx = clinopyroxene
qtz = quartz
biot = biotite

opx = orthopyroxene
Kspar = alkali feldlspar
hblncl = hornblencle
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If it can be d,emonstraÈed that the granite gneisses were derived

by retrogression from primary opx-granitoids, and' if the petrogenesis

of the primary magma can be adequately constrained, Èhe ensialic or

otherwise nature of Proterozoic orogenesis will be characterised for

this portion of the Gawler domain"

A more generalised discussion of Proterozoic orogenesis 'wifl be

included in ChaPter 7.

2.2 PETROGRAPHY AND FTELD RELATfONS WTTHIN THE DGS

2.2.I Rock tYPe s within the DGS

Detailed field and petrographic studies have resulted in the

recognition of a number of different rock-types within the DGS"

The main rock tYPes are,
(I) QuarLz gabbronorite gneiss, (QGNG)

(2) Ferrohypersthene granite gneiss 1, (FGGI)

(3) Ferrohypersthene granite gneiss 2, (FGG2)

(4) Eulitic alkali feldspar granite gneiss' (EAGG)

(5) Hornblende biotite granite gneiss 1, (GGI)

(6) Hornblende biotite granite gneiss 2, (GG2)

(7) Alkali feldspar granite gniess' (AGG).

The field relationships and major minerals of the different

rock-types are sunmarised in Table 2"I and Figure 2,L, and in addition

some qualifying statements are included in this section'

Relative intrusive relationships among the opx-granitoids

(Table 2.1) show that the QGNG is the earliest intrusive phase of the

Dcs. At the type locality Flook (1975) suggested it intrudes meta-

sediments (included in the MBG by the present author) " However, it

will be proposed in chapter 5 that the metased,imentary gneisses at

cape Donington are strongly tectonised xenolithic inclusions within

both QGNG and GGI-type material, so that although the QGNG is considered

by the present author to intrude the MBG, it is nowhere seen in contact

with extensive tracts of metasedimentary country rocks.

The dark colouration of all the opx-granitoidsf even those that

are predominantly composed of quatLz and feldspar, is a common feature

of charnockitic rocks and has been attributed elsewhere to the presence

of chloritic micro-veinlets (e"g" Ol-iver & Schultz 1968¡ Bhattacharyya

L977) .

The local gradations observed between opx-granítoids and granític

gneisses result in marked petrographic changes which will be described

below in detail" The local variations can then be applied to the



TabLe 2.2 Doninqton Granitoid suite Þetroqraphic sìlmary

Rock type
Primary igneous
minerals and texture

Secondary metanorPhic
minerals and texture Brlef Interpretation

puartz gabbronorite
gneiss
(QGNG)

Phenocrysts Plag +

opx + cPx
interstitial qtz + Kspar
biot in part repl"acíng
Pyroxene

accessory zircon, aPatlte

polygonal. mosaic Plag +

opx + cpx
11'ype l)

coronas of hblntl around
Px

(1Ype 2)

Accunulated f ra¡nework
of plag + opx + cPx

l-nterstltlal resitlual
llquid

Ferrohypersthene
granite gnelss I

(FcGl)

Phenocrysts Plag + oPx +

Kspar
Groundmass KsPar + qtz

(+ plag)
some biot + iln + hblntl
."."=sä.y zlrcon-, apatite

polygonal mosaic plag + opx - granítoial
Kspar + qtz Lntruslve

(type I)
coronas of hblnël arouncl Px

(rYpe 2)
some nlcrocline twinning

Ferrcihypersthene
granite gneiss 2

( FGG2 )

Phenocrysts Plag + oPx +
Kspar

Megacrysts Kspar-raPakivi-
like

Groundmass KsPar + qtz
rare biot + hblntl + lln
accessory zirconraPatiÈe

potygonal ¡nosaic plag + Accunulative feldlsPar
opx + Kspar late stage KsPar

(lype l) rePlacement of Plag
coronas of hblncl around Px

(TYPe 2)

Eutitic alkali
feldspar granite
gneiss

(EAGG)

Phenocrysts (PIag +)
Kspar + qtz

croundmass (Plag +) KsPar
+ qtz

accessory zlrconraPatite
(probable fayalite
pseudomorphs)

polygonal nosaic oPx + Highty fractionated
mag + feldspar sillcic Potasslc

(Type 1) resialual liqul-¿l
microcline twinning comÍKtn

cranite gneisses
I andl 2

(GGI, GG2)

Relict phenocrysts
p1a9 + Kspar

Relict megacrysts
Kspar
(rapakivl-like)

inequ.lgranularf Lnterlobate
to polygonal

plag+Kspar+qtz+hblnd
+ biot

microcline twinning
sphene coronas around
opaque oxicles

netamorphic tectoníte
fabric

(rype 3)

RetrogJ.esse¿l
FGG1, FGG2

Alkali feldspar
granite gneiss

(AGG)

Relíct phenocrysts
plag + Kspar

inequigranular, interlobate
to polygonal

plag+Kspar+qtz+biot
+hn

1¡ype 4)
microcline twlnnlng comon
metamorphic tectonlte
fâbrlcs

(type 3)

Retrogressed EAGG

Note: Mineral abbrevíations as in Table 2.1 p1us,

il-m = ilmenomagnetite mag = nagnetite hm = haematíte
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regional variations within the DGS to formulate a regional metamorphic

model.

Regionally, in accord wíth the observation of Mortimer et al"

(1980), the prevalence of granitic gneisses of GGl and GG2 types

increases markedly as the Kalinjala Mylonite Zone (KMZ) of Parker

(1980) is approached from the east (FiS. 2"2). Tt is suggested below

Èhat the KMZ is the major control on the distribution of retrogressive

metamorphism and that this structural control is the strongest

argument against the possibility of the mineralogical variaÈion between

opx-granitoids and granite gneisses being controlled by primary

magmatic processes.

It is important to realise that the main fabric in the graníte

g¡leisses, defined by parallel hornblende and biotite, i" s1_2 (Tables

1.3, L.4¡ Chapter 1) and hence, that if the contention argued in this

thesis that the granite gneisses v¡ere derived by retrogression from

Èhe opx-granitoíds is accepted, this retrogression must have occurred

at least as early as D2" This conflicts with the interpretation of
parker (1980) that the KMZ is a D, feature, This point will be

re-examined in the Rb-sr geochronological discussion below,

2.2"2 Petrography

The petrography of the rock-types within the DGS will be d,escribed

in detaif in this section, because it is crucial to establish well

the petrographic l-ink between the opx-granitoids and the granite

gneisses. It is convenient to describe the petrography in two sections,

(a) primary igneous mineral assemblages and textures

and (b) subsolidus metamorphic assemblages and textures.

This is possible because despite ubiquitous tectonothermal overprinting,

in areas of lesser deformation near-primary mineralogical features and

textures are Preserved.
The key petrographic observations and interpretations are summarised

in Table 2.2 and d,escribed below in detail"

2.2.2.L Primary igneous features

(1) Quartz gabbronorite gneiss.,.9GNG,

Relict zoned phenocrysts of opx, cpx and plagioclase occur in

9GNG. The two pyroxenes contain cores with abundant exsolved platelets

of opaque oxide, apparently ilmenite (Fig" 2"34), surrounded by an

opaque-free rim which sometimes shows optical zoning" frr addition, the
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opx phenocrysts contain coarse blebs of exsolved cpx elongate parallel

to (1OO) of the host, with another generation of fine cpx lamelÌae

also exsolved parallel to (1OO) (FiS" 2"38), Similarly cpx pheno-

crysts contain coarse and fine generations of exsolved opx parallel

to the (1oo) twin plane of the host (Fis. 2.3A) " fD both cases the

coarse blebby exsolved material tends to be concentrated in the cores

of phenocrystsr

Relict ptagioclase phenocrysts preserve internal zoning, which

is often euhedral. One analysed grain shows oscillatory zoning from

a core of composition 4n54, through an intermediate zone ranging at

Ieast to AnU, inÈo an outer zone of Ann, (Appendix Table 2.I) 
"

Biotite is a major constituent of QGNG, and forms coarse flakes

often apparently moulded, onto, and in part replacing pyroxene, and

sometimes containing corroded pyroxene relics"

Quari..z and alkali feldspar occur onty in interstitial patches

between the dominant plagioclase, pyroxene and biotite grains"

These primary mineral relationships suggest the accumulation of

early formed plagioclase and pyroxene phenocrysts, with the

crystallisation of quartz and alkali feldspar from trapped intercumulus

residual liquid. The biotite is interpreted to have crystallised

partly at the expense of pyroxene, possibly in part subsolidus and

possibty in part by reaction between pyroxene cumulus phases and

trapped interstitial liquid. The implication that the minerals of

QGNG were crystallised from a melt is important for the petrogenesis

of the DGS opx-granitoids"
Hornblende is a minor component of QGNG and is thought to be

largely secondary, developing as coronas to the pyroxene grains.

Apatite and zircon are accessory phasesf some of the apatite stumpy

prisms occuring within pyroxene phenocrysts"

The exsolution textures in the pyroxene phenocrysts will be

discussed below in more detail.

(2) Ferrohyp ersthene granite gneiss I. FGGI

Relict zoned phenocrysts of plagioclase, orthoclase and opx of

ferrohypersthene compositíon occur in FGGI, seÈ in a matrix of quartz

and feldspar. The oligoclase to and,esine phenocrysts may have

corroded, altered cores with euhedral, zoned mantles (Fig" 2"3C). The

orthoclase phenocrysts usualty are zoned., and microperthitic and many

contain corroded cores of plagioclase" The opx phenocrysts are less

well preserved and do not show the exsolution features observed in
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QGNG phenocrysts, other than the later fine lamellar set parallel

to (100) .

Biotite and Fe - Ti oxide tend to occur as discrete grains,

often in association with the opx, and often with minor hornblende

in some specimens which may in part be of igneous origin" some

specimens contain minor cPx"

Ziraon and apatite are conìmon, discrete, accessory phases.

The presence of orthoclase phenocrysts is in distinct contrast

to QGNG, as is the rarity of cpx, suggesting a significant compositional

difference between the liquids crystallising QGNG and FGG1" In

addition the occasional distinctive plagioclase phenocrysts with

altered, corroded cores may represent a minor proportion of solid

phases in FGGI residual from the source of melting (cf" Chappell e

White L974).

(3) Ferrohypers thene qranite gneiss 2 EGG2

Although the mineralogy of FGG2 is similar to FGGI, its texture

is quite dissimilar. Phenocrysts of plagioclase and subordinate opx

occur in an interpreted cumulate texture, and are accompanied by

megacrysts of orthoclase not clearly of phenocryst origin. Both

plagioclase and opx phenocrysts are large (up to 3 cm diameter) and

the plagioclase is ovoidal and only minimally zoned and probably

crysÈallised slowly under near-equilibrium conditions (Philpotts 1966) 
"

opx phenocrysts show some fine scale exsolution lamellae of cpx

parallel to (I00).
some alkati feldspar megacrysts may represent phenocrysts, but

most are considered to have a more complex origin" Most occur ín

contact with the alkali feldspar-rich matrix and may have a partial

or nearly complete rim of plagioclasef resembling rapakivi texture

(cf. Vorma 1976). In deÈai] a core of alkali feldspar of uniform

composition now exists, containing raft-Iike inclusions of plagioclase

generally in optical (and possibly physicat) continuity with each

other (Fis. 2.4). This core may be partly or almost completely

surrounded by a relatively sodic rim of plagioclase which tends to

be in optical continuity with the plagioclase inclusions in the core

(Fis. 2 .4) .

Alkali feldspar megacrysts with zonaln euhedral dimensionally

oriented plagioclase inclusions have been interpreted to be of

early magmatic phenocryst origin (Hibbard 1965¡ Kerrich L969¡ Higgins &

Kawachi Lg77) " However, the plagioclase inclusions in FGG2 alkali
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feldspar megacrysts are not euhedral and are not dimensj"onally

oriented. Conversely rnantled alkali feldspar megacrysts have been

attributed Èo low pressure (ca. 2 Kbar) pressure quench (cherry a

Trembath 1978), decompression crystallísation (Whitney L975) or

H^O - activity controlled sequential crystal-lisation (Tuttle c
¿

Bowen 1958). However the rapakivi- Iíke rims of this study, in

detail do not have the appearance of mantles, but rather are

interpreted to be the result of late - stage disequilibrium

replacement reactions. The textural relaÈions are interpreted Èo

suggest disequitibrium between early formed plagioclase phenocrysts

and residual alkali feldspar-rich liquid so that a replacement

reaction took place. IÈ is thought likely that the potential for

reaction and replacement was greater for the less sodic cores of
plagioclase phenocrysts so that they were replaced in preference to

the rims, leading to the preservation of the rim with iÈs now rapakivi

like appearance.

The feldspar relations thus suggest an early period of near-

equilibrigm crystatlisation of plagioclase from the melt, followed by

a later period of disequilibrium reaction between plagioclase pheno-

crysts and residual potassic liquid. It is interesting to noÈe that

Giles (1980b) interprets the petrography and geochemistry of some

post-tectonic rhyodacites in the Gawler Range Volcanics of the Gawfer

domain in Èerms of "mixing of a hiøh-KrO resid,ual liquid with

cumulate crystals of plagioclaser cPX and magnetite".

The quartz + feldspar matrix of FGG2 and the occurence of minor

phases such as biotite, hornblende, Fe - Ti oxider zircon and

apaÈite are similar to those in FGGI.

(4) Eulitic al-kali feldspar granite gneiss, EAGG

Most specimens of EAGG shov¡ advanced subsolidus recrystallisation
but relict phenocrysts of orthoclase microperthite, oligoclaser and

quartz are recognised. The subordinate ferromagnesian minerals are

present in smatl clot-like aggregates of eulite + magnetite +

feldspar + quartz, the significance of which is discussed below.

The EAGG is interpreted. to represent a highIy evolved, and'

fractionated residual liquid consisting dominantly of a1kali feldspar

and quartz.
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(s) cranite qneisses I and 2, and Atkali feldspar granite gneiss

Because of their ubiquitous subsolidus recrystallisation, Èhese

rocks exhibit only rare relict igneous mineralogical or textural
features. In all three however, relict feldspar phenocrysts may be

observed.

In particular moderately deformed GG2 at Fishermanrs Point
(Fig. I.2) contains alka1i feldspar megacrysts up to I.5 cm diametert

with parÈialty preserved plagioclase rims and raft-like inclusions
(FiS. 2.4), identical to those observed in FGG2 elsewhere. At other

Iocatities GG2 shows these a1kali feldspar megacrysts much more

poorly preserved. This observation is one of the crucial petrographic

links relating the opx-granitoids to the granite gneisses of the study

area.

(6) Summary

The intrusive sequence from QGNG to FGG1 and FGG2, and' to EAGG

is refl-ected in regular petrographic and mineralogical trend.s Èowards

a higher content of quartz and alkali feldspar suggestive of fractional
crystallisation of plagioclase, pyroxene and latterly alkali feldspar

from a liquid initially not saturated in alkali feldspar" Such a

liquid woul-d necessarily be a non-minimum granitoid melt, possibly

of approximately quartz dioritic composition" This model will be

refined as more information is derived in following sections.

Subsolidus metamorphic textural features are ubiquitous throughout

the DGS. Detailed petrographic studies have revealed that considerable

variation exists within the recrystall-ised rocks, some of local and

some of regional importance. It wiII be shown below that in some

Iocalities recrystallisation involved considerabfe growth of ne\'/

minerals due to the influx of retrogressive fluids, but that elsewhere

no retrogression occurred during recrystallisation. These variations
are conveniently d,escribed. under four main headings which are summarised

in Table 2.2, and described below in detail.
It is important to recognise that these four main types are

somewhat arbitrary and erected principally for ease of description.
The boundaries between Types 1, 2 and 3 are gradational, and each may

overprint the preceeding type so that some specimens and localities
show poly-type textures. In addition Type 4 is of local extent only at

2.2.2.2 Second,ary metamorphic f eatures
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Maclaren Point where it overprints Type 2.

Regiona1ly, there is a general gradation from east to west,

from category I to category 3 as the KMZ is approached (FiS. 2.2).

This has been interpreted above to suggest that the mylonite zone

exerts a strong control on the distribution and. extent of retrogression.

(r) rype I
Rocks ilfustrating petrographic type I have recrystallised poly-

gonal mosaic opx + cpx without the prominent development of either

hornblende or metamorphic tectonite fabrj-cs (rable 2.2).

In QGNG considerable nucleation and growth of sub-grains within

the pyroxene phenocrysts has resulted in mosaics preserving the

approximate outline of the phenocrysts. During this polygonisation

the exsolved ilmenite platelets have coalesced into aggregates and

discrete grains interstitial to the recrystallised pyroxenes (FiS. 2.5).

In addiÈion the polygonal opx grains often exhibit fine scale famellae

of exsolved cpx parallel to (IOO) suggesting this feature observed in

the relict phenocrysts may have developed during late meÈamorphic

cooling, rather than initial cooling from the solidus to the prevailing

regional geotherm.

plagioclase phenocrysÈs may sho\^r similar sub-grain development.

In FGG1 and FGG2 recrystallised polygonal mosaic aggregates of

feld,spar I qoarl-z and opx are common. In addition mícroperthitic relict

alkali feldspar phenocrysts may show enhanced development of exsolution

blebs and stringerq.
In EAGG Èhe cloÈ-Iike aggregates of opx, magnetite, feldspar and

quartz with polygonal mosaic textures are interpreted to have developed

at a similar time and under simifar conditions as the features above.

These aggregates wiII be re-examined below in the tight of experimental

data on the pressure-sensitive relationship betwen iron-rich olivine

and opx.

These features are considered to point to a period of high-

temperature, granulite faciesr recrystallisation of the DGS" Rocks in

the Cape Donington to Spatding Cove section and the Boston Point locality

are particularly illustrative of this petrographic type" The only

minor development of hornbl-ende and tectonite fabrics at these localities

suggests that there was limited access of fluids, in particular HrOr

and limited deformation manifested in these localities, and it will be

suggested. below that these two factors are related-
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(2) Type 2

Rocks il,lustrating petrographic type 2 have developed abundant

hastingsitic hornblende partially replacing opx, but without the

development of prominent metamorphic tectonite fabrics (TabLe 2.2,

Fig. 2.s).
In FGG1 well crystaflised hornblende may occur, poikiloblastic

with respect to quartz and, containing relict corrod,ed inclusions of

opx (FiS. 2.5). In many cases the hornblende forms only narrow rims

or small patches in or around opx grains. Biotite may be associated

with the hornblende. In addition rel-icÈ alkali feldspar phenocrysts

may show prominent perthitic exsolution and development of microcline

twinning and sphene coronas may surround Fe - Ti oxide'

These features are interpreted to manifest the retrogressive

influx of fluids, but in the absence of strong d.eformation, and are

particularly well illustraÈed by rocks from the Cape Euler locality.

(3) Type 3

Rocks illusÈrating petrographic type 3 have developed hornblende

and biotite to the totaf exclusion of pyroxene, and have prominent

metamorphic tectonite fabrics (Iabl-e 2.2, Fig. 2.5).

In GGI-, GG2 and to a lesser extent AGG, the secondary metamorphic

minerals and textures give only few clues to the pre-metamorphic

nature of the rock. In GG2 at Kirton Point ovoidal, recrystallised

aggregates of feldspar (+ quartz) and hornblende and biotiÈe l-ie in

a prominert sl_z fabric which is crenulated by F, with some s, develop-

ment (Fis. L.7A,B¡ Chapter l). However in GG2 at Fisherman's Point

(Fis. L.2) rapakivi - like alkali feldspar megacrysts (Fi9.2.4C) occur,

very similar to those in FGG2, and suggest that the protolith of GG2

gneisses was FGG2. lfhereas the lower degree of deformation at

Fishermanls Point aflowed preservation and riecognition of the mega-

crysÈs, at Kirton Point total DI_2 t""rystallisation has obliterated

the relicÈ textures.
Rocks typical of type 3 are well developed at Kirton Point and

in outcrop adjacent to the Kalinjala Mylonite Zone and are interpreted

to demonstrate the spatial controt of both retrogression and deformation

adjacent to the mylonite zone. Furthermore it has been shown that Èhe

sr_, fabric is manifested by retrogressive mineral assemblages

indicating retrogression occurred early in the Kimban Orogeny" This in

turn ties the spatial control of retrogression by the KMZ into the
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chronology of events and suggests the mylonite was a zone of activity

from at least as early as D2 and probablV Dt.

This last conclusion is in contrast to Parker (1980) who states

that the KMZ is a D3 structure.
The conclusion crucial to later geochronological and geochemical

argumenÈs that emerge from this discussion is that the KMZ exerted

a major spatial and, temporal control on deformation and the influx

of retrogr:essive fluids from at least as early as D2 (and probablV Ðt)

(4) rYpe 4

Rocks illustrating petrographic type 4 have decussate biotite

and symplectitic aggregates of ferroactinolite and qlTar|uz as the main

ferromagnesian minerals, and have no tectonite fabrics (Table 2.2).

In FGGI at Maclaren Point s)'mplectitic ferroactinolite and quartz

replace opx and are surround.ed by hastingsitic hornblende coronas

relict from type 2 (Fig.2.5). In addition decussate biotite is present

and prominent microcline twinning in alkali feldspar relict phenocrysts.

In AGG at Carcase Rock diffuse patchy retrogradation has resulted

in the conversion of the opx + magnetite + feldspar aggregates of EAGG

into haematite + feldspar + ragged decussate biotite aggregates.

These features are interpreted Èo post-date the main metamorphic

and deformational events represented by Types 1, 2 and 3 and are thought

to be due to Iocal contact retrogression induced by intrusion of a

Iate granitoid similar in appearance to the Moody Granitoid Suite, in

the Maclaren Point area (Fig. L.2).

(5) Summary

The thrust of this description of subsolidus variation within the

DGS has been to establish that after initial consolidation of the

differentiated suite of opx-granitoid.s, early in the Kimban Orogeny

a zonal- distribution of retrogressive assemblages was produced, in

temporal coexistence with recrystallised pyroxenic assemblages. The

retrogressive assemblages have been proposed to be due to the influx

of fluids, principally Hror adjacent to (and along) the Kalinjala

Mylonite Zone.

2.3 MINERAL CHEMISTRY, TGNEOUS CRYSTALLISAT] ON'AND IUETAMORPHISM

ì 2.3.L Pyroxenes

Pyroxenes within the DGS occur either as extensively exsolved

relict phenocrysts or recrystallised polygonal mosaic aggregates, both
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types frequently occurring within the same thin section. The fine

scale lamellar exsolution vlas not resolved by the electron micro-

probe, so that analyses presented in Appendix Table 2.I and Fig. 2.6

represent recrystallised mosaic arains, relict phenocryst hosts to

coarse exsolved blebs or a combination of host and fine scale lamellae'

Pyroxenes within the DGS become more iron-rich from QGNG through

to EAGG (Fig. 2.6), parallelíng the changing bulk rock composition

(see later). The pyroxenes plot in the fields of metamorphic pyroxenes

as indicated in the literature for selected granulite facies terrains

(ví2., Broken HilI, N.S.v{., Binns L962¡ Madras, Leelanandam 1967;

Weaver et aL . L978; Adirondacks, Bohlen & Essene 1978) ' The compositions

of DGS pyroxenes thus suggest equilibration during initial exsolution

and recrystallisation under granulite facies conditions of metamorphism.

The pyroxene geothermometers of lvood & Banno (1973) and Wells

(L977), have been applied to coexisting opx and cpx in QGNG, resulting

in calcufated temperatures of ca" 845oc and ca. 885oc by the respective

methods (Table 2.3). Not only are these values very similar to those

calculated for other granulite terrains (see compilation in !{eaver et

aI. 1978), but they are id.entical to calcufations made on mafic

granulitic rocks included in the DGS and intrud,ing the DGS as dykes

(Chapter 6).
Accuracy of the pyroxene geothermometers is limited by inexact

knowledge of the pyroxene solvus, especially with respect to the

effect of minor elements. V,tood, (1975), Hewins (1975) and Vtilson (L976)

suggest that the vfood & Banno (1973) method overestimates temperatures

by ca. 6OoC, and Wood & Banno (1973) suggest that accuracy is limited
o

to ca. 50 C. Hence the temperature of subsolidus equilibration of

QGNG coexisting pyroxenes can be constrained approximately at
oo800 - 900 c.

Further constraints on the conditions of metamorphic equilibration

of DGS pyroxenes are suggested by the polygonal mosaic aggregates of

opx + magnetite + feldspar in EAGG. !{heeler (1965), Nilsen (1973)

and Ormaasen (L977) suggest that the intimate association of opx +

magnetite in silicic charnockitic rocks is due to the decomposition

of originat fayalitic olivine. In a quartz-bearing rock at high

pressure and temperature eulitic opx and fayalitic olivine may be

involved in a pressure sensitive equilibrium (smith L97L, 1972).

Furthermore, based on the compilation of experimental data by Jaffe

et al. (1978; Fig.2.7), the absence of pigeonite and the absence of
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fayalite + quartz in favour of opx + magnetite, where the opx has

the composition Fsr, (Appendix Table 2.L), requires pressure in

excess of 8 Kbars at the temperatures suggested above (Table 2"3).

Thus metamorphic pyroxenes in the DGS in the Cape Donington

to Carcase Rock area suggest equilibration at temperatures of gOOoC -
gOOsC at pressures in excess of I Kbars. These results were obtained

from rocks of subsolidus petrographic Type I not showing prominent

metamorphic tectonite fabrics and are suggested to represent early

metamorphic conditions coeval with D, ..

2.3.2 Feldspars

Microprobe analyses of relict plagiocl-ase phenocrysts show that

average compositions become less calcic from QGNG through to EAGG

(Appendix Table 2.I, Fig. 2.6), paralleling the bul-k rock geochemical

compositional variation (see later). Furthermore original igneous

zoning is preserved.

Relict alkali feldspar phenocrysts are perthitic, and although

the exsolution blebs and lamellae are not fully resolved by the

microprobe, the compositions tend to reflect subsofidus temperature

conditions (table 2.3, Fig . 2.6) .

Neglecting the zoning within the feldspar phenocrysts and

recrystallised grains, it is possible to calculate approximate

temperaÈures for coexisting plagioclase and alka1i feldspar (table

2.3). These range from ca. 5o5oto 79OoC for the opx-granitoids and

ca. 5o5oto 57IoC for Èhe granite gneisses, specimen AIOT from a D,

shear zone records a temperature of ca. 55OoC" From these results

it would appear that averaged feldspar compositions may be giving a

guide generally to late stage subsolidus equilibration, at Ieast in

one instance in Dr.

2.3.3 lron-titanium oxides

Magnetite and ilmenite occur throughout the DGS as discrete

grains, or with other ferromagnesian phases, sometimes with

textures suggesting the oxide v¡as exsolved from e.g. pyroxene phenocrysts

(see above). Textures in reflected light suggest subsolidus metamorphic

equilibration reflecting external granule exsolution (Buddington e

Lindsley Lg64) from a primary ilmenomagnetite solid solution.

The compositions of coexisting magnetite and, ilmenite,

recalculated from microprobe data by the method of Carmichael (1967) |



Table 2.3: Donington Granitoid Suite qeothermometrv and qeobarometry

MeÈhod

opx-granitoids
opx + cpx
V'Iood e Banno (le73)

biot+kspar+mag
Vrlones 6. Eugster (1965)

ptrag + kspar
PoweII & Powell (L977)

mag + ilm
Powell & Powell (L977)

Fe-opx

Granite qneisses

biot+kspar+mag
lVones & Eugster (1965)

plag + kspar
Powell & Powell (1977)

mag + i1m
Powell & Powell (\977)

Comments

Typel texture

-Iog a0, : I2-I7

zoning neglected

-Log aO, = 18.2-26.9

type 1 texture

-lo9 a0, = 12-1-8

-Log a0, = 2L

800-925

505-790

435-615

( 800-900)

750-880

505-570

510

845

(10)

(2?)

>8

(ro¡

(2?)

P KbaroTC
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ÛI
1,
f-È

I

10

12

14

18

16

500 600 700 800
Temperature

900 looo "C

Figure 2.7

Constraints placed on subsolidus recrystallisation of
eulitic opx in EAGG by experimental data on Fe-rich
pyroxene-olivine system; modified after Jaffe et aI.
(1e78).



23.

are presented in Appendix Table 2.1. The oxygen fugacity and' temperature

of equilibration has been calculated by the method of Powell & Powell

(1977) and plotted on Fig. 2.8. The magnetite-ilmenite pairs in DGS

rocks from the Spalding Cove to Carcase Rock section have equilibrated

down to very low temperatures of 4OOoC - 6OOoC (fa¡te Z.:) at oxygen

fugacities around the NNO and FMQ buffers (Eugster & Wones 1962).

These results are similar to those for plutonic igneous and metamorphic

rocks in many geological situations (cf. whitney & stormer 1976¡

Himmel-berg & Ford 1977¡ vüeaver eÈ al. 1978), and illustrate the

suscepÈibility of opaque oxides to low temperature equilibration.

2.3.4 Amphiboles

Amphiboles occur in almost all DGS rock types and range from

magnesian hastingsitic hornblende in QGNG, GGI & GG2 through magnesian

hastingsite in FGGI and GGl, and hastíngsitic hornblende in GGI to

edenitichornlolende, ferrohornblende and ferroactinolite in GGI (n'iS. 2.6,

2.9; Appendix Tab1e 2.L).
FGGI and QGNG amphiboles exhibit clear correlation in Mg/Mg + Fe

with the bulk rock composition. The Type I and Íype 2 subsolidus

textures in these rocks suggest the amphibole compositions manifest

either late magmatic or high-grade subsolidus conditions.

Amphiboles in GGI and GG2 Type 3 subsolidus Èextures show a

similarrangeinMgr/Mg*Febutlower(Na+K+AL)/4(Fig'2'9)and
are suggested to manifest slightly 1ower grade retrograd. DI-2 conditions

not grossly different from QGNG and FGG1 T\zpe I and Type 2 textures.

specimen 488 (GGI) also shows Type 4 subsolidus Èextures and

amphiboles manifesting these (rlig. 2.9) are ferrohornblende to ferro-

actinol.ite and clearly of lower grade composition. These lower grade

conditions may either be due to contact retrogression (see above) or

Iate tectonic decompression during uplift"

2.3.5 Biotites
Biotites in the DGS show a compositionaf correlation with the

bulk rock compositional variation (Fig. 2"6; Appendix Table 2.I).

Comparison with the experimental results of Wones 5. Eugster (1965)

suggests the biotites may have crystalfised at temperatures ranging

from ca. 75Oo to g25o7 a.t 1og aO, ranging from -13 to -I7 (FiS. 2"8¡

Table 2-3). These conditions are appropriate for the early high-

grade subsolidus equilibration of the DGS.
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2.3.6 Cond,itions of metamorPhism

Results obtained from coexisting pyroxenes, coexisting feldspars

and coexisting opaque oxides, when combined with petrographic and'

field data, allow some comments to be made concerning Kimban metar

morphism on south eastern Eyre Peninsula.

(1) petrographic T\zpe I rocks recrystallised early in the Kimban

Orogeny in the granulJ'te facies, presumably during Dt-2, and

contain pyroxenes suggesting temperatures of SOOoc - goóoc at

pressures in excess of 8 Kbars.

(2) petrographic Type 3 rocks retrogressed early in the Kimban

orogeny, adjacent to the Katinjala Mylonite zone, during Dr_,

manifest amphibolite facies assemblages which are coeval wíth

the adjacent granulite facies assemblages.

points (I) and (2) combine to suggest that retrogression may be

related more to a local control adjacent to a major tectonic lineament,

rather than to geothermal gradient variation, analogous to the

conclusions of Beach (L976) and Beach & Tarney (1978) '

(3) Coexisting feldspars in a local D, shear zone suçtgest equilibration

at ca. 5SOoC. This may be a true reflection of a decline in

geothermal gradient in Drf or may indicate that feldspars

equilibrate down to lower temperatures during cooling than do

pyroxenes.

(4) coexisting opaque oxides Èhroughout-the opx-granitoids and'

granite gneisses equilibrated at temperatures of ca' 4OOoc -

69ooc, irrespective of the subsolidus history of the host

rock. This suggests that the oxide phases do not record any

specific metamorphic event but simply reflect IaÈe cooling

of the plutonic complex. Ho\^¡ever the oxygen fugacities

consistent with the NNO and Fl'lQ buffers are similar to a

large variety of plutonic and volcanic rocks.

(5) Late, locaI, contact retrogressive metamorphism of low grade

is recorded in rocks from the Maclaren Point to carcase Rock

section.

2.3.7 Condítions of Pr imary igneous crYstallisation

Atthough many magmatic features of the DGS have been obscured

by recrystallisation and retrogression, it is possible to make some

inferences concerning the conditions of primary igneous crystallisation'
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Exsolution features in QGNG Pyroxene phenocrysts are instructive

Exsolved il-menite platelets in the cores of cpx phenocrysts

suggest early Ti-enrichment in cpx, which has been ínterpreted

to indicate rapid crystallisaÈion (e.g. in oceanic volcanics,

Coish & Taylor L979).

Coexisting subsolidus pryoxenes suggest a minimum temperature

of igneous crystallisation of 80Ooc - 9OOoc.

Exsolved cpx blebs sub-parallel to (100) and lamellae parallel

to (Io0) in opx phenocrysts resemble Bushveld - type or Kintoki -

san - type of Ishii & Takeda (L974) and suggest primary igneous

crystallisation below or just above the pigeonite inversion

temperature. comparison with the data of Ross et aI. (1973) 
'

Ross & Huebner Gg75), Robj-nson et al . (L977) and Bohlen &

Essene (1978) suggests that there is only minimal tie-line

rotation on the pyroxene quadrilateral (Fig. 2.6) during exsolution

and recrystallisation so that the primary igneous opx in QGNG

is estjmated to have been ca. E"40-42. The pigeonite inversion

temperature for such an opx is ca. losooc (Brown L9l2) so that

this is an upper temperature limit for primary igneous

crystallisation.
points (I) and (3) combine to suggest that QGNG represents an

early rapidly crystallised, possibly chilled phase of the DGS,

crystallised from a liquid at temperatures around roso9'c.

Furthermore the opx + magnetite aggregates in EAGG are

almost certainly subsolidus breakdown products of a primary

igneous fayalitic olivine. Similar features observed by

Ormaasen (L917) were used to consÈrain the maximum pressure

of igneous intrusion of charnockitic rocks in Norway by

assuming that the Fe/ (Fe+Mg) of prirnary fayalíte exceeds or

is equal to the same ratio in secondary opx. In this way

the curve on Fig. 2.7 used to estimate the minimum pressure

of subsolidus equilibration of opx in EAGG may also be used

to estimate the maximum igneous crystallisation pressure of

the primary fayalite, if the upper temperature limit for

eGNG opx of t05OoC is assumed. A maximum pressure of igneous

i-ntrusion of ca. 11 Kbar is thus estimated"

tn addition ormaasen (1977) cites experimental work by

Nowgorodov & shkodzinsky (L974) on a granite very similar in

bulk rock composition to EAGG (appendix Table 2.2). If the
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EAGG solidified at ca. IOOOoC and II Kbar, the experimental solid'us

curves suggest the Iikety fluid present Èo be rich in co, but Poor

in Hro (Fig. 2.LO). Reconnaissance studies of primary fluid

inclusions in FGG2 identified COr-rich inclusions, the densities

of which suggest original pressures of formation in excess of l-O

Kbar at IOOOoC (Appendix A2). Hence it is suggested that the DGS

opx-granitoids have been poor in Hror but relatively rich in cort

right throughout their crystallisation interval, which further

suggests that the Hro-rich fluids responsibfe for the earlY Dr_,

retrogressive activity did not have their origín within the DGS 
"

It is interesting to note here that both the primary igneous

intrusion and subsolidus cooJ-ing of the DGS opx-granitoids apparently

took place at ca. 8-11 Kbar under near isobaric conditions"

In contrast to the probably chilled QGNG, minimatly zoned, large

cumulate plagioclase phenocyrsts in FGG2 suggest prolonged growth

in near equilibrium conditions. In addition, feldspar replacement

textures in FGG2 suggest marked late stage disequitibrium conditions.

These observations are combined in a model of igneous crystallisation

of the DGS opx-granitoids involving initial intrusion and chilling of

a batholithic mass of dry quartz dioritic bulk composition, resulting

in an accreted, carapace of QGNG. Subsequent thermal insulation by

this carapace allowed prolonged, near equilibrium crystalfisation and

accumulation of plagioclase phenocrysts and production of residual

progressively more silicic and potassic liquids " Periodic separation

of residual liquids (FGGI, EAGG) from crystallised solids (FGG2),

possibly by filter pressiitg (eropach L976) under the action of tectonic

pulses, resulted in upward intrusion of successive phases of the DGS

and piercing of the QGNG carapace. Late stage disruption of FGG2

and introduction of residual potassic liguid may have resufted in

the development of the feldspar replacement textures.

some additional support for this model is found in the observation

that QGNG only outcrops on cape Donington where it contains abundant

gneissic xenoliths of the MBG which may indicate proximity to an

original roof or marginal zoîe.

This mod,el would ascribe the butk rock geochemical compositional

variations within the DGS opx-granitoids essentially to fractional

crystallisation processes .

2.3.8 rntrusive analogues of the opx-granitoids

The Palaeozoíe Inlet Quari-z Monzonite (Chappell 1978) and Mesozoic
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Tuolumne fntrusive Series (Bateman e ChappelL L979) comprj-se t\^Io

intrusive analogues of the ÐGS opx-granitoids. In both of these

the respective authors propose that a non-minimum melt has undergone

protracted fractional crystallisation, resulting in zoned plutons.

The outermost contact zone is most mafic and interpreted to

represent an accreted cumulate carapace precipitated during initial

chilling. Subsequent intrusive phases show regular mineralogical

and compositional variations, and pierce earlier intrusive phases

and the mafic carapace. Much of this detail is preserved in the

DGS, although tectonism has obscured, in part, the zonation'

of relevance to this model for the DGS opx-granitoids is

experimental work by T.H. Green (1969a, l-969b, L9'72) on liquids of

quarlLz dioritic composition. Plagioclase is the major liquidus

phase in near anhydrous liquids at pressures ca' l0 Kb, and' is

joined by pyroxenes at temperatures ca. 3OoC lower' The liquidus

temperature at this pressure is ca. tIOgoC for quartz diorite

Iiquid with ca. 2 wE.e"H20. calculated fractionation trends by

Green (I969a) are capable of generating plagioclase * pyroxene

enriched solid.s and residual silicic and potassic liquids.

This model for the interrelationship of the opx-granitoids of

the DGS witl be tested below on the basis of major and trace element

geochemical data.

2.4 GEOCHRONOLOGY

2.4.L Rb-Sr total-rock geochronologY

2.4.L.L Introduction
A previous study of the granite gneisses (GGr) of snapper

point (Fis. 2.LL) has been reported by Flook (1975) and Cooper et

aI. (Lg76). (Note: The actual locality of the geochronological

samples was misnamed Kirton Point by these authors). Normalisation

and regression of their data by the present author yietded a poor

fit isochron with Model 2 solution of 1813 + 23 Ma and initial

87sr/A6sr ratio (henceforth IR) of 0.7043 + L7 (regression 6, Table

2.5, Fig. 2.L2r-). This age \^las interpreted as an age of primary

magrmatic crystatlisation by Flook (1975) and Cooper et aI . (1976) .

This result will be compared, in the following sections with data

from the opx-granitoids and granite gneisses collected by the present

author. The sample localities are depicted in nig. z.LL and the

experimental techniques are described in Appendix A1'



Tabl'e 2.4 DoningLon Granitoid Suite
Rb-Sr isotoPic data

Opx - qranitoids

Sample name Rb PPm Sr PPm Pb/Sr 87Rb,/86Sr *875r/86st

Ouart z qabbronorite qneiss

468-8200
468-P205
468-8203
468-B20L
468-8206
468-8202

93
97
97

LO2
tI3
LL7

230
240
229
23r
2L7
2L7

.4L

.42

.44

0
0
0
0
o.52
0.54

L.24
1. 18
1.38
L.44
L.52
L.69
1.70

0.78
0.63
1.08
1.08

1.130
1. 175
1.231
L.289
r.509
I.56I

3.6L2
3.439
4.039
4.L98
4.443
4.963
4.997

2.265
I.836
3.L44
3.L64

L32.L
L40.2

0.73470
0.73602
0.73753
o.7387L
0.74501
o.7 4657

o.79949
0.79508
0.81060
0 .81585
o.82L7L
0.83474
0.83575

o.76575
0.75387
0.78804
0.7888r

4.0985
4.3548

39

Ferrohyper sthene granite gneiss I

515-825
5r5-8143
515-8r49
5L5-8L44
515-8I46
5r5-8147
5t5-8145

207
20L
2LL
223
23L
237
238

r67
171
r53
r55
L52
L40
140

Ferrohypers thene qranite qneiss 2

5r5-A109
515-Dl09
5I5-Dr07
5r5-DI08

135
L44
193
185

L74
228
179
T7L

Eulitic alkali feldspar granite 94e!!e

5I5-8I53
515-8r52

Note:

397
4L3

I2
L2

34.2
35 .6

*AII ratios normalised to E & A standard

87Sr/865r : 0.70800
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2.4.I.2 Opx-granitoids
(1) QGNG

six total-rock samples of QGNG were collected from an outcrop

area f5m x 15m at Cape Donington (Fig. 2.LL). A low and refativeJ-y

uniform Rbr/Sr ratio (ca. o-45, Table 2-4), is characteristic of

QGNG and hinders precise determination of the isochron slope,

although the IR is better defined. A perfect fit isochron results

(MSWD = 0.98), with calculated age of 1896 + 92 Ma and IR of 0.7039

+ L7 (regression l, Table 2.5; Fig- 2.138). This resulÈ is

statistically indistinguishable from the Snapper Point granite gneiss

result.
(2) FGGr

six total-rock samples of FGGI from cape colbert (Fig. 2.LL)

were supplemented by one from Spalding Cove (Fig' 2'ft) ' An

average Rbr/Sr ratio of ca. I-45 is apparent, with a mod'erate

d,ispersion of ratios (Table 2.4). AII seven samples define a

perfect fit isochron (¡lsw¡ = 0.94) with calculated age of 1823 +.

56 Ma and fR of o.7o5o + 33 (regression 2, Table 2.5; Fig. 2.134).

This result is statistically indistinguishable from the

previous results for QGNG and from Snapper Point.

(3) FGG2

Three sampfes of FGG2 from Point Bolingbrol<e were supplemented

by one from I km north of carcase Rock (Fis. 2.IL). An Rbr/sr ratio

(ca. 0.9) intermediate between QGNG and FGGI is characteristic of

FGc2 (Table 2.4). The four samples define an almost perfect fit

isochron (l¡swo = r.58) with Model 3 sofution age of 1818 + 87 Ma

and rR of 0.7060 + 3I (regression 3, Table 2.5; Fig. 2.I3c).

This result is indistinguishable from those of the other opx-

granitoi<ls and Snapper Point granite gneisses.

(4) Combined data reqressions and Pool-ing

In view of Èhe inability to distinguish statistically the three

pyroxene granitoid isochrons presented above, it was decided to combine

all the data in search of a more precj-se estimate of age and IR for

the DGS. Initially aII 17 data points \¡/ere regressed together

resulting in a moderately close fit isochron (MSWD = 2.54) with Model

3 age of I8I8 + 13 Ma and IR of 0.7055 + 5 (regression 4, Table 2-5;

Fig. 2.13D).

The slightly elevated MSWD factor is not considered excessive for

statistical perfect fit (Brooks et al . 1972), but the Model 3 solution



Tab1e 2.5: Doninq ton Granitoid Suite R.b-Sr isochron regressÍons

Regression number
and sample group MSWD* MOdCI Age Initial Ratio

1. Quartz Gabbronorite Gneiss

2. Ferrohypersthene
Granite Gneiss I

Ferrohypersthene
Granite Gneiss 2

4. Combined 1, 2, 3

5. Averaged outcrops
**Pooled opx-granitoids

1.58(4) 3 lsteJez o.7060 j 31

o. e8 (6)

o.e4(7)

2.54 (L7)

s.58 (5)

L8s6 ! 92

Ls23 ! s6

t8rs t 13

rBoT I 63

1837t 42

0.7039 + r1

o.7oso I 33

o.7oss j s

7o6L ! 26

0. 704r - 0.7053

I
I

3

3

3

6

7

o.73329

Granite Gneiss I,
Snapper Point

Granite Gneiss 1,
Cape Donington

Granite Gneiss 2,
Kirton Point

Granite Gneiss 2,
Fisherman's Point

10. Combined 6 t7 '8
11. Averaged outcrops

**Poo1ed graniÈe gneisses

+ +7.9(10) 2 18I8 23 o.7043 L7

r.2o(s) I 1802 t s4 O.7O54 ! 67

2.86(10) 2 181g1¡r 0.7078 + 30

2.26(s) 3 1632! go 4311

LL.73 (24)

e .s4 (4)

rsr2 ! 28

L780 !364

1817 t 17

o.706r t 31

o.7oe8 ! +øe

0.7033 - 0.7083

4

3

(excluding Fisherman' s Point)

,r

**
number in brackets refers to number of data regressed

pooling procedure after Paradine & Rivett (1960).
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does suggest a small component of regional variation in IR may be

present. This is not surprising in view of the wide dispersion of

sampling sites and the likelihood of regional variations in IR

within large plutons (cf. Roddick & Compston 1977) '

As a further test of Èhe probably regional IR variation data

points from each sampling site were averaged and then regressed

together. The resulting five outcrop regression has MSVID = 5.58

and calcufated Model 3 age of I8O7 + 63 Ma and IR of 0"106l + 26

(regression 5, Tabte 2.5) - These results suggest that despiÈe the

conclusions of Brooks et aI . (Igl2), combined regressions for the DGS

are inappropriate due to the regional variation in IR'

Astatisticallymoreappropriatetreatmentofthedatafrom

QGNG, FGGI and FGG2 is to accept that IR variation existed within

the suite at the time of emplacement and to calculate a weighted

mean age (weighting procedure after Paradine & Rivett 1960) " This

results in a pooled age estimate for the DGs opx-granitoids of

1837 + 42 Ma (Table 2.5). ZiÌcon U-Pb isotopic data for QGNG

(Section 2.4.2) support this age for the DGS.

(5) IR variation in op4:grgni!9i9s

Ifthispooledageisacceptedritispossibletocalculate
IR's for each of QGNG, FGGI and FGG2 at 1837 + 42 Ma and thus to

constrain the IR variation within the opx-granitoids. These cal-

culations atlow a range in IR from ca. 0.7041 to ca. 0.7053 (table

2.5). Such a range in IR may not be unexpected' in a large magma

body actively fractionally crystallising felspars over a prolonged

period (e.g. Dickinson & Gibson 1972¡ McCarthy & Cawthorn 1980). It

is more tikely that the IR variation developed in this way rather than

as an inherited feature of an Ínhomogeneous source (cf. Roddick &

Compston Lg17) because of the liquid nature of the DGS parental magma,

which apparently contained little solid residual material.

Furthermore it is possible to estimate the period of time over

whi-ch the opx-granitoids fractionally crystallised based on the Rbr/Sr

ratios of the rock-types and the IR range. If the average Rb/Sr

ratios of QGNG and FGGI are taken as two estimates of the liquid

from which the opx-granitoids crystallised, crystallisation
period,s of ca. 64 Ma and 20, Ma respectively are required to generate

the IR change from 0.1o4L to 0.7053. McCarthy & cawthorn (1980)

have estimated crystallisation intervals of ca. 20 Ma for 1ar9e

hot bodies of magrna emplaced at moderate depttr into relatively

hot country rocks. The present authoÏ concludes that the

a



468-BIII
468-8103
468-8106
468-BLO7
468-8I08

Table 2.6 Doninston Granitoid, Suite Granite sneisses

Rb-Sr isotopic data

sample Name Rb ppm sr ppm Rb/Sr 87Rb/86Sr *875t/865r

Granite qneiss I
0. 87007
o.92993
0.95r25
o.9725A
r.00672

Granite qneiss I Mclaren Point

515-A88 235 r31 L.79 5.264 0.83589

Granite gneiss 2 Kirton Point
o.824a2
0.85265
0.85258
0.89158
0.89304
0.89995
o.9L446
0.91619
0.9671r
r.20906

Granite gneiss 2 Fishermanr s Point
o.95942
o.963Ll
0. 98468
0.98901
r.02480

Alkali feldspar qranite gneiss
5 . 134l
4.3802
4.4532
5.3405
5.4578

*AiI ratios normalised to E & A standard'

87Sr/865r = 0.70800

26L
296
274
275
257

L2L
101

85
80
66

2.L6
2.93

6. 355
8.652
9.540

LO.259
LL.642

3.22
3.46
3.9r

515-F70
5r5-A12r
515-F76
515-F75
515-F74
5r5-F73
5L5-I.72
5I5-D21
515-8500
515-D205

229
244
256
263
213
283
27L
293
263
371

L52
L29
135
110
II3
1r3
t01
109

79
59

r. sl
1. 89
r.90
2.39
2.42
2.50
2.64
2.69
3. 35
6.25

4.4L9
5.543
5.55r
7 .O32
7 .10r
7 .409
7.895
I .951
9.949

L8.946

515-BI64D
515-8r68
515-Br64E
5r5-8164C
515-81648

323
36r
370
402
4L4

3.23
3.34
3 .59
3.66
4.L7

9.608
9.888

r0.718
r0.899
L2.436

100
r08
r03
IIO

99

515-Br618
5I5-Bt54B
5I5-8154A
5L5-P22C
515-Bl57A

403
442
440
448
459

37 .3
42.L
42.7
43.5
44.r

L54.9
165. r
L68.7
182.5
188. r

II
l1
IO
IO
IC

Note:
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DGS opx-granitoids have suffered prolonged, deep-seated fractional

crystallisatj-on, lead.ing to a \^/ithin-batholith variation in IR

outside the range of experimental error.
(6) EAGG

TVuo samples of EAGG from Carcase Rock (FiS. 2.II) were analysed

(Table 2.4) but not included in the ¡noled regression since their

very high Rb/Sr ratio (ca. 35, Fig. 2.L48) would undrlly bias regression

calculations. The apparent ages of the two samples, calcufated to

the IR range of the opx granitoids are 18lo I4a and 1785 !1a. Both of

these total rock specimens appear to have suffered some post-

emplacement disturbance (cf. AGG, below).

2.4.L.3 Granite qneisses

(r) ccl
Five medium-grained granite gneiss samples from cape Donington

(Fis. 2.LI) were collected over an outcrop length of ca. 20m. The

average I{c,/Sr ratio (2.6) is almost twice that of FGG1 (rable 2.6).

An afmost perfect fiÈ isochron results (MSWD = L.2O) with a

calculated Model I age of 1802 + 54 Ma and IR of 0.7054 + 67

(regression 7, Table 2.5; Fig. 2.L2A). This result is indistinguishable

from that for both the snapper Point granite gneiss and the opx-

granitoids.
(2) cc2

Ten total-rock samPles from Kirton Point (FiS. 2.IL) were collected

over an outcrop length of 60m. The average Rb/sr ratio (2.8) is

greater than in FGG2 (rable 2.6). A close fit isochron (MSWD = 2.86)

results with Model 2 solution age of I8l9 + 31 Ma and IR of 0.1078 +

30 (regression 8, Table 2.5; Fig. 2.I2C). This result is indisting-

uishable from the previously cited results for granite gneisses and

opx-granitoids. The Mode] 2 sofution suggests some variation in Rb/Sr

ratio exists greater than expected due to experimental error'

Five total-rock samples were prepared, from an outcrop block ca'

0.5m3 from Fisherman's Point (FiS. 2.LL). A smal-I dispersion in Rb/Sr

around the average ratio of 3.6 (Table 2.6) is observed, so that only

a short isochron results with corresponding uncertainty of estimates

of age and IR. The close fit isochron (¡,lswD = 2.26) has a Model 3

sofution age of L632 + 96 Ma and IR of 0.7332 + I43 (regression 9, Ta-ble

2.5¡ Fig. 2.I4C). This result is statistically different from the

other result for GG2 and from the other granite gneisses and opx-granitoids'
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It is most probable that the young age and el-evated' IR reflect

subsolidus redistribution of Rb and/ot Sr isotopes within the small

volume of rock samPled.

If the model of Black et a1. (1978) is applicable, whereby the

development of penetrative tectonic fabric leads to resetting of

the Rb/sr clock in small volumes of rock, it is possible that the

:-:632 + 96 Ma daÈe represents the age of the prominent s, fabric in

the Fisherman's Point gneisses. (Further discussíon of isotopic

constraints on the age of D, appears in Chapters 3 and 4) '

(3) Combined data regressions and Pooling

The Kírton Point GG2 and. Cape Donington and Snapper Point GG1

suites individually produce ind,istinguishable ages and IR's, although

the MSWD's and Model I and Model 2 solutions suggest more geochemical

variation is present than expected from experimental error alone'

Furthermore the outcrop average of Fisherman's Poinl GG2 is cl-ose to

the Kirton point GG2 isochron" These results invite attempts to pool

the data to constraín the age and IR of the granite gneisses.

Initially aLL 24 total rock samples (excludinq GG2 Fisherman's

Point) were regressed together. A poor fit errorchron with MS!'ID = LL'7

and Model 4 sofution age of 1812 + 28 Ma with IR of 0.7061 + 13 results

(regression lO, Table 2.5; Fig. 2.I2D). The elevated MSVID indicates

an excess of scatter around the combined errorchron, most of which is

supplied by the snapper Point gneisses. The Model 4 solution suggests

that variations in both age and IR may exist between the individual

suites.
Each of the four outcrops was then averaged and regressed

together, resulting in a poor fit "errorchron" with MSIVD = 9.54 and

Modef 3 solution age of I78O + 364 Ma and IR of 0.7098 + 468 (regression

11, Table 2.5). This result confirms that there is considerable

variation between outcrops at least with respect to TR' similar to the

opx-granitoids above.

If, excluding Fishermanrs Point GG2, Èhe granite gneisses are

accepted to contain between outcrop IR variation, but Èo be the

same age, a pooled (weighted) mean age may be calculated (as above

for the opx granitoids). This calculation yields an age for GGI

and GG2 gneisses of 1817 + 17 Ma, (Table 2.5) statistically indis-

tinguishable from the pooled age of the opx-granitoids" In addition

it is possible to calculate the IR of each outcrop, including

Fisherman's Point, at ca. 1817 Ma (Table 2.5), the range being ca.

0.7033 to 0.7083, broader than but spanning the range in IR in the



32.

opx-granitoid.s. on this basis it is impossible to distinguish the

granite gneisses from the opx-granitoids.
(4) AGG

The contact retrogressive AGG at carcase Rock (Fig. 2.II) shows

extensive isoÈopic variability within the outcrop, similar to, but

more extreme than that seen in EAGG at the same locality. No isochron

can be fitted to these scattered data (Fig. 2.I4A). Post-emplacement

disturbance by 1oca1 contact retrogression due to the intrusion of

a structurally late granitoid is interpreted to be the cause of the

scatter.

2.4.I.4 Discussion

(f) Relationship of opx-qranitoids and qranite gneisses

The weighted mean age estimaÈes of the opx-granitoids and granite

gneisses are statistically indistinguishabte at 1837 + 42 Ma and

1817 + 17 Ma respectively. Furthermore the regional IR variations

within each suite at their respective ages are indisÈinguishable at

0.7041 - 0.7053 and 0.7033 - 0.7083 respectively. These relaÈionships

are taken as strong confirmatory evidence for the original comagrmatism,

despite widely different subsolidus histories, of the opx-granitoids

and granite gneisses. It has been suggested above that the GGl and

GG2 rocks were derived from FGGI and FGG2 by retrogressive metamorphism.

It is revealing however to examine in more detail the Rb and sr

contents of the respective rocks (Fis. 2-I4D) where it can be seen

that the retrograd.ed GGI and GG2 rocks have suffered some decrease

in sr over their FGGI and FGG2 counterparts but more particularly a

marked increase in Rb, resulting in considerably higher Rb/sr ratios

(,IabLe 2.4, 2.6). Moreover there ís more scatter in the fields of

the higher Rb,/Sr rocks. This suggests that the retrogressive process

involved the production of bulk Rb and Sr scatter, and probably

also accounts for the greater scatter in isotopic composition in the

granite gneisses witnessed by the elevated MS!{D factors.

(2) ReIationship of retrogression to tectonism

The observation that the retrograded rocks have the same Rb-sr

total-rock age and IR variation as the opx-granitoids, yet have

considerably higher Rbr/Sr ratios suggests that the elevated ratios

must have been established at or near the time of original magmatic

crystallisation. This is in accord with the petrographic and'

structural conclusion that retrogression predates (or accompanies)
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ol_2. Furthermore it was demonstrated that the retrograded rocks

are located, in and adjacent to the Kalinjala Mylonite Zone (Chapter

I), suggesting Iocalisation of the retrogressive acitivity along

the mylonite zone structure. Thus although Parker (1980) concludes

that the Katinjala Mylonite Zone is a Da structure, the present

author suggests that retrogressive activity has been present in and

adjacent to this zone from as early as 1837 + 42 Ma and prior to

or during Ot_2.

(3) Relationship of DGS to Sleaford Complex

Thomson (1980) and Rutland et aI. (198I) suggest that parts

of the Lincoln complex on the east coast of Eyre Peninsula may

represent elements of the Sleaford. Complex reworked during the

Kímban Orogeny. More particularly Bradley (1980) examined opx-

granitoids of the DGS and pyroxene granulites of the sleaford

CompJ-ex and suggested that "the Lincoln Complex could represent

reworked and retrogressed Sleaford Complex". However the present

author has calculated Sr-isotope evolution curves for rocks of the

Sleaford Complex in the south of Eyre Peninsula (appendix Table L.2) ¡

and the equivalent Mulgathing Complex in the north of Eyre Peninsul'a

(Appendix Table L.2), and compared them with simila,i: curves for the

DGS (FiS. 2.L5). It is immediately apparent that neither the granitoids

nor the meÈasediments of the Sleaford Complex form suitable parents

for the DGS, either by partial melting or by tectonic reworking, because

at 1837 + 42 Ma they are grossly enriched in 87Sr with respect to the

DGS. For Steaford Complex material to comprise the protolith of the

DGS the former would require a markedly different Rb,/Sr ratio or IR

than is observed in present day exposure t QT t alternatively, the

Sleaford Complex material so far analysed may be unrepresentative of

the complex as a whole. This point will be reexamined in Chapter 7

in connection with a regíonal Sr-isotope systematic discussion of the

Gawler orogenic domain.

Furthermore it is apparent from Fig. 2.15 Èhat the DGS has too

high an IR to be derived directl-y from the presumed upper mantle at

1837 + 42 Ma. This point also will be reexamined in chaptet 7, but

it is possible here to conclude that the DGS was not derived by partial

melting in normal upper mantle at this time nor by partial melting

nor tectonic reworking of typical sleaford complex material.
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(4) rsotopic composit ion of Sr of ssible source rocks

It is possible to speculate on the likely isotopic nature of

the source rocks of the DGS parental magma. The liquidus phases of

the parental magma' as represented by the phenocrysts in QGNG' are

likely to represent the residual phases at Èhe site of partial

melting (assuming a crustal origin for the DGS) I viz plagioclase'

orthopyroxene and' clinopyroxene' Using figures published by Hanson

(1978)thebulkrockdistributioncoefficientsD*andD,'lforthe
residue would probably be ca' O'03 and ca' 3 respectively' If the

degree of melting ín the source is constrained at 30å (compston c

Chappelt irgTg) the concentration of Rb in the melt would be ca' 3

timesthatintheresidueandca.O.4timesforSr(Hanson1978).
Thus during partial melting the Rb/Sr ratio would be ca ' 7 '5 times

inthemeltthatoftheSource.HenceiftheaverageRb/Srratio
of the DGS is estimated to be ca. r.o (Appendix Tabre r.2) the Rb/sr

oftheSourcewouldbeca.O.l3.Consideringthecrudityofthe
calculationmethod.thishasbeenroundedto0.l5forthepurposesof
Fig.2.l-5.

CalculationoftheSr-isotopeevolutioncurveforasourceof
Rb/Sr=O.I5andwhichat1837+42MacontainedthepossibfelR
range of the opx-granitoids (o.7o4r - 0"7053), suggests a probable

modef age for the source of not greater than ca' 2'4 Ga' It is

tempting to speculate that a crustal source area dominated by pyroxenes

andplagioclasewithaRb/Srratioofca.0.t5andofearlyProterozoic
agemayhaveexistedunderthisportionoftheGawlerorogenicdomain.

MoreoveritisnoteworthythatthelateArchaeantoEarly
ProterozoicgranitoidsintrudingtheSleafordComplexplotonor
near this proposed lower crustal evolution trend' (Fig' 2'L5) suggesting

also their possible derivation from such a source'

The petrogenesis of the DGS opx-granitoid' magma is d'iscussed more

fully in ChaPter 7.

2.4.2 U-Pb zircon loqv

A suite of zircons from QGNG were prepared for analysis in order

to test Èhe Rb-sr total-rock date of 1837 + 42 I4a for the opx-granitoids'

2-4.2.L Descriptio n of zircons

The zircon grains extracted from QGNG are predominantly euhedral

tofragmentedrcolourlessandtransparent'Aminorproportionare



Table 2.7 OuarEz gabbronoriÈe gneiss zircon U-Pb isotoPic data

Fraction BIl QI Q2 Q3

grain size (microns)
colour

u ppm
Pb ppm
Common Pb ppm

206Pb/238U
2OlPb/235rJ
2O6Pb/2O6Pb
2O6Pb/2O4Pb

2O6Pb/238U Age (Ma)

2o7Pb/235u Age 1t'la)
2o7Pb/2o6Pb Age (ua)

100-250
colourless

383
139
o.4

o.32L7
4.9836
0. rr23
20 tLO6

100-250
colourless

366
132
o.4

0.3159
4.9060
o.LL26
19 t466

L770
1803
r842

< 100
colourless

100-250
yellow

327
116
0,3

0,3r03
4,8L73
o.LL26
24 tL45

983
319
0.5

0.3094
4.77L5
0 

" 
1tr9

35,7L7

I79A
1817
1838

L742
1788
r841

1738
1780
lB30
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smokey yellow in col-our. Four fractions \^Iere prepared for analysis

(Tabte 2.7) from the least magnetic fraction of the 100 to 250

micron grain size range. BII was prepared from this bulk fraction

without modification.

QL, Q2, ,Q3 were modified using the air-abrasion technique of

Krogh (1982). Following air-abrasion the bulk fraction was split

into two grain size fractions, greater than and tess than 100

microns. Ql comprised hand-picked colourless to sIightly metamict

grains greateï than IOO mj-crons, and Q2 was simil-ar except for the

grain size being smaller than IOO microns. Q3 was prepared by

hand-pícking smokey yellow, slightly metamicÈ grains from the abraded

greater than I00 micron fraction.

2.4.2.2 Results

The experimental technique is described in Appendix Al, and resufts

displayed in Table 2.7. The bulk fraction BII is very nearly concordant

with a 2o7Pb/2o6Pb model age of 1838 Ma. The U-content of 383 ppm is

moderate and the common lead amounts to only 0.3% of the total Pb

present. Q2 and Ql have comparable u, Pb, common Pb and, calculated

ages as BII. Their 2o7Pb/2o6Pb model ages are 1842 and I84I Ma

respectively. Abrasion apparently has modified the zircons only

marginally.
The three zircons BII, Qt and Q2 are collinear almosÈ to within

experimental error. The discordia chord has an l4svtD = 3.3 with

imprecisely defined upper intercept of ca. 1835 Ma and near zero

lower intercept on concordia. Constraining the lower intercept to

pass exactly through the o Ma. origin and regressing Bl-I, Ql and Q2

maintains coltinearity (MSWD = 2.9) and allows a more precise estimate

of the upper intercept at 184I .-l t" (FiS- 2-L6) -

Fraction Q3, the smokey yellow zircons, has U content ca. 3 times

that of the fractions Q2, QI and BlI. However it is only marginally

more discordant than, although it is not collinear, with, Q2, Ql and

BII suggesting that it contains a component of partial Pb-loss not

evident in the other three. The lower intercept of the join of Q3

with the upper intercept of the 9I, Q2, Bl-I discordia is ca. 280 Ma

suggesting partial Pb-loss in Èhe relatively near-geological past.

2.4.2.3 Discussion

The upper intercept age of QGNG is not statistically distinguishable

from the pooled opx-granitoid Rb-Sr total-rock age. The concordant



arison of averaqe opx-sranitoíds of theTable 2.8: Geochemical
Doninqton Granito id Suite with al I-, S- and A-t¡/pe

8

sio2

Fe/ (Fe+Mg) *

AL203/ (Naro

+ K20 + cao)

rrO,/Nar0**
(La)N

(nu)*
(Yb) 

N

Ba

Sr

Zr

Nb

Y

Sc

V

Cr

Ni

Ga***

*
,r tr

*rr *

1. Average of
2. Average of
3. Average of
4. Average of
5. Average of
6. Average of
7. Average of
8. Average of

7 FGGI

4 EGG2

I0 Moonbi

48 Bega

5 Moonbi

20 Kosciusko

8 Mumbulla

9 Gabo

(Chappelt 1978)

(Collins et al. L982)

(Chappell 1978)

(Hine et al. 1978)

(Collins et aI. 1982)

(Collins et a1. L982)

molar ratios
wt. å ratio
value for FGGI from BradleY (L972)

f-types
I-types
S-types

S-tlpes
A-types

A-types

68.33

0.70

o.s6

1.8
190

25

2T

9r5

L47

305

I6
4L

I3
4L

L2

2t

l8

61 .75

0. 70

o99

1.9

156

24

15

LL66

L69

310

L4

38

15

53

18

I9

68.48

0.50

o.q2

985

435

18I

I1
I9

9

53

4A

L7

98

1.3

72.50

o.64

t.03

577

165

r47

9

29

9

30

5

6

15

L.2

105

72.86

0. 68

l.oT

548

r42

151

7

33

7

25

8

5

r.5
7t

77.2L

o.94

i.o:

1.6

203

20

38

575

43

170

19

90

L6

2

I
1

20

70.L9

0. 56

t.t6

32

93

L.7

63

39

13

448

L24

160

r.1
L97

33

35

767

148

490

25

83

L7

6

2

I
2I

73.04

0. 84

l.oå

I 2 3 4 5 76
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U-pb zircon age and Rb-Sr total rock age af]ows a pooled estimate

of the age of the opx-granitoids based on the QGNG U-Pb upper

intercept and the three QGNG, FGGI and FGG2 Rb-sr isochrons. The

calculated pooled age of I84l + 7 Ma is henceforth regarded as the

best estimate of the age of the opx-granitoids. Furthermore the

concordant dates are interpreted as strong evid,ence for the pooled

age to be representative of primary magmatic crystallisation and

emplacement of the opx-granitoids of the DGS.

2.5 GEOCHEMISTRY OF THE DGS

2.5.L fntroduction
on the basis of mineralogical, textural and isotopic criteria,

it has been argued that the opx-granitoids constitute an original

comogmatic suite related through crystal fractionation. It has

further been argued that the granite gneisses have been derived from

the opx-granitoids by retrogressive alÈeration involving the addition

of Rb. This raises the question as to whether other geochemical

differences may exist.
ft is the object of this section to examine separaÈely' and then

to compare the opx-granitoids and granite gneisses and to show that

retrogression has been accompanied by geochemical alteration.

2.5.2 opx-granitoids
2-5.2.L Geochemical classification

Assuming comagmatism of the opx-granitoids the AFM diagram

(Fis. 2.L7¡ Barker L978¡ Wright L974) shows a calc-alkaline character

(Ringwood 1975) as do both the alkali-silica-Iime index (Fis. 2.l-8¡

peacock 193I) and the K-Na-ca diagram (FiS. 2"L6i Barker S, AIth L976) '

These features suggest the DGS comprises a typical orogenic suite of

granitoids.
ïn terms of the model of granitoid genesis of chappell & lfhite

(Lg74) the AlrOr,/(UarO + K2O + CaO) ratio tess than 1"I (Table 2'8) t

the low fR and low normative corundum (Appendix Table 2"2), coupled

with the pyroxene * hornblende mafic mineralogy suggest the opx-

granitoids are f-type. This model conclusion precludes the involvementt

to any significant degree, of pre-existing pelitic sedimentary

material in the genesis of the DGS, in favour of an igneous or

metaigneous Protolith "

However, Emslie (1978) argued that the hiøh Kro and Ferl(Fe, + I4g)

of many Proterozoic and younger granitoid (and volcanic) suites is
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more typical of anorogenic magmatism. Subsequently Loiselle o

!{ones (Lglg) and Collins et af. (1982) proposed more detailed

geochemicat criteria to distinguish anorogenic or A-type granitoids'

some of which are illustrated in Table 2"8 in comparison with the

FGGI and FGG2 of the DGS- Although the hig]nKrO/NarO, Ga, Zr' Y and'

(La) _ of the DGS are apparently transiÈional towards A-type, the' 'N
moderately high Ni, Cr, V and Ba argue more strongly for l-type'

These features coupled with mineralogical criteria cited by CoIIins

et al. lead the present author to conclude that the DGS is a suite

of l-type granitoids. The transitionat geochemical characteristics

alluded to above will be discussed in more detail in Chapter 7 '

2.5.2.2 Maj or element geochemistrY

In general terms the major element geochemistry of the opx-

granitoids shows these main features' (Appendix Table 2'2, Fig' 2'L9'

Table 2.9)
(I) Sio, range ca. 55% to ca' 79%

(2) sio2 gap between ca. 5'7% and' 65e"

(3) moderate AlrO, ca. I2>" lo ca' L6e"

and rocks with greater than 65% SiO2 exhibit
(4) KrO between ca. 4.5% and ca' 6%

(s) Kro/Naro) r-s
(6) Iago(, ca- L-62

(7) Fer/(Fer + ¡lg) > 0.65.

In the fractionation model proposed in previous sections, opx,

cpx and plagioclase were suggested to be early accumulating pheno-

cryst phases resulting in QGNG, whereas subsequent intrusives were

suggested, to be residual liquids in the case of FGGI and EAGG' but

plagioclase enriched cumulates in FGG2. If this is the case the

regular d.ecrease of F"2o3toa, M9o, Cao and olzo: (Fig' 2'L9) for

most rocks is easily explicabl-e in terms of pyroxene and feldspar

extraction. similarly it is possible to account for the increases

in KrO and SiOr. Moreover minor deviations can be explained on

this basis e.g.
(1) TiO, and PrOU in QGNG are below the predicted trends

(FiS. 2.Lg), suggesting in accord' with petrographic

observation, that ifmenomagnetite and apatite are not

Iiquidus Phases initiallY-
(2)Al2o3inFGG2showsasteepincreasewithincreasingSio,

(FiS. 2.Lg), suggesting the accumulation of feldspar'



Tab1e 2.9: Doninqton Granitoid Suite - Averaqe maior and trace element
compos itions of opx-granitoids.
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2.5.2.3 Trace element geochemistry

llhre trace element distribution patterns (rable z.g; Fig. 2.2O,

2.2I') tend to confirm the conclusions drawn above, although some

more detailed information can be extracted , ví2,
(1) Rb increases with sio, over the whofe range of compositions

suggesting none of the Iiquidus phases is extracting Rb'

i.e.bulkKdissma]-I.FollowingdiscussionbyHanson
(1978),ÈhehighKdforRbinbiotiÈe(erthL976)wou]-d.
preclude any sifnificant role for biotite phenocrysts

in the DGS opx-granitoids including 9GNG. This suggests

the abundant biotite in QGNG is largely of intercumulus

origin(byreplacementofpyroxene).However,discussion
ofthecrystalchemicalbehaviourofRbbyMason&Moore
(1982) weakens this conclusion by partly negating the

strong preference of Rb for biotite suggested by

Hanson's high Kd' values.

(2) Ba in QGNG is lower than in FGGI| which considering the

Kd for Ba in biotite (Arth 1916) again suggests the

abundantbiotiteinQGNGisnotofphenocrystorigin.
(3) Ba decreases in rocks with sio, greater than ca. 65Pþ

(other than FGG2) suggesting the fractionation of

alkali feldsPar (Arth 1976).

(4) Ba in FGG2 shows a sharp increase, suggesting that at

Ieastpartofthealkalifeldsparinthisrockmaybe
cumul-ate.

(5) Sr decreases almosiu Eo zetor over two orders of

magnitude, which suggests an efficient process of Sr

extraction from the melt has occurred. Mathematical

expressions of the partial melting and fractional

crystallisation processes (erttr Lg76) suggest that such

a marked decrease ís more likely for fractional

crystallisation.
(6) Sr in FGG2 shows a sharp increase, suggestíng feldspar

accumulation.
(7) Zr decreases only in rocks with sio, greater than ca.

70% suggesting LinaL zi-tcon fractionation may have

occurred only in the most siliceous rocks'

(8) Ni in QGNG is much higher than in the more siliceous

rocks, reflecting the accumulation of pyroxenes

(cirr r-e78) .
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(9) Ni content in FGGf and FGG2 averages ca' 20ppm which

argues against derivation of the opx-granitoids by

fractionation of basalts (cf. Taylor et aI' L969) '

(fO) KrlRb is approximately constant over the whole range

of SiO, contents, and averages ca' 160, probably

precluding the major fractionation of hornblende

from the opx-granitoids (Arth 1976).

2.5.2.4 REE qeochemistrY

ïnspection of the REE patterns (Fis. 2.22) and elemental ratios

(Table 2.Lo) of the opx-granitoids shows that,

(1) AII patterns are parallel, but wj'th a progressively

increasing negative Eu anomaly from QGNG Èo EAGG'

suggesting feldspar fractionation has occurred within

theopx-granitoids,butlittl'eornogarnetorhornblende
fractionation.

(2) The LREE are enriched and fractionated, (La/Sm)N tt' 3'52

to ca. 3.74 -

(3) HREE are moderately fractionated, (Yb/Gd)N t"' 0'48 to

ca. O.78, suggesting major minerals fractionating HREE

such as garnet or hornblende (Arth 1976) have been

involved in the production of Èhe DGS magma or its

source (see ChaPter 7).
(4)ThehighlyfractionatedEAGGcontainslowertotalREE

than earlier silicic opx-granitoids' suggesting that

Iate fractionation of accessory phases such as zircon

and aPatite has occurred.

2.5.2 5 Consideration of afternativ es to fractionation

AII of the previous discussion has been based on the petrographic

and mineralogical conclusion that the peÈrologicat variation within

the DGS opx-granitoids has been developed by prolonged crystal

fractionation. At this point, a brief word wil-I be addressed to

alternative models of granitoid genesis '

Model I Restite-con trolled partial fusion

This model, enunciated by chappell & V'lhite (I97 4) , VÍhite &

Chappell (Lg77) and Compston & Chappell (1979), and invoked' to

explain the range in bulk rock compositions in many granitoid suites

requires the varying degrees of unmixing of a residual solid
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component (restite) from an interstitial silicic partiaf melt.

Simply speaking felsic aranitoids are viewed to contain a high

proportion of melt, whereas mafic aranitoids contain a high

proportion of restite. In its simplest form for a partiuclar

granitoid suite, the model requires the restite to be of fixed bulk

composition and fixed mineralogical composition and' the interstitial

melt to be of fixed, commonly near-minimum melt, composition.

The DGS opx-granitoids show a wide range in bulk rock compositional

variation and this variation is refrected in sympathetic mineralogical

compositional changes (Fig. 2.6). This suggests that the simple end-

member unmixing model, or restite-controlled partial fusion model, is

not appropriate for the DGS opx-granitoids, but that the minerals

crystatlised in equilibrium with varying liquid compositions.

Model 2 HYbridisation
Assimilation and disintegration of solid mafic material by granitic

liquid has been invoked by de Albequergue (197I) to explain the

variations in Portuguese granitoid composition and Eichelberger (1978)

for calc-atkaline magmas. In essence, thís modet ís similar to

Model 1, in that the resultant granitoid geochemistry is a resuft of

a physical mixture of sotid mafic and liquid felsic material not in

chemical equilibrium.
By virtue of its similarity, this mod'el fails for the DGS for

the same reasons as Model 1.

Model 3 Proqressive partial fusion

In its simpler form lsuch a model allows aggregation, extraction

and upward intrusion of successively less silicic magma batches from

a common source region resulting in a spectrum of granitoid

compositions (e.g. Schwarzwald granitoids; Hnmermann 1977). Succeeding

liquids have equilibrated with residual solids of progressively

evolving compositions, so that a spectrlm of mineralogical compositions

also results.
AlthoughsuchamodelcouldperhapssatisfyÈhemajorelement

and mineralogicat constraints imposed for the DGS opx-granitoidst it

faits for two main reasons.

(I) The intrusive sequence from QGNG to EAGG is one of

increasing Sio2, the reverse of that expected for

progressive Partial fusion.
(2)TheSrcontentfromQGNGtoEAGGdecreasesby2orders

a



Table 2.LOz Selected geochemical ratios for the averaged opx-graniÈoids
of the Donington Granitoid Suite.

K/Rb

(LalSm)*

(Yblc¿r) 
N

(Eu,/Eu*) 
N

r83

3.57

0.68

0. 81

252

3.52

o.48

o.620.57

o.62

3.74

183

FGGlQGNG FGG2 EAGG

r09

0.78

0. 08
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of magnitude. This has been suggested above to argue

against a partial melting model for the opx-granitoids '

Model 4 Fractional crYstallisation

This model also involves an unmixing process. Initially solids

of a fixed composition separaÈe from interstiÈial mel-t. subsequent

sofids crystallised from the more evolved remaining liquid are of

a different compositíon reflecting the composition of the liquid

withwhichtheyareinequilibrium.Anevolutionarysequenceof
liguid compositions and mineral compositions iS produced, resulting

inbulkrockgeochemicaltrendsonAFMandHarkerdiagramsthat
reflectthenatureoftheevolutionarypathandthecrystallising
minerafs.

Moreover it is apParent that d'epending on the d'egree to which

solids and residual tiquids are unmixed and separated a continuous

chemical trend or gaps may be produced'

Theevolutionarycompositionaltrendsofopx-granitoidpheno-
crystsinslrmpathywithbulkrockgeochemicalvariationfromQGNG
to EAGG (Fis. 2.6) are best explained by this fractional crystallisation

model.

2.5.2.6 Fractional crystallis ation model for opx-qranitoids

Afractionalcrystallisationmodelcanbeformulatedforthe
opx-granitoids on the basis of petrographic, mineralogical and major

elementgeochemicalcriteria,andissunmarisedinFig.2.23and
Table 2.IL.

An unspecified near anhydrous CO, buffered quartz dioritic

tiquid (see next section) is envisaged to intrude and chill against

MBGcountryrocksresultinginQGNGprecipitationofliquidusplagio-
clase,opxandcpxcumulatesalsotrappingaproportionofintercumulus
resid,ual liquid. The major element modelling by least squares

approximation of QGNG (Table 2.11) demonstrates the possible combination

ofmineralsand.residuatmeltinthisprocess.Thesmalfproportion
of ilmenite is needed to compensate for itmeniÈe originally dissolved

in the pryoxenes and. the smafl proportion of biotite in the mathematical

modetsuggestssomeofthebiotiteintheQGNGmaybephenocrystal.
Fractionationofplagioclase'opxralkalifeldsparandilmenite

iscapableofgeneratingthegeochemicalvariationwithinFGGIand
EAGG reasonably well (rable 2.rI) " The moderately large sum of

squares residual factor is contributed mainly by Fe, M9t Ca and Na'
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possibly reflecting the inappropriateness of the averages used for

chemical-lY zoned PhenocrYsts'
FGG2 can be modelled as a mixture of FGGI parent tiquid and

opx, plagioclase and alkali feldspar and itmenite phenocrysts and

EAGG residual liquid (Tabte 2.1I) '
These mathematical models are supportive of the batholithic

fractionation model.

2.5 .2.7 Parental magma of DGs opx-granitoids

Assumingthattheopxgranitoidsconstituteacomagmaticsuite
derived from a common parental magma by a fractional crystallisation

process,itispossibletoplaceconstraintsonthenatureofthe
parental maçlma.

(I) QGNG cumulate liquidus phases of plagioclase' opx and

cpx without amphibole, biotite or atkali feldspar' and

Co^f]-uidinclusionssuggestawater-undersaturaÈednon-
¿

minimum melt.
(2) QGNG opx phenocrysts show no evidence for pigeonite

inversion suggesting a liquidus temperature less than

ca. Io5Ooc-

(3) Coexisting sub-solidus pyroxenes in QGNG suggest liquidus

temperature in excess of SOOo - goooc'

(4) Predominance of rocks with greater than 65% SiO, in

exposed outcrop suggests a moderately silicic parental

magima -

(5) Absence of alkali feldspar phenocrysts in QGNG but

their presence in FGGI suggest parental magma less

siliceous than FGGI'

(6) Parental magma composition shoufd lie on Harker trends

between cumulate QGNG and derivative FGGI'

For these reasons an intermediate to silicic water deficient magma

is favoured., perhaps approximately of quartz diorite type'

2.5 .2.8 Geochemical analoques of opx-granitoids

Ithasbeenpointed,outaboveÈhatdespiteageneralsimilariÈy
of some geochemícal indicators with modern calc-alkaline orogenic

rocks, subtle differences in e.g. Ft2o3'rFe*/(Fer+Mg) and Kro are

transitional towards anorogenic magmatism' Thus although a close

intrusive paratlel has been drawn wilh the Palaeozoic Inlet Quartz
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Monzonite and the Mesozoic Tuolumne Intrusive Series, closer geo-

chemical parallels exist with the silicic complexes cited in chapter

7. Of these the majority are of Proterozoíc age, although some are

of Pafaeozoic - Mesozoic age.

Rocksofthisgeneralgeochemicalcharacteroccurinthe
charnockitic associatj-on, the anorthositic association, the rapakivi

granite association and also as widespread volcancis and, tuffs.

The significance of mag'maÈism of this type wiII be re-examined

in Chapter 7.

2.5.3 Granite qneisses

2.5.3 .L Ma or element s

The granite gneisses, GGl, GG2 and AGG, have a simitar range of

sio, content as Èhe silicic opx-granitoids (Appendix Table 2.2¡ Tabl-e

2.I2) and occupy similar fietds on the Harker diagrams for most

elements (Fig. 2.24). However relative to the narrowly defined fields

of the opx-granitoids on Fig ' 2'Ig, the granite gneisses tend to

show more scatter especially for Kro and ttrO3r" This is reminiscent

of the scatter in the granite gneiss Rb-sr isochrons and in their

Rb/Sr ratios; and is attributed to the retrogressive process'

2.5.3.2 Trace element geochemistrY

Thedistributionpatternsofmosttraceelementsinthegranite
gneisses, although generally similar to the fields of the opx-granitoids

show excessive relative scatter (FiS' 2'25t 2'26) ' Of particular note

is the tendency towards Rb enrichment, wide scatter for Ba and Zr'

and the depletion of Y which is particularly evident in the EAGG to

AGG transition (Fig. 2-25).

This last feature is reflected also in the R-EE patterns (Fig' 2'21)

where relative to the opx-granitoids the granite gneisses are depleted

in MREE and more so the HREE.

2.5.3.3 Genetic model of geochemical distinction from opx-granitoids

Theobservation,thatK,o(andoftenotherradioactiveelements
such as u, Th, and Rb) and large ion fiÈhophile (LIL) elements

are often enriched in rocks bearing hydrated minerals compared with

associated anhydrous rock types, is common. A number of authors

have attributed these geochemical variations to the primary magmatic

intrusive historY, e.9.,
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(r) Hubbard & whitley (1978) suggest that internal differentation

during emplacement' controlled bV HrO aggregation accounts

fortheassociationofcharnockiteandchemicallysimilar
granite in the Varberg area of Sweden'

(2)Kranck(1969)suggestedthathigh-levelrapakiviintrusions
representthehydrousfaciesoflowerlevelanorthositic
associations ' the rapakivi being also more silíceous and

potassic.
(3)Smithson&Heier(1971)andsmithson&Decker(1973)in

twoseparateinstancesascriberadioelementvariationsin
otherwise chemically similar facies of intrusions to the

distributíon of the fluid phase throughout Èhe magma

during intrusion, although here the Kro contenÈ is

aPProximatelY constanÈ.

(4) Ormaasen & Raade (1978) show that "wet" and "dry" facies

ofintrusionscontaindifferentLlLelementcontents'
suggestive of primary variations in the distribution of

the fluid Phase.

(5)Barkeretal.(1975)observegradationsbetweenhydrated
and anhydrous intrusive rocks of otherwise similar nature,

which they attribute to intrusion of hydrous magma soon

after solidification of anhydrous magma'

It is possible that some geochemical variation withín the DGS

is of a primary nature of the type described by these authors. Ho\^¡ever

the field distribution of the hydrated gneisses has been suggested

here to imply a model of retrogressive control in and adjacent to

the Kalinjala MYlonite Zone.

A number of previous stud.ies have demonstrated that retrogressive

activity in deep crustal rocks is often concentrated in major mylonite

shear zones (Burwash & Krupicka L969; Beach L916,1980; Beach & Tarney

Lg78¡ Etheridge & cooper 198I). Similar pervasive chemical changes

rnEry occur over larger areas early in the retrogressive cycle but

are particularly localised. in the shear zone as deformation and strain

induced. recrystallisation concentrates in them (Beach 19g0). These

authors and Drury (1973), VüynneEdwards (L976) and Collerson & Fryer

(Ig78) among others have pointed out the requirement for the passage

of a fluid phase through lower crustal rocks pervasively or in shear

zones, to accomplish this retrogression" The ftuid phase maY be HrO

rich or CO
2

rich (Newton et aI. I98O; Glassley L982) and may efficiently
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complex and transport numerous ionic species. The deep seated

shear zones have been suggested to tap mantle fluids (e.g" Beach

Lg76) and to be associated with mantle melt activity represented by

mafic dykes (Beach & Tarney Lg78), whereas shallower shear zones

have been suggested to tap meteoric water (Etheridge & cooper 1981).

The detailed chemical changes manifested within particular shear

zones are a complex function of P, Tt PH2O, PO, and the "activities

of a whole range of simple and complex species in solution in the

fluid, as well as the degree of equilibration between fluid and

rock" (Etheridge & Cooper l98l).

Adetailed'discussionofthespecificchemicalchangesand
the nature of the fluids responsible for them is outside the scope

of the present study. Ho\^rever it is cl-ear Èhat the transition from

FGG1 to GGt and FGG2 to GG2 involves a significant relative increase

inSio,content(Table2.13).Theretrogrademineralreactionseries
from pyroxene to hornbfende to biotite recognised' in GGI and GG2

gneisses is one which involves the release of much sio, which apparently

here has been mobilsed, and deposited in the granite gneisses. AlI

other major elements show a decrease suggestive of SiO, dilution except

K^O which shows an increase, suggesting that some K^o has been added
z¿

to the retrograde gneisses. Relative to the fields of the opx-

granitoids GGI and, GG2 gneisses show more scatter for efements such

as KrOr NarO, Rb, Sr, Ba, y, Zr anð' Nb with increases for most of

these except notably Y (Fig' 2-24' 2-25, 2'26) ' The REE also show

a slight increase in LREE but decrease in HR-EE (Fis. 2.27). It wiII

be suggested in chapter 7 that the elements mobile in and added to

the retrograde gneisses are similar to elements transported in

mantle metasomatising fluids affecting the source areas of the basaltic

dyke rocks.

It is the present authorls belief that in the Kalinjala shear

zone there has been ftuid flow up through the crustal rocks possibly

from the mantle, effecting mineralogical and geochemical modifícation

and also probably facilitating deformation through hydraulic

fracturing.
ft is here suggested that the Kalinjala Mylonite Zone on s.E.

Eyre Peninsufa has acted as a locu" of oI-2 (as wetl -" D3; Parker

Iggo) strain I a zoîe of Lll-enriched fluid flow and extensive

retrogressive recrystallisation and metasomatism. The scatter in

geochemical and geochronological data in the hydrated gneisses is

attributed to this retrogressive, metasomatic process.



Table 2.I32 Average composition of opx- anitoid,s and retrogressive
qranite c¡neisses of the Doninc¡ton Granitoid Suite.
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The tracÈs of granite gneiss in which this retrogressive meta-

somatic process is suggested to have occurred on south-eastern Eyre

peninsual are extensive and. fundamental to the understanding of the

development of Proterozoic crust on the Gawler Craton. Collerson &

Fryer (1978) envisage Rb-metasomatism of extensive tracts of basement

gneisses to account for updating of Rb-Sr isochrons and so suggest

that interpretations of crustal evolutionary history in such terrains

are worthy of revision. The presenÈ author concurs in the

recognition of Rb-metasomatic events, but in this particular case is

able to show that the metasomatic event is associated spatially with

a fundamental tectonic Iineament and is approximately coeval with

the primary magmatic emplacement of the opx-granitoids.
The implicit fundamental role of the Kalinjala Mylonite Zone in

the Proterozoic development of the south eastern Eyre Peninsula will

be re-examined in Chapter 7, in conjunction with a petrochemical and

tectonic synthesis of data from the other rock suites of this and other

studies.
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CHAPTER 3.

COLBERT GRANITOID SU]TE

3.1 INTRODUCTION AND FTELD GEOLOGY

prior to this current study no literature account of this suite

of granitoid rocks existed. Previously pubtished maps have noÈ

differentiated the suite from the gneisses of the Lincoln complex

(Table I.1) of Thomson (1980).

The col-bert Granitoid suite (cGS) is composed of two main

rock-Èypes,
(1) Colbert hornblende granite gniess

and (2) Colbert alkali feldspar granite gneiss,

which crop out at four main localities (Fig. 3.I) and. locally appear

to grade into one another. The hornblende granite gneiss intrudes

the ÐGS with chilled contacts on cape colbert at locality A (Fig. 3.1'

f.3). There is onty a weak probable S, foliation present in the

hornblende granite gneiss at this Iocatity whereas the DGS shows

abundant DI_2 "ú"olidus 
recrystaltisation. These observations suggest

the cGS at this locality has largely escaped strong deformation and'

was intruded after the peak of high-grade metamorphism and deformation

assosiated with ot_2.

A much more intense, Iocal D, shear zone fabric is present in

the hornblende granite gneiss at tocality B (Fig' 3'1) ' At locality

c (Fis. 3.1) net veins of the alkali feldspar granite gneiss intrude

the DGS, and, in a narrow D3 shear zorlet are converted into a tectonic

layering (Fig. L.4, 1.7C). The alkali feldspar granite gneiss also

contains well-developed D, shear zone fabrics at localíty D (FiS'3'1)

where the mafic inclusíons described in chapter f occur (Fis. 1.5C).

Amphibolitic dykes intrude the cGS and are involved in D, shear

zones (FiS. I.4), and an amphiboliÈic dyke cross-cuts the hornblende

granite gniess at locality A (Fig. 3.I).

A variety of xenoliths is present in the hornblende granite gniess

at locality A. Most of the xenoliths are rounded, mafic, foliated,

amphibole-rich rocks although some are more angular, pink-coloured'

quartzofetdspathic, deformed, fine-grained or megacrystic rocks.

Many of the mafic xenoliths appear to be residual solid material from

the source of melting (chappell & vühite Lg74) undergoing disaggregation

at the time of emplacement, but the quartzofeldspathic xenoliths appear

a.
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to be derived from the DGS country rock. The incorporation of

pink-coloured xenotiths of DGS material suggests that emplacement

of the hornblende granite gneiss post-dated ot-, retrogression of

the DGS.

Hence evidence from chilled contacts, shear zones, mafic

inclusions, basaltic dykes and xenoliths suggests the CGS was

emplaced, after Èhe peak of high-grade metamorphísm and deformation

(D. anð./or D") but befor" D3.
LZ

Subsequent sections of this chapter will seek'

(1) to establish the petrographic, Sr-isotopic, and

geochemical characÈer of the CGS,

(2) to establish a minimum age for D, and a maximum

age for D,

(3) to comPare the CGS with the DGS

an<l (4) Èo suggest a petrogenetic model for the CGS '

3.2 PETROGRÄPHY AND MINERAL CHEMISTRY

3.2.L Colbert hornblende anite qnèiss locality A

Locality A (FiS. 3.I, I.3) constitutes the type locality for

the hornbl-ende granite gneiss. The only weak development of s, allows

a large degree of relict igneous texture to be observed. The rock is

grey, medium to coarse grained and porphyritic' Phenocrysts of

plagioclase, alkali feldspar and hornblende are visible in hand-

specimen.

In thin section the texture is seriate, polygonaf to interlobate,

with relict phenocrysts of plagioclase, alkali feldspar and hasting-

sitic hornblende surrounded by a mildly recrystallised matrix. some

ribbon-like quartz aggregates are presenÈ and tend to wrap around

the relict phenocrysts. The quartz ribbons have developed sub-grains

of quartz.

Relictplagioclasephenocrystsaresubhedral,moderatlyzoned.
with irregular sericitised cores, and often exhibit fine need'le-like

incfusions of apatite. The alkali feldspar phenocyrsts are subhedral

to anhedral, sometimes Carlsbad twinned and may contain approximately

concentrically arranged, anhedral blebby inclusions of quartz and'

lesser plagioclase, hornblende, biotite, zlrcon and apatite" Most

grains are perthitic (very fine-grained bead perthite),

coarse grained. anhedral to subhedral hornbl-ende phenocyrsts are

often associated in aggregates with quarl-z, îe - Ti oxide' biotite

and less commonly alkati feldspar and apatite, and may have inclusions
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of these same minerals.

Microxenoliths are conmon in the hornblende granite gneissr one

variety of which is mafic, largely hornblende-bearing, and with

inequi-granul-ar polygonal to interlobate textures. The amphibole grains

in these xenoliths are not dissimilar to the relict phenocrysts in

the host.
The amphibole phenocrysts in the bulk rock appear to be in part

derived from disaggregation of the xenolith material and hence the

xenoliths are thought to be restite, and probably representative of

the relict source material of the hornblende granite mag¡ma.

These observations are summarised in Table 3'l-'

3.2.2 Colbert hornblende 9ranite qneiss - Locality B

The mineralogy of the hornblende granite gneiss at Locality B

is simitar to that at Locality A. However, the texture is seriate,

polygonal to interlobate with a well-developed metamorphic tectonite

fabric. This fabric has been developed in a D, shear zone at this

locality.
Associated with the abundant metamorphic recrystallisation is

the development of sphene coronas around ilmenite grains and the

development of microcline twinning in alkali feldspar. Minor amounÈs

of subsol-idus muscovite are also present.

3.2.3 Colbert alkali feldspar granrte gneiss - LocalitY D

These feucocratic rocks bear close Èextural similarity to the

hornblende granite gneiss at Locality B. corroded relict phenocrysts

of alkali feldspar and lesser plagioclase with sericitised cores are

set in a seriate, polygonal to interlobate matrix of microcline, quar|uzl

and lesser plagioclase. Rel-ict hornblende phenocrysts are rare'

These rocks have a well developed s, metamorphic tectonite fabric.

3.2"4 Mineral chemistry o f the Colbert hornblende qranite gneiss

The major minerals from two thin sections of the colbert hornblende

granite gneiss were analysed by electron microprobe. specimen 8135

is from localíty A and specimen BII4 is from locality B. The averaged

compositions are presented in Appendix Tabfe 3.1 and deduced geothermo-

metric data presented in Table 3.2.

(1) Feldspars

The plagioclase phenocrysts in both rocks are broadly similar in

composition and, average &60 .td *Ur. These compositions are
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Table 3.1 Colbert cranitoid Suite model ition and textural

Rock unit and
IocalitY

Colbert Hornblende
Granite Gneiss
Locality A*

Colbert Hornblende
Granite Gneiss
Locality B*

Colbert Alkali
Feldspar Granite Gneiss
Iocality D*

515-8135

515-BII4 as above

Groundmass

Plagioclase
Alkali feldsPar,
Hornblende
Quartz
biotite, apatite'
zircon,
Fe-Ti oxide

as above
plus sphene coronas
on Fe-Ti oxide

AIkaIi Feldspar
Quartz, Plagioclase,
(hornblende, biotite,
apatite, zitcon,
Fe-Ti oxide)

Texture and intrusive historY

Relict phenocrysts
Chilled margins
Seriate, polYgonal to interlobate
some quartz ribbons
mafic restite xenoliths
xenoliths of retrogressed DGS rocks
intruded Post-D2

TYPe
Specimen

Phenocrysts

Plagioclase
Alkati Fe1dsPar
Hornblende
Quartz

Alka1i FeldsPar
Quartz
Plagioclase

Seriate, PolYgonal to interlobate
well develoPed S^ fabric
D^ shear zone 3

J

Seriate, PolYgonal to interlobate
well develoPed S, fabric5r5-8125

NOTE: * see Figrure 3.1
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comparable to those in phenocrysts in opx-granitoids of similar

sio, content from the DGS (Fig. 3.2). However in the hornblende

granite gneiss Bl35 has the higher sio, content (appendix Tal¡le

3.2) of the two specimens analysed, but the more calcic plagioclase"

The orthoclase phenocrysÈs in 8135 have not exsolved completely

and have the composition otr5 &r_, Anr, whereas the BlI4 microcline

has the compositior o.no Abro reflec.ting subsolidus exsolution.

The relict igneous phenocrysts in Bl35 allow the calculation

of a feldspar temperature (after the method, of Powelt ç Powell (L977)

and assuming a pressure of emplacement of 5 Kbar). The calculated

temperature of 5:5oC (Table 3.2) is possibly recordíng a subsolidus

cooring. A simirar carcuration for B1r4 yierds 4g5oc (Tabre 3.2)

which may be reflecting D, shear zorle recrystallisation.

Ho\^rever these temperatures are within the range of feldspar

temperatures derived from recrystallised granite gneisses of the

DGS (Table 2.3) and. may simply be recording a blocking temperature

effect during plutonic cooling.

(2) Amphiboles

The amphibole phenocrysts in both BI35 and Bt14 may be classified

as magnesian hastingsite (Leake I978). Their compositions are similar

to the igneous or high-grade rnetamorphic hastingsitic hornblendes

in the opx-granitoids of the DGS (Fis. 3"3). However in distinct

contrast to the DGS, the more siliceous bulk rock BI35 has the

amphibole with the higher vtg/ (vt1 + FeT + l¡ln) .

(3) opague Oxides

The compositions of magnetite and ilmenite in BlI4 reflect

extensive subsolidus exsolution and recrystallisation during D, I

whereas 8135 contains minimally exsolved and recrystallised phases.
o

The cafcutated temperature and oxygen fugacity for 8135 of 705 C

and loq aO^ = -13.I (Fig. 3.4, Table 3-2) may approximate the
-2

conditions of magrmatic emplacement, whereas the corresponding values
o

for 8114, 44O"C anð, -24.6 (Fig. 3.4, Table 3.2) probably approximate

the conditions of D, shear zone formation or subsolidus cooling.

These cafculated values are similar to, but displaced slighÈly

ar,r/ay from the field of DGS opaque oxides (FiS. 3.4) " A buffer more

appropriate to primary hornbtende + biotite is indicated.
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(4) Biotite
Thebiotitecompositionsforthehorr¡]clendegranitegneiss

also indicate that the more siliceous bulk rock has the more Mg-

rich biotite, similar to the amphiboles (Fi9.3'2) ' The experi-

mental results of wones & Eugster (1965) at 2 Kbar total pressure'

suggest the hornblende granite gneiss biotites crystallised at

75O C - 850 C at oxygen fugacity of 1o9 aO, = -L2 to -15 (Fig' 3'4'

Table 3.2) consistent with the opaque oxides'

(s) Discussion and conclusions

Theferromagnesianmineralsinthehornblendegranitegneiss
show a posiÈive correlation beth/een sio, content in the bulk rock

and Mg/(Mg + Fer) in the míneraf. A similar correlation between

bulk rock SíOU and p1agríoclase An content exists ' These two

features are not easily reconcilable with a fractional crystallisation

model for the butk rock variation in composition within Èhe hornblende

granite gniess, but support the observation above that in part the

phenocyrsts in the gneiss may be d.erived by disaggregation of the

included mafíc (restite) xenoliths.
Magmatic emplacement of the hornblende granite gneiss apparently

o - 85ooc at log ao^ of -L2 lo -r5 with subsequentoccurred at 750 - B5O C at rog 
z

subsoli<lus recrystallisation in local D, shear zones at 44oo - 5¡5oc

and log aO, of ca. -25.

3.2.5 Su¡nmarv and discussion

Relict phenocrysts of plagioclase, alkali feldspar and hastingsitic

hornblende tesÈify to the primary igneous character of the cGS. There

is no evid,ence for the former presence of orthopyroxene in the

granitoids, in contrasÈ to the DGS. However, the pink, alkali feldspar

granite gneisses of the cGS and DGS bear superficial resemblance to

one another, so that care must be taken in mappíng the respective

suites. on cape colbert this resemblance presents no problem as

the pink alkati feldspar granite gneisses of the cGS intrude rocks

of the DGS containing primary orthopyroxene"

The well-developed metamorphic tectonite fabrics have been

attributed to local narrow D, shear zones.

3.3 RB-SR GEOCHRONOLOGY

Rb-Sr geochronology of the rock types within the CGS was undertaken

for the following reasons,



Table 3.2: Colbert Granitoid Suite - Geothermometry of
the hornblende qranite gneiss.

mag f ilm 8135

8114

powell & Potrell (1977)

plag + Kspar 8135

B114

Powell & Powell (L977)

biot+KsPar+mag
lfones & Eugster (1965)

750-850 (at 2 Kbar) L2-I5

24.6

13.1

(at 5 Kbar)

(at 5 rbar)

535

495

705

444

- log a02Toc
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(r)
(2)

(3)

(4)

to date the intrusion of the CGS

to test whether the different rock types

represent comagimatic intrusions

to attempt to constráin the age of D, and D,

to characterise the Sr-isotopic composition

of the source of granitoid magma.

3. 3.1 Results

(r) Colbert hornblend,e granite Locality A

Seventotal-rocksampleswerecollectedfromLocalityA
within an area ca I5m x 15m. Only a small dispersion in Rb/Sr

exists (Table 3.3) which allows for only poor definition of

isochron slope and intercept, despite the perfect fit of data

points (Fig. 3.5). The Model I solution age is 1789 + 750 Ma with

IR of 0.7066 + 500 (Regression l, Table 3.4) '

(2) Colbert hornblende granite gneis s - Locality B

Afurthersixtotal-rocksampleswerecollectedfromthis
Iocality from a smaller area than at Locality A' Samples BII2A

and BI12B were prepared from one block of rock (ca. 6ks) and split

into smalter aliquots (ca. 2kg) ¡ their Rb,/Sr ratios are almost

identical (Tabte 3.3). A low dispersion in Rb/Sr ratio is present

in all six samples as at LocalitY A, although Èhe average Rb/sr

ratios is lower than at Locality A (Tab1e 3'3)'

Regressionofthesixdatapointsind'icatesaverypoorfit
to an isochron, with an MSWD = 175 (Tab1e 3'4)' The Model 3

solution age is 1833 + 8OO Ma with IR of 0.7O4A + 400 (Fig. 3.5;

Regression 2, Tabl-e 3.4), and is indistinguishable from the Locality

A result although the ímprecision altows only limited consÈraints

to be placed.

(3) Combined regressl-on

Combíningthe13samplesfrombothsitesresultsinanear
perfect fit isochron of l4swD = 2.22 wíiJn Model 3 solution age of

LlTg + 35 Ma and IR of o.lo73 + 20 (Fis. 3.5; Regression 3,

Tab1e 3.4) .

Colbert al-kali fe Idspar qranite sneiss - LocalitY D(4)

Sampling of this rock type at Locafity D was restricted Èo an



Table 3.3 Colbert Granitoid Suite

Rb-Sr analytical data

SaÍiple Rb ppm Sr ppm Rb,/Sr 87Rb,/86Sr 87St/865t

Colbert hornb Iende qranite gneiss

LocalitY A

5r5
515
515
515
515
515
515

BI35
8136A
81368
B137
8138
8139A
81398

8109
B1t1
BlI2A
BII28
8114
BII5A

235
234
235
232
233
237
233

L45
r43
L43
L4L
L43
L42
t40

LocalitY B

L.62
L.64
L.64
1.65
r.63
L.67
r.66

4.75L
4.795
4.806
4.AO2
4.763
4.886
4.867

o.82892
0. 83044
0.83034
o.82945
o.82920
o.83224
0.83r59

o.78629
0.78569
0.78834
0.78802
o.7a49A
0.78986

L.09254
L.07469
L.06449
r.o7L42
1. 08463
1.08041
L.537 47
1.55008

515
515
515
515
51s
515

t96
I98
L97
199
L94
202

L87
r86
r83
r84
184
183

1. 05
1.06
1.08
r.08
r.05
1.r0

.100

.148

.L42

.062
3.234

3
3
3
3

3

053

colbert alkali feldspar qranite gneiss

LocalitY D

515
515
515
515
515
515
515
5t5

8125A
B1258
BL27A
BL27C
8129A
BI298
BI3OA
Bl3OB

276
272
268
278
28L
277
300
299

.11

.87

.64

.74

87
10. 60
10.64

15.380
14.615
13.887
L4.22r
L4.8L7
L4.574
33 .098
33.239

54
55
57
58
57
56
28
28

0
I
I
6
0
9
3
t

5
4
4
4
4
4

93
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area ca. 2Om x lOm, where four blocks of rock (ca. 6kg) were

collected. Each of these blocks were split into aliquots, A, B,

and C of ca. t.5kg, from which 8125 (A,B) , BL27(A,c) BL29 (e,e) and

BI3O(ArB) were sefected for analysis. The first six of these were

sampled from within 5 metres of each other, whereas the last two are

more l-eucocratic and were removed from the others by ca. I0 metres.

The first six samples show a moderate dispersion of Rb/Sr ratio

(Table 3.3) and yield a Model- 2 solution of MSWD = 5.0 with a

calculated age of 1340 + 350 Ma and IR of 0.7976 + 700 (Regression

4, Table 3.4). Inclusion of the data for 8130(A,B) resufts in a

Model 4 sofution of [4s!rID = 6.3 and, calculated age of L74O + 50 Ma

with IR of 0.7131 + 90 (FiS. 3.5; Regression 5, Table 3.4). This

age and IR are controlled largely by the higher Rbr/Sr ratio of Bl30

(A,B) and are statistically indistinguishable from those calculated

for the hornbfende granite gniess,

(s) Combined regression of all Colbert Granitoid Suite samples

The regression of all 21 samples of hornblende granite gneiss

and alka1i feldspar granite gneiss results in a reasonable fit

solution of MSWD = 3.6 with l,lodel 2 solution age of L762 1 15 Ma

and IR of 0.7082 + 1O (FiS. 3"5¡ Regression 6, Table 3.4).

This result is indistinguishable from the previous regressions 
"

3.3.2 Discussion

(r) tnplacement aqe of the Colbert Granitoid Suite

Inspection of the deviation of data points from the combined

isochron shows that all except one of the points from Locality A

plot within one standard deviation of Èhe isochron, hrhereas almost

aII of the scatter is contained wiÈhin the data from the other sites

B and D. Thus almost all of the scatter is contained in samples

which have suffered strong deformation and metamorphic recrystallisation

suggesting open system behaviour on the sample size scale.

The effect of isotopic disturbance and redistribution at

Iocalities B and D may be minimised by averaging data from Èhese

sampling sites to produce an isotopic composition more representative

of the site. Combination and regression of these averaged site data

with Locality A data points resu1ts in a Model I isochron of perfect

fit (MswD = 0.65) and calculated age of 1757 + 14 Ma and fR of 0.7087 +

10 (Regression 7, Table 3.4). This result strongly suggests that



Regression
number

Table 3.4: Colbe rt Granitoid Suite
Rb-Sr isochron regression clroups

*number of brackets refers to the number of samples regressed'

I

2

3

4

5

6

7

Colbert Hornblende
Granite Gneiss
- LocalitY A

Cotbert Hornblende
Granite Gneiss
- LocalitY B

All Colbert
Hornblende
Granite Gneisses

Colbert Alkali
Feldspar Granite
Gneiss (selected
- LocalitY D

Colbert Alkali
Feldspar
Granite Gneiss
- Loca1itY D

Al1 samples

Colbert Hornblende
Granite
- LocalitY A
plus other sites
averaged

4

2

3

3

I

2

1

2.2 (L3)

3.6 (2L)

0.6s (10)

6. 3 (8)

s. o (6)

r7s (6)

o.6 (7) 17891750

18331800

L778! 35

13401350

17401 50

1762! 15

t757! L4

Grouping ModeIMSWD*

0.7131t 90

o.7976!700

o.7073! 20

0.70481400

0. 70661500

IRAge (Ma)

0.70821 10

0.7087t 10
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thecornagmatichornblendegraniteandalkalifeldspargranite
crystal}isedataboutthesametimeatLT'T+14MawithIRof
0.7087 + 10.

(2) Minimum a9e of D,

D, must have occurred prior to the emplacement of the CGS at

L757 + l-4 Ma.

(3) Time of isotopic disturbance in Da shear zones

On the basis of the suggestion that Sr-isotopes may be

equilibrated during tectonic episodes over small volumes of rock

(e.g. 1*3, BIu..k LTTJ; Black et aI . Lg78; Roddick & compston 19'77)

it is possible to speculate on the time of redistribution of sr-

isotopes at localities B and D. of aII the sample pairs coming from

small volumes of rock BI25 (A & B) is the only pair whose 87Rb/86Sr

ratiosdifferbymorethan5?.Indeedtheothersaresimilarto
within 2?. Hence a two-point join age for any samples other than

8125 (A&B) is likely to be meaningless considering analytical

uncertainty of the 87Rbr/86Sr ratío is of the order of + 0'5e"'

TheagecalculatedforBt25(A&B)j.s1624+IgOMa.Although
imprecise,thisisverysimilartotheisochronageofL632+96Ma
obtained from granite gneiss 2 of the DGS from Fishermanrs Point,

also obtained on a small volume of rock (Chapter 2) ' In both these

cases the dominant fabric is considered to be s3r and it is tentatively

suggesÈed that a likely age for D3 tectonism and metamorphism on

S.E. Eyre Peninsula may be ca" 1630 Ma"

Rutland et aI. (1981) and Parker et aI" (198I) report an age of

t65o+35Mafortheir''earlyD2''Mídd'lecampGranite,butpreferan
age ca. 1640 Ma for their interpreted sYn-D, Carpa Granite (data

from Webb 1978). This either suggests that D, and D, occurred at

around the same time or that their structural and geochronological

interpretations are at odds. HoÌ^/ever Rutland et aI. (f981) suggest

that "the third deformation appears to be significantly younger

(thanD,andD,)throughouttheprovinceandisassociatedwiththe
intrusion of late tectonic granites"'

vlebb (1978) in his treatment of the Middlecamp data showed that

at feast one specimen did not conform to the reported isochron, all

sixspecimensd,efiningapoorfitisochronof1635+36MawithIR
of O.7IOg + 32. An alternative interpretation of the Middlecarnp
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data by the present author would altow the possibility that the

foliated granite samples, collected from a small area of outcrop, are

recording a subsolidus disturbance of the sr-isotopes similar to that

seen in the locality B and, D data above. The original emplacement

age for the Middlecamp Granite may be greater than 1635 + 86 Ma.

The calcul-ated outcrop average for the Middtecamp Granite plots

on the CGS averaged outcrops isochron (FiS' 3'6), and the individual

data points scatter about the isochron in a manner consistent with

there having been a post-emplacement partiat redistribution of

sr-isotopes (cf Gray & compston 1978). Such a model interpretation

would also account for the elevated IR of the Middlecamp isochron"

AlthoughnotsuggestingthattheMiddlecampGraniteandCGS
were originally comagmatic, the thrust of the above discussion is to

demonstrate the possibility that the Middtecamp isochron could' be

attributed to post-emplacement updating. Thus the present author

suggests that the age of D, is not necessarily constrained to be

1635 + 86 Ma (nor 1650 + 35 Ma) as Rutland et al. (1981) and' Parker

et al_. (1981) contend. Furthermore the present author suggests that

the Fisherman's Point isochron, the Bt25(A&B) calculated age, and the

Middlecamp isochron may more appropriately constrain the age of Dr'

AweightedmeanageoftheseresultsisL62g+6IMa(Paradine&
Rivett 1960).

(4) Stron tium isotope evolution of the Colbert Granitoid Suite

Comparison of the age and ÍR of the CGS with the field of
,,Archaean" gneisses and granitoid,s of the Sleaford' Complex and its

equivalents on a sr-isotope evolution diagram (Fig. 3.7 ) indicates

that the CGS could not have been derived by parÈial melting of this

type of material. Figure 3.7 shows however that the cGS plots very

nearly on the curve representing the sr-isotope evolution of the DGS

suggesting it would be possíble to partially melt material of DGS

isotopic character to produce the CGS at 1757 ! t4 Ma' On the other

hand, this model has geochemical objections in that both suiÈes are

of similar SiO, contents requiring very high degrees of partial

melting to produce the cGS from the ÐGS" on the basis of a

calculation involving the Rbr/Sr ratios of mel-t and source similar

Èo that performed for the DGS (Chapter 2) | ít is likely that a source

existed, for the cGS of similar age and sr-isotopíc character to that

of the DGS.

This source witl be discussed more fully in Chapter 7.



Geochemical comparison of averaqe hornblende qranitoidTable 3.5
of Colbert Granitoid Suite with Granitoid
Sui te and tvpical I-type granitoids.

I 2 3 4 5 6

sio2
Fe,/ (Fe + Mg) *

AI 
20 3/ 

(Na2O+K2O+CaO) *

1r,a) *
(Eu) 

r.l

(vl) *
Ba

Sr

Zt

Nb

Y

Sc

v

Cr

Ni

K2o/Na2c**

* molar ratio

64.42

0.70

0.91

2l-9

26

20

II13
L75

357

2L

49

15

68.33

0.70

0.96

190

25

2L

915

L47

305

I6
4L

l3
4L

L2

2L

1.8

67.75

0. 70

0.99

156

24

l5
1I66

169

3r0

L4

38

15

53

t8
19

r.9

68.48

o.50

o.92

98

985

435

181

I1
l9

9

53

48

L7

1.3

72.50
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1.03

105

73.O4

0.84
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L97
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35

767

148

490

25

83

L7

6

2
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1.11.98
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L47
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3.4 GEOCHEMTSTRY OF THE COLBERT GRANITO]D SUTTE

The petrographic and sr-isotopic evidence presented above

strongly suggests that the hornblende granite gneiss and alkali

feldspar granite gneiss are indeed a comagmatic suite. It is

intended in this section to examine the geochemical relationships

of the two rock types and to compare them htith the Donington

cranitoid Suite.

3.4.I Geochemical cfassification
On the AFM and K-Na-Ca diagrams (FiS- 3.8) the CGS shows

cafc-alkaline trends simitar to the ÐGS, although an enrichmenÈ

in K over Na is noted.. These features suggest the CGS comprises

a typical suite of orogenic granitoids.

In terms of the model of orogenic aranitoid genesis of

Chappell & White (1974) the AI2O3/(Na|O + K2O + CaO) ratio l-ess

than I.1 (Table 3.5) the moderately low IR and low normative

corundum (Appendix Table 3.2) t coupled with the presence of horn-

b]ende and sphene, suggest the cGS is f-type. This model conclusion

precludes the involvement, to any significant degree¡ of pre-existing

pelitic sedimentary material in the genesi-s of the cGS, in favour

of an igneous or meta-igneous protolith.

Ho\¡7ever, Enslie (1978) argued that the high Kro and Fer,/(re, +

Ms) of many Proterozoic and younger granitoid (and volcanic) suites

is more typical of anorogenic magmatj-sm. Subsequently Loiselle ç

üIones (1979) and Collins et aI. (1982) proposed more detailed geo-

chemical criteria to distinguish anorogenic or A-type granitoids,

some of which are illustrated in Table 3"5 in comparison with the

CGS, DGS opx-granitoids and typical l-type suites. Although the

hígh Kro/Na2o, Zt, Y and (La)* of the CGS hornblende granites are

ÈransiÈional towards A-type, the moderately high cr, and Ba argue

for I-type.
These features coupled with the mineralogical criteria cited

by Collins et al. Iead the present author to conclude that Èhe CGS

in a suite of l-type granitoids. The transitional geochemical

characteristics alluded to above will be discussed in more detail

in Chapter 7.

3.4.2 Maior element geochemistrYi.

only a small number of samples has been analysed so that it is
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unlikely that the fuII spectrum of chemical variation is represented

in the data in Appendix Table 3.2. Ho\^/ever, a broad range in sio,

content from ca. 63s" to ca. 77"-" ís spanned although a significant

hiatus between ca. 674 Eo 762 ís present (Appendix Table 3'2, Fíg'

3.9). The major element variation diagrams are very similar to

those of the DGS, with the exception of KrO and NarO where there is

a slight Kro enrichment and Naro depletion at Sio, greater than 75%'

onthisbasisofthemajorelementgeochemisLry,nomarked
deviations from the DGS interpretaÈive scheme are apparent, other

than to note the absence of mafic cumulate rocks. As with the

DGS, crystallisation of minerals such as plagioclase, aIkali

feldspar, biotite, hornblende, Fe - Ti oxide and apatite is

considered to control- the geochemical evolution of the cGS.

3 .4.3 Trace element geochemistrY

The trace element geochemistry of the CGS is broadly similar

to that of the DGS for most elements (r'is. 3.IO' Appendix Table 3.3) '

üIhere deviations exist they tend to be most marked for those rocks

with greater than 75e" SLO2. Rb tends to be slightly depleted at

hiøh sio, with respect to the DGS opx-granitoids whereas Ba tends

to be enriched. For all SiO, contents, Zr and Nb tend to be

enriched. In the high sio, rocks, Y tends to be markedly depleted.

3.4.4 REE geochemistrY

The CGS has fractionated REE patterns (Appendix Table 3.3,

Fig. 3.1I), with (La/vb)oo ranging from 9.3 to 30'I' Whereas the

LREE, although strongly fractionated, are subparallel to the field

of the DGS (Fig. 3.I1), the HREE are fractionated to a greater

extent than in the DGS with (Yb/Gd)* ranging from 0'49 to ca' 0'3

(cf DGS 0.78 - 0.48). In addition, the absolute levels of abundance

of all REE in the cGS tend to be slightly higher than the DGS opx-

granitoids for rocks with moderate sio, leveIs. Howevern the most

siliceous,alkali feldspar granite is markedly depleted in HREE witlt

respect to the DGS opx-granitoids (riE. 3.fI).

It is apparent that the REE geochemistry of the cGS requires

the involvement of a mineral that actively fractionates the HREE,

but which is not involved in the genesis of the DGS opx-granj-toids.

The petrographic observaÈion that phenocrysts of hornblende occur

in the cGS but not in the DGS, leads to the consideration of the role
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of hornblende in REE geochemistry. Partition coefficients for

hornblende in d,acitic rocks with Sio, ca. 67%, tange from less than

I to ca. 3 for the LREE and from ca. 5 to ca. 6 for Èhe HREE (Arth &

Barker Lg76). Hence fractionation of hornblende alone from the

hornblende granite gneiss parental magma would have the effect of

slightly depleting the LREE but strongly depleting the HRIE' It

is thus considered most likely that the variation in REE abundance

within the CGS is largely controlled by hornblende fractionation'

It is not clear whether the primary fractionated REE pattern

of the least siliceous hornblende granite gneiss (Bl-124, Fig' 3'If)

is inherited from its source region or is due to the presence in

the source regj-on of major residual minerals capable of fractionating

the HREE (e.g. hornblende or garnet). The presence of hornblende-

rich xenoliths (restite) and hornblende phenocyrsts in the granite

gneiss argues in favour of residual hornblende aÈ the site of magma

generation. Major and trace element petrogenetic modelling in

Chapter 7 amplifies this discussion.

Furthermore, the progressive fractionation of the HREE within

the CGS also suggests that the primary fractionated HREE patÈern

in the least fractionated specimen of hornblende granite gneiss is

probably also due to the role of hornblende" Thus it is likely that

hornblende is present and stabte at the site of magma prod'uction and

separation.

3.4.5 Summary

ThegeochemistryoftheCGSisinmanyrespectsanalogousto
that of the DGS, and may suggest a broadly simitar petrogenetic

history. However, in detail, significant differences exist, vi-2,

(r)

(2)

and (3)

hornblende is the major precipitating ferromagnesl-an

mineral rather than PYroxene.

this is reflected in the HREE patterns.

the absolute abundances of K, Zt, LREE and Nb are

higher in the CGS.

Althoughonlyafewdataexistrthevariationwithin
the CGS is suggested to be the result of plagioclase,

atkali fetdspar, hornblende, apatite, F€ - Ti oxide

and zircon crystal fractionation.

(4)
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3.5 SUMMARY

The Colbert Granitoid suite consists of two main rock Èypes,

the colbert hornblend.e granite gneiss and the colbert alkali

feldspar granite gneiss. These were emplaced after the peak of

DI-2 gt"tulite facies meÈamorphism and coeval local Dr-, retro-

gression, but prior to Dr, and were locally involved in intense D,

shear zones.

The primary phenocryst assemblage of plagioclase, alkali

feld.spar and hornblende is different from that in the DGS, although

the major and trace element geochemistry of the two suites is

broadly similar. In detail, relative to the DGS, the cGS is

slightly enriched in K, zr, LREEI and Nb, and the HREE are more

fractionated. due to the precipítation of hornblende during fractional-

crystallisation and possible residual mineralogical differences ' It

is probable that the broad geochemical similariÈy between the CGS

and DGS reflects derivation from compositionally similar sources

under broadly similar conditions of partial melting'

ftnplacement of the cGS occurred aE L757 + 14 Ma with an IR of

0.7087 + r0.



0
0

0

00
z+" zo'

0

0

829 =

+

+

+

go1-Eo6

+

+++

+
O sss

o

00

0

/l
Tumby Bay

Km

Spencer Gulf

Chinmina Syenite

0

--E:¡

5

34

Lincoln Complex

Urahno Microgranite

Hutchison Group

ßd2ó

Yunta Y/e ll Leuco-
granite

Moody - Moreeni¿
Adamellite

FfgUfe +'t Sketch geological map of outcrop of Moody GraniÈoid suite near Tumby Bay;
see also Figure t.l. (modified after Coin 1976).



60.

CHAPTER 4.

MOODY GRANITO]D SUITE.

4.L TNTRODUCTION

The Moody Granitoid suite (MGS) was first discussed in detail

by coin (1976). His field and petrographical study of the granitoid

and enclosing rocks was supplemented by a small number of major

element geochemical analyses. Coin also collected a suite of samples

for Rb-sr geochronology, but did not complete this aspect of his

study.

The present author decided to extend the scope of coin's

investigation by completing the Rb-Sr geochronology and collecting

a suite of trace element data. In this way it was intended to

compare the petrogenetic history of this apparently later syn-

tectonic suite of granitoids with the earlier granitoid suites, and

to constrain further the crustal evolution in the Gawler orogenic

domain at this time.

From Coin's (Lg76) description of the fielcl geological relation-

ships of the MGS. the following major conclusions may be summarised.

(1) The MGS was emplaced into the Hutchison Group

to the west of the Kalinjal'a Mylonite Zone (Fig' 4'I) 
"

(2) The individual rock types appear to have been

emplaced in two discrete sequences I

(a)foliatedYuntaV'tellLeucogranite(YWL)intruded

:::;:"::,'::.Ï::"ï:::""'ì::,:::";:'1":,":,'Ï,"
studY) .

and(b)undeformedMoodyTankAdamellite(MTA)MoodyV'lest
Adamellite (¡{I¡IA) Moreenia Adametlite (MOA) and

Chinmina Syenite (CHS) all intruded late in D,

(Coin's DrO) .

(3)TheapparentyoungingsequenceofintrusionsisYlrtl,
MTA, MvüA, MOA and CHS.

(4) The YV,IL and numerous pegmatites scattered throughout

the metasediments are apparently cogenetic'

(5) The sillimanite isograd is sub-parallel to the eastern

margin of the main body of YVJL, suggesting the

metamorphism is largely of thermal aureole enhanced

regional amPhibolite facies.
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(6) The peak of metamorphism attained 4900- 65OoC adjacent

to YV'IL, at ca. 3Kbar

None of these inclusions is challenged by the present author.

It is the aim of this chaPter,

(I) to describe the petrography, mineralogy, Rb-Sr

geochronology and geochemistry of the MGS,

(2) to compare the MGS with earlier granitoid suites

(intrusive into the Lincoln Complex).

(3) to investigate the discrePancy between the estimates

of the timing of. D, and Ð, by Parker et al-' (198I),

Rutland et at. (1981) and the present author, (see

discussion in Chapter 3) ' fn particularr Rb-Sr

dating of the MGS would more adequately constrain Dr'

(4) to constrain the petrogenesis of the suite by sr-isotope

and major and trace element geochemístry'

4.2 PETROGRAPHY AND MINERAL CHEMTSTRY

within the MGS the various intrusive phases exhibit considerable

petrological and mineralogical variation. These are summarised in

Table 4.I. More detailed descriptions of three of the rock units,

(1) Yunta lrtell Leucogranite

(2) MoodY Tank Adamellite

and (3) Chinmina SYenite

are presented below, representative of the spectrum of variation

throughout the suite'

4.2.L Yun ta !ùell Leucogranite

These medium to coarse grained, Iight coloured, rocks generally

have allotriomorphic texture, and are foliated. The dominant

minerals are quartz, microcline and albite, with common muscovite,

tourmaline and spessartine-rich garnet. Some specimens contain a

moderate proportion of biotite. ApatiÈe and zircon are accessory

minerals.
In some specimens, "chess-board" texture in the feldspar grains

suggests late stage albitisation of microcline has occurred.

Ttre foliation, su-b-grain development and deformation bands in

quartz grains testify to the pre- to syn-tectonic emplacement of

this rock unit.



Table 4.I: Moody Grani toid Suite - modal and Èextural

Summary

Rock unit

Yunta Well
Leucogranite (YwI,)

Moody Tank
Adamellite (MTA)

Moody West
Adamellite (MIIA)

Moreenia
Adamellite (MoA)

Chinmina Syenite (CHS)

Texture

foliated
allotriomorphic

unfoliated
hypidiomorphic granula

unfoliated
hypidiomorphic

unfoliated
hypidiomorphic

unfoliated
hypidionorphic

Kspar*qtz+plag+thusc
tbiot

plag+Kspar+qtz+biot
l¡nusc

plag+Kspar+qtz+biot
l¡nusc (+apatite)

Kspar+plag+qtz+biot
lnusc

Kspar+p I ag+hb Ind+biot
(+qtz) (+ sphene)

Major minerals
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4.2.2 Moodv Tank Adamellite

Thismediumtocoarsegrained,Iightcolouredrockhasa
hypidiomorphic Aranular texture. The dominant minerals are quartz'

microclinerplagioclase and red-brown biotite. Muscovite is commonly

intergrown with the biotite or reptacing feldspar'

Theplagioclasephenocrystsarezoned,oftenwithasericitised
core, and microcline phenocrysts may be carlsbad twinned and may

contain smal-], randomly oriented plagioclase microphenocrysts which

commonly have an albitic rim or overgrowth. small rounded quartz

inclusions may also be present in mícrocline phenocrysts.

Garnet is present in some specimens, especially adjacent to

metasedimentary xenol-iths, and may contain biotite and rounded quartz

incfusions. Accessory zircon and apatite tend to be associated with

biotite, often included within it. Accessory tourmaline may be

present in some sPecimens.

4.2.3 Chinmina Svenite

This coarse grained, dark coloured rock has a hypidiomorphic

texture. The major minerals are plagioclase, microclinet q'vatLz,

green hornblende and brown biotite. The rock is melanocratic.

Fe - Ti oxide is common and has well-developed sphene corona

structures. sphene, apatite and zircon also occur as discrete 
'

accessory grains. Large euhedral apatite crystals may be included

within biotite and hornblende.

Thebiotitetendstobemouldedontohornblend.egrains,and
the hornblende may contain some rounded. guartz inclusions.

ThereisvirÈuallynofoliationpresentintherock,butsome
recrystallisation is evident in some specimens in the form of qrd.at1iuz

deformation bands and sub-grain development. some of the microcline

megacrysts are Carlsbad twinned and contain numerous inclusions of

myrmekite, plagioclase and quartz'

Coin's (1976) name for this unit is retained in subsequent

discussion although the modal mineralogy suggests it is more

correctly a mgnzonite.

4.2.4 Mineral ChemistrY

AllthemajormineralsinthemainrocktypesintheMGShave
been analysed by electron microprobe and tabulated in Appendix Table

3. t.



Table 4.2: Moody Granitoid Suite - GeothermometrY

510

-1og a0
2

mag t ílm
Powell & Povrell (L977)

plag*Kspar
Powell & Powell (L977)

bioÈ+Kspar+mag
l{ones & Eugster (1965)

300-480

650-850 t2-L7

20.6

Toc



lo9 â02

-15

-20

-25

,4 .0,

-5

600 8oo Temp looooc

500 800 Temp

Upper: Coexisting magnetite and ilmenite T-
log aO2 plot for Chinmina Syenite

Lower: Biotites in the Moody Granitoiil Suite
compared wlth data of Wones & Eugater (1965)

Symbols as in Figure 4.2.

-20

-10

-15

-25

400

Figure 4.3

I

I

I

Field of DGSr /
/

--T
6--

U--

\

2070 bårs

=30

70

40

XF,

t\- stabllity tleld of

blot+kspâr+mgnt



63.

(I) FeldsPars

The granitoid rocks generally contain tI^7o discrete feldspars,

usuallyasphenocrysts,thespotcompositionsofwhichindicate
only limited solid, solution between plagioclase and aIkali feld-

spar (Fis. 4.2). compositional zoning is present in the feldspars

within individual rock types, with the average composition of

plagioclase becoming more calcic in the intrusive sequence from YV'IL

through to cHS (Fis. 4.2). Similarly the alkali feldspars become

more sodic (Fi9. 4.2) .

A common feature of the miqrocline megacrysÈsr particularly in

MTA and cHS, is the presence of plagioclase mantles. Tn the analysed

MTA specimen the mantle is of a]most pure albite composition, whereas

in the analysed CHS specimen the mantle is of andesine composítion

(Fig. 4.2) and is almosÈ identical- to the exsolved blebs of plagio-

clase within the megacryst. It is probable that the mantles formed,

through exsolution and recrystallisation of the plagioclase component

during sub-solvus cooling and annealing'

TemperaturescalculatedafterthemethodofPoweflePowell
(Ig7l) range from 3850 - 48OoC for CHS and MTA, and from 3OOo - 335oC

for y!{L (fable 4.2). It is probable that the averaged spot I

compositions of the fetdspars are recording subsolidus equilibration

during cooling subsequent to Da.

(2) Amphibole

Anphibole phenocrysts occur only in CHS and are magnesian

hastingsites (after the classification of Leake 1978). They are

broadly similar in composition to the more magnesian amphiboles in

the DGS (FiS. 4.2) .

3) Opaque oxides

Magnetite and ilmenite coexist in the chinmina syenj-te and show

partiat subsolidus exsolution. The analysed grains (Appendix Table

3.I) yield a calculated temperature of 51Ooc and log uo2 = -20"155

(Fis. 4.3, Table 4.2¡ after method of Powell & Powell L977) probably

reflecting subsolidus conditions.

(4) Biotite
Biotite occurs in addition to alkali feld.spar and magnetite in

yvüL, MTA and cHS. A wide variation in Mg/ (Mg+Fe) is present which
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correlates v\¡ith the variation in bulk rock Mg/(Mg+Fe) (I'iS. 4.2).

Rpplication of the experimental data of wones & Eugster (1965) to

the biotites yields temperatures ranging from ca. 6SOoc in YV'IL to
o

ca. g5O"C in CHS and corresponding Io9 aO, ca. -I7 to ca. -I2 (FiS.

4.3, Table 4.2). These parameters are more likely to correspond

to the igneous conditions of crystallisation than to subsolidus

equil-ibration, in contrast to the opaque oxides.

(5) Garnet

Mn-rich garnet is present in some rocks within the Y!vL, often

in association with tourmaline, and almost to the exclusion of

biotite (Fig. 4.2). Mn-garnet is possibly replacing biotite in these

highly fractionated leucograniÈes.

(6) Summary

Regular changes in mineralogical composition within the MGS

reflect the bul-k rock geochemical variation.
The granitoids were probably emplaced at ca. 6500 - g5ooc

deduced from biotite compositions, but considerabfe subsolidus

exsolution and equilibration to temperatures between ca. 3OOo and
o

500 C is recorded in the feldspars and opaque oxides" These latter

features may reflect relatively slow cooling at moderate depth

(ca. 3 Kbar) .

4.2.5 Discussion and SummarY

Regular petrographic and mineralogical changes can be discerned'

throughout the intrusive sequence from Y!üL ttrrough to cHS. The

proportion of muscovite decreases markedly, tourmaline and Fe-Mn

garnet are present abundantly only in YT^JL and hornblende and sphene

are present only in CHS. Moreover, the plagioclase becomes more

cal-cic and the biotite becomes more magnesian.

These mineralogical trends are quite dissimilar to those j-n

the earlier granitoid suites. In both the DGS and CGS, muscovite,

Fe-Mn garnet and tourmaline are absent, whereas plagioclase and

biotite become less calcic and less magnesian respectively throughout

the younging sequence of intrusive phases. Primary igneous hornblende

is present in the CGS in abundance but is only a minor component in

the DGS.

The abundant muscovite in YWL is suggestive of an S-type character

whereas the hornblende and sphene in cHS is suggestive of I-type



Table 4.3: Geochemical comparison of averacfe oranitoids of the
Moody Granitoid Suite with I S- and A-Èype granitoids.
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character (Chappetl & lVhite 1974).

Texturally the YWL shows abundant evidence for syn-tectonic

emplacement, whereas there is less evidence for this in the

adamellites and CHS. For this reason, and because of the distinct

mineralogical contrast between the Y!{L and the other granitoids

of the suite, and the disparate outcrop paÈterns (Fig. 4.I) the

present author concurs with the suggestion of Coin (L976) that the

MGS comprises two temporally distinct inÈrusive events, viz
(f) Yunta lVell Leucogranite

and (2) Moody Tank Adamellite, Chinmina Syenite

and other adamellites.

4.3 GEOCHEMISTRY OF THE MOODY GRANITOID SUITE

4.3.1 Geochemical classification
on mineralogical grounds it has been suggested above that the

Ytlr]L is of S-type character and the CHS and adamellites are of I-type I

character.
The major element geochemical data (Appendix Table 4.1) when

plotted on the AFM diagram (Fig. 4.4) faII within the calc-alkalíne

field and within the field of the DGS opx-granitoids. Similarly on

the K-Na-Ca diagram (Fig. 4.4) the adamellites and cHS show a calc-

alkaline trend similar to the DGS' but the YV'IL is displaced from this

trend, reflecting iÈs higher Nar/K ratio. These features suggest

the MGS comprises a typical suite of orogenic granitoids.

In terms of the model of orogenic granitoid genesis of Chappell &

white (1914) the MGS adamellites have AL2o3/ (Naro + K2O + CaO) less

than I.1 (Table 4.3) suggestíng they are I-type, whereas the YVIL has

a higher value for this indicator (Table 4.3) suggesting the

leucogranites are S-types. These model conclusions suggest that the

yWL was probably largely derived from pre-existing pelitic sedimentary

material whereas the adamellites may have been derived largely from

an igneous or meta-igneous protolith.
Emslie (f978) drew attention to the high Fer(Fe, + Mg) and KrO

of many anorogenic sil-icic suites and subsequently Loiselle & V4lones

(:-g7g) and collins et al. (1982) proposed more detailed geochemical

criteria to distinguish anorogenic or A-type granitoids. Application

of some of these criteria to the MGS adamellites in comparison with

the ÐGS, and CGS I-types and other well-documented suites (Table 4.3)

suggests that although the high Fer/(Fe, + Mg), Kro/Naror (La)N' zT,



Table 4.4: Moody GraniÈoid Suite

Ma'jor and Èrace element qeochemi
qranitoids.

*
CHS I Adamellites 5) YI.lr 6

sio2

A1203

F"2o3tot
Mn0

Mgo

Ca0

74.r7

L4.57

1. 11

0. 08

0.31

o.57

3. 96

4.5I
0.04

o.29

99.6L

331

11

15

10

29

20

2

Naro

Kzo

Ti02

Pzo5

Rb

Sr

Ba

Y

Zr

Nb

Sc

La

Ce

Nd

Sm

Eu

Gd

Dy

EI

Yb

Total

L64

774

247I

40

464

32

L2

236

418

169

23

4

T4

9

5

4

223

190

725

33

302

25

7

IO2

202

77

L2

t.4
I
6

3

3

5

*number in brackets refers to number of samples
averaged.

IO0. l0 99. 80

58.88

15. 57

7.33

o.l2
2.3L

4.28

3.27

5.28

1. 40

0. 63

71.10

L4.T7

3. 53

0. 06

0. 50

L.47

3. 05

5.23

o.44

o.25

cal data for averaged



60 70

2

À
x

I
ft

ô¿
A

ô
À

o
J6

AL2%

Àil
60 70

2
s

x
6

o

FE203

MGO

ôx

2

4

ôA

d
2

x

a
o

6 )

cAo

s
AA

X

o
ô

^

NA20

mÀ
trt

1

o
x

¡to

opx granitoids
Fleld of DGS

1.0

1r0

A

I
05

X

2

o

0.6

0'4

o.2

Pzos

ô

x

o I

Àôôt ô

st02

Major element variation diagrams for the
Moody Granitoid suite.
symbãls as in Figures 4.2 e 4.4.

FIGURE 4.5

sro2



66.

Nb and y are transitional towards A-type the moderately high Ba

and sr argue for l-type. Data for key elements such as Ga, Ni and

cr are not available for the MGS ad,amellites. The transitional nature

of the adamellites will be discussed further in chapter 7.

A similar comparison for the Ylrrl (Table 4.3) is inconclusive,

values for Ba, sr, zr, Y and sc all being extremely low and not

typical of any of the granitoi<l types. The mineralogical and geo-

chemical indicators"mentioned above however' argue in favour of an

S-type origin.
These observations suggest that the two groups of granitoid

rocks within the MGS may have fundamentally different petrogeneses.

4.3.2 Maior element geochemistrY

Although the data are meagre for some of the rock types' the

major element geochemistry of the MGs shows the following features

(Appendix Table 4.1; Tabfe 4.4¡ Ei-g' 4'5) ,

(1) SiO, range from ca. 59% to ca' 76e"

(2) regular elemental variation with respect to SiO, in

adamell-ites and' CHS, for most elements, but,

(3) disparate element variation between YV'IL and other

granitoids.
For the ad.amellites and CHS,

(4) the distributions of most elements are similar to

those of the DGS non-cumulate opx-granitoids, although

CaO is slightlY dePleted,

whereas for the YVüL,

(5) there is an absolute enrichment of AIrO3, N"2O and PrOU

and (6) an absolute d,epletion of CaO, K.O and TiO., \n/ith respect

to the DGS opx-granitoids.
These data suggest that the adamellites and cHS have had a

petrogenetic history broadly similar to the DGS, but that the YülL

has had a different origin.

4.3.3 Trace element qeochemistry

The differences between the ]T^lL and other granitoids of the MGS

are confirmed by the trace element d,ata (Appendix Table 4.2¡ Table

4.4¡Fig.4.6).ThemostnoticeabledeviationoccursforY'where
Èhe ywl is depleted by a factor of ca" 4 with respect to the other

granitoids.
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The distribution patterns for Rb, sr, Ba, zt, sc and K'lRb in

the MGS are simÍlar to the corresponding DGS patterns arthough the

absolutelevelstendtodeviatemarkedlyespeciatlyintheCHsand
MOA.IntheCHSinparticularSr'Ba'NbandZtareenrichedwhereas
Sc is depleted relative to the DGS ' In the YVIL all trace elements

other than Rb and Nb tend to be depleted with respect to the DGS '

4.3.4 REE seochemistrY

The REE in the MGS clearly distinguish the YWL from the other

granitoids (Appendix Table 4'2; Tabte 4'4; Fig' 4'7)' Whereas the

adamell_ites and cHS have strongly fractionated patterns with (cerlY)*

ca.20,theYWLhaverelativelyflatpatternswith(ce/Y)N"..1to
2.Alsotheabsolutelevelsofconcentrationaremarkedlydifferent
fromthoseintheadameltitesandCHs,thelatterhavingCe*ca'
250-500 times chondritic, whereas the YIVL has Ce* ca' 5-7 times and

Y ca. 3-4 times chondritic'
N

Moreover with respect to the DGs fietd (Fis. 4.1) the adamelrites

have (La/Sm)N ca. 4-5 - 6'3 and (Yb/Gd)N tt' o'24 - 0"45 and are

thereforemorefractionatedthantheDGsopx-granitoids'whichin
particular, have relatively unfractionated HREE" In this regard

the adamellites and CHS are more similar to the CGS'

The adamellites and cHS have a pronounced negative Eu anomaly

whichi-ncreasesfromCHstoMTA.AstheEuanomalyincreasesitis
notablethattheHREEbecomelessfractionated.andthepatterns
become slightlY concave uP'

4.3.5 Discussion
(I) Adame llites and CHS

The cHS and adamerrites have r-type petrorogicar and geochemicar

features, and their geochemical coherence suggests that they are

comagmatic.IncontrasttotheDGswhichwasshowntobeacrystal
fractionated suite of progressively more siliceous granitoids (chapter

2), the MGS has been shown to compromise progressively more mafic

intrusivepulses(Coin1976¡1980).Vüithinthespectrumofbulkrock
compositional- changes there exist systematic mineralogical compositional

changeswhi-chsuggestÈhatthesuiterepresentsaprogressivepartial
fusionseries(cf.discussioninCtrapLer2)"Itisthuslikelythat
theMTArepresentsanearlygeneratedsilicicmagmawhereastheCHS
represents a Iater generated mafelsic magma which has intruded the

earlier intrusive Phases '
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TheconcaveupHREEpatternand,largeEuanoma]-yforMTA,in
contrast to the linear HREE fractionation and small Eu anomaly for

CHsandMoAsuggestamarkedchangeineithertheresidualminerals,
or their behaviour, occurred during partial melting'

Inparticufaritisprobabtethatthe}4TAmagimadevelopedin
equilibriumwithresidualplagioclaseandamphibole,whereastheCHS
does not show the pronounced signature expected from these minerals'

A physical model- to account for these features may be proposed'

The ï-type granitoid outcrop pattern is zonal (Fig' 4'I)

suggesting an intrusive model involving unmixing of more silicic

adame]-Iitemagmaandemplacementaheadofarisingsegregatingdiapir.
Residuar mafelsíc granitoid thus may intrude earlier segregated and

emplaced adamellite in the sequence observed' In this way Èhe bulk

I-typesuitemayhavegeochemicalcharacteristicsmoretypicalof
the cHs e.g. linear fractionated HREE but the MTA' segregated during

emplacement may show the effect of residual hornblende e'g' concave

up HREE.

ThepetrogenesisoftheMGsl-typegranitoidswiltbediscussed
morefullyinChapler.]incomparisonwiththeotherl-typesuitesof
this studY.

(2) Yun ta WeII Leucoqranite

Asnotedabove,theYWLisquitedifferentfromtheCHsandthe
adamellites and has S-type characteristics" It is the only S-type

granitoidsofarrecognisedinthepresentauthorIsstudyarea.ItS
comnon association in the field with abundant pegmatites of similar

petrology(CoinLg76),andthelocationofthemainbodyoftheY!{L
within the highest metamorphic grade Hutchison Group metased'iments

SuggestthattheYVÍLdevelopedbypartialmeltingofthesurrounding
or subjacent Hutchison Group (regional-aureole type of vùhite et aI '

Lgl4). The muscovite leucogranite would probably have been near

water-saturatedandunabletomovefarfromitssourceregion(Vühite
etal.::g74)withoutfreezing"Itisprobablethatelevationof
ísotherms ahead of the ascending r-type prutons may have provided

the heat impetus for melting the Hutchison Group in this area to

produce the YI¡üL.

(3) Reqional spatial consid,erations

TheoutcropoftheMoodyGranitoidsuiteisstructurallyfar
to the west of the outcrop of the DGS and cGS (FiS. I"1). In addition
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theywereapparentlyemplacedintodifferentprevailingP_Tconditions,
vLz

DGS ca.

and MGS ca.

8 Kbar at 800

3 Kbar at 490

o
-900c

o
-650C

o

o

Furthermore the two outcrop areas are on opposite sides of the

Kalinjata Mylonite Zone ('KMZ) which here is separating a major ortho-

gneiss terrain in the east containing only I-type granitoids from a

metasedimentaryterrainínthewestcontainingl-andS-Èypegranitoids.
Hence it. is suggested here that the KMZ may represent a major

crustalboundaryseparatingtwocrustalblocksofmarkedlydifferent
petrogenetichistories.Thisquestionwillbeexaminedinmoredetail
in Chapters 5 and 7-

4.4 RB-SR GEOCHRONOLOGY

The Rb-Sr geochronological investigation was initiated'

(I) to date the time of emplacement of the MGS'

(2) to constrain the age of high-grade metamorphism

and D, tectonism,

(3) to examine the distinction between the I- and S-type

Plutonic rocks

and(4)toaidincharacterisingcrustalevolutioninthis
portion of the Gawler orogenic domain'

The initial observation of Coin (L916t1980) that the MGS

comprises two distinct episodes of magma emplacement has been

confirmedbythegeochemicalstudyoutlinedabove.Therehasbeen
recognised

(1) an early, foliated, syn-D3, S-type Yunta VüeIl

LeucograniÈe

and Q) a later, massive, Iate to post-Drr T-type suite

of adamellites and the Chinmina Syenite'

previous studies of r- and s-type granitoids have suggested that

IR differences exist (e'g' Chappell & White L974) ' although this

simple conclusion has been challanged by subsequent authors

(e.g. Flood & Shaw L977).

4.4.I Results
(r) Yun ta !ùell Leucogranite

TheseleucograniteshaveveryhighRb/Srratiosaveragingca.
32.5(Table4.5),afeaturewhichmakesthecalculatedagerelatively



TABLE 4.5

CkLirmli¡a Syenite
(ar^s) 350-829

Moreenia
AdaIIEIIite (InA)
350-839

l,body l{est
e¿arefËte (¡,!ß)
350-849

lltrody Tank
Adarrellite (MIA)

350-801.A

350-802G

WI

w2

w3

Yunta !{ell
Leucogranite (f¡WL)

350-858

350-857

350-8s4

350-853

350-85r

l4oody C'rar¡i t ot¿ Suite
Rb-Sr AnalYtical Data.

Saçle Fb ¡4rn sr p¡m Rb/sr BTRb/86Sr

o.2L 0.6L25

0.59 L.72Ll

1.56 4.5839

87511865r *

0.72L931

0.749770

0.824887

0.903916

0.895752

0.900200

0.901000

0.916000

L.75490

2.11308

4.09175

4.7363L

6.69755

L64

20L

206

263

258

774

340

L32

97

99

2.7L

2.6L

36

8.022L

7.6597

7.8697

7.9086

8.5740

43.274

57.768

L40.67L

L66.743

248.579

308

257

300

303

356

41.5

53.9

4

I
6

t3
L7

23

15

8.2

7.3

6.6

* AIL 875r/865r data rprrnalised to E & A 87Sr/865x = 0.70800'
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insensitive to the IR, in much the same way that a mica age is

insensitivetolR.Thefivetotalrocksamplesdefineaperfect-
fitisochron(Fis.4.8)withMSWDofO.54andcalcufatedModell
age of 1675 + 22 YIa (Regression I, Table 4'6) ' However' due to the

long extrapolation to the 875r/865r axis the calculated fR of

0.7163 + 233 (Regression I, Table 4'6) is very imprecise'

Thesimplestinterpretationofthisperfect.fitisochronis
that it represents the emplacement age of the YWL'

(2) Mood,y Tank Adamellite

The limited range of Rb,/Sr ratio for the MTA (Tab]e 4'5) allows

only imprecise estimates of both age and IR' Two samples analysed'

bythepresentauthorhavebeensupplementedbythreefromWebb(1978).
The five total-rock samples define a perfect-fit isochron (Fig'

4.8)withMSV,IDofO.OTandcalculatedModelIageofI55l+245Ma
and IR of 0.725I + 278 (Regression 2, Table 4.6), This imprecise

result cannot be distinguished from that of the YIrIL at the 95%

confidence level-
The apparent elevated IR is suggestive of some updating' so

thaÈ the calculated age is viewed withr caution'

(3) Chinmina SYenite

ReconnaissanceRb-SranalysesbyXRFrevealedthattheCHShas
a low and uniform Rb/Sr ratio, so only one total-rock sample was

analysed (rable 4.5).
Assuming that the cHs and MTA are comagmatic (see above), the

data for these two rock-types \^tere regressed together. The resulting

sixpointisochronisaperfect-fit(Fig'4'8)'withMSVÍDof0'94'a
calculated Model- I age of. L7O7 + 10 Ma and IR of 0.7069 + 5 (Regression

3,Table4.6).Thiscombinedresultisindistinguishab]-eatthe959ó
confidencelevelfromtheimpreciseresultfortheMTAalone,but
theagerangeis<lifferentfromthatgivenbytheYl¡lLregression.

(4) Moreenia Adamellite

onthebasisofreconnaissanceXRFonlyonetotalrocksampleof
the Moreenia Adamellite was chosen for isotopic analysis (Table 4'5) '

The results regressed with the MTA and cHS data produce a near-perfect

isochron(FiS.4-8),withMSWDof'L'97¡andfotlowingthecriteria
ofBrooksetaf.|Ig72)aModelIcalculatedageoflT0g+14Maand



Table 4.6: Moody GraniÈoid Suite -
Rb-Sr isochron reqression qroups.

Regression
number

I

2

3

4

o.7163!233

o.725L!278

o.7069! 5

0.7070t 4

*number in brackets refers to number of samples regressed'

YWL

MTA

MTA + CHS

MTA+CHS+MOA

0.s4(s)

0. 07 (s)

o. e4 (6)

L.97 (7)

t

I

I

I

L675! 22

t55l!245

1707t 10

L709! L4

Grouping MSWD* Model Age (Ma) IR
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IR of O.7O7O * 4 results (Regression 4, Table 4.6). This combined

result is indistinguishable from the result for MTA alone and the

combined MTA and cHS result, which is strong confirming evidence

for the comagmatism of the adamellites and cHS, and suggests that

the I-type granitoids were emplaced at 1709 + 14 Ma \,üith IR of

O.707o + 4.

4.4.2 Discussion
(I) Resolu tion of l-type and S-tvpe qranitoids

on the basis of the data presently available it is not possible,

at the 95% confidence Level, to distinguish the calculated ages

and fR's of the l-type and s-type granitoids of the MGS. This is

due primarily to the imprecision of the calculated isochron IR and

age for the YIVL caused by its very high Rb/Sr ratio and resultant

long extrapolation to the aTSt/865t axis.

However, the precise l-type result fixes the minimum emplacement

age of the YülL at 1709 + 14 Ma since the adamellites and CHS have

been show by Coin (L976; 1980) to post-date the YÍÙL'

(2) Timing of D,

The intrusion of the l-type granitoids of the MGS has been

suggested to be late- to post-D, I r,irhich suggests a minimum age

for D^ of 1709 + 14 Ma. This is in agreement with the conclusions
J_

d.rawn from the emplacement age for the cGS (chapter 3) which

suggested an age for D, of less than 1757 + 14 Ma'

However, it is in distinct contrast to the concfusion of Parker

et af. (I98I) and Rutland et al. (I98I), that D, is 1650 + 35 Ma,

based on a preferred isochron age for the syn-D, Middlecamp Granite.

The present author has proposed that this l-ower age maY date D,

tectonism ancl metamorphism (Chapter 3).
pooling aII the estimates of the age of D, currently available

to the present author (Table 4.7) allows a best estimate of

1697 + 12 Ma.

(3) Petrogenes is of the I-tvpe granitoids

comparison of the age and IR of the MGS f-type granitoids with

the I-type DGS and CGS (Fis. 4.9) shows that the MGs IR is too low

to be derived from DGS or cGS materia1 at ca. 1710 Ma. Moreover,

as with the DGS and cGS, the MGS cannot be derived from older Archaean



Tabte 4.7: Estimates ofD

Fishermanrs Point
Granite Gneiss 2 DGS

Colbert Alkali FeldsPar
Gra¡rite Gneiss
two-point join

Middlecamp Granite

Moody Granitoid Suite
I-t1pe granitoJ-ds

Moody Granitoid Suite
S-type granitoids

*Pooled age 1697112 Ma.

*calculated after method of Paradine & Rivett (1960) '

I632t96 Ma

1624t1-90 Ma

1635186

17O9J14 Ma

:.675!22 l4'a
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crust of the type represented by the Sfeaford Complex or its

equivalents (FiS. 4.9).
However, source material simil-ar to that proposed for the DGS

and CGS would afso be suitable for the MGS I-type granitoids (Fig.

4.e) .

The petrogenesis of the MGS I-type granitoids will be examined'

in more detail in Chapter 7, in conjunction with the other granitoid

suites.

(4) Petrogenesis of the S-tvpe sranitoids

It is difficult to speculate on the nature of the YlvL protolith

because the imprecision of the calculated isochron IR does not

adequately constrain the isotopic nature of the source of the

granitoid.,
lsotopic data for the Hutchison Group of metasediments, in

particular metapelitic schists, when plotted on Fig ' 4'9, and compared

with Èhe isotope evolution curve for YVüL, do not discount derivation

of Y!rIL from the enclosing schists.

4.5 SU}4MARY

The Moody Granitoid Suite comprises an ear1y, syn-D3 foliated

S-type granitoid, the Yunta WelI Leucogranite, and a l-ater' massive'

Iate- to post-D, suite of adameltites and chinmina syenite of l-type'

The l-type granitoids have been emplaced at I7O9 + 14 Ma with IR

of o.7o7o + 4 and carry hydrated ferromagnesian silicates. The

s-type granitoid is of similar age but with an imprecisely determined

ïR.

The Ylrrl and associaÈed pegmatites and nigrmatites \^/ere probably

derived by partial melting at or about their present posiÈion from

the enclosing Hutchison Group pelitic metasediments at ca. I0 km

depth. Partial melting was probably associated with the breakdown

of muscovite to sillimanite, and was of near-minímum melt type'

The I-type granitoids were probably derived by progressive

partial melting and diapiric ascent through the crust' The advance

of isotherms ahead of hot l-type diapir into the Hutchison Group

metasediments at the exposed level may have contribuÈed to the partial

melting of the YWL.

The Moody Granitoid suite is unique in the present author's

study area in containing s-type granitoid material. The Kalinjala
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Mytonite zone apparently bounds the eastward extent of the Hutchison

croup and s-type plutonism in southeastern Eyre Peninsula.
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CHAPTER 5.

MASSENA BAY GNEISSES.

5.1 TNTRODUCTTON

The Massena Bay Gneisses (l¡ee) has not been defined as a separate

rock-unit by previous authors. Thomson (1980) implicitly included

it in the Lincoln complex (table 1.1) presumably as his "granitic

gneisses"r "migmatites',, or "quarÈzofeldspathic gneiss relics of

older basement complexes reworked. by Kimban tectonism".

ThepresentauthorhasbrieflydefinedanddescribedtheMBG
and its geologicat refationships to the other rock units of the study

area in chapter 1. At least in part metasedimentary, but predominantly

orthogneissic (see below), the MBG predates Dl and appears to be

intruded by the DGS. Although within the MBG in the present study

area metapelites are scarce and poorly layered, on Yorke Peninsula

(Fis. 1.1) Richardson (1978) has recognised abundant, well-layered

metapelite gneisses in rocks correlated by the present author with

the MBG. Furthermore he recognised gabbroic intrusives with rounded

mafic xenolithsrsimilar in many respects to the QGNG of the DGS

(chapter 2), which were emplaced prior to the D, d.eformation. These

field relationships suggest to the present author that the MBG

comprises a pre-Dr, pre-DGS layered sequence.

This stratigraphic position is apparently simi]ar to that of

the Hutchison Group (Tabtes l.f , L"2t L.4) .

However, the dominant rock types within the MBG are biotite

quartzofeldspathic gneisses and hornblend'e + biotite quartzofeldspathic

gneisses, atypical of the HuÈchison Group (coin L976¡ Glen et al"

L977 ¡ parker & Lemon Lg82) suggesting that the MBG is distinct from

the Hutchison Group" In addition, Rb-sr isotopic data (see below),

do not attow the MBG gneisses to be reworked basement. The present

author,s contention in this chapÈer is that the MBG comprises a

recognisable pre-DGS layered seguence, approximately coeval- $Iith' but

petrogenetically distinct from the Hutchíson Group'

Two main outcrop areas will be described, the Massena Bay

Iocality (Fis. 5.1), and the cape Donington locality (Fis. L.2, Fig.

2.I), supplemented by observations at Boston Poínt (Fis. I.2). These

will be compared with the observations of the Yorke Peninsula MBG

outcrops of Pedler (L9'76) and Richardson (1978). In addition the

relationship of the Hutchison Group to the MBG wiII be further explored'



Table 5 . L Massena B Gneisses - modal and textural

Rock unit major chemicals

QuartzofeldsPathic
gneisses (QF)

Qtz + plag + ksPar + biot + hl¡Ind
+ Fe-Ti oxide (+ musc + ePidote)

texture

foliated
inequigranular to seriate
polygonal to inÈerlobate

foliated
inequigranuLar to seriate
polygonal to interl-obate

inequigranular to seriate
polygonal to interlobate

inequigranular to seriate
polygonal to interfobate

inequigranular to seriate
polygonal (to interlobate)

seriate to inequigranular
polygonal to interlobate

carnet + sillimar¡ite Qicz + plag + biot + gt + Fe-Ti oxide
+ sillimanite

Calc-silicate gneisses Qtz + plag + cPx + hblnd + scaPolite
+ gt + Fe-Ti oxide

Granite gneisses QEz + plag + kspar + biot + Fe-Ti oxide

Amphibolites, plag + opx + cpx + hblnd + biot + Fe-Ti
oxide + qtz

lligmatite leucosomes Qtz + plag * kspar + biot
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5.2 PETROGRAPHY AI{D MINERAL CHEMISTRY

îhere are six main lithological groups present in the MBG in

the studY areat vLz

(1) quartzofeldspathic, biotite hornblende gneisses (Qr)

(2) garnet + sillimanite gneisses

(3) calc-silicate gneisses

(4) granitic gneisses

(5) amPhibolitic "dYkes"

(6) Pegmatitic veins '
ofthesetheQFgneissescomprisethebulk(ca.75z),withthe
amphibolitic "dykes" comprising the bulk of the remainder' (ca' 15%) '

Thegraniticgneisseswillbediscussedbrieflyinthíschapter.
They are considered by the present author to be part of the DGS '

althoughFlook(1975)suggestedthemtobegranitisedmetasediments.
Eachoftheselithologicalgroupswillnowbedescribedinturn.

5 .2.L Ouartzo feldspa thic Gneisses

(1) Mas sena Bav localitY

These grey coloured, medium to coarse grained gneissic rocks

outcrop mainly on the Bolingbroke Peninsula (FiS' L'2) and in

scattered outcrops further south' one major foliation is present'

which is defined primarily by biotite and which is attributed to Dt-,

(Chapter t). Hornblende porphyroblasts are colnrnon' as are thin

(up to 5mm), often diffuse, migmatitic veins concordant with and

containing St-Z and forming a layering (Fig' I'6) ' Thickerf coarse

grained,sharplydiscordantpegmatiticveinsarealsocommon(Fis.1.6).
The microscopic rock texture is inequigranular to seriate, poly-

gonaltointer}obate,andthemajormineralassemblagesaredetailed
inTable5.I.Commonaccessorymineralsarezircon,sphene,apatite
and alfanite. LocaIIy muscovite, epid'ote and clinozoisite may

replace ptagioclase and biotite extensively'

Althoughst-rfabricsarewell-developedinmostspecimens'there
is considerable evid,ence for subsequent recrystallisation' tt-,

quarLzribbonshavedevelopednewquartzsub-grainswhichmayalso
exhibitunduloseextinctionreitherasaresultoflateDrstrain
and recrystallisation or D, tectonism'

Thehornblendeporphyroblastsarecommonlypoikilobtasticwith
respecttosub-randomlyorientedroundedguartzinclusions,and
apparently pre-date fabric development (Fig" f'9) " Specimen 515-D87

a.
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exhibits one large hornblende poikiloblast which has been dismembered'

during the develoPment of St-2.

Inthinsection,themigmatiticveinsareSeentobecoarser-
grainedthanthehostrmoreleucocraticandonlypoorlyfoliated'

(2) Boston Point localitY

IntheoutcropofQFgneissesonBostonPoint(Fis.L.2),rare
mafic inclusions up to 5 crn long are interpreted to be xenoliths'

suggesting that the QF gneiss host is a meta-igneous rock"

(3) Yorke Peninsula outcrops

rnspection of specimens collected by Pedler (L976) 
' 

and a

reconnaissance survey of his study area reveal that these gneisses

display marked similarities to the QF gneisses at Massena Bay'

Specimen 5I0-Ioo contains common hornblende poikiloblasts, although

here the quar1z inclusions show more of a tendency to be sub-parallel

within some of the poikiloblasts (FiS' 1'9) '

Ped'ler(1976)hashoweverdescribed,extensivelocalpatchesof
retrograde D, ePidote which are not observed in the present study

area.

5 .2.2 , Garnet + sillimanite gneisses

(1) Cape Donington localitY

These purple to grey coloured, medium to fine grained rocks

occur in intimate association with calc-silicate gneisses and granitic

gneisses. The layering on the meso-scale is discontinuous and has

the appearance of being either sedimentary layering disrupted and

transposed during Sr-, fabric devefopment or intensety flattened

xenoliths within pre-tectonic granitoid. This point wilI be examined

in more detail below in discussion of the granitic gneisses '

InthinsectiontherockisinequigranulartoseriaÈe,polygonal
to interlobate and. contains the major minerar assemblages summarised

in Tabte 5.1. Apatite and zircon are conìmon accessory minerals'

The garnet porphyroblasts contain abundant inclusions of

biotite, opaque oxide and some quarLz, which may be in rand'om

orientation or in some exampres sub-parallel to the erongation axis

ofporphyroblastsinthetl-rltytrparallelfabric(FiS'f'9)"It
is suggested that garnet growth occurred, at least in part' pre-Dt'
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Plagioclase porphyroblasts tend to be rounded and often contain

anumberofsmalleuhedralgreenspinelinclusions.vlhichare
suggested to have exsolved from the ptagioclase host'

The Sr-, fabric is, in part, defined by quartz ribbons which have

subsequentlybeenrecrystallisedintostrainfreesub-grains.In
one specimen, the quartz ribbon fabric is folded with new quatLz

ribbons in an axiar planar orientation (Fig. r.9). rn addition the

quartz ribbon fabric often wraps around the plagioclase and garnet

porphyroblasts (FiS. I.9) .

sillimanite occurs as euhedral porphyroblasts which are generally

parallel to the tl-2 f.btic but may also be inclined to it'

Retrogressive alteration of plagioclase to sericite' and

biotite to chlorite is 1ocaI1y conìmon and may be associated with the

intrusion nearby of later granitoids'

5.2.3 Cal- c-sil-ícate qneisses

Cape Donington locality

These green coloured, medium to fine grained rocks occur

intimatelyinterlayered,withthegarnet+si]-limanitegneissesat
this locality. The layering of each is discontinuous on the meso- 'r

scale. Scattered outcrops of these calc-silicate rocks occur

elsewhereinthestudyarea,eitherasrareinterlayerswithin
tayered gneísses or more commonly as xenoliths within later granitoid

gneisses (e.g. in QGNG at Cape Donington) "

In thin section, the rock is inequigranular to seriate' polygonal

to interlobate, and contains the major mineral assemblages summarised

in Table 5.I. In addition sphene may be abundant in some micro-

Iayerswhereasclinozoisite,zj.rcon,apatite,allaniteand'Fe-Ti
oxide may be present in accessory to minor proportions '

A prominent fabric is often lacking, except where qvarLz ribbons

arepresentorwhereamphiboledefinesalineation.Thesl-2fabric,
where present, is laYer Parallel'

Local patches of retrogressive alteration of plagioclase to

serioite are common.

5.2.4 Granitic Gneisses

Cape Doninqton localitY

Thisrocktypeisbuffcotouredandmediumtocoarsegrained.
Itoccursinterlayeredonthemeso-scalewithgarnet+sillimanite
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gneisses arrd calc_si]icate gneisses, where it is strongly deformed,

but also occurs in ad.jacent outcrops where it is less strongly

deformed,. In the less deformed outcrops xenolithic blocks of

metasedimentsi-milartothegarnet+si]-Iimaniteandca]-c-silicate
gneisses are Present.

Inthinsectionthetextureisinequigranulartoseriate'
polygonaltointerlobate,andthemajormineralassemblagesare
summarised in Table 5.r. Large grains of pragioclase and orthocrase

microperthite within the gneisses are interpreted to be relict

igneousphenocrysts.Euhedra]-zirconandapatitearepresentaS
accessory mj-nerals and sphene may be present as coronas surrounding

and probably replacing Fe - Ti oxide grains '

Thedominantfabricisdefinedbybiotiteandquartzribbons
and is folded by F3 folds. Hence the main fabric is interpreted to

be S- The fabrics in the granitic aneisses are entirely similar
L-¿

to those in the interlayered garnet + sill-imanite and calc-'silicate

gneisses.

The granitic gneisses are interpreted by the present author

as deformed and metamorphosed intrusive igneous rocks ' 1t is suggested

that metasedimentary xenolithic blocks of garnet + silfimanite and

calc.silicategneisses\^/erecaughtupinthegranitoidmagmaand
subsequently deformed in Dl-2 tlotg with the granitic gneiss ' Tntense

flattening of xenoliths contributed to the development of fine scale

discontinuous layering in the metased'imentary gneisses '

ThisinterpretationissupportedbytheFJo_srdatingofthe
granitic aneiss (chapter 2) which suggests it is part of the Donington

Granitoid Suite.
In contrast, Flook (1975) suggested that the granitic aneiss

wasdeve]-opedbyinsitugranitisationofthemetasedimentary
gneisses which he consid,ered to be a remnant of a layered sedimentary

succession. The present author finds l-ittle evidence to support

the granitisation model at this locality'

5.2.5 Amphibolitic "QYJ.eå"

Massena B localit
Amphibolitic ,,dykes" were emplaced prior to the first deformation

in the MBG but after the development of the migmatitic veins (Chapter

1). They are distinct from the late tectonic dolerite dykes (nr2;

Table]-.4)butmayoverlapintimetheearlypre-tosyn-metamorphic
mafic dykes (¡rl-; Table L.4). rndeed some of the "dykes" in the
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MBG preserve granulite facies assemblages although most of the thin

"dykes" are amPhibolitic.
The amphibolitic "dykes" contain Sr_, fabrics and are tectonically

semi-concordant. They are dark coloured and medium to coarse grained

and contain the major mineral assemblages detailed. in Table 5.1.

In thin section those "dykes" preserving orthopyroxene are

inequigranular to seriate, polygonal, but also tend to contain patches

of relict igneous doleritic texture and primary igneous pyroxene and

plagioclase. Amphibole may also be present in these "dykes".

The more common amphibotite "dykes" are inequigranular to seriate

and polygonal to interlobate. QuarLz is common and may form quartz

ribbons exhibiting sub-grain devel-opment and recrystallisation,

Garnet porphyroblasts are present in some specimens. Some hornblende

and garnet porphyroblasts are poikil-oblastic with respect to randomly

oriented plagioclase and quar:-'z inclusions, and may be manifesting

pre-tectonic metamorPhism.

In some specimens there is extensive alteration of plagioclase

to sericite and clinozoisite, and sphene coronas surrounding and

replacing the opaque oxides may be present'

5.2.6 Mineral ChemistrY

Electron microprobe analyses referred to in this section are

tabutated in APPendix Table 3-I.

(1) Feldspars

The calc-sil-icate gneisses contain calcic (*rU n *gZ) plagio-

clases (Fis. 5.2). These are well outside the range of the QF

gneiss plagioclases (Fig. 5.2) and exceed the most calcic plagioclase

in the l-type granj-toids and granitoid gneisses described in previous

chapters (FiS. 5.2).
Within the QF gneisses coexisting plagioclase and alkali feld-

spar are generatly in textural equilibrium and calculaÈed feldspar

temperatures (after Powell & Powell ]977) range from 455oc to 567oC

(Table 5.2) in the vicinity of Massena Bay. Retrograde QF gneisses

within the DGS near North Shietds' approaching the Kalinjala Mylonite

Zone (Fig. L.2) yield a calculated, temperature of ca. ¡45oC (Table

5.2). The higher temperatures apparently are refl-ecting the similar

metamorphic history of the DGS granite gneisses and the MBG away

from the immedj-ate vicinity of the Kl4Z"



Table 5.2: Massena Bay Gneisses geothermometry

Method

biot +Kspar + mag
Wones & Eugster (1965)

gt + biot
Ferry & Spear (1978)

mag+ilm
Powell & Powe11 (1977)

plag + Kspar
Powell & Po\^tell (19771

820-870

345-567

580

565

-1og a0, = 18.I

at I Kbar

âor =
x6ar

13-15-1og
aE2

Toc Conments
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(2) Amphiboles

Amphiboles ín the QF gneisses range from magnesian hasting-

sitic hornblende and magnesian hastingsite in the higher grade rocks

near Massena Bay, to actinolite and silicic edenite in the retro-

grade rocks near North Shields (cfassification after Leake L978) '

Amphiboles in the higher grade rocks are very similar in composition

to amphibol-es in the DGS high-grade granite gneisses (Figs.5.2, 5.3)

and amphiboles in Èhe retrograde QF gneisses show a similar trend to

retrograde amphiboles in the DGS gneisses (Figs. 5'2, 5'3)'

These features testify to the simil-ar metamorphic history

experienced bY the DGS and MBG.

(3) Bi"!1!Sg
Biotites within the QF gneisses and garnet + sillimanite gneisses

show a restricted range of compositions (Figs, 5.2, 5'4) ' Using the

criteria of lVones & Eugster 1965, the biotites suggest equilibration

82oo - 870oc at log ao, between ca. -I3 to -I5temperatures of ca.

(Table 5.2) .

(4) Opague oxides

coexisting magnetite and ilmenite have been analysed in one

specimen of QF gneiss (ato; Appendix Table 3.1). The cafcufated

temperature of equilibration is ca. 58OoC at 1og uO2 = -18.1 (Table

5.2¡ Fig- 5-4; caleulaterl after method of Powell & Po$/eII L977).

(5) others

scapolite, grossular garnet and clinopyroxene are present in some

calc-silicates at cape Donington (Appendix Table 3.1; Fig" 5.2) and

almandine garnet is present in the garnet + sillimanite gneiss also

at Cape Donington (Appendix Table 3.I; Fig. 5'2).

The coexisting garnet and biotite in the garnet + sill-imanite

gneiss yields a calculated temperature of ca. 56Soc (after the method

of Ferry & Spear 1918¡ Table 5,2) .

(6 ) E!¡nmerY

AparÈ from the retrograde QF gneisses at North shields, the

majority of the MBG samples showing high-grade metamorphic textures
oo

appear to have equilibrated at ca. 450'- 600-C. Biotite compositions

suggest possible initial crystallisation at higher temperature ca.
oo800 - 900 c.
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5.2.7 Discussion

The microtextural and mineralogical evidence presented above

suggests that the gneisses of the MBG at both the Massena Bay and

Cape Donington localities have experienced a simifar tectonothermal

history, involving at least loca1 granulite facies' In addition'

there are many similarities to the DGS metamorphic history' Moreover,

Iithological and textural simil-arities suggest the layered gneisses

of southern Yorke Peninsula constitute an extension of the MBG'

outcrops of the MBG thus extend over a present day width of at least

l-20 krn.

Migmatitic veins, predati-ng Dl' are conmon in the QF gneisses'

and pre-s, noikiloblasts of garnet and hornblende occur in rocks of

suitable composition. These observations suggest that a period of

metamorphism and possibly in situ partial melting was initiated prior

to the first deformation. A similar Pre-D, growth of poikiloblasts

has been reported over large areas of the Gawler domain (GIen et af.

Le77) .

Dr-, metamorphism culminated at feast locally in granulite

facies, although most rocks now show only parageneses of the

amphibolite facies. Mineral chemical data indicate a concentration

of calculated temperatures in the range 4550 - 580oc, although there

is some evidence of former temperatures as high as 82Oo - 87OoC in

the QF gneisses. The lower temperatures are similar to proposed D,

conditions in the DGS whereas the higher temperatures are consistent

with the Dl_-2 gt.ttlite facies in the DGS (Chapter 2) '

The locaf preservation of granulite facies assemblages occurs

only in the inner portions of metabasaltic "dykes" whereas the

surrounding QF gneisses show no present trace of granulite facies.

This observation could' be interpreted to mean either

(I) atf the gneisses have experienced granulite facies

and have been heterogeneously retrogressed,

or Q) afl the gneisses have experienced the same P-T conditions '

but initial differences in Hro content resulted variously

ingranulitefaciesandamphibolitefaciesassemblages.
Retrogression is a feature ubiquitous in the DGS where it has been

particularly localised adjacent to the Kalinjala Mylonite Zone (KMZ)

and has been attributed to influx of retrogressive fluids along the

wlz(Chapter2).ItwasalsopointedoutinChapter2thatsuch
retrogression may be more pervasively and ubiquitously distributed
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prior to localisation along shear zones (Beach 1980) ' Hence it

is possible that an early granulite facies metamorphism (Mr) of the

MBG gave place to almost pervasive yet heterogeneous retrogression

( (I) above). The presence of st_z fabrics in the QF gneisses defined

by hornblende and biotite suggest the retrogression occurred prior

to or during DL-2, similar to the DGS (Chapter 2).

D, mineral assemblages are of amphibolite facies, although

greenschist facies retrogressive epidote, clinozoisiten sericite,

muscovite and chforite are 1oca1ly abundant. on Yorke Peninsula much

retrogressive epid.ote has been attributed to Da (pedler L976).

Althoughgranulitefaciesassemblagesarepreservedlocallyand
D^ retrogression is also localised, suggesting only limited migration

J
of chemical components, the four phases of migmatite and pegmatitic

segregations recognj-sed. (Table 1.4) "may involve metre (or larger)

scales of material transport" (utheridge et aI. 1983). Such chemical-

mobility has important implications for geochemical and isotopic

interpretations (see befow) .

5.3 GEOCHEMISTRY

5.3. I Introduction
rhe MBG has been suggested above to constitute a pre-Dl layered

succession, the major component of which is the probably metavolcanic

eF gneisses. As far as can be discerned, within the study area, this

unit of metavolcanic rocks registers the earliest Kimban orogenic

silicic magmatic activity, and so affords the opportunity of placing

constraints on the geochemistry of earliest Kimban magmatism.

To this end a small suite of representative QF gneisses \^/ere

coflected from Massena Bay (Fig- 5.1). Care was taken to avoid as

much as possible migrmatitic or pegmatitic veining in favour of

homogeneous QF gneiss.

Inadditionafewsamplesoffinelyinterlayered,andmixed,
garnet + sillimanite and granitic gneiss were collected from Cape

Donington, as weII as some calc-silicate gneisses from cape Donington

and Cape Euler (Fig. L-2).

Although it has been suggested above that the metamorphism was

essentially isochemical on the outcrop scale, there is a l-ikelihood

that the individual specimens have experienced open system behaviour

(which is recognised in the Rb-sr systematics (see below) ) " Hence

geochemical interpretation must be tempered by this constraint.



Table 5.3: Geochemical comparison of the average oF qneiss of the
Massena Bav Gneisses with selected I-tvÞe qraniÈoids-

I 3 42 5
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Y
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(LalYb) *
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N

(nulEu* ) *
Shaw D.F.

*mo1ar ratio
**wt.8 raÈío

1. QF gneisses, Average of 8.

2. FGGI, DoningÈon GraniÈoid Suite' Average of' 7'

3. hornblende granite, Colbert Granitoid Suite, Average of 4.

4. Moonbi l-t1pes, Average of I0 (Chappetl 1978) '
5. Bega l-types, Average of 48 (Collins et al' f982) '
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The chief ai-m of this section is to establish a geochemical

comparison with the granitoids of the present study area, to enable

integration of geochemical trends with time in a crustal

evolutionary model (ChaPter 7).

AlI the major and trace element geochemical d.ata are presented'

in Appendix rable 5.1. The Massena Bay data are supplemented by

a few from the Yorke Peninsula gneisses (Pedler L976).

5.3.2 Geochemical classification of the gneiss groups

(r) CaIc-silicate gneisses

The calc-silicate gneisses contain high Ca contents and genera11y

l-ow contents of K, Na and Mg so that they ploÈ away from the fields of

the other gneisses on the AFM and K-Na-Ca diagrams (Fig. 5.5). This

probably reffects the low content of detrital feldspar, clays and

dolomite in the original sedimenÈs, in favour of calcite and quartz'

The calc-silicate gneisses will be discussed no further in this

chapter.

(2) Garnet + sil-limanite gneisses

The garnet + sillimanite gneiss materiaf is finely interlayered

with granitic aneiss, so that the three samples analysed do not

adequately represent the bulk composition of garnet + sillimanite

gneiss. Partly for this reason the garnet + sillimanite gneisses

plot near the fields of the QF gneisses and of the DGS on the AFM

and K-Na-ca diagrams. specimen 874 however is more closely

representative of garnet + sillimanite gneiss and its high normative

corundum testifies to its aluminous metapelitic composition (Appendix

Table 5.f). No further discussion of the garnet + sillimanite

gneisses will be included in this chapter.

(3) Quartzofeld spathic hornblende-biotite qneisses

The major element geochemical data for the QF gneisses allows

the cafculation of the discriminant function (DF) of Shaw (L972).

These are positive (rable 5.3) for all samples, strengthening the

conclusion drawn above on petrographic grounds that the QF gneisses

are probably metavolcanic rocks,

The low normative corundum or the presence of diopside in the

norm (Appendix Table 5.I), and the molar AL2o3/ (Naro + K2o + cao)

values l-ess than 1.1 (Table 5.3) suggest that the metavolcanic QF
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gneisses are I-type, according to the model of Chappell & vühite

(Lgl4). blith respect to all the geochemical indicators tabufated

inTable5.3,theQFgneissesaremorecloselysimilartoEast
Australian orogenic l-type granitoids than the granitoids of the

present studY.

TheQFgneissesdefineacoherent,sub-lineartrendontheAFM
díagram (Fig. 5.5) although the Yorke Peninsula (YP) gneisses are

displaced slightly away from the Eyre Peninsula (EP) field. The

AFM trend is similar to that of the DGS and of calc-alkaline igneous

rocks.
The features such as high îe/(Ee + Mg), high KrO and KrO/NarOt

lligin Zr, Nb and LREE, and low Cao and Ni, transitional towards A-

typeoranorogenicmagrmatismandobservedintheearlierdescribed
granitoids, are not present in the QF gneisses'

5.3. 3 Ma ior element qeochemistry of the QF gneisses

MuchscatterisevidentontheK-Na-Cadiagram(Fis.5.5)which
mainly reflects the Kro/Naro variation within the Yorke Penj-nsula (ve¡

samples. The YP rocks analysed, in particular specimen 42, (Appendix

Table5.I),aremigmatiticandprobablydonotcloselyrepresentthe
original bulk rock compositíon.. For this reason the interpretations

below place more weight on the Eyre Peninsula (EP) data'

Trhe major element variation diagrams for the QF gneisses (Fis'

5.6) show coherent, sub-linear trends for most elements, which tend

Èo be sub-parallel to the fields of the DGS opx-granitoids. Ho\¡¡ever,

in detail some elements are displaced above or below the DGS fields '

As a first order conclusion it is suggested that the broad,ly similar

SiO^ range, the similar levels of major elements t"2o3roro"' M9O' Cao
¿

and Naro for Eyre Peninsula samples argue for a broadly similar

primary petrogenesis of DGS and QF magma'

However whereas the field, petrographic and mineralogical evidence

for the DGS argued in favour of fractional crystallisation within the

suite as the major cause of lithological diversity, it is noÈ possible

to unambiguousty assign the variation in chemical composition yitþis

the QF gneisses to fractional crystallisation or partial melting

processes. Bearing in mind these uncertainties it is nevertheless

suggested that
(I) the A1ro, decrease with increasing Sio, Probably reflects

either crystal fractionation of plagioclase' or residual

plagioctase during partial melting
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(2) the decrease in Mgo, Fero3'otal with increasing Sio,

probabty reflects the crystall-isation of minerals

such as pyroxene, biotite. magnetite or hornblende

or their occurrence in the resid'ue

(3) the decrease in cao probably reflects fractionating

or residual plagioclase or clinopyroxene

(4) the increasing Kro suggests biotite or alkali feldspar

are not prominent fractionating or residual minerals

(5) the approximately constant NarO in Eyre Peninsula

samples suggests sodic feldspar does not play a

prominent role in fractionating or residual minerals

(6) the approximately constant TiO, and PrOU contents of

Eyre Peninsula samples suggests that ilmenite,

titanomagnetite, or apatite are not prominent

fractionating or residual minerals.

Hence the compositional variation within the Eyre Peninsula QF

gneisses is attributed to either fractional crystallísation of a

combination of relatively calcic plagioclase, pyroxene or hornblend'e

or the presence of these minerafs in the residue of partial melting.

In this way, the QF gneisses are broadly similar to the l-type

granitoid suites of the study area.

Moreover, the broadly similar levels of most major elements in

the I-type suites suggest a broadly similar source rock composition

and petrogenetic history. This wil"I be developed' more in discussion

in Chapter 7.

The trace element d.ata of Appendix Tabfe 5.2 ate depicted in

Fig. 5.7 where it can be seen that the elements Rb, Sr, Nb, Sc, Ni

and K/Rb are similar to the DGS abundances, whereas Y, Ba and, zr are

significantly depleted. For most elements the Yorke Peninsula and'

Eyre Peninsul-a samples show similar distribution patterns, tending

to confirm their relationshiP.
when the trace element variation within the QF gneísses is

considered in conjunction with the major el-ement data'

(1) the increaseing Kro and Ba (with respect to sior) suggests

biotite and K-feldspar are not major crystallisates nor

residual minerals"

5.3.4 Trace elemett geochemistry
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5. 3.5 REE geochemistry

To further characterise the QF gneisses and to facilitate

comparison \^¡ith other rock suites, the REE from two samples from

Eyre Peninsula were analysed (Appendix Table 5.2; Fig' 5'8) '
Both samples have steeply fractionated R-EE patterns hlith

(La/Yb)*of8.5andl2.5respectively(Table5"3).TheLREE
patÈerns of both are almost parallet with (La/sm)* of 3.0 and 4.0

respectively, but the HREE show a crossover relationship with the

higher Sio2 sample having (Yb/Gd)* of O.50,the less siliceous

specimen a raÈio of 0,68 (Table 5.3). This suggests that the

variation of REE wÍthin the QF gneisses requires a mineral in the

residue of partial melting or crystallising from the melt capable

of accepting HREE but not LREE. clinopyroxene' amphibole and garnet

are minerals of this type and each has been ascribed ímportance in

various granitoid petrogeneses (Barker & Arth 1976¡ Arth & Hanson

L975¡ Barker et aI . L9'76) -

Both samples have prominent negative Eu anomalies with (Eu/Eu*)ro

ca. 0.7, and which is stightly greater in the less siliceous sample

(Table 5.3) suggesting that plagioclase is either a crystallising

mineral in the melt or a residual mineraf during partial melting'

TheQFgneissesoccupysimilarLREEfieldsastheDGSopx-
granitoids, but the HREE are depleted with respect to the DGS

(Fis. 5.8).

5.3.6 Discussion and summary

The brief presentation of major and trace element geochemical

characteristics of the MBG has demonstrated the distinction of the

metasedimentary gneisses from Èhe metavolcanic QF gneisses'

The QF gneisses have been suggested to be calc-alkaline and

I-type, and to have major element and trace element geochemistry

broadly similar to the DGS opx-granitoids, other than Kro , TliOrr

P2o5, Ba, Y , Zr and' HREE which, for comparable SiO, contents, are

all relatively depleted. This has been suggested to indicate a

broadly similar petrogenesis for the QF gneisses and DGS. This

point witl be re-examined in more detail in Chapter 7'

5-4 RB-SR GEOCHRONOLOGY OF QF GNETSSES

5.4.I fntroduction
ARb-SrtotalrockisotopicstudyoftheQFgneisseswas

initiated with the following aims'
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(1) to constrain the age of emplacement of the QF

gneisses

(2) to determine the isotopic character of the QF

protolith
(3)tofacilitategeochemicalcomparisonwithother

vofcanic and plutonic rock suites of the Gawler

orogenic d'omain

(4) to place constraints on the timing of regional

crustal evolutionary Processes.

TheQFgneisses\^IereSamp]-edatMassenaBay,withinÈhearea
of Fig. 5.1. A small area ca. 2Om x 5m was chosen, containing

near homogeneous QF gneiss and rel-atively free of discordant post-

D- pegmatitic veins. However the conclusion of Etheridge et a1 '
I

(1983) concerning the inevitability of material transport over

metres during migmatite formation suggests that considerable

caution must be exercised in the interpretation of Rb-sr isotopic

total rock dating studies of these high grade metamorphic rocks.

Various workers, ê.9. Lanphere et al' (1964), Pidgeon & Compston

(1965) , Nunes & Steiger (L974) and Majoribanks & Black (1974), have

demonstrated the migration of sr over distances of at leasÈ one

metre during high-grade metamorphism" Conversely, Krogh & Davis

(1973) have shown that in some círcumstances even during high-grade

metamorphism, Sr isotopes may not equilibrate over smalt (cm3)

volumes of ïock. However, Roddick & compston (L977) conclude that

interpretation can be facilitated by an analysis of the regional

versus l-ocal variation in Rb/Srn and hence 81St/86Srn prior to

metamorphism. A pre-metamorphic age may be preserved if regional

variations in Rb/sr (and hence 87sr/86Sr) exist on a scale larger

than the supposed scale of isotopic homogenisation, whereas the

metamorphic age could be recorded if the total range of Rb/Sr

variation exists on a local sca]e that is less than the supposed

scale of Sr isotopic homogenisation,

Thus assuming migration of sr-isotopes to be less than a few

metres in extent, total-rock sampling of the QF gneisses may be

expected to yield a pre-metamorphic age provided

(1) total-rock samples are dispersed by more than ca'

2 metres

(2) a wide range in Rb/Sr exists between sampJ-es"

An additional complication would be introduced by the emplacement

of discordant pegrmatite veins if the pegrmatite material was derived



Table 5.4: OF qneisses of the Massena Bav Gneisses
Rb-Sr isotopic daÈa.

Sample

Massena BaY

515-D83

515-D85

5r5-D86

515-D87

515-F20

515-F26

5L5-822

5L5-F24

515-F21

515-F23

**Yorke Peninsula

76-22

76-24

76-28

76-27

76-4L

76-30A

76-29

76-44

76-35

*normalised to E&A 87St/865t = 0.70800

**data from Pedler (1976).

241.

243

245

193

252

245

240

243

238

168

]-94

r79

136

183

]..57

t25
L27

r46
150

138

140

141

L75

133

L42

L46

t49
L49

15s

82

88

77

148

r65

148

l.74

2L3

280

0. 573

o.576

o.576

0.907

o.528

0. 580

0. 608

0.613

a.626

o.923

o.423

0. 49I
0.568

0. 809

1. 051

r. 184

1. 370

L.459

I.867

1.658

L.673

L.669

2.64L

1. 537

1. 686

I.762
1. 783

L.A26

2.70J.

r.223

t.4L7
r.644
2.358

3.068

3.451

4,003

4.269

5.467

0.75005

0.75039

o.75079

o.77209

o.74470

o.7 4734

o.75042

0. 75061

0. 75138

o.76828

o.73750

o.74204

o.75232

o.76444

o.78532

0.78810

0.80440

o.8l-227

0. 83718

Rb ppm Sr ppm Rbr/Sr 87Rb/865R *875r/865r

i.
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from outside of the QF gneisses. The Rb-sr isotope data may then

record a mixing event or events. Ir4ost of the QF gneiss samples

however fulfil condition (1), and are relatively free of pegrmatite

veins.

5.4.2 Previous dating of OF gneisses

InhisstudyoftheQFgneissesofsouthernYorkePeninsula,
pedler (L976) attempted to date them using the Rb-sr total rock

method. He sampled Èwo areas, each ca' 5Om x 10m, and separated

from one another by ca- IOOm. Almost all his samples were

separated by at least 2 metres. The analytical data are presented

in Table 5.4 and Fig. 5-9"

Regression of all nine samples resulted in a poor fit to the

isochron with MSWD = 105 and Model 3 solution age of 1610 + 90 Ma

with IR of 0.7LL6 + 40 (regression 1, Table 5'5) ' Arbitrary

rejection of daÈa points and recombination of sub-groups by Ped'ler

resutted in a "pooled best-fit" age of 1636 + 35 Ma with IR of

0.7091 + 9 (regression 2, Table 5.5).
pedler (Lg16) was unable to decide the significance of this

daÈe because it is much younger than the granite gneiss which

intrudes the QF gneisses and which gave an isochron age of L752 +

66 Ma (regression 3, Table 5.5).

5.4.3 Rb-Sr of ses Massena

5.4.3 . I Results

Four reconnaissance samples of the QF gneisses (Iabelled D

inTable5.4weresubsequentlysupplementedbysixsampleslabelled
F in Tabfe 5.4). Specimens D83 and D85 were prepared from one

block of rock ca. 6kg, but all the others came from separate blocks

of rock.
It is apparent that the Rb/Sr ratio between D83 and D85 varies

by less than 1% (Table 5.4) suggesting homogeneity of Rb/sr over

the volume of the 6kg block of rock (ca. 2 litres). Moreover the

Rbr/Sr ratio over the whole Masserìa Bay suite of QF gneisses ranges

between 0.53 and 0.92 with the average (0.65) being nearer to the

Iower Rb/sr. This situation is in contrast to the outcrops on

yorke peninsula sampled by Pedler (L976) where the range of Rb/Sr

is much greater , víz from 0.42 to L.9 (Table 5"4; Fig. 5"9) although

the variation is similarly homogeneously distributed"



Regression
number

Table 5.5: OF gneisses of the Massena BaY Gneisses -
Rb-Sr isochron reqress r-ons.

*number in brackets refers to number of samples regressed.

**from pedler (1976).

I

2

3

4

5

**Yorke Peninsula

**Yorke Peninsula
best-fit, Pooled.

**Yorke Peninsula
granite gneiss.

Massena Bay
+Yorke Peninsula

Massena BaY

10s ( 3)

8. s (10)

78 (10)

8e (le) 4

3

2

2

16101 90

16361 35

L752+ 66

1480!295

L628! 70

0.71161 40

0.7091! 9

O.7LL4!2L1,

o.7134! 70

0.71011 30

Rock grouping
and locality

ModeIMS!{D* Age (Ma) IR



89,

The ten total-rock Massena Bay samples of this study produce

a scatter of points on the isochron diagram (Fis. 5.9). Regression

of these data produce a Model 2 solution with MSWD of 77 ' and

calculated age of t48O + 295 Ma and IR of O.7L34 + 70 (Regression 4,

Table 5.5). This result is indistinguishabfe from the result for

the QF gneisses on Yorke Peninsula'

CombiningoftheÈenMassenaBaydatapointsandthenineYorke
peninsula points (Fig. 5.9) results in an MSWD of 89 and calculated

Model 4 age of.]]628 + 70 Ma and IR of 0'7101 + 30 (Regression 5'

Tab1e5.5).Thisresultisindistinguishablefromtheseparate
locality results, although the indicated age is closer to that of

the Yorke Peninsula samples (Regression I, Table 5"5) due to the

higher Rb/sr ratio of these samples controlling the isochron slope'

The Model 4 sol-ution suggests detailed RbrzSr and' IR geochemical

differences exist at the two localities'

The indicated ages tend to be much lower than the age of the

DGS opx-granitoid,s (I84I + 7 Ma) that intrude the QF gneisses' rhis

confirms the conclusion drawn by Pedler (L976) that the Yorke

PeninsulaQFgneissesgiveayoungercalculated'agethanthegranite
gneiss (1752 + 66 Ma) that intrudes them'

5.4.3.2 Discussion

(r) Siqn ificance of dates

Field relations and reliable geochronological data from graniÈoids

intruding the QF gneisses suggest the calculated ages of the latter

are spuriously young. This strongly suggests that the isotopic

systems within the QF gneisses have been disturbed at some time

afterinitialemplacement.ThequestionremainsaStowhetherthe
calcufated ages, although imprecise, regisÈer specific isotopic

events or whether the ages are meaningless "mixedil ages.

The combined QF age of 1628 + 70 Ma is simifar to the age of

the Middlecamp Granite cited by Rutland et al' (f981) as 1650 + 35

Ma and believed by them to be syn-D2' However, the present author

has disputed the dating of D, (Chapters 3r4) and suggested Èhat D,

may have occurred at ca - L6g7 + 12 Ma" ft is thought likely that

the conbined QF age registers D, tectonothermal effects' which

especially on Yorke Peninsula have been shown to be retrogressive

(Pedl-er L976) .

The thorough-going isotopic homogenisation on the scale of

samplingwhichmaybeenvisagedasnecessarytoproducethisupdating
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may be simutated by the near-resetting of small sub-volumesn each

representative of the bulk outcrop varíations, which has the net

effect of appearÍng to reset the whole outcrop (Roddick &. compston

: g71). Both the Yorke Peninsula and Massena Bay localities have

the butk variation in Rb/sr, and aTsr/865t homogeneously distributed

over the outcrop, suggesting the sub-vofume resetting model of

Roddick & compston may be appropriate.

ft is possible also that the isotopic scatter may be a

cumul_ative effect of any or all of the four periods of migmatiÈe

and pegmatite generation and emplacement, and of a possible original

mixedpopulationofvolcanicandsedimentarycomponents,sothat
the age calculated above may be a meaningless mixed "aget'"

(2) Sr-isotope evolution

Despitetheuncertaintyininterpretatj-onoftheagesofthe

QF gneiss isochrons, it is instructive to consider the evolution of

Sr-isotopic comPosition.

It has been suggested above that Sr-isotope migration may be

Iimited to a few metres. If it is assumed, however, that on the
)-

larger, ca. lOmz, outcrop scale there has been no neÈ loss or gain

of Rb,Sr, or 87Sr, it is possibte to average the 87Rb/86Sr and

873r/865r at each outcrop and calculate sr-isotope evolution curves'

This has been done (Appendix Table 1.2) and plotted in Fig. 5.I0.

Although the Yorke Peninsula gneisses have a higher average

Rb/Sr than the Massena Bay samples, the two curves intersect at

ca.I75Ol4aaEa7Sr/86Srca.0.705(Fis.5.1O)"Thecurveforthe
Yorke Peninsula gneisses is similar to that for the DGS (Fig' 5'I0) |

and given the crudity of the calculations, it ís suggested that the

DGS and QF gneisses share a similar IR of ca. 0.705 at ca. 1800 Ma'

F\rrthermore, if the bulk outcrops of the MBG have experíenced

no net loss of Rbrsr or 87sr calculated bulk earth model ages for

the two outcrops are closely similar at between I8l0 Ma and 1880 Ma'

If however, the early reÈrogressive event proposed, for the QF gneisses

was similar in geochemical character to that seen in the granite

gneisses of the DGS (Chapter 2) a net increase in Rbr/Sr may have

occurred"ThiswouldalfowtheprimaryaccretionageoftheQF
gneiss protolith to be significantly older than 1810 lvla - I88O Mat

more in keeping with its apparent stratigraphic position. Speculation

of this nature is difficult to constrain adequately on the basis
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of the data presently at hand ' Zítcon U-Pb dating of the QF

gneisses may help to resolve the uncertainty as to their primary

accretion age.

The relationship of the QF gneisses to the DGs and to the

other l-type granitoids of the Gawler orogeníc domain will be

discussed further in ChaPter 7 '

5.4.4 Summary

ThemainconclusionstobederivedfromtheSr-isotopeSystema
of the QF gneisses are,

(I)onbothYorkePeninsulaandEyrePeninsulatheapparent
isochron ages of QF gneisses are younger than granites

which intrude them

(2) the Rb-Sr isotope systems have been updated on the scale

of sampling, possibly by D, retrogressive metamorphism

(3)reconstructionofsr-isotopeevolutioncurvessuggests
that the QF gneiss protolith may be derived from a

source similar to that of the DGS '

tics

5.5 COMPARTSON WITH THE HUTCHISON GROUP

5.5.1 StratigraPhY
Amajorconclusionoftheprevioussectionsofthischapter

is that the MBG represents a layered sequence estabfished prior to

the early Kimban emplacement of the DGS at I84I + 7 Ma' It is

suggested then that the MBG lies in an equivalent stratigraphic

positiontotheHutchisonGroup(asmostrecentlydefinedbyParker&
Lemon ]-982).

HoÌ^Iever, the MBG and Hutchison Group are Iithologically very

dissimilar (Fig. 5.I1), although some points in common do exist'

Forexample,theCookGapSchistcontaínsearlyKimbaninterlayered
amphibolítesofprobablemetabasalticorigin(Parker&Lemon1982).
The composition of the Hutchison Group amphibolites is very similar

tothemajore]-ementcompositionofthedykesintrudingtheDGS
(see rig. 5.I2; Appendix Table 6'7 data from Parker 1978) '

Apartfromtheamphibolites,theHutchisonGroupisbelieved
toconsistalmostentirelyofclasticandchemicalmetasedimentary
rocks (parker & Lemon Lg82) whereas the dominant QF gneiss component

of the MBG is thought to be metavolcanic by the present writer'
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5.5.2 Metamorphism

fhe petrography of some metabasaltic "d'ykes" within the MBG

indicates the l-ocal attainment of granulite facies conditions'

Granulite facies mineral assemblages in the ÐGS to the south of

Cape Donington suggest local metamorphism at temperatures in
o excess of I Kb' The QF gneisses

excess of 800-C and Pressure rn

at Massena Bay may have initially crystallised at in excess of

goooc. rn contrast coin,s (rg76) estimates of maximum metamorphic

conditions in the Hutchison are 49Oo - 65ooc and ca' 3 Kb' If

the P-T conditions estimated for the early granulite facies

metamorphism in the DGS and MBG are accepted to be similar it is

apparentthaÈthereisamarkedd.ifferenceinmetamorphismbetween
the Hutchison Group and the MBG. coin (Lg76) arso noted the ritho-

logícal and metamorphic contrast across the intervening Kalinjala

Mylonite Zone.

Thesefeaturessuggestadeeperburialandconsequentlymore
pronounced subsequent uplift of the MBG interlayered metavolcanics

and metasediments in the Massena Bay area' compared' with the

Hutchison Group.

5.5.3 Isotopi c constraints

Two schist units within the Hutchison Group have been dated by

the Rb-Sr method, and Èhe ages and IRrs are reported in Parker &

Lemon(1982)asL773+25Ma,0.7033+28and.1688+7614a'0.706I+
42.Parker&I,emon(1982)concludethattheseagesdatemetamorphic
events

Theseisotopicdataareofconsiderableinterestinthelight
ofthecontentionbyParker&Lemon(1982)thattheHutchisonGroup
basar !,Iarrow euartzite, rater cook Gap schist and Yadnarie schist

are clastic sedimenÈs derived from Archaean basement to the south and

west.NopublishedisotopicdataexistforthelVarrowQuartzite.
Parker & Lemonrs (1982) sedimentological and stratigraphical evidence

fortheirmode]isgeologicallyreasonable.However,Webb(1978)
concludedthatthelowlR|softheschistuniÈs(above)precludean
Archaean crustal Provenance.

Comparisonoftheisotopicdataforl{utchisonGroupschistunits
with that of the QF gneisses (Fig" 5'IO) shows that these suites

appear to constitute a conmon sr-isotope system, with an apparent

Rb/sr ratio ca. 0.8, within which locat metamorph!c and/or retrogressive

eventshaveresettheRb-Srtotal-rockisochronsatdifferenttimes
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in the different localities' Hence it is suggested that the QF

gneisses and Hutchison Group schists, as well as being of similar

stratigraphic age, ñãY be genetically related'

A possible scenario is that the QF gneisses represent an

easterly' contemporaneous volcanic source of detritus for the

Hutchison Group which \^las deposited to the west in a shallow basin

constructedonArchaeancrust.onlyaminimalcontributiontothe
schistosesedimentsfromtheolderArchaeancrustisallowedbythe
isotopic data-

ThismodelisincontrasttothecontentionbyParker&Lemon
(1982)thattheHutchisonGroupschistshaveawesterleyprovenance
of Archaean age.

The ulti-mate source of metavolcanic QF gneisses wifl be

discussed more fullY in ChaPl-er 7 '

5.6 SUMMARY OF CONCLUSÍONS

The Massena BaY Gneissest

(f) are a unít of mixed metasedimentary and mainly

metavolcanic rocks not previously described

(2) form a pre-Kimban lithostratighraphic unit of

simitar age to the Hutchison GrouP

(3) have experienced the full Kimban tectonothermal

history including local granulite facies' and'

retrogression
(4) have Rb-Sr total-rock isotopic systems that have

been updated by retrogressive metamorphism

(5) contain quartzofeldspathic' metavolcanic gneisses

which show geochemical and isotopic simitarities

to the ÐGS

(6) are possibly Èhe source of much of the detritus

which comprises the Hutchison Group clastic

sediments.
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CHAPTER 6.

BASAI,TTC ANÐ ULTRAMAF TC ROCKS.

6.1 INTRODUCTION

TheProterozo:cbasalticandsubordinateultramaficrocksto
bediscussedj-ndetailinthischapteroccurasdiscordanttosemi-
concordantdykes.Thesearedistinctfromthelesscomlnon'
tectonicaltyconcordantboudinsandblocksofamphiboliteand
basic granulite, of uncertain age, which are treated only cursorily'

Datacollectedbythepresentauthorhavebeensupplementedbythe
data of Bradley (Lg72) after close scrutiny of Bradleyrs samples

to distinguish d'ykes of undoubted' Protetozoi'c age from rocks of

uncertain, possibly much older, ê9e"

Previous petrographic investigations on southern Eyre

Peninsula have d.escribed Èwo groups of basattic dykes' viz'

(t) those showing appreciable or complete metamorphic

recrystallisation (DKt of the present author)

and (2) those showing good preservation of primary igneous

texture and mineralogy (DK2 of the present author) '

The DK2 dykes may manifest amphibolite facies (Til}ey L92Ic; Flook

1975¡ Bradley L972) or granulite facies (TiIIey L92Lc; Bradley 1972¡

FanningLgTs)mineralassemblages.Petrographicstudiesbythe
present author support the subd'ivision of the Proterozoic dykes

into these tr,iro main groups '
onthebasisofpalaeomagneticdataGiddings&Embleton(L976)

also recognised two main groups of Proterozoic basaltic dykes from

the southern Gawler domain, with widely divergent relative magnetic

polepositions.Furthermoretheycitedunpubtished.Sr-isotopic
data which suggest that the two groups of dykes were emplaced at

lToo + loo Ma and r5o0 + 2oo Ma respectively. rt is thought likery

by the present author that these two groups correspond to the two

petrograPhic grouPs above'

In the following sections of this chapter the ÐKI and DK2

dykeswillbeexaminedindetail,thenatureofKimbanmetamorphism
will be discussed, and the geochemistry and petrogenesis of the

basaltic magmas will be investigated'



Table 6 - 1 :ltrole Lic dvkes - netroqraphi c modal and textural smaryr

Cate9orY
and

examples
MlneralogY Texture corunen Es

emplaced Prlor to netilorPhic Peak
px-granulLte facies

enplaced Prior to metilorPhic Peâk
hb-granulite facies

enplaced PrLor to metamorphic peak
mphibollte facles
often as boudins

pKl dykes

lÀ
(826)

1B
(832)

tc
(A85)

plag+oPx+cPx
+ bioL + Fe-Ti oxlde

plag+oPx+cpx+amph
+ biot + Fe-Ti oxide

plag+ilPh+cpx+biot
+ qtz + Fe-Ti oxlde

equigraular Eo inequlgrmular
polygonal

ec¡uigranular to lnequlgranular
potygonal
often follated

equlgranular to lnequigranular
polygonal
often foliated

2A

DK2 dvkes

(869 )

(816)

2D
(836)

(81)

2î
( Dr)

plag + opx + cPx + ol + sub-ophitlc to l-ntergranular
biot + Fe-Ti oxide

(+ kspar)

plag + opx + cpx + ol + sub-ophitlc to lnterglanular
biot + FelTl oxide + 9t

(+ kspar)

plag + opx + cPx + amph sub-ophitlc to Interqrilular
+ ol + biot + Fe-Ti oxide

late metamorPhlc
some of cores I'n Pt( Phenocrysts

l ate me Eilorphlc
ninor granular recrystalllsatLon
some coronal gt

Iate metatrþrPhic
colmn grilular recrystalllsation
comon conversion of Px to anph

2B

2C

2E

plag+oPx+cpx+mph
+ bl-ot + ol + Fe-Tí
oxi¿le + 9t

plag+oPx+cPx+ilPh
+ blot + Fe-Ti oxlde

plag+opx+cPx+anPh
+ biot + ¡'e-Tl oxide

sub-ophltic to lntergrilular

sub-oPhitic to lntergranular

sub-ophitic to intergrilular

late metilorPhLc
comon patchãs of recrystalllsatlon
extensive ænverslon of Px to anPh

some coronal gt

late netarnorPhic
local contact retrogresslon
olao sericitised
ãxtãnstve conversion of Px to ilPh

late metarcrPhic
local alteration in fault zones

plag alteretl and turbíd

refer also to FÍgure 6'l
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px granuliteintergrânu lâr
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mârginal Px recrYstallisat

DKl B

hblnd grânullte

0K2C
partial amphibole rePlacement

DKlC
ampHbollte
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extens¡ve lePlacement

Fígure 6.1 Schematic representation of main texture categories
ãå*fát domaiir Proterozoic tholeiitlc dykes' DK-I1f-
uxIC ana DK2A were taken from rock specimens' DK2B

ã"å-oizo are schematic and modifíed from DK2A'

of
DK1B,
, DK2C
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6.2 PETROGRAPHY AND I{INERAL CHEMISTRY

6 .2.I Petrogr of DK2 dykes

DK2 dykes outcrop as structurally late, discordant dykes'

O.5tolmetrethick.Themajorityaremediumtocoarsegrained
and holocrystalline, although a small proportion show fine-grained,

chill characteristics. In general the narrower dykes tend to be

finer grained.

Detailed petrographic stu<lies by the present author alfow

further sub-divisions of this group, based on the degree of meta-

morphicrecrystallisationmanifestedandthenatureoftheminerals
present(ra¡IeO.t;Fig-6.1).Themainfeaturestoemergemay
be summarised as follows.

(1) olivine is a rare mineral in dyke rocks and is

never seen in contact with plagioclase'

(2) Basaltic dykes contain phenocrysts of opx and

cPX, some of which show rare relict cores of

olivine.
(3) Ultramafic rocks are rare, but consist dominantly

of cumulate pyroxene, some of which contains rare

relict cores of olivine'
(4) Apatite, Fe-Ti oxide, alkali feldspar' biotite and

qvar1z may occur interstitial to the main minerals'

These observations suggest that the main minerals of the DK2 dykes

\^/ere crystallised from the magma at considerable depth where the

stabitity field of olivine is decreased in favour of pyroxenen

possibly ca. IO Kbar (Ringwood 1975). Furthermore the apatite,

Fe-Ti oxide and biotite crystallised late from the liquid'

(5) The pyroxene recrystalfisation and replacement

textures vary widely from unaltered to near

complete recrystallisation and replacement'

(6) Metamorphic minerals in dykes range from pyroxene

through green-brown amphibole to blue-green

amPhibole.

(7) The Cape Donington to Cape Cotbert section shows

the futl spectrum of metamorphic facies variation

in secondary minerals, with dykes of categories

2A, 28, 2C and 2D (see Table 6'1) often outcropping

within a few metres of each other"
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Theseobservationssuggestthatnotonlywasthereconsiderable
regionalvariationinlatemetamorphicconditionsbutthatthe
range from pyroxene çfranulite facies to amphibolite facies was

manifested on the outcrop scale. This apparent range in some

instances corresponds to the localised narrow zonal effects of

the late D^ deformation (Chapter 1), and in others reflects the
J

regional Dr-, retrogressive zonation adjacent to the Ka1injala

Mylonite Zone (Chapters I and 2) ' In this way late narrow

d,eformation zones promoted recrystallisation and the recrysÈa}lised

assemblages reflect the refative degree of hydration of the

countryrock.Theinterrelationshipsofrecrystallisation'
hydration and deformation is most obvious however in DKI dykes

(see below).

The presence of pristine doleritic and only slightly

recrystallised and altered metabasaftic dyke rocks allows Èhe

possibility of preservation of primary igneous geochemical

composition (see later) .

(8) Chil-Ied, fine-grained dykes such as 858 and 852

allow the possibility of preservation of original

liquid comPositions.

(9) Subordinate category 2E was erected for dykes from

MclarenPointwherelocalspecialisedlowergrade
contact retrogressive metamorphism associated

with late granitoid intrusioá is manifested by

blue-green amphíbole development' often over-

printing earlier textures (e'g' D123 of CaÈegory 2D) '

Thisfeaturehasbeendescribedalsoingranitoids
of the DGS at this locality (Chapter 2) 

"

(10) At North Shields on the frontal scarp of the Lincoln

Uplands (FiS- I.2) probable late uplift related to

faultinghasresultedinlocalisedalterationof
plagioclase and' pyroxene and the erection of

subordinate categotY 2F "

(1f) The Boston Point and Spalding Cove localities have

country rock and d'ykes tending not to manifest

hydrated secondary mineral assemblages '

These observations il]ustrate the local and regional metamorphic

facies variations referred to above'
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(I2) [wo distinct primary mineralogical types can be

recognised within DK2 dYkesn

(a) dykes containing minor interstitial Fe-Ti

oxide (and aPatite)

and (b) dykes containing pyroxene phenocrysts

exsolving abundant Fe-Ti oxide (and

abundant interstitial aPatite) '

These mineralogical differences are reflected in the bul-k rock

geochemistry of the dykes (see later), and the phenocrysts with

exsolved Fe-Ti oxide in the latter group suggest the high-TiO,

in these rocks is not due Èo cumulate ilmenite '

(I3) One specimen (836' Table 6'1) from Spalding Cove

exhibits Some recrystallised aggregates, in place

of the d'ominant primary cpx phenocrysts' which assume

two distinct mineral assemblages, viz'

(a) garnet + opx + cpx (+ biotite + ilmenite)

and (b) amphibole + opx + cpx (+ biotite * ilmenite) '

The textural relationships suggest that some of the garnet

formed as early coronas around the cpxn and was subsequently

incorporated in garnet + opx + cpx polygonal equigranular

aggregates as opx was exsolved from the relict :cpx phenocrysts

during recrystallisation. Some of the garnet contains vermicular

pyroxene. The pargasitic amphibole occurs to the exclusion of

garnetinsomepatches,butnoclearcoronatexturesarepresent'
theopx+cpx+amphiboleformingpolygonalequigranularaggregates.
one other specimen north of carcase Rock (Fis. r.2) shows similar'

less well- develoPed textures'

Similargarnettextureswereobserved.byTilley(r92lc)in
metabasaltic dykes on Boston Island (FiS" L"2) '

Also in specimen 836 is rare olivine' which shows coronas of

cpx in contact with plagioclase' The dominant ferromagnesian

phenocryst phase however is cpx' No free quari_z is present in the

rock.
These textures are interpreted to suggest earry recrystallisation

fromthemeltofcpxandplagioclaseandsomeolivinephenocrysts
which on consolidation and coofing to the prevailing geotherm

formed the coronas described above (cf. Griffin & Heier 1973) '

Cooling apparently took place under garnet granulite conditions"a
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6.2.2 PetrograPhY of DKI dYkes

DKI dykes outcrop mainly as dykes but also as more equivocal

boudinsorblocksinthegranitoidgneisscountryrocks.Allhave
beenrecrystallisedduringearlyKimbanmetamorphism,someshow
fold structures, and most of the amphibole bearing dykes show

tectonite fabrics.
Other features to emerge from the detailed petrographic studies

are as follows, (tab1e 6.t; Fig' 6'1)'

(I) No olivine is present in the metamorphic mineral

assemblages but rather opx + cpx + plag, suggesting

intermediate pressure of metamorphism ca' I0 Kcar

(Green & Ringwood 1967a; Ringwood f975) '

(2) A geographicat distribution of metamorphic facies

variationisevidentinDKlrocks'px-granulite
facies being dominant at Spalding Cove and Boston

point, vrhereas l(irton Point and Massena Bay manifest

mainly amphibolite facies, although rare hornblende

granulites and pyroxene granulites do outcrop at

the latter two localities' Similar variations are

present in the host rocks' Evidence has been

presented in Chapter 1 and Chapter 2 Llnalu local

retrogression of the host DGS occurred in a zone

ca. 5 km wide adjacent to the Kalinjala Mylonite

Z,one, prior to or during DI, by influx of fluids

atong Èhe mylonite zone' Regionally' the granulite

and amphibolite facies gneisses otherwise

crystallised during ot-Z at similar pressure and

temperature conditions' The deformation along the

mylonite zone is thought both to be crucial to

the passage of fluids and to be aided by the hydraulic

fracturing associated with them (cf' Etheridge et aI'

1983).

(3) Some amphibolites at Kirton Point are veined by the

granitoid country rocks, which ted Flook (1975) to

proPose that the granitoids intruded the amphibolite'

Ho\^/ever Cooper et al' (1976) proposed that intrusion

of amphibolite precursor into granitoid caused

partial melting of granitoid at some contacts and

back-veining into the amphibolite" Parker et al'
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(1981) suggested that aÈ least some of the

amphibotites pre-date granitoid intrusion' No

firm conclusions as to the primary age of the

amPhibolites \^Iere stated'

Thepresentauthornotesthatthepresenceofscaremeta-
basaltic xenoliths in the DGS granitoids (chapter 2) suggests that

someoftheamphibolitesmaypredatethegranitoids.However'
field relationships show that most of the amphibolites are pre-

metamorPhic dYke intrusions'
(4) There are DKI dykes containing abundant Fe-Ti oxide

as well as dykes containing minor Fe-Ti oxide'

demonstrating that neither of these mineralogical

(geochemical) types is unique to either early

or fate Kimban basaltic magmatism' The dykes

containing abundant Fe-Ti oxide are however'

volumetricallY subordinate'

6.2.3 Mineral ChemistrY

In order to delineate the metamorphic conditions of recrystall-

isation of the subsolidus assemblages and to constrain the original

magmaÈic conditions, a number of specimens from each of the two

groups of dykes were analysed by electron microprobe" AIl the

analyticaldataaretabulaÈed.inAppendixTable6.landasunmary
of calculations based on various geothermometers and geobarometers

is presented in Table 6.2.

6 .2.3.L Mineral chemistrY of DK2 dYkes

(r) Specimen 869 - categorY 2A

This metadolerite contains opx and cpx phenocrysts with

moderate exsoluÈion and so the analysed compositions most probably

reflect sub-soridus conditions " Änarysis of opx phenocrysts shows

that exsorution is not comprete and considerable ca is present but

the recrystallised granular opx has much lower Ca (appendix Table

6.I). The calculated pyroxene temperatures for this specimen are

ca. 8680 - 898oc (Table 6 -2) .

(2) 836 categorY 2D

The textures and mineral assemblages in this specimen (see

above) allow the cal-culation of a temperature and pressure of

equilibration of the garnet + opx + cpx aggregates' The temperature



Table 6.2 Metabasaltic dvke rocks, calculated pressure and temperature
of equilibration of coexisting phases

Method and, Source Specimen Toc P Kbâr comments

Opx+Cpx 869
!{ood and Banno (1973) AIt3

826
832
836

836

960-885

836 I160-1186

Recrystallised PolYgonal
pyroxene or exsolved
relict PhenocrYsÈ
No garnet Present

Bradley 
' (L972), mineral

separates

Recrystallised PolYgona1
pyroxene with garnet

As above

Bradley (L972), mineral
separates

As above

879-898
858
890
826
870

830-882

r032-1038

868-889
910
959
879
9r5

Opx+Cpx
Vlells (L977)

869
A113
E26
832
836

Ptag + Kspar 869
Powell & Powell (1977)4113

832

618
526
523

(8)
(8)
(8)

869 averaged zoned PIag-
ioclase phenocrysts

l4ag * Iln 836
PoweII & Powell (L977)

446-569 - Iog 
^OZ 

2O.2 - 27 -7

Opx*Gt
Harley & Green (1982)

836 (1038)
(.870I

20.8
15.5

low moLe fraction
of A1 in oPx = 0.0325

Cpx+PIag+Qtz
Ellis (1980)

A113
832
826

(8s8)
(826)-
(8eo)

7.2
4.4
8.3
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calculated by two different geothermometers are ca' 1O35oC and

ca. ll-7ooc (Table 6.2)- The calculated pressure is ca' 20 Kb

(Table 6.2), but this calculation is less reliable at low mole

fractions of At in opx (Harley & Green L982) so that this pressure

estimate is not wel-l constrained'

fnthisSamespecimenthecoexistingexsolvedaggregatesof
magnetiteandilmeniteallowthecalculationofatemperatureof
equilibration of 446a - 56goC at oxygen fugacities of -Iog uO2 =

2O.2 - 21.7. These conditions are similar to those deduced for

sr:bsolidusrecrystallisationoftheplutonicgranitoidsofthis
study(Fis.6.2)andsuggestthattheopaqueoxideswereopento
subsolidus equiîiUration to lower temperatures than the silicate

minerals.

(3) Specj-men A113 - categorY 2C

Thisspecimenhasmuchrelictigneouspetrographiccharacter'
but atso many areas of extensivery recrystallised (anrl equiribrated?)

aggregates of opx + cpx + plag + Kspar + quar|Lz" These aggregates

arl-ow the calcuration of pressure and temperature of equilibration'

Thecoexistingpyroxenesandcoexistingfeldsparsgeothermometers
produce calcurated temperatures of ca. g5go - grooc and ca. 5Z60 C

respectively, and the cpx:+ plag + quartz geobarometer produces a

calculated pressure of' 7.2 Kbar (rable 6'2) '
The pyroxene temperatures are very similar to the calculated

temperatures for 869, but the feldspar temperature is significantly

Iower.Thissuggeststhatthefeldsparsolvusallowsequilibration
to lower temperature than the pyroxenes '

lhecalculatedpressureismuchlowerthanthatcalculatedfor
the opx + garnet assemblages but probably is to be preferred in view

of the uncertainty of the latter calculation' Moreover the

equilibration of plagioclase at lower than the metamorphic peak

temperature suggests the lower calculated pressure may also represent

post-peak conditions.

6 2.3.2 Mineral chemist rv of DKI dYkes

(r) Specimen F26 - cateogrY IA

This pyroxene granulite has a well-developedt apparently

equilibrium ¡rclygonal equigranular metamorphic texture and the opx

andcpxcompositionsaret'ypicalofgranulitefaciesmetamorphic
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rocks (e.g. weaver et al. 1978; Fig. 6,2). The calculated pyro*ene

temperature of ca. 8900 - 959oc (rable 6.2), is similar to that of

the other specimens. Furthermore the calculated pressure from

the cpx + plag + qwar|z assemblages is ca. 8.3 l(bar (Tabte 6.2)

which is similar to that for specimen 4113 (and for the DGS; Chapter

2).

(2) Specimen 832 - categorY 18

This hornblende granulite is similat Eo P26 with the addition

of amphibole to the mineral assembtage. The calculated pyroxene

temperature of ca. g26a - g79oc (Table 6.2) is in accord with the

other specimens. However its cpx + p1a9 + quartz pressure of ca.

4.4 t<bar (Table 6.2) and the calculated temperature of equilibration

of the feldspars at ca. szzac (Tab1e 6.2) are row, similar to

specimen A113, and probably reflect plagioclase equilibration to

post-metamorphic peak conditions.

(3) Bradley (Lg72) separated butk pyroxene fractions from

pyroxene and hornblende granulites and analysed' them by XRF

techniques. coexisting pyroxene temperatures calculated by the

present author from Bradleyrs data are 83Oo - 882oC (Table 6.2)

and are consistent with the microprobe data calculations.

6 .2.4 Constraints on Kimban metamorphism

The majority of metabasaltic dyke rocks examined in this study

show evidence of having been emplaced and variably recrystallised

in the inÈermediate pressure pyroxene granulite or hornblende

granulite facies of metamorphism (Green & Ringwood 1967a)' Adjacent

to the Kalínjala Mylonite Zone however amphibolite facies assemblages

are common, some of which may be retrogressed granulites and may

coexist with subordinate relict granulites. Elsewhere garnet gran-

ulite corona textures are present in a few localities \n/est of

Kalinjala at spalding cove, Boston Island and north of carcase

Rock (FiS. 6.3¡ Fig. L.2).
These observations suggest that a widespread granulite facies

metamorphism occurred, with coexisÈing apparently retrograde

amphibolite facies conditions adjacent to the Kalinjala, and, Iocal

preserved relics of garnet granulite facies' The zonation of

facies is parallel to the major Kalinjala zone and subsidiary
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parallel zones, and parallel to the major linear magnetic anomalies

of the area some of which correspond to known faults or shear zones

(Fig 6.3); this suggests that in particular the local garnet

granuliteassemblagesmayhavebeenexposedaSaresultofdiffer-
ential uplift along parallel shear zones or faults coincident with

the magnetic anomalies. The garnet corona textures originally may

have resulted from essentially isobaríc cooling to the prevailing

geotherm, after igneous crystallisation and prior to uplift

(Griffin & Heier L973) -

The mineral chemical calculations suggest that the dykes may

have equilibrated at ca. g39o - 960oc at pressures ca. 7.2 - 8.3

Iccar with some lower grade adjustment at ca. 4-5 l(bar. The garnet

granulites may initiatly have equilibrated at a minimum of ca'

1030 C and at pressure well in excess of 8lÕar, but very probably

not as high as the figure of 20.8 Kbar which was calculated using

the unreliable, low-Al pyroxene system' These metamorphic

condiÈionsarepreciselythoseexpectedwhenlargeamountsofhot
mafic magma are intruded into the lower crust (underplated),

disturbing and elevating the local geotherm, and subsequently

cooling to the prevailing steady-state geotherm (e"g. wells 1980).

6.3 GEOCHEMISTRY

6.3.1 SamPlinq and alteraÈion

It is weII known that during hydrothermal atteration and

metamorphism of basaltic volcaníc rocks significant chemical

redistribution, so as to mask the primary igneous geochemical

characterr f,ðY occur (e.g. Frey et aI . L974¡ V'lood et aI' L979 ¡

sun & Nesbitt I978a). The volcanic terrains investigated by

theseauthorsarenotdirectlycomparabletothedeepcrustal
environment of the basaltic dykes of the present study'

Elliott (1973) and Field & EIIiott (L974) showed that the

transition from dolerite dyke to amphibolite may not be isochemical'

In particular they suggested KrO, P2o5, t"2o3, Rb and maybe zr

may be increased, whereas cao and Feo may be decreased. They also

suggested'Íioz, total Fe' Mgo. I'lnor Naro, AL2o3, Sr and Ba are

probablystatic,althoughsomescattermaybeinduced"!Ùeaver&
Tarney (1981c) illustrated similar chemical changes associated

with amphibolisation of dolerite dykes"

However Green et al-. (L972) demonstrated that the REE are

relatively immobile during prograde metamorphism. Bradley (L972)
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inhisstudyofsouthernEyrePeninsufabasafticdykes,demonstrated
that retrogressive rehydration of pyroxene granulites to amphibole-

rich assemblages resulted in marked disturbance of elements such

asK,RbandBarwhereasthegeochemistryofmaficgranulites
and little metamorphosed dolerites is apparently undisturbed and

reflects the primary ígneous character' Bradley further suggested'

that the average K2O content of unaltered Gawler d'omain basaftic

dyke rocks is ca. O-6eo¡ and that rocks with greater than 1'5% K?O

are altered.
To minimise the effects of these complications the present

author has preferred to examine in detail only essentially

unaltered dolerites and pyroxene granulites " Data from slightly

alteredmetadolerites,hornblendegranulitesandafewamphibolites
are included for comParison'

Suitesofbasalticdykerockswerese].ectedfromtheDKland
DK2groupsdescribed,above.CarewastakentoincludebothFe-Tí
oxide-poor and Fe-Ti oxide-rich specimens. These \Á/ere supplemented'

by samples analysed by Bradley (L972) and Pedler (L976) which

could be demonstrated to be of DKl or DK2 type"

6.3.2 Basaltic qeochemical qroups and approach to their

interpretation
6.3.2.L Introduction

Bradley (Igl2) showed that the basaltic dyke rocks of southern

Eyre peninsula are of conÈinental tholeiitic character and are

divisible into two main tYPes,

(1) abundant tholeiitic basalts

(2) Iess abundant picritic tholeiites or "pyroxenites"'

Furthermore he suggested, on the basis of the pioneering experimental

petrological studies of Hawaiian olivine tholeiite (Green o Ringwood

1967b) , that it is possible to model some of the pyroxenites as

crystal-enriched liquids from an olivine tholeiite parental liquid,

whereas others could not be so modelled and hence more likely

represent picritic tholeiitic liquid compositions'

The knowledge of phase and mel-ting relations in the basaltic

system has increased greatly of recent years, as has the

sophistication of major and trace element geochemical interpretation,

so that a more detailed interpretaÈion of the Eyre Peninsufa

basaltic dyke rocks is now possible'
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(1) The model pyrotite source of basaltic magrnas (see

discussion by Ringwood 1975; Frey et aI ' L91g) is now well

established, despite dissent by OrHara (e'g' 1968) i volumes of

experimental mel-ting results at various P, T and PHro cond'itions

are available in support (see e.g' Green L973i Jaques & Green

1980; Ringrwood L975¡ and references in these) ' Tt is clear that

thoteiitic magrmas result from relatively high degrees of partial

melting of model- pyrolite, leaving residual mineral assemblages

dominatedbyolivineandorthopyroxene,withlesseramountsof
other minerals such as clinopyroxene and garnet possibly present'

The presence or absence of these minerals is controlled by factors

such as the P-T at the site of melting, the extent of melting, and

the nature and amount of fluids such as HrO and Co, in the source

rock. The detailed major element compositions of basaltic melts

wil-I sensitively reflect the interplay of these factors '

(2)Similarlythecontentinthemeltofcompatibletrace
e]-ements Such aS Ni, Cr, Sc and V wi]-l be dependent on these factors.

(3) For the imcompatible trace elements it has been proposed

that the upper mantle pyrotite source has relative abundance ratios

similar to chondritic meteorites and absolute abundance levels ca'

2x chondritic (see discussion in Ringwood 1975), This model has

been substantially confirmed for high degree partial melts such

as Archaean komatiites and some tholeiites (e.g. Nesbitt & Sun

Lg76). However, it has been shown by many studies that incompatible

trace element distributions in the upper mantle peridotite sources

of basaltic magmas are globally, and even often locally, hetero-

geneous (e.g. in MORB, Sun et al. L979¡ Wood et at' L979¡ in

tholeiites of continental areas, Frey et a1 ' L978¡ Sheraton &

BlackIgS];Weaver&Tarneyl98lb).Itisnotpossibletoexplain
these apparent heterogeneities solely on the basis of residual

mineralogy at the site of melt prod'uction, but a two-stage history

is often invoked, involving either an early melt extraction and

consequentdepletionoranearlyenrichmentinacomponentwhich
is itself enriched in incompatible elements (component B of Frey &

Green L974). The incompatible trace element content of primary

mantle liquids should be a faithful indicator of the trace element

character of the upper mantle peridotite source'
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(4) Crystal fractionation, or accumulation during ascent' may

considerably modify the major and trace element compositions of a

basalt, so that meaningful conclusions as to the physical and

chemicalconditionsatthesiteofmeltingcanonlybedrawnif
essentially unmodified mantle liqui<ls are studied. Tt is possible

to discern liquid compositions on the basis of petrographic

criteria such as chill textures' ln addition a primary mantle

liquid can be identified on the basis of geochemical criteria

such as nlgh Mg/ (Mg + Fe), and high content of compatible trace

elements such as Ni, Cr and Sc (Frey et aI" f978)'

(5) Combining these interpretationaf steps it is ideally

possible to allocate tholeiitic liquids to a P, T, pHrO petro-

genetic arid for a given locatity and hence to formulate models

of upper mantle geothermal and' geochemical evolution'

Adopting this approach it is possible to refine the petro-

genetic interpretations of Bradley (L972) ' The addition of data

from certain key samples collected by the present author has

greatly facílitated this refinement'

6 .3.2.2 Definition of basaltic hemical sA BandC

Because regularities in the partiÈioning of major and trace

elementsbetweenmeltandresidualmineralphasesimpressspecific
characteristics on the derivative merts, and because the basaltic

rocksofthisstudyexhibitawidediversityofcompositions
particularly with regard to trace elements ' 

it is possible to

distinguishanumberofdifferentgeochemicalgroupsandtointerpret
these in terms of specific petrogenetic processes'

on the basis of the less mobile elements Ti, Zr and' Y (Pearce &

cann 1923) it is possible to define three separate geochemical groups

withintheProterozoj'cmetadoleritesandmaficaranulitesofthe
present study (appendix Tabl-es 6'3t 6"4 and 6"5) víz

GrouP A li/Zt av' 50 Zt/Y av' 4'5

GrouP B 83 3'8

Group C 98 2"7

The detailed interpretation of these differences is given below¡

it suffices here to draw attention to these three groups'

ftisworthyofnotethatDKlandDK2dykesoccurineachof
these three groups, suggesting that they do not represent unique
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stages in development of the Kimban orogenic cycle' In add'ition

both Group A and Group C contain Bradley's picrites as well as

the more colwnon tholeiites'
Pearce&Cann(1973)usedtriangularplotsinvolvingTi,zr

and y in an attempt to delineate the fields appropriate to basalts

of different modern geotectonic regimes' on their criteria only

a few of the Group B and C specimens plot in the field of within-

platebasalts(Fig.6.4).Mostplotinthefietdsofislandarc
calc-a]-ka].ineorlow-Ktholeiitesorocean-floortholeiites.These
differences will be discussed further below'

6.3.3 GeochemistrY of Group A basaltic rocks

6.3.3. I Pr imarv l-iquids

ThetholeiitesandpicritictholeiitesofGroupAdisplaya
wide range in chemical composition' from olivine-normative to

quartz-normative types (eppendix Tab1es 6'2' 6'3) " Samples 858'

860 and 869 have Mg numbers in or close to the range 68-72 (Appendix

Table 6.2) appropriate for liquids which have equilibrated with upper

mantle olivine (Roeder & Hnslie L97O¡ Frey et aI. L9l8) ' They

a]-sohavehighcompatibletraceelementcontents(Ni=289-526ppm;
cr = 1119 - 2401 ppn; Sc = 3l - 37 ppm; Appendix Table 6'3)' This

stronglysuggeststhattheywerederivedfromuppermantleperid,otite
with littl-e or no subsequent modification (Frey et aI' 1978) ' In

addiditon, 858 exhibits good petrographic evidence for its Iikely

origin as a chilted liquid (Section 6'2) so Èhat it almost

certainly represents a primary liquid' However 860 and 869 are

coarse-grainedanddonotunequívocallyrepresentliquidcompositions
buttheirgeochemicalcoherencewithB5Ssuggeststheirprimaryor
near-PrimarY liquid status'

6.3.3.2 Cumulates

Bradley (Lg72) crudely modelled the composition of 739 (Appendix

Table6.2)aSacrystalenrichedpartialcumulaterockconsisting
of 27s" olivine ¡ 79o apX and 66% parent melt, using experimental data

from a Hawaiian olivine tholeiite at 9 Kbar (Green & Ringwood I967b) '

Howeverhewasunabletomodelsatisfactorilythecompositionsof
785 and 786 on a similar basis, but none the less suggested that

their high normative opx contents (ca' 5Oe" - 60%' Appendix Table

6.2) may indicate origins as higher pressure (greater than 13 Kb)

crystal enriched picritic tholeiites '



Table 6.3 Geochemical least s modell of selected major

elements in s tion o compos o

rocks 739, 7A5 and 786 as c tes.

(a) Accumulation of 7 39 from B58 liquid

858 ol 739

49 .gg 39.87 47 -L9
rr-05 - 8'19
11.35 15.53 LL-77
15.86 45-38 23.94
9.04 0-25 6.38

Model proPortions 858 0'725
01 0.275

Sum of squares of residuats = 0'58

786

739* Residual
Composition data

si02
A1203
Fe203Total
Mgo
CaO

47.07
8.01

L2.44
23. 81
6.62

-o.L2
-0. l8
o.67

-0.13
o.24

(b) Accumulation o f. 786 from 869 liquid

Composition data 869 oPx cpx 786* Residual

si02
A1203
Fe2O3Total
Mgo
CaO

5l .10
13.63
I0. 70
10.60
10.07

52.35
L.20

23.25
2L.49
3.39

51.43
6.54

L7.O9
16.41
6.98

-0.57
0.71
o.57
o.62

52
I
7

52.OO
5.83

L6.52
L4.78 L5.79
23.08 6.32

80
96
2L

0.66

Model ProPortions B,69 0'424
OPx O -526
Cpx 0.039

Sum of squares of residuals = 1'96

(c) Accumula tion of 785 from 869 liqui!

Conposition data B6;9 opx 785* Residual

si02
A1203
Fe2O3Total
Mgo
CaO

E><planatorY Notes : (1)

(21

(3)

(4)

Model ProPortions 869 0'443
OPx 0.568

Sum of squares of residuals = 6'98

51.10
13. 63
10.70
r0.60
10.07

52.49
L.24

23.85
22.76
1.58

785

53 .33
5. 95

t6-47
L7.62

3.85

52.44
6.74

18.28
L7.62

5. 36

-0 .89
o.79
l. 81
0.00
1.51

all comPositional data in wt'' c

least squares rnodelling after Bryan
et aI., 19ó9

Opx, CPx PhenocrYst data from 869

Ol data from Deer et al., (1966)

for comPosition Fo 86

739 = observed comPosition
739* = estimated model cornposition

(s)
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The present author has modell-ed the compositions of the

ultramafic rocks using the compositions of primary or near

primary Group A liquids 858 and 869 and the opx and cpx phenocrysts

in 869 (Appendix Table 6.1) supplemented by an ol-ivine of composition

Fo86 from Deer et af' (f966) '

AsatisfactorymodelfitforT3gisachievedbyaddingca.
28%olivineto}iquidB5SandareasonablefitforTs6isachieved
by adding ca. 53% opx and ca' 4% cpx to liquid 869 (Table 6'3) '

HoweveronlyaVerypoorfitisachieved'for785byaddingca.57z
opx Èo liquid 869 (Tabte 6'3) ' In a1l cases the modelling is

hampered by the lack of knowledge of the pyroxene phenocryst

compositions prior to exsolution, spot rnicroprobe data only being

availabre. However the moderring suggests that only in the most

magnesian (ca. I6e" MgO) Iiquids is olivine a major fractionatíng

phase, and that in less magnesian Iiquids (ca' IIe" MSO) ortho'

pyroxene predominates over olivine' The presence of rare otivine

cores in pyroxene phenocrysts is probably representative of such

a compositional change in the líquids'

Theprominenceofliquidusorthopyroxeneincreaseswithelevated
pressure in tholeiitic melts e'9' (Green & Hibberson 1970) and

suggestspressureoffractionationformostofthesesamplesin
excessofca.t3Kbar.Itisnotclearwhetherthefractionation
and ascumuration occurred prior to empracement at greater depth

orwhetheritoccurredduringemplacementinnarrowdykeconduits.
QualitativeinterpretationoftheMgo-Crrelations(Fis.6.5)

is in accord with the suggestion that opx is the dominant cumufate

mineral in 785 and 786 but olivine in 739'

6.3.3.3 Fractionated rocks

Specimens 816 and 826 have Mg mlnber, Ni' and Cr (APPendix

Tables 6.2, 6.3) too low to be primary upper mantle liquids and

almost certainly have suffered extensive crystal fractionation'

Major element modelling demonstrates that it is possible to

derivethesecompositionsfromanear-primaryliquidofB69
type by fractionation of the phenocryst phases observed in 869

(Table 6.4). Good fit models show that fractionation of opx'

cpxandplagioclaseintheratio3¡I:3produceresidualliquids
of816andB26compositionsafterca.35%andca"929"crYslalli-
sation respectively. Ït is notable that extended fractionation

of these minerals produces only minimal SiO, enrichment'



rable 6.4 Geochemical least model of selected major

e ts r onated

eLr 816

a Fractionation of 869 I id to 816

Composition
data

816 oPx cpx PIag 869 869* Residual

B

si02
AI2O3
Fe203Total
MnO

Mgo
CaO
Na2O

52.35
L.20

23.25
o.32

2r.49
3. 39
o.20

52.80
1. 96
7.2L

t4.78
23.O8
0.30

52.63
29.A9

51. 10
13 .63
10.70
0.17

r0 .60
r0.07
2.00

o.L27
0.354
0.13r
0.365

5L.22
L3.47
10.53

0.13
LO.52
9.91
2.06

o.L2
-0.16
-0 .17
-0.04
-0.08
-0. 16

0 .06

51.83
L4.92
10. 69

0. 17
7.66

10.31
2-28

12,01
4.55

Model ProPortions 816
opx
cpx
PIag

Sum of squares of residuals 0.10

(b) Fractionation of 869 Iicuid Èo 826

opx cpx Plag '869 869* Residual
Composition

data

si02
AI203
Fe2O3TotaI
MnO

Mgo
CaO
Na2O

826

52.89
15. 13
r0. 67

0.17
7 -04
9.88

52.35
L.20

23.25
.32
.49

20

.20

52.63
29.89

rzlor
4.55

B26
oPx
cPx
P1ag

= 0.15

5L.23
l-3.47
LO.46
0.13

r0 .58
9.87
2.O7

0 .13
-0. 16
-o.24
-0.04
-0.02
-0.20

2.47

51. r0
13 .63
10.70
0.17

80
96
2l

52
I
7

o.07

0
2L

3

0

l-4.78
23. 08
0.30

Model proPortions

Sum of squares of residuals

10.60
10.07

2. 00

0.076
o.372
0. 139
0.388

Explanatory notes as for Table 6'3 plus

(1) Plag.comPosition data from
sPecimen 869.
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Themodellingatsoconfirmstheobservationinthepreceeding
section that, in all but the most magnesian liquids' orthopyroxene

is favoured over olivine as the dominant liquidus ferromagnesian

phase in the thoreiitic riquids of Group A-. once again a pressure

of fractionation in excess of ca' 13 Kbar is favoured'

6 .3.3.4 Geochemis of and near- l_mar 1i ids

Although petrogenetic information is best obtained from

primary Iiquid compositions, the near-primary and fractionated

liquidsandcumulaterockswitlbeincludedinthefollowing
discussion where aPProPriate'

(1) Cao - otZoS - Tio2 - *Zo - nZos

TheinterpretationoftheinterrelationshipbetweenCaO'
olZo¡ and Tio, is based' on the belief that at the high degrees of

melting represented by tholeiitic liquids ' 
Ti is completely

incompatiblesothatal]-oftheTientersthemelt(NesbittetaI.
IgTg). This has been disputed by Frey et aI' (1978) who have

shown experimentally that residual peridotite minerals retain

some Ti, and by Pearce & Norry (Ig7g) who have calculated non-

zero partition coefficients for Ti for these ferromagnesian

mínerals (Appendix Table 6'6) ' Nevertheless the plots of Ti vs"

Zr,!andNbforArchaeankomatiitesandtholeiites(Nesbittc
Sun 1976) and Group A tholeiites (Figs" 6"7' 6'8) suggest that ri

is close to incompatible, if not perfectly so'

Ideally progressive single stage metting of a chondritic

pyrolitesourcewillfirstshowahighconcentrationofTiOrin
the melt, but low concentrations of CaO and AlrO, due to residual

Ca* and At-bearing minerals' The CaO/TiO, and 412O3/TiO, ratios

in the melt increase with progressive melting as the Ca- and' AI-

bearing minerals are consumed and TiO, becomes more dilute

(Nesbitt et aI- 1979). Limiting values for these ratios are

reached when no residual- ca- or A1- bearing minerals remain' at

which stage the cao'/Arro, ratio in the mert wirl be 0'82' the

chonciritic value. This feature is demonstrated in Figure 6'6

and applies well to Archaean komatiites' and MORB' However the

rocksofGroupAshowasystematictendencyrelativetokomatiites
and MoRB to have Iower Cao/Tio, and Alror/Tio2 ratios for aII Tio,

contents (Fig. 6.6).



109,

Theselowerratiosmayreflectthepresenceintheresid'ueof
a mineral or minerals hol-ding back CaO and to a lesser extent

olZo¡. However in the case of B58' which has the chondritic value

ror áao/nLro, (Fis. 6.6), both cao and Arro, must be held back

equally to buffer the Cao/AlrO, ratio if the chondritíc model is

valid. Alternatively the source of Group A tholeiites may be

d,epleted in Cao and Alro, (equalty) or enriched in Tio2'

Totestthepossibilityofaresidualmineralcontrollingthe
cao/Tíozand Atroa/T Lo2 in this way it is necessary to consid'er

the possibl-e resid,ual minerals and their likely effects on the

individual ratios. Minor residual phases in pyrolite at the

re]-ativelyhighdegreesofmeltingrequired'fortholeiiticmagmas
may be plagioclase, clinopyroxene or garnet depending largely on

the pressure in the source' The lack of significant Eu anomalies

(especially in 869, Fig. 6'9) and the 1ow Cao'lAlro, ratios (ca' 0'4)

in plagioclase argue against resid'ual plagioclase alone ' Although

the fractionated HREE (Fis' 6'9) with (Yb/Gd)* averaging 0'74 may

allowthepossibilityofeithergarnetorclinopyroxeneinvolvement'
the more depleted CaO relative to OIZO¡ favours residual clino-

pyroxene. This may be further tested by trace element modelling

usingelementssuchasScwhicharefavouredbyclínopyroxene,and
not plagioclase.

An estimate of the degree of merting of the pyrolite source is

required to adequately construct partial melting models *2O'

Pro, and possibly Tio, (see above) are regarded as completel-y

incompatible in pyrolite residues for aII but the smallest degrees

ofpartialmelting,lsothattheirconcentrationinthemeltshould
bedirectlydependentonthedegreeofpartialmelting(Freyetal.
1978). The pyrolite model compositions of KrO and PrOU are not well

established but Frey et aI. (1978) used Ringwood's (1966) original

estimates which are quite different from Ringwood'js (r975) preferred

average.FurthermoretheoriginalestimateofTiOrinpyrolite'
r^rhich was based on a Ha\^Iaiian tholeiite derivative liquid' is now

consideredinappropriateformostenvironmentssothatFreyetal.
(1978) used a value of 0'3% - O'42'

Resultsofcalculationsusingthesedifferentpyrolitecompositions
(Table 6.5) show that although the pyrolite Kro of Ringwood (1966)

givesreasonableestimatesofLg%-25%parLlalmeltingforthe
tholeiites of this study, the TiO, and P2o5 require unrealistically

highpartialme]-tingpercentages.Ring.wood's(1975)averagevalues

a.
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produce reasonable esti:nates of L7e" - 32% partial melting using

ProU and Tio, but Kro re9uires unreatistically low (3e" - 4z) partial

melts.ThemodifiedTio,contentofFreyetal.(1978)requires
3.re"-4gs"partialmertingofthepyroliÈesourcerstilrprobabry
too high.

These results suggest that the K2o, P2o5 and Tio, contents of

the pyrolite source of Group A thoteiites are heterogeneously

different from the model compositons' In detail' P2O5 and TiO,

are probably depleted with resPect Èo, but K2o approximately

similarto,theoceanicsourceofHawaiiantholeiites.Inaddition
the Group A source probably differed similarly from that suggested

byFreyetal.(1978)fortheS.E.Australianbasalts.Thisserves
to irrustrate the concrusion, more fully investigated berow, that

although a pyrolite upper mantle model composition may be appropriate

for the major mineral forming compatibte elements such as Mg' F€'

Ca,Aletc.,thelikelihoodoftheheterogeneityofincompatible
minor elements appears to be inescapable' However' the KrO' TiO2

andP,oupartialmeltingcalculations(andphasepetrological
considerations) may be taken to suggest a possibte range of partial

melting from ca- 15% to 35å'

Compatíbletraceelementmodelcalculations,involvingSc,V
andYandbased.onamodetpyrolítesourcesimilartothatcalculated
by Frey et aI. (I97S), suggest that 20% - 35% partial melting

Ieaving a residue of only olivine and opx may account for 858' and

thattO%_25g"partialmeltingleavingasimilarresiduewithca.
5eo cPX as weII may account for 860 and B69 (tab1e 6'6) ' If 58

garnet is substituted for the cpx in the residue, using the partition

coefficients favoured by Frey et aI' (1978) 
' 

it is not possible

however, to match the Sc content of B60 and 869 at any level of

partialmelting(ta¡Ie6.6).Similarlyqualitativeinterpretation
of Mgo - Cr relations (Fig' 6'5) suggests that once the level of

MgO in the melt has reached ca' 15%' e'9' 858' the Cr in the melt

isnolongercontrolledbyresidualcpx'whereasatlowerMgO'
e.g.860and86g,controlofCrbyresídualcpxislikely(Nesbitt&
Sun1976).ThekeyconclusionofthisdíscussionisthatB60and
869 compatible element geochemistry suggests the presence of a

smallbutsignificantproportionofresidualclinopyroxene(rather
Èhan garnet), whereas 858 has neither of these but more probably

olivine+opxalone.Thissuggestsnfurthermore'thatthemelts
of Group A segregated at shal-Iow mantle depths at pressures less

a
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ted. fraction of partial melt
of this study.

Pyrolite I PYrolite 2 PYrolite 3

o. 13 o.o2 o.13

0. 06 o.02 o. 06

o.7 o.2 0.30

from various model pyrolite sources for primarY and near-Prrma

836 852

Table 6.5
basaltic

Mg No (FeTot)

K2O wt. t
t nelt PYr. I &3
g melt PYr. 2

P2O5 wt. t
I melt PYr. I &3
t melt PYr. 2

TiO2 wt. t
t melt PYr. I
* melt PYr. 2

t melt PYr. 3

tY

858

73

o. 53
25

3

0.08
75
25

o.62
r13

32
48

860

7I

o.67
I9

3

0. o8
75
25

0 .65
r08

31
46

869

66

o.69
19

3

o.r2
50
I7

0.81
86
25
37

o.76
t7

3

0.16
38
'r3

1.58
44
l3

63

51

0.08
75
25

o.52
r35

38
58

48

0.
25

4

l9

ExplanatorY notes -: (1)

(2)

(3)

Pyrolite I

Pyrolite 2

Pyrolite 3

after Ringwood (1966)

average after Ringwood (1975)

after FreY et aI. (1978)
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than the garnet stability ]imit (ca. 60 km; Green L973) and that

the low cao/Íio2 and AIrO, /Tio2 ratios of 858 (and possibily

therefore also the other samples) are not due to the presence of

residual cpx or garnet- Hence it is suggested that the Group A

pyrolite source for B58 and the other samples has been retatively

enriched in Tio, with respect to chondrites ' The alternative

explanation thaÈ CaO and olZOg have been depleted by a previous

melt extraction fails because Tio, would be relatively more

depleted by such a process (e.g. Sun & Nesbitt 1978b) '

(2) ri -zr-Y-Nb-Sc-V
Nesbitt & sun (1976) demonstrated that for most pairs of these

trace elements, Archaean komatiitic and tholeiitic volcanics

produce coll-inear arrays passing through the origin, with chon-

dritic relative ratios. These relationships were interpreted as

indicating that the elements have behaved incompatibly during

partial melting and that the upper mantle source itself had

chondritic relative abundances at that time'

Group A tholeiites have collinear arrays passing through the

origin for element pairs among Ti, zT, y and Nb (FiS" 6"7 ' 6'8)

suggesting that these elements are incompatible, but the plots of

zr-sc and Zr-v (Fig. 6.8) clearly demonstrate that sc and V have

behaved compatibly. This graphically íllustrates the calculations

in the preceeding section which suggest the presence of a small

proportion of clinopyroxene in the residue of Group A primary

Iiquids (table 6.6).
Although Ti, Zr, Nb and Y have apparently behaved incompatibly

in the source of Group A tholeiites, ratios such as'Ii/Zr ca' 50'

ri/y ca. 208 and Zr/Y ca. 4.5 (Appendix Table 6.4) deviate markedly

from the chondritic values, of II0, 275 and, 2.5 respectively, and'

indicate that relative to Ti both zr and. Y are enriched to different

degrees in the melt. The Zr/Nb ratio is approximately chonclritic

(ca. 16; Appendix Table 6.4) and suggests that boLh. Zt and Nb are

enriched in the melt relative to Ti to a similar degree" Since

all- of these elements have behaved incompatibly it is probable

that the source of Group A thoteiites was enriched in these trace

elements heterogeneously relative to Ti, prior to or at the time

of partial melting.
Furthermore, it was concl-uded above on the basis of the cao-

o-T23AI io
2

relations that Ti itself was relatively enriched in the



Table 6.6 Calculated Sc, V and Y contents in mantle derived melts
ass of mel and a range of
residual mineral ass

% melt Sc ppm v ppm Y ppm
Residue

ol
80

A oPx

20

B o1

70

opx

25

oPx

25

ExplanatorY notes

cPx

5

garnet

5

20

25

30

40

l0
l5
20

25

I
5

10

l5
20

858

860

869

Mantle

37.3

35.4

33. 7

30.7

31. I
30.8

29 -8

2A.9

25-A

25.4

25.L

24.7

24-4

37

31

32

20

245

215

19r

r57

262

230

205

185

25.9

20.8

L7.4

13.r

47 -O

32.6

24.9

20.2

25

20

oI
70

c

387

3L7

269

233

23L

234

235

75

I6

20

23

5.25

(1) Assu¡ned mantle composition after
Frey et al. (1978)

(2) Partition coefficients used after
Frey et al. (1978)

oI oPx cpx

Sc
v
Y

Calculations assume equilibrium batch
melting of Schilling o !{inchester (1967)

o.25
0.09
0.002

3.1
1.5
o.2009

1.1
0.3
0.0

gar

6.5
o.27
L.4

(s)r
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source with respect to the chondritic value.

(3) Rare earth elements

The REE contents of Group A tholeiitic rocks are all greater

than 9x chondritic and with marked LR-EE enrichment over HREE (Fis.

6.9). The LREE are steeply fractionated with (La/Sm)N ca' 2'7A

but HR_EE are only moderatel-y fractionated with (Yb,/Gd) N ... o .77

(Appendix Table 6.4).
simple partial melt modelling of REE by sun & Nesbitt (1978a)

has d.emonstrated that for olivine + opx + cpx residues, even wiÈh

the most favourable partition coefficients and up to 15% residuaf

cpx, it is not possible to raise the (LarzSm)* ratio of the melt

by more than 10% over Èhat of its source. similar calculations

by the present author based on the residues in Table 6.6 confirm

their conclusion (rabte 6.7), and in addition show that the presence

of residual garnet apparently also would be unable to raise the

(r,a,/sm)-- significantly in the melt, and moreover would severely
t\

fractionate the HREE (calculated (Yb/Gd)N .4. 0.57), The inescap-

able conclusion is that the LREE enriched and fractionated character

of the Group A tholeiitic rocks is inherited from their source'

which therefore did not have relative chondritic REE, and is not

due to the presence of residual cpx (nor garnet) 
"

Moreover, although the data in some cases are sparse the

apparent collinear arrays passing through the origin for P, K'

zr, Rb, sr and Ba with respect to ce (Fis. 6.10) are sufficient to

show these elements to be coherent and incompatible and not to be

held back in residual phases such as apatite or phlogopite (Sun C

Hanson L975).

4) Díscussion

The tholeiitic liquids of Group A are here suggested to have

resulted from large degrees of melting (I5e" - 35%) of a varíably

trace element enriched upper mantle source leaving a residue

d,ominated by olivine and orÈhopyroxene. with a small amout of

clinopyroxene possibly residual for 860 and 869 but not for B58.

Extensive trace elemetrt studies of mid-ocean ridge tholeiitíc

basalts (MoRB) by sun et aI. (l,g7g), and wood et af, (L979) have

shown that the trace elements may be arranged in a relative order

of incompatibility, (modified slightly by the present author) which



Table 6.7: Calculated mode I elemental fractionations produced by

Residue

parti aI meltinq of an upper mantle pyrolite source
with ¡nodel elemenÈal ratios equal to unitv, leaving
residues of o livine + opx t cpx ! garnet.

Ratio in melt

calculations assume equilibrium batch melting of
Schilling & Winchester (L967).

Rbr/sr

1. 01

1. 15

L.02

o1 opx

80 20

oI opx

70 25

cpx

5

oI
70

oI
70

opx

20

opx

25

cpx gt
55

gt
5

Note: Kd's after Frey et aI. (1978), Appendix Table 6-6.(1)

(2)

20

25

20

20

30

o.94

0. 89

o.s7

1. 01

0.98

0. 58

L.02

1. 05

1. 03

1. 0r 1.07

r.11

t. 10

L.23

1. 03

r. 09

Tí/vTi/zr
N

(Yblcd)(La,/Sn) * zr/NbZr/YB melt
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may be expected to apply to most thoteiitic source areas. A number

of tholeiitic rocks from diverse geological settíngs are plotted

in Fig. 6.LI , ví2,
1. .Ih,o MORB (482/2, Sun et aI . Lg79¡ 4L3-I, !{ood et aI . L979) '

2. Two continental tholeiities from Victoria'
(69-1018 s, T-I4, FreY et aI. f978)

3. Two komatíites, (Sffr¡ from Western Australia'
(SD4/L}3 s, 33L/L44/42, Sun & Nesbitt I978a) '

These rocks confirm the general order of incompatibility and high-

light a number of Points, e.9-

l.TineZttoYbregionoftheplotisasmoothcurvefor
aII of the examples demonsÈrating the coherence of

these trace elements,

2. Sc and, v are coherent wí|Jn zr to Yb for the STPK rocks

but are relaÈivel-y depleted for the tholeiitic rocks,

refl_ecting the role of clinopyroxene in the formation

of the latter,
3. The alkali elemenÈs K, Rb, Ba in the least altered rocks

form a relatively smooth pattern (e'g' Victorian

tholeiite69-1018)andarecoherentwiththeLatoP
region of the curve, although the slope of the curve

decreases towards Rb and Ba. The MORB show a similar

pattern, although with more scatter, but Èhe slope

reverses for Rb and Ba-

4. P may be anomalous e.g. STPK¡ however the role of P

in the upper mantle is poorly understood (see e'g'

Nesbitt & sun L976¡ Thompson L97sb;Beswick & carmichael

1e78) .

5. Sr may be anomalously depletedn probably due to ''lo\n'''

pressure fractionation of plagioclase '

6.Nbdata,althoughScarce,indicatethatitisgenerally
coherent with the La to Rb region of the plot'

comparison of Group A primary liqr,rids with the above examples

illustrates marked dissimitarities (FiS. 6,L2), notably prominent

Ti, p, sr and Nb anomalies. Of these the most unexpected is the

relative depletion of Ti in the Group A liquids, resultj-ng in

the decoupling of e.g. Ti and zt. Although the sr feature may

possibly be attributed to some plagioclase fractionation, and

the P abundances are apparently erratic, the decoupling of Ti
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f.rom Zr (and the MREE) and the Nb anomaly are not immediately

explicable.
Partition coefficient data for Ti and. Zt (Pearce & Norry L979)

indicate that no combination of Èhe common residual minerals of

tholeiitic liquids can effectively fractionate these two elements.

Similarly the presence of a residual Ti-mineral such as ilmenite

is discounted for thoteiitic liquids by abundant experimental

d,ata (see e.g. Green L973). Indeed' as has been noted above, it

is not possible to ascribe the more incompatible element (e.9.

Rb to Zr includ.ing LREE) enrichment pattern to anything other

than the probable enriched nature of the source of the tholeiitic

liquids. The conclusion then is that the el-emental distribution
pattern of Group A primary liquids reflects rthe elemental enrich-

ment pattern of their source and not the residual mineralogy.

Closer scrutiny of the Group A data (FiS" 6.12) indicates a

natural division into two gror¡ps of elements, each of which shows

a subparallel correlated trend, of decreasing degree of both

enrichment and incompatibility, viz
1. Rb, Ba, K, Lat Ce, Nd., ZT, Sm, Eu, Gd, Dy, Yr Er, Yb

2. M, Srf P, Ti, sc, V

AlÈhough within these two groups there is a similar trend of
relative enrichment e.g. Yb to Rb and V to Nb, between the two

groups there is a 3X difference in absolute enrichment, Èhe

former being more enriched than the latter. The arguments above

suggest that this enrj-chment pattern is characterisitc of the source,

It remains to explain how the source of these tholeiitic liquids
can be enriched in trace elements and what sort of enrichment

process is possible to decouple Èrace elements such as Ti and Zr

and Ba and Nb.

(5) Trace element enrichment processes

T\¡¡o main methods of enriching an upper mantle source of basaltic
Iiquids in trace elements have been proposed, vtz

I. intrusion of low degree melt from a deep mantle

source e.g. alkali basalt (Sun ç Hanson 1-975) |

or 2. metasomatism by fluid component (component B of Frey &

Green L974).

For very low degrees of partial melting these two possibilities

may merge e.g. in the case of volatile-rich kimberlitic me1ts.

The dynamic melting model of Langmuir et aI. (L977), involving
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variable partial meltíng and partial mel-t retention processes in

an ascending diapir and variable incorporatíon into later meltsf

may be approximated by Èhe former case above, Lqr the purposes of

this present discussion.

The trace elemenÈ character of some kimberlite, basanite and

olivine mel-ilitite examples are plotted on Fig. 6.13 and may be

compared \,irith Group A tholeiites. The distinctive Ti and Nb

anomalj.es of Group A are lacking in these rock-types. similarly

there j-s a marked difference in Èhe Rb, Ba and K relationships

\^¡here for instance, Group A has (nb/ea)N greater than I but the

others have a ratio less than I. Hence it is unlikely melts of

this type coul-d be responsible for the enrichment of the upper

mantle source of Group A tholeiites.
The enriching component of the Group A source must be

depleted in Ti and Nb relative to the surrounding trace elements'

and probably reflects a source area for the enriching component

where a Ti-rich (and Nb-rich?) mineral is stable and in

equilibrium with mel-t or volatile-rich component.

Further discussion of this proposed metasomatic process is

presented in Chapter 7 in particular with regard to its likely

expression within the continentaf crust.

(7) Siqnificance of minor non-r_ncompa tibilitv of Ti,

Zr, Nb and Y

Many of the above argrrments have relied on the near complete

incompatibility of Ti, Zt, Nb and to a lesser extent Y" Pearce &

Norry (L979) and Frey et al-" (f978) have disputed this assumption"

Recalculation of models A and B of Tab1e 6"7 using the Kd's

suggested by Pearce & Norry (L979) shows that the ratios Tí/zr,

fi/v and zr/Nb may be fractionated by up to ca. 10% with respect

to these same ratios in the souice of Group A tholeiites. Zr/Y

may be fractionated by up to ca. 23% fo:r Èhol-eiites 860 and 869

but only ca. 10% for B58. These deviations cannot account for

the difference between Group A tholeiites and a model "normal"

chondritic upper mantle.

The conclusion remains that Group A tholeiites have been

derived from an enriched upper mantle source.
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(8) Relationship of amPhiboIised dykes to pyroxenic dykes

Cursory examination of the data available for amphibolitic

dykes of Group A (Appendix Table 6.5) shows that for the compatible

elements MgO, cr, and Ni (FiS. 6.5) the limited d.ata are coherent

with the dolerites and pyroxene granulites. The incompatible

elements Ti, Zr, Y and Nb of the amphibolites are coherent with

the doterites and pyroxene granulites trends (nigs. 6,7, 6'8) 
"

However r¡/hereas Èhe Yorke Peninsula samples (Pedler L976) contain

similar abundance levels of these efements as the dolerites and

pyroxene granulites, the amphibolites from the present authorts

immediate study area are absolutely enriched by a factor of 2X or

more. If Ti is assumed. to be immobil-e during amphibolisation

(Field e Elliott L974) zt may be enriched in the amphibolites'

Rb and zr correLate almost perfectly in the amphibolites and

pyroxenic rocks (Fis. 6.8); Ba is markedly enriched relative to

Zr in the amphibolites (FiS. 6.8).
These features will be discussed further below.

6.3.4 Geochemistry of croup B basaltic rocks

6.3.4.L fntroduction
Group B basaltic dykes show textures manifesting both DKI and

DK2 types and apparently have been emplaced. both early and late

in the Kimban orogeny. MosÈ are moderately coarse grained with

intergranular to ophitic textures so that none of the specimens

analysed can be unequivocally shown to represent a tiquid composition.

Although aIl are hypersthene normative tholeiites, most of the

specimens have little or no normative olivine (Appendix Table 6.2, 
"

In addition the Mg numbers are aII low (40 - 55), Cr is low (66 -

l7o ppm) and Ni is tow (4I - 169 ppm) suggesting that no primary

or near-primary compositions are represented (eppendix Tables 6.2,

6.3).
Although no certainty exists that the compositions of the

analysed specimens represent liquids the interpretation below is

based on that assumption. Numerous differences exist between

Group B and Group A basaltic rocks, and these will- be discussed

largety by comparj-son with Group A data.

The initiaf discussion of the geochemistry of Group B tholeiities

rests, as beforer on dolerites and pyroxene granulites.
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6.3.4.2 Geochemistrv of fractionated liquids
(1) Mgo vs. CaO - 41203 - TiO, - Cr

The limited geochemical diversity within this group shows out

on plots of MgO against the elements Cao' olZOg ' 'Ii'O2 (FiS' 6'14)

and Cr (Fig. 6.5) where tight clusters of data points result.

In general, compared with Group A, the Ieast fractionated Group B

samples take up where the most fractionated Group A samples end.

Qualitatively Èhe trends on the Mgo-cao and l4go-A1ro, diagrams

suggest fractionation of clinopyroxene and plagioclase as the

major geochemical controls 
"

Textural-l-y 836 and 882, alÈhough preserving much relict igneous

texture, including pyroxene phenocrysts with exsolution lamellae,

also display corona texutres and subsolidus recrystallised

aggregates. Hence it was not possibte to test the above fraction-

ation model quantitatively using compositions of igneous phases.

However. the textural evidence suggests that the aggregates of

(a) cpx + opx + garnet,

and (b) cpx + amphibole (+ biotite),

in 836 replace clinopyroxene phenocrysts, so that it may be possible

to model the igneous assemblage using the plagioclase phenocrysts

plus (a) or (b) assuming essentially isochemical subsolidus

recrystallisation. The two models ín Table 6.8 are very good fits

and suggest that 882 may be derived from 836 by ca. 45% - 802

fractionation of plagioclase and clinopyroxene in the ratio ca.

2=I. The apparent petrographic and geochemical dominance of cpx

over olivine suggests a high pressure fractionaÈion, in the range

of ca. 8-16 l(bar. as suggested by Thompson (1975a) for an ol-ivine

tholeiite (59-P-13) which is similar to 836, Furthermore, the

subsofidus stability field of garnet in 59-P-I3, although not well

controfled by the experimental data, suggests the emplacement and

cooling of 8'36 may have occurred closer to the upper pressure limit

rather than the lower (Thompson I975a).

Hence it is concluded that the geochemical diversity within

Group B tholeiites may be attributed to deep crustal fractionation

of clinopyroxene and plagioclase. However detailed geochemical

discontinuties in the major elements between Group B and Group A

tholeiites (esp. Fig. 6.I4¡ MgO - SiO2) suggest that these two

groups are unrelated. This is further suggested by the contrasting



Table 6.8 Geochemical least of selected ma or
S of iÈion of fractiona ted

(a) Fractionation of 836 liquid to 882 tiquid

IB82 Plag Opx CPx Gar 836 836* Residual

es

Composition
data

si02
A1203
Fe203Total
Mgo
MnO

CaO
Na2O

47.54
13.43
L7.40

6. 06
o.23
9.09
2.32

52-L9
30. 16

12.31
4.53

51.
1.

28-

52.L4
2.20

L7.94
15.58

13. 28
0. 5l

38.44
2L.87
30.72

4-90
o.92
6.79
0.2r

882
Plag
opx
cPx
Gar

47.33
16. 16

47 .34
l.6.L4
l-5.47
7.L2
0.23
9.66
1.93

0.05
-0.02
-0.02
-0.09
0.02

-0.04
-o,32

15
7
0
9
2

76
46
96
92
20
4L

19.
0.
0.

.49

.2L

.2L

.70

.25

Model proportions 0.200
o.290
0.079
o.2L9
0.188

Sum of, squares of residuals = 0.I2

(b) Fractionation of 836 liquid to 882 liquid

Composition
data BA2 PIag ep*2 Parg Biot 836 836* Residual

sio2
A1203
Fe203Total
Mgo
MnO

CaO
Na2O

47 .54
13 .43
L7.40

6. 06
o.23
9.39
2.32

52.L9
30.16

rzlsr
4.53

50.87
3 .61

11.75
L2.75

21.11
0. 53

39.64
13.88
L7.49
9.24

11.53
2.L7

35.45
15.13
18. 58
12.50

0 .13
0.05

882
Plag
cpx
Parg
Biot

47 .33
t6

47.33
16.16
L5.49

7 .2L
0.13
9.70
2.27

16
49
2L
2L
70
25

15.
7.
0.
9.
z.

0. 00
0.00
0.00
0.00

-0.08
0.00
0.02

Model proportions

Sum of squares of residuals = 0.01

(1)

(2)

(3)

(4)

Composition data in wt. È

Mathematical modelling after Bryan et al. (1969)

PIag composition average of phenocrysts

Ferromagnesian mineral assemblages represent
different domains in subsolidus coronas and
aggregates.

0. 553
0.143
0.053
0 .139
0. I52

E>çlanatory notes:



51

I
À

A

o

o
53 o

ilo
o

E

t
a

I a

I

7

sio
¿̂

ôô o!

E

A

A
ô

h

umulâtc 5,tö
D---

ôd

D
tr¡

Ti02

o{

t9-.o

'"o 
-o-B-õ¿

20

15

CaO

cpx

n
D

o

o
5

o

6ô

'l 0 ô

I

I

,-ltPt

20 .'
opx

t5

oo

I
I

Ar2o3

4T
o

ô

o

o

5

tr

ô

cpx

-20 - Mgo

MgO-CaO, MgO-412O3, M9O-SiO2 and MgO-TlO2
dlagrams for tholefl-tJ-c dykes of tJre preeent
study. Synbols as in Figure 6.4.
Fields outlinecl by broken lines represent
analysed phenocrysts.

Figure 6.14



118.

modelled crystallisates for Group A (opx + cpx + plag) and Group B

(cpx + plag), (cf. Tables 6.8 and 6.I4).

(2) Cao - Al2o3 - Tio

The fractionated rocks of Group B show Cao/Îio, and Alror/Tio2

ratios less than MoRB (Fis. 6.6) si¡nilar to Group A, but in this

case the fractionatíng phases clinopyroxene and plagioclase are

responsible for depletion of CaO and AlrO, so that no deducÈions

concerning the source character are possible. The analysed.

specimens fa1l into two sub-groups, one at ca. I.5% TiO2 and the

other at ca. 2.52 TiO2.

2

(3) Ti - P - ZT -Sc - V - Y - K2O

!üith respect to Tio2 - Prou there is significant scatter, the

lower TiO, sub-group having TiOr/Pr,AU ca- I0 but the higher T¡i)2

sub-group showing decreased Tj:o2/P2o5 ratios (appendix Table 6.4).

The ratio of 10 is that deduced by Nesbitt & sun (1976) to be

typical of "normal" upper mantle sources of Archaean basaltic and

ultramafic liquids and suggests the less fractionated Group B

tholeiites may have derived from a "normal" source, but that the

more fractionated liquids have crystallised a Ti-phase, possibly

the clinopyroxene (as witnessed by the exsolved ilmenite, see

above) .

The Ti-Zr and Ti-Y plots (Fig. 6.7) are approximately collinear

and pass thro¡rgh the origin suggesting these elements are

incompatible. However the respective ratios are not chondritic

(Fig. 6.7) and suggest Group B liquids are relatively enriched

ln Zr and depleted in Y over Ti. The Ti-Sc (and Ti-V) plot

(FiS. 6.7) clearly exhibits the compatible nature of Sc (and v¡

and probably reflects control by clinopyroxene fractionatíon.

The Ti-Kro plot (Fig. 6.7) suggests that the d'olerites and

pyroxene granulites may have very different Kro contents (see

Zr-Rb and Zr-Ba relations below).

(4) Zr-Y -Nb-Sr-Ce-rZO5 -Ba-Rb-Sc

The Zr-Y plot of the dolerites and pyroxene granuliÈes of

Group B (Fis. 6.8) shows a coherent coflinear trend passing through

the origin. However the Zr-Rb, Zt-Sr, Zr-Ba and to a lesser extent
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Zr-Nb plots (Fis. 6.8) clearly differentiate the dolerites from

Èhe pyroxene granulites. sc and sr are buffered. at an almost

constanÈ level in the dol-erites, probably by clinopyroxene and

plagioclase fractionation. Ho\^/ever Rb, Ba, and Sr appear to be

d.epleted in the pyroxene granulites, whereas Nb may be enriched.

The Ce - PrO, datar (fiS. 6.10) show considerable scatter,

but the approximate trend possibly coul-d be interpreted to rul-e

out apatite fractionation as the cause of PrOU variation.

(s) REE

The REE patterns of 836 and 882 (Fig. 6.9) are para1le1 although

Bg2 is enriched in alf REE elements by a factor of ca. 1"5 over

836, probably reflecting its more evol-ved nature. The patterns

are LREE enriched and fractionated with (r,arlsm)N ca. I.88 and

La-_ ca. 40 - 70 times chondritic, and have moderately fractionated
N

HREE with (Yb/Gd)N ca. 0.69 (Appendix Tabl-e 6.4). Both samples

have only very small Eu anomalies, which suggests that the mefts

may have been relatively oxidised as the prominent plagioclase

fractionation modelled above would otherwise be expected to

generate a negative Eu anomaly in 882 (see below).

Relative to Group A tholeiites the Group B basalts are much

Iess steeply fractionated, although the La contents are very

simi]ar (Fis. 6.9). This relationship precludes derivation of

Group B REE patterns from Group A by crystal fractionation unless

the fractionating mineral assemblage has partition coefficients

for La and ce ca. 1.0 and for Er and Yb l-ess than l-.0. Minerafs

with such Kd's are generally present only as accessory phases

(see e.g. Campbell & GorÈon 1980) and not likely to contribute

greatly. For this reason, and for others above, it is conclud.ed

that Group B tholeiites have an origin distinct in detail from

Group A.

(6) Extended REE plots

Following the reasoning applied to Group A tholeiites, the

extended REE plots of Group B tholeiites (Fig. 6.L2) show a

number of distinctive features, highlighting their d'istinct
petrogenesis. Almost no Ti anomaly is present in Group B

tholeiites. Zr tends to be more depleted relative to the
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surrounding elements than in Group A, but otherwise the patterns

are similar in shape (wittr pronounced Pr Nb, Sc, V, and Sr

anomalies), although different in slope. The Sr anomaly increases

markedly for the more fractionated 882, no doubt reflecting

plagioclase fractionation and further contrasting the absence of

a Eu anomaly.

Although not unequívocal, the patterns are interpreted to

reflect the presence of heterogeneous sources for the tholeiites

of this study. The enriched character of the tholeiites is

interpreted to reflect the enriched nature of the source and hence

the enriching component. The Nb, P, Sr (?) r zY (?) 
' Sc and V

relative depletions reflect either the enriching component (e.9.

probably Nb, P Et zr) or the residual phases at the site of melting

(e.g. probably Sc and V in cpx) and the fractionating phases

during emplacement (e.g. Sc and V in cpx).

The lack of Ti anomaly must be accounted for in any combination

of these factors.

(7) Trace element model of crystal fractionation

using the partition coefficient data in Appendix Table 6"6 and

the major e1ement model of Table 6.8 it is possible to model the

fractionation of trace elements in 836 using the eguations in

Arth (L976). This J-s presented in Tabl-e 6.9 and'

shows that the model B, based on fractionation of 45% of cpx

and plagioclase in the ratio t:2 duplicates the pattern of 882

closely. These calculations suggest that the model of variation

of major and trace elements within Group B by fractionation of cpx

and plagioclase j-s appropriate and furthermore that the combination

of these minerafs is unable to vary the relative shape of the

extended trace element pattern scarcely at all and hence Èhe patÈern

is representative of the original more primitive Group B liquid

and probably of its upper mantle source.

(8) Petrogenetic summary

The within suite variation in Group B tholeiites can be

accounted for by extensive fractionation of plagioclase and

cpx at pressures in the Iower crustal range I - 16 Kbar. The

primary magma \^7as apparently relatively oxidised with a high



Table 6.9: Calcu1aÈed model normalised elemental abundances in Group B

tholeiites fol lowing tal fractionation of plaqioclase + cpx.

Rb

Ba

Nb

K

La

cl

Sr

Nd

Zr

Sm

Eu

Gd

Ti

Dy

Er

Yb

Sc

Y

initial liquid
836

(1)

(2)

(3)

69

74

2L

53

39

33

T7

27

19

2L

20

18

I5

I5

13

L4

13

309

286

98

218

L72

]-43

11

118

88

92

62

78

63

64

47

58

56

4.r

10. r

L20

L22

37

89

67

57

15

47

33

37

30

31

26

26

2L

23

23

4

6.1

3

5

4

4

2

v

Notes: crystallisate = 0.67 plag + 0-33 cpx

Kd's from APPendix Table 6-6

Calculations utilise fractional crystallisation
expression from Àrth (1976).

derived liquid
P82

model derived
(A) 20å liquid

Iiquids
(B) 55ts liquid

76

31

63

69

6t

16

47

27

36

31

30

24

24

20

22

20

100

5-2

6.5
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nu3+7eu2+ raÈio. Íhis elevated ratio may have been promoted by a

relatively high H2o contenÈ ín the magma'

The trace element characteristics, by analogy with Group A,

suggestthesourceofGroupBhadbeenheterogeneouslyenriched.
The pyroxene granulites apparently \^Iere depleted in K, Rbt

Ba and. Sr, but enriched, in Nb during metamorphism'

(e) Relationshi p of amphibolised dykes to pyroxenic d,ykes

comparison of the Group B amphibolites with the dolerites and

pyroxene granulites, shows that (relative to Ti) zr and Y are

enriched, in the amphibotites (Fis. 6.7) and (relatíve Lo zr) Rb,

Ba and possibly sr are also enriched (Fig. 6.8) " Furthermore the

enriched elements are displaced towards the fields of Group A

amphibolites.
Theserelationshipswillbediscussedmorefullybelow.

6.3.5 GeochemistrY of Group C basaltic rocks

6.3.5 .1 Introduction
only one of the specimens in Group c analysed for the major

elements (852, Appendix Table 6.2) was colleeted by the present

author; all other major element data are from Bradley (1972).

specimen 852 is a chilled DK2 dyke and, probably represents an

original liquid composition. Bradley's specimens are DK1 dykes now

manifesting hornblende granulite and pyroxene granulite facies

assemblages and cannot be unequivocally interpreted as liquid

compositions.

The present author has also analysed four other DK2 dolerites

of Group C for the trace elements Ti, zr, Y, Nb, Sc, Rb, Sr and Ba

(Appendix Table 6.5).
A1l Group c rocks are hypersthene normative¡ and may contain

up to ca. 5% normative o]ivine (Appendix Table 6.2) . Their geochem-

istry wiII be interpreted in terms of liquid compositions, except

for ul_tramafic 756 which is modelled be10w as a cumulate.

6.3.5.2 Primary and near-pramary liquids

specimens 852 and 742 h-¡ave high Mg numbers (63 and 66 respectively;

Appendix Table 6.2) and moderate Ni (234 ppm and 162 ppmt Appendix

Table 6.3) and Cr (382 ppm and 507 ppmt Appendix Table 6"3) contents'

and may represent primary or near-primary upper mantle liquids '
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Specimens 744 anð.1396 also have moderately high Mg numbers and Ni

and Cr contents and may represent only moderately fractionated

Iiquids.
It is possible to infer the geochemical character of Èhe

source of these liquids, assuming the liguid compositions have been

only moderatety modified by fractionaÈion.

6 .3. 5.3 Cumulate rocks

uLtramafic specimen 756 has been crudely modelled by Bradley

(L972) on Èhe basis of accumufation of opx and cpx from a parental

olivine tholeiite (opx, cpx and Hawaiian olivine tholeiite of

Green e Ringwood, L967b). A cumulate model, specific to Group C

liquids and phenocrysts, is not able to be calculated. as no

compositional data for Group C phenocrysts exist. Hov/ever, quali-

tative interpretation of the MgO - OIrO: and Mgo - CaO relations

(Fig. 6.14) suggests an origin f.or 756 similar to 785 and 786 of

Group A involving pyroxene enriched cumulates.

An approximate model for 756 based on 852 liquid and pheno-

crysts from 869 of Group A (Tabte 6.10) shows that a poor fit may

be obtained by mixing ca. 15% Iiquid with cpxf opx and olivine in

the ratio ca. 3:I:I.

6.3.5.4 Fractionated rocks

The other Group c tholeiites are considerably fractionated,

having Mg numbers as low as 47, Ni and Cr decreased by ca. 4x, and

quariLz in the norms (Appendix Table 6.2 and 6.3). rtre ttlgo - cao

and MgO - AI2O3 plots (Fig. 6.14) show two distinct trends within

Group c tholeiites, although the Mgo range is small, Specimen 135I

falls at the extreme of a trend towards decreasing AIZO¡ at afmost

constant CaO, whereas specimen f354 falls at the extreme of a trend

towards decreasing Cao at almost constant olZo:. Qualitative
interpretation of these trends suggests that the former may be

dominated by plagioclase fractionation and the latter by clinopyroxene

fractionaÈion.
Although, as above, no phenocryst data exist for Group C

tholeiites these two trends have been modelled by fractionation of

869 phenocrysts (of Group A) from 852 liquid (Table 6"f0). The

poor fit models suggest



Table 6.IO Geochemical least
elements in

es model of selected or
of of ultr

1354.rock 756 and fractionated liouid s 1351

(a) Accumulation of 756 from 852 liquid
Composition

data B52 o1 cpx opx 756 7561' Residual

sio2
A1203
Fe203Total
Mgo
CaO

49.46
L5.79
1r.28

9. 68
11. 33

39.87

15.53
45.38
o.25

.96

.2L

.78

.08

52.35
L.20

23.25
2r.49

3. 39

52.2L
2.87

r0.67
20.20
L2.97

0.140
0.157
o.526
0. 196

3.
L2.
20.
L4.

-o.97
0.61
1.70
o.26
r.47

24
48
37
46
44

51..8052
t
7

T4
23

Model proportions 852
ol
cpx
opx

Sum of squares of residuals = 6.43

(b) Fractionation of 852 liquid to 1351 liquid

1351 0r Cpx Plag 852 852* ResidualComposition
data

si02
A1203
Fe2O3Total
MnO

Mgo
CaO
Na2O

49.84
13 .70
13.87
o.23
7 -L2

11. 71
2.62

39.87

15.53

45.38
o.25

1. 96
7.2L

L4.78
23.08
0.30

52 -63
29.89

r2,01
4.55

49.46
L5.79
LL.28
0.16
9. 68

11.33
1. 65

o.674
0.096
0.028
o.204

49.67
15. 39
11.05

0. 16
9.58

11.01
2.70

-0 .40
-o.23
0.00

-0. r0
-o.32
1.05

52.80 o.2L

Model proportions 1351
o1
cpx
Plag

Sun of squares of residuals =

Fractionation of 852 liquid to 1354 liquid

1.48

(c)

Composition
data 1354 01 Cpx Plag 852 B52t Residual

sio2
A1203
Fe2O3Total
MnO

Mgo
CaO
Na2O

52 -27
15.63
13.39
0.19
5. 39
8.58
2.99

39.87

15 .53

45. 38
o.25

L4.78
23.08
0.30

52.63
29.89

12.01
4.55

r354
o1
cpx
Plag

50.26
L4.7L
10.07
0. tI
9.39

IO. 13
2.59

0.8r
-1.08
-L.27
-0,05
-o.29
-L.20
0.94

49.46
L5.79
11. 28
0.16
9.68

11.33
1.65

52. 80
t. 96
7.2r

0
0
0
0

l4odel proporÈions .570

L29
o97

186
Sum of squares of residuals = 5.68

Explanatory notest (1) All cornposition data in wt- 4 -.'- '
(2) Least squares modelling after Bryan et aI. (1969).
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(a) t35I may be derived by ca. 33% fractionation of

plagioclase, olivine and cpx in the ratio of ca'

6:3 :1

and (b) 1354 may be derived by ca - 45qø fractionation of

plagioclase, cpx and' olivine in the ratio of ca'

9:6:5.
The chief difference between these two models is the enhanced rol-e

of cpx in the fractionating assemblage in the latter.

The prominent role of olivine in these calculated models is

in contrast to the models calculated for Group A tholeiites

(Table 6.3) and Group B tholeiites (Table 6,4) and, if real and

not a function of the inappropriateness of phenocryst data used,

suggests a possible shallower depth of fractionation and

emplacement, possibly less than I Kbar (Thompson L975a¡ Green &

Ringwood L967a). If this is so, the observations that Group C

tholeiites outcrop adjacent to dykes of Groups A and B and that

Group c tholeiites are of both DKI and DK2 types and hence were

emplaced both during and after metamorphism, suggest that the

geothermal gradient and exhumation temporal evolution must have

been, in detait, complex (see below).

6.3.5.5 Geochemistrv of Group C tholeiites
(I) Cao - 41203 - rio

2

There are a number of striking features of the interrelation-

ships of CaO - 41203 -'IiO2 within Group C basaltic liquids,

immediately apparent from Figure 6.6. In the first instance the

TiO, content of B52 is a minimum for atl non-cumulate rocks of

Groups A, B and c. Moreover, whereas most of Group c liquids have

cao/îio, and A1ro, /Tio2 ratios less than chondritic analogous to

Groups A and B, samples 852 and 742 have corresponding ratios greater

than or equal to chondritic, and hence plot in fields characteristic

of island arc and ophiolitic basal-ts (Nesbitt eÈ al. 1979) " A

detailed argument concerning the significance of CaO/ÎíA, and ALrOr/

TiO, ratios greater than chondritic in ophiolites has been presented'

by sun & Nesbitt (I978b). They suggest that as Ti is incompatible

during moderate to high degree partial melting of the upper mantle,

whereas Ca and Al may be held back, the elevaÈed ratios are most

Iike]y to represent a previous event of depletion of Ti (and <¡ther
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incompatible efements) by melt extraction from the source prior

to the partial melting event which produced the ophiolitic basafts.

NoÈ all- of the incompati-ble elements are 1ike1y to be removed from

the source since it is probable that a proportion of the melt will

be retained in the residue (e.g. Langmuir et aI. L977). This

point will be returned to below; it suffices here to suggest that

the source of Group c basaltic liquids had experienced a Tio,

depletion event prior to the melting event producing the observed

liquids.

(2)

The two anomal-ous samples above, 852 and,742, as well as having

the lowest Ti contents of a1I Group C liquids ' are low in other

incompatible elements such as zt and Y (eppendix Table 6"3).

Ho\,¡ever 742 has among the highest Nb, P and Sr contents of Group

c (Appendix Tables 6.2, 6.3). These and other other anomalies

result ín apparent curved distribution on some inter-element plots

such as Tí-Zr, Ti-Y (Fis. 6.7) and broad scatters of data points on

others such as Zr-Nb (Fig. 6.8).
considering for example Lhe Ti-Zr distribuÈion, (r'ig. 6"7) the

two likely primary or near primary liquids 852 and 742 have closely

similar Ti and Zr contents. Using the partition coefficient data

of pearce & Norry (Lg79) and calculating vectors (tabte 6"1I)

corresponding to the major element models of Table 6.10 which

successfully account for the extremes of major element composition,

it is possible to show that the Ti-zr data of the other Group c

samples cannot be explained by crystal fractionation from 852 or

742 parental liquids. The conclusion is Èhat the range in Ti/zt

ratios (appendix Table 6.4) of Group c liquids must represent at

l-east in part an initial variation in Èhe melts and hence probably

in the source, This conclusion may be applied similarly to the

scattered plots such as Zr-Nb (Fig. 6.8) which also show a wide

range in ratio una-l¡le to be explained by crystal fractionation from

a single parental magma.

Thus Group c tholeiites are suggested to result from partial

melting of a heterogeneous source to produce a number of different

liquid batches which were emplaced independently. This is not

unlikely in view of tkre two different temporal groups represented

in Group C.

Ti-Zr-Y-Nb-Sc-V-P-Sr



Table 6.11: CalcuLated model elementa I ratios in fractionated liquids
of Group B compared with the observed in ratios.

initial liquid
852

Tí/zr

Ti/v

zr/Y

zr/Nb

Notes: (1) Fractional crystallisation mod.els (cf. Table 6.10)

852 = 0.65 (1351-) + 0"35 (0.30 01 + O.1O cpx + 0.60 pfag)

852 = 0.55 (1354') + 0.45 (O.25 01 + O.30 cpx + 0.45 plag)

(2) Simple fractional crystallisation calculaÈions
after Arth (1976).

(3) Kd's from Appendix Table 6.b.

observed derived liquids
1351 1354

model derived liquids
1351' L354'

189

I9

76

2.5

111

322

2.9

18

138

373

2.7

7

183

16

80

2.3

79

L84

2.3

19
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Furthermore the ratios of Ti/zr, zr/Y and Ti/Y although varying

have approximately chondritic averages for the majority of the

specimens (Appendix Table 6.4) suggesting that the source of these

had relative chondritic ratios.

(3) Rare earth eLements

As can be seen from Figure 6.9 and Appendix Table 6.3, 852 has

the lowest REE contents of all the basaltic rocks of this study.

V,lhereas the HREE are almost unfractionated (Yb/Gd)* = 0.95 (Appendix

Tabl-e 6.4), the LREE are strongly enriched and fractionated
(La,/Sm) -_= 2.40 Appendix Table 6.4)¡ a marked discontinuity in slope

N

is observed in the MREE. The extended REE plot (FiS. 6.12) indicates

a marked Ti anomaly and Nb anomaly as in Group A, virtually no Sr

anomaly in distinct contrast to Groups A and B, and small P and zr

anomalies. The flat region of the curve between P and Yb explains

\n¡hy, although Ti is anomalous (ratios involving Ti show this) ratios

such as Zr/y are almost chondritic. Furthermore the large Nb anomaly

explains why zr/I{b is nearly chondritic.
The low overall REE and the CaO/TiO2' and AlrO, /'IiO2 ratios

greater than chondritic suggest a depletion of trace elements in

the source of B52, so it is strange that the LREE are relatively

enriched, as any depletion process normally depletes LREE aLso

(e.g. MORB, Sun et aL. L979). It is possibte by analogy with Group

A that an enriching component generally similar to that proposed

for the Group A source may have reintroduced a LREE enriched (but

Ti and Nb depleÈed and sc, v depleted) component into a previously

depleted source area.

The extended REE plots (and partial plots) of the other Group

C tholeiites show that not all have the Ti anomalyn but in essence

the P to Yb (includinS Ti) region of curve is flat (Fig' 6.2).

Hence for these specimens ratios involving Ti are essentially

chondritic. An Sr anomaly appears in the more evolved rocks due to

plagioclase fractionation but otherwise there is an abrupt change

from flat P to Yb (or y in a partial pattern) to steeply fractionated

LREE and K, Rb and Ba. The Nb anomaly is of varying magnitude"

These observations suggest that the source of Group C tholeiites

had flat HREE and that there was no residual mineral such as garnet

d,uring partial melting capable of fractionating the HREE. This does

not preclude the presence of residual cpx which has partition
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coefficients for the HREE which are almost constant (Frey et al.

1978). Indeed the Sc and V depletions (Fig. 6-I2) suggest that

cpx is a residual phase at some stage in the development of Group

c tholeiites. Hence it is likely that the tholeiite liquids

segregated at shallower than ca. 60 km depth in the upper mantl-e.

4) Petrogenetic suÍrmary

Considerable variation in key elementaf ratios within Group C

tholeiites suggests that they represent a heterogeneous group of

liquids. Variation in major el-ements can be modelled. on the basis

of fractionation from primary liquids of solid phases dominated by

plagioclase, olivine and varying proportions of cpx-

Near primary liquids suggest that the source of some of the

liquids had experienced a depletion event (probably a partial

melting event) resulting in TiO, depletion, prior to an episode

of enrichment in LREE and other trace efements. Less primitive

liquids apparently may lack the Ti-depletion, suggesting some v¡ere

derived from more "normal" upper mantle which did not experience a

depletion but which nonetheless \^/as enriched prior to tholeiitic

liquid extraction.
The enriching component was probably a fluid or fLuid-rich

melt (cf. Group A discussion) generated in contact with residual

minerals retaining Ti (e.g. for e52) and Nb. It is possibl-e that

the influx of the enriching fl-uid into previously depleted,,

refractory peridotite may have encouraged melting by depression

of the sol-idus (cf. discussion on ophiolitic basafts; Sun &

Nesbitt 1978b). Melting of the enriched-depleted source of Group

C tholeiites was apparenÈIy at depths l-ess than 60 km in contact

with sta-ble residual cpx, but not garnet.

(5) Relationship of doferites to pyroxene granufites

Although the major elements (fig. 6.14) and for instance, zr-Y

and Zr-Sc (Fig. 6.8) do not differentiate the dol-erites of DK2

from the pyroxene granulites of DKl, element pairs such as Ií-zr
(fig. 6.1) Zr-Nb, Zr-Sr, Zr-Rb and zr-Ba (fiq. 6.8) show markedly

d.istinct distributions. The Ti-Zr variation \^/as interpreted above

to infer marked source heterogeneity. However ttre possibility is

raised here that metamorphism in the granulite facies might equally

account for the variations.
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Ti, Zt, and Y are general-ly considered to be immobile during
metamorphism of basaltic rocks (e.9. Pearce & Cann 1973). Zr and

Y are coherent for tJ.e dol-erites and pyroxene granul-ites and their
distribution may be interpreted in terms of igneous processes. If
these two are assumed to have been immobile during the granulite
facies metamorphism, then relative to Zr (and Y) , Ti and Nb and

possibly Ce have been enriched in the pryoxene granulites and Ba,

Rb, Sr and probably KrO have been depleted. Al-ternativeJ-y if Ti
has been immobile Zr and Y have been depleted slightly and Ba, Rb

Sr and K2O more strongly depleted, but the apparent Nb enrichment

is more equivocal.
The Group B dol-erites and pyroxene granulites suggest that

Ti is immobil-e and correl-ates wel-l with Nb, Sr, Y, (f:-9. 6.1).
However simil-ar K2O, Rlc, Ba and probably Sr depletions are observed

in the granulites.
These resul-ts suggest that during the pyroxene granulite facies

metamorphism elemental mobility occurred, especially net d.epletions

of KrO, Rb, Ba and Sr. Net enrichments are difficult to define
but possibly Ce and Nb have been enriched.

(6) Rel-ationship of hornbfende granulites to other rocks

T\¡ro hornbl-ende granulites (742 and l-396; Appendix Tabl-e 6.2)

are included in Group C. Bradley (1912) interpreted them to be

due to retrogression of pyroxene granulites. Geochemically they

tend to be transitional between the dol-erj-tes and pyroxene granu-

fites, which suggests they may more likely be "prograde" hornblende

granulites.

6.3.6 Summary of enrj-chment history of sources of Group fi, B and C

Despite the fractionated nature of many Group B and Group C

rocks it is possible to compare elemental distribution patterns
among tlte tLrree Groups A, B and C. Reference to the extended. REE

plots (fig. 6.L2) clearly indj-cates the proposed order of incom-

patability of elements is generally appropriate, so that anomaLous

elemental abundances must be explicable in terms of process and

response. Groups A, B and C are clearly di-ssimilar in absol-ute

abundances, slopes and shapes and wit-h respect to elemental

anomalies, and these features presumably represent differences in
detailed petrogenesis .
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The thr:ust of arguments concerning Group A and extended to

Groups B and C is that the upper mantle source has been enriched

in the relatively more incompatible elements. more so than in the

less incompatible efements. Moreover marked anomalies in Nb, Ti,

sc and V and possibly sr and P suggest that these efements are

held back to some extent in the residue at the source of the

enriching component. Decoupling, during this process, of normally

coherent elements such as Ti from Zr and Ti from MREE suggests

that residual minerafs, at the source of the enriching component,

must contain the l-ess enriched element as an essential structural

constituent (cf. Sun & Hanson 1975).

A more detailed discussion of the nature and origin of the

enriching component wilf be presented in Chapter 7.

6.3.7 Comp arab]e basaftic rock suites

Tholeiitic rocks enriched in LREE and other incompatible trace

elements have been reported from many age provinces and tectonic

settings. A brief comparative summary will be presented here to

facilitate interpretation of a general- mode1 to account for such

geochemical characteristics.
(f ) Gawler Ranqe Volcanics (cRV)

The Nuckul-la basafts and Kokatha basalts of the GRV comprise

part of an extensive post-tectonic, bimodal subaerial volcanic

suite erupted ca. 200 km north of the present study area at ca.

l-.5 Ga. (cil-es 198Oa,b; Branch 1978¡ Compston et aI- 1966) . As

such they al-low an interesting comparison between the orogenic

basaltic magmatism of the present study, and subsequent post-

tectonic magmatj-sm. A more complete discussion will be included

in Chapter 7.

The Nucku]la basalt has a very similar extended REE plot to

that of the Group A tholeiites of this study (Fig. 6.15) alttrough

there apparently is no Sr anomaly. Furthermore the Nuckulfa is

rel-atively uniformly enriched in all trace efements, possibly due

in part to its evolved nature.

(2) Scourie dyke suite, NVil Scotfand

These 2.4 Ga. Iargely tholeiitic dykes aII show P and Nb

anomalies and in some cases small Ti anomalies (niq. 6.I5) which

I,{eaver & Tarney (f98|þ) attributed to their upper mantle source
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which they concl-uded had been enriched up to 500 Ma earlier.

(3) Eas t Antarctic dvkes

sheraton & Bfack (I98r) reported 2.4 Ga and 1.2 Ga dyke suites

in East Antarctica which have similar geochemicaf characteristics

to the dykes of the present study (fig. 6.15). These authors suggest

the earlier group reffect mantle enrichment immediately prior to

their generation (fn = 0.7020 + 8) whereas the elevated IR of the

younger group (0.704f + 5) allows the possibility that they were

generated from a long-term enriched source (perhaps the same source

as the earlier group).

4) Neqri volcanics, Pilbara resion

Sun & Nesbitt (1978a) described Archaean basalts which are

simiLar in many respects to Group A tholeiites (fig. 6.15).

Unpublished, experimental work of these authors and geochemical

interpretaÈion led them to propose that the Negri vol-canics were

derived from shallow melting of a LREE-enriched upper mantle.

5) Gondwanal-and tholeiites
Kyle (1980) has interpreted the LREE enrichment and elevated

IR = 0.7115 + L2 of Jurassic tholeiites from Antartica and

Tasmania in terms of a heterogeneously, long-term enriched upper

mantle source.

(6) Victorian tholeiites
Cainozoic tholeiite 2L17 from Victoria (nrey et aI. 1978)

shows a similar anomaly pattern to Group A tholeiites of this

study (FiS. 6.I5).

(7) Pro-ject FAMOUS thol-eiites
In contrast to the studies reported above, Langmuir et aI.

(Lgll) attribute the variation in geochemistry of LREE-enrilched

to LREE-depleted modern MORB in the FAMOUS area, to dynamic melting

of a homogeneous mantfe source. Some FAMOUS MORB have Ti- anomalies.

However Langmuir et aI . (L977) suggested the constancy of La/Ce '
zr/Nbt K/Ba and 875r/865r precluded source heterogeneity in the

FAMOUS area.

a
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(8) Newfoundland (?) oceanic volcanics

In similar vein to Langmuir et aI. (1977), Strong & Dostaf

(1980) attributed tt¡e 0.75 Ga (?) oceanic tholeiites of S.E.

Newfowrdland, some of which have LREE enrichment and Ti, Nb a¡d P

anomal_ies, to dynamic melting of a single homogeneous source

region. The mantle source was suggested to have chondritic rel-ative

REE abundances.

(e) Dis cussion

LREE-enriched tholeiitic volcanics and intrusives with Ti +

Nb + P etc. anomal-ies have been reported from continental- and

oceanic environments of widely ranging age from the Archaean to

the modernday. l4ost studies have ascribed the suites to enriched

mant]e sources.

The al-ternative dynamic metting model pred,icts a progressive

temporal depletion in LREE, and a re]ative constancy of La/ce,

zr/\b K/Ba and 87sr/865r, features which are not observed in the

Gawl_er domain tholeiites (e"g. Appendix Table 6.4) . For this

reason it is difficul-t to escape the conclusion that the Gawler

domain thoteiites have been derived from a heterogeneous ' enriched

upper mantle source.

6. 3.8 Retroqression of dolerites to amphibolites

some DKI dykes of Groups A and B in particular show amphibolite

facies assemblages apparently coeval with pyroxene granulites and

hornbl-ende granulites. The primary fractionating ferromagnesian

mineral_s of Groups A and B are dominated by pyroxenes and the

dykes were almost certainly emplaced at considerable depth in the

crust. FoIlowing initial high-temperature crystallisation the

dykes have been suggested to have cooled near-isobarically to the

prevailing local P, T and pHrO cond.itions. It has furthermore been

suggested above (Chapter I, 2 and Section 6-2) that influx of

fluids adjacent to the Kalinjala Mylonite Zone has produced the

amphibolisation of mafic dykes and granitoid gneisses. This

amphibolisation process has been shown bríefly to be accompanied

by geochemical changes.

If Ti i-s considered immobile (Pearce & Cann 1973¡ Field &

Elliott 1914) , Zr and Y are relatively enriched in the amphibolites

over the dolerites (fig. 6.1) in Groups A and B. Relative to Zt,
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Ba and Rb tend to be enriched but Nb coherent with zr in the

amphibolites (rig. 6.8). This order of enrichment is simifar to

the order of incompatibility of minor efements on the extended

REE plots (Fig. 6.11). Furthermore the Group B amphibolites tend

to be d.isplaced towards the Group A amphibol-ites (especially

Zr-Rlc, Fig. 6.8; Ti-Y, Fig. 6.7). These relationships suggest to

the present author that the retrogressive ftuid had a similar
geochemical character to t]-e enriching component in the Group A

thoteiite mantle soulce. It is thus considered most likely that

the retrogressive fluid emanated from the mant]e (cf vüeaver &

Tarney I981b; Drury 1973) and may reflect mantle outgassing.

Group A amphibolites on Yorke Peninsula are not enriched over

the tholeiites. Retrogressive fluid enrichment is thus apparently

regionally spatially located adjacent to the Kalinjala Mylonite

Zone. The mylonite zone apparently has acted as a conduit for the

channefling of mantle derived retrogressive fluids.

6.3.9 Tectonic environment of Groups A, B and C tholeiites

Following Pearce & Cannr s (1973) attempt to distinguish the

tectonic environments of modern basaltic volcanics on the basis of

their immobile trace efement eontentsn it has been shown thaÈ

continental thol-eiites are not discriminated (Hol-m 1982). Most

continentaf tholeiites plot in the fields of ocean-floor basalts

or cafc-alkal-i basalts (Holm 1982), as do the tholeiites of Groups

A, B and C. However, Pearce & Norry (1979) have shown that useful

petrogenetic information can nonetheless be derived from the

efements Ti, zrt y, and Nb. The following discussion is based on

discussion in Pearce & Norry (L919) .

(I) Zr/x ratio
'rhe zr/y - Y plot (rig. 6.f6) shows that the Groups A, B and

C data define a trend towards source enrichment, whereas the

subhorizontal- distributions within Groups B and C are consistent

with fractional crystallisation.

(2) zr/Nb ratio
pearce & Norry's Kd data show thrat this ratio is insensitive

to the degree of partial melting, and hence its rvariation is most

likely to reflect source heterogeneity. Their observed tenfold

difference in Zr/IIb between the n¡cst enriched and most depleted

Iavas (l'ig. 6.16) cannot be modelled on melting processes. Rather



Table 6. 12 Rb-Sr isotoP ic data for selected basaltic dykes

SampIe 87Rb,/86Sr 873r/865r

(a) Group A - petrographic cateqory I

858

869

Bt6

(b) Group A - petrographic cateqorv 2

826

(c) Group B phic cateqorv

836

(d) GroupC-p ic cateqory

Explanatory notes:- (1)

(2)

o.49L2

0. 3684

o.4773

o.27L3

0.3695

875111865r precision + 2O-m

87Rb,/86Sr precision + 0.58 (20ñ)

o.7L577 + 6

0.71318 + 6

o.7L544 + 34

0.71087 + 4

0.71230 + 5

o.7L246 + L5B52 o.4453

Calculated isochron for Group A petrographic category I
MSffD = O.O5 Model 1 L463 + 1400 Ma O.7O544 + 90

Calculated isochron for aII Group A specimens

MS!ÌD = 0.37 Model 1 1539 + 251 Ma O.7O493 + 145
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fl-uid transfer in the upper mantle may be required"

The simple conclusion of this section is that the Pearce &

cann (1g73) approach is not a reliabe ind.icator of tectonic

envi-ronment. Information can be derived however from the elements

Ti, Zr¡ Y and Nb which is helpful to define petrogenetic processesi

but these processes cannot be uniquely linked to geotectonic

environments.

More detailed discussion of the tectonic environment of the

basaltic melts of this study will- be presented in chapter 7.

6.4 SR-ISOTOPE GEOCHEIVIISTRY

6.4.I Introduction
Giddings & Embleton (L976) have cited unpublished' Sr-isotopi-c

data which suggest that the two groups of basaltic dykes disting-

uished by them on the basis of their palaeomagnetic measurements t

may have been emplaced at 1700 + I00 Ma and 1500 + 200 Ma

respectively. It is thought likely by t.l-e present author that

these two groups correspond to DKI and DK2 dykes respectively.

In order to investigate the possible age and sr-isotopic

refationships of both DKI and DK2 dykes and geochemical groups A,

B and C abov,e, a few selected specimens have been analysed (Table

6.L2) and are discussed below.

6.4.2 cro A basaltic d S

6. 4.2 .r DK2 dvkes

T\^/o neaï-prímary specimens (858 and 869) and one evolved rock

(816) were analysed (Tal¡Ie 6.L2) and plotted on an isochron diagram

(rig. 6.L7). A perfect fit line with a calculated age of ca. L463

Ma is obtained though it is based on only a limited range in Rbr/Sr

ratio and is thus imprecise. This indícated age is similar to the

younger age reported by Giddings & Embleton (L916') '

The calculated, IR of O.7O544 + 90 also is imprecise due to the

extrapolation to l¿he 87St/86Sr axis by a factor of ca. 3X the total

variation in nb/Sr ratio, but is wefl-enough defined to demonstrate

that the croup A tholeiites at ca. I5OO Ma were enriched in ATSI/

865r relative to an upper mantle source representative of the model-

bulk earth (rig, 6.L7). Bulk earth model ages for the near primary

B58 and 869 are 1896 Ma and 2o8l Ma respectively. Partition

coefficient data (frey et al. 1978) show that the fractionation of
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Rb,/sr ratio in melt over residue for a 70 oI + 25 opx + 5 cpx residue

(Tabl-e 6.1),after ca. 30% partial melting is less than 3%. An 01 +

opx residue produces even smaller Rb,/Sr fractionation in the melt'

Hence the model- ages are likely to represent the age of the prod'uc-

tion of the mixed source of Group A thoteiites from an assumed bulk

earth composition. Hence enrichment of this mantle source is 1ikely

to have occurred early in the Kimban Orogeny, perhaps associated

with the initiation of mantle outgassing from deep in the mantle.

6.4.2.2 DKf dYkes

One specimen (826) of fractionated liquid from this category

\¡ras analysed (Tal¡le 6.L2, Fig. 6.Il). This sample plots very close

to the isochron defined by the three DK2 samples, and the four samples

define a perfect fit isochron (l,lswo = 0.37) of calculated age 1539

+ 25L Ma and IR of O.lO493 + I45 (ra¡te 6.L2) '

The poor precision in the calculated age allows the possibility

that rocks of quite different crystallisation ages may be coll-inear

within experimental error. The uncertainty spans the whole period

of the Kimba¡ Orogenyr câ. lgOO lla to ca. I40O Ma (Thomson 1980) '

Thus if the mafic granulite (826) behaved as an open system at some

stage during this period it may still appear to fit wefl on the

short isochron plot.
of more interest is the very similar 87sr/86Sr ratios shown

by the gralulite and the dolerites. The coherent geochemistry of

Group A dolerites and granulite suggests a very simil-ar souree

composition enriched in trace elements such as Rb and Sr (see above).

The Sr-isotope evolution of alf four Group A tholeiites is depicted

in Figure 6.L7. Calculations (above) demonstrate that the Rb/sr

of the meft is very likely to represent closely the ratio of the

source (unless modified by fractional crystalfisation of e.g.

plagioclase or fractionation by granulite facies metamorphism ( cf

Heier L973). The three dolerites intersect the bulk earth model

curve between ca. 1880 Ma a¡d 2o7o Ma but the basic granulite (826)

intersects at ca. 23OO I4a. The Rb/sr ratio of 826 is much l-ower

than that of the dolerites and probably reflects Rlc d'epletion

during granulite facies. If this conclusion is accepted then

cafculation of the Rb/sr ratio of. 826 prior to metanorphism may

be attempted. on the basis of the major element modef for 826

(rable 6.4) by fractionation of plag + opx + cpx from 869, and
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using the Kd's of 7\rth (1976; Appendix Table 6.6) a Rb/Sr in 826

liquid of ca. I may be calculated. If metamorphism is assumed to

have occured at ca. 18OO Ma a Sr-isotope evofution curve for the

826 liquid may be plotted (Fig. 6.I7). This intersects the bulk

earth curve at ca. I9O0 Ma, within the range of dolerite

intersections.
This allo\^/s an interpretation of Rb-Sr systematics of Group A

as folfows :-

bul-k earth reservoir up to ca. 2000 Ma

generation of enriched upper mantle reservoir

ca. 2OO0 Ma; Rbr/Sr ratio ca' 0'f5

enriched source melting ca. l-800 Ma and

emplacement of DK1 dykes; IR ca. 0.703,

RblSr ca. O.2 - L.O¡ followed bY Rb

depletion in granulite facies producing

Rb,/Sr ca. 0.05 - 0.10

melting of the same or a similar enriched'

souïce ca. 1500 Ma and emplacement of DK2

d,ykes; IR ca. O.lO45 - 0.7055 and RJc,/Sr of

ca. 0.15 - O .25 .

(r)
(2)

(3)

(4)

such an interpretation suggests that relatively long-J-ived

mantle heterogeneitiès existed in the mantle und,erlying the Gawler

domain during this interval of Earth history. Furthermore it

appears that the enriched sources were established from a pre-

existing bulk earth mode] reservoir at t]..e beginning of the

Kimban Orogeny and do not represent o'Ider Archaean pre-history.

6.4.3 croup B basaltic dvkes

one specimen only (B36) of Group B least fractionated tholeiite

has been analysed (ra¡te 6.12¡ Fig. 6.17). Refative to Group A

thoteiites it has lower present d.ay 873r/865r but a similar nb/Sr

ratio. The specimen is a DK2 dyke and has suffered no Rb

depletion by metamorphism, but is fractionated, so that its nlc/sr

ratio is probably higher than its source. Nonetheless its bulk

earth model- age ca. 1850 Ma is not far removed from those of Group

A. Hence it is suggested that Group B thol-eiites represent partial
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melts of an enriched source which \^/as developed' at a similar time

to the Group A source (ca. 2OO0 Ma), with a lo\¡/er Rlc/sr ratio.

6.4.4 GrouP C basal tic dykes

only one specimen (852, Table 6.12) from Group C has been

analysed. Interpreted above as a near primary tiquid and intruded,

Iate this specimen was possibly generated in the same melting

episode as Group A.DK2 dYkes.

Its Rb/Sr ratio is similar to that of Group A but present day

8'73r/865r is much lower at 0.1L246 + l-5. The bulk earth model age

cal-cul-ated at l-503 Ma is very similar to the isochron age for Group

However, the Sr-isotope evolution cuÏVe (fig. 6.I1) illustrate

its very different isotopic history'

If emplaced at ca. I5OO Ma, 852 must have been derived from

an afmost unmodified modelbulkearth reservoir. However, its trace

element, especially LIl-element, geochemistry (see above) suggests

that the source of 852 had been enriched. These two constraints

suggest that ttre enrichment must have occurred at or near the time

of partial melting. This suggests a tl,/o-stage enrichment for the

Proterozoic sub-continental mantfe in this area"

Furthermore the geochemistry of B52 has been interpreted to

suggest that the enriched source had experienced a previous

depletion event (see above). The bulk earth, essentially

unmodified, IR of B52 then constrains the time of this depletion

to be very close to the time of partial melting as l¡/ell .

Alternatively the bufk earth model IR could be the fortuitous

result of depletion and enrichment changes in nb/sr ratio at

unspecified times which exactly cancefled each other and restored,

at ca. 15OO Ma, a butk earth IR value. Thris alternative is unable

to be ruled out on the basis of the meagre d'ata but is considered

highly improbable.

6.4.5 Summary

The sr-isotope data confirm the geochemical conclusion that

Group A and Group B tholeiites have been derived from distinct,

modified, enriched upper mantle sources. The enrichment occurred

at ca. 2OO0 Ma early in the Kimban Orogeny and was not a relic of

Archaean pre-history or mantle evolution.
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Group c tholeiites appear to have been derived from a source

having an unmodified bulk earth model Sr-isotopic composition, late

in the Kimban orogeny. This constrains the depletion and sub-

sequent re-enrichment processes which have occurred in the Group C

source, to have taken place close to the time of melt generation.

Two events of mantle enrichment are therefore proposed in

the Kimban Orogeny betri¡een ca. 2000 Ma 'änd ca. 1400 Ma' resulting

in a Gawler domain heterogeneous Proterozoic sub-continental- mantle.
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GIAPTER 7.

EARLY T'O I4IDDLE PROTEROZO] C CRUSTAI EVOLUTTON.

7.I TNTRODUCTION

Of recent years much attention has been directed towards an

understanding of the Earthrs recent geological history and the

formul-ation of plate tecÈonic concepts, as well as the unravelling
of the Earth's distant'past in the Archaean cratons. Comparatively

l-ittle attention was paid for many years to the intervening

Proterozoic Era. A fundamental question relating to Proterozoic

crustal- evolution is to what extent new crust has been formed from

the upper mantle or, conversely, Èo what extent Proterozoic crustal
rocks represent reworked Archaean sial.

Many authors have suggested that the Earth's crust and upper

mantle have become irreversibly and episodically differentiated
over geologícat time and that as a consequence the contj-nents have

gro\^rn with time. Plate tectonic concepts have been applied to
suggest that continental growth has taken place largely by the

accretion of isla¡d arcs (taylor s, White 1966¡ Taylor L967¡ Taylor &

Mclennan L919¡ and, review of Ringwood 1975) or calc-alkaline
bathol-iths of Cordilleran fold belts (windley & Smith 1916¡ Tarney

L9l6t Tarney & !ùindley L919). Some authors have recogrnised in
isotope age data the episodic nature of crustal growth (Hurley &

Rand 1969; Moorbath L977, L978). In such an interpretation' major

Preca¡nbrian periods of juvenile addition of sialic crust from the

mantle or mantfe-derived, precursors are thought to have occurred

in the Precambrian at 3.8 - 3.5 Ga, 2.8 - 2.6 Ga and 1.9 - 1.6 Ga

(Moorbath 1978). The last of these is coincident with the Kimban

Orogeny of this present study. Proponents of this model usually
favour the permanence of continental crust and do not favour the

recycling of large amounts of sial into the mantle.

Such a model does not rule out the likelihood that the newly

formed sial may undergo internal metaûþrphic, anatectic and geo- 
'

chemical differentiation over a period of tens of millions of
years to produce a muftistage complexity, but does deny the

possibility of production of vast amounts of juvenil-e calc-al-kaline

material from much older continental crust (e.g. Moorloath 1978).
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An alternative crustal accretion process, particularly

relevant to intracontinental (or intraplate) environments has

been proposed. by lfass & HoIIis (1983) who note that xenoliths

in continentaf basalts often require a substantially basaltic

lower crust (cf . Griffln et aI. L9'79¡ Arcu]us & Smith 1979). They

suggest that successive ul-tramafic a¡d mafic intrusions may be

emplaced deep in the lower continental crust, thickening the crust

by underplating, and. subsequently metamorphsed in the granulite

and eclogite facies. Irlyborn & Page (1983) suggested that gr:anitoid

magmas may be derived by remelting of such underplated mafic material-

In the light of ttrese considerations, it is important to

establ-ish whether the Proterazoic terrain which is the subject of

this thesis does in fact represent the addition of isfand arc or

Cordil-l-eran calc-alkafine material or material of another kind.

This question wilf be examined befow.

An afternative view of Earth history, championed especially by

Armstrong (e.g. 1968, 1982), has proposed that the Earth suffered

an early. major, planetary differentiation into primitive core'

mantle, crust and surface fluids. A tectonic regime, similar in

kind to modern plate tectonics, is envisaged to have existed within

the Earth since at Ieast ca. 3.9 Ga and to have continuously recycled

large amounts of continental siaf back into the mantle by sediment

subduction. In this mod.el- the continents are not considered to

have grown significantly in volume since ca. 3.9 ca, although a

progressive cratonisa,tion and d,ecreasing rate of recycling is

envisaged.

Both the continent growth and. no-growth schools integrate their

interpretations essential-Iy into a near-Uniformitarian plate

tectonic scheme. still other autlors (e.s. wynne-Edwards f976;

Kroner I977 ¡ Gl-ikson 1976) have proposed that significant secular

variations in tectonic styJ-e have occurred. In this interpretative

scheme the Proterozoic is suggested to be distinct in tectonic

style from both the Archaean and Phanerozoic, and to invofve largely

ensial-ic, intracontinental or intracratonic mobile belts of rift-

valley type.
In this chapter I will seek to draw together the petrological,

petrochemical, age and Sr-isotopic data for the granitoid gneisses

and metal¡asal-tic dykes of the present study and to answer the

following questions :-
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l.DoestheEarlyto¡,lidd]-eProterozoicofthestudy
area represent a marginal plate tectonic setting

or an intracontinental ensiafic orogen?

2. Is there a large addition of juvenile siaf at

this time?

3. How does the stud,y area relate Èo the Gawler

domain as a whole?

4. What impJ-ications do the conclusions of this

studyhaveforglobalProterozoicinterpretation?
To this end the rock suites descri-bed and characterised in

previous chapters, wiII be compared with each other, and with the well--

documented I.5 Ga Gawler Range Volcanic province (fig' l'f; Giles

I980a,b; Branch 1978) to assess the temporal evolution of the

Gawl-er domain. Then a model witl be erected to account for the

variation, which will be tested against the various tectonic and

petrogenetic schemes a-bove, and assessed on the basis of occurrences

of Proterozoic terrains on the Australian and other continents'

7.2 PETROGENESIS OF BASALTIC A}TD GRÄN TTOID MAGMAS OF TTIE STUDY

AREA AND GAV'ILER RANGE VOLCANICS

1.2.I Bimodal magrmatism

The histogram of SiO, contents of the non-cumul-ate rocks of

the study area reveafs a marked. bimodality (nig. 7.I). A similar

trend is apparent for the Gawler Range Volcanics (nig. 7.L) - This

feature has been considered to be typical of anorogenic cratonic

magmatism (Emslie L918¡ Christiansen & Lipman 1972¡ Lipman et al'

1972¡ Martin C PiwinskLi Lg12) in contrast to the orogenic regions

of d,ominant calc-alkaline intermediate magmatism. This conclusion

is not surprising for the post-tectonic platform cover Gawler

Range Volcanics, but more notable for the rocks of the present study

area, many of which were emplaced during the Kimban orogeny. It

ís suggested here that the Earty to ¡'tiddte Proterozoic magmatic

rocks of the present study area may not be related to a simple

calc-a1kaline subduction environment analogous to modern Cordillera

or island arcs, but to reflect a significant rifting component

(e.g. Emslie 1978).

A tectonic model- to account for the evol-uÈion of the present

study area will- be examined in more detail- in a later section of

this chapter. This section will- enlarge upon the petrogenesis of
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the mafic and silici-c components of the bimodal- suite of magmas.

1.2.2 Petrogenesis of basaltic masmas

(1) Basaltic dykes of the study area

Detailed arguments have been presented in Chapter 6 which seek

to describe the nature of igneous rn-inerafogical, geochemical and

Sr-isotopic variation within the basaltic dykes of the study area.

These will not be duplicated here, but a summation of the chief

conclusions and some further discussion wilI be presented.

The tholeiitic liquids have been concl-uded to have been

d.erived by high degree partial melting at depths less than ca. 60

km of a pyrolite upper mantle which had suffered variable enrich-

ment in many trace elements. The enriching component for Groups

A and B thol-eiites apparently was generated earfy in the Kimban

orogeny and. al_tered an upper mantle source region in which the

Sr-isotopes previously evolved similarly to the model bul-k earth.

A third group (c) of tholeiites was apparentl-y derived from a

mantle source which may have evolved similarly to the model bulk

earth until late in the Kimban Orogeny, but which immediately before

partial melting experienced first a depletion and then a re-enrich-

ment process. These conclusions suggest that tkre Proterozoic basal-tic

magmatism tapped a maltfe source which itself had not previously

been involved in magma generation nor enrichment processes.

The characteristics of the enriching component are variable

for the three individual geochemical groups of basaltic dykes, but

two important characteristics are,

(f) decoupling of Ti and, Zr, apparently reflecting a

residuaf Ti minera] at ttre source of the

enriching comPonent

and (2) relative depletion of Nb.

(2) Basaftic volcanics of the Gawl-er Ranqe Volcanics

In Chapter 6 these thol-eiitic vofcanics \^/ere briefly compared

with the basa]tic dykes of the study area and shown to be very

similar in many key geochemical characteristics. In particular the

'rí-Zr, and Nb relationships are closely similar to the dykes.

Giles (l-98Oarb) proposed that the basaltic volcanics were

derived by hydrous, shallow melting of variably enriched. pyrolite

upper mantle. Ho\¡¡ever, he also proposed that the basaltic
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volcanism was reffecting melting in a long-lived Proterozoic fow

velocity zone (LVz) or layered upper mantle, that may have been

formed initially j-n the Archaean. The sr-isotopic data for ttre

basaftic dykes of the present study d'o not allow such a long-

lived, enriched source for either the early (DKI) or late (DK2)

dykes,anditisthereforesuggestedherethatsuchasituation
is unlikely for the GRV. Indeed it is probable that the post-

metamorphic (orz¡ dolerite dykes and the basalts of the GRV are

of the same age and may manifest the same source and melting event'

It is nost significant that the orogenic granulite DKl dykes

and the post-tectonic DK2 dolerite dykes of the present study area

as wefl as the basaltic GRV show such similar geochemistry. This

strongly suggests that the petrogenetic processes invofved in

their generation are not specific to any particular stage in the

developmentoftheKimbanorogenybutwereapparentlyoccurring
throughouÇ and hence are more likely to represent a specific

ongoing process rather than a unique tectonic event or environment'

The specific process will be discussed more fu1ly below'

(3) Geochemi cally analogous tholeiites

ïn chapte r 6 a brief comparison \^/as presented between the

Gawler domain tholeiitic vofcanic and dyke rocks and. geochemically

analogous continental tholeiitic rocks of Archaean to cainozoic

age.AlloftheothersuitesshowtheNbarromalyandmanyshow
the Ti anomaly characteristic of Group A thoLeiites of the present

study, as r¡/el-l as LREE enrichment (Fig ' 7 '2) ' In each of these

other studies, these distinctive characteristics were attributed

to the LREE enriched nature of the upper mantle source of the

thol_eiitic tiquids. A number of authors attributed the LREE

enrichment to metasomatism of the upper mantl-e by hydrous fluids

(e.g. sheraton e Black I9B1; Weaver & Tarney 198110) which were

rich in LREE and other trace elements, especially LIL-elements'

The Nb anomaly also was attributed by Weaver & Tarney (1981b)

to the stabitisation of rutile by high Po, in the presence of Hro

in the metasomatised upper mantle source of the thol-eiitic liquids'

They noted the likely role of HrO in the upper mantle in the

vicinity of subduction zones in island arcs or possibly back-arc

basins.



r42.

(4) Discussion of subcontinental mantle metasomatism

Earl-ier proponents of the metasomatism of subcontinentaf

upper mantle sources of tholeiitic liquids favoured a hydrous

fluid (e.g. Vrleaver & Tarney 1981b). fnspection of the phase

relations in pyrolite at pressures in excess of 30 kb with 0.2%

H^O shows that ilmenite is a super sol-idus phase up to 150oC above
¿

the solidus (Green 1973). Incipient volatile-rich mefts at this

depth will have residual ilmenite and so may be depleted in Ti

and possibly Nb. Also at these melting conditions phlogopite and

garnet and cfinopyroxene are stalole supersolidus phases (Green L973)

so that the resulting melt would be LREE enrj-ched but HREE, sc, v,

K, Rb and Ba depleted. The expected K, Rlc a¡d Ba depletion is not

observed in Group A tholeiites of this study. However, under HrO-

saturated conditions at similar depth phlogopite disappears from

the residual assemblage immediately above the sotidus, but ilmenite

may coexist witl cpx + garnet up to 4OoC above the solidus (Green

Ig73). An initial- melt generated under Hro-saturated conditions

would be K, Rb and Ba as well as LREE enriched'

IfsuchalowdegreepartialmeftfÏomrelativelydeepin
the subcontinentaf mantle were abl-e to rise to shal-fower depths

Iess than ca. 60 km, it would be abfe to significantty enrich the

upper mantle pyrolite in LREE, K, Rb, and. Ba but retain a marked

Ti and Nb dePletion.
Hov/ever such a mel-t is incapable of rising without almost

immediately freezing due to release of its volatites (eailey 1983) '

Tt is thus suggested that a low degree partial melt at depth in

the mantle under Hro saturated conditions, migrating to the immediately

overlying upper mantle ÍItoze and refeased its fluid phase which

had similar enriched trace element character and was able to

similarly enrich the upper mantle source of thofeiites

It is unusuaf to speculate on the l-ikel-ihood of water-saturated,

subcontinental mantl-e at depths of ca. 90 km, however it is possible

that such an area need not be large or laterally continuous (cf'

LVZ model of Green & Liebermann 1976) but could be confined to t]-e

head of one ascending mantle diapir¡ and may possibly represent

some deep mantle degassing.

It is furthermore possible to speculate that the P anomaly in

some tholeiites may similarly be due to residual apatite in the

source of the low degree mel-t or fluid phase proposed above.



L43.

However, residual apatite would require the melting process to

occur in disequilibrium because the high partition coefficients

for e.g. REE in apatite suggest that the REE would otherwise be

reequilibrated and retained in the source.

An alternative disequilibrium melting process, proposed by

Campbell & C.orton (1980) and named flash melting, explains the LREE

enrichment in basaltic melts such as alkali basalt and kimberlite

by melting immediately above the pyrolite solidus (and rapid

extraction of meft) of LREE enriched accessory phases, so that the

resul_tant melt has a REE content essentially reflecting the

character of the accessory phase. This model has numei:ous possible

variations and could account for the highly discriminating nature

of the enriching component in the tholeiite source '
Bailey (1982, 1983) has summarised a wealth of information

concerning volatile activity in the mantle and proposed a model to

account for upper mantle heterogeneity. Rather than the Hro-

saturated system discussed briefly above, he discussed the dominant

role of CO^ in mantle volatite processes. In essence he noted
2

i¡¡e grazing incidence of normal continentat shie,ld geotherms with

the vapour-present sol-idus for kimberlite at d,epths between 150

and 2OO km. From this he suggested an interpretation of kimberl-íte

activity whereby volatiles migrating up the continental geotherm

or some lithospheric weakness cause first metasomatism and then

incipient melting in the zone of gtaztng incidence. On steeper

geotherms the first fo,rmed melt can rise without freezing and

penetrate further above the sol-idus and grow in volume. At the

same time the vapour solubility will decrease with fall-ing pressure,

and the rising melt will exsol-ve vapour, resulting in further

melting of the surrounding rocks. Mafic melts may result and

finally segregate from their residuaf minerals at shall-ower'ldepths

ca. 70 - 90 km. These melts will retain the Lll-element signature

of the metasomatising fl-uid.
Wass & Rogers (1980) and ir{enzies & Vüass (f983) also comment

on the role of CO, in sub-continental mantle metasomatism. They

suggest it is a necessary precursor to continental alkaline

volcanism and relate it to rifting.
Ne\^/ton et al . (1980) point out the decrease in co, solubility

in basaltic mefts at shaflower mantle depths, and note the

'a
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variabifity in H2o/co2 possible at different P-T. This has

consequence for lower crustal co, flux and tfre driving out of

H2O from the fower crust (see latet - KMZ, tectonics) '

The presence of COr-rich fl-uid inclusions in the opx-granitoids

of the DGS (chapter Z) points to the rol-e of CO, in the petrogenesis

of at least some magmatic rocks in the present study area.

(5) spe cific origins o f Group A, B and C

The phase rel-ations of H2o-saturated and Hro-undersaturated

pyrolite at moderately deep (greater than ca. 90 km) upper mantle

conditions (Green L973) shows that it is possible for such

minerals as ilmenite to hold Ti in the residue of very low degree

partial melts or aqueous fluids, thus allowing the production of a

Ti-depleted fl-uid-rich component. The present author suggests that

this component may ascend and metasomatise shall-ower mantl-e source

areas. In such a residual itmenite-bearing assemblage it is also

necessary for Groups A and B to have ê P-, and a sr- bearing

mineral and for alf three Groups a Nb-bearing mineraf and for

Groups B and c possibly a zr- bearing mineral-. It is most likely

that the production of the fluid-rich phase occurred quickly and

not necessarily in equilibrium with the residual assemblage

because if, for instance, residual apatite accounts for the P-

anomaly in Groups A and B it woul-d also be expected to hold back

much of the REE if equilibrium was maintained. An analogous

process to the disequitibrium flash melting of Campbell 6l Gorton

(f 980) j-s possible .

Moreover the petrogenesis of Group c liquids 852 and'742

seens to require a complicated depletion-enrichment-melting process

in the source, a sequence which may weJ-1 be accomodated in a dynamic

evolving upper mantle, where continual upward migration of

sefectively trace element enriched fluids into melting or previously

melted upper mantle source regions may re-enrich and trigger new

partial melting events.

The fluid-rich melting conditions suggested in the above

account may account for the stability of deeper mantl-e residual

minerals capable of generating the Nb anomaly. It is considered

possible by the present author that the proposed fluid-rich

conditions may stabilise rutife in preference to ilmenite and

that Nb may be retained in residuaf rutile (partition coefficient
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for Nb in rutile = L6¡ Pearce & Norry L979). It is noteworthy

that Nb anomafies are noÈ present in MoRB but are common in

island arc basalts, perhaps reflecting the contrasting role of

fluids in these tectonic settings.
Giles (I980a,b) also concluded that the GRV tholeiites were

d.erived by moderate degrees of partial melting of shallow upper

mantle hydrous pyrotite which had been heterogeneously enriched

in many Lll-elements. The residual mineratogy was suggested to be.

dominated by olivine and opx wit]l a small proportion of cpx. A

mantle diapir was believed responsible for the partial melting event.

(6) Conclud.inq statement

The abundant tholeiitic dyke magmatism of the study area

testifies to a major Proterozoic d.isturbance within the sub-

continental lithosphere. Pronounced mantle metasomatism, probably

tinked to mantle degassing of, in parti-cular, CO, and HrOr is

suggested to have occurred in at least two episodes. Elsewhere

on Gondwanaland símitar mantle metasomatic events have been

proposed at ca. 2.8(?) Ga (Sun c Nesbitt f978) r câ' 2'4 Ga

(sheraton & Black 1981) ¡ câ. 170 Ma (KyIe 1980) and in the cainozoic

(Menzies & !{ass 1983) . The two latest of these \^/ere associated

with the rifting and break-up of the Gondwanaland continent.

Mantle metasomatism has elsewhere been proposed to be associated

wj-th continental rifting environments (e"g. Weaver & Tarney 198Ib;

Bailey 1983).

7 .2.3 Petrosenesis of gran itoid maclmas

(r) Granitoid magmatism of the study area

The silicic magmatic rocks of the sÈudy area show a youngíng

sequence from

(1) Massena Bay Quartzofeldspathic gneisses (¡'nC Q¡')

to (2) Donington GraniÈoid Suite (DGS)

to (3) Colbert Granitoid Suite (cGS)

to G) Moody Granitoid Suite (MGS) .

Alf of these have been suggested in previous chapters to be similar

in many respects to I-type granitoids (except the Yunta well

Leucogranite of the MGS which is probably S-type), although perhaps

transitional towards A-type. In contrast to the DKl and DK2
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basaltic dyke rocks, the granitoids show clear temporal geochemical

variations (Tab1e 7.I; Figs. 7 -3, 7'4, 7'5, 7 '6) '

ThereissignificantVariationintherangeofsio,contents
inthefoursuites(Fis.7.4)tbuttheminimumsio,contentof
thef-typenon-cumulategranitoidrocksiscloselysimilaratca.
62% Lo 65>". The suites plot in almost coinciclent fiefds on an

AFM diagram (not shown), although marked variation in the K,o/

Na^O ratio is apparent (Table 7.1). This variation in alkali
z

elements is also noticeable on the KrO-SiO, nlot (FiS. 7"4) where

a progressive enrichment at similar SiO, level is noted from MBG

QF through DGS to cGS. In addition the P2o5- sio' Plot (Fis. 7.4)

shows a clear enrichment in P2O5 from MBG QF through to MGS' and

the Tio. - sio. plot (Fig. 7.4) suggests TiO, enrichment from MBG
¿z

QF to cGS. The K,o and Tio, plots also illustrate the deviation

of the MGs l-type from the progressive enrichment trends towards

the respective fields of the MGS S-types. Most of the other major

el-ements, especially MgO, t.2O3aoa., and CaO show more nearly

coincident fields on the variation diagrams (Fig. 7.4) .

Themostsignificantvariationscanbeseenintheplotof
sio^ - Nb (Fig. 7.5) , which very clearly íllustrates a progressive

¿

enrichment from MBG QF through to MGS I-types similar to Prou. The

sio^ - Y and sio. - Zr plots (Fig. 7,5) show enrichments from MBG
2¿

QF to CGS but as in the case of K,o and Tio, the MGS I-types deviate

towards the fietds of the MGS s-types" Rbn sr and Ba fields show

considerable overlap and are not displayed, but the Sc - Sio, is

almost constant, similar to Mgof t"2O3roau.a and Cao'

TheREEhaveverysimilarLREEslopesforthefourl-type
suites (Table 7.1¡ Fig. 7-6) with (La/sm)* ranging from 4'0 to 5'5

However there is a very clear increase in absolute level of

enrichment of LREE from MBG QF through to IviGS l-types with La*

ranging from ca. I21 to ca. 324 (Table 7.I). The HREE slopes for

MBG QF and DGS are similar and relatively unfractionated with

(yb/@)* ranging from ca.O.59 to ca.O'62 (rable 7 'L¡ Fig" 7'6) 
"

The absolute level of HREE enrichment increases from MBG QF to

DGS with Yb* ranging from ca. t2 to ca' 2L (table 7'1; Fig' 1'6)'

However an abrupt change in slope occurs in CGS and in some of

the MGS I-types where (yb/Gd)N ranges from ca'O'36 to ca' 0'46

(Table 7.I; Fig. 7.6). This observation strongly suggests either

an abrupt change in the minerals control-ling the HREE fractionation
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in the Ï-type granitoids beÈween the production of DGS and cGS,

or a marked change in source character. Regardless of which of

these possibilities is favoured, the REE geochemistry of the I-

type granitoids shows a clear temporal evoluÈion from MBG QF to

MGS.

Although the generally similar minimum sio, contents and,

the similar levels of the elements such as Fe, Mg, ca, AI and

sc in the l-type graniÈoids may arçfue for a similar degree of

melting of a simitar bulk sourcen the progressive enrichrnent

trends for K, P, Ti, Zt, Nb, Y and REE in the granitoids argue

for progressively higher levels of these elements in their

source or sources.

ft is noteworthy that the l-east evolved liquids in each

suite, when compared with the extended REE plots of a represen-

Èative Group A basaltic clyke (Fig. 7.1) , sho\^l a trace element

character similar to the basaltic magmas of the study area.

Ttris strongly suggests that the enriching component of the upper

mantle source of basaltic magmas is somehow linked to the crustal

source of granitoid magm.as. This suggestion will be reexamined

below.

(2) Silicic volcanic s of the Gawler Range Volcanics and

Hiltaba Granite

The 1.5 Ga Gawler Range Vol-canics (GRV) have been studied in

great detail by Giles (1980 arb) and in lesser detail by Branch

(re78).

Their major element geochemistry is very similar to the

granitoids of the present study al.ea, except that the least

evolved liquids have SiO, contents as low as ca. 58eo¡ and KrO

and ProU may be enriched over the granitoids (Fi9.7.8; Table 7"f)'

Trace elements such as Rb, Yr M, Sc and V are generally similar

to the granitoids, but sr and Ba tend to be ca. 2X enriched in

the GRV and, Zr scatters to higher abundances in the GRV (Table

7.\¡ Fig. 7.9).
significantly the REE in the GRV and associated Hiltaba

Granite show patterns with both steeply fractionated and only

moderately fractionated HREE simil-ar to the granitoids of the

present study area (Fig. 7.6) . It is suggested. here that the

ultimate cause of this variation is probabty similar in both areas,

and it is noted that whereas the two different types of REE
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pattern in the granitoids apparently reflect a temporal control,

the GRV patterns are approximately coeval. In addition it is noted

that the close similarity between the Kimban Orogeny granitoids

of the present study and the post-orogenic GRV suggests that the

processes responsible for the development of these magmas are

not critically dependent on the presence or absence of active

orogenesis. This conclusion is similar to that drawn for the

basaltic rocks that specific processes \^Iere acting in this

proterozoic segrment of the earth that may occur in diverse tectonic

environments 
"

Gil-es (I980arb) interpreted. the GRV in terms of a post-orogenic

continental environment under the influence of a mantle diapir'

He proposed that the mantte diapir supplied the heat to partially

melt the lower crust whích he furthermore suggested was of basic -

to - intermediate granulite. He also attributed the pronounced

enrichment of the silicic rocks in e.g. zt and REE, to the breakdown

under high temperature lower crustal melting conditions of refractory

accessory minerals such as zlrcon. He concluded that the plutono-

volcanic episode of the GRV and Hiltaba Granite was "fundamentally

different from ..... continental accretion through calc-alkaline

magrmatism. "

The origin of the GRV will be discussed further below in

conjunction with the granitoids of the present study, following a

brief review of models for the production of silicic magmas.

(3) Petroqenetic modef s of derivation of silicic magmas

Much of the historical discussion of the origins of granitoid

magmas has carried the implicit notion that granitoids were at

some stage liquid. This is no doubt true in some cases, although

most granitoid mag¡nas probably contain a significant soLid

component (e.g. restite; chappell e white L974i white & chappell

Lg77). However the granitoids of this study,and the GRV \^Iere

largely liquid magmas and the following discussion is based on

this premise unless specifically staÈed otherwise.

A number of possible modes of origin of granitoids have been

discussed in the literature. The major groups of possible origins

will be examined in turn.
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(a) Crystal fractionation of basaltic macrma to silicic masma

various studies from diverse geological settings have proposed

that crystal fractionation of basattic magma has resulted in the

production of grani'toid magma (e.g. zielinski L975¡ Price & sinton

L978¡ ThorPe et aI. L977) -

In the light of the suggestion that 1ar9e volumes of basaltic

magma underplated, the Proterozoic crust of the Gawler domain (see below) a¡d

underwent protracted crystal fractionation, it is worthy of further

consideration here whether large volumes of silicic magma may have

been derived from fractionation of this basaltic magma. To increase

the SiO^ content of residual liquids during basalt fractionation
2

requires the crystallisation of minerafs of sio, content consider-

ably lower than that of the basaltic liquid itself e.g. olivine,

garnet, amphibole, magnetite or ilmenite" Giles (1980b) was able

to successfully model a 60>" SiO, andesite by fractionation of a

52.82 SiO^ basalt in the GRV by separation of 47>" of an assemblage
z

of 0.53 amphibole * O.4l plag + 0.06 magnetite. when coupled with

the closely similar extended REE plots for Gawler domain basaltic

and silicic rocks this modelling seems to argue in favour of a

fractionated basalt Parentage.

However, the compat.ible trace elements such as Ni¡ cr, v and

Sc in fractionated basaltic suites quickty tend to zero (e.g. Taylor et al'

1969¡ Zielinski 1975¡ Giles I980b; condie I98r) and do not allow

the generation of residual silicic liquids of the present study and

the GRV with their appreciable Ni, Cr, Sc and V contents (fabte 7.1).

Furthermore the petrographic evidence, and the modelling of the

within suite variation in the major elements of the basaltj-c rocks

of the study area argue for fractionation dominated by pyroxene

ferromagnesian minerals, without amphibole and without appreciable

magnetite or ilmenite (see Chapter 6). This fractionation style

does not produce significant sio. enrichment (see also Thompson

1975a) .

In addition there is a marked absence of magmatic rocks of

non-cumulate origin in the Gawler domain which bridge the sio,

gap between the basaltic and silicic rocks (FiS' 7'1) '
Hence it is concluded that basal-t fractionation has not been

responsible for the generation of the abundant silicic magmas of

the Early to Middle Proterozoic of the Gawler domain.
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(b) Mix ing of basalÈi c and silicic Iiquids

A general model for the prod.uction of calc-alkaline andesite

and d,acite involving mixing of basalÈic and rhyolitic magmas

within the crust has been proposed by Eichelberger (1978). He

recognised abundant petrographic, geochemical and isotopic indic-

ations of disequilibrium in andesitic rocks which he attributed

to mixing of basaltic liquid and its phenocrysts with rhyolitic

Iiquid and its phenocrysÈs in large magma cha¡nbers at intermediate

crustal dePths.

The main objection to any notion of mixing of magmas in the

Gawler subdomain is the prominent sio2 gap observed in both the

granitoids of the present study and the post-orogenic GRV (Fis.

7.L) . Furthermore there is no petrographic evidence for such a

process, in contrast to the calc-alkaline andesites. Indeed the

geochemical variation within, for instance, the DGS can be

perfectly modell-ed on the basis of the phenocryst phases observed

which show no evidence of disequitibrium" In addition Giles (1980b)

has noted no petrographic evidence in the GRV in favour of this

mode. The silicic and basaltic liquids of the Gawler subdomain are

thus suggested to have had quite distinct origins, and not to have

mixed to any aPPreciable extent.

Eichelberger (1978) also noted that bimodat magmatism is

favoured in tensional tectonic environments where decreased

efficiency of mixing at intermediate crustal depths occurs due to

the escape of magmas.

(c) Hybridisation of sili cic liquid by solid mafic material

The model of origin of the siticic magrmas by mixing of more

silicic liquicls and solid mafic material (e.g. de Albuquerque L97L)

may be rejected for similar reasons to the mixing of basic and

silicic liquids and phenocrysts. Disequilibrium textures and

mineral chemistry of liquids and enclosed "phenocrysts" would be

expected, but is not observed.

These considerations lead to the more likely and preferred

model of orj-gin for the silicic magmas by partial melting processes.

(d) Partial melting model of the petrogenesis of silicic magmas

Aconsensusbasedonexperimentalpetrologyhasapparently
been reached in recent years that direct mantle derivation of silicic
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(and intermediate) liquids is not possible (e.9. vüyllie et aI.

1976¡ Wyllie 1977; V'Ihite & Chappetl 1977). The conclusion of these

authors is that all true granites are crustal in origin, and hence

silicic maçlmas formed by partial melting are at least second-stage

mantle derivatives.
Most of the l-east evolved liquids of the present study and

the GRV are relatively silicic (granodioritic-dacitic) and cannot

be simple mantle-derÍved primary Iiquids. A crustal origin is

indicated. Limiting the source of the silicic magmas to the crust

poses the question as to the specific nature of the Gawl-er domain

crustal source.

(4) Nature of the crus tal source of the sil-icic magmas

The initiaL 87sr/A65r ratios of the granitoids of the plesent

study and of the GRV (compston et al. L966; Webb 1978) are too

Iow to allow derivation of the silicic magmas from typical upper

crustaf rocks or Gawler domain older high-grade gneisses (e.9.

see chapter 2). A presumably deep-level, relatively unradiogenic

crustal source is required. Furthermore the crustal source must

be capable of yieldíng liquids with ca. 58e" - 60u sio2 for the GRV

and 622 - 652 SiO, for the granitoids of the present study. This

constraint limits Èhe bulk composition of the source to be inter-

mediate to basic as the level of melting otherwíse required for

a siliceous source is unrealisticatly high (e.g. up to 50% partial

melting, Condie I978). The presence of mainly metabasic xenoliths

(although not common) within the granitoids of the study area is

consistenÈ with this conclusion. The xenoliths are probably

residual source material of the granitoids.

The nature of the lower crust has been the subject of

considerable debate, much of which centres around the interpreted

crustal accretionary mechanisms. Taylor & Mclennan (L979) modelled

the composition of the lower crust by assuming it comprised the

residue from an accreted average island arc andesite after extraction

of. 2/3 average upper crust (Table 7.2) -

Tarney & Windley (L977, 1979) criticised the Taylor andesite

mode] of crustal growth and proposed that the Archaean high-grade

gneiss terrains such as the Lewisj-an of Scotland constitute more

tikely candidates for typical lower crustal rocks. They propose



Tab1e 7. 2 Estimated compos itions of model lower crust
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MnO
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K20
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that the distinctive geochemical features are not representative

of residues after mel-t extraction but that they simply reflect

the primary processes of cordilleran crustal generation involving

residual or fractioning garnet or hornblende in the genesis of

the primary trondhjemitic melts making up the nel^/ crust' In

addition Hamilton et al. (1979), Weaver & Tarney (1980) and Newton

et aI . (1980) propose that the K, fu, U and Th depleted nature of

Lewisian type lower granulite crust is not due to granitoid melt

extraction but due to cor-ftuid flushing of the lower crust. In

this view of the lower crust it may constitute a fertile source

of later granitoid' magmas (given the necessary Pt I, pH2O conditions)'

Average Lewisian granulite gneiss is incfuded in rabLe 7 '2'
condie (1981) noted that the Archaean granite-greenstone

terrains and high-grade gneiss terrains are essentially bimodal in

composition, but that the high-grade gneisses have been well-mixed

possibly during partial melting and granite extraction or defor-

mation in the lower crust, so that they have an overall intermediate

bulk composition. He suggested that most of the Iower crust must

have been involved in the production of late Archaean K-granites t

so that Archaean terrains are underlaín by d,epleted' crust' Howevert

condie proposed that such depleted crust is capable of yielding

further granite magmas provided that some elements, such as Rb,

are replenished. The lower crustal estimate of condie based on

Lewisian-like high-grade gneisses is included in Eable 7 .2, as well

as an estimate of gneiss residual after granitoid melt extraction.

wass & Hollis (1983) proposed that there is evidence for

abundant lower continental crustal accretion (underplating) of mafic

to ultramafic eclogitic to granulitic material in many areas.

!{yborn & Page (1983) proposed that Early Proterozoic I-type granitoids

throughout Australia were derived by remelting such material.

Lower crustal estimated compositions of Taylor & Mclennan

(Ig7g),weaver&Tarney(1980),Condie(198I)andabasalticrock
from the present study area (following the reasoning of lvass &

Holl-is 1983) are presented in Table 7.2. these are modelled below

as possible sources of the silicic magmas of the present study and

of the GRV.

(5) Ma-ior elemen t testinq of the models

Following the model of Vfyborn & Page (1983), the l-type

granitoids of this study have been modelled as melts derived from
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basic granulites of the type represented, by the meta-tholeiites

of this study. A measured Group A pyroxene granulite (826) and

its analysed, minerals have been tested as the source and residual

mineral- assemblage. The major element models are a perfect fit,

and suggest the granitoids may have been derived by I0% - t5%

partial melting of Proterozoic meta-tholeiite leaving a residue

comprising ca. 45ø" plag + 25% cpx + 20% opx + 8å biot + Iå Fe-Ti

oxide (Table 7.3) . Similar calculations indicate that the silicic

volcanics of the Gawler Ranges and central Australia may have

been derived in a similar manner from similar source rocks (ta¡le

7.4) .

The calculated model residue contains a higher proportion of

residual biotite than may normally be expected in lower crustal

mafic aranulites, although vtass & Hollis (1983) reported up to 25+"

biotite in the mode of southeastern Austratian mafic aranulites and

eclogites.
In addition, to assess the possible role of garnet and amphíbole

in the petrogenesis of the l-type granitoids from the basic

granulitic sources, further modelling of 826 granulite * hornblende

+ garnet and of 836 metatholeiite + garnet + pargasite, (using

compositions of minerals actually observed). \^/as undertaken" This

model suggest that neither hornblende or garnet was prominent in

the rel-atively silicic 826 type source (rable 7.5) , but pargasite

and garnet may have constituted up to 20% each of the 836 type

source (Table 7.5). Biotite is not required in the garnet * pargasite

836 type model residue.
Simil-ar calculations indicate that the sil-icic volcanics of the

Gawler Ranges and Central Australia (CAV) may also be accounted for in

a similar way (Table 7.6) -

These cafculations, based on the major e]ements only, suggest

that it is possible to derive the l-type granitoids and silicic

vofcanics by partial melting in the lower crust of accreted biotite-

bearing pyroxene granulite and (hornblende + garneÐ -poor pyroxene

granulite or garnet + pargasite granulite'

Major el_ement modelling of this type, howevern does not always

provide a unique solution. For instance, Giles (I980b) modelled' the

GRV andesites (60% sio2) and dacites (62e" sj-o2) and central

Australian dacites (672 SLO2) as partial melts of the basic lower

crustal estimate of Taylor & Mclennan (L979), leaving a residue

!



(a) l4odel partlal nelt MBG QF = D8? fron baslc grar¡ulLt¡ - 826

!{el9ht
826 P'26r Resfdual Con[þnent Frac

087 0.14
cp:r O.23 (O.27)

'opx 0.16 (0.19)
plag o.39 (0.46)
blot 0.07 (0.08)
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Sum of squares of

resltluals = 0.01
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dominated by plagioclase, pyroxenes and magnetite. Although most

major elements agree closely, a major discrepancy exists for KrO

which is a factor of ca. 2X enriched in Èhe observed melts over the

calculated melts. Giles was unable to account for this discrepancy.

In addition the l-type granitoids of the present study can be

modelled for l-0% - 2Oz melting of the Taylor & Mclennan lower

crustal estimate leaving a residue composed, of ca. 66å plagiocfase'

16å cpx, 13% opx and 58 Fe-Ti oxide (Table 7.1) . It is noteworthy

that it is possible to model closely the granitoids from a source

of this type without significant mismatch in Kro and yet without

residual biotite, which is necessary for the metatholeiite granulite

source above.

However, no satisfactory model of production of the I-type

granitoids from residual high-grade gneisses of Condie (1981) was

possible on'any combination of residual minerals. This may reflect

the inappropriate choice of mineral compositions. However because

of the relatively silicic nature of the high-grade gneiss source

(ca. 5g.7e" sio^) d.erivation of liquids with ca. 622 sio. such as
z'¿

the MBG QF would require unrealistically high proportions of partial

melting perhaps as high as 50% - 60% (cf. Condie 1978) '

It is not possible to discriminate between these varied

possibilities on the basis of the major element modelling. Indeed

on geological and geophysical grounds it is highly ]ikely that the

Early to Middle Proterozoic fower continental crust in this area

was a complex mixture of Archaean and Proterozoic refractory and

fertile, basic, intermediate and siliceous material (cf. smithson &

Brown Lg77) so that each may have contributed to some extent"

Hovtever, it is attempted below to constrain more closely the likely

granitoid source material- on the basis of trace element models"

However, in summary, it is apparent that ca. I0? - 20% partial

melting of a basic to intermediate source, with a pyroxene + plag-

ioclase-rich residue, is required.

(6) Trace element testing of the models

Knowing the trace element contents of the I-type granitoids

(Table 7.1) it is possible on the basis of the calcu]ated major

element models above, to calculate the trace element contents of

the model sources and to compare them with the known or estimated

compositions of the respective source,rocks. The models are



Table 7.4 Partial melt least s s model-l of basic
of the Gawler Ran qe vol canics and Central Australian Volcanics.

(a) I,lodel partial melt GRV andesite from basic aranulite : 826

826 P26* Residual Component
Vüeight

Fraction

ite source to ce silicic melts

826 B2æ' Residual ComPonent
V,reight

Fraction

sio2
AI2O3
Fe203T
Mgo
CaO

Na20
TiO2
K20

sio2
A1203
Fe203T
M90
Cao
Na2O
TiO2
K20

52.89
15.13
10.67

1.O4
9 .88
2.47
o. 80
1. l3

52.89
15.I3
l0 .67

.o4

.88

.47

.80

52.87
15.IO
r0.67

7 .O9
9. 89
2.79
o.80
I.19

52.87
15.IO
ro.67

7.O8
9 .89
2.76
0. 80
1.19

-0.02
-0.03
0.00
0.05
0.01
o.32
0.00
0.06

-o.o2
-0.03
0.00
0. o4
0.01
o.29
o. 00
0.06

52.89
15.13
I0.67

7.O4
9 .88
2.47
0.80
I.I3

52.84
L5.L2
LO.67

7 .r7
9.91
2.94
0. 80
L.L]

-0.05
-0.01

0.00
0.13
0.03
o.47
0.00
0.04

andesite 0.14
cpx O.24 (O.27)
opx 0.16 (0.19)
plag 0.40 (0.46)
biot 0 .06 (0 .07)
ilm 0.0I (0.01
Sum of squares of
residuals = 0.11

tteight
Fraction

dacite 0.09
cpx O.24
opx 0. 17
plag 0.43
biot 0.08
ilm 0.01
Sum of squares of
residuals : 0.09

dacite O.I2
cpx .0.26
opx 0.I5
plag 0.40
biot 0.07
ilm 0.0I
Sum of squares of
residuals = O.24

(c) Model partial melt Central Australian dacite from basic
granulite = 826

826 B.26* Residual Component

Notes: (I) as for Table 7.3
7

9
2

0
I ]3

¿



I
I

estlmåted lower crust

60

\

,/'

0y

I
\

\/

I

6

Er YbLe ce ( Sr) Nd Sm Éu Gd( Rb) ( Bå) ( Nb)

t/

Tâylor 0. McLennån

Figure 7 .1O

Figure 7 .11

Calculated extended REE plots of sources of l-type
melts of the present study based on the lower
crustal estimate of Taylor & McIJennan (1979) an¿l
compared with their estimate. Symbols as in
Figure 7.3.

Calculated P.EE plots of sources of I-type melts
of the present study based on the 826 pyroxene
granulite model, and compared with the field of
croups A & C tloleiite dykes. Symbols as in
Figure 7. 3.

Fleld of Groups At c tholelltes

60

0

20

fI
10

I

6
'^--__

4

Nd EI YbSm Eu 6dLa Ce



155.

calculated assumj-ng batch metting and using the formula of schilling e

lfinchester (Lg67) and the mineral/me1t distribution coefficients

in Appendix Tabfe 6.6.

The calcutated source REE patterns suggest that the Taylor &

McLennan (Lg7g) type lower crustal source is not suitable having

a (La/yb)* too low at ca. 3.3 and almost flat REE from Nd to Yb,

whereas the cafculated model sources required for the l-type gran-

itoids are more steepty and uniformly fractionated (Fis. 7.LO,

Appendix Table 7.L) .

ThecalculatedREEpatternsforthesourcesoftheMBGQFand
DGS l-type granitoids, based on the 826 pyroxene granulite major 

'

efement models, correspond weII with the fields of Group A and c

tholeiites of the present study (Fís. 7.rr), However similarly

calculated patterns for the cGS and MGS granitoids have HREE more

steeply fractionated than known Gawler domain tholeiites (rig.

7.11). !ühen the REE patterns of the sources of the cGS and MGS are

calculated based on the 826 granulite + 8% hornblende + 2e" garn'ô1.-

model residue they more closely correspond to the fields of Group A,

B and c tholeiites (Fis. 7.L2). These results suggest that it is

possible to derive Èhe l-type granitoids from pyroxene granulite

source rocks of the type known from the Gawler domain, but that the

two younger suites require a partly hydrated and garnetiferous source.

However the calcutated model REE paÈterns of the sources for the

CGS and MGS based, on the B,36 granufite + garnet * pargasite Èype

sourcef even for the lowest available distribution coefficients for

garnet, show a HREE slope with (Yb/Gd)N ca. 2 which is quite unlike

any conmon crustaf rock (Fig. 7'I3). Hence on the basis of REE

alone,apyroxene+hornblende+garnetgranuliteor'B26typeis
the most favoured candidate as source of the l-type granitoids"

Furthermore, the extended REE plots of the calculated model 826

pyroxene granulite and pyroxene granulite + hornblende + garnet sources

are closely sinilar in shape to the tholeiíte fields, (Fíg -'7.L4) except

Rb, but dissimilar to the Taylor & Mclennan mÖdel lower crust (Fis'

7.IO). ïn particular the Taylor & Mclennan source shows a pronounced

positiveSranomalywhencomparedtothecalculatedl-type
granitoid sources.

Finally and more conclusively the compatible trace elements

Ni, Cr, sc and v, have large bulk distribution coefficients for

each of the modelled sources and residual mineral assemblages, and

hence constrain the leve1s of these elements in the calculated
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(a) ¡ro¿tel partial nelt MBG QF = DB7 from (anPh + 9t) grilulite = 826

826 B26t Residuar conrþnent .T::ii:"

(b) ¡,todel partial nelt MBG QF = D87 fron
(parg + gt) granulite = 836

836 836r Residual cotrPonent 
"T::ili

ofto

sio2

^1203Fe203T
Mæ
Cao
Na2o
ÎiO2
K20

sio2
À1203
Fe203T
M9o
cao
Na20
TiO2
K20

52.59
15 ,13
ro .67

7.O4
9. 88
2 -47
0 .80
r. l3

52.88
15 .13
IO.68

7 .05
9.89
2.56
0. 57
1. 28

-o.ol
-o.oo

o. ol
o. ol
o. or
0.09

-0.23
o. 15

0.00
0 .05

-0 .04

47 .33
L6.2L
15 .45
7.27
9.70
1.96
L-62
0 .79

-0.01
o.25
0 .04
o. 04

47.33
L6.20
15. 46

7 .25
9,69
2.00
L.62
o. B0

47 .13
16. 16
15 .49

7.2L
9.,70
2.25
1.58
o.76

o. 00
o. 03

-o.03
o.04

-0. ol
-o.23

0 .01
0. 04

15.46
1 .25
9.69
2.O2
r .6r
0. 80

4'Ì.33
t6. 16
15 .49
7.2L
9 .70
2.25
r. 58
o.76

D87
cpx
opx
Plag
biot
anph
gt"
sum of squares of
reslduals = O.OB

47 .33
16. 16
15.49
7.21
9 .70
2.25
r.58
0. 76

o,15
o.22
o .15
o. 38
0.07
0.04

-0. or

o.06
0 .00

-0.29
0.04
0 .03

D87 0.10
cpx" 0.20
opx" 0.06
plag" O.25
lln 0.02
parg" 0.20
9t" 0.16

sum of squares of
residuals = O.10

(c) l,btlel partlal nel! FGGI DGS = Bl43 from (Parg + 9t)
grilulite = 836

836 B36r Residual conponenb .i::?i:"

Model partial nelt ccs = BII2B fron
(parg + 9t) granullte = 836

836r Resiauar componenr 
"i::il:"

(d)

836

47 .31
16. 19

BI43
cPx"
opx"
Pla9"
iIm
parg"
gt"

0 .08
o.2L
0.06
o.27
0.02
0.19
o.17

0. oo
o. 04

-0.03
0 .04

B1I2B
cpx"
opx"
plag"
lln
Parg"
9t"

o.07
o.22
0.07
o .28
o.o2
0 .17
0. r7

sum of squares of
reslduals = 0.06

Sum of squares of
reslduals = 0.07

Mo¿lel pârtial nelt MGs Àv. attanelllte from
(parg + gt) granulite + 836

836 836* Resi.lual conponent 
"T::ii:"

as for Table 7.3

Ml.neral comPositíons from 836 :-

Notes r (1)

(2)

(e)

sio2
À1203
Fe203T
M9o

CaO
Na20
TiO2
K20

cpx,' opx" p149" Parg" gt"

47 .33
t6.20
15.46

7.25
9.69
2.Ol
l,6l
0.80

o.oo
0.o4

-o.o3

MGS

cpx"
oPx"
Pla9"
iln
Parg"
9t"

sio2
À1203
Fe2o3T
Mgo
cao
Na2O
TiO2
K20

52.14
2.20

L7.94
15. 58
13,28

0 .51

51.76
L.46

2A.96
L9,92

o .4r

52,19
30,16

12 .31
4. 53

o.22

39.72
L4.07
17. 48
9. 53

11.52
2.2I
3.4r
2.O4

6.79
o.2L

38. 44
2L.A7
30. ?3
4.90

o. o7
o.21
o.06
o.27
o.o2
o.19
o. 17

o.o4
-0,01
o.24
o .03
0. 04 sum of squares of

residuals = 0.06

otier ninerals from 826¡ Table 7.3(3)
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sources for whatever model favoured to be moderately high (fable

7.8). Comparison of the calculated sources with proposed sources

suggests strongly that only a basic source has high enough

compatible trace element levels to produce the I-type granito'ids"

Hence the favoured source for the l-type granitoids is of a basic

pyroxene granulite or pyroxene granulite with minor hornblende

and.,/or garnet.

These conclusions may be extended to the silicic volcanics

of the Gawler Range and central Australia, because of their many

similarities to the I-type granitoids.

(7 ) Temporal evolution

The calculated sources of the l-type granitoids show the same

progressive enrichment in e.g. REE as the granitoids themselves,

although whereas the granitoids show different degrees of

fractionation of the HREE, the calculated sources have parallel

HREE (Figs . 7.L2). This suggests that although minor variations in

the residua] mineralogy may account for the different degree of

fractionation of the HREE in the d.erivative partial melts the

different and evolving levels of REE in the model sources may

represent a progressive absotute enrichment of the grantioid source

with time. This enrichment pattern is of similar character to the

enriching component proposed for the upper mantl-e source of

basaltic liquids n although no clear temporal trend could be discerned

within the tholeiites of the present study. However, the younger

basal-ts of the Gawler Ranges (eiles r98o) are progressively enriched

in incompatible trace elements compared with the tholeiite dykes

of the present study (Fig. 7,2) .

Hence I propose that the lower crustal meta-basalticn under-

plated source of the I-type granitoids has, v'/ith time, suffered a

progressive increase in incompatible trace elements, probably by

both the transfer of enriched basaltic melt and mantle- derived

fluids. This process is here suggested to account for Èhe apparent

transitional A-type character of the I-type granitoids.

Jahn et af. (Lg7g) also suggested that some granitic rocks

enriched in alkali elements v/ere derived from granulites metasoma-

tised shortly prior to the melting event.

However Giles (1980 arb) explained the temporal enrichment in

zr, LREE etc. between GRV and cAV in quite a different way.



TabIe 7.6 Partial melt least ares rnodell of ibole + net) anulite source to roduce silicic
Australia¡r VoI canics .melts of the GawIe r Range Volcani cs and the Central

(a) l,lodel partial nelt GRV anderite from (parg + $t) granulite = 836

B36 836* Residual ComPonent
Weight

Fraction

(b) l4odel partial melt Bunburn dacite from
(parg + gt) granulite = 836

836 836* Residual ComPonent
Vteight

Fraction

sio2
Al-203
Fe203T
Mgo
CaO

Ma2O
Tio2
K20

47.33
16. 16
15.49

7 .2L

47.33
16. 18
L5.47

7 .22
9.70
2.LI
r.60
0. 80

0.00
0.02

-o.02
0.01

-o.00
-0 .14
o.o2
0.04

andesite
cpxtt
opxtt

Prag"
ilm
parg"

47.33
16.16
L5.49

7.2L
.'9.7O
2.25
r.58
o.76

47 .33
16. 16
L5.49
7.2L
9.70
2.2L
1.58
0-78

0.00
0.00
0.00
0 .00
0.00

-0.04
o. oo
0.02

0. t0
o.25
o.o3

0.11
o.2L
0 .05
o.26
o.o2
0.18
o.L7

dacite
cpxtt
opxt'
prag"
iIm
parç1"
gtt'

Sum of squares of
residuals = O.O2

dacite
cpxtt
opxtt
plag"
iIm
pargtt
gt"

Sum of squares of
residuals = O.0I

.o2

.L'|

.18

0
0
0
0

25

9
2

t
o

70
25

47.33
16. 16
l5 .49
7.2L
9 .70
2.25
r.5 8
o.76

47.33
16. I8
L5.41

7.22
9.70
2.L2
r .60
0. 80

0.00
o.o2

-o.02
0 .0r
o. o0

-0.13
o.02
0. 04

0.07
o.20
0.07
o.27
o.o2
o.2L
0. 16

.58

.76
gttt

Sum of squares of
residuals = O.O2

(c) Ivlodel partial melt Central Australian dacite from
(parg + gt) granulite : 836

836 836* Residual componenr J::il:"

sio2
A12O3
Fe203T
Mgo
CaO

Na2O
Tio2
K20

Notes: (I) as for Table 7-5
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In line with suggestions by Vorma (L976) and Emslie (1978),

Giles suggested that post-tectonic heating of the lower granulite

crust under the influence of mantle diapirism, resulted in the

breakdown of normally refractory accessory minerals such as zírcon,

liberating much Zr, REE etc. into the melts. Tt is difficult to envisage

however, how such a mechanism could account for the associated

very high concentrations of Rb, Ba and other elements unrelated

to the refractory accessory minerals" Hence the present author

favours Èhe temporal enrichment of the source of the melts in

these trace elements as outlined above'

Furthermore it is apparent that the l-type granitoid (and

volcanic) geochemistry can be attributed to partial melting of

juvenile accreted fertile mafic material \^¡ithout recourse to

refractory lower crustal (possibly older) granulites'

7.3 CONSTRAINTS IMPOSED BY ISOTOPTC DATA

7 .3.L Sr-isotopic constraints on the source of the I-tYPe melts

ApreviouscrudecalculationinChapter2suggestedtheSource
of the DGS may have had a Rb/Sr ratio ca. O.I5 and hence may have

separated from the bul-k earth reservoir at ca' 2'4 Ga, assuming a

simple Èwo-stage model. Although this is approximately the age

of the sleaford, complex basement to the Early Proterozoic sequences

in the Gawler domain, the exposed sleaford complex and its northerl--y

equivalent the Mulgathing complex have RJr/Sr ratios much greater

than o.15 (eppendix Table I.2). Hence, if sleaford complex materia]

comprises the source of the T-type granitoids there must

necessariJ-y exist a subjacent, relatively Rb depleted and extensive

source.

Ho\^/ever, a number of factors suggest the sl-eaford' complex is

not the granitoid source.

(I) The siliceous Sleaford Complex would require ca' 50%

partial metting to generate the silicic l-type

granitoids (cf. Condie 1978).

(2) A basic aranulite is favoured as the model source

of r-tyPe granitoids (see above).

(3) "Normal,' lower Archaean crust has Rb/sr much lower

than 0.15, e-g. Taylor & Mclennan (1979) estimate

o.o47and!ùeaver&Tarney(1980)suggest0.02lbased
on Lewisian granulites.

Hence although reworking of Archaean sialic crust to produce younger



Table 7.7 Partial melÈ least q dll ares modellin

53.98
19.03
10. 00

4.L6
9.52
3.45
0.90
o.79

d Tå\tof Ior & tr{clennan model lower crustal source to Produce
representative I-type melt of t-l-e present studY.

tr4odel partial melt MBG QF = D87

T & M source T & Ivl source* Residual Component Vüeight fraction

sio2
A1203
Fe203T
Mgo
CaO

Na2O
TiO2
K2C.

54.00
19 .00
I0 .00

4 .I0
9.50
3.40
0 .90
0.60

Notes:

-0
0
0.00
0.06
o.02
o. 05
0. o0
o. 19

D87
opx
opx
prag
iIm
mag

o2
03

0
0
0
0
0
0

20
13

03

.11

.54

.01

(0.16)
(0 .13)
( 0. 66)
(0.02)
(0.04)

Sum of squares of residuals = O.04

(r)

(2',)

as for Table 7.3

Ivlagnetite composition from 826

mag = Fe2O3T 96.44

TiO2 2.22
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granitoids has been favoured in the past by many workers, it does

not seem to be favourable for the Gawler domain Proterozoic I-

type granitoids and volcanics.

The basic aranulite sources modelled above have calculated

Rb,/sr ratios ranging from 0.36 - o.52 (Appendix Tabl-e 7.I) ' These

ratios are critically dependent on the presence of residual biotíte

in the model and on the Kd for biotite used in the calculations.

Arth (L976) suggested a Kd = 3.06 for Rb in basaltic phlogopite

and this value I^¡as used in calculating the above ratios. However

Arth's Kd data for phlogopite and biotite in basalts, andesites,

dacites and rhyolites indicate that Ba usually has a Kd much

greaterthanforRb.HencethebasalticphlogopiteKdforRb
is probably overestimated and should be less than unity'

Recalculation of the model source Rbr/Sr ratios based on a Kd = I

results in a range from 0.25 - 0"37 (Appendix Table 7.1). These

are likely to be slightly too high" However, the calcufated

normalised Rb abundances and Rb,/Sr ratios are similar to the meta'

tholeiites of the study area (Fis. 7.L4). If these lower calculated

Rb/sr ratios characterised the granitoid sources for the period of

their existence, they could not have separated from the bulk earth

reservoir more than ca. 600 Ma prior to the granitoid melt

extraction events, and so probably evolved during the early stages

of the Kimban orogeny in the Early Proterozoic'

Simi].arargumentsandcalculationsmaybeappliedtotheGRV
and CAV (FiS. 7.L5¡ see below).

Rb-sr isotope systematics of the tholeiitic dyke rocks of the

study area (Chapter 6) indicated that
(I) upper mantle source areas of tholeiitic liquids

were metasomatised and enriched in Rbr/Sr at ca'

2.O Ga and ca. I.5 Ga,

(2)theRb/Srratiosofenrichedsourcesandderived
tholeiitic liquids were ca' 0.I3 - O'I'7 |

and,(3)evolvedtholeiiticliquidsmayhaveRb/Srratios
as high as ca. 1-0.

sheraton & Black (I98r) have also demonstrated that similar mantle

enrichment processes occurred at ca. 2.4 Ga in Antarctic rocks which

in the Early Proterozoic along with the Gawler domain comprised,

part of the Gondwanaland super continent' An extensive development

of granulite facies metamorphism and granitoid.s occurred in the
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(this study) CGS (BIT28)

Model Taylor & Mclennan source

(this study) ( naz¡

(8143)

(br128)
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Gawler domain at ca. 2.4 Ga (Cooper et aI ' L976; Webb & Thomson

Lg77¡ Daly et al. 1978) and may be another expression of this

broad Gondwana event.

Sr-isotopeevolutioncurves(Fis.7.15)indicatethatthe
cAV could have been generated at ca. I.1 Ga (Cray L97I) fron a

tholeiiteSourcegeneratedatca.l.5GafromamantleSource
enriched at ca. 2.O Ga, or from a tholeiite derived from a bulk

earth reservoir at ca. 2.0 Ga. The GRV could have been derived

from a similar source to that of the cAV. The DGS, cGS and MGS

(andprobablytheMBGgF)couldalsohavebeenderivedfroma
tholeiite source separated from an upper mantle reservoir at ca'

2.4 Ga and enriched. in Rb shortly prior to partial melting or from

a tholeiite source separated at ca. 2.0 Ga from a mantle source

enriched at ca. 2.4 Ga (Fí9. 7.15). Age and IR data for the

granitoids intruding the sleaford complex suggest they too may have

been derived from a tholeiite source generated at ca. 2.4 Ga fuom

upper mantle enriched shortly prior to partial melting (FiS. 7'15) '

Thus a relatively simple isotopic model is favoured' which

closely couples upper mantle and lower crustal events, but which

does not require the pre-existing Archaean sialic crust to have

beenactivelyinvolvedinmeltgeneration.Ratheranenriched
upper mantle source is envisaged to have been created at ca. 2.4 Ga,

and. shortly after, partially melted to yield enriched tholeiitic mefts

with Rb/sr ca. 0.1 - 0.25 but bulk earth aTst/865t. These melts

intruded and underplated the lower sialic crust and formed a fertile

source of anatectic silicic l-type magrna'

Theapparentepisodicityandsequenceofeventsmaybedueto
a necessary rise in the prevailing geotherm in the lower crust to

a level above the solidus of the underplated basaltic material

either through radioactive heat build-up or mantle diapiric upwelling

(see later discussion on tectonic development) '

7.3 2 Sm-Nd isotopic cons traints on macfma sources

Germane to the quesÈion of the nature of Proterozoic orogenesis,

and whether or not Proterozoíc orogens represent new additions to

the crust or recycled sialic crust is an examination of the body

of data on Nd and sr isotopes published in the last decade.

Data from Archaean to Recent volcanics and plutonic rocks

suggestthatfortheearlyportionofEarthhistorypriorLoca'
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2.7 Ga the bulk of the mantle reservoir had a chondritic sm-Nd

character, but that by melt extraction processes leading to crust

formation a large mantle reservoir depleted in Nd over sm was

established by ca. 2.7 Ga (e.g. lveaver & Tarney 1980; Hamilton et

aI. 1979). However, McCulloch & Compston (I98I) have shown that

2.8 Ga greenstones were derived from a depleted mantle source and

suggest that mantle differentiation may have occurred (and been

subsequently preserved) as early as 4'0 Ga'

other studies have shown that long term time-integrated LREE

enriched, as wel-I as depleted mantle reservoirs have existed within

theEarth(e.g.Menzies&Murthyl98O;Carteretal'1978)'
These processes have led to a correlation between Nd isotopic

composition and sr isotopic composition for mantle derived mel-ts

which may be observed in modern oceanic and continental tholeiites

and alkati basalts (e-g. De Paolo L979) '

If the mantle correlation between Nd and Sr isotopic cornposition

is due to the extraction of continental crust, it is possible to

deduce the Rb-sr and sm-Nd character of bulk continental crust (De

Paolo LgTg), and hence through ratios such as K/fu, K/IJ' T}:,/u

(Hamilton et al. L97g) to deduce the distribution of radioactive

heatproducingelementsthroughoutthecrust.Theseconsiderations
have led V,Teaver & Tarney (1980) to propose that the Lewisian lower

granulite and middle to upper amphibolite facies crustal segments

represent typicat Archaean crustal development in the root zones

of ancient cordilleran orogens, and to discount the andesite crustal

accretion model of Taylor (e.g. Taylor & Mclennan L979). These

conclusions are important to the consideration of the petrogenetic

model for the Gawler domain siticic magrmatic rocks enunciated above'

De Paolo (198I) has reported Sn-Nd isotopic data for a segment

of Proterozoíc crustal rocks in Col-orado, U'S'A' Due to the

presumed, chondritic bulk earth sm/Nd ratios of unmodified mantle

equaltounity,andthetendencyformantlemagmatismtogenerate
melts with Smr/Nd less than uniÈy, leaving a residual depleted mantle

\,üith sm/Nd greater than unity, and the tendency for subsequent crustal

processes to preserve the sm/Nd ratio of the newly formed crust, it

ispossiblewiththistechniquetodeducetheageatwhichacrustal
segrment firsÈ separated from the mant]e" Furthermore it is possible

to deduce whether a crustal rock of known age has come more or'1ess

directly from a mantle source at that time or whether it has
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experienced prior crustal history and hence may represent remelted

sial. De Paol0's results (Fi9. 7.16) demonstrate these possibilities

and have led him to conclude that, in the Colorado rocks'

(f) the Sm-Nd isotopic system is resistant to gross

redistribution in crustal metamorphic processes

(2) a major suite of ISOO Ma metavolcanics shows no

evidenceofinfluencefromtheadjacentArchaean
continental crustal rocks, but \^/ere apparently

derived in toto from the mantl-e at 1800 Ma

(3) the mantle source was depleted (i'e" had Sm/Nd

greater than the chondritic value)

(4) comparison with modern oceanic island arcs suggests

that a similar source of ISOO Ma crust and island

arcshasexistedinthemantlesincetheArchaean
(5) subsequent granitoid intrusives ín Colorado at

1670 Ma, l43O Ma and I4l5 Ma were derived by

remelting of the ISOO Ma crust, rather than the

mantle or older Archaean crust'

These rocks studied by De Paolo have been dated by Rbr/sr methods

and hence invite comparison with the rocks of the present study.

Comparison of Sr-r sotopes between Colorad,o and Gaw1er domain7.3.3
Proterozoic rocks

The initial ratios of the rock units studied by De Paolo are

plotted against their isochron age on the Sr-isotope evolution

diagram(Fis.7.I7)alongwiththoseofthepresentstudy"Relative
to the model bulk earth Sr-isotope evolution, it is apparent that

the IEOO Ma gneisses and 1670 Ma intrusives from colorado are

consistent wíth mantle sources depleted in Rb"

The 1o0o Ma colorado intrusives had been interpreted previously

(Barker et al. Ig75) to have resulted from a complex process of

interaction and mixing of mantle derived basaltic melts and crustal

rocks and melts. The wide range in IRrs (Fi9. 7.L7 ) is consistent

with such an interPretation.
Ho\^/ever, comparison with the Sr-isotope data for the Gawler

domain granitoids and silicic volcanics shows a fundamental

difference, a source with a time integrated enrichment in Rb over

the model bulk earth being requíred.. Evídence has been presented'

above that the basaltic dyke rocks afso were derived from Rb (and

other LIl-element, including LREE) enriched source areas, which
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may have been enriched up to 8OO Ma prior to melt generation and

extraction.ThedominantgeochemicalcycleSeemstobevolatile
fluxing of LIl-elements to upper mantle regions, followed by

transferoftheseelementstothelowercrustbyunderplating
of basaltic melt and subsequent impress of these characteristics

on silicic mefts derived from melting of the accreted underplated

basaltic material. vlithin such a scheme, the present author finds

Iittle scope in the Gawler domain for the long-term depleted mantfe

source of Colorado and oceanic-island-arc-type proposed by De Paolo'

More generally speaking, De Paolo & lrlasserburg (L979) have also

shown the existence of an enriched upper mantle source region at

2700 Ma for the stitlwater complex, and oceanic volcanics show that

both enriched and depleted mantle sources coexist at present (Carter

etaI.1978).Itseemsprobabtythenthatlong-Iived.,comtemporaneous
enriched and depleted mantl-e sources may be maintained within the

Earth.
There exisÈs abundant evidence for long-lived upper mantl-e

heterogeneitiesrespeciallyLREEandRbenrichment'underthe
contínents even in the proterozoic (Kyle 1980; Sheraton & Black 198I;

also the Hf isotope evidence of Patchett et al. I98f) and certainly

in the modern day (e.g. carter et al. 1978; Menzies & t4urthy 1980) '

This allows m¿Ìny possible isotopic scenarios for crust generation

and coupled mantle-crust evolution, and also argues against efficient

mantle convective mixing, or may be simply a natural consequence of

heterogeneous recycling of surface materials back into the mantle

via subduction (e.g. Armstrong L982¡ Fyfe 1978). Such a view may

favour the possibility in the ProlLetozoic that although most

orogenesis was essentially ensialic, within plates. involving

accretion from below by underplating and ductile spreading above hot-

spots, elsewhere at plate margins subduction processes analogous to

thoseofthemoderndaymayhavebeenrecyclingcontinentderived
sedimentandvolatilesfromtheoceanbackintothemantle"

7 .3.4 Concluding statement

TheSr-isotopecharacterofGawlerdomainsilicicmagmatic
rocks, although superficially suggestive of involvement of older

Archaean SiaI, wiren compared. with Nd-isotopic data from other areast

is more suitably interpreted in the framework of derivation by

remelting of juvenile mafic material of Proterozoic age"

'a
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Analysis of sm-Nd isotopes of Gawler domain basaltic and

siticic rocks would be a most powerful addition to the data of

the present studY.

7.4 PROTEROZOTC TECTON]C MODELS

7.4.I fntroduction
Amajoraimofthisstudyistocommentonthelikelyprocesses

occurring in Proterozolc orogenesis. To this end the tectonic

pattern of the study area will be examined, followed by a comparison

with previous regional studies of the Gawler domain and a consider-

ation of proterozoic orogenic belts on a global scale " In this

wây, it is hoped to contribute to the debate concerning the question

of whether or not juvenile sial has been created in large amounts

in the interval following the Archaean'

7.4.2 Tectonic Pattern of the study area

The study area is within the cleve subdomain (Parker & Lemon

:982) of the Gawler domain of the Arunta-Gawler Province (Rutland

1976). Within the cleve subdomain Archaean sialic basement is

overlain by Early Proterozoic metasedimentary rocks (Hutchison Group)

and both have been highly metamorphosed and interfolded with granitic

gneisses (Lincoln Complex) during the interval ca' t'8 Ga to I'5 Ga

(Rut]and et al. f981). The Hutchison Group consists of a thin (ca.

2 kn) sequence of shallow waterf mature quartzites, calc-silicates,

pelitic schists, dolomite, iron formation and quartzofeldspathic

gneisses with associated amphibolites of probable metatholeiitic

origin(Parker&LemonLgs2).Thereisnostratigraphicreasonto
propose the existence of oceanic crust in the Cfeve subdomain at

this time.
In Chapter 5 it was proposed that the quartzofeldspathic gneisses

(QF) of the Massena Bay Gneisses (MBG) occupy a simifar stratgraphic

position to the Hutchison Group, but are d'ominated by metaigneous

rocks, probably metavolcanics, and possibly served as a coeval

volcanogenic source for much of the sediment in the adjacent Hutchison

Group. the metavol-canics of the QF and associated amphibolite dykes

or sills comprise a bimodal magmatic suite and lack intermediate

composition magrmas. The lack of calc-al-kaline andesite argues against

subduction related, plate marginal tectonics for the celve subdomaín

(¡lartin e Piwinskií 1972) -
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Furthermore,thestrucÈuralanalysesofthepresentstudyand
of Parker & Lemon (Lg82) , Richardson (1978), GIen et a]-. (L977) ,

Cooper et aI . (1976) and Rut]and et a1 ' (f981) show clearly that

theearlyfoliationinthemetamorphicrockswaslayerparallel
andflat-tying.Suchapatternisunlikelytoberelatedtothe
stress field associated with subductive, plate marginal tectonics

but is more consistent with extensional ducÈile tectonics (e.g'

Park l-981; Pulvertaft 1973) '

Inaddition,evid.encederivedfromthebasalticdykerocks
(Chapter6)maybetakentosuggestthatthegeothermalgradient
represented by the pryoxene and garnet granulites was transient

and a disturbed situation resulting from extensive underplating of

the crust by basaltic melts (cf. llells 1980). Unusual tectonic

stabilitymaybeproposedtohaveallowednear-isobariccooling
to the prevailing geotherm, manifested by garnet coronal textures

(cf . E1l-is 1980) .

such features are more consistent with an ensial-ic intra-

continental hot-spot mode of orogenesis (e"g, Fyfe 1978i !{ynne-

EdwardsIgT6¡Rossiter&Ferguson1980)"ThismodelwiII'be
enunciated more fully below following a review of the Arunta-Gawler

Province and the Proterozoic geology of other continents 
"

1 .4.3 Tectonic review of the Arunta-Gawler Province

Rutland et a1. (198I) and Glen et al ' (1977) compared the

Gawler, Willyama and MUsgrave domains of the Arunta-Gawfer Province,

and Rutland (1976) reviewed the Proterozoic domaíns of Èhe

Australian continent as a whole" Rossiter & Ferguson (1980) in

addition, have reviewed the Proterozoíc domains of the northern

half of the Austral-ian continent

The general consensus of these reviews is that the Early

proterozoic sequences \^/ere deposited in Iong troughs, fault bounded

andapparentlyduetoextensionaltectonicsorrifting.someof
thetroughswerenon-volcanogenicand.apparentlyflooredbysialic
crust, but Rossiter & Ferguson propose that some' e'9' the HaIIs

creek and Pine creek domains, rifted sufficiently to form ocean

basins. fn any case, the dominant bimodal volcanism or plutonism

and hence the lack of calc-alkaline intermediate rocks argues

against the involvement of plate marginal subduction zones, in

favour of rifting. fn concert with the prominence of rifting

Rossiter & Ferguson (1980) and Katz (1976) recognised the importance
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of fundamental strike-slip faults in the distribution of these

domains.

Although recognising the importance of extensionaf tectonics

and crustal thinning in these domains, compressional stages of

deformation also have been emphasis-ed (e.g. Rutfand L976).

Subsequenttoactiveorogenesisinthesedomains,thin
continental sedimentary sequences and subaerial volcanics (e'g'

Gawler Range Volcanics), which remain essentially undisturbed to

the present day, are common. There can be no doubt that these

deposits accumulated on cratonic sialic crust. Rossiter & Ferguson

(1980) have linked the basaltic and sificic magrnatism in aII these

domains to the activity of mantle plumes (Anderson 1975) and their

interaction with the overlying lithosphere. Gil-es (1980 a'b) also

has invoked mantle plumes to initiate basic and silicic volcanism

in the Gawler Ranges and other Proterozoic domains. The general

conclusion to be drawn from the above review is that the Proterozoic

geology of Australia is not in a framework of plate marginal subduction

related. tectonics but is of continental interior (or perhaps marginal)

rifting type, probably initiated and sustained by mantl-e plumes.

The prominence of rifting tectonics in the Proterozoic of

Australia Ied Rutland (Lg76) to assert that "active continental

margins analogous to those of Èhe present day are absent from

(both the Archaean and) PtoiLetozoic provinces of Australia. "

7 .4.4 Brief review of gIobal Proterozoic tectoni-cs

(1) Ens imatic riftinq
A number of l-ocalities exist throughout the world where there

exists good evidence that Proterozoic volcanic and, sed'imentary

sequences were deposited on oceanic crust. strong et al-. (1978)

and strong & Dostal (1980) proposed for the Avalon Zone of eastern

Newfoundland that the abund,ance of Proterozoic pillow lavas and

mafic pyroclastics argue for an oceanic environment associated with

ensimatic rifitng. strong & Dostal, however, further suggested that

the rifting was aborted for some reason and the small- ocean closed

up again.

fn many other localities the importance of rifting and aula-

cogen formation in the Proterozoic is recognised (e.g. coronation

geosyncline and EaSt Arm and Bathurst aulacogens; Circum-Ungava

geosyncline and Labrador Trough; references cited in Inlynne-Edwards
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Lg76) but the volcanic and sedimentary sequences are believed to

have been d.eposited. on sialic crust and hence to be ensialic (e.9.

Wynne-Edwards 1976).

(2) Subduction-related orogenesis

Katz (Ig72) asserted that remnant paired metamorphic belts

associated with eugeosynclinal and island arc elements of Precambrian

age are recognisable in ceylon and other parts of Gondwanaland.

Torske (1g77,Lg/6) described a zonation in Iithological associations

in southern Norway including abundant calc-alka]ine and'esite which

he suggested was derived from a long-Iived cordilleran orogen

dating from ca. I75O Ma to 850 Ma. More spectacularly, Lewry (I98I)

has proposed a complex tectonic pattern for the Early Proterozoic

of northern Saskatchewan involving multiple collisions of island

arcs and microcontinents with associated abundant intermediate

calc-alkaline volcanic and plutonic rocks'

Taylor & Mclennan (Ig7g) defended the modet of growth of

continental crust by accretion of island arcs"

(3) Intracontinental ensialic orog enesrs

sutton & I4latson (1974) argued strongly that the bulk of Early

proterozoic orogenic areas showed a contrasting and probably

fundamentally different style of intracontinental tectonism from

the Archaean and Late Proterozoic, A similar thesis has been

proposed by e.g. üIynne-Edwards (1976), Glikson (1976), Bridgewater

et aI. (1973), Kïoner (L97'7), Fyfe (1978) and others. The common

areas of post-orogenic or anorogenic bimodal magmatism of Proterozoic

age have been considered to be of intracontinental rift type (e.9.

ftnslie f978). Complexes of this latter type may consist of

essentially flat-lying volcanics (e,g. Gawler Ranges, Giles 1980a'b)

or granitic rocks of the rapakivi-anorthosite association (e.g'

Vorma L976), or both.

Glikson (1976) has reviewed the initiation and evolution of

Proterozoic mobile belts on Èhe major continents and concurred with

McConnell (Ig72) and l{indley (1973) in emphasising the cl-ose spatial

relationship of subsequent Phanerozojlc tj-fL structures and the

earlier mobile betts, Ieading to an ensialic rift model" The rift

valley model is capa-ble of explaining the evolution of ensialic

mobile belts in terms of subsidence of down faulted troughs and
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associated advection of subjacent mantle díapirs (Glikson 1976).

The following features are a natural consequence of this model

(after Glikson l-976)

(a) conmon epicontinental and continental-type

sediments, esPeciallY quartzite

(b)thescarcityofdepositstypicalofmod'ernoceanic,
island arc or cordilleran environments such as

ophiolites, andesites, turbidites and melange-type

sediments

(c) abundance of bimodal conÈinental-type thoteiites

and silicic rocks

(d) the major boundary faults and shear zones within

mobile belts
(e) the common occurrence of alkaline intrusions'

Gfíkson extended this model to inply Proterozoic ensialic circum-

cratoníc mobile belts h,ithout the existence of much oceanic crust'

andsuggestedthismaybeconsistent'withtheexpandingEarLh
hypothesis.

Manyworkersfavouranoriginofthesilicicmagmas,insuch
anensialicriftmodel,bymettingofthelowersialiccrust.The
heat for such melting is thought to be supplied by mantle diapirism

(e.g. Wynne-Edwards 1976; Gifes 1980 a,b) or by ponding and

differentiation of sub-crustal basaltic magma (e.g' Barker et al'

L975¡tnslie1978).lfynne-Edwards(L976)furthersuggestedthat
it was possible in the mobile betts to recognise an early stage of

crustal attenuation which led him to propose ductile spreading of

sialic crust over the hot-spot. In his millepede model of ductile

plate tectonics he proposed that the common mylonite shear zones

represented transformal shear zones analogous to transform faults

on the modern ocean floor. He also suggested that the transformal

shear zones acted as conduits for metal-rich exhalative fluids

leadingtooredepositformationwithin,oradjacentto,thezones"
sawkins (Lg76) developed this theme with relation to cu, Pb and Zn

deposits.
Fyfe (Lg78) in a more theoretical and general discussion of

plate tectonic and hot-spot related tectonícs concluded that the

role of fluids in the crust was of major importance. He emphasised

the likeli-hood of ponding of basaltic melts at the Moho and the

associated. release of much heat and vapour into the overlying crust

with expected consequences of reactivation and melting of sialic
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crust. The vapour influx could account for the retrogression

observed in many granulite terrains and retrograde shear zones

(e.g.Beach&TarneyLgTa¡Etheridge&cooperr98l).Fyfeconcluded
that ,,dense maçfma injection at the base of the light continentaf

crust is an obvious method of producing tectonic processes inside a

continental plate by decoupling continental crust at the Moho

interface. "

Rossiter & Ferguson (1980) have applied a hot-spot related

rifting model to the northern Australian Proterozoie otogenic areas

and concluded that mantle plumes located adjacent to the old

continental margin resulted in fautt bounded Èrough deposition,

often on newly generated oceanic crust, and rifting of continental

blocks away from the margin on major transcurrent zones. An

important facet of their model is the possibility of episodic activity

associated with the mantle plumes due to depletion and subsequent

replenishment of radioactive heat in the uranium-rich plumes

(Anderson L975).

vüynne-Edwards (L976) favoured similar hot-spot related rifting'

but preferred Èo accept an ensialic association for most Proterozoic

orogens. He suggested that Proterozoic sialic crust may have been

more ductile than Phanerozoic lithospheric crust so that considerable

ensialic ductile spreading and thinning may have occurred in the

proterozoic without brittle failure to produce oceanic basins. He

envisaged relatively fixed mantfe hot-spots (cf. Kroner 1977 ) over

which the crust passed, resulting in migratory metamorphism and

magmatism. Such fixed heat sources are consistent with the chemicaf

plumesproposedbyAnderson(1975)andrequj.redinthemodern
oceans for island chains such as Hawaii.

I,rtyborn & Page (1983) argued. that in the Australian Early

proterozoic a plume-related rifting or extension event(s) took place,

with associaÈed accretion of large volumes of basic material to the

base of the crust, now represented by residual positive gravity

anomalies. The geochemical and Rb/sr isotopic constraints imposed

by t-type granitoids of the Mount Isa inlj-er, believed by wyborn e

Pagetobetypicaloftheotherl-typegranitoids,suggestthatthe
granitoids v¡ere derived by partial melting of this accreted basic

material.
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7.4.5 Brief review of models of crustal development

Ancient terrains of both Archaean and Protetozoic age are

commonly metamorphosed into the granulite and amphibolite facies"

Nehrton et a1. (1980) argued that newly accreted, crust' if residing

at depths of 25 - 40 km at efevated temperatures would suffer

widespread melting by intrinsic heat production unless the radio-

active heat producing elements were removed within 50 - l-00 Ma

after accretion. An upward, transport of K, U, Th, and Rb by fluids

has been proposed by Newton et aI" (1980), Hamilton et al. (L979)

and, Vteaver & Tarney (1980), Ieaving resídual depleted lower granulite

crust which has otherwise normal major and trace element composition'

Newton et aI. (1980) and Glassley (L982) have emphasised the rofe of

co^-rich fluids in these lower crustal processes consistent with
2

the observed co, fl-uid inclusions in granulites (Touret 1971) " This

Iower granulite crust is viewed as being stable in terms of

tectonothermal mobility. Newton eÈ aI. (I980) emphasised mantle

outgassingastheSourceofCo,andinSomecasesutilisedahot-
spot model and basaltic underplating of continental crust which

cools to garnet granulites or amphibole eclogite or garnet amphibolite.

Bailey(1983),Menzies&wass(1983)andWass&Rogers(L977)
also corwnent on the role of co, in the subcontinental mantfe. They

suggest that mantle metasomatism bY COr-rich d'eep mantle fluids

(manífesting continuing mantle degassing) is a precursor to rift-

related mafic continental magmatism. Bailey (1983) in particular,

strongly challenged the upwelling manÈle, active rift mechanism

repeatedly invoked in the studies reviewed above, in favour of a

passive lithospheric extensional mechanism' He suggested the

volatile fluxing or outgassing mechanism could better explain the

Iocalised magmatism in the narrow rift zones and the common observation

that rift zones abort abruPtlY.

tvetls (1980) modelled the thermal state with time of a profile

through continental crust as accretion within or below the crust

occurs. In aII of the various mod,els he presented, the overall

thermal profiles are markedly convex towards the temperature axis,
,,a feature which is typical 0f crustal segrnents underg0ing extensive

magmatic addition. " such geotherms may even become partly inverted

(r'ig. 7.18). When und,erplating ceases the opportunity for near-

isobaric cooling and subsequent isostatic uplift exists. "!{ith
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modest erosion rates the post-tectonic, post-accretion, conductive

relaxation of the thermal profiles foflows near isobaric cooling

patterns, of the kind preserved in mineral assemblages described

in some granulite terrains" (Wefls 1980¡ cf. Ellis 1980).

7.4.6 A specific tectonic mode I for the present study area

The present author finds the arguments presented in favour of

the ensialic rifting model to be most attractive. It is suggesÈed

here that a deep mantle chemical pfune of the type described by

Anderson (1975) may have underlain the cleve subdomain in the

Early Proterozoic (cf. Rossiter & Ferguson 1980). Such a chemical

plume is a fertile source of radioacÈive heat but not of chemiaal

components, the l-ow melting fraction presumably having been extracted

earlier in earth history, and does not necessarily entail- widespread

mantle upwelling (Anderson 1975). The hot asthenospheric plume is

mainly envisaged to have disturbed the configuration of the base of

the tithosphere and to have precipitated a lithospherj-c tectonic

(and anatectic) response. This is favoured by the present author

as the geochemical and isotopic compositions of the basaltic rocks

(chapter 6) do not favour an old chemically anomafous source in

the plume itself for the tholeiitic melts, but a more normal bulk

earth reservoir. It is here suggested, though, that incipient

melting deep in the lithosphere as the rising sub-continental geotherms

intersected the pyrolite solidus may have occurred in the presence

of moderately high fluid activities (COZ and HrO in particular)

possibly a function of outgassing of the deep mantle, and possibly

focussed by the chemical plume (cf. Bailey 1983) " This incipient

fluid-rich melt is suggested to be the ulÈimate metasomatic source

of the enriching component of the upper mantle tholeiite mel-t

sources.

The early response of Proterozoic sialic crust to the plume

activity, enhanced by the underplating of basaltic melt to the base

of the crust and possible decoupling of crust and mantfe (e.9. Fyfe

1978), vlas ductile spreading and Èhinning and the format{on of upper

crustal shallow depositional troughs. Deposition of the Hutchison

Group (Chapter 5) is envisaged to have occurred in this shallow

environment.

Ductile spreading may also account for the early s, fabric in

Èhe study aread being flat-lying and layer-parallel and only rarely
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seen to be associated with F, folds (Chapter 1) ' Rise of geotherms

and transfer of much heat to the lower crust by basaltic melt and

fluid-rich trace element enriched component, produced the transient

disturbed elevated geotherms d.escribed above" Partial melting of

the early accreted basic material resulted in l-type granitoid

melts such as the IVIBG QF and DGS. continued evolution of this

granitoid source by addiÈion of fluid enriching component is

suggested to account for the temporal evolution seen in the I-type

granitoid chemical comPosition.

The Kalinjala Mylonite Zone, although now largely expressed as

aD,structure,hasbeensuggesÈedabovetohavebeenanactive
zone of retrogressive metasomatic fluid flow and deformation in Dt

and D^ as well, and to constitute a fundamental crustal weakness"
¿

Large mylonitic zones may intersect the mantle (Beach L916) and

this,coupledwiththegeochemica].characteroftheretrogressive
fluids (Chapters 2 and 6), suggests that the Katinjala may have

acted as a channel way for the passage of mantle derived fluids of

the type responsible for the metasomatism of the upper mantle

source of basalts (chapter 6). In this way the Kalinjala has many

of the characteristics of the Èransformal shear zones of wynne-

Edwards (Lg76). Furthermore it has been noted above (chapter 5)

that the Kalinjala is a stratigraphic and metamorphic discontinuity

and as such has exercised a strong control over the geology of the

study area.

Thelocusofgranitoidmagmaticactivitytendstohavebeen
displaced to the north with time from the DGS to the MGS to the GRV

(Fig. f.1). This may support the concept of southward migration

of the sialic crust over a retatively fixed mantle hot-spot (cf'

v,lynne-Edwards 1976) . Cooling of the crust as it moved away from

the heat source may account for the isobaric cooling proposed for

some of the metatholeiitic rocks and may have contributed to the

decline in ductil-e spreading within the crustal rocks in favour of

a compressional crustal thickening against the cratonic foreland,

in this case the Archaean Coufta subdomain (FiS' 1'I) ' This

thickening could also account for the isostatic uplift and erosion

within the cleve subdomain prior to and foltowing D, (Rutland et al.

I98I), thus resulting in the GRV resting unconformably on the high-

grade gneisses.
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ProductionofthesubaerialGRVwithoutapparenthigh-grade
metamorphism suggests that although similar melting conditions

existed at the base of the crust bel0w the GRV at ca. I.5 Ga, the

geothermshadnotrisenashigh,norhadÈhecrustinthissegment
thinned as much with basin rifting, perhaps reflecting faster

spreading or a decline in heat production or more brittte fracÈuring

allowing upward migration of melts '

These observations suggest that the model of Giles (1980 a,b)

fortheextremeenrichmentoftheGRV(andCAV)siticicvolcanics
in LlL-elements such as Zt e$c., whereby his proposed extreme

elevated temperatures, dry lower crustal conditions and, hiøh fo,

led to the decomposition of refractory accessory minerals such as

zj:tconetc.'isnotappropriate.Itisdifficulttoenvisagethese
minerals decomposing at ca. 1'5 Ga for the GRV in the absence of

high-grade metamorphism in the cleve subdomain, but not decomposing

tothesameorgreaterextentintheSourceoftheDGSorMBGQF
atca.l.SGainthepresenceofgranulitefaciesmetamorphism.
However, it is considered here that the ensialic hot-spot tectonic

mod,el- outtined above is well able to explain the geochemical

simílarities between the orogenic aranitoids and post-orogenic GRV

j_n terms of an evolving, migrating, metasomatised source region,

better indeed than Giles's model or subductíon related tectonic

models.

Itisimportanttonotethatalthoughcrustalgrowthbyaccretion
of island arc andesite is not favoured in this model, the sub-crustal

basaltic accretion and subsequent partíal melting of this accreted'

material, does constitute a crustal accretionary process' Hotalevert

itisalsoimportanttonotethatthehot-spottectonicmodel
adopted, despite allowing crustaf accretion in this manner, does not

require nor favour the extensive creation of oceanic crust nor

subducting plate marginal processes, but allows intraplate ensialic

tectogenesis.

-É CONCLUDING DISCUSSION

Thequestionsposedatthebeginningofthischapterconcerning
the nature of Gawler domain Proterozoic orogenies and its implications

for world wide interpretation may now be addressed'
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(I) In the Early to Middle Proterozoic the study area

developed by rifting continental crust over a mantle

hot-spot; the area \nras intracontinental not

continent marginal.

(2) Juvenile sialic crust \^Ias created at this time by

a complex addition of underplated basaltic mel-t

and subsequent infracrustal emplacement of l-type

granitoid' mefts derived from remeltíng of this

underplated material' Bimodal magrmatism resufted

there being no hint of growth of continental

crust in the study area by accretion of subduction

related calc-al-kaline andesite or tonalite'

(3) The Gawler domain is welt portrayed by the sequence

of mantle, subcrustal, Iower crustal and upper

crustal events discernible in the study area'

(4) Although areas of continental marginal orogenesis

do exist in the Early Proterozoic a¡lobally' the

d,ominant pattern is apparently one of intracontinental

ensialic orogenesis. Magmatism is commonly bimodal

andofasimilartypetothatobservedinthestudy
area. It is suggested that a close examination and

comparison of high-crustal pressure igneous and

metamorphictrendswithinassociatedbasalticand
silicicrocksinotherProterozoicterrainsmay
reveal similar relationships to those suqgested for

the present study area' In this regard it is noted

thatVorma(Lg76)hascommentedonÈhegeochemical
similarity with respect to certain key elements of

bâsalticandgranitoidrocksintherapakivimassifs
of Finland.

The dominance of intracontinental mobile belts developed within

sialic crust, !,¡ithout the development of major ocean basins, ilâY

loe related to the enhanced ductility of continental Iithosphere in

the proterozoic in contrast to more brittle Phanetozoic lithosphere

(e.g. üfYnne-Edwards L976) "

7.6 SUGGEST IONS FOR FURTHER IVORK

Much of the evidence for mantle metasomatism is provided by

theLIl-elementenrichednatureofbasalticdykerocks,andtheir
elevated IR,s, which were argued to be primary and to reflect their
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mantle source. Assessment of the isotopic state of equilibrium

ofthemineralswithinthedoleriteswouldservetoconfirmor
dispute this conclusion (cf. Patchett et aI' 1979) ' and place

this major portion of thesis on a firmer rooting'

By analogy a similar test applied to the phenocrysts in the

granitoid rocks (although most have been metamorphosed') would help

to assess the emplacement and subsolidus history of the granitoids'

InthelightofthepowerfulcombinedapplicationofNdandSr
isotopes in many geological situations, analysis of the basaltic

and, granitoid rocks would be illuminating. In addition a coupled'

Sr-NdstudyoftheArghaeanbasementrocksoftheGawlerdomain
would provide a useful counterpoint to the conclusions of this

study.
oandHisotopestudieswouldalsoservetodelineateany

radiogenic isotope and geochemical features attributable to water-

rock interaction. Furthermore, ín the light of the retrogressive

model applied to the Kalinjala Mylonite zone an o and H isotope study

mayenabletheSourceofwatertobeconstrainedandhenceto
comment on the applicability of the present author's model'
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APPENDIX AI EXPERIMENTAL TECHNIOUES

(1) RB-SR GEOCHRONOLOGY

fntroduction
ThetechniguesofRb-SrtoÈal-rockdatingemployedinÈhis

laboratory have been described by cooper et al. (1978). Hol"ever'

in detail, some deviations from Èheir method have been adopted

for this studY.

Sample selection and Preparation

Samplingofarockunitfordatingusuallyinvolvedchoosing
an area as geologically simple as p,ossible and of dimensions ca.

2Om x 2Om. Surface collected rock samples weighing beÈween Ikg

and 4kg were taken using sledge hammers. usually Èhe samples

\¡rere separated bY lm to 5m-

Inthelaboratoryweatheredskíns}¡ereremovedfromthe
large rock samples and lkg to 2kg aliquots free from alteration

lrrere prepared for crushing. These were broken down to 3 nun or

Iess in a jaw crusher. A l0o-I5Og split \^las then crushed to 20o

mesh size in a Sieb Technic MiII.

Determina tion of Rb and Sr contents

ApproximatemeasuresoftheRbandsrcontentsweremade
using a Siemens SR.S 1 fully automatic X-ray fluorescence spectrometer'

For more accurate determinations of those samples chosen for

analysistheproceduresofChappelletal.(1969)weregenerally
followed. Three powder Presses of each sample were taken and each

was analysed three tirnes using an enriched reference standard.

The standard was calibrated against the reference standard NBS

7OA (522 ppm Rb and 65.3 pgn Sr.). Intertail, selftail, and u'

Th, and Pb inÈer-element effects l¡tere precalibrated for the machine

and monitored and corrected for each particutar sample. The Mo

compton peak was also measured Èo correct for variable mass

absorptioneffects(ne]moldsLg67)sothatRbandsrppmlevels
re¡nrted are not biased by this factor'

For the accurate determination of samples with low sr-

contents the isotope dilution meÈhod (compston et aI. 1965) was

generallyfoltowed.AmixedE5Rb+S4Srspikeldasused.
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Sr-isotoPe ratio measurement

Sr isotope ratio measurements were made usinq a modified

Thomson TSN 205 S, 30 crn radius of curvature mass spectrometer

with a cary 401 vibrating reed electrometer, automatic peak-

switcher (designed by E. Penikis of A.N.u., canberra) , Hewlett

packard 5326 B digital voltmeter and Digital PDP 8E computer

(wittr l2K storage). All ratios were corrected for variable mass

discrimination by normalizLng 885r/865r to 8'3752'

ForpartofÈhetimeofaccumulationofthedatainthis
study replicate analyses of the Eimer and Amend sr standard gave

0.70825 + O.OOOO4 (2 standard deviations of mean, 15 analyses) '

Following instrumental modification, later replicate' analyses

of the sr stand,ard gave o.7O8O2 +- o.oooo5 (2 standard' deviaÈions

of mean, IO analyses). All measured 87st/g6Sr ratios have been

normalized to a value of Eimer and Amend sr standard of 0.70800'

Regression analys is of isochrons

Replicate analyses and reproducibility of the nine separate

measurements on each sample in the xRF technique suggesÈ 1 standard

deviation errors may be assigned Èo the 87Rbr/86Sr measurement of

+ o.4s for xRF results and. + 0.5È for isotope dilution measurements'

Similarly, I standard deviation errors in gTSt/AáSr ratios have

been assigned at + 0-0158.

Final regression analyses were made using the meÈhod of

Mclntyre et al. (1966), allowing for the modifications of Brooks

et al. (Lg72). Ages and tests of significance are at the 95å
-1'r, -1

confidence level. The 87Rb decay constant used is L.42 x I0 '-a -'

References

Brooks C, Hart SR, Wendt f (L972).

Realisticuseoftwo-errorregressiontreatnentsas
applied to rr:bidiu¡n-strontium data' Revs Geophys

SPaoe PhYs 10 z 55L-577.

Chappell BlV, Compston W, Arriens PA, Vernon t'LT (1969) '
Rubidium and strontium determinaÈions by X-ray

fluorescence spectrometry and isotope dilution

below the part per nr-illion level. Geochim cosmochim

Acta 33 : 1002-1006.

Compston !{, Lovering JF, Vernon ¡4J (1965) '
The rubidium-strontium age of the Bishopville aubriÈe

andiÈscomponentenstat'iteandfeldspar'Geochi:n



A3

Cosmochim Act;a 29 : 1085-1099'

Cooper JA, Nesbitt RI{' Platt JP, Mortimer GE (1978) '
Crustal development in the Agnew region' Western

Australia, as shown by Rb/Sr isotopic and geochemical

studíes. Preca¡nbrian Res 7 : 31-59'

Mclntrye'GA, Brooks C, Compston W, Turek a (1966) '
ThestatistícalassessmentofRb.Srisochrons.J
GeoPhYs Res 7I : 5459-5468'

Reynolds aC (1967) -

Estirnation of mass absorption coefficients by compton

scattering : improvements and extension of tlre

method. Am. Min 52 z ].493-l.502'

i



A4

(2) ZIRCON U-PB GEOCHRONOLOGY

Sample selection and tion

A surface collected, unweathered samples ca- 30 k9 in weight

was used for separation of zircons '

Thiswascrushedtolessthan5OOmicronsgrainsizeand
zircon extracted using conventional WiIfIey Table, heavy liquids

and electromagnetic techniques. The zírcon concentrate \^Ias

divided first into size and then magnetic fractions.

Zírcon fraction selection

The size and magneÈic fractions obtained above v¡ere routinely

examined und,er a binocular microscope and further purified by

hand-picking to rernove any impuriÈies or to select in favour of

particular zj:rcon grain types. Grain modifying techniques such

as air-abrasion (Krogh Lgg2) were applied in some instances'

Final zircon fractions of 5-10 mg were boiled in aqua regia for

several hours and rinsed many times in pure water prior to

dissolution.

Chemical procedures and i sotope ratio measuremenÈ and calculation

The chemical analysis procedures for u and Pb content and Pb

isotopic ratios were adapted from those of Krogh (1973). A mixed

2OBpb/235U spike was used. Blank levels wete 2 nanograms of Pb

of modern isotopic composiÈion and o.o1 nanagr¿Ims of u. A TSN

206 S mass-spectrometer with a 30 crn radius of curvature magnett

Hallprobecontrol'automaticpeakswitchingand,on.Iinecomputer
was used for the isotope ratio measurements. uncertainties in

the 2O6Pb/238v and 2O7Pb/2o6u ratios are 0.6-0.8*, at the 958

confid,ence level. Similarly uncertainties in the 2o7Pb/2O6Pb

ratios are about 0.18. concordia - discordia analyses were made

following Ludwig (1980). ConsÈants utitized in the age calculations

are À 23BU = 0.155125 x IO-9a-1, À Z:Su = 0.984850 x lO-9a-1,

238tJ/235U = 137.88. Co¡runon lead corrections were made using the

isotopic compositions predicted by the cr-rmming & Richards (1975)

lead-evolution model-

The uncertainÈies quoted for the intercepts between regression

lines and concordia are Èhe 95t confidence limits, and involve the

appropriaÈe Students t multiplier'
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(3) MA,JOR AND TRACE ELEMENT GEOCHE¡'II STRY

IntroducÈion

Thealiguotsofpulverised,rockusedforRb-Srgeochemical
investigations (and rock powder prepared in an entirely sjmilar

manner for rocks not dated) were used in Èhe analysis of major

and trace elements.

Mai or and trace elemenÈs

All of the major and trace element data (excluding Naro and

REE)reportedinthisstudyweredeterminedbyX-rayfluorescence
techniques. The methods of Norrish & chappell (1967), Mastins

et aI. 1Gg72) and Nesbitt et al' (1976) have been adopted'

DeterminationofNa,owasbyflamephotomeÈrictechniques.
AJ-l of t'hese techniques have been compiled in a single

volume by Nesbitt & Stanley (1980) '
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(4) REE GEOCHEMISTRY

An isotope dilution, mass-spectrometric technique, introduced

to Adelaide UniversiÈy isotope geology unit by S'S' Sun' \¡tas

utilised for tfie analYsis of REE.

Al1 but four of the naturally occurring REE ca¡r be analysed

by isotope dilution. Pm has no stable isotopes and does not occur

in nature. Pï, Tb, Ho and Tm have only one stable isotope each

and as a consequence cannot be analysed by isotope dilution.

sm and Nd have neither interfering elements nor oxide. If

Ba is separated from the sample, Eu is also easily analysed. AIl

of the other REE however, have ottrer REE or rare earttr oxide

interferences, and therefore good chemical separation is necessaÏy

for their analysis. It is sufficient Èo sepa-rate ttre REE into

a heavy REE fraction
IighÈ REE fraction
a Ce fraction free of Nd

and a La fraction free of Ce and Ba.

After the rock plus SPIKE solution is digested in acids, ttre

solution is passed through tr,¡o cation exchange columns. In the

firsÈ column Ètre major elemenÈs, Ba and sr, are removed wittt 2N

HNO., and ttren Ètre REE are collected as a group wittt 6N *Og'
5

The various REE fractions ¿rre separated on the second column

using 3N HCl. 4 or 5 fractions are collected which are then rr:n

separately in ttre Mass Spectrometer where isotopic abundances are

obtained as ratios of tlvo isotopes for each element'

Comparative anal-vsr-s

Results for two internationa.l- standards and duplicates of

one specimen from the presenÈ author's study aJtea are tabulated

below along with ttre chondrite normalising factors utilised in

data presenÈation.
BCR-I GSP-I BI43 BI43 Chondrite

La

Ce

Nd

Sm

Eu

Gd

DY

Er

Yb

25.2

54.0

30.9

6.50

l.9s
6.84

6.30

3.64

3 .34

93.4

24L

107

L4.2

L.64

7.31

3.79

L.77

r.32

58.5

L20

50 .9

9.58

r.77
8.60

7.93

4.62

4.32

62.5

r23
53 .9

LO.2

1.84

9.13

8.25

4.87

4 .50

0.315

0.8r3
0.597

o.L92

o.07,22

o.259

0. 325

o.2L3

0. 208
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APPENDIX A2 RECONNAISSA}TCE T'LUI D INCLUSION STUDY OF SO¡'fE

PYROXENE GRANITOIDS OF TIIE DONINGTON SUITE.

A short fluid inclusion study lvas undertaken of Ferro-

hypersthene granitoids rGGl and FGG2 of the Donington Granitoid

Suite (Chapter 2). Tkre study concentrated on the observation

of possible primary inclusions in quartz which contain undissolved

CO, as a separate phase. The percentage CO, was estimated and

the co, liquid/gas homogenization was observed allowing an estimate

of tlle co, densityr and tttus a pressure'/temperature curve could

be assigned for the inclusion formation'

The indentification of inclusions necessitates the

solidification of the inclusion contents to enable observaÈion of

the triple point melting. unfortunately it thereby eliminates

the positive identificaÈion of inclusions which, due to suPer-

cooling effects, remain fluid below ttreir triple point. The

primarlz nature of the observed inclusion is necessarily a subjective

identification, however tlle factors considered are: isolation of

inclusion, inclusion shape, relationships between inclusions, and

inclusion /graín relaÈionships. The percentage CO, fill is

Iikewise a sr:bjective observation but identification charts have

been pr:blished (Roedder l:967 ¡ p. 563) , to aid in ttris decision-

The density calculation is done by observing the homogenization

of the co, phases; ttre homogenizaÈion temperature can then be used

in conjunction with ttre Pressure vs Temperature, density isograd

graph (Hotlister 1981). The density thus calculated can then be

transferred to ttre appropriate percentage fill (at 4OoC) Pressure

vs Temperature, density isograd graph (Swanenberg 1980) Èo give

the appropriate Pressure,/TemPerature curve'

The four samples provided are identified as 8144, 8150, BL52

and AB1O9. Of tJtese only the Iast provided inclusions which could

be positively identified as containing COr' The CO, inclusions

observed in ABIOS have contents of 8Ot to 95? CO. at 4OoC' These
2

same inclusions show cor(q_I) homogenization Èemperatures ranging

from 7.lo to LZ.goC. theÃe temperatures correspond to densities

of .87 to .89 g/cc COr. The resulting curve can be followed from

about 22ooc at l Kb to Toooc at lo Kb. rt is likely t].at these

CO, rich inclusions originally formed at magmatic temperatures in

excess of TOOoc and pressure in excess of 10 IÕ '
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The other three sections contained numerous inclusions

similar in appearance to those of ABI09 at room tem¡rerature'

however, prolonged cooling of them produced no change'

Sections examined bY E. BIeYs,

Deparünent of Economic GeologY,

UniversitY of Adelaide.
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APPENDIX A3 SA}ÍPLE LOCATIONS

Sample locations are plotted on the accompanying nap

in this Appendlx and on Figs. 2.1, 3.L,4.1 and 5.1. Location

names appear on Figure 1.2. Unless otherwise indicated all specimen

numbers have the Prefix 515-.
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Appendix Table 1.1 Prev iouslv pr¡blished Rb-Sr analvtical data for
Sleaford Complex. Mulqa CompI ex and Lincoln
Complex rocks of Èhe GawIer orogenrc domain.

Sample 87Rb,/86Sr 87Sr/a6Sr Sample 87Rb/86Sr 873r/865r

SLEJAFORD COMPLEX SLEAFORD COMPLEX

Augen Gneiss @oPer et aI. (1976) !{hidbeY Granite Webb & Thomson (L9771

466-C252
466-C250
466-C260
466-C262*
466-C263r'
466-C256
466-C259
466-C26L
466-C253
466-C254
466-C257
466-C25L
466-C255

1.513
2-242
2.440
2.484
2.548
2.634
2.694
2.766
2.78L
2.92L
2.972
3.0r7
3.2A4

o.7578
0.7860
0.7931
0. 7958
o.797 4
0.7988
o.go24
0.8031
0.8032
0.8079
0.8102
0. 8096
0.8220

74-LO77
74-LO78
74-1103
74-1105
74-LLO6
74-LLO7
74-1108
74-L140
74-LL42
74-LL68
7 4-Lr87
74-L227
74-L228
74-L229
7 4-L232

.1655

.6308

.823

.678L

.4892

.677L

.8342

.2658

.9268

.7L64

.3353

.9294

.5345

.L26

.637

0. 8043
0.8259
L.1722
0.8950
0.9180
0.7572
o.7974
o.7820
0. 8053
0.7667
o.8482
0,8432
0.9243
1.053r
o.827L

3
3

I3
5
6
I
2
2
2
I
4
3

6
10

3Average 2.634

Leucogneiss CooPer et al- (f976)

466-JL 0.880 0.7387
466-J3 0.929 0.7432
466-J2 1.133 0.7460
466-J5 r. r70 0.7468
466-J7 L.227 0.7507
466-J6 1.610 0.7683
466-J8 L.67L O.77O9

Average L.23L

Average 4.85I
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Sample 87Rb/86Sr 875r,/865r Sample 87Rbl86sr 873r/865r

MULGATHING COMPLEX

Iron formaÈion
MULGATHING COMPLEX

Daty et a1. (1978) Iron formation DalY et al. (1978)

76-L72e
76-L735
76-L733
76-L73L
76-L729
76-L721
76-L749
76-L723
76-L7LA
76-L722
76-L748

o.2025
1.0631
1. 1969
1.4503
L.6632 

,

I .8329
L.9265
2.O376
2.0638
2.3449
2. 6388

o.7LL4
0.7405
o.7444
0. 7535
o-76L2
o.7687
o.77L8
o.7753
o.7754
o.7846
o.7962

76-L454
76-L455
76-L459
76-L447
76-L448
76-L450
76-L456
76-L458
76-L45L

0.7245
1.8019
0. 8416
2.OL73
2.L94L
2.4706
2.8549
3.83S6
3.9949

o.7284
o.7675
0.7307
o.7739
o.7772
0.7930
o.8025
0.8192
0.8459

Average L.675

Tarcoola granites Webb & Thomson
(Le77]-

76-47 2.5023 0-7860
76-48 3.3726 0-8135
76-4s 2.6424 0-7875
76-50 1.8738 0-7699
76-LO7 2.2944 0-7801
76-108 3.3932 0-8r4r
76-LO9 2.6LOL 0-7864
76-110 1.8796 0.7700

Average 2.57L

Average 2.3O4

Glenloth Granite lfebb g Thomson
(Le17)

6.544 0.9204
3.294 0.8052
L.270 0 .7 457
L.482 0.7509
0.7084 0.7256
0.821 o.7302
0.8866 0.7329
o.3922 0.7L62
0.3569 0.7L47

Average 1.751

72-39L
72-396
75-1938
75-1939
75-L94l.
75-L942
75-L943
75-L944
75-L945
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SampleSTRb,/B6Sr875r,/865rSample87Rb'/S6Sr875r/865r

I,INCOLN COMPLEX SYN-TECTONIC GRANITES
Middlecamp Granite Webb (I978)Snapper Point Granite Gn

CooPer et
C]-SS
al. (1976)

468-309
468-300
468-302
468-304
468-308
468-306
468-305
468-30 3

46A-307

2.2342
5.6052
7 .4L65
7. 5305
'7 .7035
9.5444
9.9891

10.0660
to.327

o.7624A
0. 84998
0. 8983
0. 90073
0.90804
o.9524L
0.96057
o.96185
o.97374

P281
P282
P283
P285
P286
P289

L.94L
2.57r
5.L62
0.738
2.352
1.4r5

o.7562
o.7697
o.8324
o.7273
o.766L
o.7462

Average 2.363 0.7663

Narridy Creek Granite Vlebb (1978)

Average 7.e24 P27 4
P276
P277
P279
P280

34.9l-2
46.70I
44.777
4r.889
4L.299

r. 5499
t.8245
t.79L6
1.6940
r .7058SYN-TECTONIC GRANITES

Vilebb (1978)Carpa Granite

P269 2

P270 3

P27I 3

P272 I

923
.319
.108
.939

o.7829
o.7920
0. 7878
0. 7591

Average 41.9L6 l-7I32

Average 2.822 o. 7805

MASS ENA BAY GNEISSES

QuartzofeldsPathic gnE]-SSCS
pedter (l-976)

76-22
76-24
'76-28
76-27
76-4L
76-30A
76-29
76-44
76-35

L.223
t.4L'7
L.644
2.358
3.068
3. 451
4.003
4.269
s .467

o. 73750
o .7 4204
o.75232
o.76444
o.78532
0. 78810
0.80440
o.aL227
o - 83718

Average 2.9A9 o. 78040



sï-isotooe evolutlon curves for rock uni of the cawler c donain
ADÞendix Table I'2 Calculateal

Rock Unit
Isochron

À9e
(Ma)

Ave
rR aTPù./

catculated 87sr,/865r

86sr 260oMa 2400Ma 22oOMa 200oMa 1800It!a 1600Ma l400Ma

lsleaford complex
Augen Gneiss

lsleaford complex
Leucogneiss

2"ulgrahirg complex 24L7+59Iron forrnation -

25A7+r30 0.7015+43 2.638 0.70101 0.70851 0.71604 0.72358 0'73115 0.73873 0.74634

2778+563 0.7c.26+LO2 I.231 0.7c572 0.70923 ö.7].275 0.7L627 0.71981 0-72336 0.72692

z".rlguahitg conplex 24BB+'3O o.7ol4+38Iron fomation -
3sreaford complex
!{hiclbey Granlte

3cl"n1oth cranlte
3T.r.oola granites

Massena BaY Gneísses
Quartzofeldspathi c
4Eyre Peninsula

SYorke Peninsula

4Doni.gton cranitoid
suite l84I+7

opx-granitoids

4colbert cranitoid I751+I4
suite
hornblende
granite gneiss

4t,toody cranltòid
Suite
I-type granitoids

S-type granitoids

Moocly Tank
Aclamelli te

4Donington Granitoiil
suite
possible source

A'Mafic dykes
858

869

BI6

826

836

852

6¡rlk ¡.tt],

2 356+50

2 300+33

2233+43

0.7036+15

o.7029+37

o.702a+6

0. 7031+B

1 ,675

2.304

4.8s1

1 .751

2.571

0.70163

o.69774

0. 68612

o. 69536

o.68974

0,70400

o.7042A

o.69987

0.70032

o.7970L

o.70977

o.71084

0.71366

o.70529

o.70431

0.71355 0.71834 0.72315 0.72796

o.7r742 0.72402 0.73064 0.73727

o.72748 0.74135 0.75526 0.76920

o.7ro28 0.71528 0.72029 0.72532

o.7Ll62 0.71896 0.7263L 0.73369

0 . 75361 *

0.78073t

0. 7041

0.7053

0. 7087+10

1.893 0.68499 0.69018

2.989 0.67239 0.68058

2.e23 o-673A4 0.68178

o.67504 0.64294

4.O31 0.66073 0.76206

o.69539

0 .68880

0.6 8975

0 .69095

o.7a342

0.70061

o.69704

o.69773

0.69893

0 .6948r

0.70584

o,70530

o.70574

o.70694

o.70624

0.71109

o. 71359

0.71378

0.71498

o.7L770

0.71635

o.72L90

0.72r83

o.72303

o.72919

L70g+I4 0.7070+4 6.053 0.63090 O.64790 0.66494 0.6A204 0.69918 0.71638 0.73362

1675+22 0.7163_233 131,4 0-48327 0-85632 1.23042

L55I+245 0.725L+27A 8.007 0,60671 0.629L5 0.65165 0.6742l- 0.69684 0.71953 0.'14229

0.7041** O.69946 0.70068 0.70190 0.70312 0.70435 0.70558 0-706A2
0,433

o.7os3** o.70066 0.70188 0.70310 0.70432 0'70555 0.70678 0.70902

o.71577+6* O.49I

o.713r8+6* 0.368

o .71544+34*O ,47-l

o.7LOA7+4* O.27L

o,71230+5* O.370

o .7L246+L5IO .445

o.69797

0.69984

0 .69815

0.701o5

0.69889

0.69633

o.69932

0.7o085

0.69946

0. 70179

0.69903

0 .69755

0. 70067

0. 70186

o.70077

o.70253

0.70092

0.69877

o.70202 0.70338 0.70474 0.70610

o.702aa o.70389 0.70491 0.70594

0.70208 0.70340 0.70472 0.70605

0.70328 0.70403 0.7047A 0.70554

0.70194 0.70296 0.70399 0.70502

o.69999 0.70123 0.70246 0.70370

Notes: I
2

3

4

5

6

o-7047' 0.08560.70160 0.70183 0.70207 0.70230 0.70254 0.7027A O-70302

daÈa from Cæper et al. (1976)

data from DaIy et aI' (1978)

data from Webb & Thomson (1977)

data from this thesls

data fron Pecller (1976)

¿lata from collerson et al. (1981)

ratío at present claY

IR of granítoicl isochron



suite, nineral analvtLcal data and structural formulae.
Appendix Table 2.1 Granitoid

(a) clinoPyroxenes and orthopyroxenes (calculated after 'Jaffe et aI" 1978)

Specimenr
Rock Type

B20o (4) D18 (l)
QGNG GGI

B20o(2) B29l4l
QGNG FGG1

834 (1) À109 (4)
EGGI FGG2

RL52(21
EAGG

32.49 51 -97

0. 82

27.A7
o.7 2

19.00
o.44
0. 09

48 .55
0, 15
o.52
0. 04

37.90
0. 94

r0.82
o. 69
o.4I

46. 58
2.33
o.58

37.09
o.77

11. 64
0.55
0. 36

48. 90
0. 03
o.58
0. 03

37 .32
o.72

11.56
o.62
0. 25

51. 97

t-20

L2.97
0 .61

10. 4l
22.56

o. 69

1.17

46
0
0

25
sI02
Tl-O2
AI2O3
Ct2o3
FeOTotal
MnO
!{g0
cao
Na2O

.14

.67

0. 28
10. 06

0. r0
13. 34
22.27
0.30

46. 33
1.20
4.51
o.29
0.56

Total loo.ol loo.42 t00.or 100.02 99.90 I00.01 99.94

structulal formula calculaÈed on basl's of 6 oxygens

st
Ar (4)
Al (6)
Ti
Cr
Fe3
Ee2
Mn
!49

Ca
Na

I .964
0. 036
0. 016

o-o08
0.035
0. 280
0. 003
o.744
0,893
o.o22

I .965
0.035
0.019

t.947
0.037

0 .077
0.812
0. o23
I .080
o. 018
0.007

1. 953
0.025

0.005
0.00r
o. 092
I.I83
0.032
0. 649
0.030
o.032

I.873
0. 028

0.070

o.irs
1. r30
o.026
0.698
o.o24
0. o28

0.001
0, 001
0.071
1.180
o.o24
o.690
o.o27
o. 019

959
o27

I
0

.945

.033

.004

. itt

.5rl

.043

.283

.ot3

.046

I
o

0

0
I
0
0
0
o

o. ãez
0.343
0. 0r9
0. 587
0. 914
0.051

(b) Blotl.Èes

'Aloe(2) orerÐ â8et¿l
FCÆ2 GGI .GGlSpeclment

Rock IYPe
8200(3) 829(2)
QGNG FGG].

AroT(1) D24(1)
GGI GGl

8164(2) 8158(I)
GGz AGG

D7r (2)
GG2

36.37 37 -L2
3.74 4.34

13.57 15.17
24.67 26.O4
o.l7 0.49
7.77 2.94
- 0.08

o.28 0.66
9.53 8.03

36. 12
4.40

12. 19
2L.72

34 .81
2.A3

14 .15

59
04
72
42

35
3

14
25

o
7

s102
Tl02
AI2O3
FeOToÈal
MnO
!,90
CaO
Na20
K20

35.93
4.32

L4.23
L1.76

34.43
4. 52

t3 .67
2A.62
o.17
5.94

35.47
2.75

15 .40
27 .OA
o.23
5.11
0. 10
0.39
9. I8

25.94
0.16
7 .O7
o. 1l
0.35
9 .09

38.02
4.46

13. 20
19, 33
0.13

rt.23

o. 19
9. 59

36. 41
4.40

L4.42
22.6r

I-54
o.08
0. 11
8.96

.r3

.-,'glgs

0-09
9.509.66

L2.75

779o8ô

TOTAI 94.65 93.g7 95.53 96.15 94.51 gs,7L 96'43 96'42 96'r0 94'88

structural for:nula calculated on basis of 22 oxygens

Feollotal

s1
rt
ÀT

Mn

ry
C¡
Ne
t(

5. 507
0.498
2.570
2.277

2.914

5. 695
o.s22
2-265
2.A64

2.33Í,

o.izd
1. 9IO

5.623
O. 5II
2.624
2.920

1.966
o. ol3
0.033
1. 766

5.752
0,507
2.354
2.446
0.017
2.533

o. 056
l-851

5. 568
0. 341
2.665
3 .47I
o.o22
1.687
o. o19
0.108
1 .854

5. 610
o.327
2.A7 L

3.542
o. o3r
1.204
o. 017
0.118
1.852

5.556
0.357
2,7ofJ
3. 319
0.017
1 .803

l. 946

5.672
0.438
2.494
3.218
0. 023
1.807

o. og4
I.897

5.834
0. 5t3
2 .809
3.422
0.065
r.687
o. 014
0. 201
1.610

5.
0.
2.
3.
o.
1.

468
539
558
800
o23
407

1.889 1.839



(c) ÀnPhiboles

Specimen*
Rock TyPe

(calculated after Leake, 1978)

8200 (2)
QGNG

829 (3) 834 (l)
FGGI FGGI

DI8 ( I)
GGI

A88 (l)
GGI

Ae8 (r)
GGl

sl02
TlO2
At203
cr2o3
FeOTotaI
Mno
Mgo
Cao
Na20
K20

38. 58
L.97

11.54

40. 23
L.26

tI .0r

42.58
I.29

10. 84
o.25

16 .39

11.09
II. 53
1.34
1. 39

43 .9r
L.22
9.25

:rg.2r 25.59
o.46
5.20

10.98
I. 70
1.64

36.82
0. 54

1I .60
0 .16

25.O9
0. 48
4.20

10 .65
1.38
r. 53

40. 03
o.75

to.72

2L.42
0. 07
7 .37

10. 55
1. 99
t-92

24,25

5 .65
r0.71
I .95
2.44

0. 36
l0 .0I
1I.78

I.7 4
L.25

TOTAI 96.70 95.52 97.09 9A.74 92.45 97.O7

sÈructural formula calculated on basis of 23 oxygens

Mn

W
Cä
Na
Na
K

B2

AO-1

" ìirnr
Ar (6)
TI

"u fl,
Ee2

Ànphiboles contlnued

Specitnenr
Rock TlZI)e

6. 380
I.620
0.293
0. 146
0. 030
0. 584
1.470

2.477
I .878
o.L22
o.273
o.270

6.293
I.707
0. 323
0. r48

o. 507
2.295
0. 009
1 ,719
1.790
0. 2lo
o.401
0. 388

6.089
1.911
0. 236
o.234

o.447
2.753

1.329
I.830
0. 170
o.432
o.497

6. 559
I. 441
0.188
0.138

o.4r4
1.986
0.046
2.228
1. 906
0. 094
0.4r4
o.243

6.089
1. 9t7
o.342
0-068
o.o22
0. 796
2,67L
0.068
I .035
L.922
0.078
o.372
0.328

6.2A6
t.7L4
o.270
o-o89

0.655
2.707
0 .061
1. 218
t. 876
o.L24
0.401
0,334

A88 (r)
GGl

À88 (1)
GGl

D24 (I)
GGI

D71 (1)
GG2

D77 (1)
GG2

8164 (3)
GGz

95
09
64
03
48
41
06
95
97
07

38.
1.

r1.
0.

25.
o.
5.

10.
1.
¿.

39.61
2-09

LO.42

43.65
o-41
7.36

22.70
0. 33
5.97

11.11
1 ,64
1. 55

24.AL
0.41
5 .40

11. 57
1. 53
1. 83

25.33
0.56
5.04

LO.77
1,80
1. 58

23.42
0.48
7 .25

10.70
1. 18
0.86

40.66
r.77

1o.86

40 -22
1. 03

12.05

49. 53

2.97
0. 1l

2L.04
0.53
9. 56

TT.27
o.72
0.3r

slo2
TLO2
ÀI203
Cìr2o3
FeOIlrÈal
!,lno
Irlso
CaO
Nà20
K20

IotaI 96. 04 95. 3l 9A.57 98 ,95 95.42 97.65

sÈructural formula calculated on basis of 23 o:<ygens

6. 157
I .843
o.325
0.130
0.004

T8

c5

ST
À1(4)
A1 (6)
TI
Cr
Fe3
Fe2
tln
149

Ca
Na
Nå
K

7.519
0.46I
0. 071

6.801
l. r99
0.153
0.048

6.295
t,70s
o.277
o,206

0. 534
2.7 46
0.073
l. 164
l.sog
O. I9I
0.356
0. 317

6 .199
1.801
0.388
0.120

o.442
2.716
o.054
r.240
I .933
o.067
o, 395
o. 364

6.296
L.704
o.220
o.232

o.440
2.429
o. o5B
I .619
1.914
0. 086
0. 360
0. 305

B2

A0-l

o. 0r3
o.393
2.246
0. 068
2.L69
1.855
0.145
0. 070
0. 060

o.774
2.274
0. 064
1.684
1.820
o.180
o,182
0.175

o.486
2.807
o. 056
1.I9I
I .869
0. t3r
0.478
o.420



(d) Plagioclases

Speclnenr QGNG

Rock TyPe B2O0(14) Rim
QGNG B2OO Traverse

Rln
FGGI

834 (I)
FGGl

829 (b)
PGG2

Al09 (10)

57 .80
26.4O
I .03
6.94
o.37

57,98
26,49

1 .A7
7.20
o.32

55.37
28.38
10. 07

5.89
0. 29

52.76
30. 15
r1.97
4.76
0.23

53.06
29.95
tl .83

4 ,89
o.27

55. 05
28.58
r0. 09
5.75
0. 38

53 .90
29.44
11.00

5.25
o. 34

54. lO
29.28
1I. 06
5.2L
0. 36

50-82
31. 89
L2.70
4.12
o.30

50. 81
32.24
L2.56
4.13
o.26

52.70
29.90
11.89
4.95
0. 41

slo2
A1203
Cao
Na2O
K20

Total 99.93 99.85 IOO.OO 99.S5 loo.Ol 99.83 tOO.OO 99.87 1oO.O0 99.86 99.94

structural formula calculated on basis of 32 oxygens

st
A1
Ca
Na
K

Àn
Ab
Or

744
276
L32
841
078

9
6
2

1
0

9. 938
6.081
L.952
2. 013
0. 088

9.225
6.900
2.443
r. 454
o. 060

6r.7
36 -7
1.6

EÀGG

8152

9. 578
6.405
2.316
L.744
o.095

9.775
6.236
2.L4L
I .825
0. 083

9.250
6 ,84r
2.477
l. 454
o. 070

9 .61r
6. 394
2-296
L.717
o. 062

56. 3
42.L
1.6

GGl
D24
(1)

9.570
6.446
2.327
t.67 4
0.053

9.976
6.O27
1.944
2.058
0.067

10.400
5 .600
I .512
2.504
o.073

t0.359
5 .661
r.542
2.4L2
o. 085

52.6
45.4
2.O

48
49

2

9
3
I

7

I

61
35
I

9
1
0

52
45

2

7

o
3

55
42

2

57
4I
I

4

3
3

47.8
50.6
r.6

38
59

2

.0

.2
8

37
6I
t.

2
7
I

PlaglocIases

Specimenr
þck lvpes

continued

PEß2 FGG2
Alo9 Àr09
Rim core

GGI
À88
(1)

GGl
AloT

(s)

GGI
D18
(r)

GG2
D77
(21

GG2
D71
(1)

GG2

BI64
(4)

AGG

Bl58
t2l

60.99
24.59

5. 69
8.33
o.37

6r .03
25.38
s.94
8.3r
o. t8

4. 88
8. 38
o.42

62-33
23.77

4 -L2
9.45
o. 28

60. 58
24.7 4

5 .86
8. 41
0. 38

59. 99
25.94
6.89
7 .50
0.28

62. 58
23. 98

64.5A
23.O1
3,36
9.49
o.38

59. 80
25.43
6.97
7.76
o-29

63.65
22.74
3.44
9.A7
o.27

56-90
27.23
I .86
6.46
0. 38

58,79
26.09
7.37
7.40
0. 36

sio2
A1203
cao
Na2o
K20

lbtal 100.01 99.83 IOO.OI 99.93 gg.g7 1oo.s2 loo-84 100.24 100.60 99.97 99.95

structural formula calculated on basis of 32 oxygens

st
AT

Ca
Nå
K

Àn
Ab
Or

10. 509
5.497
L.4L2
2.565
0.082

LO.232
5.772
L.707
2.253
0. 087

l1
4

o
3
o

253
747
652
3S3
061

lo. 561
5.443
r.335
2.690
0. 066

10.625
5 .4r5
1.308
2.576
0. 063

10. 851
5. r57
1.085
2.57 4
o. o84

11.300
4.7 46
0. 630
3.220
o.085

LO.762
5.275
T.L22
2.eAL
o.040

rr. 053
4.992
o.924
2.A70
o. o95

10.796
5. 196
1.119
2.906
o. 086

11.054
4.969
0.783
3.250
o. 063

34. I
63.2

2.O

r5.9
a2.6
t.5

42.2
55. 7

2.L

1.6

8t
2

32
65

1

6
I
6

19.
79.
1.

33.1
65.3
I.6

o
8
2

28.O
71.O

1.O

I
3
6

26.4
7t .l

2.L

23.6
7 3.8

2.4

27.2
70.7

2.L



(e) nlkali FeldlsPars

specinenr
Rock lype

QGNG
8200 (1)

FGGl
829 (6)

FGGl
834 (2)

FGG2

Ar09 (6)
EAGG

8152 (6)
GGI

A88 (6)
GGI

À107 (3)

sio2
A1203
CaO
Na20
K20

63.94
19. 6I
0.12
0.73

15.39

65.01
LA.77
0. 02
r.44

L4.71

65.26
18 .89
0.05
2.O7

L3.72

64.A7
18 ,84

0. 1r
1. 59

14.59

65.00
18.58
o.00
I.07

15.36

64.75
L8.77

0.85
15.63

64.92
18. 64

0. 05
r.r4

15,25

Total 99.79 lO0. Ol 99.99 r00.00 L00.01 l00.ol loo.00

SÈructural formula calculated on basis of 32 oxygens

0
6

92

si
AI
Ca
Na
K

Àn
Àb
Or

11 .8r3
4.270
o -o24
o.262
3.629

GGl
Dr8 (1)

11.953
4. 068
o. oo4
o. 513
3 .464

r1.976
4. O35

o. 382
3.610

rI .944
4.O8r

o. 304
3.674

11.952
4.078
o.olo
0.735
3.206

tI .929
4.084
o.o22
0. 567
3.423

1r.961
4. 048
0,o10
0.407
3.585

6
7
7

o.l
12-9
87.0

o
l8
81

3
6
I

7
92

6
4

9:
90.

q

t
4

0.
L4.
85.

6

AGG

8158 (4)

o.2
r0.2
89.6

A1ka11 contlnued

Speclmen*
Rock lt4re

GGI
D24 (1)

GG2
D77 (r)

GGz
D7t(1)

GG2
8164 (3)

64.98
18.62

r. 02
15. 39

65. 01
18 .81
0.04
I.83

14-31

64 .01
18 .89

0. 12
16. 85

63.36
18.43

26
44

0.
16.

64.52
1S. S7
o. oo
l. 33

15. t3

64.32
l8-66

o. l0
1 .13

15. 33

sl02
A1203
CaO
Na2O
K20

TotaI 99. 54 99. 95 98.49 99.A7 100.00 100.01

Structu¡al formula calculâted on basis of 32 oxygens

o
10
89

st
A1
Ca
Na
K

An
Ab
Or

tL.924
4.O77
o. o20
0.406
3.626

l1 ,911
4. 106

o.476
3.563

tI.923
4.088

o.095
1.947

11.889
4. L36

0. 043
3. 993

11.941
4.O72
0.008
0.65 2
3. 353

o44

364

II
4

0
3

972

5
0
5

I
2

11
88

0
16
83

t.t
98 .9

2.4
97.6

9
90

2
2
6

761

I
9



(f) oxides (calculated after Carmichael, 1967)

speclnenr
Rock TYPe

B2OO(5) F,29(21 834(1) Br52(4)
QGNG FGGI GGG1 EAGG

A88(5)
GGl

8200(1)
QGNG

829(3)
FGGI

8152 (4)
EAGG

À88(2)
GGI

r. 13
I.I3
r.27
0. 76

64.03
33.32

o.70
0. I8

r -25
49.L4
o. 53

0. 34
49. lr

0. 32

6. 33
4L.57
2.57
0-31
o .05

3.24
43 .61

r .46
0.38
0. 02

1.70
48.14

o-92
0.07
3 .21

43.38
L.29
0. 59
o, 2t

2. 33
49.25
0. 94

o.32
42.65
3.68
0.64
0.17

0. 85
o.29
0. 59
0. t7

67.O7
31.98

1.71
1.20
1. 53
0.04

63 .43
34.58

o.69

r.90
t .36
r.19
0. 34

59.76
33.50

1. t6
0. 30
1.28
1. 46

64.32
32.L4

o-89
o. .14 0. 06

0.68
0.03

0. 64
0. ls

sto2
Tl02
A1203
cr203
Fe203
Feo
Mno
trlgo
CaO

TotaI 101. 65 98.S7 LO2.52 tO3.24 ro1.66 99-98 99'51 99'63 100'60

I
98

HN
7
3

7

92
3
7

3
96

9
I

6
93

4

6

1t
88MÈ

lln

UIv

T Crr
- logao2 r r

5.2
94.8

433
26.88

6L2
18.20

1
9

7
92

0
0

3
7

4
96

2l

2
I

9
90

536
2L.65

507
2l

li¡otes: (1) r Rock Èype tlesignations after Table 2'1; nurnber in brackets refers to nunber of
analYses averaged.

l2lttTe¡peratureandorygenfugacltycalculationsafterPowellePowell(1977)



andIcrani te

QuarÈz gabbronoriEe gne.lss
8203 B20l 8205

2.2

8204 8202

57 .22
L4.I7

9 .63
0 .14
5.53
6 -29
2.35
2.AO
0 ,81
o.2r

57 .L2
14 .50
9.65
0.15
5. 58
6.38
2.55
2.52
o.79
o, 20

56. 41
15. 09
9,70
0.15
5.71
7 .O2
2.47
2.L7
0.75
o.22

55. 53
L4.64
10. 14

o. 15
5 .91
6. 93
2.34
2-20
0. 84
o.22

16.55
19. 89
19.85

4. L7
2.45
L.52

11.32
7. O0
3 .70
1.54
o -49

9.20

14 .84
2I.57
20. 61
4.o2
2.33
1. 50

LT.52
7 .4L
3.49
1.50
0. 46

55.96
14.78
9.93
0. 15
5. 95
6,94
2.47
2.2L
o. 80
0. 20

sio2
A1203
Fe203T
MnO

M9o
CaO
Na20
K20
1iO2
P205

98.68 99. 1598. 95 99. 39 99.69Total

0.30

8.94

L2.42
20. 90
23.68
4. 05
2.39
L .47

0.33

Dl18

0. 40

Dt11

tl. B3

7 .24
3.7 3

L.42
0.5r

o .44

8. 18

13. 06
20. 90
22.72
4.35
z-5e
r.54

L2.24
7.3L
3. 81
r.52
0..46

0. 33

CIPW Norns

LOI

9. 9A8.32

13. oo
20.L4
22.79
4.24
2.50
1.53

a
c
OR

ÀB
ÀN
DI I4O

EN

FS
HY EN

FS
¡fÎ
IL
AP

L2.22
7 .47
3.89
1.60
0. 51

D116 rBradley
Ferrohlæersthene graniÈe gneLss 1

8143 8144 825 8145

a

65 .80
15. rl

5 .94
0.08
1.3r
3.59
2.93
4.46
0.85
o.26

70.48
14.03
4.20
0.05
0. 56

si02
À1203
Fe2031
!Èlo
¡.tgO

Cao
Na2o
K20
TiO2
P205

2.27
2.64
5. 41
0. 53
0 .11

70.L2
15,68
2.09
o. 03
o.48
2.47
2.47
5.53
0. 41
o.r2

69.80
14.01
4.60
0. 07
o.67
2.40
2.64
5-36
0.54
o.L2

69.22
L4 -47
3.92
o.06
0.88
2.44
2.43
5.24
0.60
0.14

66- 68
t4. 90
5.76
0.08
1.39
3. 28
2-9L
4.76
0.81
0.23

66. 66
14 .71

5 .3S
0-09
L.23
3. 06
2.93
4.75
o.77
0-19

65. 37
L4.92
6.09
0. l0
l. 57
3. 37
2.94
4.43
o.87
o.24

lotal 99.93 99.76 100.80 gg.a2 100.20 100.20 100.30 100.33

0.20

27 .50

31 .97
22.34
10 .46
o. 04
0 .01
o.03
1. 38
3.38
1. 61
1.01
o.26

0.30 0. 20

25.03

0. 40 o -47o-o9 0.59

CIPW Norms

20.19 21.85

tftr

25.O7
0. 04

32.64
24.29
13 .45

rlzo
1.46
o.80
0. 78
o. 28

26-50

31 .68
22.34
10. 55

o.24
0.08
o. 17
1.59
3 .64
1.77
I.03
o.28

31:
23.
ta:

,. ,,
3.O2
1.51
t. 14
o.33

20
95
t9

2I.28

28 .13
24.62
13 .54

0. 51
o.22
o. 29
3.24
4.26
2.20
1.54
0. 53

2fJ.O7
24 -79
L2.96

26. t8
25.22
L4.25
o. 37
o.17
o.2l
3.74
4.63
2.33
1. 63
o.56

a
c
OR
ÀB
Atf
DI I{O

EN
FS

¡ÍY EN
FS

MT
IL
ÀP

0.41
o. t7
o.24
2.49
4.O2
2.06
1.46
o.44



FerrohyPersthene granite gniess 2

Dl08 AIO9B AlO9A Dt07

Eulitic alkali feÌdspâr
granite gneiss
BI53 BI52 TtEXPT

75.24
t2.46
I .45

-o2
.90
.16
.04
.75
.73
.08
.45
.64
.16

44
40

77.O1
11.88
r.04
0 .03
0.18
o.74
3 .03
5.20
0. 07
0.00

76. 9r
11 .93

1 .03
0. 02
0.11
o.76
2.96
5.20
o. 07
o. 00

6867 .96
15 .85
4.2r
0 .05
0.90
2.74
2. 81
5. 96
0.61
o. 16

67 .53
15 .54

3.99
0. 04
0.90
2.A3
2.7 0
5 .60
0.61
0.16

l5
3
0
0
2
3
5
o
0

67 .50
15 .23
4.25
0.04
0.85
2.12
2.95
5, 19
0.65
0.15

sto2
A1203
Fe2O3Total
MnO

l'tgo
caO
Na203
K20
1l02
P2c5

I:
3.
5.
o.

30
I5

99.45 99.80 101.30 99-94 98.98 99.17 99.64
Total

o -29 0. 1l

CIP!{ Nor¡ns

22.34
0. t7

30 .67
24 -96
12. 51

craniÈe Gnel-ss I
Blrl 8103 8106

0. 15 0. 57

BIO1 BIO9 488

o.22 o.22
LOI

37 .25

craniÈe Gneiss 2

A121 D206 KP309

30.73
25.64
3.46

37 .59
0. 07

30.73
25. 05

3. 7L

2L.74
0.35

32.2L
26.06
12.50

20.46
0 .11

35.22
23.74
L2.75

o. o¿
0.43
o.9l
0.41
0.13
0.02

27
95
39
13
02

o.
0.
o.
0.
0.

1.87
2.L6
L.22
L.22
0. 37

2.
3.
I.
I.
o,

24
2A
61
I8
37

22.20
0, 28

33 .10
22.A5
L2.99

99
o4
54
I6
37

1.
3.
1.
1.
0.

2.L2
3.22
L-62
L.23
o.35

a
c
OR
AB
AN
DI !ÍO

EN
FS

HY EN
FS

UT
IL
ÀP

D21

7I. 98
13.74

2.90
0. 05
0.52
1.83
2.91
5, 50
0.36
o.07

2.27
0. 03
o.45
I .64
5, 90
3 .05
0.36
o.10

75.52 75.62 68.48 69.84 70.44
12.03 1-2-56 L4.02 14.12 14.10
L.72 2.69 4.92 3-94 3-71
o,o2 o.o3 0.07 0.o5 0.05
o,74 o,30 0.83 I.00 0.76
1.OO L.20 2.56 2.50 2.26
2.23 2.rO 2.69 2-73 2-84
5,s4 6.2A 5.33 5.26 5.46
o.24 0-2s 0.61 0.55 0-48
o.o3 o.o4 o.r5 0.L2 0.10

74.99
11.81

2.21
0. 02
o -27
0.91
1. 90
6.49

74. 10
12.85

2.23
0.02
0. 37
r. 10
2 -20
6. 58
o.23
0.04

71. 35
13. 50

3.69
0. 05
0.63
1.84
2.35
5.26

70. 58
14 .8Ist02

al203
Fe2031
tülo
!,t90
CaO
Na20
K20
TlO2
P2o5

0.43
0. 07

0.34
0. 04

total 99.17 gg.73 98.98 99.47 lol-ll 99'66 LOO'27 rOO'19 99'19 99'86

0 .36o.4r o.40 0,38 0.300.63 0.46 0.42

ClPtf l¡otrls

LOf

24.40

31. 37
22,67

25.L7 2tJ-sL

32.50
24.62
8.19
0. 18
o. 07
0. 12
1. 23
2.27
1.12
0. 68
0,16

20.4s

18 .03
49.92
4.92
1.07
0. 43
0.65
o.69
r .07
0. 87
0. 68
o.23

2732

35.58
0. 19

35. 00
18. 81
4.?5

35.24
o.22

36. 96
17.70

5.67

t.74
2.74
L.42
0-91
o.23

i.rn
2.35
o. 97
0-55
0. 09

L.84
2.Ll
0,87
0. 45
o.07

0-80
o.64
o.09

25.97

31. 09
23.10
11. 29
0.14
0 .06
o. os
2.43
3. 04
1.51
r. 04
o. 28

1o.40
0. 53
0, 18
o.37
t .88
3.52
1.78
1.15
o. 35

35. 91
o.l0

38. 19
16. 0I
4.24

3r. 2l
o.76

30.89
19.76
8.62

32.24
o.20

38.71
18. 53
s.17

o.g2
1.95
0.80
0.43
0.09

rlss
3 .17
1,33
o,81
o- 16

a
c
OR
AB
AN
DI I{O

EN
FS

HY E:¡¡

FS
tE
IL
AP

24.O3
9. 50
0.40
o. 16
o. 25

0.67
1.75



Granite Gneiss 2 continued

Kp300 KP307 8500 D2o5 8168 Bl64D Bl64E 81648 8163

74.95 76.65
13 . 25 12 .45

o -72 1 .03
0.01 0.01
o.I9 0.17
0.55 1.04
2. r0 2.60
8.15 5.60
o.07 0.18
o.01 0.02

73.34
13 .90
I .75
0.02
0. 34
r.27
2.34
7.L2
o,21
o. 04

68.04 70.94
r5 .46 13 .93
3.48 3.41
0.04 0.05
0.65 0.7 2

2.L2 L.97
3.48 2.43
6.23 5 .A7
0.43 0.44
o.08 0.09

75.79
L2-52

1.97
0. 03
o.26
I .18
2.49
5. 33
0. 21
0. 03

.7L

.o9

.39

.02

.44
a)

.52

.41

.34

.06

75
T2

2
0
o
I
2
4
0
0

74.39
13.oo
1.89
0. 03
0.34
t. 33
2.73
5.66
o.27
0. 05

73.4A
13.43
r.44
o-o2
o. 36
L.22
2.52
6.26
o.23
0. 05

slo2
A1203
Fe203T
MnO

r49o
caO
Na20
K20
TíO2
P205

TotaI 99.O1 99.69 99.89 roo.2l loo.ol loo'25 loo'53 100'03 99'75

o.r5 0.15 0.27

27.59

42.OL
2L.46

5 .49
o -23
0 .08
o. 15
o.76
1. 35
o. 63
o .40
o. 09

o.34 0.rr

17.65 25.49

36.69 34.65
29.35 23.92
8.14 7.96
0.76 0.51
o.28 0.20
0.50 0.32
1.34 1.59
2.45 2.57
I-26 1.23
0.Bl o.83
o. 19 0,21

31.50
24.45

5 ,45
0.09
0. 03
0. 07
o.62
r.60
0.75
o. 4()
o. 07

0. 20
0.08
0. 13
L.O2
I .73
0. 9l
0.65
o. 14

0.33 0.39 0.25 0.25t¡r

37.2I
o.27

33 ,01
2L.94

u 

-o,

o.42
0. 78
0.37
0. 34
o. 05

o--47
o.64
o.26
o. t3
o. 02

CIPvf Norns

3I.36
0. 41

37.00
2t.32

5 .73

o.90
l. 09
o.55
o.44
o. 12

26-06
2L.32
8.65

29 .80

48. 09
17 .74

2.65

38.83 35.0332.95
0. 08

33 .45
23. rO
6.27

o. 85
L.49
o.72
o. 51
o.L2

a
c
OR

ÀB
ÀN
DI WO

EN
FS

HY EN
FS

MT

IL
AP

B22B
Atkali felclsPar graniÈe gneiss

8161A B22C Bt59B 81548 BI54À

NoÈes:

78 .81
12 .05
o.60
o. 01
0.05
o.72
3. 0l
5.47
0.07
0.00

o.54
o.o2
o. 09
o. 73
2.92
5.40
o. 08
o.00

77.64
12.24
o.48
0,01
o.2L
0.73
3.00
5.56
0.08
0. 0I

78. 10
L2.27

77 -93
L2.L7
0.45
o. oo

77.20 77.42
1r.94 12.11
o.64 0.50
o.0l 0,01
o-15 0.04
o.71 0.73
2.97 2.92
5.44 5.65
0.07 0.07
o.00 0.00

slo2
A1203
Fe203T
MnO

M90
Cao
Na2o
K20
TiO2
P205

ee.12 gg-44 gs.96 99-73 100.1I 100.80

All oxide abundances in wtt

Sanple locaÈions as in
lable 2.4

CIPW Norns calculated for
FeO = O.75 Fe2o3Total

r BBÀDLEY Average of 4

analyses frorn BradIeY (1972)

rr EXPT conPosiÈlon of
granite used ln e:<¡rerirnents
by Nowgorodov & Shkodzinsky
(r974).

0,00
0. 73
2.94
5.45
0. 07
0.00

(1)

(2)

(3)

(4)

(5)

Total

0.26 0.23

38.50 38.59
0.34

31.83 12.33
24.64 23.47
3.50 3.2r

0.15
- o.o3
- o.l3

o-22 0.09
o.44 0.38
o.20 0.23
0.1.5 0.13
o-02

o.24 0.

CIPW l,¡orms

31.L9 35.

30 0.27 0.06

o.5r
0. 37
o.17
o. t5
o. 02

IPI

38. 23
0. 13

32 -L9
24.86

',tt

olo,
0. 37
0. 16
o. 13
0. 02

36.80

32.77
25.32

3 .50
o. 02
o. 01
0.00

96

33.29
24.63
3.24
o. 15
o. 03
o.13
0.07
o. 28
0. 18
0.13

32-.L5
2s. 13
3,r8
0.14
0.06
o.08
0.31
0.45
o.25
0.13

a
c
OR

ÀE
AN
DI !P

EN
FS

MI EN
FS

tfT
IL
ÀP



Table 2.3

(a) QuarÈz gabbronorite gniess

B2o3 B20l B2o5 8204 8202 867

daÈa

Eerrohypersthene granite gneiss 2

AIO9B ÀIO9A DLOT 846A

toidl trace

(b)

D108

Y

Rb

Sr

BA

Zt

Nb

Sc

97

229

506

32

r38

12

2A

r69

107

to2

231

500

31

168

L2

29

r57

111

97

240

522

30

138

10

2A

157

lo4

130

219

605

43

1r7

2L7

655

34

380

L2

28

154

99

20r

167

365

t49

7A

29

45

r85

171

It76
40

315

15

19

L47

L74

1178

43

14

53

I6

193

L79

204

151

r030

31

3L6

15

T2

53

r281

300

11

13

53

t8
Ì9

19

23
NI

Cr

Iå
Ce

Nd

Sm

Eu

Gd

ry
r
Yb

33.1

67 .r
2A -5

5.64

L.46

5. 35

5.r3
3. 03

2.94

49. 3

r01

45,4

8.56

1.70

8. 17

6.45

3.58

3.14

L2

(d) EuliÈic alkali
feldlspar graniÈe gneiss

Br53 8152

(c) FerrohyPersthene granite gneiss I

8143 Bl44 F,25 8145 D118 D116 DI1I rBradlev

4I3
t2

6
52

118
6
I
0

1l
0

397
L2

5
53

100
5
1
0

8.5
1.85
7.95
I .95
4.0
3.8
18
27
25
2
10

12

47.9
9. O0
L.52
8. 02
7.50
4.39
4.09

15
56
2L

Rb
SE
Ba
Y
Zt
Nb
Sc
v
Nt
Cr
Iå
Ce
Nd
Sn
Eu
'cd

Dy
ET
vb
Ga
Pb
Lt
u
Co

201
171
885

47
2AA

L7
I6
58
22
16

58. s
120
50. 9
9.58
1.77
8.60
7.93
4.62
4 -32

223
155
985

53
316
t8
14
49
20
17

207
L67
874

47

238
140

1004
43

305
L7
T2
31
20

7

251
L26
888

44
307
r5
11
27

255
t2l
a47

52
311

15
1I
26

188
r81
865

36
264
l5
14
44
L2
23
42

92.5
43. 5

IO 11

33.8
5-74
o-163
6.45
7 .13
4.33
4.O2

t Average of 4 specfunens fron Bradley (1972)



(e) craniÈe Gneiss I
BItl Blo3 8106 Brol Bl09 488

(f) Granice Gneiss 2 - Fishermans Point

8168 8164D Br64E 8164B 8163

Rb

Sr

Bå

Y

Zt

Nb

Sc

Cr

26r

T2L

610

24

330

t6

6

296

rol

652

36

222

t3

9

274

85

505

I9

267

18

2

299

70

474

25

506

L2

235

13r

901

45

318

t7

L2

36r

10s

670

45

231

18

9

lo

323

ro0

647

5I

2L7

16

10

11

370

103

689

2A

300

ll

6

414

99

788

13

316

15

3

2

279

39

t40

l0

4

(S) Granite gnelss 2 - Kirton PolnÈ

ÀI21 D206 KP3o9 DzI KP300 DP307 8500

(h) Àlka1i feldsÞar granite gneiss

D2O5 8161A B22C 81598 81548 BI54A B22B

Rb

Sr

Ba

244

r29

835

43

224

l6
t1
38

17

L2

273

II3
689

45

227

I6
11

84

r09

293

109

722

41

r72

t5
7

245

L47

1093

7

130

4

I

301

88

575

4L

169

14

5

263

79

439

37

15r

13

6

20

371

59

246

5I
t74

14

4

4r3

11

6

2L

L29

5

I

44A

10

3

I2
92

6

2

437

T2

9

L7

r14

I
I

442

I1
5

l5
r4s

7

I

440

t0
5

18

137

9

I

425

11

I
18

L22

s

2

Y

Zt

Nb

Sc

NI

Cr

Iå
Ce

Nd

Sn

Eu

Gal

Dy

Er

Yb

v

32

76

24

13 12I7
6

60. I
t29
37 .0

6.17

1.00

5 .4r
5 .30

3 .31

3.19

3

17 .1

4. 03

o-731

o.130

0. 818

1.3s

1.45

2.O5

9.9

13 .8

3.9

0. 88

o. 15

o.99

1 .84

1. 64

2.O5

o

38. I
70. 3

20.9

J.7

o.t 5

2.4

2-5

r.4
r.4

010

l¡otes: All elenental abundances in PPn'

t¡lo value ptesented lndLcates not analysecl'
zåto t.foå presented lndLcates belos' detection limit

rBRÂDf,Ell avelage of 4 analyses from Bradley (1972)

(1)

(21

(3)



structural3

Moody Granitoial suite
colbert Suite I-cYPe s-tYpe
B1r4(3) Br35(6) 830(s) c4(4) 858(7)

crani suite

Massena BaY Gneisses
QuartzofelalsPa Ehic

85r (5) 857 (s) D42(21 D84 (4)

(a) Plagioclases

si02
A1203
Cao
Na2O
K20

26.7r
8. 08
6.97
0.43

60.44
25.06
6. 03
8. 13
0. 34

65,96
2t.L7
1.54

r1.13
0. 20

54.7L
2A.37
10. 35

6. 00
0.40

39.57
25.43
6.64
7 .81
o. 33

7157 66.00
2t.19

1.48
11.08
o.24

61. 89
23.95
4.87
8.97
0. 33 .31

66.79
20.71
o.92

LL.32
0.20

57
26
I
6
0

09
99
63
77

Total gg.78 99.96 loo.oo 100.01 Loo.oo loo'oo loo'00 99'79 99'83

SÈEuctural formulae based on 32 oxygen atoms

SI
AT
Ca
Na
K

Àn
Ab
Or

10.649
5.359
L.272
2.707
0. 075

r0. 760
5.259
1. 150
2.806
o.o77

r0. 987
5 .012
o.925
3 .088
0. 075

11.608
4. 393
o.279
3.779
0. 054

rr. 603
4.389
0. 290
3.796
o. o45

r0.269
5.722
1.663
2. 361
0 .07r

9.906
6.054
2, 008
2.LO6
o. 092

10. 359
5.645
L.552
2.423
o.098

1r .718
4.295
0 .173
3.851
0. 045

2g
69
I

I
5
4

38
59

2

3r.4
66 .8
1.8

5
6
9

7.O
91.9
1.1

4.3
94.6
1,1

6.8
91.9
1,3

22.6
75. 5
I.9

40 .6
57 .7
t.7

47 .7
50 .1

2.2

PlagLoclases continued

Massena BaY Gnel,sses contlnued

QuarÈzof eldsPathlc conÈLnued
Alo(3) A1o(1) D4(3) À84(1)

câ1c-sllicate

A86 (2) D6s (4) B6sB (3)

Gn-si11

874 (4)

sio2
AI203
Cao
Na2o
K20

58.66
26.03

7 .25
7.69
o. 33

67.15
20. 13
0.50

rl. 65
0.45

55
28
l0

5
0

35
26
00
96

12.84
23.32
4.29
9-22
o.29

45.62
34.81
r7 .62
t.42
0.15

63 .41
22.47
3.32
9.59
0.41

48.65
32.88
15 -63

2.60
0 ,14

57 .A7
26.73

7 .90
7 .08
o.2934

99.g7 99.88 99.91 10O.76 99.19 99'A9 99'6r 99 .86
Total

il+ A8+ t-d, )bf S.sB

si
A1
Ca
NA
K

Àn
Àb
Or

10.499
5.491
L.392
2.669
0. 075

r1.806
4 -L72
0. 094
3.972
o. Iol

9.986
6-009
I.933
2 ,085
o. 078

10,374
5.648
1. 5r7
2-46L
o. 066

tl .135
4.A61
0.814
3 .166
o. 066

rL-294
4.7L7
o.634
3,3L2
o. o93

8. 907
7 .095
3 .066
o.923
o. o33

a.432
7 .583
3.489
o. 509
0.035

33
64

1

7
5
I

86 .5
t2.6
0.9

2
9
s

76
22

o

5

I
6

37
60
I

47.2
50. 9
1.9

20
7A

I
3
6

(
a2

2

1
o
3

t52.3
95. 3
2.4



(b) Alkall

ColberÈ Suite

8114 (6) 8135 (3)

I-ÈYPe

830 (2)

Moody suLte

c4 (7)

S-type

8s8 (4)

1

ü,
8s(3) 8s7 (3)

slo2
A1203
Cao
Na20
K20

64.79
18.73

64.36
r8.94

o.52
16. t8

0. 81
L5.74

1.14
14 .88

64.L2
19. 53
0.56
1.33

L4.46

64.65
19 .04

64.67
18 .78

64.57
18.70

o.42
L6.32

64.6r
1S.65

o .34
16.40

0.02
1 .09

15. 38

TotaI too.ol loo.oo 99-7L 100'00 99.99 100.00 ro0-00

structural formulae on basis of 32 oxygen atoms

sl
A1
Cà
Na
K

An
Ab
Or

rt. 944
4 .070
0. o04
0. 389
3 .617

1l.soo
4.236
o. I10
o.475
3. 395

2.8
11. 9
85. 3

1r,920
4.138

o.408
3 .500

11.937
4. 086

o.290
3.706

LL.942
4.O77

11. 903
4.L29

11.952
4.067

o.L22
3 .870

r0. 4

89 .6

AIkaIl feldlsPars contlnued

Massena BaY Gneisses

QuaEÈzofeldsPathlc
D42121 D84 (3)

0. 186
3 .818

4.6
95.4

A10 (2) D4 (2) 484 (1)

o
3

15t
851

3.8
96.292-

0.1
9.7

90 -2

3
7

¡.r
96. 9

sio2
AJ.203
CaO
Na2o
K2()

64 .48
18 .57

0 .10
o.50

16 .36

64 .86
18.68

64.74
18. 94

64.73
18.92
o.07
0. 96

15. 29

64 .65
18 .81

0.70
15.71

1,05
L5.24

0.95
15.37

Total 99. 95 99.87 100.00 99.85 99.66

si
Al'
Ca
Na
K

An
Àb
or

927
109
014
343
594

11
4
0
o
3

o.3
9.7

9t-o

11 - 941
4. O95

0. 251
3.702

LL.92A
4. lll

0.375
3 .580

gls
90. 5

rl - 964
4.062

o.340
3. 617

8.6
91.4

tl - 939
4. O53
0.020
0.180
3. 865

6
93

3
7

o.5
4.4

95.1



(c) Amphibotes calculated after method of Leake (1978)

colbeEt suíce
Br14 (2) Br35 (3)

t4oody Massena BaY Gneisses
suite Quartzofel¿lsPathic
830(2) D42(21 D84(2) D4(21 A84 (3) 486 (s)

51. 29

3 .4s
0.05
8. 03
0.35

17 .09
14 .07
r. 05
o.24

55 .36

3.2L
0.04
6. 9r
0. 20

18.33
11. 88

0 .9r
0. 39

0.97
II.82
o.13

394t-4L.57
r.00

1l .68

42.54
1.04

11. ol

20.56
0.45
I .59

1l .64
1. 36
1.68

rsl¡o
0. 40
9.2L

11.64
1.39
1.60

r8.81
o.32
9.92

11.79
L.42
1. 45

sio2
TtO2
A1203
cx2o3
FeOT
MnO

Mgo
cao
Na2O
K20

40. tl
r-.46

ll .65

20. 80
0. 36
7 .77

11. 04
L.79
I. 90

43. l3
1. 31
9.81

18. l1

39.9r
L.29

12.36
0.06

24.24
0.37

10.45
11.53

1. 73
1. 50

0.36
6.13

r1.43
r-78
1.94

97.94 9A.29 97 .77 98. 57 97.23 95.62
fotal 99. 50 96. 88

Structural fornulae on basis of 23 o:<yqen atoms

" ìiror
A1 (6)
Ti
Cr
Fe3
Ee2
Mn
ttg
Ca
Na
K

6. 089
1.911
0.311
0. 148
0. 007
0. 590
2.504
0. 046
l. 394
1. 895
0. 534
0. 383
o. 36

6.L92
1.808
o. 310
0.170

0. 536
2.L44
0.047
!.747
r.850
o. 543
0. 379
0.45

6.009
I.6II

6.350
I .650
o.287
0.116

6.262
1.738
0. 336
o. ll3

6. 218
L.742
o. 311
0. 110
0.015
o.693
I. 890
0. 057
r .923
1.906
0.403
0. 328
o.50

7.7A5
0.215
0.317

0. 004

0.817
o.o24
3.A42
1.790
o.24A
0. 070
o.a2

7 .587
0 .413
o. t89

o.006

1.520
o. 044
3.769
2.202
o.297
0. 045
0.71

c5

W/Mg+Pe2

o. 137

l. 550
t.479
0. 044
2.L70
1 .874
0. 509
0. 290
o. 59

0. 605
L.7 44
o.040
2.207
t.914
0. 417
0. 280
o.56

0. 634
L.797
0.051
2. 068
1.908
o.4L2
0. 312
o. 54

(d) Opaque oxiales calculated after nethod of Carmichaef (1967)

@lbert Granitoid suite
Blr4(2) B1r4(r) Bl3s B13s (4)

¡loo¿ly Suite
83o(4) 830(2)

Massena Bay Gneisses QF
Al0(2) Ar0(1)

0.95
46.2I

0 .40

I .30
0.12
0.87
0.05

61.83
30.51

0.71

sfo2
TIO2
A1203
Cr2o3
Fe2o3
Feo
MnO

!{sO
CaO

0.58
o.22
1. t3
o.26

68. 97
32.37

0.69
o. 12

o. 93
49. 50
o.63

2.90
43 .61

1 .46
o.30

L.24
37.2L

o.s2
49.84
o.20

0. 84
0.12
0.86
0. 20

6A.O2
30.60

o.82
0. 13

1. 03
0.14

27 .2L
31.62

1. 98
0. 53
o-29

I. 04
o.72
1. 08
o.23

65 .07
32.43

o.76
0.10

10.50
39.74

2.69
o.29

34
63
61
18

I
40

4
0

Total 104 .34 99.33 10I.43 101.25 10I.59 104 ' 36 95.39 100.79

MI
UIv
Iln
¡ùr

TC
-logao2

440
24.63

97 .3
2.7

04-1
5.9

704
13. 10

06. 6
3.4

512
20. 55

94.45
5.52

579
18.10

I
2

72
27

96.3
3-7

89.51
10.49

92.1
7.9



(e) clínoÞvroxenes
nethod of Jaffe

calculated after
eÈ. al. (1978)

(f) carneEs

¡4oody suice
S-type
8s8 (2) 8s1 (4)

Massêna BaY Gneisses
calc - silicates
D6s (5) B6sB (2)

Massena BaY Gneísses
Gnt- Calc-

slllinaniÈetl silicate
857 (2) 874 (3) B6sB(4)

37.7A
o. 33

L2.64
0. 2r

r5. t9
0 .48
o.29

32 .95

56
79
04
2S

sl02
TlO2
À1203
cr203
FEOT
MnO

!,t9o
caO
t¡a20

49.85

r. 9g
o.22

17.13
0.33
7 -42

22.74
o. 30

35.78

2r.32

36. 71
0 .03

2l .59

69 35.7 2

2r. ll

3550.45
0.03
2.20
0.27

t3.77
0. 58
9 -23

22.90
0. 5?

35
0
4
I

32 .83
7 ,89
1. 3r
0. 36
0, 48

33.58
7 .75
0, 81
o.25

21.72
0.19

3L.77
9. 06
1. 19
0. 35

Total 100.00 100.00 too. 00 99.2r 99.97 r00.00 99.90

strucÈural formulae based
on 6 oxygen atoms

structural formulae based on 12 oxygen aÈoms

sl
Àr (4)
A1 (6)
Ti
Cr
Fe3
Fe2
Mn

M9

Ca
Na

L.927
o. 073
o.026
0. 00I
0.008
0.079
0. 361
0. o19
0. 525
o.938
o. o43

1. 935
0. 065
o.026

0. o07
0. 055
0. 502
0. 0r1
o.429
0.948
0. 023

2 .958
o.o42
2.0I9

0.100
2 -326
0.544
o.o22

2.937
0. 063
2. 000

2.944
0.o52
1.99r

o. oo2
0.484
2.388
0. o54
o. t10

3.O72

0 .014
0. 020
0.035
t .033
0.033
2.A7L

si
AI
AI
Cr
1i
l4s
Ee2
Mn
Câ
Na

925
075
o23
012

2
0
2
o

I5L.2

0. r45
2,174
o.629
0. 031

0.160
2.254
o. 549
0.032
0.076

(S) BLotltes

colberÈ suite Moody suite
Br14(2) B13s(3) 830(2) c4(3) 858(2)

Massena Bay Gneisses

guarÈzofeldspathic
D42(21 D84 (2) ArO (1) D4 (2)

garnet-
si11.
874 (4 )

34, 86
4 .03

16 .84

36. 4t
3 .30

15.95

60 36.23
23 2.39
58 17.61

36.7 2
3.46

L5.77

9. 36

18. 8t
0. 2s
I .03

0. 18
I .89

36
3

15

19
o

10

.56

.18

:tt

L9.7 425-12

5.69

18. 10
0.18

13.59

.62

.23

.52

.59

.32

.84

.08

.38

.80

I
l9

24
o
3

0
o
I

3434 , r.5
2.46

18.55

slo2
TiO2
A1203
cr203
FeOT
!ho
r.lEo

ceo
Na20
K20

37.47
2 .81

14.06

35. 94
4,20

13.89

20. 58

35. 68
4. 11

15.26

24.49
0.18
8.16
0.06
0.21
9. 50

IO.42

20. 13
o.26

10. t7

o.25
9 .63

L7.49

11.32

0.25
9.46

0.05
o.29
9. 53

o.22
10. 81
0.06
o.19
9.94

0.08
9.69

o.to
9.75

Total s7.64 s4.74 96.06 95.85 93.38 96.89 95.77 92-42 96.08 93.89

structural forrnulae based on 22 oxygen atons

st
Ar (4)
À1 (6)
rt (6)
FeT
¡ùr
l{9
Ca
Na
l(

136
0.023
r. 863
0.o10
o.062
1.856

3.577
2.423
o.118
0-490
2.67L

2-4LO

o. ãzs
1.873

5.340
2.660
0.758
o.289
3.2A4

L.326
0.008
0.088
1, 901

5. 5tO
2.490
1.I12
o. 147
3.273
o,043
0. 9tt
o. o14
0. 117
L.747

5. 536
2.464
0. 338
o.392
2-489
o.o28
2.429
0.010
o.056
1.912

5.570
2.430
0.365
0.370
2.490
o. 023
2.462

o.o24
1. 882

5 ,654
2.346
0 ,893
o. 281
2-455
0.o37
I .868

o-o55
L.770

5. 540
2.460
0. 401
0-378
2-562
0,034
2.307

o. o74
I.869

5.362
2 .638
0.415
0.466
2.250

2.596

465
535
220

5
2
0
o
3

.650

.350

.149

.318

.243

.o23

. o55

-o29
.876

5
2
o
o
2
o
3

o
I

473

1.837



lhl liuscovit€g and oÈhers

Moody sulÈe

I-tyPe
c4 (1) 8s8(s)

S-È17lre
8s1 (3) 8s7 (2)

Maasena BaY GneniBsea
Quartzo- scaPoll'te

feldspathlc incalcslllc
A1O(2) B658(2)

sto2
TlO2
A1203
cr203
aeot
Itno
ngo
cao
Ne20
K20

1.90

o.9r

44.47

34.95

r.58

0 .63

o.49
10.49

44.56

34.94

1.65

0.49

0. 57
lo. 73

44.A4

35.30

r.64

0. 55

44.47
0.71

32.80

45.30

0.19
L8.22
3.lo
0.190

10

0.
10.

30
88

53
58

3. 30

o .83

0.50
r0.47

lotal g4.og 92.60 92-94 93-44 93 .07 94.90

llotes! (I) Nutrtber ln brackets after specinen numb€r refers ho nurnber of
analyaes averaged.

(2) teÍtpêraturs ana¡ orygen actlvl'tles calculateil flon opaque

oxlãe daÈa after nethod of Powell & Powelt lL977l '



suite - Malo! element qeochemical data and CIPW Norms
Appendlx Table 3.2 cotbert Granitoid

colbert Hornblende Granite Gneiss
B1t2B Blr2A Bl09 Bl35

CoblerÈ Alkali Feldspar Granite Gneiss
81298 À119 Bl25À Bl30A À90

.24

.85

.62

.02

.15
,58
.08
.85
,25
.02

7176. 08
tr.72

77 .L6
11.47

L.L2
o. 0l
0, 07
0.46
2.42
6.L7
0. 16
o.01

76.83
12.35

1.66
0. 0r
0.07
o. 55
2.25
6.77
o,24
o. 02

1.99
0. 04
o.25
o.76
2.67
6 .06
0. 30
o. 03

76. 0r
L2.06
1.69
o.02
o.20
o.75
2.18
6. 59
o.25
o.02

66.90
14.55

5.L2
o. 05
l.07
2.4L
2. 38
6.O2
0.84
o.23

63.75
15.08

6. 48
o. 08
I .43
3.70
2.97
4.94
1.09
0. 30

63.66
14.95
6. 56
0. 08
1.39
3.62
2 -77
5.23
1.10
0.35

63.35
14.99
6.43
0. 09
L.32
3.56
2.75
5.32
1. 08
0.33

11
I
0
0
0
2
6
0
o

st02
A1203
Fe203Total
MnO

M90
CaO
Na20
K20
TiO2
P205

lotal 99.22 99.71 99-A2 99.57 99.77 99.90 roo.75 99.05 roo.66

tor 0.41 0.40 0.61 0.38 0. 40

CIPW NORMS

o-27 0.43 0.24 0.30

29.O2
24.9A
13 .15

1. 31
0.55
o.77
2 -99
4.24
2.33
2.06
o.69

¡olze
23.35
12.86
I .15
o.47
0.69
2.94
4.40
2.37
2. 08
0 .81

a
c
OR

AB
AN
DI VIO

EN
FS

HY EN
FS

!il

16.54 16.89 16.64

IL
ÀP

31.31
23.L7
L2.79
r .11
0,44
0. 67
2.83
4. 33
2.32
2.O4
0. 76

0. 50
1.36
0. 6l
o.47
0.05

Co1berÈ Hornblende GraniÈe Gneiss
Bll2B 8112À Bl09 Bl35

colberÈ Atkali Fetalspar Granite Gneiss
Bt29B A119 Bl25A Bl30A 490

36. 38
20.43

2.2L

35

22.OO
o-29

35.44
20.06
10.41

L7
91
4I
30
o2

35.49
0. 03

38 .79
18.37

3 .58

34 -92 35.84
0,37

39.A4
18.96

2.59

37 .90 36, 81

40. 36
17.55

2.74

-72
.53
.09
.62
.18
.47
.44
.t6
-72
.57
-o7

2.65
3.98
r .85
1. 59
0. 53

22
2
o
0
0
o
I
o
0
o

L7
33
60
45
05

0
I
0
0
0

0
0
0
o
0

o.37
L.29
0.59
o.47
0. 05

Rb

Sr

Be

Y

7,Ê

Nb

Sc

Tt
Crr
¡,a

Ce

Nd

$n

Eu

Gd

Dy

E
Yb

198

184

52

333

22

IO

197

r83

1133

53

339

22

L7

6L97

4

62.2

136

62.4

12.O

2.O7

r1 .8

9.46
5-24

4.46

196

187

1144

46

343

2L

15

5768

233

145

1063

46

4r1

L7

t3
5039

5

75.2

277

s7

711

16

235

7

4

I384
o

3L2

48

387

50

263

18

5

L977

276

54

743

19

226

10

5

1519

0

62.3

123

47.7

7.66

0.857

3,9
3. 98

1,81

I .37

300

2A

267

32

173

L2

5

tt70
0

342

22

84

27

335

tt
4

1550

60,6

I0. 9

1.71

9. 38

8.1r
4 .36

3 .66



suite:4
data crplf

Moody Tank Adanellite

801 (6)

¡,t!{À

8498OI(4) 24L
cHs

a29

MOA

839

72.66
14 .46

3 .38
o.06
0.48
r .43
2.91
5.42
o.42
0 .63

.57

.o7
.83
.04
.37
.19
.3r
.86
.35
,09

72
14

2

o
0
I
3

4
0
o

72.L4
14. t5

2.53
0, 05
o.46
L-29
2.A7
5.32
o.29
o. 13

72.1o
L4.23
3.24
0. 05
0, 37
r .19
3 .31
4.94
o. 35
o. 08

66. 04
13 .93

5.68
o. t0
0. 8l
2.26
2.97
5 .60
o.79
o. 32

58. 88
r5. 57

7. 33
o. 12
2-3r
4.25
3.27
5.28
1. 40
0 .63

slo2
AI2O3
Fe2o3TotaI
MnO

¡.19O

CaO
Nå20
K20
Tl.O2
P205

Total roo. l0 98,91 ro0.53 99.51 100.25 99.19

o.57 0. 34

Yunta lvell læucogranlte

858 853

0.57 0.621.03 0.51

CIPW Noñns

7.30 20.6L

4L9 854

fpr

1. 4t
29.56
27.A5
5.29

851 957 856

31.47
2.70

31,83
24.47
2.96

5930

rl'g
2.89
L.22
0. 79
L.46

o-.92
2.4r
r .02
0.66
0. 2l

,-. rn
2.22
0.91
0. 55
o-30

o-.92
2.A4
r. t7
0, 66
0,18

30.8S
1 .63

31. 33
24.20

5.53

29.59
1.46

29.O3
27 .A5

5.35

32.93
24.L6

8. 54
o.22
o. 07
0. 16
t .94
4. 56
2.O5
1.49
o.7 4

30. 88
27 .39

12,09
2. 03
1. Or
o. 07
4 .68
4.46
2.61
2.63
1. 45

a
c
OR
AB
AN
DI !{O

EN

FS
HY EN

FS

MT

IL
ÀP

MnO

!.19O

Cåo
Na20
K20
TlO2
P205

o,06
0 .61
3.98
5.02
o. 03
0. 30

0. 53
4.32
4 .00
0.03
o.30

75 -73
13.76
1.09
o. 08
o.06
0.46
3.57
3.83
0. 03
0. 30

74. 31
15 .20
o.98
0.14
0. 63
0.63
3.99
4.24
0. 03
o.19

74.L2
14. 53

1. O0
o.06
0. 58
o.52
4 .30
3. 89
0. 03
o.30

83
33
93
o7
o6

73.
L4.
0.
o.
0.

75.39
14 .60
t. 30
o.L2

73.67
15.38
1.19
0.03
o. 19
0.73
3. 30
4. 66
0. 07
o- 34

slo2
A1203

72.L6
14. 17

L.26
0 .04
0. 15
0. 50
4.29
5.90
0.09
0.30

Fe203Total

TOTAI gg.7g 100.17 100.33 99 .04 99.94 100.82 99. 16

o. 35

39.76
3.72

2L.97
30. l0
0.32

32.27
3.30

25.18
33 .6r

1-87

0 .6t o.440.64

32.33
2.63

23.49
36.32
0.66

34.
4.

27.
27.

'-

23.39
0.53

34.53
35.97
o. 5t

95
36
33
7L
39

47
16
43
13
7S

o.92

CIPW l¡orms

o. 56 o.77TOI

39
00
85
l6
6I

L'.44
1.09
o.36
o. 06
o-69

32.
3.

22.
36.
0.

29.42
2.22

29.50
33 .49
1.06

a
c
OR

ÀB
AN
DI I{O

EN
FS

HY EN
FS

¡,tT

IL
AP

o.15
t.22
0.39
0.06
o.70

t. ta
L.22
o.35
0.06
0. ¿¡4

o.15
1.03
o.33
o.06
o,69

0.
1.
o.
o.
0.

ol*
1.51
o.47
o. 06
o.69

39
22
45
L7
69

ol
1.
0.
0.
0.



Appendix Table 4.2 Moody Granitoid Suite

Trace element data

Yunta WeII leucogranite
858 853 851 857 856CHS

829
MOA

839
MTA
8014

MI¡¡A

849 854

Rb L64

sr 774

Ba 247L

Y40
Zt 464

Nb 32

SC L2

I¿ 236

Ce ALg

Nd 169

Sm 22-9

Eu 4.03

cd r4.3
Dy 8.89

Er 4.66

Yb 3.64

20L

340

L229

25

311

26

l0
104

2L2

90.7

11.4

2.05

6. 95

4.52

2-OO

1.35

263

97

340

37

349

31

5

L02

r91

7t.l
L3.7

0.915

9.27

6.20

3.13

3 .35

206

L32

606

38

247

l9
5

t01

204

70.2

11.3

t.14
7.93

6.24

3.22

2-SO

343

I
3

11

25

I
2

308

23

28

18

26

32

5

303

7

2

7

33

18

t

356

7

I
6

30

25

I

257

I5
55

9

35

11

3

4L6

I
2

6

25

27

1

6 4



Table 5. [,iassena

D87

sses element ¿lata CIPW

"Interlayered Gneisses "
Quartzof eldsPathic Genisses
D85 D83 Dl7 i D46 42' 46Bf 22* IJ74 878 877

62.59
t8 .81

67.73
16.00
5.17
0. 07
L.22
3.27
2.A9
3.67
0 .57
0.16

64.24
18 .75

4 -53
0.05
1.10
4.86
3.67
2-49
0. 56
0 .07

5.57
o.06
2.31
3 -62
4.70
r.73
0 .61
0. r0

63.75 64.56 65.42
15.48 15.43 L4.73
5.64 5.01 4.68
0.07 0.07 0.09
2.65 2.2A 2.56
3.17 2-94 2,53
5.90 3.89 4.77
2.76 4.65 2.87
o.27 0.30 0.24
o.08 0.Io o.11

62.L6 62-79 63.52 65.33 70.7L
16.33 r7.31 L7.24 15.21 14.19
6.66 6.L7 5.76 6.35 3.25
o. lo o. 07 o.07 0.09 0- 04

2.63 2.OO 1.92 2.5A 0.63
5.39 5.44 5.32 4.95 2.ZO

2.27 2.90 2.A5 2.84 2.70
3-23 2.44 2.52 2.A4 5.58
0.62 0.61 0.59 0-59 0.52
o.13 0.13 o.13 0. 13 0. r0

slo2
AI2O3
Fe2O3T
MnO

tiigo
CaO
Na20
K20
TiO2
P205

Total 99.03 99.86 99.92 r00.91 gg-g2 gg.77 gg'23 98'OO lO0'40 lo0'72 100'75

1.30 l.18 0.781.58 0.93 1. O8 0.75 0.36

CfPf¡ Norns

tor

22 26.44
92 1.71
08 2L.69
05 24.45
65 15.18

A79

18.
0.

r7.
31.
,r-

L8-g7 19.81 2r,08 2L.96 27 -L4 7 -4A 13'18 16'o0 15'36
_ o.32 0.46 - 2-46

19.09 L4.42 14.89 16.78 32-gg 16.31 27'48 16'96 LO'22

19.21 24.54 24.L2 24.03 22.85 49-92 32'92 40'36 39'77

24.83 26-L4 25.54 20.17 10.12 7.6L rO'91 10'31 17'31
o.44 1.39 0-06 3.r7 L'26 0'64
o.22 o-72 O.O2 1.68 0'66 0'36
o.2r 0'64 O-04 1.40 0.56 O '26
6-32 4.ga 4.78 5.71 1.55 4-92 5'Or 6'02 3'73
5.83 5.50 5.lo 5.1I 2-54 4.11 4'25 4'35 5'r7
2.4I 2.24 z.Os 2.30 I.18 2.O4 1.82 1'70 2'13
1.18 1.16 L.r2 L.Lz 0.99 o.5l 0.57 0 '46 1' 16

o.3o o.3o o.3o o.3o o-23 0-19 0'23 0'26 0'23

0
c
OR

AE
AN
DÎ lrc

EN
FS

TfY EN
FS

I.fT

IfJ
AP

,.
4.
t.
1.
0.

o4
53
a7
08
37

74
85
64
06
16

2'-
3.
1.
1.
o.

Ds7 IDlO5A oea 
I

calc - silLcatee and\quartzites/

D27 D1O5B D65 1

7 4.62
13 .33

L.47
o-o2
o.26
L.29
2.51
6.02
o.32
0.03

76. 61
11.76
r-79
0 .02
0 .17
0.87
2.O4
6.2t1
o. 35
0.04

72.44
13 .84

3.27
0. 05
0. 28
r.86
2.91
5.27
0.36
0. 06

.50

.95

.77

.09

.53

.89

.33

.39

.50

.I0

6970.20
12. 30

2.55
o.06
o-22

14. 15
o.32
0-04
o.26
0. 12

54. 11
19.70
4.7r
o.32
1. 73

15. 97
0.33
2.20
0.50
o.27

II
3
0
I
5
I
5
0
0

76 .60
10. 56

3 .46
0. 07
0.75
6.74
1. 31
0. 10
0.37
0.10

st02
À1203
Fe203T
¡tlo
l.lgO
Cao
Na2O
K20
rLoz
P205

Total 99 .83 LOO.22 r00. 05 99.94 100. 33 99.86 99.88

!-67 o.66 0.13 0. t5 o.19 o. 78 o.26
tþr

cnefsses of Massena Båy lyPe, frdl¡ yorke PenLnsulat after Pedler (1976)t



Appendix Table 5.2 l{assena Bay Gneisses

QuartzofeldsPathic
D87 D85 D83

trace elenent' analvtical data-

Gneisses
DI7 D46 42* 468* 22*

Sanple

Rb

Sr

Ba

L75

r93

563

29

L29

L2

23

28

35

70

29

5.5

L.2

4-9

4-5

¿.1

2-7

r40

243

433

27

194

l1
22

2L

r38

24L

480

24

L77

l0
2L

2L

4L

s1

34

6.r
L.2

5-4
4.2

2.3
aa

550

22

140

10

19

L249

90

170

439

34

160

L7

18

L97

2L2

703

27

161

L4

16

82

L94

566

168

L2

L7

Y

Zr

Nb

Sc

Ni

Ira

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

280

L2

7

18

Calc-siticates and quartzites
D27 D].058 D65 DIOsA D64 479 D57

Ba

Y

Zr

Nb

Sc

4

26

r460

38

15r

24

11

r017 472

236

I1
5

7

276

L4

I

(r)
(2)

Elenental abr¡ndances in PPm

* denotes sanrple data from Pedler (1976)
Notes:



rable 6.1

Specimen *
Texture Category

tic and metabasaltic
structura formulae

mlneral tical data and

(a) Clinopyroxenes (calculated after Jaffe et al" 1978)

F;6s(2, A113 (s) 836 (2)

:À 2c .20
836 (4)

-2D

836 (l) ** 826 (4)
2-D lA

832 (4)
IB

5I. II
0. 08
I. 70
o.27

13.74
0 .08

11.09
2r.52
0.39

52.L3
0.04
1.61
o.28

tL.47
0. 04

13 .15
2!.O2
o.27

T45250. 87
o.2a
3 .61
o.29

10. 57

2.20

16 .14

15.58
13.28

0, 5r

L2.75
2L.LL
0.53

50. 50
0.18
3.04
o.27

16.98
0. 20

14.80
13 .64

0. 40

34

r.36
o.29

t0 .6r
0.03

t3.20
2l,aL

0. 36

52

L4.74
23.O4

o. 30

52.80
0 .08
1.96
0.53
6.49

sio2
TiO2
A1203
Cr2O3
FeTotal
MnO

Mgo
CaO
Na2O

Total roo. 02 1oo. oo 100.01 100. 01 99.85 100.00 99 .98

Mineral formula calculated on basis of 6 oxygens

si
Ar (4)
A1 (6)
Tí
Fe3
Cr
Mg
Ee2
Mn
Ca
Na

Specimen
Texture CaÈegory

949
051
033
oo2
o20
015
814
t8l

I
o
0
0
o
0
0
0

1.960
0. 040
o.020

o.037
0. 009
o.737
o .295
0.o01
0.875
o.026

1. 90r
0. 099
0. 036
0.005
0. 074
0. 008
0. 831
0. 461
0.006
0. 55r
o.o29

r.900
0.100
0. 059
0.008
0 .055
o. oo9
0 .710
o.276

t. 955
0.045
0.052

0.030

o.781
o.476

0.534
o. 037

o. 65

826 (5)
lA

1.957
0. 043
0.028
0 .001
o.o24
0. o08
o.7 36
o.336
0. 001
0.846
o. 020

1.94r
0 .059
0.017
0. 002
0. 060
o. 008
o.628
o.377
0.003
0 .876
o.o290. 913

o.o22
0 .845
o. o39

Mg/Mg+Fe2 o.a2 o.7l_ o.64 o.72

(b) orthopyroxenes (calculated after 'laffe et al', 1978)

o.69

832 (3)
IB

o.62

869(2)
}A

B6e (2)
2A

AII3 (4)
2c

836 (5) **
2D

sio2
TiO2
A1203
cr2o3
FeOTotal
MnO

M90
Cao
Na2O

52.35

.2Q

.15

.92

.32

.49

.39

.20

26.06
o. 20

t9.92
o .41

AA

-.24

.L4

.46

.34

.76
<R

28 .80
o. 53

L7 .A4
0.51
o.16

52

I
0

2I
0

22
1

5L.12
o. 03
1.07

2A.64
0. 51

r7.96
o.52
0.16

sr,76

t.46

50.57
o. r0
t.32

49.29
o. 11
2.O3I

o
20

0
2I

U

32.54
0. 51

14.96
o.77
o. 30

Total roo. 02 100.01 100.01 99. 81 99,83 100.5I

Structural formula calculaÈeal on basis of 6 oxygens

si
A1 (4)
Àr (6)
Ti
Fe3
Cr
Mg

Fe2
Mn

Ca
Na

I.944
0. o53

0.070
o. 004
L l90
0.581
0. olo
0.135
0. ol4

1.946
o.o54

0. o51
0.004
L.25e
0.614
0. 011
o. 063

L.O25
0.873
o. 0r7
o. 021
0.0r2

r.961
0,039
o. 026

0.0r3

r.L25
o. 813
o. 006
o. o17

L.942
0.058
0.002
o. 003
0.063

1.O20
o.s62
0.017
o, 021
0. 0I2

1.911
o. 089
0.004
0. o03
0,103

I.964
o.952
0.017
o. 032
o.023

959
041
007
ool
045

1
0

0
0

Mq/ì'lg+Fe2 o -67 o.67 0.54 o.58 0.54 0.48



(c) Biotites

Specimen
Texture Category

869(3)
2A

A1r3 (4)
2c

836 (3)
-2c

826 (3)
lA

832 (3)
l.B

sio2
TiO2
A1 203
Cr2O3
FeOTotal
Mno
Mgo
CaO
Na2O
K20

35
5

t5

I2

37 .15
5.29

14.41
o.29

12.54

36.11
4.96

L4.99
0.10

17.61 16.72

35.75
5.25

14.08
0. 34

19.92

34.75
5.49

14. s8
0.23

18 .85

10. 98
0.48
0 .08
I .74

50TI,77
0.12
0. 09
otq

.45

.68

:"

15. 48
0.39

0.55

0 .13
0 .05
9. 65

10.56
0. 18
0 .07
9 .43

Total 95.10 95. 03 95.3r 94.18 95.58

structural formula calculated to 22 oxygens

(d) Àmphiboles

specirnen
Texture Category

(calculatecl after Leake' 1978)

5.5L7
.591

2 -522
. o34

1.557

3 .427
.062

I .809

836 (4) 836 (3) *t
2D 2D

TotaI

si
1i
A1
Cr
f'e
Mn

Mg

Ca
Na
K

5.489
.567

2.686
.0r2

2.239

2.667
.o20
.o27

r.802

5.373
.647

2.703

2.L19

s. 380
.639

2.660
.028

2 .44L

2.534
.080
.o24

1.7 26

5 .486
.606

2.547
. 041

2.556

2.416
.030
.o2L

r .846

2.e24
.021
.015

I. 866

832 (3 )
ls

(e)' GarneÈ

Specimen
Texture Category

836 (4) ti
2D

39.64
3.43

r3.88
0. 04

t5.74

9.25
1r.53
2.I7
1.96

Fe2
Mn
!49
Ca
Na

Mn
M9

Ca
82 

""
Ào-1 la

sio2
.tioz
AI2O3
Cr2o3
FeoTotaI
MnO

M9o
Cao
Na20
K20

39.72
3.41

t4. 07
0. 09

15-73

9. 53
LL.52

2.21
2.04

40.95
t.B2

11.80
0. 2r

18 .82

si02
A1203
FeOTotal
MnO

M9o
caO
Na2O

38
2L

44
a7
64
92
90
79
2I

27
o.
4.
6.
o.

o. 04
8.73

1r.31
1.63
I.92

Total 98.31 97 .57 97 .23

Structural formula calculateal on basis of 23 oxygens

Total 100 ,76

StrucÈural formula basecl
on 12 oxygen atons

" iirnr
Al (6)
Ti
Cr

c5 Fe3
Fe2

5.983
2.OL7
o.481
0. 386
o.o1l

!-942

2.L40
1.859
0.141
0.504
o.392

6.O?5
1.975
o.512
o.392
o. 005

6.250
1.750
o.372
0. 209
0. o26
o.341
2.O6L
0.005
r.986
1.865
0. r35
0. 351
o.377

4.997

si
A1

991
006

2

2

1.988 1.799
0 .061
o.568
0. 566
o.032

2.LO3
1.874
o.126
0. 512
0.379 ToÈa1 3 .026



(f) Plaqioclases and AIkaIí felclspars

Speclmen
Texture
CategorY

869(7)
2A

Ar13 (4)
2c

836 (6)
2.D

826 (6)
ln

832 (6)
IB

B,69(2)
2A

A113 (2)
2c

832 (r)
lB

sio2
A1203
caO
Na20
K20

52.63
29.49
12.01

4. 55
o.26

52.r9
30. 16
I2.31
4.53
o.22

54.66
2A.64
10.53

5.46
o.29

54.59
28.A7
10.56

5.57
0. 33

64.37
18.80

0,23
0. 96

15.2I

56.49
27 .26

9.O2
6. 39
0. 35

64.43
r8.97
0.11
o.72

15 .41

64.74
I8.75

o.a2
15.55

Total 99.34 oo.92 99.4L 99.57 99.5r 99.57 99. 63 99. 86

Mineral formula calculatetl on basis of 32 oxygens

si
A1
Ca
Na
K

An
Ab
Or

9
6
2
I

593
422
346
608
o60

9.861
6.L47
2.O44
1.951

.o76

9.520
6.485
2.406
L.602

.051

9.89S
6. 113
2.O43
1.9I7

.067

10. 198
5. 80r
r.7 45
2.237

. 08l

lr .916
4.LOz
0.046
0.345
3.592

I1.915
4.135
o.o22
0. 258
3 .636

II.95I
4.O80

o,294
3.662

50
47
I

58
40
I

4
I
5

u

9
9

59.3
39.5
t.2

50.7
47 .6
I.7

1.r
8.7

90 -2

43
55
I

0
I
9

7.4
92.6

0
6

92

6
6
I

(S) oxides (calculatecl after carmichaet' 1967)

B6e(3) A1r3 (3) 836(3)
f,e xc 2D

specimen
Texture Category

836 (4)
lD

836 (2) **
2D

826 (3)
IA

F32 (21

IB

0 .66
50, 35

0 .48
o.L2
2.L6

44.82
o,72
0. 50

0. 86
48. 59

o.62
0.23
5 ,06

43 .01
I. 03
o.67

51
0

.15

.22
tÔ

.73

.01

.68

.92

95
23

0. 70
45. 3l

0.33
o,69

1
2

I
59
33

50.29
0.56
0.08
4. 33

43.09
o.72
r .01

r.l0
50.93
o.47
0. r8

45.70
0.43
o.77

10
56
2A

30
83
43
8g

49

0
7

40
0
I

sio2
TiO2
A1203
Cr2o3
Fe203
FeO
MnO

MgO

caO

0

Total 100.38 99.58 100.08 101.31 99.58 100.07 99.81

Hm

rlm

Ulv
Mt

Toc
1ogûot

o
99

7.9
92.1

0
n

7
3

5
95

1.0
99 .0

5.9
94.1

2.9
97. t

10
89

4
6

569
-20.2

569
-20.2

446
-27 .7

Notes: (I) *

121 **

Number in brackets after specimen number
deontes number of analyses averaged'

Analysed ln 1983 on UnLversity of Adelal¿le
microproble; all others analysed 1978 on

Australian Natlonal Uníversity microprobe'

All elemental oxlde values in wt' *'

Temperature and oxygen activities
caluclated after method of
Powell & Powell (1977).

(3)

(4)



s and
e

cr¡mulate- ultramafic

785r.1 786*L

data an¿l normative of
Table 2

GROUP A

739*L BsBaD B6olA B6eaA Bl6aB 826 lA

52 .89
0. 80

51 .83
0.88

t4.92
10. 69

0.17
7 .66

10,31
2.24
0. 84
o.l2

51. t0
0 .81

13 .63
10.70

0.17
10 .60
10.07

2.00
0 .69
0. t2

51.66
0 .65

11.61
1r. 20

0 ,18
13.59
9.01
I .68
0. 67
0.08

49.99
o.62

11,05
11.35

0. 17
15.86

9. 04
1.29
0. 53
o. 08

52.00
o.46
5. 83

t6.52
0. 28

L5.79
6.32
1.20
0. 68
0. 15

53.33
0.45
5.95

16.47
o.27

L7 .62
3.85
1.16
o.67
0. 11

47 .L9
o. 48
8.19

tL.77
0. 18

23.94
6. 38
o. 96
0.48
0. 08

sio2
TiO2
AI2O3
Fe2O3Total
MnO

Mgo
CaO
Na2O
K20
P205

r5 .13
r0 .67

0 .17
7 .O4
9 .88
2.47
r .13
o.19

99.88 99.24 99.99 r00.33 99.90 99.70 100.35
TotaI 99.65

TO-0.
57

I40 -0.03
7I

-L.42
66

-t.49
59LOI

Mg. No. 83

CIPVI Norm

68 65 73

2.42
6.68

20.90
26.A6
8.73
5,06
3.27

12.47
I .07

I .89
4,02

10. 15
8.51
9.13
5,74
2.77

33.54
16. lO

4. 08
L6.92
26.1A
9.60
6.25
2.69

19.09
a.2L
o.74
0.35
3.10
1.54
o.2a

s.r.r
IO.92
22.4O
8.99
6.27
L.97

24.24
7 .62
6,30
2.18
3.29
1.18
0.19

¡log
t.52
o.44

4.7s
0 .87
o.35

3.96
14.22
22.16
9.19
6,23
2.25

25.47
9.19
1, sl
0.60
3.25
r.23
o. 19

1.90
4.96

L9.29
28.00
9. 34
5.58
3.28

13.50
7 ,95

3. r0
L.67
0,28

27
96
a2
o5
90
54
09
34
74

7A
85
26

3
3

9
9
3

2
I

4I
t7

4
0
0

2.A4
a.l2

16.62
6. 06
4.4A
o.99

20. 18
4 .45

24 .49
24 .49

3.41
0. 9r
o. 19

a
OR

ÄB
AN
DI WO

EN

FS

HY EN

FS

OL FO
FA

MT

IL
AP

*lBGROUP B
:lÞ

836- 1374* 
lA t3zt* lA tt66*lA 1346* 

lA 
743* 

ìA 
B82fD r397

48. 34
2.54

13.87
16.53
o.25
5.85
9 .66
2.34
0.89
0,39

47 .54
2.50

13 .43
L7 .40

o.23
6. 06
9.39
2.32
0. 91
0.30

49.49
2.62

L4.36

49,57
1. 33

13.56
15.49
o.24
6.77

LO.72
2.52
o.27
0. 16

49.95
1.30

13.81
15.05
o.23
6.81

10. 96
2.37
0.15
o. 16

49.93
r.64

13.86
15. Ì0
o.22
6.94

rl .01
1.91
o.45
o.10

47 .33
I.58

16.16
15.49

0. 21
7 .2L
9. 70
2.25
o.76
0. 16

sio2
TiO2
A1203
Fe203ToÈ41
MnO

Mgo
CaO
Na2O
K20
P205

l7 .70
o.26
6.06
a.76
0. 84
o. 33
0.40

47 .97
2.69

12.9r
Ie.22
o.27
6. 05

10. 13
r.52
o.29
o. 35

Total loo.85 to1.l6 100.79 too.53 lO0'82 1oo'40 100'08 100'70

55 53 4t 4440 404A48

CIPVI Norms

Mg. No

.26

.26

.14

.54

.70

.L7

.40

.40

.99

79
a2
91

0
5

20
24
I
4
4

to
10

4.89
I .71

12.46
27 .55
8.53
3 .95
4,49

11. l2
t2.64

s, ¡e
19. 63
23.55
I .80
4.16
4.53
9.70

10.56
0.86
1 .04
5.O5
4.75
0. 70

10. 48
I .95
7.1r

34.44

5
5
o

36
47
37

2.L6
2.66

16. 16
27 .92
l0 .88

5.64
4.95

11 .65
ro.22

2.67
!.26
1.39

13 .83
t5.25

I .60
t2.32
24.A9
1r.38

5.68
5 .45

10. 57

1.03
0 .89

20. 05
26.60
rl .16

5.66
5.24

11, 30
10 .45 I4

42
45
49
54
37

4.49
19.04
31.75
6.40
3.32
2.90
7,44
6.50
5,04
4.A6
4.49
3.00
o.37

a
OR

AB
AN
DI WO

EN

FS
HY EN

FS
OL FO

FA

MT

IL
AP

10
0
o
4
2
n

4
4
0

2A
.11

4
2
0 8l

5.13
4.97
0.93

4.38
3 .11
o.23



GROUP C

?s6*¿ Bs22D 742*'lB ,-.n.* lB .,nn* lA t35g*l ,-rur*lA ,-ruu*lA 1354* lA

52.27
L.43

15 .63
13.39
0.19
5. 39
8.58
2.99
0. 48
o.47

o.2l
6. 91

to.26
r.54
0. 34
0. rl

51.30 49.88
1.14 r.O2

14.05 13.70
14.52 13,87
o.22 0.23
7.37 7.12

10.66 11.71
0.78 2.62
0.18 0.24
o.10 0.rl

49.40
0.67

16.04
11. 94

0 .19
s.37

r1.60
1. 81
0.46
0. ro

4A.26
r.15

15 .01
13.53
o.2l
a.44

11. 45
I .85
o.35
0. 10

sio2
TiO2
A1203

49.46
0. 52

15. 79
11. 28

4L
81
4I
64

9. 63
10. 84
r.7 6
0. 50
o. 08

47 .46
1.56

r5.98
15.44

4A.
0.

15
11

o.16
9 .68

1I.33
1.65
0.51
0,08

52.2L
0. 37
2.A7

10.67
o.2L

20.20
L2.97

0. 38
o. 06
0.07

Fe03Total
0. r8MnO

I,lgO
Cao
Na2O
K20
P205

Total 100.01 loo.46 gg.26 100.35 rOO.58 100.32 rOO'54 100'21 lO0'82

79 63

CIPW Norns

57 61 56 57 48 4766Mg. No

4.33
2.A4

25.30
27 .8L

4 .88
2.39
2.40

1I.03
1r .08

L.62
2.OL

13.03
35 .69

6 .05
3.09
2.AL

L4,L2
t2 .86

r.64
22.17
24.AO
13.60

1 ,19
6. O0

7 .42
6. 19
2.t8
2.Ol
4.O2
L,94
o.26

8. 59
5.32
2.77

13. o8
6 .80
3 .91
2,24
3.38
L.54
0.19

olr, ,.0,
3.22 13.95
5.95 34.L7

24.L9 8.98
L7.67 5.57
4.26 2.AA

29.98 14.68
7.22 7.60
1 .86 2 .71
0.49 1.54
3.09 3.27
0.70 0.99
0.16 0.19

n
OR

AB
AN

DI WO

EN

FS

IIY ÞN
FS

OL FO
FA

MT

It,
ÀÞ

9.42
1.06
6.60

34.3r
7 .49
3.96
3 .30

14. 40
L2.O2

4.21
2.L6
o.23

2-.O7

15.65
3r.62
to.24

5. 96
3,94

11.15
7 .50
2.AL
2.O9
3.92
2.re
o.23

2.7 2
15.32
34.29

9 .44
5.53
3.46

13.05
8.17
1.59
1.10
3.46
r.27
0. 23

* = analysis after BradIeY (19121

oxldes in weíght *
ã""..=".iol"'-r= DKI 2= DKZ
uoiar nezõ/Fe2o3 + Feo) = 0.1o for crPw Norm calculation
Mg r¡o. = ¡nôlar lOO MgO/(Mgo + FeoTotal)

2.95
14 .89
32.67

¡. ee
2.72
r.09

4.
2.
0,

48
96
26

(r)
(2)
(3)
(4)
(5)



data for cumulate ultrâma fl-c rocks
Append ix Table 6.3À Trace element qeochemical

GrouP A
*,2 *) t2

785 746

GrouP C*)'t56 * Normalisl-ng value
739

1838
62
10
3I
24
5
0.9
3.8
3.2
1.6
1.4

Rb
Sr
Ba
Y
Zt
Nb
Ti
Sc
v
Ni
Cr
Co
La
Ce
Nd
Sm

Eu
Gcl

Dy
Er
Yb

t5
77
L2A
L2
59
2
2A7A
24
140
r059
342r
100
I
l4

37
85
175
T2
84
5
2698
32
108
563
l2a4
88
9
19

32
80
178
l9
69
5
2754
3I
138
431
ro27
70
10
26

I
75
26
16
38
I
22LA
46
t7I
224

0.3 5
l1 .0
3.5
2-2
5.6
0, 39
620
to
62

0. 315
0 .813
0.597
0 .192
o.0722
o,259
o.325
0. 213
0.208

Appendix Table 6.38 Trace element data for basaltic alyke rocks

Group A

2D
858 B602A 86924 81628

IA
B26

zt.g
50.9
23,3
4.4A
t.28
4.47
4.22
2.64
2,67

r¡. s
2A,5
14.1
3.16
1.06
3,44
3.51
2.10
1.96

t2.3
25.5
13 .4
3. t9
1.01
3 .60
1.77
2.4I
2,42

tz.g
23.8
L2.L
2.71
0 .831
3.05
3.19
1.98
l. 96

Rb
Sr
Ba
Y
Zt
Nb
Ti
Sc
V
Ni
Cr
Co
I,A
Ce
N¿I

Sm

Eu
cal
Dy
Er
YÞ

19
IL2
151
I6
74
5
37!7
37
23L
526
2401

25
L26
209
20
89
6
3897
31
238
326
1655

2I
165
24L
23
104
6
4856
32
235
249
tl19

30
ra2
273
25
116
6
5276
35
256
160
56e

l7 .5
36,5
17.6
3 .83
t .17
4. 03
4.22
2.57
2.46

30
320
724
25
r07
7
4796
35
224
79
345



Append ix Table 6.3B continued

)D
836

croup B

*lA
L374 r37r* lA tr66':lA 1346* lA ,nr* [A 8822D 1397* 

ìB

,i..
49.9
24.2
6.90
2,24
7 .A7
7 -74
4.6L
4.L7

25
93
5
7973
39
295
58
94
3I
I4
30
L4

tz.z
27 .O
L6.2
4.o9
1.41
4.7 5
4.93
2.93
2.76

Rb
Sr
Ba
Y

Zt
Nb
Ti

V
Ni
Cr
Co
La
Ce
Nal

Sm

Eu
Gal

Dy
Er
Yb

24
188
254
28
ro5
I
9472
34
269
r69
141

10
110
131
2L
l07
6
9432
35
318
62
66
34
t2
29
l3

3
73
24
24
86
9
7793
41
274
55
9I
55
11
24
7

6
135
84

tl
52
64
49
169
18
L5707
46
363
4I
r10
24
34
85
45

5
59
56
5t
170
l6
T6L27
44
365
4t
119
31
2L
50
2L

35
L77
266
44
150
T2
L4987
4l
405
79
170

30
162
267
38
t74
13
15227
31
340
79
t62
36
2!
49
2L

.)l)
852' 742 r3e6* 

lB 744* 
lA r3se* lA 13s1* 

lA 1366*ilA r3s4*lA
Group C

* liì

19

Rb
Sr
Ba
Y
Zt

-Nb

Ti

Ni
Cr
Co
La
Ce
Nd
Sm

Eu
Gd
Dy
Er
Yb

20
130
160
L7
39
2

3117
44
251
234
342

L2
58
99
L6
46
I
4856
30
r05
L62
507
49
6
19
Il_

9
t64
85
l6
54
6
69A4
32
270
163
202
42
5
19
7

9
148
134
16
42
lo
4017
36
205
156
4S5
60
5
16
I

3
30
18
23
65.
4
6A34
46
276
58
134
35
20
59
24

6. 15
L2.A
6.45
1. 56
o. 611
2.O3
2.40
I.57
1. 54

FooÈnotes for appendix Tables 6.34 and 6.38

element abundances In PPm
Nornalising values from sun et al. (1919).
Normalising values from sun et aI. (1919) for K = 120 Ppn'
r = analysis fron BraclleY (1972)
superscriptsr I = DKt, ) l. = DK]

2
7L
43

55
3
6115
51
234
60
136
60
55
I7
8.9
2.4
r.1
2.4
4.4
2.6
2.3

4
93
9l
36
83
9
9352
35
266
57
171
27
63
r85
72
11
2.O
9,7
t0
4.5
3.9

3

109
!27
23
62
9
8573
33
233
62
114
27
29
7L
31

(r)
(2)
(3)
(4)
(s)

P=46ppm



Àppendix Table 6.4 Key elmental raÈios for non- cumulate basaltic dvke rocks

(a) Group A

Íio2/P2O5

Cao/lio2
A1203

cao/AI2o3

Ii/zx
Ti/v
Tí/sc
zr/Y

zr/Nb
(La,/sn) N

(Yb,/Gcl) N

(Eu,/Eu* ) N

(LalCe ) N

Rb/sr

K,/Fr3

K/Ba

P2o5/ce

Bs8 860 869 816 826 836

(b) croup B

L374i 137Ir t166r 1346*

7 -75

t4.6
t7 .9

o.a2

50

232

100

4.6

I5
2.49

0.80

1.40

o.L7

235

29

34

8. L3

13.9

I7 .9

0.78

44

195

L26

4.5

L4

2.36

0.83

t.24
o.20

22L

27

31

6.75

L2.4

16.8

o.74

47

2LT

152

4.5

18

2.59

0. 71

7.33

rt .7
17. o

o.69

45

2LI
151

4.6

18

2.79

o,76

4.2L

12.4

18.9

0.65

45

1-92

t37

4.3

I5
3,26

0.75

t.2L
o. 09

318

I3

37

(c)

852

9-9

6.1

to. 2

0.60

90

338

279

3.8

13

1. 82

o.72

t6.4
6.7

8.5

o,79

91

46A

2Al

5.1

18

8.r
8.4

10.6

o.79

91

325

190

3.7

t0

8.3

8.1

LO.2

0. 79

86

319

204

3.7

l9

6.6

3.3

5.5

0 .6r
93

32r

341

3.4

9

143* BA2 1397r

1. 17

o. 13

264

24,5

59

Group C

742* 1396i

r.22
0.13

264

24

42

t.24
o.16

232

26

33

1. 07

o. 09

374

2A.5

f4

t. r8
o. 04

415

51.9

67

r.20
0. 04

374

26.7

53

1.03

o.2I
249

42.4

47

(b) Group B continued
744* 1359* 135l* 1366r 1354*

,Eio2/P2o5

cao/río2
AI2O3

Cao/Al2o3

'rí/zt
Tí/Y
,rí/sc

zr/Y
zr/ñb
( La,/sm) N

(Yblcd) N

(EulEu* ) N

( Lalce) N

Rb,/Sr

K/Rb

K,/Ba

P2o5/ce

7.7

3.8

4.8

0. 78

95

316

367

3.3

ll

8.3

3.8

5.4

0.70

98

341

366

3.5

I3

1.93

0.66

6.5

3.8

5.5

o. 70

88

401

49r

4.6

13

6.5

2!.4
30 .4

o.72

80

r83

7l
2.3

16

2.40

o.94

1.24

0.15

2L2

26,5

63

10. t
l-3.4

19.0

o.7 0

t06

303

t62
2.9

6

11. 5

10. 0

13.1

o.76

t2a
431

2L5

3.4

9

6.7

17.3

23.9

o.72

96

25L

TT2

2.6

4

11 .4

9.4

L2.3

o,76

105

273

t49
2.6

I6

9.3

11. 5

13 .4

o.85

II1
322

t20
to

18

1.20

L.O2

t4.2
6.6

LO.2

o.64

t13

260

267

2.3

9

3.49

0. 50

3.0

6.0

10 .9

0. 55

r38

373

260

2.7

7

1. 0B

o. o8

481

43 ,0

70

1. 13

o.20

2L6

2A.4

60

r. 11

o. 19

246

27 .'l
80

0. 82

o.2r

346

42

42

0 .68

0. 05

323

34

53

0. 81

o.06

424

2A

63

0. 87

0. r0

498

83

L7

0.84

o.03

Ll62
54

65

0.88

o .04

706

3l
6

r .05

o.03

r328

3t
66



Appendix Tabte 6.5 (a) Mafic Dykes not anal ysed for major elements

Key tr ace element data

Sample Ztx Nb Sr Rlc Y Ba Sc Ti

AI5

A27

B2

B7

817

844

845

888

895

D5

D48

D54

D74

D76

DTO2

DIO4

F37

F38

F39

F52

IO4

257

79

60

303

61

234

99

107

233

220

L96

25r

203

53

IIO
209

5I
163

54

6.5

t3.r
3.8

3.1

2I.4
2.4

L4.6

4.2

7.5

I4. 8

II.O
r3.6
14.8

12.3

3.0

5.2

15.6

2.7

13.0

2.4

227

233

r43

2LO

209

80

288

r35

L64

L52

252

I62
287

267

L54

184

254

tsl
L]6

r19

28.1

t09

L6.2

22.2

68

15. 5

8l
37 .6

31.6

63

84

62

9l
82

14.4

34.1

50

16. 8

61

3r-5

25.2

53

r8. 4

26.L

56

12.4

62

2I.4
30. 7

67

41 .8

48.9

58

43.0

L8.7

23.O

lo
2L.2

5I
18.4

408

987

t97

264

90r

l-24

LO41

223

167

356

943

302

1030

87r

198

277

5L2

L97

268

198

30.0

38.6

33 .9

37.8

30.6

25.r
48.7

32.6

43.5

41 .5

43. 3

4L.2,

45.6

47 .8

36.2

33.2

43.6

39 .1

47.L

35. r

5148

8r04

4234

5036

2r825

3284

r6059

505 7

7730

19 861

71L6

L3447

13841

9717

3801

5578

I4614

3765

133 89

3684

* Alf elemental abundances in PPm



Appendix Table 6.5 (b) Prior analyses of ites ;Erom

present study area.

*69-782 **AII * * Jr86 ***87

sio2

rio2
A1203

Fe203Tot

MnO

Mgo

CaO

Na2O

K20

P2c5

54.55

L.27

r3.69
T2.4L

0.18

4.18

7.52

2.94

2.60

0.31

49.96

2,2L

13.90

L5.46

a.22

5.24

9,03

2.79

1.04

a.2L

49.22

0 .6r
L4.40

L2.86

o.22

7 .74

10 .6r
2.49

o.92

0.09

48.89

0 .95

13 .68

15.37

o.27

6.50

9.40

2,44

L.22

0 .17

99.65 100.06 99.L6 98.89fotal

Rb

Sr

Ba

Y

Zr

Nb

Ti
Sc

V

Ni
Cr

88

I8I
673

37

202

37

2LO

496

31

l7
150

70

2l
70

I
3657

45

3I
190

I3I
27

I00

9

5695

50

l.324976l-4

36

200

36

L9

*

*tr

***

d.ata from BradleY (L972)

data from Flook (1975)

data from Pedter (L976)



Appen dix Table 6.6 Parl-it-ion coefficienls

AFfh 1976

...-_l'r,l¡lîon ncflieîctili lòr b.t'snlllo lttul 
'.,idcs¡lic 

roclcE

(}l leln c--IYß i;ü lrtßif
^rß 

Low lflßh
OrtI0Dyfl,¡onc 'tus!g- I'l gco¡- :-l!9

^rß 
Low IIIßh lte 

^vß

I'htoco. - - !'.h ß!91!lllg-.
Iltii .tvß f¿w lllßh

(¡tr r-
nr!l'IlloDBldo

¡vi--i,ow-lltsh
rnùlcnde
LoE lllßh

D ¡t a l. ¿ r m I n o I I o i t t il e t c m I n t U o n e j 
rlnco' ftf, n I .t a t e r ñt n o. a on c Å,!ù:d:fi:;f d enr nnr o t on t,! r']f!l[n,

|,o0t¡lr
.0000
.00riri
.oil08
.rn7?
.u00rl
.01I
.0t4
.ot0

.0008
.00ll s
.ot.l

Ntl ---S¡r ---lìu ---(lrl ---l)s' ---lìr ---I'b ---l¡r ---

Iltr --- Ol)llf) .OO8ß

.ot 4
o22

.ol ?
ol3

.000

.0 ili

.ot 0

.ol2

.ol o

.020

.02,¡

.014

t)o?o o.0{:ì o.00Û
.12 .olif¡ .18
.t fr .oÐll .20
. I l{ .0!ll .2ll
. tfr ,oltf .21
.21 ,!ll5 .:ll
l7 .to? .23
.t0 ,01t2 .zil
. l:l .ll? l .1 0

.ot I .o{rß,1 ,01{

.ol5 .(ll,l ,0lfl

. r:¡ o?ll .lli

.0t 3 (ìl3 .ol3

t(

Sr

0.00!ß
.003
.n03
.001
.00.1
.000
.008
.00!)
.0rìll

.oohc
.008 I
00lFl

o oftfro
.ttl0
oll
.or 0
.0! t
.o1{
.0!?
.(,2Î
.l l'lll

. .o0ß1
' .011
,ol!t
.01 t

t deaerith¡llont
o.o'tl lr.oo20 0,038
.o:t3 ,o00 .of8
.of .i .ol,l .100
.051 .02i1 .0?0
001 .o3? .1?l
.lf¡ .Ol4 .zlril
2:l ,0?0 .40
.3.t .11 .07
..r'J .l I .8.1
2 tl¿a¿tmlrîalont

.038 ,004 .o?8 .lll):l'l l)0 .3:t 1.{o ---- !1- g!q 30 'ol5
:iíiíï:iiì6 .õãõ .ooo:¡ .zo .öIr -.i.q goo ,0?l ol{r - tl 'ot2
:ï;j' :óô5 :iií .oolu ..lo .ió .õ¡ ..o8r r.83 1 20 2.8? '"12
.ôão .öói .ô,ío .iiiiô¡ .¡t .iö .i:i r.oo .2:r 'o5 '50 '1t23

- It.t,' I I I I ott ooe ll oI et I a I or il.t cI I lc roulc s

I l)^til roI¡oficrl or¡ (l¡lr¡lrlliltrtlotl Iel nìlllortrll

(ln illnt Itlol ltc l'ltrßlocltrflo llo¡nl,londe

C¡t
N(t
Srìr
I,: l
(: (l
I ).v

lìr
Ïlr
hr
I(
Itlt
Sr
Iln

0.037
,04.1
.058
.14!i
.0fì2
.0!)7
.1(i2
.1 7!l
.185

3.20
.12

0.3(l

0.21
.1î
.13

2,11
.ffì0
,080
.084
.0??
,002
.203
.048

2.84
.30

0.80n
2.80
3.00
:1.44
n.48
0.20
5.Ð4
4.tJ0
4.fí3

0.35
.53

::1.(ì(i

l1.ti(l
I0.5
28.G

!¿f).G'
, .020

.(xllìií
r.015
, .01?

42.S
iru.l
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Res icjual mant-le rninerals

REE partítíon coeflrcient sets

Sel 1('l .Ser Z(bl Set Jt.r Set 4tút

cpx opx ol gar cPx oPx ol gar gdr 8ar

La
Ce
Nd
Sm
Eu
Tb
Flo
Yb
Lu

0.02
0.04
0.09
0.r4
0. ló
0. r9
0.195
0.20
0. l9

0.0005
0.0009
0.0019
0.0028
0.0036
0.0059
0.0089
0.0286
0.038

0.0005
0.0008
0.0013
0.00 l 9
0.00 r9
0.0019
0.0020
0.0040
0.0048

0.001
0.0033
0.0184
0.0823
0. I 333
0.2568
t.083
4.0
't.o

0.084
0.166
0.382
0.736
0.753
0.9?
l.0l
l.0l
0.95

0.002 r

0.004
0.0083
0,014?
0.0 r 71

0.0303
0.0468
0. I 443
0.19

0.0021
0.0033
0.0055
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0.0088
0.009?
0.0 r03
0.0202
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0.003
0.00?
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0.0 t
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0.015
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0.57
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Porti I iott CoeJJîcients
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v
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0
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0.002

Sr
Y

Ba, Zr, I ll'
Cu, Zn, Th, U

bulk solid/liquid l'.C. arbitrarily set : 0'01
bulk solid/liquid P.C. arbitrarily set : 0'00 to 0'01



4,, Qndn To ltt¿ 6 '7 H ufchtson CtrouP amp hìb ohfe.s

( of to, Pa' ker lq 78 )

Sanole No, 
^3s.nìo.t¡. No. Asl/7s

A-3 c9
Atzl7S

l6l-1

^34/7S

t6l-2 292-S
Ar8/ts

292-6 Z9Z-7 1 21 - 5

sto2
Al 2o!
F" ¿oJ
FeO

Mn0

I'lg0

C6O

Nar0
Kzo

TIO2

Pzos

Hzo*

Hzo-

s1.06
9. 59

z. 39

ó.40
.18

10. 5

11. 2ó

1. s8

1. 59

,74
.18

l. 03

.13

50. 80

9.87
10. l8

48.59
18.02

.67
7.00

.16
1 ,44

10. 00

2. 08

2,03
.s4
.02

2,07

.1!

18.77

11 .60
1. l1

11,40
.25

6. S0

11. 08

2,69
.1r

1.19
.06

1.05

.ll

49.92
t2.93
16.73

19.52
15. 70

r.14
10. l0

.25
6.57

11.58
2.52

.54
.91

.06

1.1s

.15

49.0S
11.18
1s.87

s0. 28

15. 08

12.09

50.29
11.tS
11.70

11. l3
t2.27

1.73
L.7l

.83
,28

5.75
8. 70

2 .88
1.22
1.80

,15

6. S1

11.10
I .80

,24
1. 14

'11

2

.07

.s4
,s4
.51
.92
.09

11

1.11
11.10

2.51
.98

l. l3
.16

99.92 10t.46
To tal

Loss on lSnltlon

98. 11 98. B0

t.1l

98.?5 gg,z2 100.06 98.36

1. 3r

99. 50

1. !7 1.4S 1.59

^nalyses 
ulth

Mlneral Devel

^del8 
ido .

South Austlellan Deptrtnent of I'lines nunbet s were ¡lone b)' the 
^ustrallan

opnent Labolatorles' Âll other analyses vere done at the Unlverslty of

424-ó
Are/ 7 s A1

21
ol

-7
7S

Ás2-1A 4S2-lB
À¡r/rs 

^4211s

452-S

^4 
S/7s

S7!:7 S7!-8 571- 9

^41115

sto2

^l 203
Fe 203
FeO

Mno

Mso

CaO

Na 20
(zo
TiO2
P zos
Irot

51. s1

14.58
.15

8.10
,24

5.64
13.88

2.7 6

.91

.72

.09
1.01

'07

s7. 28

1s.19
.70

8.7S
.19

2.ls
8. 65

1.6s
L.26
1,5s

.13
l.l8

.0ó

18. 17

13.2S
.92

12.60
,26

7.53
9,21
2.r4

.88

'.l0.04
t.62

.10

s0, 21

14.97

,60

9.70
.19

7 ,69
9.28
2,62
l.l2

.78
.04

2. 04

.06

48.11
t4,20

.89

7.00
,20

6.60
1l.rs

2,71
1.07

.67

.ll
1.50

.16

5.80
8,13
5.40

s .99
10.05
!.45

,66
1.63

.14

18.57
14.2S

1.95
10.30

.2X'

6. 86

10.11
3,05

.6S

l,s2
.09

1. 1l
.t3

18 ,54
12.6S
17 .0t

t8.9r
15. 24

lr.sl

.51

2.7 6

,16

il2o
99. ¡0 99.21 98,98 99.58 99.10

99.75 99.2! 98'16
Totâl

Lo3s on ISnltlon
07

s75- l0A

^4Sl 
7 S

573-12

^461 
7 S

srt-tt 1128-4

^so/7S

t22S
Asl/75

l2 s0
ASzl7S

s9. 17

11. 90

l. 9l
8. 20

.s0
4.71
s. 00

1.04
.99
.61

<,01
l. ó3

.11

17 .10
It.85
1.1r

10.30
.t1

8.0ó
10,68

1.9S
l.l8
.0t
.05

l.s2
.18

19,77
1t,95
11 .75

t9.68
16.21

1 ,00
8.80

.18
6, 50

12.6S
1.67

,37
.01
.05

l. 08

.06

49.14
14.17

1.94
8.70

,20
ó .00

11. s1

2.08
.t6

16. 80

11. t9
.65

8.95
.25

6.16
t4 .11

1. 98

.51
1. 16

.21
1.23

.09

6.18
9. 90

2.86
,1s

l,1t
,ll

2. 50

.84
1.10

,18

98.41 98. 22 100. 06

l. 50

99,10 98, 51 9t, s7



ADÞendix Table 7.1 I'Iormalised calculated model source abundances for l-type melts of the present
stucly

- (2t

D87

B 
(2)

a"=idu" 
(1)

SamPle
A(2)

814 3

B(21

BII2A 849

D

D87

D

BI43

Rb(3)
Ba
Nb
La

Sr
N¿I

Zt
Sm

Eu
cd
Ti
Dy
Y

Er
Yb
Sc
V
wi (4) ppm
cr(4) ppn

Rb,/Sr ( 3 )

(Lalsm) N
(Yb,/Gd)N

R"=idr. (r)

Sample

20e (r23 )

L77

0.48 (0.2e)

0.7r

L75 (L32
99
14,5
40
36
t5

L2
20
13
T7
4.2
L2.4
8.6
L2,2
12.7

196 (12s)
51
4.2
25
20
16
13
5.0
8.5
6.8
6.2

97
66
7.6
43
32
19
I9
7.6
12
IO

181
52
L2
63
53
I1

8.2
6.3
7.5
8.0
L.4

4.9
4.r
4.6
4.8
20

(L27) I 20

6
72
IO
38
30
14
20
9.3
t4
9.7
10.4
2.4
8.r
5.9
7,5
7,4

4,r
88

8.8
I9
7.L
II .4

52
7.
32
24
2L
r4
5.
8.
7.
6,

I
7
5
0 8.9

4,4
6.7
5.1
6.3
6.2
2.O
1.6

.6

.0

.3

.5

.8

108

0.39 (o.25)

BIl2A a49

70

0.36(0.27) O,52(O.37l

a49

56
116

3.6
o.70

3.7
0. 75

4
70

67

3.0
0.78

0
74

2
0

3.
0.

DD A
BlI2A Btl2À 849

Rb (3)
Ba
Nb
La
Ce
Sr
Nd
Zr
Sm

Eu
Gd
TÍ
Dy
Y

Er
Yb
Sc
V
Ni(4) ppn
cr(4) ppn

Rb,/Sr(3)

(Ia,/Sm) N
(Yb./cd) N

!27
loo
t3
54
45
20
2g
l2
I9
I3
L4
5.6
9.2
6.9
8.0
7.2

88
42
7.6
64
49
I5
23
5.7
l3
6.0
7.2

2T

0.43 (O.26)

I205
92
I3
38
33
t5
23
ll
I6
I1
I3
3.4
9.2
6.5
8.1
7.3

l6

2.3
o.54

2t3
49
11
60
48
I1
26
7.4
15
5.9
8.9

103
46
13
54
50
8.8
3t
IO
24
8.6
L7

103
88
I5
34
34
I2
2A
I4
26
16
26
6.O
27
l7
37
50

(rt7)

6.1
4.7
4.9
4.6
o.9

4.8
3.8
lô

3.6
0.6

l8
L2
23
32
2.3

40 100

0.63(0.3s) o.27 0.37

3.0
o.5r

Figure in brackets calculated fot fa$ot = f.9

4.9
0. 50

2.3
1.9

1.3
1.9

9
5I

I

0

(1)

A.

B.

Residual assemblages

826 px granuliÈe A. 0.45 plag + o.27 cpx + 0.19 oPx + o.08 bloÈ + 0.oI llm

826 (amph * gt) granuJ-ite O.45 plag + O.25 cPx + 0'15 oPx + O.Og anph + 0.05 bioÈ

+ o.02 9t + 0.0I ilrn
B36 (parg + gt) granulite 0.31 Plag + 0'23 cPx 0.O7 opx + 0.18 parg + 0.18 gt

+ 0.02 iln + mt

Taylor & Mclennan rnodel 0.66 ptag + 0.16 cpx + 0.I3 opx + 0.O5 ilm + mt

Preferred model

D.

(2t

(3)

(4) Ni and cr abundances not nomalised




