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ABSTRACT 

The Gawler Craton in South Australia is host to hundreds of Fe-rich deposits of varying types, 

most well-known are those of iron-oxide copper gold (IOCG) type within the ~1.6 Ga Olympic 

Cu-Au Province. However, only iron ore deposits of the Archean-aged Middleback Ranges 

(Eyre Peninsula) belt are unequivocally recognized as being banded iron formation (BIF)-

derived. Although other deposits are alleged to be of BIF origin, their formation remains ill-

constrained. Petrography and geochemistry of iron-oxides from the Middleback Ranges are 

studied at various scales of observation to constrain ore formation in BIFs from a terrane with 

a protracted geological history. The age, petrography and geochemistry of granites and mafic 

lithologies associated with the ores are used to constrain ore formation from deposition to ore 

enrichment. Several Fe-rich prospects from different parts of the Gawler Craton are studied in 

further detail to test the reliability of iron-oxides to track ore formation. 

Petrography and trace elements signatures of iron-oxides from deposits along the 

Middleback Ranges indicate domain heterogeneity throughout the belt with respect to 

depositional environment and interaction with fluids of both granitic (U, W, Sn) and mafic 

affiliation (Cr, Ni, Zn). The discovery of U-bearing hematite in BIF ores is followed by LA-

ICP-MS U–Pb dating in one prospect, Iron Count. The age (~1790 Ma) is concordant with 

monazite ages in the same sample and coincident with emplacement of the adjacent Wertigo 

Granite. This proves the reliability of hematite for dating the overprinting events that 

contributed to upgrading of BIF to ore. 

Archean ages are documented from SHRIMP dating of zircon in granites (3.0-3.24 Ga) 

adjacent to ore along the belt and for amphibolites (~2.5 Ga) within the BIFs. The youngest 

age (~780 Ma) is obtained from dolerites crosscutting the ores, the first confirmation of 

Gairdner-affiliated dikes in the Eyre Peninsula. This supports an Archean environment of BIF 
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deposition post-dating the granite basement and contemporaneous with mafic magmatic 

activity. The youngest tectono-magmatic event is also recorded by U–Pb dating of Iron Knight 

hematite (~680 Ma). Alkali-calcic alteration of granites, typical of ~1.6 Ga Hiltaba granitoids, 

gives indication for undiscovered IOCG mineralization. 

Iron-oxides from the Island Dam prospect within the Olympic Cu-Au Province show both BIF-

like and IOCG (W-Sn-rich) signatures. The ore is associated with actinolite skarn formed on 

behalf of ~1.75 Ga Wallaroo volcano-sedimentary formation, with carbonate- and Fe-rich 

horizons affected by emplacement of Hiltaba-aged granitoids.  

High-grade, Zr- and Ti-rich hematite from Peculiar Knob deposit (Mount Woods Inlier, 

northern Gawler Craton) was studied from micron- to nanoscale. Baddeleyite (nm-wide 

needles in hematite) accounts for high-Zr (up to 650 ppm) in hematite whereas interstitial 

zircon gives an age of ~1.74 Ga, concordant with the Kimban Orogeny. The ore, previously 

considered BIF, is re-interpreted as a metamorphosed Fe-rich sediment with detrital 

titanomagnetite sourced from mafic rocks, and also featuring a Hiltaba overprint (W-, Nb-, Sb-

, Sn-rich rims in hematite). 

 Whereas BIF-hosted iron-oxides share generic characteristics, the transformation from BIF 

to ore must be understood in the context of the local geological setting underpinned by sound 

petrographic characterization at appropriate scales. The petrographic and geochemical 

approach used here, combined with hematite dating, can be used to understand ore genesis. 

Bridging micron- to nano- scales of observation gives insights into trace element incorporation 

into, and later release from, iron-oxides. 
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PREFACE 
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‘Proceedings of the 14th SGA Biennial Meeting’ (Chapter 6; extended conference abstract) and 
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related and summarize key findings and interpretations of iron-oxides and their trace element 
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findings of this research, and it is hoped that these are explored at a later date.  
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2. Keyser, W., Ciobanu, C.L., Cook, N.J., Dmitrijeva, M., Courtney-Davies, L., Feltus, 
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Petrographic and geochronological constraints on the granitic basement to the 
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Eyre Peninsula: defining syn- and post-depositional BIF environments for iron deposits 

in the Middleback Ranges, South Australia. Precambrian Research. 
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Canada, August 20-23rd, 2017. ISBN: 978-2-9816898-0-1, Volume 3, 935-938. 

6. Keyser, W., Ciobanu, C.L., Cook, N.J., Feltus, H., Johnson, G., Slattery, A., Wade, 

B.P., Ehrig, K., 2019. Mineralogy of zirconium in iron-oxides: A micron- to nanoscale 

study of hematite ore from Peculiar Knob, South Australia. Minerals 9, 224. 

Key findings and implications of this work, as well as future avenues of research, are 

summarized in Chapter 8.  

Chapter 9 contains all supplementary material for the main papers outlined above, as well 

as additional co-authored publications and conference abstracts that have been generated 

during the PhD candidature. The additional material is as follows: 

A. Supplementary material for Chapter 2 (Paper 1). 
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D. Supplementary material for Chapter 5 (Paper 4). 
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CHAPTER 1: INTRODUCTION 

Banded iron formations (BIFs) are a chemically precipitated rock type that result from complex 

mantle, tectonic and biospheric processes with a peak volume at ~2.4 Ga (Bekker et al., 2014 

and references therein), and as such, play a crucial role in deciphering the geological history of 

Earth. They have a worldwide distribution and represent the most economically significant iron 

ore resources on the global scale. The scientific and economic importance of BIFs has catalyzed 

extensive studies that target their origins and formation mechanisms.  

Early studies of BIFs focused on their global distribution, age constraints and stratigraphy, 

whereas sedimentary facies and basin analysis were a central focus of many later studies 

(James, 1954; MacLeod et al., 1963; Trendall, 1968). Current BIF research has addressed 

depositional environments and mechanisms (e.g., Gourcerol et al., 2016a; Rasmussen et al., 

2019), digenesis and mineral crystallization (e.g., Alibert, 2016), oxidation and ore-forming 

processes (Hagemann et al., 2016 and references therein) and the orchestration of each of these 

topics in a temporal setting. Many of these topics are investigated through geochemical studies, 

since trace elements (including the rare earth elements, REE) in ore and specific component 

minerals have been shown to be valuable proxies for ancient seawater compositions from which 

BIFs precipitated and to infer depositional settings (Craddock et al., 2010; Planavsky et al., 

2010). A large part of contemporary work centers on detailing the mineralogy and stratigraphic 

sequence of formations and constraining stages of deposition and enrichment. 

While the conditions leading to the formation of BIFs are generally agreed upon (Holland, 

2005), opinions remain equivocal regarding the depositional mechanisms, timing and 

environmental setting of BIFs. Other key research has focused on the later processes of 

transformation of BIF to high-grade iron ore, which has resulted in deposit-specific genetic 
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models for iron ore formation and has been comprehensively discussed by Hagemann et al. 

(2016). As such, a significant gap in BIF studies results from an inability to readily link field 

observations and petrographic and geochemical datasets with sequential stages of evolution of 

iron formations, from original BIF protore to high-grade iron ore. This includes how one of the 

main constituent minerals of BIF, iron-oxides, evolve, physically and chemically. 

The iron-oxide group of minerals comprises more than 5 wt.% of Earth’s crust and they are 

found in all types of rocks and ore deposits. Although composed only of essential iron and 

oxygen, the iron-oxides, mainly magnetite (Fe3O4) and hematite (Fe2O3), form a mineral series 

with numerous other species and thus can show broad compositional variation (e.g., Bowles et 

al., 2011). Magnetite and hematite are also known for their versality to replace one another by 

pseudomorphic replacement under redox conditions, an observation that can be used for 

petrological interpretations (Mücke and Cabral, 2005). 

Classification diagrams, using large empirical electron microprobe datasets of minor 

element concentrations in the two iron-oxides, and showing specific fields for different deposit 

types, have become popular in recent years (e.g., Dupuis and Beaudoin, 2011). Many studies 

in the past 20 years have addressed the presence of trace elements in minerals following the 

development of laser-ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) 

analytical techniques that can accurately measure concentrations of elements down to ppm 

level (Cook et al. 2016 and references therein). The amount of trace element data for sulfides 

is still far greater than for iron-oxides due to uncertainty over the use of non-matrix-matched 

standards (Cook et al. 2016). However, following establishment of natural basalt material as a 

suitable standard for LA-ICP-MS trace element analysis of iron-oxides (Nadoll and Koenig, 

2011), geochemical studies of iron-oxides from different deposits have greatly accelerated. 

Many of such studies have shown that the classification diagrams of Dupuis and Beaudoin 
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(2011) are highly simplistic and do not adequately reflect variation at the scale of a single 

deposit (e.g., Gourcerol et al., 2016b; Broughm et al., 2017; Wen et al., 2017; Yin et al., 2017).  

The discovery of U-bearing (up to several wt.% UO2), oscillatory-zoned hematite from 

Olympic Dam allowed U–Pb dating of this mineral using LA-ICP-MS with zircon as a standard 

(Ciobanu et al., 2013). Considering the meaningful ages obtained, the approach has been 

followed by testing the applicability of the method using solution standards (Courtney-Davies 

et al., 2016), and the reliability of hematite as mineral geochronometer has been assessed by 

high-precision, U–Pb ID–TIMS methods (Courtney-Davies et al., 2019a). Importantly, 

although bulk methods such as (U–Th)/21Ne-(U–Th)/He have been applied to date hematite 

with ultra-low U concentration from BIFs (Farley and McKeon, 2015), the use of microbeam 

techniques such as LA-ICP-MS is important for hematite wherever grain-scale heterogeneity 

is observed. U–Pb dating using LA-ICP-MS has been successfully applied for the first time to 

low-U (up to 14 ppm) hematite from BIF ores (Keyser et al., 2019a, in review). Development 

of a matrix-matched standard for hematite using homogeneous material prepared synthetically 

(Courtney-Davies et al., 2019b) is currently ongoing. 

Iron-oxide compositions can be quite variable regionally, or even locally, between 

individual BIFs as a result of the local tectonic setting of each formation, allowing for the use 

of their compositions to fingerprint domain heterogeneity throughout the same metallogenetic 

belt or evolving trends within a given deposit (e.g., Dmitrijeva et al., 2018; Keyser at al., 2018). 

Geochemical studies have also allowed improved discrimination of magmatic and 

hydrothermal generations of iron-oxides in deposits kin to IOCG type (e.g., Dare et al., 2015; 

Knipping et al., 2015). 
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1.1 Banded iron formations 

1.1.1 Definition 

Banded iron formations are Fe-rich Precambrian sedimentary chemical precipitates that display 

thin bedding comprised of iron-, silica- and carbonate-rich minerals (James, 1954; Gross, 1980; 

Trendall, 1983). The bedding occurs as bands ranging from macrobands (m-scale) to laminated 

mesobands (cm-scale) in thickness, giving them the characteristic striped appearance after 

which they have been named: banded iron formations (Holland, 2005; Klein, 2005). However, 

coarser grain-sized formations with crossbedding and lacking fine lamination have been 

referred to as granular iron formations (GIFs; Bekker et al., 2010, 2014). Despite hosting more 

than 90 % of the world’s economic iron ores, prompting extensive studies on their origin, 

depositional environment, and spatial and temporal distribution, a lack of present-day 

analogues has left open many questions surrounding their origin and the processes by which 

they are enriched into iron ore. 

James (1954, 1966) distinguished four major iron formation facies based on predominant 

iron minerals constituting iron layers: 1) oxide, hematite, magnetite, or both; 2) carbonate, 

siderite and ankerite; 3) silicate, iron silicate minerals; 4) sulfide, pyrite with lesser pyrrhotite 

and carbonates. James (1954) suggested that the progressive formation of minerals 

corresponding to these facies from oxide through sulfide reflected precipitation in successively 

more reduced environments. Although aspects of these classifications have since become 

outdated (e.g., sulfide-facies), these classifications served well for understanding the large 

variability present in different BIF settings. BIFs were further classified as (Lake) Superior-

type or Algoma-type based on depositional environments and associated rock types by Gross 

(1980), and later the addition of the rare Rapitan-type was added (Young, 1976; James, 1983; 

Klein and Beukes, 1993). 
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The Superior-type iron formations were deposited in marine environments near passive 

margin continental shelves and are typically thick and can cover large areas up to 105 km2, 

making them the largest of the iron formation types. These interbedded units consist of 

alternating layers of carbonates, quartzite and black shales with minor volcanic rocks. Classic 

examples of Superior-type iron formations include the Animikie Basin of North America, 

Hamersley Group (Western Australia), the Kaapvaal Craton (South Africa), Krivoy Rog-Kursk 

(Ukraine), the Singhbhum region (India), and the type locality Lake Superior region in the 

U.S.A (Fig. 1.1). 

 

Figure 1.1: Major iron formations of the world with examples mentioned in the text circled 

in red. Modified after Bekker et al. (2014). 

Algoma-type iron formations are smaller and are associated with volcanic arc regions or rift 

zones and result from exhalative-hydrothermal processes. These units form less extensive 

regions and rarely exceed 50 meters in thickness. Algoma-type iron formations are hosted 

within volcanic rocks and greywackes and can be found in greenstone belts of Eoarchean to 

Phanerozoic age such as the Abitibi greenstone belt in Ontario, Canada (Taner and Chemam, 

2015). The Rapitan-type iron formations are rather limited in occurrence and are associated 
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with glaciogenic sediments of the Neoproterozoic ice age events during the so-called ‘Snowball 

Earth’ (Hoffman et al., 2008). 

Distinguishing between the various types of BIF, however, can sometimes be complex, and 

classifications may better serve as pure end-members, as sediments from some iron formations 

may span shallow continental shelves to deeper environments (Bekker et al., 2014). 

Additionally, Superior- and Algoma-type formations were contemporaneously deposited 

during a time of submarine volcanism and hydrothermal activity, leading to some overlap in 

lithology association. However, the ‘pure end-members’ of each can be further distinguished 

in regard to their geochemistry. The composition of Superior-type formations strongly reflects 

the seawater composition at the time of deposition whereas that of the Algoma-type reflects 

conditions of local volcanism and hydrothermal activity (Huston and Logan, 2004).  

1.1.2 Origin and timing 

Deposition of iron formations is observed to have occurred throughout three main periods of 

Earth’s history: 3.5-3.0 Ga, 2.5-2.0 Ga and 1000-500 Ma (Robb, 2005). However, BIF are 

found to have been deposited as late as 527 Ma (Li et al., 2018). Nonetheless, the majority of 

BIFs are Archean to Paleoproterozoic age. GIFs began to appear after ~2.4 Ga and may owe 

their textural distinctiveness to events of this time (Fig. 1.2). The restriction of BIFs to the 

Precambrian was used in early studies to argue for formation under conditions vastly different 

from those of the present, with a more anoxic atmosphere and ocean system (Cloud, 1973; 

Holland, 1984). As Fe3+ is effectively insoluble at circumneutral pH values (James, 1954; Lepp 

and Golditch, 1964), large accumulations of iron required that it be transported as Fe2+. BIF-

style mineralization requires initial precipitation from seawater containing sufficient levels of 

dissolved ferrous iron. Such iron reservoirs in deep marine settings was possible due to either 

a reducing atmosphere or one with low oxidizing potential, or hydrothermal iron fluxes.  
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Figure 1.2: Secular distribution of banded iron formations (BIF), granular iron formations 

(GIF) and Rapitan-type iron formations, from Bekker et al. (2014). 

The initial deposition of BIFs resulted from the mixing of deep Fe-rich waters with 

oxygenated surface waters. The first great rise in oxygen levels is referred to as the Great 

Oxidation Event (GOE), which is thought to have occurred between ~2.4 and 2.2 Ga (Bekker 

et al., 2004; Bekker and Kaufman, 2007). A second rise in atmospheric oxygen appears to have 

occurred in distinct stages between ~800-500 Ma. These dates coincide with the deposition of 

various styles of iron formation, their disappearance ~1.8 Ga, and reappearance during the 

Neoproterozoic, collectively suggesting fluxes in oxygen level. However, contrary to this belief 

is the idea that atmospheric oxygen levels of 1.5% of present-day levels existed during the time 

3.0-2.2 Ga (Ohmoto, 1996), similar to atmospheric levels post-1.9 Ga. Frei et al. (2009) used 

chromium isotopes to similarly suggest that elevated oxygen levels existed ~3.0 Ga, prior to 

the GOE. Hoashi et al. (2009) reported primary hematite in the Pilbara Craton, Australia, 

suggesting not only deposition during oxygenated conditions at ~3.46 Ga, but raised the 
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possibility of oxygenic photosynthesis 700 million years earlier than previously recognized. 

Supporting evidence was discovered in pseudomicrofossils found in 3.5-billion-year-old chert 

from the Pilbara Craton in Australia (Marshall et al., 2011), suggesting microbial life and the 

possibility of elevated oxygen levels before the GOE.  

While the basic conditions of deposition of iron formations is generally agreed to result from 

sediments precipitated from seawater containing micromolar levels of ferrous iron (Holland, 

1973, 1984, 2005), deposition mechanisms remain poorly constrained. The most widely 

accepted model of iron deposition suggests that iron formation occurred where upwelling iron-

rich reduced waters mixed with oxidized shallow waters (Cloud, 1965). Alternative arguments 

suggest biological influence on iron formation, whereby photosynthesizers or metabolic 

ferrous oxidation altered the chemical composition within water columns (Harder, 1919; 

Cloud, 1965, 1973), or microbially catalyzed Fe3+ (hydr)oxide precipitation was provoked by 

temperature fluctuations in the ocean (Posth et al., 2008). Later studies found deep water 

hydrothermal plumes to be a significant contributor to iron formations (Isley, 1995). Wang et 

al. (2009) used thermodynamic calculations to suggest that alternating Fe- and Si-rich layers 

can be generated from fluids derived from the leaching of low-Al oceanic crustal rocks. 

Bekker et al. (2010) noted the geochronological significance of the episodic deposition of 

Superior-type iron formations. Their occurrence appears to be coeval with, and genetically 

linked to, time periods where large igneous provinces (LIPs) were prominent, suggesting a 

correlation between deposition of iron formations and heat flux at the core-mantle boundary 

during continent building. From ~2.6-2.4 Ga, widespread mafic magmatism may have 

contributed significantly to the deposition of Superior-type BIFs in Australia, South Africa, 

Russia, Ukraine and Brazil. These BIFs likely formed in anoxic conditions, whereas those of 
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the Paleoproterozoic and on were deposited in a redoxcline where biological and nonbiological 

oxidation occurred.  

1.1.3 BIF Mineralogy 

The mineralogy of BIFs is apparently simple, consisting predominantly of silica and Fe-rich 

minerals. However, there is much debate as to which minerals, iron-oxides or iron-silicates, 

constituted the primary iron phase during BIF deposition (e.g., Rasmussen et al., 2013; Sun 

and Li, 2017). Silica layers are made up of chert or, in metamorphosed BIFs, crystalline quartz. 

Chert typically forms layers, alternating with mm-thick iron-rich silicate or carbonate laminae. 

As mentioned above, BIFs are often characterized by facies according to the main mineral 

comprising Fe-rich layers. The main constituent Fe-minerals of BIF have been described by 

Bekker et al. (2014) and are summarized below. 

The main mineral constituting Fe-rich layering in oxide-facies BIF are magnetite and/or 

hematite. The latter is the most common iron-oxide in BIFs and results from the oxidation of 

magnetite, although some hematite is reported to be primary (e.g. Hoashi et al., 2009). In 

carbonate-facies BIF, siderite (FeCO3) is the main carbonate mineral, whereas ankerite 

[Ca(Fe,Mg,Mn)(CO3)2] and dolomite (CaMgCO3) are among the last minerals to form, as 

indicated by the frequent inclusions of chert, magnetite, hematite and Fe-silicates. The variety 

of silicate minerals in silicate-facies BIFs becomes more complex depending on the extent of 

metamorphism. Common silicate minerals comprising this facies type at low-grade 

metamorphism include stilpnomelane [K(Fe2+,Mg,Fe3+)8(Si,Al)12(O,OH)27·n(H2O)], 

minnesotaite [Fe2+,Mg)3Si4O10(OH)2], riebeckite [Na2(Fe2+
3Fe3+

2)Si8O22(OH)2], chlorite and 

greenalite [(Fe2+,Fe3+)2-3Si2O5OH4]. Stilpnomelane is an indication of lower greenschist facies 

metamorphism whereas minnesotaite forms during metamorphism or late hydrothermal 

alteration. Riebeckite is a sodic amphibole that gives BIFs a bluish hue and is common to those 
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of the Hamersley region, Western Australia (Klein and Gole, 1981). Greenalite is less abundant 

and occurs as a late-stage mineral in BIFs. Grunerite [Fe7Si8O22(OH)2], cummingtonite 

[(Mg,Fe2+)2(Mg,Fe2+)5Si8O22(OH)2], pyroxene [(Ca,Na,Fe2+,Mg)(Al,Fe3+,Mg)(Si,Al)2O6], 

garnet [(Ca,Mg,Fe,Mn)2+
3(Al,Fe,Cr)3+

2(SiO4)3] and fayalite (Fe2SiO4) can occur at higher-

grades of metamorphism, as found in the present study. 

1.2 Iron-oxides 

The iron-oxides are relatively simple minerals yet differ significantly from one another with 

respect to crystal structure and degree of complexity in terms of extensive solid solution series 

with other minerals. If hydrogen is added, the iron-oxide and -hydroxide group expands to a 

total of sixteen minerals (Cornell and Schwertmann, 2003). Generically, the crystal structures 

of iron-oxides are composed of close-packed arrays of Fe cations (with either 2+ or 3+ charge) 

and O2- anions. Anion arrangements in iron-oxides form sheets and are most commonly of the 

hexagonal close packing type, forming stacks in an alternating ‘ABAB’ formation, and in the 

cubic close packing, where sheets are arranged as ABCABC stacking and are held together by 

cation bonds. 

Magnetite (Fe2+Fe3+
2O4), is one of the ‘2-3 oxide spinels’, A2+B3+ 2O4 (Biagioni and Pasero 

2014 and references therein). The oxide spinel structure has a cubic close packing of anions 

(O), with the cations hosted either in tetrahedral (T) or octahedral (M) sites (e.g., Hill et al., 

1979). Cation disorder over T and M sites expressed as parameter i can vary from i = 0 in 

normal spinels, TAMB2O4, to i = 1 in inverse spinels, TBM(AB)O4, such as magnetite. Electron 

hopping (exchange of Fe2+ and Fe3+ in the M sites; Verwey and de Boer, 1936), or the semi-

conductor character (defect structure of natural magnetite at room temperature; Fleet, 1981) of 

magnetite introduces further complexity in evaluating the ordering, full/partial occupancy of 

the T and M sites in magnetite. Oxide spinels form numerous and extended solid solutions with 
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one another (Table 1.1.; Fig. 1.3; Biagioni and Pasero, 2014; Bosi et al., 2019) and thus 

magnetite can incorporate a broad range of minor/trace elements, e.g., Mg, Mn, Ni, Co, Zn, Al, 

Cr, V, Ti, Si, etc. For example, tetravalent cations such as Ti4+ can be incorporated in the B 

site, provided that charge balance is maintained via a coupled substitution (e.g., Fe3+ ↔ Ti4+ + 

Fe2+). 

For example, hydrothermal magnetite has been shown to contain concentrations of Mg, Al, 

Ti, Mn, Cr, Co, Ni, Zn and Ga that measure consistently above detection limit using the LA-

ICP-MS approach and these are considered as ‘incorporated’ into the magnetite structure (e.g., 

Nadoll et al., 2014 and references therein). Whereas many of these elements can be easily 

incorporated into magnetite due to the crystal structural similarity among oxide spinel group 

(Biagioni and Pasero, 2014), others, such as Ga, may be due to inclusions of silicates.  

Magnetite with SiO2 content (up to several wt.%), termed ‘silician magnetite’, has been 

reported from a variety of deposit types, e.g., BIF, skarns, IOCG from microprobe analysis 

(e.g., Huberty et al., 2012). Nonetheless, nanoscale studies using Z-contrast techniques for 

imaging have shown that presence of Si-Fe-nanoprecipitates along preferential directions in 

magnetite rather than in solid solution (Xu et al., 2014; Ciobanu et al., 2019). Silician magnetite 

is prevalent throughout the outer shell at Olympic Dam and this has been shown to be rich in 

U, W, Sn, Mo and rare earth elements and yttrium (hereafter REY) (Verdugo-Ihl et al., 2019). 

Table 1.1: Selected spinel group minerals. 

  Spinel Group (cubic) 
Spinel MgAl2O4 Ulvöspinel TiFe2+

2O4 
Hercynite Fe2+Al2O4 Franklinite (Zn,Mn2+,Fe2+)( Fe3+, Mn3+)2O4 
Gahnite ZnAl2O4 Jacobsite (Mn2+,Fe2+,Mg)( Fe3+, Mn3+)2O4 
Galaxite (Mn,Mg)(Al,Fe3+)2O3 Trevorite Ni2+Fe3+

2O4 
Magnesioferrite MgFe3+

2O4 Magnesiochromite Mg2+Cr3+
2O4 

Magnetite Fe2+Fe3+
2O4 Chromite Fe2+Cr3+

2O4 
Cuprospinel (Cu,Mg)Fe3+

2O4   
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An example of a solid solution involving coupled substitutions (Ti4+ for Fe3+ in the 

octahedral sites and Fe2+ for Fe3+ in the tetrahedral sites; White et al., 1994) is titanomagnetite 

solid-solution with a disordered spinel structure above 600 ⁰C and exsolution products as 

magnetite + ulvöspinel (Fe2TiO4) followed by ilmenite due to redox re-equilibration 

(Buddington and Lindsley; 1964). The exsolution products are used for geothermometry 

(Ghiorso and Sack, 1991) with wide applicability to a variety of rock and ore types.  

 

Figure 1.3: Classification of iron-oxides across solid-solution series (modified after Deer et 

al., 1997). 

Hematite (α-Fe2O3; rhombohedral; e.g., Maslen et al., 1994) is one of the five polymorphs 

known at present (Lee et al., 2008) and displays great morphological variability, ranging from 

tabular to platy to spherical but may also crystallize in octahedral crystals when forming as a 

pseudomorph after magnetite (‘martite’) (Davis et al., 1968). Although not inherently 
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magnetic, hematite may also show some degree of magnetism depending on the remaining 

magnetite after pseudomorphic replacement. It can similarly be pseudomorphically replaced 

by magnetite in which case it is termed “mushketovite.” Due to the similarity in crystal 

structure, hematite forms a solid solution with ilmenite and corundum at temperatures above 

950 °C.  

Recent studies have shown a wide-range of trace elements in hematite from BIF and IOCG 

deposits, including high field strength elements, REY and also U-W-Sn-Mo, a group of 

elements called ‘granitophile’ elements. For example, Hensler et al. (2015) report measurable 

concentrations of Mg, Al, Mn, Ti, Cr, V, Co, Ni, W, As in hematite from itabirite and iron ores 

of the Quadrilátero Ferrífero in Brazil. Following the reconnaissance studies of Ciobanu et al. 

(2013; 2015), U-W-Sn-Mo-oscillatory-zoned hematite was found throughout the entire strike 

and depth of the IOCG deposit at Olympic Dam (Verdugo-Ihl et al., 2017). This type of 

hematite also forms early in the outer shell of the deposit and is characterized by HFSE-

enrichment (Verdugo-Ihl et al., 2019). High concentrations of W (up to several thousand ppm) 

and measurable Sn was also reported in hematite from Island Dam, an IOCG prospect in the 

same district (Keyser et al., 2017). The U-W-Sn-Mo-signature is considered to fingerprint 

affiliation with ~1.6 Ga granitic plutons throughout deposits in South Australia, and 

particularly from those in the Olympic Cu-Au Province. For example, enrichment in W (and 

Sb) was shown in high-grade hematite ores from the northern part of the province, at Peculiar 

Knob (Keyser et al., 2019b). 

 Keyser et al. (2018) measured wt.% Si in oscillatory zoned microplaty hematite from ores 

of the Middleback Ranges. However, while LA-ICP-MS resolved depth profiles may suggest 

elemental incorporation into the hematite crystal lattice, nanoscale studies are needed for 

validate LA-ICP-MS data and determine whether these elements are in solid solution or are 
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present as included nanoscale particles of discrete minerals. For example, Zr concentrations of 

up to 680 ppm were measured in granoblastic hematite from the Peculiar Knob iron deposit in 

South Australia (Keyser et al., 2019b). While depth profiles showed clean, steady signals 

without any indication of inclusions, TEM analysis found the Zr to be attributable to nano-

inclusions of baddeleyite within hematite.   

1.3 Formation of ore from BIF 

The vast majority of high-grade iron ores mined today are hosted within Precambrian BIFs. 

Although BIFs are iron-rich in nature (~30 wt.% Fe), their true economic value follows 

enrichment processes, when BIFs are transformed into high-grade iron ores (≥65% Fe). This 

transformation takes place as a result of fluid-rock interactions leading to mineral 

(inter)conversions, the onset of which begins with rock permeability and introduction of fluids, 

which themselves evolve over time (e.g., Hensler at al., 2015). Although variability exists 

between deposits with respect to processes leading to ore formation as a result of different 

geological environments for BIF deposition (e.g., Algoma-type settings vs. Lake Superior-type 

settings), two general geochemical mechanisms are attributed to formation of BIF-hosted iron 

ore deposits: 1) dissolution of both silica and carbonates leading to compaction and; (2) 

hematite replacement of magnetite (martitization) and Fe-rich silicates ± crystallization of 

microplaty hematite. Although these processes occur throughout various hypogene and 

supergene enrichment processes, three major hypogene and one supergene enrichment stages 

are commonly recognized in most major deposits (Hagemann et al., 2016).   

The dissolution and removal of silica and carbonate from BIFs is primarily attributed to hot, 

silica and carbonate under-saturated hydrothermal fluids, which ascend and descend through 

deposit-scale structures such as faults or grabens. Such fluids can be produced by basin brines, 

local intrusions, and/or descending meteoric waters (Hagemann et al., 2006).  Hematite 
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replacing chert-bands may be an indication that iron was added to the system via this fluid 

mobility. However, recent nanoscale studies have identified chert to contain micro-inclusions 

of hematite colloids that accumulate during quartz dissolution to form microplaty hematite and 

that additional iron from an external source is required for its formation (Egglseder et al., 2019). 

Alteration of magnetite to hematite is generally attributed to the oxidation by hydrothermal 

fluids. However, this transformation can also occur through non-redox acid-based reactions 

(Ohmoto, 2003; Otake et al., 2007, 2010), which results in leaching of Fe2+ from magnetite. 

This is expressed by the reaction:  

Fe3O4(Mt) + 2H+ = Fe2O3(Hm) + Fe2+ + H2O. 

While this may be an alternative explanation for BIFs and/or ore formation, for the most part 

hematite enrichment can be accounted for by dissolution of silica and carbonates, compaction 

and increasing porosity (Taylor et al., 2001). 

1.4 Geological background of the Eyre Peninsula, the Middleback 

Ranges and other case studies within this thesis 

The Eyre Peninsula occupies the southern extent of the Gawler Craton: a major crustal province 

in South Australia (Fig. 1.4) with a record of continental evolution spanning the Archean to 

Mesoproterozoic. The roughly oval-shaped craton covers an area of 800 x 600 km and is 

flanked to the east by the Torrens Hinge Zone, and to the northeast, northwest and west by 

faulted margins of sedimentary basins, and diminishes to the south along the continental shelf 

(Thompson, 1969; Daly et al., 1998). Formation of the Gawler Craton is attributed to two major 

phases of tectonism separated by a 500 Ma gap where the craton was essentially stable (Hand 

et al., 2007). 



 CHAPTER 1:      INTRODUCTION

 

Figure 1.4: Simplified geological map showing location of the Middleback Ranges within 

the Eyre Peninsula, and the Island Dam and Peculiar Knob prospects in the Olympic Cu-

Au province. Modified after Reid and Fabris (2015). 

The eastern Eyre Peninsula in South Australia contains the oldest basement rocks yet 

discovered in the Gawler Craton, the ~3.15 Ga Cooyerdoo Granite (Parker and Lemon, 1982; 

Daly et al., 1988; Fraser et al., 2010; Keyser et al., 2019c), however, it is composed mainly of 

three main terrains: the Archean Sleaford Complex, the overlying chemical and clastic 

Hutchison Group metasedimentary rocks and the Donington Suite Granitoids. Extensional 

tectonism and coeval sedimentation with minor intrusives in the Eyre Peninsula between 2.55-

2.50 Ga lead to the formation of the Sleaford Complex, which includes the ~2.6 Ga Carnot 

Gneisses (Fanning, 1988) and the ~2520-2460 Ma felsic to intermediate intrusive Dutton Suite, 

all metamorphosed to granulite-facies during the early Paleoproterozoic Sleaford Orogeny 

(~2450 Ma) (Fanning, 1997; Dutch et al., 2010). Contemporaneous to the volcanism and 

sedimentation processes forming the Sleaford Complex was the deposition of the banded-iron-
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formation-hosting Middleback Subgroup ~2560 Ma in the eastern Eyre Peninsula (Szpunar at 

al., 2011). After a roughly 500 Ma period of cratonic stability was the emplacement of the 

magmatic protolith that would become the Miltalie Gneiss ~2000 Ma (Daly et al., 1998). This 

was followed by deposition of the Darke Peak Subgroup between 2000-1865 Ma and finally 

by the Cleve Subgroup from ~1790 Ma (Szpunar et al., 2011). Together, the Middleback, Dark 

Peake and Cleve subgroups comprise the Hutchison Group metasediments. 

Tectonism between 1900-1450 Ma began with magmatism related to the onset of 

compressional tectonics during the Cornian Orogeny at ~1850 Ma (Reid et al., 2008). 

Emplacement of the Donington Suite and the related Jussieu, Williams and Tournefort mafic 

dikes (Schaefer, 1998) occurred prior to and synchronously with contractional deformation and 

granulite-facies metamorphism during this orogenic period, interrupting rifting in the eastern 

Gawler Craton. However, rifting reactivated along the eastern margin of the craton following 

the Cornian Orogeny as evidenced by the eruption of the Myola Volcanics and deposition of 

the Broadview Schist and the Cleve Subgroup metasediments. The Kimban Orogeny of 1.73-

1.69 Ga is responsible for the formation of a crustal-scale Kalinjala Shear Zone (Vassallo and 

Wilson, 2002), and large craton-scale magmatism manifested in the south as syn-and post-

Kimban Camp Granite and Moody Suite, respectively, which intruded the Sleaford Complex 

and Hutchison Group around 1730-1710 Ma. Although not extensively expressed in the Eyre 

Peninsula, a major tectonothermal event at 1595-1575 Ma impacting much of the Gawler 

Craton led to eruption of the Gawler Range Volcanics and emplacement of Hiltaba Suite 

intrusives. This has been interpreted as a silicic large igneous province (SLIP) (Allen et al., 

2008) and was associated with formation of major IOCG deposits (Skirrow et al., 2002). The 

Charleston Granite, northern Eyre Peninsula, is of similar age and considered to be an 

equivalent of the Hiltaba Suite (Creaser and Fanning, 1993). 
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1.4.1 The Middleback Ranges 

The Middleback Ranges (MR), located in the northeastern Eyre Peninsula (Fig. 1.5), is the 

major iron ore-producing region in South Australia. Current hematite and magnetite reserves 

are 32.2 Mt and 56 Mt, respectively, at ~50-55% Fe (Arrium Mining, 2016). Hutchison Group 

metasediments, extending discontinuously roughly 600 km from the southern Eyre Peninsula 

to the Olympic Dam region host the MR deposits. This succession consists of a 5,000 m-thick 

mixed sequence of chemical and clastic sediments and extrusive basic and felsic volcanics. 

Parker and Lemon (1982) considered the deposition age of the Hutchison Group to be between 

~2000 and ~1865 Ma, however more recent isotopic and geochemical data suggests the group 

consists of three distinct subgroups deposited between ~2.55 and ~1.73 Ga (Szpunar et al., 

2011). The subgroups are: the Cleve and the Darke Peak subgroups, exposed in the western 

Lincoln-Cleve uplands extending from Port Lincoln to the Cleve region as a semi-continuous 

elevated terrain and; the Middleback Subgroup, spanning a ~60 km-long N-S striking set of 

dipping hills 53 km southwest of Whyalla in the north-eastern region of the Eyre Peninsula. 

These two regions are separated by the regional-scale 3 km-wide Kalinjala Mylonite Zone 

(Parker, 1980; Vassallo and Wilson, 2002), believed to be formed during the ~1.73-1.70 Ga 

Kimban Orogeny (Parker, 1980; Vassallo and Wilson, 2002). 
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Figure 1.5: (a) Location of the MR within the Gawler Craton and extent of the Gairdner Dike 

Swarm. (b) Simplified geological map of the MR and locations of iron ore deposits, from 

Keyser et al. (2018). 

The MR represent the Middleback Subgroup succession of the Hutchison Group 

metasediments. The MR lies unconformably on the ~3.15 Ga basement Cooyerdoo Granite 
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(Parker and Lemon, 1982; Daley et al., 1998; Fraser et al., 2010; Keyser et al., 2019c). These 

granites form scattered outcrops on the eastern side of the MR and have been found associated 

with the orebodies throughout the MR belt (Keyser et al., 2019c). To the south of the MR are 

the Hiltaba equivalent Charleston granites (1585 ± 5 Ma) (Creaser and Fanning, 1993). The 

basal unit of the Middleback Subgroup is a quartz-sericite schist, followed by the Katunga 

Dolomite, Lower Middleback Jaspilite (LMJ), a quartz-biotite-sillimanite-garnet-muscovite 

schist known as the Cook Gap Schist, and finally the Upper Middleback Jaspilite (UMJ; Parker 

and Lemon, 1982). Mafic dikes and sills show concordant and discordant relationships with 

BIF and occur extensively throughout the Middleback Ranges. It has been suggested that the 

similarity in lithology and mineralization of the LMJ and UMJ results from the structural 

repetition of the LMJ due to folding and thrusting (Yeates, 1990; Vassallo and Wilson, 2001). 

BIF-like structures are restricted to the LMJ, which consists of a ‘mixed’ basal sequence, a 

lower iron carbonate unit, a middle iron talc unit and an upper iron silica unit, all grading up 

sequence and laterally with weathering to goethite-limonite rocks occurring near the surface 

(Leevers et al., 2005). Major iron ore mineralization occurs at lower levels (Iron Magnet), 

predominantly within the carbonate unit and are localized, thickened and upgraded in north-

south plunging synclinal keels (Davies, 2000). Ore horizons are considered to be a replacement 

product of jaspilite sequences (Cook, 1971). Magnetite mineralization is hydrothermal and 

occurs as layer replacement (from laminae to beds), matrix to breccias and clasts within 

breccias, and within veins and fractures. At higher levels, hematite textures are varied, but 

pseudomorphic replacement of magnetite (martitization) is a common feature throughout all 

deposits. In massive ores, hematite occurs as lamellar or anhedral, fine-grained aggregates with 

abundant vugs, often with dusty inclusions of gangue minerals. In more oxidized samples, iron 

hydroxides replace hematite. 
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1.4.2 Island Dam 

The Island Dam Cu prospect, located ~90 km southeast of the granite-hosted hematite-breccia 

Olympic Dam deposit (Fig. 1.4), lies within the Olympic Cu-Au Province and is an example 

of mineralization associated with skarn alteration prompted by the regional-scale ~1.6 Ga 

Hiltaba event and expressed within metasediments containing BIF-like protoliths. 

Mineralization is hosted within the ~1.75 Ga Wallaroo Group, which is a metasedimentary unit 

consisting mainly of siltstone, mafic and felsic metavolcanic rocks, and minor limestone and 

dolostone horizons associated with Fe-rich, BIF-like lithologies. This package was deposited 

atop gneissic-granites of the 1.85 Ga Donington Suite, and extends from the northern Mount 

Woods Inlier in the northern Gawler Craton to the upper Yorke Peninsula. Correlation of the 

Wallaroo Group in this region is obscured by a regional alkali-calcic + Fe-metasomatism, 

which has resulted in similar calcic skarn formation at the proximal Groundhog Zn-Cu prospect 

in the Punt Hill area (Reid et al., 2011) and at the Hillside Cu-Au prospect in the York Peninsula 

(Conor et al., 2010; Ismail et al., 2014). Sequences displaying similar BIF-like horizons and 

interbedded garnet skarn and banded calc-silicate-feldspar rocks have also been reported 

between the Gawler Range Volcanics and Donington Granite in drillholes west of Punt Hill. 

Mineralization within prospects hosted by Wallaroo Group are dated at ~1.6 Ga (Skirrow et 

al., 2007; Reid et al., 2011). 

1.4.3 Peculiar Knob 

The Peculiar Knob deposit, located in the Mount Woods Inlier of the northern Gawler Craton 

(Fig. 1.4), contains iron mineralization hosted within a poly-metamorphosed and poly-

deformed Paleoproterozoic basement complex containing metasedimentary sequences 

assigned to BIF (Flint and Benbow, 1977; Chalmers, 2007). The region is characterized by an 

extensive alteration history linked to granites associated with major IOCG-mineralization in 
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the region (e.g., Belperio et al., 2007), which is expressed in neighboring Cu-Au deposits such 

as Prominent Hill, Cairn Hill and the Manxman prospect. The basement complex consists of 

the Skylark Metasediments, mafic and felsic intrusive rocks including the 1691 ± 25 Ma 

Enginina Adamellite and the 1584 ± 18 Ma Hiltaba-affiliated Balta Granite (Creaser and 

Fanning, 1993), and interbedded conglomerate and quartz sandstones of the unconformably 

overlying Coodnambanna Metaconglomerate, which contains clasts of high-grade assemblages 

interpreted to be derived from the underlying Skylark Metasediments. Sequences comprising 

the Skylark Metasediments include garnet-cordierite-sillimanite gneisses, metapelitic-, 

psammitic- and quartz-feldspar-biotite-schists, clinopyroxene- and hornblende-bearing 

gneissic-calcsilicates, and quartz-magnetite-feldspar-clinopyroxene-orthopyroxene-apatite 

units considered as BIF (Flint and Benbow, 1977; Chalmers, 2007). Iron mineralization at 

Peculiar Knob was previously interpreted to result from hydrothermal replacement of host BIF 

to form supergene ores followed by later metamorphism and recrystallization (Morris and 

Hough, 1997). More recent micron- to nanoscale studies of hematitic ores have reevaluated the 

prospect to have formed from metamorphism of supergene ores derived from an Fe-rich detrital 

horizon containing mafic input followed by hydrothermal recrystallization during the ~1.6 Ga 

Hiltaba event (Keyser et al., 2019b). 

1.5 Research objectives and thesis structure 

This thesis is a contribution to the research project, ‘Trace elements in iron-oxides: 

deportment, distribution and application in ore genesis, geochronology, exploration and 

mineral processing’. An important part of the project addressed Fe-ores from two major types 

of deposits present in South Australia (BIFs and IOCGs) with the following aims: 

(1) to understand the formation and transformation of iron ores through mineral 

characterization at various scales and through evolutionary stages; and  
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(2) show how trace element endowment in iron-oxides from IOCG and BIF ores have 

potential for improvement of exploration and ore genesis models.  

The datasets and interpretation generated during the course of this study dealing with BIF-

derived ores not only expand on the current knowledge on the mineralogy and geochemistry 

of iron-oxides, but also contributes to a better understanding of regional geology in the Gawler 

Craton, ore evolution in the Middleback Ranges, and relationships to other BIF-hosted ore 

deposits worldwide.  

The samples studied for this project include hand specimens from outcrops and open pits 

and portions of drillcore, which were subsequently prepared as polished blocks and polished 

thin sections. Sample characterization included preliminary identification of constituent 

minerals and rock fabrics using reflected and transmitted light optical microscopy, followed by 

scanning electron microscopy (SEM) to allow micron-scale characterization and assessment of 

grain-scale compositional homogeneity. Quantitative mineral compositions were determined 

using electron probe microanalysis (EPMA) and trace element concentrations were measured 

using laser-ablation inductively-coupled mass spectrometry (LA-ICP-MS). This main body of 

this thesis comprises six chapters (Chapters 2-7), each of which is a stand-alone manuscript. 

These chapters, including one peer-reviewed extended abstract (Chapter 6) have been 

published during the course of the candidature; Chapter 5 is, however, under review at the time 

of writing. Each chapter represents a publication to be read independently, in which the 

individual samples and analytical methodologies are explained in detail. 

Chapter 2 is a study of textural and chemical variations in iron-oxides from BIFs and ores 

of the Middleback Ranges. Samples ranging from magnetite-BIF to friable hematite ore contain 

iron-oxides that exhibit a wide range of textures and geochemical signatures indicative of 

varying depositional environments along the belt. Petrographic and geochemical study also 
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indicate multiple stages of iron-oxide formation and replacement (e.g., hematite 

pseudomorphically replacing magnetite – martite). A genetic model for ore formation is 

proposed based on textural and geochemical evidence. Following initial deposition, BIFs 

interacted with fluids from various sources (e.g., granite-derived fluids) that contribute to 

upgrading of protore to high-grade iron ore. The results highlight the impact of local deposit 

setting on the ore forming process. 

The genetic model from Chapter 2 is tested in Chapter 3, a case study of the Iron Count 

prospect, located on the eastern margin of the Middleback Ranges. Two N-S striking ridges 

(West and East ridge) display different magnetic and U-radiometric signatures. Hematite 

mineralization is characterized by geochemical signatures and U–Pb hematite ages indicating 

interaction between BIFs and granite-derived fluids generated during emplacement of the 

adjacent Wertigo Granite during a 1.79 Ga intracontinental rifting event. The work reported in 

this chapter is the first integrated petrographic, geochemical and geochronological study of 

iron-oxides aimed at constraining hematite mineralization in BIF environments, and also the 

first to provide geochronological constraints on ore formation in the Middleback Ranges. 

Granitoids of hitherto unknown ages are spatially associated with orebodies throughout 

deposits of the Middleback Ranges. These are characterized with respect to petrography and 

geochronology in Chapter 4. Sensitive high-resolution ion microprobe (SHRIMP) dating of 

zircon from the granites show them to be Archean in age (3.0-3.2 Ga), while alteration features 

indicate post-emplacement interactions with metasomatic fluids. The results of this study 

provide evidence for a more extensive distribution of Mesoarchean crust than previously 

recognized beneath the entire Middleback Ranges BIF sequence. Furthermore, it can be 

inferred from overprint features that fluid-rock interactions and granite leaching took place 
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during BIF upgrading and iron-oxide formation, consistent with trace element signatures 

recorded in iron-oxides from BIF and ores studied in Chapter 2. 

Chapter 5 is a petrographic and geochronological study on mafic lithologies that display 

contrasting relationships to orebodies throughout the Middleback Ranges. Amphibolites at the 

southern Iron Magnet deposit are interbedded with BIF and contain complex mineral 

assemblages reflecting extensive overprinting, including metamorphic Mg-Fe- and Ca-

amphiboles and relict titaniferous magnetite, which distinguish them from NW-striking 

dolerite dikes that contain igneous magnesiohornblende and plagioclase. SHRIMP ages of 

zircon from amphibolites and dolerites yield two age groups at ~2.5 Ga and ~780 Ma, while 

hematite from ores adjacent to an altered dolerite dike yield U–Pb ages of ~680 Ma. The results 

of this study indicate mafic magmatism contemporaneous with BIF deposition and provide the 

first evidence for the presence of a ~800 Ma craton-scale Gairdner large igneous province in 

the Middleback Ranges. The young hematite ages from ores are younger than those described 

in Chapter 3, and provide further evidence for multiple events leading to BIF upgrading and 

iron-oxide formation, which is again consistent with trace element signatures recorded in iron-

oxides from BIF and ores studied in Chapter 2. 

Skarn alteration (actinolite + magnetite/hematite) of BIF-like mineralization at the Island 

Dam prospect in the eastern Gawler Craton is discussed in Chapter 6. Iron-oxide textures and 

geochemical signatures define the two contrasting mineralization styles at the prospect, where 

BIF iron-oxides are represented as martite with relative enrichment in Ni, Co, Mn, As, Sb U, 

Y and REE. Coarse-grained (cm-scale) hematite in skarn lithologies shows enrichment in W 

and Sn (thousands of ppm, and compositionally zoned with respect to these elements). Skarn 

overprinting of BIF mineralization at Island Dam is attributed to a ~1.6 Ga magmatic-

hydrothermal event that led to IOCG-skarn-style mineralization in other parts of the Olympic 
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Cu-Au Province. This chapter highlights the capacity of iron-oxides to distinguish protolith 

from alteration products in BIF-IOCG-associated terranes. 

A case study on high-grade, Zr- and Ti-rich hematite ores from the Peculiar Knob deposit, 

Mount Woods Inlier, SA, is the focus of Chapter 7. High zirconium concentrations (up to 650 

ppm) are measured in granoblastic hematite and result from fine-grained (nm-wide) 

baddeleyite inclusions. Zircon within the same sample occurs interstitial to hematite and was 

dated by SHRIMP, giving an age of ~1.74 Ga, coincident with the Kimban Orogeny. The 

orebody at Peculiar Knob, previously considered of BIF origin, is reinterpreted as a 

metamorphosed Fe-rich sediment containing detrital titanomagnetite sourced from mafic rocks. 

An overprint associated with the ~1.6 Ga Hiltaba event is recognized by W-, Nb-, Sb-, Sn-rich 

rims on hematite and zircon overgrowths.  

A summary of the key findings and implications of this research are provided in Chapter 

8. This chapter also identifies open questions and areas of potential future investigation. 

Additional material, including chapter appendices, co-authored publications, and conference 

contributions, are compiled as Chapter 9. A full reference list is provided in Chapter 10. 
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Abstract 

Banded iron formation (BIF)-derived iron ore deposits of the Middleback Ranges, Eyre 

Peninsula, South Australia are hosted within Archean to Paleoproterozoic basement in the 

southeastern Gawler Craton. Mafic sills and dikes are associated with the orebodies throughout 

the belt and although described previously, have never been studied in any detail. Two main 

types of mafic rocks, amphibolites and dolerites, are distinguishable from field occurrence and 

mineralogy. Amphibolites interbedded with BIFs from the Iron Magnet deposit are 

characterized by extensive overprinting. These amphibolites contain metamorphic assemblages 

of coexisting Mg-Fe- and Ca-amphiboles, almandine garnet, corundum, biotite and relict 

titaniferous magnetite displaying ilmenite exsolution. Crosscutting tourmaline veins indicate 

post-metamorphic, hydrothermal alteration that may be linked to high-T brines from a granitic 

source. Amphibolite petrography and geochemistry in the southern part of the belt indicate 

formation in a complex BIF depositional environment, with possible detrital input of 

titaniferous magnetite from igneous rocks. In contrast, NW-trending dolerite dikes occur 

throughout the belt and contain igneous assemblages consisting of magnesiohornblende and 

plagioclase. SHRIMP U–Pb zircon ages for amphibolites and dolerites yield two age groups. 

Amphibolite from Iron Magnet yields a 207Pb/206Pb weighted mean age of 2542 ± 15 Ma. The 

most robust 206Pb/238U weighted mean age of 782 ± 23 Ma for dolerites comes from the Iron 

Queen deposit in the central part of the belt. Pyroxene-rich dolerite from the southernmost Eyre 

Peninsula (Cape Donington) yields a 206Pb/238U weighted mean age of 1711 ± 14 Ma. LA-ICP-

MS U–Pb geochronology of U-bearing hematite from the Iron Knight South deposit yields ages 

of ~680 Ma. Altogether, these results suggest mafic magmatism contemporaneous with 

Archean BIF deposition followed by a high-grade metamorphic event (~2.47-2.41 Ga 

Sleafordian Orogeny). Dikes from Cape Donington are, instead, associated with the 1.73-1.69 
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Ga Kimban Orogeny. Dolerite ages provide the first evidence for the presence of the ~800 Ma 

craton-scale Gairdner large igneous province in the Middleback Ranges. The young U–Pb 

hematite age from Iron Knight South and post-emplacement alteration of Gairdner dikes from 

the middle part of the belt provide additional support for multiple events leading to upgrading 

of iron ores. 

5.1 Introduction 

Archean to Proterozoic banded iron formation (BIF)-hosted iron deposits are ubiquitously 

found within complex terranes composed of diverse igneous and metamorphic rock suites, 

some of which form parts of ancient greenstone belts (e.g., Klein, 2005). Amongst the 

lithologies making up these terranes are packages of mafic to ultramafic rocks whose 

petrogenesis can be enigmatic due to ambiguous field relationships and/or extensive reworking 

and alteration that has obliterated their primary character. The association between BIFs and 

effusive mafic magmatism (basalts) was discussed in terms of emplacement of large igneous 

provinces, plume related mafic magmatism, or a complex interplay among mantle, tectonic, 

oceanic, and biospheric processes impacting on iron formation in sedimentary basins (Barley 

et al., 1997; Isley and Abbott, 1999; Bekker et al., 2010). Younger intrusive mafic equivalents 

(e.g., dolerites) are observed within many BIF deposits and are indicative of syn- or post-

depositional tectono-magmatic activity. Such rocks, whether dikes or sills, also provide 

structural controls for ore enrichment in BIF terranes worldwide (Dalstra and Rosière, 2008). 

Overall, the geochemical and geochronological constraints that can be drawn from co-existing 

mafic and BIF lithologies can be used for reconstruction of depositional environments and 

subsequent tectonothermal events leading to iron ore enrichment as well as continent 

assembly/break-up as shown for deposits of the Hamersley province, Western Australia (e.g., 

Taylor et al., 2001; Müller et al., 2005). 
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The Middleback Ranges (MR) is a ~60 km long, N-S-striking metallogenic belt in Eyre 

Peninsula comprising >20 ore deposits (Fig. 1). This has been and continues to be the most 

important iron ore resource in South Australia, with hematite and magnetite reserves of 32.2 

Mt and 56 Mt, respectively, at ~50-55% Fe (Arrium Mining, 2016). The belt is part of an 

Archean-Proterozoic terrane in the south-eastern Gawler Craton that has been linked, in 

Paleoproterozoic continental reconstructions (Szpunar et al., 2011), to the Pilbara Craton, host 

to the giant Hamersley iron province, Western Australia. Mafic dikes and sills displaying an 

intimate association with the orebodies throughout the MR belt have been previously reported 

(Ward, 1949; Yeates, 1990; Davies, 2000; Leevers et al., 2005) but not studied in any detail. 

Among these are dikes that display regional magnetic signatures akin to those of the ~800 Ma 

Gairdner large igneous province studied in greater detail in the eastern part of the Gawler 

Craton (Zhao and McCulloch, 1993; Wingate et al., 1998; Huang et al., 2015).  

Petrological and multivariate statistical analysis of trace element signatures of iron-oxides 

from BIFs and ores have suggested domain heterogeneity throughout MR belt strike interpreted 

as interaction with fluids derived and/or leaching granite and mafic lithologies during ore 

upgrading (Dmitrijeva et al., 2018; Keyser et al., 2018). As proof of concept, U–Pb dating of 

hematite ore with a granite-affiliated signature and the co-existing monazite inclusions at Iron 

Count prospect, has shown ages concordant with one another and with the emplacement of the 

Wertigo Granite/volcanic rocks at ~1.79 Ga during an intracontinental rifting episode (Keyser 

et al., 2019a). 

The purpose of the present contribution is to characterize a suite of mafic lithologies that 

are spatially associated with orebodies throughout the MR, and for purposes of comparison, 

dolerites from Cape Donington, at the southern end of Eyre Peninsula. Our approach combines 

detailed petrographic characterization with sensitive high-resolution ion microprobe 
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(SHRIMP) age constraints in order to distinguish different generations of mafic rocks. In 

addition, U–Pb dating of hematite from Iron Knight, one of the deposits in the southern part of 

the belt, is also included. Collectively, the data carry important implications for constraining 

the BIF depositional environment in the MR and for post-depositional overprinting and ore-

forming processes, but also provides additional evidence for an Archean large igneous province 

connecting BIF-bearing regions in Western Australia and South Australia. 

5.2 Geological Background 

The deposits of the MR are hosted within the metasedimentary Hutchison Group, whereby the 

BIF sequences are stratigraphically below the Cook Gap Schist, a marker horizon (comprising 

garnet-bearing mica schists) that was recently dated at 2565 Ma (Spuznar et al., 2011). The 

basement rocks of this region of the Gawler Craton comprises the ~3.1 Ga Cooyerdoo Granite 

(Fraser et al., 2010; Keyser et al., 2019b) and the overlying Hutchison Group. The latter of 

these is a succession consisting of metamorphosed chemical and clastic sediments subdivided 

into the Darke Peake, the Cleve and the Middleback Subgroups on the basis of isotopic and 

geochemical differences (Szpunar et al., 2011). The Middleback Subgroup hosts the massive 

iron ore deposits derived from BIF (Fig. 1B). 

Deformation recognized throughout the MR is attributed to three major orogenic events. 

Amphibolite- to granulite-facies metamorphism during the ~2.47-2.41 Ga Sleafordian Orogeny 

led to formation of gneissic basement units in the region, such as the Coolanie Gneiss and the 

Sleaford Complex. The ~1.85 Ga compressional Cornian Orogeny was of similarly high 

metamorphic grade and led to expansive emplacement of the Donington Suite granites and 

charnockites (Reid et al., 2008). Transpressional deformation during the ~1.73-1.69 Ga 

Kimban Orogeny led to amphibolite- to granulite-facies metamorphism and activation of major 

crustal structures throughout the region. Most notable of these structures is the Kalinjala  
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Figure 1: (A) Location of the Middleback Ranges and Cape Donington within the Eyre 

Peninsula of the Gawler Craton and extent of the Gairdner Dike Swarm (GDS). (B) 

Simplified geological map showing locations of ore deposits and prospects of the 

Middleback Ranges (sourced from DMITRE, 2014; http://map.sarig.sa.gov.au/). (C) Total 

magnetic intensity image of the eastern Eyre Peninsula showing location of the Middleback 

Ranges and magnetic signatures of NW-SE trending dikes. Legend refers to detail shown 

on B. 
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Mylonite Zone (KMZ) that forms a distinct N-S striking boundary between an eastern domain 

of high magnetic intensity and a western domain of low magnetic intensity within the Eyre 

Peninsula (Reid et al., 2008). Magmatic suites associated with this orogeny include the 1750-

1735 Ma Moola Suite, the 1735-1700 Ma Pinbong Suite and 1709-1701 Ma Moody Suite 

(Cowley et al., 2017). Post-Kimban magmatism within the region is evidenced by the ~1.6 Ga 

Hiltaba-affiliated Charleston Granite (Creaser and Fanning, 1993) present immediately south 

of the MR and younger NW-trending mafic dikes believed to be associated with the ~800 Ma 

Gairdner Dike Swarm recognizable on the TMI magnetic maps (Fig, 1B, C; Yeates, 1990). 

The stratigraphy of the Middleback Subgroup grades upwards from the lower Warrow 

Quartzite into the Katunga Dolomite, the Lower Middleback Iron Formation, the Cook Gap 

Schist, and finally the Upper Middleback Iron Formation. Iron ore deposits are hosted 

predominantly within the Lower Middleback Iron Formation, which has a maximum 

depositional age of ~2.5 Ga based on U–Pb dating of zircon from the overlying Cook Gap 

Schist (Szpunar et al., 2011). Detailed descriptions of deposit geology are given by Davies 

(2000), Leevers et al. (2005), and Keyser et al. (2018, 2019b). 

5.3 Methodology 

Twenty-five samples were assayed for whole-rock geochemical data by Intertek Genalysis 

(Adelaide). The samples include twenty-two mafic rocks from the MR, one sample of Cook 

Gap Schist and two mafic dike samples from Cape Donington. The methodology for whole-

rock analysis including element minimum detection limits is provided in Electronic Appendix 

A. 

Polished thin-sections (2.5 x 5 cm) and polished blocks (2.5 cm-diameter) prepared from 

the samples were examined using plain-polarized and reflected-light optical microscopy. A FEI 
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Quanta 450 scanning electron micron microscope (SEM) operated at 20 kV and equipped with 

an energy-dispersive X-ray spectrometer (EDS) was used for further petrographic 

characterization and back-scattered electron (BSE) imaging. 

Selected silicate and oxide minerals were quantitatively analyzed using a Cameca SXFive 

Electron Microprobe equipped with five wavelength-dispersive X-Ray detectors and running 

‘PeakSite’ software. Analytical conditions were 15 kV acceleration voltage, a 20 nA beam 

current and a defocused 1 μm beam. Full details of analytical methods for the electron 

microprobe including standards and minimum detection limits are provided in Electronic 

Appendix A.  

 A RESOlution excimer laser ablation system (Applied Spectra Inc., Fremont, SA, 

USA) coupled to an Agilent 7900x Quadrupole ICP-MS was used for measuring mineral trace 

element concentrations, LA-ICP-MS element maps and hematite U–Pb geochronology. Data 

reduction was performed using the software ‘GLITTER’ (van Achterbergh et al., 2001), with 

only intervals displaying homogenous and flat signals selected during data reduction as to avoid 

mineral inclusions or peaks. LA-ICP-MS element maps were created using the software ‘Iolite’ 

(Woodhead et al., 2008). Electronic Appendix A gives details of LA-ICP-MS analytical 

methods and minimum detection limits. The above-mentioned analytical equipment is housed 

at Adelaide Microscopy, The University of Adelaide. 

Zircon grains for geochronology were prepared as mineral separates by Geotrack 

(Melbourne) following conventional methods including sample crushing, a Wilfley table, 

Franz isodynamic separators and heavy liquid mineral separation, as well as at the John de 

Laeter Centre (Curtain University, Western Australia) using the Selfrag electro-pulse 

disaggregation technique. Grains were handpicked and mounted on epoxy disks (2.5 cm) with 

the zircon standards OG1 (3465.4 ± 0.6 Ma; Stern et al., 2009), M257 (561.3 ± 0.3 Ma; Nasdala 
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et al., 2008), Temora-2 (416.8 ± 0.3 Ma; Black et al., 2004) and BR266 (559 ± 0.3 Ma; Stern, 

2001). 

A FEI Quanta 600 MLA SEM equipped with a tungsten filament electron source (Adelaide 

Microscopy, The University of Adelaide) was used for cathodoluminescence (CL) imagining 

of the mounted zircon grains to assess growth zoning. The sensitive high-resolution ion 

microprobe (SHRIMP-II) at the John de Laeter Centre (Curtin University) was used for U–Pb 

dating of the mounted zircon grains. Analytical methods for zircon analysis broadly follow 

those outlined by Compston et al. (1984), Claoué-Long et al. (1995) and Williams (1998). See 

Electronic Appendix A for full details of methods for SHRIMP U–Pb analysis of zircon. U–Pb 

hematite dating (Ciobanu et al., 2013; Courtney-Davies et al., 2019) was carried out using the 

same LA-ICP-MS instrumentation used for trace element analysis. 

5.4 Results 

5.4.1 Sample suite and occurrence 

The present study addressed two main types of mafic lithologies exposed as dikes or sills within 

iron ore deposits along the MR (Figs. 2-4). These are: (i) amphibolites from the southern part 

of the belt, represented by the Iron Magnet and Iron Knight North deposits; and (ii) dolerite 

from locations across the belt. 

At Iron Magnet, N-S striking amphibolites are present either as thin, dm- to m-wide sills 

interbedded with BIF sequences (outcrop #1; Fig. 2A, B), or as a larger sill, tens of meters 

wide, concordant with the BIF sequence, and exposed along a major shear zone on the eastern 

side of the orebody (outcrop #2; Fig. 3B, C). Outcrop #1 exposes the contact with the granitic 

basement (to the west) and aside from amphibolites, displays sub-vertical, rhythmically 

banded, silica-rich, talc-, carbonate- and magnetite-BIF sequences. Some amphibolite bodies 



 WILLIAM KEYSER      Ph.D. DISSERTATION 

are strongly boudinaged, crosscut by splays of fractures filled with secondary carbonates (Fig. 

2C) and are associated with pyritization, in some cases seen as large, meter-sized pockets of 

pyrite (Fig. 2D). In contrast, outcrop #2, from the main part of the Iron Magnet orebody exposes 

both dolerite and adjacent strongly mylonitized amphibolite (Fig. 3A, B). A further example 

of altered amphibolite was studied from Iron Knight North and is recognizable as a dike that 

crosscuts BIFs (Fig. 3D). 

 

Figure 2: Lithologies exposed in the north wall, Iron Magnet open pit (outcrop #1). (A) 

Intervals of thin amphibolite layers interbedded with BIF. (B) A vertically-oriented 

amphibolite sill interbedded with BIF. (C) Boudinage within amphibolite and secondary 

carbonate splays (large white arrows). (D) Amphibolite with pockets of pyrite (Py). 
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Figure 3: (A-C) Exposures in the Iron Magnet open pit main orebody (outcrop #2) showing 

lithologies of the north wall and shear zone along the east wall. (A) Dolerite sill concordant 

with BIF. (B) Massive amphibolite along a major shear zone on the eastern wall of the Iron 

Magnet orebody. (C) Mylonitized amphibolite along the eastern shear zone of the Iron 

Magnet orebody. (D) Dike crosscutting BIF at the Iron Knight North open pit. (E) Dolerite 

dike associated with hematite ore at the Iron Knight South open pit. 

Northwest-striking dolerite dikes, reaching up to 15 meters in width and displaying strong 

amplitude on total magnetic intensity images (Fig. 1C) also show close spatial relationship with 

the orebodies throughout the belt as seen from outcrops at Iron Magnet (Fig. 3A), and at Iron 

Knight South (Fig. 3E), Iron Queen (Fig. 4A, B), Iron Baron, Iron Prince and Iron Monarch. 
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These generally crosscut BIF sequences, as in Iron Queen (Fig. 4A, B), but can also be present 

as sills concordant with the BIF layering, as for example in outcrop #2 at Iron Magnet (Fig. 

3A). In many cases alteration of both BIF and dolerite obliterates mutual relationships (e.g., 

Iron Knight South; Fig. 3E). 

 

Figure 4: (A, B) The Iron Queen open pit showing the relationship of dolerite dike to BIF and 

color variation. (C) Dolerite dike crosscutting Donington Granite at Cape Donington.  

The sample suite consists of twenty-four specimens of mafic rocks (Table 1). Amphibolites 

(Electronic Appendix A, Fig. A1) are dark to light green, massive, fine-grained, foliated, and 

characterized by a marked magnetism as a result of abundant iron-oxides. Porphyroblastic 

textures are observed with magnetite enveloping coarse apatite. Centimeter-wide, crosscutting 
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tourmaline-filled veins occur sparsely. The same amphibolite also contains abundant 

tourmaline porphyroblasts. The dolerite dikes range from coarse- to fine-grained with 

(sub)ophitic textures preserved in the freshest samples. Coarse grains/aggregates of titanite are 

very typical of these rocks. Rock colors range from dark-green to reddish to brownish-yellow 

reflecting different degrees of alteration and/or weathering. 

Included in this study for purposes of comparison with the aforementioned mafic lithologies 

are: 

1. Two samples of basaltic rocks occurring as dikes crosscutting granites from the 

Donington Suite (Electronic Appendix A, Fig. A1; see also Keyser et al., 2019b) 

from Cape Donington, near Port Lincoln (PL) in the southern Eyre Peninsula (Fig. 

4C, Electronic Appendix A, Fig. 1A). These are the freshest mafic rocks studied and 

the only pyroxene-bearing rocks included. 

2. A sample of green-colored, medium-grained quartz-amphibole schist (Electronic 

Appendix A, Fig. A1), representative of the ~2.5 Ga Cook Gap Schist (Szpunar et 

al., 2011) collected from an outcrop south of Iron Chieftain (Fig. 1C). 

In addition, two samples of hematite-goethite ores from Iron Knight deposit (collected from 

outcrop and the north wall in the southern pit) were used for U–Pb dating. Altered dolerites are 

also present in the same location (Fig. 3E). The iron ores are massive, fine-grained, and display 

a red coloration resulting from oxidation (Keyser et al., 2018). 
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5.4.2 Petrography 

A detailed petrographic study was conducted on amphibolites from Iron Magnet and dolerite 

dikes from throughout the belt. Representative aspects of these lithologies are shown in Figures 
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Iron Magnet MB34C    x x x   x     
(outcrop #1) MB80C   x    x  x     
Drillhole-DD03IM001MTT MB86   x  x    x    Alm 
 MB94  x x   x   x   x Tur, Crn 
 MB95   x    x  x      MB127a   x      x                  
Iron Monarch MB31      x x  x x  x  
Iron Baron MB152      x x  x x  x   MB166*      x x  x   x  
Iron Magnet MB133      x x  x   x  
(outcrop #2)               
Port Lincoln PL4 x    x    x x x x  

 PL10* x       x x x x x  
             

Cook Gap Schist             x x         x   
All samples contain common accessories Fe-Ti-oxides and apatite. Minor zircon and baddeleyite in MB152 and MB166. 
Mineral abbreviations: Act-actinolite; Alm-almandine;  An-anorthosite; And-andesine; Crn-corundum; Cum-cummingtonite; 
Di-diopside; Ged-gedrite; Gru-grunerite; Hst-hastingsite; Kfs-potassic feldspar; Lab-labradorite Ts-tschermakite; 
Tur-tourmaline; (F)-ferro-prefix; (M)-magnesio-prefix.   
*Dated samples               

                              
        

Rock type/ 
Location Sample 

                                       

             
             

Iron Magnet MB134*              
(outcrop #2)               

             
Iron Prince MB55A               MB108               MB109              

 MB111              
Iron Baron MB165*              
Iron Queen MB116               MB118*               MB161               MB162*               MB163*               MB164*              
Iron Warrior MB06               MB07              
Iron Knight North MB144*               MB145              
Iron Knight South MB149              
 MB151              

             
Cook Gap Schist MB147*              

            
Iron Knight South MB98a*              
  MB150b*              
Samples are intensively altered to chlorite + quartz +    
carbonate ± talc assemblages.               
*Dated samples               
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5-9, with compositional data for relevant constituent mineral phases in Electronic Appendix B 

and trace element data for selected minerals given in Electronic Appendix C. Despite the often-

similar appearance of the amphibolites and dolerites at the macroscopic scale, particularly 

when samples are intensively altered, plagioclase is absent in amphibolites (with one exception, 

sample MB94) but is always preserved as a main component in the dolerites. 

5.4.2.1 Amphibolites 

The amphibolites are primarily composed of multiple species of amphiboles (both Mg-Fe- and 

Ca-amphiboles, Figure 5; Electronic Appendix B, Tables B1-B6) and also micas, but also 

include varieties containing garnet, tourmaline, or corundum (Fig. 6). All amphibolites contain 

variable proportions of secondary chlorite (Mg- and Fe-rich varieties) and talc resulting from 

pseudomorphic replacement of amphiboles and/or biotite, or as vein/pocket filling. 

Amphiboles include species from both Mg-Fe- (cummingtonite, grunerite, gedrite) and Ca 

[(ferro)tschermakite, (ferro/magnesio)hornblende] groups (Fig. 5A). These occur in various 

combinations and proportions throughout the sample suite. Relationships between co-existing 

Mg-Fe- and Ca-amphiboles can be inferred from fine-grained lamellar intergrowths or epitaxial 

associations (Fig. 5B). 

Cummingtonite is the most abundant among the Mg-Fe amphiboles, however, there is a 

continuous compositional variation across the sample suite between Mg and Fe end-members: 

grunerite [�Fe2+
1.61-1.94(Fe2+

1.75-3.39Mg1.46-3.20)Si7.44-8.01O22(OH)1.92-2.0] and cummingtonite 

[�Fe2+
1.24-1.93 (Mg3.22-4.64Fe2+

0.09-1.51)Si7.73-7.98O22(OH)1.95-2.0;] (Fig. 5A). Grunerite [�Fe2+
1.61-

1.94(Fe2+
1.75-3.39Mg1.46-3.20)Si7.44-8.01O22(OH)1.92-2.0] also occurs together with both 

ferrotschermakite [�Ca1.64-1.88(Fe2+
2.10-2.72Al0.91-1.45Fe3+

0.48-0.83)(Si5.90-6.37Al1.64-2.10)O22(OH)1.89-

1.94] and ferrohornblende in sample MB34c, [�Ca1.59-1.84(Mg0.82-1.30,Fe2+
2.55-3.31Al0.25-0.64)(Si6.56-
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7.18Al0.82-1.44)O22(OH)1.94-1.98]. Gedrite 

[Na0.34(Na0.27Fe2+
1.66)(Mg2.73Fe2+

0.26Fe3+
0.91Al1.11)(Si5.89Al2.11)O22(OH1.95F0.03Cl0.02)] is the only 

primary amphibole observed in more aluminous rocks, which are conspicuous by the presence 

of co-existing corundum (sample MB94; see below). 

Amphiboles containing essential Ca (Ca-amphiboles), including actinolite, show a 

somewhat continuous spread in terms of C-cation speciation, including Al as a major 

component, and minor Fe3+ and Ti (Fig. 5A). Magnesiohornblende is characterized by wide 

compositional variation, also observable from zoning at the grain-scale [�Ca1.71-1.85[Mg2.04-

3.68(Fe2+
0.59-1.72Al0.21-0.73)](Si6.25-7.34Al0.66-1.76)O22(OH)1.90-1.98; Fig. 5C, D]. Within the 

amphibolites, replacement of magnesiohornblende by actinolite [�Ca1.72-1.89(Mg3.22-4.19,Fe2+
0.67-

1.47)Si7.57-7.95O22(OH)1.99-2.0] is widespread (Fig. 5C) although mutual boundaries suggestive of 

co-crystallization at equilibrium are also observed (Fig. 5D). A variety of hornblende richer in 

Fe is present within mm-wide, crosscutting tourmaline veins (Fig. 5E), as is a late generation 

of acicular cummingtonite that marks shearing within the sample (Fig. 5F). 

Accessory Fe-Ti-oxides, represented by titaniferous magnetite and ilmenite (Electronic 

Appendix B, Tables B7 and B8), are very abundant (~5 vol.% of the rocks) and display variable 

syn- or post-metamorphism fabrics. Aside from porphyroblastic titaniferous magnetite (Fig. 

7A), which is common to all varieties of amphibolite, acicular ilmenite + magnetite occurs 

along trails that crosscut all amphiboles or tourmaline porphyroblasts (Fig. 6A, B). Such trails 

stop however at the boundaries of tourmaline veins (Fig. 6C), a texture indicative of formation 

during post-peak metamorphism. Syn-metamorphic fabrics also include a foliation defined by 

oriented grains of titaniferous magnetite (Fig. 6D). 
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Figure 5: (A) Amphibole classification diagrams (after Leake et al., 1997) and (B-F) BSE 

images showing textural and compositional variations of Mg-Fe- and Ca-amphiboles from 

amphibolites. (B) Lamellar intergrowths of ferrotschermakite (Fts) and grunerite (Gru). (C) 

Compositional zoning and (D) equilibrium grain boundaries between magnesiohornblende 

(Mhb) and actinolite (Act). (E) Magnesiohornblende and (F) acicular cummingtonite (Cum) 

within a dravite (Drv)-rich tourmaline vein crosscutting amphibolite. Bt-biotite; Ilm-

ilmenite. 
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Figure 6: BSE images showing syn-to post-metamorphism fabrics in Al-rich amphibolites. (A) 

Trails of acicular ilmenite (Ilm) and magnetite (Mt) crosscutting ferrotschermakite (Fts) and 

actinolite (Act). (B) Ilmenite and apatite (Ap) showing preferred orientation and 

crosscutting a field consisting of dravite (Drv)-rich tourmaline porphyroblasts and patches 

of skeletal corundum (Crn). (C) Tourmaline vein, also containing magnesiohornblende 

(Mhb) and acicular cummingtonite (Cum), crosscutting trails of ilmenite. (D) Field image 

showing almandine (Alm)-rich garnet porphyroblasts and a foliation fabric defined by 

oriented grains of titaniferous magnetite. (E) Tourmaline porphyroblast showing 

compositional zoning from a schorl (Scl)-rich cores to dravite-rich rims. (F) Skeletal 

corundum showing symplectic growth of sphalerite (Sp). Bt-biotite; Chl-chlorite; Cob-

cobaltite; Ged-gedrite. 
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Porphyroblastic garnet is almandine-rich (Alm62-69) with a slight increase in Mg content (up 

to Pyp16) towards grain rims (Electronic Appendix B, Table B9). Phyllosilicates are represented 

by biotite group minerals with wide-ranging Fe/(Fe+Mg) ratios, [K0.48-0.84(Mg0.48-2.04, Fe2+
0.85-

2.67)Al1.34-1.56Si2.52-2.83O10(OH1.82-1.98,F0.02-0.12,Cl0.01-0.07)], and less abundant muscovite with 

mutual epitaxial intergrowths and also by chlorite which is present down to sub-μm-scale, 

accounting for the poor fit of EPMA data for micas to ideal stoichiometry (K <1.00 apfu; 

Electronic Appendix B, Table B10). Biotite is most abundant in garnet-bearing amphibolite 

(sample MB86). Where present, fine-grained muscovite occurs as aggregates associated with 

corundum and plagioclase in gedrite-bearing amphibolite (sample MB94). Micas (mainly 

biotite) are present in relatively high abundance in some samples (Table 1). Tourmaline, 

whether within veins or as porphyroblasts, is compositionally zoned with respect to 

Mg/(Mg+Fe2+), crossing compositional fields of schorl (brown cores) and dravite (green rims) 

(Figs. 6E; Electronic Appendix A, Fig. A1; Electronic Appendix B, Table B11). Skeletal 

corundum, displaying alteration to diaspore, leading to deficient EPMA totals (Electronic 

Appendix B, Table B12), is abundant within those amphibolites in which plagioclase is 

preserved (sample MB94; Fig. 4E, F). Such corundum displays unusual symplectites with 

sphalerite and is always associated with cobaltite (Fig. 6F). Other sulfides present throughout 

the amphibolites are pyrite and minor chalcopyrite. Trace clausthalite (PbSe) and native gold 

are also observed particularly along secondary chlorite veins. 

Porphyroblastic titaniferous magnetite displays heterogenous internal textures, i.e., fields of 

silicate inclusions and fractures superimposed onto domains with ilmenite as trellis-like 

exsolutions (Fig. 7A, B). In contrast to this type of titaniferous magnetite are the smaller 

aggregates of ilmenite + magnetite, that lack inclusions (at least at the micron-scale of 

observation; Fig. 7C). Stronger overprint is observed in titaniferous magnetite intergrown with 

almandine porphyroblasts (Fig. 7D). 
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Figure 7: BSE images showing textural features of titaniferous magnetite (Mt) porphyroblasts. 

(A) Fields of silicate inclusions and fractures within titaniferous magnetite. (B) Ilmenite 

(Ilm) trellis exsolutions in magnetite from the field outlined in (A). (C) Aggregates of 

ilmenite + trellis-free magnetite. (D) Intergrowths of titaniferous magnetite and almandine 

(Alm)-rich garnet. Ap-apatite; Bt-biotite; Cum-cummingtonite; Fts-ferrotschermakite. 

5.4.2.2 Dolerites 

Igneous, (sub)ophitic textures between Ca-amphiboles (magnesiohornblende and actinolite) 

and plagioclase (andesine; An10-30, rarely up to An~48; Electronic Appendix B, Table B13) are 

preserved in fresher dolerites from across the MR (Fig. 8A). Some dolerites are also intensively 

altered (chlorite + calcite alteration) but have been considered as dolerites for this study based 
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on U–Pb zircon ages (see below). Amphibole in these rocks features a zoning from brown cores 

to green rims (Fig. 8B, C) broadly corresponding to compositions that range from 

magnesiohornblende [�Ca1.61-1.92[Mg2.15-3.10(Fe2+
1.33-2.03Al0.25-0.46)](Si6.36-7.36Al0.64-

1.64)O22(OH)1.96-1.99] to actinolite [�Ca1.86-2.0(Mg2.56-2.94,Fe2+
1.70-2.10)Si7.31-7.64O22 (OH)1.99-2.0]. 

Aside from accessory titanite, the dolerites also contain abundant magnetite and ilmenite; the 

latter is recognizable from breakdown into hematite + rutile + titanite (Fig. 8D). 

The MR dolerites also show superimposed alteration of feldspars and magmatic accessories 

(Fig. 8E-H). Albitization of plagioclase is accompanied by formation of myrmekites with 

quartz that are crosscut by stringers of Cl-bearing fluorapatite (Fig. 8E). At Iron Monarch, 

potassium feldspar with Ba-rich rims is also present in albitized domains (Fig. 8F). In the same 

sample, titanite that replaces ilmenite (Electronic Appendix B, Table B14) contains inclusions 

of zircon along grain rims (Fig. 8G). In most dolerites, the occurrence of both relict baddeleyite 

and zircon is recognized (Fig. 8H). 

Dolerite dikes from Cape Donington (Fig. 9) are, by comparison, extremely unaltered. These 

display (sub)ophitic textures, contain major diopside-augite with lamellar exsolutions of 

ferrosilite {(Ca0.80-0.92Mg0.58-0.67Si1.93-1.96O6 and [(Fe2+,Mg)2Si2O6], respectively)}and 

crosscutting Fe-Ti-oxides (Fig. 9E, F) interstitial to plagioclase with composition up to An60 

(Electronic Appendix B, Table B15). Minor biotite and amphiboles are also present (Fig. 9D), 

i.e., ferrotschermakite and hastingsite in sample PL4 and PL10, respectively (Electronic 

Appendix B, Table B16).  



 WILLIAM KEYSER      Ph.D. DISSERTATION 

 

Figure 8: Photomicrographs (in plane-polarized (A, B), cross-polarized (C), and reflected light 

(D)) and BSE images (E-H) showing representative features of dolerites from the 

Middleback Ranges. (A) Sub-ophitic textures comprising magnesiohornblende (Mhb) and 

plagioclase (Pl). (B) Compositional zoning in amphibole from brown magnesiohornblende 

cores to green actinolite (Act) rims. Replacement of magnesiohornblende cores and twining 

in plagioclase. (D) Ilmenite (Ilm) showing replacement by titanite (Ttn). (E) Apatite (Ap) 

stringers crosscutting fields of plagioclase replacement by albite (Ab), sericite (Ser) and 

myrmekites with quartz (Qz). (F) Potassic feldspar (Kfs) containing Ba-rich rims in albitized 

domains. (G) Titanite (Ttn) aggregate with fine-grained zircon (Zrc) inclusions along 

margin. (H) Relict baddeleyite (Bdy) inclusions in zircon. 
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Figure 9: Photomicrographs (in plane-polarized (A) and cross-polarized (B, C) light)) and BSE 

images (D, E) showing representative features of dolerites from Cape Donington. (A) Sub-

ophitic texture composed of diopside (green), amphibole + biotite (brown) and plagioclase 

laths (white). (B, C) Diopside phenocryst displaying hour-glass-shaped opaque inclusions 

in a groundmass of fine-grained ferrotschermakite (Fts) + biotite (Bt). (D, E) Ferrosilite (Fs) 

and ilmenite (Ilm) exsolution features in diopside (Di). (F) Ternary diagram showing 

compositional variation of pyroxene in terms of MgSiO3-FeSiO3 -CaSiO3. 
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5.4.2.3 Amphibolite: Fe-Ti-mineral chemistry and geothermometry 

The two types of Fe-Ti-oxide associations were analyzed in amphibolites: (1) porphyroblasts 

of titanomagnetite with ‘trellis’ ilmenite and (2) small, separate grains of magnetite and 

ilmenite in the matrix. Magnetite consistently contains minor elements SiO2, TiO2, Al2O3 and 

V2O3, albeit at concentrations <1.0 wt.%. The SiO2 content in magnetite ranges from 0.05 to 

0.57 wt.% and TiO2 content from 0.12 and 3.20 wt.%. Magnetite-1 contained higher average 

Al2O3 content (~0.50 wt. %) than magnetite-2 (~0.20 wt.%). Magnesium was also consistently 

measured in Magnetite-1 from some samples (e.g., sample MB34c; ~0.05 wt.%). Although 

generally below detection limit, Cr2O3, MnO, CaO, WO3, ZnO and ZrO2 and SnO2 were 

variably measured in both magnetite types. Total element oxide values of ilmenite were closer 

to stoichiometric in ilmenite-2 than in ilmenite-1, the former of which consistently measured 

higher TiO2 (>50 wt.%). Ilmenite of both textures has a range of MnO from 0.83 to 3.67 wt.% 

and V2O3 from 0.24 to 0.33 wt.%. 

Both associations of Fe-Ti-oxides from the amphibolites were used for magnetite-ilmenite 

geothermometry using calculations given by Lepage (2003) and the calibration of Andersen 

and Lindsley (1985). Results (Electronic Appendix B, Table B17) show temperatures in the 

range of 527-602 ˚C and log fO2 between –17.4 and –20.8 for titaniferous magnetite and 

exsolved ilmenite, and 435-505 ˚C and a log fO2 range of –23.4 to –27.1 for coexisting 

magnetite and ilmenite in the matrix. 

5.4.3 Whole-rock geochemistry 

Whole-rock geochemical data for the studied samples (Tables 2 and 3) are plotted in Figure 10 

and as chondrite-normalized rare earth element + yttrium (hereafter, REY) fractionation 

diagrams in Figure 11A-D.  
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The amphibolites have SiO2 contents that range from 28-74 wt.%, have high Fe2O3 from 10-

47 wt.%, variable TiO2 (0.26-2.60 wt.%), and K2O, Na2O, P2O5 and MnO concentrations of ≤1 

wt.%. Al2O3 and MgO concentrations range from 6-16 and 4-14 wt.%, respectively, with the 

exception of sample MB34c, which has low Al2O3 (1.44 wt.%), but the highest Fe2O3 (47 

wt.%). The CaO content is highest in sample MB95 (5.14 wt.%), but ranges from 0.10-1.27 

wt.% in the remaining samples. Loss-on-ignition in all samples is between 0.50 and 8.70 wt.%. 

Dolerite samples, including those from Cape Donington, have a wide range in major oxide 

concentrations (Table 2). The freshest samples are those containing igneous mineral 

assemblages of magnesiohornblende or diopside + plagioclase, as confirmed by petrographic 

study. Such samples plot within the ‘basalt’ field on the (Na2O + K2O) vs. SiO2 diagram of 

LeBas et al. (1986; Fig. 10A). However, on the Zr-Ti/100-Y*3 diagram (Pearce and Cann, 

1973; Fig. 10B), dolerites from the MR plot within the ‘ocean-floor’ field while those from 

Cape Donington plot within the ‘within-plate’ field.  

A distinction can be made between samples that are considered ‘fresh’ and those that are 

affected by varying degrees of alteration. The freshest samples show consistent concentrations 

of all major oxides and generally contain greater SiO2 (45-49 wt.%), CaO (4-9 wt.%), K2O (≤2 

wt.%) and Na2O (~2.5 wt.%) than their altered equivalents, which typically contain SiO2 

ranging from ~22-45 wt.%, and CaO, K2O and Na2O <1 wt.%. Altered samples contain higher 

concentrations of Al2O3 (~6-17 wt.%), MgO (~3-22 wt.%), Fe2O3 (~15-40 wt.%), MnO (0.14-

1.83 wt.%) and LOI (~7-17 wt.%) than their fresher analogues (~13 wt.% Al2O3, ~4-8 wt.% 

MgO, ~0.25 wt.% MnO, 0.04-4 wt.% LOI. TiO2 concentrations are variable amongst the mafic 

dikes and range from 0.64 to 3.78 wt.%. Plots of Fe2O3 vs. MgO and SiO2 for all data show 

distinctive alteration trends and fields (Fig. 10C, D). 
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Figure 10: (A) Continental crust-normalized trace element plots and chondrite-normalized 

REY patterns (B) for amphibolites. (C) (Na2O + K2O) vs. SiO2 diagram (after LeBas et al. 

1986) showing compositional variation of fresh dolerite dikes from the Middleback Ranges 

and Cape Donington. (E) Continental crust-normalized trace element plot and chondrite-

normalized REY patterns (F) for dolerite dikes. Continental crustal values from Rudnick 

and Gao (2004), chondrite values from McDonough and Sun (1995). 

Trace element patterns of the amphibolites on diagrams normalized to primitive mantle 

indicate relative depletion in Rb, Ba, K, Sr and Ti, and enrichment in U (Fig. 11A). Sample 

MB94 stands out amongst the amphibolites with enrichments in K, Pb and Zr. Sample MB134 

shows elevated concentrations of Th and U. Other trace elements in the amphibolites show a 
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range in concentrations, however noticeable differences between the amphibolites are seen in 

samples MB94 and MB95 compared to the rest of the population (>1200 ppm Cr, >300 ppm 

Ni, >35 ppm Co). Samples MB80c, MB94 and MB95 also stand out with respect to high V 

(>200 ppm), Zr (>140 ppm), Sc (>14 ppm) and As (>10 ppm) relative to the other amphibolites. 

Chondrite-normalized REY fractionation patterns for the amphibolites resemble those of the 

dolerites (Fig. 11B), however with a lower mean Σ(REY) content (<250 ppm). The 

amphibolites are HREE-enriched and LREE-depleted, with (La/Yb)CN ranging from 4.3-15.3 

(mean = 7.3). With the exception of sample MB80c, negative Eu anomalies are present in all 

the amphibolites ((Eu/Eu*)CN = from 0.55-0.90). 

On the diagram normalized to primitive mantle (Fig. 11C), the patterns for dolerites, 

including Cape Donington, show variability in trace element compositions relative to their 

degree of alteration. All samples show comparable concentrations of P, Nd, Zr, and REY. 

However, fresher samples show higher concentrations of Cs, Rb, and Ba, with enrichment in 

K relative to more altered samples, which generally show relative depletion in Rb, Ba, K and 

higher concentrations of Nb and Ta, with enrichments in U and Pb also noted. The magnitude 

of Sr depletion is greater in altered samples than those that are less-altered. All mafic dikes 

show depletion in Ti relative to Sm and Y. Other trace elements within the suite of dolerites 

show variability, however Cr, Ni, Co, Cu, Zn, V, Zr, Sc, Ga and W consistently measure in the 

tens to hundreds of ppm throughout the dolerite suite. Hafnium, As, Sb, Sn and U all measure 

between 1 and 10 ppm. 

Absolute REY concentrations in the dolerites range from 35 to 825 ppm. Chondrite-

normalized REY fractionation patterns for all dolerites display similar characteristics with the 

exception of slope and magnitude of anomalies (Fig. 11D). All samples are heavy rare earth 

element (HREE)-enriched and light rare earth element (LREE)-depleted, with (La/Yb)CN 
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ranging from 1.3-33. Altered dolerites show greater LREE enrichment. Negative Eu anomalies 

are visible in all but a single sample, with (Eu/Eu*)CN ranging from 0.61-1.0. 

 

Figure 11: Chondrite-normalized REY fractionation patterns for Mg-Fe and Ca-amphiboles, 

garnet, apatite, magnetite and ilmenite within amphibolites (A-C), and Ca-amphibole and 

titanite within dolerite (D). 
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5.4.4 Mineral trace element geochemistry – LA-ICP-MS data 

Considering the assemblages containing REY minerals, a selection of minerals from 

amphibolites and dolerites was analyzed for trace element concentrations and is described 

below. These include amphibole (Mg-Fe- and Ca species), garnet, titanite, titaniferous 

magnetite, ilmenite and apatite. Trace element data (Electronic Appendix C) are plotted (Fig. 

11E-H) and shown as element maps (Electronic Appendix C, Figs. C1 and C2). 

In the amphibolites, the main REY carrier is garnet (average ΣREY = 180 ppm), which 

displays a REY fractionation trend showing LREE depletion and HREE enrichment (Fig.11E). 

Garnet maps show Ho-Y-richer cores relative to rims. Amphiboles, whether Mg-Fe or Ca-

types, show mild variation in ΣREY and trend shape. Magnesian-Fe amphibole within samples 

containing garnet or where it occurs as the only amphibole (sample MB94) are also LREE-

depleted and HREE-enriched (Fig. 11F, G). Otherwise, amphiboles display relatively flat REY 

trends. An exception to this is the ferrohornblende found within the tourmaline veins (sample 

MB94), which is slightly HREE-enriched and shows a prominent positive Eu-anomaly. 

Element maps show this is also enriched in Ni, V, Co, Sn and Zn. In general, both magnetite 

and ilmenite are poor carriers of REY and show relatively flat trends (Fig. 11F, G). However, 

in some samples, magnetite measured V, Cr, Ni, Zn and Zr in the tens to hundreds ppm. Apatite 

associated with magnetite shows LREE-enrichment and HREE-depletion with a slight negative 

Eu-anomaly. 

  A comparison between major amphibole (magnesiohornblende) and accessory titanite is 

shown for one of the MR dolerite samples (MB31). Magnesiohornblende contains 

concentrations of Sc, V, Cr, Co, Ni, Cu and Zn in the tens to hundreds of ppm, and has an 

average ΣREY of 15 ppm. Titanite on the other hand has a ΣREY of ~1000 ppm, and measures 

V in the thousands of ppm, Zr and Nb in the hundreds, and Cu, Zn, Sn, Hf and Pb in the tens 
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of ppm. Both minerals show similar REY fractionation trends that are slightly LREE-depleted 

and HREE-enriched but with opposite signs for the Eu-anomaly, i.e., positive and negative for 

amphibole and titanite, respectively (Fig. 11H). 

5.4.5 U–Pb SHRIMP zircon geochronology 

Zircon grains within the dated samples display a wide range in size and morphology. They vary 

from fine- (~25 μm)- to coarse-grained (>100 μm) with aspect ratios of 1:1 and 1:2 and mostly 

subhedral to anhedral shapes, although more prismatic examples are present in amphibolites 

(samples MB134 and MB144). Cathodoluminescence (CL) images show zircon to have various 

intensities as well as internal zoning patterns. While most grains display dark to greyish 

intensities with faint or no oscillatory zoning, some display oscillatory zoning or dark cores 

with bright rims (e.g., MB134). The U and Th concentrations of zircon range from 13 to 2,320 

ppm and 5-1,040 ppm, respectively, with Th/U ratios from 0.03 to 2.2. The individual 

207Pb/206Pb ages range from 699 Ma to 3275 Ma. Full details of zircon isotopic data can be 

found in Electronic Appendix D. CL images of individual zircon grains are shown in Electronic 

Appendix D, Fig. D1. Results for samples MB161, MB162 and MB165 have been placed in 

Electronic Appendix D, Fig. D2 due to a lack of data, or excessive discordance precluding an 

interpretation. 

5.4.5.1 Amphibolites and dolerites from the Middleback Ranges 

A total of twenty-three zircon grains were analyzed from the mylonitized amphibolite in Iron 

Magnet (sample MB134). These have discordance ranging from 0 % to 31%, U and Th 

concentrations ranging from 28-283 ppm and 22-273 ppm, respectively, and 232Th/238U ratios 

of 0.3-1.77. The data form two groups on a Tera-Wasserburg diagram (Fig. 12A). The first 

group (4 grains; Fig. 12B) has individual 207Pb/206Pb dates and single data point uncertainties 

(±1σ) between 3090 Ma and 3155 Ma, and 69 Ma and 76 Ma, respectively. A single grain with 
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2% discordance has an individual 207Pb/206Pb age of 3206 ± 16 Ma. Two other grains have low 

discordance (2%) and similar individual 207Pb/206Pb ages, and were used to obtain a 207Pb/206Pb 

weighted mean age of 3129 ± 24 Ma (MSWD = 1.5; n = 2). The remaining two grains have 

discordance of 6 % and 30 % and plot off the concordia line. The second group of data (18 

grains; Fig. 12C) have individual 207Pb/206Pb dates and single data point uncertainties (±1σ) 

between 2528 Ma and 2807 Ma, and 15 Ma and 40 Ma, respectively. A group of four of the 

youngest and least discordant grains (<4%) were used to obtain a 207Pb/206Pb weighted mean 

age of 2542 ± 15 Ma (MSWD = 0.84; n = 4). The older grains representing the first group 

(3129 ± 24 Ma) are interpreted as inherited and reflect the age of the underlying ~3.1 Ma 

Cooyerdoo Granite basement complex while the younger age of the second group (2542 ± 15 

Ma) is interpreted to reflect the age of dike emplacement. 

Nine zircon grains analyzed from the amphibolite dike at Iron Knight North (sample 

MB144; Fig. 12D), six of which have discordance <7% and contain consistent U (51-81 ppm) 

and Th (21-71 ppm), with 232Th/238U ratios between 0.57-0.91. The remaining three grains have 

high U (~185 ppm), Th (~125 ppm) and 232Th/238U ratios (~0.77), two of which have 

discordance >10% and the last is 3% discordant. Individual 207Pb/206Pb dates and single data 

point uncertainties (±1σ) between 2700 Ma and 2870 Ma, and 15 Ma and 39 Ma, respectively. 

The seven grains with discordance <10% were used to obtain a 207Pb/206Pb weighted mean age 

of 2825 ± 23 Ma (MSWD = 0.77; n = 6), which is interpreted to reflect the maximum age of 

dike emplacement. 
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Figure 12: Tera-Wasserburg diagrams presenting SHRIMP U–Pb data for zircon and 

representative cathodoluminescence images of zircon grains with their respective 

207Pb/206Pb ages (±1σ) for amphibolites from (A-C) Iron Magnet and (D) Iron Knight North 

pit. Colored circles on zircon grains represent location of analysis using a 25 μm spot 

diameter. 

A dolerite from Iron Queen (sample MB163) provided the most well-constrained age for 

this rock group within the MR. Ten analyses were collected from ten grains, all of which plot 

near the concordia line on the concordia diagram (Fig. 13A). Individual 206Pb/238U dates and 

single data point uncertainties (±1σ) range from 695-1343 Ma and 18-47 Ma, respectively. 

Three grains have significantly older individual 206Pb/238U dates (~1100-1350 Ma) than the 

remaining analyses (≤810 Ma). Two of these older grains have low U (13 ppm) while the third 

has a low 232Th/238U ratio (0.13) and >1% common 206Pb. The seven remaining spots form a 



 WILLIAM KEYSER      Ph.D. DISSERTATION 

younger group (Fig. 13B) with 206Pb/238U dates from 695-810 Ma, however the youngest of 

these spots (695 Ma) plots somewhat separate from the group and has the highest U and Th 

within the dataset (63 ppm and 37 ppm, respectively) and >1% common 206Pb. The remaining 

six analyses have consistent 232Th/238U ratios between 0.31 and 0.42; however only four of the 

most concordant grains lying on the concordia line were used to obtain a 206Pb/238U weighted 

mean age of 782 ± 23 Ma (MSWD = 0.90; n = 4). Older grains within the dataset are interpreted 

as detrital. The age of 782 ± 23 Ma given by the group of four analyses is interpreted to reflect 

the timing of the dike emplacement. 

Four zircon grains were analyzed from a dolerite in Iron Baron (sample MB166). Three 

analyses plot concordantly (1-3%) and a single analysis is discordant (16%) (Fig. 13C). 

Individual 206Pb/238U dates and single data point uncertainties (±1σ) range from 840-1923 Ma 

and 17-34 Ma, respectively. The oldest grain within the dataset (1972 Ma) has U and Th 

concentrations of 359 ppm and 107 ppm, respectively. The three remaining analyses have U 

and Th contents between 163 ppm and 891 ppm, and 44 ppm and 154 ppm, respectively. One 

grain has a 206Pb/238U age of 979 ± 26 Ma, and another has 16% discordance and sits above 

concordia (Fig. 13D). The last grain has only 3% discordance and an individual 206Pb/238U age 

of 872 ± 25 Ma. This age is interpreted as the timing of dike emplacement.  

A less well-constrained age came from another dolerite from Iron Queen (sample MB164), 

from which six zircon grains were analyzed. Two grains are concordant (≤2%) whereas the 

remainder have discordance ranging from 12-31% (Fig. 13E). A single grain within the data 

set has U and Th concentrations of 64 ppm and 27 ppm, respectively. Uranium and Th 

concentrations in all other grains range from 397-1089 ppm and 98-227 ppm, respectively. The 

individual 206Pb/238U dates and single data point uncertainties (±1σ) range from 743-1140 Ma 

and 23-45 Ma, respectively. The data plot scattered along the concordia line in the concordia 
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diagram, with the four oldest spots forming a group at ~1000-1100 Ma. A single grain plots 

concordantly (2%) at 921 Ma and another plots discordantly (20%) at 743 Ma. Although the 

data are limited, the youngest 206Pb/238U age may be interpreted as the maximum age for dike 

emplacement. 

 

Figure 13: Wetherill diagrams presenting SHRIMP U–Pb data for zircon and representative 

cathodoluminescence images of zircon grains with their respective 206Pb/238U ages (±1σ) for 

dolerites from (A, B, E) Iron Queen and (C, D) Iron Baron. Colored circles on zircon grains 

represent location of analysis using a 25 μm spot diameter. 
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5.4.5.2 Cape Donington dolerite and Cook Gap Schist 

Twenty spot analyses were collected from twenty grains from the dolerite dike at Cape 

Donington (PL10), which have discordance ≤11% and plot as two groups on the concordia 

diagram (Fig. 14A). A first group (4 grains; Fig. 14B) has high 232Th/238U ratios (0.83-1.84) 

and individual 207Pb/206Pb dates and single data point uncertainties (±1σ) between 2992 Ma 

and 3122 Ma, and 19 Ma and 112 Ma, respectively. This group has a 207Pb/206Pb weighted 

mean age of 3042 ± 28 Ma (MSWD = 0.63; n = 4). The second group (16 grains; Fig. 14C) has 

low 232Th/238U ratios (0.06-0.39) and single data point uncertainties (±1σ) between 1658 Ma 

and 1809 Ma, and 13 Ma and 42 Ma, respectively. This group has a 207Pb/206Pb weighted mean 

age of 1711 ± 14 Ma (MSWD = 1.19; n = 13). A single grain (10% discordance) with four 

times the U concentration (~1600 ppm) than the remaining grains (≤600 ppm) was omitted 

from this calculation, as were two grains with discordance ≥7%. The older grains representing 

the first group (3042 ± 28 Ma) are interpreted as inherited and reflect the age of the underlying 

Mesoarchean crust (~3.1 Ma Cooyerdoo Granite basement complex) while the younger age of 

the second group (1711 ± 14 Ma) is interpreted to reflect the age of dike emplacement.  

 Twenty-four analyses were taken from twenty-two grains separated from the Cook Gap 

Schist (sample MB147), including two pairs of analyses deriving from grains displaying dark 

cores and bright rims. However, these cores and rims show comparable 207Pb/206Pb ages. 

Individual 207Pb/206Pb dates and single data point uncertainties (±1σ) range from 2019 Ma and 

3276 Ma, and 11 Ma and 39 Ma, respectively. A single grain with a large error (± 210 Ma) was 

omitted from consideration. The data plot scattered along a concordia line on a Tera-

Wasserburg diagram (Fig. 14D), however two main clusters are recognized at ~2.5 Ga and ~3.0 

Ga. The concordant (<10%) data form prominent age peaks on a probability density 

distribution diagram at ~2.5-2.7 Ga and 3.1-3.25 Ga (Fig. 14E). The three largest peaks occur 
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at 2.59 Ga, 2.68 Ga and 2.71 Ga, with smaller peaks at 2.54 Ga, 3.13 Ga, 3.15 Ga, 3.23 Ga and 

3.26 Ga. However, many of the zircon grains comprising the youngest of these age peaks (2.54 

Ga) have discordance >5%. Three grains with low discordance (<5%) were used to obtain a 

207Pb/206Pb weighted mean age of 2585 ± 22 Ma (MSWD = 1.9; n = 3; Fig. 14F), which is 

interpreted as the maximum depositional age for this schist sample. Grains comprising older 

age peaks are interpreted as detrital and are inherited from underlying Mesoarchean basement 

(~3.1 Ga Cooyerdoo Granite). 
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Figure 14: Tera-Wasserburg diagrams presenting SHRIMP U–Pb data for zircon and 

representative cathodoluminescence images of zircon grains with their respective 

207Pb/206Pb ages (±1σ) for (A-C) dolerite from Cape Donington and (D-F) the Cook Gap 

Schist. Colored circles on zircon grains represent location of analysis using a 25 μm spot 

diameter. 

5.4.6 U–Pb LA-ICP-MS hematite geochronology 

Hematite within two hematite-goethite ores (Fig. 15) was found to contain sufficient U 

(average ~25 ppm) and radiogenic-Pb to perform LA-ICP-MS U–Pb hematite geochronology. 

The hematite data reported are given as lower intercept dates on concordia diagrams and are 

presented in Figure 15 and Electronic Appendix D, Table D2. 

Thirty spot analyses were taken in total, two of which were not included in the calculation 

due to large errors (Electronic Appendix D, Table D2). The remaining twenty-eight spots fit 

along a discordia line yielding an intercept age of 687 ± 22 Ma (MSWD = 2.3; n = 28) on a 

concordia diagram (Fig. 15A). In sample MB150b, coarse-grained (>100 μm) platy hematite 

aggregates to form layers and are fringed by fine-grained hematite. Twenty spot analyses were 

taken from the coarse-grained hematite that fit a discordia line (Fig. 15B) yielding an intercept 

age of 663 ± 19 Ma (MSWD = 5.2). The ages derived from dating of hematite from the two 

samples are interpreted to reflect the timing of ore formation at ~680 Ma. 
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Figure 15: BSE images showing aspects of hematite in ores from Iron Knight (Fig. 3E) used 

for LA-ICP-MS dating and their respective Wetherill diagrams presenting U–Pb data. Note 

the oscillatory zoning in hematite with respect to Si in (A). 

5.5 Discussion 

5.5.1 How many episodes of mafic magmatism in the Eyre Peninsula? 

The present data show that both types of MR mafic lithologies are amphibole-bearing. The 

dolerites, however, contain only Ca-amphiboles and preserve plagioclase (Fig. 8) whereas the 

amphibolites comprise a diverse range of both Fe-Mg- and Ca-amphiboles (Fig. 5) and rarely 

preserve plagioclase. In contrast, the Cape Donington dolerites are pyroxene-rich but also 
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contain Ca-amphibole (Fig. 9). Although the amphibolites from Iron Magnet studied here are 

concordant with the BIF sequences and the dolerites occur as crosscutting dikes in the central 

part of the belt, there are cases showing contrasting relationships, e.g., fresh dolerite at Iron 

Magnet concordant with BIF sequences and altered mafic dike at Iron Knight North (Fig. 3). 

Considering the lack of geochronological constraints on the Iron Magnet dolerite and the 

ambiguity on the age obtained for the Iron Knight North dike (see below), the overall 

understanding of mafic lithologies from the southern part of the belt remain open to debate. 

Geochronological results presented here are interpreted in terms of mafic magmatism from 

the Neoarchean to Neoproterozoic. Zircon populations dated at ~3.0 Ga are found in both 

dolerite dikes and amphibolites, and reflect the Mesoarchean crust underlying the MR. Zircon 

from mylonitized amphibolite at Iron Magnet (sample MB134; Fig. 12C) yields a well-

constrained 207Pb/206Pb weighted mean age of 2542 ± 15 Ma. The ~2.5 Ga age for the Iron 

Magnet amphibolite, together with the interbedded occurrence of amphibolites and BIFs across 

exposures in the Iron Magnet mine are evidence that effusive mafic magmatism took place 

contemporaneously with BIF deposition. 

In contrast, zircon grains from within the altered mafic dike at Iron Knight North (sample 

MB144) yielded a 207Pb/206Pb weighted mean age of 2825 ± 23 Ma (Fig. 12D). The crosscutting 

relationship between this dike and BIF (Fig. 3D) implies it must be younger than the ~2.5 Ga 

BIF depositional age (Szpunar et al., 2011), suggesting the zircon grains are inherited from an 

underlying lithology, an observation supported by their fractured character. The lithology 

closest in age to the inherited grains from the dike is the protolith to the Coolanie Gneiss 

emplaced at 2823 ± 37 Ma (Fraser et al., 2010), which has a NE-trend and outcrops southwest 

of the MR. Inherited ages of the Coolanie Gneiss protolith have also been found within the 

~1775 Ma Tip Top Granite immediately east of the MR (McAvaney et al., 2016), and also 
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within a sample of Broadview Schist near Six Mile Hill northeast of the MR (Szpunar and 

Fraser, 2010). Although it has been suggested that the Middleback Subgroup succession was 

deposited atop the ~3.1 Ga Cooyerdoo Granite (Keyser et al., 2019b), the NE trend of ~2.8 Ga 

ages through the MR may imply the presence of an additional ~2.8 Ga basement within the 

MR area. Alternatively, the initial depositional age for BIF sequences may be ~300 Ma older 

than the Cook Gap Schist. 

The dolerite from Cape Donington (sample PL10) yielded two zircon age populations, the 

youngest of which has a 207Pb/206Pb weighted mean age of 1711 ± 14 Ma. Mafic dikes found 

crosscutting the Donington Suite in the southern Eyre Peninsula include the syn-orogenic 

Jussieu mafic dikes and the post-orogenic Tournefort mafic dikes (1812 ± 5 Ma; Schaefer, 

1998). The younger age group within sample PL10 postdates both the Tournefort and Jussieu 

mafic dikes and is thus interpreted to represent mafic magmatism associated with the ~1.73-

1.69 Ga Kimban Orogeny. The older age population (207Pb/206Pb weighted mean age of 3048 

± 28 Ma) can be correlated with similar Mesoarchean inherited zircons from other lithologies 

across the northeastern Eyre Peninsula east of the KMZ (e.g., Fanning et al., 2007; Szpunar et 

al., 2011) and is interpreted to reflect >3.0 Ga underlying basement complexes (Fraser et al., 

2010; Jagodzinski et al., 2011; Keyser et al., 2019b). However, the Mesoarchean basement in 

the eastern Eyre Peninsula is believed to pinch out towards the south, as no inheritance of 

Mesoarchean-aged zircon has been reported in Donington Suite lithologies (Fraser et al., 2010). 

The ~3.0 Ga inherited zircon grains within sample PL10 may suggest further extension of the 

Mesoarchean basement to the southern Eyre Peninsula. In this study, no pyroxene-rich, ~1.7 

Ga age dolerite dikes are recognized along the MR. 

Robust ages for the MR dolerites remain somewhat sparse. The best-constrained age within 

the dataset (782 ± 23 Ma for MB163; Fig. 13B) was obtained from fine-grained, angular zircon 
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from Iron Queen dolerite. However, zircon grains with similarly young individual 207Pb/206Pb 

ages were also found in other samples (872 ± 25 Ma for MB166; Fig. 13D; 743 ± 25 Ma for 

MB164; Fig. 13E). Despite the relatively large error, the ages of these dolerite dikes, as well 

as their aeromagnetic signatures, correlate with those of the 827 ± 26 Ma Gairdner Dike Swarm 

(Wingate et al., 1998), which can be traced for at least 1,500 km throughout southern Australia 

(Pirajno and Hoastson, 2012).  

The Gairdner event is interpreted as a large igneous province formed during the breakup of 

the Rodinia supercontinent (Parker et al., 1995). Dikes of the Amata Suite (~760 Ma; Werner 

et al., 2014, 2018; 790 ± 40 Ma; 797 ± 49 Ma; Zhao et al., 1993, 1994) are widespread 

throughout the Musgrave Block, are readily correlated to the Gairdner Dike Swarm. These are 

of similar age to those in this study. This is the first confirmation of the presence of dolerite 

dikes associated with the Gairdner LIP within the MR, extending its known occurrence within 

the Gawler Craton. The Gairdner dikes from different domains in South Australia are however 

distinct in terms of petrography, e.g., pyroxene- and amphibole-bearing in the Olympic Dam 

area (Huang et al., 2015) and MR, respectively, or plotting within different fields on 

petrogenetic major and minor element plots (Fig. 10C, D), albeit with overlapping chondrite-

normalized REY trends (Fig. 10F). This potentially implies heterogeneity in the magma 

reservoir(s) and/or differences in geodynamic setting. For example, the higher H2O content in 

the magma required to form magnesiohornblende-dolerite is concordant with the ocean floor 

field indicated by the Zr-Ti-Y (HFSE) plot (Fig. 10D). 

5.5.2 Origin, metamorphism and alteration of amphibolites in the southern part 

of the belt 

The Mg-Fe-amphiboles (as well as ferro-tschermakite) within the amphibolites interstratified 

with BIFs at Iron Magnet are distinct from the conspicuous magnesiohornblende that is 
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characteristic for the younger and fresher dolerites (Fig. 5). Such amphibole-bearing lithologies 

are known from BIF sequences elsewhere that have undergone medium-grade metamorphism 

(Klein, 1973). The amphibole-bearing rocks could result from metamorphic reactions between 

Fe-rich carbonates and quartz or Mg-Fe-silicates (e.g., greenalite). At Iron Magnet, however, 

all amphibolites (or amphibole-rich intervals) are typified by the presence of a distinct 

titaniferous magnetite + ilmenite assemblage, which is not recorded within the interlayered BIF 

sequences (Keyser et al., 2018). Indeed, reports of such Ti-bearing iron-oxides are rare in the 

BIF literature. Magnetite displaying exsolutions of ilmenite has, however, been reported from 

volcanic breccia layers in the Sokoman iron formation, Labrador Trough, Canada (Chung et 

al., 2015). These layers are attributed to input of detrital material from exhalative volcanism 

during or shortly after BIF deposition. The comparable ~2.5 Ga age of the Iron Magnet 

amphibolite would support an analogous origin in which shallow sills (or possibly flows) form 

interbedded with BIF. The interstratified nature of the amphibolites is, however, particularly 

fine in some parts, and thus difficult to reconcile with formation via effusive processes. 

One possible explanation is to consider detrital input of Fe-Ti-oxides from igneous 

mafic/ultramafic lithologies. Such input during BIF deposition is feasible close to the margins 

of the sedimentary basin, where the orebody is bounded by granitic basement at Iron Magnet. 

An analogous detrital protore has been suggested for Zr-rich hematite ores of the Peculiar Knob 

deposit in South Australia (Keyser et al., 2019c), or for magnetite-rich gneisses at the 

Warramboo iron deposit, South Australia (Lane et al., 2015). Whole-rock compositions and 

mineralogical variation among the amphibolites at Iron Magnet, including the presence of 

aluminous minerals (e.g., almandine) would support a model of detrital input within BIF, which 

are otherwise characterized by inherently low Al2O3 as shown by studies elsewhere (Klein, 

2005). Additionally, some amphibolites still preserve BIF-like REY fractionation signatures 

(MB34c; Fig. 10B), although they contain magnetite with ilmenite trellis exsolution, which 
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might support a mixing between detrital input and chemical precipitation. The upper T range 

obtained from titaniferous magnetite using Fe-Ti-oxide geothermometry (527-602 ˚C) is 

concordant with a model of redox-controlled ilmenite exsolution from magmatic magnetite-

ulvöspinel solid solution (e.g., Buddington and Lindsley, 1964) and matches conditions for 

amphibolite facies metamorphism. 

Irrespective of the above debate, the mixed chemical and detrital sediments have undergone 

at least amphibolite-facies metamorphism based on the presence of Mg-Fe amphibole + garnet 

assemblages. Metamorphism and deformation of the BIF-sill package in the southern part of 

the belt is contemporaneous with formation of amphibolite-bearing rocks in the marker horizon 

(Cook Gap Schist) during the Sleafordian orogeny at ~2.47-2.41 Ga. The maximum 

depositional age for this horizon, previously given as 2566 ± 20 Ma (Szpunar et al., 2011), is 

confirmed here at 2585 ± 22 Ma (207Pb/206Pb weighted mean; Fig. 14F) from the youngest 

zircon population. As previously reported, the spread of ages from 2.54 Ga to 3.26 Ga indicates 

supply of detrital zircon from various sources. The older populations (~3.2 Ga and ~3.15 Ga) 

reflect inheritance from Mesoarchean granites along the western margin of the MR and 

underlying Cooyerdoo Granite basement (Fraser et al., 2010; Fraser and Neuman, 2010; 

Jagodzinski et al., 2011; Keyser et al., 2019b) whereas ~2.7 Ga zircon population may represent 

the age of another basement unit exposed and weathered during sedimentation of the 

Middleback Subgroup, as also proposed by Szpunar et al. (2011). 

Post-peak metamorphic conditions are recorded by Fe-Ti-oxide geothermometry as 435-505 

˚C (separate grains of magnetite and ilmenite). These rocks also record a high-T alteration 

event related to hydrothermal fluid flow that took place after metamorphism (tourmaline veins 

crosscutting ilmenite lineation). This alteration event is recognizable by geochemical 

signatures attributable to a granitic source like the Sn-bearing magnesiohornblende (Electronic 
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Appendix C, Fig. C2). Extensive pyritization and formation of Cl-rich assemblages 

(pyrosmalite; Keyser et al., 2018) are attributable to hydrothermal brines focused along 

contacts between amphibolites and BIFs. These observations emphasize the strong possibility 

of younger granites being present underneath the Iron Magnet deposit. 

5.5.3 How many cycles of ore upgrading? 

Alteration of MR dolerite dikes characterized by Mg- and Fe-chlorites increases with proximity 

to orebodies as shown from deposits in the central part of the belt, an observation previously 

recognized by Ward (1949). Taylor et al. (2001) report chlorite alteration in dolerite dikes 

proximal to orebodies in the Hamersley iron province, Western Australia, contrasting with 

distal dikes that displayed fresh regional signatures. Accordingly, Taylor et al. (2001) 

suggested that dike alteration at Mount Tom Price takes place prior or during BIF desilification 

and ore upgrade, i.e., relative enrichment in FeO and MgO and depletions in SiO2, CaO, K2O, 

Na2O and BaO in altered dikes compared to fresh regional dolerites (Fig. 10C, D). Comparable 

chemistry and trends are recorded by the MR dolerites (Table 2). The least-altered dolerite 

dikes plot together near fields of ‘fresh dolerites’ from the Hamersley province (Taylor et al., 

2001) and overlap with other fresh dolerites from across the Gawler Craton. In contrast, the 

chlorite-rich samples follow alteration trends of increasing Fe and Mg and decreasing Si, 

indicating Mg-Fe alteration patterns that differ from weathering trends showing depletion in 

Mg. This implies that ore enrichment in this part of the belt could have been after ~780 Ma. 

Younger cycles of ore upgrading are also shown by the U–Pb ages (~680 Ma) obtained from 

Iron Knight South hematite. The hematite ore is Si-bearing and shows textural evidence of 

formation via replacement of pre-existing iron-hydroxides (Keyser et al., 2018). Taken 

together, the textures and ages suggest a second burial cycle in this part of the belt, following 
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Gairdner dike emplacement. In both cases, these cycles of ore upgrading are ~700 Ma younger 

than those recorded from the Iron Count prospect (≥1790 Ma; Keyser et al., 2019a). 

Overall, alteration trends recognized in dolerite dikes and U-Pb dating of hematite reported 

here and in Keyser et al. (2019a) provide evidence for a multi-stage formation of high-grade 

ores. This can be corroborated with previous interpretations of mechanical redeposition 

following erosion, during cycles of burial and weathering as suggested by Parker et al. (1993). 

In addition, the data presented here emphasize the compartmentation of the belt in terms of 

distinct BIF sedimentation-burial-uplift-ore enrichment cycles in different parts of the belt, and 

with iron-oxide signatures reflecting the influence of both granitic and mafic lithologies 

(Dmitrijeva et al., 2018; Keyser et al., 2018). 

5.6 Conclusions 

1. Three episodes of mafic magmatism spanning the Neoarchean to Neoproterozoic are 

documented from the Eyre Peninsula in this study: ~2550 Ma, ~1710 Ma, and ~780 Ma; only 

the oldest and youngest are recorded from rocks along the MR. The age of the Cook Gap Schist 

horizon is confirmed at 2585 ± 22 Ma with zircon derived from multiple basement sources. 

Magnesiohornblende-bearing dolerite dikes represent the ~780 Ma Gairdner LIP event in MR. 

These display petrographic and geochemical differences to analogous Neoproterozoic dikes 

from other domains in South Australia. 

2. Amphibolite petrography (Mg-Fe- and Ca-amphiboles) and geochemistry in the southern 

part of the belt shows a complex BIF depositional environment, with possible detrital input of 

titaniferous magnetite from igneous mafic lithologies. Post-peak metamorphism at 435-505 ˚C 

is recorded by ilmenite + magnetite pairs. A post-metamorphic alteration event is recognized 
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in the amphibolites indicative of high-T, hydrothermal brine circulation along amphibolite/BIF 

contacts. 

3. U–Pb hematite dating from Iron Knight South gives an age of ~680 Ma. Together with post-

emplacement alteration of Gairdner dikes in the central part of the belt, this age supports a 

model of ore upgrading involving a second burial cycle. 
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Peninsula (Conor et al. 2010; Ismail et al. 2014). Thick 
(~500 m) sequences of interbedded garnet skarn and 
banded calc-silicate-feldspar rocks are intersected between 
the Gawler Range Volcanics and Donington Granite in 
drillholes (e.g. SAR9) west of the Punt Hill area, where 
meter-scale intervals rich in iron oxides with a BIF-like 
appearance also occur as horizons within the skarn in 
SAR9. Mineralization within prospects hosted by the WG 
are dated at ~1.6 Ma, e.g. Sm-Nd dating of pyroxene-
garnet skarn at Groundhog (Reid et al. 2011), or accessory 
minerals elsewhere (Skirrow et al. 2007).

Basement geological map of the middle part of the 
Olympic Cu-Au Province, S.A., showing the location of the 
Island Dam Cu prospect, the Olympic Dam deposit and 
surrounding prospects (diamonds). AFZ-Andamooka Fault Zone; 
TDF-Todd Dams Fault. Inset location within S.A. (black) Map 
sourced from https://map.sarig.sa.gov.au/. 

Samples were collected from 10 drillcores within and 
surrounding magnetically anomalous domains in the Island 
Dam area. While some cores contain recognizable BIF-like 
lithologies (e.g. Fig. 2a), others intersect granites 
underlying the metasedimentary rocks. In most cases the 
lithologies consist of rock packages that are either strongly 
altered (chloritized), or display banding with green and 
pink-reddish colors as for those mentioned above for WG 
rocks, with skarn alteration (Fig. 2b), and in which 
magnetite banding can also occur (Fig. 2c). A spectacular 
specimen displays coarse, cm- to dm-sized lamellar 
aggregates of specular hematite filling vugs or short veins 
in association with carbonates (calcite and/or siderite) 
(Fig. 2d). Development of cavities where mineral growth 
can reach coarse crystals is always a feature of skarns, 
either during prograde or retrograde stages. Chalcopyrite 
and pyrite occur as disseminations and small pockets 
throughout all lithologies, but are most abundant in the 
most intensely altered rocks (late carbonates + quartz). 

This study focuses on a selection of ~25 samples 
containing iron oxides from lithologies with BIF and WG-
like appearance, as well as several specimens of specular 
hematite. Polished blocks were analyzed using scanning 
electron microscopy in back-scatter electron mode (BSE), 
and laser ablation inductively-coupled plasma mass 
spectrometry (LA-ICP-MS) for trace elements using 
BHVO-2G, GSD-1G and NIST610 as reference standards. 
All instrumentation is housed at Adelaide Microscopy, The 
University of Adelaide.

Distinct generations of iron oxides within the two main 
lithologies of interest here, BIFs and skarns, are 
recognized based on textural and compositional 
variations. Iron oxides within the BIFs are dominantly a 
martite, readily recognizable from granular shapes, 
inclusions of magnetite, and often the presence of 
acicular-shaped mineral relicts that are marked by fine-
grained chlorite within the martite mass (Fig. 3a) and 
could represent original actinolite grains. 

Hand specimen photographs showing characteristic 
BIF and skarn lithologies discussed in the text.  BIF (martite-
carbonate-quartz banded rock).  Actinolite-magnetite skarn. 
 Rhythmic magnetite banding in altered skarn.  Coarse 

specular hematite in altered skarn. 

Quartz, carbonates (mainly siderite) and chlorite are 
abundant gangue minerals in the BIFs. There is clear 
evidence for K-Fe alteration as 10-20 μm K-feldspar grains 
rimmed by film-like hematite within quartz (Fig. 3b). 

What we refer here to as skarn is recognized by the 
presence of actinolite (Fig. 4a), phlogopite, magnetite, 
apatite, titanite, calcite, fluorite and tourmaline, lending the 
rocks a green color with patchy alteration domains that 
may display banding (Fig. 2b, c). Massive or banded 
actinolite skarn varieties are progressively altered, 

Mineral Resources to Discover - 14th SGA Biennial Meeting 2017, Volume 3936



 CHAPTER 6: SEDIMENTARY PROTOLITHS AND IOCG-SKARN ALTERATION, ISLAND DAM

particularly by pseudomorphic replacement during the 
retrograde skarn stage. 

BSE images  martite (Mrt) in BIF. Note hematite 
replacing a previous lath-shaped mineral with contours marked 
by chlorite (Chl).  K-feldspar (Kfs) with a film of hematite 
around the margin as inclusions within quartz (Qz). 

In contrast to martite from the BIF, euhedral magnetite 
in the actinolite skarn displays oscillatory zoning with 
respect to Si and Ca, and may contain inclusions of quartz, 
calcite and chlorite (Fig. 4b). Thin lamellar aggregates of 
hematite are also noted. In the actinolite skarn there are 
numerous pseudomorphs of rutile + calcite after coarse, 
lozenge-shaped titanite. In detail, the rutile also shows tiny 
inclusions of scheelite at the boundaries between W-poor 
cores and W-richer rims. 

BSE images from amphibole-magnetite (skarn) 
lithologies showing  actinolite (Act) with Fe-rich (bright) 
domains.  Si- and Ca- (dark and bright) zoned magnetite (Mt).  
and  BSE image and LA-ICP-MS element map showing W-
zonation in coarse-grained Hm. Scale: parts per million (x103). 

A close relationship between hematite and sulfides is 
seen in samples from altered skarn and/or of BIF 
affiliation. The majority of iron oxides are represented by 
aggregates comprising martite-magnetite intergrowths with 
irregular and/or scalloped mutual boundaries.  

Sulfides, chalcopyrite, pyrite, and minor bornite occur 
as patches throughout carbonate + quartz + chlorite 
assemblages interstitial to the iron oxides, as well as 
hosted along the aforementioned magnetite margins. A 

distinct generation of hematite, occurring as small 
lamellae, occurs within areas of sulphides. This hematite 
also displays zonation with respect to W. The coarse-
grained (as large as 4 cm) specular hematite (Fig. 2d), 
features polysynthetic twinning as well as strong zonation 
with respect to W. This is expressed as W-rich and -poor 
sectors along the lamellae as shown by the LA-ICP-MS 
map for W (Fig. 4c, d). There are also various overprinting 
aspects marked by W depletion, either along grain 
boundaries (as in Fig. 4d) or within brecciation domains in 
other samples.  

The existing trace element dataset for magnetite is 
small and will not be discussed here; only that for hematite 
is presented. Martite, representing BIF mineralization, and 
the coarse lamellar hematite within amphibole-magnetite 
assemblages show distinct differences (Fig. 5). 

Binary plots of As vs. Sb (top left), Ni vs. Co (top 
right), U vs. W (lower left) and Sn vs. W (lower right) showing 
discriminant fields of hematite in Island Dam. CG-Hm - coarse-
grained hematite. 

Chalcophile elements, As and Sb, (average 39 and 9 
ppm, respectively) and transition metals such as Ni, Co and 
Mn, are higher (tens of ppm) in martite than in coarse-
grained hematite. Uranium concentrations in martite 
average 6 ppm. In contrast, coarse-grained hematite 
contains higher concentrations of high-field strength 
elements (HFSE), such as Sc and Nb, than martite. Most 
interestingly, coarse-grained hematite features a high Sn 
content (average 240 ppm), and still higher (several 
thousands of ppm) concentrations of W. In addition to its 
enrichment in hematite, W is also present in zoned rutile 
and as inclusions of scheelite, and sometimes in hematite. 
Martite contains higher ΣREE and Y (ΣREY) than coarse-
grained hematite (means 2.6 and 0.38 ppm, respectively). 
Chondrite-normalized REY fractionation patterns for 
distinct hematite textures (Fig. 6) also differ. Martite is 
enriched in LREE relative to HREE whereas coarse-
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CHAPTER 8: SUMMARY, RECOMMENDATIONS 

AND CONCLUDING REMARKS 

8.1 Summary 

Iron-oxides are ubiquitous components of many deposit types (e.g., iron-oxide-copper-gold, 

iron-oxide-apatite), but in iron deposits hosted by, or derived from BIFs, they constitute the 

main ore. Within such environments, iron-oxides undergo extensive alteration resulting from 

different types of fluid-rock interaction that yield complex paragenetic sequences in which 

iron-oxides can, and do, occur as successive generations. The findings presented in this 

research show that iron-oxides from BIFs and ores in the Middleback Ranges display textural 

and geochemical changes that, if characterized at appropriate scales of observation, provide an 

understanding of those processes and can track transition from BIF deposition to ore formation. 

Many of the iron-oxide characteristics described here are recognizable in analogous terranes 

elsewhere. However, other characteristics are unique to specific geological settings, and as 

shown in this thesis, thorough investigations of both the iron ores, host and associated 

lithologies, can define signatures that are attributable to specific regional-scale events.  

8.1.1 Iron-oxide geochemistry: fingerprinting a protracted geological history 

 All iron-oxides studied throughout the Middleback Ranges belt show evidence for extensive 

overprinting in the transformation from BIF to ore. Although the occurrence of iron-oxides 

varies depending on ore type (e.g., magnetite BIF vs. goethite ore), the overprinting process 

can be generically defined by the sequence: magnetite  martite  microplaty hematite ± 

goethite (with exceptions, e.g., microplaty hematite from Iron Knight), with the transformation 

from one iron-oxide into another reflected in changing ΣREY concentrations and fractionation 
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trends. For example, the pseudomorphic replacement of magnetite by hematite is characterized 

by increasing ΣREY and LREE-enrichment. However, the presence of specific element groups 

measured within iron-oxides from various parts of the belt, e.g., ‘granitophile elements’ (U, W, 

Sn, Mo), or transition metals (Cr, Mn, Co, Ni, Ti, V, Nb), suggests interaction with evolving 

fluids in the presence of hydrothermal fluids associated with felsic and mafic igneous rocks, 

respectively. Moreover, the marked As and Sb enrichment in iron-oxides from the northern 

segment of the belt, and of Sn, Mo, W and U enrichment in the south, highlight the impact of 

local settings on ore formation.  

The most exemplary display of petrographic-textural changes in iron-oxide attributable to a 

specific geological setting along the Middleback Ranges belt are those from the case study on 

the Iron Count prospect (Keyser et al., 2019a, Chapter 3). Here, the first integrated 

petrographic, geochemical and geochronological characterization of iron-oxides in the prospect 

identified the cause of ore formation as resulting from interaction between BIF and fluids 

associated with the ~1.79 Ga Wertigo Granite, emplaced during an intracontinental rifting 

event. This interpretation was derived from hematite trace element geochemistry and U–Pb 

hematite ages, as well as from observed mineral associations (e.g., monazite). An important 

implication of this study was direct evidence of magmatically-derived fluid involvement. 

Central to many genetic models for BIF-derived ore deposits is the role of interactions 

between BIF and magmatic fluids in hypogene alteration processes, based on fluid inclusion 

studies (e.g., Rosière and Rios, 2004; Figueiredo e Silva et al., 2013). However, direct evidence 

of magmatic fluid interaction is often hampered by a lack of complementary geochronological 

data for the intrusive bodies interpreted to have supplied hydrothermal fluids (Hagemann et al., 

2016). Findings from the Iron Count prospect provide additional support for genetic models 

centered on the hypothesis that magmatic hydrothermal fluids interact with BIF in upgrading 
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processes. Additionally, iron mineralization at the Island Dam prospect and Peculiar Knob 

deposit are also attributable to comparable interactions between BIF-like protoliths with 

granitic fluids based on W-Nb-Sb-Sn-rich signatures within iron-oxides, a key characteristic of 

regional IOCG-metasomatism in the eastern Gawler Craton generated through emplacement of 

the ~1.6 Ga Hiltaba Suite intrusives. 

8.1.2 Defining pre-, syn- and post-depositional BIF environments 

 Recognition of a large variation in iron-oxide signatures within BIFs and ores, observed 

throughout the Middleback Ranges but certainly also present in BIFs elsewhere, calls for a 

better understanding for local deposit settings and their tectonothermal history. As a 

consequence of the studies performed on iron-oxides in Chapters 2 and 3, new findings 

regarding regional geology were also established in connection to iron-oxide formation 

(Chapters 4 and 5). These chapters, although focusing on regional geological context rather 

than directly on the iron-oxides themselves, are within the scope of the study and assess the 

impact of local geology on iron-oxide formation, the results of which have implications for 

analogous BIF terranes with protracted geological histories. 

 A key finding of the research performed in Chapter 4 was recognition of Mesoarchean crust 

as the depositional site for BIF in the Middleback Ranges. This interpretation was based upon 

U–Pb SHRIMP ages of 3.0-3.2 Ga for granites associated with the orebodies throughout the 

belt. In addition to these ages, granite petrography indicated post-emplacement overprints, 

possibly inferring fluid-rock interactions and granite leaching as important attributes of the BIF 

upgrading process and iron-oxide formation, further supporting signatures presented in 

Chapters 2 and 3. Significant among these overprints were features indicative of fluid-rock 

interactions with hydrothermal fluids attributable to a regional ~1.6 Ga IOCG-style 

mineralization in the Gawler Craton. 
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Further constraints made on local lithologies associated with the orebodies throughout the 

Middleback Ranges belt led to recognition of a craton-scale event impacting on ore formation. 

Mafic sills and dikes associated with the orebodies were found to be distinguishable based on 

field occurrence, mineralogy and U–Pb SHRIMP zircon ages. The results showed that older 

amphibolites (~2.5 Ga) were emplaced contemporaneous with BIF deposition, after which they 

were affected by multiple overprints leading to complex metamorphic assemblages consisting 

of coexisting Mg-Fe- and Ca-amphiboles. A detrital origin is proposed as a possible 

explanation for relict titaniferous magnetite displaying ilmenite exsolution identified within 

these amphibolites, an interpretation that bears significance for understanding factors 

contributing to BIF depositional environments. Contrastingly, NW-trending dolerite dikes 

crosscutting BIF contain igneous assemblages of magnesiohornblende + plagioclase. U–Pb 

SHRIMP zircon data showed the dikes to be associated with the ~800 Ma Gairdner large 

igneous province, while their alteration features and young hematite ages from associated ores 

suggested multiple events leading to upgrading or iron ores.  

8.2 Recommendations 

Bridging micron- to nanoscale observations of ore minerals using complementary techniques 

and particularly advanced transmission electron microscopy on the same sample material (e.g., 

van Tendeloo et al., 2014; Ciobanu et al., 2011; 2016; Cook et al., 2017) has become 

increasingly recognized as an important tool for bolstering interpretations of ore deposit 

genesis and refining those models. Not only can such an approach address the presence of 

specific trace elements in ore minerals (e.g., Si-Fe nanoprecipitates in magnetite; Xu et al., 

2014; Ciobanu et al., 2019 and references therein), but can also assist in unravelling the 

evolution of ore deposits (e.g., Keyser et al., 2019a; Chapter 7). Within the research presented 
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in this thesis, there are several topics that demand further attention, some of which are described 

in the following sections. 

8.2.1 Nanoscale studies to understand formation of hematite ores  

A range of different iron-oxide (inter)conversions are required to achieve transformation from 

BIF to various ore types (e.g., martite ores, martite-goethite ores), as described in this thesis. 

Martitization is essential to the enrichment process and is the most widespread expression of 

iron-oxide transformation observed in ores from the Middleback Ranges. This process is 

followed by supergene weathering leading to martite replacement by goethite. However, 

dehydration processes have also been proposed leading to formation of microplaty hematite 

within ores (martite-microplaty hematite ores), an important ore-type within the Hamersley 

Province. Morris (2012) compared two models for formation of microplaty hematite ores of 

the Hamersley Province. The first model discusses burial of martite-goethite ores at low-

temperature (~80-100 ˚C) regional metamorphic conditions. This leads to dehydration of 

goethite to form microplaty hematite (mplH), with residual fluids generated by the process 

crystallizing additional microplaty hematite through iron transfer within voids. This model was 

favored over a second model, in which oxidation of introduced siderite resulted in mplH + 

ankerite by reaction of heated meteoric fluids with hydrothermally metasomatized BIF 

‘protore’. 

Hematite ores from Iron Knight show textural evidence for replacement of goethite by 

microplaty hematite. Here, Si-bearing hematite (up to 1.8 wt% SiO2; Keyser et al., 2018) 

displays oscillatory crystal zonation at the micron-scale (Fig. 8.1A). High-angle annular dark 

field scanning transmission electron microscopy imaging (HAADF-STEM) and energy-

dispersive spectrometry STEM mapping at the nanoscale confirm the presence of Si-bearing 

bands (Fig. 8.1B). The bands show a mottled texture with Si-Fe-nanoparticle (<100 nm) 

inclusions (NPs; Fig. 8.1C, D) rather than being continuous as apparently displayed at the 
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micron-scale (BSE image in Figure 8.1A). High-resolution HAADF STEM imaging show the 

NPs are coherent with host hematite (Fig. 8.1D). The Si-bearing patterns at the micron-scale 

can be attributed to formation of Si-Fe-nanoprecipitates during transformation of iron-

hydroxides into hematite. Further work is nonetheless required to assess the crystal structure 

of the Si-Fe-NPs. STEM EDS mapping at different scales (Fig. 8.1E,F) shows that the mottling 

texture is depictable only at higher magnification.  
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Figure 8.1: (A) BSE imagine showing hematite displaying oscillatory zoning with respect to 

Si. Location of focused ion beam (FIB) cut indicated by dashed rectangle. HAADF-STEM 

images showing (B) banding within hematite, (C) mottled texture with agglomeration of Si-

Fe-bearing NPs and (D) one of the NPs with epitaxial relationship relative to host hematite. 

(C, D) STEM-EDS element maps showing (E) alternating of Si-rich and -poor bands in 

hematite and (F) a field of Si-Fe NPs. White arrow in (E) indicates a SiO2 inclusion along a 

later fracture. 

The hydroxides would contain Si and other impurities which, upon burial and dehydration, tend 

to reorganize within the crystal structure of hematite. Work in progress suggests that the Si-Fe-

NPs show evidence for changes into a superstructure that can be interpreted as maghemite (γ-

Fe2O3) with ordered vacancies. Although further work will be needed in order to confirm this 

interpretation, preliminary findings support burial dehydration to form ores at the Iron Knight 

deposit in the Middleback Ranges. 

8.2.2 Inclusions in magnetite from BIF and associated lithologies  

Recognition of titaniferous magnetite displaying ilmenite exsolution from amphibolites at Iron 

Magnet (Chapter 5), interpreted as detrital input from a mafic source into a marginal 

sedimentary basin, holds important implications for understanding processes occurring during 

BIF deposition. Such magnetite is absent in the adjacent interbedded BIF, which also lack the 

metamorphic assemblages (Mg-Fe- and Ca-amphiboles, almandine) present in the 

amphibolites, despite containing assemblages suitable for formation of Mg-Fe-amphiboles 

(e.g., talc, minnesotaite). Magnetite within these BIFs does, however, contain magnetite with 

fine-grained inclusions (Keyser et al., 2018; Fig. 6F), which may, in fact, be relict igneous, 

metamorphic phases or BIF-depositional related inclusions, e.g., Si-Fe-nanoprecipitates in 

metamorphosed BIF magnetite from the Dales Gorge Member of the Brockman Iron 
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Formation, Hamersley Group, Western Australia (Huberty et al., 2012; Xu et al, 2014). Fine-

grained, oriented, Mg-rich inclusions were also observed in magnetite from Iron Count (Keyser 

et al., 2019b; Fig. 5D). A nanoscale comparison of various magnetite types that display 

inclusions is needed in order to identify possible relict phases, which would shed further light 

on early processes that occur during, or immediately following BIF deposition. 

8.2.3 Understanding the link between BIF and IOCG deposits 

Banded iron formation- and IOCG-deposits are common ore systems that span the Archean to 

the Proterozoic (with a limited number of younger analogues) and are found spatially and 

temporally associated with one another in several regions of the Earth (e.g., Brazil, South 

Africa, South Australia). This raises the question of their relationships to one another and the 

crustal processes underpinning that relationship. For example, Hagemann et al. (2016) noted 

the need to investigate the relationship between contemporaneous BIF upgrading in the Serra 

Sul iron ore district in Carajás Mineral Province, Brazil, and formation of IOCG deposits within 

distances of no more than a few kilometers. The Olympic Cu-Au Province in South Australia 

is characterized by a regional-scale IOCG mineralization attributed to a regional alteration 

event resulting from emplacement of the ~1.6 Ga Hiltaba Suite granites. Within this province, 

BIF lithologies are represented in various metasedimentary packages (e.g., the Wallaroo Group 

metasedimentary rocks). Keyser et al. (2019a, b; Chapters 6 and 7) describe cases in which 

hematite from BIF-like lithologies show enrichment in elements such as W, Nb, Sb and Sn, 

elements that are characteristic of IOCG alteration/mineralization in the region. From this 

perspective, future studies of the two deposit types, where associated, need to address how the 

two may be genetically linked, including the long-standing but still unproven suggestion that 

pre-existing BIFs may have been an important source of iron within IOCG systems. 
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8.3 Concluding remarks 

The ore deposits of the Middleback Ranges have been known and explored since the late 

19th century and under continuous mining for more than 100 years. Despite this, detailed 

mineralogical studies have not been conducted on the BIF and ores that comprise the deposits 

until now, much less the geology or mineralogy of the host basement sequence and associated 

lithologies. The research presented within this thesis provides much-needed mineralogical and 

geochronological information for understanding iron ore genesis within the Middleback 

Ranges, and complements existing, but limited, structural, geophysical, and geochemical 

studies on the belt (e.g., Bubner et al., 2003; Leevers et al., 2005; Szpunar et al., 2011). 

Moreover, it contributes to the growing field of studies on BIF, their constituent minerals, BIF-

hosted ore deposits and the processes leading to their formation, as well as the regional geology 

of the Eyre Peninsula, South Australia. 

Key conclusions from the research conducted in this thesis are:  

1. Iron-oxides from BIF and ores across the Middleback Ranges iron ore belt, the Island 

Dam prospect and the Peculiar Knob iron deposit, show a range of compositional and textural 

variations indicative of multiple overprints defining the ore forming processes. 

2. A Mesoarchean granitic basement extends beneath the entire Middleback Ranges BIF 

sequence and records overprinting events that contributed to iron-oxide formation. 

3. Episodic mafic magmatism, distinguishable from field occurrence, mineral 

assemblages and U–Pb SHRIMP zircon ages, occurred contemporaneous with BIF deposition 

at ~2.5 Ga and in association with emplacement of the ~800 Ma Gairdner large igneous 

province, both of which impacted on iron-oxide chemistry. 

4. U–Pb hematite geochronology can be successfully applied to BIF ores. Ore formation 

in the Middleback Ranges, as shown from U–Pb hematite age at the Iron Count prospect and 
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from Iron Knight South, was multistage and occurred over a prolonged geological history, with 

local deposit geology playing an important role in the process. 

5. Detailed petrographic and geochemical studies combined with U–Pb hematite 

geochronology can be used to give insights into trace element incorporation into, and later 

release from, iron-oxides. 
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