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ABSTRACT

The Hamersley province of northwest Western Australia is one of the world’s premier iron ore regions. 

The high-grade iron ore deposits are mostly hosted within banded iron formation (BIF) sequences of the 

Brockman and Marra Mamba Iron Formations of the Hamersley Group. The two main types of bedded iron 

deposits (BID) are: martite-microplaty hematite containing between 60 and 68 wt.% Fe, and martite-goethite 

containing between 56 and 63 wt.%Fe. Examples of martite-microplaty hematite deposits include Mount 

Whaleback, Mount Tom Price, Channar and Paraburdoo.  The martite-microplaty hematite deposits are 

spatially associated with normal faults that formed during D2 deformation (~2200 Ma), and have later been 

affected by D3 deformation (~1650 Ma) and formed by the multistage interaction of hydrothermal fluids 

with the host BIF formation. Microplaty hematite within martite-microplaty hematite deposits display a 

variety of sizes, ranging from 20 to 300μm, and textures, ranging from platy to tabular. Microplaty hematite 

is commonly associated with supergene-modified hydrothermal deposits but can also form in the hydration 

zone of supergene deposits.

Analysis of the oxygen isotope compositions of magnetite and hematite from BIF, hydrothermal 

alteration assemblages, and martite-microplaty iron ore was conducted on samples from the Mount Tom 

Price, Paraburdoo, and Channar iron ore deposits. The results showed that the δ18O values of magnetite 

and hematite from hydrothermal alteration assemblages and high-grade iron ore range from –9.0 to –2.9 

per mil, a depletion of 5 to 15 per mil relative to the host BIF. The δ18O values are spatially controlled by 

faults within the deposits, a response to higher fluid flux and larger influence on the isotopic compositions 

by the hydrothermal fluids. The oxygen isotope composition of hydrothermal fluids (δ18Ofluid) indicates that 

the decrease in the 18O content of iron oxides was due to the interaction of both basinal brines and meteoric 

fluids with the original BIF. Late-stage talc-bearing ore at the Mount Tom Price deposit formed in the 

presence of a pulse of 18O-enriched basinal brine, indicating that hydrothermal fluids may have repeatedly 

interacted with the BIFs during the Paleoproterozoic.

At the Paraburdoo deposit, high-grade iron ore (>63 wt. % Fe) of the 4EE orebody of the 4E deposit 

(>200Mt @ 63.5% Fe) occurs as a southerly-dipping sheet within banded iron formation (BIF) of the 

Early Proterozoic Dales Gorge and Joffre Members. Structural reconstruction of the 4E deposit established 

that reactivation of the 18E fault and the development of the NW-striking, steep SW dipping 4E and 4EE 

normal faults resulted in the preservation of the 4EE orebody below the 4E deposit, and 400m below the 

modern topographic surface 

Three hypogene alteration zones between unmineralised BIF and high-grade iron ore are observed: 

(1) distal magnetite-quartz-dolomite-stilpnomelane-hematite±pyrite, (2) intermediate magnetite-dolomite-



iv

hematite-chlorite-quartz-stilpnomelane, and (3) proximal hematite-dolomite-chlorite±pyrite±magnetite 

alteration zones. Hydrothermal alteration is temporally and spatially constrained by NW trending dolerite 

dikes that intruded the 4E and 4EE faults prior to hypogene alteration. Six vein types (V1 to V6) are 

recognized at the 4E deposit. The veins both crosscut and parallel the primary BIF layers and are emplaced 

contemporaneous with the hydrothermal alteration zones which record the transformation of unmineralised 

BIF to high-grade iron ore.

An integrated structural-hydrothermal alteration and fluid model proposes that during early Stage 1a 

hypogene fluid flow at the 4E orebody occurred during a period of continental extension and enhanced 

heat flow within sedimentary basins to the south of the Paraburdoo Range. The heated basinal brines were 

focussed by the NW-striking, steep SW-dipping 4E and 4EE normal faults and reacted with the BIF’s of the 

Dales Gorge and Joffre Members.  The warm to hot (160o to 255oC) Ca-rich (26.6 to 31.9 eq. wt.% CaCl2) 

basinal brine interacted with the magnetite-chert layers of the Dales Gorge and Joffre Members transforming 

them into magnetite-quartz-dolomite-stilpnomelane-hematite-pyrite BIF. The Fe-rich brine (up to 2.8 wt.%) 

originated likely from evaporated seawater that had lost Mg and Na and gained Li and Ca through fluid-

rock reactions with volcaniclastic rocks and carbonate successions within the Wittenoom Formation. The 

first incursion of deeply-circulating, low-salinity (5.8 to 9.5eq.wt.% NaCl), heated (106o to 201oC) modified 

meteoric water is recorded in late stage 1A. This modified meteoric water had lost some of its Na through 

wallrock interaction with plagioclase and micas, possibly from interaction with dolerite from the Weeli 

Wooli Formation that directly overlies the Joffre Member and Dales Gorge Members. 

Stage 1b involved continuing reactions between the hydrothermal fluids and the magnetite-quartz-

dolomite-stilpnomelane-hematite-pyrite BIF and produced both the intermediate magnetite-dolomite-

hematite-chlorite-pyrite alteration zone and the proximal hematite-dolomite-magnetite-stilpnomelane 

alteration assemblages. Microplaty (10-80μm), platy (100-250μm), and anhedral hematite increasingly 

replace magnetite in the intermediate alteration zone in order to form the proximal alteration zones which 

consist of microplaty, platy, anhedral hematite and magnetite. The intermediate and proximal alteration 

zone represent the mixing of a hot (250o to 400oC), high-salinity Ca-rich (30-40 eq.wt.% CaCl2), Sr-

enriched rich basinal brine and low-temperature and low salinity (~5 eq.wt.% NaCl) modified meteoric 

water that was heated (~100o-200oC) during its descent into the upper crust. The heterogeneous mixing of 

the two end-member fluids resulted in the trapping of primary fluid inclusion assemblages containing a 

wide range of trapping temperatures (up to 200oC) and salinities (up to 25 eq. wt.% NaCl).

Stage 1c of the hypogene hydrothermal fluid is characterized by low-temperature (<110oC), low-salinity 

(~5 wt.% NaCl) meteoric water, that interacted with the proximal hematite-dolomite-magnetite-stilpnomelane 

altered BIF leaving a porous hematite-apatite high grade ore. Supergene alteration affected the orebody since 

the Cretaceous and is characterized by hematite-goethite alteration assemblage. It resulted in the destruction 

of hypogene alteration zones which are only preserved below the depth of modern weathering. 
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The martite-goethite bedded orebodies resulted from late Mesozoic supergene alteration of BIF. 

During this process magnetite was oxidized to martite, whereas silicates and carbonates were oxidized 

and hydrated to goethite or leached without replacement. The controls on the localization of supergene 

martite-goethite deposits, for example, the Hope Downs, Cloud Break, and Area C deposits include 

preexisting structures, such as faults, thrusts, and folds. These structures acted as fluid conduits that 

directed descending supergene fluids into the host BIF. Dolerite dikes and shale layers further focused 

and controlled fluid flow. High iron grades at the Area C and Hope Downs deposits are associated with 

synclinal structures where increased supergene fluid flow. The phosphorus (P) in martite-goethite and 

martite-microplaty hematite deposits was repeatedly remobilized by both hypogene and/or supergene 

fluids. The P distribution was controlled by several factors, such as fluid flux in fault zones, permeability 

of shale layers, and synclinal folds, which resulted in locally high concentrations (>0.10 wt %) of P in the 

deposits. 
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CHAPTER 1: INTRODUCTION

This thesis is submitted as a series of three publications, published in the journal of Economic Geology and 
as a book chapter in “Reviews in Economic Geology”, volume 15. Economic Geology is published semi-
quarterly by the Society of Economic Geologists, Inc. (SEG). The statement of candidate contribution is 
provided for each paper and book chapter in chapter 2, 3 and 4.

The three papers are presented in the chronological order that they were submitted to Economic Geology. 
Each successive paper builds on the previous paper’s finding in order to further test concepts and ideas. 
Additional information about reviewers, handling editors, type of publication (ie journal publication, book 
chapter) is also provided.

The key conclusions of the thesis, discussion of the results, together with recommendations for further work, 
are presented in Chapter 5.
The Appendix 1 contains all co-authored refereed journal articles, refereed extended abstracts and non-
refereed abstract. A sample register, petrographic data, structural mapping, geological sections, maps, and 
geochemical data that were used as part of this thesis are presented electronically in Appendix 2.

The following publications resulted from the work completed during this PhD thesis:

Refereed, first authored journal articles:

1. Thorne, W.S., Hagemann, S.G., Webb, A., and Clout, J., 2008, Banded iron formation-related iron ore 
deposits of the Hamersley province, Western Australia, in Hagemann, S.G., Rosière, C.A., Gutzmer, 
J., and Beukes, N.J. (eds.), BIF-related high-grade iron mineralization: Reviews in Economic 
Geology, v.15, p.197-221 (Chapter 2).

2. Thorne, W., Hagemann, S., Vennemann, T., and Oliver, N., 2009. Oxygen Isotope Compositions of 
Iron Oxides from High-Grade BIF-Hosted Iron Ore Deposits of the Central Hamersley Province, 
Western Australia: Constraints on the Evolution of Hydrothermal Fluids. Economic Geology, 104(7): 
1019-1035 (Chapter 3).

3. Thorne, W., Hagemann, S., Dalstra, and Banks, D., 2014, Structural control, hydrothermal alteration 
zonation and fluid chemistry of the concealed, BIF-hosted high-grade 4EE iron orebody at the 
Paraburdoo 4E deposit, Hamersley Province, Western Australia, Economic Geology, 109: 1529-1562 
(Chapter 4).

Refereed, co-authored journal articles:

Lobato, L.M., Figueiredo e Silva, R.C., Hagemann, S., Thorne, W., and Zucchetti, M., 2008, Hypogene 
Alteration Associated with High-Grade BIF-related Iron Ore, in Hagemann, S.G., Rosière, C.A., Gutzmer, 
J., and Beukes, N.J. (eds.), BIF-related high-grade iron mineralization: Reviews in Economic Geology, v. 15, 
p. 107-128.

Rasmussen, B., Fletcher, I.R., Muhling, J.R., Thorne, W.S., and Broadbent, G.C, 2007, Prolonged history of 
episodic fluid flow in giant hematite ore bodies: Evidence from in situ U-Pb geochronology of hydrothermal 
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xenotime: Earth and Planetary Science Letters, v. 258, p. 249-259.

Refereed extended abstracts:

Thorne, W.S., Hagemann, S.G., and Barley, M., 2005, Hydrothermal Alteration Zonation and Fluid Chemistry 
of the Southern Ridge and North Deposits at Mt. Tom Price, Proceedings of Iron Ore 2005 Conference, 19-21 
September 2005, Perth Western Australia: Special AusIMM Publication Series No. 8/2005, p. 151-158. 

Thorne, W.S., Hagemann, S.G., and Vennemann, T., 2007a, Oxygen Isotope Compositions of iron oxides 
from high-grade (>63 wt. % Fe) BIF-related iron deposits of the Pilbara province, Western Australia, in, 
Andrew et al., ed., Digging Deeper, Proceedings of the Ninth Biennial SGA Meeting, Dublin 2007, p. 1215-
1218 

Thorne, W.S., Hagemann, S.G., and Banks, D., 2009a, Halogen and cation constraints on the origin of 
hydrothermal fluids forming high-grade iron ore deposits in the Hamersley Province, Western Australia [ext. 
abs.]: Meeting of the Society for Geology Applied to Mineral Deposits 10th, Proceedings, SGA, Townsville, 
Australia, v. 2, p. 582-584.

Co-authored refereed extended abstracts:

Hagemann, S., Dalstra, H.I., Hodkiewicz, P., Flis, M., Thorne, W., and McCuaig, C., 2007, Recent advances 
in BIF-related iron ore models and exploration strategies: Exploration 07, Fifth Decennial International 
Conference on Mineral Exploration, Toronto, 2007, Proceedings, p. 811–821.

Lobato, L.M., Figueiredo e Silva, R.C., Hagemann, S., and Thorne, W., 2007, Mineralizing fluid evolution 
and REE patterns for the hydrothermal Carajás iron ores, Brazil, and for selected Hamersley iron deposits, 
Australia [ext. abs.]: Biennial Meeting of the Society for Geology Applied to Mineral Deposits 9. Proceedings, 
SGA, Dublin, v. 2, p. 1227-1230.

Non-refereed abstract:

Thorne, W.S., Hagemann, S.G., and Banks, D., 2007b, Hypogene fluids responsible for the transformation 
of BIF to high-grade iron ore (>65 wt % Fe): Insights from the 4E deposit, Paraburdoo, Western Australia 
[abs.]: European Current Research on Fluid Inclusions (ECROFI-XIX), University of Bern, Switzerland, 
17–20 July, 2007. Abstract Volume, p. 96.
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CHAPTER 2: BANDED IRON FORMATION-RELATED IRON 
ORE DEPOSITS OF THE HAMERSLEY PROVINCE, WESTERN 

AUSTRALIA.

Statement of candidature contribution:

As fist author, I was solely responsible for writing of the paper, including designing and drafting of all figures. 

The role of co-authors was as follows:

•	 Steffen Hagemann contributed to the organisation, editorial, and scientific scrutiny of the paper.

•	 Adam Webb contributed to the drafting of Figs. 1, 3 and 8 as well assisting in the descriptions of 

BHPB’s Mt Whaleback and Area C deposits. 

•	  John Clout contributed to the description of FMG’s Cloud Break deposit, the discussion of the 

mineralogy of martite-microplaty hematite ore and the zoning of supergene minerals, and the 

drafting of Figs. 9 and 11.  

This chapter which is publication n°1 provides the most comprehensive summary of BIF-related iron 
ore deposits in the Hamersley province in the last 20 years. The paper contains previously unpublished 
descriptions of Rio Tinto Iron Ore’s (RTIO) Hope Downs deposit, Fortescue Metals Group’s (FMG) Cloud 
Break deposit and BHP Billiton’s (BHPB) Area C deposit. Revised models on the genesis of RTIO’s Mt Tom 
Price and Paraburdoo deposit as well as BHPB’s Mt Whaleback deposit are included, reflecting the large 
amount of research conducted at these deposits, primarily in the last decade. 

This paper also provides a discussion of the most contentious scientific issues within these deposits 
including the formation of microplaty hematite, phosphorus distribution within the deposits, and the zoning of 
supergene minerals. The paper describes how microplaty hematite is present within many high grade iron ore 
bodies and that its presence cannot be used as diagnostic mineral for high-grade ore formed by hydrothermal 
processes. The common usage of the term, microplaty hematite, makes it difficult to differentiate the different 
ore types and their geochemical properties and, ultimately, the processes that lead to their formation.  The 
distribution of phosphorus in high-grade iron ore deposits has always been of interest to iron ore companies due 
to being a deleterious element in the steel making process. The paper describes how phosphorus distribution 
is controlled by several factors, such as fluid flux in fault zones, the permeability of shale layers and synclinal 
folds, which resulted in locally high concentrations (>0.10 wt %) of phosphorus in the deposits. Supergene 
alteration within martite-goethite and martite-microplaty hematite deposits is characterised by a consistent 
vertical primary zonation patterns, including secondary goethite and replacement textures such as goethite 
infill and dehydration of goethite to hematite.

New genetic models for BIF-hosted iron ore deposits are presented and discussed at length. Based on these 
models the fluid source for the heated hypogene fluids and meteoric water responsible for the transformation 
of BIF to high-grade iron ore is suggested to be a rift-basin to the south of the Hamersley province.

This paper was submitted to Economic Geology, and reviewed by Drs Jay Barton and Bruce M. Simonson. 
Editorial work was completed by Dr Jens Gutzmer. The paper was published in Reviews in Economic 
Geology, v. 15, p. 197-221.
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Chapter 8

Banded Iron Formation-Related Iron Ore Deposits of the Hamersley Province, 
Western Australia

WARREN THORNE, STEFFEN HAGEMANN,
Centre for Exploration Targeting, School of Earth and Geographical Sciences, University of Western Australia, 

Crawley, Western Australia 6009, Australia

ADAM WEBB,
Resource Evaluation Group, BHP Billiton Iron Ore, 225 St. Georges Terrace, Perth, Western Australia 6000, Australia

AND JOHN CLOUT

Fortescue Metals Group Ltd., 87 Adelaide Terrace, East Perth, Western Australia 6892, Australia

Abstract
The Hamersley province of northwest Western Australia is one of the world’s premier iron ore regions. The

high-grade iron ore deposits are mostly hosted within banded iron formation (BIF) sequences of the Brockman
and Marra Mamba Iron Formations of the Hamersley Group and consist of two types: martite-microplaty
hematite containing between 60 and 68 wt percent Fe, and martite-goethite containing between 56 and 63 wt
percent Fe. Examples of martite-microplaty hematite include Mount Whaleback, Mount Tom Price, and
Paraburdoo and examples of martite-goethite ore deposits include Mining Area C (Area C), Hope Downs, and
the Chichester Range. The high-grade martite-microplaty hematite ores, which formed in the Paleoproterozoic,
have a three-stage origin. Stage 1 involved the release, from the underlying sedimentary successions, of low
(110ºC) to high (280ºC) temperature, highly saline (20–25.5 wt % NaCl-CaCl2 equiv; Ca > Na > K) basinal brines
that interacted with the underlying Wittenoom Formation and moved upward in normal faults, such as the
Southern Batter fault at Mount Tom Price, the 4E fault at Paraburdoo, and the Central and Eastern Footwall
faults at Mount Whaleback, into the host BIF. The hypogene fluids migrated laterally within large-scale folds
with permeability controlled by shale layers and northwest-trending dolerite dike sets. The BIF was laterally and
vertically altered into magnetite-siderite-stilpnomelane and hematite-ankerite ± magnetite assemblages at
Mount Tom Price, a hematite-dolomite-chlorite-pyrite assemblage at Paraburdoo, and formed a dolomite-chlo-
rite assemblage in the Mount McRae Shale at Mount Whaleback. Stage 2 involved deeply circulating, low-tem-
perature (<110ºC), Na-rich meteoric waters that interacted with evaporites prior to their interaction with the
BIF. The descending meteoric waters interacted with the carbonate-altered BIF to produce a martite-mi-
croplaty hematite-apatite assemblage prior to supergene alteration. Stage 3, the supergene stage during the
Mesozoic to Tertiary, is the final stage in the transformation of BIF to high-grade ore. Shallow supergene fluids
interacted with the martite-microplaty hematite-apatite assemblage to form a highly porous high-grade (>63 wt
% Fe) martite-microplaty hematite ore. Supergene alteration is likely to have occurred for at least 80 m.y. and
close to the present topographic surface. High-pressure (>0.10 wt %) martite-microplaty hematite assemblages
can therefore form and may remain concealed beneath BIF, below Proterozoic erosion surfaces.

The martite-goethite bedded orebodies resulted from late Mesozoic supergene alteration of BIF. During
this process magnetite was oxidized to martite, whereas silicates and carbonates were oxidized and hydrated to
goethite or leached without replacement. The controls on the localization of supergene martite-goethite de-
posits, for example, the Hope Downs, Cloud Break, and Area C deposits include preexisting structures, such
as faults, thrusts, and folds. These structures acted as fluid conduits that directed descending supergene fluids
into the host BIF. Dolerite dikes and shale layers further focused and controlled fluid flow. High iron grades
at the Area C and Hope Downs deposits are associated with synclinal structures where increased supergene
fluid flow caused multiple phases of goethite leaching, precipitation, and cementation.

Microplaty hematite encompasses a variety of sizes, ranging from 20 to 300µm, and textures, ranging from
platy to tabular. Microplaty hematite is commonly associated with supergene-modified hydrothermal deposits
but can also form in the hydration zone of supergene deposits. The phosphorus (P) in supergene and super-
gene-modified hydrothermal deposits was repeatedly remobilized by both hypogene and/or supergene fluids.
The P distribution was controlled by several factors, such as fluid flux in fault zones, permeability of shale lay-
ers, and synclinal folds, which resulted in locally high concentrations (>0.10 wt %) of P in the deposits. 

It is unlikely that a single model for the formation of the martite-microplaty hematite ore deposits can ex-
plain all the structural, stratigraphic, hypogene alteration, and ore characteristics at the Mount Whaleback,
Mount Tom Price, and Paraburdoo deposits. Continued collaborative research directed at elucidation of a sin-
gle tectonic history of the Pilbara, based on collection of similar structural and geochemical data sets from these
deposits, will advance genetic ore models and aid in exploration for concealed orebodies. 

† Corresponding author: e-mail, dangerthorne@hotmail.com

©2008 Society of Economic Geologists
SEG Reviews vol. 15, p. 197–221
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Introduction
THE HAMERSLEY province of northwest Western Australia
(Fig. 1), one of the world’s premier iron ore districts, is cur-
rently producing approximately 300 million metric tons (Mt)
per annum of hematite ore that is equivalent to 40 percent of
the world’s total iron ore seaborne trade (DOIR, 2003). The
bedded iron ore deposits of the province are typically classi-
fied as either martite-microplaty hematite or martite-goethite
and are predominantly hosted within banded iron formation
(BIF) sequences of the Brockman and Marra Mamba Iron
Formations of the Hamersley Group (Fig. 2). In total they
host in excess of 25 billion metric tons (Bt) of iron ore (>55
wt % Fe) across the Hamersley province. 

The martite-microplaty hematite ore is characterized by
martite and ubiquitous microplates of hematite (i.e., mi-
croplaty hematite), variable hardness and porosity, and ranges
in iron content between 60 and 68 wt percent Fe (Fig. 1;
Clout and Simonson, 2005). The deposits can be enormous in
size (Mount Whaleback, >1,800 Mt) and extend to great
depths (>400 m). High-grade martite-microplaty hematite
orebodies are nearly all confined to the Brockman Iron For-
mation, although recent work (Clout, 2005) has identified
smaller deposits in the Marra Mamba Iron Formation. The
origin of these high-grade martite-microplaty hematite de-
posits has been controversial, although recent work has pre-
dominantly supported an origin linked to both supergene and
hydrothermal processes (Li et al., 1993; Martin et al., 1998;
Barley et al., 1999; Hagemann et al., 1999; Oliver and Dick-
ens, 1999; Powell et al., 1999; Taylor et al., 2001; Webb et al.,
2002; Brown et al., 2004; Dalstra and Guedes, 2004; Thorne
et al., 2004, 2005, 2007a, b; Oliver, 2007). 

The martite-goethite bedded orebodies resulted from late
Mesozoic supergene alteration of precursor BIF (Morris,
1980, 1985; Clout, 2005). During this process magnetite was
oxidized to martite, whereas silicates and carbonates were
leached or replaced by goethite, or leached without replace-
ment (Morris, 1985). These orebodies form deposits up to
hundreds of million of tons but rarely extend to depths >100
m (Harmsworth et al., 1990).

This paper aims to summarize results of recent research on
the high-grade BIF-hosted iron ore deposits in the Hamersley
province. Detailed descriptions, including the resource, strati-
graphic, structural setting, ore mineralogy, hydrothermal al-
teration, and hypogene fluid chemistry, and preliminary de-
scriptive models of six characteristic high-grade iron ore
deposits from the Hamersley province: Mount Whaleback,
Mount Tom Price, Paraburdoo, Hope Downs, Mining Area C
(Area C), and deposits from the Chichester Range, are pre-
sented in the first part (Fig. 1). The second part summarizes
and discusses important similarities of all deposits, including
the mineralogy of martite-microplaty hematite ore, the distri-
bution of phosphorus within deposits, and the effect of super-
gene alteration. The third part of the paper provides a review
of existing genetic models and discusses their similarities and
shortcomings. Finally, open questions and exploration signifi-
cance are discussed and further research work suggested. 

Mining history
Following the lifting of a Federal Government embargo on

the export of iron ore in 1960, iron ore mining commenced in

the Hamersley province at Mount Tom Price in 1966, fol-
lowed by Mount Whaleback (1969) and Paraburdoo (1972).
Together these three mines underpinned the majority of pro-
duction in the region until the 1990s. The deposits are hosted
within the Dales Gorge and Joffre Members of the Brockman
Iron Formation (Fig. 2) and are characterized by high-grade
martite-microplaty hematite ore (~63 wt % Fe) and low phos-
phorus (P <0.07 wt %). Continued mining of these world-
class (>700 Mt, >63 wt % Fe) high-grade deposits for at least
40 years has slowly depleted the regions resources of the high
Fe and low P martite-microplaty hematite ore. 

Since the early 1990s numerous other deposits within the
Brockman Iron Formation (Fig. 2) have commenced mining
activities. Along the southern edge of the Hamersley province
the Channar and Eastern Range deposits (Fig. 1) near
Paraburdoo commenced mining in 1996 and 2004, respec-
tively, and are included within the Greater Paraburdoo min-
ing area. High-grade ore (>60 wt %) is mined predominantly
within the Dales Gorge and Joffre Members and 18 Mt/yr
(2004) was produced from the Greater Paraburdoo mining
area. North of Mount Tom Price, the Brockman BS2 mine
(Fig. 1), which was initially a high-grade detrital mining oper-
ation (exhausted in 1998), changed to mining high-grade mar-
tite-goethite iron ore (>63 wt %, P >0.07 wt %) within the
Dales Gorge Member. After major upgrades the Brockman
BS2 mine reopened in 2003 and has a production capacity of
8 Mt/yr. Importantly, all three deposits are characterized by
both fault-controlled martite-microplaty hematite ore and
martite-goethite ore types.

Until the last decade, exploitation within the Hamersley
province focused on the high-grade martite-microplaty
hematite, low P orebodies. Martite-goethite orebodies hosted
within the Marra Mamba Iron Formation (Fig. 2) are typi-
cally of lower grade (58–63 wt % Fe) and have a low phos-
phorous content (<0.07 wt %); they were gradually developed
as an alternative supply of low P iron ore (e.g., mining com-
menced at BHPB’s OB29 deposit in 1974; Fig. 1). As this ore
type gained market acceptance other mines, including
Marandoo (1994), Nammuldi (1996), West Angeles (2002),
and Mining Area C (2003) started production (Fig. 1). These
ores are preferentially hosted in the upper Mount Newman
Member of the Marra Mamba Iron Formation and are gen-
erally associated with synclinal folds. Annual production from
these mines totals 60 Mt with the majority supplied from the
West Angeles and Mining Area C mines.

Several other large Marra Mamba Iron Formation-hosted
high-grade iron ore deposits are currently being developed.
The Hope Downs deposit (Fig. 1; Hope North and Hope
South) is located approximately 75 km northwest of Newman
(Fig. 1). The deposit is hosted within the Mount Newman
Member of the Marra Mamba Iron Formation with satellite
deposits in the Brockman Iron Formation (Fig. 2). Mining is
scheduled to start in 2008 with a production of 22 Mt/yr. The
Chichester Range deposits (Fig. 1; Christmas Creek and
Cloud Break) are located approximately 110 km northeast of
Newman with the Cloud Break deposit scheduled to be
mined in 2008 with an initial annual production of 45 Mt/yr.
Interestingly, these deposits differ from other Marra Mamba
deposits across the Hamersley province as they are hosted
within the lower Nammuldi Member (Clout, 2005; Fig. 2).
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Abstract
The Hamersley province of northwest Western Australia is one of the world’s premier iron ore regions. The

high-grade iron ore deposits are mostly hosted within banded iron formation (BIF) sequences of the Brockman
and Marra Mamba Iron Formations of the Hamersley Group and consist of two types: martite-microplaty
hematite containing between 60 and 68 wt percent Fe, and martite-goethite containing between 56 and 63 wt
percent Fe. Examples of martite-microplaty hematite include Mount Whaleback, Mount Tom Price, and
Paraburdoo and examples of martite-goethite ore deposits include Mining Area C (Area C), Hope Downs, and
the Chichester Range. The high-grade martite-microplaty hematite ores, which formed in the Paleoproterozoic,
have a three-stage origin. Stage 1 involved the release, from the underlying sedimentary successions, of low
(110ºC) to high (280ºC) temperature, highly saline (20–25.5 wt % NaCl-CaCl2 equiv; Ca > Na > K) basinal brines
that interacted with the underlying Wittenoom Formation and moved upward in normal faults, such as the
Southern Batter fault at Mount Tom Price, the 4E fault at Paraburdoo, and the Central and Eastern Footwall
faults at Mount Whaleback, into the host BIF. The hypogene fluids migrated laterally within large-scale folds
with permeability controlled by shale layers and northwest-trending dolerite dike sets. The BIF was laterally and
vertically altered into magnetite-siderite-stilpnomelane and hematite-ankerite ± magnetite assemblages at
Mount Tom Price, a hematite-dolomite-chlorite-pyrite assemblage at Paraburdoo, and formed a dolomite-chlo-
rite assemblage in the Mount McRae Shale at Mount Whaleback. Stage 2 involved deeply circulating, low-tem-
perature (<110ºC), Na-rich meteoric waters that interacted with evaporites prior to their interaction with the
BIF. The descending meteoric waters interacted with the carbonate-altered BIF to produce a martite-mi-
croplaty hematite-apatite assemblage prior to supergene alteration. Stage 3, the supergene stage during the
Mesozoic to Tertiary, is the final stage in the transformation of BIF to high-grade ore. Shallow supergene fluids
interacted with the martite-microplaty hematite-apatite assemblage to form a highly porous high-grade (>63 wt
% Fe) martite-microplaty hematite ore. Supergene alteration is likely to have occurred for at least 80 m.y. and
close to the present topographic surface. High-pressure (>0.10 wt %) martite-microplaty hematite assemblages
can therefore form and may remain concealed beneath BIF, below Proterozoic erosion surfaces.

The martite-goethite bedded orebodies resulted from late Mesozoic supergene alteration of BIF. During
this process magnetite was oxidized to martite, whereas silicates and carbonates were oxidized and hydrated to
goethite or leached without replacement. The controls on the localization of supergene martite-goethite de-
posits, for example, the Hope Downs, Cloud Break, and Area C deposits include preexisting structures, such
as faults, thrusts, and folds. These structures acted as fluid conduits that directed descending supergene fluids
into the host BIF. Dolerite dikes and shale layers further focused and controlled fluid flow. High iron grades
at the Area C and Hope Downs deposits are associated with synclinal structures where increased supergene
fluid flow caused multiple phases of goethite leaching, precipitation, and cementation.

Microplaty hematite encompasses a variety of sizes, ranging from 20 to 300µm, and textures, ranging from
platy to tabular. Microplaty hematite is commonly associated with supergene-modified hydrothermal deposits
but can also form in the hydration zone of supergene deposits. The phosphorus (P) in supergene and super-
gene-modified hydrothermal deposits was repeatedly remobilized by both hypogene and/or supergene fluids.
The P distribution was controlled by several factors, such as fluid flux in fault zones, permeability of shale lay-
ers, and synclinal folds, which resulted in locally high concentrations (>0.10 wt %) of P in the deposits. 

It is unlikely that a single model for the formation of the martite-microplaty hematite ore deposits can ex-
plain all the structural, stratigraphic, hypogene alteration, and ore characteristics at the Mount Whaleback,
Mount Tom Price, and Paraburdoo deposits. Continued collaborative research directed at elucidation of a sin-
gle tectonic history of the Pilbara, based on collection of similar structural and geochemical data sets from these
deposits, will advance genetic ore models and aid in exploration for concealed orebodies. 

† Corresponding author: e-mail, dangerthorne@hotmail.com

©2008 Society of Economic Geologists
SEG Reviews vol. 15, p. 197–221
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Channel iron deposits, including Mesa J, Yandicoogina, and
Yandi (Fig. 1), consist of Miocene iron-rich detritus and pro-
vided around 41 percent (57–58 wt % Fe) of the total of 268
Mt of iron ore mined from the Hamersley province in 2006
(Clout and Simonson, 2005). These important deposits are
not discussed within this paper but are comprehensively re-
viewed in Ramanaidou et al. (2003), MacPhail and Stone
(2004), Heim et al. (2006), and Morris and Ramanaidou
(2007).

Major BIF-Related Iron Deposits in 
the Hamersley Province

The Hamersley province hosts a number of significant iron
ore deposits (Fig.1) within the two most economically signif-
icant BIF units: the Marra Mamba and Brockman Iron For-
mations (Fig. 2). The following descriptions of the Mount
Whaleback, Mount Tom Price, Paraburdoo, Hope Downs,
Area C, and Chichester Range deposits (Fig. 1) are included
in this review because of the significant amount of geological
and geochemical data available on them and also because
different end-member genetic models were proposed for

their origin: namely supergene, supergene-modified syn-
genetic, and supergene-modified hydrothermal. 

Recent studies of the Mount Tom Price, Mount Whale-
back, and Paraburdoo deposits (Barley et al., 1999; Ridley,
1999, Taylor et al., 2001; Cochrane, 2003; Dalstra, 2005;
Thorne et al., 2004, 2005; Sepe, 2007) agree that burial meta-
morphism and the formation of a magnetite-chert–rich BIF
occurred prior to the formation of high-grade iron ore. Smith
et al. (1982) used prehnite, pumpellyite, epidote, and actino-
lite in mafic rocks of the Fortescue Group to define four
metamorphic zones within the Hamersley province that in-
crease from north to south: prehnite-pumpellyite, prehnite-
pumpellyite-epidote, prehnite-pumpellyite-epidote-actinolite,
and (prehnite)-epidote-actinolite zones. Peak metamorphic
temperatures during the Ophthalmian orogeny (D2; 2.14 ±
0.03 Ga; Alibert and McCulloch, 1993) reached at least
200°C (Smith et al., 1982).

Mount Whaleback 

The Mount Whaleback hematite deposit is located in a
faulted outlier of Hamersley Group rocks south of the
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FIG. 2.  Stratigraphy of the Pilbara province, showing detail stratigraphy of the Marra Mamba Iron Formation, Dales
Gorge and Joffre Members, which host the high-grade iron ore deposits.
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Ophthalmian Range (Harmsworth et al., 1990; Brown et al.,
2004), approximately 4 km west of Newman (Fig. 1). It is the
single largest metalliferous deposit in Australia, originally
containing approximately 1.8 Bt tons of high-grade (~65 wt %
Fe) martite-microplaty hematite ore with low contaminants
(e.g. ~2.5 wt % SiO2, ~0.05 wt % P, and ~1.5 wt % Al2O3).
Total Brockman Iron Formation mineral resources at Mount
Whaleback and its satellite deposits in June 2007 totaled
1,601 Mt containing approximately 62 wt percent Fe, with
low contaminants (0.09 wt % P, 5.5 wt % SiO2, and 2.4 wt %
Al2O3; BHP Billiton, 2007)

The Mount Whaleback deposit is structurally complex with
at least five deformation events (i.e. D1 to D5) having influ-
enced the orebody (Brown et al., 2004). The main structure
of the area is characterized by east-west–trending folds re-
lated to the major Ophthalmian orogeny (D2; ca. 2.3–2.2 Ga.)
that dominates the southeastern Hamersley province. The D2

related folds are generally asymmetric, overturned to recum-
bent, range in style from open to isoclinal, and are repre-
sented by the East and South synclines (Fig. 3). Axial surfaces
are gently to moderately dipping to the south and the overall
plunge of the synclines is to the west, although local plunge
reversals occur as a result of later deformation (i.e., D5). An
axial plane cleavage is associated with D2 folds in the south-
east part of the Ophthalmia fold belt. Formation of this cleav-
age had taken place under low- and very low grade metamor-
phic conditions and is superimposed onto the earlier burial
metamorphic event (Tyler and Thorne, 1990). Importantly,
D2-related parasitic folds locally broaden the width of the
Dales Gorge and Joffre Members of the Brockman Iron For-
mation that host the high-grade ore (Fig. 3). 

Two low-angle normal faults, the East Footwall and Central
faults (D3; ca. 2.2 Ga; Brown et al., 2004), that significantly af-
fect the orebody are characterized by a few hundred meters
of horizontal displacement and dip very gently to the south-
southwest (Fig. 3). High-grade martite-microplaty hematite
ore at Mount Whaleback is spatially associated with these
normal faults. The distinct displacement on stratigraphic
markers within the orebody suggests either that two or more
phases of movement on these faults pre- and postdated ore
formation or that fault movement was broadly synchronous
with ore formation. The steep, south-dipping Mount Whale-
back fault forms the northern boundary of the orebody where
it juxtaposes Hamersley Group rocks against older Fortescue
Group rocks to the north (Fig. 4). This east-northeast–trend-
ing fault can be traced for tens of kilometers, has a throw es-
timated to be between 500 and 900 m (Kneeshaw, 1975), and
its formation has been related to crustal-scale extension dur-
ing deposition of the Bresnahan Group (D5; ca. 1.5–1.6 Ga.;
Tyler et al., 1991). 

Geologic field relationships constrain the age of high-
grade ore formation. A northwest-trending dolerite dike set,
which spatially controls the extent of the orebody and is hy-
drothermally altered to a talc-chlorite assemblage, predates
the ore. The dikes crosscut the Cheela Springs Basalt, a unit
that has been dated at 2209 ± 15 Ma (SHRIMP Zircon U-Pb;
Martin et al., 1998). The Mount McGrath Formation con-
tains clasts of high-grade ore and is older than the June Hill
Volcanics at 1843± 2 Ma (zircon 207Pb/206Pb; Pidgeon and
Horwitz, 1991). 

High-grade iron ore (Fig. 5B) is hosted predominantly in
the Dales Gorge Member of the Brockman Iron Formation
(Fig. 3), with lesser amounts in the underlying Colonial Chert
Member of the Mount McRae Shale and the overlying Joffre
Member of the Brockman Iron Formation (Fig. 3). Strati-
graphic thicknesses of all units within the deposit vary con-
siderably due to intense folding and mass changes associated
with the transformation of BIF to high-grade iron ore (Webb
et al., 2004). The high-grade ore is composed almost entirely
of subhedral martite grains and aggregates set in a porous (up
to 30 vol %), randomly oriented network of microplaty
hematite (Fig. 5B; Harmsworth et al., 1990; Webb et al.,
2003). 

Until recently, a “supergene-metamorphic” model was
widely cited for the genesis of the Mount Whaleback deposit
(e.g., Morris, 1980, 1985, 1998; Morris et al., 1980; Harms-
worth et al., 1990). Several authors (Powell et al., 1999;
Brown, 2004; Webb et al., 2004) suggested that hydrothermal
fluids are responsible for the transformation of BIF to high-
grade martite-microplaty ore (Table 1). Webb et al. (2004)
studied intervals of the Mount McRae Shale, located at depth
within the deposit (Fig. 3) and adjacent to high-grade ore,
which consist of fine- to medium-grained dolomite cut by nu-
merous chlorite and ferroan-dolomite and/or ankerite veins
(Webb et al., 2004). Spatially associated with many of these
veins are large crystals of fine-grained ferroan-dolomite and
ankerite (Fig. 5A). These authors suggested that the silica-
bearing phases were replaced by carbonate phases and the
fluids causing these reactions were likely basinal brines or
deeply circulating meteoric fluids.

Powell et al. (1999) conducted both oxygen isotope and
fluid inclusion investigations on veins from several outcrops
in the Newman area where hematite ± quartz veins, broadly
of syn-D2 timing, are locally surrounded by microplaty
hematite ore. Fluid inclusions trapped in quartz from veins
with centimeter-scale microplaty hematite margins show evi-
dence of two fluids. The first fluid is a 270° to 380°C water-
rich fluid most likely consisting of modified meteoric water,
and the second is a 380° 420°C, highly saline FeCl2-H2O ±
NaCl ± CaCl2 basinal brine (Table 1). The low δ18O values of
the hematite ores (~–3‰) relative to BIF (~5‰) are caused
by the equilibration of hematite with meteoric or basinal
brines. Powell et al. (1999) suggested that the quartz-
hematite veins formed during the Ophthalmian orogeny (D2),
and because the δ18O hematite values (–1.5‰) of the veins
approach those of the high-grade ore (~–3‰), the two were
linked hydrodynamically, and that ore formation, at moderate
temperature, was triggered during the Ophthalmian orogeny.

Similarly Brown et al. (2004) studied veins comprised of
massive, milky white quartz with minor hematite selvages and
infill that formed around the Mount Whaleback deposit.
Their structural mapping and analysis of vein patterns indi-
cate that they likely formed synchronous with martite-mi-
croplaty hematite ore formation. Fluid inclusion measure-
ments indicate that the veins formed at temperatures
between 203° and 231°C (Table 1; pressure corrected) with
fluid salinities ranging between 1 and 11 wt percent NaCl
equiv at the time of vein formation (Table 1). Proton-induced
X-ray emission analyses of those fluid inclusions indicate that
the trapped fluid contained ~14,000 ppm Cl, ~1,600 ppm K,
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~650 ppm Ca, ~675 ppm Ti, and varying amounts of Mn, Fe,
Ni, Cu, Zn, As, Br, Rb, Sr, and Y (Table 1; Brown et al., 2004).
Oliver (2007) used stable isotope and geochemical modeling
to produce potential fluid reaction pathways that result in the
formation of high-grade martite-microplaty hematite iron
ores from BIF. The fluid model suggests that the predomi-
nant isotopic and geochemical composition of the ores was
produced by reaction of BIF with voluminous, oxidized,
probably Paleoproterozoic meteoric water at about 200°C
(Table 1).

Mount Tom Price

The Mount Tom Price deposit is located near the eastern
closure of the Mount Turner syncline (Fig. 1) that trends ap-
proximately east-west and appears to be the earliest fold in
the area (D2). The original resource for this deposit, which is
7.5 km long, up to 1.6 km wide (avg 0.6 km), and has a maxi-
mum depth of 400 m below surface, was estimated at 900 Mt,
grading 63.9 wt percent Fe and 0.05 wt percent P (Fig. 4;
Harmsworth et al. 1990). As of 2003, the deposit contained a

reserve of 199 Mt at 64.5 wt percent Fe and a measured and
indicated resource of 100 Mt at 63.7 wt percent Fe, low P,
high-grade ore. More than 90 percent of the ore at Mount
Tom Price is located in the Dales Gorge Member, with
smaller amounts in the Joffre Member (Fig. 4) where it is in
faulted contact with the Dales Gorge Member (Barley et al.,
1999). The complete thickness of the Dales Gorge Member is
mineralized at the eastern end of the deposit (e.g. South East
Prongs deposit; Fig. 1), with only the upper part of this unit
mineralized farther west (e.g. North deposit; Fig. 1). Several
major structures control the form of the deposit. The South-
ern Batter fault is a northwest-striking, southwest-dipping
normal fault with a throw of up to 300 m (Fig. 4). In the cen-
ter of the deposit, the fault splays into two, or locally three,
closely spaced subparallel faults, each with a smaller normal
offset than the main structure. The Box Cut fault (Fig. 4)
strikes east-west, has a steep southerly dip, and produces dis-
placement of up to 300 m. The fault juxtaposes high-grade
hematite ore of the North East Prong against dolomite from
the Paraburdoo Member to the north (Fig. 4). The South

202 THORNE ET AL.

0361-0128/98/000/000-00 $6.00 202

tEas
linSync e

South
clinSyn e

Mount

Central Fault

Joffre Member
Whaleback Shale Member
Dales Gorge Member
Mt McRae Shale
Mt Sylvia Formation
Wittenoom Formation
Jeerinah Formation

High-grade martite-microplaty
hematite ore

Faults

Syncline

Anticline

East Footwall
Fault zone

Mt Whaleb
k

ac

t
Fa

ul

Fault

Footwall

ast
E

ern

Logged section

Not logged

DDH-409

M
t W

ha
le

ba
ck

Fa
ul

t

Eas
t

Sy
cli

ne
n

1 km

200 m100 mA B C D

Cen rt al

ntic
l n

e

A

i

hal acW eb k
F ula t

pls ay

sp
lay

sp
lay

DDH-409

A

B C

D

FIG. 3.  Plan geology and cross sections of the Mount Whaleback deposit. Cross section A-B displays position of hypogene
carbonate alteration within the McRae Shale. Cross section C-D displays the structural complexity of the deposit (modified
after Webb et al., 2004).

 Thorne et al  6/11/08  7:48 AM  Page 202

Ophthalmian Range (Harmsworth et al., 1990; Brown et al.,
2004), approximately 4 km west of Newman (Fig. 1). It is the
single largest metalliferous deposit in Australia, originally
containing approximately 1.8 Bt tons of high-grade (~65 wt %
Fe) martite-microplaty hematite ore with low contaminants
(e.g. ~2.5 wt % SiO2, ~0.05 wt % P, and ~1.5 wt % Al2O3).
Total Brockman Iron Formation mineral resources at Mount
Whaleback and its satellite deposits in June 2007 totaled
1,601 Mt containing approximately 62 wt percent Fe, with
low contaminants (0.09 wt % P, 5.5 wt % SiO2, and 2.4 wt %
Al2O3; BHP Billiton, 2007)

The Mount Whaleback deposit is structurally complex with
at least five deformation events (i.e. D1 to D5) having influ-
enced the orebody (Brown et al., 2004). The main structure
of the area is characterized by east-west–trending folds re-
lated to the major Ophthalmian orogeny (D2; ca. 2.3–2.2 Ga.)
that dominates the southeastern Hamersley province. The D2

related folds are generally asymmetric, overturned to recum-
bent, range in style from open to isoclinal, and are repre-
sented by the East and South synclines (Fig. 3). Axial surfaces
are gently to moderately dipping to the south and the overall
plunge of the synclines is to the west, although local plunge
reversals occur as a result of later deformation (i.e., D5). An
axial plane cleavage is associated with D2 folds in the south-
east part of the Ophthalmia fold belt. Formation of this cleav-
age had taken place under low- and very low grade metamor-
phic conditions and is superimposed onto the earlier burial
metamorphic event (Tyler and Thorne, 1990). Importantly,
D2-related parasitic folds locally broaden the width of the
Dales Gorge and Joffre Members of the Brockman Iron For-
mation that host the high-grade ore (Fig. 3). 

Two low-angle normal faults, the East Footwall and Central
faults (D3; ca. 2.2 Ga; Brown et al., 2004), that significantly af-
fect the orebody are characterized by a few hundred meters
of horizontal displacement and dip very gently to the south-
southwest (Fig. 3). High-grade martite-microplaty hematite
ore at Mount Whaleback is spatially associated with these
normal faults. The distinct displacement on stratigraphic
markers within the orebody suggests either that two or more
phases of movement on these faults pre- and postdated ore
formation or that fault movement was broadly synchronous
with ore formation. The steep, south-dipping Mount Whale-
back fault forms the northern boundary of the orebody where
it juxtaposes Hamersley Group rocks against older Fortescue
Group rocks to the north (Fig. 4). This east-northeast–trend-
ing fault can be traced for tens of kilometers, has a throw es-
timated to be between 500 and 900 m (Kneeshaw, 1975), and
its formation has been related to crustal-scale extension dur-
ing deposition of the Bresnahan Group (D5; ca. 1.5–1.6 Ga.;
Tyler et al., 1991). 

Geologic field relationships constrain the age of high-
grade ore formation. A northwest-trending dolerite dike set,
which spatially controls the extent of the orebody and is hy-
drothermally altered to a talc-chlorite assemblage, predates
the ore. The dikes crosscut the Cheela Springs Basalt, a unit
that has been dated at 2209 ± 15 Ma (SHRIMP Zircon U-Pb;
Martin et al., 1998). The Mount McGrath Formation con-
tains clasts of high-grade ore and is older than the June Hill
Volcanics at 1843± 2 Ma (zircon 207Pb/206Pb; Pidgeon and
Horwitz, 1991). 

High-grade iron ore (Fig. 5B) is hosted predominantly in
the Dales Gorge Member of the Brockman Iron Formation
(Fig. 3), with lesser amounts in the underlying Colonial Chert
Member of the Mount McRae Shale and the overlying Joffre
Member of the Brockman Iron Formation (Fig. 3). Strati-
graphic thicknesses of all units within the deposit vary con-
siderably due to intense folding and mass changes associated
with the transformation of BIF to high-grade iron ore (Webb
et al., 2004). The high-grade ore is composed almost entirely
of subhedral martite grains and aggregates set in a porous (up
to 30 vol %), randomly oriented network of microplaty
hematite (Fig. 5B; Harmsworth et al., 1990; Webb et al.,
2003). 

Until recently, a “supergene-metamorphic” model was
widely cited for the genesis of the Mount Whaleback deposit
(e.g., Morris, 1980, 1985, 1998; Morris et al., 1980; Harms-
worth et al., 1990). Several authors (Powell et al., 1999;
Brown, 2004; Webb et al., 2004) suggested that hydrothermal
fluids are responsible for the transformation of BIF to high-
grade martite-microplaty ore (Table 1). Webb et al. (2004)
studied intervals of the Mount McRae Shale, located at depth
within the deposit (Fig. 3) and adjacent to high-grade ore,
which consist of fine- to medium-grained dolomite cut by nu-
merous chlorite and ferroan-dolomite and/or ankerite veins
(Webb et al., 2004). Spatially associated with many of these
veins are large crystals of fine-grained ferroan-dolomite and
ankerite (Fig. 5A). These authors suggested that the silica-
bearing phases were replaced by carbonate phases and the
fluids causing these reactions were likely basinal brines or
deeply circulating meteoric fluids.

Powell et al. (1999) conducted both oxygen isotope and
fluid inclusion investigations on veins from several outcrops
in the Newman area where hematite ± quartz veins, broadly
of syn-D2 timing, are locally surrounded by microplaty
hematite ore. Fluid inclusions trapped in quartz from veins
with centimeter-scale microplaty hematite margins show evi-
dence of two fluids. The first fluid is a 270° to 380°C water-
rich fluid most likely consisting of modified meteoric water,
and the second is a 380° 420°C, highly saline FeCl2-H2O ±
NaCl ± CaCl2 basinal brine (Table 1). The low δ18O values of
the hematite ores (~–3‰) relative to BIF (~5‰) are caused
by the equilibration of hematite with meteoric or basinal
brines. Powell et al. (1999) suggested that the quartz-
hematite veins formed during the Ophthalmian orogeny (D2),
and because the δ18O hematite values (–1.5‰) of the veins
approach those of the high-grade ore (~–3‰), the two were
linked hydrodynamically, and that ore formation, at moderate
temperature, was triggered during the Ophthalmian orogeny.

Similarly Brown et al. (2004) studied veins comprised of
massive, milky white quartz with minor hematite selvages and
infill that formed around the Mount Whaleback deposit.
Their structural mapping and analysis of vein patterns indi-
cate that they likely formed synchronous with martite-mi-
croplaty hematite ore formation. Fluid inclusion measure-
ments indicate that the veins formed at temperatures
between 203° and 231°C (Table 1; pressure corrected) with
fluid salinities ranging between 1 and 11 wt percent NaCl
equiv at the time of vein formation (Table 1). Proton-induced
X-ray emission analyses of those fluid inclusions indicate that
the trapped fluid contained ~14,000 ppm Cl, ~1,600 ppm K,
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FIG. 4.  Plan geology and cross sections of the Mount Tom Price deposit. Geology plan displays the distribution of high-
grade ore types within the deposit and the major structural features. Cross sections through the North (A-B) and Southern
Ridge (C-D) deposits display the spatial distribution of hypogene alteration and high-grade ore (modified after Taylor et al.,
2001, and Thorne et al., 2007b).
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East Prong fault (Fig. 4) is a northerly dipping reverse fault
which forms the steep northern edge of the South East Prong
deposit and has a maximum displacement of 120 m. A signifi-
cant structural discontinuity separates the more complexly
folded younger rocks of the Brockman Iron Formation from
the gently synclinal older Marra Mamba Iron Formation at the
eastern end of the deposit where there is a substantial loss of
carbonate section underneath. A second phase of west-north-
west–northwest folds (D3) oblique to D2 folds, affects much of
the mine area (Harmsworth et al., 1990). These folds are com-
plex and noncylindrical with their axial planes fanning about a
west-northwest axis (Taylor et al., 2001). A set of northwest-
trending dolerite dikes extends through the Southern Ridge

and Syncline deposits and is unaffected by D2- and D3-related
folds. The dolerite dikes are altered to talc-chlorite assem-
blages by hydrothermal fluids (Taylor et al., 2001).

High-grade hematite ore consists of martite and microplaty
hematite (Fig. 5D) and the ore preserves the meso- and mi-
crolayering of the primary banded iron formation layers (Fig.
4). The ore is porous and has low concentrations of SiO2,
Al2O3, P, Na2O, and K2O. Martite-microplaty hematite ore
consists of randomly oriented fine-grained platy hematite and
martite (Fig. 5D). Individual microplates (0.001–0.25 mm)
are bladed or cigar shaped with sharp terminations (Taylor et
al., 2001) that form overgrowths on subhedral martite grain
margins (Ridley, 1999; Taylor et al., 2001; Thorne et al., 2004,
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FIG. 5.  Photomicrographs of hypogene alteration assemblages and high-grade ore from the selected deposits. A. Rare car-
bonate-altered shale from Mount Whaleback with coarse-grained ferroan-dolomite and ankerite vein crosscutting large fer-
roan-dolomite and/or ankerite crystals. Note secondary colloform hematite in the vein (RL). B. High-grade iron ore from
Mount Whaleback. Note abundant microplaty hematite laths overgrowing and possibly replacing martite grains (RL). C. In-
termediate hypogene martite-ankerite-microplaty hematite alteration from the Southern Ridge deposit, Mount Tom Price
(RL and TL). D. High-grade iron ore from Mount Tom Price. Note interlocking nature of microplaty hematite laths and mar-
tite grains (RL). E. Intermediate hypogene hematite-dolomite-chlorite-pyrite alteration at the Paraburdoo deposit. Note
abundance of microplaty and anhedral hematite in dolomite matrix (RL and TL). F. High-grade iron ore from the Parabur-
doo deposit. Note abundant free microplaty hematite laths and martite grains (RL). G. Martite-goethite high-grade ore from
the Hope Downs deposit (RL). H. Martite-goethite high-grade ore hosted in the Nammuldi Member, Chichester Range,
showing original martite microbands and goethite after chert microbands (RL). I. Martite-microplaty hematite mineraliza-
tion in the Nammuldi Member, Chichester Range, showing primary martite bands with microplaty hematite replacing chert
bands (RL). Abbreviations: anH = anhedral hematite, Ank = ankerite, Dol = dolomite, Fe-Dol = iron dolomite, Goe =
goethite, Hem = hematite, mph = microplaty, hematite, Mr = martite, V = void space; RL = reflected light, TL = transmit-
ted light.
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FIG. 4.  Plan geology and cross sections of the Mount Tom Price deposit. Geology plan displays the distribution of high-
grade ore types within the deposit and the major structural features. Cross sections through the North (A-B) and Southern
Ridge (C-D) deposits display the spatial distribution of hypogene alteration and high-grade ore (modified after Taylor et al.,
2001, and Thorne et al., 2007b).
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2005). The intervening shale layers are pale pink clay seams
that constitute the remaining impurities in the ore. Petrolog-
ical and geochemical studies at Mount Tom Price have iden-
tified three hypogene alteration zones between BIF and high-
grade iron ore: (1) distal magnetite-siderite-stilpnomelane,
(2) intermediate hematite-magnetite-ankerite-talc-chlorite
(Fig. 5C), and (3) proximal martite-microplaty hematite-mag-
netite-apatite alteration zones (Barley et al., 1999; Taylor et
al., 2001; Thorne et al., 2004, 2005).

The most current ore deposit models (Barley et al., 1999;
Taylor et al., 2001; Cochrane, 2003; Thorne et al., 2004, 2005,
2007b) invoke a hydrothermal-supergene origin for the for-
mation of the high-grade Mount Tom Price deposit. Taylor et
al. (2001) presented a three-stage hydrothermal model for the
formation for the Mount Tom Price high-grade iron deposit
that is summarized below. The first, hypogene, stage of ore
formation transformed magnetite-chert–rich BIF into a mag-
netite-siderite alteration assemblage. In this stage of alter-
ation, low-temperature, highly saline bicarbonate-saturated
fluids from the underlying carbonate-shale Wittenoom For-
mation migrated upward along fault zones into the lower part
of the Brockman Iron Formation. During the second, deep
meteoric stage of ore formation the magnetite-siderite as-
semblage was oxidized to a hematite-ankerite-microplaty
hematite assemblage, with magnetite converted to martite.
The fluid responsible was a low-temperature (~100ºC), low-
salinity, meteoric fluid. A second stage of gangue removal fol-
lowed this oxidation stage and stripped all carbonate from
both magnetite and hematite zones, leaving highly porous and
permeable iron ore layers with a high apatite content in-
terbedded with magnesium-rich shale layers. The final,
purely supergene, stage of upgrading is indistinguishable

from modern weathering but penetrated deep below the pre-
sent surface. Magnesium silicates were converted to a
kaolinitic residue, greatly thinning the shale layers, apatite
was destroyed, and both calcium and phosphorus were
leached from the ore. 

Thorne et al. (2004, 2005) invoked a two-stage hypogene-
supergene model for the formation of the North deposit (Fig.
3). Stage 1 involved early hypogene alteration by upward
movement of hydrothermal, CaCl2-rich brines (110º–280ºC)
that likely originated during regional deformation of the
Hamersley province. The brine exchanged with the underly-
ing Wittenoom Formation as it moved into the large-scale
folds of the Dales Gorge Member during the Paleoprotero-
zoic. Fluid rock reactions of basinal brines (107°–142°C, 25.5
wt % equiv; NaCl-CaCl2–rich; Table 1) transformed mag-
netite-chert–rich BIF to a magnetite-siderite-iron silicate as-
semblage. Continued hypogene alteration is characterized by
an increase in temperature (220°–280°C, 24 wt % equiv
CaCl2-rich; Table 1), and the formation of a hematite-
ankerite-magnetite assemblage and the crystallization of mi-
croplaty hematite. Thorne et al. (2007b) used oxygen isotope
compositions of iron oxides in one of the major ore-control-
ling structures to demonstrate that intense hypogene fluid
flow and fluid/rock reactions occurred within the core zone of
the normal faults but decreased systematically away from the
fault zone toward the periphery of the deposit. Late-stage
hydrothermal alteration involved the interaction of low-tem-
perature, low-salinity (<110ºC; Thorne et al., 2007a; Table 1)
meteoric water, with the hematite-ankerite-magnetite assem-
blage leaving a porous martite-microplaty hematite-apatite
assemblage. Stage 2 supergene alteration in the Tertiary (Vas-
concelos, 1998) resulted in the removal of residual ankerite
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TABLE 1.  Summary of Deposit Characteristics, Hydrothermal Alteration, and Fluid Geochemistry of Hydrothermal Fluids Interpreted to be 
Responsible for the Transformation of BIF to High-Grade Iron Ore

Deposit Host rock Ore type Wall-rock alteration Hydrothermal fluid geochemistry

Mt. Whaleback Brockman Iron Martite-microplaty Dolomite, chlorite, and Powell et al. (1999): 270°–380°C water-rich fluid 
Formation hematite ferroan-dolomite/ankerite modified meteoric waters, and a 380°–420°C, highly 

veins within Mt. McRae saline FeCl2-H2O ± NaCl ± CaCl2 basinal brine
Shale, quartz-hematite Brown et al. (2004): 203°–231°C , 1–11 wt % NaCl 
veins equiv; ~14,000 ppm Cl, ~1,600 ppm K, ~650 ppm Ca, 

~675 ppm Ti, and varying concentrations of Mn, Fe, 
Ni, Cu, Zn, As, Br, Rb, Sr, and Y
Oliver et al. (2007): meteoric water ~200°–250°C
Webb et al. (2004): hypogene fluids

Mt. Tom Price Brockman Iron Martite-microplaty Magnetite-siderite- Hagemann et al. (1999): 125°–250°; 0.1–16 wt % NaCl 
Formation hematite stilpnomelane, hematite- equiv; 18–25 wt % CaCl2 equiv; mass ratios: Na/K = 

magnetite-ankerite-talc- 12.4 ± 7.4; Na/Ca = 1.9 ± 0.9; Na/Li = 11.7 ± 9.5; 
chlorite proximal, and Br-/Cl–(×10–3) ratio: 1.0–9.0; I–/Cl–(×10–6) ratio: 
martite-microplaty 15.2–135; basinal brine and late-stage meteoric water
hematite-magnetite- Thorne et al. (2005): 110°–280°C; 24.0–25.5 wt % 
apatite equiv; NaCl-CaCl2-rich basinal brines

Thorne et al. (2007b): <110°C, low-salinity meteoric water

Paraburdoo Brockman Iron Martite-microplaty Hematite-dolomite- Thorne et al. (2007b): 150°–190oC, basinal brine 20.9 
Formation hematite chlorite-pyrite wt % equiv CaCl2 with Ca > Na > K

Hope Downs, Marra Mamba Martite-goethite, Goethite Hannon et al. (2005): hypogene fluids (?)
Mining Area C, Iron Formation Martite-microplaty Oliver et al. (2007): 40oC, modern rainwater
Cloud Break hematite (Cloud 

Break deposit)
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and apatite and the weathering of the shale layers to kaolin-
ite-rich clay. 

Hagemann et al. (1999) conducted a fluid chemistry study
on quartz vein and hematite samples from the Southern Bat-
ter fault zone within the Southern Ridge deposit at Mount
Tom Price. The quartz veins displayed δ18O values from 16.1
to 18.3 per mil and hematite from –3.1 to 0.8 per mil. Fluids
in equilibrium with quartz are calculated to range from –0.1
to 4.1 per mil and interpreted to originate from meteoric
water and/or basinal brines that exchanged variably with the
wall rocks. Analyses of fluid inclusion waters from the South-
ern Ridge yield δD values from –35 to –90 per mil and con-
sist largely of two populations, one with light δD values from
–53 to –66 per mil and another with heavy values from –34 to
–43 per mil. Hagemann et al. (1999) interpreted the data as
compatible with a mixture of basinal brines and meteoric wa-
ters that reacted with the sedimentary wall rocks. Fluid in-
clusion analyses of quartz-hematite veins suggest that the ma-
jority of aqueous fluids trapped in fluid inclusions are related
to complex basinal brines.

Recent work has constrained the timing of both the hy-
drothermal and supergene alteration within the Mount Tom
Price deposit. Rasmussen et al. (2007) studied U-Pb
chronometers, xenotime, and monazite, from high-grade
hematite ore from the Mount Tom Price. Both phosphate
minerals occur as inclusions within the hematite ore and as
coarser crystals intergrown with martite and microplaty
hematite, indicating that the xenotime and monazite precipi-
tated during the transformation of BIF to high-grade ore and
grew during multiple discrete events. Rasmussen et al. (2007)
suggested that ore genesis may have commenced as early as
2.15 Ga., with subsequent hydrothermal remobilization at
2.05, 1.84, 1.67, 1.59, 1.54, 1.48, and 0.85 Ga. Vasconcelos
(1998) and Cochrane (2003) obtained ages from 40Ar/39Ar dat-
ing on Mn oxides, indicating that supergene alteration at the
Mount Tom Price deposit spanned the last 80 m.y.

Paraburdoo 

The Paraburdoo deposit is located at the southern margin
of the Hamersley province, approximately 65 km south of
Mount Tom Price (Fig. 1), and is part of a series of deposits
along the Paraburdoo Range (66W to Channar deposits; Dal-
stra, 2005). In 1972 the premining reserve was 300 Mt at 63
wt percent Fe, with low impurities (0.09% P, 3.8 wt % SiO2,
2.1 wt % Al2O3). By 1975 the total reserves and indicated re-
sources had increased to 700 Mt of >60 wt percent Fe. As of
2003, the deposit contained a reserve of 23 Mt at 64.5 wt per-
cent Fe and a measured and indicated resource of 55 Mt at
63.6 wt percent Fe, low P, high-grade ore. 

The main Paraburdoo iron deposit consists of two orebod-
ies: 4 West and 4 East (Fig. 6; Harmsworth et al., 1990), and
high-grade iron ore is equally hosted within the Dales Gorge
and Joffre Member of the Brockman Iron Formation. A
minor amount of high-grade iron ore is also associated with
flat-lying faults in the Yandicoogina Shale and the lowermost
section of the Weeli Wolli Formation (Fig. 2). Structural re-
construction of the Paraburdoo deposit suggests that the flat
fault zones that now underlie the deposit were steeply dip-
ping normal faults, prior to late tilting (Dalstra, 2005). Con-
glomerates containing pebbles of iron ore in the Mount Mc-

Grath Formation (Figs. 2, 6) indicate the first erosion of high-
grade iron ore that developed from Hamersley BIFs (Thorne
and Seymour, 1991). Northwest-trending dikes (ca. 2008 Ma;
SHRIMP 207Pb/206Pb baddeleyite; Müller et al., 2005) that
limit the areal extent of iron orebodies at Paraburdoo (Fig. 6)
intrude extensional faults that were active and hydrothermally
altered during ore formation (Barley et al., 1999; Dalstra et
al., 2005) but do not intrude the Mount McGrath Formation.
The dikes were emplaced after the Panhandle folding (D1Cap;
Müller et al., 2005), and dikes, country rock, and ore were
deeply eroded before the deposition of the Mount McGrath
Formation (Taylor et al., 2001). Thus, the formation of high-
grade iron ore took place during or shortly after emplacement
of these ca. 2008 Ma dikes.

Most of the Paraburdoo deposit is in the Tertiary supergene
alteration profile and exhibits a strong goethite overprint of
the primary martite-microplaty hematite ore (Fig 5F). How-
ever, below the 4 East deposit and the depth of modern
weathering, carbonate-altered BIF (50–55 wt % Fe;
hematite-dolomite-chlorite-pyrite: Fig. 5E) occurs transi-
tional between BIF (~35 wt % Fe) and high-grade (> 65 wt
% Fe) iron ore (Thorne et al., 2007b). Sepe (2007) and
Thorne et al. (2007b) proposed a three-stage hydrothermal-
supergene model for the 4 East deposit at Paraburdoo (Fig.
6). The first hypogene stage involved hypogene alteration by
upward movement along fault zones, of 170ºC, basinal brines
(20.9 wt % CaCl2 equiv with Ca > Na > K; Table 1) into the
Dales Gorge and Joffre Members of the Brockman Iron For-
mation. The low Cl/Br and Na/Br ratios, high Ca concentra-
tions, and elevated base metal content of the hydrothermal
fluids suggest that they were modified basinal brines sourced
from evaporated seawater from which halite had precipitated
and, prior to being expelled from the Wittenoom Formation,
had caused dolomitization of limestone succession(s) (cf.
Lüders et al., 2005; Thorne et al. 2007b). Fluid rock reactions
transformed magnetite-chert–rich BIF into the intermediate
hematite-dolomite-chlorite-pyrite assemblage. The second
stage involved deeply circulating, low-temperature (<110ºC)
meteoric water that interacted with the hematite-dolomite-
chlorite-pyrite assemblage, resulting in the formation of the
proximal martite-microplaty hematite-apatite assemblage.
Carbonate was leached from the rock and chlorite and pyrite
were replaced by anhedral hematite. The high Cl/Br ratio of
the fluid is interpreted to have formed from fluids that had in-
teracted with evaporites prior to interaction with the BIF for-
mations. Stage 3 supergene alteration during the Tertiary en-
tirely overprinted the proximal alteration zone converting
shale layers to kaolinite-rich clay, destroying apatite, and
leaching calcium and phosphorus from the ore. 

Hope Downs

The Hope Downs deposit consists of the Hope North and
Hope South orebodies and is located approximately 75 km
northwest of Newman (Fig. 1) in Western Australia. The
Hope Downs deposit consists of high-grade (>60 wt % Fe)
martite-goethite ore that is hosted by the Mount Newman
Member of the Marra Mamba Iron Formation. The Hope
North deposit has proven reserves of 337 Mt at 61.6 wt per-
cent Fe, with low impurities (0.06 wt % P, 2.9 wt % SiO2, and
1.5 wt % Al2O3). The Hope South deposit has proven reserves
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2005). The intervening shale layers are pale pink clay seams
that constitute the remaining impurities in the ore. Petrolog-
ical and geochemical studies at Mount Tom Price have iden-
tified three hypogene alteration zones between BIF and high-
grade iron ore: (1) distal magnetite-siderite-stilpnomelane,
(2) intermediate hematite-magnetite-ankerite-talc-chlorite
(Fig. 5C), and (3) proximal martite-microplaty hematite-mag-
netite-apatite alteration zones (Barley et al., 1999; Taylor et
al., 2001; Thorne et al., 2004, 2005).

The most current ore deposit models (Barley et al., 1999;
Taylor et al., 2001; Cochrane, 2003; Thorne et al., 2004, 2005,
2007b) invoke a hydrothermal-supergene origin for the for-
mation of the high-grade Mount Tom Price deposit. Taylor et
al. (2001) presented a three-stage hydrothermal model for the
formation for the Mount Tom Price high-grade iron deposit
that is summarized below. The first, hypogene, stage of ore
formation transformed magnetite-chert–rich BIF into a mag-
netite-siderite alteration assemblage. In this stage of alter-
ation, low-temperature, highly saline bicarbonate-saturated
fluids from the underlying carbonate-shale Wittenoom For-
mation migrated upward along fault zones into the lower part
of the Brockman Iron Formation. During the second, deep
meteoric stage of ore formation the magnetite-siderite as-
semblage was oxidized to a hematite-ankerite-microplaty
hematite assemblage, with magnetite converted to martite.
The fluid responsible was a low-temperature (~100ºC), low-
salinity, meteoric fluid. A second stage of gangue removal fol-
lowed this oxidation stage and stripped all carbonate from
both magnetite and hematite zones, leaving highly porous and
permeable iron ore layers with a high apatite content in-
terbedded with magnesium-rich shale layers. The final,
purely supergene, stage of upgrading is indistinguishable

from modern weathering but penetrated deep below the pre-
sent surface. Magnesium silicates were converted to a
kaolinitic residue, greatly thinning the shale layers, apatite
was destroyed, and both calcium and phosphorus were
leached from the ore. 

Thorne et al. (2004, 2005) invoked a two-stage hypogene-
supergene model for the formation of the North deposit (Fig.
3). Stage 1 involved early hypogene alteration by upward
movement of hydrothermal, CaCl2-rich brines (110º–280ºC)
that likely originated during regional deformation of the
Hamersley province. The brine exchanged with the underly-
ing Wittenoom Formation as it moved into the large-scale
folds of the Dales Gorge Member during the Paleoprotero-
zoic. Fluid rock reactions of basinal brines (107°–142°C, 25.5
wt % equiv; NaCl-CaCl2–rich; Table 1) transformed mag-
netite-chert–rich BIF to a magnetite-siderite-iron silicate as-
semblage. Continued hypogene alteration is characterized by
an increase in temperature (220°–280°C, 24 wt % equiv
CaCl2-rich; Table 1), and the formation of a hematite-
ankerite-magnetite assemblage and the crystallization of mi-
croplaty hematite. Thorne et al. (2007b) used oxygen isotope
compositions of iron oxides in one of the major ore-control-
ling structures to demonstrate that intense hypogene fluid
flow and fluid/rock reactions occurred within the core zone of
the normal faults but decreased systematically away from the
fault zone toward the periphery of the deposit. Late-stage
hydrothermal alteration involved the interaction of low-tem-
perature, low-salinity (<110ºC; Thorne et al., 2007a; Table 1)
meteoric water, with the hematite-ankerite-magnetite assem-
blage leaving a porous martite-microplaty hematite-apatite
assemblage. Stage 2 supergene alteration in the Tertiary (Vas-
concelos, 1998) resulted in the removal of residual ankerite
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TABLE 1.  Summary of Deposit Characteristics, Hydrothermal Alteration, and Fluid Geochemistry of Hydrothermal Fluids Interpreted to be 
Responsible for the Transformation of BIF to High-Grade Iron Ore

Deposit Host rock Ore type Wall-rock alteration Hydrothermal fluid geochemistry

Mt. Whaleback Brockman Iron Martite-microplaty Dolomite, chlorite, and Powell et al. (1999): 270°–380°C water-rich fluid 
Formation hematite ferroan-dolomite/ankerite modified meteoric waters, and a 380°–420°C, highly 

veins within Mt. McRae saline FeCl2-H2O ± NaCl ± CaCl2 basinal brine
Shale, quartz-hematite Brown et al. (2004): 203°–231°C , 1–11 wt % NaCl 
veins equiv; ~14,000 ppm Cl, ~1,600 ppm K, ~650 ppm Ca, 

~675 ppm Ti, and varying concentrations of Mn, Fe, 
Ni, Cu, Zn, As, Br, Rb, Sr, and Y
Oliver et al. (2007): meteoric water ~200°–250°C
Webb et al. (2004): hypogene fluids

Mt. Tom Price Brockman Iron Martite-microplaty Magnetite-siderite- Hagemann et al. (1999): 125°–250°; 0.1–16 wt % NaCl 
Formation hematite stilpnomelane, hematite- equiv; 18–25 wt % CaCl2 equiv; mass ratios: Na/K = 

magnetite-ankerite-talc- 12.4 ± 7.4; Na/Ca = 1.9 ± 0.9; Na/Li = 11.7 ± 9.5; 
chlorite proximal, and Br-/Cl–(×10–3) ratio: 1.0–9.0; I–/Cl–(×10–6) ratio: 
martite-microplaty 15.2–135; basinal brine and late-stage meteoric water
hematite-magnetite- Thorne et al. (2005): 110°–280°C; 24.0–25.5 wt % 
apatite equiv; NaCl-CaCl2-rich basinal brines

Thorne et al. (2007b): <110°C, low-salinity meteoric water

Paraburdoo Brockman Iron Martite-microplaty Hematite-dolomite- Thorne et al. (2007b): 150°–190oC, basinal brine 20.9 
Formation hematite chlorite-pyrite wt % equiv CaCl2 with Ca > Na > K

Hope Downs, Marra Mamba Martite-goethite, Goethite Hannon et al. (2005): hypogene fluids (?)
Mining Area C, Iron Formation Martite-microplaty Oliver et al. (2007): 40oC, modern rainwater
Cloud Break hematite (Cloud 

Break deposit)
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of 185 Mt at 61.6 wt percent Fe and low impurities (0.06 wt
% P, 3.5 wt % SiO2, and 1.8 wt % Al2O3; Paquay and Ness,
1998). The Hope Downs deposits are located at the eastern
end of the east-west–trending Weeli Wolli anticline (D2;
Fig. 7), which plunges to the east and the west forming an
elongated dome with minor plunge reversals along the axis
and numerous subsidiary folds, particularly on the limbs.

The central part of the Weeli Wolli anticline is characterized
by flat-lying to gently dipping strata that abruptly turn into
steeply dipping synclines plunging to the east at Hope
Downs (Fig. 7). Upright concentric folds formed during D2

(Martin et al., 1998) and appear to be related to the D2 Oph-
thalmian major dome and basin structure of the Hamersley
province. Superimposed on this structure are a number of
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of 185 Mt at 61.6 wt percent Fe and low impurities (0.06 wt
% P, 3.5 wt % SiO2, and 1.8 wt % Al2O3; Paquay and Ness,
1998). The Hope Downs deposits are located at the eastern
end of the east-west–trending Weeli Wolli anticline (D2;
Fig. 7), which plunges to the east and the west forming an
elongated dome with minor plunge reversals along the axis
and numerous subsidiary folds, particularly on the limbs.

The central part of the Weeli Wolli anticline is characterized
by flat-lying to gently dipping strata that abruptly turn into
steeply dipping synclines plunging to the east at Hope
Downs (Fig. 7). Upright concentric folds formed during D2

(Martin et al., 1998) and appear to be related to the D2 Oph-
thalmian major dome and basin structure of the Hamersley
province. Superimposed on this structure are a number of

BIF-RELATED IRON ORE DEPOSITS OF THE HAMERSLEY PROVINCE, WA 207

0361-0128/98/000/000-00 $6.00 207

Colluvium

Martite goethite ore

Hematite conglomerate

High-grade martite-microplaty
hematite ore
Proximal hypogene alteration
WEELI WOLLI FORMATION
Dolerite

Yandicoogina Shale Member

Joffre Member

Whaleback Shale Member

Dales Gorge Member

MT MCRAE SHALE

MT SYLVIA FORMATION

WITTENOOM FORMATION

MARRA MAMBA FORMATION

JEERINAH FORMATION

MT MCGRATH FORMATION

B

A

A B

2000N

3000E2000E1000E1000W2000W

800N

Rl300m

1600N 2400N

Depth of
weathering

Hematite
Conglomerate 18E Fault

18E Fault

4 EAST

4 WEST

4E Basal Fault

4E Fault

4E
Basal Fault

4W
        Basal

                Fault

FIG. 6.  Plan geology and cross section of the Paraburdoo deposit, displaying distribution of hypogene alteration and high-
grade martite-microplaty hematite and martite goethite ore types. Note: Major unconformity and hematite conglomerate at
the base of the Mount McGrath Formation (modified after Taylor et al., 2001). 

 Thorne et al  6/11/08  7:48 AM  Page 207



16

chevron-style minor folds that appear to be related to D3 de-
formation (Martin et al., 1998). The Hope Downs BIF is
metamorphosed to lower greenschist facies. Major folds have
vertical axial planes with a general east-west strike with en
echelon minor folds striking west-northwest–east-southeast
to west-southwest– east-northeast. Low-angle thrusts dipping
to the south-southeast on the northern limbs of the main cen-
tral syncline and the northern margin of the Weeli Wolli anti-
cline result in intense deformation of BIF (Paquay and Ness,
1998).

The Marra Mamba BIF that hosts the high-grade iron de-
posits is typified by a coarser scale of layering than most of the
other BIF of the Hamersley Group with mesolayers com-
monly between 2 to 10 cm and rarely up to 30 cm thick. Chert
layers consist mainly of interlayered siderite and/or ankerite
and chert mesolayers with minor stilpnomelane and carbon-
rich black shale layers and very rare magnetite. Siderite typi-
cally shows a texture of interlocking subhedral crystals. Iron
silicate and carbonate minerals such as siderite, ankerite,
dolomite, and calcite are typically abundant and commonly
form mesolayers between the chert and the magnetite layers.
Subhedral magnetite with grains averaging around 500 µm in
diameter is concentrated into laminae that fuse together to
form mesolayers (Fig. 5H). High-grade ore consists of
hematite, brown and yellow goethite of earthy consistency,
with minor manganese oxides and secondary quartz in near-
surface rocks. The majority of the hematite is in the form of
martite (Fig. 5G) but some cryptocrystalline to amorphous
hematite (red ochre) near the surface is derived from dehy-
dration of goethite and by direct precipitation from suspen-
sion during weathering. The ore in the deeper parts of the de-
posit consists mainly of highly porous to friable martite with
minor interstitial goethite and approximately 15 vol percent
of earthy goethite. Martite is abundant throughout the ore
ranging from massive mesolayers of interlocking grains to thin
microlayers and isolated euhedral grains. 

Paquay and Ness (1998) proposed that the Hope Downs
deposit formed as a result of intensive supergene alteration.
Lascelles (2006a), in contrast, invokes a model for the origin
of the host iron formation and the ore deposits, in which den-
sity currents transported reworked iron silicates and hydrox-
ides in colloidal suspension onto an unstable sea floor. Hy-
drous amorphous silica was lost prior to lithification to form
chert-free BIF. Supergene alteration of the chert-free BIF
produced the present high-grade martite-goethite ore. 

Mining Area C

Mining Area C (Area C) is located approximately 100 km
northwest of Newman along the northern flank of the broad-
scale Weeli Wolli anticline (Figs. 1, 8). The region contains
some 950 Mt of martite-goethite ore hosted within the Marra
Mamba Iron Formation (Fig. 2) and has been divided into
several deposits based on continuity of ore grade. 

The structures that control the localization of high-grade
martite-goethite orebodies at Mining Area C were primarily
developed during the two major north-south compressional
events that affected the Hamersley province. The initial D2

deformation produced pervasive east-west–trending, upright
to recumbent folds with intervening long, flat, relatively un-
deformed limbs in moderately narrow, linear to arcuate belts

(Kepert 2001). South over north thrusts associated with this
deformation preferentially developed on the stratigraphic
contact between Mount Newman and West Angela Members
and has an apparent movement of up to 200 m (Kepert,
2001). Associated with these thrusts are gently north-dipping
splays that Kepert (2001) interpreted as low-angle extensional
faults compatible with the D2 Riedel shear configuration.
Subsequent D3 deformation produced gentle to open, east-
west–trending symmetric folds with upright axial surfaces
subparallel to D2 folds (Kepert, 2001). 

Several key structures such as south-dipping thrust faults
control the geometry of the orebody at the Area C deposit
(Fig. 8). These are interpreted to have formed during D2 de-
formation and have later been affected by D3 deformation,
resulting in the undulation of the main thrust and steepening
of the deeper, high-angle fault (Bodycoat, 2007). South-dip-
ping thrust faults (D2) developed along the contact between
the Mount Newman Member and West Angelas Shale (Fig.
8) and associated folds and thickened the main ore-hosting
units in the Mount Newman Member (Fig. 8). Martite-
goethite ore is widely developed in both the Marra Mamba
and Brockman Iron Formations in the Mining Area C region
(Fig. 9). The high-grade ore is spatially related to the Meso-
zoic-Tertiary paleosurface, indicating that it is most likely de-
veloped from near-surface to very deep (>200 m) supergene
enrichment of BIF (Morris, 1985; Harmsworth et al., 1990).
In the Marra Mamba Iron Formation, high-grade ore is
hosted in the upper Mount Newman and lower West Angela
Members, although it can continue within the MacLeod
Member closer to the surface (Kepert, 2001). Stratigraphi-
cally lower (i.e., Nammuldi Member; Fig. 2) high-grade ore-
bodies are typically thin and very discontinuous along strike.
Ore thicknesses vary between 20 to 80 m and are controlled
by major structures.

Chichester Range deposits

The Chichester range deposits, Christmas Creek and
Cloud Break, are located approximately 110 km north-east of
Newman (Fig. 1) in Western Australia. The deposits are
hosted within the Nammuldi Member at the base of the
Marra Mamba Iron Formation (Figs. 2, 9). Production is due
to commence in early 2008. The mineral resource for the
Christmas Creek deposit (Fig. 9) is 1,415 Mt at 58.4 wt per-
cent Fe with moderate levels of impurities (0.054 wt % P, 4.3
wt % SiO2, and 2.49 wt % Al2O3). The Cloud Break deposit
has a resource of 816 Mt at 58.7 wt percent Fe with slightly
lower impurities (0.056 wt % P, 4.1 wt % SiO2, and 2.4 wt %
Al2O3). Pods of martite-microplaty ore consist of low P, mas-
sive microplaty hematite with almost no goethite and 62 to 66
wt percent Fe, 2 to 4 wt percent SiO2, 0.5 to 2.0 wt percent
Al2O3, and 0.03 to 0.05 wt percent P.

Regionally, the Chichester range dips less than 5º to the
south but at the Christmas Creek deposit the regional strike
is offset by north-south– to northeast-southwest–trending
faults and open folds with a south-southwesterly plunging
fold axis. The latter are developed throughout the Chichester
Range (Bagas, 2005) and in the Fortescue Group immedi-
ately to the north (Bagas et al., 2004; Bagas, 2005). The rela-
tionship of the folds in the Christmas Creek deposit to fold-
ing affecting the Hamersley province to the south (i.e., D2
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chevron-style minor folds that appear to be related to D3 de-
formation (Martin et al., 1998). The Hope Downs BIF is
metamorphosed to lower greenschist facies. Major folds have
vertical axial planes with a general east-west strike with en
echelon minor folds striking west-northwest–east-southeast
to west-southwest– east-northeast. Low-angle thrusts dipping
to the south-southeast on the northern limbs of the main cen-
tral syncline and the northern margin of the Weeli Wolli anti-
cline result in intense deformation of BIF (Paquay and Ness,
1998).

The Marra Mamba BIF that hosts the high-grade iron de-
posits is typified by a coarser scale of layering than most of the
other BIF of the Hamersley Group with mesolayers com-
monly between 2 to 10 cm and rarely up to 30 cm thick. Chert
layers consist mainly of interlayered siderite and/or ankerite
and chert mesolayers with minor stilpnomelane and carbon-
rich black shale layers and very rare magnetite. Siderite typi-
cally shows a texture of interlocking subhedral crystals. Iron
silicate and carbonate minerals such as siderite, ankerite,
dolomite, and calcite are typically abundant and commonly
form mesolayers between the chert and the magnetite layers.
Subhedral magnetite with grains averaging around 500 µm in
diameter is concentrated into laminae that fuse together to
form mesolayers (Fig. 5H). High-grade ore consists of
hematite, brown and yellow goethite of earthy consistency,
with minor manganese oxides and secondary quartz in near-
surface rocks. The majority of the hematite is in the form of
martite (Fig. 5G) but some cryptocrystalline to amorphous
hematite (red ochre) near the surface is derived from dehy-
dration of goethite and by direct precipitation from suspen-
sion during weathering. The ore in the deeper parts of the de-
posit consists mainly of highly porous to friable martite with
minor interstitial goethite and approximately 15 vol percent
of earthy goethite. Martite is abundant throughout the ore
ranging from massive mesolayers of interlocking grains to thin
microlayers and isolated euhedral grains. 

Paquay and Ness (1998) proposed that the Hope Downs
deposit formed as a result of intensive supergene alteration.
Lascelles (2006a), in contrast, invokes a model for the origin
of the host iron formation and the ore deposits, in which den-
sity currents transported reworked iron silicates and hydrox-
ides in colloidal suspension onto an unstable sea floor. Hy-
drous amorphous silica was lost prior to lithification to form
chert-free BIF. Supergene alteration of the chert-free BIF
produced the present high-grade martite-goethite ore. 

Mining Area C

Mining Area C (Area C) is located approximately 100 km
northwest of Newman along the northern flank of the broad-
scale Weeli Wolli anticline (Figs. 1, 8). The region contains
some 950 Mt of martite-goethite ore hosted within the Marra
Mamba Iron Formation (Fig. 2) and has been divided into
several deposits based on continuity of ore grade. 

The structures that control the localization of high-grade
martite-goethite orebodies at Mining Area C were primarily
developed during the two major north-south compressional
events that affected the Hamersley province. The initial D2

deformation produced pervasive east-west–trending, upright
to recumbent folds with intervening long, flat, relatively un-
deformed limbs in moderately narrow, linear to arcuate belts

(Kepert 2001). South over north thrusts associated with this
deformation preferentially developed on the stratigraphic
contact between Mount Newman and West Angela Members
and has an apparent movement of up to 200 m (Kepert,
2001). Associated with these thrusts are gently north-dipping
splays that Kepert (2001) interpreted as low-angle extensional
faults compatible with the D2 Riedel shear configuration.
Subsequent D3 deformation produced gentle to open, east-
west–trending symmetric folds with upright axial surfaces
subparallel to D2 folds (Kepert, 2001). 

Several key structures such as south-dipping thrust faults
control the geometry of the orebody at the Area C deposit
(Fig. 8). These are interpreted to have formed during D2 de-
formation and have later been affected by D3 deformation,
resulting in the undulation of the main thrust and steepening
of the deeper, high-angle fault (Bodycoat, 2007). South-dip-
ping thrust faults (D2) developed along the contact between
the Mount Newman Member and West Angelas Shale (Fig.
8) and associated folds and thickened the main ore-hosting
units in the Mount Newman Member (Fig. 8). Martite-
goethite ore is widely developed in both the Marra Mamba
and Brockman Iron Formations in the Mining Area C region
(Fig. 9). The high-grade ore is spatially related to the Meso-
zoic-Tertiary paleosurface, indicating that it is most likely de-
veloped from near-surface to very deep (>200 m) supergene
enrichment of BIF (Morris, 1985; Harmsworth et al., 1990).
In the Marra Mamba Iron Formation, high-grade ore is
hosted in the upper Mount Newman and lower West Angela
Members, although it can continue within the MacLeod
Member closer to the surface (Kepert, 2001). Stratigraphi-
cally lower (i.e., Nammuldi Member; Fig. 2) high-grade ore-
bodies are typically thin and very discontinuous along strike.
Ore thicknesses vary between 20 to 80 m and are controlled
by major structures.

Chichester Range deposits

The Chichester range deposits, Christmas Creek and
Cloud Break, are located approximately 110 km north-east of
Newman (Fig. 1) in Western Australia. The deposits are
hosted within the Nammuldi Member at the base of the
Marra Mamba Iron Formation (Figs. 2, 9). Production is due
to commence in early 2008. The mineral resource for the
Christmas Creek deposit (Fig. 9) is 1,415 Mt at 58.4 wt per-
cent Fe with moderate levels of impurities (0.054 wt % P, 4.3
wt % SiO2, and 2.49 wt % Al2O3). The Cloud Break deposit
has a resource of 816 Mt at 58.7 wt percent Fe with slightly
lower impurities (0.056 wt % P, 4.1 wt % SiO2, and 2.4 wt %
Al2O3). Pods of martite-microplaty ore consist of low P, mas-
sive microplaty hematite with almost no goethite and 62 to 66
wt percent Fe, 2 to 4 wt percent SiO2, 0.5 to 2.0 wt percent
Al2O3, and 0.03 to 0.05 wt percent P.

Regionally, the Chichester range dips less than 5º to the
south but at the Christmas Creek deposit the regional strike
is offset by north-south– to northeast-southwest–trending
faults and open folds with a south-southwesterly plunging
fold axis. The latter are developed throughout the Chichester
Range (Bagas, 2005) and in the Fortescue Group immedi-
ately to the north (Bagas et al., 2004; Bagas, 2005). The rela-
tionship of the folds in the Christmas Creek deposit to fold-
ing affecting the Hamersley province to the south (i.e., D2
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and D3) remains unclear. Folds may alternatively represent
the waning phases of post-Fortescue Group gravity-driven
tectonics (Kepert, 2001). 

The Cloud Break and Christmas Creek deposits are located
within the Nammuldi Member and consist of a widespread 5-
to 20-m-thick supergene weathering blanket of near-surface
martite-goethite ore (Fig. 5H) over a total strike length of
over 80 km (Fig. 9) and dip extent of up to 4 km. High-grade
ore crops out locally along the Chichester Range and dips at
about 4º south under a thin (0–50 m) cover of Tertiary to Re-
cent sediments (gravels and clays). High-grade ore formation
is controlled by northeast-southwest–trending faults and folds
and has been crosscut and exposed locally by erosion in
creeks that follow the structures. There are also pods of fine-
to medium-grained martite-microplaty hematite ore closely
associated with northeast- to southwest-trending brittle shear
zones. The microplaty hematite varies in shape and size from
coarse (100–200 µm) euhedral crystals at the Christmas
Creek and Cloud Break deposits, to very fine (10–60 µm)
blades that are common at the Mount Nicholas deposit
(Figs. 1, 5I). Disseminated fine-grained martite-microplaty
hematite also occurs in the supergene ore, especially beneath
the modern weathering zone.

Small synclines and faults have focused supergene fluids
within the Cloud Break and Christmas Creek deposits and
along the Chichester Range, resulting in the preferential de-
velopment of supergene ore within these structures. The dis-
tribution of martite-microplaty hematite ore within the

Chichester range is interpreted to be the result of an initial
Proterozoic structurally controlled hypogene alteration
within the Nammuldi Member of the Marra Mamba Iron
Formation (Hannon et al., 2005). The earlier hydrothermal
martite-microplaty ore was subsequently overprinted by su-
pergene alteration. 

Characteristics of High-Grade Iron Ore
The mineralogical characteristics of high-grade iron ore from

deposits of hydrothermal, supergene or syngenetic origin are
the result of interaction between fluids and the protolith BIF.
In the last decade, the expansion of iron ore mining to deeper
levels within existing deposits (e.g., Mount Tom Price,
Paraburdoo, or Mount Whaleback), development of new
mining districts (e.g., the Chichester Range), and the greater
production from deposits within the Marra Mamba Iron For-
mation (e.g., Area C or Hope Downs), in combination with
studies on the ore petrology, mineralogy, and geochemistry,
have led to a better understanding of the processes that con-
trol the mineralogical characteristics. 

Mineralogy of martite-microplaty hematite ore

Microplaty hematite (mpH) is an important constituent of
both hard and soft high-grade iron ore (Figs. 5, 10). Hard and
soft ores are an interlocking mass of randomly oriented plates
of hematite and martite crystals, with somewhat greater
porosity in the soft ore. High-grade microplaty hematite ore
is best developed in the Brockman Iron Formation, although
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Hannon et al. (2005) described significant microplaty
hematite ore in the Nammuldi Member of the Marra Mamba
Iron Formation in the Chichester Range and at the Christmas
Creek, Cloud Break, and Mount Nicholas prospects (Fig. 1). 

Microplaty hematite in high-grade iron ore may have
formed either in response to hypogene hydrothermal
processes (Barley et al., 1999; Taylor et al., 2001; Webb et al.,
2002; Thorne et al., 2004, 2005) or as part of weathering, i.e.,
the dehydration of goethite in the upper hardcap of deposits
(Harmsworth et al., 1990). The size of microplaty hematite is
variable and has been defined differently by many authors: 10
to 200 µm (Morris; 1985) and 20 to 250 µm or larger (Taylor
et al., 2001) in high-grade ore at Mount Tom Price; 10 to 60
µm in hematite-ankerite magnetite alteration assemblage at
the North Deposit, Mount Tom Price (Thorne et al., 2004);
100 to 200 µm as euhedral crystals at Christmas Creek and
Cloud Break; and 10 to 60 µm as straight-wall blades at
Mount Nicholas (Chichester Range; Clout, 2005). 

Microplaty hematite is well described by Taylor et al. (2001,
p. 847) as “individual microplates that are bladed with ‘blunt’
terminations, or cigar shaped with sharp terminations.” Clout
(2005) described microplaty hematite as coarse, euhedral
crystals at the Christmas Creek and Cloud Break deposits and
as very fine, straight-wall blades at the Mount Nicholas de-
posit (Fig. 5). 

At the Mount Tom Price and Paraburdoo deposits detailed
fluid geochemistry studies on carbonate and quartz that form
coeval with microplaty hematite have shown that the mi-
croplaty hematite was formed from hydrothermal fluids (Tay-
lor et al., 2001; Thorne et al., 2004, 2005, 2007a, b). Thorne
et al. (2004, 2005, 2007a) also described platy magnetite
(100–300 µm) and hematite as replacement of platy mag-
netite, in ore zones within the Mount Tom Price and Channar
deposits. Platy magnetite is locally abundant and forms from
the replacement of siderite. This platy form of hematite is
also classified as microplaty hematite. 

Several other textural forms of hematite are significant
within martite-microplaty hematite high-grade ore. Thorne et
al. (2007a) pointed out that there is significant variation in the
proportion of textural forms of hematite (e.g., anhedral, platy,
bladed, microplaty) at various deposits within the Pilbara
province (Fig. 10.). The hard martite-microplaty hematite
ores at Mount Tom Price are generally rich in anhedral, fine
mosaic hematite, most likely derived by continuous com-
paction of the softer and more porous microplaty hematite
(Taylor et al., 2001). Clout and Simonson (2005) described
50-mm-thick layers of interlocking mosaic textured hematite
from the more intensely mineralized zones at Mount Tom
Price. Thorne et al. (2007a) noted a higher proportion (up to
90 vol %) of anhedral hematite from the 4E and 2 Lens de-
posits at Paraburdoo, where iron ore is typically soft and fri-
able and lacks the characteristic interlocking textures ob-
served at Mount Tom Price. Thorne et al. (2007a) and Sepe
(2007) suggested that the relative proportions of anhedral
hematite and microplaty hematite and their ability to rece-
ment magnetite and/or martite within the carbonate-altered
BIF may be a function of temperature, fluid flux, and chem-
istry of the hypogene fluids.

Clout (2005) described nanometer-sized plates of hematite,
referred to as “Texture X” from high-grade ore from the

Christmas Creek deposit. Texture X samples have a very high
(65–68 wt %) iron content and are characteristic of many
high-grade microplaty hematite ores. The nanometer-scale
needles, tubes, and hematite plates mostly occur within the
more porous martite-microplaty hematite ore samples and
well below the depth of weathering or dehydration in the
Christmas Creek and Cloud Break deposits. Texture X also
occurs in dehydrated zones that form in perched water tables
in the martite-goethite ore types (Clout, 2002). 

The range of sizes of hematite within high-grade ore varies
from the nanometer scale (60–600 nm), to microns (1–3 µm)
and hundreds of microns (100–200 µm), which Clout (2005)
interpreted to represent various stages of nucleation, crystal-
lization, and progressive growth of hematite. At present,
there is no clear definition of what constitutes microplaty
hematite. Microplaty hematite is present within many high-
grade iron deposits and in variable amounts, sizes, and tex-
tural forms but alone cannot be used as diagnostic mineral for
high-grade ore formed by hydrothermal processes. Of equal
importance are anhedral hematite and Texture X, which are
formed by the same hydrothermal processes. The common
usage of the term, both within the Hamersley province and
worldwide (Gutzmer et al., 2006), reduces the ability to dif-
ferentiate the ore types and geochemical properties of high-
grade ore and ultimately the processes that lead to their
formation. The ability of microplaty hematite to form inter-
locking networks producing a hard, porous ore is economi-
cally important, as the ore is sold at a premium. The P-T-X
conditions during which microplaty hematite forms, there-
fore, become increasingly important when exploring for new
orebodies.

Phosphorus distribution

There are both significant inter- and intradeposit variations
of phosphorus content within the iron ore deposits of the
Hamersley province. Phosphorus (P) is an important contam-
inant in steelmaking and the majority of high-grade ore pro-
duction from the Hamersley province averages less than 0.08
wt percent P (Dukino et al., 2000). At present the bulk of pro-
duction is a blend of low P (i.e., <0.07 wt % P) martite-mi-
croplaty hematite (e.g., Mount Whaleback, Mount Tom
Price) and/or martite-goethite ores (e.g., Mining Area C) with
the more common high P (i.e., >0.07 wt %) martite-goethite
ores (e.g., Brockman BS2 and parts of OB18). The low P mar-
tite-microplaty hematite ore is the major component of the
blend, however resources of low P martite-microplaty ore are
now becoming rapidly depleted (e.g. Mount Tom Price;
Dukino et al., 2000).

The P concentrations in the ores reflect the original
amounts of apatite in the BIF (Morris, 1985). Morris (1985)
was able to demonstrate a relationship between phosphorus
distribution and layering, where apatite that is interpreted to
be authigenic forms random, semicontinuous layers and scat-
tered, rounded grains <20 µm in diameter. The Marra
Mamba Iron Formation has inherently lower apatite content
(~0.04 wt %) than the Brockman Iron Formation (~0.10 wt
%; Morris, 1985). Supergene altered martite-goethite ores
hosted by the Brockman Iron Formation have a high P con-
tent (>0.07 wt % P), whereas supergene altered hydrother-
mal martite-microplaty hematite ores in the Brockman Iron
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and D3) remains unclear. Folds may alternatively represent
the waning phases of post-Fortescue Group gravity-driven
tectonics (Kepert, 2001). 

The Cloud Break and Christmas Creek deposits are located
within the Nammuldi Member and consist of a widespread 5-
to 20-m-thick supergene weathering blanket of near-surface
martite-goethite ore (Fig. 5H) over a total strike length of
over 80 km (Fig. 9) and dip extent of up to 4 km. High-grade
ore crops out locally along the Chichester Range and dips at
about 4º south under a thin (0–50 m) cover of Tertiary to Re-
cent sediments (gravels and clays). High-grade ore formation
is controlled by northeast-southwest–trending faults and folds
and has been crosscut and exposed locally by erosion in
creeks that follow the structures. There are also pods of fine-
to medium-grained martite-microplaty hematite ore closely
associated with northeast- to southwest-trending brittle shear
zones. The microplaty hematite varies in shape and size from
coarse (100–200 µm) euhedral crystals at the Christmas
Creek and Cloud Break deposits, to very fine (10–60 µm)
blades that are common at the Mount Nicholas deposit
(Figs. 1, 5I). Disseminated fine-grained martite-microplaty
hematite also occurs in the supergene ore, especially beneath
the modern weathering zone.

Small synclines and faults have focused supergene fluids
within the Cloud Break and Christmas Creek deposits and
along the Chichester Range, resulting in the preferential de-
velopment of supergene ore within these structures. The dis-
tribution of martite-microplaty hematite ore within the

Chichester range is interpreted to be the result of an initial
Proterozoic structurally controlled hypogene alteration
within the Nammuldi Member of the Marra Mamba Iron
Formation (Hannon et al., 2005). The earlier hydrothermal
martite-microplaty ore was subsequently overprinted by su-
pergene alteration. 

Characteristics of High-Grade Iron Ore
The mineralogical characteristics of high-grade iron ore from

deposits of hydrothermal, supergene or syngenetic origin are
the result of interaction between fluids and the protolith BIF.
In the last decade, the expansion of iron ore mining to deeper
levels within existing deposits (e.g., Mount Tom Price,
Paraburdoo, or Mount Whaleback), development of new
mining districts (e.g., the Chichester Range), and the greater
production from deposits within the Marra Mamba Iron For-
mation (e.g., Area C or Hope Downs), in combination with
studies on the ore petrology, mineralogy, and geochemistry,
have led to a better understanding of the processes that con-
trol the mineralogical characteristics. 

Mineralogy of martite-microplaty hematite ore

Microplaty hematite (mpH) is an important constituent of
both hard and soft high-grade iron ore (Figs. 5, 10). Hard and
soft ores are an interlocking mass of randomly oriented plates
of hematite and martite crystals, with somewhat greater
porosity in the soft ore. High-grade microplaty hematite ore
is best developed in the Brockman Iron Formation, although
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Formation are typically marked by a lower P content (<0.07
wt % P).

Within the Mount Tom Price deposit three generations of
phosphorous-bearing minerals have been identified
(Cochrane, 2003): primary crystalline apatite layers, sec-
ondary hydrothermal apatite, as well as complex phosphate
minerals and P-rich hydroxides. The primary apatite layers
are similar to those described by Morris (1985). Hydrother-
mal apatite is included in talc-apatite veins that crosscut the
hydrothermal martite-microplaty-apatite ore; it is preserved
below the depth of modern supergene alteration. Fluid inclu-
sion studies show that the veins were formed from Fe- and Si-
rich, low-salinity (NaCl) fluids that range from 220º to 280ºC
(Cochrane, 2003). Apatite was precipitated along geochemi-
cal barriers, in particular shale layers and dolerite dikes.
Minor quantities of P are within matrix minerals such as mag-
netite, hematite, monazite, and xenotime (Rasmussen et al.,
2007). Supergene weathering of the martite-microplaty
hematite-apatite ore resulted in P being leached by descend-
ing supergene fluids and reprecipitated at lithologic contacts
or within synclinal structures. 

Apatite is readily mobilized under supergene conditions,
dissolving slowly in the pH range of 7 to 8 and more rapidly
under acidic conditions (Clout, 2005). Hence, most of the
original apatite in the BIF would be dissolved by ground
water during the replacement of silicate and carbonate min-
erals with goethite in the BIF, releasing (PO4)3– ions into the
local ground water. Phosphorus becomes associated with
goethite through surface adsorption of ions or complexes onto
the growing surfaces of gel-like precursors and is incorpo-
rated into the goethite structure (Dukino et al., 2000).
Goethite can also be introduced into the iron ores by later
ground-water movement as high P colloform material along
fissures (Dukino et al., 2000). The P is preferentially precipi-
tated into the structure of supergene goethite in Al-rich
goethite (Dukino et al., 2000; Cochrane, 2003), and Al phos-
phates. The highest phosphorus levels are consistently associ-
ated with late-formed colloform goethite in cracks and pore
networks and limited to goethite composed of ultrafine crys-
tallites. Where dehydration or recrystallization of the goethite
has occurred it typically results in expulsion of the contained
phosphorus (Dukino et al., 2000). 

Zoning of supergene minerals

The effects of supergene alteration within both martite-
goethite and martite-microplaty hematite deposits show con-
sistent vertical primary zonation patterns, including sec-
ondary goethite and replacement textures such as goethite
infill and dehydration of goethite to hematite (Clout, 2002).
Recent work on supergene enrichment with respect to iron
ore formation was published by Clout (2002, 2005) and is
summarized below.

Clout (2002, 2005) showed that the vertical supergene al-
teration profile beneath alluvium and detrital material can be
subdivided into five key zones in BIF-hosted iron ore deposits
of the Pilbara, Yilgarn, and Gawler cratons: hardcap, hy-
drated, dehydrated, primary ore, and leached zones (Fig. 11).
The uppermost zone of the weathering profile is referred to
as hardcap. It is found at surface where it may be developed
in BIF and high-grade iron ore. Hardcap consists of highly

porous or coarse cellular-textured brown or vitreous goethite
with high concentrations of Si and Al and can extend to
depths of 60 m below the surface. The hardcap contains collo-
form microcrystalline quartz and locally intense silicification
of goethite is observed. Iron from goethite and/or hematite
was either dissolved by descending surface water from the
hardcap zone and reprecipitated farther down in the hydrated
or dehydrated zones as secondary goethite or transported
away in solution once it reached the water table.

Beneath the hardcap is the hydrated zone where most mi-
cropores and cavities are filled with colloform secondary
goethite. Hematite is partly replaced by goethite especially
along joint planes. The ore is denser with low-porosity and
higher goethite content compared with the primary ore, es-
pecially for the microplaty hematite ores. Any yellow ocher-
ous goethite is typically partly or completely replaced by sec-
ondary brown goethite. The hydrated zone in microplaty
hematite deposits is typically thin (<10 m vertically) when
compared to martite-goethite deposits (10–25 m vertically).

Within any given hydrated zone there can be one or more
stacked near-horizontal dehydrated zones, which are best de-
veloped 8 to 30 m below surface. In the dehydrated zone
colloform secondary goethite and primary brown or ochreous
goethite are largely dehydrated to hematite. Hematite formed
from dehydration preserves the crystal outline of the earlier
goethite. Dehydrated zones generally form immediately above
shale layers or faults. Circulation of ground water in the upper
portion of a deposit may have been influenced by aquicludes
such as shale layers. Iron-rich ground water is interpreted to
have ponded above near-horizontal aquicludes, encouraging
abundant secondary goethite to deposit in localized zones and
subsequently, partly or completely, dehydrated to hematite,
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FIG. 11.  Generalized ore texture vertical zonation profiles and interpreted
processes. Minerals in brackets imply leaching of this phase. Abbreviations:
Carb = carbonates, G = goethite, H = hematite, K = kenomagnetite, mpH =
microplaty hematite, Mr = martite, OG = ochreous goethite, Sil = silicates
(modified after Clout, 2005).
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thus causing the density of the host ore to increase. The de-
hydrated zone may also contain localized high levels of man-
ganese oxides (e.g. pyrolusite and minor cryptomelane). 

The primary ore zone often represents the thickest (up to
400 m) part of the ore profile in microplaty hematite deposits
and is dominated by porous martite-microplaty hematite ore.
The boundary between the hydrated zone and primary ore in
martite-goethite deposits is more subtle but usually coincides
with the absence of goethite infill textures and a marked in-
crease in ocherous goethite in defined stratigraphic units
(e.g., zone C in the Newman Member). 

The leached zone is interpreted to form below the inter-
preted paleowater table, where yellow goethite of earthy con-
sistency predominates over brown goethite, especially for
most martite-goethite deposits but also many microplaty
hematite deposits (Fig. 11). Immediately above the water
table, there is a region where ocherous goethite appears to
have replaced secondary and primary brown goethite. In mar-
tite-goethite ores, the presence of ocherous goethite is asso-
ciated with a marked increase in the amount of kenomag-
netite, traces of pyrite and friable residual leached carbonates
and silicates from the BIF host. The ocherous goethite-brown
goethite boundary is often located at the current water table;
this is not always the case and may also be located signifi-
cantly above it (e.g., at the Marandoo deposit; Fig. 1). 

Genetic Models for BIF-Related 
Hamersley Iron Ore Deposits

This section provides the most current genetic models for
the formation of high-grade BIF-hosted iron ore deposits in
the Hamersley province. In order to discuss these models the
six deposits described above are subdivided into two cate-
gories: supergene (Fig 1; Area C, Hope Downs, and Chich-
ester Range); and supergene-modified hydrothermal ores
(Fig 1; Mount Whaleback, Mount Tom Price, Paraburdoo).

Supergene model

There is a general consensus that the martite-goethite ores
of the Hamersley province formed as a result of supergene
enrichment of BIF (Paquay and Ness, 1998; Kepert, 2001;
Taylor et al., 2001; Clout, 2002, 2005; Dalstra and Guedes,
2004; Thorne et al., 2004; Bodycoat, 2007). In the supergene
model, high-grade iron ore is interpreted to have been
formed by ground water that replaced silicate and carbonate
minerals in the BIF with goethite (Morris, 1985). Despite
stratigraphic thinning of up to ~35 percent and multiple
phases of postore leaching, all levels of the primary BIF lay-
ering are preserved (Morris, 1985). Protolith textures are rep-
resented by martite (±primary hematite) and goethite
pseudomorphs after chert, carbonates, and silicates. They are
typically associated with the paleosurface but some extend to
>250 m in depth (Morris, 1985). All three martite-goethite
deposits considered in this study, Hope Downs (Mount New-
man Member; Fig. 7), Area C (Mount Newman Member;
Fig. 8), and Cloud Break (Nammuldi Member; Fig. 9) are lo-
cated within the Marra Mamba Iron Formation, although the
same supergene processes are thought to have formed mar-
tite-goethite deposits in the Brockman Iron Formation (e.g.,
secs. 6, 7 at Mt Tom Price; Fig. 3; Taylor et al., 2001). The
major controls on the localization of the martite-goethite

deposits are structure (e.g., faults, thrust, and folds) and de-
scending supergene fluids (Hodkiewicz et al., 2005).

At all three deposits the formation of supergene martite-
goethite deposits is structurally controlled by thrust fault de-
velopment related to D2 deformation (Kneeshaw and Kepert,
2002). Deformation by D3 has resulted in rotation of fault
surfaces at Area C (Fig. 8) such as the reorientation of the
main thrust from a south- to north-dipping surface at the C
deposit (Fig. 8, Bodycoat, 2007). The faults act as fluid path-
ways for supergene fluid flow into the BIF and allow super-
gene fluids to penetrate to depths of up to 250 m (Hodkiewicz
et al., 2005).

Where faults and thrusts allowed supergene fluid flow into
tightly to overturned synclines, the synclines tend to contain
iron ore with higher iron grades than flatlying or gentling dip-
ping strata. The subvertical orientation of iron grade within
faulted synclines is controlled by the orientation of the hang-
ing-wall and footwall contacts with the hanging-wall contact
of the thrusts containing higher Fe grades (Hodkiewicz et al.,
2005). The interplay of thrusts, faults, and folds has resulted
in thrust stacks of ore-forming horizons, and hence an in-
creased volume of mineralized stratigraphy at the orebodies. 

The structural controls on the location of the martite-
goethite deposits are also responsible for continued modifica-
tion of the primary supergene martite-goethite ore. Synclinal
structures focus greater volumes of ground water, resulting in
the leaching of goethite from the martite-goethite orebody.
Multiple phases of goethite precipitation and cementation
can result in a less porous and denser ore of higher Fe grade.
This secondary goethite commonly dehydrates to hematite
(Clout, 2002). 

The formation of the Area C, Hope Downs, and Cloud
Break deposits show similar stratigraphic and structural con-
trols. Textural features of ore and gangue mineralogy, such as
replacement of chert layers by iron hydroxides, goethite
pseudomorphs after hematite and magnetite crystals as well
as the distribution of iron-forming minerals such as hematite
and goethite within each deposit, supports a supergene model
for the formation of the deposits (Morris, 1985). In sharp con-
trast to this genetic model, a supergene-modified syngenetic
model has been proposed for the Hope Downs deposit (Las-
celles, 2006a). This model proposes that during diagenesis
the hydrous amorphous silica was lost prior to lithification to
form chert-free BIF. Weathering of the chert-free BIF pro-
duced the high-grade hematite ore that is exposed today. Lo-
cally, Lascelles (2006a) documented that high-grade ore lacks
any evidence of the prior presence of chert layers or the re-
placement of chert layers by carbonate. Synsedimentary
chert-free BIF is also identified at Mount Gibson in the Yil-
garn province (Lascelles, 2006b). The model is supported by
the observations that the high-grade ore lacks chert layers and
the apparent lack of evidence for hydrothermal alteration.
The model proposes that the formation of the chert-free BIF
ore may have controlled the structure of the deposit rather
than the structure controlling the deposit location (cf. Fig. 11;
Lascelles, 2006a).

Supergene-modified hydrothermal model

Geologic evidence from the high-grade iron ore deposits of
Mount Whaleback, Mount Tom Price, and Paraburdoo (Fig.
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Formation are typically marked by a lower P content (<0.07
wt % P).

Within the Mount Tom Price deposit three generations of
phosphorous-bearing minerals have been identified
(Cochrane, 2003): primary crystalline apatite layers, sec-
ondary hydrothermal apatite, as well as complex phosphate
minerals and P-rich hydroxides. The primary apatite layers
are similar to those described by Morris (1985). Hydrother-
mal apatite is included in talc-apatite veins that crosscut the
hydrothermal martite-microplaty-apatite ore; it is preserved
below the depth of modern supergene alteration. Fluid inclu-
sion studies show that the veins were formed from Fe- and Si-
rich, low-salinity (NaCl) fluids that range from 220º to 280ºC
(Cochrane, 2003). Apatite was precipitated along geochemi-
cal barriers, in particular shale layers and dolerite dikes.
Minor quantities of P are within matrix minerals such as mag-
netite, hematite, monazite, and xenotime (Rasmussen et al.,
2007). Supergene weathering of the martite-microplaty
hematite-apatite ore resulted in P being leached by descend-
ing supergene fluids and reprecipitated at lithologic contacts
or within synclinal structures. 

Apatite is readily mobilized under supergene conditions,
dissolving slowly in the pH range of 7 to 8 and more rapidly
under acidic conditions (Clout, 2005). Hence, most of the
original apatite in the BIF would be dissolved by ground
water during the replacement of silicate and carbonate min-
erals with goethite in the BIF, releasing (PO4)3– ions into the
local ground water. Phosphorus becomes associated with
goethite through surface adsorption of ions or complexes onto
the growing surfaces of gel-like precursors and is incorpo-
rated into the goethite structure (Dukino et al., 2000).
Goethite can also be introduced into the iron ores by later
ground-water movement as high P colloform material along
fissures (Dukino et al., 2000). The P is preferentially precipi-
tated into the structure of supergene goethite in Al-rich
goethite (Dukino et al., 2000; Cochrane, 2003), and Al phos-
phates. The highest phosphorus levels are consistently associ-
ated with late-formed colloform goethite in cracks and pore
networks and limited to goethite composed of ultrafine crys-
tallites. Where dehydration or recrystallization of the goethite
has occurred it typically results in expulsion of the contained
phosphorus (Dukino et al., 2000). 

Zoning of supergene minerals

The effects of supergene alteration within both martite-
goethite and martite-microplaty hematite deposits show con-
sistent vertical primary zonation patterns, including sec-
ondary goethite and replacement textures such as goethite
infill and dehydration of goethite to hematite (Clout, 2002).
Recent work on supergene enrichment with respect to iron
ore formation was published by Clout (2002, 2005) and is
summarized below.

Clout (2002, 2005) showed that the vertical supergene al-
teration profile beneath alluvium and detrital material can be
subdivided into five key zones in BIF-hosted iron ore deposits
of the Pilbara, Yilgarn, and Gawler cratons: hardcap, hy-
drated, dehydrated, primary ore, and leached zones (Fig. 11).
The uppermost zone of the weathering profile is referred to
as hardcap. It is found at surface where it may be developed
in BIF and high-grade iron ore. Hardcap consists of highly

porous or coarse cellular-textured brown or vitreous goethite
with high concentrations of Si and Al and can extend to
depths of 60 m below the surface. The hardcap contains collo-
form microcrystalline quartz and locally intense silicification
of goethite is observed. Iron from goethite and/or hematite
was either dissolved by descending surface water from the
hardcap zone and reprecipitated farther down in the hydrated
or dehydrated zones as secondary goethite or transported
away in solution once it reached the water table.

Beneath the hardcap is the hydrated zone where most mi-
cropores and cavities are filled with colloform secondary
goethite. Hematite is partly replaced by goethite especially
along joint planes. The ore is denser with low-porosity and
higher goethite content compared with the primary ore, es-
pecially for the microplaty hematite ores. Any yellow ocher-
ous goethite is typically partly or completely replaced by sec-
ondary brown goethite. The hydrated zone in microplaty
hematite deposits is typically thin (<10 m vertically) when
compared to martite-goethite deposits (10–25 m vertically).

Within any given hydrated zone there can be one or more
stacked near-horizontal dehydrated zones, which are best de-
veloped 8 to 30 m below surface. In the dehydrated zone
colloform secondary goethite and primary brown or ochreous
goethite are largely dehydrated to hematite. Hematite formed
from dehydration preserves the crystal outline of the earlier
goethite. Dehydrated zones generally form immediately above
shale layers or faults. Circulation of ground water in the upper
portion of a deposit may have been influenced by aquicludes
such as shale layers. Iron-rich ground water is interpreted to
have ponded above near-horizontal aquicludes, encouraging
abundant secondary goethite to deposit in localized zones and
subsequently, partly or completely, dehydrated to hematite,
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FIG. 11.  Generalized ore texture vertical zonation profiles and interpreted
processes. Minerals in brackets imply leaching of this phase. Abbreviations:
Carb = carbonates, G = goethite, H = hematite, K = kenomagnetite, mpH =
microplaty hematite, Mr = martite, OG = ochreous goethite, Sil = silicates
(modified after Clout, 2005).
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1) all support a hydrothermal process of transformation of
BIF (~30–35 wt % Fe) to high-grade martite-microplaty
hematite ore (>63 wt % Fe). The deposits exhibit similar
stratigraphic and structural controls, ore mineralogy and tex-
tures, and hypogene alteration assemblages that define hy-
drothermal alteration zones in BIF and high-grade martite-
microplaty ore. The interpretations provided here are based
predominantly on detailed observations at the Mount Tom
Price and Paraburdoo deposits. Components of the model
proposed for the Mount Whaleback are speculative and dis-
cussed later. Two aspects of the supergene-modified hy-
drothermal model need to be elaborated on: timing of ore
formation, and structural controls of ore formation.

1. Mafic sills dated ca. 2208 ± 10 Ma (SHRIMP 207Pb/206Pb
baddeleyite; Müller et al., 2005) that were folded during the
Ophthalmian orogeny and then cut by the unconformity at
the base of the Lower Wyloo Group, constrain the Oph-
thalmian orogeny to the period between ca. 2208 and 2031
Ma, before Lower Wyloo Group extension, sedimentation,
and flood-basalt volcanism. The maximum age of ore forma-
tion is constrained by the ca. 2008 ± 16 Ma age (SHRIMP
207Pb/206Pb baddeleyite; Müller et al., 2005) of the northwest-
trending dolerite dike set, which predates the ore and limits
the areal extent of iron orebodies at Paraburdoo and Tom

Price (Figs. 4, 6). The dikes intruded extensional faults active
during ore formation, and were hydrothermally altered dur-
ing ore formation (Barley et al., 1999; Taylor et al., 2001, Dal-
stra, 2005) but do not intrude the 1843 ± 2 Ma (zircon
207Pb/206Pb; Pidgeon and Horwitz, 1991), which postdates the
formation of high-grade ore. High-grade martite-microplaty
hematite ore is likely to have formed during a ca. 2050 to
2000 Ma period of continental extension (Muller et al., 2005)
that postdated the Ophthalmian orogeny rather than the 2400
to 2200 Ma timing proposed by Powell et al. (1999).

2. The three major martite-microplaty hematite deposits of
the Hamersley province are spatially associated with faults
(Fig. 12) that offset stratigraphy on the order of hundreds of
meters (Taylor et al., 2001; Dalstra, 2005). At the time of ore
formation, the Mount Whaleback (Central and Eastern Foot-
wall faults; Fig. 3), the Mount Tom Price (Southern Batter
fault; Fig. 4) and Paraburdoo (e.g. 4E Basal fault; Fig. 6) were
all spatially associated with northwest- to west-trending nor-
mal fault systems, which were active during a basin-wide ex-
tensional event at the end of the deposition of the Lower
Wyloo Group (Fig. 2; Taylor et al., 2001; Dalstra, 2005). At
Mount Tom Price, fold hinges, fault splays, impervious shales,
and dolerites which act as aquitards, control the fluid flow
within the orebody (Thorne et al., 2005). The normal faults
and associated splays that are associated with the orebodies
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FIG. 12.  Generic models for the formation of the Mount Whaleback, Mount Tom Price, and Paraburdoo high-grade (>63
wt % Fe) martite-microplaty hematite deposits. Lithologic units as per individual deposit diagrams. See text for fluid tem-
peratures and modeled fluid pathways (modified after Taylor et al., 2001; Dalstra et al., 2002; and Webb et al., 2002). 
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provide the critical pathways that allowed the movement of
basinal brines and/or deeply circulating meteoric water into
the BIF and the transformation to high-grade martite-mi-
croplaty hematite ore (Hagemann et al., 1999; Taylor et al.,
2001; Thorne et al., 2004, 2005, 2007a, b). Clout and Simon-
son (2005) suggested that major normal faults like the South-
ern Batter and the Mount Whaleback faults could represent
back thrusts in the hanging wall of major regional thrusts,
with ore fluids being preferentially focused through the back
thrusts since they are most likely to form more dilatant
zones.

Two successive stages of Paleoproterozoic hydrothermal
fluid-induced alteration and one Tertiary supergene stage can
be distinguished in the transformation from BIF to high-
grade martite-microplaty ore, with each stage being the nec-
essary precursor to the next (Fig. 12; Table 1; Barley et al.,
1999; Hagemann et al., 1999; Ridley, 1999; Taylor et al., 2001;
Cochrane, 2003; Thorne et al., 2004, 2005, Webb et al., 2004,
Oliver, 2007; Thorne et al., 2007b).

Stage 1a: The initial hypogene stage is presently only ob-
served at Mount Tom Price. Low-temperature (107°–142°C),
highly saline (25.5 wt % NaCl-CaC2 equiv) brines from the
underlying Wittenoom Formation moved upward along the
Southern Batter fault (Fig. 12) and were focused into silica-
rich rocks of the Dales Gorge Member by the shales of the
underlying Mount McRae Shale Formation and overlying
Whaleback Shale Formation, which acted as aquitards.
Within the Dales Gorge Member, hypogene fluids migrated
laterally within large-scale folds with permeability controlled
by shale layers and the northwest-trending dolerite dike sets.
The mafic dikes were altered to chlorite-talc with accessory
leucoxene and pyrite. Magnetite-chert–rich BIF was trans-
formed laterally and vertically into magnetite-siderite-stilp-
nomelane assemblages. In the North deposit at Mount Tom
Price the siderite-iron silicate veins (V2) crosscut and parallel
BIF layers. The BIF wall rock adjacent to V2 veins (cf. Thorne
et al., 2004) is locally brecciated with clasts of magnetite-rich
mesolayers set in a matrix of bladed magnetite, siderite, and
iron silicates. 

Stage 1b: The second hypogene stage is observed at all
three deposits (Fig. 12). Basinal brines (21–25% wt % CaCl2
equiv; Ca > Na > K) were focused along normal faults (i.e.
Southern Batter fault, Mount Tom Price; 4E fault, Parabur-
doo; Central fault, Mount Whaleback) into the host BIF for-
mation. At the Paraburdoo deposit, the interaction of 150º to
190ºC basinal brines with the BIF transformed BIF into hy-
pogene hematite-dolomite-chlorite-pyrite assemblages. At
Mount Tom Price the interaction of 220º to 280ºC basinal
brines with the hypogene magnetite-siderite-stilpnomelane
alteration assemblage of stage 1a resulted in the formation of
a distinct hypogene hematite-ankerite ± magnetite alteration
assemblage, leaving only remnants of stage 1a. Simultane-
ously, within the core of the deposit, the initial downflow and
mixing of meteoric water would likely have started. Micro-
platy hematite crystallized as both individual blades and
dense clusters that form overgrowths on magnetite and as in-
dividual plates within ankerite crystals. Secondary apatite is
present as inclusions within magnetite and microplaty
hematite and as anhedral crystals within ankerite crystals.
Fault movement formed the matrix-supported wall-rock

breccias that consist of angular and rotated clasts of altered
wall rock within an ankerite-microplaty hematite matrix. 

Stage 2: This stage involved deeply circulating, low-tem-
perature (~110ºC; Table 1), Na-rich meteoric water. The de-
scending meteoric water interacted with the carbonate-al-
tered BIF to produce a martite-microplaty hematite-apatite
ore (Fig. 12). The meteoric water was likely formed from the
interaction with evaporite successions prior to interaction
with the BIF formations. 

Stage 3: The supergene stage, is the third and final stage in
the transformation of BIF to high-grade ore (Fig. 12). Shal-
low supergene fluid interacted with the hydrothermal, mar-
tite-microplaty hematite-apatite alteration assemblage to
form highly porous, high-grade martite-microplaty hematite
ore. Supergene alteration is likely to have begun in the Cre-
taceous and occurred for at least 80 m.y. and is ongoing today
(Vasconcelos, 1998; Cochrane, 2003). Weathering of shale
layers resulted in considerable volume reduction and the for-
mation of kaolinite-rich clay with elevated titanium contents.
These clay minerals constitute the main impurity in the ore-
body. 

Discussion
Genetic models for the formation of both supergene and

supergene-modified hydrothermal deposits share similar
structural controls, such as faults, thrusts, and synclines. The
structures act as traps for either hydrothermal and/or super-
gene fluids that transformed BIF (~35 wt % Fe) to high-
grade iron ore (56–69 wt % Fe). Hydrothermal alteration at
Mount Tom Price and Paraburdoo form a well-defined verti-
cal and lateral transition between BIF and high-grade ore.
Detailed geochemistry, including microthermometry, laser-
ablation of fluid inclusions, ion-chromatography of fluid in-
clusions trapped in carbonates, quartz, magnetite, and
hematite, and C and O isotope composition of quartz, car-
bonates, and oxides confirm (Hagemann et al., 1999;
Cochrane, 2003; Thorne et al., 2004, 2005, 2007a, b) that
basinal brines and/or meteoric waters were responsible for
the formation of carbonate-altered BIF and, ultimately, the
formation of high-grade martite-microplaty ore. Despite
these significant advances, several key features of the super-
gene-modified hydrothermal model remain poorly under-
stood.

First, the relative volume of basinal brines and/or meteoric
waters responsible for the crystallization of microplaty
hematite within the deposits remains unknown. Thorne et al.
(2004) described that at the North deposit (Fig. 4), basinal
brines (24 wt % NaCl equiv) interacted with the magnetite-
siderite-stilpnomelane assemblage, forming the hematite-
ankerite-magnetite alteration assemblage, and the crystalliza-
tion of microplaty hematite (Fig. 5C). In this reaction, iron
liberated from siderite and iron silicates forms microplaty
hematite. Taylor et al. (2001) proposed that at the Southern
Ridge deposit (Fig. 4), deep circulation of low-salinity mete-
oric waters oxidized the siderite to microplaty hematite and
magnetite to martite. Fluid inclusions in quartz veins from
the Southern Batter fault in the Southern Ridge deposit
(Hagemann et al., 1999) show evidence of mixing of basinal
brines and meteoric waters. Within the core of the Southern
Ridge deposit, the Southern Batter fault and associated splays
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1) all support a hydrothermal process of transformation of
BIF (~30–35 wt % Fe) to high-grade martite-microplaty
hematite ore (>63 wt % Fe). The deposits exhibit similar
stratigraphic and structural controls, ore mineralogy and tex-
tures, and hypogene alteration assemblages that define hy-
drothermal alteration zones in BIF and high-grade martite-
microplaty ore. The interpretations provided here are based
predominantly on detailed observations at the Mount Tom
Price and Paraburdoo deposits. Components of the model
proposed for the Mount Whaleback are speculative and dis-
cussed later. Two aspects of the supergene-modified hy-
drothermal model need to be elaborated on: timing of ore
formation, and structural controls of ore formation.

1. Mafic sills dated ca. 2208 ± 10 Ma (SHRIMP 207Pb/206Pb
baddeleyite; Müller et al., 2005) that were folded during the
Ophthalmian orogeny and then cut by the unconformity at
the base of the Lower Wyloo Group, constrain the Oph-
thalmian orogeny to the period between ca. 2208 and 2031
Ma, before Lower Wyloo Group extension, sedimentation,
and flood-basalt volcanism. The maximum age of ore forma-
tion is constrained by the ca. 2008 ± 16 Ma age (SHRIMP
207Pb/206Pb baddeleyite; Müller et al., 2005) of the northwest-
trending dolerite dike set, which predates the ore and limits
the areal extent of iron orebodies at Paraburdoo and Tom

Price (Figs. 4, 6). The dikes intruded extensional faults active
during ore formation, and were hydrothermally altered dur-
ing ore formation (Barley et al., 1999; Taylor et al., 2001, Dal-
stra, 2005) but do not intrude the 1843 ± 2 Ma (zircon
207Pb/206Pb; Pidgeon and Horwitz, 1991), which postdates the
formation of high-grade ore. High-grade martite-microplaty
hematite ore is likely to have formed during a ca. 2050 to
2000 Ma period of continental extension (Muller et al., 2005)
that postdated the Ophthalmian orogeny rather than the 2400
to 2200 Ma timing proposed by Powell et al. (1999).

2. The three major martite-microplaty hematite deposits of
the Hamersley province are spatially associated with faults
(Fig. 12) that offset stratigraphy on the order of hundreds of
meters (Taylor et al., 2001; Dalstra, 2005). At the time of ore
formation, the Mount Whaleback (Central and Eastern Foot-
wall faults; Fig. 3), the Mount Tom Price (Southern Batter
fault; Fig. 4) and Paraburdoo (e.g. 4E Basal fault; Fig. 6) were
all spatially associated with northwest- to west-trending nor-
mal fault systems, which were active during a basin-wide ex-
tensional event at the end of the deposition of the Lower
Wyloo Group (Fig. 2; Taylor et al., 2001; Dalstra, 2005). At
Mount Tom Price, fold hinges, fault splays, impervious shales,
and dolerites which act as aquitards, control the fluid flow
within the orebody (Thorne et al., 2005). The normal faults
and associated splays that are associated with the orebodies
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facilitate the downflow of meteoric water. Fluid mixing be-
tween descending meteoric water and ascending basinal
brines caused the intermediate martite-ankerite-microplaty
hematite alteration assemblage. At the North deposit, located
at the periphery of the mineralizing system, ascending basinal
brines were the dominant fluid source, forming the interme-
diate hematite-ankerite-magnetite alteration assemblage. The
lack of detailed geochemistry and microthermometry data on
the Mount Whaleback deposit makes it difficult to confirm
the role of basinal brines and/or meteoric waters in the trans-
formation of BIF to high-grade ore. Importantly, the forma-
tion of high-grade martite-microplaty hematite ore was de-
pendent on both a period of silica loss and a period of
oxidation during or soon after extensional deformation (Webb
et al., 2003). Potentially, the influx of warm, silica-undersatu-
rated fluids from underlying sedimentary successions into ex-
tensional faults triggered silica loss in the BIF by carbonate
replacement of the chert layers. Focusing of oxidized, sur-
face-derived fluids by faults, into the carbonate-rich BIF
formed the high-grade martite-microplaty hematite orebody
(Webb et al., 2004).

The source of iron and the exact mechanism for the crys-
tallization of the different textural forms of hematite, such as
anhedral, microplaty, or bladed, is not well understood.
Quantitative LA-ICPMS microanalysis of primary fluid inclu-
sions from dolomite in dolomite-chlorite-veins from the 4E
deposit, Paraburdoo (Thorne et al., 2007b) shows no evidence
of significant iron enrichment within the fluids. The forma-
tion of hematite took place from the dissolution of the pri-
mary magnetite within the BIF and precipitation of mi-
croplaty and anhedral hematite within a dolomite-chlorite
matrix. Textural evidence showing microplaty hematite re-
placing martite (Webb et al., 2004) and iron silicates (Thorne
et al., 2004) also indicate that the majority of iron is likely to
be sourced locally from within the iron formation. 

Textural and petrological data from hydrothermal alteration
zones (Thorne et al., 2004) at the North deposit, Mount Tom
Price, show that, where siderite is replaced by ankerite, iron
is liberated and is precipitated as microplaty hematite. This
reaction results in the formation of an interlocking network of
microplaty hematite and martite crystals, resulting in a hard
martite-microplaty ore. At Paraburdoo, the magnetite-
siderite-stilpnomelane assemblage is not observed (Thorne et
al., 2007a) and hematite is crystallized within dolomite as an-
hedral and microplaty hematite (Fig. 5E) but with limited in-
terlocking of the hematite microplates resulting in a more fri-
able and softer ore (Fig. 5F). The paragenetic sequence of
alteration mineralogy and high-grade ore at Mount Tom Price
and Paraburdoo suggest that in order to form hard, porous
ores, the formation of an early magnetite-siderite-stilpnome-
lane alteration assemblage is significant.

Rivers (1998) conducted a detailed investigation into the
petrology and geochemistry on dolomite from the Wittenoom
Formation and suggested that the dolomites were likely
formed during diagenesis. Thorne et al. (2007b) suggested
that the basinal brines, prior to being expelled from the Wit-
tenoom Formation, were magnesium-rich brines, formed
from evaporated seawater that had interacted with carbonate
successions forming dolomite and producing calcium enrich-
ment of the basinal brines. As the basinal brines were not

responsible for the dolomitization of the Wittenoom Forma-
tion it is likely that the modification of the basinal brines oc-
curred within sedimentary successions distal from the high-
grade martite-microplaty hematite deposits prior to their
movement into the Wittenoom Formation.

The existence of a rift-basin to the south of the Hamersley
province at the time of ore formation provides the most likely
heat and fluid source for hydrothermal fluids (Cawood and
Tyler, 2004). Although not preserved within the stratigraphic
record in the Ashburton basin, widespread quartz pseudo-
morphs after evaporitic minerals are interbedded with stro-
matolites in 2.20 Ga sedimentary rocks in the Yerrida rift
basin of Western Australia (El Tabakh et al., 1999). The Yer-
rida basin, together with other Early Proterozoic basins of
Western Australia, is inferred to have developed in a rifted
passive margin between the Pilbara and Yilgarn cratons
where extensive hydrothermal and volcanic activity took place
(Pirajno et al., 1998). Hydrothermal fluids are postulated to
have reacted with the sedimentary rocks and produced epi-
genetic lead carbonate deposits (Pirajno et al., 1998). The
Yerrida basin is possibly a heat and fluid source for the basi-
nal brines that are critical in the formation of the high-grade
martite-microplaty hematite deposits. Xenotime and mon-
azite in high-grade hematite orebodies from the Mount Tom
Price deposit have recorded repeated episodes of hydrother-
mal fluid flow that commenced at 2.15 Ga and continued in-
termittently for more than one billion years (Rasmussen et al.,
2007). Hydrothermal fluid flow responsible for the formation
of high-grade martite-microplaty hematite ore may be a di-
rect result of basin development and repeated tectonic activ-
ity to the south of the Hamersley province, in particular, dur-
ing a ca. 2050 to 2000 Ma period of continental extension
(Muller et al., 2005). Morris (2002) argued that there were
not sufficient hydrothermal fluids within the Hamersley
province to form the Mount Tom Price deposit, neither the
larger Mount Whaleback deposit. Oliver (2007) calculated
the fluid flux required for the formation of the Mount Whale-
back deposit by meteoric waters. Using the silica solubility
data of Fournier and Potter (1982), and assuming that silica
was stripped from at least a 1-km path length (the open cut at
Mount Whaleback is 5 km long), they calculated that the
amount of silica dissolved from the deposits at 200°C and 1
kbar requires a fluid flux on the order of 6 × 107 moles H2O
cm–2. A large rift-basin, as suggested above, may have pro-
vided this necessary large volume of hydrothermal fluids that
were subsequently focused through structures along the
southern margin of the Pilbara craton during deformation in
the bordering Capricorn orogen. 

Taylor et al. (2001) and Müller et al. (2005) provided both
structural and geochronological data that suggest that iron ore
formation took place at approximately 2000 Ma, several hun-
dreds of millions of years after the Ophthalmian orogeny
(D2). Evidence from quartz and quartz-hematite veins sur-
rounding the Mount Whaleback deposit suggests that the
peak of hydrothermal activity in the district was apparently
synchronous with the main phase of microplaty hematite ore
formation during the last stages of the Ophthalmian orogeny
and the first stages of post-Ophthalmian extension. If the tim-
ing of ore formation proposed for the Mount Tom Price and
Paraburdoo deposits is indeed similar to that of the Mount
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Whaleback deposit, then the quartz and quartz-hematite
veins surrounding the Mount Whaleback deposit likely
record regional metamorphism and fluid flow during the
Ophthalmian orogeny and not the hypogene fluids and/or
meteoric waters responsible for the formation of high-grade
martite-microplaty hematite ore.

Dalstra (2005) and Kneeshaw and Kepert (2002) provided
differing views on the orientation of faults within the Mount
Whaleback deposit during the formation of the high-grade
orebodies. The model proposed in this paper for the forma-
tion of the Mount Whaleback deposit is based on structural
reconstructions by Dalstra et al. (2002) that attributed the
subhorizontal orientation of the Central and East Footwall
faults as the possible result of tilting associated with rotation
on younger faults (e.g. Mount Whaleback fault system; Figs.
5, 12; Taylor et al., 2001). The structural reconstruction is
based on published and unpublished data from the Mount
Whaleback deposit together with structural data from the
Giles Mini and Lido deposits, 50 and 10 km west of Mount
Whaleback, respectively. Alternatively, Kneeshaw and Kepert
(2002) argued for an originally shallow dipping orientation for
the Central and East Footwall faults. The postore rotation at
the Mount Whaleback deposit could explain why there are no
hypogene carbonate alteration zones preserved at the deposit
(Fig. 12). A consequence of the postore rotation is that the
deepest part of the orebody prior to the rotation is now mined
out, or close to the surface, where weathering is likely to have
destroyed any evidence of hypogene alteration. Presently, the
model proposed by Dalstra (2002) is preferred as it explains a
number of features such as the lack of hypogene alteration,
the orientation of faults, and strong spatial relationships be-
tween faults and high-grade ore.

Morris (1985) and Harmsworth et al. (1990) suggested that
the iron ore clasts within the Mount McGrath Formation were
sourced from the nearby Paraburdoo deposit, and therefore
the high-grade ore must have formed and was eroded during
the Paleoproterozoic. However, the stratigraphic origin of the
mineralized clasts has never been determined. It is equally
possible that the clasts are sourced from the Weeli Wooli For-
mation, and that the current Paraburdoo deposit was not ex-
posed to the surface until the late Mesozoic. 

For the Hope Downs deposit, Lascelles (2006a) invoked a
modified supergene syngenetic model whereby supergene al-
teration of a chert-free BIF produced the present high-grade
martite-goethite ore based on the high-grade ore, lacking any
evidence of the prior presence of chert layers or the replace-
ment of chert layers by carbonate. Synsedimentary chert-free
BIF was also identified at Mount Gibson in the Yilgarn
province (Lascelles, 2006b). Paquay and Ness (1998) de-
scribed the structural and stratigraphic controls of the Hope
Downs deposit and proposed a supergene model based on
the observed ore textures (e.g., goethite replacing chert bands)
and mineralogy (e.g., martite-goethite-earthy goethite)

The genetic ore models described in this paper are end
members of the processes that form the economic BIF-re-
lated iron deposits of the Hamersley province. Within the
Channar and Eastern Range deposits, located to the east of
the Paraburdoo deposit (Fig. 1), martite-goethite orebodies
both overprint and surround martite-microplaty hematite
orebodies. It is likely that the faults and fracture networks

that focused the flow of hypogene fluid during the Paleopro-
terozoic provide the necessary structural architecture for de-
scending supergene fluids.

Conclusions
In the past decade significant advances have been made in

the understanding of the formation of high-grade iron ore de-
posits of the Hamersley province. Advances include the struc-
tural reconstruction of deposits, mapping and detailed geo-
chemistry of hypogene alteration zones, and a greater
understanding of the processes and controls of supergene al-
teration.

The high-grade martite-microplaty hematite deposits are
located within the Dales Gorge and Joffre Member of the
Brockman Iron Formation, and the Marra Mamba Iron For-
mation and are spatially associated with normal faults and
thrust faults that formed during D2 deformation (~2200 Ma),
and have later been affected by D3 deformation (~1650 Ma).
Petrological and geochemical studies at Mount Whaleback,
Mount Tom Price, and Paraburdoo have identified hypogene
carbonate alteration zones between BIF and high-grade iron
ore. The replacement of chert layers by carbonate(s) results
in the removal of quartz of the BIF and the crystallization of
microplaty hematite within the carbonate matrix. The high-
grade ore is composed almost entirely of subhedral martite
grains, which range in size from 100 to 200 µm, and aggre-
gates set in a porous (up to 30% porosity), randomly oriented
network of microplaty hematite that ranges in size from 20 to
200 µm. Variable amounts of fine (<10 µm) anhedral, and
large (200–300 µm) platy hematite within the ore result in a
softer, more friable ore. 

The high-grade martite-goethite deposits of Area C, Hope
Downs, Christmas Creek, and Cloud Break are spatially re-
lated to Mesozoic-Tertiary supergene alteration and the ore is
composed of martite and goethite. Increased supergene fluid
flow within synclines has caused multiple phases of goethite
leaching precipitation and cementation. 

Presently the most accepted controls for the formation of
BIF-related high-grade iron ore deposits is that they form in
areas where faults, active during the Paleoproterozoic, struc-
turally link the underlying sedimentary packages of the Wit-
tenoom Formation with the silica-rich BIF of the Brockman
and Marra Mamba Iron Formations. When large volumes of
ascending basinal brines are focused into the magnetite-
chert–rich BIF, the rocks are transformed into a hypogene
carbonate-altered BIF. Interaction of descending meteoric
waters with the carbonate-altered BIF produces a porous
martite-microplaty hematite-apatite ore. The final stage of
late Mesozoic supergene alteration removed much of the ap-
atite from the martite-microplaty hematite-apatite assem-
blage, forming martite-microplaty high-grade ore and con-
verted shale layers to kaolinite-rich clay. 

Exploration Significance
After 50 years of intensive exploration and mining across

the Hamersley province the discovery of new outcropping de-
posits is unlikely, therefore, making the search for concealed
high-grade orebodies the new frontier for iron ore companies
(Hagemann et al., 2007). Recent research on high-grade ore-
bodies has resulted in the development of genetic models that
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facilitate the downflow of meteoric water. Fluid mixing be-
tween descending meteoric water and ascending basinal
brines caused the intermediate martite-ankerite-microplaty
hematite alteration assemblage. At the North deposit, located
at the periphery of the mineralizing system, ascending basinal
brines were the dominant fluid source, forming the interme-
diate hematite-ankerite-magnetite alteration assemblage. The
lack of detailed geochemistry and microthermometry data on
the Mount Whaleback deposit makes it difficult to confirm
the role of basinal brines and/or meteoric waters in the trans-
formation of BIF to high-grade ore. Importantly, the forma-
tion of high-grade martite-microplaty hematite ore was de-
pendent on both a period of silica loss and a period of
oxidation during or soon after extensional deformation (Webb
et al., 2003). Potentially, the influx of warm, silica-undersatu-
rated fluids from underlying sedimentary successions into ex-
tensional faults triggered silica loss in the BIF by carbonate
replacement of the chert layers. Focusing of oxidized, sur-
face-derived fluids by faults, into the carbonate-rich BIF
formed the high-grade martite-microplaty hematite orebody
(Webb et al., 2004).

The source of iron and the exact mechanism for the crys-
tallization of the different textural forms of hematite, such as
anhedral, microplaty, or bladed, is not well understood.
Quantitative LA-ICPMS microanalysis of primary fluid inclu-
sions from dolomite in dolomite-chlorite-veins from the 4E
deposit, Paraburdoo (Thorne et al., 2007b) shows no evidence
of significant iron enrichment within the fluids. The forma-
tion of hematite took place from the dissolution of the pri-
mary magnetite within the BIF and precipitation of mi-
croplaty and anhedral hematite within a dolomite-chlorite
matrix. Textural evidence showing microplaty hematite re-
placing martite (Webb et al., 2004) and iron silicates (Thorne
et al., 2004) also indicate that the majority of iron is likely to
be sourced locally from within the iron formation. 

Textural and petrological data from hydrothermal alteration
zones (Thorne et al., 2004) at the North deposit, Mount Tom
Price, show that, where siderite is replaced by ankerite, iron
is liberated and is precipitated as microplaty hematite. This
reaction results in the formation of an interlocking network of
microplaty hematite and martite crystals, resulting in a hard
martite-microplaty ore. At Paraburdoo, the magnetite-
siderite-stilpnomelane assemblage is not observed (Thorne et
al., 2007a) and hematite is crystallized within dolomite as an-
hedral and microplaty hematite (Fig. 5E) but with limited in-
terlocking of the hematite microplates resulting in a more fri-
able and softer ore (Fig. 5F). The paragenetic sequence of
alteration mineralogy and high-grade ore at Mount Tom Price
and Paraburdoo suggest that in order to form hard, porous
ores, the formation of an early magnetite-siderite-stilpnome-
lane alteration assemblage is significant.

Rivers (1998) conducted a detailed investigation into the
petrology and geochemistry on dolomite from the Wittenoom
Formation and suggested that the dolomites were likely
formed during diagenesis. Thorne et al. (2007b) suggested
that the basinal brines, prior to being expelled from the Wit-
tenoom Formation, were magnesium-rich brines, formed
from evaporated seawater that had interacted with carbonate
successions forming dolomite and producing calcium enrich-
ment of the basinal brines. As the basinal brines were not

responsible for the dolomitization of the Wittenoom Forma-
tion it is likely that the modification of the basinal brines oc-
curred within sedimentary successions distal from the high-
grade martite-microplaty hematite deposits prior to their
movement into the Wittenoom Formation.

The existence of a rift-basin to the south of the Hamersley
province at the time of ore formation provides the most likely
heat and fluid source for hydrothermal fluids (Cawood and
Tyler, 2004). Although not preserved within the stratigraphic
record in the Ashburton basin, widespread quartz pseudo-
morphs after evaporitic minerals are interbedded with stro-
matolites in 2.20 Ga sedimentary rocks in the Yerrida rift
basin of Western Australia (El Tabakh et al., 1999). The Yer-
rida basin, together with other Early Proterozoic basins of
Western Australia, is inferred to have developed in a rifted
passive margin between the Pilbara and Yilgarn cratons
where extensive hydrothermal and volcanic activity took place
(Pirajno et al., 1998). Hydrothermal fluids are postulated to
have reacted with the sedimentary rocks and produced epi-
genetic lead carbonate deposits (Pirajno et al., 1998). The
Yerrida basin is possibly a heat and fluid source for the basi-
nal brines that are critical in the formation of the high-grade
martite-microplaty hematite deposits. Xenotime and mon-
azite in high-grade hematite orebodies from the Mount Tom
Price deposit have recorded repeated episodes of hydrother-
mal fluid flow that commenced at 2.15 Ga and continued in-
termittently for more than one billion years (Rasmussen et al.,
2007). Hydrothermal fluid flow responsible for the formation
of high-grade martite-microplaty hematite ore may be a di-
rect result of basin development and repeated tectonic activ-
ity to the south of the Hamersley province, in particular, dur-
ing a ca. 2050 to 2000 Ma period of continental extension
(Muller et al., 2005). Morris (2002) argued that there were
not sufficient hydrothermal fluids within the Hamersley
province to form the Mount Tom Price deposit, neither the
larger Mount Whaleback deposit. Oliver (2007) calculated
the fluid flux required for the formation of the Mount Whale-
back deposit by meteoric waters. Using the silica solubility
data of Fournier and Potter (1982), and assuming that silica
was stripped from at least a 1-km path length (the open cut at
Mount Whaleback is 5 km long), they calculated that the
amount of silica dissolved from the deposits at 200°C and 1
kbar requires a fluid flux on the order of 6 × 107 moles H2O
cm–2. A large rift-basin, as suggested above, may have pro-
vided this necessary large volume of hydrothermal fluids that
were subsequently focused through structures along the
southern margin of the Pilbara craton during deformation in
the bordering Capricorn orogen. 

Taylor et al. (2001) and Müller et al. (2005) provided both
structural and geochronological data that suggest that iron ore
formation took place at approximately 2000 Ma, several hun-
dreds of millions of years after the Ophthalmian orogeny
(D2). Evidence from quartz and quartz-hematite veins sur-
rounding the Mount Whaleback deposit suggests that the
peak of hydrothermal activity in the district was apparently
synchronous with the main phase of microplaty hematite ore
formation during the last stages of the Ophthalmian orogeny
and the first stages of post-Ophthalmian extension. If the tim-
ing of ore formation proposed for the Mount Tom Price and
Paraburdoo deposits is indeed similar to that of the Mount
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can provide exploration criteria aimed at discriminating be-
tween barren and hydrothermally altered and iron-enriched
BIFs within the Hamersley province. 

The most fundamental aspect of the supergene-modified
hydrothermal model is that the hydrothermal fluids can form
high P martite-microplaty hematite assemblages below the
depth of supergene alteration. Also, and contrary to Morris
(1985) who proposed that the iron ore formation required ex-
posure during the Paleoproterozoic, the formation of the
high-grade martite-microplaty hematite deposits is not re-
lated to Proterozoic erosion surfaces. The identification of
possible hydrothermal martite-microplaty hematite ore
within the Chichester Range deposits significantly improves
the potential of the Marra Mamba Iron Formation to host sig-
nificant martite-microplaty hematite orebodies in similar
structural setting as those hosted within the Brockman Iron
Formation (Clout, 2005).

The awareness of hydrothermal alteration zones, surround-
ing high-grade BIF-related iron deposits, allows companies to
place emphasis on the identification and the spatial distribu-
tion of hypogene carbonate alteration and replacement tex-
tures. These can then be used as vectors toward high-grade
iron ore in exploration drilling. Hagemann et al. (2007)
showed that the manganese content of carbonates increases
toward high-grade martite-microplaty ore at Mount Tom
Price, thus potentially permitting the delineation of a geo-
chemical vector toward high-grade ore. The understanding
that faults and thrusts are important controls in the localiza-
tion of supergene martite-goethite and supergene-modified
hydrothermal martite-microplaty hematite deposits provides
an important tool for exploration beneath cover. Conventional
structural and stratigraphic mapping and reconstructions of
the structural history of entire iron districts might allow the
identification of areas where fluids can be focused by faults
into structural traps (i.e., synclines).

Open Questions and Future Research
Several key questions remain within the supergene-modi-

fied hypogene models proposed for the Mount Whaleback,
Mount Tom Price, and Paraburdoo deposits. One of these is
the relative roles and composition of ascending and/or de-
scending hypogene fluids and meteoric waters, respectively.
Further work to integrate and expand the fluid data sets, in
particular, within fault zones where evidence of fluid mixing
is likely to be preserved, is needed. The mechanism and P-T-
X condition for the crystallization of microplaty hematite also
requires further work. Several mechanisms are invoked, both
redox and nonredox, based on the requirement for oxygen to
transform magnetite to hematite. If oxygen is not required to
convert magnetite to hematite (cf. Ohmoto, 2003) then de-
scending oxygenated hydrothermal fluids, as proposed by, for
example, Taylor et al. (2001), are not required to transform
magnetite to martite or form microplaty hematite at Mount
Tom Price. This significantly changes the relationship(s) of the
deposit to the Proterozoic weathering surface and increases
the depth at which high-grade orebodies may be found.

Establishing the source of the basinal brines responsible for
hypogene alteration and ultimately the formation of high-
grade martite-microplaty hematite ore requires further work.
The hydrothermal fluid source and the controls on fluid

movement within the Hamersley province will have signifi-
cant influence on the modeling of potential structurally
controlled sites where hypogene alteration of the BIF may
take place and, ultimately, the location of high-grade iron ore
deposits.

The supergene origin of martite-goethite deposit has previ-
ously been widely accepted (Paquay and Ness, 1998). How-
ever, recent work by Lascelles (2006a) provided an alternative
supergene-modified syngenetic model for the Hope Downs
deposit. Stable isotope analyses of hematite, goethite, man-
ganese, and carbonates can assist in elucidating the origin of
fluids responsible for the transformation of BIF to high-grade
martite-goethite ore at the deposit. Dating of alteration phases
(e.g., manganese oxihydroxides) may also help resolve the tim-
ing and ultimate formation of the Hope Downs deposit.
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can provide exploration criteria aimed at discriminating be-
tween barren and hydrothermally altered and iron-enriched
BIFs within the Hamersley province. 

The most fundamental aspect of the supergene-modified
hydrothermal model is that the hydrothermal fluids can form
high P martite-microplaty hematite assemblages below the
depth of supergene alteration. Also, and contrary to Morris
(1985) who proposed that the iron ore formation required ex-
posure during the Paleoproterozoic, the formation of the
high-grade martite-microplaty hematite deposits is not re-
lated to Proterozoic erosion surfaces. The identification of
possible hydrothermal martite-microplaty hematite ore
within the Chichester Range deposits significantly improves
the potential of the Marra Mamba Iron Formation to host sig-
nificant martite-microplaty hematite orebodies in similar
structural setting as those hosted within the Brockman Iron
Formation (Clout, 2005).

The awareness of hydrothermal alteration zones, surround-
ing high-grade BIF-related iron deposits, allows companies to
place emphasis on the identification and the spatial distribu-
tion of hypogene carbonate alteration and replacement tex-
tures. These can then be used as vectors toward high-grade
iron ore in exploration drilling. Hagemann et al. (2007)
showed that the manganese content of carbonates increases
toward high-grade martite-microplaty ore at Mount Tom
Price, thus potentially permitting the delineation of a geo-
chemical vector toward high-grade ore. The understanding
that faults and thrusts are important controls in the localiza-
tion of supergene martite-goethite and supergene-modified
hydrothermal martite-microplaty hematite deposits provides
an important tool for exploration beneath cover. Conventional
structural and stratigraphic mapping and reconstructions of
the structural history of entire iron districts might allow the
identification of areas where fluids can be focused by faults
into structural traps (i.e., synclines).

Open Questions and Future Research
Several key questions remain within the supergene-modi-

fied hypogene models proposed for the Mount Whaleback,
Mount Tom Price, and Paraburdoo deposits. One of these is
the relative roles and composition of ascending and/or de-
scending hypogene fluids and meteoric waters, respectively.
Further work to integrate and expand the fluid data sets, in
particular, within fault zones where evidence of fluid mixing
is likely to be preserved, is needed. The mechanism and P-T-
X condition for the crystallization of microplaty hematite also
requires further work. Several mechanisms are invoked, both
redox and nonredox, based on the requirement for oxygen to
transform magnetite to hematite. If oxygen is not required to
convert magnetite to hematite (cf. Ohmoto, 2003) then de-
scending oxygenated hydrothermal fluids, as proposed by, for
example, Taylor et al. (2001), are not required to transform
magnetite to martite or form microplaty hematite at Mount
Tom Price. This significantly changes the relationship(s) of the
deposit to the Proterozoic weathering surface and increases
the depth at which high-grade orebodies may be found.

Establishing the source of the basinal brines responsible for
hypogene alteration and ultimately the formation of high-
grade martite-microplaty hematite ore requires further work.
The hydrothermal fluid source and the controls on fluid

movement within the Hamersley province will have signifi-
cant influence on the modeling of potential structurally
controlled sites where hypogene alteration of the BIF may
take place and, ultimately, the location of high-grade iron ore
deposits.

The supergene origin of martite-goethite deposit has previ-
ously been widely accepted (Paquay and Ness, 1998). How-
ever, recent work by Lascelles (2006a) provided an alternative
supergene-modified syngenetic model for the Hope Downs
deposit. Stable isotope analyses of hematite, goethite, man-
ganese, and carbonates can assist in elucidating the origin of
fluids responsible for the transformation of BIF to high-grade
martite-goethite ore at the deposit. Dating of alteration phases
(e.g., manganese oxihydroxides) may also help resolve the tim-
ing and ultimate formation of the Hope Downs deposit.
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CHAPTER 3: OXYGEN ISOTOPE COMPOSITIONS 
OF IRON OXIDES FROM HIGH-GRADE BIF-HOSTED 

IRON ORE DEPOSITS OF THE CENTRAL HAMERSLEY 
PROVINCE,WESTERN AUSTRALIA: CONSTRAINTS ON THE 

EVOLUTION OF HYDROTHERMAL FLUIDS.

Statement of candidature contribution:

As first author, I conducted the isotope analyses of all samples (under the supervision of Prof. Torsten 

Vennemann), writing of the paper, and drafting of all figures. The role of co-authors was as follows: 

•	 Steffen Hagemann contributed to the organisation, editorial, and scientific input and scrutiny of the 

paper. 

•	 Torsten Vennemann assisted in the isotope analyses at the Isotope Laboratory of the University of 

Lausanne and provided valuable contributions to the interpretation of the results. 

•	 Nick Oliver provided input into the regional significance of the data and discussion on 

hydrothermal processes.

•	

This paper provides the most comprehensive work on the oxygen isotope composition of magnetite and 

hematite from BIF, hydrothermal alteration assemblages and high-grade iron ore from iron ore deposits in the 

western part of the Hamersley province. Importantly, the constraints on the temperature of the hydrothermal 

fluids through microthermometry (Chapter 4) have allowed the calculation of the oxygen isotopic composition 

of hydrothermal fluids. 

Oxygen isotope analysis of magnetite and hematite from hydrothermal alteration assemblages and 

high-grade iron ore show a 18O depletion of 5 to 15 per mil relative to the host BIF. The depletion in δ18O 

values of hydrothermal alteration assemblages and high-grade iron ore is spatially controlled by normal faults, 

with the samples proximal to the faults exhibiting the greatest depletion in 18O values. This is interpreted 

to be a response to higher fluid flux of hydrothermal fluids within fault zones. The structural control of 

hydrothermal fluids flow is further investigated in Chapter 6. Calculations of the oxygen isotope composition 

of hydrothermal fluids (δ18Ofluid) indicates that the decrease in the 18O content of iron oxides is due to the 

interaction of both basinal brines and meteoric fluids with the original BIF. 

The paper also describes how high-grade iron ore formed by hydrothermal fluid preserves its δ18O 

composition, even when exposed to modern weathering processes. This characteristic allows the δ18O 

composition of high-grade iron ore samples to be used as a diagnostic exploration tool for discrimination 

between iron ore formed from hypogene or supergene processes. The discovery that the stable isotope 

composition of hematite can produce meaningful insights into the formation of the ore bodies, lead to the 

investigation of crushed-leach analysis of hematite that is discussed in Chapter 4.

This paper was submitted to Economic Geology, and reviewed by Dr Robert Seal and an anonymous 

reviewer. Editorial work was completed by Professor Larry Meinert, Editor of Economic Geology. The paper 

was published in Economic Geology, v. 104, p. 1019-1035.
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Introduction
THE RECOGNITION that hydrothermal fluids play an essential
role in the formation of high-grade (>63 wt % Fe) martite-mi-
croplaty hematite iron ore deposits of the Pilbara province
has been recent (i.e., Barley et al., 1999; Hagemann et al.,
1999; Powell et al., 1999). High-grade martite-microplaty
hematite iron ore deposits, such as Mount Tom Price and
Paraburdoo (Fig. 1), and Mount Whaleback farther east (Fig.
1; Powell et al., 1999), consist of almost pure hematite, limit-
ing the types of geochemical analysis suitable to determine
the roles of hydrothermal fluids in their formation. Because
iron oxides are present in all stages during the transformation
of banded iron formation (BIF; ~35 wt % Fe) to high-grade
martite-microplaty hematite ore, the study of their oxygen
isotope compositions provides a suitable way for determining
the interaction of fluids with the BIF.

Numerous studies have documented the oxygen isotope
compositions of iron oxides from BIFs (Becker and Clayton,
1976; Powell et al., 1999; Oliver et al., 2007) and high-grade
martite-microplaty hematite ore deposits (Hagemann et al.,
1999; Oliver and Dickens, 1999; Powell et al., 1999; Gutzmer
et al., 2006; Oliver et al., 2007) from the Hamersley province.
Becker and Clayton (1976) completed the most detailed oxy-
gen isotope study of BIF to date from the Brockman Iron
Formation (Fig. 1). Quartz-magnetite and quartz-siderite
pairs from the Dales Gorge Member (Fig. 1) were found to
have undergone isotopic exchange at a temperature estimated,

on the basis of the isotopic fractionations, to be above 270°C
and probably less than 310°C, during metamorphism (Table
1). Studies of the Mount Tom Price, Mount Whaleback, and
Paraburdoo deposits (Ridley, 1999; Taylor et al., 2001; Dal-
stra, 2005; Thorne et al., 2004, 2005, 2007b; Sepe, 2007) have
shown that hydrothermal alteration assemblages and high-
grade iron ore crosscut the dominant magnetite-quartz rich
banding and the axial plane cleavage associated with F2 folds
formed during the Ophthalmian orogeny (D2; 2.14 ± 0.03 Ga;
Alibert and McCulloch, 1993). Peak metamorphic tempera-
tures reached at least 200°C (Smith et al., 1982) during the
Ophthalmian orogeny, and have been superimposed onto an
earlier burial metamorphic event (Tyler and Thorne, 1990).

Powell et al. (1999) also studied the oxygen isotope compo-
sitions of quartz, hematite and magnetite from BIF layers of
the Dales Gorge Member (Fig. 1). Stable isotope geother-
mometry (quartz-magnetite-hematite) indicated a tempera-
ture range of 270° to 405°C for magnetite, and 180° to 405°C
for hematite similar to those obtained by Becker and Clayton
(1976) for the Dales Gorge Member BIF for peak metamor-
phic temperatures (Table 1).

Recent work on high-grade martite-microplaty hematite
iron ore deposits (Hagemann et al., 1999; Oliver and Dickens,
1999; Powell et al., 1999; Gutzmer et al., 2006; Oliver et al.,
2007) have focused on the isotopic compositions of quartz,
magnetite, and hematite to determine the relative roles of as-
cending hydrothermal fluids and descending meteoric water
in the transformation of BIF to high-grade martite-mi-
croplaty ore. Powell et al. (1999), Gutzmer et al. (2006),
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high-grade martite-microplaty hematite iron ore deposits mostly hosted within banded iron formation (BIF)
sequences of the Brockman Iron Formations of the Hamersley Group. These high-grade iron ores contain
 between 60 and 68 wt percent Fe, and formed by the multistage interaction of hydrothermal fluids with the
host BIF formation.

The oxygen isotope compositions of magnetite and hematite from BIF, hydrothermal alteration assemblages,
and high-grade iron ore were analyzed from the Mount Tom Price, Paraburdoo, and Channar iron ore deposits.
The δ18O values of magnetite and hematite from hydrothermal alteration assemblages and high-grade iron ore
range from –9.0 to –2.9 per mil, a depletion of 5 to 15 per mil relative to the host BIF. The δ18O values are
 spatially controlled by faults within the deposits, a response to higher fluid flux and larger influence on the
 isotopic compositions by the hydrothermal fluids. The oxygen isotope composition of hydrothermal fluids
(δ18Ofluid) indicates that the decrease in the 18O content of iron oxides was due to the interaction of both  basinal
brines and meteoric fluids with the original BIF. Late-stage talc-bearing ore at the Mount Tom Price deposit
formed in the presence of a pulse of 18O-enriched basinal brine, indicating that hydrothermal fluids may have
repeatedly interacted with the BIFs during the Paleoproterozoic.

† Corresponding author: e-mail, dangerthorne@hotmail.com

©2009 Society of Economic Geologists, Inc.
Economic Geology,  v. 104, pp. 1019–1035

Submitted: September 29, 2008
Accepted: September 28, 2009



31

Oliver et al. (2007), and Thorne et al. (2007a), have shown
that hematite from high-grade hydrothermal iron ore deposits
has markedly lower δ18O values compared to the BIFs. The
authors concluded that the change in δ18O values of oxides is
a result of the interaction of aqueous fluids of shallow crustal
origin with the BIF, resulting in the formation of high-grade
martite-microplaty ore. Hagemann et al. (1999) studied the
δ18O and δD values of quartz and the δ18O of hematite from
quartz-hematite veins related to high-grade iron ore forma-
tion from the Southern Batter fault, Mount Tom Price (cf. fig.
3; Taylor et al., 2001). The study concluded that complex basi-
nal brines rather than magmatic and metamorphic fluids were
the likely fluid source for the quartz-hematite veins.

Oliver et al. (2007) studied BIF, altered quartz-bearing
BIF, hydrothermally altered quartz-absent BIF, and high-
grade martite-microplaty ores from the Mount Whaleback
and Mount Tom Price deposits. Reaction path modeling of
descending meteoric fluids indicates that the interaction of
200° to 250°C meteoric water with BIF can explain the pre-
dominant 18O-depleted isotopic values of the martite-micro -
platy ores and the commonly observed zonation from BIF to
martite-microplaty hematite ore.

Most previous oxygen isotope research was directed toward
a simple comparison between BIF and high-grade martite-
microplaty hematite ore, with limited consideration of the
spatial or paragenetic variations at the scale of the deposits. In
this contribution, we focus on analysis of the Mount Tom
Price, Paraburdoo, and Channar high-grade iron ore deposits
in the central Pilbara province, Western Australia (Fig. 1).
Systematic sampling and analysis of BIF, hydrothermal alter-
ation assemblages, high-grade martite-microplaty hematite
ore, and talc-bearing ore are used to determine the following:

(1) controls on the spatial distribution of the oxygen isotope
compositions of iron oxides within and between each deposit,
(2) the relationship of oxygen isotope compositions to faults
that may control hydrothermal fluid flow, (3) the cause of
changes in oxygen isotope compositions of oxide minerals
during the paragenetic steps from BIF to high-grade iron ore,
and (4) the reasons for variations in oxygen isotope composi-
tions of hematite from martite- and microplaty hematite-rich
layers of high-grade ore samples.

Regional Geology
The tectonic history of the Hamersley province has been

well documented by Tyler and Thorne (1990), Powell and
Horwitz (1994), Krapez (1999), and Taylor et al. (2001). The
stratigraphy of the Hamersley province previously has been
described in detail, particularly by MacLeod (1966), Trendall
and Blockley (1970), Harmsworth et al. (1990), and Taylor et
al. (2001).

The southern Pilbara province (Fig. 1) has undergone sev-
eral deformation events: the Ophthalmia orogeny (D2; 2140 ±
30 Ma, Sm-Nd riebeckite; Alibert and McCulloch, 1993), the
Panhandle event (~2020 Ma; Müller et al., 2005), and the
Capricorn orogeny (D3; ~1780 Ma; Tyler and Thorne, 1990;
Krapez, 1999).

Early deformation (D1), possibly associated with diagene-
sis, produced some extensional fabrics at mesoscales but no
major repetition or removal of stratigraphy (e.g., Powell et al.,
1999; Brown et al., 2004). The Ophthalmian orogeny (D2)
produced large scale folds with east-west–trending fold axes
throughout the province, such as the Turner syncline. The
Panhandle event produced D3 folds with northwest-trending
fold axes that are best developed in the western part of the
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province, and interacted with the earlier east-west Oph-
thalmian folds (D2) to produce a dome-and-basin fold pat-
tern. Following the Panhandle event, and prior to deposition
of the Mount McGrath Formation, reactivation of earlier
northwest-striking faults, as well as the development of north-
west-striking, steep southwest-dipping normal faults with
throws of up to 2100 m, formed horst and graben structures
along the southern margin of the Hamersley province (Dal-
stra, 2005). The northwest-trending dolerite dikes (ca. 2008
Ma; SHRIMP 207Pb/206Pb baddeleyite; Müller et al., 2005) in-
truded into these normal faults and spatially control iron ore
formation along the Paraburdoo range.

Two later phases of ductile to brittle-ductile deformation
between ca. 1840 and 1770 Ma represent the Capricorn
orogeny (Müller et al., 2005), which was the consequence of
a collision between the Pilbara and Yilgarn cratons (Tyler and
Thorne, 1990). The Capricorn orogeny postdates the deposi-
tion of conglomerates of the Upper Wyloo Group (Fig. 1)
containing microplaty hematite ore clasts (Tyler and Thorne,
1990) and consequently is not considered important for the
main phases of ore genesis (e.g., Powell et al., 1999; Müller et
al., 2005), although it may have contributed to some radi-
ogenic isotopic resetting (Rasmussen et al., 2005).

Rocks of the upper parts of the Hamersley Group (Bool-
geeda, Woongarra, and Welli Wolli Formations) are locally
eroded on two unconformities (Fig. 1; Taylor et al., 2001; Dal-
stra, 2005). The first unconformity (slightly discordant) rests
the Beasley River Quartzite of the Lower Wyloo Group onto
the Turee Creek and Hamersley Groups (Fig. 1) of the
Mount Bruce Supergroup (Taylor et al., 2001; Dalstra, 2005).
The second unconformity places the Mount McGrath For-
mation of the Upper Wyloo Group (Fig. 1) onto the rocks of
the Hamersley Group and Lower Wyloo Groups at an angle
of approximately 10º (Dalstra, 2005). The presence of mi-
croplaty hematite pebbles (Morris, 1980) within the McGrath
Formation has been used to indirectly constrain the youngest
age for iron ore formation within the Hamersley province
(1843 ± 2 Ma; zircon 207Pb/206Pb, TIMS; Pidgeon and Hor-
witz, 1991). A later set of Meso- to Neoproterozoic northeast-
trending mafic dikes and faults (e.g., Whaleback fault at
Mount Whaleback, Powell et al., 1999) cuts across both the
Ashburton trough and the Hamersley Group and postdates
the Capricorn orogeny. The Channar dolerite dike (752 ± 10
Ma; U-Pb zircon, SHRIMP; Taylor et al., 2001) cuts through
high-grade iron ore at the Channar deposit, producing con-
tact aureoles of coarse-grained magnetite.

Regional metamorphic grade ascribed to the Ophthalmian
orogeny is lowest in the northern Hamersley province
(prehnite-pumpellyite facies) and increases southward to
greenschist facies (Smith et al., 1982). Recent studies at the
Mount Tom Price (Taylor et al., 2001; Thorne et al., 2004)
and Mount Whaleback (Powell et al., 1999; Brown et al.,
2004) deposits show clear petrologic and textural evidence
that martite-microplaty hematite ore replaces and crosscuts
the folded and metamorphosed magnetite-quartz-stilpnome-
lane-carbonate BIF (Trendall and Blockley, 1970; Morris
1980, 1985; Ewers and Morris, 1981) formed during peak
metamorphism during the Opthalmian orogeny (Harmsworth
et al., 1990; Tyler and Thorne, 1990; Taylor et al., 2001;
Tompkins and Cowan, 2001; Pickard et al., 2004).

Important to note for this study is that the deposits studied
have not been subject to a recognizable metamorphic over-
print after the formation of the high-grade martite-microplaty
hematite deposits (Smith et al., 1982; Rasmussen et al., 2005;
Gutzmer et al., 2006), suggesting that the metamorphic grade
associated with the postore Capricorn orogeny was very low,
below the temperatures attained during the main phases of
ore genesis (see below).

Local Geologic Setting
The following descriptions of the Mount Tom Price,

Paraburdoo, and Channar deposits (Fig. 1) are included in
order to define the structural and stratigraphic controls on
high-grade iron ore formation.

Mount Tom Price deposit

The Mount Tom Price deposit (Fig. 2) is located within the
south-central Hamersley province (Fig. 1). It contained an
original resource of 900 Mt at 63.9 wt percent Fe and <0.05
wt percent P (Harmsworth et al., 1990). The orebody is ori-
ented as a southerly dipping sheet within the eastern fold clo-
sure of the Turner syncline. The deposit extends for 7 km
from the North orebody in the northwest to the South East
Prong orebody in the southeast, is up to 1.6 km wide (avg 600
m), with a maximum depth of 250 m below the pre-mining
topographic surface (Taylor et al., 2001). The majority of the
high-grade ore is hosted within the Dales Gorge Member
with lesser ore within the upper McRae Shale, lower Whale-
back Shale, and Joffre Member (Fig. 2).

Three hydrothermal alteration zones transitional between
BIF (Fig. 3A) and high-grade iron ore (Fig. 3F; Barley et al.,
1999; Hagemann et al., 1999; Taylor et al., 2001; Thorne et
al., 2004, 2005) have been identified at the deposit: an outer
distal magnetite-siderite-stilpnomelane (Fig. 3B), an interme-
diate hematite-magnetite-ankerite-chlorite (Fig. 3C), and a
proximal martite-microplaty hematite-magnetite-apatite al-
teration zone (Fig. 3D; Thorne et al., 2005). Talc-bearing ore
(Fig 3E), formed by the replacement of quartz by talc, locally
forms pods of high-grade iron ore in the hanging wall of the
Southern Batter fault. Locally, talc-bearing ore veins crosscut
the proximal martite-microplaty hematite-apatite alteration
assemblage (Fig. 3E), indicating that the alteration assem-
blage formed late in the ore-forming process.

High-grade martite-microplaty hematite ore preserves the
meso- and microlayering of the host BIF and consists of ran-
domly oriented fine-grained platy hematite (10–100 µm) and
martite (20–250 µm), with a porosity from 10 to 50 vol per-
cent (Fig. 4). Martite is subhedral to euhedral, and exhibits
prominent overgrowth of microplaty hematite from the grain
margins (Fig. 3F; Barley et al., 1999; Taylor et al., 2001;
Thorne et al., 2004, 2008).

The most current ore deposit models (Barley et al., 1999;
Taylor et al., 2001; Cochrane, 2003; Thorne et al., 2004, 2005,
2008) invoke a multistage hydrothermal origin for the trans-
formation of BIF to high-grade martite-microplaty ore at the
Mount Tom Price deposit, involving both hydrothermal and
supergene processes. Stage 1 involved early (~2000 Ma;
Müller et al., 2005) hypogene alteration by upward move-
ment of hydrothermal, CaCl2-rich brines from the underlying
Wittenoom Formation into the large-scale folds of the Dales
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FIG. 2.  Cross sections of the Mount Tom Price deposit. Cross sections through the North and Southern Ridge orebodies
display the stratigraphic units and major normal faults within the orebodies, the spatial distribution of hydrothermal alter-
ation assemblages and high-grade ore (modified after Thorne et al., 2007b), and the δ18O values (‰) of hematite and mag-
netite samples. Samples obtained from open-pit grab samples and diamond drill core. Note the low δ18O values of samples
proximal to fault zones. Section shown facing west.
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Gorge Member. Reactions with these hypogene basinal brines
(107° to 142°C, ~25 wt % equiv; NaCl-CaCl2–rich; Table 1)
transformed magnetite-quartz–rich BIF to a magnetite-
siderite-iron silicate assemblage. Continued hypogene alter-
ation is characterized by an apparent increase in temperature
(fluid inclusion homogenization from 153° to 346°C, 23 wt %
NaCl equiv, CaCl2-rich; Table 1), and an increase in fO2
recorded by the formation of a hematite-ankerite-magnetite
assemblage and the crystallization of microplaty hematite.
The latest hydrothermal alteration event involved the interac-
tion of low-temperature, low-salinity (65°–110°C; Table 1)
meteoric water, with the hematite-ankerite-magnetite assem-
blage being replaced by a porous martite-microplaty hematite-
apatite assemblage.

Supergene alteration is likely to have begun in the Creta-
ceous and continued for at least 80 m.y. and is ongoing today
(Vasconcelos, 1998), resulting in the removal of residual
ankerite and apatite and the weathering of the shale layers to
kaolinite-rich clay (Taylor et al., 2001).

Paraburdoo deposit

The Paraburdoo deposit is located 65 km south of the Mount
Tom Price deposit on the southern margin of the central
Hamersley province (Fig. 1). The deposit contained, prior to
mining, an ore reserve of more than 300 Mt at 64 wt percent
Fe and 0.08 wt percent P (Taylor et al., 2001). High-grade ore
is spatially controlled by flat faults that now underlie both the

4W and 4E orebodies (Dalstra, 2005), and northwest-trend-
ing dolerite dikes. High-grade ore is equally distributed be-
tween the Dales Gorge and Joffre Members with minor
amounts in the Mount McRae Shale, Yandicoogina Shale, and
Weeli Wolli Formation (Fig. 5). Most of the Paraburdoo de-
posit is in the Tertiary supergene alteration profile and ex-
hibits a strong goethite overprint of the primary martite-mi-
croplaty hematite ore. However, below the 4 East and 2 Lens
orebodies and the depth of modern weathering, carbonate-al-
tered BIF (50–55 wt % Fe; hematite-dolomite-chlorite-
pyrite: Figs. 4, 5) occurs transitionally between BIF (~35 wt
% Fe) and high-grade (> 65 wt % Fe) iron ore (Thorne et al.,
2007b).

Thorne et al. (2008) proposed a supergene-modified hydro -
thermal model for the 4 East and 2 Lens orebodies at Para -
burdoo (Fig. 5). The first hypogene stage involved alteration
by upward movement along fault zones, of 170ºC (Table 1),
basinal brines (20.9 wt % CaCl2 equiv with Ca > Na > K; Table
1) into the Dales Gorge and Joffre Members of the Brockman
Iron Formation. The low Cl/Br and Na/Br ratios, high Ca
concentrations, and elevated base metal content of the hy-
drothermal fluids suggest that they were modified basinal
brines sourced from evaporated seawater from which halite
had precipitated prior to being expelled from the Wittenoom
Formation. Fluid-rock reactions transformed magnetite-
quartz–rich BIF into magnetite-calcite-stilpnomelane-an-
hedral hematite-pyrite and hematite-dolomite-chlorite-pyrite
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FIG. 3.  Core samples and photomicrographs from representative samples showing the transition from BIF to high-grade
martite-microplaty hematite ore from the Mount Tom Price deposit. A. BIF showing chert and magnetite layers, with minor
calcite and stilpnomelane within chert matrix. B. Magnetite-siderite-stilpnomelane assemblage from distal alteration zone
showing replacement of chert bands by siderite and chlorite. Magnetite shows minor replacement by hematite. C. Hematite-
ankerite-magnetite alteration assemblage from intermediate alteration zone displaying localized breccias of magnetite bands
within a matrix of microplaty hematite and ankerite. D. Martite-microplaty hematite-apatite alteration assemblage from the
proximal alteration zone. The removal of carbonate results in abundant voids in the rock. E. Talc-apatite-martite alteration
assemblage from the late-stage talc alteration assemblage. Talc veins crosscut the proximal alteration assemblage. Martite is
corroded and embayed within a matrix of talc. F. High-grade martite-microplaty hematite ore preserving the original layer-
ing of the host BIF formation. The rock contains abundant pore space (Cht = Chert, Mg = magnetite, FeSi = stilpnomelane,
Sid = siderite, Ank = ankerite, Mph = microplaty hematite, Ap = apatite, Chl = chlorite, V = void, Tlc = talc).
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assemblages. Stage 2 hydrothermal alteration involved the in-
teraction of low-temperature, low-salinity (65º–110ºC; Table
1) meteoric water, with the hematite-dolomite-chlorite-pyrite
assemblage, resulting in the formation of the proximal mar-
tite-microplaty hematite-apatite assemblage. Stage 3 super-
gene alteration during the Tertiary entirely overprinted the
proximal alteration zone converting, shale layers to kaolinite-
rich clay, destroying apatite, and leaching calcium and phos-
phorus from the ore. High-grade ore at the Paraburdoo de-
posit characteristically contains abundant anhedral hematite
(Fig. 4).

The Ratty Springs prospect lies approximately 2 km west of
the Paraburdoo deposit (Fig. 1). Quartz-hematite veins are
hosted within the layers of the Mount Sylvia Formation, and
are up to 50 cm in width and have a strike length of several
meters. The veins lie both oblique and parallel to the bedding
in the wall rock, and are surrounded by alteration zones of
large (up to 5 mm), elongate, tabular hematite and fine-
grained hematite (>100 µm). Microthermometry on primary
fluid inclusions trapped with quartz within quartz-hematite
veins indicates that a low-temperature (100°–150°C), moder-
ate salinity (9 to 16 wt % NaCl equiv) fluid, possibly formed
from a mixture of heated meteoric fluids and basinal brines,
was responsible for formation of the veins (Table 1). Similar

veins have been identified within fault zones (Mount Tom
Price; Hagemann et al., 1999) and surrounding deposits
(Mount Whaleback; Powell et al., 1999; Brown et al., 2004),
suggesting that the quartz-hematite veins may represent the
periphery of the mineralizing system (Dalstra, 2005).

Channar E3 deposit

The group of five deposits known collectively as the Chan-
nar mining area is approximately 20 km southeast of the town
of Paraburdoo, on the southern limb of the Bellary anticline
(Harmsworth et al., Fig. 1). The total resource at Channar
mining area is 290 Mt. at 63.0 percent iron and 0.09 wt per-
cent phosphorus (Harmsworth et al., 1990). High-grade ore
(Fig. 4) consists of subhedral to euhedral martite (Fig. 4;
20–250 µm) with overgrowth of microplaty hematite and
bladed hematite (Fig. 4; 100–400 µm) and is hosted within
the shallow, south-dipping Dales Gorge and Joffre members
and locally in the Colonial Chert and Whaleback Shale mem-
bers. The strike length of the Channar mining area is 12 km,
with a width from 1 to 2 km and a depth of 150 m below the
present topographic surface. At the Channar East 3 deposit
(Fig. 6), the Dales Gorge Member is cut by two northwest-
trending dolerite dikes, of which the southernmost is in-
truded in a normal fault zone (Fig. 6). The eastern edge of the
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FIG. 4.  Distribution and approximate volume percent (visual estimate) of textural forms of iron oxides in BIF, hy-
drothermal alteration assemblages, and high-grade ore from the studied deposits. (Mg = magnetite, pMg = platy magnetite,
pHm = platy hematite, Mph = microplaty hematite, Mr = martite, aHm = anhedral hematite).
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FIG. 5.  Cross section of the 4E orebody in the Paraburdoo deposit displaying the major structural features within the de-
posit, the spatial distribution of hydrothermal alteration assemblages, and high-grade ore (modified after Taylor et al., 2001)
and the δ18O values (‰) of hematite and magnetite samples. Section shown facing west.
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ing west (FWZ = footwall zone, DG1, DG2, DG3 = Mining subdivision of Dales Gorge Member; Courtesy of Rio Tinto
 Exploration).
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orebody is defined by a northeast-trending dolerite dike that
crosscuts and postdates the formation of the high-grade iron
ore (Taylor et al., 2001). 

One hydrothermal alteration zone has been identified as
transitional between BIF and high-grade martite-microplaty
ore. The martite-dolomite-microplaty hematite-rhodochrosite-
chlorite assemblage was identified in the hanging wall of a
northwest-trending normal fault (Fig. 6). Similar structural
and stratigraphic controls (Dalstra, 2005), paragenetic se-
quence of alteration assemblages (Thorne et al., 2007a), and
fluid geochemistry (Table 1) of the Channar E3 orebody to
the Paraburdoo deposit suggest a shared genetic history for
the transformation of BIF to high-grade martite-microplaty
hematite between the deposits.

Petrology and Classification of BIF, Hydrothermal 
Alteration Zones, and High-Grade Iron Ore

Sampling

A total of 59 samples were collected from diamond drill
core and hand samples from the Mount Tom Price (Fig. 2; n
= 35), Paraburdoo (Fig. 5; n = 20) and Channar (Fig. 6; n =
3) deposits and Ratty Springs prospect (n = 1). Samples were
taken from BIF, hydrothermal alteration assemblages, and
high-grade iron ore hosted within the Dales Gorge, Joffre,
and Whaleback Shale members, and the Mount Sylvia For-
mation (Table 2).

Oxygen isotope analyses for this study were performed on
mineral separates or hand-picked grains from BIFs, veins
containing combinations of quartz, carbonate, magnetite,
hematite, and ores containing hematite and locally, goethite.
Hematite, magnetite and quartz were separated from BIF by
fine crushing, hand magnet, magnetic separation, and use of
heavy liquids (sodium polytungstate) in a centrifuge, and
were also hand-picked from coarse vein samples. Although
future work will undoubtedly be able to refine the microana-
lytical techniques to deal with the problems of complex, fine-
grained mineral intergrowths in BIFs and ores, we have gone
to considerable lengths to ensure sample purity. The oxide-
silicate separation techniques were only concluded for an in-
dividual sample when petrographic examination of powders
indicated less than 1 percent contamination, adding a poten-
tial error of up to 0.2 per mil to δ18O values for oxides, com-
parable to the analytical errors. 

Analytical methods

The oxygen isotope compositions (16O, 18O) of the samples
were measured at the Institute of Mineralogy and Geochem-
istry, University of Lausanne, Switzerland, using a method
similar to that described by Sharp (1990) and Rumble and
Hoering (1994), and that is described in more detail in Kase-
mann et al. (2001).

Between 0.5 to 2 mg of sample was loaded onto a small Pt-
sample holder and pumped out to a vacuum of about 10–6 mbar.
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TABLE 2.  The δ18O values (‰) of BIF, Hydrothermal Alteration Assemblages and High-Grade Iron from the Selected Deposits 
(DC = diamond core, HS = hand sample)

Sample Hole ID/ δ18OVSMOW 

Sample ID ID type open pit location Depth/rL (m) Mineralogy Mass (mg) (‰)

Banded iron formation

G831 329.5 1 DC G831 329.5 Magnetite 2.28 4.1
G1186 142 2 DC G1186 142.0 Magnetite 3.82 6.0
PA002 3 DC GTO54E001 46.7 Magnetite 2.22 8.8
4EST DDH44 304m 4 DC 4EST DDH44 304.0 Magnetite 3.82 13.0

Hydrothermal alteration assemblages

Mt Tom Price
Distal (magnetite-siderite-

stilpnomelane)
GT03NTD00146.45m 5 DC GT03NTD001 146.4 Magnetite 2.27 –7.7
NTD0900 6 DC NTD0900 111.1 Magnetite 2.27 –9.0
317 7 DC G1186 166.5 Magnetite 2.41 –8.6
Intermediate (hematite-

magnetite-ankerite-
chlorite)

NTD122 8 DC GT03NTD001 142.5 Martite-microplaty hematite 2.89 –5.3
261 9 DC G831-77 422.2 Martite-microplaty hematite 3.46 –6.0
517 10 DC G906-77 329.7 Martite-microplaty hematite 2.34 –5.5
518 11 DC G906-77 335.0 Martite-microplaty hematite 2.13 –4.6
77/79 12 DC ND77-79 110.9 Martite-microplaty hematite 2.05 –6.2
519a 13 DC G906-77 341.5 Martite-microplaty hematite 1.49 –3.5
519b 14 DC G906-77 342.0 Martite-microplaty hematite 2.62 –3.9
520 15 DC G906-77 354.0 Martite-microplaty hematite 2.27 –4.3
219 16 DC DE20-STR 385.5 Martite-microplaty hematite 2.56 –6.8
Proximal (martite-

microplaty hematite-
magnetite-apatite)

L4970 17 DC L4-77 293.1 Martite-microplaty hematite 2.55 –9.5
514 18 DC G906-77 284.0 Martite-microplaty hematite 2.50 –4.1
523 19 DC G906-77 375.8 Martite-microplaty hematite 1.83 –4.4
525 20 DC G906-77 385.1 Martite-microplaty hematite 3.61 –5.2
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After preflourination of the sample chamber overnight, the
samples were heated with a CO2-laser in 50 mbars of pure F2.
Excess F2 is separated from the O2 produced by conversion to
Cl2 using KCl held at 150°C. The extracted O2 is collected on

a molecular sieve (5A) and subsequently expanded into the
inlet of a Finnigan MAT 253 isotope ratio mass spectrometer.
Oxygen isotope compositions are given in the standard δ-no-
tation, expressed relative to VSMOW in per mil. Replicate
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Talc-bearing ore 
(talc-apatite-martite)

L4507 21 DC L4-77 154.5 Martite 1.98 1.5
L4620 22 DC L4-77 190.0 Martite 2.25 –2.0
L4671 23 DC L4-77 204.5 Martite 2.46 –0.5
L4691 24 DC L4-77 210.6 Martite 2.38 –2.1
L4840 25 DC L4-77 253.7 Martite 2.12 –1.2
516 26 DC G906-77 329.7 Martite 1.77 –0.7

Paraburdoo
Intermediate (hematite-

dolomite-chlorite-pyrite)
PA001 27 DC GTO54E001 55.5 Martite-microplaty hematite 1.97 –4.1
Ratty Springs (quartz-

hematite veins)
RAT001 28 HS 4500W 400 Platy hematite 1.87 –5.6

Channar
Proximal (martite-

dolomite-microplaty 
hematite rhodochrosite-
chlorite 29

CHA001 30 HS Channar E3 410 Martite-microplaty hematite 2.61 –4.5

High-Grade Ore
Mt Tom Price (martite-

microplaty hematite)
STR001a 31 HS Southern Ridge 915 Martite 2.50 –5.1
STR001b 32 HS Southern Ridge 915 Microplaty hematite 3.50 –5.1
STR002a 33 HS Southern Ridge 910 Martite 3.04 –4.3
STR002b 34 HS Southern Ridge 910 Microplaty hematite 2.19 –2.9
CP001 35 HS Centre Pit 770 Martite-microplaty hematite 1.77 –5.5
CP002 36 HS Centre Pit 770 Martite-microplaty hematite 2.03 –3.9
STR006 37 HS Southern Ridge 910 Microplaty hematite 1.96 –2.9
STR013 38 HS Southern Ridge 880 Martite-microplaty hematite 2.27 –8.0
STR017 39 HS Southern Ridge 870 Martite-microplaty hematite 2.59 –3.5
L4720 40 DC L4-77 218.0 Martite-microplaty hematite 2.30 –3.2
L4820 41 DC L4-77 250.0 Martite-microplaty hematite 2.12 –3.9

Paraburdoo (martite-
microplaty hematite)

4EMP-1 42 HS 4 East Main Pit 285 Martite 1.66 –5.9
4EMP-2 43 HS 4 East Main Pit 285 Microplaty hematite 1.58 –7.3
11W-1 44 HS 11West 385 Martite 1.75 –5.8
11W-1 45 HS 11West 385 Microplaty hematite 1.76 –6.1
11W-2 46 HS 11West 385 Martite-microplaty hematite 2.96 –5.4
4WES-2 47 HS 4 West Martite-microplaty hematite 2.08 –4.9
896 48 DC DD064EMP059 247.8 Martite-microplaty hematite 1.82 –3.4
897 49 DC DD064EMP059 266.0 Martite-microplaty hematite 1.66 –4.8
898 50 DC DD064EMP059 303.8 Martite-microplaty hematite 1.77 –4.4
899 51 DC DD064EMP059 289.0 Martite-microplaty hematite 1.71 –4.2
906 52 DC DD064EMP030 229.4 Martite-microplaty hematite 2.03 –5.0
907 53 DC DD064EMP030 241.5 Martite-microplaty hematite 2.05 –5.1
909 54 DC DD064EMP030 262.4 Martite-microplaty hematite 2.18 –4.1
913 55 DC DD064EMP028 198.0 Martite-microplaty hematite 1.92 –3.6
917 56 DC DD064EEX0030 229.9 Martite-microplaty hematite 1.77 –5.4
941 57 DC DD064EMP013 170.1 Martite-microplaty hematite 1.84 –4.6
942 58 DC DD064EMP013 185.2 Martite-microplaty hematite 2.84 –4.4

Channar (martite-
microplaty hematite)

CHE3-388-1 59 HS CHE-3 396 Martite 2.59 –5.9
CHE3-388-2 60 HS CHE-3 396 microplaty hematite 2.96 –7.3

TABLE 2.  (Cont.)

Sample Hole ID/ δ18OVSMOW 

Sample ID ID type open pit location Depth/rL (m) Mineralogy Mass (mg) (‰)



40

oxygen isotope analyses of the standards used (NBS-28
quartz, n = 13, and UWG-2 garnet, n = 7; Valley et al., 1995)
indicated an average reproducibility of ± 0.1 per mil for δ18O.
The accuracy of δ18O values was commonly better than 0.2
per mil compared to accepted δ18O values for NBS-28 of 9.64
per mil and UWG-2 of 5.8 per mil.

Results
The results of the oxygen isotope analysis from the Mount

Tom Price, Paraburdoo, and Channar deposits are presented
in Tables 2 and 3, and Figure 7.

BIF: Magnetite from magnetite-quartz-rich BIF of the
Dales Gorge Member and Joffre Member has positive δ18O
values (4.1 and 6.0‰) with magnetite from the Joffre Mem-
ber BIF having higher values (8.8 and 13.0‰). The δ18O val-
ues from this study are similar to previous studies by Becker
and Clayton (1976), Oliver and Dickens (1999), and Powell et
al. (1999), who reported δ18O values of magnetite from the
Dales Gorge Member ranging from 1 to 9 per mil (Fig. 7).

Hydrothermal alteration assemblages

Magnetite and hematite from distal, intermediate, and
proximal hydrothermal alteration assemblages from the
Mount Tom Price, Paraburdoo, and Channar deposits are de-
pleted in 18O when compared to magnetite from unaltered
BIF (Tables 2, 3; Fig. 7).

At the Mount Tom Price deposit, magnetite from distal
magnetite-siderite-stilpnomelane alteration is depleted by up
to 13 per mil, and hematite from the intermediate, proximal
alteration zone and high-grade ore samples are depleted by 8
to10 per mil compared to the δ18O values for (metamorphic)
magnetite from BIFs. At the Paraburdoo and Channar East 3
deposits, hematite from proximal hematite-dolomite-chlorite-
pyrite and martite-dolomite-microplaty hematite-rhodochrosite-
chlorite alteration zones are 18O depleted, on average, by 15
and 9 per mil, respectively, relative to δ18O values for BIF
magnetite (Table 2; Fig. 8). Hematite from late-stage talc-
bearing ore at the Mount Tom Price deposit has a δ18O value
of 4 per mil less than BIF magnetite (Tables 2, 3; Fig. 7).

High-grade ore: The δ18O values of hematite from high-
grade martite-microplaty hematite are all depleted in 18O
when compared to BIF, but have similar δ18O values to hy-
drothermal alteration assemblages surrounding the main ore
zones (Tables 2, 3, Fig. 7). At the Mount Tom Price deposit
the most 18O-depleted samples are located close (<5 m) to
fault zones (Fig. 2) and the least 18O-depleted samples farther
(>50 m) from fault zones. High-grade ore samples from
Channar have the lowest average δ18O values when compared
to all other deposits (Table 3, Fig. 7).

Quartz-hematite veins: Hematite from the quartz-hematite
veins at the Ratty Springs prospect is depleted in 18O when
compared to the BIF but has a similar value to those of
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TABLE 3.  The δ18O values (‰), oxide-water fractionation (∆18O, ‰) and calculated δ18Ofluid (‰) of BIF, 
hydrothermal alteration assemblages and high-grade iron from the selected deposits.

δ18O of oxides Fractionation oxide-water ∆18O δ18Ofluid

Becker and Yapp Becker and Yapp
n Min Max x 1σ T (°C) Clayton (1976) (1990) Clayton (1976) (1990) x 1σ

Banded iron formation

Dales Gorge Member 2 4.1 6.0 5.0 1.4 280–310 –8.7 to –8.0 12.7 to 14.7 13.7 1.4
Joffre Member 2 8.8 13 10.9 3.0 280–310 –8.7 to –8.0 17.5 to 21.7 17.2 3.0

Hydrothermal alteration assemblages

Mt Tom Price
Distal (magnetite-siderite- 3 –9.0 –7.7 –8.4 0.7 157–192 –8.3 to –8.5 –0.6 to 0.8 0.0 0.6
stilpnomelane)

Intermediate (hematite- 9 –6.8 –3.5 –5.1 1.1 153–346 –8.0 to –3.3 –3.5 to 4.5 0.6 1.1
magnetite-ankerite-chlorite)

Proximal (martite-microplaty 4 –9.5 –4.1 –5.8 2.5 61–112 –1.9 to 2.3 –11.8 to –2.2 –6.0 1.5
hematite-magnetite-apatite)

Talc-bearing ore (talc- 6 –2.2 1.5 –0.8 1.3 –7.5 to –3.9 1.8 to 9.0 4.8 1.3
apatite-martite)

Paraburdoo 168–303
Intermediate (hematite- 1 –4.1 –3.5 to –2.8 –1.3 to –0.6
dolomite-chlorite-pyrite)

Ratty Springs (platy hematite) 1 –5.6 150–190 –3.3 to 0.2 –5.8 to –2.3
Channar 98–153

Proximal (martite-dolomite- 1 –4.5 –7.8 to –2.7 –1.8 to 3.2 –3.3 1.8
microplaty hematite- 139–325
rhodochrosite-chlorite)

High-grade ore

Mt Tom Price (martite- 11 –8.0 –2.9 –4.4 1.5 61–112 –1.9 to 2.3 –10.3 to –1.6 –4.9 1.5
microplaty hematite)

Paraburdoo (martite- 17 –7.3 –4.3 –5.9 0.8 61–112 –1.3 to 2.3 –9.6 to –3.6 –5.8 0.8
microplaty hematite) 

Channar (martite- 2 –7.7 –7.0 –7.4 0.5 61–112 2.3 to –1.3 –10.0 to –5.7 –7.9 0.5
microplaty hematite)
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high-grade ore at the Paraburdoo deposit (Table 3, Fig. 7).
The δ18O values are similar to the δ18O values of hematite
from quartz-hematite veins at the Paraburdoo deposits (–4.1
‰; Table 3; Fig. 7) and from the Mount Whaleback deposit
(–3.4 ‰, Fig. 8; Powell et al., 1999).

Compositional variations in mesobands 

A comparison of the δ18O values of microplaty-hematite
(Fig. 3C) and martite (Fig. 3C) dominant bands within the
high-grade ore samples at Channar shows that the δ18O val-
ues of microplaty hematite-dominant layers are more 18O de-
pleted (–7.7‰) than martite-dominant layers (–7.0‰). In
the martite and microplaty hematite samples from the
Paraburdoo deposit, the microplaty hematite layers (–6.1‰)
are more depleted in 18O than the martite layers (–5.8‰),
whereas at Mount Tom Price the martite-dominant layers are
more 18O-depleted (–5.5‰) than the microplaty hematite
layers (–3.9‰). Hence the given variability is not consistent.

Fluids in equilibrium with the oxides (δ18Ofluid)

During hydrothermal alteration, the change in the δ18O val-
ues of the iron oxides regarded as a mixture between the oxy-
gen present in the iron oxides and the oxygen introduced by
the fluid (Gregory, 1989). When either basinal brines or me-
teoric fluids interact with the BIF, the lowest δ18O values
measured for iron oxides in a specific alteration assemblage
are assumed to be the most likely to be in isotopic equilibrium
with the fluid (e.g., Gutzmer, 2005). Otherwise stated, in such

cases the fluid/rock ratio is likely to be the highest and values
calculated for the fluids may approach those of the originally
infiltrating fluid. For iron oxides with higher δ18O values, the
original BIF values are likely to have been retained either be-
cause the fluid/rock ratio was low or because the fluid had a
high δ18O value that may even have been in equilibrium with
the original iron oxides. To account for these variables, we
have calculated the fluid (δ18Ofluid) to be in equilibrium, based
on the lowest δ18O values measured for iron oxides (Table 2)
within a given alteration assemblage and over the range of
trapping temperatures (Table 3). The δ18Ofluid in equilibrium
with iron oxides was calculated (Fig. 7) using the isotope frac-
tionations of Becker and Clayton (1976) for magnetite and of
Yapp (1990; Table 3) for hematite. The former allows a direct
comparison to the study on BIFs by Becker and Clayton
(1976) and because the fractionations are similar to those de-
termined by Cole et al. (2004) at 300°C. At low temperatures,
the Yapp (1990) fractionation is considered reliable and cor-
relates well with known δ18O values of modern and Miocene
waters (i.e., Seidel et al., 2005) and at higher temperatures,
the Yapp (1990) fractionation correlates well with several
hematite-quartz, quartz-water, hematite-carbonate, and car-
bonate-water fractionations. The δ18Ofluid in equilibrium with
magnetite and hematite was calculated at temperatures based
on the fluid inclusion homogenization temperatures from
BIF (Table 1), hydrothermal alteration assemblages, and
high-grade iron ores. Trapping temperatures were pressure-
corrected using stratigraphic reconstructions of the Mount
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FIG. 7.  The δ18O values (‰) of BIF, hydrothermal alteration assemblages, and high-grade iron from the studied deposits.
The range of calculated δ18Ofluid values (‰) is shown in over the range of temperatures calculated by microthermometry.
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Tom Price deposit (30°; Taylor et al., 2001; Thorne et al.,
2001) and the Paraburdoo (40°) and Channar deposits (30°;
Dalstra, 2005) during the likely time of hydrothermal alter-
ation in the Paleoproterozoic.

BIF: The δ18Ofluid calculated to be in equilibrium with mag-
netite from both the Dales Gorge and Joffre members have
similar values (Fig. 7) that range from 12.7 to 21.7 per mil at
temperatures of 270° to 310°C.

Hydrothermal alteration assemblages: At Mount Tom Price
the average δ18Ofluid calculated to be in equilibrium with mag-
netite from distal alteration has a range from –0.7 to –0.4 per
mil at temperatures of 157° to 192°C (Table 3).

Hematite from the intermediate alteration assemblage at
Mount Tom Price has a range of δ18O values from –3.5 to 1.2

per mil at temperatures of 153° to 346°C (Table 3; Fig. 7).
The hematite from proximal alteration and high-grade mar-
tite-microplaty hematite ore has calculated δ18Ofluid values
that range from –8.3 to –5.8 per mil and –6.7 to –4.3 per mil,
respectively (Table 3; Fig. 7) at temperatures of 61° to 112°C.
The calculated δ18Ofluid values in equilibrium with martite in
talc-bearing ore have a range from 1.8 to 5.3 per mil at tem-
peratures of 168° to 303°C (Table 3; Fig. 7).

Similar trends are seen at the Paraburdoo and Channar de-
posits. The δ18Ofluid values calculated to be in equilibrium with
hematite from proximal alteration assemblages have more
positive values than those calculated to be in equilibrium with
hematite from high-grade martite-microplaty ore. Hematite
from proximal alteration assemblages have δ18Ofluid of –0.9 to
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5Gutzmer et al. (2006).
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–0.6 per mil at temperatures of 150° to 190°C at the Parabur-
doo deposit and –1.8 to 3.2 per mil at temperatures of 139° to
325°C for the Channar E3 deposit (Table 3; Fig. 7). Hematite
from high-grade ore has δ18Ofluid values of –9.6 to –6.0 per mil
at Paraburdoo and –10.0 to –6.4 per mil at Channar E3 de-
posit at temperatures of 61° to 112°C (Table 3; Fig. 7).

Hematite from quartz-hematite veins at the Ratty Springs
prospect has calculated δ18Ofluid values that range from –5.8 to
–2.3 per mil at temperatures of 98° to 153°C, similar to high-
grade martite-microplaty hematite ore from the nearby
Paraburdoo deposit (Table 3, Fig. 7).

Discussion

Spatial distribution of δ18O values

At Mount Tom Price there is a clear spatial relationship be-
tween the depletion in 18O of hematite and magnetite relative
to the BIF and the Southern Batter fault zone (Fig. 2). Nu-
merous studies (Hagemann et al., 1999; Taylor et al., 2001)
have shown that the Southern Batter fault (Fig. 2) provides
the likely fluid for ascending and descending hydrothermal
fluids. The δ18O values of samples proximal to the Southern
Batter fault are expected to be the most fluid dominated and,
for a given temperature, their oxygen isotope compositions
are likely to relate closely to those of the hydrothermal fluid.
Farther from the fault zones, and at the periphery of the hy-
drothermal system, the δ18O values of the iron oxides repre-
sent oxygen sourced both from the BIF and, to a lesser extent
compared to the proximal fault zones, from the hydrothermal
fluids. Cope et al. (2008) studied the isotopic composition of
hematite from high-grade ore at the Pic de Fon deposit in
Guinea, and also found that that the most 18O-depleted sam-
ples were located proximal to shear zones. It is likely that the
high-fluid flux within the fault-shear zones dominates the oxy-
gen budget between the fluids and the rocks.

Inheritance of isotopic compositions

Samples from martite-microplaty ore at Mount Tom Price
contain martite layers that are more depleted in 18O than the
microplaty hematite, a relationship that is not observed at ei-
ther the Paraburdoo or Channar deposits. This is interpreted
to be the result of the martite inheriting the highly 18O-de-
pleted composition of magnetite (δ18O, –8.4 ‰) from the
magnetite-siderite-stilpnomelane alteration zone. Gutzmer
(2006) observed a similar relationship at the Noamundi de-
posit in South Africa (Fig. 9), where the martite-textured
hematite is more depleted in 18O than microplaty hematite
from the same deposit.

The replacement of magnetite by hematite took place at
low to moderate temperatures of hydrothermal alteration
(up to 300°C). At these low temperatures, geologically rea-
sonable rates of isotopic exchange in mineral-fluid systems
that are initially far from chemical equilibrium are controlled
largely by chemical reactions such as crystallization from a
fluid phase (Cole et al., 1983, Cole and Ohmoto, 1986, Stof-
fregen, 1996) or transformation to a new phase (Cole and
Chakraborty, 1991). Isotopic exchange controlled by chemical
reactions is typically several orders of magnitude faster than
rates influenced by diffusion. Regardless of whether the reac-
tants simply recrystallize in the presence of a fluid phase or

become replaced by a new crystalline phase, it is clear that
isotopic exchange will accompany the dissolution and precip-
itation leading to new crystal growth (Cole and Chakraborty,
2001). During the recrystallization of magnetite to hematite,
Fe-O bonds are broken and reformed and if this occurs in the
presence of a fluid, the oxygen now newly incorporated into
the martite may be derived not only from the magnetite but
also from the hydrothermal fluid. Hence, the change in the
δ18O values of the iron oxide will be a function of the fluid/
rock ratio, and if this is low or if the fluid is already in isotopic
equilibrium with the iron oxides, the newly formed phase may
practically inherit the δ18O values of the original oxide.

Zheng (1995) studied the discrepancy in the quartz-mag-
netite oxygen isotope fractionation between previous theoret-
ical calculations of Zheng (1991) and the experimental deter-
minations of Chiba et al. (1989). The author suggested that
the discrepancy may be caused by magnetite formed during
the inheriting of the oxygen isotope composition of the pre-
cursor mineral hematite. By analogy, the hematite from the
samples studied in this paper may well have inherited the
18O-depleted oxygen isotope composition from its magnetite
precursor.

Fluid sources

The oxygen isotope compositions of hydrothermal alter-
ation assemblages and high-grade iron ore from the studied
deposits are clearly depleted in 18O by about 5 to 10 per mil
when compared to BIF. This depletion clearly underlines the
role of hydrothermal fluids in the transformation of BIF to
high-grade ore evoked in hydrothermal models described by
Powell et al. (1999), Taylor et al. (2001), and Thorne et al.
(2004, 2008).

The oxygen isotope compositions of the hydrothermal flu-
ids, while having a wide range for each deposit, indicate two
fluid sources (Table 3; Fig. 8). The formation of the mag-
netite-carbonate and hematite-carbonate alteration assem-
blages in the presence of low- to moderate-temperature
(157°–346°C), saline (15.5–26.0 wt % CaCl2 equiv) fluids,
with a range in δ18O values (–3.5 to 3.2‰) suggestive of a me-
teoric water component to a basinal brine.

A mixture of meteoric water with basinal brines is also sup-
ported by the results of Taylor et al. (2001) and Thorne et al.
(2008) for the Mount Tom Price deposit, where fluid mixing
has been suggested to result in the crystallization of mi-
croplaty hematite. The involvement of basinal brines is fur-
thermore supported by Thorne et al. (2007a) who studied
dolomite from hypogene dolomite-hematite-chlorite-pyrite
veins at the Paraburdoo deposit. The dolomite was formed at
moderate temperature (150°–190°C) with high Cl/Br, low
Na/Br, and moderate-salinity, evolved brines (19.9–22.0 wt %
CaCl2 equiv), having an elevated base metal content (Grandia
et al., 2003).

The proximal martite-microplaty hematite and high-grade
martite-microplaty hematite assemblages also formed by the
interaction of 18O-depleted, meteoric fluids at low tempera-
tures (Table 2; Fig. 8) with the hypogene hematite-carbonate
alteration assemblages. This supports the studies of Taylor et
al. (2001) and Thorne et al. (2008), which evoke a stage of
deep meteoric fluid circulation in the formation of high-grade
iron ore. 
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At the Mount Tom Price deposit, low- to moderate-tem-
perature (~118°–253°C ) Ca-Mg-rich brines (22.8–25.9 wt %
CaCl2 equiv that interacted with BIF, forming the talc-bear-
ing ore have δ18O values of 1.8 to 9.0 per mil, suggesting the
involvement of basinal brines with a seawater origin but not
excluding a possible contribution of meteoric water. The data
supports the notion that the formation of talc-bearing ore is
unrelated to the main ore-forming event and that hydrother-
mal fluid flow within the deposits was multistage and pro-
tracted. Rasmussen et al. (2007) suggested that ore genesis
may have commenced as early as 2.15 Ga., with subsequent
hydrothermal remobilization at 2.05, 1.84, 1.67, 1.59, 1.54,
1.48, and 0.85 Ga, a result of basin development and repeated
tectonic activity to the south of the Hamersley province. The
formation of talc-bearing ore may reflect one of these hy-
drothermal pulses.

Significance of quartz-hematite veins

Both the δ18O and the calculated δ18Ofluid values of hematite
from quartz-hematite veins at the Ratty Springs prospect are
similar to hematite from high-grade ore at the nearby
Paraburdoo deposit (Fig. 8; Table 3). Sepe (2007) studied
similar textured quartz-hematite veins as those at the Ratty
Springs prospect that postdate hypogene alteration at the 2
Lens orebody of the Paraburdoo deposit. Microthermometry
and ion chromatography on primary fluid inclusions within
quartz from the quartz-hematite veins indicate that the veins
likely formed from mixed high-salinity basinal brines and low-
salinity meteoric fluids. Similar relationships were observed
by Oliver and Dickens (1999), Powell et al. (1999), and
Brown et al. (2004) for patchy hematite-quartz mineralization
and associated veins near the Mount Whaleback deposit. 

All the studies show a clear spatial relationship of quartz-
hematite veins to high-grade iron ore deposits and similar
fluid geochemistry to the hydrothermal fluids responsible for
the transformation of BIF to high-grade iron ore. The timing
of the veins relative to iron ore formation indicates that the
quartz-hematite veins are unrelated to the formation of high-
grade iron ore deposits. Brown et al. (2004) suggest that the
quartz-hematite veins are related to iron ore formation dur-
ing the extensional collapse of the Ophthalmian orogeny
(~2200 Ma). Recent work by Müller et al. (2005) suggest that
the iron ore formation, and therefore related quartz-hematite
veins in the Hamersley province, is unrelated to the
Opthalmian orogeny and is likely to have formed during a
2,050 to 2,000 m.y. period of continental extension. Dalstra
(2005) indicates that the quartz hematite veins that postdate
high-grade iron ore formation at the Paraburdoo deposit,
quartz-hematite veins the Ratty Springs deposit are likely to
have formed during reactivation of normal faults during the
Capricorn orogeny (~1780 Ma; Tyler and Thorne, 1990).

Xenotime and monazite in high-grade hematite orebodies
from the Mount Tom Price deposit have recorded repeated
episodes of hydrothermal fluid flow that commenced at 2.15
Ga and continued intermittently for more than 1 Gyr (Ras-
mussen et al., 2007). It is likely that the quartz-hematite veins
were formed during a period of hydrothermal fluid flow and
focused within similar structural settings as the hydrothermal
fluids that resulted in the transformation of BIF to high-grade
iron ore. 

Conclusions
The study of the oxygen isotope geochemistry of magnetite

and hematite during the transition from BIF to high-grade
ore in the central Hamersley province provides support for
the hydrothermal formation of the deposits and the role of
both basinal brines and meteoric waters in their formation.
This study has shown that the 18O depletion in high-grade ore
formed during the early hydrothermal alteration through the
interaction of low- to moderate-temperature, saline brines
mixing with low-salinity meteoric fluids and reacting with the
BI. Fluid flux was controlled by extensional fault zones within
the deposits and variable isotopic exchange is related to vari-
able fluid-rock exchange between hydrothermal fluids and
iron oxides, with the most negative δ18O values proximal to
fault zones, and increasingly more positive δ18O values at the
edge of the orebody. The values of δ18Ofluid support hy-
drothermal models that evoke both basinal brines and heated
meteoric fluids for the transformation of BIF to high-grade
iron ore. The results of this study are similar to those of other
studies elsewhere on the oxygen isotope geochemistry of
hematite from high-grade iron ore deposits (Gutzmer et al.,
2006), suggesting that processes similar to those proposed in
these studies are of general importance to the genesis of this
ore type.
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CHAPTER 4: STRUCTURAL CONTROL, HYDROTHERMAL 
ALTERATION ZONATION AND FLUID CHEMISTRY OF 

CONCEALED, BIF-HOSTED HIGH-GRADE 4EE IRON ORE 
BODY AT THE PARABURDOO 4E DEPOSIT, HAMERSLEY 

PROVINCE, WESTERN AUSTRALIA.
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5.

•	 David Banks assisted in the LA-ICPMS and crush-leach analysis at the Fluid Inclusion Laser 
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results.

This paper provides the most comprehensive study of an iron ore deposit in the Pilbara published to date 

and builds significantly on previous research on the Paraburdoo deposit (Chapter 4). Based on thorough 

geological reconstruction of the 4E deposit, the paper introduces several new analytical techniques such as 

crushed-leach and LA-ICPMS analysis to provide meaningful insights into the ore-forming processes, and 

builds on previously used techniques (Chapter 5).

Structural reconstruction of the 4E deposit, together with structural mapping, core logging and advance 

geochemical analysis such as fluid inclusion microthermometry, crushed-leach ion chromatography and LA-

ICPMS analysis of fluid inclusions, allowed the development of an integrated structural and hydrothermal 

model for the deposit. 

 The paper also provides new insights into the source of hypogene fluids and meteoric fluids 

responsible for the transformation of BIF to high-grade iron ore. Together with results from the research 

of oxygen isotopic composition of iron oxides at the Paraburdoo deposit (Chapter 5), the results from this 

paper indicate that the 4E deposit ultimately formed from a dual hydrothermal system courtesy of ascending 

basinal brines, possibly from sedimentary basins to the south of the Hamersley province, and descending, 

cold Paleopreterozoic meteoric water. 
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Abstract
High-grade iron ore of the 4EE orebody of the 4E deposit (>200 Mt at 63.5 wt % Fe) occurs as a southerly 

dipping sheet within banded iron formation (BIF) of the Paleoproterozoic Dales Gorge and Joffre members of 
the Brockman Iron Formation. Structural reconstruction of the 4E deposit shows that reactivation of the 18E 
fault and development of the NW-striking, steeply SW dipping 4E and 4EE normal faults resulted in preserva-
tion of the 4EE orebody below the 4E deposit, and 400 m below the modern topographic surface. 

Three hypogene alteration zones between low-grade BIF and high-grade iron ore are observed: (1) distal 
magnetite-quartz-dolomite-stilpnomelane-hematite ± pyrite, (2) intermediate magnetite-dolomite-hematite-
chlorite-quartz-stilpnomelane, and (3) proximal hematite-dolomite-chlorite ± pyrite ± magnetite. Hydrothermal 
alteration is temporally and spatially constrained by NW-trending dolerite dikes that intruded the 4E and 4EE 
faults prior to hypogene alteration. Six vein types (V1–V6) are recognized at the 4E deposit. The veins both cut 
and parallel the primary BIF layers and were emplaced contemporaneously with the hydrothermal alteration 
zones that record the transformation of low-grade BIF to high-grade iron ore.

Our integrated structural-hydrothermal alteration and fluid flow model proposes that during early stage 1a, 
hypogene fluid flow in the 4E orebody occurred during a period of continental extension and enhanced heat 
flow within sedimentary basins to the south of the Paraburdoo Range. Heated basinal brines were focused by 
the NW-striking, steeply SW dipping 4E and 4EE normal faults and reacted with BIF of the Dales Gorge and 
Joffre members. The warm to hot (160° –255°C), Ca-rich (26.6–31.9 equiv wt % CaCl2) basinal brine interacted 
with magnetite-chert layers, transforming them into magnetite-quartz-dolomite-stilpnomelane-hematite-pyrite 
BIF. The iron-rich brine (up to 2.8 wt % Fe) likely originated from evaporated seawater that had lost Mg and 
Na and gained Li and Ca through fluid-rock reactions with volcaniclastic rocks and carbonate successions within 
the Wittenoom Formation. The first incursion of deeply circulating, low-salinity (5.8–9.5 wt % NaCl equiv), 
heated (106°–201°C) modified meteoric water is recorded in late stage 1a minerals. This modified meteoric 
water had lost some of its Na through wall rock interaction with plagioclase, possibly by interaction with dolerite 
of the Weeli Wooli Formation that directly overlies the Joffre and Dales Gorge members. 

Stage 1b involved continuing reactions between the hydrothermal fluids and the magnetite-quartz-dolomite-stilp-
nomelane-hematite-pyrite BIF, and produced both the intermediate magnetite-dolomite-hematite-chlorite-pyrite 
and the proximal hematite-dolomite-magnetite-stilpnomelane alteration assemblages. Microplaty (10–80  μm), 
platy (100–250 μm), and anhedral hematite increasingly replace magnetite in the intermediate alteration zone, 
forming the proximal alteration zones that consist of microplaty, platy, anhedral hematite and magnetite. The 
intermediate and proximal alteration zones represent the mixing of a hot (250°–400°C), high-salinity, Ca-rich 
(30–40 wt % CaCl2 equiv), Sr-rich basinal brine with low-temperature and low-salinity (~5 wt % NaCl equiv) 
modified meteoric water that was heated (~100°–200°C) during its descent into the upper crust. Heterogeneous 
mixing of the two end-member fluids resulted in the trapping of primary fluid inclusion assemblages containing a 
wide range of trapping temperatures (up to 200°C) and salinities (up to 25 wt % NaCl equiv).

Stage 1c of the hypogene hydrothermal fluid is characterized by low-temperature (<110°C), low-salinity 
(~5 wt % NaCl) meteoric water that interacted with the proximal hematite-dolomite-magnetite-stilpnomelane–
altered BIF, leaving a porous, hematite-apatite high-grade ore. Supergene alteration affected the orebody 
since the Cretaceous and produced a hematite-goethite alteration assemblage, resulting in destruction of the 
hypogene alteration zones that are only preserved below the depth of modern weathering. 

Discovery of the concealed 4EE orebody of the 4E deposit demonstrates that structural geology plays a 
critical role in the exploration for high-grade iron orebodies. Structural reconstruction should be considered a 
critical exploration activity in structurally complex terranes where concealed orebodies may exist.

Introduction
Since initial mining of the iron ore resources in the 1960s, the 
Hamersley province has become one of the world’s preeminent 
iron ore districts (Fig. 1; Harmsworth et al., 1990; Thorne et 

al., 2008). Deep drilling and mining below the depth of mod-
ern weathering at the Mt. Tom Price, Mt. Whaleback, and 
Paraburdoo deposits resulted in the recognition of carbonate-
altered BIF transitional between low-grade BIF and high-
grade iron ore. Early studies of the carbonate-altered BIF 
resulted in supergene-metamorphic models (Morris, 1980, 
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1985, 1988; Harmsworth et al., 1990) for the formation of 
high-grade, martite-microplaty hematite iron deposits, which 
have been superseded by more recent hypogene-supergene 
models (Barley et al., 1997, 1999; Martin et al., 1998; Hage-
mann et al., 1999; Powell et al., 1999; Ridley, 1999; Taylor et 
al., 2001; Cochrane, 2003; Dalstra and Guedes, 2004; Thorne 
et al., 2004, 2005, 2007a, b, 2008; Webb et al., 2004; Dalstra, 
2005; Oliver, 2007).

Research at the Mt. Tom Price deposit (Fig. 1; Barley et 
al., 1999; Ridley, 1999; Taylor et al., 2001; Cochrane, 2003; 
Thorne et al., 2004, 2005, 2007b) has described the formation 
of high-grade, martite-microplaty hematite ore by the multi-
stage interaction of hydrothermal fluids with the host BIF. Key 
to the development of the hydrothermal model was the discov-
ery of hydrothermal alteration assemblages below the depth 
of modern weathering through deep drilling, primarily at the 
Southern Ridge and North deposits (Thorne et al., 2005).

At the Mt. Whaleback deposit (Fig. 1), deep drilling at the 
western end of the main pit into the McRae Shale, below 
the martite-microplaty ore and along the hanging wall of the 
Mount Whaleback fault, intersected carbonate-altered shale 
(Webb et al., 2004). Textural and geochemical evidence from 
the ferroan-dolomite and ankerite alteration assemblages, and 
crosscutting chlorite and carbonate veins within the McRae 
Shale support an early hypogene stage for the formation of 
the deposit (Webb et al., 2004).

Deep drilling at the Paraburdoo deposit (Fig. 1) intersected 
hydrothermally altered BIF, transitional between BIF and 
high-grade, martite-microplaty ore, both below and lateral to 
the 4E orebody. Thorne et al. (2007b, 2008) proposed a pre-
liminary multistage hydrothermal-supergene model for the 
4East deposit. The first hypogene stage involved alteration by 
upward movement, along fault zones, of 170°C basinal brines 
(20.9 wt % CaCl2 equiv with Ca > Na > K) into the Dales 
Gorge and Joffre members of the Paleoproterozoic (~2.47 Ga) 
Brockman Iron Formation (Thorne et al., 2007b). Magne-
tite-chert–rich BIF was transformed into a hematite-dolo-
mite-chlorite-pyrite assemblage. The second hypogene stage 
involved deeply circulating, low-temperature (<110°C), mete-
oric water that interacted with the hematite-dolomite-chlo-
rite-pyrite assemblage, resulting in formation of the proximal 
martite-microplaty hematite-apatite assemblage. The third 
stage of alteration, which involved supergene processes dur-
ing the Tertiary, entirely overprinted the proximal alteration 
zone, converting shale layers to kaolinite-rich clay, destroying 
apatite, and leaching calcium and phosphorus from the ore.

The 4EE (formerly 2 Lens orebody) of the Paraburdoo 
deposit is a concealed extension of the 4E orebody approxi-
mately 300 m below the premining topographic surface. This 
study provides a detailed description of the structural frame-
work of the orebodies, paragenesis of hydrothermal alteration 
assemblages—transitional between BIF and high-grade iron 
ore at the 4E and 4EE orebodies (hereafter known as the 4E 
deposit), microthermometry and laser ablation-inductively 
coupled plasma-mass spectrometry (LA-ICP-MS) analysis 
of fluid inclusions, and crush-leached ion chromatography of 
fluid inclusions in carbonates and iron oxides from different 
hydrothermal alteration assemblages. These data are then 
used to establish an integrated structural and hydrothermal-
alteration model for the 4E orebody including estimates of 

the pressure, temperature, and composition of the hydrother-
mal fluids that ascended and descended the complex fault 
zones. Because essentially all of the near-surface, high-grade 
iron ores already have been found over 40 years of mineral 
exploration within the Hamersley province, concealed depos-
its provide the next frontier in iron ore exploration. This 
paper details the geologic characteristics and hydrothermal 
footprint of a concealed orebody that, together, may provide a 
framework for future exploration in the region and elsewhere.

Structural History of the Southern  
Hamersley Province

The stratigraphy and tectonic history of the Hamersley 
province has been well documented (MacLeod, 1966; Tren-
dall and Blockley, 1970; Trendall, 1983; Harmsworth et al., 
1990; Tyler and Thorne, 1990; Powell and Horwitz, 1994; 
Krapež, 1997, 1999; Taylor et al., 2001). Detailed mapping 
of the southern Pilbara margin by Müller et al. (2005) and 
Dalstra (2005), together with new age dating of mafic dikes 
and sills (Müller et al., 2005), has provided significant con-
tributions to the tectonic history of the southern Hamers-
ley province (Fig. 2). Müller et al. (2005) conducted in situ 
Pb/Pb dating of baddeleyite by sensitive high-resolution ion 
microprobe (SHRIMP), resolving the ages of two key suites 
of mafic intrusions and constraining for the first time the tec-
tonic evolution of the Ashburton province and the age and 
setting of iron ore formation. Mafic sills that were folded dur-
ing the Ophthalmian orogeny and then cut by the unconfor-
mity at the base of the Lower Wyloo Group have ages of ca. 
2208 Ma (Fig. 2). A mafic dike swarm that intrudes the Lower 
Wyloo Group and is hydrothermally altered at the Paraburdoo 
deposit is dated as ca. 2008 Ma. These mafic dikes are slightly 
younger than a new syneruptive 2031 ± 6 Ma SHRIMP U-Pb 
zircon age for the Lower Wyloo Group. The ages constrain 
the Ophthalmian orogeny to the period between ca. 2208 and 
2031 Ma; the ca. 2008 Ma age for the dikes presents a new 
maximum age for iron ore formation and deposition of the 
Upper Wyloo Group, thereby linking ore genesis to a period 
of continental extension at ca. 2050 to 2000 Ma.

The southern Pilbara terrane has undergone three major 
tectonic events (Fig. 2): (1) the Ophthalmian orogeny (D2, 
Fig. 2; 2140 ± 30 Ma; Alibert and McCulloch, 1993), (2) the 
Panhandle orogeny (D3, Fig. 2; ~2020 Ma; Taylor et al., 2001; 
Müller et al., 2005), and (3) the Capricorn orogeny (D4, Fig. 
2; ~1780 Ma; Tyler and Thorne, 1990; Krapež, 1999). Prior 
to this deformation, recumbent isoclinal folds and pods (D1; 
Dalstra, 2005) were developed within all BIFs, but are most 
pronounced in the Marra Mamba Iron Formation.

The Ophthalmian orogeny (D2) produced large-scale, 
E-W–trending folds (F2; Taylor et al., 2001) throughout the 
province, with large E-W–trending dome and basin folds 
(e.g., Turner syncline) developed in the west. NW- to N-strik-
ing, steeply NE dipping normal faults (E2; Dalstra, 2005) that 
predated the deposition of the Beasley Quartzite (Fig. 2) are 
interpreted to have formed the early structural architecture 
for later fault-focused fluid flow (Southern Batter fault, Mt. 
Tom Price; Taylor et al., 2001).

Dalstra (2005) provided a detailed reconstruction of the 
southern Hamersley province, demonstrating that extensional 
normal faults are uniformly associated spatially with high-grade 
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hematite deposits and, in particular, with faults that link 
the underlying dolomites of the Wittenoom Formation to 
the overlying iron formation, thus providing a pathway for 
mineralizing fluids.

The Panhandle orogeny (D3) produced NW-trending folds 
that are best developed in the western part of the province 

and predate intrusion of the numerous NW-trending doler-
ite dikes (Fig. 2; ca. 2008 Ma; Müller et al., 2005). The F3 
folds interact with the earlier E-W–trending Ophthalmian 
folds (F2) to produce a characteristic dome-and-basin struc-
tural pattern (Taylor et al., 2001). Following the Panhandle 
orogeny and prior to deposition of the Mount McGrath For-
mation (Fig. 2), reactivation of earlier NW-striking faults, as 
well as the development of NW-striking, steeply SW dipping 
normal faults with throws of up to 2,100 m, formed horst and 
graben structures along the southern margin of the Hamers-
ley province (Dalstra, 2005). The NW-trending dolerite dikes 
intruded into these faults and control ore distribution along 
the Paraburdoo Range.

The Capricorn orogeny (D4) took place before ca. 1770 Ma 
(Müller et al., 2005) and records the collision between the 
Pilbara and Yilgarn cratons (Tyler and Thorne, 1990). Defor-
mation is coaxial to the Panhandle orogeny and rotated the 
southern margin of the Pilbara province south or north over 
30° to 60°. Strike-slip reactivation of steep faults (after tilting) 
occurred during the later stages of the Capricorn orogeny.

The entire Hamersley Group (Fig. 2) is locally eroded on 
two unconformities (Dalstra, 2005). The first unconformity 
defines the base of the Lower Wyloo Group (up to 10° discor-
dant) where the Beasley River Quartzite rests on the Turee 
Creek and Hamersley groups of the Mount Bruce Super-
group (Figs. 2, 3; Taylor et al., 2001; Dalstra, 2005). The sec-
ond unconformity places the Mount McGrath Formation of 
the Upper Wyloo Group on rocks of the Fortescue to Lower 
Wyloo groups at an angle of approximately 10° to 20° (Dalstra, 
2005). The presence of microplaty hematite pebbles within 
the McGrath Formation has been used to indirectly constrain 
the youngest age for high-grade iron ore formation within the 
Hamersley province (Morris, 1980; Taylor et al., 2001). 

A later set of wide (up to 100 m thick), NE-trending dikes 
cuts both the Ashburton trough and the Hamersley Group 
and postdates the Capricorn orogeny. The Channar dike (752 
± 10 Ma; Taylor et al., 2001) cuts through and locally meta-
morphoses the ore at the Channar deposit.

Structural Reconstruction of the Paraburdoo  
Mining Area

The Paraburdoo Range contains a number of hematite and 
hematite-goethite deposits, from the 66West deposit in the 
west to the Channar deposit in the east (Fig. 3). The larg-
est and highest grade iron ore accumulations are the 4West 
and 4East orebodies of the Paraburdoo and Channar deposits 
(Fig. 3). Iron ores are hosted mainly by the Brockman Iron 
Formation, which is tilted 40° to 65° south in the west and less 
than 10° in the east near Channar. 

The Lower Wyloo Group unconformity at the base of the 
Beasley Quartzite (BQ unconformity) is preserved in fault-
bounded blocks along the western part of the Paraburdoo 
Range and is concordant to slightly discordant with respect to 
the older iron ore units, e.g., the Joffre Member and Weeli 
Wooli Formation. The Upper Wyloo Group (Mt. McGrath and 
Duck Creek formations) unconformably overlies the Hamer-
sley and Lower Wyloo Group rocks at angles of about 10° to 
20°. The Mt. McGrath conglomerate south of the Paraburdoo 
4West deposit typically contains coarse clasts of low-grade 
Weeli Wolli BIF and quartzite at the base, grading upward 
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Fig. 2.  Tectonic reconstruction of the Southern Hamersley province 
showing major tectonic events, age dating, and timing of hypogene miner-
alization. References for ages (superscripts): 1, 3, 4 = Trendall et al. (2004); 
2 = Trendall et al. (1998); 5 = Barley et al. (1997); 6, 12, 15 = Krapež (1999); 
7, 10, 11 = Müller et al. (2005); 8 = Rasmussen et al. (2007); 9 = Alibert and 
McCulloch (1993); 13 = Sircombe (2003); 14 = Krapež and McNaughton 
(1999).
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into smaller pebbles consisting of microplaty hematite ore. 
Conglomerates at the base of the Beasley Quartzite are over-
whelmingly devoid of ore pebbles but contain abundant clasts 
of low-grade BIF (Martin et al., 1998; Taylor et al., 2001).

Folds on the scale of meters to less than 1 m generally 
are the only compressional structures visible in outcrops. At 
Paraburdoo, the predominant folds trend northwest to west-
northwest and, because of the tilting of the Wyloo Group 
unconformities, are most likely Capricorn (D4) in age. In 
contrast, faulting is pervasive in the area, with four major sets 
of faults recognized (Fig. 3; Table 1). Gently N dipping faults 
with normal offsets up to several hundred meters are observed 
throughout the Paraburdoo Range and are largely parallel to 
the general strike of the iron formations (Table 1; range-par-
allel flat faults). Individual faults can be traced along strike for 
up to 12 km. Fault planes commonly are spoon shaped, with 
terminations at high angles to the bedding of BIFs, and gently 
west or east dipping, e.g., the 32East fault. Other large faults, 
such as the 4West, 4East, and 23East basal faults, are oblique 
to the strike of the range (Table 1; oblique faults), dip gently 
east or northeast, and also have normal displacements. How-
ever, because of the spoon-shaped nature of many faults, it is 
sometimes difficult to determine if they form a separate set. 
The third major fault set trends northwest with subvertical to 
steep northeast dips and a reverse sense of movement (Table 
1; steep reverse faults). Examples are the Ratty Springs and 
18East faults. Only at Channar are there known NW-trending 
steeply dipping normal faults (Table 1; steep normal faults). 

Late dolerite dikes intruded preferentially along all fault sys-
tems in the Hamersley and Lower Wyloo Group, but nowhere 
intrude into the overlying Upper Wyloo Group.

Timing

The 4West and 4East basal faults (oblique faults) are among 
the oldest structures in the Paraburdoo area and originated 
prior to deposition of the Lower Wyloo Group (Figs. 2, 3; E2, 
Dalstra, 2005). They were reactivated during deposition of 
the Upper Wyloo Group (Fig. 2; E3), but have been inactive 
since then. Range-parallel flat faults, such as the 32East fault, 
lack offsets in the Mt. McGrath Formation, but the presence 
of similar offsets as oblique faults (Table 2) in the Hamersley 
and Lower Wyloo groups suggests that they are syn-E3 (Fig. 
2). These faults were also inactive after this extensional event. 
A similar timing was proposed (Dalstra, 2005) for the reverse 
18East and Ratty Springs faults (steep reverse faults).

NW-trending dikes that limit the areal extent of iron ore-
bodies at Paraburdoo and intrude the 4East and 4West basal 
faults were active and hydrothermally altered during ore for-
mation (Barley et al., 1999; Dalstra, 2005) but do not intrude 
the Mt. McGrath Formation. The dikes were emplaced after 
the Panhandle folding event (Fig. 2; D1 cap; Müller et al., 
2005), and dikes, country rock, and ore were deeply eroded 
before deposition of the Mt. McGrath Formation (Taylor et 
al., 2001). Thus, the formation of high-grade iron ore took 
place during or shortly after the emplacement of these ca. 
2008 Ma dikes.
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In the Channar area, the main ore-controlling faults (Fig. 
3; Howies Hole, Channar East and West faults) strike north-
west and have moderate to steep northeast or southwest dips 
and normal displacement. Historic mapping shows that at 
Channar, subhorizontal to gently S dipping hematite-clast 
conglomerates of the Mt. McGrath Formation covered the 
hematite ore. The faults (steep normal faults) have offsets 
of up to 600 m in Hamersley Group strata, but smaller (dex-
tral) displacement in the Upper Wyloo Group. Their timing 
is, therefore, constrained to E3, possibly as a reactivation of 
older E2 structures, with moderate strike-slip reactivation 
occurring during the Capricorn orogeny (Dalstra, 2005).

Structural reconstruction of the southern  
Hamersley province

Back rotation of the hematite-clast conglomerate beds at 
the base of the Mt. McGrath Formation toward their assumed 
near-horizontal depositional setting is required to reconstruct 
the setting of ore formation at Paraburdoo (e.g., Dalstra, 
2005). In the west, near the 4West and 4East deposits, the 
conglomerate beds dip 40° to 50° south-southwest, indicating 
that the mineralized geometry was significantly modified dur-
ing the Capricorn orogeny. The north-northeast rotation of 
the oldest (E2, E3) ore-controlling, oblique flat faults at 4East 

and 4West, over a horizontal axis, resulted in a northwest to 
north-northwest trend with moderately steep (48°–72°) dips 
to the northeast to east-northeast (Fig. 4, Table 1). Weakly 
mineralized (only E3) range-parallel faults originally had 
west-northwest trends and moderate north-northeast dips 
(45°–68°; Fig. 4). Back rotation also shows that the steeply NE 
dipping reverse faults, such as the 18East fault and the Ratty 
Springs fault, originated as moderately steep, SW-dipping 
normal faults. At the Channar deposit, the hematite-clast con-
glomerate beds of the Upper Wyloo Group are subhorizontal, 
and therefore the required rotation is minimal; the present 
fault geometry with steeply dipping normal faults (steep nor-
mal faults) reflects the setting at the time of mineralization.

Reconstructed long sections through the Paraburdoo 
Ranges prior to the Capricorn orogeny and to syn-Upper 
Wyloo Group and Lower Wyloo Group sedimentation are 
shown in Figure 4A and B, respectively. The depositional set-
ting for the Lower Wyloo Group at Paraburdoo is a series of 
NW- to NNW-trending half grabens (E2) that formed by NE- 
to ENE-dipping normal faults (oblique faults and steep nor-
mal faults), progressively stepping down to the east-northeast 
(Fig. 4B). During deposition of the Upper Wyloo Group, this 
system of half grabens was reactivated, together with the for-
mation of new normal faults having a more westerly trend and 

Table 1.  Fault Systems in the Paraburdoo Ranges and Their Details

Fault system Representatives Present orientation Timing  Original orientation

Range-parallel flat faults 66West fault, 44West fault,  Gently N to NNE dipping Pre-Mt. McGrath (E3) Moderately NNE dipping
 32East fault, 42East fault

Oblique flat faults1  4West basal fault, 4East  Gently NE to E dipping Pre-BRQ, reactivated pre- Moderately NE to ENE
 basal fault, 23East basal fault,   Mt. McGrath (E2–E3) dipping
 24East fault

Steep reverse faults  Ratty Springs fault, 18East  Steeply NE dipping Post-BRQ, pre-Mt. McGrath,  Moderately to steeply
 fault, 23East fault  late dextral reactivation (E3–F4) SW dipping

Steep normal faults2  64East fault, Howies Hole  Moderately NE dipping Pre-BRQ?, reactivated pre- Moderately NE dipping, 
 fault, Channar East fault  Mt. McGrath and late dextral  rare SW dips
   (E2?–E3–F4)

BRQ = Beasley River Quartzite
1Control mineralization at 4West, 4East, and 23/24East
2Control mineralization at Channar

Table 2.  Vein Types Identified at the 4E Deposit

Vein type Thickness (mm) Equilibrium assemblage Textures Hydrothermal zonation

V1 0.50–6 Quartz Typically massive with locally internal comb Prior to hydrothermal alteration
   textures; common and iron ore formation
V2 5–60 Dolomite-quartz ± pyrite  Commonly forms matrix-supported breccias that Distal
   consist of angular and rotated clasts (5–50 mm) of
   altered wall rock within a dolomite-quartz-pyrite 
   matrix
V3 1–15 Dolomite ± pyrite Associated with intermediate magnetite-dolomite- Intermediate
   hematite-chlorite-pyrite alteration within BIF
V4 1–50 Dolomite-chlorite ±  Associated with intermediate magnetite- Intermediate
  pyrite ± magnetite dolomite-hematite-chlorite-pyrite alteration
V5 20–2,000 Dolomite-hematite ± pyrite Associated with proximal hematite-dolomite- Proximal
   magnetite-stilpnomelane alteration; pervasive 
   within fault zones
V6 5–60 Quartz-hematite Rare late-stage veins within BIF and dolerite Late stage
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dips either steeply to the south-southwest or north-northeast 
(e.g., Table 1; range-parallel faults, steep normal faults, steep 
reverse faults; E3). The resulting geometry was a series of 
WNW- to NNW-trending grabens or half grabens (Fig. 4A).

Hematite orebodies formed (Fig. 4A) early during the E3 
event and were actively eroding during deposition of the 
Upper Wyloo Group, forming the hematite-clast conglom-
erates. Orebodies at the 4West, 4East, 23East, and 64East 
deposits formed in downthrown blocks at least several hun-
dred meters below the surface, and therefore survived erosion 
prior to deposition of the Mt. McGrath Formation. Only the 
11West and Channar orebodies formed on horsts, and were 
nearly completely stripped by erosion during deposition of 
the Mt. McGrath Formation, as evidenced by the presence of 
hematite-clast conglomerate near or on top of the ore. Other 
orebodies may have formed on the Ratty Springs and 18East 
horst, but these were eroded, their ores having been partly 
deposited in the hematite-clast conglomerates that flank these 
horsts.

Geology of the 4EE Orebody
The 4EE orebody has an inferred resource of >200 Mt at 

63.5 wt % Fe of high-grade (>63 wt % Fe) iron ore that lies 
below the 4E open pit (Fig. 5). This orebody is concealed from 
the present topographic surface by 150 to 300 m of barren 

BIF, dolerite, and shale of the Yandicoogina Shale Member 
and Weeli Wooli Formation, and is located completely below 
the regional water table. Mapping within the 4East Main pit 
(4EMP) and 4East North pit (4E North), logging of diamond 
drill cores, and previous geologic interpretations were used to 
create cross sections (Fig. 6A, B) through the 4EE orebody. 
The 4EE orebody (>63 wt % Fe) forms a southerly (30°–40°) 
dipping sheet, parallel to the dip of strata of the Joffre and 
Dales Gorge members that host the orebody (Fig. 6). The 
deposit is bounded at depth by the 4East basal fault and the 
4East basal fault dolerite, which intrudes the fault (Fig. 6A, B). 

Hypogene Hydrothermal Alteration Assemblages
The transition from BIF (30–35 wt % Fe) to high-grade 

(>63 wt % Fe) iron ore in the 4EE orebody was investigated 
in 62 petrographic samples taken from 13 diamond drill holes 
(Fig. 5). Selected samples were examined using the scanning 
electron microscope at the Centre for Microscopy and Micro-
analysis (University of Western Australia) to determine semi-
quantitative carbonate composition and document textures of 
oxide, carbonate, silicate, and sulfide minerals. Samples taken 
from below the depth of weathering (Fig. 6A, B) that contain 
hydrothermal alteration minerals such as iron silicates, anker-
ite, and microplaty hematite are interpreted to have formed 
through hypogene processes (cf. Barley et al., 1999; Taylor 
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et al., 2001; Thorne et al., 2004, 2008). Samples taken from 
within the weathering profile containing hydrous iron oxides 
such as goethite and limonite are considered supergene in 
nature (Morris, 1980, 1985; Barley et al., 1999; Thorne et al., 
2008).

Hydrothermal alteration produced a laterally extensive 
zone below, lateral to, and above the high-grade iron ore (Fig. 
6; DD064EMP030). The alteration zone comprises three 
subzones (1) distal magnetite-quartz-dolomite-stilpnomelane-
hematite ± pyrite, (2) intermediate magnetite-dolomite-
hematite-chlorite-quartz-stilpnomelane, and (3) proximal 
hematite-dolomite-chlorite ± pyrite ± magnetite (Figs. 7, 
8). Hydrothermal alteration is restricted to BIF layers; shale 
layers preserve original mineralogy and textures. Hydrother-
mal alteration of dolerite within the 4East basal fault (Fig. 
6) produced two zones: (1) intermediate chlorite-tremolite 
and (2) proximal chlorite-dolomite-talc-tremolite, with the 
intensity of alteration increasing toward high-grade iron ore. 
Regardless of the alteration intensity, the progressive changes 
in alteration mineralogy, described below, form a consistent 
pattern.

Host rocks

The BIF at the 4EE orebody is laterally comparable to that 
of the 4E orebody (Thorne et al., 2008) and is characterized 
by alternating magnetite and chert layers with subordinate 
carbonate, iron silicates, and pyrite (Figs. 8, 9A). Subhedral 
to euhedral magnetite (50–250 μm) commonly has anhedral 
hematite inclusions (1–15 μm). Chert-rich layers primarily 
contain microcrystalline quartz (1–20 μm; Fig. 9A) and lesser 
coarse polygonal (50–100 μm) or fibrous quartz intergrown 
with magnetite. Stilpnomelane forms thin layers (20–70 μm) 
of finely bladed (20–70 μm) crystals and an intergrown 
groundmass of pale green to brown crystals. Rare pyrite forms 
subhedral to euhedral crystals (30–150 μm) within magnetite-
rich layers or along the contact of magnetite- and quartz-rich 
layers. Riebeckite (20–100 μm) is characterized by fibrous 
overgrowths on stilpnomelane and is rare. Carbonates such as 
siderite, calcite, and dolomite form disseminated crystals (20–
100 μm; Fig. 9A) and granular mosaics (20–300 μm) within 
chert-rich layers and, locally, thin discrete layers (1 mm–2 cm) 
interbedded with chert and magnetite layers. Shale layers 
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Fig. 7.  The paragenetic alteration sequence in BIF at the 4E orebody. Proximity to mineralization increases to the right. 
Zone widths shown here bear no resemblance to actual widths observed in the field.
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within the Joffre Member are green to black and laminated 
(mm–cm), and contain iron-rich chlorite, stilpnomelane, mas-
sive dolomite, euhedral pyrite (50–300 μm), and minor mag-
netite-rich bands.

A zone composed predominantly of quartz veins (V1; 
Table 2; Fig. 8A) occurs mainly within the hangingwall of 
the 4EE orebody and cuts the BIF and shale layers. The 
veins are typically thin (0.50–6.00 mm), with vertical and 
lateral extents of <1 m, lack oxide minerals, and are devoid 
of associated wall-rock alteration. Although spatially related 
to iron mineralization, the timing of V1 veins is presently 
unknown, making their relationship to hydrothermal 
alteration uncertain.

Distal alteration

The distal alteration zone ranges in width from several 
centimeters to approximately 30 m and forms a halo of up to 
600 m from the high-grade hematite orebody (Fig. 6A, B). The 
alteration zone is characterized by the mineral assemblage 
magnetite-quartz-dolomite-stilpnomelane-hematite-pyrite 
(Figs. 7, 9B). This assemblage reflects the partial replacement 
of chert layers by anhedral magnetite (50–200 μm), dolomite 
(800–1,500 μm), stilpnomelane (20–110 μm; Figs. 7, 9B), and 
euhedral pyrite. Primary euhedral magnetite within magne-
tite-rich layers commonly is highly embayed and pitted, and 
contains tabular (20–150 μm) and fine-grained, anhedral 
magnetite (2–10 μm; Fig. 9C). Dolomite, stilpnomelane, and 
hematite partially replace quartz within the chert-rich bands 
(Fig. 9C). Where preserved, the microcrystalline quartz is 
present within magnetite layers and forms inclusions in dolo-
mite crystals. Rare apatite occurs as euhedral crystals inter-
grown within magnetite and dolomite. 

Predominant dolomite-quartz ± pyrite veins (V2; Table 2; 
Fig. 8B) in the distal alteration zone cut and parallel the BIF 
layers. The wall rock adjacent to V2 veins is locally brecci-
ated with clasts (5–60 mm) of magnetite-rich mesobands in 

a matrix of anhedral magnetite, dolomite, stilpnomelane, and 
hematite.

Intermediate alteration zone

The intermediate alteration zone is typically several meters 
wide but may extend to up to 30 m in width, particularly 
below the 4East basal fault in the footwall of the deposit 
(Fig. 6A, B), where alteration is spatially associated with 
flat-lying normal faults. This alteration zone is characterized 
by the mineral assemblage magnetite-dolomite-hematite-
chlorite-pyrite that replaces mainly quartz and magnetite 
(Fig. 7). Euhedral magnetite shows minor replacement by 
martite along crystal boundaries, with tabular and anhedral 
hematite (50–250  μm) displaying limited replacement by 
magnetite (Fig. 9D). Microplaty hematite (10–80 μm) and 
anhedral hematite (5–20 μm) crystallized both as individual 
blades and dense aggregates within the dolomite matrix, 
and as overgrowths on magnetite. Pyrite occurs as large 
(100–800 μm) crystals within the dolomite matrix and forms 
along the contact of dolomite and magnetite layers. Apatite 
is present as inclusions within magnetite and microplaty 
hematite, and as anhedral crystals within dolomite crystals. 
Chlorite primarily forms masses intergrown with corroded 
magnetite layers and as thin (<200 μm) discontinuous layers 
in the dolomite matrix (Fig. 9E).

Two vein sets are recognized in the intermediate alteration 
zone: dolomite ± pyrite (V3, Table 2; Fig. 8C) and dolomite-
chlorite ± pyrite (V4, Table 2; Fig. 8C). The V3 and V4 veins 
are abundant and cut BIF and shale layers, and locally cut the 
4E basal fault dolerite. Breccias within the fault zones consist 
of angular and rotated clasts (5–60 mm) of altered wall rock 
within a dolomite-chlorite-hematite-pyrite matrix. 

Proximal alteration zone

The proximal alteration zone is typically several meters 
wide but may extend up to 15 m in width, particularly below 
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Fig. 8.  Core samples from the 4E orebody. A. Unmineralized BIF showing quartz (Qtz) and magnetite (Mag) banding 
with quartz veins (V1). B. Distal magnetite-quartz-dolomite-stilpnomelane-hematite-pyrite alteration with dolomite-quartz-
pyrite veins (V2) crosscutting BIF with brecciation of wall rock. C. Intermediate magnetite-dolomite-hematite-chlorite-pyrite 
alteration with crosscutting dolomite-quartz ± pyrite (V3) and dolomite-chlorite ± pyrite ± magnetite (V4) veins. D. Proximal 
hematite-dolomite-magnetite-stilpnomelane alteration assemblage with replacement of quartz layers by dolomite-chlorite 
with dolomite-hematite ± pyrite veins (V5; Dol = Dolomite; Hem = Hematite). E. Unmineralized quartz-magnetite BIF 
with crosscutting late-stage quartz-hematite veins. Note coarse-grained hematite within veins (V6). F. High-grade hematite-
goethite ore with preservation of primary BIF banding (Goe = Goethite).
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the 4EE basal dolerite in the footwall of the deposit (Fig. 6A, 
B). A hematite-dolomite-magnetite-stilpnomelane alteration 
assemblage is characteristic (Fig. 7) and reflects the nearly 
complete replacement of quartz in the host BIF by dolomite, 
hematite, stilpnomelane, and pyrite. Iron oxides present 
include microplaty hematite (10–80 μm), platy hematite 
(100–250 μm), anhedral hematite, and magnetite (Fig. 
9F). Euhedral magnetite is replaced by martite; microplaty 
hematite and anhedral hematite form dense overgrowths on 
martite and disseminated crystals within the dolomite matrix 
(Fig. 8). The predominant veins (V5; Table 2; Fig. 8D) in the 
proximal alteration zone are filled with dolomite-hematite ± 
pyrite that cuts and parallels BIF layers. Wall rock adjacent 
to the V5 veins is locally brecciated with clasts (5–60 mm) of 
hematite-rich layers in a matrix of hematite, dolomite, and 
stilpnomelane (Fig. 8D).

Quartz-hematite veins (V6; Table 2; Fig. 8E) contain large 
(100–2,000 μm) platy and tabular hematite and quartz that 
typically displays comb textures. The veins have sharp con-
tacts, lack visible wall-rock alteration, and cut primary layering 
within BIF and hydrothermally altered dolerite, thus indicat-
ing that their formation postdates hydrothermal alteration of 
BIF and dolerite that produced the high-grade iron ore.

Supergene high-grade hematite ore zone in the 4EE orebody

The high-grade hematite ore zone is up to several hundred 
meters wide and has a hematite ± goethite assemblage. Ore is 
dominated by microplaty hematite (10–80 μm), platy hematite 
(50–250 μm), and anhedral hematite (5–50 μm), together 
with lesser amounts of martite (50–200 μm; Figs. 7, 8F, 9G). 
The hematite ± goethite assemblage reflects the removal 
of dolomite, chlorite, and most apatite from the proximal 
alteration zone. Goethite in the orebody is spatially related to 
the modern topographic surface and decreases modally with 
depth. Goethite also is more prevalent along faults and frac-
tures within the high-grade iron where surface waters pen-
etrated deeper into the orebody.

Stilpnomelane is replaced by anhedral hematite, and rem-
nant magnetite by goethite. Goethite commonly forms a 
fine-grained groundmass surrounding and locally rimming 
microplaty hematite. Intergranular porosity is estimated to 
be about 20 vol %. Shale layers were reduced in volume by 
up to 60% by removal of carbonates, oxidation of pyrite to 
limonite, and replacement of shales by pink to white kaolin-
itic clays.

The 4EE orebody consists predominantly of martite and 
microplaty hematite within a matrix of anhedral hematite 
and goethite that constitutes a friable ore type and forms 
the majority of the fines (<6.3 mm) ore product. Lesser 
amounts (15–25%) of the orebody consist of high-grade ore 
that is dominated by interlocking networks of martite and of 
platy and microplaty hematite with minor anhedral hema-
tite that, together, form an indurated or “lump” (>6.3 mm) 
ore product (Fig. 9G). Goethite, where present, typically 
occurs as layers on hematite surfaces. The lump and fines 
ore products are intermixed within the 4EE deposit and 
do not form discrete orebodies. Local variations include 
an increase in the amount of lump ore within small-scale 
(<10 m) synclines and an increase in fines ore adjacent to 
dolerite dikes.

Hydrothermal Alteration of Dolerite Dikes
The 4E and 4EE high-grade orebodies are bound at depth 

by dolerite dikes (Fig. 6A, B) that show effects of pervasive 
hydrothermal alteration. These dikes follow BIF–high-grade 
hematite ore contacts, separating high-grade ore from BIF. 
The clinopyroxene-plagioclase-hornblende-ilmenite dolerite 
dikes display intermediate and proximal alteration zones, with 
the intensity of alteration increasing toward the high-grade 
hematite orebody.

Intermediate alteration zone

The intermediate alteration zone is typically several meters 
wide but may extend up to 10 m (Fig. 9H). The mineral 
assemblage chlorite-tremolite with traces of leucoxene and 
epidote is characteristic. Relict primary igneous minerals of 
the dolerite remain, including orthopyroxene, clinopyroxene, 
quartz, and plagioclase. Chlorite (diabantite) and epidote form 
fibrous aggregates that alter orthopyroxene and plagioclase; 
leucoxene occurs as an alteration product of titanium-bearing 
minerals including ilmenite, perovskite, and titanite. Tremolite 
and chlorite alter amphibole. Epidote forms euhedral to 
subhedral crystals that replace clinopyroxene.

The V3 to V5 veins (Table 2; Fig. 9H) are common and 
locally display alteration halos (up to 10 cm wide) composed 
of chlorite. V6 veins are rare and contain platy hematite about 
50 to 350 μm in size that grows in radial patterns within quartz 
(Fig. 9H).

Proximal alteration zone

The proximal alteration zone is generally 4 to 5 m in width 
and has a typical assemblage of chlorite-dolomite-talc-tremolite 
with traces of leucoxene, epidote, and hematite. Relict primary 
clinopyroxene, plagioclase, and quartz collectively make up 
<15 vol % of the dolerite. Talc and chlorite form pseudo-
morphs after feldspars. Weak carbonate alteration associated 
with V4 and V5 veins shows dolomite as small (20–60 μm; Table 
2), euhedral to subhedral crystals disseminated within the wall 
rock.

Supergene alteration zone

The supergene alteration zone in the 4E deposit rarely 
extends to depths of approximately 100 m below the mod-
ern land surface. Above this depth, the dolerite is completely 
weathered to pink kaolinite-rich clays. Within the 4EE ore-
body, supergene alteration of the dolerite dikes is only present 
along fault zones in the upper portions of the orebody (e.g., 
DDH46; Fig. 8B). Here, alteration is restricted to <1 m at the 
contact between high-grade ore and the dolerite.

Fluid Chemistry of Hydrothermal Alteration Zones

Analytical methods

Microthermometric measurements were conducted at 
the Centre for Exploration Targeting at the University of 
Western Australia using the fully automated Linkam THMSG 
600 heating and freezing stage with a TMS 93 temperature 
programmer. The stage was calibrated with synthetic 
inclusions supplied by SynFlinc. The liquid nitrogen pump 
(LNP) cooling system operates directly from a 2-1 dewar of 
unpressurized liquid nitrogen. Measurements were collected 
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by presetting temperature profiles that comprise a sequence 
of stepwise consecutive heating or cooling rates. In addition to 
the temperature profile, the cycling technique (Goldstein and 
Reynolds, 1994) was used to obtain accurate temperatures for 
high- and low-temperature phase transitions. The precision 
for microthermometric measurements was ±0.2°C for 
temperatures below 30°C and ±2°C for temperatures above 
30°C. The accuracy for the ice melting temperature of 0.0°C 
was 100%.

For crush-leached ion-chromatography, 109 samples were 
taken from the Mt. Tom Price, Paraburdoo, and Channar 
deposits as part of a regional sampling program (Fig. 1; Thorne 
et al., 2007b). Samples were obtained from hydrothermal 
alteration assemblages and high-grade iron ore as described 
by Thorne et al. (2004, 2007b, 2008). Samples from the 4E 
deposit for leachate analysis were chosen from those samples 
studied previously by microthermometry. Chemical analysis 
of fluid inclusions in quartz, carbonate, and hematite was 
carried out on samples studied by microthermometry at the 
University of Leeds using the bulk crush-leached method of 
Banks et al. (2000). Quartz, carbonate, and hematite samples 
were crushed to between 1 and 2 mm, heated in 18.2 MΩ 
water to almost boiling, and washed several times with 
similar-quality water, and the procedure was repeated. Dried 
samples between 0.5 and 1 g were crushed to a fine powder 
in an agate pestle and mortar and transferred to a sample 
container, and 5 to 6 ml of 18.2 MΩ water was added to 
redissolve the dried salts. Prior to analysis, the samples were 
filtered through a 0.2-μm nylon filter. The anions Cl– and Br– 
were analyzed by ion chromatography; Na+, K+, and Li+ were 
analyzed by flame emission spectroscopy (LaCl3 was added to 
give a concentration of 200 ppm La in each sample to prevent 
ionization of the alkalis during analysis). For both methods 
of analysis the typical precision was 5% relative standard 
deviation (RSD).

Individual primary and pseudosecondary inclusions trapped 
in quartz and dolomite from V2, V3, V4, and V5 veins (Tables 
2, 3) were analyzed by LA-ICP-MS at the University of Leeds 
using an ArF 193-nm Geolas Q Plus excimer laser equipped 
with imaging optics (Günther et al., 1997). No primary or 
pseudosecondary inclusions were found in the V1 veins. For 
each sample (quartz or dolomite), only inclusions belonging 
to discrete fluid inclusion assemblages were analyzed. Ninety-
six inclusions were measured from the six selected samples. 
Doubly polished thick sections were glued onto glass slides 
and placed into the sample chamber, which was flushed with 
He to exclude air before the lid of the ablation chamber was 
closed. Samples were analyzed over a 300-s collection time, 
during which several inclusions could be breached and ana-
lyzed. Fifteen doubly polished thin sections of hematite ore 
from the 4EE deposit were studied at the Australian National 
University, using an infrared (IR) microscope. One primary 
fluid inclusion in hematite was identified. The small size of the 
inclusion (<2 μm) precluded analysis of the inclusion.

Dwell times varied according to the number of elements 
analyzed in any given analysis, from 0.01 s (Na+, Mg2+, K+, 
Cu2+, Zn2+, Sr2+, Li+, Ba2+, Pb2+) to 0.015 s (Na+, K+, Ca2+, 
Mn2+). The entire contents of the inclusion (liquid) were 
transported to the plasma as an aerosol using He carrier 
gas, then the samples were analyzed with an Agilent 7500c 

quadrupole ICP-MS equipped with an octopole reaction cell. 
Fluid inclusion analyses were calibrated using NIST standards 
SRM 610 and 612, an in-house electron microprobe analysis 
(EMPA) glass standard, and glass capillaries filled with stan-
dard solutions.

Signal data were processed using a graphical user-inter-
faced software package developed at the University of Leeds 
by Allan et al. (2005). In order to ensure that the results repre-
sent the fluid inclusion contents and not host mineral concen-
trations, only spectra having coincident Na and other cation 
peaks were processed. Inclusion-free quartz was analyzed as a 
check for possible interference and produced no signal.

Fluid inclusion microscopy and microthermometry

Sample locations: Eleven 100- to 200-μm-thick, doubly 
polished sections of quartz and carbonate were examined 
petrographically and eight were selected for microthermometric 
analysis. The samples chosen are from V2 to V6 veins (Table 
2) hosted in distal, intermediate, and proximal hydrothermal 
alteration zones (Figs. 6–9).

Nature of fluid inclusions: Fluid inclusions were measured 
in quartz from V2 and V6 veins and dolomite from V3, V4, and 
V5 veins (Table 2). The sequence of fluid entrapment was 
determined from the distribution of inclusion assemblages in 
veins of different paragenetic stages (Table 2; Figs. 7–9, 10, 
11).

 Fluid inclusions within dolomite from V3, V4, and V5 veins 
and in quartz from V6 veins (Table 2) are isolated or form 
three-dimensional clusters. Dolomite crystals are typically 
saturated with fluid inclusions that form random groupings; 
importantly, dolomite is largely devoid of fluid inclusion trails 
that cut internal or crystal boundaries. Quartz crystals typi-
cally contain fewer inclusions than found in dolomite crystals. 
These fluid inclusions in both quartz and dolomite crystals are 
interpreted as being primary as they form three-dimensional 
clusters and isolated inclusions (Roedder, 1984; Wilkinson, 
2000).

Petrographic observation of fluid inclusions within quartz 
from V2 veins shows inclusions that form three-dimensional 
clusters and/or internal trails (Fig. 12A). These are interpreted 
as pseudosecondary inclusions based on the criteria of Roed-
der (1984). Fluid inclusions present as trails that cut crystal 
boundaries (Fig. 12B) are interpreted as secondary inclusions.

Two types of fluid inclusions were distinguished accord-
ing to the number, nature, and volume proportions of phases 
present at room temperature (Fig. 12A): aqueous two-phase 
(L-V) inclusions and aqueous three-phase (L-V-S) inclusions 
with halite daughter crystals. Aqueous two-phase inclusions 
occur as primary, pseudosecondary, and secondary inclusions. 
Aqueous three-phase inclusions occur as primary inclusions. 
Both aqueous inclusion types have a high liquid/vapor ratio 
(avg 85% liquid, 15% vapor) and occur as irregularly shaped 
to rounded inclusions in quartz and dolomite crystals.

Petrography and all measurements of single inclusions were 
carried out on fluid inclusion assemblages, defined as the 
most finely discriminated fluid inclusion trapping event that 
can be identified based on petrography (Goldstein and Reyn-
olds, 1994). Assemblages contain both aqueous two-phase 
(L-V) inclusions and aqueous three-phase (L-V-Shalite) inclu-
sions. Two main types of assemblages are found in both the 
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Fig. 10.  Core samples, fluid inclusion samples, and fluid inclusion maps showing analyzed fluid inclusion assemblages.  
A. Diamond drill core displaying V2 vein and sampling location. B. Quartz sample showing mapping of fluid inclusions.  
C. Inset displaying fluid inclusion sample map with assemblage number, salinity, and homogenization temperature and final 
halite melting. D. Diamond drill core displaying V3 vein and sampling location. E. Sketch of diamond drill core showing min-
eralogy. F. Dolomite sample showing mapping of fluid inclusions. G. Inset displaying fluid inclusion sample map with assem-
blage number, salinity, and homogenization temperature and final halite melting. Full microthermometry data are presented 
in Table 3. Abbreviations: Chl = chlorite, Cht = chert, Dol = dolomite, Mag = magnetite, Qtz = quartz.
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Fig. 11.  Core sample, fluid inclusion samples, and fluid inclusion maps showing analyzed fluid inclusion assemblages.  
A. Diamond drill core displaying V5 vein and sampling location. B. Fluid inclusion sample displaying areas used for analysis. 
C. Photomicrograph of area A, assemblage 21 in dolomite crystal showing primary two-phase (L-V) and three-phase (L-V-S) 
inclusions. D. Sketch of photomicrograph salinity, and homogenization temperature and final halite melting. E. Photomi-
crograph of area B, assemblage 22 in dolomite crystal showing primary two-phase (L-V) and three-phase (L-V-S) inclusions.  
F. Sketch of photomicrograph salinity, homogenization temperature, and final halite melting. G. Photomicrograph of area C, 
assemblage 22 in dolomite crystal showing primary two-phase (L-V) and three-phase (L-V-S) inclusions. H. Sketch of pho-
tomicrograph salinity, homogenization temperature, and final halite melting. Full microthermometry data are presented in 
Table 3. Abbreviations: Dol = dolomite, Hem = hematite.
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dolomite and quartz crystals. The first type contains less than 
four inclusions and forms random tightly grouped clusters of 
both two- and three-phase inclusions (Fig. 10A; assemblage 
A4). The second type of assemblage contains larger groups of 
two- and three-phase inclusions, typically between 5 and 15 
(Fig. 10A; assemblage A6).

Results of microthermometry: Final ice melting (Tmice), 
total homogenization (Th TOT(L)), and halite melting tem-
perature (Tmhalite), salinity (wt % NaCl and CaCl2 equiv), and 
density (g/cc) are provided for each assemblage (Table 3) and 
displayed in Figures 10 and 11. The eutectic temperature of 
H2O-NaCl (–21.2°C) was used to discriminate between NaCl 
and CaCl2 systems.

Salinity, bulk composition, and bulk density of all fluid 
inclusion types were calculated using the MacFlinCor pro-
gram (Brown and Hagemann, 1995). Equations of state by 
Bodnar and Vityk (1994) were applied for the H2O-NaCl-KCl 
system, and by Zhang and Frantz (1987) for the H2O-CaCl2-
NaCl-KCl system.

The highest temperature measured in an assemblage of 
aqueous two-phase (L-V) and three-phase (L-V-S) inclusions 
is 360°C (Fig. 10; Table 3: assemblage 26). Fluid inclusion 
assemblages hosted in V2 veins show differences of approxi-
mately 20° to 60°C in average homogenization temperatures 
between two-phase (L-V) and three-phase (L-V-S) inclusions, 
whereas fluid inclusion assemblages trapped in V3 to V6 veins 
show a difference of 110° to 190°C (Figs. 10, 11).

Similarly, the salinity range of primary fluid inclusions 
occurring within one assemblage displays a clear difference 
between those trapped in V2 veins and those present in later 
V3 to V6 veins. Assemblages (A1–A6; Figs. 10A, 13; Table 
3) of aqueous two-phase and three-phase inclusions in V2 
veins have small salinity variations of ±2.5 wt % CaCl2 equiv, 
whereas aqueous two-phase and three-phase inclusions in V3 
to V6 veins show large salinity variations of up to ±35 wt % 
NaCl equiv (Figs. 10, 11; Table 3: assemblages 13, 15) within 
one assemblage of aqueous inclusions having similar liq-
uid/vapor ratios (0.10–0.20). The secondary aqueous (L-V) 
inclusion assemblages trapped in V2 veins display similar 

temperature and salinity ranges as the aqueous (L-V) inclu-
sions trapped in V3 and V6 veins, but lack aqueous three-phase 
(L-V-S) inclusions.

Interpretation of fluid inclusion data: Three major processes 
can explain heterogeneous fluid chemistry and trapping 
conditions in fluid inclusions assemblages (Goldstein and 
Reynolds, 1994). First is the cooling of a homogenous fluid 
(Roedder, 1984; Diamond, 1990) that produces inclusions 
that have trapped different proportions of liquid and vapor 
at differing homogenization temperatures. Second is the 
boiling of a homogeneous fluid that results in the trapping 
of two end-member fluids (Shepherd et al., 1985) and in a 
series of inclusions that have trapped different proportions 
of liquid and vapor at similar homogenization temperatures. 
Third is the heterogeneous trapping of two or more originally 
partly miscible, homogeneous fluids as a result of partial 
mixing (Anderson et al., 1992) that results in the trapping of 
inclusions with an assemblage with different homogenization 
temperatures and salinity.

No petrographic or microthermometric evidence exists 
for fluid immiscibility (unmixing) of an aqueous fluid within 
fluid inclusion assemblages trapped in veins at the 4EE 
orebody. Single fluid inclusion assemblages trapped within 
V3, V4, V5, and V6 veins display large variations of salinity and 
temperatures of homogenization/final halite melting (Figs. 
10, 11, 13). The fluid inclusion assemblages are typified by 
(1) a small number of low-temperature (120°–180°C) and 
medium-salinity (10–15 wt % NaCl equiv) inclusions, (2) a 
small number of high-temperature (250°–350°C) and high-
salinity (30–40 wt % CaCl2 equiv) inclusions, and (3) a large 
number of moderate-temperature (150°–250°C) and high-
salinity (20–30 wt % NaCl equiv) inclusions. Petrography and 
microthermometric data suggest the heterogeneous mixing 
of two distinct fluids. One fluid has low temperatures and 
salinities (100°–150°C, 5–10 wt % NaCl equiv, respectively). 
The second fluid has higher temperatures and salinities 
(250°–350°C, 30–40 wt % CaCl2 equiv, respectively). 
Similar examples of heterogeneous mixing of two fluids are 
uncommon but have been documented in the Mt. Tom Price 

Fig. 12.  Photomicrographs of inclusion types and relative timing of assemblages. A. Pseudosecondary and secondary fluid 
inclusion assemblages containing two-phase (L-V) and three-phase (L-V-S) aqueous inclusions in quartz (V2). B. Primary fluid 
inclusions assemblages in dolomite (V5) containing aqueous two-phase (L-V) and three-phase (L-V-S) inclusions.
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Fig. 13.  Equivalent wt % NaCl and CaCl2 versus homogenization temperature (°C) data for fluid inclusions trapped 
in dolomite and quartz. A. V2 pseudosecondary and secondary fluid inclusion assemblages. B. V3/V4 primary fluid inclusion 
assemblages. A small population of Ca-rich inclusions with salinities >21% is present. C. V5 fluid inclusion assemblages. D. V6 
primary fluid inclusion assemblages. E. All fluid inclusion assemblages, V2 to V6. 
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iron deposit (Hagemann et al., 1999) and the Serra Norte iron 
deposit (Figueiredo e Silva et al., 2013), thus suggesting that 
fluid mixing is important in the formation of BIF-hosted, high-
grade iron (>63 wt % Fe) deposits, both in the Hamersley 
province and the Carajás province.

The lack of evidence for fluid boiling suggests that 
the homogenization temperatures of the fluid inclusion 
assemblages do not represent trapping temperatures (cf. 
Pichavant et al., 1982; Roedder, 1984). Therefore, a pressure 
(temperature) correction is applied to the homogenization 
temperatures (Table 3) in order to define the trapping 
temperatures of the fluid inclusions (Roedder, 1984). At the 
time of vein formation, the host rocks to the veins were most 
likely at lithostatic pressures of up to 1.5 kb, based on strati-
graphic reconstruction of the Hamersley province by Smith et 
al. (1982). Isochores for the fluid inclusion assemblages from 

V2 to V6 veins were calculated using the MacFlinCor program 
(Brown and Hagemann, 1995) to estimate pressure conditions 
during each stage of vein formation (Fig. 14). A temperature 
correction of 55°C is required to determine the true trapping 
conditions of primary fluid inclusion assemblages present in 
V2 to V6 veins (Fig. 14).

Crush-leach analyses

The halogen contents of the fluid inclusions can be used to 
discriminate different hydrothermal fluids and provide infor-
mation on their origin (Kesler et al., 1995). In the absence of 
halite as a daughter mineral, Cl and Br are not significantly 
involved in fluid-rock interactions, to the extent that the Cl/
Br ratio of the fluid is drastically changed, thus allowing the 
use of Cl/Br ratios in fluid inclusions as a guide to the origin 
of the salinity (Kesler et al., 1995; Banks et al., 2002; Lüders 
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Fig. 14.  Isochore plots for salinity data from V2 to V6 fluid inclusion assemblages.
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et al., 2005). The evaporation of seawater to halite saturation 
does not change the molar Cl/Br ratio of 655; however, as 
halite precipitation proceeds, the molar Cl/Br ratio decreases 
to 240 at the end of halite precipitation (Banks et al., 2002). 
Further evaporation results in fluids that are even more Br 
rich (Lüders et al., 2005). In contrast, the dissolution of halite 
(e.g., from sedimentary evaporite deposits) produces Br-defi-
cient fluids with a large range in molar Cl/Br ratios from 5,000 
to 20,000 (Fontes and Matray, 1993).

Results and interpretation: The fluids in this study form two 
distinct but overlapping populations (Fig. 15; Table 4). The 
first population (fluid 1) contains fluids from hydrothermal 
alteration assemblages and high-grade hematite ore. With few 
exceptions, fluid 1 has Na/Br ratios of 90 to 430, which are 
lower than that of seawater. Their position indicates that these 
fluids were derived from seawater that had precipitated halite 
and that there has been exchange of Na for other cations.

The second population of fluids, present only within high-
grade hematite ore (fluid 2), displays a wide range of Cl/Br 
ratios from 800 to 8,000, the highest of which are likely to 
result from halite dissolution (cf. Fontes and Matray, 1993). 
The magnitude of Na loss is much greater in the halite-
derived (Cl-rich) fluid (Table 4; 5–10 wt % NaCl equiv) 
than the high-Br fluid (20–30 wt % CaCl2 equiv), due to the 
lower salinity making it easier for the fluid to lose most Na 
through water-rock interaction. Sodium loss is likely to have 

been caused by interaction with Ca in plagioclase (Davisson 
and Criss, 1996), possibly within overlying mafic rocks of the 
Weeli Wooli Formation.

The distribution of Cl/Br ratios can be explained by the 
mixing of a low-salinity, halite-derived, Cl-rich fluid (i.e., fluid 
1), which lost significant Na through extensive wall-rock inter-
action, with a high-salinity, Br-rich brine (fluid 2), as indicated 
by the mixing line in Figure 16. This model is supported by 
microthermometric data from primary fluid inclusion assem-
blages trapped in V2, V3, V4, and V5 veins (Table 3) that show 
a wide range of salinities of primary fluid inclusions within 
assemblages trapped in quartz and dolomite (Figs. 10, 11).

The mixing line was calculated using salinities of high-salin-
ity fluid 2 (40 wt % CaCl2 equiv) that we interpret as basinal 
brine and of low-salinity fluid 1 (5 wt % NaCl equiv), inter-
preted as modified meteoric water. The data are compatible 
with formation of the distal and proximal hypogene alteration 
zones by mixing of a predominantly high salinity brine (fluid 
2) with a minor component of the halite-derived fluid (fluid 
1). Fluid inclusions in the high-grade ore samples have Cl/Br 
ratios that overlap those from the hypogene alteration zones, 
thus demonstrating a large input of halite-derived fluid and 
suggesting that fluid mixing was important in producing the 
high-grade iron ore.

Fluid 1 and fluid 2 have a wide range in Na/Li ratios of 20 
to 720 (Fig. 17), which is a marked increase in the Li content 
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of the fluids compared to Br-rich brines and halite, the maxi-
mum Na/Li ratios of which are 6,500 and 55,000 (Fontes 
and Matray, 1993). Sources of Li may include Li that resides 
in micas (Fontes and Matray, 1993; Banks et al., 2002), in 
evaporites (Thorne et al., 2010; Evans et al., 2013), and in 
magnesian clays (Moine et al., 1981). It is likely that water-
rock reactions interacted with these Li-bearing rocks and 
produced a marked increase in the Li concentration within 
both the low and high Cl-Br fluids. There is no evidence of 
Li-bearing rocks proximal to the 4EE deposit, thus suggesting 
that both fluids 1 and 2 interacted with Li-bearing rocks distal 
from the 4EE deposit, possibly within the Wittenoom Forma-
tion (Kargel et al., 1996). The ratio of Na, K and Li in fluids 
1 and 2 (Table 4) may be more sensitive to fluid-rock interac-
tion. This is evident in samples from Paraburdoo, where Na/
Li ratios range from 100 to 800 in both hydrothermal altera-
tion assemblages and high-grade ore.

The compositions of the fluid inclusions point to the pres-
ence of two fluids at the time of ore formation. Fluid 1 is inter-
preted to originate from evaporated seawater that had reached 
halite saturation. This fluid lost Mg and Na and gained Li and 

Ca through interactions with Li-bearing rocks and feldspars 
within rocks of the Wittenoom Formation, and through dolo-
mitization of carbonate successions of this formation (Banks 
et al., 2002). The δ18Ofluid values (–3.5 to +3.2‰) of fluid in 
equilibrium with hematite from hydrothermal alteration 
assemblages at the Paraburdoo and Mt. Tom Price deposits 
(Hagemann et al., 1999; Thorne et al., 2009) support this 
interpretation of a basinal brine origin for fluid 1.

Fluid 2 is interpreted to be modified meteoric water derived 
from the interaction with halite at the surface or during descent 
through the stratigraphy, where it lost Na through extensive 
interaction with wall-rock plagioclase, possibly in overlying 
mafic rocks of the Weeli Wooli Formation. Low oxygen iso-
tope values for hematite and quartz associated with high-grade 
iron ore at the Paraburdoo and Mt. Tom Price deposits (Hage-
mann et al., 1999; Thorne et al., 2009) support this interpreta-
tion of a modified meteoric water origin for fluid 2.

Laser ablation-ICP-MS

LA-ICP-MS intensity ratios for fluid inclusions were 
normalized to Na and converted to concentration ratios by 
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external calibration against NIST 610 standard reference 
material. Data reduction (calibration, background and drift 
corrections, signal integration) was conducted with the Matlab-
based SILLS program (Guillong et al., 2008). Because several 
fluid inclusions decrepitated during microthermometric 
analysis, individual salinities were not used for the determination 
of Na concentration; instead, the average salinity of fluid 
inclusions in a sample was used. 

Detection limits vary according to inclusion volume but 
for most elements are 1 to 100 μg/g. For a detailed descrip-
tion of the LA-ICP-MS analytical protocol, refer to Allan et 
al. (2005). Due to matrix interference in dolomite samples, 
Mg2+, Ca2+, Mn2+, and Fe2+/3+ were not analyzed from V3, V4, 
and V5 veins. The Na/Ca ratios of inclusions were calculated 
from results of the bulk crush-leach study on samples taken 
from the same rock samples as those used for the study of 
fluid inclusions and LA-ICP-MS work (Table 4).

Results of analyses: Analytical results for inclusions from V2, 
V3, V4, and V5 veins show that Na+, Ca2+, Mg2+, and K+ are the 
dominant components, constituting an average of 91.8 ± 8.2% 
(62.0–99.7; 1σ, n = 75) of the entire solute content (Table 5). 
Due to the analytical error associated with the LA-ICP-MS 
process and the use of average salinities for each vein type, the 

hydrothermal fluids are discriminated best by normative plots 
of element concentrations (Fig. 18).

Quantitative LA-ICP-MS microanalysis of pseudosec-
ondary fluid inclusion assemblages (Table 5) in quartz from 
dolomite-quartz-pyrite veins (V2; Table 5) yields two distinct 
populations of data. All assemblages (Figs. 10C, 18A-C) con-
tain inclusions that are largely Ca dominant (population A: 
Ca > Na > Mg > K) or K dominant (population B: K > Ca > 
Na > Mg; Fig. 18A-C; Table 5). Fluid inclusions trapped in 
V2 veins are enriched in Cu relative to Zn (Fig. 18A-C).  The 
maximum Fe concentration in an assemblage (no. 3; Table 5) 
is 2.8 wt %. 

Primary fluid inclusion assemblages (no. 11–17; Table 5; 
Fig. 10G) in dolomite from dolomite-chlorite veins (V3 and 
V4; Tables 2, 3) are characterized by low K concentrations 
and near-equal concentrations of Ca-Mg and Na. The solute 
chemistry is noteworthy for enrichment in Cu (Fig. 18G, I), 
Sr (Fig. 18F, G), and minor enrichment in Ba (Fig. 19H) rela-
tive to fluid inclusions from V2 and V5 veins (Table 5). Analysis 
of primary fluid inclusion assemblages in dolomite from dolo-
mite-quartz-pyrite veins (V5; no. 21–23; Table 5) are Ca-Mg 
dominant (Fig. 18E) and characterized by enrichment in Zn 
(Fig. 18I) relative to the other inclusion types.
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The variance of fluid compositions with different fluid inclu-
sion assemblages within dolomite in V5 veins is displayed in 
Figure 11C to F. Data for three assemblages (no. 21–23; Table 
5) measured within different crystals from a single sample dis-
play a solute chemistry that is within experimental error.

Interpretation of LA-ICP-MS data: The presence of mono- 
and divalent cations (Ca2+, Mg2+, Na+, K+) within primary, 
high-salinity (>20 wt % NaCl equiv) inclusions suggests that 
the aqueous fluids are complex and have certain similarities 
to hydrothermal fluids or basinal brines that formed both 
Mississippi Valley-type (MVT) and Irish-type Zn-Pb-Ag-Ba 

deposits (Wilkinson, 2000). Fluid inclusions in MVT depos-
its typically contain Na > Ca >> K, whereas those from iron 
ore from this study have Ca > Na > K > Mg. The salinities 
and solute chemistry of the fluids from this study (Tables 3, 5) 
also are similar to those in Irish-type Zn-Pb-Ag-Ba deposits, 
where fluid inclusions typically fall into three broad groups: 
(1) a moderate-salinity (10–15 wt % NaCl-dominant) fluid;  
(2) a high-salinity (20–25 wt % NaCl–CaCl2) fluid; and (3) a 
low-salinity (5 wt % NaCl-dominant) fluid.

Concentrations of Pb, Mn, and Cu in all fluid inclusions stud-
ied at the 4E deposit are comparable to those of sedimentary 
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formation brines (cf. Yardley, 2005; Fig. 3) with Zn and Fe in 
inclusions trapped in V2 veins having elevated contents rela-
tive to such brines (Carpenter et al., 1974). Marie et al. (2001) 
showed that brines that formed MVT deposits generally have 
intermediate Pb/Zn ratios and Fe/(Pb + Zn) ratios of 0.2 to 1. 
The Pb/Zn ratios and Fe/(Pb + Zn) ratios for V2 fluid inclu-
sion assemblages range from 0.08 to 1.95 and from 0.22 to 
23.95, respectively (Table 3), reflecting the high Fe and low 

Zn concentrations (Fig. 19C) of the fluids. When compared to 
calculated Fe, Zn, and Pb contents (Fig. 19) of Pb-rich brines 
from central Mississippi (Kharaka et al., 1987) and southwest 
Arkansas (Moldovanyi and Walter, 1992), most samples from 
the 4E deposit plot near the Fe apex. The Fe-rich fluids of the 
4E deposit are comparable to those that formed Fe-rich MVT 
deposits, whereby Fe enrichment increases with depositional 
temperature (Marie et al., 2001). Such Fe-rich deposits typi-
cally occur on the structural margins of basins that generate 
hot, acidic brines with low sulfur contents (Marie et al., 2001). 
Such a structural setting may be analogous to the structural 
position of the 4E deposit (Fig. 2).

Primary fluid inclusions in dolomite from the V3 and V4 
veins are characterized by high Sr concentrations (Fig. 18) up 
to 1.6 wt % (Table 5). The Sr-rich inclusions are interpreted 
to record increased solubility of Sr at high temperatures 
(Hanor, 1994) and thermodynamic buffering of the basinal 
brines with silicate-carbonate (+halide) mineral assemblages 
(Hanor, 1994). The Wittenoom Formation that underlies the 
4E deposit is composed of dolomite having up to 245 ppm Sr 
(Rivers, 1998) and, therefore, may be a possible source for the 
Sr. The higher Zn contents of primary fluid inclusions in some 
V2 veins and all V5 veins (Tables 2, 5) are similar to those of 
MVT mineralizing fluids that commonly have high Zn levels 
(Marie et al., 2001; Yardley, 2005).

The data presented above suggest that the hydrothermal 
chemistry of the veins (V2–V6) record different stages in the 
complex evolution of the enclosing basin. An initial Ca- and 
K-rich basinal fluid, also enriched in Cu and Fe, was involved 

Table 5.  LA-ICP-MS Concentration Data (in ppm) for Fluid Inclusion                                          Assemblages Trapped in Quartz and Dolomite from Fluid at the 4E Deposit

       Salinity
     Tmice ThTRAP (wt % NaCl/
     (°C) (°C) CaCl2 equiv)

Hypogene  Vein       Na K Mg Ca Mn Cu Fe Zn Sr Ba Pb Li Pb/Zn Fe/Pb + 
alteration zone type Assemblage Phase n x ± 1σ x ± 1σ x ± 1σ (wt %) (wt %) (wt %) (wt %) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (%) Zn (%)

Synchronous with ore formation

Distal: V2 1 L-V 3 –39.1 ± 1.2 168 ± 9 27.8 ± 0.2  6.6 ± 4.0  4.8 ± 5.9 1.6 ± 1.3 11.2 ± 6.8   2,917 ± 4,599   3,637 ± 6,081   4,332 ± 6,102   18,002 ±30,992   436 ± 530   423 ± 350   1,400 ± 2,358 -   7.8    22
(magnetite-  2 L 2 –35.9 ± 0.6 174 ± 2 27.2 ± 0.1  3.8 ± 0.8   8.1 ± 8.00 5.4 ± 7.0  6.5 ± 1.4  10,388 ± 7,512   8,901 ± 8,709  10,910 ± 6,145    3,332 ± 3,223   381 ± 286   416 ± 341   545 ± 531 -  16.4   284
quartz-dolomite-   L-V-S 2  204 ± 9 29.6 ± 0.4  7.8 ± 0.2  1.4 ± 0.8 6.1 ± 1.6 13.2 ± 0.4 1,855 ± 392   506 ± 627 7,136 ± 692    217 ± 200   928 ± 157  112 ± 36   81 ± 54 -  37.3 2,395
stilpnomelane-  3 L-V 2 –36.7 ± 0.1 174 ± 3 27.3 ± 0.1  6.0 ± 3.5  4.2 ± 4.3 3.4 ± 0.9 10.2 ± 6.0   1,696 ± 1,408   2,386 ± 2,383   27,796 ± 37,744    886 ± 855   498 ± 547   692 ± 691 1,074 ± 135 - 121.3 1,418
hematite ± pyrite)  4 L-V 1  –36.5 185 27.3 7.0  2.2 5.0 11.8   796   580  9,049   249 964 201   333 - 133.7 1,555
   L-V-S 1  209 29.8 1.6 20.6 0.4  2.7 6,160 9,542 23,964 2,143  72 589   421 -  19.6   131
  5 L-V 1  –36.7 181 27.3 9.1  1.1 0.7 15.4 1.3 1,513  2,349   251 152  73   252 - 100.4   467
  6 L-V 7 –35.7 ± 0.1 174 ± 3 27.3 ± 0.1  6.1 ± 1.9  3.8 ± 4.2 5.2 ± 1.9 10.3 ± 3.3   3,357 ± 3,409   3,255 ± 4,543   9,134 ± 7,075    770 ± 999   675 ± 276   237 ± 268   156 ± 185   20.3   986
   L-V-S 4   227 ± 26 29.7 ± 1.1   7.0 ± 3.00 6.00 ± 8.5 3.4 ± 3.3 11.9 ± 5.0   3,061 ± 4,529   3,413 ± 5,212   4,638 ± 3,553     843 ± 1,257   522 ± 450   251 ± 200   314 ± 233   37.2   401

Intermediate: V3/V4 11 L-V 1   –4.1 218   6.52 1.8  1.4   2.2 -  5,638 -   615  3,662  67   423 -  68.8
(magnetite-  12 L-V 2 –11 209 ± 4 15.0 4.19 ± 0.2  2.8 ± 0.2   5.3 ± 0.3 -  11,030 ± 1,364 -  1,639 ± 126  12,656 ± 7,749  156 ± 23 1,232 ±,423 -  75.2
dolomite-  13 L-V 2  –6.9 ± 4.0 219 ± 2 10.1 ± 5.1  3.1 ± 0.5  1.6 ± 0.5   4.0 ± 0.6 -   6,263 ± 2,343 -    738 ± 178   5,455 ± 2,563   94 ± 37 1,015 ± 945 - 137.5
hematite-   L-V-S 1  401 42.2 8.6  9.6  11.0 - 24,073 - 5,510 90,528 *inclusion? 429 9,576 - 173.8
chlorite-quartz-  14 L-V 3  –7.0 ± 2.9 217 ± 9 10.3 ± 3.6  2.8 ± 0.2  2.0 ± 0.2   3.7 ± 0.2 - 7,981 ± 995 - 1,109 ± 94   8,056 ± 4,676  111 ± 10   812 ± 284 -  73.2
stilpnomelane)  16 L-V 1 –11 207 15.0 4.1  3.0   5.3 - 12,125 - 1,321 10,148 184 2,575 - 194.9
  17 L-V 7 –11.3 ± 5.2  202 ± 10 14.6 ± 5.5  4.1 ± 1.0  2.8 ± 0.5   4.9 ± 1.1 -   8,672 ± 2,119 -  1,372 ± 585   16,453 ± 12,941  141 ± 42   1,772 ± 1,305 - 129.2

Proximal: V5 21 L-V 4 –15.9 ± 1.7 191 ± 3 19.3 ± 1.4  4.9 ± 0.2  3.4 ± 0.5 - 10.3 ± 3.7 -   500 ± 261 -  1,246 ± 581 2 948 ± 775   526 ± 328  271 ± 50 65 ± 28  21.8
(hematite-   L-V-S 3   315 ± 48 35.8 ± 3.3  9.2 ± 1.3  6.3 ± 3.6 - 19.3 ± 2.3 -   484 ± 367 -    786 ± 412   6,975 ± 4,373 1,097 ± 617   259 ± 104 305 ± 239  33.0
dolomite-chlorite   22 L-V 7 –15.2 ± 2.0 188 ± 3 18.7 ± 1.7  4.6 ± 0.4  3.4 ± 1.1   9.7 ± 0.8  1,530 ± 850     4,187 ± 2,373   2,757 ± 1,384   840 ± 659   429 ± 229 192 ± 100  10.2
± pyrite ±    L-V-S 5   312 ± 32 35.2 ± 2.3  8.4 ± 0.9  6.8 ± 1.5  17.7 ± 1.8    1,671 ± 2,184     4,193 ± 4,095   6,965 ± 3,583 1,097 ± 617   725 ± 674 356 ± 295   8.5
magnetite   23 L-V 6 –16.7 ± 0.8 185 ± 9 20.1 ± 0.6  4.9 ± 0.5  4.2 ± 1.3  10.2 ± 1.0    1,109 ± 1,371     2,556 ± 3,179   3,121 ± 2,354   553 ± 256   443 ± 442 93 ± 46  13.3
alteration)   L-V-S 3   294 ± 36 34.1 ± 2.1  8.3 ± 0.6  7.0 ± 1.5  17.4 ± 1.2    261 ± 376     747 ± 252   9,699 ± 1,498 1,715 ± 850   349 ± 131 246 ± 115  46.7
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Fig. 19.  Fe-Zn-Pb (×10) ternary plots of the fluid chemistry of V2 fluid 
inclusion assemblages of the 4E deposit and natural and experimentally pro-
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in hydrothermal alteration of low-grade BIF, producing a 
magnetite-quartz-dolomite-stilpnomelane-hematite-pyrite 
assemblage. Continued evolution of the basin saw a change 
in brine chemistry with brines characterized by low K, near-
equal concentrations of Ca, Mg, and Na, and high contents 
of Cu, Ba, and Sr. These later basinal fluids interacted with 
the earlier hydrothermal alteration assemblage, forming the 
magnetite-dolomite-hematite-chlorite-pyrite assemblage. 
Basinal fluids continued to evolve, with brines becoming Ca 
and Mg dominant and enriched in Zn; these fluids interacted 
with earlier hydrothermal alteration assemblages, resulting 
in the formation of the hematite-dolomite-magnetite-
stilpnomelane alteration assemblage.

Structural, Hydrothermal, and Fluid Chemical Model 
for the 4EE Deposit

Timing and structural setting

Hydrothermal alteration at the Paraburdoo 4E deposit 
occurred ca. 2.05 to 2.00 Ga during continental extension 
(Müller et al., 2005). Enhanced heat flow within the basin 
to the south of the Paraburdoo Range (Johnson et al., 2011) 
resulted in the migration of basinal brines through the 
sedimentary successions (Fig. 20A). SHRIMP U-Pb dating 
of xenotime and monazite intergrown with hematite in high-
grade ores at the Mt. Tom Price deposit (Rasmussen et al., 
2007) indicates that hydrothermal flow within the southern 
Hamersley province was likely multistage and may have 
begun as early as ~2.15 Ga, with subsequent fluid flow, 

remobilization, and/or mineralization at ~2.05, ~1.68, ~1.59, 
~1.54, ~1.47, and ~0.86 Ga.

Near the Paraburdoo deposits, basinal brines were focused 
by low-angle faults (Figs. 2, 20A) where reactivation of the 
18E fault and development of the NW-striking, steeply SW 
dipping 4E and 4EE normal faults provided the fluid path-
ways for heated basinal brines. We infer that these brines 
were derived from or interacted with the underlying Wit-
tenoom Formation to react with BIFs of the Dales Gorge 
and Joffre members. Hydrothermal alteration is temporally 
constrained by NW-trending dolerite dikes (2008 ± 16 Ma; 
Müller et al., 2005) that intruded the 4E and 4EE faults prior 
to this alteration. These dikes are hydrothermally altered and 
control the distribution and areal extent of iron ore along the 
Paraburdoo Range.

Supergene alteration at Paraburdoo likely began in the 
Cretaceous and lasted for at least 80 m.y., and is ongoing 
today (Vasconcelos, 1998; Taylor et al., 2001; Cochrane, 2003; 
Thorne et al., 2008). Weathering of shale layers resulted in 
considerable volume reduction and the formation of kaolinite-
rich clay minerals that constitute the main impurity in the 
presently mined orebody.

Model

The timing relationships outlined above, in combination 
with distinction of hypogene and supergene hydrothermal 
alteration zones and related geochemical data on the ore 
fluids, provide constraints on a preliminary structural-
hydrothermal-fluid chemical model for the Paraburdoo 4E 

Table 5.  LA-ICP-MS Concentration Data (in ppm) for Fluid Inclusion                                          Assemblages Trapped in Quartz and Dolomite from Fluid at the 4E Deposit

       Salinity
     Tmice ThTRAP (wt % NaCl/
     (°C) (°C) CaCl2 equiv)

Hypogene  Vein       Na K Mg Ca Mn Cu Fe Zn Sr Ba Pb Li Pb/Zn Fe/Pb + 
alteration zone type Assemblage Phase n x ± 1σ x ± 1σ x ± 1σ (wt %) (wt %) (wt %) (wt %) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (%) Zn (%)

Synchronous with ore formation

Distal: V2 1 L-V 3 –39.1 ± 1.2 168 ± 9 27.8 ± 0.2  6.6 ± 4.0  4.8 ± 5.9 1.6 ± 1.3 11.2 ± 6.8   2,917 ± 4,599   3,637 ± 6,081   4,332 ± 6,102   18,002 ±30,992   436 ± 530   423 ± 350   1,400 ± 2,358 -   7.8    22
(magnetite-  2 L 2 –35.9 ± 0.6 174 ± 2 27.2 ± 0.1  3.8 ± 0.8   8.1 ± 8.00 5.4 ± 7.0  6.5 ± 1.4  10,388 ± 7,512   8,901 ± 8,709  10,910 ± 6,145    3,332 ± 3,223   381 ± 286   416 ± 341   545 ± 531 -  16.4   284
quartz-dolomite-   L-V-S 2  204 ± 9 29.6 ± 0.4  7.8 ± 0.2  1.4 ± 0.8 6.1 ± 1.6 13.2 ± 0.4 1,855 ± 392   506 ± 627 7,136 ± 692    217 ± 200   928 ± 157  112 ± 36   81 ± 54 -  37.3 2,395
stilpnomelane-  3 L-V 2 –36.7 ± 0.1 174 ± 3 27.3 ± 0.1  6.0 ± 3.5  4.2 ± 4.3 3.4 ± 0.9 10.2 ± 6.0   1,696 ± 1,408   2,386 ± 2,383   27,796 ± 37,744    886 ± 855   498 ± 547   692 ± 691 1,074 ± 135 - 121.3 1,418
hematite ± pyrite)  4 L-V 1  –36.5 185 27.3 7.0  2.2 5.0 11.8   796   580  9,049   249 964 201   333 - 133.7 1,555
   L-V-S 1  209 29.8 1.6 20.6 0.4  2.7 6,160 9,542 23,964 2,143  72 589   421 -  19.6   131
  5 L-V 1  –36.7 181 27.3 9.1  1.1 0.7 15.4 1.3 1,513  2,349   251 152  73   252 - 100.4   467
  6 L-V 7 –35.7 ± 0.1 174 ± 3 27.3 ± 0.1  6.1 ± 1.9  3.8 ± 4.2 5.2 ± 1.9 10.3 ± 3.3   3,357 ± 3,409   3,255 ± 4,543   9,134 ± 7,075    770 ± 999   675 ± 276   237 ± 268   156 ± 185   20.3   986
   L-V-S 4   227 ± 26 29.7 ± 1.1   7.0 ± 3.00 6.00 ± 8.5 3.4 ± 3.3 11.9 ± 5.0   3,061 ± 4,529   3,413 ± 5,212   4,638 ± 3,553     843 ± 1,257   522 ± 450   251 ± 200   314 ± 233   37.2   401

Intermediate: V3/V4 11 L-V 1   –4.1 218   6.52 1.8  1.4   2.2 -  5,638 -   615  3,662  67   423 -  68.8
(magnetite-  12 L-V 2 –11 209 ± 4 15.0 4.19 ± 0.2  2.8 ± 0.2   5.3 ± 0.3 -  11,030 ± 1,364 -  1,639 ± 126  12,656 ± 7,749  156 ± 23 1,232 ±,423 -  75.2
dolomite-  13 L-V 2  –6.9 ± 4.0 219 ± 2 10.1 ± 5.1  3.1 ± 0.5  1.6 ± 0.5   4.0 ± 0.6 -   6,263 ± 2,343 -    738 ± 178   5,455 ± 2,563   94 ± 37 1,015 ± 945 - 137.5
hematite-   L-V-S 1  401 42.2 8.6  9.6  11.0 - 24,073 - 5,510 90,528 *inclusion? 429 9,576 - 173.8
chlorite-quartz-  14 L-V 3  –7.0 ± 2.9 217 ± 9 10.3 ± 3.6  2.8 ± 0.2  2.0 ± 0.2   3.7 ± 0.2 - 7,981 ± 995 - 1,109 ± 94   8,056 ± 4,676  111 ± 10   812 ± 284 -  73.2
stilpnomelane)  16 L-V 1 –11 207 15.0 4.1  3.0   5.3 - 12,125 - 1,321 10,148 184 2,575 - 194.9
  17 L-V 7 –11.3 ± 5.2  202 ± 10 14.6 ± 5.5  4.1 ± 1.0  2.8 ± 0.5   4.9 ± 1.1 -   8,672 ± 2,119 -  1,372 ± 585   16,453 ± 12,941  141 ± 42   1,772 ± 1,305 - 129.2

Proximal: V5 21 L-V 4 –15.9 ± 1.7 191 ± 3 19.3 ± 1.4  4.9 ± 0.2  3.4 ± 0.5 - 10.3 ± 3.7 -   500 ± 261 -  1,246 ± 581 2 948 ± 775   526 ± 328  271 ± 50 65 ± 28  21.8
(hematite-   L-V-S 3   315 ± 48 35.8 ± 3.3  9.2 ± 1.3  6.3 ± 3.6 - 19.3 ± 2.3 -   484 ± 367 -    786 ± 412   6,975 ± 4,373 1,097 ± 617   259 ± 104 305 ± 239  33.0
dolomite-chlorite   22 L-V 7 –15.2 ± 2.0 188 ± 3 18.7 ± 1.7  4.6 ± 0.4  3.4 ± 1.1   9.7 ± 0.8  1,530 ± 850     4,187 ± 2,373   2,757 ± 1,384   840 ± 659   429 ± 229 192 ± 100  10.2
± pyrite ±    L-V-S 5   312 ± 32 35.2 ± 2.3  8.4 ± 0.9  6.8 ± 1.5  17.7 ± 1.8    1,671 ± 2,184     4,193 ± 4,095   6,965 ± 3,583 1,097 ± 617   725 ± 674 356 ± 295   8.5
magnetite   23 L-V 6 –16.7 ± 0.8 185 ± 9 20.1 ± 0.6  4.9 ± 0.5  4.2 ± 1.3  10.2 ± 1.0    1,109 ± 1,371     2,556 ± 3,179   3,121 ± 2,354   553 ± 256   443 ± 442 93 ± 46  13.3
alteration)   L-V-S 3   294 ± 36 34.1 ± 2.1  8.3 ± 0.6  7.0 ± 1.5  17.4 ± 1.2    261 ± 376     747 ± 252   9,699 ± 1,498 1,715 ± 850   349 ± 131 246 ± 115  46.7
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deposit, including the concealed 4EE orebody. In our model, 
a clear distinction is made between progressive stages of 
hydrothermal alteration and mineralization (stages 1a-c; Fig. 
20) that can be distinguished in the transition from low-grade 
BIF (30–35% Fe) to high-grade iron ore (>63% Fe), and 
supergene ore (stage 2; Fig. 20) that presently is exploited in 
the 4E and 4E North open pits.

Stage 1a early hypogene alteration: Initial hypogene 
alteration (Fig. 20b) at the 4E deposit occurred within the 
dominant magnetite-chert layers of the Dales Gorge and 
Joffre members. Low-grade magnetite-chert BIF wall 
rocks (Fig. 9A) are transformed laterally and vertically into 
magnetite-quartz-dolomite-stilpnomelane-hematite-pyrite 
BIF (Fig. 9B, C). This latter assemblage reflects the partial 
replacement of chert layers by anhedral magnetite, dolomite, 
stilpnomelane, and euhedral pyrite. Magnetite-rich layers 
contain both euhedral magnetite and fine-grained anhedral 
hematite. The distal alteration zone ranges in width from 
several centimeters to approximately 30 m and forms an 
alteration halo of up to 600 m from the high-grade hematite 
orebody. Dolomite-quartz ± pyrite veins (V2) cut and parallel 
BIF bands. The adjacent wall rock locally is brecciated with 
clasts of magnetite-rich mesobands in a matrix of anhedral 
magnetite, dolomite, stilpnomelane, and hematite.

Fluid inclusion evidence suggests that the magnetite-quartz-
dolomite-stilpnomelane-hematite ± pyrite alteration involved 
a warm to hot (160°–255°C), Ca-rich (26.6–31.9 wt % CaCl2 

equiv) brine. The hydrothermal brine likely originated from 
evaporated seawater that had lost Mg and Na, and gained Li 
and Ca through fluid-rock reactions with Li-bearing rocks 
and feldspars in volcaniclastic rocks within the Wittenoom 
Formation and through dolomitization of carbonate successions 
of the Wittenoom Formation, respectively. The presence of two 
different solute populations, one Ca dominant (Ca > Na > Mg 
> K) and the other K dominant (K > Ca > Na > Mg), together 
with similar proportion of metals (Mn, Cu, Fe, Pb, and Ba) 
within fluid inclusions trapped in V2 quartz veins, suggests that 
early hypogene alteration resulted from the mixing of multiple 
pulses of variably saline brines. The difference in solute 
chemistry of the two fluids is interpreted to reflect interactions 
of the hypogene fluids with different rock types (carbonates, 
shale, volcaniclastic rocks) within the sedimentary successions 
of the Wittenoom Formation along their fluid pathway. 
Early basinal brines are rich in Fe (up to 2.8%), which had 
equilibrated with evaporites and likely formed on structural 
margins of developing sedimentary basins to the south of the 
Hamersley province (Marie et al., 2001; Fig. 20A).

The first incursion of deeply circulating, heated (106°–
201°C), modified meteoric water is recorded by the presence 
of low- to medium-salinity (5.8–9.5 wt % CaCl2 equiv; V2), 

secondary inclusions that cut primary high-salinity inclusions 
within quartz from V2 veins (Fig. 12A). The lower temperature 
and salinity of this hydrothermal fluid are interpreted to 
represent the dilution of basinal brines by heated, modified 
meteoric water (Fig. 20B-2). The modified meteoric water 
had lost Na through extensive wall-rock interaction with 
plagioclase in dolerite of the Weeli Wooli Formation that 
directly overlies the Joffre and Dales Gorge members. 
The incursion of modified meteoric water may have been 
in response to uplift of the southern Hamersley province 
(McLennan et al., 2003).

Stage 1b advanced hypogene alteration: Continuing reactions 
between the ascending hypogene basinal brine and the pre-
existing magnetite-quartz-dolomite-stilpnomelane-hematite- 
pyrite alteration zone produced both the intermediate 
magnetite-dolomite-hematite-chlorite-pyrite and the proximal 
hematite-dolomite-magnetite-stilpnomelane alteration assem-
blages. Hematite, dolomite, chlorite, stilpnomelane, and 
pyrite were progressively replaced by quartz and magnetite. 
Remnants of the former alteration are preserved at the 
periphery of the hydrothermal system (Fig. 20C). 

Iron oxides including microplaty (10–80 μm), platy 
(100–250 μm), and anhedral hematite increasingly replaced 
magnetite in the intermediate alteration zone during formation 
of the proximal alteration zone (Fig. 9D-F). The dominant 
veins in the intermediate alteration zone consist of dolomite ± 
pyrite (V3) and dolomite-chlorite ± pyrite (V4), and dolomite-
hematite ± pyrite (V5) in the proximal alteration zone. All vein 
types are abundant, cut BIF and shale layers, and locally cut 
the 4E basal fault dolerite. Breccias are observed within the 
fault zones, are matrix supported, and consist of angular and 
rotated clasts of altered wall rock within a dolomite-hematite 
± pyrite ± chlorite ± stilpnomelane matrix (Fig. 8C, D).

Fluid inclusions assemblages trapped in V3, V4, and V5 
veins within the intermediate and proximal alteration zones 
represent the variable mixing of a hot (250°–400°C), high-
salinity, Ca-rich (30–40 wt % CaCl2 equiv) basinal brine, and a 
low-temperature and low-salinity (~5 wt % NaCl equiv) fluid 
that is interpreted to be modified meteoric water that was 
heated (~100°–200°C) during its descent into the upper crust 
(Fig. 20C). Mixing of the two fluids (Figs. 10, 11) resulted in 
the trapping of fluid inclusion assemblages containing primary 
two-phase (L-V) and three-phase (L-V-S) fluid inclusions 
with a wide range of trapping temperatures (up to 200°C). 
Occurrence of salinity variations of up to 25 wt % NaCl equiv 
within primary fluid inclusion assemblages further supports 
this model of heterogeneous mixing of the two end-member 
fluids. The δ18Ofluid values calculated to be in equilibrium 
with hematite (Thorne et al., 2009) from the proximal alter-
ation assemblage are –0.9‰ to –0.6‰, compared to those 

Fig. 20.  Structural and hydrothermal model for the 4E deposit, Paraburdoo. A. Proposed basinal architecture at ~2020 Ma, 
showing the expelling of brines from developing basins to the south of Paraburdoo along deep listric faults into the iron for-
mations of the southern Pilbara. B. Stage 1a early hypogene alteration formed by warm to hot (160°–255°C), ascending saline 
basinal brines (26–32 wt % CaCl2 equiv). C. Stage 1b advanced hypogene alteration formed by hot (250°–400°C), ascend-
ing basinal brines (30–40 wt % CaCl2 equiv) and descending low to warm (100°–200°C), low-salinity (~5 wt % NaCl equiv) 
meteoric waters. D. Stage 1c late hypogene alteration due to descending low to warm (100°–200°C), low-salinity (~5 wt % 
NaCl equiv) meteoric waters. A late pulse of basinal brines formed by warm to hot (250°–400°C), ascending saline basinal 
brines (30–40 wt % NaCl equiv) is involved. E. Erosion and rotation (D4) of the southern Hamersley province, resulting in 
the formation of iron clasts within the Mt. McGrath Formation. F. Stage 2 supergene alteration of the hypogene protore.
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for magnetite from low-grade BIF of the Dales Gorge and 
Joffre members that range from 12.7 to 21.7‰. The values 
indicate that hematite within the proximal alteration zone 
equilibrated with basinal brines that contain a component of 
meteoric water.

The mixing of basinal brine and modified meteoric water 
resulted in hydrothermal fluids that are Ca rich (Ca > Na > 
K) and concentrated in Sr relative to early stage 1a hypogene 
fluids (Fig. 19F). This increase in the proportion of Sr is 
interpreted to reflect buffering of the hypogene fluids with 
Sr-bearing, marine carbonates of the Wittenoom Formation 
(Figs. 5, 6). NW-trending dikes (ca. 2008 Ma; Müller et al., 
2005) limit the areal extent of hydrothermal alteration and 
are altered to chlorite-tremolite and chlorite-dolomite-talc-
tremolite assemblages.

Stage 1c late hypogene alteration: The final stage of hypo-
gene fluid flow is characterized by the downward migration 
of modified meteoric water (Fig. 20-5). Interaction of low-
temperature (<110°C), low-salinity (~5 wt % NaCl equiv), 
modified meteoric water with the proximal hematite-dolomite-
magnetite-stilpnomelane alteration assemblage resulted in the 
formation of a porous, hematite-apatite assemblage. Hematite 
from high-grade ore has δ18Ofluid values of –9.6 to –6.0‰ that 
suggest equilibrium of hematite with meteoric water (Thorne 
et al., 2009).

Hydrothermal alteration removed dolomite, chlorite, and 
most of the apatite from precursor BIF. Martite and anhedral 
hematite replace magnetite and iron silicates, respectively. 
Intergranular porosity increases significantly to about 10%. 
Apatite is located predominantly within the intergranular 
space of martite mesobands and in matrix minerals such as 
monazite and xenotime.

The formation of post-ore quartz-hematite veins (V6) 
reflects the continued mixing of warm to hot (200°–415°C) 
basinal brines (30–40.0 wt % CaCl2 equiv; Fig. 20-6) with 
heated meteoric water (100°–200°C). These mixed fluids may 
correspond with the waning stages of a large hydrothermal 
system or be part of a separate system unrelated to ore 
formation.

Uplift and active erosion of horsts along the Paraburdoo 
Range (Fig. 4; 11 4West and Channar) occurred during the 
deposition of the Upper Wyloo Group and resulted in the 
formation of the hematite-clast conglomerate (Fig. 20-7). 
The 4EE orebody at the 4E deposit formed in a downthrown 
graben, at least several hundred meters below the surface, 
and therefore survived erosion prior to deposition of the Mt. 
McGrath Formation. The Capricorn orogeny (D4) rotated the 
4E deposit and hematite-clast conglomerates of the Upper 
Wyloo Group 40° to 50° to the south-southwest (Fig. 20-8).

Stage 2 supergene alteration: Supergene alteration is likely 
to have begun in the Cretaceous and persisted for at least 
80 m.y. and is ongoing today (Vasconcelos, 1998). Supergene 
alteration resulted in the destruction of hypogene alteration 
zones that are only preserved below the depth of modern 
weathering (Fig. 20-9). Shale bands are reduced in volume 
by up to 60% by removal of carbonates, oxidation of pyrite to 
limonite, and replacement by kaolinitic clays. Goethite, which 
decreases in abundance with depth, commonly forms a fine-
grained groundmass surrounding hematite crystals and locally 
rims microplaty hematite crystals. Stilpnomelane is replaced 

by anhedral hematite and remnant magnetite is replaced by 
goethite. Intergranular porosity is estimated to be about 20%. 
Phosphorus preferentially precipitated in Al-rich goethite and 
at lithologic contacts such as ore-shale and ore-dolerite con-
tacts. The distribution of phosphorus and presence of goethite 
within the alteration zone suggest that the formation of this 
stage involved cool (<100°C), presumably shallow surface 
fluids.

Discussion

Fluid processes

The Paraburdoo, Mt. Tom Price, and Mt. Whaleback iron 
ore deposits of the Hamersley province are all characterized 
by formation involving the interaction of basinal brines with 
the host BIF (Taylor et al., 2001; Webb et al., 2004; Dalstra, 
2005; Thorne et al., 2008). Hypogene basinal brines also have 
been invoked for the formation of iron ore deposits at Thaba-
zimbi Republic of South Africa (Netshioski, 2002). Magmati-
cally derived fluids are interpreted to be responsible for the 
formation of the N5E deposit, Carajás, Brazil (Figueiredo e 
Silva et al., 2008, 2013), and the Koolyanoobing deposit, Aus-
tralia (Angerer and Hagemann, 2010). 

The early-stage hypogene hydrothermal fluids (stage 1a, 
Fig. 20) in the North deposit at Mt. Tom Price and the Para-
burdoo deposit show distinct differences in salinities and trap-
ping temperatures. At the North deposit, pseudosecondary 
and secondary fluid inclusions were trapped during cooling 
of hot (300°–350°C) and cool (170°C) hypogene fluids. Deep 
circulation of meteoric water is interpreted to postdate the 
formation of carbonate alteration assemblages. In contrast, 
stage 1b (Fig. 20) primary fluid inclusions at the 4EE orebody 
show a wide range of salinities but a limited range of trapping 
temperatures; this pattern is interpreted to record the mixing 
of a hot saline brine with warm, deeply circulating, modified 
meteoric water during the formation of the carbonate altera-
tion assemblages. The early ingress of heated meteoric water 
at the deposits may be due to their uplift and erosion during 
hypogene alteration, ultimately resulting in deposition of the 
clasts of hematite within the McGrath Formation. 

Research at the Thabazimbi deposit supports a structural 
and hydrothermal model similar to that proposed here for the 
4E and North deposits. At Thabazimbi, warm (160°C), highly 
saline, Ca- and Mg-rich (27 wt % NaCl equiv) brine and 
cooler (130°C), Na-dominant (10 wt % NaCl equiv) meteoric 
water, focused by steep normal faults, are proposed to have 
interacted with the Penge Iron Formation to form a hypogene 
carbonate-hematite alteration assemblage (Netshioski, 2002) 
. Subsequent leaching and karstification of this assemblage 
by shallow meteoric water produced the hematite orebodies. 
The Paraburdoo 4EE deposit can be considered a higher-
temperature analogue of the Thabazimbi deposit.

Similarities to the 4EE deposit are also shown from research 
at the Kooloyanooning deposit hosted within the Mesoarchean 
lower succession BIF of the Koolyanobbing greenstone belt, 
in the Yilgarn craton in Western Australia. Early Fe-Mg ± Ca 
metasomatism caused local ferroan carbonate and ferroan talc 
alteration of the metamorphosed quartz-magnetite BIF pro-
tolith. Fluids invoked for this hydrothermal alteration involve 
fluids exchanged with proximal mafic rocks as well as fluids 
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derived from granites. Talc alteration is also recognized at the 
Mt. Tom Price deposit (Thorne et al., 2009) where the pres-
ence of talc is interpreted to represent a higher-temperature 
equivalent of the Paraburdoo deposit (Dalstra and Guedes, 
2004).

Recent work at the Carajás deposit (Figueiredo e Silva 
et al., 2008, 2013) has demonstrated that the interaction of 
hypogene hydrothermal fluids with jaspilite along steep faults 
resulted in the formation of high-grade iron orebodies. For 
example, in the N5E deposit at Carajás, the hypogene fluids 
exhibit a wide range of salinities (0–30 wt % CaCl2 equiv) but 
a restricted range of trapping temperatures (200°–330°C), 
interpreted to reflect the mixing of hot magmatically derived 
fluid and heated meteoric water. The fluid characteristics of 
the N5E deposit suggest that it is a slightly warmer tempera-
ture analogue of the Paraburdoo 4E deposit. Results of this 
study and of the N5E deposit support a temperature con-
tinuum model for high-grade iron ore mineralization, as first 
described by Dalstra and Guedes (2004). Within this model, 
the Paraburdoo 4E deposits can be considered a lower-tem-
perature equivalent of the Mt. Tom Price deposit.

Formation of ore types

The global classifications of iron ores, from province to 
province and from mine to mine, are usually based on hard-
ness and degree of induration (friability-hardness) with iron 
ores categorized using terms such as hard, friable, soft pow-
dery, and blue dust (Beukes et al., 2008). The high-grade iron 
formed at the 4E deposit as well as Mt. Tom Price and Mt. 
Whaleback, and below the depth of modern weathering can 
be considered to be homogeneous at a deposit scale and clas-
sified as hard ore. Within the supergene weathering profile, 
the relative physical hardness of high-grade hematite ore at 
the 4E deposit varies considerably within the deposit and is 
a function of ore texture and the extent of supergene weath-
ering processes such as the secondary leaching of martite, 
goethite, and microplaty hematite or precipitation of late sec-
ondary brown goethite within the supergene alteration profile 
(Clout, 2005). These processes largely result in an increase 
in the hardness of the ore closer to the modern topographic 
surface.

In comparison, Indian iron ore deposits and those of the 
Serra dos Carajas district in Brazil (Beukes et al., 2008) that 
are proposed to have formed by hydrothermal ore-forming 
processes have undergone significant supergene modifica-
tion, probably resulting in further enrichment of the hydro-
thermal iron ore. Two ore types dominate these deposits: hard 
ore and soft friable ore. The hard ores within these deposits 
are believed to have formed by the extensive replacement 
of the BIF by massive magnetite during early hydrothermal 
events (Mukhopadhyay et al., 2008; Figueiredo e Silva et al., 
2013). This was followed (in most deposits) by the widespread 
replacement of magnetite by martite. The hard ores display 
variable destruction of the primary banding of the BIF during 
magnetite-martite ore formation, which differs from hard ore 
of the Pilbara deposits, which preserves the primary banding 
of the BIF.

While there is common acknowledgement of the role 
of hydrothermal fluids in the formation of hard ores (Dals-
tra and Guedes, 2004), there is conjecture regarding the 

development of the soft saprolitic ores. Within India depos-
its, the soft hematite ores that surround the hard orebodies 
of hydrothermal origin essentially represent saprolite of hard 
ore that developed in the bleached zone of ferricrete soil pro-
file due to intense acidic groundwater circulation (Mukho-
padhyay et al., 2008). Dalstra and Guedes (2004) provide an 
alternate hypothesis for the formation of soft hematite ore of 
the Carajas orebody whereby the soft hematite ore was devel-
oped directly by supergene leaching of porous hematite-car-
bonate protore formed during early hydrothermal alteration. 
As a result, the hematite-martite layers are condensed, with 
some porosity remaining where there was previously carbon-
ate. At present, there is a lack of research to determine the 
role of early hydrothermal alteration that ultimately results 
in the formation of soft iron ores. If soft hematite ores are 
formed from the weathering of a hematite-carbonate protore, 
they may form without the presence of hard hematite orebod-
ies. Conversely, if soft hematite ore was formed by weather-
ing of hard ore, then the presence of soft ore directly implies 
the presence of hard orebodies, possibly at depth. Each of 
these models for the formation of soft ore has direct conse-
quences for exploration of iron ore deposits and requires fur-
ther research. 

Fluid sources

The source of hypogene fluid responsible for hypogene 
alteration in iron deposits of the Hamersley province has 
long been debated. Morris (2002) argued that the Wittenoom 
Formation could not contain the volume of basinal brines 
required for hypogene alteration and ore formation of the Mt. 
Tom Price, Paraburdoo, and Mt. Whaleback deposits. Crush-
leached ion chromatography of carbonate and hematite from 
hypogene alteration assemblages and high-grade ore at the 
Paraburdoo 4E and the North deposits supports the criti-
cal role of hypogene fluids in their formation. The low Cl/Br 
ratios of the samples indicate that basinal brines derived from 
evaporated sea water were responsible for the hypogene alter-
ation and, ultimately, for formation of the high-grade iron ore 
of the 4E deposit. Recent work on the tectonic setting of the 
southern Pilbara craton (Cawood and Tyler, 2004; Johnson et 
al., 2011) advocates the existence of a back-arc basin to the 
south of Paraburdoo at the time of the hypogene alteration 
(>2005 Ma; Barley et al., 1999; Müller et al., 2005; Johnson 
et al., 2011; Fig. 20A). Enhanced heat flow driven by back-
arc extension and volcanism is interpreted to have resulted in 
thermally driven flow of basinal fluids along low-angle faults, 
northward into the banded iron formations of the southern 
Hamersley province. Here, the hot basinal fluids mixed with 
deeply circulating meteoric water to ultimately form the high-
grade iron deposits. Given this tectonic setting, there likely 
would be a sufficient volume of hypogene fluids to form the 
high-grade deposits at Paraburdoo, Mt. Tom Price, and Mt. 
Whaleback (Fig. 1).

Source of iron

Concentrations of Fe in pseudosecondary inclusions from 
fluid inclusion assemblages 1 to 6 (Table 5) range from 2,349 
to 27,796 ppm. These results are similar to those for hydro-
thermal fluids responsible for the formation of the Carajás iron 
ore deposits (82–17,507 ppm Fe; Figueiredo e Silva, 2007). 
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Petrographic evidence (Fig. 9D) from the distal magnetite-
quartz-dolomite-stilpnomelane-hematite-pyrite alteration 
assemblage shows that the corrosion and pitting of euhedral 
magnetite results in the formation of anhedral magnetite 
adjacent to euhedral magnetite. This localized dissolution and 
recrystallization of Fe is interpreted to reflect a local source 
of the iron measured in fluid inclusions from within the host 
BIF. The dissolution and precipitation of magnetite indi-
cates that the hydrothermal fluids are likely to have low pH 
(Ohmoto, 2003).

Similarities with Mississippi Valley-type (MVT) deposits

Netshioski (2002) and Thorne et al. (2004) suggested that 
the chemistry of hydrothermal fluids responsible for form-
ing the North deposit at Mt. Tom Price and the Thabazimbi 
deposit is analogous to that of MVT mineralizing fluids. The 
concentrations of Fe, Mn, Pb, and Zn in hydrothermal flu-
ids from the 4E deposit (Fig. 19, Table 5) correspond to 
higher-temperature equivalents of sedimentary formation 
brines involved in the formation of low-temperature Pb-Zn 
deposits (Fig. 20; Carpenter et al., 1974; Sverjensky, 1986). 
However, the Paraburdoo deposit differs significantly when 
compared to MVT deposits, based on its lack of any signifi-
cant base metal mineralization. The high salinities, elevated 
metal contents (Cu, Pb, Zn), and high temperatures of hydro-
thermal fluids inferred for the Paraburdoo deposit have clear 
MVT ore-forming potential (Fig. 20), yet sulfide mineraliza-
tion there is restricted to minor amounts of pyrite (<<1 vol %) 
within hypogene alteration assemblages.

Given the lack of sulfur within the primary BIF (Trendall 
and Blockley, 1970), significant base metal mineralization in 
the southern Hamersley province would require the sulfur to 
be transported either with metals in an oxidized form (SO4

2–) 
with reduction occurring at the site of ore deposition or sepa-
rately from the metals and sulfur in two different fluids, thus 
requiring fluid mixing at the site of ore deposition (e.g., Beales 
and Jackson, 1966). Exploration for base metals in the south-
ern Hamersley province should determine suitable structural 
and stratigraphic traps where such fluid mixing or oxidation 
may have occurred.

Exploration model

The structural setting of the Paraburdoo deposits proposed 
here implies that the formation of high-grade hematite depos-
its in the Brockman Iron Formation is directly linked to fluid 
pathways (i.e., fault zones) that link the enclosing sedimentary 
basins to the depositional site. Results of this study, together 
with data from Mt. Tom Price (Barley et al., 1999; Hagemann 
et al., 1999; Taylor et al., 2001; Thorne et al., 2004, 2005, 2008) 
and Mt. Whaleback (Webb et al., 2004; Oliver, 2007), indicate 
that the formation of hypogene alteration assemblages and, 
ultimately, high-grade iron ore deposits is restricted to the 
southern Hamersley province. These deposits all have genetic 
models that invoke heated (150°–300°C) hypogene brines in 
their formation. We suggest that the hypogene fluids required 
to upgrade BIF to high-grade iron ore must have sufficient 
heat and salinity for the replacement of quartz with carbon-
ate (Fournier, 1985) and the formation of hypogene alteration 
assemblages. Heated basinal brines interpreted to have been 
sourced from developing sedimentary basins to the south of 

the Hamersley province are likely to have cooled and dimin-
ished during their inferred migration northward and upward 
into the BIFs. Consequently, a spatial limit for the formation 
of high-grade iron ore deposits can be applied to the Hamer-
sley province. A distance of 150 km, based on known occur-
rences of hypogene alteration in the Pilbara, measured from 
the southern limit of the Hamersley province (Fig. 1), is esti-
mated to be the extent over which hypogene alteration can 
result in the formation of high-grade iron ore deposits.

Steep normal faults have been recognized as impor-
tant exploration criteria (Taylor et al., 2001) as conduits for 
ascending hypogene fluids to interact with BIF of the Dales 
Gorge and Joffre members. The results of this study at the 
Paraburdoo 4E deposit further confirm the critical role that 
steep normal faults play in the formation of high-grade iron 
ore deposits. Our structural reconstruction of the deposit has 
shown that rotation of steep normal faults contributed to the 
preservation of “blind” orebodies below unmineralized cover 
sequences. However, although the presence of steep nor-
mal faults is a valuable exploration tool, they should be used 
together with knowledge of the structural history of the area, 
in order to determine the best strategy for exploration.
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CHAPTER 5: CONCLUSIONS, FUTURE WORK, AND 

IMPLICATION FOR EXPLORATION.

In the past decade significant advances have been made in the understanding of the formation of high-

grade iron ore deposits of the Hamersley province. Advances include the structural reconstruction of 

deposits, mapping and detailed geochemistry of hypogene alteration zones, and a greater understanding of 

the processes and controls of supergene alteration. Despite this greater understanding, many fundamentals 

questions related to the formation of these deposits remained: (1) Which structures control hydrothermal 

fluid flow? (2) Where is the source of hydrothermal fluids that transformed unmineralised BIF to high-grade 

iron ore?  (3) Can new applied geochemical techniques be used to decipher the processes that formed these 

deposits, and,(1) Do the high-grade martite-microplaty hematite deposits of the Hamersley Province share 

a structural-hydrothermal history, and if so can this be used to predict the location of further deposits? This 

thesis was aimed at answering these questions.

In the Hamersley Province the martite-microplaty hematite deposits are located within the Dales Gorge and 

Joffre Member of the Brockman Iron Formation, and the Marra Mamba Iron Formation. High-grade iron 

ore is spatially associated with normal faults and thrust faults that formed during D2 deformation (~2200 

Ma), and have later been affected by D3 deformation (~1650 Ma). At Mt Tom Price and Paraburdoo, it is 

the second-order faults (southern batter fault, 4E fault) that are the critical pathways for transporting basinal 

brines from below, and meteoric waters from above, into the host BIF. The re-activation of these second-

order faults is constrained by dating of dolerite dykes at Paraburdoo to a period extension at ~2000 Ma.

This period of extension allowed the release of hot basinal brines from the underlying sedimentary 

packages of the Wittenoom Formation and was the first step in a a hydrothermal process that ultimately 

formed the high-grade iron ore deposits of the Mt Tom Price and Paraburdoo.  When large volumes of 

ascending basinal brines are focused into the magnetite-chert–rich BIF, the rocks are transformed into a 

hypogene carbonate-altered BIF. Interaction of descending meteoric waters with the carbonate-altered BIF 

produces a porous martite-microplaty hematite-apatite ore. The final stage of late Mesozoic supergene 

alteration removed much of the apatite from the martite-microplaty hematite-apatite assemblage, forming 

martite-microplaty high-grade ore and converted shale layers to kaolinite-rich clay

 Distinct alteration haloes are present at both the Mt Tom Price and Paraburdoo deposits and they 

provide not only a vector towards mineralization but information of the processes that lead to their 

formation. Hydrothermal alteration haloes at Mt Tom Price and Paraburdoo led to the application of 

several geochemical techniques (LA-ICPMS of fluid inclusions, crushed-leach ion chromatography, 
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microthermometry, 18O isotope geochemistry), some of which have not previously been used in the 

study of iron ore deposits in the Pilbara. The results of these studies were vital to the understanding 

of the thermodynamics, fluid flow within deposits, fluid sources and fluid mixing.  Crushed-leach ion 

chromatography of quartz, dolomite from hydrothermal alteration assemblages and high-grade iron 

ore showed that basinal brines likely originated from evaporated seawater that had lost Mg and Na and 

gained Li and Ca through fluid-rock reactions with volcaniclastic rocks and carbonate successions within 

the Wittenoom Formation. The source of the evaporated seawater is interpreted to be from developing 

sedimentary basins to the south of the Hamersley Province. The study of the oxygen isotope geochemistry 

of magnetite and hematite during the transition from BIF to high-grade ore in the central Hamersley 

province provides support for the hydrothermal formation of the deposits and the role of both basinal brines 

and meteoric waters in their formation.

The high-grade iron ore deposits of the Hamersley Province share a similar structural-hydrothermal history 

with localised geology and fluid geochemistry being important in the development of the mineralogy and 

geochemistry of high-grade iron ore at the deposits.

Exploration significanc

The awareness of hydrothermal alteration zones, surroundingg high-grade BIF-related iron deposits, allows 

companies to place emphasis on the identification and the spatial distribution of hypogene carbonate alteration 

and replacement textures. These can then be used as vectors toward high-grade iron ore in exploration drilling.  

The understanding that faults and thrusts are important controls in the localization of supergene martite-

goethite and supergene-modified hydrothermal martite-microplaty hematite deposits provides an important 

tool for exploration beneath cover. Conventional structural and stratigraphic mapping and reconstructions of 

the structural history of entire iron districts might allow the identification of areas where fluids can be focused 

by faults into structural traps (i.e., synclines). The concealed 4EE orebody of the 4E deposit demonstrates 

the critical role that structural geology plays in the exploration for high-grade iron ore bodies. Structural 

reconstruction should be considered a critical exploration activity in structural complex terrains where more 

concealed ore bodies may exist.

Further Work

Several key questions remain within the supergene-modified hypogene models proposed for the Mount 

Whaleback, Mount Tom Price, and Paraburdoo deposits. One of these is the relative roles and composition 

of ascending and/or descending hypogene fluids and meteoric waters, respectively. Further work to 

integrate and expand the fluid data sets, in particular, within fault zones where evidence of fluid mixing is 

likely to be preserved, is needed. The mechanism and P-T-X condition for the crystallization of microplaty 
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hematite also requires further work. Several mechanisms are invoked, both redox and non-redox, based 

on the requirement for oxygen to transform magnetite to hematite. If oxygen is not required to convert 

magnetite to hematite then descending oxygenated hydrothermal fluids are not required to transform

magnetite to martite or form microplaty hematite at the Mount Tom Price, Mt Whaleback and Paraburdoo 

deposits. This significantly changes the relationship(s) of the deposit to the Proterozoic weathering surface 

and increases the depth at which high-grade orebodies may be found.

The supergene origin of martite-goethite deposit has previously been widely accepted (Paquay and Ness, 

1998). However, recent work by Lascelles (2006a) provided an alternative

supergene-modified syngenetic model for the Hope Downs deposit. Stable isotope analyses of hematite, 

goethite, manganese, and carbonates can assist in elucidating the origin of fluids responsible for the 

transformation of BIF to high-grade martite-goethite ore at the deposit. Dating of alteration phases (e.g., 

manganese oxihydroxides) may also help resolve the timing and ultimate formation of the Hope Downs 

deposit.
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Abstract
Hydrothermal alteration in structurally controlled, high-grade banded iron formation (BIF)-related iron

deposits at Carajás (Brazil), Hamersley (Australia), and Thabazimbi and the Zeekoebaart prospect (South
Africa) exhibit significant similarities and differences in geologic setting and hypogene alteration. In Carajás,
Paleoproterozoic hematite deposits are hosted in low-metamorphic grade Archean jaspilites that are encased
in metabasalts. The Paleoproterozoic BIF-hosted deposits of the Hamersley district, the Thabazimbi deposit,
and the Zeekoebaart prospect are surrounded by shales. 

At Carajás, the hydrothermal alteration of jaspilites is characterized by a distal alteration zone with mag-
netite-calcite-quartz-pyrite where the primary microcrystalline hematite → magnetite (±kenomagnetite). The
intermediate alteration zone consists of martite-microplaty hematite-quartz with magnetite → martite, whereas
the proximal alteration zone contains hematite ± carbonate ± quartz with martite → microlamellar hematite →
anhedral hematite → euhedral-tabular hematite. The proximal alteration zone represents the high-grade ore
(i.e., porous hard to soft and hard ores). Hydrothermal alteration also affected mafic wall rocks with chlorite-
quartz-carbonate ± hematite in distal alteration zones, and chlorite-hematite-quartz-albite-mica-carbonate ± ti-
tanite ± magnetite ± sulfides and hematite-chlorite-quartz-albite-mica-carbonate ± titanite ± magnetite ± sul-
fides in intermediate and proximal alteration zones, respectively.

At the Mount Tom Price deposit in the Hamersley district, three spatially and compositionally distinct hy-
drothermal alteration zones are distinguishable: (1) distal magnetite-siderite-iron silicate, where the shape of
the magnetite is suggestive of it being pseudomorphous after preexisting minerals, likely siderite; (2) inter-
mediate hematite-ankerite-magnetite, with euhedral and bladed magnetite showing minor replacement by
martite along crystal boundaries and replacement of iron-silicates by anhedral and microplaty hematite;
and (3) proximal martite-microplaty hematite zones, where carbonate is removed. Martite and anhedral
hematite replace magnetite and iron silicates of the intermediate alteration assemblage, respectively.

The Thabazimbi deposit and the Zeekoebaart prospect lack unequivocal evidence for the formation of par-
agenetically early hydrothermal magnetite. Chert in ore zones has been replaced by microplaty hematite or has
been leached, giving rise to porosity. Veins contain coarse tabular hematite and coarse crystalline quartz. High-
grade hematite-martite orebodies are the result of SiO2 leaching and associated volume loss that created wide-
spread brecciation of the high-grade hematite ore. In addition to high-grade hematite-martite ores, four min-
eralogically distinct types of iron ore have been recognized: (1) goethite-rich, (2) low-grade dolomite-hematite,
(3) low-grade calcite-hematite, and (4) talc-hematite.

The comparison of hydrothermal alteration characteristics in the three case study areas revealed: (1) a sim-
ilar paragenetic sequence of iron oxides, marked by an abundance of open-space filling and replacement tex-
tures; (2) distinct lack of a penetrative fabric in alteration lithologic units and high-grade ores; and (3) the
importance of porosity and brecciation to accommodate volume loss. Differences include: (1) the formation of
carbonate in different hydrothermal alteration zones of each deposit; (2) the presence of stilpnomelane in BIF
that is surrounded by shales and hosted in sedimentary basins but absence in BIF that is bounded by mafic
rocks; (3) the presence of significant amount of siderite in distal alteration zone in the Hamersley deposits but
absence in the Carajás and Thabazimbi deposits; (4) the presence of significant amount of sulfides in the Cara-
jás deposits but absence in the Hamersley and Thabazimbi deposits; and (5) significant amounts of chlorite,
talc, white mica, and albite in basalt-hosted iron ore deposits (e.g., Carajás) or mafic dikes that are spatially and
temporally associated with iron mineralization (e.g., in the Hamersley province).

† Corresponding author: e-mail, lobato@netuno.lcc.ufmg.br

©2008 Society of Economic Geologists
SEG Reviews vol. 15, p. 107–128



Introduction
THIS CONTRIBUTION aims to critically review the effects of hy-
drothermal alteration on BIF host rock and associated wall-
rock lithologic units in the Carajás (Brazil), Hamersley (Aus-
tralia), Thabazimbi, and Zeekoebaart (South Africa) areas.
The study of the hydrothermal alteration has provided im-
portant insights into the nature of hydrothermal fluids and
the formation of hydrothermal ore deposits (i.e., Reed, 1997).
Recent studies have revealed the presence of hydrothermal
alteration zones associated with and surrounding high-grade
BIF-hosted iron ore deposits of the Carajás district (Figueiredo
e Silva et al., 2008), the Hamersley district (Thorne et al.,
2008), the Thabazimbi deposit (Netshiozwi, 2002), and the
Zeekoebaart prospect (Harding, 2004). Although the effects
of hydrothermal alteration may be recorded by BIF, they are
often more prominent in associated lithologic units such as
volcanic rocks (Lobato et al., 2005b) or sills and dikes (Dalstra
and Guedes, 2004). The scarcity of studies of the hydrother-
mal alteration associated with most high-grade BIF-hosted
iron deposits can be attributed to the difficulty of recognizing
it through the effects of intense supergene weathering (i.e.,
Beukes et al., 2003).

This contribution describes and compares the effects of hy-
drothermal alteration on BIF and associated wall-rock litho-
logic units in the Carajás and Hamersley districts, Thabazimbi
deposit, and Zeekoebaart prospect. The parageneses and tex-
tures of hydrothermal alteration zones, veins and breccias re-
lated to hydrothermal alteration, and lateral and vertical tran-
sitions of the alteration zones are described for these districts
and/or deposits. Finally, implications for exploration are pro-
vided and questions for further research are discussed.

Hydrothermal Alteration in BIF-Hosted Iron Deposits
High-grade iron orebodies are almost monomineralic and

composed essentially of hematite (and martite-textured

hematite), with minor magnetite, goethite, quartz, and trace
amounts of apatite (Taylor et al., 2001). In most mining dis-
tricts, high-grade orebodies are in sharp contact with oxidized
BIF that consists of subequal amounts of hematite and quartz.
This oxidized BIF has been categorized as altered in only a
few districts where it has been traced laterally into unaltered
BIF host rock (Barley et al., 1999; Thorne et al., 2004).

We have attempted to delineate zones of hydrothermal al-
teration with distinct textures and/or mineral associations and
apply the terms distal, intermediate, and proximal to indicate
their position relative to high-grade iron orebodies. In gen-
eral, distal alteration is weaker and proximal is stronger.

Iron oxides change in form through the mineralogical se-
quence and hydrothermal alteration zones from diagenetic
microcrystalline or dusty hematite, locally followed by hydro-
thermal magnetite (Mag) in distal alteration zones. Magnetite
may be replaced by martite (Mt) exhibiting kenomagnetite
(KMag) nuclei and finally hematite, both characterizing the
intermediate zones. Hematite types are classified according
to their morphology into microplaty (MpHem), platy, euhe-
dral to anhedral, patchy (similar to anhedral), bladed, and
tabular (see Fig. 1), which are typical of the proximal alter-
ation zones.

Carajás Iron District, Brazil

Regional geologic setting

The Carajás mineral province is in an Archean through Pa-
leoproterozoic portion of the Amazon craton. The Carajás
mineral province is dominated by metavolcano-sedimentary
rocks and granitoids, formed from 2.76 to 2.68 Ga, and also
includes the Meso-Archean igneous and metamorphic Pium
and Xingu Complexes (Santos, 2003).

The Carajás mineral province is host to a wealth of mineral
deposits (Figueiredo e Silva et al., 2008), which are associated
with a range of metavolcano-sedimentary rocks that overlie

108 LOBATO ET AL.

0361-0128/98/000/000-00 $6.00 108

The systematic documentation of hydrothermal-alteration minerals and assemblages has significant implica-
tions for the exploration of concealed high-grade iron orebodies, because key hydrothermal alteration miner-
als such as chlorite, talc, carbonates or iron silicates are an expression of the hydrothermal footprint of the BIF
iron-ore mineral system and, therefore, can be used as mineral vectors.

FIG. 1.  Photomicrographs of polished thin sections, all in reflected light except (A) which is transmitted light and (K)
which is an SEM photograph. A. Reddish jasper bands in poorly altered jaspilite, rich in microcrystalline (or dusty) hematite
and martite streaks, Carajás, N4W deposit. B. Brecciated magnetite microband with matrix of siderite and iron silicates,
Mount Tom Price deposit. C. Radial and individual bladed magnetite, with kenomagnetite nuclei that is partially oxidized to
microplaty hematite within siderite matrix, Mount Tom Price deposit. D. Magnetite band in contact with a band of micro-
crystalline (or dusty) hematite in poorly altered jaspilite, with magnetite forming at the expense of microcrystalline hematite,
Carajás N4E deposit. E. Martite “blasts” within microcrystalline hematite, exhibiting kenomagnetite centers and that are sur-
rounded by voids, Carajás N4W deposit. F. Incipient oxidation illustrated by kenomagnetite occurring next to hematite
pseudomorph after grunerite in quartz (QTZ) matrix, oxidized Penge Iron Formation, Thabazimbi deposit. G. Aggregate of
microplaty hematite in high-grade ore, Mount Tom Price deposit. H. Aggregate of microplaty hematite surrounded by mi-
crocrystalline hematite, high-grade ore, Carajás N1 deposit. I. Goethite replacing chert, as fine-grained aggregates in lami-
nated hematite ore, Zeekoebaart deposit. J. Dissolution collapse effect shown by coarse-grained hematite in chert mi-
crobands, hematitized iron formation of the Zeekoebaart deposit. K. Homogeneous microplaty hematite (MpHem) laths in
voids. Scanning electron microscope (EDS), Mount Whaleback deposit shaley ore. L. Typical appearance of patchy hematite
with lobate grain boundaries (crossed nicols and oil immersion); massive high-grade hematite ore, Thabazimbi deposit. M.
Anhedral hematite crystals displaying growth lines, Carajás, N5E deposit. N. Comb-textured, tabular hematite veinlets fill-
ing pores in brecciated portions of high-grade hard ore, which contains banded fragments of relict microcrystalline hematite,
Carajás, N5E deposit. O. Tabular hematite veinlets filling pores in brecciated portions of high-grade hard ore, which con-
tains banded fragments of relict microcrystalline hematite, Carajás, N5E deposit (all photos taken from Netshiozwi, 2002;
Harding, 2004; Figueiredo e Silva, 2004; Thorne et al., 2004; Webb et al., 2004). Mineral abbreviations: AHem = anhedral
hematite, FeSil = iron silicate, Gt = goethite, Hem = hematite, KMag = kenomagnetite, Mag = magnetite, MiHem = mi-
crocrystalline hematite, MpHem = microplaty hematite, Mt = martite, Sd = siderite, THem = tabular hematite.
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what is considered as the tonalite-trondhjemite-granodiorite
basement terranes of the Xingu Complex (ca. 2.86 Ga; Silva
et al., 1974; Tassinari et al., 2000). The Carajás metavolcano-
sedimentary and metasedimentary units belong to the Ita-
caiúnas Supergroup (DOCEGEO, 1988), formally subdi-
vided into the Grão Pará, Igarapé Salobo, and Igarapé Pojuca
Groups, although a better stratigraphic definition is still re-
quired (Figueiredo e Silva et al., 2008). Geochronological
data indicate two main volcano-sedimentary periods, at 2.76
Ga and 2.75 to 2.73 Ga (Machado et al., 1991; Galarza et al.,
2001). Jaspilites (plus the iron ores) of the Carajás Formation
and their surrounding mafic volcanic rocks (Beisiegel, 1982)
are part of the Grão Pará Group dated at 2740 ± 8 Ma by
Trendall et al. (1998). The volcano-sedimentary rocks are cov-
ered by sedimentary psammo-pelitic rocks (e.g., arenites, cal-
carenites, siltites, and conglomerates) of the Águas Claras
Formation (fig. 1 of Figueiredo et al., 2008), which yielded
zircon U-Pb ages of 2708 ± 37 Ma (Mougeot, 1996) and 2645
± 12 Ma (Dias et al., 1996).

Archean syntectonic, calc-alkaline intrusions include the Es-
trela (2763 ± 7 Ma; Barros et al., 2001) and Planalto Granite
massifs. Examples (see Santos, 2003) of Paleoproterozoic
(1.88 Ga) A-type intrusions are the Velho Guilherme (Silva et
al., 1974) and the Serra dos Carajás batholiths (1.88 Ga; Gibbs
et al., 1986). These are the subject of discussion by Dall’Agnol
et al. (2005) and Dall’Agnol and de Oliveira (2007).

A recent summary of the structural framework of the Cara-
jás area is provided by Rosière et al. (2006). The authors pro-
posed that the dominant structure is a flattened flexural fold

system intersected by several strike-slip faults subparallel to
the axial plane of the fold system (fig. 1 of Figueiredo e Silva
et al., 2008). Further details of the geology of the Carajás min-
eral province are presented by Figueiredo e Silva et al. (2008).

Hydrothermal alteration zones

Hydrothermal alteration associated with the transformation
of jaspilite to high-grade iron ore affected jaspilites to varying
degrees and at different times during the evolution of the iron
deposits (Table 1A; Guedes et al., 2002; Figueiredo e Silva,
2004; Figueiredo e Silva et al., 2004, 2007, 2008; Lobato et
al., 2004, 2005a, b, 2007; fig. 7 of Figueiredo e Silva et al.,
2008). The mineralogical sequence for iron oxides in the dis-
tal hydrothermal alteration zone is microcrystalline hematite
→ magnetite (kenomagnetite; Fig. 1A, D, E). The intermedi-
ate alteration zone is characterized by widespread martitiza-
tion, and the proximal alteration zone has martite → microl-
lamelar hematite → anhedral hematite → euhedral-tabular
hematite (Fig. 1H, M-O; fig. 7 of Figueiredo e Silva et al.,
2008). Microcrystalline hematite (<4 μm; Fig. 1A) is typical of
the jasper layers in nonmineralized jaspilites. It represents the
original iron oxide and is stable even in the more advanced al-
teration stages in desilicified, banded ore-breccia fragments.

Distal and intermediate alteration zones (Figs. 2, 3; Tables
1A, 2) are characteristic of variously altered jaspilites,
whereas the proximal alteration zone represents the ore zone
(high-grade porous hard to soft and hard ores). The distal
zone is up to 80 m wide in the N4E deposit, whereas the in-
termediate alteration zone is about 100 m wide (e.g., the N5S
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TABLE 1.  Characteristic Hydrothermal Alteration Assemblages in Distal, Intermediate, and Proximal Alteration Zones for Selected Iron Deposits in 
the Carajás and Hamersley Iron Districts in Brazil and Australia, Respectively, Thabazimbi Deposit and Zeekoebaart Prospect in South Africa1

A Carajás Hamersley, Tom Price South Africa 

Serra Norte deposits Southern Ridge 
Alteration zones (in jaspilite) North deposit deposit Thabazimbi deposit Zeekoebaart prospect

BIF Jasper-MiHem Mag-Chert-Sd/Fe Qtz-Mag-Stp-Dol Chert/Micro Qtz- Hem-Mag-Sd(Ank)-
Dol-Stp-Py Mag-Stp-Carb-Gru Chert-Stp

Distal Mag-Carb-Qtz-Py(Ccp) Mag-Sd-FeSil Mag-Sd-Stp KMag-Mt-Platy Hem ± Hem(KMag)-Chert-
(Py-Ap-Qtz) Red Chert-THem Mega Qtz-

Intermediate Mt-MpHem-Qtz(Sulf-Mag) Hem-Ank-Mag(Ap-Py) Hem-Mag-Tlc-Chl ________ _________

Proximal and/or Hem2-Carb-Qtz-(Sulf-Mag) Mt-MpHem-Ap Mt-MpHem-Ap Hem3-Carb Patchy Hem-
high-grade ore MpHem±Mt

B Carajás Serra Norte deposits (in mafic wall rock)

Prealteration Alteration zones

Ol-Aug-Pl-Ilm-Sulf Distal Chl-Qtz-Carb(Hem) (±Ol-Aug-Pl-Ilm)
Intermediate Chl-Hem-Qtz-Ab-Mica-Carb(Ttn-Mag-Sulf)
Proximal Hem-Chl-Qtz-Ab-Mica-Carb(Ttn-Mag-Sulf)

1 Adapted from data by Thorne (2001), Netshiozwi (2002), Harding (2004), Lobato et al. (2005b), Thorne et al. (2007), Zucchetti, 2007; Figueiredo e Silva
et al. (2008); minerals in parentheses represent minor phases

2 These include martite, anhedral, tabular, microplaty, and microcrystalline hematite
3 These include martite, patchy, microplaty, anhedral, and tabular hematite
Mineral abbreviations: Ab = albite, Ank = ankerite, Ap = apatite, Aug = augite, Carb = carbonate, Ccp = chalcopyrite, Chl = chlorite, Dol = dolomite,

FeSil = iron silicate, Gru = grunerite, Ilm = ilmenite, KMag = kenomagnetite, Mag = magnetite, MiHem = microcrystalline hematite, MpHem = mi-
croplaty hematite, Mt = martite, Ol = olivine, Pl = plagioclase, Py = pyrite, Qtz = quartz, Sd = siderite, Stp = stilpnomelane, Sulf = sulfide, THem = tabu-
lar hematite, Tlc = talc, Ttn = titanite



deposit). The proximal alteration zone includes the porous
hard to soft ore and the hard, massive ore itself (the latter is
about 20 to 50 m in width). Their mineralogical composition
and general characteristics are depicted in Tables 1 and 2.

Distal alteration zone—magnetite-calcite-quartz-pyrite:
The distal alteration zone (Tables 1A, 2A; Fig. 3) contains mi-
crocrystalline hematite, which is overgrown by magnetite (±
martite) “blasts” (Fig. 1A). Magnetite-rich jaspilite ores (Fig.
1D) are present in the N5S deposit. Jasper bands may display
discoloration resulting in clear halos of recrystallized chert
or fine-grained, clear granoblastic quartz (Fig. 2A-C) that

surrounds martite (Fig. 2C). The halos may represent leaching
of iron from jasper due to chert that recrystallized into quartz.

Sulfide minerals, mainly pyrite and chalcopyrite, may be lo-
cated in vein breccias in association with carbonate minerals,
viz. calcite (Figueiredo e Silva et al., 2008), and magnetite and
quartz that are discordant to layering in the jaspilite. Pyrite-
magnetite assemblage locally overgrows microcrystalline
hematite-rich jaspilite layers; monomineralic pyrite veins are
also observed.

Jasper recrystallization to quartz is associated with the for-
mation of abundant quartz veins and veinlets (fig. 9, table 3 of
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FIG. 2.  Carajás iron deposits, Brazil. A. Core sample of quartz-hematite veins within incipiently hydrothermally altered
banded jaspilite from the N5S deposit. Note the light-colored streaks, parallel to banding, (i) which emerged due to quartz
and hematite (dashed lines) veins. These have white nuclei composed of fine-grained quartz that are invariably vuggy, and
their contacts with jaspilite are darker and devoid of vugs (ii). B1. Scanned surface of a thin section of a least altered, in-
tensely veined jaspilite sample, showing light-colored patches (highlighted) associated with both microcrystalline hematite
and jasper bands. The patches are located in regions of crosscutting veinlets. B2. Photomicrograph of B1 showing (arrows)
the two patches marked on B1, highlighted by dashed and continuous lines, where most of the jasper is transformed to re-
crystallized quartz and microcrystalline hematite is lost (polished thin section, natural transmitted light; N5S deposit). C.
Jasper bands with overgrown martitic magnetite (after microcrystalline hematite), displaying halos of clear, hematite-free or
-poor chert and quartz, with quartz having formed due to chert recrystallization (polished thin section, natural transmitted
light; N4W deposit). D. and E. Core samples of quartz-hematite veins, banded jaspilite that are considerably vuggier than
sample (A). Note that vugs are concordant to banding and are rooted in veins (N5S deposit). Mineral abbreviations: Qtz =
quartz, Hem = hematite, MiHem = microcrystalline hematite, Mt = martite.



Figueiredo e Silva et al., 2008) and porosity development
(Fig. 2A-E). The dominant V1a and V1b veins (table 3 of
Figueiredo e Silva et al., 2008) in the distal alteration zone
contain quartz ± sulfide or calcite ± chalcopyrite (pyrite)-
magnetite, and either crosscut or are parallel to jaspilite
bands. The jaspilite adjacent to V1 veins is locally brecciated.

Intermediate alteration zone—martite-microplaty hematite-
quartz: Martite characterizes the martite-microplaty hematite-
quartz assemblage of this alteration zone (Tables 1, 2; Fig. 3),
with or without kenomagnetite. Martite (grain size 100–300
μm, exceptionally 600 μm) may preserve kenomagnetite re-
licts (e.g., at the N4W deposit; Fig. 1E). Quartz-jasper disso-
lution led to porous, locally brecciated rocks, and to the pre-
cipitation of lamellar (microplaty or platy) hematite (Fig. 1H)
that fills the open spaces or vugs (Fig. 2D, E). The size range
of this hematite is 4 to 8 μm (microplaty) and 100 to 200 μm,
locally 400 μm (platy). The microplaty or platy hematite also

formed at the expense of martite edges. Rare gold particles
are included in quartz or associated with martite in altered
jaspilite (Figueiredo e Silva, 2004).

There are two vein types (fig. 9, table 3 of Figueiredo e
Silva et al., 2008) in the intermediate alteration zone: V2—
quartz ± microcrystalline hematite bedding-discordant and
vuggy veins, and V3—microcrystalline hematite-quartz veins
that crosscut and/or are parallel the jaspilite bedding. Quartz
is granoblastic, zoned, and comb textured in the vugs. Car-
bonates are absent.

Proximal alteration zone—hematite (carbonate-quartz):
The proximal alteration zone (Tables 1A, 2; Fig. 3) is charac-
terized by various types of hematite and/or by the presence of
martite. The destruction of martitic magnetite “blasts” results
from their recrystallization forming abundant eye-shaped ag-
glomerates of anhedral hematite (~20 μm), especially in the
N5E deposit hard ores (Fig. 1M). Some anhedral hematite
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FIG. 3.  Paragenetic sequence for the Carajás N4 and N5 iron ore deposits. Table at bottom displays variation from hard
hematite (Hem) ore zone through proximal, intermediate, and distal alteration zones. Note that chert recrystallization to
quartz and their dissolution are associated with the intermediate and proximal zones, whereas quartz vein deposition is ob-
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hematite (adapted after Lobato et al., 2005b).
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TABLE 2.  Summary Hydrothermal Alteration Chart, Displaying Commonalities and Differences in Hypogene Alteration for Selected Iron Ore Deposits of
the Carajás and Hamersley Iron Districts in Brazil and Australia, Respectively, Thabazimbi Deposit and Zeekoebaart Prospect in South Africa1

A Carajás Hamersley South Africa

Serra Norte deposits 
Alteration zones (in jaspilite) North deposit (Tom Price) Thabazimbi deposit Zeekoebaart prospect

Distal (1) Chert-Qtz leached; (1) Distal magnetite-siderite- (1) Fe silicates, Carb and Mag (1) Mag replaced by fine-
abundant vein Qtz ± Carb iron silicate zone replaced by KMag and Mt grained Hem to form KMag 
± Sulf (2) Chert bands partially (2) Chert is partly leached and that develops into Mt
(2) Mag after MiHem & replaced by bladed Mag, also replaced by MpHem (2) Leaching of silicate layers 
in veins Sd and Fe silicates (3) Collapse breccias cemented results in collapse structures
(3) Qtz-Carb veins may have (3) Mag after Dol or Sd by late THem, with angular (3) MpHem in iron-poor
Py and Ccp but lack Hem (4) Breccia and vein formation fragments of oxidized BIF cherty layers

(4) Microcrystalline Qtz and (4) PH replaces Mt
Hem replace Gru and Ank (5) Qtz veins

Intermediate (1) Intense Mag martitization (1) Intermediate hematite- Not described Not described
(2) Advanced chert ankerite-magnetite zone 
recrystallization to Qtz and (2) Sd replaced by Ank; 
chert-Qtz leaching liberated Fe precipitates 
(3) Intense Qtz-Hem and MpHem 
Hem-Qtz formation with (3) Breccias, veins; complete 
MpHem and less Sulf absence of chert mesobands 
(4) Significant porosity (pseudomorphous after 
increase; vugs partially Carb)
filled by MpHem (4) Qtz is absent

Proximal and/or (1) Progressive martitization (1) Proximal martite- (1) Efficient leaching and (1) Complete replacement of 
high-grade ore to form AnHem microplaty hematite- replacement of chert KMag to form Mt

(2) Rare Qtz veins with apatite zone (2) Two hypogene, high-grade (2) Efficient leaching of SiO2

MpHem (2) Mt and AnHem replace iron ore types that grade into led to laminated and massive 
(3) Stockwork-style, Mag and Fe silicates, one another: (a) hard hematite hematite ores
“Christmas-tree”-type veins respectively that may be massive, laminated, (3) Mt recrystallization 
contain THem, and crosscut (3) Proportion of Mt and brecciated; (b) carbonate- resulting in PH in former 
rocks of all alteration stages increases with proximity to hematite Fe-rich bands in BIF
(4) Hematite-martite and high-grade ore 3) (a) Contain fine-grained (4) MpHem develops within 
hematite ore types, with (4) Increased oxidation of Mt Hem and minor Mt-laminated Fe-poor or microcrystalline 
MpHem, AnHem, Them, is accompanied by increase ores dominated by MpHem, Qtz microbands at the expense 
and preserving MiHem in voids and Gt formation which is abundant in of chert that is effectively 
(5) Intense Carb alteration (5) MpHem important brecciated and massive ores; leached
results in ore breccias constituent of both hard and (b) Encompasses various (5) Small patches of chert 
cemented by Dol (N5 soft high-grade iron ores breccia ore types, cemented by almost entirely replaced by 
deposit) and Kut (6) All Carb are dissolved sparry Carb, and developed in MpHem
(6) Late-stage, AnHem- and (7) Ap occurs mainly within response to fracturing of 
Them-rich ore lacks Qtz the inter-granular space of high-grade hematite ores
and Carb veins Mt mesoband

B Carajás

Alteration zones Various deposits in the Serra Norte (in mafic wall rock)

Distal (1) Igneous, variolitic texture partially preserved
(2) Abundant Chl replaces prealteration silicates forming chloritites 
(3) Qtz-Carb veins
(4) Some Hem, white mica AND comb-textured Ab
(5) Also Mag, minor MpHem, fibrous vein filling Tlc, Ttn, and Brk in veins; rare Zrn

Intermediate (1) Pervasive Chl; also Hem development along veins and replacing amygdales, locally forming Hem chloritites
(2) Important Carb and Qtz development
(3) Also white mica, Ab, Ttn, Mag, subordinate Sulf

Proximal (1) Pervasive and abundant Hem; further Chl development 
(2) Presence of Hem chloritites
(3) Also Carb, Qtz, white mica, Ab, Ttn, Mag, subordinate Sulf

1 Adapted from data in Thorne (2001), Netshiozwi (2002), Harding (2004), Lobato et al. (2005b), Thorne et al. (2007), Zucchetti (2007); Figueiredo e Silva
et al., (2008)

Mineral abbreviations: Ab = albite, AHem = anhedral hematite, Ank = ankerite, Ap = apatite, Carb = carbonate, Ccp = chalcopyrite, Chl = chlorite, Dol
= dolomite, FeSil = iron silicate, Gru = grunerite, Gt = goethite, Hem = hematite, KMag = KMagnetite, Kut = kutnahorite, MiHem = microcrystalline
hematite, Mag = magnetite, MpHem = microplaty hematite, Mt = martite, PH = patchy hematite, Py = pyrite, Qtz = quartz, Sd = siderite, Sulf = sulfide,
THem = tabular hematite, Tlc = talc, Ttn = titanite, Zrn = zircon



also developed by recrystallization of microcrystalline
hematite, where it was in contact with euhedral and/or tabu-
lar hematite veins. Fine- to medium-grained (200–300 μm,
locally up to 500 μm), euhedral and blade-tabular hematite
(Fig. 1N, O) forms internal selvages to discordant and layer-
ing-parallel milli- to centimeter veins. The euhedral and
blade-tabular hematite appears to correspond to the latest
oxide stage and is located in discordant veins and veinlets
without quartz. They are commonly comb-textured, exhibit
growth zones, and further fill the vugs created by chert-
quartz dissolution. Growth lamellae are common in euhedral
hematite (Fig. 1M) but also are observed in anhedral, tabular,
and, rarely, in lamellar (microplaty or platy) hematite.

Pyrite is located as inclusions in hematite (martite and/or
anhedral types) and, in the case of mafic rocks, also as rings
around amygdale fillings. Locally pyrite is surrounded by
chalcopyrite, which in places is overgrown by covellite. Rare
gold is encountered in this zone as inclusions in tabular
hematite. Rare chalcopyrite is observed in anhedral hematite
bands of high-grade ore.

The proximal alteration zone is characterized by vein filling
(vein types in table 3 of Figueiredo e Silva et al., 2008) in
breccias classified as V4—carbonate-quartz breccia, and
V5—quartz ± microplaty hematite breccia; both are located
in high-grade ore (Table 3). In this alteration zone, carbonate
is predominantly dolomite impregnated by hematite dust (fig.
9 of Figueiredo e Silva et al., 2008) that may be associated
with (crystalline) hematite. Quartz and dolomite may contain
hematite inclusions.

Mafic rocks: Hydrothermal alteration also affected mafic
wall rocks surrounding jaspilites and ores, including mostly
basalts, and to a lesser degree gabbro and diabase. Basalts
display features indicative of seawater hydrothermal alter-
ation (e.g., Meirelles, 1986; Meirelles and Dardenne, 1991;
Teixeira et al., 1997). Amphiboles (± epidote), relict plagio-
clase laths and augite may occur as prealteration minerals
(Tables 1B, 2B, Fig. 4) in samples that still preserve their
original textures. These rocks were subsequently affected by
a regional greenschist-facies metamorphism. Finally, the
mafic rocks were chloritized and hematitized at their top
portion where in contact with the base of the hard iron ores,

particularly at the N4 and N5 deposits, as a result of the hy-
drothermal alteration associated with the formation of high-
grade iron ore (Zucchetti and Lobato, 2004; Lobato et al.,
2005a; Zucchetti, 2007; Zucchetti et al., 2007).

In the distal alteration zone, igneous textures are partially
preserved, such as varioles and amigdales (Table 2B, Fig. 5).
The hydrothermal alteration is defined by chlorite-quartz-
carbonate ± hematite assemblage (Table 1B). The color of
the rocks is light pinkish-green due to the impregnation of
very fine-grained hematite (Fig. 5A-F). This alteration was
initiated via fluid influx in amygdales or varioles, which acted
as nuclei to fluid dispersion (Fig. 5A-C). 

The intermediate alteration zone is characterized by chlo-
rite-hematite-quartz-albite-mica-carbonate ± titanite ± mag-
netite ± sulfides assemblage, whereas the proximal alteration
zone displays hematite-chlorite-quartz-albite-mica-carbonate
± titanite ± magnetite ± sulfides assemblage (Figs. 4, 5; Tables
1B, 2B). In both intermediate and proximal alteration zones
hematite is dominantly acicular, microlamellar, and lamellar.
Anhedral hematite (developed after martite) agglomerates in
veins and random crystals located in the breccia matrices; car-
bonate, quartz, and rare sulfides dominate in veins. As shown
in Figure 5D and E, the rupturing of amygdale margins gave
place to hematite-rich chloritites, with concomitant to late de-
velopment of hematite ± chlorite-filled fractures. 

Hamersley Iron District, Australia

Regional geologic setting

Banded iron formation-hosted high-grade iron ores of the
Hamersley province in northwestern Australia (fig. 1 of Thorne
et al., 2008) are located in the Neo-Archean to Paleoprotero-
zoic (2.6–2.4 Ga) Mount Bruce Supergroup, a succession of
volcanic and sedimentary rocks that overlie the granitoids and
greenstone belts of the Archean Pilbara craton (e.g., summary
in Martin et al., 1998). The Hamersley province contains a re-
source of about 25 billion metric tons (Bt) of iron ore and in-
cludes several deposits dominated by martite-microplaty
hematite ore. The two most important examples are the giant
Mount Tom Price and Mount Whaleback deposits (Thorne et
al., 2008).
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TABLE 3.  Characteristics of Vein Types in the Serra Norte N4 and N5 Deposits in the Carajás Province and in 
the North Deposit in the Hamersley Province1

Serra Norte deposits: Carajás North deposit: Hamersley

Vein type Vein mineralogy Alteration zone Vein mineralogy Alteration zone

V1 Dol, Cal, Sd Unaltered BIF
Distal alteration zone

Qtz, Py;
Cal, Ccp-Py, Mag

V2 Qtz, MpHem (Ccp) Intermediate alteration zone Sd, Fe silicates Distal alteration zone.
V3 MpHem, Qtz Intermediate alteration zone Ank, MpHem Intermediate alteration zone 
V4 Kut-Dol (Cal), MpHem Proximal alteration zone Py Brittle fracture zones that postdate 

intermediate alteration zone (rare) 
V5 Qtz, MpHem (Ccp) Proximal alteration zone Absent

(high-grade ore)

Mineral abbreviations: Ank = ankerite, Cal = calcite, Ccp = chalcopyrite, Dol = dolomite, Kut = kutnahorite, MpHem = microplaty hematite, Py = pyrite,
Qtz = quartz, Sd = siderite

1 Adapted with data from Thorne (2001), Lobato et al. (2005b), Thorne et al. (2007), Figueiredo e Silva et al. (2008)



The Neo-Archean Marra Mamba (ca. 2.6 Ga, Beukes and
Gutzmer, 2008) and Early Paleoproterozoic Brockman (ca.
2.46–2.5 Ga, Beukes and Gutzmer, 2008) iron formations of
the Hamersley Group, Mount Bruce Supergroup are host
to the main iron ore deposits (Martin et al., 1998). A thick
succession of shales and dolostones separate these two iron
formations (e.g., Martin et al., 1998). Minor amounts of
shale and tuffaceous beds are intercalated with the iron for-
mations (Trendall and Blockley, 1970; Blake and Barley,
1992; Barley et al., 1997). The iron formations are typically
microbanded, composed of microcrystalline quartz (chert),
iron oxides, iron silicate, and carbonate minerals (Trendall
and Blockley, 1970; Barley et al., 1999) that reflect green-
schist-facies metamorphism. Dolerite sills and dikes locally
intrude into the iron formations. Some of these mafic in-
trusions predate ore formation and are affected by intense
hydrothermal alteration (Dalstra and Guedes, 2004),
whereas others postdate ore formation (Müeller et al.,
2005).

Iron ore deposits and types

The iron ores exploited in the Hamersley province can be
subdivided into three distinct types: (1) high-grade martite-
microplaty hematite deposits developed predominantly within
the Brockman Iron Formation, with minor deposits within
the Marra Mamba Iron Formation; (2) martite-goethite de-
posits hosted within the Marra Mamba and Brockman Iron

Formations; and (3) detrital deposits and goethite-rich
pisolitic accumulations in Tertiary paleochannels. The latter
two ore types are rather convincingly related to geologically 
recent weathering processes, whereas a hydrothermal origin,
followed by supergene modification, is now widely accepted
for most high-grade martite-microplaty hematite ores.

The identification and investigation of hydrothermal alter-
ation is summarized based on detailed work by a number of
authors on the Mount Whaleback (Powell et al., 1999; Brown
et al., 2004; Webb et al., 2004; Oliver et al., 2007), Mount
Tom Price (Barley et al., 1999; Hagemann et al., 1999; Ridley,
1999; Taylor et al., 2001; Dalstra et al., 2002; Cochrane, 2003;
Thorne et al., 2004, 2005, 2007, 2008) and Paraburdoo de-
posits (Taylor et al., 2001; Dalstra, 2005).

With a premining resource in excess of 1800 Mt at 65 wt
percent Fe the Mount Whaleback deposit is the largest
known iron ore accumulation in Australia (Clout, 2005). The
deposit is structurally complex (fig. 4 of Thorne et al., 2008),
with the orebody constrained by the westerly plunging over-
turned East and South synclines (Powell et al., 1999; Taylor et
al., 2001; Webb et al., 2003, 2004; Thorne et al., 2008). High-
grade iron ore (Fig. 3B) is hosted predominantly in the Dales
Gorge Member of the Brockman Iron Formation (fig. 4 of
Thorne et al., 2008), with lesser amounts in the underlying
Colonial Chert Member of the Mount McRae Shale and the
overlying Joffre Member of the Brockman Iron Formation
(Webb et al., 2003). The ore in the Dales Gorge Member
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consists of medium to hard martite and microplaty hematite.
Ore in the Joffre Member consists of soft, fissile microplaty
hematite containing locally elevated amounts of goethite.

The Mount Tom Price deposit is located near the eastern
closure of the Mount Turner syncline (fig. 5 of Thorne et al.,
2008). More than 90 percent of the ore at Mount Tom Price
is located in the Dales Gorge Member. Locally iron ore ex-
tends into the Joffre Member (fig. 5 of Thorne et al., 2008),
where it is in faulted contact with the Dales Gorge Member
(Barley et al., 1999). The entire thickness of the Dales Gorge
Member consists of high-grade ore at the eastern end of the
deposit (e.g., South East Prongs deposit; fig. 5 of Thorne et
al., 2008), with only the upper portion of this unit reaching
ore grade farther west (e.g., North deposit). Major structures
that control the distribution of high-grade iron ore include
the Southern Batter, the Box Cut (fig. 5 of Thorne et al.,
2008), and the North East Prong faults (Taylor et al., 2001). A
set of northwest-trending dolerite dikes extends through the
Southern Ridge and syncline deposits and are influenced by
F2 and F3 folds.

The Paraburdoo deposit consists of two orebodies: 4 West
and 4 East (Harmsworth et al., 1990; fig. 6 of Thorne et al.,
2008). High-grade iron ore is equally distributed between

the Dales Gorge and Joffre Members of the Brockman Iron
Formation. Lesser amounts of iron ore are associated with
flat-lying faults within the Yandicoogina Shale and the lower-
most section or the Weeli Wolli Formation (fig. 6 of Thorne
et al., 2008). Structural reconstruction of the Paraburdoo de-
posit suggests that the flat fault zones that now underlie the
deposit were steeply dipping normal faults, prior to late tilt-
ing (Dalstra, 2005). Northwest-trending dikes (ca. 2008 Ma;
SHRIMP 207Pb/206Pb baddeleyite; Müller et al., 2005), which
limit the aerial extent of iron orebodies at Paraburdoo (fig. 6
of Thorne et al., 2008), intrude extensional faults active dur-
ing the mineralization processes and were hydrothermally al-
tered to a talc-chlorite assemblage during ore formation (Bar-
ley et al., 1999; Dalstra, 2005) but do not intrude the Mount
McGrath Formation. This indicates that the hypogene alter-
ation and iron ore formation took place during or shortly after
emplacement of the Paleoproterozoic dikes.

Hydrothermal alteration zones

Evidence for hydrothermal alteration is surprisingly scant
at the Mount Whaleback deposit. Webb et al. (2004) reported
that the chemical and mineralogical composition of the
Mount McRae Shale beneath the iron orebody (fig. 4 of
Thorne et al., 2008) at Mountt Whaleback at depth is chemi-
cally and mineralogically distinct from the regional black and
red shales produced during regional metamorphism. The
shale is locally intensely carbonate altered and adjacent to
high-grade ore consists of fine- to medium-grained dolomite
cut by numerous chlorite and ferroan-dolomite and/or
ankerite veinlets (cf. Webb et al., 2004; fig. 4 of Thorne et al.,
2008). Fine-grained ferroan-dolomite and ankerite crystals
are spatially associated with many of these veins (fig. 3A of
Thorne et al., 2008). Powell et al. (1999) and Brown et al.
(2004) studied at least five generations of quartz ± hematite
veins surrounding the Mount Whaleback deposit. At least one
generation of hematite ± quartz veins that is locally enclosed
by microplaty hematite ore (Fig. 1K) was suggested to be syn-
chronous to the main ore-forming event.

Three compositionally distinct zones of hydrothermal alter-
ation have been described at the Mount Tom Price deposit
(Taylor et al., 2001; Thorne et al., 2004, 2005, 2008), distal mag-
netite-siderite-iron silicate (Fig. 6A, B), intermediate hematite-
ankerite-magnetite, and proximal martite-microplaty hematite-
zones (Figs. 6C-F, 7A, B; Tables 1A, 2). The distal alteration
zone (Fig. 6D, Fig. 7A) is about 30 m wide and characterized
by replacement of chert layers by bladed magnetite (50–200
μm), siderite (800–1,500 μm), and iron silicates (20–110 μm;
Fig. 1B). The shape of the magnetite is atypical, suggesting
that it is pseudomorphous after preexisting minerals, likely
siderite (Fig. 1C). Where preserved, microcrystalline quartz is
intergrown with euhedral magnetite and forms inclusions
within siderite blades. Pyrite crystals (50–300 μm) are finely
disseminated within shale layers. Apatite is observed as euhe-
dral crystals intergrown with anhedral chlorite (Fig. 7A). Veins
in the distal alteration zone (V2 veins, Table 3) are observed in
orientations both crosscutting and parallel to the lamination of
the BIF host rock and are filled by siderite and stilpnomelane
(Table 3). The wall rock adjacent to these veins is locally brec-
ciated with clasts (5–60 mm) of magnetite-rich mesobands in
a matrix of bladed magnetite, siderite, and iron silicates.
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FIG. 5.  Scanned surfaces of thin and polished sections of the N5E deposit,
Carajás, showing the progressive hydrothermal alteration of volcanic mafic
rocks, which is initiated via fluid infiltration into amygdales, shown on the
surface of thin sections. A. B. and C. Chlorite-dominated alteration, with as-
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hematite dust covering all phases. D and E. Hematite(Hem)-dominated al-
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richment (i.e., hematite development), with sample (F) representing the
most advanced alteration stage (from Lobato et al., 2005a, b; Zucchetti,
2007).



HYPOGENE ALTERATION ASSOCIATED WITH HIGH-GRADE BIF-RELATED IRON ORE 117

0361-0128/98/000/000-00 $6.00 117

Mag
Mag

1 cm1 cm

SdSd

Mag
Mag--SdSd--FeSil

FeSil

11 ccmm

Ank
Ank

Mag
Mag--M

pHem
MpHem

Mag
Mag

11ccmm

MtMt--GtGt
MtMt

MtMt--MpHem
MpHem

MtMt

DD EE FF

MtMt

M
pHem

M
pHem

BIFBIF

Mineralized BIFMineralized BIF
BB

CCMM gg--QQttzz--FFeeSSiill

1 cm1 cm

aa

MM ggaa

AA ChertChert

Chert
Chert

FIG. 6. Core samples from the North deposit, Mount Tom Price. A. Least altered BIF showing chert and magnetite band-
ing. B. Least altered BIF showing hematitized portion. Note that hematite invades bands of BIF. C. Hard hematite ore, with
preservation of bands characterized by alternating martite- and microplaty hematite-rich bands. D. Magnetite-siderite-iron
silicate distal alteration zone showing preservation of bands. E. Hematite-ankerite-magnetite intermediate alteration zone
with localized brecciated magnetite bands. F. Martite-microplaty hematite ore (supergene). Note preservation of banding
and goethite infill. Abbreviations: FeSil = iron silicate, Gt = goethite, Mag = magnetite, MpHem = microplaty hematite, Mt
= martite, Sd = siderite (adapted after Thorne et al., 2004).

High-grade ore
Channar
Ratty Springs
Paraburdoo
Mt Tom Price

Protore
Mt Tom Price
Distal
Intermediate
Proximal
Talc altered
Paraburdoo
Proximal

Unmineralised BIF
Dales Gorge Member
Joffre Member

H y p o g e n e S u p e r g e n e

Zone Least-altered BIF Proximal High-grade iron ore
(Fe>60 %, P>0.05 64%)Mineral

IRON OXIDES
Magnetite
Anhedral hematite
Microplaty hematite
Martite
Goethite

CARBONATES
Dolomite
Siderite
Ankerite

SILICATES
Chert
Iron Silicates
Chlorite

SULFIDE
Pyrite

Euhedral
Magnetite

( )Mg

Platy
Magnetite

(pMg)

Bladed
Hematite

( )pHm

Microplaty
Hematite

( )mpH
Martite

( )Mr
Anhedral
hematite

( )aHm

<5 wt% >5 and <10 wt% >10 and <20 wt% >20 wt%

Distal Intermediate

A

B

FIG. 7.  A. Paragenetic alteration sequence in BIF at the North deposit, Mount Tom Price. Proximity to iron mineraliza-
tion increases to the right. Zone widths shown here do not relate to actual widths observed in the field (adapted after Thorne
et al., 2004). B. Paragenetic sequence of oxide minerals between nonmineralized BIF and high-grade ore for various deposits
in the Hamersley province (Thorne et al., 2007).



Intermediate alteration zones are about 15 m in width
(Figs. 6E, 7A) and characterized by the mineral assemblage
microplaty hematite-ankerite-martite that replaces quartz,
siderite, magnetite, and iron silicates (Fig. 6). Microplaty
hematite (10–60 μm) forms both individual blades and dense
clusters as overgrowth on magnetite (Fig. 1C) and as individ-
ual plates within ankerite crystals. Euhedral and bladed mag-
netite show minor replacement by martite along crystal
boundaries, whereas iron silicates are replaced by anhedral
and microplaty hematite (Fig. 7B). Ankerite crystals (0.20–4
mm) form variably recrystallized mosaics with irregular grain
boundaries. Apatite is present as inclusions within magnetite
and microplaty hematite and as anhedral crystals within
ankerite crystals.

There are two vein sets associated with the intermediate al-
teration zone. These are ankerite-hematite (V3, Table 3) and
pyrite veins (V4, Table 3). The V3 veins are especially abun-
dant and crosscut BIF and shale bands, whereas pyrite veins
are rare and are in the fracture zones that postdate hematite-
ankerite-magnetite alteration. Breccias are matrix supported
and consist of angular and rotated clasts (5–40 mm) of altered
iron formation within an ankerite-microplaty hematite matrix.

The proximal alteration zone is about 15 to 30 m wide and
characterized by the mineral assemblage martite-microplaty
hematite-apatite. Martite and anhedral hematite replace mag-
netite and iron silicates of the intermediate alteration assem-
blage, respectively. Minor amounts of apatite and chlorite are
located in thin layers, together with some fine-grained martite.
Intergranular porosity increases significantly. Locally, late-
stage talc alteration crosscuts the proximal alteration zone.

The high-grade ore consists of martite and microplaty
hematite, with the ore preserving the meso- and microlayer-
ing of the primary BIF bands. The ore is characteristically
porous and consists of randomly oriented, fine-grained platy
hematite and martite. Individual microplates (0.001–0.25
mm) are bladed or cigar shaped with sharp terminations (Tay-
lor et al., 2001) that exhibit intensive overgrowth on subhe-
dral martite grain margins. High-grade martite-microplaty
ore was formed by the interaction of supergene fluids with
the proximal martite-microplaty hematite-apatite assemblage.
Magnesium silicates were converted to a kaolinitic residue,
thereby significantly thinning the shale layers, apatite was dis-
solved, and both calcium and phosphorus were leached from
the ore. Dolerite dikes that bound the high-grade ore are in-
tensely altered and largely composed of chlorite and talc, with
accessory leucoxene and pyrite. The chlorite (diabantite)
forms pseudomorphs after primary phases such as pyroxene
and amphibole, whereas talc or chlorite form pseudomorphs
after feldspar.

As for Paraburdoo, preliminary work at the deposit has
identified at least one hydrothermal alteration zone transi-
tional between the BIF protolith and the high-grade iron ore
(Thorne et al., 2007; fig. 6 of Thorne et al., 2008). The proxi-
mal alteration zone is characterized by a hematite-dolomite-
chlorite-pyrite assemblage, is at least 20 m wide, and is em-
placed below the depth of modern weathering. It forms by
the replacement of magnetite by hematite and the replace-
ment of quartz by dolomite, chlorite, and pyrite. Matrix-sup-
ported BIF breccias are observed locally and consist of angu-
lar and rotated clasts of altered BIF in a dolomite-microplaty

hematite-chlorite-pyrite cement. The mineral assemblage is
similar to that of the intermediate alteration zone at Mount
Tom Price. The entire orebody at Paraburdoo now lies within
the Tertiary weathering profile and some high-grade martite-
goethite ore is mixed with the martite-microplaty hematite
ore. The latter ore is also very similar to that described at
Mount Tom Price.

South African Iron Deposits

Regional geologic setting

The Late Archean to Paleoproterozoic (2.06–2.65 Ga)
Transvaal Supergroup on the Kaapvaal craton is comprised of
lowermost protobasinal volcano-sedimentary deposits, fol-
lowed by platform carbonate rocks (dolostone, minor lime-
stone), and BIF of the Ghaap-Taupone-Chuniespoort
Groups. These are unconformably overlain by clastic sedi-
mentary and volcanic rocks of the Postmasburg-Segwagwa-
Pretoria Groups (Eriksson et al., 1995). Voluminous iron for-
mations of the Asbesheuwels Subgroup in the Griqualand
West subbasin and the laterally correlative Penge Formation
of the Transvaal subbasin of the Transvaal Supergroup
(2.43–2.45 Ga, Pickard, 2003) host all economically important
high-grade iron ore deposits of South Africa. The As-
besheuwels Subgroup thickness ranges from 250 (platform
facies) to 750 m (basinal facies), with a complex mineralogical
and textural facies architecture that is documented in detail
by Beukes (1983) and Beukes and Gutzmer (2008). Miner-
alogical and textural iron formation facies can be correlated
over large distances, suggesting deposition on a continental
platform (i.e., a submerged Kaapvaal craton) in a very stable
depositional and/or tectonic environment (Beukes, 1983).

The most important South African high-grade hematite ore
deposits are hosted by the Manganore Iron Formation, an ex-
tensively oxidized remnant of the Asbesheuwels Subgroup, in
the Griqualand West subbasin. The Manganore Iron Forma-
tion and associated high-grade iron ores are preserved in de-
pressions that are related to Paleoproterozoic (2.1–2.2 Ga)
peneplenation, lateritic weathering, and karstification
(Gutzmer and Beukes, 1998). High-grade iron ores within the
Manganore Iron Formation are developed immediately
below the erosional unconformity that marks this peneplena-
tion event and are thought to be of ancient supergene origin
(Beukes et al., 2003). These are, therefore, not the subject of
this contribution.

In contrast, high-grade iron orebodies exploited at the
Thabazimbi deposit in Limpopo province, which are hosted by
the basal portion of the Penge Iron Formation, as well as the
Zeekoebaart prospect of the basal portion of the Kuruman
Iron Formation near Nauga in Griqualand West, are regarded
to be of hydrothermal origin. The orebodies of the Thabaz-
imbi deposit are particularly well documented (Strauss, 1964).

The Thabazimbi deposit 

The Thabazimbi iron deposit comprises a series of tabular,
strata-bound orebodies aligned along the faulted basal con-
tact between the Neo-Archean to Paleoproterozoic Penge
Iron Formation and the dolostones of the Malmani Sub-
group, immediately above a chert-rich, black carbonaceous
shale unit that is intensely sheared and highly oxidized (Van
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Deventer et al., 1986; Gutzmer et al., 2002). The concentra-
tion of high-grade hematite orebodies near the structural,
basal contact of the Penge Iron Formation suggests an ore-
forming process that was both structurally and lithologically
controlled. Formation of the high-grade iron ores took place
after contact metamorphism related to the intrusion of the
Bushveld complex (2.05 Ga) but before the deposition of red
beds of the Waterberg Group at ca. 1.9 Ga (age of ore forma-
tion by de Kock et al., 2008).

The hydrothermal alteration attending ore formation has
been described by Netshiozwi (2002) and Netshiozwi et al.
(2002) and much of the present review is based on their work
(Tables 1, 2). The origin of the Thabazimbi ores is also dis-
cussed by Beukes et al. (2002) and (Gutzmer et al., 2002,
2006).

The metamorphosed Penge Iron Formation is very fine
grained with alternating dark iron oxide bands and light gray
laminae containing chert, grunerite, and ankerite, with the
following main assemblage (Fig. 8A, B): chert and/or micro-
quartz-magnetite (±dusty hematite inclusions)-stilpnome-
lane-calcite-ankerite-grunerite. Variations in the amounts of
these phases characterize different mineralogical facies of

BIF. Reddish chert (QTZ-I) and microquartz (QTZ-II) are
the most abundant constituents (Fig. 9), and these enclose
dusty hematite (He-I). Diagenetic magnetite probably
formed by the reduction of dusty hematite is the dominant
iron oxide. Stilpnomelane and closely associated calcite (CC-
I, Fig. 9) and ankerite are also interpreted to be of diagenetic
origin. Carbonates and stilpnomelane predate the formation
of grunerite that is thought to be a product of contact meta-
morphism related to the intrusion of the giant Bushveld lay-
ered igneous complex. Minor to trace amounts of pyrite, ap-
atite, and chlorite are also present (Fig. 9).

All high-grade iron orebodies at the Thabazimbi deposit are
surrounded by a halo of oxidized and partly enriched BIF, i.e.,
alteration of the Penge Iron Formation (Figs. 1F, 8C; Tables
1A, 2A). Platy hematite (He-II, Fig. 9) is disseminated in
chert, imposing a distinctive pinkish color, and probably rep-
resents recrystallization of primary dusty hematite and re-
placement of grunerite and ankerite by hematite and the for-
mation of martite at the expense of magnetite. Locally, chert
has been either replaced by microplaty hematite or it has been
leached, thus giving rise to porosity. Veins and veinlets are
filled by coarse tabular hematite (referred to as specularite by
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FIG. 8.  Photographs illustrating the typical appearance of the least altered and oxidized Penge Iron Formation, South
Africa (from Netshiozwi, 2002). A. Mesobanded iron formation characterized by thick grunerite-chert mesobands closely in-
tercalated by thick magnetite-rich laminae. This type of iron formation is likely to produce a massive hematite ore during the
ore-forming process. B. Magnetite-rich grunerite-chert iron formation. Note that grunerite-chert mesobands are character-
ized by thin laminae of magnetite. C. Oxidized cherty facies of the Penge Iron Formation. Note porosity developed where
chert was leached. D. Laminated hematite ore comprised of massive hematite beds closely alternating with thin porous
hematite laminae. Note minor brecciation toward bottom right of the sample. The breccia fragments are cemented by porous
hematite. Photographs (E) to (J) display different types of high-grade hematite ore at the Thabazimbi mine. E. Typical ap-
pearance of massive hard hematite ore, mainly comprised of fine-grained martite (Mt) and patchy hematite. F. Finely lami-
nated hematite ore characterized by very thin (millimeter-thick) massive hematite laminae alternating with dusty hematite
laminae of distinctly greater thickness (3–5 mm). G. Folded, laminated high-grade hematite ore. Note that the folding of the
ore preceded iron mineralization. Photos (H), (I), and (J) show samples of carbonate-hematite ore. H. Hematite-calcite brec-
cia with rectangular to angular hematite fragments cemented by sparry calcite. I. Dolomite breccia defined by irregular out-
lines of hematite ore fragments, cemented and replaced by sparry dolomite. J. Hydraulic hematite breccia with well-defined
angular fragments of hematite cemented by sparry calcite.



Gutzmer et al., 2002, and Netshiozwi, 2002) and coarse crys-
talline quartz fills fractures and veinlets. The effects of hy-
drothermal alteration are similar to the intermediate alter-
ation zone in the Carajás iron district.

The formation of high-grade hematite orebodies at the
Thabazimbi deposit are the result of the gradually increas-
ing degree of SiO2 leaching (Fig. 8D-J) and closely associ-
ated volume loss that created widespread brecciation of the
high-grade hematite ore (Fig. 8D; Gutzmer et al., 2005).
The presence of finely laminated and massively textured
iron ores devoid of brecciation, on the other hand, suggests
either the introduction of iron and replacement of silica-rich
laminae by porous aggregates of microplaty hematite or the
remobilization of iron during the ore-forming process. The

formation of such high-grade hematite-martite ores at the
Thabazimbi deposit corresponds to the proximal alteration
zones described in the Hamersley and Carajás iron districts.

Hard hematite ores dominate at the Thabazimbi deposit.
They may be massive, laminated, and brecciated and are
mainly composed of martite, patchy (He-IV), and microplaty
hematite. Massive ores may have originated by replacement
of the banded Penge Iron Formation, including fine-grained
microplaty hematite. These ores are either devoid of sedi-
mentary lamination or may display traces of mesobanding.
Patchy hematite and martite constitute the massive bands of
these laminated hematite ores. Anhedral, patchy hematite is
defined by lobate grain boundaries, and it is interpreted to
have formed during the recrystallization of martite. Tabular
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hematite is observed in laminated hematite ore, infilling
porosity, and also in crosscutting quartz veins. There is a grad-
ual transition from laminated through weakly fragmented to
brecciated ore types. Breccias evolved from hard hematite
ores that were reduced by collapse and secondary tabular
hematite infill. Breccia fractures are variously cemented by
very fine grained anhedral hematite, microplaty hematite,
and tabular hematite.

In addition to high-grade hematite-martite ores, four min-
eralogically distinct types of iron ore have been recognized:
(1) goethite-rich, (2) low-grade dolomite-hematite, (3) low-
grade calcite-hematite, and (4) talc-hematite. Goethite-rich
ores are restricted to the geologically recent weathering envi-
ronment, whereas carbonate-rich ores interfinger with high-
grade hematite-martite ore at depth. Talc-rich ores are found
locally along the fringes of the high-grade iron orebodies and
along the contact of high-grade iron ore with the basal shale.

The iron oxides in the low-grade carbonate- and talc-rich
hematite ores are of very similar texture and mineralogy (i.e.,
hematite, martite, remnant magnetite) to high-grade ores and
are intimately intergrown with sparry carbonates and talc
(Fig. 8H-J; Tables 1A, 2A). This led Netshiozwi (2002) and
Gutzmer et al. (2005) to the conclusion that ore formation
was genetically associated with the formation of calcite,
dolomite, and talc. It is interesting to note that despite the
fact that both sparry calcite and dolomite appear to be coge-
netic with the ore-forming microplaty hematite, these car-
bonates are not observed in close spatial association or even
intergrown. Indeed, they appear always to be separated by ei-
ther an oxidized shale bed or a bed of high-grade hard
hematite ore.

Supergene alteration of both high-grade hematite and car-
bonate-hematite ores is common and leads to friable, often
goethite-bearing high-grade ores.

The Zeekoebaart prospect

The Zeekoebaart prospect is in an area of intense deforma-
tion along the southwestern margin of the Kaapvaal craton in
Griqualand West (Harding, 2004). It consists of a strata-
bound lens of hard hematite ore located near the basal con-
tact of the iron formation to the underlying Klein Naute Shale
(Beukes and Gutzmer, 2008). The present account of the
high-grade iron ores of the Zeekoebaart prospect and its rela-
tionship to the surrounding Kuruman Iron Formation is
based on the work by Harding (2004).

The high-grade iron ore at the Zeekoebaart prospect is sur-
rounded by a wide halo of oxidized iron formation. This oxi-
dized BIF is comprised essentially of alternating layers of iron
oxide (hematite and martite) and fine-grained quartz (Fig. 10;
Tables 1A, 2A). Microplaty hematite laths form in the iron-
poor or cherty layers, whereas patchy hematite is observed to
replace martite in the iron oxide-rich layers. Overall, the oxi-
dized BIF compares well to oxidized BIF at the Thabazimbi
deposit and the intermediate alteration zone in the Carajás
iron district. Short veins of coarse-grained quartz crosscut the
oxidized BIF; hematite and carbonates are conspicuously
absent. Unaltered BIF is known to crop out at a distance of
ca. 1 km from the Zeekoebaart prospect. This unaltered
basinal facies of the Kuruman Iron Formation encompasses
alternating iron-rich magnetite-hematite-siderite (ankerite)

and iron-poor chert-siderite-stilpnomelane mesolayers
(Beukes, 1983). Comparison of this unaltered protolith to ox-
idized BIF reveals the effects of marked oxidation as well as
SiO2 leaching (Fig. 10).

Proximal alteration at the Zeekoebaart prospect around the
high-grade iron orebody involved leaching of SiO2 from oxi-
dized iron formation and formation of laminated and massive
hard hematite ores (Fig. 11; Tables 1A, 2A). The laminated
ore is composed of dense layers of fine-grained patchy
hematite (former iron oxide bands) that alternate with layers
of coarser grained, microplaty hematite (former chert layers;
Fig. 11). Patchy hematite is interpreted to be the product of
recrystallization of martite. Massive hematite ores, in con-
trast, develop at the expense of thicker mesobanded BIF and
lacks the clear separation of microplaty and patchy hematite.
Thin quartz veins, up to 5 cm wide and containing minor
amounts of coarse blades of hematite, are randomly distrib-
uted in the high-grade ore.

Goethite appears only in minor amounts and is attributed to
the influx of oxidizing meteoric water along pore spaces and
microfractures. The goethite forms as open-space infill but
also as a replacement product of hematite and even quartz.

Commonalities and Differences in 
Hypogene Alteration of BIF

Mineral associations

The most obvious common attribute of all deposits in-
cluded in this review (Tables 1, 2; Figs. 3, 7, 9, 11) is a very
similar paragenetic sequence of iron oxides. Microcrystalline
hematite and fine-grained magnetite, associated with Fe-rich
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FIG. 10.  Photographs illustrating typical samples from the Zeekoebaart
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with discrete lamination (Harding, 2004).



silicates, siderite, and ankerite, dominate the least altered
protolith BIF. In distal alteration zones of the Carajás and
Hamersley districts hematite and locally iron-rich silicates
and carbonates are replaced by euhedral hydrothermal mag-
netite (Tables 1, 2). This magnetite is typically more abun-
dant and coarse grained than magnetite formed during meta-
morphism. The Thabazimbi deposit and Zeekoebaart
prospect lack unequivocal evidence for the formation of par-
agenetically early hydrothermal magnetite (Figs. 9, 11). At
the Hamersley and South African districts, extensive oxida-
tion is reflected by martitization and the formation of
hematite at the expense of Fe2+-rich carbonates and silicates,
marking the intermediate alteration zones, which in Carajás
is characterized by oxidation of magnetite. Several textural
types of hematite, including martite, are located in the oxi-
dized BIF and are similar in appearance to hematite in asso-
ciated high-grade iron ores. This may be used to support the

cogenetic relationship between oxidized BIF and high-grade
hematite ore. 

In order to transform an altered and/or oxidized BIF to
high-grade ore very effective removal of SiO2 needs to take
place. Our case studies revealed that the removal of SiO2 can
take place in two ways. The simplest process involves direct
leaching of SiO2, which is accompanied by widespread oxida-
tion. The second process involves leaching of hydrothermal
carbonate that replaced SiO2 during hydrothermal alteration.
The dissolution of these carbonates can be caused by mete-
oric water influx into fault zones or geologically recent deep
chemical weathering. 

Hydrothermal carbonates are observed in all our case
studies, located in veins and breccias (Table 3), with the no-
table exception of the Zeekoebaart prospect. They are pre-
sent in the distal (siderite) and intermediate (ankerite) alter-
ation zones at Mount Tom Price, whereas only the proximal
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alteration zone at Thabazimbi displays calcite and dolomite.
In both deposits, carbonates effectively replaced chert in al-
tered BIF surrounding high-grade orebodies; in the proximal
alteration zones carbonate is then replaced by hematite. In
Carajás, calcite dominates in the distal alteration zone, with
dolomite and kutnahorite in the proximal alteration zone (the
complete hydrothermal alteration assemblages are listed in
Table 1). Carbonate-altered BIF has, as yet, not been identi-
fied at the Mount Whaleback deposit. This is tentatively at-
tributed to a lack of geologic information on the deeper parts
of the ore-forming system, as the closely associated Mount
Silvia shale has at least locally provided evidence for extensive
carbonate alteration (Webb et al., 2004) Textural relationships
between the iron oxides in carbonate-altered BIF and high-
grade iron ores in the Hamersley district strongly suggest that
carbonate alteration preceded the formation of high-grade
iron ore, and that the transformation of carbonate-altered
BIF to high-grade hematite-martite ore is due to oxidation
and complete decomposition of the hydrothermal carbonates. 

In the Carajás iron district, only the intermediate alteration
stage (martite-microplaty hematite-quartz assemblage) lacks
carbonate. Calcite dominates in the distal alteration zone
(magnetite-calcite-quartz-pyrite assemblage; Fig. 3) in veins
and breccias. The proximal zone (hematite ± carbonate-
quartz assemblage) has dolomite and kutnahorite, covered by
hematite dust, in equilibrium with hematite and rare quartz.
In addition, carbonate-bearing, late-stage veins and breccias
may also be associated with the proximal alteration zone, re-
placing the martite-rich layers. Sulfides are only significant in
the Carajás district where these, together with rare gold, form
in quartz-carbonate veins associated mainly with distal hy-
drothermal alteration zones.

Finally, it is important to note common patterns in the hy-
drothermal alteration of mafic wall rocks, dikes, and sills, and
even shales associated with our case studies. Dalstra and
Guedes (2004) were the first to point out that in several im-
portant deposits and/or districts mafic dikes and sills that in-
truded BIF protolith prior to hydrothermal ore formation dis-
play marked hydration as expressed by the formation of
abundant Mg chlorite and talc. Mafic wall rocks, sills, and
dikes in the Carajás district show very similar alteration ef-
fects, as they were transformed into hematite- and talc-bear-
ing chloritites. Even the formation of talc-rich iron ores along
the contact between high-grade iron orebodies and basal
shale at the Thabazimbi deposit may be attributed to inten-
sive hydration. At Carajás, the widespread and dominant
chlorite, talc, white mica, and albite in the hydrothermally al-
tered mafic wall rocks that surround the high-grade ores is a
function of the mafic wall rocks which are typical of the gran-
ite-greenstone belt setting. This is in contrast to the Hamers-
ley district and Thabazimbi deposit, where iron silicates are
common and reflect the sedimentary host rocks typical for the
host sedimentary basins. Iron silicates are absent at Carajás. 

Vein formation, brecciation, and volume loss

Evidence for multiple events of hydrothermal fluid flow
and associated remobilization is provided at all the studied
sites by different sets of veins. It is important to point out,
however, that veins and breccias can also form pre- and post-
the transformation of BIF to high-grade iron ore. Detailed

geologic mapping, diamond core logging, and a combination
of petrographic and geochemical analyses of veins in the
three case studies provide specific evidence for the contem-
poraneous emplacement of particular vein and breccia types
during the hydrothermal alteration and mineralization
processes in the BIF, but also in the surrounding wall rocks.
Veins emplaced synchronous with iron mineralization processes
display typically crack-seal, massive, or brecciated textures,
and their formation may be genetically linked to deformation
that can coincide with the ore-forming fluid-flow event. How-
ever, veins rarely are observed within high-grade iron ore.
The formation of high-grade iron ore is related to the ad-
vanced stage of the mineralization process where desilicifica-
tion, with or without carbonate alteration, makes the preser-
vation of veins unlikely.

Moreover, it is pervasive rather than focused fluid flow that
is required to transform a large volume of BIF into high-
grade iron ore. Because unaltered BIF is typically impervi-
ous, the generation of porosity (i.e., produced by the dissolu-
tion of quartz and/or carbonate) is regarded as instrumental
for the progress of alteration and iron ore formation. It comes
thus as no surprise that a marked increase in porosity (and, by
inference permeability) is associated with all hydrothermal al-
teration zones in all the districts under consideration. 

Provided that an average iron formation contains between
25 and 45 wt percent SiO2 (Klein, 2005), and that quartz and
silicates have a distinctly lower density than magnetite and
hematite, a volume loss of 60 to 70 vol percent is expected to
be associated with the complete removal of SiO2 from the
protolith BIF. Similarly, this would apply for the dissolution of
hydrothermal carbonate that may have replaced chert prior to
high-grade ore formation. This massive volume loss could be
accommodated by a combination of (1) porosity increase, (2)
collapse brecciation, (3) bedding-parallel compaction, and (4)
the introduction of additional iron by the hydrothermal fluid.
A marked porosity increase and collapse brecciation have
been described in all of the deposits included in this review.
Bedding-parallel compaction has to be inferred to explain the
origin of high-grade iron ores sporting laterally continuous
fine lamination reminiscent of the protolith. In deposits for
which simple SiO2 leaching is invoked (Carajás, Thabazimbi,
Zeekoebaart), the increase of porosity was gradual. However,
although it is readily noted during incipient alteration, a rapid
increase of porosity accompanies the transition from interme-
diate to proximal alteration zones, i.e., the contact of oxidized
BIF to high-grade iron ore. The marked porosity of the high-
grade ore is due to a very open, scaffold-like intergrowth of
microplaty or platy hematite that is thought to have formed as
open-space infill. This very porous intergrowth often is ob-
served along distinct layers that are tentatively identified as
former chert layers, which are separated by much less porous
hematite-martite laminae that are thought to represent iron-
rich layers of the protolith BIF. In contrast, no such gradual
increase of porosity has been noted for deposits that have
experienced carbonate metasomatism as an integral part of
high-grade ore formation (Hamersley district, possibly
Thabazimbi). Instead, the increase of porosity is almost en-
tirely associated with the contact of carbonate-altered BIF to
high-grade iron ore. This increase is due to the dissolution of
the hydrothermal carbonate. Carbonate dissolution may be
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attributed either to most intense hydrothermal alteration
(Hamersley district, Thabazimbi deposit) or, alternatively, be
due to geologically recent chemical weathering processes.

Dissolution collapse brecciation is another important
process that accommodates the volume loss during the hy-
drothermal transformation of BIF protolith to high-grade
hematite ore. It has been described in all the deposits and/or
districts, with the notable exception of the Zeekoebaart
prospect (Taylor et al., 2001). Typically, brecciation is noted
already during incipient alteration, although it may be re-
stricted to the immediate vicinity of veins (Hamersley and
Carajás districts). At Thabazimbi brecciation is usually found
to increase gradually toward the high-grade iron ore, likely re-
flecting the increasing amount of volume loss (Gutzmer et al.,
2005). In the high-grade iron orebodies, dissolution collapse
brecciation usually abounds. It is observed at different scales
and intensity, ranging from mild mosaic breccias restricted to
a hand specimen scale to large volumes of iron ore marked by
chaotic collapse brecciation (Netshiozwi, 2002). An open
scaffold of microplaty or somewhat coarser grained platy
hematite usually forms the cement of such breccias. At the
Thabazimbi deposit, abundant brecciation is not restricted to
the high-grade iron orebody but is also locally observed in
low-grade ores with hydrothermal carbonate cement (Net-
shiozwi, 2002; Gutzmer 2005). The presence of talc as brec-
cia cement appears to be unique to the Thabazimbi deposit.
In Thabazimbi, this is a synore process. In Carajás, breccia-
tion is associated with the early to advanced, including late,
stages, with these breccias being cemented by quartz, car-
bonate, and hematite in the ore-proximal zone; locally, this
carbonate cement constitutes close ≥50 vol percent, thereby
decreasing the ore grade (Figueiredo e Silva et al., 2008). In-
terpretations regarding the relationship of such hydrothermal
carbonate and talc cement differ considerably and indicate
the need for more detailed investigations.

Discussion
Three aspects of the hypogene alteration processes de-

scribed for the selected case studies above warrant further
discussion. These are the (1) significance of the early hy-
drothermal magnetite, (2) origin of soft ore in the Carajás dis-
trict, and (3) question of whether iron is introduced or simply
remobilized with the Carajás iron deposits as an example. 

Hydrothermal magnetite 

Regardless of the iron xide sequence, magnetite is an early
oxide phase in the alteration paragenesis (Tables 1, 2), fol-
lowed by various types of hematite. The South African de-
posits are an exception, since in these magnetite is considered
to have formed as a prealteration phase (Figs. 9, 11). The for-
mation of hydrothermal magnetite suggests that the early-
stage fluid had a fO2 at the magnetite equilibrium conditions
(Lobato et al., 2005a) and interacted with rocks that variably
contained dominant ferric (Carajás) or ferrous (Mount Tom
Price) phases.

Silica leaching

The leaching of SiO2 can be attained by solutions that are
oxidizing enough to render ferric oxide immobile; such is the
case for hydrothermal fluids or low-temperature supergene

fluid. In the case of hydrothermal fluids mildly alkaline and
silica-undersaturated conditions enhance effectively the SiO2

transport (Barnes, 1997). Remobilization of SiO2 to form
quartz-rich veins, paired by a distinct increase in porosity
(documented for the Carajás district, Thabazimbi and
Zeekoebaart), lend important support to the concept of SiO2

leaching. Carbonates, silicates, and sulfide minerals are con-
spicuously absent from the oxidized BIF. This model would
require very high fluid/rock ratios and is thus likely to apply
to orebodies emplaced along major dilational structures act-
ing as important fluid pathways. The Zeekoebaart prospect
may be regarded as the most plausible example for simple
SiO2 leaching. For Carajás, Lobato et al. (2005a) and
Figueiredo e Silva et al. (2008) suggest relatively hot mag-
matic fluids interacting with a colder, exhumed rock se-
quence, to account for SiO2 leaching, with some parallels to a
model proposed by Gruner (1930, 1937) for the Lake Supe-
rior region.

Hypogene soft ore in Carajás

We propose that a hypogene, porous hard to soft, but rela-
tively cohesive hematite ore evolved as a result of porosity en-
hancement and quartz-chert leaching at Carajás. The ore pre-
serves martite; microplaty and anhedral hematite partially fills
the existing pores (Lobato et al., 2005a, b). Following early-
stage jaspilite alteration, with significant SiO2 leaching, jasper
discoloring and porosity development (Fig. 2), vugs were ini-
tially filled predominantly by microplaty hematite as seen in
figure 9E of Figueiredo e Silva et al. (2008). The hard
hematite ore that is enveloped by this soft ore, which itself is
in contact with jaspilite (fig. 6 of Figueiredo e Silva et al.,
2008), would thus represent an evolutionary stage of the hy-
pogene soft ore., This is because it developed due to ad-
vanced cavity filling via precipitation of additional microplaty
(after martite), platy (Fig. 1H), and also euhedral and comb-
textured, bladed and/or tabular hematites (Fig. 1M-O), with
the latter ones especially in veins. The possibility for a hypo-
gene origin for soft hematite ores was also indicated by
Gruner (1937) and Mann (1953) for the Lake Superior region
and the Marquette and Gogebic ranges, respectively. 

Conclusions
Comparison of hydrothermal alteration at Carajás, Hamer-

sley, Thabazimbi, and Zeekoebaart revealed important
similarities (Tables 1, 2), including: (1) a similar paragenetic
sequence of iron oxides, marked by an abundance of open-
space filling and replacement textures; (2) the lack of a pene-
trative fabric of alteration lithologic units and high-grade
ores; and (3) the importance of porosity and brecciation to ac-
commodate volume loss. 

Marked differences include the following:

1. Carbonate metasomatism in hydrothermal alteration
zones: Hydrothermal carbonate is observed in all three case
studies and located in veins and breccias. At Tom Price in dis-
tal and intermediate alteration zones, in the Thabazimbi de-
posits in the proximal alteration zone, and in Carajás in the
distal and proximal alteration zones in jaspilites. The Mount
Whaleback deposit lacks significant carbonate alteration;
however, this may be due to lack of information on the deeper

124 LOBATO ET AL.

0361-0128/98/000/000-00 $6.00 124



parts of the orebody. At Tom Price the transformation of car-
bonate-altered BIF in the intermediate alteration zones to
high-grade martite-microplaty hematite ore in the proximal
alteration zone is due to oxidation of magnetite and leaching
of carbonate. In contrast, at Carajás dolomite and kutnahorite
veins and breccias are stable in the proximal alteration zone
and locally replace martite-rich layers. Significant amount of
siderite as the dominant carbonate species is only recorded in
the Hamersley iron deposits.

2. Silicate-alteration phases such as stilpnomelane are only
present where hydrothermally altered BIF is part of a sedi-
mentary basin, such as the Hamersley basin or the As-
besheuwels Subgroup in the Griqualand West subbasin, and
the laterally correlative Penge Formation of the Transvaal
subbasin of the Transvaal Supergroup. The basalt-hosted
Carajás iron deposits are devoid of these alteration minerals.

3. Chlorite, talc, white mica, and albite are part of the al-
teration assemblage in basalt-hosted iron deposits, for exam-
ple, in Carajás (Tables 1B, 2B) or mafic dikes that are spatially
and temporally associated with iron mineralization, for exam-
ple, in the Hamersley province.

4. Hydrothermal sulfides present in significant quantities
are recorded only in Carajás. Their appearance may relate to
the more sulfur-rich basaltic wall rocks (Zucchetti, 2007)
and/or to the magmatic hydrothermal fluids postulated to be
one major fluid source for the ore-forming event in the Cara-
jás district (Lobato et al., 2005a, b; Figueiredo e Silva et al.,
2008). Possible similarities of these iron ore-forming fluids
with those associated with the formation of hydrothermal
magmatic deposits, dominantly rich in the ore elements Cu
and Au, and that are present in the same district (including
IOCG-type deposits), need to be carefully evaluated (Lobato
et al., 2005a, b).

Exploration Significance
The acknowledgment that complex and possibly polyphase

hydrothermal systems, including both ascending and de-
scending hydrothermal fluids, cause the transformation of
BIF (including jaspilite) to high-grade hematite-martite ore
has significant implications for the exploration of blind ore-
bodies (Hagemann et al., 2006). Structures such as fault
zones, shear zones, and/or isoclinal folds serve as fluid path-
ways for the hydrothermal fluids and, therefore, can be used
to constrain areas of maximum fluid flow and associated hy-
drothermal alteration and iron mineralization. Hydrothermal
alteration minerals, such as carbonates, chlorite, and mag-
netite, may form distinct alteration zones, both lateral and
above and below the high-grade iron orebodies, thereby pro-
viding a hydrothermal alteration footprint that can be used in
the search for new high-grade iron deposits or extensions of
existing orebodies; in particular, those that are located con-
cealed below cover sequences or nonmineralized BIF. These
hydrothermal alteration indicator minerals in both nonminer-
alized BIF and surrounding wall rocks can thus be used as
vectors toward iron mineralization.

In the Hamersley-type deposits, the identification of hy-
drothermal alteration minerals, veins, and breccias at the
contact between nonmineralized BIF and low- and high-
grade iron ore are commonly subtle and require detailed
mapping, core logging, and petrographic and textural work.

Of particular importance is the petrography and geochem-
istry of carbonate and quartz-carbonate veins. With increas-
ing proximity to high-grade iron ore, the carbonate species
change from siderite to ankerite and calcite to dolomite at the
Mount Tom Price (Fig. 7) and Paraburdoo deposits, respec-
tively. The manganese content of the carbonates (up to 10 wt
%) also increases with increased proximity to high-grade ore
(Hagemann et al., 2006).

The hydrothermal alteration of dolerite dikes that are spa-
tially and temporally related to iron mineralization (cf. Taylor
et al., 2001) provide another vector toward iron ore mineral-
ization. The dikes commonly display intense talc-chlorite
alteration, particularly where in close proximity to the iron
orebodies. Although rarely containing significant iron enrich-
ment, they bound the mineralization at several orebodies at
the Paraburdoo, Channar, and Mount Tom Price deposits
(Dalstra et al., 2005; Taylor et al., 2005, Thorne et al., 2006).
The identification of quartz ± carbonate veins and/or breccias
that are emplaced contemporaneous with the iron mineraliz-
ing event, and often in distal alteration zones, serves as an-
other vector toward iron mineralization.

In the Carajás deposits the contact between nonmineralized
and hydrothermally altered and mineralized jaspilites can be
gradational. In this case a distal alteration zone can be defined
by magnetite, quartz, and carbonate veins that may locally be
layer-parallel or crosscutting with respect to the jaspilite (Fig.
3). The intermediate alteration zone is made up of variable
proportions of quartz ± hematite veins, magnetite, microplaty
hematite, anhedral-subhedral hematite, euhedral-tabular
hematite, and locally sulfides and gold (Fig. 3). Hydrothermal
alteration minerals and zonation are particularly well distrib-
uted in the basalts that surround the nonmineralized jaspilites
and iron orebodies (Zucchetti et al., 2007; Figueiredo e Silva
et al., 2008). The distal alteration zone, which contains car-
bonate and locally hematite, can extend up to 80 m away from
the iron orebodies and, therefore, can be used as vectors to-
ward iron mineralization. The intermediate alteration zones
are characterized by chlorite, quartz, albite, white mica, car-
bonate, hematite, and traces of magnetite and sulfides (Fig. 4).
Therefore, any drilling program that aims to identify either
deep extensions of existing orebodies or new, concealed iron
mineralization can utilize these distal alteration minerals and
veins as vectors toward iron mineralization.

Geologic mapping, core logging, and understanding key
hydrothermal alteration (i.e., indicator) minerals in three
dimensions may provide important constraints on the geome-
try of the hydrothermal footprint of any given iron mineral
system (Hagemann et al., 2006; Figueiredo e Silva et al.,
2008; Thorne et al., 2008). Therefore, the rapid identification
of these indicator minerals in the field and in diamond core is
crucial. Besides sound petrographic analyses, methods such
as PIMA analyses, airborne HyMap™, and satellite ASTER
imagery, both handheld on diamond core and airborne have
been developed in the past years. These techniques signifi-
cantly assist not only in identifying these often fine-grained
hydrothermal alteration minerals but also constraining their
three-dimensional distributions. The analyses of diamond
core using the new Fe HyLogger™ system can assist in the
rapid identification and calculation of modal mineralogy,
rapidly differentiating between minerals and products of
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chemical weathering (e.g., clay and goethite). The presence
and distribution of the latter is particularly important in ex-
ploring in arid areas or areas with significant lateritic cover,
such as in Brazil, India, and Australia (Morris, 1985).

Future Work
This contribution highlights the limited amount of detailed

mineralogical and petrographic studies of high-grade BIF-
hosted iron deposits that take cognizance of the presence of
alteration halos. Detailed delineation of the distribution of
distinct alteration mineral assemblages are required to delin-
eate the true size and extent of distinct, mappable alteration
zones in three dimensions both in BIF and wall rocks. The
processes that characterize the transformation of unaltered
to hydrothermally altered BIF need to be better constrained,
in particular with respect to the role of iron-rich carbonates
(siderite and ankerite) that often abound in unaltered BIF
protolith or ore formation (Hamersley). Detailed alteration
studies need to be extended to deposits and districts that
have been affected by high-grade, sometimes polyphase re-
gional metamorphism, i.e., the Quadrilátero Ferrífero
(Rosière and Rios, 2004; Rosière et al., 2008) and Krivoy Rog
districts (Plotnikov, 1994; Dalstra and Guedes, 2004). Fi-
nally, the possibility that not all porous, friable and soft high-
grade iron ores are supergene in origin, as suggested for the
Carajás district by Lobato et al. (2005a, b), needs to be fur-
ther investigated.

Geochronological data are urgently required to advance
our understanding of the different alteration zones, as de-
fined in this study, and their relationship to each other. Case
in point is the strongly divergent opinions regarding the ge-
netic significance of hydrothermal carbonate metasomatism.
Geochronological constraints can be obtained by radiogenic
isotope dating of hydrothermal alteration minerals (i.e.,
SHRIMP U-PB dating of monazite in high-grade ores from
Mount Tom Price, Rasmussen et al., 2007). Alternatively, ores
and alteration assemblages may be indirectly dated by careful
paleomagnetic analyses (cf. de Kock et al., 2008).
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Abstract

Absolute ages for hydrothermal mineralization and fluid flow are critical for understanding the geological processes that
concentrate metals in the Earth's crust, yet many ore deposits remain undated because suitable mineral chronometers have not been
found. The origin of giant hematite ore deposits, which are hosted in Precambrian banded-iron formations (BIFs), remains
contentious. Several models have been formulated based on different sources and timing for the mineralizing fluids; supergene-
metamorphic, syn-orogenic, late-orogenic extensional collapse and syn-extensional. Precise geochronology of the ore offers a
means of discriminating between these models. In this study, two U–Pb chronometers, xenotime and monazite, have been
identified in high-grade hematite ore bodies from the Mount Tom Price mine in the Hamersley Province, northwestern Australia.
Both phosphate minerals occur as inclusions within the hematite ore and as coarser crystals intergrown with martite (hematite
pseudomorph after magnetite) and microplaty hematite, indicating that the xenotime and monazite precipitated during
mineralization. In situ U–Pb dating by ion microprobe indicates that both phosphate minerals grew during multiple discrete events.
Our results suggest that ore genesis may have commenced as early as ∼2.15 Ga, with subsequent hydrothermal remobilization and/
or mineralization at ∼2.05 Ga, ∼1.84 Ga, ∼1.67 Ga, ∼1.59 Ga, ∼1.54 Ga, ∼1.48 Ga and ∼0.85 Ga. The location of the ore
bodies along ancient fault systems, and the coincidence of at least some of the U–Pb phosphate dates with episodes of
tectonothermal activity in the adjacent Proterozoic Capricorn Orogen, implies that fluids were channelled through major structures
in the southern Pilbara Craton during discrete phases of tectonic compression and extension. Our results show that the hematite ore
bodies formed at sites of repeated focussed hydrothermal fluid flow. In contrast to the aforementioned models, our results imply
that iron-ore formation was probably a long-lived, multi-stage process spanning more than one billion years.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

High-grade (N65% Fe) hematite deposits hosted in
Precambrian banded-iron formations represent the
world's most important source of iron ore, with notable
examples in Brazil, South Africa, India and Australia
[1]. The best-studied examples of these deposits are
located in the Hamersley Province of Western Australia
(Fig. 1), but despite their economic significance and
decades of research, their origin remains unclear [2–7].
Uncertainty about formation of the ore partly stems from
its simple composition (comprising almost exclusively
hematite, a mineral that gives few clues about its origin),
and from strong overprinting by deformation and
weathering [1]. Until recently, the ores were widely
regarded to have formed in the Proterozoic through
supergene enrichment of BIFs followed by recrystalli-
zation during burial metamorphism [2,8]. In this model,
the age of supergene mineralization is considered to
correspond with the development of a major unconfor-
mity surface between the Turee Creek Group and Lower
Wyloo Group (between ∼2.2 and 2.03 Ga) (Fig. 1) [2].
However, recent petrographic, isotopic and fluid-
inclusion studies have recognized the presence of
hydrothermal fluids (∼250–400 °C) in the ore environ-
ment [9–14]. Hydrothermal models for ore formation
have linked the timing of mineralization to fluid

movement related to tectonic compression and orogeny
(i.e., the Ophthalmian Orogeny; 2.2–2.1 Ga) [6,10],
late-orogenic extensional collapse (∼2.1–2.05 Ga), or
flood-basalt volcanism and continental extension (2.05–
2.0 Ga) [5,9,15].
Determining the precise age of the mineralization can

be used to test competing genetic models, and provide
insights into the geological controls on ore formation. In
this study, we present ion microprobe U–Pb data for
xenotime and monazite intergrown with microplaty
hematite and martite in high-grade iron-ore from the
Mount Tom Price mine (Fig. 1). This deposit was
selected because it preserves hypogene alteration zones
below the limit of modern weathering [5,9,13]. In
addition, it is less intensely deformed than other major
deposits in the Hamersley Province (e.g., Paraburdoo
and Mount Whaleback near Newman). Therefore,
Mount Tom Price represents the most suitable deposit
to determine the timing of mineralization and to test
different models.

2. Geological setting and tectonic evolution

High-grade hematite ore deposits are located in the
Hamersley Province along the southern margin of the
Pilbara Craton (Fig. 1), and are spatially associated with
Proterozoic normal fault systems [5]. The province

Fig. 1. (A) Map of the Hamersley Province along the southern margin of the Pilbara Craton, northwestern Australia. (B) Stratigraphic column and
tectonic history of the Hamersley Province and adjacent Capricorn Orogen. Vertical scale is in Ga.
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contains volcano–sedimentary successions spanning
nearly one billion years in depositional age, from the
Fortescue Group (∼2.77 Ga) to the Upper Wyloo Group
(∼1.80 Ga). The sequences, which comprise BIFs,
shale, sandstone, dolomite, and felsic and mafic
volcanic and intrusive rocks, increase in deformation
intensity and metamorphic grade from north to south.
The tectonostratigraphic history of the province has
been summarized by Taylor et al. [5].
The Hamersley Province is bounded to the south by

the Proterozoic Capricorn Orogen. The orogen has a
long and complex history spanning∼1.5 Ga and records
the amalgamation of the Archean Yilgarn and Pilbara
Cratons to form the West Australian Craton. The
geological history of the orogen is yet to be fully
documented, but it involved continental collision,

accretion, extension and repeated intracratonic reacti-
vation [16]. Major phases of deformation and metamor-
phism are recorded at 2.21–2.15 Ga (Ophthalmian
Orogeny), 2.0–1.96 Ga (Glenburgh Orogeny), 1.83–
1.78 Ga (Capricorn Orogeny), 1.68–1.62 Ga (Mangar-
oon Orogeny) and 1.03–0.95 Ga (Edmundian Orogeny)
[16–19]. The orogen has also undergone extension and
mafic magmatism at 2.05–2.0 Ga, 1.47 Ga, 1.07 Ga and
0.75 Ga [15,20]. The southern Pilbara margin was
deformed during the Ophthalmian and Capricorn
orogenies, producing a series of foreland fold-and-
thrust belts. However, effects of the other tectonic events
on the Pilbara craton have not been documented.
The Mount Tom Price mine is one of several giant

iron-ore deposits in the Hamersley Province that formed
through the conversion of BIFs of the Hamersley Group

Fig. 2. (A) Map showing the geology around the Mount Tom Price iron-ore deposit. (B) Cross-section through the centre of Mount Tom Price deposit
along line A–B (see A) (after Taylor et al. [5]).
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to martite and microplaty hematite [5]. Most of the ore is
hosted in the Dales Gorge Member of the Brockman
Iron Formation, and at Mount Tom Price occurs as a
folded east–west trending, southward-dipping sheet
within the main closure of the Turner Syncline [5,13].
Two normal faults are prominent within the mine
(Fig. 2), but rapidly disappear vertically and laterally
away from the deposit [5]. Mineralization is broadly

parallel with the fault trends, with most of the ore
restricted to the north of the main northwest-trending,
southwest-dipping fault (Southern Batter Fault) (Fig. 2).
The timing of mineralization at Mount Tom Price

(and other high-grade hematite deposits in the region) is
uncertain. Although there are no direct dates, mineral-
ization must postdate 2.5 Ga, the depositional age of the
Mount McRae Shale [21], which is footwall to ore

Fig. 3. Reflected light images of hematite ore from Mount Tom Price deposit. (A) Banded hematite ore comprising layers of densely packed
microplaty-hematite (mph) crystals. (B) Coarse, randomly oriented microplaty-hematite crystals. Note the high porosity (black). (C) Blocky and
massive martite (mrt) ore with a minute xenotime crystal (xt) in the matrix. (D) Coarse xenotime with minute inclusions of hematite surrounded by
martite, microplaty hematite and pores (black). (E) Irregular, elongate xenotime enclosed by martite.
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bodies hosted in the Brockman Iron Formation, and it
must predate 0.75 Ga, the age of a dolerite dyke that
metamorphosed the ore in a nearby mine [5].

3. Sample details and analytical methods

3.1. Petrographic and analytical methods

Thirty polished thin sections were prepared from
samples of high-grade hematite ore from the Southeast
Prong, West Pit and North Deposit of the Mount Tom
Price mine (Fig. 2A). Each polished thin section was
examined by optical microscope and a JEOL JSM-6400
scanning electron microscope (SEM) fitted with a Link
ISIS energy dispersive spectrometer (EDS) located in
the Centre for Microscopy, Characterisation and Anal-
ysis (CMCA) at the University of Western Australia
(UWA).
Mineral analyses and element mapping were carried

out by electron microprobe, using an automated JEOL
JSM-6400 SEM fitted with three WDS crystal spectro-
meters located in the CMCA at UWA. Operating

conditions of 20 kV accelerating voltage and 100 nA
beam current give a spatial resolution of 2–3 μm.
Synthetic phosphates and glasses, and natural minerals
were used as standards. Methodology for the analysis of
xenotime followed that of Williams [22]. Counting
times of 50 ms per pixel were employed for the element
maps. Data reduction and image manipulation used
software from Moran Scientific.

3.2. Sample description

Most of the samples studied here are typically
banded, with microplaty hematite-rich layers alternating
with bands rich in martite. The microplaty-hematite ore
comprises a mesh of randomly oriented, platy hematite
crystals (Fig. 3A, B). The martite-rich ore comprises
subhedral, equant pseudomorphs after magnetite
(Fig. 3C) that commonly display pronounced hematite
overgrowth along their margins. The samples are
relatively porous (up to 30%), which is typical of the
ore body, and is interpreted to relate to multi-stage
dissolution of silica and carbonate in precursor BIFs [5].

Fig. 4. Back-scattered electron (BSE) images showing textural relationships between hydrothermal xenotime (xt), microplaty hematite (mph) and
martite (mrt) from high-grade hematite ore body at Mount Tom Price. (A) Xenotime enclosed in coarse microplaty-hematite crystal. Note the high
porosity (black— resin). UWA 113592, Southeast Prong. (B) Intergrowth of hydrothermal xenotime and microplaty-hematite crystals. UWA 113601,
West pit. (C) Irregular xenotime intergrown with martite. UWA 113594,West pit. (D) Coarse xenotime with compositionally distinct zone (top centre)
intergrown with martite. UWA 113594, West pit.
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Most samples contain trace amounts of xenotime
(from b10 μm up to 100 μm) intergrown with
microplaty hematite and martite crystals (Figs. 3D, E,
4A–D, 5A). Xenotime is typically irregular in shape and
commonly contains minute inclusions of hematite, and
in some cases, irregular specks of zircon. Xenotime
crystals display complex compositional zoning in back-
scattered electron (BSE) images (Fig. 5C). X-ray
element mapping and WDS point analysis indicate
that the zoning is mainly related to substitution of heavy
rare earth elements (e.g., Yb, Lu) for Y (Table 2 in the
Appendix). Contents of Yb2O3 vary from 3.08 wt.%
in the darkest areas to 5.10 wt.% in the lightest zones
(Fig. 5D). All WDS point analyses contain ∼1–3 wt.%
Fe (Table 1 in the Appendix), reflecting the ubiquitous
presence of very fine hematite inclusions within the
xenotime. The large grain shown in Fig. 5 has formed
through coalescence of five or more smaller grains and
shows evidence for several episodes of resorption and
re-precipitation.
Monazite was also observed in many samples, but is

generally smaller (b20 μm) and less abundant than co-
existing xenotime. It occurs as minute inclusions in

martite and microplaty-hematite ore (Fig. 6), as irregular
cement intergrown with hematite and as a late-stage
precipitate in cross-cutting fractures.

3.3. SHRIMP U–Pb geochronology

Xenotime and monazite sufficiently large for in situ
analysis (N10 μm) were cut or drilled from polished thin
sections and cast in five 25 mm epoxy discs. In situ U–
Pb analysis was carried out using a sensitive high-
resolution ion microprobe (SHRIMP), with≤0.5 nA O2−

primary beams focused onto 5–10 μm spots. The fine
spatial resolution allowed compositionally distinct
zones to be targeted. Established SHRIMP operating
procedures were followed for xenotime [23,24] and
monazite [25].
Xenotime was analysed during five separate analyt-

ical sessions, sometimes in combination with mounts
from other studies. Xenotime standards MG-1, BS-1 and
z6413 [24] were analysed in separate mounts, one of
which was re-polished for each analytical session and
Au-coated with the sample mount(s). MG-1 was used as
the primary Pb/U standard and z6413 was used to

Fig. 5. (A) Reflected light image of hematite ore comprising martite (mrt), microplaty hematite, fine Fe-oxide and xenotime (xt). (B) BSE image of
xenotime (xt) in A amongst fine, anhedral Fe-oxides and coarser crystals of martite. (C) High-contrast BSE image of composite xenotime (in A and B)
showing complex internal compositional zoning. (D) X-ray map showing Yb distribution in xenotime. Note the strong similarity between the BSE
image and Yb X-ray map. (E) X-ray map showing Dy distribution in xenotime. Sample UWA 113594, West pit, Mount Tom Price mine.
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monitor and re-normalise 207Pb/206Pb. The data acqui-
sition sequence followed that of Fletcher et al. [23], that
is, Pb/Th was not independently calibrated (cf., [24])
and the retardation lens was activated, requiring a small
re-normalisation of 207Pb/206Pb data.
Data reduction was carried out using Squid 1.00 [26].

Pb/U reproducibility for the standards was assessed
from data from MG-1 and z6413 and propagated to the
sample data. Matrix corrections to Pb/U and Th/U
followed those of Fletcher et al. [24]. Matrix corrections
for REE are more difficult. Measuring REE for the
volume of material analysed (therefore ablated) by
SHRIMP is impossible, and it is impractical to acquire
electron microprobe data from adjacent material for the
large number of analyses reported here. The matrix
corrections for REE, for all analysed grains, were made
using the average REE content for a large multi-aged
grain (05–07C; Tables 1 and 2 in the Appendix). Data
from this grain demonstrate no correlation between age
and REE contents.
Almost 200 analyses were made on ∼40 xenotime

crystals (Table 3 in the Appendix). Prior to making any
other assessments, analyses with N1% common Pb were
discarded, regardless of the possible sources of the
common Pb and its location in relation to the sampled
volume of xenotime. The critical consideration for the
other 183 analyses is their U–Pb concordance. In the
present context, discordance is likely to result from age-
mixing, that is, analysis of a volume that includes
xenotime of differing ages. Applying strict concordance
criteria to individual analysis is difficult, for reasons
detailed in the Appendix, but we have used a fairly
stringent ±5% discordance limit for older grains. For
dates of ∼1000 Ma this would exclude some data that

are within precision of concordance, so data that give
dates b1200 Ma and are within 2σ of Concordia have
also been retained. A small number of analyses from
discordant samples may have been retained and,
conversely, data from some concordant samples may
have been disregarded. Overall though, the 114 analyses
that lie within the accepted concordance band are
considered sufficient to give a valid, if not highly
precise, record of major periods of xenotime growth.
The 60 normally discordant analyses (concordance
b95%) with low common Pb are likely to be mixtures
of xenotime from those (and perhaps other younger)
growth events. There is no simple explanation for the
few reversely discordant points.

4. Xenotime and monazite age data

The 114 analyses that are considered to give reliable
geochronological data, from ∼40 xenotime crystals
from six samples, give 207Pb/206Pb dates from
∼2220 Ma to ∼800 Ma (see Table 3 in the Appendix).
The distribution of dates within individual xenotime
crystals generally displays a pattern of younger rims
around old cores. However, in one single large grain
(05–07C), there is complexity in the spatial distribution
of the measured ages reflecting the intergrowth of
numerous discrete crystals that have been infilled and
enlarged by later generations of xenotime, juxtaposing
regions of different age.
Amongst the concordant data, several 207Pb/206Pb

age populations can be distinguished (Fig. 7). Three of
these may reflect discrete events at 2145±28 Ma (mean
square of weighted deviates [MSWD]=0.86; n=7),
2052 ± 13 Ma (MSWD=0.74), and 845± 20 Ma

Fig. 6. BSE image of martite-rich band containing several crystals of monazite (mon) and a single xenotime crystal (xt). UWA 113394, West pit.
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(MSWD=1.14; n=13), with a possible fourth event at
∼1840 Ma. Most of the dates fall in a complex cluster
between 1723 Ma and 1460 Ma (Fig. 7). The unmixing
algorithm of Sambridge and Compston [27] suggests
three well-defined populations within this cluster, with
ages of 1673±15 Ma, 1589±11 Ma and 1538±12 Ma.
There is a smaller peak at 1480±20 Ma. The un-
certainties in all these dates are minima, since the dates
are all dependent on data selection. The real uncer-
tainties are possibly ∼5 Ma greater than the calculated
values.
Five analyses of four monazite crystals from two

samples yield imprecise 207Pb/206Pb dates because of
the very low U contents (typically b10 ppm). The
corresponding Th–Pb dates are more precise because of
higher Th contents (0.1–1.4%), and suggest growth at
2.07 Ga, 1.75 Ga and 0.94 Ga (Table 4 in the Appendix).
However, because of the very low U contents of
monazite from the iron-ore samples, xenotime was
analysed in preference to monazite in this study.

5. Discussion

5.1. Interpretation of xenotime dates

The age spectrum obtained from analyses of
xenotime crystals from the Mount Tom Price ore bodies
is complex, with up to eight populations identified in a
span of more than one billion years. Xenotime, like

monazite, is considered to be extremely resistant to
diffusive Pb loss in most geological environments [28].
The isotopic robustness of xenotime is supported by the
preservation of concordant and precise 207Pb/206Pb ages
in detrital and diagenetic xenotime in mid-Archean
(∼3.2 Ga) metasedimentary rocks, despite their antiq-
uity and complex post-depositional history [29]. In the
Mount Tom Price deposit, fluid-inclusion data show that
xenotime experienced only low-temperature conditions
(b400 °C) [13], so Pb diffusion is unlikely to be res-
ponsible for the complex age spectrum. This is further
supported by the preservation of Yb zoning (Fig. 5C and
D), because rare earth elements are significantly less
resistant to diffusional alteration than Pb in xenotime
[28]. Thus, the xenotime age data does not reflect
diffusive Pb loss. All of the xenotime dates are younger
than the depositional age of the precursor BIF, the
Brockman Iron Formation, and they therefore represent
multiple episodes of growth, and probably dissolution
and regrowth, during the circulation of hydrothermal
fluids.
The timing of fluid movement and associated

xenotime growth is not random. Some of the episodes
of hematite and xenotime growth and regrowth in the
ore bodies are synchronous with tectonic events in the
Capricorn Orogen and adjacent southern Pilbara Craton.
The oldest population (2145 Ma) overlaps with the
Ophthalmian Orogeny (2.21–2.15 Ga), and fluid flow
associated with this event has been mapped across most
of the Pilbara Craton [30]. The presence of 2.15 Ga
xenotime in the ore suggests that the first stages of
mineralization commenced during the Ophthalmian
Orogeny. This interpretation is consistent with the
occurrence of rare clasts of microplaty hematite in
conglomerates from the basal Beazley River Quartzite
(Lower Wyloo Group) [31]. A second xenotime age
population at ∼2.05 Ga is synchronous with crustal
extension and extrusion of the Cheela Springs Basalt
(Lower Wyloo Group), which is probably only slightly
older than 2031±6 Ma, the age of a tuff bed in the
conformably overlying Wooly Dolomite [15]. A small
population of ∼1.84 Ga xenotime broadly coincides
with the timing of the Capricorn Orogeny, which
affected the southern margin of the Pilbara Craton
between ∼1.83 Ga and ∼1.78 Ga [16]. Therefore, the
three major Paleoproterozoic tectonic events recorded in
the southern Pilbara Craton and Capricorn Orogen were
accompanied by the growth of xenotime and microplaty
hematite in the Mount Tom Price ore bodies.
The main cluster of xenotime dates spans 1.7 Ga to

1.45 Ga, with four possible peaks identified at∼1.67 Ga,
∼1.59 Ga, ∼1.54 Ga and ∼1.48 Ga. The oldest of these

Fig. 7. Cumulative probability plot of 207Pb/206Pb dates for
hydrothermal xenotime from high-grade hematite ore bodies in West
pit, Southeast Prong and North Deposit at Mount Tom Price mine.
Only data with b1% common Pb and b5% discordance are plotted
(n=114).
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dates corresponds with the Mangaroon Orogeny (1.68–
1.62 Ga), which is characterized by deformation,
metamorphism and granite magmatism in the Capricorn
Orogen [18]. There is some evidence that the effects of
this orogenic event are more widespread as growth of
monazite at 1.65 Ga in the Soanesville Group of the
Pilbara granite–greenstone terrain has been linked to
fluid movement related to the Mangaroon Orogeny [29].
The youngest date coincides with the emplacement of
1.47 Ga dolerite sills into the Edmund Group of the
Bangemall Supergroup [20]. No information about the
geodynamics of this event is currently available.
Structures related to the Mangaroon Orogeny and
mafic magmatism in the Edmund Group are not recorded
in the southern Pilbara Craton or Hamersley Group. The
growth of xenotime in the Mount Tom Price ore bodies
shows that fluids were moving through pre-existing fault
structures in the southern Pilbara margin at the same time
that deformation and magmatism were occurring further
to the south. This suggests that the movement of crustal
fluids is related to tectonic events, and that while it is
most probably channelled through pre-existing struc-
tures, its effects can be discerned over a larger area than
that in which deformational fabrics can be detected.
Almost one third of the concordant ages recorded

from xenotime in the Mount Tom Price deposit fall
between 1.53 Ga and 1.62 Ga. No tectonic or magmatic
events of this age have yet been recorded from the
Hamersley Province or Capricorn Orogen, although
given the state of knowledge it is entirely possible that
events of this age are present but have not yet been
dated. As many of the episodes of hematite and
xenotime growth are synchronous with recognized
tectonic events, and as cryptic fluid flow related to
tectonism has been identified well within the Pilbara
Craton, it is possible that the 1.53–1.62 Ga dates are
recording mineral growth related to fluid flow produced
by tectonic events that have not yet been properly
defined. For example, a well-developed extensional
fault system that forms the northern margin of the
Bresnahan Basin was active at some time between
∼1.8 Ga (the age of the Capricorn Orogeny) and
∼1.5 Ga (the interpreted age of the Edmund Group)
[32]. Approximately 4 km of conglomerate and
sandstone were deposited in alluvial fan deposits in
the Bresnahan Basin, and it is possible that the 1.6–
1.5 Ga ages recorded in the iron ore at Mount Tom Price
are related to this episode of extensional faulting in the
Capricorn Orogen. This time span (1.6–1.5 Ga) was also
a period of convergence along the eastern margin of
proto-Australia, and is recorded in the northern and
southern Australian cratons by the Isan Orogeny in the

Mount Isa Block and Olarian Orogeny in the Curna-
mona Province [33]. Fluid flow at Mount Tom Price
may have been associated with cryptic movements in
the Capricorn Orogen related to tectonic events in
eastern Australia but this question cannot be resolved
with currently available data. The youngest xenotime
from Mount Tom Price (∼0.85 Ga) is from the aureole
of an undated WNW-trending dolerite dyke and may
reflect the age of contact metamorphism.

5.2. Implications for iron-ore mineralization

The intergrowth of xenotime and monazite with
microplaty hematite and martite in high-grade ore
implies that phosphate and hematite growth was
synchronous. Authigenic monazite in the footwall at
the Mount Tom Price mine (Mount McRae Shale)
records tectonothermal events at ∼2.4 Ga and ∼2.2 Ga
[30]. The absence of younger generations (b2.15 Ga) of
xenotime and monazite in the footwall shale suggests
that the flow of subsequent hydrothermal fluids was
restricted to the ore horizons. Thus, the ore bodies, which
are linked by a series of Proterozoic normal faults [5],
were the focus of repeated pulses of hydrothermal fluid
flow. It is likely that the heated fluids were channelled
through major structures in the southern margin of the
Pilbara Craton during repeated reactivation related to
extension and compression in the adjacent orogen.While
most models for hydrothermal ore genesis invoke two or
three stages of hypogene mineralization related to a
single tectonothermal event, isotopic dating of xenotime
intergrown with the ore shows that the Mount Tom Price
iron-ore deposit experienced up to seven hydrothermal
events, spanningmore than one billion years. What is not
apparent is whether most of the ore formed during the
Ophthalmian Orogeny and experienced only minor
remobilization during subsequent hydrothermal events,
or whether the ore formed through progressive episodic
upgrading over one billion years.
A long-lived history of hematite growth is supported

by a number of structural, paleomagnetic and petro-
graphic studies. For instance, petrographic examination
of ores fromMount Tom Price reveals the presence of up
to five compositional zones of magnetite–hematite on
magnetite cores [5]. Also, paleomagnetic studies of
hematite ore from the Southeast Prong ore body in the
Mount Tom Price deposit suggest a complex history
involving at least two major intervals of martite and
microplaty-hematite formation and late-stage dyke
intrusion [34]. From the Mount Whaleback district, at
least five groups of veins have been linked to events
spanning the onset of the Ophthalmian Orogeny to post-
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Capricorn Orogeny faulting (after ∼1.78 Ga). Analysis
of the veins suggests that large volumes of heated fluids
(200–300 °C) were focussed into the Mount Whaleback
district and that one or more of the vein groups probably
represented pathways for genesis of the Mount Whale-
back deposit [12]. A prolonged history of microplaty-
hematite precipitation is indicated by the presence of
coarse hematite crystals in the matrix of conglomerates
of the basal Wyloo Group that contain hematite clasts,
and by hematite veins in sandstones of the Upper Wyloo
Group [34]. These studies point to hydrothermal iron
precipitation during, and hundreds of millions of years
after, the Ophthalmian Orogeny [5,12,34].
Our work on xenotime and monazite intergrown with

hematite ore at the structurally controlled Mount Tom
Price deposit implies that ore genesis was a prolonged,
multi-stage process that commenced as early as
∼2.15 Ga, with subsequent episodes of iron minerali-
zation and remobilization. The location of other giant
hematite ore bodies along ancient fault systems (e.g.,
Mount Whaleback, Hamersley Province; Carajas area,
Brazil; Thabazimbi, South Africa) [5,7,35], suggests that
these deposits may also have undergone a protracted
history involving repeated episodes of fluid flow. Indeed,
it is possible that these deposits only develop in
structurally controlled sites where iron-rich host rocks
(e.g., BIFs) are intersected by major faults with an
extended history of hydrothermal fluid circulation.

6. Conclusions

Xenotime and, to a lesser extent, monazite are
widespread trace minerals in high-grade hematite ore
bodies from the Mount Tom Price deposit in the
Hamersley Province. The presence of xenotime as
inclusions within hematite ore and its intergrowth with
microplaty hematite and martite, indicates that xenotime
growth was synchronous with iron mineralization. In
situ U–Pb dating of xenotime reveals a complex history
involving multiple episodes of growth. Our results
imply that the Mount Tom Price deposit was the site of
repeated episodes of hydrothermal fluid flow that
commenced at ∼2.15 Ga and continued intermittently
for more than one billion years. It is likely that fluids
were focussed through structures in the southern margin
of the Pilbara Craton during continental reactivation and
reworking in the bordering Capricorn Orogen.

Acknowledgements

We thank B. Krapez and S. Sheppard for their
comments and discussion, and staff of the CMCA at the

UWA for their technical support. SEM imaging and
microanalysis were carried out using facilities at the
CMCA, which is supported by funding from UWA and
the governments of Western Australia and Australia.
The paper was improved by comments from J. Pyle and
an anonymous reviewer. Monazite and xenotime were
analysed on the SHRIMP II operated by a WA
university–government consortium with ARC support.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.
epsl.2007.03.033.

References

[1] N.J. Beukes, J. Gutzmer, J. Mukhopadhyay, The geology and
genesis of high-grade hematite iron ore deposits, Inst. Mining
Metall. Trans. Sec. B: Appl. Earth Sci. 112 (2003) 18–25.

[2] R.C. Morris, Genesis of iron ore in banded iron-formation by
supergene and supergene-metamorphic processes—a conceptual
model, in: K.H. Wolf (Ed.), Handbook of Strata-bound and
StratiformOre Deposits, Elsevier, Amsterdam, 1985, pp. 73–235.

[3] R.C. Morris, Genesis of high-grade hematite orebodies of the
Hamersley Province, Western Australia — a discussion, Econ.
Geol. 97 (2002) 174–176.

[4] Z.-X. Li, C.McA. Powell, R. Bowman, Timing and genesis of
Hamersley iron-ore deposits, Explor. Geophys. 24 (1993) 631–636.

[5] D. Taylor, H.J. Dalstra, A.E. Harding, G.C. Broadbent, M.E.
Barley, Genesis of high-grade hematite orebodies of the
Hamersley Province, Western Australia, Econ. Geol. 96 (2001)
837–873.

[6] C.McA. Powell, N.H.S. Oliver, Z.-X. Li, D.McB. Martin, J.
Ronaszeki, Synorogenic hydrothermal origin for giant Hamers-
ley iron oxide ore bodies, Geology 27 (1999) 175–178.

[7] H. Dalstra, T. Harding, T. Riggs, D. Taylor, Banded iron
formation hosted high grade hematite deposits, a coherent group?
Inst. Mining Metall. Trans. Sec. B: Appl. Earth Sci. 112 (2003)
68–72.

[8] R.A. Harmsworth, M. Kneeshaw, R.C.Morris, C.J. Robinson, P.K.
Shrivastava, BIF-derived iron ores of the Hamersley Province,
in: F.E. Hughes (Ed.), Geology of the Mineral Deposits of
Australia and Papua New Guinea, Australasian Inst. Mining
Metall., Melbourne, 1990, pp. 617–642.

[9] M.E. Barley, A.L. Pickard, S.G. Hagemann, S.L. Folkert, Hydro-
thermal origin for the 2 billion year old Mount Tom Price giant
iron ore deposit, Hamersley Province, Western Australia, Miner.
Depos. 34 (1999) 784–789.

[10] N.H.S. Oliver, G.R. Dickens, Hematite ores of Australia formed
by syntectonic heated meteoric fluids, in: C.J. Stanley (Ed.),
Mineral Deposits, Process to Processing, Balkema, Rotterdam,
1999, pp. 889–892.

[11] S.G. Hagemann, M.E. Barley, S.L. Folkert, B.W. Yardley,
D.A. Banks, A hydrothermal origin for the giant Tom Price
iron ore deposit, in: C.J. Stanley (Ed.), Mineral Deposits,
Process to Processing, Balkema, Rotterdam, 1999, pp. 41–44.

[12] M.C. Brown, N.H.S. Oliver, G.R. Dickens, Veins and hydro-
thermal fluid flow in theMt. Whaleback Iron Ore District, eastern

258 B. Rasmussen et al. / Earth and Planetary Science Letters 258 (2007) 249–259



Hamersley Province, Western Australia, Precambrian Res. 128
(2004) 441–474.

[13] W.S. Thorne, S.G. Hagemann, M. Barley, Petrographic and
geochemical evidence for hydrothermal evolution of the North
Deposit,MtTomPrice,WesternAustralia,Miner. Depos. 39 (2004)
766–783.

[14] A.D. Webb, G.R. Dickens, N.H.S. Oliver, Carbonate alteration of
the Upper Mount McRae Shale beneath the martite–microplaty
hematite ore deposit at Mount Whaleback, Western Australia,
Miner. Depos. 39 (2004) 632–645.

[15] S.G. Mueller, B. Krapez, M.E. Barley, I.R. Fletcher, Giant iron-
ore deposits of the Hamersley province related to the breakup of
Paleoproterozoic Australia: new insights from in situ SHRIMP
dating of baddeleyite from mafic intrusions, Geology 33 (2005)
577–580.

[16] P.A. Cawood, I.M. Tyler, Assembling and reactivating the
Proterozoic Capricorn Orogen: lithotectonic elements, orogenies,
and significance, Precambrian Res. 128 (2004) 201–218.

[17] S.A.Occhipinti, S. Sheppard, C. Passchier, I.M.Tyler, D.R.Nelson,
Palaeoproterozoic crustal accretion and collision in the southern
Capricorn Orogen: the Glenburgh Orogeny, Precambrian Res. 128
(2004) 237–255.

[18] S. Sheppard, S.A. Occhipinti, D.R. Nelson, Intracontinental rework-
ing in the Capricorn Orogen, Western Australia: the 1680–1620 Ma
Mangaroon Orogeny, Aust. J. Earth Sci. 52 (2005) 443–460.

[19] S. Sheppard,B.Rasmussen, J.R.Muhling, T.R. Farrell, I.R. Fletcher,
Grenvillian-aged orogenesis in the Palaeoproterozoic Gascoyne
Complex, Western Australia: 1030–950 Ma reworking of the
Proterozoic Capricorn Orogen, J. Metamorph. Geol. 25 (2007)
477–494.

[20] M.T.D. Wingate, Age and palaeomagnetism of dolerite sills
intruded into the Bangemall Supergroup on the Edmund 1:250
000 map sheet, Western Australia, West. Aust. Geol. Surv. Rec.
2002/4, 2002, 48 p.

[21] B. Rasmussen, T.S. Blake, I.R. Fletcher, U–Pb zircon age constraints
on the Hamersley spherule beds: evidence for a single 2.63 Ga
Jeerinah–Carawine impact ejecta layer,Geology33 (2005) 725–728.

[22] C.T.Williams,Analysis of rare earthminerals, in:A.P. Jones, F.Wall,
C.T. Williams (Eds.), Rare Earth Minerals: Chemistry, Origin and
Ore Deposits, Chapman and Hall, 1996, pp. 327–348.

[23] I.R. Fletcher, B. Rasmussen, N.J. McNaughton, SHRIMP U–Pb
geochronology of authigenic xenotime and its potential for dating
sedimentary basins, Aust. J. Earth Sci. 47 (2000) 845–860.

[24] I.R. Fletcher,N.J.McNaughton, J.A.Aleinikoff, B.Rasmussen, S.L.
Kamo, Improved calibration procedures and new standards for U–
Pb and Th–Pb dating of Phanerozoic xenotime by ion microprobe,
Chem. Geol. 209 (2004) 295–314.

[25] B. Rasmussen, I.R. Fletcher, N.J. McNaughton, Dating low-grade
metamorphic events by SHRIMP U–Pb analysis of monazite in
shales, Geology 29 (2001) 963–966.

[26] K.R. Ludwig, SQUID 1.00; a user's manual. Berkeley Geochron.
Center Spec. Pub. 2, 2001, 17 pp.

[27] M.S. Sambridge, W. Compston, Mixture modelling of multi-
component data sets with application to ion-probe zircon ages,
Earth Planet. Sci. Lett. 128 (1994) 373–390.

[28] D.J. Cherniak, Pb and rare earth element diffusion in xenotime,
Lithos 88 (2006) 1–14.

[29] B. Rasmussen, I.R. Fletcher, J.R. Muhling, In situ U–Pb dating
and element mapping of three generations of monazite:
unravelling cryptic tectonothermal events in low-grade terranes,
Geochim. Cosmochim. Acta 71 (2007) 670–690.

[30] B. Rasmussen, I.R. Fletcher, S. Sheppard, Isotopic dating of the
migration of a low-grade metamorphic front during orogenesis,
Geology 33 (2005) 773–776.

[31] D.McB. Martin, Z.-X. Li, A.A. Nemchin, C.McA. Powell, A pre-
2.2 Ga age for giant hematite ores of the Hamersley Province,
Australia? Econ. Geol. 93 (1998) 1084–1090.

[32] I.M. Tyler, W.M. Hunter, I.R. Williams, Explanatory notes on the
Newman 1:250 000 geological sheet, W.A. (2nd edition),
Western Australia Geological Survey, Record 1989/6, 69 p.

[33] D.Giles, P.G. Betts, G.S. Lister, 1.8–1.5-Ga links between theNorth
and South Australian Cratons and the Early–Middle Proterozoic
configuration of Australia, Tectonophysics 380 (2004) 27–41.

[34] Z.-X. Li, W. Guo, C.McA. Powell, Timing and genesis of
Hamersley BIF-hosted iron deposits: a new paleomagnetic
interpretation, Minerals and Energy Research Institute of Western
Australia (MERIWA) Report no. 199, Perth, 2000 216 pp.

[35] S.T. Netshiozwi, N.J. Beukes, J. Gutzmer, Petrographic constraints
on the transformation of the Penge Iron Formation into high-grade
hematite ores at Thabazimbi Mine, Limpopo Province, South
Africa, 16th Int. Sediment. Congr., 2002, pp. 275–276.

259B. Rasmussen et al. / Earth and Planetary Science Letters 258 (2007) 249–259



Hydrothermal Alteration Zonation and Fluid Chemistry of the
Southern Ridge and North Deposits at Mt Tom Price
W S Thorne1, S G Hagemann2 and M E Barley3

ABSTRACT
The Mt Tom Price deposit is a world-class high-grade hematite deposit in
the Hamersley Province of Western Australia with an original resource
of 900 Mt of almost pure hematite, averaging 63.9 wt per cent Fe.
Petrological and geochemical studies at both the Southern Ridge and the
North deposit at Mt Tom Price have identified three hypogene alteration
zones between unmineralised BIF and high-grade iron ore:

1. distal magnetite-siderite-stilpnomelane;

2. intermediate hematite-magnetite-ankerite-talc-chlorite; and

3. proximal martite-microplaty hematite-magnetite-apatite alteration
zones.

Fluid inclusions trapped in siderite within the distal magnetite-siderite-
stilpnomelane alteration zone at the North deposit revealed primary high
salinity (25.5 eq wt per cent NaCl-CaCl2) inclusions that homogenised
between 107° and 142°C into liquid. Fluid inclusions trapped in ankerite
within ankerite-microplaty hematite veins in the intermediate
hematite-ankerite-magnetite-talc-chlorite alteration zone at the North
deposit revealed mostly H2O-CaCl2 pseudosecondary and secondary
inclusions with salinities of 22.4 - 25.4 eq wt per cent and 22.9 - 25.9 eq
wt per cent CaCl2, respectively. Pseudosecondary inclusions
homogenised between 153° and 449°C and secondary inclusions
homogenised between 103° and 157°C. Fluid inclusions trapped in
apatite within talc-microplaty hematite veins in the intermediate
hematite-magnetite-talc-chlorite-apatite alteration zone at Southern Ridge
revealed that primary, medium salinity (7.0 - 9.0 eq wt per cent NaCl)
inclusions homogenised between 181° and 257°C and primary high
salinity (22.8 - 25.9 eq wt per cent CaCl2) fluid inclusions homogenised
between 118° and 257°C into liquid. Microthermometric analysis of
quartz from quartz-hematite veins from the Southern Batter Fault,
Southern Ridge show a complex fluid inclusion history. Primary fluid
inclusions consist of:

1. low- and high-salinity H2O-NaCI inclusions trapped at temperatures
of approximately 140° to 230°C;

2. vapour-rich inclusions of unknown compositions; and

3. ‘complex’ salt-rich (Ca, Mg, K and Na inclusions).
Secondary inclusions consist of medium-salinity fluid inclusions

trapped at temperatures of about 140° to 280°C.
A two-stage hydrothermal model is proposed for the formation of both

the Southern Ridge and North deposits. Early 1a hypogene alteration
involved the release of hydrothermal NaCl-CaCl2-rich (25.5 eq wt
per cent) basinal brines (110° - 150°C) from the underlying Wittenoom
Formation and directed upward along normal faults and focused within
the silica-rich rocks of the Dales Gorge Member, by the shales of the
underlying Mt McRae Shale Member and overlying Whaleback
Formation. Within the Dales Gorge Member hydrothermal basinal brines
migrated laterally within large-scale folds with permeability controlled by
shale bands and the NW trending dolerite dyke sets. Fluid rock reactions
transformed unmineralised BIF to magnetite-siderite-iron silicate BIF,
with subsequent desilification of the chert bands.

Stage 1b hypogene involved an increase in temperature of the
hydrothermal, CaCl2-rich saline (24 eq wt per cent) basinal brines
(250° - 300°C) resulting in formation of hematite-ankerite-magnetite-
talc-chlorite alteration and the crystallisation of microplaty hematite.

Late stage 1c hypogene alteration involved the interaction of
low-temperature (~120°C) basinal brines with the hematite-ankerite-
magnetite mineral assemblage. At the Southern Ridge deposit this
process was very intense (ie high fluid flux), therefore resulting in the
almost total removal of ankerite and resulting in the increased porosity of
the ore. Stage 2 supergene enrichment in the Tertiary resulted in the
removal of residual ankerite and apatite and the weathering of the shale
bands to clay.

INTRODUCTION
At the North deposit at Mt Tom Price the preservation of
hypogene alteration zones below the limit of modern weathering
(Barley and Pickard, 1997; Barley et al, 1999; Thorne, 2001;
Thorne, Hagemann and Barley, 2004) provides a unique
opportunity to expand the knowledge of the processes that
formed the high-grade (>65 wt per cent Fe) iron deposit. This
paper provides a detailed description of the hypogene alteration
zones that surround the high-grade iron orebody at the North
deposit (Barley et al, 1999; Cochrane, 2003; Thorne, 2003;
Thorne, Hagemann and Barley, 2004) and Southern Ridge
deposit (Ridley, 1999; Hagemann et al, 1999; Taylor et al, 2001;
Cochrane, 2003) and their paragenetic sequence within the
mineralisation system. Fluid inclusions and carbon and oxygen
isotope compositions of carbonates in the major alteration zones
at the North deposit were analysed in order to establish the
pressure, temperature and composition of the hydrothermal
fluids. Geochemical analyses including fluid inclusion
microthermometry, oxygen and hydrogen isotope analyses and
ion-chromatography studies on quartz-hematite veins, related to
late-brittle extensional movement on the Southern Batter Fault,
Southern Ridge deposit (Ridley, 1999; Hagemann et al, 1999)
were also analysed in order to establish fluid regimes, fluid
sources and the composition of cation and anions transported by
the hydrothermal fluids. This paper compares and contrasts the
hydrothermal alteration and geochemical analysis at the North
and Southern Ridge deposits and discusses the implications for
high-grade iron mineralisation in BIF-related deposits.

MT TOM PRICE IRON DEPOSIT
The Mt Tom Price orebody (Figure 1) extends for seven
kilometres from the North deposit in the NW to the South East
Prong deposit in the SE is up to 1.6 km wide (average 600 m),
with a maximum depth of 250 m below the surface (Taylor et al,
2001). Surface outcrop of the orebody occurs north of the WNW
trending Southern Batter Fault. The detailed stratigraphy and
geology of the mine area (Harmsworth et al, 1990; Ridley, 1999;
Taylor et al, 2001) are presented in Figure 1. High-grade
hematite ore preserves the meso and microbanding of the host
BIF. It consists essentially of randomly oriented fine-grained
platy hematite (10 - 100 μm) and martite (20 - 250 μm). Martite
is subhedral to euhedral, and exhibits intensive overgrowth of
microplaty hematite from their grain margins. The intervening
S-Bands are pale pink clay seams, and constitute the main
remaining impurities in the ore (Taylor et al, 2001).

GEOLOGY OF THE NORTH DEPOSIT
The North deposit is located NW of the Southern Ridge,
Synclines and Centre deposits at Mt Tom Price (Figure 1). The
strata consist of the Dales Gorge Member, the Whaleback Shale
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Member and the Joffre Member. Previous work (Barley et al,
1999; Taylor et al, 2001; Thorne, 2001; Thorne, Hagemann and
Barley, 2004) describes the North deposit. The North deposit is
concealed below colluvium, canga and low-permeability
unmineralised shale that limits the depth of weathering and
preserve hypogene alteration zones both below and lateral to the
deposit (Figure 2b).

Two zones of high-grade mineralisation are present within the
North deposit: martite-microplaty hematite (Mr-mpH) ore
(>65 wt per cent Fe) with low P levels (<0.05 wt per cent) and
Mr-mpH ore with high phosphorus levels (>0.05 wt per cent).
Supergene Mr-mpH (low P) occurs above the depth of
weathering and extends to near surface on the northern limb of
the syncline where intense weathering makes identification of
hypogene alteration and structures impossible. The distribution
of supergene low P, Mr-mpH above and hypogene high P,
Mr-mpH mineralisation below the depth of weathering is similar
to Southern Ridge (Thorne, Hagemann and Barley, 2004).

PETROGRAPHY OF HYPOGENE ALTERATION
ZONES

Host rocks
Unmineralised, unweathered BIF is characterised by alternating
magnetite-chert mesobands and microbands with subordinate
carbonate, iron silicates, and pyrite (Figure 3a). Magnetite occurs
as euhedral crystals (50 - 250 μm) with rare, anhedral hematite
inclusions (5 - 15 μm). Finely granular to bladed of crystals
stilpnomelane (20 - 70 μm), rare fibrous riebeckite (20 - 100 μm),

and carbonates (50 - 400 μm, siderite to dolomite) occur as thin
bands and intergrown within chert mesobands (Figure 4a).
Unweathered shale bands, which are metamorphosed tuffaceous
mudstones (Pickard, 2002) within the Dales Gorge Member are
green/black, laminated (mm to cm) contain iron-rich chlorite,
stilpnomelane, massive dolomite, euhedral pyrite (50 - 300 μm)
and local magnetite-rich bands.

NORTH DEPOSIT
Extensive core logging and petrological studies (Barley et al,
1999; Cochrane, 2003; Thorne, 2001; Thorne, Hagemann and
Barley, 2004) identified a laterally extensive pervasive hypogene
footwall alteration zone below low P, Mr-mpH ore (>65 wt
per cent Fe, P < 0.05 wt per cent; Figure 2). The alteration
comprises three zones; distal magnetite-siderite-iron silicate;
intermediate hematite-ankerite-magnetite-talc-chlorite, and
proximal martite-microplaty hematite-apatite. Hypogene
alteration is restricted to BIF bands with shale bands preserving
their original mineralogy and textures. Hypogene alteration is
restricted to the Dales Gorge Member, and strongly developed
within DG3 and upper DG2. The outer distal alteration zone
becomes restricted to the proximity of BIF/shale band contacts
(Thorne, Hagemann and Barley, 2004).

Distal
Unmineralised BIF grades into distal alteration zones that are
approximately 30 m in width (Figure 2b) and characterised by the
mineral assemblage magnetite-siderite-stilpnomelane (Figure 3b).
The assemblage reflects the partial replacement of chert bands by
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FIG 1 - Surface geology and major structural features of the Mt Tom Price iron deposit (after Taylor et al, 2001) showing locations of
cross-sections in Figure 2.



bladed magnetite (50 - 200 μm), siderite (800 - 1500 μm) and iron
silicates (20 - 110 μm; Figure 4b, c, d). Pyrite crystals
(50 - 300 μm) are finely disseminated within shale bands. Apatite
occurs as euhedral crystals intergrown with anhedral chlorite. Talc
forms radiating and fibrous aggregate that replace siderite.
Chlorite is intergrown with talc and contains microplaty hematite
and anhedral to euhedral magnetite grains. Talc-chlorite-
microplaty hematite veins (V4; Thorne et al, in prep) are common
and cross-cuts magnetite-siderite- stilpnomelane wallrock.

Intermediate
Intermediate alteration zones, are about 15 m in width and are
characterised by the mineral assemblage hematite-ankerite-
magnetite-talc chlorite, as the result of ankerite and microplaty
hematite replacing quartz, siderite, and iron-silicates (Figure 3c).
Microplaty hematite (10 - 60 μm) has crystallised as both
individual blades and dense clusters that form overgrowths on

magnetite, and as individual plates within ankerite crystals.
Anhedral and microplaty hematite replace iron-silicates (Figure
4e, f, g). Pyrite veins are rare and occur within fracture zones that
postdate hematite-ankerite-magnetite alteration. Talc and chlorite
form anhedral intergrown masses within magnetite mesobands.

Proximal
The proximal alteration zones are about 15 m in width and
characterised by the mineral assemblage martite-microplaty
hematite-apatite (Figure 3d). Martite and anhedral hematite
replace magnetite and iron silicates, respectively. With increased
proximity to the topographic surface, the abundance of goethite
and skeletal and cellular martite increases. Fibrous quartz and
colloform goethite is locally developed within fracture zones
(Figure 4h). Intergranular porosity increases significantly to
about 15 per cent.
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FIG 2 - (A) A westward-looking cross-section of the Southern Ridge deposit along line A-B, showing the projected location of diamond drill
holes, geology and alteration zones compiled from diamond core logging and field mapping. (B) A westward-looking cross-section of the
North deposit along line C-D, showing the projected location of diamond drill holes, geology and alteration zones compiled from diamond

core logging and field mapping (modified after Thorne, Hagemann and Barley, 2004).



SOUTHERN RIDGE
Detailed core logging and petrological studies (Ridley, 1999;
Taylor et al, 2001; Cochrane, 2003; Thorne et al, in prep)
identified a laterally extensive pervasive hypogene alteration
zone on the downthrown side of the Southern Batter Fault at
Southern Ridge. Hypogene alteration comprises three zones, the
distal magnetite-siderite-iron silicate, the intermediate hematite-
magnetite-talc-chlorite, and the proximal martite-microplaty
hematite-apatite zones. Hypogene alteration is strongly
developed within the hanging wall Dales Gorge Member and
locally in the Joffre Member where the Southern Batter Fault
juxtaposes it against the Dales Gorge Member. Within the Joffre
Member, located above high phosphorus hematite mineralisation,
Taylor et al (2001) report irregular hematite bodies that are
surrounded by hematite rich jaspellitic BIF and quartz veins.

Distal
Unmineralised BIF (quartz-magnetite-stilpnomelane-dolomite)
grades into distal alteration zones that are approximately 35 m in
width and characterised by the mineral assemblage magnetite-
siderite-stilpnomelane. Textures and mineralogy are identical to
distal alteration at the North deposit.

Intermediate
The intermediate alteration zone is characterised by the
assemblage hematite-magnetite-talc-chlorite and is up to 80 m in
width and preserved both in the Dales Gorge Member and Joffre
Member. The alteration results from the crystallisation of
microplaty hematite and the replacement of siderite/
stilpnomelane alteration by talc and chlorite. Talc occurs as fine
grained (5 - 20 μm) feathery masses replacing siderite and
intergrown with martite and microplaty hematite. Magnetite
shows variable replacement by martite. Pyrite (10 - 2000 μm)
occurs as larger subhedral grains in the matrix within martite
layers or along fractures which cut the microplaty hematite-

martite (magnetite) matrix. Some pyrite contains inclusions of
remnant magnetite. Chlorite (5 - 20 μm) occurs as intergranular
masses in magnetite bands and on the margins of talc veins.
Apatite (2 - 20 μm) is present as randomly orientated subhedral
grains within fibrous, fine-grained talc-microplaty hematite veins
and intergrown with martite in martite mesobands (Cochrane,
2003). Intergranular porosity in the intermediate alteration zone
is estimated at ten per cent.

Proximal
The proximal alteration zone is about 30 m in width and
characterised by the mineral assemblage martite-microplaty
hematite-apatite. Martite and anhedral hematite replace magnetite
and iron silicates, respectively. Minor amounts of apatite and
chlorite are preserved and occur intergrown in distinct layers,
together with some fine-grained martite (Thorne, in prep).
Intergranular porosity increases significantly to about 15 per cent.
The intervening S-bands are black or green shales and preserve the
mineralogy of the host rocks (Taylor et al, 2001).

PETROGRAPHY OF SUPERGENE ALTERATION
ZONES

Areas of supergene alteration at the Southern Ridge and the
North deposit are characterised by the mineral assemblage
martite-microplaty hematite-goethite. This assemblage reflects
the replacement of remnant magnetite to goethite and the
removal of most of the apatite. With increased proximity to the
topographic surface, the abundance of goethite and skeletal and
cellular martite increases. Fibrous quartz and colloform goethite
is locally developed within fracture zones (Thorne, Hagemann
and Barley, 2004) Intergranular porosity is estimated to be about
30 per cent (Taylor et al, 2001). Talc and chlorite, primarily at
Southern Ridge, is replaced by montomorrillonite (Thorne et al,
in prep). Shale bands are reduced in volume by up to 60 per cent
by the removal of carbonates, the oxidation of pyrite to limonite,
and the replacement of shales by pink, kaolinitic clays.
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FIG 3 - Core samples from the North deposit. (A) Unmineralised BIF showing chert (Qtz) and magnetite (Mt) banding.
(B) Magnetite-siderite-iron silicate (Mt-Sid-FeSil) alteration showing preservation of banding. (C) Hematite-ankerite-magnetite
alteration with localised brecciated of magnetite bands. (D) Martite-microplaty hematite (Mr-mpHm) ore. Note preservation of

banding and goethite (Goe) infill (modified after Thorne, Hagemann and Barley, 2004).
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FIG 4 - Microphotographs showing hypogene alteration mineralogy. (A) Unmineralised magnetite (Mt) and chert (Qtz) microbands. Note
microcrystalline dolomite (Dol) within chert microband. (B) Intergrown platy siderite (Sid) and iron silicates (FeSi) pseudomorphing chert

mesoband. (C) Brecciated magnetite microband with matrix of siderite (Sid) and iron silicates (FeSi). (D) Radial and individual bladed
magnetite (Mt), partially oxidised to microplaty hematite (mpHm) within siderite (Sid) matrix. (E) Hematite-ankerite-magnetite alteration with

ankerite (Ank) replacing siderite and microplaty hematite (mpHm) replacing iron silicates. Euhedral magnetite (Mt) remains unoxidised.
(F) Ankerite (Ank) veins, V3, cross-cutting magnetite (Mt) mesobands with wallrock crystallisation of microplaty hematite (mpHm) on

magnetite. (G) Martite (Mr) and microplaty hematite (mpHm) within ankerite (Ank). (H) Skeletal martite (Mr) crystals within goethite (Goe)
matrix. Note minor interstitial quartz (Qtz) (from Thorne, Hagemann and Barley, 2004).



FLUID CHEMISTRY OF HYPOGENE ALTERATION
ZONES

North deposit

Microthermometric data
Detailed microthermometric analysis of siderite from
magnetite-siderite-stilpnomelane alteration (Cochrane, 2003) and
ankerite from ankerite-microplaty alteration zones (Thorne,
Hagemann and Barley, 2004) were conducted. Fluid inclusion
analysis on siderite from magnetite-siderite-stilpnomelane distal
alteration indicates that primary high salinity H2O-NaCl and
H2O-CaCl2 inclusions (maximum salinity of 25.5 eq wt per cent
CaCl2) were trapped between 107° and 142°C. Fluid inclusions
trapped in ankerite in ankerite-hematite veins in the
hematite-ankerite-magnetite-talc-chlorite intermediate alteration
zone revealed mostly H2O-CaCl2 pseudosecondary and
secondary inclusions with salinities of 22.4 - 25.4 and
22.9 - 25.9 eq wt per cent CaCl2, respectively. Pseudosecondary
inclusions homogenised between 153° and 449°C (253 ± 60°C;
1 σ; n = 34) and secondary inclusions between 103° and 157°C
(117 ± 10°C; 1 σ, n = 66). The decrepitation of pseudosecondary
inclusions above 350°C suggests that their trapping temperatures
are likely to be higher (ie 400°C).

Primary, pseudosecondary and secondary aqueous fluid
inclusions all have similar salinities but vary significantly in their
homogenisation temperatures. The 100° to 250°C difference in
trapping temperatures between the fluid inclusion types is
compatible with an evolving, fluid source. An initial warm
120°C fluid that crystallised siderite which was overprinted by a
saline (24 eq wt per cent CaCl2) a hot (>300° to 350°C) brine
that circulated during the formation of the hematite-ankerite-
magnetite-talc-chlorite alteration, and a later stage (170°C) saline
(24 eq wt per cent CaCl2) brine. The latter fluid could represent
either the final cooling stage during hematite-ankerite-magnetite
alteration or a separate fluid phase.

Isotopic data
Depleted δ13C values of ankerite (δ13C; -4.9 ± 2.2 ‰; 1σ, n = 15)
from the hematite-ankerite-magnetite-talc-chlorite alteration
zone indicate that the bulk of the carbon within the alteration
zone is not derived from the BIF sequence. Similar oxygen
isotope compositions, but increasingly heavy carbon isotopes
from magnetite-siderite-iron silicate alteration (-8.8 ± 0.7 ‰, 1σ,
n = 17) to hematite-ankerite-magnetite alteration (-4.9 ± 2.2 ‰,
1σ, n = 17) zones suggest the progressive exchange (mixing) with
an external fluid with a heavy carbon isotope signature (Thorne,
Hagemann and Barley, 2004). It is likely that an ascending,
saline fluid mixed with the Wittenoom Formation (δ13C;
0.9 ± 0.7, 1σ, n = 15) provided such a fluid source. Evidence
from deep drilling at the Mt Tom Price deposit (Taylor et al,
2001) suggests that the Wittenoom Formation is stratigraphically
thinned below the Mt Tom Price deposit and is structurally linked
via the Southern Batter Fault.

Southern Ridge
Geochemical work at the Southern Ridge comprises fluid
inclusion microthermometry on apatite from talc-apatite veins
from the hypogene intermediate alteration zone (Cochrane,
2003) and detailed geochemical analyses of quartz-hematite
veins (SR-V4; Ridley, 1999; Hagemann et al, 1999) including
fluid inclusion microthermometry, oxygen isotope analyses on
quartz and hematite, hydrogen isotope analyses, laser-Raman
analyses and ion chromatography on fluid inclusions (Hagemann
et al, 1999). The veins strike and dip parallel to the Southern
Batter fault zone and display crack-seal texture with slivers of
hematite and magnetite oriented parallel to the wallrock and
characterised by up to a 3 cm wide halo of hematite alteration.

Microthermometric results
Detailed microthermometric analysis was completed on apatite
from the intermediate hematite-magnetite-talc-chlorite-apatite
alteration zone. Apatite occurs as individual crystals within
talc-microplaty hematite-apatite veins (Cochrane, 2003)
indicates that primary medium salinity 7.0 - 9.0 eq wt per cent
NaCl inclusions homogenised between 181° and 257°C and
primary high salinity 22.8 - 25.9 eq wt per cent CaCl2 fluid
inclusions homogenised between 118° and 257°C.
Microthermometric analysis of quartz from quartz-hematite
veins (SR-V4; Hagemann et al, 1999) show a complex fluid
inclusion history: Primary fluid inclusions consist of:
1. low- and high-salinity H2O-NaCI inclusions trapped at

temperatures at approximately 140° to 230°C;
2. vapour-rich inclusions of unknown compositions; and
3. ‘complex’ salt-rich inclusions.
‘Complex’ salt-rich inclusions contain a mixture of mono and
divalent cations such as Ca, Mg, K, and Na. Secondary inclusions
consist of medium-salinity fluid inclusions trapped at temperatures
of about 140° to 280°C. Aqueous-carbonic inclusions are rare and
their exact composition and timing relationship with the other
inclusion types remains uncertain at present.
The occurrence of primary low-salinity inclusions indicates that
possibly an additional fluid source, such as seawater or meteoric
water, may have been present during the formation of the quartz
veins. The possible trapping of hematite in fluid inclusions, the
close spatial relationship between hematite and primary fluid
inclusions, and recent experimental data (Barton and Johnson,
1996) that suggests iron can be transported in solution by
sulfur-poor and Cl-rich brines, indicating that hematite and
quartz vein formation could have been related to the circulation
of complex hydrothermal fluids.

Stable isotope data
Stable isotope analyses revealed that magmatic and metamorphic
fluids can largely be discounted as fluid source for the
quartz-hematite veins. The contribution of seawater (δ18O = 0)
cannot be completely disregarded as some of the δ18Ofluid values
for quartz are close to zero. However, hydrogen values are lighter
than seawater (on average 38 ‰), therefore, are not compatible
with seawater as a major source for hydrogen (Hagemann et al,
1999).

Ion chromatography
Ion-chromatography investigations on fluid inclusion liquids
revealed that quartz-hematite (SR-V4) veins contain
Na>Mg>Ca>K as major cations, with elevated Li, Mn, and B
content as trace elements. Anion ratios such as Br/Cl, I/CI and
Cl/SO4 are not compatible with ratios for bulk earth, igneous and
metamorphic fluids and rocks, or seawater. The fluids show a
close affinity to Canadian Shield brines and, in the case of
Cl/SO4 versus Na/K ratios, brines that are related to Columbian
emerald formation (Hagemann et al, 1999). This study of fluid
inclusion petrography and microthermometry, stable isotope and
ion chromatography analyses suggests that the majority of
aqueous fluids trapped in fluid inclusions in quartz-hematite
veins are related to complex basinal brines.

STRUCTURAL AND HYDROTHERMAL MODEL
FOR THE NORTH DEPOSIT AND SOUTHERN

RIDGE DEPOSIT, MT TOM PRICE
Detailed core logging, petrology, fluid inclusion, stable isotope,
and ion chromatography investigations (Barley et al, 2001;
Hagemann et al, 1999; Taylor et al, 2001, Thorne, 2001;
Cochrane, 2003; Thorne, Hagemann and Barley, 2004;
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Thorne et al, in prep) from the North deposit together with
detailed petrology provides evidence to support a two-stage
hydrothermal model for the formation of the hypogene alteration
zones at the North deposit and Southern Ridge.

Stage 1a – early magnetite-siderite-iron silicate
hypogene alteration
Initial hypogene alteration (Figure 5) occurred within the
dominantly magnetite-chert layers of the Dales Gorge Member.
Unmineralised, magnetite-chert BIF wallrock is transformed
laterally and vertically into magnetite-siderite-iron silicate BIF
with subsequent desilicification of the chert bands. Fluid
inclusion analysis on siderite from magnetite-siderite-
stilpnomelane alteration at the North deposit indicates that the
magnetite-siderite-stilpnomelane alteration involved warm (107°
to 142°) saline (25 eq wt per cent CaCl2) brine (Cochrane, 2003).
The trend from heavy carbon isotope compositions of dolomites
from the Wittenoom Formation that underlies the Mt Tom Price
deposit, to progressively heavier carbon isotope compositions of
siderite in the stage 1a hypogene alteration zone, suggests that
hydrothermal fluids (brines) were released from the underlying
Wittenoom Formation and directed upward along normal faults.
Stable isotope and ion chromatography analyses from
quartz-hematite veins from the Southern Batter Fault, Southern
Ridge deposit show that the majority of aqueous fluids trapped in
fluid inclusions in quartz-hematite veins are related to complex
basinal brines. These basinal brines were focussed within the
silica-rich rocks of the Dales Gorge Member by the shales of the
underlying Mt McRae Shale Member and overlying Whaleback
Formation, which acted as an aquitard. Within the Dales Gorge
Member hydrothermal fluids migrated laterally within large-
scale folds with permeability controlled by shale bands and the
NW trending dolerite dyke sets (Thorne, Hagemann and Barley,
2004).

Stage 1b – hematite-ankerite-magnetite-talc-
chlorite hypogene alteration
Continuing reactions between the ascending hydrothermal fluids
and magnetite-siderite-iron silicate alteration produced the
hypogene hematite-ankerite-magnetite-talc-chlorite alteration at

the North deposit leaving only the remnants of the former. The
replacement of iron silicates by hematite and the replacement of
siderite by ankerite accompanied continued desilicification of the
chert bands. Microplaty hematite has crystallised as both
individual blades and dense clusters that form overgrowths on
magnetite, and as individual plates within ankerite crystals and
talc-chlorite veins. Fluid inclusion evidence suggests that the
hematite-ankerite-magnetite alteration at the North deposit
involved a hot (>300° to 400°C) saline (24 eq wt per cent CaCl2)
brine (Figure 5). Talc-microplaty hematite-apatite veins from
hematite-magnetite-talc-chlorite-apatite alteration at Southern
Ridge indicate alteration involved a hot, up to 257°C saline
(24 eq wt per cent CaCl2) brine. The similar compositions of
hypogene brines at both the North and the Southern Ridge
deposits suggest a common fluid source in both deposits.

Rare pyrite veins (V4; Thorne, Hagemann and Barley, 2004)
that cross-cut all other vein types and the crystallisation of
microplaty hematite suggest locally a late-stage influx of
sulfide-bearing fluid (Figure 5). The increase in heavy carbon
isotope values from stage 1a magnetite-siderite-iron silicate
alteration to stage 1b hematite-ankerite-magnetite alteration
(Thorne, Hagemann and Barley, 2004) suggests the ongoing
progressive isotopic exchange via the influx of hydrothermal
brines sourced from the underlying Wittenoom Formation.

Stage 1c – late martite-microplaty
hematite-apatite hypogene alteration
The final stage of hypogene alteration involved the
transformation of magnetite and iron silicates to hematite, and
the dissolution of the ankerite from the precursor stage 1b
hematite-ankerite-magnetite rock. At the Southern Ridge this
dissolution is widespread and structurally controlled by dolerite
dykes and the Southern Batter fault. This phase of hydrothermal
fluid is responsible for the high intergranular porosity in the
intermediate and proximal alteration zones at Southern Ridge.
The preservation of low-temperature, saline secondary fluid
inclusions (~120°C and 24 eq wt per cent CaCl2; Thorne,
Hagemann and Barley, 2004) preserved in relict ankerite at the
North deposit, suggests that ankerite dissolution occurred late in
the hydrothermal evolution of the North deposit (Figure 5).

Iron Ore Conference Fremantle, WA, 19 - 21 September 2005 157

HYDROTHERMAL ALTERATION ZONATION AND FLUID CHEMISTRY AT MT TOM PRICE

FIG 5 - Schematic diagram showing the relative timing of hydrothermal events at the Southern Ridge and North deposits.



The high salinity of the fluids precludes meteoric water as a
fluid source and suggests that these brines likely relate also to the
release of fluids from the underlying Wittenoom Formation. This
study of fluid inclusion petrography and microthermometry,
stable isotope and ion chromatography analyses suggests that the
majority of aqueous fluids trapped in fluid inclusions in
quartz-hematite veins are related to complex basinal brines.

Stage 2 – martite-microplaty hematite-goethite
supergene alteration
The second stage resulted in the removal of most of the
phosphorus from the BIF bands with goethite and anhedral
hematite replacing martite Shale bands were weathered to clay
with a considerable reduction in volume. The distribution of
phosphorus and presence of goethite within the alteration zone
suggest that this stage involved cool (<100°C), presumably
shallow meteoric fluids.

DISCUSSION
The transformation of unmineralised BIF to high-grade iron ore
provides evidence for the interaction of the progressive alteration
of BIF with heated saline brine. The mineralogy of the distal to
proximal alteration zones reflects this interaction. The two
differences between the North deposit and the Southern Ridge
deposit are firstly, the preservation of the intermediate alteration
zone, and secondly the structural control on the preservation of
hypogene alteration zones.

At the Southern Ridge deposit the intermediate
hematite-ankerite-magnetite-talc-chlorite alteration zone present
at the North deposit is not observed. The presence of
talc-chlorite-microplaty hematite veins at both deposits replacing
siderite suggest that similar processes where occurring at both
deposits. The crystallisation of microplaty hematite at both
deposits by hot (250° - 300°C), saline (24 wt per cent CaCl2)
suggests a coeval timing of hydrothermal alteration. It is likely
that the pervasive hematite-ankerite-magnetite-talc-chlorite
alteration did form at Southern Ridge, however, but later
hydrothermal fluids removed this alteration zone leaving only
remnant talc and chlorite. This resulted in the characteristic high
intergranular porosity (ten to 15 per cent) of the intermediate and
proximal alteration zones at the Southern Ridge deposit. The
preservation of low-temperature, saline secondary fluid
inclusions (~120°C and 24 eq wt per cent CaCl2; Thorne,
Hagemann and Barley, 2004) in relict ankerite at the North
deposit, suggests that ankerite dissolution occurred late in the
hydrothermal evolution of the North deposit. The lack of
structural control at the North deposit may have allowed
preservation of the hematite-ankerite-magnetite alteration zones.
Similar salinities of this fluid suggest that the dissolution of
ankerite from the intermediate alteration zone at Southern Ridge
occurred from hypogene alteration with no need for a meteoric
fluid input as suggested by Taylor et al (2001) in the formation
of any of the alteration zones.

Microthermometric data from the North and Southern Ridge
deposit show strong similarities in the temperatures and salinities
of hydrothermal brines responsible for the transformation of
unmineralised chert-magnetite BIF to martite-microplaty
hematite-apatite hypogene alteration. Both deposits show that the
transformation occurs from low-temperature (107° to 142°C),
Ca-rich (25 eq wt per cent CaCl2) brines during magnetite-
siderite-iron silicate hypogene alteration to higher temperature
(250° - 300°C), Ca-rich (25 eq wt per cent CaCl2) brines. Fluid
inclusions trapped in quartz-hematite veins from the Southern

Batter Fault, Southern Ridge deposit possibly record this fluid
evolution. The salinities of primary and secondary inclusions
vary in such a way that the primary inclusions display high- and
low-salinity inclusions, whereas the majority of the secondary
inclusions are of medium-salinity suggesting that the pattern of
primary inclusions may be a result of boiling of medium-salinity
brine.

The evidence from the Southern Ridge and North deposits
indicates that hydrothermal brines are likely to be solely
responsible for the transformation from unmineralised BIF to
martite-microplaty hematite-apatite ore. At present, more
detailed work on the Mt Tom Price deposit needs to be
completed to confirm this. If true, it opens up a new exploration
approach with the knowledge that ‘blind’, unweathered
martite-microplaty hematite-apatite deposits potentially exist
within the Hamersley Province.
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Halogen and Cation Constraints on the Origin of 
Hydrothermal Fluids Forming High-Grade Iron Ore 
Deposits in the Hamersley Province, Western Australia

Warren Thorne, Steffen Hagemann
Centre for Exploration Targeting, School of Earth and Geographical Sciences, University of Western Australia, Crawley, 
Western Australia 6009

David Banks
School of Earth Sciences, University of Leeds, Leeds, LS2 9JT, United Kingdom

Abstract. The numerous martite-microplaty hematite ore 
deposits of the Hamersley Province represent one of the 
world’s premier iron ore provinces. Despite significant 
advances in the understanding of these deposits little is 
known about the source region of the basinal brines that 
are responsible for the transformation of BIF to high-
grade ore. Detailed crush-leach analyses on fluid 
inclusions defined two fluids: Fluid 1 originated from 
evaporated seawater that had reached halite saturation. 
This fluid lost Mg and Na and gained Li and Ca through 
interactions with carbonates, feldspars, and micas, 
respectively. Fluid 2 was a meteoric water that interacted 
with halite; subsequently this fluid lost significant Na 
through extensive wallrock interaction with plagioclases
and micas. The Cl/Br ratios of Fluids 1 and 2, responsible 
for hypogene alteration minerals including iron oxides, 
form overlapping populations, reflecting fluid mixing at 
the time of the formation of high-grade iron.

Keywords: Ion Chromatography, Iron Ore, Hydrothermal 
Alteration, Hamersley Province

1 Introduction

Significant advancement to the understanding of the 
high-grade (>60 wt. % Fe) martite-microplaty hematite 
orebodies of the Hamersley Province have been made in 
the last decade. Several genetic models (Taylor et al., 
2001; Thorne et al., 2004, 2008) have described 
successive stages of Paleoproterozoic hydrothermal 
alteration in the transformation of banded iron formation 
(BIF) to high-grade martite-microplaty ore, with each 
stage being the necessary precursor to the next (Thorne 
et al., 2008).

Hydrothermal alteration at the Mt. Tom Price, 
Paraburdoo and Channar deposits form a well-defined 
vertical and lateral transition between BIF and high-
grade ore. Detailed geochemistry, including 
microthermometry, laser-ablation of fluid inclusions, 
confirms (Hagemann et al., 1999; Thorne et al., 2004, 
2007) that both basinal brines and meteoric waters were 
responsible for the formation of carbonate-altered BIF 
and, ultimately, the formation of high-grade martite-
microplaty ore.

Despite these significant advances, the relative 
volume of basinal brines and/or meteoric waters within 
the deposits remains unclear. This study aims to more 
fully constrain the source region and history of the fluids 
involved in the hydrothermal alteration, specifically the 

relative roles of both basinal brines and heated meteoric 
fluids.

2 Samples and Analytical Methods

A total of 119 samples from hydrothermal alteration 
assemblages and high-grade iron ore were taken from the 
Mt Tom Price, Paraburdoo and Channar deposits. 
Chemical analysis of fluid inclusions in quartz, 
carbonate and hematite were carried out at the University 
of Leeds using the bulk crush-leach method as detailed 
by Banks et al. (2002). Quartz, carbonate and hematite 
samples were crushed to between 1 and 2mm and heated 

iling, washed several 
times with similar quality water and the procedure 
repeated. Dry samples between 0.5 and 1g were crushed 
to a fine powder in an agate pestle and mortar, 
transferred to a sample container and 5-
water added to re-dissolve the dried salts.  Prior to 
analysis, the samples were filtered through a 0.2-
nylon filter. The anions, Cl, and Br, were analysed by ion 
chromatography (Dionex DX-500 with an AG14 anion 
column) and Na, K, and Li, were analysed by flame 
emission spectroscopy (LaCl3 was added to give a 
concentration of 200 ppm La in each sample to prevent 
ionization of the alkalis during analysis). For both 
methods of analysis the typical precision was 5% RSD.

3 Crushed Leach Analysis

The halogen content of the fluid inclusions can be used 
to discriminate between different fluids and provides 
information on their origin. In the absence of evaporitic 
minerals, Cl and Br are not significantly involved in 
fluid-rock interactions, to the extent that the Cl/Br of the 
fluid is drastically changed, allowing the use of Cl/Br 
ratios in fluid inclusions to provide information on the 
origin of salinity in brines (Kesler, 1996; Banks et al., 
2002; Lüders et al., 2005). The evaporation of seawater 
to halite saturation does not change the molar Cl/Br ratio 
of 655, however, as halite precipitation proceeds, the 
molar Cl/Br ratio decreases to 240 at the end of halite 
precipitation (Banks et al., 2002). Further evaporation 
results in fluids that are even more Br-rich (Lüders et al., 
2005). In contrast the dissolution of halite produces Br-
deficient fluids with a large range in molar Cl/Br ratios 
from 20,000 to 5000 (Fontes and Matray, 1993).



Figure.1 Cl/Br versus Na/Br values of hydrothermal alteration assemblages and high-grade ore.

The fluids in this study form two distinct but 
overlapping populations (Fig. 1). The first population 
contains fluids from hydrothermal alteration 
assemblages and high-grade hematite ore. With a few 
exceptions, they have Na/Br ratios lower than seawater 
and plot to the left of a line in Figure 1, representing the 
progressive evaporation of seawater, indicating that there 
has been exchange of Na in the fluid for other cations. 
The second population from high-grade hematite ore has
a wide range in Cl/Br ratios from 800 to 8000, the 
highest of which are likely to result from halite 
dissolution (c.f., Fontes and Matray, 1993). The 
magnitude of Na loss is much greater in the halite 
derived (Cl-rich) fluid (6-12 eq. wt% NaCl) than the 
high-Br fluid (20-26 eq. wt % NaCl) due to the lower 
salinity making it easier for the fluid to lose most of the 
Na through water-rock interaction (WRI). Sodium loss is 
likely to have been caused by interaction with Ca from

plagioclase (Davisson and Criss, 1996) possibly 
contained in the overlying mafic rocks of the Weeli 
Wooli Formation. The distribution of Cl/Br ratios (Fig. 
2) can be explained by the mixing of a low salinity, Cl-
rich Fluid 1 with a high-salinity, Cl-poor brine as 
indicated by the mixing line in Figure 2. The mixing line 
was calculated using salinities of fluid inclusions and 
Na-Cl-Br concentrations from Tom Price (Thorne et al., 
2008). The mixing line shows that the hypogene 
alteration zones formed by the mixing of a 
predominantly high-salinity brine with a minor 
component of meteoric water. High-grade ore samples 
have Cl/Br ratios that both overlap with those from 
hypogene alteration zones and those that indicate large 
input of meteoric water (Fig. 2). This suggests that fluid 
mixing is critical in the formation of high-grade iron. 
This is further supported by a salinity decease from 
hydrothermal alteration zones to high grade iron ore 

Figure.2 Cl/Br versus Na/K ratios of fluid inclusions trapped in hydrothermal alteration minerals and iron oxide 
species of high-grade iron ore.



(Thorne et al., 2008).
The fluids have a wide range in Na/Li ratios of 20-

720 (Fig. 3), a marked increase in the Na/Li ratios of Br-
rich brines and halite. According to Fontes and Matray 
(1993) the maximum Na/Li ratios of Br-rich brines and 
halite are 6500 and 55,000, respectively. As Li is 
associated with micas, it is likely that the high WRI 
destroyed micas and produced a marked increase in the 
Li concentration in the fluids in both the low and high 
Cl-Br fluids.

Figure.1 Na/Li versus Na/K of fluid inclusions trapped in 
hydrothermal alteration minerals and oxides of high-grade 
iron ore.

4 Implications and Conclusions

The evidence from the composition of the fluid 
inclusions reported here indicates the presence of two 
fluids at the time of mineralisation. Fluid 1 originated 
from evaporated seawater that had reached halite 
saturation. This fluid lost Mg and Na and gained Li and 
Ca through interactions with micas and feldspars, 
respectively, and through dolomitisation. Fluid 2 was 
meteoric water that interacted with halite and
subsequently lost significant Na through extensive 
wallrock interaction with plagioclase and micas.

The involvement of evaporated seawater as one
source of the hydrothermal fluid involved in the upgrade 
of BIF to high grade iron ore raises the question about 
the source region of this fluid. Thorne et al., (2008) 
suggested the existence of a rift-basin to the south of the 
Hamersley province at the time of ore formation; which 
could provide a likely heat and fluid source for 
hydrothermal fluids. Although not preserved within the 
stratigraphic record in the Ashburton basin, widespread 
quartz pseudomorphs after evaporitic minerals are 
interbedded with stromatolites in 2.20 Ga sedimentary 
rocks in the Yerrida rift basin of Western Australia (El 
Tabakh et al., 1999). The Yerrida basin, together with 
other Early Proterozoic basins of Western Australia are
inferred to have developed in a rifted passive margin 
between the Pilbara and Yilgarn cratons where extensive 
hydrothermal and volcanic activity took place (Pirajno et 
al., 1998). The Yerrida basin is consequently a possible
heat and fluid source for the basinal brines that are 
critical in the formation of the high-grade martite-
microplaty hematite deposits.

The low salinity and low temperature of Fluid 2
suggests that these fluids were deeply circulating, likely 
heated meteoric water.

The data presented here suggests that the mixing of 
Fluids 1 and 2 is critical to the formation of high-grade 
iron deposits and supports several models (Taylor et al., 
2001; Thorne et al., 2004) that suggest that the mixing of 
two fluids is responsible for the crystallisation of 
microplaty hematite and ultimately the formation of low-
phosphorus martite-microplaty hematite ore. Given the 
similarities in the temperatures (~100-300oC) and 
compositions of the hydrothermal fluids across the Mt 
Tom Price, Paraburdoo and Channar deposits the 
significant differences in ore quality, ore mineralogy and 
textures may be a result of the amount of relative mixing 
of the two fluid types within each deposit.
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Recent Advances in BIF-related Iron Ore Models and Exploration 
Strategies

ABSTRACT

Recent research on BIF-related high-grade iron ore mineralization has resulted in new genetic models that emphasize the structurally 
controlled hypogene alteration and upgrade of BIF to high-grade (>65% Fe) iron ore. Conventional structural and stratigraphic 
mapping and reconstructions of the tectonic history of iron districts, in combination with high-tech geochemical analyses such as laser 
ICP-MS analyses of in situ oxides and fluid inclusions, stable (C-O-H) and radiogenic (Sr) isotopes, provide the iron explorationists 
with an invaluable set of tools to discover concealed iron ore bodies, deposits and districts. Two case studies from Western Australia 
illustrate: (1) the power of a tectonic reconstruction of the Paraburdoo Ranges and its significance for the location of high-grade
hematite mineralization, and (2) the interpretation of structural controls on iron mineralization in the C deposit and its implications 
for resource estimation.
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Mineralizing fluid evolution and REE patterns for the 
hydrothermal Carajás iron ores, Brazil, and for selected Hamersley 
iron deposits, Australia
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CPMTC-IGC-Universidade Federal de Minas Gerais, Belo Horizonte, Brazil 
S. Hagemann, W. Thorne 
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Australia 

ABSTRACT: In the Carajás Northern Ridge hydrothermal iron ore deposits, different types of ox-
ides are present, microcrystalline haematite being the most primitive, while euhedral-tabular 
haematite the late-stage hydrothermal phase. Relative to jaspilites, some rare earth elements (REE) 
patterns in ore samples show general increase in REE, light-REE enrichment, a near-horizontal 
configuration and Eu anomalies that ranges from positive to negative. Ore samples from selected 
Hamersley deposits show similar features, with less pronounced enrichment in LREE. The shifts 
in the REE patterns are directly related to the mineralogical evolution. The overall higher REE 
contents of the Carajás compared to the Hamersley ore samples suggest different mineralizing 
fluid sources. 

KEYWORDS: iron ore, Carajás, iron oxides types, rare earth elements, Hamersley 

1 INTRODUCTION

Structurally controlled (Rosière et al., 2006), 
hydrothermal iron ore deposits (Lobato et al.
2005a, b) are located in the Carajás Province of 
Brazil, hosted in the Archaean metavolcano-
sedimentary Grão Pará Group, Itacaiúnas Su-
pergroup. Jaspilites (JP) host discontinuous, 
high-grade, soft and hard iron ore bodies 
(>65% Fe), which are under- and overlain by 
basaltic rocks (Zucchetti et al. 2007). The N4 
and N5 active open pits produced in 2004 about 
80 Mt of iron. 

Different iron oxides in JPs and iron ores 
give place to various rock associations, which 
reflect the intensity of hydrothermal alteration. 
Distinctive geochemical changes, experienced 
during alteration attending iron mineralization, 
are spectacularly displayed by rare earth ele-
ments-REE data (Figueiredo e Silva 2004), and 
help constrain fluid source and evolution. The 
Carajás REE results are compared with the 
Tom Price, Paraburdoo and Brockman BS2 iron 
deposits, Hamersley, Australia. 

2 PETROGRAPHIC STUDIES 

Samples from drill holes (down to 300 m) 
were selected from the N1, N4 and N5 deposits 

of Carajás. These encompass haematitised JPs 
and hard iron ores (Figueiredo e Silva 2004), 
which are banded and/or brecciated, and varia-
bly porous. Jaspilites contain iron oxides, jas-
per, chert-quartz, whereas iron oxides dominate 
iron ores; carbonate and sulphide veinlets are 
subordinate.

For the Carajás Northern Range deposits, a 
mineralogical sequence for the iron oxides has 
been established: MiH  Mgt  Mt  MpH 

 AnH  EH-TH (Figueiredo e Silva 2004). 
Microcrystalline haematite (MiH) – the ear-

liest oxide, which is overgrown by magnetite 
(Mgt) porphyroblasts. It is typical for the 
jaspilite layers but stable even in the more ad-
vanced hydrothermal alteration stages. 

Martitised magnetite (Mt) – has kenomag-
netite (Kmg) relicts, and is commonly sur-
rounded by haloes of recrystallised jasper, re-
sulting in fine-grained, haematite-free 
granoblastic quartz. 

Micro-platy or lamellar haematite (MpH) – 
commonly partially fills vugs, or is associated 
with quartz and carbonate veins. 

Anhedral haematite (AnH) – results either 
from progressive martitization, forming abun-
dant lenticular, mosaic agglomerates, or from 
MiH recrystallization, mainly where in contact 
with euhedral and/or tabular (EH-TH) haema-
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tite veins. The latest-stage oxides EH-TH 
haematites occur in discordant veins and 
veinlets. Usually comb-textured, they further 
cement open spaces or vugs. Growth lamellae 
are common in EH, and locally also occur in 
AnH, TH, rarely in MpH. These features indi-
cate shallow, epithermal crustal conditions 
(Lobato et al. 2005a, b). 

Banded, brecciated and porous ore samples 
from the Mt. Tom Price, Paraburdoo and 
Brockman deposits show the following note-
worthy characteristics: 

(i) Mt. Tom Price: Eight samples. AnH 
dominates the majority of samples, in which 
MpH partially occupies vacancies. Kmg relics 
are present in one sample, both in Mt and in 
MpH. Where MpH (±AnH) dominates, it may 
be comb textured. 

(ii) Paraburdoo: Seven samples. One sample 
is Mt rich with MpH, the other dominated by 
AnH massive bands + MpH veins and vugs. 

(iii) Brockman BS2: Four samples. One rich 
in Mt bands + MpH vugs, and the other is 
dominated by MpH, which is coarser grained 
close to the vugs. 

The petrographic study clearly shows that 
Mt aggregates may evolve to form AnH and/or 
MpH. However, MpH is more common in vugs 
and veins. 

All Carajás samples are devoid of weathered 
products, whereas some Hamersley samples 
contain goethite, suggesting weathering over-
print. The petrographic study reveals a close 
similarity in the mineralogical and textural 
characteristics of the Carajás and Hamersley 
iron ores. 

Figure 1. Chondrite-normalised REE diagrams. (A) N4W and N5E jaspilites. (B) Different types of iron ores con-
taining oxides described in the text (most Carajás data from Figueiredo e Silva 2004). Carb: carbonate (C) BIF
from the North Deposit, Dales Gorge (data in Alibert & McCulloch 1993). (D) Different types of iron ores from 
deposits of the Hamersley basin.
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3 RARE EARTH ELEMENTS - REE 

The REE patterns of the Carajás JPs (Fig. 
1A) depict low REE contents, light REE en-
richment, and positive europium anomalies 
(Eu/Eu* > 1), similarly to Archaean BIF world-
wide (e.g., Klein & Ladeira 2002). 

Various REE populations of hematitised 
jaspilites and ores are identified (Fig. 1B). 

(i) N1 (horizontal) and N4E (hatched lines; 
Fig. 1B) ore samples exhibit LREE enrichment 
and, like JPs, positive Eu anomaly. This resem-
blance may be explained by the fact that these 
ores have oxides similar to those of haemati-
tized JPs (Mt-rich, MpH, MiH). The similarity 
is also born out by the low heavy REE signa-
ture below chondrite. 

(ii) LREE-enriched N4E ore samples with 
negative Eu anomaly (wide crosses, Fig. 1B) 
are MpH-rich, with Mt ± MiH. This association 
is interpreted as the intermediate hydrothermal 
mineralization stage. 

(iii) One group of N5E ores (vertical lines, 
Fig. 1B) displays the highest REE, mainly 
LREE. They are composed essentially of later-
stage haematites, AnH-EH-TH and MpH. 

(iv) Another N5E group (dense grey, Fig. 
1B) has near-horizontal REE patterns, with 
relative LREE and HREE enrichment. 

The patterns of Hamersley BIF deposits 
(Fig. 1C) depict low REE contents (samples 
ND85/79(207)BIF14 & 15 from Alibert & 
McCulloch 1993). While the positive Eu anom-
aly of the Archaean Carajás JPs is pronounced, 
it is discrete in the Palaeoproterozoic Hamer-
sley BIFs. 

Patterns of banded and brecciated ore sam-
ples from the Mt. Tom Price, Paraburdoo and 
Brockman (Fig. 1D) iron ore deposits allow the 
following interpretation: 

(i) All samples exhibit REE enrichment, es-
pecially LREE. The HREE have a near-
horizontal pattern. 

(ii) Tom Price samples exhibit the highest 
REE contents. This is the only deposit where 

most of the ore samples contain AnH (at the 
expense of Mt), and also MpH and Mt. 

4 DISCUSSIONS AND CONCLUSIONS 

The hydrothermal iron mineralization at 
Carajás was associated with: (i) early formation 
of Mgt; (ii) jasper recrystallisation to quartz 
with its cleansing with expulsion of MiH (V1 
quartz vein type of Figueiredo e Silva et al.

2007); (iii) progressive leaching of chert, jas-
per, or quartz, leaving MiH and innumerable 
vacant spaces; (iv) partial space filling by 
MpH; and (v) continued, more efficient space 
filling by EH and TH. 

Leaching of SiO2 and quartz in BIF is prin-
cipally a function of temperature, in the 150-
250ºC range (Taylor et al. 2001), certainly the 
case in Carajás (Lobato et al. 2005a, b). The 
evidence suggests that martitization is some-
what contemporaneous to chert recrystallisation 
and to the onset of SiO2 leaching of jaspilites. 

As pointed out by Lobato et al. (2005a, b), 
the Carajás porous, high-grade soft ore, rich in 
MpH and AnH, must have derived from inter-
action with this relatively hot SiO2-leaching 
fluid. On the other hand, the hard ore probably 
developed due to closer fluid-rock equilibrium 
conditions allowing the precipitation of the EH-
TH that cements the soft-haematite ore, typi-
cally at N5E. 

Early-stage SiO2 leaching may have resulted 
in a relative general REE augmentation during 
the incipient hydrothermal phase. However, the 
significant REE enrichment in ores, with asso-
ciated changes in the shapes of the REE pat-
terns, must have resulted from interaction with 
the mineralizing, hydrothermal fluid. 

The first significant shift in LREE occurs in 
the Mt(±Mgt)-rich Carajás samples. This can be 
explained by the distribution coefficients KD of 
magnetite, which favours the fixation of LREE 
(Li 2000). As a result, MpH formation and the 
advance of martitization to form AnH may have 
favoured the relative increase of HREE in the 
residual fluid. This lead to the near-horizontal 
REE patterns associated with the later stages of 
mineralisation, of ores dominated by AnH-EH-
TH and MpH (± MiH in relic SiO2-leached 
jaspilite fragments). A general REE enrichment 
with near-horizontal HREE patterns are also 
present in ores from the Mt. Tom Price Deposit, 
containing AnH and MpH (Fig. 1D). 

As fluid-rock interaction advanced, more 
oxidising conditions prevailed, and new haema-
tite types developed. The remaining Eu2+ was 
no longer incorporated into the rocks, resulting 
in REE patterns with a weakly negative Eu 
anomaly in high-grade ores samples (Fig. 1B). 

At Carajás, the development of Mgt(±Mt) as 
the incipient-alteration oxide suggests that the 
early-stage hydrothermal fluid had an fO2 in 
disequilibrium with the original oxide MiH 
(Lobato et al. 2005a, b). The ore samples that-
maintained an Eu positive anomaly (Fig. 1B), 

Proceedings of the Ninth Biennial SGA Meeting, Dublin 2007 1229



similar to JPs (Fig. 1A), probably equilibrated 
with a fluid capable of retaining Eu2+.

The LREE enrichment in Hamersley (La = 
max. 30x chondrite, especially Mt. Tom Price) 
and most of the Carajás (La = 40x chondrite) 
ore samples is similar. However, the N5E sam-
ples (vertical lines, Fig. 1B) represent an excep-
tional group, dominated by AnH-EH-TH + 
MpH and lacking MiH, with La close to 70x 
chondrite. Indeed, to date N5E is a distinctive 
deposit within the entire district, hosting mostly 
hard haematite ore. Its units are interpreted to 
have been the loci of the highest fluid:rock ra-
tios (Lobato et al. 2005, Rosière et al. 2006). 
The N5E REE geochemical features may thus 
be used as a powerful exploration tool. 

Mt. Tom Price ore samples from the Centre 
Pit and Southern Ridge deposits are typically 
more folded and harder. Also, they come from 
different proximities to the Southern Batter 
Fault (e.g., Hagemann et al. 1999). The 18O
study of iron oxides shows that areas of higher 
fluid flow near faults have the greatest isotopic 
interchange (Thorne et al. 2007). Such higher 
fluid-rock ratios are also reflected by the REE 
evolution, since the Mt. Tom Price samples ex-
hibit the highest REE contents (rich in AnH). 

The overall higher REE contents of the 
Carajás compared to the Hamersley ore sam-
ples suggest that different fluid sources may 
have been involved in the deposit origins. For 
Carajás, a magmatic fluid source has been pos-
tulated (Lobato et al. 2005; Figueiredo e Silva 
et al. 2007), whereas Hagemann et al. (1999) 
indicate that basinal brines were involved in the 
origin of the Mt. Tom Price deposit. 
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Hypogene fluid responsible for the transformation of BIF to high-grade 
iron ore (>65 wt %); insights from the 4 East deposit, Paraburdoo, 
Western Australia
Thorne, Warren*, Hagemann, Steffeng , * and Banks, David**

*Centre for Exploration Targeting, School of Earth and Geographical Science, University of Western
Australia, Crawley, Western Australia, 6009 Australia
**School of Earth Sciences, University of Leeds, Woodhouse Lane, Leeds, L52 9JT, United Kingdom

The Paraburdoo deposit lies about 65 km 
south of Mount Tom Price at the southern margin of 
the Hamersley Province. Recent deep drilling at 
Paraburdoo, below the 4 East deposit, was completed 
to delineate deep extensions of the ore body. The 
drilling also intersected carbonate-altered (50-55 wt% 
Fe; hematite-dolomite-chlorite-pyrite) Banded Iron 
Formation (BIF) transitional between unmineralised 
BIF (~35 wt% Fe) and high-grade (>65 wt% Fe) iron
ore mineralisation, below the depth of modern
weathering. Structural reconstruction of the 4 East 
deposit suggests that the flat fault zones that now 
underlie the deposit were steeply dipping normal 
faults, prior to late tilting. Hypogene carbonate 
alteration formed primarily in the hangingwall of 
these steeply dipping normal faults. Supergene 
overprint (removal of hypogene carbonate) of the 
hypogene carbonate-altered BIF results in the
formation of high-grade iron ore which consists of 
martite, microplaty and anhedral hematite.

Based on a careful petrographic study, primary 
fluid inclusions are observed in dolomite from
dolomite-chlorite-pyrite veins in the hematite-
dolomite-chlorite-pyrite alteration zone. Fluid 
inclusions in dolomite are rounded, ovate and irregular 
in shape. Their sizes are between 5-40 µm in 
diameter. They contain a liquid and vapour phase 
with L/V ratios of 0.6 to 0.95. Fluid inclusions in 
dolomite reveal only H2O–CaCl2 primary inclusions 
that show high salinity (average 20.9 CaCl2 eq. wt%) 
and ThTOT(L) = 130 ± 11 oC (1 ; n=52). Quantitative 
LA-ICPMS microanalysis of primary fluid inclusions 
from dolomite in dolomite-chlorite-veins yield 6.1-
10.8 wt% Ca (ave. 8.2 %), 5.4-9.5 wt% Na (ave. 
7.3 wt%), 1.0-7.7 wt% K (ave. 5.2 wt%), 0.6-5.2 ppm 
Cu (ave. 2.2 ppm), 0.8-12.2 ppm Zn (ave. 5.4 ppm), 
1.7-10.3 ppm Sr (ave. 5.4), 0.4-2.2 ppm (ave. 1.1 
ppm) Ba, and 0.2-0.9 ppm Pb (ave. 0.4 ppm). Ion 

chromatography leachates (9 samples) from dolomite 
and hematite within hematite-dolomite-chlorite-pyrite 
alteration and hematite from high-grade ore show 
similar mass ratios with Na/K = 3.9 ± 2.1 (1 , n = 9), 
Cl/SO4 = 297.1 ± 252.9, and, Na/Li = 1.1 ± 0.7. The 
samples have molar Cl/Br ratios of 175.1 ± 45.3, Na/
Br = 45.1 ± 39.5 and K/Na of 0.2 ± 0.1.

The fluids responsible for the formation of 
hypogene alteration and ultimately high-grade ore at 
the 4 East deposit at Paraburdoo were low 
temperature, 130 oC, saline fluids (Ca>Na>K) with 
elevated Cu and Zn (1.3 and 3.2 ppm, respectively). 
The high Cl/Br, low Na/Br ratios, high-Ca
concentrations, and base metal content of the fluids 
suggest that these basinal brines formed from 
evaporated sea water and have undergone extensive 
dolomitization (Luders et al., 2003). Normal faults 
that underlie the 4 East deposit provide the fluid 
pathway for hypogene fluids from the underlying 
carbonate sequences of the Wittenoom Dolomite into 
the unmineralised BIF. Such fluid flow and fluid 
geochemistry are typical of Mississippi Valley-Type 
(MVT) deposits, where faults are the principal conduits 
by which ascending metalliferous hydrothermal fluids 
access limestone units resulting in in-situ dissolution 
of the limestone and replacement of the host-rocks 
and mineralisation. The results from this work provide 
new insights in the fluids responsible for the 
transformation of unmineralised BIF to high-grade 
ore in the 4 East deposit at Paraburdoo. It also 
highlights the importance of basinal faults that link 
the underlying Wittenoom Dolomite with the BIF as a 
primary control on mineralisation.
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