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The genesis of an orebody i s a fundamental 

problem of more than academic importance. 

K.R.Miles, 1954. 
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ABSTRACT 

The Middleback Ranges consist of t i g h t l y f o lded 

Precambrian iron-formations f l a n k e d by granite-gneisses and 

f e l d s p a t h i c metasediments. Hematite orebodies occur w i t h i n 

the iron-foinnations and are confined t o p i t c h i n g synforms and 

steeply dipping f o l d limbs. At I r o n Dvike, a large hematite 

orebody extends down the p i t c h o f a synform i n t o a hidden body 

of magnetite-hematite-carbonate rock which i s surrovinded by 

talc o s e zones. Various theories i n c l u d i n g g r a n i t i s a t i o n , 

primary sedimentation, and supergene leaching have been 

proposed p r e v i o u s l y t o account f o r the o r i g i n of the hematite 

orebodies. The magnetite-hematite-carbonate and talcose rocks 

of I r o n Duke have been a t t r i b u t e d t o carbonate metasomatism 

a f f e c t i n g the ir o n - f o r m a t i o n . 

The mineralogy and microtextures of the iron-formation 

u n i t s are described. Mineral assemblages i n d i c a t e t h a t r e g i o n a l 

metamorphism reached lower amphibolite f a c i e s grade at temperatures 

and pressures i n the order of 450°C t o 550°C and 2kb to 6kb. Micro-

t e x t u r e s suggest t h a t mineral layers w i t h i n the iron-formations 

remained as e s s e n t i a l l y closed systems dtiring met£imorphism and 

there was n e g l i g i b l e movement o f components other than water and 

carbon di o x i d e . 

The geology of I r o n Duke i s described i n d e t a i l , w i t h 

emphasis on the mineralogy and geochemistry of the magnetite-

hematite-carbonate and associated rocks. The ores occur i n a t i g h t , 



p i t c h i n g synform terminated on the east side by a high angle 

reverse f a u l t . There i s considerable evidence t o show tha t 

hydrothermal a c t i v i t y has played an important r o l e i n the 

formation o f the magnetite-hematite-carbonate ore. F l u i d 

i n c l u s i o n studies suggest t h a t the hydrothermal solutions were 

brines at temperatures i n the order of .T20°C t o 250 °C and a 

maximum possible pressirre of 2-3 kb. 

The o r i g i n o f the magnetite-hematite-carbonate ore 

i s discussed. I t i s proposed th a t the ore formed by hydrothermal 

f l u i d a c t i o n on an i r o n - f o r m a t i o n u n i t near the base of the i r o n -

f ormation sequence, which contained i n t e r l a y e r e d i r o n oxides, 

carbonates, t r e m o l i t e and quartz. The s i l i c a t e minerals were 

replaced by carbonates i n a complex process of carbonate meta­

somatism aind s i l i c a removal. Ore con t r o l s include the pre­

e x i s t i n g rock mineralogy, the t i g h t synformal s t r u c t u r e , and 

the coincidence of a t h i c k basal carbonate u n i t w i t h the major 

reverse f a u l t . 

Theories of hematite ore genesis i n the Middleback 

Ranges are discussed. I t i s concluded that the ores formed by 

supergene leaching and enrichment, and tha t ore controls include 

favourable structvures, p r e - e x i s t i n g rock mineralogy, and the 

presence of underlying impermeable layers. 
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1 

INTRODUCTION 

L o c a t i o n 

The Middleback Ranges l i e 30 m i l e s west of Whyalla 

on the e a s t s i d e of Eyre Peninsula, South A u s t r a l i a ( F i g . 1 ) . 

They r i s e 600* - 800' above the surrounding p l a i n and extend 

f o r 22 m i l e s along a north-south l i n e , broken i n the middle 

by the Kimba Gap. A l i n e of low r i d g e s , the Camel H i l l l i n e , 

extends fcom the northern t i p of the Middleback Ranges to the 

Katunga H i l l s and Ir o n Monarch, 15 miles to the north. 

I n t h i s t h e s i s , l o c a t i o n names beginning with "Iron" 

denote a hematite orebody a s , f o r example. I r o n Monarch or 

I r o n Duke. 

D e f i n i t i o n s and general geology 

There i s considerable confusion i n world l i t e r a t u r e 

oyer terms used to d e s c r i b e iron-formations. For example, 

T r e n d a l l and B l o c k l e y (1970) define j a s p i l i t e as a rock with 

a l t e r n a t i n g t h i n bands of j a s p e r ( r e d c h e r t ) and i r o n oxides 

or c h e r t of another colour. I n the Middleback Ranges, the 

term has been used i n a wider sense and i n c l u d e s rock types 

which T r e n d a l l and B l o c k l e y would define as "banded i r o n 

formation ( B I F ) " . S i m i l a r d i s c r e p a n c i e s occur throughout world 

l i t e r a t u r e and v i n t i l there i s agreement on the use of c e r t a i n 

terms, they must be defined f o r each p a i r t i c u l a r area. Defin­

i t i o n s f o r the Middleback Range area are: 

23OCT;973 ) 
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Iron-formation - f i n e - g r a i n e d rock c o n s i s t i n g of quaitz and 

i r o n oxides with l e s s e r amounts of eonphibole 

and o c c a s i o n a l l y carbonate. The proportions 

of each mineral can vary considerably cind 
there i s complete gradation to q u a r t z i t e , i r o n 

ore, amphibole s c h i s t and massive carbonate. 

An a r b i t r a r y value of 10% - 15% Fe defines the 

lower l i m i t of the term. The rocks are 

normally banded. 

T h i s d e f i n i t i o n conforms with James's (1966) 

d e t a i l e d d e s c r i p t i o n of world wide i r o n -

formations and h i s use of the term. 

J a s p i l i t e - the term i s not used i n t h i s t h e s i s but i s 

deeply entrenched i n company work and has 

been used i n a l l p u b l i c a t i o n s describing 

Middleback Range geology i n the l a s t 10 years. 

I t i s synonymous with iron-formation as defined 

above and i s discarded only to conform more 

c l o s e l y to world wide usage. 

The Middleback Ranges and h i l l s to the north are formed 

of s t r o n g l y folded iron-formations with i n t e r l a y e r e d s c h i s t s , 

carbonate u n i t s and amphibolites. Numerous amphibolites a l s o cut 

across the s t r i k e of the l a y e r e d rocks. F o l d axes are aligned 

north-south and the l e n t i c u l a r outcrop p a t t e r n of the i r o n -

formations i s caused by cross-warping, with topographic gaps 

marking broad east-west a n t i c l i n a l axes ( F i g . 2 ) . The broad 
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s t r u c t u r e s of both the north and south ranges axe canoe shaped 

as shown i n Fig.3 (Rudd 1940, Miles 1954). 

F l a n k i n g the ranges and underlying the siorrounding 

l e v e l p l a i n i s a g n e i s s i c complex with v a r i e d rock types 

i n c l u d i n g migmatite, g r a n i t e - g n e i s s , mica s c h i s t s , dolomites 

and f e l s p a t h i c q u a r t z i t e s . These cire cut by b a s i c i n t r u s i v e s 

and by s e v e r a l l a r g e g r a n i t e masses. F o l i a t i o n and f o l d axes 

i n the gneiss complex s t r i k e broadly p a r a l l e l to the i r o n -

formations. 

Hematite orebodies occur w i t h i n the iron-formations 

i n p i t c h i n g s y n c l i n e s or s t e e p l y dipping f o l d limbs. Major 

orebodies axe I r o n Monarch, I r o n P r i n c e , I r o n Baron and I r o n 

Duke ( F i g . l ) . A l l known orebodies outcrop and the major ore-

bodies form h i l l s or r i d g e s which merge i n t o the iron-formation 

r i d g e s . At I r o n E>uke, hematite ore i n the hinge zone of a 

p i t c h i n g s y n c l i n e passes down p i t c h i n t o a Icirge body of magnetite-

hematite-carbonate rock which i s hidden below 300' - 400' of 

s i l i c e o u s iron-formation. The magnetite-hematite-carbonate i s 

b r e c c i a t e d and contains considerable coarse grained ceurbonate. 

No other laxge bodies are known i n the Middleback Range area, 

although small amounts of s i m i l a r m a t e r i a l occur below the 

hematite ores at I r o n Baron, I r o n Queen and Ir o n Monarch. 

The term "ore" i s used i n t h i s t h e s i s i n the sense 

defined by King (1966); " any m e t a l l i c or mineral deposit 

which i s of s u f f i c i e n t economic i n t e r e s t to r e q u i r e estimation 

of tonnage and grade". T h i s i n c l u d e s the hematite bodies, l a r g e 
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or s m a l l , and the magnetite-hematite-carbonate body but does 

not i n c l u d e the iron-formations. 

Previous work 

The hematite ores were f i r s t worked i n the 1890*s as 

f l u x f o r smelting Broken H i l l s i l v e r - l e a d - z i n c ores. The ore 

at I r o n Knob was hand loaded i n t o horse-drawn drays and c a r r i e d 

the 30 m i l e s to Whyalla, where i t was t r a n s f e r r e d to barges and 

shipped to Port P i r i e on the east s i d e of Spencer Gulf ( F i g . 1 ) . 

I n the e a r l y 1900's, a s t e e l works was b u i l t on the e a s t coast 

of A u s t r a l i a and the i n c r e a s e d demand f o r i r o n ore r e s u l t e d i n 

the Broken H i l l P r o p r i e t a r y Company Ltd. b u i l d i n g a r a i l w a y 

between I r o n Knob and Whyalla. For the next 70 years the 

Middleback Range deposits formed the b a s i s of the A u s t r a l i a n 

i r o n and s t e e l i n d u s t r y and two deposits. I r o n Monarch and Iron 

P r i n c e , a r e c u r r e n t l y i n production with a combined annual output 

of approximately 7.5 m i l l i o n long tons of d i r e c t feed ore amd 

f i n e s f o r p e l l e t i z i n g . 

The economic i n t e r e s t i n the Middleback Ranges has 

r e s u l t e d i n a great d e a l of g e o l o g i c a l work by both the B.H.P. 

Company L t d . and the G e o l o g i c a l Survey of South A u s t r a l i a . Most 

of the company work i s unpublished but a l l the data was a v a i l a b l e 

to the author. 

Company work has concentrated on the iron-formations 

and i n c l u d e s geophysical surveys, g e o l o g i c a l mapping at 1"=200' 

throughout the ranges, d r i l l i n g and tunneling w i t h i n the hematite 
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orebodies, p e t r o l o g i c a l examination of d r i l l core samples and 

many thousands of chemical a n a l y s e s . S i x papers have been 

published by company g e o l o g i s t s i n the l a s t twenty years; four 

on I r o n Drake (Whitehead 1962, G a t l e y 1963, Burger 1963, Ashworth 

1965), one on Iron Monarch, (Owen 1963) and one summarizing the 

geology of the iron-formations (Owen and Whitehead 1965). The 

papers summarize the i n d i v i d u a l authors' ideas of ore genesis 

but some a d d i t i o n a l ideas and observations a r e found i n unpublished 

company r e p o r t s , p a r t i c u l a r l y i n the case of Whitehead, who was the 

f i r s t p e t r o l o g i s t t o work on the magnetite-hematite-carbonate. These 

are acknowledged at appropriate points i n the text of t h i s t h e s i s . 

G e o l o g i c a l Survey work includes geophysical surveys, 

d e t a i l e d mapping of the honatite orebodies, r e g i o n a l mapping of 

the g n e i s s complex, p e t r o l o g i c a l work and l i m i t e d d r i l l i n g i n 

the Middleback Ranges. Most of the r e s u l t s are summarized i n 

B u l l e t i n No.33, "The Geology and I r o n Ore Resources of the 

Middleback Range Area" (1954) by K.R. M i l e s , which remains the 

c l a s s i c t e x t on r e g i o n a l geology f o r t h i s area. Some d r i l l i n g 

was c a r r i e d out subsequent to t h i s report and the r e s u l t s were 

a v a i l a b l e to the author. The G e o l o g i c a l Survey 1"= 4 miles sheet 

covering the area north of I r o n Baron was i s s u e d i n 1968 and shows 

some changes from M i l e s ' s 1954 map. These w i l l be discussed as 

relevcint i n the t e x t . 

Theories of hematite ore genesis are many and v a r i e d 

and the main proposals, i n ctironological order, are: 



Jack (1922) - the iron-formations and hematite ores are due 

to hydrothermal replacement of s c h i s t s . 

Edwards (1936) - the iron-formations and hematite ores are 

of sedimentary o r i g i n and represent an ancient c o a s t a l deposit. 

The e s s e n t i a l l y sedimentary character of the iron-formations 

has been accepted by a l l l a t e r authors, although ideas on the 

sedimentary environment have been modified. Subsequent debate 

has c e n t r e d upon the o r i g i n of the hematite ores. 

Rudd (1940) - hematite ore developed by groundwater leaching 

s i l i c a and concentrating i r o n w i t h i n s i l i c e o u s iron-formation. 

Ward (1949) - hematite ore was deposited from hydrothermal 

s o l u t i o n s . 

M i l e s (1954) - i r o n was concentrated by f l u i d s moving before a 

g r a n i t i s i n g f r o n t . 

Whitehead (1962) - some hematite i s formed by groundwater leaching 

of magnetite-hematite-carbonate. The l a t t e r had been discovered, 

by d r i l l i n g , i n 1957. 

C a t l e y (1963) - the hematite ore at I r o n Duke i s sedimentary. 

Owen and Whitehead (1965) - hematite formed by groundwater 

removing carbonates and s i l i c a from magnetite-hematite-carbonate 

and s i l i c e o u s iron-formation. 

Ashworth (1965, 1970) - as Owen and Whitehead (1965), with 

emphasis on the r o l e played by carbonates and on s t r u c t u r a l 

c o n t r o l . 

The three main t h e o r i e s are that the ore i s sedimentary 

( C a t l e y 1963), that i t i s due to g r a n i t i s i n g f l u i d s (Miles 1954) 
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and that i t i s due to groundwater leaching and enrichment 

(Rudd 1940, Whitehead 1962, Owen and Whitehead 1965, Ashworth 

1965, 1970). I n the l a s t theory, the main point of debate i s 

the o r i g i n a l rock type from which the ore was derived. 

There are fewer ideas on the o r i g i n of the magnetite-

hematite-carbonate, probably because i t was not discovered u n t i l 

1957. The two main t h e o r i e s are: 

(a) Carbonate metasomatism of iron-formation, i n v o l v i n g large 

s c a l e replacement of quartz or amphiboles by carbonates. 

(Whitehead 1962, C a t l e y 1963, Owen and Whitehead 1965, Ashworth 

1965). 

(b) Removal of s i l i c a from a carbonate r i c h u n i t of the i r o n -

formation by hydrothermal s o l u t i o n s , l e a v i n g carbonate and 

i r o n oxides. (Ashworth 1970). 

Aims of the t h e s i s 

Although t h e r e has been considerable d i s c u s s i o n on 

the o r i g i n s of the hematite and magnetite-hematite-carbonate 

ores during the past 10 y e a r s , there has been no rigorous 

examination of the a v a i l a b l e evidence and the mechanisms of 

ore g e nesis have r a r e l y been defined i n any d e t a i l . The f i r s t 

aim of t h i s t h e s i s i s to define the processes of ore formation. 

I r o n Duke i s c r i t i c a l to t h e o r i e s of ore genesis 

because i t i s the only area i n which Icirge bodies of hematite 

and magnetite-hematite-carbonate occur together. No deteiiled 

account of I r o n Dxike geology and petrology has been published. 
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yet these are fundamental to concepts of ore genesis. The 

second aim of t h i s t h e s i s i s to de s c r i b e , and present an i n t e r ­

p r e t a t i o n of, I r o n Diike geology. 

The t h e s i s i s divided i n t o three s e c t i o n s : 

S e c t i o n I d e s c r i b e s the t e c t o n i c s e t t i n g of the Middleback 

Ranges, the petrology of the main rock types i n the i r o n -

formations and the mineral assemblages which i n d i c a t e r e g i o n a l 

metaimorphic grade. 

S e c t i o n I I d e s c r i b e s the geology and petrology of I r o n Duke. 

S e c t i o n I I I d i s c u s s e s the o r i g i n s of the hematite and magnetite-

honatite-carbonate ores. 

A n a l y t i c a l data and operating conditions are given i n 

Appendices I-V. The main techniques used were e l e c t r o n micro-

probe ( 190 a n a l y s e s ) , XRF (138 a n a l y s e s ) , f l u i d i n c l u s i o n 

homogenisation and X-ray d i f f r a c t i o n . Approximately 500 t h i n 

s e c t i o n s and 50 p o l i s h e d s e c t i o n s were examined. Analyses used 

i n the t e x t were c a r r i e d out by the author unless i t i s s t a t e d 

otherwise; 20 q u a n t i t a t i v e analyses of d i f f e r e n t rock types 

were c a r r i e d out by the Chemical Laboratory, B.H.P., Whyalla, 

at the author's request and these, together with a number of 

d r i l l c o r e assays are acknowledged as appropriate. 
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SECTION I : REGIONAL GEOLOGY 
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REGIONAL GEOLOGY 

A. REGIONAL SETTING AND STRATIQ?APHY 

1. S e t t i n g 

Eyre Peninsula i s part of the South A u s t r a l i a n 

Precambrian s h i e l d known as the Gawler Block ( F i g . 4 ) . I t 

contaiins a wide vairiety of rock types i n c l u d i n g g n e i s s e s , 

s c h i s t s , carbonate u n i t s , iron-formations and l a r g e , i n t r u s i v e 

g r a n i t e masses. R e l a t i o n s h i p s between the d i f f e r e n t rock types 

are often i n c o n c l u s i v e due to poor exposure but the general 

impression i s of long, sinuous metasedimentary u n i t s surrounded 

by a wide expanse of augen gneiss and migmatite. 

The s h i e l d rocks are s t r o n g l y folded on a r e g i o n a l 

s c a l e w i t h f o l d amplitudes i n the order of s e v e r a l miles and 

the gneiss f o l i a t i o n remains approximately p a r a l l e l to the s t r i k e 

of the metasediments (Johns 1961). Fold axes are broadly aligned 

north-east to south-west but t h i s trend i s modified by f l e x u r i n g , 

as i n the Middleback Range area where the s t r i k e i s predominantly 

north-south. 

A l l the s h i e l d rocks aire metamorphosed, the grade 

varying from g r e e n s c h i s t to g r a n u l i t e f a c i e s ( T i l l e y 1920a, b, 

1921a, b; Thomson 1969, Ashworth 1970). The augen gneisses and 

migmatites appear to be products of g r a n i t i s a t i o n or p a r t i a l 

m e lting and whichever process i s invoked, the e f f e c t s a r e very 

widespread, covering many thousands of square miles (Mile s , 1954, 
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Johns 1961). Radiometric age determinations on the gneisses 

i n d i c a t e an age of about 1780 m i l l i o n years (Compston and 

A r r i e n s 1968). 

The Middleback Ranges are near the e a s t e r n margin 

of the Gawler Block which i s defined by an ancient north-south 

lineament named the Torrens Hinge Zone (Thomson 1969). East of 

the hinge zone, younger sediments thicken r a p i d l y and form part 

of the l a t e P r o t e r o z o i c to Palaeozoic Adelaide Geosyncline. 

West of the hinge zone, the s h i e l d rocks are covered by f l a t -

l y i n g s h e l f sediments which aire t y p i c a l l y exposed to the north 

of Whyalla. Gentle f o l d i n g i n the s h e l f sediments shows the 

l a c k of strong t e c t o n i c disturbance i n t h i s area s i n c e the l a t e 

P r o t e r o z o i c . 

Graben f a u l t i n g occurred during the T e r t i a r y and 

r e s u l t e d i n Spencer Gulf, Gulf St. Vincent and the long meri­

d i o n a l step f a u l t s between the Middleback Ranges and the coast 

( F i g . 2 ) . These movements had l i t t l e a f f e c t on the s h e l f sed­

iments, and i t i s c l e a r that the s h i e l d has remained e s s e n t i a l l y 

s t a b l e s i n c e the l a t e Proteozoic. Long periods of erosion have 

produced a mature landscape with v i r t u a l l y complete peneplanation. 

2. S t r a t i g r a p h y 

S t r a t i g r a p h y w i t h i n the block i s complicated by a l a c k 

of d i s t i n c t marker u n i t s and the complex h i s t o r y of the rocks. 

I t i s p r e f e r a b l e , t h e r e f o r e , to concentrate on a l i m i t e d area and 

an i n t e r p r e t a t i o n of the s t r a t i g r a p h y of the north-east Eyre 
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Peninsula i s shown i n Table 1. 

The iron-formations and i n t e r l a y e r e d s c h i s t s of the 

Middleback Ranges form a d i s t i n c t l i t h o l o g i c a l group named the 

Middleback Group by M i l e s (1954). Their r e l a t i o n s h i p to the 

surrounding g n e i s s i c rocks i s u n c e r t a i n . Miles (1954) considered 

that the iron-formations a r e remnants of an almost t o t a l l y g r a n i t -

i s e d sedimentary sequence, and a r e completely enclosed by g n e i s s i c 

rocks. By c o n t r a s t , Owen and Whitehead (1965) record an uncon­

formity between the lowest uni t of the iron-formations and the 

underlying g n e i s s e s . U n t i l the r e l a t i o n s h i p s are c l a r i f i e d , 

the iron-formations and s c h i s t s axe best grouped together as 

the Cleve Metamorphics, a general term i n c l u d i n g most of the 

s h i e l d rocks of the Eyre Peninsula (Thomson 1969). In Table 1, 

the iron-formations are placed above the gneisses because t h i s 

i s the dominant apparent r e l a t i o n s h i p i n t h i s area. 

The Moonabie Formation i s a m i l d l y metamorphosed 

sedimentary sequence dated by c r o s s - c u t t i n g i n t r u s i v e s a t pre-

1590 m i l l i o n years ( Thomson 1966). I t unconformably o v e r l i e s 

the g n e i s s e s but i s s t r o n g l y folded and may be considered a true 

member of the s h i e l d . The main rock types are q u a r t z i t e s and 

conglomerates, the l a t t e r sometimes containing pebbles of i r o n -

formation. A l l the main exposures are i n the p l a i n s east of 

the Middleback Ranges and the Formation does not come i n t o con­

t a c t w i t h the iron-formations. Recent Geological Survey mapping 

to the north-east of the Middleback Ranges has r e c l a s s i f i e d as 

Moonabie Formation l a r g e areas of weathered exposure which were 



Table 1. S t r a t i g r a p h y of North-East Eyre Peninsula 

Compiled from Miles 1954, Thomson 1966, 1969, 
Ge o l o g i c a l Survey Port Augusta 4 miles sheet 
1969, Compston and A r r i e n s 1968, and s l i g h t l y 
modified by the author. 
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Age Sedimentary Metcunorphic Igneous 

Recent-
Quart . 

Sand, kunkeur, 
s o i l 

T e r t i a r y L a t e r i t e , s a n d s t o n e , 
limestone 

550 m.y. Tent H i l l Formation 
(sandstone and s h a l e ) 

Adelaide Pandurra Formation 
System (sandstone) 

Backy Point Form­
a t i o n (sandstone) 

Roopena V o l -
canics (1345 
m.y.) Cultana 
Granite. 

1400 m.y. 

1600 m.y. 

Corunna Conglo­
merate 

Gawler Range 
Vol c a n i c s . 
(1535 m.y.) 
Charleston 
Granite (1590 
m.y. ) 
B u r k i t t Gran­
i t e (1590 m.y.) 
Moonabie 
porphyry 

Moonabie 
Formation 

Cleve Metamorphics 
Middieback Group 
Gneiss Complex 

Note: ( a ) = unconformity 
(b) B a s i c i n t r u s i v e s have not been included i n the ta b l e 

as there are s e v e r a l s e t s and t h e i r age i s uncertain. 
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p r e v i o u s l y mapped as gneisses (Geol. Surv. Port Augusta 1"=4 miles 

sheet, 1968). The Moonabie Formation i s c l e a r l y much more extensive 

than was p r e v i o u s l y thought and i t seems l i k e l y that f u r t h e r r e ­

c l a s s i f i c a t i o n w i l l be necessary as the Survey mapping progresses 

southwards. 

The Corunna Conglomerate unconformably o v e r l i e s the 

Moonabie Formation and i s dated at about 1550 m i l l i o n years by 

Rb~Sr determinations on whole rock and i l l i t e samples (Compston, 

Crawford and Bofinger 1966). I t i s unmeteimorphosed and occupies 

a unique s t r a t i g r a p h i c p o s i t i o n , being n e i t h e r part of the s h i e l d 

nor of the o v e r l y i n g Adelaide Geosyncline s h e l f sediments, and 

separated from both by major unconformities. The beds are normally 

gently folded. The main rock tjrpes axe conglomerates, sandstones 

and s h a l e s and iron-formation pebbles are present i n some conglom­

e r a t e s . Pebbles of hematite are present i n one exposure to the 

e a s t of I r o n Duke (Rudd 1940). 

The Adelaide System sequence of sandstones and s h a l e s , 

which unconformably o v e r l i e the Corrunna Conglomerate i n the 

north-east of the a r e a , are g e o s y n c l i n a l s h e l f sediments. They 

dip g e n t l y eastwards towards the main part of the Adelaide Geo­

s y n c l i n e but no t r a c e of these beds or t h e i r c o n t i n e n t a l equivalents 

aire found f u r t h e r west. T h i s suggests that the Middleback Range 

area was on the margin of the c o n t i n e n t a l mass during g e o s y n c l i n a l 

sedimentation. 
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I n t r u s i v e s of vairious ages and compositions cut the 

s h i e l d rocks of north-east Eyre Peninsula. They may be summarised 

as f o l l o w s : 

G r a n i t e s - (a) F o l i a t e d g r a n i t e s which merge i n t o the surround­

ing gneiss ajid a r e e i t h e r e a r l i e r than or contempor­

aneous with the g n e i s s . 

(b) Large, c l e a r l y discordant g r a n i t e masses, dated 

at 1600-1500 m i l l i o n years (Compston and A r r i e n s 

1968). Two of these masses occur quite c l o s e to the 

Middieback Ranges, one about 6 mil e s north-east of 

I r o n Knob and the other w i t h i n 1 mile of I r o n Duke. 

Porphyries - ( a ) Small f e l d s p a r porphyry i n t r u s i v e s which were 

emplaced at about the same time as the younger 

g r a n i t e s . 

(b) A v o l c a n i c province of p o r p h y r i t i c a c i d e x t r u s i v e s 

which covers s e v e r a l thousand square m i l e s to the north­

west of I r o n Knob. T h i s i s known as the Gawler Range 

Volcanic Province and the rocks have been ra d i o m e t r i c -

a l l y dated at about 1535 m i l l i o n yeaxs (Compston, 

Crawford and Bofinger 1966). 

B a s i c s - B a s i c i n t r u s i v e s of at l e a s t three periods cut both 

the gneisses and the iron-formations. The e a r l i e s t 

of these may be contemporaneous with the i r o n -

formation sediments (Miles 1954). Two s e t s of younger, 

c r o s s - c u t t i n g dykes can be i d e n t i f i e d and these are 

younger than the metamorphism, often following f a u l t 

planes. 
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B. PETROLOGY OF THE MIDDLEBACK GROUP 

The Middleback Group c o n s i s t s of two iron-formation 

u n i t s , each i n the order of 500» - 800' t h i c k , separated and 

u n d e r l a i n by a r g i l l a c e o u s s c h i s t s and carbonate bands. The s c h i s t 

u n i t which separates the iron-formations reaches 700' i n thickness 

and i s neuned the Cook Gap S c h i s t s (Miles 1954). 

L i t h o l o g i e s i n the Middleback Group are s i m i l a r to those 

of iron-formation sequences i n other p a r t s of the world (Miles 1954, 

James 1966). The s c h i s t s were o r i g i n a l l y normal a r g i l l a c e o u s sed­

iments whereas the iron-formations represent long periods of 

chemical or biochemical p r e c i p i t a t i o n of i r o n and s i l i c a which 

produced ferruginous c h e r t s (James,1954, 1966, Borchert 1960, 

T r e n d a l l and B l o c k l e y 1970), There i s no doubt that the major 

l i t h o l o g i c a l u n i t s are of sedimentary o r i g i n . 

The petrology of the Middleback Group has been described 

i n a number of papers (Edwards 1936, 1954, Whittle 1954, Miles 1954, 

Whitehead 1962) and i n company reports by Whitehead and Burger. 

These d e f i n e the main rock and mineral types but have l i t t l e comment 

on the conditions of metamorphism or the m o b i l i t y of components 

during metamorphism. 

Iron-formations, carbonate u n i t s and s c h i s t s aore the 

three rock types which d e f i n i t e l y pre-date the metamorphism. They 

t h e r e f o r e o f f e r most information on the metamorphic conditions and 

the m o b i l i t y of components. Mineral compositions i n each of these 

three groups were determined by e l e c t r o n microprobe and the i r o n -
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formation microtextures were examined i n some d e t a i l . The 

r e s u l t s a r e described i n the f o l l o w i n g pages and the i m p l i c a t i o n s 

aire d i s c u s s e d . 
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1. Iron-formations 

Iron-formation outcrops as a hard, b r i t t l e rock, varying 

i n colour from uniform blue-black to c l e a r l y banded l i g h t and dark 

brown ( F i g . 5 a ) . The l a t t e r v a r i e t i e s g e n e r a l l y have l i g h t brown 

f l e c k s a l i g n e d p a r a l l e l to the banding and these are l i m o n i t i s e d 

amphiboles. I n d r i l l core from below the zone of weathering, the 

rock i s l i g h t grey to b l a c k , d i s t i n c t l y banded and u s u a l l y with 

more amphibole than i s seen at the s u r f a c e ( F i g . 5 b ) . 

T y p i c a l iron-formation i s composed of fine-grained quartz 

and i r o n oxides with amphiboles dispersed as s i n g l e c r y s t a l s or 

grouped i n t o t h i n bands ( F i g , 6 ) . The proportion of amphibole 

v a r i e s and there i s every gradation between a pure q u a r t z - i r o n 

oxide rock and an amphibole s c h i s t . 

The simple and uniform whole-rock geochemistry i s shown 

i n Table 2, and .28? a d d i t i o n a l whole-rock analyses are given i n 

Appendix I . There i s no sodium or potassium present i n the rocks 

and v i r t u a l l y no alumina. The three main components are s i l i c a , 

i r o n , magnesium and to a l e s s e r degree calciiam, and t h i s i s t y p i c a l 

of iron-formations throughout the world (James 1966). Trace elenent 

content i s low. 

(a) Mineralogy 

I r o n oxides - hematite i s the predominant i r o n oxide i n the 

weathered zone, which normally extends 250' - 350' below the 

s u r f a c e . I t has.mainly replaced magnetite, often r e t a i n i n g a 

c u b i c form, and remnant magnetite fr e q u e n t l y occxirs i n small 
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Fig . 5a. Iron-formation outcrops on the West side of Iron Duke. The 
darker layers are hematite-magnetite r ich, the lighter layers 
quartz r i ch . Limonltised amphiboles show as light brown flecks. 
Scale given by hammer head at base of phatograph. 

Magnetite rich layer Amphibole rich layer 

' ' H I l ! n i | M I | l | M M I ! M i i | ' i m i | • I [ I I I 

Fig . 5b. Iron - formation from below the zone of oxidat ion. The darker layers 
are magnetite rich and the fibrous layers are amphibole r ich . Note 
the impression of graded bedding in the magnetite rich layers. Cook 
Range, DDH82, approx. 1,000'. 
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Quartz 

agnetite 

Amphibole 

Fig. 6. Typical iron-formation microtexture from below the zone of 
oxidation. Composed of quartz and magnetite with dispersed 
amphiboles. 
Sample 63-307, crossed polars. 
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Table 2 . Whole-rock analyses of Middieback Range iron-formations 

A . Major element analyses, by Chemical Laboratory, B .H.P . , Whyalla 

per cent ,62-606 57-2426 
(assay) 

S i 0 2 55.1 49.0 

AI2O3 .0.1 0.5 

Fe203 40.0 45.3 

MgO > 3.8 2.5 

C a O 0.3 2.8 

N a 2 0 0.0 N.D. 

K2O 0.0 N.D. 

T i02 0.1 0.2 

MnO 0.3 0.2 

S 0.1 0.0 

P2O5 0.1 0.1 

Ig. Loss 0.2 0.1 

100.1 100.7 
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Table2 (ctd.) 

B. Trace element analyses, XRF by author 

Grunerite rich Tremolite rich 
ppm 62-606 62-1085 

Zn 29 13 

Cu 0 27 

Ni 6 17 

Ba 0 0 

Nb Approx. 1-4 Approx. 1-4 

Zr 1 4 

Y 0 0 

Sr 0 0 

Rb 0 0 
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patches w i t h i n the hematite g r a i n s . A l i t t l e limonite i s present 

i n the weathered zone due to the breakdown of amphiboles. At 

depth, magnetite i s the predominant i r o n oxide and hematite i s 

r a r e , o c c u r r i n g as small elongate blade forms confined to p a r t ­

i c u l a r beuids and q u i t e d i s t i n c t from the accompanying magnetite. 

Carbonates - carbonates a r e r a r e w i t h i n the bulk iron-formation. 

Whitehead (1962) records c a l c i t e a s s o c i a t e d with t r e m o l i t e i n 

some bands and i n one microprobe sample examined by the author, 

c a l c i t e was i d e n t i f i e d i n a tr e m o l i t e l a y e r (62-1316). I n the 

lower p a r t of the iron-formation sequence there i s some i n t e r -

l a y e r i n g of s i l i c e o u s and carbonate u n i t s . The carbonate mineral 

i n these l a y e r s i s a low-iron a n k e r i t e , i d e n t i c a l i n compxjsition 

to the a n k e r i t e s of the t h i c k e r carbonate u n i t s which w i l l be 

d i s c u s s e d l a t e r ( a n a l y s e s 1 to 3, Appendix I I sample 83-575). 

Amphiboles - the amphiboles have been o p t i c a l l y i d e n t i f i e d as 

grunerite-cummingtonite and t r e m o l i t e - a c t i n o l i t e by Whittle 

(1954) and Whitehead (1962 and company r e p o r t s ) . Whittle a l s o 

records glaucophane from b e n e f i c i a t i o n concentrates. 

The amphiboles frequently occur i n d i s c r e t e l a y e r s and 

Whitehead (1962) observed that only one amphibole i s present i n 

any p a r t i c u l a r band. C a t l e y (1964), records r a p i d a l t e r n a t i o n of 

c l e a r l y defined t r e m o l i t e s c h i s t and grunerite s c h i s t bands i n 

bore DDH 62, Iro n Ehachess. T h i s segregation i s not complete, 

because Wh i t t l e (1954) records g r u n e r i t e , cummingtonite and 
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a c t i n o l i t e c o e x i s t i n g i n amphibole s c h i s t i n the Katunga H i l l s . 

Amphiboles i n eleven samples were analysed by e l e c t r o n 

microprobe and 34 analys e s are p l o t t e d i n F i g . 7 . The complete 

data i s given i n Appendix I I . 

The analyses show that two amphiboles dominate the 

s i l i c a t e l a y e r s and have the f o l l o w i n g approximate compositions: 

^^2^^4 3^^0 8^^8°22^°"^2 " Tremolite, average of 11 analyses. 

^9r, -D^^A t^^-'-Q^oo^^^)o " Grunerite, average of 21 analyses. 

(Water content assximed) 

A t h i r d amphibole was i d e n t i f i e d i n two samples (57-2081, 

1627) ajid t h i s i s an i r o n r i c h a c t i n o l i t e with the approximate 

composition Ca Mg Fe. O^-^Q^OO^^^) o (^^verage of 2 a n a l y s e s ) . 2 3.2 1.9 o 22 2 

I n ten of the eleven t h i n s e c t i o n s only one amphibole 

was present and i n the one outstanding s e c t i o n , a s i n g l e l a t h e of 

a c t i n o l i t e was i d e n t i f i e d amongst g r u n e r i t e (57-2081). Within any 

one s e c t i o n , the amphibole composition remained e s s e n t i a l l y con­

s t a n t and no zoning or e x s o l u t i o n was detected. 

The samples were chosen from widely separated d r i l l ­

holes i n the south Middieback Range and the r e s u l t s , 

( i ) confirmed t h a t p a r t i c u l a r bands are c h a r a c t e r i s e d by one 

amphibole composition, 

( i i ) show that the segregation i s not complete, 

( i i i ) show that the p r e c i s e amphibole compositions have very 

l i m i t e d ranges throughout a wide area. 
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Ca7Si3022(OH)2 

A T O M I C PROPORTIONS 

TREMOLITES 

f3 
ACTINOLITES 

GRUNERITES 

M g - S i „ 0 . , . ( O H ) , 
/ o ^— . . 

Fe7Si3022(01-:)2 

F i g . 7 . Com.oosirions of a:npliilx)les in MWdleback Rcnge i ron- formot ions. 
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(b) Microtextxires: 

Thin s e c t i o n s show evenly s i z e d , i n t e r l o c k i n g quartz 

g r a i n s with frequent t r i p l e point j u n c t i o n s and an average d i a ­

meter of 0.1mm - 0.2mm (Fig.6 ) . Magnetite g r a i n s , of s i m i l a r 

s i z e or r a t h e r s m a l l e r , are grouped i n t o t r a i n s and bainds or 

d i s p e r s e d throughout the quartz. Amphiboles occur as w e l l formed 

bladed c r y s t a l s sometimes growing from the magnetite and often 

concentrated i n s p e c i f i c bands. 

The iron-formation banding i s of two types; a r e g u l a r , 

broad l a y e r i n g g e n e r a l l y between 1cm and 3cm wide which i s 

commonly v i s i b l e i n outcrop, and a f i n e s c a l e , often microscopic 

l a y e r i n g which occurs w i t h i n and p a r a l l e l to the broader bands. 

Both axe due to varying proportions of quartz, magnetite and 

eimphibole. 

The f i n e s c a l e l a y e r i n g shows s t r i k i n g v a r i a t i o n s of 

t e x t u r e both i n hand specimen and t h i n s e c t i o n . F i v e microtextures 

cam be d i s t i n g u i s h e d and these are i l l u s t r a t e d i n F i g s , 8a to 8e 

and d e s c r i b e d i n Table 3. The most important f a c t o r s are the 

amount of amphibole present and the quantity and s i z e of the 

magnetite g r a i n s . Amphibole bands become markedly s c h i s t o s e and 

the quartz grains are f r e q u e n t l y elongate p a r a l l e l to the 

amphiboles. I f l a r g e magnetite c r y s t a l s are present i n an 

amphibole r i c h band, quartz grows from the c r y s t a l f aces i n 

d i s t i n c t t a i l s ( F i g . 8 e ) . I n l a y e r s w i t h lairge, c l o s e l y packed 
t 

magnetite g r a i n s , the i n t e r s t i t i a l quartz i s more coarsely c r y s ­

t a l l i n e than normal and has vmdulose e x t i n c t i o n . 
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• Table 3. Microtextures i n iron-formations 

Predominant 
mineral 

1.Quartz 

A d d i t i o n a l F i g . 
minerals 

magnetite 8a 
(amphibole) 

An even, f i n e - g r a i n e d 
texture with very small 
magnetite grains evenly 
dispersed throughout 
l a r g e r quartz g r a i n s . 

2.Amphibole magnetite 
quartz 

8b D i s t i n c t l y s c h i s t o s e with 
coarse grained magnetite. 
Quartz often i n bladed 
forms p a r a l l e l to the 
amphibole. 

3.Magnetite quartz 
(amphibole) 

8c ( i ) an even, s i e v e - l i k e 
texture w i t h magnetite 
aggregates forming the 
mesh and f i n e grained 
quartz i n the i n t e r s t i c e s , 

8d ( i i ) a coarse granular 
texture with large magnet­
i t e g rains forming an 
i r r e g u l a r network and 
co a r s e l y c r y s t a l l i n e 
i n t e r s t i t i a l quartz with 
undulose e x t i n c t i o n . 

4.Magnetite amphibole 
quartz 

8e Coarse and granulair , 
s i m i l a r to 8d but with 
l a r g e r magnetite grains 
and pronounced elongation 
of the magnetite g r a i n 
c l u s t e r s and the i n t e r ­
s t i t i a l amphibole. 

Brackets i n d i c a t e that a mineral i s present 
i n minor quantity and may be absent. 
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Fig . 8a. Iron-formation - microtexture type 1. 
Quartz predominant, magnetite evenly distributed, amphibole 
minor. Note small size of magnetite grains. 
Sample 63-307. 

F ig . 8b. Iron-formation - microtexture type 2. 
Amphibole rich, with less quartz and iron oxide. Quartz tends to 
be elongate parallel to the amphibole lineation. 
Sample 63-307, crossed polars. 
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F ig . 8c. Iron-formation-microtexture type 3( i ) . 
Iron oxides, mainly magnetite, in about equal quantity with quartz. 
Minor amphibole. Note the fine grain and regular distribution of 
components. 
Sample 63-307, crossed polars. 

F ig . 8d . Iron formation - microtexture type 3 ( i i ) . iron oxides and quartz. 
Note large quartz grains with undulose ext inct ion. 
Sample 76-690, crossed polars. 
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Amphibole 

Quartz 

F ig . 8e. Iron-formation - microtexture type 4 . 
iron oxides predominant with interstit ial quartz and amphibole. 
Note tendency for quartz to grow as tails behind iron oxides. 
Sample 63-213, crossed polars. 

Quartz 

Amphibole 

Fig. 8f . Iron-formation - Alternating bands of quartz-magnetite and 
amphibole-magnetite which result in a fine but distinctly 
layered iron-formation. 
Sample 2746, crossed polars. 
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Fig . 8g . Homersley range iron-formation. Iron oxides and quartz. Note the 
variation in quartz grain size. 
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Bands showing d i f f e r e n t microtextures can a l t e r n a t e on 

a very s m a l l s c a l e , as i n s e c t i o n 2746 which has up to 30 d i s t i n c t 

bands w i t h i n Imm ( F i g . S f ) . I n a d d i t i o n to the main microtextures, 

some s e c t i o n s show a very f i n e grained magnetite l a y e r i n g p a r a l l e l 

to the wider l a y e r s . In these, the magnetite grains are frequently 

enclosed by the quartz g r a i n s . 

The microtextures show that during r e g i o n a l metamorphism, 

components w i t h i n the iron-formations behaved i n an orderly manner. 

Magnetite c r y s t a l l i s e d e a r l y , followed by qiaartz and aonphiboles. 

Any migration of i r o n must the r e f o r e have taken p l a c e at an e a r l y 

stage of metamorphism. The very f i n e , evenly dispersed magnetite 

i n some l a y e r s has c l e a r l y not migrated and there i s no evidence 

that i r o n has moved i n t o the magnetite r i c h l a y e r s . Contacts 

between magnetite r i c h and magnetite poor l a y e r s are often sharp, 

with no enriched or d e f i c i e n t zones between the two, as may be 

expected with migration. I t appears l i k e l y , t h e r e f ore, that i r o n 

remedned immobile during metcimorphism and the magnetite contents 

of i n d i v i d u a l l a y e r s r e f l e c t d i f f e r e n c e s i n i r o n content of the 

o r i g i n a l rock. 



2. Carbonate u n i t s 

A carbonate unit occurs towards the base of the i r o n -

formation sequence, outcropping i n t e r m i t t e n t l y on the f l a n k s of 

the ramges. I t i s of v a r i a b l e t h i c k n e s s , reaching s e v e r a l 

hundred f e e t i n pla c e s amd was named the Middleback North Dolomite 

by M i l e s (1954). I n outcrop, the rock i s dark brown to buff 

coloured and the upper part contains s i l i c e o u s bands which stand 

out as sharp r i d g e s . When f r e s h , the rock i s l i g h t to dark grey, 

compact and f i n e or medium grained with an even, c r y s t a l l i n e 

textiare. A second, 50» to 100» t h i c k carbonate uni t occurs 

w i t h i n the s c h i s t s s e p a r a t i n g the two iron-formation u n i t s a t 

Cook Gap i n the South Middleback Range. 

( a ) Mineralogy 

Carbonates - Edwards (1954) d e s c r i b e s the exposure at Mount 

Middleback North ( F i g . l ) as a r e c r y s t a l l i s e d dolomite-marble. 

The same u n i t was i n t e r s e c t e d by Geological Survey d r i l l i n g at 

Katunga H i l l s , 15 miles to the north, and i s described by Wh i t t l e 

(1954) as a mixture of c a l c i t e and l e s s e r dolomite with considerable 

t r e m o l i t e and diopside. 

At I r o n Duke, the carbonate u n i t was i n t e r s e c t e d i n 

s e v e r a l d r i l l h o l e s and whole-rock analyses of 9 samples (Appendix 

I ) show i t to be a dolomite containing between 4.0% and 9.4% i r o n 

expressed as Fe O and approximately 0.9% MnO. E l e c t r o n microprobe 
2 3 

ana l y s e s on mineral g r a i n s i n one saunple (47-1041) confirm t h i s 

g eneral composition (Appendix I I ) . Representative whole-rock and 
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e l e c t r o n microprobe analyses are shown i n Table 4. 

Deer, Howie and Zussman (1963) d i v i d e dolomite from 

a n k e r i t e on the a r b i t r a r y r a t i o of Mg:Fe =4:1 and the carbonate 

d e s c r i b e d above has an element weight percent r a t i o of 1.6:1. By 

t h i s d e f i n i t i o n , the mineral i s a low-iron a n k e r i t e aind w i l l be 

r e f e r r e d to as a n k e r i t e i n t h i s t h e s i s . 

Information on carbonate mineralogy i n other p a r t s of 

the Middleback Range area i s more l i m i t e d than f or I r o n Duke. 

Mi l e s (1954) records f i v e whole-rock analyses of carbonates from 

widely separated l o c a l i t i e s and they are s i m i l a r to the I r o n Diike 

analyses except that they contain up to 4% MnO. Two of these 

analy s e s are shown i n Table 4, together with analyses of a t y p i c a l 

I r o n Duke Scimple. The s i m i l a r i t y between a l l the analyses suggests 

th a t a good de a l of the carbonate mapped as dolomite i s a low-iron 

a n k e r i t e . 

Reconnaissance e l e c t r o n microprobe a n a l y s i s was c a r r i e d 

out on one sample (CNl) from the t h i n carbonate u n i t amongst the 

s c h i s t s which separate the iron-formation u n i t s a t Cook Gap. This 

showed a composition very s i m i l a r to the I r o n Duke carbonatG. 

S i l i c a t e s - t r e m o l i t e and diopside are reported by Whittle (1954) 

from the b a s a l carbonate u n i t at Katunga H i l l s and Whitehead (1962 

and company r e p o r t s ) has recorded diopside a t I r o n Duke. 

The diopside a t I r o n Diike occurs as l a r g e c r y s t a l s , up to 

1cm i n length, and grouped i n random o r i e n t a t i o n . E l e c t r o n micro-
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Table 4 . Whole-rock and electron microprobe analyses of Middleback 
Range carbonate units 

Per cent (Miles 1955) (Miles 1955) 47-104(XRF) 

Si02 2.20 2.07 1.0 

^ ' 2 S 0.52 N . D . 0 .2 

4 .76 j 
5:61 2 3 

4 .76 j 
5:61 7:5 

Fep :2^75 J 

MgO 15.04 17.05 13.7 

CoO 29.65 28.33 26.3 

Na20 0.16 N . D . 0.0 

K^O 0.08 N . D . 0.1 

TiO^ N i l N i l 0.1 

MnO 1.25 4 .16 1.0 

S N . D . N . D . 0.0 

FeS2 0.07 N . D . N . D . 

0.01 0.01 0.1 

CO 42.56 N . D . N . D . 

H2O (Tot.) 0.88 0.35 N . D . 

CI 0.02 N . D . N . D . 

D i f f . - 42.42 50.0 

99.95 100.00 100,0 

Location: 1. West flank of Iron Knight 

47-1041 (Probe) 

2 . South-east corner of South Middleback Range 
3. iron Duke, analyses by author, with Fe expressed 
4 . 1 O S Fe202 

8.6 

16.0 

29.5 

0 .7 

45 .2 

100.0 
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probe a n a l y s e s of c r y s t a l s i n one sample ( S A l , Appendix I I ) show 

a uniform composition of Ca^Mg^ „Fe^ o^i^O^ with no detectable 
J- (J. o O . J 2 o 

zoning i n the c r y s t a l s . 

Quartz - i n t e r l a y e r e d quartz and carbonate bands are recorded 

by Rudd (1940) and M i l e s (1954) from the upper part of the 

carbonate u n i t . D r i l l h o l e DDH 83 a t Iron Duke i n t e r s e c t e d s i m i l a r 

i n t e r l a y e r e d m a t e r i a l a t the same s t r a t i g r a p h i c l e v e l . 

I r o n oxides - magnetite occurs i n t h i n l a y e r s i n the upper part 

of the caxbonate i m i t at Ir o n Duke. I t i s present as w e l l formed, 

often cubic g r a i n s . Hematite i s commonly found w i t h i n the 

ceurbonate near to hematite orebodies and occurs as a f i n e red 

dust along carbonate g r a i n boundaories and cleavages. 

(b) Microtextures; 

Thin s e c t i o n s were a v a i l a b l e of the Cook Gap carbonate 

band and the t h i c k b a s a l carbonate at I r o n Duke. 

The former i s an equigranular mosaic of carbonate grains 

with niomerous t r i p l e point j u n c t i o n s ( F i g . 9 ) . The c r y s t a l s often 

show w e l l developed cleavage. At I r o n Duke, the microtexture i s 

very s i m i l a r but the gra i n s tend to be l e s s defined, with d i f f u s e 

boundsiries. I n the upper part of the I r o n Duke u n i t , t h i n l a y e r s 

of magnetite produce a f i n e l a y e r i n g almost i d e n t i c a l , i n hand 

specimen to that of the iron-formations. Thin s e c t i o n s show that 

the l a y e r i n g i s due e n t i r e l y to vairying proportions of magnetite 

which occurs i n subhedral, blocky g r a i n s . 
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Fig. 9 . Microtexture of carbonate unit at Cook Gap. Note the fairly 
regular crystal size and shape, and the triple point junctions. 
Sample C G I , crossed polars. 
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No samples were a v a i l a b l e from other parts of the 

ramges but Taylor (1954), d e s c r i b e s the I r o n Prince exposure as 

f i n e to medium grained granular dolomite and Whittle (1954) 

d e s c r i b e s the Katunga H i l l s d r i l l h o l e i n t e r s e c t i o n s as an equi­

granular mosaic of carbonates. 

Two important points have been e s t a b l i s h e d by the 

above d e s c r i p t i o n s : 

( a ) the general composition of the carbonate u n i t s i s that of 

an a n k e r i t e with about 5%-9% i r o n plus manganese, 

(b) the regional microtexture i s a medium grained eqixigranular 

mosaic which i s a t y p i c a l r e g i o n a l metamorphic texture (Spry 

(1969). 
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3. S c h i s t s 

Thin bajids of s c h i s t occur below and w i t h i n the i r o n -

formations. These a r e mainly q u a r t z - c h l o r i t e and q u a r t z - b i o t i t e 

s c h i s t s but c h l o r i t o i d i s recorded from one band i n the south 

range (Edwards 1954). 

The main s c h i s t u n i t separates the iron-formations 

and i s up to 700' t h i c k (Miles 1954, Owen and Whitehead 1965). 

I t c o n s i s t s o f q u a r t z - c h l o r i t e and quartz-biotite-hornblende 

s c h i s t s which contain v a r i a b l e amounts of f e l d s p a r and garnet. 

Quartz l e n t i c l e s are common and s t r e t c h e d pebbles are recorded 

by Rudd (1940) and Miles (1954). 

( a ) Mineralogy 

Minerals i n four t h i n s e c t i o n s were examined by 

e l e c t r o n microprobe. The ccmplete analyses are given i n Appendix 

I I and the r e s u l t s are summarised below: 

B i o t i t e K^.8^^92.1^"3.0^i0.1^^1.2)^^^.4^^2.6)V°«)4 

This composition i s the average of two analyses i n 

two t h i n s e c t i o n s (1958, 5-157). The range of t o t a l 

atomic A l i s 3.4 to 4.3 and of S i i s 5.1 to 5.7, 

Hornblende Ca^ ̂  gNa^ _ ̂ (Mn^^ ̂ Fe^_ ̂ Mg^ ̂  ̂ A l ^ ̂  ̂ ) ( A l ^ ̂  ̂ S i ^ . 3 )°22^ 2 

The composition i s from one a n a l y s i s on s e c t i o n 5-157. 

Reconna,issance a n a l y s i s showed that other c r y s t a l s i n 

the s e c t i o n were of s i m i l a r composition. The amphibole 

b a s i c formula name i s Pa r g a s i t e ( P h i l l i p s 1965). 
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P l a g i o c l a s e Ab 62, An 32, Or 6. 

The composition i s the average of two cuialyses i n 

one t h i n s e c t i o n (1961). 

C h l o r i t e (Ko.6^^g3.o^-5.8^^2.7)(^S.4^^2.6)%(°«)l6 
The composition i s from one ainalysis i n t h i n s e c t i o n 

5-1952. Reconnaissance a n a l y s i s showed the c h l o r i t e 

to have a uniform composition. The c h l o r i t e composition 

i s t h a t of a R i p i d o l i t e (Hey 1954). 

Garnet Almandine ( F e - g a r n e t ) . 

Garnets were analysed i n three t h i n s e c t i o n s (1961, 

5-1952, 5-157) and a l l were b a s i c a l l y almandines 

but showed considerable vaoriation i n Fe, Mn and to 

a l e s s e r extent Ca. This may be i l l u s t r a t e d by the 

two compositions below from d i f f e r e n t t h i n s e c t i o n s : 

Fe Mn Ca Mg 
5-1952 Aim.83 Spess.4 Gross.8 Pyr.5 
5-157 Aim.57 Spess.22 Gross.15 Pyr.6 

Two of the t h i n s e c t i o n s (5-157, 1961) were quartz 

r i c h s c h i s t s with amphibole, b i o t i t e , p l a g i o c l a s e 

and a l i t t l e c h l o r i t e . The garnets i n these were very 

small and conformed to the composition shown f o r 5-157 

above. The t h i r d t h i n s e c t i o n (5-1952) was a c h l o r i t e 

s c h i s t w ith l a r g e r garnets which had Mn d e f i c i e n t rims 

( F i g . 1 0 ) . 

(b) M icrotextures 

Eleven t h i n s e c t i o n s of the s c h i s t were a v a i l a b l e , a l l 

from a deep G e o l o g i c a l Survey d r i l l h o l e (MSDD5). The m a j o r i t y 
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Fig. 10. Photomicrograph of garnet crystal in chlorite schist, part of 
the Cook Gap schists, sample No. S-1952. Uncorrected 
Mn and Al determinations at the points marked on the photograph 
are: 

1. 

2 . 

3. 

4 . 

5. 

6. 

Mn 

0.9 

1.0 

1.4 

2.1 

2.7 

2.3 

A l 

10.1 

10.0 

10.0 

10.1 

10.9 

10.4 
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contain f i n e - g r a i n e d quaxtz and amphibole, with v a r i e d amounts 

of b i o t i t e , p l a g i o c l a s e , garnet and c h l o r i t e . Fine grained 

s e r i c i t e appears to be present i n some samples. The bladed and 

f i b r o u s minerals aire g e n e r a l l y a l i g n e d p a r a l l e l producing a 

strong l i n e a t i o n i n t h i n s e c t i o n . Quartz eyes axe common and 

are elongate p a r a l l e l to the l i n e a t i o n . The garnets, when 

present, do not a f f e c t the o r i e n t a t i o n of the amphiboles or 

b i o t i t e s and appear to be contemporaneous with them. 

C h l o r i t e occurs i n seme s e c t i o n s , as small, i r r e g u l a r 

green patches with no c l e a r c r y s t a l form. These merge with the 

b i o t i t e and hornblende and sanetimes appear to replace them but 

no d e f i n i t e replacement t e x t u r e s were found. 
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4. D i s c u s s i o n 

The iron-formation banding has been regarded as 

sedimentciry by most authors. Whitehead (1962) and C a t l e y (1965), 

f o r example, suggested that the a l t e r n a t i n g l a y e r s of d i f f e r e n t 

amphiboles r e f l e c t v a r i a t i o n s i n composition w i t h i n the o r i g i n a l 

sediment. However, Jones (1968), i n an undergraduate study of 

I r o n Duke s t r u c t u r e s , detected small s c a l e i s o l a t e d f o l d c l o s u r e s 

w i t h i n the plane of the iron-formation banding and suggested that 

these may be remnants of an e a r l i e r l a y e r i n g . T h i s r a i s e s the 

p o s s i b i l i t y t h a t the iron-formation l a y e r i n g i s due to metamorphic 

d i f f e r e n t i a t i o n , as suggested a l s o by Talbot ( p e r s . comm.) who has 

worked on metamorphic l a y e r i n g of a broadly s i m i l a r type i n the 

south-east of South A u s t r a l i a (Talbot and Hobbs 1968). The main 

f a c t o r s which suggest that the banding i s sedimentary rather 

than metamorphic are as f o l l o w s : 

( i ) As would be expected of sedimentairy l a y e r i n g , the banding 

i s g e n e r a l l y p a r a l l e l to the margins o f the main u n i t s and to 

the t h i n , i n t e r l a y e r e d a r g i l l a c e o u s s c h i s t s . 

( i i ) Iron-formations throughout the world are c h a r a c t e r i s e d by 

a l t e r n a t i n g l a y e r s r i c h i n quartz, i r o n oxides, s i l i c a t e s and 

carbonates (Jajues 1966). I n unmetamorphosed are a s , the t y p i c a l 

m i nerals axe quaxtz, magnetite, hematite, g r e e n a l i t e , minnesotaite, 

s t i l ^ o m e l a n e , dolomite and s i d e r i t e . Metamorphism produces 

assemblages i d e n t i c a l to those of the Middleback Ranges, auid i n 

areas with metamorphic zoning, the new assemblages r e f l e c t the 

p r e - e x i s t i n g mineralogy (Jaimes 1955, Gross 1967). 

•7̂  
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( i i i ) The f i n e l y l a y e r e d Middleback Range banding i s s i m i l a r 

i n s c a l e and appearance to the unmetaunorphosed Hamersley 

Group iron-formations of north-west A u s t r a l i a . T h i r t e e n 

Hamersley specimens were examined of which eight were much 

f i n e r grained than the Middleback Range m a t e r i a l but f i v e 

had similcir microtextures as i l l u s t r a t e d i n F i g . 8 , This 

suggests t h a t metamorphism has not g r e a t l y changed the i r o n -

formation l a y e r i n g , the main a f f e c t s being a s l i g h t i n c r e a s e 

i n g r a i n s i z e and the development of amphiboles. 

For these reasons, the iron-formation l a y e r i n g i s 

considered to be sedimentary and the d i f f e r e n t amphiboles to 

r e f l e c t d i f f e r e n c e s i n the o r i g i n a l mineralogy. I n t h i s context, 

the i n t r a f o l i a l microfolds recorded by Jones (1968) may be 

sedimentairy slump s t r u c t u r e s . 

The i n t e r p r e t a t i o n of the f i n e - s c a l e l a y e r i n g as 

sedimentary i n o r i g i n i m p l i e s that there was n e g l i g i b l e 

movement of the main components during metamorphism. Whitehead 

(1962) reached a s i m i l a r conclusion from the c l o s e proximity of 

separate quartz-magnetite-tremolite and magnetite-tremolite-

c a l c i t e l a y e r s . Each band acted as an e s s e n t i a l l y c l o s e d system 

r e s u l t i n g i n the systematic va i r i a t i o n i n microtextures. The main 

v i s i b l e e f f e c t s of metamorphism are r e c r y s t a l l i s a t i o n of quartz 

and i r o n oxides and the development of cunphiboles. 

The o r i g i n a l sediments of the Middleback Group were 

ch e m i c a l l y or bi o c h e m i c a l l y p r e c i p i t a t e d c h e r t s , iro n oxides. 
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carbonates and F e , M g - s i l i c a t e s forming the iron-formation and 

carbonate u n i t s together with normal a r g i l l a c e o u s c l a s t i c 

sedimentation forming the present s c h i s t u n i t s . I n common with 

iron-formations throughout the world, the iron-formation u n i t s 

represent long, s t a b l e periods of chemical or biochemical 

d e p o s i t i o n w i t h uniform conditions over the whole area (James 

1966). The proportions of the main components v a r i e d gradually 

from p l a c e to p l a c e and with time. 

I n the lower part of the sequence, carbonate s e d i ­

mentation was dominant, producing t h i n i n t e r l a y e r e d carbonate-

c h e r t - i r o n oxide l a y e r s a t the base of the sequence, followed 

by the t h i c k b a s a l carbonate u n i t . Above the b a s a l carbonate, 

i r o n and s i l i c a p r e c i p i t a t i o n i n c r e a s e d , at f i r s t subsidiaory to 

carbonate fprming a t r a n s i t i o n zone and then becoming dominant to 

form the main iron-formation u n i t s . The iron-formations c o n s i s t e d 

of c h e r t , i r o n oxides and t h i n bands of cairbonates and Fe,Mg-

s i l i c a t e s . 

Metamorphism of these l a y e r e d iron-formations pro­

duced t r e m o l i t e and g r u n e r i t e from the chert-ccirbonates amd 

c h e r t ~ F e , M g - s i l i c a t e s assemblages and r e c r y s t a l l i s e d the chert 

and i r o n - o x i d e s . Thick carbonate u n i t s such as the b a s a l 

carbonate were r e c r y s t a l l i s e d and the normal c l a s t i c sediments 

were converted to s c h i s t s . 
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C. METAMORPHISM OF THE MIDDLEBACK GROUP 

Mineral assemblages i n the iron-formations and 

s c h i s t s of the Middleback Ranges core s t r i k i n g l y s i m i l a r to 

those recorded by James (1955) from Michigan iron-formations 

i n the garnet zone of r e g i o n a l metamorphism ( F i g . 1 1 ) . I n a 

more general c l a s s i f i c a t i o n t h i s i s equivalent to the upper 

g r e e n s c h i s t and lower p a r t of the amphibolite f a c i e s (Turner 

1968). 

I t i s important to e s t a b l i s h the r e g i o n a l metsimorphic 

grade vdth reasonable c e r t a i n t y as a b a s i s for d i s c u s s i n g ore 

genesis for both the hematite and the magnetite-hematite-

carbonate ores. The r e g i o n a l metamorphism w i l l therefore be 

d i s c u s s e d i n more d e t a i l i n the following pages. 

The simple but widespread mineralogy and the regular 

m i c r o t e x t u r e s i n iron-formation and carbonate u n i t s suggests 

that r e g i o n a l metamorphism was uniform throughout the area and 

t h a t equilibrixim was g e n e r a l l y a t t a i n e d . A l l the assemblages 

s a t i s f y the Phase r u l e i n that F 2, where F=C-P+2 (F=variance, 

C=components and P=phases), with HQ considered as a mobile 

component throughout and CO considered as an i n e r t component i n 

carbonate bainds and as a mobile component i n other assemblages. 

T h i s i s c o n s i s t e n t w i t h t h e i r having a t t a i n e d equilibriiom ( K l e i n 

1966) . 

I n the Middleback Ranges, no minerals c l e a r l y define 

the metamorphic grade but a number of assemblages contribute 
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Dashed lines imlirale uncertainly as to classification. Some 
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F ig . 11 . Mineral assemblages In Hie metamorphic zones of Northern Mich igan, 
from James 1955. The approximafe position of the Middleback Gr^ 
in terms of mineroi a.-semblages and estimoted metamorphic grade Is 

shown on the diagram by the stippled area. 
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information which, when accumulated, enables an estimate of 

pressure-temperature conditions. As the assemblages themselves 

are a f u n c t i o n of chemical components, i t i s convenient to 

group them f o r d e s c r i p t i o n i n t o chemical systems ( K l e i n 1966). 

The m i n e r a l assemblages present a r e i l l u s t r a t e d i n Fig.12. 
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Ploglocloso 

A L O . + Fe^O.-.-

{Ho^ + K2O) 

A T O M I C 
PROPORTIONS 

rvdine 

Chlorite 

Siotite 

Hornblende 

C a O FeO + M g O + M n O 

F i g . 12a. M c i n p e l i t i c assernblcges in the Cook Gap schists. 

Excess S i 0 2 - ACF d iagram, mineral compositions from electron microprobe 

onalyses. 
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A T O M I C 
PROPORTIONS 

Quartz 

Grunerite 

f/onnelite 
Ankente Coicite 

C a O 
FeO + M ^ O 

F i g . 12b. |ron-forr,-.aH.nass3.T,blcges. Excess S IO^ . ACF ciiajron-,, mineral 
compositions from electron microprobe analyses. 
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1. SiO^-FeO-Fe^O^-MgO-H^O 

Quartz-magnetite ") 
„ ^ ^ .^ f Iron-formations Quartz-magnetite-grunerite J 

Gru n e r i t e with the approximate composition of Middleback 

m a t e r i a l has been s y n t h e s i s e d at 570°C with P =1000 bars and 
H20 

+ " 

^QQ2~^^ " 10 bars (Schurmann 1968). T h i s conforms to a broadly 

intermediate grade of r e g i o n a l metamorphism. 

I n nature, g r u n e r i t e i s normally formed by one of the 

fo l l o w i n g three r e a c t i o n s : 

7 Magnetite + 24 Qviartz + 3 H O ^ 3 Grunerite + 7/2 O (1) 

7 S i d e r i t e + 8 Quartz + 1 H O " 1 Grunerite + 7 CO ( 2 ) -

7 ( F d V I g - s i l i c a t e s ) + 10 Quartz » 3 G r u n e r i t e + 11 H O (3) 
iff 

Equation (1) from French, 1971. 

Equations(2) and (3) from Deer, Howie and Zussman 1963, with 

equation (3) s l i g h t l y modified. 

I n the Middleback Ranges, r e a c t i o n (1) i s u n l i k e l y 

because magnetite-quajrtz mixtures are common and show no s i g n 

of r e a c t i o n . Furthermore, the Middleback g r u n e r i t e s contain a 

minimum of about 6% by weight MgO which i s not accovinted for i n 

the quartz-magnetite r e a c t i o n . Amphiboles do grow from magnetite 

c r y s t a l f a c e s i n some cases but t h i s a p p l i e s to trem o l i t e as w e l l 

as g r u n e r i t e and appears to be due to the dynamics of c r y s t a l l i s ­

a t i o n r a t h e r than to chemical c o n t r o l . 
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Reactions ( 2 ) and (3) are both p o s s i b l e and w i l l 

be d i s c u s s e d s e p a r a t e l y : 

(2) 7(Fe,Mg)C0^ + SSiO^ + IH^O l{Fe,Mg)^Sl^O^^{OH)^ + 700^ 

S i d e r i t e Quartz Grunerite 

French (1971), from laboratory work and thermodynemic 

c a l c u l a t i o n s , estimates that g r u n e r i t e forms f r a n pure FeCO^ and 

quartz at SOO^C to 400*'C. The presence of Mg i n the s i d e r i t e 

extends i t s s t a b i l i t y f i e l d and r a i s e s the minimum temperature 

of r e a c t i o n . G r u n e r i t e s i n the Middleback Ranges a l l contain 

a p p r e c i a b l e Mg and the o r i g i n a l s i d e r i t e must have been Mg r i c h 

u n l e s s other minerals a l s o took part i n the r e a c t i o n . Assuming 

an Mg r i c h s i d e r i t e , temperatures of 350°C to 450'*C are reasonable 

f o r the f i r s t appearance of grxmerite. 

I n the North Michigan area of North America, grunerite 

f i r s t appears i n the upper part of the b i o t i t e zone a t estimated 

temperatures i n the order of 300°C to 350''C i n the pressure range 

1000 b. to 4000 b. (James 1954). The estimates agree with those 

of French described above and suggest a minimum p o s s i b l e grade of 

upper b i o t i t e f a c i e s f o r the Middleback Range rocks. 

I f the q u a r t z - s i d e r i t e r e a c t i o n d i d teike place i n the 

Middleback Ranges, i t was c a r r i e d to completion because s i d e r i t e 

i s now completely absent. I n the North Michigan area t h i s 

o ccurred w i t h i n the garnet zone, ronnant pockets of s i d e r i t e co­

e x i s t i n g with quartz and gru n e r i t e i n the main part of the zone 
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but s i d e r i t e being completely absent i n the higher grade, 

s t a u r o l i t e zone. By analogy, the Middleback rocks must have 

reached middle to upper garnet zone (upper g r e e n s c h i s t ) meta­

morphic grade. 

( 3 ) 7(Fe,Mg)^Si^0^ + lOSiO^ 3{Fe,Hg)^S±^0^^ + IIH^O 

F d V I g - s i l i c a t e s Quartz Grunerite 

The s i l i c a t e composition shown above i s g r e e n a l i t e 

but s i m i l a r F e M g - s i l i c a t e s such as minnesotaite and stilpnom-

elane a r e common i n m i l d l y metamorphosed iron-formations and 

are s u i t a b l e i n composition to form g r u n e r i t e (Blake 1965, 

James 1966). 

French (1971) suggests on the b a s i s of s y n t h e t i c 

work t h a t the upper s t a b i l i t y l i m i t of minnesotaite i s i n the 

order of 300"C at 2000 bars pressure. 

I n the North Michigan a r e a , minnesotaite and s t i l -

pnomelane are e l i m i n a t e d , presumably converting to g r u n e r i t e , 

i n the upper b i o t i t e zone a t estimated temperatures i n the 

order of 300°C to 350*'C (James 1955). The a c t u a l change i s 

not seen, but g r u n e r i t e commences as the other s i l i c a t e s d i s ­

appear and the temperature estimates f i t w e l l with those of 

French. 

I n the Middleback Range iron-formations, no meta­

morphic s i l i c a t e s other than amphiboles are present and the 

conversion must have c a r r i e d to completion. This i n d i c a t e s 
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a minimum p o s s i b l e grade of b i o t i t e - g a r n e t t r a n s i t i o n f a c i e s 

(upper g r e e n s c h i s t ) a t temperatures of 300°C - 350°C. 
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2. SiO -FeO-Fe 0 iJ^gO-CaO-H 0-CO 
2 3 2 2 

Ankerite-quartz 
A n k e r i t e - ( d i o p s i d e ) J 

T r e m o l i t e - m a g n e t i t e i q u a r t z - c a l c i t e 
Tremolite-magnetite-hematite-quartz } 

Carbonate u n i t s 

Iron-formations 

These assemblages are of p a r t i c u l a r i n t e r e s t because 

the presence of t r e m o l i t e enables an estimate of the lowest 

p o s s i b l e metamorphic grade and c o e x i s t i n g t r e m o l i t e and c a l c i t e 

i n iron-formation bands suggests an upper l i m i t . I n a d d i t i o n , 

the presence of unreacted ankerite-quartz cind t r e m o l i t e i n the 

Middleback Group provides some i n t e r e s t i n g information on the 

c o n d i t i o n s p r e v a i l i n g i n d i f f e r e n t l a y e r s during metajnorphism. 

There i s no experimental evidence for r e a c t i o n s i n 

ankerite-quairtz mixtures but t h e r e i s abundant data concerning 

the metamorphism of s i l i c e o u s dolomites and, as the Middleback 

Group a n k e r i t e s have low i r o n contents, i t i s reasonable to 

consider the a v a i l a b l e information on dolomite-quartz r e a c t i o n s . 

At intermediate grades of r e g i o n a l metamorphism, 

t r e m o l i t e forms from quartz and dolomite i n two main ways 

(Winkler 1967, Turner 1968): 

(4) 3 Dolomite + 4 Quartz + 1 H O ^ 1 T a l c + 3 C a l c i t e + 3C0 
followed by 

2 T a l c + 3 C a l c i t e — • 1 Tremolite + 1 Dolomite 

+ 1 HO + 1 CO^ 
2 2 
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(5) 5 Dolomite + 8 Quartz + 1 H O — - 1 Tremolite + 3 C a l c i t e 

+ 7 CO 
2 

No metamorphic t a l c occurs i n the Middleback Ranges 

so that the second stage of r e a c t i o n (4) must have c a r r i e d to 

completion i f the t r e m o l i t e formed i n t h i s way. 

Both r e a c t i o n s are pressure dependent and Turner (1968) 

estimates the f i r s t appearance of tremolite* from thermodynamic 

c a l c u l a t i o n s as f o l l o w s : 

PH 0=PCO i n bars 500 1 000 1400 2 2 
Temperature °C 400° 450° 480° 

These temperatures may be somewhat reduced i f the 

carbonate i s a n k e r i t e rather than dolomite (Turner 1968) and 

a minimum temperature i n the order of 350°C to 400°C appears 

reasonable f o r the Middleback Group. 

I n the North Michigan area, t r e m o l i t e f i r s t occurs i n 

the upper part of the b i o t i t e zone a t approximately the same 

time as g r u n e r i t e i n the iron-formations ( F i g . 1 1 ) . This suggests 

r a t h e r lower temperatures than are i n d i c a t e d by Turner's c a l c u l ­

a t i o n s and by analogy with the North Michigan earea, the lowest 

grade that could have been a t t a i n e d i n the Middleback Group 

carbonate i s upper b i o t i t e zone (upper g r e e n s c h i s t f a c i e s ) at 

temperatures of about 300"*C. 

An upper temperature l i m i t i s i n d i c a t e d by the presence 
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of c o e x i s t i n g q u a r t z - t r e m o l i t e - c a l c i t e . At high temperatures, 

t r e m o l i t e r e a c t s with quartz and c a l c i t e to form diopside i n 

the f o l l o w i n g way (Winkler 1967): 

(6) 1 Tremolite + 3 C a l c i t e + 2 Quartz 5 Diopside + 3C0 + IH 0 

The p r e c i s e temperature of t h i s r e a c t i o n i s dependant on the 

p a r t i a l p r e s s u r e s of CO^ and Ĥ O i n the i n t e r s t i t i a l pore f l u i d . 

Turner (1968) estimates from thermodynamic c a l c u l a t i o n s that 

the r e a c t i o n takes p l a c e at about 100°C above the t r e m o l i t e and 

c a l c i t e forming r e a c t i o n (5) for pressures up to 1750 bars. F i g . 

15 shows Turner's c a l c u l a t e d curve for s t a b l e equilibrium i n the 

r e a c t i o n , e xtrapolated l i n e a r l y to the pressure range of 2kb. to 

6kb., and t h i s i n d i c a t e s a maximum p o s s i b l e temperature for the 

Middleback Group i n the order of 65 0°C. 

T h i s estimate i s supported, to some extent, by the 

presence of unreacted a n k e r i t e - q u a r t z . I f water i s absent from 

the i n t e r s t i t i a l pore f l u i d , t r e m o l i t e development i s i n h i b i t e d 

and at high temperatures diopside i s formed by the following 

r e a c t i o n (Turner 1968): 

( 7 ) 1 Dolomite + 2 Quartz ^ 1 Diopside + 2 CO 

The estimated e q u i l i b r i u m curve for t h i s r e a c t i o n i s plotted on 

F i g . 15 and shows tha t metamorphism of the Middleback Group could 

not have proceeded to temperatures beyond about 650°C for 

p r e s s u r e s up to 4 kb. 
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Diopside does occur w i t h i n the t h i c k caucbonate uni t 

towards the base of the Middleback Group. However, i t occurs 

as l a r g e c r y s t a l s up to 1 cm i n length with a random o r i e n t ­

a t i o n , and these form a texture s t r i k i n g l y d i f f e r e n t from the 

f i n e - g r a i n e d even or s c h i s t o s e textures c h a r a c t e r i s t i c of a l l 

the c l e a r l y r e g i o n a l metsimorphic assemblages. A l l the known 

diopside i s from d r i l l h o l e s a t over 1000* below the s u r f a c e and 

g e o l o g i c a l i n t e r p r e t a t i o n at these depths i s u n c e r t a i n but i t 

i s p o s s i b l e that the diopside i s a product of contact metamor­

phism due to b a s i c i n t r u s i v e s or to the a c t i o n of hydrothermal 

s o l u t i o n s . I t i s t h e r e f o r e regarded as an u n r e l i a b l e i n d i c a t o r 

of r e g i o n a l metamorphic grade. 

The presence of both t r e m o l i t e and unreacted a n k e r i t e -

quartz i n the same sequence can be explained by d i f f e r e n c e s of 

P i n the i n t e r s t i t i a l pore f l u i d . The two t r e m o l i t e forming 

r e a c t i o n s ( 4 ) and ( 5 ) both depend upon the P_^ / P u ^ r a t i o of 
C02 H20 

the i n t e r s t i t i a l f l u i d , r e q u i r i n g higher temperatures for r e ­

a c t i o n as the PQQ2 r i s e s . The ankerite-quartz bands therefore 

represent l a y e r s with high P „ „ V P „ ^ r a t i o s and the t r e m o l i t e 
CU2 rl2U 

r i c h bands represent l a y e r s w i t h a higher water content i n the 

pore f l u i d . The p o s s i b l e reasons for v a r i a t i o n s i n the Pco2^^H20 

r a t i o a r e d i s c u s s e d below. 
As pore water i s driven out by progressive metamorphism, 

the P„_ / P „ ^ r a t i o i n any p a r t i c u l a r l a y e r w i l l depend p r i m a r i l y C02 H20 
on the carbonate content of the l a y e r . With i n c r e a s i n g grade. 

the t h i c k e r carbonate l a y e r s b u i l d up a high P^^^ and prevent 
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the inward d i f f u s i o n of water from adjacent l a y e r s (Turner 1 9 6 8 ) . 

Thinner carbonate l a y e r s w i l l be a f f e c t e d i n two ways: 

( 1 ) Water may penetrate the l a y e r , lowering the P « ^ _ / P r , ^ 

r a t i o cind promoting the t r e m o l i t e forming r e a c t i o n s . 

( 2 ) When hydrous s i l i c a t e s are present i n a carbonate r i c h 

l a y e r , the l o s s of s t r u c t u r a l water w i l l ensure a low 

^r-r>o/Pu^ r a t i o , f a c i l i t a t i n g the t r e m o l i t e forming CO2 H20 

r e a c t i o n s . 

These two f a c t o r s combined would e x p l a i n the l a c k of 

carbonate i n the main part of the iron-formation sequence where 

o r i g i n a l ceorbonate l a y e r s were t h i n , and the f a c t that the un­

r e a c t e d cinkerite-quartz mixtxires are a l l from the upper part of 

the main carbonate u n i t . 

Reactions ( 4 ) and ( 5 ) both produce a carbonate i n 

a d d i t i o n to t r e m o l i t e but t r e m o l i t e bands i n the Middleback 

Ranges r a r e l y c ontain carbonates. T h i s i n d i c a t e s that CO^ has 

been l o s t from the system (Mueller 1 9 6 0 ) . CO and presumably 

H^O must the r e f o r e have been mobile i n some paurts of the sequence 

during metamorphism. On the other hand, the pr e s e r v a t i o n of the 

an k e r i t e - q u a r t z assemblage r e q u i r e s a very high P^Q2 ^ ^ ^ ^ ^ 

suggests that CO remadned immobile i n these bands. K l e i n ( 1 9 6 6 ) , 

f a c e d with an i d e n t i c a l s i t u a t i o n i n the Wabush Lake area of 

Canada concluded that i n p a r t s of the area CO^ was i n e r t w h i l s t 

i n others i t was able to d i f f u s e out r e s u l t i n g i n strong P^^^ 

g r a d i e n t s . I t may, perhaps be more s a t i s f a c t o r i l y explained as 
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l i m i t e d p e netration of Ĥ O i n t o the carbonate u n i t s which had 

developed high p a r t i a l pressures of CO^. 
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3. SiO - A l O^^gO-FeO-K 0-Na 0-CaO-H O 
2 2 3 2 2 2 

Q u a r t z - h o r n b l e n d e i B i o t i t e - p l a g i o c l a s e - g a r n e t l c h l o r i t e " ) 
Q i i a r t z - c h l o r i t e - c h l o r i t o i d 
Q u artz-chlorite-muscovite 

S c h i s t s 

The Middleback Range s c h i s t assemblages are s i m i l a r to 

those at intermediate grades of raetamorphism i n the Harrovian 

zones of Scotland (Turner 1968) and the iron-formations of North 

Michigan (James 1955). D e t a i l e d comparison i s d i f f i c u l t because 

of d i f f e r e n c e s i n metcimorphic conditions and whole-rock s t a r t i n g 

compositions. I n d i v i d u a l mineral compositions give some inform­

a t i o n on the p r e c i s e grade a t t a i n e d dioring metamorphism and these 

are d i s c u s s e d below. 

Hornblende 

The term hornblende i s a general term used by metamor-

phic p e t r o l o g i s t s f o r green or brown aimphiboles containing some 

Na, K or A l i n the s t r u c t u r e i n a d d i t i o n to Ca, Fe and Mg. The 

amphiboles i n a r g i l l a c e o u s s c h i s t u n i t s i n the Middleback Ranges 

conform to t h i s d e s c r i p t i o n . 

The change of amphibole composition from a c t i n o l i t e to 

hornblende marks the onset of amphibolite grade conditions 

(Leake 1964). 

Harry (1950), suggested that with i n c r e a s i n g metamor-

p h i c gradeAl s u b s t i t u t e s for S i i n the Z s i t e . The Middleback 

Range hornblendes contain about 1.3 atoms of A l i n the Z s i t e 
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which conforms to the amphibolite f a c i e s group. 

Harry's suggestion was supported to some extent by 

data from southern Japan (Banno 1964) but was ref u t e d by Shido 

(1958), a l s o working i n southern Japan, who maintained that A l 

v a r i a t i o n i s not syst e m a t i c with grade but that the a l k a l i con­

tent i n c r e a s e s with i n c r e a s i n g grade. Engel and Engel (1962) 

r e p o r t d e f i n i t e i n c r e a s e s i n Na, K and TiO^ with i n c r e a s i n g grade 

but no i n c r e a s e i n A l . 

Whole-rock composition i s a major chemical c o n t r o l and 

may i n f l u e n c e the p r e c i s e composition of hornblende more than 

subsequent pressure-temperature changes (Engel and Engel 1962). 

The t i t a n i u m content of an amphibole, for example, may r e f l e c t 

the abundance or paucity of titanium i n the o r i g i n a l rock. 

The presence of other ferromagnesian minerals may a l s o 

s t r o n g l y i n f l u e n c e hornblende compositions. Elements, such as 

T i , may be p a r t i t i o n e d between s e v e r a l ferromagnesium minerals 

and a hornblende i n t h i s s i t u a t i o n w i l l c o ntain l e s s of these 

p a r t i c u l a r elements than i f i t were the only ferromagnesian 

mineral present (Leake 1964). 

The use of hornblende compositions to i n d i c a t e meta-

morphic grade i s t h e r e f o r e fraught with d i f f i c u l t y . The pre­

sence of hornblende i n d i c a t e s a minimum grade of lower ainphi-

b o l i t e f a c i e s but the mineral composition cainnot be used to 

estimate the f i n a l grade a t t a i n e d . 
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B i o t i t e 

B i o t i t e forms i n the upper part of the greenschist 

f a c i e s by complex dehydration r e a c t i o n s i n v o l v i n g c h l o r i t e s 

and muscovites (McNamara 1965, Turner 1968). The p r e c i s e temp­

e r a t u r e at which b i o t i t e forms depends upon the Mg content of 

the p r e - e x i s t i n g c h l o r i t e , the required temperature i n c r e a s i n g 

w ith higher Mg contents (Atherton 1964). I t i s therefore not 

p o s s i b l e to define a p r e c i s e lower temperature of b i o t i t e 

formation i n the Middleback Ranges as the p r e - e x i s t i n g c h l o r i t e 

compositions are not known. Experimental work i s c o n s i s t e n t 

w i t h the development of b i o t i t e s a t 300°C to 400°C under water 

p r e s s u r e s of a few bars (Turner 1968), and t h i s agrees w e l l 

with estimated temperatures for the upper greenschist f a c i e s of 

the S c o t t i s h B a r r o v i a n zones (McNcimara 1965). The presence of 

c o n s i d e r a b l e b i o t i t e t h e r e f o r e e s t a b l i s h e s a minimum metamorphic 

grade of upper g r e e n s c h i s t f a c i e s a t temperatures not l e s s than 

SOO^C for the Middleback Range rocks. 

Eiigel and Engel (1960) showed that the b i o t i t e com­

p o s i t i o n changes s y s t e m a t i c a l l y with i n c r e a s i n g metamorphic 

grade, Mg and T i i n c r e a s i n g , Mn and Fe decreasing. However, the 

b i o t i t e composition i s st r o n g l y i n f l u e n c e d by the whole-rock 

composition and by the c o e x i s t i n g mineral phases (Atherton 1964). 

Each area may t h e r e f o r e have i t s own s u i t e of b i o t i t e compositions 

and i t i s i n v a l i d to compare data frcm d i f f e r e n t areas without f u l l 

knowledge of the whole rock and a l l phase compositions. This e v i ­

dence i s not f u l l y a v a i l a b l e for the Middleback Ranges. 
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P l a q i o c l a s e 

P l a g i o c l a s e g r a i n s were examined i n one t h i n s e c t i o n 

by e l e c t r o n microprobe and had a uniform composition of approx­

imately An32. The g r a i n s were s m a l l , rounded and are presumed 

to be of sedimentary o r i g i n . 

At the f i r s t stages of low grade metamorphism, c l a s t i c 

p l a g i o c l a s e s of up to 1 cm i n s i z e are made over i n t o pure a l b i t e 

(Leake 1964). M t h i n the g r e e n s c h i s t f a c i e s the p l a g i o c l a s e s are 

normally a l b i t e s with AnO - An5 cind the a n o r t h i t e molecule content 

i n c r e a s e s s l i g h t l y with i n c r e a s i n g grade. I n the t r a n s i t i o n zone 

between the g r e e n s c h i s t and cimphibolite f a c i e s there i s a sudden 

composition change from about An7 to Anl5-20 (Waard 1959, Engel 

and a i g e l 1960). T h i s marked compositional break was used by 

Turner (1958) to d e f i n e the boundary between greenschist and 

amphibolite f a c i e s and, w h i l s t t h i s may not be s t r i c t l y a p p l i c a b l e 

•in a l l s i t u a t i o n s , i t i s g e n e r a l l y accepted that p l a g i o c l a s e with 

Anl5 denotes a minimum grade of greenschist-amphibolite f a c i e s 

t r a n s i t i o n . 

Within the amphibolite f a c i e s there i s a general i n ­

c r e a s e of a j i o r t h i t e content with i n c r e a s i n g grade but the p r e c i s e 

composition depends upon other phases present i n the rock. The 

Middleback Range p l a g i o c l a s e , with an a n o r t h i t e molecule content 

of An32 c l e a r l y i n d i c a t e s a minimum grade of lower amphibolite 

f a c i e s . 
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Garnets 

Almandine garnet i s a c h a r a c t e r i s t i c mineral of 

eimphibolite f a c i e s grade metamorphism but may occur i n the 

upper p a r t of the g r e e n s c h i s t f a c i e s (Turner 1968). I n 

Scotland and North Michigcin, the almandine s t a r t s s h a r p l y a t 

the base of the garnet zone (James 1955, Atherton 1964). This 

i s equivalent to the greenschist-amphibolite t r a n s i t i o n of more 

general c l a s s i f i c a t i o n s and the presence of garnet i n the Middle-

back Group s c h i s t s c l e a r l y e s t a b l i s h e s a minimum grade of upper 

g r e e n s c h i s t f a c i e s . 

V a r i a t i o n s i n garnet composition with i n c r e a s i n g meta­

morphic grade have been i n v e s t i g a t e d by a l a r g e number of authors. 

I t i s f i r m l y e s t a b l i s h e d that there i s systematic v a x i a t i o n of 

the main components, but the r e l a t i o n between these v a r i a t i o n s 

and metcimorphic grade i s complex. 

The general v a r i a t i o n with grade was w e l l i l l u s t r a t e d 

by Atherton (i»964) who summarised data from four w e l l known areas; 

Stavanger, P e r t h s h i r e , the Adirondacks and southern Japan. The 

data was presented i n a s e r i e s of diagrams, one of which i s shown 

i n Fig.13. I n a l l four c a s e s , with i n c r e a s i n g grade FeO and MgO 

i n c r e a s e , MnO decreases r a p i d l y and CaO decreases s l i g h t l y . The 

curves a r e d i f f e r e n t f o r each area and may cross i n d i f f e r e n t 

p l a c e s . The Middleback Range garnets from quartz-hornblende-

b i o t i t e s c h i s t s f i t w e l l onto the Stavanger area data as shown 

i n Fig.13 and t h e i r composition suggests lower, r a t h e r than 

higher grades of raetcunorphism. 



70 

Oxide 
Wf , % 15 

10 

C.aQ 

Metamorphic grade 

F ig . 13. Plot of variat ion of garnef composition with grade in the Stavancer 
area. From Atherton 1965, with the approximate composition of the 
Cook Gap schist garnets shown on the diagram as stippled areas 
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A niomber of authors have studied garnet Mn content 

and shown that i t decreases as grade i n c r e a s e s (Miyashiro 1953, 

Engel and Engel 1960). The i n i t i a l garnet composition depends 

upon the whole-rock composition and oxidation s t a t e but with 

subsequent i n c r e a s e s i n temperature, there i s a gradual reduct­

ion i n Mn (Chinner 1960, Atherton 1964). 

The Middleback Range garnets show considerable v a r i a t i o n 

i n Mn. I n the three t h i n s e c t i o n s examined by e l e c t r o n micro-

probe, two (1961, 5-157) contained garnets with approximately 10% 

Mn whereas the t h i r d (5-1952) contained garnets with 2% Mn 

( a n a l y s e s G l to G5, Appendix I I ) . T h i s may be due to d i f f e r e n c e s 

i n Mn content of the parent rocks. No whole-rock analyses are 

a v a i l a b l e for these samples but the parent rock mineralogy i s 

s t r i k i n g l y d i f f e r e n t . The high manganese garnets occurred i n 

quartz-hornblende-biotite s c h i s t s with quartz the predominant 

mi n e r a l and the ferromagnesian minerals other than b i o t i t e con­

t a i n e d up to 0.5% Mn. By c o n t r a s t , the low manganese garnets 

occurred i n massive c h l o r i t e s c h i s t , and the c h l o r i t e mineral 

contained no detectable Mn. The low Mn content of t h i s garnet 

may t h e r e f o r e be due to an i n h e r e n t l y low content of Mn i n the 

parent rock. 

I n most papers concerned with garnet compositions, the 

data i s from t y p i c a l amphibolite f a c i e s s c h i s t and gneiss assemb­

la g e s . The high Mn garnets described above are i n rocks which 

f i t t h i s d e s c r i p t i o n and may be compared with the r e s u l t s from 

other a r e a s . The low Mn garnets are i n a massive c h l o r i t e 
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s c h i s t of unknown o r i g i n and the c h l o r i t e has a high FeO 

content (32%) which i s anomalous for garnet grade metamor­

phism. These low Mn gaarnets are therefore not included i n 

the f o l l o w i n g comparison with compositions i n other areas. 

S e v e r a l authors have c o l l e c t e d garnet analyses from 

d i f f e r e n t areas and p l o t t e d v a r i o u s combinations of the 

chemical components against estimated grade. The r e s u l t s , as 

they may apply to the Middleback Range rocks are svunmarised 

i n Table 5. There are obvious d i f f i c u l t i e s i n t h i s s o r t of 

comparison when the garnet composition i s i n f l u e n c e d by var­

i a b l e s such as whole-rock composition which are not represented 

i n the p l o t s . The r e s u l t s a r e , however, a general i n d i c a t i o n of 

grade and a l l agree that the Middleback Range garnets represent 

an upper g r e e n s c h i s t to lower amphibolite f a c i e s . 

Miyashiro (1953) suggested that the Mn content of 

almandine may depend p a r t l y on pressure. T h i s was r e f u t e d by 

Miiller and Schneider (1971), who compared garnet compositions 

from Norway, North America and Japan and can f i n d no c o r r e l a t ­

i o n between Mn content and pressure. I t seems l i k e l y that host 

rock composition plays a f a r greater part i n c o n t r o l l i n g the Mn 

content than does p r e s s i i r e . 

Muscovite 

Muscovite i s t y p i c a l of g r e e n s c h i s t f a c i e s metamor­

phism but can e x i s t at much higher grades (Winkler 1967, Turner 

1968). There are c o n s i d e r a b l e changes i n composition with 
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metamorphic grade and f r a c t i o n a t i o n of Fe and Mg between co­

e x i s t i n g muscovite and b i o t i t e has p o s s i b i l i t i e s as a geo-

thermometer ( B u t l e r 1968), but no t h i n s e c t i o n s of Middleback 

Range m a t e r i a l were s u i t a b l e f o r microprobe a n a l y s i s and no 

analys e s a r e recorded i n the l i t e r a t u r e . 

C h l o r i t o i d and S t a u r o l i t e 

No c h l o r i t o i d was observed i n the s e c t i o n s a v a i l a b l e 

but the m i n e r a l i s recorded from s c h i s t s below iron-formations 

by Edwards (1954). 

C h l o r i t o i d i s t y p i c a l of the greenschist f a c i e s and 

does not occur beyond the lowermost amphibolite f a c i e s grade. 

I t s presence t h e r e f o r e suggests that the Middleback Range rocks 

did not progress beyond a lower amphibolite f a c i e s grade. 

S t a u r o l i t e i s not recorded from the Middleback Range 

rocks. I t forms i n the lower amphibolite f a c i e s by r e a c t i o n s 

between c h l o r i t e , c h l o r i t o i d and muscovite and i t s absence, 

together with the recorded presence of c h l o r i t o i d , suggest that 

the grade d i d not surpass lower amphibolite f a c i e s (Winkler 1967). 

C h l o r i t e 

E l e c t r o n microprobe a n a l y s i s was c a r r i e d out on c h l o r i t e 

i n one saimple of c h l o r i t e - g a r n e t s c h i s t from the Cook Gap area 

(5-1952, page 44 and Appendix I I ) . The c h l o r i t e has a molecular 

Fe:Mg r a t i o o f 1:9 and contains over 10% Al^O^ which i n d i c a t e s a 
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t y p i c a l low grade metsmiorphic c h l o r i t e (Atherton 1964). 

With i n c r e a s i n g metamorphism, c h l o r i t e s become r i c h e r 

i n Mg a t the expense of Fe (Green 1963). T h i s i n c r e a s e s the 

c h l o r i t e s t a b i l i t y and Mg-rich c h l o r i t e s can remain s t a b l e i n t o 

the amphibolite f a c i e s , but c h l o r i t e s with a high Fe:Mg r a t i o 

become vinstable towards the top of the gr e e n s c h i s t f a c i e s 

(Atherton 1964). 

The atomic proportions of Fe and Mg i n the cinalysed 

Middleback Range c h l o r i t e are p l o t t e d i n F i g . 14, together with 

c h l o r i t e a n a l y s e s from southern Japan (Banno 1964) and we s t - c e n t r a l 

Vermont (Zen 1960). The Japanese c h l o r i t e s a r e from the glauco-

phane s c h i s t - e p i d o t e amphibolite t r a n s i t i o n f a c i e s and the epidote 

amphibolite f a c i e s and t h e i r v a r i a b l e FeMg contents demonstrate 

the d i f f i c u l t y of d i r e c t comparison. There i s , however, a tendency 

f o r the higher grade c h l o r i t e s to have lower Fe:Mg r a t i o s and t h i s 

i s emphasised by the Vermont data which i s for lower greenschist 

f a c i e s m a t e r i a l . The Middleback Range a n a l y s i s p l o t s on p r e c i s e l y 

the same point as one of the low grade Vermont analyses and has a 

higher Fe:Mg r a t i o than any of the Japanese c h l o r i t e s . 

T h i s s t r o n g l y suggests that the Middleback Range c h l o r i t e 

would be unsta b l e a t grades higher than the upper greenschist f a c i e s . 

The coexistence of high Fe c h l o r i t e and t y p i c a l amphibolite 

grade m i n e r a l s such as garnet and hornblende i s therefore anomalous 

and the c h l o r i t e may be due to a retrograde phase of metamorphism. 
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There i s l i m i t e d support f o r t h i s i n the microtextures, 

where s m a l l c h l o r i t e patches appear i n places to replace other 

ferromagnesian m i n e r a l s . Fvurthermore, i n the I r o n Duke area, where 

there has d e f i n i t e l y been low temperature hydrothermal a c t i v i t y , 

the s c h i s t s are completely c h l o r i t i s e d . E l e c t r o n microprobe 

analys e s from one saimple of q u a r t z - c h l o r i t e s c h i s t at I r o n Duke 

(60-995, Appendix I I ) show that the c h l o r i t e has a v a r i a b l e Fe:Mg 

r a t i o and t h a t some i s i r o n r i c h and s i m i l a r i n composition to the 

Cook Gap c h l o r i t e d i s c u s s e d above. 

4. Amphibolites 

No d e t a i l e d work was c a r r i e d out on the amphibolites 

because i t i s impossible to t e l l which pre-date and which post­

date the metamorphism without more extensive f i e l d work and c a r e f u l 

sampling. 

They are composed of hornblende, intermediate p l a g i o c l a s e , 

quartz and c h l o r i t e with minor i l m e n i t e , sphene and magnetite. 

O p t i c a l determinations on the p l a g i o c l a s e s , using Carlsbad and A l b i t e 

twin e x t i n c t i o n angles, i n d i c a t e that they are andesines (Ab50-Ab60). 

I n the l a r g e i n t r u s i v e b a s i c mass at I r o n Duke, the f e l d ­

spar and hornblende c r y s t a l s are i n reoidom o r i e n t a t i o n and appear 

to be igneous. The mineralogy of t h i s mass conforms to that of a 

d i o r i t e as defined by Hatch, Wells and Wells (1961). Smaller bodies 

with the same mineral composition aire found i n other parts of the 

ranges and i n p l a c e s are d e f i n i t e l y c r o s s - c u t t i n g the iron-formations. 
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5. Summary of metamorphic grade 

Comparison with the North Michigan metamorphic 

assemblages i n d i c a t e s that the Middleback Group rocks reached 

the gaxnet zone of r e g i o n a l metsunorphism. T h i s i s equivalent 

to the upper part of the g r e e n s c h i s t f a c i e s and the lower part 

of the amphibolite f a c i e s . 

Grades i n d i c a t e d by mineral assemblages and i n d i v i d u a l 

m i nerals support t h i s as shown i n Table 6. The minimum grade 

i n d i c a t e d f o r the r o c k s , excluding the c h l o r i t e assemblages, i s 

upper g r e e n s c h i s t f a c i e s , and the maximum p o s s i b l e grade i s 

middle to upper amphibolite f a c i e s . 

An i n d i c a t i o n of the pressure-temperature conditions 

i s shown i n F i g . 15. The p o s s i b l e f i e l d for the Middleback Group 

covers a wide area because of the d i f f i c u l t y i n estimating pressure. 

Turner's (1968) boundaries of the gre e n s c h i s t and amphibolite 

f a c i e s a r e a l s o shown and i t i s c l e a r that over the most l i k e l y 

p r e s s u r e range, from 2 kb to 6 kb, the Middleback Groups may be 

c l a s s i f i e d as lower amphibolite f a c i e s . 

The presence of i r o n r i c h c h l o r i t e i n d i c a t e s that there 

has been a period of retrograde metcimorphism, r e s u l t i n g i n c h l o r -

i t i s a t i o n i n the s c h i s t bands. 



Table 6. Summary of metamorphic grades indica.ted by mineral 
assemblages and i n d i v i d u a l minerals 

Assemblage or Minimum grade Maximum grade Comments 
min e r a l i n d i c a t e d i n d i c a t e d 
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G r u n e r i t e Upper 
g r e e n s c h i s t 
300°C 

Tremolite Upper 
g r e e n s c h i s t 
300°C 

Quartz-
t r e m o l i t e -
c a l c i t e 

Middle to upper 
Eimphibolite 
600 °C 

Hornblende Lower 
amphibolite 

Composition 
suggests 
amphibolite 
f a c i e s . 

B i o t i t e Upper 
g r e e n s c h i s t 
300°C 

P l a g i o c l a s e Lower 
amphibolite 

Garnet Upper 
g r e e n s c h i s t 

Composition 
suggests upper 
gre e n s c h i s t to 
lower amphi­
b o l i t e f a c i e s 

C h l o r i t o i d Lower 
amphibolite 

S t a u r o l i t e 
(absence) 

C h l o r i t e 
(Fe r i c h ) 

Lower 

amphibolite 

Upper 
gre e n s c h i s t 

Probably 
retrograde 
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p. CONCLUSIONS FOR SECTION I 

1. The Middleback Ranges a r e p a r t o f t h e South A u s t r a l i a n 

Precambrian s h i e l d and occur on t h e n o r t h - e a s t margin o f t h e 

Gawler B l o c k . 

2. The M i d d l e b a c k Raaige ar e a has remained e s s e n t i a l l y s t a b l e 

s i n c e t h e l a t e P r o t e r o z o i c and t h e r e has been almost complete 

p e n e p l a n a t i o n . 

3. The M i d d l e b a c k Group have undergone r e g i o n a l metamorphism 

t o lower a m p h i b o l i t e f a c i e s , a t temperatures i n t h e order o f 

450*'C t o 550°C and pr e s s u r e s between 2 kb and 6 kb. Regional 

metamorphism has e i f f e c t e d t h e r o c k t y p e s i n t h e f o l l o w i n g ways: 

( a ) A l l t h e r o c k t y p e s have developed f i n e - g r a i n e d , even 

m i c r o t e x t u r e s , becoming s c h i s t o s e when a c i c u l a r or 

p l a t y m i n e r a l s a r e p r e s e n t . 

( b ) Amphiboles have formed w i t h i n t h e i r o n - f o r m a t i o n s and 

g a r n e t s , amphiboles and micas developed i n t h e s c h i s t 

u n i t s . Massive carbonate u n i t s s i m p l y r e c r y s t a l l i s e d . 

4. D u r i n g r e g i o n a l metamorphism, components w i t h i n t h e i r o n -

f o r m a t i o n s were e s s e n t i a l l y i mmobile, except f o r H O and CO , 

and i n d i v i d u a l l a y e r s behaved as c l o s e d chemical systems. 

5. The p r e s e n t i r o n - f o r m a t i o n l a y e r i n g r e f l e c t s t h e o r i g i n a l 

s e d i m e n t a r y l a y e r i n g . 

6. The main p e r i o d o f r e g i o n a l metamorphism was f o l l o w e d by a 

phase o f r e t r o g r a d e metamorphism which produced c h l o r i t e i n t h e 

s c h i s t s . 
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SECTION I I : THE GEOLOGY OF IRON EUKE 
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A. GENERAL GEOLOGY 

» 

1 . South M i d d l e b a c k Range 

I r o n Duke i s a t t h e extreme s o u t h e r n t i p o f t h e South 

M i d d l e b a c k Range ( F i g . 1 6 ) . The s o u t h e r n h a l f o f t h e range con­

s i s t s o f two narrow i r o n - f o r m a t i o n r i d g e s ; on t h e west t h e I r o n 

Diike - I r o n I>uchess r i d g e and on t h e ea s t t h e Cook Range. These 

ar e s e p a r a t e d by a s t e e p s i d e d v a l l e y known as Death Adder G u l l y . 

I n t h e n o r t h e r n h a l f o f t h e range t h e v a l l e y swings eastwards i n t o 

Cook Gap which s e p a r a t e s Cook Range from t h e h i l l mass o f I r o n 

C h i e f t a i n . 

The r i d g e s and h i l l s a r e formed o f i r o n - f o r m a t i o n s 

whereas Death Adder G u l l y and Cook Gap a r e deep c u t t i n g s i n t o 

s c h i s t s . G r a n i t i c s c h i s t s and gneisses o u t c r o p below t h e i r o n -

f o r m a t i o n s on t h e e a s t and west f l a n k s o f t h e range. 

The i r o n - f o r m a t i o n s a r e s t r o n g l y f o l d e d about n o r t h -

s o u t h axes, w h i c h a r e f r e q u e n t l y a r r anged en echelon and fade 

a l o n g t h e a x i s l e n g t h , so t h a t synforms may pass along s t r i k e 

i n t o a n t i f o r m s . A g e n t l e c ross f o l d causes a s o u t h p i t c h i n t h e 

n o r t h e r n two t h i r d s o f t h e range and a n o r t h p i t c h i n t h e sout h e r n 

one t h i r d ( F i g , 1 6 ) . Cook Range has an o v e r a l l s y n f o r m a l s t r u c t u r e , 

as does t h e I r o n Duke - I r o n Duchess r i d g e . The I r o n K n i g h t i r o n -

f o r m a t i o n s d i p eastwards and t h e I r o n C h i e f t a i n mass i s s t r o n g l y 

f o l d e d w i t h a s t e a d y s o u t h p i t c h o f 15° - 20°. 
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Fig . 16. Geological plan of the South Middleback Range. 
From Miles 1954, modified by the author. 
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M i l e s (1954) i n t e r p r e t e d t h e s t r a t i g r a p h y as two i r o n -

f o r m a t i o n u n i t s s e p a r a t e d by t h e Cook Gap s c h i s t s . The lower 

i r o n - f o r m a t i o n forms I r o n Duke, I r o n Duchess, I r o n K n i g h t and 

I r o n C h i e f t a i n and t h e upper i r o n - f o r m a t i o n forms Cook Range. 

These a r e f o l d e d i n t o a canoe shape w i t h p a r t o f t h e east l i m b 

m i s s i n g ( F i g . 17A). T h i s i s s u p p o r t e d by t h e broa d o u t c r o p 

p a t t e r n and by two d r i l l h o l e s p u t down by t h e G e o l o g i c a l Survey, 

one i n Cook Gap and t h e o t h e r i n Death Adder G u l l y on t h e east 

s i d e o f I r o n K n i g h t ( F i g . 1 6 ) . Both d r i l l h o l e s were c o l l a r e d 

i n Cook Gap s c h i s t b u t i n t e r s e c t e d i r o n - f o r m a t i o n s below t h e 

s c h i s t s a t depths i n d i c a t e d by t h e r e g i o n a l d i p and p i t c h . 

The s o u t h e r n h a l f o f t h e range does not c l e a r l y conform 

t o t h e i n t e r p r e t a t i o n o f two i r o n - f o r m a t i o n u n i t s . I r o n Duke-

Duchess and Cook Range a r e b o t h b a s i c a l l y s y n f o r m a l s t r u c t u r e s 

and t h e few exposures o f s c h i s t i n Death Adder G u l l y d i p west 

below I r o n Duke and e a s t below Cook Range i n an a n t i f o r m a l 

s t r u c t t i r e . M i l e s (1954) proposed a t i g h t a n t i f o r m on t h e east 

s i d e o f I r o n Duke ( F i g . 17B) t o b r i n g t h e i r o n - f o r m a t i o n s below 

t h e s c h i s t s b u t t h i s i s not s u p p o r t e d by r e c e n t exposures i n 

d r i l l roads and t u n n e l s a t I r o n Ehike. C a t l e y ( p e r s . Comm.) 

proposed t h a t t h e r e i s o n l y one i r o n - f o r m a t i o n u n i t which i s 

u n d e r l a i n by t h e Cook Gap s c h i s t s . T his concept a p p l i e s more 

s a t i s f a c t o r i l y t o t h e I r o n Drake area b u t l e s s w e l l i n t h e n o r t h e r n 

h a l f o f t h e range. 

The a u t h o r s * i n t e r p r e t a t i o n o f t h e s t r a t i g r a p h y and 

s t r u c t u r e i s shown i n F i g s . 17b and 21. A major h i g h angle 
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F ig . 17. Interpretations of the structure and stratigraphy of the South Middleback Range. 

In b, .. Interpretation 1 - based on Mi!&s(]954), with two iron-formation units 
separated by -the schists of Death Adder G u l l y . 

Interpretation 2- based on a suggestion by Catley (pers. comm.), with 
a single iron-formation unit underlain by the scliists 
of Death Adder C^uily 

Interpretation 3- outhor's inierpretat ion, with two Iron-Formation units 
separated by rhe schists of Death Adder Gu l l y . . 
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r e v e r s e f a u l t extends a l o n g t h e east s i d e o f I r o n Duke and 

I r o n Duchess, moving t h e I r o n Duke-Duchess i r o n - f o r m a t i o n s 

upwards and t o t h e s o u t h . T h i s e x p l a i n s t h e j u x t a p o s i t i o n 

o f a synform i n t h e lower i r o n - f o r m a t i o n a g a i n s t an a n t i f o r m 

i n t h e s t r a t i g r a p h i c a l l y h i g h e r s c h i s t s . The concept o f two 

i r o n r f o r m a t i o n u n i t s s e p a r a t e d by t h e Cook Gap s c h i s t i s 

r e t a i n e d . The evidence f o r t h i s f a u l t i s d i s c u s s e d i n t h e 

s e c t i o n on I r o n Duke s t r u c t u r e s . 

2. I r o n Duke 

I r o n Duke i s t h e s o u t h e r n one t h i r d o f t h e I r o n 

Duke-Duchess r i d g e ( F i g . 1 8 ) . The d i v i s i o n between I r o n Duke 

and I r o n Duchess i s a r b i t r a r y and i s taken i n company work as 

an east-west mapping g r i d l i n e t o t h e n o r t h o f t h e main h e m a t i t e 

orebody, d e s i g n a t e d 00 f o r r e f e r e n c e c o o r d i n a t e s . The main 

v e g e t a t i o n i s low, s t u n t e d scrub w i t h o c c a s i o n a l t r e e s b u t 

exposure i s moderate t o poor because o f e x t e n s i v e s u r f a c e 

r u b b l e and deep w e a t h e r i n g i n t h e s c h i s t s and a m p h i b o l i t e s . 

H e m a t i t e o u t c r o p s a l o n g t h e r i d g e c r e s t south o f 

4000S ( F i g . 1 8 ) . N o r t h o f t h i s , i r o n - f o r m a t i o n occupies t h e 

c e n t r e o f t h e r i d g e and h e m a t i t e outcrops on t h e western f l a n k s . 

Below t h e h e m a t i t e and i r o n - f o r m a t i o n s on b o t h s i d e s axe s c a t t e r e d 

o u t c r o p s o f s c h i s t and weathered a m p h i b o l i t e . G r a n i t i c s c h i s t s 

o u t c r o p on each s i d e o f t h e r i d g e i n t h e extreme south-east and 

south-west. 
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A w e l l marked s y n f o r m a l a x i s extends along t h e f u l l 

l e n g t h o f I r o n Dvike, c o i n c i d i n g w i t h t h e r i d g e c r e s t . I t p i t c h e s 

s t e a d i l y t o t h e n o r t h a t 10° - 15° and i s d i s l o c a t e d i n s e v e r a l 

p l a c e s by s m a l l c r o s s f a u l t s . D r i l l i n g and t u n n e l l i n g on the 

eas t s i d e have e s t a b l i s h e d t h e presence o f a major s t r i k e f a u l t 

s e p a r a t i n g t h e i r o n - f o r m a t i o n s f r o m t h e s c h i s t s i n Death Adder 

G u l l y . 

D r i l l i n g has shown t h a t t h e h e m a t i t e passes down p i t c h 

and down d i p i n t o m a g n e t i t e - h e m a t i t e - c a r b o n a t e o r e . T h i s occurs 

as a l o n g , t o r p e d o shaped body which extends along almost t h e 

f u l l l e n g t h o f I r o n Duke and a t no p o i n t i s l e s s t h a n 300 f e e t 

below t h e s u r f a c e . I t i s surrounded by a zone r i c h i n t a l c . 

The m a g n e t i t e - h e m a t i t e - c a r b o n a t e has b r e c c i a t e d and 

c o a r s e l y c r y s t a l l i n e c a r b o n a t e s t r u c t u r e s which a r e s t r i k i n g l y 

d i f f e r e n t f r o m t h e even, f i n e g r a i n e d metamorphic s t r u c t u r e s 

c h a r a c t e r i s t i c o f o t h e r M i d d l e b a c k Group r o c k s . I t i s b e l i e v e d 

t o have been a f f e c t e d by, or produced by, h y d r o t h e r m a l a c t i v i t y 

subsequent t o t h e r e g i o n a l meteimorphism. 
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B. PREVIOUS WORK 

Owing t o t h e economic i n t e r e s t o f t h e o r e b o d i e s , 

e x t e n s i v e work has been c a r r i e d o u t i n t h e area by The Broken 

H i l l P r o p r i e t a r y Company L t d . and, t o a much l e s s e r e x t e n t , by 

th e G e o l o g i c a l Survey o f South A u s t r a l i a . The ores are now 

p e n e t r a t e d by over 100,000« o f d r i l l i n g and n e a r l y 2000' o f 

e x p l o r a t o r y t u n n e l l i n g and w i n z i n g . Most o f t h e company work 

i s u n p u b l i s h e d b u t a l l t h e d a t a was made a v a i l a b l e t o t h e 

a u t h o r . I n t h e f o l l o w i n g summsory o f p r e v i o u s work, B.H.P. 

r e f e r s t o The Broken H i l l P r o p r i e t a r y Company L t d . : 

1935-1936 Two t u n n e l s were d r i v e n i n t o t h e h e m a t i t e o r e 

by t h e company. 

1938-1940 One a d d i t i o n a l t u n n e l was d r i v e n i n t o t h e h e m a t i t e 

o r e . A B.H.P. g e o l o g i c a l f i e l d p a r t y mapped t h e area a t a s c a l e 

o f 1 " = 100» and e s t a b l i s h e d t h a t t h e h e m a t i t e ore occurs i n 

t h e h i n g e area and west l i m b o f a n o r t h p i t c h i n g s y n c l i n e . The 

r e s u l t s were i n c l u d e d i n an u n p u b l i s h e d company r e p o r t which 

covered t h e whole M i d d l e b a c k Range area (Rudd 1940). 

1948-1954 A G e o l o g i c a l Survey f i e l d p a r t y mapped t h e area 

a t s c a l e s o f 1 " = 100» and 1 " = 200» and t h e r e s u l t s were 

i n c l u d e d i n B u l l e t i n No.33 by K.R. M i l e s . The s t r u c t u r e was 

i n t e r p r e t e d as a f a i r l y open s y n c l i n e p a s s i n g i n t o a t i g h t e r 

a n t i c l i n e on t h e e a s t e r n s i d e ( F i g . 17b). The h e m a t i t e o r e was 

c o n s i d e r e d t o pass down d i p and down p i t c h i n t o i r o n - f o r m a t i o n . 
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1955-1964 E x t e n s i v e d r i l l i n g by B.H.P, b r o a d l y o u t l i n e d t h e 

h e m a t i t e orebody and i n 1957, t h e m a g n e t i t e - h e m a t i t e - c a r b o n a t e 

o r e was d i s c o v e r e d below 300« o f i r o n - f o r m a t i o n a l i t t l e way 

t o t h e n o r t h o f t h e h e m a t i t e orebody. 

The area was re-mapped a t a s c a l e o f 1 " = 100* and 

t h e g e o l o g y r e - i n t e r p r e t e d by D.E. C a t l e y , who p u b l i s h e d t h e 

main c o n c l u s i o n s i n 1963. The s t r u c t u r e was c o n s i d e r e d t o 

be open s y n c l i n e , p a r t l y c u t t h r o u g h on t h e east s i d e by a 

major f a u l t ( F i g . 17b). Hematite ore was i n t e r p r e t e d as 

pa s s i n g down d i p i n t o i r o n - f o r m a t i o n , m o s t l y o v e r l y i n g t h e 

m a g n e t i t e - h e m a t i t e - c a r b o n a t e o r e which i s t r e a t e d as a sed­

i m e n t a r y u n i t . The a i m p h i b o l i t e s were r e g a r d e d as conformable 

sheets and t h e i n t e r p r e t e d sequence i n c l u d e d t h i c k i n t e r -

l a y e r e d a r g i l l a c e o u s s c h i s t bands. 

C o n s i d e r a b l e p e t r o l o g i c a l work was c a r r i e d out d u r i n g 

t h i s p e r i o d by S. Whitehead and D. B u r g e r , w i t h p a r t i c u l a r 

emphasis on t h e m a g n e t i t e - h e m a t i t e - c a r b o n a t e and a s s o c i a t e d 

t a l c o s e r o c k s . The r e s u l t s a r e summarised i n two papers. 

Whitehead (1962) and Burger (1963) b u t a w e a l t h o f d e t a i l i s 

a v a i l a b l e i n u n p u b l i s h e d company p e t r o l o g i c a l r e p o r t s . These 

a r e acknowledged as necessary i n t h e t e x t . The most i m p o r t a n t 

c o n c l u s i o n was t h a t t h e m a g n e t i t e - h e m a t i t e - c a r b o n a t e was formed 

by c a r b o n a t e metasomatism o f s i l i c e o u s i r o n - f o r m a t i o n . 

Reports d u r i n g t h i s p e r i o d were f r a g m e n t a r y and no 

comprehensive r e p o r t on t h e geology or p e t r o l o g y was w r i t t e n . 
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1964-1967 F u r t h e r deep d r i l l i n g and t u n n e l l i n g were c a r r i e d 

o u t t o o u t l i n e t h e m a g n e t i t e - h e m a t i t e - c a r b o n a t e and t a l c o s e 

r o c k s . The a u t h o r was i n charge o f these programmes and r e ­

i n t e r p r e t e d t h e geology, w i t h a t i g h t e r , deep and somewhat 

a s y m m e t r i c a l synform, t e r m i n a t e d on t h e ea s t s i d e by a h i g h 

a n g l e r e v e r s e f a u l t ( F i g . 17b). The h o n a t i t e ore i s regarded 

as p a s s i n g d i r e c t l y down p i t c h and down d i p i n t o m a g n e t i t e -

h e m a t i t e - c a r b o n a t e and t h e main a m p h i b o l i t e s are i n t e r p r e t e d 

as c r o s s c u t t i n g dykes. 

The a u t h o r a l s o c a r r i e d out e x t e n s i v e t h i n s e c t i o n , 

c a r b o n a t e s t a i n i n g and X-ray d i f f r a c t i o n work i n an attempt 

t o c o r r e l a t e t h e d i f f e r e n t r o c k types and t o e l u c i d a t e t h e 

o r i g i n s o f t h e o r e s . The r e s u l t s were used t o i n t e r p r e t e t h e 

geology as d r i l l i n g aoid t u n n e l l i n g p r o gressed. 

Two papers c o n c e r n i n g I r o n Duke were p u b l i s h e d d u r i n g 

t h i s p e r i o d . Owen and Whitehead ( 1 9 6 5 ) , i n a sinumary o f Middle-

back Rcmge geology, d e s c r i b e d t h e geology o f I r o n Duke and 

i n c l u d e d a cross s e c t i o n showing a deep synform w i t h cross 

c u t t i n g b a s i c i n t r u s i v e s . Ashworth (1965) d e s c r i b e d t h e 

I r o n Duke geology i n r a t h e r more d e t a i l and t h e cross s e c t i o n 

i n c l u d e d i s v e r y s i m i l a r t o F i g . 2 0 g o f t h i s t h e s i s . 

1969-1972 The a u t h o r c o n t i n u e d work on t h e I r o n Duke r o c k s a t 

Durham and a comprehensive accoimt o f I r o n Duke geology was 

s u b m i t t e d t o t h e company i n 1970. 

The work a t Durham i n c l u d e s r e - e x a m i n a t i o n o f a l l 
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a v a i l a b l e t h i n s e c t i o n s and a d d i t i o n a l p o l i s h e d s e c t i o n s , 

major and t r a c e element a n a l y s i s by XRF on 138 whole-rock 

samples. X-ray d i f f r a c t i o n , f l u i d i n c l u s i o n s t u d i e s and use 

o f t h e e l e c t r o n m i c r o p r o b e t o d e t e r m i n e t h e p r e c i s e ore 

m i n e r a l o g y . 
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C. STRATIGRAPHY AND STRUCTURE 

1. S t r a t i g r a p h y 

D r i l l i n g has e s t a b l i s h e d t h e sequence o f l i t h o l -

o g i e s shown i n Table 7. There i s no evidence t o show 

whether t h i s i s t h e t r u e s t r a t i g r a p h i c sequence or whether 

t h e r o c k s are i n v e r t e d and use o f terms such as b a s a l 

c a r b o n a t e expresses t h e r e l a t i v e p o s i t i o n w i t h i n t h e l i t h o l -

o g i c a l sequence. 

The h e m a t i t e o r e and m a g n e t i t e - h e m a t i t e - c a r b o n a t e are 

n o t s t r i c t l y s t r a t i g r a p h i c i n t h e sense o f proven sedimentary 

o r i g i n b u t t h e y appear, t o t h e a u t h o r , t o occur a t a p a r t i c u l a r 

s t r a t i g r a p h i c p o s i t i o n and a r e t h e r e f o r e i n c l u d e d i n Table 7. 

The l o w e s t u n i t i s a r e l a t i v e l y t h i n band o f q u a r t z -

b i o t i t e and q u a r t z - c h l o r i t e s c h i s t s w i t h a l i t t l e l e a n i r o n -

f o r m a t i o n and c a r b o n a t e l a y e r s i n t h e upper p a r t . The x i n i t 

does n o t o u t c r o p b u t was i n t e r s e c t e d i n d r i l l h o l e s on t h e 

west s i d e o f I r o n Duke (DP 30^ F i g . 20g). I t s r e l a t i o n s h i p 

t o t h e u n d e r l y i n g g r a n i t i c s c h i s t s i s n o t known. 

T r e m o l i t e r i c h i r o n - f o r m a t i o n s occur above t h e 

s c h i s t s . They a r e t h i n l y bedded, w i t h some i n t e r l a y e r e d 

s c h i s t bands, and t h e y do n o t o u t c r o p b u t were i n t e r s e c t e d 

by d r i l l h o l e DDH 57 ( F i g . 20g). 

A carbonate u n i t o f v a r i a b l e t h i c k n e s s occurs above 
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U n i t Thickness 
Major 
components Comments 

I r o n - f o r m a t i o n 400'+ 

T a l c - q u a r t z s c h i s t = 150' 
g r u n e r i t e - q u a r t z s c h i s t 

H e m a t i t e o r e = m a g n e t i t e -
h e m a t i t e - c a r b o n a t e 

C h l o r i t i s e d b a s i c 
i n t r u s i v e 

T h i n c h l o r i t e s c h i s t , 
t a l c s c h i s t , c a r b o n a t e 

Carbonate u n i t 

S i , Fe 

S i , Fe, Mg 

200' t o 400» Fe, Ca, Mg 

N i l t o 100' 

20» t o 100' S i , Fe, Mg, 
Ca, A l , S 

50' t o 200' Ca, Mg 

I r o n - f o r m a t i o n 100' 

Q u a r t z - b i o t i t e s c h i s t Unknown 
p o s s i b l y 100' 

S i , Fe, Ca, 
Mg 

ORES occur 
a t t h i s l e v e l 

BASAL 
CARBONATE 

Thickness 
u n c e r t a i n 

GNEISSIC BASEMENT 

Note: ( a ) The r e l a t i o n s h i p o f t h e g n e i s s i c basement t o t h e 
i r o n - f o r m a t i o n sequence i s not known. 

( b ) The i r o n - f o r m a t i o n sequence shown above i s p a r t o f 
th e lower o f t h e two major i r o n - f o r m a t i o n u n i t s i n 
t h e South Middleback Range. 
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these i r o n - f o r m a t i o n s . I t o u t c r o p s o n l y once, a t 7700S/ 

400E ( F i g . 1 8 ) , i n o u t c r o p s t o o s m a l l t o be shown on t h e p l a n , 

b u t i t i s c o n s i s t e n t l y i n t e r s e c t e d i n d r i l l h o l e s and i s t h e 

most u s e f u l marker u n i t i n t h e sequence. The u n i t appears t o 

t h i c k e n i n t h e c e n t r e o f t h e synform and t o t h i n on t h e l i m b s . 

I t has been g i v e n v a r i o u s names i n t h e p a s t b u t i s most con­

v e n i e n t l y r e f e r r e d t o as t h e b a s a l carbonate u n i t . 

T h i n l a y e r s o f c h l o r i t e s c h i s t , and t a l c s c h i s t w i t h 

i r r e g u l a r c arbonate patches a r e p r e s e n t above t h e b a s a l c a r ­

b o n a t e . These i n c l u d e bands r i c h i n p y r i t e and o t h e r , t h i n 

bands w i t h g r a p h i t e . I r o n s u l p h i d e s a r e found a t t h i s s t r a t ­

i g r a p h i c l e v e l t h r o u g h o u t I r o n Duke and i n d r i l l h o l e s a t I r o n 

Queen i n t h e N o r t h Middleback Range. They a r e p r o b a b l y sed­

i m e n t a r y i n o r i g i n . 

A c h l o r i t e s c h i s t or c h l o r i t i s e d b a s i c i n t r u s i v e 

c o n s i s t e n t l y o ccurs a t t h e base o f t h e m a g n e t i t e - h e m a t i t e -

c a r b o n a t e . I t appears t o be i n t e r l a y e r e d w i t h t h e main u n i t s 

and i s p r o b a b l y a concordant s i l l . 

H e m a t i t e ore and m a g n e t i t e - h e m a t i t e - c a r b o n a t e occur 

above t h e c h l o r i t i s e d i n t r u s i v e , p a s s i n g l a t e r a l l y i n t o each 

o t h e r . I n o t h e r p a r t s o f t h e Middleback Range, t h i s s t r a t i ­

g r a p h i c l e v e l i s o c c u p i e d by i r o n - f o r m a t i o n and i t may be 

r e g a r d e d as t h e lower p a r t o f t h e main i r o n - f o r m a t i o n sequence. 

N e i t h e r t h e h e m a t i t e ore nor t h e m a g n e t i t e - h e m a t i t e - c a r b o n a t e 

a r e s t r i c t l y c o n f i n e d t o one band b u t t h e y b r o a d l y occupy a 
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s p e c i f i c s t r a t i g r a p h i c l e v e l at the base of the main i r o n -

formation sequence. 

Above the ores i s a band of s i l i c e o u s t a l c s c h i s t . 

The t a l c i s due t o hydrothermal a l t e r a t i o n but the o r i g i n a l 

rock t j ^ e i s thought t o be a band of g r i m e r i t e , s c h i s t which 

was i n t e r s e c t e d by d r i l l h o l e s i n iron-formations t o the north 

(DDH 62, I r o n Duchess). This i s regarded as a s t r a t i g r a p h i c 

u n i t . 

The main ir o n - f o r m a t i o n sequence occurs above the 

t a l c s c h i s t s and consists of a t h i c k sequence of amphibole 

r i c h iron-formations w i t h t h i n layers of argillaceous s c h i s t . 

The most s i g n i f i c a n t f e a t u r e of the s t r a t i g r a p h y i s 

the marked change of l i t h o l o g y above the basal carbonate. 

Below t h i s l e v e l the sedimentary types are v a r i e d , w i t h i n t e r -

layered s c h i s t s , carbonates and t h i n iron-formations and 

o v e r l y i n g these i s the t h i c k basal carbonate. This part of 

the sequence i s characterised by carbonate and argillaceous 

sedimentsury u n i t s . Above the basal carbonate, and disregarding 

the ores, the sequence i s predominantly s i l i c e o u s w i t h t h i n 

a r g i l l a c e o u s bands and n e g l i g i b l e carbonate. 

2. S t r u c t u r e 

(a) Folding 

Surface mapping shows a c l e a r l y defined synform axis 

extending the f u l l length of the I r o n Duke r i d g e , coincident 
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w i t h the r i d g e c r e s t . Outcrops and tunnel i n t e r s e c t i o n s on 

e i t h e r side of the r i d g e show a steady inward dip. Small 

scale f o l d s and rodding on the surfaces of i r o n - f o r m a t i o n 

l a y e r s both have a uniform p i t c h t o the north of 10° - 20°. 

The major s t r u c t u r e i s t h e r e f o r e w e l l established as a n o r t h 

p i t c h i n g s y n c l i n e . 

Rudd (1940) and Miles (1954) both i n t e r p r e t e d the 

s y n c l i n e as a f a i r l y open f o l d and Miles included a t i g h t 

a n t i c l i n e on the east side. F i e l d evidence does not support 

the presence of the a n t i c l i n e ; the great m a j o r i t y of dips on 

the eastern slope are steeply t o the west, as are the dips i n 

Tunnels Nos. 3 eind 4 ( F i g s . 2Gc, 20 g ). Tunnel No.4 was driven 

subsequent t o Miles's work and h i s i n t e r p r e t a t i o n d i d not 

i n c l u d e t h i s i n f o r m a t i o n . 

Catley (1963), on the basis of d e t a i l e d f i e l d 

mapping and considerable d r i l l i n g , r e t ained a f a i r l y open f o l d 

s t y l e which became t i g h t e r i n places throughout i t s length. 

Jones (1968) recognised three f o l d groups: 

F l Rare, i s o c l i n a l microfolds w i t h axes aligned north-

south. These are considered by Jones to be remnants of 

p r e - e x i s t i n g sedimentary l a y e r i n g but by the author 

t o be sedimentary slump s t r u c t u r e s . 

F2 Major and minor f o l d s , varying i n scale from micro" 

s t r u c t u r e s to the main synformal s t r u c t u r e . The f o l d 

axes are aligned north-south w i t h a gentle p i t c h t o 
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the north and the a x i a l planes are approximately 

v e r t i c a l . 

F3 Conjugate f o l d s and k i n k bands w i t h a x i a l planes 

near v e r t i c a l and s t r i k i n g at 60° or 120° from 

t r u e n o r t h . 

Minor f o l d i n g has played an important part i n i n t e r ­

p r e t a t i o n s of the major s t r u c t u r e , p a r t i c u l a r l y p r i o r t o d r i l l i n g 

when minor s t r u c t u r e s were the only i n d i c a t i o n s of f o l d s t y l e . 

The best exposures are not on I r o n Duke but t o the north and 

east on I r o n E>uchess and Cook Range, where outcrops show small 

f o l d s vairying i n scale from a few m i l l i m e t r e s t o 10 or 15 metres 

across. There i s considerable v a r i e t y i n s t y l e as shown by Figs. 

19a, b, and the more open, concentric f o l d s o f t e n outcrop g i v i n g 

the impression t h a t they are the dominant f o l d s t y l e . The minor 

f o l d s have generally been regarded as small scale r e p l i c a s of the 

major s t r u c t u r e and Miles's i n t e r p r e t a t i o n o f the main I r o n Duke 

synform i s s t r i k i n g l y s i m i l a r t o the f o l d shown i n Fig. 19a. 

D r i l l i n g has shown t h a t t h i s d i r e c t comparison i s 

deceptive; the main synform i s t i g h t e r and more lobate i n form, 

w i t h t h i c k e n i n g i n the a x i a l region. Minor f o l d s of t h i s type 

are r a r e l y seen at the surface, but F i g . 19b shows a small f o l d 

exposed i n Tunnel No.l which has a form s i m i l a r t o t h a t of the 

main s t r u c t i i r e . 

T The major synform i s best described i n three p a r t s , 

south of 4200S, north of 4200S and section lOOOS: 
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Fig. 19a. Open concentric syncline in siliceous iron-fonnation seen on a 
cross cutting joint. 
Iron Duke, 00/l90W. 

Fig. 19b. Syncline in weathered iron-fonmation in the south wall of 
Tunnel No. 1 (approx. 530'). Note the pronounced thickening 
of beds in the nose of the fold. 
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South of 4200S (Figs. 18, 20a, 20b) 

Hematite ore outcrops i n the hinge area of the synform. 

The s t r u c t u r e pitches northwards at 10° - 20° and t h i s c o n t r o l s 

the d i s p o s i t i o n o f the outcrops. Surface dips i n hematite near 

the f o l d axis suggest t h a t the f o l d i s symmetrical but the out­

crop p a t t e r n of a t h i n band of ir o n - f o r m a t i o n below the hematite 

suggests a s l i g h t degree of asj/mmetry w i t h the east limb steeper 

than the west. The basal carbonate u n i t was c o n s i s t e n t l y i n t e r ­

sected i n d r i l l h o l e s w i t h the depth of i n t e r s e c t i o n increasing 

t o the n o r t h , and a small outcrop at the very southern t i p of 

the remge confirms t h a t the f o l d closes t o the south. 

Between 5400S arid 4000S a large i n t r u s i v e mass of 

d i o r i t e penetrates the synform and obscures the s t r u c t u r e . 

4200S-1000S (Figs. 2 0 e to 2 0 f ) 

Hematite ore outcrops on the western f l a n k of the 

r i d g e and i r o n - f o r m a t i o n occupies the crest and outcrops 

s p o r a d i c a l l y on the eastern slopes. D r i l l i n g shows tha t the 

synform deepens s t e a d i l y due t o the north p i t c h and becomes 

i n c r e a s i n g l y as3nnmetric. 

The west limb has a uniform dip of about 55°, 

in c r e a s i n g s l i g h t l y i n steepness t o the north. This i s w e l l 

estalDlished by consistent d r i l l h o l e i n t e r s e c t i o n s i n the basal 

carbonate u n i t , as f o r example DP 14 and DDH 47 i n Fig. 20e. 

" sc;tf.i;£ ' " ' / / N 

2 3 OCTIV73 
, StCTIOK 
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F i g . 2 0 a - 2C)g. G e o l o g i c a l cross - s e c t i o n s o f I r o n D u k e 

K E Y 

;•. •• 1 S i l i c e o u s i r o n - f o r m a t i o n s 

H e m a t i t e o r e 

T a l c z o n e r o c k s 

[ ' I j M a g n e t i t e - h e m a t i t e - c a r b o n a t e o r e 

(~V|t-{ Basal c a r b o n a t e u n i t 

A m p h i b o i i t e 

{ " ^ ^ 1 A r g i l l a c e o u s sch is ts o f D e a t h A d d e r G u l l y 
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The east limb i s more complex and the very presence 

of an east limb i s open t o question because the basal carbonate 

u n i t does not outcrop, nor does i t appear i n any d r i l l h o l e s or 

tunnels. The strongest support f o r an east limb i s on section 

3200S ( F i g . 20e), where exposures on the east side o f the ri d g e 

d i p s t e e p l y t o the west and these dips are confirmed i n Tunnel 

No.3. The absence o f the basal carbonate shows, t h e r e f o r e , t h a t 

p a r t of the east limb i s missing. 

lOOOS ( F i g . 20g) 

lOOOS i s the best d r i l l e d section a t I r o n Diike and, 

p a r t l y f o r t h i s reason, i s the most d i f f i c u l t t o i n t e r p r e t . 

I r o n - f o r m a t i o n occupies most of the ridge and the 

hematite outcrop on the west f l a n k i s considerably reduced. 

This e l i m i n a t i o n o f the hematite i s q u i t e sudden, taking place 

about 100* south o f the s e c t i o n and the ore passes along s t r i k e 

i n t o i r o n - f o r m a t i o n . Immediately t o the north of the section 

the r i d g e narrows i n t o a low saddle which suggests t h a t there 

may be f a u l t i n g i n the area. 

The general i n c l i n a t i o n of the west limb i s established 

by three d r i l l h o l e i n t e r s e c t i o n s , DDH83, Dm78 and DDH57. The 

limb dips rather more steeply than t o the south and i s f a u l t e d 

as shown by b r e c c i a t i o n i n DDH83 and at the surface. The i n c l ­

i n a t i o n and f u l l a f f e c t of t h i s f a u l t i n g i s not clear. 
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The east limb i s shown t o be present by westerly 

dips i n outcrop and i n Tunnel No.4. There i s no sign o f the 

basal carbonate u n i t and, again, part o f the east limb i s 

missing. 

The synform axis passes approximately through the 

c o l l a r of DDH57 a t the svirface, and i n Tunnel No.4 i s w i t h i n 

100' o f the western end. I t t h e r e f o r e has a steep western d i p 

i n t h i s upper par t which c o n f l i c t s w i t h the general i n t e r p r e ­

t a t i o n t o the south and w i t h the in f o r m a t i o n at lower l e v e l s . 

DDH 78 and DDH57 suggest t h a t the basal carbonate i s i n c l i n e d 

t o the east and e x t r a p o l a t i o n frcm d r i l l h o l e s f u r t h e r south 

supports t h i s , mciking i t very u n l i k e l y t h a t the f o l d closes to 

the west of DDH57 at depth. The axis must theref o r e s h i f t from 

the west side o f DDH57 i n the upper l e v e l s t o the east side at 

depth. Dips i n the basal carbonate i n t e r s e c t i o n of DDH57 vary 

from 20° to 70° and t h i s could i n d i c a t e the pr o x i m i t y of the 

main f o l d axis or simply be due t o minor f o l d i n g . 

Movement of the sjmform axis i s also i n d i c a t e d by 

the d i s p o s i t i o n o f a talc-magnetite s c h i s t layer which o v e r l i e s 

the magnetite-hematite-carbonate ore and i s considered to be a 

s t r a t i g r a p h i c u n i t . I t i s i n t e r s e c t e d by four d r i l l h o l e s , DDH's 

67, 57, 78, DP83, and Tunnel No.4 and i s unusually t h i c k i n the 

area around the western end of Tunnel No.4. Below Tunnel No.4, 

i t extends down d i p t o the east, i n d i c a t i n g t h a t the synform axis 

i s t o the east of DDH57. 
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This movement of the f o l d axis could be due to 

f a u l t i n g or f l e x u r i n g . The change of d i r e c t i o n must take place 

f a i r l y suddenly, w i t h i n 100' below Tunnel No.4, i f the i n t e r ­

p r e t a t i o n o f the s c h i s t as a s t r a t i g r a p h i c u n i t i s . c o r r e c t . The 

thickening, of the t a l c s c h i s t could be explained by t i g h t i s o ­

c l i n a l f o l d i n g i n the a x i a l region of the main synform but 

there i s no evidence f o r t h i s i n Tunnel No.4, where the d i p 

i s t o the west throughout most of the tunnel. Small scale 

f o l d s i n the t a l c have steeply dipping a x i a l planes which 

s t r i k e north-south, p a r a l l e l t o the main synform a x i s , and 

there are no i n d i c a t i o n s ^ ^ complex f o l d i n g although t h i s could, 7^ 

t o some extent be obscured by the e f f e c t s of hydrothermal a c t ­

i v i t y . There i s a good deal of f a u l t i n g i n Tunnel No.4, one 

large f a u l t being i n c l i n e d at 30° t o the west. Movement along 

a plane o f t h i s o r i e n t a t i o n would s h i f t the f a u l t axis at a 

po i n t about 60' below Tunnel No.4 and the f a u l t would pass 

through Winze No.4. There i s intense deformation i n Winze No.4 

but no cl e a r major f a u l t plane. 

I t i s clear from the above discussion t h a t the s t r u c t u r e 

i n the centre of the synform at lOOOS i s complex and cannot, as 

y e t , be adequately explained. 

Future d r i l l i n g t o the north of lOOOS may c l a r i f y the 

s t r u c t u r e . 

The magnetite-hematite-carbonate on section lOOOS 

appears t o pass up the western limb i n t o i n t e r l a y e r e d carbonates 
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and t a l c o s e iron-formations i n t e r s e c t e d by DP81 and DDH83. 

The u n c e r t a i n t y o f the s t r u c t u r e and the f a c t t h a t DP81 i s 

pr o j e c t e d 30* from the south i n a f a u l t e d area makes the 

precise r e l a t i o n s h i p uncertain. 

The eastern contact w i t h the schists of Death Adder 

Gul l y i s established as e s s e n t i a l l y v e r t i c a l by d r i l l h o l e s 

DDH67, DDH78 and Tunnel No.4. 

North of lOOOS there i s r e l a t i v e l y l i t t l e inform­

a t i o n . A deep d r i l l h o l e i n the centre of the ri d g e at GO 

penetrated iron-formations t o about 250* followed by 1000' 

of s i l i c e o u s magnetite-talc s c h i s t s w i t h two t h i c k layers of 

magnetite-hematite-carbonate. The synform axis continues t o 

the n o r t h and the basic s t r u c t u r e appears to be s i m i l a r t o 

I r o n Duke. ' 

(b) S t r i k e - f a u l t i n g 

I t has already been shown th a t p a r t of the east limb 

of the synform i s missing. This i s i n t e r p r e t e d as due to a 

high angle reverse f a u l t extending along the east side of I r o n 

Diike between the iron-formations and the s c h i s t s i n Death Adder 

G u l l y . The evidence f o r such a f a u l t i s discussed below. 

A s t r i k e f a u l t was mapped by Catley (1964) on the east 

side o f I r o n Dxike i n the contact area between iron-formation and 

s c h i s t . I t i s marked i n p a r t by a l i n e o f broken iron-formation 



outcrops. Catley regarded i t as a reverse f a u l t but placed i t 

w i t h i n the iron-formations r a t h e r thaji at the contact w i t h 

s c h i s t . 

The lack of basal carbonate i n the east limb must 

be due t o flowage or f a u l t i n g . D r i l l i n g i n the east limb has 

e s t a b l i s h e d t h a t the contact between the iron-formations and 

the s c h i s t s of Death Adder Gully i s steeply west dipping to 

v e r t i c a l and i s sharp. I n Tunnel No.4, the contact i s ob­

scured by a t h i c k c h l o r i t i s e d basic i n t r u s i v e but at approx­

ima t e l y 300* from the p o r t a l there i s a 100' wide zone of 

c h l o r i t i c q u a r t z i t e which looks conglomeratic w i t h q u a r t z i t e 

fragments cemented by c h l o r i t e and quartz. The fragments tend 

t o be elongate and aligned north-south. The s t r u c t u r e of the 

rock i s d i f f i c u l t t o a s c e r t a i n but i t appears t o be crushed and 

breaks e a s i l y i n hand specimen. There i s a w e l l developed 

l i n e a t i o n due t o the c h l o r i t e , which i s aligned north-south 

and i n c l i n e d gently t o the n o r t h , p a r a l l e l t o the regional trend. 

On the west side of t h i s zone the rock i s intermixed w i t h lean 

i r o n - f o r m a t i o n and there i s a 7' wide s t r i p of massive green 

c h l o r i t e rock which dips v e r t i c a l l y . The whole zone i s i n t e r ­

p reted as a crush b e l t between the iron-formations and the 

s c h i s t s . 

This i s supported by numerous narrow f a u l t zones i n 

the f i r s t 500* of Tunnel No.4 ( F i g . 20g). Most of these are 

v e r t i c a l t o steeply west dipping but the sense of movement i s 

obscured by the lack of d i s t i n c t marker u n i t s and the presence 
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of hydrothermal magnetite and sometimes carbonate. 

A f a u l t e d contact i s a l s o supported by d r i l l h o l e 

DDH86 ( F i g , 20f) which i n t e r s e c t e d a l t e r n a t i n g s l i v e r s of 

q u a r t z - c h l o r i t e s c h i s t and magnetite-hematite-carbonate with 

b r e c c i a t i o n i n both rock types. 

A f a u l t b r i n ging together the iron-formations of I r o n 

Duke and the s c h i s t s of Death Adder G u l l y could not be a normal 

f a u l t as the s c h i s t s a r e s t r a t i g r a p h i c a l l y higher than the i r o n -

formations. A r e v e r s e f a u l t would s a t i s f y the geometric r e q u i r e ­

ments, a t a high angle as i n d i c a t e d by the d r i l l i n g , and would 

r e s u l t i n the iron-formations moving upwards, o v e r r i d i n g the 

s c h i s t s to the e a s t . There i s a l i t t l e support for t h i s i n 

Winze No.4, where a low angled t h r u s t i n c h l o r i t e - h e m a t i t e 

s t r i k e s north-east and i s i n c l i n e d at 10° to 20" to the north­

west. T h i s i s at a much shallower angle than the main f a u l t 

zone but the sense of movement, with o v e r t h r u s t i n g to the south­

e a s t , i s s i m i l a r to that envisaged for the main f a u l t . 

There i s no change i n s t r i k e along the east s i d e of 

I r o n Duke nor i s any observed i n the tunnels. Even i n the 

crush zone of Tunnel No.4, the s t r i k e i s maintained a t roughly 

north-south and the l i n e a t i o n i s i n c l i n e d to the north p a r a l l e l 

to the p i t c h of the main f o l d a x i s . This suggests that the 

planes of movement were p a r a l l e l to the s t r i k e and that movement 

was e s s e n t i a l l y v e r t i c a l . There may, however, be a sense of 

l a t e r a l movement, with the iron-formations moving south r e l a t i v e l y 
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to the s c h i s t s , as i n d i c a t e d by the small t h r u s t i n Winze No.4 

which was described above. 

Further north along the east s i d e of Iro n Duchess, 

s c a t t e r e d outcrops of s c h i s t below the iron-formation show that 

the b a s a l carbonate u n i t i s missing and the f a u l t probably con­

t i n u e s . There i s a marked topographic gap between the Iro n 

Ouchess and the I r o n Knight iron-formations to the north and the 

p r o j e c t e d f a u l t l i n e would extend through t h i s gap as suggested 

by R e i d ( p e r s . comm.). 

An i n t e r p r e t a t i o n of the f a u l t i n g i s shown i n Fig.21. 

( c ) C r o s s - f a u l t s 

A number of small c r o s s - f a u l t s s h i f t the synform a x i s 

with l a t e r a l movements g e n e r a l l y not greater than about 100*. 

The movement i s c o n s i s t e n t l y s i n i s t r a l . 

T h i s movement of the f o l d a x i s i s r e f l e c t e d by sharp 

sideways movement of the ridge c r e s t and the l i n e of f a u l t i n g 

i s g e n e r a l l y marked by a sma l l saddle. The sense of movement i s 

t h e r e f o r e p l a i n but the a c t u a l d i r e c t i o n of the f a u l t plane i s 

d i f f i c u l t to e s t a b l i s h because the saddles have l i t t l e exposure. 

O c c a s i o n a l smaller s c a l e f a u l t i n g seen i n outcrop, and s l i g h t 

f l e x u r i n g i n the f o l d a x i s near to some c r o s s - f a u l t s , suggest 

t h a t the f a u l t planes are s t r i k i n g north-east. 
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Iron Knighf 
ron Duchess 

Schists 
,rOeoTh Adder GMV 

Verf 

ron Knighf 

ron-formafions, 
now hidden below the schists of Death 
Adder Gul ly. 

Schists of Death Adder Gully 

Lower iron-formation unit 

^^-p- Fold axes 

High angle reverse fault 

F ig.21. Diagram to show the effects of the strike fault on the east side of Iron Duke. 
Not to scale. 
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(d) L i n e a t i o n s 

Amphibole r i c h iron-formations show a strong l i n e a t i o n 

on s u r f a c e s broken p a r a l l e l to the banding due to p a r a l l e l o r i e n ­

t a t i o n of the f i b r o u s m i n e r a l s . Talcose rocks have a simileu: 

l i n e a t i o n and i n both cases the l i n e a t i o n s t r i k e i s approximately 

north-south with a gentle i n c l i n a t i o n to the north p a r a l l e l to 

the f o l d axes. 

Rodding i s o f t e n w e l l developed on iron-formation 

outcrops where the l a y e r i n g plane s u r f a c e s are exposed ( F i g s . 

22a,b). I t i s p r i m a r i l y due to quartz g r a i n s forming small 

elongate knots and i s c o n s i s t e n t l y p a i r a l l e l to the f o l d axes 

(Jones 1968). Rodding of i d e n t i c a l appearance i s a l s o formed 

by very s m a l l s c a l e t i g h t f o l d i n g w i t h i n the iron-formation and 

i s a l s o p a r a l l e l to the main f o l d axes. 
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Fig. 22a. Rodding on layer surface parallel to axis of a brood concentric 
fold. Probably due to strong small scale folding. 
Iron Duchess, opprox. 220N/130W. Siliceous iron-formation 
outcrops. 

mineral streaking (quartz and amphibole) 

Fig. 22b. Closer view of rodding in 22a. Note smaller scale 
lineation due to mineral streaking. 
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D. DISPOSITION OF ORES. TALC ZONES AND AMFHIBOLITES 

1. Maqnetite-hematite-carbonate 

The magnetite-hematite-carbonate occurs as a long, 

c y l i n d r i c a l body which extends along the length of the ridge at 

depth. I t occupies the hinge area of the synform and i s t h i c k e s t 

at the northern end of I r o n Duke, becoming p r o g r e s s i v e l y thinner 

up p i t c h to the south ( F i g s . 20a to 20g ) . The ore i s not found 

above a depth of 300*. 

The orebody i s bounded on the east s i d e by the ste e p l y 

west dipping f a u l t contact with c h l o r i t e s c h i s t s of Death Adder 

G u l l y . Contacts between the two rock types are sharp. 

T a l c o s e rocks occur immediately above the ore and these 

pass g r a d u a l l y upwards i n t o iron-formation. The contact between 

magnetite-hematite-carbonate and the t a l c o s e rocks i s w e l l exposed 

i n Winze No.4 ( F i g . 2 0 g ) , where the main contact i s quite sharp but 

i s o v e r l a i n by a mixed zone of t a l c and c h l o r i t e s c h i s t with con­

s i d e r a b l e carbonate v e i n i n g and l a y e r s of massive banded hematite-

carbonate ( F i g s . 2 3a, b). ' The carbonate veins often occur i n 

j o i n t s and f r a c t u r e s and taper upwards. 

The orebody i s u n d e r l a i n by a c h l o r i t i s e d b a s i c i n t r u s i v e 

i n the northern p a r t of the area and contacts between the two rock 

types are sharp. To the south, hematite ore occurs i n a t h i n l a y e r 

along the base of the magnetite-hematite-carbonate body and contacts 

between the two ore types are gradational. 
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chlorite-
tolc rocks 

Fig. 23b. Layered mognetite-hematlte-carbonate surrounded by chloritic 
and tolcose rocks immediately above the orebody. The chlorite-
talc rocks are strongly deformed, and have flowed around the 
blockier magnetite-hematite-carbonate layers. 
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On the west s i d e the orebody passes up dip i n t o 

hematite ore. D r i l l h o l e s i n the northwest and north p a r t s of 

the area suggest that the magnetite-hematite-carbonate ore 

g r a d u a l l y becomes d i v i d e d i n t o two t h i c k l a y e r s separated by 

s i l i c e o u s t a l c s c h i s t s and iron-formations ^ r t h of lOOOS, 

To the south, the orebody passes up p i t c h i n t o 

hematite ore. The t r a n s i t i o n occurs rather sharply but i s 

obscured by a l a r g e i n t r u s i v e b a s i c mass (Fig.20d). 

2. T a l c zones 

The magnetite-hematite-carbonate body i s o v e r l a i n and 

u n d e r l a i n by zones of t a l c r i c h rocks. The main rock types axe 

talc-magnetite s c h i s t and q u a r t z - h e m a t i t e - t a l c rock. I n the 

lower zone there i s often considerable p y r i t e . 

The upper t a l c zone i s t h i c k e s t i n the north where i t 

has a s t r a t i g r a p h i c t h i c k n e s s of about 200' (Fig.20g). I t becomes 

p r o g r e s s i v e l y thinner to the south as shown i n F i g s . 20e and 2Cf. 

There i s a gradual t r a n s i t i o n from t a l c o s e rocks to the 

o v e r l y i n g iron-formations. The q u a n t i t y of t a l c decreases, the 

quartz g r a i n s i z e decreases, amphiboles become the dominant 

s i l i c a t e m i n e r a l and the whole character of the rock gradually 

becomes that of a t y p i c a l iron-formation. 

The lower t a l c zone i s only seen c l e a r l y on s e c t i o n 

lOOOS (Fig.20g;), where i t forms a narrow s t r i p of 50' to ICQ' t h i c k 

between the magnetite-hematite-carbonate and the underlying b a s a l 

ceirbonate. I t contains a good deal of carbonate and i s h e a v i l y 
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packed with p y r i t e i n p l a c e s . Further south, t h i s zone passes 

d i r e c t l y i n t o hematite ore. 

I n the northern part of the ar e a , both the t a l c zones 

t h i c k e n and a t h i r d zone appears w i t h i n the magnetite-hematite-

carbonate body, north of lOOOS. The t a l c zones t h e r e f o r e form a 

p a r t i a l envelope about the magnetite-hematite-carbonate body, 

o c c u r r i n g above the ore, below i t and enclosing part of the ore 

at the northern end. 

3. Hematite ore 

I n the southern h a l f of the ar e a , hematite ore occurs 

i n the hinge area of the synform, r e s t i n g upon a r g i l l a c e o u s s c h i s t s 

at the extreme southern end and upon a la r g e b a s i c i n t r u s i v e further 

north. 

I n the northern h a l f of the area, the ore i s i n two paorts, 

the main body occupying the upper portion of the west limb and a 

smaller body extending along the base of the magnetite-hematite-

carbonate i n t o the hinge area of the synform ( F i g s . 20c to 20 g). 

The main orebody i s up to 300* t h i c k i n s t r a t i g r a p h i c thickness 

and g e n e r a l l y r e s t s upon an amphibolite s i l l . I t i s o v e r l a i n by 

iron-formations and ther e i s a narrow t r a n s i t i o n zone of about 20* 

to 50* between the two. 

D r i l l i n g has e s t a b l i s h e d that the hematite ore i n the 

west limb passes down dip i n t o both magnetite-hematite-carbonate 

and t a l c zone rocks. Part of the ore a l s o appears to pass down 

dip i n t o iron-formation. 
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The main hematite orebody terminates abruptly at about 

500S ( F i g . 1 8 ) , passing l a t e r a l l y i n t o iron-formations. The pre­

c i s e nature of t h i s t r a n s i t i o n i s obscured by poor exposure and 

co n s i d e r a b l e f a u l t i n g i n the area. 

The smaller orebody occurs as a t h i n l a y e r , at i t s 

maximum about 150' t h i c k , along the base of the magnetite-hematite-

carbonate body ( F i g s . 20c to 20g). I t extends down p i t c h from the 

mean southern hematite orebody and down dip from the hematite ore 

i n the west limb. To the north, i t becomes p r o g r e s s i v e l y thinner 

and a t lOOOS (Fig.209) i s completely absent. 

The bulk of the hematite ore at I r o n Duke i s w i t h i n 500' 

of the s u r f a c e . 

4. Amphibolites 

M i l e s (1954) used the term amphibolite to describe bodies 

of i n t r u s i v e and i n t e r l a y e r e d b a s i c igneous rocks which occur 

throughout the Middleback Ranges. The term, as used i n t h i s sense, 

i n c l u d e s a v a r i e t y of rock types and does not imply that the bodies 

are premetamorphic. I t i s a convenient term and i s r e t a i n e d i n 

t h i s t h e s i s . 

A l a r g e b a s i c i n t r u s i v e mass penetrates the synform 

between 4000S and 4600S ( F i g s . 20c,d). I t i s poorly exposed and 

i s known mainly by d r i l l i n g , which makes i n t e r p r e t a t i o n of the s i z e 

and shape d i f f i c u l t , but i t i s d e f i n i t e l y s e v e r a l hundred f e e t t h i c k 

and can be i n t e r p r e t e d as one or more massive i n t r u s i o n penetrating 

the synform from depths to the e a s t . 
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Dykes extend north and south from t h i s mass. The 

southern dykes are t h i c k and i r r e g u l a r i n form and cut across 

the synform a x i s ( F i g . 1 8 ) . They occur mainly w i t h i n the hematite 

ore and a l s o penetrate the s c h i s t s of Death Adder Gully. 

The northern dykes are thinner, g e n e r a l l y not more than 

150' t h i c k and occur p r i n c i p a l l y i n the f o l d limbs ( F i g s . 20c to 

20g). I n the v i c i n i t y of the magnetite-hematite-carbonate and 

t a l c o s e zones they are ccmpletely c h l o r i t i s e d . Their i n t r u s i v e 

c h a r a c t e r may be demonstrated i n Tunnel No.4 (Fig.2C^) where one 

t y p i c a l dyke shows a c h i l l e d margin against s c h i s t and another cuts 

i r r e g u l a r l y across banded iron-formation. 

A small i n t r u s i v e body, d i f f e r e n t i n form a i n d texture 

from the other i n t r u s i v e s , occurs i n the upper pait of the west 

limb ( F i g . 2 0 g ) . I t i s completely c h l o r i t i s e d but the remnant 

texture i s p o r p h y r i t i c ajid there i s no obvious source for a f e l d ­

spar porphyry i n the a r e a . 
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E. PETROLOGY 

The iron-formations of the Middleback Ranges have already 

been d e s c r i b e d i n S e c t i o n I and, as those a t I r o n Duke represent 

the g e n e ral type, they w i l l not be described f u r t h e r . 

The hematite-magnetite-carbonate, t a l c o s e rocks and 

c h l o r i t i s e d i n t r u s i v e s are unusual rock types which are r a r e l y 

mentioned i n world l i t e r a t u r e . They w i l l be described i n d e t a i l , 

together with a b r i e f d e s c r i p t i o n of the s c h i s t s i n Death Adder 

G u l l y which show s i g n i f i c a n t d i f f e r e n c e s i n mineralogy from t h e i r 

s t r a t i g r a p h i c e q u i v a l e n t s to the north. * 

1. Maqnetite-hanatite-carbonate 

The rock i s a mjxture of magnetite, hematite and carbonate 

with oxides i n about eqiaal proportions to the carbonates. I t i s mixed 

b l u e - b l a c k and creaimy white i n colour and the carbonate i s u s u a l l y 

f a i r l y coarse grained whereas the i r o n oxides are f i n e grained and 

granular. (Fig. 24) 

( a ) S t r u c t u r e s 

Most of the rock has an unusual structxare c o n s i s t i n g of 

fragments of f i n e l y banded magnetite-hematite-carbonate merging 

i n t o and cemented by c o a r s e l y c r y s t a l l i n e carbonate ( F i g s . 25 to 29). 

I t o f t en appears to be a mixture of b r e c c i a t i o n and p l a s t i c flow. 

DDH 57 (Fig.20g) i n t e r s e c t e d 800' of t h i s m a t e r i a l and 

d r i l l h o l e s t o the south have shown i t to be c h a r a c t e r i s t i c of the 

whole body. There i s ra t h e r l e s s b r e c c i a t i o n and the banding i s 

'̂ The petrology of these rock types is described in detail in Company reports by Whitehead 
and Burger using microscopic techniques. The reports were used by the author as a basis 
during the early part of this work, but the following descriptions are based on the author's 
own observations. 
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l e s s d i s t u r b e d at high l e v e l s on the east s i d e of the orebody. 

Vei n carbonate tends to i n c r e a s e towards the base of the orebody, 

p a r t i c u l a r l y on the e a s t s i d e . 

S t r u c t u r e s observed i n d r i l l core can be categorised 

i n t o three maiin types, banded, b r e c c i a t e d and veined: 

V 

Banded s t r u c t u r e s (Figs.25a,b) vary i n s c a l e from microscopic to 

l a y e r s s e v e r a l inches t h i c k which are th€mselves f i n e l y banded. 

The banding i s u s u a l l y d i f f u s e and frequently shows s w e l l i n g , 

s t r e t c h i n g and flowage s t r u c t u r e s , often accompanied by t i g h t , 

s m a l l s c a l e f o l d i n g . Massive bands, with a higher proportion of 

oxide m i n e r a l s , do not show such strong d i s t o r t i o n . The cairbonate 

i s u s u a l l y f a i r l y c o a r s e l y c r y s t a l l i n e , even i n w e l l banded samples, 

and carbonate r i c h bands tend to be s t i l l more c o a r s e l y c r y s t a l l i n e 

and merge i n t o v e i n carbonate. Rare specimens with xandisturbed 

banding show a f i n e l a y e r i n g s i m i l a r i n s c a l e and appearance to 

that of the iron-formations^ each l a y e r having a texture dependent 
on the proportion and g r a i n s i z e of i t s components, p a r t i c u l a r l y 

* 
the i r o n oxides. . The carbonate i s f i n e r grained i n these bands. 

B r e c c i a t e d s t r u c t u r e s ( F i g s . 26a,b, ) c o n s i s t of angular fragments 

of magnetite-hematite-Ccorbonate enclosed by v e i n carbonate and 

sometimes by magnietite. The fragments are u s u a l l y banded but the 

carbonate of the fragment merges i n t o the enclosing carbonate, the 

fragment boundaries are commonly i n d i s t i n c t , and the l a y e r i n g tends 

to become vague. The e n c l o s i n g carbonate i s f a i r l y c o a r s e l y c r y s t a l -

l i n e and sometimes has small vughs with euhedral c r y s t a l s p r o j e c t i n g 

i n t o the c a v i t i e s . 

*as noted by Whitehead in Company reports. 



Fig. 24. Hematite-magnetite-carbonate ore exposed in Winze No.4. 
The white is carbonate and the mottled grey-black areas are hematite-
magnetite-carbonate. Note the fine scale layering in some iron oxide 
rich patches. 
Approximately half natural scale. 
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Fig. 25a. Layered magnetite-hematite-carbonate. Arrow points upwards in 
vertical core. 
Sample no. 85-810. Scale on right is in tenths of an inch, drillcore 
is approximately l i inches in diameter. 

Fig. 25b. Layered magnetite-hematite-carbonate. Note the well developed 
fine layering of magnetite rich bonds on the right, diffuse layering 
on the left and coarsely crystalline carbonate in the centre. Upper 
scale on the rule is in inches, lower in centimetres. Sample no. 2. 
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F i g . 2 6 a . Brecclated hemaHte-magnetite-ankerite ore . Note disHnct 
layering of iron oxides and carbonate in the breccia fragments. 
Sample N o . 8 5 - 6 6 5 . Dr i l lcore is approxina tely U inches in 
diameter. 

F i g . 26b . Brecciated hemat i te-magnet i te-calc i te . The fragments are in 
vein c a l c i t e . Sca le in inches. Sample N o . 7 . 
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F i g . 27 . Ve ins of ankerite cutting layered hemaHte-magnetite-carbonate 
with ch ior i te - ta lc layers immediately above the orebody. 
Winze N o . A, north w a l l . Sca le approxima tely one-third 
natural s i z e . 
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F i g . 2 8 . Folding in magnetite-hematite-carbonate ore . 
Winze N o . 4 . Approximately two-thirds natural s i z e . 
Note the very fine sca le layering within the light 
coloured carbonate rich layer . 



V e i n s t r u c t u r e s (Fig, .27 ) i n c l u d e c l e a r l y cross c u t t i n g veins 

of carbonate and, to a much l e s s e r extent, magnetite. Patches of 

c o a r s e l y c r y s t a l l i n e carbonate, s e v e r a l f e e t t h i c k , are sometimes 

i n t e r s e c t e d by d r i l l i n g and these a r e assumed to be paorts of 

l a r g e r v e i n s . The l a r g e r veins are found mainly towards the base 

of the orebody but may occur a t any l e v e l . Small vughs with 

euhedral c r y s t a l s p r o j e c t i n g i n t o the c a v i t i e s are common. 

The c h a r a c t e r i s t i c s t r u c t u r e for the whole orebody i s 

a mixture of the three types described above. Some kind of banding 

i s almost always present but there i s every gradation between banded 

and v e i n s t r u c t u r e s . I t i s fr e q u e n t l y impossible to t e l l whether 

c o a r s e l y c r y s t a l l i n e Ccirbonate i s a true v e i n i n the sense that i t 

has been introduced i n t o the rock, or whether i t i s formed by 

carbonate r i c h bands flowing and merging to produce a v e i n type 

of s t r u c t u r e . 

Massive magnetite f r e q u e n t l y occurs at the contacts with 

c h l o r i t i s e d i n t r u s i v e s , often forming a l a y e r s e v e r a l f e e t wide 

and p a s s i n g g r a d u a l l y i n t o the magnetite-hematite-carbonate. The 

contact between magnetite and the i n t r u s i v e i s , i n a l l c a s e s , k n i f e 

sharp. The magnetite f r e q u e n t l y encloses angular fragments of 

c h l o r i t i s e d i n t r u s i v e and, more r a r e l y , fragments of banded magnetite-

hematite-carbonate. I t has a granular texture and there i s 

f r e q u e n t l y some intermixed c o a r s e l y c r y s t a l l i n e carbonate present 

amongst the malgnetite g r a i n s . 

Folding i s sometimes present i n d r i l l core varying i n 

s c a l e from broad, gentle f l e x u r i n g to c r e n u l a t i o n s on a micro s c a l e . 
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The s t y l e s v 2 i r y from open c o n c e n t r i c f o l d s to t i g h t s i m i l a r f o l d s 

with hinge area thickening and the t y p i c a l s t y l e i s intermediate 

between these two ( F i g 28) . 

Other s m a l l s c a l e structxores observed i n d r i l l core are 

normal f a u l t s eind a mineral l i n e a t i o n on s u r f a c e s broken p a r a l l e l 

to the banding planes. The l a t t e r i s mainly found i n the upper 

pa r t of the orebody where a l i t t l e t a l c i s present i n the rock and 

i s due to the alignment of t a l c c r y s t a l s and sometimes magnetite 

t r a i n s , on the s u r f a c e s 

I t i s impossible to p r e c i s e l y determine the o r i e n t a t i o n 

of s m a l l s c a l e s t r u c t u r e s without f u l l y o r iented d r i l l core and 

t h i s i s not a v a i l a b l e . The dip of the banding f l u c t u a t e s widely 

r e l a t i v e to the d r i l l core a x i s but conforms broadly to the main 

s t r u c t u r e i f the d i p d i r e c t i o n i s assumed to be p a r a l l e l to the 

f o l d limbs. F o l d axes are g e n e r a l l y gently i n c l i n e d from the 

h o r i z o n t a l and s m a l l c o n c e n t r i c f o l d s exposed i n Winze No.4 ( F i g . 

28 ) have axes s t r i k i n g due north and i n c l i n e d to the north at 

about 10°, p a r a l l e l to the r e g i o n a l trend. L i n e a t i o n s , when 

present i n folded samples, are p a r a l l e l to the f o l d axes. 

(b) M i crotextures 

( 1 ) Transmitted l i g h t 

A t y p i c a l t h i n s e c t i o n of magnetite-hoaatite-carbonate 

ore i n c l u d e s part of an i r o n oxide r i c h fragment and part of a 

coeirsely c r y s t a l l i n e carbonate band or vein. 
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The i r o n oxides occur as blocky g r a i n s , sometimes 

grouped i n t o bands but more often forming an i r r e g u l a r s i e v e - l i k e 

t e x t u r e ( F i g s . 2 9 , 3 0 ) . The carbonate which f i l l s the i n t e r s t i c e s 

between i r o n oxide grains i s i n i r r e g u l a r l y s i z e d , i n t e r l o c k i n g 

c r y s t a l s which enclose the smaller oxide g r a i n s . Sometimes t h i s 

i n t e r s t i t i a l caxbonate i s i n laorge c r y s t a l s up to 4mm acros s which 

completely enclose the m a j o r i t y of the i r o n oxide g r a i n s . The 

carbonate i s c h a r a c t e r i s t i c a l l y cloudy with b l u r r e d i n t e r l o c k i n g 

edges. 

The carbonate r i c h p o r t i o n c o n s i s t s of laurge, i n t e r ­

l o c k i n g c r y s t a l s w ith very ragged edges. The c r y s t a l s are normally 

cloudy with dark a r e a s , probably due to included f l u i d , and the 

c r y s t a l s g e n e r a l l y c o n t a i n f l u i d i n c l u s i o n s . Some of the c r y s t a l s 

may be w e l l formed and c l e a r of i n c l u s i o n s and these tend to occur 

i n s m a l l groups which merge i n t o the darker m a t e r i a l . Cleavages 

are sometimes w e l l developed but more often axe poor and the 

c r y s t a l s o f t e n show undulose e x t i n c t i o n . 

Two microtextures axe not included i n the above d e s c r i p t i o n , 

massive ore and w e l l bainded ore: 

Massive ore ( F i g s . 31a,-b), probably represents i r o n oxide r i c h l a y e r s 

of a broad banding. I t has even, granular microtextures with the 

i r o n oxides d i s t r i b u t e d evenly throughout the s e c t i o n . Magnetite 

i s normally the predominant i r o n oxide and the gra i n s axe u s u a l l y 

unoriented producing a r e g u l a r , s i e v e - l i k e t e x t u r e (83-848) but 

may be grouped i n t o elongate patches producing a weak o r i e n t a t i o n 

w i t h i n the s e c t i o n (61-532, F i g . 3 1 a ) . I n some samples, bladed 



135 

F i g . 2 9 . Typical thin section of magnetite-hematite-carbonate ore . Note 
the coarsely crystal l ine vein carbonate on the left merging to more 
f inely crystal l ine carbonate in the magnetite rich portion. 
6 0 - 8 6 7 , crossed polars. 

F i g . 30 . Coarsely crystal l ine vein carbonate enclosing a fragment of hematite-
magnetite-carbonate. Note the parallel orientation of hematite grains. 
59 -721 , crossed polars. 
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6 • f MM 

F i g . 3 1 a . Microtexture of massive magnetite-hematite-carbonate ore. Note 
regular distribution of magnetite grains with parallel alignment and 
fair ly even size of carbonate crystals. Probably part of larger scale 
layer ing. 
61 -532 , crossed polars. 

F i g . 31b. Massive hematite-carbonate ore . Specular hematite in coarsely 
crystal l ine carbonate. 
78 -990 , crossed polars. 
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3 2 . Microtexture of wel l banded magnetite-hematite-carbonate. Note 
the fine grained, fair ly evenly sized carbonate crystals. 
60T813, crossed n ichols . 

3 3 . Siderite crystals with magnetite and hematite grains. The siderite crystals 
occur within coarsely crystal l ine ankerite, near the upper margin of the 
orebody. 
6 7 - 3 5 2 , crossed n ichols . 



hematite predominates, g e n e r a l l y i n c r y s t a l s between 0.1mm and 

0.5mm i n length and these may be d i s t r i b u t e d at random (78-990, 

Fig.31b) or a l i g n e d i n p a r a l l e l o r i e n t a t i o n (59-722). The i n t e r ­

s t i t i a l carbonate i s g e n e r a l l y evenly s i z e d and s i m i l a r i n g r a i n 

s i z e to the i r o n oxides but i t may merge to form areas up to 4mm 

acr o s s i n o p t i c a l c o n t i n u i t y . 

Well banded ore ( F i g s . 3 2 ) . i s c h a r a c t e r i s e d by f i n e grained, 

even m i c r o t e x t u r e s . The banding v a r i e s i n s c a l e from almost sub-

m i c r o s c o p i c (78-853) to broad l a y e r s up to 5mm i n width (60-813). 

Within any p a r t i c u l a r band, texture i s c o n t r o l l e d by the quaintity 

and g r a i n s i z e of the i r o n oxides. This i s w e l l i l l u s t r a t e d i n 

sample No.2 which has d i s t i n c t banding very s i m i l a r to that of the 

iron-Informations (FigsJ25b,^) . The b l o c k i e r bands i n hand specimen 

have r e l a t i v e l y l a r g e magnetite g r a i n s with a coarse, open micro-

t e x t u r e . The i n t e r s t i t i a l carbonate i s a l s o r e l a t i v e l y coarse i n 

these bands and sometimes has an undulose e x t i n c t i o n s i m i l a r to 

that of quartz i n c o a r s e r bands of the iron-formations. The f i n e r 

grained bands may contain the same quantity of i r o n oxide but the 

gr a i n s i z e i s much s m a l l e r , producing a c l o s e l y packed, even micro-

t e x t u r e . I n these l a y e r s the carbonate i s a l s o f i n e r grained. I n 

some samples, the oxides occur i n l a r g e r , i n t e r l o c k i n g patches that 

tend to be elongate p a r a l l e l to the banding and produce a coarser, 

more o r i e n t e d texture. Carbonate textures are g e n e r a l l y a l i t t l e 

c o a r s e r than those of sample No.2 and c o n s i s t of evenly s i z e d 

c r y s t a l s i n the s i z e range 0.1mm to 0.4mm. They are i r r e g u l a r i n 

shape and ar e very cloudy with numerous small f l u i d i n c l u s i o n s . The 

carbonate c r y s t a l s sometimes merge to f o m l a r g e r c r y s t a l s which 

c o n t a i n shadows of smaller c r y s t a l s . 
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At the upper margin of the orebody, quartz and carbonate 

o c c a s i o n a l l y occur together (85-498, 60-637). The quartz u s u a l l y 

occurs as c l e a r , i r r e g u l a r patches i n t e r l o c k e d with carbonate 

c r y s t a l s of s i m i l a r s i z e . I t sometimes encloses t r a i n s and bands 

of i r o n oxide g r a i n s . O c c a s i o n a l l y , the qusirtz occurs i n small 

g r a i n s which appear to be p a r t l y r e p laced by carbonate. 

Thin t a l c l a y e r s a r e sometimes developed at the quartz-carbonate 

i n t e r f a c e s . 

A l s o at the upper margin of the orebody, carbonate and 

t a l c occur together, the carbonate f r e q u e n t l y appearing to replace 

the t a l c and sometimes having a f i n e l y f i b r o u s appearance. 

( 2 ) R e f l e c t e d l i g h t 

Magnetite and hematite may occur alone or together i n any 

p a r t i c u l a r sample r e g a r d l e s s of the microtextures described above. 

I n magnetite v e i n s or concentrations adjacent to c h l o r i t i s e d i n t r u -

s i v e s , only magnetite i s present. 

Magnetite i s g e n e r a l l y i n blocky g r a i n s i n the s i z e range 0.02mm to 

0.25mm and often has a roughly cubic form. The c r y s t a l s tend to 

have concave edges aind a r e f r e q u e n t l y s l i g h t l y elongated and al i g n e d 

p a r a l l e l to the banding. Bladed magnetite was observed i n one saimple 

(60-643, ) p r o j e c t i n g from a banded fragment i n t o v e i n 

carbonate. The blade form i s c h a r a c t e r i s t i c of hematite and the 

magnetite i n t h i s case must have completely replaced specular 

hematite. 

Hggatite occurs i n two main forms: 

( i ) P a r t l y or wholly r e p l a c i n g magnetite (57-1239) and 



140 

often e n c l o s i n g remnants of magnetite (85-810). 

( i i ) As roughly bladed or elongate forms evenly d i s t r i b u t e d 

throughout carbonate (61-780). Magnetite accompanies t h i s form 

of hematite i n some samples ( X ) . 

( c ) Whole-rock geochemistry 

F o r t y -two whole-rock analyses are given i n Appendix I 

and four r e p r e s e n t a t i v e analyses are shown i n Table 8 . The large 

number of samples covers a l l ore types but there i s l i t t l e chemical 

v a r i a t i o n other than i n those elements which c o n s t i t u t e carbonates 

and i r o n oxides. The chosen four analyses are f a i r r e p r e s e n t a t i v e s 

of t h e i r r e s p e c t i v e ore types. 

The major element analys e s are semi-quantitative but give 

a good i n d i c a t i o n of the general l e v e l s f o r each element, as d i s ­

cussed i n Appendix I . 

I n a l l the ore types, CaO, MgO and Fe (expressed as Fe 0 ) 

show wide v a r i a t i o n due to the d i f f e r i n g proportions of i r o n oxides 

and carbonates i n the rocks. There are n e g l i g i b l e amounts of ^Ig^^S* 

Na O, K O and TiO and the low amounts shown i n the analyses are at 

the l i m i t s of accuracy for the technique used. No S i s detected by 

the a n a l y s e s but a l i t t l e p y r i t e i s sometimes present i n the ore. 

R e s u l t s f o r the other major elements may be summcirised as f o l l o w s ; 

SiO - g e n e r a l l y l e s s than 1%, the highest value w i t h i n the main 

orebody being 2.3% ^ ' ^ ' i average 0.6%. The source of 

s i l i c a i s not immediately obvious i n most samples and, 



Table 8 . Whole- rock analyses of magnetite-hematite-carbonate ore 

86-734 Typical ore with mixed layered, vein and breccia structures. 

57-979 Layered o r e . 

67 -823 Ve in ankerite with mjnor iron oxides. 

57-1140 C a l c i t e rich ore . 
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Per cent 86 .734 57-791 67-823 57-1140 

Si02 1.3 0 . 3 2.1 0 .9 

A ' 2 ° 3 
0 . 2 0 . 2 0 . 2 0 . 3 

5 6 . 2 4 7 . 9 15.7 3 7 . 5 

MgO 8 . 6 12.1 18.7 9 . 4 

CaO 13 .7 17.1 21.1 19.7 

Na20 0 . 2 0 . 0 0.1 0 . 2 

K^O 0.1 0.1 0 .0 0.1 

Ti02 0.1 0.1 0.1 0.1 

MnO 0 . 4 0 . 6 0 . 8 4 . 4 

S 0 .0 0 .0 . 0 . 0 0.1 

^2^5 
0 . 3 0 . 2 0.1 0.1 

Ig . Loss 19.2 (21.4 dif f . ) 4 0 . 6 2 7 . 7 

100.3 100.0 9 9 . 5 100.5 

ppm 

Z n 12 0 2 5 

Ni 5 7 0 12 

Ba <20 < 3 0 0 < 3 0 

N b N.D. N . D . 0 N . D . 

Zr < 1 6 <16 2 < 1 6 

Y 1 4 20 14 

Sr 7 5 29 14 

Rb 0 0 4 0 

Notes: 1. Major elements - analyses 86-734 , 67-823 and 57-1140 by chemical 
Laboratory, B . H . P . , Whya l l a , analysis 57-791 semi-quantitative XRF 
by author . 

2 . Trace elements, XRF by author. 
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as the analyses are w i t h i n the order of t 0.6%, there i s 

probably n e g l i g i b l e s i l i c a i n most of the rock. Some 

samples d e f i n i t e l y contain a l i t t l e s i l i c a and t h i s i s 

due to small amounts of t a l c or v e i n quartz. 

MnO - over 0.4% MnO i s present i n a l l the samples, the highest 

value being 4.4%. The v e i n a n k e r i t e , c a l c i t e r i c h ore 

and s i d e r i t e r i c h ore a l l tend to be r a t h e r higher i n 

MnO than t y p i c a l d i f f u s e l y banded and b r e c c i a t e d a n k e r i t e 

ore, or than w e l l banded ore. This i s i l l u s t r a t e d i n 

Table 8. 

P^O^ - the general l e v e l i s i n the order of 0.2% - 0.3% i n a l l 

the ore types except the v e i n carbonates, which contain 

about 0.1%. 

Trace element concentrations axe low i n a l l the ore types 

with e r r a t i c , r e l a t i v e l y high values i n some samples. The most 

s i g n i f i c c i n t v a r i a t i o n i s shown by S r , which i s markedly higher i n 

some c a l c i t e r i c h o r e samples. 

(d) Mineralogy 

Most of the magnetite-hematite-carbonate ore i s a simple 

mixture of i r o n oxides and carbonates. Small amounts of intermixed 

quartz, t a l c and p y r i t e occur i n the upper and lower contact areas 

with more s i l i c e o u s r o c k s . 

I r o n oxides 

Magnetite and hematite are f i n e l y intermixed w i t h i n the 
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rock and i t i s d i f f i c u l t to v i s u a l l y estimate t h e i r r e l a t i v e pro­

p o r t i o n s . However, using a hand magnet and the red s t r e a k of 

hematite, as guides, examination of s e v e r a l thousamd f e e t of d r i l l 

core suggests that magnetite i s most abundant i n the northern, deeper 

p a r t s of the orebody and along the e a s t e r n s i d e by the f a u l t zone. 

To the south and west, the hematite proportion p r o g r e s s i v e l y i n c r e a s e s 

and the ore gradually passes i n t o hematite ore. 

E l e c t r o n microprobe analyses were c a r r i e d out on magnetite 

g r a i n s i n three saimples, each representing a d i f f e r e n t ore type. The 

r e s u l t s a r e shown i n Table 9, together with two analyses of s y n t h e t i c 

hematite which was used as a standard. Magnetite i n the sample of 

banded ore (83-575) contained an average of 0.12% Mg and 0.16% T i . 

These v a l u e s are s i g n i f i c a n t l y higher than Mg and T i values i n the 

t y p i c a l ore sample (74-575) and the v e i n magnetite (67-1029). The 

e l e c t r o n microprobe beam was f i n e l y focussed, the magnetite grains 

were r e l a t i v e l y l a r g e and the Mg and T i r e s u l t s for s y n t h e t i c 

hematite were c o n s i s t e n t , so the d i f f e r e n c e s between samples must 

r e s u l t from v a r i a t i o n s of Mg and T i w i t h i n the magnetite l a t t i c e . 

The r e s u l t s for S i and Mn must be t r e a t e d with caution as there are 

marked d i f f e r e n c e s between the two analyses of s y n t h e t i c hematite and 

t h i s suggests experimental v a r i a t i o n . 

Reconnaissance microprobe analyses i n hematite of the 

banded ore sample (83-575) show concentrations of S i , Mg and T i 

s i m i l a r to those i n magnetite from the same sample. S i i s s l i g h t l y 

higher i n the hematite. 



Table 9. Trace elements i n magnetite grains w i t h i n d i f f e r e n t 
types of maqnetite-hematite-ceirbonate ore 
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S i Mn Mq T i 

Banded magnetite- 0. 36 0.04 0.18 0.16 
a n k e r i t e 

(83-575) same 0.12 0.00 0.10 0.13 
g r a i n 0.12 0.00 0.05 0.10 

smaller 0.07 0.00 0.10 0.13 
grai n s 0.07 0.00 0.18 0.27 

T y p i c a l ore 0.05 0.00 0.00 0.03 
(74-579) Banded 0. 26 0.06 0.00 0.00 

portion 0.07 0.06 0.00 0.00 

v e i n 0.19 0. 26 0.00 0.00 
port i o n 0.19 0.18 0.00 0.00 

Vein magnetite 0.19 0.18 0.00 0.03 
(67-1029) 0.19 0.20 0.00 0.03 

0.19 2.12 0.00 0.10 

S y n t h e t i c hematite 0.07 0.31 0.00 0.03 
(standard) 0.20 0.20 0.00 0.03 
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Carbonates 

Carbonate compositions throughout the orebody were 

i n v e s t i g a t e d by s t a i n i n g 50 samples with A l i z a r i n Red S and NaOH 

i n the technique d e s c r i b e d by Ward (1962), checking the r e s u l t s by 

35 X-ray powder d i f f r a c t i o n f i l m s and analy s i n g carbonate c r y s t a l s 

by e l e c t r o n microprobe i n eleven samples. 

The f u l l r e s u l t s are given i n Appendices I I and I I I and 

e s t a b l i s h t h a t the bulk of the carbonate i s an intermediate a n k e r i t e 

as defined by Deer, Howie and Zussman (1962). Along the top of the 

orebody there i s a t h i n l a y e r of intermixed a n k e r i t e and s i d e r i t e and 

at the base i s a l a y e r of a n k e r i t e and c a l c i t e ( F i g . 3 4 ) . The carbonate 

minerals may be described as f o l l o w s : 

A n k e r i t e i s the only carbonate mineral present i n most of the ore. 

I t i s normally cream to milky white and s t a i n s a d i s t i n c t red-mauve. 

The s t a i n i n g tends to be blotchy, with s l i g h t g radational colour 

changes to reddish-brown and mauve-purple suggesting compositional 

v a r i a t i o n . T h i s was checked by X-ray powder d i f f r a c t i o n amd e l e c t r o n 

microprobe a n a l y s i s and i s not due to v a r i a t i o n s i n composition. 

X-ray d i f f r a c t i o n patterns show tha t only one carbonate 

m i n e r a l i s present and i n d i c a t e that i t s composition i s broadly 

uniform throughout the orebody. The X-ray d i f f r a c t i o n data for a 

t y p i c a l sample i s shown i n Table 10. Some samples show s l i g h t s h i f t s 

i n c e r t a i n l i n e s which suggest s m a l l v a r i a t i o n s i n carbonate composition 

but a l l the patterns are s i m i l a r and conform to that of an intermediate 

a n k e r i t e ( r e f . A.S.T.M. cards 12-88 and 11-78). 
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Probably mixed siderite 
and ankerite \ 

\ 
Mixed 

iderite \ 

ANKERITE 

Z O N E 

and anker? te 

Dolomite zone 

(Burger 1964) 

A= Ankerife 

S= Siderite 

C= Calcite 

100 feet 

Fig. 34. Disfribution of carbonate types within the mcgnetite-hematite-carbonate ore 
on section lOOOS. Carbonate identification based on staining and X-ray 
diffroction techniques. 
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Table 10 . X.-roy diffraction data for Iron Duke ankerite 

Ankerite Coj 1 Q MgQ 7 FCQ 3 (003)2 (Sample 7 8 - 8 0 0 ) 

J ^ i hkl 

3 . 6 9 / 4 0 0 1 2 

2 . 9 0 4 100 104 

2 . 6 7 6 2 0 0 0 6 

2 . 5 3 5 2 0 0 1 5 

2 . 3 9 9 5 0 0 1 5 

2 . 3 9 9 5 0 110 

2 . 1 9 0 7 0 113 

2 . 0 6 0 2 0 021 

2 . 0 1 4 5 0 2 0 2 

1 . 8 4 5 3 0 0 2 4 

1 . 8 0 4 7 0 0 1 8 

1 . 7 8 8 7 0 116 , 0 0 9 

1 . 5 6 0 3 0 211 

1 . 5 4 5 4 0 122 

1 . 4 6 5 4 0 2 1 4 

1 . 4 4 3 3 0 0 2 8 

1 . 4 3 2 2 0 119 

1 , 4 1 5 2 0 125 

1 . 3 8 9 4 0 0 3 0 

1 . 3 3 9 3 0 0 .0 .12 

1 . 2 9 8 3 0 2 1 7 

1 . 2 7 2 3 0 0 . 2 . 1 0 

1 . 2 3 9 3 0 128 

1 . 2 0 3 2 0 2 2 0 

1 . 1 7 0 3 0 1 . 1 . 1 2 

1 . 1 4 5 10 3 1 2 

1 . 1 2 5 3 0 2 . 1 . 1 0 

1 .111 4 0 134 

1 . 0 9 8 3 0 2 2 6 , 3 0 9 

1 . 0 0 9 ^ 4 0 4 0 4 

1 . 0 0 3 3 0 3 1 8 

0 . 9 7 8 3 0 1 . 0 . 1 6 
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Table 10 (ctd.) 

0.9649 30 3.0.12 

0.9310 10 3.2.14 

hexagonal cel l : 

= 4.8176 - 0.0009R 

= 16.098 - 0.006 R 

a 
o 

c 
o 
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A hand picked a n k e r i t e sample from the centre of the 

orebody (57-749) gave the following chemical a n a l y s i s : 
Fe Ign. 

SiO A l O (a s FeO) MgO CaO MnO S P C Loss 
2 2 3 2 5 

0.1 0.1 8.7 15.7 28.4 1.0 0.2 0.0 44.4 

( A n a l y s i s by Chemical Laboratory, B.H.P.j Whyalla). 

E l e c t r o n microprobe emalyses on i n d i v i d u a l carbonate 

c r y s t a l s support t h i s general composition and are p l o t t e d i n Fig.35 

and presented i n f u l l i n Appendix I I . 

The e l e c t r o n microprobe analyses provide a number of 

i n t e r e s t i n g items of information: 

( i ) A l l the samples frcxn w i t h i n the main part of the orebody 

con t a i n one cairbonate type which has a s i m i l a r composition throughout 

the body. There i s some v a r i a t i o n i n d e t a i l , as described i n para­

graphs ( i i ) and ( i i i ) . 

( i i ) Within any p a r t i c u l a r t h i n s e c t i o n , d i f f e r e n t carbonate c r y s t a l s 

can vary by up to 7% Mg CO^ and 9% Fe CO^, and there i s a converse 

r e l a t i o n s h i p between these components. This i n d i c a t e s that Fe and 

Mg s u b s t i t u t e e a s i l y f o r each other w i t h i n a l i m i t e d lange, w h i l s t 

Ca remains e s s e n t i a l l y constant. 

( i i i ) I n s e v e r a l samples there are broadly two carbonate compositions 

c h a r a c t e r i s e d by s l i g h t l y d i f f e r e n t Mg/Fe+Mn r a t i o s . This i s i l l u s ­

t r a t e d by the following data: 

61-780 CaCO^ MgCO^ ^eCO^ MnCO^ MgCO^ 
MgCO +FeCO +MnCO 

J -J 

Type 1 51.1 34.1 11.5 1.8 0.7 
Type 2 52.5 39.8 5.0 0.9 0.9 
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MqCO, 
WEIGHT PERCENTAGES 

• Bosol corbonole unit 

MAGNETITE^HEMATITE^CARBONATE 

a Well layered ore 

O Typical ore • 

• Vein carbonates 

V Ankerites asjocioted with side.-itei 

Siderites, including new mineral of 

intermediate jiderile-onkerite 

M A G N E S I O -

SIDERITES 

ANKERITES 

F e C O - + 

composition 

C o C O . 

M n C O , 

Fig . 35. Compositions of carbonates in the magnetite-hematite-cqrb. 
and basal carbonate unit. Iron Duke. 
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The p r e c i s e carbonate compositions are d i f f e r e n t for any p a r t i c u l a r 

sample, but when two ccanpositions are present, as i n 61-780, they 

occur together i n both bajided and v e i n carbonate. 

( i v ) F i n e grained carbonate i n t e r s t i t i a l t o i r o n oxides can merge 

i n t o v e i n carbonate with no major change i n composition. This may 

be i l l u s t r a t e d by two analyses frcm 57-900: 

CaCO^ MgCO^ FeCO^ MnCO^ To t a l 
3 3 3 3 

Fi n e - g r a i n e d 
i n t e r s t i t i a l 51.0 36.5 8.7 1.7 97.9 
carbonate 
Vein carbonate 51.3 35.9 7.9 2.5 97.6 

I n both the v e i n and i n t e r s t i t i a l carbonate, w e l l formed cleaa: 

c r y s t a l s a r e sometimes present emiongst the normally cloudy m a t e r i a l 

and these tend to be s l i g h t l y enriched i n Fe and Mn, although i n 

some cases they are depleted i n these elements. This general 

tendency f o r Fe and Mn enrichment i n coarse carbonate of v e i n type 

i s i l l u s t r a t e d i n i t s most extreme case i n the two coialyses shown 

below. These are from two e l e c t r o n microprobe s e c t i o n s cut i n one 

core length which contains f i n e grained carbonate i n 

banded l a y e r s (Sample 2) and c o a r s e l y c r y s t a l l i n e caorbonate i n 

i n t e r v e n i n g l a y e r s (Sample 1 ) . 

CaCX)^ MgCO^ FeCO^ MnCO^ T o t a l 

F i n e grained 3 3 3 3 99^5 
carbonate (2) 

V e i n type ^ 3^ 3 ^ 3 g 3.0 98.3 
carbonate (1) 

The FeC03 content of the c o a r s e l y c r y s t a l l i n e carbonate 

i n the above a n a l y s i s (1) i s higher than normal and i n most samples 
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both the f i n e grained and coarse carbonate c r y s t a l s have broadly 

s i m i l a r compositions and similair v a r i a t i o n s . 

( v ) Within i n d i v i d u a l c r y s t a l s , there i s some v a r i a t i o n i n Mg, Fe 

and Mn but t h i s i s not s y s t e m a t i c and no zoning was detected other 

than th a t i n euhedral c r y s t a l s p r o j e c t i n g i n t o c a v i t i e s which i s 

d e s c r i b e d i n paragraph ( v i ) below. There i s no change i n carbonate 

composition near to i r o n oxide g r a i n s except i n r a r e cases where a 

l i t t l e cloudy m a t e r i a l occurs around i r o n oxide grains and i s r i c h 

i n FeCO^ (83-575). 

( v i ) Zoned c r y s t a l s which p r o j e c t i n t o c a v i t i e s show no systematic 

d i f f e r e n c e s i n composition between the l i g h t and dark zones, as 

i l l u s t r a t e d i n Fig.36. There i s a s l i g h t but steady decrease i n 

MnCO^ from the outer rims to the centres of the c r y s t a l s but t h i s 

i s u n r e l a t e d to colour v a r i a t i o n s . Analyses of the darker bands 

tend to have low t o t a l s , i n the order of 96%-97%, which suggests 

tha t the cloudy character may be due to included f l u i d . These 

darker bands are packed with f l u i d i n c l u s i o n s . 

I n two t r a v e r s e s a c r o s s adjacent c r y s t a l s , the Mn decrease 

from rim to centre was complimented ¥y;.-f I u c t u a t i o n s In Mg and 

Fe w i t h a g.ene-ral i n c r e a s e in F j^as shown i n Fig.36. T h i s i n d i c a t e s 

t h a t dxiring c r y s t a l growth, Mn could take the place of e i t h e r Fe or 

Mg i n the c r y s t a l s t r u c t u r e . 

The c r y s t a l s p r o j e c t from a mass of f i n e r grained 

carbonate which tends to contain l e s s Fe and more Mg as , 

i l l u s t r a t e d by the f o l l o w i n g a n a l y s e s : 
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Fig. 36. Carbonate crystals projecting into a small cavity in magnetite-
hematite-carbonate ore, 78-800. Electron microprobe analyses 

given below. 

Sequence 1 C a C O g MgCO^ F e C 0 3 MnCOg Total 

1 51.6 27.4 15.5 3.2 97,7 

2 51.1 26.5 17.3 3.0 97.9 

3 51.7 28.1 16.1 2.1 98.0 

4 52.0 31.7 14.6 1.4 99.7 

Sequence 2 (not shown on photograph but on adjacent crystal) 

5 51.9 29.2 16.0 2.2 99.3 

6 52.1 31.5 12.7 1.9 98.2 

7 52.2 32.9 11.3 1.6 98.0 
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78-800 CaCO MgCO FeCO MnCO To t a l 
-J -J J J 

Groundmass 51.5 33-9 11.5 1.3 98.2 

Euhedral 
c r y s t a l ^^'^ 29.2 16.0 2.2 99.3 

The a n a l y t i c a l r e s u l t s support Burger's (1963) study of 

carbonate r e f r a c t i v e i n d i c e s i n which the bulk of the carbonate was 

c l a s s i f i e d as p a r a n k e r i t e , a term used by Winchell (1951) to include 

the above compositions. Burger's c e n t r a l dolomite zone (Fig.34) was 

not detected but h i s r e f r a c t i v e i n d i c e s for t h i s zone are a l i t t l e 

higher than normal f o r dolomite and the carbonate mineral i s probably 

a n k e r i t e w i t h a lower i r o n content thsin the surrounding m a t e r i a l . 

C a l c i t e occurs i n both v e i n and banded s t r u c t u r e s at the base of the 

orebody, f r e q u e n t l y intermixed with ainkerite. I t i s normally milky 

white and i n d i s t i n g u i s h a b l e from the a n k e r i t e i n hand specimen but 

s t a i n s b r i g h t red i n c o l d A l i z a r i n Red S, whereas the a n k e r i t e 

remains white. 

An a n a l y s i s of hand picked m a t e r i a l (57-1343) gave the 

f o l l o w i n g composition: 

Fe Ign. 
SiO A l O (as FeO) MgO CaO MnO S P O^ Loss 2 2 3 / ^ 2 5 

0.3 0.1 0.2 0.3 52.8 1.9 0.0 0.0 42.2 

( A n a l y s i s by Chemical Laboratory,B.H.P., Whyalla). 

E l e c t r o n microprobe analyses of c r y s t a l s i n one sample 

(57-1239) confirm t h i s general a n a l y s i s , but show up to 5,3%MnCO^ 

The a n a l y s e s are p l o t t e d together with the other carbonates i n 

Fig.35. Sample 57-1239 c o n s i s t s of banded magnetite-hematite-

c a l c i t e fragments enclosed by c o a r s e l y c r y s t a l l i n e v e i n carbonate. 
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and the an a l y s e s show that t h e r e i s no major d i f f e r e n c e i n 

composition between c a l c i t e i n the banded fragments and that of the 

vei n . T h i s i s i l l u s t r a t e d i n Table 11, below: 

Table 11. C a l c i t e a n a l y s e s i n the banded and vein portions of 
sample 57-1239 

CaCO MgCO^ FeCO^ MnCO^ T o t a l J 3 3 3 
I n t e r s t i t i a l ^ ^ ^ „ 
carbonate ^^'^ ^'^ ^^'^ 

Adjacent c l e a r ^ 
vexn 

Sequence from i n t e r s t i t i a l 
to v e i n carbonate: 

1 . I n t e r s t i t i a l 93.2 0.0 0.5 5.1 98.8 
2. Edge of ^ 3 3 

m t e r s t x t x a l 
3. C l e a r v e i n ^^^^ ^ 3 ^^^^ 

carbonate 

Note: The f i r s t two analyses have rather low t o t a l s . The 
c a l c i t e was scanned by e l e c t r o n microprobe f o r a l l 
l i k e l y major and t r a c e elements i n ad d i t i o n to those 
l i s t e d above and no other components were detected. 
The CaCO component of the f i r s t two analyses i s s l i g h t l y 
low and the- d e f i c i e n c y i s probably an a n a l y t i c a l e r r o r 
i n the Ca determination. 

S i d e r i t e occurs i n both v e i n and banded s t r u c t u r e s i n a narrow 

l a y e r along the top of the orebody. I t i s fre q u e n t l y intermixed 

with a n k e r i t e but i s e a s i l y d i s t i n g u i s h e d by i t s creamy brown colour, 

When t r e a t e d with hot A l i z a r i n Red S and NaOH, i t s t a i n s a d i s t i n c t 

deep brown which c o n t r a s t s s t r o n g l y \ i t h the an k e r i t e red-mauve 

( F i g . 3 r ) . 

X-ray d i f f r a c t i o n p a t t e r n s give d-spacings s i m i l a r to 

those of the A.S.T.M. s i d e r i t e (Table 12). 
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Ankerite Quartz Siderite 

6 loths 7 8 

Fig. 37. Stained magnetite-hematite-carbonate ore. Euhedral crystals of 
siderite stained brown and quartz, unstained, in ankerite which 
is stained re-mauve. Scale in inches. 



Table 12 X-ray diffraction dato for Iron Duke magnesio-siderite 

Magnesio-siderite Fe^ ^Mg^ ^Cp3 (Sample 60-643) 

dA hkl_ 

3.59 50 012 

2.781 100 104 

2.331 70 110 

2.120 80 113 

1.953 70 202 

1.783 60 024 

1.718 90 018, 116 

1.497 60 122 

1.415 60 214 

1.388 40 208 

1.346 60 030 

1.192 40 128 

1.077 60 134 

1.062 40 226 

0.978 50 404 

a.968 50 318 

0.925 60 3.0.12 

hexagonal cel l : 

a =4.680 to.002^ 

c 
o 

= 15.254 t 0 .009^ 
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Two samples of intermixed s i d e r i t e and a n k e r i t e were 

examined by e l e c t r o n microprobe and the analyses are p l o t t e d i n 

Fig.35. The s i d e r i t e compositions were d i f f e r e n t i n each seonple, 

as shown by the two analyses i n Table 13. 

I n sample 60-643, the s i d e r i t e has an MgC03 component 

of about 40% by weight amd i s t h e r e f o r e not a true s i d e r i t e but a 

member of the s o l i d s o l u t i o n s e r i e s between s i d e r i t e and magnesite 

( F i g . 3 8 ) . The s i d e r i t e c r y s t a l s occur as w e l l formed blades amongst 

a n k e r i t e and these bladed c r y s t a l s are u s u a l l y zoned with a c l e a r 

outer rim, a mottled inner zone and a c l e a r centre. A t r a v e r s e 

a c r o s s one of these zoned c r y s t a l s i s shown i n Table 13 and i t 

i s c l e a r that the outer rim i s s i d e r i t e but the inner core i s 

amkerite. The intermediatie cloudy zone aontains a. a(5mpt>sit±on i n t e r ­

mediate between the two, containing approximately 31% CaCO^j 32% 

^ ^ ^ ^ and 32% FeC03. This composition has not previously been 

recorded i n the l i t e r a t u r e and can r e s u l t from one of two possib­

i l i t i e s : 

( i ) The m a t e r i a l i s a mixture of a n k e r i t e and s i d e r i t e intermixed 

so f i n e l y that the two could not be d i s t i n g u i s h e d by an 

e l e c t r o n microprobe spot of about 10 microns. 

( i i ) Fe can s u b s t i t u t e for Ca i n the a n k e r i t e s t r u c t u r e or 

Ca can s u b s t i t u t e f o r Fe i n some s i d e r i t e s . T h i s suggests 

tha t there may be s o l i d s o l u t i o n s e r i e s between points on 

the dolomite-ferrodolomite j o i n and points on the magnesite-

s i d e r i t e j o i n ( F i g . 3 8 ) . 

The second p o s s i b i l i t y suggested above i s supported by 

the a n a l y s e s from sample 74-811 of c o a r s e l y c r y s t a l l i n e s i d e r i t e , 



Table 13. E l e c t r o n microprobe analyses of intermixed s i d e r i t e 
and a n k e r i t e 
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60-643 CaCO MqCO FeCO MnCO To t a l 3 — 3 3 3 

Intermixed s i d e r i t e 
and a n k e r i t e : 
(a ) S i d e r i t e 0.4 40.8 53.4 4.2 98.4 

0.4 38.4 55.7 4.6 98.7 
0.1 41.3 54.8 3.2 99.4 
0.3 40.6 52.3 5.3 98.5 
1.5 43.5 50.9 3.7 99.6 

(b) A n k e r i t e 51.1 35.1 8.9 1.2 96.3 
43.1 30.4 23.1 3.1 99.7 

Zoned c r y s t a l : 
C l e a r , outer rim 0.6 38.3 57.5 3.5 99.9 
Mottled zone 31.0 31.9 32.0 2.9 97.8 
CleajT c e ntre 50.6 37.3 7.3 1.0 96.2 

74-811 

Large, mottled c r y s t a l s 35.2 31.1 30.7 1.7 98.7 
Small, c l e a r c r y s t a l s 52.3 30.5 14.2 1.5 98.5 
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M g C O -C o C O , , F e C O 

F e C O ^ , M g C O j 

C a C O ^ , 
Mg C O 3 

F e C O , M g C O -

Fig-. 38. Carbonate solid-solution series 
Stippled area shows new solid solution series suggested by Iron Duke 
carbonate compositions. 
Dbto from Deer Howie and Zussman 1963. 
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which i s the main cairbonate i n the sample. The s i d e r i t e analysis 

shown i n Table 13 i s s i m i l a r t o t h a t of 60-643 and reconnaisseince 

throughout saunple 74-811 showed t h a t t h i s composition i s f a i r l y 

uniform. I t i s concluded, t h e r e f o r e , t h a t a new magnesio-siderite 

composition has been i d e n t i f i e d , approximating t o C a ^ O ^ 9 A A^^n O ^ ^ T 
U.J U,4 O.J 3 

(e) Carbonate r e l a t i o n s h i p s 

(1) A n k e r i t e - c a l c i t e 

The usual r e l a t i o n s h i p i s of vein c a l c i t e enclosing 

fragments of banded ir o n - o x i d e r i c h fragments which contain both 

c a l c i t e and a n k e r i t e . W i t h i n the fragments, the two ceirbonates 

are i n t i m a t e l y mixed and a n k e r i t e i s normally predominant. Both 

are u s u a l l y f a i r l y coarse grained. Ankerite also occurs w i t h i n the 

c a l c i t e as minute s c a t t e r e d grains and subhedral c r y s t a l s , 

The general impression from examining the stained samples w i t h a low 

power bi n o c u l a r microscope i s t h a t the c a l c i t e i s replacing ankerite 

but the t e x t u r e s are ambiguous and some o f the banded fragments have 

a f i n e r g r a i n suggesting o r i g i n a l a n k e r i t e - c a l c i t e layers. 

(2) A n k e r i t e - s i d e r i t e 

S i d e r i t e i s normally coarsely c r y s t a l l i n e . I n banded 

samples i t occurs as large c r y s t a l s enclosing i r o n oxide bands and 

a n k e r i t e , when present, i s d i s t r i b u t e d through the s i d e r i t e as small 

clear patches (77-811). 

When mixed w i t h a n k e r i t e i n v e i n s t r u c t u r e s , the s i d e r i t e 

o f t e n shows w e l l developed c r y s t a l forms which are sometimes bladed 

(60-643) as can be seen i n Fig. 37" . However, s t a i n i n g and low power 

m i g n i f i c a t i o n show t h a t these bladed c r y s t a l s are r i d d l e d w i t h small 
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patches of a n k e r i t e which concentrate i n the centre of the c r y s t a l , 

w h i l s t the r i m i s w e l l formed. There i s sometimes a zoning of 

l i g h t and dark bands p a r a l l e l t o the sides of s i d e r i t e c r y s t a l s . 

I n hand specimens, the s i d e r i t e c r y s t a l edges appear t o have sharp, 

s t r a i g h t contacts w i t h the siorrounding ankerite but magnification 

shows frequent small, i r r e g u l a r embaj/ments which are generally 

concave towards the s i d e r i t e c r y s t a l . When anke r i t e i s dominant 

i n a v e i n , small i r r e g u l a r patches of s i d e r i t e occur dispersed 

through i t and f r e q u e n t l y define f a i n t c r y s t a l o u t l i n e s . 

E l e c t r o n microprobe analyses (Table 13) show tha t the 

a n k e r i t e c o e x i s t i n g w i t h s i d e r i t e i s s i m i l a r i n composition t o the 

a n k e r i t e throughout the r e s t of the orebody. 

The general dLmpression conveyed by the t e x t u r a l r e l a t i o n ­

ships i s t h a t the a n k e r i t e i s r e p l a c i n g s i d e r i t e . However, t h i s 

must be regarded w i t h caution, as the textures are usually ambiguous. 
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2. Basal carbonate u n i t 

The f r e s h rock i s l i g h t grey i n colour, and f i n e t o 

medium grained. I n the southern h a l f o f the area, where i t i s 

near t o hematite ore, the rock becomes red due t o f i n e l y dispersed 

hematite. When stained w i t h hot A l i z a r i n Red S and NaOH, i t becomes 

a uniform red-mauve of a s i m i l a r shade to the a n k e r i t e i n the 

magnetite-hematite-carbonate body. 

Nine whole-rock analyses are given i n Appendix I and 

two r e p r e s e n t a t i v e analyses are shown i n Table 14. The rock i s 

ch a r a c t e r i s e d by i t s uniform composition and low trace element 

values. 

Thin sections show a coarsely c r y s t a l l i n e mass of i n t e r ­

l o c k i n g c r y s t a l s vaurying widely i n size but w i t h the range 0.2ram.to 

0.5mm predominant (Fig.39). C r y s t a l edges are ragged and the 

c r y s t a l forms are generally i r r e g u l a r but are sometimes roughly 

rounded or elongate. Larger c r y s t a l s o f t e n contain, and appear t o 

be r e p l a c i n g , small c r y s t a l s and are themselves surrounded by i n t e r ­

s t i t i a l , very f i n e grained carbonate. A l l the c r y s t a l s are cloudy 

and o f t e n c o n t a i n f l u i d i n c l u s i o n s which may have small bubbles. 

Cleavages are w e l l developed i n some c r y s t a l s and poorly developed 

i n others. 

E l e c t r o n microprobe analyses of c r y s t a l s i n one sample 

(47-1041) show compositions very s i m i l a r t o the whole-^rock analyses. 

Seven analyses are given i n Appendix I I and three of these are shown 

i n Table l ^ b . The analyses confirm t h a t the carbonate composition 

i s uniform from c r y s t a l t o c r y s t a l and there i s no mineral zoning. 



164 

Table 14A. Whole-rock analyses of the Basal Carbonate unit Iron Duke 

Analysis X R F by author 

Per cent 47 -1197 59-1352 

SiO^ 0.1 0 .4 

AI2O3 0 . 2 0 . 2 

^^2% 5 .4 6 . 7 

MgO 14.6 12.8 

CaO 27 .4 25.1 

Na^O 0 .0 0 .0 
2 

K2O 0.1 0.1 

TiO^ 0.1 0.1 

MnO 0 . 9 1.1 

S 0 .0 0 . 0 

P2O3 0 . 2 0.01 

D i f f . 5 K 0 52.4 

100.0 100.0 

Z n 11 1 

Ni 5 3 

Ba 0 0 

N b 0 0 

Z r 3 3 

Y 4 11 

Sr 10 18 

Rb 5 3 
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Table 148 Electron microprobe analyses of carbonates in the Basal 
Carbonate unit . Iron Duke 

Element analyses recalculated as carbonates. 

Sequence from a typical arge, clear carbonate crystal to th B surrounding 
granular, fine grained, c loudy matrix • 

C a C O g MgCpg FeCOg MnCO^ Total 

Large crystal centre 5 3 . 2 32 .9 12.9 1.6 100.6 

Large crystal rim 51 .4 3 2 . 3 13.3 2 . 2 9 9 . 2 

Fine-grained matrix 52.1 32.1 11.4 3 .3 9 8 . 9 
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asms 

F i g . 3 9 a . Core sample of fhe basal carbonate unit, Iron Duke, Note the 
f ine, even gra in . Sample no. 47 -1041 , Sca le in inches. 

F i g . 39b. Thin section of the basal carbonate unit. Iron Duke. 
No J 47 -1038 , crossed polars. 

Sample 
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The f i n e grained i n t e r s t i t i a l m a t e r i a l i s e s s e n t i a l l y the same 

composition as the l a r g e r c r y s t a l s . 

I n one d r i l l h o l e (DDH83, lOOOS Fig.20 ) bands of 

carbonate several f e e t t h i c k were i n t e r l a y e r e d w i t h q u a r t z i t e and 

i r o n - f o r m a t i o n bands of s i m i l a r thickness. These carbonate bands 

o f t e n c o n t a i n t h i n but d i s t i n c t layers of magnetite forming a w e l l 

defined bajiding. ' They have a microtexture s i m i l a r t o that 

described above except t h a t the carbonate grains tend t o be elongate 

and a l i g n e d approximately p a r a l l e l t o the banding. The magnetite i s 

i n f a i r l y evenly sized blocky grains also aligned roughly p a i r a l l e l 

t o the banding. At contacts w i t h s i l i c e o u s bands the quartz i s 

coarsely c r y s t a l l i n e and small patches occur eunongst the carbonate 

gr a i n s . 

A l i t t l e t a l c occurs i n t h i n layers i n the upper part of 

the u n i t . 
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3. Talcose rocks 

Rocks i n the upper t a l c zone consist of t a l c schists and 

massive q u a x t z - t a l c rock w i t h v a r i a b l e amounts of magnetite and 

hematite. The proportions o f t a l c , quartz and i r o n oxides vary 

r a p i d l y and t h i n , l " - 2 " layers o f quajrtz r i c h rock can a l t e r n a t e 

w i t h soft,green t a l c s c h i s t (Fig.40a,b). The t a l c occurs i n small, 

f i b r o u s c r y s t a l s , g enerally aligned p a r a l l e l t o the major f o l d a x i s , 

producing a d i s t i n c t s c h i s t o s i t y . 

Quartz r i c h m a t e r i a l occurs e i t h e r as layers p a r a l l e l to 

s o f t e r magnetite-talc bands or as patches, o f t e n rounded and several 

f e e t across. These patches are surrounded by talc-magnetite which i s 

o f t e n w e l l banded and i s f o l d e d around the harder block. The s o f t e r 

m a t e r i a l has a w e l l developed s c h i s t o s i t y and traces of t h i s appear 

i n the s i l i c e o u s patch. Within the s i l i c e o u s patch, there i s a 

tendency f o r the quartz t o be concentrated i n t o layers separated by 

very t h i n t a l c r i c h bands, and t h i s l a y e r i n g i s roughly p a r a l l e l t o 

th a t o f the enclosing magnetite-talc s c h i s t . Hematite i s the pre­

dominant i r o n oxide i n s i l i c e o u s parts although i n some darker, 

glassy patches magnetite i s also present. The hematite i s o f t e n 

i n spots 1mm t o 2Dmi across and i s usually s i l v e r y , bladed s p e c u l a r i t e 

(Fig.40b). 

Talc-magnetite s c h i s t s generally show a d i s t i n c t l a y e r i n g 

due t o the concentration o f magnetite i n t o bands. The magnetite 

bands are generally not more than l " - 6 " t h i c k and have a granular 

t e x t u r e . 
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Magnetite 
layers 

Talc layers 

F i g . 4 0 a . Talc zone exposure - layered magnetite-hematite-talc with sil iceous 
patches. Tunnel N o . 4 , north w a l l . Sca le given by magnet at bottom 
of photograph. 

F i g . 40b . Ta lc zone sample - quartz-hemati te- ta lc rock. Note the spots of bloded 
hematite. The sample is approximately one foot long at its base. 
Tunnel N o . 4 . 
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The lower t a l c zone i s a t h i n layer underlying the 

magnetite-hematite-carbonate ore i n the northern, deeper area and 

consists of talc-magnetite-hematite s c h i s t s , c h l o r i t e schists and 

i r r e g u l a r caarbonate patches. I n p a r t s , i t contains considerable 

p y r i t e , o f t e n i n small w e l l developed c r y s t a l s . 

Whole-rock analyses of four samples from the t a l c zones 

are given i n Appendix I and two of these are shown i n f a b l e 15. 

The analyses are not t r u l y r e p r e s e n t a t i v e , as there i s considerable 

v a r i a t i o n i n the proportions of quaortz, t a l c and i r o n oxides but 

they give a f a i r impression o f the simple chemistry. Trace element 

contents are low i n a l l the analyses. 

I n t h i n s e c t i o n , the t a l c r i c h bands show a uniform t e x t u r e 

o f p a r a l l e l t a l c f i b r e s w i t h occasional elongate quartz c r y s t a l s 

a l i g n e d p a r a l l e l t o the s c h i s t o s i t y . Small, blocky i r o n oxide grains 

are dispersed i r r e g u l a r l y through the t a l c . I n quartz r i c h bands, 

the quartz i s densely packed and has an unusual elongate, bladed 

form w i t h ragged c r y s t a l ends and undulose e x t i n c t i o n (Fig. 57, Section 111) 

Quartz c r y s t a l s axe generally evenly sized, between 0.1mm and 1.0mm 

long w i t h some c r y s t a l s reaching 5mm i n l e n g t h , and they are u s u a l l y 

a l i g n e d w i t h the long axes p a r a l l e l . E x t i n c t i o n i s oblique t o the 

c r y s t a l axes. The c r y s t a l s appear t o have a w e l l developed cleavage 

p a r a l l e l t o the long axis but high power m a g n i f i c a t i o n shows tha t the 

•cleavages' axe, i n f a c t , long n e e d l e - l i k e i n c l u s i o n s of t a l c or 

amphibole. Talc occurs as f l a k e s and needles amongst the quartz and 

i s broadly aligned p a r a l l e l t o the long axes of the quartz c r y s t a l s . 

I r o n oxides occur as patches up t o 2mm across and o f t e n roughly oval 



Table 15 Whole-rock analyses of ta lc zone rocks 

Major element analyses by Chemical Laboratory, B. H .P . , . Whyal la . 
Trace elements, XRF by author 

Per cent 59-387 77-275 

SiO^ 4 7 . 7 4 7 . 2 

AI2O3 0.1 0.1 

Fe20 4 7 . 3 4 2 . 0 

MgO 3 . 0 8 . 6 

C a O 0..1. 0.1 

Na20 0 . 0 0.1 

K2O 0 . 0 0 .0 

Ti02 0.1 0.1 

MnO 0.1 0.1 

S 0 . 0 0 . 0 

P2O5 0.1 0.1 

I g . Loss j O ^ 

98.1 9 9 . 0 

ppm 

Z n 5 5 

C u 0 0 

N i 7 8 

Ba 0 0-

Z r 1 4 

17 1 

Y 0 0 

Sr 0 1 

Rb 0 0 

N b is in the order of 1 ppm to 4 ppm for both samples. 
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i n shape w i t h the long axis p a r a l l e l t o the s c h i s t o s i t y . 

Both magnetite and hematite are present i n a l l the t a l c 

zone samples. Magnetite tends t o occxir i n d i s t i n c t layers (Fig.40) 

and i s i n small, r e g u l a r l y s i z e d c r y s t a l s which ajre o f t e n densely 

packed together. I n the t a l c - i r o n oxide s c h i s t l a y e r s , magnetite 

i s the predominant oxide. 

Hematite f r e q u e n t l y p a r t l y replaces magnetite and tends 

t o form large f l a k y areas i n o p t i c a l c o n t i n u i t y . This i s p a r t i c ­

u l a r l y noticeable i n the quartz r i c h patches, where the hematite 

occurs i n spots (Fig.40b). W i t h i n the spots are densely packed 

magnetite c r y s t a l s p a r t l y replaced by hematite which forms an 

i r r e g u l a r s k e l e t a l framework i n the form of rudimentary s p e c u l a r i t e 

c r y s t a l s . The replacement of magnetite grains i s therefore not a 

simple pseudomorph mechanism but i s par t of the development of 

lar g e r hematite c r y s t a l s . 

Twenty f o u r e l e c t r o n microprobe analyses of t a l c from 

f i v e samples are p l o t t e d on Fig.41. The r e s u l t s are given i n 

f u l l i n Appendix I I and three representative analyses are shown 

i n Table 16. 

The t a l c i s unusual i n i t s high i r o n content. No n a t u r a l 

t a l c s o f t h i s composition have been previously recorded although 

work on s y n t h e t i c t a l c s has shown t h a t such compositions are stable 

(French 1971). The two t a l c s most commonly found are the Mg end 

member Mq S i O (OH) which i s common t a l c , and much more r a r e l y , 3 4 10 '2 
an i r o n r i c h member, which i s minnesotaite. The I r o n Duke t a l c i s 
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Table 16. Electron microprobe analyses of ta lc from Iron Duke 

59-633 2159 74-453 

Si02 61 .8 6 1 . 0 56 .4 

^ ^ 2 ° 3 
N . D . 0 . 2 N . D . 

FeO 3.1 10.5 18.4 

MgO 2 8 . 7 24.1 18.2 

CaO 0.1 0 . 0 0.1 

Na20 N . D . 0,1 N . D . 

Ti02 N . D . 0 .0 N . D . 

MuO N . D . 0 .0 N . D . 

Total 9 3 . 7 9 5 . 9 93.1 

Atomic proportions on the basis of 22 oxygens. 

Si 8 .04 8 .03 7.98 

A l - 0 .03 -
0 .34 1.16 2 .18 

Mg 5 .56 4 . 7 3 3.84 

C a 0.01 0 .00 0 .02 

N a - 0 . 0 3 -
Ti - 0.00 -
Ma - 0 .00 -
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between the two and shows t h a t members of the s o l i d s o l u t i o n 

series other than the two pr e v i o u s l y recorded members can occur 

i n nature. 
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4. Amphibolites 

Rocks categorised as eoaphibolites are of two d i s t i n c t types, 

u n c h l o r i t i s e d and c h l o r i t i s e d . The former include the large basic 

i n t r u s i v e which penetrates the southern p a r t o f the synform and 

some d r i l l h o l e i n t e r s e c t i o n s of unaltered i n t r u s i v e from below 

the basal carbonate u n i t . The c h l o r i t i s e d i n t r u s i v e s include the 

northern dyke sheets and a small i r r e g u l a r i n t r u s i v e i n the west 

IdLmb of the synform, a l l of which are w i t h i n or near t o the magnetite* 

hematite-carbonate orebody. 

U n c h l o r i t i s e d aunphibolites are massive, dark green rocks, 

f i n e t o medium grained w i t h an equigranulao: igneous t e x t u r e . There 

i s sometimes a weak f o l i a t i o n due t o the p a r a l l e l o r i e n t a t i o n of 

dark minerals. Thin, cross c u t t i n g f r a c t u r e s f i l l e d by green 

c h l o r i t e are o f t e n present. 

Whole-rock analyses f o r 27 samples are given i n Appendix I 

and one o f these i s shown i n Table 17. The compositions of a l l 

the samples c i r e very s i m i l a r and the most s i g n i f i c a n t f e a t u r e of 

the analyses i s the high, and somewhat v a r i a b l e iron.content which 

averages 14.3% Fe O w i t h a range between 12.0% and 16.4% Fe O . 
2 3 2 3 

Trace element data axe summarised i n Fig.42 and are notable f o r 

the g e n e r a l l y high Ba content and the occasional high Sr values. 

Thin sections show the rock t o consist of plagioclase 

( 4 0 % - 50%), hornblende (25% - 35%), c h l o r i t e (10% - 25%), and 

quartz ( 2 % - 5 % ) , w i t h lesser amounts of s e r i c i t e and i l m e n i t e . 

The p l a g i o c l a s e was determined o p t i c a l l y as andesine-labradorite 

using the a l b i t e twins and combined Carlsbad-albite t w i n e x t i n c t i o n 

method. The t y p i c a l t e x t u r e i s an i n t e r l o c k e d mass of evenly 



Table 17. Whole rock analyses of amphibc-lites from Iron Duke 
1 7 ? 

Major element analyses by Chemical Laboratory, B .H .P . , Whyalla. 
Trace element analyses, XRF by author. 

Per Cent 

Si02 

AI2O3 

MgO 

CaO 

Na20 

K^O 

TIO2 

MnO 

^ 2 ^ 
Ig. Loss 

Unchloritised 
66-584 

51.2 

13.4 

15.0 

5.8 

10.1 

1.9 

0.6 

1.4 

0.3 

0.1 

0.3 

0.9 

100.1 

Chloritised 
67-908 

29.6 

13.7 

24.3 

17.4 

0.9 

0.1 

0.0 

2.9 

1.2 

0.1 

1.2 

9.4 

100.8 

ppm 

Zn 

Cu 

Ni 

Ba 

Nb 

Zr 

Y 

Sr 

Rb 

113 

82 

56 

409 

3 

90 

29 

115 

20 

239 

70 

78 

9 

4 

174 

27 

4 

0 
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s i z e d f e l s p a r and hornblende c r y s t a l s u s u a l l y i n random o r i e n t a t i o n 

( F i g . 4 3 ) , but sometimes with a w e l l developed alignment. I n the 

l a r g e i n t r u s i v e mass, the amphibole c r y s t a l s are w e l l formed and 

sometimes appear to contain t r a c e s of pyroxene but i n smaller 

bodies they tend to be f l a k y with ragged ends. The p l a g i o c l a s e 

i s u s u a l l y i n t e n s e l y s e r i c i t i s e d but there are sometimes patches 

of c l e a r m a t e r i a l . Green c h l o r i t e appears to be r e p l a c i n g aunphibole 

and, to a l e s s e r extent, p l a g i o c l a s e . T h i s c h l o r i t e i s o p t i c a l l y 

q u i t e d i f f e r e n t from the c h l o r i t e i n the c r o s s c u t t i n g veins which 

shows anomalous blue i n t e r f e r e n c e colours and i s s i m i l a r to that 

i n the c h l o r i t i s e d i n t r u s i v e s . The mineral composition of the 

l a r g e b a s i c mass i n the south of the area i s t h a t of a d i o r i t e 

( J o p l i n 1964). 

C h l o r i t i s e d amphibolites are massive, dark green and f i n e 

to medium grained rocks w i t h an even, igneous texture. They are 

g e n e r a l l y s o f t enough to be scratched by a f i n g e r n a i l , producing 

a white, s l i g h t l y g r e e n - t i n t e d streeJc. 

Whole-rock analyse s f o r seventeen samples are given i n 

Appendix I and one t y p i c a l a n a l y s i s i s shown i n Table l 7 . The 

c h l o r i t i s e d amphibolites are a l l s i m i l a r i n chemical composition 

and are markedly r i c h i n i r o n and magnesia but low i n s i l i c a , 

calciimi and a l k a l i s r e l a t i v e to the u n c h l o r i t i s e d amphibolites. 

Trace element contents, summarised i n Fig,42, show that they have 

higher Zn, but lower Ba and Sr values than the u n c h l o r i t i s e d 

amphibolites. 
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Fig . 42. Troce element dote for chloritised and unchloritised amphiboHtes. 
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Fig. 43a. Thin section of unchloritised amphibolite, from the large mass 
of dioritic composition in the southern half of Iron Duke. 
Sample 66-240, crossed polors. Feldspar, amphibole and quartz. 

r; 
4 ' V 

Fig. 43b. Thin section of chloritised amphibolite from a dyke in the vicinity 
of the magnetite-hematite-carbonate ore. Chlorite. 
Sample 78-224, crossed polars. 
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T h i n s e c t i o n s (Fig.43) show the rock to be e n t i r e l y 

c h l o r i t e with minor auaoiints of leucoxene, carbonate, z i r c o n , 

magnetite and a p a t i t e (Whitehead and Burger, unpublished company 

r e p o r t s ) . Two c h l o r i t e s are sometimes present, d i f f e r i n g s l i g h t l y 

i n s t r e n g t h of pleochroism and order of i n t e r f e r e n c e colour. Both 

occur as f l a k y , l a t h - l i k e c r y s t a l s which may be or i e n t e d at random 

or a l i g n e d p a r a l l e l , forming a strong l i n e a t i o n . Many c h l o r i t e 

c r y s t a l s have the form and general appeareoice of amphiboles i n 

the u n c h l o r i t i s e d amphibolites and small patches with second order 

i n t e r f e r e n c e colours a r e sometimes present which may be remnant 

amphibole. P l a g i o c l a s e ghosts, showing f a i n t Carlsbad and A l b i t e 

twinning are present i n some s e c t i o n s , and o c c a s i o n a l l y the c r y s t a l 

o u t l i n e s enclose a mass of f i n e c h l o r i t e c r y s t a l s which have the 

same t e x t u r e as s e r i c i t e i n u n c h l o r i t i s e d aimphibolites. Leucoxene 

and i l m e n i t e are d i s t r i b u t e d f a i r l y evenly throughout the rock but 

carbonate, when present, i s i n c r o s s - c u t t i n g v e i n s and patches. 
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5. Hematite ore 

The ore 'is granular blue hematite which v a r i e s i n 

c h a r a c t e r frcan a hard, compact, massive rock (Fig.44) to a 

f r i a b l e powdery mass that crumbles when touched. I t i s blue-

b l a c k i n outcrop, blue i n tunnel f a c e s and d r i l l core and becomes 

red when mixed with c l a y , or w i t h c a l c i t e i n the deep northern 

orebody. 

S i x whole-rock analys e s are given i n Appendix I amd two 

of the a n a l y s e s are shown i n Table 18. These show that the ore 

i s e s s e n t i a l l y pure hematite with small amounts of S i , Mg and Ca 

i n samples near to iron-formations, t a l c o s e rocks or magnetite-

hematite-carbonate. I t i s low i n t r a c e elements except Zn with a 

maximum of 105 ppm, and Cu which shows e r r a t i c high values of up 

to 261 ppm i n the l a y e r of deep hematite ore below the magnetite-

hematite-carbonate body. Most of the samples'' are d r i l l h o l e 

samples, and i t i s d i f f i c u l t to e s t a b l i s h whether the high z i n c 

and copper values are r e l a t e d to f e a t u r e s w i t h i n the orebody or 

to b a s i c i n t r u s i v e s . Trace element data are summarised i n Fig.45. 

I n outcrops and i n tunnel exposures, there i s frequently 

a w e l l developed f i n e s c a l e banding, as shown i n Fig.44, which i s 

s i m i l a r to t h a t i n the iron-formations. When a low magnification 

(xlO) i s used, the banding i s seen to be due to varying pore space 

i n d i f f e r e n t bands, the hematite being c l o s e packed and blopky i n 

some bands and more open with a good deal of pore space i n others. 

S m a l l , w e l l developed c r y s t a l s of dark blue specular hematite 

sometimes p r o j e c t i n t o the c a v i t i e s . 
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Table 18 Whole-rock analyses of hematite ore from Iron Duke 

A . Assays of drill cere by6iemical Laboratory, B .H .P . , Whyalla 

Per cent 42-105 42-315 

Si02 1.8 9.2 

AI2O3 0.4 0.8 

95.1 78.3 

Mgo 0.1 4.9 

CaO 0.1 2.0 

Na20 N .D . N .D . 

K2O N . D . N.D. 

Ti02 0.1 0.1 

MnO 0.1 0.3 

S N .D . N .D . 

P 0 
^2 5 

0.1 0.2 

Ig. Loss 1.5 5.1 

99.3 100.9 

B. Trace elements in hematite ore samples. XRF by author 

3178 71-995 

Zn 13 105 

Cu 3 140 

Ni 2 47 

Ba 35 21 

Nb 0 0 

Zr 0 0 

Y 1 1 

Sr 9 4 

Rb 0 0 
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F ig . 44. Hematite ore sample showing well developed layering. 
Surface sample at 5000S. Scale in inches. 
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^ Mean of 16 analyses 
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Fig . 45 , Trace element data for hematite ore. 
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Fig. 46a. Photomicrograph of hematite ore with magnetite islands in a compact 
ore layer. 
Sample no. H2, polars half crossed. 

Bladed hematite 

Fig. 46b. Photomicrograph of soft, granular hematite ore layer. Note the 
high percentage of open space and the small blades of hematite 
projecting into cavities. 
Sample no. H2, polars half crossed. 
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P o l i s h e d s e c t i o n s of t y p i c a l ore show a f i n e grained 

i n t e r l o c k i n g mosaic of hematite grains with nxmerous, evenly 

d i s p e r s e d c a v i t i e s ( F i g . 4 6 ) . Very f i n e grained bladed hematite 

i s canmon and often forms a network that holds together the 

b l o c k i e r g r a i n s . Under crossed p o l a r s , the grains are seen to 

c o n s i s t of smaller, i n t e r l o c k e d hematite c r y s t a l s with i r r e g u l a r 

botindaxies and i n random o r i e n t a t i o n . Small i s l a n d s of magnetite 

are common i n the g r a i n c e n t r e s and the grains themselves often 

have a roughly cubic o u t l i n e . Thus, a good de a l of the ore appears 

to be formed from magnetite as reported by Edwards (1936). 

I n w e l l banded samples, the bands show d i f f e r e n t micro-

t e x t u r e s , more compact bands having a higher proportion of blocky 

g r a i n forms and l a r g e evenly spaced c a v i t i e s , whereas the s o f t e r , 

f i n e r grained bands c o n s i s t of very small hematite grains l i n k e d 

i n a mesh wi t h ubiquitous s m a l l c a v i t i e s . F i n e r grained hematite 

i s sometimes arranged i n elongate o u t l i n e s with the rough form of 

bladed c r y s t a l s , s i m i l a r i n s i z e and shape to the iron-formation 

amphiboles. The pore spaces are of v a r i e d shap)e and s i z e but are 

often rounded and sometimes elongate. Small s p e c u l a r i t e c r y s t a l s 

f r e q u e n t l y p r o j e c t i n t o the c a v i t i e s and, l e s s commonly, the 

corners of l a r g e r cubic g r a i n s a l s o p r o j e c t i n t o the c a v i t i e s . 
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6. S c h i s t s of Death Adder G u l l y 

The s c h i s t s are f i n e grained compact rocks i n outcrop 

which show a w e l l marked s c h i s t o s i t y on broken s u r f a c e s . They 

mark e a s i l y with a heimmer, g i v i n g a white s t r e a k , and i n t h i n 

s e c t i o n are seen to c o n s i s t of quairtz, b i o t i t e and c h l o r i t e 

together with l e s s e r amounts of amphibole and garnet. Quartz 

l e n t i c l e s are common and s t r i k e p a r a l l e l to the s c h i s t o s i t y . 

The s c h i s t s a t the siarface are s i m i l a r i n character to 

the a r g i l l a c e o u s s c h i s t s at Cook Gap to the north, described i n 

S e c t i o n I , although the Death Adder G u l l y s c h i s t s contain rather 

more c h l o r i t e . Whole-rock analyses i n Table 19 and Appendix I , 

show that the s c h i s t s approximate i n chemical composition to i r o n 

and magnesium r i c h s h a l e s and greywackes. 

At depth, adjacent to the magnetite-hematite-carbonate 

body, there i s a marked change of s c h i s t character with the c h l o r i t e 

content i n c r e a s i n g and q u s i r t z - c h l o r i t e s c h i s t becoming the dominant 

rock type. E l e c t r o n microprobe analyses of the c h l o r i t e s show them 

to be iron-magnesium c h l o r i t e s with a wide v a r i e t y of iron-magnesiim 

r a t i o s . T h i s i s i l l u s t r a t e d i n Table 20 ^ which shows analyses from 

a t h i n s e c t i o n (60-995) with two o p t i c a l l y d i s t i n c t c h l o r i t e s , one 

being green and one brown. The brown c h l o r i t e i s , i n general, low 

i n i r o n whereas the green c h l o r i t e has a high i r o n content, and 

the m i n e r a l composition i s very similcir to the c h l o r i t e s i n the 

Cook Gap s c h i s t s d escribed i n S e c t i o n I . I t i s t i n l i k e l y that i r o n 

r i c h c h l o r i t e s could have s u r v i v e d r e g i o n a l metamorphism to lower 

amphibolite f a c i e s grades and t h i s , together with the l a c k of 
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Table 19. Chemical composition of schists in Death Adder Gully compared 
with average greywacke and llthic sandstone 

1. Average 2. LIthIc 3. Death Adder 
Per cent Greywacke Sandstone Gully schist 

" 4-85 

SI ©2 66V7' 66.1 63.0 

^ ' 2 ^ 3 
13.5 8.1 10.0 

^^2^3 
1.6 3.8 ) 

12.1 
F e O 3.5 1.4 ) 

12.1 

MgO 2.vl 2.4 6.5 

C a O 2.5 6.2 0.1 

N a 2 0 2.9 0.9 N .D. 

K2O 2.0 1.3 N .D. 

TIO2 0.2 0.2 0.4 

MnO 0.1 0.1 0.3 

S N . D . N .D . 0.0 

SO3 0.3 N .D . N .D. 

P2O5 
0.2 0.1 0.1 

c o „ 1.2 5.0 ) 
2 

4 .3 ) 
5.7 (Ig 

H2O (Tot.) 3.0 4 .3 ) 
5.7 (Ig 

99.8 99.9 98.2 

Notes: 1. Analyses 1 and 2 are mean compositions for those rock types, from 
F . H . Hatch and R.H. Rastall, "Petrology of the Sedimentary Rocks" 
5th Edition, published 1971 by Thomas Murby &Co . 

2 . Analysis 3 is an assay of a chip channel sample over 5 feet of wall 
in Tunnel No. 4 , Iron Duke. 
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Table 20. Electron microprobe analyses of chlorites in chloritised argillaceous 

schists from depth in Death Adder Gully 

Sample No. 60-995 

'-, .Brown chlarite Green chlorite 

29.6 23.9 

^ '203 
18.2 18.8 

FeO 11.4 32.8 

MgO 25.0 10.3 

CaO 0.1 0.1 

NOjO 0.0 0.0 

K^O Q..0 0.0 

TiOj 0.0 0.1 

MnO 1.6 0.8 

0.1 0.1 

86.0 87.0 

Notes: 1. Fe expressed as FeO 

2. Analyses by Dr. A . Peckett at author's request. 
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amphiboles and b i o t i t e , suggests tha^t some subsequent c h l o r i t i s a t i o n 

has taken p l a c e i n the Death Adder G u l l y s c h i s t s . 
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F. FLUID INCLUSIONS 

I n t h i n s e c t i o n , carbonates frcoi the magnetite-hematite-

carbonate body are f r e q u e n t l y cloudy and, under high magnification, 

a r e seen t o contain t i n y i n c l u s i o n s some of which have bubbles 

moving i n Browniem motion. These were f i r s t noted by Whitehead i n 

unpublished company r e p o r t s . 

F l u i d i n c l u s i o n work r e q u i r e s s e c t i o n s or fragments 

s u f f i c i e n t l y t h i c k to ensure th a t a l l the f l u i d i s r e t a i n e d on 

h e a t i n g , and most o f the carbonate proved too milky to be of use. 

However, some cleavage fragments, of c o a r s e l y c r y s t a l l i n e v e i n 

m a t e r i a l and from small exihedral c r y s t a l s p r o j e c t i n g i n t o c a v i t i e s , 

were s u f f i c i e n t l y transparent f o r f l u i d i n c l u s i o n work. Of 102 

samples examined, 20 y i e l d e d r e s u l t s and the d e t a i l s are given 

i n AppendixIV. 

F l u i d i n c l u s i o n s are of two main types (Roedder 1967)j 

primary i n c l u s i o n s which r e s u l t from small pockets of l i q u i d 

becoming trapped w i t h i n the c r y s t a l by d i f f e r e n t i a l growth and 

secondary i n c l u s i o n s which form when f l u i d penetrates f r a c t u r e s 

or cleavage plames i n a p r e - e x i s t i n g c r y s t a l and the f r a c t u r e s h e a l , 

l e a v i n g s m a l l pockets of l i q u i d . The former are contemporary with 

the c r y s t a l but the l a t t e r may be formed dxiring a subsequent period 

of hydrothermal a c t i v i t y . I n the I r o n Duke carbonates three types 

of i n c l u s i o n can be d i s t i n g u i s h e d : 

( a ) S u i t e s of t i n y (<o-ovmm")^generally ovoid i n c l u s i o n s arranged 

, along i n c l i n e d planes through the carbonate ( F i g . 4 7 ) . They 
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are c e r t a i n l y c o n t r o l l e d by f r a c t u r e s or cleavages and 

hence post-date the c r y s t a l s but t h e i r homogenisation 

temperatures a r e s i m i l a r to those of the l a r g e r , primary 

i n c l u s i o n s . They could have immediately f o l l o w e d c r y s t a l ­

l i s a t i o n and s t i l l represent the one phase of hydrothermal 

a c t i v i t y , and are ther e f o r e c a l l e d pseudosecondary i n c l u s i o n s 

(Roedder 1967). 

(b) Larger (fo^'^* ) s i n g l e i n c l u s i o n s , g e n e r a l l y rhombic or square 

with s i d e s p a r a l l e l to the c r y s t a l f a c e s when these can be 

seen ( F i g . 4 7 ) . They tend to be i s o l a t e d , often w i t h i n c l e a r e r 

patches of carbonate and are considered to be primary, t h e i r 

shapes c o n t r o l l e d by the growing c r y s t a l . 

( c ) Very larg e (>o-o6»*»̂  s i n g l e i n c l u s i o n s , shaped i d e n t i c a l l y to 

(b) but with unusually l a r g e bubbles which commonly f i l l 

up to one quarter of the v i s i b l e i n c l u s i o n area. They are 

a l s o regarded as primary but are not used for temperature 

determinations as i t i s l i k e l y that necking has occurred, 

blocking o f f part of the i n c l u s i o n and f o r c i n g the bubble 

i n t o a r e l a t i v e l y small voliame. They give anomalously high 

temperatures as would be expected. 

Many, but by no means a l l , of the i n c l u s i o n s contain a 

bubble which on average occupies about 2% to 5% of the t o t a l 

v i s i b l e area. I n the smaller i n c l u s i o n s the bubble i s often i n 

Brownian motion. O c c a s i o n a l l y , l a r g e r i n c l u s i o n s may be divided 

by a f a i n t s t r a i g h t or undulose l i n e , suggesting the presence of 

two l i q u i d phases. Small b l a c k specks, which remain unchanged 

on hea t i n g , fr e q u e n t l y occur w i t h i n the i n c l u s i o n s , but no 
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Fig. 47a. Primary f lu id inclusion in ankerite. 
Sample no. 86-686. 

F ig . 47b, Suite of pseudosecondary inclusions in ankerite. 
Sample no. 86-686. 
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Fig. 47c. Primary inclusion with abnormally large bubble, probably due to 
necking. Sample no. 86-686. 
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c r y s t a l l i n e substances were observed. The black specks may be 

opaque daughter minerals. 

Temperature determinations were c a r r i e d out using a 

L e i t z microscope w i t h a b u i l t - i n heating stage as described i n 

Appendix IV. The two most generally used methods of temperature 

determination are d e c r e p i t a t i o n and homogenisation (Roedder 1967, 

Yermakov 1950). A v i s u a l estimate of d e c r e p i t a t i o n was attempted 

by spreading a t h i n layer of crushed cairbonate on the microscope 

heating stage and watching the sample f o r signs of movement w h i l s t 

the temperature was r a i s e d . Movement of i n d i v i d u a l grains was 

occa s i o n a l l y v i o l e n t but so rare as t o provide no guide t o the 

temperature of formation. The presence of considerable l i q u i d 

w i t h i n the c r y s t a l s was shown by bubbling and f l o w from small 

cracks and fractiares a t the c r y s t a l surfaces. Audio-decrepitation 

was also attempted, using a s e n s i t i v e microphone w i t h the cover 

removed and a long, slender glass.'orchid* attached t o the diaphragm. 

Crushed carbonate was placed i n the wide end of the 'orchid' which 

was then f i t t e d i n s i d e the heating stage. Rare explosions were 

detected but there was no i n d i c a t i o n of a general d e c r e p i t a t i o n 

temperature. 

The homogenisation method i s based on the p r i n c i p l e t h a t 

an i n c l u s i o n completely f i l l e d w i t h f l u i d at the temperature of 

formation w i l l develop a bubble at lower temperatures due t o the 

l i q u i d c o n t r a c t i n g more r a p i d l y than the surrounding c r y s t a l l i n e 

m a t e r i a l (Sorby 1858). On reheating, the bubble becomes smaller 

and disappears at a temperature defined as the homogenisation 
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temperature, which i n some, but not a l l cases i s the temperatiare 

of f o rmation. 

A bubble f i r s t forms i n a l i q u i d i n c l u s i o n of given 

density when the pressure-temperature conditions f a l l t o a c e r t a i n 

p o i n t . Above t h i s p o i n t , the i n c l u s i o n w i l l remain i n l i q u i d form 

t o high temperatures provided s u f f i c i e n t l y high pressures are 

maintained. The homogenisation method establishes the temperature 

of t h i s p o i n t f o r a pressure of 1 atmosphere, but i f the i n c l u s i o n 

had formed under higher pressures i t may have cooled from much 

higher temperatures before reaching the p o i n t at which a bubble 

could form. The homogenisation temperature i s therefore a 

minimum temperature at which the i n c l u s i o n was formed and a pressure 

c o r r e c t i o n i s usually needed t o obtai n the t r u e temperature of 

formation (Ingerson 1947, Yermakov 1950). 

I n a d d i t i o n t o pressure and the c o r r e c t choice of primary 

i n c l u s i o n s , Roedder (1967) c i t e s three basic assumptions i n using 

homogenisation temperatures: 

( i ) The f l u i d was a s i n g l e , homogeneous phase. 

( i i ) The c a v i t y d i d not change i n volume a f t e r sealing. 

( i i i ) Nothing i s added t o or l o s t from the i n c l u s i o n a f t e r sealing. 

Homogenisation temperatures f o r 203 primary inclusions 

from throughout the orebody are shown i n Fig.48a. The dominant 

temperature i s 120°G - 130°C but the curve i s s l i g h t l y asymmetric 

w i t h a bulge i n the region of 140°C - 160°C, 
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1 1——1 r 
" 0 120 130 140 "1 1 r 

150 160 170 160 190 • ?D0 210 220 

Fig . 48a. Homogenisction temperatures for 203 primary inclusions in mcgnetite-hematite-
ccr[x)ncte ore. 
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The i n d i v i d u a l r e s u l t s f o r 16 samples are shown i n Fig.48b. 

They group together as f o l l o w s : 
Table 2 1 . Homogenisafion temperatures for f luid inclusions 

No. 
Samples Temperature range 

10 110°C - 140'*C 
3 i4o°c - leo^c 
3 Two peaks, one i n each of the 

above two temperature ranges. 

Pseudosecondary i n c l u s i o n s gave broadly s i m i l a r temperatures but 

less measurements were made and no d e f i n i t e groupings can be 

d i s t i n g u i s h e d . 

The primary i n c l u s i o n homogenisation temperatures show 

t h a t i n c l u s i o n s developed at two periods during the hydrothermal 

a c t i v i t y and at s l i g h t l y d i f f e r e n t tanperatures. Fig,49 i s a 

generalised cross s e c t i o n of the orebody showing the approximate 

p o s i t i o n s of the s i x t e e n samples. The highest temperatures are 

recorded from the east and i n the deep c e n t r a l part of the orebody. 

Lower temperatures are d i s t r i b u t e d throughout the whole orebody. 

The c h l o r i t i s e d basic dyke which cuts the orebody on the 

east side (Fig.49) i s e a r l i e r than or contemporaneous w i t h the 

hydrothermal a c t i v i t y as shown by the remnant igneous textiares 

w i t h i n the dyke. A sample from the contact (740750) shows two 

temperature peaks at 120°C - 130°C and 150°C - 160°C re s p e c t i v e l y . 

The dyke does not, t h e r e f o r e appear to have raised the temperatures 

l o c a l l y t o any great degree during the period t h a t the in c l u s i o n s 

were formed. 

A l i m i t e d number of f r e e z i n g temperatxires were determined 
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using a f r e e z i n g stage described i n Appendix IV. 

The f r e e z i n g point of pure water i s depressed by the 

a d d i t i o n o f s a l t s . Most deep n a t u r a l hot waters and brines w i t h 

NaCl as the main s a l t ( E l l i s 1967, Helgeson 1964). I f NaCl i s 

assumed t o be the main s a l t present i n a f l u i d i n c l u s i o n , the 

depression of the f r e e z i n g point can be c o r r e l a t e d w i t h known 

phase r e l a t i o n s h i p s i n the NaCl-HO system and an estimate of the 

s a l t concentration can be made (Roedder 1962, 1963). 

The i n c l u s i o n i s cooled u n t i l i t i s completely c r y s t a l ­

l i n e which u s u a l l y means ta k i n g the temperature down t o about -70°C. 

The temperature i s then slowly r a i s e d u n t i l the c r y s t a l s begin t o 

melt and m e l t i n g i s maintained u n t i l only one c r y s t a l i s l e f t . The 

f r e e z i n g temperatvire i s defined as t h a t temperature at which the 

l a s t c r y s t a l melts under r e v e r s i b l e e q u i l i b r i i i m conditions (Roedder 

1962). E q u i l i b r i u m i s checked by r a p i d l y cooling the i n c l u s i o n 

j u s t before the l a s t c r y s t a l disappears and the c r y s t a l should then 

begin t o grow. 

Freezing temperatures were determined on 31 i n c l u s i o n s i n 

three samples (74-956, 86-686, 78-752). I n one sample (78-956), 

the i n c l u s i o n s were i n clear v e i n quartz and i n the other two 

samples they were i n v e i n carbonate. There was no d i f f e r e n c e i n 

the r e s u l t s between quartz and carbonate. 

The r e s u l t s may be summarised as f o l l o w s : 
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Table 22. Freezing temperatures and i n d i c a t e d NaCl 
Contents 

Niomber of Freezing I n d i c a t e d 
i n c l u s i o n s temperature °C NaCl 

2 6 -1 ° t o -22'' 18% t o 21% 
3 -12'" t o -14° 15% to 17% 
2 -4° t o -7° 7% t o 8% 

I n c l u s i o n s w i t h a l l three temperature ranges occurred 

w i t h i n sample 86-686. This suggests t h a t e i t h e r the s a l t content 

was very v a r i a b l e i n the f l u i d or t h a t the i n c l u s i o n s represent 

several phases of hydrothermal a c t i v i t y w i t h d i f f e r e n t s a l t contents 

i n each. 

Some in c l u s i o n s d i d not completely freeze, part of the 

i n c l u s i o n remaining l i q u i d . This suggests the presence of l i q u i d 

CO^ which has a f r e e z i n g p o i n t of -56.6°C and can remain unfrozen 

t o temperatures w e l l below t h a t . However, i t could also r e s u l t 

from a metastable s a l t s o l u t i o n remaining l i q u i d at low temperature. 

From the f r e e z i n g r e s u l t s , i t i s clear t h a t the hydrothermal 

s o l u t i o n s were s a l t s o l u t i o n s but the p r o p o r t i o n of d i f f e r e n t s a l t s 

i n s o l u t i o n remains unknown. 
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G. SIMVIARY OF IRON DUKE GEOLOGY 

The I r o n Diike iron-formations are the lower of two major 

u n i t s which make up the Middleback Ranges. They are o v e r l a i n by 

the a r g i l l a c e o u s s c h i s t s o f Death Adder Gully and underlain by 

g r a n i t i c gneisses and sch i s t s of the Gneiss Complex. The lower part 

of the I r o n Duke i r o n - f o r m a t i o n sequence contains a t h i c k carbonate 

u n i t known as the basal carbonate. 

The i r o n - f o r m a t i o n sequence i s f o l d e d i n t o a t i g h t synform 

which has a north-south s t r i k i n g axis p i t c h i n g t o the north at 10° 

to 20**, and an almost v e r t i c a l , undulating a x i a l plane. The east 

limb of the synform i s i n t e r s e c t e d by a major north-south s t r i k i n g 

reverse f a u l t which i s i n c l i n e d steeply t o the west and has moved 

the iron-formations south and upwards r e l a t i v e t o the schists of 

Death Adder Gully. Smaller scale f a u l t s w i t h s t r i k e s i n north-, 

west and no r t h east d i r e c t i o n s cut the iron-formations. 

Hematite ore outcrops i n the hinge area and west limb of 

the synform, passing northwards along s t r i k e i n the west limb i n t o 

i r o n - f o r m a t i o n s . The bul k o f the ore i s w i t h i n 500 f e e t of the 

surface and passes down p i t c h and down d i p i n t o magnetite-hematite-

carbonate and tal c o s e rocks. A t h i n layer o f ore extends down d i p 

and p i t c h from the main orebody, along the base of the magnetite-

hematite-ceorbonate body. The hematite ore i s characterised by f i n e 

scale l a y e r i n g s i m i l a r i n appearance t o that of the iron-formations, 

and the ore i s f r e q u e n t l y porous. I t consists of equally sized 

hematite grains which sometimes show remnant magnetite patches and 

the spaces i n porous ore are of s i m i l a r size t o the hematite grains. 
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The magnetite-hematite-carbonate occurs as a long 

c y l i n d r i c a l body i n the hinge area and deeper parts of the synform 

west limb. I t s shape may be broadly i n t e r p r e t e d as a s t r a t i g r a p h i c 

u n i t but i n the centre of the synform the ore cuts across s t r a t i -

graphic boundaries. The orebody has a steep eastern contact w i t h 

s c h i s t s o f Death Adder G u l l y , the two being separated by the major 

high angle reverse f a u l t . The ore consists of magnetite, hematite 

and carbonates i n v a r i e d proportions and i t i s characterised by 

d i f f u s e l a y e r i n g , b r e c c i a t i o n and carbonate veining. Carbonate 

c r y s t a l s w i t h i n the ore are coarse grained and unoriented, pro­

ducing t y p i c a l metasomatic or hydrothermal textures. The bulk 

of t h e carbonate i s an a n k e r i t e containing between about 5% and 

15% FeCO^ by weight, and t h i s i s the only carbonate present except 

at the base of the body where there i s a t h i n c a l c i t e r i c h layer, 

and a t the top o f the body where intermixed a n k e r i t e and magnesio-

s i d e r i t e occur. The carbonate c r y s t a l s are s i m i l a r i n composition 

i n both the layered and v e i n s t r u c t u r e s , and t h i s composition i s 

almost i d e n t i c a l t o t h a t of the underlying basal carbonate u n i t . 

The v e i n carbonate sometimes has small c a v i t i e s i n t o which p r o j e c t 

carbonate c r y s t a l s showing i n c l u s i o n zoning due t o f r e e growth. 

These show t h a t hydrothermal s o l u t i o n s have moved through the 

magnetite-hematite-carbonate body,- and studies of f l u i d i n c l u s i o n s 

i n the carbonate c r y s t a l s suggest t h a t the solut i o n s were brines 

at a minimum temperature of 120°C, 

Talc r i c h zones occur immediately above and below the 

magnetite-hematite-carbonate body. The upper t a l c zone i s t h i c k e r 

than the lower and passes gradually upwards i n t o iron-formations. 
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I t i s characterised by green, iron-magnesiimi t a l c which occurs 

i n c r y s t a l s o r i e n t e d p a r a l l e l t o the main f o l d a x i s , and by 

i r r e g u l a r l y d i s t r i b u t e d quaxtz which, i n t h i n s ection, has a 

bladed form. Hematite occurs i n small, i r r e g u l a r spots and patches, 

whereas magnetite present i n the rock i s i n small c r y s t a l s confined 

t o s p e c i f i c layers. The lower t a l c zone i s t h i n , and consists of 

t a l c w i t h lesser cimounts o f carbonate and considerable p y r i t e . 

Iron-formations o v e r l y the hematite ore cind the upper 
I 

t a l c zone, rocks and con s i s t of f i n e grained quartz and i r o n oxides 

w i t h lesser amounts of t r e m o l i t e and grunerite-cummingtonite. They 

are i d e n t i c a l t o i r o n - f o r m a t i o n u n i t s throughout the Middleback 

Ranges and are characterised by f i n e scale l a y e r i n g . I n t h i n 

s e c t i o n , they have even, regular microtextures typical of r e g i o n a l l y 

metamorphosed rocks. 

The s c h i s t s of Death Adder Gully consist of quartz, 

b i o t i t e and c h l o r i t e w i t h lesser amounts of amphibole and garnet. 

At depth, adjacent t o , t h e magnetite-heaatite-carbonate ore, they 

consist of quartz and c h l o r i t e , a good deal of the c h l o r i t e being 

, r i c h i n i r o n and t h e r e f o r e considered t o be the r e s u l t of c h l o r i t -

i s a t i o n subsequent t o metamorphism. 

A large basic i n t r u s i v e mass of d i o r i t i c composition 

penetrates the synform i n the southern h a l f of I r o n Duke. Dykes 

extend northwards from t h i s mass along the limbs of the synform, 

and where these dykes i n t e r s e c t the magnetite-hematite-carbonate 

and t a l c zones they are completely c h l o r i t i s e d . 
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SECTION I I I : ORIGIN OF THE ORES 



A. ORIGIN OF THE MAGNETITE-HEMATITE-CARBONATE ORE 

1. Previous theories o f ore genesis 

Whitehead (1962 and company repo r t s ) proposed t h a t the 

orebody formed by intense or prolonged carbonate metasomatism 

of s i l i c e o u s iron-formations. The o r i g i n a l rock type was a 

t r e m o l i t e bearing i r o n - f o r m a t i o n near the base of the sedimentary 

sequence, which was of v a r i a b l e thickness and i n places contained 

layers or lenses of magnetite-ankerite. The u n i t was o v e r l a i n 

by cummingtonite s c h i s t s which were a l t e r e d t o spotted t a l c 

s c h i s t s during the metasomatism. Solutions were c i r c u l a t e d by 

the slow cooling of basic i n t r u s i v e s and the s o l u t i o n flow was 

c o n t r o l l e d by f o l d s , f a u l t s , f r a c t u r e zones and impervious s c h i s t 

u n i t s . The s o l u t i o n s may have been heated meteoric waters guided 

t o c e r t a i n areas o f the iron-formations by st r u c t u r e s i n over­

l y i n g , younger sediments. I n some company r e p o r t s . Whitehead 

also drew a t t e n t i o n t o the possible association of hydrothermal 

a c t i v i t y w i t h basic i n t r u s i v e s and w i t h major shear s t r u c t u r e s . 

Owen aind Whitehead (1965) expressed the same basic 

theory, suggesting t h a t the s o l u t i o n s were carbonic a c i d , the 

f l u i d movement was i n i t i a t e d by basic i n t r u s i v e s and the f l o w 

d i r e c t i o n was c o n t r o l l e d by s t r u c t u r e s . 

Catley (1964) also considered t h a t metasomatically 

introduced carbon dioxide penetrated amphibole r i c h i r o n -

formations, converting the amphiboles t o carbonate and t a l c . 

The s i l i c a released during t h i s process was t r a n s f e r r e d t o the 



i r o n - f o r m a t i o n s above the ore, causing extensive s i l i c i f i c a t i o n 

and r e c o n s t i t u t i n g the rocks t o produce the s i l i c e o u s i r o n -

formations i n t h e i r present form. Carbon dioxide and water vapour 

were suggested as the metasomatic agents and the carbon dioxide 

was d e r i v e d from the basal carbonate u n i t , or from w i t h i n the 

i r o n - f o r m a t i o n sequence, or fircm l a t e igneous i n t r u s i v e s . The 

p r i n c i p l e i s the ssune as i n Whitehead's theory i n t h a t most o f 

the carbonate i n the orebody i s produced by carbonate meta­

somatism but the s t a r t i n g rock composition has emphasis on 

amphiboles. 

Ashworth (1965) supported the concept of carbonate meta­

somatism and suggested t h a t shearing i n the basal carbonate u n i t 

may be the source of carbonate. This approach was l a t e r modified 

by Ashworth (1970, unpublished B.H.P. company r e p o r t ) , w i t h 

greater amphasis on the amount of o r i g i n a l carbonate present i n 

the i r o n - f o r m a t i o n u n i t . The o r i g i n a l rock type was considered 

to be a magnetite-carbonate u n i t w i t h s i l i c e o u s layers and the 

s i l i c a was removed from the u n i t during hydrothermal a c t i v i t y 

l e a v i n g magnetite-hematite-carbonate ore. 

The processes envisaged i n these concepts of ore-formation 

have not been described i n d e t a i l i n any p u b l i c a t i o n or company 

r e p o r t . 

I t i s clear t h a t hydrothermal s o l u t i o n s have been important 

i n the formation of magnetite-hematite-carbonate ore. Points 

which are f a r less clear are, the composition of the o r i g i n a l rock 



2. O r i g i n a l rock types 

(a) Maqnetite-hematite-carbonate ore 

The magnetite-hematite-carbonate ore i s characterised by 

i r o n oxide l a y e r i n g which, although usually d i f f u s e , i s s i m i l a r 

i n scale and general appearance t o lay e r i n g i n the iron-for m a t i o n 

u n i t s . This suggests t h a t the o r i g i n a l rock type was a member of 

the i r o n r i c h sedimentary sequence, a conclusion supported by the 

s t r a t i g r a p h i c p o s i t i o n of the orebody w i t h i n the lower p a r t of 

the i r o n - f o r m a t i o n sequence. 

The combination of carbonates emd i r o n oxides, which 

c o n s t i t u t e s the orebody, i s unusual f o r the Middleback Ranges and 

no t h i c k sedimentary u n i t s o f t h i s composition cire known i n the 

area. Rock types at equivalent s t r a t i g r a p h i c l e v e l s throughout 

the Middleback Ranges are normally s i l i c e o u s iron-formations, 

o f t e n w i t h considerable t r e m o l i t e , and at I r o n Dioke the orebody 

appears t o pass l a t e r a l l y i n t o s i l i c e o u s iron-formations. I t i s 

th e r e f o r e considered probable t h a t the o r i g i n a l rock type contained 

some quaoctz and amphiboles which have been e f f e c t i v e l y replaced by 

carbonates during the hydrothermal process. This conclusion was 

reached by a l l previous authors and controversy centres on the 

p r o p o r t i o n of ceirbonate o r i g i n a l l y present i n the rock, rather 

than the q u a n t i t y o f s i l i c e o u s minerals. Evidence on the presence 

of o r i g i n a l carbonate i s a v a i l a b l e from two sources; rock types 

l a t e r a l l y equivalent t o the ore, and microtextures of layered ore 

fragments. 
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At I r o n Duke, deep d r i l l i n g i n the northernmost p a r t 

of the orebody suggests t h a t the ore passes l a t e r a l l y 

i n t o s i l i c e o u s iron-formations w i t h t h i c k carbonate layers. 

D r i l l i n g i n the west limb of the synform (DDH83) shows t h a t 

the ore passes up d i p i n t o s i l i c e o u s iron-formations w i t h t h i n 

carbonate layers and the carbonate r i c h u n i t s contain some 

magnetite which i s layered on a f i n e scale. Thus, carbonate 

layers are present i n the I r o n Duke iro n - f o r m a t i o n sequence 

at the s t r a t i g r a p h i c l e v e l o f the orebody and were almost 

c e r t a i n l y present i n the o r i g i n a l rock type. 

The presence o f o r i g i n a l carbonate layers i n the protore 

u n i t i s also suggested by patches and fragments of f i n e l y banded 

ore which have r e g u l a r , a l t e r n a t i n g layers of carbonate and i r o n 

oxides, s i m i l a r i n scale and appearance t o the layered-quartz 

and i r o n oxides of s i l i c e o u s iron-formations. I n t h i n s ection 

the carbonate has even, granulcir microtextures, as described i n 

Section I I , which are t y p i c a l l y metamorphic rather than meta­

somatic microtextures. The carbonate i s s i m i l a r i n chemical 

composition and i n microtexture t o carbonate u n i t s elsewhere i n 

the Middleback Ranges which have not been a f f e c t e d by hydrothermal 

a c t i v i t y . Magnetite i s u s u a l l y the main i r o n oxide present i n 

these layers and i s sometimes a l t e r e d along the c r y s t a l edges t o 

hematite. The magnetite grains are s i m i l a r i n shape and d i s ­

t r i b u t i o n t o those i n unaltered i r o n - f o r m a t i o n but are generally 

a l i t t l e l a r g e r . These f i n e l y layered patches of ore were f i r s t 

recognised as o r i g i n a l carbonate-iron oxide layers by Whitehead 

(1962 and B.H.P. company r e p o r t s ) . 
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I n several p a r t s of the Middleback Ranges, d r i l l i n g 

and surface exposures show t h a t the lower i r o n - f o r m a t i o n u n i t s 

are r i c h i n t r e m o l i t e due t o the metamorphic r e a c t i o n between 

quartz and Ca-Mg carbonates. Thicker carbonate l a y e r s , such as 

those described above i n the i r o n - f o r m a t i o n s , are preserved 

e s s e n t i a l l y i n t a c t due to high CO pressures w i t h i n the layers. 

This i n d i c a t e s t h a t the o r i g i n a l sediments were r i c h i n CaJ4g 

carbonates i n the lower p a r t of the sequence and the carbonate 

p r o p o r t i o n declined i n the upper part of the succession. The 

prot o r e u n i t occurs at an intermediate l e v e l , above the t h i c k 

basal carbonate which represents dominantly carbonate sediment­

a t i o n , aind below the s i l i c e o u s iron-formations which represent 

dominantly s i l i c a - i r o n sedimentation. I t i s therefore l i k e l y 

t h a t the protore u n i t contained a considerable q u a n t i t y of Ca-Mg 

carbonates, and t h a t p a r t o f these reacted w i t h quartz t o form 

t r e m o l i t e during metamorphism w h i l s t the t h i c k e r carbonate layers 

remained unaltered. 

I t i s concluded t h a t the o r i g i n a l rock type f o r the 

magnetite-hematite-carbonate ore was a layered iron-formation 

xinit composed of 50% to 70% carbonate plus t r e m o l i t e plus quartz, 

the remainder being i r o n oxides. There i s no evidence a v a i l a b l e 

on the p r o p o r t i o n of carbonate i n the rock, but a maximum of 30% 

t o 40% of the t o t a l rock would appear a reasonable estimate. 

(b) Talc zone rocks 

The upper t a l c zone occurs d i r e c t l y above the magnetite-

hematite-carbonate ore and passes upwards gradually i n t o s i l i c e o u s 



i r o n - f o r m a t i o n s . I t consists of t a l c , quartz and i r o n oxides aind 

some p o r t i o n s of the rock have a d i s t i n c t l a y e r i n g s i m i l a r i n 

scale and appearance t o the l a y e r i n g i n unaltered s i l i c e o u s i r o n -

formations. The t a l c zone appears to extend up d i p to the west 

cind up p i t c h t o the south i n t o s i l i c e o u s iron-formations although 

t h i s l a t e r a l t r a n s i t i o n i s somewhat obscured by the presence of 

hematite ore. 

Whole-rock chemical analyses from the t a l c zone are 

s i m i l a r t o those of s i l i c e o u s i r o n-formations, except f o r a 

marked increase i n magnesia and a complete absence of calcivun 

(Appendix I ) . M i c r o t e x t u r e s , which w i l l be described i n more 

d e t a i l l a t e r , show t h a t both t a l c and quartz have replaced 

amphiboles and suggest th a t amphiboles were a major component i n 

the o r i g i n a l rock. W i t h i n the t a l c zone, the f i n e l y layered 

p o r t i o n s contain mainly magnetite rather than h o n a t i t e , and 

appear t o represent the o r i g i n a l i r o n - f o r m a t i o n l a y e r i n g w i t h 

the magnetite having remained e s s e n t i a l l y i n s i t u . 

The evidence t h e r e f o r e suggests t h a t the upper t a l c zone 

formed from amphibole r i c h i r o n -formations, and t h a t magnetite 

present i n the o r i g i n a l rock has remained st a b l e . However, con­

s i d e r a b l e amounts o f i r o n are held i n the i r o n r i c h t a l c and the 

small patches and spots of specular hematite. This i r o n could 

r e s u l t from the a l t e r a t i o n o f g r u n e r i t e t o t a l c , part being 

incl u d e d i n the t a l c minerals and part m i g r a t i n g t o form the 

specular hematite. I t i s t h e r e f o r e concluded, i n agreement w i t h 

Whitehead, t h a t the upper t a l c zone was r i c h i n g r u n e r i t e rather 
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than t r e m o l i t e . On t h i s basis, the o r i g i n a l rock type i s 

considered t o have been an amphibole r i c h s i l i c e o u s i r o n -

f o r m a t i on w i t h g r u n e r i t e as the dominant aimphibole. Thick bands 

of g r u n e r i t e - q u a r t z s c h i s t were i n t e r s e c t e d i n a deep d r i l l h o l e 

(DDH62) i n iron-formations about h a l f a mile north of I r o n Duke, 

and t h i s i s the type of rock from which the upper t a l c zone could 

have formed. 

There i s no evidence on the o r i g i n a l rock type of the 

lower t a l c zone. The zone occurs immediately below the orebody, 

i s not more than about 50-100 f e e t t h i c k i n s t r a t i g r a p h i c terms 

and i s known from only one borehole (DDH57, Fig.20g). I t consists 

of t a l c w i t h some carbonate and p y r i t e , the l a t t e r two i n 

i r r e g u l a r patches and veins. By analogy w i t h the upper t a l c zone, 

the lower zone i s assvuned t o be formed from amphibole s c h i s t , 

probably w i t h less quartz than the upper zone, and containing 

considerable syngenetic p y r i t e . 
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3. Geochemistry of the hydrothermal s o l u t i o n s 

(a) D i r e c t i o n o f movement 

A number of f a c t o r s i n d i c a t e t h a t the f l u i d s moved 

i n a general upward d i r e c t i o n and these are l i s t e d below and 

i l l u s t r a t e d i n Fig.50: 

( i ) The" upper t a l c zone i s much t h i c k e r than the lower. 

( i i ) Basic i n t r u s i v e s are completely c h l o r i t i s e d w i t h i n and 

above the orebody but not below. 

( i i i ) Magnetite concentrations w i t h i n the ore adjacent t o 

i n t r u s i v e s and s c h i s t s tend t o be t h i c k e r at the lower contact. 

( i v ) I n the t r a n s i t i o n zone between the orebody and the ove r l y i n g 

t a l c zone, carbonate veins penetrate j o i n t s and f r a c t u r e s i n the 

talcose rock and taper upwards. 

The orebody and upper t a l c zone are both t h i c k e s t and 

best developed i n the deeper, northern pa r t o f the synform and 

become progressively thinner up p i t c h t o the south. Their shape 

i n three dimensions suggests t h a t the f l u i d source was s i t u a t e d 

a t depth t o the n o r t h , and the f l u i d s moved upwards and t o the 

south along the a x i a l region of the synform. 

I n several d r i l l h o l e s on the eastern side of the orebody, 

carbonate veining has increased w i t h depth and i s more p r o l i f i c 

than i n other p a r t s o f the ore. This slender evidence suggests 

t h a t there may have been f l u i d p e netration from depth along the 

eastern side o f the orebody as w e l l as from the north as suggested 

above. 
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(b) Tgnperature and pressiire 

Homogenisation temperatures f o r f l u i d i n c l u s i o n s i n the 

ve i n carbonate show t h a t the minimum possible temperature of 

formation i s i n the order o f 120°C t o 130°C. A press\are c o r r e c t i o n 

would be needed t o a s c e r t a i n the true temperature of formation and 

the pressure i s not known but an i n d i c a t i o n of the upper temperature 

l i m i t i s given by the r e c r y s t a l l i s a t i o n of the a n k e r i t e , as d i s ­

cussed below. 

Euhedral a n k e r i t e c r y s t a l s o f t e n p r o j e c t i n t o c a v i t i e s 

i n t h e v e i n carbonate. They grow from the ground mass carbonate 

and sometimes show a d i s t i n c t zoning of l i g h t and dark bands 

p a r a l l e l t o the c r y s t a l faces, the dark bands being due t o included 

matter and f l u i d . This zoning shows th a t the c r y s t a l s grew from 

s o l u t i o n a t d i f f e r e n t r a t e s , the dark bands w i t h inclusions rep­

r e s e n t i n g periods of r a p i d growth. The c r y s t a l s contain rather 

more i r o n than the groundmass carbonate, as described i n Section 

I I , but both conform t o the general an k e r i t e composition throughout 

the orebody. This i n d i c a t e s t h a t the process was simply one of 

carbonate s o l u t i o n and r e d e p o s i t i o n , producing s l i g h t v a r i a t i o n s 

i n the main components. 

There i s l i t t l e i n f o r m a t i o n i n the l i t e r a t u r e on a n k e r i t e 

s o l u b i l i t y but a great deal on dolomite s o l u b i l i t y and the low i r o n 

contents of the I r o n Duke ank e r i t e enable a d i r e c t comparison. 

Dolomite i s soluble both congruently and incongruently, i n the 

l a t t e r case c a l c i t e being formed (Kxauskopf 1967). The process 

described above f o r the I r o n Duke carbonate i s congruent s o l u t i o n 
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and t h i s i s supported by the lack of c a l c i t e i n the main p a r t of 

the orebody. The way i n which dolomite goes i n t o s o l u t i o n i s 

temperature dependent, congruent s o l u t i o n taking place between 

60*̂ 0 and 200°C cind incongruent s o l u t i o n taking place below 60°C 

and above 200'*C (Rosenburg and Holland 1964). This suggests an 

upper temperature l i m i t i n the order of 200°C f o r the vein 

carbonates although the experimental data i n t h i s region i s 

r a t h e r uncertain. 

The precise carbonate deposited from a c h l o r i d e s o l u t i o n 

depends p r i m a r i l y upon the molar r a t i o o f Ca*^ and Mg*^ i n the 

f l u i d and the temperature at the time of carbonate deposition 

(Rosehbvirg et a l . 1964, 1967, Levering 1969) I n the orebody 

v e i n carbonates, the s o l u t i o n appears t o have dissolved a n k e r i t e 

i n one place and redeposited i t i n another w i t h only minor chaoiges 

i n composition, which suggests t h a t the Ca**/Mg** r a t i o i n the 

f l u i d was approximately the same as t h a t of the carbonate mineral. 

Levering (1969) p l o t t e d the molar Ca^*/*4g*^ r a t i o s f o r f l u i d s i n 

e q u i l i b r i u m w i t h various carbonates against temperature and the 

graph i s shown i n Fig.51. The orebody vein carbonates have an 

atomic Ca^g r a t i o of approximately 1 which i s equivalent to a 

s o l u t i o n molar r a t i o of about 1.7. On Lovering's graph t h i s 

i n d i c a t e s a temperature i n the order o f 230**G to 280°C, dependent 
++ ++ . 

on the precise molar concentration of Ca and Mg xn the 

s o l u t i o n . 

These f i g u r e s must be t r e a t e d w i t h caution as they are 

based on a number of assumptions i n c l u d i n g the congruent nature 
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of a n k e r i t e s o l u t i o n and the Ca*^/Mg** r a t i o i n the s o l u t i o n . 

Carbonates other than a n k e r i t e could have been formed at higher 

temperatures and been converted t o a n k e r i t e as the temperatures 

f e l l . Despite these p o i n t s , an upper l i m i t of about 250°C 

appears reasonable f o r the hydrothermal a c t i v i t y and i s a s u i t a b l e 

temperature f o r the development of hydrothermal t a l c i n the t a l c 

zone (French 1971). 

An upper temperature l i m i t o f 250?G ̂ indicates a maximiom 

pressure c o r r e c t i o n of 130'̂ C f o r the f l u i d i n c l u s i o n hombgenisation 

temperatures. This, i n turn suggests a pressure of 2-^kb which i s 

equivalent t o a depth of dExiut 7-11 km. 

(c) Eh and pH 

W i t h i n the carbonate r i c h bands the s o l u t i o n s must have 

been a l k a l i n e or the carbonate would have been ronoved. The 

e q u i l i b r i u m pH of an aqueous s o l u t i o n i n contact w i t h c a l c i t e 

at room temperature i s between 8.4 and 9.9 dependent on the access 

o f CO t o the s o l u t i o n (Garrels and C h r i s t 1965). The CO content 

of the I r o n Duke s o l u t i o n s i s not known but a pH of about 9 appears 

to be a reasonable estimate. The t r u e pH would be somewhat less 

than 9 as pH values, i n c l u d i n g n e u t r a l , decrease w i t h increasing 

temperature (Barnes and E l l i s 1967). I t i s therefore more accxirate 

t o say t h a t the pH of the hydrothermal s o l u t i o n s i n contact w i t h 

the carbonate minerals would be one or two u n i t s on the basic 

side of n e u t r a l i t y . A pH of t h i s order conforms w i t h data from 

hot waters and brines throughout the world (White, Hem and Waring 

1963, E l l i s 1967). 
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The presence of magnetite i n the ore r e f l e c t s an a l k a l i n e 

environment and also i n d i c a t e s reducing conditions as shown i n 

Fig.51 (Garrels and C h r i s t 1965). The p a r t i a l o x i d a t i o n of 

magnetite t o hematite, which occurs f r e q u e n t l y , suggests t h a t 

the Eh values f o r the so l u t i o n s were on the d i v i d i n g l i n e between 

magnetite and hematite i n Fig.52a. 

S i d e r i t e has a l i m i t e d s t a b i l i t y f i e l d and i t s presence 

at the top of the orebbdy, together w i t h magnetite, suggests t h a t 

i n t h i s p a r t of the orebody the s o l u t i o n s had Eh-pH values on 

the d i v i d i n g l i n e between magnetite and s i d e r i t e . The Eh-pH 

conditions i n d i c a t e d by the diagram may not be s t r i c t l y applicable 

as the s i d e r i t e contains considerable Mg and the s t a b i l i t y f i e l d 

i n the diagreon i s f o r pure s i d e r i t e . 

P y r i t e i s occasionally present w i t h i n the ore and i t s 

s t a b i l i t y f i e l d conforms t o the Eh-pH values estimated above 

f o r the s o l u t i o n s . 

The approximate p o s i t i o n , i n terms o f Eh and pH, f o r 

the hydrothermal s o l u t i o n s i s p l o t t e d on Fig.52a. The diagram i s 

f o r 25°C and 1 atm pressure and the f i e l d s w i l l change at higher 

pressure-temperature conditions and w i t h d i f f e r e n t aumounts of 

carbonate i n s o l u t i o n . However, the ore mineralogy f i t s the 

diagram w e l l and conforms t o the i n t e r p r e t a t i o n of a basic 

s o l u t i o n i n m i l d l y o x i d i s i n g t o reducing conditions. 

V a r i a t i o n s i n Eh-pH conditions are suggested by the 

presence o f bladed magnetite i n one sample (Fig,52b')and by 
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Magneti te Hematite Ankerite 

F ig . 52b. Bloded hematite and magnetite in vein ankerite. The iron oxide 
crystals have grown into the vein from a gragment of layered 
ankerite-<|iagnetite-hematite. 
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concentrations o f magnetite against c h l o r i t i s e d i n t r u s i v e s and 

s c h i s t s . The bladed rnagnetite p r o j e c t s from a fragment of 

banded ore i n t o coarsely c r y s t a l l i n e carbonate. Some of the 

blades are of hematite and i n some hematite and magnetite are 

present together. A bladed form i s h i g h l y u n l i k e l y f o r magnetite, 

which i s cubic, and i t must be replacing hematite. This i s the 

reverse o f the normal case i n the orebody where magnetite i s 

p a r t i a l l y replaced by hematite, and suggests subtle v a r i a t i o n i n 

Eh-pH co n d i t i o n s . The magnetite concentrations at contacts w i t h 

basic i n t r u s i v e s support t h i s view. They contain no hematite and 

the s o l u t i o n s must have been rather higher i n pH or lower i n Eh 

than i n the main p a r t of the orebody. 

I n the t a l c zones, and i n s i l i c e o u s layers of the o r i g i n a l 

rock, the pH would be lower than i n the carbonate layers and 

probably approached the n e u t r a l p o i n t . Magnetite and hematite 

are both abundant i n the t a l c zone, suggesting t h a t the Eh 

con d i t i o n s were s i m i l a r t o those w i t h i n the orebody. 

(d) S o l u t i o n compositions 

The f r e e z i n g data f o r f l u i d i n c l u s i o n s i n the orebody 

carbonates c l e a r l y i n d i c a t e s the presence of s a l t s i n s o l u t i o n . 

This conforms w i t h data f o r deep n a t u r a l waters i n other parts o f 

the w o r l d which are normally brines containing s a l t s of sodium, 

calcium and magnesium (White, Hem and Waring 1963, Helgerson 1964). 

NaCl i s the dominant s a l t i n most n a t u r a l brines and was probably 

present i n considerable q u a n t i t y i n the I r o n Duke so l u t i o n s . The 

f r e e z i n g data suggests an NaCl content which v a r i e d between 7% and 



9 2 6 

2 1 % , i f NaCl were t h e o n l y s a l t p r e s e n t b ut i t i s pro b a b l e t h a t 

c a l c i i j m and magnesium c h l o r i d e s were a l s o p r e s e n t , as t h e s o l u t i o n s 

were i n c o n t a c t w i t h Ca-Mg carbonates. I t can be reasonably 

concluded t h a t t h e s o l u t i o n s were b r i n e s w i t h a maximum p o s s i b l e 

s a l t c o n t e n t i n t h e ord e r o f 21%. 

W i t h i n t h e orebody, t h e s o l u t i o n s were i n c o n t a c t w i t h 

c a r b o n a t e s and would be l i k e l y t o c o n t a i n b i c a r b o n a t e . Roedder 

( 1 9 6 7 ) , d e s c r i b e s f l u i d i n c l u s i o n s i n I c e l a n d Spar and i n two o f 

t h e t h r e e quoted analyses b i c a r b o n a t e exceeds C I and Ca exceeds 

Na. Browne and E l l i s ( 1 9 7 0 ) , d e s c r i b e c h l o r i d e - b i c a r b o n a t e 

s o l u t i o n s i n t e r s e c t e d i n deep d r i l l h o l e s i n t h e Ohaki-Broadlands 

h y d r o t h e r m a l area o f iMew Zealand. By analogy w i t h these examples, 

and because t h e orebody i s r i c h i n carbo n a t e , i t i s assumed t h a t 

t h e s o l u t i o n s were b i c a r b o n a t e r i c h . 

The s o l u t i o n s w i t h i n t h e orebody are c o n s i d e r e d t o have 

been s a l t s o l u t i o n s w i t h sodium, c a l c i u m and magnesium s a l t s i n 

unknown p r o p o r t i o n s , t o g e t h e r w i t h c o n s i d e r a b l e b i c a r b o n a t e . They 

must a l s o have c a r r i e d some s i l i c a i n s o l u t i o n and t h i s i s su p p o r t e d 

by t h e presence o f l a t e - s t a g e q u a r t z i n some carbonate v e i n s . 



2 2 ? 

4. M i n e r a l s o l u b i l i t i e s 

Q uartz and aimorphous s i l i c a 

Temperature has a s t r o n g e f f e c t on q u a r t z s o l u b i l i t y , 

t h e r e b e i n g a steady i n c r e a s e i n s o l u b i l i t y w i t h i n c r e a s i n g 

t e m p e r a t u r e as shown i n F i g . 5 3 . Thus, a t room temp e r a t u r e , the 

s o l u b i l i t y o f q u a r t z i n pure water i s a p p r o x i m a t e l y 6 ppm whereas 

a t 240°C t h e s o l u b i l i t y i s 440 ppm (Morey, F o u r i e r and Rowe 1962). 

Above t e m p e r a t u r e s o f about 350°C, p r e s s u r e becomes i m p o r t a n t and 

t h e r e i s a marked i n c r e a s e i n s o l u b i l i t y w i t h i n c r e a s i n g temperature 

a t p r e s s u r e s over 1000 b a r s b u t a decrease i n s o l u b i l i t y a t lower 

p r e s s u r e s (Kennedy 1950, Sharp 1965). The e s t i m a t e d p o s i t i o n s o f 

the I r o n Duke s o l u t i o n s i n terms o f p r e s s u r e and temperature a r e 

shown i n F i g . 5 3 . 

S o l u t i o n pH i s u n i m p o r t a n t below 9 b u t t h e r e i s a sudden 

i n c r e a s e i n s i l i c a s o l u b i l i t y above t h a t l e v e l o f a l k a l i n i t y , 

as shown i n F i g . 5 3 . S o l u t i o n pH i s i n f l u e n c e d by t h e m i n e r a l s 

w i t h w h i c h t h e s o l u t i o n s a r e i n c o n t a c t and, as p r e v i o u s l y d i s c u s s e d , 

t h e pH would be d i f f e r e n t i n t h e carbonate r i c h o r e , t h e t a l c zones 

and t h e dykes. E s t i m a t e d pH va l u e s f o r these t h r e e r o c k types are 

shown i n Fig.53 and i t i s e v i d e n t t h a t i n t h e carbonate r i c h o re 

the h i g h pH would t e n d t o i n c r e a s e s i l i c a s o l u b i l i t y , whereas i n 

th e t a l c zones and i n t r u s i v e s t h e pH e f f e c t s would be s l i g h t . 

D i s s o l v e d s a l t s have l i t t l e a f f e c t on s i l i c a s o l u b i l i t y 

b u t t h e r e i s an i n c r e a s e p r o p o r t i o n a l t o t h e NaOH c o n c e n t r a t i o n 

i n s o l u t i o n ( H o l l a n d 1967). NaOH i s not l i k e l y t o be i m p o r t a n t 

a t I r o n Duke because any s u b s t a n t i a l amounts would p r o b a b l y have 
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been d e t e c t e d by t h e f r e e z i n g work on f l u i d i n c l u s i o n s . 

T.S. L e v e r i n g (1923) showed e x p e r i m e n t a l l y t h a t b i c a r b o n a t e s cam 

be e f f e c t i v e s o l v e n t s o f s i l i c a a t low temperatures and T.G. 

L o v e r i n g (1962) observed t h a t some t h e r m a l s p r i n g waters w i t h 

h i g h c o n c e n t r a t i o n s o f b i c a r b o n a t e a l s o c o n t a i n r e l a t i v e l y h i g h 

amounts o f s i l i c a . T h i s a s s o c i a t i o n i s n o t e n t i r e l y s u b s t a n t i a t e d 

by more e x t e n s i v e a n a l y s i s o f t h e r m a l waters ( W h i t e , Hon and 

Waring 1963). 

Complexing i s u n l i k e l y t o s i g n i f i c a n t l y a f f e c t s i l i c a 

s o l u t i o n and t r a n s p o r t a t I r o n Duke, as the main p o s s i b l e 

c omplexing agents i n most g e o l o g i c a l s i t u a t i o n s a r e s u l p h u r and 

c h l o r i n e . Sulphur has v e r y l i t t l e a f f e c t on s i l i c a s o l u b i l i t y 

( C r e r a r and Anderson 1971) and t h e r e i s n e g l i g i b l e s u l p h u r w i t h i n 

t h e o r e or t h e o v e r l y i n g r o c k s . NaCl was p r o b a b l y p r e s e n t i n the 

h y d r o t h e r m a l s o l u t i o n s b u t i t s presence produces o n l y s l i g h t 

a f f e c t s and tends t o decrease r a t h e r than i n c r e a s e s i l i c a 

s o l u b i l i t y ( H o l l a n d 1967). C o l l o i d a l s i l i c a forms are a l s o u n l i k e l y 

as c o l l o i d s a r e not s t a b l e i n e l e c t r o l y t e s o l u t i o n s such as b r i n e s 

(Barnes and Czajnanske 1967). 

S u p e r s a t u r a t i o n can occur when d i s s o l v e d s i l i c a i s 

removed f r o m t h e immediate v i c i n i t y o f t h e q u a r t z f a c e s . T h i s 

was demonstrated by Morey, F o u r n i e r and Rowe (1962) who o b t a i n e d 

a s u p e r s a t u r a t e d s o l u t i o n w i t h 395 ppm s i l i c a a t room temperature 

by r a p i d l y r o l l i n g q u a r t z fragments i n a p l a s t i c b o t t l e f i l l e d 

w i t h piare w a t e r . The speed o f r o t a t i o n was o f extreme importance 

and a t low r a t e s t h e s o l u t i o n c o n t a i n e d t h e normal 6 ppm. At 
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I r o n Duke, s u p e r s a t u r a t i o n i s u n l i k e l y i n t h e e a r l y stages o f 

h y d r o t h e r m a l a c t i v i t y when t h e s o l u t i o n s were seeping t h r o u g h a 

t i g h t l y packed r o c k mass, b u t as c a v i t i e s developed and s o l u t i o n 

movement became more pronounced i t i s p o s s i b l e t h a t ( dissolved 

q u a r t z was moved f r o m i n t e r f a c e s and t h i s may have i n c r e a s e d t h e 

s i l i c a s o l u b i l i t y . 

The main f a c t o r s l i k e l y t o i n f l u e n c e q u a r t z and s i l i c a 

s o l u b i l i t y a t I r o n Duke are t e m p e r a t u r e , s o l u t i o n pH and, t o a 

much l e s s e r e x t e n t , s u p e r s a t u r a t i o n . 

S i l i c a t e s 

The e f f e c t s o f h y d r o t h e r m a l s o l u t i o n s on s i l i c a t e s are 

t o a l t e r or r e p l a c e t h e m i n e r a l r a t h e r t h a n d i r e c t removal i n 

s o l u t i o n . These may i n v o l v e h y d r a t i o n , d e h y d r a t i o n , c a t i o n 

exchange and a n i o n exchainge (Meyer and Hemley 1967), 

I n t h e t a l c zone t h e amphiboles undergo c a t i o n exchange, 

and w a t e r p l u s a l i t t l e s i l i c a i s added t o t h e s t r u c t u r e . T h i s 

may be expressed as f o l l o w s : 

T r e m o l i t e + SiO^ + Fe^* + Ĥ O * T a l c + Ca"̂"*" 

G r u n e r i t e + SiO + Mg*"̂  + H O " T a l c + Fe"̂ "̂  
2 2 

The Fe"*̂ * i s s t a b i l i s e d as i r o n o x i d e and t h e n e t r e s u l t w i t h i n 

an amphibole s c h i s t a r e g a i n s i n SiO H O, Fe^^ or Mg*"*̂  and a 

l o s s o f Ca^^. The o n l y major component removed i n s o l u t i o n i s 
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t h e r e f o r e c a l c i u m . 

W i t h i n t h e orebody t h e r e i s no e v i d e n c e t o show how 

p r e - e x i s t i n g s i l i c a t e s were removed. T r e m o l i t e c o u l d be r e p l a c e d 

d i r e c t l y by a n k e r i t e , as t h e main c a t i o n s i n b o t h are Ca^* and 

Mg*^ and t h e process would be one o f a n i o n exchange, w i t h CO^ 

r e p l a c i n g s i l i c a and w a t e r . D i r e c t replacement o f g r u n e r i t e i s 

more complex as t h e main c a t i o n s i n t h e amphibole a r e Fe** c ind 

Mg*"*" so t h a t Ca^* would have t o be i n t r o d u c e d t o form an a n k e r i t e . 

I t i s l i k e l y , t h e r e f o r e , t h a t t h e g r u n e r i t e f i r s t changed t o t a l c 

w h i c h was s u b s e q u e n t l y r e p l a c e d by c a r b o n a t e , whereas -t/e^molite ^ 

changed d i r e c t l y t o c a r b o n a t e . 

C h l o r i t i s a t i o n o f the i n t r u s i v e s i s a l s o a complex c a t i o n 

exchange p r o c e s s , t o g e t h e r w i t h a l o s s o f s i l i c a and am a d d i t i o n 

o f w a t e r . The major d i f f e r e n c e between the exchange process i n 

t h e i r o n - f o r m a t i o n amphiboles and t h a t i n t h e complex igneous 

s i l i c a t e s , i s t h a t t h e l a t t e r m i n e r a l s c o n t a i n c o n s i d e r a b l e alumina 

r e s u l t i n g i n c h l o r i t e r a t h e r t h a n t a l c or carbonate. 

The main r e s u l t o f s i l i c a t e replacement i n t h e orebody 

and a l t e r a t i o n i n t h e i n t r u s i v e s i s a l o s s i n s i l i c a . I n t h i s 

s i t u a t i o n , w i t h s i l i c a i n s o l u t i o n d e r i v e d from s i l i c a t e s , t h e 

s o l u b i l i t y i s l i k e l y t o approach t h a t o f amorphous s i l i c a r a t h e r t h a n 

q u a r t z ( G a r r e l s and C h r i s t 1965) and as shown i n Fig.53, t h e 

s o l u b i l i t y o f amorphous s i l i c a i s c o n s i d e r a b l y h i g h e r t h a n t h a t 

o f q u a r t z . 
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Carbonates 

There i s e x t e n s i v e data on c a l c i t e s o l u b i l i t y i n t h e 

l i t e r a t u r e b u t much Jess c o n c e r n i n g d o l o m i t e . The two s o l u b i l i t i e s 

a r e t h o u g h t t o be s i m i l a r , w i t h a much slower r e a c t i o n r a t e on t h e 

p a r t o f d o l o m i t e ( H o l l a n d 1967). For b o t h c a r b o n a t e s , the causes 

o f p r e c i p i t a t i o n f r o m s o l u t i o n a r e not f u l l y understood. 

S o l u t i o n pH i s a major f a c t o r i n f l u e n c i n g carbonate 

s o l u b i l i t y and t h e r e i s a marked i n c r e a s e i n s o l u b i l i t y i n more 

a c i d s o l u t i o n s . T h i s c o u l d e x p l a i n t h e l a c k o f carbonate i n t h e 

t a l c zones a ind c h l o r i t i s e d dykes where the s o l u t i o n pH was 

presumably lower than i n t h e carbonate r i c h orebody. 

Temperature can be an i m p o r t a n t i n f l u e n c e i n carbonate 

s o l u t i o n and p r e c i p i t a t i o n , as. t h e s o l u b i l i t i e s o f c a l c i t e and 

d o l o m i t e decrease w i t h i n c r e a s i n g temperature ( H o l l a n d 1967). As 

a r e s u l t , t h ese carbonates do not p r e c i p i t a t e from c o o l i n g 

s o l u t i o n s and a l t e r n a t i v e p r e c i p i t a t i o n mechanisms must be sought. 

The I r o n Duke carbonates t h e r e f o r e cannot be a t t r i b u t e d t o p r e ­

c i p i t a t i o n as t h e h y d r o t h e r m a l s o l u t i o n s c o o l e d . 

Carbonate s o l u b i l i t y i n c r e a s e s w i t h i n c r e a s i n g amounts 

o f CO i n s o l u t i o n , and any mechanism which removes CO from 

s o l u t i o n w i l l t e n d t o cause carbonate p r e c i p i t a t i o n . M u e l l e r 

(1963) proposed t h a t l o s s o f CO on b o i l i n g as s o l u t i o n s moved 

t o lower t e m p e r a t u r e r e g i o n s would cause carbonates t o be 

p r e c i p i t a t e d . Sharp (1965) and L a f f i t t e (1962) have suggested 

t h a t r a p i d p r e s s u r e changes i n v e i n systems would a l s o cause 

ca r b o n a t e s t o be p r e c i p i t a t e d frcm h y d r o t h e r m a l s o l u t i o n s . These 
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concepts may be a p p l i c a b l e t o t h e t r u l y v e i n carbonate a t I r o n 

Diike, b u t most o f t h e ore c o n s i s t s o f l a y e r e d carbonate merging 

t o v e i n c a r b o n a t e o f i d e n t i c a l c o m p o s i t i o n , s u g g e s t i n g t h a t the 

c a r b o n a t e has moved over v e r y s m a l l d i s t a n c e s where p r e s s u r e 

d i f f e r e n t i a l s are l i k e l y t o be s m a l l . One f u r t h e r f a c t o r a f f e c t i n g 

c a r b o n a t e s o l u t i o n and p r e c i p i t a t i o n i s t h e presence o f NaCl i n 

s o l u t i o n , carbonate s o l u b i l i t y i n c r e a s i n g w i t h i n c r e a s i n g amounts 

o f NaCl. 

A t I r o n Diike, t h e process o f carbonate s o l u t i o n amd 

p r e c i p i t a t i o n w i t h i n t h e orebody was p r o b a b l y complex and depended 

upon t h e i n t e r - r e l a t i o n s h i p s between s o l u t i o n pH, CO .content and 

NaCl c o n t e n t a t any g i v e n p o i n t . Small f l u c t u a t i o n s i n these 

c o n t r o l s would a r i s e as s o l u t i o n r e a c t i o n s w i t h q u a r t z and s i l i c a t e s 

t o o k p l a c e and as new waves o f s o l u t i o n e n t e r e d t h e orebody, causing 

c a r b o n a t e s o l u t i o n and p r e c i p i t a t i o n from p o i n t t o p o i n t . 

I r o n o x i d e s 

The i n f o r m a t i o n on i r o n o x i d e s o l u b i l i t y i s v e r y l i m i t e d 

i n t h e p r e s s u r e and t e m p e r a t u r e f i e l d s o f h y d r o t h e r m a l s o l u t i o n s . 

A t s u r f a c e t e m p e r a t u r e s , i r o n i s m a i n l y s o l u b l e i n a c i d s o l u t i o n s 

a l t h o u g h some can be t a k e n i n t o s o l u t i o n up t o a pH o f about 9 

under s t r o n g l y r e d u c i n g c o n d i t i o n s ( G a r r e l s and C h r i s t 1965, James 

1966). S i m i l a r p r i n c i p l e s a p p l y a t h i g h e r t e m p e r a t u r e s , where 

e x p e r i m e n t a l evidence shows t h a t a t 300°C t o 500'*C and 15 t o 100 

atmospheres a c i d s a l t s o l u t i o n s can c o n t a i n up t o about 300 ppm 

i r o n i n reduced c o n d i t i o n s b u t t h e r e i s a r a p i d decrease t o 5 ppm 
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or l e s s i n i n t e r m e d i a t e t o a l k a l i n e s o l u t i o n s (Barnes 1967). 

There i s no e»/idence t h a t components such as NaCl i n 

s o l u t i o n a f f e c t t h e i r o n o x i d e s s o l u b i l i t i e s . B i c a r b o n a t e s may 

have some e f f e c t , as t h e o n l y n a t u r a l waters c o n t a i n i n g l a r g e 

q u a n t i t i e s o f i r o n i n s o l u t i o n a r e c e r t a i n b i c a r b o n a t e or 

b i c a r b o n a t e - s u l p h a t e groundwaters and some v o l c a n i c waters 

(James 1966). 

A t I r o n Duke, most o f t h e i r o n o x i d e s present i n t h e 

o r i g i n a l r o c k appear t o have remained e s s e n t i a l l y i n s i t u , 

a l t h o u g h some i r o n has moved i n s o l u t i o n as shown by t h e presence 

o f s m a l l m a g n e t i t e v e i n s . T h i s i s presumed t o r e f l e c t s l i g h t 

v a r i a t i o n s i n s o l u t i o n pH as t h e f l u i d s moved t h r o u g h t h e orebody, 

c a u s i n g l o c a l s o l u t i o n and p r e c i p i t a t i o n . 
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5. E f f e c t s o f t h e h y d r o t h e r m a l a c t i v i t y 

( a ) M a q n e t i t e - h e m a t i t e - c a r b o n a t e o r e 

The o r e i s c h a r a c t e r i s e d by s t r u c t u r e s , m i c r o t e x t u r e s 

and b u l k c h e m i c a l c o m p o s i t i o n s s i g n i f i c a n t l y d i f f e r e n t from 

members o f t h e i r o n - f o r m a t i o n u n i t s i n o t h e r p a r t s o f t h e 

Mi d d l e b a c k Ranges and these a r e c l e a r l y due t o , or r e l a t e d t o , 

t h e h y d r o t h e r m a l a c t i v i t y . 

B r e c c i a t i o n , d i f f u s e l a y e r i n g amd carbonate v e i n i n g 

occur t h r o u g h o u t t h e orebody amd a r e d e s c r i b e d i n d e t a i l i n 

S e c t i o n I I . These s t r u c t u r e s a r e c h a r a c t e r i s t i c o f t h e ore 

and a r e n o t c o n f i n e d t o amy zone or s p e c i f i c p a r t o f t h e orebody, 

a l t h o u g h carbonate v e i n i n g tends t o i n c r e a s e a t depth on t h e 

eas t s i d e . 

The b r e c c i a and v e i n s t r u c t u r e s show c l e a r l y t h a t 

t h e r e were openings amd channelways w i t h i n t h e orebody d u r i n g 

t h e h y d r o t h e r m a l a c t i v i t y . The v e i n carbonate i s t y p i c a l l y 

c o a r s e l y c r y s t a l l i n e and t h e v e i n s f r e q u e n t l y have s m a l l c a v i t i e s 

w i t h p r o j e c t i n g e u h e d r a l c r y s t a l s . T h i s carbonate c r y s t a l l i s e d 

i n an environment w i t h p l a m t y o f open space and t h e space must 

have been c r e a t e d subsequent t o r e g i o n a l metamorphism, e i t h e r 

by t e c t o n i c d i s l o c a t i o n or by removal o f components d u r i n g t h e 

p e r i o d o f h y d r o t h e r m a l a c t i v i t y . 

Some space w i t h i n t h e orebody was c e r t a i n l y due t o 

t e c t o n i c movement.' T h i s i s i l l u s t r a t e d , on a s m a l l s c a l e , by 



F i g . 54 w h i c h shows t h e p l a n e o f a low a n g l e t h r u s t i n t h e t a l c 

zone j u s t above t h e orebody. The t h r u s t plane i s marked by a 

b r e c c i a o f o r e fragments enclosed i n t y p i c a l v e i n carbonate and 

t h e r e i s one s m a l l fragment o f c h l o r i t e s c h i s t w hich i s l i t h o l -

o g i c a l l y c o m p l e t e l y d i f f e r e n t from t h e s u r r o u n d i n g r o c k t y p e s , and 

shows c l e a r l y t h a t f r a g m e n t s have moved w i t h i n t h e space c r e a t e d 

by t h e f a u l t p l a n e . I t i s c l e a r , t h e r e f o r e , t h a t t h e r e was 

t e c t o n i c movement d u r i n g t h e h y d r o t h e r m a l a c t i v i t y and t h a t 

some space was c r e a t e d by f r a c t u r i n g . 

On t h e o t h e r hand, t h e b r e c c i a s t r u c t u r e s occur throughout 

t h e orebody and a r e not c o n f i n e d t o any p a r t i c u l c i r f r a c t u r e system, 

nor do t h e y i n c r e a s e near t h e major f a u l t w h i c h bounds t h e ore on 

t h e e a s t s i d e . Fiarthermore, t h e b r e c c i a s occur e x t e n s i v e l y through 

th e o r e b u t n o t i n t h e i r o n - f o r m a t i o n s above and below t h e o r e . 

The b r e c c i a t i o n mech5Lnism must have been o p e r a t i v e t h r o u g h o u t the 

e n t i r e orebody and y e t r e s t r i c t e d t o t h e orebody and i t i s u n l i k e l y 

t h a t t h i s c o u l d be due t o t e c t o n i s m a i o n e . One p o s s i b l e mechanism 

i s t h a t o f r e p e a t e d t e c t o n i c movement c c ^ b i n e d w i t h the e f f e c t s o f 

c h e m i c a l s o l u t i o n and h i g h f l u i d p r e s s u r e s d u r i n g the h y d r o t h e r m a l 

a c t i v i t y . I n such a mechanism, space i s c r e a t e d i n i t i a l l y by the 

removal o f components i n s o l u t i o n and t h e b r e c c i a t i o n r e p r e s e n t s 

a d j u s t m e n t s t r u c t u r e s caused by contemporaneous t e c t o n i c movement 

and t h e p e n e t r a t i o n o f s o l u t i o n s under h i g h p r e s s u r e s . 

D i f f u s e l y banded m a t e r i a l forms a h i g h percentage o f t h e 

t o t a l o r e and i s f o u n d t h r o u g h o u t t h e orebody. I n d i f f u s e l y banded 

samples, t h e i r o n o x i d e l a y e r i n g i s d i s t u r b e d aind i r r e g u l a r and. 



237 

B!oHl-e-chlorite-
magnetite schist 

carbonate 

F ig . 54 . Low angle thrust plane in chlori te-talc-magneti te rocks in Winze 
N o . 4, south w a l l . Note the vein carbonate cementing breccia 
fragments and the single fragment of biot i te-chlori te-magneti te 
schist. 
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i n t h i n s e c t i o n s , t h e car b o n a t e i s seen t o occur i n l a r g e i n t e r ­

l o c k i n g c r y s t a l s which may c r o s s t h e o x i d e l a y e r i n g (Fig.Vb) and 

produce a c o a r s e , u n o r i e n t e d m i c r o t e x t u r e q u i t e d i f f e r e n t f r c m 

those o f u n a l t e r e d i r o n - f o r m a t i o n s ( F i g s . 8 a - f ) . T h i s d i f f u s e 

ban(±Lng i s r e s t r i c t e d e n t i r e l y t o t h e orebody and i s c l e a r l y 

a p r o d u c t o f t h e o r e f o r m i n g processes. 

There a r e two p o s s i b l e ways i n which the d i f f u s e l a y e r i n g 

may have developed; f i r s t l y by r e c r y s t a l l i s a t i o n and r e d i s t r i b u t i o n 

o f c a rbonate l a y e r s a l r e a d y p r e s e n t i n t h e o r i g i n a l r o c k , and 

seco n d l y by metasomatic carbonate r e p l a c i n g q u a r t z and amphiboles 

i n s i l i c e o u s i r o n - f o r m a t i o n bands. The f i r s t method i s suggested 

by t h e g r a d a t i o n o f f i n e l y l a y e r e d patches o f ore i n t o d i f f u s e l y 

l a y e r e d m a t e r i a l ( F i g s . 25, 2 9 ) . The m a g n e t i t e l a y e r i n g g r a d u a l l y 

spreads over a w i d e r a r e a , t h e m a g n e t i t e g r a i n s a r e p a r t l y b ut 

not w h o l l y o x i d i s e d t o h e m a t i t e , and t h e carbonate c r y s t a l s become 

l a r g e r , develope i r r e g u l a r shapes and have ragged edges. E l e c t r o n 

m i c r o p r o b e analyses show t h a t no s i g n i f i c a n t chemical change 

accompanies t h e change o f carbonate g r a i n s i z e and shape o t h e r 

than a s l i g h t tendency f o r t h e coarser m a t e r i a l t o be r i c h e r i n 

i r o n ( S e c t i o n I I and Appendix I I ) . The second method, t h a t o f 

metasomatic replacement, was suggested by Whitehead (1962 and B.H.P. 

company r e p o r t s ) who r e c o r d s carbonate r e p l a c i n g q u a r t z and t a l c 

i n some samples. I n t h e samples examined by t h e a u t h o r , m i c r o t e x t u r e s 

i n d i c a t i n g c a r b o n a t e replacement of q u a r t z and t a l c were seen i n 

samples f r o a the t o p o f the orebody near t o the o v e r l y i n g t a l c 

zone. These samples have a d i f f u s e l a y e r i n g which appears t o be 

a remnant o f t h e o r i g i n a l f i n e i r o n - f o r m a t i o n l a y e r i n g . I t i s 
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c l e a r t h e r e f o r e , t h a t b o t h t h e r e c r y s t a l l i s a t i o n and metasomatic 

replacement mechanisms can produce d i f f u s e l a y e r i n g w i t h i n t h e 

or e b u t t h e r e i s no d i r e c t evidence t o show which mechanism was 

dominant. 

The s i m p l e m i n e r a l o g y and geochemistry i s a s t r i k i n g 

f e a t u r e o f t h e o r e , and i t i s c l e a r f r o m t h e b u l k chemical 

a n a l y s e s shown i n S e c t i o n I I and Appendix I t h a t t h e ore c o n s i s t s 

o f c a r b o n a t e s and o x i d e s o f t h r e e elements, i r o n , c a l c i u m and 

magnesium, a l l o f which a r e c h a r a c t e r i s t i c o f t h e i r o n - f o r m a t i o n 

sequence. The b u l k o f t h e o r e has a b u l k chemical and m i n e r a l -

o g i c a l c o m p o s i t i o n e q u i v a l e n t t o t h a t o f t h e b a s a l carbonate u n i t 

p l u s i r o n o x i d e s , and t h i s i n c l u d e s t r a c e elements except f o r 

s t r o n t i u m which i s a l i t t l e h i g h e r i n t h e o r e . The h y d r o t h e r m a l 

s o l u t i o n s have not i n t r o d u c e d any elements, such as sodium or 

p o t a s s i u m , which were not a l r e a d y a v a i l a b l e i n t h e i r o n - f o r m a t i o n 

sequence. 

On t h e o t h e r hand, t h e o r i g i n a l r o c k i s assumed t o have 

c o n t a i n e d some quaxtz and amphiboles, y e t t h e o n l y t r a c e o f these 

r e m a i n i n g i n the ore a r e t h e r a r e occurrences o f s m a l l q u a r t z 

c r y s t a l s i n carbonate v e i n s . There a r e no remnant s i l i c e o u s 

p a t c h e s or remnant amphibole o u t l i n e s . The h y d r o t h e r m a l process 

has t h u s been h i g h l y e f f i c i e n t i n removing s i l i c a and s u b s t i t u t i n g 

c a r b o n a t e . 

Any carbonate which was i n t r o d u c e d was almost p r e c i s e l y 

t h e same c o m p o s i t i o n as t h a t a l r e a d y p r e s e n t i n the o r i g i n a l r o c k 

as shown by t h e s i m i l a r analyses o f l a y e r e d and v e i n samples. 
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F u r t h e r m o r e , t h e r e was v e r y l i t t l e t r a c e element c o n c e n t r a t i o n 

i n t o t h e v e i n s , t h e o n l y d e t e c t a b l e d i f f e r e n c e s between v e i n 

and l a y e r e d saonples b e i n g : 

( i ) V e i n carbonate tends t o c o n t a i n a l i t t l e more MnO, Sr and Y 

t h a n does banded o r e . 

( i i ) M a g n e t i t e c o n c e n t r a t i o n s a d j a c e n t t o c h l o r i t i s e d i n t r u s i v e s 

c o n t a i n up t o 552 ppm 2n, b u t o t h e r t r a c e elements are a t 

l e v e l s s i m i l a r t o t h o s e t h r o u g h o u t t h e r e s t o f t h e ore. 

There i s , however, some carbonate z o n i n g i n t h e orebody 

on a b r o a d s c a l e . The b u l k o f t h e ore c o n t a i n s a n k e r i t e as t h e 

o n l y c a r b o n a t e and t h e a n k e r i t e does n o t v a r y g r e a t l y i n chemical 

c o m p o s i t i o n , as shown by e l e c t r o n microprobe and whole r o c k 

analyses (Appendices I and I I ) . T h i s shows t h a t t h e p r o p o r t i o n s 

o f c a l c i u m and magnesium i n t h e h y d r o t h e r m a l s o l u t i o n s was a l s o 

f a i r l y c onstamt, o t h e r w i s e c a l c i t e and magnesite would occur 

w i t h i n t h e main pairt o f t h e orebody. A t t h e t o p o f t h e orebody, 

t h e r e i s a t h i n l a y e r o f i n t e r m i x e d a n k e r i t e amd m a g n e s i o - s i d e r i t e , 

t h e l a t t e r o c c u r r i n g o n l y as coarse c r y s t a l s . The m a g n e s i o - s i d e r i t e 

i s t h e o n l y c a r b o n a t e i n t h e o r e which c o n t a i n s l i t t l e or no calcium-

and i t i s c o n s i d e r e d , by t h e a u t h o r , t o f o r m f r c m a n k e r i t e a t t h e 

upper m a r g i n o f t h e orebody by t h e h y d r o t h e r m a l s o l u t i o n s s e l e c t ­

i v e l y removing c a l c i u m f r o m t h a t r e g i o n . A t t h e base o f t h e 

orebody t h e r e i s a l a y e r o f c a l c i t e r i c h ore which i s low i n 

magnesia r e l a t i v e t o t h e r e s t o f the orebody and i s r a t h e r h i g h e r 

i n s t r o n t i u m . T h i s c a l c i t e r i c h l a y e r i s d i f f i c u l t t o e x p l a i n 

i n t e m s o f t h e h y d r o t h e r m a l a c t i v i t y b u t i s t e n t a t i v e l y i n t e r p r e t e d 

as an o r i g i n a l c a l c i t e r i c h band i n the sedimentary sequence. 
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( b ) T a l c zone r o c k s 

The main e f f e c t s o f h y d r o t h e r m a l a c t i v i t y i n t h e t a l c 

zone were t h e development o f i r o n r i c h t a l c and t h e e x t e n s i v e 

r e d i s t r i b u t i o n o f i r o n and s i l i c a . The p r e c i s e n a t u r e o f these 

changes was i n v e s t i g a t e d by d e t a i l e d s t u d y o f f o u r f e a t u r e s , 

p r e v i o u s l y n o t e d by Whitehead i n company r e p o r t s , and f o u n d o n l y 

i n t a l c zone r o c k s : replacement o f amphiboles by t a l c , r e p l a c e ­

ment o f amphiboles by q u a r t z , the occurrence o f unusual, b l a d e d 

q u a r t z , and t h e development o f sp e c u l a r h e m a t i t e . The r e s u l t s 

a r e d e s c r i b e d below: 

( i ) Replacement o f amphiboles by t a l c 

I n t h e t r a n s i t i o n zone between the upper t a l c zone and 

t h e i r o n - f o r m a t i o n s , i n d i v i d u a l amphibole c r y s t a l s aire a l t e r e d 

a l o n g t h e i r edges t o f i b r o u s t a l c and may be c o m p l e t e l y r e p l a c e d . 

The p r e c i s e change o f amphibole t o t a l c was i n v e s t i g a t e d i n foixr 

samples (74-348, 59-679, 59-533, 62-1316). 

A l l f o u r samples c o n t a i n b l a d e d , w e l l formed amphibole 

c r y s t a l s i d e n t i f i e d o p t i c a l l y by t h e i r s t r o n g second order i n t e r ­

f e r e n c e c o l o u r s and o b l i q u e e x t i n c t i o n . These are a l t e r e d a t the 

edges to a f i n e l y f i b r o u s mass and sanetimes t h e a l t e r a t i o n i s 

more e x t e n s i v e w i t h amphibole o c c u r r i n g as i s l a n d s i n f i b r o u s 

m a t e r i a l w h i c h has h i g h e r o r d e r i n t e r f e r e n c e c o l o u r s ( F i g . 5 5 ) . 

The amphibole patches and t h e s u r r o u n d i n g t a l c were an a l y s e d by 

e l e c t r o n microprobe and t h e f u l l r e s u l t s are g i v e n i n Appendix I . 
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4 r: 

Talc 

Amphibole 

F ig. 55. Talc Zone - replacement of amphibole by talc in sample no. 59-533. 
Crossed polars. 

Typical electron microprobe analyses are: 

Amphibi le remnant 

Talc 

CaO M g O FeO S i02 Total 

0 .2 21.2 10.4 58.9 93.0 

0.1 23.6 10.7 59.2 93.3 
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I n three o f the samples, the analyses show no s i g n i f i c a n t 

d i f f e r e n c e between the bladed and f i b r o u s minerals and the com­

p o s i t i o n s are s i m i l a r t o those of t a l c from w i t h i n the main part 

of t he zone. The t a l c i s therefore pseudomorphing a p r e - e x i s t i n g 

amphibole, w i t h amphibole c h a r a c t e r i s t i c s being retained i n the 

remnant i s l a n d s . 

I n the f o u r t h saimple (62-1316) the amphibole remnants 

are t r e m o l i t e , i d e n t i c a l i n composition t o t h a t found i n other 

p a r t s o f the Middleback Ranges. The surrounding f i b r o u s t a l c i s 

s i m i l a r i n composition t o t h a t found i n the other three samples 

but i t also contains granular, cloudy areas which give low t o t a l 

analyses and are probably cairbonate. 

The amphibole i n the f i r s t three samples was probably 

g r u n e r i t e . No carbonate was present and the amphibole had l o s t 

i t s chemical i d e n t i t y at an early stage of the replacement process 

before l o s i n g i t s c r y s t a l form and o p t i c a l c h a r a c t e r i s t i c s . This 

i s i n marked contrast t o the t r e m o l i t e o f the f o u r t h sajnple which 

r e t a i n e d i t s chemical i d e n t i t y u n t i l a l t e r e d t o a f i b r o u s mass. 

I n a l l four samples the t a l c was of s i m i l a r composition 

cLnd conformed to the general t a l c composition w i t h i n the main zone. 

( i i ) Replacement o f amphibole by quartz 

I n the t r a n s i t i o n between the upper t a l c zone and the 

ir o n - f o r m a t i o n s , quartz occasionally c l e c i r l y replaces amphibole. 

This was i n v e s t i g a t e d by e l e c t r o n microprobe i n one sample (78-443) 
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and the f u l l r e s u l t s are given i n Appendix I . 

The amphiboles occur as bladed c r y s t a l s w i t h w e l l 

developed cleavage along the c r y s t a l length sind analyses show 

the amphibole t o be g r u n e r i t e . The c r y s t a l s are p a r t l y replaced 

by quartz which takes the amphibole form (Fig.56). The quartz 

r e t a i n s the amphibole cleavages and t h i n s l i v e r s of amphibole 

occur w i t h i n the quartz along the cleavage l i n e s . Where the 

replacement process i s almost complete, an elongate quartz c r y s t a l 

w i t h the shape of an amphibole, cleavages p a r a l l e l to the long axis 

and oblique e x t i n c t i o n , i s the end product. 

This replacement shows p o s i t i v e l y t h a t s i l i c a has been 

mobile i n the. t a l c zone and i s p a r t i c u l a r l y important i n the 

i n t e r p r e t a t i o n of bladed quartz i n the main t a l c zone which i s 

described below. 

( i i i ) W i t h i n the upper t a l c zone, quartz occurs only i n elongate, 

bladed forms as described i n Section I I . I n t a l c schists these 

axe narrow, elongate c r y s t a l s but i n s i l i c e o u s bands and patches 

they are broad c r y s t a l s w i t h a w e l l developed cleavage p a r a l l e l 

t o the long axis and oblique e x t i n c t i o n (Fig.57). 

The quartz c r y s t a l s contain t h i n s l i v e r s of s i l i c a t e 

minerals p a r a l l e l t o the cleavages. Electron microprobe 

reconnaissance showed t h a t these are FeMg-silicates but the 

s l i v e r s were too narrow f o r accurate anal y s i s . The quartz c r y s t a l s 

are u s u a l l y aligned p a r a l l e l t o the s c h i s t o s i t y but i n d i v i d u a l 
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Amphibole 
remnant 

Quartz 

F ig . 56. Talc zone - replacement of amphibole by quartz in sample no. 
74r348. Note that the quartz is taking the shape of the amphibole 
crystal. Electron microprobe analyses (Appendix II) establish that 
the amphibole in this sample is grunerite. 
Crossed polars. 
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Fig . 57. Talc zone - bladed quartz with thin slivers of silicates giving the 
appearance of cleavages. 
Sample 67-705, crossed polars. 
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c r y s t a l s may be oblique t o the main trend. 

The c r y s t a l forms are i d e n t i c a l t o those of quartz which 

has replaced amphibole as described above and i t i s clear t h a t 

the quartz c r y s t a l l i s a t i o n was c o n t r o l l e d by p r e - e x i s t i n g s i l i c a t e 

mineralogy. This does not necessarily mean t h a t a l l the quartz 

has replaced amphibole but t h a t sxafficient amphibole or t a l c was 

present during quartz growth t o influ e n c e the c r y s t a l forms. 

Thus, any quartz which was present i n the o r i g i n a l rock type has 

r e c r y s t a l l i s e d t o a bladed form. This may be demonstrated i n the 

ir o n - f o r m a t i o n s immediately above the t a l c zone, where f i n e t a l c 

f i b r e s grow w i t h i n f i n e grained quartz cuid the quartz grains begin 

t o merge together and form elongate c r y s t a l s p a r a l l e l to the 

s c h i s t o s i t y . 

( i v ) Specular hematite 

Siliceous patches and bands i n the t a l c zone are charact­

e r i s e d by small spots of s i l v e r y , specular h o n a t i t e , generally i n 

the order o f 1mm t o 3mm across. These are dispersed throughout 

the rock and, i n three dimensions, tend t o have p l a t e l i k e forms 

w i t h the long axes p a r a l l e l t o the s c h i s t o s i t y . They.are confined 

t o rocks of t h e t a l c zone and are c l e a r l y products of the hydro-

thermal a c t i v i t y . 

Magnetite r i c h bands are also present i n the t a l c zone 

and t h e i r appearance suggests that they represent r e l i c t l a y e r i n g 

from the o r i g i n a l i r o n - f o r m a t i o n . The magnetite i n the bands i s 
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only p a r t i a l l y o xidised t o hematite, i n d i c a t i n g t h a t magnetite 

present i n the o r i g i n a l rock type remained e s s e n t i a l l y stable 

during hydrothermal a c t i v i t y . 

The specular hematite i s considered to represent i r o n 

which has been mobile i n the t a l c zone and which has migrated t o 

form spots. The i r o n was probably released frcm i r o n r i c h 

amphiboles during t h e i r a l t e r a t i o n to t a l c and the p a r a l l e l 

o r i e n t a t i o n of the spots suggests t h a t hematite c r y s t a l l i s a t i o n 

was c o n t r o l l e d by amphibole s c h i s t o s i t y already present i n the 

rock. 

Amphibole replacement has probably been a major f a c t o r 

i n the development of the t a l c zone. However, not a l l the t a l c 

i s due t o replacement o f amphiboles, as very f i n e grained t a l c 

occurs i n t e r s t i t i a l t o quartz grains i n most samples from the 

iron-formations j u s t above the t a l c zone and increases w i t h 

i n c r e asing p r o x i m i t y to the main t a l c zone. This appears t o have 

formed w i t h i n the quartz as a d i r e c t r e s u l t of the hydrothermal 

a c t i v i t y but the composition, so f a r as could be ascertained, i s 

i d e n t i c a l to t a l c which has formed d i r e c t l y from amphibole. There 

i s no d i r e c t evidence t o show which mechanism was dominant i n the 

t a l c zone but most of the t a l c c r y s t a l s axe aligned p a r a l l e l t o 

the r e g i o n a l amphibole t r e n d suggesting t h a t c r y s t a l l i s a t i o n was 

c o n t r o l l e d by p r e - e x i s t i n g amphibole forms and t h a t amphiboles 

formed a s u b s t a n t i a l p o r t i o n of the o r i g i n a l rock. A high 

percentage of quartz i n the t a l c zone has the shape of amphibole 

c r y s t a l s and contains t h i n s l i v e r s of s i l i c a t e s along p a r a l l e l 
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cleavages, also suggesting t h a t amphiboles formed a major 

component i n the o r i g i n a l rock type. The a l t e r a t i o n of amphiboles 

was c l e a r l y accompanied by extensive r e d i s t r i b u t i o n of quartz 

already present i n the rock and there was also movement of i r o n 

released during the amphibole a l t e r a t i o n process. I r o n oxides 

already present i n the rock were p a r t i a l l y o x idised but remained 

e s s e n t i a l l y i n s i t u . These points conform t o the suggestion, made 

e a r l i e r , t h a t the o r i g i n a l rock type of the upper t a l c zone was 

eimphibole-quartz s c h i s t . 

Whole rock analyses show t h a t the t a l c zone rocks are 

broadly s i m i l a r i n composition to s i l i c e o u s iron-formations 

(Section I I and Appendix I ) . Magnesia and s i l i c a appear t o be 

r a t h e r higher than i n a comparable g r u n e r i t e r i c h iron-formation 

but i t i s impossible t o e s t a b l i s h t h i s f i r m l y w i t h the small core 

saimples a v a i l a b l e f o r a n a l y s i s . Trace element l e v e l s are uniformly 

low and are s i m i l a r t o those of unaltered iron-formations. One 

important f e a t u r e i s the complete absence of detectable calcivim 

which i s normally a minor component of iron-formation u n i t s . 

Some calcium must have been present i n the o r i g i n a l rock, as shown 

by t r e m o l i t e remnants amongst the quartz and t a l c , but t h i s has 

been v i r t u a l l y a l l removed during the hydrothermal process. 

(c ) Basic i n t r u s i v e s (amphibolites) 

The main e f f e c t of the hydrothermal a c t i v i t y on the 

i n t r u s i v e s i s to convert them completely t o c h l o r i t e , as des­

c r i b e d i n Section I I . This occurs i r r e s p e c t i v e of whether the 
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i n t r u s i v e i s d o l e r i t i c or a feldspar porphyry, which are the two 

types i d e n t i f i e d . The i n t r u s i v e s must pre-date the hydrothermal 

a c t i v i t y as they have remnant igneous textures and contain shadows 

of igneous minerals. 

The replacement i s volume f o r volume as can be established 

i n Tunnel No.4, where a t h i c k c h l o r i t i s e d dyke r e t a i n s an even 

grained igneous t e x t u r e and chip-channel samples frcro the contact 

t o the centre show a completely uniform composition (Table 23). 

I n t h i n s e c t i o n , shadows o f p r e - e x i s t i n g plagioclase are sometimes 

seen. 

Table 23. Analyses of chip-channel Scunples crossing the contact^ 
and from the centre of a c h l o r i t i s e d dyke. Tunnel No.4, 
loops. (Measurements i n f e e t from Tunnel P o r t a l ) 

Fe SiO A l O I g . CaO MgO Mn S TiO 
2 2 3 2 

Centre: 

375»-380' 17.7 30 16 11.1 0.05 14.0 0.75 0.08 1.1 

Contact: 
420'-425» 16.5 33 15 10.0 0.05 14.0 0.75 0.08 1.0 
425'~430» 19.4 29 15 10.0 0.1 13.0 0.65 0.07 1.1 

A l l the c h l o r i t i s e d i n t r u s i v e s have a s i m i l a r mineral and 

chemical composition as shown i n Fig.58 . This establishes t h a t 

the a l t e r a t i o n process was uniform i r r e s p e c t i v e of whether the 

i n t r u s i v e was w i t h i n the magnetite-hematite-carbonate or the t a l c 

zones. 

C h l o r i t i s a t i o n has involved extensive chemical changes 

which can be estimated by comparison of a l t e r e d and unaltered rocks. 
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Unaltered basic i n t r u s i v e s occur i n the southern h a l f of I r o n 

Duke cOid, a t depth, below the magnetite-hCTiatite-cairbonate orebody 

(Fig.50). These rocks are a l l s i m i l a r i n mineralogy and chemical 

composition. Some are p a r t l y c h l o r i t i s e d and the chemical a f f e c t 

of c h l o r i t i s a t i o n i s t o move the whole-rock composition towards t h a t 

of the completely c h l o r i t i s e d i n t r u s i v e s , as shown i n Fig.59. The 

large basic mass i n the southern h a l f of I r o n Duke shows t h i s 

p a r t i c u l a r l y w e l l and i t i s from t h i s mass t h a t the c h l o r i t i s e d 

dykes t o the n o r t h are thought t o extend. Remnant igneous micro-

tex t u r e s w i t h i n the c h l o r i t i s e d dykes are s i m i l a r to those of the 

un a l t e r e d rocks except f o r one small body of c h l o r i t i s e d feldspar 

porphyry which i s d i f f e r e n t from any other igneous rocks i n the 

area, 

For these reasons, the o r i g i n a l compositions of the 

c h l o r i t i s e d i n t r u s i v e s are considered to be approximately the 

same as those of the u n a l t e r e d basic i n t r u s i v e s and the chemical 

changes involved i n c h l o r i t i s a t i o n are shown i n Table 24 and 

Fig.5 9 . 

The major losses and gains r e s u l t i n g from c h l o r i t i s a t i o n 

axe: 

S u b s t a n t i a l gains - Mg, Fe, HO, Zn 

S u b s t a n t i a l losses - S i , Ca, Na, Ba, Sr, Rb 

The most s t r i k i n g feature of Table 24 i s the scale on 

which the main components have moved. Over 40% of the t o t a l s i l i c a 

i n the o r i g i n a l rock and v i r t u a l l y a l l the calcium have been 
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F ig . 59a. Changes in major element components during chlor i t isat ion, demonstrated 
by analyses of three amphibolite samples. 
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completely removed from the system. I r o n and magnesium have 

been added, i n r a t h e r lesser amounts and there has been a massive 

i n f l u x o f water i n t o the rock. 

This process has been uniform throughout the region of 

hydrothermal a c t i v i t y , i r r e s p e c t i v e of whether the i n t r u s i v e i s 

i n the ore or the t a l c zone. Fiarthermore, complete c h l o r i t i s a t i o n 

extends w e l l above the upper t a l c zone, a f f e c t i n g i n t r u s i v e s at 

high l e v e l s amongst unaltered i r o n - f o r m a t i o n . 

(d) Basal carbonate u n i t 

Microtextures i n the I r o n Duke basal carbonate u n i t 

d i f f e r from those i n carbonate u n i t s elsewhere i n the Middleback 

Ranges. I n the I r o n Duke m a t e r i a l , the carbonate c r y s t a l s are 

l a r g e r , w i t h somewhat ragged o u t l i n e s and are o f t e n surrounded by 

f i n e grained granular carbonate as described i n Section I I . The 

l a r g e r c r y s t a l s f r e q u e n t l y contain f l u i d i n c l u s i o n s and sometimes 

appear t o contain remnants of smaller c r y s t a l s . 

The f a c t s described above suggest t h a t the carbonate 

p a r t i a l l y r e c r y s t a l l i s e d during hydrothermal a c t i v i t y and i t 

c e r t a i n l y appears th a t s o l u t i o n s , at least i n small amounts, 

passed through the rock. The f i n e grainular carbonate has the 

appearance of crushed m a t e r i a l and the larger c r y s t a l s tend to be 

elongate, w i t h t h e i r long axes p a r a l l e l which could r e s u l t frcm 

r e c r y s t a l l i s a t i o n under s t r e s s . These microtextures are i n t e r ­

p r e t e d , by the author, as products of r e c r y s t a l l i s a t i o n due t o 

f l u i d movement along g r a i n boundaries and f r a c t u r e s during a period 

of t e c t o n i c disturbance. 
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The hydrothermal a c t i v i t y d i d not s i g n i f i c a n t l y change 

the ccmposition of the rock. The basal carbonate u n i t at I r o n 

Dvike has the general composition of an a n k e r i t e and i s s i m i l a r 

•^^in t h i s respect t o recorded analyses of carbonate u n i t s i n other 

parts of the Middleback Ranges (Section I I and Appendix I f o r 

analyses). 
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6. Mechanism of ore formation 

The main e f f e c t o f the hydrothermal solutions i n the ore 

forming process was t o remove s i l i c a from an iron-formation u n i t 

which contained layers of carbonate, amphiboles and sane quartz. 

This s i l i c a removal could be achieved i n two ways, f i r s t l y by 

the breakdown of s i l i c a t e minerals releasing s i l i c a i n t o s o l u t i o n , 

and secondly by metasomatic replacement of s i l i c a t e s by carbonates. 

The precise mechanism of s i l i c a removal at any p a r t i c u l a r point 

would depend upon the concentration of carbonate i n s o l u t i o n ; at 

c a r b o n a t e - s i l i c a t e i n t e r f a c e s metasoraatic replacement would be 

p a r t i c u l a r l y e f f e c t i v e , whereas i n s i l i c a t e layers containing 

aimphiboles and quartz there would be f l u i d - m i n e r a l reactions to 

form t a l c or d i r e c t removal of s i l i c a i n s o l u t i o n . Both the 

replacement and removal mechanisms are considered t o have been 

operative during the hydrothermal a c t i v i t y . 

I n e i t h e r case, the s i l i c a released by the chemical 

rea c t i o n s must have been held i n s o l u t i o n and removed from the 

v i c i n i t y o f the orebody. W i t h i n the orebody, s i l i c a removal would 

be f a c i l i t a t e d by solution;-temperatures i n the order of 200°C-300°C 

and a high pH due t o the presence of carbonate, as discussed 

p r e v i o u s l y . These processes could take place only where the 

hydrothermal s o l u t i o n s were undersaturated i n s i l i c a , which was 

e v i d e n t l y t he case w i t h i n the orebody but not i n the surrounding 

t a l c zones, where the geochemical environment was more s u i t e d t o 
t 

s i l i c a p r e c i p i t a t i o n than s o l u t i o n . 
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The process envisaged i n ore formation i s a gradual 

p e n e t r a t i o n o f hot, carbonate r i c h s o l u t i o n s i n t o an i r o n -

f o r m a t ion u n i t containing layers r i c h i n carbonates, amphiboles 

and quartz, Amphiboles and quartz were slowly replaced by 

carbonates, derived p a r t l y from the carbonate i n s o l u t i o n and 

p a r t l y by r e d i s t r i b u t i o n o f carbonates already present i n the 

rock. The s i l i c a taken i n t o s o l u t i o n was removed i n a general 

upwards d i r e c t i o n and the net r e s u l t of the process was a s i l i c a 

l o s s , l e aving small voids and c a v i t i e s . Carbonate layers present 

i n the o r i g i n a l rock were gradually r e c r y s t a l l i s e d and r e d i s t r i b u t e d , 

producing d i f f u s e l y layered s t r u c t u r e s . During t h i s process, small 

amounts o f carbonate were taken i n t o s o l u t i o n and redeposited scsne 

distance away, r e s u l t i n g i n a general upward movement of carbonate 

and l e a v i n g space behind. Carbonate introduced by the solutions 

c r y s t a l l i s e d w i t h the carbonate already present i n the o r i g i n a l 

rock, merging w i t h i t and p a r t l y f i l l i n g the c a v i t i e s produced 

by s i l i c a loss and carbonate r e d i s t r i b u t i o n . The whole process 

i s envisaged as one of gradual removal o f s i l i c a , r e d i s t r i b u t i o n 

of carbonate and the c r e a t i o n of space which f a c i l i t a t e d the 

movement of s o l u t i o n s . 

I n the f i r s t stages of ore formation, before the crea t i o n 

of space by the hydrothermal a c t i v i t y , the iron-fo r m a t i o n protore 

u n i t must have been f i n e grained and t i g h t l y packed. S o l u t i o n 

p e n e t r a t i o n during t h i s phase i s envisaged as being p r i m a r i l y by 

d i f f u s i o n along c r y s t a l boundaries and through the c r y s t a l l a t t i c e s . 

This concept o f d i f f u s i o n i s supported by the f a c t s t h a t carbonate 

c r y s t a l s i n the layered ore fragments show signs of gradual 



r e c r y s t a l l i s a t i o n , the t a l c zone rocks show mineral changes such 

as amphiboles t o t a l c , which must have r e s u l t e d from d i f f u s i o n , 

and the basic i n t r u s i v e s were converted i n s i t u and completely 

t o c h l o r i t e rock, which can only be explained by f l u i d or gaseous 

d i f f u s i o n . The i n i t i a l ore forming process i s therefore regarded 

as one of carbonate metasomatism by d i f f u s i o n carbonate r i c h f l u i d s 

moving upwards i n t o the iron-formations and carbonate minerals r e ­

pl a c i n g the amphiboles and quartz. As f l u i d penetration became 

more extensive, the processes described above became more e f f e c t i v e ; 

s i l i c a was removed i n s o l u t i o n , carbonates were r e d i s t r i b u t e d and 

space was created w i t h i n the orebody. 

During subsequent stages o f ore formation, the solutions 

moved f r e e l y through f r a c t u r e s and passageways i n the orebody, as 

shown by the ubiquitous b r e c c i a t i o n and vein carbonate. This 

space w i t h i n the orebody i s considered to r e s u l t from repeated 

t e c t o n i c movement combined w i t h high f l u i d pressures. Following the 

f i r s t stage of f l u i d d i f f u s i o n , w i t h i t s accompainying mineral changes, 

there was movement along the high angle reverse f a u l t on the east 

side of I r o n Duke. The movement had a strong l a t e r a l component. 

I r o n Duke moving south r e l a t i v e t o the sch i s t s o f Death Adder 

G u l l y , and t h i s r e s u l t e d i n shallow o v e r t h r u s t i n g t o the south 

w i t h i n the i r o n - f o r m a t i o n sequence as shown by the small t h r u s t 

p r e v i o u s l y described i n Winze No.4. During the t h r u s t i n g , the 

main body o f s i l i c e o u s iron-formations above the developing orebody 

acted as a r i g i d b lock, moving southwards and upwards over the ore 

below, a process f a c i l i t a t e d by the l u b r i c a t i n g e f f e c t of the 
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hydrothermal solutions. F r a c t u r i n g developed i n the protore u n i t , 

below the s i l i c e o u s i r o n - f o r m a t i o n s , which was already p a r t l y 

r e c o n s t i t u t e d and had some space due to the a c t i o n o f the hydro-

thermal f l u i d s . The f l u i d s penetrated the f r a c t u r e s and t h i s had 

two important e f f e c t s ; f i r s t l y the processes o f s i l i c a removal £ind 

replacement were accelerated, and secondly high f l u i d pressures 

caused s p l i n t e r i n g and b r e c c i a t i o n w i t h i n the orebody. The t a l c 

zone immediately below the compact block o f s i l i c e o u s i r o n -

formations became s t r o n g l y f o l d e d and, t o some extent, f a u l t e d . 

The whole process i s considered t o be one of con t i n u a l f l u i d 

p e n e t r a t i o n and repeated t e c t o n i c movement over a long period of 

time r e s u l t i n g i n a gradual expansion of the orebody through the 

i r o n - f o r m a t i o n u n i t . 

I n the t a l c zone above the orebody, there i s v i r t u a l l y 

no carbonate, and s i l i c a was p r e c i p i t a t e d from s o l u t i o n as shown 

by quartz r e p l a c i n g amphiboles and the widespread occurrence of 

bladed quartz. I t i s impossible, w i t h a v a i l a b l e evidence, t o 

e s t a b l i s h f i r m l y that s i l i c a was added to the o r i g i n a l rock but 

the p o s s i b i l i t y i s supported by the change from amphibole t o t a l c , 

which involves the a d d i t i o n of s i l i c a , and by the presence of 

bladed quartz which has c l e a r l y c r y s t a l l i s e d during the hydro-

thermal a c t i v i t y . For these reasons, i t i s considered t h a t s i l i c a 

taken i n t o s o l u t i o n w i t h i n the orebody was t r a n s f e r r e d upwards 

and s t a b i l i s e d i n the t a l c zone as t a l c and quartz. There was 

also some movement of magnesia from the orebody to the t a l c zone 

but any calcium o r i g i n a l l y present i n the t a l c zone was completely 

removed i n s o l u t i o n . 
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The process envisaged i n the upper t a l c zone formation 

i s a steady movement of f l u i d s from the orebody i n t o o v e r l y i n g 

amphibole-quartz s c h i s t s and iron-formations. Fluids immediately 

adjacent t o the orebody were carbonate r i c h , and the aimphiboles 

and qviartz were replaced by carbonates. Further from the ore, 

the f l u i d s were carbonate f r e e but were r i c h i n s i l i c a , calcium 

and magnesia derived from the bre5Lkdown of minerals w i t h i n the 

orebody. S i l i c a and magnesia were s t a b i l i s e d i n quartz and t a l c , 

whereas calcium remained i n s o l u t i o n and was removed from the 

syston accompanied by any calcium o r i g i n a l l y present i n the 

amphiboles. F l u i d movement was by d i f f u s i o n and the so l u t i o n s 

moved upwards along the amphibole-quartz s c h i s t layer rather 

than i n t o the o v e r l y i n g quartz r i c h i r o n - f o r m a t i o n u n i t s . 

The t h i n t a l c zone below the orebody consists p r i m a r i l y 

of t a l c w i t h some carbonate, p y r i t e and minor quartz. I t i s 

be l i e v e d t o represent a t h i n amphibole r i c h s c h i s t w i t h l i t t l e 

o r i g i n a l queirtz, and the t a l c forming processes are considered t o 

be s i m i l a r t o those i n the upper zone except t h a t the t a l c formed 

from amphiboles and quartz already present i n the rock, and the 

f l u i d s contained some carbonate. P y r i t e , already present i n the 

o r i g i n a l rock, was taken i n t o s o l u t i o n and p r e c i p i t a t e d a short 

distance away causing a general upwaird concentration. 

I n the basic i n t r u s i v e s , the f l u i d s moved by d i f f u s i o n 

through the whole rock, causing large scale chemical changes which 

i n v o l v e d removal of s i l i c a , calcium and a l k a l i s , and a d d i t i o n of 

i r o n , magnesia and water. The a l t e r a t i o n process a f f e c t e d a l l 
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basic i n t r u s i v e s w i t h i n the orebody and t a l c zones, and extended 

upwards along basic dykes i n t o the zone of unaltered iron-formations. 

The t r a n s f e r of s i l i c a , calcium and a l k a l i s i s t h e r e f o r e assumed t o 

have been upwards, away from the v i c i n i t y o f the orebody, and these 

components were presumably s t a b i l i s e d i n rocks at higher l e v e l s 

which have since been removed by erosion. The complete a l t e r a t i o n 

of the basic dykes, i n s i t u , shows that the hydrothermal f l u i d s 

found p e n e t r a t i o n r e l a t i v e l y easy and t h i s could r e s u l t from the 

i n t r u s i v e s being at higher temperatures than the surrounding rocks. 

Both the basic i n t r u s i v e s and the t a l c zones were s i l i c e o u s 

environments, yet i n the former s i l i c a was removed by the hydro-

thermal s o l u t i o n s and i n the l a t t e r i t was p r e c i p i t a t e d . This could 

also be due t o higher temperatures i n the basic i n t r u s i v e s , as 

s i l i c a s o l u b i l i t y increases r a p i d l y w i t h increasing temperature. 

Magnetite concentrations occur w i t h i n the ore at contacts 

w i t h c h l o r i t i s e d basic i n t r u s i v e s and the f a u l t e d contact w i t h 

a r g i l l a c e o u s s c h i s t s of Death Adder Gul l y , as described i n Section 

I I . They vary i n thickness from a few inches to several f e e t , 

c ontain angular fragments of c h l o r i t i s e d i n t r u s i v e s , and extend 

alongside the dykes i n t o the s i l i c e o u s iron-formations which overly 

the ore. The s i g n i f i c a n c e of these magnetite concentrations i s not 

f u l l y understood. I t i s clear that i r o n r i c h s olutions have moved 

through open space alongside the i n t r u s i v e dykes, and the angular 

dyke fragments can be explained as s p l i n t e r i n g due to high f l u i d 

pressures. However, w i t h i n the orebody, the most s t r i k i n g f e a t u r e 

of the concentrations i s the lack of carbonate, i n contrast w i t h 

abundant carbonate throughout the r e s t of the ore. This suggests 
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t h a t e i t h e r the geochemical environment at dyke margins tended t o 

keep carbonate i n s o l u t i o n during the ore forming process, or t h a t 

the s o l u t i o n s which p r e c i p i t a t e d magnetite were a separate, low 

carbonate phase predating or postdating the main oreforming 

s o l u t i o n s . Two possible a l t e r n a t i v e mechanisms to explain the 

magnetite concentrations are as f o l l o w s : 

( i ) The dyke margins and f a u l t e d contacts w i t h argillaceous 

s c h i s t s provided ready access f o r m i g r a t i n g f l u i d s and there was 

r a p i d movement along these channels, i n advance o f the main ore 

forming s o l u t i o n s . Carbonate tended t o be s t a b i l i s e d i n the main 

hydrothermal zone and the advance f l u i d s were r e l a t i v e l y lean i n 

carbonate, w i t h the r e s u l t t h a t i r o n was p r e c i p i t a t e d as i r o n 

oxide whereas the two other main components, calcivun and magnesium, 

remained i n s o l u t i o n . 

( i i ) The dykes were h o t t e r than the surrounding rocks, causing 

r a p i d s o l u t i o n f l o w at t h e i r margins which prevented carbonate 

p r e c i p i t a t i o n u n t i l the l a t e r stages o f hydrothermal a c t i v i t y . 

During the l a t e r stages when most carbonate had been p r e c i p i t a t e d , 

the remaining s o l u t i o n s were carbonate d e f i c i e n t r e l a t i v e t o the 

a c i d i t y of s o l u t i o n s adjacent t o the dykes, w i t h the r e s u l t t h a t 

carbonate was r e t a i n e d i n s o l u t i o n , i r o n c r y s t a l l i s e d as magnetite 

and the remaining calcium and magnesium remained i n s o l u t i o n . 
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7. Controls of ore formation 

The shape of the orebody a t I r o n Duke conforms broadly 

to t h a t of a l i t h o l o g i c a l u n i t (Figs. 20a~g). This i s not so 

apparent i n the centre and east limb of the synform, where steeply 

dipping s i l i c e o u s iron-formations pass down d i p i n t o the ore but, 

s t r a t i g r a p h y does appear t o be a broad c o n t r o l i n orebody shape 

and s t r a t i g r a p h i c l o c a t i o n . This i s supported by the f a c t t h a t the 

two other known occurrences of carbonate r i c h ore, at I r o n Queen 

and I r o n Baron, are both at the same s t r a t i g r a p h i c l e v e l as the 

ore at I r o n Duke. The s t r a t i g r a p h i c c o n t r o l i s considered t o 

r e s u l t p a r t l y from the mineralogy of e x i s t i n g rock types and p a r t l y 

from the presence of the underlying basal carbonate u n i t , as d i s ­

cussed below. 

I n the ore forming process described on previous pages, 

the i n i t i a l stages of ore formation were c o n t r o l l e d by the a b i l i t y 

of the hydrothermal f l u i d s t o penetrate p a r t i c u l a r rock types by 

d i f f u s i o n along g r a i n boundaries and through c r y s t a l l a t t i c e s . This 

d i f f u s i o n mechanism r e s u l t e d i n extensive changes i n rock composition 

and character, and the ease o f f l u i d p enetration would be s t r o n g l y 

i n f l u e n c e d by the mineralogy and choaistry of the o r i g i n a l rock. The 

p r o t o r e u n i t contained,by volume, 30% t o 50% i r o n oxides and 50% t o 

70% i n t e r m i x e d carbonates, amphiboles amd quartz, the amphibole 

being mainly t r e n o l i t e . Above the protore u n i t were g r u n e r i t e r i c h 

s c h i s t s and i r o n - f o r m a t i o n s , and o v e r l y i n g these was the main 

sequence of quartz r i c h i ron-formations. The f l u i d s extensively 

penetrated the protore u n i t and the g r u n e r i t e schists but made 
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r e l a t i v e l y l i t t l e p e n e t r a t i o n i n t o the o v e r l y i n g quartz r i c h 

i r o n - f o r m a t i o n s . W i t h i n the protore u n i t , penetration i n t o the 

carbonate r i c h layers was also r e s t r i c t e d , as shown by the remnant 

f i n e l y layered portions w i t h i n the ore. The cimphiboles are therefore 

considered t o be the main f a c t o r c o n t r o l l i n g f l u i d movement and 

t h e i r abundance i n the p r o t o r e u n i t and o v e r l y i n g amphibole sch i s t s 

allowed extensive f l u i d p e n e t r a t i o n i n these u n i t s , w h i l s t t h e i r 

r e l a t i v e paucity i n the o v e r l y i n g massive iron-formations r e s t r i c t e d 

p e n e t r a t i o n . As a r e s u l t , the s o l u t i o n s moved up the limb and a x i a l 

region of the synform w i t h i n the amphibole r i c h u n i t s , rather than 

d i r e c t l y upwards i n t o the massive, quartz r i c h , iron-formations. 

This conforms w i t h Cat ley's (1963) proposal t h a t aimphiboles are a 

major c o n t r o l i n the development of magnetite-hematite-carbonate 

ore, and w i t h Whitehead's (1962) suggestion of a t r e m o l i t e r i c h 

p o t e n t i a l ore horizon. 

The basal carbonate u n i t i s c r i t i c a l t o ore formation i n 

several ways. P r i o r to contact w i t h the carbonate, the s o l u t i o n s 

were moving through s i l i c e o u s rocks, c o n s i s t i n g of g r a n i t e gneisses, 

metamorphosed sediments and the lower part o f the i r o n - f o r m a t i o n 

sequence. By analogy w i t h deep, hot waters from many parts of the 

w o r l d , they would have a nearly n e u t r a l pH and probably contained 

considerable s i l i c a (White, Hem and Waring 1963, Helgeson 1963). 

On contact w i t h the basalt carbonate, the pH would r i s e and f l u i d -

carbonate reactions could take place t o form c a l c - s i l i c a t e s such 

as r e s u l t i n g i n a loss of s i l i c a from s o l u t i o n . A process of t h i s 

type was described by Sqwkins (1964) i n the Providencia area of 
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North C e n t r a l Mexico. At I r o n Duke, unoriented diopside and 

t r e m o l i t e occur w i t h i n the basal carbonate u n i t and could be the 

product o f such reactions. However, diopside and t r e m o l i t e are 

higher temperatiare minerals than those found w i t h i n the orebody, and 

i f they are i n f a c t products o f the ore forming process, they must 

have formed at an e a r l y stage of the hydrothermal a c t i v i t y when 

temperatures were high and the amounts o f f l u i d l i m i t e d . The bulk 

of t h i s s i l i c a removal probably took place at considerably greater 

depth down the p i t c h o f the synform, i n a re g i o n not yet penetrated 

by d r i l l i n g . Having passed through the basal carbonate u n i t , the 

s o l u t i o n s would be a l k a l i n e , r i c h i n carbonate and s i l i c a d e f i c i e n t , 

f a c i l i t a t i n g carbonate replacement and s i l i c a removal immediately 

above the carbonate u n i t . The ore forming process i s therefore 

envisaged as commencing immediately above the basal carbonate u n i t 

and gradually spreading upwards away from i t i n u n i t s favourable 

t o the replacement mechanisms. The process includes some movement 

of carbonate from the basal carbonate u n i t i n t o the ore above. 

Carbonate compositions i n the ore and basal carbonate support t h i s 

p o s s i b i l i t y ; the b u l k o f the ore carbonates, i n c l u d i n g both w e l l 

banded and ve i n carbonates, have the same general composition as 

the basal carbonate. The presence o f the basal carbonate i s th e r e f o r e 

e s s e n t i a l , as i t c o n t r o l s the s o l u t i o n geochemistry and provides a 

supply o f carbonate t o add t o tha t already i n the protore u n i t , 

thereby maintaining carbonate replacement i n the orebody. 

The f i n a l rock composition w i t h i n the zone of hydrothermal 

a l t e r a t i o n i s c o n t r o l l e d by the o r i g i n a l rock chemistry, which i s 
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t h e r e f o r e a major i n f l u e n c e on the type of ore produced. I n the 

protore u n i t , the abundant carbonate already present i n the rock 

maintained a high carbonate content i n the s o l u t i o n s , r e s u l t i n g 

i n carbonate r e p l a c i n g amphiboles and quartz. Tremolite, being 

the dominant amphibole i n the p r o t o r e , f a c i l i t a t e d the replacement 

process as the a l t e r a t i o n t o carbonate i s r e l a t i v e l y simple w i t h 

i o n i c carbonate s u b s t i t u t i n g f o r s i l i c a and calcium and magnesivmi 

remaining i n the new mineral. I n the t a l c zone, the o r i g i n a l rocks 

were carbonate f r e e , the s o l u t i o n s were lower i n i o n i c carbonate, 

and the amphiboles a l t e r e d t o i r o n r i c h t a l c . Basic i n t r u s i v e s and 

the s c h i s t s o f Death Adder Gully adjacent to the orebody, developed 

c h l o r i t e due t o the presence of aluminium i n the o r i g i n a l minerals. 

Thus, magnetite-hematite-carbonate would be prone t o form i n t r e m o l i t e 

and carbonate r i c h u n i t s , whereas the ore development would be less 

extensive i n u n i t s r i c h i n quartz or g r u n e r i t e . I t i s envisaged 

t h a t . d i f f e r e n t types of ore formed w i t h i n the iron-formation wherever 

they were penetrated by hydrothermal s o l u t i o n s , and the precise type 

of ore depended upon the p r e - e x i s t i n g mineralogy. I n places where 

t r e m o l i t e or carbonate was p l e n t i f u l i n the o r i g i n a l rock, the 

orebody i s l i k e l y t o be extensive and consist of i r o n oxides and 

carbonates, as at I r o n Duke. A l t e r n a t i v e l y , i n places where quartz 

and g r u n e r i t e predominated, the orebody w i l l probably be small and 

contain remnant s i l i c a . 

Folding had a strong e f f e c t on the shape and d i s p o s i t i o n 

of the I r o n Duke orebody. So f a r as can be ascertained w i t h present 

d r i l l i n g i n f o r m a t i o n , the ore i s t h i c k e s t i n the a x i a l region of the 
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synform (Figs. 20a-g). This conclusion i s based e n t i r e l y on 

i n t e r p r e t a t i o n , as no d r i l l h o l e has penetrated t o the base of the 

ore i n the east limb, but the t h i c k e s t p a r t of the orebody does 

coincide w i t h the estimated p o s i t i o n of the synform a x i a l plane 

and the ore becomes thinner i n the west limb. The thickening i s 

considered t o r e f l e c t two f a c t o r s ; o r i g i n a l thickening of the u n i t s 

by flowage i n the a x i a l region of the f o l d , and r e l a t i v e ease of 

f l u i d p e n e t r a t i o n i n t h i s region. I t i s not clear whether the 

f l u i d s became concentrated i n the a x i a l region due to i t being 

a r e l a t i v e l y low pressure zone or whether they moved mainly i n 

response t o mineral and chemical c o n t r o l s . I n e i t h e r case, the 

hydrothermal a c t i v i t y was most e f f e c t i v e i n the a x i a l region of 

the synform and the f o l d d i c t a t e s , t o a large extent, the size and 

sHape of the orebody. 

F a u l t i n g i s considered to be an important f a c t o r i n the 

l o c a t i o n and d i s p o s i t i o n o f the ore. The eastern boundary of the 

orebody i s defined by a high angle reverse f a u l t which places the 

i r o n - f o r m a t i o n u n i t s against the s t r a t i g r a p h i c a l l y higher schists 

of Death Adder Gully. The precise age of t h i s f a u l t i s not known, 

but there are magnetite concentrations w i t h i n the ore adjacent t o 

s c h i s t contacts, showing t h a t at l e a s t part of the hydrothermal 

a c t i v i t y postdates major f a u l t movement. On the other hand, i n t e r ­

locked s l i v e r s o f ore and s c h i s t i n d r i l l h o l e s , together w i t h small 

scale f a u l t i n g w i t h i n the ore and t a l c zones of Tunnel No.4 and 

Winze No.4, suggest t h a t some movanent post dates the ore formation. 

On t h i s b asis, i t i s concluded t h a t the f a u l t has moved repeatedly. 
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probably over a long period of time and p a r t l y during the hydro-

thermal a c t i v i t y . The f a u l t a f f e c t s the ore forming process i n 

two ways; f i r s t l y by p l a c i n g a u n i t unfavourable t o carbonate 

metasomatism, the Death Adder Gully s c h i s t s , adjacent t o the 

p r o t o r e u n i t thereby d e f i n i n g the eastern l i m i t of ore development, 

and secondly by l o c a l i s i n g the upward moving solu t i o n s along the 

f a u l t zone. The l a t t e r i s speculative and depends upon the 

i n t e r p r e t a t i o n of the s o l u t i o n source. I n the proposed theory, 

the f a u l t i s regarded as p a r t of a major north-south f r a c t u r e zone 

extending f o r many miles and probably f i r s t developing i n the 

waning stages of metamorphism. Fluids moved by d i f f u s i o n i n t o 

t h i s r e l a t i v e l y low pressure zone at great depth, and migrated 

slowly upwards, eventually penetrating the iron-formations. Movement 

was at l e a s t p a r t l y through the rock rather than along f r a c t u r e s , 

as shown by the c h l o r i t i s a t i o n i n Death Adder Gully sch i s t s adjacent 

t o the f a u l t and by s i m i l a r l o c a l i s e d c h l o r i t i s a t i o n i n the equivalent 

Cook Gap s c h i s t s to the n o r t h , described i n Sections I and I I . I n 

t h i s concept, the presenceof the f a u l t i s e s s e n t i a l to the ore 

forming process, as i t d i c t a t e s the i n i t i a l flow of the hydrothermal 

s o l u t i o n s . 

I n the l a t e r stages of the hydrothermal a c t i v i t y , t e c t o n i c 

movonent had a major e f f e c t on c o n t r o l l i n g the flow o f s o l u t i o n s by 

c r e a t i n g f r a c t u r e s and channelways w i t h i n the orebody. P r i o r t o 

t e c t o n i c movement f l u i d m i g r a t i o n must have been primairily by 

d i f f u s i o n and the ore would be of l i m i t e d extent. Tectonism had 

the e f f e c t of s t i m u l a t i n g f l u i d movement and creating space, which 
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f a c i l i t a t e d the ore forming process and r e s u l t e d i n a gradual 

expansion o f the orebody. 
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8. Summary o f maqnetite-hematite-carbonate ore genesis 

The f u l l sequence of events leading t o the formation of 

magnetite-hematite-carbonate and the talcose rocks i s considered t o 

be as f o l l o w s : 

(1) Sedimentation 

The i r o n - f o r m a t i o n sequence was deposited by chemical or 

biochemical p r e c i p i t a t i o n of i r o n oxide, s i l i c a , carbonates and 

iron-magnesiijm s i l i c a t e s , together w i t h t h i n c l a s t i c argillaceous 

u n i t s . The lowest par t of the ir o n - f o r m a t i o n sequence was r i c h i n 

carbonate and included a t h i c k carbonate u n i t , now known as the 

basal carbonate. Immediately above the basal carbonate was an 

i n t e r l a y e r e d u n i t , several hundred f e e t t h i c k , of intermixed 

carbonate, quartz and i r o n oxides, possibly w i t h smaller amounts 

of iron-magnesium s i l i c a t e s . Overlying t h i s u n i t was an i n t e r m i t t e n t 

layer r i c h i n iron-magnesium s i l i c a t e s or s i d e r i t e together w i t h 

quartz and lesser amounts o f i r o n oxides, which reached a maximum 

thickness o f about 100 f e e t . This passed upwards i n t o the main 

sequence of s i l i c a - i r o n oxide rocks w i t h minor amounts of carbonates 

and s i l i c a t e s . 

(2) Folding and metamorphism 

The iron-formations were str o n g l y f o l d e d about north-south 

axes w i t h c r o s s f o l d i n g producing an en echelon f o l d p a t t e r n . At 

I r o n Duke, the main f o l d was a t i g h t , almost i s o c l i n a l i n form and y 

the carbonate and s i l i c a t e u n i t s flowed i n t o the hinge area. 
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Regional metaimorphism reached lower amphibolite f a c i e s 

grades, w i t h temperatures and pressures i n the order o f 450°C and 

2r6 kb. Water, and t o a lesser extent carbon d i o x i d e , migrated 

f r a n ^ t h e system but other components remained e s s e n t i a l l y i n s i t u . 

Calcium-magnesium carbonates reacted w i t h quartz to form t r e m o l i t e , 

o r i g i n a l iron-magnesium s i l i c a t e s reacted t o form g r u n e r i t e , as 

d i d s i d e r i t e and q u a r t z , amd the argillaceous s c h i s t u n i t s developed 

b i o t i t e , hornblende, plagioclase and garnet. The r e s u l t was a 

t i g h t l y packed, compact group o f rocks characterised by even, f i n e 

grsiined t e x t u r e s , w i t h the lower par t of the sequence being p a r t i c ­

u l a r l y r i c h i n t r e m o l i t e and carbonate layers. 

(3) F a u l t i n g , i n t r u s i o n s and i n i t i a l f l u i d movement 

During the waning stages o f r e g i o n a l metamorphism, 

r e g i o n a l zones o f d i s l o c a t i o n developed, which were steeply dipping 

and had both l a t e r a l and v e r t i c a l components of movement. At I r o n 

Duke, one such zone was represented by a high angle reverse f a u l t 

which moved the iron-formations southwards and upwards r e l a t i v e t o 

o v e r l y i n g a r g i l l a c e o u s s c h i s t s . 

Hydrothermal f l u i d s migrated i n t o the d i s l o c a t i o n zones 

at depth, and moved upwards through f r a c t u r e s and by d i f f u s i o n 

through the rocks. The f l u i d source i s not known, but i t i s 

envisaged t h a t the r e g i o n a l f a u l t s penetrated t o great depths 

where they formed r e l a t i v e l y low pressure zones i n t o which f l u i d s 

of metamorphic or igneous o r i g i n migrated. 

Basic igneous masses were in t r u d e d during t h i s period, 

one such mass penetrating the southern part o f I r o n Duke and dykes 
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extending from i t along the limbs of the synform. 

(4) Hydrothermal a c t i v i t y 

F l u i d m i g r a t i o n continued upwards along the zones of 

d i s l o c a t i o n , below the i r o n - f o r m a t i o n sequence. These deep 

s o l u t i o n s probably had a pH approaching n e u t r a l i t y and a high 

s i l i c a content due t o t h e i r contact w i t h g r a n i t i c rocks and 

metamorphosed c l a s t i c sediments. On reaching the iron-formations, 

the f l u i d s continued t h e i r upward movement i n the f a u l t zone, 

passing through the lowest i r o n - f o r m a t i o n u n i t s and i n t o the basal 

carbonate u n i t . On contact w i t h the basal carbonate, f l u i d -

carbonate reactions took place forming c a l c - s i l i c a t e s and t h e f l u i d 

became s i l i c a d e f i c i e n t w i t h a high pH. Having passed through 

the basal carbonate, the f l u i d s entered the i n t e r l a y e r e d u n i t r i c h 

i n carbonate and t r e m o l i t e , and carbonate metasomatism began t o 

take place w i t h carbonate replacing quartz eindtremolite. The f l u i d s 

continued t o move upwards along the f a u l t zone but, at t h i s stage, 

the i r o n - f o r m a t i o n mineralogy became an important c o n t r o l . Pene­

t r a t i o n was most e f f e c t i v e i n amphibole r i c h l a y e r s , and was 

f a c i l i t a t e d i n the tremolite-carbonate r i c h u n i t by inherent 

carbonate enhancing the carbonate metasomatism. Penetration i n t o 

the g r u n e r i t e r i c h layer was e f f e c t i v e but there was l i t t l e s o l u t i o n 

movement i n t o the overl y i n g quartz r i c h iron-formations. As a r e s u l t 

of these m i n e r a l o g i c a l c o n t r o l s , the f l u i d s began t o move upwards 

along the p i t c h of the synform, below the quartz r i c h iron-formations, 
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I n the t r e m o l i t e and carbonate r i c h protore u n i t , 

t r e m o l i t e a l t e r e d t o a n k e r i t e and quartz was completely removed 

by the s o l u t i o n s . Carbonate layers already present i n the rock 

were r e c r y s t a l l i s e d and there was a general upward movement of 

carbonate through the body. I r o n oxides already present i n the 

rock remained e s s e n t i a l l y i n s i t u but there was some movement of 

i r o n , probably released from g r u n e r i t e during replacement by 

carbonate. S i l i c a released during the replacement processes was 

t r a n s f e r r e d upwards i n s o l u t i o n , together w i t h lesser amounts of 

calcium and magnesium. 

The o v e r l y i n g g r u n e r i t e - q u a r t z s c h i s t s were extensively 

penetrated by the s o l u t i o n s which were now s i l i c a r i c h due t o the 

re a c t i o n s w i t h i n the ore below. Gru n e r i t e , and any t r e m o l i t e present, 

were a l t e r e d t o t a l c and were extensively replaced by quartz. The 

s i l i c a from the orebody was, t h e r e f o r e , e f f e c t i v e l y t r a n s f e r r e d to 

the t a l c zone above. I n the t a l c zone below the ore, a s i m i l a r 

process took place but w i t h f a r less quartz and w i t h some carbonate 

present. I r o n sulphides, o r i g i n a l l y present as a layer at t h i s 

s t r a t i g r a p h i c l e v e l , were taken i n t o s o l u t i o n and moved upwards over 

small distances i n a s i m i l a r manner t o the carbonate movenent w i t h i n 

the ore. 

The basic i n t r u s i v e s were, at t h i s time, s t i l l cooling 

and were at rather higher temperatures than the surrounding rocks. 

The hydrothermal s o l u t i o n s moved i n t o , and upwards along, the dykes 

causing uniform c h l o r i t i s a t i o n and removing s i l i c a , calcium and 

a l k a l i s w h i l s t adding i r o n , magnesium and water. There was also 
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l i m i t e d f l u i d p e n e t r a t i o n i n t o the argillaceous schists of Death 

Adder G u l l y , where they were adjacent t o the orebody, and the 

s c h i s t s were l o c a l l y c h l o r i t i s e d . 

This process extended over a long period of time, during 

which there was repeated movement on the major reverse f a u l t on 

the east side o f I r o n IXike. The movement had a strong l a t e r a l 

component, w i t h the iron-formations moving southwards r e l a t i v e t o 

the s c h i s t s o f Death Adder G u l l y , and dioring the d i s l o c a t i o n the 

s i l i c e o u s iron-formations acted as a r i g i d block s l i d i n g south and 

upwards r e l a t i v e t o the ore below. The movement was f a c i l i t a t e d by 

the l u b r i c a t i n g e f f e c t o f the hydrothermal s o l u t i o n s and the 

s t e a d i l y expanding upper t a l c zone. Within the orebody, some space 

had already been created by the mineral changes i n v o l v i n g s i l i c a 

l o s s , and the t e c t o n i c movement combined w i t h high f l u i d pressures 

to cause s p l i n t e r i n g and f r a c t u r i n g w i t h i n the ore. With repeated 

t e c t o n i c movement and f l u i d p e n e t r a t i o n , the orebody gradually 

extended along the p i t c h o f the synform below the main sequence of 

s i l i c e o u s i r o n - f o r m a t i o n s . As the hydrothermal process drew to a 

close and temperatures f e l l , small amounts of quartz and p y r i t e 

were deposited from s o l u t i o n i n the l a t e r carbonate veins w i t h i n 

the ore. 
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B. ORIGIN OF THE HEMATITE ORE 

1. General 

I r o n Duke i s one of three major hematite ore bodies i n 

the Middleback Ranges and there are numerous smaller bodies of 

s i m i l a r type. A l l the ores have common features which must be taken 

i n t o account i n any theory of ore genesis. These are: 

(1) The ore i s blue, granular hematite varying from hard, blocky ore 

to f r i a b l e , porous m a t e r i a l which crumbles a t a touch. 

(2) A l l the major orebodies are at the same s t r a t i g r a p h i c l e v e l 

near the base of the lower i r o n - f o r m a t i o n u n i t . 

(3) The orebodies occur i n p i t c h i n g synforms or steeply dipping 

f o l d limbs. 

(4) A l l known orebodies outcrop and the bulk of the ore i s w i t h i n 

800 f e e t o f the present surface. 

(5) A l l the orebodies pass l a t e r a l l y i n t o iron-formations or i n t o 

hidden magnetite-hematite-carbonate ore. 

(6) I n t r u s i v e s and s c h i s t s w i t h i n the ores are in t e n s e l y weathered 

and c o n s i s t predominantly of clay minerals. 

I r o n Monach ( F i g . l ) i s not included i n the above des­

c r i p t i o n or the f o l l o w i n g discussion. The orebody has many of the 

common c h a r a c t e r i s t i c s l i s t e d above but i s unusual i n containing a 

high p r o p o r t i o n of hard hematite w i t h considerable, i r r e g u l a r l y 

d i s t r i b u t e d manganese. This orebody requires a separate, d e t a i l e d 

study. 
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Numerous theories have been proposed f o r the o r i g i n 

of the hematite ores, as described b r i e f l y i n Section I , but the 

three most important are, t h a t the ore i s sedimentary, that i t i s 

due t o g r a n i t i s i n g f l u i d s , and t h a t i t r e s u l t s from supergene 

leaching and enrichment. I n the f o l l o w i n g pages, the evidence on 

ore genesis at I r o n Duke w i l l be o u t l i n e d followed by a discussion 

of the main theories o f ore genesis applicable t o a l l the 

Middleback Range deposits, excepting I r o n Monarch. 
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2. Evidence on the o r i g i n o f I r o n Duke hematite ore 

The I r o n Duke i s t y p i c a l o f hematite ore bodies i n the 

Middleback Ranges, i n t h a t i t occurs i n the hinge area and limb of 

a p i t c h i n g synform, and i s near the base of the iron-formation 

sequence j u s t above the basal carbonate u n i t . I t r e s t s upon a large 

basic i n t r u s i v e mass t o the south, extending northwards down the 

p i t c h of the synform i n t o magnetite-hematite-carbonate ore and along 

s t r i k e i n the west limb i n t o s i l i c e o u s iron-formations (Section I I , 

Figs. 18,20a-g). 

The hematite ore f r e q u e n t l y shows a d i s t i n c t l a y e r i n g 

(Fig.6D) which c l o s e l y resembles t h a t of the iron-formations, and 

i s due t o t h i n layers of compact hematite separated by layers i n 

which the hematite i s more f i n e l y granular and there i s more pore 

space. I n outcrop and i n tunnel exposures, the l a y e r i n g s t r i k e s 

north-south and dips inwards on e i t h e r side of the synform axis 

i n e x a c t l y the same way as the i r o n - f o r m a t i o n l a y e r i n g . On the 

s t r i k e surfaces of layered fragments, w e l l developed rodding i s 

sometimes present which pitches n o r t h , p a r a l l e l t o the synform axis. 

These features show c l e a r l y t h a t the l a y e r i n g pre-dated the f o l d i n g 

cind metamorphism. I t must, t h e r e f o r e , be e i t h e r o r i g i n a l l a y e r i n g 

i n an i r o n oxide sediment, or a r e l i c t l a y e r i n g from the p r e - e x i s t i n g 

rock type. 

Microtextures of layered ore samples were described i n 

Section I I and the most s i g n i f i c a n t p o i n t s are the large amount of 

pore space and the f i n e meshwork of bladed hematite, w i t h t i n y 
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Fig. 60a. Hematite ore, surface outcrop Iron Duke. Note the fine scale 
layering with individual layers having distinct characteristics. 
Scale in inches. 

Fig. 60b. Iron-formation core from below the zone of oxidation, 
Scale in inches. 
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s p e c u l a r i t e c r y s t a l s p r o j e c t i n g i n t o pore spaces, which binds 

together l a r g e r , blocky c r y s t a l s . Neither the spaces nor the f i n e , 

unoriented meshwork could have survived r e g i o n a l metamorphism t o 

lower amphibolite f a c i e s grades, and they must therefore have 

developed a t some per i o d subsequent t o metamorphism. On t h i s basis, 

i t i s concluded t h a t a good deal of the ore was o r i g i n a l l y a f i n e 

grained, layered rock from which some components have been renoved 

subsequent t o re g i o n a l metamorphism. 

I t i s la n l i k e l y that the o r i g i n a l rock type consisted of 

i r o n oxides alone, as suggested by Catley (1964). A good deal of 

the o r i g i n a l rock was f i n e grained magnetite, as shown by cubic 

o u t l i n e s and small remnant islands o f magnetite i n some hematite 

g r a i n s , and t h i s has remained i n s i t u forming the basic s t r u c t u r e 

of the l a y e r i n g . The hematite grains are sepairated by spaces of 

s i m i l a r dimensions t o the grains themselves and, i n Catley's concept, 

these spaces must have been o r i g i n a l l y f i l l e d by i r o n oxides. There 

i s , however, no apparent reason f o r the s e l e c t i v e removal of i n d i v ­

i d u a l i r o n oxide grains w h i l s t adjacent grains ronained i n s i t u , 

and t h i s mechanism would have t o operate throughout the e n t i r e 

orebody i f the o r i g i n a l rock type were i r o n ore. Furthermore, 

i n layered ore samples, the c a v i t y shapes i n i n d i v i d u a l layers 

vary, producing d i f f e r e n t t extures i n each l a y e r , as can be seen i n 

Fig,60. This suggests t h a t minerals of v a r i e d size and shape were 

present, and these have been removed, leaving hematite grains. Some 

patches o f compact, massive hematite ore could be due t o an i n h e r e n t l y 

h i gh i r o n content, but they could also r e s u l t from l a t e r enrichment 

by i r o n oxides i n f i l l i n g the spaces i n porous ore. Some movement 
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of i r o n has c l e a r l y taken place w i t h i n the orebody, as shown by 

the f i n e grained specular h o u a t i t e occurring w i t h i n the c a v i t i e s . 

The most l i k e l y rock types from which the ore has formed 

are the s i l i c e o u s iron-formations and the magnetite-hematite-carbonate. 

F i e l d and d r i l l i n g evidence shows th a t . t h e hematite ore passes l a t e r ­

a l l y i n t o both these rock types, and also, t o a lesser extent, i n t o 

the t a l c zones surrovinding the magnetite-hematite-carbonate body. 

The l a t e r a l t r a n s i t i o n t o s i l i c e o u s iron-formations can be seen, 

despite poor outcrop, on the west f l a n k s of I r o n Duke where bands of 

outcropping porous ore become progressively r i c h e r i n s i l i c a and 

more compact t o the n o r t h . A s i m i l a r t r a n s i t i o n , t o o v e r l y i n g 

s i l i c e o u s i r o n - f o r m a t i o n s , takes place i n Tunnel No.3, where there 

i s a gradual change from porous ore t o hard iron-formations, w i t h 

the l a y e r i n g i n the ore p a r a l l e l to t h a t i n the iron-formation. 

These observed t r a n s i t i o n s suggest that at least some of the ore 

has formed by removal of quartz and amphiboles from s i l i c e o u s i r o n -

formations. This i s supported by the general s i m i l a r i t y o f l a y e r i n g 

i n the ore t o t h a t i n the i r o n - f o r m a t i o n s . Each t h i n layer i n the 

hematite ore has a t e x t u r e caused by the shape and size of the 

c a v i t i e s and of the hematite grains. These textures resemble the 

i r o n - f o r m a t i o n textures described i n Section I which r e s u l t from 

various mineral combinations. 

The t r a n s i t i o n s from hematite ore t o the t a l c zones and 

magnetite-hematite-carbonate ore axe known only by d r i l l i n g . Analyses 

cind l i t h o l o g i c a l c o r r e l a t i o n of d r i l l h o l e s i n the west limb of the 

synform show t h a t the hematite ore passes down dip d i r e c t l y i n t o 
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magnetite-hematite-carbonate and, t o a lesser extent, i n t o the upper 

and lower t a l c zones. The t r a n s i t i o n t o the upper t a l c zone i s 

i r r e g u l a r , and t a l c zone rocks are d e f i n i t e l y present above the 

hematite ore i n some places. I n the t r a n s i t i o n t o magnetite-

hematite-carbonate, the hematite ore i s s i m i l a r t o that nearer the 

surface, being blue, granular hematite w i t h small c a v i t i e s which 

sometimes contain carbonates. A narrow s t r i p of hematite ore extends 

down d i p and p i t c h from the main orebodies, forming a t h i n layer 

along the base of the magnetite-hematite-carbonate body (Figs.20a-g). 

This ore tends t o be red, rather than blue, contains considerable 

p y r i t e and has numerous i r r e g u l a r l y shaped c a v i t i e s which produce a 

s t r u c t u r e resembling the magnetite-hematite-carbonate breccias rather 

than the f i n e l y layered iron-formations. The basal carbonate u n i t 

occurs immediately below t h i s layer and i s saturated w i t h red 

h o n a t i t e dust along carbonate g r a i n boundaries and cleavages. The 

ore layer passes l a t e r a l l y , down p i t c h , i n t o the lower sulphide r i c h 

t a l c zone and the c a l c i t e r i c h layer at the base of the magnetite-

hematite-carbonate body. The general impression i s that the hematite 

has formed by removal o f carbonates and s i l i c a t e s frcm the t a l c zone 

and the c a l c i t e r i c h l ayer. 

The hematite ore does not appear t o be a product of the 

hydrothermal a c t i v i t y that produced the magnetite-heraatite-carbonate 

and t a l c zones. Hematite ore i s best developed i n the southern h a l f 

of the area where the e f f e c t s of hydrothermal a c t i v i t y are l e a s t , 

and i s poorly developed i n the north where the hydrothermal a c t i v i t y 

was intense. The only i r o n concentrations c l e a r l y produced by the 

hydrothermal a c t i v i t y are t h i n magnetite layers adjacent to i n t r u s i v e s 
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and s c h i s t s , and most of the i r o n w i t h i n the magnetite-hematite-

carbonate body has remained s t a b l e or moved only small distances. 

Furthermore, the d i s p o s i t i o n of the hematite ore i s such that i t 

cannot be regarded as a halo around the hydrothermal a c t i v i t y which 

produced the magnetite-hematite-carbonate ore. A l t e r n a t i v e l y , the 

p o s s i b i l i t y must be considered t h a t an e a r l i e r phase of hydrothermal 

a c t i v i t y produced porous magnetite-hematite ore by removing quartz 

and amphiboles from s i l i c e o u s iron-formations, and t h a t t h i s ore 

was l a t e r penetrated by carbonate r i c h s o l u t i o n s which produced the 

magnetite-hematite-carbonate ore. This concept i s regarded as 

u n l i k e l y , as i t does not account f o r the complete lack of amy sign 

of hydrothermal a l t e r a t i o n associated w i t h hematite ore i n the 

southern p a r t of I r o n Ehake, or the complete lack of carbonates atnd 

t a l c i n the b u l k of the hematite ore, despite i t s porosity which 

would allow extensive p e n e t r a t i o n by l a t e r s o l u t i o n s . Furthermore, 

small i s o l a t e d hematite orebodies occur w i t h i n the s i l i c e o u s i r o n -

formations and do not appear to be r e l a t e d t o any form of hydrothermal 

a c t i v i t y . The upper t a l c zone i s c l e a r l y a product of the hydro-

thermal a c t i v i t y which produced the magnetite-hematite-carbonate body, 

yet i t occurs at the surface above the hematite ore i n some places. 

This suggests t h a t magnetite-hematite-carbonate was previously more 

extensive and t h a t hematite ore has subsequently formed from i t , 

by removal of the carbonates. 

The hematite ore i n the southern h a l f of I r o n Duke rests 

upon a la r g e i n t r u s i v e mass of d i o r i t i c composition. Precise 

r e l a t i o n s h i p s between the two rock types are d i f f i c u l t t o ascertain 

because the top of the i n t r u s i v e i s inte n s e l y weathered. However, 
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the weathered p o r t i o n of the i n t r u s i v e i s r i c h i n f i n e grained 

hematite, apparently derived from the orebody above, and t h i s 

shows t h a t there has been some movement o f i r o n subsequent t o 

the igneous a c t i v i t y . I n common w i t h other hematite orebodies 

throughout the Middleback Ranges, s c h i s t bands and i n t r u s i v e dykes 

w i t h i n the I r o n Duke ore are i n t e n s e l y weathered and consist 

p r i m a r i l y of clay minerals. 

The general impression at I r o n Duke, therefore, i s tha t 

the hematite ore has developed from s i l i c e o u s iron-formations, 

magnetite-hematite-carbonate ore and talcose rocks, by removal of 

qu a r t z , s i l i c a t e s and ceirbonates. There i s no evidence th a t t h i s 

removal was e f f e c t e d by hydrothermal a c t i v i t y . On the other hand, 

there i s considerable evidence of deep, i n t e n s i v e weathering which 

i s confined t o the v i c i n i t y o f the ore, and which could have ronoved 

components from the o r i g i n a l rocks. Intense weathering i s shown 

by the high clay content of sc h i s t s and i n t r u s i v e s w i t h i n the ore, 

the hematite s a t u r a t i o n i n rocks immediately below the ore, and the 

change i n character o f hard s i l i c e o u s iron-formations t o s o f t powdery 

m a t e r i a l adjacent t o the ore. 
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3. Theories of hematite ore genesis 

(a) Theory of sedimentation 

Catley (1964) proposed a sedimentary o r i g i n f o r the 

I r o n Duke hematite ore, suggesting that an i r o n oxide f a c i e s 

developed d u r i n g d e p o s i t i o n of the i r o n - f o r m a t i o n sequence. This 

mechanism has been shown t o be t h e o r e t i c a l l y v a l i d f o r ores w i t h i n 

i r o n - f o r m a t i o n s i n North America by James (1954, 1966) and Knowles 

and G a s t i l (1959). The iron-formations were deposited as chemically 

or biochemically p r e c i p i t a t e d i r o n oxides, s i l i c a , carbonates and 

iron-magnesium s i l i c a t e s . The precise composition of the sediment 

i s laargely a f u n c t i o n o f s o l u t i o n Eh and pH and, i n c e r t a i n geo-

chemical environments i t i s possible f o r i r o n oxides to be pre­

c i p i t a t e d e s s e n t i a l l y f r e e from other components. The present 

i r o n ore bodies i n the Middleback Ranges can therefore be regarded 

as primary concentrations formed during the sedimentation process. 

As discussed i n previous pages, the microtextures and 

pore space i n I r o n Duke ore could not have survived r e g i o n a l 

metamorphism to amphibolite f a c i e s grades and i t i s u n l i k e l y that 

the missing components were i r o n oxides. Furthermore, the theory 

does not e x p l a i n the f a c t s t h a t a l l known hematite bodies i n the 

Middleback Ranges occur i n synforms or steeply dipping f o l d limbs, 

and t h a t i n a l l cases the bulk of the ore i s r e l a t i v e l y near the 

present land surface and passes downwards t o other rock types at 

depth. For these reasons, the theory i s regarded as untenable i n 

the Middleback Rainges. 
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(b) Theory of q r a n i t i s a t i o n 

Miles (1954) proposed g r a n i t i s a t i o n as the mechanism 

which concentrated i r o n i n t o c e r t a i n s t r u c t u r a l p o s i t i o n s w i t h i n 

the i r o n - f o r m a t i o n s . Miles considered that the iron-formations 

formed p a r t of a t h i c k , m i l d l y metamorphosed sedimentary sequence 

which was s t r o n g l y f o l d e d and.subsequently penetrated by feldspa-

t h i z i n g s o l u t i o n s . Great q u a n t i t i e s of the o r i g i n a l sediments were 

made over i n t o gneisses and migraatites, p a r t i c u l a r l y i n the cores 

of r e g i o n a l antiforms where the f l u i d s found penetration r e l a t i v e l y 

easy (Fig.61'^. The main f e l d s p a t h i z i n g s o l u t i o n s were preceeded 

by waves of hydrothermal s o l u t i o n s which consisted mainly of heated 

waters, i n p a r t of supergene o r i g i n . These leached i r o n from the 

sediments and c a r r i e d i t forward as a basic f r o n t . On reaching 

the i r o n - f o r m a t i o n s , the advance f l u i d s f i r s t leached s i l i c a and 

then began t o concentrate the i r o n . I f penetration continued, the 

iron-formations were completely made over i n t o gneisses and 

migmatites. The Middleback Ranges are regarded as remnant keels 

of t i g h t s y n c l i n a l s t r u c t u r e s which were r e s i s t a n t t o the g r a n i t -

i s i n g f l u i d s . The ores occur i n the s t r a t i g r a p h i c a l l y lower i r o n -

f o r m a t ion u n i t because i t shielded the upper u n i t and was f i r s t 

exposed t o the s o l u t i o n s , and they occur i n synforms because these 

acted as s t r u c t u r a l traps i n which the i r o n became concentrated. 

This process was supported i n p r i n c i p l e by Dorr (1964), who had 

independently invoked a s i m i l a r mode of o r i g i n f o r hematite ores 

i n B r a z i l i a n i r o n - f o r m a t i o n s , basing h i s conclusions on over one 

hundred man years work by a combined team of the United States 
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Geological Survey and the Departamento Nacional da Produca o 

Mineral of B r a z i l . 

The theory explains the main c h a r a c t e r i s t i c s of the 

orebodies, i n c l u d i n g the s t r u c t u r a l and s t r a t i g r a p h i c c o n t r o l s . 

I t i s , however, regarded as untenable i n the Middleback Ranges 

f o r the f o l l o w i n g reasons: 

( i ) There i s no evidence of f e l s p a t h i s a t i o n i n the Middleback 

Group rocks. The lowest u n i t s of the Middleback Group are 

a r g i l l a c e o u s s c h i s t s and t h i n iron-formations. These show no 

evidence of f e l s p a t h i s a t i o n or penetration by hydrothermal f l u i d s , 

even when outcropping near t o g r a n i t i c rocks as at the south end 

of I r o n Duke. 

( i i ) I r o n formations i n close proximity t o the g r a n i t i c rocks 

show no sign o f i r o n enrichment or s i l i c a removal. This i s 

p a r t i c u l a r l y apparent on the east side of the South Middleback 

Range (Fig.62) where the lower i r o n - f o r m a t i o n u n i t i s thought t o 

have been completely f e l s p a t h i s e d yet there i s no s i g n of an i r o n 

r i c h f r o n t and the upper i r o n - f o r m a t i o n contains no ore. 

( i i i ) The h o n a t i t e i s low i n elements which would be expected t o 

accompany i r o n i n a basic f r o n t . Basic f r o n t s are generally 

envisaged as zones d e f i c i e n t i n s i l i c a r e l a t i v e t o the base content 

and are c h a r a c t e r i s t i c a l l y r i c h i n Fe, Mg, Mn, T i and P (Reynolds 

1946, Mehnert 1964). A t y p i c a l analysis of i r o n ore from I r o n 

Baron i s : 
Fe MgO Mn TiO P 
67.7 0.1 0.2 0.1 0.02 

(Analysis by Chemical Laboratory, B.H.P., Whyalla). 
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The l e v e l s o f Mn, T i and P a r e comparable w i t h , or l e s s t h a n , 

t h e l e v e l s i n t h e i r o n - f o r m a t i o n s cind the Mg l e v e l i s c o n s i d e r a b l y 

l e s s i n t h e o r e . 

There i s a l s o a marked l a c k o f t h e b a s i c s i l i c a t e s which 

are n o r m a l l y p r e s e n t i n a b a s i c f r o n t . 

( i v ) There i s no evidence o f i r o n c o n c e n t r a t i o n s w i t h i n the 

g n e i s s e s , d e s p i t e t h e f a c t t h a t complete i r o n - f o r m a t i o n u n i t s must 

have been made over i n t o gneisses and m i g m a t i t e s . The o n l y i r o n 

c o n c e n t r a t i o n s i n t h e whole r e g i o n are the orebo d i e s o f t h e 

Mi d d l e b a c k Group w h i c h , i n terms o f t h e immense volumes b e i n g 

c o n s i d e r e d , a r e s m a l l , d i s c r e t e b odies c o n f i n e d t o a s i n g l e 

s t r a t i g r a p h i c l e v e l w i t h i n t h e Middleback Group. 

( c ) Theory o f supergene l e a c h i n g and enrichment 

The t h e o r y o f supergene l e a c h i n g and enrichment was 

f i r s t proposed by Rudd (1940) and subsequently s u p p o r t e d , i n g e n e r a l 

t e r m s , by Whitehead ( 1 9 6 2 ) , Owen and Whitehead ( 1 9 6 5 ) , and i n more 

d e t a i l by Ashworth (1965, 1970). The p r i n c i p l e i s simp l e ; deep 

groundwaters p e n e t r a t e t h e i r o n f o r m a t i o n s i n f a v o u r a b l e s t r u c t u r a l 

s i t u a t i o n s and remove gangue m i n e r a l s , such as q u a r t z and amphiboles, 

l e a v i n g h e m a t i t e o r e . 

The t h e o r y e x p l a i n s t h e s t r u c t u r a l and s t r a t i g r a p h i c 

p o s i t i o n s o f t h e o r e b o d i e s , t h e i n t e n s e w e a t h e r i n g r e s t r i c t e d t o 

t h e i r v i c i n i t y , t h e m i c r o t e x t u r e s i n t h e o r e , and t h e f a c t t h a t i n 

a l l known cases t h e b u l k o f the ore i s w i t h i n 800 f e e t o f t h e 

pr e s e n t l a n d s u r f a c e . A t I r o n Duke, t h e t h e o r y a l s o e x p l a i n s the 
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h e m a t i t e s a t u r a t i o n i n rocks i m m e d i a t e l y below t h e o r e , and t h e 

t h i n l a y e r o f h e m a t i t e ore e x t e n d i n g a l o n g t h e base o f t h e 

m a g n e t i t e - h e m a t i t e - c a r b o n a t e body. The t h e o r y o f supergene l e a c h i n g 

and e n r i c h m e n t i s r e g a r d e d , t h e r e f o r e , as t h e most a p p l i c a b l e t h e o r y 

y e t p o s t u l a t e d f o r the h e m a t i t e ores o f t h e Middleback Ranges. 

The mechanism o f l e a c h i n g and i r o n enrichment was d e s c r i b e d 

by Dorr (1964) and Macleod ( 1 9 6 6 ) . Rain w a t e r takes i n t o s o l u t i o n 

s m a l l amounts o f s i l i c a and carbonate and l e s s e r amounts o f i r o n . 

These a r e c a r r i e d down t o t h e w a t e r - t a b l e where s i l i c a and carbonate 

remain i n s o l u t i o n b u t i r o n i s p r e c i p i t a t e d i n t h e f e r r i c s t a t e 

f o r m i n g a zone o f i r o n enrichment. As t h e l a n d s u r f a c e i s lowered, 

th e w ater t a b l e c o r r e s p o n d i n g l y f a l l s so t h a t t h e i r o n e n r i c h e d 

zone moves downwaxd and l e a c h i n g p e n e t r a t e s deeper. Gradual downward 

p r o g r e s s i o n i n t h i s way produces h e r a a t i t e - g o e t h i t e ore p a s s i n g 

downwards t o leached j a s p i l i t e . I n the Hammersley Ranges, t h i s 

t y p e o f o r e i s widespread and can be c l e a r l y r e l a t e d t o a T e r t i a r y 

w e a t h e r i n g s u r f a c e . 

Ruckmick has demonstrated t h e f e a s i b i l i t y o f i r o n - o r e 

f o r m a t i o n by s i l i c a l e a c h i n g i n t h e C e r r o B o l i v a r ores o f South 

America, where groundwater c o n t a i n s a much g r e a t e r p r o p o r t i o n o f 

s i l i c a t h a n i r o n . Table 25 compares Ruckmick's analyses w i t h 

a sample o f ground-water f r o m the Racecourse orebody, n o r t h o f 

I r o n Monarch. 

Table 25 . Groundwater analyses f r c m C e r r o B o l i v a r and the 
Racecourse Area 

SiO^ ppm Fe p m Ph 
C e r r o B o l i v a r s p r i n g water 10.5 0.05 6.1 
C e r r o B o l i v a r b o r e water 15.0 0.1 7.2 
Racecourse mine water 14.0 0.1 7.9 
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There a r e two main problems i n a p p l y i n g t h i s t h e o r y 

t o t h e M i d d l e b a c k Range,ores. One i s t h e l a c k o f h y d r a t e d i r o n 

o x i d e s such as g o e t h i t e which would be a i n t i c i p a t e d w i t h w e a t h e r i n g 

processes and t h e o t h e r i s t h e reason f o r such deep, l o c a l i s e d 

p e n e t r a t i o n o f t h e groundwaters. 

( i ) H y d r a t e d i r o n o x i d e s 

The l a c k o f h y d r a t e d i r o n o x i d e s was encountered by 

Macleod (1966) i n t h e Hamersley Ranges where massive b l u e h e m a t i t e 

extends t o depths o f over 800' below t h e siarface. There i s con­

v i n c i n g e v i d e n c e t h a t t h i s o r e i s due t o supergene enrichment and 

Macleod suggested t h a t t h e l a c k o f h y d r a t e d i r o n oxides may be 

due t o d e h y d r a t i o n under l o a d p r e s s u r e . 

Compaction does not appear t o be a p p l i c a b l e i n t h e 

M i d d l e b a c k Ranges, where l o o s e , powdery o r e i s e r r a t i c a l l y mixed 

w i t h h a r d b l o c k y ore t o depths o f s e v e r a l hundred f e e t below the 

s u r f a c e . F u r t h e r m o r e , t h e f i n e h e m a t i t e network i n t h e ore and 

t h e remnant m a g n e t i t e patches i n t h e l a r g e r c r y s t a l s suggest t h a t 

t h e process was one o f o x i d a t i o n and h e m a t i t e a d d i t i o n w i t h o u t 

t h e development o f e x t e n s i v e g o e t h i t e . 

The phase change f r o m g o e t h i t e t o h o a a t i t e i s n o t 

c l e a r l y u n d e r s t o o d . L i m o n i t e i s t h e most common i r o n p r o d u c t 

o f w e a t h e r i n g b u t h e m a t i t e forms a t l e a s t l o c a l l y i n humid t r o p i c a l 

areas ( K r a u s k o p f 1967). Berner (1969) showed by thermodynamic 

c a l c u l a t i o n s t h a t g o e t h i t e i s u n s t a b l e r e l a t i v e t o h e m a t i t e and 

w a t e r i n v i r t u a l l y a l l g e o l o g i c a l c o n d i t i o n s and t h e maximum 

t e m p e r a t u r e a t which g o e t h i t e i s l i k e l y t o be s t a b l e i s about 40°C. 
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T h i s was somewhat q u a l i f i e d by Langmuir (1971) who showed t h a t 

t h e g o e t h i t e g r a i n s i z e i s i m p o r t a n t , g r a i n s over 1 m i c r o n b e i n g 

s t a b l e r e l a t i v e t o coarse g r a i n e d h e m a t i t e up t o 80°C. The 

i m p o r t a n t p o i n t i s t h a t t h e s t a b i l i t y o f g o e t h i t e i s u n c e r t a i n 

and t h a t v e r y f i n e g r a i n e d g o e t h i t e would c e r t a i n l y be m e t a s t a b l e 

and would change t o h e m a t i t e , g i v e n s u f f i c i e n t t i m e . 

There i s a l i t t l e evidence s u g g e s t i n g t h a t the ores 

were form e d d u r i n g t h e Pre-Cambrian. Pebbles o f h o n a t i t e are 

p r e s e n t i n t h e Corunna conglomerate which i s d a t e d a t a p p r o x i m a t e l y 

1550 m i l l i o n yeaors (Rudd 1940, Thomson 1969) and remnant magnet­

i s a t i o n s t u d i e s suggest t h a t t h e ore i s Upper P r o t e r o z o i c i n age 

(Chamalaun and P o r a t h 1968, 1968a, Porath 1967). Chamalaun and 

P o r a t h (1968) r e c o r d c o n t a c t e f f e c t s i n I r o n Monarch h e m a t i t e near 

t o a c r o s s c u t t i n g b a s i c dyke on which they o b t a i n e d a K-Ar age 

o f 585 m i l l i o n y e a r s . I t i s a l s o i n t e r e s t i n g t o n o t e t h a t t h e 

palaeomagnetic r e s u l t s i n d i c a t e an age o f 1500 t o 1600 m i l l i o n 

y e a r s f o r the l a r g e Hamersley Range d e p o s i t s o f n o r t h west 

A u s t r a l i a and t h e m a j o r i t y o f palaeomagnetic p o l e s f r o m t h e West 

A u s t r a l i a n i r o n ores a r e i n b r o a d agreement w i t h those o f t h e 

M i d d l e b a c k Ranges. 

I f t h e ores are pre-1550 m i l l i o n years i n age, t h e r e i s 

a s t r o n g p o s s i b i l i t y t h a t h y d r a t e d i r o n o xides o r i g i n a l l y p r e s e n t 

w o u l d c o n v e r t t o h e m a t i t e , and t h i s process would be a c c e l e r a t e d 

by any b u r i a l or s l i g h t compaction. 
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( i i ) Groundwater p e n e t r a t i o n 

The reason f o r t h e s e l e c t i v e p e n e t r a t i o n o f groundwater 

t o depths o f over 1000» below the s u r f a c e i s not c l e a r . A l l t h e 

m ajor o r e b o d i e s a r e i n synform s t r u c t u r e s and a r e u n d e r l a i n by 

s c h i s t s or b a s i c i n t r u s i v e s . T h i s suggests s t r u c t u r a l t r a p s w i t h 

t h e s o l u t i o n s c h a n n e l l e d by r e l a t i v e l y i m p e r v i o u s l a y e r s (Ashworth 

1965). 

Synform s t r u c t u r e s would a c t as s o l u t i o n t r a p s as shown 

i n F i g . 6 2. A p i t c h i n g synform o f f e r s a wide expanse o f o u t c r o p 

i n t h e h i n g e area o f t h e f o l d and the s o l u t i o n s aire c h a n n e l l e d 

i nwards i n c o n t r a s t t o a p i t c h i n g a n t i f o r m which o f f e r s t h e same 

w i d t h o f o u t c r o p but s o l u t i o n s are c h a n n e l l e d outwards i n t o t h e 

d i v e r g e n t f o l d l i m b s . The t i g h t e r the synform, t h e more i n t e n s e 

i s t h e c h a n n e l l i n g e f f e c t . However, the ores a r e not s t r i c t l y 

c o n f i n e d t o synforms and may occur i n s t e e p l y d i p p i n g f o l d l i m b s , 

as a t I r o n K n i g h t . 

The u n d e r l y i n g s c h i s t s a r e i m p e r v i o u s r e l a t i v e t o t h e ^ 

h e m a t i t e o r e b u t a r e more p e r v i o u s than t h e i r o n - f o r m a t i o n s . I n 

t h e i n i t i a l stages o f i r o n o r e development, the s c h i s t l a y e r s 

w o u l d be more e a s i l y p e n e t r a t e d t h a n the s i l i c e o u s i r o n - f o r m a t i o n s 

and p r o b a b l y a c t e d as seepage l a y e r s , f a c i l i t a t i n g ore f o r m a t i o n . 

T h i s process has been suggested by Macdonald and Grubb (1971) f o r 

s h a l e bands w i t h i n h e m a t i t e ores o f t h e Hamersley Ranges. I n 

subsequent stages o f o r e f o r m a t i o n , t h e h e m a t i t e ore i s more 

permeable t h a n t h e s c h i s t and t h e l a t t e r w i l l t h e r e f o r e channel 



(A) Concentric Fold 
295 

(B) Pitching similar antiform 

(C) Pitching similar synform 

Water movement from surface 

Fold axis 

Iron-formation unit underlain by impermeable layer 

F ig . 6 2 ' D i a g r a m to show the channelling effects of various fold structures on groundwater f low. 

Note the extensive outcrop area and strong channelling of groundv/ater into the nose 

of a pi tching similar f o l d . 
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s o l u t i o n s i n t o f a v o u r a b l e s t r u c t u r e s . The o r e f o r m i n g process 

can be viewed as an i n i t i a l slow seepage o f groundwater along 

s c h i s t l a y e r s , removal o f components fro m a d j a c e n t i r o n - f o r m a t i o n s 

l e a v i n g spaces, and a r a p i d f l o w o f groundwater t l i r o u g h t h e r e s u l t ­

a n t porous o r e . 

A l t h o u g h s c h i s t s and i n t r u s i v e s may have e f f e c t i v e l y 

s t i m u l a t e d o r e development by f a c i l i t a t i n g f l u i d p e n e t r a t i o n , the 

ore b o d i e s a r e too l a r g e t o be governed e n t i r e l y by t h i s mechanism. 

A l l t h e m a j o r o r e b o d i e s occur near t h e base o f the lower i r o n -

f o r m a t i o n u n i t and t h e r e a r e no major b o d i e s i n t h e upper i r o n -

f o r m a t i o n s , y e t b o t h i r o n - f o r m a t i o n u n i t s are u n d e r l a i n by s c h i s t s . 

T h i s suggests t h a t t h e r e i s a m i n e r a l o g i c a l - c h e m i c a l c o n t r o l which 

r e s u l t e d i n deep groundwater p e n e t r a t i o n a t a p a u r t i c u l a r s t r a t i -

g r a p h i c l e v e l . Whitehead (1962) suggested t h a t a t r e m o l i t e b e a r i n g 

i r o n - f o r m a t i o n near t h e base o f t h e sequence s h o u l d be regarded as 

a p o t e n t i a l o r e h o r i z o n , and Ashworth (1965) c o n s i d e r e d t h a t t h i s 

u n i t c o n t a i n e d carbonate l a y e r s . Owen and Whitehead (1965) proposed 

t h a t a ' s o f t e n i n g up' o f t h e u n i t by h y d r o t h e r m a l a c t i v i t y produced 

m a g n e t i t e - h e m a t i t e - c a r b o n a t e which was l a t e r leached t o form 

h e m a t i t e o r e . 

A t I r o n Duke, t h e h e m a t i t e o r e i s formed f r o m i r o n -

f o r m a t i o n s , m a g n e t i t e - h e m a t i t e - c a r b o n a t e and t a l c zone r o c k s . 

L e a c h i n g i s t h e r e f o r e n o t c o n f i n e d t o a p a r t i c u l a r m i n e r a l or 

r o c k t y p e and leached m i n e r a l s i n c l u d e q u c i r t z , carbonates and 

s i l i c a t e s . The most i m p o r t a n t f a c t o r a f f e c t i n g f l u i d p e n e t r a t i o n 
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appears t o be a s i n g l e m i n e r a l , or a c o m b i n a t i o n o f m i n e r a l s , 

w h ich i s e a s i l y leached. T h i s may be i l l u s t r a t e d by t h e t h i n l a y e r 

o f h e m a t i t e o r e which extends below t h e m a g n e t i t e - h e m a t i t e - c a r b o n a t e 

a t I r o n Duke. The o r e i s c o n f i n e d t o a narrow s t r i p which c o i n c i d e s 

w i t h t h e l a y e r o f c a l c i t e a t t h e base o f t h e m a g n e t i t e - h e m a t i t e -

c a r b o n a t e orebody. I t i n c r e a s e s i n t h i c k n e s s i n the h i n g e area o f 

t h e synform. The ore i s cavernous and c o n t a i n s remnant c a l c i t e 

w h i c h i n c r e a s e s i n q u a n t i t y w i t h i n c r e a s i n g depth. The r o c k s 

above and below are u n o x i d i s e d and t h e l e a c h i n g s o l u t i o n s have 

p e n e t r a t e d down p i t c h and down d i p p i c k i n g o u t s p e c i f i c a l l y the 

c a l c i t e l a y e r and becoming p r o g r e s s i v e l y l e s s e f f e c t i v e w i t h depth 

u n t i l t h e h e m a t i t e passes i n t o h e m a t i t e - c a l c i t e - r o c k a t a depth o f 

about 1200' below t h e s u r f a c e . The main c o n t r o l s i n t h e f o r m a t i o n 

o f t h i s orebody are t h e presence o f c a l c i t e and the p e n e t r a t i o n o f 

f l u i d s a l o n g a f a v o u r a b l e s t r u c t u r e . 

Carbonates can t h e r e f o r e p l a y an i m p o r t a n t r o l e i n e n a b l i n g 

deep f l u i d p e n e t r a t i o n , w hich s u p p o r t s Owen cind Whitehead's 

s u g g e s t i o n t h a t p r e v i o u s h y d r o t h e r m a l a c t i v i t y would f a c i l i t a t e 

h e m a t i t e o r e development. F u r t h e r m o r e , carbonate l a y e r s axe 

sometimes p r e s e n t i n i r o n - f o r m a t i o n s a t t h e s t r a t i g r a p h i c l e v e l 

o f t h e h e m a t i t e o r e . However, a good d e a l o f o r e i n a l l t h e 

d e p o s i t s passes l a t e r a l l y i n t o s i l i c e o u s i r o n - f o r m a t i o n s which 

c o n t a i n l i t t l e or no c arbonate. I n t h e s e , f l u i d p e n e t r a t i o n was 

p r o b a b l y i n f l u e n c e d by the presence o f amphiboles i n the r o c k . The 

amphiboles t e n d t o weather e a s i l y , as shown by l i m o n i t i s e d remnants 

i n i r o n - f o r m a t i o n s a t depths o f 200 f e e t t o 300 f e e t i n some p a r t s 
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o f t h e M i d d l e b a c k Ranges, a l t h o u g h i n o t h e r places t h e r e are f r e s h 

amphiboles exposed a t t h e s u r f a c e . Amphibole s c h i s t l a y e r s c o u l d , 

t h e r e f o r e , c o n t r i b u t e t o ore f o r m a t i o n by f a c i l i t a t i n g f l u i d 

p e n e t r a t i o n i n a manner s i m i l a r t o t h e a r g i l l a c e o u s s c h i s t s . The 

e s s e n t i a l d i f f e r e n c e i s t h a t t h e i r o n - f o r m a t i o n amphiboles c o n t a i n 

no alumina t o s t a b i l i s e s i l i c a as c l a y m i n e r a l s and, on w e a t h e r i n g , 

a r e c o n v e r t e d t o l i m o n i t e or e f f e c t i v e l y removed, a l l o w i n g f u r t h e r 

f l u i d access. 

B o t h t h e h e m a t i t e ores and the m a g n e t i t e - h e m a t i t e -

c a r b o n a t e b o d i e s occur w i t h i n the same s t r a t i g r a p h i c x i n i t , which 

a t I r o n Duke was r i c h i n t r e m o l i t e and carbonate b e f o r e the ore 

f o r m i n g processes t o o k p l a c e . I t i s envisaged t h a t t h e p r i m a r y 

c o m p o s i t i o n o f t h i s u n i t v a r i e d f r o m p l a c e t o p l a c e t h r o u g h o u t the 

Mi d d l e b a c k Ranges, and i n some pla c e s t h e presence o f carbonates 

and t r e m o l i t e made t h e u n i t f a v o u r a b l e t o groundwater p e n e t r a t i o n 

and l e a c h i n g . The h e m a t i t e ores developed i n these l o c a l i t i e s , 

some made f a v o u r a b l e by t h e o r i g i n a l m i n e r a l c o m b i n a t i o n s , o t h e r s 

by p r e v i o u s h y d r o t h e r m a l a c t i o n on t h e r o c k s . 

Once p e n e t r a t i o n was a c h i e v e d , t h e s o l u t i o n s e f f e c t i v e l y 

removed l a x g e volumes o f qua i r t z , s i l i c a t e and carbonate components. 

T h i s process i s easy t o v i s u a l i s e above t h e l e v e l o f t h e p e n e p l a i n , 

b u t t h e major o r e b o d i e s extend s e v e r a l hundred f e e t below t h i s l e v e l 

and a r e themselves the deepest remnants o f orebodies formed when 

t h e l a n d s u r f a c e was h i g h e r t h a n t h e pr e s e n t day l e v e l . The r o n o v a l 

o f components from such depths i s d i f f i c u l t t o e x p l a i n , b u t may be 

due t o t h e upward d i f f u s i o n o f d i s s o l v e d components combined w i t h a 

p e r i o d i c r e p l e n i s h m e n t o f c o l d e r , downward moving s o l u t i o n s . 
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4. Summary o f h e m a t i t e o r e f o r m a t i o n 

The proposed sequence o f events l e a d i n g t o t h e f o r m a t i o n 

o f h e m a t i t e ore i s as f o l l o w s : (Fig. 63) 

( 1 ) D e p o s i t i o n o f t h e i r o n - f o r m a t i o n u n i t s . A u n i t near t h e base 

o f t h e sequence, above t h e b a s a l c a r b o n a t e , c o n t a i n e d v a r i a b l e 

amounts o f carbonate i n t e r m i x e d w i t h t h e qucirtz and i r o n o x i d e s . 

( 2 ) S t r o n g f o l d i n g w hich produced p i t c h i n g f o l d s t r u c t u r e s , and 

r e g i o n a l metamorphism t o lower a m p h i b o l i t e f a c i e s grade. The 

c a r b o n a t e r i c h u n i t neair t h e base o f t h e i r o n - f o r m a t i o n s 

became r i c h i n t r o n o l i t e b u t r e t a i n e d carbonate l a y e r s i n 

p l a c e s . 

( 3 ) M a j o r f a u l t i n g on a r e g i o n a l s c a l e , and h y d r o t h e r m a l a c t i v i t y 

w h i c h formed m a g n e t i t e - h e m a t i t e - c a r b o n a t e and t a l c o s e rocks 

i n p l a c e s t h r o u g h o u t t h e Middleback Ranges. The h y d r o t h e r m a l 

e f f e c t s were s t r o n g e s t i n t h e carbonate and t r e m o l i t e r i c h 

u n i t near t h e base o f t h e sequence, and the rock types produced 

by t h e h y d r o t h e r m a l a c t i v i t y v a r i e d a c c o r d i n g t o t h e p r e c i s e 

m i n e r a l c o m p o s i t i o n o f t h e p r e - e x i s t i n g r o c k . 

( 4 ) U p l i f t and p e n e p l a n a t i o n p r o d u c i n g a topography s i m i l a r t o , 

b u t r a t h e r h i g h e r t h a n , t h a t o f t h e p r e s e n t day, 

( 5 ) I n t e n s e w e a t h e r i n g w i t h s i l i c a and carbonate removal over t h e 

whole i r o n - f o r m a t i o n a r e a , c a u s i n g a r e l a t i v e enrichment o f 

i r o n a t t h e s u r f a c e . Deep groundwater p e n e t r a t i o n was c o n f i n e d 
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m a i n l y t o t h e t r e m o l i t e and carbonate beairing u n i t near t h e 

base o f t h e i r o n - f o r m a t i o n sequence and t o p o i n t s a t which 

h y d r o t h e r m a l l y a l t e r e d r o c k s c o i n c i d e d w i t h t h e water t a b l e . 

F a v o u r a b l e s t r u c t u r e s f a c i l i t a t e d t h e l e a c h i n g process by 

c a u s i n g wide expamses o f t h e f a v o u r a b l e u n i t i n h i n g e a r e a s , 

and by c h a n n e l l i n g the s o l u t i o n s . Porous, l i m o n i t e - h e m a t i t e 

ore formed from t h e i r o n - f o r m a t i o n s and i n t e r l a y e r e d a r g i l l a c e o u s 

s c h i s t s , t o g e t h e r w i t h b a s i c dykes, were c o n v e r t e d t o c l a y 

m i n e r a l s . A r g i l l a c e o u s s c h i s t s and b a s i c masses im m e d i a t e l y 

below t h e h e n a t i t e ore a c t e d as r e l a t i v e l y impermeable l a y e r s , 

c h a n n e l l i n g t h e s o l u t i o n s i n f a v o u r a b l e s t r u c t i u r e s . I r o n was 

p a r t i a l l y r e d i s t r i b u t e d w i t h i n t h e o r e body, f o r m i n g patches 

o f h a r d b l o c k y o r e . 

( 6 ) E r o s i o n over a l o n g p e r i o d o f t i m e t o t h e present day topography 

Some f a u l t i n g and i n t r u s i o n o f b a s i c dykes t o o k p l a c e d u r i n g 

t h i s p e r i o d . The i r o n r i c h s u r f a c e formed i n t h e p r e v i o u s 

w e a t h e r i n g phase was removed, t o d i f f e r e n t l e v e l s throughout 

t h e a r e a , so t h a t i n p l a c e s t h e p r e s e n t s u r f a c e r o c k s cire 

q u i t e f r e s h and i n o t h e r s w e a t h e r i n g extends t o s e v e r a l 

hundred f e e t . The deeper p a r t s o f t h e i r o n ore bodies remained 

and f o r m t h e p r e s e n t h e m a t i t e o r e b o d i e s . During t h i s p e r i o d , 

l i m o n i t e i n t h e o r e s l o w l y c o n v e r t e d t o h e m a t i t e . 



CONCLUSIONS 

1. The Mi d d l e b a c k Range i r o n - f o r m a t i o n s have undergone r e g i o n a l 

metamorphism t o lower a m p h i b o l i t e f a c i e s , a t temperatures i n 

t h e o r d e r o f 450°C t o 550°C and press u r e s between 2kb and 6kb. 

W i t h i n t h e i r o n - f o r m a t i o n s , t h e components remained e s s e n t i a l l y 

i m m o b i l e , except f o r H O and CO , and i n d i v i d u a l l a y e r s behaved 

as c l o s e d c h e m i c a l systems. 

2. The metamorphosed i r o n - f o r m a t i o n s c o n s i s t o f f i n e - g r a i n e d , even 

t e x t u r e d r o c k s w i t h a l t e r n a t i n g l a y e r s o f i r o n o x i d e s , q u a r t z , 

t r e m o l i t e , g r u n e r i t e and ca r b o n a t e . The m i n e r a l , l a y e r i n g 

r e f l e c t s t h e o r i g i n a l sedimentciry l a y e r i n g . 

3. The main p e r i o d of'metamorphism was f o l l o w e d by t h e development 

o f major n o r t h - s o u t h zones o f d i s l o c a t i o n . Hydrothermal f l u i d s 

p e n e t r a t e d t h ese zones f r o m depth and caused b e l t s o f r e t r o g r a d e 

metamorphism i n a r g i l l a c e o u s s c h i s t u n i t s w i t h i n t h e i r o n -

f o r m a t i o n sequence. 

4. A t I r o n D^ike, h y d r o t h e r m a l f l u i d s p e n e t r a t e d t h e lower p a r t o f 

t h e i r o n - f o r m a t i o n sequence. The f l u i d s were b r i n e s a t 

te m p e r a t u r e s and pr e s s u r e s i n t h e order o f 120° - 250°C 

and 2-3 kb. A u n i t near t h e base o f t h e sequence c o n s i s t e d o f 

i n t e r l a y e r e d i r o n o x i d e s , c a r b o n a t e s , t r e m o l i t e and q x i a r t z , 

cind was p a r t i c u l a r l y s u s c e p t i b l e t o f l u i d p e n e t r a t i o n due t o 

th e combined presence o f carbonates and t r e m o l i t e . The 

m a g n e t i t e - h e m a t i t e - c a r b o n a t e orebody formed w i t h i n t h i s u n i t 
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by a complex process o f carbonate metasomatism and d i r e c t 

removal o f s i l i c a i n s o l u t i o n . G r u n e r i t e r i c h i r o n - f o r m a t i o n s 

were p a r t l y s i l i c i f i e d and c o n v e r t e d t o t a l c o s e and quaortzose 

s c h i s t s . AmphiboleS'were c o m p l e t e l y c h l o r i t i s e d . 

5. F l u i d movement was p a r t l y by d i f f u s i o n t h r o u g h c r y s t a l l a t t i c e s , 

and a l o n g g r a i n b o u n d a r i e s and cleavages. E x t e n s i v e m i n e r a l 

changes and l a r g e s c a l e t r a n s f e r o f components have r e s u l t e d 

f r o m t h i s p rocess. 

6. F a c t o r s c o n t r o l l i n g t h e c o m p o s i t i o n and d i s p o s i t i o n o f t h e 

m a g n e t i t e - h e m a t i t e - c a r b o n a t e o r e i n c l u d e , t h e presence o f a 

major r e v e r s e f a u l t , t h e t h i c k b a s a l carbonate u n i t , and t h e 

t i g h t s y n f o r m a l s t r u c t u r e o f I r o n Dvike. M a g n e t i t e - h e m a t i t e -

c a r b o n a t e o r e i s l i k e l y t o be found i n o t h e r p a r t s o f t h e 

M i d d l e b a c k Ranges, where major zones o f s t r u c t u r a l d i s l o c a t i o n 

i n t e r s e c t t h i c k development o f t h e b a s a l carbonate u n i t . The 

o r e t y p e w i l l depend upon t h e m i n e r a l o g y o f t h e lower i r o n -

f o r m a t i o n u n i t s , whereas t h e s t r u c t u r a l s e t t i n g w i l l c o n t r o l 

t h e shape o f t h e orebody. 

7. H e m a t i t e o r e b o d i e s i n the Middleback Ranges were formed by deep 

groundwater p e n e t r a t i o n i n f a v o u r a b l e s t r u c t u r a l s e t t i n g s . 

Gangue m i n e r a l s , such as q u a r t z , amphiboles and carbonates 

were removed and p a r t o f t h e i r o n was r e d i s t r i b u t e d . Ore 

c o n t r o l s , a p a r t f r o m s t r u c t u r e , i n c l u d e t h e presence o f 

f a v o u r a b l y l e ached m i n e r a l s such as amphiboles and ca r b o n a t e s , 

and t h e presence o f u n d e r l y i n g , r e l a t i v e l y impermeable 
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a r g i l l a c e o u s s c h i s t u n i t s and a m p h i b o l i t e s . I t i s envisaged 

t h a t a l l o r e b o d i e s were connected w i t h t h e Precambrian l a n d 

s u r f a c e . 

8. A new c a r b o n a t e m i n e r a l c o m p o s i t i o n has been e s t a b l i s h e d , 

a p p r o x i m a t i n g t o Ca M g . .Fe^ o^Oo • ^^^^ c o m p o s i t i o n 
U.O U,4 U,o o 

suggests t h a t t h e r e may be a s o l i d s o l u t i o n s e r i e s between 

p o i n t s on t h e d o l o m i t e - f e r r o d o l o m i t e s e r i e s and p o i n t s on 

t h e m a g n e s i t e - s i d e r i t e s e r i e s , 

9. New n a t u r a l t a l c c o m p o s i t i o n s have been e s t a b l i s h e d , v a r y i n g 

between ^92 Q^eQ 2^j^QiOH)^ and ^ g ^ ^Fe^ _ ̂ O^Q(OH) ̂ . These 

c o m p o s i t i o n s a r e on a s o l i d s o l u t i o n s e r i e s between t a l c and 

m i n n e s o t a i t e . 

10. There i s wide scope f o r f u r t h e r work on t h e Middleback Range 

i r o n ores and a s s o c i a t e d r o c k t y p e s . P r o j e c t s which c o u l d be 

p a r t i c u l a r l y u s e f u l r e g a r d i n g ore genesis a r e : 

( 1 ) More d e t a i l e d f l u i d i n c l u s i o n work on i n c l u s i o n s i n 

carbonates and q u a r t z w i t h i n t h e t a l c r o c k s , t o a s c e r t a i n 

p r e c i s e l y t h e f l u i d c o m p o s i t i o n and t h e temperature o f t h e 

h y d r o t h e r m a l a c t i v i t y . 

( 2 ) Oxygen i s o t o p e s t u d i e s o f h e m a t i t e - q u a r t z i n the h e m a t i t e 

o r e b o d i e s , m a g n e t i t e - q u a r t z i n t h e i r o n - f o r m a t i o n s , and 

m a g n e t i t e - h e m a t i t e - c a r b o n a t e s - q u a r t z i n t h e carbonate r i c h 

orebody. The r e s u l t s would be v a l u a b l e f o r comparison w i t h 

d a t a f r o m i r o n - f o r m a t i o n s i n o t h e r p a r t s o f t h e w o r l d , and 

may enable f i r m t e m p e r a t u r e e s t i m a t e s f o r t h e d i f f e r e n t 

r o c k t y p e s . 
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( 3 ) A study o f t r a c e and minor elements w i t l i i n t h e h e m a t i t e 

o r e b o d i e s , p a r t i c u l a r l y a t I r o n Monarch where.the h i g h 

manganese c o n t e n t i s as y e t u n e x p l a i n e d . 

( 4 ) A s t r u c t u r a l s t u d y o f t h e major f a u l t i n g i n t e r p r e t e d 

on t h e east s i d e o f t h e I r o n Duke - I r o n Duchess r i d g e . 

The use o f p e t r o f a b r i c s and a t e x t u r e goniometer may be 

t h e most u s e f u l l i n e o f approach. 

( 5 ) The process o f mass t r a n s f e r by d i f f u s i o n , as i l l u s t r a t e d 

by t h e I r o n Duke c h l o r i t i s e d a m p h i b o l i t e s , w a r r e n t s b o t h 

l a b o r a t o r y and t h e o r e t i c a l e x a m i n a t i o n . Such a process 

has i m p o r t a n t i m p l i c a t i o n s i n t h e f o r m a t i o n o f many 

h y d r o t h e r m a l ore d e p o s i t s . 
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Whole-rock analyses used i n the t e x t and l i s t e d 
i n the f o l l o w i n g pages include XRF analyses c a r r i e d out by 
the author i n Durham, together with q u a n t i t a t i v e analyses 
and d r i l l core assays c a r r i e d out "by the Chemical Laboratory, 
B.H.P., Whyalla. O c c a s i o n a l l y published analyses from 
sources such as Miles (1954) are used to i l l u s t r a t e p a r t i c u l a r 
p o i n t s . 

The XRP a n a l y s e s were c a r r i e d out using pressed 
powder b r i q u e t t e s with a P h i l l i p s PW 1212 x-ray fluorescence 
spectrometer. Most of the samples co n s i s t e d of small portions 
of d r i l l core, and these were s p l i t lengthwise before crushing. 
The samples were ground to a f i n e powder using a ^aw crusher 
and d i s c m i l l , and the powders were then briquetted. 

For major elements, twenty q u a n t i t a t i v e analyses 
of I r o n Duke rock types c a r r i e d out by the Chemical Laboratory, 
B.H.P,, Whyalla were used, together with one b a s i c igneous 
rock standard sample a v a i l a b l e w i t h i n the Geology Department 
a t Durham, The samples analysed by XRF include a wide 
v a r i e t y of rock tjrpes and not more than f i v e standard analyses 
could be used f o r any p a r t i c u l a r group of samples. Mass 
absorption c o r r e c t i o n s were applied using the method of 
Holland and B r i n d l e (1966), but f o r some rock types the raw 
count data was c l o s e r to the standard analyses than the 
c o r r e c t e d r e s u l t s . For some rock types, therefore, the 
a n a l y s e s are based on the raw count data, w h i l s t f o r others 
mass absorption c o r r e c t i o n s have been appl i e d . Notes on 
the p r e c i s e technique used and on the a n a l y t i c a l p r e c i s i o n 
and accuracy are included immediately before the analyses 
f o r each major rock type. 

For t r a c e element c a l i b r a t i o n , a s e r i e s of ssmthetic 
g l a s s standards a v a i l a b l e i n the Geology Department was used 
f o r the b a s i c igneous rocks and S c h i s t s , and four groups 
of s y n t h e t i c standards were made from "Specpure" chemicals 
(Johnson, Matthey & Co.) f o r the i r o n r i c h rock types. The 
major element compositions of the l a t t e r standards were; 
CaCO^, 50fo Pe203 - 50/. Si02, 70/» Ye^^O^ - 30?̂  CaCO^, ¥e^Oy 
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and these base mixes were spiked with "Specpure" tra c e 
element compounds. Corrections were applied f o r K 
i n t e r f e r e n c e on Nh, Zr and Y, Comments on t r a c e element 
c a l i b r a t i o n are included i n the notes p r i o r to each group 
of sui a l y s e s . 

The q u a n t i t a t i v e analyses by the Chemical 
L a b o r a t o r i e s , B.H.P., Whyalla, were c a r r i e d out by a 
combination of wet chemical and spectrographic methods, 
as f o l l o w s : 

Emission spectrograph : SiO^ ( 20?^), Al20^, P, CaO ( 10?S), 
MgO ( 10?^), Mn, Ti02 

Wet chemical : Fe, Si02 ( 20fo), CaO ( lO/o), 
MgO ( 10%), S. 

Atomic absorption : Na, K 

D r i l l core assays employ the same techniques but 
with l e s s checking and p r e c i s i o n . I n a l l the B.H.P. analyses, 
elemental values were determined f o r Pe, Mn and P, and these 
were r e c a l o l a t e d as oxides by the author. 

Two water determinations were c a r r i e d out on 
c h l o r i t i s e d amphibolites, using a R i l e y Furnace, 
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B. - Iron-formations - XRF analyses 

Ma.jor elements 
The chemical compositions of the iron-formations 

are v e r y s i m i l a r to those of the t a l e zone rocks, and i t was 
o r i g i n a l l y intended to combine q u a n t i t a t i v e analyses from 
both groups as XRF standards. However, i t became c l e a r t h a t 
the two rock types r e a c t d i f f e r e n t l y to XRF a n a l y s i s . For 
example, the f o l l o w i n g two samples have s i m i l a r i r o n contents, 
y e t the iron-formation sample shows a considerably higher 
XRF count : 

FepO, SiOp MgO 
62-606 (iron-formation) 
Per cent 40,0 55.1 3.8 
P - 1/b 343,175 99,910 19,946 

77-275 ( t a l c zone) 
Per cent 42.0 47.2 8.6 
P - 1/b 290,908 111,776 120,442 

Th i s v a r i a t i o n between the two rock groups i s 
f u r t h e r i l l u s t r a t e d i n Fig.^JL&^'and i t i s evident that each [ z } °^-

group r e q u i r e s a separate c a l i b r a t i o n curve, based upon 
samples of i t s own rock types. As a r e s u l t , only f i v e 
q u a n t i t a t i v e a nalyses could be used f o r iron-formation 
c a l i b r a t i o n , and t h i s number i s i n s u f f i c i e n t to give more 
than approximate rock compositions because the s i l i c a , i r o n 
and magnesia contents i n the iron-formations s i r e very v a r i a b l e . 
Iron-formation XRF a n a l y s e s shown i n the f o l l o w i n g pages have 
t o t a l s between 94.5?^ and 106,5%, and i n most cases magnesium 
i s w e l l outside the standard c a l i b r a t i o n range. The analyses 
should t h e r e f o r e be regarded only as a general i n d i c a t i o n of 
rock composition. 
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B, - Iron-formations - XRE analyses - continued 

XRP r e s u l t s for the iron-formation standard 
samples are shown i n Table I - l , and i t i s evident that 
i n general the analyses based on uncorrected counts are 
closer to the quantitative analyses than are the analyses 
based on mass absorption corrected counts and nomalised 
i n the manner described by Holland and Brindle (1967). 
There i s also a major unexplained error i n the computer 
calculation for normalised values of sample 62-606, The 
raw count analyses were therefore used throughout. 

The XRP major element analyses of iron-formations 
were carried out primarily as a guide for trace element 
determinations, as the iron content has.an important effect 
on a number of trace elements. However, the results as 
described above show two important points : 
(1) I t i s es s e n t i a l to use a large number of standards, 

the minimum probably being about ten covering a wide 
range of each element, for even semi-quantitative 
analysis of iron-formations, 

(2) The mineralogy of the standards must be similar to 
that of the iron-formation. The cause of the analysis 
v a r i a t i o n between iron-formations and t a l c zone rocks 
i s not immediately evident, but the two rock groups 
d i f f e r i n mineralogy rather than geochemistry. The 
iron-formations contain fine-grained quartz, magnetite 
and amphiboles, whereas the t a l c zone rocks contain 
coarse grained quartz, magnetite-hematite and t a l c . 
The most s i g n i f i c a n t differences are therefore the 
presence of t a l c rather than amphibole, and the general 
coarser grain s i z e of the t a l c zone rocks. I t i s 
possible that t a l c orientation during p e l l e t preparation 
has the effect of shielding iron oxide grains, thereby 
reducing the overall iron coimt and increasing the 
s i l i c a and magnesia. However, the cause of the observed 
v a r i a t i o n requires further investigation. 
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Table 1-2 - Calibration ranges for iron-formation 

Ma.jor element analyses (XRF) 

Element Percentage range 
SiOg 1.00 to 55.10 

Al20^ 0,10 to 0,90 
PegO^ 59.20 to 96.80 
MgO 0,10 to 4.90 

CaO 0,10 to 1,30 

Na20 0,01 to 0.08 

0,01 to 0.04 

Ti02 0,05 to 0.05 
MnO 0,10 to 0.30 
S 0.01 to 1.02 
P20^ 0,05 to 0,28 
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B, - Iron-formations - XRP analyses - continued 

Trace elements 
Synthetic standards consisting of 50?̂  -̂ 2̂̂ 3 

30% Si02 were used. In the trace element ranges required 
for iron-formations, calibration of standards was good 
for Zn, Cu, Ba, Y, Sr, and Rb, as shown i n Table 1-3 below. 
Ni and Zr determinations varied by fixed amounts from the 
standard values, and for each rock determination 3 was 
subtracted from the Ni determinations below 30 ppm and 4 
from Zr determinations below 10 ppm. No Nb values were 
available for t h i s set of standards, so an approximate Nb 
l e v e l was determined for the rock samples using an assumed 
curve mid-way between the Nb values for the lunar and 70^ 
•̂ ®2̂ 3 "* CaCO^ standards. Note the poor correlation 
for Cu below 8 ppm. 

Table 1-3 - Trace element calibration for 50^ ^^2^3 ~ 50^ 
SiOp standards 

ppm Zn Cu Ni Ba Zr Y Sr Rb 
31 31 34 33 32 32 31 90 43 
16 10 14 20(17) 14 18 13 16 10 
8 7 7 11(8) 3 10 3 8 3 
4 5 17 7(4) N.D. 8(4) 0 3 1 
0 4 8 3(0) N.D. N.D. N.D. N.D. N.D. 

( ) Values after manual correction 

Nominal detection l i m i t s calculated from accumul­
ated background values are : 

Zn Cu Ni Ba Zr Y Sr Rb 
ppm 1 5 3 11 3 3 3 2 

The iron-formation samples selected for trace 
element analysis a l l contain between 40^ and 60% Pe20^, 
thereby conforming broadly to the synthetic standard 
composition. 
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140 r -

)unf-s x l O 

9 iron-formation standards 

O Talc zone standards 

High grade ore standards 

10 

VVt. % MgO 

Fig . I - l b . XRF counts for Mg on iron-formafion, iaic zone and high grade 
ore standards. 
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V/hole-rock analyses - Middleback Ranges 
Iron-formations - major element analyses by Chemical 
Laboratory, B.H.P., Whyalla. Trace elements, XRP by author. 

Per _c,ent 62-808 62-606 62-988 
Si02 46.1 55.1 . 54.4 
Al20^ 0,1 0,1 0.2 
Pe20^ 47.2 40.0 39.2 
MgO 3.2 3.8 4.9 
CaO 0.3 0.3 0.3 
NagO 0.0 . 0,0 0.0 
K2O 0,0 0.0 0.0 
Ti02 0,1 0,1 0,1 
I-InO 0.3 0,3 0,3 
S 0.1 0.1 1.0 
P2O5 0.1 - 0.1 0.3 

I g . Loss +0,3 0.2 +0.8 
97.2 100.1 100.1 

ppra 
Zn 23 29 
Cu 2 0 
Ni 6 6 
Ba 0 . 0 
Nb 
Zr 0 1 
Y 0 0 
Sr 0 0 
Rb 0 0 
Note: lo Pe expressed as fe^O^ 

2. Nb i s i n the order of Ippm to 4ppm 
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Whole-rock analyses - Middleback Ranges 

Iron-formations and chip-channel samples. 
Assays of d r i l l core and chip-channel samples by Chemical 
Laboratory, B.H.P., Whyalla, 

Per cent 
T3 

265 
T3 

370 
57-

2426 
Si02 56.0 31.0 49.0 

AI2O3 0.5 1.4 0.5 

^^2^3 41.5 58.6 45.3 
MgO 0,1 3.6 2.5 

CaO 0,1 0.1 2,8 

Na20 N.D. N.D. N.D. 

KgO N.D. N.D. N.D. 

Ti02 0.0 0,0 0.2 

MnO 0.1 0,3 0,2 

S 0.0 0.0 0,0 

P2O5 0.1 0,0 0.1 

Ig.Loss 1.5 3.4 0,1 

99.9 98.4 100.7 
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Whole-rock analyses - Middleback Ranges 

Iron-formation analyses of Middleback Range rocks from 
Miles (1954), and of overseas iron-formations from James (1966). 

Per cent 1 2 1 i 
Si02 20,56 46,94 37.54 51.52 

AI2O3 0,37 0,00 0.80 0.08 
Ye^O^ 73.10 51.00 50.41 35.37 
PeO 4.49 1.41 10.17 10.24 
MgO 0,10 0.00 0.19 0.20 

CaO 0,27 Tr Tr 0.02 
Na^O N.D. 0,00 ' 

0.03 N.D. 
K20 N.D. 0,00 , 

Ti02 0.0 0.0 Tr N.D. 

MnO 0,03 0,02 0,0 N.D. 

S N.D. 0.00 0.58 N.D. 

P2O5 N.D. 0.39 N.D. 0.06 

H2O 1,66 0.68 0.28 1.48 

CO2 0.00 N.D. 0.23 1,06 

100,58 100.44 100.23 100,03 

Analyses 1 and 2, Middleback Ranges (Miles 1954). 
Analysis 3» hematite-magnetite iron-formation, Krivoi Rog 
s e r i e s , Ukraine, U.S.S.R. (James 1966). 
Analysis 4, magnetite-chert, Biwabik iron-formation, Mesabi 
D i s t r i c t , Minnesota, U.S.A. (James 1966). 
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Whole-rock analyses - Middleback Ranges 

Iron-formations - XRP determinations. 

G = grunerite present, T = tremolite present, S = pyrite present. 

* = major element more than 10% beyond calibration range. 

62- 62- 62- 62- 62-
Per cent 7??G 623G 1073G 1015G 1078T 

Si02 39.5 42.2 43.6 44.3 39.5 

AI2O5 0.2 0,2 0.2 0.2 0.2 

^^2^3 46.4 46.0 45.9 44.9 49.5 
MgO 7.5* 6,2 5.5* 6.2* 10.9* 
CaO 0.5 0.4 0.3 0.3 0.3 
Na20 0,0 0,0 0.0 0.0 0.0 

K2O 0,1 0,0 0.0 0.0 OOQO 

Ti02 0.1 0.1 0.1 0,1 0.1 

MnO 0.5* 0.3 0.4 0.3 0.4 

S 0,2 0.0 0.1 0,1 0.4 
P2O5 0,1 0.3 0,1 0.1 0.2 

95.1 95.7 96,2 96.5 101.4 

ppm 
Zn 15 10 16 24 21 
Cu 9 6 14 7 14 
Ni 17 9 15 17 18 
Ba 0 0 0 0 0 
Nb 
Zr 0 2 6 0 1 
Y 1 2 0 1 0 
Sr 0 0 1 0 2 
Rb 0 0 0 0 0 

Note: 1. Nb i s i n the order of Ippm to 4ppm 



Whole-rock analyses - Middleback Ranges 

Iron-formations - XRP determinations - continued 

3 4 8 

62- 62- 70- 74- 57-
Per cent 943TS 916 387 2049 
Si02 38,1 53.7 58.2 42,6 71.2* 

A I 2 O 3 0.3 0.1 0.2 0.2 0.2 

^^2°3 48 .7 46.8 36.7 5 0 . 6 16.5* 
MgO 7.1* 5.0 3.9 7.0* 7.6* 

CaO 0 . 4 0.3 0.7 0.4 3.6* 

Na20 0.0 0.0 0.0 0.0 0.0 

K2O 0,0 0.0 0.0 0.0 0.0 

TiOg 0,1 0.1 0.1 0.1 0.1 

MnO 0 . 3 0.2 0,2 0.4 0.2 

S 1,2* 0.0 0,1 0.0 0.2 

P2O5 0.2 0.4* 0,8* 0.5* 0 . 4 

96 . 4 106.6 100,9 101.8 100.0 

ppm 
Zn 11 10 12 15 N.D. 
Cu 26 8 6 7 N.D. 
Ni 13 1 9 29 N.D. 
Ba 0 0 0 0 N.D. 
Nb N.D. 
Zr 00 0 0 1 N.D. 
Y 0 4 5, 2 N.D. 
Sr 2 3 1 2 N.D. 
Rb 0 0 0 0 N.D. 

Note: 1, Nb i s i n the order of Ippm to 4ppm 
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Whole-rock analyses - Middleback Ranges 
Iron-formations - XRP determinations - continued. 

Per cent 

SiOg 

AI2G3 

Pe^O^ 

MgO 

CaO 

NagO 

TiOo 

MnO 

S 

P2O5 

J I 
67.0* 

0.2 

38.5 
0.0 

0.2 

0.0 
0.0 
0.1 
0.1 

0.1 
0.0 

106.2 

ppm 
Zn 
Cu 
Ni 
Ba 
Nt 
Zr 
Y 
Sr 
Rb 

6 
0 
5 
2 

1 
0 
5 
0 

Note: 1. N"b i s i n the order of Ippm to 4ppm 



C. - Magnetite-hematite-carhonate ore and basal carbonate 
unit - XRF analyses. 

Ma.jor elements 
Six standards were used, a l l being quantitative 

analyses by the Chemical Laboratory, B.H.P., Whyalla. The 
standard calibrations are shovm i n Table 1-3, and the 
uncorrected count analyses are considered preferable to 
the corrected, normalised analyses. There i s considerable 
va r i a t i o n i n the accuracy of the XRP analyses r e l a t i v e to 
the quantitative analyses, and the XRF data should be 
regarded as showing the general l e v e l s of elements present 
rather than as precise determinations. The analyses are 
intended as a broad guide to the ore composition and are 
necessary as a control for trace element determinations. 

Trace elements 
Two sets of synthetic standards were used for the 

magnetite-hematite-carbonate ore. One of CaCO^ and the other 
70?^ FegO^ - 30?^ CaCO^. Calibration of these standards i s 
shown i n Table 1-4. I n the 10<fo 'Pe^O^ - 30fo CaCO^ standards, 
there i s poor correlation between the known element values 
and the XRP values for Ba 0-250 ppm and Zr below 30 ppm. 
The values of these elements for the rock samples have 
therefore been indicated i n general terms, such as 16 ppm. 

The iron content of each rock sample was used as 
a guide for the choice of standard, over 30%. '̂©2̂ 5 ^^P^^^ 
being calibrated against lOfo Pe20^ - 30% CaCO^ standards 
and under 30% ̂ ^2^'5 ^^P-^®^ being calibrated against CaCO^ 
standards.: The accuracy of trace element determinations 
for any pa r t i c u l a r sample depends to a large extent on the 
si m i l a r i t y : o f the sample major element composition to that 
of the standard p a r t i c u l a r l y with respect to the iron 
content. Thus, trace element determinations for samples of 
v i r t u a l l y pure carbonate with low iron contents are regarded 
as quantitative, as they are calibrated against CaCO^ 
standards which contain no iron. Similarly, samples with 



C_. - Magnetite-hematite-carbonate ore and basal carbonate 
unit - XRP analyses - continued. 

about 70^ '^&2p'^ ^ ® calibrated against 70^ Pe203 - "50% 
CaCO^ standards and the trace element determinations are 
regarded as quantitative. However, many samples have an 
intermediate iron content with 20^ - 50?̂  'Ee^Oj^f and for 
these the trace elements are regarded as semi-quantitative 
or as general indications of the element l e v e l . Por 
example, sample 47-1065 contains 29.55^ ^̂ 2*̂ 3 shows 
the following trace element l e v e l s when calibrated against 
the two sets of standards: 

Zn Cu Ni Ba Nb Zr Y Sr Rb 
CaCO, 
Stds^ 13 N.D. 3 0 0 3 23 12 5 
70/o 
Pe.O, -
30% ^ 
CaCO, 
Stds^ 17 N.D. 8 30 N.D. 16 19 19 3 

Samples of magnetite within the hematite-magnetite-
carbonate ore were calibrated against synthetic hematite 
staindards, which are discussed under the section on XRP 
analysis of hematite ore. 
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Table 1-5 - Calibration ranges for magnetite-hematite-
carbonate ore and basal carbonate unit. 

Element 

S i 0 2 

AI2O5 
Fe^O^ 
MgO 
CaO 

NagO 
K2O 

T i 0 2 

MnO 

S 

P2O5 

Percentage range 
0.30 to 2 . 1 0 

0 . 2 0 to 0 . 3 0 

1 5 . 7 0 to 8 7 . 9 0 

2 . 9 0 to 18 . 70 

4.80 to 2 1 . 1 0 

0 . 0 7 to 0 . 2 2 

0 . 0 2 to 0 . 1 1 

0 . 0 5 to 0 . 0 5 

0 . 3 0 to 4 . 4 0 

0 . 0 2 to 0 . 0 7 

0 . 0 5 to 1 . 1 0 



Table 1-6 - Trace element c a l i b r a t i o n f o r CaCO.̂  and lOfo 
PeoO-? - 30% GaCO^ standards. 

CaCÔ  
ppm Zn Gu Ni Ba Nb Zr Y Sr Rb 
250 262 N.D. 254 220 247 238 239 257 234 
125 125 N.D. 126 119 127 120 119 125 134 
63 63 N.D. 64 60 58 65 58 61 62 
31 26 N.D. 34 32 29 30 29 30 27 
16 13 N.D. 12 13 15 19 19 16 13 
8 N.D. N.D. N.D. N.D. N.D. 9 9 N.D. N.D. 
4 N.D. N.D. N.D. N.D. N.D. 5 6 N.D. N.D. 
0 0 N.D. 0 0 0 2 4 0 3 
Nominal detection l i m i t s from accumulated background values: 

3 2 8 3 3 3 3 2 

705̂ 0 Fê < 3, - 309̂  CaCO 3 
Zn Cu Ni Ba Nb Zr Y Sr Rb 

250 249 N.D. 235 243 N.D. 246 248 251 236 
125 121 N.D. 114 106 N.D. 134 126 127 147 
63 63 N.D. 63 57 N.D. 65 65 66 40 
31 29 N.D. 35 30 N.D. 31 30 31 35 
16 12 N.D. 23 9 N.D. 11 16 14 14 
8 7 N.D. 9 2 N.D. 1 8 6 8 
4 0 N.D. 5 N.D. N.D. 1 2 N.D. N.D. 
0 0 N.D. 0 0 N.D. 0 0 6 0 
Nominal detection l i m i t s from accimulated background values? 

3 4 9 3 3 3 5 
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V/hole-rock analyses Iron Duke . 
Magnetite-hematite-carbonate ore. 
Major element analyses by Chemical Laboratory, B.H.P., Whyalla. 
Trace elements, XRP by author. 

Per_̂ £ent 
86-
734 

60-
8i2 

57-
1140 

67-
822 

SiO^ 1.5 0,3 0.9 2.1 
AI2O3 0.2 0.2 0.5 0.2 

56.2 46.2 57.5 15.7 
MgO 8.6. 10.4 9.4 18.7 
CaO 15.7 17.5 19,7 21.1 
NagO 0.2 0.2 0.2 0.1 
KgO 0.1 0.1 0,1 0.0 

(DiOg 0.1 0.1 0.1 0.1 
MnO 0.4 2.1 4.4 0.8 
s 0.0 0.0 0,1 0.0 
?205 0.5 - 0.5 0.1 0,1 

I g . Loss 19.2 25.9 27.7 40.6 
100.5 101.5 100.5 99.5 

ppm 
Zn. 12 4 5 2 
Cu N.D. N.D. N.D. N.D. 
Ni 5 8 12 0 
Ba ' < 30 <:50 < 50 0 
Nb N.D. N.D. N.D. 0 
2r <16 <16 <ie 2 
Y 1 15 14 20 
Sr 7 6 14 29 
Rb 0 1 0 4 
Note: 1. Pe expressed as Per,0^ 
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Whole-rock analyses - Iron Duke 

Magnetite-hematite-carbonate-typical ore samples. 
Assays of d r i l l core by Chemical Laboratory, B.H.P., Whyalla. 

57- 57- 59- 60-
Per Cent 547 975 971 804 
Si02 2.3 1.2 1.0 0.2 
AI2O5 0.9 0.1 0.2 0.2 

61.0 56.9 39.2 56.9 
MgO 6.7 8.0 11.4 5.0 
CaO 10.0 13.6 20.4 18.2 
Na20 N.D. N.D. N.D. N.D. 
K2O N.D. N.D. N.D. N.D. 

Ti02 0.0 0.0 0.1 0.0 
MnO 0.8 0.6 1.2 1.9 
S 0.6 0.0 0.0 0,0 

P2O5 0.3 0.0 0.0 0.2 

I g . Loss 15.6 19.2 27.6 18,4 
98.2 99.6 101.1 101.0 



V/hole-rock analyses - Iron Duke •357 

Magrietite-hematite-carbonate ore - t y p i c a l ore with ankerite 
as the main carbonate. 
XRP-analyses_ - see preceding notes. 
•"Major element over 10^ outside c a l i b r a t i o n range. 

59- 57- 59- . 47- 78-
Per cent 765 919 717 770 
Si02 0.5 0.6 0.5 0,9 0,2 
AI2O3 0.2 0.2 0.2 0,5 0.2 

50.5 20.7 26.8 59,0 24.9 
MgO 7,5 14.8 15.5 15.2 15.1 
CaO 14.7 22,8* 20.5 18.5 22,5 
Na20 0.0 0.0 0.0 0.0 0.0 
KgO 0.1 0,1 0.1 0.1 0.1 

Ti02 0.1 0.1 0.1 0.1 0.1 

MnO 2.4 1.0 1.0 0,8 1.0 

S 0.0 0.0 0,0 0.0 0.0 

P2O5. 0.2 0.2 0.1 0.1 0.2 

D i f f . 25.8 59.5 57,4 27,0 55.7 
100.0 100.0 100.0 100.0 100.0 

ppm 
Zn 52 25 25 18 2 
Cu 0 N.D.. N.D. 0 N.D. 
Ni 12 1 1 28 7 
Ba . <50 0 0 <50 ,0 
Nb N.D. 0 0 N.D. 0 
Zr <16 2 3 < 16 4 
Y 10 8 28 9 25 . 
Sr 7 6 12 19 5 
Rb 1 4 4 2 5 

Note: 1, Pe expressed as '^e^^'^ 
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Whole-rock analyses - Iro n Duke 
Magnetite-hematite-carbonate ore - t y p i c a l ore with ankerite 
as the main carbonate - continued. 

59- 61- 74- 74-
Per cent 749 883 929 953 

Si02 0.4 0,4 0,3 1.6 

AlgOj 0.2 0,2 0.2 0,2 

Pe205 35.7 45.2 62.8 54,1 
MgO 12,6 11.2 8,4 9.4 

CaO 19.1 17.5 12.6 14.4 

NagO 0.0 0,0 0,0 0.0 

K^O 0.1 0.1 0,1 0.1 

Ti02 0.1 0.1 0,1 0,1 

MnO 0,6 0,7 0,5 1.0 

S 0.0 0,0 0.0 0,0 

P2O5 0,2 0,3 0,3 0,2 

D i f f . 31.0 24.3 14.7 18,9 
100.0 100,0 100.0 100.0 

ppm 
Zn 0 2 3 0 
Cu 0 0 0 0 
Ni 10 8 6 7 
Ba <30 < 30 < 30 <30 
Nb N.D. N.D. N.D. N.D. 
Zr <16 <16 < 16 CIS 

Y 10 7 8 19 
Sr 8 7 8 12 
Rb 0 0 0 2 

Note: 1. Pe expressed as Fe20^ 
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Whole-rock analyses - Iron Duke 
Magnetite-hematite-carbonate - t y p i c a l ore from the lower 
part of the orebody, containing intermixed ankerite and 
c a l c i t e or c a l c i t e as the only carbonate. 
XRP analyses" - see preceding notes. 
*Major element over 10?̂  outside c a l i b r a t i o n range. 

59- 74- 47- 57- 84-
Per cent 919 956 106^ 120^ 12^0 
Si02 0.1 0.5 0.8 0.9 0.4 

0.2 0.2 0.2 0.2 0.2 
50.4 27.5 29.5 25.5 68.9 

MgO 9.8 10.9 8,8 0,0* 0.0* 
CaO 21.4* 22.0* 19,3 52,0* 15.8 
Na20 0.0 0,0 0,0 0.0 0,0 

K2O 0.1 0.1 0,1 0.1 0.1 
Ti02 0.1 0.1 0.1 0.1 0.1 
MnO 5.8 2,7 0.6 0.7 

S 0.0 0.0 0,0 . 0,0 0.1 

P2O5 0.1 0.2 0.2 0.5 0.1 

D i f f . 54.0 57.2 58.5 40.5 13.7 
100.0 100.0 100.0 100.0 100.0 

ppm 
Zn 0 90 15 0 106 
Cu N.D. N.D. N.D. N.D. N.D. 
Ni 12 0 5 9 9 
Ba <50 0 0 30 < 50 
Nb N.D. . 0 0 0 ' N.D. 
Zr < 16 5 3 6 <16 
Y 25 24 23 12 6 
Sr 18 9 12 204 52 
Rb 0 4 5 3 0 

Note: 1. Pe expressed as Ye^O^ 
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ViThole-rock analyses - Iron Duke 

Magnetite-hematite-carbonate - t y p i c a l ore from the lower 
part of the orebody - continued. 

60-
Per cent 822 
Si02 0.2 
AI2O5 0.2 

^®2°3 19.8 
MgO 0.0* 
CaO 34.9 
Na20 0.0 
IC2O 0,1 

Ti02 0.1 

MnO 2.7 
S 0.0 

P2O5 0.7 
D i f f . 41,3 

100,0 
ppm 
Zn 1 
Cu N.D. 
Ni 3 
Ba 0 
Nb 0 
Zr 7 
Y 9 
Sr 208 
Rb 2 

Note: 1. Pe expressed as Fe20j 
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Whole-rock analyses - Iron Diike 
Magnetite-hematite-carbonate - layered ore. 
XRF analyses - see preceding notes. 
•Major element over 10% outside c a l i b r a t i o n range. 

59- 84- 84- 57- 57-
Per cent 791 928 870 979 iOO 
Si02 0.3 0,6 0.4 1,3 0.7 

AI2O3 0,2 0.2 0.2 0.2 0,2 

47.9 64.8 63,7 48,1 55.0 

MgO 12,1 8.9 8.2 12.4 12,0 

CaO 17.1 11.9 12.0 17.1 15.8 

Na20 0.0 0.0 0.0 0.0 0.0 

KgO 0.1 0.0 0.1 . 0.1 0.1 

Ti02 0.1 0.1 0.1 0.1 0.1 

MnO 0.6 0.7 0,6 0.8 0.8 

S 0.0 0,0 0,0 0,0 0,0 

P2O5 0.2 0.3 0,2 0,3 0.2 

D i f f . 21.4 12.4 14.5 19,6 15.1 
100.0 100.0 100.0 100.0 100.0 

ppm 
Zn 0 16 79 1 13 
Cu N.D, N.D. N.D. N.D. N.D. 
Ni 7 14 7 3 4 
Ba <30 <30 < 30 < 30 < 30 
Nb N.D. N.D. N.D. N.D. N.D. 
Zr <16 <16 <^16 <:i6 <16 
Y 4 22 2 24 11 
Sr 5 2 5 7 2 
Rb 0 4 0 3 0 

Note: 1. Fe expressed as Ye^Oj^ 



36 
V/hole-rock analyses - Iron Duke 
Magnetite-hematite-carbonate - layered ore - continued. 

60- 60-
Per cent 885 582 
Si02 0.2 0,4 
kl^O^ 0.2 0.2 
Fe^O^ 56.8 25.8 
MgO 0.0* 0.0* 
CaO 29.1 32.1 
Na20 0.0 0.0 
K2O 0.1 0.1 
Ti02 0.1 0.1 
MnO 2.0 2,4 
S 0,0 0.0 
P20^ 0,5 0.4 
D i f f . 31,0 58.5 

100.0 100.0 
ppm 
Zn 0 0 
Cu N.D. N.D.. 
Ni 9 0 
Ba < 30 0 
Nb N.D. 0 
Zr < 16 4 ' 
Y 3 14 
Sr 153 192 
Rb 0 2, 
Note: 1. Pe expressed as Fe2^0^ 



Whole-rock analyses - Iron Duke 
Magnetite-hematite-carbonate - vein carbonates with minor 
i r o n oxides. 
XRF analyses^ - see preceding notes. 
•Major element over 10% outside c a l i b r a t i o n range. 

60- 59- 67- 74- 74-
Per cent 805 809 1104 981 666 
SiOg 0.2 0.8 0.7 0,8 0.3 

AI2O5 0.2 0.2 0.3 0,2 0.2 

Fe205 24.1 12,9* 9.0* 18.4 34,0 
MgO 13.0 15.7 11.7 11.9 . 12.8 
CaO 21.9* 24.4* 25.1* 21.4* 15.7 
Na20 0.0 0.0 0.0 0.0 0.0 
K^O 0.1 0.1 0.1 . 0.1 0.1 

Ti02 0.1 0.1 0.1 0.1 0.1 

MnO 2.1 1.1 4.4 2.2 1.7 

S 0.0 0.0 0.0 0.0 0,0 

P2O5 0.2 0,1 0.1 0,1 0.0 

D i f f . 38.1 44,6 48,5 44,8 35,1 
100.0. 100.0 100.0 100.0 100.0 

ppm • 
Zn 2 3 10 1 0 
Cu N.D. N.D. N.D. N.D. N.D. 
Ni 3 9 8 0 5 
Ba 0 0 0 0 < 30 
Nb 0 0 1 0 N.D. 
Zr 4 3 23 3 <16 
Y 15 10 23 22 120 
Sr 4 8 14 20 28 
Rb 4 2 5 3 0 

Note: 1. Fe expressed as Fe20^ 



V/hole-rock analyses - Iron Duke 
Magnetite-hematite-carbonate 
i r o n oxides - continued. 

- vein, carbonates with minor 

67- 59- 61- 74- 84-
Per cent 810 m. m. 876 
Si02 0.2 1.2 0.8 0.1 1.1 
AI2O5 0.2 0.2 0.5 0.2 0.2 

Pe203 7.0* 57.5 5.4* 12.7 5.5* 
MgO 16.6 7.2 14.8 10.6 16.8 

CaO 25.6* 17.0 26,1* 26,1* 25.9* 
NagO 0.0 0.0 0.0 0.0 0.0 

K2O 0.1 0.1 0.1 0.1 0.1 

Ti02 • 0.1 0.1 0.1 0.1 0.1 

MnO 0.7 2.8 1.9 1.7 1.2 

S 0.0 0,0 0,0 0,0 0.0 

P2O5 0.1 0.0 0.1 0.1 0.1 

D i f f . 49.4 54.1 50.4 48,5 51,2 
100.0 100.0 100.0 100.0 100.0 

ppm 
Zn 0 5 14 0 0 
Cu N.D. N.D.. N.D.; N.D. N.D. 
Ni 5 8 5 5 5 
Ba 0 <30 0 0 0 
Nb 0 N.D. 0 0 0 
Zr . .4 <16 4 5 1 
Y 10 0 51 14 11 
Sr 56 20 21 20 0 
Rb 5 0 4 4 4 

Note: 1, Pe expressed as 'Pe^Oj^ 



365 
Whole-rock analyses - Iron Duke 

Magnetite-hematite-carbonate ore - intermixed s i d e r i t e and 
ankerite,. 
XRP analyses_- see preceding notes. 
*Major element over 10'^ outside c a l i b r a t i o n range. 

60- 74-
Per cent 657 657 
Si02 5.4* 1.9 
AI2O5 0.2 0,2 

^^2°3 82.6 70.5 
MgO 7.7 14.8 
CaO 1.7* 1.0* 
Na20 OiO 0,0 
K2O 0.1 0.1 
Ti02 0.1 0.1 
MnO 1.1 1'9 
S 0.0 0.0 

P2O5 0.4 0.0 

D i f f . 0,7 9.7 
100.0 100.0 

ppm 
Zn 2 1 
Cu N.D. N.D. 
Ni 5 5 
Ba <50 <50 
Nb N.D. N.D. 
Zr <16 58 
Y 10 22 
Sr 6 2 
Rb 0 0 
Note: 1. Pe expressed as Fe^Oj^ 



66 
Whole-rock analyses - Iron Duke 
Trace elements i n magnetite concentrations at the contacts 
of magnetite-hematite-carbonate ore and c h l o r i t i s e d 
amphibolites. 
XRP analyses. 

60- 67- 57- T- 59-
ppm 753 M 869 i 10?? 
Zn 36 522 153 12 21 
Cu 0 0 0 26 0 
Ni 9 0 26 0 0 
Ba 2 0 0 0 5 
Nb 0 0 0 0 0 
Zr 3 0 24 0 0 
Y 2 3 5 9 3 
Sr 5 4 5 6 9 
Rb 0 0 0 0 0 



Whole-rock analyses - Iron Duke 
Basal carbonate 
XRF analyses - see preceding notes, 

6 7 

47- 59- 83- 57- 83-
Per cent 1084 1??2 543 164? 575 
Si02 0.1 0.4 0.4 1.5 0.6 

AI2O5 0.2 0.2 0.2 0.3 0.2 

6.5 6.7 8.6 9.4 9.1 
MgO 13.8 12.8 12.8 11.2 12.0 

CaO 27.7 26.1 26.7 26.7 27.3 
Na20 0.0 0.0 0.0 0.0 0.0 

^20 0.1 0.1 0.1 . 0.1 0.1 

Ti02 0.1 0.1 0.1 0.1 0.1 

MnO 1.0 1.1 0.8 1.0 0.7 

S 0.0 0,0 0.0 0.1 0.0 

P2O5 0.1 . 0.1 0.2 0.1 0.2 

D i f f . 50.4 • 52.4 50.1 49,5 49.7 
100.0 100.0 100.0 100.0 100.0 

ppm 
Zn 15 1 6 11 0 
Cu N.D. N.D. N.D. N.D. N.D. 
Ni 8 3 4 14 3 
Ba 0 0 0 0 0 
Nb 0 0 0 0 0 
Zr 2 3 3 8 15 
Y 2 11 6 6 12 
Sr 14 18 ' 10 37 10 
Rb 4. 3 4 2 3 

Note: 1. Fe expressed as FegO^ 



Whole-rock analyses - Iron Duke 
Basal carbonate - continued. 

68 

85- 59- 47- 47-
Per cent 689 14?? 11?7 1041 
Si02 0.5 0,1 0.1 1.0 
AI2O5 0.2 0.2 0.2 0,2 

2.7 4.0 5.4 7.5 
MgO 16.0 15.0 14.6 15.7 
CaO 27.9 27.7 27.4 26.5 
Na20 0.0 0.0 0.0 0.0 
K2O 0.1 0.1 0.1 0.1 

Ti02 , 0.1 0.1 0.1 0.1 
MnO 0.7 0.8 0.9 1.0 
S 0.0 0.0 0.0 0.0 

P2O5 0.2 0.2 0.2 0.1 

D i f f . 51,8 51.8 51.0 50,0 
100.0 100.0 100.0 100.0 

ppm 
Zn 8 5 11 5 
Cu N.D. N.D. N.D. N.D. 
Ni 11 4 5 14 
Ba 0 0 0 1 
Nb 0 0 0 0 
Zr 5 2 5 5 
Y 6 5 4 7 
Sr 14 8 10 25 
Rb 2 5 5 5 
Note: 1. Pe expressed as Pe20j 
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C. - Talc zone rocks - XRF analyses 

Major elements 
Five standards were used, a l l being analyses of 

ta l c zone rocks and hematite or magnetite ore carried out 
by the Chemical Laboratory, B.H.P., Whyalla. The discussion 
concerning iron-formation analyses applies also to t a l c 
zone analyses, and the XRP major element determinations 
shown i n the following pages can be regarded only as broad 
indications of the rock compositions. 

The results f o r standards c a l i b r a t i o n are shown 
i n Table 1-7, and uncorrected counts were used fo r rock 
analyses because they atre i n general more accurate f o r 
Fe20^ and MgO than the corrected, normalised analyses, 
although Si02 values are e r r a t i c . 

Trace elements 
The synthetic 50?̂  Fe20^ - 50?i Si02 standards were 

used, and comments made i n r e l a t i o n to the iron-formations 
are also applicable to the t a l c zone analyses. 
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Table 1-8 - Calibration ranges for t a l c zone rock samples 

Element Percentage range 

Si02 0.00 to 47.20 
Al20^ 0.10 to 0,90 
Pe20^ 42.00 to 96.80 
MgO 0.10 to 8,60 
GaO 0.10 to 1.30 
NagO 0.01 to 0.11 
KgO 0.01 to 0.04 

Ti02 0.05 to 0.05 
MnO 0.10 to 0.30 
S 0,01 to 0.05 
P2O5 0.09 to 0.32 
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Whole-rock guialyses - Iron Duke 

Talc zone rocks -
Major element analyses by Chemical Laboratory, B.H.P., myalla. 

Trace elements, XRF by author. 

Per cent 77-275 

Si02 47.7 47.2 

AlgO^ 0.1 0.1 

47.3 42.0 

MgO 3.0 8,6 

CaO 0.1 0.1 

Na20 0.0 0.0 

KgO 0.0 0.0 

Ti02 0.1 0.1 

MnO 0.1 0,1 
S 0.0 0.0 

PoOr 0,1 0.1 
2 b 

0,1 

Ig , Loss +0,4 0 ,7 

98.1 99.0 

ppm • 
Zn 5 5 
Cu 0 0 
Ni 7 8 
Ba 0 0 
Nb 
Zr 1 4 
Y 0 0 
Sr 0 1 
Rb 0 0 

Note: 1, Pe expressed as Pe20^ 
2. Nb i s i n the order of Ippm to 4ppni 



37: 
Whole-rock analyses - Iroii Duke 
Talc zone rocks. 

XRP analyses - see preceding notes. 

^Element over 10?̂  outside calibration range. 

Per cent 59-633 77-995 77-326 ? 7 - 4 0 2 57-261 

Si02 52.9* 24.5 48,5 . 32.7 48.4 

AI2O3 0.1 0.2 0,1 0,1 0.1 

38.7 69.9 44.2 60.3 44.0 

MgO 8.8 5.3 8,1 6,0 6.0 

CaO 0.1 2.6* 0,1 0.2 0.1 

Na20 0.0 0.0 0.0 0,0 1.1 

K2O 0.0 0.0 0.1 0.0 0.0 

Ti02 0.1 0.1 0.1 0.1 0.0 

MnO 0.1 0.4 0.1 0,1 0.1 

S 0.0 0,0 0,0 0.1 0.0 

P2O5 ^ 0.1 0.2 0.2 0.1 0.1 

D i f f . 0.0 0.0 0.0 0.3 0.1 
100.9 103 .2 101.5 99.7 99.9 

ppm 
Zn 18 N.D. 7 17 12 
Cu 0 N.D. 0 8 0 
Ni 6 N.p. :5 16 23 
Ba 0 N.D. 0 0 0 
Nb N.D. 
Zr 1 N.D. 0 3 7 
Y 0 N.D. 1 2 5 
Sr 0 N.D. 1 1 3 
Rb 0 N.D. 0 0 0 

Note: 1. Pe expressed as Pe20^ 
2. Nb i s i n the order of Ippm to 4ppm 
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Whole-rock analyses - Iron Duke 

Talc zone rocks - XRP trace elements. 

57- 59- 57-
ppm 465 533 458 
Zn 21 11 14 
Cu 0 0 0 
Ni 40 7 7 
Ba 0 0 0 
Nb 
Zr 4. 0 0 
Y 0 0 2 
Sr 0 2 2 
Rb 0 0 0 

Nb i s i n the order of Ippm to 4ppm 



D. - Amphibolites and argillaceous schists - XRF analyses. 

Ma .lor elements 
Pive standard analyses were used for the 

amphibolite determinations, including four quantitative 
analyses by the Chemical Laboratory, B.H.P., Whyalla and 
one basic igneous rock analysis (BR) from the Geology 
Department i n Durham. There i s reasonably good correlation 
between the corrected, normalised XRP r e s u l t s and.the 
standard analyses, as shown i n Table 1-9, but the XRP r e s u l t s 
are regarded as semi-quantitative because of the small 
number of standards. 

The Whyalla quantitative analyses of ch l o r i t i s e d 
i n t r u s i v e s have Ignition Loss values of between 9?̂  and 10%, 
S i m i l a r l y , the low totals of XRP element determinations 
suggest the presence of 105̂  or more v o l a t i l e s i n the 
c h l o r i t i s e d amphibolites. Water determinations were carried 
"out on two samples and showed that, i n those samples, the 
v o l a t i l e component was water. However, a number of the XRP 
t o t a l s are i n the order of 81^ to 85%, suggesting a v o l a t i l e 
component of 15^ to ISfo, In these samples, there may be 
small amounts of carbonate or there may be v o l a t i l e s present 
which were not detected by the analysis. Their analyses are 
shown i n the following pages but are not used i n calculations, 

Trace elements 
Sjmthetic glass standards, used i n the Geology 

Department at Durham for Lunar work, were used for trace 
element determinations of the amphibolites. Note the poor 
correlation for Ba below 80 ppm and Zr below 40 ppm. 
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Table I-10 - Calibration ranges for amphibolite major 
element analyses (XRFJ 

Element Percentage range 

Si02 15.40 to 51.20 

AI2O5 7.20 to 16.00 

Pe^O^ 12.41 to 24.30 

MgO 5,80 to 19.50 

CaO 0.20 to 14.10 

NagO 0.08 to 3.05 
K^O 0,04 to 1.45 

HiO^ 0.65 to 2,90 

MnO 0.21 to 1,30 

S 0.03 to 0.17 

P2O5 0.14 to 1.24 
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Table I - l l - Trace element calibration for synthetic glass 
standards. 

Values i n ppm 
Ba 

Zn 

True XRF Nb True XRF Zr True XRF 
5000 4613 250 232 626 611 
2500 2395 127 125 317 323 
1252 792 63 58 162 164 
626 615 32 31 81 79 
323 309 16 16 41 41 
182 156 8 10 20 38 
81 84 4 3 0 0 
40 28 2 3 
20 28 0 1" 
0 0 

True XRF ST True XRF Rb True XRF 
250 251 506 529 1000 984 
125 122 257 256 500 520 
63 63 132 137 251 243 
32 33 69 70 126 129 
0 0 38 37 63 63 

22 18 32 33 
14 13 16 15 
0 3 8 9 

0 0 

True XRF Cu True XRF Ni True XRF 
1000 948 1000 962 1000 977 
500 501 500 501 500 501 
125 122 125 117 125 121 
63 61 63 60 63 64 
32 34 32 37 32 34 
8 8 8 7 8 7 
4 4 4 5 4 4 
0 2 0 8 0 2 

Nominal detection l i m i t s calciLLated from accumulated 
background values: 

Zn Cu Ni Ba Nb Zr Y Sr Rb 
ppm 2 3 2 7 2 2 2 2 2 
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yniole-rock analyses - Iron Duke ,. 

Amphibolites - major element analyses by Chemical Laboratory,. 
•B.H.P., Whyalla. . . .; 
Trace elements, XRF by author.' 

-Unchloritised Chloritised 
66--';•̂ •' 60- ^ 67-

Per cent .:; • ̂ '^;- V: 110^ 

siOg .51.2 V '.:• • .;-...•:.v:. ;.; 34.0> . 29.6 

•̂ AigÔ;,̂ :,':::;., 13.4'---;--'r. ,16.0 : 13.7 

,^^203::;1,; ••••\'-15.0 '• ••: ".:17.3 24.3 
MgO .:":-̂v' •y.: : 5.8, : •: ':'-.-.v ••19.5 .17.4 

CaO Z-,-': . 10.1 • . 0.2 : 0.9 
Nâ O;- 0.1 . . • 0.1 

-v'-.-0.6 -• 0.0 V! • 0.0 

V'..;:. a.4 • . \; 0.7 2.9 

:̂:,v:-̂-o.3--'••-••••••':;• • • 0.5 . •• .1.2 

. 0.1,,,̂ ... ,-.-.:̂ ,:j;.-'̂ o,o-';. :. 0.0 

•v-;:, o.3..',,:;i. ,.0.3 • ' 1.2 

I g . l o s s . •;;:JV,..;; 9.6 ' • . : 9.4 

100.0 , 98.2 .' 100 .7 

ppm': 
Zn 113 172 . • ,239 
Cu • 82 0 ' 70 
Ni 56 74 78 
Ba 409 12-i-:'. ••<•., 9 

Nb 3 . 11 • 6 
Zr 90 323 174 
Y 29 52 : • 27 - ^ 

• '115 , . ' • 4 

Rb' •'• : v ..\20" 0 

Note: : 1. . jFe e.xpressed as '^Qpp'^ 
. •'•,'..1̂  determinations on 60-1109 and 67-908 by the 

• : ̂  author gave • 10.A^o and 11.1?^ respectively. 



Whole-rock analyses - Iron Duke 

Amphibolites - unchloritised. 
XRP analyses - see preceding notes. 

3 8 0 

74- 66- 66- . 57- 57-
Per cent 324 584 C 2325 2368 

Si02 55.0 51.6 50.7 51,8 51.0 

AI2O3 11.1 11.4 11,1 10.7 11.0 

Pe205 13.4 15.3 16.4 12.0 14.6 

MgO 9.9 6.9 6.2 8.5 , 7.2 

CaO 8.2 10.2 9.7 10.9 9.9 

Na20 0.1 1.7 1.7 1.5 2.6 

K2O 0.1 0.7 0.8 .2.6 . 1.6 

Ti02 1.3 1.3 1.9 0.9 1.2 

MnO 0.3 0.3 0.3 0.2 0.3 

S 0.1 0.1 0.1 0.1 0.1 

P2O5 0.4 - 0.5 0.5 0.6 0.4 

D i f f . • 0.1 0,0 0,6 0.2 0.1 

100.0 100.0 100.0 100.0 100.0 
ppm 
Zn 58 113 113 77 112 
Cu 0 82 50 0 709 
Ni 35 556 37 126 48 
Ba 19 409 525 1513 463 
Nb 3 3 4 2 1 
Zr 81 90 118 93 78 
Y 27 29 37 19 22 
Sr 708 115 124 493 124 
Rb 2 20 25 76 56 

Note: 1. Pe expressed as Pe20j 
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Whole-rock analyses - Iron Duke 

Amphibolites - unchloritised - continued. 

57- 82-
Per cent 2^00 111 
Si02 51.5 51.5 

AI2O3 10.9 11.8 

Pe205 13.8 14.0 

MgO 7.5 7.0 

CaO 11.3 11,1 

Na20 2.3 2.0 

K2O 0.8 0.7 

Ti02 1.1 1.2 

MnO 0.3 0.3 

S 0.1 0.1 

^2^5 0,5 0.5 

D i f f . 0,0 0.0 

100*0 100.0 
ppm 
Zn 93 121 
Cu 8 123 
Ni 46 50 
Ba 277 134 
Nb 2 2 
Zr 78 79 
Y 21 25 
Sr 328 177 
Rb 23 30 

Note: 1. Pe expressed as Pe2' 
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Whole-rock analyses - Iron Duke 

Amphibolites - partly c h l o r i t i s e d and c h l o r i t i s e d . 
XRP analyses - see preceding notes. 

57- 60- 66- 57- 57-
Per cent 2144 114? 2103 2311 
Si02 49.2 46.5 45.8 40.7 41.4 
AI2O5 12.0 14.4 11.8 13.4 13.6 
Pe203 14.8 16.0 16.2 14.9 17.1 
MgO 8.6 11.7 9.4 11.9 9.7 
CaO 9.2 1.1 7.3 6.1 5.6 
Na20 1.9 0.2 1.4 0.1 1.1 
K2O 0.9 1.3 0,8 1.6 0.8 

Ti02 1.2 2.7 1.3 1.1 1.1 

MnO 0.3 0.5 0.4 1.3 0.3 

S 0.1 0.1 0.1 0.1 0.1 

P2O5 0.4 00p6 0.5 0.4 0.5 

D i f f . 1.4 4.9 5.0 8.4 8.7 
100.1 100.0 100.0 100.0 100.0 

ppm 
Zn 104 154 155 120 123 
Cu 6 4 48 134 0 
Ni 54 144 57 56 86 
Ba 236 742 1702 4516 404 
Nb 0 17 2 0 4 
Zr 79 205 90 79 101 
Y 24 27 28 21 24 
Sr 277 16 148 58 223 
Rb 31 72 39 56 27 

Note: 1. Pe expressed as Pe20^ 
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Whole-rock analyses - Iron Duke 

Amphibolites - c h l o r i t i s e d . 

XRP analyses - continued 

66- 66- 71- 67- 74-
Per cent 530 456 1044 121 707 

Si02 42.7 37.1 30.5 30.7 31.2 

AI2O5 12.7 12.6 14.1 14.9 14.1 

Pe205 16.6 17.5 19.7 18.7 19.8 

MgO 15.9 . 18.3 18.2 18.4 17.8 

CaO 0.4 0.3 0,9 0.6 0.7 

NagO 0.1 0.2 0,2 0.2 0.2 

KgO 0.2 0.0 0.0 . 0,0 0.1 

Ti02 .. 1.5 1.3 2.5 2.5 2.1 

MnO 0.6 0.6 1.0 1.0 0.6 

S 0.1 0.1 0.1 0.1 0.1 

P2O5 0.4 . 0.4 0.7 0.5 0,6 

D i f f . 8.8 11,6 12.1 12,4 12.7 

100.0 100.0 100.0 100.0 100.0 
ppm 
Zn 139 149 169 210 164 
Cu 0 12 2 31 0 
Ni 50 53 81 175 69 
Ba 125 126 3 9 20 
Nb 4 2 8 .18 6 
Zr 108 102 182 238 170 
Y 29 33 31 36 26 
Sr 6 2 3 3 3 
Rb 14 0 0 0 2 

Note: 1. Pe expressed as Fe^O-z^ 
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Whole-rock analyses - Iron Duke 

Amphibolites - c h l o r i t i s e d . 

XRF analyses - continued 

83- 61- 71- 71- 59-
Per cent 261 590 324 553 11?? 
SiOg 35.5 29.2 30.1 29.1 29.4 

AI2O5 12.7 12.2 13.7 14.3 12.7 

Fe205 17.7 23.0 22,2 21.6 21.9 

MgO 18.7 16.4 15,5 16.0 . 16,0 

CaO 0.3 0.6 0.3 0.3 0.1 

NagO 0.2 0.2 0.2 0.1 0.2 

K^O 0.0 0.0 0.0 . 0.0 0.0 

TiO^ 1.1 2.3 1.1 1.0 1.8 

MnO 0.5 0.6 1.0 1.5 1.6 

S 0.1 0.1 0.1 0.1 0.1 

P2O5 0.4 0.5 0.4 0.4 0.3 

D i f f . 12,8 14.9 15,4 15,6 15.9 

100.0 100.0 100.0 100.0 100.0 
ppm 
Zn 104 188 247 322 303 
Cu 0 69 86 0 36 
Ni 46 73 50 63 352 
Ba 0 22 9 1 7 
Nb 2 3 2 2 13 
Zr 81 124 85 88 . 248 
Y 71 21 58 17 15 
Sr 0 5 1 0 3 
Rb 0 3 0 0 1 

Note: 1. Fe expressed as Fe20^ 



Whole-rock analyses - Iron Duke 

Amphibolites - c h l o r i t i s e d . 

XRP analyses - continued 

59- 59- 60- 59- 78-
Per cent 970 10^5 956 m 359 

Si02 28.4 27.2 28.0 26.5 29.5 

14.3 13.8 15.3 12.4 12.7 

PegOj 21.7. 22.4 21.5 22.3 22.6 

MgO 16.0 15.8 16.7 15.2 15.7 

CaO 0.3 ' 0.5 0.2 2.7 0.3 

Na20 0.1 0.2 0,1 0.1 0,2 

K2O 0.0 0.1 0.0 0.1 0.0 

Ti02 1.2 2.1 0.4 1.7 1.2 

MnO 1.6 1.2 1.2 1.3 0.6 

S 0.1 0.1 0.1 0.1 0.1 

P2O5 0.4 0.5 0.4 1.1 0.4 

D i f f . 15.9 16.1 16,4 16.5 16.7 

100.0 100.0 100.0 100.0 100.0 
ppm 
Zn 259 296 540 429 148 
Cu 43 18 0 0 80 
Ni 53 22 32 471 48 
Ba 2 24 0 47 2 
Nb 4 33 7 19 0 
Zr 93 146 156 435 82 
Y 21 15 36 65 8 . 
Sr 00 8 0 63 2 
Rb 0 4 0 5 0 

Note: 1. Pe expressed as Pe20j 
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Whole-rock analyses - Iron Duke 

Amphibolites - c h l o r i t i s e d . 

XRP analyses - continued 

78- 67- 74- 59- 78-
Per cent 788 848 750 135 

SiOg 27.8 28.1 27.5 . 28.7 30.1 

AI2O5 12.6 12.9 12.6 12,1 8.1 

24.1 23.6 26.0 20.0 28.2 

MgO 14.3 14.3 12.6 17.7 12,2 

CaO 0.9 0.2 0.3 0.7 0.5 

NagO 0.2 0.1 0.2 0,2 0.3 

KgO 0.0 0̂.0 0.0 0.0 0.1 

Ti02 1.9 1.2 0.7 1.3 

MnO 0.8 1.2 0.8 1.1 0.2 

S 0.1 0.1 0.1 0.0 0.1 

P2O5 0.6 0.4 0,4 0,4 0.5 

D i f f . 16,7 18,0 18,3 18,4 18.4 

100.0 100.0 100.0 100.0 100.0 
ppm 
Zn 233 171 252 174 61 
Cu 0 0 0 34 101 
Ni 60 57 47 56 48 
Ba 0 2 6 3 12 
Nb 5 4 6 3 10 
Zr 153 91 113 70 106 
Y 25 7 13 12 23 
Sr 1 0 2 4 2 
Rb 0 0 0 0 2 

Note: 1. Pe expressed as Fe20j 



38? 
Whole-rock analyses - Iron Duke 
Argillaceous Schists of Death Adder Gully. 
Assays of chip-channel samples near surface i n Tunnel No. 4. 

Per cent 4-80 4-8? 
Si02 67.0 63.0 

AI2O3 10.0 10.0 
^6203 8.6 12.1 
MgG 7.0 6.5 
CaO 0.1 0.1 
Na20 N.D. N.D. 
K2O N.D. N.D. 

Ti02 0.4 0.4 
MnO 0.3 0.3 
S 0.0 0.0 

P2O5 0.1 0.1 
I g . Loss 5.1 5.7 

98.6 98.2 

Notes; 1. Pe expressed as Pe, 
2. Analysis and assays hy Chemical Laboratory, B.H.P., 

Whyalla. 
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Whole-rock analyses - Iron Duke 
Argillaceous schists of Death Adder Gully. 
Trace elements, XRP hy author. 

ppm 60-995 60-1042 T-4 
Zn 284 427 52 
Cu 0 0 0 
Ni 24 36 21 
Ba 0 39 100 
Nh 4 7 5 
Zr 96 164 122 
Y 12 23 11 
Sr 0 0 3 
Kb 0 1 38 

60-995 Samples of d r i l l c o r e from depth i n the zone 
60-1042 of c h l o r i t i s a t i o n . 
T-4 - Surface sample of qu a r t z - c h l o r i t e - h i o l i t e schist. 
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Hematite ore 

No major element analyses were carried out by 
XRP. Trace element determinations were calibrated using 
'^^2^'^ standards. 

Table 1-12 - Trace elements calibration for synthetic 6̂2*̂ 3 
standards 

ppm Zn Cu Ni Ba Nb Zr Y Sr Rb 
1000 957 780 819 988 N.D. 990 961 N.D. 855 
500 507 588 492 514 507 497 502 487 367 
250 N.D. N.D. N.D. N.D. N.D. 287 246 N.D. N.D. 
125 347 172 146 112 125 121 123 126 119 
63 60 111 66 60 60 61 6© 64 62 
31 35 52 29 38 30 26 37 35 44 
16 17 15 11 17 10 9 14 13 17 
8 4 7 9 2 5 3 8 9 5 
4 2 20 1 N.D. N.D. 0 1 N.D. N.D. 

Nominal detection l i m i t s calculated from accimulated background 
values 

4 15 4 13 4 3 3 4 4 

Note the generally poor copper correlation, the low 
Zr below 63 ppm and Nb below 30 ppm, and the e r r a t i c Zn value 
for the 125 ppm standard. 
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Whole-rock analyses - Iron Duke 
Hematite ore - surface samples 

Major element analyses by Chemical Laboratory, B.H.P., Whyalla, 
Trace elements, XRF by author. 

Per cent H2 3431 
Si02 1.0 1.3 
Al20^ 0.9 0.3 
Pe203 96.8 92.4 
MgO 0.1 0.3 
CaG 0.1 1.3 
NagO 0.1 0.1 
K2O 0.0 0.0 

Ti02 0.1 0.1 
MnO 0.1 0.1 
S 0.0 0.0 
P2O5 0.1 0.1 
Ig.Loss 0.8 4.6 

100.1 100.6 

ppm 
Zn 56 
Cu 32 64 
Ni 0 
Ba 0 
Nb 0 
Zr 0 
Y 1 
Sr 9 
Rb 0 



Whole-rock analyses - Iron Duke 
Hematite ore from the main orebody in the west limb of 
the synform. 
Assays of d r i l l core by Chemical Laboratory, B.H.P., Whyalla. 

42- 42- 42- 42-
Per Cent 11 105 275 315 

Si02 10.0 1.8 3.8 9.2 

AI2O3 .2.7 0.4 0.3 0.8 

80.8 95.1 94.1 78.3 

MgO 0.1 0.1 0.9 4.9 

CaO 0.1 0.1 0.1 2.0 

Na20 N.D. N.D. N.D. N.D. 

KgO N.D. N.D. N.D. N.D. 

Ti02 0.4 0.1 0.1 0.1 

MnO 0.1 0.1 0.1 0.3 

S N.D. N.D. N.D. N.D. 

P2O5 0.2 0.1 0.0 0.2 

Ig . Loss 5.3 1.5 1.0 5.1 

99.7 99.3 iDOO.4 100.9 
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Whole-rock analyses - Iron Duke 
Hematite ore from below the magnetite-hematite-carbonate 
body. 
Assays of d r i l l core by Chemical Laboratory, B.H.P., Whyalla. 

Per Cent 
47-
738 

59-

Si02 1.4 4.0 
AI2O3 0.8 1.9 
^6203 94.4 83.9 
MgO 0.7 2.8 
CaO 1.1 2.5 
Na20 N.D. N.D. 
KgO N.D. N.D. 

Ti02 0.6 0.1 
Mn© 0.2 0.6 
S 0.0 0.1 

P2O5 0.1 0.1 
I g . Loss 1.3 4.0 

100.6 100.0 
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Whole-rock analyses - Iron Duke 
Trace elements i n hematite ore 
XRP analyses 

47- 66- 66- 66-
ppm 3178 453 100 111 325 
Zn 13 12 33 17 27 
Cu 3 19 61 68 197 
Ni 2 0 0 0 0 
Ba 35 0 0 0 0 
Nb 0 0 0 0 0 
Zr 0 0 0 0 0 
Y 1 4 2 2 5 
Sr 9 11 7 3 8 
Rb 0 0 0 0 0 

5178 - surface sample 
47-453 _ d r i l l c o r e i n t r a n s i t i o n of hematite ore to magnetite-

hematite-carbonate , 
66-100 
66-117 
66-325J 

- Hematite ore near to amphibolite. 
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Whole-rock analyses - Iron Duke 
Trace elements i n hematite ore, with small amounts of carbonate, 
from the hematite orebody at the base of the magnetite-
hematite-carbonate . 

59- 47- 59- 47- 59-
ppm 112? 744 1077 800 110^ 
Zn 8 12 2 101 20 
Cu 0 0 0 54 261 
Ni 15 0 0 53 16 
Ba 8 48 8 9 7 
Nb 0 0 1 0 0 
Zr 0 0 0 0 0 
Y 9 1 0 11 10 
Sr 9 3 5 9 7 
Rb 0 0 0 0 0 

71- 47- 59- 59- 84-
ppm 995 853 1214 1146 1228 
Zn 105 81 74 33 114 
Cu 140 0 63 93 14 
Ni 47 34 92 49 0 
Ba 21 0 121 2 0 
Nb . 0 0 0 0 0 
Zr 0 4 2 8 4 
Y 7 27 13 9 4 
Sr 4 7 9 2 1 
Rb 0 0 0 0 2 
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APPENDIX I I - MINERAL ANALYSES 

Techniques. 396 

Iron-formations: 
Carbonates 397 
Amphiboles 398 

Cook Gap S c h i s t s : 
B i o t i t e s 405 
Amphibole ho6 

Peldspars 407 
C h l o r i t e 408 
Garnets 4l0 

Magnetite-hematite-carbonate ore: 
Carbonates i n t y p i c a l ore 4 l l 
Carbonates i n w e l l l a y e r e d ore 4j|-4 
Carbonates i n v e i n s 415 
Intermixed a n k e r i t e and s i d e r i t e 4l6 
Magnetite and hematite 47? 

B a s a l carbonate u n i t : 
Carbonates 47 8 
Diopside 479 

T a l c zone r o c k s : 
T a l c 420 
Replacement of amphibole by t a l c and 425 
quartz 
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Techniques 

Mineral analyses were carried out on polished-
t h i n sections using a Cambridge "Geoscan" electron probe 
microanalyser. A counting rate of 10 seconds was used f o r 
a l l analyses except the trace elements i n iron oxides, when 
the rate was 30 seconds. Standards consisted of analysed 
metals and minerals, and the results were corrected i n the 
manner described by Sweatman and Long (1969). 

For carbonate analyses, the beam was defocussed 
to a diameter of 15 - 20 microns to prevent v o l a t i l i z a t i o n . 
Despite t h i s , some of the carbonate t o t a l s are low and no 
additional elements were detected i n spectrometer scans, 
which suggests that some v o l a t i l i z a t i o n has occurred, 
possibly of very small near surface f l u i d inclusions. 

No rock samples of Cook Gap Schist were available 
and the analyses were carried out using t h i n sections with 
the cover s l i p removed. The sections were too t h i n to polish 
e f f e c t i v e l y , and the ir r e g u l a r surface tends to cause 
v a r i a t i o n i n the analyses. The Cook Gap Schist mineral 
analyses are therefore regarded as semi-quantitative. 

X 
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Electron microprobe analyses - Middleback Ranges 
Carbonates i n iron-formation un i t s . 
Element t o t a l s recalculated as carbonates. 

CaC03 MgCO, FeCO, MnC03 Total 

Equigranular carbonate layer amongst siliceous iron-formation: 
Carbonate 
Crystal (1) 51.1 34.5 13.9 0.6 100.1 
Carbonate 
Crystal (2) 51.2 35.0 13.8 0.9 100.9 
Carbonate 
Crystal (3) 50.5 32.9 16.1 1.2 100.7 
62-1316 
Calcite 
Crystal i n 
Amphibole 
r i c h layer 99.0 0.0 0.1 N.D.. 99.11 
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Electron microprobe analyses - Middleback Ranges 
Amphiboles i n iron-formations. 

§2 §2 62-1050 62-1050 62-1050 
Oxide weight percentage 
Si02 49.2 49.0 51.9 53.8 52.6 
AI2O3 0.0 0,0 N.D. N.D. N.D. 

FeO 40.9 41.4 34.1 33.9 33.9 
MgO 5.9 5.6 10.9 11.0 11.1 
CaO 0.2 0.3 0.3 0.2 0.2 

Na20 0.0 0.2 N.D. N.D. N.D. 

Ti02 0.0 0.0 N.D. N.D. N.D. 

MnO 0.6 0.6 N.D. N.D. N.D. 
96.8 97.1 97.2 98.9 97.8 

Atomic proportions on the basis of 23 oxygens. 
Si 7.96 7.94 8.02 8.11 8.05 
Al 0.00 0.00 — — — 
Fe2 5.34 5.61 4.41 4.27 4.34 
Mg 1.42 1.35 2.51 2.47 2.53 
Ca • 0.04 0.05 0.05 0.03 0.03 
Na 0.00 0.06 — — — 
T i 0.00 0.00 — — — 
Mn 0.08 0.08 — — — 
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Electron microprobe analyses - Middleback Ranges 
Amphiboles - continued 

62-1050 62-1050 62-1050 ??-426 59-426 

Oxide weight percentage 
Si02 51.2 51.8 51.9 50.5 49.7 
AI2O5 N.D. N.D. N.D. 0.3 0.3 
FeO 35.0 34.2 34.4 34.0 35.7 

MgO 11.0 10.9 11.6 10.6 10.1 

CaO 0.2 0.2 0.2 0.4 0.3 

Na20 N.D. N.D. N.D. N.D. N.D. 

Ti02 N.D. N.D. N.D. N.D. N.D. 

MnO N.D. N.D. N.D. 0.7 0.6 

97.4 97.1 98.1 96.5 96.7 

Atomic proportions on the basis of 23 oxygens. 
Si 7 .94 8.01 7.95 7.91 7.85 
Al — — — 0.06 0.06 

Pe2 4 .54 4.42 4.41 4.46 4.71 
Mg 2 .54 2.51 2.65 2.48 2.38 
Ca 0.03 0.03 0.03 0.07 0.05 
Na — — — — — 
T i — — — — — 
Mn — — — 0.09 0.08 
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Electron microprobe analyses - Middleback Ranges 
Amphiboles - continued 

59-426 57-2081 57-2081 57-2081 78-443 
Oxide weight percentage 
Si02 51.6 53.3 52.9 53.7 52.8 
AI2O3 0.4 0.2 0.3 0.2 N.D. 

PeO 35.5 28.4 31.4 31.1 30.0 
MgO 9.5 12.4 11.7 12.1 12.4 
CaO 0.3 1.3 0.7 0.8 0.1 
Na20 N.D. N.D. N.D. N.D. N.D. 

TiOg N.D. N.D. N.D. N.D. N.D. 

MnO 0.4 0.7 1.5 1.0 N.D. 

97.7 96.3 98.5 98.9 95.3 

Atomic proportions on the basis of 23 oxygens. 
Si 7.99 8.11 8.00 8.04 8.13 
Al 0.07 0.04 0.05 0.04 — 
Pe2 4.60 3.61 3.97 3.90 3.87 
Mg 2.19 2.81 2.64 2.70 2.85 
Ca 0.05 0.21 0.11 0.13 0.02 
Na — — — — — 
T i — — — — — 
Mn 0.05 0.09 0.19 0.13 —• 
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Electron microprobe analyses - Middleback Ranges 
Amphiboles - continued 

Na 
Ti 
Mn 

78-443 74-387 74-387 74-387 74-387 
Oxide weight percentage 
Si02 54.4 50.7 50.3 51.2 51.3 
AI2O5 N.D. N.D. N.D. N.D. N.D. 

PeO 29.8 37.1 37.0 36.9 36.9 
MgO 12.6 8.3 8.3 8.6 8.6 

CaO 0.1 0.3 0.3 0.3 0.2 
Na20 N.D. N.D. N.D. N.D. N.D. 

Ti02 N.D. N.D. N.D. N.D. N.D. 

MnO N.D. N.D. N.D. N.D. N.D. 

96.9 96.4 95.9 97.0 97.0 

Atomic proportions on the basis of 23 oxygens. 
Si 8.20 8.03 8.02 8.04 8.05 
Al — — — —, — 
Pe2 3.76 4.92 4.93 4.85 8.84 
Mg 2.83 1.96 1.97 2.01 2.01 
Ca 0.02 0.05 0.05 0.05 0.05 
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Electron microprobe analyses - Middleback Ranges 

Amphiboles - continued 

Na 
T i 
Mn 

74-587 1707 1707 1707 77-1185 
Oxide weight percentage 
Si02 51.5 56.3 56.7 57.8 57.8 

AI2O5 N.B. N.D. N.D. N.D. N.D. 

FeO 37.2 7.2 6.9 7.6 6.2 

MgO 8.5 19.9 20.4 20.0 21.0 

CaO 0.2 12.8 13.2 13.4 12.6 

Na20 N.D. N.D. N.D. N.D. N.D. 

TiOg N.D. N.D. N.D. N.D. N.D. 

MnO N.D. N.D. N.D. N.D. N.D. 

97.4 96.2 97.2 98.8 97.4 

Atomic proportions on the basis of 23 oxygens. 
Si 8.06 7.99 7.96 8.0 8.04 
Al — — — — — 
Fe2 4.87 0.86 0.81 0.88 0.72 
Mg 1.98 4.21 4.27 4.13 4.35 
Ca 0.03 1.95 1.99 1.99 1.85 



4 0 3 
Electron microprobe analyses - Middleback Ranges 

Amphiboles - continued 

Na 
T i 
Mn 

77-1185 77-1185 20^2 2052 20^2 
Oxide weight percentage 
Si02 57.8 57.3 57.1 55.7 58.3 

AI2O3 N.D. N.D. N.D. N.D. N.D. 

PeO 7.0 6.1 6.8 6.0 6.0 

MgO 20.7 21.2 20.1 20.8 21.7 

CaO 11.6 12.2 13.2 12.7 13.3 

Na20 N.D. N.D. N.D. N.D. N.D. 

Ti02 N.D. N.D. N.D. N.D. N.D. 

MnO N.D. N.D. N.D. N.D. N.D. 

97.1 96.8 97.2 95.2 99.3 

Atomic proportions on the "basis of 23 oxygens. 
S i 8.07 8.02 8.01 7.95 7.97 
Al — — — — — 
Pe2 0.82 0.71 0.80 0.72 0.69 
Mg 4.51 4.42 4.20 4.43 4.42 
Ca 1.74 1.85 1.98 1.94 1.95 



4 0 4 
Electron microprobe analyses - Middleback Ranges 

Amphiboles - continued 

59-679 59-679 57-2081 I627 
Oxide weight percentage 
Si02 58.1 58.7 55.0 53.9 

AI2O5 N.D. N.D. 0.2 0.7 

PeO 4.2 4.7 16.6 13.9 
MgO 22.9 21.1 13.9 15.0 

CaO 12.5 11.2 12.5 11.4 
Na20 N.D. N.D. N.D. 0.3 

Ti02 N.D. N.D. N.D. N.D. 

MnO N.D. N.D. N.D. 0.3 

97.7 95.7 98.2 95.5 

Atomic proportions on the basis of 23 oxygens. 
S i 7.99 8.19 7.99 7.96 
Al — — 0.03 0.12 
Ee2 0.48 0.55 2.02 1.72 
Mg 4.69 4.39 3.01 3.30 
Ca 1.84 1.68 1.95 1.80 
Na — — — 0.09 
Ti — — — — 
Mn — — — 0.04 



4 0 5 
Electron microprohe analyses - Middleback Ranges. 
Bio.tites from Cook Gap Schist 

Cover s l i p s removed from thin sections - analyses semi­
quantitative. 

1958 5-157 
Oxide weight percentage 
Si02 30.7 34.5 
AI2O3 21.9 17.1 
FeO 21.2 22.1 

MgO 8.8 8.4 
CaO 0.2 0.4 
Na20 0.0 0.1 

K2O 8.4 8.2 

Ti02 0.5 1.6 

MnO 0.0 0.1 

91.7 92.5 

Atomic proportion on the basis of 23 oxygens, 
S i 5.14 5.73 
Al 4.33 3.35 
Pe2 2.97 3.07 
Mg 2.20 2.08 
Ca 0.04 0.07 
Na 0.00 0.03 
K 1.80 1.74 
Ti 0.06 0.20 
Mn 0.00 0.01 



4 0 6 

Electron microprobe analyses - Middleback Ranges 

Amphibole from Cook Gap Schist. 
Cover s l i p removed from thin section - analyses semi­
quantitative. 

I z l 5 7 
Oxide weight percentage 
Si02 42.9 
AI2O3 16.7 
PeO 19.5 
MgO 6.8 
CaO 11.4 
Na20 3.0 

Z2O 0.3 

Ti02 0.3 
MnO 0.5 

101.4 

Atomic proportion 1 
S i 6.25 
Al 2.87 
Pe2 2.37 
Mg 1.48 
Ca 1.78 
Na 0.85 
K 0.06 
Ti 0.03 
Mn 0.06 



4 0 7 
Electron microprobe analyses - Middleback Ranges 
Feldspars from Cook Gap Schist. 

Cover s l i p removed from thin section - analyses semi­
quantitative. 

1961 1961 
Oxide weight percentage 
Si02 56.1 56.5 
AI2O5 25.3 25.3 
PeO 0.1 0.0 

MgO 0.2 0.2 

CaO 6.5 6.5 
Na20 7.3 6.9 
K2O 0.9 1.3 

Ti02 0.0 0.0 

MnO 0.0 0.0 

96.4 96.7 

Atomic proportions on the basis of 28 oxygens, 
S i 10.44 10.48 
Al 5.55 5.53 
Pe2 0.02 0.00 
Mg 0.06 0.06 
Ca 1.30 1.29 
Na 2.64 2.48 
K 0.21 0.31 
T i 0.00 0.00 
Mn 0.00 0.00 

End member compositions. 
AB 63.57 60.81 
AN 31.27 31.65 
OR 5.16 7.54 



4 0 8 

Electron microprobe analyses - Middleback Ranges 

Chlorite from Cook Gap Schist. 
Cover s l i p removed from thin section - analysis semi­
quantitative. 

5-1952 
Oxide weight percentage 
Si02 24.8 

AI2O3 20.6 

PeO 31.9 
MgO 9.2 

CaO 0.1 

Na20 0.1 
K2O 2.1 

Ti02 0.3 
MnO 0.1 

89.2 

Atomic proportion on the basis of 28 oxygens. 
S i 5.40 
Al 5.29 
Pe2 5.81 
Mg 2.99 
Ca 0.02 
Na 0.04 
K 0.58 
Ti 0.05 
Mn 0.02 



4 0 9 

Electron microprobe analyses - Iron Duke 
Chlorites i n c h l o r i t i s e d argillaceous s c h i s t s of Death Adder 
Gully. Section 60-995 with cover s l i p removed. 

Brown chlorite Green chlorite 

SiOg 29.6 23.9 
AI2O3 18.2 18.8 
PeO 11.4 32.8 
MgO 25.0 10.3 
CaO 0.1 0.1 
Na20 0.0 0.0 
K2O 0.0 0.1 

Ti02 0.0 0.1 

MnO 1.6 0.8 

Cr203 0.1 0.1 
86.0 87.0 

Reconnaissance through the thin section shows a wide range 
of Fe:Mg r a t i o s . 
Analyses by Dr. A. Peckett, Geology Department, University of 
Durham, rounded to f i r s t decimal place by the author. 



Electron microprobe analyses - Middleback Ranges 

Garnets i n Cook Gap Schist. 

Cover s l i p s removed from thin sections - analyses semi­
quantitative. 

Gl G2 G3 G4 G5 
1^61 I96I 5-1952 5-1952 

Oxide weight percentage 
Si02 36.1 35.8 35.5 35.5 36.5 
AI2O3 21.6 22.0 20.2 21.7 21.6 

PeO 26.1 26.0 25.5 36.8 36.5 
MgO 1.4 1.4 1.0 1.3 
CaO 2.9 3.1 5.2 1.4 2.8 

Na20 0.1 0.2 0.3 0.0 0.0 

K2O 0.1 0.0 0.0 0.0 0.0 

Ti02 0.1 0.0 0.1 0,1 0.1 

MnO 10.2 11.6 9,7 2.2 1.7 
98.6 100.1 98.0 98.7 100.5 

Atomic proportions on the basis of 24 oxygens. 
S i 5.92 5.82 5.90 5.87 5.90 
Al 4.18 4.22 3.96 4*23 4.12 
Pe2 3.58 3.53 3.54 5.09 4.94 
Mg 0.35 0.34 0.37 0.25 0.31 
Ca 0.51 0.54 0.93 0.25 0.49 
Na 0.40 0.06 0.10 0.00 0.00 
K 0.02 0.00 0.00 0.00 0.00 
Ti 0.01 0.00 0.12 0.01 0.12 
Mn 1.42 1.60 1.37 0.31 0.23 

End member compositions. 
Almandine(Pe) Spessartite(Mn) Grossularite(Ca) Pyrope(Mg) 

Gl "61.1 24.2 8.7 6.0 
G2 58.7 26.6 9.0 5.7 
G3 57.0 22.1 15.0 6.0 
G4 86.4 5.3 4.2 4.2 
G5 82.7 3.9 8.1 5.3 



411 

Electron microprobe analyses - Iron Duke 

Carbonates i n samples of ty p i c a l magnetite-hematite-
carbonate ore. A l l samples have both layered and vein 
structures. 
Element analyses calculated as carbonates. 

CaCO, MgCÔ  FeCO, MnCÔ  Total 

85-665 
Vein c r y s t a l , 
clear 50.8 31.3 13.3 2.0 97.4 
Yein c r y s t a l , 
cloudy 51.5 38.2 6.5 2.0 98.2 
Crystals i n 
iron oxide 
r i c h layer 50.9 37.6 7.9 2.3 98.7 
Crysta l s i n 
iron oxide 
r i c h layer 51.7 37.1 8.9 2.8 100.5 

60-643 
Cr y s t a l i n 
iron oxide 
r i c h layer 49.2 34.9 15.8 1.0 100.9 

57-900 
Crys t a l i n 
iron oxide 
r i c h layer 50.1 35.8 10.1 1.1 97.1 
Crystal i n 
iron oxide 
r i c h layer 51.0 36.5 8.7 1.7 97.9 
Cryst a l i n 
iron oxide 
r i c h layer 52.6 36.0 6.1 2.4 97.1 
Vein 
Carbonate 
adjacent to 
above 
c r y s t a l s 51.3 35.9 7.9 2.5 97.6 



4 1 2 
Electron microprobe analyses - Iron Duke 

Carbonates i n samples of typica l magnetite-hematite-carbonate 
ore - continued. 

CaCO^ MgCÔ  PeCOj MnCÔ  Total 
57-1239 
Crystal i n 
iron oxide 
r i c h layer 90.2 0.1 3.8 3.7 97.7 
Vein 
carbonate 92.1 0.1 0.3 4.6 97.1 
Sequence from carbonate i n layered portion of sample to vein 
carbonate: 
Carbonate i n 
iron oxide 
r i c h layer 93.2 0 . 0 0.5 5.1 97.5 
Carbonate at 
edge of iron 
oxide r i c h 
layer 92.1 0 . 0 0.1 5.3 97.5 
Vein 
carbonate 94.7 0 . 0 0.3 2.6 97.6 
I n t e r s t i t i a l 
carbonate 92.4 0 . 0 0.3 4.2 96.9 
Adjacent vein 
carbonate 92.5 0.3 0.4 3.7 96.9 
Sequence from i n t e r s t i t i a l to vein carbonate: 
I n t e r s t i t i a l 93.2 0 . 0 0.5 5.1 98.8 
Edge of 
i n t e r s t i t i a l 92.1 0 . 0 0.1 5.3 97.5 
Vein 
carbonate 94.7 0 . 0 0.3 2.6 97.6 



4 1 3 
Electron microprobe analyses - Iron Duke 

Carbonates i n samples of ty p i c a l magnetite-hematite-
carbonate ore - continued. 

CaCO^ MgCO, PeCO.. MnCÔ  Total 

61-780 
Typical large 
vein 
c r y s t a l 52.5 39.8 5.0 0.9 98.2 
Large vein 
c r y s t a l 
adjacent to 
cavity 51.2 33.5 11.3 1.7 97.7 
Clear vein 
c r y s t a l 51.1 34.1 11.5 1.8 98.5 
Sl i g h t l y 
cloudy vein 
c r y s t a l 51.7 33.7 11.1 2.1 98.6 
Very 
cloudy vein 
c r y s t a l 50.6 29.5 13.9 3.4 97.4 
Small 
i n t e r s t i t i a l 
c r y s t a l 49.6 39.2 11.8 . 0.8 101.4 
Small 
i n t e r s t i t i a l 
c r y s t a l 51.3 39.7 5.3 0.8 97.1 



4 1 4 
Electron microprobe analyses - Iron Duke 

Carbonates i n well layered samples of magnetite-hematite-
carbonate ore, 
Element analyses recalculated as carbonates. 

85-810 CaCO^ MgCÔ  PeCO^ MnCÔ  Total 

Crystal i n 
iron oxide 
r i c h layer 54.8 38.9 3.7 0.8 98.2 
Crystal i n 
iron oxide 
r i c h layer 56.8 37.9 4.6 0.8 100.1 

Crystal i n 
iron oxide 
r i c h layer 55.0 39.8 4.1 1.9 100.8 

Equigranular 
carbonate 51.3 41.3 5.3 1.6 99.5 



4 1 5 
Electron microprobe analyses - Iron Duke 

Carbonates i n veins within the magnetite-hematite-carbonate 
ore. 
Element analyses recalculated as carbonates. 

CaCO^ MgCÔ  FeCO^ MnCÔ  Total 
67-1039 
Clear c r y s t a l , 
good 
cleavage 51.0 32.7 12.5 1.7 97.9 
Cloudy c r y s t a l , 
good 
cleavage 48.0 34.2 15.0 1.8 99.0 

Carbonate c r y s t a l within magnetite vein: 

Clear rim 51.4 31.7 14.6 1.8 99.5 
Cloudy 
i n t e r i o r 49.8 31.2 15.5 1.6 98.1 
1 
Clear c r y s t a l 51.0 31.5 13.8 2*0 98.3 
Cloudy c r y s t a l 50.3 30.5 13.9 2.4 97.1 
59-900 
Cloudy c r y s t a l 51.9 37.5 6.0 2.0 97.4 
78-800 
Cloudy c r y s t a l 50.2 34.0 11.4 1.3 96.9 



Electron microprobe analyses - Iron Duke 

Intermixed ankerites and s i d e r i t e s within the magnetite-
hematite-carbonate ©re. 
Element analyses recalculated as carbonates. 

CaCO, 3 MRCO^ PeCO J MnCO, Tota; 

60-643 
Ankerite 43.1 30.4 23.1 3.1 99.7 
Ankerite 49.2 34.9 15.8 1.0 100.9 
Ankerite 51.1 35.1 8.9 1.2 96.3 
Ankerite c r y s t a l : 
Outer rim 46.5 28.8 20.9 1.7 97.9 
Centre 50.3 28.4 17.8 1.7 98.2 
Magnesio-
s i d e r i t e 1.5 43.5 50.9 3.7 98.6 
Magnesio-
s i d e r i t e 0.4 40.8 53.4 4.2 98.8 
Magnesio-
s i d e r i t e 0.4 38.4 55.7 4.6 99.1 
Magnesio-
s i d e r i t e 0.3 40.6 52.3 5.3 98.5 
Magnesio-
s i d e r i t e 0.1 41.3 54.8 3.2 99.4 
Zoned c r y s t a l of magnesio-siderite and ankerite: 
Clear outer 
rim 0.6 38.3 57.5 3.5 99.9 
Mottled 
intermediate 
zone 31.0 31.9 32.0 2.9 97.8 
Mottled 
intermediate 
zone 51.0 38.0 7.0 0.9 96.9 
Centre 50.6 37.3 7.3 1.0 96.2 

74-811 
Ankerite 51.2 30.7 15.5 1.4 98.8 
Cry s t a l of 
dominant 
carbonate i n 
the sample 

35.2 31.1 30.7 1.7 98.7 



Electron microprobe analyses - Iron Duke 
Trace elements in magnetite grains within different types 
of magnetite-hematite-carbonate ore. 

417 

S i m Mg Ti 

Banded magnetite-
ankerite 
(83-575) 

grain 

0.36 
0.12 
0.12 

0.04 
0.00 
0.00 

0.18 
0.10 
0.05 

0.16 
0.13 
0.10 

smaller 0.07 0.00 0.10 0.13 
grains 0.07 0.00 0.18 0.27 

Typical ore 
(74-579) Banded 

portion 
0.05 
0.26 
0.07 

0.00 
0.06 
0.06 

0.00 
0.00 
0.00 

0.03 
0.00 
0.00 

vein 0.19 0.26 0.00 0.00 
portion 0.19 0.18 0.00 0.00 

Vein magnetite 
(67-1029) 1 

0.19 
wm 

0.18 
0.20 

0.00 
0.00 

0.03 
0.03 

0.19 2.12 0.00 0.10 

Synthetic hematite 
(standard) 

0.07 
0.20 

0.31 
0.20 

0.00 
0.00 

0.03 
0.03 



Electron microprobe analyses - Iron Duke 
Carbonates i n the Basal Carbonate u n i t . 
Element analyses recalculated as carbonates. 

418 

47-1041 CaCÔ  MgCÔ  EeCo, MnCÔ  Total 
Typical 
large c r y s t a l 52.6 33.5 12.5 1.1 99.7 
Typical 
large c r y s t a l 52.5 33.5 12.8 1.7 100.7 
Small 
i n t e r s t i t i a l 
crystals 52.1 33.1 12.2 1.8 99.2 
Small 
i n t e r s t i t i a l 
crystals 53.0 32.9 12.0 2.3 100.2 

Sequence from a t y p i c a l large, clear carbonate crystal to the 
surrounding granular, fine-grained, cloudy matrix; 
Large 
c r y s t a l centre 53.2 32.9 12.9 1.6 100.6 
Large 
c r y s t a l rim 51.4 32.3 13.3 2.2 99.2 
Pine-
grained matrix 52.1 32.1 11.4 3.3 98.9 



419 

Electron mieroprobe analyses - Iron Duke 
Diopside i n Basal Carbonate u n i t . 

SAl 
Oxide weight percentage 
Si02 52.8 
AI2O3 0.3 
FeO 7.6 
MgO 13.1 
CaO 24.1 
Na20 0.4 

N.D. 
Ti02 0.1 
MnO 0.8 

99.2 

Atomic proportions 
Si 2.0 
Al 0.0 
Fe2 0.3 
Mg 0.8 
Ca 1.0 
Na 0.0 
K -
T i 0.0 
Mn 0.0 



420 
Electron microprobe analyses - Iron Duke 
Talcs i n samples from the ta l c zone. 

2159 2159 2159 77-275 77-275 
Oxide weight percentage 
Si02 61.0 60.1 63.1 57.2 57.4 
A1203- 0.2 0.2 0.2 0.2 0.1 
FeO 10.5 13.0 12.0 14.3 14.1 
MgO 24.1 23.0 23.1 20.7 20.4 
CaO 0.0 0.0 0.1 0.1 0.1 
Na20 0.1 0.3 0.1 0.0 0.0 

Ti02 0.0 0.0 0.0 0.0 0.0 
MnO 0.0 0.0 0.0 0.0 0.0 

95.9 96.6 98.6 92.5 92.1 

Atomic proportions on the basis of 22 oxygens. 
Si 8.03 7.96 8.11 7.98 8.03 
Al 0.03 0.03 0.03 0.03 0.02 
Fe2 1.16 1.44 1.29 1.67 1.65 
Mg 4.73 4.54 4.42 4.30 4.25 
Ca 0.00 0.00 0.01 0.02 0.02 
Na 0.03 0.08 0.03 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 



4 2 1 

Electron microprobe analyses - Iron Duke 
Talcs - continued 

77-275 , 77-275 74-453 74-453 74-453 
Oxide weight percentage 
Si02 
AI2O3 
PeO 
MgO 
CaO 
Na20 
Ti02 
MnO 

58.1 57.7 57.7 58.5 57.9 
N.D. 0.2 N.D. N.D. N.D. 

11.4 10.7 17.9 17.7 19.5 
23.0 22.7 19.3 19.2 18.6 
0.1 0.0 0.0 0.0 0.0 
0.0 0.0 N.D. N.D. N.D. 

N.D. 0.0 N.D. • N.D. N.D. 

0.1 0.0 N.D. N.D. N.D. 

92.7 91.3 94.9 95.4 94.8 

Atomic proportions on the basis of 22 oxygens >. 
Si 7.98 8.01 7.97 8.02 8.02 
Al — 0.03 — — — 
Pe2 1.31 1.24 2.07 2.03 2.12 
Mg 4.71 4.69 3.98 3.92 3.84 
Ca 0.02 0.00 0.00 0.00 0.00 
Na 0.00 0.00 — — — 
T i — 0.00 — — — 
Mn 0.01 0.00 — — — 



422 

Electron microprobe analyses - Iron Duke 
Talcs - continued 

74-45? 74-453 59-633 59-633 59-633 
Oxide weight percentage 
Si02 57.5 56.0 60.5 61.8 58.9 
AI2G5 N.D. N.D. N.D. N.D. N.D. 

PeO 17.1 16.6 8.4 3.1 8.2 
MgO • 19.1 19.9 25.1 28.7 25.7 
CaO 0.2 0.0 0.0 0.1 0.0 

Na20 N.D. N.D. N.D. N.D. N.D. 

Ti02 N.D. N.D. N.D. N.D. N.D. 

MnO N.D. N.D. N.D. N.D. N.D. 

93.9 92.5 94.0 93.7 92.8 

Atomic proportions on the basis of 22 oxygens. 
Si 8.01 7.92 8.04 8.04 7.95 
Al — — — — 
Fe2 1.99 1.96 0.93 0.34 0.93 
Mg 3.96 4.19 4.97 5.56 5.17 
Ca 0.03 0.00 0.00 0.01 0.00 
Na 
Ti 
Mn 



Electron microprobe analyses - Iron Duke 
Talcs - continued 

83-670 83-670 74-453 74-453 74-453 
Oxide weight percentag e 
Si02 58.5 58.5 56.4 56.2 55.2 
AI2O3 N.D. N.D. N.D. N.D. N.D. 
PeO 12.3 11.8 18.1 17.9 18.0 
MgO 22.5 22.6 18.8 18.8 19.1 
CaO 0.0 0.0 0.0 0.0 0.0 

Na20 N.D. N.D. N.D. N.D. N.D. 

Ti02 N.D. N.D. N.D. N.D. N.D. 

MnO 0.0 0.0 N.D. N.D. N.D. 

93.3 92.9 93.3 92.9 92.3 

Atomic proportions on the basis of 22 oxygens. 
Si 8.00 8.01 7.95 7.95 7.89 
Al — — — — — 
Pe2 1.41 1.35 2.14 2.12 2.15 
Mg 4.59 4.61 3.95 3.97 4.07 
Ca 0.00 0.00 0.00 0.00 0.00 
Na — — — — — 
T i — — — — — 
Mn 0.00 0.00 — — — 



42 4 

Electron microprobe analyses - Iron Duke 
Talcs - continued 

74-453 74-453 74-453 5?-6?? 
Oxide weight percentage 
Si02 
Al20^ 
FeO 
MgO 
CaO 
Na20 
Ti02 
MnO 

59.5 56.4 57.4 60.3 
N.D. N.D. N.D. N.D. 

16.1 18.4 16.8 9.1 
18.2 18.2 20.0 25.2 
0.0 0.1 0.0 0.1 

N.D. N.D. N.D. N.D. 

N.D. N.D. N.D. N.D. 
N.D. N.D. N.D. N.D. 

93.8 93.1 94.2 94.7 

Atomic proportions on the basis of 22 oxygens. 
Si 8.20 7.98 7.96 8.00 
Al 
Fe2 1.86 2.18 1.95 1.01 
Mg 3.74 3.84 4.13 4.98 
Ca 0.00 0.02 0.00 0.01 
Na 
Ti 
Mn — 



425 
Electron microprobe analyses - Iron Duke 
Replacement of amphiboles by ta l c and quartz. 

I n the following descriptions, the term amphibole 
applies to crystals which o p t i c a l l y appear to be amphiboles 
but i n some cases the analyses have low t o t a l s , suggesting 
p a r t i a l or complete conversion to t a l c . 

CaO. MgO PeO SiOo Total 
1. A l t e r a t i o n to t a l c 
74-348 
Amphibole 
c r y s t a l 0.0 18.8 17.7 57.7 94.2 
Amphibole 
c r y s t a l 0.1 19.4 17.2 57.8 94.5 
Pibrous area 
adjacent to 
well formed 
c r y s t a l 

0.1 21.4 14.0 57.8 93.3 

Typical 
amphibole i n 
centre of t a l c 0.1 19.6 16.1 56.4 92.2 
Talc 0.0 20.6 15.0 57.6 93.2 
Amphibole 0.1 18.5 17.6 57.4 93.6 

59-679 
Amphibole 12.8 22i3 4.1 62.3 101.5 
Amphibole 12.6 22.5 3.6 62.5 101.2 
Talc border 
of above 
amphibole 1.9 24.2 8.4 58.8 93.3 
Amphibole 12.5 22.9 4.2 58.1 97.7 
Pibrous 
amphibole talc11.2 21.1 4.7 58.7 95.7 
Pawn granular 
patch-
carbonate 
quartz 18.3 19.2 4.6 36.3 78,4 



42 

Electron microprobe analyses - Iron Duke 

CaO MgO FeO SiOo Total 
59-533 
Amphibole 0.1 23.7 10.8 57.2 91.8 
Talc rim 0.1 23.8 11.1 56.2 91.2 
Amphibole oa 23.7 10.6 59.4 93*8 
Amphibole 0.1 23.8 11.3 58.3 93.5 
Amphibole 0.2 21.2 11.7 60.5 93.6 
Fibrous t a l c 0.1 23.6 10.4 58.9 93.0 
Fibrous t a l c 0.1 23.3 10.7 59.2 93.3 
62-1316 
Amphibole 13.2 20.1 6.8 57.1 97.2 
Fibrous edge 
of amphibole 
c r y s t a l 5.7 14.8 11.2 67.7 99.4 
Fibrous t a l c 
w i t h quartz 0.9 22.3 8.0 66.2 97.4 

2. A l t e r a t i o n to quartz 
78-443 
Amphibole 
s l i v e r s i n 
quartz 0.1 13.7 36.3 50.8 100.9 
Amphibole 
remnant 0.1 12.6 29.8 54.4 96.9 
Amphibole 
remnant 0.1 10.1 33.8 54.3 98.3 
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APPENDIX I I I - STAINING. AND X-RAY DIFFRACTION DATA 
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1. Staining 

84 carbonate r i c h samples were stained to determine 
the types of carbonate present. The samples were predomin­
ant l y of magnetite-hematite-carbonate ore, from throughout 
the orebody, with a lesser number from the basal carbonate 
u n i t . 

Staining was carried out i n the manner described 
by Warne (1962). Carbonate r i c h samples were cut using a 
diamond saw and the f l a t face was etched i n d i l u t e HCl f o r 
several minutes, washed i n d i s t i l l e d water and l e f t to dry. 
The sample was then placed i n A l i z a r i n Red S and allowed to 
react f o r about f i v e minutes. Calcite becomes stained a 
br i g h t , deep red a f t e r t h i s period, but ankerite and si d e r i t e 
are uncoloured. Samples of carbonates other than cal c i t e 
were then washed i n d i s t i l l e d water, dried, and placed i n a 
bath containing equal volumes of A l i z a r i n Red S and 30^ 
sodium hydroxide solution. After heating the solution f o r 
about f i v e minutes, the ankerite becomes stained a d i s t i n c t red-
mauve and the s i d e r i t e i s dark brown. Quartz remains 
completely unstained during the process. 

2. X-ray d i f f r a c t i o n 

A P h i l l i p s x-ray d i f f r a c t i o n u n i t at the South 
Australian I n s t i t u t e of Technology was used for rapid 
i d e n t i f i c a t i o n of carbonates i n the magnetite-hematite-
carbonate ore and basal carbonate u n i t . Debye-Scherrer 
cameras with 57.3mm r a d i i were employed, using r o l l e d 
spindles of f i n e l y ground mineral and Co radiation with an Fe 
f i l t e r . The fi l m s were measured by a calibrated scale and 
no precise calculations were attempted. Forty two carbonate 
samples from stained specimens were x-rayed, of which t h i r t y 
one had similar d i f f r a c t i o n patterns with d-spacihgs conform­
ing i n position with those of the A.S.T.M. dolomite and 
ankerite cards but with i n t e n s i t i e s between the A.S.T.M. 
values f o r those minerals. This carbonate was termed Type B 
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f o r convenient reference and i t s x-ray d i f f r a c t i o n data i s 
shown i n Table lY - 1. An analysis of hand-picked Type B 
material from DDH 57-749, shows i t to be an intermediate 
ankerite : 

SiOo AI2O3 £©2-3 — — - -2-5 Total 
,0,1 0.1 9.7 15.7 28.4 1.2 0.0 0.0 44.4 99.6 

Twenty of the t h i r t y one Type B samples f i t t e d 
precisely the three main l i n e positions shown i n Table lY - 1, 
and the other eleven samples had d-spacings s l i g h t l y higher 
or lower than those shown i n the table. Samples other than 
Type B included three of s i d e r i t e , four of c a l c i t e , and four 
were mixtures of Type B and s i d e r i t e or c a l c i t e . The location 
of a l l the samples i s l i s t e d i n Table IV - 2. 

I n Durham, a P h i l l i p s PW II3O/IO x-ray d i f f r a c t i o n 
u n i t was used, with 114.95mm diameter Debye-Scherrer cameras 
and f i n e l y powdered samples mounted on glass spindles. Co 
r a d i a t i o n and an Fe f i l t e r was used f o r a l l samples. The 
fi l m s were measured on a Hilger and Watts scale with vernier 
attachment. D- spacings and c e l l parameters were calculated 
i n the manner described by Hall (1971). 

The results f o r one sample of magnesio-siderite 
were supplied to A.S.T.M. for inclusion i n the mineral index 
f i l e . 
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Table IV-1 - X-ray d i f f r a c t i o n data f o r carbonate Tyye B. 
Carbonate Type B 
Data compiled from nine samples 

Degrees 26 d (A°) Rel. Intensity 

27.9 3.71 W (M) 

35.9 2.90 VS 

38.8 2.69 W 

41.2 2.54 ¥ 

43.5 2.42 ¥M 

47.9 2.21 M (S) 

51.2 2.07 V¥ 

52.4 2.03 M (¥) 

57.6 1.86 Y¥ (¥) 

59.5 (double) 1.80 M (S) 

69.3 Approx. 1.57 V¥ 

70.5 " 1.55 ¥ 

74.6 " 1.48 ¥ 

76.4 1.45 V¥ 

79.6 " 1.40 ¥ 

83.5 ' " 1.34 ¥ 

I n t e n s i t y code : VS = Very strong 
S = Strong 
M = Moderate 
¥ = ¥eak 
VW = Very weak 
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Table IV-2 - Location of x-ray d i f f r a c t i o n samples 
Type B 

DDH 57 - 560 DDH 78 - 675 DDH 61 - 823 
- 724 - 800 - 902 
- 748 - 818 - 949 (A,B) 
- 749 (A,B,C) - 878 
- 795 - 937 
- 582 
- 1003 
- 1042 
- 1215 
- 1720 

DDH 59 - 727 DDH 67 - 432 DDH 47 - 1182 
- 831 
- 900 
- 1148 

DDH 71 - 695 DDH 85 - 493 
- 676 
- 817 

Siderite 
DDH 74 - 492 

- 542 
- 840 

Calcite 
DDH 57 - 1215 DDH 47 - 1091 DDH 60 - 901 

- 1343 

Mixed carbonates 
DDH 57 - 582 DDH 85 - 472'6" DDH 86 - 455 

- 724 
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APPEl'TDIX IV - FLUID lECLUSION DATA 
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Homogenisation work was carried out using a 
Le i t z heating stage microscope f i t t e d with DM 20/0.33 and 
32/0.60 objectives, and a 10 x ocular. The specimens were 
placed adjacent to a cromel-alumel thermocouple and the 
temperatures were recorded on a P h i l l i p s Chart recorder. 
Temperature c a l i b r a t i o n was effected by observing organic 
compounds of known melting point sealed i n c a p i l l a r y tubes, 
and placed i n approximately the same position as the samples. 
Small flakes of carbonate from the faces of well developed 
crystals were used mainly, together with one sample of mixed 
carbonate and quartz which was prepared as a t h i n doubly 
polished wafer between 0.1mm and 0.5mm i n thickness. The 
inclusions were examined at a heating rate of 10*̂ C to 15°C 
per minute, which was decreased as the bubble reduced i n 
size. The temperature at which the bubble disappeared was 
recorded, or estimated i n cases where the bubble became l o s t 
to view i n shadow during the f i n a l stages of contraction. 
Duplicate runs were made frequently and a l l inclusions were 
examined f o r leakage on cooling. ^ 

Freezing work was carried out using the same 
microscope and a stage designed and made by Smith (thesis 
i n preparation) which u t i l i z e d nitrogen passed through l i q u i d 
nitrogen. The sample was placed within a small chamber, 
adjacent to the thermocouple, and low temperature nitrogen 
was introduced to the chamber, r e s u l t i n g i n a temperature i n 
the order of -50°C. Most of the inclusions froze completely 
a f t e r a period of up to one hour at t h i s temperature. The 
temperature was then raised gradually by reducing the flow of 
nitrogen, and the point at which the l a s t crystal melted was 
recorded. I n each case, the l a s t c r y s t a l was immediately 
reformed by decreasing the temperature, to establish that the 
process was reversible. Calibration was effected by using 
inorganic standards of known freezing points. 
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In the early stages of the work, an attempt was 
made to ascertain the homogenisation temperatures using 
decrepitation techniques. Samples of crushed carbonate 
were placed upon the heating stage and examined as the 
temperature was raised. F l u i d could he seen emerging at 
some carbonate c r y s t a l faces, and occasionally there was 
isolated movement as a grain fractured, but there was no 
general sample decrepitation. 
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Homogenisatlon data 

Individual f l u i d inclusion homogenisation temperatures, i n 
carbonate fragments. 

A l l samples are ankerite unless stated otherwise. 
P = Primary-
PS = Pseudo secondary 

86-686. 

P °c 143 148 120 128 136 
136-143 129 138-143 133 112 

112 129 136 138 104 
102 155 •138 138 126 
124 119 126-136 136-140 133 

116-121 167 121 119 116 
116 145 121 121 121 

PS °c 119 129 138 126-136 126 
116-121 145 

67-1065 
P °C 121 160 143 150 158 

160 140-148 145 152 160 
164 

74-956 

P °C 114 121-128 153 141 133 
138 143 129 141 109 
114 102 107 

PS °C 128 126 

83-531 
P °C 124 114-124 124-129 119 112 

126 119 124 116 
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Homogenisation data - continued 

74-886 
P °C 126 139 102 208 114-126 

114-126 145 133 121 126-131 
136 129-133 150 160 138 
136 

PS °C 112 114 

57-1345 ( C a l c i t e ) 
P °C 119 119 109-114 104 119 

124 121 126 116 133 

74-750 (Siderite at contact with c h l o r i t i s e d amphibolite) 

P °C 102 143-148 155 155 121 
121 133 131 121 126 
116 126 153 153 143-148 

67-810 
P °0 131 141 116-121 116-121 116-121 

121 126 109 129 104 

142- 145 109 119 104 

PS °C 114-121 

59-730 
P °C 104 119 119 114 102 

121 136 121-124 

PS °C 90 90-94 

86-640 
P °C 102-119 109-119 119 109-119 148 

143- 148 148-150 121 155 153 
150 153-155 153-158 143 



Homogenisation data - continued 

42 7 

P °C 128 
112 

126-131 
121 

131 
126 

145 
126 

138 

PS °C 148 119 
114-124(4) 148 

119 150 116 

57-1178 ( C a l c i t e ) 
138 160 

184-199 131 
162 164 

P °C 172 
175 
160 

192 
162 

206 
170-175 

PS °C 167 

74-563 ( S i d e r i t e ) 

P °C 143 129 

PS °C 143-150 

60-723 
P °C 143 

126 
130-138 130-138 138 133-138 

60-843 
P 135-140(3) 

57-1200 ( C a l c i t e ) 
107 126 P °C 126 

57-1196 ( C a l c i t e ) 

P °C 133 
128 

107 
149 

139 
143 

152 
143-155 

141 
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Homogenisation data - continued 

78-800 
P °C 111-116 

102 
100-102 

123 
128 
120 

116 
114 
120 

116-123 
110 

117 
116 

61-780 

P °C 94 

60-906 
P °C 114 100-125 110-180 
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Freezing data 

Melting points for the l a s t c r y s t a l s i n inclusions 
within individual samples are : 

Freezing 
Sample No. inclusions temperature C 
78-956 1 -12° 
(Quartz) 3 -16° 

78-752 4 -20° to -18° 
(Ankerite) 1 -4° 

86-686 2 -22° 
(Ankerite) 5 -19° to -18° 

12 -16° 
2 -14° to -13° 
1 -7° (2nd phase — inclusion 

31 with two 
phases, one 
with freezin 
point of 18 

I n sample 74-956 (ankerite), there are two main 
types of f l u i d inclusions: 

(1) Relatively large, angular inclusions with 
boundaries approximately p a r a l l e l to the c r y s t a l edges and 
generally isolated from other inclusions. These freeze 
completely on cooling and the l a s t c r y s t a l melts at about 
-11°C. 

(2) Small, rounded or crescent shaped inclusions 
which often appear to consist of two phases, i n some cases 
two l i q u i d phases and i n others one l i q u i d phase and one of 
small c r y s t a l s . They tend to occur i n l i n e s or grouped 
together i n s u i t e s . On cooling, the l i q u i d phases only 
p a r t i a l l y freezes and the c r y s t a l s disappear at -20°C to -16°C. 


