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The genesis of an orebody is a fundamental

problem of more than academic importance.

K.R.Miles, 1954.
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ABSTRACT

The Middleback Ranges consist of tightly folded
Preéambrian irone-formations flanked by graniteegneisses and
feldspathic metasediments. Hematite orebodies occur within
the iron-formations and are confined to pitching synforms and
steeply dipping fold limbs. At Iron Duke, a large hematite
orebody extends down the pitch of a synform into a hidden body
of magnetite~hematiteecarbonate rock which is surrounded by
talcose zones. Various theories including granitisation,
primary sedimentation, and supergene leaching have been
proposed previously to account for the origin of the hematite
orebodies. The magnetite-hematite~carbonate and talcose rocks
of Iron Duke have been attributed to carbonate metasomatism

affecting the ironeformation.

The mineralogy and microtextures of the iron-formation
units are described. Mineral assemblages indicate that regional
metaﬁorphism reached lower amphibolite facies grade at temperaturés
and pressures in the order of -450°C to 550°C and 2kb to 6kb. Micro-
textures suggest that mineral layers within the iron-formations
remained as essentially closed systems during metamorphism and
there was negligible movement of components other than water and

carbon dioxide.

The geology of Iron Duke is described in detail, with
emphasis on the mineralogy and geochemistry of the magnetite-

hematite=-carbonate and associated rocks. The ores occur in a tight,

N



pitching synform terminated on the east side by a high angle
reverse fault. There is considerable evidence to show that
hydrothermal activity has played an important role in the
formation of the magnetite-hematite-carbonate ore. Fluid
inclusion studies suggest that the hydrothermal solutions were
brines at temperatu?es in the order of .120°C to 250°C and a

maximum possible pressure of 2-3 kb.

The origin of the magnetite-hematite-carbonate ore
is discussed. It is proposed that the ore formed by hydrothermal
fluid action on an iron-formation unit near the base of the iron~-.
formation sequence; which contained interlayered iron oxides,
carbonates, tremolite and quartz. The silicate minerals were
replaced by carbonates in a complex process of carbonate meta-
somatism and silica removal. Ore controls include the pre-
existing rock mineralogy, the tight synformal structure, and

the coincidence of a thick basal carbonate unit with the majorx

reverse fault.

Theories of hematite ore genesis in the Middleback
Ranges are discussed. It is concluded that the ores formed by
supergene leaching and enrichment, and that ore controls include
favourable structures, pre~existing rock mineralogy, and the

presence of underlying impermeable layers.
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INTRODUCTION

Location

The Middleback Ranges lie 30 miles west of Whyalla
on the east side of Eyre Peninsula, South Australia (Fig. 1).
They rise 600' - 800' above the surrounding plain and extend
for 22 miles along a north~south line, broken in the middle
by the Kimba Gap. A line of low ridges, the Camel Hill line,
extends from the northern tip of the Middleback Ranges to the
Katunga Hills and Iron Monarch, 15 miles to the north.

In this thesis, location names beginning with "Iron"
denote a hematite orebody as, for example, Iron Monarch or

Iron Duke.

Definitions and general geology

There 1is éonsiderable confusion in world literature
over terms used to describe iron~formations. TFor example,
Trendall and Blockley (1970) define jaspilite as a rock with
alternating thin bands of jasper (red chert) and iron oxides
or chert of another colour. In the Middleback Ranges, the
term has been used in a wider sense and includes rock types
which Trendall and Blockley would define as tbanded iron
formation (BIF)". Similar discrepancies occur throughout world
literature and until there is agreement on the use of certain
terms, they must be defined for each particular area. Defin-

itions for the Middleback Range area are:

v sme,\c"E,’/E%
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Jaspilite =

Iron~formation -~ fine-grained rock consisting of quartz and

iron oxides with lesser amounts of amphibole
and occasionally carbonate. The proportions
of each mineral can vary considerably and
there is complete gradation to quartzite, iron
ore, amphibole schist and massive carbonate.
An arbitrary value of 10% - 15% Fe defines the
lower limit of the term. The rocks are

normally banded.

'This definition conforms with James's (1966)

detailed description of world wide irone-

formations and his use of the term.

the term is not used in this thesis but is
deeply entrenched in company work and has

been used in all publications describing
Middleback Range geology in the last 10 years.
It is synonymous with iron-formation as defined
above and is discarded only to conform more

closely to world wide usage.

The Middleback Ranges and hills to the north are formed
of strongly folded iron-formations with interlayered schists;
carbonate units and amphibolites. Numerous amphibolites also cut
across the strike of the layered rocks. TFold axes are aligned
nor th-south and the lenticular outcrop pattern of the irone
formations is caused by crossewarping; with topographic gaps

marking broad east-west anticlinal axes (Fig. 2). The broad
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structures of both the north and south ranges are canoe shaped

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

Flanking the ranges and underlying the surrounding
level plain is a gneissic complex with varied rock types
including migmatite, granite~gneiss, mica schists, dolomites
and felspathic quartzites. These are cut by basic intrusives
and by several large granite masses. Foliation and fold axes
in the gneiss complex strike broadly parallel to the irone

formations.

Hematite orebodies occur within the iron-formations
in pitching synclines or steeply dipping-fold limbs. Major
orebodies are Iron Monarch, Iron Prince, Iron Baron and Iron
Duke (Fig.l). All known orebodies outcrop and the major ore=
bodies form hills or ridges which merge into the iron-formation
ridges.» At Iron Duke, hematite ore in the hinge zone of a
pitching syncline passes down pitch into a large body of magnetite=-
hematite=carbonate rock which is hidden below 300*' - 400' of
siliceous iron-formation. The magnetite~hematite-carbonate is
brecciated and contains considerable coarse grained carbonate.
No other large bodies are known in the Middleback Range area,
alfhough small amounts of similar material occur below the

hematite ores at Iron Baron, Iron Queen and Iron Monarch.

The term "ore" is used in this thesis in the sense
defined by King (1966); "......any metallic or mineral deposit
which is of sufficient economic interest to require estimation

of tonnage and grade". This includes the hematite bodies, large
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or small, and the magnetite-hematite=carbonate body but does

not include the iron-formations.

Previous work

The hematite ores were first worked in the 1890's as
flux for smelting Broken Hill silver=lead=zinc ores. The ore
at Iron Knob ﬁas hand loaded into horse=drawn drays and carried
the 30 miles to Whyalla, where it was transferred to barges and
shipped to Port Pirie on the east side of Spencer Gulf (Fig. 1).
In the early 1900's, a steel works was built on the east coast
of Australia and the increased demand for iron ore resulted in
the Broken Hill Proprietary Company Ltd. building a railway
between Iron Knob and Whyalla. For the next 70 years the
Middleback Range deposits formed the basis of the Australian
iron and steel industry and two deposits, Iron Monarch and Iron
Prince, are currently in production with a combined annual output
of approximately 7.5 million long tons of direct feed ore and

fines for pelletizing.

The economic interest in the Middleback Ranges has
resulted in a great deal of geological work by both the B.H.P.
Company Ltd. and the Geological Survey of South Australia. Most
of the company work is unpublished but all the data was available

to the author.

Company work has concentrated on the iron-formations
and includes geophysical surveys; geological mapping at 1=200!

throughout the ranges, drilling and tunneling within the hematite



orebodies; petrological examination of drill coré samples and

many thousands of chemical analyses. Six papers have been
published by company geologists in the last twenty years; four

on Iron Duke (Whitehead 1962, Catley 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 summarige the individual authors! ideas of ore genesis

but some additional ideas and observations are found in unpublished
company reports, particularly in the case of Whitehead, who was the
first petrologist to work on the magnetite-hematite-carbonate. These

are acknowledged at appropriate points in the text of this thesis.

Geological Survey work includes geophysidal surveys,
detailed mapping of the hematite orebodies, regional mapping of
the gneiss complex, petrological work and limited drilling in
the Middleback Ranges. Most of the results are summariged in
Bulletin No.33, "The Geology and Iron Ore Resources of the
Middleback Range Area" (1954) by K.R. Miles, which remains the
classic text on regional geology for this area. Some drilling
was carried out subsequent to this report and the results were
;vailable to the author. The Geological Survey 1"= 4 miles sheet
covering the area north of Iron Baron was issued in 1968 and shows

some changes from Miles's 1954 map. These will be discussed as

relevant in the text.

Theories of hematite ore genesis are many and varied

and the main proposals, in chronological order, are:



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

to hydrothermal replacement of schists.

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

of sedimehtary origin and represent an ancient coastal deposit.
The essentially sedimentary character of the iron~formations
has been accepted by all later authors; although ideas on the
sedimentary environment have been modified. Subsequent debate
has centred upon the origin of the hematite ores.

Rudd (1940) - hematite ore developed by groundwater leaching
silica and concentrating iron within siliceous iron~formation.
Ward (1949) -~ hematite ore was deposited from hydrothermal
solutions.

Miles (1954) = iron was concentrated by fluids moving before a
granitising front.

Whitehead.(l962) -~ some hematite is formed by groundwater leaching
of magnetite~hematite=carbonate. The latter had been discovered,
by drilling, in 1957.

Catley (1963) - the hematite ore at Iron Duke is sedimentary.
Owen and Whitehead (1965) - hematite formed by groundwater
removing carbonates and silica from magnetite~hematite-carbonate
and siliceous iron~formation.

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

emphasis on the role played by carbonates and on structural

control.

The three main theories are that the ore is sedimentary

(Catley 1963), that it is due to granitising fluids (Miles 1954)



and that it is due to groundwater leaching and enrichment
(Rudd 1940, Whitehead 1962, Owen and Whitehead 1965, Ashworth
1965, 1970). In the last theory, the main point of debate is

the original rock type fram which the ore was derived.

There are fewer ideas on the origin of the magnetite=
hematite~carbonate, probablyAbecause it was not discovered until
1957. The two main theories are:

(a) Carbonate metasomatism of iron-formation, involving large
scale replacement of quartz or amphiboles by carbonates.
(Whitehead 1962, Catley 1963, Owen and Whitehead 1965, Ashworth
1965).

(b) Removal of silica from a carbonate rich unit of the iron-
formation by hydrothermal solutions; leaving carbonate and

iron oxides. (Ashworth 1970).

Aims of the thesis

Although there has been considerable discussion on
the origins of the hematite and magnetite~hematite-carbonate
ores during the past 10 years, there has been no rigorous
examination of the available evidence and the mechanisms of
ore genesis have rarely been defined in any detail. The first

aim of this thesis is to define the processes of ore formation.

Iron Duke is critical to theories of ore genesis
because it is the only area in which large bodies of hematite
and magnetite~hematite-carbonate occur together. No detailed

account of Iron Duke geology and petrology has been published,



yet these are fundamental to concepts of ore genesis. The
second aim of this thesis is to describe, and present an inter=

pretation of, Iron Duke geology.

The thesis is divided into three sections:
Sectiop I describes the tectonic setting of the Middieback
Ranges, the petrology of the main rock types in the iron-
formations and the mineral assemblages which indicate regional
metamorphic grade.
Section II describes the geology and petrology of Iron Duke.
Section III discusses the origins of the hematite and magnetite-

hematite=carbonate ores.

Analytical data and operating conditions are given in
Appendices I-V. The main techniques used were electron micro=-
probe ( 190 anélyses), XRF (138 analyses), fluid inclusion
homogenisation and X~ray diffraction. Approximately 500 thin
sections and 50 polished sections were.exémined. Analyses used
in the text were carried out by the author unless it is stated
otherwise; 20 quantitative analyses of different rock types
were carried out by the ChemicalALaboratory, B.H,P,, Whyalla,
at the author's request and these, together with a number of

drillcore assays are acknowledged as appropriate.

i3



SECTION I:

REGIONAL GEOLOGY

i2



i3

REGIONAL GEOLOGY

A. REGIONAL SETTING AND STRATIGRAPHY

1. Setting

Eyre Peninsula is part ofAthe'South Australian
Precambrian shield known as the Gawler Block (Fig.4). It
contains a wide variety of rock types including gneisses,
schists, carbonate units, ironeformations and large, intrusive
granite masses. Relationships between the different rock types
are often inconclusive due to poor exposure but the general
impression is of 1ong; sinuous metasedimentary units surrounded

by a wide expanse of augen gneiss and migmatite.

The shield rocks are strongly folded on a regional
scale with fold amplitudes in the order of several miles and
the gneiss foliation remains approximately parallel to the strike
of the metasediments (Johns 1961). Fold axes are broadly aligned
north~east to south-west but this trend is modified by flexuring;

as in the Middleback Range area where the strike is predominantly

north-south.

A1l the shield rocks are metamorphosed; the grade
varying from greenschist to granulite facies (Tilley 1920a, b,
1921a, b; Thomson 1969, Ashworth 1970). The augen gneisses and
migmatites appear to be products of granitisation or partial
melting and whichever process is invoked, the effects are very

widespread, covering many thousands of square miles (Miles, 1954,
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Johns 1961). Radiometric age determinations on the gneisses
indicate an age of about 1780 million years (Compston and

Arriens 1968).

The Middleback Ranges are near the eastern margin
of the Gawler Biock which is defined by an ancient north=-south
lineament named the Torrens Hinge Zone (Thomson 1969). East of
the hinge zone, younger sediments thicken rapidly and form part
of the late Proterozoic to Palaeozoic Adelaide Geosyncline.
West of the hinge zone, the shield rocks are covered by flate
lying shelf sediments which are typically exposed to the north
of Whyalla. Gentle folding in the shelf sediments shows the
lack of strong tectonic disturbance in this area since the late

Proterozoic.

Graben faulting occurred during the Tertiary and
resulted in Spencer Gulf, Gulf St. Vincent and the long meri=-
dional step faults/between the Middleback Ranges and the coast
(Fig.2). These movements had little affect on the shelf sed-
iments, and it is clear that the shield has remained essentially

stable since the late Proteozoic. Long periods of erosion have

produced a mature landscape with virtually complete peneplanation.

2. Stratigraphy

Stratigraphy within the block is complicated by a lack
of distinct marker units and the complex history of the rocks.
It is preferable, therefore, to concentrate on a limited area and

an interpretation of the stratigraphy of the north-east Eyre

id
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Peninsula is shown in Table 1.

The iron~formations and interlayered schists of the
Middleback Ranges form a distinct lithological group named the
Middleback Group by Miles (1954). Their relationship to the

\
surrounding gneissic rocks is uncertain. Miles (1954) considered
that the iron-formations are remnants of an almost totally granite
ised sedimentary sequence, and are completely enclosed by gneissic
rocks. By contrast, Owen and Whitehead (1965) record an uncone
formity between the lowest unit of the iron-formations and the
underlying gneisses. Until the relationships are clarified,
the iron=-formations and schists are bgst grouped together as
the Cleve Metamorphics, a general term including most of the
shield rocks of the Eyre Peninsula (Thomson 1969). In Table 1,
the iron-formations ére placed above the gneisses because this

is the dominant apparent relationship in this area.

The Moonabie Formation is a mildly metamorphosed
sedimentary sequeﬁce dated by cross;cutting intrusives at pre=
1590 million years ( Thomson 1966). It unconformably overlies
the gneisses but is strongly folded and may be considered a true
member of the shield. The main rock types are quartzites and
conglomerates, the latter sometimes containing pebbles of iron-
formation. All the main exposures are in the plains east of
the Middleback Ranges and the Formation does not come into cone-
tact with the iron~formations. Recent Geological Survey mapping
to the north~ecast of the Middleback Ranges has reclassified as

Moonabie Formation large areas of weathered exposure which were
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Table 1. Stratigraphy of North-East Eyre Peninsula
Compiled from Miles 1954, Thomson 1966, 1969,
Geological Survey Port Augusta 4 miles sheet
1969, Compston and Arriens 1968, and slightly
modified by the author.
Age Sedimentary Metamorphic . Igneous
Recent= Sand, kunkar,
Quart . soil
Tertiary Laterite,sandstone,
limestone
550 m.y. Tent Hill Formation
(sandstone and shale)
Adelaide Pandurra Formation
System (sandstone)
B Poi -
Sion (sandstone) Roopena Vol-
canics (1345
m.y.) Cultana
Granite.
1400 m.y.
Corunna Conglo- Gawler Range
merate Volcanics.
(1535 m.y.)
Charleston
Granite (1590
m.y.)
Burkitt Gran-
; ite (1590 m.y.
1600 m.y. Moonabie
. Porphyry
Moonabie
Formation )
Middleéback Group
Cleve Metamorphics Gneiss Complex
Note: (a) =——— — = unconformity

(b) Basic intrusives have not been included in the table
as there are several sets and their age is uncer tain.
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previously mapped as gnéisses (Geol. Surv. Port Augusta 1"=4 miles
sheet, 1968). The Moonabie Formation is clearly much more extensive
than was previously thought and it seems likely that further re-
classification will be necessary as the Survey mapping progresses

southwards.

The Corunna Conglomerate unconformably overlies the
Moonabie Formation and is dated at about 1550 million years by
Rb~Sr determinations on whole rock and illite samples (Compston,
Crawford and Bofinger 1966). It is unmetamorphosed and occupies
a unique stratigraphic position, being neither part of the shield
nor of the oVerlying Adelaide Geosyncline shelf sediments, and
separated from both by major unconformities. The beds are normally
gently folded. The main rock types are conglomerates, sandstones
and shales and iron-formation pebbles are present in some conglom-
erates. Pebbles of hematite are present in one exposure to the

east of Iron Duke (Rudd 1940).

The Adelaide System sequence of sandstones and shales;
which unconformably overlie the Corrunna Conglomerate in the
nortﬁ-east of the area, are geosynciinal shelf sediments. They
dip gently eastwards towards the main part of the Adelaide Geo-
syncline but no trace of these beds or their continental equivalents
are found further west. This suggests that the Middleback Range

area was. on the margin of the continental mass during geosynclinal

sedimentation.
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Intrusives of various ages and compositions cut the

shield rocks
as follows:

Granites e

Porphyries =

Basics =

of north-east Eyre Peninsula. They may be summarised

(a) Foliated granites which merge into the surround-
ing gneiss and are either earlier than or contempore
aneous with the gneiss.

(b) Large, clearly discordant granite masses, aated
at 1600-1500 million years (Compston and Arriens
1968). Two of these masses occur quite close to the
Middleback Ranges, oné about 6 miles north-east of
Iron Knob and the other within 1 mile of Iron Duke.
(a) Small feldspar porphyry intrusives which were
emplaced at about the same time as the younger
granites.

(b) A volcanic province of porphyritic acid extrusives
which covers several thousand square miles to the northe
Wesf of Iron Knob. This is known as the Gawler Range
Volcanic Province and the rocks have been radiometrice
ally dated at about 1535 million years (Compston,
Crawford and Bofinger 1966).

Basic intrusives of at least three periods cut both
the gneisses and the iron-formations. The earliest
of these may be contemporaneous with the irone
formation sediments (Miles 1§54). Two sets of younger,
cross~cutting dykes can be identified and these are
younger than the metamorphism, often following fault

planes.
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B. PETROLOGY OF THE MIDDLEBACK GROUP

The Middleback Group consists of two iron-formation
units, each in the order of SOO; ~ 800! thick, separated and
underlain by argillaceous schists and carbonate bands. The schist
unit which separates the iron-formations reaches 700' in thickness

and is named the Cook Gap Schists (Miles 1954).

Lithologies in the Middleback Group are similar to those
of iron-formation sequences in other parts of the world (Miles 1954,
James 1966). The schists were originally normal argillaceous sed=-
imeﬁts whereas the iron-formations represent long periods of
chemical or biochemical precipitation of iron and silica which
produced ferruginous cherts (James,1954; 1966, Borchert 1960,
Trendall and Blockley 1970). There is no doubt that the major

lithological units are of sedimentary origin.

The petrology of the Middleback Group has been described
in a number of papers (Edwards 1936, 1954, Whittle 1954, Miles 1954,
Whitehead 1962) and in company reports by Whitehead and Burger.
These define the main rock and mineral types but have little comment
on the conditions of metamorphism or the mobility of components

during metamorphism.

Iron-formations; carbonate units and schists are the
three rock types which definitely pre=date the metamorphism. They
therefore offer most information on the metamorphic conditions and
the mobility of components. Mineral compositions in each of these

three groups were determined by electron microprobe and the iron=



formation microtextures were examined in some detail. The
results are described in the following pages and the implications

are discussed.

™
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1. Iron-formations

Iron-formation outcrops as a hard; brittle rock; varying
in colour from uniform blue=black to clearly banded light and dark
brown (Fig.5a). The latter varieties generally have light brown
flecks aligned parallel to the banding and these are limonitised
amphiboles. 1In drill core from below the zone of weathering, the
rock is .light grey.to b;ack; distinctly banded and usually with

more amphibole than is seen at the surface (Fig.5b).

Typical iron-~formation is composed of fine-~grained quartz
and iron oxides with amphiboles dispersed as single crysfals or
grouped into thin bands (Fig. 6 ). The proportion of amphibole
varies and there is every gradation between a pure quartz-iron

oxide rock and an amphibole schist.

The simple and uniform whole=rock geochemistry is shown
in Table 2, and .28 additional whole;rock analyses are given in
Appendix I. There is no sodium or potassium present in the rocks
and virtuélly no alumina. The three main components are silica,
iron, magnesium and to a lesser degree calcium, and this is typical

of ironeformations throughout the world (James 1966). Trace element

content is low.

(a) Mineralogy

Iron oxides = hematite is the predominant iron oxide in the

weathered zone, which normally extends 250' -~ 350' below the
surface. It has mainly replaced magnetite, often retaining a

cubic form, and remnant magnetite frequently occurs in small
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Table 2. Whole-rock analyses of Middleback Range iron-formations

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

per cent 62-606 57-2426
‘ (assay)
Si0, 55.1 49.0
Al,O3 =0.1 0.5
FeoOs 40.0 45.3
MgO ‘ 3.8 2.5
CaO 0.3 ’ 2.8
NayO 0.0 N.D.
K20 0.0 N.D.
TiOy 0.1 0.2
MnO 0.3 0.2
S 0.1 0.0
P20O5 0.1 0.1
lg. Loss 0.2 0.1

100.1 100.7



Table 2 (ctd.)

B.

Trace element analyses, XRF by author

ppm

Grunerite rich

62-606

29
0
6
0

Approx. 1-4

o O O

Tremolite rich

62-1085

13
27
17

0

Approx. 1-4

4

0
0
0
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patches within the hematite grains. A little limonite is present
in the weathered zone due to the breakdown of amphiboles. At
depth, magnetite is the predominant iron oxide and hematite is
rare, occurring as small elongate blade forms confined to parte

icular bands and quite distinct from the accompanying magnetite,

Carbonates ~ carbonates are rare within the bulk iron-formation.
Whitehead (1962) records calcite associated with tremolite in
some bands and in one microprobe sample examined by the author;
calcite was idenfified in a tremolite layer (62-1316). In the
lower part of the iron-formation sequence there is some interw
layering of siliceous and carbonate units. The carbonate mineral
in these layers is a low-~iron ankerite; identical in composition
to the ankerites of the thicker carbonate units which will be

discussed later (analyses 1 to 3; Appendix II sample 83-575).

Amphiboles « the amphiboles have been optically identified as
grunerite-cummingtonite and tremolite-actinolite by Whittle
(1954) and Whitehead (1962 and company reports). Whittle also

records glaucophane from beneficiation concentrates.

The amphiboles frequently occur in discrete layers and
Whitehead (1962) observed that only one amphibole is present in
any particular band. Catley (1964), records rapid alternation of
clearly defined tremolite schist and grunerite schist bands in
bore DDH 62, Iron Duchesé. This segregation is not complete;

because Whittle (1954) records grunerite, cummingtonite and



actinolite coexisting in amphibole schist in the Katunga Hills.

Amphiboles in eleven samples were analysed by electron
microprobe_and 34 analyses are plotted in Fig.7. The complete

data is given in Appendix II.

The analyses show that two amphiboles dominate the
silicate layers and have the following approximate compositions:

Ca M F Si O H - i
Mg, Fe, g Sig 22(0 )2 Tremolite, average of 11 analyses.

M F i - i
9, 3 e4.5518022(0H)2 Grunerite, average of 21 analyses.

(Water content assumed)

A third amphibole was identified in two samples (57-2081,
1627) and this is an iron rich actinolite with the approximate

$i O (OH)2 (average of 2 analyses).

iti Ca M Fe:
camposition Ca Mg, JFe, Si 0O ,

In ten of the eleven thin sections only one amphibole
was present and in the one outstanding section, a single lathe of
actinolite was identified amongst grunerite (57-2081). Within any
one section, the amphibole composition remained essentially cone

stant and no zoning or exsolution was detected.

The samples were chosen from widely separated drill-
holes in the south Middleback Range and the results,
(1) confirmed that particular bands are-characterised by one
émphibole composition;
(ii) show that the segregation is not complete,
(iii) show that the precise amphibole compositions have very

limited ranges throughout a wide area.

28
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(b) Microtextures:

Thin sections show evenly sized; interlocking quartz
grains with frequent triple point_junctions and an average diae
meter of O.lmm - O,.,2mm (Fig.6 ).'lMagnetite grains, of similar
size or rather smaller, are grouped into trains and bands or
dispersed throughout the quartz. Amphiboles occur as well formed

bladed crystals sometimes growing from the magnetite and often

concentrated in specific bands.

The iron~formation banding is of two types; a regular;
broad layering generally between lcm and 3cm wide which is
commonly visible in outcrop; and a fine scale; often microscopic
layering which occurs within and parallel to the broader bands.
Both are due to varying proportions of quartz; magnetite and

amphibole.

The fine scale layering shows striking variations of
texture both in hand specimen and thin section. Five microtextures
can be distinguished and these are illustrated in Figs. 8a to 8e
and described in Table 3. The most important factors are the
amount of amphibole present and the quantity and size of the
magnetite grains. Amphibole bands become markedly schistose and
the quartz grains are frequently elongate parallel to the
amphiboles. If large magnetite crystals are present in an
amphibole rich band; quartz grows from the crystal faces in
distinct tails (Fig.8e). In layers with 1arge; closely packed
magnetite grains, the interstitial quartz is more coarééy CYySe X

talline than normal and has undulose extinction.




An even, finew~grained
texture with very small
magnetite grains evenly
dispersed throughout
larger quartz grains.

Distinctly schistose with
coarse grained magnetite.
Quartz often in bladed
forms parallel to the

(i) an even, sieve-like
texture with magnetite
aggregates forming the
mesh and fine grained
quartz in the interstices.

(ii) a coarse granular
texture with large magnet-
ite grains forming an
irregular network and
coarsely crystalline
interstitial quartz with
undulose extinction.

Coarse and granular,
similar to 8d but with
larger magnetite grains
and pronounced elongation
of the magnetite grain
clusters and the inter-
stitial amphibole.

+ Table 3. Microtextures in ironeformations
Predominant Additional Fig.
mineral minerals
1.Quartz magnetite 8a
(amphibole) :
2.Amphibole magnetite 8b
quartz
amphibole.
3.Magnetite quartz 8c
( amphibole)
8d
4 .Magnetite amphibole 8e
quartz
Bracketé indicate that a mineral is present

in minor quantity and may be absent.















e

Bands showing different microtextures can alternate on
a very small scale, as in section 2746 which has up to 30 distinct
bands within lmm (Fig.8f). In addition to the main microtekfures,
some sections show a very fine grained magnetite layering parallel
to the wider layers. In these; the magnetite grains are freéuently

enclosed by the quartz grains.

The microtextures show that during regional metamorphism,
components within the iron-formations behaved in an orderly manner.
Magnetite crystallised early, followed by quartz and amphiboles.
Any migration of iron must therefore have taken place at an early
stage of metamorphism. The very fine, evenly dispersed magnetite
in some layers has clearly not migrated and the;e is no evidence
that iron has moved into the magnetite rich layers. Contacts
between magnetife.rich and magnetite poor layers are often sharp,
with no enriched or deficient zones between the two; as may be
expécted with migration. It appears likely, therefore, that iron
remained immobile during metamorphism and the magnetite contents

of individual layers reflect differences in iron content of the

original rock.

36
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2. Carbonate units

A carbonate unit occurs towards the base of the irone
formation sequence, outcropping intermittently on the flanks of
the ranges. It is of variable thickness; reaching several
hundred feet in places and was named the Middleback North Dolomite
by Miles (1954). 1In outcrop, the rock is dark brown to buff
coloured and the ﬁpper part contains siliceous bands which stand
out as sharp ridges. When fresh, the rock is light to dark grey;
compact and fine or medium grained with an even; crystalline
texture. A second, 50' to 100' thick carbonate unit occuré
within the schists séparating the two irone-formation units at

Cook Gap in the South Middleback Range.

(a) Mineralogy

Carbonates ~ Edwards (1954) describes the exposure at Mount
Middleback North (Fig.l) as a recrystallised dolomite-marble.

The same unit was intersected by Geological Survey drilling at
Katunga Hills, 15 miles to the north, and is described by Whittle

(1954) as a mixture of calcite and lesser dolomite with considerable

tremolite and diopside.

At Iron Duke, the carbonate unit was intersected in
several drillholes and wholeerock analyses of 9 samples (Appendix
I' ) show it to be a dolomite containing_between 4,0% and 9.4% iron
gxpressed as FeZO3 and approximately 0.9% MnO. Electron microprobe
analyses on mineral grains in one sample (47-1041) confirm this

general composition (Appendix II). Representative whole~rock and




electron microprobe analyses are shown in Table 4.

Déer, Howie and Zussman (1963) divide dolomite from
ankerite on the arbitrary ratio of Mg:Fe = 4:1 and the carbonate
described above has an element weight percent ratio of 1.6:1. By
this definition, the mineral is a low-iron ankerite and will be

referred to as ankerite in this thesis.

Information on carbonate mineralogy in other parts of
the Middleback Range area is more limited than for Iron Duke.
Miles (1954) records five whole~rock analyses of carbonates from
widely separated localities and they are similar to the Iron Duke
analyses except that they contain up to 4% MnO. Two of these
analyses are shown iﬁ Table 4, together with analyses of a typical
Iron Duke sample. The similarity between all the analyses suggests

that a good deal of the carbonate mapped as dolomite is a low~iron

ankerite.

Reconnaissance electron microprobe analysis was carried
out on one sample (CN1) from the thin carbonate unit amongst the
schists which separate the ironeformation units at Cook Gap. This

showed a composition very similar to the Iron Duke carbonate.

Silicates = tremolite and diopside are reported by Whittle (1954)
" from the basal carbonate unit at Katunga Hills and Whitehead (1962

and company reports) has recorded diopside at Iron Duke.

The diopside at Iron Duke occurs as large crystals, up to

lcm in length, and grouped in random orientation. ‘Electron microw-

38




Table 4.  Whole -rock and electron microprobe analyses of Middleback
Range carbonate units

39

Location: 1. West flank of Iron Knight
2. South-east corner of South Middleback Range
3. }lron Duke, analyses by author, with Fe expressed
4, ) as Fe203

Per cent (Miles 1955) (Miles 1955) 47-104(XRF) 47-1041 (Probe)
si0,, 2.20 2.07 1.0

AL, 0.52 N.D. 0.2

Fe 03" 4.76: } 5:61 7.5 8.6
‘Fe0: 275

Mg0 15.04 17.05 13.7 16.0
Ca0 29.65 28.33 2.3 2.5
Na,0 0.16 N.D. 0.0

K,0 0.08 N.D. 0.1

TiO, Nil Nil 0.1

Mn0 1.25 4.16 1.0 0.7
s  N.D. N.D. 0.0

FeS, 0.07 N.D. N.D.

P,0; ~0.01 0.01 0.1

Co 42.56 N.D. N.D.

HO (Tot.) 0.8 0.35 N.D.

Ci 0.02 N.D. N.D.

Diff. - 42,42 50.0 45.2

99.95 100.00 100.0 100.0




probe analyses of crystals in one sample (SAl, Appendix II) show
a uniform composition of Ca_ M F Si i
P 1 90.8 eo.3 1206 with no detectable

zoning in the crystals.

Quartz = interlayered quartz and carbonate bands are recorded
by Rudd (1940) and Miles (1954) from the upper part of the
carbonate unit. Drillhole DDH 83 at Iron Duke intersected similar

interlayered material at the same stratigraphic level.

Iron oxides ~ magnetite occurs in thin layers in the upper part

of the carbonate unit at Iron Duke. It is present as well formed,
often cubic grains. Hematite is commonly found within the
carbonate near to hematite orebodies and occurs as a fine red

dust along carbonate grain boundaries and cleavages.

(b) Microtextures:

Thin sections were available of the Cook Gap carbonate

band and the thick basal carbonate at Iron Duke.

“The forﬁer is an equigranular mosaic of carbonate grains
with numerous triple point junctions (Fig.9). The crystals often
show well developed cleavage. At Iron Duke, the microtexture is
very similar but the grains tend to be less defined; with diffuse
boundaries. In the upper part of the Iron Duke unit, thin layers
of magnetite produce a fine layering almost identical; in hand
specimen to that of the iron-formations. Thin sections show that
the layering is due entirely to varying proportions of magnetite

which occurs in subhedral, blocky grains.
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No samples were available fram other parts of the
ranges but Taylor (1954), describes the Iron Prince exposure as
fine to medium grained granular dolomite and Whittle (1954)

describes the Katunga Hills drillhole intersections as an equi~

granular mosaic of carbonates.

Two important points have been established by the

above descriptions:

(a) the g@eneral compositic')n of the carbonate units is that of
an ankerite with about 5%-9% ifon plus manganese,
. (b) the regional microtextu;e is a medium grained equigranular
mosaic which is a typical regional metamorphic texture (Spry

(1969).
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3. Schists

Thin bands of schist occur below and within the iron-
formations. These are mainly quartzechlorite and quartze=biotite
schists but chloritoid is recorded from one band in the south

range (Edwards 1954).

The main schist unit separates the iron-formations
and is up to 700' thick (Miles 1954, Owen and Whitehead 1965).
It consists of quartz-chlorite and quartz~biotite~hornblende
schists which contain vgriable amounts of feldspar and garnet.
Quartz lenticles are common and stretched pebbles are recorded

by Rudd (1940) and Miles (1954).

(a) Mineralogy

Minerals in four thin sections were examined by
electron microprobe. The camplete analyses are given in Appendix

"II and the results are summarised below:

i i - Ti A Si Al O OH
Biotite K (Mg, Fe, (Tij A1y ,)(Sig AL, ()0,,(0H),
This composition is the average of two analyses in
two thin sections (1958, 5«157). The range of total
atomic Al is 3.4 to 4.3 and of Si is 5.1 to 5.7.

A A i (0] OH
Hornblende Ca, _N (Mno.lFe2.4Mgl.5 11.2)( 11.7316.3) 22( )2

1.8 °20.9

The composition is from one analysis on section 5-~157.
Reconnaissance analysis showed that other crystals in
the section were of similar composition. The amphibole

basic formula name is Pargasite (Phillips 1965).
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Plagioclase Ab 62, An 32, Or 6.

Chlorite

Garnet

The composition is the average of two analyses in
one thin section (1961).

)(si )0,,(OH), ¢

(Ko, 693,075,881, . 7 5.4%5.6

The composition is from one analysis in thin section
5=1952. Reconnaissance analysis showed the chlorite

to have a uniform composition. The chlorite composition
is that of a Ripidolite (Hey 1954).

Almandine (Fe-garnet).

Garnets were analysed in three thin sections (1961,
5=1952, 5-157) énd all were basically almandines

but showed considerable.variation in Fe, Mn and to

a lesser e#tent Ca. This may be illustrated by the

two compositions below fram different thin sections:

Fe Mn Ca Mg

5«1952 Alm.83 Spess.4 Gross.8 Pyr.5
5-157 Alm, 57 Spess.22 Gross.15 Pyr.6

Two of the thin sections (5-157; 1961) were quartz
rich schists with amphibole, biotite, plagioclase
and a little chlorite. The garnets in these were very
small and conformed to the composition shown for 5=157
above. The third thin section (5-1952) was a chlorite

schist with larger garnets which had Mn deficient rims

(Fig.10).

(b) Microtextures

Eleven thin sections of the schist were available, all

from a deep Geological Survey drillhole (MSDD5). The majority
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contain fine-grained quartz and amphibole; with varied amounts
of biotite; plagioclase, garnet and chlorite. Fine grained
sericite appears to be present in some samples. The bladed and
fibrous minerals are generally aligned parallel producing a
strong lineation in thin section. Quartz eyes are common and
are elongate parallel to the lineation. The garnets, when
present, do not affect the orientation of the amphiboles or

biotites and appear to be contemporaneous with them.

Chlorite occurs in same sections, as small, irregular
green patches with no clear crystal form. These merge with the
biotite and hornblende and sometimes appear to replace them but

no definite replacement textures were found.




4. Discussion

The iron-formation banding has been regarded as
sedimentary by most authors. Whitehead (1962) and Catley (1965),
for example, suggested that the alternating layers of different
amphiboles reflect variations in composition within the original
sediment. _However, Jones (1968), in an undergraduate study of
Iron Duke structures, detected small scale isolated fold closures
within the plane of the iron~formation banding and suggested that
these may be remnants of an earlier layering. This raises the
possibility that the irone~formation layering is due to metamorphic
differentiation; as suggested also by Talbot (pers. comm.) who has
worked on metamorphic layering of a broadly similar type in the
south-~east of South Australia (Talbot and Hobbs 1968). The main
factors which suggest that the banding is sedimentary rather

than metamorphic are as follows:

(1) As would be expected of sedimentary layering, the banding

is generally parallel to the margins of the main units and to

the thiﬁ, interlayered argillaceous schists.

(ii) Iron-formations throughout the world are characterised by
alternating layeré rich in quartz, iron oxides; silicates and

carbonates (James 1966). In ummetamorphosed areas, the typical

minerals are quartz, magnetite, hematite, greenalite; minnesotaite;
stilgﬁbmelane, dolomite and siderite. Metamorphism produces s
assemblages identical to those of the Middleback Ranges, and in

areas with metamorphic zoning, the new assemblages reflect the

pre=existing mineralogy (James 1955, Gross 1967).



48

(iii) The finely layered Middleback Range banding is similar
in scale and appearance to the unmetamorphosed Hamersley
Group iron-formations of north-west Australia. Thirteen
Hamersley specimens were examined of which eight were much
finer grained than the Middleback Range material but five
had similar microtextures as illustrated in Fig.8 . This
suggests that metamorphism has not greatly changed the irone
formation layering, the main affects being a slight increase

in grain size and the development of amphiboles.

For these reasons, the ironeformation layering is
considered to be sedimentary and the different amphiboles to
reflect differences in the original mineralogy. In this context,
the intrafolial microfolds recorded by Jones (1968) may be

sedimentary slump structures.

The interpretation of the fineescale layering as
sedimentary in origin implies that there was negligible
movement of the main components during metamorphism. Whitehead
- (1962) reached a similar conclusion from the close proximity of
separate quartz-magnetite~tremolite and magnetite-tremolite~
calcite Iayers. Each band acted as an essentially closed system
resulting in the systematic variation in microtextures. The main »
visible effects of métamorphism are recrystallisation of quartz

and iron oxides and the development of amphiboles.

The original sediments of the Middleback Group were

o

chemically or biochemically precipitated cherts, iron oxides,
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carbonates and Fe,Mg-silicates forming the iron~formation and
carbohate units together with normal argillaceous clastic
sedimentation forming the present schist units. In common with
iron~formations throughout the world; the iron-formation units
represent 1ong; stable periods of chemical or biochemical
deposition with uniform conditions over the whole area (James
1966). The proportioné of the main components varied gradually

from place to place and with time.

In the lower part of the sequence, carbonate sedi-
mentation was dominant, producing thin interlayered carbonate~
chert~iron oxide layers at the base of the sequence; followed
by the thick basal carbonate unit. Above the basal carbonate;
iron and silica precipitation increased; at first subsidiary to
carbonate forming a transition zone and then becoming dominant to
form the main iron-formation units. The iron-formations consisted

of chert; iron oxides and thin bands of carbonates and Fejﬁg-

silicates.

Metamorphism of these layered iron-formations pro=
duced tremolite and grunerite from the chert-carbonates and
chert-~Fe,Mg~silicates assemblages and recrystallised the chert
and iron-oxides. Thick carbonate units such as the basal

carbonate were recrystallised and the normal clastic sediments

were converted to schists.



C. METAMORPHISM OF THE MIDDLEBACK GROUP

Mineral assemblages in the iron~formations and
schists of the Middleback Ranges are strikingly similar to
those recorded by James (1955) from Michigan iron-formations
in the garnet zone of regional metamorphism (Fig.1l). 1In a
more general classification this is equivalent.to the upper
greenschiét and lower part of the amphibolite facies (Turner

1968).

It is important to establish the regional metamorphic
grade with reasonable certainty as a basis for discussing ore
genesis for both the hematite and the magnetite-hematitee
carbonate ores. The regional metamorphisﬁ will therefore be

discussed in more detail in the following pages.

The simple but widespread mineralogy and the fegﬁlar
microtextures in iron-formation and carbonate units suggests
that regional metamorphism was uniform throughout the area and
that equilibrium was generally attained. All the assemblages
satisfy the Phase rule in that F 2> 2, where F=C-P+2 (F=variance,
C=components and P=phases), with HZO considefed as a mobile
component throughout and CO2 considered as an inert component in
carbonate bands and as a mobile component in other assemblages.

This is consistent with their having attained equilibrium (Klein

1966).

In the Middleback Ranges, no minerals clearly define

the metamorphic grade but a number of assemblages contribute
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~ Dashed lines indicate uncertainty as to classification. Some minor minerals are not shown
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information which, when accumulated, enables an estimate of
pressure~temperature conditions. As the assemblages themselves
are a function of chemical components; it is convenient to

. group them for description into chemical systems (Klein 1966).

The mineral assemblages present are illustrated in Fig.12.
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1. S8i0_~FeO~Fe O_-MgO-H
i 5 e e2 3 g0 20

Quartz-magnetite

Quartz-magnetitee-grunerite } Iron-formations

Grunerite with the approximate composition of Middleback

material has been synthesised at 570°C with P

H20=1OOO bars and

+ . n
Fb02=80 - 10 bars (Schurmann 1968). This conforms to a broadly

intermediate grade of regional metamorphism.

In nature, grunerite is normally formed by one of the

following three reactions:

7 Magnetite + 24 Quartz + 3 H20 — 3 Grunerite + 7/2 02 (1)
7 Siderite + 8 Quartz + 1 H20 — 1 Grunerite + 7 CO2 (2)-

7(FeMg-silicates) + 10 Quartz — 3 Grunerite + 11’H20 (3)

Equation (1) from French, 1971.

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

equation (3) slightly modified.

In the Middleback Ranges, reaction (1) is unlikely
because magnetite-quartz mixtures are common and show no sign
of reaction. Furthermore; the Middleback grunerites contain a
minimum of about 6% by weight MgO which-is not accounted for in
‘the quartz-magnetite reaction. Amphiboles do grow from magnetite
crystal faces in some cases but this applies to tremolite as well
as grunerite and appears to be due to the dynamics of crystallis=~

ation rather than to chemical control.
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Reactions (2) and (3) are both possible and will

be discussed separately:

2) 7(Fe,Mg)CO_ + 8Si0 + 1HO 1(Fe M i
(2) 7(Fe,Mg) 3 io, 0 — (Fe, g)7318022(0H)2 + 7CO2

Siderite Quartz Grunerite

French (1971), from laborato;y work and thermodynamic
calculations, estimates that grunerite forms fram pure FeCO3 and
quartz at 300°C to 460°C. The presence of MQ in the siderite
extends its stability field and raises the minimum temperature
of reaction. Grunerites in the Middleback Ranges all contain
appreciable Mg and the original siderite must have been Mg rich
unless other minerals also took part in the reaction. Assuming
an Mg rich siderite, temperatures of 350°C to 450°C are reasonable

for the first appearance of grunerite.

In the North Michigan area of North America, grunerite
first appears in the upper part of the biotite zone at estimated
temperatures in the order of .300°C to 3566C in-the pressure range
1000 b. to 4000 b. (James 1954). The estimates agree with those
of French described above and suggest a minimum possible grade of

upper biotite facies for the Middleback Range rocks.

If the quartz-siderite reaction did take place in the
Middleback Ranges, it was carried to completion because siderite
is now campletely absent. In the North Michigan area this
occurred within the garnet zone, remnant pockets of siderite co-~

existing with quartz and grunerite in the main part of the zone
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but siderite being completely absent in the higher grade,
staurolite zone. By analogy, the Middleback rocks must have
reached middle to upper garnet zone (upper greenschist) meta-

morphic grade.

7(Fe M Si O + 10Si i
(3) 7(Fe, g)3 1,0 0 102 —_— 3(Fe,Mg)7818022 + 11H20

FeMgwesilicates. Quartz - Grunerite

The silicate composition shown above is greenalite
but similar FeMgesilicates such as minnesotaite and stilpnom=-
elane are cammon in mildly metamorphosed iron-formations and
are suitable in composition to form grunerite (Blake 1965,

James 1966).

French (1971) suggests on the basis of synthetic
work that the upper stability limit of minnesotaite is in the

order of 300°C at 2000 bars pressure.

In the North Michigan area, minnesotaite and stil=-
pnomelane are eliminated, presumably converting to grunerite,
in the upper biotite zone at estimated temperatures in the
order of 300°C to 350°C (James 1955). The actual change is
not seen, but grunerite commences as the other silicates dis=-’

appear and the temperature estimates fit well with those of

French.

In the Middleback Range iron-formations; no meta-
morphic silicates other than amphiboles are present and the

conversion must have carried to completion. This indicates



a minimum possible grade of biotitewgarnet transition facies

upper greenschist) at temperatures of 300°C - 350°C.
p
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2 i 5 e0 92'3 gO=Cal 2O---CO2

Ankerite~quartz
Carbonate units

Ankerite-(diopside)

. ., + + .
Tremolite=magnetite=quartz-calcite
Iron~formations

Tremolite-magnetite~hematite~quartz
These assemblages are of particular interest because
the presénce of tremolite enables an estimate of the lowest
possible metamorphic grade and coexisting tremolite and calcite
in ironefdrmation bands suggests an upper limit. In addition,
the presence of unreacted ankeriteequartz and tremolite in the
Middleback Group provides some interesting‘information on the

conditions prevailing in different layers during metamorphism.

There is no experimental evidence for reactions in
ankerite-quartz mixtures but there is abundant data concerning
the metamorphism of siliceous dolomites and, as the Middleback
Group ankerites have low iron contents, it is reasonable to

consider the available information on dolomite=quartz reactions.

At intermediate grades of regional metamorphism,
tremolite forms from quartz and dolomite in two main ways
(Winkler 1967, Turner 1968):

(4) 3 Dolomite + 4 Quartz + 1 H20 —= 1 Talc + 3 Calcite + 3C02

followed by

2 Talc + 3 Calcite —» 1 Tremolite + 1 Dolomite

1
+ H20 + 1 CO2
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(5) 5 Dolomite + 8 Quartz + 1 H20 — 1 Tremolite + 3 Calcite

+ 7 CO
2

No metamorphic talc occurs in the Middleback Ranges
so that the second stage of reaction (4) must have carried to

completion if the tremolite formed in this way.

Both reactions are pressure dependent and Turner (1968)
estimates the first appearance of tremolite' from thermodynamic

calculations as follows:

PH20=PCO2 in bars 500 1000 1400

Temperature °C 400° 450° 480°

These temperatures may be somewhat reduced if the
_carbonate is ankerite rather than dolomite (Turner 1968) and
a minimum temperature in the order of 350°C to 400°C appears

reasonable for the Middleback Group.

In the North Michigan area, tremolite first occurs in
the upper part of the biotite zone at approximately the same
time as grunerite in the iron-formations (Fig.1ll). This suggests
rather lower temperatures than are indicated by Turner's calcul=-
ations and by analogy with the North Michigan area, the lowest
grade that could have been attained in the Middleback Group
carbonate is upper biotite zone (upper greenschist facies) at

temperatures of about 300°C.

An upper temperature limit is indicated by the presence
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of coexisting quartz-tremolite~calcite. At high temperatures,
tremolite reacts with quartz and calcite to form diopside in

the following way (Winkler 1967):
(6) 1 Tremolite + 3 Calcite + 2 Quartz 5 Diopside + 3CO2 + 1H20

The precise temperature of this reaction is dependant on the

.partial pressuies of CO2 and H20 in the interstitial pore fluid.
Turner (1968) estimates from thermodynamic calculations that

the reaction takes place at about 100°C above the tremolite and
calcite forming reaction (5) for pressures up to 1750 bars. Fig.
15 shows Turner's calculated curve for stable equilibrium in the
reaction; extrapolated linearly to the pressure range of 2kb. to
6kb.; and this indicates a maximum possible temperature for the

Middleback Group in the order of 650°C.

This estimate is supported, to some extent, by the
presence of unreacted ankerite-quartz. If water is absent fraom
the interstitial pore fluid, tremolite development is inhibited
and at high temperatures diopside is formed by the fo}lowing

reaction (Turner 1968):
(7) 1 Dolomite + 2 Quartz ——w 1 Diopside + 2 CO2

The estimated equilibrium curve for this reaction is plotted on
Fig.15 and shows that metamorphism of the Middleback Group could
not have proceeded to temperatures beyond about 650°C for

pressures up to 4 kb.



Diopside does occur within the thick carbonate unit
towards the base of the Middleback Group. However, it occurs
as large crystals up to 1 cm in length with a random orient-
ation, and these form a texture strikingly different from the
fine=grained even .or schistose textures characteristic of all
the clearly regional metamorphic assemblages. All the known
diopside is from drillholes at over 1000! below the surface and
geological interpretation at these depths is -uncertain but it
is possible that the diopside is a product of contact metamor-
phism due to basic intrusives or to the action of hydrothermal
solutions. It is therefore regarded as an unreliable indicator

of regional metamorphic grade.

The presence of both tremolite and unreacted ankerite-
quartz in the same sequence can be explained by differences of
PC02 in the interstitial pore fluid. The two. tremolite forming
reactions (4) and (5) both depend upon the P’coz/PHzO ratio of

the interstitial fluid, requiring higher temperatures for re-

action as the Pboz rises. The ankerite~-quartz bands therefore
represent layers with high P’COZ/PH20 ratios and the tremolite

rich bands represent layers with a higher water content in the
pore fluid. The possible reasons for variations in the PCOZ/PHZO

ratio are discussed below.

As pore water is driven out by progressive metamorphism,

7P
the Foo /Pyo

on the carbonate content of the layer. With increasing grade,

ratio in any particular layer will depend primarily

the thicker carbonate layers build up a high Pboz and prevent

62



the inward diffusion of water from adjacent layers (Turner 1968).

Thinner carbonate layers will be affected in two ways:

(1) Water may penetrate the layer, lowering the P. _/

Coz2 PH20

ratio and promoting the tremolite forming reactions.

(2) When hydrous silicates are present in a carbonate rich

layer, the loss of structural water will ensure a low

/PHZO

reactions.

PbOZ ratio, facilitating the tremolite forming

These two factors combined would explain the lack of
carbonate in the main part of the iron-~formation sequence where
original carbonate layers were thin, and the fact that the un-
reacted ankerite=quartz mixtures are all from the upper part of

the main carbonate unit.

Reactions (4) and (5) both produce a carbonate in
addition to tremolite but tremolite bands in the Middleback
Ranges rarely contain carbonates. This indicates that CO2 has
been lost from the system (Mueller 1960). CO2 and presumably
H20 must therefore have been mobile in some parts of the sequence
during metémorphism. On the other hand, the preservation of the

ankeriteequartz assemblage requires a very high Fboz which

suggests that CO2 remained immobile in these bands. Klein (1966),

faced with an identical situation in the Wabush Lake area of
Canada concluded that in parts of the area CO2 was inert whilst
in others it was able to diffuse out resulting in strong P

Co2

gradients. It may, perhaps be more satisfactorily explained as
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limited penetration of H20 into the carbonate units which had

developed high partial pressures of C02.
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. Si0_=~A1 O ~FeO-K O- -
3 10, 12 34“90 e0 5 NaZO-CaO H20

+ . ..t . + -
Quartz—hornblende-Blotlte-plagloclase-garnettchlor1te
Quartzechlorite=chloritoid Schists

Quartzechlorite-muscovite

The Middleback Range schist assemblages are similar to
those at intermediate grades of metamorphism in the Barrovian
zones of Scotland (Turner 1968) and the iron-formations of North
Michigan (James 1955). Detailed comparison is difficult because
of differences in metamorphic conditions and whole~rock starting
compositions. Individual mineral compositions give some informe
ation on the precise grade attained during metamorphism and these

are discussed below.

Hornblende

The term hornblende is a general term used by metamor=-
phic petrologists for gréen or brown amphiboles containing some
Na, K or Al in the structure in addition to Ca, Fe and Mg. The

amphiboles in argillaceous schist units in the Middleback Ranges

conform to this description.

The change of amphibole composition from actinolite to

hornblende marks the onset of amphibolite grade conditions

(Leake 1964).

Harry (1950), suggested that with increasing metamor-

phic gradeAl substitutes for Si in the Z site. The Middleback

Range hornblendes contain about 1.3 atoms of Al in the Z site

65



66

which conforms to the amphibolite facies group.

Harry's suggestion was supported to some extent by
data from southern Japan (Banno 1964) but was refuted by Shido
(1958), aiso working in southern Japan, who maintained that Al
variation is not systematic with grade but that the alkali con-
tent increases with increasing grade. Engel and Engel (1962)
reporf definife increases in Na, K and TiO2 with increasing grade

but no increase in Al. "

Whole~rock composition is a major chemical control and
may influence the precise composition of hornblende more than
subsequent pressureetemperature changes (Engel and Engel 1962).
The titanium content of an amphibole, for example, may reflect

the abundance or paucity of titanium in the original rock.

The presence of other ferromagnesian minerals may also
strongly influence hornblende compositions. Elements, such as
Ti, may be partitioned between several ferromagnesium minerals
and a hornblende in this situation will contain less of these
paiticular elements than if it were the only ferromagnesian

mineral present (Leake 1964).

The use of hornblende compositions to indicate meta~
mﬁrphic grade is therefore fraught with difficulty. The pre=~
sence of hornblende indicates a minimum grade of lower amphi-
bolite facies but the mineral composition cannot be used to

estimate the final grade attained.
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Biotite

Biotite forms in the upper part of the greenschist
facies by complex dehydration reéctions involving chlorites
and muscovites (McNamara 1965, Turner 1968). The precise tempe
erature at which biotite forms depends upon the Mg content of
the pre~existing chlorite, the required temperature increasing
with higher Mg contents (Atherton 1964). It is therefore not
possible to define a precise lower temperature of‘biotite
formation in the Middleback Ranges as the pre-existing chlorite
éompositions are not known. Experimental work is consistent
with the development of biotites at 300°C to 400°C under water
pressures of a few bars (Turner 1968), and this agrees well
with estimated temperatures for the upper greenschist facies of
the Scottish Barrovian zones (McNamara 1965). The presence of
considerable biotite therefore establishes a minimum metamorphic
grade of upper greenschist faéies at temperatures not less than

300°C for the Middleback Range rocks.

Engel and Engel (1960) showed that the biotite com-
position changes systematically with increasing metamorphic
grade, Mg ana Ti increasing, Mn and Fe decreasing. However, the
biotite composition is strongly influenced by the whole~rock
compdsition and by the coexisting mineral phases (Atherton 1964).
Each area may therefore have its own suite of biotite compositions
and it is invalid to compare data from different areas without full
knowledge of the whole rock and all phase compositions. This evi=

dence is not fully available for the Middleback Ranges.
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Plagioclase

Plagioclase grains were examined in one thin section
by electron microprobe and had a uniform composition of approx-
imately An32. The grains were small, rounded and are presumed

to be of sedimentary origin.

At the first stages of low grade metamorphism; clastic
plagioclases of up to 1 cm in size are made over into pure albite
(Leake 1964). Within the greenschist facies the plagioclases are
normally albites with AnO - An5 and the anorthite molecule content
increases slightly with increasing grade. In the transition zone
between the greenschist and amphibolite facies there is a sudden
composition change from about An7 to Anl5«20 (Waard 1959, ‘Engel
and Ehgel 1960). This marked compositional break was used by
Turner (1958) to define the boundary between greenschist and
amphibolite facies énd, whilst fhis may not be strictly applicable
in all situations, it is generally accepted that plagioclase with

Anl5 denotes a minimum grade of greenschiste~amphibolite facies

transition.

within the amphibolite facies there is a general in-
crease of anorthite content with increasing grade but the precise
composition depends upon other phases present in the rock. The
Middleback Range plagioclase, with an anorthite molecule content

of An32 clearly indicates a minimum grade of lower amphibolite

facies.
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Garnets
Almandine garnet is a characteristic mineral of
amphibolite facies grade metamorphism but may occur in the
upper part of the greenschist facies (Turner 1968). In
Scotland and North Michigan, the almandine starts sharply at
the base of the garnet zone (James 1955, Atherton 1964). This
is equivalent to the greenschist-amphibolite transition of more.
general classifications and the presence of garnet in the Middle=

back Group schists clearly establishes a minimum grade of upper

greenschist facies.

Variations in garnet composition with increasing meta-
morphic grade have been investigated by a large number of authors.
It is firmly established that there is systematic variation of
the main components, but the relation between these variations

and metamorphic grade is complex.

The general variation with grade was well illustrated
by Atherton (1964) who summarised data from four well known areas;
Stavanger, Perthshire, the Adirondacks and southern Japan. The
data was presented in a series of diagrams, one of which is shown
in Fig.13. 1In all four cases, with increasing grade FeO and MgO
increase, MnO-decreases rapidly and Ca0O decreases slightly. The
curves are different for each area and may cross in different
places. The Middleback Range garnets from quartzehornblende-
biotite schists fit well onto the Stavanger area data as shown

in Fig.13 and their composition suggests lower, rather than

higher grades of metamor phism.
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Fig. 13. Plot of variation of garnet composition with grade in the Stavanger
area. From Atherton 1963, with the gpproximate com:osition of the -
Cook Gap schist garnets shown on the diagram as stippled areas.
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A number of authors have studied garnet Mn content
and shown that it decreases as grade increases (Miyashiro 1953,
Engel and Engel 1960). The initial garnet composition depends
upon the whole-rock composition and oxidation state but with
subsequent increases in temperature, there is a gradual reducte

ion in Mn (Chinner 1960, Atherton 1964).

The Middleback Range garnets show considerable variation
in Mn. In the three thin sections examined by electron micro-
probe, two (1961, 5=157) contained garnets with approximately 10%
Mn whereas the third (5-1952) contained garnets with 2% Mn
(analyses Gl to G5, Appendix II). This may be due to differences
in Mn content qf the parent rocks, No whole=rock analyses are
available for these samples but the parent rock mineralogy is
strikingly different. The high manganese garnets occurred in
quartz~hornblende~biotite schists with quartz the predominant
mineral and the ferromagnesian minerals other than biotite con~
tained up to 0.5% Mn. By contrast, the low manganese garnets
occurred in massive chlorite schist; and the chlorite mineral
céntainea no detectable Mn. The low Mn content of this garnet

may therefore be due to an inherently low content of Mn in the

parent rock.

In most papers concerned with garnet compositions; the
data is from typical amphibolite facies schist and gneiss assembw
1é§eé. The high Mn garnets déscribed above are in rocks which
fit this description and may be compared with the results fram

other areas. The low Mn garnets are in a massive chlorite



schist of unknown origin and the chlorite has a high FeO
content (32%) which is anomalous for garnet grade metamor-
phism. These low Mn garnets are therefore not included in

the following comparison with compositions in other areas.

Several authors have collected garnet analyses from
different areas and plotted various combinations of the
chemical components against estimated grade. The results, as
they may apply to the Middleback Range rocks are summarised
in Table 5. There are ebvious difficulties in this sort of
comparison when the garnet composition is influenced by var-
iables such as whole-rock composition which are not represented
in- the plots.' The results are; however; a general indication of
grade and all agree that the Middleback Range garnets represent

an upper greenschist to lower amphibolite facies.

Miyashiro (1953) suggested that the Mn content of
almandine may depend partly on pressure. This was refuted by
M&ller and Schneider (1971), who compared garnet compositions
from Norway,-North America and Japan and can find no correlate
ion between Mn content and pressure. It seems likely that host
 rock composition plays a far greater part in controlling the Mn

content than does préSSure.

Muscovite

Muscovite is typical of greenschist facies metamore
phism but can exist at much higher grades (Winkler 1967, Turner

1968). There are considerable changes in composition with

-
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metamorphic grade and fractionation of Fe and Mg between co-
existing muscovite and biotite has possibilities as a geo~
thermometer (Butler 1968), but no thin sections of Middleback
Range material were suitable for microprobe analysis and no

analyses are recorded in the literature.

b

Chloritoid and Staurolite

No chloritoid was observed in the sections available
but the mineral is recorded froam schists below ironeformations

by Edwards (1954).

Chloritoid is typical of the greenschist facies and
does not occur beyond the lowermost amphibolite facies grade.
Its presence therefore suggests that the Middleback Range rocks

did not pfogress beyond a lower amphibolite facies grade.

Staurolite is not recorded from the Middleback Range
rock;. It forms in the lower amphibolite facies by reactions
between chlorite, chloritoid and muscovite and its absence,
together with the recorded presence of chloritoid, suggest that

the grade did not surpass lower amphibolite facies (Winkler 1967).

Chlorite

Electron microprobe analysis was carried out on chlorite
in one sample of chlorite-garnet schist from the Cook Gap area
(5-1952, page 44 ~and Appendix II). The chlorite has a molecular

Fe:Mg ratio of 1:9 and contains over 10% A1203 which indicates a
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typical low grade metamorphic chlorite (Atherton 1964).

‘With increasing metamorphism, chlorites become richer
in Mg at the expense of Fe (Green 1963). This increases the
chlorite stability and Mg-rich chlorites can remain stable into
the amphibolite facies, but chlorites with a high Fe:Mg ratio
become unstable towards the top of the greenschist facies

(Atherton 1964).

The atomic proportions of Fe and Mg in the analysed
Middleback Range chlorite are plotted in Fig. 14, together with
chlorite analyses from southern Japan (Banno 1964) and west-central
Vermont (Zen 1960). The Japanese chlorites are from the glauco-
phane schisteepidote amphibolite transition facies and the epidote
amphibolite facies and their variable FeMg contents demonstrate
the difficulty of direct comparison. There is, however, a tendency
for the higher grade chlorites to have lower Fe:Mg ratios and this
is emphasised by the Vermont data which is for lower greenschist
facies material. The Middleback Range analysis plots on precisely
the same point as one of the low grade Vermont analyses and has a

higher Fe:Mg ratio than any of the Japanese chlorites.

This strongly suggests that the Middleback Range chlorite

would be unstable at grades higher than the upper greenschist facies.

The coexistence of high Fe chlorite and typical amphibolite
grade minerals such as garnet and hornblende is therefore anomalous

and the chlorite may be due to a retrograde phase of metamorphism.
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There is limited support for this in the microtextures;
where small chlorite patches appear in places to replace other
ferromagnesian minerals. Furthermore, in the Iron Duke area, where
there has definitely been low temperature hydrothermal activity,
the schists are completely chloritised. Electron microprobe
analyses from one sample of quartz-chlorite schist at Iron Duke
(60-995, Appendix II) show that the chlorite has a variable Fe:Mg
ratio and that some is iron rich and similar in composition to the

Cook Gap chlorite discussed above.

4., Amphibolites

No detailed work was carried out on the amphibolites
_because it is impossible to tell which pre-date and which post-
date the metamorphism without more extensive field work and careful

sampling.

They are composed of hornblende, intermediate plagioclase,
quartz and chlorite with minor ilmenite; sphene and magnetite.
Optical determinations on the plagioclases, using Carlsbad and Albite

twin extinction angles, indicate that they are andesines (Ab50-Ab60).

In the large intrusive basic mass at Iron Duke, the feld-
spar and hornblende crystals are in random orientation and appear
to be igneous. The mineralogy of this mass conforms to tﬁat ofla

"diorite as defined by Hatch, Wells and Wells (1961). Smaller bodies
with the same mineral composition are found in other parts of the

ranges and in places are definitely cross-cutting the iron-formations.

Y
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5.'Summaryfof metamorphic grade

Comparison with the North Michigan metamorphic
assemblages indicates that the Middleback Group rocks reached
the garnet zone of regional metamorphism. This is equivalent
to the upper part of the greenschist facies and the lower part

of the amphibolite facies.

Grades indicated by mineral assemblages and individual
minerals support this as shown in Table 6. The minimum grade
indicated for the rocks, excluding the chlorite assemblages, is
upper greenschist facies, and the maximum possible grade is

middle to upper amphibolite facies.

An indication of the pressure-temperature conditions
is shown in Fig. 15. The possible field for the Middleback Group
covers a wide area because of the difficulty in estimating pressufe.
Turner's (1968) boundaries of the greenschist and amphibolite
facies are also shown and it is clear that over the most likely
pressure range, from 2 kb to 6 kb, the Middleback Groups may be

classified as lower amphibolite facies.

The presence of iron rich chlorite indicates that there
has been a period of retrograde metamorphism, resulting in chlor-

itisation in the schist bands.



Table 6. Summary of metamorphic grades indicated by mineral

assemblages and individual minerals

Assemblage or Minimum grade Maximum grade Comments
mineral indicated indicated
Grunerite Upper
greenschist
300°C
Tremolite Upper
greenschist
300°C
Quartze Middle to upper
tremolite~ amphibolite
calcite 600°C
Hornblende Lower Composition
amphibolite suggests
amphibolite
facies.
Biotite Upper
greenschist
300°C
Plagioclase Lower
amphibolite
Garnet Upper Composition
greenschist suggests upper
greenschist to
lower amphi-
bolite facies
Chloritoid Lower
amphibolite
Staurolite Lower
(absence) amphibolite
Chlorite Upper Probably
(Fe rich) greenschist retrograde
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D. CONCLUSIONS FOR SECTION I

1. The Middleback Ranges are part of the South Australian
Precambrian shield and occur on the north~east margin of the

Gawler Block.’

5. The Middleback Range area has remained essentially stable
since the late Proterozoic and there has been almost complete

peneplanation.

3. The Middleback Group have undergone regional metamorphism
to lower amphibolite facies; at temperatures in the order of
450°C to 550°C and pressures between 2 kb and 6 kb. Regional

metamorphism has affected the rock types in the following ways:

(a) A1l the rock types have developed fineegrained; even
microtextures; becoming schistose when acicular or
platy minerals are present.

(b) Amphiboles have formed within the iron-formations and
garnets, amphiboles and micas developed in the schist

units. Massive carbonate units simply recrystallised.

4. During regional metamorphism, components within the iron-
formations were essentially immobile, except for H20 and C02,

and individual layers behaved as closed chemical systems.
5. The present iron~formation layering reflects the original
sedimentary layering.

6. The main period of regional metamorphism was followed by a
phase of retrograde metamorphism which produced chlorite in the

schists.



SECTION IY: THE GEOLOGY OF IRON DUKE
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A, GENERAL GEOLOGY

1. South Middleback Range

Iron Duke is at the extreme southern tip of the South
Middleback Range (Fig.16). The southern half of the range con=-
sists of two narrow iron-formation ridges; on the west the Iron
Duke « Iron Duchess ridge and on thé east the Cook Range. These
are separated by a steep sided valley known as Death Addexr Gully.
In the northern half of the range the valley swings eastwards into
Cook Gap which separates Cook Range from the hill mass of Iron

~ Chieftain.

The ridges and hills are formed of iron-formations
whereas Death Adder Gully and Cook Gap are deep cuttings into
schists. Granitic schists and gneisses outcrop below the iron-

formations on the east and west flanks of the range.

The iron=formations are strongly folded about north=-
south axes, which are frequently arraﬁged en echelon and fade
along the axis 1eng£h, so that synforms may pass along strike
into antiforms. A gentle cross fold causes a south pitch in the
northern two thirds of the range and a north pitch in the southern
one third (Fig. 16). Cook Range has an overall synformal structure,
as does the Iron Duke =~ Iron Duchess ridge. The Iron Knight iron-
formations dip eastwards and the Iron Chieftain mass is strongly

folded with a steady south pitch of 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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Miles (1954) interpreted the stratigraphy as two irone
formatioﬁ units-separated by the Cook Gap schists. The lower
iron~formation forms Iron Duke, Iron Duchess, Iron Knight and
Iron Chieftain and the upper iron-formation forms Cook Range.
These are folded into a canoe shape with part of the east limb
missing (Fig. 17A). This is supported by the broad outcrop
pattern and by two drillholes put down by the Geological Survey,
one in Cook Gap and the other in Death Addgr Gully on the east
side of Iron Knight (Fig. 16). Both drillholes were collared
in Cook Gap schist but intersected iron~formations below the

schists at depths indicated by the regional dip and pitch.

The southern half of the range does not clearly conform
to the interpretation of two iron-formation units. Iron Duke~
Duchess and Cook Range are both basically synformal structures
and the few exposures of schist in Death Adder Gully dip west
below Iron Duke and east below Cook Range in an antiformal
structure. Miles (1954) proposed a tight antiform on the east
side of Iron Duke (Fig. 17B) to bring the ironeformations below
the schists but this isAnot supported by recent exposures in
drill roads and tunnels at Iron Duke. Catley (pers. Comm.)
proposed that there is only one iron~formation unit which is
underlain by the Cook Gap schists. This concept applies more
satisfactorily to the Iron Duke area but less well in the northern

half of the range.

The authorst?! interpretation of the stratigraphy and

structure is shown in Figs. 17b and 21. A major high angle
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lron

Chieftain

Cook Gap schists

Cook Range

‘Death Adder Gully

Plane of cross sections in Fig.17b.

a. Simplified structure of the South Middleback Range, showing the canoe
shape. Note that part of the east limb of the lower iron-formation is

missing, as shown in the diagram. Author's interpretation, based on Miles
(1954). Not to scale, .

‘Upper iron-formation unit

o Schists of Death Adder Gully
I" . l Lower iron-formation unit

L |+ + ' Gneiss complex
- E =~ Major fault

L\ ) ‘ . . _—
\/_,L/e .. b. Interpretations of structure and stratigraphy in the
+ Iron Duke area. Not to scale,

Fig. 17. Interpretations of the structure and stratigraphy of the South Middleback Range.

Inb, . Interpretation 1- based on Miles(1934), with two iron-formation units
separated by .the schists of Death Adder Gully.
Interpretation 2- based on g suggestion by Catley (pers. comm.), with
a single iron-formation unit underlain by the schists
of Death Adder Gully .
Interpretation 3- outhor's inierpretation, with two iron-formation units
separated by the schists of Death Adder Gully. .
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reverse fault extends along the east side of Iron Duke and
Iron Duchess, moving the Iron Duke-Duchess iron-formations
upwards and to the south. This explains the juxtaposition
of a synform in the lower iron-formation against an antiform
in the stratigraphically higher schists. The concept of two
iron~formation units separated by the Cook Gap schist is
retained. The evidence for this fault is discussed in the

section on Iron Duke structures.

2. Iron Duke

Iron Duke is the southern one third of the Iron
Dﬁke—Duchess ridge (Fig.18). The division between Iron Duke
and Iron Duchess is arbitrary and is taken in company work as
an eastewest mapping grid line to the north of the main hematite
orebody, designated 00 for reference coordinates. The main
vegetation is low; stunted scrub with occasional trees but
exposure is moderate to poor becéuse of extensive surface

rubble and deep weathering in the schists and amphibolites.

Hematite outcrops along the ridge crest south of
40008 (Fig.18). North of this, iron-formation occupies the
centre of the ridge and hematite outcrops on the westefn flanks.
Below the hematite and iron-formations on both sides are scattered
outcrops of schist and weathered amphibolite. Granitic schists

outcrop on each side of the ridge in the extreme south~east and

south~west.
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A well marked synformal axis extends along the full
length of Iron Duke, coinciding with the ridge crest. It pitches
steadily to the north at 10° - 15° and is dislocated in several
places by small cross faults. Drilling and tunneiling on the
east side have established the presence of a major strike fault
separating the iron~formations from the schists in Death Adder

Gully.

Drilling has shown that the hematite passes down pitch
aﬁd down dip into magnetite~hematite~carbonate ore. This occurs
as a long, torpedo shaped body which extends along almost the
full length of Iron Duke ana at no point is less than 300 feet

below the surface. It is surrounded by a zone rich in talc.

The magnetite~hematite-carbonate has brecciated and
coarsely crystalline carbonate structures which are strikingly
different from the even; fine grained metamorphic structures \
characteristic of other Middleback Group rocks. It is believed
to have been affected by, or produced by, hydrothermal activity

subsequent to the regional metamorphism.



B. PREVIOUS WORK

Owing to the economic interest of the orebodies,
extensi&e work has'been carried out in the area by The Broken
Hill Proprietary Company Ltd. and, to a much lesser extent, by
the Geological Survey of South Australia. The ores are now
penetrated by over 100,000' of drilling and nearly 2000' of
exploratory tunnelling and winzing. Most of the company work
is unpublished but all the data was made available to the
author. In the following summary of previous work, B.H.P.

refers to The Broken Hill Proprietary Company Ltd.:

19035-1936 Two tunnels were driven into the hematite ore
by the company.

1938~1940 One additional tunnel was driven into the hematite

ore. A B.H.P. geological field party mapped the area at a scale

of 1" = 100! and established that the hematite ore occurs in
the hinge area and west limb of a north pitching syncline. The
" results were included in an unpublished company report which
covered the whole Middleback Range area (Rudd 1940).

1948-1954 A Geological Survey field party mapped the area

at scales of 1" = 100! and 1" = 200! and the results were
included in Bulletin No.33 by K.R. Miles. The structure was
interpreted.as a fairly open syncline passing into a tighter
anticline on the eastern side (Fig. 17b). The hematite ore was

. considered to pass down dip and down pitch into iron-formation.

90



91

1955-1964 Extensive drilling by B.H.P. broadly outlined the
hematite orebody and in 1957, the magnetite~hematite=-carbonate
ore was discovered below 300' of irone-formation a little way

to the north of the hematite orebody.

The area was re-mapped at a scale of 1" = 100' and
the geology re~interpreted by D.E. Catley, who published the
main conclusions in 1963. The structure was considered to
be open syncline, partly cut through on the east side by a
major fault (Fig. 17b). Hematite ore was interprefed as
passing down dip into iron-formation, mostly overlying the
magnetite-hematite=carbonate ore which is treated as a sed-
imentary unit. The amphibolites were regarded as conformable
sheets and the interpreted sequence included thick inter-

layered argillaceous schist bands.

Considerable petrological work was carried out during
this period by S. Whitehead and D. Burger, with particular
emphasis on the magnetite-hematite-carbonate and associated
talcose rocks. The results are summarised in two papers,
Whitehead (1962) and Burger (1963) but a wealth of detail is
available in unpublished company petrological reports. These
are acknowledged as necessary in the text. The most important
conclusion was that the magnetite-~hematite-carbonate was formed

by carbonate metasomatism of siliceous irone=formation.

Reports during this period were fragmentary and no

comprehensive report on the geology or petrology was written.
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1964~1967 Further deep drilling and tunnelling were carried
_out to outline the magnetite—hematite-éarbonate and talcose
rocké. The author was in charge of these programmes and re-
interpreted the geology, with a tighter; deep and somewhat
asymmetrical synform, terminated on the east side by a high
angle reverse fault (Fig. 17b). The hematite ore is regarded
as passing directly down pitch and down dip into ﬁagnetite-
hematite~carbonate and the main amphibolites aré interpreted

as cross cutting dykes.

The author also carried out extensive thin section,
carbonate staining and X-ray diffraction work in an attempt
to correlate the different rock types and to elucidate the
origins of the ores. The results were used to interprete the

geology as drilling and tunnelling progressed.

Two pépers concerning Iron Duke were published during
this period. Owen and Whitehead (1965), in a summary of Middle~
| back Range geology, described the geology of Iron Duke and
included a cross section showing a deep synform with cross
cutting basic intrusives. Ashworth (1965) described the
Iron Duke geology in rather more detail and the cross section

included is very similar to Fig. 20g of this thesis.

1969-1972 The author continued work on the Iron Duke rocks at

Durham and a compréhensive account of Iron Duke geology was

~submitted to the company in 1970.

The work at Durham includes re~examination of all



93

available thin sections and additional polished sections,
major and trace element analysis by XRF on 138 wholeerock
samples, Xeray diffraction, fluid inclusion studies and use
of the electron microprobe to determine the precise ore

mineralogy.
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C. STRATIGRAPHY AND STRUCTURE

1. Stratigraphy

Drilling has established the sequence of lithol-
ogies shown in Table 7. There is no evidence to show
whether this is the true stratigraphic sequence or whether
the rocks are inverted and use of terms such as basal
carbonate expresses the relative position within the lithol~

ogical sequence.

The hematite ore and magnetite~hematite~carbonate are
not strictly stratigraphic in the sense of proven sedimentary
origin but they appear; to the author; to occur at a particular

stratigraphic position and are therefore included in Table 7.

The lowest unit is a relatively thin band of quartz-
biotite and quartzechlorite schists with a little lean iron~
formation and carbonate layers in the upper part. The unit
does not outcrop but was intersected in drillholes on the
west side of Iron Duke (DP 30, Fig. 20g). Its relationship

to the underlying granitic schists is not known.

Tremolite rich iron-formations occur above the
schists. They are thinly bedded, with some interlayered
schist bands, and they do not outcrop but were intersected

by drillhole DDH 57 (Fig. 208).

A carbonate unit of variable thickness occurs above



Table 7. Stratigraphy of Iron Duke

Unit

Iron-formation

Talc-quartz schist=
grunerite~quartz schist

Hematite ore=magnetite-
hematite~carbonate

Chloritised basic
intrusive

Thin chlorite schist,
talc schist,carbonate
Carbonate unit

Iron~formation

Quartze~biotite schist

GNEISSIC BASEMENT

Major
Thickness components Comments
4001+ Si, Fe
1501 Si, Fe, Mg
200' to 400* Fe, Ca, Mg ORES occur
at this level
Nil to 100t
20t to 100* Si, Fe, Mg,
Ca, Al, S
50! to 200 Ca, Mg BASAL
CARBONATE
100! Si, Fe, Ca, Thickness
Mg uncertain
Unknown

possibly 100!

Note: (a) The relationship of the gneissic basement to the
ironeformation sequence is not known.

(b) The iron~formation sequence shown above is part of
the lower of the two major iron-formation units in
the South Middleback Range.

9§95
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these iron-formations. It outcrops only once, at 7700S/

400E (Fig. 18), in éutcrops too small to be shown on the plan,
but it is consistently intersected in drillholes and is the
most useful marker unit in the sequence. The unit appears to
thicken in the centre of the synform and to thin on the limbs.
It has been given various names in the pasf but is most con=

veniently referred to as the basal carbonate unit.

Thin layers of chlorite schist, and talc schist with
irregular carbonate pétches are present abbve the basal car-
bonate. These include bands rich in pyrite and other, thin
bands with graphite. Iron sulphides are found at this strat-
igraphic level throughout Iron Duke and in drillholes at Iron
Queen in the North Middleback Range. They are probably sed=

imentary in origin.

A chlorite schist or chloritised basic intrusive
consistently occurs at the base of the magnetite~hematite-
carbonate. It appears to be interlayered with the main units

and is probably a concordant sill.

Hematite oré and magnetite~hematite~carbonate occur
above the chloritised intrusive, passing laterally into each
other. In other parts of the Middleback Range, this strati-
graphic level is occupied by iron-formation and it may be
regarded as the lower part of the mgin iron-formation sequence.
Neither the hematite ore nor the magnetite~hematite-carbonate

are strictly confined to one band but they broadly occupy a
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specific stratigraphic level at the base of the main irone

formation sequence.

Above the ores is a band of siliceous talc schist.
The talc is due to hydrothermal alteration but the original
rock type is thought to be a band of grunerite,schist which
was intersected by drillholes in irongformations to the north
(DDH 62, Iron Duchess). This is regarded as a stratigraphic

unit.

The main iron-formation sequence occurs above the
talc schists and consists of a thick sequence of amphibole

rich iron-formations with thin layers of argillaceous schist.

The most significant feature of the stratigraphy is

the marked chanée of lithology above the basal carbonate.

Below this level the sedimentary types are varied, with inter-
layered schists; carbonates and thin iron=formations and
overlying these is the thick basal carbonate. This part of

the sequence is characterised by carbonate and argillaceous
sedimentary units. Above the basal carbonate, and disregarding
the ores, the sequence is predominantly siliceous with thin

argillaceous bands and negligible carbonate.

2. Structure
(a) Folding
Surface mapping shows a clearly defined synform axis

extending the full length of the Iron Duke ridge, coincident



98

with the ridge crest. Outcrops and tunnel intersections on
either side of the ridge show a steady inward dip. Small
scale folds and rodding on the surfaces of iron~formation
layers both have a uniform pitch to the north of 10° - 20°.
The major structure is therefore well established as a north

pitching syncline.

Rudd (1940) and Miles (1954) both interpreted the
syncline as a fairly open fold and Miles included a tight
anticline on the east side. Field evidence does not support
the presence of fhé anticline; the great majority of dips on
the eastern slope are steeply to the west, as are the dips in
Tunnels Nos. 3 and 4 (Figs. 2Cc, 20g). Tunnel No.4 was driven
subsequent to Miles's work and his interpretation did not

include this information.

Catley (1963), on the basis of detailed field
mapping and considerable drilling, retained a fairly open fold

style which became tighter in places throughout its length.

Jones (1968) recognised three fold groups:

F1 Rare, isoclinal microfolds with axes aligned north-
south. These are considered by Jones to be remnants of
pre=existing sedimentary layering but by the author
to be sedimentary slump structures.

F2 Major and minor folds; varying in scale from micro-
structures to the main synformal structure. The fold

axes are aligned north-south with a gentle pitch to
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the north and the axial planes are approximately
vertical.

F3 . Conjugate folds and kink bands with axial planes
near vertical and striking at 60° or 120° from

true north.

Minor folding has played an important part in inter-
pretations of the major structure, particularly prior to drilling
when minor structures were the only indications of fold style.
The best exposures are not on Iron Duke but to the north and
east on Iron Duchess and Cook Range, where outcrops show small
folds varying in scale from a few millimetres to 10 or 15 metres
‘across. There is considerable variety in style as shown by Figs.
19a, b, and the more open, concentric folds often outcrop giving
the impression that they are the dominant fold style. The minor
folds have generally been regarded as small scale replicas of the
major structure and Miles's interpretation of the main Iron Duke

synform is strikingly similar to the fold shown in Fig. 19a.

Drilling has shown that this direct comparison 1is
deceptive; the main synform is tighter and more lobate in form;
with thickening in the axial region. Minor folds of this type
are rarely seen at the surface, but Fig. 19b shows a small fold

exposed in Tunnel No.l which has a form similar to that of the

main structure.

L The major synform is best described in three parts,

south of 4200S, north of 4200S and section 1000S:






(Y
o
(Y

South of 4200S (Figs. 18, 20a, 20b)

Hematite ore outcrops in the hinge area of the synform.
The structure pitches northwards at 10° = 20° and this controls
the disposition of the outcrops. Surface dips in hematite near
the fold axis suggest that the fold is symmetrical but the out-
crop patfern of a thin band of iron~formation below the hematite
suggests a slight degree'of asymmetry with the east limb steeper
than the west. The basal carbonate unit was consistently inter-
sected in drillholes with the depth of intersection increasing
to the north, and a small outcrop at the very southern tip of

the range confirms that the fold closes to the south.

Between 5400S and 4000S a large intrusive mass of

diorite penetrates the synform and obscures the structure.

42005-1000S (Figs. 20e to 20f )

Hematite ore outcrops on the western flank of the
ridge and iron~formation occupies the crest and outcrops
sporadically on the eastern slopes. Drilling shows that the
synform deepens steadily due to the north pitch and becomes

increasingly asymmetric.

The west limb has a uniform dip of about 55°,
increasing slightly in steepness to the north. This is well
established by consistent drillhole intersections in the basal

carbonate unit, as for example DP 14 and DDH 47 in Fig. 20e.
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Fig. 20a - 20g. Geological cross- sections of Iron Duke

Siliceous iron-formations

- Hematite ore
- Talc zone rocks

E Magnetite-hematite-carbonate ore

Eﬁ Basal carbonate unit ,
%] Amphibolite |
- Argillaceous schists of Death Adder Gully

- Pyrlfe

/// Fault, with direction of movement shown by arrows

1 ' Dri”Hole

SCALE approximately 1 inch equals 300 feet.
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The east limb is more complex and the very presence
of an east limb is open to question because the basal carbonate
unif does not outcrop; nor does it appear in any drillholes or
tunnels. The strongest support for an east limb is on section
3200S (Fig. 20e), where exposures on the east side of the ridge
dip steeply to the west and these dips are confirmed in Tunnel
No.3. The absence of the basal carbonate shows, therefore, that

part of the east limb is missing.
1000S (Fig. 209)

1000S is the best drilled section at Iron Duke and,

partly for this reason, is the most difficult to interpret.

Iron=formation occupies most of the ridge and the
hematite outcrop on the west flank is considerably reduced.
This elimination of the hematite is quiteAsudden, taking place
about 100! south of the section and the ore passes along strike
into ironeformation. Immediately.to the north of the section
the ridge narrows into a low saddle which suggests that there

may be faulting in the area.

The general inclination of the west limb is established
by three drillhole intersections, DDH83, DDH78 and DDH57. The
limb dips rather more steeply than to the south and is faulted
as shown by brecciation in DDH83 and at the surface. The incl-

ination and full affect of this faulting is not clear.
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The east limb is shown to be present by westerly
dips in outcrop and in Tunnel No.4. There is no sign of the
basal carbonate unit and, again, part of the east limb is

missing.

The synform axis passes approximately through the
collar of DDH57 at the surface, and in Tunnel No.4 is within
100' of the western end. It therefore has a steep western dip
in this upper part which conflicts with the general interpre-
tation to the south and with the information at lower levels.
DDH 78 and DDH57 suggest that the basal carbonate is inclined
to the east and extrapolation from drillholes further south
supports this, making it very unlikely that the fold closes to
the west of DDH57 at depth. The axis must therefore shift from
the west side of DDH57 in the upper levels to the east side at
depth. Dips in the basal carbonate interéection of DDH57 vary
from 20° to 70° and this could indicate the proximity of the

main fold axis or simply be due to minor folding.

Movement of the synform axis is also indicated by
the disposition of a talc—magnetité schist layer which overlies.
the magnetite-~hematites=carbonate ore and is considered to be a
stratigraphic unit. It is intersected by four drillholes, DDH's
67, 57, 78, DP83, and Tunnel No.4 and is unusually thick in the
area around the western end of Tunnel No.4. Below Tunnel No.4,

it extends down dip to the east, indicating that the synform axis

is to the east of DDH57.
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This movement of the fold axis could be due to
faulting or flexuring. The change of direction must take place
fairly suddenly, within 100! below Tunnel No.4, if the inter~
pretation of the schist as a stratigraphic unit is. correct. The
thickening of the talc schist could be explained by tight iso-
clinal folding in the axial region of the main synform but
there is no evidence for this in Tunnel No.4, where the dip
is to the west throughout most of the tunnel. Small scale
folds in the talc haQe steeply dipping axial planes which
strike northesouth, parallel to the main synform axis, and
there are no indicationSff complex folding although this could,
to some extent be obscured by the effects of hydrothérmal act-
ivity. There is a good deal of faulting in Tunnel No.4, one
large fault being inclined at 30° to the west. Movement along
a plane of this orientation would shift the fault axis at a
point about 60' below Tunnel No.4 and the fault would pass
through Winze No.4. There is intense deformation in Winze No.4

but no clear major fault plane.

It is clear from the above discussion that the structure
in the centre of the synform at 1000S is complex and cannot, as

yet, be adequately e xplained.

Future drilling to the north of 1000S may clarify the

structure.

The magnetite=hematite~carbonate on section 1000S

appears'to pass up the western limb into interlayered carbonates
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and talcose iron-formations intersected by DP81 and DDH83.
The uncertainty of the structure and the fact that DP81 is
projected 30* from the south in a faulted area makes the

precise relationship uncertain.

The eastern contact with the schists of Death Adder
Gully is established as essentially vertical by drillholes

DDH67, DDH78 and Tunnel No.4.

North of 1000S there is relatively little inform-
ation. A deep drillhole in the centre of the ridge at 0O
penetrated iron-formations to about 250' followed by 1000!
of siliceous magnetite-talc schists with two thick layers of
magnetite=hematite=carbonate. The synform axis continues to
the north and the basic structure appears to be similar to

Iron Duke. *

(b) Strikeefaulting

It has already been shown that part of the east 1limb
of the synform is missing. This is interpreted as due to a
high angle reverse fault extending aloﬁg the east side of Iron
Duke between the ironeformations and the schists in Death Adder

Gully. The evidence for such a fault is discussed below.

A strike fault was mapped by Catley (1964) on the east
side of Iron Duke in the contact area between iron~formation and

&chist. It is marked in part by a line of broken iron-formation



outcrops. Catley regarded it as a reverse fault but placed it
within the iron~formations rather than at the contact with

schist.

The lack of basal carbonate in the east limb must
be due to flowage or faulting. Drilling in the.east 1limb has
established that the contact between the iron~formations and
the schists of Death Adder Gully is steeply west dipping to
vertical and is sharp. In Tunnel No.4, the coﬁtact is ob~
scured by a thick chloritised basic intrusive but at approx-
imately 300! from the portal there is a 100! widé zoné of
chloritic quartzite which looks conglomeratic with quartzite
fragments cemented by chlorite and quartz. The fragments tend
to be elongate and aligned noxrth~south. Thg structure of the
rock is difficult to ascertain but it appears to be crushed and
breaks easily in hand specimen. Tﬁerg is a well developed
lineation due to the chlorite, which is aligned north-south
and inclined gently to the north, parallel to the regional trend.
On the west side of this zone the rock is intermixed with lean
iron~formation and there is a 7' wide strip of massive green
chlorite rock which dips vertically. The whole zone is inter-

preted as a crush belt between the ironafo;mations and the

schists.

This is supported by numerous narrow fault zones in
the first 500' of Tummel No.4 (Fig. 20g). Most of these are
vertical to steeply west dipping but the sense of movement is

obscured by the lack of distinct marker units and the presence



of hydrothermal magnetite and sometimes carbonate.

A faulted contact is also supported by drillhole
'DDH86 (Fig. 20f) which intersected alternating slivers of
quartzechlorite schist and magnetite-hematite-carbonate with

brecciation in both rock types.

A fault bringing together the ironeformations of Iron
Duke and the schists of Death Adder Gully could not be a normal
fault as the schists are stratigraphically higher than the iron-
formations. A reverse fault would satisfy the geometric require-
ments, at a high angle as indicated by the drilling, and would
result in the ironeformations moving upwards, overriding the
schists to the east. There is a little support for this in
Winze No.4, where a low angled thrust in chlorite~hematite
strikes northeeast and is inclined at 10° to 20° to the north-
west. This is at a much shallower angle than the main fault
zone but the sense of movement, with overthrusting to the south-

east, is similar to that envisaged for the main fault.

There is no change in strike along the east side of
Iron Duke nor is any observed in the tunnels. Even in the
crush zone of Tunnel No.4, the strike is maintained at roughly
north-south and the lineation is inclined to the north parallel
to the pitch of the main fold axis. This suggests that the
planes of movement were parallel to the strike and that movement
was essentially vertical. There may, however, be a sense of

lateral movement, with the iron-formations moving south relatively
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to the schists; as indicated by the small thrust in Winze No.4

which was described above.

Further north along the east side of Iron Duchess,
scattered outcrops of schist below the ironeformation show that
the basal carbonate unit is missing and the fault probably con-
tinues. There is a marked topographic gap between the Iron
‘Duchess and the Iron Knight iron-formations to the north and the
projected fault line would extend through this gap as suggested

by Reid (pers. comm.).

An interpretation of the faulting is shown in Fig.2l.

(c) Cross=faults

A number of small cross-faults shift the synform axis
with lateral movements generally not greater than about 100!.

The movement is consistently sinistral.

This movement of the fold axis is reflected by sharp
sideways movement of the ridge crest and the line of faulting
is generally marked by a small saddle. The sense of movement is
therefore plain but the actual direction of the fault plane is
difficult to establish because the saddles have little exposure.
Occasional smaller scale faulting seen in outcrop, and slight
flexuring in the fold aﬁis near to some cross-faults, suggest

that the fault planes are striking north-east.
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(d) Lineations

Amphibole rich iron-formations show a strong lineation
on surfaces broken parallel to the banding due to parallel orien-
tation of fhe fibrous minerals. Talcose rocks have a similar
lineation and in both cases the lineation strike is approximately
nor th=south with a gentle inclination to the north parallel to

the fold axes.

Rodding is often well developed on ironeformation
outcrops where the layering plane surfaces are exposed (Figs.
22a,b). It is primarily due to quartz grains forming small
elongate knots and is consistently parallel to the fold axes
(Jones 1968). Rodding of identical appearance is also formed
by very small scale tight folding within the iron~formation and

is also parallel to the main fold axes.






D. DISPOSITION OF ORES, TALC ZONES AND AMPHIBOLITES

1. Magnetite«hematite=carbonate

The magnetite~hematite~carbonate occurs as a long,
cylindrical body which extends along the length of the ridge at
depth. It occupies the hinge area of the synform and is thickest
at the northern end of Iron Duke, becoming progressively thinner
up pitch to the south (Figs. 20a to 20g). The ore is not found

above a depth of 300%,

The orebody is bounded on the east side by the steeply
west dipping fault contact with chlorite schists of Death Adder

Gully. Contacts between the two rock types are sharp.

Talcose rocks occur immediately above the ore and these
pass gradually upwards into iron~formation. The contact between
magnetite~hematite~carbonate and the talcose rocks is well exposed
in Winze No.4 (Fig;QOg), where the main contact is quite sharp but
is overlain by a mixed zone of talc and chlorite schist with con=-
siderable carbonate veining and layers of massive banded hematite=
carbonate (Figs.230(lﬁ. ‘.  The carbonate veins often occur in

joints and fractures and taper upwards.

The orebody is underlain by a chloritised basic intrusive
in the northern part of the area and contacts between the two rock
types are sharp. To the south, hematite ore occurs in a thin layer
along the base of the magnetite~hematite=carbonate body and contacts

between the two ore types are gradational.






chlorite-
talc rocks

Fig. 23b. Layered magnetite-hematite-carbonate surrounded by chloritic
and talcose 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 side the orebody passes up dip into
hematite ore. Drillholes in the northwest and north parts of
the area éuggest that the magnetite~hematite-carbonate ore
gradually becomes divided into two thick layers separated by

siliceous talc schists and ironeformations #orth of 10008,

To the south, the orebody passes up pitch into
hematite ore. The transition occurs rather sharbly but is

obscured by a large intrusive basic mass (Fig.20d).

2. Talc zones

The magnetite~hematite~carbonate body is overlain and
underlain by zones of talc rich rocks. The main'rock types are
talce~magnetite schist and quartze~hematiteetalc rock. In the

lower zone there is often considerable pyrite.

The upper talc zone is thickest in the north where itA

has a stratigraphic thickness of about 200! (Fig.209). It becomes

progressively thinner to the south as shown in Figs. 20e and 2cf.

There is a gradual transition from talcose rocks to the
overlying ironeformations. The quantity of talc decreases, the
quartz grain size decreases, amphiboles became the dominant
silicate miﬂeral and the whole character of the rock gradually

becomes that of a typical iron-formation.

The lower talc zone is only seen clearly on section

10008 (Fig.20g), where it forms a narrow strip of 50' to 100! .thick
between the magnetite=hematite-carbonate and the under lying basal

carbonate. It contains a good deal of carbonate and is heavily



packed with pyrite in places. Further south, this zone passes

directly into hematite ore.

In the northern part of the area, both the talc zones
thicken and a third zone appears within the magnetite-hematite-
carbonate body, north of 1000S. The talc zones therefore form a
partial envelope about thé magnetite~hematiteecarbonate body,
éccurring above the ore, below it and enclosing part of the ore

at the northern end.

3. Hematite ore

In the southern half of the area, hematite ore occurs
in the hinge area of the synform, resting upon argillaceous schists
‘at the extreme southern end and upon a large basic intrusive further

north.

In the northern half of the area, the ore is in two parts;
the main body occupying the upper portion of the west limb and a
smaller body extendiﬁg élong the base of the magnetite-hematite=-
carbonate into the hinge area of the synform (Figs.IZOc to 209).
The main orebody is up to 300' thick in stratigraphic thickness
and generally rests upon an amphibolite sill. It is overlain by
iron~formations and there is a narrow transition zoﬁe of about 20!

to 50' between the two.

Drilling has established that the hematite ore in the
west limb passes down dip into both magnetite=hematite~carbonate
and talc zone rocks. Part of the ore also appears to pass down

dip into iron~formation.
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The main hematite orebody terminates abruptly at about
5008 (Fig.18), passing laterally into iron-formations. The pre-~
cise nature of this transition is obscured by poor exposure and

considerable faulting in the area.

The smaller orebody occurs as a thin layer, at its
maximum about 150' thick, along the base of the magnetite~hematitew
carbonate body (Figs. 20c to 20g).- It extends down pitch from the
méin southern hematite orébody and down dip from the hematite ore
in the west limb. To the north, it becomes progressively thinner

and at 1000S (Fig.209) is completely absent.

The bulk of the hematite ore at Iron Duke is within 500!

of the surface.

4. Amphibolites

Miles (1954) used the term amphibolite to describe bodies
of intrusive and interlayered basic igneous rocks which occur
throughout the Middleback Ranges. The term, as used in this sense,
includes a variety of rock types ahd does not imply that the bodies
are premetamorphic. It is a convenient term and is retained in

this thesis.

A large basic intrusive mass penetrates the synform
between 4000S and 4600S (Figs. 20¢,d). It is poorly exposed and
is known mainly by drilling, which makes interpretation of the size
and shape difficult, but it is definitely several hundred feet thick
and can be interpreted as one or more massive intrusion penetrating

the synform from depths to the east.



Dykes extend north and south from this mass. The
southern dykes are thick and irregular in form and cut across
the synform axis (Fig.18). They occur mainly within the hematite

ore and also penetrate the schists of Death Adder Gully.

The northern dykes are thinner, generally not more fhan
150* thick and occur prinqipally in the fold 1limbs (Figs. 20c to
20g). In the vicinity of the magnetite-hematite-carbonate and
talcose zones they are completel& chloritised. Their intrusive
character may be demonstrated in Tunnel No.4 (Fig.20g) where one
typical dyke shows a qhilled margin against schist and another cuts

irregularly across banded iron-formation.

A small intrusive body, different in form and texture
from the other intrusives, occurs in the upper part of the west
limb (Fig.20g). It is completely chloritised but the remnant
texture is porphyritic and there is no obvious source for a feld-

spar porphyry in the area.



E. PETROLOGY

The ironeformations of the Middleback Ranges have already
~ been described in Section I and, as those at Iron Duke represent

the general type, they will not be described further.

The hematite—magnetite-carbonate; talcose rocks and
chloritised intrusives are unusual rock types which are rarely
mentioned in world literature. They will be described in detail,
together with a brief description of the schists in Death Adder
Gully whicﬁ show significant differences in mineralogy from their

strétigraphic equivalents to the north.

1. Magnetite~hematite=carbonate

The rock is a mjxture of magnetite, hematite 4nd carbonate
with oxides in about equal proportions to the carbonates. It is mixed
blue~black and creamy white in colour and the carbonate is usually

fairly coarse grained whereas the iron oxides are fine grained and

granular. (Fig. 24)

(a) Structures

Most of the rock has an unusual structure consisting of
fragments of finely banded ﬁagnetite-hematite—carbonate merging
info and cemented by coarsely crystalline carbonate (Figs. 25 to 29).

It often appears to be a mixture of brecciation and plastic flow.

DDH 57 (Fig.20g) intersected 800' of this material and
drillholes to the south have shown it to be characteristic of the

whole body. There is rather less brecciation and the banding is

*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.,



less disturbed at high levels on the east side of the orebody.
Vein carbonate tends to increase towards the base of the orebody,

particularly on the east side.

Structures observed in drill core can be categorised

into three main types, banded, brecciated and veined:

v

Banded structures (Figs.25a,b) vary in scale from microscopic to

'layers several inches thick which are themselves finely banded.

The banding is usually diffuse and frequently shows swelling,
stretching and flowage structures, often accompanied by tight,
small scale folding. Massive bands, with a higher proportion of
oxide minerals, do not show such strong distortion. The carbonate
is usually fairly coarsely crystalline, even in well banded samples,
and carbonate rich bands tend to be still more coarsely cr&stalline
and merge into vein carbonate. Rare specimens with undisturbed
banding show a fine layering similar in scale and appearance to
that of the iron-formations, .each layer having a texture dependent
on the proportion and grain size of its components; particularly

. *
the iron oxides. ., The carbonate is finer grained in these bands.

Brecciated structures (Figs. 26a,b, )} consist of angular fragments

of'magnetite-hematite-carbonate enclosed by vein carbonate and
sometimes by mggnefite. The fragments are usually banded but the
carbonate of the fragment merges into the enclosing carbonate;-the
fragment boundarigs are commonly indistinct, and the layering tends
to become vague. The enclosing carbonate is fairly coarsely c;ystal-

line and sometimes has small vughs with euhedral crystals projecting

into the cavities.

* as noted by Whitehead in Company reports.
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Vein structures (Fig .27 ~ ) include clearly cross cutting veins

of carbonate and; to a much lesser extent, magnetite. Patches of
coarsely crystalline carbonate, several feet thick, are sometimes
intersected by drilling and these are assumed to be parts of
‘larger'veins. The larger veins are found mainly towards the base
of the orebody but may occur at any level. Small vughs with

euhedral crystals projecting into the cavities are common.

The characteristic structure for the whole orebody is
a mixture of the three types described above. Somé kind of banding
is almost always present but there is every gradation between banded
and vein structures. It is frequently impossible to tell whether
coarsely crystalline carbonate is a true vein in the sense that it
has been introduced into the rock, or whether it is formed.by
carbonate rich bands flowing and merging to produce a vein typé

of structure.

Massive magnétite frequently occurs at the contacts with
chloritised intrusives; often forming a layer several feet wide
and passing gradually into the magnetité-hematite-carbonate. The
contact between magnetite and the intrusive is, in all cases, knife
sharp. The magnetite frequently encloses angular fragments of
chloritised intrusive and, more rarely; fragmpnts of banded magnetite=
hematiteecarbonate. " It has a granular texture and there is
frequently some intermixed coarsely crystalline carbonate present

amongst the magnetite grains.

Folding is sometimes present in drill core varying in

scale from broad; gentle flexuring to crenulations on a micro scale.



The styles vary from open concentric folds to tight similar folds
with hinge area thickening and the typical style is intermediate

between these two (Fig_28%

Other small scale structures observed in drill core are
normal faults and a mineral lineation on surfaces broken parallel
to the banding planes. The latter is mainly found in the upper
part of the'orebod& where a little talé is present in the rock and
is due to the alignment of talc crystals and sometimes magnetite

trains, on the surfaces

It ié impossible to precisely determine the orientation
of small scale structures without fully oriented drill core and
this is not available. The dip of the banding fluctuates widely
relative to the drill core axis but conforms broadly to the main
structure if the dip direction is assumed to be parallel to the
fold limbs. Fold axes are ‘generally gently inclined from the
horizontal and small concentric folds exposed in Winze No.4 (Fig.
28 .) have axes striking due north and inclined to the north at
about 10°, parallel to the regional trend. Lineations, when

present in folded samples, are parallel to the fold axes.

(b) Microtextures

(1) Transmitted light

A typical thin section of magnetite~hematite-carbonate
ore includes part of an iron oxide rich fragment and part of a

coarsely crystalline carbonate band or wvein.



The iron oxides occur as blocky grains, sometimes
grouped into bands but more often forming an irregular sieve-like
texture (Figs.29,3o). The carbonate which fills the interstices
between iron oxide grains is in irregularly sized, interlocking
crystals which enclose the smaller oxide grains. "Sometimes this
interstitial carbonate is in large crystals up to 4mm across which
completely enclose the majority of the iron oxide grains. The
carbonate is characteristically cloudy with blurred interlocking

edges.

The carbonate rich portion consists of large, inter-
locking crystals with very ragged edges. The crystals are normally
cloudy with dark areas, probably due to included fluid, and the
crystals generally contain fluid inclusions. Some of the crystals
may be well formed and clear of inclusions and these tend to occur
in small groups which merge into the darker material. Cleavages
are sometimeg-well developed but more often are ppor and the

crystals often show undulose extinction.

Two microtextures are not included in the above description,

massive ore and well banded ore:

Massive ore (Figs.3la, b), probably represents iron oxide rich layers
of a broad banding. It has even, granular microtextures with the
iron oxides distributed evenly throughout the section. Magnetite

is normally the predominant iron oxide and the grains are usually
unoriented producing a regular, sieve~like texture (83-848) but

may be grouped into elongate patches producing a weak oiientation

within the section (61-532, Fig.3la). In some samples, bladed












hematite predominates; generally in crystals between 0.1lmm and
0.5mm in length and these may be distributed at random (78-990,
Fig.31b) or aligned in parallel orientation (59-722). The inter-
stitial carbonate is generally evenly sized and similar in grain
size to the iron oxides but it may merge to form areas up to 4mm

across in optical continuity.

Well banded ore (Figs.32) . is characterised by fine grained,

even microtextures. The banding Qaries-in‘scale from almost sub-
microscopic (78-853) to broad layers up to 5mm in width (60-813).
Within any particular band, texture is controlled by the quantity
and grain size of the iron oxides. This is well illustrated in
sample No.2 which has distinct banding very similar to that of the
iron=formations (Figs.25b,32). The blockier bands in hand specimen
have relatively large magnetite grains with a coarse; open micro-
texture. The interstitial carbonate is also relatively coarse in
these bands and sametimes has an undulose extinction similar to
Athat of quartz in coarser bands of the iron-formations. The finer
grained bands may contain the same quantity of iron oxide but the
grain size is much smaller; producing a closely packed, even micro~
texture. In these layers the carbéna%e is also finer grained. 1In
some samples; the oxides occur in larger, interlocking patches that
tend to be elongate parallel to the banding and produce a coarsef,
more oriented texture. Carbopate textures are generally a little
coarser than those of sample No.2 and consist of evenly sized
crystals in the size range O.lmm to 0.4mm. They are irregular in
shape and are Qg¥y cloudy with numerous small fluid inclusions. The

carbonate crystals sometimes merge to form larger crystals which

contain shadows of smaller crystals.




At the upper margin of the orebody, quartz and carbonate
occasionally occur together (85-498, 60«637). The quarté usually
occurs as clear, irregular patches interlocked with carbonate
crystals of similar size. It sometimes encloses trains and bands
of iron.oxide grains. Occasionally, the quartz occurs in small
grains which appear to be partly repléced by carbonate,

Thin talc layers are sometimes developed at the quartz~carbonate

interfaces.

Also at the upper margin of the orebody; carbonate and
talc occur together, the carbonate frequently appearing to replace

the talc and sometimes having a finely fibrous appearance.

(2) Reflected light

Magnetite and hematite may occur alone or together in any
particular sample regardless of the microtextures described above.
In magnetite veins or concentrations adjacent to chloritised intru=-
sives, only magnetite is present.

Magnetite is generally in blocky grains in the size range 0.02mm to
0;25mm and often has a roughly cubic form. The crystals tend to
havé concave edges and are frequently slightly eléngated and aligned
parallel to the banding. Bladed magnetite was observed in one sample
(60-643, ) - | . projecting from a banded fragment into vein
cérbonate. The blade form is characteristic of hematite and the
maénetite in this case must have completely replaced specular
hematite.

" Hematite occurs in two main forms:

(i) - Partly or wholly replacing magnetite (57=1239) and



often enclosing remnants of magnetite (85=810).
(ii) As roughly bladed or elongate forms evenly distributed
throughout carbonate (61-780). Magnetite accompanies this form

of hematite in some samples (X).

(c) Whole~rock geochemistry

Forty =two whole-rock analyses are given in Appendix I
and four representative analyses are shown in Table 8. The large
number of samples covers all ore types but there is little chemical
variation other than in those elements which constitute carbonates
and iron oxides. The chosen four analyses are fair representatives

of their respective ore types.

The major element analyses are semiequantitative but give
a good indication of the general levels for each element, as dis-

cussed in Appendix I.

In all the ore types, CaO, MgO and Fe (expressed as Fe203)
show wide variation due to the differing proportions of iron oxides
and carbonates in the rocks.: There are negligible amounts of A1203,
Na O, K20 and ’I‘iO2 and the low amounts shown in the apalyses are at
the limits of accuracy for the technique used. No S is detected by
the analyses but a little pyrite is sometimes present in the ore.

Results for the other major elements may be summarised as follows:

SiO2 - generally less than 1%, the highest value within the main
orebody being »_ 3% and the average 0.6%. The source of

silica is not immediately obvious in most samples and,



RN

Table 8.  Whole-rock analyses of magnetite-hematite-carbonate ore

86-734 Typical ore with mixed layered, vein and bre ccia structures.
57-979 Layered ore.
67-823 Vein .ankerite- with minor iron oxides.

57-1140 Calcite rich ore.

Per cent 86.734 57-791 67-823 57-1140
si0, 1.3 0.3 2.1 0.9
AlLO, 0.2 0.2 0.2 0.3
Fe,0, 56.2 47.9 15.7. 37.5
Mg0 8.6 12.1 18.7 9.4
Cad 13.7 17.1 21.1 19.7
Na,0 0.2 0.0 0.1 0.2
K0 0.1 0.1 0.0 0.1
Ti0, 0.1 - 0.1 0.1 0.1
Mn0 0.4 0.6 0.8 4.4
s 0.0 0.0 . 0.0 0.1
PO, 0.3 0.2 0.1 0.1
lg. Loss 19.2 (21.4 diff.)  40.6 27.7

100.3 100.0 9.5 100.5
ppm_
Zn 12 0 2 5
Ni 5 7 0 12
Ba <30 <30 0 <30
Nb ND. N.D. 0 N.D.
Zr <16 <16 2 <16
Y 1 4 20 14
Sr 7 5 2 14
Rb 0 0 4 0

Notes: 1. Mdior elements - analyses 86-734, 67-823 and 57-1140 by chemical
Laboratory, B.H.P., Whyalla, analysis 57-791 semi-quantitative XRF

. by author .
2. Trace elements, XRF by author.

5
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as the analyses are within the order of - 0.6%, there is
probably negligible silica in most of the rock. Some
samples definitely contain.a little silica and this is
due to small amounts of talc or vein quartz.

MnO - over 0.4% MnO is present in all the samples, the highest
value being 4.4%. The vein ankerite, calcite rich ore
and siderite rich ore all tend to be rather higher in
MnO than typical diffusely banded and brecciated ankerite
ore; or fhan well banded ore. This is illustrated in
Table 8.

PO = the general level is in the order of 0.2% = 0.3% in all
the ore types except the §ein carbonateé, which contain

.

about 0.1%.

Trace element concentrations are low in all the ore types
‘with erratic, relatively high values in some samples. The most

significant variation is shown by Sr, which is markedly higher in

some calcite rich ore samples.

(d) Mineralogy

Most of the magnetite~hematiteecarbonate ore is a simple
mixture of iron oxides and carbonates. Small amounts of intermixed
quartz, talc and pyrite occur in the upper and lower contact areas

with more siliceous rocks.

Iron oxides

Magnetite and hematite are finely intermixed within the



rock and it is difficulf to visualiy estimate their relative pro-
portions. However, using a hand magnet and the red streak of
hematite as guides; examination of several thousand feet of drill
core suggests that magnetite is most abundant in the northern,‘deeper
parts of the orebody and along the eastern side by the fault zone.

To the south and west, the hematite proportion progressively increases

and the ore gradually passes into hematite ore.

Electron microprobe analyses were carried out on magnetite
grains in three samples, each representing a different ore type. The
results are shown in Table 9, together with two analyses of synthetic
hematite which was ﬁsed as a standard. Magnetite in the sample of
banded ore (83~575) contained an average of 0.12% Mg and 0.16% Ti.
These values are significantly higher than Mg énd Ti values in the-
typical ore sample (74«575) and the vein magnetite (67-1029). The
electron microprobe beam wés finely focussed, the magnetite grains
were relatively large and the Mg and Ti results for synthetic
hematite were consistent, so the differences between samples must
result from variations of Mg and Ti within the magnetite lattice.
The results for Si and Mn must be treéted with caution as there are

marked differences between the two analyses of synthetic hematite and

this suggests experimental variation.

Reconnaissance microprobe analyses in hematite of the
banded ore sample (83=575) show concentrations of Si, Mg and Ti

similar to those in magnetite from the same sample. Si is slightly

higher in the hematite.



Table 9. Trace elements in magnetite grains within different

types of magnetite-~hematiteecarbonate ore

. Banded magnetite~
ankerite
(83=575)

Typical ore
(74-579)

Vein magnetite
(67-1029)

Synthetic hematite
(standard)

same

grain

smaller

grains

Banded

portion

vein

portion

0.36
O’ 12
0.12

0.07
0.07

0.05
0.26
0.07

0019
0.19

0.19
0.19
0.19

0.07
0.20

0.04
0.00
0.00

0.00
0.00

0.00
0.06
0.06

0.26

0.18

0.18
0.20
2.12

0.31
0.20

0.18
0.10
0.05

0.10
0.18

0.00
0.00
0.00

0.00
0.00

0.00
0.00
0.00

0.00
0.00

0.16
0.13

0.10

0.13
O. 27

0.03
0.00
0.00

0.00
0.00

0.03

-0.03

0.10

0.03
0.03



Carbonates

Cafbonate compositions throughout the orebody were
investigated by staining 50 samples with Alizarin Red S and NaOH
in the technique described by Ward (1962), checking the results by
35 Xeray powder diffraction films and analysing carbonate crystals

by electron microprobe in eleven samples.

The full results are given in Appendices II and III and
establish that the bulk of the carbonate is an intermediate apkerite
as defined by Deer, Howie aﬁd Zussman (1962). Along the top of the
orebody there is a thin layer of intermixed ankerite and siderite and
at the base is a layer of ankerite and calcite (Fig.34). The carbonate

minerals may be described as follows:

Ankerite is the only carbonate mineral present in most of the ore.

It is normally cream to_milky white and stains a distinctired-mauve.
The staining tends to be blotchy, with slight gradational colour
changes to reddishe«brown and mauve-purple ;uggesting compositional
variation. This was checked by X-ray powder diffraction and electron

microprobe analysis and is not due to variations in composition.

Xwray diffraction pattérns show that only one carbonate
mineral is present and indicate that its composition is broadly
uniform fhroughout the orebody. The X-ray diffraction data for a
typical sample is shown in Table 10. Some samples show slight shifts
in certain lines which suggest small variations in carbonate composition
but all the patterns are similar and conform to that of an intermediate

ankerite (ref. A.S.T.M. cards 12-88 and 11-78).
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on section 1000S. Carbonate identification based on staining and X-ray
diffraction techniques.



Table 10.  X-ray diffrac tion data for Iron Duke ankerite

Ahkerit‘eCaI.O Mgy 5 Fey 5 (CO5), (Sample 78-800)

dR P hid
3.9 40 012
2.904 100 ' 104
2.676 | 20 006
2.535 20 015
2.399 50 015
2,399 50 110
2.150 70 13
2.060 20 021
2.014 50 202
1.845 30 024
1.804 70 018
1.788 70 116, 009
1.560 30 211
1.545 40 122
1.465 40 214
1,443 ' 30 028
1.432 20 19
1,415 20 125
1.389 40 030
1.339 30 0.012
1.298 - 30 217
1.272 30 0.2.10
1.239 30 128
1.203 20 220
1,170 30 L2
1.145 - 10 312
1.125 30 2.1.10
1L 40 134
1.098 30 | 226, 309
1,009 40 404
1.003 30 318

0.978 : - 30 1.0.16
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Table 10 (ctd.)

0.9649 30

0.9310 10 -

hexagonal cell:

14

0.0009 A

I

4.8176

a
(o]

=

16.098 T 0.006 R

Cc
o

3.0.12
3.2.14



A hand picked ankerite sample from the centre of the

orebody (57=749) gave the following chemical analysis:

Fe : - Ign.
Sio Al O F
0, 12 3 (as FeO) MgO0 Ca0 MnO ) P205 Loss
0.1 0.1 8.7 15.7 28.4 1.0 0.2 0.0 44 .4

(Analysis by Chemical Laboratory, B.H.P., Whyalla).

Electron microprobe analyses on individual carbonate
crystals support this general composition and are plotted in Fig.35

and presented in full in Appendix II.

The electron microprobe analyses provide a number of

interesting items of information:

(i) All the samples from within the main part of the orebody
contain one carbonate type which has a similar composition throughout
the body. There is some variation in detail, as described in para-
graphs (ii) and (iii).

(ii) Within any particular thin section; different carbonate crystals
can vary by up to 7% Mg CO3 and 9% Fe CO3; gnd there is a converse
relatioﬁship between these components. This indicates that Fe and
Mg éubstitute easily for each other within a limited range, whilst

Ca remains essentially constant.

(iii)In several samples there are broadly two carbonate compositions
characterised by slightly different Mg/Fe+Mn ratios. This is illus=

trated by the following data:

- F MnCO MgCO
61-780 Ca.CO3 MgCO3 eCO3 nC 3 oC 3
C
MgCO3+FeCO3+Mn O3
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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Fig. 35. Compositions of carbonates in the magnetite-hematite-carb.
. and basal carbonate unit, Iron Duke.
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The precise carbonate compositions are different for any particular
sample, but when two cqmpoéitions are present, as in 61=780, they
occur together in both banded and vein carbonate.

(iv)Fine grained carbonate interstitial to iron oxides can merge
into vein carbonafe with no major cbange in composition. Tﬁis may

be illustrated by two analyses fram 57«900:

CaCoO M - F M

aCo, gCO3 eCO3 , n.CO3 Total
Fine~grained

interstitial 51.0 36.5 8.7 1.7 97.9
carbonate ' .
Vein carbonate 51.3 35.9 7.9 2.5 97.6

In béth the vein and interstitial carbonate, well formed clear
crystals are sometimes present amongét the normally cloudy material
and these tend to be slightly enriched in Fe and Mn, although in
some cases they are depleted in these elements. This general
tendency for Fe énd Mn enrichment in coarse carbonate of vein type
is illustrated in its most extreme case in the two analyses shown
below. These are from two electron microprobe sections cut in one
core length | which contains fine grained carbonate in
banded layers (Sample 2) and coarsely crystalline carbonate in

intervening layers (Sample 1).

: M T

Caco, MgCO_ FeCO,, nCo,, otal

Fine grained ., 4 41.3 5.3 1.6 99.5
carbonate (2)

Vein type 51.0 31.5 13.8 2.0 98.3

carbonate (1)

The FeCO3 content of the coarsely crystalline carbonate

in the above analysis (1) is higher than normal and in most samples
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both the fine grained and coarse carbonate crystals have broadly
similar compositions and similar variations.

(v) Within individual crystals, there is some variation in Mg, Fe
and Mn but this is not systematic and no zoning was detected other
than that in euhedral crystals projecting into cavities which is
described in paragraphf‘&i) below. Thére is no change in carbonate
composition near to iron oxide grains except in rare cases where a
little cloudy material occurs around iron oxide grains and is rich
in FeCO3 (83=575).

(vi) Zoned crystals which project into cavities show no systematic
differences in composition betwéen the light and dark zones; as
illustrated in Fig.36. There is a slight but steady decrease in
'MnCO3 from the outer rims to the centres of the crystals but this
is unrelated to colour variations. Analyses of the darker bands
tend to have low totals; in the order of 96%«97%, which suggests
that the cloudy character may be due to included fluid. These

darker bands are packed with fluid inclusions.

In two traverses across adjacept crysta155 the Mn decrease
from rim to centre was complimented by.-fluctuations in Mg .and
Fe with-a gene%al increase in Fgas shown in Fig.36. This indicates
that during crystal growth, Mn could take the place of either Fe or

Mg in the crystal structure.

The crystals project from a mass of finer grained
carbonate which tends to contain less Fe and more Mg as .

illustrated by the following analyses:

3






78-800 CaCo MgCO FeCO MnCO Total
3 3 3 3
Groundmass 51.5 33.9 11.5 1.3 98.2
Euhedral
crystal 51.9 - 29.2 16.0 2.2 99.3

The analytical results support Burgerts (1963) study of
carbonate refractive»indices in which the bulk of the carbonate was
classified as parankerite, a term used by Winchell (1951) to include
the above compositions. Burger's central dolomite zone (Fig.34) was
not detected but his refractive indicés for this zone are a little
‘higher than ﬁérmal fqr dolomite and the carbonate mineral is probably

ankerite with a lower iron content than the surrounding material.

Calcite occurs in both vein and banded structures at the base of the
orebody, frequently intermixed with ankerite. It is normally milky
. white and indistinguishable from the ankerite in hand specimen but

stains bright red in cold Alizarin Red S, whereas the ankerite

remains white,

An analysis of hand picked material (57e-1343) dave the

following composition:

Fe Ign;

i : M PO
8102 A1203 (as FeO) MgO - CaO nQ S Cs Loss
0.3 0.1 0.2 0.3 52.8 1.9 0.0 0.0 42.2

(Analysis by Chemical Laboratory;B.H.P., Whyalla).

Electron microprobe analyses of crystals in one sample
(57-1239) confirm this general analysis; but show up to 5.3% MnCO3
The analyses are plotted together with the other carbonates in
Fig.35. Sample 57~1239 consists of banded magnetite;hematite—

‘calcite fragments enclosed by coarsely crystalline vein carbonate,
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and the analyses show that there is no major difference in
composition between calcite in the banded fragments and that of the

vein. This is'illustratéd in Table 11; below:

Table 11. Calcite analyses in the banded and vein portions of

, sample 57«1239

CaCO3 MgCO3 FeCO MnCO - Total
Interstitial

carbonate 92.4 0.0 0.3 4.2 96.9

Adjacent clear

vein 92.5 0.3 0.4 3.7 96.9

Sequence from interstitial
to vein carbonate:

l1.Interstitial 93.2 0.0 0.5 5.1 98.8
2.Edge of . ‘
interstitial 92.1 0.0 0.1 5.3 97.5
.C i .
3.Clear vein  ,, 0.0 0.3 .. 2.6 97.6
carbonate

Note: The first two analyses have rather low totals. The
calcite was scanned by electron microprobe for all
likely major and trace elements in addition to those
listed above and no other components were detected.
The CaCO_ component of the first two analyses is slightly
low and the: deficiency is probably an analytical error
in the Ca determination. ‘
Siderite occurs in both vein and banded structures in a narrow
layer along the top of the orebody. It is frequently intermixed
with ankerite but is easily distinguished by its creamy brown colour.

When treated with hot Alizarin Red S and NaOH, it stains a distinct

deep brown which contrasts strongly with the ankerite red-mauve

(Figc 37‘)0

Xeray diffraction patterns give d=spacings similar to

those of the A.S.T.M. siderite (Table 12).
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Table 12 X-ray diffraction data for lron Duke magnesio-siderite

Magnesio-siderite Feo. SMQO. 5Cf@3' (Sample 60-643)

o

dA_ » i, hit
3.59 50 012
2,781 100 104
2.331 70 10
2.120 80 13
1.953 70 202
.783 40 024
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
0,968 50 318
0.925 60 3.0.12

hexagonal cell:

a = 4.680 fo.002R

¢ =15.254 ¥ 0.009R



Two samples of intermixed siderite and ankerite were
examined by electron microprobe and the analyses are plotted in
Fig.35. The siderite compositions were different in each sample;

as shown by the two analyses in Table 13,

In sample 60-643, the siderite has an MgCO3 component

of about 40% by weight and is therefore not a true siderite but a

member of the solid solution series between siderite and magnesite

(Fig.38). The siderite crystals occur as well formed blades amongst

ankerite and these bladed crystals are usually zoned with a clear

outer rim; a mottled inner zone and a clear centre. A traverse
across one of these zoned crystals is shown in Table 13 and it

is clear that the outer rim is siderite but the inner core is

ankerite. The intermediate cloudy zone aoentains a. eomposition inter-

mediate between the two, containing approximately 31% CaC035 32%

’MgCO3 and 32% FeC03. This composition has not previously been

récorded in the literature and can result from one of two poséib—

ilities:

(i)  The material is a mixture of ankerite and siderite intermixed
so finely that the two could not be disfinguished by an |
electron micrbprobe spot of about 10 microns.

(ii) Fe can substitute for Ca in the ankerite structure or
Ca can substitute for Fe in some siderites. This suggeéts
that there may be solid solution series betﬁeen points on

" the dolomite=ferrodolomite join and points on the magnesite-

siderite join (Fig.38).

The second possibility suggested above is supported by

the analyses fram sample 74-811 of coarsely crystalline siderite,



Table 13. Electron microprobe analyses of intermixed siderite

and ankerite

60~-643 . CaCo MgCO F MnC T
a 3 aC eCQ3 n O3 ota;

Intermixed siderite
and ankerite:

(a) Siderite 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) Ankerite 51.1  35.1 8.9 1.2 96.3
43.1 30.4 23.1 3.1 99.7

Zoned crystal:

Clear, outer rim 0.6 38.3 57.5 3.5  99.9
Mottled zone 31.0 31.9 32.0 2.9 97.8
Clear centre 50.6 37.3 7.3 1.0 96.2
74=811

Large, mottled crystals 35.2 31.1 30.7 1.7 98.7
Small, clear crystals 52.3 30.5 14.2 1.5 98.5



caco;, FeCO, . - ' - MgCO,

Fig 38 Carbonofe solid- soluhon series .
Stippled area shows new solid solution series suggested by lron Duke
" carbonate compositions.
Data from Deer Howie and Zussman 1963.
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which is the main carbonate in the sample. The siderite analysis
shown in Table 13 is similar to that of 60643 aﬂd reconnaissance
throughout sample 74=811 showed that this composition is fairly
uniform. It is concluded, therefore, that a new magnesio=-siderite

composition has been identified, approximating to Cao 3MgO 4Feo 3CO3.

(e) Carbonate relationships

(1) Ankerite=calcite

Thé usual relationship is of vein calcite enclosing
fragments of banded ironwoxide rich fragments which contain both
calcite and ankerite. Within the fragﬁents; the two carbonates
are intimately mixed and ankerite is normally predominant. Both
.are usually faiily coarse grained. Ankerite also occurs withiﬁ the
calcite as minute scattered grains and subhedral cryétals.

- The general impression from examining the stained samples with a low
power binocular microscope is that the calcite is replacing ankerite
but the:textures are ambiguous and some of the banded fragments have

a finer grain suggesting original ankerite=calcite layers.

(2) Ankerite-siderite

Siderite is normally coarsely crystalline. In banded
.samples it occurs as large crystals enclosing iron oxide bands and
ankerite, when present, is distributed through the siderite as small

clear patches (77-811).

When mixed with ankerite in vein structures, the siderite
often shows well developed crystal forms which are sometimes bladed
(60=643) as can be seen in Fig.37 . However, staining and low power

mignification show that these bladed crystals are riddled with small
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patches of ankerite which concentrate in the centre of the crystal,
whilst the rim is well formed. There is sometimes a zoning of
light and dark bands parallel to the sides of siderite crystals.

In hand specimens, the siderite crystal edges appear to have sharp,
straight contacts with the surrounding ankerite but magnification
shows frequent small, irregular embayments which are generally

" concave towards the siderite crystal. When ankerite is dominant
in a vein, small irregular patches of siderite occur dispersed

through it and frequently define faint crystal outlines.

Electron microprobe analyses (Table 13) show that the
ankerite coexisting with siderite is similar in composition to the

ankerite throughout the rest of the orebody.

The general impression conveyed by the textural relation-
ships is that the ankerite is replacing siderite. However, this

must be regarded with caution, as the textures are usually ambiguous.

o~
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2. Basal carbonate unit

The fresh rock is light grey in colour; and fine to
medium grained. In the southern half of the area; where it is
near to hematite ore, the rock becomes red due to finely dispersed
hematite. When stained with hot Alizarin Red S and NaOH, it becomes
a uniform rede-mauve of a similar shade to the ankerite in the

magnetite«hematite~carbonate body.

Nine wholeerock analyses are given in Appendix I and
two representative analyses are shown in Table 14. The rock is
characterised by its uniform composition and low trace element

values.

Thin sections show a coarsely crystalline mass of inter=
locking crystals varying widely in size but with the range 0.2mm.to
0.5mm predominant (Fig.39). Crystal edges are ragged and the
crystal forms aré generally irregular but are sometimes roughly
rounded or elongate. Larger crystals often contain, and appear to
be replacing, small crystals and are themselves surrounded by inter-
stitial,‘very fine grained carbonate. All the crystals are cloudy
‘and often contain fluid inclusions which may have-small bubbles.
Cleavages are wéll developed in some crystals and poorly developed

in others.

Electron microprobe analyses of crystals in one sample
(47-1041) show compositions vefy similar to the whole=rock analyses.
Seven analyses are given in Appendix II and'three of these are shown
in Table 1lBb. The analyses confirm that the carbonate composition

is uniform from crystal to crystal and there is no mineral zoning.
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Table 14A. Whole-rock analyses of the Basal Carbonate unit Iron Duke

Analysis XRF by author

Per cent B 47-1197 59-1352

Si0, 0.1 0.4
Al0, 0.2 : 0.2
Fe 0, 5.4 6.7
Mg0 14.6 12.8
Ca0 27.4 25.1
N020 0.0 0.0
KO 0.1 0.1
TiO, 0.1 0.1
MnO 0.9 1.1
S 0.0 0.0
P,0, 0.2 0.01
Diff. 51.0 52.4
100.0 100.0
ppm
Zn 1 1
Ni 5 3
Ba 0 0
Nb 0 0
Zr 3 3
Y 4 1
Sr 10 18



Table 14B  Electron microprobe analyses of carbonates in the Basal

Carbonate unit, Iron Duke

Element analyses recalculated as carbonates.

Sequence from a.typical large, clear carbonate crystal to the surrounding
granular, fine grained, cloudy matrix:

CaCO3 MgCQ3
Large crystal centre 53.2 32.9
Large crystal rim 51.4 32.3
Fine-grained matrix 52.1 32.1

FeCO3 MnCO3
12.9 1.6
13.3 2.2
11.4 3.3

165

Total

100.6
99.2
98.9






The fine grained interstitial material is essentially the same

composition as the larger crystals.

In one drillhole (DDH83, 10008 Fig.20 ) bands of
carbonate several feet thick were interlayered with quartzite and
iron-formation bands of similar thickness. These carbonate bands
often contain thin but distinct layers of magnetite forming a well
defined banding, ' They have a microtexture similar to that
Qescribed above except that the carEonate grains tend to be elongate
and aligned approximately parallel to the banding. The magnetite is
in fairly evenly sized blocky grains also aligned roughly parallel
to the banding. At contacts with siliceous bands the quartz is

coarsely crystalline and small patches occur amongst the carbonate

grains.

A little talc occurs in thin layers in the upper part of

the unit.
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3. Talcose rocks

Rocks in the upper talc zone consist of-talc schists and
massive quartzetalc rock with variable amounts of magnetite and
hematite. The proportions of talc, quartz and iron oxides vary
rapidly and thin; 1m"w2" layers of quartz rich rock can alternate
with soft,green talc schist (Fig.40a,b). The talc occurs in small;'
fibrous crystals, generally aligned parallel to the major fold axis,

producing a distinct schistosity.

Quartz rich material occurs either as layers parallel to
softer maghetite-talc bands or as patches; often rounded and several
feét across. These patches are surrounded by talc-magnetite which is
often well banded and is folded around the harder block. The softer
material has a well developed schistosity and traces of this appear
in the siliceous patch. Within the siliceous patch, there is a
tendency for the quartz to be concentrated into layers separated by
very thin talc rich bands; and this layering is roughly parallel to
that of the enclosing magnetite-talc schist. Hematite is thé pre-
dominant iron oxide in siliceous parts although in some darker,
glassy patches magnetite is also present. The hematite is often
in spots lmm to 2mm across and is usually silvery; bladed specularite

(Fig.40b).

Talc~magnetite schists generally show a distinct layering
due to the concentration of magnetite into bands. The magnetite

bands are generally not more than 1"-6" thick and have a granular

texture.
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The lower talc zone is a thin layer underlying the
maénetife-hematite—carbonate ore in the northern; deeper area and -
consists of talc-magnetite-hemétite schists; chlorite scﬁists and
irregular carbonate patches. In parts, it contains consideréble

pyrite, often in small well developed crystals.

Whole~rock analyses of four samples from the talc zones
are given in Appendix I and two of these are shown in Table 15.
The analyses are not truly repfesentative, as there is considerable
variation in the proportions of quartz, talc and iron oxides but
they give a fair impression of the simple chemistry. Trace element

contents are low in all the analyses.

In thin section, the talc rich bands show a uniform texture
of parallel talc fibres with occasional elongate quartz crystals
aligned parallel to the schistosity. Small, blocky iron oxide grains
AIe dispersed irregularly through the talc. In quartz rich bands,
the quartz is densely pécked and has an unusual elongate, bladed
form with ragged crystal ends and undulose extinction (Fig.57,560ﬁon|”)
Quartz crystals are generally evenly sized, between O.lmm and 1.0Omm
long with some crystals reaching 5mm in length, and they are usually
aligned with the long axes parallel. Extinction is oblique to the
crystal axes. The crystals appear to have a well developed cleavage
parallel to the long axis but high power magnification shows that the
tcleavages' are, in fact, long needle-like inclusions of talc or
amphibole. Talc occurs as flakes and needles amongst the quartz.and
is broadly aligned parallel to the long axes of the quartz erystals.

Iron oxides occur as patches up to 2mm across and of ten roughly oval



Table 15 Whole-rock analyses of talc zone rocks

Major element analyses by Chemical Laboratory, B.H.P., Whyalla.
Trace elements, XRF by author

Per cent 59-387 77-275
SiO2 47.7 47,2
AI203 0.1 0.1
Fe20 47.3 42.0
Mg0 3.0 8.6
Ca® 0.1, 0.1
N020 0.0 0.1
K20 0.0 0.0
Ti02 0.1 0.1
MnO 0.1 0.1
S 0.0 0.0
P205 0.1 0.1
Ig. Loss 0.4 0.7
98.1 99.0
pem
Zn 5 5
Cu 0 0
Ni 7 8
Ba 0 0 -
Zr 1 4
Y 0 0
Sr 0 1
Rb 0= 0

Nb is in the order of 1 ppm to 4 ppm for both samples.



in shape with the long axis parallel to the schistosity.

Both magnetite and hematite are present in all the talc
zone samples. Magnetite tends to occur in distinct layers (Fig.40)
and is in small, regularly sized crystals which are often densely
packed together. In the talc-iron oxide schist layers, magnetite

is the predominant oxide.

Hematite frequently partly replaces magnetite and teﬁds
to form large flaky areas in optical continuity. ihis is partic-
ularly noticeable in the quartz rich patches, where the hematite
occurs in spots (Fig.40b). Within the spots are densely packed
magnetite crystals partly replaced by hematite which forms an
irregular skeletal framework in the form of rﬁdimentary specularite
crystals. The replacement of magnetite grains is therefore nqt a
simple pseudomofph mechanism but is part of the developmeﬁt of

larger hematite crystals.

Twenty four electron microprobe analyses of talc from
five samples are plotted on Fig.41. The results are given in

full in Appendix II and three representative analyses are shown

in Table 16.

The talc is unusual in its high iron content. No natural
talcs of this composition have been previously recorded although
work on synthetic talcs has shown that such compositions are stable
(French 1971). The two talcs most commonly found are the Mg end

member Mg3Si4OlO(OH)2 which is common talc, and much more rarely,

an iron rich member, which is minnesotaite. The Iron Duke talc is
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Table 16.  Electron microprobe analyses of talc from Iron Duke

59-633 2159 74-453

si0, 61.8 61.0 56.4
A10, N.D. 0.2 N.D.
Fe0 3.1 10.5 18.4
Mg0 28.7 2.1 18.2
Ca0 0.1 0.0 0.1
Na,0 N.D. 0.1 N.D.
TiO, N.D. 0.0

Mu0 N.D. 0.0 N.D.
Total 93.7 95.9 ‘ 93.1

Atomic proportions on the basis of 22 oxygens.

Si 8.04 8.03 7.98
Al - 0.03 -
Fe, 0.34 1.16 2.18
Mg 5.56 4.73 3.84
Ca | 0.01 0.00 | 0.02
Na - 0.03 -
Ti - 0.00 -
Ma - 0.00 -




between the two and shows that members of the solid solution
series. other than the two previously recorded members can occur

in nature.
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4., Amphibolites

Rocks categorised as amphibolites are of two distinct types;
unchloritised and chloritised. The former include the large basic
intrusive which penetrates the southern part of the synform and
some drillhole intefseétions of unaltered intrusive from below
the basal carbonate unit. The chloritised intrusives include the
northern dyke sheets and a small irregular intrusive in the west
1limb of the synform; all of which are within or near to the magnetite=

hematite=carbonate orebody.

Unchloritised amphibolites are massive; dark green rocks,
fine to medium grained with an equigranular igneous texture. There
is sometimes a weak foliation due to the parallel orientation of
dark minerals. Thin, cross cutting fractures filled by green

chlorite are often present.

Wholew=rock analyses for 27 samples are given in Appendix I
and one of these is .shown in Table 17. The compositions of all
the samples are very similar and the most significant feature of
the analyses is the high, and somewhat variable iron.content which
averages 14.3% Fe203 with a range between 12.0% and 16.4% Fe203.

Trace element data are summarised in Fig.42 and are notable for

the generally high Ba content and the occasional high Sr values.

Thin sections show the rock to consist of plagioclase
(40% - 50%), hornblende (25% ~ 35%), chlorite (10% =« 25%), and
quartz (2% - 5%), with lesser amounts of sericite and ilmenite.
The plagioclase was determined optically as andesine=labradorite
using the albite twins and combined Carlsbadealbite twin extinction

method. The typical texture is an interlocked mass of evenly
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Table 17. Whole rock analyses of amphibclites from Iron Duke

Major element analyses by Chemical Laboratory, B.H.P., Whyalla.
Trace element analyses, XRF by author.

Unchloritised Chloritised

Per Cent 66-584 67-908
SiO2 51.2 29.6
A|203 13.4 13.7
~Fe20-3" 15.0 24,3
Mg0 _5.8 17.4
Cdl 10.1 0.9
N020 1.9 0.1
K20 0.6 0.0
TiO2 1.4 2.9
MnO 0.3 1.2
S 0.1 0.1
P205 0.3 1.2
lg. Loss 0.9 9.4

100. 1 100.8
ppm
Zn - 113 239
Cu 82 70
Ni | 56 78
Ba 400 9
Nb 3 4
Zr - 90 174
Y 29 A 27
Sr 115 4 .

Rb 20 0



i7v8

sized felspar and hornblende crystals usually in random orientation
(Fig.43), but sometimes with a well developed aligmment. In the
large intrusive mass, the amphibole crystals are well formed and
sometimes appear to contain traces of pyroxene but in smaller
bodies they tend to be flaky with ragged ends. The plagioclase

is usually intensely sericitisgd but there are sometimes patches

of clear material. Green chlorite appears to be replacing amphibole
and, fo a lesser extent, plagioclase. This chlorité is opticélly
qiite different from the chlorite in the cross cutting veins which
shows anomalous blue interference colours and is similar to that

in the chloritised intrusives. The mineral composition of the
large basic mass in the south of the area is that of a diorite

(Joplin 1964).

Chloritised amphibolites are massive; dark green and fine

to medium grained rocks with an even; igneous texture. They are
generally soft enouch to be scratched by a finger nail; producing

a whife, slightly green=-tinted streak.

Whole~rock analyses for seventeen samples are given in
Appendix I and one typical analysis is shown in Table 17. The
chloritised.amphibolites are all similar in chemical composition
and are markedly rich in iron and magnesia but low in silica,
calcium and alkalis relative to the unchloritised amphibolites.
Trace element contents; summarised in Fig.42; show that they have

higher Zn, but lower Ba and Sr values than the unchloritised

amphibolites.
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Thin sections (Fig.43) show the rock to be entirely
chlorite with minor amounts of leucoxene; carbonate; zircon,
magnetite and apatite (Whitehead and Burger, unpublished company
reports). Two chlorites are sometimes present, differing slightly
in strength of pleochroism and order of interference colour. Both
occur as flaky, lathelike crystals which may be oriented at random
or aligned parallel, forming a strong lineation. Many chlorite
crystals have the form and general appearance of amphiboles in
the unchloritised amphibolites and small patches with second order
interference colours are sometimes present which may be remnant
émphibole. Plagioclase ghosts, showing faint Carlsbad and Albite
twinning are present in some sections; and occasionally the crystal
outlin;s enclose a mass of fine chlorite crystals which have the
same texture as sericite in unchloritised‘amphibolites. Leucoxene
and ilmenite are distributed fairly evenly throughout the rock but

carbonate, when present, is in cross-cutting veins and patches.
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5. Hematite ore

The ore 'is granular blue hematite which varies in
character from a hard, compact; massive rock (Fig.44) to a
friable powdery mass that crumbles when touched. It is blue-
black_in outcrop, blue in tunnel faces and drill core and becomes
red when-mixed with clay, or with calcite in the deep northern

orebody.

Six whole-rock analyses are given in Appendix I and two
_of the analyses are shown‘in Table 18. These show that the ore

is essentially pure hematite with small amounts of Si, Mg and Ca
in samples near to iron~formations, talcose rocks or magnetite=

: hematite-c;rbongte. It is low in trace elements except Zn with a
maximum of 105 ppm, and Cu which shows erratic high values of up
to 261 ppm in the layer of deep hematite ore below the magnetite-
hematitew=carbonate body. Most of the samples- are drillhole
samples, and it is difficult to establish whether the high zinc
and copper values are related to features within the orebody or

to basic intrusives. Trace element data are summarised in Fig.45.

In outcrops and in tunnel exposures, there is frequently
a well developed fine scale banding, as shown in Fig.44, which is
similar to that in the irone-formations. When a low magnification
(x10) is used, the banding is seen to be due to varying pore space
in different bands, the hematite being close packed and blocky in
some bands and more open with a good deal of pore space in others.
Small, well developed crystals of dark blue specular hematite

sometimes project into the cavities.



Table 18 Whole-rock analyses of hematite ore from Iron Duke

Assays of drillccre by Chemical Laboratory, B.H.P., Whyalla

Per cent 42-105 42-315
SiO2 . 1.8 9.2
AI203 0.4 0.8
Fe203 . 95.1 78.3
Mgo 0.1 4.9
Cal 0.1 2.0
N020 N.D. N.D.
K20 N.D. N.D.
TiO2 0.1 0.1
Mn0 0.1 0.3
S N.D. N.D.
P205 0.1 0.2
Ig. Loss ° 1.5 5.1

99.3 100.9

B. Trace elements in hematite ore samples, XRF by author

z 3178 71-995
Zn 13 105
Cu A 3 140
Ni 2 47
Ba 35 2]
Nb 0 ‘ 0
Zr 0
Y 1 1
Sr 9 4
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Polished sections of typical ore show a fine grained

interlocking mosaic of hematite grains with numerous; evenly
dispersed cavities (Fig.46). Very fine grained bladed hematite

is cammon and often forms a network that holds together the
blockier grains. Under crossed polars, the grains are seen to
consist of smaller, interlocked hematite crystals with irregular
boundaries and in random orientation. Small islands of magnetite
are common in the grain centres and the grains them;elves often
have a roughly cubic outline. Thus; a good deal of the ore appears

to be formed from magnetite as reported by Edwards (1936).

In well banded samples, the bands show different micro=-
textures, more compact bands having a higher proportion of blocky
grain forms and large evenly spaced cavities, whereas the softer;
finer grained bands consist of very-small hematite grains linked
in a mesh with ubiquitous small cavities. Finer érained hematite
is sometimes arranged in elongate outlines with the rough form of
bladed crystals; similar iﬁ size and shape to the iron~forﬁation
'amphiboles. The pore spaces are of varied shape énd-size but are
often rounded and sometimes elongate. - Small specularite crystals
freqﬁently project into the cavities and, less commonly, the

corners of larger cubic grains also project into the cavities,
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6. Schists of Death Adder Gully

The schists are fine grained compact rocks in outcrop
which show a well marked schistosity on broken surfaces. They
mark easily with a hammer; giving a white streak, and in tﬁin
section are seen to consist of quartz; biotite and chlorite
together with lesser amounts of amphibole and garnet. Quartz

lenticles are common and strike parallel to the schistosity.

The schists at the surface are similar in character to
the argillaceous schists at Cook Gap to the north, described in
Section I, although the Death Adder Gully schists contain rather
more chlorite. Whole-rock analyses in Table 19 and Appendix I,
show that the schists approximate in chemical composition to iron

and magnesium rich shales and greywackes.

At depth, adjacent to the magnetite-hematite-carbonate
body; there is a marked change of schist character with the chlorite
content increasing and quartz~chlorite schist becoming the daminant
rock type. Electron micrOprobé analyses of the chlorites show them
to be ironemagnesium chlorites with a wide variety of iron-magnesium
ratios. This is illustrated in Table 23; which shows analyses from
a thin section (60-995) with two optically distinct chlorites; one
being green and one brown. The brown chlorite is, in general, low
in iron whereas the green chlorite has a high iron content, and
the mineral composition is very similar to the chlorites in the
Cook Gap schists described in Section I. It is unlikely that iron
rich chlorites could have survived regional metamorphism to lower

amphibolite facies grades and this, together with the lack of
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Table 19. Chemical composition of schists in Death Adder Gully compared
with average greywacke and lithic sandstone

1. Average - 2. Llithic 3. Death Adder

Per cent Greywacke Sandstone Gully schist
' 4-85
Si02 667" 66.1 63.0
A|203 13.5 8.1 10.0
Fe203 - 1.6 3.8) o
FeO. 3.5 1.4) ' ’
MgO 2.1 2.4 6.5
CaO 2.5 6.2 0.1
Na,O 2.9 0.9 N.D.
KZO 2.0 1.3 N.D.
Tio, | 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.
P205 0.2 0.1 0.1
CcoO 1.2 5.0)
2 ‘ 5.7 (Ig. loss)

HZO (Tot.) 3.0 4.3) ’ ’
| 99.8 9.9 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.

]



* Table 20, Electron microprobe analyses of chlorites in chloritised argillaceous

schists from depth in Death Adder Gully

. Sample No. 60-995

>+ - Brown chlorite

SiOZ' 29.6
A|203 | 18.2
FeO 11.4
Mg0 25.0
- Cal 0.1
Na30 0.0
K20 - 0.0
TiO2 0.0
" Mn0 ’ 1.6
Cr203 0.1
86.0

Notes: 1. Fe expressed as Fe0

2. Analyses by Dr. A. Peckett at author's request.

Green chlorite

23.9
18.8
32.8
10.3
0.1
0.0
0.0
0.1
0.8
0.1

87.0
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amphiboles and biétite, suggests that some subsequent chloritisation

has taken place in the Death Adder Gully schists.
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F. FLUID INCLUSIONS

" In thin section, carbonates fram the magnetite-hematite-
carbonate body are frequentlyicloudy and; under high hagnification,
are seen tb contain tiny inclusions some of which have bubbles |
moving in Brownian motion. These were first noted by Whitehead in

unpublished company reports.A

Fluid inclﬁsion work requires sections or fragments
sufficiently thick to ensure that all the fluid is retained on
heatiné; and most of the carbonate proved too milky to be of use.
Hdwever, some cieavége fragments, of cdarsely crystalline vein
material and from small euhedral crystals projecting into cavities;
were sufficiently transparent for fluid inclusion work. Of 102

samples examined, 20 yielded results and the details are given

in AppendixlIV.

Fluid inclusions are of two main types (Roedder 1967);
primary inclusions which result from small pockets of liquid
becoming trapped within the crystal by differential growth and
secondary inclusion; which form when fluid penetrates fractures
or cleavége planes in a pre-existiﬁg crystal and the fractures heai;
1eaviné small pockets of liquid. The former are contemporary with
the crystal but the latter may be formed during a subsequent period
of hydrothermal activity. In the Iron Duke carbonates three types
of inclusion can be distinguished:

(a) Suites of tiny (<o-0imm)generally ovoid inclusions arranged

along inclined planes through the carbonate (Fig.47). They



are certéinly controlled by fractures or cleavages and

hence post—aafe the grystals but their homogenisation
temperatdrés are similai to those of the larger, primary
inclusions. They could have immediately followed crystal-
lisation and still represent the one phase of hydrothermal
activity, and are therefore called pseudosecondary inclusions
(Roedder 1967).

(b)'. Larger Cti:::) single inélusions, generally rhombic or square
with sides parallel to the crystal faces when these can be
seen (Fig.47). They»tend to be isolated, often within clearer
patches of carbonate and are considered to be primary, their
shapes controlled by the growing crystal.

(c) Very large (Yo-oéms single inclusions, shaped identically to
(b) 5ut With unusually large bubbles which commonly f£ill .

‘up to one quarter of the visible inclusion area. They are
also regarded as primary but'are not used for teﬁperature

- determinations as it is likely that necking has occurred,
blocking off part of the inclusion.and forcing the bubble
into a relatively small volume. They give anomalously high

temperatures as would be expected.

Many, but by no means all, of the inclusions contain a
bubble which on.average occupies about 2% to 5% pf the total
visible area. In the smaller inclusions the bubble is often in
Brownian motion. Occasionally, larger inclusions may beAdivided
by a.faint straight or undulose lipe, suggesting the presence of
ltwo'liQuid phases. Small black specks, which remain unchanged

on heating, frequently occur within the inclusions, but no
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crystalline substances were observed. The black specks may be

opaque daughter minerals.

Temperature determinations were carried out using a
Leitz microscope with a built-in heating stage as described in
Appendix IV. The two most generally used methods of temperature
determination are decrepitation and homogenisation (Roedder 1967,
Yermakov 1950). A visual estimate of decrepitation was attempted
by spreading a thin layer of crushed carbonate on the microscope
heating stage and Watching the sample for signs of movement whilst
the temperature was raised. Movement of individual grains was
occasionally violent but so rare as to provide no guide to the
temperature of formation. The presence of considerable liquid
within the crystals was shown by bubbling and flow from small
cracks and fractures at the crystal surfaces. Audio-~decrepitation
was also attempted, using a sensitive microphone with the cbver
removed and a long, slender glass.'‘'orchid! attached to the diaphragm.
Crushed carbonate was placed in the wide end of the ‘orchid' which
was then fitted inside the heating stage. Rare exploSions were
detected bgt there was no indication of a general decrepitation

temperature.

The homogenisation method is based on the principle that
an inclusion completely filled with fluid at the temperature of-
formation will develop a bubble at lower temperatures due to the
1liquid contracting more rapidly than the surrounding crystalline
material (Sorby 1858). On reheating, the bubble becomes smaller

/- ‘ 3 .
and disappears at a temperature defined as the homogenisation



temperature, which in some; but not all cases is the temperature

of formation.

A bubble first forms in a liquid inclusion of given
density when the pressure-temperatufe conditions fall to a certain
point. Above this point, the inclusion will remain in liquid form
to high temperatures provided sufficiently high pressures are
maintained. The homogenisation method establishes the temperature
of this point for a pressure of 1 atmosphere, but if‘the inclusion
had formed under higher pressures it may have cooled from much
higher temperatures before reaching the point at which a bubble
could form. The homogenisation temperature is therefore a
minimum temperature at which the inclusion was formed and a pressure
correction is usually needed to obtain the true temperature of

formation (Ingerson 1947, Yermakov 1950).

In addition to pressure and the correct choice of primary
inclusions, Roedder (1967) cites three basic assumptions in using
homogenisation temperatures:

(i) The fluid was a single, hdmogeneous phase.
(ii) The cavity did not change in volume after sealing.

(iid) thhing is added to or lost from the inclusion after sealing.

, ‘Homogenisation temperatures for 203 primary inclusions
from throughout the orebody are shown in Fig.48a. The dominant

temperature is 120°G - 130°C but the curve is slightly asymmetric

with a bulge in the region of 140°C - 160°C.

96
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The individual results for 16 samples are shown in Fig.48b.

They group together as follows:
Table 21. Homogenisation temperatures for fluid inclusions

No.
Samogl,es Temperature range
10 110°C - 140°C
3 , 140°C - 160°C
3 Two peaks, one in each of the

above two temperature ranges.

Pseudosecondary inclusions gave broadly similar temperatures but
less measurements were made and no definite groupings can be

distinguished.

The primary inclusion homogenisation temperatures show
that inclusions developed at two periods during the hydrothermal
ractivity and at slightly different temperatures. Fig.49 is a
generalised cross section of the orebody showing the approximate
positions of the sixteen samples. The highest temperatures are
recorded from the east and in the deep central part of the orebody.

Lower temperatures are distributed throughout the whole orebody.

The chloritised basic dyke wﬁich cuts the orebody on the
east side (Fig.49) is earlier than or contemporaneous with the
hydrothermal activity as shown by the remnant igneous textures
within the dyke. 'A sample from the contact (740750) shows two
temperature peaks at 120°C - 130°C and 150°C - 160°C respectively.
The dyke does not, therefore appear to have raised the temperatures

locally to any great degree during the period that the inclusions

were formed. N

A limited number of freezing temperatures were determined

<00
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using a freezing stage described in Appendix IV.

The freezing point of pure water is debressed by the
addition of salts. Most deep natural hot waters and brines with
NaCl as the main salt (Ellis 1967, Helgeson 1964). If NaCl is
assumed to be the main salt present in a fluid inclusion, the
depression of the freezing point can be correlated with known
phase relationships in the NaCl—HZO system and an estimate of the

salt concentration can be made (Roedder 1962, 1963).

The inclusion is cooled until it is completely crystal-
line which usually means taking the temperature down to about -70°C.
The temperature is then slowly raised until the crystals begin to
melt ana melting is maintained until only one crystal is left. The
freezing temperature is defined as that temperature at which the
last crystal melts under reversible equilibrium conditions (Roedder
1962). Equilibrium is checked by rapidly cooling the inclusion

just before the last crystal disappears and the crystal should then

begin to grow.

Freezing temperatures were determined on 31 inclusions in
three samples (74-956, 86-686, 78-/52). In one sample (78-956),
the inclusions were in clear vein qﬁartz and in the other two
samples they ﬁere in vein carbonate. There was no difference in

the results between quartz and carbonate.

The results may be summarised as follows:

3



Table 22. Freezing temperatures and indicated NaCl

Contents
Number of " Freezing Indicated
inclusions temperature °C NaC1
2% -1 ° to -22° 18% to 21%
‘ -12% to -14° 15% to 17%
2 -4° to =7° 7% to 8%

Inclusions with all three temperature ranges occurred
within.sample 86-686. This suggests that either the salt content
was very variable in the fluid or that the inclusions represent
several phases of hydrothermal activity with different salt contents

in each.

Some inclusions did not completely freeze; part of the
inclusion remaining liquid. This suggesté the presence of liquid
CO2 which has a freezing point of'-56.6°C and can remain unfrozen
to-temperatures well below fhat. However, it could also result

from a metastable salt solution remaining liquid at low temperature.

From the freezing results, it is clear that the hydrothermal
solutions were salt solutions but the proportion of different salts

in solution remains unknown.
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G. SWMMARY OF IRON DUKE GEOLOGY

The Iron Duke iron-formations are the lower of two major
units which make up the Middleback Ranges. They are overlain by
the argillaceous schists of Death Adder Gully and underlain by
granitic gneisses and schists of the Gneiss Complex. The lower part
of the Iron Duke iron-formation sequence contains a thick carbonate

unit known as the basal carbonate.

The iron-formation sequence is folded into a tight synform
which has a north-south striking axis pitching to the north at 10°
to 20°, and an almost verfical, undulating axial plane. The east
1imb of the synform is intersected by a major northesouth striking
reverse fault which is inclined steeply to the west and has moved
the iron=formations south and upwards relative to the schists of
Death Adder Gully. Smaller scale faults with strikes in north-

west and north east directions cut the iron-formations.

Hematite ore outcrops in the hinge area and west limb of
the synform, passing northwards along strike in the ﬁest limb into
iron-formations. The bulk of the ore is within 500 feet of the
surface and passes down bitéh and down dip into magnetite-hematite-
carbonate and talcose rocks. A thin layer of ore extends down dip
and pitch from the main orebody, along the base of the magnetite=
hematite~carbonate body. The hematite ore is characterised by fine
scale layering similar in appearance to that of the iron-~formations,
and the ore is frequently porous. It consists of equally sized
hematite grains which sometimes show remnant magnetite patches and

the spaces in porous ore are of similar size to the hematite grains.



The magnetit¢~hematite—carbonate occurs as a long
cylindrical body in the hinge area and deeper parts of the synform
west limb. Its shape may be broadly interpreted as a stratigraphic
unit but in the centre of the synform the ore cuts across strati-
graphic boundaries. The orebody has a steep eastern contact with
schists of ﬁeath Adder Gully, the two being separated by the major
high angle reverse fault. The ore consists of magnetite, hematite
and carbonates in varied proportions and it is characterised by
diffuse layering, brecciation and carbonate veining. Carbonate
crystals within the ore are coarse grained and unoriented, pro-
ducing typical metasomatic or hydrothermal textures. The bulk
of the carbonate is an ankerite containing between about 5% and
15% FeCO3 by weight, and this is the only carbonate present except
at the base of the body where there is a thin calcite rich layer,
and at the top of the body where intermixed ankerite and magﬁesio-
siderite occur. The carbonate crystals are similar in composition
in both the layered and‘vein structures, and this composition is
almost identical to that of the underlying basal carbonate unit.
The vein carbonate sometimes has small cavities into which project
carbonate crystals showing inclusion zoning due to free growth.
These show that hydrothermal solutions have moved through the
magnetite~hematite-carbonate body; and‘studies of fluid inclusions
in the carbonate crystals suggest that the solutions were brines

at a minimum temperature of 120°C.

Talc rich zones occur -immediately above and below the
magnetite-~hematite-carbonate body. The upper talc zone is thicker

than the lower and passes gradually upwards into iron-formations.



It is characterised by green; iron-magnesium talc which occurs

in cryétals oriented parallel to the main fold axis; and by
irregularly distributed quartz which, in thin section, has a

bladed form. Hematite occurs in small, irregular spots and patches,
whereas magnetite present in the rock is in small crystals éonfined
to specific layers. ‘The lower talc zone is thin, and consists of

talc with lesser amounts of carbonate and considerable pyrite.

Iron-formations'overly the hematite ore and the upper
talc ;one,rqcks and consist of fine grained quartz and iron oxides
with lesser amounts of tremolite and grunerite-cummingtonite. They
are identical to iron~formation units throughout the Middleback
Ranges and are characterised by fine scale layering. In thin
section, they have even, regular microtextures typical of regionally

metamor phosed rocks.

The schists-of Death Adder Gully consist of quartz,
biotite and chlorite with iesser amounts of amphibole énd garnet.
At depth, adjacent to.the magnetite-hematite-carbonate ore, they
consist-of quartz and chlorite; a éood deai'of the chlorite being
,rich in iron and therefore considered to be the result of chlorit-

"isation subsequent to metamorphism.

A large basic intrusive mass of dioritic composition
penetrategjthe synform in the southérn half of Iron Duke. -Dykes
extend northwards from this mass along the 1limbs of the synform,
and~whe;e tﬁege dykes intersect the magnetite~hematite~-carbonate

and talc zones they are completely chloritised.
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SECTION III:

ORIGIN OF THE ORES
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A, ORIGIN OF THE MAGNETITE-HEMATITE-~-CARBONATE ORE

1. Previous theories of ore genesis

Whitehead (1962 and company reports) proposed that the
orebody formed by intense or ?rolonged carbonate metasomatism
of siliceous ironeformations. The original rock type was a
tremolite bearing ironeformation near the base of the sedimentary
sequence, which was of variable thickness and in places contained
layers or lenses of magnetite~ankerite. The unit was overlain
by cummingtonite schists which were altered to spotted talc
schists during the metasomatism. Solutions were circulated by
the slow éooling of basic intrusives and the solution flow was
controlled by folds; faults, fracture zones and impervious schist
units. The solutions may have been heated meteoric waters guided
to certain areas of the iron-~formations by structures in over-
lying, younger sediments. In some company reports, Whi tehead
also drew attention to the possible association of hydrothermal

activity with basic intrusives and with major shear structures.

Owen and Whitehead (1965) expressed the same basic
theory, suggesting that the solutions were carbonic acid, the
fluid movement was initiated by basic intrusives and the flow

direction was controlled by structures.

Catley (1964) also considered that metasomatically
introduced carbon dioxide penetrated amphibole rich iron-
formations, converting the amphiboles to carbonate and talc.

The silica released during this process was transferred to the



iron-formations above the ore; causing extensive silicification
and reconstituting the rocks to produce the siliceous iron=
formations in their present form. Carbon dioxide and water vapour
" were suggestéd as the metasomatic agents and fhe carbon dioxide
was derived from the basal carbonaté unit, or fram within the
ironeformation sequence, or fram late igneous intrusives. The
principle is the same as in Whitehead's theory in that most of
the carbonate in the orebody is produced by carbonate meta-
somatism but the starting rock coﬁpésition has emphasis on

amphiboles.

Ashworth (1965) supported the concept of carbonate meta-
somatism and suggested that shearing in the basal carbonate unit
may be the source of carbonate. This approach was later modified
by Ashworth (1970, unpublished B.H.P. company report), with
greater amphasis on the amount of original carbonate present in
the irone=formation unit. The original rock type was considered
to be a magnetite~carbonate unit with siliceous layers and the
silica was removed from the unit during hydrothermal activity

leaving magnetite~hematite-carbonate ore.

The processes envisaged in these concepts of ore-formation

have not been described in detail in any publication or company

report.

It is clear that hydrothermal solutions have been important
in the formation of magnetite-~hematiteecarbonate ore. Points

which are far less clear are, the composition of the original rock
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2. Original rock types

(a) Magnetite~hematite=carbonate ore

The mégnetite-hematiteqcarbonate ore is characterised by
iron oxide layering which, although usually diffuse, is similar
in_scale and general appearance to iayering in the iron-formation
units. This suggest; that the original rock type was a member of
the iron rich sedimentary sequence, a conclusion supported by the
stratigraphic position of the orebody within the lower part of

the ironeformation Sequence.

The combination of carbonates and iron oxides, which
constitutes the orebody, is unusual for the Middleback Ranges and
no thick sedimentary units of this composition are known in fhe
area. Rock types at equivalent stratigraphic levels throughout
the Middleback Ranges are normally siliceous iron-formations,
often with considerable tremolite, and at Iron Duke the orebody
appears to pass laterally into siliceoué iron-fo?mations. It is
therefore considered probable that the original rock type contained
some quartz and amphiboles which have been effectively replaced by
carbonates during the hydrothermal process. This conclusion was
reached by all previous authors and controversy centres on the
proportion of carbonate originally present in the rock, rather
than the quantity of siliceous minerals. Evidence on the presence
of original carbonate is available fram two sources; rock types

laterally equivalent to the ore, and microtextures of layered ore

fragments.
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At Iron Duke, deep drilling in the northermmost part
of the orebody suggests that the ore passes laterally
into siliceous ironeformations with thick carbonate layers.
Drillingvin the west limb of the synform (DDH83) shows thaf
the ore passes up dip into siliceous ironeformations with thin
carbonéte layers and the carbonate rich units céntain some
magnetite which is layered on a fine scale. Thus, carbonate
layers are present in the Iron Duke iron-~formation sequence
at the stratigraphic level of the orebody and were almost

_certainly present in the original rock type.

The presence of original carbonate layers in the protore
unit is also suggested by patches and fragmenté of finely banded
ore which have regular, alternating layers of carbonate and iron
oxides, similar in scale and appearance to-the layered.quartz
.and iron oxides of siliceous iron-formations. In thin section
the carbonate has even, granular microtextureé, as described in
Section II, which are typically metamorphic rather than meta-
somatic microtextures. The carbonate is similar in chemical
composition and in microtexture to carbonate units elsewhere in
thé Middleback Ranges which have not been affected by hydrothermal
activity. Magnetite is usually the main iron oxide present in
these layers and is sometimes altered along the crystal edges to
hematite. The magnetite grains are similar in shape and dis-
tribution to those in unaltered iron-formation but are generally
a little larger. These finely layered patches of ore were first
recognised as original carbonate-iron oxide layers by Whitehead

(1962 and B.H.P. company reports).



In several parts of the Middleback Ranges, dfilling
‘and sur face exposures show tﬁaf the lower iron-formation units
are rich in tremolite due to the metamorphic reaction between
quartz and Ca~Mg carbonates. Thicker carbonate layers, such as
those described above in the iron—formations, are preserved
essentially intact due to high-CQZ pressures within the layers.
This indicates that the original sediments were rich in Ca-Mg
cgrbonates in the lower part of the sequence and the carbonate
proportion declined in the upper part of the sucéession. The
protore unit occurs at an intermediate level, above the thick
basal carbonate which representé dominantly carbonate sediment-
ation, and below the siliceous iron~formations which represent
dominantly silica=iron sedimentation. It is therefore likely
that the protore unit contained a considerable quantity of Ca-Mg
carbonatés, and that part of thesé reacted with quartz to form

tremolite during metamorphism whilst the thicker carbonate layers

remained unaltered.

It is ;bncluded that the original rock type for the
magnetite-hemafite-carbonate ore was a layered ironeformation
vunit composed bf 50% to 70% carbonate plus tremolite plus quartz,
the remainder being iron oxides. There is no evidence available
on the proportion of carbonate in the rock, but a maximum of 30%

to 40% of the total rock would appear a reasonable estimate.

(b) Talc zone rocks

The'upper talc zone occurs directly above the magnetite-

hematite-carbonate ore and passes upwards gradually into siliceous



iron-formations. It consists of talc; quartz and iron oxides and
some portions of the rock have a distinct layering similar in
scale and appearance to the layering in unaltered siliceous irone
formations. The talc zone appears to extend up dip to the west
and up pitch to the south into siliceous ironeformations although
this lateral transition is somewhat obscured by the presence of

hematite ore.

Whole~rock chemical analyses from the talc zone are
similar to those of siliceous iron-formations; except for a
marked increase in magnesia and a complete absence of calcium
(Appendix I). Microtextures, which will be described in more
detail later, show that both talc and quartz have replaced
amphiboles and suggest that amphiboles were a nmajor component in
the. original rock. Within the talc zone, the firely layered
portions contain mainly magnetite rather than hematite; and
appear to represent the original ironeformation iayering with

the magnetite having remained essentially in situ.

s

The evidence therefore suggests that the upper talc zone
formed from amphibole rich iron-formations; and that magnetite
present in the original rbck has remained stable. However, cone
siderable amounts of iron are held in the iron rich talc and the
small patches and spots of specular hematite. This iron could
result from the alteration of grunerite to talc, part being |
included in the talc minerals and part migrating to form the
specular hematite. It is therefore concluded, in agreement with

Whitehead, that the upper talc zone was rich in grunerite rather

i4



than tremolite. On this basis, the original rock type is
considered to have been an amphibole rich siliceous iron-.
formation with grunerite as the dominant amphibole. Thick bands
of gfunerite-quartz schisf were intersected in a deep drillhole
(DDH62) in iron~formations about half a mile north of Iron Duke,
and this is the type of rock from which the upper talc zone could

have formed.

There ‘is no evidence on the original rock type of the
lower talc zone; The zone occurs immediately below the orebody,
is not more than about 50-100vfeét thick in stratigrabhic terms
and.is known from oﬁly one borehole (DDH57, Fig.20g). It consists
of télc with some carbonate and pyrite, the latter two in
irregular patches and veins. By analogy with the upper talc zone,
the lower zone is assumed to be formed from amphibole schist,
probably with less quartz than the upper zone, and containing

considerable syngenetic pyrite.



3. Geochemistry of the hydrothermal solutions

(a) Direction of movement

A number of factors indicate that the fluids moved
in a general upward direction and these are listed below and

illustrated in Fig.50:

(i) The upper talc zone is much thicker than the lower.

(ii) Basic intrusives are completely chloritised within and
above the orebody but not below.

(iii)Magnetite concentrations within the ore adjacent to
intrusives and schists tend to be thicker at the lower contact.
(iv) In the transition zone between the orebody and the overlying
talc zone, carbonate veins penetrate joints and fractures in the

talcose rock and taper upwards.

The orebody and upper talc zone are both thickest and
best developed in the deeper, northern part of the synform and
become progressively.thinner up pitch to the south; Their shape
in three dimensions suggests that thé fluid source was situated
at depth to the north, and the fluids moved upwards and to the

south along the axial region of the synform.

In several drillholes on the eastern side of the orebody,
carbonate veining has increased with depth and is more prolific
thanlin other parts of the ore. This slender'evidence suggests
that there may have been fluid penetration from depth along the

ecastern side of the orebody as well as from the north as suggested

above.
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(b) Temperature and pressure

Homogenisation temﬁeratures for fluid inclusions in the
vein carbonate show that the minimum possible fempefature of
formation is in the order of 120°C to 130°C. A pressure correction
would be needed to ascertain the true tempeiéture of formation and
the pressuré is not known but an indication of the upper temperature
limit is given by the recrystallisation of the ankerite, as dis-

cussed below.

Euhedral ankerite crystalé often project into cavities
in the vein carbonate.' They grow from the ground mass carbonate
and sometimes show a distinct zoning of light and dark bands
parallel to the crystal faces, the dark bands being due to included
matter and fluid. This zoning shows that the_crystals grew from
solution at different rates, the dark bands with inclusions rep-
resenting periods of rapid growth. The crystals contain rather
more iron than the groundmass carbonate, as described in Section

II. but both conform to the general ankerite composition throughout

2

the orebody. This indicates that the process was simply one of
carbonate solution and redeposition, producing slight variations

in the main components.

There is little information in the literature on ankerite
solubility but a great deal on dolomite solubility and the low iron
contents of the Iron Duke ankerite enable a direct comparison.
Dolomite is soluble both congruently and incongruently, in the
latter case calcite being formed (Krauskopf 1967). The process

described above for the Iron Duke carbonate is congruent solution



and this is supported by the lack of calcite in the main part of
the orebody. The way‘in which dolomite goes into solution is
temperature dependent, congruent solution taking place between
60°C and 200°C and incongruent solution taking place below 60°C
and above 200°C (Rosenburg and Holland 1964). This suggests an
upper temperature limit in the order of 200°C for the vein |
carbonates although the experimental data in this region is

rather uncertain.

The precise carbonate deposited from a chloride solution
. . . ++ ++
depends primarily upon the molar ratio of Ca and Mg in the
fluid and the temperature at the time of carbonate deposition
(Rosenburg et _al. 1964, 1967, Lovering 1969) In the orebody
vein carbonatés, the solution appears to have dissolved ankerite
in one place and redeposited it in another with only minor changes
. . . g ++ ++ . .
in composition, which suggests that the Ca Mg ratio in the
fluid was approximately the same as that of the carbonate mineral.
; ++ . F+ . ) .
Lovering (1969) plotted the molar Ca Mg ratios for fluids 1in
equilibrium with various carbonates against temperature and the
graph is shown in Fig.5!. The orebody vein carbonates have an
atomic Ca/Mg ratio of approximately 1 which is equivalent to a
solution molar ratio of about 1.7. On Lovering®s graph this
indicates a temperature in the order of 230°C to 280°C, dependent

++ ++
on the precise molar concentration of Ca and Mg in the

solution.

These figures must be treated with caution as they are

based on a number of assumptions including the congruent nature
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of ankerite solution and the Ca++/Mg++ ratio in the solution.
Carbonates other than ankerite could have been formed at higher
temperatures and been converted to ankerite as the temperatures
fell. Despite these points, an upper limit of about 250°C

appears reasonable for the hydrothermal activity and is a suitable
temperature for the development of hydrothermal talc in the talc

zone (French 1971).

(o JERp,
 An upper temperature limit of 250{Cindicates a maximum
pressure correction of 130°C for the fluid inclusion homogenisation
temperatures. This, inturn suggests a pressure of 2-3 kb which is

equivalent to a depth of dbout 7-11 km.

(c) Eh_and pH

Within the carbonate rich bands the solutions must have
been alkaline or the carbonate would have been removed. The
equilibrium pH of an aqueous solution in contact with calcite
at room temperature is between 8.4 and 9.9 depehdent on the access
of C02 to the solution (Garrels and Christ 1965). The C02 content
of the Iron Duke solutions is not known but a pH of about 9 appears
to be a reasonable estimate. The true pH would be somewhat lesg
than 9 as pH values, including neutral, decrease with increasing
temperature (Barnes and Ellis 1967). It is therefore more accurate
to say that the pH of the hydrothermal solutions in contact with
the carbonate minerals would be one or two units on the basic
side of neutrality. A pH of this order conforms with data from

hot waters and brines throughout the world (White, Hem and Waring

1963, Ellis 1967).
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The preéence of magnetite in the ore reflects an alkaline
environment and also indicates reducing conditions as shown in
Fig.51 (Garrels and Christ 1965). The partial oxidation of
magnefite to hematite, which occurs frequently, suggests that
‘the Eh values for the solutions were on the dividing line between

magnetite and hematite in Fig.52a,

Siderite has a limited stability field and its presence
at the top of the orebody, together with magnetite, suggests that
in this part of the orebody the solutions had Eh-pH values on
the dividing line between magnetite and siderite. The Eh-pH
conditions indicated by the diagram may not be strictly appiicable
as the.siderite.contains considerablé Mg and the stability field

in the diagram is for pure siderite.

Pyrite is occasionally present within the ore and its
stability field conforms.to the Eh-pH values estimated above

for the solutions.

The approximate position, in terms of Eh and pH, for
the hydrothermal solutions is plotted on Fig.520. The diagram is
for 25°C and 1 atm préssufe and the fields &ill change at higher
pressure~temperature conditions and with different amounts of
carbonate in solution. However, the ore mineralogy fits the
diagram well and-conforms to the interpretation of a basic

solution in mildly oxidising to reducing conditions.

Variations in Eh-pH conditions are suggested by the

presence of bladed magnetite in one sample (Fig.525)and by
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concentrations of magnetite against chloritised intrusives and
schists. The bladed magnetite projects from a fragment of
banded ore into coarsely crystalline carbonate. Some of the
blades are of hematite and in some hematite and magnetite are
present together. A bladed form is highly unlikeiy for magnetite,
which is cubic, and it must be replacing hematite. This is the
reverse of the normal case in the orebody where magnetite is
partially replaced by hematite, and suggests subtle variation in
- Eh-pH conditions. The magnetite concentrations at contacts with
basic intrusives support this view. They contain no hematite and
the solutions must have been rather higher in pH or lower in Eh

than in the main part of the orebody.

In the talc zones, and in siliceous layers of the original
rock, the pH would be lower than in the carbonate layers and
probably approdched the neutral point. Magnetite and hematite
are both abundant in the talc zone, éuggestihg that the Eh |

conditions were similar to those’within the orebody.

(d) Solution compositions

The freezing data for fluid inclusions in the orebody
carbonates clearly indicates the presence of salts in solution.
This conforms with data for deep natural waters in other parts of
the world which are normally brines containing salts of sodium,
calcium and magnesium (White, Hem and Waring 1963, Helgerson 1964).
NaCl is the dominant'salt in most natural brines and was probably
present in considerable quantity in the Iron Duke solutions. The

freezing data suggests an NaCl content which varied between 7% and



21%, if NaCl were the only salt present but it is probable that
calcium and magnesium chlorides were also present; as the solutions
were in contaét with Ca-Mg carbonates. It can be reasonably
concluded that the solutions were brines with a maximum poséible

salt content in the order of 21%.

Within the orebody, the solutions were in contact with
carbonates and would be likely to contain bicarbonate. Roedder
(1967), describes fluid inclusions in Iceland Spar and in two of
the three quoted analyses bicarbonate exceeds Cl and Ca exceeds
Na. Browne and Ellis‘(1970), describe chloride-bicarbonate
solutions intersected in deep drillholes in the Ohaki-Broadlands
hydrothermal area of New Zealand. By analogy with these examples,
and because the orebody is rich in carbonate, it is assumed that

the solutions were bicarbonate rich.

The solutions withiﬁ the orebody are considered to have
been galt solutions with sodium; calcium and magnesium salts in
* unknown proportions, together with considerable bicarbonate. They
must also have carried some silica in solutién and this is supported

by the presence of late-stage quartz in some carbonate veins.



4. Mineral solubilities

Quartz and amorphous silica

Temperature has a strong effect on quartz solubility,
there being a steady increase in solubility with increasing
temperature as shown in Fig.53. Thus, at room temperature, the
solubility of quartz in pure water is approximateiy 6 ppm whereas
at 240°C the solubility is 440 ppm (Morey, Fourier and Rowe 1962).
Above temperatures of about 350°C, pressure becomes important and
the;e is a marked increase in solubility with increasing temperature
at pressures over 1000 bars but a decrease in solubility at lower
pressures (Kennedy 1950, Sharp 1965). The estimated positions of
" the Iron Duke solutions in terms of pressﬁre and temperature are

shown in Fig.53.

Solution pH is unimportant below 9 but there is a sudden
increase in silica solubility above that level of alkalinity,
as shown in Fig.53. Solution pH is influenced by the minerals
With which the solutions are in contact and, as previously discussed,
the pH would be different in the carbonate rich ore, the talc zones
and the dykes. Estimated pH values for these thfee rock types are
shown in Fig.53 and it is evident that in the carbonate rich ore
the high pH would teﬁd to increase silica solubility, whereas in

the talc zones and intrusives the pH effects would be sliéht.

Dissolved salts have little affect on silica solubility
but there is an increase proportional to the NaOH concentration
in solution (Holland 1967). NaOH is not likely to be important

at Iron Duke because any substantial amounts would probably have
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been detected by the freezing work on fluid inclusions.
T{S._Lovering (1923) showed experimentally that bicarbonates can
be effective solvents of silica at low temperatures and T.G.
Lovering (1962) observed that some thermal spring waters with

high concentrations .of bicarbonate also contain relatively high
amounts of silica. This association is not entirely substantiated
by more extensive analysis of thermal waters (White, Hem and

Waring 1963).

Compléxing is unlikely to significantly affect silica
solution and transport at Iron Duke, as the main possible
complexing agents in most geological situations are sulphur and
chlorine. Sulphur has very little affect on silica solubility
(Crerar and Anderson 1971) and there is negligible sulphur within
the ore or the overlying rocks. NaCl was probably present in the
hydrothermal solutions but its presence produces only slight
affeéts and tends té decrease rather than increase silica
solubility (Holland 1967). Colloidal silica forms are also unlikely
as colloids are not stable in electrolyte solutions such as brines

(Barnes and Czamanske 1967).

Supersaturation can occur when dissolved silica is
removed from the immediate vicinity of the quartz faces. This
was demonsfrated by Morey, Fournier and Rowe (1962)'who obtained
a supersaturated solution with 395 ppm silica at room temperature
by rapidly rolling quartz fragments in a plastic botfle filled
with pure water. The speed of rotation was of extreme importance

and at low rates the solution contained the normal 6 ppm. At

0



Iron Duke, supersaturation is unlikely in the early stages of
hydrothermal activity when the solutions were seeping through a
tightly packed rock mass, but as cavities developed and solution
movement became morévpronounced it is possible that dissolved
quartz was moved from interfaces and this may have increased the

silica solubility.

The main factors likely to influence quartz and silica
solubility at Iron Duke are temperaturé; solution pH and, to a

much lesser extent, supersaturation.

Silicates

The effects of hydrothermal solutions on silicates are
to alter or replace the mineral rather than direct removal in
solution. These may involve hydration; dehydration, cation

exchange and anion exchange (Meyer and Hemley 1967).

In the talc zone the amphiboles undergo cation exchange,
and water plus a little silica is added to the structure. This

may be expressed as follows:

++ i ++
Tremolite + SiO2 + Fe + H20 _— Talc + Ca

++ ++
Grunerite + SiO2 + Mg + H20 —_— Talc + Fe

The Fe++ is stabilised as iron oxide and the net result within

' . . ++ e+
an amphibole schist are gains in 8102, H20, Fe or Mg and a

++ . . . R
loss of Ca . The only major component removed in solution 1s
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therefore calcium.

Within the orebody there is no evidence to ;how how
pre-existing silicates were removed. Tremolite could be replaced
directly by ankerite, as the main cations in both are ca’ and
Mg++ and the process would be one of anion exchange, with CO3
replacing silica and water. Direct replacement of grunerite is
more complex as the main cations in the amphibole are Fe++ and
Mg++ so that Ca++ would have to be introduced to form an ankerite.
It is likely, therefore, that the grunerite first changed to talc

which was subsequently replaced by carbonate, whereas %ﬁimolite 7(

changed directly to carbonate.

Chloritisation of the intrusives is also a complex cation
exéhange process, together with a loss of silica and an addition
of water. The major difference between the exchange process-in
the iron-formation amphiboles and that in the complex igneous
silicates, is that the 1étter minerals contain considerable alumina

resulting in chlorite rather than talc or carbonate.

The main result of silicate replacement in the orebody
and alteration in the intrusives is a loss in silica. In this
situation; with silica in solution derived from silicates, the
solubility is likely to approach that of amorphous silica rather than
quartz (Garrels and Christ 1965) and as shown in Fig.53, the

solubility of amorphous silica is considerably higher than that

of quartz.



Carbonates

There is extensive data on calcite solubility in the

literature but much less concerning dolomite. The two solubilities

are thought to be similar, with a much slower reaction rate on the
part of dolomite (Holland 1967). For both carbonates, the causes

of precipitation from solution are not fully understood.

Solution pH is a major factor influencing carbonate
solubility and there is a marked inérease in solubility in more
‘acid solutions. This could explain the lack of carbonate in the
talc zones and chloritised dykes where the solution pH was

presumably lower than in the carbonate rich orebody.

Temperature can be an important influence in carbonate
solution and precipitation, as. the solubilities of calcite and
dolomite decrease with increasing temperature (Hollgnd 1967). As
a result, these carboﬁates db not precipitate from cooling
solutions and alternative precipitation mechanisms must be sought.
The Iron Duke carbonates therefore cannot be attributed to pre-

cipitation as the hydrothermal solutions cooled.

Carbonate solubility increases with increasing amounts
of CO2 in solution, and any mechanism which remoyes CO2 from
solution will tend to cause carbonate precipitation. Mueller
(1963) probosed that loss of CO2 on boiling as solutions moved
to lower temperature regions would cause carbonates to be
precipitated. Sharp (1965) and Laffitte (1962) have suggested
that rapid pressure changes in vein systems would also cause

carbonates to be precipitated from hydrothermal solutions. These
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concepts may be applicable to the truly vein carbonate at Iron
Duke, but most of the oré consists of layered carbonate merging

to vein carbonate of identical composition, suggesting that the
carbonate has moved over very small distances where pressure
differentials are likely to be small. One further factor affecting
carbonate sélution and precipitation is the presence of NaCl in
solution, carbonate solubility increasing with increasing amounts

of NaCl.

At Iron Duke, the process of carbonate solution and
precipitation within ‘the orebody was probably complex and depended
upon the inter-relationships between solution pH, C02,content and
NaCl content at any given point. Small fluctuations in these
controls would arise as solution reactions with quartz and silicates
took place and as new waves of solution entered the orebody, causing

carbonate solution and precipitation from point to point.

P

Iron oxides

The information on iron oxide solubility is very limited
in the pressure and temperature fields of hydrothermal solutions.
At surface temperatures, iron is mainly soluble in acid solutions
although some can be taken into solution up to a pH of about 9
under strongly reducing conditions (Garrels and Christ 1965, James
1966). Similar principles apply at higher temperatures, where
experimental evidence shows that at 300°C to 500°C and 15 to 100
atmospheres acid.salt solutions can contain up to about 300 ppm

iron in reduced conditions but there is a rapid decrease to 5 ppm



or less in intermediate to alkaline solutions (Barnes 1967).

There is no eidence that components such as NaCl in
solution affect the iron oxides solubilities. Bicarbonates may
have some effect, as the only natural waters containing large
quantities of iron in solution are certain bicarbonate or
bicarbonate-sulphéte groundwaters and some volcanic waters

(James 1966).

At Iron Duke, most of the iron oxides present in the
original rock appear to have remained essentially in situ;
aithough some iron has moved in solution as shown by the presence
of small magnetite veins. This is presumed to reflect slight
variations in solution pH as the fluids moved through the orebody,

causing local solution and precipitation.



5. Effects of the hydrothermal activity

(a) Magnetite~hematite=carbonate ore

The ore is characterisedbby structures, microtextures
and bulk chemical compositions significantly different fraom
members of the iron-formation units in other parts of the
Middleback Ranges and these are clearly due to, or related to,

the hydrothermal activity.

Brecciation, diffuse layering and carbonate veining
occur throughout the orebody and are described in detail in
Section II. These structures are characteristic of the ore
and are not confined to any zone or specific part of the orebody,
although carbonate veining tends to increase at depth on the

east side.

The breccia and vein structures show clearly that
there were openings and channelways within the orebody during
the hydrothermal activity. Tﬁe vein carbonate is typically
coarsely crystalline and the veins frequently have small cavities
with projecting euhedral crystals. This carbonate crystallised
in an environment with planty of open space and the space must
have been created subsequent to regional metamorphism, ei ther
by tectonic dislocation or by removal of components during the

period of hydrothermal activity.

Some space within the orebody was certainly due to

tectonic movement. This is illustrated, on a small scale, by



Fig. 54 which shows the plane of a low angle thrust in the talc
zone just above the orebody. The thrust plane is marked by a
breccia of ore fragments enclosed in typical vein cérbonate and
there is one small fragment of chlorite schist which is lithol-
ogically coﬁple;ely different from the surrounding rock types, and
shows clearly that fragments have moved within the space créated
by the fault plane. It is clear, therefore, that there was
tectonic movement during the hydrothermal activity and that

some space was created by fracturing.

On the other hand, the breccia structures occur throughout
the 6rebody and are not confined to any particular fracture system,
nor do they increase near the major fault which bounds the ore on
the east_side. Fur thermore, the breccias occur extensively through
the ore but not in the iron-formations above and below the ore.
The brecciation mechanism must have been operative throughout the
entire orebody and yet restricted to the orebody and it is unlikely
that this could be due to tectonism akone. One possible méchanism
is that of repeated tectonic movement combined with the effects of
chemical solution and high fluid pressures during the hydrothermal
activity. In such a mechanism, space is created initially by the
removal of components in solution and the brecciation represents
adjustment structures caused by contemporaneous tectonic movement

and the penetration of solutions under high pressures.

Diffusely banded material forms a high percentage of the

total ore and is found throughout the orebody. In diffusely banded

-

samples, the iron oxide layering is disturbed and irregular and,






in thin sections; the carbonate is seen to occur in large inter-
locking crystals which may cross the oxide layering (Fig.®) and
produce a coarse, unoriented microtexture quite different fraom
those of unaltered iron-formations (Figs. 8a~f). This diffuse
banding is restricted entirely to the orebody and is clearly

a product of the ore forming processes.

There are two possible ways in which the diffuse layering
may have developed; firstly by recrystallisation and redistribution
of carbonate layers already present in the original rock, and
secondly by metasomatic carbonate replacing quarfz and amphiboles
in siliceous iron-formation bands. The first method is suggested
by the gradation of finely layered patches of ore into diffusely
layered material (Figs. 25,29). The magnetite layering gradually
spreads over a wider area, the magnetite grains are partly but
not wholly oxidised to hematite, and the carbonate crystals become
larger;,develope jirregular sh;pes and have ragged edges. Electron
microprobe analyses show that no significant chemical change
‘accompanies the change of carbonate grain size and shape other
than a slight tendency for the coarser material to be richer in
iron (Section II aﬁd Appendix II). The second method, that of
metasomatic replacement, was suggested by Whitehead (1962 and B.H.P.
company reports) who records carbonate replacing quartz and talc
in some samples. In the samples examined by the author, microtextures
indicating carbénate replacement of quartz and talc were seen in
samples fram the top of the orebody near to the overlying talc
zone. These samples have a diffuse layering which appears to be

a remnant of the original fine iron-formation layering. It is




clear therefore, that both the recrystallisation and metasomatic
replacément mechanisms can produce diffuse layering within the
ore but there is no direct evidence to show which mechanism was

dominant.

- The simple mineralogy andAgeochemistry is a striking
feature of the ore, and it is clear from the bulk chemical
analyses.shown in Section II and Appendix I that the ore consists
of carbonates and dxideé of three elements, iron, calcium and
magnesium, all of wﬁiéh are characteristic of the iron-formation
sequence. The bulk of the ore has.a bulk chemical and mineral-
ogical composition equivalent to that of the basal carbonate unit
plus iron oxides; and thi§ includes trace elements except for
strontium which is a little higher in the ore. The hydrothermal
solutions have not introduced any elements,vsuch as sodium or
‘potassium, which were not already available in the iron~formation

sequence..

On the ofher hand, the original rock is assumed to-have
contained some quartz and amphiboles; yet the only trace of these
remaining in the ore are the rare occurrences of small quartz
crystals in carbonate veins. There are no remnant siliceous
patches or remnant amphibole outlines. The hydrothermal process
has thus been highly efficient in removing silica and substituting

carbonate.

' Any carbonate which was introduced was almost precisely
the same composition as that already present in the original rock

as shown by the similar analyses of layered and vein samples.

)
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Furthermore, there was very little trace element concentration

into the veins, the only detectable differences between vein

and layered samples being:

(1) Vein carbonate tends to contain a little more MnO, Sr and Y
than does banded ore.

(ii) Magnetite concentrations adjacent to chloritised intrusives
.contain up to 552 ppm Zn, but other trace elements are at

levels similar to those throughout the rest of the ore.

There is, however, some carbonate zoning in the orebody
on a broad scale. The bulk of the ore contains ankerite as the
only carbonate and the ankerite does not vary greatly in chemical
composition, as shown by electron microprobe and whole rock
analyses (Appendices I and II). This shows that the proportions
of calcium and magnesium in the hydrothermal solﬁtions was also
féirly constant, otherwise calcite and magneéite would occur
within the ﬁain part of the orebody. At the top of the orebody,
there is a thin layer of intermixed ankerite and magnesio-siderite,
the latter 6ccurring only as coarse crystals. The magnesio-siderite
is the only carbonate in the ore which contains little or no calcium-
and it is considered, by the author, to form from ankerite at the
upper margin of the orebody by the hydrothermal solutions select-
. ively removing calcium from that region. At the base of the
orebody there is a layer of calcite rich ore which is low in
magnesia relative to the rest of the orebody and is rather higher
in strontium. .This calcite rich layer is difficult to explain
in terms of the h&drothermal activity but is tentatively interpreted

as an original calcite rich band in the sedimentary sequence.
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(b) Talc zone rocks

The main effects of hydrothermal activity in the talc
zone were the development of iron rich talc and the extensive
redistribution of iron and silica. The precise nature of these
changes was investigated by detailed study of four features,
previously noted by Whitehead in company reports, and found only
in talc zone rocks: replacement of amphiboleé by talc, replace=-
ment of amphiboles by quartz; the occurrence of unusual, bladed
quartz, and thé development of specular hematite. The results

are described below:

(i) Replacement of amphiboles by talc

In the transition zone between the upper talc zone and
the ironeformations, individual aﬁphibole crystals are altered
along their edges to fibrous talc and may be completely replaced.
The precise change of amphibole to talc was investigated in four

samples (74-348, 59<679, 59~533, 62-1316).

All four samples contain bladed, well formed amphibole
crystals identified optically by their strong second order inter-
ference colours and oblique extinction. These are altered at the
‘edgestb a finely fibrous mass and sametimes the alteration is
more extensive with amphibole occqrring as islands in fibrous
material which has higher order interference colours (Fig.55).
-The amphibole patches and the surrounding talc were analysed by

electron microprobe and the full results are given in Appendix L.




Quartz

Amphibole

Fig. 55. Talc Zone - replacement of amphibole by talc in sample no. 59-533.
Crossed polars.

Typical electron microprobe analyses are:

CaO MgO FeO 510, Total

0.2 21.2 10.4 58.9 93.0
0.1 23.6 10.7 59.2 93.3

Amphibile remnant

Talc




In three of the.samples, the analyses show no significant
difference between the bladed and fibrous minerals and the com-
positions are similar to those of talc from within the main part
of the zone. The talc is therefore pseudomorphing a pre-existing
amphibole, with amphibole characteristics being retained in the

remnant islands.

In the fourth sample (62-1316) the amphibole remnants
are tremolite, jdentical in composition to that found in other
parts of the Middleback Ranges. The surrounding fibrous talc is
similar in composition to that found in the other three samples
but it also contains granular, cloudy areas which give low total

-analyses and are probably carbonate.

The amphibole in the first three samples was probably
gruneri te. 'No carbonate was present and the amphibole had lost
its chemical identity at an early stage of the replacement process
before losing its crystal form and optical characteristics. This
is in marked contrast to the tremolite of the fourth sample which

retained its chemical identity until altered to a fibrous mass.

In all four samples the talc was of similar composition

and conformed to the general talc composition within the main zone.

(ii) Replacement of amphibole by quartz

In the transition between the upper talc zone and the
iron-formations; quartz occasionally clearly replaces amphibole.

This was investigated by electron microprobe in one sample (78-443)

b \W)
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and the full results are given in Appendix 1.

The amphiboles occur as bladed crystals with well
deveioped cleavage along the crystal length and analyses show
the amphibole to be grunerite. The crystals are partly replaced
by quartz Which takes the amphibole form (Fig.56). The quartz
retains the amphibole cleavageé and thin slivers of amphibole
occur within the quartz along thé cleavage lines. Where the
replacement process is almost complete, an elongate quartz crystal
with the shape of an amphibole, cleavages parallel to the long axis

and oblique extinction; is the end product.

This replacement shows positively that silica has been
mobile in the. talc zone and is particularly important in the

interpretation of bladed quartz in the main talc zone which is

described below.

(iii) Within the upper talc zone, quartz éccurs only in elongate;
bladed forms as described in Section II. In talc schists these
are narrow, elongate crystals but in siliceous bands and patches
they are broad crystals with a well developed cleavage parallel

to the long axis and oblique extinction (Fig.57).

The quartz crystals contain thin slivers of silicate
minerals parallel to the cleavages. Electron microprobe
reconnaissance showed that these are FeMgesilicates but the
slivers were too narrow for accurate analysis. The quartz crystals

are usually aligned parallel to the schistosity but individual
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crystals may be oblique to the main trend.

The crystal forms are identical to those of quartz which
has replaced amphibole as described above and it is clear that
the quartz crystallisation was controlled by pre-existing silicate
mineralogy. This does not necessarily mean that all the quartz
has replaced amphibole but that sufficient amphibole or talc was
present during quartz growth to influence the crystal forms.
Thus, any quartz which was present in the original rock type has
recrystallised to a bladed form. This may be demonstrated in the
iron=formations immediately above the talc zone, where fine'talc
fibres grow within fine grained quartz and the quartz grains begin
to merge together and form elongate crystals parallel to the

schistosity.

(iv) Specular hematite

Siliceous patches and bands in the talc zone are charact;
erised by small spots of silvery, specular hematite; generally in
the order of 1lmm to 3mm across. These are dispersed throughout
the rock and, in three dimensions, tend to have platelike forms
with the long axes parallél to the schistosity. They.are confined
to rocks of the talc zone and are cleariy products of the hydro-

thermal activity.

Magnetite rich bands are also present in the talc zone
and their appearance suggests that they represent relict layering

from the original iron~formation. The magnetite in the bands is



only partially oxidised to hematite; indicating that magnetite
present in the original rock type remained essentially stable

during hydrothermal activity.

The specular hematite is considered to represent iron
bwhich has been mobile in the talc zone and which has migrated to
form spots. The iron was probably released fram iron rich
amphiboles during their alteration to talc and the parallel
orientation of the spots suggests that hematite crystallisation
" was controlled by amphibole schistosity already present in the

rock.

Amphibole replacement has probably been a major factor
in the development of the talc zone. However, not all the talc
is due to replacement of amphiboles; as very fine grained talc
occurs interstitial to quartz grains in most samples from the
iron-formations just above the talc zone and increases with
increasing proximity to the main talc zone. This appears to have
formed within the quartz as a direct result of the hydrothermal
activity but the composition, so far as could be ascertained, is
identical to talc which has formed directly from amphibole. There
is no direct evidence to show which mechanism was dominant in the
talc zone but most of the talc crystals are aligned parallel to
the regional amphibole trend suggesting that crystallisation was
controlled by preeexisting amﬁhibole forms and that amphiboles
formed a substantial portion of the original rock. A high
percentage of quartz in the talc zone has the shape of amphibole

crystals and contains thin slivers of silicates along parallel



cleavages; also suggestiné that amphiboles formed a major
component in the original rock type. The alteration of amphiboles
was clearly accompanied by extensive redistribution of quartz
already present in the rock and there was also movement of iron
released during the amphibole alteration process. Iron oxides
already present in the rock were partially oxidised but remained
essentially in situ. These points conform to the suggestion, made
earlier, that the original rock type of the upper talc zone was

amphiboleequartz schist.

Whole rock analyses show that the talc zone rocks are
broadly similar in composition to siliceous ironyformétions
(Section II and Appendix I). Magnesia and silica appear to be
rather higher than in a comparable grunerite rich iron-formation
but it is impossible to establish this firmly with the small core
samples available for analysis. Trace element levels are uniformly
low and are similar to those of unaltered ironeformations. One
important feature is the complete absence of detéctable calcium
which is normally a minof component of ironeformation units.

Some calcium must have been present in the original rock, as shown
by tremolite remnants amongst the quartz and talc; but this has

been virtually all removed during the hydrothermal process.

(c) Basic intrusives (amphibolites)

The main effect of the hydrothermal activity on the
intrusives is to convert them completely to chlorite; as des~

cribed in Section II. This occurs irrespective of whether the



intrusive is doleritic or a feldspar porphyry, which are the two
types identified. The intrusives must pre~date the hydrothermal
activity as they have remnant igneous textures and contain shadows

of igneous minerals.

The replacement is volume for volume as can be established
in Tunnel No.4, whefe a thick chloritised dyke retains an even
grained igneous texture and chip=channel samples from the contact
to the centre show a completely uniform composition (Table 23).
In‘thin sectioﬁ, shadows of pre~existing plagioclase are sometimes

seen.

Table 23. Analyses of chip-channel samples crossing the contact,

and from the centre of a chloritised dyke, Tunnel No.4,

1000S. (Measurements in feet from Tunnel Portal)

F Sio A1 O Ig. Ca0 M M S TiO

e i 5 293 g = g0 n i o

Centre:

375380 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'=430t 19.4 29 15 10.0 0.1_ 13.0 0.65 0.07 1.1
A1l the chlofitised intrusives have a similar mineral and

chemical composition as shown in Fig.58 . This establishes that

the alteration process was uniform irrespective of whether the

intrusive was within the magnetite-hematite~-carbonate or the talc

zones.

Chloritisation has involved extensive chemical changes

which can be estimated by comparison of altered and unaltered rocks.
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UNCHLORITISED
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AMPHIBOLITES
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CalD + NOZO + KZO _ ' : ' 5 Fe203 + MgO +
KZO ‘ : MnO

Fig. 58, Chemical compositions of unchloritised and chloritised cmphibolites

ot Iron Duke.
(’23 is approxnmately the seme for both groups and has not been
mc? in the diagram. ~



Unaltered basic intrusives occur in the soutﬁern half of Iron

Duke and, at depth, below the magnetite-hematite-carbonate orebody
(Fig.50). These rocks are all similar in mineralogy and chemical
composition. Some are partly chloritised and the chemical affect
of chloritisation is to move the whole-rock composition towards that
of the completely chloritised intrﬁsives, as shown in Fig.59. The
large basic mass in the southern half of Iron Duke shows this
particularly well and it is from this mass that the chloritised
dykes to the north are thought to extend. Remnant igneous micro-
texfures within the chloritised dykes are similar to those of the
unaltered rocks except for one small body of chloritised feldspar
porphyry which is different from any other igneous roéks in the

area.

For these reasons, the original compositions of the
chloritised intrusives are considered to be approximately the
same as those of the unaltered basic intrusives and the chemical

changes involved in chloritisation are shown in Table 24 and

Fig.59.

The major losses and gains resulting from chloritisation

Substantial gains - Mg, Fe, H20, Zn

Substantial losses - Si, Ca, Na, Ba, Sr, Rb

The most striking feature of Table 24 is the scale on
which the main components have moved. Over 40% of the total silica

in the original rock and virtually all the calcium have been
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b@_—-_—g Components showing a decrease with increasing chloritisation
/ - , ' . . . . . vie .
Cowponents snowing an increase with increasing chloritisation

Wt. %

10 |-

' 66-584 |  60-1145 67-908
Unchloritised ‘ Part chloritised _ Chloritised

vFig. 59a. Changes in major element components during chloritisation, demonstrated |
by analyses of three amphibolite samples.
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Fig. 59b. Changes in trace elements during chloritisation.
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completely removed from the system. Iron and magnesium have
been added, in rather lesser amounts and there has been a massive

influx of water into the rock.

This process has been uniform throughout the region of
hydrothermal activity, irrespective of whether the intrusive is
in the ore or the talc zone. Furthermore, complete chloritisation
extends well above the upper talc zone,~affecting intrusives at

high levels amongst unaltered iron-formation.

(d) Basal carbonate unit

Microtextures in the Iron Duke basal carbonate unit
differ from those in carbonate units elsewhere in the Middleback
Ranges. In the Iron Duke material, the carbonate crystals are
larger, with somewhat ragged outlines and-are often surrounded by
fine grained granular carbonate as described in Section II. The
larger crystals frequently contain fluid inclusions and sometimes

appear to contain remnants of smaller crystals.

The facts described above suggest that the carbonate
partially recrystallised during hydrothermal activity and it
certainly appears that solutions, at least in small amounts,
passed through the rock. ‘The fine granular carbonate has the
.apﬁearance of crushed material and the larger crystals tend to be
elongate, with their long axes parallel which could result from
recrystallisation under stress. These microtextures are inter-
preted, by the author, as products of recrystallisation due to
fluid movement along grain boundaries and fractures during a period

of tectonic disturbance.
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The hydrothermal activity did not significantly change
the composition of the ropk. The basal carbonate unit at Iron
Duke has the general composition of an ankerite and is similar

¥in this respect to recorded dnalyses of carbonate units in other

. parts of the Middleback Ranges (Section II and Appendix I for

analyses).



6. Mechanism of ore formation

The main effect of the hydrothermal solutions in the ore
forming process was to remove silica from an ironeformation unit
which contained layers of carbonate, amphiboles and some quartz.
This silica removal could be achieved in two ways, firstly by
the breakdown of silicate minerals releasing silica into solution,
and secondly by metasomatic replacement of silicates by carbonates.
The precise mechanism of silica removal at any particular point
would depend upon the concentration of carbonate in solution; at
carbonatee-silicate interfaces metasomatic replacement would be
particularly effective; whereas in silicate layers containing
amphiboles and quartz there would be fluid-mineral reactions to
form talc or direct removal of silica in solution. Both the
replacement and removal mechanisms are considered to have been

operative during the hydrothermal activity.

In either case, the silica released by the cﬁemical
reactions must have been held in solution and removed from the
vicinity of the orebody. Within the orebody, silica removal would
be facilitated by solution-temperatures in the order of 200°C-300°C
and a high pH due to the presence of carbonate, as discussed
previously. These processes could take place only where the
hydrothermal solutions were undersaturated in silica, which was
evidently the case within the orebody but not in the surrounding

talc zones, where the geochemical environment was more suited to
)

silica precipitation than solution.



The process envisaged in ore formation is a gradual
penetration of hot; carbonate rich solutions into an iron-
formation unit containing layers rich in carbonates; amphiboles
and quaftz. Amphiboles and quartz wére slowly replaced by
carbonates, derived partly from the carbonate in solution and
partly by redistribution of carbonates already present in the
rock. The silica taken into solution was removed in a generai
upwards direction and the net result of the process was a silica
1oss; leaving small voids and cavities. Carbonate layers present
in the original rock were éradually recrystallised and redistributed,
producing diffusely layered structures. During this process, small
amounts of carbonate were taken into solution énd redeposited some
distance away, resulting in a general upward movement of carbonate
and leaving space behind. Carbonate introduced by the solutions
crystallised with the carbonate already present in the original
rock; merging with it and partly filling the cavities produced
by silica loss and carbonate redistribution. The whole process
is envisaged as one of gradual removal of silica, redistribution

of carbonate and the creation of space which facilitated the

movement of solutions.

In the first stages of ore formation; before the creation
of space by the hydrothermal activity, the iron-formation protore
unit must have been fine grained and tightly packed. Solution
penetration during this phase is envisaged as being primarily by
diffusion along crystal boundaries and through the crystal lattices.

This concept of diffusion is supported by the facts that carbonate

crystals in the layered ore fragments show signs of gradual



recrystallisation, the talc zone rocks show mineral changes such

as amphiboles to talc, which must have resulted from diffusion,

and the basic intrusives were converted in situ and completely

to chlorite rock; which can only be explained by fluid or éaseous.
diffusion. The initial ore forming process is therefore regarded
as one of carbonate metasomatism by diffusion carbonate rich fluids
moving upwards into the iron-formations and carbonate minerals re-
placing the amphiboles and quartz. As-fluid penetration became
more extensive, the processes described above became more effective;
silica was removed in solution, éarbonafes were redistributed and

space was created within the orebody.

During subsequent stages of ore formation,. the solutions
moved freely through fractures and passageways in the orebody, as
shown by the ubiquitous brecciation and vein carbonate. This
space within the orebody is considered to fesult from repeated
tectonic movement combinéd with high fluid preSSures; Following the
first stage of fluid diffusion, with its accompanying mineral changes,
there was movement along the high angle reverse fault on the east
side of Iron Duke. The movement had a strong lateral component,
Iron Duke moving south relative to the schists of Death Adder
Gully, and this resulted in shallow overthrusting to the south
within the ironeformation sequence as shown by the small thrust
previously described in Winze No.4. During the thrusting, the
main body of siliceous iron~formations above the developing orebody
acted as a rigid block; moving southwards and upwards over the ore

below; a process facilitated by the lubricating effect of the
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hydrofhermal olutions. Fracturing developed in the protore unit,
below the siliceous iron-formations, which was already partly
reconstituted and hgd some space due to the action of the hydro-
thermal fluids. The fluids penetrated the fractures and this had
two important effects; firstly the processes of silica removal and
replacement were accelerated, and secondly high fluid pressures
caused splintering and brecciation within the orebody. The talc
zone immediately below the compact block of siliceous iron-
formations became strongly folded and, to some extent, faulted.
The whole process is considered to be one of continual fluid
penetration and repeated tecténic movement over a long period of
time resulting in a gradual expansion of the orebody through the

iron=formation unit.

In the talc zone above the orebody; fhere is virtually
no carbonate, and silica was precipitated from solution as shown
by quartz replacing Amphiboles and the widespread occurrence of
bladed quartz. It is impossible, with available evidence, to
establish firmiy that silica was added to the original rock but
the possibility is supported by the change from amphibole to talc;
which involves the addition of silica; and by the presence of
bladed quartz which has clearly crystallised during the hydro-
thermal activity. For these reasons, it is considered that silica
taken into solution within the orebody was transferred upwards
and stabilised in the talc zone as talc and quartz. There was
also some movement of magnesia from the orebody to the talc zone

but any calcium originally present in the talc zone was completely

removed in solution.



The process envisaged in the upper talc zone formation
is a steady movement of fluids from the orebody into overlying
amphibole=quartz schists and iron-formations. Fluids immediately
adjacent to the orebody were carbonate rich, and the amphiboles
and quartz were replaced by carbonates. Further from the ore,
the fluids were carbonate free but were rich in silica, calcium
and magnesia derived from the breakdown of minerals within the
orebody. Silica and magnesia were stabilised in quartz and talc,
whereas calcium remained in solution and was removed from the
system accompanied by any calcium originally present in the
amphiboles. Fluid movement was by diffusion and the solutions
moved upwards along the amphibole-~quartz schist layer rather

than into the overlying quartz rich iron~formation units.

The thin talc zone below the orebody consists primarily
of talc with some carbonate, pyrite and minor quartz. It is
believed to represent a thin amphibole rich schist with little
original quartz, and the talc forming processes are considered to
be similar to those in the upper zone except that the talc formed
from amphiboles and quartz already present in the rock; and the
fluids contained some carbonate. Pyrite, already present in the
original rock, was taken into solution aﬁd precipitated a short

distance away causing a general upward concentration.

In the basic intrusives, the fluids moved by diffusion
through the whole rock, causing large scale chemical changes which
involved removal of silica, calcium and alkalis, and addition of

iron, magnesia and water. The alteration process affected all
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basic intrusives within the orebody and talc zones; and extended

upwards along basic dykes into the zone of unaltered iron-formations.

The transfer of silica, calcium and alkalis is therefore assumed to
have been upwards, away from the vicinity of the orebody, and these
components were presumably stabilised in rocks at higher levels
which have since been removed by erosion. The complete alteration
of the basic dykes, in situ, shows that the hydrothermal fluids
found penetration relatively easy and this could result from the
intrusives being at higher tehperatures than the surrounding rocks.
Both the basic -intrusives and the talc zones were siliceous
environments, yet in the former silica was removed by the hydro-
thermal solutions and in the latter it was precipitated. This could
also be due to higher temperatures in the basic intrusives, as

silica solubility increases rapidly with increasing temperature.

Magnetite concentrations occur within the ore at contacts
with chloritised basic intrusives and the faulted contact with
argillaceous schists of Death Adder Gully, as described in Section
I1. They vary in thickness from a few inches to several feet,
contain anguiar fragments of chloritised intrusives, and extend
alongside the dykes into the siliceous iron-formations which overly
the ore. The significance of these magnetite concentrations is not
fully understood. It is clear that iron rich solutions have movéd
through open space alongside the intrusive dykes; and the angular
dyke fragments can be explained as splintering due to high fluid
pressures. However, within the orebody; the most striking feature
of the concentrations is the lack of carbonate; in contrast with

abundant carbonate throughout the rest of the ore. This suggests
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that either the geochemical enviromment at dyke margins tended to
keep carbonate in solution during the ore forming process, or that
the solutions which precipitated mégnetite were a separate; low
carbonate phase predating or postdating the main oreforming
solutions. Two possible alternative mechanisms to explain the

magnetite concentrations are as follows:

(i) The dyke margins and faulted contacts with argillaceous
schists provided ready access for migrating fluids and there was
rapid movement along these channels, in advance of the main ore
forming solutions. Carbonate tended to be stabilised in the main
hydrothermal éone and the advance fluids were relatively lean in
carbonate, with the result that iron was precipitated as iron
oxide whereas the two other main components; calcium and magnesium;
remained in soiution.

(ii) The dykes were hotter than the surrounding rocks; causing
rapid solution flow at their margins which prevented carbonate
precipitation until the later stages of hydrothermal activity.
During the later stages when most carbonate had been precipitated,
the remaining solutions were carbonate deficient relative to the
acidity of solutions adjacent to the dykes, with the result that
carbonate Qas retained in solution, iron crystallised as magnetite

and the remaining calcium and magnesium remained in solution.
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7. Controls of ore formation

The shape of the orebody at Iron Duke conforms broadly
to that of a lithological unit (Figs. 20a~g). This is not so
apparent in the centre and east limb of the synform? where steeply
dipping siliceous ironeformations pass down dip into the ore but,
stratigraphy does appeér to be a broad control in orebody shape
and stratigraphic locatioﬁ. This is supported by the fact that the
two other known occurrences of carbonate rich 0re; at Iron Queen
and Iron Baron, are both at the same'stratigraphic level as the
ore at Iron Duke. The stratigraphic control is considered to
result partly from the mineralégy of existing rock types and partly
from the presence of the underlying basal carbonate unit, as dis-

cussed below.

In the ore forming process described on previous pages,
the initial stages of ore formation were controlled by the ability
of the hydrothermal fluids to penetrate particular rock types by

diffusion along grain boundaries and through crystal lattices. This

diffusion mechanism resulted in extensive changes in rock composition

and character, and the ease of fluid penetration would be strongly
influenced by the mineralogy and chemistry of the original rock. The
protore unit contained,by Qplume, 30% to 50% iron oxides and 50% to
70% intermixed carbonates, amphiboles and quartz, the amphibole
being mainly tremolite. Above the protore unit were grunerite rich
schists and irone=formations, and overlying these was the main
sequence of quartz rich iron-formations. The fluids extensively

penetrated the protore unit and the grunerite schists but made
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‘relatively little penetration into the overlying quartz rich
iron-formations. Within the protore unit; penetration into the
carbonate rich layers was also restricted; as shown by the remnant
finely layered portions within the ore. The amphiboles are therefore
considered to be the main factor controlling fluid movement and
their abundance in the protore unit and overlying amphibole schists
allowed extensive fluid penetration in these units; whilst their
relative paucity in the‘overlying massive ironeformations restricted
penetration. As a result, the solutions moved up the limb and axial
region of the synform within the amphibole rich units, rather than
directly upwards into the massive; quértz rich; iron-formations.
This conforms with Catley's (1963) proposal that amphiboles are a
majorvcontrol in the development of magnetite-hematite-carbonate
ore, and with Whitehead's (1962) suggestion of a tremolite rich

potential ore horizon.

The basal carbonate unit is critical to ore formation in
several ways. Prior to contact with the carbonate, the solutions
were moving through siliceous rocks, consisting of granite gneisses;
metamorphosed sediments and the lower part of the iron-formation
sequence. By analogy with deep, hot waters from many parts of the
world, they would have a nearly neutral pH ad probably contained
considérable silica (White, Hem and Waring 1963, Helgeson 1963).

On contact with the basalt carbonate, the pH wouid rise and fluid-
carbonate reactions could take place to form calcesilicates such
as resulting in a loss of silica from solution. A process of this

type was described by Sawkins (1964) in the Providencia area of



North Central Mexico. At Iron Duke, unoriented diopside and
tremolite occur within the basal carbonate unit and could be the
product of such reacfions. However, diopside and tremolite are
higher temperature minerals than those found within the orébody, and
if they are in fact products of the ore forming process, they must
have formed at an early stage of the hydrothermal activity when
temperatures were high and the amounts of fluid limited. The bulk
of this silica removal probably took place at considerably greater
depth down the pitch of the synform; in a region not yet penetrated
by drilling. Having passed through the basal carbonate unit, the
solutions would be alkaline, rich in carbonate and silica deficient,
facilitating carbonate replacement and silica removal immediately
above the carbonate unit. The ore forming process is therefore
envisaged as commencing immediately above the basal carbonate unit
and.gradually spreading upwards away from it in units favourable

to the replacement mechanisms. The process-includes some movement
of carbonate from the basal carbonate unit into the ore above.
Carbonate compositions in the ore and basal carbonate support this
possibility; the bulk of the ore carbonates; including both well

banded and vein carbonates, have the same general composition as

the basal carbonate. The presence of the basal carbonate is therefore

essential, as it controls the solution geochemistry and provides a
supply of carbonate to add to that already in the protore unit;

- thereby maintaining carbonate replacement in the orebody.

The final rock composition within the zone of hydrothermal

alteration is controlled by the original rock chemistry, which is
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therefore a major influence on the type of ore produced. In the
protore unit, the abundant carbonate already present in the rock
maintained a high carbonate content in the solutions, resulting

in carbonate replacing amphibolgs'and quartz. Tremolite, being

the dominant amphibole in the brotore, facilitated the replacement
process as the alteration to carbonate is relatively simple with
ionic carbonéte substituting for silica and caléiumAand magnesium
remaining in the new mineral. In'the talc zone, the original rocks
were carbonate free, the solutions were lower in ionic carbonate,
and the amphiboleé altered to iron rich talc. Basic intrusives and
the schists of Deatﬁ Adder Gully adjacent to the orebody, developed
chlorite due to the preéence of aluminium‘in the original minerals.
Thus, magnetite~hematite-carbonate would be pfone to form in tremolite
and carbonate.rich units; whereas the ore development would be less
extensive in units ;ich in quartz or grunerite. It is envisaged
that .different types of ore formed within the iron-formation wherever
they were penetrated by hydrothermal solutions; and the precise type
of ore depended upon the pre-existing mineralogy. In places where
tremolite or carbonate was plentiful in the original rock, the
orebody is likely to be extensive and consist of iron oxides and
carbonates, as at Iron Duke. Alternatively, in places where quartz

and grunerite predominated, the orebody will probably be small and

contain remnant silica.

Folding had a strong effect on the shape and disposition
of the Iron Duke orebody. So far as can be ascertained with present

drilling information, the ore is thickest in the axial region of the



synform (Figs. 20a~g). This conclusion is based entirely on
interpretation, as no drillhole has penetrated to the base of the
ore in the east limb, but the thickest part of the orebody does
coincide with the estimated position of the synform axial plane
and the ore becomes thinner in the west limb. The thickening is
considered to reflect two factors; original thickening of the units
by flowage in the éxial region of the fold, and relative ease of
fluid pehetration in this region. It is not clear whether the
fluids becamé concentrated in the axial region due to it being

a relatively low pressure zone or whether they moved mainly in
.response to mineral and chemical controls. In either case, the
hydrothermal activity was most effective in the axial region of
the synform and the fold dictates, to a 1a¥ge extent; the size and

cHape of the orebody.

Faulting is considered to be an important factor in the
location and dispositibn of the ore. The eastern boundary of the
orebody is defined by a high angle reverse fault which places the
iron-formation units against the stratigraphically higher schists
of Death Adder Gully. The precise age of this fault is not known,
but there are magnetite concentrations within the ore adjacent to
schist contacts, showing that at least part of the hydrothermal
activity postdates major fault movement. On the other hand, inter-
locked slivers of ore and schist in drillholes; together with small
scale faulting within the ore and talc zones of Tunnel No.4 and
Winze No.4, suggest that some movement post dates the ore formation.

On this basis, it is concluded that the fault has moved repeatedly,



probably over a long period of time and partly during the hydro-
thermal activity. The fault affects the ore forming process in

two ways; firstly by placing a unit unfavourable to carbonate
metasomatism; the Death Adder Gully schists, adjacent to the
protore unit thereby defining the eastern 1imit of ore development,
and Seéondly by localising the upward moving solutions along the
fault zone. The latter is speculative and depends upon the
interpretafion of the solution source. In the proposed theory,

the fault is regarded as part of a major north-south fracture zone
extending for many miles and probably first developing in the
waning stages of metamorphism. Fluids moved by diffusion into

this relatively low préssure zone at great depth; and migrated
slowly upwards; eventually penetrating the iron-formations. Movement
was at least'partly through the rock rather than along fractures,

as shown by the chloritisation in Death Adder Gully schists adjacent
to the fault and by similar localised chloritisation in the equivalent
Cook Gap schists to the north, described in Sections I and II. In
this concept, the presenceof the fault is essential to the ore

forming process, as it dictates the initial flow of the hydrothermal

solutions.

In the later stages of the hydrothermal activity, tectonic
movement had a major effect on controlling the flow of solutions by
creating fractures and channelways within the orebody. Prior to
tectonic movement fluid migration must have been primarily by
diffusion and the ore would be of limited extent. Tectonism had

the effect of stimulating fluid movement and creating space, which



facilitated the ore forming process and resulted in a gradual

expansion of the orebody.
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8. Summary of magnetite~hematite-carbonate ore genesis

The full sequence of events leading to the formation of
magnetite~hematite~carbonate and the talcose rocks is considered to

be as follows:

(1) Sedimentation

The iron-formation sequence was depésited by chemical or
biochemical precipitation of iron oxide; silica; carbonates and
iron-magnesium silicates; together with thin clastic argillaceous
units. The lowest part of the iron-formation sequence was rich in
carbonate and included a thick carbonate unit; now known as the
basal carbonate. Immediately above the basal carbonate was an
interlayered unit; several hundred feet thick, of intermixed
carbonate, quartz and iron oxides; possibly with smaller amounts
of iron-magnesium silicates. Overlying this unit was an intermittent
layer rich in iron-magnesium silicates or siderite together with
quartz and lesser amounts of iron oxides, which reached a maximum
thickness of about 100 feet. This passed upwards into the main
sequence of silicae=iron oxide rocks with minor amounts of carbonates

and silicates. .

(2) Folding and metamorphism

The iron-~formations were strongly folded about north-south
axes with crossfolding producing an en echelon fold pattern. At
/
Iron Duke, the main fold was a tight, almost isoclinal in form and X

the carbonate and silicate units flowed into the hinge area.



Regional metamorphism reached lower amphibolite facies
grades, with temperatures and pressures in the order of 450°C and
276 xb. Water, and to a lesser extent carbon dioxide, migrated
ffanAthe system but other components remained essentially in situ.
Calcium-magnesium carbonates reacted with quartz to form tremolite,
original iron-magnesium silicates reacted to form grunerite, as
did siderite and guartz; and the argillaceous schist units developed
biotite, hornblende; plagioclase and garnet. The result was a
tightly packed, compact group of rocks characterised by even, fine
grained textures; witﬁ the lower part of the sequence being partic-

ularly rich in tremolite and carbonate layers.

(3) Faulting, intrusions and initial fluid movement

During the waning stages of regional metamor phism,
regional zones of dislocation developed, which were steeply dipping
and had both lateral and vertical components of movement. At Iron
Duke, one such zone was representéd 5y a high angle reverse fault
which moved the ironeformations southwards and upwards relative to

overlying argillaceous schists.

Hydrothermal fluids migrated into the dislocation zones
at depth, and moved upwards through fractures aﬂd by diffusion
through the rocks. The fluid source is not known; but it is
envisaged that the regional faults penetrated to great depths
where they formed relatively low pressure zones into which fluids

of metamorphic or igneous origin migrated.

Basic igneous masses were intruded dur ing this period,

one such mass penetrating the southern part of Iron Duke and dykes



extending from it along the limbs of the synform.

(4) Hydrothermal activity

Fluid migration cqntinued upwards along the zones of
dislocatién, below the ironeformation sequence. These deep
solutions probably had a pH approaching neutrality and a high
silica content due to their contact with granitic rocks and
metamorphosed clastic sediments. On reaching tﬁe iron-formations,
the fluids continued their upward movement in the fault zone,
passing through the lowest iron-formation units and into the basal
carbonate unit. On contact with the basal carbonate; fluid=
carbonate reactions took place'forming calc~silicates and the fluid
became siiica deficient with a high pH. Having passed through
the basal carbonate, the fluids entered the interlayered unit rich
in carbonate and tremolite; and carbonate metasomatism began to
take place with carbonate replacing quartz and1reﬁolite. The fluids
continued to move upwards along the fault zone but, at this-stage,
the iron~formation mineralogy became an important control. Pene-
tration was most effective in amphibole rich layers, and was
facilitated in the tremplite-carbonate rich unit by inherent
carbonate enhancing the carbonate metasomatism. Penetration into
the grunerite rich layer was effective but there was little solution
movement into the overlying quartz rich iron-formations. As a result

of these mineralogical controls, the fluids began to move upwards

along the pitch of the synform, below the quartz rich iron-formations.



In the tremolite and carbonate rich protore unit;
tremolite altered to ankerite and quartz was completely removed
by the solutions. Carbonate layers already pfesent in the rock
were rec#ystallised and there was a general upward movement of
carbonate through the boedy. Iron oxides already present in the
rock remained essentially in situ but there was some movement of
iron, probably released from grunerite during replacement by
carbonaté. Silica released during the replacement processes was
transferred upwards in solution; together with lesser amounts of

calcium and magnesium.

The overlying grunerite-~quartz schists were extensively
penetrated by the solutions which were now silica rich due to the
reactions within the ore below. Grunerite; and any tremolite present;
were altered to talé and were extensively replaced by quartz. The
silica from the orebody was; therefore, effectively transferred to
the taic zone above. In the talc zone below the ore; a similar
process took place but with far less quartz and with some carbonate
present. Iron sulphides, originally present as a layer at this
stratigraphic level, were taken into solution and moved upwards over
small distances in a similar manner to the carbonate movément within

the ore.

The basic intrusives were; at this time; still cooling
and were at rather higher temperatures than the surrounding rocks.
The hydrothermal solutions moved into, and upwards along; the dykes
causing uniform chloritisation and removing silica; calcium and

alkalis whilst adding iron; magnesium and water. There was also



limited fluid penetration into the argillaceous schists of Death
Adder Gully, where they were adjacent to the orebody, and the

schists were locally chloritised.

This process extended over a long period of time, during
which there was repeated movement on the major reverse fault on
the east side of Iron Duke. The movement had a strong lateral
component, with the iron-formations moving southwards relative to
the schists of Death Adder Gully, and during the dislocation the
siliceous iron~formations acted as a rigid block sliding south and
upwards relative to the ore below. The movement was facilitated by
the lubricating effeét of the hydrothermal solﬁtions and the
steadily expanding upper falc zone. Within the orebod§; some space
had already been created by the mineral changes involving silica
loss, and the tectonic movement combined with high fluid pressures
to cause splintering and fracturing within the ore. With repeated
tectonic movement and fluid penetration; thé orebody gradually
extended along the pitch of the synform below the main sequence of
siliceous iron~formations. As the hydrothermal process drew to a
close and temperatures fell, small amounts of quartz and pyrite
were deposited from solution in the later carbonate veins within

the ore.
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B. ORIGIN OF THE HEMATITE ORE

1. General

Iron Duke is one of three major hematite ore bodies in
the Middleback Ranges and there are numerous smaller bodies of
similar type. All the ores have common features which must be taken
into account in any theéry of ore genesis. These are:
(1) The ore is blue, granular hematite varying from hard, blocky ore
to friable, porous material which crumbles at a touch.
(2) All the major orebodies are at the same stratigraphic level
near the base of the lower iron-formation unit.
(3) The oreﬁodies occur in pitching synforms or steeply dipping
fold limbs.
(4) All known orebodies outcrop and the bulk of the ore is within
800 feet of the present surface.
(5) All the orebodies pass laterally into i;oneformations or into
hidden magnetite~hematite~carbonate ore.
(6) Intrusives and_schists within the ores are intensely weathered

and consist predominantly of clay minerals.

Iron Monach (Fig.l) is not included in the above des-
cription or the following discussion. The orebody has many of the
common characteristics listed above but is unusual in containing a
high proportion of hard hematite with considerable; irregularly

distributed manganese. This orebody requires a separate, detailed

study.
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Numerous theories have been proposed for the origin

| of the hematite ores, as described briefly in Section I, but the
three most important are, that the ore is sedimentary, that it is
due to granitising fluids, and that it results from supergene
leaching and enrichment. In the following pages, the evidence on
ore genesis at Iron Duke will be outlined followed by a discussion
of the main theories of ore genesis applicable to all the

Middleback Range deposits, excepting Iron Monarch.



2. Evidence on the origin of Iron Duke hematite ore

The Iron Duke is typical of hematite ore bodies in the
Middleback Ranges, in that it occurs in the hinge area and limb of
a pitching synform, and is neaf the base of the ironeformation
sequence just above the basal carbonate unit. It rests upon a large
basic intrusive mass to the south, extending northwards down the
pitch of the synform into magnetite~-hematite~carbonate ore and along
strike in the west limb into siliceous ironeformations. (Section II,

Figs. 18,20a-g).

The hematite ore frequently shows a distinct layering
(Fig.6D) which closely resembles that of the iron-formations, and
is due to thin layers of compact hematite separated by layers in
which the hematite is more finely granular and there is more pore
space. In outcrop and in tunnel exposures; the layering strikes
northesouth and dips inwards on either side of the synform axis
in exactly the same way as the iron-formation layering. On the
strike surfaces of layered fragments, well developed rodding is
' sometimes present which pitches north, parallel to the synform axis.
These features show clearly that the 1ayerin§'pre-dated the folding
and metamorphism. It must; therefore; be either original layering

in an iron oxide sediment, or a relict layering from the pre-existing

rock type.

Microtextures of layered ore samples were described in
Section II and the most significant points are the large amount of

pore space and the fine meshwork of bladed hematite; with tiny
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speéularite crystals projecting into pore spaces; which binds
together 1arger; blocky crystals. Neithéi the spaces nor the fine,
unoriented meshwork could have survived regional metamorphism to
lower amphibolite facies grades, and they must therefore have
developed at some period subsequent to metamorphism. On this basis,
it is concluded that a good deal of the ore was originally a fine
grained, layered rock from which somé camponents have been removed

subsequent to regional metamorphism..

It is unlikely that the original rock type consisted of
iron oxides alone, as suggested by Catley (1964). A good‘deal of
the original rock was fine grained magnetite, as shown by cubic
outlines and small remnant islands of magnetite in some hematite
grains, and this has remained in situ forming the basic structure
of the layering. The hematite grains are separated by spaces of
similar dimensions to the grains themselves and, in Catley's concept,
fhese spaces must have been originally filled by iron oxides. There
is, however, no apparent reason for the selective removal of indiv-
idual iron oxide grains whilst adjacent grains remained in situ,
and this mechanism would have to operate throughout the entire
orebody if the original rock type were iron ore. Fﬁrthermore,
in layered ore samples, the cavity shapes in individual layers
vary, producing different textures in each layer, as can be seen in
Fig.60. This suggests that minerals of varied size and shape were
present, and these have been removed; leaving hematite grains. Some
patches of compact, massive hematite ore could be due to an inherently
high iron content;.but they could also result from later enrichment

by iron oxides infilling the spaces in porous ore. Some movement
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of iron has clearly taken place within the orebody; as shown by

the fine grained specular hematite occurring within the cavities.

The most likely rock types from which the ore has formed
are the siliceous iron-formations and the magnetite<hematite-carbonate.
Field and drilling evidence shows that the hematite ore passes later=
ally into both these rock types, and also; to a lesser extent, into
the talc zones surrounding the magnetite~hematiteecarbonate body.

The lateral transition to siliceous ironeformations can be seen,
despite poor outcrop, on the west flanks of Iron Duke where bands of
outcropping porous ore become progressively richer in silica and
more compact to the north. A similar transition, to overlying
siliceous iron-formations, takes place in Tunnel No.3, where there
is a gradual change from porous ore to hard iron-formations, with
'the layering in the ore parallel to that in the iron~formation.
These observed transitions suggest that at least some of the ore
has formed by removal of quartz and amphiboles from siliceous iron~
formations. This is supported by the general similarity of layering
in the ore to that in the iron-formations. Bach thin layer in the
hematite ore has a texture caused by the shape and size of the
cavities and of the hematite grains. These textures resemble the
iron-formation textures described in Section I which result from

various mineral combinations.

' The transitions from hematite ore to the talc zones and
magnetite-hematite-carbonate ore are known only by drilling. Analyses
and lithological correlation of drillholes in the west limb of the

synform show that the hematite ore passes down dip directly into



magnetite~hematite=carbonate and; to a lesser extent; into the upper
and lower talc zones. The transition to the upper talc zone is
irregular; and talc zone rocks are definitely present above the
hematite ore in some places. In the transition to magnetite-
hematite~carbonate, the hematite ore is similar to that nearer the
surface, being blue; granular hematite with small cavities which
sometimes contain carbonates. A narrow strip of hematite ore extends
down dip and pitch from the main orebodies; forming a thin layer
along the base of the magnetite-hematite-carbonate body (Figs.20a-g).
This ore tends té.be red, rather than blue; contains considerable
pyrite and has numerous irregularly shaped cavities which produce a
structure resembling the magnetite-hematite-~carbonate breccias rather
than the finely layered iron-formations. The basal carbonate unit
occurs immediately below this layer and is saturated with red
hematite dust along carbonate grain boundaries and cleavages. .The
ore layer passes laterally, down pitch, into the lower sulphide rich
talc zone and the calcite rich layer at the base of the magnetite-
hematite~carbonate body. The general impression is that the hematite
has formed by removal of carbonates and silicates from the talc zone

and the calcite rich layer.

The hematite ore does not appear to be a product of the
hydrothermal activity that produced the magnetite~hematite~carbonate
and talc zones. Hematite ore is best developed in the southern half
of the area where the effects of hydrothermal activity are least,
and is poorly develoﬁed in the north where the hydrothermal activity
was intense. The only iron concentrations clearly produced by the-

hydrothermal activity are thin magnetite layers adjacent to intrusives



and SChiStS; and most of the iron within the magnetite~hematite-
carbonate body has remained stable or moved only small distances.
Furthermore, the disposition of the hematite ore is such that it
cannot be regarded as a halo aréund the hydrothermal activity which
produced the magnetite-hematite~carbonate ore. Alternatively, the
‘possibility must be considered that an earlier phase of hydrothermal
activity produced porous magnetite~hematite ore by removing quartz
and amphiboles from siliceous iron—formations; and that this ore

was later penetrated by carbonate rich solutions which produced the
magnetite~hematite-carbonate ore. This concept is regarded as
unlikely, as it does not account for the complete lack of any sign
of hydrothermal alteration associated with hematite ore in the
southern part of Iron Duke, or the complete lack of carbonates and
talc in the bulk of the hematite ore; despite its porosity which
would allow extensive penetration by later solutions. Furthermore,
small isolated hematite orebodies occur within the siliceous iron-
formations and do not appear to be related to any form of hydrothermal
activity. The upper talc zone is clearly a product of the hydro-
thermal activity which produced the magnetite~hematite=carbonate body;
yet it occurs at the surface above the hematite ore in some places.
This sqggests that magnetite-hematite~carbonate was previously more
extensive and that hematite ore has subsequently formed from it,

by removal of the carbonates.

The hematite ore in the southern half of Iron Duke rests
upon a large intrusive mass of dioritic composition. Precise
relationships between the two rock types are difficult to ascertain

because the top of the intrusive is intensely weathered. However,



the weathered portion of the intrusive is rich in fine grained
hematite; apparently derived from the orebody above; and this
shows that there has'been some movement of iron subsequent to

the igneous activity. In common with other hematite orebodies
throughout the Middleback Ranges, schist bands and intrusive dykes
within the Iron Duke ore are intensely weathered and consist

primarily of clay minerals.

The general impression at Iron Duke, therefore, is that
the hematite ore has developed from siliceous iron-~formations,
magnetite~hematite-carbonate ore and talcose rocks, by removal of
quartz; silicates and carbonates. There is no evidence that this
removal was effected by hydrothermal activity. On the other hand,
there is considerable evidence of deep, intensive weathering which
is confined to the vicinity of the ore, and which could have removed
components from the original rocks. Intense weathering is shown
by the high clay content of schists and intrusives within the ore,
the hematite saturation in rocks immediately below thé ore, and the

change in character of hard siliceous iron-formations to soft powdery

material adjacent to the ore.



3. Theories of hematite ore genesis

(a) Theory of sedimentation

Catley (1964) proposed a sedimentary origin for the
Iron Duke hematite ore, suggesting that.an iron oxide facies
developed during deposition of the iron-formétion sequence. This
mechanism has been shown to be theoretically valid for ores within
iron-formations in North America by James (1954, 1966) and Knowles
and Gastil (1959). The iron-formations were deposited as chemically
or biochemically precipitated iron oxides, silica, carbonates and
iron-magnesium silicates. The precise composition of the sediment
is largely a function of solution Eh and pH and, in certain geo-
chemical environments it is possible for iron oxides to be pre-
cipitated essentially free from other camponents. The present
iron ore bodies in the Middleback Ranges can therefore be regarded

as primary concentrations formed during the sedimentation process.

As discussed in previous pages, the microtextures and
pore épace in Iron Duke ore could not have survived regional
metamorphism to amphibolite facies grades and it is unlikely that
the missing components were iron oxides. Furthermore, the theory
does not explain the facts that all known hematite bodies in the
Middleback Ranges occur in synforms or steeply dipping fold limbs,
and that in all cases the bulk of the ore is reiatively near the
present land surface and passes downwards to other rock types at
depth. For these réasons? the theory is regarded as untenable in

the Middleback Ranges.
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(b) Theory of granitisation

Miles (1954) proposed granitisation as the mechanism
which concentrated iron into certain structural positions within
the iron-formations. Miles considered that the irone-formations
formed part of a fhick; mildly metamorphosed sedimentary sequence
which was strongly folded and subsequently penetrated by feldspa-
thizing solutions. Great quantities of the original sediments were
made over into gneisses and migmatites, particularly in the cores
of regional antiforms where the fluids found penetration relatively
easy (Fig.6ﬁ).- The main feldspathizing solutions were preceeded
by waves of hydrothermal solutions.which cénsisted mainly of heated
waters; in part of supergene origin. These leached iron from the
sediments and carried it forward as a basic front. On reaching
the iron-formations, the advance fluids first leached silica and
then began to concentrate the iron. If penetration continued, the
irone-formations were completely made over into gneisses and
migmatites. The Middleback Ranges are regarded as remnant keels
of tight synclinal structures which were resistant to the granit-
ising fluids. The ores occur in the stratigraphically lower iron-
formation unit because it shielded the upper'unit and was first
exposed to the solutions, and they occur in synforms because these
acted as structural traps in which the iron became concentrated.
This process was supported in principle by Dorr (1964), who had
independently invoked a similar mode of origin for hematite ores
in Brazilian iron-formations, basing his 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 Brazil.

The theory explains the main characteristics of the
orebodies, including the structural and stratigraphic controls.
It is, however, regarded as untenable in the Middleback Ranges

for the following reasons:

(1) There is no evidence of felspathisation in the Middleback
Group rocks. The lowest units of the Middleback Group are
argillaceous schists and thin iron-formations. These show no
evidence of felspathisation or penetration by hydrothermal fluids,
even when outcropping near to granitic rocks as at the south end
of Iron Duke.

(ii) Iron formations in close proximity to the granitic rocks
show no sign of iron enrichment or silica removal. This is
particularly apparent on the east side of the South Middleback
Range (Fig.62) where the lower iron~-formation unit is thought to
have been completely felspathised yet there is no sign of an iron
rich front and the upper iron-formation contains no ore.

(iii) The hematite is low in elements which would be expected to
accompany iron in a basic front. Basic fronts are generally
envisaged as zones deficient in silica relative to the base content
apd are characteristically rich in Fe, Mg, Mn, Ti and P (Reynolds

1946, Mehnert 1964). A typical analysis of iron ore from Iron

" Baron is: _
Fe MgO Mn TiO, P

67.7 0.1 0.2 0.1 0.02

(Analysis by Chemical Laboratory, B.H.P., Whyalla).



The levels of Mn, Ti and P are comparable with; or less than;
the }evels in the ironeformations and the Mg level is considerably
less in the ore.

There is also a marked lack of the basic silicates which

are normally present in a basic front.

(iv) There is no evidence of iron concentrations within the
gneisses, despite the fact that complete iron-formation units must
have been made over into gneisses and migmatites. The only iron
concentrations in the whole region are the orebodies of the
Midaleback Group.which, in terms of the immense vélﬁmes being
considered, are small, discrete bodies confined to a single

stratigraphic level within the Middleback Group.

.(c) Theory of supergene leaching and enrichment

The theory of supergene leaching and enrichment was
first proposed by Rudd (1940) and subsequently supported, in general
terms, by Whitehead (1962), Owen and Whitehead (1965), and in moxre
detail by Ashworth (1965, 1970). The principle is simple; deep
groundwaters penetrate the iron formations in favourable structural
situations and remove gangue minerals, such as quartz and amphiboles,

leaving hematite ore.

The theory explains the structural and stratigraphic
positions of the orebodies, the intense weathering restricted to
their vicinity, the microtextures in the ore, and the fact that in
all known cases the bulk of the ore is within 800 feet of the

present land surface. At Iron Duke, the theory also explains the
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hematite saturation in rocks immediately below the ore; and the

thin layer of hematite ore extending along the base of the
magnetite~hematitewcarbonate body. The theory of supergene leaching
and Qnrichment is regarded, therefqre, as the most applicable theory

yet postulated for the hematite ores of the Middleback Ranges.

The mechanism of leaching'and iron enrichment was described
by Dorr (1964) and Macleod (1966). Rain water takes into solution
small amounts of silica and carbonate and lesser amounts of iron.
These are carried down to the water-table where silica and carbonate
remain in solution but iron is precipitated in the ferric state
forming a zone of iron enrichment. As the land surface is lowered,
the water table correspondingly falls so that the iron enriched
zone moves downward and leaching penetrates deeper. Gradual downward
progression in this way produces hematite-goethite ore passing
downwards to leached jaspi;ite. In the Hammersley Ranges, this
type of ore is widespread and can be clearly related to a Tertiary

weathering surface.

Ruckmick has demonstrated the feasibility of iron-ore
formation by silica leaching in the Cerro Bolivar ores of South
America, where groundwatei contains a much greater proportion of
silica than iron. Table 25 compares Ruckmick's analyses with

»

a sample of ground-water from the Racecourse orebody, north of

Iron Monarch.

Table 25 ,. Groundwater analyses from Cerro Bolivar and the

Racecourse Area

SiO_ ppm Fe ppm Ph
- 2

Cerro Bolivar spring water 10.5 0.05 6.1
Cerro Bolivar bore water 15.0 0.1 7.2
Racecourse mine water 14.0 0.1 7.9



There are two main problems in applying this theory
to the Middleback Range,ores. One is the lack of hydrated iron
oxides such as goethite which would be anticipatéd with weathering
processes and the other is the reason for such deep, localised

penetration of the groundwaters.

(1) Hydrated iron oxides

The lack of hydrated iron oxides was encountered by
Macleod (1966) in the Hamersley Ranges where massive blue hematite
extends to depths of over 800' below the surface. There is con-
vincing evidence that this ore is due to supergene enrichment and
Macleod suggested that thé lack of hydrated iron oxides may be

due to dehydration under load pressure.

Compaction does not appear to be applicable in the
Middleback Ranges, where loose, powdery ore is erratically mixed
with hard blocky ore to depths of several hundred feet below the
surface. Furthermore, the fine hematite network in the ore and
the remnant magnetite patches in the larger crystals suggest that
the process was one of oxidation and hematite addition without

the development of extensive goethite.

The phase change from goethite to hemafite is not
clearly understood. Limonite is the most éommon iron product
" of weathering but hematite forms at least locally in humid tropical
areas (Krauskopf i967). Berner (1969).showed by thermodynamic
calculations that goethite is unstable relative to hematite and
water in virtually all geological conditions and the maximum

temperature at which goethite is likely to be stable is about 40°C.
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This was somewhat qualified by Langmuir (1971) who showed that
the goethite grain size is important, grains over 1 micron being
stable relative to coarse grained hematite up to 80°C. The
important point is that the stability of goethite is uncertain
‘and that very fine grained goethite would certainly be metastable

and would change to hematite, given sufficient time.

There is a little evidence suggesting that the ores
weré formed during the Pre-~Cambrian. Pebbles of hematite are
present in the Corunna congiomerate which is dated at approximately
1550 million Qears (Rudd 1940, Thomson 1969) and remnant magnet-
isation studies suggest that the ore is Upper Proterozdic in age
(Chamalaun and Porath 1968, 1968a, Porath 1967). Chamalaun and
Porath (1968) record contact effects in Iron Monarch hematite near
to a cross cutting basic dyke on which they obtained a K-Ar age
of 585 million yeérs. It is also interesting to note that the
palaeomagnetic results indicafe an age of 1500 to 1600 million
years for the large Hamersley Range deposits of north west
Australia and the majority of palaeomagnetic poles from the West

Australian iron ores are in broad agreement with those of the

Middleback Ranges.

If the ores are pre-1550 million years in age, there is
a strong possibility that hydrated iron oxides originally present

would convert to hematite, and this process would be accelerated

by any burial or slight compaction.



(ii) Groundwater penetration

The reason for the selective penetration of groundwater
to depths of over 1000% below the surface is not clear. All the
major orebodies are in synform structures and are underlain by
schists or basic intrusives. This suggests structural traps with
the solutions channelled by relatively impervious layers (Ashworth

1965).

Synform structures would act as solution traps as shown
in Fig.62. A pitching synform offers a wide expanse of outcrop
in the hinge area of the fold and the solutions are channelled
inwards in contrast to a pitching antiform which offers the same
width of outcrop but solutions are channelled outwards into the
divergent fold 1limbs. The tighter the synform; the more intense
is the channelling effect. However, the ores are not strictly
confined to synforms and may occur in steeply dipping fold limbs,

as at Iron Knight.

The undeflying schists are impervious relative to the9
hematite ore but are more pervious than the ironeformations. In
the initial stages of iron ore development, the schist layers
would be more easily penetrated than the siliceous iron-formations
and probably acted as seepage layers, facilitating ore formation.
This process has been suggested by Macdonald and Grubb (1971) for
shale bands within hematite ores of the Hamersley Ranges. In
subsequent stages of ore formation, the hematite ore is more

permeable than the schist and the latter will therefore channel
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solutions into favourable structures. The ore forming process

can be viewed as an initial slow seepage of groundwater along
schist layers, removal of components from adjacent iron-formations
leaving spaces; and a rapid flow of groundwater through the result-

ant porous ore.

Although schists and intrusives.may have effectively
stimulated ore development by facilitating fluid penetration, the
ore bodies are too large to be governed entirely by this mechanism.
Ali the majof orebodies occur near the base of the iower iron-
formation unit and there are no major bodies in the upper iron-~
formations; yet both iron-formation units are underlain by schists.
This suggests that there is a mineralogical~chemical control which
resulted in deep groundwater penetration at a particular strati-
graphic level. Whitehead (1962) suggested that a tremolite bearing
ironeformation near the base of the sequence should be regarded as
a potential ore horizon, and Ashworth (1965) considered that this
unit contained carbonate hyers. Owen and Whitehead (1965) proposed
that a 'softening up! of the unit by hydrothermal activity produced

magnetite-hematite~carbonate which was later leached to form

hematite ore.

At Iron‘Duke, the hematite ore is formed from iron-
formations, magnetite~hematite-carbonate and talc zone rocks.
Leaching.is therefore not confined to a particular mineral or
rock type and leached minerals include quartz, carbonates and

silicates. The most important factor affecting fluid penetration
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appears to be a single mineral; or a combination of minerals,

which is easily leached. This may be illustrated by the thin layer
of hematite ore which extends below the magnetite=hematite-carbonate
at Iron Duke. The ore is confined to é narrow strip which coincides
with the layer of calcite at the base of the magnetite-hematite-
carbonate orebody. It increases in thickness.in the hinge area of
the synform. The ore is cavernous and contains remnant calcite
which increases in quantity with increasing depth. The rocks

above and below are unoxidised and the leaching solutions have
penetrated down pitch and down dip piéking out specifically the
calcite layer and becoming progressively less effective with depth
until the hematite pasées into hematitew-calcite-rock at a depth of
about 1200!' below the surface. The main controls in the formation
of this orebody are the presence of calcite and the penetration of

fluids along a favourable structure.

Carbonates can therefore play an important role in enabling
deep fluid penetration; which supports Owen and Whitehead's
suggestion that previous hydrothermal activity would facilitate
hematite ore development. Furthermore, carbonate layers are
sometimes present in iron-~formations at the stratigraphic level
of the hematite ore. However, a good deal of ore in all the
deposits passes laterally into siliceous iron-formations which
contain little or no carbonate. In these, fluid penetration was
probably influenced by the presence of amphiboles in the rock. The
amphiboles tend to weather easily, as shown by limonitised remnants

in ironeformations at depths of 200 feet to 300 feet in some parts

-



of the Middleback Ranges, although in other places there are fresh
amphiboles exposed at the surface. Amphibole schist layers could,
therefore, contribute to ore formation by facilitating fluid
penetration in a manner similar to the argillaceous schists. The
essential difference is that the iron-formation amphiboles contain
no alumina to stabilise silica as clay minerals and, on weathering,
are converted to limonite or effectively removed; allowing fur ther

fluid access.

Both the hematite ores and the magnetite~hematite-
carbonate bodies occur within the same stratigraphic unit, which
at Iron Duke was rich in tremolite and carbonate before the ore
fo;ming processes téok place. It is envisaged that the primary
composition of this unit varied from place to place throughout the
Middleback Ranges, and in some places the presence of carbonates
and tremolite made the unit favourable to groundwater penetration
and leaching. The hematite ores developed in these localities,
some made favourable by the original mineral combinations, others

by previous hydrothermal action on the rocks.

Once penetration was achieved; the solutions effectively
removed large volumes of quartz, silicate and carbonate components.
This process is easy to visualise above the level of the peneplain;
but the major orebodies extend several hundred feet below this level
and are themselves the deepest remnants of orebodies formed when
the land surface was higher than the present day level. The removal
of components from such depths is difficult to explain; but may be
due to the upward diffusion of dissolved components combined with a

periodic replenishment of colder; downward moving solutions.



4. Summary of hematite ore formation

The proposed sequence of events leading to the formation

of hematite ore is as follows: (Fig. 63)

(1) Deposition of the iron-formation units. A unit near the base
of the sequence, above the basal carbonate, contained variable

amounts of carbonate intermixed with the quartz and iron oxides.

(2) Stroné folding which produced pitching fold structures, and
regional metamorphism to lower amphibolite facies grade. The
carbonate rich unit near the base of the iron-formations
became rich in tremolite but retained carbonate layers in

places.

(3) Major faulting on a regional scale; and hydrothermal activity
which formed magnetite~hematite~carbonate and talcose rocks
in places throughout the Middleback Ranges. The hydrothermal
effects were strongest in the carbonate and tremolite rich
unit near the base of the sequence, and the rock types produced
by the hydrothermal activity varied according to the precise

mineral compdsition of the pre-existing rock.

(4) Uplift and peneplanation producing a topography similar to,

but rather higher than, that of the present day.

(5) Intense weathering with silica and carbonate removal over the
whole iron-formation area, causing a relative enrichment of

iron at the surface. Deep groundwater penetration was confined






(6)

mainly to the tremolite and carbonate beariné unit near the
base of the iron-formation sequence and to points at which
hydrothermally altered rocks coincided with the water table. .
Favourable structures facilitated the leaching process by
causing wide expanses of the favourable unit in hinge areas,
and by channelling the solutions. Porous, limonite~hematite
ore férmed from the iron-formations and interlayered argillaceous
schists;‘tégether with basic dykes; were converted to clay
minerals. Argillaceous schists and basic masses immediately
below the hematite ore acted as relatively impermeable layers;
channelling the solutions in favourable structures. Iron was
partially redistributed within the ore body, forming patches

of hard blocky ore.

Erbsibn over a long period of time to the present day topography
Some faulting and intrusion of basic dykes took place during
this period. The iron rich surface formed inithe previous
weathering phase was'removed; to different levels throughout

the area, so that in places the present surface rocks are
quitelfresh and in others weathering extends to several

hundred feet. The deeper parts of the iron ore bodies remained
and form the present hematite orebodies. During this period,

limonite in the ore slowly converted to hematite.




CONCLUSIONS

1. The Middleback Range iron-formations have undergone regional

4.

metamorphism to lower amphibolite facies; at temperatures in
thé order of 450°C to 550°C and pressures between 2kb and 6kb.
Within the iron-formations, the components remained essentially
immobile; except for H2O and C02, and individual layers behaved

as closed chemical systems.

The metamorphosed iron-formations consist of fine-grained, even
textured rocks with. alternating layers of iron oxides, quartz,
tremolite, grunerite and carbonate. The mineral. layering

reflects the original sedimentary layering.

The main period of ‘metamorphism was followed by the development
of major north-south zones of dislocation. Hydrothermal fluids
penetrated these zones from depth and caused belts of retrograde
metamorphism in argillaceous schist units within the iron=-

formation sequence.

At Iron Duke, hydrothermal fluids penetrated the lower part of
the iron~formation sequence. The fluids were brines at
temperatures and pressures in thé order of 120° - 250°C

and 2-3 kxb. A unit near the base of the sequence consisted of
interlayered iron oxides, carbonates, tremolite and quartz,
and was particularly susceptible to fluid penetration due to
the combined presence of carbonates and tremolite. The

magnetite~hematite~carbonate orebody formed within this unit

(]
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by a complex process of carbonate metasomatism and direct
removal of silica in solution. Grunerite rich iron-formations
were partly silicified and converted to talcose and quartzose

schists. Amphiboles- were completely chloritised.

Fluid movement was partly by diffusion through crystal lattices;
and along grain boundaries and cleavages. Extensive mineral
changes and large scale transfer of components have resulted

from this process.

Factors controlling the composition and disposition of the
magnetite-hematite-~carbonate ore include; the presence of a
major reverse fault, the thick basal carbonate unit, and the
tight synformal structure of Iron Duke. Magnetite-hematite-
carbonate ore is likely to be found in other parts of the
Middleback Ranges, where majof zones of structural dislocation
intersect thick development of the basal carbonate unit. The
ore type will depend upon the mineralogy of the lower iron-
formation units; whereas the structural setting will control

the shape of the orebody.

Hematite orebodies in the Middleback Ranges were formed by deep
groundwater penetration in favourable structural settings.
Gangue minerals, such és quartz,'amphiboles and carbonates
were removed and part of the iron was redistributed. Ore
controls,apart from structure, include the presence of
favourably leached minerals such as amphiboles and carbonates,

and the presence of underlying, relatively impermeable
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argillaceous schist units and amphibolites.' It is envisaged
that all orebodies were connected with the Precambrian land

surface.

A new carbonate mineral composition has been established,
approximating to Ca Fe. .CO . This composition
o 0.3M90.4F%0.3°C3 pe
sujgests that there may be a solid solution series between
points on the dolomite-ferrodolomite series and points on

the magnesite~siderite series.

New natural talc compositions have been established, varying
M F O H M F .

between 9, .80, 5 10(0 )2 and 9 .o el.lolo(OH)z These

compositions are on a solid solution series between talc and

minnesotaite.

There is wide scope for further work on the Middleback Range
iron ores and associated rock types. Projects which could be
particularly useful regarding ore genesis are:

(1) More detailed fluid inclusion work on inclusions in

carbonates and quartz within the talc rocks, to ascertain

precisely the fluid composition and the temperature of the

hydrothermal activity.
(2) Oxygen isotope studies of hematite-quartz in the hematite

orebodies, magnetite-quartz in the iron-formations, and

magnetite-hematite-carbonates—quarté in the carbonate rich
orebody. The results would be valuable for comparison with

data from iron-formations in other parts of the world, and

may enable firm temperature estimates for the different

rock types.



(3) A study of trace and minor elements within the hematite

(4)

(5)

orebodies; particularly at Iron Monarch where.fhe high
manganese content is as yet unexplained.

A structural study of the major faulting interpreted

on the east side of the Iron Duke -~ Iron Duchess ridge.
The use of petrofabrics and a texture goniometer may be
the most useful line of approach.

The process of mass transfer by diffusion; as illustrated
by the Iron Duke chloritised amphibolites, warrents both
labofatory and theoretical examination. Such a process
has important implications in the formation of many

hydrothermal ore deposits.
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Techniques ~ S

Whole-rock analyses used in the text and listed
in the following pages include XRF analyses carried out by
the author in Durham, together with quantitative analyses
and drill core assays carried out by the Chemical Laboratory,
B.H.P., Whyalla, Occasionally published analyses from
sources such as Miles (1954) are used to illustrate particular
points.

The XRF analyses were carried out using pressed
powder briquettes with a Phillips PW 1212 x-ray fluorescence
spectrometer. Most of the samples consisted of small portions
of drill core, and these were split lengthwise before crushing.
The samples were ground to a fine powder using a jaw crusher
and disc mill, and the powders were then briquetted.

For major elements, twenty quantitative analyses
of Iron Duke rock types carried out by the Chemical Laboratory,
B.H.P;, Whyalla were used, together with one basic igneous
rock standard sample available within the Geology Department
at Durham, The samples analysed by XRF include a wide
variety of rock types and not more than five standard analyses
could be used for any particular group of samples. Mass
absorption corrections were applied using the method of
Holland and Brindle (1966), but for some rock types the raw
count data was closer to the standard analyses than the
corrected results, For some rock types, therefore, the
analyses are based on the raw count data, whilst for others
mass absorption corrections have been applied. Notes on
the precise technique used and on the analytical precision
and accuracy are included immediately before the analyses
for each major rock type.

For trace element calibration, a 'series of synthetic
glass standards avaiiable in the Geology Department was used
for the basic igneous rocks and Schists, and four groups
of synthetic standards were made from "Specpure" chemicals
(Johnson, Matthey & Co.) for the iron rich rock types. The
major element compositions of the latter standards were;
| CaCO5, 50% Pe,05 - 50% 5105, T0% Fe,05 - 30% CaCOs, FPeyOs,



and these base mixes were spikéd with "Specpure" trace
element compounds., Corrections were applied for K
interference on Nb, Zr and Y. Comments on trace element
calibration are included in the notes prior to each group

of analyses.
The quantitative analyses by the Chemical

Laboratories, B.H.P., Whyalla, were carried out by a
combination of wet chemical and spectrographic methods,

as follows :

Emission spectrograph : 8i0, ( 20%), A1203, P, Ca0 ( 10%),
Mg0 ( 10%), Mn, TiO,

Wet chemical : Fe, 8102 ( 20%), Cal ( 10%),
Mgo ( 10%), S.

Atomic absorption : Na, K

Drill core assays employ the same techniques but
with less checking and precision. In all the B.H.P. analyses,
elemental values were determined for Fe, Mn and P, and these X

were recalplated as oxides by the author.
Two water determinations were carried out on

chloritised amphibolites, using a Riley Furnace.




B. - Iron-formations - XRF analyses

Major elements
The chemical compositions of the iron-formations

are very similar to those of the talc zone rocks, and it was
originally intended to combine quantitative analyses from
both groups as XRF standards, However, it became clear that
the two rock types react differently to XRF analysis. For
example, the following two samples have similar iron contents,
yet the iron-formation sample shows a considerably higher

XRF count :

62-606 (iron;formation) 29293 210 ﬂsg
Per cent 40,0  55.1 3.8
P-1/v 343,175 99,910 19,946
77-275 (talc zone)

Per cent 42,0 47,2 8.6
P-1/b 290,908 111,776 120, 442

This variation between the two rock groups is
further illustrated in Fig./lAf/and it is evident that each
group requires a separate calibration curve, based upon

I-1a

gsamples of its own rock types. As a result, only five
quantitative analyses could be used for iron-formation
calibration, and this number is insufficient to give more

than approximate rock compositions because the silica, iron
and magnesia contents in the iron-formations are very variable.
Iron-formation XRF analyses shown in the following pages have
totals between 94,5% and 106.5%, and in most cases magnesium
is well outside the standard calibration range. The analyses
should therefore be regarded only as a general indication of

rock composition.
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B. - Iron-formations - XRF analyses =~ continued

XRF results for the iron-formation standard
samples are shown in Table I-1, and it is evident that

in general the analyses based on uncorrected counts are

6loser to the quantitative analyses than are the analyses

based on mass absorption corrected counts and normalised

in the manner described by Holland and Brindle (1967).

There is also a major unexplained error in the computer

caleulation for normalised values of sample 62-606. The

raw count analyses were therefore used throughout.
The XRF 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) It is essential 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
variation between iron-formations and talc zone rocks
is not immediately evident, but the two rock groups
differ in mineralogy rather than geochemistry. The
iron-formations contain fine-grained quartz, magnetite
and amphiboles, whereas the talc zone rocks contain
coarse grained quartz, magnetite-hematite and talc.
The most significant differences are therefore the
presence of talc rather than amphibole, and the general
coarser grain size of the talc zone rocks. It is
possible that talc orientation during pellet preparation
has the effect of shielding iron oxide grains, thereby
reducing the overall iron.count and increasing the
silica and magnesia. However, the cause of the observed

variation requires further investigation.
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Table I-2 - Calibration ranges for iron-formation
Major element analyses (XRF)

Element Percentage range
510, 1.00 to 55.10
A1203 0.10 to 0.90
Fe203 39,20 to 96.80
Mg0 0.10 to 4.90
Cad 0.10 to 1.30
Na,0 0.01 to 0.08
KZO 0.01 to 0.04
710, 0.05 to 0.05
MnO 0.10 to 0,30
S 0.01 to 1.02
P,0 0.05 to 0.28

275
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B. - Iron-formations -~ XRF analyses - continued

Trace elements
Synthetic standards consisting of 50% Fe203 and

50% 8102 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 in Table I-3 below,
Ni and Z2r 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 this set of standards, so an approximate Nb
level was determined for the rock samples using an assumed
curve mid-way between the Nb values for the lunar and 70%
Pe,05 - 30% CaCO; standards. Note the poor correlation
for Cu below 8 ppm.

Table I-3 - Trace element calibration for 50% Fe,0- - 50%
3102 standards -

ppm Zn Cu Ni Ba Zr Y Sr RD
31 31 34 33 32 32 31 90 43
16 10 14 20(17) 14 18 13 16 10

7 11(8) 3 10 3 8 3
17 7(4) N.D. 8(4) O 3 1
8 3(0) N.D. N.D. N.D. N.D. N.D.

o >~ ®
S~ U

( ) Values after manual correction

Nominal detection limits calculated from accumul-

ated background values are @

VA Cu Ni Ba ar Y Sr RD
ppm 1 5 - 3 11 3 3 3 2

The iron-formation samples selected for trace

element analysis all contain between 40% and 60% Fe203,
thereby conforming broadly to the synthetic standard

composition,
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Whole-rock analyses - Middleback Ranges

Iron-formations - major elément analyses b& Chemical
Laboratory, B.H.P., Whyalla, Trace elements, XRF by author,.

Per cent = 62-808 62-606 62-988

Al

~ Sr
- Rb

810, 46.1 55.1 54,4
20z - 0.1 0.1 0.2
Fe,05 47.2 40,0 39,2
MgO 3.2 3.8 4.9
C'a.O 003 003 003
Na,0 , 0.,.0. 0.0 0.0
K,0 0.0 © 0.0 0.0
10, 0.1 0.1 0.1
MnO 4 0.3 0.3 0.3
8 0.1. 0.1 1.0
0. 0.1 0.1 - 0.
9205. | _ 3
Igo IIOSS . +003 002 +008_
97.2 100.1 100.1
ppm _
in ' 23 29
Cu , 2 Q
Ni - 6 ' 6
Ba 0 0
Nb
i 0 1
Y 0 0
0 0
0 0

Note: 1. Fe expressed as Fe203

2. Nb is in the order of lppm to 4ppm'



Whole-rock analyses -~ Middleback Ranges

Iron-formations and chip-channel samples.

Assays of drill core and chip-channel samples by Chemical
Laboratory, B.H.P., Whyalla.

Per cent ggg 2%3 gzgé
510, 56,0 31,0 49,0
AlZO3 0.5 1.4 0.5
Fe203 41,5 58.6 45.3
MgO0 0.1 3.6 2.5
Ca0 ' 0.1 0.1 2.8
Na20 N.D. N.D. N.D.
X,0 N.D. N.D. N.D.
110, 0.0 0.0 0.2
MnO 0.1 0.3 0,2
S 0.0 0.0 0.0
P205 0.1 0.0 0.1
Ig.Loss 1.5 3.4 0.1

99.9 98.4 100.7



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 3 4
810, 20,56 46.94 37.54 51,52
Al,04 0.37 0.00 0.80 0.08
Fe203 : 73.10 51.00 50.41 35.37
FeO 4,49 1.41 10.17 10.24
Mg0 0,10 0.00 0.19 0.20
Ca0 0,27 Tr Tr 0.02
Na,0 N.D. 0,00 }

0,03 N.D.
K,0 - N.D. 0.00
710, 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.
P,0g N.D. 0.39 N.D. 0,06
H,0 1,66 0.68 0.28 1,48
co, 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
series, Ukraine, U.S.S.R. (James 1966),

Analysis 4, magnetite-chert, Biwabik iron-formation, Mesabi
District, Minnesota, U.S.A. (James 1966).



Whole-rock analyses - Middleback Ranges

Iron-formations - XRF determinations.

G

*

Per cent.
Sio2

A1203

.Fe203

MgO
Cal
Na,O
kK,0
Tio
MnO

P205

bpm
Zn
Cu
Ni
Ba
Nb
2r
Y
Sr
Rb

Note: 1. Nb is in the order of lppm to 4ppm

62~
1336

39.5
0.2

46,4
Te5%
0.5
0.0
0.1
0.1
0.5%

O O +H O

62-
623G

42,2
0.2
46,0
6.2
0.4
0.0
0.0
0.1
0.3
0.0
0.3

95.7

10

o W

O NN

62-
1073G

43,6
0.2

45.9
5.5%
0.3
0.0
0.0
0.1

O +H O o

62-

1015G

44,3
0.2

44.9
6.2%
0.3
0.0
0.0
0.1
0.3
0.1
0.1

96,5

24

17

o O +H O

grunerite present, T = tremolite present, S = pyrite present.

major element more than 10% beyond calibration range.

o N O -



Whole-rock analyses - Middleback Ranges

Iron-formations - XRF determinations - continued

Per cent

8102

A1203

Fe203

MgO
Cal
Na20
K,0
Tio
MnO

P205

ppm
Zn
Cu
Ni
Ba
NDb
Zr
Y
Sr
Rb

62— 62-
94315 592
38.1 53.7
0.3 0.1
48,7 46.8
Tel¥* 5.0
0.4 0.3
0.0 0.0
0,0 0.0
0.1 0.1
0.3 0.2
1,2% 0.0
0.2 . 004*
96,4 106.6
11 10
26 8
13 1
0 0
00 0
0 4
2 3
0 0

70-
916

58,2
0.2

36.7
3.9
0.7
0.0
0.0
0.1
0,2
0.1
0,8%

100.9

12

O W

o +H v O

74-
381

42.6
0.2

50.6
T.0%
0.4
0.0
0.0
0.1
0.4
0.0
0.5%

101.8

15

29

o NN

Note: 1. Nb is in the order of lppm to 4ppm

57-
2049

T1.2%
0,2
16,5%
T.6%
3;6*
0.0
0.0
0.1
0.2
0.2
0.4
100,0

N.D.

N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.



‘ . c49
Whole-rock analyses - Middleback Ranges

Iron-formations - XRF determinations - continued.,

Per cent J7

8102 67,0%
A1203 0.2
Fe203 3805
MgO . 0.0
Ca0 0.2
Nazo 0.0
KZO ‘ 0.0
TiO2 0.1l
MnO 0.1
S ' 0.1l
P205 0.0
106,2
bpm
Zn 6
Cu 0
Ni 5
Ba 2
Nb
Zr 1
Y 0
Sr 5
Rb 0

Note: 1. Nb is in the order of lppm to 4ppm



C, - Magnetite-hematite-carbonate ore and basal carbonate
unit - XRF analyses.

Major elements

Six standards were used, all being quantitative
analyses by the Chemical Laboratory, B.H.P., Whyalla. The
‘standard calibrations are shown in Table I-3, and the
uncorrected count analyses are considered preferable to
the corrected, normalised analyses. There is considerable
variation in the accuracy. of the XRF analyses relative to
the quantitative analyses, and the XRF data should be
regarded as showing the general levels of elements present
rather thap 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.,

Irace elements
Two sets of synthetic standards were used for the

magnetite-hematite-carbonate ore. One of CaCO3 and the other
70% Fezo3 - 30% CaCO3. Calibration of these standards is
shown in Table I-4., In the 70% Fe2 3 - 30% CaCO3 standards,
there is poor correlation between the known element values
and the XRF values for Ba 0-250 ppm and Zr below 30 ppm.
The values of these elements for the rock samples have
therefore been indicated in 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%. Fe203 samples
being calibrated against 70% Fe,0 5 = 30% CaCO3 standards
and under 30% Fe2 3 samples being calibrated against CaCO3
standards.1 The accuracy of trace element determinations
for any paftlcular sample depends to a large extent on the
51m11ar1ty of the sample major element composition to that
of the standard particularly with respect to the iron
content. Thus, trace element determinations for samples of
' virtually pure carbonate with low iron contents are regarded
as quantitative, as they are calibrated against CaCO3
standards which contain no iron. - Similarly, samples with



(9]

C. - Magnetite-hematite-carbonate ore and basal carbonate
unit - XRF analyses - continued.

about 70% Fezo3 are calibrated against 70% Fe203 - 30%
CaCO3 standards and the trace element determinations are
regarded as quantitative. However, many samples have an
intermediate iron content with 20% - 50% Fe203, and for
these the trace elements are regarded as semi-quantitative
or as general indications of the element level. For
example, sample 47-1065 contains 29,5% Fe,0; and shows

the following trace element levels when calibrated against
the two sets of standards:

n Cu - Ni Ba Nb r Y Sr Rb
Ca‘CO3
Stds 13 N.D. 3 0 0 3 2% 12 5

%,

e -
30%
CaCO3

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
standards, which are discussed under the section on XRF

analysis of hematite ore.
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Table I-5'- Calibration ranges for magnetite-hematite-
carbonate ore and basal carbonate unit.

Element Percentage range
810, | 0.30 to' 2,10
A1203 0.20 to 0.30
Fe?_'O3 15.70 to 87,90
MgO 2.90 to 18,70
Ca0 ‘ 4,80 to 21.10
NaZO - 0,07 to 0.22
K,0 0.02 to 0.1l
T102 0.05 to 0.05
MnO 0.30 to 4.40
S . 0.02 to 0,07
P205 ' 0.05 tb 1.10

2
92}



Table I-6 - Trace element calibration for CaCO._ and 70%

Nominal detection limits from accumulated background values;

3

4

9

3

J

3

3

Fe2 - 30% CaCO7 standards.

CaCO3 ‘
ppm Zn Cu 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 B8 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] 0O N.D. 0 0 0] 2 4 0 3
Nominal detection limits from accumulated background values:

3 2 8 3 3 3 3 2
70% Fe - 30% CaCO3 _

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 g N.D. 11 16 14 14
8 7 N.D. 9 2 N.D. 1 8 6 8
4 0O N.D. 5 N.D. N.D. 1 2 N.D. N.D.
0 O ND. O O ND..- O O 6 0

5

o2

ot



Whole-rock analyéesvw Iron Duke .

Magnetite-hematite-carbonate ore. '
Major element analyses by Chemical Laboratory, B.H.P., Whyalla.

Trace elements, XRF by author.

86~ 60- 57-. 67-

Per cent 134 842 1140 823
510, 1.3 0,3 0,9 2.1
A1,0, 0,27 0.2 0.3 0,2
Fe,0; 5642 46,2 37,5 15.7
Mg0 - 8.6,  10.4 9.4 18,7
Ca0 C13,7 17.5 19,7 21,1
Na,0 - | 0.2 0,2 0.2 0.1
K,0 " 0.1 0.1 0.1 0,0
P10, 0.1 0.1 0.1 © 0.1
S o 0.0 0.0 0,1 0.0
. B .o ' O. O.l
P05 0.3 0.3 0.1 ,
Ig. Loss 19,2 23.9: 27.7 40,6
| 100,73 101,3 100.5 99.5
ppm
Zn. 12 4 5 2
ou ~ N.D. N.D. N.D. N.D.
Ni. 5 . 8 12 0
Ba . <30 <30 < 30 0
Nb . N.D. N.D, N.D. 0
r . <16 <16 <16 2
Y 1 15 14 20
St 7 "6 14 29
Rb | o . 1 0 4

Note: 1, Fe expressed as I-‘e203



Whole-rock analyses - Iron Duke

Magnetite-hematite-carbonate-typical ore samples.

Assays of drill core by Chemical Laboratory, B.H.P., Whyalla.

Per Cent EZi 3%5 gai gg;
SiO2 2.3 1.2 1.0 0.2
A1203 0.9 0.1 0.2 0.2
Fe,04 61.0 56.9 39.2 56.9
Mg0 6.7 8.0 11.4 5.0
Cal 10.0 13.6 20.4 18,2
Na20 N.D. N.D. N.D. N.D.
K20 N.D. N.D. N.D. N.D.
TiO2 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
P205 0.3 0.0 0.0 0.2
Ig. Loss 15.6 19.2 27.6 18.4

98.2 99.6 101.1 101.0

C2
(914



387

Whole~-rock analyses - Iron Duke

Magnetite-hemafite-cafbonate ore - typical ore with ankerite
as the main carbonate, :

XRF~analysea_— see preceding notes.

*Major element over 10% outside calibration range.

, '~ 59~ 57- 59- . 47- 78—
- Per cent 1099 165 319 71 110
810, 0.5 0,6 0,3 - 0.9 0,2
41,0, 0.2 0.2 0.2 0.3 0.2
Fe,05 50.5 20,7 26.8 39,0 24.9
MgO 7.5 14.8 13.5 . 13.2 15.1
Ca0 14.7 22,8% 20,5 18.5 22,5
Na,0 0.0 0.0 0.0 0.0 0.0
K0 0l 0l 0.1 0.1 - 0.1
ri0, 0.1 0.1 0.1 0.1 0.1
Mo 2.4 1,0 1.0 0.8 1.0
s 0.0 0.0 10,0 0.0 0.0
[ ] - [ ] A ' [ ] A [ O.
P205. 0.2 0.2 0.1 0.1 2
Diff. 23,8 39.5  37.4 27,0 35,7
| 100.0  100,0  100,0  100.0  100.0
ppm .
Zn | 32 23 25 18 2
Cu | 0 N.D. ND., O N.D.
Ni 12 1 1 28 7
- Ba <30 0 0 <3 0
Nb - N.D. 0 0 N.D. 0
Zr <16 2 3 <16 4
YT 10 8 28 9 25
Sr 7 6 12 19 5
Rb 1 4 4 2 5

Note: 1. Fe expressed as FeZO3



o008

Whole-rock analyses - Iron Duke

Magnetite-hematite-carbonate ore - typical ore with ankerite
as the main carbonate - continued.

. - 59- 61- T4= T4
Per cent 149 883 929 253
510, ' 0ud 0.4 0,3 . 1.6
A1,0, 0.2 0,2 0.2 0.2
MgO 12.6  11.2 8.4 9.4
Cal 19,1 17.5 12.6 14.4
Na.,0 0.0 - 0.0 0.0 0.0
K,0 | 0.1 =~ 0.1 0.1 0.1
710, 0.1 0.1 0.1 0.
MnO 0.6 0,7 0.5 1.0
S | . 0,0 0.0 0.0 . 0.0
P,05 0.2 0.3 0.3 0.2
Diff. - 31,0 24,3 14,7 18,9

100.0 100.0- 100.0 100.0
ppm : | A
7n ' 0 2 3 0
Cu : 0 0 ' 0 : 0
Ni 10 8 6 T
" Ba | <30 < 30 £ 30 {30
“Nb ~ N.D. N.D. N.D. N.D.
gr . 16 £ 16 416 16
Yy - 10 7 8 19
Sr 8 7T 8 12
" Rb 0 0 0 2

Note: 1.lFe expressed as FeZO3



Whole-rock analyses - Iron Duke

Magnetite-hematite-carbonate - typical ore from the lower

part of the orebody, containing intermixed ankerite and

-calcite or calcite as the only carbonate.

XRF analyseé‘- see preceding notes.

*Major element over 10% outside calibration range.

Per cént

SiQ2
A1203
Fe,0

273
MgO
- Cal
Na,,0
- XK,0
| TiO
MnO

P205

Diff.

bpm
Zn
Cu
Ni

- Ba

Nb
Zr

Sr
Rb

Note: 1. Fe expressed as FeZO3

59-
919

0.1
0.2

30,4
9.8

21.4%
0.0

0.1

0.1
3.8
0.0
0.1
34,0
100.,0

N.D.

12

<30

N.D.

<16

23
18

0

T4~
226

0.3
0.2
27,5

10,9

22,0%
0,0
0.1
0.1
1.5
0.0
0.2

3742

100.0

47-
1065

0.8 -

0.2
29.5
© 8,8
19,3
0.0
0.1
0.1
2.7
0.0
0.2
38,3
100.0

57=
1205

0.9
0.2
25,3
0,0%
32,0%
0.0
. 0.1
0.1
0.6
0.0
0.3
40.5
100,0

0
N.D.

84-
1250

0.4
0.2
68.9
0.0%
15.8
0.0
0.1
0.1
0.7
0.1
0.1

13.7
100.0

106
N.D.

<30

" N.D.

<16

32



- Ba

‘Whole-rock analyses - Iron Duke

' Magnetite-hematite-carbonate - typical ore from the lower
part of the orebody - continued.

. ' - 60=
Per cent 892
SiO2 0.2
A1203 o 0.2
MgO0 0,0%
CaO _ ' 3409 ’
Na20_A | 0.0
KZO , - 0.1
’.I.‘iO2 o 0.1
MnO 207
S 4 0.0
»PZOS 0.7
Diff. 41,3

| ~100.0 .-
ppm
n , 1
Cu . N.D.
Ni 3

0
Nb 0
7r T
Y : 9
Rb -2

Note: 1. Fe expressed as Fe203



"Whole-rock analyses - Iron Duke

Magnetite-hematite-carbonate - layered‘ore.

- XRF analyses - see preceding notes.

¥Major element

- Ba

. © 59-
Per cent 191
A1203 0.2
Fe203 47.?
MgO 12,1
Ca0 17.1
NaZO 0.0
,K2O Ofl
T102 0.1
MnO 0.6
S 0,0
PZOS 0.2
Diff. 21.4

: 100,0
ppm
n 0
Cu N.D.
Ni T
<30
Nb N.D.
ir <16
Y 4
Sr 5
RD 0
Note:

1, Fe expressed as FeZO3

84-
928

0.6
0.2
64.8
8.9
11.9
0,0
0.0
0.1
0.7
0.0
0.3

12.4
- 100.0

16
N.D. .
14
<30
N.D.
<16

22 -

2

4 .

84-
870
0.4
0.2

63,7

8.2
12.0
0.0

0.1

0.1

0.6

0.0
0,2
14.5
100.0

79
N.D.

<30

N.D.

<16

0

over 10% outside calibration range.

57-

1.3
0.2
48,1
12,4
17,1
0.0
0.1
0.1
0.8
0.0
0,3
19.6

100.0

57~
900

0.7
0,2
55.0
12,0
15.8
0,0
0.1
0.1
0.8
0,0
0,2
15.1
100,0

13
N.D.

<30

" N.D.

<16
11

2
e



Whole-rock anaiyses - Iron Duke

‘Magnetite-hematite-carbonate - layered ore - continued.

. - 60~ 60-
Per cent 885 382
810, 0,2 0.4
A1,05 0,2 0.2
Fe203 36.? 25.8
MgO 0.,0% -~ 0,0%
a0 29.1 32,1
NaZO - 0.0 0.0

K,0 0.1 0.1
Ti0, . 0.1 0.1
MO 2.0 2,4
S | 0,0 0.0
P205 0.5 - 0.4
Diff. 31,0 38.5

100.0 100.0

ppm
Zn o 0 0
Cu N.D. N.D.-
Ni 9 0
 Ba - < 30 0

‘Nb N.D. 0
Y -3 14
St 153 192
Rb 0 2

Note: 1. Fe expressed as Fe203



Whole-~-rock analyses - Iron Duke

Magnetite-hematite-carbonate - vein carbonates with minor
iron oxides. ' ‘

 XRF analyses - see preceding notes.

‘*Majof element over 10% outside calibration range.

. - 60~ 59~ 67- . T4- T4~
Per cent 805 809 1104 981 666
510, 0.2 0,8 0.7 . 0,8 0.3
A1,05 o 0.2 0.2 0.3 0.2 0.2
Fe203. 24.1 12,9% - 9,0% 18.4 34,0
MgO 13,0 15.7 11.7 11,9 . 12.8
cad  21.9%  24.4%  25,1%  2l.4% 15,7
Na,0 0.0 0.0 0.0 0.0 0.0
K0 0.1 0.1 0.1 . 0.1 . 0.1
ri0,, 0.1 0.1 0.1 0.1 0.1
s 0.0 0.0 0.0 - 0.0 0,0
S . . 0.1 0.1 0.1 0.0
P205 0.2 : ,

Diff. 38,1 44,6 48,5 _4498 35.1
100.0. 100.0  100,0 100.0 100.0
ppm ' | S
7n ‘ 2 3 10 1 0
Cu N.D. N.D. N.D. " N.D. N.D.
Ni 3 9 -8 4) 5
~ Ba 0 0 0 0 - <30
NDb | 0 0 1 0 N.D.
7r : 4 3 23 - 3 <16
Y - - 15 10 23 22 120
Sr 4 8 T 14 20 . 28
Rb 4 2 5 3 0

Note: 1. Fe expressed as FezO3
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Whole-rock analyses - Iron Duke

Magnetite~hematite-carbonate - vein. carbonates with minor
iron oxides - continued. :

67- 59- 61- . T4- 84-

Per cent 810 750 939 g2 876
510, | 0.2 = 1,2 0.8 . 0.1 1.1
41,05 0.2 0.2 03 0.2 0.2
Pe,05 7.0 37.3 5. 4% 12,7 3,5%
MgO 16,6 . T.2 14.8 10.6 16.8
a0 25,6% 17.0 26,1%  26,1% 25,9%
Na,0 0.0 0.0 0.0 0,0 0.0
K,0 01 0. 0.1 .01 - 0.
130, 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
[ ] - [ ] ) | ] L] O.
P,0 0.1 0.0 0.1 0.1 1
Diff. 49.4 341 50.4 48,3 51,2
©100.0 100.0 100.0 100.0 100.0
ppm L
Zn ‘ 0 3 ‘14 0 -0
Cu ~ N.D. N.D. N.D.- ~ N.D. N.D.
Ni 38 5 3 3
' Ba 0 - (30 0 0 - 0
NDb | 0 N.D.© 0O 0 0
gy 4 16 4 3 1
Y 10 0 31 14 1
St 56 20 21 20 0
Rb 3 0 4 4 4

Note: 1. Fe expressed as Fe203



365

‘Whole-rock analyses - Iron Duke

Magnetlte-hematlte carbonate ore - intermixed siderite and
ankerite..

XRF analyses - see preceding notes.

*Major-element over 10% outside calibration range.

. ’ 60- 74-
Per cent 631 6517
510, Su4% 1,9
41,05 0.2 0.2
Ca0 1,7* 1.0%
Na,0 00 - 0,0
K,0 0,1 = 0,1
TiOzv o 0.1 0.1

Mn0 1.1 1.9
s | 0.0 0.0
P,0; 0.4 . 0.0
Diff. . 007 _ 907

100,0 100,0
ppm
7n ' 2 1
Cu - N.D. N.D.
Ni 3 5

- Ba _ <30 <30
Nb N.D. N.D.
7 . <16 58
Y - 10 22
Sr ’ 6 2
Rb 0 0

Note:}l. Fe expressed as Fe203



Whole-rock analyses - Iron Duke

Trace elements in magnetite concentrations at the contacts
of magnetite-hematite-carbonate ore and chloritised
amphibolites.

XRF analyses.

60- 67~ 57- - 59-
ppm 153 M 869 4 1033
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.

Per cent
Si02

A1203

PO
MgO

Cal

Na.,0
K,O
7i0
MnO

P205

Diff.

ppm
Zn o
Cu

Ni

- Ba

Nb
Zr

Sr
Rb

Note: 1. Fe expressed as Fe203

- 47-
1084

0.1
0.2
6.5
13.8
27.7
0.0
0.1
0.1

1.0

0.0

0.1

50.4

100.0 .

15
N.D.

NN OO @

14
4

59-
1352

0.4
0.2
6.7

12.8

26.1

0.0

0.1
0.1
1.1
0.0
0.1
52,4

100.0

N.D.

o o

3
11
18

3 .

83-
543
0.4

O.2 -

8.6
12.8
26,7

0,0
0.1

0.1

0.8
0.0
0.2

50.1

100.0

N.D.

N W O O &

10

57-

| 1645

1.5
0.3
9.4
11.2
26,7

0.0

0.1
0.1
1.0
0.1
0.1
49.5
100.0

11
N.D.
14

o

37

(S>]
D
-3

83-
215

0.6
0.2
9.1
12.0
27.3
0.0
0.1
0.1
0.7
0.0
0.2
49.7
100.0

N.D.

o

15
12
10



Whole-rock analyses - Iron Duke

Basal carbonate - continued.

- 83- 59- 47-  47-

Per cent 689 1435 1197 - 1041
510, 0.3 0,1 0.1 . 1.0
41,0, | 0.2 0.2 0.2 0,2
F8203 2.17‘ 400 504 705
MgO 16.0 15,0 14.6 13.7
Ca0 - 27.9 27.7 27.4 . 26.3
Na,0 0.0 0.0 0.0 0.0
K,0 0. 0.1 0.1 0.
10, . 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
P0s 0.2 - 0.2 0.2 0.1
Diff.- 51,8 51.8 51,0 50,0
100.0 - 100.0 100.0 100.0
ppm A
In ' 8 5 11 3
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 -3 2 3 3
T 6 5 4 7
Ssr 14 8 10 25
Rb 2 3 5 . 3

Note: 1. Fe expressed as FeZO3



C. - Talc zone rocks - XRF analyses

Major elements
Five standards were used, all being analyses of

talc 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 talc

zone analyses, and the XRF major element determinations
shown in the following pages can be regarded only as broad
indications of the rock compositions.

The results for standards calibration are shown
in Table I-7, and uncorrected counts were used for rock
analyses because they are in general more accurate for
Fe203 and MgO than the corrected; normalised analyses,
although 8102 values are erratic,

Trace elements
The synthetic 50% Fe203 - 50% 8i0, standards were
used, and comments made in relation to the iron-formations

are also applicable to the talc zone analyses.
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Table I-8 - Calibration ranges for talc zone rock samples

Element Percentage range
510, 0.00 to 47.20
A1203 0,10 to 0,90
FeZO3 42,00 to 96,80
MgO 0,10 to 8,60
Cal 0.10 to 1,30
Na,0 0.01 to 0.11
X,0 0,01 to 0,04
Ti0, 0.05 to 0.05
MnO 0,10 to 0.30
S 0,01 to 0,05
P,0 0.09 to 0,32

275

(4o}



Wnole-rock analyses ~ Iron Duke

Tale zone rocks -

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

Trace elements, XRF by author.

Per cent 59-387 - 11-275

'8102 47.7 - 47,2
A1203 . V 0.1 0.1
MgO0 : 3.0 8.6
Na,0 | 0.0 0.0
K2O o 0.0 0.0 .

- 1 0.
T10, | N 0.1 1
MnO -~ AO.l 0.1

'S 0.0 0.0
P205 o 0.1 : 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
Db
2r 1 4
Y 0 0
Sy 0 1

0 0

Nofe: 1., I'e expressed as Fezo3 ' |
2. Nb is in the order of lppm to 4ppm



- Ba

‘Whole~-rock analees -~ Iron Duke

Talc zone rocks.

- XRF analees - see preceding notes.

*Element over 10% outside calibration range.

Per cent  59-633  [7-995  I7-326  57-402  57-261

510, 52,9% 24,5 48,5 . 32,7 48.4
41,0, 0.l 0.2 0,1 0,1 0,1
Fe,05 38,7 69.9 44,2 60,3 44,0
MgO 8.8 5,3 8,1 6,0 . 6,0
cal 0.1 2,6% 0.1 0.2 0.1
Na,0 0.0 0.0 0.0 0.0 1.1
X,0 | 0.0 00 - 01 0,0 0.0
| 140, 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
P,05 o.; 0.2 0.2 0.1 0.1
Diff. 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.D. 5 16 23
0 N.D., 0 0 0
Nb N.D. ‘

r 1 N.D. 0 3 7
Y 0 N.D. 1 2 5
Sy 0 N.D. 1 1 3
Rb 0 N.D.. 0 0 0

Note: 1. Fe expressed as Fe203
2., Nb is in the order of lppm to 4ppm



Whole-rock analyses - Iron Duke

Talc zone rocks - XRF trace elements.

ppn
Zn
Cu
Ni
Ba
Nb
Zr
Y
Sr
RD

Nb is in the order of lppm to 4ppm

57~
465
21

40

© o o &

59-
233
11

O NN O O

57~
158
14

O NN NN O



D, - Amphibolites and argillaceous schists - XRF analyses.

Major elements

Five 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 in Durham. There is reasonably good correlation
between the corrected, normalised XRF results and.the
standard analyses, as shown in Table I-9, but the XRF results
are regarded as semi-quantitative because of the small

number of standards.
The Whyalla quantitative analyses of chloritised

intrusives have Ignition Loss values of between 9% and 10%.
Similarly, the low totals of XRF element determinations
suggest the presence of 10% or more volatiles in the
chloritised amphibolites. Water determinations were carried
‘out on two samples and showed that, in those samples, the
volatile component was water. However, a number of the XRT
totals are in the order of 8l1% to 85%, suggesting a volatile
component of 15% to 19%. In these samples, there may be
small amounts of carbonate or there may be volatiles present
which were not detected by the analysis. Their analyses are
shown in the following pages but are not used in calculations.

Trace elements

Synthetic glass standards, used in 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

510,
A1203
Fe203
MgO
Cal
NaZO

P205

element analyses (XRF)

Percentage range

15.40 to
7.20 to
12,41 to
5.80 to
0.20 to
0.08 to
0.04 to
0,65 to
0.21 to
0.03 to
0.14 to

51,20
16,00
24,30
19,50
14.10
3,05
1.45
2,90
1,30
0,17
1,24

377




Table I-11 - Trace element calibration for synthetic glass
standards. .

Values in ppm
Ba True XRF Nb True XRF ar True XRF

5000 4613 250 232 : 626 611
2500 2395 127 125 317 523
1252 - 1792 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
b4 True XRF Sr True XRF Rb  True XRE
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

Zn 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 limits calculated from accumulated
background values:
Zn Cu Ni Ba Nb ir Y Sr Rb

bpm 2 3 2 7 2 2 2 2 2
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o 1Whole-rock analyses - Iron Duke .

1f”Amph1bolltes - magor element analyses by Chemical Laboratory,.

B, ?., Whyalla,

‘7t#siof‘“

f]fmrace elements, XRF by author.i4,:

| Unchloritlsed ;f. 'i' .f Chloritised '._
:Dor cent B Qgi 7‘{‘.'ﬁ;:w,ﬁg"1102 . 7.908
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2 Water determlnations on 60-1109 and 67-908 by the«
author gave 10 4% and 11 l% reSpectlvely.~




Whole-rock analyses-— Iron Duke

Amphibplites - unchloritised.

- XRF analees - see preceding notes.

. | -
Per cent 324
SiO2 55.0
41,0, 111
FeZO3 lB.f
Ca0 8.2
NaéO ' | 0.1l
K20 O.l'
?102- . 1.3 |
MnO ‘ A_ 0.3
s 0a
P205 0.4
Diffo ' ) OCl

100,0
ppm
- 7n ' 58
Cu 0
Ni 35
"~ Ba » 19
Nb 3
Zr - -8l
Y : -2
Sr 708
Rb 2

Note: 1. Fe expressed as FeZO3

66~
284

- 51,6

11.4
15,3
6.9
10,2
1.7
0.7
1.3
0.3
0.1
0.5

0,0

100.0

113
82
556
409
3
90
29
115

20

66-

C

50,7
11.1

16.4

6.2
9,7
1.7
0.8
1.9
0.3
0.1
0.5

0.6

100.0

113
50
37

525

118
37
124
25

57=

- 2325

51,8
10.7
12,0

8.5
10.9

1.5
2.6

0.9
0.2
0.1
0.6
0,2

100.0

17

126
1513

93
19
493
76

57-
2368

51.0
11.0
14,6
7.2
9.9
2.6
1.6
1,2
0.3 -
0.1
0.4
0.1

100.0

112
709

48
463

78

22
124

56



Whole-rock analyses - Iron Duke.

Amphibolites -'uhchloritised - continued.

| C57- 82~
Per cent 2300 115
810, 51.5  51.5
. Mg0 7.5 7.0
Ca0 11.3 11,1
Na20 . ' 203 2-0
K,0 0.8 0.7
~ 1i0, 14 1.2
Mo 0.3 0.3
s ) 0.1 0.1
P,05 0.5 0.5
Diff. 0,0 0.0
~100,0  100.0
ppm -
7n ‘ 93 121
Cu , 8 123
. Ni 46 - 50
" Ba 277 - 134
N 2 2
- Zr : 78 79
Y o - 21 25
Sr 328 177
Rb 23 v 30 _'

Note: 1. Fe expressed as FeZO3



Whole-rock analyses - Iron Duke

Amphibolites - partly chloritised and chloritised.

XRF analyses - see preceding notes.

Per cent
3102

AlZO3

F3203

MgO
ca0

Diff.

ppm
Zn
Cu
Ni
Ba
Nb
Zr

Sr
RD

Note: 1. Fe expressed as Fe203

57~
2144

49.2
12.0
14.8
8.6
9.2
1.9
0.9
1.2
0.3
0.1
0.4
1.4
100.1

104
6
54
236
0
79
24
277
31

60-
1145

46.5
14.4
16.0
11.7
1.1
0.2

0.5

100.0

154

144

742
17

205
27
16
72

66-

45.8
11.8
16.2
9.4
7.3
1.4
0.8
1.3
0.4
0.1
0.5
5,0
100.0

155
48
57

1702

90
28
148
39

57~
2103

40,7
13.4
14.9
11.9
6.1
0.1
1.6
1.1
1.3
0.1
0.4
8.4
100.0

120
134
56
4516

79
21
58
56

57-
2311

41.4
13.6
17.1

5.6
1.1
0.8
1.1
0.3
0.1
0.5
8.7
100.0

123

86
404

101
24
223
217

()
V]



Whole-rock analyses - Iron Duke

Amphibolites - chloritised.

. XRF analyses - continued

. 66— 66- - Tl-  67- 74~
Per cent 530 456 1044 124 107
510, 42.7  37.1 30.5 - . 30,7  31.2
41,0, 12,7 12,6 14,1 14.9 14.1
Fe, 05 16,6  17.5  19.7 18.7 19.8
MgO 15.9 . 18.3 18,2 18.4 17.8
Ca0 0.4 0.3 0.9 0.6 0.7
Na,0 | 0.1 0.2 0.2 0.2 0.2
K,0 0.2 0.0 0.0  .0,0 . 0.1

mio, . L5 1.5 2.5 2,5 2.1
Mno 0.6 0.6 1.0 1.0 0,6
S 0.1 01 0.1 . 01 0.
P,0¢ 0.4 . 0.4 0.7 0.5 0.6
. Diff. 8.8 1.6 12.1 12,4 12,7
© 100,0  100,0  100,0  100.0  100.0

ppm 2 o
7n 139 149 169 210 164
Cu 0 12 2 31 0
Ni 50 53 8l 175 69
" Ba | 125 126 3 9 20
Nb 4 2 8 18 6
- Zr ©. 108 102 182 238 170
N S 29 33 31 36 26
Sr 6 2 ‘ | 3 3 3
Rb 14 o 0 0 2

Note: 1. Fe expressed as Fe203



Whole-rock analyses - Iron Duke

Amphibolites - chloritised.

. XRF analyses - continued

, . 83- 61-  T1-  Tl- 59~
Per cent 767 590 324 553 1153
510, 35.5 29.2 30,1 . 29.1 29.4

41,0, 12,7 12,2 13,7 14,3 12,7
Fe,0, 17.7 23,0 22,2 21,6 21,9
Mgo 18.7 16.4 15,5 16,0 . 16,0
a0 0.3 0.6 0.3 0.3 0.1
Ngzo | 0.2 0.2 0.2 0.1 0.2
K,0 0.0 0.0 0.0 .00 . 0.0
130, L1a 2.3 1.1 1.0 1.8
S | 0.1 0.1 0.1 0.1 0.1
P,05 0.4 . 0.5 0.4 0.4 0.3
Diff. 12,8 14,9 15,4 15.6 15.9

100.0.  100.0 100.0 100.0 100.0
ppm .
Zn o 104 188 247 322 303
Cu 0 69 - 86 0 36
Ni 46 73 . 50 63 352

" Ba .0 22 9 -1 T
Nb 2 5 2 2 13
Zr 81 124 85 88 . 248
Y - o1 21 58 17 15
Sr 0 5 1 o 3

" Rb | 0 3 0 0 1

Note: 1. Fe expressed as Fe,0,



Whole-rock analyses ~ Iron Duke

Amphibolites - chloritised.

- XRF analyses - continued

59— - 59- 60- 59- 78—

Per cent 970 1093 956 . 992 359
810, 28.4°  27.2 28,0 . 26,5 29.5
41,0, 14.3 13.8 15,3 12.4 12,7
Fe 05 21.7. 22.4  21.5 22,3 22.6
MgO 16.0 ~  15.8 16.7 15.2 15.7
a0 0.3 0.5 0.2 2.7 0.3
Nazo 0.1 0.2 0.1 0.1 0.2
K,0 0.0 0.1 0.0 0.1 . 0,0
710, o 1l.2 2.1 0.4 1.7 1.2
Mno 1.6 1.2 1.2 L3 0.6
S - 0.1 0.1 0.1 0.1 0.1
P,0; - 0.4 . 0.5 0.4 1.1 0.4
Diff. 15.9 16.1 16,4 16,5 16,7
~100.0 100.0 100.0 100.0 100.0
ppm 4
n | 259 296 540 429 148
. Cu 4% 18 0 0 80
CNi 53 22 32 471 48
. Ba 2 24 o . 47 2
Nb | 4 33 7 19 0
Zr .93 146 156 435 82
Y 21 15 36 65 8.
Sp 00 8 0 63 - 2
" RD 0 4 0 5 0

Note: 1. TFe expressed as F9203



Whole-rock analyses - Iron Duke

Amphibolites - chloritised.

. XRF analyses - continued

Per cent
8102

A1203

Fe203

. MgO0

Cal
Na,0
K.,0
P10
MnO

PZOB

Diff.

bpm
anv
Cu
Ni

- Ba

Nb
Zr

Sr
RD

Note: 1. Fe expressed as Fe203

78~
188

27.8
12.6
24,1
14.3
0.9
0.2
0.0
1.9

0.8 ]

0.1
0.6
16,7

100.,0-

233

60

153 .

1.
0

67-
848

28.1

12,9

23.6
14.3
0.2
0.1
0.0
1.1
1.2
0.1
0.4

18,0

100.0

171

T4~

2745

12.6

26.0
12.6
0.3
0.2

0.0

1.2
0.8
0.1
0.4
18,3

100,0

252

47

113
13

" 59-
366

28,7
12,1

20,0

17.7
0.7

0.2

. 0,0
0.7
1.1
0.0
0.4

18,4

100.0

174
34
56

70
12

386

78-
135

30,1
8.1
28,2
12,2
0.5
0.3
0.1
1.3
0.2
0.1
0.5
18.4
100.0

61
101
48
12
10
106
23



Whole~-rock analyses - Iron Duke

Argillaceous Schists of Death Adder Gully.

Assays of chip-channel samples near surface in Tunnel No. 4.

Per cent

8102

A1203

F3203
MgO
Cca0
Na,O
K,0
TiO

MnO

P205

Ig. Loss

Notes;

4-80
67.0

10,0

8.6
7.0
0.1
N.D.
N.D.
0.4
0.3
0.0
0.1
5.1

98.6

Whyalla.

| 4-85

63.0
10.0
12.1
6.5
0.1
N.D.
N.D.
0.4
0.3
0.0
0.1
5.7

98.2

1. Fe expressed as Fezo3
2. Analysis and assays by Chemical Laboratory, B.H.P.,




Whole-rock analyses - Iron Duke

Argillaceous schists of Death Adder Gully.

Trace elements, XRF by author.

ppm 60-995 60-1042 T-4

Zn 284 427 52

Cu 0 0 0

Ni | 24 36 21

Ba 0 39 100

Nb 4 7 5

Zr 96 164 122 .

Y 12 23 11

Sr 0 0 3

RDb 0 1 58

60-995 _  Samples of drillcore from depth in the zone
60-1042 of chloritisation.

T-4 - Surface sample of quartz-chlorite-biolite schist.




Hematite ore

No major element analyses were carried out by
XRF. Trace element determinations were calibrated using

Fe203 standards.

Table I-12 - Trace elements calibration for synthetic Fe293

standards
ppm Zn Cu Ni Ba Nb Zr Y Sr RD
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 60 64 62
31 35 32 29 38 30 26 37 35 44
16 17 15 11 17 10 g 14 13 17
8 4 T 9 2 5 3 8 9 5
4 2 20 1l N.D. N.D. 0] 1l N.D. N.D.

Nominal detection limits calculated from accumulated 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 erratic Zn value
for the 125 ppm standard.



Whole-rock analyses - Iron Duke

Hematite ore - surface samples

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

Trace e€lements, XRF by author.

Per cent H2 3431

510, 1.0 1.3

A1203 Of9 0.3

Fe,05 96.8 92.4

MgO 0.1 0.3

Cal 0.1 1.3

Na,0 0.1 0.1

K,0 0.0 0.0
. Ti0, 0.1 0.1

MnoO 0.1 0.1

S 0.0 0.0

P205 | 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

c

Rb
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Whole-rock analyses - Iron Duke

Hematite ore from the main orebody in the west limb of
the synform,

“Assays of drill core by Chemical Laboratory, B.H.P., Whyalla.

42- 42- 42- 42-
Per Cent 15 105 275 315
SiO2 10,0 1.8 3.8 9.2
A1203 2.7 - 0.4 0.3 0.8
Fe203 : 80.8 95.1 94.1 78.3
MgO 0.1 0.1 0.9 4.9
Cal 0.1 0.1 0.1 2.0
Na20 N.D. N.D. N.D. N.D.
KZO N.D. N.D. N.D. N.D.
T102 0.4 0.1l 0.1l 0.1
MnO 0.1 0.1 0.1 0.3
S N.D. N.D. N.D. N.D.
P205 0.2 0.1 0.0 0.2
Ig. Loss 5.3 1.5 1.0 5.1

99.7 99.3 $00.4 100.9

[T
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Whole-rock analyses - Iron Duke

Hematite ore from below the magnetite-hematite-carbonate
body. _

Assays of drill core by Chemical Laboratory, B.H.P., Whyalla,

47- 59-
Per Cent 138 1154
SiO2 1.4 4,0
A1203 0.8 1.9
Fe203 94,4 83.9
MgO 0.7 2.8
Ca0 1.1 2.5
Na20 N.D, N.D.
K20 N.D. N.D.
TiO2 0.6 0.1
Mno 0.2 0.6
S 0,0 0.1
P205 0.1 0.1
Ig. Loss 1.3 4.0

100.6 100.0
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Whole-rock analyses - Iron Duke

Trace elements in hematite ore

XRF analyses

47- 66~ 66~ 66~
ppn 3178 453 100 17 325
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 T 3 8
Rb 0 0 0 0 0

3178 - surface sample

47-453 - drillcore in transition of hematite ore to magnetite-
hematite-carbonate.

66-100 _
66-117}~- Hematite ore near to amphibolite.

66-325
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Whole-rock analyses - Iron Duke

Trace elements in 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 1123 144 1077 800 1109
Zn 8 12 2 101 20
Cu 0 0 0 54 261
Ni 15 0 0 53 16
Ba 8 48 8 9 T
Nb 0 0 1 0 0
7r 0 0 0 0 0
Y 9 1 0 11 10
Sr 9 3 5 9 7
RDb 0 0 0 0 0

T1- 47- 59- 59- 84-
ppm 395 823 1214 1146 1228
In 105 81 74 33 114
“Cu 140 0 63 93 14
Ni 47 34 92 - 49 0
Ba 21 o 177 2 0
Nb 0 0 0 0 0
ir 0 4 ’ 2 8 4
Y 7 27 13 9 4
Sr 4 7 9 2 1
Rb 0 0 0 0 2




APPENDIX I - MINERAL ANALYSES

Techniques.

Iron-formations:
Carbonates
Amphiboles

Cook Gap Schists:
Biotites
Amphibole
Feldspars
Chlorite
Garnets

Magnetite-hematite-carbonate ore:
Carbonates in typical ore
Carbonates in well layered ore
Carbonates in veins
Intermixed ankerite and siderite
Magnetite and hematite

Basal carbonate unit:
v " Carbonates
Diopside

Talc zone rocks:
Talce

Replacement of amphibole by talc and
quartz

397
398

Los
L4o6
L4o7
408
410

411
Lk
415
416
417

418
419

420
Las
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Techniques

Mineral analyses were carried out on polished-
thin sections using a Cambridge "Geoscan" electron probe
microanalyser. A counting rate of 10 seconds was used for
all analyses except the trace elements in iron oxides, when
the rate was 30 seconds. Standards consisted of analysed

—_—
metals and minerals, and the results were corrected in the
manner described by Sweatman and Long (1969).

For carbonate analyses, the beam was defocussed
to a diameter of 15 - 20 microns to prevent volatilization,
Despite this, some of the carbonate totals are low and no
additional eleménts were detected in spectrometer scans,
which suggests that some volatilization has occurred,
possibly of very small near surface fluid inclusions.

No rock samples of Cook Gap Schist were available

and the analyses were carried out using thin sections with

the cover slip removed. The sections were too thin to polish

effectively, and the irregular surface tends to cause
variation in the analyses. The Cook Gap Schist mineral

analyses are therefore regarded as semi-quantitative,

X



Electron microprobe analyses - Middleback Ranges

Carbonates in iron-formation units.

Element totals recalculated as carbonates.

CaCO3 MgCO3 FeCO3 MnCO3 Total
83-575
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 in
Amphibole

rich layer 99.0 0.0 0.1 N.D. 99.11



Electron microprobe analyses - Middleback Ranges

Amphiboles in iron-formations.

63 63 62-1050 62-1050 62-1050
Oxide weight percentage
8102 49,2 49,0 51.9 5%.8 52.6
A1203 0.0 0.0 NQD. N.Do N'DO
FeO 40.9 41.4 34.1 33,9 3%.,9
MgO0 5.9 5.6 10.9 11.0 11.1
Ca0 , 0.2 0.3 0.3 0.2 0.2
Na,0 0.0 0.2 N.D. N.D. N.D.
TiO2 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 -- - --
Fe?2 ' . 5.34 5.61 4.41 4,27 4,%4
Mg 1.42 1.%5 2.51 2.47 2.53
Ca ©0.04 0.05 0.05 0.03 0.03
Na 0.00 0.06 -- - --
Ti 0.00 0.00 -- - --

Mn 0.08 0.08 -



Electron microprobe analyses - Middleback Ranges

Amphiboles - continued

62-1050 62-1050 62-1050 59-426 59-426
Oxide weight percentage
8102 ' 51.2 51.8 51.9 50.5 49.7
A1203 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
Cal 0.2 0.2 0.2 0.4 0.3
NaZO N.D. N.D. N.D. N.D. N.D.
TiO2 N.D. N.D. N.D. N.D. N.D.
MnoO 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 T.91 7.85
Al -- -- - 0.06 0.06
Fe2 | 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 -— -- -- - -
Ti -~ -- - -- --
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 '
8102 51.6 53.3 52.9 53.7 52.8
A1203 0.4 0.2 0.3 0.2 N.D.
FeO 3545 28.4 31.4 31.1 30,0
MgO 9.5 12.4 11.7 12,1 12.4
Ca0l 0.3 1.3 0.7 0.8 0.1
Na20 " N.D. N.D. N.D. N.D. N.D.
TiO2 N.D. N.D. N.D. N.D. N.D.
Mno 004 007 105 loo N°D'

97.7 96.3 98.5 98.9 95.3
Atomic proportions on the basis of 23 oxygens.
Si T.99 8.11 8.00 8.04 8.13
Al 0.07 0.04 0.05 0.04 -=
Fe2 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 -- -- - -- --
Ti - - - -- -
Mn 0.05 0.09 0.19 0.13 -



Electron microprobe analyses - Middleback Ranges

Amphiboles - continued

Mn -

78-443 74-387 74-387 74-387 14-387
Oxide weight percentage _
8102 54.4 50.7 50.3 51.2 51.3
A1203 N.D. N.D. N.D. N.D. N.D.
FeO 29.8 37.1 37.0 36.9 36.9
MgO ' 12,6 8.3 8.3 8.6 8.6
Cal 0.1 0.3 0.3 0.3 0.2
Nazo N.D. N.D N.D. N.D. N.D.
T102 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 - - -- - --
Fe2 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 0.03
Na ' -- -- - -= -
Ti -- - - -- --
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Electron microprobe analyses - Middleback Ranges

Amphiboles - continued

Oxide weight percentage

SiO2

A1203
FeO
MgO
Cal
Na,O
TioO
MnO

14-387 1707
51.5 56.3
N.D. N.D.
37.2 7.2

8.5 19.9

0.2 12.8
N.D. N.D
N.D. N.D.
N.D. N.D.
;;TZ —_—

20.0

N.D.

98.8

Atomic proportions on the basis of 23 oxygens.

Si
Al
Fe2
Mg
Ca
Na
Ti
Mn

8.06
4.87
1.98
0.03

7.99

0.86
4.21
1095

7.96

0.81
4.27
1.99

8.0

0.88
4.13
1.99

77-1185

57.8
N.Do

6.2
21.0
12.6
N.D.
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Electron microprobe analyses - Middleback Ranges

Amphiboles - continued

77-1185 77-1185 2052
Oxide weight percentage
8102 57.8 573 57.1
A1203 N.D. N.D. N.D.
FeO 7.0 6.1 6.8
MgO 20,7 21,2 20,1
Cal 11.6 12.2 13.2
NaZO N.D. N.D. N.D
TiO2 N.D. N.D. N.D
MnO N.D. N.D. N.D.
97.1 96.8 97.2

Atomic proportions on the basis of 23 oxygens.

Si 8.07 8,02
Al -- --
Fe2 0.82 0.71
Mg 4,31 4,42
Ca 1.74 1.83
Na -- --
Ti -- -~

Mn - -_

8.01
0.80
4,20
1.98

7.95

0,72
4.43
1.94

58,3
N.D.

6.0
21,7
13.3
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‘Electron microprobe analyses - Middleback Ranges

Amphiboles -~ continued

59-679 59-679 57=-2081 1627
Oxide weight percentage
SiO2 58.1 58.7 55.0 53.9
A1203 N.D. N.D. 0.2 0.7
FeO 4,2 4.7 16.6 13.9
MgO 22,9 21,1 13.9 15.0
Ca0 12.5 11.2 12.5 11.4
Na,0 N.D. N.D. N.D. 0.3
T102 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,

Si 7.99 8.19
AL -- --
Fe?2 0.48 0.55
Mg 4.69 4.39
Ca 1.84 1.68
Na - --
Ti -- ==

Mn - --=

7.99
0.03
2.02
3.01
1.95

7.96
0.12
1.72
3.30
1.80
0.09

0.04
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Electron microprobe analyses - Middleback Ranges.

Biotites from Cook Gap Schist

Cover slips removed from thin sections - analyses semi-
quantitative.

1958 5-157
Oxide weight percentage
A1203 21.9 17.1
FeO 21,2 S 22.1
MgO 8.8 8.4
Cal 002 004
NaZO 0.0 0.1
K20 8.4 8.2
TiO2 0.5 1.6
MnO 0.0 0.1

91.7 92.5

Atomic proportion on the basis of 23 oxygens.

Si 5.14 5.73
Al 4,33 3.35
Fe?2 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
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Electron microprobe analyses - Middleback Ranges

Amphibole from Cook Gap Schist.

Cover slip removed from thin section - analyses semi-
quantitative,

5-157
Oxide weight percentage
SiO2 42.9
A1203 16.7
Fe0 19.5
MgO 6.8
Cal 1104
.NaZO 3.0
K20 0.3
TiO2 0.3
MnO 0.5
101.4

Atomic proportion on the basis of 23 oxygens.

Si 6.25
Al ' 2.87
Fe2 2.37
Mg 1.48
Ca 1.78
Na 0.85
K 0.06
Ti 0.03

Mn 0.06
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Electron microprobe analyses - Middleback Ranges

Feldspars from Cook Gap Schist.

Cover slip removed from thin section - analyses semi-
quantitative,

~1961 1961

Oxide weight percentage
SiO2 56.1 56.5
A1203 25.3 25.3
FeO 0.1 0.0
MgO 0.2 0.2
Ca0 6.5 6.5
Na,0 Te3 6.9
K20 0.9 1.3
TiOZ 0.0 0.0
MnO 0.0 0.0
96.4 96.7

Atomic proportions on the basis of 28 oxygens.

Si 10.44 10.48
Al 5.55 5.53
Fe2 0,02 0.00
Mg 0.06 0.06
Ca 1.30 1.29
Na 2.64 2.48
K 0.21 0.31
Ti 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 T.54



Electron microprobe analyses - Middleback Ranges

Chlorite from Cook Gap Schist.

Cover slip removed from thin section - analysis semi-
quantitative.

5=1952
Oxide weight percentage
A1203 20,6
FeO 3109
Ca0 0.1l
Na20 0.1
K20 2.1
TiO2 0.3
MnO 0.1

89,2

Atomic proportion on the basis of 28 oxygens.
Si 5.40

Al 5.29
Fe2 5.81
Mg 2,99
Ca 0.02
Na 0.04
K 0.58
Ti 0.05

Mn 0,02



Electron microprobe analyses - Iron Duke

Chlorites in chloritised argillaceous schists of Death Adder
Gully. Section 60-995 with cover slip removed.

Brown chlorite Green chlorite

8102 29.6 23.9
| Ale3 18,2 18.8
FeO 11.4 32.8
MgO 25.0 10,3
Ca0l 0.1 0.1
Na20 0.0 0.0
K20 0.0 Q.l
TiO2 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 ratios.

Analyses by Dr. A. Peckett, Geology Department, University of
Durham, rounded to first decimal place by the author.



Electron microprobe analyses - Middleback Ranges

Garnets in Cook Gap Schist.

Cover slips removed from thin sections - analyses semi-
quantitative.

Gl G2 G3 G4 G5
1961 1961 5=157 5-1952 5-1952

Oxide weight percentage

510, 36.1 35,8 35.5 35.5 36,5
A1,0; 21.6 22.0 20.2 21,7 21.6
Fel 26,1 26,0 25.5 36,8 3645
Mg0 1.4 1.4 1.5 1,0 1.3
Ca0 2.9 . 3.1 5,2 1.4 2.8
Na,0 0.1 0.2 0.3 0.0 0.0
K,,0 ' . 0.1 0.0 0.0 0.0 0.0
710, 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.-

Si 5,92 5.82 5.90 5.87 5.90
Fe2 , 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(Fg)» 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



Electron microprobe analyses - Iron Duke

Carbonates in samples of typical magnetite-hemétite-
carbonate ore,

structures.

Element analyses calculated as carbonates.

85-665

Vein crystal,

clear

Vein crystal,

cloudy

Crystals in
iron oxide
rich layer

Crystals in
iron oxide
rich layer

60-643

Crystal in
iron oxide
rich layer

57-900
Crystal in

iron oxide
rich layer

Crystal in
iron oxide
rich layer

Crystal in
iron oxide
rich layer

Vein
Carbonate
adjacent to
above
crystals

All samples have both layered and vein

CaCO

50.8

51.5

50.9

51.7

49.2

50.1

51.0

52.6

51.3

MgCO3

31.3
38,2

37.6

37.1

34.9

35.8
36.5

36.0

35.9

FeCO3

13.3

6.5
7.9

8.9

15.8

10.1

8.7

6.1

7.9

MnCO

2.0

2.0

243

2.8

1.0

1.1

1.7

2.4

2.5

Total

97.4
98,2
98.7

100,5

100.9

97.1
97.9

97.1

97.6

Ka
|2



Electron microprobe analyses - Iron Duke

Carbonates in samples of itypical magnetite-hematite-carbonate

ore - continued.

- CaCO3 MgCO3
57-1239
Crystal in
iron oxide
rich layer 90,2 0.1
Vein
carbonate 92.1 0.1

Sequence from carbonate in layered portion of

carbonate:

Carbonate in
iron oxide

rich layer 93,2 0.0
Carbonate at

edge of iron

oxide rich

layer 92.1 0.0
Vein '
carbonate 94.7 0.0
Interstitial

carbonate 92.4 0.0
Adjacent vein '
carbonate 92.5 0.3

Sequence from interstitial to

Interstitial 93.2 0.0
Edge of :
interstitial 92.1 0.0
Vein '

carbonate 94,7 0.0

FeCOB MnCO3 Total
3.8 3.7 7.7
0.3 4.6

0.5

0.1
0.3
0.3
0.4

vein carbonate:

0.5
0.1

0.3

97.1

sample to vein

5.1 97.5
5.3 97.5
2,6 97.6
4,2 96.9
37 96.9
5.1 98,8
5.3 97.5
2.6 97.6



_Electron microprobe analyses - Iron Duke

Carbonates in samples of typical magnetite-hematite-
carbonate ore - continued.

CaCoO MgCO3 FeCO MnCO3 Total

—=3
61-780

Typical large
vein
crystal 52.5 39.8 5.0 0.9 98,2

Large vein

crystal

ad jacent to

CaVlty 5102 3305 1103 107 9707

Clear vein
crystal 51.1 34,1 11.5 1.8 98,5

Slightly
cloudy vein
crystal 51.7 3347 11.1 2.1 98.6

Very
cloudy vein
crystal 50.6 29.5 13.9 3.4 97.4

Small
interstitial
crystal 49,6 39,2 11.8 . 0,8 101.4

Small
interstitial _
crystal 51.3 39,7 5.3 - 0.8 97.1



Electron microprobe analyses - Iron Duke

Carbonates in well layered samples of magnetite-hematite-

carbonate ore.

Element analyses recalculated as carbonates.

85-810

Crystal in
iron oxide
rich layer

Crystal in
iron oxide
rich layer

Crystal in
iron oxide
rich layer
2

Equigranular
carbonate

CaCO

54.8

56.8

55.0

51.3

37.9

39.8

41.3

3.7

4.6

4.1

5.3

MnCO

0.8

0.8

1.9

1.6

Total
98,2
100.1

100.8

99.5
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Electron microprobe analyses - Iron Duke

Carbonates in veins within the magnetite~hematite-carbonate
ore.

Element analyses recalculated as carbonates.

CaC0, MgCo, Feco3 Mnco, Total
67-1039 :
Clear crystal,
good
cleavage 51.0 32.7 12.5 1.7 97.9
Cloudy crystal,
good
cleavage 48,0 34,2 15.0 1.8 99.0

Carbonate crystal within magnetite vein:

Cloudy '

interior 49,8 31,2 15.5 1.6 98.1
L

Clear crystal 51.0 31.5 13,8 2,0 98.3
Cloudy crystal 50.3 30.5 13.9 2.4 97.1
59-900

Cloudy crystal 51.9 37.5 6.0 2.0 97.4
78-800

Cloudy crystal 50.2 34,0 11.4 1.3 96.9
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Electron microprobe analyses - Iron Duke

Intermixed ankerites and siderites within the magnetite-
hematite-carbonate ere.

Element analyses recalculated as carbonates.

CaCO3 MgCO3 FeCO3 MnCO3 Total
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 5l.1 35.1 8.9 1.2 96.3
Ankerite crystal:
Outer rim 46,5 28.8 20.9 1.7 97.9
Centre 50.3 28.4 17.8 1.7 98.2
Magnesio-
siderite 1.5 43,5 50.9 3.7 98.6
Magnesio-
siderite 0.4 40.8 53.4 4,2 98.8
Magnesio-
siderite 0.4 38,4 55.7 4,6 99.1
Magnesio-
siderite 0.3 40.6 52.3 5.3 98,5
Magnesio-
giderite 0.1 41.3 54.8 3.2 99.4

Zoned crystal 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 Te3 1.0 96,2
74-811

Ankerite 51.2 30.7 15.5 1.4 98.8
Crystal of 4

dominant 35.2 31,1 30,7 1.7 98.7

carbonate in
the sample



Electron microprobe analyses - Iron Duke

Trace elements in magnetite grains within different types
of magnetite-hematite-carbonate ore.

st Mn Mg i
Banded magnetite- - 0.36 0.04 0.18 0.16
ankerite
(83-575) same 0.12 0.00 0.10 0.13
grain 0.12 0.00 0.05 0.10
smaller 0.07 0,00 0.10 0.13
grains 0.07 0.00 0.18 0.27
Typical ore 0.05 0.00 0.00 0.03
(74-579) banded - - ¢ 0.06 0.00  0.00
portion ~° ¢ ¢ ¢
0.07 0.06 0.00 0,00
vein 0.19 0.26 0.00 0.00
portion 0.19 0.18 0.00 0.00
Vein magnetite 0.19 0.18 0.00 0,03
(67-1029) 00319 0.20 0.00 0.03
0.19 2.12 0.00 0.10
Synthetic hematite 0.07 0.31 0.00 0.03

(standard) "~ 0.20 0.20 0.00 0.03

411



Electron microprobe analyses - Iron Duke 418

Carbonates in the Basal Carbonate unit;

Element analyses recalculated as carbonates,

47-1041 CaCO3 MgCO3 FeCo3 MnCO3 Total
Typical

large crystal 52.6 33.5 12.5 1.1 99.7
Typical

large crystal 52.5 33.5 12.8 1.7 100.7
Small

interstitial

crystals 52.1 33.1 12,2 1.8 99.2
Small

interstitial

crystals 53.0 32.9 12.0 2.3 100,2

Sequence from a typical large, clear carbonate crystal to the
surrounding granular, fine-grained, cloudy matrix;

Large

crystal centre 53.2 - 32.9 12.9 1.6 100,.6
Large ' ,

crystal rim 51.4 32.3 13.3 2.2 99.2
Fine-

grained matrix 52.1 32.1 11.4 3.3 98.9
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Electron microprobe analyses - Iron Duke

Diopside in Basal Carbonate unit.

SAL
Oxide weight percentage
SiO2 52.8
A1203 0.3
FeO 7.6
MgO 13.1
Ca0 24.1
Na20 0.4
K20 N.D.
TiO2 0.1
99,2

Atomic proportions on the basis of 6 oxygens.
Si 2.0

Al 0.0
Fe2 0.3
Mg 0.8
Ca 1.0
Na 0.0
K -

Ti 0.0

Mn 0.0
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Electron microprobe analyses - Iron Duke

Talcs in - samples from the talc zone.

2159 2159 2159 77-275 17-275

Oxide weight percentage

510, 61.0 60.1 63.1 57.2 57.4
Aizo3- 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
Ca0 0.0 0.0 0.1 0.1 0.1
Na,0 0.1 0.3 0.1 0.0 0.0
110, 0.0 0.0 0.0 0.0 0.0
MnO 0.0 0.0 0.0 0.0 0.0

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 10,00 0.00
Ti 0.00 0.00 0.00 0.00 0,00

Mn 0.00 0.00 0.00 0.00 0.00



Electron microprobe analyses - Iron Duke

Talcs - continued

77=-275 |, 71-275 = 714-453 74-453 14-453
Oxide weight percentage
SiO2 58.1 57.7 57.7 58.5 57.9
A12034 N.D. 0.2 N.D. N.D. N.D.
Fe0 - 11.4 10.7 17.9 17.7 18.3
MgO 23.0 22.7 19.3 19.2 18.6
Ca0 0.1 0,0 0.0 0.0 0.0
Na20 0,0 0.0 N.D. N.D. N.D.
T102 N.D. 0.0 N.D N.D. N.D.
MnO 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 -- == --
Fe2 1.31 1.24 - 2.07 2.03 2.12
Mg 4.71 4,69 %.98 3.92 3.84
Ca 0.02 0.00 0.00 0.00 0.00
Na 0.00 0.00 - - -
Ti - 0.00 - -- --

MII Oool O.. OO -



Electron microprobe analyses - Iron Duke

Talcs - continued

, 74-453 74-453 59-633 59-633 59-633
Oxide weight percentage
510, 57.5 56.0 60.5 61.8 58.9

1.0. . .D. .D. .D. N.D. N.D.
Al293. N.D | N.D N.D
FeO 17.1 16.6 8.4 3,1 8.2
MgO - 19.1 19.9 25,1 28,7 25,7
ca0 0.2 0.0 0.0 0.1 0.0
Na20 N.D. N.D N.D. N.D. N.D.
130, | 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 1099 1096 0093 0.%4 0093
Ca 0.03 0.00 0.00 0.01 0.00
Na —-— - -~ -- --
i -- -- -- -- --

Mn - -




Electron microprobe analyses - lIron Duke

Talecs - continued

Mn 0.00 0.00 -

83-670 - 83-670  14-453  74-453  14-453
Oxide weight percentage
SiO2 | 58.5 58.5 56.4 56,2 55.2
A1203 N.D. N.D. N.D. N.D. N.D.
FeO 12.3 11.8 18.1 17.9 18.0
MgO 22.5 22.6 18.8 18.8 19.1
Cal 0.0 0.0 0.0 0.0 0.0
Nazo N.D. N.D. N.D. N.D. N.D.
Tio2 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 -- -- -- -- --
Fe2 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 - -— -- - -—-
Ti -- -- -- -- --



Electron microprobe analyses - Iron Duke

Talcs - continued

74-453 74-453 74-453 59-633.

Oxide weight percentage
8102 59.5 56.4 57.4 60.3
A1203 N.D. N.D. N.D. N.D.
FeO 16.1 18.4 16.8 9.1
MgO 18.2 18.2 20.0 25.2
Cal 0.0 0.1 0.0 0.1
Nazo N.D. N.D. N.D. N.D.
T102 N.D. N.D. N.D. N.D.
MnoO 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
Al -- - ==
Fe2 1.86 2.18 1.95
Mg 3.74 3.84 4.13%
Ca 0.00 0.02 0.00
Na - -= -
Ti == - -

Mn . ' _— - —

8.00
1.01

4.98
0.01

424
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Electron microprobe analyses - Iron Duke

Replacement of amphiboles by talc and gquartz.

In the following descriptions, the term amphibole
applies to crystals which optically appear to be amphiboles
but in some cases the analyses have low totals, suggesting
partial or complete conversion to talc.

=
o
ot
=

a0 Mg0 FeO $i0,

1. Alteration to talc

74=-348
Amphibole
crystal 0.0 18.8 17.7 577 94,2

Amphibole
crystal 0.1 19.4 17.2 57.8 94,5

Fibrous area
ad jacent to
well formed 0.1 2l.4 14.0 57.8 93,3

crystal

Typical
amphibole in
centre of talc 0,1 19,6 16.1 56.4 92,2

Talc 0.0 20,6 15.0 57.6 9342
Amphibole 0.1 18.5 17.6 57.4 93.6

59-679
Amphibole 12.8 2243 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

Fibrous
amphibole talcll.2 21.1 4,7 58.7 95.7

Fawn granular
patch-
carbonate
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Electron microprobe analyses - Iron Duke

Replacement of amphiboles by talc and quartz - continued.

ca0 Mg0 Fe0  §i0,  [Total

59-533

Amphibole 0.1 23.7 10.8 57.2 91.8
© Talc Tim 0.1 23.8 11.1 562 91,2

Amphibole 0.1 23.7 10.6 59.4 93.8

Amphibole 0.1 25%.8 11.3 58.3 93%.5

Amphibole 0.2 21.2 11.7 60,5 93.6

Fibrous tale 0.1 23,6 10.4 58.9 93.0

Fibrous talc 0.l 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

crystal 5.7 14.8 11,2 67.7 99.4

Fibrous talc ‘

with quartz 0.9 22.53 8.0 66,2 97.4

2. Alteration to guartz

78=-443

Amphibole

slivers in

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




APPENDIX III - STAINING, AND X-RAY DIFFRACTION DATA
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1, Staining

84 carbonate rich Bamples were stained to determine
the types of carbonate present. The samples were predomin-
antly of magnetite-hematite-carbonate ore, from throughout
the orebody, with a lesser number from the basal carbonate
unit. '

Staining was carried out in the manner described
by Warne (1962). Carbonate rich samples were cut using a
diamond saw and the flat face was etched in dilute HCl for
gseveral minutes, washed in distilled water and left to dry.

The sample was then placed in Alizarin Red S and allowed to
react for about five minutes. Calcite becomes stained a

bright, deep red ggzgz.this period, but ankerite and siderite X
_are uncoloured. Samples of carbonates other than calcite

were then washed in distilled water, dried, and placed in a

bath containing equal volumes of Alizarin Red S and 30%

sodium hydroxide solution. After heating the solution for

about five minutes, the ankerite becomes stained a distinct red-

© mauve-. and the sidepite is dark brown. Quartz remains

completely unstained during the process.

2. X-ray diffraction

A Phillips x-ray diffraction unit at the South
Australian Institute of Technology was used for rapid
identification of carbonates in the magnetite-hematite-
carbonate ore and basal carbonate unit. Debye-Scherrer
cameras with 57.3mm radii were employed, using rolled
spindles of finely ground mineral and Co radiation with an Fe
filter. The films were measured by a calibrated scale and
no precise calculations were attempted. Forty two carbonate
samples from stained specimens were x-rayed, of which thirty
one had similar diffraction patterns with d-spacings conform-
ing in position with those of the A.S.T.M. dolomite and
ankerite cards but with intensities between the A.S.T.M.
values for those minerals. This carbonate was termed Type B
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for convenient reference and its x-ray diffraction data is
shown in Table IV - 1, An ahalysis of hand-picked Type B
material from DDH 57-749, shows it to be an intermediate
ankerite :

SiO2

A1,0; Fe,0; Mg0 Ca0 MaO § R,0; Iz.Loss Iotal
0,1 0.1 9.7 15.7 28,4 1.2 0.0 0.0  44.4 99.6

Twenty of the thirty one Type B samples fitted
precisely the three main line positions shown in Table IV -1,
and the other eleven samples had d-spacings slightly higher
or lower than those shown in the table. Samples other than
Type B included‘three of siderite, four of calcite, and four
were mixtures of Type B and siderite or calcite. The location
of all the samples is listed in Table IV - 2,

In Durham, a Phillips PW 1130/10 x-ray diffraction
unit was used, with 114.95mm diameter Debye-Scherrer cameras
and finely powdered samples mounted on glass spindles. Co
radiation and an Fe filter was used for all samples. The
films were measured on a Hilger and Watts scale with vernier
attachment. D- spacings and cell parameters were calculated
in the manner described by Hall (1971).

The results for one sample of magnesio-siderite
were supplied to A.S.T.M. for inclusion in the mineral index

file,




Table IV-1 - X-ray diffraction data for carbonate Type B.

Carbonate Type B

Data compiled from nine samples

Degrees 26
27.9

35.9
38,8
41,2
43.5
47.9
51,2
52.4
57.6
59,5 (double)

69.3 Approx.

70.5
74.6
76.4
79.6
83.5

Intensity code :

Rel, Intensity
W (M)
Vs

Very strong

'Strong

Moderate
Weak
Very weak

436




Table IV-2 - Location of X-ray

431

diffraction samples

Type B
DDH 57

DDH 59 -

DDH 71

Siderite

DDH 74 -

Calcite
DDH 57 -

560
724
748
749 (4,B,C)
795
582
1003
1042
1215
1720

727
831
900

1148

695

492
542
840

1215
1343

Mixed carbonates

DDH 57 -

582
724

DDH 78

DDH 67

DDH 85

DDH 47 - 1091

DDH 85 - 472'6"

675
800
818
878
937

432

493
676
817

DDH 61 - 823
- 902
- 949 (4,B)

DDH 47 - 1182

DDH 60 - 901

DDH 86 - 455



APPENDIX IV - FLULD INCLUSION DATA
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Homogenisation work was carried out using a
Leitz heating stage microscope fitted with UM 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 Phillips Chart recorder.
Temperature calibration was effected by observing organic
compounds of known melting point sealed in capillary tubes,
and placed in 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 thin doubly
polished wafer between O.lmm and O,5mm in thickness. The
inclusions were examined at a heating rate of 10°%¢ to 15°C
per minute, which was decreased as the bubble reduced in
size. The temperature at which the bubble disappeared was
recorded, or estimated in cases where the bubble became lost
to view in shadow during the final stages of contraction.
" Duplicate runs were made frequently and all inclusions were
examined for leakage on cooling. \

Freezing work was carried out using the same
microscope and a stage designed and made by Smith (thesis
in preparation) which utilized nitrogen passed through liquid
nitrogen. The sample was placed within a small chamber,
adjacent to the thermocouple, and low temperature nitrogen
was introduced to the chamber, resulting in a temperature in
the order of -50°C. Most of the inclusions froze completely
after a period of up to one hour at this temperature. The
temperature was then raised gradually by reducing the flow of
nitrogen, and the point at which the last crystal melted was
recorded. In each case, the last crystal 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.




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. Fluid could be seen emerging at
some carbonate crystal faces, and occasionally there was
isolated movement as a grain fractured, but there was no
general sample decrepitation.
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Homogenisation data

Individual fluid inclusion homogenisation temperatures, in
carbonate fragments.

All samples are ankerite unless stated otherwise.,

P = Primary
PS = Pseudo secondary

86-686
P % 143 148 120 128 136
136-143 129 138-143 133 1%2
112~ 129 136 138 104
102 155 '138 138 126
124 119 126-1%36  136-140 133
116-121 167 121 119 116
116 145 121 121 121
ps °c 119 129 138 126-1%6 126
116-121 145
67-1065
P °¢ 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



Homogenisation data - continued

74-886
P %

Ps °c

126
114-126
1%6
136

112

57-1345 (Calcite)

P ¢

119
- 124

139
145
129-133

114

119
121

102
133
150

109-114

126

208
121
160

104
116

436

114-126
126-131
138

119
133

74-750 (Siderite at contact with chloritised amphibolite)

P °C

67-810
P %

102
121
116

131
121
142-145

114-121

104
121

102-119
143-148
150

143-148
133
126

141
126
109

119
13%6

90-94

109-119

148-150
153-155

155
131

153

116-121
109
119

119
121-124

119
121
153-158

155
121

153

116-121
129
104

114

109-119
155
143

121
126
143-148

116-121
104

102

148
153



Homogenisation data - continued

84-795

P S¢ 128
112

Ps ¢ 148

126-131
121

119

114-124(4) 148

57-1178 (Calcite)

P ° 138
184-199

162

ps °%c 167

74-563 (Siderite)

P % ‘ 143
ps ¢ 143-150
60-723
P % 143

126
60-843
P % 135-140(3)

57-1200 (Calcite)
Pp% 107

57-1196 (Calcite)

P % 133
128

160
131
164

129

130-138

126

107
149

131
126

119

172
175
160

130-138

126

139
143

145
126

150

192
162

138

152
143-155

W
(N
-\I

138

116

206
170-175

 133-138

141



Homogenisation data - continued

78-800
P°%  111-116 123 116 116-123
102 128 114 110
100-102 120 120
61-780
P °c 94
60-906

P O¢ 114 100-125 110-180

117
116

438
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Freezing data Y

Melting points for the last crystals in inclusions
within individual samples are :

Freezin

Sample No. inclusions emperature Oq
/
78-956 1 -12°
(Quartz) 3 -16°
78-752 4 - =20° to -18°
(Ankerite) ] -4°
86-686 2 -22°
(Ankerite) 5 _19° to -18°
12 -16°
2 -14° to -13°
1 -7° (2nd phase in
—_— inclusion
31 with two

phases, one
with freeziB
point of 18 %

In samplé T74-956 (ankerite), there are two main
types of fluid inclusions:

(1) Relatively large, angular inclusions with
boundaries approximately parallel to the crystal edges and
generally isolated from other inclusions. These freeze
completely on cooling and the last crystal melts at about
-11°%,

(2) Small, rounded or crescent shaped inclusions
which often appear to consist of two phases, in some cases
two liquid phases and in others one liquid phase and one of
small crystals. They tend to occur in lines or grouped
together in suites. On cooling, the liquid phases only
partially freezes and the crystals disappear at -20°C to -16°C.

~



