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THESIS SI.JMMARY

Integrated field, petrographic and geochenical studies of four Precanbrian

felsic volcanic terrains in Australia have been undertaken with the object

of gaining an insight into the processes of magna generation and crustal
developnent in the Precanbrian. The areas exanined include two Archaean

felsic volcanic centres in the Norseman-Wilrma greenstone belt of the Yilgarn

Block and portions of two post-orogenic Middle Proterozoic volcano-Plutonic

terrains in central-southern Australia.
Ttre Archaean felsic volcanic rocks are confined to discrete centres and

show no systenatic relationship in space or in tine with the tholeiitic and

komatiitic volcanic ne¡nbers of the greenstone succession. The two suites

examined show typical calc-alkaline najor ele¡nent geochenical characteristics,

but appear to have evolved along different lines of liquid descent from conunon

parental magmas. On the one hand, extended fractionation of plagioclase and

clinopyroxene at shallow depths (<10kn) has yielded acid rocks relatively
enriched in REE, ZT, Nb and Y, but depleted in Sr. On the other, prolonged

fractionation of anphíbole at greater depths (20-50kn), perhaps near the

base of the crust, has resulted in acid differentiates that are relatively
depleted in HREE, Zr, Nb and Y, but enriched in Sr. It is postulated that

the primary nagmas for the calc-alkaline suites were derived by hydrous melting

of a LIL element-enriched nantle source over a significant Pressure interval
(e.g. 10-20kb). Experimental evidence indicates that nelting under these

conditions will yield a range of prinary nagnas that differ chiefly in their
MgO and SiO, contents, and this can account for the variable levels of MgO,

Ni and Cr observed in the andesites. Such an origin is also able to explain

why nany of the low-silica andesites, which nay be little renoved by different-
iation fro¡n their quartz-nor:native mantle-derived parents, are relatively
enriched in MgO, Ni and Cr compared with modern andesites. Available data

for calc-alkaline volcanic rocks fro¡n four other centres in the Yilgarn Block

suggests that these conclusions have general applicability.
The two post-orogenic Middle Proterozoic volcano-plutonic terrains, by

contrast, lack calc-alkaline andesites and are characteristica]ly binodal.

Both of the provinces studied are conprised of vast subaerial igninbrite
sheets with subordinate intercalated basic flows and voh¡ninous granitoid

rocks, and have undergone ¡nininal deformation and netanorphisn. The acid

intrusive and extrusive rocks are enriched in all LIL elenents conPared

with nodern calc-alkaline suites, and geochemical nodelling calculations
favour an anatectic origin. The ¡noderately low silica contents of the prinary

magmas (58-65% Si02) indicate a relatively basic crustal source, in order to
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avoid the necessity of invoking excesåive degrees of melting (>60%). This

is supported by trace element nodelling calculations which show that at

degrees of nelting in excess of 40%, the enrichnent of LIL elements in the

nelt is insufficient to account for the levels of these elenents observed in
the acid volcanics. Of the various possibilities tested for the crustal

soutce, a basic granulitic refractory residue is considered nost plausible on

geochenical grounds. A literature review demonstrates that late-to post-orogenic

bimodat igneous activity is widespread in the Proterozoic of other continents.

The acid rocks in particular, show comparable geochenical characteristics to

the Australian examples, which the present studies indicate could be explained

as follows:
1. Relatively high LIL elenent contents, as the result of a sialic

crustal source.

2. Particularly high Zr, Nb, Y, REE, Fe and Ti contents, due to the relatively
high tenperatures of ¡nelting which contributed to the disintegration of

minerals normally refractory r.urder low temperature wet nelting conditions

(e.g. zircon, apatite, sphene, spinel).
S. Relatively low 

^IZO3, 
CaO and Sr contents, reflecting a high proportion

of residual plagioclase probably as the result of the relatively dry

conditions of nelting.
Although the felsic volcanics of the Archaean and Proterozoic terrains

studied have contrasting origins, it is notable that the relatively ninor

associated basic volcanics have comparable critical geochenical characteristics

(e.g. elenental ratios), indicating derivation from sinilar LIL element-

enriched upper mantle sources. It seems likely that nantte diapirisn provided

the heat for nelting of the upper mantle and crust in both the Archaean and

the Proterozoic, although the scale of diapirisn probably differed. During

the Proterozoic, significant amounts of heat for crustal fusion may have also

been contributed by basic magmas that were entrapped beneath the relatively
thick, bouyant sialic crust existing at that tine (c.f. Archaean). The

record of felsic volcanisn in the Preca¡nbrian can thus be e:çlained in terms

of an evolving crust, in which the 'rsialicil component increased in thickness

with tine through partial nelting of basic igneous Precursors and also via

direct additions fro¡n the mantle of acid, calc-alkal.ine differentiates.
gnce forrned, the sialic crust ¡{as reworked at various stages, culminating

with the development of the voluminous acid nagrnas in the Post-orogenic,
Middle Proterozoic era.
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CHAPTER 1

INT

1 1 INTRODUCTION

tÊ^Felsic volcanic rocks and their plutonic equivaLents constitute an

important component of the Precambrian shield areas of Australia' Since

these rocks are amenable to detailed petrological study they offer the

opportunity of advancing present knowledge of the processes of magma

generation and crustal development in the Precambrian.

In spite of their attributes as indicators of prevailing crustal and

mantle processes, these rocks have received scant atbention in the literature

in contrast with their modern counterparts. A combination of factors have

probably contributed to the imbalance.

i) Alteration, of variable inlensity, is pervasive in Precambrian felsic

volcanic rocks owing to their long and often complex history of burial'

diagenesis, metamorphism and metasomatism'

2) Commonly recrystallisation, as the result of metamorphism' has

obliterated all primary textures making it difficult to positivel-y

identify the original rock type and hence its mode of formation.

3) Usually the Precambrian volcanic terrains are deformed wibh the

remainder of the layered sequence, making reconstructlon of the

original volcanic environment uncertain'

4 ) Re1ief in lhe stable Precambrian shiel-d areas is generall-y subdued

and mountain ranges composed of Precambrian rocks are uncommon. Thus

Iack of outcrop is a serious problern which inhibits observation'

particularly in the third dimension.

5 ) The tectonic processes whj-ch operated during the Precambrian are

unknou¡n since unl-ike modern processes theSr ¿¡s not dinectly observabfe

or measurable.

Although these factors pose formidable obstacles to the study of Precambrian

felsic volcanic rocks, much can be learned about them by selecting the study

areas for good exposure, minimal- irletamorphísm and deformation and lack of

regíonal alterat ion.

Using these and other criteria, four areas of Precambrian felsic

volcanic rocks have been selected for the purposes of the comparative study

undenl,aken in this f,hesis work. Two are of Middle Proterozoic age while

In this thesj.s the term felsic is used for alt rocks which contain quarLz

and/or feldspars as their major component(s).
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the other two occur within the Archaean of the Yilgarn Block. An integrated

field, petrographic and geochemical approach has been adopted j-n each caset

since it is be]ieved that t"his offers the most satisfactory method of

studying these rocks. The geochemical data has been interpreted with a

view to appraising the conditions of formation of the primary magmas and

their subsequent crystallisation histories, within the constraints provided

by field and petrographic observation.

1.2 AIMS OF THE THESTS

In each of the four studies reported in this thesis the aim was to

establish the petrogenesls of the rock suite and to provide a sound basis

on which comparisons could be made with other felsic volcanic terrains

of similar age. The work was carried out with the intention of investigating

a number of general questions.

1 ) Can general patterns of fel-sic volcanism be recognised in the Archaean

and Proterozoic of Australia?

2) Do the examples studied have analogues in other continents?

3) Are there any secuÌar changes in felsic volcanism between the Archaean

and the Proterozoic, both in terms of the orj.gin of the magmas

and environment of eruPtion?

4 ) t'lhat information do the Archaean and Proterozoic felsic vofcanic

rocks yield concerning the nature of the Precambrian crust and

mantle and about. the processes that operated to build the Precambrian

crust?

5) Do the Archaean and Proterozoic felsic volcanic rocks have any

modern analogues?

These questions are evaluated as far as possible within the }imitations

of the data presented and discussed in this thesis.

1.3 OUTLINE OF THE THESIS

The thesis is divided into three parts, each of which has a common

subject. Part 1 is concerned with fetsic volcanism in the post-orogenic,

Middle Proterozoic period while parL 2 deals with felsic vofcanic and

associated rocks that occur in calc-alkaline centres within Archaean

greenstone bel-ts. In both parts, the areas studied in detail form the

bulk of the subject matter and in each case r"eviews are made of the

occurrences of these rocks el-sewhere in Austnal-ia and in other continents.
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The first chapten of part 1 (chapter 2) documents the geology'

petrography and geochemistry of volcanic and associated rocks in the

Lake Everard area which forms part of the vast, post-orogenic 1.5 b'y'

Gawl-er Range volcano-plutonic province of northern Eyre Peninsula, South

Australia. Much of this province consisls of monobonous and wj-despread

ignimbrite sheets and voluminous comagmatic granites. The Lake Everard

area is one of the feiv regions where a diversity of rock types is exposed

and as such it has provided an ideal opportunity to study the earl-ien

volcanic history of this province. The writerrs work in this area was

associated with a regional mapping program of the South Australian

Geological- Survey during 1976 and 1977 and subsequently, the writerfs

detailed mapping has been incorporated on the Gairdner and Chil-dara

12250,000 geologicat maps published in 1977.

Analogous 1.1 b.y. volcanics belonging to the Bentley Supergroup in

the Blackstone region of Central Australia are the subject of chapter 3.

previ.ous work by the University of Adelaide (Nesbitt, 1966; B]ight, 1969i

Bowden, 1969) in a portion of this province had resul-ted in the formul-ation

of possible petrogenetic models which were investigated during the course

of the present work.

In chapter 4 the important points arising from the previous two

chapters are sunmarized, and the conclusions dravnr are then used as a

basis for comparison with published data for other Proterozoic felsic

volcanic terrains of similar tectonic setting bobh in Australia and in

other continents.

In part 2, chapters 5 and 6 report the studies of lwo Archaean fe1sic

volcanic suÍtes in the northern portion of the Norseman-Wiluna greenstone

belt in the Yilgarn Block of I'lestern Australia. Much of this work was

done in conjunction with a regionat geotogical compil-ation program curnently

being underl,aken by Dr. Jack Hallberg of the C.S.I.R.O. Division of

Mineralogy in Perth.

In chapter T, the data presented for the two fel-sic volcanic suítes

studied in detail (reported in chapters 5 and 6) are combined with additional-

data for other fel-sic volcanic rocks in the Yilgarn Block. The general

applicability of the findings are then evaluated by comparison with

published data for fefsic volcanic rocks in other Archaean shield areas.

rn the final chapter (chapter B), which constitutes part 3r the

significant points to emerge from the thesis work are drawn together and

the implications for Precambnian crustal and mantle evolution are discussed.
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The remainder of this chapter is devoted to a number of important

subjects incJ-uding the method of study and the approach adopted in

treating the data and dealing with the problem of alterationr so that

unnecessary repetition is avoided in subsequent chapters.

1.4 METHOD OF STUDY

It wiII be evident from the above outline, that the scope of this

thesis is quite considerable. A comparative study such as this' like so

many before it, runs the risk of being superficial in both the col-Iection

and treatment of the data. A conscious effort has been made to avoid these

shortcomings in the present case by rigorous adherflnce bo what the writer

believes is a sound and proven method of study and data treatment. These

aspects will be considered in turn, in the following discussion'

In each of the four areas examined, the same method of study was

applied. It involved first of all obtaj-ning a sound understanding of

the regional geology and, more particularly, the geology of the area to

be sampled. In all areas the detailed geology l¡¡as unknown and only a

broad framework existed and this framework was insufficienL, except in

the case of the Blackstone region in central Australia, to permit sampling

of the range of rock types. Consequentty, detailed mapping and divisj-on

into a number of readily recogni.sable units was the first step in the

stucly of the four areas. Apart from providing a sound basis for sampling'

the mapping yielded valuable information on the natttre of the volcanism,

the rock rel.ationships and the textural and compositional- variation in the

volcanic Pi1es.

The majority of the samples coll-ected were sectioned. This permitted

selection of not only the freshest, samples fon anal.ysis but also ensured

that the complete textural and compositional range of rock types were

anal.ysed. The latter point is often overlooked, but is extremely

important since careful selection of the complete pet'rographic range of

samples ensures that any geochemical breaks are not due to sampling bias'

The major elemenls in the selected samples (exceptine NarO) were

determined using a fully automated X-ray fluorescence spectrometer

following the methocl of Norrish and Hutton (1969)' Owing to the

oxidized nature of the samples, their Feo and Feroa contents bear little

relationship to the p¡imary magrnat.ic values, hence only total iron was

measured and it is quoted as ferrj-c iron. NarO was det'ermined by flame

photometer.

/e



TABLE 1.1.

--

Tracg element values obtained at the of Adelai-de for international standards.University

Standard

Zr

Nb

Y

Sc

V

Cr

Ni

Co

Rb

Sr

Ba

Notes: 1

AGV-1

A.U.

227

14.5

20.2

15.0

123

13.4

17 .4

19

67

658

1 188

AGV-1

R

225

15

21.3

13.4

125

12,2

18.5

14 .1

67

657

1208

BCR- 1

A.U.

184

12.5

39.2

31 .4

400

1B

14.2

39

48

334

688

DTS- 1

A. U.

DTS- 1

R

GSP- 1

A.U.

513

26

25.9

6.2

53

13

16.3

T

250

232

1310

GSP-,I

R

500

29

30. 4

7.1

52.9

12.5

12.5

6.4

254

233

1300

BCR-1 BR

RR

190

13.5

37 .1

33

399

1T .6

15. B

3B

46.6

330

675

BR

A. U.

256

115

30

24.5

269

394

258

64

49

1349

1122

240

420

270

50

45

1 350

1 050

rr
9.9

3992

2364

3.6

10. 3

4000

2269

133

G2

A.U.

308

36

5

167

476

1872

G2

R

300

13. 5

12

5.5
168

479

1870

I/,¡ 1

A. U.

93

7.9
23

38

271

139

T4

49

22.5

191

159

Ít1

R

105

35. 1

264

114

76

47

21

190

160

240

27

11 .5

9.4
4.2

9.5
25

3.7

35.4

7

5.1

9

7.3

1 2.4

2

A.U. refers to value obtained by XRF at University of Adelaide. R refers to the recommendedvalue reported in the literature.
The data presented in this table is taken from a compilation by Stanley (1g1g).
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Trace elements, with the exception of complete rare earth elements,

were al-so anal-ysed by X-ray fluorescence usi.ng a pressed powder technique

(Nesbitt, et al., 19761. Corrections were made for the difference in

mass absorption between sample and sLandard and for inter-element

interferences. The trace element values obtained for international

standards at the University of Adelaide laboratories are listed in
Table 1.1. Sun, et al., (1979) believe that errors for al-I trace

elements, excepting Nb, are within a few percent. In the present case,

Ionger counting times (200 seconds) were used when measuring Nb in order

to improve the accuracy.

Rare earth element (REE) contents were determined in parlicular

samples, selected on the basis of their major and trace element

geochemistry. The analyses brere performed using an isotope dilution
method developed by Dr. S.S. Sun at the University of Adelaide. Dr.

Sunrs method involved chemical separation of the REE on ion-exchange

columns (followlng Arth, written communication, 1973) and measurement,

using a technique which suited the operating conditÍons of the particular

mass spectrometer avail-able. The precision for each REE is probably

better Lhan 2% (Sun and Nesbitt, 19TB).

Particular attentlon hras paid to two aspects of the colleclion of

the geochemical- data. Firstly, the contents of a wide range of elementst

incì-uding those with compatible and incompabible characteristics' Idere

determined in atl samples analysed. Secondly, care I^Ias taken to ensure

thab the data obtalned was of the highesl precision and accuracy. Both

factors have great bearJ"ng on the confidence that may be placed on the

conclusions drawn from the geochemical data.

The complete geochemical data, having been obtained, was then

interpreted with a view to arriving at a consistent petrogenetic model-.

The fieid and petrographic clata were important in providing practical

constraints on the various models developed. For example, often simple

field observation-s were able to efiminate complex geochemicalJ-y-based

models, while at other times the field and/or petrogra.phic evidence

providecl persuasive independent support for a particular mode}, thus

demonstrating the value of an integrated field, petrographic and

geochemicaì- study.

1.5 APPROACH TO ALTERATION

An unavoj-dable aspect of the study of ancient igneous rocks is the

effect of alteration. AIl of the rocks studied were altered to some
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degree as the result of Lheir long and often complex history of bunial'

meLamorphism and deformation. Al-teration is a serious problem as it

casts doubt on the vaLidity and hence usefulness of the geochemistry as

a tool in establishing the petrogenesis of rock suites.

The effects of alteration can, however, be minimised by certain

approaches which have been adopted in this thesis. The first, and most

obvious, is to screen the potential study areas and only work on those

that are least altered. This is particularly important in regions such

as the Archaean greenstone belts of the Yilgarn Block, where J-arge areas

of the volcanic succession may be pervasively carbonated, chl-oritized or

sericitized in contrast to other areas which are littte altered. Naturaì-Ìy

it is from the latter areas that the most reliable geochemical data may be

obtained. The second aspect has been allucled to earlier, viz, of the

samples col-l-ected only analyse the freshest and l-east altered, as judged

by petrographic observation.

In selecting the freshest samples the fotlowing criteria were used:

1 ) fresh ctinopyroxene and,/or amphibole phenocrysts;

2) least-sericitized pJ-agiocJ-ase phenocrysts,

3) absence of amYgdales'

4) least-al-tered matrix, and

5) minimal amounts of introduced carbonate, chlorite and quarLz.

An overriding factor throughout, was the requirement that the complete

textural and composítional range be analysed. It was found that good

textural preservation was not necessarily synonymous with minimal

alteration. Many of the Archaean andesites fon example, showed excellent

porphyritic textures, yet the phenocrysts of plagiocfase and cfinopyroxene

were often completely sericitized and chloriCLzed, respectively'

Having applied the primary screening and obtained geochernical data

for the freshest, least-altered samples, bul recognising that these sa.mples

are stil] altered |o varying degrees, it is necessary to treat the data

in ways that minimise the effects of alteration. Thls can be achieved

in the following manner:

1 ) By placing most emphasis on the behaviour of the reportedly immoblle

elements (e.g. Zr, Nb, Y, Ti and REE) rather than the mobile elements

(e.g. K, Na, Rb, Sr and Ba; Pearce and Cann, 1973; Smith and Smith,

1976; !üinchester and FloYd, 1977).

2) Using as wide a range of elernents as possi.ble i.e., both major and

minor elernents anci both compatible and incompatibl"e Lrace êlemenLs'

so that a bnoad data base is established'



7

3) Only nobing variation trends that show minimal scatter, unless

the scatter can be shov¿n to be caused by factors other than

alteration.
4) By considering patterns of elemental behaviour which are internally

consistent (with other elements) and which are consistent with the

petrographic and field evidence. This point demonstrates the value

of having good field control, which can be used as a cross-check'

5) Comparing the data with that of modern volcanic rock suites, which

it is assumed are negligibly attered. This is one reason why, on

many of the variation diagrams in this thesis, an avenage trend

compiJ-ed from many Cainozoic cal-c-alkaline suites has been plotted

(see section 1.2). If consistent differences are shonrn by like

elements, then the differences are probabl.y real and the data can

be treated with confidence. If, on the other hand, bhe differences

(or similarities) are erratic, then the possible effect of alteration

may need !o be seriously considered'

It is believed that the above approach has produced meaningful-

geochemical. data which can be confidently used to establish the petrogenesis

of the Precambrian igneous rock suites studied'

1,6 TREATMENT OF THE GEOCHEMICAL DATA

one of the most convenÍent ways of examj-ning large amounts of

geochemical data j-nvolves the use of simple variatj-on diagrams' Because

of the compositional range in each of the four rock suites studied, the

data for most efements is initially plotted against si02. This has the

advantage of lspreadingn the data so that meaningful trends become

apparent; it also translates the data j-nto a graphical form that is

readily interprelabLe in terms of field names using the generally

accepted sio, limits for the divisions of basalt, andesite, dacite and

rhyolite. There is, however, an inherent probJ-em with the use of such

plots, known as the summation effect (Chayes, 1964)' This effect, simply

stated, means that as sio, rises, if is an inevitabfe consequence that

the sum of all other elements wilL decrease in order to inaintain constancy

in the totat; the end result is that trends with no petrogenetic meaning

may be produced. This objection does not apply to the Lrace efements

because of their reLatively low abundance compared with SiOr' It coufd

also be argued that the summati-on effect does not invalidate the use and

interpretation of the major element versus SiO, l1ots, because in most

cases the percentage decrease in a given major element over a restricted

SiO, range is considerably greater than the increase in SiO, over that
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range. Moreover, often the brends evident on t-,he versus SiO, llots are

verifled by other variation diagrams that are independent of the summation

effect. Thus although caution is cl-early needecì when intenpneting the

major element versus SiO, plots, it is believed thab their usage is not

invalidated by the summation effect. To highlight particular points'

not always evident from the versus SiO, varlation diagrams, other plots

are used where appropriate (e.g. AFM, chondrite-nonmal-ised REE plots and

others ) .

The various plots are extremely useful in formulating and constrainlng

potential petrogenetic models. However, testing of the possible

petrogenetic models j.s necessary if the study is to be convincing and

complete; this can be achieved by quantitative modelling using the

geochemical data. Major and trace element modelling was employed in

the belief that unl.ess both groups of el,ements were satisfied, the model

could not be regarded as convincing. The major element modelling

involved feast ôquares approximation to obtain the best fit in major

eLements. These calculations required a knowledge of the fractionating

or residual- mj-neral compositions. Where possible, these were obtained

from electron microprobe deLerminations of compositlons of minerals in

the particular -samples being modell-ed. In cases where the mineral

compositions could not be determj-rred directly (e.g. mineral- in residue

or as a result of afterat,ion ) , estimates v¡ere made either from

experj-mental data or from minerals in rocks of simil-ar composition. Ïn

a_ll cases the mineral compositions used in the modelling calculations are

quoted wifh the results. All of the cases modeÌIecl were tested for a

variety of mineral combinations, and the solution quoted is usually the

besb fit obtainable. The maín objection again-sL least squares modelling

of the major elements is that the solution is not necessarily unique'

However, if the method is used wiLh caution, wilh a knowledge of the

minerals involved either from the petrography or experimental evidence'

this ceases to be an objection since it is observed in practice that a

unique sol-ution is obtainabl-e in the majorify of cases. wright (1974)

considered a l-east squares sofution to be unsatisfactory unLess the sum

of the squares of the residuals (a measure of the mismatch) is <0'1

fn atl of the cases considered in this thesis a solution was sought

which gave a figure <0.1, although this was not always possible unless

one or other of the mobile alkal-ine el-ements (i'e' Na or K) was deleted

from the modelling calculations.

The trace element modelling used the equation for either surface

equil-ibrium crystal fractionation (Greenland, 1970) or baLchpartial
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melting (using the for:m of the equation given by Schilling and I'linchester'

1967, in which only the resiclual mineral assemblage at the time of magma

segregation is considered), as these seemed most appropriate to the

geological processes being tested. A potential error in the trace

element modelling calculations is lntroduced by the uncertainties in

the distribution coefficients. Those used in this thesis were taken

from Arth (1976), cill (1978) and Pearce and Norry (1979). The mineraf

proportì-ons and other paraneters (e.g. F) used in the trace element

model-ling cal-culations were derived from the majon element modelling, thus

compounding the possibllity for error. The uncertainties in this approach

ane acknowledged, however in a}l cases the modelling was applied in a

very general way, so that it was only when the discrepancies were too

great to be explained by the possible sources of error thal a definitive

conclusion v{as draurn. Used in this manner, the major and trace element

modelJ-ing is a very useful tool, since it can highlight serious difficulties

with models which are not always obvious from a qualitative examination of

the data. Perhaps the greatest justification for the use of geochemical-

modelling despite its drawbacks, is that it is a means of gaining the

maximum amount of quantitative information out of the geochemistry; it

is the writerrs opinion that such an approach must lead to petrogenetic

model-s t.hat are more tightly constrained.

1.7 COMPARISONS OF THE GEOCHEMICAL DATA

On many of the varlation diagrams a fiel-d defined by Cainozoj-c

calc-alkafine volcanic rocks has been plotted to facllltate comparison

of the geochemical characteristics of the Precambnian i-gneous rock suites

with modern cafc-alkaline volcanic suites, The field of cainozoic

cal-c-alkal-ine volcanic rocks I^Ias obtained by:

1 ) Complling data from bhe literature for a.s wide a range of Cainozoic

calc-a1kal-ine volcanic rocks as possib].e, including examples from

island arcs, continental margins and intra-continental regions.

2l Plotting the data directly onto Sio, variation diagrams.

3) Drawing fiel_d boundaries to encompass the plotted da.ta.

The data was 1,aken from a variety of sources which are listed in

Table 41.1 (Appendix 1 ). volcanics which appearecl to be atypical of

calc-alkaline suites, such as rocks with shOshonitic or al-kal-ine

affinities, ¡¡ene avoided. In all, approximately 120 analyses, many of

which are averages, hlere used to define the fields of the major elemenbs'

Unfortunately, the number of trace e1ement analyses available were usually
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considerably Ìess, particuJarly for elements such as Nb, Y, Sc and Vt

so that the fields in lhese case-s are less welf constra.ined.

Although the Cainozolc cafc-al-kal-ine volcanic rocks from the various

Iocalities probably have divense ori.gins in detail, this does not affect

the validity of the delineated fields as being representative of such

suites. In fact use of a wide daLa base rather than samples from a single

suite, ensures that features ofl local significance do not bias the

Cainozoi-c calc-a]kaline field, thus implying that any consistent geochemical

differences belween these rocks and those from the Precambrian sui-tes can

be taken to be real.

1.8 DEFINITION OF TERMS

Many terms and classification schemes are applied consj-stentJ-y

throughout this thesis and ib is proposed at this point to briefly examine

their usage. In all of the areas studled, three main groups of rocks

occurred: extrusive rocks, intrusive rocks and sediments. The terms

applicable to each group of rocks naturally differ. The rock names and

textural terms used for the igneous rocks were largely taken from the

definitions and descriptÍons given by Jop1in (1971).

For the extruslve rocks the names basalt, andesiLe, dacite and

rhyolite were adopted, since they are well known and are readily

applicable in the field. In the case of the Gawler Range Vol-canics

(chapter 2), where a significant number of samples fall- near the

dacite-rhyolite boundary, the name rhyodacite is afso used. Following

a consensus of workers, the SiO, limits of the fields have been taken

AS:

basal-t-andesite 53%

andesite-dacite 62%

dacite-rhyolite 70%

lrlhere applicabte, the rhyodacite field is fitted between 69 and 72%

SiO^. The limibs of other fields, such as low-silica dacite and high-
¿

silica dacÍte, are defined when they are used.

The above names are essentiatly compositional and give no information

on the particular origins or textures of the vofcanic rocks. Distinctiorl

of lavas and pyroclastics requires qualifying terms" Thus I'tuffrr as useci

in this thesis always refers to rocks or pyroclastic origin and to this

may be added add:'-tional qua.lifers such as crystal, Iithic and vitric.
For example, a rhyolitic crystal-lithic tuff refens to a pyroclastic rock

of rhyolitic composj-bion which contains crystal and lithic components.
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The terms used in connection with pyroclastic rocks of ash-flow origin

Iargely follow Smith (1960) and Ross and Smith (1961). Fragmental

Vglcanic rocks, which may originate by a variety of processest i^Iere named

according to the guidelines set down by Flsher (1961 and 1966) and

parsons (1gv1), some of the terms used in this thesis, are defined beÌow.

1 ) Ignimbrite, refers to any deposit of ash-flow origin regardless

of the degree of welding.

Ð Agglomerate, is a volcanic rock containing rounded fragments, and

is commonly of pyroclastic origin (incorporating volcanic bombs),

or lava-flow ori-gin (rounding due lo brecciation and subsequent

attrition ) .

3) Volcanic breccia, conta]ns anguJ-ar volcanic rock fragments and may

form by a varieLy of methods, including erosion, explosion, flowage

and gas-streaming.

4) Blocks conrespond in size with cobbles and boufders (i'e' > 64 mm),

lapilJ-i wlth pebbtes (2-64 mm), coarse ash with sand Q-1/ 16 mm)

and fine ash with sj-lt and cray (< 1/ 16 mm)'

5) Tuff breccias and lapilli tuffs, are mixed pyroclasLic rocks

containing block-and lapil-Ii-si-ze lithic fragments respectivelyt

in an ash-size matrir.
6) Vitroclastic, refers to the glassy groundmass textures (e.9. shardst

bubbles and pumice) commonly developed in pyroclaslic rocks.

The compositional names used for the volcanic rocks (i'e' rhyoJ-ite'

etc. ) are also applied to the associated intrusive rocks if they have

similar textures to the volcanics. Thus names such as rrporphyritic

rhyolite dykerr or "dacite plugrt arise. If the íntrusive rocks are

coarser-grained or their texture differs from the vofcanic rocks in

other r¡¡ays, then the appropriate names are used (e.g. granite, dlorite'

dol-erite , gabbro, etc. ) .

The general- term epiclastic is applied to al-I sedimentary rocks thaL

are composed J-argeJ-y of detriLus shed from a vofcanic source' The term

volcaniclastic, which is commonly used synonymousJ-y in the literature'

has a wider meaning and in fact itrcludes pyrocl-astic rocks ' The epiclastic

rocks of mosl, interest i-n this thesis are:

1 ) Greywackes, containing sand-to grit-size volcanic rock fragments

and mineral grains derived from the disintegralion of volcanic rocks.

2) Lj-uhic wackes, containing an abundance of pebbJ-e-, cobble- and

boufder-size volcanic rock fragments in a greywacke matrix.

3) Lahars, which are mudflor^r or mass-flow deposits composed exclusi.ve]-y

of volcanic detritus.
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PART ONE

FELSIC VOLCANIC AND ASSOCTATED ROCKS OF THE

POST-OROGENIC M]DDLE PROTEROZOIC IGNEOUS TERRAINS



Fisure 2.1 Regional geology of the Gawler Range volcano-plutonic province.
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CHAPTER 2

PETROGENESIS OF THE GAI,'ILER RANGE VOLCANICS TN TI'E LAKE EVERARD AREA

2.1 INTRODUCTION

Rocks comprising the Gawler Range volcano-plutonic province

(henceforth, abbreviated to Gawler Range province) cover an area in

excess of z5rOOO km2 on northern Eyre Peninsula, South Australia'

Principat exposures are found in the Kokatha region, Lake Everard

region and Gawler Ranges proper (Fig. 2.1), AIl volcanic units in the

province have been assigned to the Gawl-er Range Vol-catrics (GRV), which

includes subaerial acid to intermediate ash-fLow tuffs and basic lavas

(Blissett , 1975). The basalts and andesites are volumetrically minor

in comparison with the dacites and rhyolites, occupying less than 1% of

the total outcrop area. The widespread Hiltaba Granite, which is

believed to genetically related to the acid volcanics, intrudes the

volcanic pile in a number of places and forms extensive outcrops to Lhe

west of lhe Gawlen Ranges.

The volcanism and plut.onism has been dated at roughly 1500 m'y'

B"P. and is post-orogenic with respecl, to the main deformation and

metamorphism of the underlying Lower Proherozoic basemenb, which occurled

approximatel-y 1800 m.y. ago (Thomson, lgT5l . Since t'heir erupLion, the

GRV have formed part of a stable platform knov¡n as the Stuart shelf, which

has remained largely unaffected by subsequent orogenic events manifest in

the Adelaide Geosyncline to the east. consequently, the vol-canics are

unmetamorphosed and little deformed, except where they are gently warped

as the result of the individual or comblned effects of: doming by granite

intrusions, epeirogenic uplift associated with block faulting, subsidence

over evacuated magma chambers or into the roof zones of major granife

bodies.

For the purposes of the present study, the Gawler Range province is

divided into three subareas that have been defined on combi-ned geographical

and geological grounds (Fig. 2,1)z

A. The Kokatha area, in which a basal r 400 m thick series of basaltic

Iava flows overlie deformed, high-grade metamorphic rocks of Lower

Proterozoic a.ge. The basalts can be divided int'o a fower, Iess evol'ved

suite and an u.pper differentiated suiLe characterised by a series of

flows with amygdatoidal tops. Thin acid ignimbrites, generally l-ess than

5 m thick, separate some of the basalt flows, whiòh are in turn succeeded
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by thick, voluminous dacitic bo rhyoJ-itic ash-flow sheets. .l,libhin the

overlying acid pile, one differentiated basal-t unit with a maxj-mum

exposed thickness of 20 m, occurs. The vol-canic pile is intruded by

porphyry dykes and by the laccolithic Hiltaba Granite which forms

extensive outcrops in the region.

In a detail-ed reconstruction of the geological history of bhe

Kokatha area, Branch (1978) cited evj-dence for an early stratovolcano

phase follcwed by a later cafdera phase, similar to that observed in the

San Juan ash-fl-ow province of -southwestern U.S.A. (Lipman 
' 1975).

g. The Lake Everard area, where the volcanic p1Ie consists of a series

of dacitic to rhyolitic welded ash-flow tuffs with subordinate air-fall
tuffs ancl lava flows (Gil-es , 1977, see Appendix 2). Andesites and basalts

are also present but occupy relatively s.mall outcrop areas. The basal-ts

are confined to one lensoid unit with a total outcrop area of onty 2.5 I<mZ

while the scattéred andesites occupy a combined area of 3 km2 compared with

a totat outcrop area in excess of 2500 km2. Numerous dykes and plugs,

texturally and compositionally very similar to the acid vofcanics' intrude

bhe pile.

C. The Gawl.er Ranges proper, comprising a vast rhycdacitic to dacitic
ash-flow sheet known as the Yandea Dacite (Blissett, 1975). This unit
is characterised by remarkabJ.y uniform petrographic and geochemical

features over most of its 12,000 km- outcrop area. It forms a flat-lying
blanket covet and the older sequence of volcanics exposed in the Lake

Everard area represents an erosional window in this ash-flow sheet. !,lh.ere

the Yardea Dacite is gently upwarped around the margins of the Gawler

Ranges, varied ,qequences of older ash-flow units are exposed. One such

sequence in the vicinity of the Uno arc in the southeast of the Gawler

Ranges has been the subject of a petrographic study by Turner (1975), who

recognised a series of acid volcanics including crystal tuffs ' Iithic
tuffs and lava flows.

Abundant basic and granitic fragments are found at certain local-ities

within the daciLe sheet, possibly representing fragments torn from the

vent waffs during explosive eruption. In the northern and western portions

of the Gawler Ranges, the Yardea Dacite is intruded by large volumes of

Hiltaba Granite. The.granite extends into sand-dune country up 1,o 300 km

beyond the western rnargì-n of the Gawler Ranges, where' if the sparse

outcrops are a rel-iable indicator, it assumes batholithic dimensions.
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The Lake Everard area v,/as selected for a detailed geochemi-cal- study

because it contained a variety of fresh igneous rock types and apart

from the reconnaissance mapping of Blissett (1975) no work had been done

in the region. Because of the large area and scattered outcrops it was

necessary to map the region in moderate detail- in order to provide a

sound basis for sampling. The writerrs mapping in the Lake Everard area

has been incorporated on the Gairdner and Childara 12250,000 geological

maps (published by the Geol-ogical Survey of S.A.), copies of which will
be found in Appendix 3. The results of the mapping are considered in

the following pages as a preliminary to the detailed discussion of the

geochemistry and petrogenesis of the igneous rocks in the Lake Everard

area.

2.2 GEOLOGY OF THE LAKE EVERARD AREA

2.2.1 Introductlon

The Lake Everard area is a natural geographic region covering

approximately 3,000 km2, bounded by Lake Everard in Lhe north, sand

dunes in bhe west and south, and Lake Gairdner in lhe east (Fig. 2.1).

Sixteen mappi-ng units have been recognised in this area' three having

been formally defined by Blissett (1975) and thirteen by the author

(Giles , 1977 - see Appendix 3). 0f these units, three are composed of

intrusive rocks, while Lhe remainder are of volcanic origin and comprise

bhe Glyde HiIl Votcanic Complex (Blissett, 1975).

In common with the rest of the Gawler Range province, the vol-canic

rocks in the Lake Bverard area are unmebamorphosed and rarely have dips

exceeding ! degrees. Hence most of the ash-flow tuffs in the region form

ftat-Iying sheets bl-anketing older volcanic units and because of the l-ow

relief mu.ch of the earl-ier volcani-c history is obscured. Fortunatel-y'

erosion between major ash-fl-ow eruptions and subsequent to vofcanism has

dissected the succession, enabling an understanding of at least some of

the events which have led to Lhe development of the vofcanic pile in the

Lake Everard area.

In the fotlowing discussion, the geological history of lhe region

is examined, basecl on the mapping and stratigraphy est.ablished by the

writer (sèe Figure 2.2 and Gil-es, 1977 - Appendix 3). The main petrographic

features of each of the formally-defined units are summarized in Table 2.1 
'

while in Figure 2.3 photographs il-lustrating aspects of the field geoJ-ogy

are presented.
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2.2.2 Geoloei caf Histonv

The oldest exposed unit in the area is the Childera Daciter a

fine-grained, welded ash-flow tuff characterised by a paucity of phenocrysts.

In the west it forms a simple cooling uni-t, consisting of several wel-ded

ash-fl-ow tuff sheets that were prcbably erupted in rapid succession,

ranging from red-brown dacites to dark grey-green low-silica dacites

rc1.æ% SiO^ ) . As the Lower Proterozoic basement does not crop out in
¿

the Lake Everard area, an unknown thj-ckness of unexposed volcanic rocks

lie beneabh this unit.

Comformably overlying this unit is the compositionally-variabJ-e

Mangaroongah Dacite, which contains up to 15% phenocrysbs. It is of

ash-fÌow origin and forms a composite sheet, consisting of several

restrj-cted cooling units thal appear to merge into one another. The

individual cooling units are welded, grading from rane, dark-green

andesites colouíed by groundmass chl-orite and magnetite to common,

red-brown dacites cofoured by finely-disseminated hematite. The upper

zones of the cooling units are often vesicular and have vapour phase

infiJ-Iings of chlorite, epidote and quartz.

Both of the above units contain abundant basic xenoliths, up to 1 cm

in diameter, somelimes as discrete fragments, but more commonly as diffuse

clots of chlorite and magnetite. Together the two units delineate an

arcuate outcrop pattenn, swinging from the west to the south of the

mapped area (Fig. 2.2).

Following extrusion of the Mangaroongah Dacite extensive explosive

vol-canism in the area ceased, and two domes, represented by lhe Karkul-ta

and Arburee nhyolites, developed. The domes are largely built of

rhyolitic l-avas, which frequently show zones of contorted flow-banding,

with wavelengths up to 10 m in the primary flow fol-ds. Blocks of

rhyolite, up to several- metres across, within a flow-brecciated

rhyolitic matrix are common in the zones of extreme flow fol-ding. They

are interpreted to represent the detached parls of flow folds which have

been subsequently rol,ated during movement of the surrounding partially

solidified lava.

The Arburee RhyoJ-ite both conformably overlies and intrudes the

Mangaroongah Dacite, consistent with its origin as a lava dome. A lower

erosional section in the west of the mapped area has revealed the

intrusive nature of the feeder. Here, the Arbunee Rhyolibe is cross-

cutting and small dykes and plugs of rhyolite radiate from the margins

of the dome into the Mangaroongah Dacite, which shows evidence of contact



TABLE 2. 1. A surmrary of the petrographlc features of the rock units in the Lake Everard area

COI,IMENlS

Range in coaposition froo dacite to rhyolite.

Non-porphyritic, granophyric texture

Phenocryst-rich rock. Contains accessory zircon, apatite and

llidespread unit, foruing Gawler Ranges proper,

Youngest naned unit of the clyde Hill Volca¡¡Íc Conplex in theLake Everand area.

l{idespread unit in the Lake Everard area.
textures occasionatly preserved.

VÍtroclastic

unit in the east of the.l,ake:Everard area

Pllotaxitic texture;of linited arpal exient.

Up.to.60% lithic fragments of IapiItI and,block sise in.a¡rash-slze natrix.

YBJB"Í8%"ÈÈ:liîr[å3*åfiå'å,iËoåi:3:t*"cs. _ Fr.ous conrain

lfuch very fine-grained plagioclase in groundoass,

con and flow-brecciation.

Flow-banding and flow-breccÍation comonlocally developed.
Epiclastlc scree

. Contains numerous
1 c¡¡ across.

basic xenoliths r{Íth diffuse narginsrup to
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metamorphism. To the east, strictly conforlnable rel-ationships are

observed between these two units. For example, near Lake Everard

Homestead, fragments of Mangaroongah Dacite can be seen within the basal

flows of the Aburee Rhyolite. Presumably the fragments have been

incorporated as the flows have moved passiveJ-y over the top' Owing to

the viscosity of acid 1avas, it is unlikely that the rhyol.itic flows

comprising the Arburee Rhyol.ite have moved far from their site of eruption.

Therefore the present linear outcrop form of the Arburee Rhyolite may be

indicative of eruption from a long fissure.

The Karkulta Rhyolite, although occurring at the same stratigraphic

Ievel as the Arburee Rhyolite, can be readily distinguished on petrognaphic

grounds. It is the only unit which contains biotite as a phenocryst

component. The biotibe occurs in association with pJ-agioclase, often in

glomeroporphyritic aggregates, and both minerals are set within a

buff-cotoured devitrified matrix. Most of the rhyolite was erupted as

lava flows and åones of flow-brecciation are common. Immedlately to the

south of this unit there are localised outcrops of a breccia which contains

close-packed, anguJ-ar, cobble- and pebble-size fragments, excJ-usively of

Karkulta Rhyolite. The absence of a glassy matrix supports the

interpretation that, this rock originated as a epiclastic graveJ- or scree,

derived by loca1 erosion of the Karkulta Rhyolite dome.

The Bunburn Dacite, a sparsely-porphyritic, welded ash-fl-ow tuff
overlies both the Karkulta Rhyolite and Arburee Rhyolite. It forms a

variable-thickness simple cooling unit, with a zone of poorJ-y-welded

lapilli tuff at the base. In places, a zone of pervasive autobrecciation

occurs near the top of the unit and this is attributed to the effects of

gas strea.ming. This unit is particularly high in 41203' NarO and KrO

reflecting an abundance of feldspars in the fine-grained groundmass.

Subsequently, a variety of acid rock types nanging from flow-banded

lavas to poorly-wel-ded lapilli tuff-s ü¡ere erupted in a locaÌised area,

forming the Baldry Rhyolite. The most coÍrmon rock type is a welded,

Ìithic-vitric-crystal tuff which has a wel l-developed eutaxitic lexfure

defined by fJ-attened lithic and pumice fragments. Unlike the voluminous

ignimbrite sheets compnising oLher units, the ash-flow tuffs within this

unit appear to be l-ocalised and together with the lava fl-ows have built
a domal slructure. Some of the rocks show coirtorted flow banding, yet

stitl preserve origin'a-I vitroclastic textures which are indicative of

a pyroclastic origin. They are interpreted to be rheoignj-ntbrites

(SchminckeandSwanson, 1967 ) or ignimbrites that have moved as a mass

by laminar fl-ow following deposition, probabJ-y due to eruption onto a
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slope. Rhyolites with persistent steepl-y-dipping flow-banding have

also been noted and may represent feeders or eroded remnants of small
lava domes.

The tùaurea Pyroclastics conformabl.y overly the Bal-dry Rhyolibe and

consist of poorly-welded lapilli tuffs with localised tuff breccias.
The J-apill-i and blocks are unsorted and are composed of a variety of
volcanic rock types, the most common being a fl-ow-banded rhyolite
resembling the Baldry Rhyolite. Features such as the lateral- extent,
uniformity over a wide area and lack of sorting and bedding indicate an

ash flow rather than an air fal-l origin for this unit. Tuff breccias,
with bl-ocks up to 1 m across, occur nea-r the centre of the mapped area

and are unlikely to have been deposited far from an original- vent. The

size of the acci-dental blocks decreases to the west and near the Nuckulla

Basa1t the unit consists in part of finely-bedded air-fal.I tuffs presumably

distal to the vent.

The Nuckull-a Basalt j-s both overl-ain and underlain by what are

considered to be l-ateral equivalents of the l^laurea Pyroclastics. It
is composed of a series of lava flows with amygdaloidal flow-tops and is
of restricted areal extent. To what degree the restricted area reflects
the limited volume of basalt erupted or blanketing by later ignimbrit,e
sheets is uncertain.

A return to voluminous explosive volcanism foll-owed, with the

eruption of the Wheepool Rhyolitera simple cooling ash-flow unit which

crops ouL extensively in the easl of the mapped area. It shows patchy

and snowfl-ake devitrification textures typical of the fine-grained
groundmass of many of the rhyolitic ash-fl-ow units in the region. In
hand specimen, the lrlheepool Rhyolite can appear very similar to the

Arburee Rhyolite but as the rock relationship diagram shows (Fig. 2.2)
the two units are at different stratigraphic levels and therefore cannot

be lateral equivalents.

After the eruption of a further rhyodacitic ash-flow unit lermed

the Mordinyabee Rhyodacite, a significant period of erosion occurred,
during which some of the existing units were partially removed and thin
epiclastic sediments deposited. The sediments are rIy-sorted and

consist of sub-rounded volcanic fragments in a silty, immature matrix,
suggesting they were derived by rapid erosion of a- Iocal source.

Outpouring of the distinctive, and widespread., Yantea Rhyodacite

followed. As a resull of the preceding erosional- interval, this unit
is observed to disconformably overlie a number of ol-der units and in
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Fisure 2.3. Photographs illustrating aspects of the field geology.

ERTS photograph of the northern portion of the Gawrer Range
volcano-plutonic province. Lakes Gairdner, Acraman and
Everard occupy the central, southwestern and western areas,
respectively. The prominent jointing in the ignimbritic
Yardea Dacite is clearly visible.

Outcrop of lapilli-tuff member of Vüaurea PyrocJ.astics. The
unsorted lapilli, and occasional blocks, are spaced by
ash-size material.

Tuff-breccia member of lnlaurea Pyroclastics. Angular bl_ocks
up to 50 cm in diameter occur within an ash-and tapilli-size
matrix.

Lapilli-tuff member of l,'laurea Pyroclastics. Cl-osely-packed
angular lapilti of fl-ow-banded rhyolite are contained within
ash-size material-.

Contact of Mangaroongah Dacite (Iower¡ grey in colour) and
Arburee Rhyolite (upper, and porphyritic). As the basal
l-ava flows of the Arburee Rhyolite moved over the Mangaroongah
ñ:ni ta f hor¡ arri rlanf 1r¡ onorr] faÀ fnamanl-q nf f ho I af f on and

vr¿Òg¿¡gÔ¡¡¡v¡.vvv¿

themselves became brecciated.

Fl-ow-brecciation within Arburee Rhyolite. As the viscous
acid lavas moved, flow bands developed and these were
contorted in flow folds. Subsequent fl-owage disrupted the
flow folds and produced the randomly-oriented blocks
observed.

Outcrop of rhyolite dyke, one of many comprising the
Moonamby dyke-suite.

Porphyritic texture, typical of fhat in rocks from the
Moonamby dyke-suite. Comprised of phenocrysts of coarse-
grained K-feldspar (commonly showing evidence of concentric
growth), medium- to coarse-grained, euhedral plagioclase
and medium-grained, anhedral quartz (dark), set in a
microgranophyric quartz-feldspar matrix. F.V. 14 cm.
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places occupies erosional- channels in them. The best exampJ-e of this

is seen 10 km to the east of Lake Everar<l homestead., where a tongue of

rhyodacite, superficially resembling a dyke, occupies a palaeova'Iley c'ut

in the Arburee RhyoJ.ite (Fis. 2.2). One of the rare occurrences of

sediment in the volcanic pile occurs bet'ween these two unibs along the

margins of the ancient. valley. Also, in the far east of the mapped area'

another valley-fill occupied by Yantea Rhyodacite has been found, but

here the valley has been cleveloped in the !'lheepooJ. Rhyolite and associated

sediments were not observed.

The Yantea Fhyodacite is a compound cooling unit and is composed of

at least four individual Ûel-ded ash-flow tuff members separated by thint

non-welded tuffs and IapiIIi tuffs. Typically, the wel-ded tuffs are

brick-red in colour and are characterised by microgranophyric intergrowths

of quartz and orthoclase in the groundmass, reflecting the relatively

slow cooling conditions prevailing within the thick tuff sheets. By

contrast, the iátervening poorly-welded tuffs and lapilli tuffs are

buff-coloured and have well-preserved vitroclastic textures' They are

usuarly less than 1O m thick and merge with the overlying and underlying

weLded tuffs via zones of vapour phase minerals, flow-brecciaLion and/or

coarse rubble at the base of the tuff sheets'

The yantea Rhyodacite is conformably overlai-n by the !'lhyeeJ-a Dacite,

which is the youngest member of the Glyde H1lI Volcanic Complex' This

unit is a welded, ash-flow tuff similar in many respects to the older

Mangaroongah Dacite, and it forms an inward-dipping arc, the possible

significance of which will be discussed later'

In the east of the mapped area, the vol-uminous Yardea Dacite

Ígnimbrite sheet disconformably overlj.es the v'Iheepool RhyoJ-i-te and an

erosionaf remnant of the Yantea Rhyodacite, thus indicating that the

Glyde Hill Volcanic Complex v¡as eroded prior to eruption of the Yardea

Dacite. fn the mapped area, as in the Gawler Ranges to the south, l'he

Yardea Dacite consists of a simple cooling uniL at least 150 m thick'

with a zone of black dacite at its base (c.f. Blissett and Radke, 1979)'

The basal-, black dacite has suffered less recrystal Iisation during

devitrification than the remainder of the sheet and often shows fragmented

phenocrysts and vitroclasti-c textures attesting fo Lhe pyroclastic origin

of the Yardea Dacite '

The Hiltaba Granite, although it occurs to the west and south of

the Lake Everard area, does not actually intrude the volcanic pil-e in

this region. However., the Palthrubie Granophyre, which forms a cipcular
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ptug cutting the volcanic pile near Lake Everard Homestead, may, on

the basis of its compatible mineralogy and geochemistry, be a high-IeveJ-

apophysis of the Hiltaba Gnanite. The other intrusive units mapped appear

to have more dinect affinities with the acid vol-canic rocks, owing to

their porphyritic nature. For example, the Moonamby dyke-suite consists

of a series of porphyritic dykes that range i.n composition from dacite

to rhyolite, while the Yandoolka Rhyol.ite contains up Lo 60% phenocrysts

of plagioclase, K-feldspar and quarLz a.nd may represent the eroded feeder

to an ash fJow nol^/ removed by erosion.

2.2.3 The source of the volcanic rocks

In volcanic terrains such as the one described here, questions arise

as to the location and nature of the edifices from which the magmas have

been erupted. Steven and Lipman (1976) in their studies of the San Juan

volcanic field of southwestern U.S.A. have been abl-e to relate each majon

ash-flow sheet to a particular source caldera. Branch (1978) has applied

this concept to the Kokatha area, where he has recognised the Chandabooka

Ca1dera, to which he is able to relate many of the acid vofcanic units.

Blissett (1975) on the other hand, in his regiona.l appraisal failed to

find any evidence for caul-dron subsidence and interpreted the volcanic

pile as a simple layered succession.

The vol-canic units in the Lake Everard area are not directly

correlalable wilh those in the Kokatha anea and thus it is inferued that

they were derived from separate sources. If the analogy wif,h the San

Juan ash-flow field is applied, then up to six cafderas might be expected'

corresponding to the six major ash-flow sheets recognised in the region'

However, concJ-usive evidence for caul-dron subsidence strucLures in the

Lake Everard area is lacking. This could be because caufdron sub-sidence

did not in fact occur, as might be the case if eruptions were from linear

fissures. AtlernativeJ-y, cauldron subsidence might have occurred, but

owing to faulting, erosion, concealment by later ash ffows and Ìack of

outcrop, the evidence for it is not obvj-ous'

There is evidence that at Ieast some units vüere nol. erupted from

cauldron subsicìence structures. For example, the case of the Arburee

Rhyolite, which probably developed along a fj-near fissure, approximately

50 km in length, has been previousl-y cited. The dyke structure referred

to by Turner (1975) at the southeasterrr margin of the Gawler Ranges,

provides a further example outside of the Lake Everard anea. This

structure is roughly B km long and is, on average, 0.75 kn wide. Drilling
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by the South Australian Department of Mines and Energy has conc.IusiveJ-y

demonstrated the intrusive nature of this body. The dyke, which is
petrographic.alty simil.ar to the ignirnbrite sheets comprising the Gawler

Ranges to the north, could be occupying a fissure from which much of the

vol.canic materiaf in the vicini.ty was erupted.

A simil-ar interpretation could be placed on the numerous plug-like

bodies (e.g. Yandoolka Rhyolite) that intrude the vol-canic pile in the

Lake Everard area, ví2. they may be occupying the conduits from whi-ch the

volcanic rocks were erupted. Alternatively, they ¡¡¿y simply represent

high-level intrusions derivecl from the same dj-fferentiaLion chambers as

the volcanic rocks. Unfortunately erosion has destroyed the critical

field relationships, so that distinction between these alternatives

cannot be made with certainty in the Lake Everard area.

The only feature in the Lake Everard area which coul-d conceivably

be vielved as an, expression of central-type subsidence is the semicircufar

structure defj-ned by the inward-dipping I'lhyeela Dacite (Fig' 2'2)' The

Whyeeta Dacile conformably overlies the Yantea Rhyodacite around the

margins of thj-s sLructure, often being separated from it by a thin'
poorly-welded lapilli tuff, although in the east a narrovr r'hyolite dyke

with diffuse contacts separates the Lwo units for a short distance.

Further observations are restricted because the centre of the structure

is obscured by a salt lake and the northenn portion has been faulted

off. There is, however, some indirect evidence that this subsidence

feature may have had an inffuence on volcanism:

1) The coarsest bl-ocks in the V'laurea Pyroclastics (up to 1 m across)

occur immeciiately north of the fault and grade finer to bhe west.

Z\ The yantea Rhyodacite is thickest in this vicinity and it is only

here that it contains abundant, large granitic xenol-iths' The

xenoliths are porphyri-tic and have extremely diffuse margins

probabJ-y due to part'ial assimil-ation.

3) The !'lhyeela Dacite is confined to this area aLone'

Despite these observations, the fieLd characteristics of this

feature do not support the interpretation thab it represenl"s a cauldron

subsidence structure in the strict sense. It is notable that the Childera

DaciLe and l,langaroongah Dacite also defi-ne an arcuate strucLure, but on

a more regional- scal-e. coincidently, granite crops out to the west and

south of the Lake Everard area in proximity to these units, so that their

inward dips may be the result of upwarping caused by granit,e int,rusion.

This interpretaiion is consistent with the general observation that
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around the margins of the Gawler Ranges, the otherwise fJ-ab-lying

ignimbrite sheets are upvJarpecl whereven they are in close proximity

to granite. Thus the subsidence or downwanping in the centre of the

Lake Everard area may be a relative effect only, caused by the tilting

or upvlarping of the (present) margins of the volcanic pile due to the

uprise of dlapiric granite plutons. In the absence of other evì-dence'

this hypothesis appears to offer the most plausible explanation for the

arcuate outcrop paLterns of the volcanic rocks in the Lake Everard area,

both on a regional- and loca1 scale.

In summary, mapping in lhe Lake Everard area has permil,ted

recognition of a number of volcanic and intrusive units. Thj-s in

turn has all-owed a simple, although undoubtedly simpU-stic, reconstruction

of the geologÍcal history of the region. The stratigraphy established

and the understanding of the geology gained, provided a sound basis for

the sampling prognam.

2.3 PETROGRAPHY

Brief thin section descriptions of approximal,ely 120 represenbative

rocks from the Gaw]er Range province, mostly from the Lake Everard area,

are given in Appendix 1 (Tab1e 42.1 ). This dj.scussion summarizes the

conclusions drawn from examination of these thin sections, and for further

petrographic details the reader is referred 1,o Appendix 1. Petrographic

descriptions of each of the formalJ-y-defined units are given in Tabl-e 2. 1

and in Figures 2,4 and 2.5 photomicrographs are presented for many of the

features described below.

In this study the volcanic rocks have been divided into basalt'

andesiLe, daciLe, rhyodacite and rhyoliLe using the SiO, limits of 53, 62,

6g and 72% respeclively. These cal,egories are defined mainly for

convenience of reference, since the petrographic boundaries bet'ween

andesite, dacite, rhyodacite and rh5reli¡" are in this case a1l gradaLional- '

Nevertheless, the I'typicafrr members of each group have petrogra'phic

characterist.ics quite distinct from the trtypicalrr membens of other groups

and iL is the distinctive peLrographic characierisLics of each group

that are described below.

2.3. 1 Ba5al-ts

The Nuckull-a Basalt is a fine-grained rock with a we1l-developed

pilot.axitic texture defined by orientecl, felted plagioclase microl'ites;
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granul-ar clinopyroxene and magnetite comprise the remainder of the

rock. The upper parts of the individual Iava flows contain scattered,

chlorite-fi11ed amygdales. Many of the Kokatha basalls have a similar

texture, although hyalopilitic, intersertal and subophitic types are

also nepresented, with the latter textural type sometimes containing

chlorite pseudomorphs after olivine.

2,3.2 Andesites

The andesites are invariably porphyritic, containing roughly equal

proportions of euhedral plagioclase (andesine), clinopyroxene (augite)

and magnetite phenocrysls, set in a matrÍx of chlorite, plagioclase

microlites and devitrified glass. The plagioclase microlites occasionally

define a pilotaxitic texture, but more commonly show an intersertal

texture indicative of abundant oniginal glass. The glass is now

represented by an aphanitic, iron-stained felsic mosaic, containing

indeterminate proportions of plagioclase, K-feldspar, chlorite and

quarLz.

2.3.3 Low-sil.ica dacites (< 65% Si02)

Wifh an increasing abundance of quarLz and hematite-stained K-feldspar

in lhe matrix, and a decrease in Lhe proportion of clincpyroxene

phenocrysts and chlorite in the groundmass, andesite grades into fcw-silica

dacite. The dominant phenocrysts in order of abundance are: plagioclase,

clinopyroxene and magnetite. The groundmass usually consists of a

devitrified mosaic of quartz and K-fel-dspar, with lesser amounts of

plagioclase, chl-orite and rnagnetite. Commonly, in the fess welded

examples, vitroclastic textures and amygdales, containing infillings of

quarLz and chlorite, are observed.

Bofh the andesites and l-ow-silica dacites contain abundant basic

xenoliths consisting of diffuse clots of chl-orite and magnetite. They

have indistinct margins, inclicative of partial assimilation, and unlike

the basic xenolit hs in the Yardea Dacite they do not preserve any primary

textures that are suggestive of a basal-tic parentage. Their altered

and partially assimilafed character may indicate that they represent

fragments from near the site of meJ-ting.
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2.3.4 si]ica daci and odacites

These dacites are distinguished from the low-siLica dacites mainly

by the nature and mineralogy of the groundmass. In this case the matrix

consists of quarlz and K-feldspar with very rare plagioclase, in a

variety of intergrowths including microlitic, microgranular and micro-

granophyric. The coarsest microgranophyric intergrowths are confined

to the thick ash-flow sheets (e.g. Yardea Dacite, Yantea Rhyodacite) in

which cooting conditions I^Iere evidently relatively slow, probably

comparable with that existing in intrusive sills. Evidence for an

ash-flow origin is seen in the occasional zones of severely-fractured

crystals and by the preservation of vitroclastj-c lextures i-n zones of

Iess intense welding.

The phenocrysls are simiLar in composition to those in the andesites

and l-ow-silica dacites (i.e., andesine plagiocl-ase and augitic

clinopyroxene) and occur as isolated eu.hedral- crystals and in
glomeroporphyritic aggregates. Genera1ly, the propontion of
plagioclase: clinopyroxene is greater in the high-silica dacites than

in the andesite-s, and usually all phenocry*sts are more altered.

The Yardea Dacite is by far the most voluminous of the high-silica

dacites in the Gawler Fange province, and it contains abundant basic and

acid xenoliths. The basic xenoliths have sharp boundaries and appear to

have been completeJ-y solid at the time of incorporation. They are usually

plagioclase-rich and have distinctive interserlal to hyal-opilitic
textures, indicating that they are probably accessory basa1tic rock

fragments that, were torn from the vent wall-s during eruption. By

contrast, the acicl xenoliths, including a variety of granites and

porphyries, have extremely diffuse mangins indicative of partial

assimilation. Commonly, coarse fetdspar megacrysts have been refeased

from their original granitic host to form isol-ated xenocrysts in the

dacit,e.

Three important quesLions are raised by the preceding petrographic

observations:

1 ) The origin of the glomeroporphyritic plagioclase - cllnopyroxene

aggregaf,es in the high-silica clacites.

2) The reason for the non-equil.ibrium phenocryst and groundmass

assêmbl.ages, seen for exampJ-e in the plagioclase (andesj.ne) and

cJ-inopyroxene phenocrysts, which are contaj-ned wjthin a matrix of

quarLz and K-feldsPar.

3) The significance and origin of the acid and basic xenoliths.
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FiEure 2.4 Photomicrographs of selected thin sections.

Typical textures in hlgh-silica dacites and rhyodacites.
Phenocrysls of comprexly-twinned pragiocla"e aão embayedquarLz occur in a microritic to microgranophyric matrix.F.V. 7 mm. B, C and D highlight some details of theplagioclase textures in these rocks.

Composite, glomeroporphyritic plagioclase ilphenocrystr'.
The individual fine-grained crystals have bãen moulded to
each other along sinuous contacts. F.V. 4 mm.

Typicar example of the phenocryst-rich yandoorka Rhyolite,
with phenocrysts of angular quarLz (crystal chips), twinned
plagioc]-ase and partially-sericitized K-feldspar set i-n a
microgranophyric matrix. F.V. Z mm.

Detail of the matrix of the yardea Dacite, demonstrating the
microgranophyric quartz-K-feldspar intergrowths. The dark
patches are sericitized plagioclase and chlorite-magnetite
intergrowths. A fine-grained, sericitized plagioclase
phenocryst is visible near the centre. F.V. 2.5 nn,

C. As for B. F.V. 6 mm.

Detail of a composite plagioclase ilphenocryst'r,
denonstrating that in this case, the diverse cíe"vage
orientations are produced by different crystal_s. F.v. 2.5 mn.

Low-silica dacite, showing tabul-ar, fine- to medium-grained
plagioclase phenocrysts in a glomeroporphyritic aggregate, setin an intersertal matrix composed of altered grass anã randomly-
oriented pragiocrase mj.crolites. Amygdales iñrirreo with quarlz
and chlorite are visible to the right and bottom left. F.v.
4 mm.

Glomeroporphyritic aggregate of biotite and partialry-sericitized
plagioclase, set in a devitrified glassy matrix. From KarkultaRhyolite. F.V. 4 mm.
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Similar glomeroporphyritic clinopyroxene - plagioclase aggregates

have been recorded by Flood, et g-I., (1977 ) 1n rhyodacitic ignimbrites

from the New England region, N.S.!'¡. They considered the aggregates

could be either disrupted crystal cumufates or modified resLite, and

both of these alternatives could apply to the glomeroporphyritic

aggregates in the Yardea Dacite. 1'here are several petrographic

observations which have bearing on the restite versus crystal cumulate

hypothesis and these are summarízed below:

1 ) The isolated plagioclase and clinopyroxene phenocrysts are

invariabty euhedral. Vrlhen the phenocrysts occur in glomero-

porphyritic aggregates contact is along the crystal faces, hence

sharp boundaries are seen between individual. phenocrysts in the

aggregates. This texture supports synneusi-s or aggregation of
phenocrysts such as might occur in a magma charnber (e.g. Vance,

1969). If the aggregates or individual phenocrysts were restite
from a bagement source, they mlght be expecbed to have anhedral

cryslal faces and show a granoblastlc texture, neither of which

are observed (c.f . Flood, g-t al., 1977).

2) The texture and composilion of the Yardea Dacite is extremely

uniform over a vast area (> 25,OOO t<m2). Corresponding]-y, the

compositions of plagioclase (andesj-ne) and clinopyroxene are also

extremely uniform. Neither of lhese observal,ions are indicative
of random addition of restite to metl, buL rather they are suggestive

of conbroll-ed condiLions of crystal fractionation in a magma

chamber.

3) If a granulitic residue remained, orthopyroxene might be predicted

as an abundanL nestite component, however no orthopyroxene has

been noted in the Yardea Dacite.

4) Occasionally, nounded 'reyesrr of clinopyroxene are seen r,¡ithin

plagioclase phenocrysts, indicating crystallisation from a melt.

The above observations suggesl that, the cl-inopyroxene and plagioclase

phenocrysts are not restite from the sit,e of melting, but ratherr are

accumufative cnyst.als possibJ-y fractionated from an anclesitic or l-ow-

silica dacitic mel-l- in a cruslal rnagma chamber. Processes of synneusis

or gravity settJ-ing may have caused aggregatj-on of the crystals.
Subsequent engulfment of the crystal-s by a potassic liquidr yielded by

protonged fracl,ionation, could offer an explanation for the non-

equilibrium between crystal-s and matrix in the high-silica dacites.

The basic and acid xenofiths are j-nterpretecl to be fragments either
incorporated as the crystal-J-iquid mush moved towdrds the surface or
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torn from the vent walls during explosive eruption. This view is

supported by the non-refractory nature of the acid xenoliths and the

igneous textures preserved in both the basic and acid xenol-iths. Many

of the acid xenoliths for example, are leucocratic quartz-bearing gneisses,

granites and porphyri-es, some of which are similar to rock types exposed

in basement outcrops adjacent bo the Gawl-er Ranges. The basic xenoliths

commonly show pilotaxitic textures, i-ndicative of a lava-flow origin.

These xencliths, with their sharp margins, contrasl markedl-y with the

diffuse, textureless basic xenoliths observed in the andesites and low-

sil-ica dacites.

The rhyodacites have simil-ar textures and mineralogy to the high-silica

dacites and are distlnguished only by their higher proportion of plagioclase

phenocrysts relat.ive to clinopyroxene and magnetite. Ctinopyroxene i-n

these rocks is invariably alterecl to green chlorite, which preserves the

euhedral outlines of the original phenocrysts.

The plagiocl-ase phenocrysts are superficia.Ily extremely complex, and

show diverse orientations of combined pericline - albite twinning within

the one phenocryst. Closer examination reveals that these phenocrysts

consj.st of numerous smaller phenocrysts 1n close-packed gJ-omeroporphyritic

aggregates. This is not obvious from a cursory inspection because the

microphenocrysts are usual-Iy moulded to each other al-ong sinuous contacts.

gccasionalJ-y small grains of magnetite and clinopyroxene occur along the

crystat boundanies. The texture, although differing from the loose

glomeroporphyritic aggregates characteristic of the Yardea Dacite, does

not resemble that of a granular, metamorphi-c aggregate and lherefore is

not considered to indicate the presence of restite. It is more likely

that this texture has resul-ted from partial bonding of crystals' perhaps

as a consequence of gravity sebtling and close proximity of crystals in

the ba.sal parts of a hot magma chamber

It, follows that the origin of the rhyodacites is probably similar

to that proposed earlier for the high-silica dacites. The geochemicaf

differences are attributed mainly to a higher proportion of mabrix

(quari¡z + K-fetdspar) in the case of the rhyodacites. This in turn was

probably dependent upon the conditions of magma separat.ion and

ava.ilability of crystals in the magma chamber

2.3.5 Rhyolites

The rhyolites are characterised by K-feldspar and quarLz phenocnystst

although plagioclase is still common as a phenocryst component. In the



Figure 2,5 .1 . Photomicrographs of se]ected thin sections. All of the
samples photographed belong Lo the Baldry Rhyotite.

Zone of flowage, marked by continuous flow bands, within an
olherwise shard-rich ash-flow tuff. F.V. 20 mm.

vitrocLastic textures indicative of only minor welding and
compaction within the ash-flow tuff unit. F.V. 12 nm.

rrFiamtnerr (i.e., glassy, lithic fragments with ragged ends),
and quartz phenocrysts set in a flattened, shard-rich matrix.
F.V. 15 mm.

D Vitroclastic groundmass textures in a moderately-welded,
crystal-lithic ash-flow tuff. F.V. 10 mm.

E and F. Delail of the flattened, shard-rich matrix in
moderateLy-welded ash-fl_ow tuffs. A measure of the degree
of compaction is provided by the draping of the glass
shands around the quartz phenocrysts and lithic fragments.
Alfhough many shards are quite contorted, some, particularly
those in the pressure shadow regions surrounding the rigid
phenocrysts and lithic fragments, still preserve delicate
shapes. E, F.V. 6 mm; F, F.V. 4 mm.

Strongly-welded ash-fLow tuff in which the original glassy
fragments have been greatly flattened and contorLed.
Syn-welding flowage has produced semi-continuous fl_ow
bands and has obliterated the vitroclastic textures in the
groundmass. F.V. 2 mm.

FLow-banded rhyolite. The continuity of the flow bands in
this sample and its field relatj-onships indicate a l_ava flow
rather than a pyroclastic origin (c.f. G), F.V. T mm.

A

B
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FiEure 2. 5.2.

A

B

Photomicrographs of selected thin sections.
photographed belong to various units.

The samples

c

D

Monolithologic autobreccia, probably produced þ situ by gas
streaming. Note the incipient brecciation thalhas occurred
within some individual fragments. F.V. 10 mm.

Ragged, glassy fragments within a non-welded ash-flow tuff.F.v. 7 mm.

Delicately-shaped grass shards in which bubbles, and y and x
fn¡mc harra l.^^- nø¡-^-.-^i r-^- ^¡¡u v e veç¡r y¡ çÈçr v Eu . r'r'rJil,l d. ItuIr-weJ_utju asr¡-r rot4J tur r
member of the trlaurea Pynoclastics. F.V. Z mm.

E

F

collapsed pumice fragment wlth inctuded quartz phenocrysts,
from a moderatel-y-welded ash-flow tuff . F.V. 3.5 mm.

spheruritic devitrification textures 1n a grassy rhyorite.
F.v. 7 tot.

Evolved Kokatha basalt (l(33), showing an ophitic intergrowth
of plagiocfase and chloritized clinopyroxene. The dark patches,
rich in opaque mineral-s, mark the former presence of interstitiatglass. F.V. 4 mm.

Bedded and graded air-falr tuff. The grading indicates that the
younging direction is towards the Ieft. Note the soft-sedimentary
diapiric intrusion feature. F.V. 10 mm.

G

H
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welded tuffs, the siliceous, origj-nally glassy matrix, has devitrified

to produce snowffake and other rtpatchy polarizationrr textures. i¡rlhere

the degree of welding is 1ess, excellent vitroclastic texbures are

visible and a spectrum of rock types rangÍng from glassy, vitric tuffs

through crystal-vitnic tuffs to lithj-c tuffs can be observed' The

tithic tuffs contain a vairety of fragments incfuding deformed pumice

and accessory volcanic rocks, mostly of ]apllli size, set in a tuffacious

matrix.

The rhyolites that were erupted as lavas generally show welf-developed'

pervasive flow-banding and in zones of contorted f}ow-fo]ding, flow-

brecciation is commonly seen. Apart from their assocj-at,ion with flow

rocks, the flow breccias can be recognised by thej-r monol.ithologic

character and by the absence of vitroclastic textures.

2.3.6 Intrusive rocks

The numerous high-level dykes and plugs intruding the vofcanic

pile are, with the exception of the Palthrubie Granophyre, porphyritic

in na.ture. They contain abundant phenocrysts of plagioclase, clinopyroxene'

K-feldspar and quartz plus rare accessory zircon and apatite, set within a

granophyric matrix. Their similar bextural features to the high-siJ-ica

dacites and rhyodacites discussed above, suggest that they have a

comparable origin. The high proportion of phenocrysts in the Yandoolka

Rhyolite (up to 60%) and the relative abundance of zircon and apatite

offers evidence that this unit in particular, has a significant accurnulative

crystal comPonent.

The even-grained, holocrystalfine intrusive rocks such as the

medium-grained Palthrubie Granophyre and coarse-grained Hiltaba Granite

appear to have crystallised fron melts devoid of accumulative phenocrysts.

The HilLaba Granite ranges from a coarse-grained leuco-adamel-lite to a

true gnanite and contains variable proporLions of quarLz, plagioclase'

microcline and biotite.

2.4 GEOCHEMISTRY

Major element analyses lot 79 rocks from the Lake Everard area and

trace element contents in 53 of these samples are flsted in Tabl-e A2.2

(Appenclix 1 ) in order of increasing Sior. These ana-lyses are also

tabulated in groups, corresponding to the respective formations to which

the samples belong (Table A2.3, Appendix 1 ). Rare earth element (REE)
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data for 11 samples, selected to encompass the geochemical- variation

evident from the major and trace element data, are also listed in

Appendix 1 (Table A2.4). All sample locations are indicaLed on

Figure 42.1 (ApPendix 3).

ExamÍnation of Table A2.2 reveals that the compositional- range from

basalt to rhyolite is spanned but, that there is an absence of samples

withinLine52-58./"SiO2interval.Despitedetailedmappingandcareflul
sampling by the writer, no rocks were found in the Lake Everard area

which bridged the 52-58% SiO2 gap. A similar composiLional hiatus and

tack of intermediate rocks was noted by Branch (1978) in the Kokatha

area, and appears to be characteristic of the Gawler Range province'

Because of the obvious petrogenetic importance of the andesites' they

are, rel-ative to thelr total outcrop area, disproporl"ionately represented

in Table 42.2 It is emphasised that. both l"he andesibes and basafts

occupy only a fraction (< 1%) of the mapped area (see Fig. 2.2).

In the foliowing discussion variations in the major and trace

element content.s of the samples coll-ected from lhe Lake Everard area

are systematically examined. To maximize the infcrmation obtalned, the

data is treated in the first instance as if al.l samples r¡¡ere related by

crystal fnacbionation. In this way the extent of invol.vement of various

minerals can be ascertained and any inconsistencies serve to highlight

inadequacies in the simple crystal fractionation model-.

2.4.1 Major elements

The Lake Everard rocks show major element trends normally considened

to be characteristic of calc-alkaline series, such as decreasine AIrOt,

rerort, Mgo, cao, Tio2, Pzo5 and inc.reasing Kro with rising Sio, (Fig. 2'6)'

This is verified by comparison with the average Cainozolc calc-alkaline

trends which are superimposed on the pJ-ots in Figure 2.6. There is,

however, significant scatter for some major el-ements and this may be

due to alteration, absence of a single line of liquid descent and/or

some other primary magrnatic control. To permit a closer examination of

the ctata, each major element will be considered individually, with

reference to the variation diagrams pJ-otted in Figure 2.6.

A

MgO decreases with increasing Si02r

of mafic minerafs such as clinopyroxene'

possibly due to fractionation
amphibole and/or biotite' uP

Meo





to approximately 68-70% SiO2r at whi-ch point the trend

The andesites and dacites have comparable MgO contents

calc-alkaline rocks.

29

f]attens out.
to the Cainozoic

B (total iron)

L
t_

FerOr" exhibits a well-defined negative correlation with Si02.

Several lines of evidence indicabe that both magnetiLe and mafic

minerals probably exerted the major control on FerO.t:
¿J

1 ) Abundant microphenocrysts of magnetite in the andesites and

dacites indicates early fractionation of magnetite from liquj-ds

of these compositions.

2) At high SiO, contents Þ 70% Si02), the behaviour of MgO (i.e.

flattening out of trend) and bulk composition precludes exLensive

fractionation of mafic minerals. The continued decrease of FerOrt

with rising SiO, must therefore refl-ect control by a low MgO

mineral- such as magnetite.

3) Over the 5g-70% SiO, ranee, MgO drops 2.57" while FerOrt decreases

by 4%. If it is assumed on petrographic grounds that clinopyroxene
t(with FerOr"/MBO = .89, from microprobe data, Table 2.3) is the

dominant mafic mineral fractionating over this interval, then it
would be predicted that Llne 2.5% decrease in MgO should be matched

by a correspondi-ng 2.2% decrease in Ferort. These carcul-ations
t

show that there is a 1.8% I'excessrri-n FerOjwhich cannot be accounted

for clinopyroxene fractionation alone and therefore fractionation
of magnetite appears to be necessary in order to reduce Fe"O.t to¿3
the observed level. Fracbionation of amphibole or biotite with

rt
higher FerOr'/t',tgO woul-d reduce the amount of FerOr" avail-able for

magnetite fractionation, but the petrographic and geochemical

evidence presenLed later, suggests the role of these two minerals

has been negligible.

Displ-aced away from the main trend, but paraì-lel to ib' are a number

of sarnples of Br-lnburn Dacite, atl of whlch have l-ower FerO"t at¿3
comparable SiO, than the remainder of the samples. The parallelism of

the trend indicates Fe.O-t is probably being controlled by the same
¿3

minerals (e.g. magnetite and cl-inopyroxene), but evidenLJ-y the parental

magma for the Bunburn.Dacite had a lowen initial iron content, which is
now reffected in its differentiates.

l,lith the exception of the -sampJ-es of Bunburn Dacite, most rocks have

significantly higher iron contents than the Cainozoic cafc-afkafine
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volcanic rocks, over the 58-70% Sj-02 range. The basalts however, have

comparable levels of iron as do the samples of Bunburn Dacite'

c A1203

AI2o3 decreases fron 17% in the basalts to 10-12% in the most

fractionated acid rocks. The samples of Bunburn Dacite agaì-n define

their own separate trend and, like the basalts, have simil-ar 41203

contents to typical- calc-alkalj-ne volcanic rocks. The remainder of the

samples from the Lake Everard area contain 1-2% less 41203 than the

samples of Bunburn Dacite at comparable levels of SiO, and are therefore

relativel-y depleted in AlrO3 compared wlth the Cainozoic rocks'

D. CaO

Although tþere is considerabl-e scatter in the data, CaO shows a

general decrease with increasing Sio, up to approximately 79'[ SiOtr

beyond which it remains at a uniformly low level. Potentially,

clinopyroxene, amphibole and plagioclase fractionati-on could all

contribute to the decrease in CaO. The more basic members of the Bunburn

Dacite series have relatively low CaO contents in comparison to other

samples and in turn all samples, including the basalts, have l-ower CaO

contents than the Cainozoic volcanic rocks. The above-average level of

Cao in the yardea Dacite is consistent with the petnognaphy, which shows

that this unit has a relativety high proportion of andesì.ne plagiocfase

phenocrysbs which may in part be accumufative (see petrography section) '

E Kzo

Despite the scatter, there is a general positive correl-ation of

KrO and SiO2, up to approximatety 70% Si.02. In the classificaLion

scheme for high-KrO rocks proposed by Mackenzie and Chappell (1972)

most of the intermediate rocks fall 1n the latite field while all of

the acid rocks lie in the toscanite field. The basalts too, are high

in Kror such that one sample wou]d be classed as a shoshonite.

KrO in the Yanl,ea Rhyodacite j-s particularly high (> 6%) and exceeds

that in the unaltered. granites and rhyolites (5.3-5.6% I<ZO) ' The high

KrO is unlikeJ-y to be the result of alteration, since this unit is

characterised by uniformly hieh KrO contenbs over a wide area and by

abundant K-feì.dspar in the matrix, whi-ch petrographic evidence suggesLs
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has crystallised directly from a mel-t. Therefore, the geochemistry

supports the concfusion previously drawn in the petrography section'

viz. the rhyodacites were produced by mixlng of a high-KrO residual

Iiquid with accumulative cnystals of plagioclase, clinopyroxene and

magneLite.

F. NarO

NarO shows extreme scatter, almost to the point that litt1e useful

information can be gained from the plot. The samples of Bunburn Dacite

are particularly high in NarO and the levels tend to drop wilh increasing

sio2. The remainder of the samples vary about an average Naro content of

3,5%, but above 70% sio2 a sJ-ight decrease is evident, possibly due to

control by sodic plagioclase and alkali feldspar'

G. TiO
2

The linear inverse correlation of Tio, with sio, over the entire

sio, range, suggests Tio, is probably being control-Led by an oxide mineral

such as ilmenite or magnetite. As in the case of FerOrt, samples of

Bunbunn Dacite form a series parallel to, but displaced slightJ-y towards

the fow TiO, side of the main trend. The similar behaviour of Ti and

Fe, verified by their good correl-ation on the TiO, vs FerOrt RIot

(Fie. 2.7D), indicates control by the same mineral, which is like}y to

be magnetite.

It is notable that the basatts have comparable leve1s of Ti-O, to

the andesi.tes, and whife the basalts have TiO, contents typical of

calc-alka1ine volcani-cs, the intermediate to acid rocks have relatively

hieh TiO, values, a feature al-so shared bV FerOrt'

H zoD

p.o. decreases with increasing Sio2r probably due to apatite
¿)

fractionation, since modal apatite has been no1,ed in some crystal-rich
(accumul-ative) dykes in the region. The intermediate volcanic rocks are

extremely high in PrO, in comparison with the Cainozoic exampLes, and

show a consÍderable amount of scatter. This scatter is unlikely to be

due to al-teration however, because the andesitic members of each unit

have characteristic fevels of Prou. For example, lower Prou contents

are confined to the Mangaroongah Dacite, intermediate contents to the

P
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Bunburn Dacite and higher contents of PrOu to the childera Dacite. The

Iower PrO, contents of the basic rocks are typical of cafc-alkafine

basalfs.

As might be expected from their relationship wi-th s102r Prou and

Tio, correlate well with each other (Fig. 2.71). High TiO, in the

andesites is accompanieC by high PZO5, although the andesi-tic members of

the Childera Dacite do show a rel-ative enrichment of P'OU over TiOt

compared with the other andesites. Deptetion of Prou and TiO, with

increasing SÍ0, appears to be typical of cal-c-alkal-ine suites and can

be attributed to fractionation of apatite and Fe-Ti oxides, which do not

necessarily occur as modal minerals (e.g. t"tt. Jefferson orogenic calc-

alkaline suite, Oregon, Anderson and Gottfried, 1971)'

From the above discussion of the major elements, it appears that the

Nuckul-Ia Basalt from the Lake Everard area appears to fib the generally

recogni-sed category of calc-al-kaline basalt (e.g. Jakes and hlhite, 1972;

Pearce , 1976; Pearce and Cann, 1973\. The intermediate to acid rocks on

the other hand, while showing typical cal-c-alkaline trends, have some

atypical characteristics such as, relatively high Fe, Ti, K and P and

low Ca and A1 contents. Thus, it is perl"inenL to consider whether bhe

present rock-sulte j-s indeed calc-alkaline in terms of the generally

accepted criteria such as the Peacock lime-alkali j-ndex, sum of alkalis

vs SiO, and AFM components. These criteria wilt be considered in turn'

beIow.

I. Lime-a1kalis index (Figure 2.6J)

The rel-ationship between CaO and NatO + KrO was original-ly used by Peacock

(1931) to define the calc-alkali series. Using this relationship Peacock

recognised four groups:

rock series alkali-lime index

alkalic <51

alkali-calcic 51'56

calc-al-kalic 56-61

calcic >61

based on the alkali-Iime index, which j-s the levef of siO, at the point of

i-ntensection of the CaO and NarO + KrO vs SiO, plots. These efements are

ptotbed in Figure 2,6J, from which it is apparent thab bhe point of

intersection is not well defined owing to a pauciLy of sampl-es with

NarO + KrO < CaO, If the basal-ts are considered, it is cfear that the
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Fizure 2.8 AFM plot for rocks from the Gawler Range province.

A basalts fron the Kokatha area Vbasic xenoliths within

Yardea Dacite 0 r¡ndifferentiated units.

The solid line separates the tholeiitic and calc-alkaline

fields.

The dashed line is the trend defined by the calc-alkaline

Cascades lavas (after Carmichael, 1964).
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alkali-Iime index must lie between 52-58 corresponding to the

a1kali-calcic division or the alkalic end of the cal-c-alkal-ine series.

This is consistent with the relatively low caO, Yet hieh KrO (and

rrnormaln Na^O) of these rocks compared with Cainozoic calc-al-kallne
¿

volcanic series.

J. Sum of alkalís vs SiO (Figure 2.6J)
2

The sum of alkalis increases sllghtly with increasin8 SiO, in t'he

58.72% SiO, range and since NarO shows no consistent variation over this

interval, the rise must be due to increasin8 KrO. Kuno (1969) defined

three fields on this plot, corresponding to tholeiitic (Iow NarO + KrO,

below line A-B), calc-alkaline (intermediate Nar0 + KrO, between l-i-nes

A-B and C-D) and aLkal-ine (high NarO + KrO, above line C-D). Although in

reality there is considerable overlap between the three series' it is

cl-ear that upon,Kuno's original definition the present rocks are alkaline.

Since it has been previousJ-y shown that the level of NarO is comparable

with that in typical- calc-alkaline suites, it can be inferred that the

alkallc character must be due to the high KtO in these rocks' a point'

which has been earlier verified by t'he KrO vs SiO, Rlot'

K. AFM (Figure 2,8)

On the AFM p1.ot, the series shows a marked trend towards the alkalis

corner, wi.th no obvious enrichment in iron. In addition, the Nuckulla

Basalt appears t,o contj-nue the trend of the acid-intermediate rocks,

despite the int.ervening compositional gap. Compared with the cal-c-al-kaline

Cascade lavas the Lake Everard andesites and dacites are displaced towards

the iron (F) corner, reflecting their relativety high iron contents. The

enrichment in alkalis and corresponding depletion in MgO and FerO, in the

acid rocks is evident in the extreme trend towards the alkalis corner,

suggesting these rocks are highly fractionated.

On the basis of Lhe major elements it is concluded that the Lake

Everard rocks, while demonstrating many calc-a1kaline characteristics
(e.g. no Fe enrichment on AFM pIot, consistent trends on variation diagrams),

do show some subtle differences arising prj-marily from their relatively
high contents of ferOrt, TilOZ, PZO5 and KrO and relativety low contents of

CaO and Al2O3. the trace efements will be examined below to see if they

refLect these features and al-so to determine if they can place constraints

on possible petrogenetic models (e.g. crystal fractionation verses partial

melting) and on the minerafs involved in these processes.
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2.4 .2 Trace el-ements ( excludi REE )

Various trace el-ements are ploLted against Si02 in Figure 2.9 and

in the following discussion the behaviour of each trace el-ement will be

examined individually.

A. Rb

SrB

Rb increases progressively with rising Si02' presumably due to

residual- liquid concentration caused by fractionation of minerals in
which it is incompatible. This feature argues against extensive biotj-te

fractionabion (Kd Rb biotite,/silicate Iiquid = 2.2-3.2 for acid melts,

Arth, 1976). Similarly, the Iinear Rb vs KrO relationship (Fig. 2.7A)

precludes significant amounts of amphibole removal (D K/Rb = !.8 for
amphibole, Arth, ibid).

Bobh the Rb vs KrO and Rb vs SiO, Rlots reveal that some granites

are partì-cuJ-arly enriched in Rb. This could be due to metasomatism

(e.g. addition of Rb in a vapour-rich phase) or extreme fracbionation

involving K-feldspar and quar|z, which has controlled KrO and Si02r but

resulted in a residual enrichment in Rb.

Sr shows a significant amount of scatter possi-bly resulting from

alteration (e.g, sericitization of plagioclase) and/or diffenent lines

of liquid descent. The l-atter is probably the cause for at l"east some

of the scatter, since the samples of Bunburn Dacite prevJ-ously shown to

be anomalous with respect to AIrOr, CaOr NarO, F"203 and TiOr, are also

relative1y high in Sr.

Sr drops from an average of 450-500 ppm in the andesites and basalts

to approximately 50 ppm in the rhyolites. In a fractional crystallisati-ou
model-, this coul-d be satisfactorily explained by plagiocfase-dominated

fraclionation (Kd Sr plagioclase/acid melt = 3.6, Arth, 1976). For

exampl-e, assuming: CI tt 50 , Co = 450 (i-ig. 2.98) , Kd Sr plagiocJ-ase/acid

melt = 3.6 (Arth,1976), and F = 0.25 (from the four-fold enrichment in

Rb over this inferval, assuming Rb is behaving incompatibly)' it can be

calcufated from the Rayleigh fractionation equation that removal- of

approximately 707" weight fraction of pl-agioclase would be required in

order to produce the observed depletion in Sr. By conLrast' it is
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doubtful whether variations in the degree of partial- melting of the

same source could explain such a range in Sr. If, for instance, it is

assumed that D solid/liquid = 0.5 for the residue, then the maximum Sn

enrichment in the liquid would be two-fo]d, obtainable only in the unlikel'y

event of a loo% change in the degree of partial me].ting.

Although these calculations involve many assumptions, it is neverLheless

clear thal the behaviour of sr favours a crystat fractionation conbrol

rather than a partial melting control. However, it seems probable that

some of the scatter cbserved may be due to differing lines of liquid descent

from variable parents (e.g. Bunburn Dacite) '

c. -Þ-

Ba shows an indistinct peak aL 64-66% SiO2, which initially suggests

the possibj-Iity,of residual- liquid enrichment in Ba, followed by rapid

depletion due to K-feldspar fractionation (Kd Ba K-feldspar/liqtiid = 6"12'

Arth, 1gT6). This interpretation is not favoured, however, because over

a comparable Sio, interval $e-66% SiO2), Rb shows an approximat'e two-fol.d

increase, whereas Ba shows a three-fol-d increase. clearly, if Rb is

behaving largely incompatibly as has been previously suggested' the

relative enrichment in Ba must be due to other factors' This is supported

by the observation that not all samples show the observed enrichment in

Ba. Alteration is unl-ikely to provlde an adequat'e explanation for this

behavioun, despite the reported mobility of Ba, because the high-Ba

samples do not appear to be more altered than the low-Ba.-samples' Moreover'

Ba shows predictab]e behaviour, seen for example in the hish sio, rocks

Þ70% SiO2) where there is a good inverse correlation of Ba with si02,

probably as the result of K-feldspar fractionation (Kd Ba K-fel-dspar/liquid

= 6.12¡ Arth, 1g76). AIso, the Rb-rich granites noted earlier are depleted

in Ba, consistent with extreme K-feJ-dspar fractionation previously

suggested on the basis of the KrO vs Rb relationship (Fig. 2,7A).

The confinement of abnormally high Ba val-ues to a restricted SiO,

interval (62-68% SiO2), could be explained by a process such as mixing in

whi-ch a relativeJ-y high-Ba liquid (e.g. acid melt) is added to a Ba-poor

liquld to produce a spread in Ba contents depending on the proportions of

mixing. Tlris pcssibility wil-l be examined in more detail, J-ater'

In comparison with cainozoic andesites ancl dacites, the present rocks

are considerabl-y higher in Ba (c.f. Kro and Rb), al-though the levels of Ba

in the 'rhigh-Krr calc-afkaline series (e.g. Jakes and SmiLh, 1970;
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Mackenzie and Chappell, 1972) do approach those in the less-enriched

samples from the Lake Everard area. The rhyolites, which are relaLively
depleted in Ba, possibly as a result of plagiocfase and K-feldspar

fractionation, do have comparable contents of Ba to Cainozoic rhyolites.

D. Zr

The l,ake Everard rocks show a considerable range in Zr contents.

Some rhyolites and granites are rel-atively depleted in Zr, possibJ-y as a

result of zircon fractionation. The Yantea Rhyodacite samples on the

other hand, are relatively enriched in Zr and are responsible for the peak

on the Zr vs SiO, llot at approximately 70% Si02. It is possible that a

mixing process, similar to that suggested to account for an analogous

distribution in Ba, may offer an explanation for the significant vaniation

observed for Zr within L]ne 64-70% SiO2 interval. For example, it is
conceivabJ.e thaþ a hish-Kr0 residual liquid, apart from engulfing crystals

of plagioclase, clinopyroxene and magnetite, could have also incorporated

cumuJate zircon in varying amounts, hence producing the observed range

in Zr values. Some evidence for this is seen in c.rt/ufn late-stage,

crystal-rich (accumulative) intrusives which contai-n abundant euhedraL

zircon (e.g. Yandool-ka Rhyolite - up to 60% phenocrysts of plagioclase,

K-feldspar, quarLz, apatite and including 2-3% zircon).

The level of Zr in the basalts is approximately hal-f bhaf j-n the

andesites and whereas the basalts have Zr contents typical of Cainozoic

examples, the andesites, dacites and rhyodacites are markedly enriched.

Nb shows a progressive increase in the Lake Everard rocks, presumably

due to formation of the Nb4+ complex which prevents entry into the sites
of the major fractionating minerals (Taylor, 1965). This behaviour

contrasts with that noted in the cafc-al-kaline Mt. Jefferson suite
(Anderson and GoLtfried, 1971), vrhich shows a progressive decrease of

Nb (and Ti and P) with differentiation due to removal of biotite, sphene

and,/or ilmenite. The progressive increase of lJb in the present case

may indicate that fractionation of these minerals has been negligible.
Some samples, not,ably the acid intrusive rocks , are depelted in Nb and

thls might be due to late-stage fractionation of apabite on sphene.

The basalts have the l-owest Nb contents, but their average value

(9 ppm) is significant,ly highen than that usualJ-y quoted for cafc-al-kal-ine

NbE
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basalls (e.g. 2.5 ppm, Pearce and Cann, 1973), !ühat Nb data is avail-abfe

for Cainozoic calc-al-kaline suites suggests that the Lake Everard andesites

and dacites are enriched by comparison. For example, 4-5 ppm Nb in 5T-59%

Si-O, andesites from the Lesser Ant.il-les (Brov¡n, ç! ê-f ., 19TT) and 4 ppm

Nb in 56"/" SiO2 andesites from Bagana vofcano, New Guinea (Bultitude' et aI.,

1978), comparect wibh 12-20 ppm in the Lake Everard andesites and dacites.

F. 
-Y

Y shows a srnall increase with Sì-0, for the majority of samples, thus

precluding extensive amphibole or apatite fractionatj-on (c.f. Lambert and

Holland , ig74). Some of the siliceous intrusive rocks are depleted in Y,

possibly due to zLrcon fractionation (Lambert and Holland, ibid. ) ' since

they are also relativeJ-y depleted in zr. Other rocks are relatlveJ-y

enriched in Y and this may be due to incorporation of accumulative apatite

(e.g. Yardea Daçite and samples of the Moonamby dyke-suite),

It is notabfe thab the samples of Bunburn Dacite are relati.vely

depleted in Y compared with the majority of other sanples. Most i-ntermediate

and acid rocks from the Lake Everard area have higher Y contents than

Cainozoic examples, even including the high-Y cal-c-alkal-ine series from

Mt. Ararat (Lambert, et a].., 1974).

The basalts have significantly l-ower Y contents than the andesites

(28 ppm c.f . 42 ppm), but are slì-ghtly enriched compared with al,rerage

calc-alkaline basal-ts (28 ppm c.f. 23 ppm).

G. V and Sc

Both V and Sc demonstrate l1near, inverse corel-ations with SiOt and

could be controlJ-ed by amphibole, cllnopyroxene, biotite and/or magnetiLe

(Gilt , ig]8). Extensive amphibole and biotite fractionation have been

previously eliminabed by other data (e.g. K/Rb and Y for amphibolet Rb for

biotite), and in view of the abundant modal phenocrysts of clinopyroxene

and magnetite, it is 1ikely that these minerals have exerted Lhe major

cont.roL on V and Sc. The linear correlation of Sc and V with FerO.t¿J
(Fig. 2.7E and F) suggests that the effect of magnetite was probably

dominant.

The basalts have trigher V and Sc contents than the andesites, but

the differences are not as marked as those f'or Zr and Y. At comparable

levefs of SiOr, the samples of Bunburn Dacit,e are significantly lor,ver in

V and Sc than the remainder of the samples and this coul-d be related to
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the same cause as the analogous behaviour shown by Fe and Ti. Excluding

the samples of Bunburn Dacite, the Lake Everard fel-sic volcanic rocks have

comparable l-evels of V to Cainozoj-c suites, but are rel-atively enriched

in Sc.

In summary, an examination of the trace element l-evels in the Nuckulla

Basalt reveals that. the absolute content,s of rno-st trace efements are

comparable wi.th the values reported for basal-ts associated rn¡ith modern

cal.c-alkaline suites. The intermediate-acid rocks show intportant

dj-fferences when compared with Cainozoic calc-al-kaline series, such as

higher Zr, Nb, Y, Cê, Sc, Rb and Ba contents, particularly for the

andesites and dacites. fn these rocks¡ plagioclase, clinopyroxene'

magnetite and zircon fra.ctionat.ion appear to have assumed important

roles, based on bhe Sr, V,, Sc and Zr dat,a, respectively. The negligible
role of amphibole and biotite is deduced from the K/Rb, Rb and Y data.

These concLusions are supported by the petrography which demonstrates

an abundance of'plagioclase, clinopyroxene ancì magnetite phenocnysts,

but a paucity of amphibole and biotite phenocrysts.

Much of the scatter in the trace element data, can be rel-ated t.o

one or other of two separa-te causes:

1 ) Distinct parental magmas fractionating along parallel trends or

in other v¡ords, rnult.iple lines of liqtrid descent (e.g. Bunburn

Dacite). This possibility has been previously suggested on the

basis of the behaviour of some major elements, parbicuJ-arly FerOrt,

TiO, and 41203.

Ð Incorporation of accumulative crystals of plagioclase, cl-i-nopyroxene'

magnetite, zircon ancl apatite into a highly-fractionated, KrO-rich

residuaf liquÍd. This has resulted in a range of trace element

contents, particularly in the high-sÍIica dacites and rhyodacites.

Probably Lhe most significanl point deducibl-e from the trace element

data is that the various units mapped, appear to have distinctive t.race

eÌement contents suggesting that few, if any, aY'e directly related to
each other by crystat fractionation. To explore this possibility further'
REE contents were determined in 1'l samples selected to encompass the

compositional- variatj-on evident in rocks from the Lake Everard area. The

information yiéJ-ded by the REE data is examined below:

2.4.3 Rare earth elements (REE)

The rare earth e]ement contents in the ej-even samples analysed are

listed in Tabte 42.4 (Appendix 1) and chondrite-normal-ised plots are given



Figure 2.10 Chondrite-nornalised REE plots for selected rocks from the
Lake Everard area.
E3t2 - andesire (59.7e" Si02)
8747 - dacite (62,9"," Si02)
8294 - rhyodacite (71.4e" Si02)
E554, F,607, 878 - rhyorites (74.6, 74.0, 7s.7eo si0, respectively)
The dashed line represents the nodelîed REE pattern obtained
for E554, assuning derivation by fractional crystallisation
fron 8372. The circumpacific average is after Taylor (1969).
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Figure 2.11 Chondrite-nornalised REE plots for selected rocks fron the
Gawler Range province.

K101 - prinitive basalt, Kokatha area (s1.9% sioz, 11.77e" Mg}).
E23r - Nuckulla Basalt, Lake Everard area (s2.re" si02, s.sgeo MgO).
8227 - Bunburn Dacite (62.2% Si02)
E725 - Yardea Dacite (67.0% Si02)

Y734 - Hiltaba Granite (76.6e" Si02)
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Table 2.3, Results of least squares modell ing calculatlons desiRned to tes t posslble fractlonal
crvstalllsatlon processes ln the Lake Everard rocks.

A. Approxlma tion of daclte (E747) in Lerms of postulated tal andeslte (83'12) and sts

Rock
Sample No

daciLe
74f
obs,

63. 33

15.43

6 .89

0.17

2.35

2.05

3. 13

5.09

1. 14

0.41

100. 0

daclte
747

-esL.
63. 33

15.43

6.89

0. 15

2.35

1 ,12

0. 41

andesi Le
312
Daren b

60.33

15.51

7,q1

0.15

2.72

4 .41

3. 84

3. 88

1.25

0.51

100.0

s102

Ala9¡

FeoL

t't10

Mgo

Ca0

Na20

Keo

T102

P^O-¿J
ToLãI

Mineral composftlons used
cÞx. plag. apatiLe mametlte llt.

Mlneral Faction

cpx. o,o52
plag. 0.083

apatite 0.0038

magnebite 0.014

8747 0.84

= E3l2

: 0,0006

50. 11

2.76

11.57

0,41

14.43

19.78

0.31

o.62

54,57

28,_95

11.16

5.14

o.21

56.0

74.O

20. 0

Mlneral
pnooorLlon

0. 34

0. 55

o.o25

0. 090

xR2

44 .0

Notes: 1. A satlsfâcLory match could not be obtalned uhen Cao, NarO and Kro were included in modelllng
caLculatlons.

2. cLlnopyroxene composltLon from microprobe daLa for clinopyroxene phenocrysts ln 312. (An average
of B analyses of 4 phenocrysts. )

3, PlFgloclase compositlon ls AnlA.6, after lJrlght (1974) and is consldered reall,stlc on optlcal
gròunds.

4. Apatite conposltion after Wrlght (1974).
5. Tl contenl of magnetlte adJusted to ¡live a satlsfactory match for Tlor.

B. fon of rhyolite (E554 ) in Lerrns of postuleted oarental rhyodacite (E294)Aopnoxlmat and phenocnysts.

Rock
Sampl.e No.

rhyollte rhyollte rhyodaclte
554 554 294
obs., est, pa¡ent

74.59 74.58 71.66
rJ.vo tJ.uy tJ.yõ

2.16 2.16 3.10
0.04 0.07 0.06
0.36 0.55 0.50
0,09 -0.04 0.37
2.28 - 3.69

7,14 7.12 6.15
o.32 0.35 0.44
0.06 0.06 0.05

100.0 - 100.0

si02

n.ãt-
Mn0

Mgo

Ca0

Nar0

Kzo

T102

P zo5
TotaI

Mineral compositlons used
cpx. ple8. K-feld, mametl be .u,9.

Mineral fraction

cpx. 0.003
plag. 0,128

K-fe]d. 0.025

magneLite 0.015

8554 0.826

= E2g4

50.11

¿, to

1 t.57

0.41

14 .43

19.78

0.31

6,..7O 63.94

21t.72 20.20

78

Mlneral
DroDortion

0. 018

0. 75

0. 146

0.088
2.60

9.32

0.58

3. 60

10.86

ò¿ 16 EAz = 0.06

Notes: 1. Naro was excluded from modelllng calculetlons.
2. Clfnopyroxene and magnetlte composltlons as for A.
3' Plagioclase compositlon 1s after Deer, Howie and Zussnan (.|962) for oligoclase in nhyollte.

K-ferdspar composition is from same source, for perthlte In granrLe.

c, Aooroxina tion of rhyollte (8554 ) ln terms of Dostulâbed andesfte (83 12) and phenocrysts.

Rock
Sanple No

rhyollte rbyollte andeslte
554 554 312
obs. est. oarent

MLneral conposltlons used
cpx, opx. ola¡, nanletite apatlte lrt. Mlneral

Mlneral fractlon proportlon
st02

Ara9¡

FeoL

Mn0

Mso

Ca0

Nar0

Keo

Tt02
Pzo5

TotaI

Notes:

74,59

13. 06

2.16
0. 04

0. 36

0. 09

2.28

7.14
0. 32

0. 06

100.0

74,55

13.11

2.15

0. 43

0. 13

60.33

15.51

7.41
0.15
2.72
4 .41

3. 84

3 .88
1.25

0.51
100.0

50.11

2.7 6

11 .57
0.41

14 .43
19.78

0. 31

23.2
3.3

0. 023

0. 19

0.54
0. l1
o.o22

53.0 54.57

4 -7 28.9q

14.8
cpx. 0.012

opx, 0.'10
plag. 0,28
magnetite 0.060
apetibe 0.01 14

8554 0.524

= E3 12

11,16

5.14
0.21

78

16

56. 0

7.40
0. 37

0.01
0.62 0.9

44.0 ER2 : 0,083

1. ìt¡0 and Na"O were excluded from model,llng calculatlons.
2. cllnopyroxêne, plagioclase, magnellte and apatlte cornposltlons as for A.
3. Orthopyroxene composlLlon afLer Green (1969) for experlmenLal runs at 9 kb.
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in Figures 2,10 and 2.11. There are a number of important points to

note from the Plots, in Particular:
1 ) all samples have fractionafed REE patterns 

'
Zl the fractional,ed patterns resul-t from LREE enrichment rather than

HRBE depletion, in fact no samples have HREE contents that woul-d

indi_cate garnet involvement either as a fractionating or residual

mineral.
3) The basalL (231) has the lowest tobal REE content and La/!b (9.6)

(Fig. 2.118), The sma1l negative Eu anomally i-n the basalt REE

pattern could be due to alteration of plagioclase or alternatively

may reflect some plagioclase fractionation'

The similarity of the REE patterns for four of the samples (Fig' 2' 104)

suggesls a close reJ-ationship, either through crystal fractionation or

varylng degrees of partial melting of a simil-ar source. The four sampJ-es

are: an andesite ßlZ), 59.7% SiOZ, La/Yb = 13.9; a dacite (747), 62'9%

SiO2, La/Yb = 1g.5; a rhyodacite Q94),71.4% Si02, La/Yb = 15.11 and a

rhyolite $54), 74.6% SLO|, La/Yb = 12,1. To test the relationship between

the four rocks a comblned rnajor element and REE modelling approach was

applied. using a least squares appnoximation program, major element data

and data on mineral compositions, it is possibJ-e to estimate the proportions

of fractionating minerals necessary to duplicate the geochemistry of the

parent and daughter samples. REE modelling, based on the calculated mineral-

proportions, can then be applied as a test of the internal- consistency.

In the following, this approach is adopted for pairs of rocks e.g. andesite-

dacite, dacite-rhyodacì-te, rhyodacite-rhyolite and andesite-rhyolite.

A. Andesite-dacite ß12-7 47 )

The results of a least squares calculation and the details of the

calcul-ation are given in Tabl-e 2.3A. The favoured model involves removal

of 5% clinopyroxene, B% plagioclase,0.4% apatite and 1.4% titanium

magnetite. However this model., like other reasonable models tried, does

not adequateJ-y account for the relative level-s of CaO, NarO and KrO in

the bwo rocks; either the two rocks are nol related by simpJ-e cnystal

fractionation or alternatively, the cao, KzO, NarO contents have been

modified by alteration. Modelling of the REE using the calcutrated mineral-

proportions and Kclts from Arth (1976) reveals a very close match between

cal-culated and observed REE contents, within the limits of the Kdrs used

(Table 2.4A). lL is therefore concluded on the basis of the REE that 312

and 747 are very likely to be rel-ated by crystal- fractionation, involving.

clinopyroxene, ptagioclase' magnetite and apatite'



TABLE 2.4.

Rock E312 8747

Resurts of trace element modelling calcurations designedto investigate possible processes of crystal fractionationin the Lake Everard rocks, using minerar proportions and
degree of crystallisation obtained from major element
modelling calculations reported in Table 2.3.

cBA

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

-obs. -obs..

139 150

90.8 92.8

54.2 55.7

37.6 38.T

35.7 44.1

23 22.5

19.6 20.9

17.7 iB.B

E7 4T

calc. 1

150

93.5

54.8

38.5

36.2

23.4

20.5

19 .1

E7 4T

calc.2
146.7

90.5

52.6

31.5

34.8

22.5

19.7

18.5

Ezg4

obs.

176

102.7

58. 1

25.2

36.2

25.4

22.3

21.6

8554

obs.

176

84. 1

44.9

14.9

28.6

24.7

23.1

22.9

E'554

calc.
207

120

68.6

21.6

42.9

30.3

26.6

25.8

8312

obs.

139

90. B

54.2

37 .6

35.7

23

19.6

17 .7

8554

obs.

E'554

calc.
155

74.7

41

23

29.6

20.5

20.9

22.4

176

B4

45

14.9

28.6

24.7

23.1

22.9

Distribution coefficien ts used
Q^+ 1

t* -*.
0.15 0.024

0.31 0.033

0.50 0.054

0.51 0.054

0. 61 0.091

0. 68 0. 15

0.65 0.23

0.62 0.34

èctJ ¿.

p]ag. apatite cpx.

ùet J.
plag.apatite cpx. p1ag. K-feldsp.

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

0.12

0.081

0.067

2.0

0.063

0.055

0.063

0.067

34.7

57 .1

62.8

30.4

56.3

50.7

37.2

23.9

0.33

0.7 t

1 .09

1 .04

1.23

1.31

1.23

1.'10

0.24

0.17

0. '13

2.11

0.090

0. 086

0.084

0.077

18.0

27.4

29.3

20.5

27.2

25.6

20.0

13. 1

0.50

1 .11

1.67

1.56

1 .85

1 .93

1.8

1.58

0.27

0.21

0. 13

2.15

0.097

0.064

0.055

0.049

0.044

0.025

0. 018

1. 13

0.01 1

0.006

0.006

0.012

Notes: 1, E312 + 8747 calc.1 used Set 1 Kds., excepting for apatite
which were taken from Seb 2.

?. 8412 -+ E554 also used Set 1 Kds., which are the average values
reported by Arth (1976) for basaltic and andesitic rocks.

3. E312 + E'747 calc.2 used Set 2 Kds., which are the values
reported by Arth (1976) for dacitic rocks.

4. F,294 + E554 used Set 3 Kds., which are the average val.ue-q

reported by Arth (1976) for rhyolitic rocks.
5. Distribution coefficient,s for magnetite were assumecl to be

ze?o.
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B. Dacite- odacite (747-294\

A satisfactory model relating the rhyodacite and dacite on the basis

of the major elements could not be found by least squares approximation.

Again the main problem lay in matching Naro, caor KrO, AI2O3 and MgO using

reasonable mineral compositions. Therefore, despite the similarity in the

REE patterns of the two samples, it is concluded from the major el-ements

that they are very unlikely to be related by crystal fractionation'

C. Rhyodacite-rhyol ite (294-554)

Least squares modeJ-J-ing of the major elements lndicates that the two

rocks can be related by fractionation of 12.8% plagioclase, 2.5% K-feldspar,

0.3% clinopyroxene and 1.5% magnetite (Table 2.38). The REE distribution

produced by fractionating the calculaled mineral- proportions from a 294

parent, does no! resemble that in sample 554 (Table 2.48) and it is

therefore concluded that the rhyodacite and rhyolite are unLikel-y to be

related via differentiation.

D. Andesite-rhyolite (312-554)

All of the rhyolites $54, 607 and 78) are marked by large negative

Eu anomalles indicative of plagi.ocl-ase and/or K-feldspar fractionation

(Fig. 2.108). Their HREE and LREE contents are variabl-e, possibly as a

result of derivation from differing parental magmas or a]-ternativel-y, due

to labe-stage fractionation of accessory minerals such as zircon, apatite

or sphene, al-I of which have extremeJ-y high affinities for REE (Dodge and

Mays, lgTZ; Arth, 1976). The latter alternative may be supported by the

slight depletion in the MREE in the rhyolites compared with the more

basic rocks (Fig. 2.10); this feature could refl-ect apatite fractionation

since this mineral- has a preference for MREE (Kd MREE > Kd HREE and LREE

for apatite, Arth, 1976).

To test this possibility, one of the rhyolites $54)r was modelJ-ed by

least squares approximation of the major elements from an andesite ß12).

If was found that fractionation of clinopyroxene, orthopyroxene, plagioclase,

Ti-magnetite and importantly, 2.2%, apatite, vüas necessary in onder to

obtain a good match in the major elements (Table 2.3C). t4odelling of the

REE elements using the calculated mineral- proportions, F and Kds after

Arth (1g76), showed that fractionation of such a minera] assemblage did

in fact result in a relative depJ-etion of MREE (Table 2.4C). As Figure

2.108 shows, the match in REE for sample 554 is not perfect, nevertheless,
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the shape of the calculated and actual REE patterns are sufficiently
close to suggest thaf the rhyolites could be derived by simple crystal

fractionation from lntermediate parents, with lhe finer details of the

REE patterns being determined by Lhe late-stage accessory mineral-s. That

late-stage accessory minerals have fractionated from the acid magmas is
clearly evidenced by the presence of zircon, apatite and sphene in the

crystal-rich accumulative rocks (e.g. Yandool-ka Rhyolite and some dykes).

Although it has been shown that some of the samples considered above

are unlikely to be dj-rectly related to each other by crystal- fractionation,

the similarity of their REE patterns offers persuasive evidence that their

ultimate origins must have been similar, differing only in deta1l. Other

samples, however, have REE patterns which clearly set them apart from the

four samples examined above:

1 ) 227 (62.2% SiO2; Bunburn Dacite; Fig. 2.11A) - this andesitic

member of the Bunburn Dacite has an extremeJ-y fractionated REE

pattern compared with other samples (e.g. -H,, La/Yb = 21.1i

&, La/Yb = 13.9 and 747, La/Yb = 13.5)r which results from both

a relative HREE depletion and LREE enrichment (3.03 ppm Yb c.f.
3.9 ppm Yb for 747 and' 64 ppm La c.f. 53 ppm La for 747), To

derive thÍs sample from an andesitic parent, such as 312, would

necessitate the invofvement of amphibole or garnet to expJ-ain the

HREE depletion, but neither mineral- coul.d satisfactorlJ.y account

for the LREE enrichment. Therefore lhis unit i.s considered Lo

have a unique parentage (c.f. 312 and 747) a concfusion which is
t-

in accord with the previously noted differences in NarO/KrO, Fer03",

TiO2,41203, Sr, Y, V and Sc. Possible reasons for the compositional

differences will- be examj-ned in the discussion on the petrogenesis

of the acid magmas.

2) 734 (76.6% SiO2; Hiltaba Granite) - l,his sample has the highest

total REE conLent and Ìarge-st negative Eu anomally of', any rock

a.nal.ysed for REE from the province (F:.g. 2.114). The size of lhe

negative Eu anoma1.ly (EulEux = 0..14) irnplies that the magma from

which the Hiltaba Granite crystall-ised was produced by prolonged

cnystal fractionation from a more basic parent, probably involving

both plagioclase and K-feldsPar

The sample of Yardea Dacite (sample no, 7?5' 67.0% Si02r Lal\b = 13.6)

has a very anal-ogous REE pattern to the andesite ß8, La/'{'b = 13.9) and

dacite (747, La/Yb = '13.5). Its slightty Lrigher" total REE content suggests

fhat it may be a differentiate from a 312 or 747 Lype parent (fig. 2.11^).

Least squares modelling, hov,lever, showed that the -major efemenb geochemisLry
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could not be duplicated using reasonable mineral compositions

(clinopyroxene from microprobe data, plagiocJ-ase calcuLated from

optical determinations). Thus, despite the consistent REE, it is
concluded that the Yardea Dacite is probably not directly related to

a 747 or 31 2 Lype parent by simple crystal fractionation. This is in

agreement with the petrographic evidence presented earlier which

suggested that the Yardea Dacite did not crystallise directly from a

Iiquid, bub rather, had a significant accumulative crystal component.

Compared with Cainozoic calc-alkaLine volcanJ-c rocks, the Lake

Everard andesites, dacites and rhyolites are enriched in aII REE and

consequently have a much higher XREE (c.f. Taylorrs average circumpacific

andesite, Fig. 2.104). Similarly, the Nuckull-a Basalt has a higher XREE

than that pubJ-ished for mosL calc-alkaline basalts (c.f' Taylor, 1969).

The following concl-usions can be drau¡n from the REE data:

1 ) Plagioclase and clinopyroxene !ùere of major importance as

fractionating and/or residual minerals, while amphibole and

garnet appear to have assumed negligible roles'

Ð Both the basal-t (231) and andesite ß12) have simiJ-ar, fractionated

REE patterns, although there is a large difference in the absol-ute

contents of the REE.

3) Samples from certain rock units in the Lake Everard area have very

similar REE patterns and modelJ-ing cal-culations reveal that some are

probably retated via simpJ-e crystal fractionalion. Other sampJ-es

have distinctive REE patterns indicalive of slightly different.

sources or crystall-isation histories. Nevertheless, the REE

patterns are sufficiently close to suggest broad analogies in

the origin of aII samples analysed.

4) The samples of granites and rhyolites anal-ysed have been produced

by extreme crystal fractionation and are not primary, unmodified

partiat mel-Ls. The detailed differences 1n the REE paLterns have

probably arisen as the result of late-stage fractionation of

accessory minerals (e.g. zircon, apatite, sphene).

2.5 PETROGENESIS

2.5 1 General discussion

In this section possible models for the origin of the suite of rock-s

in the Lake Everard area will be examj-ned in l"he Iì-ght of the conclusions

drauin from the field, petrographic and geochemical evidence previously



TABLE 2.5. Fesults of major and trace elenent moclelling calcul.ations designed totest whelher the andesites from the Lake Everard area (an 
"u""ãg. of four

samples) could be related to the Nuckulla BasaIL by sinple crysial fractionatlon.

A. Least imation of a andesite ln terrns of Nucku1Ia Basalt and

Rock

si02

A1^0^¿J
Feot

Mn0

Mgo

Ca0

Naro

Kzo

Ti02

Peo5

Total

Notes

0. 16

2.90

4.47

3. 51

3.73

1.22

0 .47

100. 0

1.

2.92

4.41

3.7 9

3,57

1,25

0 .42

average average Nuckulla
andesite andeslte Basalt
obs. calc. Darent

60.12 60.12 52.81
't5.78 15.7 A 17 .51

7 .6\ 7 .64 9.43

0. 16

5.45

l.¿¿

3.80

3.31

1.22

0,22

100.0

Mineral composi.tions used
amph. plag. maanetiLe

42.1 54.44 Minerat
14.7 28.97 amph.

10.3 0.46 88.0 plas.

magnetite
15.5 0.13 andesiLe

11.5 10.47

2,9 5.57
'1 .0 0.35 tR2

1,5 6.0

Distribution coefficients used
amph. pLaE. maq. oox. cDx.

0.5 0.01 0. 10 0.03 0. I

0.8 0.01 0.4 0.15 0.1

1 .0 0.03 0.2 0.2 0.5
0.20 0.12 0 0.024 0. t5
0.29 0.071 0 0.022 0.015

0.46 1.8 00.017 0.12
o.42 0.23 0 0.013 0.026
't2.50233

32 0 30 1.1 1.1

300321330
80886

0.52 0.067 0 0.054 0.50

0.49 0.067 0 0.34 0,62

l'lt. Mineral
fraction orooortion

-

0.25

0.192

0.031

0.53

= basalt

= 0.11

0.53

0.405

0.065

2

MnO was excluded from model.ling calculatiohs owing lo an absence of l',tnO datafor amphiboLe and magnetite.
Amphibole composition from writerrs electron nicroprobe data for amphj_bole
phenocrysts in a calc-alkali.ne basalt (W31, see Table A5.5, Appendix 1).
Plagioclase composition is that of labradorite (after Deer, Howie and
Zussman ' 19621, and is considered to be realistie on opLleal grounds.
Ti content of magnetite adjusted t,o give a satisfacLory match for Tior.

element a

3

4

B.

Rock

Zr

Nb

Y

Ce

Rb

Sr

Ba

Sc

v

Cr

N1

Sm

Yb

13

36

109

126

462

1420

20

141

24

24

10. 4

3.7

13

37

89

119

490

1014

<1

<1

<1

9

8.1

3.6

average average Nuckul_l,a
andesite andesite Basalt
obs. caLc. Darent

307 252 159

9

28

52

71

482

657

24

186

96

105

5,2
2.3

Distribution coefficients for zr, Nb and Y after Pearce and Norry (1979); ce,
Rb, Sr, Ba, Sm ancl Yb after Arth (1976) and Sc, V, Cr and Ni after C111 (1978).

d

Note: l.



43.

discussed. The two simplest hypotheses are that:

1 ) The acid and intermediate magmas are related via crystal

fractionation to parental- basic magmas, ì-mplying that all rocks

form part of a continuous magmatic series - the rrbasalt-andesite-

dacite-rhYolite" suite.

Ð Two separate and unrelated magmatic series exist' represented by

the acid-intermediate rocks and basic rocks, respectively. fn

this model, the basic magmas and acid-intermediate magmas are

postulated to have been derived by partial melting of separate'

and geochemi-cally distinct, sources'

Both alternatives wil-l be discussed below, beginning with the case

of crystal fractionation.

A. Models involvi.ng crYstal fractionation from a parental basic magma

Such modelS are confronted with a volume problem, particularly in the

Lake Everard area whene the exposed volume of basic and intermediate

rocks is impossibly low to account for the huge volume of acid rocks'

It is possible, however, that the exposures of basic and intermediate

rocks do not accurately portray their original magmatic vofumes, due to

entrapment of the denser magmas within the crust (c.f. Fyfe, 1978)' The

proposition that the Lake Everand andesites and basafts are related by

crystal fractionation can be tested quantitatively using the geochemicaL

data. This is achieved by modelling the major el-ements using least squares

approximation and checki-ng for internal consistency by modeJ-ling the trace

efements, including the REE. To facj-Iitate the calcuLati-ons an average

basalt and an average andesite from the Lake Everard area have been

compil-ed (Table 2.2). The samples averagecl are analogous in most critical

respects (e.g. sio2, zr, Nb, Y, Ce, SiO, and Mgo) and it is anticipated

that the average wil-I smooLh lhe more variable componenLs (e'g' Rb, Ba'

Sr, NarOr CaO and K20).

of the many possibilities tested, the most reasonable fit in major

elements was obtained by removal of approximately 25% anphlbole, 3%

magnetite and'19% plagioclase from the average basal-t to yield the

average andesite (Table 2,5Ã). The relativel-y high proportion of

amphibole is precìictable from the requirement that SiO, increase whil-e M80'

A1203 and FerOrt d..""u"". Moderring of the trace elements using the

calculated F and mineral proportions reveafed that the discrepancies in

most of the l-ithophile e]ements (zr, Nb, Yr REE' Rb and sr) were <25%

(Table 2.58). Given the uncertainties j-ntroduced by the assumptì-ons of



TABLE 2.2 Geochemical data neferred to in text.

si02
A1203

FerO,

Mn0

Mgo

Ca0

Nar0

Kzo

Ti0
2

P ro,

59.48

15.61

8.40

0. 16

2.87

4.42

3.47

3.69

1.21

0.47

52.10

17 .29

10.32

0.16

5.37

T .10

3.7 4

2,18

1.20

0.21

51.98

15.95

9.99

0. 19

B. OB

8.75

2.55

1 .15

0.84

0.25

D

53.69

14.81

13.57

0.21

3. 53

6.54

3.23

2.20

1.74

0. 40

51.91

13.65

9.66
0. 18

11 .77

8.55

2.15

1.27

0.64

0. 1B

F

65.6

16.5

3. 15

0. 83

2.03

4.75

5.3
0.64

0. 19

54.0

19.0
'10.0

G

4.1

0.9

t1cBA

t

9.5
3.4

0.6

Total 99.78 99.67 99.73 99.92 99.e6
LOI

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

2.18

307

12,9

36

109

20

141

24

24

126

462

1423

2.53

159

9

28

52

25

24

186

96

105

71

482

657

1.79

122

5.8
24

56

21

31

178

610

195

39

514

780

0.7.0

229

9.5
40

B6

45

28

280

8.1

8.4

67

433

976

1.51

102

5.3

19

7B

36

29

180

1 050

362

45

510

1 005

-500

<20
-40

143

60

7.5

51

<2
<15

245

570

1 700

30

4

20

17

20

425

175

A. Average composition of four andesites from the Lake Everard area
(average of 8532, 8312, 8524 and E33).

.8. Average composition Nuckul-1a Basalt, Lake Everard area (average
of E231 and E459).

C. Average composition of evolved basalt from the Kokatha area (average
of K.110 and K33).

D. Highly-fractionated basalt from the Kokatha area (K153).

E. Primitivg basalt from the Kokatha area (K101 ).
E. Compositiön of glass from the Eureka Va11ey Tuff, California (after

Noble, 9,9 eJ., i9T6)

9.. Calculated composition of the lower crust (after TayJ_or and Mclennan,
1979).
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the modeLling calcufations (e.9. distribution coefficients' Ieast squares

approximation of major elements), it is believed that none of the

Iithophile el-ements present a major objection to the model-. The order

of magnitude discrepancy in the compatible elements (V, Sc,Cr and Ni)

is not insignificant however, because unl-ess the Kds for these efements

differ by an order of magnitude from the published values, the mismatch

cannot be reconciled. In the absence of any evidence for this, it is
concl-uded that the differentiation model involving basalts and andesites

from the Lake Everand area, is untenable.

At this point if is pertinent to consider the dj-fferentiation trends

in the Kokatha rocks, where basalts are far more abundant. The basal-ts

from this area show a tholeiitic iron-enrichment trendr presumably produced

by olivine + pyroxene + plagioclase fractionalion under relatively low

p0, and PH'O conditions (Branch, 19TB). A typical differentiated basal-t

from the Kokatha area analysed by the writer (Table 2.2), has relatively
high FelMg, TíOi, PZOI, Zr, Nb, Y and LREE and low MgO, Ni and Cr contents'

It is clear from a visual comparison of the major el-ements that to pnoduce

the average and.esite from such a parent would require magnetite + amphibole

t cJ-inopyroxene fractionation in order to reduce ferOrt and MgO and at the

same time increase SiO, to the required levels. These minerals have Kds

solid/liquid >1 for Ni and cr (GilI, 1978; Leeman, nt êI., 1978), yet Ni

and Cr are significantly higher in the average andesite compared with the

basic differentiate, thus precluding a crystal fractionation refationship.

Moreover, it is evident that prol-onged crystal-lisation al-ong the tholeiibic
trend of the basalts would not yield the major element (nor trace element)

contents of the andesites. If water were addecl, such that amphibole and

magnetite became stable and crystaltised i-n J-arge quantities, the relative

levels of the compatible trace elements woul-d still present a major

objection (particularly Ni, Sc, V and Cr).

B. Models involving Partiat melting of different sources

The conclusion that the intermediate volcanic rocks are probably not

related to the basal-ts by simpJ-e crystal fractionation necessariJ-y implies

that the primary magmas in each case originated from separate sources.

Basic magmas have an origin in the mantle (Green, 197 'l ), while primary

acid magmas are usually consi<ìened to be crustal-derived (I,'iyllie, !! 3f . '
1g76). The origin of jntermediate magmas is controversial (e.9. Mysen

and Kushiro, and Nicholls and Ringwood, 1973), but in the present case

the geochemistry (par"t.icularly the REE) suggests that bhe intermediate

and acid volcanic rocks share a common origin. In the following discussion,



TABLE 2.6. Elemenlal ratios for basal-ts from the Gawler Range provlnce.

Ratio

z"/ 
cu

Zr/,

Ti/ _L?
,Ti/ 

Y

Zr/ 
*O

ri/v
Tilsc

TL02/ 
P zo5

Arzoz/'tio,

Probable
chondribic
val-ue

7 .4-7 .7

2,5-2.8

100-110

250-280

16- 18

8.4- 10

78-85

STP= 1 0

20.4

17

DcBA

CaO/ tTr i /..ì

2

%Me0

No. sampJ-es

1.3

5.4

38

202

19

21

132

3.6

21

13.4

11,77

1

2.2

5.1

41

210

21

28

163

3,4

8. 08

3.1

5,7

45

257

18

39

300

5,7

5.37

2

2.8

8.5

24

202

24

51

363

2.6

42

2.87

A. Primitive Kokabha basalt (K101 ).

B. Evolved Kokatha basalt (average of K33 and K110)

C. Nuckulla Basalt (average of E231 and E459).

D. Lake Everand andesite (average of E33, E3jZ, E524 and 8532\.

Not,es: 1. chondritic val-ues after compilations of Nesbitf and sun (1976),
Sun and Nesbilf (1977 ) and Nesbitt, pers. comm.

2 TLOZ/p^O_ vaLue of 10 is for Archaean spinifex-textured
perioO6t?tes which are thought to be derived by high degrees
of melting of primitive mantle (Nesbitt and Sun, 1976).
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the basic and intermediate-acid rocks will be consj-dered separately'

to permit a <ìetailed investigation of their particular origins.

2,5.2 Ori-gin of the basic magma.

A. General discussion

The rel-atively low Mg number of the Nuckulla Basal-t (53) and l-ow

Ni and Cr contents preclude equilibration wj-th mantle peri-dotite

(Roeder and EmsJ-ie, 19?0; Sato, 1970). Consequently, this basalt tnust

have differentiated irom a more primitive parent with lower absolute

contents,rf incompalible el-ements (e.9. Ti, Zr, Nb, Y, LREE' P, K, Rb

and Ba). It has been previously noted that the geochemistry of the

Nuckull-a Basal-t in some respects resembles that of calc-alkali.ne basal-ts

(parti-cular1y in the contents of 41203' TiO2, PZO5, Zr and Y). Basal-ls

with high AI2O3, in assocjat:'-on with calc-alkaline suites (i.e., high-

alumina basalLs ) are thought to be derived by olivine + cl-inopyroxene

fracticnati.on from an ol-ivine tholeiite parent (Green, * il., 1967).

The fower 41203 and higher Ni and Cr contents of the Nuckul-Ia BasaLt

compared with high-afurnina basalts (Taylor, 1969; Jakes and 't¡lhite 
' 1972)

suggesl-s bhat olivine and clinopyroxene fractionation may noL have been

so extreme in this case. It is also possible that smal-l amourtts of
plagioclase fractionation may have contributed to bhe l-ower AJ-'O, and

slight negative Eu anomal-ly 1n the Nuckulla Basalt, perhaps reflecting
lower PTOTAL and/or PËlrO during fractionati-on (Yoder and TiIIey, 1962i

Eggler, 1972).

A consideration of the incompatibfe element ratios for the Nuckul-l-a

Basait revea]s l]naL Zr/Nb ¿ind TilY are near chondritic whereas Zr/Ti and

Zr/Y are significantly greater than chondritic (Table 2.6). This could

be due to control of Ti and Y by resì-dual- mineral(s) in the mantle and/oi'

fracLionating mineral-(s) or alter'nativefy it rnay reflect derivation from

a mantle enriched in Zr and Nb rel-alive to Ti and Y. Unfortunalely' the

Ilmibed compositi.onal range of basalts from the Lake Everard area does

noL permit distj"nction between these alternatives. To extend the

compositional range, anaì-yses of two, rnore primitive basal-ts from the

Kokatha area are given (Table 2.2). It is notabl-e thaL both have

non-chondrit,ic Zr/Ti ancl. Zr/I val.ues yet approxinately chondritic Zr/Nb,

with similar val-ues Lo those for the Nuckulla Basal-Ù (Table 2.6). In

particular, the similariLy of these ratios in the primitive l(okatha

basalt (K101 ), indic¿rtes that fractionating mirrerals have not been

responsible for the control- on Ti and Y. AIso, the near chondnitic Ti/\
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value suggests that the bulk D (melL/residue) was approximateJ-y the

same for Ti and Y indicating that little or no garnet was in Lhe

residue from which the rnagma segregated' since l,his mineral- would be

expected to retain Y 1n preference to Ti (assuming the Kd for Y is similar

to that for HREE in garnet, e.8. Arth, 1976).

Other notabl-e features of the el-emental ratios of the primitive

Kokatha basal-t (Kl01 ) are:

1 ) V/Ti and Sc/Ti are both significantly less than chondritic, implying

control on V and Sc relatlve to Ti.

2) PZO5/TLOZ is greater than chondritic.

3) Zr/Ce is considerably fess than chondritic irldicating that Ce is
enriched over zr and Nb. It is notable thal, ce and PrO, do not

show systematic trends in the more differenti'ated basalts (measured

bV prOr/TiO, and Zr/Ce in the evofved Kokatha basalt and average

Nuckull-a Basal-t), suggesting that the processes feading to their
enrichment were rather more erratic than for zr and Nb.

4) Al2O3/TiO, is approximately chondritic indicat:i.ng that a highly

aluminous mineral is not residual in the mantle (e.g. garnet,

amphibole or aLuminous clinopyroxene), while CaO/TiOr ls a little
less than chondritic suggesting that a calcic mineral may be

residual (e.g. clinoPYroxene) .

Using the expression for batch partial melting in terms of the

residual- minerals (after Schi}ling and Winchester, 1967), published

disfribution coefficients and assumed mant]e abundances (after Frey,

et -Ll. , lgTB) it is possible to cafculate the proportions of residual

clinopyroxene, orthopyroxene and o]ivine necessary to produce the

observed concentrations of the compatibl-e elements, Sc and V, in K101.

The favoured residua] mineral proportions are: 70% olivine, 20-25%

orthopyroxene and 5-10% cJ-inopyroxene at approxì-maLeLy 20-25% parLLaI

melting (Table A2.5, Appendix 'l ). These val-ues could vary sJ-ightly

because of the uncertainties introduced by the assumptions of the

calculations, but it is unlikely that the proportion of clinopyroxene

would exceed10% while the degree of melting is unlikely to be l-ess

Lhan 20%.

A crucle check on this conclusion can be made by J-easl- squares

modelling the major elements of the primitive basal-t (K101 ) from a

hypolheticaf mantLe cômposition. The calcufations invol-ve the following

assumptions:

1 ) K1O1 represenLs the composition of the primary magma;

2) olivine, orthopyroxene and clinopyroxene are the only residual

mineraJ-s;



TABLE 2.7. Least squares approximation of primitive basalt (K101 ) in terms of a

and possible residual mineral-s.

Rock Mineral composit;lons used
o1. opx. cpx.

4'1.0 54.4 54.3

0
'11.1 4.1

47.

hypothetical mantle source

I^lt Mineral
õñõTTionfraction

K101
melt

52.43

13.79

8'7e
0. 18

11.90

8.64

2.17

1.28

0.65

0. 18

100.0

' pyrolite
obs.

45.2

3.5

10.0

3

pyrolite
est.

45.21

3.43

10.12

37.47

3.09

Mineral

01.

opx.

cpx.

Ki01

0.050

0.037

0.244

pyrolite

si02
ot19,
Feou

M10

l',190

Ca0

Nar0

Kzo

Ti02

Pzo5

TotaI

0.6

6.6
6B01 .BB

.065

.048
37 5

1 0

7

2

33.0

1.6

18.5

20. B

tR2 = 0.0215

Notes: 1

0.17 0. 1B 0.2 0.3

Pyrolite composition is modified from Ringwood. ( 1966'). The TiO, content of Ringwoodfs pyrolite has
been reduced from 0.7% to 0.17%, while the FeOt content has beeÉ increased from 8.5% Lo iO% in orderto obtain satisfactory matches for these elements. The former modification is consistent with
estinates of Archaean pyrolile given by Green (1975) and Sun and Nesbitt (1977 ), while the latteris consistent with Gliksonts (1979) proposal of a more iron-rich Archaean mantlerand the high end of
the Archaean pyrolite range (9.7% FeOt) estlmated by Sun and Nesbitt (jgTT).
Addition of variable proportions of olivine to K1Ol faited to yield a satisfactory match for
unmodified pyrolite.

?litiTS¿"3:tÎ3tË"::ffiri|:"clinopyroxene 
compositions taken from experimental data of Green (isT6)

2

3
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3) the mantle source has the composition of a modified pyrolite
(after Ringwood, 1966),

The results of the calculations, reported in Table 2,7 show that a meft

with the composition of K101 could be derived by 24-25% partial meJ-ti-ng

of the assumed mantl-e leaving a residue of BB% ol-j-vine , 7% orLhopyrcxene

and 57" clinopyroxene. The important points to note are the relatively
high degree of melting (24%) and the presence of residual clinopyroxenet

which, considering the assumptions involved, is in remarkably good agreement

with the conclusions based on the Sc and V modelling.

The relatively high degree of melting >20%) implied by the Sc and

V, and major element dala is notable, as it exceeds the estimate of
approximately 15% based on Zr and ltlb (using the mantle abundances of
Frey, ç! aI., 1978 and assuming complete incompatibility). Ce predicts

an even lower degree of melting (approximately 2,5%) and estimates based

on KrO and Rb yield simi1ar values. This, combi-ned with the non-uniform

Ce levels in thê three basalts (Table 2.2), suggests the possibÍJ-ity bhat

the basic magma may have been derived from a LREE, ZY, Nb (and possibly

K, Rb, Ba)-enriched mantle. The consistency of the ratios of the relatively
immobile el-ements (Zr, Nb, Y and Ti) and the near chondritic Zr/Nb andTi/Yvalues

indicates that crustal- contamination is an unlikely cause for the relative
e]-emental enrichments.

Assuming 20% melting with a residue of 70% olivine, 22.5%

orthopyroxene and 7.5% clinopyroxene, the hypothetical- REE contents of
the enriched mantl-e source (for K101) are: 15 ppm Ce (i.e., 18.5 x

chondrite) and 2 ppm Yb (1.e. 9.6 x chondrite). The inferred lower Ce

contents in the parental magmas from which the more evol-ved basalts

were derived (Table 2,2), cou1d be taken as evidence that they were

generated from a less enniched part of the mantl-e, thus indicating
significant heterogeneity in the source. The al-ternabive possi-bility,

that the parental magmas for the evolved basalts were the products of
higher degrees of partial melting of the same mantl-e source as K101 1s

not supported by the relative Sc, V, Zr and Nb contents, nor is it
consj-stent wj-th experimental evidence (Green, 1973a).

B. Conditlons of magma segregation

Several of the points previously deduced concerning the origin of
l.he primitive Kokatha basal-t, (K101) can be used to gain some j.nsight

into the conditions under which the basic magmas segregated. The points

of particular refevance are:
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the presence of 5-10% clinopyroxene in the residue;

the relatively high degree of melting inferred (>20%), and

the variable enrichment of LIL elements in the mantl-e source.

The presence of residual cJ-inopyroxene implies that magma segregation

probably did not take place at depths greater than about 60 km (Green,

1972, 1973), assuming water-undersatunated melting. Ïn view of the

reÌatively aluminous nature of K101 compared with typical olivine
thoteiites (which contain approximately 1 2% ALZO3) tfre depth of melting

may have been nearer 40 km (Green, 1973). If partial melting utrder

water-saturated rather than water-undersaturated conditions occurned,

the depth of magma segregation was stiIl likely to have been less than

60 km, in orcler to maintain clinopyroxene in the residue (Green, 1973b).

Vrlithout experirnental data for the rocks being considered precise

estimates of the pressure and temperature conditions of melting cannot

be made, but at the degree of melting proposed (i.e., >20%), it is cfear

from the experimental- constraints cited above, that segregation of the

magma frorn refativeJ-y shallow depths and under hydrous conditions, is
indicated.

The preceding discusslon has been largely concerned with explaining

the origin of the primili-ve Kokatha basalt (K101 ), since it is the only

relatively unfractionated basalt in the province knou¡n to the writer.
The inference that the Nuckulla Basal-t and evolved KokaLha basalt coufd

be derived from a basic parent with the compositional characteristics
of K101 is supported by the following evidence:

1) The simil-arity in major element characteristics e.g. relatively
+

high AIrOa and low FerOr" and TiO, contents cornmon to all-.
2) Major element modell1ng calcul-ations, which show that both K1i0

and 231 coul-d be derived by cJ-inopyroxene + olivine fractionation
from a K101 type parent.

3) The similar elemental- ratios, particularly those liLtle affecbed

by fractionation of ol-ivine and clinopynoxene (Table ?-,6).

4) The proxi.mity in the field - the volcanic piles in the Lake Evenard

and Kokatha areas are approximately contemporaneous and are only

50 km aPart.

0n the above grounds, it is beÌieved that the concfusions concerning

the ori-gin of the primj-tive Kokatha basalt (K101) can be direcLly appl-ied

to the parental- magtnas for the Nuckul-l-a Basal-t in the Lake Everard area"

The only major exception is that the source for l,he Nuckulla Basalt

panent magma was not as enrichecl in LREE as that for the prirnitive Kokatha

basal-t, bu-t this is not inconsisLent with the concept of a hetenogeneous

LIL element-enriched mantle sourc.e.
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2.5.3 Origin of the acid-intermediate magma

A. General discussion

Green (1976) has shovan that lntermediate magmas cannot be derived

by direct partial- melting of the mantle, although some workers would

disagree wibh this conclusion (e.g. Mysen and Kushiro, 1973; Mysen and

Boettcher, 1976). If this concl-usion is accepted, then the origin of
primary intermediate magmas is limited to a. two-stage process involving
partial melting of basic rocks, either as eclogites or amphibol-ites,

depending on the deplh of mel.ting (Green and Ringwoocl, 1968). However,

Stern (1974) has demonstrated that liquids derived from such a source

clo not resemble calc-al-kaline andesites. In most Cainozoic calc-al.kaline
provinces where subduction has been (or still is) operative, this serious

objection can be negated by proposing that the intermediate magmas have

diffenentiated from primary basic magmas that were generabed in the mantle

wedge overlying the subducted basaltic crust (e.9. Thorpe, $ al-., 1976;

Kay, 1978). Presumably, meJ-ting in the mantle is triggered by fluids
released from the subducted oceanic crust, perhaps by dehydration reactions
(Best, 1975), It is considered that such a model is unlikely to be

directly applicable in the present case owing to Lhe l-ack of any geological

evidence for contemporaneous subduction in the region (Glen, eJ.al.., 1977).

Moreover, the post-orogenic tectonic setting of the province and the

development within a large mass of thick, stable continental- crust are

festures not normally associat,ed with subrduction-related magmatism. In

particuJ-ar, the relatively high LIL el-ement contents and high KrO/NarO

value.s in the Lake Everard rocks, strongly suggests a significant sialic
crustal contribution.

0n experimental grounds, it is feasible that the acid-inLermediate

magmas could have been derived by direct crustal melting, but as lrlylliet
et al., (1976) point out, the temperatures required to generate mel-ts

far removed from the eutectic composition (e.g. Iiquids with the

composition of the andesites or low-silica dacites i.e. 58-65% Si02)

are greatly in excess of temperatures attained during regional metamorphisrn.

For example, to generate an andesiLic liquid wiLh 2% dissolved HrO aL 30-50

km depth would require a temperature of 11O0oC (VJyllie, qL sf., 19761,

Surface recorcti.ngs at 12OO- 125OoC in modern anclesitic lava flows
(Osborn, 1969) appear to verify the rel-atively high tempenatures invol-ved.

Many workers have avoi-ded l"his problem by invokíng variations on the

simpte partial meJ ting model 1,o explain the onigin of acid magmas wiLh

non-eutectic compositions. The model-s proposed incfude:
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1 ) Those involving a restite component and a near eutectic mel-t

(e.g. ülhite and Chappel1, 1977; lriyllie, 1977). In this model it
is postulated that sufficient near-eutectic melt is generated to

mobilize some (or aII) of the residue which then rises and intrudes

with the melt. The evidence for this restite is seen in abundant

metasedimentary and/or meta-igneous xenoliths, xenocrysts of
hornblende, biotite, cordierite, garnet and complexly-zoned and

twinned, plagioclase. A number of workers have demonstrated the

feasilibiby of this process in expJ-aining the origin of granitoids

with non-eutectic compositions in eastern AustraLia (e.9. llhite
and Chappell, 1977i Price and Taylor, 1977).

2) Contamination, in which additions from the wall- rocks by reaction

and zone refining are invoked lo explain rocks with unusually high

KZO, Rb and other LIL element contents, yet with relatively basic

major el-ement compositions (e.g. Noble, et al., 1976).

3) Magma mixing, defined by Anderson (1976) as: rtthat process whereby

lwo or more compositionally distinct magnas are mixed together

such that the melts of each are blended lnto a composí-tionalJ-y

uniform single magma (uniform meLt + crystals + gas)." Anderson,

and more recently, Eichelberger (1978) have argued forl,he adoption

of this model as a general explanation fon the origirr of circum-

pacific andesiLes.

The appticabj-lity of each of these modeÌs 1n explalning the origin
of the non-eutectic liquid compositions in the present case' will be

investigated below.

B. Models involving a restite component

fn a suite of rocks as complex as Lhose from the Lake Everard area,

where partial- melting of differing sources, crystal fractionation ancl

even contamination and magma mixing may have been operative, it is
unlikeJ-y that the geochemical data wilt be able to conclusively verify or

dispel this hypothesis. Probably a more rewarding avenue of search wouLd

be simple petrographic observation (c.f. White and ChappeJ-I, 1977)"

If bhe rocks of l-ow-silica dacite and andesite compositi-on are

considered, it is immediately apparent that many of them are remarkably

phenocryst poor,, particularly t.hcse belonging to the Childera Dacite

and Bunburn Dacite (2% phenocrysts, Table 2.1). Even the andesitic

variants of the Mangaroongah Dacite are relatively phenocryst poor rc-B%

phenocrysts, Tabl-e 2.1). Moreoven, lhe phenocrysts present (i.e.,
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clinopynoxeneandplagi-oclase) appear to have crystallised from melts with

the approximate composition of the host rock and have compositions

consistent with this. Basic xenoliths, commonly with diffuse margins,

are present in two of the units (Childera Dacite and Mangaroongah Dacite)

but probably comprise fess Lhan 5% by volume. If the generous figure of

157" restite (5% basi-c xenoLiths + 10% crystals, with an average of 50%

SiO2) is assumed in an andesite from the Mangaroongah Dacite' and this
is combined with an acid, eutectic melt (75'/" Si02' !,lhite and Chappell,

1977), the resulting mixture would have approximately 71% SiO2, clearly
quite different to the 58-62% SiO, range observed in andesites from this
unit. Thus it is concluded, in the absence of supporting petrographic

evidence and from the composltional disparity, LhaL lhe restite model

cannot provide an explanation for the origin of the andesites and low-

sil-i-ca dacites.

One variant on the restite model conveniently examined at this
poinl, is that'invotving earlier fractionated crystals which have accumul-ated

in a magma charnber to be subsequently disrupted and incorporated into 1ater,

more fractionated liquids, as outlined in the petrography section. Although

these crystals do not represent material- from the sibe of parLiai melting'

and hence are not restite in the sense originally defined by I'lhite and

Chappelt (1977), they nevertheless have an effect on Lhe geochemistry of

the host liquid sirnj-]ar t,o bhat produced by restite. Apart from

explaining the petrographic observations, lhis concept is able to account

for some of the unusual geochemical features of the acid rocks in the Lake

Everard area. Some specific examples are mentioned below:

1) The relq.tiveJ-y lni-gLr Zr contents, characteristic of the Yantea

Rhyodacite (Fig. 2.9D) could be explained by proposing that the

KrO-rich residual liquid engulfed significant amounts of
accumulative zircon, in addition to plagioclase and clinopyroxene'

prior to its final ascenl, and eruption.

2J The Hiltaba Granite and rnany of the rhyolites may have crystallised
directly frorir the KrO-rich resi-dua.I liqui.d, hence expl-aini-ng their
highly-fractiorrated geochemicaf characterislics'

3) Some dacites with abnormally high Ba contenLs, may have been produced

by the incorporation of plagioclase, clinopyroxene and magnetite

phenocrysts into a high-Ba residual liquid that was extracted prior

to extensive K-felclspar fractiotralion.
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C. Model-s involv con ation

Noble, g_t aI , (1976) record the geochemistry of highly potassic,

fresh glasses in quartz latites from Cal-ifornia an anaÌysis of which is
given for comparison in Table 2.2. In general, the Lake Everard dacites

have higher iron and titanium, and lower 41203 contents, but otherwise

the geochemical similarity is striking. To expl-ain the high KrO and

other LIL element contents, yet low SiO, of the lati-tes, Nobl-e and

co-workers suggested that a pnimary melt, derived by partial melting

of LIL element-enriched mantle, is further enriched in LIL elements by

zone refining and walI-rock reaction during its ascent. Subsequent

crystal fractionation yielded the latites. The net enrichment in LIL

elements above the enriched mantle source is approximately 50 times.

Unfortunatety, this model is virtually impossible to test
quantitatively because of the rather arbitrary assumptions as to the

degree of LIL element enrlchment in the mantl-e source and even greater

assumptions regarding the conbribution of wall--rock reaction. However,

there are some serious qualitative objections which can be raised against

this model as an explanation for the origin of the Lake Everard rocks:

1 ) It cannot explain the paucity of intermediate rocks. In this
model-, since the ultimate source of magma is the mantl-e and the

LIL element enrichment is primariJ-y due to the enriched soui-ce

source and contamination, it might be expecLed bhat a continuum

from highly LIL efemenl,-enriched basal-t through andesite to daciLe

would occur. Although the basalts in the Gawl-er Range province are

relatively enriched in LIL el-ements, perhaps through the operation

of such a mechanisrn, j-t has been previously demonstrated that they

could not have given rise to the andesites or dacit'es by simple

crystal fractionation.
2) The process invoked by Noble and co-workers to expl-ain the geochemical

properties of the dacitic glasses rc5.5% Si02) woul-d have had to be

far more extreme to explain similar propenties in the Lake Everard

andesites which have significantJ-y Iower contents of SiO., (e.g.

58-60% Sio2).

3) Noble and co-workers place liltle emphasis on the possibility of

a signi-ficant LIL el-ement contribution from the crust. This woufd

appean lo be overlooking a major source of LIL efernents in the

case of the Gawler Range volcano-pLr:tonic province, particularly
in view of Lhe extenL of the province and volume of acid rocks.

By incneasing the proportion of acid, LIL eJ-ement conLaminant
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derlved from the crust, the contamination model grades into a

magma mixing model simil"ar lo that deflned by Anderson (1976).

D. Magma mixing models

In this model, the possibility of mixing mantLe-derived basic
magma with crustal-derived acid magma is presented as a method of
generating LIL element-enriched intermediate magma. It is assumed that
the high geothermal gradient produced by the basic magmatism and

probable mantl-e dlapirism induced partial melting of the lower crust.

Some of the factors which would favour mixing of separate bodies

of acid and basic magma are:

1 ) Both magmas woul-d bend to use the same zones of weakness as

channelways during their ascent, hence there would be a high
probabiliby of mixing.

2) The silióic magma, being lighter and less dense, would rise above

the basic magma tending to entrap it, thus promoting mixing at the

contact (Eichelberger, 1978). This couÌd occur either at the base

of the crust or within the crust.
3) Once in contact the temperature gradient would ensure much

convection and hence mixing (Eichelberger, ibid. )

This model- offers the possibility for signifj-cant variations in the

composition of the products of mixing, making quantitative testing
difficutt. For example, the basic magma could differentiate to varying
degrees prior to mixing and this would greatly affect the levels of MgO,

tNi, Cr, FerOr", PZO5, Ti02r V and Sc in the resul.tant mix. There is also
the possibility of addition of further batches of basic and acid magma to
the mix at any point during its crystallisation history. In addition,
varying the proportions of basic and acid magma would produce a range of
composiLions in the primary mixture. ff the mixing model- is applicable
it should be possibl-e to generate a composition very similar to t,hat of
the average andesite (TabIe 2,2) by mixing the appropriat,e proportions
of basic and acid magma. The mai-n probl-em is to decide upon appropriate
composi-tions for the parental basic and acid magmas, so bhat a test can

be applied.

Many samples of Hiltaba Granite and some rhyoJ-ites approach a

eutectic major element, compositlon (c.f . !,lhite and Chappell, 1977) despite
the fact that their trace element conbents show them to be highly
fractionated (particularly Rb, Sr and Eu). For the purposes of testing,
the major element composition of the hypothetical eutectic acid magma



A. Average Calculated Assumed
Nuckulla andesite near-eutetlc
Basa1t composition acj-d composition

Average Assumed
andesite near-eutectic

acid composition

Average Average Minimum melt
andesite Nuckulla S-type, after hlhite

basalt and Chappell, 1977.

B. Calculated
basalt
composition

52.11
16. 85
11 .51
0.22
4.14
6.11
3.64
2.84
1 .68
0.68

263
10
32
94
28

207
34
34

100
635

1386

sio"
A1^b^
relol
I'4lrô -
Meo
Ca0
Na.O
K"6
TÎ0,
lzolsLT
Nb
Y

Ce
Sc
V
Cr
Ni
Rb
Sr
Ba

t
52.10
17.30
10.32
0. 16
5.37
7 .11
3.74
2,18
1.20
0.22

159
9

28
52
24

186
96

105
T1

482
657

59.48
15.91
7.59
0.12
3.70
5. 10
3.54
3.24
0. 88
0. 16

237
12.2

33
90
17

127
67
T2

106
359
929

74.97
13.00

1.BB
0.04
0.21
0.88
3.12
5.47
0.22
o.o2

400
19
44

140

100
1 500

59 .48
15 "61
8"40
0.16
2.87
4 "42
3.47
3"69
1"21
0.47

307
13
36

109
20

141
24
24

126
462

1423

74.97
13.00

1.BB
0.04
0.21
O. BB

3. 12

5.47
0.22
o.o2

19
44

140
3
3
3
3

180
100

1 500

59.48
15.61
8. 40
0. 16
2.87
4.42
3.47
3.69
1.21
0.47

307
13
36

109
20

141
24
24

126
462

1423

52.10
17.30
10.32
0. 16

5.37
7 .11
3.7 4
2.18
1.20
0.22

159
9

28
52
24

186
96

105
71

482
657

75.74
12.97
1.56
0.03
0.31
1 .11
3. 11

4.85
0.28
0.06

400

3
3
3
3

180

Table 2.8. Mixins calculations.
Results of mixing calculations in which the average Nuckulla Basalt composition is mixed with an assumed
near-eutectic acid liquid composition, in the correct proportions to yield the SiO, content of the average andesite.

Results of calculations in which the assumed near-eutectic acid liquid cornposition is subtracted from the average
andesite in the correct proportions to yield the SiO, content of the average Nuckulla Basalt.

A

B
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hras taken from a typical sample of Hil-taba Granibe. Selection of

appropriate trace element. content.s presented more of a problem, but

it was eventually decided bo use the average values from a number of

Iess-fractj-onated rhycJ-ites. As an initial test, the supposed eutectic

melt composition was mixed with the average Nuckul.la Basal-t in the

proportlons that gave the SiO, content of the average andesÍte, on an

anhydrous basis. Selection of the mixing proportions based in SiO,

Ís arbitrary, but theoretically if the model- is valid, mixing based on

the proportions of any of the other major elements shoul-d yield similar

results. The resufts of the caLculation are given in Tab}e 2.84.

Comparing the calculated andesite with the average andesite reveals a

broad si-milarity in most major elements. However, in detail, there are

a number of significant discrepancies, in particular the cafculated

andesite has relatively hieh MgO, CaO, Ni and Cr contents, but is l-ow in

Tio2r P2o5, zr, ce and Ba compared with the average andesite.

Thls may demonstrate a failure of the asswnptions rather than the

model, since it is apparent that if a more cÌifferentiated basic rnelt

(nigfrer in TiOr, PZOD, Z?, Ce, Ba, and l-ower in MgO, CaO, Ni Cr) had been

sefected, the cal-culated mix and average andesite would have shou¡n much

closer agreement. Tt is unfortunate thal the composition which ís knot¡r

best (i.e., average andesite) is the one being tested. In view of the

uncertainty in the basic meJ-t composition and the great variation
possible due to differentiation, it was decided bo attempt an alternatj-ve

melhod of calculati<rn in which the average andesiLe and eutectic acid

melt composition were used Lo determine the basic melt composition. If
the calculatecl basic melt was of an acceptable composition, this would

suggest an intennal consistency in the mixing hypothesis. As would be

predicted from the previous calculation invol-ving the Nuckulla Basalt,

the calculated basic melt has appreciably higher ferOrt, "IiO2, PZO5, KZO,

Zr, Ce and Ba, but lower CaO, MgO, Ni and Cr cotrtents, indicating thal

it is more differentiated (Table 2.BB). Least squares modelJ-j-ng of lhe

rnajor elements demonstrat,ed that the cal-culated basic melt could be

derived by olivine + clinopyroxene fnactionation from a K101 parent.

This is the same fractionation trend as that indicated for other basalts

fron the province (e.g. evofved Kokatha basalts and Nuckulla Basalt)

therefore suggesting that the cafculated composition j-s not unrealistic.

Thus is would appear from the calculati-ons that a mixing modeÌ could

be substantiated on the basís of the geochemj-stry, although this does

not necessarily prove that magma mixing did occur. In fact there are

severaf qualitat,ive arguments which can be raised against this model:
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1 ) If magma mixing occurred, then a continuum from basalt to

rhyolite might be expected corresponding with the compl-ete

spectrum of mlxing proportions possible. In a mixing model no

reasonabl-e explanation could be offered for the compositional-

hiatus in the 52-58% SiO, range, unless of course it were proposed,

rather fortuitously, that, mixing did not occur in the correct
proportions to generate magmas of this composition.

2) In view of the evidence for significant differentiation within
the acid-intermediate series, ib is apparent that mixj-ng can only

be applied to the generation of the andesitic and l-ow-silica dacite
Iiquids. This rel-ies on a rather fortuitous set of circumstances,

viz. mixing in exactly bhe right proportions to give these J-iquids

and no others, either more or less basi-c, and a basic component,

differentiated to the required degnee to yieJ-d the correct elemental

contents in the mix.

3) There is'a lack of petrographic evidence for mixing. The abundant

basic xenol-iths in the andesites and ]ow-silica dacites could not

be taken as evidence for mixing; rather they suggest quite the

reverse, since by theÍr very presence, they indicate that material
of basic composition was not miscible in the acid liquids. Moreover,

the andesites and low-sil-ica dacites are characteristically
porphyritic while the basal-ts are not, again suggesting that the

rocks in question do not represent unmodified magma mixes.

4 ) It will be shou¡n later ( chapter 4 ) that geochemical features

comparable with those in the Lake Everard rocks, charactenise many

Proterozoic acid vol-canics and can be satisfactorily explained in
terms of an origin in partial melting of sialic crustaf rocks. It
would therefore be extremely coincidental if the Lake Everard rocks,

having similar geochemical properties, had a markedly dlfferent
origin.

It is worth noting that the above comments apply not only to the rocks

in the Lake Everard area but may be extended t,o the Gawl-er Range volcano-
plutonic province as a' whole.

E. Model-s involving direct par tial melting of crustal sources

In lhe light of the objections posed against the previous three

model-s, it is pertinent to reconsider the al-ternatj-ve of direct partial
melting of the crust as a source for the primary magmas. ft is
conceivabl-e that the contemporaneous basic magnatism and associated mantle



Results of modellinÂ calculaLions deslgned Lo te the or{øin of l-hcTable 2.9
orimarv nagnas by processes of crusLat fuslon,

A. of endesite in

crustal crustal average
source source andeslte

obs. esL, Droduct

53.99 53.99 60.12

18.98 18.99 15.74

9.00 9.00 7.6t1

0. 30

q.12 4.12 2.93

9.51 9.51 4.41

3. 53 3.47 3.'.t9

0.6 1.83 3.57

0.90 0.91 't,25

0.42

100. 0

or end

Mineral conposltlons used

-fry -gPx. .PlaË. masnetlte
45.22 49.20 54.57

4.54 2.30 28.95

9.45 26.0 - 82.0

Rock

sfo2
AI,O2

FeO-

tfto
Meo

Ca0

Nar0

Kzo

T102

P zo5
Total

12.08

21 .52

21 .16

0. 49

0.06

11. 16

5.14

0.139

0.07 1

0.45

0.041

0.328

= crustaL
source

Mlneral
cpx.

opx.

plaB.

magnetlLe

ave. and.

wt.
frâcLlon

Mlneral
prooortlon

0. 20

0.10

0,64

0.058

Eg:1.

¿.

2

4.

0.36 0.19 r 1.o lR2 = 0.0043

K"0 has not been lncluded ln the modetllng calculatfonsr but e cÊlculated value 1s glven based
oñ the assunptlon that K ts behaving as an lnconpaLible element wlth Kd=O. IL presents a

serlous dlscrepancy, the signlficance of whfch ls dlscussed in the LexL.
The cllnopyroxene and orthopyroxene compositions are baken from elecLron mlcroprobe data of
Collerson (19721 lor pyroxenes ln a basic granullte whlch has a sl.milar composiLLon to the
assumed crustal source.
Plagioclese composlticn is 4n54.6, after Wright (1974).
The Tl content of magnetlte was adJusLed to give a satlsfactory match for Tior'

B. roxlmatlon of

crustal crustal average
source source andeslte

obs. esL, Droduct

5?.31 52.31 60.12

15.09 15.09 15.74

10.71 10.70 7.64

0. 30

6.83 6.84 2.93

11,01 11.01 4,41

2.75 - 3.79

0.18 0.70 3,57

0.98 1.O1 1,25

0.12 - O.42

ter1Îs of a Lical lower crusL r¡lth the

Rock

si02
Ar2o3

FeoL

I'b¡0

Mso

CaO

Mlneral
},t.
Fraction

Mlneral

-elgg$l"'
0. 37

0. 16

0 .42

0.046

cpx.

opx.

plag.

¡nagneti te
ave. and.

0. 286

o.125

o.327

0.036

0.256

crustal
30urce

Naro

Keo

T102

Pzo5

Total

ERz ; 0.0012

@1
3

100.0

Mineral composltions used2as for A.
NarO, KrO and PoO. were excluded from the modelllng ca1culatlons.
Th6 calõulated Íafue for KrO assunes a bulk distrlbutlon coefflcient for K of 0

C;

everage
crustal crusfal Bunburn
source source andeslte

obs. -es! produc L

53.99 53.99 62.71

18.98 19.00 17.87

9.00 8.99 5.94

0.18

4.12 4.13 ?.49

9.51 9.51 1.22

3.53 - 5.60
0.6 - 3.79
o_ro 0.96 t_ot

tlon of bhe and€sltlc

Mlneral

cpx.

opx.

plag.

magnetite

Bunburn
andeslte

Rock

st02

Alz9:
Feof,

fh0
t{go

Ca0

Na20

Keo

Tt02
Pzo5

ToLal

NoLes:

hrt.
?iactlon

Hlneral
proportlon

0.27

0.063

0. 60

0.069

Mlneral
prooorLions
for ave.andeslte

0. 20

0.046

0. 43

0 .05

0. 305

0.20

0.10

0. 64

0. 058

tR2

crustal
source

0.0033
100.0

1. Mlneral conposlLlons used es for A.
2. Na^O, K^0 and P^0- excluded lrom modelllng calculatlons,
3, Bu6Uúrn¿Dactt" áuB""g" andeslLe complÌetJ by averaging EZ27 and E689 (see Table 42.2, Appendlx I
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activity could have increased temperatures sufficiently in the lower

crust to permit the formation of non-eutecbic intermediate and acid

melts. Assuming this to be so, then it is possibl-e to test the

feasibility of a pantj-al melting model- by a combined major and trace

element modelling aPProach.

From the composition of the avenage andesite (60% si02), it is
evldent that a rel-atively baslc crustal source must be invoked in order

that the degree of melting is real-istic. For the purposes of testing,

Taylor and Mclennanrs (1979) calculated lower crustal composition !ùas

used (Table 2.2). Least squares model-ling of the major efements of the

average andesite from this source establlshed that a good match could be

obtained with the expected, granuJ-ite facies mineraf assemblage (Table

2,9A). The levels of bhe various trace elements in the source necessary

to duplicate the contents in the average andesite were determined using

the mineral proportions and F derived from the major el-ement modelling

calculation" urrd the most appropriate distribution coefficients. The

results, given in Table 2.104, shoÌ.t that the calculated vafues of Zr, Ce,

Rb and Ba in the source are significantJ-y higher than those predicted

for the lower crust by Taylor and Mclennan(1979]'. However, the calculated

conbents of all trace elements in source, with the exception of Sc, Ni

and Cr, are comparable with the Ìevels in the evolved Kokatha basalt

(Table 2.10). Thus, if a basic igneous source is proposed, it would be

required to have l-ower contents of Sc, Ni and Cr than most basalts.

As a specific example of a basic igneous crustal- source, an average

Archaean tholeiiLe from lhe Eastern Gotdfields Province of the Yilgarn

Block of I'lestern AustraLia was chosen for testing (after Hallberg and

llilliams , 1972). The reason for selecting an Archaean tholeiite
composition was found in the belief that if, as seems likely, an Archaean

supracru-stal succession l-ies beneath the Gawler Range province (Thomson

and l^Iebb, 1g7B), then such a composition would, in all probabllity'
provlde bhe most realistic basic source. Moreover, there is a

sufficient number of samples and wide enough spread 1n HaÌlberg and

!üilliamf s sampJ-ing to make their average sbatisticalJ-y meaningful.

AddÍtional, more recent data for tholeiitic basafts from other parts of

the Yilgarn Bl-ock indicates that this average has general validity
(e.g. Nesbitt ancl Sun, 1976; Stolz, 1980; writerrs ov¡n data) '

ModeJ-ling of the average andesite from the bholeiitic basalt source

yielded a good match in major el-ements, assumi-ng a residue of

orthopyroxene + cJ-inopyroxene + plagioclase + magnetite (Table 2.98).



TABLE 2.10.

Zr

1

307

13

36

109

126

462

1420

20

141

24

24

10.4

3.7

BA

Trace element modelling resul-ts based on the major

2 3

30

4

20

17

20

425

175

4

122

5.8
24

55

39

514

780

31

178

605

195

5

159

9

28

52

71

482

657

24

186

96

i05

5.2
2.3

6

307

13

36

109

126

462

1423

20

141

24

24

10. 4

3.7

7

207

10

46

24

32

123

4.8

15.4

Nb

Y

Ce

Rb

Sr

Ba

Sc

V

Cr

Ni

Sm

Yb

108

44

46

519

613

20

242

155

48

4.4

1.7

27

185

33

54

4.5

4.3

B

61

3.2

20

8.1

9

105

40

320

367

170

1.9

2.1

A Ca1cul-ated trace el-ement abundances in source (2), using values
in average andesite (1) and the results reported in Table 2.9 A.

The calculated values are compared with the values estimated by

Tayl-or and Mclennan (1979, (3) ) and wÍth the values in the evolved

Kokatha basal-ts (average of K110 and K33, (4)) and average Nuckulla
Basalt (5).

Calculated trace elements abundances in average andesit,e (7)

compared with observed values (6), using values in Hallberg and

Will-iam's (1972) average Archaean tholeiite (B) and the results
reported in Table 2. 98.

Notes: 1 Sm and Yb values reported for average andesite (1 and 6)

and average Nuckulla Basalt (5) are based on values in
samples E312 and 8231 respectively, reported in Table A2.2

(Appendix 1 ).
The distribution coefficients used are those reported in
Table 2.58.

B

2
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Usingthecalcu]-atedFandmineralproportJ-ons,andthetraceelement
contents in the avera8e tholeiite, the predicted levels of trace elemenbs

in the average andesite were obtained applying the same distribution

coefficients as before (Table 2'1OB)' Comparison with the actual values

reveals that the calculated l-evels of Zr' C€' Rb and Sr are too low'

whileSc,V,CrandNiaretoohigh,despitethefactthatinthelatter
case the distribution coefficients used are probably high, rather than

Iow. It therefore appears that a meta-basaltic source composed of Archaean

tholeiife when melted wourd probabry yierd tiquids too high in compatible

elemenbs (e.g. Sc, V, Cr and Ni), yet Loo low in LIL elements (e.g. Zr,

Ce, Rb and Ba), although most major e]-ements could be satisfactorily

duplicated.Itispossiblethatarefractorygranuliticresidue'
remaining after prior melt extraction eventsr may provide a more suitable

source, since it would be expected to be higher in LIL el-ements and l-ower

in siderophile elements owing to its sialic crustaf derivation' Alternat-

ively'amoreca].c-alkaline,aSopposedtoathol-eiitic,basic-intermediate
crustal source might be indicated. The various possibilities will be

discussed in rnore detail in Chapter 4 '

Atthisstage,theimportantconcfusiontobedrawnisthatitwould
be possible to generate a liquid with the composition of the average

andesite(andhencemoreacidliquids)fromabasic'Iowercrustalsource'
The mantle activity at this time, clearly evidenced by the conLemporaneous

basic lavas I mâY have raised the geothermal gnadient suffj cientl'y in the

lower crust to permit melting. There are several olher indirect lines of

evidenðe which appear to support bhis model'

1 ) The ubiquitous basic xenoliths in the andesites and low-silica

dacitesmayrepresentfragmentsofthesource.Thisissupported
bytheirdiffuse,partiallyassimi]atedformandbytheirconfinement
totheandesitesandlow-silicadacites;hadthesefragmentsbeen
torn from the conduit walls in the upper crust during eruption'

thenthereisnoreasonwhytheyshouldbeconfj-nedtothemore
basic members of the acid-intermecliate series, which, coincidentally'

probabJ-yrepresentlittlemodifiedmeftsfromtheSource.
Ð No J-sotopic data is available for rocks specifically from the Lake

Everardarea'howeversomedataisavailablefortheclosely.
relatedandprobabl-ycontemporaneousassociationintheKokatha
area to the north' V'lebb (1978) quotes an initiaf strontium

isotope ratj.o (Ri) of 0.7056 for a varied suite of vofcanic rocks

fromtheKokathapileandanRiofO.T04lfortheintrusiveHiltaba
Granite.TheseRisaregenerally]-owerthanthosefornocksinthe
Lower proLerozoic basement succession of Eyre Peninsula (G. Mortimert
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pers.comm.;!'lebbandThomson,lgTB),thusprecludingahigh-Ievel
crustalsource.A].sotheRislieabovethemant].egrowthcurveat
approximatelyl500m.y.henceeliminatj-ngadirectmantleSource.
However, they are not inconsistent with derivation of the ma8mas

fromaRb-poor,Iovlercrustalsource,suchasmightbeexpectedin
the case of a refractony, sialic residue'

3) In this model, where the basic magmas are mantl-e-derived and thä

acidmagmascrustal-derived,Iittleopportunityisprovidedfor
the generation of primary 1ow-sitica intermediate magmas (< 58%

SiO2),sinceexperimentalevidencesuggeststhatsuchmagmascannot
be direct mantle mefts and considerations of composition preclude

a crustal- origin. Thus the compositional hiatus between the basic

and intermediate-acid series can be readily explained'

{JlthaspreviouslybeennotedthatsamplesofBunburnDaciteshow
consistent geochemicat differences compared with the majority of

other sartrples, viz. higher in AIrOrr NarO' Sr and LREE and fower
f

1n Ferort, Tio2, y and HREE. Major erement modelling carculations'

using Taylor and Mclennanrs (1g7g) Iower crustal composition'

demonstrate that the higher AJ.,O, and Na,O contents cou]-d resu]-t

fromlesserproportionsofresidualplagioclase,whilethelower
contents of FerOrt and TiO, could resulL from increased proportions

ofmaficmineralsintheresiduecomparedwiththeresidue
cafculated for the average andesibe (Table 2.9C). The differing

proportionsofresidualminerafs,whichmaybeattributableto
fluctuations in PH2O during melting, coul-d conceivably account for

the distincbive sr, Y and REE levels characteristic of the Bunburn

Dacite.Thus,inbhepantialmeltingmodeÌthecompositional
variabiliLy noted for the acid rocks can be satisfacLonii-y explained

by changes in the physical parameters during melting (e'g' PH2O and

T),althoughtheeflfectsofminorvariationsinthesource
comPosition are not excluded'

5)Unlikethemixingmodel,thepartialmelbingmode]-doesnotrely
on a series of fortuitous or coincidental circumstances for i-ts

operation. It has the added advantage of being much simpler' By

invoking an input of heat from the mantle, the probl-em of the high

temperatures necessary for partial melting is overcome'

For the reasons cited above and because of the general consistency

with the major and trace element data, indicated by the modelling

calculations,anoriginforthemagmainpartialmeltingofabasic'
IowercrustalsourceÍ-spreferred.Probablyarangeofprimarymagmas'
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varying in compositlon from high-silica andesites (approxirnaLing the

composition of Lhe average andesite) Lo low-sil-ica dacites (<65% Si-02)

were generated. Subsequent differentiation of the relatively d¡y magmas

is thought to have yielded a variety of acid magmas plus complementary

clinopyroxene, plagioclaser magnetite and accessory mineraf curnulates'

This conclusion is supported by the trace element characteristics of the

rhyolites and granites, which are indicative of extreme fractionation'

(e.g. high Rb and low sr and Ba contents and depleted MREE, including Eu),

thus demonstrating that they have not originated by melting of more acid

rocks at higher crustal levels.

2.6 SUMMARY

The relationships between Lhe various rock types present in the

Lake Everard area, as deduced from this study, are summarized diagramm-

atically in Figure 2.12. A major finding is that the andesltes have not

been derived flrom the basal-ts by crystal fractionation, hence establishing

that the basic and felsic rocks had separate origins.

The geochemical- characteristics of the basalts are consistent with

an origin in relatively shallow, (<60 km) hydrous melting of a LIL

element-enrlched zone of the mantle. In view of the stable, cont-inental

crustal setting, it is considered that the melting was probably caused

by a locaL elevatj-on of the geothermal- gradient, possibly above a mantfe

diapir.

The felsic volcanic and plutonì-c rocks show the broad outlines of

a differentiation series, although each of the mapped units, when examined

in detail, are founcl to possess their ov¡n distinctive geochemical and

petrographicfeatures.Derivationoftheprimarymagmasbypartial
melting of a l-ower crustal, sialic residue of roughly basic composition

is favoured. The resuftant, non-eutectic melts were relativeJ-y enriched

in alI LIL el-ements compared with Cainozoic calc-alkal-ine magmas'

reflecting their sialic crustal source. Addition of heat from the mantle

either directly, by mantle diapirism, or indirectly, by basic magmatism,

is considered to have raised the ]ocal geothermat gradient sufficiently

to allow meJ-ting.

subsequent differentiation of the primary magmas in upper crustal

magma chambers yielcìed hish-KrO fractionated liqui-ds and crystal

cumulates consisting of cl-inopyroxene, plagloclase, magnetite and

accessory minerals such as zírcon and apatiLe. l-t is postulated thaf

the crysta] cumulates were later disrupted and incorporated into the
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KrO-rlch liquids to yield the high-sil-ica dacites (e.g. Yardea Dacite),

rhyodacites (e.g. Yantea Rhyod.acite) and some of the porphyritic

rhyolites (e.g. Moonamby dyke-suite, Yandoolka Rhyolite). Many of the

highly-fractionated, even-grained intrusive bodies (e.e. Palthrubie

Granophyre and Hiltaba Granite) and some rhyolites probably crystallised

directl.y from the hieh-Kro residual liquids' This sequence of events

can account for the absence of a single l-ine of Iiquid descent (see

Figures 2.6 and, 2.g), yet at the same time can explain why trends broadly

consistent with crystal fractionation are observed'

It is evident thaL the model outlined above relies upon an invol-vement

of the mantle and crust. l,lhereas the mantle has provided some matenial

for the volcanic pi1e, its chief cont.ribution has been in providing heat

for extensive meLting of the crust. The processes involved appear to

be fundamentally different to those connected with continental accretion

through calc-al-kaline magmatism. This theme will be expanded in

subsequent chat'fers.
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CHAPTER 3

THE PETROGENESIS OF A PROTEROZOIC B]MODAL VOLCANIC SUITE IN CENTRAL AUSTRALIA

3 1 INTRODUCTION

The vol-cano-plutonic province examined in this chapter extends from

near the join of the s.4., N.T. and hI.A. borders, west, 250 km to

!üarburton in !rl.A., in an area known as the Blackstone region (Daniels'

1974; see Fig. 3.1 ). Remnants occur in the Petermann Ranges 150 km to

the north, and detritus shed from the province comprises the familiar

monoliths of Ayers Rock and the Ol.gas' some 250 km to the northeast.

Thus the province probably covered a far larger area than that indicated

by present outcrops (Fig. 3.1).

past studies have described the volcanic rocks from particular areas

(e.g. NesbÍtt , 1966; Blight , 1969; Bowden, 1969 - the Tollu area; Daniels'

1974 - the Blackstone regÍon; Forman, 1966 - the Petermann Ranges), and

their general úime-equival-ence has been recognised (Gray, 1971; Thomson,

1g7D). However, no general name has been applied to l"he vol-canic province

and therefore for convenience, the informal name Central Australian

volcanics (CAV) has been adopted here to include all volcanic roclts in

the Central Australian Province.

The area lj-es entirety within AborigÍnal neserves and sampling was

done with the permission of the various abonigitral communities, who, in

many cases requested that a guide observe the sampling to prevent

inadvertant desecration of a sacred site. Because of these restnictions

and the logistics in such a remote area' it was not possible to rnap any

areas in detail although many observations were made in areas of criticaL

geological imporlance. Fortunately 1:250,000 geotogical- maps cornpiled

by the Geological- Survey of lrl.A. and the Bureau of Mineral Resources

cover the entire area and these were used to sefect sample sites. Past

studies, including the work of Nesbitt (Nesbi1,1,, 1966; Nesbitt and

Talbob, 1966; Nesbitt, e-t al-. , 1g7O) and his students (Blieht, 1969i

Bowden, 1969), and the comprehensive lsotopic studies of Gray (1971)

proved useful- in interpreting the geological history of the region; the

great value of lhe previotrs work in the area to the writerrs own studies

is acknowledged.

The igneous rocks comprising the Central- AusLralian province incl-ude

basic intrusives (rel-ated to Giles Complex, Nesbitl-, 1966), basic

extrusj-ves, acid intrusives and acid extrusives. Bxplaining the orígin

of the various rock types and establishing the re-fationships between

them, poses an important petrorogi-cal problem. The petrogenetic
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hypotheses proposed in the past fall into two main groups:

1 ) Those relating the acid rocks and basic rocks by differentiation.
Specifically, the acid vol,canic rocks are interpreted to be the

extrusive equivalents of lhe silicic differentiates of the layeredt

basic intrusive bodies (e.e. Nesbitt, 1966; Blight, 1969; Bowden'

19691 .

2) Those dismissing any genetic relationship between the basic and'

aci_d rocks. This hypothesis proposed bhal the acid magma v\ras

derived by crustal fusion while the basic magma had a separate

mantle source (e.g. Gray, 1971; Daniels, 1974).

The present study aims to independently re-examine the origin of

the igneous rocks in the Central- Australian province, in the light of

the geochemical data obtained on a range of samples coll-ected by the

wriler. Th|s wiLl enable an accurate comparison with lhe Gaw1er Range

province (chapter 2), so that any differences or similarities between the

two ProterozoiL volcano-pl-utonic provinces can be establ-ished.

A.2 REGIONAL GEOLOGY

The basemenL to the CAV consists of metamorphic rocks of upper

amphibolite to gnanulite facies, comprising the Musgrave Block (Thomson,

1975). The domi-nant rock types are granulites of basic to acid

composition, amphibolite-facies gneisses and granitic-gneisses, with

occasional quartzites and marbles suggesLi-ng an original dominantly

sedi-mentary succession. Vrlebb (1973) has dated the gnanulite facies

metamorphism at 1650 t 170 m.y., which is comparable ì.n age to the

Klmban Onogeny which affected Lower Proberozoic sedimenls in southern

Australia (l'lebb and Thomson, 1977). However, on the basis of detailed

work in the Tomkinson Ranges in the western Musgnave Block, Gray (1971,

1979) concluded that the geosynclina] succession accumulated roughl-y

1600 m.y. ago and was not metamorphosed to granuJite facies untiL much

later, at approximately 1250 m.y. B.P. This apparent conflict has little
relevance t.o the present study, sj-nce the Central Australian volcani-cs,

which are of chief interest here, rest unconformabJ-y on the granulif,ic

basement and quite clearly have not been affected by the intense

deformation or the hÍgh-grade metamorphism.

The volcanic rocks in the Blackstone Region compri-se a major part

of the Central Austral-ian province and Daniels (1974, p.49) has assigned

them to the Bentley Supergroup which'rincfudes al.I sedimentary and volcanic

rocks in the Blackstone Regi-on youngen than the granulites and relabed

gneisses and schists (Musgrave-Mann Metamorphics, Thomson, 1975) and
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older than the Upper Proterozoic glacials.rr Samptes of volcanic rocks

from this region have yierded an age of 1060 t 140 m'y' (compston and

Nesbitt , 1967 ), which is considered to be their time of eruption, an

interpretation that is consistenb with their stratigraphic position.

This age is in close agreement with the more precise age of 1090 t 66

m.y. determined by Gray ,1971) for volcanic rocks from the Tollu area.

The volcanic rocks of the Bentley Supergroup are thought to be equivalenl

to the Mt. Harris Basalb (Forman, 1966) which crops out in the Petermann

Ranges to north (Fie. 3.1) and is separated by the Phanerozoic Cobb

Depression. (Horwitz and Danie1s, 1967; Thomson, 1975')

Large sheet-Iike basic bodies belonging to the Giles Complex

(Nesbitt and Tatbot, 1966) occur at various strabigraphic levels within

the previously described succession (Nesbitt, et a1., 1970) ' Mostly bhe

magmas appear to have crystallised in place and in some cases a distinct

mineralogical and compositional layering has developed (Nesbitt, et aI',

1970). Among these bodies, three main types can be recognised:

1) Mafic and ultramafic cumulate rocks, that crystallised deep within

the crust (see Goode and Moore , 1975J, These bodies are found only

within the high-grade metamorphic basement terrains.

2) PlagiocJ-ase-rich cumulate rocks, including troctol-ites and

anorthosites. (e.g. Blackstone Sheet, Nesbitt and Talbot, 1966)'

These bodies occur almost exclusively as intrusive sheets at the

stratigraphic level corresponding with the unconformity between the

basement and the Bentley Supergroup.

3) High-Ievel, differentiated gabbros that intrude the Bentley

SupergrouP (Daniels, 1974).

The time of lntrusion of the Giles Complex is not known with certainty.

Contemporaneity with the Central Australian volcanics has been advocated

on the basis of field relations by NesbitL (1966) and on isotopic grounds

by Nesbitb, _9!3I., (1970). Goode and Moore (1975) on the other hand'

suggested that the deep-leve1 bodies intruded significantly earlier'
prior to the major erosional event which post-dabed the granulite facies

metamorphism. A pre-volcanic age of intrusion is also advocated by

Gray (1gT 1 ) on isotopic grounds. The field refationships quite c1'early

demonstrate that bhe higher level bodies ( 2) and 3) above) post-date

the Central Australian volcanics on account of their stratigraphic

position (e.g. Blacksbone Sheet, Daniels, 1974) and cross-cutting

relationships (e.g. high-Ievel gabbros in the Tollu area' B1ight, 1969

and Bowden, 1969). Thus, if the reasoning of Gray (1971) and Goode and

Moore (1975) is correct, a diachrollous age of intrusion of the various
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l-evels of the Gites Complex is indicated. AIso, if the high-level
mafic bodies are approximately contemporaneous with vol-canism as Nesbitt,

et a1 ., (1970) suggest, then they must have intruded soon after deveÌopment

of the volcanic pile.

Thin shelf sediments overlie, and are intercalated with, the

youngest volcanics and are protrable lateral equivalents of thick
accumulations in the Officer Basln to the south and Amadeus Basin to

the north. Sedimentat.ion was terminated by the Petermann Ranges Orogeny

(Forman, 1966) roughly 600 m.y. 8.P., during which slip along ancienL

fracture zones produced thrusts and nappe structures (Forman, 1972). The

uplift associated with this orogeny resulted in rapid deposition of the

Cambrian Mt. Currie Conglomerate in a terrestrial- environment either
within, or at the margins of, the uplifted block.

The Mt. Currie Conglomerate includes the boul-der beds of The 01gas

and possibly the 2.5 km section of arkose comprising Ayers Rock. The

Olgas are composed of boulders, cobbles and pebbles of vol-canic and

plutonì-c rocks which are in the fol-lowing approximate proportions:

basic volcanics 45-50%, acid volcanics 15-20% and acid intrusives 40%

(based on the writerrs ornrn observations). There are few clasLs of high-

grade metamorphic rocks whilst porphyritlc andesite and basic plutonic

rocks are absenL. Rapid erosion of an adjacent bimodal volcanic province

is therefore indicated. It appears that erosion in thj-s area vJas

sufficient to expose the high-level sub-volcanic granites, but insufficient
to strip the vofcanic pile down to the Lowen Proterozoic basement rocks.

Since The Olgas are roughly 180 km from the nearest exposures of vofcanic

rocks in the Petermann Ranges, the limit of the province is extended

east by at least this distance, hence supporting a much wider initial
distribution of the CAV.

3.3 GEOLOGY OF THE CENTRAL AUSTRALIA VOLCANICS

The Bentley Supergroup, which encompasses the major exposed area of

the CAV, has been divided into fo.ur groups, each consisting of afternating

basic and acid volcanic rocks in a simple layered succession (Daniels,

1974). The ¡¿-sic volcanics consist of a series of massive and

amygdaloidal- basaltic Ìava fl-ows, while the acid volcanics are mainly

dacitic to rhyolitic ash-flow tuffs, forming extensive, gently-dipping

sheets. In hand specimen the latter are homogeneous porphyritic rhyoJ-ites

and dacites, but Lhey probably origina.ted as t"relded, vitric-crysta1. tuffs.

lfithin the Blackstone region Daniels has recognised three cauldron

subsidence areas. They are marked by thick accumufations of acid ash-fl-ow
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tuffs, mainly crystal-vitric tuffs with lithic tuff intercafations'

intruded by high-level granites and granophyres' Blight's (1969) work

on Danielts Skirmish Hill cauf<lron in bhe Tollu area failed to reveal

any evidence for cauldron subsidence (see Fig. 3' 1 for location) '

However, Blight (1969) did recognlse a layered sequence of basalts and

rhyoliLes, resting unconformably on basement gneiss, which he intenpreted

as part of a major anticline. similarly' observations by the wriler

failed to reveal the rnarginal faulLs critical to the interpretation of

the cauldron subsidence structures, in any of the three areas cited by

Daniel-s. Nevertheless, the association of high-level granites and thick

acid vofcanic piJ-es noted by Daniel-s in Lhe west of the Blackstone regiont

does appear to be valid. It is possible that the sp'aced acid volcanic

piles may have been erupted from discrete centres in which evidence for

cauldron subsidence is subtle or non-existent, as proposed by the writer

for the Lake Everard area in the Gawler Range province. owing to

alluvial coverin areas where the margj-nat fauLÙs are likety to occur, it

is apparent that this probtem wil-l only be resol-ved by detailed mapplng

of the volcanic units, particutarly the lithic tuffs and flow-banded

rhyolites, which are ubiquiLous in the supposed caul-dron subsidence areas'

The Mt. Harris volcanics in the Petermann Ranges to the north are

an analogous sequence of interlayered basalLs and rhyolites (f'orman,

1966i Daniels , 1g74), Generally the rocks are weathered, schistose and

not well exposed and therefore have not been examined in detail in this

study. The volcanics here have been involved in the nappe formation

duringthePetermannRangesOrogenyandconsequentlyaremuchmore
deformed Lhan equivalents in the Blackstone region, which were folded

into broad synclines and anticlines during the same event.

The volcanic clasts in the Mt. currie conglomerate at The olgas are

generally fresh and undeformed, and probably represent a good cross-

section of the variety of volcanic rock types in the province. consequenLl-y,

samples spanning Lhe Lextural and compositional range were collected from

this locality and it 1s shown fater that they are geochemically indistin-

guishablefromvofcanicrocksintheBtackstoneregion.

3.4 PETROGRAPIIy-

Abriefout}ineoftheimportantpetrographÍccharacteristicsofthe
five main igneous roÖk types in the central Australian province is given

below. Al-I numbers refer to samples, thin secLion descriptions of which

will be found in numerical order in Table 43.'l, Appendix 1. I'hotomicro-

graphs i]-lusLnating many of the features descibed below, are given in

Figure 3.2.
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3.4.1 ComPosite rocks that have not crystal-Iised directlv from a melt

Porphyritic andesites are unknov¡n from the Blackstone region and

despite intensive search by the writer no boulders of porphyritic

andesite were found at The O1gas. Some rocks analyse as andesiles

however (e.g. 01.51 6,7 and 855, 59, Table 43.2), and appear to be

either mixtures of acid and basic rocks or contaminated baslc rocks.

B3B, 39t 55r 58, T2 are examples of mixtures: they are lithic
tuffs of probable air-falJ- origin, consisting of fragnents of recrystall-
ised acid vol-canics and altered basic vofcanics. Both fragment types are

accessory and were probably torn from the vent walls during eruption.

Similar mixed pyroclastics have been described by Bowden (1969) from the

Tollu area.

0I.5, 6, J and B59r 10 11 appear to be contaminated rocks. In

particular, OI.6 and 859 are al-tered basalts in which granular quartz is

interstitial to int.erlocking plagiocl-ase, and needles of green amphibole

afler clinopyróxene. B'10 and 811 are from the contact zone of a small

gabrbro body and are considered to be contaminated gabbros. They consist

of tabular crystals of amphibole (after clinopyroxene) and plagioclase,

identical in nature and composition to those in the adjacent massj-ve

gabbro, but separated by abundanL quarLz and K-feldspar presumably

engulfed from the acid vol-canics. Bowden (1969), however, interpreted

these samples as gnanophyric differentiates of the gabbrc, and this point'

which has important petrogenetic impticabions, will be considered in more

detail l-ater.

3.4 .2 Acid vol-canic rocks

The acid vo]canic rocks are invariably porphyritic and range from

dacites to rhyolibes. Porphyribic dacites typically consist of euhedral

phenocrysts of partially-sericitized plagioclase and clinopyroxene (now

largely al-tered to amphibole), set in a fine-grained devitrified felsic

matrix with abundant magnetite euhedra scattered throughout. The

plagioclase phenocrysts are commonly zoned and occur both as isolated

crystals and in glomeroporphyritlc aggregates. One dacite (87), consists

of phenocrysts set in a chilled, glassy matrix that preserves del-icate

rod-Iike shapes, now outl-ined by fine-grained, dusLy magnetite. Since

devitrification of the glass and resultant l-oss of texture did not have

time to occun prior Lo magnetite replacement, it is believed that the

magnetite is primary thus implying that the interstitial liquid was very

iron rich. This is supported by the cÌusters of fine magnetite which are

scattered through the rock.



FiEure 3.2. Photomicrographs of selected thin sections.

Skeletal textures, outlined by finely-divided opaques,
in a glassy rhyolite (BZ). F.V. 4 mm.

Perlitic cracking in a glassy rhyorite (Bz). The groundmass
shows fine vitroclastic textures, indicative of a pyroclastic
origin. F.V. 5 mm.

(1 Lithic tuff containing accessory acid volcanic rock fragments
and large angular glass chips within a vitroclastic, shard-
rich matrix. F.V. 7 mm.

A

B

D

E

F

G

H

Crystal tuff , containi_ng an
crystals, many of which are
set in a devitrifled glassy
flanked by smaller crystals
centre. F.V. B mm.

aggregate of poorly-sorted
fragments of larger crystals,
matrix. A K-feldspar crystal,
of quartz, is visible in the

A rrmixedrr tuff , comprised of accessory acid and basic (dark)
voLcanic rock fragments, abundant crystal_ trchipstt of quai^tz
and feldspar, and a chloritic, glassy matrix. F.V. 6.5 mm.

Troctorite phase of the Blackstone Range Gabbro, consisting of
plagioclase and relatively minor olivine and clinopyroxene.
F.v. 7 mm.

Dolerite dyke, showing an ophitic intergrowth of plagioclase,
clinopyroxene and magnetite. F.V. 5 mm.

Ophitic texture, consisting of interlocking plagioclase and
chloritized clinopyroxene, typical of that in many basal_ts
from the Central Australian province. F.V. 6 mm.
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As the proportion of fine-grained amphibole and magnetite in the

matrix drops and quartz phenocrysts become more abundant, dacite grades

into rhyolite. The rel-ative proporti-ons of quartzr plagioclase and

K-feldspar phenocrysts varies greatly in the rhyolites. Typica1J-y, quarLz

is embayed, while the feldspars occur in gJ-omeroporphyritic aggregates.

In general, the groundmass consists of a recrystai-Iised, granular quartz-

feldspar aggregate in which primary textures have been obliterated. Iilhere

textures are pneserved, it is evident that the groundmass tlas quite glassy'

as for example in 82 which shows perlitic cracking. The outllnes of
glass shards are visible in some samples (e.g. 81 ), clearJ-y indicating a

pyroclaslic origin. Usuall-y, however, shards are not vj-sible and evidence

of a pyroclastic origin for the majority of the massive rhyolite uniLs

is inferred from indirect criteria such as crystal chips, compaction

textures (e.g. draping of the matrix around phenocrysts), streaky

eutaxitic btebs and primary devitrification textures. Often the field
relationships are helpful; for example, the homogeneity and extent of

some rhyolites strongly suggests an ash-flow origin, a conclusion

supporterl by the crystal tuffs and lithic tuffs which are commonly

intercalated.

3.4.3 Acid intrusive rocks

AII of the acj.d intrusive rocks in the region are leucocratic and

are of granitic composition, with tonalites and granodiorites being

notably absent. The largest granite bodies are composed of coarse-

grained holocrystall-ine aggregates of quartz, microcline and plagioci-ase,

with scattered patches of biotite and magnetite (835). The smaller dykes

and plugs show variabLe developmenL of granophyric textures and are rich

in quartz and K-feldsPar.

3.4,4 Basic vol,canic no-ckq

The leasL-evolved basal-ts (F76, 01,4) comprise subophiLic intergrov¡ths

of clinopyroxene, (now largely altered to amphibole) and plagiocl-ase.

Magneti-te is scattered throughout as fine to minute euhedra and is variably

altered to sphene and Leucoxene. No relic olivine or pseudomorphs after
olivine were noted.

More differentiated basal-Ls have a higher proportion of plagioclase'

magnetite and mesostasis (after glass) and commonJ-y exhibit a marked

orientation of plagioclase due to flowage. As previousJ-y mentioned' some

of the basalts appear to have been contamlnated by the addition of silica'
evidenced by granular quarLz in the matnix, and have SiO, contents v¡hich

place them in the andesite field (e.9. BF¿9,01.6' 01.7).



6B

3.4 .5 Basic in sive rocks

AII of the basic intrusive rocks considered in this study are thought

to be related to the Giles Complex (Nesbibt',9! a]., 1970) and can be

divided into lwo mineralogical- and geochemical types, consistenl. t¡ith

their intrusion at different stratigraphic levels.
A. The massifs of the Cavenagh Range, Blackstone Range and Bel-l Rock

Range (Fig. 3.1 ) and various other small bodies in the vicinity appear to

be parts of the one lopolithic sheet iso1ated by erosion (the Blackstone

Sheet of Nesbitt and Talbot, 1966, consisting of the Blackstone Range

Gabbro of DanieJ-s, 1974). This is supported. by the work of Daniels (1974)

who has recognised four mineralogical zones which he is abl-e to extend from

the Blackstone Range to the 3 km sect,ion exposed in the BelI Rock Range.

The domj-nant rock type in alf areas is a cumulate troctolite, conbaining

up to 90% pfaeiocfase (AnUU) with olivine, clinopyroxene and rare,

orthopyroxene and red biotite comprising the remainder. Where the

propontion of çlinopyroxene is higher, 1t is observed to enclose olivine
in a poikililic intergrowth.

Associated with the Blackstone Range Gabbro is a marginal phase

consisting of a granular, recrystallised aggregate of plagioclase,

clinopyroxene, greenish-bron¡n amphiboJ-e and rare magnetite. Unlike

the troctolite, this rock is not cumuJ-ate, but. may repnesent a near-

contact basaÌl that has recrystalÌised in response to heat from the gabbro.

å Tn the Tollu area, smal1 plugs and dykes of gabbro, mineralogically

and geochemically distinct from the Blackstone Range Gabbro and

representing the highest levels of the Giles Complex, intrude the

volcanic pile (Bfight, 1969; Bowden, 1969). The dominant rock type is
an ophitic-textured gabbro containing interlocking sericitlzed to fresh

plagioclase and clinopyroxene (partialty altered to amphi-bole), with

scattered euhedra of magnetibe. lnlhere the gabbro contacts acid volcanics

l,here is some evidence for contamination, since remnatrt plagioclase and

amphi-boJ-e crystals are spaced by granul-ar mosaics of quartz and K-fel-dspar.

3.5 GEOCHEM]STRY

3.5. 1 GeneraÌ discus

An examination of the geochemical- data presented in Table 43.2 reveals

a paucj.ty of samples with SiO, content,s in the range 53-66%, Il is
important to note that al-l of those samples r^ribh SiO, contents in this
range are hybrid or al-tered rocks, judging from their petrographic

characteristics. Fon example, 855 and 872 are pyroclastics containing

acid and basic rock fragments, while 859,811,810 and 01.7 are basic
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rocks contaminated with silica. Since the compositÍons of these rocks

do not reflect originai- magmatic compositions they are ignored in the

followlng discussion.

The total alkalis versus SiO, llot (Fie. 3.34) clearly demonstrates

the compositional hiatus that exists between the basic and acid rocks.

The basic rocks do not show a good trend probabJ-y because increasing

differentiation, which would be expected to yield higher alkatis by

residuaL enrichment, is not necessaril-y marked by increasing SiO, in
rocks of this composition. This arises because the bulk SiO, of the

crystallising minerals (e.g. clinopyroxene, plagioclase and ol-ivine) is
likely to be near that of the melt. The acid rocks show a sJ-ight increase

in total alkalis with increasing SiO, and since NarO remains approximately

constant over this interval, the increase is due bo the contribution of
KZO (average KrO in dacites is 4.2-4.5% whi-Ie that in the rhyolites is
roughl-y 5.5%). The significant point to note is the relatively high

value for total alkalis which distinguishes these rocks from most

Cainozoic dacites and rhyolites, In addition, the uniformity of the

values suggests aÌteration has been minimal.

The hiatus in SiO, is also matched by other elements, seen for
exampl-e on l,he AFM diagram, where two diverse trends are separated by a

Iarge compositional gap (Fig. 3.4). One trend is towards an enrichment

in iron and is defined by the basal-ts, while the other is a trend towards

the alkalis corner, defined by the acid volcanics. SimiJ-ar1y, plots
of Ti and V vs F'erOrt (Figs. 3.38 ancl C) dlstinguish two trends' one

showing an increase in Ti and V with nerOrt and clefined by the basic

rocks, while the other, corresponding to the acid series, shows the

reverse trend. Again, there is a marked conpositional gap between the

basic and acid rocks.

These examples demonstrate that the Íntermediate rocks, critical
in establishing the rel-ationships between the basic and acid series are

absent, Lhus introducing a cerl-ain ambiguity in the lnterpretation.
Therefore, in the following discussion, the geochemistny of the basic

and acid rocks will be consj-dered separa.tely, to determine whether the

fractionation trends in the basic rocks are such, that differentiates
with the compositions of the acid volcanic rocks could be produced.

3.5.2 Geochenlistrv of the basic rocks

Several- features of the basic rocks will be apparent from the

previous discussion:

Ti (Figs. 3.3B and C)

notabJ-y the good cornelation of Ferort, V and

al-I of which increase wiLh differentiation'
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Fizure 3.4 AFM plot for rocks fron the central Australian province.

Symbols as for Figure 3.3, with the exception of trwhich

is the narginal chilled phase of the Mt. Davies layered

intrusive body (after Nesbitt, et al., L9TO) and I which

are basic dykes related to the Giles Complex.
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Fieure 3 .6 chondrite-norrnatised ce-Nd-Nb-Zr-y-Ti plots for selected basicrocks fron the central Australian province. The dashed lines
enclose the field of REE in basarts frorn the warburton area(after Haynes , r972; assumes y/2 = chondrite-normalised yb).
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indicating that magnetite has not fractionated up to the degree of

differentiation represented by the most evolved samples (e.g. BB' 866t

BZ3, BTTI. This iron-enrichment trend, typical of continental tholeiites
(McDougaII, 1962), probably reflects differentiation in crustal magma

chambers under rel-atively low oxygen fugacity conditions (Roeder and

Osborn, 1966),
.f

FerOr"/MgO can be used as a measure of differentiation, and to

examine their behaviour, various elements are plotted against this ratio
in Figure 3.5. Zr, Nb, Y, PZO5, Ce and TiO, aII show a linear positive

correlation with FerO=v /MgO inclicati-ng that they are not being contnol-led

by any minera]s up to the degree of differentiation necorded by the

samples collected. This is consistent with fractionation of olivine,
pyroxenes and plagioclase, in which all of these elements are J-argel.y

incompatible.

The compatible elements, Ni and Cr show a general decrease with

differen¡iation probably due to control by olivine, clinopyroxene and,/on

orLhopyroxene although there is considerabl-e unexplained scatter in the

data. Sc on the other hand remains approximatel-y constant, suggest,ing

that Ít is being moderatel-y control.led by a mineral- (e.g. clinopyroxene

and/or orthopyroxene, both of whj.ch have Kd mineral/Ii.quid 33 Gill' 1978)

such that the bulk distribution coefficient is near one. Co shows a slight
decrease over the same intervaÌ which may also be attributable to

fracLionation of these minerafs.

Three additional- points are of note on these plots:

1 ) The basa]ts frorn the Blackstone region define trends indicative of

a differentiation series. This ì-mplies that they have analogous

crystallisation histories and can be rel.ated to a similar source.

Z) The basic intrusive rocks l-ie on the trends defined by tlie basalts'

suggesting that they are genetlcal.i.y relaled.

3) The basal-L clasts collected from The Olgas also l-ie on these trends,

indicating that they have mosb probabJ-y been eroded from an ancient

extension of the Central Austral-ian province.

Complete rare earth el-ement (REE) determinations have not been made

for any samples from the province by the writer, but an indication of

the REE dístribution can be gained by appJ-ying the observation of Sun,

g! _e_r . (1979 ) tnat the levels of Zr and Y in basal-ts can give an

indication of the middle rare earth element (MREE) contents and heavy

rare earth el-emenl, túnAg) contents respecl,ively. This is applied ín

Figure 3.6 where chondrite*normal-ized Ce, Nd, Zr,- Nb, Y and Ti values

are pLotted for various basic rocks from the province. The absol-ute



TABLE 3.1. Elemental ratios for basalts from the Central Australian provlnce.

Ratio

Probable
chondritic
val-ue

7 .4-7 .T

2.5-2.8

100-110

250-280

16- 18

8. 4- 10

7B-85

STP='10

Zr/

Zr/

Ti/

Ti/

Zr/

Ti/

Îi/
Tio

Ce

Y

Zr

Y

Nb

V

Sc

z/p

831

2.5

2.8

67

190

13

18. 6

115

860

2.1

4

7T

306

16 .4

39

344

876

5.3

4.1

61

248

20

41

302

01.2

5.5

4.3

51

216

19.5

22

158

E¿.
4.6

6.8

69

464

16.4

65

5.0

--3. B

3.1

5.7

45

257

1B

39

300

5.7

5.8

N.B.

0 5.8 4.4 7.7 6.5
2 5

cen /
YN

%Meo

N.B

cen/average value=3.5
YB

H.B.

8.18 7.67 6.01 7.44 5.42 5,37

Average basalt from the lrlarburton area after Haynes ( jgTZ) .

Nuckulla Basa1t from the Lake Everard area (average of E23'l and

8459, see Chapter 2).

Note: 1 Same comments apply as for Table 2.6.
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values of all of the trace elements c1earJ-y increase with FerO¡tZMgO

of differentiation, but Cen/yn does not vary greatly, maintaining an

average value of 3.5. Assuming Y behaves similarly fo Yb, Cen/Yn

approximates Cen,zYbnandtherefore can give an indication of the LREE/HREE.

It is notabre that the average Cen/yn (3.5) j-s comparabl-e to the average

Cen/ybn (3.S) determined by Haynes (1972) in his study of basalts from the

Warburton area in the west of the Blackstone region. Moreover, the range

of REE in the present samples lies within the range obtained by Haynes

(1972) for the !üarburton basalts (see Fig. 3.6).

Three important conclusions can be drau¡n from this data:

1 ) The constancy of Cen/Yn (and hence Cen/Ybn) with differentiation
implies fractionation of minerals which have not preferentially

depleted HREE in relation to LREE. This woul-d involve mineral-s

such as olivine, cllnopyroxene, orthopyroxene and plagioclase

ralher than garnet or amPhibole.

Z) The uniform increase in the absolute contents of al-l elements (and

hence REE) with differentiation suggests that nesidual liquid
concentration due to removal of crystals has been the major process

leading to enrichment.

3) The l-east-evolved basic rocks have fractionated elemental- contents

(hence REE) and since removal of olivine, orthopyroxene and

clinopyroxene will- cause negligible change in the slope, ei-ther

the parental magmas were derived by extremely low degrees of

melting (<5%) of a chondritic mantfe (e.g. flat 2x chondrites'

c.f. Lopez-Escobar, et al., 1977) or by higher degrees of melting

of a LREE-enriched mantle.

A consideration of the incompatible efement ratj-os for the least-

fractionated basic rocks (B31, 860' B76 and 0I.2 Table 3.1) reveal-s:

1 ) V,/Ti and Sc/Ti are less than chondritic.
2) Zr/Nb and Y/Ti are near chondritic.
3) Zr/Y, Zr/Ti, Ce/Zr and Pror/TiO, are greater than chondritic.

Notably, these elementaf characteristics are the same as those observed

in basalts from the Gawler Range province. The implications of this

observation and the other geochemicaL characteristics of the ba.sal-ts

neported above will be considered l-ater in the discussion on the

petrogenesis of these rocks.

3. 5.3 Geochemistny of the acid nocks

The acid rocks form a continuum fron 66-77% SLOZ (Table 43.2) and

to facilitate an examination of the behaviour of the major and trace

elements, all have been ptotted against SiO, (þ-igs. 3.7 and 3.8). The



Fi e 3.7 Major ele¡nents vs. siO, for acid rocks frorn the central Australian
province. The solid lines enclose the field of cainozoic
calc-alkaline votcanics. 0 r¡ndifferentiated samples I volcanic
clast fron The Olgas t aplite dyke l granite I average
rhyolite from the Warburton area (after Haynes , lg72).
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Fisure 3.8 Selected trace elements vs. SiO, for acid rocks fron the Central

Australian province. same comments apply as for Figure 3.7.
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Figure-3'9 selected variation diagrans for acid rocks fro¡n the central
Australian province. sarne comnents appry as for Figure 3.7.
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continuity of many of the trends is indicative of a differentj-ation

series. This conclusion is supported by the following observabions:

1 ) The decreasing contents of FerOat, TiO2 and Sc with increasing

SiO2, up to high SiO, Ievel-s, is consistent with fractionation of

magnetite.

2) The inverse correl-ation of sr with SiOr, but positive correlation

with Cao (Fig. 3.9D) is suggestive of plagioclase fractionation.

3) The range of Ba contents coutd be due lo the combined effects of

residual concentration and variable amounLs of K-feldspar fraction-

atj-on (Kd Ba K-feldspar/liquid = 6.1, Arth, 1976) '

4) The general decrease in Zr wiLh increasine Sj-Or, which could reflect

zircon fractionation.
These features suggest that the rhyolites may have been derived from the

dacites by fractionation of plagioclase + magnetite + K-feldspar + zi?con,

a conclusion not inconsistent with petrographic observation.

The Ce, Nb and y vs SiO, ptols (Fie. 3.8) show considerabl-e scatter'

and reveal that while some rhyolites are enriched in these elements

compared with the dacites, others are relatively depleted. The

apparently randcm variation of Ce, Nb and Y in relatÍon to SiO, cannot

be readil-y explained by a simple differentiation model involving a single

Iine of liquid descent. The l-ack of correlation between Nb and TiO,

(Fig. 3.94) shows that Nb is not being control-fed by ilmenite or sphene

and similarly, the absence of any correlation between ce and Y, and

p^o- suggests that apatite is not removing ce or Y (Figs. 3.98 and F).
¿)

Zircon fractionation cannoL be controlling Ce, Nb and Y because of the

differing behaviour of Zr compared with these el-ements, in relal-ion to

sio2 (Fig. 3.8). Thus it appears that ce, Nb and Y are not being

conLrofled by any fractionating minerals. Neverthel-ess it is important

to note that both ce and Nb show a linear relationship wlth Y' suggesting

that some common factor is controlling the three el-ements (Figs. 3.98 and

C). The Ce, Nb and Y variations in the dacites may be significant in

this regard (see Fig. 3.8), because it is possible that some of the

variations in the rhyoJ-ites could be inherit'ed from the dacites'

particularly as other geochemical data (e'g'Rb, Sr, CaO, Ba, Z?,

Fe^O^t and Sc) indicate that they are likeIy to be rel-ated by cnystat
¿3

fracLionation. This proposal is supported by bhe constancy of Llne ce/Y

and Nb/y ratios between the dacites and rhyolites which is consistent

with the incompatible nature of these elentents in the likely fracl,j-onating

mi-nerals (i.e. plagioclase, K-feldspar and magnebite)' Possible reasons

for gre variabj-IiLy of Ce, Nb and Y in the dacites will be discussed later.
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comparison of the major and trace element abundances in the

dacites and rhyolites with those in Cainozoic calc-alkaline volcanic

rocks (Figs. 3.T and 3.8) reveats that the central Australian acid

volcanics differ j-n a number of respects:

1 ) they are relatively low in CaO and AltOrt 
r

Ð they are rel-atively high in Feroru, TiO2 t KrO/Naro and FerOr"/MSO and

3) they are particularty high in Zr, Nb, Y and Ce'
f

Their hieh FerOrulttgo and X alkalis is reflected on the AFM plot by a

displacement towards the A - F side of the triangle relative to the

typical calc-a1kallne trend (Fie. 3.4). It is afso nolable that the high

KrO of these rocks, places them in Lhe toscanite field of Mackenzie and

Chappell (1972). The rel-evance of these dislinctive geochemical

characterist ics to the origin of the acid volcanics will be considered

in the discussion on the petrogenesis whi-ch follows'

J.6 PETROGENESÏS

3.6. 1 Previous interpretations
Three models have been proposed in the past to explain the origin

of the rocks comprising the Central Australian province' It has been

postulated that:
1 ) The basic volcanic and basic plutonic rocks are comagmatic and

have given rise to the acid magma by differentiation (Nesbittt

1966; B1ieht, 1969; Bowden, 19691,

2) The basic volcanic and basic plutonic rocks are comagmatic and

have an origin in partiat melting of the mantle. The acid vol-canic

rocks and granites are comagmatic, but are anaLectic and are

therefore genetically unreJ-ated to the basic rocks (Gray, 1971i

Daniels, 1974, p. 75),

3) The basic vofcanic and basic plutonic rocks are unrelated to each

other and to the acid rocks (Goode, 1970).

It is the purpose of this section to evafuale which model, if anyt

is most consisLent with the available data. To facilibate this

investigation, rel-event fj-eld, peLrographic and geochemical evidence

presented earl-ier, together with the evidence of other workers is

summarized below.

3.6,2 SummarY of eviderlce

A. Field evidence

The field relationships of the four main rock types (i.e., acid

volcanics, acid intrusives, basic volcanics and basic intrusives) place
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constraints on possible petrogenetic model-s. The field evidence

demonstrates that:
1) The acid and basic vofcani-c rocks v'¡ere erupted contemporaneously

since they al-ternate in the same vol-canic pile. This need not

necessarily indicate a common origin, but does indicate thaf they

were formed at the same time.

2) Intermediate volcanic rocks are extremely rare - those that do occur

appear to be of hybrid origin, for exampler silica-contaminated

basalts, and tuffs containing mixed ba.sal.t and rhyolite fragments.

3) Thick piles of domj-nantly acid volcanic rocks and high-level-

graniLes are closely associated j-n the field and are thus inter-
preted to have a common origin.

4) There is no direct association of basalts with the Giles CompJ-ex;

for example, the relati-ve amount of basalt in the volcanic pile
does not appear to be related to the proximity of l-arge basic

intrusivgs.
5) The Giles Complex intrusives nowhere show the development of

voluminous silicic differentiates, a point verified by Nesbitt
(1966, p. 276), Gray (1971)and Goode (pers. comm.' 19TB). This

feature is not due to lack of outcrop because in many cases the

tops of the layered intrusives are exposed, or nearJ-y so. lrlhere

they are exposed a chil-led margin is seen indicating that the basic

magma was liquld at the time of intrusion.
6) High-leve1 gabbros believed to be rel-ated to the Gil-es CompJ-ex

intrude the volcanic pile in a number of places and therefore post-

date the vofcanism (Blieht, 1969; Daniels, 19741. The time

difference between volcanism and intrusion is critical, because if
it is sma1l, the possibility of a genetic refationship still nemains.

T) The volume of acid rocks exposed in the province greatly exceeds

that of the basic rocks.

Daniels (1974 p.99) in his regional- study, considered Lhat this
field evidence favoured an anatecti-c origin for the acid magma rather

than a differentiation origin from a basic parent. Gray (1971) interpreted

the evidence similarly. However, opposite concl-usions were drawn by

Blight (1969) and Bowden (1969) from their detailed work in the Tollu

area. They deduced that the acid magma was derived by differenbiation
of the basic intrusÍves in situ and wâs erupted synchronously with basic

magma from the same source. Their main evidence came from the discovery

of an apparently large granophyre body at the top of an unnamed gabbroic

íntrusive into the volcanic pile (Fig. 3.10). Thj-s granophyre had identical
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geochemistry to the acid vol-canic rocks and was therefore thoughl by

them to be comagmatic.

Nesbitt (1966) fraO earlier proposed this j-dea based on the structure

of the Tollu area and the stratigraphic position of the Bl-ackstone Range

Gabbro. Since the acid and basic volcanic rocks were contained in a

basinal structure surrounded by an arc of Blackstone Range Gabbro

(Figs. 3.'1 and 3.10), he reasoned that the basic magma could have

intruded into the upper crust and then been tapped to yield the acid

and basic volcanics. The Lack of acid differentiates associated with

the Giles Complex coul-d be conveniently explained in terms of removal by

this method.

The critical field observations by these workers which led to their

conclusions were: the stratigraphy a.nd structural relationshj-ps of the

Blackstone Range Gabbro to the volcanic pile (Nesbitt, 1966) and the

presence of a granophyric upper margin to the smaller, unnamed gabbro

body which intiudes the volcanic pile (Bowden, 1969) '

The former observation is placed in some doubt by the work of

Daniels (1g74) who necords contact metamorphj-c effects in the acid

volcanic rocks adjacent to the Bl-ackstone Range Gabbro and al-so a chilled

margin to this gabbro body. In addifion, he notes that the Blackstone

Range Gabbro is confined to the stratigraphic fevel- between the Bentley

supergroup and the Lower Proterozoic basement. These points led Daniel-s

llgT4) to conctude that the magma intruded as a lopolithic sheet into a

major crustaf weakness represented by the basement-cover contact' It is

therefore inferred that the original form of the intrusive, combined with

later folding during the Petermann Ranges Orogeny has led to the apparent

rrbasinaltr sLructune of the Blackstone Range Gabbro and Tol-Iu voLcanics

rather than the intrusive-extrusive relationship proposed by Nesbi-tf

( 1966) .

The second observation also has a measure of uncertainty. For

example, careful sampling and petrographic examination by the writer

suggests that the I'granophyrert of Bowden (1969) has two components:

1) A contaminated gabbro (811, B1O), having al-I the chanacteristics

of a gabbro which has engulfed rrgranj-tictr rocks, with resul-tant

silica and Potash addition.

2) A contact metamorphosed acid volcanic (B9 ('1 ), B9 Q), 813).

These rocks have pseudo-granophyric textures, simiÌar to those noted by

lnlaLraven (1gT6) in contact metamorphosed sediments adjacent to the

Bushveld Complex (Fie. 3.11). No typical igneous granophyres were

sampled by the writer from this body, although true granophyres (not



A

Figure 3. 1 1. View of The Olgas and photomicrographs of rocks
from the ttgranophyrerr zone, Tollu area.

The rounded domes of rhe Orgas, whi-ch occur some 120 km eastof the nearest outcrops of centrar Australian voLcanics.
The cambrian sediments are composed armost exclusively of
detritus shed from the central Australian province and incl_ude
large clasts of acid and basic volcanics (e.g. boulders in
foreground ) .

This rock is interpreted to be a contaminated gabbrc. Evidence
for its gabbroic parentage is seen in the abundant, tabular
plagioclase laths (now extensively sericitized) and scattered
magnetite. The interstitiar quartz and K-ferdspar is thought
to have been introduced during intrusion into the acid vorcanicpile. F.V. 4.5 mn.

Spherulitic devitrification textures in rhyolite from therrgranophyretr zone of Bowden (1969). F.V. 3.5 mm.

Pseudo-granophyric textures in rhyolite near the contact with
the gabbro. rn hand specimen this rock preserves its original
(vorcanic) porphyritic texture and it is considered that the
inciplent granophyric textures observed, developed in response
to heating from the nearby gabbro body. F.V. 4 mm.
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associated with gabbros) are common in the province. If part of the

granophyre zone is contact metamorphosed acid volcanic rocks as the

petrography suggests, then this couLd explain why the rrgnanophyrert has

comparabJ-e geochemistry to rocks of the acid volcanic piJ.e (Bowden, 1969).

It is also notable that clearly recognisable rafts of porphyritic acid

volcanic rocks occur within the supposed granophyre zone quite near the

gabbro.

A summary of the contact zone as interpreted by the writer, is given

below.
partially recrystallised acid
volcanic rocks 72% SiO

-gradational- contact

two zones
noted by
writer,
thickness
varies
greatly.

I'pseudo-granoPhYrerr rock
(mainJ-y recrystallised acid
volcanics )

71% SiO

contaminated gabbro 63-64% SiO
sharp confact

2

¿

2

granophyre
zone of
Bowden
(1969)

gabbro 48% Sio
2

The completely gradational nature of the rrgranophyrerr - acid volcanic

contact at this locality was also recognised by Gray (1971 ) ' who like
Bowden (1969) considered that it represented a probable vofcanic - sub-

volcanic reJ-ationship; however unlike Borvden, Gray did not relate the

granophyre to the gabbro. Gray presented isotopic evidence in support of

his view and stated that I'no isotopic difference bebween the (acid) volcanics

and granophyres can be detected in ei.ther age or initial ratiorr. Apart from

the contrary petrograplric evidence presented above, such a vofcanic - sub-

volcanic relaLionship is considered improbable because it fails to explain

why the granophyre is onJ-y found between the gabbro and the acid volcanic

pile (assuming bhe gabbro and granophyre are unrelated as Gnay suggests).

Arso,theisotopicevi-dencecil'edbyGray(1971)isequarrysupportiveof
the hypothesls that the gnanophyre represents contact metamorphosed acid

volcanic rocks.

In concfusi-on, iL appears that the critical field evidence cited by

other workers to favour a differentiation origin for the acid magma, is
not conclusive and clearly there is some justifica|ion for interpreting
the eviclence in otirer waYS.
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B Petroqraohic evidence

The petrographic evidence can be summarized as fol-l-ows:

1 ) There are no porphyritic andesites or indeed any intermediate

rocks that might suggest a petrographic link between the basic and

acid series. The rocks comprising the basic series are usually non-

porphyritic and contain plagioclase, al-tered clinopyroxene' magnetite

and a1tered glass as the chief components. The acid volcanics on the

other hand are invariably porphyritic rocks, with phenocrysts of

clinopyroxene, plagioclase, K-fei-dspar and quarLz set in an originally
glassY matrix.

Z) The rocks with intermediate SiO, contents have not crystal-Iised from

a magma, but are of hybrid origin. They are either sil-ica-contaminated

basalts or pyroclastics containing basic and acid rock fragmenls.

3) As mentioned previously, the granophyre recognised by Bowden (1969)

in the Tol1u area does not have the textures of a true igneous

granophyre (l,,lalraven, 1g76). Rather, the textures could be explained

by progressive contamination of a gabbro (with sio, and KrO) and

concurrent necrystallisation of the adjacent acid volcanic rocks.

4) There is pronounced recrystallisation and resultant loss of primary

textures in the acid volcanic rocks adjacent to the Bl-ackstone Range

Gabbro (Fig. 3.1). B29, which is a typical exampÌe, consists of an

equigranular aggregate of quarLz, hornblende, plagioclase and

K-feldspar. In hand specimen, the porphyritic lextures are preserved,

but in thin section a.ll phenocrysts are highly corrcded. This texture

contrasts with the delicate groundmass textures preserved in samples

81 , 82 and BT (Fig. 3.2), which are from the same volcanic pile onJ-y

a few kil-ometres distant. Since the recrystaltisation cannot be

attributed lo a higher degree of deformation in this area' it therefore

probabty reflects contact metamorphism clue to the proximity of the

'Blackstone Range Gabbro, as previously proposed by Daniels (1974).

5) Two types of basic rocks intrude the volcanic piJ-e in the Tollu area.

The first, nepresented by the Blackstone Range Gabbro is a troclolite,

containing up to 9O% plagioclase with olivj-ne and clinopyroxene

comprising the bulk of the remainder. Atthough contacts are not seen'

its intrusive relationship is inferred from the evidence for contact

metamorphism cited above and the field observations of Daniels (1974).

The -second type of basj.c intrusive comprises medium- to coarse-grained

ophitic-textured gabbros which clearly cross-cut the vol-canic pile.

It may be concfuded from the petrographic evidence that there are no

obvious petrographic links between Lhe acÍd and basic rocks. In addition'
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the volcanic pite is intruded by two groups of basic rocks' neither cf
which show evidence of associated, vol-uminous silicic differentiates.

C. Geochemical- evidence

The geochemistry establishes that thene is a break in SiO, between

j3-66%. There is a sj-milar hiatus in all other elements, parti.cularly
t

Feror", MgO and alkalis (AFM diaeram - Fig. 3.4), Zr, Nb' Y and LREE

(Table 43.2) and V and Ti (Figs. 3.38 and C).

The acid rocks have extremely high contents of Zr, Nb, Y and LREE

and moderately high levels of ferOrb, TLO2 and KrOlNarO comPared with

They do, however, show typical calc-alkaline
I

"2O3", 
MgO, CaO, TiO, and P'OU with increasing

Cainozoic acid volcani-cs.

trends such as decreasing F

differentiation.

The variabl-e levels of Ce, Nb and Y in the dacites appear to have

been inherited by the rhyolites, via crystal fractionation. The geochemistry

of the acid volcanic and acid intrusive rocks overlap, and this, combined

with their close association in the field, suggests they are comagmatic.

The basic rocks show an iron-enrichment trend, typical of continentaf

tholeiites. The progressive removal of olivine t orthopyroxene t
clinopyroxene (t ptagioclase) has caused pnogressive decreases in compatible

elements (e.g. Ni and Cr), but enrichment, due to residuaf concentration'

of lncompatible efements (e.e. Zr, Nb, Y, LREE, PZO5 and TiOr). All of the

basic rocks, whether intrusive or extrusive, are thought to be comagnatic

on the basi-s of thej-r simi1ar geochemistry.

It could be inferred from the hiatus in composition and the divense

crystalJ-isation history of the acid and basic rocks that the l,wo rock groups

are geneticatly unrel-ated. However this evidence is not compelling because

it is possible that the intermediate rocks J-inking the two series exist as

crystal cumulates in the l-ower crust.

It is notabl-e that some of the differentiabed rocks comprising the

Red Hill intrusion in Tasmania show sim.ilar TiO, vs nerOrt behaviour to

the samples in this study; in particular two opposite, but posifively

correlated trends are evident (see Fig. 3.38, data from McDougaII' 1962.).

Further to this, Hamiìton (1960) ha-s demonstrated that the granophyric

differentiates of many large l-ayered basic j-ntrusives have relatively high

total alkalj- and Fe-O.t contents, but relatively low levels of CaO and¿3
A1^O^ compared with typical cafc-alkal-ine rocks - characteristics which

¿J
are in common with the acid volcanic rocks from central Australia (see

Table 3.2). Hamilton (1960) cites the Bushveld Complex as a typical



TABLE 3.2. Analyses of rocks from various sources cited in text.

si02
41203

Fer0,

Fe0

Mn0

Mgo

Ca0

Naro

Kzo

Ti02

P zos
Zr

Nb

Y

Ce

N1

Rb

Sr

Ba

No.
Samples

75.32

13.22

1.57

0.58

0. 01

0. 15

0.69

4.26

3. 86

0.31

0.03

65.21

12.53

3.45

6.83

0.21

0. 31

3.72

4.35

2.36

0.9¡
0.09

1.5

0.8

1

75.4

12.2

0.04

0. 15

0. 60

3.9

4.8

0.2

0.04

2

67 .8

13.4

0.07

34 5

61.65

14.11

2.80

7.85

0. 15

0. 87

5.87

2.75

2.46

1.20

0.30

6

66.21

11.92

5.95

4.40

0. i3
0.58

3. 53

2.75

3. 0B

1.11

0. 34

7

67.0

12.3

3.8

5.1

0. 14

0. B4

3.6

2.6

3.4

0. 86

0. 37

I

7 1.65

12,04

1.52

2.54

0.12

0. 14

0.26

6.07

4.70

0.29

0. 02

1547

34

106

209

<1

158

2

<10

9

72.23

12.58

2.05

1.22

0. 06

0.03

0. 13

5.98

4.54

0. 16

0. 01

1450

220

164

¿¿v

4

337

1.3

20

10

62.64

16.77

2.82

1 .49

0.09

0.54

1 .47

5.81

5.50

0.53

0.15

872

52

53

at¿

4.3

102

117

820

3

1.3

4.4

1.5

2.0

3.4

3.8

0.7

0.2

734 1 1 4 39 6

2

Average of 7 analyses of granophyre and granite associated with hrichitalopolith after compilation of Hamitton (1960).

Average of 34 analyses of granophyre associated with Sudbury 1opolith,
after compilation of Hamil_ton (1960).

3 and 4. Granophyres associated with Skaergaard intrusion, East Greenl-and
(tüager and Brow:, 1968).

5 and 6. Fayalite granophyre and gnanophyre, respectively, associated with
Red Hill ìntrusion Tasmania (McDouga1l, 1962)

7. Granophyre associated with Dufek intrusion, Antarctica (Ford, 1gTOl.

B. comendite, DrEntrecasteaux rsl-ands, papua New Guinea (smilh et aJ.,
1977 ) .

9 and 10. comendite and trachyte, respectively, Grass House Mountains,
Sueensland (Ewart et aJ., 19T6).
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example, but more recent work suggests that bhe salic phase of this body

had ananatecticorigin. (e.g. Davies, et aL., 1970; Lenthall and Hunter,

19TT). Ford (1970) advocated a differentiation origin for the granophyre

in the Dufek intrusion of Antarctica, but some evidence fon contamination

led him to conclude that thettanal-yses of bulk granophyre (Table 3.2) thus

may not accurately indicate the true composition of lhe final Dufek l-iquidrr.

Consequently, in the absence of detailed isotopic and trace element data

for the various granophyres listed in Table 3.2 and hence uncertainties in
their origins in some cases, the significance of the geochemical analogies

with the acid volcanics of this study remain unclear.

The rel-ativel-y high Zr, Nb, Y and Ce contents of the acid volcanics

might suggest enrichment by extreme crystal- fractionation, by analogy with

similarly high values in trachytes and comendites, which are generally thought

to be differentiates of alkali basal-ts (e.g. Ewart, s-t aL., 1976; Smith'

e_t aI., 1977). AnaÌyses of a comendite from New Zealand (Smith, ç-t ê-I.t

1977) and an average comendite from the Glass House Mountains, QueensJ-and

(Ewart, e-t al-., 1976) are given in Table 3.2. The Zr' Nb, Y' LREE and

Al-203 contents are comparabl-e with the rhyolites from the Central Austnalian

province, but FerOrt, MBO, CaO, TiO2r P2O5, Sr and Ba are al-l lower in the

comendites indicati-ng more extreme fractionation, It is afso notable thaf

the characteristically high KrO/NarO of the Proterozoic rhyolites is not

duplicated in the comendites, which by conlnast, have NarO >KrO. Comparing

a Central Austral-ian province dacite with a trachyte (Table 3.2) reveals

similariti-es in Zr, LREE, Rb, Sr, Ba and KrO, but the trachyte has lower
f

Ievefs of FerO.,", Tior, Nb and Y and significanlly higher NarO.

The compositional analogies with the comendites and trachytes show

that crystal fractionation and resultant residual liquid concentration of

incompatible elemenbs is capable of producing nelatively high Zr' Nb' Y

and LREE contents in acid differentiates of basic parents. However, the
f

higher contents of Sr, Bâ, Ti02r FerOr", M80, CaO and P'OU in the

ProLerozoic acid volcanics suggests they are not as fractionated as the

peralkaline serÍes at comparable SiO, and therefore extreme crystal
fractionation may not have been the major influence in the present case.

Moreover, trachytes and comendites are usually volumetrical-ly insignificant
on the scale of an alkali-basalt province (c.f. Ewart, et ÊJ., 1976), a

feature which is cerl,alnly not true of acid vofcanics in the Central

Australian province.

Qual-itative arguments such as those above, fail to be concl-usive since

they have an inherent subjective element which introduces ambiguity. The

proposition that the acid series and basic series are rel-ated by crystal



TABLE 3.3.

A. Least uares

Rock

mation of

Results of major and trace element modelling car.cuLations designed to testwhether the dacites of the Central Australian province (an average of threesamples) could be related to the evol-ved basatts t.n.uÈ."g" of flve samples)by dlffenentiation.

s102

A1 ^0^¿.3
FeOE

Mn0

Mgo

Ca0

Nar0

Kzo

Ti02

Pzo5

average
dacites.
67 .28

13.02

6.86

0. II
0.69

2.69

3.90

4.40

0.87

0. 18

average
dacite
caIc.
67.27

13.02

6.88

average
basalt
parent

51.23

13.85

14.20

0.20

4.44

8'71

2.78

1 .35

2.7 z

0.51

100.0

0.69

2.70

3.99

daclle of ved ba

Mlneral compositions used
amph. p]ag. cpx. mag. apatite 

-!llt. Mineral
42,80 52.07 50.11 MÍneral -f""".1"!@
14.69 30.63 2.7ø amph. 0.143 O.Z4
10.29 11 .57 75.0 ptag. O. 193 0.33
0.22 0.41 cpx. 0.136 O.A3

15.27 14.43 mag. 0. 1 1 O. 19

12,53 13.13 19.78 56.0 aparite O.01 O.O1Z

2.o5 3.98 0.31 daciLe O,4Z
1.31 0.21 = basalt
1.49 0.62 19.0

44 .O XR2 = 0.01?

0.78

0. 17

Total 100.0

Notes: 1.

2.

l,tnO and KrO were excluded from modeLling calculations.
Amphibole composition from writerrs erectron microprobe data for amphibolephenocrysts in a calc-alkaline basatt (!,13-l, see ta-Ole 15.5 Appendtx 1).
Plagioclase composition is AnU, and is after |,lrighL (1g74).
clinopyroxene composltion is from writerrs eLecfron microprobe data for
clinopyroxene phenocrysts in an andesite fron the Lake Evêrand area (an
average of I analyses of 4 phenocrysts).
Ti content of magnetlte adjustecl to give a satlsfactory match for Tior.
Apatlte compositlon after Wrlght (1924).

3

4

5

6

! Calculated tr-ace el-enent abundances usl mineral and d of stall-

Fock average
daciLe

obs

959

959

69

69

134

213

213

170

135

1 330

10

39

2

12

26

1.

average
dacite
calc.

726

838

48

62

87

153

221

81

391

812

2.3
<1

<l
3

't.5

average
basalt
parenf

352

352

26

26

63

93

93

37

310

400

33

312

100

77

51

apatite
0

0

0

0

13.1

18

0

0

0

0

0

0

0

0

0

Zr

Zr

Nb

Nb

Y

Ce

Ce

Rb

Sr

Ba

Sc

v
Cr

Ni

Co

Distribution coefficients used
amph. plag. cpx. opx. mag.

0.5 0.01 0.01 0.03 0. 10

00000
0.8 0.01 0.01 0.15 0.4

00000
1 .0 0.03 0.5 0.2 0,2

0.20 0.12 0.15 0,024 o

00000
0.29 0.071 0.015 0.022 0

0.46 1.8 0.120.01? 0

0.42 0.23 0.026 0.013 o

12.50332
32 0 1.1 1.1 30

300301332
80688

't3 0 2 6 I
Distribution coefficienÈs for zr, Nb and y afLer pearce and Norry (19?9);
Ce, Rb, Sr and Ba after Arbh (,|9?6) and Sc, V, Cr and Ni after CifI (19?B).
Zero distribution coefflclents for Zr, Nb and Ce assumed, to enable caLcul.atlon
of the maxlnun permissable val,ues for these elements wlthin the constralnts
provided by the maJor element modell1ng.

Notes:

2
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fractionation as originally suggested by liesbiLt (1966) can only be

satisfactorily tested wi-th the presentJ-y availabl,e data by modelling the

major elements and checking for consistency using the trace elements' It

is evident from Figure 3.3 that, if simpJ-e crystal fractionation has been

operative, then the rocks most closely related in the two series should be

the teast-differentiated dacite and the most-differentiated basalb' For

the purposes of testing, the parent basic composiLion was averaged from

flve of the most fracliorlated basic rocks analysed (866, 823' 877 ' 814 and

B8), while the assumed daughter composition ÍJas averaged from three of the

most basic dacites (82g, 87 ancl 845)' Least squares modelling of bhe major

elements requires relevant mineral composition data, but unfortunately no

microprobe data was obtained on minerafs in these rocks because either they

were too altered (e.g. plagioclase and clinopyroxene) or they were not

modal- (e.g. amphibole). However, what are considered to be reasonable

estimates of the mineral- compositions were made, based on the writerrs

data for minerald in rocks of similar composition from efsewhere (Table 3'34)'

A visuar comparison of Lhe assumed parent and daughter compositions

(Table3.3A)suggeststhatifLherocksarerelatedbydifferentiation'then
fractionation of appreciabfe amounts of the following minerals will be

Iikely:
1 ) Ti-magnetil-e,

2) mafic mineral-

3 ) pl-agioclase 
'

4) aPatite to reduce PZO5'

These predictions are confirmed by the l-east squares modelling cal-culations

v¡hich favour fractionation of' : 14.37" amphibole, 19,3% plagioclase, 13'6%

clinopyroxene, 11% magnetite and 1% apatlte (Tabte 3"34)'

Moclelling of the trace elements using these mineral- proportions and

distribubion coefficients appropriate t,o the liquid composition reveals

large discrepancies, particularly for Sc, Ni' Co' V' Ce' Zr' Nb and Y

owing to Lhe marked control of these lnace elements by amphibore'

cl-Ínopyroxene and magnetite (Tabl.e 3.38). In the case of zr and Nb' even

if it is assumed D = Or the levels of these el-emenLs 1n the average dacite

cannot be matched (e.g. B3B ppm Zr calculated c'f' 959 ppm observed ancl

62 ppm Nb calculated c'f. 69 ppm observed)'

Adjustment of the .mineraf compositions within permittabl-e l-inlits wil]

affect 1,he mineral proportions slightly, but wi]1 not alter l,he basic

requirement that remova] of large amounts of amphibol-e and magneLiLe are

necessary to procìurce the dacit.ic liquid from Lhe basic parent' ìdhile this

constraint appl-ies, it would not be poss-Lble lo match the Lrace el-emenLs

bo reduce FerOrt and Ti;

s (e.g. amphibole and/or clinopyroxene) 1"o reduce MgO;

amphibole and/or clinopyroxene to reduce CaO and



81.

(particularly Sc, Ni, Co and V). Thus, in spibe of the assumptions of the

calculation method, it is reasonabfe to concl-ude that the basic and acid

series are probably not related by differentiation. It follows that the

compositional hiatus separaLes two geochemical-ly unrelated rock series,
which therefore must have different ul-timate origins. This conclusj.on j-s

consistent with the field and petrographic evidence presented above. If
is afso supported by the isotopic data of Gray (1971) v¡hich shows that
there is negligible overlap in the initial strontium isotope ratios of
bhe acid volcanics (plus granophyres and granites) and the basic intrusive
rocks belonging to the Giles Complex. This evidence indicates that the

acid magma could not have differentiated from a basic parent wibh the

isotopic characteristics of the Giles Complex intrusives. The question of
the ultimate sources of the magmas for the two rock series wÍl1 be examined

below.

3.6.3 OriEin of'the basic magma

Experimental evidence shows that the basic magma must have an ultimate
origin in the mantl-e, although none of the samples analysed have Mg

numbers or Ni and Cr contents consistent with equilibration with mantl-e

peridotite (Roeder and Emslie, 1970). This could be attributed to low

pressure fractionation of olivine + pyroxene t pÌagiocl-ase (c.f. Mertzman,

1977) which j-n tunn has led to Lhe residual- concentration of P?05, Ti02,

Zr, Nb, Y and REE and an increase in FerOrt/MgO with differentíation
(nig. 3.5). A considenation of the incompatible element ratios has

pneviously demonstrated that Sc and V are depleted relative to the LIL

trace elements, suggesting control by either fractionating minerals or

residual minerals in the mantle (Table 3.1 ).

It is notabl-e thab the deep-level (curnulate) intrusives of the Giles

Complex exposed to the east of the Blackstone region (Nesbitt, .9! ê-1.,

1970; see Fig. 3.1) contain abundant clinopyroxene wiLh pervasive rutil-e
exsolution (Goode and Moore, 1975). Such a pyroxene woul-d control Cr, Sc

ancl V because of the presence of favourable atomic sites for these elements

(Taylor , 1965), Nesbitb, e-t -aI ,, (1970 ) observe that a pronounced iron
enrichment in the deep-Ievel- intrusives appears to be absent. They state:
rrthe fact that the Mt. Davies and Kal-ka intrusions end their fractionation
trends with only moderate iron enrichment despite the absence of cumulus

magnetite, suggests liquid was lost to higher envj-ronmentsrr (p. 559), These

authors infer that this 'rlostrr liquid is. represented by some or all of the

basic vol-canic rocks discussed in this Lhesis. It shoul-d be noted, however,

that the exposed Ìayered intrusives containing significant proportions of
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modal clinopyroxene (e.g. Mt. Davies, Kalka and Ewarara), ane unl-ikely

to be the direct compJ-ementary cumulates of the basal-ts in the Blackstone

region because of the lateral sepanation (e.g. >80 km, Fig. 3.1).

Therefore if the crystal fractionation hypothesis is correct, cumulate

bodies comparable with those described by Goode and Moore (1975) must

l_ie beneabh the entire Blackstone region. This requirement is in disagree-

ment with the predictions of Nesbitf, ç! al.r(1970) that the depth of

emplacement of the basic cumul-ates became progressively shallower in the

west. Thus, it appears unlikel-y that the basic extrusive and deep-level

basic intrusive rocks in the province have a liquid-cumulate relationship'

although it is probable that the ultimate sources of the magmas were the

same and that they vJere generated during the same general event.

The other alternative, invoJ-ving control by residual clinopyroxene in

Lhe mantle, is consistent with the published distribution coefficients for

Sc and V in clinopyroxene in equili-brium with primitive basic melts (Kd

clinopyroxene/liquid for Sc and V > Kd orthopyroxene, ol-ivine/Ilquid for

Sc and V; Frey, ç! al., 1978). If the degree of meÌting was reJ-atively

high (> ZO% by analogy with basafts from the Gawler Range province), then

this necessarily impì-ies derivation from a hydrous LREE-enriched mantl-e

source at depths < 50-60 km in order to maintain sufficient clinopyroxene

in bhe residue (Green, 1972, 1973) and to explain the fractionated REE

patterns in the basal-ts (Fig. 3.6). If, on the other hand, the degree of

melting was rel-atively low (< 5%), the basic magma may have been generated

in deeper zones of the mantle which were not enriched in LIL elements. This

alternative is unlikeJ-y, however, because experimental work shows that the

melts produced under these conditions witl be of undersaturated alkaline

affinities (Green, 1972) in contrast to the obviously tholeiitic parentage

of the basic rocks from the central Australian province.

In conclusion, it is suggested that the similarity of the elemental

ratlos to those in the Gawlen Range basalts (Tabte 3.1 ) r indicates an

analogous origin for the primary basic magma, viz. shallow melting of a

hydrous LREE-enriched mantfe source. This proposal cannot be conclusivel-y

establ-ished with the avail-able geochemical data, but it is supported by

the comparabl-e tectonic setting, viz. post-orogenic magmatism and eruption

of the vol-canics onto a stable continental crust. Subsequent low-pressure

fractionation of ol-ivine, pyroxene and plagioclase has probably produced

Lhe range in compositions obsenved.



TABLE 3.4. Estimates of crustal composition from various sources.
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Fer0,
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63.3 60.6
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0.18 0.19
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0.1
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3.05
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700
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3.5

1.5

0.8
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30

175

55
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350

Naro

Kzo

Ti02

P zo5
Zr

Nb

Y

Ce

Sc

V

Cr

Ni

Rb

Sr

Ba

No.
SampJ.es

56

630

1 503

25

9.5
3.4

0.62.6

0.9

0.2

310

70 70-100

340 300-500

1090 600-1000

23

55

50

2

20

425

175

15

578

22

451

793

17

1. Average composition of five massive granulites from the Musgrave Block
(Gray, 1977).

2. Average composition of l{usgrave Block granulites (Lambert and Hei-er,
1968).

3. Average siliceous granulÍte compiled by Condie (1978) .

4. Synthefic starting composition used by Green (1969) in his experiments.

5. Average'composition of interrnediate granulites (55-65% Si02) from the
Precambrian Brazil-ian basement (Sighinolfe, 1971)

6, 7 and B. Average compositions of upper, bulk and lower continental
crust, estimated by Taylor and Mclennan (1979).

g. Mafic granulite from lhe Musgrave Block (Collerson, 19721.

10. Average composition of basic granulites (<55% Si02) from the
Precambrian Brazilian basement (Sighinolfe' 1971):
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3.6 .4 Oriein of the acid magna

A. Models other than direct part ia1 meltinE of the crust

It has previously been shou¡n that the acld magma is unlikely to have

differentiated from a basic parent with the composition of the basalts

exposed in the Central Australian province, but this does not exclude the

possibility of diffenentiation from a modified basic parent. For example,

Barker, et aI., (19?5), ì-n explaining the origin of the Pikes Peak Batholith'

suggested a model in which alkali-olivine basal-t reacted with a gnanulite

crust to produce a syenitic magma, which in turn reacted with higher levels

of the crust to produce potash-rich granites. Kranck (1969) on the other

hand, to explain the association of rapakivi gnanite - anorthosite and

anorthosite - mangerite in the North Atlantic Shield' proposed mixing of

an olivine basalL melt and anatectic granitic liquid to produce an

inlermediate liquid with high KrO (e.g. basic mangeriLe or quarLz-

monzonorite). Subsequent plagioclase and clinopyroxene fractionation in

the crusl yielded the rapakivi granites. The advantage of such model-s is,

that by magma mixing an intermedlate magma is formed, hence laler

clinopyroxene + plagiocJ-ase fractionation (with a bulk SiO, less than the

mix) is able to move the differentiates to higher silica contents (i.e.

granitic composition).

There are two important objections to the application of a model of

this type in the Present case:

1 ) In view of the small amount of fractionation that is necessary to

produce a dacite (with 66% SiO2) from an intermediate magma (e.g.

mangerite with 56-60î/" SiO2), it is considered that, the associal,ed

residual liquid concentration of incompatibl-e elements would be

insufficient to account for the extremeJ-y high leveJ-s of Zr, Nb'

Y and Ce in the Central Australian dacites'

Z\ There is no evldence for intermedi-ate composition mixtures (e.g.

mangerites or monzonorites) 1n bhe Central- Australian province.

Since the Musgrave Block reveals a good cnoss section of the crust

and numerous deep-IeveL intrusive bodies are exposed (Nesbitt, 9-t al-.,

19ZO), it might be expected that any intermediate rocks would also be

exposed, by analogy with the North Atlantic Shield (Kranck, 1969;

Bridgwater and llindley , 1973). Their total absence can be taken as

evidence against a model- involving an intermediate rrmixedrr r magma

stage.
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B. Mode1s invol-vinE direct partial melting of the crust

The possibility of an origin by direct partial melting of the crust,

as favoured for the acid-intermedi-aLe series in the Lake Everard area

(chapter 2), remains to be examined. In considering this alternative' it
is important to ascertain the composition of the crustal- source. If the

crust becomes increasingly basic with depth a.s some workers contend (e.9.

Lambert and Heier, 1968; Taylor and Mclennan, 1979), then the question of

the composition of the source is closely allied to the level- of the cnust

being me1ted. Of the various estimates of the crustal composition given

in Table 3.4 probably the analysis of the average Musgrave Range granulite

(after Lambert and Heier, 1968) is the most realisbic estimate of the

composition of the upper-middl-e zones of the crust in this regionr although

Gray (1977 ) argues for a more acid (granodioritlc) composition. Its
suitability as a source can be tested by least squares modelling of the

average dacite composition, provlded compositions of the residual minerals

are knoi^¡n. Fortúnately Green (1969) has carried out experimental work on

cnystallisation rel-ationships, using a starting composition very simil-ar

bo the average Musgrave Range granulite, at likely crustal pressures

(i.e. 9kb and 13.5kb; for starting composition, see Table 3.4). If the

mineral- compositions quoted by Green (1969) are used in the least squares

calculatj-on it is found that t he degree of melting is between 55-58%

(Table 3.54). Choice of the particular mineral compositions used (i.e.

9kb or 13.5kb assemblage) has little effect on the degree of melting'

although it does alter the residual mineralrProPortions slightly. The

ilfitil obtained is not particularly good (XR'> .1 ), but this mainly arises

because of the mismatch in.NarO. In this connection i.t is significant
that the average Musgrave Range granuJ-ite used in the calcul-ations is
very similan in composition to the average siliceous granullte quoted by

condie (1978) excepting for Naro which is higher in condiers average

ß.5% NarO c.f . 2.8% Naro, Table 3.4). Modelling using condiers average

yields a much better fit, but the degree of melLing remai.ns almost

unchanged (Table 3.58).

Probably the most important point deducible from these cal-culations

is the excessive degree of melting required (i.e. 55-58%). Aparb from the

physical problems involved in attaining this level of melting, the model

cannot reproduce the observed level-s of most trace elements in the average

dacite without assuming excessive abundances in the source. For example,

comparison of the calculated source abundances (cofumns A and B in Tabl-e

3.6) wiLh the crustal- averages given in Tabl-e 3.4 reveals that the required

contents of Zr, Nb, Y, Ce and Ba are noughly a factor of two higher bhan



TABLE 3.6. Trace element model results based on the
ement calcul.a reported in e 3.

average
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Cr
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170
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128

9B

138

104

820

11

30

9.3
23

35

543

40

83

128
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147

108

827

10

33

209

17

40

59

40

156
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424

10

68

13

27

40

8.5

19

29

A

B

c

calculated trace element abundances in Lambert and Heierrs (1968)

average Musgrave Brock granulite, using val-ues in average dacite
and the results reported in Table 3.,54.

Calculated trace element abundances in Condiels (19T8)

average siliceous granulite, using varues in average dacite and

the results reported in Table 3.58.

carculated trace erement abundances in Tayror and Mclennanrs (19T9)

hypothetical- lower crustal source, using values in average dacite
and the results reported in Table 3.5C.

Distribution coefficients used are those reported in Tabte 3.38,
excepting for Sr* which used Kd plagioclase,/tiquid = O.g.

Note: 1
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the typical- values in crustal rocks of similar major element compcsiLion.

Moreover, the necessary contents of the compatible elements Co, Ni and

V are al-so probably excessively high considering the acidity of Lhe crustal

source tested. It is therefore unlikety that the dacitic magma was

generated from a granulitic crustal- source of the type presently exposed

in the Musgrave Block. This conclusion is supported by bhe work of

Gray (1971, 1977 ) which demonstrated that the granulites of the Musgrave

Block have not suffereci large-scale melting. His evidence included:

rarity of migmatites ancl other evidence for in situ melting, presenvation

of sedimentary layering in the granulite sequences and the geochemicaj-

analogies with typical supracruslal rocks, thus implying that the granulites

do not, represent refnactory residues left after extensive crustal- fusion.

This conclusion does not necessarily exclude the possibility of
generation from a more basic, J-ower crustal source and to test this

alternative the lower crustal composition quoted by Taylor and Mclennan

(1gTg) was useO as the source in a least squares modelling calculation
(for composition, see Table 3.4). Since experimentally-determined residual

mineraf compositions ü¡ere not available, the compositions used in the

modelling cal-culations $¡ere taken from mi-nerals in basic granuJ-ites from

the Musgrave Block (CoIlerson, 1972); the particular basic granulite chosen

had sjmilar major element geochemistry to the estimated lower crust of

Taylor and Mclennan (1979; see analysis 9, Tabl-e 3.4). The calcul-ations

reveal bhat approximately 19% parLial- meltlng of this lower crustal- source

is neecied to produce a magaa with the cornposition of the avenage dacile

(Table 3.5C). The re]atlvely low proportions of clinopyroxene and

orthopyroxene in the residue indicate that reasonabfe variations in their

compositions (particularly FeO/MgO) ane unl-ikely to greatly affect the

resul-t.

Using the mineral proportions and F derived from l-east squares

modelling of the major efements, it was found that the calculated source

contents of Zr, Nb, Y, Ce, Ba and Rb were of bhe same order as the contenLs

in ¡re differentj-ateci basalts from the province, while the cafculated Vt

Sc, Cr, Ni and Co contents were significantly less (cofumn C in Table 3.6)"

This demonstraLes',,hat a basic granulitic source, with the minor efement

contents of the differentiated basal-ts from the Central- Austral-ian province,

would be capable of accounting for the level-s of LIL elements in the

average dacite. I{owever, the V, Sc, Cr, Ni and Co contents, which are

refatively high in the basalts compared with t,he cafcufated source r ffiaV

indicat.e that such a meta-basaltic source is not sLr'ict1y applicable.

Rather, a refractory siallc residue of basic'intermediate composiLion'
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remaining after prior meft extraction eventsr mâY be a more appropriate

source since it would be expected to have lower V, Sc, Cr, Ni and Co

contentsr yet at the sanìe time have relatively high leve1s of LIL elements.

This aspect will be considered in more detail in clrapter 4.

An origin in partial meJ-ting of a basic lower crustal- source, apart

from requiring a more realistic degree of melting G20%) and showing a

general internal consistency with the trace el-ements, is also compatible

with available i-sotopic evidence. For example, the isotopic data of

Gray (1gT1) shows that the acid volcanics from the Tollu area have initial

strontium isotopic ratios (Ri) of O.7OB, which faIl at the low end of the

range for the Musgrave Block granulites (Ri = 0.708 -0.713) ' Gray notes

that: rrthere is no simple explanation for this in terms of the anatectic

hypothesisr', since it would be expected that if these granulites provided

the source, the nesultant mel-t should inherit a simil-ar range in Ri'

Homogenisation between acid and basic granulite layers leading to a

relative decrease in the acid granulite Ri is suggested as a possible

explanation by Gray. However in the present modeL, where a basic granuliLe

crustal source is proposed, the relatively low Ri of the acid vol-canics

is readily explainable - if indeed the basic granulites have significantJ-y

lower Rits than the acid granulites as Gray suggests'

The model- ouil-ined above allows tittle possibility for the generation

of primary, l-ow-silica intermediate magmas. It has been pointed out that

the constra-ints imposed by experimental- evidence and crustal composition

are inhibitive to the production of intermediate magmas from even a basic

crusta] source, while the f'ractionaLion trends shown by lhe basa]ts

indicate that they are unÌikeJ-y to yield vol-umj.nous intermediate

dlfferentiaLes. This j-llustrates perhaps the greatest attribute of this

model in that it conveniently accounts for the paucity of internediate

rocks and hence the bimodal character of the central. Austral-ian province'

3.7 RY

Petrographic and field evidence thought l,o favour a common origin for

the contemporaneous acid and basic rocks comprising t'he Central Australian

volcano-pl-utonic province is re-interpreted here, and it is concluded that

the previous evidence for a comagmatic origiu is rlot compelling' The

geochemical evidence confirrns this conclusiotr and dernonstrates the existence

of two geneticall-y-unrelated rock series '

The geochemical- data suggests thab the high-level gabbros intruding

the bimodal volcanic pile are relatecl to the basic lavas: both shov¡ a
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characteristic iron enrichment typical of thol-eiites fractionating under

Iow pHrO and PO, in crustal magma chambers. A1I basic rocks analysed ane

fractionated to varying degnees, since none have Ni and Cn contents or

Mg numbers consistent wlth equilibration with mantl-e peridotite. The

elemental ratios (particularly > chondrit'1c Zr/Ti, Zr/Y, Ce/Zr and PrOr/Ti02)

and the fractionated REE patberns of the basalts indicate derivation of the

primary magmas from a LIL element-enriched mantLe source. It is suggeslied,

by analogy with the basalts from the Gawler Range province, that the less than

chondritic values for Sc/Ti and V,/Ti refl-ect the presence of resj-dual

clinopyroxene. This, in turn, implies that the primary magmas segregated

from relativeJ-y shal-low levels (possibly < 50-60 km) '

The majority of the acid rocks show characleristics consistent with a

differentiation series from dacite to rhyolite and consequently it is thought

that variatlons in the Nb, Y and LREE contents of the rhyoJ-ites can be

related to simiÌar variations in the parental- dacites. However, the

possibility that some of the rhyolites may represent direcL partial melts

cannot be excluded. The major element geochemistry of the dacites (withr

Iowest SiO, contents) is consistent wiLh derivation by 19% parLial melting

of the lower crust, assuming it has the composition of a basic granulite'

The rel-atively 1ow proportion of residual magnetite (perhaps due to the

relativel-y low PH.O and/or PO, during melting) can account fon the high
f

FerOrL and TiO, contents of the dacites, while conversely, the hieh

proporbion of residuaÌ plagioclase is able to explain the characterisLically

Iow CaO, AI2O3 and Sr contents. It is possible that the relativel-y high

temperalures during meJ-ting may have conbributed to the instability of

normally refractory minerals (e.g. zircon, apatite and sphene), leading to

the releasè of Zr, Nb, Y and REE into the melt, - hence explaining the

abnormally high contents of these elements in the acid volcanics. Some of

the variabÍl-ity of these elements in the dacites may be alLrj-butable to

differing degrees of melting or al-ternatively to variations in concerll,rafions

of refractory minerals in the source.

In view of the post-orogenic timing of the igneous activity, ib is

extremely unlikely that partial metting of a refractory granulific crust

coul-d have occurred without the addiLion of heat either di-rectly or

indirectly from the mantle (c.f. Fyfe, 1978). Involvement of the mantfe at

this time is independently evidenced by the abundant, contemporaneous basj-c

magmatism.

Fina1ly, it is concl-uded that the modef outLined above, offers the

most plausible explanation for the characteristic, bimodal vofcanic-pJuLonic



8B

association in the central Australian province. The implications of the

findings of this study and that reported previously for the Gawler Range

province, will be examined in the review chapter which follows'
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CHAPTER 4

A REVIEI,ü 0F PROTEROZOIC POST-OROGENIC IGNEOUS ACTTVITY

4.1 .INTRODUCTION

To date proterozoic felsic volcanic and plutonic rocks have received

scant reviews in the literature in comparison with their Archaean and

phanerozoic counterparts. Consequently general model-s for the evolution

of Proterozoic fel-sic igneous terrains on a global scale have not been

developed; indeed, it is not known with certainty whether such terrains

do, in fact, conform to any general-ised conceptual model-s of fonmation'

In this chapter a review will- be made of the literature for data concerning

proterozoi-c post-orogenic fel-sic volcano-pl-utonic provinces both in Austrafia

and other contj-nents, paying particular attention to the geochemistry of the

rocks and the model-s invoked to explain their origin. It is anticipated that

if any general modes of formation exist, they wil-I emerge.

Before attempting such a revieur, it is fir-st of all necessary to have

a sound basis for comparison and testing. This is provided by the two

Proterozoic volcano-plutonic provinces eramined in detail in this thesis

(see chapters 2 and 3). The initial approach in this chapter is therefore

directed towards the devel-opment of a model capable of satisfactorily

expl-aining the origins of the igneous rocks comprising the Gawler Range

and central Australian provinces. Having developed this model- and considered

its limitations and implications, a review will be made of other Proterozoic

volcano-plutonic provinces in an effort to determine the generality of the

model.

4.2 DEVELOPME NT OF THE MODEL

From the previous discussions in chapters 2 and 3 it wil-] be evident

tha| the Gawler Range and Centra] Austral-ian volcano-plutonic provinces

have many features in common. Some of the more important characteristics

shared by the two provinces are summarized below:

1 ) They are post the main tectonothermaf event affecting the basement

on v¡hich they unconformably rest'
Z) In both provinces there is a dj-stinctive bimodal character imparted

by the abundance of basic and acid rocks relative to intermediate

rocks. The field evidence clearJ-y demonstrates that the basic and

acid rocks are related in space and in time, but the geochemical

evidence indlcates that they are not genetically related.

3) The primary basic magma in each case has fractionated al-ong typical

continenLal tholeiite trends teading to progressive enrichment in all
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incompatibLe elements (e.g. Zr, Nb, Y' REE' P'OU and Ti02) and
f

FerOa"/MgO, but control on compatible elements (e.9. Cr and Ni).

Similar fractionation trends in other basic magmatic series have been

attributed to prolonged crystall:'-sation i-n shallow ct"ustal magma

chambers under low PO, and PH'O (Roeder and Osborn, 1966). The

primary basic magma in the case of the Gaw1er Range province is
considered to have been derived by shallow, hydrous melting of a LIL

el-ement-enriched mantle source. In the case of the Centra] Australian

province a simil-ar origin is inferred on the basis of bhe geochemistry

and elemental ratios of the basatts which are comparable with those

in the Gawler Range province.

4) The acj-d rocks (including intrusives and extrusives) from both provinces

have distinctive geochemical- characteristics when compared with
t

cainozoj_c cafc-alkaÌine suites. In particular KrO/NarO, FerOr"/MgO,
t

KrOr Feror", Ti02r Zr, Nb, Y, Rb,Ba and REE are relativel-y high in

the Proberqzoic rccks by comparison, while CaO, 41203 and Sr are

significantJ_y lower. Ib has been pneviousJ-y argued thal, these

characteristics indicate an origin by partial- melting oi a basic

granuli1,ic, Iower crustal source. Thus the addition of heat, either
directly or indirectly from the mantl-e would appear to be necessary

in order to raise the geothermal gradient suf'ficienlly to cause melti-ng

of the basic crust and generation of the pri-mary, non-eutectic acid

and/or high-silica intermediate magmas. The contemporaneous basic

magmatism in both provinces could be taken as evidence for mantle

invol-vement.

The above observations can be summarized in the form of a simpfe model

which is diagramaticall-y represented in Fig. 4,1. The model- can be viewed

in terms of its primary or essentiaÌ features and its secondary or non-

essential- features. The essential- features of the model are:

1 ) A shal]ow mantle source for the baslc magma.

Z) A source of heab for mel-ting of the lower crust, which may be directly
from the mantfe diapir and/or from the voluminous basic ntagma

variously underplating and intnuding into the crust.

-?) A basic, Iower crustal source for the acid magma.

The secondany or variable aspects of the model- j.nclude:

1 ) The degree of differentiation of the primary ba.sic and acid magmas in

upper crustaf magma chambers prior to final eruption and/or inLrusjon.

Z) The amount of contaminat,ion or mixing of acid magma with basic magma

during ascent. In an environment where acid and baslc magmas are being

generateri simul-taneously, the possjbiliLy of mixing, either iu the

lower crustal zone of generati.on, or j-n fhe high-level- magma chambers
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cannot be excluded, particuJ-arly as both magna types are 1ikely to

be using similar channelwaYs.

4.3 DISCUSSION OF THE MODEL

4 .3, 1 General- comments

Having presented a model which can satisfactorily explain the origin
of the igneous rocks in both the Gawler Range and Central Austral-ian

provinces, it is now desirable to examine the model- in more detaiJ-'

considering specifically its strengths and weaknesses, and its broader

implications. This is atternpted 1n the following discussion, in addition

to investigating some of the aspects of the generation of non-eutectic acid

magmas not pursued in detaif in the previous two chapters.

The following generat points can be ciLed in favour of the model:

1 ) It offers little opportunity for the generation of primaryr low-sil-ica

intermediate magmas (<58% Si02), since experimental- evidence shows

bhat such magmas are unlikety to represent dlnect partial mel-ts fnom

the mantle, and compositional constraints woul-d appear to preclude a

crustal source. Moreover, two-stage processes involving subduction

(c.f. Green and Ringwood, 1968) are not supported, either by the

lectonic setti-ng or the associated rock record. Therefore, the

paucity ofl andesites in both provinces is readily explainable.

2) The objection on experi-mental grounds regarding the high temperatures

necessary for the production of' non-eutectic acid rnelts is negated t,y

invoking heat input from the mantle.

3) Being geochemically based, the model- is abl-e to offer a satisfactory
explanation for the geochemistry of both the basic and acid rocks.

The relatively high LIL element contents in the Proterozcic acid

rocks compared wit.h rocks of equivafent composition in Lhe Cainozoic

ca]c-a1ka]ine suites is bel-ieved to be a direct result of the sial-ic

crusta1 source. The rel-ativel-y high nerOrt and Ti-O, contents, high
f

FerOr'/MSO ratio and low 41203, CaO and Sr contents ane thought to

be a direct result of the residual minenal assemblage; in particular,
the low proportion of magnetite:pyroxenes and high proportion of
plagioclase, resPectivelY.

4) The model- is consistent wlth experimental- evidence. Green (1973,

1976), has shown that shal-Iow (<60 km), wet melting of a pynolite

mantle wilI produce basic tiquids r^rith the major element characteristics
of the primitive basal-t from the Gawler Range pnovince. Furthermore,

the experimental- work of Br"own and Bowden (1973) supports the pnoposal.

that high-KrO acid liquids can be produced from a dry, refractory
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crustal source, while Green (1969) has demonstrated tha| the

residual mineralogy is J.ikely to be dominated by plagioclase and

pyroxenes.

5) The available isotopic evidence is consj-stent with a basic gnanulitict

Iower crustal source, since the reÌatively low initiaf strontium

isotopic ratios in the acid rocks would appear to necessitate a

source with low Rb/Sr over a long term.

Like all models, however, objections can be raised against it and

perhaps the most important of these concerns the validity of the assumption

that l-ower crust of basÍc composition does exist. Green and Lambert (1965)

have shorn¡n that seismic velocity measurements are better expJ-ained by an

intermecìiate composition lower crust rather than a denser, basi.c granulitic

l-ower crust, Others (e.g. Tarney and !,lindley, 1977l- have advocated an

j-ntermediate composition lower crust on the basis of averaging presently

exposed high-gnade metamorphic terrains, but as Heier (1973) points out'

this describes 'ral best the top Iayer and the geological arguments for this
to continue to the mantle are not given or are not convincingrr. In any

case it is doubtfuL whether" the concept of an Ínt.ermediate composition

crust could be rigorously appliecl since to deny the existence of any lange

areas of basic granulite in the lower crusL would be to deny the possÍbility

that Archaean greenstone sequences may lie beneath many of the Proterozoic

terrains - an argument to which few would hold. That basic granulites do

exist in the lower crust is clearly indicated by the xenol-iths of such

rocks commonly found in kimberlltes, alkaline basal-ts and other rocks

(e.g. Padovani and Carter, 1977; Rogers, 1977). Furthermore, crustal-

melting or rewonking has been a recurring phenomenon throughout the earthrs

history and a natural- consequence of such processes is the formation of

refractory residues dominaLecl by intermedial,e and basic mineral assembJ-ages

(Lambert and Heier, 1968; Tarney and Vlindley, 1977).

4.3.2 The nature of the basic crustal- source

The above discussion has raised a point not concl-usively resolved by

previous discussions in chapters 2 and 3, concerning the precise nature

of the basic crusta.I sollrce. There appear to be three possibilities which

require detailed consideration:

1) a tholeiitic basic igneous source (e.g. meta-Archaean thol-eiite);
Z) a source of calc-alkaline basaltic-andesite cornposilion (e.g. Taylor

and Mclennanrs (1979) calculated lower cnusL);

3) a refractor5r ¡u"tdue source, produced by prion removal of acid mel-ts.
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0n regional geological grounds the first afternative might appear

most reasonable if it is accepted that Archaean crusl underlies much of
southern Australia (Webb and Tlromson, 1977). The crude geochemical

modelling applied j-n chapter 2, however, suggested that such a source woul-d

be too high in Cr, Ni, V and Sc and at the same time too fow in LIL elements

for it to satisfactorily account for the trace elemenb contents of the l-east

evolved acid and high-silica intermediate volcanics. A caLc-alka1ine basic-

intermediate source might alleviate this dlscrepancy to some extent, since

it would be expected to be lower in Cr, Ni, V and Sc but higher in LIL

el-ements than the tholeiitic basic source. However, tangibJ-e field evidence

for such a source appears to be lacking in the Precambrian rock record in
Australia, at least in the interval between bhe Middle Proterozoic and the

oldest exposed Archaean rocks. Interestingly, Nance and Taylor (1977)

notecl that Anchaean sediments from near Kalgoorlì.e had REE contents very

comparable with calc-alkafine andesites, but in the absence of any evidence

for a volumj-nous ,calc-alkaline source in the adjacent Archaean terrain, they

suggested that a combined basic and acid provenance might be indicated.
Such a mixed provenance is unlikely to provide a sat,isfactory magna source

because Lhe acid component would melt first imparting its geochemical-

fingerprint to the melt, leaving the basic component as a residue.

The remaining alternative of a sialic, refractony residue source would

be expected to be l-ower in Cr, Ni, V and Sc than the other basic sources

but 1t may be questioned whether this source, in vlew of the prior melt

extraction events it has suffered, could yield the necessary level-s of
LIL elernents. In the case of some LIL elements, such as Zr, Nb, Y and

REE, this may noL constitute a serious objection since Lhese efements are

conl,ained in minerals ncrmally thought to be refractory under relatively
low temperature, wet melting conditions (e.9. ztrcon, apatite, sphene and

monazite). In thÍs connection, Sighinolfi (197 'l ) has notecl that Zr, Nb

and Y rise with increasing bas{iciLy of granulites to the point that the

Ieve]s of these el-emenLs in intermediate granulites exceed those in typical
upper crustal igneous and sedirnentary rocks. This is supported by the

geochemist,ry of high-grade granulites in Norway (Green, ç! ê-1., 1972),

which are observecl 1"o have simitar REE contents to typical upper crustal
rocks (based on a cornposite of' forty North American shales). AÌso,

Tarney and l,rlindley (1977 ) note that Precambrian granuJ-ites, which they

Consider to be represenl,ative of Lhe lower crust, have compa.rable or

slightly higher conLents of Zr and REE than upper crust,al- gnelsses.

it is possibte that. the high temperatures of melLing, necessary for
the generation of the non-eutectic acid magmasr may have l-ed to the break-
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down of the normalty refractory mineral-s such as zircon, apatite and sphene'

thus releasing Zr, Nb, Y and REE into the melt and hence explaining the

relativefy high contents of these elements in the Prot.erozoic acid volcanics.

Some evidence for this is seen in the corroded zi.rcon, apat,ite, sphene and

monazite grains commonly found in gnanulites. An additionaf factor may have

been the relatively dry melting conditions, since Shaw ( 19TB) has demonstrated

that the þresence of a fluid phase can greatly affect the concentration of

trace elements in a silicate melt. For example, at 307" parbia]- meJ-ting,

Ce is 20 X enriched in a silicate rnelt which has no associated fl-uid over

a melt which has a large excess of fluid. This arises because the bulk

disLribution coefficient of Ce fluid/so]id is greater than that of Ce

silicate melt/solid. lnlhethen thls reasoning is applicable in the present

case is debatable because the amount (if any) of fluid phase associated

with an anatectic silicate melt in equilibrium with the souce is uncertain.

If the amount of fluid is significant then it is evident that dry magmas'

produced by meJ-t,i,ng of granulites, would be expected to have the highest

primary REE contents (and by anaLogy Zr, Nb and Y), of any anatectic magmas.

partial meJ.ting under rel.ativel-y low PH'O and P0, conditions may have also

cont.ributed to the instability of the oxide minerals, parLicularly magnetite

(e.g. Roeder and Osborn, 1966; Nesbift and Hamilton, 19701 Eggler and

Burnham, 1g7il, Breakdown of magnetite will refease Fe and Ti into the

melt and may therefore account for the refativeJ-y high contents of Lhese

elements in the acid rocks. Unfortunately, simj-Jar evidence concerning

the stability of other refractory minerals (e.g. zircon and apatite) unden

these conditions is not availabl-e.

!'lhile the above reasoning may account for Lhe level-s of [,IL e]-ements

normally held in refractory minerals (i.e. Zr, Nb' Y and REE), it does not

satisfactoril.y explain the contents of LIL element,s which occur in the l-ow-

melting point fraction (e.g" Rb, Bâ, Kr Th anci U). In a refractory residue

of the type proposed above, it would be expecLed that Rb, Ba and K woul-d

be severely depleteci (c.f. Lambert and Heier, 1968), yet Lhis is not

consistent with the rel-ative enrichment of these elements in the acid rocks.

One sol-ution would be to propose that prior melt extraction evenl-s did not

remove all of the low-meJ-ting poin1, fraction, br.tt left some entrapped in

the pore spaces between t he resi-dual. minerals. Subsequent anatexis would

have mobiLízed the l-ow-melting component and nrixed it with the high-

temperature meft to yield a hybrid rnelt with refatively high K, Rb and Ba

contents. An al-ternaLive possibitity is thal. 1,he mantle provided these

e]ements in an aqueous fluid. Such a componenL, apart from providing K'

Rb and Ba, would add water to the lower crust Lhus l-ov¡ering the sol-idus

and thereby pnomoting melting. fn the absence of detailed isotopic data'
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distinction between these two alternatives is very difficult since

neither proposal can be tested quantitatively using the geochemicaf data.

The available Sr isotopic data for the acid rocks from both provinces

(aII Ri < O.7OB) could be i-nterpreted as favouring either hypothesis'

e.g. contribution from a relativeJ-y radiogeni-c mantle or alternaLively,

addifion of a radiogenic J-ow-temperature interstitj-aÌ melt to a high

temperature, relatively non-radiogenic mel-t. It is worth noting that the

alternative of addition of an aqueous fluid from the mantle is not entirely

consistent with the relabively t'drytr resídual- mineral assemblage in the

crust nor is it compatible with the presumed rrdryrr nature of the primary

acid-intermediate magmas. Moreover, if the mantle did provide such a

component, it is puzz1ing why the contemporaneous basalts are not extremely

enriched i-n K, Rb and Ba and why they did not, in the presence of excess

water, fracbionate along calc-alkaline trends.

0n the basis of the avail-abl-e evidence it is concluded. that the

alternative of a 'sial-ic, refractory residue of roughly b¿-sic composition

is the most likeJ-y source for the non-eutecLic, acid to high-silica
intermediate magmas in the Central Australian and Gawler Range provinces.

Thus in the generalised model outlined earl.ier, the nature of the basic

Iower crustal source can be more bightly constrained. The wider applicabiJ-ity

of this concept within tlle framework of the generafi-sed model can be tested

by reviewing the literature for other ProLerczoic acid igneous rocks. The

search for comparable volcano-plutonic provinces is directed first of all
to the Australian Proterozoic.

COMPARISON WITH PROTEROZOIC VOLCANO-PLUTONIC PROVINCES IN AUSTRALIA4.4

4.4 .1 Generaf discussion

Australia, with its vast exposure of Proterozoic shield and assocj-ated

record of vofcanism and plutonism, provicles an unparalleled opportunity

to study and document the characteristics of Proterozoic volcano-pl-utonic

provinces. The Tectonic Map of Australia and New Guinea (GSAr 1971)

subdivides the major Prot.erozoic rock provinces in Australia into:

1 ) Orogenic provinces and metamorphic cornplexes, characterised by

highly-deformed meta-sedimentary and/or meta-igneous rocks.

Z) Transitiona1 domains, which involve rrlate to post-orogenic development,s

associated with cratonisation; transitional- in time, place and style

between orogenic'and cratonic tectonism'r.

3) Pl-at.form covers, which consj-st mainly of thin, but widespread sequences

of shall-ow water continental shel-f type sedimen|s resting unconformabJ-y

on rocks belonging to the previous two divisions.



Figure 4.2 Location of the post-orogenic Proterozoic volcanic terrains referred to in the text.
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TABLE 4.1. General lnformation concerning the post'-orogenic Proterozoic volcano-plutonic provinces cited in text'

BASIC INTNUSIVE
UNTTS

Various phases of the
Giles ComPIex

Not present

Not presenl

Not present

Unnamed dolerites and
gabbros

Ewen Granite
Wonga Granite

Not presen!

Various granites including Unn aned doleriLes
the Cullen GraniLe and
Grace Creek ComPIex

Norris Granite
( 1773 I 24 m.Y. )

Unnamed dolerites and
gabbroic dYkes

Nol present

ACID INTRUSIVE
UNITS

Unnamed granitesr grano-
phyres and PorPhYries

Esmeralda Granite
(- 1411 m.Y. )

Hiltaba Granite and
associaled granoPhYres
and porphyries

Mt. Webb Cranite

Unnamed granitesr grano-
phyres and quartz-
feldspar PorPhYries

Ï'linnecke GranoPhYre
(1802 I 15 rn.Y.)

BASIC VOLCANIC
UNITS

Various units t¡ithin
BentJ.eY SuPergrouP

Not present

Various units within
Gawler Range Volcanics
(- 1500 m.y. )

Vari.ous units within
GawÌer Range Volcanics

All units assigned to Not present
Pollock HilÌs Formation
11526 ! 25 m.Y' )

Various units within
the dor¡inantlY sedi-
mentary Hatches Creek
Group

Various units within
the Hatches Creek
Group

Alt units assigrred to
ArgylIa Formation

AIl unlts assigrred to
Magna LYnn Metabasalt

(1777 ! 3m.y.)
Tewinga GrouP

Units occur within
Edith Fiver Volcanics
and Kombolgie Formation

All units assigned to
Edith River Volcanics
( 1750 m.y. )

Katherine River GrouP

All units assigned to Seiga1 VoLcanics
CIiffdale Volca¡ics
(17?O t 20 m.Y.)

Not present

ACID VOLCANIC
UNITS

Various units within
Bent1eY SuPergrouP
(1060 t 140 n'Y.)

All units belong to
Croydon Volcanics
(1429 ! 75 m.Y. )

AL1 units assigrred to
Mt. t{innecke Formation
( 1808 t 15 n.Y. )

TECTONIC PROVINCE
(after lectonic l4aP

of Aust., 1971)

lfusgrave BLock

Georgetown Inlier

Gawler Block

Arunta Block

Davenport GeosYnc)'ine

Northr¡est Oueensland
Province

Pine Creek GeosYncline

lturphy Tectonic Ridge
and adjacent McArthur
Basln

Granites-Tanarni Block

PROVINCE (idenlified
by nost imPortant
volcanic unit)

BEI,ITLEY SUPERGROUP

CSOYDON VOLCANICS

GAWLER RANGE VOLCANICS

POLLOCK HILLS
FORMATION

HATCHES CREEK GROUP

TEI{INGA GROUP

KATHERINE RIVER GROUP

CLIFFDALE VOLCANTCS

I.'OUNT HINNECKE
FORMATION



TABLE 4'2' Petrographlc information concerning the post-orogenic proterozoic vo1cano- plutonJ.c provinces.

BASIC INTRUSTVE ROCKS

Include cumuLate trocto-
Lite and uLtramafi_c
bodies and ophitic-
textured gabbros and
dolerites.

Not present

Not present

Mainly ophitic-textured
dolerite and gabbro.

Not present

l,tainly ophi tic-textured
dolerites

Mediun-grained subophi tic
and intersertal doLerites
and gabbros. Generally
little altered.

Not present

ACID INTRUSIVE ROCKS

cocratÍc, holocrystal-)_j.ne
rse-grained granites

to granophyres and quartz
dykes

Esmeralda Grani-te is a medi.un-
to coarse-grained biotite
adameLlite to biotite granite.

As for Bentley Supergroup

Coarse-grained holocrystalline
granite to adamellite. Al-so
granophyre grading to quartz-
feJ.dspar porphyry.

Consi.st of frne-grained aggreg-
ates of sodic pJ.agioclase,
amphibole and epidote. AnygdaJ-o-
idal flow tops comrnon.

granites.
and sills of

tic nicrogranite

Generally eltered basalts
ophitic, porphyritic and

, showing As for Bentley Supergroup
pilotax-

itic textures. Anygdaloidal zones
coûmon,

As for Katherine River Group for Bentley Supergroup.
3 lcn diar¡eter andesitic

intrusive body is also present.

adamellites, graniLes,
res and acid

BASIC VOLCANTC ROCKS

Ophitic, subophitic, pil-otaxitic
and hyal-opilitic textures in
basal-ts, ArnygdaloidaÌ zones
cottîon.

Not present

As for Bentley Supergroup

Basalts characterised by inter-
locking pLagioclase microlites
and uraLitized clinopyroxene.
Some amygdaloidal zones.

Not present

ACID VOLCANIC ROCKS

Dominantly subaerial dacitic to
rhyolitic welded tuffs.
Occasional lithic tuffs.

Dominantly subaerial, rhyo-
dacitic to rhyolitic welded

tuffs.

Doninantly subaerial, andesitic(rare) to rhyolitic r'eÌded tuffs.
Lesser J.avas, air-fall tuffs and
non-welded lithic tuffs.

Porphyritic dacites and rhyolite
Forming extensive ignimbrite
sheets.

Range from porphyritic dacites
to rhyolites. Probably include
both lavas and ash-flow tuffs.

Dominantly subaerial dacitic to
rhyolitic weLded tuffs. Some
units may be of lava-fÌow origin

As for Gar¡Ier Range Volcanics

Subaqueous acid lavas associated
with water-lain tuffaceous
sediments.

PFOVINCE (ldentlfied
by most important
volcanic unit)

BENTLEY SUPERGROUP

CROTDON VOLCANICS

GATLER RANGE VOLCANICS

HATCHES CNEEK GROUP

TE}JINGA CROUP

KATHERINE RIVER GROUP

CLIFFDALE VOLCANICS

POLLOCK HILLS AND I,fI.
}¡INNECKE FORM/IIION



TABLE 4.3. of the Proterozoic
METAilORPHISU OF

VOLCANICS

Negligible, excepting
near Íntrusive bodies

Negliglble

Negligible

Negllgible

Negllgfble

Rarely exceeds
greenschlst facles

Negliglble

Negltglble

Negllgible

NATURE OF COVEN AGE OF

COVER

DEFORMAÎION

DEFORIIATION OF

VOLCANICS

Adelaidean shelf - 600 m.y- in Broad folding ln eastt
sedinents narginal Peternann Ranges LtLting only in the t¡est
to 0fficer Basin Orogeny
(south) and Anadeus
Basin (north)

Paleozoic sediments
and volca¡Ics of
the Tasoan Geo-

major Cently warped

rccks

Iying Èo No major lrostly flat-IYing to
Adelaidea¡ affecting volcanic gently tflted

shelf sedinents rocks
to Adelaide

folds
Adelaidean shelf
sedinents

Broad concentric folds
foming baslns and
domes

Arenaceot-ls shelf I Continued de- | Volcanlc a¡¡d plutonlc
ve forr¡atlon and rocks affected by úlId
Detaoorphisn upTl fautt-contrrolled
ì - 1450 n.y' ¡-efornation up to 1450

I t'Y'

sediments and extensi
basic volcanics (e.g.
Eastern Ck. Volcanics

Carpenterian shelf I
sedimenLs, nainlY I
arenaceous' but somé
carbonates, Bradation-
al with volcanlcs I

No major episode Sooe trarplng, probably
affecting fault-controlled
volcanic rocks

I a

No m4jor episode.Mlnor trarPlngCarpentarlan' arenac-
eous shelf sedinents affecting
of Èhe Tawallah
Group, deposiled ln
the McArthur BaslB

volcanic rocks

Carpentarian ) various periodÄ Broad folds
eous shelf sedinents
of the Birrindudu
Group

Uncertai.nThe basic a¡d acid
volcanlcs are inter'
layered sith
arenaceous shelf
sedinenbs of the
Davenport rrGeo-

synclinen

AGE OF
BASEMENT
OROCENIC EVENT

- 1650 t 170 n'Y-
(l{ebb, in Thomson'
1975) or -1250 û.Y
(Gray, 1971 )

1500-1600 o.Y'

- 1800-1600 m.Y.
(Kinban Orogeny)

1800 n.y. (?l

- 1810 rrr.y

- 1860 m.y.

pre-1?50 E.Y

pre-1850 m.y

-1960 n.Y.

NATUNE OF BASEMENT

Cranulite-upper aoph-
lbolite facles meta-
sedinents - ¡fusgrave-
¡,lann Metamorphics

ì,lut tiply- deforted and
oetanorphrsed (Èo
granulite facies!
metasediments.

Granullte-upper
a.ophibolite facies
rnetasedLnents-
Llncoln Compl.ex

High-grade metasedl-
nents of the Arunta
Complex

Lon grade thernallY
Detanorphosed shalest
sllts, sandstones and
tuffs of Warramunga
Ceosyncline

Varlably-defonned and
meatnorphosed igneous
rocks lncludlng
Leichhardt Metanorphics
end Kelkadoon Granite

Variably-defo¡ued and
metanorphæed lgneous E

sedlnentary rocksr uP
to aophibollte grade

Schists and oignatiLes
comprising the tturPhY-
Metanorphlcs ând
foliaLed granltoid
rocks of the Nlcholson
Cranite Complex

Low-grade metasedi¡ents
and qretavolcanics of
the Cranftes-Tananr
Cooplex

AGE OF
IGNEOUS
ACTIVITÏ

'1000-1100 n.Y.

1400-1450 m.y

- 1500 o.y.

- 1500 u.Y.

? 1700-1800
r¡. y.

1700 m.y

1750 n.Y

1770 o.y

- 1800 n.y.

PHOVINCE (i
by most lnportant
volcanic unltl

BE¡MLET STJPERGROUP

CROÍDON VOLCANICS

GAWLEN RA}ICE
VOLCANICS

POLLOCK HILI-S
FORMAlION

HÂTCHES CREEK

GROUP

TETINGA GROUP

KATHERI¡IE RIVER
GROUP

CLIFFDALE
VOLCANICS

I4OUIN HINMCKE
FORHATION
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TABLE 4.4. stratigraphfc relations of the post-orogenic Proterozoic vorcano-plutonic terrains.
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It is notabl-e bhat a number of volcano-plutonj-c provinces, including

the Gawler Range province and central- Australi-an province, are placed within

the intermediate transitional domains on the Tectonic Map. Such domains

are characterised by: trdournwarps, cauldron subsidences and rifts; molasse-

tike sectiments; abundant vol-canic and plutonic rocks; moderate deformation

and rare metamorphism of fillrt. The important conclusion to be drawn j's

that posL-orogenic plutonism and volcanism formed a significant and íntógral

part of the evolutic.¡n of the Proterozoic crust in Australia.

Map

are:
i)
2)

The Proterozoic volcanic units assigned to this period on the TectonÍc

(other than Gawler Range Vofcanics and Central Austral-ian volcanics)

3)

Information avai]able since the publication of the TecLonic Map suggesls

that the following volcanics may also fit this category:

4') Croydon volcanics of the Georgetown rnlien, northeast Queensl-and

(Sheraton and Labonne, 1978)'

5) Pol]ock Hill-s Formation of the Arunla Block, west of Alice Springs

(Black, 1977).

6) Units comprising the Tewinga Group, northwestern Queensland

(Derrick, 9! aI., 1976; l¡rrilson' 1978) '

The locations of these volcanics, their stratigraphic relationships

and further general information are given in Figune 4'2 and Tables 4'1'

4,2, 4.3 and 4,4, respectively. To permit a closer examination of the

field relations and the geochemistry of the volcanics, they, and the

provi-nces of which they form a significant part, wiIJ- be considered

individuallY below.

4 .4.2 Details of individual Provinces

A Cliffdale Volcanics

The ctiffdale volcanics, dated aL 1770t20m.y., rest unconformably on

the meta-sedimentary and meta-igneous succession of the Murphy Tectonic

Ridge (Mitchell , 1g76). These vol-canics are of particular significance

as they define the base of the Carpentarian in northern Austral-ia (Plumb

and Derrlck, 1975). They are mostly composed of undeformed and regiona]ly

unmetamorphosed ignimbrite sheets, grading from rare andesites through

cliffdale vol-canics of the I'lesLmorel-and region, northern Austral-ia'

Edith River Volcanics of the Katherine River - South Alligator River

region of the Northern TerritorY.

Volcanics belonging to the Hatches Creek Group in the Tennant Creek

reg]-on.
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dacites to rhyolites; Iesser proportions of fl-ow-banded rhyollLes and

acid tuffs have also been recorded (Mitchell, 1976).

The available geochemical data for the Cliffdal-e Vol-canics (after

Mitchell, 1976) incl-udes several- analyses of andesites, two of which are

given in Table 4.5. Like the high-silica andesites from the Gaw1er Range

province, the Cliffda1e andesites have relatively high LIL element contents

(i.e. K, Rb, Ba, Ce, Zr, Nb and Y) in companison with Cainozoic calc-al-kaline

andesites. This in turn suggests a significant sialic crustal- contribution

and hence an origin possibly simil-ar to that proposed for the primary acid-

intermediate magma in the case of the Gawl-er Range province, viz. partial
melting of a basj.c granulitic, Iower crustal source. The variation diagrams

(Figs. 4.3 and 4.4) reveal that the Cliffdale andesites are lower in FerOrt,

TiO2, PZO5, Zr and Y and higher in AJ-'O, and CaO than the Gawler Range

andesites, based on the rather limited data available. If a crustal- origin
is val.id, then these features may reflect upon the composition of the source

t-
(e.g. higher in nlrO, and CaO, but lower in FerOr" and TiO, than the magma

source for Gawler Range Volcanics), or alternatively' upon the conditions

of melting and hence the residual mineralogy (e.9. less residual plagiocl-ase

in the case of the Cliffdale Volcanics ) .

It is notable that the dacites and rhyolites form a continuum with the

andesites on all variation diagrams; they also appean to rtinheriLrt bhe

geochemical- characteristics of the andesites e.g. lower FerOrt' TiO2, MgO,

pZOs, Zr, Nb and Y and higher 41203 and CaO compared with the Gaurler Range

Volcänics (see Figs. 4,3 and 4.4). Both observations suggest that the

majority of the dacites and rhyolites are reLated 1,o the andesites either

by differeritiation or by partial melting of a simifar source.

Although basic vol.canics do not occun wibhin the Cliffdale Vofcanic

unit, the province as a whole is bimodal if the overlying, basic Seigal

Volcanics are included. The vo]uminous Seigal Volcanics are sepanated

from the Cliffdate Volcanics by a major cfastic unit known as Lhe Westmorel-and

Conglomerate, which on a geological time scale vJas probably very rapidly

deposited. It is also noted that, the Cl-iffdale Volcanics are intruded by

the comagrnatic Noris Granj-te (dated aL 1773 t 24 m,y.).

It is evid.ent thal the volcano-plutonic province encompassing the

Cliffdale Vol-canics is closel-y anal.ogous to the Gawl-er Range volcano-

plutonic province in a number of important respects and hence it is
j-nferred that Lhe igneous rocks in both provinces are likel-y to have had

comparable origins.
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B. Edith River Vofcanics

The EdÍth River Volcanics form the basal unit of the Katherine River

Group which rests unconformably on the meta-sedi-mentary successlon of
the Pine Creek Geosyncline (!'lalpole, et g-1., 1968). The similar age

(approx. 1750 m.y.) and stratigraphic position of the Edith River Volcanlcs

and Cliffdal-e Volcanics suggests they may be l-ateral equivalents (Plumb

and Derrick, 1975, also see Table 4.4). Like the Cliffdale Volcanics' the

Edith River Vofcanics have not been regionally metamorphosed and

deformation is restricted to gent,le warping.

The volcanic succession is dominated by laterally-extensive, subaerial

ignimbrite sheets, mostly of dacitic to rhyodacitic compositi-on with l-esser

volumes of intercalated baslc l-avas and terrestrial-, clast.ic sedi-ments

(Stewart, 1965). The Edith River Volcanics are over1ain by the Kombolgie

Formation comprising a thick sequence of coarse-grained (often conglomeratic),

arenaceous clastic sediments with occasional- intercalated units of basic

Iavas and acid iénimbrites. The Malone Creek Granite (approx. 1750 m.y.,

Plumb and Derrick, 1975) may be comagmetic, but published flel-d evidence

suggests it is signì-ficantly older (e'9. Stewart, 1965; Idalpole, et -ê.1. '
1968).

In hand specimen, the porphyritic acid volcanics greatly resemble

samples of the Gawler Range Vol-canics and Central Austral.ian vol-cani-cs

but, unfortunately no reliable published geochemical data is availabl-e to

check if the analogy extends to the geochemistry. Preliminary investigations

on some samples coll-ected by the writer does suggest that there is a marked

geochemical analogy (Table 4.5). In particuJ-ar, the data for two samples

plotted on Figures 4.3 and 4.4 suggests that the Edith River Volcanics have

abscl.ute contents of most el-ements comparable with the Gawl-er Range Volcanics 
'

vLz. rel-atively high EerOrt, TiO2r *rO, Zr, Nbr Y, Rb and Ba, and low CaO,

41203 and Sr compared wil,h Cainozoíc acid volcanics.

The Edj-th River Volcanics and associated units and granites form a

post-orogenic, bimodal association comparable with the Gawler Range and

Central Australian provinces. 0n these grounds, and on the basis of the

analogy in the limj-ted geochemical- data avail-abl-e, it is suspected thal, the

primary magmas formed in a similar way.

C. Volcanics of the Hatches Creek Group

Little information is avail-abl-e concerning this province and to daf,e

no geochemical- data on the igneous rocks have been publÍshed" The chiefl

source of informatlon is Smith, et êJ., (1961 ) who have recognised the

folJ-owi-ng igneous rock types in the province:
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Figure 4.4 Selected trace elements vs. Si0, and Nar0 vs. K"O for acid
rocks fron the Australian post-órogenic'proteroáoic volcano-
plutonic terrains. Sinilar comments appty as for Figure 4.S
sources of data cited in text. The ce, zr and y contents in
the centrar Australian volcanics lie above the dotted Iine,
while Nb plots above the diagran.
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1 ) Porphyritic dacites and rhyolites; although no interpreLation is
given as to the origin of the acid extrusives (i.e., pyroclastic

vs lava), their l-ateral extent as recorded by Smith, e! al. (1961)

may indicate an ash-flow origin.
2\ Probable basic l-avas, consisting of interlocking plagioclase and

uralitized clinopyroxene and containing frequent amygdaloidal zones.

3) Ophitic-textured dol-erites and gabbros.

4) Acid intrusives, ranging from coarse-grained granÍte and adamellite

to quartz-feldspar PorPhYrY.

The acid and basic volcanics are intercalated urith arenaceous shelf

sediments (mainly quarLz sandstones) of the Davenport rtGeosyncÌinerr and

are coÌlectively known as the Hatches Creek Group. The miJ-dì-y-deformeci

Hatches Creek Group rests unconfcrmably on the low-grade, but strongly-

foldecl metasediments of the trlarrumunga Geosyncline. The preci.se age of
the magnalism is uncertqin, but it may be within the 1700-1800 m.y. time

range (Black, 197'8) suggesting a broad time equivalence with the Edlth

River and Cliffdale Volcanics. It is evident that this province is
extremely analogous to the other provinces examined with respect to the

distribution of rock types and tectonic setting. However, the absence of
geochemical- data permits no conclusions to be drawn, regarding the mode of
origin of the primary magmas.

D. Croydon Vofcanics

The flat-1ying Croydon Volcanics rest unconformably on the hiehly-
deformed and metamorphosed basement of the Georgetown Inlier in northeast

Queensl-a¡d. They have been dated at approximately i400 m.y. and are

intrucled by the comagmati-c Esmeral-da Granite of similar age (Sheraton and

Labonne, 1978). The Croydon Vofcanics consist of rhyolitic to rhyodaciLic

v¡elded tuffs that are mostly confined to a cauldron subsidence structure;

theS' ç6¡r¡ain phenocrysts of quartz, K-feldspar and plagioclase set within

a devitrified, glassy matrix. The Esmeralda Granite, the majority of which

is a grey bioLiLe aclamellite to biotite granite, forms a batliolith covering

an area in excess of 650 km2.

The geochemistry of the Croydon Volcanics (and Esmerafda Granite) is
very comparable with thab of the othen Proterozojc acid volcanics examined,

in particular: refatively high Ferort,zMso, KrO/l'JarO, FerO-,t, TiO2, MgO, KZO,

Zr, Y, Cê, Rb, Ba and Th and lott CaO, Al20-J and Sr contenbs compared with

Caj-nozoj.c acid voj-canics (see Tabl-e 4.5 ancì Figs. 4.3 and 4.4). The wonk

of Sherat,on and Labonne (1978) is of particul,ar interest in this regard

si-nce lhey have noted that the Croydon Vol.canics are characterÍsed by higher
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ff.
FerOr"/l4g), FerOr"r *?O, Rb, C€, Zr and Y and lower Sr contents than

adjacent Pal-eozoic acid voJcanics from the same tectonic province (i.e.,
Georgetown Inlier). From this the5' q...luded that rrthe most' probabJ-e

source materials for the Esmeralda-Cnoydon magma are sial-ic crustal rocks,

fairly rich in K and with high FelMg ratj-osrr, an origin not unlike that
proposed in the general model (Fig. 4.1).

E. Volcanics of the Poll-ock Hills Formation

A detailed description of the Pollock Hills Formalion, which crops out

in a very localised area some 600 km west of Alice Springs, is given by

Page, et al-., (1976) and it is from l"his source that the foJ.lowing information

has been summarized. The Pollock Hills Formation consists of acid favas

overlain by tuffaceous and non-tuffacecus sandstone, with minor intercalated
lapilli-tuff and agglomerate, The base of the formation is not exposed,

but it is inferred to rest unconformably on the Lower Proterozoic meta-

morphic rocks of'the Arunla Block. Intruding the sequence is 1,he hieh-

Ievel, medium to coarse-grained Mt. lrlebb granite; it has an age of
approximately 1500 m.y. which is statistically indistinguishabl-e from that

of the lavas. The major element geochemistry of both the lavas comprising

the Pollock Hills Formation and the Mt. Webb Granite share many characteristics
in common with the other Proterozoic acid igneous rocks plotted on Figure

4.3, in particular, rel-ativel-y high ferOrt/t"tsO and KrO/NarO. The anal-ogy

is not complete however, since like the Croydon Vofcanics, the acid

volcanics of the Pollock Hills Formation are not obviously associated with

any basic rocks and therefore apparently do not form part of a bimodal-

volcano-plutonic suite,

Similar comments apply to the older (- 1800 m.y. ) acid volcanics

comprising the Mt. V'iinnecke Formation and associated l{innecke Granophyre

1n the Granites-Tanami region (Page, 9t -ê1., 1976), data for which is afso

plotted on Figure 4.3.

F'. Volcanics 1S the Tewi

Two of the three units comprising the Tewinga Group are of particulan

intenest to this discussion, viz. the Magna Lynn Metabasal-t consisting

of fine-grained meta-basalt, flows, and the Argyll.a Forma.tion composed

largely of rhyolitic to dacitic acid vofcanics of probabJe a-sh flow origin
(Derrick, et al-., 1976). The deformal,ion history in this area is far more

complex than in any of the five areas described previously and on the

TecLonic Map of AusLralia and New Guinea. (GSA, 1971), the Tewinga Group

has been included within the Mt. Isa orogenic domain. However, Wilson



TABLE 4.6. Geochemical data for the MaEna L Metabasalt and other basalts.
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1. Magna Lynn Metabasalt, average of 3 samples (after l^lirson, lgTB).
2. Eastern creek vorcanics, Mt. rsa region; average of 20 samples(after Glikson, et aJ., 1977).

_1. Nuckulla Basalt, Lake Everard area; average of 2 samples

L. Basalt (876) from !{arburton area, Blackstone region.
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(ß7g) notes that ttthe volcanic rocks 1n this f'ormation (i'e', ttrgyll

Formation) show liLtle evidence of metamorphismtr and further, rtdeforma

is restnicted to shear zonesr'. Plumb (1979 ) considers that the two units

represent transitional tectonic volcanism and this conclusion is supponted

by the isotopic data of Page (1978) which suggests that the underlying

Leichhardt Melamorphics represent a significantly older basement'

lrlilson (1978) observed that lhe rocks of the province haverra bimodal

distribution that l_acks true andesite (56-62% Si02)" and he quotes average

analyses of basalts, dacites and rhyolites from the province in his paper'

plotting his data for the acid volcanics on the varj-ation diagrams (Fies"

4.3 and 4.4), demonstrates marked geochemical anafogies with the Central

Austral-ian voJ-canics, thus suggesting a comparable origin. AIso, the

elemental ratios of the average Magna Lynn Metabasatt are comparable wj-th

bhose in the basal-ts from the Gawl-er Range and central Australian provinces

(see TabIe 4,6)., This is unlikely to be fortuitous because the overlying

Eastern Creek Vol-canics 1n the Mt. Isa region also have similar elementaf

ratios (Table 4.6, data after Glikson,.g-Lê]., 1977)' Hence, an origin in

shal-Iow melting of a LIL el-ement-enriched zone of the mantl-e may be indicated'

analogous to that proposed for the primary basic magmas of the Gawler Range

province.

From the brief descriptions of the six Proterozoic volcano-plutonic

provinces given above, it is evident that they have many characteristics

in common with the Gawler Range and central- Australian vofcano-plutonic

provinces, in addition to their generally recognised post-orogenic setting'

The similarity in the geochemistry of the rocks from the various provinces

in particular, suggests fhat the primary magmas in all cases may have had

comparable origins explainable in terms of the general model outlined

earlier (Fig. 4.1 ). This indicates that t,he Gawler Range and CenLraI

Austral-ian vol-cano-plut.onic provinces are not alone in the ProLerozoic rock

record; raLher they are two exampl-es of what appears to be a general

patLern of Proterozoíc volcanism and pl-utonism in Austrafia' I¡lith these

conclusions in mÍnd attention will- now be focussed <¡n examples from other

continents, in an effort lo determine whether they Loo share similar

characteristics .

4.5 COMPARISON 1^lITIl PROTEROZOIC VOLCANO-PLUTON ]C PROVINCES IN OTHER

CONTINENTS

4 .5.1 General ComParison

A useful inLroduction to the literai-ure is provltìed by Briclgwat,er and

Windle5. (1973) who revj-ew the t^rork of numerous authors on rocks of rougltly
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Middle Proterozoic age in the North Atlantj-c Shield. They draw the

following concfusions in their paper:

1 ) A similar geological history can be recognised in a belt of rocks

1O0O - 2OO0 m.y. old, exLending from the urals to western North

America.

2) There is an early period (1800 - 2000 m.y.) of low pressure' high

temperature metamorphism and deformation;

3) this is fol-lowed by post-orogenic igneous activity and emphasis is
given to the bimodal nal,ure of the magmatism. Notably' this does

not often express itself as basalt-rhyolite volcanism (c.f. Australia),

but more commonly by an associat.ion of gabbros, norites and

anorthosites of uLlimabe mantle origin and crustal-derived granites

(often rapakivi type). This association is termed the anorthosite-

rapakivi granite suite by Bridgwater and llüindley and is a characterlstic

association through this region. It may reflect general-]y deeper

Ievels of e,rosion of the Proterozoic terrains in the North Atlantic

Shietd compared with the Australian Shi-el-d.

Other workers have documented this association from particular areas;

for exampl-e Emslie (1978) describes anorthosite-adamellite complexes

(1400 - 15OO m.y.) in the Labrador region of Canada and notes that igneous

activity of similar age and type extends in a bel-t across central U.S.A. 
'

Most of the information on thisrrmid-continental- bel-trtas it is known'

has come from dril-ling since much of it is covered by younger sediments.

The major, post-orogenic Proterozoic vofcano-plutonic provinces recognised

in the mid-continental belt develop-rs¿ during: the St' Francois igneous

activity (at approx. 1500 m.y., Bickford and Mose, 1975)i Spavinaw igneous

activity (at approx. 1200 m.y., Muehlbenger, -eJ g!., 1967) and Panhandle

igneous activity (at approx. 1150 m.y., Muehlberger, 9! aI., 1967). All

are characterised by extensive ignimbritic acid voÌcanics and a.ssociated

granit,es, with a total area in excess of 1O0,0OO km2 (l"luehlber8er,9! êI',
1967). In many cases basic rocks are also present; for example, basic

vofcanics are associated with the igneous activity in eastern New Mexico

and in the Panhandle volcanic Lerrain in Texas, while basic intrusives

occur in the St. Francois terrain. (Muehlberger, .9-t -êJ-., 1967; Bickford

and Mose , 1g7il, The blmodal- nature of the magrnaLism in the mid-continental

belt has been emphasised by Emslie (1978), who afso noted that the igneous

activity followed a major period of orogenesis in the Lower Protenozoic

and was in tunn succeeded by Upper Proterozoic sedirnentation. There is a

cLose correspondence between this sequence of events and the three-fol-d

division previously noteci for the Australian Proterozoic. Moreoven,

Bridgwater and lrlindley (1973) indicabe that a simiÌar tectonic setting



follows:
rise of rapakivi granite magma plus

associated ignimbrite eruPtions

formation of deep fraclures, exbrus
of basic magma

erosion of up to 10 km of basement

cratonisation
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characterised post-orogenic magmatism throughout the North Atlantic
Shield. As in Australia many of the Proterozoic volcano-pJ-ubonic

provinces are little deformed, reflecting the extreme stabiliLy of the

Shietd aneas following cratonisation in the Lower Proterozoic (e.g. flat-
Iying rhyolitic ignÍmbrite sheets in the St. Francois Mountains, Missouri -
Bickford and Mose, 1975; also in the Panhandle volcanic terain,
Muehlbergen, g-t g!. , 1967 )

In the Baltic Shleld the rapakivi granite - anorthosite association

and related, rhyolite-basall, association are both representedr alt,hough

the volcanics are far less extensive than in North America (Hjelmqvisb'

j956). Vorma (1975) has interpreted a general sequence of events as

ron
Subjotnian (1700 m.y. )

Svecokarelidj-c orogenic rocks (1900 m.y.)

The bimodal- Subjofnian volcanic are widespread, and include the Dala

Volcanics of western Sweden (Lundqvist," 1968), volcanics on l"he Island

of Hogland (lllahl, 1947) and volcanics occurring as roof pendants in the

Wiborg rapakivi massif, southeastern Finl-and (Vorma 
' 1975).

lùel-l documented examples of post-orogenic Proterozoic vofcano-pltitonic

provinces outside of the North Atlantic Shield, are rare in the literatune.

The Bushveld Complex of South Africa is a notable exceplion: it consists

of mafic-ultramafic intrusives, acid intrusives and copious a.cid extrusives.

The complex devel-oped after a major Lower Proterozoic orogenic episode and

has suffered littte post-crystallisation deformation (L,enthall and llunter,

1977).

T¡e Guayana Shield of northern South America provides a further

example: Gaudette, e! êJ., (1978) describe the 1550 m'y. Parguaza rapakivl

granite which they consider rrrepresents one of the larger apparenl,ly

anorogenic inLrusive' rccks of the worldrr. Rocks of similar age and type

also occur under the Amazon Basic in Brazil (Kovach, .9"L ê!., 1976). This

has led Gaudette, gt gJ .t (1978) to concl-ude that the igneous activity
associated with Lhe generation of the Parguaza rapakivi granit e represenLs

ra-major episode in the (tectonic) development of this part of northern

South Americarr. Significantly 1,his igneous activity occurred post- Lhe

major 1800 - 2100 m.y. trans-Amazor¡ian orogenic cycle.
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The examples cited in this brief review indicate that Proterozoic

volcano-plutonic provinces comparable in tectonic setting and type to
those found in Australia, are widespread in other parts of the worl-d.

This poses the rather speculative question of whether the post-orogenl-c

Proterozoic vol-cano-plutonic provinces v'iere generated in response bo a

commono global process in the same manner for example, that Cainozoj-c

circumpacific calc-alka1ine suj-tes are generally thought to be related
to plate-consuming processes. To examine this que,stion further, the

available geochemical data for these rocks and the interpretations placed

on this data by other workers w1l-l be considered below.

4.5.2 Geochemical comparison

UnfortunateJ-y few detailed geochemical studies of Proterozoic

volcano-plutonic provinces in other continents have been pubJ-ished, but

what is available is of particular interest. Condie (1978), for example,

has presented daLa on 1400 - '1800 m.y. granitic plutons from New Mexico,

which form part of the vast mid-continental, Proterozoic volcano-pJ-utonic

provi-nce of Nonth America referred to earlier. Analyses of grani-tes from

this region are very similar to analyses of Proterozoic acid volcanics
from Australia (Table 4,7). Condie noted that these rocks possess

relatively high nerOrt/lleO val-ues and low contents of CaO and Sr; the

data given in Table 4.7 shows that, they are also relatively enriched in
f

KZO, Rb, Ba, Ce, Zrt FerOr" and Ti02. Trace element modelling by Condie

reveal-ed that the acid magma could be derived by 20-307" partial meJ-ting

of a siliceous granulite, or alternatively, by fractionation from a
dacitic parent derived in turn by 50% partial meJ-ting of sificeous
granuJ-ite. Condie favoured a modeL in which mantle plumes ...rti-n

addition to giving rise directly to basaltic magmas, cause widespread

regional heating and parti.al mel-ting of the lower crust (silicic granuÌite),
producing large vol-umes of granitic magmarr (p. 147),

ïn another exampJ-e from North America, Anderson and Cul-lers (1978)

have shown that the Proterozoic, lrlolf River Batholith of northern

Wisconsin is marked by relatively high total REE, Rb, K2O, KrO + NarO
+

and FerOr" and by retatively low CaO, MgO, 4110, and Eu. They considered

that the acid magma (wlth 75% SiOZ) wa.s derived by partial melting of
tonalitic-granodioritic cnust at a depth of 25-36 km. These authors

funther demonstrated that low Ca, A1 and Mg and high FelMg and total
alkal-is (particularly KrO) characterise the entire anorogenic, acid

igneous suite of the mid-continental- belt. The daba presented by other

workers from variou.s parts of the mÍd-continental belt supports this



TABLE 4.7. Composi tions of sel-ected. late-to oost-o Middte
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6 rT ,8.

10,11.

12.

13.

14.

15.

Proterozoic acid igneous rocks from other continents.

se]ection of .1.4 - 1.8 b,y. granÍtoid pr-utons, New Mexico
(after Condie, 1978).

Lower s1I1ca phase of the !,Jolf River Bathorith (after Anderson
and Cullers, 1978).

Proterozoic rhyolite, south-central l¡{isconsin (after Smith , lgTB).

Representative 1.5 b.y. acid vorcani.cs from the st. Francois
Mountains, Missouri after Kisvarsanyi (1971).

Analysis of a rapakivi granite from the Laitila granite suite,
Finland (after Vorma, 1976).

Subjotnian (-1.T b.y.) acid volcanic roof pendants in rapakivi
granite, Finland' (analyses given in Table 2, Vorma , 1gT5).

Average of 15 samples from the parguaza rapakivi granite,
Venezuel-a (after Gaudette, et aJ., lg1g).

Average composition of felsite (acid volcanic) from the Sa1ic
Phase of the Bushverd complex, potgietersrus tin-field (after
Lenthall and Hunter, 1977).

Average composition of stratiform granite from the same tocarity
and source as 13.

Average composition of Bobbejaankop granite (tin bearing) from the
same locality and source at 13.

9



lected, Iate-to post-orogenic Middle Proterozolc acid igneous rocks from other continents.
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conbention, e.g. south-central !,lisconsin (Smith, 1978) and St. Francois

Mountains, Missouri (Kisvarsanyi, 1972; see Tabl-e 4'7)'

Emslie (1978) j-n his general review of post-orogenic Proterozoic

magmatism in North America adds further evidence in support of these

conclusions; in particular he noted thab the acid magrnas t'as the rel-atively

Iow-temperatune melt fraction in a dry, reducing environment, (i.e.

granulitic lower crust) are strongly enriched in iron relative to magnesium,

in alkalis and especially K, and relatively poor in calciumrr and further'
rrZr is typically high and this may indicate that zircon, normally a

refractory mineral, becomes unstable in the presence of an alkali-rich
me1t...n. Both observations are of relevance to the present discussion,

but the explanations offered are untested to the writerrs knowledge.

vorma (1g76) has also recorded relatively hign Zn contents in
proterozoic rapakivi granites comprising the Laitil-a massif, Fin1and.

He considered the explanation lay in anatexis under dry, intermediate to

high pressure granulit,e facies metamorphic conditions, at temperatures

1OO - 2OOoC higher than that for wet melting. In another study, Vonma

(1gT5) described roof pendants of bimodal subjotnian vo]canics

(1650-1700 m.y.) in the Wiborg rapakivi massif, Finland. The basic

volcanics appear to be fractionated continental- tholeiites from their

relatively high yerorL/lleO value and high riO, and PrOu conlents.

Vorma noted that the acid volcanics had anal-ogous geochemical characteristics

to the rapakivi granites, which he stated hrere: relativel-y high l-evel-s of
I

FerOat, TiO2, KZO, OOi Ba and Zr, lowish 41203, CaO and Sr contents and

relativel-y high FerOr"/MSO (Table 4,7). Gaudette, etg-1., (1978) have

drawn attention to the analogies in the geochemistry of the Finnish rapakivi

granit,es and the Parguaza rapakivi granite of VenezueLa, noting bhat the

Iatter also has affinities with the high-Ca granites of Turekian and

Inledepohl (1961) and some iron-rich granophyres. The acid magina for the

Parguaza batholith was interpreted by Gaudette and co-wonkers to be the

product of partial melting of a charnockitic or trondhiemitic crustal source.

Simitar geochemical characteristics typify the acid intrusj-ve and

extrusive phases of the Bushvefd complex, and as the data of Lenthal-l and

Hunter (1gT7) shows, the Y, Nb and LREE contents are also relativeJ-y high'

approaching the va.l-ues found in acid volcanics from the Central Australian

province (Table 4.7), In the past it has been postulated. Lhat' the acid

phase of the Bushveld Óomplex clifferentiat,ed from Lhe basic phase (e.g.

Hamilton, 196ü, but more recent data favours a crustal origin (e"g'

isotopic data of Davies, 9L 1-1., 1970)' as summatized by LenLhaÌÌ and

Hunter (197'l): 'tbasal-tic magma (now forming the Maflc Phase of the Bushveld
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Complex) was injected into a sialic crust langely composed of tonalitic
gneisses, interlayered wilh plagioclase - amphibolites and various potassic

granites and the basaltic magma reacted with, and parlial-ly mel.ted

this (granulitic) sialic crustrr.

These exampl-es demonstrate that post-orogenic acid igneous rocks of
Proterozoic age from widely scattered localities, have analogous

geochemistry to the Australian examples. A model- involving the mantfe

and/or basic magmatism as a source of heat fon high-temperatune, dry

melting of a granulitic lower crust is favoured by a consensus of workers.

This model will be recognised as Lherrprimaryrrorrfessentialttpart of the

generalised model developed earlier, to explain the origin of the two

ProLerozoic vol-cano-pJ-utonic provinces studied in this thesis (Fig. 4.1).

Thus it may be concfuded that post-orogenic igneous activity formed an

lntegral and important part of the deveJ-opment of the Proterozoic crust

in all continents and moreover, the generation of the magmas can, with the

avail-able evidence, be satisfactorily explained in terms of the one general

model probabJ-y akin to that schematically il-lustrated in Figure 4.1. These

conclusions have several- important implications, some of which wil-l be

investigated below.

4.6 DISCUSSI ON

4 .6.1 Rel-ationship of post-oroEenic and orogenic events in the Proterozoic

One of the significant points to emerge from the above review is the

gene¡al agreement among workers concerning the importance of heal input

from the mantle in the generation of l"he post-orogenic Proterozoic volcano-

pì-utonic suites. This view is aptly summarized by Bridgwater and hlindley

(1973): t'the most satisfactory explanation for the general thermal- activit5r

and specific magmatic events in the area (North Atlantic Shield) is that

it marks the locati-on of a major rise of mantle material (for example, fhe

top of a convection cell) which remained active during the perj-od 1000 -
2000 m,y. ago".

The general concept of high mantle heat fl-ow and associated crustal-

reworking has been invoked to explain another characteristic of the

Proterozoic: the ensialic mobile bel-ts. Kroner (1977 ) for exampJ-e,

concluded that the Proterozoic mobil^e belts in Afnica were not the result
of Ìateral- conl;j-nental accnetion, but rather represented zones of dist'uption

within a large continental plate, probably induced by mantJe diapirism.

Muehlberger, gÇ g-l-. (1967 ) also emphasised crustaf reworking as opposed to

lalera] accretion for the Proterozoic mid-continent terrain of North

America, while lrlynne-Edwards and Hasan (1970) extended these same basic
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conclusions to include the entire North Atlantic Shield' The Musgrave-

Fraser belt of high-grade metamorphic rocks is an exampl-e of an ensialic

mobile belt in Australia which can be attributed 'tto high heat flow in

narrow zones of lithosphere reactivat,ion, rather than to continental-

collisionr' (Rutland, 1973, p. 1013). Rutl-and also noted that the bimodal

volcanic association of this belt (the Central Australian volcanics of

chapter 3) was more akin to an intracontinental suite rather than a

continental margin suite (c,f. cainozoic), a concfusion in accord with

the writerrs, based on the geochemical study of the province reported in

this thesis (see chapter 3). These observations suggest that the processes

leading to the formation of the Middle Proterozoic post-orogenic magmas

cannot be vj-ewed in isolation from the Lower Proterozoic orogenic events'

This raises the important question: does the generalised model of magma

generation outlined previousJ-y (Fie. 4.1) apply excl-usi-vely to the post-

orogenic era, or has it more general- applicability to non post-orogenic

(i.e., orogenic), situations in the Lower Proterozoic? If the model is

applicable to the Lower Proterozoic terrains, the question arj-ses as to

why there is an apparent concentration or peak in igneous activity in the

Iargely stable fate-to post-orogenic period'

4,6.2 Timing of magrna generalloi

If Lower Pnoterozoic orogenesis is rel-ated to high mantle heat flow

then the possibility exists that the basic and acid magmas were generated

during the Lower Proterozoic and stored until the post-orogenic era' when

they were variously intruded and extruded. Such a mechanism has been

proposed by vorma (1976) for the acid magmas which gave rise to the

Laitita rapakivi granite massif in Finl-and' lihy t'he magmas were released

in the post-orogenic perj-od is a matter for conjecture. It may have been

that they were effectivety entrapped at the base of the crust during the

compressional orogenic event and it was not until the upper crust cooled

sufficiently after crogenesis that Lensional brittle fracturing facilitaLed

tapping. certainly such a mechanism would explain why Lower Proterozoi-c

orogenesis VJas commonly fol-l-owed by widespread igneous acti-vity'

Thishypothesismust,however,beconsideredintheliehtoftwo
additional factors:

1 ) the significant time lag sometimes existing between the peak of

orogenesisandthepost-orogenicj.gneousactivity,and
2l the depth of erosion of the Lower Proterozoic basement prior to

post-orogenic vofcanism in many cases. An example is provided by

the central- Australian vofcanics, which are observed to nesl:

unconformably on a granulitic basement (chapter 3).



4 .8. Srtmâry of possible oodels of Middle proterozoÍc post-orogenic binodal tragrnatiEn.

II,IPORTANT ASSUI.{PTIONS

,l ) l.faxi¡r¡n heat lnput into the
crust from the DanLle occurred
during the Lower ProLerozoic.

2'l Negtigible øagna generation
occurred in the ¡{iddle Proter-
ozolc orrlng to the reduced
heat flow.

1 I Pressure relief occurs ln the
post-orogenlc tliddle Proter-
ozofc era.

2l the drop in pressure lowers
solldus sufficlently to
promote extensive crustal
fuslon.

1 ) A period of hlgh nantle heat
fnput occurred in the Middle
Proberozolc qulte lndependent
of slmilar(?) events in the
Lower Proterozolc.

2l the heat input was sufflcient
¿o pronote extensive crustal
fuslon.

1 ) Raptd upllft, always precedes
post-orogenic lgneous activity.

2l Uplfft and associated lowering
of the solldus r¡ould alone be
sufficient to cause melting.

1 ) Deep burlal occurred.
2l Teuperatures attained would

be sufffcient to prooote
melting.

ACAINST

Doubtful lf pressure relief alone, wiLhout, heat
input, could produce the extensive cn¡staL
fusj.on required.
Does not explain the presence of basi.c r¡ag¡as.
Rapld uplift does not always precede post-
orogenÍ.c igneous activiLy.

1l

2l
3)

Does not explaln the presence of baslc hâgms
The heat of melting ls unlikely to be
sufflcient to generate the high temperature,
non-eubectic post-orogenfc acid nag[as.
llould expect igneous aétlvity to be syn-
rafher than post-orogenic.

3)

rl
2')

FOR

orogenesis and post-orogenic volcanism.
2l Would expect nuch more volcanism and plutonlsn

during Lorrer Ppoterozoic, conLinuous with that,
in l,lÍddle Proterozoi.c.

Doesnrt account for the post-orogenic tin1ng of
lgneous actfvlty.
What explalns the hlgh heat flow evident during
the Lower Proterozoic tectonotherßal events?
Why should such heat input events peal< in the
Middle ProterozoLc?

l)

2l

1,

2t

terval of erosion occurred betyeenand in
generaLion occurs during periodMagna

1)
2l

Accounts for the post-orogenic tí-uring
volcanisn and plutonisn.

sode provinces a ti-@e

Explalns retry votcanic and plutonfc activity

the oaJor assumptions involved.
Assuoes teoperature-pnessure conditlons l¡
Lo¡¡er Proterozolc were sucb that oininal
a¡¡atexls occurred.

1)

2l

3)

1 ) Feasfble mechanlsu if considered in
isolation froo other events,

of hlghest heat flor¡ in upper crust.
Accounts for the post-orogenic tining
of volcanlsm and plutonism.

peaked ln the post-orogenic (pressure
relief) era.

Can account for the post-orogenlc
tloing of igneous activity,

1)

1 ) A feasible nechaniso postulated on
nLurerous occaslons, particularly for
Phanerozoic grenltold plutons.

I"IODEL

of acld øagmas during
Proterozolc tectono-

thernal event a¡d ttstoringr untll
eruption in the Mlddte Proterozoic

1 Generatl,on
the Lower

Continued, but ranlng Eantle heat
input fron Lower to Mtddte
Protenozoic, with generation of
bulk of ecid nagrlas in the Midd1e
Proterozoic due bo pressure rellef
and lowerlng of solldus.

2

3. Generatlon of acld nâgnas in
response to an fnterval of hlgh
mantle heat input that was
confined to the t'{ldd1e
Proterozoic

Melting due to the lo¡{ered solldus
caused by rapid uplifL in response
to isostatic adJustnents following
Lower ProterozoJ.c orogenesis.

CeneratLon of the ecfd megms
during burlal netanorphisn.

5
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These observations suggest that generation of the magma during the orogenic

period and storing, may not be a satisfactory mechanism in all cases.

If heab input, from the mantle continued unabated in the post-orogenic

era the question arises as to why the orogenic event ceased. 0n the

other hand, if the heat input declined in the post'-orogenj-c peni-od, the

further question is raised as to why the acid magnas shoul-d develop under

the l.ower temperatures of the posL-orogenic era compared with the higher

temperatures of the orogenic era. One possible explanation may be provided

by the relaxation of deformation pressures during the post-onogenic period,

since a lowering of ti:e confining pressure will decrease the temperature

of mel-ting of the crustal rocks and so promote anatexis. This possibil-it'y

has been suggested by Gray (1971) who considered that generation of the

acid magmas for the Central- Australian vol-canics may have been promoted by

pressure rel-ief assoclated with napicl uplift following orogenesis. Owing

to the relativel-y high temperatures necessary for the fusion of refractory

granulitic crust (e.g. in the case of the Central Australian vofcanics -

see chapter 3), it seems unlikel-y that melting could occur as the resuft

of pressure re]lef al-one, as suggested by Gray, without some form of

additional heaL input. It is possible that sudden rel-ease of pressure'

whether by uplift or transition from compressional to tensj.onal strain,

may have been the trigger which promoted extensive fusion of the l-ower

cnust in the presence of heat supplied by the mant'Ie. The possibilil'y

al-so exists that rel-atively high temperatures l¡Jere maintained in the

Iower crust, long after orogenesis had ceased in the upper crust, by

repeated additions of underpJ-ating basic magmas (c.f. Fyfe, 1978)'

A]ternative hypotheses can be advanced but for various reasons lhey

are considered unsatisfactory. For example it could be suggesLed that

mantfe diapirÍsm occu,rred in the Micldle Proterozoic, quite independent of

evenl,s i¡ the orogenic Lower ProLerozoic period. However, since mant'ie

diapirism is essentially a trchance" happening, this hypothesis does not

explain why the magmatism invarjabl-y folJ-owed orogenesis' AlLernativeJ-y'

it could be proposed that the acid magmati-srn was unrelated to mant'Ie

diapirisrn, but rather was the result of crustal thickening and burial

rnetamorphism cot-inected with the orogenic evenL. Such an origin woufd not

account for the corttemporaneous basic magmatism' nor j's il likely that Lhe

regional metamorphic gradient a-ssociated with burial, would have been

sufficient to cause rnelting of the refracLory Ìower crust'

The varj-ous possibililies di-scussecl above are summarized in Table 4.8.

Al-1 are speculative to some extent, however it is evident that choice of

the rn<¡st Iikely alternative must be governed by :
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1 ) The conclusj.on that the igneous activlty 1n the Middle Proterozoj.c

cannot be divorced from the orogenic events in the Lower Proterozoic.

2) The necessity of mantl-e heat input to provide the temperatures

required for anatexis of the gra-nulitic lower crust.

3) The common bimodal association indicating involvement of the mantle

and crust.
4) The evidence against extended periocls of magna storing in some cáses.

Of the alternatives listed, the second model involving pressure nelease and

continued, but reduced heat input from the mantle is considered most

probable, although the possibility that a combinaticn of processe-s operated

over a considerable time span cannot be excluded. In view of the sub-

continental- setting it seems likely that the high heat flow was caused by

upwelJ_ing of mantle material, probably in the form of a diapir.

4.6,3 Siting of Prot enozoic post-orogen r-c tgneous provinces in relation

to ancient conti-nentaf margins

Tf the concept of intra-continental mantle dÍapirism as a driving

force for the post-orogenic magmatism is applicable, then it fofÌows that

continenLal margins would not necessarily have been more or less favoured

as sites of magma generation, since there appears to be little evidence

that pre-existing cnustal features exert any influence on the location and

devel.opment of mantl-e diapirs. Thus it follows that the post-orogenic

proterozoic vol-canic rocks do not necessarily indicate the sites of

ancient continental margins. This situation contrasts markedly with the

case of modern cal-c-alkaline suites which are typical-ly developed at

active continental margins and are thus diagnostic of this environment'.

These conclusions are supported by the observation that the post-

orogenic provinces have a rather inregular age distributlon when viewed

on the scale of a conti¡ent. This point led Muehl-berger a.nd his co-workers

(jg6T ) to propose that, the Proterozoíc post-orogenic igneous activity in

North America resulted from rnany episodes of crustal- reworking rather tharr

from a contínuous accreti-onary process. Similar concÌusions can be drawn

for the Austratian case if the available isotopic data for the provinces

is examined in relation to their spatial distribution. For example 
'

apart from the 1ack of any well-defined trencis in age, the approximate

contemporaneity of igneous acbivity in the vast area encompassed by the

Edith River Volcanj-cs, Cl1ffdale Volcanics, Argylla Formation and volcanics

of the Hatches Creek Group, argues against continuous continental- accretion

in the Proterozoic (see Tab1e 4.4 and Figure 4.2).



Fi ure 4.2 Location of the post-orogenic Proterozoic volcanic terrains referred to in the text.

YILGANfi

uffi#lr#H###. a
Dæin

koÈsoælc ræks MSIN

AI{D Volcæics

ArcÌsø reks ¡NLIB

Cllffdale

,\
I4MPHY INLIE r\

Croydm Voløics

li:11MÈ. Wimælc Fmtim
Ca-.IEII{ANT 

CREEK INL¡ER I.IT, IsA mæEN GEORGETOft INLIER

ÏHE Gfi ¡ú{ If ES-TAI{Á¡.I I

UI;J

¡NLIM HatdræPII-BARA BLæK Tsi¡gâ Gtq-p ad rclmics
of ttE H,aslirgdo cro-p

ARtI{fA INLIR ". fted( GYq-q>

Pol1æk Hills Fmrln
@ Alire Sprt¡€s

BãrÈley $psgrû.p

I'IISGRAVE BLæK

GAI'I..B BLæK

Gaills RãBe Volølcs

PÉt¡

Õ
Adelår.b

cG 00



1 10.

In southern Australia, the igneous activity associated with the

development of fhe 1500 m.y. post-orogenic Gawler Range Volcanics also

encompassed a large area, with no obvious systematic progression in age

in any direction (Giles and Teale , 1979 - see Appendix 3). Similar
conclusions apply to the 1100 m.y. Central- Australian province. There

is no evidence for a northward progression in ages from the Gawler

Range province to the Centra1 Au.straLian province and in any case, if
such a progression r^¡ere postulated it would be difficult to reconcile

with the approximately 1500 ni.y. age determined for acid volcanics

comprlsing bhe Pollock Hills Formation further to the north (Page, et aI.,
1977; see Fig, 4.2, for relative positions).

4.7 SUMMARY

It has been found that the two Proterozoic vofcano-plutonic provinces

examined in detail in this thesis have many featunes in common with other

post-orogenic Proterozoic igneous provinces, both in northern Austnalia

and el-sewhere in the world. The similarity in the geochemistry of the

acid intrusive and extrusive rocks from f,he various provinces is marked,

and it is significant that many workers have proposed model-s of origin
that are analogous to the generalised petrogenetic model developed for
the Gawler Range and Central Auslral-ian provinces (Fig. 4.1). The

model invol-ves an interactiorr of the mantl-e and crust, with the mantle

yielding basic magmas and either djrectiy or indirectly providing heat.

for melLing of the crust, frcm which the acid magmas were generaLed.

The detail.s of the model-, developed in this t.hesis for the Gawl-er

Range and Cent.ral Australian provinces, are bel-ieved to offer a plausibl-e

explanation for the distinctive geochemical- characteristics of Lhe acid

rocks compnising the Proterozoic post-orogenic suites. AspecLs cf
particular importance are:

1) The 'rsial-icrt crustal source (albeit, a refracLory residue), belng

initiatly moderately enriched in LIL elements (c.f. basal-tic

sources) can account for the relatively hish L-'l-L element contents

in the acid rocks.

2) The relativety high temperatures of mel-ting may cause the disintegracion

of normafly refractory minerals, including:
a) zircon, apatite, sphene atld monazite, releasing Zr, Nb, Y

and REE into'the melt';

b) magnetite and ilmenite, reÌeasi-ng Fe, Ti Sc, V and Nb int.o

the mel"t.

3) The rel-atively dry conditions of meJ-ting (and hence lol PH,O and POr)
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may have further contributed to the instability of magnetite and

ilmenite.
4) The residual- mineral assembJ-age of plagiocJ-ase' pynoxenes and

magnetite is consistent with experimental evidence and can explain

someofthemajorandtracee]-ement,featuressuchas:
a) Relatively low 41203, CaO and Sr - due to a relatively high

' proportlon of plagioc]-ase Ín the nesidue. It is notahrl-e that'

thestabjlityofplagioclasewj-].Ibefavouredbytheclry
conditj-ons of melting.

b) RelativelY high FUZO3
t Ti0 and Fe 0 /MgO - due to a high

2 2 3

proportion of pyroxenes relative to magnetite (or il-menite) in

the residue.

5) The bimoda] distribution of rock types, due lo the paucity of

andesites, resulLs from the two separate magma sources proposed,

viz. mantfe and crusL. On experimental grounds nei.ther of these

sources arle likety lo yield primary low-sil-ica intermediate magmas

by direct Partial melting.

6 ) The l-ower crustal source of basic-intermediabe composition efiminates

the need to invoke excessive degrees of mel-ting (> 50%) 1n order to

explain the majon efement geochemi-stry of the non-eutectic acid fo

high-silica inLermediate magmas. Also, the lower degree of mel-ting

implied by such a source is more readily reconcilable r'¿ith the

rel-ativel-y high LIL trace element contents observed in the ac j-d roclcs '

It is evident from this review that post-orogenic igneous aclivil-y

played an inl,egral- and important role in the devel-opment of bhe Proterozoic

crust.Moreover,itappearsthattheoriginoftheigneousrocks
comprising the post-orogenic provinces can be explained itr terms of the

one, generalised model. The applicability of this rnodel to Prcterozoj-c

volcano-plutonic provinces Lhat are not post-orogenic and the reason why

post-orogenic igneous activity occuns at al-l-, are maLters for conjecture

at this stage. However, the-se questions will be examined in the final

chapter of this thesis when the present concfusj-ons wil-I be combined

w|th bhe conclusions drar'¡n from a stucly of Archaea.n felsic volcanic rocks'

L
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PART T!.iO

FELSTC VOLCANIC AND ASSOCTATED ROCKS OF

THE ARCHAEAN CALC- ALKALINE VOLCANIC CENTRES
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CHAPTER 5

THE PETROGENES]S OF THE ARCHAEAN I']ELCOME I/'IELL VOLCANIC COMPLEX

5,1 INTRODUCT]ON

The i¡lelcome !ùell volcanic complex consists of a sequence of dominantly

intermediate vofcanic rocks and associated epiclastic sediments which crop

out v¡ithin an area of 160 km2 roughly 35 km east of Leonora (Fig' 5' 1 ) '

The compJ-ex lies wÍthin the central portion of the main Norseman-l'/il-una

greenstone bel.t in the Eastern Goldfields Province of the Archaean YiJ-garn

Block of l,lestern Australia (Gee, 1976). This area \^Ias chosen for study

because of Lhe minimal alteral,lon and the relativeJ-y goocl outcrop comparecì

wi-th many other intermediate-acid vofcanic centre-s in the Eastern

Goldfields Province.

During the course of compì-].ing the LAVERTON 1:250,000 geological. map,

Gower (1g74) recognised a rrfel-sic volcanic complexrr apparently cent,red on

!''Jefcome lilell, wþere I'the unit consj-sts of aggl-omerate and breccia

containing bouJ-ders over 1m in diameterr'. Subsequenl observations by

Hallberg (pers. comm. , 1977) revealed that the complex u¡as mainly

composed of intermediate volcanics and that the tragglomerates and brecciasrl

noted by Gower (1g74) were in fact lithic wackes of sedimentary origin.

Hallberg further noted that the main centre of vofcanism 1ay approximately

Z km to the north of ]def come !'lell. The writer mapped the centre and

immediate environs in detail in June 1977 and succeeded in establishing

a workable stratigraphy'in the area. This was greatly facilitated by the

rel-atively good outcrop and the exceffent texturaf preservation vrhich

characterises the vofcanic complex.

5 .2 REGIONAL GEOLOGY

5.2.1 êru
Gower (1g74) subdivided the Norseman-1,{iluna greenstone be}L sequence

on the Laverton 1:25O,OOO Sheet area inlo five structural sectors, each

separated by tectonic l-ineaments. The Wetcome !riel--l- complex lies within

the Murrin sector which is characterised by: large ultramafic and mafic

intrusives bodies, explosive fefsic vol-canism, lack of mature sedimenLs

and true banded-iron formations, compJ-ex fold and fracture pattertrs, and

high-IeveJ- granltic j-ntrusions (after Gower, 1974).

Unfortunatel.y reconstruction of the stral,igraphy across the entine

Norseman-i,,liluna greenstone belt at this loca]ity is hindered by the

structurat discontinuities which prevent sirnple tithological correlation'

although within individual- sectors stratì-graphic columns can be coustructed
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with reasonabl.e certainty. 0n the basis of detailed mapping in the

Leonora-Laverton area, Hallberg (1980) has recognized two greenstone

rock associations. The first is a probable older sequence characteristically
containing ultramafic lavas, mafic sedimenLs, true banded-iron formations,

nickel- deposits and stratigraphically-controlled gold mineralisationt

typical of the lower succession in the Kalgoorlì-e region. The second

association shows none of these features, but is characterised by highly-
differentiated thol-eiites (of both intrusive and extrusive origin) and

felsic volcanics with associated epicJ-astic sediments, and is int'erpreted

to overlie the ol-der sequence, although in the field the two associations

are separated by major faults (e.g. Ce1ia lineament). Hallberg (1980)

considers that the volcanics comprising the !'lelcome lrlell compl-ex lie
near the base of the second association, which on the Laverton 1:250'000

sheet area, is not exPosed.

5.2.2 StratigraphY

Mapping by Hallberg (1980) anO the writer has outlined Lhe detailed

stratigraphy in the vicinity of the !,lel-come Wel-l- complex. The mapped

sequence is exposed in a series of major anticlines and synclines

separated bl'strike faults (Fig. 5.1). In the core of the major anticl-ine

to the north of Welcome hlell, volcanics and sediments comprising the

l¡,lelcome l,rlell complex are wel} exposed; they nepresent the l-owest

stratigraphic level exposed to the west of the Celia lineament (or the

lowesL exposed Level of Hallbergrs second greenstone association). The

Itcentrett is dominated by porphyritic lavas l^¡ith some interlayered

sediments ì-nterpreted to be Iahars, and very rare pyroclastics. Further

details of the rock refati-onshi.ps and the rock types exposed in Lhe

centre will be discussed later.

The volcanics are overlain by a thick sequence of libhic I'ackes

composed entirely of detrital maLerial shed front the intermediate voLcanic

pil.e. The clasts range from boulder through cobble to pebble size and

are seL in a sandy matrix composed of rock fragment,s and plagioclase

grains cemented by secondary carbonat.e' quarbz and chJorite. The

succeeding unib conprises fine-gnained black shales and sil-ts, rvhich,

because of its susceptibility to defc¡rmation, or incompeLance, is
commonl-y sheared to form quartz-sericite schlsts. In places the black

shales are silicified,. as the resuft of near-surfa.ce rrreathering, to

form massively-ouLcropping :"ocks resembling ferruginous cherts and/or

banded-iron formatíons. The prominent outcrop of the-se silicified zones

makes them very useful- markers which aid in trac1ng the structurc: of the

area (Fie. 5.1 ).
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The upper zones of the black shales are interlayered with tholeiitic

basatts which in turn grade upward into a monotonous thick sequence with

occasional. zones of piJ-lows, extreme flow-brecciation and steam-fracturing,

and interbeds of fine s|lty sediments, all indicative subaqueous eruption.

It is notable that the tholeiitic basalts are overlain by high-magnesium

spinifex-textured basalts to the south and the sequence is capped by a

layered thoreiitic sirl at Mt' Kilkenny (Halrberg, 1980)'

The sequence of intermediate vol-canics and associated sediments is

íntruded by a variety of compositionally-distinct rock types, including:

A. Gabbros and dolerites, which typically form silL-like bodies wedging

the volcanic pile apart and adding greatly to the apparent stratigraphic

thickness (Fig. 5.1). They are interpreted to be the subvofcanic feeders

to the overlying thick, thoJ-eiitic basalt pile. This is supported by an

occurrence of a distinctive variant of the gabbro, known locally as

ilcat-rockil which contains large (up to 6 cm) corroded and altered mega-

crysts of byLownite in an ophi-tic gabbroic matrix. Similar megacrysts'

though rarely as large, occur in the overlying basalts t'hus indicating a

common Source and hence a volcanic-subvofcanic relationship.

B. Ultramafics, which have inLruded as sills and more rarely, as smal1

dykes. The major occurrence is a sill in the north of the area mapped,

which Iike the basic sills clescribed above, has been folded with the

remaÍnder of the sequence (Fig. 5.1). The outcrop of this body for the

most part is marked by rubbly laterite and jasperoidal- silicified zones,

typical of the surfa.ce expression of many ul-tramafic rocks in bhe

Eastern Goldfiel-ds Pnovince. 3.4 km to the north of Monger Bore, the

intrusive contact relationships lvit,h the jntermecliate volcanics are lvell

exposed and at'this locaìity fresh outcrops of the u1tramaf1c reveaf t'hat

it is a cumuJate peridotite (e.g' Itl24) ' The small dykes are usuaìIy less

magnesium-rich and are clearly cross-cutting (e'g' W7)'

g. Dacite porphyries, which typically form large homogeneous bodies

with rather subdued outcrop. They cover extensive areas in the vicinity

of Christmas !,lel-l- (20 km west northwest of VJelcome !'lel-l) and Aermot'or lnlel-I

(30 km east of i/'ielcome Vlell). Their geochemistry and pet'rography is very

simil-ar to daci-te lavas of the i,,lefcome iilell complex, suggesting that they

represenL comagmatic subvolcanic intrusives'

!. Megacryst,ic adamel.IiLe, which forms a large homogeneous piuton

truncating the volcanics in the north of Lhe area mapped; it is typical

of many of the granitoid bodies in the Eastern Goldfields Province. The

adamell-ite is clearly intnusive inLo the vofcano-sediment'ary pile' since

ib is bounded by a wide zone of hornfelsed country rocks which are invaded
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by numerous linear dykes of microgranite, quarLz porphyry and apJ-ite.

l¡'lithin the margins of the aciamellite large rafts of contact metamorphosed

country rocks are commonJ-y found.

5,2.3 Structure

The structural history of the region mapped appears to be relatively
simple, with evidence for only one major deformation, which is responsible

for the macroscopic folding. The macroscoplc folds do not refold a pre-

existing schistosity, thus excl-uding an earLier period of deformation, nor

is there any crenulation of the existing schistosity which woufd indicate
post-folding deformation. In general, the axial plane schistosj.ty associaled

with the macroscopic folding is only obvious in the fold hinges where

it is best developed in the easily-sheared, fine sediments. There is,
however, a very strong schistosity devel-oped in the country rocks adjacent

to the adamellite and thi-s is believed to have been produced by re-orientation
of mineraì-s during recrystal lisation in the st.ress field created by the
j-nt,rusive body. This concfusion is supported by the marked orientation of
the long axes of the xenofiths and perthite megacrysts in the adamellite,
paralÌel with the schistosit,y in the country rccks, indicating that the

principal. stress during intrusion and cocling of the adamellite body was

Índeed coincident with that which produced the parallel schistosiby in
l,he ad jacent country rocks.

Lithologic and structural continuity between the adja.cent south-

pLunging folds has been disrupted by prominent faufts which are roughly

parallel with the regional strike. The strike faul-ting prevetrts tracing

of individuat unils from one fold to the next, but as the geologic map

shows (Fi-g. 5.1), it is possible to broad]y correl-ate the stratigraphy

lndicating that the throw on the faults was not great.

5.2.4 MetamorPhism

The regional grade of metamorphism l-ies j-n the greenschisi, facies
(Gower, 1974) and this has resulted in excelfent texLural, and in many

cases mineralogical preservation. Because of t,he fow metamorphic gradet

dis'Linctj-on between metamorphic effects and primary deuteric alteration
is often diffjcult. It is probabJ-e that the pervasive development of
chl-orite in the vol-canics and epiclastic sediments is a direct result of
J.ow-grade metamorphisni. Thì-s may not be the case for pumpeltyite however,

which is extensively developed in 'Lhe frothy, glassy flow-tops of the

1avas. fn some of the }ithic wackes ancl flow-top agglomenates, volcanic

fragments containing no pumpellyite are adjacenb to those contalning l-arge
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amounts of the mineral; these features indicate that the pumpel-Iyite

developed during deuteric al-teration of the vofcanics prior to metamorphism'

It is likely that much of the visible alterabion of the mj-nerals (e'g'

clinopyroxene + ch]orite, plagioclase + sericite, Ti-magnetite + Sphene +

leucoxene) and introduction of secondary carbonate and quartz also took

place at lhis time.

Higher grades of metamorphism, with complete obliteration of primary

textures, are l-ocalÌy developed adjacent to lhe adamellite pJ-uton in the

north of the mapped area. Here, contact metamorphism has converted all

mafic and intermediate rocks 1-o a hornfels consisting of a completely

recrystallised aggregate of plagioclase and amphibole ' The bornfels

forms a band up to 3/4 kn wide fl-anking the margin of bhe pluton, crearly

indicaling that the adameltiLe has supp]ied the heat responsible for the

metamorPhic recrYstatlisation'

5.3 DETAT]-ED GEOLOGY OF THE VOLCANIC CENTRE

!,lhile the above has been concerned with the regional aspects of the

geology, this discussion will concentrate on the details of the evolution

of the volcano-sedimentary sequence as far as can be determined from the

exposures in the !'lelcome i^Jell complex. Attention will be focussed on the

rocks cropping out in the core of the anticline to the norl'h of welcome

I¡¡ell in what is regarded as the true volcanic rrcentrerr' Photographs

iltustrating some of the aspects of the field geol-ogy are given in

Figures 5.2 and 5.3.

Theactua]-centreislargelycomposedofandesiticvolcanicsof
Iava-flow origin, with subordinate occurrences of thin basalt and dacite

flot^ls.ThemajorÍtyofthevolcanicsareporphyriticandrangefrom
sparseJ-y- to trighly-porphyritic types, the latter containin e >50% phenocrysts '

Zones packed with chlorite, carbonate and/or quarLz-fLlled amygdales

are common and are interpreted to represent the tops of individuaf fava

flows. They often grade into zones characterised by extreme brecciatÍon

produced as a result of flowage whil-e the lava was in a partialJ-y

solidified state. The flow-top breccias range from Lrue breccias packed

withangularfnagmentswithcuspatemargins,toagglomeratescontalning
rounded fragments. In both cases the fragments ane usually mono-

Iithologic and are contai-ned within a highly-contorted, gJ-assy rnatrix

lit,tle different in composition to the fragments themselves' Possibly

the angularity of the fragments v¡as cletermined to some extent by the

state of solidification of the lava at the time of fragmentaLiotr' For

exampl.eifthelavawaslargelyfluid,roundedshapeswou]dresultasthe
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fragments were robated during flowage, but if the l-ava had largely

solidified (at least near the top) subsequent flowage woul.d have produced

brit.tle fnacture and angular fragments. This is supported' by the

petrography which shows that in thin section many of the aggJ-omerates

are often not obviously fragmental because the fragments tend to merge

r¿ith the matrix, whereas the fragment boundaries in the breccj-as are

always clearly defined. Few lavas show visible flow banding, but thosé

that do, reveal an extreme contortion of the flow layers to the point that

fracturing and dislocation has occurred'

In places there is good evidence for in situ fracluring probably

produced by steam or vapour streaming j-n the upper zones of the l-ava

flows. This type of fragmentation is sometimes superimposed on the flow

brecciation and resufts in extreme]y angular, cuspate and rrcfose-packedrl

breccia textures. It is therefore a late-stage effect prcbably developed

in the lava after flowage had ceased.

Interlayered with the lava flows in places are poorì-y-sorted l-ithic

wackes. These rocks superficial.Iy resembJ-e pyroclastic breccias, but

the groundmass textures are characterised by close-packed granular

aggregates, clearly indicating a sedimentany origin. The lack of sorting,

abundance of boulder-size vol-canic clasts and cLastic textures suggests

that the lithic wacÈes may represent mud-flow deposits or l-ahars. The

Iithic wackes are intimatety associated with the vofcanics, intertwining

and in places engulfing large vofcanic rafts, and often it is difficult

to determine whether the fava flows have engulfed the lahars or vice-versa,

owing to the lensoid character of the individual mernbers ' Similar

features have been observed on the slopes of Mt. Rainier, where a compleLe

gradation from autobreccia.ted Iava to hydrovofcanic breccia and laharic

breccia has been recorded (Fiske, 9! 3f., 1963). ExpJ-anations offered

in the case of Mt. Rainier include: shattering of thin lava streams by

steam explosions and subsequent mì-xing with mud and water as the brecciated

mass moves dourn the sJ-ope of the volcano, or alternatively, Lrue mud fJ-ows,

perhaps triggered by water saturation, earthquakes or explosive eruption,

which have engutfed raft,s and blocks of lava. It is probable that simil-ar

processes may have operated to produce the anal-ogous volcar¡o-sedimentary

deposits observed in the l¡lelcome V'1e11 complex'

fmmediately to the souLh of the lnlel-come lrlell centre , in the northern

part, of the 1,,lel-come I¿leII synclinal structure there is a thick sequence of

coarse lithic wackes. The absence of interlayered fava flows in this

sequence indicates that deposition occurred away from the immediate vent

zone, while the abundance of boul-der-size cl-asts and lack of sorting



Figure 5.4 Diagrarnmatic reconstruction of the geological environnent during fornation of the welcome lt¡el1 cornplex.
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indicates a high energy environment possibly on the lower slopes of the

vol-cano. This suggests thal the coarse lithic wackes in the vicinity of

titelcome lùel1 are probably mud-flow deposits or lahars which original.ly

spread out as a ring-pIain skirting the lower slopes or base of the volcano.

The rapid decrease in the proportion and size of the vofcanic clasts

evident in greywackes to the south of l¡'lelcome WelI indicates an abrupt

change in energy, possibly corresponding with the change in slope at the

base of the volcano. A good exposure of greywackes is found 2.2 km to the

south of lrlelcome !ùell, where the sediments consist of bedded (sometimes

graded) grits and sands composed of clastic pJ-agioclase phenocrysts and

volcanic rock fragments. OccasionaL cobbles and pebbles of volcanic

clasts are found in the greywackes and these are invariably well-rounded

in contrast to the subangular to subrounded cl-asts found in the lithic
¡¡ackes to the north. Several features of the greywackes such as good

sorting, gnaded bedding and cross-bedding indicate that bhey have been

deposil,ed in response to regular current activity rather fhan by large-

scafe slumping t".f. Iithic wackes). Thus, it is likely thaf the greywackes

represent alluvial fan deposits that origì-nal1y spread out from the base

of the volcano, as a result of active stream erosion of the volcanic-

Iaharic pile. Further away from the centre the greywackes become noticeabl-y

finer and the pebble- and cobble-size fragments are absent. The

association of the fine, distal greywackes with pillowed basalts and

marine black shales, cJ-early indicates deposition under subaqueous

conditions.

It is evident from the above discussion that the vertical stratigraphic

sequence outlined previously (see also Fig.5.1) is also recognisable in

a lateral- sense. The impressi-on gained from the field rel-ationships is
therefore one of a subaeriaL intermediate volcani-c centre surrounded by

a skirt or ring-ptain of volcanic detritus, which, distal to the centre

merged with black shales and basal-ts in a subaqueous environment. A

diagrammatic reconstruction of the probable environment based on the

above interpretation is given in Figure 5.4

The actual size of the vol-canic centre in the present case is
difficult to ascertain because of structural and erosional- modification'

however it probably covered an area less than 300-400 km2, which is small

in comparlsou wj.th modern stratovolcanoes (Macdonal-d, 1972). Other acid

to intermediate centres or their root zones crop out sporadically in the

northern part of the Norseman-li'liluna greenstone belt, at approximatel-y

the same stnatigraphic level as the Vrlel-come llell complex (Hallberg' 1980).



Figures 5.2 and 5.3 (combined). Photographs illustrating aspects
of the field geology.

Autobrecciation, probably caused by gas-streaming, within an
andesitic flow.

Flow-top zone of an andesilic Lava f1ow. The massive,
amygdaloidal upper part of the flow (right) merges lnto a
monolithologic flow breccia at the top. The cuspate,
recurved shapes of many of the fragments indicate that they
were plastic at the time of disruption.

Flow breccia within an andesitic lava flow. The angular,
amygdaloidal blocks of andesite, which were probably
incorporated in a solidified state, are contained within a
plagioclase-rich andesitic host.

An epiclastic lithlc wacke, composed of poorly-sorted, angular
blocks of andesite set in a gritty matrix. These units, which
are intercalated with andesitic fl_ows within the centre, are
interpreted to have been deposited from lahars.

Detail of an epiclastic lithic wacke. Note the angularity of
the fragments, the poor sor.ting and the gritty nature of the
matrix. Rocks such as these form thick deposits flanking the
Ïüelcome I'lell centre and are thought to be the remnant of an
ancient ringplain. F.V. 1 m.

Bedded, epiclastic grits and coarse sands of ftuvial origin,
several kilometres distant from the centre. The infrequent
cobble- and pebble-size volcanic clasts are invariably well
rounded, indicating significant t,ransport.

Cross-bedding in the above epiclastic grits, indicative of a
moderately high energy fluvial environment, probably
corresponding with the outr¡ash at the flanks of a volcano.

Thinly-bedded tuff unit, within andesitic flows of the centre.
F.V. 40 cm.
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This suggests that the V'lelcome lle1l centre may have formed but one of a

series of approximately contemporaneous, spaced volcanoes. However, the

configuration of the Archaean volcanoes was unlikely to have resembled a

modern island arc since the individual centres are discrete and are

separated frcm each other by zones devoid of any acid to intermediate

volcanics. A closer analogy coul-d perhaps be drawn with the isolated

Tertiary igneous centres of eastern Austral-ia which are commonly thought

to have formed over thot-spotsr (c.f. !üellman and McDougall, 1974).

It is concluded that the rock types and the rock relationships

recognisable in the lrlelcome i,'iell- complex are very comparabJ-e with those

found in modern stratovol-canoes. Thus, it is considered that the Welcome

!üell complex evol-ved as a volcano and was subsequently erodedr in much the

same vray as modern examples (e.g.Bagana, Bultitude, É4., 1978; Mt.

Rai.nier, Fiske, et 3-1., 1963; numerous examples described by Macdonald,

1972) .

5.4 PETROGRAPHY

A great variety of rock types are represented in the lrlelcome lnlel-l

complex and the petrographic characteristics of the more important of

these wltl be examined below. Brief petrographic descriptions of a

representaLive selection of samples from the arear some of which are

referred lo in the following text are given in Table 45.1 ' Appendix 1.

photomicrographs il1ustrating many of the textural features described

below wilt be found in Figures 5.5 and 5.6.

5.4.1 Vol-canic and refated intrusive rocks comp risine the l¡leÌcome i,'iell

complex

The nocks comprising the compJ-ex show a complete mineralogical

gradation from basalt to rhyolite. The ba.salts are porphyritic to

micro-porphyritic in contrast. to the tholeiitic basalts adjacent to the

l,lelcome hlelJ- complex, which are rarely porphyritic. Most of the basal-ts

are pyroxene porphyries containing abundant fine-to medium-grained

phenocrysts of cl-inopyroxene and very rare plagioclase, commonly j-n

glomeroporphyritic aggregates, set in a pilotaxitic matrix of flow-

oriented plagiocJ-ase mi-crolites, ctinopyroxene, chlorite (after gJ-ass) !
epidote (e.g. I/\r111, I¡il15, W121). 1ÌJ2 is exceptíonaf in this regard as

it contains abundant euhedral phenocrysts of sericitized plagioclase and

rarer chforitized cJ-inopyroxene, plus skeletal- crystal-s of both, in a

feathery uralitized matrix after basic gJ-ass. l,l3 was the only basal-t

sectioned which appeared to contain original olivine r no\^I pseudomorphed



FiEure 5,5. Photomi crographs of sel_ected thin sections.

Itcat-rockrf; composed of coarse-grained bytownite phenocrysts
set in an ophitic gabbroic matrix.

Fresh peridotite from the folded sirl in the north of the mapped
area (w24). This sample shows anhedral orivine enclosed by
clinopyroxene in a poikilitic intergrowth. F,V. Z mm.

Granul-ar, anhedral olivine and skeLetal clinopyroxene set
in a glassy matrix. sample collected from an ultramafic dyke
(W7) that intrudes the l,lelcome l,rrel-l complex. F.V. 5.5 mm.

A basalt, comprised of phenocrysts of tabular pragiocrase and
chloritized clinopyroxene r¿ithin a feathery-textured, uraritized
giassy matrix ihrough which are scattered plagioclase microlites.
This basalt (1,'r2) has marked geochemical affinities with the
andesites. F.V. 3.7 mm.

E and F. Porphyritic andesites, contai_ning phenocrysts of
sericitized, tabul_ar plagioclase and zoned, euhedral
clinopyroxene. Numerous oriented plagioclase microlites sel
1n chloritic gIass, define a hyalopilitic texture in the
matrix. E, F.V. 7 mm; F, F.V. 5 mm.

Detail of a zoned, euhedral clinopyroxene phenocryst within
porphyritic andesite. F.V. 4 mm.

Phenocryst-rich, porphyritÍc andesite, containing close-packed
phenocrysts of fine-grained, flow-oriented plagioclase and
subhedral, chloritized clinopyroxene. F.V. 6 mm.
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by chlorite. Some of the rocks of basaltic composltion (e.e.W31' V\i131)

are hornbl-ende-clinopyroxene porphyries; they contain zoned, euhedral

phenocrysts of primary brov¡n hornblende and clinopyroxene usual-1y in

glomeroporphyritic aggregates in a finely-crystalJ-ine matrix of plagioclaset

brov¡n hornblende, sphene and epidote.

The basalts grade into andesites with decreasing proportions of

clinopyroxene phenocrysls rel-ative to plagloclase phenocrysts and a

reduction in bhe abund.ance of maflc minerals in the matrix. Like bhe

basalts, the andesites are usually porphyritic and typically contain zoned,

euhedral phenocrysts of pJ-agioclase and clinopyroxene in a pilotaxitic
matrix defined by flow-oriented plagioclase mi-crol-ites. Electron mÍcro-

probe results show that the clinopyroxene phenocrysts are sub-afuminous

augites (Table A5.5, Appendix 1)i many are partially resorbed indicative

of non-equilibrium conditions during ascent and cooling. Hornbl-ende and

magnetite are l-ess common phenocryst components, while orthopyroxene is
absent. The prdportion and size of phenocrysts in the andesi-tes varies

greatly: those with a high proportion of phenocrysts (> 40%) often show

trachytic textures defined by the flow-orienbed, tabular plagioclase

crystals (e.e. !,14, !'1125, 1¡l'118), while the finer-grained more sparsely

porphyrit ic variants typically conbain gJ-omeroporphyritic aggregates of

plagioclase, clinopyroxene and/or amphibole. A lava-flow rather than a

pyroclastic origin for the majority of the andesites (and basalts) is
evidenced by the strong flow alignment of both plagioclase phenocrysts

and microlites in the matrix, and by the paucity of vitroclastic textures.

Amygdales filled with quartz, chlorite and/or carbonate occur in the

massive andesites, but, assume far more importance in the flow-top zones.

These zones are characteristical-Iy gJ-assy and often show cuspate, deformed

glassy fragments which have been clearly stretched and contorted by flowage

while still in a plastic state. As previously noted, mono-lithologic

agglomerates and breccias, produced as a result of flowage while bhe

fava hias in various states of solidification, are ubiquitous in these

zones. The rounded, aggJ-omeratic fragments are often difficult to

distinguish from the matrix. The fl-ow-top zones are usualJ-y altered to

assemblages dominated by quarLz, chlorite, epldote, pumpellyite, sericite

and carbonate, probably as a direct result of the abundant fluids
entrapped within the fl-ow-top zones. Similar alteration, though Iess

severe, is pervasive in the massive andesite and basaJt lava fÌows where

ptagioclase is often extensively sericitized, clinopyroxene is chl-oritized

and magnetite has been converted to sphene and l-eucoxene and the matrix

contains scattered chlorite, epidobe, sericite and carbonate. RareJ-y,
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Figure 5.6. Photomicrographs of se1ected thin sections

Porphyritic dacite (1,f94), containing abundant plagioclase
phenocrysts in a microcrystalline felsic matrix. F.V. 7 mm.

Porphyritic rhyolite (1,ü148), containing phenocrysts of zoned,
sericitized plagioclase and anhedral, embayed quartz within
a devitrified matrix. F.V. 7 mm.

Contorted flowage features preserved in a fl_ow-top agglomerate.
The fragments comprising the agglomerate have cuspate margins
and often feldspar phenocrysts project from the fragments i_nto
the matrix. Both features indicate disruption prior to complete
solidification in this part of the flow. F.V. 8.5 mm.

D and E. Contorted flowage textures in the glassy portion of a
flow-t,op agglomerate. The grey areas with angular, cuspate
margins represent patches of g1ass, nob¡ replaced by chlorite.
E'rri rlanf 'l rr f lraca ôh^õd laalz nrr¡f¡ af *1.'¡ ^+-^i - a^ ÈL^ ^1.:^^^.^+! v ¿sv¡¡ v¿J v¡¡gos e¡ çeo vvvÀ rrrqvr¡ vr urlç Ð 9l atlt clù uI¡ç cluJc19ËI¡ l,/

agglomeratic fragments moved with bhe flow. D, F.V. 4 mm; E,
F.V. 6.5 mm.

Amygdales infilled with carbonate and chlorite, in the upper zone
of an andesitic flow. F.V. 8 mm.

The matrix of an epiclastic lithic wacke, in which numerous
intermediate volcanlc rock fragments and plagioclase graÍns form
a close-packed aggregate, now cemented by carbonate and chlorite.
F.V. 7 mm.

Details of the matrix of an epiclastic lithic wacke. The grains
are rimmed by quartz and the interstltial cementing material
consists of carbonate and chlorite. Although the grains are weII
sorted, they are extremely angular, and thus have been transported
Iittle distance from their source. F.V. 3 mm.
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however, are textures compretery destroyed. This suggests that alteration

is on the scale of individual minerafs and has not caused migration of

elements over rarge distances. Nevertheress, the sampres chosen for

analysis wene those showing minimal alteration'

The dacites are characterised by abundant euhedrar, zoned plagioclase

phenocrysts and rarer amphibole and/ot clinopyroxene phenocrysts in a

felsic matrix; most are ej-ther lavas (e.g' !'lB, W17, W29' I'¡174) or homogeneous

subvolcanic intrusives (e.g. I'1144' 1'¡145) ' Plagioclase is also the dominant

phenocrysLcomponentinthevolumetricallyminorrhyolibes,whereitoccurs
with embayed, anheclral- quarLz and rare K-feldspar in a siliceous'

sericitized felsic matri-x. Ghosted shard outLines in one of the rhyolites

(1,,1147) are indicative of a pyroclastic origin, but the other rhyolites

are probably intrusives oilhrere erupted as favas (t'i146, W148) '

5.4.2 Eoicfastic sediments

The matrix texLures of the epiclastic sediments, whether coarse

lithic wackes or even-grained greywackes are distinctive, consisting of a

variety of clastic volcanic rock fragments and plagioclase grains in a

close-packedaggregatecementedbyquarLz,chloriteandcarbonate.
Secondaryquar,Lzoftenformsarimtothegrains,butneveroccursaSa
clasticcomponentbhusindicatingerosionoftheloca]-j-ntermediate
volcanicpile.Thisissupportednoton}ybythetexturalimmaturityof
the sediments, but al-so by the variety of lithic fragments which span the

compositional range exposed in the welcome wel-l volcanic piì-e' Further-

more, the volcanic clasts, particularly those of boulder, cobble and pebble

size, become noticeable Iess angular with increasing distance from the

vent zone, consistent with increasing distances of transport and abra'sion'

5.4 .3 Intrusive rocks, unrelated to the in t.ermediate vol-cani- sm

A UlLramafics

Fresh outcrops of Lhe ul.tramafic sill in the north of the mapped area

reveal that it is a peridotite, consisting of cumul-us anhedral crystal-s of

olivine poikilitically-enclosed within cJ-inopyroxene ' The small cross-

cutting dykes are typically composed of anhedral olivine phenocrysts and

skeletal clinopyroxene within a dark, feathery, oniginally glassy matrix'

B. Gabbros and doleni-tes

The gabbros consist of medium-to coarse-grained cumulate crystals

of uralitized clinopyroxene in an intercumulus, pJ-agioclase-rich matrix

(e.g. 1¡150). subophitic to ophitic intergrowths of uralitized cl-inopyroxene
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and plagioclase characterise the fine-grained dolerites.

itic adamellite

The adamellite pluton is characterised by megacrysts of perthite

and less commonly microcline, within a holocrystal-Line matrix composed

ofroughlyequalproportionsofquarLz,K-feldsparandzonedpl-agioclase
(e.g, I¡I43). Amphibole, biotite and magnetite also occur, but generalJ-y

comprise less than 5% of the rock. Porphyrltic acid dykes, consisting

of phenocrysts of anhedral quartz, euhedral plagioclase and K-feldspar

in a siliceous, felsic matrix, occur near the margins of the adamellite

body.

5.5 GEOCHEMISTRY

Major and trace element data for a representative suite of the

least-altered samples from the !,lelcome l^Jell complex are listed according

to increasins Slo, in Table 45.2 (Appendix 1). Tn Tabl.e A5'3 the same

data is presenLed, bttt the samples with anal-ogous geochemical characteristics

have been grouPed.

A division of the vofcanic rocks into basalt, andesite, dacite and

rhyolite using the SiO, limits of 53%, 62% and 70% has been adopted for

convenience ofl refer.ence. The additiona] qualifier low-silica andesite

has been used to refer to andesites with < 57% SiO2 ' It should be noLed

that andesites are by far the most vofuninous volcanic rock type and

that. reLative to their respective outcrop areas the dacites and basalts

are disproporlionately represented in Table A5' 1 '

In the following discussi-on t he geochemical- data is interpreted in

the firsb instance as Íf the samples are related by crystal fractionation

to facilitate discussion and to hightight any defÍcj-encies j-n the simpLe

crystal fractionation model. The alternative of partial- melting control

on the geochemicaÌ behaviour will- be devefoped as the discussion proceeds'

The major and trace efement resufts will be consj-dered separately

beginning with the case of the major elements '

5.5.1 Maior elemonts

The major el-ement characteristics of the vofcanics conrprùsing the

!,iefcome v,ie]l complex are typically calc-alkaline. This is demonstrated

by:

1) The AFM plot (Fie. 5.7), where the samples define a tnend coincident

wibh thaf of the cafc-afkaline Cascades favas (Carmichael, 1964)'
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2) The inverse correlations of AJ-rOa, FerO3t, Mgo, cao, Tio, and

prOU with SiO, (Fig. 5.8). In each case the majority of the samples

lie within or close to bhe field of Cainozoic calc-alkaline volcanics,

indicating that the absolute contents of the major elements at any

given SiO, are analogous.

It is notable that between 50-60% SiO, there is considerable spread

in A1rOa, TiO2 and P'OU which cannot be ascribed to a simple differentiation

series. Moreover, some high-silica andesites Þ 57% Si02) are particularly

enriched in P'OU and TiO, and lie above the general trend. The scatter

in the PrO, vs TiO, relationship for rocks with low silica contents

indi-cates that the relative enrichments (or dep]-etions) of these two

elements are relaled to different causes (Fig. 5.BH).

Additional- features of significance, observabl-e on the variafion

diagrams and the possible interpretations that may be placed on them

are listed below:

1 ) The rel-ativery tight inverse correlation of Ferort and SiO, is

suggestive of a differentiation controf on Fe. Comparable

behaviour of TiOr, Sc and V, particularly at'higher Si02r is very

likely related to a sj-milar cause (Figs. 5.8F, 5.9E and 5.9F,

respectively). This interpreLation is supported by the excellent
f

positive correlation of TJ-O2r Sc and V with Fer0r", which provides

persuasive evj-clence that, the same mineraf(s) are controlling the

four eLements (Figs. 5.104' B and C). The chief control on Ti in
the cal-c-alkaline series is likely to be titanium-rich magnetite

(Anderson and Gottfrj-ed, 1971; Ewart, 1976), since mafic minerals

such as clinopyroxene and amphibole usually contaj-n comparable or

lower content.s of Tio, than the mel-t. Over its ínterval of

crystallisation, Ti-magnetite will also exert the major control on

Fe, Sc and V (Kds. V magnetite/liquid >> Kd sc, v amphibole'

clinopyroxene/Ilquid, G1II, 1978). Therefore it is probable thal
t-

the good correlation of sc, v, Tio2 and Feror' in rocks with > 55%

Sio, is due to fractionation of Ti-magnetil-e. The rol-e of Ti-

magnetite fractionation is likely to be particuÌarly imporLanl al

high silica feveJs Þ 65% Si02), where the effects of fractionation

of mafic minerafs will- be considerably reduced' At Jower silica
level-s (between 50-55% SiO2) complications may be introduced by

variable amounts of fractionation of mafic minerafs and prÍmary

magmatic variations and Lhis may explain in part the poorer correfation

of TiOr, Sc and V with SiO, within this silica range'



Fi e 5.9 Trace elements vs. si', for rocks fron the l'ercome well conprex.
The solid rines enclose the field of cainozoic carc-alkaline
volcanics.
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2\ Compared with Cainozotc cal"c-alkaline andesites, somelow-silicaandesites

from lhe lrlelcome f'1e11 complex are relatively enriched in MgO

(Fig. 5.BC). It is notable that MgO does not vary systematically

within the 50-57% Si02 range, indicating lhat the sampl-es have not

differentiated frcm a single parent. The subsequent decrease in
MgO at higher silica levels however, is consistent with fractionation
of mafic minerals.

3) The 4110, vs SiO, PIol (Fig. 5.BA), although showing considerable

scatter, suggests that plagioclase fractionation may have assumed

more importance at higher sil-ica l-evels (> 60%).

4) Despite the mobillty of Naro and Kro during alteration' KtO is
consistently less than NarO (Fig. 5.BD), suggesting bhis characteristic
is a primary magmatic feature.

From the above examination of the major elements it, is concluded that, in
general, the vol-canics comprising the ltlef come !üell complex show typical
calc-alkaline trends and similar elemental abundances to modern suites.

However, the behaviour of MgO, Ti02 and P'OU in the basalts and low-silica
andesites reveals that not aLf vofcanics can be rel-ated to a single parent;

rather, derivation from differing parents along para11el lines of J-iquid

descent may be indicated.

5.5.2 Trace ef ements

A. Ni, Cr

Ni and Cr show a general decrease with rising Si.O, and significantì-y,
the basalts and andesites are markedJ-y enriched in these el-ements compared

with Cainozoic examples (Fig. 5.9G and H). Collectively, the basalts

and andesites show a consiclerabl.e range in Ni and Cr, presumably refJ-ecting

variable amounts of olivine and clinopyroxene fractionation. However, the

rocks cannot be related via simple differentiation since sympathetic

variations are not shourn by MSO (Fig. 5.10E and F). For example' Within

l.,he 6-7% MgQ interval, the range of Ni and Cr contents i-s too great to
be explained by fractionation of ol-ivine and clinopyroxene from a single
parent. The linear correl-abion of Ni and Cr (Fig. 5.10G) suggests that

a common factor, other than alteratj-on, has affected the behaviour of
both eÌements. The most plausibJ-e explanaLion is considered to be that

offered previously to account for the behaviour of certain of the major

elements, vi-z. differêntiatlon along similar lines of liquid descent from

variable parental magmas. How the variations in the parental magmas

arose and why the Archaean andesites are rel-atively enriched in Ni and

Cr will- be discussed l-ater.
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B. Zr, Nb, Y

Zr and Nb show a small, bub significant, decrease with rising SiO,

indicating that they are not behaving incompatibly but rather are being

controlled by a mineral or minerals (Fig. 5.94 and B). In both cases

a group of samples (l'1598, !1195, ü196, I^165) are markedly enriched in Zr and

Nb and 1ie off the general trends. Notable, these samples fall within

the generat field of CainozoÍc calc-al-kaline volcanics whereas by

comparison the remainder of the samples with similar or Ereater SiO,

contents, ane relatively depleted ín Zr and Nb.

The inverse correlation of Y wibh SiO, (Fig. 5.9C) is of particular

note as it parallels the rtlow-yttriumtr trend noted for some lavas from

Mt. Ararat and altributed to control by amphibole (Lambert' S.! gI. , 1974).

If the Kd mineral/liquid for Y is assumed to approximate thab of the HREE'

then this interpretation is probably appJ-icable in the present case since

amphibole is the only modal mineral in the V'lelcome Well- volcanics tikely
to effect significant control on Y.

I'lhile the uniform trend of decreasing Y with ÍncreasJ-ng Si-O, could

be taken as evidence for a simple, amphibole-dominated differentiation
series, the anomalous Zr and Nb data points indicate a more complex

history. To expJ-ain the samples with rel-ativel-y enriched Zr and Nb

contents it is necessary to invoke either an enriched parental magma

or alternatively, diverse trends of crystallisation from a common parent

(c.f . Lambert, g! ,a]. , 1974). The l-atter alternative is difficult to

reconcj-Je with the Y data which indicates that the anomalous samples

(exceptinC 1196) have had a similar crystallisation history, at leasf wifh

respect to amphiboJ-e. This question will- be examined in greater depbh

following consideration of additional data.

C. REE (and P 0
2 5

The plot of ce vs sio, shows considerable scatter, but if the

relativeLy enriched sampJ-es are ignored (ie., !'1598, \lü96' Vü95, 1ti65) an

inverse correl.ation of Ce wj.th SiO, is discernable (F:-g. 5.9D).

Signifícanlly, the samples that are reJ.atively enriched in LREE are the

same samples that hrere previously noted to be enriched in Zr, Nb and

PZO5. The correl-ation of high P,OU with high Ce (Fig. 5.10H) verifÍes
this observation and suggests that a common factor is cont.rolling the

enrichment of both P,OU and the LREE. It is pointed out that bhe

correlation of P'OU and Ce does not defj-ne a differentj-ation trend, but

rather can be viewed as separating the samples into a relatively P 
ZO5

and LREE trenrichedrt group and |tnormalrt group, with bobh groups showl.ng



F ure 5.11 chondrite-normalised REE plots for rocks fron the welcone well
complex. [! - primirive basalr (50.29% Si02, tI.37% Me0).
w2 - basart (50.03% sí02, 6.82% MgO). lVlg1 - basatt (ss.01% siO
5.99eo lfeO). W5 - andesire (S6.ge" Si02, 6.Steo MgO). W14 _

andesite (55.87% si02, 4.60% MgO). l1l9s - andesite (61.90% si02,
3.53eo MgO) . Wl7 - dacire (67.Ize" Si02, t.g2e, MeO). Wl46
rhyolite (77.38% Si02, 0.ZZ% Me0).
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non-garnet bearing peridotite (3eo - solid stars), followed by 20e" fractional
crystall-ilqq¡on of olivine (80ø") and clinopyroxene (20e") - after Lopez-Escobar,et al .- (t977\ -

The dashed lines are the nodelled REE patterns for W17 and W146, assuming
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overlap in major elements (see Table A5'3 and Fig' 5'B) '

To investigate the question of variable LREE enrichment furthert

complete REE determinations (by mass spectrometer) were made for eight

samples selected to encompass the compositional range, including the

P.OU and Cerrenrichedrrandrrnormalrrexamples (data given in Table A5'4'

Appãndix 1 ). predictably, the REE patterns for the basalts and andesites

fall into two major groups (Fig. 5.11). One group consists of samples

wiLh moderately fractionated patterns (Fie. 5.11B) with La/'Ib ranging

from 5.5 to 6.2, which is similar to the average circumpacific andesite

compiled by Taylor (1969), The other group consists of samples with more

fractionated patterns (LalYb 13-22) resulting from both a HREE depletion

and a LREE enrichment rel.ative to the samples from the former group.

Garnet is the onty mineral in equilibrium with basic magma which could

have any significant effect on the -s}ope of t'he REE patterns' hoüiever its

removal will only deplete the HREE and effecb l-i'Ltle change on the LREE'

Since garnet fráctionation cannot satisfactorily account for the differences

between the two patterns it is bel-ieved that the distinctive REE character-

istics of the two groups of rocks have probably been inherited from the

source.

Least squares modelling of the major el-emenLs for the samples within

the relatively fracl,ionated F.EE group, reveals that if !ü'131 and w95 were

related to til3 and w95 to v'1131 by crystal fractionation, then amphibole'

clinopyroxene, plagioclase and magnetite were fikely to have been the

major minerals involved (Table 5.1). Since pubJ-ished REFI distribut'ion

coefficients for all of these minerals in equilíbrium with a basic-

intermediabe melt are < 1 (Arth, 1976), it follows that progressive

increases in the absolute contents of aII REE should be observed if !r/3,

!'ll3landVrlg5arerelatedbycrystalfractionatj-on.However,thisis
contrary to the observed relationship, where HREE are fower in vJ13'1

compared with !ü3 and a]l REE are rower in !'195 (Fig' 5'114)' rn vÍew

of this, ì-t seems reasonable to concfude lhat the three samples were

derived from separate parental magmas, each with its ov¡n distinctive, but

fractionated, REE distribution'

Similar concl-usions can be drawn from a detailed exami-nation of the

group of samples showing fess-fractionated REE patterns. For exampJ-e 
'

fractionation of minerafs in the proportions suggested by feast squares

modelJ-ing of the major el-ements (Tabte 5.1) could not yield the lower

REE contenL of V,l5 or Vl'14 compared with Vl2, again because the published

distribution coefficients for the minerals i-n equillbrium v¡ith basic

and intermediate melts are all < 1.



TABLE 5.1. of

PARENT

l^I3 W2 W131 hr9

S uares model

5 WZ l,rr3 I,,195 WZz !,131 112 An54

l-ations des d to inves te ssible

DAUGHTER
apatite

l,ü5 l,rl1 4

ofc taIctionation rocks from the !'Ielcome Vrtell l-ex.

olivine cIi-nopyroxene amph bole plag.

7 .2 1.4

15.6

7.3

6.5

8.2

40.6

26,5

31.8

33. B

13.5

23.6

35.6

36.5

12.6

16. B

28.7

18.6

28

33. B

21.3

26

33.6

11.1

28. B

mag.

2.3

6.2

4.8

6.5

6.8

1.0

2.1

2.6

2.2

3.1

0.5

0 .46

0.22

0. 51

0.55

0.43

0.55

0.79

0.57

0.72

36. 0

lvt146

14.5

23

xR2

0. 0'16

0. 014

0.004

0. 019

0.0059

0. 05

0.002

0.0009

0. 000 1

0.000

Iyü95 l,ü17

48.3

23.3

4T .3

36

74

ll

*

*

*

45.7

9

4

It

lß

* 5.2

8

tß

*

3

1.7

5 46

Notes: 1' olivine composition for hr3 calculated using the program of Duke and Naldrett (ig7B).
2' clinopyroxene and amphibole compositions taken from erectron microprobe analyses of phenocrysts in theArchaean carc-alkaline rocks (see Table A 5.5¡ Appendix 1). The particular compositions chosen r4¡ereconsidered most appropriate to the fractionation schemes tested.
3. The plagiocrase and apatite compositions are after hrright (1gT4).
4' The Ti contents of magneþite were adjusted in_eac:h case to give the best match for TiO2. The compositionsused ranged from 94% Feov and 07" rio, to Bo% Feotand 14% Tiõ
5. AIl weight fractions expressed as percentages. 
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This reasoning may not necessarily be applicable to the case of !ü17

(dacite) or !ü146 (rhyolite) however, since pubJ-ished distribution

coefficients for amphibole in equilibrium with acj.d melts, do exceed one

(Arth and Barker, 1976). To test this possibility, the REE contents of

!rr17 and W146 were modelled assuming Vri2 to be the parent and using the

mineral proporti-ons and degree of crystallisation, F, obtained from

Ieast squares modell-ing of the major elements (Table 5,2). The calculaled

REE patterns show an enrichment in Yb relative to Er and show no negative

Eu anomally, both of which are features characterising the REE patterns of

!rr17 and !ü146 (Fie. 5.118). However, the calculated LREE contents are

much too high, suggesbing that either !'12 is not a suitable parent (too

high in LREE) or Kd amphibole/liquid for LREE is > 1. Assuming the parent

to be !'12 would require Kd Ce amphibole/liquid to be > 5, which, judging

from publlshed distribution coefficients appears to be unreallstically
high. It is notabl-e that the Ce contents in the other dacites and

rhyolites from the I'lel-come llell complex (determined subsequently by XRF)r

are a factor of two higher than in !ü17 and l,1146 and thus the discrepancy

between the calculated and observed Ce contenls may not be significant
in these cases. It is al.so notable that fractionation of the calculated

mineral- assemblages can account for the Levels of Zr, Nò and Sr in 1"i17

and Vü146, assuming the distribution coefficients for Zr and Nb lie
between the val-ues reported for intermediate and acid melts by Pearce

and Norry (1g7g), and that the distribution coefficients for daciti.c liquids

are applicable to Sr (Arth, 1976).

The important point deducibl-e from these calculations, despite the

uncertainties in distribubion coefficients and the contents in the source'

is that fractionatj-on of the mineral assembl.age predicted by fhe major

elements can account for the general characteristics of the REE distribution

1n the dacites and rhyolites, particularly the HREE (and Y) depletion and

absence of a negative Eu anomaly. It can al-so account for the observed

levels of Zr, Nb a-nd Sr in the acid volcanics.

In summary, bhe complete REE data verifies the separation of the

a,ndesites and basal-ts, indicated by the Ce and P,OU data, into two groups

with one showing a relative LREE and PrO, enrichment and HREE and Y

depletion companed with the other. Fractionation of the mineral assemblages

predicted by bhe major efements cannot duplicaLe the level-s of REE in samples

within each of the groups or between the groups. This suggests fractionation

from a range of parental magmas which in turn may have inherited their

variability from heterogeneities in the source. The acid rocks possess

significantly lower HREE and Y contents and comparable to slightly lower



TABLE 5.T. lts of and el model

A.

Mlneral composltlons used
arnph. lË. .p¡gå. mas. apatlte
45,66 51,64 54.57
1 1 . 10 2.91 28.95
'12.00 9,45 84

15.85

20.16 11.16

5'14
0.21

0.60 10

tol te

Ìlt. Hlneral
fractlon oroportlon

Rock

st02

Arz9¡
FeoL

Ph0

ì.190

CâO

Naro

Kzo

T102

Pzo5

Total

Notes:

u17

-eÞ!_.

67 .12

15.78

3. 11

0. 06

1.92

5. 08

5.57

0. 68

0. 59

0. 12

100.0

l{17
calc,
67 .12

15.?8

3. 09

1 .91

5.09

vl2
þarent

50.55

15.9t1

11.03

0.17

6.89

10.13

2.53

1,01

1 .48

0.25

100.0

Mlnenal

amph,

cpx '
plag '
mag.

apatite
v¿17

0.356

0. 065

0. 28

0 .065

0.0051

0. 23

w2

0. 46

0.084

0. 36

0. 084

0.006656

15,23

11.86

1 .97

0.40

1.760.72

0.11 44 zR2 0.018

1. l{aro, Kro and ltto were excluded fro¡n modelllng calculatlons.
2' Amþhtbole and cllnopyroxene composltions from erectron mlcroprobe data for phenocrysts 1n Archaeancalc-arkalLne volcanics (1n samples !122 and r12 respectivety, taute A5.5, Appendix 1).
?, Plagioclase (An.o) and apatiLe compositions efter W;ight (19i4).
4. Tl conLent of mdlnetlre adJusted to give a satisfactoiy match ior Tior.

Least squaresB. approxlmatlon of Wl46 in terms of W2 and exDected mfnerals

Rock I|l 146
obs.

77.38

12.95

I .39

0.03

o,22

0. 50

6. 84

0. 33

0. 33

0. 05

100.0

1,1 46

-ca¿-s.

77 .38

12.95

1 .40

o.25

0. 06

bl2
oarent

50. 55

15.94

11.03

0. 17

6.89

10.13

2,53

1.01

1 .48

0.25

100.0

si02
ota9,
Feo u

Mno

Mso

CaO

Nar0

Keo

T102

P zo5
Totel

MlneraI

anph.

cpx.

plag.

ma8.

apaLlte

w 146

0. 37

0. 082

0. 34

0. 068

0.0055
n 1áR

w2

0. 43

0.096

0. 39

0.08

0. 0064

llt. Mlneral
fraction lrroportLon

22

49

0

0

lR2 = 0.006

Notes: 1, NarOr Kro and ltrO excluded from modeLLlng calculations
Mineral.
83% FeOt

as reported in Table 5.24 exceptlng for magneLtte whlch has the compositlonconposltlons
and 1 1?6 TiO,

2

c.

Rock

ted

A.E

and

Distrlbutlon coefflclents used

Ce

Nd

Sm

Eu

cd

Dy

Er

Tb

Sr
Z¡L
Zra
Nbt
Nba
Yf
Ya 9.4

16.5

obs,

42,9

40

29,2
23.9

23

14. 1

13. 1

262

125

125

7.2
7.2

28

28

!ll17

-eÞ!..
22.2

15

10.3

8.9

7.2
4,6

3. 78

3. 86

294

121

121

W1t 6
caLc.

89

15.2

3. 93

1.26

0. 94

0 .38
0. 43

1.O7

308

245

24

13.6

1.0
13

0. 28

maÂ.

u17
calc. 1

103.4

77 .3

42.3

24.9

29,2
22,6
19,9

19 .4

B.
ll17 W146
calc.2 obs.

71,5 17.6

16.9 5.94

5.3 2.88
2.4 2.53

1.57 1.8
0.7 1.27

0,76 1 .46
1,56 1.67
313 251

194 91

29

r0.9
1.4

14

amDh.

0.9(0.34)
2.8(0.56)

3.99(0.93)
3,44(1.1)
5.48(t.1)
6.2(1.0)

5.94(1.0)
4.89(0.98)

0. 46

cDx.

0.33(0.21)
0.71(0.43)
1.09(0.74)
1.04(0.75)
1.23(0.87)
1.3r (1.0)
1.23(1.r)
1. 1(1.0)

0.12
o,25
0.6
0.3
0.8
1.5

4

Dlag.

0.2((0.28)
0.17(0.20)
0. l3 (0. 17 )

2.11(0.73)
0. 09 (0 .21 )

0.086(0.19)
0.084(0.24)
0.077(0.30)

1.8
0.03
0.1

0 .025
0. 06

0. 06

0.1

aoa Li Le

18. 0

27.4

29.3
20.5

27.2
25.6
20. 0

13.1

0

0

0

0

0

0

0

0

0

o.2
0.8

1

2.5
0.5

2

1,4
4

1.3
4

2.5

6

91

3.1
3.1
2.9

4.5
4.5
9.4

0

0

0.1
0

0.1

0.66 2.9
20

40

Notes: 1.

2.

?

REE dtstrlbutlon coefflclents for lJ17 calc,1 are ln bnackets and are the hlgh values reported byArth (1976) fon basaLtlc and andesltlc rocks.
The REE and Sr calculatlons for t'1146 and H17 catc.2 utillze the values for dacltic rocks neponted
by Arth (1976).
The Zr, Nb and Y dlsbrlbutlon coefflclents are after pearce and Norry (19?9). The subscrlpts 1 and
a refer Lo caÌculaLlons which utÍ112e vaJ-ues quoLed by these authors fon intermedfate and acld rocks,
respecblvely.
Al1 of the REE abundances quoled are chondrlte nonnallsed,4
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Ce contents than the intermediate and basic rocks. Modelling

calculations suggest that fractionation of ampL¡ibole-bearing mineral

assemblages from intermediate or basic parents could account for the

HREE and y contents in the acid rocks, although distri-bution coefficients

higher than those published in the literature would be required to

accomodate the observed level-s of Ce.

5.6

5.6.1

ORÏG IN OF THE PRTMARY MAGMA

General discussion

Several important points emerge from the data presented above:

1 ) There is a close association of all volcanic rock types in the

fiel_d; al1 are confined to lhe one volcanic pile and were

presumably erupted from the same general vent zone'

2) There is a petrographic and geochemicaf gradation from basalt

through a4desiLe to dacite.

3) The rocks display marked calc-afkaline patterns of elemental

behaviour.

4) A detailed eval-uation of the geochemical data suggests a complex

origin for the primary magma as well as a complicated crystallisation

historY.

Models proposed to account for the origin of Archaean acid-intermediate

magmas are diverse, but fall into three main groups:

1) partial melting of an amphibolitic (basic) Iower crust. This model

has been suggested by Taylor and Hali-berg (1977) to explain the

origin of andesites from the Marda CompJ-ex. Condie and Harrison

(1976) proposed a similar model to account for the origin of the

intermediaj-e and acid volcani-cs in lhe Midlands greenstone belt of

Rhodesia, al-though they considered the melting occurred under

eclogite rat.her than amphibolite facies conditions. SimiJ-ar1y,

Glikson(1976)inhisgenera}reviewofArchaeanmagmati-sm,
favoured a mafic crustal source for the Archaean intermedj-ate magmas.

Z) partial. meJ-ting of the mantle and subsequent crystal fractionation

to produce the spectrum of composilions observed. This model' has

been proposed by Hawkesworth and OrNions (1977 ) from their study

of Bhodesian cal-c-al-kafine vofcanics: they considered the primary

mantle-derived magma was modified by garnet t amphibole fractionaLion

to yield a series of vol-canics with calc-alkaline affinities.

3) A combination of 1) and 2) wj.th the added possibility of invo]vement

of the tonalitic upper crust in the generation of the a.cid magma

(c.f. Glikson, 1976; Condie, 1976)-



TABLE 5.3- Fesults of leest squares modelllng calculatlons for l{14, !?3, WSS and Wl7 ln terms of liketynesidual mlnerars and a hypothetical crustar source wlth the'cor¡po"riron'oi"Hårtuerg anonulrlram's (19?2) average Eastern .otdfierds n""¡r""n lrrotelrte.crus¿al crustal crustal crustel crusLalRock l'l14 aource source ]L2l source !9å "or""ã- lr1? sourceDroducL obs. calc. pË¡u-ct calc. jro¿uc¿ calc.
- - 

l- - -- 

-- 

H.l__ DroducL celc-

sl02
0t.9,
FeoL

r"h0

l{go

CaO

Nar0

Keo

Tt02

Pzo5

loba1

56.57

16.91

7 ,62

0. 15

tt.66

8. 00

3. 76

0 .86

1. 13

0. 33

100. 0

t,t.
Conponent 

-i-action

r,1 4 0.065

amph. 0,04 1

cpx. 0,19
prag, 0.122

meg. 0.046

= source

52,31

15.09

10. 71

6 .83

11.01

2.75

0.18

0. 98

o.12

100.0

Mlneral
DroDorLlon

52.31

15.09

10.7 1

6 .83

10.99

0 .86

57 .96

16. 16

7 .64

0.13

5'3t
5.72
3.4 3

2. 38

1 .06

0.17

100.0

52.28
't5,16

10.7 1

6.97

10.95

1,02

62. 13

16.31

5.72
0. t0
3.54

7. l0
3.08
0.69

0.97

0. 34

r00.0

52,31

15. 09

10.70

6.82

11.02

1 .12

0.23

0. 34

0. 32

0.114

52.31

25.O9

10. 71

}'lt.
fractLon

}J95 0.45

0.13

0.19

0.176

0. 06

: SOUTCe

0. 019

meE.

67 ,12

15.78

3.11

0.06

1'92

5.08

5.57

0. 68

0,59

o.12

100. 0

_811 0.346

0.17

0. 20

o.22

0. 074

= slOUl"Ce

0.0017

6. 83

11.01

filt. Mlneral
fractlon DroDortlon

Mineral Ht. Hineralproportlo! fractlon proErtio!

1,02

o.255

0.31

0. 33

0,112

0. 1'l

o .47

0. 30

0.12

r{23 0.48

0.25

o.22

0.0ó1

= soÌirce

0 . 03'15

o.47

o.4?

0. I14

Mlneral conposltions used
anph, cÞx. plag.
42,1 51 ,92 52.07
14,7 2,45 30.63
10.3 6.82
'15.5 17.67

11,5 21.13 13.13

2,9 3.98
1.0 o.21
1.5 0.60

lR2 0.0 14

sl02
0t.9,
FeoL

MEo

Ca0

Nar0

Kzo

Tt02

88

6

Notes: 1. Naror KrO, MnO and prO, excluded from rnodelllng calculatlons.
2' Amphlbore and crtnopyroxene composLtfons taken from electron m!.croprobe data for phenocrystsln basalt'lc rocks from the weLcome t.,ell conplex (w3t and w: re-iectivery, see Tabre A5.5,Appendix I ).
3, Plagloclase t" An64.6 after Hright (1gT4l.
4. Magnetlte composlt,ion for W14 model ls 94gú FeOt and Or% TtO?.
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If the basic crustal source is assumed to approximate the

composition of an average Archaean tholeiite (e.9. after HalJ-berg and

!{illiams,19T2; see Tables 5.3 and 5.4), then it is evident that compositional

Iimitations woul-d preclude derivation of the lrlelcome !'lell- basalts and

tow-sllica andesites from the crust, since most of these rocks have MgO,

Ni and Cr contents comparable with the average tholeiite. This does

not necessariJ.y exclude a crustaÌ origin for the more acid rocks however

(e.g. hi-gh-silica andesites, dacites and rhyolites), and to Lest this

possibility a combined major and trace element modeJ-ling approach was

adopted.

It was assumed for the purposes of modelling that the basic source

had the composition of Hallberg and Vlilliamrs (1972) average Archaean

thol-eiite wj.th a flat 10 X chondrite REB pattern (c.f. Condie,1976;

Sun and Nesbitt, lgTB; Stolz, 19BO). Least squares modelling of the

major elements of !,123 (high-Mg0, Iow-silica andesite)' hl14 (fractionated'

Iow-sitica andesite), !'195 (high-silica andesite) and !'117 (dacite) in terms

of this source and likely residual minerals, yieJ-ded satisfactony solutions

which indicated varying proportions of residuaÌ cJ-inopyroxene' arnphibole'

plagioclase and magnetite (Table 5.3). Other mineral combinations involving

plagioclase and amphibole with or without garnet and/or orfhopyroxene'

faited to give acceptable sol-utions.

Trace element modelling computations usì-ng the calculated mineral-

proportions and degrees of melting, and appropriate distribution coefficients

failed to duplicate the observed Lrace element levels in any of the fottr

samples examined (Table 5.4') , For example in the case of l'ü1¿r, W23 and I'J95

the calculated contents of Ce, ZY, V' Cr and Sr fal-l short of the actuaf

values by significant amounts. Similar commeuts appJ-y to lrl'17, excepting

for Ce which shows a cl-ose natch; however it is evident thab the markedly

higher Ce contents in the other dacites (1ñ29, !'1145 and 1r'1144) could noL be

matched. The cafcul-ated Ni content in Vrl23 and l¡195 also falls short of the

observed value. This does not apply in the case of ll14 and V'117 presumably

due to their more fractionated nature. A further importanL observation

is that the cafcul-al,ed HREE and Y contenls in al-l- samples exceeds the

actuaf values. This disparity coul-d be el-iminated by invoking smal-l

amounts of garnet in the residue, but residual garnet woul-d further add

to the mismatch in V and Cr and woufd not all-eviate the relatively low

calculated contents of Ce and Zr.

ln all cases the discrepancies are So great as to preclude an

expJ-anation in terms of the uncertainties in the modelJ-ing cal-culations.

Moreover, with few exceptions, the discrepancies are consistent over the



TABLE 5. 4. cal-cul-ated trace erement abundances in lrli 4, l[lz3, V,r95
and tillJ assuming a basic crustal source and using mineralproportions and degree of melting obtained from major
el-ement modelling calculations reported in Table 5.3

crustal
source l,il14

obs.

Zr 61 138

Nb 3.2 5.3
Y2024
Ce829
Sm 1.9 3.8
Yb 2.1 2.02

Sr 105 278

Sc 40 18

v 320 154

Cr 367 51

Ni 170 19.6

l/t14

cal-c.

I^r23

obs.

125

586

21

158

336

14A

ir'123

cal-c.

119

6

32

15

116

30

127

39

fv

hrg5

obs

160

9

16

49

5.11

1 .35

552

16

119

119

70

i¡rr95

cal-c.

113

5.4
29

15

3.1

3.3

124

14,7

49

31

53

obs

1,117

cal-c.

133

6

32

1B

!'l 7

94

4.7

26.5

12

2.6

2.8

122

22

B9

41

67

7

20

2T

121

4.5

9.4
18

294

14

99

101

)t

3.7

126

12.6

40

2T

4T

3.59.0
2.0

Notes: 1 Distribution coefficients used are those reported in Tabl_e

3. 38.

Zr, Ni, Cr, V and Sr values in assumed basic source are
after Halrberg and llirriamÈ (ßTz) average Eastern Goldfields
Archaean thol-eiite. The remainder of the vaLues are best
estimates based on the data of Nesbitt and sun (1976),
purvis (1979), stol-z (1990) and unpublished data of the
writer.

2
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composj-tional range tested, and thus it appears that a basic crustal

source, with the composition of an average Archaean tholeiite, is improbable

for the andesitic and dacitic magmas. It wiII be noted that rhyolitic

compositions (e.g. !,f146) were not modelled from this source mainLy because

of uncertainties in the residual mineral compositions and the errors

these uncertainties introduce, owing to the relatively hieh proportion of

residue. On qualitative grounds such a source is thought unlikely howéver,

since Helz (1g76) has shou¡n experimentally bhat low-degree melts from

analogous basic sources have Kro > Naro, contrary to that consistently

observed in fhe rhyoJ-ites from the i,'lelcome !'lell complex. In addition'

the probable rel-atively high proportj-on of residual plagioclase would be

expected to yield a negative Eu anomaly and severe Sr depletion in the

equilibrated acid magma - neither of which characterise the rhyol-ites

analysed.

The possibility of a more basic cruslal source (e.9. ultramafic -

high Mg basalt iomposition) cannot be excluded, but in lhis case although

the degree of mel-ting would be significantJ-y lower, the discrepancies in

Ce, Zr, I and Sr would not be removed owing to the lower content's of these

elements in this source compared wlbh a tholeiitic source (Sun and

Nesbitt, 1g7B; GJ-ikson,19T9a; Stolz, 19BO). To explain the short-fall in

LIL elements (e.g. Ce and Zr) it could be proposed that they were

contributed from tonalitic rocks which may have al-so been involved in

anatexis. However, the following points argue against this possibility:

1 ) The tonalitic contribution woutd not account for the discrepancies

in V, Sc, Y' HREE, Ni and Cr, even if iL were ab]-e to explain the

LREEandZrcon|entsoftheandesitesanddacites.
2) Experimental evidence shows that melts derived from a tonalitlc

soLrrce have higher KrO,/Naro than the source (often KrO/NarO > 1t

Brov¡n and Bowden, 1973). The extremely low KrolNaro of the andesites

anddacites(]essthanthatinlypica]tona]ites)Lhereforeargues
against any addition of mel,t from a tonalitic source. This evidence

also indicates that the rhyolites (e.g. Wl46) with their extremely

Iow KrOlNarO values are unJ-ikely to be direct melts from a tonalitic

source.

3) Melts d.erived from a tonalitic source would be expected to show a

negative Eu anomaly because of the abundant residual plagioclase

(Brown and Bowden, 1g73). Significantly, neither the dacites nor

rhyolites are depleted in Eu, further suggesting any tonalitic

contribution must have been negliglble'



TABLE 5.

Rock

5. Least

and possible residual miner aIs

Mineral compositions used
_o1. opx-. -çË.
41.0 54.4 54.3

0.6 1 .0
11 .1 6.6 4.1

ximation of imitive barsalt (1,\t3) in terms of a thetical mantle source

si02
41203

FeOt

Mn0

l'feo

Ca0

Nar0

Keo

Ti02

Pzoj
Total

W3

melt

51 .00

13.88

10.03

0. 18

11.53

9.11

1 .89

o'9e
1.02

0.38

100.0

pyrolite
obs.

45.2

3.5
10.0

37.5

3. 10

pyrolite
est.

45.22

3.29

10. 30

Mineral
oI.
opx.

cpx.

I^f3

_tdt.
fraction
0.655

0. 087

0.0338

0.231
pyrolite

Mineral
proportion

0.844

0.112

0.044

Notes: 1

37.41

3. 08

47.7

0.2
33.0

1.6

18.5

20.8

XR
2 0.1515

0. 17 0.26 0.2 0.3

9_?6). The TiO, content of Ringwoodrs pyrolite
0u content has-been increased from 8.5% to 10.0%e]ements. The former modification is consistentn (1975) and Sun and Nesbitt (1gTT ), while theal of a more iron-rich Archaean mantle and thet) estimated by Sun and Nesbitt (1gTT).

Addition of variable proportions of olivine to Írr3 faired to yield a satisfactory match forunmodified pyrolite.
olivine, orthopyroxene and cl-inopyroxene compositions taken from experÍmentaL data of Green (19T6)for 1100oC, 10 kb conditions.

2
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The lmportant point resul-ting from the modelling calcul-ations and

the above discussion j-s that the geochemistry of the acld and intermediate

volcanics is incompatible with an origin by simple batch pantial melting

of typical crustal source rocks. This fact, combined with experimental-

evidence, which indicates that low-MgO acid and intenmediate magmas are

unlikely to be derived by direct partial meJ-ting of the mantle (Green,

1976; VlyIIie, 9! ê!., 1976), Ieads to the inescapabl-e conclusion that the

acid and intermediate rocks must have been derived by crystal fractionation

from more basic parents, which in turn implies an ultimate mantle origin.

The petrographic and geochemical continuity of the basic, intermediate

and acid rocks, in combination with their close association in the field'

provides persuasive independent support for this proposal.

5.6.2 Conditions of magma segregati-on

Of bhe rocks analyseri from the l,lelcome lrlell complex, lr'13 is the most

primitive, judgíng from its Mg number (70) and Ni and Cr contents ( 3^17

ppm Ni and B0O ppm Cr). Least squanes approximation of the major efements

of this sample in terms of a hypothetical- mantle composition (modified

pyrolite, after Ringwood, 1966) and possibl-e residual minerals (compositions

after Green, 1973) shows that a good match can be obtained assuming

20-25% partial melting leaving a residue of olivine, orthopyroxene and

clinopyroxene (Table 5.5). This result is in agreement with trace

element modelling whi.ch demonstrat.es that i-n order to duplicate the

absolute contents of V (197 ppm) and Sc (28 ppm) in the prlmitive basalt'

approximaT,ely ZO-25% melting of the mantle leaving a residue of 70% olivine,

20-25% orthopyroxene and 5-10% clinopyroxene is necessary (mantle

abundances of Sc and V and Kds after compilation of Frey ,et g!' ' 1978;

calculations reported in Table A2.5, Appendix'l)'

Significan|Iy, at the rel-atively hieh degrees of melting indicated

(ie., 20-25%), clinopyroxene is stable only under relatively hydrous

conditions and at l-ow pressures (< 20 kb, Green, 1973, 1976) ' The

important impJ-ication of this is that the primitive basal-t was probably

generated by relatively high degrees of melting of hydrous mantle at

shall-ow depths.

It has been previously noted that, as a group, the more evolved

basalts and l-ow-silica andesites show a limited range in MgQ (6-8%) over

a wide sio, interval $o-57%) and that within this MgO interval Ni and

Cr vary greatly (Ni, B0-3OO ppm and Cr, 100.600; See Figs. 5.BC' 5.10E

and F). Neither feature can be neconcifed with a qimple differentiation

series in which the evolved basal-l,s and andesites have fractionated from
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111

6.1

23

55

34

28

197

799

317

24

421

270

1.81

138

5.3
24

2-A

1T

iB
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51

20
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278

251

2.22

116

7.4
21

c.7Ll

¿4

26

179

650

276

25

266

256

3. B0

125

6.5

21

ancl

21

?7

19s

455

186

13

235

BO

4.27

108

4

22

¿¿

21

29

169

575

279

22

128

271

A' Prefeffed equilibrium liquid' composition produced by water-saturatedmelting of pyrolite at rfoooc, 20 kb (27% par'ial melting).
B. As for A. at conditlons of 11OOoC, 10 kb.

c. As for '4. at conditions of 12oooc, 10 kb (35% partiar melting).

Note: compositions of A, B and c taken from experimentar work of Green(1973, 1976) .
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parental magmas of simiLar type. Alteration or preferential partitioning

of Ni into sulphide phases are also considered to be unlikely explanations

for this behaviour, owing to the moderately good positive correlation of

Ni and Cr which indj-cates that some common factor, other than diffenentiati-on'

is controlling the behaviour of both elements simultaneously (Fig. 5.10G).

A possible explanation is provided by the experimental work of Green

(1gT3, 1gT6), which demonstrates that under conditions of hydrous melting

in the upper mantle, a variety of primary basic magmas, differing chiefly

in their SiO, and MgO contents, can be produced in response to varying

pressures. At 20 kb, basic magmas comparable ì-n composition to the

primì-tive basalt are produced (compare analysis A with V,13, Table 5,6), while

at 10 kb the primary basic magmas are significantly higher in SiOt

$5-56% SiO2) and l-ower in MgO (approximateJ-y 9% - see analysis B'

Table 5.6, after Green,1976). Thus, it i-s possible that the primary

magmas which gave rise to the low-si1ica, high-MgO andesites (e.9. W4,

!rr123 andy49, Tabie5.6) were initially relativel-y high in SiO, and low in

MgO, comparabJ-e wjth melts produced aL 11OOoC, 10 kb (analysís B, Tabl-e

5.6). ConsequentJ-y, many of these andesj.tes may be little removed from

their parental magmas, hence explai-ning VIhy lhey are rel-atively enriched

in MgO, Ni and Cr for their particular SiOZ contents. 0n the other hand'

the more fractionated andesites wj-th l-ower Ni and Cr contents (e.g. !'114'

Tabl_e 5.6¡, may have been derived by extended diffenentiation from a

Iower SiO, and higher MgO parent more like the primitive basal-t (V'i3'

Table 5.6). It therefore appears thaL the variability of MgO, Ni and

Cr observed in the low-silica andesites and basalts can be satisfactorily
explained i-n terms of dj-fferentiati-on from a range of primary magmas that

have been produced as a result of partial metting of the uppermost mantfe

over a pressure interval of roughly '10-20 kb.

5.6.3 Nature of the mantle source

The basic and intermediate rocks comprising the Welcome !üell-

complex show two important REE characteristics which must be explained

in any petrogenetic model-s, vtz. relatively fractionated REE patterns

and two groups of REE Patterns.

Some andesites from the Andean vofcanic chain have very similar REE

patterns to the most-fractionated group (Fig. 5.114) and Lopez-Escobar

€_t å1., (1gT7 ) have satisfactorily model-l-ed the patterns by assuming 3%

partial melting of a flat 2x chondrite garnet-peridotite mantle sounce

followed by 20% lractionation of ofivine (807") and clinopyroxene QO%).

Similarly these authors have modelled the REE of a high-alumj-na basalt'



Fi 5. 11 chondrite-nornalised REE plots for rocks fron the welcome well
conplex. S - primitive basalr (SO.29% Si02, tL.37% Mg0).
w2 - basart (50.Ùse' sio2, 6.82eo MeO). l1l1s1 - basalr (ss.01% siO
5.99% MgO). þ- andesite (56.9% sjloz' 6.s7eo MgO). ltl14 _

andesire (ss.87% si02, 4 .60% MgO) . rrrgs - andesite (61. 90% si02,
3.53% MgO). WL7 - dacite (67.t2% Si02, t.g2% MgO). WL46
rhyolite (77.38% Si02, 0.ZZ% Mg0).
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. The dash-dot lines are modelled REE pattems assuming 3% partialnelting of a ftat 2x chondrite garnet-peridotite (s%e - oien siars¡ andnon-Sarnet bearing peridotite (3% - solid stars), foiloweð, by 2O% fractionalcrystallisation of olivine (80%) and clinopyroxene (20%) - .ît"" Lopez-Escobar,g! al ., (7977) .

The dashed lines are the nodelled REE patterns for W17 and W146, assumingclerii';¡tion by fractional crystallisation from W2. The dotted, circumpacific
:ivera{e REE pattern is after Taylor (1969).
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which has a comparable REE pattern lo the less-fnactionated Sroup

(Fig. 5.118), by assuming it was derived by 3% partial- meJ-ting of a flat

2x chondrite peridotite source (non-garnet bearing), followed by 20%

fractionation of olivine (BO%) and cl-inopyroxene Q0%). Al-though the REE

can be satisfactorily explained in this manner, experimenLal- evidence

suggestc that nells produced under these conditions (ie. 3% partial melting)

are undersaturated olivine-melilitites or ol-ivine nepheJ-inites (Green, 1971)

and do not resemble the presumed parental magma.s for the Vlelcome !üell

complex. Moreover, the relatively low degrees of'melting are inconsistent

with the previously cited calculat.ions based on the major efement and Sc

and V contents of the primitive basalt (lrl3), which indicated degrees of

melting in excees of 20%.

The constraint imposed on the degree of mel-ting by the LREE, can be

negated if it is proposed that the mantle source was rel-atively enriched

in LREE, in contrast with the flat. REE distribution assumed by Lopez-

Escobar, -g,! gJ.'l1gTT). This pnoposal is supported by the greater than

chondriLic vafues for Ce/Zr in the basal-ts and low-silica andesites

(Table 5.7), The greater than chondritic vafues for Zr/Ti, Ze/\ and

P2O5/TiO2 also suggest a relative enrichmenL of zr, Nb and P, in addition

to LREE, in comparj-son with a primitive, chondritic mantte (Table 5.7).

Presumabl-y the mantle source in this case vJas variably-enriched in P and

LREE in order to account for the variable ce/zr and Pror/TiO, values and

the variable LREE contents in the basal-ts and andesjtes (Tabl-e 5'7 and

Fig. 5.11' resPectivelY).

A LIL element-enriched mantfe source does not expJ-ain the difference

in HREE between the two groups of sampl-es however, and it is possible

that garnet involvement as invoked by Lopez Escobar, -xt gJ , (1977 ), may have

some merit in explaining these differences. Apart from controlling HREE'

garnet woul-d al-so be expect.ed to control Sc, V and Y (KO Sc garnet/Iiquid

a 4i Kd V garnet/liquid : B; Kd Y garnet/liquid ã Kd Yb garneL/Iíquj-d : 4;

Gill-, 19ZB), but there are no significant differences in the values of the

el-emental- ratios invoJ-ving these el-ements between the two groups of

samples (e.g. Tí/V, TilSc ' Ti/Y and Zr/Y for W3 compared with W125 or

W123, Table 5.7), suggesting fhat garnet controf has been negJ-igibl-e'

FurLhermore, experimental data for shallow, hydrous melting of the mantle

demonstraLes that garne'L is not stable in the residue under these conditions.

Thus, two independenL .l-ines of evidence do not favour garnet at the site

of partial melting as being responsible for the observed depletion in HREE

jn the group of samples with more fractionated REE patterns.



Elemental ratios for the most basic ro from the l,rlelcome VrteII compl_ex.cks

Ratio

Zr/ 
C"

Zr/"
Ti/ -LT
Tí/y
z"/ 

Nb
Tí/v
Ti/ 

ö̂c
Tj-o2/P

%si02

%Ms0

Probable
chondritic
val-ue

7 .4-7 .7

2.5-2.8
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7B-85

STP= 1 0

luü24

1.9

4.2
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4.2

5T
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1B
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50.25
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10
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42
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5.9

50. 03

6.82

3.0

4.7
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1T

35

286

5.2

52.39

6.13

2.3

T-2

3B

27t

20

39

276

2.1

53. 01

5.99

4.4

5.6

54

304

16

35

239

4.7

54 .42

8.02

4.6

5.9

4T

276

19

30

217

4.9

55.55

6. 58

47

241

19

29

231

5.4

56.51

6.07

l,¡5

6.0

5.4
47

255

19

27

199

6.4

56.90

6.51

IyÍ23

4.6

6.3

50

315

1B

40

294

6.2

57.63

5.31

tü150 !,I3 WZ I"1111 I^1131 i'il4 W1Z3 W125

5.0

5.1

1.7

4.8

55

263

1B

31

242

zo5
2.7

50.29

11.37

Noles: 1 W24 and Í17 are ultrabasic dykes, intrusive into the calc-alkal-ine volcanic pile. !ü150 is a tholeiiticbasalt overlying the calc-al-kaline volcanics. The remainder of the samples are vol-canics from theI'lelcome lrlell complex.

Source of chondritic values given in Table 2.6.2
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It is possible that the HREE (and LREE, P, Zr and Nb) characteristics

of the mantle source may have been superimposed prior to, or during, the

magma segregation event by the inlroduction of a component from a deeper

zone of the mantle in which garnet was stable. The signature of residual

garnet woul-d thus be imprinted on the REE distribution, and it is probable.

that a spectrum of HREE depl-etion would be produced depending on the extent

of incipient melting and hence amount of residual garnet' A sjmilar

hypothesis has been advanced to explain the supposed zonation of the

modern low velociLy zone (Green and Liebermann, 1976) and the generation

of suites of basalts showing variable LREE and HREE enrichments (Frey,

9t gf .' 1978).

It is concluded that the geochemical properties of the basaltic and

low-silica andesitic members of the lrlelcome I'ie1l complex are most

consistent with an origin involving fractionation from primary magmas

derived by shallow, hydrous melting of a LIL, element-enriched mantle

source. Models which propose a crustal- source for the high-silica

andesltes, dacites and rhyolites fail when t'ested quantitatlvely, but a

hypothesis involving crystal fractionation from parental, basic magmas

can be substantiated with the avail-abl-e data. The genetic relati'onship

between the basic, i.ntermediate and acid members of the Welcome Vtell

complex impliecl by bhe crystal fractionation link is strongly supported by

the close field associatj-on of all- rock types and by the petrographic

gradations observed between them'

5,7 CRYST ALLISAT]ON HISTORY

In view of the direct and indirect evidence previously cited for the

importance of differentiation in producing the calc-alka]ine hlelcome l']el1

volcanic series, it is relevant to investigate the crystallisation hist'ory

of the magmas. At the outset it is important to ascertain the minenals

which have been invol-ved. cn petrographic grounds it would be expecled

that cl-inopyroxene, amphibole, plagioclase andmagnefitewouldhaveexert'ed a

major influence on the crystallisation and this concfusion is supported

by the geochemistry of the samples discussed previously.

For example, evidence of arnphibofe involvernent is provided by bhe

major el-ement modelllng calculations, all of which necessitate sig¡ificant

amount of amphì-bole fractionation in order to obtain a satisfactory

solution (Table 5.1). Also, the control- on Y (Fig' 5'9C) and IIREE

(Fig. 5.11) can onJ-y be satisfactorily explained by removal of amphi'bol-e'

Fractionation of Ti.-magnetite is indicated by the control- on Fe, Ti,

Sc and V, particularJ-y at hieh S-iO, l-evels where the efflect of fraclionation
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of mafic minerals is likely to be negligible. This is consistent with

experimental evidence which shows that magnetite crystallises later than

most silicate minerals under oxygen fugacities normally thought to exisb

in calc-alkaline magmas (e.g. Eggler, 1972; Eggler and Burnham, 1973) '

Involvement of clinopyroxene and plagioclase is inferred not only

from modelling calculations but also from their relative abundance as

phenocrysts. It is notable that although these two minerals are far

more abundant in the mode than amphibole, their proportions of fractionation'

as indicated by the major element modelling cal-cuJ-ations, are invariably

less than for amphibole. Thus, it appears that the role of amphibol-e in

producing the fractionation trends is camouflaged to some extent by the

present mineral assemblages in the andesites. Additional evidence for

the involvement of amphibole, clinopyroxene' Ti-magnetite and plagioclase

is provided by Lhe Zr, Nb and Sr modelling calculations for W17 and h1146

(Table 5,2C), which show that this mineral assemblage can account for the

observed controis on these elements (Fie. 5.94 and B and Fig' 5' 10I'

respectivetY).

The previous observations can be summarized in the form of a hypothetical

crystallisation path in P-T space (Fig. 5.12). As the magma moved upwards

from its site ofl generation j.n the upper mantle (assumed to be 10-20 kb

at 11OOOC), the confining pressure' and to a lesser extent the temperature

of the melt, woul,d drop until- eventually the olivine st'abj-lity field was

int.ersected and olivine began to crystallise. Assuming the melt was

hydrous and the pressure not excessive (< lOkb), clinopyroxene would begin

to crystallise at temperatures a little fower than for ol-ivine (Yoder

and TiJ-Iey, 1962; Hotloway and Burnham, 1972; Foden, 1979), Fractionation

of this mineral- combination woul-d resul-t in a moderately rapid decrease in

MgO, Ni and cr, but because the bulk sio, of the cumulale woul-d be litfle

different to that of the melt (ie', near 5O%), negligibJ-e SiO, enrichment

would occur in the remainlng liquid. Moreover, as Foden (1979) has

pointed out, Lhe melt will move Lo unclersaturated ne-normative compositions

since residual- alkali enrj-chment is occurring in the mel-t concurrent with

olivine and clinopyroxene removal. If the mett j-s relatively hydrous

such that the plagiocLase sol-idus is at significantly J-ower temperatures

than that of clinopyroxene, then Al-203 enrichment will al-so occur' 0n1y

two rocks from the Welcome WelJ- complex are ne-normative (W31 
' 3.9% ne and

!,1131, 1.5% ne) and notably they possess relatively high 4110, contents'

These characteristics, combined with their relativel-y low Ni and Cr contents'

suggest fhat they may be the products of extended olivine and cl-inopyroxene

fractionation. However, the quarLz and/or hypersthene normative character
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oftheremainderofthesamplesandthepaucityofhighAl203rocks
(e.g. high-alumina basalts) indicates Lhat, in general, the trend towards

ne-normative compositions produced by ollvine and clinopyroxene

fractionation was replaced quite early by a trend towards silica-

oversaturation. A number of studies have demonstrated that amphibole

fractionation is capable of effecting this change (cawthorn, et 4', 1973;

Foden, 1979).

opLlnium conditions for amphibole fractionation appear to be produced

bV PH,O < PTOTAL with PTOTAL in the range 5-10 kb (Ho1loway, 1973) ' Under

these conditions amphibole w1l] begin crystallising at slightJ-y lower

temperatures than clinopyroxene. The amount of clinopyroxene and oliviue

fractionation prior to the onset of amphibole crystallj-sation wifl be

governed by the extent of the divergence from Lhe optimum conditions'

This factor is also affected by the water content of the magma since the

liquidus temperature is reduced as the weight percentage of water is

increased and túus the fierd of olivine + cl-inopyroxene fractionation

is effectiveJ-y diminished (EggJ-er and Burnham, 1973; Foden, 1979) ' Once

the amphibole stabiì-ity field is enlered, olivine and clinopyroxene are

in reaction relationship with the Iiquid and wj-It no l-onger crystallise

(Cawthorn and OrHara, 1976).

A consequence of fractionation under relatively hydrous conditions

is that the plagiocfase sfabiJ-ity field is suppressed relative to that

of amphibole (Fi-gure 5.12\. The rel-ative positions of the amphibol-e and

plagioclase stability fields l-eads to a number of possible pat'hs of

crystallisatlon (assuming water-saturated condiblons) .

A. If isobaric conditions prevail initialJ-y, an extended interval in

which amphiboJ.e is the only mineral to crystallise, will result (between

band d, Fig . 5,1Ð, These conditions may occur if the magma is hindered

1n its ascent Lo near the base of the Archaean crust (ie', 7-10 kb or

20-30 l<m, c.f. Foden, lgTg). Subsequent rapid ascent along either of the

paths indicated and eventual eruption would al-low lit'bte opportunity for

re-equi'librationtolowerpressuremineralassemblages.

B. If bhe magma rises slowly along path d-e-f-c (Fie. 5.12) initial

amphibole fractionation wil-l- be replaced by amphibole + plagioclase

fractj-onation between e and f and cfinopyroxene + plagiocfase fractionaLion

after f. The exLent to which each of these assemblages fnactionates, will

be controlled by Lhe resident time within the respective stability fields

and hence the opportunity for re-equj'Iibration'
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C. SIow ascent of the magma along path d-g-h-c wj-Il resuft in extensive

clinopyroxene + plagioclase fractionation between h and c after earlier

intervals of amphibole fractionation (between d and g) and clinopyroxene

fractionation (between g and h).

The possible lines of liquid descent outlined above demonstrate

that the crystallisation history could l¡e extremely complex in detail '

Added complexities could be produced by rapid ffuctuations in PH2O as the

result of periodic venting of the magma chambers to the surface' Some

evidence for the lalter may be provided by the zoning observed in the

amphibole, clinopyroxene and plagioclase phenocrysts. However' the

geochemical data can be interpreted as favouring a prolonged period

of amphibole and/or amphiboJ-e + plagioclase fractionation foll-owed

by plagiocfase + clinopyroxene + magnetite fracti-onation. Thus it appears

that a hypobhetical- path of crystallisatj-on approximatÍng b-d-e-f-c may

be closest to the real path in this case. Certainly, crystallisation under

relatively dry Conditions in which amphibole appears very late, if at alJ- 
'

j-s not supported by the available evidence'

A crystall-isation path resembJ-ing b-d-e-f-c can offer posslble

explanations for two characteristic features of the !'lelcome üiel-I complex

calc-alkaline volcanics.

A. The abundance of clinopyroxene and plagioclase phenocrysts rel-ative

to amphibole phenocrysts in the andesites, is probabJ-y due to late-stage

fractionation at re]atively low pressures (e.g. between e and f)' Under

these conditions any amphibole crystals remaining in the liquid wculd be

expected to breakdourn, further enhancing the deficiency in lhis mineral-

(Yoder and TiIIey, 1962; Cawthorn and OfHara, 1976) '

g. The smalI compositional gap between the dacites and andesi-bes may

resul L in part from re-equiJ.ibnal,ion of hiehly plagioclase-normative

Iiquids, produced by extended amphibole fractionati-on, at fow pressures'

The ensueing exl,ensive plag|oc]ase fractionation would rapidly move the

residuaf liquid to higher SiO, and the rel-atively small- vofume of liquids

recording the transition may not be preserved'

In boLh cases it is necessary to invoke an earlier peri-od of amphibole

fractionation at hl gh PTOTAL and a later period of cl-inopyroxene and

plagiocJ-ase fractionation, forced in response to re-equilibration of the

residual- Iiquid al- relatively 1ow pressures. Thls implies that magma

ascent froln the site of segregation vJas int'errupted at different' l-evels

to allow time for equilibration and fractionation of t'he mineral

assemblages appropriate to the particular condit-ioils. One of the halts
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duringascentmayhavebeenaLornearthebaseofthecrusttopermit
fractionation of amphibole or amphibole + plagi-oclase at the optimum

conditions of PTOT AL = l-10 kb' PH20 < PTOTAL and T > IOOOoC (Foden 
' 1g7g) '

presumably these minerals remained in the lower crust forming basic'

crystal cumulates, From thls leve1 the residual Iiquid moved upwards

possiblytoanear-surfacemagmachamberwherere-equilibrationand
fractionation of clinopyroxene and pJ'agioctase occurred' It was probably

from this level_ that the magma for the volcanic eruptions was tapped'

5.8 SUMMARY

The greenstone succession in the vicinity of the welcome i/'lell complex

can be assigned to a well-defined stratigraphy. Andesitic flows and

intercalated laharic deposits occur at the base of the succession and form

the true volcanic centre. They give way to thick deposits of volcaniclastic

Iithic wackes which grade both laterally and vertically into greywackes'

Fine shales, sonie distance from the vent zone, are intercalated witlt

pillowed tholeiiLic basalts, The succession can be satisfactorily

interpretedastheenodedremnantofastratovolcanoinwhj-chthe
subaerial, composite near vent facies is flanked by probable ring-plain

deposits which merge with subaqueous fluvial sediments distat to the vent'

Acomptetepetrographicgradationexistsfromporphyriticbasa].ts
through porphyritic andesites to porphyritic dacites; clinopyroxene and

plagioclase are the dominant phenocrysts while amphibole and magnetite

assume lesser lmporbance. The majoriby of the volcanic rocks were extruded

asf'Iowsandagglomeraticandbrecciatedflow-topzonesarereadil.y
recognisable.

Therocksshowgeneralcalc-alka].inepatternsofmajorandtrace
element behaviour consistent with fractionation of variable amounts of

olivine,clinopyroxene,amphibole,plagioclaseandTi-magnetitefrom
primil,ive parents. Among these minerals, amphibole appears to have assumed

a major role in producing the geochemical- characteristics of Lhe hieh-

sil-ica andesites, dacites and rhyolites, evidenced by the behaviour of Y'

MREE and HREE. A crystal- fractionation relationship for the majoriby of

samples is confirmed by modeJ-Iing calcufations which show that the trace

element abundances in the andesites and dacit'es cannot be satisfactorily

explained by partial- melti.ng of a basic crustal source approximating the

composition of an average Archaean t'holeiite'

Thegeochemicalfeaturesofthebasaftsandlow-silicaandesj.tes
indical,e that they differentiated from primif;ive basic parents which harJ
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a range of major element contents (particularly MgO and SiOr) and LIL

element contents. The most plausible origin for the primary magmas

involves shallow, hydrous melting of a LIL element-enriched mantLe source

over a significant pressure range (e.g. 10-20 kb). Some of the andesites

with relatively high MeO, Ni and Cr contents may have differentiated from

low-pressure primary magmas (with relatively high SiO, and low MgO) , while

other more evolved andesites may have been derived by extended differentiation

from higher MgO and lower SiO, parentsr generated at higher pressures.



Figure 6.14 Geology of the Spring Well cornplex, Spring Well area.
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CHAPTER 6

THE PETROGENESIS OF THE ARCHAEAN SPR ING !'IELL VOLCANIC COMPLEX

6.1 INTRODUCTTON

The Spring !üeII complex lies 320 km north of Kalgoorlie in the northern

portion of the Archaean Eastern Goldfields Province of I'l'4" It is

probably'one of the freshest and best-exposed acid volcanic centres in the

entire Yilgarn Block and in this respect is comparable with lhe Marda

complex (Hallberg, 9t 3f., 1976a).

The centre vüas first documented by Bunting and !Ùilllams (1976) who

assigned the acid volcanics to the Spring V{elI complex after Spring !'lell

which lay within the complex. Bunting and hlilliams (1976) considered the

spring !,1e11 complex was tra major felsic vofcanic centre comprising a thick

pile of coarse fragmental rocks with associated tuffs, lavas and intrusive

rocksr and further, ttthe coarser fragmentals contain angular bl-ocks up to

50 cm across of'quar'z and feldspar-phyric lava and crystal tuff.tr They

noted that the Sprlng Well compl-ex was calc-alkaline in character and

showed marked analogies with the I'lelcome !'lel-I complex (see chapter 5)

and the Marda complex (Hallberg, 9-f gf ., 1976a). These authors conc'luded

that lthe good exposure and lack of secondary alteration in the Spring

!,lell area makes this a highly suitabl-e area for further wot"k on the genesis

of Archaean felsic volcanic complexestr. Acting on this suggestion and the

recommendation of Mr. J. Bunting, the writer mapped the anea in detail in

l4ay 1977, confirming the general concfusions of Bunting and !,lil-l-iams (1976).

The resul-ts of a detailed study of this area are presented in the

remainder of this chaPter.

6.2 REGIONAL GEOLOGY

The Spring !¡ell compl-ex lies with the Yandal greenstone belt, one of

several branching segmenLs of the main Norseman-lliluna greenstone belt in

this area (Fie. 6.14). Each of the segments are separated by acid

plutonic rocks and have distinctive characteristics. The Yandal belt is

characterised by a lack of ultramafic rocks and clastic sediments, but

an abundance of basic (tholeiitic) volcanics and intrusives, and acid

volcanics. It is bounded to the east by a major fault and granite, and

to the west by gneisses of uncertaln relationship (Bunting and !'iilJ-iams,

1976). \l{ith the Yandal greenstone belt it is possible to recognise a

Iower, dominantly basic volcanic and dolerite sequence and an upper, acid

vofcanic sequence which includes the Spring Vlell complex' Bunting and

Wil}iams interpret the rocks in the Yandal greenstone belt as forming a



Fieure 6' 18 Geol0gy of the spring *elr complex, yandal area.
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simple r¡Iest-facing succession with basafts and dolerites grading up

through acid vol-canics to fine shales and cherts at the top, Lhe laLter

occurring in the vi-cinity of ockerburry HilI (Fie. 6'14)' A maior

faurt to the west of ockerburry HilI is thought to repeat the sequence

in the west.

The writer's mapping in the area favours an alternative interpretation

in which the acid vofcanics (ie' Spring !'lell complex) are containeci within

atight,north.plungingsynclineatthetopofthegreenstonesuccession
(Fls. 6.1 ). Several independent lines of evidence support this view:

1)Inthenorthofthemappedareaasmafl,Iayeredtholeiiticsillhas
beenfotdedintoatightsynclinewhichplungestothenorthaL
approximately 150 (Fig. 6.14). The mineralogical variation j-n the

basicsill,rangingfromapyroxenlteatthebasecontaining
poikilific pl-agioclase, to an ophitic dolerite at the top ' supports

this structural interPretatÍon'

2\ Sedimentary structures in finely-laminated waterlaj'n tuffs and air-

fa].Ituffsin]'owoutcrops2knLothesouthwestofthefoldedsi]I
giveadefiniteeastfacing,whilerepetilivegradinginacid
pyroclastics near Spring !,IeIl ylelds a west facing (trr:-s aspect

wiII be discussed in more detail }ater) '

3)Coincidentwil.hthesoutherlyprojec.tionoftheaxialplaneof
thesynclineinthefoldedsill,isazoneofmocleraLelywell
developed schistosity. Elsewhere within the rocks of the centt'e'

the schistosity is very wea'kly developed' if at all'

4)ThesequenceofcoarsepyroclasticsatMt.Doolettegreatly
resembles that exposed to the north and south of Spring 

"'lell-
(Fie. 6.14) perhaps suggesting a folded repetition, although this

evidence is admittedly tenuous when the complexity oi the volcanic

historY is considered'

The important observalion that the acid vofcanics are contained wlthin

the core of a syncline, implies that the spring lrlelJ- compl-ex must be boundeci

byolderrockstoLheeastandr,vest,assumingthatnomajorfaultsexist.
This is in accord with the acid vol-cani-cs ovenlying the easterly basal-t-

dolerite sequence as proposed by Buntlng and lnii-l-Iiams (1976) but conflicts

wifh their interpretation in whj-ch the bl-ack shafes at ockerburry Hill-

form the top of the vofcanic pile' CIearIy, on strucLural grounds, and in

the absence of any evidence for major faulting bettveen l''lt'' DooletLe and

Ocker.burry Hill, the b]-ack shales must underlie the acid vofcanics and

are therefore thought to be unnel-ated to the volcanism' In this connection

it may be significant that all rocks exposed betvreen Mt' Doole|te and
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Ockerbunry HiIl are exlremely schisbose perhaps indicating thab they may

have been deformed prior to eruption of the acid voicarlics' Alternatively'

thehighproportionoffinesedimentarycomponentmayhaverenderedLhese
rocks more susceptible to deformatlon than the relativel-y incompetent acid

volcanics,sothattheyhavedevelopedamorepronouncedschistosity.
Disbinction between these two alternatives is dlfficult owing to the

extremely poor outcrop in the cribical area between Mt' Doolette and

ockerburry HiII and the deep weathering suffered by those rocks that do

outcroP.

Anotherimportantimplicationarisingfromthefactthattheacid
volcanics are folded into a bight syncline is that the thickness of the

acid volcanic sequence j-s l-ikely to be considerably less than the 5-6 km

esbimated by Bunting and l¡liltiams (1g7ü. In the writerrs opinion the

totar thickness of the acid pile incl-uding intrusj-ves is probably between

1L Lo 2 km.

The vofcanics are truncated to the south by a smal-I tongue of granite

which probably extends from the lange mass bounding lhe eastern margin of

the Yandal greenstone belt. Beyond the granite is an area of poor outcrop'

but percusslon drilling has shown that ib is underlain by andesite

(Hattberg, pers: comm. ). The andesite in turn links with a series of acld

volcanicsandporphyriesfurthertothesouthwhicharepossiblyata
simil-ar stratigraphic leve] to the hJel come l'üell complex east of Leonora

(see chapter 5). In the northrthe acid vofcanics rapidly decrease in

abundance as they are replaced to a large extent by epiclastic sediments

and basic extrusive and intrusive rocks '

6.3 DETAIT,S OF THE VOLCANIC HISTORY

Aspectsofthedetai}edgeo}ogyoftheSpringllellcomp.]-exwilIbe
described below and photographs illustrating many of the features mentioned

aregiveninFigure6.2.TherocksintheSpringlliellcomplexare
divisible into two broad groups:

1)acidvolcanicsincludingcrystaltuffsandlithictuffs,and
Ð acid and intermediat,e inlrusives including non-porphyritic

microdiorites and porphyritic andesites, dacites and rhyolites'

Thegeologicalmapofthespring!,Iellcomplexshowsbhatintrusive
rocks comprise a signi-ficant part of the sequerìce (l'ig' 6' 1) ' They

originall-y invaded as sifIs, wedging the volcanic pile apart and adding

greatly to the apparent stratigraphic thickness. Locally, smafl plugs

and sj-nuous dykes are observed. contact metamorphlc effects ou 1"he acid
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volcanics and chilling of the intrusives near contacts is negligj-b1e'

suggesting the silts and dykes may have represented subvolcanic feeders

to flows no'w removed bY erosion.

The acid volcanics are mainly of pyroclastic origin and show a

considerable textural range including: coarse tuff breccias, lapilli

tuffs, crysbal tuffs and fine bedded tuffs. The coarsest pyroclastics.

are found in the outcrops in the vicinity of Spring I'iell while the finest

are found near Yandal Lagoon (Fig. 6.1). It is therefore inferred that

the volcanics near Spring V,ieI1 are closest lo the ancient vent and constitute

the rrcentrert of vol-canism in the Spring Well complex'

A particularly instructive succession is preserved on the hill

immediately to the north of Spring lrrell (Fie. 6.14). At the base of the

sequence are coarse, unsorted tuff breccias which contain angular,

accessory volcanic rock fragments in a glassy, moderately-welded matrix'

The blocks are qenerally less than 20 cm in diameter, although a few

scabtered blocks are up to 1. ! m long, indicating that the tuff breciias

must have been deposited in close proximity to a vent. The tuff breccias

grade up into tapilli tuffs which contain increasing proportions of

crystal tuff fragments and crystaÌs in the matrix, eventually merging into

a brecciatect crystal tuff with abundant compressed pumice fragments ' This

in turn merges with a homogeneous crystal tuff which is capped by fineJ-y-

bedded air-fa11 tuff, yielding a total thickness for the sequence of

approximately 100 m. Similar successions' although not so weII deveJ-oped,

are recognisabl-e along strike to the south and also on Mt' Doolette' To

explain the gradational nature of the sequence and the extremely lensojd

character of t.he individual units, it seems probable that deposition

occurred via a rlag-fal-Ln mechanism analogous to that. de-scribed by !'lright

and Ï¡,lal-ker (1977). Lag-fall- deposits form by collapse of a vertical

eruptive column in which the order of deposition in controlled by the

gravity stratification in the column. Consequently, the coarsest (and

heaviest) lithic fragments are deposited first (i'e', at the base) wiLh

the crystals laten and the fine ash last, at the top of the deposit'

Provided deposition is moderately rapi-d, sufficient heat may be retained

to cause welding. It is possible that much of the pyroclastic sequence

accumul_ated in this manner al-though some deposition may have been directry

from small nuõe ardente eruptions.

Massive quartz-plagioclase ponphyries outcrop prominently to the west

and south of spring !,1e11; the homogeneity of these rocks and lack of

diagnostic textures, often makes it difficutt to determine whether they

are intrusive or extrusive. In what may be considered to be a type area
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of the porphyry 500 m west of Spring lllelJ-, cl-ear fl-ow-banding is visible.

The flow-banding is generalì-y very reguì-ar and continuous, but at this

Iocality it has been contorted into flow folds. The contortion has

continued to the point that rupturing of the ftow folds has occurred

resulting in a flow breccia, which is very reminiscent of the flow breccias

commonly seen in rhyolitic lava flows. However, along strike to the south,

the porphyry shows vitroclastic textures in thin secLion and clear shard

outlines are visible on some weathered surfaces of outcrop. Thus the

outcrop to the west of SprÍng !,leII, showing lhe flow-folding could

represent a rheoignimbrite (Schmincke and Swanson, 1967 ) or an ignimbrite

that has flowed while in a pl-astic state subsequent to deposition. It is

therefore concluded fhat white a lava flow origin cannot be excluded in

aII cases, the bulk of the extrusive porphyries are probably crystal tuffs

of pyroclastic derivation.

V'lhat is considered to be true vent breccia has been recognised at

only one J.ocality, 2.2 km north-northwest of Spring WeIl-. The actual

breccia covers an elliptical area of approximatel-y 1500 m2 and consists of

a jumbled, unsorled and unstratified aggregate of angular, accidental

bl-ocks. .Most blocks are composed of rhyolite and there is little
interstitial mabrix of lapilli- or ash-size. The breccia clearly

truncates a layered sequence of lapilli tuffs which are striking roughly

north-south and part of the conLacL zone has itsel-f been invaded by

rhyolitic dykes and plugs (Fle. 6.3). Adjacent to the breccia are smalL

areas of bleached, sericiLized and silicified lapilli tuff quite unlike

any other rocks seen in the Spring !,lell complex. The localised alteration

could readily be explained by fluids emanating from the breccia pipe. In

the writerrs opinion the field evidence cited above strongly supports the

interpretation that this feature does represent a breccia pipe which has

been exposed as a resul-t of fortuitous erosion in this area. This being

the base, the breccia pipe described above gives a unique and valuable

insi.ght into the nature of the feeders which may have erupted much of the

volcanic pile maPPed in this area.

Albhough the intrusives lacing the vol-canic pite have been referred

to earlier, one body in particular, deserves special mention. It is a small

rhyolitic plug exposed on the east of the Mt. Doolette outcnop. This

body shows spectacular ffowage textures incl-uding: vertical- flow-banding'

flow-brecciation and a type of rodding. These textures clearly indicate

that the rhyoJ-ite inLruded as a vì-scous, sticky mass and it is conceivabl-e

fhat it may have been the root zone of a lava dome.



Figure 6.2. ec tographs and photomicrographs of rocks
ing I'1e11 complex.

Prominent fl-ow banding and flow folds in an ash-fIow tuffthat has moved subsequent to deposition. An ash-fLow originis supported by vitroclastic textures visible in thin section
and on some weathered surfaces

continued flowage has resuJted in disruption of the flow foldsto produce a flow brecci-a with diverse orientations of fÌow-
banding.

Lapilli-tuff, consisting of angular, accessory acid voLcanic
rock fragments set in a glassy, ash-size matrix.

Block of accessory rhyolite within a rapilri-tuff simil-ar tothat i]lustrated in C. The rocks in both C and D are
interpreted to represent near-vent lag-farl deposits, that
have retained sufficient heat to partially we1d.

Porphyritic crystal tuff (lower) intercalated with fine-grained
water-lain tuff (upper) in the distal regions of the Spring hrell
complex (Yandal area).

Crystal-vitric tuff, consisting of angular crystal chips of
plagioclase and quarLz (and some complete phenocrysts), set in
a shard-rich, glassy matrix. F.V. 6 mm.

I'lerded ash-flow tuff, composed of plagioclase phenocrysts and
glassy lithic fragments, set in a matrix of moderately compressed
glass shards. F.V. 6 mm.
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H hlelded, crystal-vitric ash-flow tuff. Many of the crystal-s are
chips or fragments of larger phenocrysts. The grass shards are
draped around the phenocrysts, indicating significant compaction
during welding. F.V. 6 mm.
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The discussion hitherto has concentrated on lhe well-exposed rocks

proximal to the eruptive centre. To the north, outcrop becomes sparse'

but what outcrops there are cl-earty indicate a fining of the pyrocfastics'

For example, in the outcrops near Yandal Lagoon (Flg' 6' 18) tuff breccias

are absent and the sequence consists of crystal tuffs, crysbal-Iithic

tuffs and vitric tuffs interbedded with fine sediments ' The sediments

and probably some of the Luffs were deposited under water in an environment

which was distal to the eruptj-ve centre. This interpretation assumes that

the rocks in the Yandal area are at the same stratigraphic level as those

near Spring !,ie11. If, however, the north-plunging syncllne can be projected

into the yandal area with no structunal dislocation, and this is not

enbirely certain clue to lack of outcrop, then the Yandal succession'

apart from demonstrating a lateraL finingr maY also j-ndicate a vertical

fining attributable to waning volcanj-sm as originally suggested by Bunting

and lrrilliams (1976) .

Also outcrdpping in the Yandal area are some curious rocks which

in the field superficially resembl-e intrusive quartz-feldspar porphyry'

Thin sections of rocks from lhese outcrops however, reveals that they are

in fact imma¡ure epiclastic sediments of arkosic composition. Again,

if the synclinal structure is projected into the Yandal area, bhese

deposibs would be the youngest in the succession in this region and may

represent coarse rnaterial shed from the volcanic centre during emergence'

It is likely that these arkoses may corretate with some fefdspatkric

sedimenLs noted by Bunting and !'lilliams (1976) further to the norl'h nean

the eastern margin of the Yandal belt and which were thought by them

to have probably been derived rtfrom erosion of penecontemporaneous felsic

volcanic rocksrr.

In surn-mary, the spring tr\Jel} cor,nplex, which is exposed in a tigttt

synclinal structure, represenls a well-preserved example of an Archaean

acid volcanic centre. The volcanic pile near Spring !'lell formed proximal

to the ancient vent(s) while Lhe sequence in the Yanda] area was clearly

deposited dlstal bo the vent. Textunal- preservation is excellent and as

a result it is possible to recognj-se wel-ded l-ibhic, crys'ual and vitric

tuffs, flow breccias and even vent breccia.s, suggesting bhat the vofcanic

processes operaiing then were pnobably little different to those observable

today,

6.4 PET}ìOGRAPHY

lnlithin the Sprirrg VIeII complex it is conr''enj-ent to make a broad

distinction between the exLrusive and intrusive rocks. Somel-imes Lhe
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division is not obvious even after caneful petrographic examination,

however in the folJ-owing discussion attention will be focussed on the

typical members of each group. Brief petrographlc descriptions of a

representative collection of samples, including those analysed' are given

in Table 46.1, Appendix 1. Photomicrographs illustrating some of the

petrographic features described below, are presentecl in Figures 6'4 and

6.5.

6.4 .1 Extrusive rocks

Among the acid vofcanics it is possj-ble to recognise two extremes:

crystal tuffs containing up to 40% by volume of crystals, and lithic

tuffs with up Lo 50% by volume of lithic fraglnents. These represent the

end-members of a continuous series which includes abundant crystal-lithic

buffs intermediate between these two extremes. In places, for example

near spring tr^le]t, a complete gradation is recognisable j-n what are

interpreted to úe possible lag-fall deposits (see discussion earlj-er) '

The crystal tuffs range from porphyritic dacites to porphyritic

rhyol-ites. They usually contain anhedral-, embayed phenocrysts of quarLz

and euhedral plagiocfase in a felsic matrix which shows variable

recrystallisation. The dacites are characterised by a higher proportion

of plagiocl-ase phenocrysts relative to quarLz phenocrysts than the rhyolites

and sometj-mes contain rare amphibole or clinopyroxene phenocrysts. Despite

careful- search no extrusive andesites were found'

Where the field refationships are not diagnostic, the pyroclastic

character of many of the porphyries is inferred from indirect criteria

such as abundant crystat rrchipsl' and re]-ic vitroclastic textures' It is

Iikely that some of the porphyries that superficially resemble crystal

tuffs are of l-ava ffow rather than pyroclastic origin. fn thin section

the flow rocks are characterised by pseudo-piJ-otaxitic textures, consisting

of numerous oriented pJ-agiocfase microlites scattered between the

phenocrysts a]though it is notable that some intrusive porphyries show

simil-ar textures.

The liLhic tuffs contain scattered.crystal chips and abundant angular,

accessory rock fragments that have been torn from the pre-existing acid

vofcanic pile. The vol-canic flragments ane of block, Iapilli and ash-size

and include ponphyritic, non-porphyribic and vesicular rhyolites and

dacites and numerous types of ignimbrites with glassy textures; exotic

fragments are exceedingly rare. Some of the fragments possess a lighter-

coloured rim, possibly as a result of reaction due- to incorporation in a



FiEures 6.4 and 6.5 (combined ). Photomicrographs of sel_ected thin
sections.
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subophitic to intersertar texture in a mi_crodiorite dyke. ThetabuLar pÌagioclase laths are intergrovrn with chroritizedclinopyroxene and pools of interstitj_al materi_al (after gl_ass).F'v. 7 nn.

Porphyrltic andesite (dyke), consisting of phenocrysts of euhedrar,zoned clinopyroxene and taburar, sericitizeà plagiocr_ase in amicrocrystalline matrix. F.V. 5 mm.

Detail of a euhedrar, embayed and_zoned crinopyroxene phenocrystin a porphyritic andesi_te dyke. F.V. 3 mm.

Tabular plagioclase rath in a pirotaxitic matrix composed offl-ow-oriented pJ-agioclase nicròrites. sample is from a dacitethat is interpreted to be of 1ava_flow ori_!i_n. F.V. 4 mm.

Porphyritic dacite, consj.sting of phenocrysts of twinnedplagiocJ-ase and rarer anhedral quarLz in a microcrystallinefelsic matrix. F.V. 6.5 mm.

Glomeroporphyritic aggregate of pragiocrase phenocrysts ina dacite. F.V. 6.5 mm.

Rhyolitic ash-frow tuff showing a variety of forms of quartz,ranging from a large fractured and partiálly_embayeO
phenocryst (centre) to complete, anhedral phuno""y"ts andsmall crystal chips, fragmented from larger phenocrysts.F.v. 7 mm.

An embayed quartz phenocryst in a rhyolitic ash-flow tuff.F.V. 4 mm.
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cold state (aIso observed by Bunting and hlil-liams, 1976). The fragments

are invariably contained within a glassy matnix in which viLroclastic
textures are commonly weIJ- preserved, clearly attesting to a pyroclastic

origin. Dark glassy patches, almost certainly af'ter compressed pumice,

are also evident in some of the tuffs.

Fine, bedded tuffs and vitric tuffs are found in the more distal
regions of the volcanic piJ-e and are usual-ly intercalated with fine,
waterlain sediments. Unfortunately, most of these rocks are homogeneous

microgranular feÌsic mosaics containing no diagnostic textures so it can

only be inferred from their field relationships that they were most

probably deposited under water.

6.4.2 Intrusive rocks

The intrusive rocks show a wider compositional range than the

volcanics (from,andesite to rhyoJ-ite) in addition to great variations in
form and texture. Sills and dykes of medium-grained microdiorite to
microgranodiorite are most abundant; they consist of even-grained

aggregates of plagioclase, cJ-inopyroxene and magnetite with interstitial
feldspar and quartz. Occasional-ly, they merge into, or are cut by

porphyritic andesites and dacites which contain phenocrysts of clinopyroxene'

plagioclase and magnetite within a fj-ne, microcrystal.line felsic matrix.

Qne particul-ar inLrusive porphyritic andesite was observed to contain

zoned phenocrysts of pj-agiocl.ase and cJ-inopyroxene in a microcrystalline
mat,rix composed of plagioclase microlites, acicular amphibol-e and quarlz,

and nobably, it greatly resembled porphyritic andesite favas from the

I'lel-come l¡lell- compl-ex. For convenience of reference aJf of the intermediate

intrusive rocks will be referred to as andesi-t.es in the following discussj.on.

The porphyrilic dacites and rhyolites contain phenocrysts of ernbayed

quarLz and euhedral plagiocfase in a finely-crystal-line and sometimes

microlitic groundmass, which is generalJ-y coarser-grained and more

crystalline than that of their volcanic equivalents.

Other intrusive rocks of importance include the granodiorite body

truncating bhe Spring !'leIl compl-ex to the south. This body is a medium- to

coarse-grained granodiori-te containing tabular plagioclase interfocking
Wi.th granular quartz, scattered clinopyroxene and myrmekitic quarLz-

ptagioclase intergrowths. The minor basic intrusive bodies ane usually

doleritic, with subophitic textures, or gabbroic in which case they

commonly contain cumulate cJ-inopyroxene. The folded basic sill mentioned

previously is clearly layered and contains a pyroxenitic lower zone merging

into a doleritic upper zone.



F

MA

Figqre 6.6 AFM piot for rocks fro¡n the spring well conplex. The solid line
separates the tholeiitic and calc-atkarine fields. The dashedline is the trend defined by the carc-alkaline cascades lavas
(after carnichael,- 1964). The dotted line encloses the field
of samples fro¡n the Welcome Well complex.
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Atteration of the extrusive and intrusive rocks is pervasive but

sefdom severe. For example, the phenocrysts of ptagioclase invariably

show some sericltization while clinopyroxene is often partially converted

to amphibole and/or chlorite, and magnetite typically shows incipient

development of feucoxene. chlorite and epidote are ubiquitous in the

matrix and have probably crystallised under the low regional grade of

metamorphism.Allofthealterationeffectsoccuronthescaleof
indÍvidual- mineral-s and evidence for large-scale metasomatism (e'g'

silicification, sericitizaLton, albitization and carbonation) is absent'

consequently, by careful petrographic examination, it has been possible

to select a representative suite of samples which show a complete range

of textures and compositi-ons, yet minimal afteration'

6.5 GEOCHEMIS TRY

Major and trace element data for a variety of rocks from the spring

!,lelt compl-ex is'given in Table A6.2. This data reveal's that there is a

small compositional hia.tus between the andesite-dacite and dacite-rhyolite

fietds, assuming the boundaries are placed aL 62% SiO, and 79"[ Sior'

respectively. A similar paucity of dacites in the 66-70% SiO, range has

been noted in the Marda complex by Ha1lberg, e! ¿-1. (1976) who thought

rrit may reflect a sampling bias due to the poor outcrop rather than an

inherenl geochemical discontinuity'r. In the present case the hiatus is

not considered to be due to sampling, because careful search vlas made fon

rocks of this composition; it is therefore believed to be a real

geochemical discontinuity which must be expJ-ained in any petnogenetic

models.

It is also important to note that the extrusive rocks are confined

to the dacite and rhyolite fields, while the intrusive rocks span aJ-I

fields.l,ow-si]-icaintermediabeintrusiverocksarerareandare
represented by only two samples (s4, s19), while basic intrusive rocks

of similar geochemical affinities are absent, In the following discussion

the geochemical data presenl-ed in Table 46.2 is examined with the aid of

variation diagrams, and where appropriate bhe possible interpretations

that may be pJ-aced on the data ane considered'

6.5 1 Ma.jor elements

Plotting all of the samples from the spring lÙell complex on an AFM

diagram delineates a cl-ear cafc-afkaline trend, which overlaps that defined

by samples from the welcome inlell compJ-ex (Fig. 6.6). This is consistent

wj-th the general calc-al-kaline trends shou¡n by the major efements when



Aoa
a o

o

a

o

a
o

o
o3o

ot
g

o

Fisure 6.7 Major ere¡nent variation diagrans for rocks frorn the spring werl
complex. o extrusive rocr¡s a intrusive rocks. The soridlines enclose the fierd of cainozoic carc-arkarine vorcanics

r0
16

14

I
(Y)o(\¡

*rz
o6
o(J
s4

2

1

10

0

r.5

r'0
GIo

t-
o

ã-
0.5

0

0.6

0.4
t.c,ofl
o

ã-
0.2

055 65 75 85 55
%Si02

0.6

a
,t1-o>

o
cn

õs

8

6

4

2

0

6

4

2

0

6

45

65 75

%Si02

0'8

%Ti02

85

lr)o
ñ

4

2

0

osz
ð!

0.4

0.2

0 123

E

a

a

o

O
oo oa

o o
bþ

a a o
o

tN

ao

a B

a
a

o

O a
e

o

O o
at o_

o o

o
o
o

oa

F
o

o

o
a a

\o
E%

o

%1. 3

oo

c

¡a

oo

a

o
oos

o

o

9oo

o
G

a
o o

o
oo

a
o o

o o

oo D

o

s
o

o

o

o

o

oo oc

o
o

o
o 

8$oo

o

o

o
oo

o
g

H

o

o
ooo

ohK2A

le

0
0 0.1 1.2 r.6



150.

plotted against.sio2 (Fis. 6.7). For example, the inverse correfations

of Arror, Ferort, uã0, cao' Tio2 and Prou with sio, closery paraller the

trends shown by cainozoic calc-alkaline volcanics. However, while the

absolute contents of Mgo, cao and Naao are comparable with*the cainozoic

volcanics, 41203 and Kro are significantly lower and Feror"r Tio, and

P,OU are higher in the Spring !'iell rocks '

An examination of the variation diagrams for the individual major

elements reveals a number of addifional points:

1) The marked decrease in Alrorr particularly at hieh siot levels'

probabJ-y reflects extensive plagioclase involvement either as a

residual or a fractionating mineral'

2l The inverse correlation of Feroru and Tio, with sio, could be due

to combined control by mafic minerals (at lower Si02) and oxide

minerals (at higher SiOt). The moderately good correlation of

FerOat with Tj-O, (Fi-g. 6.BH) confirms that the same mineral(s)

is probably controlling both elements'

3) The uniform decrease in PrO, aL hish Si-O, levels is probably a

result of control by apatite as a fractionating rather lhan a

residual mineral. The trend cannot be projected to lower Sio,

levels, vühere the considerable scatter may be indicative of some

primary source control. For example, the low-silica andesites

(S19and34)havequitedifferentP,oucontents(.41%P,OuinS19
and .ZA% PZOS in 54) yet other major elements are very similar'

This poínt is demonstrated by the PrO, vs Tio, llot (Fig. 6'7H) 
'

where at high sj-O, Ievels a typical cafc-aLkallne trend of decreasíng

Prou with Tio, is observed (Anderson and Gottfried, 1971), while at

Iower SiOt levels the scatter obscures any trends'

4) The considerable scatter on the KrO and Nato vs Sio, llots is probably

largely due to the effects of al-teration on KrO and Naro' Despite the

scatter, it is significant that for the majority of samples Naro

exceeds KrO (Fig. 6.7D), a point which is consistent with the

abnormally ror Kro contents of the !'leebo rocks i-n comparison with

tYPical cafc-al'kaline series'

5) on all of the plots the acid intrusive and extrusive rocks show

considerable overlap, thus supporting a genetic reJ-ationship'

6) Despite the smal]- compositional gaps, most of the major element

trends are quite uniform, parti-cularly at high silica levels.

6,5.2 Trace elements

A. Ni, cr

The amount of information that can be gained from the Nl and cr data
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is limited to some extent by the very low Ni and Cr contents of the dacites

and rhyolites (Table A6.2). The andesites have relatively high Ni and Cr

contents in comparison with circumpacific andesibes of similar Siot content

and this could reflect upon the source, or alternatively, on the

crystatlisation historY.

Sc, V (and TiOr, FerO
t

B.

The plots of TiO, and Sc vs FerOa
t (fiu". 6.BG and H) show a moderately

good correl-ation of aII elements and the trends are coincident with those

noted for the !,leLcome i^lell complex. By analogy with the Welcome !'leII samples'

titanium-rich magnetj-te probably exerted the chief control on these efements

in the rhyolites and dacites, but in the andesites the controls on these

elemenLs $rere more complex. t?" example, 54 and s19 (the two low-silica

andesites), have similar FerOat and Sc contents, Vet 519 contains signifì-cantly

higher TiO, and V.

analogous MgO, Si02'

Similarly S44 and 591 (high-silica andesites) have

FerOrt and V contents but differing levels of TiO, and

Sc (Table A6,2). These differences cannot be readily explained by

fractionation of magnetite or maflc minerals in a simple differentiation

series.

zr increases progressiveJ.y from andesite through dacite to rhyol-ite

up to 73-74% SiOz, at which point it begins to drop, although the scatterr

in the data introduces some ambiguity in the interpretation (Fig' 6'BA) '

This behaviour coufd be expJ-ained by the onset of zircon fractionation af

approximaLely 73% Sio, which woul-d be expected to rapidly deplete the melt

in zr, following an initial peniod of residual' concentration' An

explanation in terms of a partial melting model would be more difficult'

Nb shows a small- increase with risins sio, at lower silica levels'

but the trend flattens out in the rhyolite field {Fig. 6.BB). This could

ref]-ectnegligiblecontrolonNbintheearlystagesofcrystal
fractionatlon but some control in the lalter stages or arternabively it

maybeproducedbyvariablecontrolduringpartialmelting.

Y decreases with increasing Si-O, in the rhyou-tes possibly as a

resu]t of fractionation of accessory minerals such as zircon, apatite or

sphene (Fig. 6.BC). The behaviour of Y in the andesites and dacites is

rather more complex since the low-silica andesites (S19 and 54) have

higher Y contents than the high-silica andesites (S44 and 591 ) and some

dacites (560 and S42). Other dacites (e'g'51 and S141) have levels of

Y comparable to those in the rhyolites (i'e' 40-50"ppm)'



Figure 6.9
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The behaviour of Y and also that of Sc, v and Ti discussed earlier'

points to complexities in the origins of the intermediate rocks that may

be related to differing crystallisation histories and/or variations in the

parentalmagmas.Similarconcfusionscanbedrav¡nfromtheCevsSiO,
relationship (Fig. 6.BD), where, within the andesite, dacite and rhyolite

fieldsrespectively,slgnificantvariationsoccurintheobservedCe
contents. To investigate this aspect further, compl'ete REE determinations

were made for five representative samples from the Spring !'lell complex'

D Rare earth elements

chondrite normalised REE plots for the two low-silica andesite dykes

(s1g and s4) are given in Figure 6.!A (data in Table A6'3, Appendix 1)r and

although the major elements of the two rocks are very comparable their REE

patterns are quite different and actually cross. 54 (57"/" Si02, 4% MeO)

has a moderately fractionated REE pattern with La/lb = 6' Various feal-ures'

inctuding the LalYb, HREE content (13x chondnite), LREE content (50x

chondrite) and the shape of the pattern are very anal-ogous to the basalts

and andesites with ress-fractionated REE patterns from the lrlelcome Well

complex (Fig. 5.118, chapter 5). s19 (55"/" Sio2,5'3% MgO)' on the other

hand,hasamorefractionatedREEpatternwithLa/\b=14.Ïthasa
similar La/Íb, HREE content (8.:x chondrite) and LREE content (76x chondnite)

to the !,lelcome lrlell complex samples wibh more fraclj-onated REE patterns

(Fig.5.1iA), although the shape of the pattern does differ slightly' It

is notable that bhe differing LREE contents of the two samples are also

reflected in their nespectiv. PzO5 contents (s19-O,t+l% Pzo5, 55 ppm ce'

compared with S4-O ,ze% Pzos, 37 ppm Ce), such that L;ne P,o,/Ce value remains

approximately constant (PrOU/Ce = 745 in S19 c'f' ?56 in 54)'

Major el-ement modelling, usi-ng reasonabfe mineral compositions' reveals

that 54 coufd be derived from S19 by fractionation of 10% clinopyroxene'

11.5%pJ.agiocl-ase,4.7%anphibo].eand1.4%Ti-nagnetite(Table6.1).4]]-
of these minerals have REE mineral/melt distribution coefficients less

than one when in equil-ibrium wiLh an intermediate melt and lherefore their

removalfromaparentv¡iththecompositionofslgwouldresultina
proportiona]-increaseina]-IREE,whichisclearfyinconsistentwithbhe
cross-over refal,ionship noted with s4 (Fie. 6.94). Thus it is concluded

that 54 and S19 cannot be refated by simpl-e fractional crystall-isation'

Possibl-e reasons for the differences in the REE patterns will be considered

later in the discussion on the petrogenesis of these rocks '

chondrite normafised patterns are also presented for a ciacite (s141 )

and two rhyolites (S4B and S70) in Figure 6''10' The dacjte (5'14'1 ' 65'6%

Sio2) has LalYb = B which is slightly greater than t,hat of 54 1¡u7y5 = 6)



TABLE 6.1.

PARENT

sLg s4
amph. cpx.
.ryW

MINERALS
plag. mag.
An54 76/ 18

10.0 1 .5

26.4 4.4

28.4 5.4

32.1 6.0

80/ 14

22

24.5

29.6

4.2

5.6

6.3

s4 s14'l

DAUGHTER

S4B S7O

32.4

28

summary of r-east squares moderring car-cur-ations designed toinvestigate possibre paths of crystar- fractionåtio. in rocksfrom the Spring lrrtelJ_ complex.

It

tf

tt

*

6.6

17 .1

29.8

26.4

13.4

30. 4

25.8

7.7

12.9

4.2

8.5

7.2

4.5

1.2

apatite

0 .44

0.75

O. BB

O. BB

0. 40

0.57

0.57

75

ta'
0.123

0.002

0.020

0.008

40

lÉ

tß

It

54 0.000 1

0. 0029

3T 0.0536

43

Notes: 1. crinopyroxene and amphibole compositions taken from electronmicroprobe anaryses of phenocrysts in the Archaean calc_alka]inevolcanic rocks (see Table A 5.5, Appendix 1 ). The particul_arcompositions chosen vùere considereã- most appropriate to thefractionation schemes tested.

2. Plagioclase and apatite compositions after lrrright (1gT4).

3. Magnetite compositions as indicated, excepting for 519 + S141which used Z4% FeOu and ZO.5% TiO2.

4. All weight fractions expressed as percenbages.



TABLE 6.2. Cal-cula ted trace element abundances

Rock S19 S48
oarent obs.

Ce 65 134.7

Nd 46.6 69.7

SE 31. 1 39.6

Eu 21 .8 22.1

cd 20.8 31.3

Dy 12.5 19,?

Er 9.85 18.0

Ib 8.29 18.2

Sr 378 94

Zr L 161 199

Nbi 9.8 13

Tb 31 45

Yi 31 45

s48 S48

çg!g,1 calc.2
131 '145.4

77 .7 e7.6

45.7 54.3

30.9 42.2

29.7 36.7

18.1 22.0

16.2 19.5

15.5 18.3

228

238

14

45

18

ons and

s70 s70 s70
gþ. calc.1 cæ
56.4 78.4 63.6

í',t .7 50.8 20.7

31.0 31.1 9.15

35.0 18.8 3.83

s4
oarent

44.7

33.3

23.9

18. 5

22.3

15.4

14.0

13.0

202

149

7.7

31

31

s141
obs.

69.6

5'l

33 .8

20.5

27.4

19.2

17 .2

15.8

129

233

10.6

43

s14 r

c4.
64.2

43.9

28.7

19.2

25.6

18.0

16.6

15.8

144

207

10.4

42

69.7

39.6

22.1

31 .3

19.2

18.0

18.2

mineral

s48
calc,

72.1

46.6

28.3

18.3

of staLlisa tion obtalned from or element

Distribution coefficients used

E4!Þ -9!å' Plag' mae' aPatite

0.20(0.094) 0.15(0.077) 0.12(0.023) 0 l8

0.33(0.16) 0.31(0.17) 0.081(0'023) O 27't+

0.52rc.24:' 0.5(0.26) 0.067(0.024) 0 29'3

0.59(0.26) 0.51(0.27) 0.34(0.055) 0 20'5

0.63(0.28) 0.61(0.32) 0.063(0.017) 0 27'2

0.64(0.31) 0.68(O'5) 0.055(0.01) o 25'6

0.55(0.24) 0.65(0.46) 0.063(0.01) 0 20'o

0.49(0.23) 0.62(0.43) 0.067(0.006) 0 13' 1

0.46 0.12 3.0 0 0

1.4 0.25 o.o3o.2 o

1.3 0.3 0.025 1 0

1.0 0.5 0.030.2 13'1

2,5 1-5 0'06 o'5 20

s48
obs.

135

24.5

17.8

16.6

16. 1

29,6

14.5

11.3
't0.1

27 .O

19 .9

18.5

18.0

4.83

2.54

2.70

4.10

43 28

Notes: 1 AlloftheREEabundancesquotedarechondritenorrqalised.
REE distributlon coefficients used for s19+s4g carc.1 and calc.2 are the unbracketted and bracketted values' respectively'

reported ln this tabre and correspond rriti ti," average and 1ow varues quoted by ArLh (1976) for basaltic and andesitic rocks'

REE dLstribution coefficlents used for s4 + s141, s48 and S?0 (carc.'l) are the higþ values quoted by Arth (1976) for

basaltic and andesiti".o"X" and are given in Table 5.2C (in brackets)'

REE distribution coefficients for s4 + s7o carc.2 utilize the values for dacitic rocks reported by Arth (1976)' and are given

ln lable 5.2C (unbracketted values)'

The Zr, Nb and y clistribution coefficients are after pearce and Norry (1979). The subscripts i and b refer to calcuratlons

which use values reported by these authors for interrnediate and basic rocks, respectively'

2

3

4

5



Fi e 6.10 Observed and carcurated REE distributions in rocks from the
Spring Well conplex.
A. Modet for s141 (dashed rine) calculated assuming derivation

by fractional crystallisation fron 54.

À. solid triangres define the calculated REE pattern for s4g,
assurning derivation by fractionar crystallisation from s4.
Open and solid diamonds define the carculated REE patterns
for s48, assuming derivation by fractional crystartisation
from s19 and using different sets of Kds (see Tabl e 6.2) .

The stipple in A and B encornpasses the fierd of dacites
and rhyolites, respectively, fron the Marda conplex (after
Taylor and Hallberg, 1977).
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but significantly less than that of S19 (LalYb = 14). Major elemenb

modelling shows that it woul-d be possible to derive 5141 from either an

54 or 519 Lype parent by fractionating the appropriate proportions of

clinopyroxene, plagioclase, arnphibole and Ti-magnetite (Tab]e 6. 1 )'

Modelling of the REE using the calculated mineral- proportions and

appropriate distribution coefficients reveals that while 54 is a probable

parent to 5141, S19 is hi-ghly improbable (Fig. 6'104, Table 6'2\' The

important point to note is that the geochemical data is consistent with

the dacite (s14.1 ) being derived from the andesite (s4) by simple crystar

fractionatlon. The negalive Eu anomaly in the dacile may therefore be

a direct resuft of the significant amounts of plagioclase fractionation

involved. This conclusion is also supported by the Sr, Zr, Nb and Y dala'

which shows a cl0se match between Observed and calculated values for s141

(Table 6.2) .

S4B is a rhyolitic crystal tuff (75% SiO2) with a high LREE content

and a marked negative Eu anomaly. It has La/Yb = 15 which is comparable

with that of S19 (Lalyb = 14) but this tends to camouftage the differing

shapes of the two REE patterns (Fig. 6.98), which are more accurately

compared via the LalSm and Sm/Yb ratios. (e.g. S4B has LalSm = /'4 and

Sm/Yb = 2.0 while S19 has LalSm = 3.4 and Sm/Yb = 3'5) ' 0n the basis of

major element modelling (Table 6.1), either an S19 or 54 type parent woul'd

be permissabfe. Modelling of the REE using the relevant mineral proportions

eliminates 54 as a parent, but indicates that wibhin the limits of the

uncertainties in the distribution coefficients, s4B could be derived from

a parent with the composition of S19 (Fig' 6'108, Tab]e 6'2)'

Further information on the REE characteristics of rocks from the

spring well complex can be gained by plotting chondrite normalized ce'

Nd, zr, Nb, Y and Ti determined by XRF. This approach uses the fa'ct that

Y and zr can give an indication of the HREE and MREE respectively (Sun,

g! g1., 1g7g). Applying this 1n the case of the two high-silica andesite

dykes (S44 and S91) suggests that s44 $9.7% Sio2, +.26% MeO) is markedlv

depl-eted in REE compared with the l-ow-silica andesites (5'l! and 54)r while

S91 $g .6% SiO2 , + . ¿+:7" Mgo ) is enriched , despite their comparable SiO' ,

MgO and Ni contents (Fig. 6.114). These differences are analogous to

those noted between the two l-ow-sil-ica andesite dykes (Fig. 6.94), which

also have similar major element geochemistry, It' is therefore likely

that the marked differ:ences in REE (and Prou and Tior) bel,ween S44 and S91

relate to the same ultimate causes as in the case of the two l0w-sil ica

andesites (i.e., S19 and 54).



Figure 6.11
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chondrite-normarized ce-Nd-Zr-Nb-y-Ti plot for selected rocks
from the Spring Well conplex., The SiO, contents are given
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beneath the Spring Well conplex.
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The dacites show comparable Ce-Nd-Zr-Nb-Y-Ti variations to the

andesites (Fig. 6.118). For exampl-e, 560 has significantly lower LREE

than S42, despite the fact bhat both samples have a.nalogous major el-ement

geochemist.ry, excepting for PrO, which varies sympathet'ically with the

LREE. Similar comments apply to the other two dacites (S1 and 365) and

to the rhyolites which have also been plotted. This leads to the

important conclusion that the andesites and dacites, and to a lesser

extent, the rhyolites, cannot be readily related by crystal fractionation

within Lheir own composi-tional fields. However, considered as a group'

the dacites and rhyolites show a similar wide range in REE (and Zr, Nb,

T, TlO2 and prOU) to the andesites. The significance of these observations

wiII be considered in the discussion on the petrogenesis which follows.

6.6 PETROGENESTS

At this point three fundamental questions relatlng to the orlgin of

the rocks comprfsing the Spring lr/ell complex remain unanswered:

1 ) The genetic relationship (if any) between the intrusive and

extrusive rocks.

2) The genetic relati-onship (if any) between the andesitesr dacites

and rhyolites.
3) The ultimate onigin of the magma or magmas.

Each of these questions will be considered below in the light of the

available fieId, peLrographic and geochemical evidence.

In relation to the first question, it is betieved thaf the cfose

spatial association of the intrusive and extrusive rocks in the field and

their petrological similarity' are of particular significance. This

evidence, combj-ned with the observation that on most of the geochemical

variation diagrams Lhe acid intrusive and extnusive rocks overlap, strongly

suggests that both groups of rocks are genetically related or are comagmatic.

The relationship between the acid and intermediate rocks is not so

clear, however. There appear to be two main possibilities: either the

acid magmas have differentiated flrom intermediate parents, implying a

calc-alkaline differentiation series, or the acid and intermediate magmas

have separate, anatectic origins. The latter alternative has been advocated

by Taylor and Hallberg (1977 ) to explain the origin of the acid and

intermediate volcanics comprising the Marda complex, which in many ways

is anal-ogous to the Spring l{e}J- complex. Taylor and Hal-lberg noted that

the nchemical compositions and field refationships alike suggest a

continuum and hence a genetic reJ-ationship. This important observation

suggests that both the ignimbrites and the andesites and dacites share a



TABLE 6. 3. Results of ]east squares modelling cal-cul-ations for 519, 54, 59'1, 5141 and S4B in terms of likely residu.al
minerals and a hypothetical crustal source with the compositi-on of Hal]berg and l,Iil-liamrs (1gT2) average
Eastern Goldfields Archaean tholeiite.

Rock

si02
A1^Ð^¿"3
Feot

MnO

Mgo

CaO

s1g
product

55.61

15.68

9.04

0. 16

5.31

9.07

0. 666

0.062

0. 13

0.111

0.034

source

0. 053

.Na 20'

crustal
source
obs.

52.31

15. 0g

10.71

6. 83

11.01

2.75

0. 18

0.98

0.12

crustal
source
calc.

52.30

15.09

10 .71

6. B0

11.05

1.20

S4
prãõct

5T .45

15. B0

8. 9:
0. 13

4. 10

7 .10

4.03

0.gi
1.27

0. 28

'100 . 0

crustal-
source
cal-c.

52.31

15.09

10.71

6.84

11.00

0.91

crustal
source
calc.

52.31

15.09

10.7 1

6. 83

11.01

0.99

Mineral.
proportion

s 141
product

66.50

14.59

5.97

0. 10

1 .83

2.48

6.24

1.27

0. B4

0. 18

100.0

crustal
source
galc.

52.31

15.O9

10 .71

59 .88

15.54

5.74

0.08

4.45

T .21

3.39

2.14

1 .00

0.57

100.0

!'lt.

6.83

11.01

s14 1 0.305

0.129 0.18

0.244 0.35

0 .266 0. 38

0.067 0.095

= source

0.0003

1 .00

!ìlt. Mineral-_-fraction prooortion

crustal
S4B source

product calc.

75.33 52.31

12.99 15 . 09

2.46 10 .71

0. 05

0 .71 6.83

2.75 11.01

3.67

1.76

0.23 0.94

0.04

i00.0
l{t. Mineral
fraction proportior

NarO 2,39

KzO 0.78

Ti02 1.55

PrO5 0.41

Total 100.0 100.0

hrt.
Component Faction

Mineral
îñpffii-on

I,üt. Mineral
Gction õTõõõTTion fraction

s19

amph.

cpx.

plag.

mag.

)
TR.

Notes: 1

2

s4 0.524 59 1 0 .484
0.18 0.087 0.18 0.093 O.1B

0.39 0.19 0.39 0.185 0.35
0.33 0.165 0.34 o.1g 0.36
0.10 0.041 0.085 0.064 0.12

= SOUfCe = SOUTCe

0.0052 0.000 1

K20, I',1n0 and PrO, excluded from modelling cal_cul_ations.

s B 0.254

0.207

0.197 .

0.27

0.075

= source

0.002

0.28

0.26

0.36

0.10

Mineral compositions used are those reported in Table 5.3 and similar comments apply.
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common origin" (p. 1127). They considered that the |tgenetic rel-ationshi-ptl

involved partial melting of different level-s of the crust rather than

crystal fractionation. It was reasoned that the andesitic magma t/{as

derived by partial melting of a mafic source at the base of the crust while

the acid magma was produced by progressively lower degrees of melting at

higher levels j-n the crust. There is a marked analogy in the geochemistry

of rocks from the Marda complex and bhe Spring lliell complex, demonstrated

for example by the REE (Figs. 6.9 and 6.10), and thus it is evident that

this model needs to be tested for the case of the Spring V,letl complex.

The geochemistry of the rocks within each of the compositional groups

(i.e., andesite, dacite, rhyolite), while very similar j-n terms of most

major elements, show significant differences in certain trace element contents

(e.g. REE, Zr, Y, Sc and V and also Tio, and Prou). For example' the

differences in the REE patterns of the two low-silica andesite dykes (54

and s19) have been previously pointed out. It was shown by major element

and REE modelling that the two rocks could nol be related by simple

fractional crystallisation. Implicit in this finding is the fact that

they are also unlikely to have been derived by differing degrees of partial-

melting of the same source. The similar major element geochemistry of 54

and S19 precludes large variations in the degree of melting, necessary if

the significant differences in the REE (and PrOr, TLOZ and V contents) are

to be explained. This objection can be negated to some extent by assuming

a heterogeneous source, but the source in this case would have to show

exLreme (and variable) helerogeneity if it were to be able to expJ-ain

similar, but more pronounced REE differences in the high-silica andesites

(e.g.S44 and S91) and dacites (e.g.560 and S42). In the case of the

high-silica andesites and dacites (and rhyolites) the analogous major

element contents of the rocks would place even more restrictions on the

extent to which the degree of partial melting couJ-d vary. Thus, on these

grounds it is questioned whethen in fact variations in the degree of

partiat melting could alone account for the range in REE and other trace

element contents within the andesite, dacite and rhyolite fields.

Another important consideration is whether the geochemistry of the

low-silica andesite dykes (S4 and S19) is consi-stent with a mafic crustal

source as proposed by Taylor and Hallberg (1977). To test this proposition

a mafic crustal source, having the composition of Hatlberg and l'iil-Ii-amrs

(1972) average Archaean tholeiite with a flat 1Ox chondrite REE conLent

(Condie, 1976; Sun and Nesbitt, 1978; Stolz, 1980), was assumed' It is
possible to sat.isfactorily model- the major elements of 54 and S19 from this

source, assuming the residue is composed of clinopyroxener amphibole,



TABLE 6.4

crustal-
source s1g s1g

obs. calc.

Calculated trace element abundances in S19, 54, S91, 5141
and S4B assuming a basic crustal source and using mineral
proportions and degree of melting obtained from major
element modelllng calculations reported in Table 6.3

Zr

Nb

Y

Ce

Sm

Yb

Sr

Sc

V

Cr

Ni

61

a)

20

8

1.9

2.1

105

40

320

367

170

161

9.8
3'r

53

6.0

1.72

378

26

158

217

96

B5

4.3

25

11.3

2.5

2.7

116

21

B5

49

77

S4

obs

149

7.7
31

36

4.6

2.7

202

26

187

19

47

S4

. calc.
103

5.1

28

13. 6

2.8

3.0

120

18

6B

37

64

119

17 .6

59

35

61

233

10. 6

43

57

6.5

3.3

129

15

126

6

13

s9 1 59l

obs. calc.
237 1',r0

12.2 5.3
17.6 29

123 15

777

14

106

168

105

s141 S141

obs, ca1c.

S48 S4B

obs. calc
199 157

13 6.8

45 34

110 22

7 .6 4.0

3.8 4.2

94 123

5 11

14 34

725
12 46

152

7

35

20

3.7
?o

121

15

48

27

52

Notes: 1 Dist,ribution coefficients used are those reported in Tabre 3.38.
Zr, Ni, Cr, V and Sr values in assumed basic source are after
Hal-lberg and htiltianis (1972) average Eastern Goldfields Archaean
tholeiite. The remainder of bhe values are best estimates
based on the data of Nesbitf and Sun (1976), purvis (j979),
Stolz (1980) and unpubtished data of the wrlter.

2
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plagiocJ-ase and magnetite (Table 6.3). However, the degree of melting

in both cases is high (in excess of 5o%) and if the calculated fraction of

melting and mineral proportions are applied in trace-element modelling

calculations, it is found that the calcurated contents of Zr, Nb, LBEET

MREB, Sr and v are significantly less than the observed contents in the

low-silica andesiles (Table 6'4)' Significant discrepancies are also

noted for other trace elements (e'g'Ni and Cr), but the absolute

differences between calculated and actual values vary between 54 and

S19 (Table 6.4). The discrepancies in the calculated and observed LREE

and MREE contents could be reduced if it is assumed that the mafic source

had a hj-gher LREE and MREE content, but this would necessitate Archaean

thoteiites with greater than 2ox chondrite LREET few of which are knov¡r in

Archaean supracrustal- successions. A more mafic source woul-d require a

Iower degree of melting in order to satisfy the major elemenLs, but 1n

general,ultramaficrockshavelowerLREEcontentsthanmaficrocks
(rarely greater,than 5x chondrite, Sun and Nesbitt, 1978), so that the

discrepancy in LREE and MREE would remain. Addition of a LREE and MREE

enriched mel-t, derived from a minor tonalitic component within the mafic

crustal source coul-d also be invoked, but is considered unlikely because

at the temperatures of melting concerned (i.e., sufficient to cause >50%

melting of basalt), most of the tonalite would have mefted' Hence the

LIL element-enriched mel-t could only be added as a dilutent and therefore

its effect on the geochemical characteristics of the magma ùould be expected

tobesmall-.Moreover,therel-ativelylowKrO'RbandBacontenbsin54
and S19 and the absence of a negative Eu anomaly (due to residual

plagioclase) argues against any contribution from a tonalitic source' In

anycase,thedlscrepanciesinNi,Cf,SrandVwouldprobabJ-ystillremain
even if contribution from a tonal-ibic source was invoked' IL is therefore

concluded thaL a basic crustal- source, with the composition of an Archaean

tholeiite, cannot salisfactorily account for the trace element character-

istics of the andesites'

This conclusion has some important implications' For example' if the

andesiLes were not derived from a crustal source, then the only other

realistic al-tennative availabl-e is a mantl-e source' However, experimental

studies do not favour derivation of lntermediate magmas by direct melti-ng

ofthemantle(Green,1976)ral-thoughsomeworkerswoul-ddisagree(e'g'
Mysen and Kushiro, 1973). If Greenrs (1976) experimentaf evidence is

accepted, then given the fact that the andesites cannot be products of

crustal melting, the inescapabfe conclusion is thab the andesites must

have fractionated from more basic parents which in turn lJere generated

directl_y from the mantle. This concfusion is supported by the geochemical



TABLE 6.5. Elementa I ratios for S19 and 54
el-l-

Pro ble
ritic

with values for
ex

Ratio

Zr/ 
Ûe

Zr/"

Ti/ _LT

Ti/y

Zr/ 
nA

ri/v
Tils"

Tioz/ vrou
%si02

%Meo

value

7 .4-7 .T

2.5-2.8

100-1 10

250-280

16- 18

8.4- 10

7B_85

STP= 1 0

s19

2.9

5.2

5T

298

16

5B

355

3.8

55.06

5.26

S4

4.0

4.8

51

244

19

40

291

4.5

56.90

4.06

A

4.9

5.7

49

27e

1B

32

236

5.5

56.2

6;50

!ù3

1,7

4.8

55

263

1B

31

242

2.7

50.29

11.37

Notes: 1. A is an average compired for five andesites from the
hlel_come Ïtel1 complex (1,14, V,¡123, W125, W5 and 1,123).

2' l'13 is the primitive basalt from the l¿lelcome l,lell compÌex.

3. source of chondrltic varues given in Tabre 2.6.

th come
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analogies between the low-siLica andesites of the Spring hlell and

!,lelcome l^iell complexes. It wiII be recaÌIed that the wel-come vrlel-I

andesites were considered to be the products of fractionation of mantle-

derived basic magmas (chapter 5). Apart from the analogies in the major

element geochemistry, it has been pointed out that the REE pattern of s19

greatly resembfes that of the relatively fractionated group from the !'lelcome

l¡lell complex, while the REE pattern of 54 coincides with t'he l-ess-

fractionated group. In addition, the elemental ratios of s4 and s19 are

comparable in every respect to those for the basalts and andesites from

the lrlelcome l^lell complex (Table 6.5).

The aLternative interpretation that the geochemical analogies are

fortuitous woul_d require that. different processes operated !o yield rocks

with similar geochemistry. This is considered improbable in view of the

similar environments of formation of the two cenlres and the exclusion

of a crustal source for the intermediate rocks from the spring well complex

on geochemical- grounds.

Thec.onclusionthattheandesitesfromthetwocentreshaveacomparabÌe
origin, based on the geochernical analogies, implies that the geochemical

variations in the Spring !,leII andesites (e.g. between s19 and 54) can be

satisfactorily explained in terms of the model outlined for' the hlelcome

lrlell complex (chapter 5 ) . In this model- the primary magma was considered

to have been produced by hyclrous melting of a LIL el-ement-enriched zone

of the uppen mantle. Thus, lhe variability in the absolute contents of

the LIL el-ements in the andesites could be reffecting heLenogeneities in

the mantLe source and/or differing pressure-temperature conditions during

parl,ialmelting.Unfortunatelybecauseofthe]ackofbasa].tsand
basaltic-andesil-es in the Spring l'leJ-l complex, proof for the operation of'

this model cannot be given, however, the marked geochemical anal-ogy of

the spring lr,leJ-l andesites with those in the i|lel-come well complex where the

model is demonstrabl-e, is considered to offer reliable evidence that the

model is appllcabl e t,o l,he genesis of the primary magrnas for the sprÍng

wel-I complex. since the high-silica andesites (s91, S44) have comparable

geochemical- characteristics to the l-ow-silica andesiLes (e'g' MgO' Ni'

Cr, REE' Zr, Nb, Y and Pzo) they are inferrecl to have a similar origin.

This concl-usion is supported by modelling cal'culations for 391 (a high-

sil-ica andesii,e wi-th 59.6% SiOz and 4'4% MgO), which show that the

calcufated l-evefs of aII trace elements moclel-led clo not match those

observed, assuming the same hypothetical mafic crustal source as before

(Table 6.4).
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The origin and relationships of the acid rocks still remains

unresol.ved since they could be the products of crustal melting as Taylor

and Hattberg ( 1977) suggest for the Marda complex, or alternatively' they

may be differentiates of intermediate parents. The question of thei-r

origin can be approached in a similar manner to thab adopted for the low-

silica andesites, where various crustal sources are tesbed for cl-oseness

of ilfitrr with respecl to the major and trace elements' As an initial test

the major elements of S'141 rc5.6% SiO2) were modelled from the hypothetical

mafic crustar source; it was found that approximately 307" parti-al melting

leaving a residue dominated by plagiocl-ase and clinopyroxene yielded a

satisfactory solution (Table 6.3). Applying these results in a trace

element modelling calculalion revealed that the calcutated val-ues of LREE'

MREE, Zr and v wene significantly lower than the actual contents' while Ni

and cr were higher (Table 6,4). The discrepancies are of such an orden

that reasonable variations in lhe source composition, degree of melting and

mineral proportions are unlikely to produce a fit. Similar results were

obtained by modelling s42 rc5.4% Sio2) from the same source (results not

reported), thus supporting the conclusion that the dacites do not represent

melts derived from a mafic crustal source'

In previous chapters, Proterozoic dacites have been satisfactoril-y

modelled from a basic-intermediate granulite source (see chapters 2 and 3) '

However, in comparison with uheir Archaean counterparts these dacites are

significantly higher i-n KrO (e.e. \-5% c.f . 1-3"/"), Rb (e'g' 150'200 ppm

c.f. 20-60 ppm) Ba (e.g. 1000 ppm c.f. 600 ppm) and al-t REE (e'e'>120 ppm

ce c.f. 60 ppm ce) thus arguing against a comparable sial-ic crustal source

for the Archaean rocks. A tonalitic source with higher Naro/Kro mav be

more appropriate, but Archaean tonal-ites are relatively low in Y (and

HREE), generally having contents <20 ppm (Glikson, 1979b,). Thus, at the

high degrees of melting necessary to produce the daciLic magma (>50%

partial melting), it would be impossible to obtain the greater than two-fold

enrichmenb in y necessary to match the level in 5'141 (43 ppm) particularly

as amphibole is likely to be a major residual phase. Furthermore' a

tonalitic source would be unable to account for the rel-atively high V and

sc contents in s141. Addition of garnet to the residue would only magnify

the discrepancy in Y, HREE' V and Sc'

Modetling a rhyolite (s4B) in the same manner yields comparable

results. For example, if a mafic crustal source is assumed, the calcul'ated

LREE, MREE, Zt and Nb contents are much less than the observed contents'

white Ni, cr and v are significantl,y higher (Table 6.3 and 6'4)' The

alternative of a tonalitic source is more complex however, since the maior



TABLE 6.6. Results of and t

â.

¡sB

s102

At203

Fe0t

¡,|n0

Ì190

Ca0

Nar0

Kzo
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0.07

3.81

tonalltlc
source
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t).) |

4.34
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elements are compatible with two models. one involves a granulit'ic

residuecontainingorthopyroxeneandc]-inopyroxene,whiletheothermodel
invorves a more hydrous assembrage containing residual amphibole (Tabre 6'64

andB).InboLhmodelstherearesignificantdiscrepanciesbetween
calculated and observed sr and Y contents which cannot be reconcil-ed even

ifextremedistributioncoefficientsareused(Tab1e6.6c).Similar
commentsapplytoMREE'HREE,RbandBainbothcasesanda]-sotoCeand
Nb in the model involving residual amphibole' stolz (1980) has shown that

the source composition used in the modelling calculations is typical of

tonaliticrocksinArchaeangranlte.greenstoneterrains,anobservation
that is supported by bhe data given by Gllkson (1979b) in his review of

these rocks. A more granodioritic source, higher in Y and ]ower in sr'

mayreducethemismatchintheseelements,butasourceofthistypewould
be expected to yield melts with higher LIL element contents (particularly

K'Rb,BaandCe),moreakintotheProterozoicrhyolites.Thus,asin
the case of the dacites, it is concluded that the rhyorites were unlikely

to have been derived from either a mafic or an intermediate-acid crustal

source.

The arternative origin for the acid rocks, invol-vj-ng fractionation

from intermediate parents, does appear to be consistent with the limited

majorandtraceelementmodellingcarriedout(e.g.betweenS4arrd5141
and between S19 and S4B, Tabl'es 6' 1 and 6'2) ' It is also compatible

+

with the uniform inverse correl-ations of Al2O3, FerOr", MgO, CaO' Ti02'

PZO5, Sc and V observed for the acid rocks on the variation diagrams

(Figs.6,7and6.8).TheplotsofZr,Nb'YandCevsSiOr(Fie'6'8)'
ratherthanshowi-ngseparate,unre].atedgroupsofsamples,corrÌdbe
interpreted as demonstrating a transferral of the spread in trace element

contents in the andesites to the daciLes and rhyolites by crystal-

fractionation.ThepercentagevariationinthecontentsofCe,Zrand
Yintheandesitesanddacitesisofroughlybhesameorder,andthisis
a characteristic that would be expected if the vaniabitity were passed on

bycrystalfractionation.Thevariabilityintherhyolitesj.ssigniflcantly
higher,however,possiblyasaresultoflate-stagefractionationof
accessory mineral.s such as zircon, apatite and sphene as proposed earl-ier'

It seems untikeì.y that partial melting of dissimilar sources ftiz' mantle

for intermediate magma, crust for acid magma) could produce analogous

elemental dispersions in bhe resultant magmas'

Iftheandesítes,dacitesandrhyolitesare]inkedbycr'ystal
fractionation as most of Lhe evidence would appear to suggest' then it

remains to exprain why there are apparent gaps in composition between
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the andesite-dacite and dacite-rhyolite fields' In answerì-ng thi's

question an examination of the possible crystallisation paths is of

relevance. A number of workers have shovrn that under refatively high

totalpressure(5-1Okb)andPH,O,ameltofinlermediatelobasic
composition will crystallise clinopyroxene t amphibole t plagioclase

(e.g. Yoder and Tilley, 1g62i Eggler , 1972; Eggler and Burnham' 1973) '

At lower confining pressures and PHro the stability field of pJ-agioclase

expands (relative to amphibole and, to a lesser extent, clinopyroxene) so

that if pHro is reduced at near constant temperature, pragiocJ-ase

crystallisation wifl eventual-Iy dominale (Fig' 6'12) '

Inthepresentcaseitislikelythatthenagmafractionatedina
shallow crustal- reservoir and at certain stages due to vapour bui'ld up'

pH^o could have risen to high levels. This t^¡ould have promoted
¿

clinopyroxene and/or amphibole fractionation at the expense of plagioclase

(YoderandTilley,1962).IftheconfiningpressurevJaSexceeded,
explosiveeruptlonwouldhaveoccurred,yieldingthepyroclasticswhich
are characteristic of the Spring !'iell compJ-ex' The ensuing rapid drop in

PHro at roughty constant temperature woufd have caused crystalllsation to

swingfromthatdominatedbyclinopyroxeneand/oramphibolebothat
dominated by plagiocfase. This may explain in part, the composiLional

hiatus observed between the andesites and daci-tes because once t'he

plagioclasefieldisentered,Iargeamountsofthisminera].will
fractionate, lhus moving the mel-t rapidly to more acid compositions' some

evidence for fluctuating pressures duning crystalJ-isation is seen in the

abundant, zoned plagioclase phenocrysts and the frequent, partially-resorbed

quar,z phenocrysts. Thus, ib is concfuded bhat the apparent grouping of

rocksintocompositiona].fie]ds,ratherthanargueingagainstcrystal
fracbionation, coul-d in fact be a direct resuft of Lhe operation of such

a process in shallow, crustal magma chambers under conditions of fluctuat'ing

vapourpressureandhencechangingminera]-stabilityfields.

6.7 SUI'4Ì\,IARY

ThespringWellcomplexisanexcellenLexampJ-eofanArchaeanacid
vorcanic cent.re. rt is composed of a pile of dominantry acid pyroclastic

rocks that have been in+.ruded by numerous acid aud intermediate dykes

and sills. The succession proximat to the vent consists of coarse tuff

breccias, J-apilli tuffs and thick crystal tuffs and is markeci by a high

densityofdykes.Distaltotlreventzone,l.heSequenceisdominal.edby
fine bedded tuffs, crystal tuffs, tuffaceous sediments and some epiclastic

grits and greYwackes.
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As a group the acid and intermediate rocks show manked geochemical

affinities with Cainozoic calc-alkal-ine volcanic suites. The intermediate

rocks cannot be satisfactorily modell-ed as liquids from a basic crustal

source with the compositì-on of an average Archaean tholeiitic basal-t.

Their geochemical characteristics, particularly the REE and elemental

ralios, are analogous with the andesites of the Welcome trnlell complex and

thus a similar origin, involving differentiation from basic parents of

uttimate mantle derivation, is inferred. By analogy wlth lhe l¡rlelcome lrlell-

andesites, it is bel-ieved that the variable LIL etement contents (parficularly

LREE, p, Zr and Nb) r could largely result from heterogeneities in the source

and/or the conditions of partial melting.

Major and trace element modelling calculations demonstrate that the

geochemical characteristics of the acid rocks are inconsistent with an

origin in partial melting of eilher a basic (tholeiitic) or tonalitic

composition crustal source. REE rnodelling shows, however, that the

dacites and rhyolites could be differentiates of intermediate liquids

with the compositions of the andesitic intrusive rocks that cut the volcanic

pile. This interpretation is consistenb with the elemental variations noted

on many of the Harker diagrams, the observed conti-nuum in petrographic

features and the cfose association of al-I rock types in the field. Thus,

much of the dispersion in the LIL element abundances (particul-arly Ce'

Zr, y and p) in the acid rocks may have been inherited from the intermediate

parents through differentiation.

The distinct fields of andesite, dacite and rhyolite evident on some

variation diagrams and the paucity of rocks bridging the andesite-dacite

and dacite-rhyolite boundaries could possibJ-y be explained by fluctuating
pHrO during crystal-Iisation, with resultant migrati-on in the stability

fields of the dominant fractionating minerals. The rapid variations in

PH,O may have been dependent upon periodic venting of the magma chamber(s)

to the surface in response to vapoun pressure build up'



Fi sure 7.7 Location of the calc-arkaline vorcanic centres in the yilgarn
Block referred to in the text.
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CHAPTER 7

A REVIEV¡ OF ARCHAEAN CALC-ALK ALINE VOLCANISM

7.1 INTRODL]CT]

The two calc-alkaline volcanic centres examined in the previous

chapters differ with respect to the modes of formation of the volcanic

piles,therelativeproportionsofrocktypesandthefractionation
trends. In spite of these obvious differences, it has been argued that

the ultirnate source of magma ulas bhe same in both cases' In view of

this, it is of interest to examine other cafc-alkaline volcanic centres

in the YiJ-garn Block to ascertain whether any general similarities

exist in:
1) the processes which have operated to build the volcanic plles,

2) the origins of the primary magams, and

3) the crystallisation histories of the magnas'

consideration willl be given to each of these aspects in this chapter in

an effort to determine whether any general models of origin are applicable

to the calc-alkal-ine volcanics in the Yilgarn Block.

Inpursuitofthisobjectivethedataforthellelcomel^iel]-complexand
spring !,lell compfex is combined with the data for four other calc-alkaline

volcanic cenLres from the Yitgarn Block. Information on two of the calc-

alkaline centres (Marda complex and Polelle complex) has been obtained

from the work of l-lallberg, 9! 3f ., (1976a and 1976b), while t'he other

two centres have been examined and sampled by the writer during a

reconnaissance of fetsic vol-canic centres in the Yilgarn Block' To the

writerIsknow].edgethesixcentresconsideredherecontaint.hefreshest
and best-exposecl calc-al-kaline vofcani-cs in the entire Yilgarn Bl-ock and

thusitfol]-owsthattheyare]ikelytoyield|hemaximumamountofre].iabIe
information concerning cal.c-alkaline vol.canism in t'his region' The

locations of the various centres and some general information concerning

each of them is given in Figure 7.1 and Table 7.1, respecLively'

In a later section of this chapter a review of the l-iterature is made

for Archaean cafc-alkal-ine volcanics in other continents and comparj-sons

are drarnrn with the volcanics from the Yilgarn Block' Other questions'

such as the genetic rel-ationship of the cal.c-afkal-ine volcanics to the

tholeiitic volcanics, and the timing of the calc-alkaline vol-canism with

respect to the overall development of l,he greenstone belts, will also be

considered in this chaPter'



TABLE 7.1 Sumrnary of the geology of the centres cited in the text

GENERAL COMMENTS

Mostly composed of andesitic flows with intercalated
laharic deposits. Epiclastic sedinents and tholeiitic
basalts occur both at higher stratigraphic levets and
conternporaneously. Genetically-related bodies of dacite
porphyry ftank the centre, while genetically-unrelated
ultranafic and nafic silrs and dykes and an adamerrite
pluton intrude the volcanic pi1e. See Chapter 5 for
further details.

Composed largely of andesitic flows with intercalated
laharic deposits. Rare basic flows in sequence.
Intruded by snal1, genetically-related acid-intermediate
stocks. Underlain by mafic and ultrarnafic rocks and
sediments, including shales and siltstones.

Mostly conposed of andesitic frows with minor dacitic
flows. Volcanogenic sedirnents occur at sinilar
stratigraphic levels. Underlain by ultranafic and
nafic rocks and sediments (after Hallberg, et a1.,
197bb).

Conposed largely of acid pyroclastic rocks with rare
intercalated flows. Volcanic pile is intruded by
numerous genetically-related acid and intermediate
dykes and sills and small stocks. Minor volcanogenic
sediments occur in the distal regions of the centre.
underlain by tholeiitic basalts and sedirnents and
intruded by tholeiitic dykes and sitls and an
adanellite stock. See Chapter 6 for further details.

Conposed of andesite, daci¡te and rhyolite fIows, and
rhyolitic pyroclastic rocks. pile intruded by
genetically-related intermediate dykes and subvorcanic
rhyolite porphyry. underlain by ultranafic and mafic
rocks and magnetite-silicate rocks including true
B.l.F. (after Hallberg, et at., I976a).

Consists of acid and intermediate flows and some acid
pyroclastic rocks. presence of sone intercalated fine
sediments is suggestive of a subaqueous environnent
in part (after Hallberg, 1990).

CENTRE

Welcome Well

Ida Hill

PoleI le

sprinÊ Well

Marda

Bore Well
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7.2 ASPECTS OF THE DEVELOPMENT OF THE CALC-ALKAL. INE VOLCANIC PILES

An outline of the nerative proportions of rock types in each of Lhe

centres and the probable modes of eruption are given in Table 7'1' The

mode of eruption was'determined from a combination of field observabion

and examination of the preserved textures in thin section' It is notabl-e

that the great majority of acid volcanics are of pyroclastic origint

while the intermediate-basic volcanics i^Iere erupted as lavas ' For exanlple 
'

in the Marda complex ignirobrites of acid composition overlie andesitic

Iavas(Ha1lberg,etaI.,1976a)andsimilarlyintheBorel¡Ie]-lconlplexa
variety of acid pyroclastics including crystal, lithic and/or vitrlc tuffs

are intercalated with lavas of intermediate composition' This relationshÍp

j_s arso demonstrated by comparison of the wercome !{elr compl'ex, built

largely of intermediate lavas (chapter 5), and the spring ülell compl-ex where

the majority of the volcanj-c pile is composed of acid pyrocl-astics (chapter

6). A similar connection between mode of eruption and magma composition

has been observecl in other Archaean terrains such as the canadian Shield

(Baragar and Goodwin, 1g6gi Clifford and McNutt, 1971; Dimroth' g-t al' 
'

1gTü and southern Africa (Viljoen and Vi-Ijoen, 1969i Harrison, 1970).

Therelationshipiscommonly,thoughnotinvariably,notedformoder"n
calc-alkaline suites (l'lacdonald, 1972) and it may be a result of such

factors as the higher volatile contents and/or viscosity of acid magrnas

compared with intermediate magmas'

Acharacteristicfeatureofthecalc-alkalinevolcanicsinthe
Yilgarn Block is their restriction to discrete centres' In general' the

entire calc-arkaline pile in a particular part of a greenstone belt can

berelatedtotheonecentreorgenerafventzone,suggestingaral"her
shortandrelativelysimpleepisodeofvolcanism.TheArchaeancentres
are commonly surrounded by tholeiitic basalts, which will be shown later

to be unrelated to the calc-alkafi-ne volcanics' The '[^le]-come wel-I cornplex

displays this association particularly well z iL is probabJ-y underlaln by

an ultramafic-mafic succession (though the contact is not seen) ' is

intruded by differentiated tholeij-tic sills and is directly overlain by

extensive tLroleiitic basalts, which are probably related to the silIs'

ultramafic sil-ls and dykes also intrude the succession and further to the

south ultramafic lavas are found at higher stratigraphic level-s than the

calc-afka.line volcanics (Haliberg, 19BO)' Distal to the centre' epiclastic

sediments derived fron the vofcanic complex are inLercalatecl with pillowed

tholeiitic basa.lts Lhus indicating approximaLe contemporaneity of the

tholeiitic a.nd calc-alkaline volcanism in a l'ateral sense ' Simi-lar

features appear Lo characterise many Archaean calc:-al-kaline volcanic piles;
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for example Baragar and Goodwin (1969) have noted that within the canadian

greenstone bel-ts rrthe sallc rocks are commonly concentrated in clusters'

probably markj-ng ancient volcanic centres, whereas the mafi'c components

aremorebroadlyandevenlydistributed|l.TheseobservaLionsdonol
supporttheconceptoflarge-sca]-evo]-caniccyclesgradingfromuÌtramafic
throughmafictofelsicigneousactivity,ashasbeenadvocatedforsome
greenstone belts in the canadian Shield (e.g. wilson and Morrice' 1977) '

Itcouldbearguedthatmanymoderncalc-alkalinestratovolcanoes
are in a sense rrdiscreterr centres of volcanism. However, the strato-

vofcanoes are u-suall-y built on an existing, well-defined calc-alkaline

vofcanic arc which may have developed over a considerable period of time

(e.g. stratovolcanoes of New Zealand - Ballance, 1976; Cascade Range -

McBirney,1978;Andes-FrancisandRundle,19T6).Itisthisfeature'
ví2. the presence of a v¡ell-defined calc-alkaline volcanic arc' which

more than any other characteristic, distinguishes the cainozoic calc-

alkal-ine provinces from their Anchaean counterparts' Thus, for any

petrogenetic model to be acceptable, it must explain this rather

characteristic feature of the Archaean centres'

A feature of fundamental importance, yet fraught with uncertainty'

is the size of the centres. The originaf dimensions have been greatly

modified by deformation, parlicu]arJ-y east-west compresslon, which has

resul.ted 1n the elliptical shapes of the centres' t'lhile it is relatively

easywithcarefu].mappingtoestablishtheapproximatemiddleofthe
centres, it is considerabl.y more difficult to deterrnine their outer

limits due to the plunges of the folds, disruption by gnanitoid plutons

andvenyoften,discontinuityofoutcrop.Nevertheless,despitethe
uncertainties, it does seem clear that the Archaean centres had diame'l'ers

at least 2 Lo 3 times smaller than nlodern straLovol-canoes (Macdonald' 1972)'

ItisofinteresttospeculateontheformLakenbytheeruptive
centres. In chapter 5 evidence was presentecl whj-ch indicaLed that the

!,lef come !'ietl complex represented the eroded remnant of a stratovolcano '

Thesimilarityintherocktypes,andassociationofthevariousrock
types, in the other dominantfy intermed-iate centres (i'e' fda HilI and

Po]-e]le)suggeststhattheytoomighthaveoriginatectinananalogousway.
Thecritica].f.eatureswhichparticuJ-ar}yindi-cat,ethisare:

1)Theabundanceofmassivea'ndvesicu]'arlavasjnterca]at,edt^¡j-th
Iaharicdeposibs-suggestiveofsubaeria].erupLionontoasteep
slope and subseo.uent mass-fl-ow downslope (c.f . Fiske, 9! 3l', 1963

on Mt. Rainier), and

Ðthethickdepositsofepictasticlithicwackesandgreywackes
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deposited adjacent to the main centre - suggestive of the ring-plain

deposits that flank modern stratovolcanoes'

In bhe case of the Ida HiIl compl-ex the refative abundance of related

intrusive plugs and dykes, and paucity of bhick sequences of epiclastic

sedimentsr ilâv indicate exposure of a deeper level of the stratovolcano

(Haltberg' Pers. comm. ).

The spring l,ieLl complex (see chapter 6) is the only centre composed

completely of acid volcanics. It is characterised by localised subaerial

pyroclastics, quite unlike the vast acid ignimbrite sheets which typify

the post-orogenic Proterozolc vo]canic provinces (chapter 4) ' It is

inferred that some of the pyroclastics were dlspersed from smal-I vents by

nuõe ardente eruptions of timited extent while the graded deposits are

thought to represent lag-fall deposits which seltled out during collapse

of a vertical eruptive column. An insight into the possible nature of

the feeders is provided by the vent-breccia pipe cutting the Spring vrlerl

volcanic p1l-e. 'This featune could be taken as evidence that eruption was

from numerous, smalÌ pipe-Iike vents rather than from a large' central venb'

This factor, combined with the total absence of intercalated laharic

deposits might indicate that the acid centres had rather less relief than

the intermediate centres and hence they might not have formed strato-

volcanoes. This is supported by the relative paucity of thick deposits of

epiclastic sedimenbs adjacent to the acid volcanic centres, in contrasL

with the j.ntermediate centres (e.g. as at l'leJcome ltell compfex and PoleIIe

complex).

The proxima1 vorcanic units in both the welcome werr and Spring !'lell

volcaniccomp}exesappeartohavebeensubaeriallyerupted,judgingbythe
absence of hyaloclastite deposits and Iack of intercal-ated fine sediments'

However, this may nol apply in all cases since fine bl-ack shaÌes intercalated

with acid and intermediate volcanics in the complex at Bore I'leII could

indicate subaqueous voJ-canism, at least in part (Ha]lberg, 1980)'

A striking feature of the volcanic deposits in these centres is their

marked simil-ariby with rock types found in modern volcanic envi-ronments'

Thus it seems that the vofcanic processes operative in the Archaean were

littledifferenttothoseobsenvabletoday.Consequently,itmaybe
inferred that the physico-chemical properties of the magmas generated in

the Archaean and expressed in their movement, fractionation and subsequent

eruption , were probably comparable to modern calc*alkaline magmas'

However, the apparent absence of calc-al-kaline vol-canic arcs in the Yilgarn

Block suggests that the tecbonic processes which were ultimately responsible



TABLE 7.2. Geochcmical data for sel_ecled rocks fron the add itíqnal calc-all.r1in e r¡olcanic centres.

IDA HILL COMPLEX

si0
A1

Fe

LOI

Zr

Nb

ï
Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

zoz-
zo3t

r50

54.62

13. 82

9 .42

0.16

5.37

9.99

4.87

0.35

0.67

0. 15

I13

55.75

15.35

9.84

0. 15

5.95

7.06

3.56

0.79

o.9o

0.23

r.25

55.70

15.,17

10. 85

0. 14

5.31

6.69

3.56

0. 87

1 .14

0.21

2.51

140

7.5
21

37

17

25

186

312

90

1B

236

237

r20

59.03

14.86

7.59

0. 13

1.75

0. 61

0. 16

156

62.01

14.25

5.72

0.08

2.82

13.75

0.37

0.14

0.57

0. 16

1 .40

106

5.1

13

26

12

19

107

212

T4

4

262

110

I3
65.99

16.05

5. 18

0.06

1 .93

4.OT

4.BT

o.9z

0.51

0. 14

1.77

119

6.5

11

31

17

8.3

75

33

19

27

208

234

y5
68.23

13.95

4.51

0.07

2. BB

4.98

3.99

0.7¡
0.49

0. '10

1 .60

100

3.4

8.5

20

12

12

78

159

70

24

245

139

I11

68.47

16.11

2. B0

t1.04

1.42

3. 31

1 .44

121

3.0

6.3

45

21

6

45

32

22

75

li03

940

112

69.77

15.41

2.28

0. 03

1.21

2.92

5.06

2. 19

0.31

0. 10

T.14

7 4.71

13. 31

1 .48

0.02

0.57

4.31

3.63

1 ,20

0 .41

0. 13

Y6

54.21

19.54

7 .62

0. 13

4.05

9. 38

3. 03

0.69

0.76

0. 16

3.27

117

6.3

21

30

17

24

140

118

59

19

292

210

y2

75.48

12.42

3.06

0. 06

0. 37

o.7 t

4. B0

2.54

0.27

0. 03

o.7o

299

11

34

59

30

7

2

99 .72 99 .93 100. o0 gg .28 gg .TT

BORE I4IELL COMPLEX

13

7.95

0,12

5.19

7.50

2.94

1 .03

o. 7e

0. 15

99.59 100. 17 99.73

38

Y7

58.

16.

MlO

I'lgo

Ca0

Naro

Kzo

Ti02

Pzos

3.

7.

4.

96

34

o7

25

5.

2.

25

0.39

o. 14
Total 99.42 99.64 99.64 99.68 99.BT

0.58

T1

3.1

19

30

1g

34

190

527

213

9.6
367

292

2.45

120

6.4

1T

32

17

24

159

330

103

19

257

241

3.24

110

5.9
21

36

20

22

120

193

126

1B

238

200

o.7e

117

2.9

4.2

37

16

6

3B

42

23

75

432

647

0.99

100

3.5

8.5

23

11

11

T3

143

52

34

328

470

2.15

120

6.6

17

30

16

21

146

158

110

27

255

309

52

76

421

3



MARDA COMPLEX POLELLE COMPLEX

si0
Arz

M2

57.53

15,64

9.60

0.12

3.81

7 .24

2.70

1 .84

0.95

0.36

M3

59.97

15.43

8.92

0.11

3.70

7 .69

2.94

0.82

0.99

0.31

M5

61.11

14.66

B.1g

0.12

4.21

6.29

4.58

0.58

0.76

o.21

MAA

61.9

15.0

7.7
0.11

3.6

5.6

3.7

1.7

0.78

0.23

MAR

75.9

12.7

2.2

0.08

0.2

0.3

3.9

4.1

0.23

0.02

P17

56.05

16.17

8.02

0. 15

7.01

6.65

3.55

1 .39

0.74

0.27

P19

58.07

13.94

7 .79

0. 10

6.92

7.60

2.82

1.79

o.67

0,26

P22

62.16

13. 53

6.94

0,12

6.37

5.15

3.55

1 .41

0. 60

0. 17

P28

68.35

14.75

2,84

0.20

1 .42

6.12

3.92

1.87

0.38

0. 16

P31

69.60

15.39

2.79

0.04

1 .42

4.29

4 .47

1,26

0. 51

0. 23

P33

T7.OO

12. BB

0.98

0.04

0.33

2.64

4.89

0 .82

0. 33

0.09

2
0

lfr
3tFer0,

Mn0

Mso

Ca0

Naro

Kzo

Ti02

Pro^

LOI

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

T,J N)

Total 99.79 100.88 100.71 100.35 99.65 1oo. o0 100. oo 100.00 100.00 100.00 100.00
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Figure 7.3 Selected trace ele¡nents vs. SiO, and Sc vs. V for rocks fron
six calc-alkaline volcanic centfes in the Yilgarn Block. Syntrols
as for Fígure 7.2. The Mt. Ararat low-Y trend is after Lambert,
É al., (1974).
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Figure 7.4 selected variation diagrams for rocks from six calc-alkaline
volcanic centres in the Yilgarn Block. Symbols as for
Figure 7.2.
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166.

for the generation of the Archaean magmas differed from the subduction-

related processes which are generally thought to have generated the

primary magmas fon modern cal-c-alkal"ine suites.

7.3

7.3.1

SOURCE OF THE PRIMARY MAGMA

Generaf Discussion

The objectj-ve of this section is to determine whether the calc-alkal-ine

volcanics from the various centres, given the continuum of field character-

istics they dispJ-ay, have a common origin. If the volcanics have analogous

geochemistry, then it can be reasonably inferred that they have similar

ultimate origins. In making geochemical comparisons howevenr it is
necessary to compare the correct rock types - in this case the most basic

members from each of the centres, so that the variations produced by

differenti-ation are minimised. Comparison of the most basic members from

each of the six centres l-isted in Table 7.1 is made via tabulated datat

variation diagrams, REE plots and elemenbal ratios.

A simple qualitative comparison of the geochemical- data in Table 7.2

for samples from each of the centres, suggests that broad analogies do

exist, but when the data for rocks with < 60% Si02 is examined on the

SiO, variation diagrams, consi-derable scatter is evident (Fies. 7.2 and

7.3). This is particularly marked for Ferorb, TiO2, M8O, CaO, Pzo5, Zr,

Nb, ,Y, Ce and Sr. Some of these elements show systematic differences

between centres. For example, 
:nu 

samples from the Marda complex are

mostl_y slightly higher in FerOr"r Prou and Y and markedly higher in zr

than samples from other cenLres, while the andesites from the Bore !'lell

complex are relativeJ-y low in PZO5. Most of the spread is produced by

non-systematic variations and in general, for individual centres the

range of values is less than that for all centres combined, excepting the

Wefcorne Vrietl complex. Possible reasons for the apparent scatter of data

in samples from the trnielcome lrlell complex have been discussed in chapter !'
where it was concluded that variations in the conditions of partial melting

and heterogeneities in the source produced a primary dispersion in the

elemental. contents that was subsequently magnified by varying amounts of

differentiation. It is possible that a similar explanation may account

for the spread in major and trace efement contents in the voLcanic rocks

from the other calc-alkaline centres considered here.

The proposition that al.1 of the calc-alkaline vol-canics are reJ-ated,

can be better tested by examining plots that are fess sensitive to the

effects of variat,ions in the condltions of partial-nrelting and/or

differentj-ation. Plots of the compatible elements (e.g. Ti, Sc, V vs
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167 .

FerOrt and Sc vs V, Fig. 7,48, F and G and Fig. 7.3E' respectively)

reveal moderately good linear trends thus supporting the proposition'

Positive correlations are also sho¡nrn by the Zr vs Nb and Y vs Ti

relationshi-ps, and significantty, the trends are almost coincident with

the chondritic trends (Figs . 7.58 and H). It is therefore evident that

in spile of the apparentl-y random spread of Ti02 , Zr, Nb and Y when

plotted against SiO2, they are belng controlled by the same factors j-n'

all suites, thus implying that all of the calc-a1kaline vol-canics have

a similar ulbimate origin.

T]¡e Zr vs Y and Zr vs Ti relationships are not as tight as those

observed for Zr vs Nb and Y vs Ti (Fig' 7'5C and G), nevertheless al-l-

of the samples plot in a fietd which is quite separate from the approximalely

chondritic tholeiitic basalt fietd and as the variation diagrams show,

Lhe Zr/Ti and Zr/'I ratios are consistentty greater than chondritic. The

plots of V vs Ti and Sc vs Ti (Figs. 7,58 and F) show that the calc-al-kaline

volcanics have less than chondritic V/Ti and Sc/Ti ratios and that all

samples are displaced away from bhe field of the similarÌy non-chondritic

tholeiitic basalts. The observations that atl of the cafc-a]kaline volcanics

plotted show the same elemental- characteristics, viz. chondritic ZrlNb and

Ti/y, greater than chondritic Zr/TL and Zr/Y (and by inference Nb/Ti and

Nb/Y) and less than chondritic V/Ti and Sc/Ti, and in most cases plot in

tighl groups quite disti-nct from the tholeiitic basalts, provides the rnost

powerful evidence that the ultimate origin of the cafc-al-kaline magmas

was the same for each of the centres.

The available REE data adcts further support to this concl-usion. For

example, it has been previously noted that the low-silica andesites from

the Spring h/eJ-l complex have analogous REE distributions to the andesites

from the !,,¡efcome wel-l- compl-ex and the Marda complex (Fig. 6.94).

Unpìu611''edREEdatacfSun(1977)forandesitesfromthePole]]ecomplex
(uslng samples of Hallberg et al., 1976b) is also comparable with that for

anclesites from lhe above-mentioned centres. The l.evel-s of Ce in low-si'l-ica

andesites and basal-ts from each of Lhe centnes (determined by XRF)'

al-though comparable, show a significant spread (Fig. 7.3D) and this rnay be

related to the same cause as the variability noted for other LIL elements

(e.g. Zr, Nb, Ti and P).

7.3. 2 Petrogene tic considerations

A. Conditions of magma s tion

In chaptens 5 and 6 several lines of evidence v.Jere used to show that,

the primaì.y magmas for the !,lelcome IrleII complex and Spring inlell complex
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originated in the mantle. It follows that the calc-alkaline volcanics

from the other centres consi-dered here must also have a mantle source

in view of the previous conclusion that all share a common origin'

The condilions under which the primary magnas \^¡ere generated in the

mantle can only be defined in the broadest terms in the absence experimenlal

data for the parti-cular samples being considered. In the case of the l¡üel-come

well complex, it has been argued that the primary magmas were derived by

relatively shallow, hydrous melting of a LIL element-enriched zone of the

mantle. The comparable geochemical characteristics of the additional

samples considered here add support to this proposal. For example, bhey

show similar Mgo, Ni and cr behaviour to the rocks from the !'lelcome vlell

complex, ví2. a range in Mgo, Ni and cr contents, such that some samples

are relatively high in these elements for their particular level-s of SiOt'

while others are clearly more fraclionated (Figs. 7.2C and 7'3I' J)'

AIso, within a restricted MgO range (5-B%), Ni and Cr are observed to vary

greatly (Ni, B0-3oo ppm and cr 50-600 pprn; see Figs, T.4A and B). Neither

feature can be readily explained in terms of differentiation from comnion

parental magmas. Alteratlon is not considered to offer a satisfactory

explanation for the Ni and Cr behaviour, since both elements show an

excellent positive correl-ation with each other (Fig. 7.4C) ' Thus the

explanation given in the case of the welcome lrlell- complex, on the basis

of experimental evidence (Green, 1973, 1976), is considered to have more

general_ applicability. It was proposed that a range of primary magmas

r^¡ere generated, differi-ng chiefly in their Mgo and SiO, contents, in response

to hydrous melting over a depth i-nterval of 30-60 km' Subsequently'

differentiation superimposed on the primary magmatj-c variation, produced

the compositional range observed'

B. Nature of the mantfe source

The previous discussion of the inter-elemenL variations illustnated

in Figure 7 .5 has shourn that the ef ementa] ratios of the basal-ts and

Iow-silica andesites can be divided into three main groups including those

that are:

1) less than chondritic - Sc/Ti, ltl/TLi

2) approximately chondrj-tic - Zr/Nb, Y/Ti;

3) greater than chondritic - Zr/TL, Zr/'1, Ce/Zr'

Nesbitt and Sun (1g76) have demonstrated t.hat Archaean ultramafic

rocks have approximately chondrj-tic vafues for these ratios suggesting

that the manlle source for these rnagmas had chondrit.ic refative elementaf

abundances. Thus, Lhe non-chondritic el-ementaf ra-tios f'or the calc-alkaline

rocks indicates a non-chondritic mantle source and/or control on some
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elements by residual minerals during magma segregation. The former

alternative of a non-chondritic mantle source necessarily implies

differential control on certain elements during the mantle enrichment

processes, since if this were not the case sel-ective efemental enrichment

of the mantle source could not have occurred'

The el-emental ratios indicate an order of enrichment in the primary

basic maþmas, compared with chondrites, of: ce (-P)) ZY, Nb > Ti, Y )

Sc, V. It has been previousJ-y shown for the primitive basalt from the

!,'Ielcome l/,Jel] complex that control by residual clinopyroxene during magma

segregation, can account for the leveLs of Sc and V. It is possible that

Ti and y behaved essentially incompatibly during the magma segregation

event thus preserving the chondritic TilY mantle val-ue in the melt. The

greater than chondritic Ce/Zr, Zr/Ti and Zr/Y val-ues imply LhaL Ce, Zr

(and Nb) were probabJ-y enriched in the mantl-e source pnior to magma

segregation.

The i-mportánt concl-usion to be drav,,n is that the elemental ratios

of the volcanics indicate complex enrichment processes in the mantle source

prior to magma segregation. Some of the elemental ratios (e.g. Y/Ti,

Sc/Ti and V/Ti) have, however, probably been inherited during the melting

event.

7 4 DISCUSSTON OF POSS IBLE MODELS OF ORIGIN

It is evident that any petrogenetic model proposed to explain the

origin of the primary magmas for the Archaean cafc-alkaline volcanics in

the Yilgarn Block, must account for their rather sporadic, Iocalised

occurrence and for the relativel-y small vofumes of magmas generated' It

must also provide a means whereby hydrous melting of the upper mantle can

occur over a sígnificant vertical interval- '

Subduction-rel-ated models, universally proposed to explain the origin

of modern calc-alkaline magmas, salisfy tkre l-aLter requirement by invoking

dehydration of a descencling oceanic crustal- slab and flooding of the

overlying mantle wedge r^rith the released LIL element-enriched fluids or

silicate mel-ts (Best, 1975). Mel-ting of the manl,l-e wedge at relatively

shaflow l-evel-s presumabÌy occurred in response to the depressed mantle

solidus in the presence of water. It has been noted Lhat the cafc-alkaline

volcanic rocks in Lhe Yilgarn Block do not occur in arcs, but rather in

discrete, isolated cenbres. This is difficult, to reconcile with subduction,

even on a snlal-l- scafe, and unl-ess field evidence i.n support of subduction-

related processes can be demonstrated in the YiJ-garn Bfock, this hrypothesj.s

is unlikely t.o be directl-y applicable.
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A variation on the subduction model which has been specifically

proposed for the Archaean involves rrsag-ductionr' (Goodwin, 1974), i-n

which a part of the mafic-ultramafic crust sinks of its o1'ln accord and

dehydrates as the amphibolite mineral assembl.age is converted to eclogile.

This process may have occurred on a ]arge scal-e in the Archaean'

particularly as many workers consÍder that the magmas for the voluminous

sodic granitoids r^rere derived in this manner (e.g. Arth and Hanson, 1975i

Glikson and Lambert, 1976; Cooper, 9! "1., 1978). The resultant melt was

unlikely to have had the composition of a calc-alkaline andesite however

(stern , 1g74), and in fact on experimental grounds il seems unlikely that

tiquids of intermediate composition could be produced from such a source

(Arth and Barker, 1976; !'lyllie, -at 9!., 1976). In any case this model is

difficult to reconcile with the small vofume of the calc-al-kaline volcanics

compared with the granitoids and with lhe lack of any field assocj-ati-on or

genetic relationship between t'he two.

It is conceivable, as Goodwin and Smith (1980) point out, that the

hydrous liquids released during ttsag-ductionrr may have been instrumental

in modifying and promoting melting of the adjacent upper mantle' If 1"his

were the case then it is puzzling why the calc-alka1ine rocks are of

Iimited vofume and why they show no consistent spatial and Lime relation

with the tholeiític and komatiitic vol-canism (i'e', calc-alkal-ine volcanics

invariably younger lhan tholeiitic and komatiitic volcanics as Goodwin and

Smith observe in the Abitibi BeIt). This observation is not restricted

to the yilgarn Block, since BarJ.ey (1980) has documented contemporaneous

calc-alkaline and tholeiitic vofcanism from the significantJ-y ol-der

(3.4-3.5 b.y.) pilbara Block and finds no evidence to support the concept

of early tholeiitic vol-canism followed by later calc-a]ka]ine vofcanism.

0n experimental- grounds it would be predicted that thertsag-ductedrtcrust

wouLd have l.ost a substantial- amount of its hydrcus component before

reaching mantle depths regardless of the geothermal gradient (Green and

Ringwood , 1967 ) and since this component would have risen rapidlyr litble

opportunity would have been presented for enrichment of the mantle in LIL

elements. Moreover, considerations of the densities of mafic and ultramafic

rocks relative to the mantLe suggest lhat such rocks would not have trsunkrt

into the manLfe in the manner suggested by Goodwin and Smith (1980) unless

they had undergone prior dehydration and conversion to substantialJ-y denser

eclogite (Ringwood, 1974).

It is possible that crustal processes had no influence on the

generation of the primary magmas for the Archaean calc-alkaline rock

suites. Rather, partia] melting of a pre-existing, heterogeneous, LIL
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element-enriched zone of the upper mantle may have been triggered by

the introduction of water, from a zone of incipient melling at' greater

depths (Green, 1973, see Fig. 7.6). Significant amounts of mel-ting would

have only occuryed i.f the input of wal,er and resultant, depression of the

mantle solidus was suffi.cient and thus the sites of melting may have been

controlled to a large extent by zones of weakness such as faul-ts which

would have facilitated tapping and transport of the water-rich component

from the zone of incipient melti-ng to highen levels. This model- requires

the geothermal gradient to be of l-he correct order in the Archaean

(comparable with that in moclern ocean basins), to permit the development

of a zone of incipient melting, possibly similar to the modern low velocity

zone (Green and Liebermann, 1976).

An alternative mechanism, involving localised mel-ting above a mantle

rthot spot" (c.f . Goodwin, 1973) has been proposed by Hallber8 9! a1-.'

(1976a) as a possibJ-e explanation for the origin of the parental rnagmas in

the case of the'Marda cal-c-afkaline volcanic complex. In this case' the

increased mantle heat fl-ow, perhaps produced by diapirism or a raclioactive

decay processr frây have been sufficÍent to melt the LIL element-enriched

upper mantle as it moved with the lithosphere over the ithot spotrr. This

model has the advantage of offering an explanation for the rrstring of

beadsr configuration of the calc-alkal-ine voLcanic centres in bhe northern

portion of the Norseman-lüi.l-una greenstone belt (Hallberg' 1980; Hallberg

and Giles, in preP. ).

Both of these models are similar in their end result in terrns of the

magmas generated, and distinction between them on geochemical- grounds

would be difficuJ-t, if not impossible. In each case it is evident that

the conditions of magma generation created in the upper mantl-e would

essentiafly dupl.icate those produced in the mantle wedge above a descending,

dehydrating oceanic crusta] sl-ab j.n a subduction zone. This may offer an

explanation for the apparent paradox evident in the Eastern Goldfields
province where Lhe field relationships of Lhe Archaean calc-al-kal-ine

volcanic rocks offer no clirect support to sul¡duction model.*sr but the

geochemistry indicates marked analogies with rnodern cafc-alkaline vofcanic

rocks which have formed in subduction environments.

7 .5 CRYST ALLISATTON HISTORY OF' THE MAG}4AS

In view of the common, manl,J-e origin proposed for the prímary magnas

of the cal-c-al-kafine rock suites, it is pertinent at this stage to examj-ne

their subsequent crystallisation histories. Owing to the potenLial for

significant variatj-ons in PTOTAL' PH20, PO, and T as the result of non-
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systematic factors such as the depth of crystalLisation, extent of vapour

pressure build up prior to eruption, frequency of eruption and many others'

the crystallisation history couLd be exceedingly complex both within and

between centres.
+

The generally linear, inverse cornelations of 41203, Feror", MgO,

PZO5, "IiO2t Sc and V with SiO, for rocks with > 58% Si02 is suggestive of

a differentiation control on these elements (Figs. 7.2 and 7.3). Notably,

the absolute contents of these elements and their variations in these

rocks are similar to those observed in Cainozoic calc-alkaline suites'

thus demonstrating the marked analogy that exists between the composition

of Archaean and modern calc-alkaline volcanic rocks (see chapters 5 and 6).

Magnetite fractionation was probably largely responsibl e for the

control on Ferorl, TiO2, Sc and V at high SiO, levers, although mafic

minerals (e.g. clinopyroxene and amphibole) no doubt contributed to the

control during the earlier slages of differentiation. Fractionation of

differing p"opo"tions of plagioclase could be indicated by the two separate

trends evident on the Sr vs SiO, Rlot (Fig. 7.3F). ThÍs appears to be

supported, though less convincingl-y, by the 41203 vs SiO, relationship

(Fie. T .2A) .

The acid rocks are also grouped into two fields according to their

Zt, Nb, Y and Ce contents (Fig' 7'3)' Notably, the samples that are

relativel.y enriched in zr, Nb, Y and ce are also relatively depleted in

Sr and vice versa. Included within Lhe Zr, Nb, Y and Ce ttenrichedrr group

are samples from the Spring lrlell, Bore I¡üelI and Marda complexes, while

the relatively depleted Zr, Nb, Y and ce group contains all of the samples

from the !'lel-come lrIeII, Ida Hitl and Po1el-le complexes. Since j-t has been

previ-ously shovrn that the samples wi.thin both the lrlelcome l^lelt and Spring

!ùell complexes can be rel-ated by differentiation, it foJ-Iows that the

diverse trends ane the resul-t of differing crystal-Iisation histories.

The behaviour of Y and Sr (see also Fig. 7.4D and H) suggests that

a rnineral-(s) capable of controlling Y is fractionating to the exclusion

of plagiocl-ase, assuming that plagioclase is exert|ng the dominant control

on sr. The most probable mineral is amphibole, since its crystallisation

fietd is expanded by the same conditions that tend to contract that of

plagioclase (Yoder and Tilley, 1962; Cawthorn and OtHara, 1976) ' Moreover,

amphibole would be expected to exert significant control an Zr, Nb and

Y, since in equilibrium with intermediate and acid liquids' it has

distribution coefficients greater than one for all of these elements

(pearce and Norry, 1g7g). The effect of minor minerals, such as apatite'

in producing the two. trends observed for Ce and Y is not supported by the
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coincidental (and linear) PrOu vs Sio, relatlonship (Fie. 7.2G) which

suggests a similar role for apatite in the two series, nor by the divergent

Ce vs PrO, relationshiP (Fig. 7.2H) '

Lamberl , ú aI., (1g7q) have recognised similar chemical trends,

particularJ-y for Y (Fig. T .3C), in a suj-te of cal-c-alkaline rocks from

Mt. Ararat. They attributed the high- and Iow-Y trends in thej-r rocks to

be the result of variabfe amounts of amphibole fractionabion produced ln

response to fluctuating PH2O during crystallisatlon. This explanation

relied on the experimental observation that the crystaì-lisation field of

amphibole is expanded, while that of plagioclase is contracted, by increased

PH 0 (see Fig. 7 .T) .
2

under hydrous conditj-ons the load pressure can afso have a large

influence on the relative proportions of minerafs that fractionate'

For example, decreasing load pressure will cause a hydrous liquid of the

appropriate composition to move from the amphibole field through the

amphibole + plafioclase crystallisation fleld and eventually, at shallow

depths (probably < lOkm), into the cl-inopyroxene + plagioctase crystallisation

field (Yoder and TilJ-ey, 1962; Fig. 7,7). The precise temperatures at whlch

these transitions occur wj-ll be J-argely dependent on the composition of the

tiquicl and its water content. It is therefore evident t,ha.t the depth at

which Lhe bul-k of the crystal fractionation occurred, i-n addition to bhe

water vapour pressure, could have exerted a major control on the

crystall-isation historY.

These observaLj.olts can be quantified by reference to experimentally-

determined stability fields of minerals in P-T space sumnlanj-zed in

Figure 7.7 I and hypothetical crystal-lisation paths. The curves for water-

undersaturated conditions (dashed lines on Fig' 7 '7) demonstrate thaL early

olivine and clinopyroxene crysballisation will be fol]owed by plagioclase

crystallisation at lov¡er temperatures and importantJ-y, amphibole lvill not

crystalJ-ise on any of the hypoLhetical crystatlisation paths illu'straLed'

Fractionation of these mi-nerals probably wilI not yield the calc-alkaline

series owing to the lirnlted sil-ica enrichment. The trend towards

pronounced sil-ica-oversaturation coufd result from early amphibole

fractionation Lrowever (cawlhorn and orHara, lg76; Foden' 1979)' This

evidence, combined with the model-1-ing calcul-ations, all of which necessj-taf,e

some amphibole fractionation, suggest that the reJative posltions of the

st,ability fields were not as illustrated for Lhe Z% HZO conditions <luring

crystatlisation of the Archaean magmas'

F.or water-satural-ed conditions (solid curves on Fig. 7,7), path a-b-c

is also improbable since it fails to intersect the amphiboJ-e stability
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fie1d. However, either of the remaj-ning paths are acceptable since in

both cases early olivine and clinopyroxene fractionation will be fol-l-owed

at stightly lowe¡ temperatures by amphibole fractionation' Qnce the

amphibole sLability field is entered, olivine and clinopyroxene are i-n

reaction relationship with the liquid and will no longer crystallise

(Cawthorn and OrHara, 1g76). Subsequently, the magna could rise along

paths d-e-f-c or d-g-h-c or any in between, resulting in fractionation of

plagioclase + clinopyroxene at shall-ow depths. The actual depth at which

amphibole fractionation ceases (e.g. g or f) will depend upon the path

taken.

The sequence of crystallisation outlined above can offer a possible

explanation for the two fractionation trends noted in the Archaean calc-

alkatine volcanics. For example, if the magma was hindered during its

ascent, at depths, possj-bly corresponding to the base of the Archaean

crust (e.g. 20-30 km, point d on Fig. 7.7), and if it resided at this level

for some ti-me, then protonged amphibole-dominated fractionation would have

occurred. This could have resulbed in the low-Y (and Zr, Nb, Ce and HREE)

and high-Sr (and AlrOr) differentiation series typified by the rocks

comprising the greater part of the complexes at Vfelcome lrlel]-, Ida H|II

and Polelle. If, on the other hand, the magma ascended rapidly to shallow

depths, then limited early amphibole fractionation would have been follol'¡ed

by pnolonged clinopyroxene and plagioclase fractionation to yield the hieh-Y

and low-Sr rocks found in the complexes at Spring !'letl and Bore lnlelL '

In fhis scheme, the abundance of clinopyroxene and plagioc]ase

phenocrysts rel-ative to amphibole in the andesites could be explained by

the late-stage crystallisation of clinopyroxene and pl-agioclase at

rel-ativel-y 1ow pressures and by the re-equilibrat'ion of amphibol-e to

assemblages bearing these two miueral-s. Also, as pol.nted out for the

I,,lelcorne WeIl complex, the compositional hiatus observed between the

andesites and dacites could result in part from re-equitibration of highly

plagiocJ-ase-normative liquids (produced by extended crystal-lisation in the

amphibole field) at low pressures. The ensuing rapid transition in liquid

compositions might not be preserved if the plagioclase phenocrysts were

removed as cumul-ates.

In the above discussion it has been tacitly assumed that the acid

members of the Marda complex differentiated. from basic and intermediate

parent's, as in the case of the Spring l'^lell complex' However i-t' should be

pointed out. that Taylor and Hallberg ( 1977), on the basis of their detaiLed

REE study of the Marda complex, considered that the acid volcanics (and

interrnediate volcanics) were the resuÌt of crustal- fusion, and did not form
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a simple differentiation series. certainly, the relatively hish KrO, z?,

Nb, Y and ce contents of the acid volcanics could be taken as evidence in

support of this contention (Tabl-e 7 '2) '

Against this, it has been noted previously that the Marda andesites

are similarly relatively enriched in these same elements over the majority

of other andesites from the Yilgarn Block (see Table 7.2) and, from the

analogous elemental ratios and major elemenb characteristics, it is difficult

to escape the conclusion that the Marda andesites had a si-milar ultimate

(mantle) origin to the andesites from the other centres. If, as Taylor and

Hallberg (1977) point out, rrthat bofh the (acid) ignimbrites and the

andesites and dacites share a common originrt, then it is equally difficulb

to escape Lhe concfusion that the acid and intermediate rocks are refat'ed

by differentiation. The coincidence of the average Marda rhyolite with

the rhyolites from the spring !'leJ-I complex on the majority of the plots

wouLd appear to support this interpretation. However none of this

evidence is entirely unequivocal as it relies heavily upon analogy'

Moreover, the sr 87/86 initial ratio of 0.7029 ! 0.0015 for the Marda

suite could be interpreted as favouring derivation from either a relatively

radiogenic mantle (enriched in Rb for a considerable period) or alternalivel-y

from a relatively non-radiogenic (Rb-poor) basic crustal source'

Although the writer argues in a subsequent section that the presence

of anclesites signifies a mantle-derived calc-afkal-ine rock suite' clearly

it is unwise to over-generalise and in considering the origin of any

Archaean calc-alka1ine volcanic suite it woul-d be imprudent to overlook

the model proposed by Taylor and Hallberg ( 1977) '

7.6 RELATIONSHIP OF THE CALC-ALKALINE VOLCA NICS TO THE THOLEIITIC BASALTS

In the first section of this chapter, which considered aspects of the

field geology, the close spatlal association of the tholeiitlc basalts and

the cal-c-alkafine volcanics was noted. There are, however, inherent

geochemicat differences which set the tholeiites apart from the cal-c-

alkaline volcanics. To facilitate comparison, analyses of tholeiites

from various parts of the Yilgarn Block are given in Table 7'3 and some

of fhis data has been plotted on the geochemical variation diagrams cited

earlier.

T .6.1 Discussjon of the geochemical dat.a

An examination of the tabul-ated data and Lhe data plotted on the

varlation diagrams reveals that the tholeiites, conpared with the cafc-

alka]ine rocks (with simil-ar SiO, and MSO) are characterised by:



TABLE 7.3 Data for seLected thol_eiitic basalts from the Eastern Goldfields
Province.

1
2
0A

si0
1

47 .98

14.78

15.02

o.25

5.7 4

11.55

3. 01

0.02

1.37

0.14

2

49.01

15.09

12.25

0.23

7 .64

13. 10

1.29

0. 19

0. 95

0.08

3

49.11

14.99

1'3.37

0.23

7.03

it.18
2. ¿1

0.30

1.07

0. 10

4

51.6

14.9

11.8

0.21

2.7

0. 18

0.96

0. 12

5

49 .11

14.15

14.97

0. 19

6.29

10.54

¿,o I

0. 20

1 .46

0. 16

6

51.45

14.26

13.96

0. 18

6.66

9.20

2,20

0. 48

1 .12

0. 13

7

51.50

14.23

12.02

0.23

6.67

11.50

2,04

0. 18

0.92

0.09

B

50.54

14.47

13. 13

0. 19

7 .06

10 .42

2.00

0. 18

1.13

0.11

9

50.38

11.50

12. 03

0. 1g

12.21

9.91

1 .66

0. 0B

0. 61

0.06

10

50.29

13.69

10.99

0. 18

11 .37

B. 9s

1 .86

0.97

1.01

0. 37

2 3
LFer0a

Mn0

Mgo

Ca0

NarO

Kzo

Ti0
2

6.7

10. 9

Pzo.

Total 99.88 99.83 100.09 100.0 99.74 99.64 99.38 99.23 98.63 99.71
LOI

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

1.92

B2

4.3

31

a

14

4B

350

165

70

1.5

132

1B

2.14

B4

4.0

20

2.4

6.8

4B

300

331

110

7.7
147

43

1 .38

60

3.1

25

46

300

246

129

6

144

46

20

320

367

170

9

105

T3

4.6

23

15

9

281

193

57

47

3.3
20.4

278

340

B1

49

330

260

103

J¿

2.1

13.7

43

269

1178

250

3.70

111

6.1

23

55

34

28

197

799

317

24

421

270

61 90 67

4

3033

16

11

270

102 76

1. TholeiitÍc basalt overJ-ying I'iel_come llúelL cornplex .(Il,i150).

2. Tholeiitic basal-t undertyingSpring WelI conpJ_ex (S96).

3. Average of 26 tholeiitic basalts from Scotia (after Stolz, 19BO).
4. Average of 337 tholeiitic basalts from the Eastern Goldfields province,

normal-ised to 100% totar (after Hallberg and l,¡illiams, lglz).
5. Typical Lawlers tholeiite (sample 3Bg, after Nesbitt and Sun, 1976 and

Sun and Nesbitt, 19TB).

6. Typical Mt.. Írlhite tholeiibe (sample 405, same sources as 5).
T. Mt. ülhite high-MgO series tholeiite (sample 410, same sources as 5).
B. Average fractionated thol-eiitic basal-t, Forrestania (after purvis , jgTB).

9. Average primltive tholeiitic basalt, Forrestania (same source as B).
10. Primitive' LIL element-enriched basalt from l{elcome !üeLL compl-èx (!,I3).
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1) significantly lower Atror, zr, Nb, LREE and P contents (and KtO'

Rb, Ba subject to the cons

comparable Ni, Cr, Y and T

significantlY higher FerOa

The magnitude of the differences in the absolute abundances for some

elements (particularly LIL el-emenLs and sc and v), implies that the

calc-alkaline rocks cannot be simple differentiates of the lholeiites and

vice versa. This is supported by the differing fractionation trends of

the two rock groups; white the parental magmas for the cal-c-alkaline

suites have fractionated to yield high-silica differentiates (i.e.,

andesites, dacites and rhyolites - see section 7.5), the primary thoJ-eiitic

magmas have yielded high-iron, l-ow-sil-ica differentiates (Hallberg, 1972;

Nesbibt and sun,1g76; Stolz, 19BO). These differences presumabJ-y arose

from di_ffering PHro and/or PO, during crystalÌisation.'

It could be argued that many of the geochemical differences noted

arise soley rrom tne diverse crystalJ-isation histories of the two rock
f

seriesr ê.g. higher FerOru in the tholeiites. Thi-s possibility cannot

be excluded for some elements, however it stil1 does not account for the

lower LIL element contents in the tholeiites. Comparing a primitive

Archaean tholeiite (Purvis, 1g7B) with the most prímitive ca]c-alkaline

basalt analysed (i.e. !rl3), shows that despite their similar MgO contents'

the thoreiite is still significantly higher in Fero.t and cao and fower
¿J

in AlrO, and Prou (compare analyses p and 10, Table 7.3\. Thus the geochemical

differences are fundamental- and must neflect upon the differing origins of

the primary magmas.

7,6.2 Petrogene tlc implications

Nesbitt and Sun (1g76) have suggested bhat the primary tholeiibic

magmas were derived by 20% parLíal melting of the mantle leaving a

residue composed of BO% olivine and 20% orthopyroxene' The absence of

clinopyroxene as a residual mineral Ís notable as it may explain why the

tholeiites are fower in AlrOa but higher in CaO than the calc-alkal-ine

volcanics. Since clinopyroxene has sÍgnificanlly higher distribution

coefficients for V and Sc than either olivine or orthopyroxene, its

absence as a residual- mineral may al-so explain why the tholeiites are

higher in both of these elements. Trace el'ement modelling using the

mantfe abundances and 'distribution coefficients for olivine, orthopyroxene

and clinopyroxene compiled by Frey, g.t a].¡ (1978), demonstrates bhat the

Sc and V contents in the tholeiites are most closely matched by the model-

in which only olivine and orthopyroxene ane residual (Table A2.5, Appendix

2l

3)

traínts imposed bY alteration);
i0, contents, and
t,-c^O, sc and V contents.



Figure 7.5 Selected variation diagrams for row-silica rocks from six
calc-alkaline volcanic centres in the yitgarn Brock. symbols
as for Figure 7.2 wíth the addition of x for Archaean tholeiitic
basalt. The chondritic rines are after Nesbitt and Sun (1976)
and Nesbitt, pers. corun. , (1990) .
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1 ). Therefore, it appears that the differing AÌr0r, CaO, Sc and V

contents in the tholeiites compared with lhe calc-alkalj-ne rocks are a

direct result of lhe differing residual mantle mineralogy'

The mantle mineral- assemblage in equilibrium with the mel-t can yield

information on the melting conditions (e.g. PTOTAL' PH20 and T)' Based

on the experimentally-determined petrogenetic grid of Green (1971), it

appears that bhe tholeiitic magmas could be the result of melting at

higher temperatures and/or pressures than the calc-alkaline magmas'

Nesbitt and Sun (1g76) have imptied that the primary tholeiitic magmas

were derived by approximately 20% mel-ting and for various reasons outlined

previously ib has been inferred that the parental calc-alkal-ine magmas

were also the result of rel-atively high degrees of melting Þ 20% - chapter

5). Thus variatioils irr the degree of melting are unlikely to be the

major factc.rr leading bo the compositional differences' The pressure or

depth of melting could, however, have a major influence, since it is

evident from Gréenrs petrogenetic grid that increasing depths of melting

wiII move the residual mineralogy out of the stability field of clinopyroxene

and into that of ol-ivine and orthopyroxene alone' Green (1976) has al-so

shown that at low pressures (i.e., at shalJ-ow depths of melting), the

stability fÍeld of clinopyroxene is greatly expanded by increasing PH2O

during melting. In the absence of detail-ed experimental evidence for

the particular rocks being considered, the rel-ative importance of PTOTAL

and PHrO in producing the composiLional differences j-s uncertain, but

quite clearly one or both factors have probably assumed a major role'

The differing LIL element contents of the tholeij.tic and calc-alkaline

rocks precJ-ude mel-ting of the same mantl-e source, owi-ng to the similarity

in the postulatecl degrees of melting. As outlined in a previous section

of this chapter (7.3) and for the lrlel-come WeII complex (chapter 5), a LIL

element-enriched mantfe source is required in order to account for the

LIL el-ement contents of the calc-al-kal-ine volcanics' However, in the

case of the tholeiitic rocks, the mantle source was unlikely to have been

enriched in anY LIL elements, since:

1 ) the thol-eiitic rocks usually have fl-at REE patterns (Sun and Nesbitt'

197ei Stolz' 1980) and

2) the incOmpatibJ-e efement ratios of the tholeiites are very near

chondritic (including zr/Ti, zr/I and zr/ce, see Fig. 7.5).

The important conclusion to be drauin is that the primary magmas for

the tholeiitic and cafc-alkaline series were derived from quite differenl

mantle sources and thenefore probabl-y from sepanate regions of the mantle'

Notabl-y, the chondritic rnantfe source (with respect Lo Zr, Nb, Y' Ti and
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Ce) inferred for the primary magmas of the tholeiitic series is analogous

to that deduced for the primary komatiitic magmas by Nesbitt and Sun (1976).

This, in turn, suggests thab the pri-mary magmas which gave rise to the

tholeiitic series were derj-ved from primitive mantle at greater depths

(c.f. magmas for calc-alkal-ine series), although magma segregalion could

have occurred at considerably shallower levels if the primitive mantle

material rose as a diapir (Fie. 7.6). In a hypothetical modeL involving

a low velocity zone such as that illustrated diagrammatically in Figure 7.6t

it woutd be postulated that the primary tholeiitic magma h¡as derived from

primitive, rtunenrichedrr mantl-e beneath the low velocity zone, while the

primary calc-alkaline magma was derived from the enriched mantl-e above the

Iow velocity zone. Following Green (1971) and Green and Liebermann (1976)

the rtenrichedr? mantle could have developed as the result of upward

migration of LIL element-enriched components derived by incipient melting

in the low velocity zone. Goodwin and Smith (1980) have advocated

analogous sourcqs for the cafc-alkaline and tholeiibic magmas, but they

considered that the upper manlle gained its LIL element-enriched character

via contributions fromrtsag-ductedrr crust, rathen than from a deeper zone

of incipienl melting (c.f. Green and Liebermann, 1976J, '

7.7 A REVIET¡I 0F CALC-ALKALI NE VOLCANISM TN OTHER ARCHAEAN SHIF,t,trò

Volcanics with calc-alka1ine affinÍtÍes have been documented from many

Archaean greenstone belts in other continents, particularly Canada and

Africa. It is the purpose of this section to briefly review a representative

selec¡ion of these examples. Particular attention is directed towards the

origins proposed for the calc-alkaline magmas, so that a compari-son can

be made with the origin suggested in this thesis for the calc-a1kaline

volcanics of the Yì-lgarn Block.

7 ,T ,1 ExamP les from Africa

Hawkesworth and O'Nions (1977 ) have discussed the geochemistry of a

suite of rocks, including calc-alkaline vol-canics, from the Onverwacht

Group (Kaapvaal Craton, South Africa) and from various greenstone belts

in the Rhodesian Craton. They considered that the continuum of compositions

from komatiites to tholeiites and calc-a]kafine volcanics (particularly in

LREE), indicated that lhe btrtk of the magmas were derived by differential
partial melting of essentially the same perj.dotiticmantle source- The

relatively depleted IIRFIE, characterj-stic of the calc-al-kal-ine volcanics

(c.f. tholeiites)r wa¡ attributed to crystall-isation and separation of

iron-rich garnet.



TABLE 7'4' c-aLkaline vol-canic rocks fron other continents.
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5' Average composition of low-K andesite (8 samples) from the Nyanzian greenstone belts of western Kenya (Davis and condie, 1g771.6. Single analysis of rhyolite from the same locality and source as 5.
7. Rhyodacite pg¡?hyry dyke or sill, Vermilion greenstone beLt,
8' 9' Average andeslte (11 sarnples) and average dacite (8 samples) fror¡ the Kakagi Lake metavolcanics (IlJolff and crocketE, 1g7g).10'11'12' Average andeslte, dacite and rhyolite (70-75% sior) from the PrinceAlbertGroup, Northwestrerritories, canada (FryerandJenner, l97g)13-19' Average compositlons of Archaean volcanic rocks cited in condiers (1g7ü review paper. 13. LrL element-enriched Archaean tholeiite;14' Low-a1kal1 (and LTL eLement)-Archaean andesile; 15. High-alka1i (and LrL èràment) Àrchaean andesite; 16t17. DepJ-eted (in HFEEand Y) siliceous volcanics; 19,19. Undepleted (in HREE and y) siliceous vol-canics.
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Volcanics from the Rhodesian craton were al-so the subjecb of a study

by Condie and Haruison (1976) who examined basÍc, intermediate and acid

examples beJ-onging bo the Bulawayan Group in the Midlands greenstone belt.

In the opinion of these authors, the sequence sampled provided some of

the freshest and least-metamorphosed vol-canic rocks availabl-e in any

Archaean terrain in the wor1d. They proposed a model in which:

1) the primitive tholeiites (with flat REE patterns) were derived

by 30% partlal melting of a trherzo\iLe mantle source, and

Ð the calc-a]kaline basal-ts, andesites and rhyol.ites were generated

by 50%r ZO-30% and 1O% partial melting respectively, of eclogite

with the composition of the primitive tholeiite. The thoteiitic

basalt was bhought to have been converted Lo eclogite as it

descended in an ancient subduction zone'

A model involving residual garnet (in eclogite) was bel-Íeved to be

necessary in order to explain the relativel-y lour HREE contents (< 10 x

chondrite) of tþe calc-al-kaline rocks and also their relativeJ-y

fractionat,ed REE distributions (Table 7.4). It is noteworthy' however'

that the Midlands rhyolites have similar, relatively high 41203 and Sr,

and f ow Zr contents, comparable with acid rocks from the !'lelcome l'Jell, Ida

HiII and PoIeIle complexes (Table 7.2), suggesting the possibility that'

by analogy with the ÏJestern Australian examples, the HREE depletion could

be due to extended amphibol-e fractionation rather than equilibrium with

garnet.

Glikson (1976) also favoured partial melting under eclogite facies

conditions as an expl-anation for the origin of some extrusive and

intrusive acid porphyries beJ-onging to the Lower onverwacht Group of the

Barberton Mountain Land region. The acid porphyries are characterised

by fractionated REE patterns, with generally low HREE contents (< 10 x

chondrites); some have extremely low HREE contents (-l x chondrites) and

uniformly steep REE patterns at the HREE end, supporting Gliksonrs

interpretation that garnet has been i-nvolved in their generaLion'

Inbermediate rocks are not associated with the acid porphyries, but

tonalitic intrusives t¡hich are probably genetically reLai'ed, occur in

close proximitY.

A further example of Archaean calc-alkaline volcanism in the Africatr

continent has been documented by Davis and condie (1977 ) from the

Nyanzia.n greenstone bel-ts of western Kenya. Geochemicaf modeJ-ling by

these authors showed that the inLermediate magmas could have been

deri.ved by equilibrj-um meJ-ting of an eclogite or garnet amphiboliLe 
'

whil-e the acid magmas probably had an upper crustal source j-n anatexj-s
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of a siliceous granulite. The single sample of rhyoJ-ite analysed by

Davis and Condie is particularly high in Zr (357 ppm) Ce (146 ppm), Y

(84 pm) and KrO (3.53%) and could be Laken as support for a sialic
crustal source (Table 7,4), On the other hand, some of the andesites

are also relatively high in these elements and this, combined with the

relatively lolr AI2O3, CaO and Sr contents in the rhyolites, could be

taken as evidence that the acid magmas were derj-ved from intermediate

parents by plagioclase-dominated fractionation.

T ,7.2 ExamPl es from North America and Canada

The dacitic volcanics and tonalitic intrusives (including the

Saganaga Tonalite) from the Vernnilion greenstone belt of northeastern

Minnesota (Arth and Hanson, 1975) have markedly similar geochemistry to

the Onverwacht Group acid porphyries and associated intrusives reporteri

by Glikson (1976). Modelling by Arth and Hanson (1972) showed that the

most probable origin involved approximately 20% parLial- mel-ting of a basic

source leaving a residue dominated by clinopyroxene and garnet. Again'

garnet r¡Jas a necessary residual mineral- in order to explain the depletion

in HREE. It is noteworthy that, as in the Onverwacht Group, the acid

rocks are not associated with intermediate intrusive and extrusive rocks.

Acid and intermediate vol-canics of calc-alkaline affinities are wel-l

knourn 1n the Canadian Shield owing to their association with volcanogenic

sulphide ore deposits (Goodwin, 1965; Sangster, 1972). In detail' Lhe

calc-a1kal-ine volcanics show significant compositional variation.

Hubregtse (1g76) for example, has recognised a high-alkali suite in the

western Superior Province (Knee Lake - Oxford Lake greenstone belt), which

he considers has shoshonitic affinities. Metavolcanics from the Kakagi

Lake area (I¡,lolff and Crockett, 1979) have typical- calc-a1kaline features

and their geochemical characteristics greatty resentble that of some of

the andesites and dacites from the Yilgarn Block (Tab1e 7.4). These

authors note anafogies with averages quoted by Condie (1976) and following

Condie, suggest that differential- partial meJ-ting of a basic source,

Ieaving an eclogitic residue, may be the most reasonable model. The

reLatively low Sr 87/86 initial ratios in these rocks (0'7015 + 0'0007)

certainly indicates a primitive source either in the rnantle or from a

mantle-derived mafic-ultramafic pile.

Vofcanics from the Prince Albert Group, Northwest Territories, Canada

(Fryer and Jenner, lgTB) have a compar"able compositional- range to vol-canics

from the Midlands greenstone bel-t, Rhodesia (Condie and Harrison, 1976).

Tholeiitic basalts with relaLively flat REE patterns are the dominant basic
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rock type, although some basal-ts showing LREE enrichment and with more

calc-al-kaline features (e.e. lower FetOrt and higher AlrOa) do occur'

Fryer and Jenner have noted that the relatively high HREE contents of

the andesites (> 15 x chondrite, Table 7,q), preclude equilibrabion with

residual garnet, but they also found that partial metting of amphibolite

was not entirely satisfactory. The dacites have a significant HREE

depletion (though noL as severe as that in the Saganaga Tonalite

Table 7.4) and were thought Lo be derived. by partial melting of amphiboliLe

with some residual orthopyroxene and garnet - i.e. basic granulite' The

rhyolites, which have REE patterns very simiLar to the Marda rhyolites

(Taytor and Hallberg, lgTT - Table 7.2), coul-d not be explained by partial

melting of a mafic source or by crystal fractionation from the HREE-

depleted dacites. Fryer and Jenner considered that they were produced by

rnelting of sialic crustal rocks (e.g. siliceous granulite or tonatite)

and were subsequentJ-y modified by low-þressure fractionation dominated

by plagioclase. ,

Condie and Baragar (1974) have presented REE data for volcanic rocks

from the yeltowknife and South Pass greenstone belts in Canada. The

following rock types occur in both greenstone beÌts:

1) tholeiitic basalt r,¡ith fl-at 10-i5 x chondrite REE distribubions;

Z) calc-alkal-ine andesite with fractionated REE diètributions ( 100

x LREE to 5-15 x HREE) and

3) cal-c-a1kal-ine dacite with fractionated REE distributions (100-300

x LREE to 10-20 x HREE).

They consldered that the calc-alkaline rocks represented typicaf rtarc

type volcanismrr.

In a more recent review paper, Condie (1976) included this and other

data 1,o arnive at some genenal concl-usions concerning Archaean calc-al-kal-ine

volcanism, which are summarized below.

1 ) Calc-alkafine volcanics are Lypified by fractionated REE paLterns

and are usually volumetricalJ-y less abundant than tholeiitic ba-safts

(with flat REE patterns) in any gÍven greenstone belt.

2\ The cal-c-al-katine andesites include a refatively l-ow LIL element

group and a relatively high LIL element group. Andesites from the

Iatt,er group have more fraclionated REE distributíons and apparently

assume increasing importance at higher stratigraphic levels.

3) The t'sifi-ceous volcanicsrr, including dacites, rhyodacites and

rhyoliles, a1so fall into two groups corresponding with l-hose that

show a rel-ative HREE and Y depletion (c.f. modern examples) and

those that do not. Condie considers that the acid volcani-cs from
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the Soulh Pass, Yellowknife and western Kenyan greenstone bel-ts

belong to the trnormal-rr group (Condie and Baragan, 1974; Davis and

Condie, 1977), while it is inferred that' the Vermilion, Barberton

and Midlands greenstone belts incl-ude examples of the rtdepleLedrr

group (Arth and Hanson, 1975; Glikson, 1976; Condie and Harrison,

1976).

Trace element modelling by Condie indicated that the calc-alkaline

andesites could not be derj-ved by shallow fractional crystal-lisation of

the tholeiites, but could possibly be generated by partial melting of an

eclogitic source with the composition of the tholeiite. A similar model

was favoured for the HREE-depleted siliceous volcanics, while the

undepleted magmas were lhought to be derived by partial melting of upper-

crustal siliceous granulites.

7.7.3 Discussion

It appears from the above review that few workers favour a direct

mantle origin for the calc-al-kaline intermedj-ate rocks via fractionation

from basic parents as proposed in this thesis. Bather, a two-stage

model is generally preferred, in which basic rocks are melted at various

dep¡hs to yield the acid and intermediate magmas. Reasons for favourlng

the latter model appear to be bofh the lack of suitable basic parents

(Condie, 1gT6 has shown that Lhoteiitic basalts are unsuitable), and the

necessity to account for the depletion in HREEr apparently by residual

garnet.

A further important point to emerge from the review is that cal-c-

alka1ine andesites, although re1atively abundant in some greenstone belts

(e.g. Midlands, Nyanzian, northern Norseman-V'liluna, many examples i-n

Canada), are lacking in others (e.g. Barberton, Vermilion). The latter
type of greenstone belt commonly shows a bimodal volcanic-plutonic

assoc1-ation, consisting of tholeiitic basalts and gabbros, and sodic acid

volcanics and tonal-ites. The distinction between the two volcanic

associations in greenstone bel-ts has been previously recognised by Condie

(1976), who has been abl-e to quantify the differences in terms of the

geochemi-stry. He makes the important observation that bhe trbimodal-

volcanic association (is) composed dominantly of depJ-eted Archaean tholeiibe
(with flat REE palterns and fow LIL element contents ) and rel-ated ul-tramaflic

rocks with minor depleted siticeous volcanics (severely depJ-eted IIREE) in

the upper parts. rr Condie further notes that the ol,her association rtis

charactenised by an abundance of depleted Archaean tholeiite with enriched

Archaean tholeiite (calc-alkafine basalt affinlties)r andesite and finally
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siliceous volcanics becoming more imporlant in upper stratigraphic

horizonsrr. It may be inferred from the work of Condie and others

(particularly Fryer and Jenner, 19T8, and l^lolff and Crockett, 1979),

that while andesites and undepleted siliceous vofcanj-cs are absent from

the bimodal terrains, the reverse is not true i.e., both depleted and

undepleted siliceous volcanics and variably LIL eLement-enriched andesites

can occur in the non-bimodal terrai-ns.

Barker and Arth (1976) have considered the bimodal association in

Archaean terrains in some detail. Although they were primarily concerned

with explaining the origin of the tonalitic gneisses which occur in the

older Archaean successions, it is clear that their conclusions can also be

applied to the bimodal volcanic associations in the greenstone belts (c.f.

Arth and Hanson, 1972). They observed that the trondhjemitic-tonalitic
Iiquids were of two tYPes:

1 ) a low A1rO, tyRe (< 15% A]-2O3), with relatively low Rb and Sr

contents, ,moderal,e LREE enrichment, a negative Eu anomaly and

flat HREE distribution;
Z) a high AtrO, tVRe (> 15% AL2O3) with relatively low Rb but moderate

to high sr contents, moderate LREE enrÍchment, a negligible Eu

anomaly and dePleted HREE.

In many ways this grouping is similar to the undepleted and depleted

sil-iceous volcanics respectively, of Condie (1976). The geochemical

characteristics are, moreover, analogous with the low-Sr and high-Sr acid

volcanics of the Yilgarn Block (secbion 7,5). However, an important

distinction is that the dacites and rhyolites from the volcanic centres

considered in this thesis are in association with andesites and in some

cases basal-bs, bo which they can be shown to be related by crystal

fractionation; no such association or differentiation serj-es is
demonstrabl-e for the tonalltes and dacites of the bimodal- igneous terrains.

Barker and Arth (1976) considered that the low 41203 magmas blere

generated by pantial meJ-ting of a basic source leaving a residue dominated

by clinopyroxene and plagiocfase, while the high 41203 magmas vüere

believed to have equilibrated with a residue dominated by garnet +

pyroxene or hornbfende + plagiocl-ase + cl-inopyroxene + garnet (Table 7,5l,.

It is the presence or absence of residual garnet and/or hornbÌende to the

mutual exclusion of plagiocfase, which determines to a major extent the

nature of the liquid. Barker and Arth (1976) explained the absence of

intermediate rocks in the bimodal volcanic association by proposing that

the relatively volatil-e-enriched acid magma separated from the resj-due

before the degree of mel-ting reached the levef at which intermediate
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magmas could form (F < 4O%). This would have the effect of considerably

raising the solidus of the residue, thus precluding further melting even

if the residue sank into the mantle. This conclusion is independently

supported by experimental- evidence which demonstrates that excessive

temperatures are required to generate intermediate liquids from a basic

source 0,iy11ie, s!.4., 1976) and by calculations which show that the

compositions of liquids generated by melting of baslc rocks (in

eclogite facies) do not resemble those of cal-c-a1kaline andesites (Stern,

1974).

Barker and Arth (1976) recognised that acid liquids of similar

composition coul-d also be produced by fraclionation of the appropriate

mineral assemblages from a basic parent, viz. plagioclase + pyroxene to

yield the low 41203 (and Sr) liquids, and predominantly hornbl-ende to

yield the high 41203 (and Sr) liquids. Since crystal- fractionation will

move the Iiquid through intermediate compositions, it is evident that this

alternative will yield the calc-alkaline, andesite-bearing association(f-ff.f'|.
If it is accepted that intermediate melts cannot be produced by direct

partial melting of a basic source, then it follows that the presence of

andesites must signify a cal-c-alkaline differentiation series and hence a

mantle-derived rock suite. This observation applies to the rocks studied

in l,he northern Norseman-!üil-una greenstone belt but apparently is not

widely accepted for calc-alkaline suites in other Archaean shields'

judging from the above review.

In summary, based on the studies reported in this thesis for Archaean

calc-alkaline volcanics in the Yilgarn Block and the previous review,

the fotlowing comments appear to be justlfied.

A. The close field association of acld and in';ermediate and occasionally

basic vofcanics, all of simil-ar LIL element-enriched geochemical character'

implies not only a genetic rel-ationship but also a conmon source (e.g. same

magma chamber). If the intermediabe and acid rocks were or-rly related

through partial mei-ting of the crust (qulte often of different cornposition

and at different depths), then there appears to be no reason why they

should be invariably associated both in space and in lime.

B. The spreacl in the HREE contents of the acid volcanics (associated with

andesites ) can be satisfactorily expl-ained by varying amounts of amphibol-e

fractionation relative to clinopyroxene and pJ-agioclase. This could explain

the depleted and undepJ-eted silj-ceous vol-canics noLed by Condie (1976) in

association with cafc-alkaline sui-l,es.

The silj,ceous vofcanics in the bimodal suiLes, because of their crustal-

ofigin, probably or^Ie Lheir depleted HREE character to residual garnet (Arth
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and Hanson, 1972i Glikson, 1976). It is conceivable that acid vol-canics

of sial-ic crustal- derivation (e.g. through partial melting of acid-
intermediate granulite) could also be represented in Archaean greensLone

sequences, but like the depleted siliceous volcanics of the bimodal

association, they would not be expected to be in association with andesites.
C. In many of the Archaean calc-alkal-ine suites described in the

literature, LIL element-enriched basalts are also present, even if in
small amount (e.g.Condie and Harrison, 1976; Condie,19T6; Fryer and

Jenner, 1978). If the LIL element-enriched basalts are not geneticalJ-y

related to the acid and intermedi-ate vol-canics then it is extremely

coincidenlal thaL such mantle-derived rocks should onJ-y be found in close
spatial associati-on with crustal-derived acid and intermedi-ate rocks of
similar LIL el-ement-enriched character. 0n the other hand thi-s associaiion
would be expected, and indeed predicted, if the rocks formed a cal-c-alkal-ine
differentiation series. The relatively smal-l- volume of LIL el-ement-enriched

basalts is not ên objection to the differentiation hypothesis, since much

of the basic tiquid could have fractionated at depth to yield the more

acid rocks of lhe calc-alkal-ine suites.

These points are made to direct attention towards the attributes of
a crystal fractionation hypothesis in explaining the origin of Archaean

calc-a1kaline rock suites, since in the writer's opinion this alternative
has not received the attention it deserves in the Literature.

7.8 SUMMARY

Cal-c-al-kal-ine vol-canic centres, in most cases containing a high
proportion of andesiLe , are widely developed in the Yilgarn Bfock. The

most basic members from each of the centres, including basalts and low-
silica andesites, have comparabJ-e geochemical characteristics and are

therefore be1ieved to have had a common origin. This involved shallow,
hydrous melting of a LI! el-ement-enriched zone of the mantl-e. Melting
may have been triggered by the l-ocalised introduction of waten or by a

IocaL region of high heat flow (i.e., Ithot spotrt). In either case, magma

generation conditions approximating those created by modern subduction
processes were thought to have pertained and this could explain the marked

geochemical anal-ogy ncted betr^reen Archaean arrd Cainozoic calc-alkal-ine
vol-canic suites.

The calc-al-kal-ine vol-canics bf the Yilgarr Block show two distinct
differentiation trends. One, produced as the resul-t of exl-ensive amphiboJ-e

f'ractionation has resuLbed in acid rocks with relatively high Sr and

relatively Low Zr, Nb, Y, HREE and MREE contents. The other, in which
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clinopyroxene and plagioclase fractionation assume a greater roJ-e' has

resulted in acid rocks with lower Sr and AI2O3 conLents and higher zr,

Nb, Y and HREE contents and a significant negative Eu anomaly compared

with the former group. The varying role of amphlbol-e in relation Lo

clinopyroxene and pÌagiocJ-ase, in producing the two differentiation

trends, is considered to be a function of the depth at which the bulk

of the crystal fractionation occurred'

Basalts belongi¡g to the caÌc-al-kaline and tholeiitic rock series

show consistent geochemical differences. some stem from the fact that

the primary magmas for the tholeiitic series have not equilibrated with

residual clinopyroxene (hence they are relatively high in sc, v and cao

but low in Alroa compared with calc-alkaline rocks), while others from

the primitive, chondritic mantle source (hence they are lowen in most LIL

elements compared with calc-alkaline rocks) ' The different mantl-e sources

and residual mineral assemblages, imply that the calc-al-kaline and

tholeiitic volcânics are genetically unrelated. Moreover, the lack of

any consistent time or spatial refationships between the two series

indicates thaf the respective magma generation processes v¡ere not in any

way linked.

A literature study reveals that calc-alkaline volcanics, simj-ì-ar in

all respects to those in the Yil.garn Block, occur in Archaean gneenstone

terrains in other contineni,s. The origins proposed for the acid and

intermediate magmas usually involve partial melting of pre-exlsting

crustal rocks. The literature review afso showed that acid vol-canics'

lacking associated andesites occur in Archaean greenstone belts' In the

writerrs opinion, the model- of Barker and Arth (1976) satisfactorily

accounts for the re]ative proportions of rock types, geochemical

characteristics and particular origins of the volcanics cornprising the

two associations. The critical feature of the model- 1s that is recognises

the simi.larity in the major" element geochemistry of acid magmas produced

by partial melting of, and crystal fractionation from, a given basic

source, assuming the residual and fractionating minerafs respecl'ively'

are the same. The partial melting case will yietd the bimodaÌ association

lacking andesites, while the crystal. fracLionatj-on case, because it passes

through an intermediate stage, wiJ-I yield the typical- calc-alkaline'

andesiLe-bearing association'
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PART THREE

A DISCUSSION OF THE ]MPLICA TTONS FOR

PRECAMBRIAN CRUSTAL AND },IANTLE EVOLUTION
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CHAPTER B

8.1 ]NTRODUCT]ON

It will be apparent from the preceding chapters that the Archaean

and Proterozoic volcanic terrains studied differ markedly with respect to

the setting and environment of eruption, the relative volumes of material

erupted and the origins ofl the acid magmas. For example, while Archaean

felsic volcanic rocks are of llmited volume and occur in small centres,

the Proterozoic examples are voluminous and commonly form extensive

ignimbrite sheets. Also, while the Archaean felsic volcanic rocks

studied represent new additions to the crust from Lhe manfle, the

Proterozoic terrains developed largel-y as the resul.t of extensive crustal-

reworki.ng with very little addition at the surface of new mantle materÍa.1.

The latter observation, considered on its or^in, is consistent with the view

held by many workers that the Archaean heralded a period of major crustaf

growth via contributions from the mant.Ie, while the Proterozoic was a

tirne of reworking and consolidatlon of this crust (Condie, 1973;

Bridgwater and Fyfe, 1974; Hargraves, 1976; Fyfe' 1978i Glikson, 1977'

1979c; Tarney and Ì,lindley, 1977). Glikson (1977, 1979c) in particular,

has emphasised thab there is an apparent gap in Lhe rock recond in the

2,6-2.0 aeon period and that either side of this hiatus there is seemingly

an abrupt change in the tectonic regirnes and associated igneous activity.

It is important to note, however, that crustal- reworking was not

confined to the Proterozoic, since the voluminous granitoid rocks in the

Archaean offer evidence for extensive crustal renobilisation during this
period on a scal-e probably exceeding that in the Middle Proterozoic

(Glikson and Lambert, 1976; Archibald, 9t 3J., 1978i Cooper'-9! 9J.' 1979).

It seems probabl-e, as Hargraves (1976) has pointed out, that melting of

the base of the Archaean crust hras an ongoing process that would have

effectively limlted the thickness to which the sialic (and simatic) crust

coul.d have developed. As the geothenmal gradient decreased with time' so

the maximum permissabl-e thickness of the sial-ic crust would have increased

and possibly, the likelihood of sialic crustal reworking would have

diminished.

An important distinction between Archaean ancl ProterozoLc fel-sic

volcanic terrains, which appears to have general validity' ccncerns the

occurrence of calc-al-kaline rock suites. To the writerrs knowledge no

andesite-beaning calc-alkaline volcanic associations have been convincingJ-y

demonstrated to occun within l,he post-orogenic Middle Proterozoic volcano-

plutonic terrains. It seems likely that this feature may reflect upon
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Primitive basal-t from the GawLer Range province (see ChapLer Z).
Average composiLion of four basarts from the Gawler Range province
(average of 8231,8459, K11O and K33, data in Table AZ.á,
Appendix 1 ).
Primitive basal-t from the lnJelcome l,rrerl compJ_ex (see chapter 5).
Average composition of eight low-silica, high-MgO rocks (basalls
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I'1131, Vü4, Wl23, W125, W5 and V123, data in Tab1e A5-2, Appendix 1).
Tholeiiticbasalt, adjacent to the Ï,lelcome l^lell complex.
Average composition of thinteen evolved tholeiitic basal_ts from
the Scotia area (data from Stolz, 19BO).

Kilauea Tholeiite, i-nternationar standard, data from sun , et al.,
(1979).

BHVO- 1 .
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fundamental- changes in the processes of rnagma genenation and/or conditions

of crystal fractionation during the Precambrian.

In view of the above observation it is perhaps surprising to note that

the basalts, associated in minor proportion with the Archaean and

Proterozoic felsic volcanic rocks, have anal-ogous geochemical- characteristics.
It will be recalled that in both cases it was postulated that the primary

basic magmas originated by shallow, hydrous mel.ting of a LIL element-

enriched zone of the upper mantle. 0n the one hand, extended differentiatj-on
of the basic rocks yielded the calc-aIkaline series of the Archaean,

while on the other, differentiation was restricted and apparently did not

yieJ-d calc-alkaline andesites in the Proterozoic.

These observations and the questions they pose are clearly important

to an understanding of the processes of magma generation, and in turn to
a knowledge of crustal and mantle evolulion, in the Precambrian. To

investigate the points raised in more depth, the evidence provided the
)

basic, intermediate and acid rocks in both the Archaean and Proterozoic

volcanic terrains studied, will be individually investigated in the

following sections of this chapter.

8.2 EVIDENCE FROM THE BASIC ROCKS

8.2. 1 General Discussi-on

Analyses of selected Proterozoic and Archaean basalts and their
elemental ratios are Listed in Tables 8.1 and 8.2 respectiveJ-y. Comparison

of the data for the primitive basal-t from the GawLer Range province (K101 )

with the prlmit,ive basal-t from the lnlel-come lnlell complex (1,f3) reveals

striking similarities in the absolute contents of most major el-ements
+(e.g. 41203, FerOr", MgO, CaO and alkalis) and trace efements (particularly

zf, Nb, Y, v, sc,'cr and Ni) and in the efemental- ratios, compared with

chondrites. These similaritíes are also seen in the more evolved rocks

from the Proterozoic and Archaean terrains (compare columns A and Bt

Tables 8.1 and 8.2), thus adding support to the inferred compositional

analogy. In addition, the chondrite-normalised Nb-Ce-Nd-Zr-Ti-Y-Yb pJ-ots

(Fig. 8.1 ), show that the Archaean and Proterozoic rocks studied have

distributions of simil-ar shape, and notabty, these differ quite markedly

from other Archaean and Proterozoic basic volcanic rocks.

The elementa] ratios of the Archaean and Proterozoic basalts studied

can be reso]ved into those that are

1) less than chondritic - Sc,/Ti, \l/Ti;
2) approximately chondritic - Zr/Nb, Y/Ti;

3) greater than chondritic - Zr/Ti, Zr/Y and Ce/Zr (Table 8.2)-



TABLE 8.2. Chondrite normalised values and elemental_ ratios for se]ected

Zr

ch. n

Chondrite
normalising
factors

6.0

High -
al-umina

BHV0-1 MORB basalt DK101 A 1,,¡3

102 141 111

17 23. 5 18. 5

B bIl5O C

117 82 61

19 .5 13. 6 'r0. 
1

170

2B

126

21

62

10.314

Nb

ch. n. 0.35

5.3
15.1 no1.9

)Q

7.9

7.4 17.4

21 6.4

6.4 4.3

ß.3 1à.2

3.5

10

5.6

16

20

57

Y

ch.n. 2.2

19 26 23

8.6 11.8 10.5

21 .6

9.8

3',1 26

14 11.8

28

12.7

25.6

11 ,6

25

15 11 .4
Ti
ch 620n

3840 6'120 6060

6.2 9.9 9.8

6120 8220 6900 16430

9.9 13.3 11.1 26.5

6600

15 10. 6

3780

6.1

Ce

ch n 0.813

55

6B

34

42

7B

96

54

66

B 10 36.7

9.8 12.3 45 9.2

4(

5B

Nd

ch. n 0.597

36 23

60 38.5

21 14

36 23.5 10. 5

34

57

23

?o

Yb

ch n 0.208

2.3 1.71

9 .5 11 .06 8.2

2

9.6 9.1 14

Zr/
Zr/
Ti/
Tí/
Zr/
Ti/
Ti/
Tio

Ce

Y

Zr

Y

Nb

1¡
v

Sc

z/p

38

202

19

21

132

3.6

2.6

5.4
43

235

19

34

223

4.4

1.7

4.8

55

263

1B

31

242

)'7

4.6

6.1

97

587

8.5

49

520

10

1.1

5.0

52

264

22

227

tr,)

2.4

61

148

22

Probable
chondritic
value

7 .4-7 .7

2.5-2.8
100-1 10

250-280

16- 1B

8. 4- 10

7B-85

STP= 1 0

1.3

5.4

4.2 10 6.1

5.6 2.65 2.4

52 ',r00 1 13

283 265 265

18.4 19 17 .4

35 23 23.6

262 171 260

5.1 9.8 B.Bzos

Notes: 1.

2.

Sounce of chondritic val-ues and chondrite normal-ising factors
given in Table 2.6.
Identification of sampJ-es as for Table B. 1, with the addition of:
MORB - average rrtypicaltf mid-ocean ridge basalt (data from Sun
et a7. , 1979).
High-alumina basalt - average, taken from Winchester and Floyd
(1977). The data quoted is very comparable with that cited for
high-alumina basal-ts by Taylor (1969); Jakes and t'lhite (1971),
Pearce and Cann (1973) and Foden (1979).
D. - average prÍmitive basalt from the Lower Proterozoic Halls
Creek Group, Kimberley region, W.A. (data quoted with the
permission of R. Allen and S. Hancock, 1980).
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The non-chondritic elemental ratios of these rocks are unlikely to be

fortuitous, particuJ-arly as other Precambrian basic igneous rocks that

were formed noughly contemporaneously with the rocks studied, have

chondritic values for many of these elemental ratios (Table 8.2), The

important feature is not so much the absolute values of the ratios' bul

the consistently non-chondritic values shown by bofh the Archaean and

Proterozoic rocks studi-ed, which suggests that the primary nagmas in both

cases ürere generated from a simil-ar source probably under analogous

conditions.

8.2.2 Nature of the mantle source

The non-chondnitic element ratlos are considened to be significant
and they should yietd information concerning the nature of the mantl-e

source. It has previously been argued that control by residual clino-
pyroxene can account for the l-evets of Sc and V in the primitive basal-ts

(!'13 and I(101) . 'IL 1s possible thal, Ti and Y behaved essentially

incompatibly during the magma segregation event, thus preserving the (?)

chondritic TilY mantle value in the meÌt. The greater than chondritic

Z7/TL and Zr/Y values imply LhaL Zr was probably enriched in the rnanl,l-e

source prior to magma segregation. If this was the case then Zr and Nb

must have been added to the mantle source in equa-l proportions in order

to maintaj.n the chondritic ZrlNb value (assuming the source from which

they were derived had chondrit,ic Zr/Nb).

The al-ternative interpretation that Ti and Y were controll-ed during

the magma segregation event (in addition to Sc and V), and that Zr and Nb

behaved inconrpabibly, is not favoured, si-nce it relies on the improbable

assumption that Ti and Y were conl,rolled in the correct proportions by

the residual minerafs (i.e., ol.ivlne, orthopyroxene and clinopyroxene)

to yield a chondritic vafue for Ti/Y. This l-ine of argument does not

escape the necessity for control of Ti and Y (in proportions to yiel-d

chondritic T:-/I) relative Lo Zr anct Nb at some stage in the evolution of

the rtenrichedrr mantle. However, it is easier to envisage the necessary

control on Ti and Y bei-ng produced b5'minor accessory phases (e'g' spinel'

apatite, phlogopite, ilmenite, rutile and others) during arr earlier stage

of small-volume incipient melting rather than during the high-degnee

melting evenl associated with magma segregation.

The greater than chondritic Ce/Zr value, considenecl j.n the light of

the uniformly chondritic value for Zr/Nb suggests that LREE (and probabl-y

p) were added to the mantl.e source in an enriching evenb quite independelil

of fhat for Zr and Nb. Had all of these el-emenLs been added at the same
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time from an oniginally chondritic mantl-e source, it would be necessary

to propose that Zr and Nb were controfled relative to Ce in the correct
proportions to maintain a chondritic ratio, a situation which, as has been

previously argued for the case of Ti and Y, is considered to be unlikely.
The geochemical- data can offer no evidence concerning the respective order

in which Zr and Nb, and LREE, víere enriched in the mantl-e source, nor the

timing óf the enrichment events with respect to magma segregation. However,

the variability in the rel-ative abundances of LREE in the basic vol-cani-cs

(Table 8.1 ) and the relative variability Ln Zr/Ce (Tab1e 8.2), suggests

that the processes leading to LREE enrichment in the mantle source blere

rathen more erratic Lhan those for Zt and Nb.

The important conclusi-on arising from this discussion is that the

elemental ratios of both the Archaean and Proterozoic basal-ts associated

with the felsic volcanics studied, record complex processes of LIL

eÌement enrichment in their respective mantle sources prior to magma

segregation. Sôme of the el-emental. ratios (e.g. Ti/y., TilSc and Ti/V)

have, however, probabJ.y been inherit.ed during the magma segregation event

due Lo the control of Sc and V by nesidual clinopyroxene and the i-ncompalible

behaviour cf Ti and Y.

8.2.3 hlider implications

The previous observatj-ons raise the important question of whether

the Archaean ancl Proterozoic basic magmas were derived from the same LIL

element-enriched zone of the upper mantle, that had devel-oped al an earlier
stage in earth history, and consequently had been in existence throughout

the Proterozoic and possibly much of the Archaean. It is notabl-e in this
connection that Archaean cal-c-alkaline volcanic rocks from the Pilbara

Block, with identical geochemical characteristics to those from the Yilgarn

Block described in this thesis, have been recently documented by Bari-ey

( 19BO). This author records that the calc-alkaline volcanics occur in

discrete centres that developed contemporaneously with adjacent piles of

tholeiitic basalts. He further notes that while the tholeiitic basalts

have flat REE patterns and approximately chondritic Zr/Ti and Zr/\' the

basal-ts associabed wlth the calc-alka]ine volcanics have fracti-onated,

LREg-enriched REE patterns and greaber than chondritic vafues for Zr/Ti and

Zr/Y. The anaLogy in the features of the Archaean cal-c-alkal-ine volcanics

assume particular significance when it is considered that the greenstone

sequences i-n this part of the Pilbara Bfock are probably 800-900 m.y. ol-der

than those in the Yilgarn Block.



Figure 8.1
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of Archaean, proterozoic and nodern vorcanic rocks. The sources
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and 8.2.
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It is also notable that the Archaean and Proterozoic basal-ts appear

lo have modern analogues in isl-and arc regions. For example, the high-

alumina basalts commonly associated with the circumpacific calc-alkaÌine

suites have comparable geochemical characterisLics, demonstrated by the

parallelism of the chondrite-normalised Nb-Ce-Nd-Zr-Ti-Y plots (Fie. 8.1,

data afler average of l¡,iinchester and Floyd , 1977 and supported by the data

of Taylor , 1969; Jakes and lfhite, 1971; Pearce and Cann, 1973i Foden ' 
'1979) -

The high-alumina basalts show the near chondritic Ti,/Y and Zr/Nb val-ues

and greater than chondritic Zr/TL and Ce/Zr val.ues characteristic of the

Archaean and Proterozoic basal-ts studied, and also possess similar absol-ute

abundances of these elements. This el-emental distribution conl"rasts

with that of basalts from ocean islands which are relatively enriched in

Nb and have near chondritic Zr/Ti values (see BHVO-1, Kifauea tholeiite'

Fig. 8.1, data aft,er Sun, 9.! a]., 1979). It also contrasts with micl-ocean

ridge basal-ts, in which LREE are typically relative1y depleted and Nb more

SO. )

The high-al-umi-na basalts are unlikely to be derived from the same

manble source as ei.ther the ocean island basal-ts or mid-ocean ridge basalts

owing to their distincg and consistent geochemical differences. Followjng

a similar line of reasoning, it could be argued that the high-afumina

basal-ts were derived from a comparable source to the Archaean and Proterozoic

LIL element-enriched basalts, owing to their analogous geochemical-

characteris¡ics. One possì-bility is that the LIL element-enriched mantle

source developed early in the earthrs history and was subsequently tapped

at various stages to yield primary magmas of simil-ar LIL el-ement-enriched

character (e.g. at 3.5 b.y. in the Pilbara Block, aL 2.6 b.y. in the YiJ-garrr

Block, at 1,5 b.y. in the Gawl-en Range provi.nce, aL 1. 1 b.y. in the Cenlraì

Australian province and during the Tertiary i-n plate converging regions) '

AlternativeJ-y it could be proposed that the required LIL element-enriched

mantle source was ttpreparedrr immediately prior to, or duning, each of the

magma segregation events, thus excJ-uding the necessit.y for a long term

LIL element-enriched mantle source.

The data presentecl in this thesis does not permit. distinction between

these a-lternatives, hovlever several important' qualitative observal-ions can

be macle. Firstty, if the magma generat'ion occurrecl as a rrone-offtr event

in each case, then it is difficult to envi-sage how rocks of analogous

geochemical- character could have deveJ-cperì through time, given the

contrasting tectorric environments duri-ng formation' This objection can be

negated however, if it is postulated thal a LIL el'ement-enriched zone of the

upper mantfe developecl early in the eanth's history and remaitred static in
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subcontinental. regions throughout time. Secondly, there is evidence that

the LIL element-enriched primary basic magmas under consideraLion, in all

cases segregated from rel-atively shallow level.s in the uppermost zone of

the mantle (tfris comment also applies to the parental magmas for the

hypersthene and quartz-normative basal-ts in island arc envinonments,

Green, 1gT3, 1gT6). The correspondence between the particular geochemical

characteristics of these rocks and their sha]Iow source woul-d appear tô be

coincidental if the primary magmas were derj-ved by a rtone-offl process in

each case. On the olher hand the relationship would be predicted if

indeed the uppermost mantle preserved the record of an early LIL' element

enrichment event. Finally, it is noted that many modern calc-alkaiine

volcanics have developed over essentially contlnentaf mantl.e r al-though

siatic continental crust may not always be present. In these cases the

subduction zones effectively separate the continental manLle from the

presumably convecting oceanic mantle. It folLows that if a long term

enriched zone of the upper mantle does exist, then it might be expect.ed

to occur beneath island arcs that have developed on continental mantl-e.

This prediction appears to be supported by recent isotopic data whicll

suggests that the upper mantle in such regions has possessed its LREE

enriched character for a considerable period of time (Hawkesworth, et al. 
'

lg1g). These comments would not apply, however, to island arcs which have

developed on oceanic mant]e and the avallabl-e isotopic data appears to

reflect this distinction (e.g.De Paol-o and Johnson, 1979, on the New

Britain island arc).

lrlhil-e the qualitative arguments presented above woul-d appear 1"o

support the proposition of a long term LIL element-enriched upper rnantJ-e,

1t is apparent that the avail-abl-e evidence is insufficiently sLrong to

exclude oLher possibilities and cJ-earJ-y comprehensive isotopic data v¡oul-d

be required before any particular hypothesis could be regarded as

acceptable. Regardless of which model of LIL efement enrichment in the

mantle is favoured, it is evidenL that some mechanism is needed to trigger

ancl promote me1t-ing in bhe upper nlantle and possible causes will be trriefly

dÍscussed below.

8.2.4 Possible mechanisms of oriein

Two mechanisms that are conuttonly proposed to account for melting in
'bhe mantle are: 'l) diapirism, involving the movement of hot mantfe

material. to shal-lov¡ l-evels wj-th a resu]tant. increase j.n the geolhennal

graclient (Green, 1975) and 2) movement of water with resultant J-owering

of the mantfe soLidus where sì-gnificant amoutlts accumulate (Wyllie, 1971) '
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It has previously been pointed out that the latter alternative could

account for the rather sporadic and l-ocalised occurrence of the Archaean

calc-alkaline centres, each having developed above a local-ised zone of
melting in the upper mantle caused by the introduction of water, perhaps

along a fracture. It is more difficult to envisage this as a satisfactory
explanation for the episodes of magma generation in the Proterozoic'

since the Lower Proterozoic tectonothermal- events and the subsequent iþneous

activity in thé post-orogenic era appear to require a zone of high heat

flow over an extended period. This would seem more consistent with some

form of mantle upwelling or diapirism, which maintained a significant heat

input for a long period of time. This conclusion is supported by the

great volumes and the non-eutectic character of the acid magmas generated

in the Midd]e Proterczoic, both of which necessitate an external hea1" input.

Also, in v|ew of the subcontinental setting it is difficult to envj-sage

the introduction of water alone, without some heat input' as the cause of
melting of the tlpper mantle.

!ühile diapirism may account for the situation in the ProterozoLc,

it Ís faced with problems when applied to the Archaean. For example' 1f

the primary magmas originated in a rising diapir, it woulcì be necessary

to propose that each of the Archaean calc-alkaline vol-canic centres

developed over its or^nn diapir. It is doubtful whether lhe concept of

numerous small diapirs rising through the mantl-e is realistic, particularly

when the products generated in each case are geochemically anaÌogcus.

A1so, it seems unlikeJ-y that such diapirism on a very much larger scal-e

j-n the Proterozoic would have yielded magmas of identj.cal geochernical

character.

The previous arguments against a general model- involving diapj-rism

could be negated by proposing that diapirism provided not the rlagmas, but

rather the necessary heat for mel1.ing of the uppermost mantle and in t his

sense acted as a trhot. spotrr (c.f , Goodwin, 1973), The difference in scale

of the magmatism and the differing tectonic regimes between the Archaean

and Proterozoic could be explained j-n terms of bhe magnitude of the diapin

and/or the longevity of heal, input from i-t. Presumably, in the Proterozoic

the dlapirs woul-d have been much larger and their period of inffuence much

longer than in the Archaean, but because they affected the same LIL

elernent-enriched zone of the u.pper mantl-e, the primary basj-c magmas

generated in both cases were anafogous. It is conceivable that the

Iithosphere (incl-uding the LIL element-enriched upper manLle) could have

migrated relative to t.he manLfe diapir or rrhot spotrr with melting taking

place wherever a significant stand-stilf occurred. Such a mechanism has
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been proposed by !'lynne Edwards (1976) to exptain his rfaligned trains of

plutonic complexesrr in the Proterozoic of the Grenville province and by

!,le11man and McDougall (1974) to account for the distribution of Tertiary
j-gneous centres in eastern Australia. This model could offer an explanation

for the rrstring of beadsrt distribution of tfie Archaean calc-alkal-ine

volcanic centres in the northern Norseman-!üil-una greenstone belt (Hallbergt

pers. comm., 19BO) and it may also expì-ain why these rocks were generated

and erupted quíte independently of the ofben contemporaneous tholeiitic
and komatiitic volcanics (see chapter 7).

8.2.5 Summart¡

In summary, the a.vailable geochemical evidence favours the inter-
pretation that the primary magmas for the Archaean calc-al-kaline suites,

basalts of the post-orogenic, bimodal Proterozoic suites and high-alum.ina

basal-ts of modern circumpacific calc-alkaline suites were derived from

analogous, LIL element-enriched manlle sources at relativei-y shallow depths.

It. could be speculated that all were derived from the same zone of the

uppermost mantle that gained its LIL element enriched character very early

in the earthrs history and has maintained its character in subcontinental

regions to the presenb day. However, there is no compelling eviclence for

this view excepting the observed analoBV in the trace element character of

basalts erupted over a considenable period of time and test,ing will have

t,o await the accumulation of detailed isotopic data. A similar line of

reasoning favours the view that the Proterozoic and Archaean basic magmas

were not generated from random mantl-e diapirs in rtone-offtr episodes, since

it is unlikely that such processes coufd have duplicated thejr analogous

geochemical- characteristics. The most plauslble explanation j-n the J-ight

of the availabl-e evidence appears to be that both the Archaean and Proterozoic

baslc magmas were generated from the same region of the mantle in response

to the introduction of heat from mantfe dlapir(s) at depth. The diapirs

themselves probably contributed no magmas to the Archaean and Proterozoic

volcanic terrains studied.

8.3 EVTDENCE FROM THE TNTERMEDTATE ROCKS

It has been previously pointed out that the paucity of calc-alkal-ine

andesites in 1.he post-orogenic Middle Protenozoic volcano-plutonic terrains

is a real feature wh1õh appears to be characteristic of these terrains.

True calc-a1kal-ine suites containing an abundance of l-ow-sifica andesites

are also rare in the Lower Proterozoic record and to the writenrs knowledge

are completely lacking in terrains of this age in Australiar although
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Reid (1977 ) has documented an example from Soubhern Africa. These

observations appear to present a major contradiction to the previous

conclusions concerning the origins of the associated LIL element-enriched

basalts. For example, if the basal-ts were derived from the same source and

under the same conditions in the Proterozoic and Archaean, rnrhy in the

latter case did typical andesite-bearing, calc-alkaline differenliation
suites develop whereas in lhe obher case they apparently did not?

A major cóntributing factor may have been the relative thickness and

composition of the crust in the Middle Proterozoic compared with that in
the Archaean. Most workers consider that the geothermal- gradient decreased

during the Precambrian, and an inevitable consequence of this is an increase
in the maxj-mum permissable thickness of the crust, assuming that crustal
thickness is limited by melting reactions at depth (Hargraves, 1976).

At the same time the continu.ous conversion of simatlc to siaLic crust
in the Archaean (GlÍkson and Lambert, 1976), culminating with the major

episode of crustal reworki-ng at the end of this era (evidenced by the

abundant 2,6 b.y. granitoi.d plutons in the Yilgarn Block), would have

greatly added to the volume of sialic rocks in the crust. The end result
would have been the production of a rel-atively thick, bouyanb crust that
would have effectively rrfloatedtr on any ascendi-ng basic magmas.

The effect of this would have been to inhibit the ascent of basic
magmas, so that during the Prol,erozoic it is possible that much of the

basic magma generated was entrapped either within or aL the base of the

crusb. Fyfe (1978) has suggested the possibility of extensive underpJ-ating

of the sial-ic crust by basic magmas and has recognised that the entrapped

magmas would have contributed heat for crustal- fusion in the immediatei-y

adjacent lower crust. This situation probably differed from thaL in lhe
early Archaean, where the density contrast between the basic magmas and

the dominantly simatic crust would have been mj-nimal and so little under-
plating would be expected (see Fig. 8.2).

Two other factors coul-d also have contributed to the paucity of
andesites by either directly or indireclly affecting the crystallisation
hj-stories of the primary basic magmas. For example, the depbh at which

the magmas were entrapped duri-ng the Proterozoic may not have been optimum

for the stabili-ty of amphibole relative to other minerals and thus the

cal-c-alkal-ine trend towards silica enrichment, normalJ-y produced by

fractionation of l-ow-silica amphibole (Cawt,horn and 0rHara, 1976), did

not result. The possibility afso exists that the basic magma, while
entrapped near the base of the crustr ilâV have lost much of its volatile



TABLE 8.3. Compositions of high-K"O Archaean granitoid rocks from the

Eastern Goldfields Provi-nce. YilEarn Block.compared with
typical post-orogenic Proterozoic rhyolites.
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1. Typical sample of lhe megacrystic adamellite body that intrudes and
truncates the Ì'lelcome ülell complex in the north and northeast (collected
by Foden, Hallberg and Giles, 1979).

2. Typical sample of the granodiorite pluton in the vicinlty of Smith 1,,1e11,

Edjudina 1:250,000 sheet area (collected by Foden, Hallberg and Giles'
1979)

3. Average composition of Mt. Boreas Adamellite, Duketon and Laverton
12250,000 sheet areas (after Bunti-ng and Chin, 1975),

415, Coarse- and medium-grained adamellite respectively, from the Sir
Samuel 1:25O,OOO Sheet areas (after Bunting and l^lilliams, 1976r.

6. Average composition of 85 post-kinenatic grani-toids from the southern
part of the Eastern Gotdfields Province (after Archibald, .q9 êJ., 1978).

7. Typical rhyolite from the Gawler Range Volcanics (E607, chapter 2).
B, Typical rhyolite from the Bentley Supergroup (863, chapter 3).
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content to the relatively dry granulites in cl-ose proximity. The

resultant, J-owered PH,O in the basic magma might have inhibited amphibole

fractionalion relative to other minerals (Yoder and Tilley, 1962). If
hraLer did migrale into the granulites, then it is possible that this could

have promoted anatexis, particularly in viêw of the heat source provided

by the adjacent basic magmas.

It is further noted that the large area covered by the post-orogenic

Proterozoic voicano-plutonic terrains and the great volumes of magma

generaLeclr flâV have been caused not only by the nagni-tude of the diapirs
at this time, but also by underplating of extensive areas of the crust

by basic magmas.

8.4 EVTDENCE FROM THE ACID ROCKS

It has been earli-er noted that the Proterozoic felsic volcanics studied

share few characteristics in common with the mantle-derived Archaean felsic
volcanics, but that they can be compared with the voluminous, anatectic,

K^O-rich Archaean granitoids. Although the granitoids are widespread,
¿

there is a paucity of comprehensive geochemical data concerning them.

l,lhat data is available suggests that they have comparable ]eve1s of KrO,

Rb, Ba ancl LREE to the Proterozoic acid volcanj,cs, but generally lower
+

cont.ents of Zr, Nb, Yr HREE' FerOr" and TiO, (Table 8.3).

Condie (1980), on the basis of a detailed study of the geochemistry

of a number of KrO-rich Archaean granite batholiths, considered that lhey

represented near minimum melts at low waLer pressure. He noted that theS'

coul-d be mel-ts of either a high-K andesitic source or a tonalite-
trondhjemiLe-source, developed by intrusion and metamorphism of diorite
and/or tonalite-trondhjemite plutons in the lower crust. Thi-s origin

differs from that proposed in this thesis for the post-orogenic

Proterozoic acid magrnas in two important respects. Firstl-yr it has been

argued that the primany magmas for the Proterozoic suites were not simpl-e

eutectic melts, but rather nere high temperature liquids of dacite to

high-silica anclesite composition. Secondly, the modelling calculations

reported in chapters 2 and 3 indicate a low-silica source (basic to low-

silica intermediate composition), of a refractory, siai-ic naLure. The

higher level-s of Zr, Nb, Y, HREE, nerOrt and TiO, in the Proterozoic rocks

are probably a direct result of 1,hese differences.

In view of the extent of the Mj-ddl-e I'roterozoj-c vofcano-plutonic

terrains and the grea.t vol-umes of acid igneous rocks comprising thern' it
is eviclenL LhaL the source fnom which the magmas h¡ere generated also must
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have been very extensive. This raises the important quesl,ion of how

such a relatively basic, refractory sialic crustal source developed in
the volumes required. It is notable thab Condie (1980) considers the

residue left after partial- melting of the high-K andesitic source to be

similar in composition to the Iow-K py"o*"nò gneisses of Archaean terrains.
Such a residue would ful.fil the compositional requi-rements for the source

of the post-orogenic Proterozoic magmas. Thus, it is possible that
the residue remäining after generation of the low temperature acid magmas

which gave rise to the high-K Archaean granitoids, provided the source

for the high temperature, post-orogenic Proterozoic acid magmas.

This proposal appears to have some merit, particuarly when it is
considered that the post-or"ogenic Prot erozoic volcano-plutonic provinces

deveJ-oped on thick, stable continental- crust and in many cases are

demonstrably underlain by Archaean rocks or their reworked remnants.

There seems little doubt that the huge volume of KrO-nich Archaean

granitoid" gun""äted during the Archaean would have Left an equally
Iarge volume of refracLory residue and since this residue would be located

in the lower cnust, it would be expected to mel-t first in response to the

introduction of heat from the mantle. The possibility that higher level-s

of the crust melted during the Proterozoic is not excluded, however

evidence for this in the two Proterozoic terrains studied is lacking.
Moreover it Ís difficult to envisage J-arge-scale reworklng of the upper

crust due to mantle heat input (i.e., excJ-uding burial metamorphic effects),
without involving Lhe lower crust which woul-d be cl-osest to the heat source.

The earliest sialic crust (i.e. the high-K andesite and tonal-ite-
trondhjemite sources of Condie, 1980) could have developed by differentiat,ion
of manL-ì-e-derived panental magnas ancl,/or by partial melting of simatic

crusL. The former alternative involving differentiation has been demonstrated

for the Archaean cal-c-alkal-ine volcanic suites studied in this thesis.
That this process occur-red in the earliest Archaean is showtr by the

anal.ogous calc-alkaline vofcanics j"n the 3.5 b.y. old greenstone sequence

of the Pilbara Block (BarJ-ey, 1980). The latter process, involving parti-al

melting of a basj.c crustal- source, or thetrsima to sial!'transition as it
has been referred to by Glikson and Lamberl (1976) has been advocated by

many workers Lo explain the origin of sodic acid rocks (Arth and Hanson,

19'(2; Cooper, et ¿-J-., 1978i Gl-ikson, 1979b; Collerson and Fryer, 1979;

Stolz, 1980; Focien, -e!. al.. , in prep. ) .
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In summary, it is apparent that the Archaean and Proterozoic acid

rocks are useful in providing an insight into the processes of Precambrian

sialic crustal development. It seems valid to conclude that the earl-iest

acid rocks that could form by conventi-onal means (without resorting to

unknou¡n, hypothetical processes), were tonalitic-trondhjemitic rocks

generated by partial melting of pre-existing basic (simatic) crust and

calc-afkaline differentiates of mantle-derived magmas. The devel.opment

of these rocks.would have been limited only by the thickness of the early

simatic crust and by bhe prevailing geothermal gradient, and once formed,

they provided the basis for reworking later in the Archaean to generate

the KrO-rich granitoids and subsequent reworking at higher tempenatu.res

in the proterozoic to yÍetd the post-orogenic vofcanics. These general

trends of acid magmatism, while they may be diachronous from place to

place on a restrj-cted time sca1e, can be substantiated for lhe Precambrian

as a who1e.

8.5 MODERN ANALOGUES

In any study of ancient igneous rocks it is useful- to look for modern

analogues in the hope that if they exist, they wiII shed light on the

environment of formation of the ancient rocks. The search fon analogues

relies on the empirical observation that centain types of igneous rocks

are found in specific tectonic environments in the modern crust. The

assumption is commonly made that ancient and modern vol-canic rocks with

similar geochemistry were formed in simil.ar tectonic settings (e'g'

Pearce and Cann, 1973; Pearce, 1976; Pearce, 9! uI', 1978)' This

assumption may not always be valid however, since the geochemistry of a

given rock suite can only yield information on the way in which the

primary magmas formed and subsequently behaved; it gives no information

on the large scal-e tectonic processes which operated to create the

correct conditions of formation. It is conceivable that the same

essential condit,ions of magma formation could have been created by more

than one tectonj-c process. This is illustrated in modenn terrai'ns by

two examples:

1) The ocean isl-and tholeii-tes and continenLal thol.eiites. Both

have very similar geochenristry, yet are erupted in quite differeni

tectonic environments.

Z) The undersafurated aLkal-ine volcanics which are fcund in continental.

rift zones (e.g. Berberi, S! al., 1975'on Lhe East African rift

system) anci al.so in isfand arcs (SmiLir, S! u1.. , 1977) '
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It is also possible that a variety of magmas could be generated within

the one tectonic environment. Again this appears to be demonstrated by

modern terrains, where, within island arcs for example, it is not uncommon

to find a spectrum of volcanics ranging from trnormaltr calc-aLkal-ine through

high-K calc-alkaline to undersaturabed alkaline types (e.9. Taylor, 1969;

Ewart, g! gJ., lgTTi Foden, 1979). Consequently it is possible to have

igenous-rock suites that are tectonic analogues bul not strict geochemical

analogues and vice versa. tn order to show that ancient and modern rock

suites are completely analogous it is necessary to show that they have

both similar geochemistry and tectonic settings. The latter is not

directly observabl-e i-n ancient terrains as it is in modern terrai-ns, and

thus the field refationships and regional' geclogical setting are of

importance j-n eval-uating this aspect. I¡'lith these general comrnent,s in

mind, modern analogues are sought for Archaean calc-alkal-ine volcanics

and Proterozoic post-orogenic volcanics.

A. Possible modern anal ogues o f the Archaean calc-alkaline vofcanics

Many workers have noted the marked geochemical anal-ogy between

Archaean calc-alkaline volcanics and their modern counterparts found in

destructive plate margin regions (e.g. Condie, 1976) and in this regard

the Archaean cafc-alkal-ine volcanics from the YiJ-garn Block are no

exceplion (e.g. Ha]lberg, gt aI. , 1976a, b; this thesis) '

The precise tectonic environment in which the Archaean calc-al-kaline

voLcanics v;ere erupted is a matter for considerable speculation (e.9.

review by I'li.ndJ-ey, 1977). IL ís rrorogenicrr in the sense that the

calc-alkaline vol-canics v\tere erupted with other rocks of the greenstone

suCcession and were deformecl together. Several features of the Archaean

calc-alkaline vofcanics indicate that they were unfikely to have formed

above a subduction zone:

1 ) their confinement to discrete centres rather than arcs (see section

7 .2 and 7 .3);
Z) association with komatiitic lavas, banded-iron formations and high-

grade gneisses, none of which are found in modern cafc-afkafine

volcanic arcs;

3) absence of thick flysch sequences, ophiolite complexes and

glaucophane-schists which, among other rock types, are commonly

associated with. rnodern cafc-alkaline volcanic arcs.

The inference fnom this is that modern plate tectonics, in an unmodified

form, was not directly responsibl-e for the orogenesis nor the genenation

of the Archaean cafc-alkaline magmas. IL could bê argued that these
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features simply indicate a thinner lifhosphere and higher geothermal

gradient in the Archaean, and that subduction was still a viable process'

If this was the caser then it is puzzling why the Archaean and modern

calc-alkaline volcanics should be compositionally -similar, when the oLher

rock tyPes contrast so markedlY'

In view of the above observations, it is considened that the Archaean

calc-alkaline volcanics represent a case vrhere modern geochemicaÌ analogues

can be found, úut true tectonic analogues are lacking. Thus it appears

thal the conditions of calc-alkaline magma genesis have treen duplicated in

the Archaean and Cainozoic eras by quite different tectonic processes (see

section 7.3, chapter 7). consequently it is concluded that modern calc-

alkaline volcanic terrains, analogous in all respects to the Archaean

examples, probablY do not exist.

B. Possible modern analogues o f the Proterozoic Po st-orogenic volcanics.

The tectonic setting of the two Proterozoic volcano-plutonic pnovinces

examined in detail in this thesis, is better knou¡n than that for the

Archaean calc-alkaline volcanics: both provinces are post-orogenic, having

developed after a major Lower Proterozoic tectonothermal event. Consequently

the unmetamorphosed and little-deformed volcanics are observed to rest

unconformably on relativel-y high-grade metamorphic rocks comprising the

Lower Proterozoic terrains. In both cases the voJcanic pile is comprised

of vast, subaeri-al acid ignimbrite sheets and more restricted acid and

basic lavas.

In the case of the Gawler Range volcano-ptutonic province it' is

tempting to suggest that the Cainozoic ignimbrite provinces of southr,restern

U.S.A. or the Andean mountain chain, are modern analogues. Hov,¡ever, when

the cai.nozoic provinces are examined in detail, it is evident that the

analogy does not extend beyond Lhe common, vast ignimbrite sheets' The

cainozoic acid ignimbrites of the Americas ane in close association with

equal.ty vofuminous calc-al-kaline andesites which form large stratovolcanoes

(Lipmanr llt al., 1972; Francis and Rundle' 19761. Such an association is

not observed in the Proterozoj.c provinces, which are characteristically

bimodal. Furthermore there is mounting geochemical- and isotopic evidence

in support of the contention that many of the rhyoliLic ignimbrites are

differentiates of the calc-alkaline andesites and that the primary magmas

are mantle derivecl (e.g. Thorpe, 9! a]., 1979). This origin contrasts

with the crustal source proposecl for the Pro|erozoic acid magmas' IL

is probable that the distinctions arise from magma generat.ion ín respons€)



202.

to fundamentally different tectonic processes. In the case of the

Cainozoic volcanics a subduction-related mechanism is favoured by mosl

workers (e.g. Lipman, e.f aI., 1972) '

The 1ate-to post-orogenic aci-d vol-canic compl-exes of the Tasman

province in eastern Austral-ia offer what may be a Palþzoíc. tectonic

analogue. They occur from northern Queensland (e.g. Georgetown Inlier,

Branch, 1966; $heraton and Labonne, 1g7B) through New South wales (e'e'

New England region, F1ood, 9! 3-I., 1970) to central victoria (Mclaughlin'

1976; Birch,-g! sl., 1978). The majority of the acid volcanics are

Iittle-deformed dacibic to rhyolitic ignimbrites, often restricted to

well-defined cauldrcn subsidence stru-ctures'

In general, for a given siO, content, the Paleozoic acid volcanics

are lower in Kro, Bâ, Z?, Y anC REE than the Proterozoic volcanics.

Sheraton and Labonne (1978) acfually state that the ProLerozoic acid

igneous rocks from the Georgetown Inlier (i.e., Groydon volcanics and

Esmeralda Granite, see section 4.4) are higher in Kro, z?, Y and ce than

their Paleozoic counterparts from the same region. They also observe

that the pareozoic acid igneous rocks are lower in FeOt and Feot/MgO,

however this does not apply to all of the post-orogenic voLcanics in the

Tasman province since the Lake Mountain Rhyodacile and Toombullup

Rhyodacite from the cenbral victorian region (Blrch, 1975) do lrave

comparabre Ferort and rio, contents to the Proterozoic acid volcanics '

In the latter cãse the KrO and Zr contents of the rhyodacites are lower

(Zr only marginally lower in Toombullup Rhyodacite) than Lhe Proterozoic

acid volcanics. It is generalty postulaLed that Lhe primary magmas were

derived by parLial melting of Paleozolc metasediments or basic igneous

rocks, although Birch (1975) and sheraton and Labonne (1978) do not appear

to exclude the possibility of a Precambrian granulitic source ' The

presence of rel-atively minor proportions of basalt and'/or andesite in some

of the volcanic piles, together with the need for a high temperature heat

input has prompted some workers to postulate that'intermediate and'/or basic

magmas intruded into the l-ov¡er crustr maY have promoted anatexis (Birch'

1gT5; Sheraton and Labonne, 1978). The tatter l,rorkers tentativel-y infer

that subduction-related processes may have been responsible for the

generation of the basic and intermedia'be magmas'

It is evidenL 1,ha1, no simpl.e picture emerges for the Tasman Provinco

post-orogenic vofcanics in terms of their geochenistry, pnecise ori'gins

(whether S, I or precambrj-an granulite sources) arrd rel-ationship to plate

tectonics. However it is clear that bhey are tectonic analogues of Lhe
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post-orogenic Proterozoic acid volcanics and if geochemical analogues of

the latter do exist, it is believed that they will mosl tikely be found

in the Paleozoic post-orogenic volcanic complexes. The interesLing

possibili.ty is raised that the geochemical characteristics of the Proterozoic

rocks could be used to search for Pal.eozoii acid volcanics which origÍnated

from a Precambrian granulitic source (if they exist) as distinct from the

previously recognised S and I type sources (c'f ' Chappell and !'lhite ' 1974) '

rn concluåion, it can be saj.d that the Proterozoic post-orogenic

provinces do have tectonic analogues in the Paleozoic, however whether

they have geochemical analogues with similar origins is uncertain; if

geochemical analogues do exist they are probably uncommon' To Lhe writerrs

knowledge strict geochemical analogues have not been documented fnom any

Cainozoic or modern terrains.

8.6 CONCLUDING DTSCUSSION

In the o""urou" sections several concfusions have been drawn whj'ch

have important implications for hypothesis concerning the development

of the Precambrian crust and mantle:

1) Basalts of simil-ar geochemical character, derived by shallow'

hydrous mel-ting of an analogous LIL element'-enriched mantle source

vJere generated in the Archaean and the Proterozoic'

Ð Andesites, forming part of a calc-alkaline magma series' are notably

absent. in the post-orogenic, Middle Proterozoic volcano-plutonic

terrainsandareScarceintheProterozoicasawhole.
3) crustal. reworking and genera-tion of acid magmas occurred on a' Iarge

scalebothintheArchaeanandtheProterozoic.
lJhile any interpretations that are placed on these observat'ions are

speculative, it is nevertheless useful to summarize the most probable

sequence of events and this is attempted below'

The model most consistent with all of the data presented in this thesis

appears to be one in which the subcontinental manLfe developed a LIL

element-enriched zone very early in the earthrs history, from which basic

magmas have been tapped ever since. These magmas had a distlnctive

geochemical signature imparted from the source and this is recognisabl-e

in the el-ementaf ratios of the basall,s they yielded. It seems most

Iikely that mantle diapirism provided the heat. for melting of the uppen

mantle in both the Archaean and the Proterozotc, although the scale of

diapirism ProbablY differed.
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The crust, by contrast, appears to have evolved over a considerable

period of time on geochemical grounds. The first development of sialic

crust may have been a result of mel-ting of a simatic precursor al a depLh

determined by the prevailing geothermal gradient' Alternatively, the

early sialic crust may have been composed of calc-alkal1ne intermediate

and acid rocks that differentiated from mantle-derived basic melts. The

sialic crust, once formed, was rel^Iorked at vari-ous times, notably in a

major episode át trr" close of the Archaean era Q-6 b.y. ) which culminated

in the development of huge volumes of relativelv Kro-rich granitoid

batholiths. No doubt erosion of thls relatively newly-formed terrain

contributed much of the detritus for the early Proterozoic geosynclines,

novù represented in many cases by highly-deformed mobile belts. The apparent

rrsuddenrt increase i-n KrO in early Proterozoic sedlments compared with

Archaean sediments (G1ikson, 1g7T ) coul-d have been related to uplift and

erosion of the recently formed Kro-rich igneous rocks (Mclennan, 9! aI',

1979)

The post-orogenic Middle Proterozoic era heralded another major

episode of crustal reworking, this time possibly involving the sialic

residue ]eft after the Archaean acid magma extraction events. Mel.ting

probably took place in the lower crust at relatively high temperatures

and yielded non-eutectic magmas enniched in elements normally held in

refracbory minerals (e.g. ZY, Nb, Y' REE' P, Ti and Fe)' The post-orogenic

magûìa generation episodes coincided with cratonisation of i'he crust, and

in many cases these areas have remained as stable crustal blocks l.o fhe

present day. l'{antle diapirism again is considered to have provided the

source of heat, although in the Middle Proterozoic, owing to the greatl-y

thickened and r.elativeJ-y bouyant sialic crust, much of the basic magma

generated may have underpl-ated the crust and so further promoted anatexÍs'

The general sequence of events out,lined above is summarized

diagrammatically in Figure 8.3, and if the events depicted are correct'

then it is evident that the igneous rock record in the Precarnbrian can be

explained in terms of a continual-Iy evolving earth system, without l'ecourse

to gaps in t.he record or cataclysmic events. The apparent absence of comple'"e

modern analogues for the Archaean cal-c-alkaline volcanj-cs and the Proterozoic

posL-orogenic acid vol.canics reinforces the view that the precise manner

in which acid i.gneous rocks developed, has varied with l,irne :Ltl re.sponse Lo

an evolving crust,. The latt,er observation indicates that direct applicaLi'cr:

of concepts developed from the study of modern terrains in an unmodified

form to explain the origin of ancient igneous rocks, ilaY not t¡e justified'
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Rutland (1973) has recognised tha.t while the same thermal' driving

forces may have existed within the mant'le for much of the earth's history'

the surface expressions may be quite different through time, owing to

changes in the heal fl-ow and crustal thickness. For example, Rutland (1973)

has developed the concept of intra-continerital orogeny, as opposed to

inter-continentat or collision orogeny, a.s a possible explanation for the

Lower Proterozoic orogenic belts, a view shared by Kroner (1977) ' such

an approach seèms most compafi-bte with the sequence of igneous rock

development observed in the Precambrian. It seems logica] for example'

to propose that the bimodal magmatism characteristic of the Proterozoic

period, was the result of targe scal-e perturbation ln the mantle (in bhis

case probably diapirism), of a simj-Iar type to that which provided the

driving force for the generation of the Archaean calc-al-kaline magmas'

The differing proportions of rock types and their environmenls of eruption

could relate to the scale of diapirism, which in turn may be related to

convective overturn and hence heat flow, and also to the composition and

thickness of the crust. In the light of this it does not seem surprising

thab the igneous rock record preserved in the Precambrian terrains offers

fewanalogiesindetai].withmoremodernterrains.

To further Ínvestigate some of the poinls raisecl above, there is a

need for integratecl and detail.ed field, petrographj-c, geochemi'cal and

particularly isotopic studi-es of ancient felsic volcanic rock suj-tes'

The lnterpretaLions need to be unclouded by preconceptions arising from

the study of modern volcanic terrains. It will be such studies that will

permit testing and refinement of the conclusions and some of the more

speculabive inlerences drawn in this thesis. As knowledge of Precambrian

felsic volcanism grolJsr so Loo wj-ll understanding of crustal- development

during this lange interval- of earth history'
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tive selecti-on of rocks from the Gawler Range province'
TABLEÀ2.1. Brief thin section descriptions of a representa

Arburee RhYolite -
typical exanple. 2

types of feldsPars as
phenocrysts.

Dacite dyke. ComPIex
pericl-ine-albite twinn-
Íng in p)-agioclase.

BûrbußI Dacite-typical
Probably originallY a

vitric +-uff'

l_s
fron field relationsDyke

llangaroongah Dacite-
typical example. Ash-
flow fron field

Chifdera Dacite-
lypical examPle

Childerâ Dacite -
andesilic variant in
south'

COMMEI.ITS

l4angaroongah DaciLe-
andesitic varient. Near

upper contact. l'faY be

of lava-flow origin

Fron contact Mangaroongah
Daclte & Arburee
Rhyo1iLe.Could be of
Iava-flow origin.

Have crystals K-feldsPar Pro-
jecting fron fragnents.
Fragnents highly angular on
all- scal,es. Nunerous crystaLs
in natrix vaguely reseúb1ing
epiclastic.Brecciation due to
flowage

K-felsp. phenos
+ sericitized
patrix is hetratised

PLag.-fresh to
partially sericitized
Cpx, + chlorite
K:feldsp. + henalised

I'latrix conpletely
devitrified

plag. -sericitized
cpx. -chloritized
K-fe1dsp. in natrix
is henatite stained

pIag. -sericitized
cpx.-fresh & chlô.ìti-øL
opqs.+ leucoxene S eone
fresh

Cpx, nainly fresh'
sone chLoritized
Plag. -sericiti-J

oafic ¡cineral(?)
> chlorite

K-fe1dsp.+ henatite
sLained

ALTEBATION

plag.-?ríettizeà
(twinning destroYed)
cpx. fresh & aliered
to chlo¡te

QLz.-chlorite in
aEygdafes.
Plag. -sericitized

Phenos. 7% of
which K-fefcis.807"
Ouartz'10%
PJ-ag. 1C%

Phenos. 35% of
which Plag. 80%
Chlorite (aFler
cpx. ) 20%

Phenos.2%
l4atrix con'uains:
chl.15%
P1ag. - 40%
Qtz.+ K-fel-dsp.45%

Phenos. 15% of
which Plag. 85%

Cpx. 15%

Phenos. 8% of
which PIag. 6C%

Cpx. 40%

Crystals 12% of
which PIag. 53%
Cpx 50%

% Ì{INERALS

Phenos. 20% of
which Plag. 83%

Cpx. 20%

Phenos.10%
Amygdales 357"

Phenos. - 8%

Monolithologic rhyolite rock frags. (phenos K-feldspar & quartz in siliceous'
devit. natrix) in rnatrix of curved, angular rock frags' + crystals'
Frags. highly angular'

Med.-coarse gr. phenos. anhedraf' eEbayed quartz' euhedral K-feldspar'
nultiply-twinned plag. in granular natrix of quartz aggregates + K-feldspar
+ p1ag. + chlorite

Med. gr. euhedral phenos. plag., some with square X.S. and roultiple twinning
at 9Oo. Fine gr. cl-ols chlorlte & opaques in a mÍcrogranul-ar qtz' +

K-fel,dspar matrix

Fine-med. gr. Phenos.
med. gr. cpx in Plag. )

plag. + fine gr, "granules" of cpx. (occasionall-y
. Chforite + opaques + plag' 1n natrix

Sparse, r¡ed. gr., euheciral phenocrysts plagÌ'oclase in a patchy pol-arised
ràt"i*, consiÃting of piates of p1ag. mÍcrolites + qlz' + reddened
K-feldsp. + chlorite nosaics

Fine-med.gr.phenos.plag.(euhedral)+a¡¡ygdales.chlorite-fi].].ed&quartz-
rirrmed in á pilotaxitic úatr1x of oriented plag' Iaths

Fine-med. gr. a¡gul-ar chips, enbayed qúan"Ez & K-feldspar in a fl'uidal banded

devitrifieã matrix' Flo¡¡ bands curved around rotated crystals

Med. gr, phenos. pl-ag. + chloritized' fine gr' phenos' cpx in maLrj-x of
reddeãed i<_r"ra"pâ" anci quartz, which for¡¡ a nicrogranular intergrowth.
Scattered fine opaques

Sparse, fine gr. phenos. plag' + cpx. in a micro-crystalline matrix of
rèddened K-feldspar + quartz + opaques + chl' + plag' Few basic rock
fragûents

DESCRIPlION

Med.-fine grained phenos' euhedral plag' & cpx' in a pilotaxitic natrix
of suborieñted plagioclase microlitès + quartz (rare) + hematite-stained
K-feldspar + chl. + opaques

Porphyritic
rhyolite

Porphyritic
dacite

Sparsely-
porphyritic
or,des¡te

dacite
Fine-

ted rhyolite
Autobreccia-

Arnygdaloidal
porphyritic
andesite

FLo!r-banded
rhyolite

Porphyritic
dacite

Porphyritic
dacite

ROCK

Porphyritic
andesite

E84

FÂO

l,ló

E51

E62

E50

846

E48

E33

E36



IntrusÍve dyke
Spherulitic devitrification
tex'uures are notable

SPheruJ-i'ues apparently
produced during
devitrification

Ibrgaroongah Dacite -
typical exaEple

r¡laurea Pyroclastics -
probably on air-fall rather
than ash-flov¡ tuff

!,Iaurea Pyroclastics

''riaurea Pyroclastics -
p!'obably a¡ air-fall tuff

Yantea Fhyodacite

l,Iaurea Pyroclastics -
probably a poorly-ü¡elded
ash-flow tuff

Yantea Rhyodacite (top
of hil-l- from which E155
coliec¿ed )

Yantea Rhyodacite (base of
hiIl). Slightly coarser grt-j
mass than 154 and more K-
feldspar, otherwise simila.

Bunburn Dacibe -
possibly steam explosion
breccia

Feldspars
sericiti.zed.
Chlorite + he¡aatÍte
scatLered throughout

!fuch henâtite
causing reddening
& outlining spher".rlites

Plag. -sericit.

Much sericite
(after fel-dspar)
in mairix

All angular rock
frags. + crystals
Fine devit-
indi-cates is of
pyroclastic origin

Plag. + sericilizeci
I4atrix K-feldspar
+ heßatised

PJ.ag. & K-feldspar
ses'iciLized.
l"la'"rix K-fel_dspar
+ heoatised

PLag. & K-feldspar
sericitised
ì'fatrix K-feldspar
+ henatised

Phenos. 201" of
whÍch Qutz. 40,6
K-fe1d. 30%
plag. 30:á

Phenos. - 6%
Rock fra3s.10%

l.learly all
Cevitriiied
glass shards

Fhenos.3%
Frags.10%
l4atrix 87%

Phenos. I0% of
which P1ag.85i6
Cpx. 15%

Phenos. 12% of
which Plag. 75%
K-feiCsp. 25%

Phenos. '15% of
which P1ag. 60%
K-feldsp. 40%

Med. gr, phenos, quarlz + K-feJ-dspar + plag. in a spheruliticdevit. quartz-feldspar matr.ix. Spherul-ites 1 mn across, composed ofradiating qtz. + feldsp. needles

conpletely devitri.fied quartz-ferdspar-he¡ûatite rock. Devit. has produced
coarse gr. (> 4 rm dian.) spherulites, consisting of radiating lern_tikeqtz.-feldsp. intergrowths

Fine gr, phenos. plag. & cpx. (& rare quartz) in a patchy deviL. mat¡ix
o1 -qtz. + K-fe1dsp. Contains nu¡rëäus basj-c rock frags.-conslstì.ng ofchlorite + pl-ag. microfites + plag. phenos.

Sinil-ar descriptì.on to E4B

Fine gralned rock - superficiarry rike a cherr. composed almost entiretyof very fine gtass shards, chips & uisps which are largely undefcrned_Rare, angular chips qutz. & feldspar

Rare, euhedral p1ag. phenos. and ash-size fi"agnents (< 2 mn) in a quartz_sericite matrix. Some frags. show spherulilic & axiou.ti.c devit. Ghostedoutl-ines of possible vitric fragrnents in matrix

Variely of highly angul_ar acid volc. rock frags.
K-feldspar, qua?1,2, biotite + pumice in a Oevìt.
is the hint of vitroclastic textures

+ crystals of p1ag.,
glassy roatrix in which

Mediun gr. phenocrysts of plagioclase and fi.ne-grained chlorite clors(after cpx. ) in a microgranuLar matrix of quartz + redd.ened K-fefdsoar +pl-agiocl-ase

Variety acid vo1c. rock frags., particularly perlitì.c crackedrhyolites + flow-ba¡ded rhyolites + plag. *-K_feLdspar phenos. +colJ-apsed pu.nice i-n vilrocl-astic matrix-

MedÍun gr. phenocrysts of plagiocfase (rimmed with K_fe1dso.) +K-feldsper, both in gl-omeroporphyri."ic aggregates and iso1àted, ingranophyric groundmass of qLz. + K_feldspar

Porphyrilic
rhyodacite

Med gr. phenos. plagioclase + K-fel_dspar in a gra¡ophyric gr.oundrnass #+ reddened K-feldspar. Single cnystals & giomeroporph. aggregates.qtz

Autobreccia
dacite

ted T¡¡picar fine gr. devi-t. texture of Bunburn Dacite with numerous minuteplag' laths. An ttin situt fraginentation, probabry caused by gas-srrÊa-ming

Porphyritic
rhyolite

Spherrulitic
rhyolite

Porphyritic
dacite

Porphyritic
dacite

Vitric
tuff

Vitri-c-
Lithic tuff

Lithic tuff

Porphyritic
rhyodacite

Lithic tuff

Porphyritic
rhyodacite

E95

Ei 13

8121

L t¿Ò

E 130

8132

E133

E.l 36

8147

8154

I tbb
( afso
F))) \



Nuckutla Basalt. CPx. &

opqus. fresh,-some PossibilÍtY
of K^O introd". during
seriéiiízation of Pleg.

Anygdaloidal varient of
Bunburn Dacite. Hieh 41203
due to abundant Plag. iñ -
natrix

Moonamby dYke-suite
Rhyolite dYke

Block from Waurea

þroclastics

lJaurea PYroclastics

I{aurea Pyroclastics - rnoder-
ately-welded ash-flow tuff '
Excellent exalople. Abundant

lJaurea PYroclastics. - ort

ast¡-flow tuff showing the
effects of brecciati-on due to

by

Ï,laurea PYroclastics'
I"loderately- welded asb-flow
tuff.

l{aurea PYroclastics' }lelded
tuff of ash-flou origin'

tuff
0rlginallY

tric-v1a

Daci
exanplcaltvpi

probably

Bunburn

llaurea Pyroclastics
ModeratelY wel-ded ash-flos¡
tuff. Good textures.

Plagioclase &

aphanitic natrix
extensivefy
sericitized

Feldspars
extensivelY
sericitized &

henatised

None obvious on
accou¡t of fÍne
gralnsize

P1ag. + sericitized
K-feldsp. +
hematised

P1ag.& K-feldsPar
sericitized.
So¡ne sericite
in Eatrix

Phenos. - sericitized
Matrix K feldsPar

heoatised

l'fuch sericiti.zation
of natrix

PJ-as.60%
Cpx. 157å

Opqs. 10%

Aphantic 15%

GeneraILY
aphanitic

PIag. phe:ros. < Z/
Anygciales 15%

P1ag. comprises
70% of matrix

Phenos. 45% of
which Suartz 25%

PIag.45%
K-fe1dsp. 30%

Phenos. < 1%

of rock

Phenos. 15% of
which a"z. 33%

Plag. 33%
K-fe1dsp. 33%

Phenos. 296

of rock

(In hand sPecinen,
rock extremel-Y hard
& "quartzitictr)

Phenos. 8%

Rock frags. 10%

Ashy matrix
remainder

Med,-coarse gr. euhedral' phenos' pi-ag' + K-feldspar + anhedral quartz

in granular ãatrix quartz + K feldspar + bioti-te + plag'

Tabular, fine-grained plagioclase microlites define a pilotaxitic
texture through which 1s lcattered granuLes of cpx, a¡d opaques &

aphanitic material

Elongated, cuspate, quartz-filled amygdales in a pilotaxitic Batrix Ôf

plagl nicrolitàs + opaques + reddened K-feldspar' Rare fine gr' pfag'

phenos,

l,licrogranular mosaic of granular quartz aggregates +

feldsõathic inLergrowths + scaltered opaques' Rare
aphanÍtic qvatlzo-

pJ-ag. phenocrYsts

bedash
beddedl-n

softoriginal
fragrnents

l-n
rockand

diapirismof
¡naterial

example
glassy

ent
chips

Excelf
crystal

Iayers
zeAsh-si

graded

noderatelY
qvarLz

collapsed
of

+

contorted
textures

chips
banded

stal
gJ-assy

cry
ffow-

troclastic

+
v

VI
'urÍfied

(mainl

l- en

fia-@ne
devi

excel-

fra€s
ends

1n

rock

Iase
sholting

ragged
oc

tic
rh

x

l¡1

tri
plagi

rhyol

&

ma

of
frags

etyVari
pumtce
K-feldspar
coopressed

Unusual rock, composed of a variety of highly angular rock frags'
;;;;;-"t;;.;'ing?) in a glassv shard-rj-ch rnatrix' Arr rock frags'
.*iãfitl" deviL. textureõ - possÍlIy some were punice' elthough no

( produced
shoH

cell-ular textures

Fine-med. gr. phenos. pÌag. + K-feldspar + qtz' within an original'Iy

ãiä""î,-""ãptete¡-y cievit'-natrlx' Some vitric rock frags' Extremefy

flattened shards visÍble

Fine gr. devlt' rock fragments in a gl-assy devlt' groundrnass showì'ng

excellent vitroclastic iãxtutes of cãntorted' partially-compressed

shards. Few Phenos. of qLz' & Plag'

Fine to med. gr. phenos. quartz & K-feldspar.+ flattened rock &

pmi"å r".go.ãt" ì"r,o"ine axj-otiticdevit' ) wlthin vitroclastic' shard-

& pumice-rich matrix

Fine gr. euhedral phenos. plag' in natrix of oriented pl-ag

* op.f,r"" + reddened K-feldspar + quartz
nicrolites

Basalt

Amygdaloidal
dacite

Porphyritic
rhyolite

Air-faIl
tuff

Crystal-
Iithic-
vitric tuff

Fine-grained
rhyolitic
vitrÍc tuff

Lithic tuff

Crystal-
vitric tuff

Lithic-
vitric tuff

CryslaI-
l-ithic tuff

dacite

E¿3 I

E230

E221

E224

8211

E205

E203

Ltt¿

E168



P1ag. sericite
dusted. K-feldspar
henatised

Both feldspars
serici'u, K-fel_dsp.
more so.
Cpx. + chLorit,e

divided hematite

Plag. * seri.citized
Cpx, + cirlorite
K-feldsp. +

Cpx. + chLoriie
Feldspars +
sericitized

P1ag. -sericite
dusted
Cpx. + chlorite
Opqs, + Ieuccxene

P1ag, phenos.
completeLy
sericitized.
0rthoclâse reddened
with heoatite

Plag. -sericitized
Cpx. -fresh.
Chl-orite in
matrix

Phenos. < l%
Matrix is 70%
plagioclase

Phenos. 45% of
which Quartz 20%
PIae. 70%
PerthÍte 30%

Phenos. 15% of
which Plag. 85%
Cpx. 15%

Phenos. 45% of
which PLag. 55%
K-fe1dsp. 25%
Chlorite 20%

Phenos. < l%
of rock

Phenos. 10% of
which P1ag. 80%
Biotite 20%

Phenos . '12% of
which Plag, 95%
cpx. 5ì(

Phenos. 15% of
which Plag. 50%
UPX. J'T
Opq.15%

Rare crystels,
ori.ginal-1y en
glassy

Very rare pJ.ag. phenos. in a fine gr. matrix of wispy piag
mj-croLÍles + :"eddened K-feldspar + quartz + chLorite

Med.-coarse grained phelos. anhedral, embayed qua.'tz + conplexly_foi^¡cdplag_. (euhedrat) + perthite + ctots cht.orite in a gr.anophyTri ãi."._K-feldsp. B¡atrix

Meg'.8r'-phenos. plag. + crots cpx. + chrorite-rlch rock fragrnents withinmatrix of pl-ag. microliles (< .2 mm long) + quartz + rea f_ietdsfar +finely-dÍvided chlorite

Med.-coarse gr. phenos. complexLy_t¡¡inned plag. + K_feldspar + med. grcÌots chforite in a spherulÍtÍc matrix of qu""t, * reddened. .K_fe1ãsparNo quartz phenos.

mosaic plagj-oclase micro.Iites r scattered opaques + chlorille.sericitized pLag. phenocrysts.
Fine-grained
Rare euhedral

^p1ag. 
+ biotite j.n g.Iomeropforphyritic aggregates withìnfeLsic rnatrix. Scattered ciots-qúartz

l4ed, gr. phenos
a finely devit.

Similar description to E74T

Med.-coarse.phenos. plag., often in gl-onero_porph(after cpx. ), in a microgranophyric matrix oi qtzchlorite
aggregates with chLorite
+ K-feldspar + minor

Variety of closely-
of finer fragnents
rock fragments.

packed, subrounded volcanic rock fragments in a ma:ri:r+ crystals + ash. Littfe matrix, mainl-y close_packed

. p].g._and grarular cpx. + opaques in a felsic matrix of. microlites + neddened K_fefàspar + cfrforiiã-
Fine gr. phenos
unoriented plag

taxi
efy

continuous
eu

tir
a

ovrage

now

f1
definíng

tiona.l-

fragmen
shardsIN

pum]-ce

post-depos
textures
for

shards
tic

glass

evidence
axioLi

bands
good

often

flow

oriented

Some

fied
teneC
tri

contorted

F
devi
texture
&

Flne-grained
dacite

Porphyri tic
rhyolite

Porphyritic
rhyodacj.te-
dacite

Porphyrilic
rhyodacite

Fine-grained
andesi¿e

Porphyritic
rhyolite

Porphyritic
dacite

Porphyritic
rhyodacite

Lithi.c '¡acke

Porphyritic
andesite

Rhyolilic
vitric -tuff

t-,t a

F2qq

ra(Q

8270

L¿Ié

E282

tr?o ñ

r,294

E29e

E312

8322

Bunburn Daci'"e

Moonamby dyke-suite.
Rhyolite dyke. Extremely
coarse, complex and con-
posir-e plagioclase phenos.

A ^3 aro - rg^I )-.j Fe ç=.,r
Ñ'J.'tl- I-l¡lf

Moona.Eby dyke-suite.
Rhyodacite dyke

Childera Dacite -
a¡desitic variant

Karkulta Rhyolite - most
significant feature is
gl-oneroporphyritic aggs.

te+
Mangaroongah Dacite

Yantea Rhyodacite -
typical exanple

Epiclastic, separating
Bunburn DacÍte & Yantea
Rhyodacite

Whyeela Dacite - andesitic
variant. P1ag. unzoned. r cpx -
extrenely fine gr. & granuJ.a:

Baldry Rhyolite - a welded-
tuff of ash-flow origin,
excell-ent textural preser-
vation



BaldrY Rhyolite. ExamPle of
r¡etded tuff that has flowed -
i.e. rheoigninbrite

Baldry RhYolite. Welded ash-
flor¡ tuff' Exceltent textures

Bunburt DacÍte

Tantea RhYodacite- from
Ior¡er part of unit

Yantea RhYodacile - uppert
purplish ash-f1ow sheet'
separated fron E394 bY an
ash fayer

Yantea RhYodacite

Mordinyabee Rhyodacite

Unnamed rhYodacitic-daciti c
ash-flor¡ sbeet. Contains a
few rock frag5.

f{heepool RhYoU-te

l,lheepool Rttyolite. Fragnental
zone at upper contact

Wheepool Rhyolite

Haurea Pyroclastic - from
l-apilli-tuff above Nuckuf Ia
Basalt

K-feldspar
contains nuch
henatite

ExtensÍve
sericitizati-on
of plag.

Cpx. + chlorite
PIag. + seri.citized

Cpx, + chLorite
Feldspars +
sericÍtized

Feldspars
sericiti-zed.
Chlorite +
opaques in natrix

Feldspars
sericitized
(pariicularly
K-feldspar )

Rare crystals,
originally entirell
gIassY

Phenos, <'l%
of rock

Phenos. 18% of
rock. Are all-
Plaz.

Phenos. 10% of
r¡hj.ch Plae. 90%
Cpx. 10%

Phenos. 30% of
which P1ag, 45%

Perthite 45%
Cpx.10%

Phenos. 18% of
which Plag. 50%
Qtz. 20%
K-feldsp. 30%

Phenos. 35% of
401"¡thich Pl-ag

K-fe1dsp.
SuarLz 20%

40%

Flattened & stretched, glassy fragrnents. Lenti'cular naiure of
frags, imparts a psuedo flow-banding- due to pos!-depositlonal movenent

Stronglyorientated&sfightlyflattened,devitrifiedrhyol'iticrock
fragnãnts + crystal chips of qual.tz, plag' & K-feldspar + pumice fiaruûe
(raËeeO ends) in a glassy matrj.x conposed of abundant flattenéd glass
sfrarOs, Are curved & squashed around crys'uaLs & rock fragnents

Rare-fine-grained phenos, plag. in nicrocryslalline fefsic matrix consisting
of plag, nicrolites + aphanitic quartz-K fel-dspar intergrowths

Sj-mi1ar description to 8294

Medium gr. phenos. & glomerophorph. aggregates of plagiocl-ase + vesicles
partial-iy infÍl-led hrith quartz i,n a microgranular fel-sic mat¡j-x rich in
plagiocÌase

Sj-rnilar description to E294

Fine-ned. gr. phenos. plagioclase, oflen in gJ-omero-porphyritic aggregates
in a øicrolitic nalrix consisting of quartz needles which interLock wiih
reddened K-fel,dspar

Med. gr. phenos. plagioclase, perthite' quarlz, chto!'ite clots (afier cpx' )

in a fine gr. natrix (crypto-crystall-ine ând devit. ) with fine gr. crystal
chips. Shard outlines Preserved

Med. gr. phenos, quartz + med.-coarse gr. phenos. p1ag. & K-feldspar in a

nicro-granophyric quartz-K-fetdspar natrix. ¡tÌnor chlorÍte & opaque clots

Chl-oÌ.itized, highly angular acid vol-ca¡ìic rock fragnents - mostfy devitrified
and some shohring excel-l-ent vitrocl-astic textures + highly ang.rlar crystal
chips of quartz + plag. + K-fel,dsp. + glassy frags. in a devit. glassy
matrix. 0f ash-fLow origin.

Med. gr. phenocrysts plagioclase, K-feldspar and quartz in a finely-
granophyric tretrix of quarLz and reddened K-feLdspar

Variety of angular, acid volc. rock fragnents, e.8. floLt-banded rhyol-ites
+ vitric tuffs + pumice fragrnenLs, in a fine, devi'uri.fled glassy natrix
showing abundant fine shards. Clearly of pyroclastic origin, possibly
air-fall deposit.

Rhyolitic
vitric tuff

LithÍc-
vltric-
crystal tuff

Fine-grained

Porphyritic
rhyodaclte

Porphyritic
rhyodaci¿e

Porphyritic
rhyodacite

Porphyritic
rhyodacite

Porphyritic
rhyodacite

Porphyritic
rhyol-ite

Lithic-
vitric tuff

Porphyritic
rhyolite

Lilhic tuff

8326

E340

E376

E3g4

E395

E402

E41 1

8417

8434

E438

8445

8457



Nuclc¡lla 3asal¿

Childera Daciie

Granite outcrop associaled
r¿ith Moonamby Dyke-suite in west

Chil-dera Dacite

Chil,dera Dacite -
a¡desiiic varia¡t

Arburee RhyoJ.ite -
visible shard outi-ines

Yantea Rhyodacile

Cpx. + chLorít.
Plag. + sericit.
Much heuatit-e in
¡natrix

Slight

Plag. + s¿rra-
urítizec.
Much chl-orite in
matrix.

Cpx- + chLorite
P1ag. (phenos. )+
sericitized
opaques + leucoxene

Perthite +
sePlci'LizeC
(except for
al-bite exsolution )

Plag. + s¿par.
biotile + chlorite
sone secondary
henatite

Feldspars
extensively
sericitized

Cpx- fresh & +
chloritized
PIag,+ sericítÍzed
Opaq. + Ieucoxene

Cpx. + chJ.ori_te
P1ag. + sericit.

Phenos. < 4%

[,fainly plagio-
cl,ase

AEz.40%
l4tc. 45%
PIag- 10%
Biol. + sph. 5%

Phenos. < 2%
are entir:ly
plagioclase.
A.oygdales - 4ft

Phenos. < 2% of
!,rhich opaques 20%
PIag. 40%
chlorire 30%

Phenos, 15% of
which Perthite 90%
Suartz 10%

Phenos. 60% of
which K-fe1s. 35%
p]-ag.2otu.
quar+-z 351,
others 5%

SuarLz 40%
K-felCs 45?á
plac.15%

Phenos. 20% of
rhich P1ag, 50%
1px. 50%

Phenos. l8% of
:úhich PIag. 95g¿

-px - >þ

Sirrilar descripti.on t,o E231

Sparse fine gr. phenos. pl_ag. + chJ-crj.tized cpxgranophyric qtz. + K-fetdspar + chlorite matrix
+ ooaques in nicro-
Hematised K-feldspar

Holocrystal]-ine rock composed of interrockiAg qvaÎEz + nicrocr.ine +plagioclase + biotite + sphene. Scme of miciocrine Ís perrhitic

lgll=1, fine-med. gr. phenos. plag. + fl-attelred chlcrite_epidote_quar¿z_fiJ'led arnygdaLes (vapour phase minerars) wirhin rnicrocryståiii"ã i"ã"t"-reddened feLdspar-chLorile mat¡,ix

gr. phenos. euhedral_ pJ-ag. in a ricro_crystall_ine ma¿rix ofopaques + p1ag. mic:.olites + reddened K_fetdspar + qua!.Èz

Sparse fine
chforite +

Coarse gr. phenos. perthite j-n mosaic
Outlines of contopted shards under p.p

of quartz aggregates + K_feldspar
lirht

Sirnilar description to E62

Med. gr. phenos. anhedral_ qua:tz + plagioclase + K_feJ-Cspar + sphene +chLorite (after biotir,e) + biotite in ã micr.ogranuJ.ar qtz.-rich matrixMany crystal ttchlpsn (especially of quartzj

Granophyric inlergrowth-.of quartz & K_feldspar i,e., blebs cf quarlz inregular orientâtj.on in K-feldspar. A few càmplete óryst"i" .¡-qfr.-¿K-feldsp. & rarer plag.

SÍnilar descrigtion to E4g

Fine gr
of plag
opaques

phenos. ,oiagiocì-ase and cpx. in an intersertal matrix consistj.n¡¡r¡ricrolites sumounded by aphanitic ninerals iafter gi-ass) &

phenos. plag. Ín a finely-g:.anophyric natrix of redceneCz + mÍno:. chloriÈe
Med. gr. euhedral
K-feldspar + quart

Basalt

Fine-grained

Granite

Fine-grained
dacite

Fine-grai:red
andesi te

tic
rhyolile

Fine-grained
dacite

Porphyrj.tì.c
rhyolite

Granophyre

Porphyritic
dacite

Porphyritic
andesite

Pcrphyritic
rhyodacite

E459

8468

8488

8494

E500

E509

8512

8515

Ftr<

E5 19

E'524

E530

Bunburn Ðacite

ïandooika Rhyolite.
Abundance and varier-y of pheno-
crysts is striking

Palthrubie Granophyre

¡,langaroongah Decite

ldangaroongah Dacite -
andesitic variant



Wheepool RhYolite

Mordinyabee Rhyodacite' -
ske1etal, altered opaques &

snowffake texture are
distinctive

I{heepool RhYoIiLe

MordinYabee RhYodacite

Mordinyabee RhYodacite

I'langaroongah Daciie -
greén sPoLs corresPond to

te-rich Pafches'chlorÍ
zoneJ plag. of note

Tantea Rhyodacite

llhyeela Daclte -
typical exanPle

Bunburn DacÍle slightly ¡oore

7tcæ.n¡rt -rich & bio"ite-
rich varrcr¡r

Aburee Rhyo1ite

l'langaroongah Dacite -
andesitic variant

Feldspar phenos,
seri ci tized-espec-
ially K-feldspar'
ì4atri.x henatised

Feldspars are
sericite dusted
K-felds.+ heøatite
stained, CPx +
chlori.te
Opaq.+ leucox.

Plag. -sericite
dusted
Cpx.- fresh

Cpx, + chlorite
PJ-ag. + sericite
dusted

Cpx. + chlorite
P1ag.+ sericitized
K-fe1s.+ henatised

Plag.+ sericitized
Cpx. +chloritized
l4at¡'ix K-felds +
hematised
opaques +feucoxene

Cpx. -fresh
Plag. partiallY
sericitized

Plag, + sericitized
Bj.otite parti.allY
aftered to chlorife
K-feldsp.+ henatised

Feldsp. phenos'
sericltized
ì,fatrix reddened
by henatite

Phenos. 15% of
which Plag. 85%

Cpx. 15"ø

Phenos. 10% of
lrhj.ch PIae. 80%

cpx. 20%

Phenos. 18% of
which Plag. 75%
Cpx. 20%
Opaques 5%

Phenos. ?O% of
which PIag. 40/"
PerLhite 40%

Phenos. 10% of
çhich P1ag. 95%
Cpx. 5%

Phenos. 8% of
which Plag. 70%
Cpx. 30%

Phenos. 15% of
which Plag. 60%

Cpx.40%

Phenos. 10% of
which Plag. 607"

.Hl-otLte {UYo

Phenos. 15% of
which K-feldsp'65%
PIag. 30%
Quarl"z 15%

SiniLar description to E607

Si-nilar description Lo 8579, except less abundant plag' phenos' & nore
chlorite in natrix

Fine-med. gr. phenos. plag' + chlorite psuedomorphs (afLer cÞx',) +

skeletal- opaques (altering to feucoxene) in snow-fl-ake textureá g/mass

consisting of plates of quartz & !"eddened K-feldspar

Med.-coarse phenos. a¡hedraI, embayed gvaîlz + plagiocl-ase + perthite
in a sncr'rflake-textured Eatrix vlith optically coheren! plates quartz +

reddened K-feldspar

Sinilar description lo 8294

Sparse, oed.-fine gr. phenos. piag. in a microlitic natrix compcsed of
plag, nicrolj-tes + leucoxenj-sed opaques + qtz' + redcìened K-feldspar +

chforite

phenos, p]-ag. (one narkedly zoned) + cpx' in matrix of
Eicrol-ites + chlorite + opagues + quartz + reddened K-feldspar

Fine-coarse gr
oriented plag.

Medlun gr, subhedral, phenos. pla8., often in glomero-porph. ag8regates with
cLots cúIorite (afler cpx. ) in natrix q:Jêr.Lz + reddened K-fel-dspar whj-ch is
patchy in part

Fine-med. gr. phenos' plag' + fine gr' cpx'' sometimes in
gl-omeroporphyritic aggregaLes' in a matrix of unoriented plag
ñicrotites-+ chLorite * i.u.ox. + aphanltic '¡&¿riol'

Fine to rned. gr. phenos. plag. and green biotite in roicrocrystalline
felsic natrix oî qLz. + plag. Eicrolites + reddened K-feldspar'
VÍtroclastic textures Preserved

Med,-coarse gr. phenos. orthoclase + perthite + plagioclase + quarLz in patchy

Eatrix compoied of quartz plates interlocking wj'th acicular qtz' +

K-feldspar

Porphyritic
dacite

Porphyri-tic
rhyoliLe

Porphyritic
rhyoli,te

Porphyritic
dacite

Porphyritic
rhyodacite

Porphyritic
rhyodacite

Porphyritic
andesite

Porphyritic
dacite

Porphyritic
rhyolite

Porphyritic
rhyodacite

Porphyritic
decite

r,ou I

Þþ r)

F<70

E590

F(OO

8561

857 4

8554

E558

8532

E540



Ash-flow tuff unit separating
h¡heepool Rhyolite & Ta¡tea
RhyodacÍte

Karkulta Rhyolite - presence
of bÍotite + K-feldspar ndcro-
phenocrysts Ís distÍnctive

Air-faL1 tuff separating
Karkulta RhyoLite & yantea
Rhyodacite

Karkulta Rhyclite-superficíally
resenbles E627. Vibroclastic
textures cLear evidence of ash-
flow origin

Arburee Rhyolite, a plagÌoclase-
rich variant

Unnaned unit of small areal
extent

Baldry Rhyolite. Both welded,
ash-flo¡¡ tuffs with weJ_1 pre_
served textures
Bunburn Dacite - orÍginaIly
a vitric tuff

Bunhurn Dacite - anCesitic
varialtt

Epiclastic - at base of yantea
Rhyodacite

Unnamed rhyodacite unit,
overLying Yantea Rhyodacite _
of smaLl areal extent,

Rhyodacite plug, probably an
eroded feeder. Gra¡ul-ar
aggregates & phenos. probabJ.y
accessory

Plag. &K-feJ-dsp.
sericitized.
Biotite + opaques
+ Ieucox.+sphene

Feldspars +
sericlti,zed,
Biobite + opaques
+ sphene

Extrene
sericitization
of plag- A1biti-
zaLion of K-felCsp

Feldspars -
sericitized.
l4atrix reddened
by henatite

P1ag. -serj.citized

Plag. sericitized
Abundant chl_orite
i.n natrix

hematÍte
Sotre secondary

Plag. -sericite
dusted. ¡{etrix
K-feldspar is
hematÍ'ue stained

Cpx.+ chJ_orite &
biotite
PJ.ag. +ss¡içi¡i2.¿
K-feldsp. -fresh
Hematite Ín natrix

Phenos.8%
l"ti.crophenos. 10%
l¡atrix T7%
BÍoti.te 5%

Phenos. 10% of
which Plag. 60/"
Suarruz 15%
K-felds.25%

Phenos. 15% of
which Plag. 85%
K-fe]dsp.15%

Phenos, 15% of
which P1ag. 50i6
Perthite 50Î6

Phenos. < 2%
of rock

Phenos. < I

Anxyc. - 3%

Rock frags. 60/"
Crystals 409

Phenos. .15% of
which Plag. 60%
K-feldsp.25%
QuarLz 15%

Phenos. 40% of
which K-fetdsp.60%
PIas. 20%
Cpx. 20%

subrounded fragments of devi.trified rhyoliEe (mainly I.Iheepool RhyoJ.:te,l+ vitric tuff + crystals of quartz + K_fel-dspar in vitric natrix _
composed entirery of contorted & flattened shards, Excerrent rexturalpreservation

Y:91:r g.. subhedral phenos. plag. + plates of altered biocite (see
E282) ín microgranuì,ar matrix of K-fe1dsp, ricrophenocr1rsts + devitrifiedquartzo-feJ-dspathic mosaic

Graded, bedded & unweLded. Crystal- chips + fine ashy naterial_ +delicately-shaped shards - are completely undeforrned. Exceflenttextural- preservation

MeCiLun gr
in a devi
excellent

. phenos. pLag. + K-feldspar + a¡hedral quartz + biotitetrified quar"tz + K-feJ.dspar + opaque_rich mafrix, showingvitrocl-astic textures - roaÍnly compressed shards

Med.-coarse gr. phenos. ptag. + al-bitized K_feldspar in a microgranularqtz. + plag. + K-fe1dsp. matrix

Medíun-gr. phenos. p1aq. t perthite + aggregates of granular quartzin a microcrystafr-ine devitrified matrii of quartzrfaldspa¿hic matershowing vj.troclastic textures :a1

Crystals of qvattz, K-fetdsp. & plag. + rock fragments + collapsed pumicein a contorted, glassy matrix of exÈremely ilattened shards

Sparse med. gr. phenos. plag. in a
quartz + plag, + K-feldspar + opaqu

micrccrysl,, devitri
es + clots of serici

fied matrix of
te

Sparse, fine gr. phenos. pLag. within a Lricrocryst
abundant chlorite. Litil-e visibi'e qLz, in natrix,
amygdales

felsic r¡alrix with
some chLorite-filled

Variety of fine gr. devilrified acid
K-feldspar & plag. all_ cl-osefl¿ packed

volcanic rock fragments + crystaJs quariz,
, with littJ-e fine matrix.

Fine to med. gr. phenos.
spherulitic devit. natrix
conpressed shards)

pl-ag.-+ K-feldspar + quartz + rock fragments in ashowing excellent vitroclastic texturãs (e,¿.

Coarse gr. anhedral phenos. K-feJ-dspar + medgr. cpx. + granular cpx. _ plag. aggregates
qtz. -K-feJ.dspar-chlorite matrix

. coarse gr. pLag. + fine_med.
(rock frags.?) in a granophyric

Lilhic tuff

PorphyrÍtic
rhyolite

Air-fal1
tuff

Porphyritic
rhyolite

Porphyritic
rhyol-iie

Porphyritic
rhyolite

t,lelded
tuffs

Fine-gra.i-ned
rhyolite

Fine-grained
andesite

Lithic
wacke

Porphyritic
rhyodacite

Porphyritic
rhyodacite

!b tö

8627

8633

E664

E665

E670
&E6

867 4

Éoaty

E696

E704

8705



HiILaba Grani.te' near
Hiltaba honestead

Fron basement gneiss outcroP

Mangaroongah Dacite'

t{hyeela Dacite - Presence of
opx. as doninant Pyroxene
uäusua}, as is Presence of
biotiLe. Texture cIearIY
Índicati-ve of ash-flow origin

Yard¿LcDacite - at base of
ash-ftou sbeet

Yardea Dacite - tYPical
exa.Bple

lÍheepool Rhyofite. PrinarY
devitrification textures Pre-
served in natrix

Yantea RhYodacite

PIag.) sericitized
Cpx.+ chloriti.ze<i
I'btrix reddened
by henatite

Mafic Einerals+
chlorite &

epidote
Plag.+ sericitized

Some afbitization
of K-feldspâr

Pl-ag, -Iarger
( earlier? ) phenos .

sericitized.
Cpx & Opx-fresh
but cracks &

nargins chLoritized
Matrix not redden-
ed by hætite

PIa8.+ sauss.
Cpx.+ ctrJ.orite
Matrix K-feldsp
is henatite
stained

K-feldsp . rseric-
itized. Much
heroatite & chlorite
in rock

P1ag.+ sauss.
Cpx.nainly fresh
but partially
altered Lo chlorite

PIag.+ sericitized
Cpx,+ fresh &

cbloritized
@aques+ leucoxene
Vratrix K-feldsP'+
henatised

Perthite 45%
Q¡artz 35%
PIag. 17%
Biot.+ opq. 3%

Pbenos. 15% of
which Plag. 85%
Cpx. 'l 1%

Opq.4%

Variable, due to

of Eafic nineral,
streaks

patchy

Phenos. 359á of
r¡hich Plag. 60%

Cpx.30%
Opqs.109á

Phenos. 20% of
r¡hich PIag. 70?å

Opx. 25%
Cpx.2%
opq.3%

Phenos. 15% of
which Plag. 80%

Cpx. 20%

Phenos. 20% of
which Quartz 50%
K-feldspar 50%

Phenos. 35% of
uhich PIag.65%
Cpx. 30%
opaque 5%

Holocrystal-fine rock consisting of coarse grains qtz, + perthitic K-feldspar
+ pfagioclase + biotj-te + opaques

Fine-med. gr. euhedral phenos' plag. + rare cpx
fragrnent in a natrix conposed of unaltered plag
materiaÌ (after glass)

+ opaques + large rock
nicrofites + aphanitic

Med. gr. p1ag. phenos. of two types: (1) coarser, h¡eh1y corroded &

sericitizèd (2) finer, euhedral, weII twinned, comp"-Ab"^' Fine-med
phenos. opx (hypersthene) + rarer cpx. + opaques' Sorne-ñock frags'
trystal ctrips, In tratrix' finely rnicrolÍtic texture produced by

devitrification. Rare grains of allered biotite

Fine-rned. gr. phenos. plag. + cpx. + opaques (pfag' & cpx' commonly in
glomeroporlh, ãges. ) in nÍcrogranul-ar qtz.-K-feì,dspar Eatrix. L1-though

devitrified, vitroclastic textures still evident

Med. gr. euhedral-subhedral phenos' pfag. & cpx' & anhedral opaques
(ilmenite?) Ín nicro-granophyric uatrix of quaÎtz + reddened K-feldspar +

chlorite

Med, gr. phenos. anhedral, enbayed quarLz + anhedral K-feldspar Ín a patchy'
devitrified Eatrix consisting of qtz.-feldspar intergrovrths. Henatite &

chtorile are scattered througlìout

Med. gr. phenos' pJ-ag. + cl-ots chlorj-te (often in gJ'omeroporphyritic
.eg""ä"t"" r¡itti piag. ) in rnicrogranular Batrix qLz' + p\ag' + reddened

K-feldspar + minor chlorite

Adamellite

The following samples' prefixed rrY'r are from the Hiltaba area

MetanorphiceJ.ly-recrystall-ised aggregaLe of quartz, porphylslasts K-feldsper
& plag. layered wiih chlorite-epidote-opaque rich bands & streaks

Gneiss

Porphyritic
dacite

Porphyritic
dacite

Porphyritic
dacite

Porphyritic
rhyolite

Porphyritic
dacite

Porphyritic
rhyodacÍte

Y16

Y9

8747

8725

E7 42

E71 8

E7 13

E7 14



BasÍc i.nclusion srithin Yardea
Dacite. No prlma!'y textures
preserveC

Basic inclusion in Yardea Dacite
No diagnostic prinary textures

Basic inclusion i¡ Yardea
Dacite

Basal-t fron lowest exposed
strati.graphic leve1 of GRV in
Kokathe area

Dífferentiated basalt, upper
part of westert basal_t sequence'/

Pla6. -cornpleLeJ_y
seri.citized
Cpx.fresh &
chLorÍtized

Plag. & K-feldspar
sho$¡ sooe
sericitization

PIag. -sericitized
Amph. -soroe
Þ oatite added

P1ag. -serÍcitized
Other ¡trinerals
fresh

Extensive
alteration and
recrystal-l-isation

0livinê+.lraLiLe .
Plag. is fresh.
Cpx. mostly fresh

PLag. + sericÍte -
dusted.
Cpx.+ fresh grains
but iargely ural-itized
OPaques qf¿fresh

Plag. extrenely
serÍcitized
Cpx - uralitized

Plag*sericite-
dusted. Chlorite
after gLass &/or
cpx.

Plag. -sericitized
Biotite partì-a1ly
chlorÍti.zed

Phenos 45% of
which PIag- 70%
Cpx. 25%
K-feldsp- 3i6

K-fel-dsp. 50Î(

Pl-ag.'1496
Biotite 1-2%

Anphib.50%
PIag. 46%
Opaques 4g

Plagioclase
-rich
anphibolite

Laths
(up to
velns .

pÌagioclase interlocking with granular anphibole, anphibol_e needles4 øm long) and scattered opaques. Ouartà is Íntergranular and irr
PLae. 701.
Amphib. 20S
ôpaque 5%
QuarLz 5%

Aphani ti Recrystal].j.sed to a ûú-crocrys ta11 mosatc of chlori feldchlori te-rich + spar + Chlorite & p1ag.
rn approx. equal_
proportions

opaques Mosaic forns plates exhibiting palchy polarisa tionrock

The follorring sarnples, prefixed rrKrr are lrom Kokatha area

Basalt Subophitic texture consisting of tabular plag. laths interrocking wittrgranular cpx. + opeques + chlorite. Fine_medl gr. phenos, ol-ivinð _ typicaLshape, now conpl-etely uralitized
01,Ívine i5%
Plag- 30%
ipx, 40%
Rest 15%

Basalt Subophitic texture consisring of tabutar pJ-ag. raths interrocking wit_euralitized cpx. Occasional fresh cpx. gràln= A scattered op"qr"l. -
Some origÍnal- glassy mesostasÍs

Plag.45î6
:px. 451
Cpaques 5%
.4esostasis 5%

As for. K33

PIag, - 45%
Cpx. 20%
ch1.30%
Opaque 5%

l{Ícroc. ó0%
Suartz 35?É

PIag. 3%
Biotite 2%

Porphyritic
dacite

Mediun-grained phenos.
(often in glomeroporph

p1ag. + rare K-feldspar + fÍne gr. cpx. + opa4ues
aggregates) in a granophyric qtz.-K-feldspar matrj-x

Granite Holocrystallj.ne rock consisting of coarse gr.
+ perì-c1ine twinned plag. + intergranular qtz

K-feJ.dspar (nainly microcl_ine )
. & bÍotite

Anphibol-ite Recrystallised texture of green aarphibore i.nterrocking with prag. + abundantscattered, fine gr. opaques, within quartz_K_feldspar r¡atrix tyiical- offa¡dee Dacite

Basalt Sinifar description to K33 p1ag. laths average 1.5 nrü fong

Basaltic-
andesite F"^: :f felted plagioclase microlites, ave length .1 mn, oriented &defining pilotaxitic texture, interlocking wilh chloritå * op.qt,""laltered plag. phenos. Pare

Basaltic -
andesite

Ori-ented plag
grains of cpx

microrites defining pirotaxitic texture in whi-ch are scart,erec+ opaques + ¡auch intergranular chl_orite

Granite Holocrystalline rock consisti-ng of coarse gr- crystar-s of perthiticni-crocl-ine + quartz + biotite i rare pJ.agiãclase

Y28

Y743

1752

Y77 1

Y774

K 101

K33

Kl10

Kl22

K153

K132

Yardea Dacite nea¡
l¿ke Acra¡¡an

Hil-tâba Gra¡i¿e, near Hiltaba
homestead. A rrtrue'r granite

Basalt fron lowest parl of
sequence, Kokatha

BasaLt low in sequence, sane
locality as K33

Typical differentiated basalt
fron unit in east. Pilote(itic
texture of note.

HiLtaba Granite equÍval_ent
in Kokatha area



province

8227

62.30

17 .65

5.59

0. 16

2.63

1.20

5:48

3. 68

0.95

o.55

1.78

273

13

37

136

62

14 .4

61

9

127

493

1 340

, listed i

E376

62.58

17.41

5.46

0. 15

2.63

0. 82

4.42

5.06

0.99

0.45

of increasing Si
the Gawler

E33

60.37

15.37

8.39

0 .17

3.10

2.46

2.88

5.05

1.21

0.47

2.18

315

14

41

112

20

133

24

28

193

540

1 780

n order
TABLE A2.2. Geochemical data. for selected rocks from Range

EzTB

61.65

14.11

8.09

0.23

2.12

4.23

4.88

1 .90

1.39

0.74

1 .71

281

1T

50

104

22

119

17

63

340

975

8231

52.14

17.13

10. 48

0. 16

5.59

6.56

3.79

2.39

1. 18

o.21

E'459

52.O5

17 .45

10.15

0.16

5.15

7 .64

3.68

1.97

1.21

0,21

2.54

158

8532

58.16

16.15

8.30

0. 16

2.79

6.99

3. 84

1,97

1 .15

0.43

8524

59.64

15.58

8.7 4

0. 16

2.BB

3.82

3.39

3.90

1.22

0.49

8312

59.70

15.35

8.14

0. 15

2.69

4.37

3. B0

3. 84

1.23

0.50

2.06

309

12

42

113

54

20

131

E6B9

60.11

17 .21

7 .26

Q.21

2.22

1.18

E7 47

62,88

15.32

7 .61

0.17

2.33

2.04

3.11

5.06

1.13

0. 41

1.57

371

13

47

122

55

20

109

25

155

453

2830

E500

63.33

14 .10

6.7 4

0. 18

1 .83

3. 38

4.Tt
3.25

1 .19

0.61

63. 34

15 .44

7 .06

0. 15

2.20

2.57

3.79

4.42

1. 10

0.41

8290

si02
A1203

FerOu,

ltln0

I',fg0

Ca0

Naro

Kzo

Ti02

5.

3.

69

73

P 0

1 .16

0.71

99.77 99.48 99.47 99.34 100.09 99.97 100.06 99.34 100.48rotal 99.63 99.67 99.94 99.82

LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba

2,52

159

8.6

28

52

25

24

188

106

1't2

85

529

695

23

183

B6

98

58

446

619

24

104

486

1450

9.3
28

2.63

294

13

42

104

21

160

21

77

308
't000

1 .80

310

12.5

43

106

23

117

454

1 460

2.12

311

15

47

144

59

14

80

11

113

395

1765

2.OB 2.48

251

19

48

84

1.87

408

14

46

126

298

21TO

19

9B

15

117

286

1240

20

138



Meo

si02
Arz
Ftz
M1o

l;'

E50

63.97

14.83

6.40

0.13

2.24

3.11

3.43

4.58

1 .03

0. 41

0.63

282

16

43

106

48

16

97

857 4

64.33

14. 86

6.35

0. 14

1.96

2.86

0.96

0.42

E5 l2

64.42

1T .65

5. 03

0. 14

1 .50

0 .80

5.00

4.69

0.79

0.33

E126

64.44

15.65

6.15

0. 14

2.65

1.OT

4.22

4.50

0.97

0"?3

8519

64.84

14. 98

6.65

0.12

2.04

1.44

3.87

4. 68

1.10

0.38

848

65.A2

15.04

8.27
0. 15

2.35

1.26

4.04

5.50

0.97

0.26

1.54

542

16

48

115

15

6B

15

142

220

2940

E (42

65.14

15.16

5.93

0.16

1 .77

3.36

2.90

4.21

1 .00

0. 34

E494

65.19

14.35

7 .15

0. 14

1.13

1.73

3. 90

4.82

1.23

0.72

856 r

65.42

14. 83

6.37

0. 15

2.23

1.07

3.34

4.82

1.01

0. 38

2.59

402

14

44

118

52

1T

93

139

339

41 10

E46B

65.95

14.12

4.86

0. 14

1.69

2.38

3.51

5.37

0.76

0.32

2.77

243

16

44

115

170

250

1 160

E ij,)

66.12

16.39

3. B6

0. '14

1.23

2.39

3.30

5.30

0. 59

0.22

1.35

324

17

41

165

68

B

53

174

405

1610

862

66.15

16.27

3.92

0.11

1.63

1 .80

4 .14

4.95

o.Tz

0.20

1.65

334

16

35

125

52

11

24

E71B

66.90

14.36

6.13

0. 't0

1.20

2.T t

4.06

4.07

o.T9

0.24

1.29

66.97

14.24

6.10

0.11

0. 96

2.23

3.25

4.To

0. 82

0.24

Y28

1 .11

402

22

54

13

35

Naro

Kzo

Ti02

P ro^

Ca0

LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba

3. B1

4.26

Total 100.13 99.05 100.35 100.12 100.10 99.86 99.97 100.36

2.27 2.01
99.62 99.10 99.54 99.89 100.56 99.62

1.69 2.23

365

16

40

176

476

2945

0.55

476

16

52

136

1 .33

128 17

65

14

19

149

404

16To

139

336

23gO

159

500

187o

13

195

189

1290



Total 100.11 99.58 100.10

1 .43

401

20

54

143

59

13

43

156

430

1 730

12

184

181

1215

135

104

2760

99.55 99.03 99.64 99.58 100-08 100.22 100.04

1 .50

ET04 E540

70.19

14.07

4.25

0. 10

1.65

0.48

3.08

5.14

0.58

0.21

99 .75 99 .42 100. 53 99 .91

1.BB 1.12

426 653

19 21

45 53

1 .15

4

lTB

44

515

155

296

1940

186

65

1240

E 168 ET25

67 .03

14.03

5.85

0. 13

0. 63

2.71

3. 48

4.68

0.83

0.21

8590

68. 38

14.34

5.46

0.11

1,32

0.40

2.46

6.19

0. B1

0. 17

E.599

68.54

13. BB

5.16

0.11

1 .03

1 .49

2.98

5.55

o.65

0.19

F417

68.54

14.41

5.17

0.09

o.T6

1.37

3.7 4

5.21

0.63

0. 16

8258

69 .15

14.26

4 .42

0.09

0.73

0. B0

3.77

5.96

0. 84

0.20

E'154

71 .08

14.45

4.02

0.06

0.81

0.13

2.67

6.31

0. 44

0.07

8530

70.79

14.28

3.59

0. 07

0.42

0. 65

4.25

6. 00

E55B

71 .24

13. 85

3. 58

0. 0g

1.19

0.69

3.44

6.36

0. 43

0.04

8713 E,242 EB4

si02
A1203

F"203

M30

l',fg0

Ca0

Naro

Keo

Ti02

t

67.00

15 .86

4.70

0.11

1.55

0.57

4.38

5 .01

0.67

0.26

1 .40

341

14

36

67.27

14.77

5.56

0. 11

0.96

1.21

4 .14

5.26

0.65

0 .17

67 .48

15. 83

3.67

o.12

1. 10

1 .03

4.74

4.71

0. 68

0.20

1.73

67 .83

14.02

5. 89

0.09

2.33

0. 40

3.11

5.33

0.75

0. 18

7o.27

15.40

2.72

0.06

0.04

o.2B

4.87

395

0 .37 0.40

0.02 0.08
P,

LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba

1.87

457

15

49

139

5B

12

1 .90

406

21

60

160

13

47

10

167

79

1270

2.47

324

15

47

154

148

5200

1.94

432

22

66

180

69

14

219

168

17 10

1 .12

418

24

65

174

196

1BB

1520

1 .03

600

16

50

149

53

14

163

137

3270

.076

156

21

45

10141B 6411.5 2.4



71 .41

13.97

4.40

0.06

0.33

0.21

3.32

5.85

o.32

0.06
Total 99.95 99.93

8515

72.03

14.03

2.22

0.06

0.35

1 .33

3. 60

5. 48

0. 37

0. 1c

99.61 99.28 100.41 100.23 99.57 99.52 99.69 99.96 99.32 1oo.o1 99.55

Ezg4

7',t.37

13. 93

3.43

0.06

0. 50

0.37

3.67

6.13

o.44

0.05

E'41 1 EsT9

71.48

13.69

4.12

0.08
't .00

0. 65

3. 1T

4.59

0. 66

0.17

8402

71 .51

13.46

3.49

0.05

0.44

0.17

3. 30

6 .41

0.41

0. 04

E1 36

71 .56

14,22

3.80

0.08

1.53

0.27

2.19

6.25

0,45

0. 06

8155

71 .66

13. 93

3. 85

0. 07

0.67

0.31

3.67

5.59

0.40

0. 0B

E3g4

72.17

13.7 1

3.52

0.05

0.51

0.18

2.40

6.48

0.45

0.05

8255

72.34

13. 58

2.97

0. 07

0. 99

o,29

3.57

5.36

0.42

0. 10

E27o

73.56

12.7 I

1.95

0. 05

0. 50

0.17

3. 39

7 .31

0.31

0. 06

E6Tt+

73.61

13. 68

1.97

0.06

0.4'l

0. 18

4.23

5.22

0. 14
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8434 E3g5

Si
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Fe
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zoz
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I

72.86

13. 04

3. 58
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o.To

0.20

2.54

6.54

0.35

0. 03

73.33

14.14

2.48
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0.28

0,29

5. BB

2.48

0. 36
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M:lo

I',tg0

Ca0

Naro

Kzo
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LOI

Zr

Nb
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Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba
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49

144
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B

1 .00
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47

1.11

412

20

4B

1.02

569

17

41

9B
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47

20

51

.5trB

1.25 1.49 1 .33 1 .21 1 .07
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33
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3

T

1 .47 0.75

174
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220
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si02
Ar203

Fero,
lkr0

Meo

Ca0

Naro

Kzo

Tto2

P

73.90

13.75

1.85

0.04

0.38

0.34

3.91

4.91

0. 14

0.02

74.97

13.00

1.BB

0.04

0.21

0. 89

3.12

5.47

0.22

0.02

I

E62T E607

74.00

13.31

2.49

0.05

o.T5

o.2B

2.71

6.30

0.35

0.03

F554

74.57

1 3.06

2.40

0.04

0.36

0.09

2.28

7.14

0.32

0.06

8636

74.67

13. 53

1.41

0.05

0.59

0.35

3.37

5.06

0. 14

0.06

F'615

74.67

12.94

3.37

0 .03

0.20

0.12

2.64

5.89

0.28

0.06

K132

0.59

213

1B

48

151

E'455

75.39

12.56

2.26

0.08

0.09

0.50

2.65

6.01

0.29

0. 02

E7B

75.68

12.40

1.45

0.04

0.32

0.18

2,11

7 .27

0.31

0.04

v16

75.81

11.69

1 .53

0.03

o.26

0. 69

5.17

4.7 4

0.21

0.05

E'197

76.37

12.85

1 .06
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o.62

0.21

2.96

5. BB

0. 16
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E'145

76.43

11 .42

2.51

0.04

0.70

0. 13

2.06

5.84

0. 36

0.17

v734

76.64

11.92

1 .71

0.03

0.16

0. 44

2.98

5.45

0.17

0.01

8230

76.71

12.54

1,95
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o.45

0.15

2.63

5.60
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19"1
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4T

99 .85 99 .80 1 oo. 1 B
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100.1 4 99.66
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76.63

13.29

1 .48
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o.24
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3. 00
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o.17
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100.66 99.51 100.33
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0

Totat 99 ,24 1OO.24 10O.26 99 .23 100.20 99.82
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Zr

Nb
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Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

1.62

132

14

23

2

1 .04

413

22

48

125

46

B

9.6

0.69

312

24

53

143

50

6

o.94 0. 86

328

20

49

0.43

184

24

19

6

375

61

284

1 .31

168

24
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3B 1 . 10 0.81

33464
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2120
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B6
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241
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si0

8664

76.72

12.01

2.24

0.02

0.21

0.24

5.62

2.08

0.29

0.02

8665

76.85
't2.52

2-72

0. 04

0. 30

0.11

2.OT

4.81

0.12

0.04

77.26

12.67

1 .50

0. 05

0. 56
'o.22

2.43

4.48

0. 16

0.01

77.38

12.6'l

0.66

0.03

0.34

0.24

2.65

5.57

0. 13

0. 03

0 .7'l

E7 14

77.82

11.65

1 .83

0.02

0.33

0.13

2.19

5.95

0.20

0.07

8203

82.TT

8. 7o

0. 56

0.00

o.o2

0.14

1 .00

6.52

0. 10

0.00

0.67

121

21

30

8509

85.12

7.49

1.23

0. 01

0. 16

0.23

0. 55
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0. 18

0.03

2

3;.

78.93

11.12

0.94

0.02

0. 13

0.07

1.65

6.92

0.12

0.0i

79.48

10.69
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0.03

0.11

0.12

0.59

B.1T

0.12

0.02

79.64
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0.00

0.00
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0.35

8.81
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0.01

8132 8516 8224 8221 8633 8322

.37
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1
ALz

F"2

Mi0
1 .48

0.01

0.00
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2.55
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0.01

o.7e
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50
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0. 60
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Ca0
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Kzo

Ti02
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LOT
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Nb

Total 99.45

0. 87
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724

99.58 99.24 99.6e 99.64 100.17
0.99 1 .39

99.91 100.15 99.53 99.81 100.12
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29
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Y

Ce

Nd
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V

Cr

Ni

Rb

Sr

Ba



TABLE A2.3. Geochemical data for selected rocks from the Gawler ce accord to formation.

MANGAROONGAH DACITE

si02
Ar2o3

F"203

M:I0

I',190

Ca0

Naro

Kzo

Ti02

P,'0-

LOI

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

15.32

7 .61

o.1T

t

E27B

61.65

14.11

B. 0g

0.23

2,12

4.23

4.88

1 .90

1 .39

0.74

1 .71

281

17

50

104

22

119

17

63

340

975

15

117

286

1240

19

149

404

1 670

1TO

250

1 160

CHILDERA DACITE

8500 E50 E46B

63.33 63.97 65.95

14.10 14.83 14.12

6.7 4 6.40 4.86

0.18 0.13 0.14

1 .83 2.24 1 . 69

3. 38 3. 1 1 2.38

4 .73 3.43 3.51

3.25 4.58 5.37

1 .19 1 .03 0.76

0.61 0. 41 0.32

2.48

251

19

48

B4

0.63

282

16

43

106

48

16

97

2.77

243

16

44

115

19

98

12

E'494

65.19

14.35

T .15

0. 14

1.13

1.73

3.90

4.82

1.23

0.72

1 .33

E'532

58.16

16.15

8.30

0. 16

2.79

6.99

3. 84

1.97

1 .15

0. 43

2.63

294

13

42

104

8524

59.64

15.58

e.7 4

0. 16

2.BB

3.82

3. 39

3.90

1.22

0.49

E33

60.37

15.37

B. 39

0.17

3. 10

2.46

2.88

5.05

1.21

0.47

2.18

315

14

41

112

20

133

24

28

193

540

1 780

E7 47

62.88

2.33

2.04

3. 11

5.06

1.13

0. 41

1.57

371

13

4T

122

55

20

109

25

155

453

2830

F,290

63.34

15 .44

7 .06

0. 15

2.20

2.57

3.79

4.42

1.10

0.41

1.87

408

14

46

126

298

2170

8126

64.44

15.65

6.15

0. 14

2.65

1.07

4.22

4.50

0.97

0.33

8574

64.33

14.86

6.35

0.14

1.96

2.86

3. B1

4.26

0.06

0.42

8519

64.84

14. gB

6.65

o.12

2.04

1.44

3. 87

4.68

1. 10

0.38

E4B

65.02

15.A4

5.27

0. 15

2.35

1.26

4.04

5.50

o.9T

0.26

1.54

542

16

4B

115

Total 99.34 99.34 100.13 99.10 100.36 99 .94 99 .82 99 .47 1OO.06 100.48 100.12 99.95 100.10 99.86

21

160

1 .80

310

12.5

43

106

23

117

454

1460

2.27 1.69 2.01

20 15

68138

21

T7

308
'1000

15

142

220

2940



si02
41203^

Feto, u

Mî0

Mso

Ca0

Naro

Kzo

Ti02

Pro,

F554

74.57

13. 06

2.40

0.04

0. 36

0. 0g

2.28

7 .14

0.32

0.06

E5og

0.16

0.23

0.55

5. 10

0. 18

0.03

1 .04

E,62

66.15

16.27

3.92

0.11

1 .63

1 .80

4.14

4.95

o -72

0.20

1.65

334

'16

35

125

52

11

24

159

500

187o

E168

67,00

15.86

4.70

0. 11

't.55

0.57

4.38

5.01

0.67

0.26

0. 69

312

24

53

143

50

6

210

50

676

0.95

298

23

60

117

45

5

21',|

B5

2010

0. 87

2TO

21

44

52

135

724

E689

60.11

1T .21

7 .26

0.21

2.22

1.18

5.69

3.73

1 .',16

0.71

2.12

311

15

4T

144

59

't4

BO

11

113

395

1765

1.78

273

13

37

136

62

14 .4

61

9

127

493

1 340

ATìBL]IìEE RHYOLITE

878 8664

75.68 76.72
12.40 12.01

1 .45 2.24

0.04 0 .o2

o.32 0.21

0.18 0.24

2.1't 5.62

7.27 2.08

0.31 O.2g

0.04 0.02

KARKULTA RHYOLITE

E62T E636 E633

73.90 74.67 79.48
13.75 13. 53 10 . 69

1 . 85 1 .41 0.82

0.04 0.05 0.03

0.38 0.59 0. 1 1

0.34 0.35 0.12

3.91 3.37 0 .59

4 .91 5.06 8.17

0.14 0.14 0.12

0.02 0.06 0.02

99 .24 99 .23 1oo. 15

1.62

132

14

23

0.94 0.93

2

133

131

2120

BUNBURN DACITE

E22T 8376 E5't2

62.20 62.58 64.42

17.65 17.41 17.65

5.59 5.46 5.03
0.16 0.15 0.14
2.63 2.63 1 .50

1.20 0.82 0.80

5.48 4.42 5.00
3.68 5.06 4.69
0.95 0. 99 0.79

0 .55 0 .45 0. 33

85.12

7.49

1.23

0.01

Total 100.26 99.80 99.45 100.12 99.48 100.09 99.97 100.35 99.89 100.1 1

LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba

I44

2.08 2.23

365

16

40

176

476

2945

11,5

1 .40

314

14

36

156

430

1730



AI

Fe
2 3r

sio

Mi0

Mgo

Ca0

LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba

8326

76.63

13.29

1 .48

0.02

o.24

0.29

3.00

5.51

0.17

0.03

8322

79.64

10.11

0.39

0.00

0.00

0. 15

0.35

8.81

0.07

0.01

8197

76.37

12.84

1 .06

0.03

0.62

o.21

2.96

5. BB

0. 16

0.01

2
0

BUNBURN DACITE cont.

8242 E540 F'674

67.48 70.27 73.61

15.83 15.40 13.68

3.67 2.72 1.97

o.12 0.06 0.06

1.10 0.04 0.41

1.03 0.28 0.18

4.74 4.87 4.23

4 .71 5.39 5.22

0.68 0.37 0.14

0.20 0.02 0.05

1.73 1.BB

426

19

45

0.75

155

296

1 940

BALDRY RHYOLITE I¡'¡AUREA PYROCLASTICS

E.145 E'132 8224

76.43 TT.26 TT.38

11.42 12.67 12.61

2.51 1.50 0.66

0.04 0.05 0.03

o.7o 0.56 0.34

0. 13 0 .22 0.24

2.06 2.43 2.65

5.84 4.48 5.57

0.36 0. 16 0. 13

0. 17 0.01 0.03

8203

82.77

8.70

0. 56

0.00

0.02

0. 14

1 .00

6.52

0.10

0.00

NUCKULLA BASALT

8231 E459

52.14 52.O5

1T . "t3 17 .45

10. 48 10. 15

0.16 0.16

5.59 5.15

6.56 7.64

3.79 3. 68

2.39 .t.97

1 . 18 1.21

0.21 0.21

99.63 99.67

203

Total 99.55 99.42 99.55

Nar0

Kzo

Ti02

Pro^
100.66 99.53

0.81 0. 82

92

28

19

100.14 99.66 99.24 99.64 99.81

1.10 1.39 0.71

1J26

353

29

257

1 .31

168

24

42

241

19

BT

0.67

121

21

30

270

21

403

2.52

159

8.6

2B

52

25

24

188

106

112

B5

529

695

2.54

158

9.3
,:

23

183

86

9B

5B

446

6't9



}'¡HEEPOOL RHYOLITE MORDINYABEE RHYODACITE YANTEA RHYODACITE

E530
si02
4r203

Fer0,
I'llr0

I'{90

CaO

Nar0

Keo

Ti02

Pzos

8434

72.86

13.04

3.58

0.06

0.76

0.20

2.54

6.54

0.35

0.03

E607

74.OO

13.31

2.49

0. 05

0.75

0.28

2.7't

6.30

0.35

0.03

E615

74.67

12.94

3.37

0.03

o,20

o.12

2.64

5.89

0.28

0.06

8445

75.39

12.56

2.26

0.08

0.09

0. 50

2.65

6.01

o.29

0.02

ET 14

77.82
11.65

1.83

0.02

0.33

0.13

2.19

5.95

o.20

0.07

8590

68.38

14.34

5.46

8599

68.54

13.88

5.16

0.11

1 .03

1.49

2'94

5.55

o.65

0. 1g

E'411

71.41

13.97

4.40

0. 06

0.33

0.21

3.32

5. 85

0.32

0.06

E5T9

71 .48

13.69

4.12

0. 08

1 .00

0.65

3.17

4.59

0. 66

o .17

E25B

69.15

14.26

4.42

0.09

0.7:
0. 70

4.TT

5.96

0.84

o.20

E'154

71 .08

14.45

4.O2

0.06

0.81

0.13

2.67

6.31

0.44

0. 07

E558

71 .24

13. B5

3.58

0.09

0. 19

0.69

3.44

6.36

0. 43

0.04

TO.T9

14.28t

0. 11

163

137

327O

3.59

0.07

0.42

0. 65

4.25

6.00

0.40

0.08

1 .12

653

21

53

10

186

65

1240

1.

0.

2.

6.

32

40

46

Tota1

LOI

Zr

Nb

ï
Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

1.11

412

20

48

0

2.47

324

154

148

5200

1.94

432

22

66

180

69

14

99.96 100,24 100.20 99.85 100.17

1 .04

413

22

48

125

46

I
9.6

205

45

1 005

198

38

940

215

26

480

19

T1

64

15

47

0.81

99

0. 60

289

20

54

0.86 1.38

348

20

49

99.58 99.93 99.61

1.25 1.49

219

168

17 10

100.22 100.53 100.04 99.91

1 .03

600

16

50

149

53

14

1.50 1.15

I46I

214

44

888



YANTEA RHYODACITE cont. VüHYEELA DACITE YAHDEA DACITE

Ar203

si02

F"203

Mî0

Ti0
2

F,294

71 .37

13. 93

3.43

0.06

0. 50

0.37

3.67

6.13

0.44

0.05

0.92

654

20

49

144

61

11

I

8402

71 .51

13.46

3.49

0.05

0.44

0. 17

3.30

6 .41

0.41

0.04

E136

71 .56

14.22

3. B0

0.08

1 .53

0,27

2.19

6.25

0. 45

0.06

E'155

71 .66

13. 93

3. 85

0.07

0.67

0.31

3.67

5.59

0. 40

0.08

Bzg4

72.17

13.T',|

3.52

0.05

0.51

0. 18

2.40

6.48

0.45

0.05

F,395

73.33

14.14

2.48

0. 04

0. 28

0.29

5. BB

2.48

0.36

0.04

E,312

59.70

15.35

8.14

0. 15

2.69

4.37

3.70

3. 84

1.23

0. 50

F'742

65.14

15.16

5.93

0. 16

1.77

3.36

2.90

4.21

1 .00

0.34

E'561

65.42

14. 83

6.37

0. 15

2.23

1.01

0. 38

2.59

402

14

44

118

52

17

93

139

339

4110

E71B

66.90

14.36

6. 13

0. 10

1.20

2.71

4.06

4.07

0.79

0.24

1.29

v28

66.97

14.24

6. 10

0.11

0.96

2.23

3.25

4.70

0 .82

0.24

1 .11

402

22

54

ET25

67.O3

140.3

5.85

0.13

0. 63

2.71

3. 48

4.68

0.83

0.21

1 .43

401

20

54

143

59

13

43

12

184

181

1215

L

3.

4.

l'fgo

Ca0

Naro

Kzo

07

34

B2

Pz0s

Total 99,95 99.28 100.41 100.23 99.52 99.32 99.77 99.97 99.62

2.06

309

12

42

113

54

20

131

100.56 99.62 99.58

LOI

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

1 .00

643

20

4T

174

58

116-

1 .33 1 .21 2.06 1.02

569

17

41

70

76

550

24

104

486

1450

0.55

476

16

52

136

1T

65

14

139

336

2390

9B
13

35

174

49

1170

13

195

189

1290



YANpoollí4
ilIIÏOLiTE

E515

72.O3

PAJ,]]UBIJD-T-E
ct-ìAi{oIitY}rE

E'516

77.37

11.86

1.48

0.01

0.00

0.12

2.55

6.09

0. 19

0.01

TIILTABA GRAI'IITE

-

MOONAMBY DYKE . SUTTE

sÍ02

41203

Fero,
M]o

Mgo

Ca0

Naro

Kzo

Ti02

K132

74.97

13.00

Y16

75.81

11.69

1.52

0.03

0.26

0. 69

5.17

4.Tt+

0.21

0.05

v734

76.64

5.45

o.1T

0.01

ET05

66.12

16.39

3.86

0.14

1.24

2.39

3. 30

5.30

0. 59

0.22

IB4

67.83

14.O2

5. 89

0.09

2.33

0. 40

3.11

5. 33

0.75

0.18

E41T

68.54

14.41

5.17

0.09

o.To

1.37

3.7 4

5,21

0.63

0.16

8255

72.34

13. 5B

2.97

0.07

0. 99

0.29

3.57

5.36

0.42

0.10

E2To

73.56

12.71

1.95

0.05

0.50

0,17

3.39

7 .31

0.31

0.06

8230

T6.T 1

12.54

1.95

0.00

o.45

0. 15

2.63

5. 60

0.18

0.12

t
1 .88

0.04

0.21

0.89

3.12

5.47

o.22

0.02

14 .03

2.22

0.06

0.35

1 .33

3. 60

5.48

o,37

0.10

11.92

1 .71

0.03

0.16

0.44

2.98

P

Total 99.57

LOI

Zr

Nb

ï
Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba

1.OT

239

19

33

139

209

240

930

99.
0

68

TB

39

20

50

36

2

1

99 .82 100 . 1B gg .51 99.54 99.93 100.08 99.69 1OO.O1 100.33

6445

0.59

314

1B

48

151

253

86

681

0.43

184

24

19

375

61

284

0. 69

218

23

64

1.35

324

1T

41

165

68

I
53

1 .90

406

21

60

160

13

4T

10

167

T9

1270

1 .12

418

24

65

174

196

1BB

1520

1.07

347

20

51

1.47 0.85

191

21

47

321

45

443

147

55

35

220

84

997

1

30

206

3

3

8

147

283

58

595

174

405

1610



UNNAMED UNITS IN THE LAKE

BASALTS FROM THE KOKATHA AREA BASIC XENOLITHS !.IITHITJ Try-
@ GNEISS

sio
ALz

F"z

F,665

76.85

12.52

2.72

0.04

0.30

0. 11

2.07

4.81

0.12

0.04

8221

78.93

11 .12

0.94

0.02

0. 13

0.07

1.65

6.92

0 .12

0.01

K101

51.91

13.65

9.66

0. 1B

11 .77

8.55

2.15

1.27

o.64

0. 18

K33

52.01

16.02

o.79

0. 1g

8.44

8.62

2.51

1 .06

0.82

0,25

K110

51.94

15.87

10.18

0. 1B

T .72

8. BB

2.59

1.23

0. 85

0.24

Kl22

54.28

14.64

12.02

0.23

3.27

6.57

3.01

2.75

2.32

1.07

0.80

234

11

52

120

63

32

167

14

8.4
82

519

r Too

K1 53

53.69

14.81

13.57

0.21

3.53

6.54

3.23

2.20

t.T4
0.40

rTSz

48.62

13.92

15.04

0.39

2.91

7.09

3. 30

3.62

3. 03

1.57

v77 4

St+.69

14.08

13.29

0. 31

2.87

5.67

2.85

3. 31

2.43

O. BB

v77 1

57.65

14.53

11.05

0.25

2.31

4.94

3.22

2. B0

1.96

0.78

Y9

70.57

14.69

3.82

0.07

0.64

1.82

3.00

5.28

0.48

0. 16

2
0

0
3

3
t

EVERARD AREA

E.713 ETO4

67.27 70.19

14.77 14.07

5.56 4,25

0.11 0.10

0.96

1.21

4 .14

5.26

0.65

0.17 0.21

Mn0

Mgo

Ca0

Naro

Kzo

Ti02

P.0-

LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba

1.87

457

15

49

139

58

2.4

12

o.T6

156

21

45

1.51

102

5.3
19

7B

36

29

180

1 050

362

45

510

1 005

1 .46

124

5.9
23

5B

2.12

119

5.6
24

54

21

32

179

619

197

42

547

842

0.70

229

otr

40

B6

45

28

280

8.1

8.4
Þl

433

976

0.57

292

16

9B

172

0.94

358

15

68

135

1 00. 53

0.73

227

16

29

1

0

3

5

65

4B

08

14

0.58

Tobal 100. 10 99.75 99.58 99 -91

0.99 1.99

99.96 99 .71 99. 68 1 00. 1 6 99 .92 99.49 100.38
1.44

261

13

58

129

36

178

63

10

217

189

12BO

33

205

93

13

222

269

1220

99.49

4.4

135

104

2760

178

44

515

23

140

150

11

111

338

1 160

216

163

30

176

600

192

36

480

718

32



TABLE A 2.4. Rare earth element conten ts in selected samples from the Gawler Range province.

K1O1 rj231 F.312 E22T 8747 8725 E'2g4 E6OZ 8554 E7B Y734 Chondrite

Kokatha Nuckurla lthyeera Bunburn Mangaroon- Yardea Yantea wheepool Arburee Arburee Hiltaba normarising

Basalt Basart Dacite Dacite gah Dacite Rhyodacite Rhyorite Rhyolite Rhyolite Granite factors
Dacite

La

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

%si02

%ì4e0

22

52

24.6

5.2
1.37

2.5

2.3

52.14

5.59

51.5

113

54.2

10.4

2.7

3.7

59.70

2.69

64

136

62

10. 6

2.5

8.4

6.3

3.4

3.03

53.3

122

55.4

10.7

2,8

11 .4

7.33

4.5
?o

62.88

2.33

6B

143

59

11

2.25

10. 6

8.9

53.5

125

46

8.2

1 .00

6.7

6.1

3.5

3.5

74.00

0.75

5B

143

50

8.6

1,07

7.4
8.0

47

117

45

8.1

1.1

7.9

9.3

75.68

0.32

72

147

54.6

10.2

0.46

5.95

76.64

0. 16

0.315

0.813

0.597

0.192

0.0722

0.259

0.325

0.213

0.208

35

TB

36

6.4

1.6

68

144

61

11.2

1.82

03 71 .37

63 0.50

74.57

0.36

5.0

3.8

9.3

7.5
4.2

5.1

4.4

9.4
8.3

5.5
4.8

4.9

4.8
4.7

4.5
5.2

5.0

9.6

9.2
6.1

2.1

1 .14

51.91

11.77

62.20

2

67

063

Notes: 1 AII values determined by mass spectrometer using an isolope dilution technique'

The chondrite normalising factors used to obtain the chondrite - normalised varues protted in Fig' 2'10

are listed in the last column.
2



TABLE A2.5.

Residue

0I Opx Cpx

65 15 20

65 25

ot
lo

p.m.

0.05

0. 10

0. 15

0.20

0.25

0.30

0.40

10 0.05

0. 10

0. 15

0.20

0.25

0.30

0.40

0.05

0.10

0. 15

0.20

0.25

0.30

0. 40

ScVY Residue

01 Opx Cpx

70 22.5 7.5

75255

80200

ScVY

Calculated Sc, V and Y contents in mantle derived basic me1ts,
assuming varying degrees of melting and a range of residual
mineral assemblages.

%

p.m.

21.0

21.0

20.9

20.9

20. B

20.7

20.6

173

162

152

143

136

129

117

58 29.8

29.0

28.3

27.6

27.0

26.4

25.2

267

235

210

190

174

160

137

37.

28

¿¿

18.6

15.9

12,3

0.05

0. 10

0. 15

0.20

o.25

0.30

0.40

0.05

0.10

0. 15

0.20

0.25

0.30

0. 40

0.05

0. 10

0. 15

0.20

0.25

0.30

0.40

77.8

45.0

19.9

16.8

12.8

84. 0

47.0

32.6

24.9

20.2

17 .O

12.9

I
2

4

31.7

24.4

70 20 10

26.3

25.9

25.5

25.1

24.7

24.3

23.6

2T,B

27.2

26.7

26.2

25.7

25.2

24.3

235

211

192

176

162

150

132

242

217

196

179

165

153

133

T3

43. 3

30.9

24.0

19.6

16 .6

12.7

73

43.4

30.9

24.0

19.6

16.6

12.7

32.9

31.8

30.8

29.8

28.g

28.1

26.6

304

262

230

205

185

169

143

44.5

41.8

39.5

37 .3

35.4

33,7

30.7

428

343

286

245

215

191

157

98. 6

50.9

34.3

25.9

20.8

17 .4

13. 1

K101 29 180 19

Iâ3 28 197 23

Prim_itive Archaean 43 269 14
iite

Notes: 1. Assumed mantle contents are Sc = 20 ppmr \ = T5 ppm andy = 5 .25 ppn (after Frey gþ g!., 1977).
2. Distribution coefficients used are:

3

Sc
01 Opx Cox

0.25 1.1 3;v 0.09
20

1

5ï 0.002
0.3

0.009 0
(aften compilation of Frey e! gJ., lgTT).
The calcuLations assume equilibrium or batch melting and
use the form of the equation cited by Schilling and
hlinchester (1967 ), which requires a knowledge of the residual-
minenal assemblage at the time of magma segregation.



TABLEA3,1. Brief thÍn section descriptions of a representative seÌection of rocks from the Central Australian province'

SinilaÌities in texture to 89,
but opaques + pIag. laths
j¡rdicate related to gpbbro

Fine granular qtz. indicaLes
recryst, Þlinor granoPhYric
texture. Contact EetaEorphosed
acid volcanÍc?

Sinifar coments to B9 (1) .

PossÍbly recryst. acid volcanic

orj.ginal-Iy a highly glassY rock
Acicular needles indicate
rapid chÍIling

Intrusive dyke, approx' 5n
wide, offshoot from larger
gabbro mass to south

lypical acid volcanic' very
comparable with Gawler Range
rhyolite

Originally glassy. Perlitic
cre;king & õuartz cores nol-qbl¿

Plagioclase-rich gabbro.
Undoubtedfy related to other
gabbros

COMMENTS

Glassy (shard-rich) natrix
indi.cates of ash flow origin
and is noderately uelded

2
Þ
:-

P1ag. fresh
to epidotized &

sericitized
Cpx-fresh & chlo.it¡--.I

Opaques +l,eucox.
Othersise fresh

Mlch epidote & a
litt]e chlorite
after plagioclase
phenos?

Cornpletely fresh.
Finely-divided n
opaques glve l-npress
of isoiropic g1ass.

Pl-ag. epidotized &

sericited, some fresh
Cpx. fresh, PartiallY
chloritized.

an

Opaques + leucox.
Amph, + chlorite
Ptag. + ePidote

K-feldsP' +
al-bitized.
Scattered hem' in
natrix.

PIag, fresh , r.'inor
epidote. CPxoamPh.
+ chl. 0Paque +
feucox. +

ALTERATION

PIag. + fresh
Some chlorite and
epidote i-n Eatrix

llainly qtz. &

feLdspars' EPid
- 5!.
Opaques -5%

P1ag. 60%
Cpx 15%

Opaques 4*
VnLrix 21"/"

Plag. 60%

Cpx.35%
Opaques 5%

Suartz &

feldspar, roainlY
Anph. + Opaques
-5%

Phenos. - 12%

of which
K-felds.- 60l
Plag. -

Crystals nake up
- 15% rock of
r.'hich P1ag. 60%

Cpx 40%

Phencs. conPrise
approx. 10% of
rock

PIae. 7o%
Anph.+ chtor.28%
Opaque - 2"[

Pì-ag,Iaths - 18%

Arnph.- 15%

Mâtri-x the
remainder

% MINERALS

Rock frag. in
glassy matrix.
Some glomporPh

Non-porphyritic, holocrystalline rock conposed of ned' gr' plag' laths +

altered "p* 
* op.q..,"" i-n a nicrogranophyric + granular qtz: rûatrix

Non-porphyriticrockcomposedofspheru].itesofquartz-feldsparinradiating
needies. Long thin needles of green amphibole' Trains of fine opaques

foLloç outlines of radiating spherulites '

Non-porphyritic rock composed of an intertocking Eosaic of quartz-K-feldspar
¿ plãeibclase in cicrogrànophyric intergrolrth. Scattered opaques & epidote.

Fine-ned. gr. phenos. plag. and cpx'in an unusual devi-t' matrix composed of
inter.lockiãg, ãcicul_ar g]ãss rnicròtites nov,r dus.ued (& defi-ned by) opaques.

Scatlered grai-ns of opaques.

Laths pl-ag' up to 4cm long interlocking with cpÈt chloriLe and opaques

io"rinä a sub¿phitic textúre. Holocryslalline and no intersti.tial matrix

Mediuntofinegr.subhedralphenos.plag.andK-feldsparina'|snowflakel|
devit. felsic .ãtrix' Some gralular aggregates quartz '

labular laths plagioclase up to 4mm long interlocking with amphibole and

cirfor:,te (afcer cpx.) forrning subophitic texture' Scattered fine opaques

Fine gr, tabular laths plag. (randomly oriented) + acicular anphibole
(partially altered to cirtorite) in a t'patchyt' devit' fefsic natrix'
Scattered opaques.

Scattered phenos. plag. & K-feì-dspar within a devitri'fied matrix'
.ont.in= .ti-".o,r= perlitic cracks' the cores of r"'hich are filled

Mãtrix
with

granular, recryst. qtz. + ePidote

DESCRIPTION

Varietyofangular'accessorydacitefragmentsinadevitrifiedquartz-feldspar-
"¡,rã"iie 

natrlx. ùut"i* orilinally glassy and shows exceLlent vitroclastic
textures.

Contam-
inated-
gabbro

Recryst-
allised

volcanic

fiecryst-
al-Ii,sed
acid
volcanic

Porphyrit-
ic dacite

Gabbro

Porphyrit-
ic rhyol-

Leuco'
gabbro

Non-por-
phyritic
rhyodacite

Lithic
ful r

(of
dacitic
conpn )

GLassy
rhyolite

nocK
NA.I.,IE

810

B9
(1)

çtO

(2)

B7

B8

B4

B6

B2

B3

B1

A volcanic, but unusual texture
and high Nar0 due to abundênt
pIag..



Fresh example of basic
intrusÍve related to gabbro

Typical acj-d volcanic fron
region. !,lel-ded ash-flow tuff

Plagioclase-rich voLcanic.
Volcani.c fron fieLd observa-
tion. l4ay be unrecrystall-
ised equi-valent of 813

Volcanic fron field relation-
ships. Unrecryst. equívalent
of B13 or B9? Plag.-rich

Recrystallisatj.on due to
proxirrity to gabbro

True granophyre. Gradational-
into B13 & 89. Possible
recryst. volcanic?

Basa1t fron a sequence of
basalts & rhyolites. Basalt
is fractionated (high Ti0r)

Dacite from same basalt-aciC
volcanic sequence EhraL 823
taken fron

Plag. +
sericitized &
epidotized (sone
fresh). Cpx +
chLorÍte. Opaques
+ Ieucox. + sphene

OPaq, + sphene +
leucox, Cpx + amph.
+ chlorite. P1ag, -
sericitized

Much recrystallís-
ation, opaques +
l-eucoxene + sphene,
Plag. phenos. epi-
dotized

P1ag. + sericitized
& fresh. Cpx fresh
& altered to amph-
iboÌe (in part)

PIag. phenos. fresh
but embayed. Much
epidote & seric. in
matrix

Opaque + leucoxene
+ sphene. Epidote
+ green anphibole
present

Epidotization
sericitization of
pLag. opeques + sphene

-epidotized

¡4uch recrystal-lisation
Clots of quartz.

Epidotization
& sericit. of plag

Plag. partÍally
sericitÍzed.
Cpx. uralitized

l.fuch epidote.
Extreme metamorphic
re crys tal1i sa tion

Sinilar to
above

Phenos. - 10%

Qtz. -feldspar- 90%. Rest
opaques & a.mph-
ibole

Plag. 40$
Cpx. 50%
Opaques 10i6

Phenos. are aLl
p1ag. & cooprise
'12% of rock

l,lainly pJ-agio-
cl-ase + qvarLz.
Minor opaques
+ amphibole - 10%

Plag. + qt,z.

An:phÍbole 15Î6

P7as. - 25%
Granoph. qtz.-
K-feldsp. - 70%
0p.+ aroph, 5%

PJ.ag. 35%
Amph. 60%
Opaquesì -",Itz. J)þ

Phenos. < 2%
A.ophibole 15%
Qtz , -feldsp,
comprise remaj-nd-
er

Similar texture & descri,ption to above, p1ag.
recrystaLlisation of matrix - margins of plag

more altered & more
been extensively corroded

Fine to ned. gr. phenos' prag. (euhedrar- & lath-rike) + tabur,ar & acicular
anph. fonn trtrailsil on aLl- scales in a felsic, recrystal_lised matrix

Al-most identi.cal to 89(l), i,e., much recryst., acicular, spherul-itic
fersi-c intergrowths, linear and curved trains of opaques. looe possibre
p1ag. phenos.

Holocrystalline rock composed of interlocking pl_ag
+ cpx + opaques forÐing a true ophitic texture

laths (fresh & twinned)

Med.-coarse gr., embayed, plag. phenos. often in glomporph. aggregates(none zoned) in a ÍLicro-cryst. dèvit. matrix 
"'t¡-rghò"ty" coàlrelsed shands

Euhedral, fine gr. phenos. plag. in a p1ag._rich matrÍx coruposed ofeuhedral p1ag. laths + granular, recrystaltised qtz. 'rpbeno"." g".ã.
snal-ler in grainsize into matrix plagioclase

Scattered fine gr. phenos. plag. + anphibole _ epidote rich cl-ots in anatrix of p1ag, laths + quartz + acicul_ar green a:nphibole

Mediun gr., altered & corroded prag. phenos, in a recrystarlised quartz-richmatrix. No primary textures preserved

Holocrystalline rock composed of tabular prag. J.aths + quartz-K feldspargranophyric intergrowths + trains of 1inear op"ques + acicular green
a¡phi.b.

Interlocking plag, laths (up to .5mn long) & green amphibole in anophitic intergrowth. Scattered opaques i cfoÈs of grànular qu rtà

, phenos. of pJ-ag. in a microcryst. quartz_feldspar_
Oriented acicular needles of green amphibole

Scattered ned. gr
epidote matrix.

Contam-
inated-
gabbro

Porphyrit-
ic rhyo-
dacite

Recryst-
allised
acid
volcanic

Coarse
doLerÍte

Porphyrit-
ic rhyo-
lite

Porphyrit-
ic dacite

Porphyrit-
ic dacite

Porphyrit-
ic rhyo-
lite

Grano-
phyre

BasaIt
(uralit-
ized )

dacite
Recryst.

811

812

813

814

815

816

817

818

819

B.23

B25

Clearly related to typical
gabbros.

ProbabLy a volcanic, but ccuid
be a contamj-nated gabbro

Has some volcanic features -
porphyritic, spheruliticr but
also some gabbroic têxts



Granite at Winburn Rocks'
assoc. r¿ith Palgrave Cauldron

Probably an ash-flow tuff
although no diagnostíc textures,
interlayered with igninbrites

As for 836. lypical acid
volc, from Palgrave Cauldron.
Sinilar to 813 in Eetrix

Typical Blackstone Range
gabbro - very rich in basic
pfag.

þpical gabbro fron Cavenagh
Range - rj.ch in basic P1ag.

tr

Marginal- phase of Blackstone
Ra¡ge gabbro

Meta.Eorphosed & recryst-
allÍsed acid vofcanic. Due

to proxinitY of Blackstone

As for 828 - fron sa¡¡e area
near Bl-ackslone Range Gabbro

Fron sa.ne basalt-rhyolite
sequence that B.23 & 25
collected

Typical acid volcanic. No

diagnostic textures but
probably ash-flow tuff

Secondary epidote
& amphibole. Plag.
partial-Iy sericitized

Al-bitization of
K-feldspar. ì4inor
sericitlzation
of plagioclase

PIag. sericitized
AEphibo1e nay be
after cpx

Minor sericitiza-
tion of plag. &

conversion of cpx
to amph.

ouite fresh

Cpx & olivine
rinmed by brorrtn
anphibole,
Conpletely fresh

CoEpIeteIY
recryst, due to
netamorphisn

CoBpfete
metamorphic re-
crystall!sation

Pl-ag. serici!e-
dusted, ninor
epidote

Fresh, soEe minor
hernatite scattered
tbro I

Phenos,18%
Plag. 90%
Arph.10%

Phenos. l5%
Plag. 709ú
K-feldsp. 30%

QLz. 35%
K-felds.40%
P1ag. 20%
Biotite 5"n

Plag. 80%

Cpx 15%
tjl-lv].ne 57û

Plag. 80%
Ol,ivine 15%

Cpx 5%

2%

PIag. 60%
Cpx 25'1"

Aarph. 13%

Felsic conp-
onent - 85%

Ànph. 15%

As above

Fel-sic nins
85%
Best 15%

Phenos 20%

PLae. 75%
K-feldsp. 20%

ãtz. 5%

Phenos. 25%

aII microcline

Fine-¡oed. gr. phenos. p1ag. & K-feldspar + scattered green amphibole &

opaques in a rècrystallised felsic natrix shov¡ing nicrogranophyric texlures

Coarse gr. holocrystaJ-line rock consisting of interlocking plag' +

perthitã + albitized microcl-ine + guartz + biotile + einor opaques'

Fine gr. euhedral phenos. plag. (nearly all- zoned), comonÌy in gloneroporph'
aggrelates + blue/green amphibole + opaques in a devit' felsic natrix

Coarse-grained, holocrystatfine rock composed of interlocking plagioclase
+ cpx +-olivin;, Very sinilar to 832, but higher % cpx & l-o¡¡er % olivine

Holocrystalline, equigranular aggregate of cpx'+ brolm hornblende +

plagioclase + opaques. Even grainsize - a'i'e' o'3mm dian'

Holocrystatline rock conposed of ned'-coarse gr' plag' with olivine &

cpx at grain boundaries

Sinil-ar to B28 & 29 - í.e. nosaic of qvarEz, feldspar'
opaques. Epidote colmon. Weak foliation' Rare pLag'

anphibole & ninor
phenos.

ldentical description Lo 825 - i.e., rare pfag' phenos' in a granular
(recryst' ) qtz-fel-dsp.-anphibole-opaque natrix

feldspar-green hornblende
defines foliatn.

A¡oph

quartz-ofte
microlineof

aggîegacrigranoblas
Micro-phenocrysts

recrystl-l28toSinilar

Med.-coarse gr. phenos. of plag' & K-feldspar & eurbayed quartz in a

äi".o".V"t. ãevit. natrlx Lthich contains finely-divided opaques -
Ímparting greY colour

Med.-coa!.se gr. phenos. of nicroclinet often in glomeroporph' a8gregates

"iiiri. 
.i".oã.y"i. fetsic matrix + opaques + sphene + arnph'

Porphy-
ritic
rhyo-
dacite

AdaneIl-
ite

Porphy-
ritic
rhyo-
dacite

Gabbro

Micro-
gabbro

Troclol--
ite or
olivine
gabbro

Recryst-
allised

volcanic

Recryst-
allised
acid
volcanic

Recrystal
ised acid
volcani-c

Porphyri-t-
ic rhyo-
lite
Porphyrit-
ic rhyo-
lite

837

835

836

832

833

830

831

B28

B29

E26

827





þroclastic, containing
basic & acid rock frags
a basic matrix. ClearlY
fragFental

IN

Fíe1d relationships establish
is a dyke intrusive into 853 &

854 basalts & 857 tuff

In bedded dePositsrinterlaYered
with basic lavas' PYro-
clastic - an air-faIl tuff

Non-porphYritic' Probably
a silicified basaltic-
andesite differentiate

Typical basalt fron nargi-n
of Scamp rcauldronn

Regional EaP indicates is
Íntrusive. But glassy natrix
+ crystal chips suggests is
crystal tuff

Gurga.di Basa1t - exampLe
anygolaloidal

Thonas RhYoLite - tYPical
acid volca¡ic fron west

l,¡arubuyu Basalt anYgdaloidaf
type. Very sinilar to 862

Uarubuyu Basa1t - non
vesbuÌar and fresher examPle

Hitda Rhyolite to the east
of l{arburton

Cpx + amphibole
Coropletely re-
crystallised

K-fefdp-soneti-Ees
al-bitized. ltinor .
epidote &

sericite

Much secondary
green amphibole
i.e., uralitized

r

Cpx + uralÍtized
Much epidote
after p1ag.

Cpx + uralitized
PIag. - fresh.
Secondary epidote
+ sph. + leucoxene

Opaques +
leucoxene in part
Secondary green
anphibole

Hieh1y al-tered -
uralitized &

epidotized

PJ.ag. sericitized
Sone secondary
anphiboJ.e in oatrix

P1ag. - fresh
Cpx + ural-itized
Opaques + feucoxeæ
Secondary epidote

Plag. - fresh
Cpx - uralitized
Opaques * leuc-
oxene

K-feldsp. +albit-
ized in part.
Secondary anphiboLe
in Eâtrix

Plagioclase +
qtz. + green
anphibole

Quartz 40%
K-feldsp. 41%
P1ag.15%
Fest 4%

Mixture of
basÍc & acid
conponents

As above

Alrph. - 35%
PIag. + quarLz
co¡nprise remainder

Anph. 50%
PIas. 35%
Epidote 10%

Opaques 5%

Phenos. 30%
K-feJ.dsp.60%
Suartz 15%
PIag. 25%

Phenos. approx
10%. Are al-l
plagioclase

Not signifÍcant
on account of
vesicle infillings

PIag. - 55%
UraÌite - 17%

Epidote - 20%
Opaques - 8%

Phenos. - 10%

ldainly K-fe1d -
Approx. S5f

Subangular acid volcenÍc rock frag. (devÍt. & qtz. rich), plag. phenos'
& qlz. ag}-.egates + clots green anphibole in an anphibole + qLz' +

feldspar matrix

Holocrystalline, partially-recrystalJ-ised rock consisting of granufar quartz
+ pl-agiocfase + K-feldspar (sone albitized) + biotite + arnphibole

Subangular acid volc. frags. (devit. & qlz. rÍch) + basic rock frags. (Plag
anphibole aggregates) + amph. phenos. + quartz aggregates + p1ag. phenos in
a sini.Iar matrix

As above, but frapents are r¡ainly uralitized basalt in a siliceous natrix
Few devit, acid vo1c. frags.; glassy matrix shows perlÍtic cracking

'tAmphibol-i.tet', conposed of interlocking needles of green a¡lphibole + qua?Lz

+ pJ-agioclase. Very rare opaques

Feathery green anphibol-e interlocking with plagiocLase. Lesser epidote
& leucoxene + sphene (after opaques)

Anhedral med. to coarse gr. phenos. of quartz + p]-agioclase + K-feJ-dspar
(perthi-te, r¿hich is sometines albitized) i.n a devj-t. oriented, gl-assy
na'urix

Coarse gr, anygdales infilled hlith epidote in an aftered basic matrix
consisting of p]_agioclase + green aßphibole + epidote + l-eucoxenise<ì opaques

Med. gr. phenos. p1a8. often zoned & in glomero porphyritic aggregates
in a devit. felsic natrix ltith scattered opaques

coarse gr, epidote-filÌec anygdaJ-es in a subophitic uralitized basalt matrix
Plae. fresh & I.t¡-like interfocking l¡ith ural-j.te + epid¡rf- + opaques

Interlocking plag. + u¡alite + epidote + l-eucoxenlzed opaques in a

subophitic intergrowth

Med.-coarse gr. subhedral phenos' microcline, (¡^rj-Lh cross hatchi-ng)' perthitic
in part, ninor pJ-ag. j.n a microcryst. qtz.-feldspar-ninor opaque natrix

Inter-
mediate
tuff

l,b-cro-
grani-te
dyke

Lithic
'"uff

Lithic
tuff

Altered
basalt

Uralitized
basalt

Porphy-
ritÍc rhy-
olite

Amygda-
Loidal
basalt

Porphy-
ritic rhy-
olite

Aoygda-
l-oidal-
basalt

BasaIt

Porphy-
:'itic rhy-
olite

855

856

857

858

R(O

860

_lJb I

P62

B63

B65

B66

E67



Hilda Rhyolite to north of
Warburton. Probably of ash
flor.r origin

tr/arubuyu Basalt - hiehly
arnyed aloidaf example

Within Warubuyu Basalt unit'
Iocal air-fa1l tuff horizon

Within Warubuyu Basaft unit'
probably air-fall tuff, Iarge
basic component

Thomas Rhyolite to north of
Warburton. No prinary
textures but probably ash-
flow tuff

As for 873. K-feldspar
phenos, corroded during re-
crys tal-fisation

Qr¡rgadi- Basalt to north of
lrarburton. lexcurally well
preserved. No olivine
origj.nall-y present

Miller Basalt - relatively
enriched ì.n opaques - approx,
5?A of rock

Altered basalt. IdenticaL
to some fron Warburton area

t/

As above.
Feldspars all
clouded by
serici be

Much epidote. Sone
chlori.te. Finely-
divided (secondary)
opaques

Secondary epj.dote
& amphibole scatL-
ered throughout

Altered to epidote
+ uralite +
carbonate

Phenos - 15%

Sericite al-tn.
oakes fel-lspar
separatn, difficul

Fel-dspars (especiaU_y)
pl-ag. ) -sericitized
Opaques -sphene +
leucoxene

K-feldspar
sericitized.
Sone epidote

Cpx + ural-j.tized
& chloritized
Plag. - fresh
Opq.- Ieqco;a.+ sph

Extreme. ltixture
of epidote &
chlorite + leucox
+ sphene

PJ.ag. +sericitizeci
& epidotized
Cpx + chLoritized
& uralitÍzed

Cpx + uralitized
Pi-ag.+sericite
dusted. Opaques +
leucoxer,¿

As above

Crystal chips
of plag. & qtz
comprise 35%
rock

Highly felsic.
Fine opaques
make up - 4%

PIag, 421.
Cpx 55%
Opaques 3?6

l,tainly
alteration
oi.neraLs

Plag.& uralíte
+ chlorite of
approx. equal- %

frag. 4>ft
Cpx - 451.
Epidobe - 3%

Opaques - 2g

Similar description to B67. Matrix is microcryst. & has been recrystalrised,
obliterating primary textures. Scattered secondary arnphiboJ.e & opaques in
natrix

Coarse-gr., avoid quartz-epidoie fifled amygdales within a hyalopil-itic
roatrix composed of randomly-oriented plag. microlites & fineJ.y dividei
opaques (after glassy matrix)

Closely-packeJ angul-ar crystal chips of quartz, plagioctase + frne-graj_ned(recryst.) angutar rock fragments. Some bedding. ¡tuch fi.ne gr. quartz
indicaiing recrystaltisation

Subangular basic rock frags. (p1ag + ur.aLite) + crystal chj-ps quartz &plag. within a rrbasicrr natrix of epidote + plagiocl-ase + carbonate +
uralite

Fine-med. gr. phenos, enbayed K-feì_dspar + plagiocl_ase, soÐetimes in
glomeroporph. aggregates, within nicrocryst., devit, felsic natrix
(wi.th some secondary amphibole)

corroded & sericitized K-feldspar phenos. + granul-ar (recrystal.lised)
aggregates of quartz in a recryst. fel-sic natrix çith scatr_ered fine
opaques

Laths plag. (ave. rength 1mm) interLocking with green amphibole & chrorite(after cpxJ in a true ophiric texture. No opaques, but much gr.anurar sphene
& leucox. after opaques

Tabul'ar laths of p1ag. up to 3cm long (now epidote + sericite + retic plag. )interlocking wÍlh chlorilized & epÍdotized cpx & leucoxenised opaques

Cl^'L -Tf=- Ol.,*=

Fì.ne gr. interlocking plag. Iaths and uralite + chLorite (after cpx)
Scattered a¡d abundant epidote + partially altered opaques

rnterrocking pJ-ag. laths and green amphibore, preserving original subophitictexture. Scattered leucoxenised opaques and epidote

Porphy-
ritic rhy-
olite

Anygda-
loidal-
basalt

Air-falÌ
( crystal )

tuff

fnter-
mediate
tuff

Porphy-
riti.c rhy-
olite

Porphy-
ritic rhy-
olite

BasaIt

Altered
basalt

Urafit-
ized
basalt

Uralit-
ized
basalt

B69

870

871

872

B73

874

ÞlÞ

877

01. 1

07.2
TypicaJ. of uralitized
basalts seen to the west
e.g. 849 or B23



Dacitic volcanic,Possible
vapour Phase zone of ash

fl-ow

Sinilar to rùYodacites frorn
Gawler Ranges

Tvpical subvolcanic grano-
plyre (Pro¡abIY shallovt
intrr:sive )

As above

Good exampler sj:nilar to
rhyolites fron Gawler
Ranges

M,atrix similar to 01'6, but
nore felsic Patches' Phenos

present

l{hat aPPears to be cPx' no}¡

attereã; it occurs in glon-
porph. aggs. úrith Plag'
l,talrix felsic

Typical Porphyritic dacite

Sinilar to above basaltst but
possibly sone glass'
originallY

Coarser-grained exanPle than

ól.r-. vérY sinilar to 876

As above

Minor epidote
Plag. sericitized
extensively

P1ag, sericitized
Minor secondary
hemâtite, ePidote
& anphibole

Matrix recryslall-
ised & Anph. +
epidote + hen. are
secondary

Cpx + epiciote +
green amph,
Plag.+ serÍcÍtized
ìfuch secondary
henatite

Plag. + sericilized
Cpx + uralitized
Secondary qf'Z. +
epidote

Plag.+ sericitized
Cpx + uralitized
gì.ass (?) now felsic
intergrowlhs

Feldspars
sericitized
opaques fresh &

Leucoxenised
Cpx ) henatite +
chloríte

Fel-dspars
sericitized. Minor
henatite & epidoLe
in matrix

Plag. ìsericlted

Cpx ) uralitized
dusted

Pl,ag. rsericitized
Cpx -r uralitized

Vesicles - 10%

of rock
Phenos - 8%

rest natrix

Phenos.- 12y"

95% ptae.
5% cpx.

85% qLz - K-
feldspar inter-
growths

Phenos - 15%

of which
P1ag. 85%

Cpx. 15%

Phenos. - 10%

CJ.ouding nakes it
difficult to dis-
ting.rish feldspars

opaques rest

PIag. 45%

Anph.45%
ì4atrix +

Phenos. - 12%

equal % a.Eph. &
plag. as phenos
and in matrix

PIag. - 40%

Cpx (orig. ) 56%
Opaques 4%

PIag. 60%

Anph. 36%
Opaques 4%

PIag. -sericÍtized
Much anphib'
in r¡atrix.

Pl:enos. - 10%

Are alL plag.
Much secondary
anphibole in Batrix

Fine to ned. gr. euhedral- phenos plag. - often in glomeroporph.
aggregates, + finer phenos' el-tered cpx. j.n matrix of devitrified qlz- +
fel-dspar + herûatite

Very simil-ar lo Of'1'l' except less plag. Few alhedral, embayed qtz'
phenos. Recryst. qtz. aggregates. Mostly granophyric qiz'-K-feJ-dspar
intergrowths

Med, gr. sericitized phenos' pIaC.Ì fine gr. green amphibole (after cpx?)
+ qtz-amphibole fj.fLed amygdales withln a recryst. qtz. + anphibole +

epj.dote + henatite + P1ag. natrix

Med. gr. phenos. subhedral' p1ag., albitized K-feldspar + embayed quartz
in a Ànowilate devitri-fied matrix with scattered hematite & epldote

Holocrystalline, ned. gr. rock composed of interlocking pericline-twinned
plag. + granophyric quartz-K-feldspar intergrowths. ScatLered green
a-Eph. + opaques

Med. gr. phenos. PIag
of green amph. + Plag
(after glass?)

and green amphibole (often in clusters) in a matrix
l-aths + qtz.-feldspar Eicrocrystal-Iine intergrowths

Med. gr. phenos. plag & albitized K-feJ'dspar & altereC cpx (?) within a

nicrogranòpnyric (in Part) natrix, containing abundant plates of
K-feldspar + needles amphibole + opaques arranged in lines

Interlocking tabular plag. J-aths up to 3m long & green arnphiboJ'e defining
excellentophitictexture'Finely-dividedopaquesScatteredthro'

oriented fine-med, gr, euhedral phenos, plag, within rnÍcrocryst. felsi'c
(plag.rich) matrix + green amphibole. No primary textures

Tabular, randomly-oriented plag. l-aths + finer nicroiites interlocki-ng
with gråen amphibole forring a subophitic texture. Possible interstitial
glass-rrcw epidole.

Tabufar, randonfy-oriented plag. Iatbs interlocking with arnphibole +

chforite+epidote+scatteredopaques.Excelfentophitictexture'
Qtz,-fiIf ed amYgdal-es

Porphy-
ritic rhy-
odacite

Grano-
phyre

Alrygda-
loidal
porphy-
ritÍc
dacÍte

Porphy-
ritic rhy-
olite

phyre
Grano-

Porphy-
ritic
a¡desite

Porphy
ritic rhy-
odacite

Ural-
itized
basaltÍc-
andesite

Ural-
itized
basalt

UraI-
itized
basalt

Porph-
ritic
dacite

01.13

oL. 14

01. 11

01.12

01.9

0r.?

0l-.8

01.5

01 .6

0L.3

01. 4



Probable shallor¿ i.ntrusÍve -
Í.e., subvolcanic

Typical of natrix of lithic
wacke which coûposes the
rrOlgasrt. Good sorting

Typical of rock which
composes rrAyres Rockrr. Very
siøilar to 01.17 but lacks
epidote

Pì.ag. & bo lesser
extent K-fe1dsp.
sericitized

Much epidote &
hqatite in matrix
K-feLds.- fresh

Sericitization of
a1I feldspars
especÍall-y plag.
Sec. henatÍte.
No epÍdote

AEz. - 4OI"
K-felds,- 40%
Plag. - 12iÉ
A-nph.+ op. - 816

Epidote - 35%
Otz. - 30%
K-fe1ds, - 20i6
PIag. - 1596

Approx. equal 96

of qLz., plag.
& K-feJ-dspar

Holocrystallj.ne, granular aggregaüe of equigranuler quartz,
K-feJ.dspar, pLagiocl-ase, opaques and green arnphibole. Some ned
phenos. pIag.

Fine, closely-packed subangutar to angular grains of quartz, K-feldspar(including nÍcrocLine), ptagioclase & altered, epidotized róck frags. &plagioclase

closely-packed, subangular coarse sand size frapents of quartz, plagi-oclase
& K-ferdspar (ì.ncluding microcríne). r¡teLl sorted, but poorry róuna"a.
No fj.ne cenenting natrix of nud size

¡{icrogran-
ite

EpicJ.as-
tic or
arkose

Arkose
( epiclas-
tic of
volcani-c
provenance )

01.16

01.17

AÏ-1



TABLE 43.2. Geochemical data for selected rocks from the Central Australian Provincet listed in order of increasing SiO2'

Mr0

Meo

CaO

Naro

Kzo

Ti.0
2

P 0

si02

Al20

Fero

LOI

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Co

Rb

Sr

Ba

B32

47 .68

22.69

8.27

0. 10

T.T3

10.45

2.79

0.22

0.20

0.04

833

48.32

22.91

7,43

0.11

6.TB

11.59

2.43

0.30

0.30

0.04

831

48.33

14.80

13.71

0.21

8.18

11.77

2.06

0. 16

0.92

0. 16

0. 10

83

6.2

29

33

22

48

297

102

109

66

1

222

203

860

47.41

15.48

14.26

0. 1g

7 .67

9,27

3. 36

0.20

1 .89

0. 43

2.38

148

9

37

69

29

33

290

414

185

54

T

270

217

B4g

48. BB

15.39

14.85

0.21

6.68

9.23

2.87

o.27

1 .86

0.34

1.55

134

9

36

46

28

36

305

307

170

65

6

340

307

BT6

50.57

16.42

12.66

0.20

6.01

7 .31

4.75

0.29

1.61

o.21

2,65

158

7.8
39

32

22

32

234

36

B8

5B

T

144

152

814

50. 13

13. 58

15 .41

0.21

5. 83

0.37

2.46

0.29

0.89

246

20

4T

69

29

337

147

110

59

19

290

162

BB

48. 83

13.78

15.73

0.22

5.05

8.62

2.75

0.54

3.01

0.35

B7T

48.57

14.25

16.04

0. 18

4.23

8.63

1.56

2.26

3.20

0.95

2.42

495

40

T2

130

63

30

316

177

96

53

87

447

1810

823

51.64

12.

2.58

0.81

2.77

0.70

0.55

385

29

75

96

34

170

1B

23

42

28

265

329

866

52.77

13.66

13. g0

0. 16

3. 16

7.82

4.35

2.29

1.95

0. 19

1 .44

339

21

66

BB

40

39

346

56

40

50

32

272

2820

855

59.53

11.80

8.52

0. 15

4.28

7.67

2.91

4 .15

0. 98

0.21

859

61.77

13. 18

8.10

0. 10

3.22

7.28

3.95

0.78

1 .06

0. 15

1.56

280

16

41

21

225

B8

57

32

35

390

677

81i

63.17

13. 68

8.22

0. 13

1 .15

3. 90

3.70

3.44

1.20

0. 35

15

34

155

189

808

¿

B5

55

25

61

5B

16.

0

3

I

3

o

2.

20

4

Total 100.16 100.21 100.31 100.15 100.50 100.02 99.88 98'89 100.24 100.33 100.24 100.19 99.58 98.93

0.15

10.4

<1

2

B

0. 19

26

1.2

0.90

295

20

55

85

44

28

391

134

115

21

2TT

736

0.46

251

16

42

75

0.20

628

39

96

185
7

5.3
6.3

I 24

167

104

78

35

129

120

T09

24

15

29

157

7.6
267

131

8.5

5

2

76

79

3



Ar¿o3

FerO u,

si0
2

Total 100.42

L0r 2.06
99 .19 90.59

I'Î10

Mso

Ca0

Naro

Kzo

872

64.54

10.24

7.23

0. 11

2.94

8.44

2.49

2.95
't .03

0. 15

ts10

64.44

13.64

7.51

0.13

o.9e

3.71

3.72

3.77

1.02

0.27

B2g

65.87

13.07

8.13

0.11

0.49

2.7t+

3.94

4.28

0.80

0.16

0.34

1320

80

144

228

135

6.4

B7

66.84

12.90

7.39

0.14

0.55

2.9t
4.06

4.23

0.75

0. 15

845

66. BB

12.63

7.06

0.09

1 .01

2.32

3.57

4.55

1.02

0.24

B,44

6T . t't
12.80

6.le
0 .12

0. 95

2.62

3.Tz

4.50

1 .00

0.30

0. B0

519

72

153

245

115
't3

B25

68.97

12,44

6.75

0.14

0.28

2.27

3.81

4.25

0.42

0.08

0.34

1020

64

137

229

120

7.4

4

836

6e.97

12.41

T.T1

0 .12

0 .30

1,,67

3. 60

4 .46

o -52

0. 10

B't2

69.97

12.81

5.43

0.10

o.2B

1.92

3. B1

4.65

o.5t
0. 10

B13

71 .10

12.86

4.72

0. 09

0. 1g

1 .36

3. 83

4.85

0.40

0.07

BT5

71 .10

13.12

4.44

0.07

0.12

0.79

3. 98

5.33

0. 33

0.03

815

71 .16

13.29

4.48

0. 10

0.15

1 .00

2.83

7.02

0.36

0. 05

873

71 ,33

12.47

4.43

0.14

0. 36

1.81

2.77

5.54

0.44

0.08

o. 9l
836

9T

165

269

133

T

Ti02

'ro5
99.91 99.37 99 .09 99 .41 gg .86 99.45 99.32

0.28

935

60

124

226

100.44 99.35
0.32

738

32

112

254

187

1470

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Co

Rb

Sr

Ba

277

14.5

39

73

32

22

165

77

4'l

32

38

236

634

0. 15

646

41

93

178

B6

11

33

4.3

11

0. 10

915

53

114

213

105

't2

24

4

13

26

174

149

B5o

0.35

691

75

143

229

116

12

54

0.;20

10:10

69

164

235

10 .4

99.58

0. 10

BB5

55

111

207

100

7.4

0. 35

BBO

102

190

291

138

4.5

<1

11

66

11r66

12

159

180

732

137

't64

2120

199

91

10 10

224

97

B7e

147

129

992

156

1 1:t

1 130

184

119

i 005

204

9B

1 080

173

135

1660

258

B4

1 840



si02
Ar203

FerOu,

MnO

Meo

Ca0

Naa0

Kzo

Ti02

817

71 .58

12.98

4.44

0.07

0.30

1 .36

3.03

5.52

0.49

0.07

81g

71 .76

12,53

4.75

0.09

0. 13

1.55

3.77

4.73

0 .36

0.05

867

72.04

12.76

4.27

0.11

0.22

0.92

3.70

5.33

0.32

0.03

B4

72.04

13 .05

5.00

0 .05

0.63

2.29

5.43

0 .83

0.59

0 .12

2.55

0.04

0.44

1 .10

3.35

5.66

o.49

0.11

B2

72.68

13.50

3.29

0.06

0 .17

0.96

3.62

5.67

0.31

0.02

863

72.81

12.46

4.13

0.09

0.20

0. 84

3.53

5. B1

0.33

0.06

816

72.73

12.15

3. 84

0.06

0.33

1 .68

3.86

4.48

0.43

0 .07

B'42

73.81

12.O9

2.72

0 .08

0.42

0.70

2.06

7 .46

0.32

0.04

F61

73.54

12.75

2.97

0.05

0.34

1. 10

3. 89

4.89

0.33

0.05

B4T

75.93

12. 15

2.Ag

0.04

0.22

0.78

3.43

5.33

0.13

0.01

850

77.20

11.15

2,47

0.o2

0.08

0.28

2.66

6.25

0.18

0.01

o12

52.69

14.27

11.81

0. 1B

7.44

9.51

2.06

0.88

0.92

0. 14

99 .89

B35

72,38

13.44

Pzo5

.77 99.72 99.71 100.01 99.55 1O0.27 100.25 99.64 99.70 99.90 100.10 100.30Total 99

LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Co

Rb

Sr

Ba

0.49

616

28

93

13

169

103

1550

0.48

1 160

6'l

135

222

115

6.3

200

110

1 350

0. 59

595

B3

178

328

149

3

0.94

741

43

104

217

0.57

358

44

41

125

0.45

5BB

30

105

210

4.4

204

T1

1380

0.54

837

9T

156

297

135

5

230

51

1270

0.40

581

34

77

162

69

T

0.26

415

77

123

291

117

3

319

58

1 000

0.45

386

6B

117

o.64

270

117

184

2BO

107

1

351

32

61

o.24

385

B6

135

307

37

637

2.05

109

5.6

33

4

26

20

14

35

256

248

'tT2

59

64

178

292

8.4 8.5 4

42 25

200

56

928

18

186

221

226

156

980

135

106

1 190

208

66

745



si02

Alzo3

FerO u,

lô:o

l'fgo

Ca0

Nar0

Kzo

Ti02

'ro5

o16

53,56

14.95

12.75

0.20

5.66

7.65

2.89

1 .09

1.31

0.22

1 .83

245

11

44

58

33

35

274

64

9T

49

102

144

289

o17

56.56

13.95

10.45

2.57

1 .19

0.22

015

61.52

13,66

B.lø
0.15

2.00

4.12

2.83

5.19

1.29

0.38

0.52

537

20

71

144

68

21

145

141

19

24

165

257

1450

019

75.73

11.96

2.66

0.05

0.17

0.66

2.93

5.35

0.26

0.16

0.36

574

41

120

249

123

1

4

29

10

H.B.

47 .49

15.02

14.75

0.19

5.42

B. 59

3.87

1 .14

2.63

0.53

M.D.

50.00

15.95

10 .80

0.02

B.9o

10.95

2.28

0.54

0.54

H. ti.

71.36

12.31

4.17

0.09

0. 34

1 .12

3.45

5.22
0.43

c. (t7

H.B.

H. R.

M.D.

1T

23

26

42

0

5

7

2

- average basalt from the Í,larbuFton area(after Haynes, 19TZ).

- average rhyolite from the lrtarburton area
after Haynes, 19TZ).

- marginal, chilled phase of the Mt. Davies
layered basic intrusive (part of the Giles
Complex, data from Nesbitt, et at., 19TO).

Total 100.26 100.02 99.99 gg.Te 99.63 99.98 95.s6
LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Co

Rb

Sr

Ba

1.77

232

12.4

37

58

30

33

233

198

113

24

106

147

633

230

14

34

762

'(6

146

.11

2

199

60

907

198

32

599

244

B9

9B

29

261

510



rABLE\5. 1 . BrÍef thin section descriptions of a representative sel-ection of rocks from the tlel-come I{elI conplex

Prnobabl-e flow-toP breccia.
Could be a PYroclastic - but
no gJ-assy textures Preserved

Under X polars rock appears
hoEogeneous. Flow-toP
breccÍa on lava.

Frapents ho¡oogeneous'
cuspate nargins & glassY Eatrix
indicate flow-toP breccia on
Iava

ProbablY ftow-loP of lava
because frags. honogeneous
& closely-Packed

Badly altered

Ultranafj.c dYke intruding
volcanj-c Pile

Atypical basalt because of
a¡un¿a¡t Plag. Phenos' Matrix
too nafic for tYPicaI andesite

Basalt, Probably originallY
containing olivine

Excellent examPle of
porphYritic andesile
or]-grn

uva {to

COMMENTS

Extreme afteration and
recryst. has obliterated
prinary textures

z
t.

natrix - qtz., chl.
frags. - entj-reLy chl
+ carbonate cpx.
phenos. fresh

pfag, - fresh &

twinned. cpx - ch1.
+ uralite. natrix -
chl,.

matrix all altered
to chl-,+ ep.+ sph.

plag. - sauss.
cpx - chlorite

oÌivine - fresh
cpx. - fresh
natrix is glassy -
dark & aphanítj-c

PIag. fresh &

twinned. Much
chlorite i¡ g/nass

Plag. - sauss.
dusted. cpx - chlorite
natrlx - chl.+ opq. +
qLz'

Extreme, but also
Buch recrystall-
ísation & secondarY
guart.z

Plag. conpletely
sauss.
cpx - chl-orile
matrix cpx -
feathery uralite

Cpx fresh.
Olivine - chlorite
plag. sauss. a
little carbonate
chloritersphene in
matrÍx

P1ag. - sauss.
cpx - chlorite
conplete altn. of
phenos.

ALTERATION

Phenos. 40% of
which Plag, 85%

Cpx 15%

Phenos. 50% of
which ofivine 60%
clinopyroxene 40%

of
5%cpx

85%

Phenos.45%
which
PIag.

Phenos, 40% of
r¡hich Pfag. 70%
Cpx. 30%

65*
35%¡4atrix

% MINERAi^S

Too altereC
to tel-l original
plag, & cpx propn.

Phenos 30% of
which pi-ag. 85%

cpx 15%

Cpx phenos. 35%
Olivine 20%
Rest matrix

Phenos. 409¿ of
which Plag. 50%
cpx.50%

Phenos, 40% of
which PJ,ag. 70%
Cpx. 30%

Fragrnents of aftered andesite with cuspate nargins rrsuspendedrr in a
quartz-chlorÍte matrix. Frags. conlain phenos. p1ag. & cpx. and have
anguÌar shapes

Med. gr. euhedral plag. & cpx. phenos. Very fine-grained natrix of p1ag.
microlites + alteraü'. products. A few chlorite-fiiled amygdules

Fresh subhedral olivine phenocrysts a¡d skeletal cpx' in dark, feathery,
originally glassy Eatrix

variety daclti.c rock fragments (mainly fresh p1ag. & rare cpx' phenos.),
variable textures. Set in natrix of si-tri1ar texture - abunda¡t plagioclase

Fragoents of typical porphyrÍtic anciesj.te in a texturally identical natrix
l'latrix between phenos. is chl,orite + finely-divided opaques

Med.-fine grained euhedral, labular plagioclase phenos. chl-orite after
cpx. l4atrix unaltered plag. nicrofites interlocking with feathery brown

urafite

Abundant, fÍne gr. phenos. cpx' No p1ag. phenos' Chlorite after olivine
phenos? Ì,latrix mainty pleg. ü¡ith qtz- + carbonate + chl-orite + sphene

Med.-grained phenos. plag' (tabu].ar &

oriente<i pIag. nicrolites + aphanitic
euhedraÌ) & zoned cpx.
bro{ish/ereen chf orite

l4atrix flor¡-

Fragrnents of porphyrÍtic andesite, atl of sinilar texture' ltith diffuse
nargi.ns, giving appearance of honogeneous porphyritic andesite

DESCRIPTION

Finely crystalline mosaic feldspar + quartz + chlorite throughout' except
for pâtches coarse chlorite after cpx. Ghosted outlines plag. & cpx phenos.

Porphy-
ritic
andesÍte

Porphy-
ritic
ul-tra¡nafic
rock

Dacitic
agglom-
erate

Andesitic
agglon-
erate

Andesitic
agglon-
erate

Altered
andesite

Porphy-
ritic
basalt

Porphy-
ritic
basal-t

Porphy-
ritic
andesite

Porphy-
rltic
andesite
agglour-
erate

n0cK
NAME

i{8

ll9

91 tU

l¡6

lJ7

l.l4

ll5

w2

hr3

l.I1



Extreme, couposed
of chL.+ carbonate
+ qtz,+ sericÍte

Moderate.
Plag.+ sauss.
cpx.+ fresh
natrlx- chl.+ seric

Extrene plag. +
aaus.+ epidote
cpx.+ chlorite
matrix + chl-,+ ser

Plag. + 5¿¡55.
cpx,+ fresh &
chloritized
matrix + ch1.+ ep
+ sph.

fresh cpx. & plag,
Euch carbonate,
chl-orite, serÍcite,
epidote in anygduJ_es

p1ag.+ partÍal1y
sauss.
cpx + puopellyite
matrix + qtz.+ chl.
+ ep.+ carbonate

plag. + partiafLy
saussuritized
carbonate, chl.
epidote in natrix

cpx. + fresh
Plag, + s¿I.¡ss.
opaques + sphene
+ leucoxene

Extrene
cpx. + chl-orite
matrix + sauss,
p1ag.+ chl.+ sph,+ ep.

ExtreEe
P1ag. + 5¿L¡a.
matrix + sec descrptn

Extrene cpx.+
fresh. Ifuch pumpelÌ
+ chlorite + carb-
onafe + qlz. ín
ma¿rix & vesicles

fbenos. 30%
ot*h¡"h lLo.Lo%

æ{ 6p¡¡ 4g1
Anyg. 1596

Phenos, 30% of
which Plae. 70%
Cpx. 30%

Phenos. 35i6 of
which Plag. 70%
cpx. 30%

Amyg. 30/"

Anyg. 30Í
Pl-ag. 50%
I4atrix 20%

PIas. 65%
Cpx. - 5%
Matrix - 30%

Cpx. - 45"1"

Opqs. - 4%
Rest saus, plag.

Cpx. - 4%
Rest matrix

Plag. - 45%
Cpx. - 5%
Rest matrix

Evenly fine-graÍned rÌosaic chlorite, ca!.bonate, quartz & sericite
after fine-gr. porphyritic, vesicular andesÍte

oriented plag. laths & chLorite.
ritrEed anygdqles

l4atrix
Scattered chLorite-filIed, qtz.-

Phenocrysts sauss, . & cpx. of ßed. lo

Phenocrysts euhedral, saus. plag. and chloritized cpx. both nediun gr
size. Groundmass of chlorite and feldspar

Mediun-grained phenocrysts plagioclase and cpx. Fine-gralned matrix
of plag. microl-ites + chlorite + sphene + opao_ues + epldote

Rounded fragments of amygdqrar, finely-porphyritic andesite in an identical_matrix. Abundant chlorite &/or carbonaLe &/or serÍcite-fi11ed cuspate
amygdales

Abundant cuspate arnygdules filled with quarlz &/or chlorite &/or
carbonate and fine phenos. p]ag, in a pl_agioclase-chl_orite matrix

consists of oriented plagi.ocrase microlites, rane fine-grained cpx, pheno,s.in matrix of plag. + chlorite + epidote + sphene + carbonate clots

MedÍum-grained, partially-aLtered cpx,(after plagioclase). Scattered opeques
sitting in a saussuritized matr:x

Scattered medium-grained phenocrysts of chLoritized cpxof chlorite + plagioclase + sphene + epidote
in fine gr. matri.x

Med. to coarse-grained phenos. p1ag. Rare cpx. Matrix altered moseic c,fbladed opaques + chl_orite + quartz + epidote + sphene

Rounded, porphyritic & vesicul-ar andesite fragrnents in identical oaLrix
Abundant chlorite & carbonate-fifled vesicres. Nl¡nerous snall frags,

Altered
andesite

Porphy-
ritlc
andesite

Altered
porphy-
riti.c
andesite

Porphy-
ritic
andesite

Andesitic
¡oglon-
erate

Vesicular
andesi.te

Fine-
grained
dacite

Dolerite

Altered
andesite

Porphy-
ritic
andesite

.4.ndesitic
aggl-otr-
erate

l{i1

IyJ12

I{13

lJ14

'f.¡l5

ld tÞ

hr1 7

l¡¡18

}]19

I,¡20

tI2 1

Exanple of extreme al-teraticn
Original porphyritic &

vesicular texture still

Typical porph. a¡desitet
but altered considerably. La'/a-
orr-gLn

Extrenely al-tered sndesile,
yet texlures'r{el-I-preserved in
hand specinen. Lava origin

Textures v/ell preserved. Not
so altered as W13

fîagnents similar to each
other & matrix. Frothy flcw iop
of lava floÌ¡

Non brecci.ated, Abundant
amygdules indicate vesicular
Iava

A dacite si,nce al-most entirely
fine gr. plagioclase

Spotted eppearance caused
by fresh cpx. surrounded by
sauss. plag.

Altered, but textures in
hand specinen well preserveì

Numerous snalI frags.
suggesting epiclastic, but
cuspate amygdules show is
brecciated flow-top



In sequence, atYPical. of
a¡desites

ì4arked orientation of Phenos.
& squashing but probably glassy
flow top of lava rather than
pyroclastic

Near contact lrith naior
doferite dyke, PossibLY
contact metamorPhic recryst.

Typical porphyritic lava
texture but Eore dacitic *ar
-s-J.

Dyke adjacent to ultrabasÍc

Autobreccia¿ed l-ava (PossiblY
flow top but not vesÍcular or
glassy )

Excel-lent textures. Convincing
glassy flow toP

Excellent, fresh exanPle.
Intrusive sill

Exanple of extrene alteration
i¡ a frothy flow-toP lava

Typical porphyritic andesite,
extreúe alteration of Plag. t

but fresh cPx'

AtypÍca1 Porphyritic andesite
due to fine gr. Phenos.
Epidote altn . of cPx'

Cpx. & h,/b fresh.
sone sphene & epidote
in fresh g/nass.

Cpx. + chlorite
p1ag. + fresh.
ttuch ch].+ sericite
+ epidote + qtz.
in natrix

plag. partially
saus,
cpx.+ chlorite
+ epidote

None

Extreroe
plag' + sauss.
matrix entirely
chl.+ qtz.+ seri-c.

plag' + sauss.
dusted
cpx. + granular
anphibole

Extrene largefy
qtz. + chf' +
sauss. pla8.

Extreme
plag.+ sauss.
cpx. r chl'+ anPhÍbo1e
matrix + seric-+ eP.
+ chl.+ qtz.

PIag. + 5¿¡55.
& fresh.
cpx. + chl,+ epidote
natrix + see descrp .

ConpleielY fresh'
except for serP' rims
on ofivine

pIag.+ saus. +
carbonate + ePj-dote
cpx.+ fresh n
matrix + see clescrp

Pfag. phenos,
approx. 35Ë of
rock

Largel-y
plagj-ocfase
Phenos.2%

Phenos. 30% of
which h/b. 80%

Cpx.20%

Too jurobled
to esti.Eate

Phenos. 35% of
which PÌag' 70%
Cpx. 30%

Phenos. 35% of
which P1ag. - 65%

Cpx. - 35%

Phenos.35%
of rock

0r.50%
Cpx. 50%

Phenos. 30% of
whi,ch PIag. 50%

Cpx. 50%

Phenos. 40%

PIag. 60%

Cpx. 40%

Fine-grainedphenocrystsofplagioc]-ase,welloriented.Quartz.filled
anygoJles & cirloritized cpx. phenos. in fine gr' Datrix chlorj'te +

epidote + sphene

Fine to mediun-grained phenocrysts of eu edral pl-agioclase and cpx

aphanitic plagiãclase - chlorite -sphene r¡atrix' One even-grained
fragEent with section'

1n
rock

Sparse fine-graÍned phenocrysts of plagioctase and quartz in a felted
plagioclase-rich Eatrix. Veined by quartz

Euhedrat phenocrysts brosm hornbLende and rarer cpx'
of plagioàlase & bron¡ hornblende + sphene + epidote'
phenocrysts

in a cryslalliûe natrix
No plagioclase

Abundant fine-grained euhedral phenos' plag' + chl-orite filled a:rygdules

in a contorted glassy Datrix' nou all chlorÍte

Plagioclase phenos. of fine grainsize set in a Eatrix of granular pale

!r.ã" arpr:ilòl" (oft".t in cfusters after cpx' ) + prag' + qtz'

scattered rounded fragroents of vasicul-ar a¡desite in hlghly vesicular &

;gI;";y; matrix. Entirery quartz + chlorite + plag' (seric' ) +

carbonate

Rounded fragEents porphyritic andesite containi'ng ned' gr' phenos' saus'

pi.ã.-å"4 aãpni-bolè-ci¡Iårite after cpx' (?) in hightv altered plag' rich
natrix

Fine-grained phenos. pIaB. & cpx' in an aphanitic natrix' Nunerous granular

.eg""ã.t"" "pioot" 
afler cpx. Matrix sphene + ch1' + plag'

Ct¡mu1us anhedral olivine in intercunulus cpx

fitled with serp. & opaques. Cracks in cpx

scattered graíns of chromite (?)

Cracks & rins of ol-ivi-ne
fil-l-ed with opaques. A fer'¡

Abunda¡t fine to ned.-grained plagioclase & tl¡inned cpx. phenos't in
fine-grained matrix quattz * pitg' * chlorite + carbonate + epidote + sphene

-clinopyr-
oxene por-
phyry

Porphy-
ritic
andesite

Porphy-
ri.tic
dacite

Fine-
grained
dacite

Altered
porphy-
ritic
andesite

Vesicufar
glassy
andesite

Andesitic
agglon-
erate

Andesitic
agglom-
erate

Porphy-
ritic
andesite

Perido-
tite

Porphy-
ritic
andesite

r/32

!'I31

þt29

1,¡30

r{28

l,J27

tI26

'rJ25

H23

v24

l,¡22



Plag. fresh.
Abunda¡l uraLite
& epidote in matrix

Extreme,
PIag. + s¿u5s.
cpx, + paLe anph,
ratrix + pale anph.
+ qLz.

P1ag. fresh
cpx. + entirely green
anphibole secondary

Plag, fresh to
sauss.
Cpx.+ aJ.J. green
anphibole. I4atrix
rougbLy equal amph
& plag.

Extensive
metanorphic
recrys tal_Ij.satÍon

As above

Extensive recryst.
of natrix, bul sone
fragnenLs escaped,
P1ag. i.s sauss.

Cpx. + ¿.¡4p¡i6o1u
l.,latri.x recryst.

Plag.+ sauss
dusted

Plag. + ¡¡s.¡.
I4atrix recrys talIised.
al-so intrcduced quanz

p1ag. + sauss,
dusted
arophi.bole + bi.otÍte

Phenos.20?6
of rock

Phenos. 30Í of
which Plag. 60%
Cpx.40%

Phenos. - 30%
In matrix
plag. - 60%
anphibole * 40%

Phencs. - 45% of
which PIag. - 75%
Cpx. - 251"

Phenos. - l596
originally

Green anphiboLe
70% rock

Rare plagioclase
phenocrysts,
maÍn1y Cpx-

Phenos. 35% of
rock & enEj.rely
plagioclase

Phenos. 35% of
rock & entirel-y
plag.

Amphi bole/ biotite

Plag., K-feldsp.
& quartz equal fr

Phenocrysts well twinned & fresh plagioclase (fine to med. grin matrix of uralite + p1ag. * epiOote. Few rock fragments
size )

Phenocrysts plagiocrase and cpx. (rrcw completely altered to fibnouspale green a.ophibole), med.-coarse gr, in mairii quartz + p.f" g"""namph. + p]ag.

Abundant fine-grained Þhenocrysts plagioclase and coarse_grainedcpx. in matrix green arphibole * plagioclase + granul-ar quartz aggregates

Phenocrysts fine-to medium-grained plagioclase & cpx. (now greena.mphibolè) in matrix of greén anpiriùolã & plågioclase

medi.um-grained plagioclase phenocrysts & green amphibolecpx?) in crystalline rnatrix of greeå *pn:.toi" + plagioclase + sphene

Fine-to
(after

Granular green
Recrystallised

amphibole interlockÍng with carbonate + quartz + plagioclase.texture

Founded fragnents of porphyri
phenccrysts of plagÍocláse in

tic andesite and fine-to ned._grained
a matrix of green a¡ph. + plag. + quartz

Fine to med.-graÍned phenocrysts of cpx. (a.ltereC
Very.coarse elongate vesicles fi11ed ;ith'ã".rtr.
abundant colourless amphibole

), & rare plagiocl-ase.
Matrix foliated,

Euhedrar' fine-grained phenos. plagioclase in a finely-crystalli.ne quartz-richmatrix containing needì-es of tremõtite wn:--fr impart a foliatÍon

Ragged-edged, fine - ned._gr. phenos. plagioctase in matrix of grartularrecryst. quartz + plagioclase i green *pñiUof"

Megacrysts of microcline inquartz, orthocLase and zoned
a fine to medium-grai-ned holocrystaLline metrix ofplagioclase. Mi.nor biot. & h,/b.

UraIit-
ized por-
phyritic
andesite

UraLit-
ized por-
phyri Lic
andesite

Ural,it-
ized por-
phyritic
andesiLe

Ural-it-
ized por-
phyritic
andesite

Anphibol-
ite (after
andesite )

Amphibol-
ite

lomerate
esitic

Recrystall
ised and-

RecrystaJ-l
ised por-
phyritic
andesite

Porphy-
ritic
dacite

Porphy-
ritic
dacite

Megacry-

adarDellite

tù33

ll34

I4,35

l¡r36

'r'f 37

lI38

r"/39

I.i40

l,J4'l

þ142

I.¡43

Contact metarnorphosed andesite
(near graníte)

As above, textures well
preserved ín hand specimen

Contact øetanorphosed andesiie
(near granite)

As above

Extensive recrystalf isation,
alnost obliterating original
textures

Recrysiallisation has
obliterated original textures

Extensive recrystallisatì-on
but selective, so that frag-
slental textures preserved

Extensive recryst. &

introduction of quartz

ExceLlenL porphyritic texture.
Dyke adjacent to granite

Either dyke or volcanic s¡iEh
introduced quartz. Adjacent,
to granite

Typical of granitoid body
intruding volcanÍcs in ncrth



Andesite, recryst. near
granite

Porphyritic texture Preserved
despite introduction of much

quartz

Contact Eetamorphis¡o alnost
obfi.terated Pri-urary textures

Extensive recryst. of natrix
to needl-e-like anPhibole
by contact nelanorPhisn

Great sinilarities to h/b-cPx.
porpbyry(I,J31) buL <io have Plag
phenos, ín thj.s case

Atypicaf, fine-grained non-
porphyritic andesite. Not
dolerite since Plag- too
abtmdant

lypical gabbroic dYke

Altered considerablY but
originally a cPx-rich fine
gr. porph. andesile

Abundant phenos. + crYstal
ahips & variable rock frags.
indicates pyroclastic origin

Excellent PorPhYritic texture
in hand specinen but severelY
altered

Closely-packed Porphyritic
texture. Badly altered

Extensive recry-
sLallisa'uion of
green amph. &

lntrodn. quartz

plag. fresht nuch
epidote & minor
carb., introd. quartz

plag. + 5¿t¡s5.
(al-nost unrecog. )

cpx. + green amph
introduced qtz.

p1ag. fresht
recrystallised
natrix

cpx, fresh &

partiaÌIy urafitiled *

plag. partially sauss.
natrix recryst.

Plag. fresh
eoidote. sph. &' - -- : --.n
anphlÞoLe a-LL .
products

Pfag. + sauss'
Cpx. + uralitized

plag. + sauss.
cpx. + uralitized
natrix altered- seé- - .ndescrr-pf .

rock frags,
plag. phenos
maLrlx - 25%

35% plag. + fresh
- 40% cpx. + uralitized

matrix uraU.tized &

much

Extrene
Plag. + 5¿¡55.
cpx. + chJ-orite
secondary qt2 +
carbonate + ep.

Extrene
P1ag. + 5¿r¡5t.
Cpx. + uralitized
matrix -see descript".

Diffi,cult to
estinate

As above

granuJ-ar
a.mpb. - 50%
rock. PIag.
+ qLz. - 50%

Phenos. 55% of
which PIag. 85%

cpx. 15%

Phenos. 45% of
¡+hich cpx. 60%

Plag. 40%

PIas. 45?1"

turph. 40%

Sph.+ ep, 5%

Pl-ag
cpx. 45%

phenos. - 40% of
which cpx. 55%
pIag. 45%

phenos. 35% of
which PIag. 50%
Cpx. 50%

Phenos. 55% of
which P1ag. 60%
Cpx. 40%

Ragged med. + fine gr. phenocrysts plagioclase in a recrystallised

"rftriuo:-it" 
Batrix of ptagioclase, quartz and green anphibole

Euhedrat ned. + fine gr. phenocrysts of ptag. in gl-oneroporphyritic
aggregatesintratrixquartz+plagioclase+greenalrphibole+epidote

Ragged ned. + fine gr. phenocrysts plag. and cpx. (now green amphiboJ-e)

in granular natrix of green anphiboJ-e + p1ag. + qvart'z

Abundant fine gr. phenocrysls of pIag. & rarer cpx. (now chl' or green

anph. ) in natrix of natted amphibole needles & pIag.

Medium, grained glomeroporph' phenocrysts of cpx. + fine gr
Ia'uhs in natrÍx of green amphibole + p1ag. + sph. + epido¿e

piagioclase

Randonly-oriented fine gr. plagioclase laths interlocking with green
a-nphibole a¡d sphene and epidote & qtz' (rare opaques)

Med. - coarse gr. phenocrysts cpx. nostly ural-itized. Intercu¡nulus plagioclase
and rare quartz

Fine-grained suboriented phenos. plagioclase & cpx
of plag, + chlorite + epidote + green amphibole.
aggregates

. (uralitlzed) in a natrix
Cpx, often in glomporph.

Superficially a honogeneous porphyritic andesite, but have rock frags'
(diffuse outl-ines) of varying texturer surrounded by pfag. phenos & rare
cpx. + chlorite + col-ourl-ess arnphiboJ-e-epidote-p1at- Eatrlx

Med. + fine gr, phenocrysts plag. & cpx. in altered natrix containing
clots granular quartz + carbonate + ep. + sph. + pale amph. + chlorite

Closely-packed mediun - fine-gralned phenocrysts of plag' & cpx. in
altered matrix of carbonate + p1ag. + epidote + sphene + colourless
anphibofe

Anphib-
olite
after
andesite

Porphy-
ritic
dacite

Anphib-
olite
after
andesite

Recryst-
allised
porphy-
ritic
andesite

Porphy-
ritic
andesite

Non-por-
phyritic
andesite

Cunulus
gabbro

Finely
porphy-
ritic
andesite

Crystal-
Ii.thic
tuff

Âltered
porphy-
ritic
andesite

Al,tered
Porpby-
ritic
andesite

\t44

hll'5

w46

u47

l!l48

rdA9

I.l50

}l51

IrJ52

sr53

rr54





Good example of dacitet
probabfy of fava-fIo!¡ origin

lypical epicfastic

nounded frags., & composÍtional
unifornity suggests flow-
breccia horizon r¿ithin lava

Ctearly an ePiclastic

Excellent exanPle of ePiclastic

n

The varietY of frags. + vitro-
clastic natrix indicates
pyroclastic origin

Probably a PYroclastic (as

for l{68)' but textures not
well Preserved

Close packing, natrix, rounding
of frags. all- indicates
epiclastic

Framents rounded & uniforuitY
sugãests flolt-brecciated lava

HighIY altered, but ProbablY
orieinailY a lYPical andesite

Highly altered' but originallY
p.õu^ùry a tYPicar andesite lava

P1ag. + sauss.
Cpx. nainl-y fresh
Much chJ-,+ ep. +
punp.+ carb,

Plag. + sauss.
dusted.
Opaques + hen. +

chI.

Cpx. fresh.
Plag. + sauss.
qtz. + chl. in
anygdales

Cpx. in rock
frags. fresh.
ì4atrix extremelY
altered

Cpx. + fresh to
uralitized
Plag, -sauss .

Ep.+ chl.+ carb
between grains

Abunda¡t
sericite + ch1. +
epidole betÌ¡een
clastic grains

Pl-ag. - sauss.
Abundant epid'
+ chlorite +
pr:opell, + qtz

Plag. sauss. dusted
Cpx, - altered
ltuch ep.+ chl. + qtz

Abundant epidote,
carbonate, qtz.
chlori-te &

punpellyi.te

Cpx fresh
Plag. sauss

Severe

Abundant cpx. &

pJ-ag. Phenos. in
rock frags,

Rock frags. 85%

rock.
Fresh cpx. 

'al-tered plag.

Fock frags. 80%

Fragnents
make up 707.
of rock

Amygs.10%
Phenos. 8%

of rock

Large porphyritic anygdqloidal andesite frapent (5cn across) in typical
ep¡.ãfastic matrix - as for VJ73. Quartz ri¡ming of fragpents very obvlÔus

Rounded fragnents of porphyrÍtj-c &/or amygdaloidal andesite in rrfrotbyfl

vesicuLar natrix of identical texture & nineralory. Stretching of úatrÍx
indicates flowage

Med.-fine gr. phenos. Plag
chLorite + hematite + qtz.
Plagiocfase zoned'

in ûatrix suboriented p)-ag' nicrolites +

+ hematite/chlorite cLots (after opaques?)

Varietysubangularvolcanicrockfragnentscloselypacked&oftenquartz
rironed in qtz.-chl. natrix. Isolated plag' & cpx' phenos' also

Large fragnent (> 4cn) of porphyritic, vesicular andesite within typicaf
epiðtasti- natrix composed of close packed fragms¡ls (2m ave. grain size)
in qtz.-chl. natrix

Varietyofsubangulartosubroundedandesiticrockfrags.inclose.packed
iexturè with quartz-chlorite cenent. Some cpx' phenos' in matrix

Sane connents as for !l?0. However extreme alteration - especial-l'y
carbonate has tended to obscure Eatrix & grain bouldaries

Variety of lapilli-size rock frags. e'g' vesic' andesÍte, fine gr' & ned

gr. porpn. anàesite in a highly contorted, rsquashedr glassy natrix with
iome crystals and squashed pr':mice frags'

Variety of lapi]1i-size rock frags' - vesic' andesite + fine gr' pheno'-rich
andesite in fine gr. contorted matrix, no good vitroclasti'c textures
preserved

Mixture of epidote + chforite + quartz (possibly in vesicfes) +

carbonate + lauss. plag. Abundant plag' in matrix & phenos' + sone

cpx. - al1 altered'

Carbonate &/or quartz &/or chlorite'filted arnygdales + fine-med' gr'
sruss. ptag. phénos. & cpx- in a f' gr' chlorite' epidotet qtz' Eatrix

Rounded fragnents porphyritic and/or vesicular andesite in an andesj-tic

natrix with abundant cpx. & plag' phenos' + epÍdote + chl-orite +

carbonate + sPhene + leucoxene

Lithic

Andesitic
agglom-
erate

Lithic
v¡acke

Porphy-
ritic
dacite

Lithic
wacke

Lithic
wacke

Lithic

Lithic
tuff

Lithic
tuff

Al-tered
a¡desite

Vesicular,
altered
andesite

Andesitic
agglon-
erate

u76

l,/74

l{75

lJ73

w71

n72

r,¡69

}¡70

iù67

I,{68

!i65

t{66





Cpx. - chlorite
+ carbonate
Plag.- sauss.
dusted

Cpx. fresh
Pfag. sauss.

Cpx. + chforite
Plag. + sauss.
dusted. l4atrix of
chI.+ carb.+ eP.

PIag. sauss,
dusted
Cpx. + chlorite
+ chf.+ ep. in oatrix

Extreroe, to
carbonate +
chlorite + ep.

Exlreme, to
carbonate +
sericite + gtz
+ chlorite

Extrene -
nalnly qtz.+ chI.
+ carbonate
+ epidote

l,fatrix nainl-y
chlorite, Much
carbonate &
chf.& qtz. in
arnygdales

Extretre
weathering
caused much
efLeration

I

Cpx. + chlorite
P1ag, + g¿tr"".
Chl-.+ carb. + qlz.-
rich natrix

Larger rock
frags. nake up
60% rock

laths 15%

30%
Plag
Amyg

Phenos. 15% of
which Pl-ag. 70%
Cpx. 30%

Phenos. 25% oí
whlch Plag. 90%
Cpx.10%

Plag.laths 50%
Anyg.15%
ChI.+ ep.+ qtz
matrix rest

No p1ag.
fragnents

Abunda¡t
pl-ag. & cpx
gral,ns

Phenos. 55% of
which Plag. 70%
Cpx. 30%

Variety of andesitlc rock fragments, all highly angular in an altered natrix
in which textures not preserved' No vesic.frags.

Rounded fragments pÉvphyrÍtic ar¡desite' ave' dÍam
grained matrix of subangul-ar andesitic rock frags
in chlorite-carbonate cement

6cn, J-n very fine-
- cl-oseÌy packed,

Randomly oriented, euhedral. laths of pl-aSloclase (ave. length .5n¡n) + qtz'-
chl-orite or carbonate-filled anygdales withi.n natrix chlorite + pl-ag'
nicrolites

Prapents of vesicular, porphyriti.c andesÍte - r¡ith abundant fine gr. Phenos.
plag. oriented in a trachytic lexture, Frags. are unifo¡n & boundaries of then
only defined by divergent alignnent of plag' laths

Large porphyritíc-vesj-cul-ar andesite frapent (> 2cm across) surrouncied
by subargular fine gr. vol-canic rock frags. (qtz. rinmed) & in ch1.-
carbonate cement

closely-packed euhedraf phenos. plag, + chl-oritized cpx. in devj-t, natrix
consisting of plag. mÍcrolites + opaques - primary devit. texture

Subrounded, anhedraf phenos. pl4g-' + euhedraf cpx' (twinned) - often
i-n glomeroporph. aggregates Ín a den'se natrix of chlorite + epj-dote +

qtz, + sauss. plag.

Med. gr. subhedral Phenos. P1ag.
matrix of randomlY-oriented PIag

+ chl-orite (after cpx. ) + opaques in
nicrol-ites + qLz, + opaques + chlorite

Quartz-sericite-hematite rock. No distinctive textures preserved in T'S.
No clues as to original rock tYPe

Quartz-sericite-hematile rock, under P.P. Light can see ghosted outfines
of subrounded rock frags. + pIag. phenos. in close packed texture

Quartz-kaolin rock. Abundant vol-canic rock fnags. + quarLz + pl-ag. vj.sible
in T.S. & H.S.

Variety andesitic rock frags, - vesicufar &/or porph. of all sizes + plag
+ cpx. crystals in qtz'-ch1.-carbonate natrix' Frags. in matrix are
subangular

Porphy-
ritic
a¡nygdalo-
idal,
andesite

Lithic
tuff

Lithic
wacke

Andesitic
agglorl-
erate

LithÍc
wacke

Porphy-
ritic
daclte-
andesite

Porphy-
ritic
dacite-
andesite

Lithic
l¡acke

Porphy-
ritic
andesite-
dacite

I,feathered
rock

!leathered
epiclastic

Weathered
epiclastic

I¡11 0 1

w98

1r99

l'I'100

!¡95

Ïr9 6

rrgT

rr93

vJ94

tü90

v¡89

!'I91

Field relationshiPs indicate
could be epiclastic, collected
near V'189

Textures indicate is an
epiclastic

Typical epiclastic. MostIY
fragnents are closely-packed
porph. andesite

Lithic fragoent from within
fü93 type lithic-r¡acke

Lithic frapent froo lithic
wacke. Typical of ned. gr.
sparsely pqtphyritic intermed-
iete volcenic

Variant on norual - natrix
j.s unusually plag. rich

Textural & nineraLogical
unifornity of frapents indicates
probabl-y a flow breccia

Excel.l-ent textures preserved -
clearly an epiclastic

Lack vesic. frags., variety
frags. & anguLarity suggesLs
pyrocLastic origin

Most unusual rock. Binodal size
- large well rounded rock frags

in typical f,g. epiclastíc
natrix

Field relationships show rock
fron flow-brecciated top of
a¡desite lava flov

i



Rel-atively nafic rock

Ext,reme

CompLetel-y
r.reafherei

Extreme

Ex'"rene .
Plag. + 5¿.r"".
Cpx.+ u¡.aiit.
!4atrix, chi, + ep

Chlorite-qtz. -
carbonate ma'urix.
Plag. sauss- du-.ted

VJeathering
has caused
extreme altn

l4ainly altn. ninerals
-carbonate in a.nygdules
+ chLorite + epidote
+ punpellyite + qtz. +
sphene. PIag. entireiy
saussuritized

Sone fresh cps.
As abcve

Exr-re¡te- to
carbonate,
epÍdote, chLorile,
sphene, qtz.

Cpx. fresh.
PIag. fresh to
saussuritized.
Chl .+ ep. in qairi.x

Extreme, tc
carbonate &
chlorite + epidote
+ qtz.+ sphene

Extreme -
abundant carbonate
+ chlorite + epidote
+ qtz.+ punpellyibe

Phenos- 451. of
which Plag. 60%
Cpx. 40%

Cpx. phenos.
nake up i8%
rock. No plag
phenos.

Mixture of carbonate + chlorite + epidote + qtz
plag. laths can be seen + coarse opaques

Vague oullines

Quartz-sericiie-henatite rock. No disti-nctive texuures, except vague grain
outl-ines & occasionaL relic(?) plag. fragments

Scattered, altered phenos. plag. in an altered ptag._rich natrix
al-tered to chlorite + epidote + quartz + carbonate

Comp.ieteìy

Rounded fragaents porphyritj.c (non-vesicular) andesite _ aII unj.forn
texture & mineralory & sinilar to matri.x. A1I frags, of lava origin

Variety Ialgef andesitic nock frags. wÍth trachytic, pilotaxiric,
vesr-cuJ-ar textures al_I > 1cm across within fj.ne gr. mat!.ix plag.
frags, + andesite frags.

Suartz-seri.cite-hematite rock
by henatite after cement(?)

Fragments now sericite + quartz & surrounded

Fragnen'"s vesicular, porphyritic andesite, texturarly & nÍnerar-ogicar.r-yuniforu, in a sinilar matrix. Frags. angular to subrounded

rdentical- description to ii'r08. Fragment boundaries slightly crearer

Altered, crystal & pr-rnice(?) rich tayers arternating with fine âsh-sizeì-ayers. Sooe rayers truncated, but no obvicus reworking. coarser crysÈar-r:ichbands well oriented

Fine gr
wilhin
epidote

. phenos. cpx- often in glomenoporphyritíc aggregates + cpaquespilotaxitic matrÍx of plag. microfites * 
"p*. * chlorite +

variety of angular andesitic rock frags- incJ.uding trachytic, pirotaxiric,non porphyritic types wÍthin al-te!.ed a¡desi-uÍc ûatrix. vesicui-ar frags.not abunda¡t

Rounded, porphyritic anygdaJ.oidal andesite f:"agnents cemented by carbonate+ chlorite + qtz. + smaLl rock frags. formed by brecciati.on _ in placesresenblÍng an epiclastÍc

Hiehly
al-tered
dolerite

Bedcied
sedinent

Altered
andesi-te

Andesitic
ag€l-on-
erate

Lithic
wacke

lJeathered
lithic
wacke

Andesitic
aggLom-
erate

Andesiiic
aggJ.om-
erate

Bedded
tuff

Porphy-
ritic
pl¡roxene
basalt

tuff(?)
Lithic

Andesitic
agglom-
erate

'"J102

I.ii 03

[r 104

LIi 05

r,/ 1 06

t^I1 07

r'J108

I¡I1 09

}I110

r,¡1 1 l

luÙ112

I¡¡'l 1 3

Coarse opeques indicate rock
originalLy a dolerite

In close proxinity to W102
( dolerite )

-Andesi.tic lava (or dyke?)
within epiclastics

Probably flow breccia near
top of andesj-tic lava flosr

Typical textures cf epi-
clastic. Varieby frags.
fron variety sources

Textures i.n T.S. & field
reLationships consistent
with epiclastic origin

Probably a fLo¡¡ breccia within
lava flor¡

l'/ithin epiclastic sequence.
Probably a bedded air-faIl
tuff, no reworking evÍdent in
section

Variety of non vesicular
frags. & sp-cing apart
suggests pyroclastic, No
Ciagnostic textures.

Fi.e1d reLationships clearly
establish this as a flow_toi
breccia on andesitic lava fi¡w



Fie1d retationshi-Ps suggest
alnost cerLainly hlas a typical
porph. andesite

A-l-nost cerlain1Y lava flow
v¡ithin sequeDce

EDicLastic - within sequence
oi doninantlY lava flows
conparable ¡rith 1I115

Grading & subangular frags'
indicates a tuff. Lack of
natrix suggests reworked(?)

PIag. onlY Partially
orÍènted. OriginallY a lava
flow. Abundant Phenos.

OriginallY }ava f1ow. Fresh'
twinned cPx. Phenos' &

absence of Plag- are signific-
ant

Lava flow' Nclable features
are coarse Plag- Phenos. -
up to 1cn & tr,rinned cPx.

Iava flou. Excellent
Feservation textures

As for 1d121

lava flow. Excellent texture
preservation allhough altered
Rock frag. froo lithic tuff

Lava flor¡. Rock frag. -
typical examPLe fron lithic
tuff in north

CompÌete altn. to
carbonate + chforite
+ epi-dole + quartz

Cpx, nainly fresh
PIag. + sauss.
Much chlorite +
ep. Ín natrix

Plag. + sauss.
ìtuch cfrl-. +
carbonate + epidote

Extrere. Rock
frags. + chloritized
Much carb. +
chl, + ep.

Cpx. + chlorite
& uralite. Plag
partiall-y sauss.

Cpx. nainly fresht
so¡oe uralite.
PIag. fresh. epid. +
anph. in nalrix

PLag, co@pLetely
sauss.
Cpx. fresh &

cbloritized.
ìfatrix altered

PJ-ag. sauss.
& Cpx. chl-orit.
Epidote in natrix

More severe than
td121. No prinery
nineroll.

Cpx. + chlorite
P1ag. + sauss.
Altered plag. +
aphanitic g/nass

As above

Phenos, - 3%

of rock, Are
all cpx.

All rock frags
+ crystals

AIÌ rock
frags. Rare
crystal chips

Phenos, 65% of
which 95% plag
& 5% altered cpx.

Phenos.12%
Are all cpx

.Hnenos. J5',6 OI
which P1ag. 65%

cpx. 35%

Phenos. 60% of
which PIag. 60%

Cpx. 40%

Phenos. 45% of
which P1ag. 80%
Cpx.20%

Phenos, 30% of
r¡hich Plag. 60%
Cpx. 40%

Quartz-chlorite-carbonale-epidote rock. Euhedral phenos' plag'
completel,y replaced by carbonate. Ghosted cpx'(?) replaced by chlorite

sparse glomeroporphyritic phenos, cpx. hlithin pilotaxitÍc matrix composed

of well oriented pIag. laths + granular cpx. + epidote + qtz' + chlorite
+ opaques. Sinrilar to W1l1

Subrounded porphyritÍc andesite frags
cpx. & p1ag. in natrix chlorite + qtz

(some arnygdaloidal) + grains
+ carbonate + epidote

In hand spec,- bedded & graded. Composed of angular' chforitized
(vitric?)frags.,closelypackedwithinchlorite-qlz'-carbonate-epidotenatrix

Abundant, close packed, fine-med' gr. tabular laths plag- in natrix
opaques + chlorÍte + uralite + ninute plag. 1aths. sone uralit. cpx, phenos,

Fine-med. gr, phenos. euhedral cpx., often in glomeropol'ph- aggregates in
holocrystailinè, interlocki-ng matrix p1ag. + epidote + amphibol-e (after cpx. )

Med. to coarse 6!n..piaenos, plat' *;cpx--"-'eilhedral to subhedral, in natrix
of p1ag. + qf.z. + epidote + chlorite + opaques' Fresh, cpx' often tr¡inned

Fine gr. (rare med, gr.) phenos. plag
plag, + chlorite + opaques + epidote.
to 118

+ cpx. - orì-ented, in a Batrix
Close packing of phenos' sitilar

ldentical description to W121 - taken fron sane uni-t

Med.-coarse gr. euhedral- phenos. pIag. + cpx. + alrygdules (qtz'-ch1'-carb.
filled) all stronglvoriented in hyal-opiÌitic natrj.x pfag. nicrolites +

altered glass I

Identicaf description to W123' In particular' cpx. cormonly zoned.
Pilotaxitic ¡atrix of strongly oriented plag' microfites. Phenos. also
oriented

i.t'l 14 Altered,
porphy-
ritic
andesite

Porphy-
ritic
pyroxene
andesite

Andesitic
lithi-c
wacke

Reworked
tuff

Porphy-
ritic
andesite

Porphy-
ritic
pyroxene
andesi-'ue

Porphy-
ritÍc
andesite

Porphy-
ritic
basalt-
andesite

Porphy-
ritic
andesite

Porphy-
ritic
andesite

Porphy-
ri,tic
andesite

l'I1 15

l^Il 16

l'¡1 17

l,t118

Ìt119

'vù'l 20

wt¿l

lil123

u124





Lava-flow origin

Lava-flow origin

Typical altered
lithic wacke.

Originally an ar¡desitic lava

Possibly a flow-brecciated
Lava

Fragnent texture - not
typical of epiclastic.
Therefore probably a PYro-
cl-asti-c

Texture not that of ePi-
clastic. Vitroclastic
textures indicate is PYro-
clastic-probably ash-flow
i,rff

Typical andesitic lava

Field relationships indicate
is intrusive-fonning Part of
exöensive unifor'n outcrop

Field relationships indicate
i-s intrusive (JAH pers.conrr.)
Unifo¡r throughout

I{eathered,
hence qtz.-
hematite-
sericite assemblage

Healhering
has caused
conversl-on
to cl-ay

Severe to
chl-orite + qLz. +

carbonate + epidote

A1tn, to chlorite
+ qLz. + carbonate
+ epidote

Extreme, to
components nentioned
in description

Plag. - sauss,
ltuch chlorÍte +
epidote + qtz.
in Eatrix

ExtreBe - natrix
now entirely
carbonate & qtz.

Extrene - to
epidote + chlorite
+ carbonate + qtz,
+ sericite

Cpx.- fresh &

chlori,tized
Plag. sauss,
Matrix altered

P1ag. - sauss.
& epidotised.
Epidote + chforite
+ sphene + carbonate
in natrix

Plag. - sauss.
Clots epldote &

chLorite after
h/b, H/b nostJ.y
fresh.

Phenos. 20% of
which Plag. 60%

Cpx. 40%

Too altered
to deternine

MostJ,y rock
frags. Much
carbonate in
natrix

Mostly rock
frags, - some
glassy. Much
carbonate

Phenos. 40% of
which Plag. 55%
Cpx. 45%

Phenos. 60% of
uhich PIag, 95%
PJ-ag. has Ab65
conposition

Phenos. 509ú of
which PJ-ag. 85%
Hornblende 15%

Sericitized fine-ned. gr' phenos' pLag. + ferruginised cpx' in
quartz-sericlte natrix

Identical description to Í1135, can disLinguish ghosted outl-ines of tred

gr. euhedral plagiocÌase

Variety of closely-packed, subangular andesitlc rock fragnents (mostJ'y

porphyritic) in a qtz.-chlorite-carbonate natrix

Identical description to I'1137, one large (- 1å cm) anygdaloidal a¡desiLe
frag. Typical close packing with quartz-chlorite cenent, lfuch carbonate

Fine gr. phenqs. plag. + cpx. - both conpl-e+-ely altered, in a roicrocrys*"a1line
qtz. + sericite + chLorite + epidote + carbonaLe matrix

Porphyritic, anygdal"idc\ andesite fragnents (subrounded & with pilotaxitic
matrix) i.n an idenlical matrix. Sone evidence for shearing

Variety of subangular andesitic rock fragnents - mostfy porphyritic ì-n a

carbonate-quartz natrix. No diagnosti.c textures except shape of rock fregs.

Variety of subangr:J-ar to subrounded rock fragrnents (andesj-tic) + crystals
plag. + glassy frags, in a glassy roatrix sho¡¡ing ghosted shard
outlines

Med. gr. phenos. plag, + cpx., usuall,y as euhedraf crystafs but sometines
in gloneroporphyritic aggs. in aphanitic oatrix of chlorite +epidote +

sph.+ leucox.

Med.-fine-grained phenos. plag' rare amphi.bole & anhedral quartz in a

fine gr. natrix of oriented plag. laths & nicrolites + quartz + cLots epidote
& chtorite + sphene. & carbonate

Med.-coarse grained euhedral, zoned, phenos' plagiocJ.ase & fine-med. gr
euhedral, twinned, brown hornblende in a fine gr. devit. natrlx.
Phenos. oriented

Weathered
porphy-
ritic
andesite

ÏJeathered
porphy-
ritic
andesite

Lithic.
r¡acke

Lithic
wacke

Altered
porphy-
ritic
andesite

Andesitic
agglom-
erate

Lithic
tuff

Lithic
tuff

Porphy-
rÍtic
andesite

Porphy-
ritic
daclte

Porphy-
ritic
dacite

I.J 135

v¡1 36

!r1 37

I¡I138

fi 139

}l1 40

I|l1 41

u142

I¡¡1 43

l,¡1 44

T{ I4)



Plag. sericite
dusted.
Hematite & seric.
in matrix

P1ag. sericitized
& much sericite
in natrix

P1ag. sericite
dusted
H,/b - epidote
& chl-orite

Porphy-
ritic
rhyolite

Fine-med. gr. phenos. subhedral plag. (unzoned) + rare K-fel-dsper in a
siriceous microcrystalline natrix of quartz + feldspar + henatite + se:icite

Phenos, 40% of
¡¡hich Plag. 9596

Porphy-
ritlc
rhyolite

Sparse fine-med, gr. phenos. plag. in a devitrified(?) matrÍx quartz +
sericite. SoEe psuedo-shard outlines All Plag.

Phenos. - 496

Porphy-
ritic
rhyodacite

Med. gr, euhedral, zoned phenos. plagioclase & fine gr. enbayed quartz
+ brown amphibole (sooe aLtered to epidote + chLorite+ in microcryst.
devit. matri.x

Phenos. 30% of
which P1ag. 50%
H/b. 15y,
QuarLz 35&

tll1 46

],{147

t4l 148

Oriented phenos, good crys'-aì
preservat". suggests not
pyrocJ-astic. Possibf-
intrusive or lava

Possibly a pyroclastic i.e
rhyolitic tuff of probable
ash-flow origin

Great affinities with W145,
but slightly more acid -
indÍcated by qtz. phenos.
Probably intrusive



TABLE A5.2. Geochemical data for selected rocks from the l,lelcome !Ùe11 lex Iisted in order of incr si0

si02
A1203

FerO¿,

Mn0

Mso

Ca0

Naro

Kzo

Ti02

vt24

40.78

3.48

16 ,17

0.22

0. 02

0.31

0.03

l'¡7

50.25

10. 49

11.60

0. 18

17.26

8.12

1 .00

0.49

0.51

0.06

0.2

5.7 4

11.55

3.01

0.02

1.37

0.14

1^I3

50.29

13.69

10. 99

0.18

11.37

8.98

1 .86

0.97

1 .01

0.37

!,12

50. 03

15.78

12.14

0.17

6.82

10 .03

2.50

1 .00

1.47

0.25

lvü121

51.22

16.35

9.53

0. 15

7.00

9.01

2.61

2.53

0.99

0.28

I/il1 1 1

52.39

16.12

11 .01

0. 16

6.13

B. 89

2.78

0.65

1 .19

0.23

I,ü3 1

52.19

i6.63

7.60

0.11

6. B4

10. 37

4.93

0.36

0.81

0.32

Í'I13'l

53.01

17 .70

7.28
0. 10

92

0.49

0.76

0.36

1,1118

53.43

17.11

10.57

0. 15

4.78

6.51

5.34

o.1T

1.29

o.29

t^J4

54.42

14.03

9.29

0. 16

B. 02

8.32

3.15

1.18

1 .04

0,22

lVü123

55.55

15.73

10.22

0. 16

6.58

6.50

3. 50

0.38

0.98

0.20

1¡I14

55.87

16.70

8.37

0. .15

4.60

7.90

3.7 1

0. 85

1.12

0. 33

2'

w125

56.51

15.93

8.80

0. 15

6.07

6.44

3.25

1.74

0.86

0. 16

!t5

56.90

15.65

8.95

0. 15

6.51

5.30

5.34

0. 1g

0. 83

0. 13

Ït150

47 .98

14.78

15.02

34.95

3.35 (,

0.24

5

9

4

99

64

P

99.88 99.71 100.20 99.67 99 10O.22 99.64 99.83 99 . B0 99 .60 99 .91 99 .94.55 100. 15TotaL 99.55 99.95

LOI

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

6.06

13.4

1.8

0. 19

54

1.92

82

4.3

31

B

14

4B

350

165

70

1.5

132

1B

3.70

111

6.1

23

55

34

28

197

799

317

24

421

270

3.02

125

7.0
28

35

24

26

209

331

203

22

262

299

2.79

188

9.1

26

46

32

1B

136

150

93

20

394

346

1.96

115

6.8

25

3B

25

26

205

152

91

15

302

195

1.55

108

4.9

16

55

39

21

133

B1

B4

5.3

734

554

2,12

115

5.9
17

63

33

16.5

117

67

147

7

1 350

449

2.03

169

7.8
27

41

32

23

189

94

105

2.22

116

7.4
21

2T

24

26

179

650

276

25

266

256

3. B0

125

6.5

21

2T

21

27

193

455

186

13

235

80

1.81

138

5.3
24

29

17

1B

't54

51

20

1B

278

251

3.12

109

5.6
21

22

14

23

179

253

132

46

428

1 066

2.14

106

5.0
20

34

1g

25

186

304

188

2.5

?53
I
'145

3.4

3.2

7.0
2.0

13

92

4990

1860

't.5

18

12

13

B.T

6.4

29

168

2536

687

16

114

155

4.7

377

113



si02
41203

F"eo3

M3o

l'fgo

Ca0

Nar0

l'/{49

57.30

15.46

9.47

0. 15

6.19

4.84

4.44

1 .17

0.96

0.16

l'J23

57.63

16.OT

8.45

0. 13

5.31

5.69

3.41

2.37

1 .05

0.17

2.77

125

7

20

27

11

21

158

336

140

54

586

1275

w22

59.52

17 .94

7.9e
0.11

2.84

7.49

2.O3

0.73

1.O4

0.20

3.39

125

7.3
22

53

28

23

166

376

184

65

1O29

1551

l,'165

61.40

15.01

7.79

0.10

4.47

4.75

3.53

1.55

1 .14

0.32

2.79

197

10. 5

1B

49

32

14

118

151

78

49

428

436

I/'J598

61.55

15.73

6 .89

0.08

3.28

7.38
3.02

0. 14

1 .12

0 .42

2.82

193

11

20

60

37

16

136

126

6B

3

526

48

!ü94

61.86

1T .70

3.98

0.07

2.66

4.24

B.O2

0.18

o.7o

0. 16

4.11

137

4.8

20

22

20

13

109

60

66

3.5

211

358

lyr95

61.90

16.25

6.34

0.10

3. 53

7.07

3.OT

o.69

0.97

0.34

2.26

160

9

16

49

2T

16

119

119

70

1B

552

129

hr96

6,1.92

17 .04

7.35

0.06

1.24

3.06

7.54

0.24

1.11

0.43

1.94

277

11.5

39

5B

40

10.5

5B

14

12

T

255

128

l,J29

66. 05

15.82

5. 60

0.07

3.18

1.92

6.40

0.34

0.63

0. 16

2.20

155

6.8

1T

35

1B

10

B5

28

24

7

329

292

I/'l 1 7

6T .12

15.78

3.46

0.06

1.92

5.08

5.57

0.68

0.59

0.12

2.00

121

4.5

9.4
1B

9

14

99

101

51

12

294

27t

!,t 145

6T .16

15.7 1

4.29

0.07

1.95

3.37

5.09

1 .80

0.47

0.11

1 .35

123

5.1

10

39

14

10

66

31

31

36

300

411

I,,l 144

67.96

16.28

3.7 1

0.06

1.63

4.55

5.00

0.64

0. 49

0.12

hr14ò

69.23

15.16

3.46

0.06

1.21

4.24

3.TO

2.76

0.42

0.11

1 .33

110

4.2

10.2

35

11

8.2

54

16

24

B4

333

844

\,],146

77.38

12.95

1.55

0. 03

0,22

0.50

6. 84

0. 33

0.33

0. 05

!,r 147

77.66

13. 78

1. 13

0.01

0.22

0.34

5.41

1 .08

0.11

o.02

1.99

61

2.5

12

32

11

1.3

8.6
22

379

2021

t

K¿o

Ti0
2

P 
zo5

Total 100.14 1O0.27

LOI 4.27

108

4

22

22

21

29

169

575

279

22

128

271

Zr

99.88 100.04 99.62 99.47 100.63 100.01 100.17 100.37 100.02 100.43 100.35 100.16 gg.T4

1.69

119

3.6

1.32

91

3.1
Nb

Y

v

Ce

Nd

Sc

Cr

Ni

Rb

Sr

Ba

2.9

14.3

9.9

3.6

5.6

25

1T

9.5
66

19

24

16

426

320

49

't6

12

26

251

362

3.5

4.6



TABLE 45.3. Geochemícal data for selected rocks from the lrlelcome !ÙeII

Basalts relativelY Transitional Basalts and an
basalt

desites l-ess enri-ched in P

accordi to their

and LREE

affinities.

enriched in P

1¡'I31

52.19

16. 63

7 .60

0.11

6.84

10.37

4.93

0.36

0.81

0.32

O- and

hr131

53.01

1T .70

7.28

0.10

0.76

0.36

l[J121

51.22

16.35

9.53

0. 15

7.00

9.01

2.61

2.53

0.99

0.28

\12

50.03

15.T8

12. 14

o.17

6.82

10.03

2.50

1 .00

1 .47

o.25

Irll 1 1

52.39

16.12

11.01

0. 16

6. 13

8.89

2.78

0.65

1 .19

0.23

!,14

54.42

14.03

9.29

0. 16

8.02

8.32

3.15

1.18

1 .04

o,22

I,J123

55.55

15.73

10.22

0. 16

6. 58

6. 50

3. 50

0.38

0.98

0. 20

w125

56.51

15.93

B. BO

0. 15

6.O7

6.44

3.25

1.74

0.86

0. 16

zo5

!'¡5

56.90

15.65

8.95

0. 15

6.51

5. 30

0. 83

0. 13

!,149

57.30

15.46

9.47

0. 15

6.19

4 .84

4 .44

1 .17

0.96

0. 16

w23

57.63

16.07

8.45

0.13

3.41

2.37

1 .05

0. 17

2

si02
Ar203

Fer0,

Mî0

Mso

Ca0

Naro

Kzo

Ti02

t

LREE
tt3

50.29

13. 69

10.99

0.18

11,37

8.98

1.86

0.97

1.01

0.37

.99

64

92

49

5

9

4

0

5.31

5.69

5.34

0. 19

P

Total 99.71 100.15 100.22 99.67 100.20 99.55 99.83 99.80 99 .91 99 .94 100. 1 4 100 .27

LOI

Zr

Nb

Y

Ce

Nd

Sc

v

Cr

Ni

Rb

Sr

Ba

3.70

111

6.1

23

55

34

28

197

799

317

24

421

270

1.55

108

4.9

16

55

39

21

133

81

84

5.3

734

554

2.12

115

5.9

17

63

33

16.5

117

67

147

T

1 350

449

2.79

1BB

9.1

26

46

32

18

136

150

93

20

394

346

3.02

125

7.O

28

35

24

26

209

331

203

22

262

299

1.96

115

6.8

25

3B

25

26

205

152

91

15

302

195

2.22

116

7.4
21

2T

24

26

179

650

276

25

266

256

3. B0

125

6.5

21

27

21

27

193

455

186

13

235

BO

3. 12

109

5.6
21

22

14

23

179

253

132

46

428

1 066

2.14

106

5.0
20

34

19

25

186

304

188

2.5

253

145

4.27

108

4

22

22

21

29

169

575

279

22

128

271

2.77

125

T

20

27

11

21

158

336

140

54

586

1275



Andesitic differentiates
rel ativel enI d íir I'
LREE LT AN

Andesiti c differentiates less
enri.ched in P

Acicl differentiates
L.liE]i, Zr.'

"t

si02
41203

Fer0,
l'ln0

lrg0

Ca0

Naro

Kzo

Ti02

Pzos

h¡65

61.40

15.01

7.79

0.10

4.47

4.75

3. 53

1.55

1 .14

0.32

2.79

197

10.5

18

49

32

14

118

151

TB

49

428

436

hI59B

61.55

15.73

6. 89

0.08

3.28

7.38

3.02

0. 14

1 .12

0.42

2.82

193

11

20

60

37

16

136

126

68

3

526

48

lt¡95

61.90

16.25

6.34

0.10

3. 53

7 .07

3.07

o.69

0.97

0.34

2.26

160

9

16

49

27

16

119

119

70

1B

552

129

and Nb

}l11B

53.43

17 .11

10.57

0. 15

4.TB

6.51

5.34

0,17

1.29

o.2g

I'I14

55.87

16.70

8.37

0.15

4.60

7.90

3.71

0. 85

1 .12

0.33

1.81

138

5.3
24

29

1T

1B

154

51

20

1B

278

251

Iyü22

59.52

1i' .94

7.98
0.11

2t.84

T .49

2t.03

cr.73

1.04

4.20

3.39

125

7.3
22

53

28

23

166

376

184

65

1029

1551

hrg4

61 .86

17 .70

3.98

0. 07

2.66

4.24

B.O2

0. 18

o'70

0. 16

4 .11

137

4.8

20

22

20

13

109

60

66

3.5

211

358

l'J29

66.05

15.82

5.60

0.07

3.18

1.92

6.40

0.34

0.63

0. 16

2.20

155

6.8

17

35

1B

10

B5

28

24

7

329

292

I'/ü17

67 .12

15.T8

3.46

0. 06

1.92

5.08

5.57

0.68

0.59

0,12

l,J145

6T .16

15.71

4.29

0.07

1.95

3.37

5.09

1 .80

0.47

0.11

1.35

123

5.1

10

39

14

10

66

31

31

36

300

4't'l

I''J144

67 .96

16.28

3.71

0.06

1 .63

4.55

5. 00

0.64

0. 49

0,12

1.69

119

3.6

9.9

25

lü148

69.23

15.16

3.46

0. 06

1.21

4.24

3.70

2.76

0.42

0.11

1 .33

110

4.2

10.2

35

1'l

8.2

54

16

24

B4

333

844

I

2o5,

!rI96

61.92

17 .04

7.35

0.06

1.24

3.06

7 .54

o.24
"t .11

0. 43

1.94

277

11.5

39

5B

40

10.5

5B

14

12

7

255

128

20s'

Total 100.04 99.62 100.63 100.01 99 .64 99 .60 99 .88 99 .47 100.17 100.37 100.02 100.43 100.35
LOT

Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

2.03

169

7.e
27

41

32

23

189

94

105

4.7

377

113

4.5

9.4
1B

2.00

121

9

14

99

101

51

12

294

271

66

19

24

16

426

320

17

9.5



sio
AI

Fe
zol
zor

lfr146

77.38

12.95

1.55

0.03

0.22

0.50

6.84

0.33

0. 33

0.05

lyJ147

77.66

13.78

1 .13

0.01

0.22

0.34

5.41

1 .08

0.11

o.02

2

Acid differ-
entiates cont.

Genetically un-
related ultra-
mafic intrusives
W24 tI7

40.78 50.25

3.48 10.49

16.17 11.60

o.22 0.18

34.95 17 .26

3.35 8.12

0.24 1 .00

0.02 0.49

0.31 0.51

0.03 0.06

99.55 99.95

Tholeiitic
basall

vü150

47.98

14.78

15.02

o.2

5.7 4

11.55

3.01

o.o2

1.37

0. 14

99. BB

1.92

B2

4.3

31

B

14

48

350

165

70

1.5

132

1B

L

Total 100. 1 6 99 .7 4

Mî0

¡4gO

Ca0

Nar0

Kzo

Ti02

Pzo5

L0ï
Zr

Nb

Y

Ce

Nd

Sc

V

Cr

Ni

Rb

Sr

Ba

1.32

91

3.1

2,9

14.3

1.99

61

2.5

12

32

11

1.3

8.6
22

379

2021

6.06

13. 4

1.8

13

92

4990

1860

1.5

1B

12

0. 1g

54

3.4

13

8.7

6.4

29

168

2536

68T

16

114

155

3.2

7.0
2.03.6

5.6
49

't6

12

26

251

362

3.5

4.6



TABLE A Rare earth

w2
basalt

element4

hl3
basalt

I,'I131

basalt
hr5

andêsite
lrr14

andesite
I'/ü95

andesite
I'/I1T

dacite
l,/-146

rhyolite

contents i.n selected sampIes from the trlelcome tùel-l complex.

Chondrite
normalising
factors
0.315

0.813

0.597

0.192

a.oTzz

0.259

0.325

0.213

0.208

La

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

%sío2

%¡4s0

22.3

54.5

34.1

6.47

1.Tz

5.34

3.79

1.92

1 .T't

50.29

11.37

14.85

34.8

23.85

5.60

1.73

5.95

5.35

3.01

2.72

50.03

6.82

28.12

63. 1

33.2

6.64

1 .88

5.42

3.32

1 .49

1.27

53. 01

5.99

15.95

34.39

19.0

4.50

1 .39

4.e5

4.60

2.86

2.60

56.90

6.51

12.6

29

16. B

3. B0

1. 13

3.92

3.59

2. 17

2.02

23.0

48.5

27.2

5. 11

1 .53

4.24

2.81

1.64

1.35

61-90

3. 53

B. 43

18.0

B.9o

1 .98

0.64

1 .86

1.52

0.805

0.803

67 .12

1.92

8.66

14.33

3.55

0.553

0.183

0 .466

0.412

0.311

0.347

77 .38

0.22

55.87

4.60

Notes: 1

2

All values determined by mass spectrometer using an i.sotope dilution technique.The chondrite normalising factors used to obtain the chondrite-normar-ised val-uesplotted in Fig. 5.11 are ]isteã-in the last column.





TABLEA6.l, Brief thin sectÍon descriptions of a representative selection of iocks fron the Spring hlell complex.

COMMENTS

Typical of tuff-brecci,a to
lapilli-tuff units. ClearlY
of ash flow origin

Block within tuff-breccia
from which Sl was taken

Typical of ubiquitous
intrusives into volcanic
pi1e.
NB. zoned opaques

Block ¡rithin tuff-breccia
fron which 51 was taken

Block within tuff-breccia
from which 51 r¡as taken

Similar coments to 54.
Narrow dyke within iuff-breccia
pile

Field rel-ations suggest is
a crysteL tuff. No diagnostic
textures in section

TypicaL of crystaJ. tuff
units in area

Typical lapilJ-i-tuff .
CIearIy welded tuff of ash
flow origin

Þ-

/

AITERATÏON

PIag. fresh, but
abundant epidote.
Extensive devitrif-
ication. Textures
preserved

Opaques +
feucoxene
Secondary
carbonate

Cpx. - fresh &
chloritized.
Opaque + leucoxene
PIag. +s¿lI5=tritized

Abundant
epi.dote,
CoøpleteIy
devitrified matrix

Opaques +
leucoxene
Carbonate + secondary
qtz. j.n a-oygdales

Plag. - sauss.
dusted.
Opaques + Ieucoxene
Cpx. + chloritÍzed,
ura]-itized, epidotÍzed

Plag, -fresh
Opaques + Ieucox.
+ spn.

PIag. - fresh, but
extensively embayed.
Cpx.+ chlorite
Opaque + leucox.+sph

Abundant grains
epidote + clots quartz
& carbonate. ChLorite
throughout matrlx.
PIag. phenos. sauss-
uritized.

Í MINERALS

Difficult to
estinate

Plag.60iå
Cpx. 201"
Opaques 496

Intergran. l6%

Phenos.5%
P1ag. 60iá
ah. 40%

Anyg. 20%
Phenos.5%
Matrix 75%

PIag. 60%
Cpx. 20Ë
Opaques 4%

Intergran. 16S

Phenos.15%
rock (incfuding
quartz aggregates)

Phenos.20%
P1ag. 80%

au. 20%

DESCRIPTION

Lilhic fragnents of fine-grained lava(with oriented p1ag. microlites)
& vitric-crystal tuff + crystals plag. & quartz within gl-assy, vitroclastic
natrÍx complsed of flattened shards & pumice - i..e. welded tuff

MicrocrTstaltine granular mosaic of quartz + plagioclase + K-feì.dspar
Scattered opaques + coarser grained patches quartz + carbonate

HolocrystallÍne medium-grained rock consisting of interLocking plag.
laths, clinopyroxene, leucoxene. Intergranular pools qtz. & microcrystalline
felsic naterial & chlorite. Minor sphene

Scattered fine-med. gr. phenos. plag. + a¡hedral- quartzr often in
gJ-omeroporph. aggregates r"rithin natrix of finely crystalline qtz. +

feldsp. + sphene + leucox-

Fine-med, gr. size atrygdales infilled v{ith quartz or carbopate + plag. &

quartz phenos. in nicrolitic devitrified natrix with minute' flattened
shards - i.e., $relded tuff

Med. gr. tabular laths plagioclase interlockÍng with opaques' cpx. & interstitial
poots of ßicrocrystetline felsÍc material, cut by acicul-ar needles a.ophibole

Fine-med. grained phenos. plag. + circular, granular aggregates quartz
(after qtz. phenos?) within matrix plag. microlites (unorienteC)
+ qlz. + sph, + feuxoc. + chlorite

Fine-med. grained phenos. eobayed & corroded pJ-ag. & quartz + patches
granutar quartz (after phenos?) + chlorite (after cpx.) in microgranular
devitrified matrix + leucox. & sph.

Flaltened rock frap.ents (mostly vitri-c-crystal tuffs) within vitric matrix,
sho$ring vitroclastic textures with fLattened shards & purnice frags.
+ epidote, chlorite, qtz., carbonate

ROCK

NAME

Lithic-
vitric-

lrystal-
tuff

Devitrif-
ie¿
rhyolite

lticro-
diorite

Rhyolitic
vitric-
crystal
tuff

Rhyolitic
vitrÍc-
crystal
tuff

l"licro-
diorite

Porphy-
ritic
rhyodacite

Porphy-
ritic
rhyolite

Lithic
tuff

SAMPLE
NUMBEF

S1

S2

S4

S7

òõ

s9

s15

s16

s17



s33

s38

s30

s39

Plag. + 5¿ga-.
Cpx. + uralitlzed +
epidotized
Opaques + Ieucox.

Abundant epidote
in natrix

Extreme. Much
epidote, sericite,
sphene, leucoxene,
chlorite

henatite & chl-orite
Abundant epidote,

Plag. sauss,-
dusted. Some
in natrix

Abundant epidote,
carbonate, chlorite,
sph. & leucox.

Opaque + sphene
carbonate
Very rare

t4inor chlorite
& epídote in matrix
PIag. + g¿¡5s.
Opaque + leucox.

Plag. sericitized
& epidotized,
particularly that
i.n mat,rix

Plag. sericite-
dusted. H/b fresh,
ninor epiciote &

chl. al-tn.

PJ-ag.60%
Cpx. & opaques 351(
Intergran. 5%

Phenos. 8% of
which
90% are p1ag.

Rock frags.
make up 8016 rock

Difficult to
estimate

Phenos. 4516

Plag. 50Î6
AEz. 5Q%

Phenos. make up
10% rock.
P1ag. 30% phenos
OuarEz 70%

Plag. phenos.
- 2%, Abundant
p1ag. nicroJ-ites
in matrix

Phenos. make up
5% rock - are
all plag.

Phenos. 50%
Plag. 85%
H/b. 15ÎÁ

Laths plag. (ave. length lmn) interlocking with altered cpx. & altered
oDaques plus nicrocrystaLl-ine matrix, Intergranular pools quartz &
epidote

Oriented, fine-med, gr. phenos. p1ag. & quartz r.rilhin microcrysLa]Iine
natrix quartz, feldspar & epidc,te. Sone perliti.c crackj.ng & coarser
aggregates quartz

Lapi.l1i-size rock fragnents (maj.nLy vitric tuffs) v¡ilhj.n a vitroclastÍc natrix
consÍsting of deforued shards curved around frags, Comptetely devitrified

Conpletely devitrified
of plag. ¡r.icrolites &
felsic mosai-c

. Various fragmenLs defined by varying orientetion¡l
conc". of epidote & hemali.te. Separated by ûicrocr':ist

Similar description to 54, except intergranul_ar felsic material occupies
25% of rock

Mediun gr. phenos. anhedral quartz + plagioclase (conpletel¡
within granul-ar, devitrified matrix (some spherulitic devit"
of qtz. + feldsp. + epidote

tlrinned )

) composed

Variety of lithic fragnents ranging from vitrlc tuffs to arnygdaloidal
lavas within vitrocLastic-textured matrix composed of flaltened shards &
punice frags.

Fine-med. gr. granular aggregates quartz (probably after phencs,) + plag.
phenos. within microcryst. matri.x quartz & feldspar + rare epidote & sphene,

Sparse ned. gr. phenos, plag. + fine gr. qtz. aggregates within nicroliti<:
quartz - plag. matri.x. l.latrix highly siliceous, scattered epidote

Fine-grained phenos. plag. within granurar mosaic quartz + epidote + sericiite
Unusual- type of alteration, not seen elseoher¿ in complex

Medium gr. phenos. p1ag. + pal_e green hornblende in matrix of unorienled
plag. laths & microlites + amphibole + quartz + opaques. Rare cpx, phenos

¡ticro-
diorite

Porphy-
ritic
rhyolite

Lithic
tuff

Autobrecc-
iated
rhyolite

Micro-
diorite

Porphy-
ritic
rhyoli. te

Lithic
tuff

Porphy-
ritic
rhyolite

Fine-
grained
rhyolite

rhyolite
Altered

Porphy-
ritic
dacite

q10

s21

q,ta

s29

s41

ò1¿

s40

Typical of dykes intrudi:tg
volca¡ic pile

Within pyrocfastic.
be lava flow or dyke
pyroclastic textures

CouLl
No

Typical exanpl-e of lapilli-
tuff, clearly e lrelded tufi

Uniforu mineralogy throughcu:
fragmentation possibly b,

flov¡age. Intrusive plag.

Typical exa.mpl-e of one of
intermediate intrusives inuo
pile

Either a crystal tuff or l-ava.
Field relationships not
definitive
Typical lapilJ-i-tuff-welded,
of ash flov¡ orj-gin

Intrusive plug froû field
relationshj-ps

Rhyolite dyke fron field
relationships

Rock from near vent brecci:,
alteration attributed to fU¡J.
emanations from vent zone

Intrusive dyke near vent.
Matrix texture appears ch
of intrusives



P1ag.+ sericite-
dusted. Abundant
uralite & chforite
in natri-x

Plag, + extensively
sericit. & epidot.
Cpx. + fresh &

uraLitized

Cpx.+ hornblende
+ chl-oriie + uralite
Plag.+ sericitized
extensively

PIag, + saussuritized.
Ifatrix badly
altered

Plag. + sauss &

epidotized.
l.fatrix + partiaJ.ly
sericitized

Plag. + 5¿¡5".
ìtuch epidote in
matrix & leucox
after opaques

PIag. slightly
sericitized,
Much chlorite &

sericite in matrix

Plag. extensively
sericitized.

brownish colour due
to ninor heúatite

PJ-ag.- saussurÍtized
& epidotized, both
in phenos, & natrix

P1ag.- saussuritized
& epidotized in
phenos, & matri-x

Plag. -sericite
dusted. Cpx.+
chlorite. Sooe
carbonate

Phenos.35%
- a1J- plagilclase

Opaques 3%

Pl-ae. 50%
Cpx.30%
QLz. 17%

Phenos. 45% of
which PIag. 60%
cpx. 35%
H/b. 5%

Phenos.'15%
of rock

Phenos. 40% of
which Ouartz 55%
PIas. 451"

Phenos. 25iú
Rock frags. 40%
l,latrix 35%

Section not
representative

Phenos. 12% of
which PIag. 80S
QuarLz 20%

Phenos.10%
(aI1 p1as. )

Phenos.15%
(95% plae. )

Plag.-rich matrix

Phenos. 15% of
Hhich 95% ptaC
5% chl-ori.te +
opaques

Med,-fine gr. phenos. enbayed quartz + plag. + granular devitrified rock
fragrnents in a devitrified matrix - has obfiterated all- primary textures

Mediun gr. phenos, plag. & quartz, Local quartz aggregates fron fÍne + ned
gr. size (secondary) w'ithin nicrogranular, devitrified feLsic rnatri,x + fine
opaques + chI,

Fine-ned. gr. phenos. plag. (in glomeroporph, aggregates) in microgranular
natrix plag, nicrolÍtes + quartz granules + epido¿e + chlorite. No cpx,

Med. gr, phenos. plag. + rare cpx. (often in glornporph. aggregates) within a
holocrystal-Iine matrix of ÍnterLocking pl-ag. + quartz + epidole (no obvious
nafics).

Fine gr, phenos, plag., usual.ly in gl-oneroporphyrltlc aggregates with opaques
& chlorite (after cpx. ) in a devitrified, patchy polarising matrix of qtz. +
feldspar

Fine-ned. gr, phenos. pl-ag. within nicrocrystalline granular matrix quartz-
feldspar-chl-orite. Fine-grained plates K-feldspar. Possibl-e shard outlines

Interlocking laths plag. (ave, length .8mn), cpx.' interstitial quartz +

opaques. Holocrystalline, non porphyritic. Abundant epidoter Leucox' - sphene'

Med. gr. phenos. p1ag. + cpx. + bro!¡Tt hornblende (after cpx' ) withj.n
interlocking matrix pJ,ag. + epidote + quartz + leucoxene (after opaques)

Flne-grained phenos. plag, + rock fragnents (ash size) r¡j.thin a devitrified
quartzo-feldspathi.c nosaic + chlorite + epidote + carbonate + leucox. -
sphene (after ilnenite). Distinctly layered in hand specinen.

Med. gr. phenos. embayed, anhedral- quarLz + altered plagioclase + fine-grained
crystat chips within microcryst. devit. natrix - qlz. + feldspar. +
ep. + ural.ite

Med.-fj-ne gr. phenos. plag. & quartz + devj.trified rhyclitic rock fragnents
(& dacite) within highly-contorted Batrix of squashed punice & fLattened
shards. fia. trJ-x conpleteJ-y devitrj.fÍed

Porphy-
ritic
dacite

Porphy-.
fitic
dacite

Porphy-
ritic
rhyol-ite

Porphy-
ritic
rhyolite

Crystal-
1Íthic
tuff

Lithic-
crystal
tuff

rhyolite
rltic
Porphy-

l{icro-
diorite

Porphy-
ritic
m].cro-
diorite

Rhyolitic
tuff

Porphy-

rhyolite
ritic

s60

s51

s53

s54

s45

s47

s48

s43

s44

Isolated outcroP. Probable
crystal- tuff of ash flow
or]-gr-n

Typicat of dioritic intrusives
into volcanic Pile

Porphyritic variant on diorite
intrusives into volcanic
pile

Fine tuff band, vdtþin
pyroclastic. DevÍt". &

al-teration bas obscured

Typical crystal tuff fron
field relationships. CrYstal
chips & nature of natrix
support ash flolt origin
Textures show rock is of ash
flow origin. FroE basal zones
of S48 crystal tuff unit

Pe¡t of tuff-breccia unit.
No diagnostic textures on
account of devi¿rification

Block fron a tuff-breccia
unit

Textures not diagnostic of
intrusive or extrusive origin

Porphyritic, slightlY more
p1ag. rich varient of in-
trr¡sives into pÍle

No prinary textures Preservedt
but probably an ash-floÌ,¡ tuff
fron devitri.fied natrix



Cpx. + chloriLe
P1ag. + s¿t¡s5.
lfuch chlorite &

epidote i-n natrj.x

Plag. + 5¿u"".
Cpx. + chlorj-ie
Otherwise fresh

PIag.- serÍcitized
Sone secondary
epidote & carbonate

PIeg. sericite dusted
Significani a-nount
secondary chlorite

PJ-ag. sericile Custed.
l'{uch chl-orite scattered
through rock

Abunciant epidote,
sphene, leucox.,
chlorite, sericite
i.e,, altered

Plag. + ¡11tto"
sericÍte & eoiCote
altn, ChI..pidot.,
sphene leucox. thro'
matrix

PJ.ag. + sauss. &
epidotized. Cpx.
fresh, but uralj-t
in natrix

Abundant chlorite,
uralite, sericite
scat+-ered throughout

Plag. + 5¿usg
Cpx. fresh &
uralitized

PIag, + s¿t¡s5
Cpx. fresh

Phenos. 18% of
'¿hich Pl-ae. 90%
Cpx.10%

Phenos.15i(
Plag. 80i(
ALz. 15*
Cpx.5,{

Phenos. 25% of
which Plag. 70%
Qtz.30%

Phenos. 12% of
which Plag. 80%
1Lz. zOY"

Phenos. 8% al-L
plag. P1ag. &
qtz. approx.equal
% in matrix

Not representative
Sone plag. pbenos.
& numerous cicro-
lites

Phenos. 25% of
which P1ag. 90%
Suartz 6%

Chlorite 4%

Phenos. 45% of
vlhich Plag. 60%
Cpx. 40%

P1ag. 40%
Cpx. 55%
Qtz.+ opq.5%

Phenos. 401 of
which PIag. 60%
Cpx.40%

Randomly oriented, med. gr. phenos. plag. + chlcts chlorite (after cpx. )
within devitrified oatrÍx composed of p1ag. microlÍt-es + chlorite +
epidote + opaques + quartz. Sooe zoned plagioclase

Fine-med. gr. phenos. anhedral, ernbayed quartz + eEbayed plagioclase +
clots chlorite (after cpx. ) wi.thin nicrocryst. matrix quartz aggregates +
plag. microlites + chlorite + K feldspar

Fine-med. gr. phenos. ar¡hedral, enbayed quartz + plagiocLase '"r!lhj.n micro-,
granular, feLsic matrix (devitrif.). Scattered epidote + opaques (alterecl
to leucox. + sphene) + carbonate

Fine-med. gr. phenos. plag. + quartz in matrix p1ag. microlites + quartz
Clots carbonate & chlori-te. ChÌorite + opaques + red henatite scatiered
through natrix

Med. gr. phenos. p1ag. + patches chl-orite within natrix of randomly-orient,ed
pLag. microlites + quartz + chlorite + scattered opaques. Metrix hoLo-
crystelline & relatively coarse

Devitri-fied rhyolite & dacite rock fragnents within a devitrified natrix
showing ghosty shard and pr:mice outlines - contorted & squashed around frags

Med. gr. phenos. plag., often in glomeroporphyritic aggregates + anhedral
quartz + clots chlorite within nicrogranutar matrix of quartz + pì,ag. +
K-feldsp. + chl. + epidote

Med. gr. phenos. zoned pLagioclase + med.-fine euhedral, zoned cpx. wÍthin
rnicrocrystafrine matri-x pl-ag. ¡o.icroliÈes + opaques + urelite needres + minorqtz. Plagioclase composition Ar:54

Devitrified volcanic rock fragments + crystals quartz & plagiocrase within
highly-altered chlorite-uraU.te matrix

Ophitic texture consisting of plag. laths (ave
Scattered Íntergranular guatlz & fine opaques

Iength .5mm) within cpx

Medilrn gr. phenos, plag- + cpx. within a finely-devitrified natrix ptus
uraLite needles. Typical lava f-low or intrusive rock texture

Porphy-
ritic
dacite

Porphy-
-ì+¡^
rhyolite

Porphy-
riti.c
rhyolite

Porphy-
ritic
rhyolite

rhyodacit€

Porphy-
ritÍc

LÍthic
tuff

Porphy-
ri.tic
rhyolite

Porphy-
ritic
andesile

Greyøacke
( sediment )

Basalt or
Dolerite

Porphy-
nitic
andesi.te

s65

s70

s71

s81

cQa

s86

s86(2)

s91

s95

s96

s97

Field relationships not
definitive as to orÍgin. Thin
section also not conclusive

Probable rhyoLite dyke intrudin.
tuff-breccia unit. Fie1d &

T.S. i.nconclusive

Typj.ca1 sanple from crystâI
tuff unit. Prinary textures
obliterated by devitrificaiion

Fron a unit that could be
intrusj.ve or crys-tal tuff.
T.S. non diagnostic

Fiel-d relationships suggest
is intrusive, supported by
relatively coa!'se oatrix

TypÍcal of tuff-breccia unit.
['Ie]-ded tuff of ash flow origin

l4atrix coEpLetely recrystaLl-
ised, No hinL of prj-mary
textures. Most like1y a
crystal tuff

lntrusive dyke. Greatly
resembles andesitic flows
from U¿loo¿ rJall co-plar.

Epiclastic sedimenl.
Detritus shed froú volcanic
pile.

Probably a basalt, but fieid
relationships & T.S. not
concLusive

Field relationships suggest
is a dyke probably reiaged
to S9'l



Graniloid intrusive into
volcanic Pile in south of area

At contact of oassive
crystal tuff unit & tuff-
breccia. CIearlY a r¡elded
buff of ash flow origin

Typical rhyolite fron YANDAL

area - clearly ltelded tuff of
ash flo¡¡ origin

I

(natrix entirelY glassy-
shards originally)

BasaLt on basis of grainsize,
texture & atteration. Uithin
acid voÌc. sequence' ÏANDAL

No clear textures, but
alEost certainlY a vitric
tuff of ash flor¡ origin.
Nct reworked.

Epiclastic occurs inler-
calated with vi.tric tuffs
(S106) & crystaf tuffs (5102'3)

Typical crystal tuff -
i.e. ïeIded tuff of ash
flow origin

Good exanple of ash-flow
welded-tuff fron Yandal area

Superficially resembLes
aplite in close-packed ned.
gr. qïz,+ p1ag.' but
sedimentary textures

P1ag. + sericitized
Cpx. + amphlbole
& chlorite

Plag. + sericit.
Yrinor sericite &

chLorile scattered
thror natrix

P1ag. + sericiti zed
Þl,atrix devitrified
EOSafC

As above

Cpx. + ural-ite
Plag. + saussuritized
Opaques + leucox.

Feldspars serÍcitized
Sone sericiLe in
in natrix

Feldspars
sericite dusteC

Plag. phenos.
sericitized.
Seric.+ epid. +
sph.+ J.eucox. in
tratrix

PIag. phenos,
sericitized.
Biotite, serj.cite,
epidote, sphÞne in
natrix

P1ag. laths 35%
Myruekite 35%
Swarluz. 251"
Cpx. 5%

Crystals 40% of
r¡hich Plag. 50%
Quartz 50%

Phenos. 12% of
r¡hich P1ag. 40%
Quartz 60%

Phenos. 19î6

Uralite 50%
P1ag.36%
Opaques 4%

Too fine-grained
to detennine

Feldspar 45%
Quartz 30%
l{aLrix 20%
Rock frags.5%

Phenos.12%
PLac. 45%

QuarLz 55%

Phenos.30%
Rock frags. 30S
l'{atrix 40%

QLz, 3O%

P1ag. 30%
Frags. 20%
ì4atrix 20%

TabuLar laths plagj-oclase interfocking with granular quartz and
myrnekitic quarLz-pl-agioclase intergrol¡ths & cpx, MeCiun grainsize,
holocrystalline

Fine gr. crystals and crystal 'tchipsr' (w1th hì.ghly anguLar shapes) of quartz
& plagioclase within microgranuLar devitrified matrÍx showing ghosty shard
outlines

Fine-ned. gr. phenos. p1ag. & quartz in a nicrogranular devi.trified,
feLslc natrix. Ghosted outl,ines of squashed pumice & fl-attened shards

Identi-ca1 descrÍption to 5102, except slightly hieh $ crystal.s. Numerous
crystal chips - afl orj.ented & oatrix too2is markedly foliated

Interlocking fj-ne gr. laths plag. & feathery uraLite wj-th scattered very
fine-grained leucoxenised opaques. Odd carbonate cfots

Devitrj.fied nicrogranular nosaic in which are scattered quartz & plag, crystaL
chips (confined to ba¡ds). ì4arked orientation evident in Eatrix & crystals

Well sorted rock, consj.sting of fine-grained subangJlar qvaîLz, K-feldspar,
plagiccl-ase (i-ncluding albite) + opaques + rare rock frags,, all close packed

Fine-med. gr. crystals & crystal, chips of qua?tz, plagioclase (including
I'chequered'r albite) H'ithin nicrogranular devit. natrix shov¡ing ghosty shard
outlines

Fine-ned. gr. crys¿als & crystal chlps quartz + plagioclase + devitrified
microcryst. c!"ystal-vitric tuff rock fragnents within devit, vitrocl-astic natrix

Moderately sorted, i-mature sedimen¿ consisting of closely packed subangular
quartz, plagiocJ-ase, albite + rock frags. in natrix of finer naterial. +
recrystall,ised qtz, ãggregates

Þlicro-
grano-
diorite

Rhyolitic-
crystal
tuff

Rhyolitic
crystal
tuff

Rhyolitic
crystal
tuff

Uralitized
basaLt

Rhyoltic
vitric
tuff

EpicLastic

Rhyolitic
crystal
tuff

CrystaL-
lithic-
vitric tull

Epiclastic

coa

s100

s 102

s103

s 105

s106

s108

sl1l

s1't2

s1 14



Feldspars serÍcite
dustcd, l{inor
chl-ori.te in natrix

Feldspar serlcitized
Chl,orite & epid.
throt matrix

Extensive
sericitization

Leucox. + sphene
after opaques,
PJ-ag. + sericitized

Plag. - serj.cite
dusted. Carbonate
+ epid. + Ieucox. in
oatrix

Plag. fresh
CDx.+ chloritized
& uralitized

Abundant epidoLe
& sericite

PIag.+ ss¡1.1¿it.a
& epidotized
as is matrix

Crystals 12$ of
which Ouartz 6096
Fel-dsp.40%

Not representative
Crystals qtz. &
plag.

Impossible
to deteruine fron

Amyg. l0% rock
Phenos. < 496

Phenos. 10% of
which PIag. 85%
Quartz 15Í

PIag. 70% of
rock

DifficuLt to
estimate

Phenos. 25% rock
of v¡hich 95% are
plag. Rock frags
40%

Scattered mediun-fi¡re gr. crystals & crystal chips quartz + p1ag.
+ K-feldspar - alL strongly oriented in an ori.ented, devit. microcryst
felsic uatrix. Ghosted outlines of fl,attened shards

Anygdales, infill-ed with chlorite & epidote & ri-ûned wi'"h quar.tz, + sparse phenos
oriented p1ag. within matrjx of oriented pIag. microlites & opaques

Identical description to St9 i.e. holocrystalline, non-porphyritic plag. -
cpx. rock

Med.-fine gr. phenos. pJ-ag. & quartz + granular aggregaÈes quartz withÍ_n
devitrified matrix p1ag. microlites + plates granuJ_ar quartz + ep. + carb.
+ Leucox.

Holocrystalline rock consÍsting of interl_ocki-ng pLag. laths + chlorite +
opaques + interstitial qua¡rlzo-feldspathic matrix. Rare euhedral plag.
phenos. in glomeroporphyritic aggregate

consists entirely of a nicrogranular fefsic nosaic - conpletely devitrified
& no prinary textures preserved, fn hand specimen the banding, indicabes
is a tuff

Fine-med. grained phenos. embayed plag. & quertz + crystal chips wj.thin
microgranular devitrified matrix - no primary textures. Atso contains
devitrifÍed rhyolitic rock fragnents si.mi.l_ar to 52

Crysta1-
vitric
tuff

Variety lapiIli-size frags. - meinly rhyolitic vitric & crystal-vitric tuffs
within vitroclastic textured matrix throt ürhich scattered crystals qtz. & plag.

vitric tuff

Crystal-
lithic-

RecrystaLl- Fine grained quartzo-feldspathic mosaic-recrystal-lised & no relic prjj[ery
ised fine textures. Patches coarser quan"l"z, superficially resenbriãE crystal,s
sedinent ( ? )

dacite
non porph,
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Field relationships suggest
this unit is a dyke.
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No diagnostic textures, but
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is an intrusive. Not incon-
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Is a tuff from the top of a
graded sequence. No tuffaceous
'uextures preserved in T.S.

Transitional crystal-rich unit
between typical tuff brecc:a-
(S1) & fine ruff (s148)
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TABLE A 6.3. Rare earth element contents in selected samples from the
Spring llell comp1ex.

SampIe
Rock

s1g
andesite

S4
andesite

s141
dacite

S4B
rhyolÍte

s70
rhyolite

Chondrite
normalising
factors

0.315

0.813

0.597

0.192

0.0722

0.259

0.325

0.213

0.208

La

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb

%si02

7.M90

Notes: 1

24

52.8

27.8

5.96

1 .58

5.38

4.O7

2.10

1.72

55.06

5.26

16.1

36.3

19.9

4.60

1 .33

5.7 6

5.00

2,98

2.7 1

56.90

4.06

26.5

56.6

30. 4

6.50

1 .48

7.09

6.23

3.67

3.29

65.63

1 .80

56.5

109 .5

41.6

7 .61

1.59

8.11

6.25

3.84

3.78

75.23

0.71

19.96

45. 83

24.9

5.95

2.52

7.67

4.72

2.40

2.09

77.24

0.23

2

AIl values determined by mass spectrometer using an isotope
dilution technique.

The chondrite normatising factors used to obtain the
chondrite-normalised values plotted in Fig. 6.9 ate listed
in the last column.



APPENDIX 2

Locations of all samples for which data is

tabulated in Appendix 1.
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