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Abstract

Iron ore deposits hosted by Archean banded iron-formation (BIF) in the Weld Range greenstone belt are
representative of most of the documented iron ore deposits in the Yilgarn Craton. They include near-
surface, supergene goethite-hematite orebodies that overlie and partly modify deeper occurrences of
hypogene magnetite and specular hematite ores. The Cenozoic goethite-hematite-rich orebodies in these
deposits are unequivocally the product of meteoric fluid alteration affecting BIF in the near-surface
supergene environment; however, the deeper and likely older magnetite- and specular hematite-rich
orebodies have a more contentious origin. This study is the first to present a fluid-alteration model for
hypogene iron mineralization in the Yilgarn Craton that uses fluid inclusion and mineral chemistry data to
constrain the physical-chemical characteristics and source of hypogene fluids responsible for
mineralization. High-grade (>57 wt% Fe), magnetite-rich iron ore at the Beebyn deposit defines a
discontinuous series of <80 m-thick by <1 km-long lenses that extend 3 km along strike in the BIF. These
magnetite-rich lenses are surrounded by a broad carbonate alteration halo in the BIF and intense ferroan
chlorite and talc alteration in nearby basalt, dolerite, and gabbro country rocks. Magnetite-rich lenses at
Beebyn are the product of the replacement of primary quartz bands in the BIF by Stages 1 and 2 hypogene
carbonate minerals, followed by their replacement by magnetite and minor ferroan dolomite. Fluid inclusion
studies demonstrate that Stage 1 fluids were high-temperature (>440 °C) and COz-rich. Paired O and C
stable isotope data for Stage 1 ferroan dolomite suggest that these fluids had a magmatic source, while
Stage 1 magnetite chemistry (e.g. enrichments in Mg, Mn, Ca, and Na) indicates chemical exchange took
place between the fluids and mafic igneous rocks prior to crystallization of magnetite. The presence of
monophase carbonic fluid inclusions in Stage 1 ferroan dolomite suggest that phase separation of a
bicarbonate-rich aqueous fluid took place in deeper parts of the hydrothermal system, which led to the
separation of the resultant volatile-rich and brine phases during transport of the Stage 1 fluid to shallower
crustal levels. Cooling of the hydrothermal system during the Stage 2 fluid event involved (i) an early brine
(>275 to 327 °C; 36 to 40 equiv. wt% NaCl) with CI/Br and C and O isotopes values that overlap the ranges
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for magmatic fluids, with minor involvement of Archean seawater, and extensive chemical exchange with
country rocks; followed by (ii) pulses of moderate- and lower-temperature Stage 2 brines (>125 to 260 °C;
2 to 24 equiv. wt% CaClz2) with CI/Br, O and C isotope, Na/Br, and Ca/Ca+Na signatures that suggest
cooling of magmatic-derived fluids that mixed with Archean seawater and reacted with mafic igneous
country rocks in areas more distal to fluid pathways. The last stage of formation of magnetite-rich ore at
the Beebyn deposit involved the flow of Stage 3 fluids through the existing fault network that controlled
earlier fluids. Stage 3 fluids are lower-temperature (>98 to 175 °C), low to high-salinity brines with CI/Br
values that overlap reported ranges for 3.2 Ga vent fluids and seawater. Thus, they are likely the product
of heated Archean seawater that was chemically-modified through interaction with mafic country rocks.
Magnetite-talc veins at the Madoonga deposit have fluid halogen ratios for fluid inclusions hosted by
magnetite that are compatible with a range of possible sources, including low-grade metamorphic fluids,
geothermal brines, or oil field formation waters. Although, their common spatial association with semi-
massive sulfides suggests their likely precipitation from brines derived from heated Archean seawater.
More locally developed specular hematite-quartz veins that cut folded magnetite-rich ores at the Beebyn
and Madoonga deposits are the product of iron redistribution in BIF by heated meteoric fluids or seawater,

with precipitation of specular hematite as a consequence of oxidation and cooling of the fluid.
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Introduction

All major iron ore districts in the Hamersley Province, Pilbara Craton and Yilgarn Craton of Western
Australia contain high-grade (>57 wt% Fe) iron orebodies hosted by Archean to Paleoproterozoic banded
iron-formation (BIF). In all cases, these high-grade orebodies are the product of secondary enrichment of
iron in BIF through interaction with hydrothermal fluids (Hagemann et al., 2016 and references therein).
The Cenozoic goethite-hematite-rich orebodies in these deposits are unequivocally the product of meteoric
fluid alteration affecting BIF in the near-surface supergene environment (e.g. Morris, 1980). However, the
deeper and likely older magnetite-, specular hematite-, and microplaty hematite-rich orebodies have a
more contentious origin, and several rival genetic models have been proposed, including (i) early
diagenetic de-silicification of BIF with corresponding iron enrichment (Lascelles, 2006), (ii) a supergene-
metamorphic origin where very low-grade metamorphic dehydration at 80 to 100 °C led to the conversion
of Paleoproterozoic supergene goethite to microplaty hematite ore (Morris, 1985; Morris and Kneeshaw,
2011), and (iii) a supergene-modified hypogene fluid model that invokes the involvement of hot externally-
derived fluids for the upgrading of iron in BIF; principally via the replacement of primary quartz bands in
BIF by hypogene carbonate minerals, followed by carbonate dissolution and concentration of residual iron
oxide minerals to produce large volumes of high-grade iron ore (Barley et al., 1999; Powell et al., 1999;
Taylor et al., 2001; Angerer et al., 2015; Hagemann et al., 2016; this study).

The BIF-hosted iron ore deposits of the Yilgarn Craton include near-surface, supergene goethite-

hematite orebodies that overlie and partly modify deeper occurrences of hypogene magnetite and specular



hematite ores (e.g. Koolyanobbing and Windarling deposits, Angerer and Hagemann, 2010; Angerer et al.,
2013; Weld Range, Duuring and Hagemann, 2013b; Jack Hills, Maskell et al., 2014). Although structural
and hydrothermal models exist for many of these deposits, there are no existing studies that use fluid
inclusion evidence to directly constrain the physical and chemical characteristics of hypogene fluids
responsible for BIF-hosted iron mineralization in the Yilgarn Craton. This study is the first to address this
knowledge gap by examining fluid inclusions from the Beebyn and Madoonga deposits, located in the Weld
Range greenstone belt in the Murchison Domain of the Yilgarn Craton .

This study applies a multidisciplinary approach to characterizing hypogene fluids at both deposits.
Fluid inclusion studies that include microthermometry, laser Raman analyses, laser Ablation Inductive
Coupled Mass Spectrometry (LA-ICP-MS), and crush leachate analysis are employed to constrain
hypogene fluid compositions and trapping conditions. Stable oxygen and carbon isotope values for
hypogene alteration minerals are used to estimate crystallization temperatures and likely fluid sources. LA-
ICP-MS analysis of iron oxide minerals is used to constrain mineral chemistry and interpret changes in
fluid compositions and sources for the fluid alteration events (details about all methods are reported in
Online Appendix 1). These data are then integrated in the construction of a fluid-alteration model for
hypogene iron mineralization at Weld Range. An improved understanding of genetic processes for BIF-
hosted iron ore in the Yilgarn Craton has direct relevance for refining the Mineral Systems model for BIF-
hosted iron deposits and consequently for exploring for these types of deposits world-wide (Hagemann et
al., 2016).

Geology of the Weld Range Greenstone Belt and BIF-hosted

Iron Deposits

Weld Range greenstone belt

Archean supracrustal rocks exposed in the Weld Range greenstone belt include, from north to south, 2977
* 3 Ma felsic crystal tuff (Wingate et al., 2013), several BIF horizons, tuffaceous siltstones, and felsic
volcanic and volcaniclastic rocks . The ENE-trending, subvertical, stratigraphic sequence is intruded
by c. 2805 Ma mafic-ultramafic rocks of the Gnanagooragoo igneous complex (Wingate et al., 2012).
Farther south, the Gnanagooragoo igneous complex is overlain by c. 2710 to 2705 Ma, undifferentiated
felsic volcanic and volcaniclastic rocks, and by schistose pelite and psammite units of the Ryansville
Formation. Gabbronorite, gabbro, and dolerite of the Yalgowra Suite locally intrude the schistose pelite and
psammite units (lvanic, 2009). Post-tectonic monzogranite of the Bald Rock Supersuite (c. 2637 to 2592
Ma) truncate the northern margins of the Wilgie Mia Formation and Gnanagooragoo igneous complex (Van
Kranendonk and Ivanic, 2009). Supracrustal rocks in the Weld Range greenstone belt are metamorphosed
to lower-greenschist facies (300 + 50° C) at pressures of <2-3 kbar (Gole, 1980). District-scale structures
in the belt include ENE-trending, isoclinal F1 folds that have an axial planar foliation oriented subparallel to
bedding in supracrustal rocks (Spaggiari, 2006; Duuring and Hagemann, 2013b). The folding of bedding

contacts and a bedding-parallel foliation (axial planar to F+ folds) in rocks of the Ryansville Formation



(Ivanic, 2009) define a moderately SW-plunging F2 syncline located to the south of the main series of ENE-
trending ridges .

Outcrop in the Weld Range district mostly corresponds with a series of ENE-trending ridges, 3to 5
km-wide, 70 km-long, and <150 m-high. Individual ridges are 10 to 500 m wide, and mostly correspond
with exposures of BIF that are more resistant to erosion compared to surrounding mafic igneous, or rhyolitic
volcanic and volcaniclastic rocks. All rocks exposed at surface are at least moderately weathered, whereas
rocks that are more fractured are usually intensively weathered. The base of weathering varies across the
Weld Range district and is commonly 150 to 200 m below surface, but is as deep as 300 m in faulted parts

of the Madoonga BIF deposit.

Beebyn deposit geology

Key relationships between rock types, structures, and hydrothermal alteration mineral assemblages in BIF
and surrounding mafic igneous rocks at the Beebyn deposit are described in detail by Duuring et al. (2012;
2013b) and Duuring and Laukamp (2016); thus, only a summary of these features is included here. Three
main BIF units (informally named the Beebyn North, Central, and South BIF) crop out in the main ENE-
trending ridge at the Beebyn deposit m) The exposed BIF units are up to 80 m thick, trend ENE,
and dip steeply (>80°) to the SSE (Fig. 2(). Basalt, dolerite, and gabbro country rocks envelop the Beebyn

North, Central, and South BIF. All primary lithological contacts between BIF and mafic igneous rocks are
deformed, with only thin (<3 m-thick) dolerite sills within the three main BIF units recording primary intrusive
contacts. Rare, <1 m-thick, intervals of shale or siltstone are present within the North and Central BIF. The
BIFs represent a lithotectonic unit (terminology after Neuendorf et al., 2005) in that their alternating silica-
and iron oxide-rich bands are a composite of primary compositional layers and several superimposed, F+
and F2 fold-related, axial planar fabrics that are now oriented subparallel to compositional bands in the BIF
(Duuring and Hagemann, 2013b). Facing indicators are not observed. The BIFs and intervening mafic
igneous rocks are locally offset up to 200 m by NNW- to NNE-trending, subvertical faults ). High-
grade magnetitetmartite ("martite" terminology after Clark, 1993) and goethitethematite ore zones are
thickest in the North BIF, coincident with the W11 and W10 prospects ). The adjacent prospects
located to the west (i.e. W9, W8, W7) and east (W12) host narrower lenses of high-grade Fe ore.
Surrounding mafic igneous rocks do not host high-grade Fe ore. The North BIF hosts high-grade Fe ore
from the present surface to vertical depths of at least 250 m ). Goethite-hematite ore zones in BIF
extend from surface to about 60 m depth, magnetite-martite-rich zones occur from 60 to 150 m, whereas
magnetite-rich zones dominate in unweathered rocks below 150 m.

Below the weathering front, BIF and nearby mafic igneous country rocks record multiple stages of
structurally-controlled, hypogene alteration prior to the onset of near-surface weathering . These
sequential hypogene alteration stages affect the mineralogy, texture, and chemistry (including Fe content)
of the least-altered BIF ) and mafic rocks. The result is a <80 m-thick, Fe ore body that displays
zoned hypogene alteration mineral and geochemical patterns in BIF and mafic country rocks. The earliest
hypogene alteration event (Stage 1) affecting BIF involved the direct replacement of quartz in silica-rich

bands by fine-grained, anhedral Stage 1 hypogene siderite and ferroan dolomite, with hypogene magnetite



nucleating on existing magnetite-rich primary bands and also forming disseminated, euhedral crystals
surrounded by Stage 1 carbonates ). The Stage 2 event entailed the local development of Stage
2 ferroan dolomite veins that cut primary iron oxide-rich bands and earlier Stage 1 altered BIF and
D) and the replacement of quartz-rich bands by ferroan dolomite and F). Proximal areas to
magnetite-rich ore zones (e.g. the W10 prospect) display a higher proportion of ferroan dolomite veins and
hydrothermal breccias. Stage 2 accessory minerals identified with a Scanning Electron Microscope (SEM)
include apatite, monazite, xenotime, pyrite, chalcopyrite, galena, and sphalerite, as well as several
undefined sulfide minerals (i.e. Cu-S, As-Ni-Co-Fe-Sb-S, Pb-Cu-Ag-Sb-Zn-S) and a W-Sr-Fe-bearing
oxide mineral. Carbonate mineral replacement of quartz-rich bands preserve the original texture of BIF,
but drastically change the bulk chemistry of the BIF through a major depletion (98 %) in the abundance of
SiO2, with increases in CaO, MgO, Loss on Ignition (LOI) values, C, P20s, and Fe203totay (Duuring and
Hagemann, 2013b). Stages 1 and 2 carbonate-alteration of BIF is most intensely developed along the
deformed northern margin of the Beebyn North BIF and extends about 4 km along strike between the W11
and W7 prospects ).

The Stage 3 hypogene alteration event involved reactivation of existing structures and
replacement of Stage 1 and 2 carbonate minerals by finer-grained Stage 3 magnetite-ferroan
dolomitexapatitetmonazite , E, F), primarily in the W11 and W10 prospects, and more sporadically
distributed in the W9, W8, and W7 prospects. In some areas replacement of the Stages 1 and 2 carbonate
gangue minerals was associated with a volume decrease in the rock and resulted in the residual
concentration of primary magnetite-rich bands ). The resultant high-grade, magnetite-rich ore
zones in BIF are thinly banded and are locally crenulated, cavity-rich, and brecciated. The ore zones are
depleted in SiO2 (by up to 99 %) and enriched in Fe203tota)), K20, CaO, MgO and P20s compared with
least-altered BIF (Duuring and Hagemann, 2013b). The folding of carbonate-altered BIF and the residual
magnetite-rich ore zones by F2 folds indicate that the timing of Stages 1, 2, and 3 alteration predates
district-wide upright folding and tilting of the greenstone sequence in the Weld Range district.

Stage 4 chlorite-hematitettalctapatitetmonazite hypogene alteration zones ) are present
in all prospects in the Beebyn deposit, where they are associated with 2 m-wide, bedding-parallel shear
zones that locally replace least-altered and Stages 1, 2, and 3 altered BIF ). Specular hematite
lenses are located along the deformed limbs or are present in the hinge areas of parasitic F2 folds that
deform the residual magnetite-rich ore zones. Three more subsequent stages of hypogene alteration (i.e.
Stages 5, 6 and 7; Duuring and Hagemann, 2013b) have a restricted expression at the scale of the Beebyn
deposit and are unlikely to have a major influence on the bulk chemistry of the ore body. Stage 5 quartz-
magnetitetchalcopyrite locally replaces Stage 2 ferroan dolomite and Stage 3 dolomite ) in the
W10 prospect. Stage 6 ferroan dolomite- and calcite-rich veins ) are common throughout the
Beebyn deposit. The veins are 1-30 mm thick and cut Stages 2, 3, and 4 hydrothermal alteration mineral
assemblages. Stage 7 siderite-chlorite-magnetite veins cut Stage 6 veins ) in the W10 prospect
(additional photographs of altered BIF and matching thin sections are included in the Online Appendix 2).

Fresh mafic igneous rocks also show a distinct hypogene alteration zonation pattern. Proximal
and intermediate alteration zones located up to 20 m from the contact with BIF-hosted, magnetite-rich ore

zones display the replacement of primary and metamorphic Ca- and Na-rich minerals, such as amphibole,



plagioclase, and epidote, by hypogene ferroan chlorite, ferroan dolomite, and siderite. Geochemical
anomalies in proximal alteration zones include enrichments in LOI, MgO, and Fe20swotay values, and
depletions in SiO2, Ca0, K20, and Na20 (Duuring and Hagemann, 2013b).

Within 60 m of the present surface, weathered examples of hypogene-altered BIF display a
massive to mottled secondary texture, resulting from the destruction of mesobands and the replacement
of primary, metamorphic, and hypogene minerals by fine-grained goethite ). Supergene-altered
mafic igneous rocks show the replacement of primary, metamorphic, and hydrothermal minerals by

goethite, hematite, and kaolinite.

Madoonga deposit geology

A detailed description of the Madoonga deposit geology, including relationships between rock types,
structure, and hydrothermal alteration mineral assemblages, is provided by Duuring et al. (2013a). The
Madoonga deposit is hosted by the northern-most BIF in the Weld Range district and is principally centred
on the W14 prospect, with smaller pods of high-grade iron ore located along strike in the W15 and W25
prospects ). From north to south, the lithotectonic unit at the Madoonga deposit includes a quartz-
feldspar-phyric volcanic and volcaniclastic rock intruded by dolerite and gabbro, a <60 m-thick northern
BIF (hereafter referred to as the “Madoonga North BIF”), a <40 m-thick volcaniclastic or (volcanogenic)-
sedimentary rock, a southern <150 m-thick BIF (i.e. Madoonga South BIF), a 100 m-thick pyritic mudstone
containing metre-thick intervals of semi-massive pyrite intergrown with cryptocrystalline quartz, and
dolerite and gabbro. The lithotectonic unit is unconformably overlain by a flat-lying, <80 m-thick, poorly-
sorted detrital unit comprising angular fragments of BIF clasts cemented by supergene goethite ).

The deposit includes four genetically distinct styles of iron ore: hypogene magnetite-talc veins,
hypogene specular hematite-quartz veins, supergene goethite-hematite enriched BIF, and supergene
goethite-hematite-altered detrital sediments ). The residual magnetite-rich ore type documented at
the Beebyn deposit is notably absent at Madoonga. Ore formation involved superimposed multiple
hypogene and supergene alteration stages Im Semi-massive pyrite intervals and B),
pyrite veins, and spherical pyrite nodules in mudstone along the southern margin of the Madoonga South
BIF are most likely syn-sedimentary in origin, representing exhalative or subseafloor replacement style
alteration in mudstone. Guilliamse (2014) reports the additional presence of Cu-Zn-Pb-bearing massive
sulfides and stringer veins along the northern margin of the North BIF in the W27 and W15 prospects
). These sulfides are associated with intense chlorite and more distal sericite alteration zones in nearby
felsic volcanic rocks. The local presence of sulfide lenses and veins at both margins of BIF at the Madoonga
deposit suggests multiple hydrothermal fluid events that predate regional folding of BIF, or alternatively a
single fluid event with replacement-style sulfidation localized at several positions in the sequence.

Stage 1 jaspilite (terminology after Hagemann et al., 2008) containing alternating jasper and
hematite + magnetite bands is preserved in the Madoonga North and South BIF units below the weathering
front in the W14, W15, and W25 prospects. Stage 2 magnetite-talctapatitetmonazitetxenotime veins
) hosted by faults or shear zones cut Stage 1 jaspilite at shallow angles to bands in the BIF. The ore
zones are <3 m thick, <50 m long, and are located along major lithological contacts. Ore zones are thickest



in areas of structural complexity, such as dilational jogs, fault splays, and bends in the W14 and W15
prospects. Magnetite-rich shear zones are folded by tight, upright, moderately WSW-plunging regional F2
folds. Magnetite-talc veins and proximal alteration zones in BIF are enriched in Fe2O3tota)), P205, MgO, Sc,
Ga, Al20s3, ClI, and Zr; and depleted in SiO2 and MnOg, relative to least-altered BIF (Duuring and Hagemann,
2013a).

Stage 3 specular hematite-quartztapatitetmonazite veins ) are <2 m thick and hosted by
en echelon, ENE-trending faults that locally cut F2 folds in BIF in the W15 and W19 prospects and
Fig. 2B). These Stage 3 veins have a similar relative timing relationship to the Stage 4 chlorite-
hematitettalc hypogene alteration zones documented in the Beebyn deposit. At the Madoonga deposit,
the veins are surrounded by <40 m-thick, hypogene alteration zones that comprise an inner halo of
microplaty hematite and an outer halo of hematite alteration. The alteration zones are best developed in
areas surrounding fault jogs, splays, or bends. Specular hematite-quartz-rich ore zones are enriched in
Fe203totan), but are contaminated by SiO2 (Duuring and Hagemann, 2013a).

Stage 4 siderite-quartz veins, Stage 5 ferroan chlorite-pyrite veins, and Stage 6 quartz-ferroan
dolomite veins locally cut the North and South BIF at Madoonga (representative photographs of rocks and
matching thin sections are included in the Online Appendix 3). The veins are up to 2 m-thick and are
oriented subparallel to bands in BIF, with alteration halos that replace earlier hypogene alteration mineral
assemblages. These veins are distributed throughout the Madoonga deposit but have a minor influence
on the chemistry and physical properties of the main ore body.

Mafic igneous country rocks located within 10 m of the northern contact to the Madoonga North
BIF display the replacement of primary igneous amphibole and plagioclase, and metamorphic chlorite, by
ferroan chlorite, talc, and minor magnetite. Altered mafic igneous country rocks are enriched in Fe203total),
P20s, Al203, and TiO2; and depleted in K20, Na20, CaO, and SiOz, relative to least-altered mafic country
rocks (Duuring and Hagemann, 2013a).

Supergene goethite-hematite ore is <150 m wide, <400 m long, and extends to vertical depths of
about 300 m below the present surface. The ore zones are controlled by the intersection between late
NNW- to NNE-trending, subvertical brittle faults and the ENE-trending BIF. Within these highly deformed
areas, least-altered BIF and existing hypogene Fe ores are replaced by intense supergene goethite-
hematite alteration, which destroys existing bands in the BIF and results in a cavity-rich Fe ore that is
enriched in Fe203total) and depleted in SiOx2.

Supergene goethite-hematite-cemented detrital sediments are thickest along the southern margin
of the ENE-trending ridge at Madoonga ). The detrital deposits extend for about 3 km in strike, are
<200 m wide, and <100 m deep. The detrital unit is mostly low-grade (<55 wt% Fe), but varies widely in
Fe grade along strike and with depth due to its heterogeneous content. The unit formed as a result of the
erosion and transport of least-altered BIF, mafic igneous rocks, and high-grade Fe ore zones exposed
along the ridge. These fragments were transported short distances due to gravity and fluvial processes,
and were deposited in paleo-topographic depressions located adjacent to the ridge. Once accumulated,
the poorly-sorted fragments were partly cemented by goethite during the circulation of supergene fluids

through the unconsolidated sediment.



Fluid Inclusion Data for Multi-stage Hypogene Alteration of
BIF

Sample selection for fluid inclusion studies

Representative hand-specimens of fresh, hypogene-altered BIF from the Beebyn and Madoonga deposits
were selected for microthermometry, crush-leach, and in situ LA-ICP-MS analysis. The aim of these
analyses was to characterize the physical and chemical properties of the hypogene fluids responsible for
high-grade magnetite- and specular hematite-rich ore zones in each deposit, as well as characterize the
major post-ore fluid alteration events affecting BIF.

From the Beebyn deposit, hand specimens of hypogene alteration Stages 1 to 3 are crucial for
understanding the genesis of high-grade magnetite-rich ore at this deposit. They record the step-wise
replacement of primary quartz bands by hypogene carbonate minerals (Stages 1 and 2), followed by their
partial replacement by hypogene magnetite (Stage 3). Beebyn Stage 4 alteration resulted in specular
hematite-rich ore zones; however, fluid inclusions were not observed in Stage 4 chlorite, hematite, or talc
using conventional or infrared transmitted-light microscopy. Beebyn Stages 5 to 7 are post-ore stages
identified by quartz replacement domains, or carbonate-rich veins that cut existing magnetite- and specular
hematite-rich ore zones in BIF. Twenty-two 100 um-thick, doubly-polished thin sections were prepared from
hand specimens of Beebyn alteration Stages 1, 2, 3, 5, 6, and 7, and were used for microthermometry.

From the Madoonga deposit, only Madoonga Stage 3 specular hematite-quartz veins associated
with high-grade specular hematite ore zones were suitable for microthermometry. Fluid inclusions were not
observed in Madoonga Stage 2 magnetite-talc veins, whereas Madoonga post-ore Stages 4 to 6 samples
contain submicron-sized fluid inclusions in their quartz and carbonate mineral hosts. Nine 100 pm-thick,
doubly-polished thin sections were prepared from Madoonga Stage 3 specular hematite-quartz veins and

used for microthermometry.

Fluid inclusion assemblages

Primary, pseudosecondary, and secondary fluid inclusion assemblages (terminology after Roedder, 1984;
Goldstein and Reynolds, 1994) exist in all quartz and carbonate mineral hosts obtained from the Beebyn
and Madoonga deposits. Primary fluid inclusion assemblages are mostly located in the centre of crystalline
quartz and carbonate minerals, or near the nucleation surfaces of these crystals (e.g. ). The
morphology of these fluid inclusion-rich domains commonly mirrors the crystal form of the host mineral
|Fig. 8F anleig. QF). In some areas, the fluid inclusion-rich domains are surrounded by fluid inclusion-

poor rims that locally include narrower bands of fluid inclusions, thus indicating incremental growth zones

in these crystals. Pseudosecondary fluid inclusion assemblages that define three-dimensional trails within
crystals that terminate before crystal boundaries (e.g. ) most likely represent healed fractures. In
contrast, trails of secondary fluid inclusion assemblages cut crystal boundaries and their timing post-dates

crystallization of the host mineral. Temperature ranges for each hydrothermal alteration stage are provided

below;|Table A1[shows summary microthermometry data for fluid inclusion assemblages, whereas



provides data for all measured fluid inclusions. It should be noted that due to the lack of evidence for
fluid boiling, the temperatures of total homogenization reported for each alteration stage represent
minimum trapping temperatures since a pressure correction (cf. Potter, 1977) is not possible without the
availability of independent geobarometric constraints. In this case, pressure corrections to minimum
trapping temperature estimates are not possible due to large uncertainties associated with interpreting
depths of fluid trapping during crystallization during the various stages of vein formation in the Weld Range
greenstone belt. The common presence of unconformities at major unit boundaries, plus the effects of
multiple folding events, prevents an accurate determination of crustal thickness during the stages of

hydrothermal alteration in BIF.

Microthermometry results

Beebyn Stage 1 (pre-ore fluid alteration event) Beebyn Stage 1 magnetite-sideritetferroan dolomite
replaces primary quartz-rich bands in BIF. Stage 1 siderite and ferroan dolomite crystals are <300 pm-
wide, irregularly-shaped, and intergrown with disseminated, <1 mm-wide, subhedral to euhedral magnetite
). Stage 1 ferroan dolomite crystals host abundant carbonic fluid inclusions that range in size from
submicron to 12 ym. At room temperature (25 °C), both monophase vapor and two-phase, liquid-rich CO2
inclusions were observed and B). From four doubly-polished thin sections of Stage 1 magnetite-
sideritetferroan dolomite altered BIF, only sample BN-W9-104 contained fluid inclusions that were
sufficiently large for microthermometry. Within this sample, five ferroan dolomite crystals, each surrounded
by Stage 1 magnetite, host primary or pseudosecondary trails of carbonic fluid inclusion assemblages
). The measured fluid inclusions range in size from 3 to 12 ym in length and 2 to 6 um in width. Freezing
experiments demonstrate that the five fluid inclusion assemblages have internally consistent final melt
temperatures (Tmco2) indicated by the melting of solid CO2 that range from -56.7 to -57.5 °C .
These fluid inclusion assemblages display final homogenization temperatures (Thcozy) to the liquid phase
(L) that range from 18.6 to 28.3 °C. The measured Tmco2 indicate that Stage 1 fluid inclusions are
dominantly COz-rich, with possible minor presence of other gases. However, laser Raman spectroscopy
performed on 12 representative fluid inclusions from the five siderite crystals in sample BN-W9-104
demonstrates strong diagnostic peaks for the presence of CO2 with no other peaks detected apart from
those for the ferroan dolomite host . Calculated densities range from 0.65 to 0.79 g/cm3.

Beebyn Stage 2 (pre-ore fluid alteration event) Beebyn Stage 2 ferroan dolomite veins cut Stage 1
magnetite-sideritetferroan dolomite-altered bands and D), or replaces primary quartz-rich bands
and F). Stage 2 ferroan dolomite locally forms <5 mm-wide, subhedral to euhedral crystals that
grow inwards from the margins of vein walls or iron oxide-rich bands. Ferroan dolomite crystals display
undulose to uniform extinction in cross-polarized transmitted light. Euhedral crystals of Stage 2 ferroan
dolomite commonly host dense clusters of 1 to 25 ym-long, primary fluid inclusions surrounded by fluid
inclusion-poor rims, indicating primary mineral growth zones in these crystals ). Eight doubly-
polished thin sections were prepared from Stage 2 ferroan dolomitetmagnetite-altered BIF from the W10

and W8 prospects, which are located about 4 km apart and represent proximal and distal zones to
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magnetite-rich ore, respectively {Fig. 2A). From these thin sections, 33 primary fluid inclusion assemblages

were measured for microthermometry 1Tab|e A1). Most fluid inclusion assemblages comprise two-phase

(liquid-vapor) aqueous-rich fluid inclusions W 8'3), with only one documented sample (BN-W10-013)

hosting eight fluid inclusion assemblages that contain three-phase (liquid-vapor-solid) aqueous-rich fluid
inclusions and D). All documented fluid inclusions are equant to irregularly-shaped and range in
size from 2 to 25 ym in length and 1 to 15 ym in width. No relative timing relationships were observed
between ferroan dolomite crystals that host two-phase or three-phase fluid inclusion assemblages; they
are interpreted to represent discrete crystallization stages within a long-lived, widespread, Stage 2
hypogene fluid alteration event.

The two-phase aqueous-rich fluid inclusions hosted by Beebyn Stage 2 ferroan dolomite crystals
contain 80 to 90 vol% liquid and 10 to 20 vol% vapor ). Rare accidentally trapped translucent solids
are present in some fluid inclusions and were unchanged during heating to about 500 °C. Two-phase
aqueous-rich fluid inclusion assemblages have initial melting temperatures (Ti) that define a maximum
range from -45.0 to -62.0 °C, with individual fluid inclusion assemblages displaying more restricted T; that
vary by <5 °C ). The Ti ranges for individual fluid inclusion assemblages are comparable between
(i) different ferroan dolomite crystals from the same sample, (ii) hand-specimens collected from the same
prospect, and (iii) samples from the W8 and W10 prospects ). The observed T; for the fluid
inclusion assemblages are below the eutectic temperature for the H.0-NaCl system (i.e. -21.2 °C) and
therefore suggest the presence of additional cations such as Ca, Mg, and Fe (the presence of these cations
were independently confirmed by LA-ICP-MS analysis of these inclusions, described below). Melting
temperatures of ice (Tm (ice)) are more variable than the Ti ranges, defining a maximum T (ce) range from -
1.1 to -28.4 °C, although individual fluid inclusion assemblages have Tm (icey determinations that vary by <5
°C. Ferroan dolomite crystals within the same hand-specimen have very similar Tm (ice) ranges, with the
greatest variations in Tm (ice)y ranges occurring between different hand-specimens. The W8 and W10
prospects display similar maximum ranges in Tm (ice). TWO-phase aqueous-rich fluid inclusion assemblages

homogenize by the disappearance of vapor bubbles over a wide range of temperatures, from 125 to 257

°C, although Thotaly values for individual fluid inclusion assemblages vary by <11 °C) 1Table A1} |Fig. 11 P).

The Oakes et al. (1990) equation of state for the H20-NaCl-CaClz system was used to calculate salinities
for the two-phase fluid inclusions due to observed Ti values being lower than the Te for a H2O-NaCl fluid (-
21.2 °C). Calculated salinities for the Beebyn Stage 2 two-phase fluid inclusions range from 2.7 to 23.4
equiv. wt% CaClz ), with densities ranging from 0.83 to 1.08 g/cm? ).

Less common three-phase aqueous-rich fluid inclusions, hosted by Beebyn Stage 2 ferroan
dolomite contain 75 to 90 vol% liquid, 5 to 15 vol% vapor, and 5 to 10 vol% solid ). The solids are
cubic and dissolve during heating, suggesting that they are halite daughter crystals. The Ti range of -50.0
to -59.7 °C for three-phase aqueous-rich fluid inclusions is similar to the range for two-phase aqueous-rich
fluid inclusions ). Heating shows that three-phase aqueous-rich fluid inclusion assemblages
display the disappearance of the vapor bubble at temperatures from 100 to 173 °C and are completely
homogenized by the dissolution of halite within the range of 275 to 327 °C {Table A'l’ iFig. 11'3). Thus,

Thotal) Values are consistently higher for three-phase aqueous-rich fluid inclusions compared with two-

phase fluid inclusions. The Lecumberri-Sanchez et al. (2012) equation of state for the H20-NaCl-(KCI)
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system was used to calculate salinities for the Beebyn Stage 2 three-phase fluid inclusions, based on the

dissolution temperatures of halite daughter crystals. Calculated salinities range from 36.5 to 39.5 equiv.

wt% NaCl {Fig. 11€), with densities ranging from 1.07 to 1.27 g/cm? {Fig. 11D).

Beebyn Stage 3 (syn-ore fluid alteration event) Beebyn Stage 3 magnetite (60 vol%) and ferroan dolomite

(40 vol%) replace Stages 1 and 2 carbonate minerals in BIF 1Fig. 4|: anleig. 813) to produce high-grade

magnetite-rich ore. Stage 3 magnetite and ferroan dolomite are fine-grained (<350 um), subhedral to
euhedral, and display an interlocking texture. Stage 3 ferroan dolomite crystals display uniform extinction
in cross-polarized transmitted light and host <40 um-wide, mineral inclusions of Stage 3 magnetite. The
contained fluid inclusions are 2 to 20 um long, 1 to 10 um wide, and irregularly shaped )- These
fluid inclusions and magnetite mineral inclusions are interpreted to be primary on the basis that they are
mostly concentrated in the centre of Stage 3 ferroan dolomite and are surrounded by narrower, inclusion-
poor rims. Seven doubly-polished thin sections were prepared of Stage 3 magnetite-dolomite-altered BIF
from the W8 and W10 prospects. From these thin sections, two samples from the W10 prospect contain
10 primary fluid inclusion assemblages that were used for microthermometry . Most fluid
inclusion assemblages comprise two-phase (liquid-vapor) aqueous-rich fluid inclusions, with opaque
accidentally-trapped solids (magnetite) present in about 10 % of measured inclusions. Primary fluid
inclusions contain 80 to 90 vol% liquid and 10 to 20 vol% vapor. Two-phase aqueous-rich fluid inclusion
assemblages have Ti that define a range from -53.1 to -62.7 °C, with individual fluid inclusion assemblages
displaying more precise Ti that vary by <4 °C ‘ ). Melting temperatures of ice define a large Tm (ice)
range from -2.6 to -14.0 °C, with individual fluid inclusion assemblages displaying Tm (ce) that vary by <2
°C. Two-phase aqueous-rich fluid inclusion assemblages display total homogenization by the
disappearance of their vapor bubbles at temperatures from 98 to 174 °C (Thtota)) values for individual fluid
inclusion assemblages vary by <25 °C) |Table A1' iFig. 11|3). Using the Oakes et al. (1990) equation of
state for the H20-NaCl-CaCl: system, calculated salinities for the Beebyn Stage 3 two-phase fluid
inclusions range from 4.4 to 17.3 equiv. wt% CaCl2 ), with densities ranging from 1.05 to 1.10

gt T

Beebyn Stage 5 (post-ore fluid alteration event) Beebyn Stage 5 quartz-magnetitetchalcopyrite replaces

Stages 2 and 3 carbonate minerals in BIF. Stage 5 quartz crystals are coarse-grained (<2 mm-wide),
anhedral to euhedral and ‘ ), and display uniform extinction in transmitted cross-polarized
light. Primary fluid inclusions are concentrated in the center of quartz crystals and B), whereas
pseudosecondary fluid inclusions define trails that terminate before quartz crystal boundaries. Primary and
pseudosecondary fluid inclusions are 3 to 30 ym long, 3 to 25 ym wide, and are equant to irregularly
shaped. Irregular-shaped magnetite mineral inclusions are spatially associated with primary and
pseudosecondary fluid inclusions ). Two doubly-polished thin sections were prepared of Stage 5
quartz-magnetitetchalcopyrite-altered BIF from the W10 prospect. From these thin sections, eight primary

or pseudosecondary fluid inclusion assemblages were used for microthermometry iTabIe A1 ' All observed

fluid inclusion assemblages contain three-phase (liquid-vapor-solid) aqueous-rich fluid inclusions |Fig. 9'3).
The fluid inclusions contain 80 to 90 vol% liquid, 5 to 10 vol% vapor, and 5 to 10 vol% solid. The solids are
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cubic and dissolve during heating, suggesting that they are halite daughter crystals. Initial melting
temperatures define a range of -52.0 to -65.0 °C, with individual fluid inclusion assemblages varying by <2
°C ‘ ). Three-phase aqueous-rich fluid inclusion assemblages have a homogenization temperature
(Th ) range from 117 to 159 °C (to the liquid phase) and total homogenization temperatures (T hota)) by
halite dissolution that have a range from 133 to 196 °C lTabIe A1I {Fig. 11'3). Individual fluid inclusion

assemblages show more precise homogenization ranges of <17 °C. Using the Lecumberri-Sanchez et al.

(2012) equation of state for the H20-NaCl-(KCl) system, calculated salinities for the Beebyn Stage 5 halite-
bearing, three-phase aqueous-rich fluid inclusions range from 28.5 to 31.7 equiv. wt% NaCl (Fig. 11C).

Densities range from 1.13 to 1.23 g/cm3 {Fig. 11D).

Beebyn Stage 6 (post-ore fluid alteration event) Beebyn Stage 6 ferroan dolomite- and calcite-rich veins
cut Beebyn Stages 2, 4, and 5 hydrothermal alteration mineral assemblages. Stage 6 ferroan dolomite-
rich veins comprise varying proportions of calcite, magnetite, pyrite, and chalcopyrite. Ferroan dolomite
crystals are coarse, euhedral, and intergrown with anhedral magnetite ). Stage 6 ferroan dolomite
crystals display uniform extinction in transmitted cross-polarized light. The center of ferroan dolomite
crystals host abundant primary fluid inclusions (5 to 30 pm-long, 3 to 15 um-wide) and cogenetic, <30 pm-
wide, mineral inclusions of magnetite; the distribution of fluid inclusions commonly mirror the crystal form
of the host ferroan dolomite crystal and D). Four doubly-polished thin sections from the W10
prospect were examined and one thin section was selected for microthermometry. From this one sample,
four primary fluid inclusion assemblages were measured. The primary fluid inclusion assemblages include
two-phase (liquid-vapor) aqueous-rich fluid inclusions, with accidentally-trapped translucent
(undetermined) solids present in about 20 % of measured inclusions ). Primary fluid inclusions
contain 80 to 90 vol% liquid and 10 to 20 vol% vapor. The Ti for fluid inclusion assemblages range from -
50.8 to -63.2 °C, with individual ranges that vary by <4 °C ). The Tm (ice) define a range from -7.0
to -16.3 °C, with individual fluid inclusion assemblages displaying Tm (ce) that vary by <2 °C. Two-phase

aqueous-rich fluid inclusion assemblages homogenize by the disappearance of the vapor bubble from 115

to 152 °C; Thota)y Values for individual fluid inclusion assemblages vary by <9 °C 1Table A‘I' {Fig. 11'3).

Using the Oakes et al. (1990) equation of state for the H20O-NaCl-CaCl. system, calculated salinities for
the Beebyn Stage 6 two-phase fluid inclusions range from 10.5 to 19.4 equiv. wt% CaClz (Fig. 11C), with

densities ranging from 1.02 to 1.10 g/cm3 {Fig. 11D).

Beebyn Stage 7 (post-ore fluid alteration event) Beebyn Stage 7 siderite-chlorite-magnetite veins cut Stage
6 veins in the W10 prospect. Stage 7 siderite-chlorite-magnetite veins comprise coarse-grained (<1 mm-
wide) euhedral siderite intergrown with fibrous ferroan chlorite and bladed magnetite ). Stage 7
siderite crystals display uniform extinction in transmitted cross-polarized light and host clusters of primary
two-phase aqueous fluid inclusions and <30 um-wide, magnetite mineral inclusions in the center of the
crystals ). Two doubly-polished thin sections from the W10 prospect were prepared and one thin
section used for microthermometry. From this sample, three measured primary fluid inclusion assemblages
include two-phase (90 vol% liquid and 10 vol% vapor) aqueous-rich fluid inclusions that are 5 to 30 ym

long and 3 to 20 ym wide. The T; for the fluid inclusion assemblages range from -57.0 to -68.0 °C, with
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individual ranges that vary by <4 °C ({Fig. 11AA). The Tm (ce) define a range from -8.0 to -13.3 °C, with
individual fluid inclusion assemblages displaying Tm (ce) that vary by <2 °C. Two-phase aqueous-rich fluid

inclusion assemblages homogenize by the disappearance of vapor bubbles from 125 to 180 °C; Thtotal)

values for individual fluid inclusion assemblages vary by <16 °C 1Tab|e A1’ {Fig. 11 ‘3). Using the Oakes et

al. (1990) equation of state for the H20-NaCl-CaClz system, calculated salinities for the Beebyn Stage 7
two-phase fluid inclusions range from 11.7 to 17.0 equiv. wt% CaClz {Fig. 11C), with densities ranging from

1.00 to 1.08 g/cm? (Fig. 11D).

Madoonga Stage 3 (syn-ore fluid alteration event) Specular hematitexquartz veins ) are present in
the Madoonga and Beebyn deposits. The veins are hosted by ENE-trending fault zones that cut magnetite-
talc orebodies and upright F2 folds in BIF. Based on these timing relationships for both deposits, Madoonga
Stage 3 specular hematite-quartz veins most likely share a comparable relative timing to Beebyn Stage 4
chlorite-hematitettalc alteration mineral assemblages.

Four doubly-polished thin sections of representative specular hematite-quartz veins were
prepared from the Madoonga W19 and W15 prospects. One sample from each prospect was used for
microthermometry. Specular hematite was examined using near-infrared transmitted-light microscopy (and
later by LA-ICP-MS analysis of specular hematite); however, no fluid inclusions were detected in specular
hematite. Instead, cogenetic quartz crystals were examined, with four fluid inclusion assemblages
measured from the W19 prospect sample, and nine fluid inclusion assemblages analyzed from the W15
prospect sample.

The sample from the W19 prospect contains euhedral quartz crystals that hosts clusters of primary
fluid inclusion assemblages and trails of pseudosecondary fluid inclusion assemblages and H).
All observed fluid inclusion assemblages comprise 3 to 20 ym-long, 2 to 15 pm-wide, three-phase
aqueous-rich fluid inclusions (80 to 90 vol% liquid, 5 to 15 vol% vapor, 5 to 10 vol% solid). The solids are
translucent, cubic, and homogenize during heating, suggesting they are halite daughter crystals. Initial
melting temperatures define a wide range of -35.0 to -60.0 °C, although individual fluid inclusion
assemblages vary by <12 °C ). Three-phase aqueous-rich fluid inclusion assemblages have a
homogenization temperature (Th)) range from 87 to 127 °C (to the liquid phase) and total homogenization
temperatures (Theota))) by halite dissolution that have a range from 132 to 146 °C lTabIe A1r {Fig. 11'3).

Individual fluid inclusion assemblages show more precise homogenization ranges of <10 °C. Using the

Lecumberri-Sanchez et al. (2012) equation of state for the H2O-NaCl-(KCl) system, calculated salinities for
the Madoonga Stage 3 halite-bearing, three-phase aqueous-rich fluid inclusions range from 29.3 to 30.1
equiv. wt% NaCl ). Densities range from 1.16 to 1.19 g/cm3 ). Representative fluid
inclusions from this sample were analyzed by laser Raman spectroscopy, with no gases detected other
than water vapor.

The specular hematite-quartz vein sample from the W15 prospect contains euhedral quartz crystals
that are intergrown with, or are completely enclosed by, cogenetic specular hematite. Two-phase (liquid-
vapor) aqueous-rich fluid inclusions define pseudosecondary fluid inclusion assemblage trails within quartz
crystals. The fluid inclusions are 3 to 20 ym-long, 1 to 10 ym-wide, and are irregular- to negative crystal-

shaped. Two distinct populations of fluid inclusion assemblages are identified from their Ti and Tm (ice). A
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lower-salinity population of pseudosecondary fluid inclusion assemblages includes two-phase (85 to 95

vol% liquid and 5 to 15 vol% vapor) aqueous-rich fluid inclusions with Ti that range from -15.1 to -23.6 °C

and Tm (ce) that range from 0.0 to -9.0 °C |Tab|e A1| {Fig. 11{3\). Total homogenization temperatures have a

range from 110 to 190 °C (to L), with individual fluid inclusion assemblages displaying more precise ranges
that vary by <10 °C ). Using the Bodnar and Vityk (1994) equation of state for the H20-NaCl-(KCl)
system, calculated salinities for the lower-salinity population of fluid inclusion assemblages range from 0.0
to 12.8 equiv. wt% NaCl ), whereas densities range from 0.89 to 1.01 g/cm? ). In contrast,
a higher-salinity population of pseudosecondary fluid inclusion assemblages is defined by two-phase (90
to 95 vol% liquid and 5 to 10 vol% vapor) aqueous-rich fluid inclusions with T; that range from -22.9 to -
40.0 °C ) and Tm (ce) that range from -10.0 to -21.2 °C . Total homogenization
temperatures have a range from 108 to 222 °C (to L), with individual fluid inclusion assemblages displaying
more precise ranges that vary by <26 °C ). Using the Oakes et al. (1990) equation of state for the
H20-NaCl-CaCl. system, calculated salinities for the higher-salinity two-phase fluid inclusions range from
13.9 to 22.4 equiv. wt% CaCl ), with densities ranging from 0.99 to 1.12 g/cm3 ).

lon chromatography data from crush-leach analyses

Halogen contents and ratios of fluid inclusions are used to differentiate hydrothermal fluids and constrain
fluid source areas (Kesler et al., 1995). Twenty-eight mineral separates, derived from selected hypogene
alteration stages from the Beebyn and Madoonga deposits, were prepared for ion chromatography (Na, K,
Cl, Br, SO4). Samples included altered BIF from the Beebyn deposit (Stage 2 ferroan dolomite, Stage 3
ferroan dolomite-magnetite, and post-ore Stage 5 quartz), as well as two generations of high-grade
hypogene iron ore from the Madoonga deposit (Stage 2 magnetite and Stage 3 specular hematite-quartz
veins). lon chromatography data are reported inand graphically in

The results of the crush-leach analysis show that Cl is the dominant anion relative to Br and SQa,
although values for SO4 can be higher and more variable for analyzed fluids from Madoonga Stage 3
specular hematite-quartz veins . Fluoride was not detected in any sample (<10 ppb in the
leached solutions). All fluids contain Na and K, with Na being the more dominant cation .
Calculated molar CI/Br ratios for Beebyn Stages 2 and 3 fluids are comparable, but are higher for Beebyn
Stage 5 fluids, and highest for Madoonga Stages 2 and 3 fluids m) Molar Na/Br ratios are lowest
for Beebyn Stage 2 fluids and highest for Madoonga Stages 2 and 3 fluids 1Fig. 12'3). Molar Na/Cl and
Na/K ratios are similar in all analyzed hydrothermal fluids, with Beebyn Stage 3 fluids showing the greatest
variability iF|g_12F and D). Molar Na/SOu4 ratios are notably higher for Beebyn samples compared with

Madoonga samples |Fig. 12F).

In situ LA-ICP-MS data for fluid inclusions

Primary and pseudosecondary fluid inclusions examined in the microthermometry study were analyzed by
in situ LA-ICP-MS to determine their cation abundances (Na, Mg, Si, K, Ca, Mn, Fe, Co, Cu, Zn, Sr, Sn,

Ba, W, Pb, and Bi). Samples from the Beebyn deposit include Stage 2 ferroan dolomite and Stage 3 ferroan
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dolomite-magnetite, as well as post-ore Stage 5 quartz and Stage 6 ferroan dolomitetmagnetite.
Madoonga Stage 3 specular hematite-quartz veins were analyzed from the W15 and W19 prospects.
Summary LA-ICP-MS data for 26 fluid inclusion assemblages are presented in whereas data for
all 127 individual fluid inclusion analyses are reported in

LA-ICP-MS data are presented as cation ratios normalized against Na for the reason that Na is a
constituent of all measured fluid inclusions and is absent in the ferroan dolomite and quartz hosts .
A matrix correction was applied to data obtained from ferroan dolomite to compensate for the joint presence
of Mg, Ca, Mn, Fe, Sr, and minor Co and Zn, in fluid inclusions and carbonate mineral hosts (carbonate
mineral chemistry was confirmed by LA-ICP-MS spot analyses of fluid inclusion-free ferroan dolomite).
Matrix-corrected values for Mg, Ca, Mn, Fe, Sr, Co, and Zn were only included in the final data compilation
and derivative plots if laser ablation data peaks measured for these elements correspond precisely with
those for Na ).

All analyzed fluids are rich in Fe, Ca, Mg, Mn, Na, and K , with lower abundances of Cu, Sr,
Ba, Zn, Pb, and Co (i.e. ratios of 0.1 to 0.001 normalized against Na=1), and very minor W, Bi, and Sn (i.e.

0.001 to 0.0001 the concentration of Na). Beebyn Stages 2 and 3 ferroan dolomite-hosted fluid inclusions

isplay indistinguishable cation/Na ratios (Fig. 14|and|Fig. , Whereas Beebyn Stage 5 quartz-hoste
display indistinguishabl tion/Na ratios {Fig. 14|and(Fig. 15), wh Beebyn St 5 rtz-hosted

fluid inclusions have lower concentrations of Fe, Mn, and Sn. Beebyn Stage 6 ferroan dolomite-hosted
fluid inclusions are most similar in cation composition to Stages 2 and 3 fluids, but display the highest Fe,
Ca, and Cu concentrations of all measured fluid inclusions. Compared with the Beebyn fluids, Madoonga
Stage 3 specular hematite-quartz vein-hosted fluid inclusions display overlapping, but mainly lower values
for Ca, Mn, and Sr. Lower-salinity, NaCl-dominant fluid inclusions from the W15 prospect have lower Ca,

Mn, Pb, Zn, and Cu concentrations than higher-salinity, multi-cation-dominant fluid inclusions analyzed

from the W19 prospect (Fig. 15).

Stable Isotope Data for Quartz, Carbonate Minerals and

Magnetite

In situ oxygen isotope data for diagenetic/metamorphic and hypogene

quartz

In situ oxygen isotope data were obtained using a CAMECA IMS 1280 multi-collector ion probe for medium-
grained quartz in least-altered BIF from the Beebyn and Madoonga deposits. These quartz grains are
interpreted to have recrystallized during diagenesis and possibly by later lower-greenschist facies (<300
°C) regional metamorphism. In addition, oxygen isotope data were collected for quartz from a Beebyn
Stage 5 quartz alteration zone in BIF, a Madoonga Stage 3 specular hematite-quartz vein from the W19
prospect, and from a pyrite-quartz vein within semi-massive pyrite intervals located in mudstone near the
southern margin of the Madoonga South BIF.

Mineral 5'80Ov.smow values for diagenetic/metamorphic quartz grains located across several

centimetre-wide bands in the least-altered Beebyn BIF range from 9.22 to 14.38 %o (n=14), whereas values
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for diagenetic/metamorphic quartz from the Madoonga BIF ranges from 7.26 to 9.06 %o (n=14). In
comparison, 5'80v.smow values for Beebyn Stage 5 quartz range from 14.69 to 18.67 %o (n=14), Madoonga
Stage 3 quartz values range from 11.77 to 12.16 %o (n=20), whereas values from semi-massive pyrite-
quartz intervals range from 11.80 to 13.26 %o (n=10) .

Fluid 3'80w20 values for quartz are calculated using the quartz-H20 fractionation equations of
Sharp and Kirschner (1994) and their respective minimum trapping temperatures derived from
microthermometry. In the case of the diagenetic/metamorphic quartz from the least-altered BIF from the
Beebyn and Madoonga deposits, it is assumed that the quartz originally precipitated as syn-depositional,
silica-rich bands in BIF, but their present mineral and calculated fluid isotopic signatures mostly reflect their
re-equilibration with ~300 °C metamorphic fluids. No microthermometry data exist for quartz analyzed from
semi-massive pyrite-quartz veins; however, a temperature estimate of 330 °C is used based on maximum
fluid temperatures reported for vent fluids from major exhalative sulfide deposits (compiled by James et
al., 2014). Metamorphic fluids recorded by least-altered BIF define a calculated 5'®On20 value range of
1.02 to 6.18 %o at the Beebyn deposit and -0.94 to 0.86 %o at the Madoonga deposit. Hydrothermal,
exhalative-style, fluids that precipitated semi-massive pyrite-quartz intervals in mudstone at the Madoonga
deposit have calculated §'80n20 values from 4.70 to 6.15 %.. The Beebyn Stage 5 fluid has calculated

08020 values from -2.51 to 1.47 %o, whereas Madoonga Stage 3 fluid has calculated 58020 values from

-6.73 to -6.34 %o (Table A6).

Carbon and oxygen isotope data for hypogene carbonate mineral separates

Carbon and oxygen isotope data for hypogene carbonate alteration mineral separates are shown in
The 8"3Cv.rps values for carbonate minerals from Beebyn Stages 1, 2, and 6 range from -8.87 to -5.72
%o; Whereas their corresponding §'8Ov.smow values range from 8.99 to 14.55 %o. In comparison, d'3Cyv.rps
values for carbonate minerals from Madoonga Stages 4 and 6 range from -9.63 to -3.52 %o; corresponding
0'80v.smow Vvalues are from 5.64 to 13.77 %o .

Methane was not observed in trapped primary fluid inclusions in any of the samples and its presence
is assumed to be negligible, with CO2 being the dominant carbon species in the hydrothermal fluids.
0'3Cco2 values for the carbonate minerals are calculated using minimum trapping temperatures determined
from microthermometry, although in the case of Beebyn Stage 1 monophase COz-rich fluids, a trapping
temperature is used from isotopic equilibrium fractionation values determined for cogenetic magnetite and
dolomite (i.e. 450 °C; see below). For samples that do not have available microthermometry data, an
average temperature estimate was used based on data from nearby samples of the same alteration stage.
The 8'8Cco2 values for carbonate minerals are calculated using the dolomite-CO2 and calcite-CO2
fractionation equations of Ohmoto and Rye (1979), and the siderite-CO2 equation of Golyshev et al. (1981).
08020 values for hypogene carbonate minerals are calculated using the dolomite-H20 and calcite-H20

fractionation equations of Horita (2014) and Zheng (1999), and the siderite-H20 equation of Zheng (1999)

|Tab|e A7' iFig. 16'. Fluid 8"3Cco2 values for carbonate minerals from Beebyn Stages 1, 2, and 6 range

from -10.97 to -4.29 %o; whereas 8'80n20 values for the same minerals range from -2.84 to 9.57 %.. In

comparison, 5'3Cco2 values for carbonate minerals from Madoonga Stages 4 and 6 range from -12.33 to -
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6.22 %o; whereas corresponding 6'80On20 values range from -8.76 to -0.63 %o (Table A7).

Oxygen isotope data for hypogene magnetite separates

In the general case of monophase fluid inclusions observed at room temperature conditions, it is not
possible to accurately estimate final trapping temperatures from heating experiments (Yardley and Bodnar,
2014). Instead, additional independent temperature or pressure constraints are required. For this reason,
stable oxygen isotope values were determined for Beebyn Stage 1 magnetite and paired oxygen
isotope values for cogenetic dolomite separates are used to calculate crystallization temperatures for
Stage 1 hydrothermal fluids at the Beebyn deposit. Magnetite 5'80Ov.smow values range from 0.72 to 2.01
%o. Isotope fractionation factors for magnetite (Cole et al., 2004) and dolomite (Zheng, 1999) are used to
calculate fluid crystallization temperatures for the Beebyn Stage 1 fluids ranging from 444 to 664 °C
. Three of the four sample pairs used for the temperature calculations give estimates of 444 to 465 °C,
whereas the fourth pair provides a substantially higher value of 664 °C. In this latter case, it is likely that
the 8'80v.smow value for dolomite was shifted to a lower value due to the interaction with later fluids, thereby
resulting in an anomalously high temperature estimate. Accordingly, a temperature estimate of 444 to 465

°C is considered reasonable for the Beebyn Stage 1 fluid.

In situ LA-ICP-MS Trace Element Data for Magnetite and

Hematite

Sample selection for LA-ICP-MS analysis of iron oxide minerals

Thirteen polished mounts and thin sections containing iron oxides were selected from the Beebyn and
Madoonga deposits with the aim of determining their trace element abundances and interpreting changes
in the composition of their formational fluids. Least-altered BIF containing diagenetic/metamorphic
magnetite from the Beebyn deposit W) is compared with hypogene magnetite from Beebyn ore-

formation Stages 1 {Fig. 17B) and 3 {Fig. 17{), Stage 4 martite and specular hematite-chlorite veins
and E, respectively), and post-ore Stages 6 {Fig. 17|=) and 7 (Fig. 17(5). From the Madoonga deposit,

diagenetic/metamorphic magnetite (Fig. 17|-|) is compared with Stage 2 magnetite representing the main

stage of hypogene mineralization 1Fig. 17|) at Madoonga and specular hematite from Stage 3 specular
hematite-quartz veins |Fig. 17]]). Summary data for LA-ICP-MS analysis of iron oxides are reported in

Table A9] whereas individual analyses are reported in|Table A10] Compositional data are presented as a

series of box-and-whisker plots for elements considered to be most compatible in magnetite and hematite

For

Compositional ranges for magnetite and hematite from the Beebyn deposit

Least-altered BIF from the Beebyn deposit contains primary iron oxide-rich bands comprised of interlocked
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diagenetic/metamorphic magnetite grains with <20 um-diameter mineral inclusions of quartz, apatite, and
ferroan dolomite ‘ ). In situ LA-ICP-MS spot analyses were positioned away from obvious mineral
inclusions in diagenetic/metamorphic magnetite. Accidental ablation of mineral inclusions in magnetite
were identified by their prominent Si, P, Ca, Sr, or Mg spectral peaks in the collected data and were
thereafter excluded from the finalized compositional data set. Diagenetic/metamorphic magnetite (n=23)
mainly contains Si (upper threshold concentrations of 1943 to 72245 ppm), Ca (285 to 421 ppm), Al (77 to
198 ppm), Mg (24 to 198 ppm), Zn (23 to 35 ppm), Ni (22 to 32 ppm), Ti (11 to 29 ppm), K (11 to 26 ppm),
Mn (6 to 17 ppm), and Sb (2 to 13 ppm) . All other element concentrations are below 10 ppm, with
individual REE values below 6 ppm.

Beebyn Stage 1 magnetite forms isolated grains or clusters of coarse-grained (<400 ym-diameter),
hexagonal crystals surrounded by finer grained (<50 pym), crystalline ferroan dolomite ). The cores
of Stage 1 magnetite grains host abundant mineral inclusions of <40 pm ferroan dolomite. Laser ablation
spot locations were positioned along the mineral inclusion-poor, edges of disseminated magnetite grains.
Beebyn Stage 1 magnetite analyzed from the W8 and W9 prospects (n=27) comprise mainly Mg (1351 to
19523 ppm), Ca (190 to 9816 ppm), Si (430 to 4719 ppm), P (80 to 808 ppm), Mn (50 to 742 ppm), Al (18
to 335 ppm), Ni (18 to 225 ppm), K (14 to 119 ppm), Ti (31 to 63 ppm), V (5 to 56 ppm), Zn (18 to 41 ppm),
Na (13 to 25 ppm), and Sb (3 to 14 ppm). All individual REE concentrations are below 2 ppm. Compared
with diagenetic/metamorphic magnetite from the least-altered Beebyn BIF, Stage 1 magnetite is enriched
in Mg (by up to two orders of magnitude), Mn (by one order of magnitude), with common enrichments in
Ba, Mo, Na, P, Rb, Ti, and V, and more localized enrichments in As, Ca, K, Na, Pb, Sc, Sr, and W .
Stage 1 magnetite is commonly depleted in Si relative to diagenetic/metamorphic magnetite.

Beebyn Stage 3 magnetite is typified by <200 ym-long by <100 um-wide, hemi-pyramidal crystals
intergrown with Stage 3 ferroan dolomite ). Stage 3 magnetite grains rarely contain mineral
inclusions; however, their small grain size relative to the 75 ym-diameter laser beam resulted in few
representative analyses for this alteration stage (n=8). Stage 3 magnetite contains Si (1554 to 5814 ppm),
Ca (1666 to 3342 ppm), Mg (36 to 2806 ppm), W (0.2 to 1486 ppm), Al (95 to 768 ppm), Na (<153 ppm),
Mn (2 to 126 ppm), K (<121 ppm), As (2 to 48 ppm), Ti (25 to 42 ppm), and V (6 to 22 ppm). Apart from Ce
(0.1 to 0.5 ppm), REE concentrations are below detection limits. Relative to diagenetic/metamorphic
magnetite, Stage 3 magnetite displays similar, but generally more pronounced, enrichment trends
compared with Stage 1 magnetite (i.e. greater enrichments in As, Ba, Ca, K, Mo, Na, Pb, Sr, and W).
Magnesium, Mn, Ti, and V are enriched in Stage 3 magnetite relative to diagenetic/metamorphic magnetite,
but to a lesser extent than Stage 1 magnetite. Bismuth, Cr, Cu, Ge, and Nb are enriched solely in Stage 3
magnetite. Stage 3 magnetite is commonly depleted in Si relative to diagenetic/metamorphic magnetite.
Diagenetic/metamorphic, Stage 1, and Stage 3 magnetite display comparable absolute abundances of Al,
Ga, Sb, and Zr .

Beebyn Stage 4 martite is the result of the in situ oxidation of Stage 1 magnetite to hematite
). Stage 4 martite (n=18) contains mainly Si (4349 to 26144 ppm), Mg (106 to 559 ppm), Ca (<181
ppm), P (<132 ppm), Al (22 to 81 ppm), Ti (40 to 45 ppm), Na (17 to 26 ppm), K (13 to 24 ppm), and Mn
(14 to 17 ppm), with all individual REE concentrations below 0.4 ppm. Compared with Stage 1 magnetite
precursor grains, Stage 4 martite is enriched in Si, while depleted in Ca, Co, Cu, Mg, Mn, Ni, V, and Zn.
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Stage 4 martite and Stage 1 magnetite display comparable abundances of As, Cr, Ga, Ge, Na, Pb, Ti, and
W . Beebyn Stage 4 specular hematite blades that are 1 cm-long by 0.5 cm-wide ) (n=7)
contains mainly Ca (188 to 7290 ppm), P (69 to 2304 ppm), Si (461 to 1267 ppm), Al (305 to 829 ppm), Ti
(21 to 742 ppm), W (31 to 312 ppm), V (11 to 88 ppm), Na (13 to 63 ppm), Sb (9 to 51 ppm), Mg (1 to 50
ppm), Mn (1 to 50 ppm), As (3 to 44 ppm), K (9 to 36 ppm), and Cr (3 to 29 ppm). Stage 4 specular hematite
is enriched in Light REE compared with Heavy REE, with individual Ce contents up to 4 ppm. REE
normalized with respect to the Post-Archean Australian Shale (PAAS, McLennan, 1989) demonstrate a
positive slope and a prominent positive Eu anomaly. Relative to Stage 4 martite, Stage 4 specular hematite
is enriched in Al, As, Ba, Bi, Ca, Cu, Mo, Nb, P, Sb, Sc, Sr, Ta, Ti, U, V, and W, while depleted in Ge, Ni,
and Si .

Beebyn Stage 6 veins contain disseminated, irregular-shaped, <300 ym-diameter magnetite grains
surrounded by ferroan dolomite ). Inclusions of ferroan dolomite are locally present in the centre
of magnetite grains. Stage 6 magnetite (n=11) comprises Ca (229 to 744 ppm), Mg (22 to 429 ppm), Si
(187 to 1185 ppm), Al (59 to 159 ppm), Mn (4 to 43 ppm), K (20 to 38 ppm), Zn (15 to 29 ppm), Ni (11 to
18 ppm), and V (9 to 17 ppm). Apart from Er (0.05 ppm), all REE concentrations are below their respective
detection limits. Relative to diagenetic/metamorphic magnetite, Stage 6 magnetite is enriched in Ba, Ge,
Sr, and V, locally enriched in Mg and Mn, but depleted in Si, Sb, Ni, W, and Ti . Stage 6 magnetite
displays similar compositional ranges with Stages 1 and 3 magnetite, although their enrichments relative
to diagenetic/metamorphic magnetite are more subdued. Stage 6 magnetite contains the lowest
abundance of Si compared with all other analyzed magnetite.

Beebyn Stage 7 magnetite in siderite-chlorite-magnetite veins form <500 ym-diameter, hexagonal
grains that are surrounded by finer-grained chlorite or siderite ). Magnetite grains host minor <5
pm-diameter inclusions of siderite. Stage 7 magnetite (n=6) contains Ca (1328 to 9369 ppm), Mg (135 to
2630 ppm), P (182 to 1685 ppm), Si (546 to 1090 ppm), Mn (9 to 169 ppm), Al (55 to 147 ppm), and Ti
(133 to 145 ppm), with lower abundances of K (20 to 27 ppm), Na (21 ppm), Zn (10 to 20 ppm), Ni (14 to
17 ppm), and Ge (9 to 14 ppm). Rare earth elements are minor constituents (e.g. La <1.3 ppm, Ce <2.9
ppm, Pr <0.4 ppm, and Nd <1.6 ppm). Compared with diagenetic/metamorphic magnetite, Stage 7
magnetite is enriched in As, Ba, Ca, Ge, Mg, Mn, Mo, Na, P, Pb, Rb, Sr, Ti, and V . Stage 7

magnetite is depleted in Si and Zn relative to diagenetic/metamorphic magnetite.

Compositional ranges for magnetite and hematite from the Madoonga

deposit

Least-altered BIF from the Madoonga deposit contains bands of diagenetic/metamorphic magnetite with
abundant <5 pm inclusions of recrystallized quartz ). Compared with the Beebyn samples,
relatively few mineral inclusion-free magnetite grains were large enough for ablation. Madoonga
diagenetic/metamorphic magnetite (n=3) contains mostly Si (4046 to 21553 ppm), Mn (530 to 797 ppm),
Mg (208 to 210 ppm), Al (19 to 25 ppm), Na (21 to 22 ppm), and Ni (9 to 10 ppm). Apart from Ce (0.16
ppm) and La (0.01 ppm), all REE are below their respective detection limits. Compared with

diagenetic/metamorphic magnetite from the Beebyn deposit, Madoonga examples are enriched in Mn, Ti,
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and Pb, and depleted in Al, Zn, V, Ni, and Co .

Madoonga Stage 2 magnetite-talctapatitetmonazitetxenotime veins locally contain
amalgamated grains of hypogene magnetite separated by talc ). Stage 2 magnetite from the latter
occurrences (n=35) mainly contains Si (577 to 4839 ppm), Ca (284 to 1707 ppm), P (190 to 1261 ppm),
Mg (30 to 543 ppm), Al (18 to 408 ppm), Na (14 to 131 ppm), Mn (37 to 109 ppm), Ti (10 to 23 ppm), Ni (5
to 14 ppm) and Zn (2 to 35 ppm). Individual REE concentrations are <5 ppm, with Light REE more abundant
than Heavy REE. Relative to diagenetic/metamorphic magnetite in the least-altered Madoonga BIF, Stage
2 magnetite is enriched in Ca, Cr, K, Mo, P, Sc, Ti, U, and V, while depleted in Mn and Si w

Madoonga Stage 3 specular hematite blades ) (n=22) contain mostly Si (299 to 1764
ppm), Al (7 to 419 ppm), P (<75 ppm), Na (14 to 112 ppm), Mg (1 to 37 ppm), and Mn (3 to 30 ppm). REE
are very minor constituents, with individual abundances <1.6 ppm. Relative to Madoonga
diagenetic/metamorphic magnetite and Stage 2 magnetite, Madoonga Stage 3 specular hematite displays
comparable trace element abundances, but is depleted in Cr, K, Mg, Mn, Ni, P, Si, Ti, and V. Compared
with Beebyn Stage 4 specular hematite, Madoonga Stage 3 specular hematite is enriched in Zn, but
depleted in Bi, Ca, Co, Cr, K, Mg, Mo, P, Sb, Sn, Ta, Th, Ti, V, and W .

Interpretation of Fluid and Mineral Chemistry Data

Microthermometry data: fluid composition and trapping conditions

Microthermometry data for the Beebyn deposit demonstrate a transition in fluid homogenization

temperatures and salinities with time {Fig. 11 |and|Fig. 19’; from early higher-temperature carbonic (Beebyn

Stage 1) fluids to lower-temperature aqueous (Stage 2) fluids responsible for the replacement of primary
quartz bands by hypogene carbonate minerals in BIF, to aqueous-rich fluids that removed hypogene
carbonate minerals to form high-grade magnetite-rich ore (Beebyn Stage 3). The presence of vapor-rich
Stage 1 carbonic fluid inclusions suggests phase separation and related fluid immiscibility may have
operated during the early replacement of primary quartz bands by hydrothermal fluids at the Beebyn

deposit. However, all subsequent aqueous fluid inclusion assemblages show similar phase ratios at room

temperature |Fig. 8|and|Fig. 9', suggesting that phase separation was not a trigger for crystallization of

iron oxide minerals in these deposits (cf. Shepherd et al., 1985).

At the Beebyn deposit, large variations exist in Stage 2 fluid total homogenization temperatures
and calculated salinities for fluid inclusion assemblages measured from samples spanning the 4 km strike-
length of the ferroan dolomite alteration halo and C). The Stage 2 fluid event is characterized by
the localized trapping of (i) higher-temperature/ higher-salinity fluids in the W10 prospect (>275 to 327 °C;
36 to 40 equiv. wt% NaCl), (ii) moderate-temperature/ low- to moderate-salinity fluids in the W8 and W10
prospects (>225 to 260 °C; 3 to 24 equiv. wt% CacClz), as well as (iii) lower-temperature/ low- to moderate-
salinity fluids in the W10 prospect (>125 to 180 °C; 2 to 24 equiv. wt% CaClz) ‘ ). These temperature
and salinity observations for the Stage 2 fluid inclusion assemblages are best explained by the progressive
trapping of multiple pulses of hydrothermal fluid with similar major cation components, but varying in

temperature and salinity through time and with proximity to central fluid pathways.
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The Beebyn Stage 3 fluid, responsible for the replacement of Stage 2 ferroan dolomite by Stage
3 magnetite and minor reprecipitation of ferroan dolomite, has a total homogenization temperature and
salinity (>98 to 175 °C; 4 to 18 equiv. wt% CaClz) that overlaps the lower-temperature range of Stage 2
fluids ‘ ). The lower temperature of Stage 3 fluids, whose timing coincides with the net removal of
hypogene carbonate from BIF, suggests that the retrograde solubility of carbonate minerals may have been
important in forming high-grade magnetite ore at the Beebyn deposit.

Post-ore Beebyn Stage 5 fluids hosted by hydrothermal quartz replacement zones have
comparable final homogenization temperatures and cations to the preceding hydrothermal fluids ,
but Stage 5 fluids are more saline and likely Si-rich. More localized occurrences of Beebyn Stages 6 and

7 magnetite-carbonate veins formed from hydrothermal fluids that have final homogenization temperatures

and calculated salinities that are most similar to Stage 3 hydrothermal fluids 1Fig. 11 |and|Fig. 19’.

At the Madoonga deposit, Stage 3 fluids responsible for specular hematite-quartz veins display
total homogenization temperature and salinity ranges that overlap data for Beebyn Stage 2, 3, 6, and 7
fluids . Vein occurrences at the Madoonga W19 prospect host fluids that are more saline and
CaClz-dominant, compared with the lower-salinity and NaCl-dominant fluids recorded from the W15
prospect. The trapping of two compositionally distinct fluids at similar temperature ranges in these
prospects, which are spaced 10 km apart, suggests that their source fluids were potentially controlled by
their local environment but they share a global control such as changes in temperature or oxidation state

that triggers precipitation of specular hematite in their respective areas.

lon chromatography data: fluid compositions and sources

Molar CI/Br ratios are useful indicators for the source of salinity in hydrothermal fluids because, in the
absence of halite, Cl and Br are not significantly involved in fluid-rock interactions (Banks et al., 1991;
Bohlke and Irwin, 1992; Kesler et al., 1995; Banks et al., 2002; Liders et al., 2005). Seawater has a molar
CI/Br ratio of 655 ) and evaporation of seawater to the point of halite saturation does not change
this ratio, but once halite precipitation occurs the molar CI/Br ratio decreases to 240 at the end of halite
precipitation (Banks et al., 2002). Further evaporation produces fluids that are even more Br rich (LUders
et al., 2005). In contrast, the dissolution of halite, such as from sedimentary evaporite deposits, results in
Br-poor fluids with a large range in molar CI/Br ratios from about 1000 to 20000 (Fontes and Matray, 1993).
Unlike molar CI/Br ratios, molar ratios for Na/Cl, Na/Br, Na/K, and Na/SQO4 can be influenced by fluid-rock
interactions. They are particularly affected by interaction between the fluids and Na-K-bearing minerals,
such as feldspar minerals.

Molar CI/Br ratios for the analyzed fluids from the Beebyn and Madoonga deposits are mostly
higher than the ratio for Archean and modern seawater values, indicating that these fluids dissolved halite
through wallrock fluid-rock interactions prior to trapping by their mineral hosts ‘ ). Beebyn Stage 2
fluids, with molar CI/Br ratios of 1000 to 2000, most closely overlap the compositional range for magmatic-
derived fluids as reported by existing studies (Bohlke and Irwin, 1992; Johnson et al., 2000; Banks et al.,
2000b; Kendrick et al., 2001; Banks et al., 2002; Baker et al., 2006), with very good correspondence with
magmatic fluid compositions compiled by Yardley (2013) and Yardley and Bodnar (2014) )
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although the CI/Br values do overlap the broader fields for low-grade metamorphic fluids and oil field
formation waters to F). Beebyn Stage 3 fluids display a broad range of molar Cl/Br values from
380 to 2350. The highest of the two molar CI/Br values is similar to the signature for Beebyn Stage 2
values, but might be influenced by accidental incorporation of fine-grained Stage 2 magnetite and
carbonate minerals with the Stage 3 mineral separates during sample preparation. The lower CI/Br ratio
(~400) for the Stage 3 fluid is similar to CI/Br ratios for Archean seawater buffered by vent fluids (data
reported by De Ronde et al., 1997) ). However, the Stage 3 CI/Br values must be treated with
caution considering that the measured Br contents for these fluids are close to the analytical detection
limits. Beebyn Stage 5 fluids define a molar CI/Br trend that overlaps the range of Stage 2 fluids and
magmatic-derived fluid fields, but also extends towards higher CI/Br values, thus sharing compositional
affinities with low-grade metamorphic fluids, geothermal brines, and oil field formation waters ).
The single CI/Br value for the Madoonga Stage 2 fluid is higher than any value determined for the Beebyn
deposit, but overlaps the range of CI/Br values for Madoonga Stage 3 fluids; these Madoonga Stages 2
and 3 fluids are compatible with low-grade metamorphic fluids, geothermal brines, or oil field formation

waters ).

A measure of fluid-rock interaction is indicated by molar Na/Cl, Na/Br, Na/K, Na/SQ4, and CI/SO4
ratios inand by the molar CI/Br versus molar Ca/Ca+Na ratios in . The analyzed fluids
have molar Na/Cl ratios of 0.1 to 0.8, which indicates that other cations are required to be present to
balance the anions and cations. Beebyn Stage 2 fluids, with the lowest molar Na/Cl and Na/Br ratios, and
the highest range of Ca/Ca+Na ratios 1Fig. 20{&,|Fig. 20'3 and|Fig. 21{\), are likely to contain the greatest
abundance of cations substituting for Na. Corresponding LA-ICP-MS data from fluid inclusions confirm that
these fluids contain Fe, Ca, Mg, and Mn in decreasing order of abundance . Molar NaCl and Na/Br

ratios vary considerably for most of the analyzed fluids, depending on the extent of interaction between

the fluids and surrounding mafic igneous rocks that are rich in Fe, Ca, Mg, and Mn-bearing minerals.
Intense chloritization of igneous amphibole and plagioclase in neighboring mafic igneous rocks, combined
with depletions in whole rock geochemical values for CaO, K20, and Naz0 in these altered mafic rocks
(Duuring and Hagemann, 2013b), independently corroborates the inferred chemical exchange between
these cations in the hydrothermal fluids and country rocks. The presence of sulfide minerals associated
with Beebyn Stages 3 and 5 alteration mineral assemblages explains the lower CI/SOu4 ratios for
these trapped fluids ). The very low CI/SO4 ratios for Madoonga fluids suggests the fluids
interacted with semi-massive sulfides that are locally present in shale along the southern margin of the
South BIF at the Madoonga deposit.

Variations in the molar Na/K ratios for the fluids record a combined signature of the fluid source

and a measure of the interaction with feldspars in country rocks 1Fig. 20F).|Fig. 21'3 shows a comparison

of K/Na ratios determined for fluids from crush-leach and LA-ICP-MS fluid data sets versus their
corresponding minimum trapping temperatures estimated from microthermometry studies. Two main fluid
compositional-temperature groups are shown. A higher-temperature group defined by Stage 2 Beebyn and
Stage 2 Madoonga fluids overlaps the fields for black smoker fluids and geothermal brines. In contrast, the
lower-temperature data defined by Beebyn Stages 3 and 5 fluids, and Madoonga Stage 3 fluids, show a

wider spread in K/Na ratios, trending away from the microcline-albite equilibrium curve (dashed line),
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indicating their likely interaction with feldspars in country rocks. These fluids are most compatible with
bittern brines formed from the dissolution of halite, and oil field formation waters (Fig. 21B).

In situ LA-ICP-MS data for fluid inclusions: fluid compositions and sources

All analyzed fluid inclusions from the Beebyn deposit contain Fe, Ca, Mg, Mn, Na, and K (Fig. 14},

compatible with observed initial melting temperatures of -40 to -68 °C for these fluid inclusions (Fig. 11).
Madoonga Stage 3 fluid inclusions from the W19 prospect have similar cation ratios to the Beebyn fluids,
although a subset of lower-salinity fluids analyzed from the W15 prospect are richer in NaCl .
Manganese content is the best discriminator for fluids analyzed from the Beebyn and Madoonga
deposits ). Beebyn Stages 2, 3, and 6 fluids display higher Mn/Na ratios relative to other measured
fluids and are most compatible with reported data for magmatic fluids, black smoker fluids, and geothermal
brines ). Beebyn Stage 5 and Madoonga Stage 3 fluids overlap the data ranges for geothermal
brines, low-grade metamorphic fluids, and basinal brines from basement rocks (Yardley and Bodnar, 2014;
James et al., 2014). Based on a comparison of Fe, Zn, and Pb contents of fluid inclusions, most analyzed
fluids from Beebyn and Madoonga are compatible with a modified brine that has reacted with an evaporite,
with some Beebyn Stage 5 fluids demonstrating possible variation between end-member compositions of
modified and unmodified brines ). Fluids from the Beebyn and Madoonga deposits are
preferentially enriched in Cu and Zn compared with Pb, showing an affinity with Cu-Zn ratios in

volcanogenic massive sulfide (VMS) deposits rather than more Pb-rich SEDEX deposits.

Carbon and oxygen isotope data: fluid sources

Hydrothermal quartz from semi-massive pyrite-quartz veins hosted by mudstone along the Madoonga
South BIF has calculated 5'80On20 values (4.70 to 6.15 %o) that overlap the reported values for mantle and
metamorphic fluids, but are slightly more negative than the reported range for magmatic fluids (Sharp,
2006) . The isotope values for the semi-massive pyrite-quartz veins most likely record isotopic
exchange between a blend of magmatic and Archean seawater signatures through fluid mixing. Later
metamorphic fluids may also have affected 5'®Ow20 values.

Beebyn Stage 1 CO2-rich fluids have the most positive 3'80n20 values measured from either deposit;
their paired 8'®On20 and ©'Cco2 values overlap reported ranges for magmatic, carbonatite, and
metamorphic fluids . The higher-temperature/ higher-salinity subset of Beebyn Stage 2 fluids
define a narrow 8'3Cco2 range (i.e. from -7.03 to -6.54 %o), but a wide range of corresponding 3'8On20
values (0.99 to 7.42 %o). The calculated 3'3Cco2 values overlap the ranges for mantle, magmatic, and
metamorphic fluids, whereas the more negative 8'80r20 values suggest that Beebyn Stage 2 fluids
interacted with Archean seawater or meteoric waters, resulting in a negative shift in 8'®0On20 values while
preserving the initial 3'3Cco2 values of the hydrothermal fluids. In comparison, the lower-temperature/ low-
to moderate-salinity Beebyn Stage 2 fluids have more negative 5'3Cco2 values (i.e. from -10.36 to -10.11
%o) . In the likely absence of methane in the fluid inclusions, the more negative 5'3Cco2 values for

lower-temperature Beebyn Stage 2 fluids suggest interaction with rocks that contain organic carbon, which
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can have 8'3C values as low as -41.4 %o (Bekker et al., 2014). Corresponding low §'80On20o values (-0.45 to
1.01 %o) for these fluids suggest interaction with Archean seawater or meteoric waters.

Post-ore Beebyn Stages 5 and 6 fluids have 8'80n20 values (-2.84 to 2.05 %o) that overlap values
for lower-temperature Beebyn Stage 2 fluids, but their isotopic range extends to more negative 58020
values, compatible with greater interaction with Archean seawater or meteoric waters. Corresponding
0'3Cco2 values for Beebyn Stage 6 fluids (-5.47 to -10.97 %o) display a similar range to Beebyn Stage 2
fluids, suggesting interaction with organic carbon.

Madoonga Stage 3 high-salinity fluids in the specular hematite-quartz veins from the W19 prospect
have calculated 5'®0n20 values (-6.73 to -6.34 %o) that are significantly more negative than any fluid
analyzed from the Beebyn deposit, or reported values for mantle, magmatic, and metamorphic fluids
. Instead, Madoonga Stage 3 5'80n2o fluid values overlap the isotopic ranges for Archean seawater as
defined by Prokoph et al. (2008) and meteoric waters, suggesting that the Stage 3 fluids may be derived
from combinations of both sources.

Post-ore Madoonga Stages 4 and 6 fluids display a large range in 3'3Cco2 and 8'®0wn20 values,
including some of the most negative values determined from either deposit. The large range in values
suggests the influence of several possible isotope sources, such as organic carbon in the pyritic mudstone
(producing negative 5'3Cco2 values) and meteoric fluids or Archean seawater (resulting in negative 5'80On20

values).

Iron oxide mineral chemistry data: fluid compositions and sources

Magnetite and hematite are recognized petrogenetic indicators; their trace element abundances and
element ratios have been used to constrain fluid sources and discriminate ore deposit types, including Ni-
Cu-PGE and Cr (Dupuis and Beaudoin, 2011; Boutroy et al., 2014), Iron Oxide Copper-Gold and Iron
Oxide-Apatite (Dupuis and Beaudoin, 2011), VMS deposits (Singoyi et al., 2006; Makvandi et al., 2016),
carbonatite in Phalaborwa (Milani et al., 2016), as well as porphyry Cu-Mo, skarn, Ag-Pb-Zn veins, and
BIF (Dupuis and Beaudoin, 2011; Nadoll, 2011; Nadoll et al., 2014). Recently, magnetite and hematite
compositions have been used to identify the involvement of metamorphic and hydrothermal fluids in the
genesis of high-grade iron orebodies hosted by BIF in the Quadrilatero Ferrifero, Brazil (Cabral and
Rosiére, 2013; Hensler et al., 2015), and the Koolyanobbing and Marda greenstone belts, Western
Australia (Angerer et al., 2012; Angerer et al., 2013). Divalent cations such as Mg, Ni, Mn, Co, and Zn may
substitute for Fe?* sites in magnetite; trivalent cations such as Al, Cr, V, Mn, and Ga replace Fe?* sites in
magnetite or hematite (Lindsley, 1976; Wechsler et al., 1984), whereas cations with higher valencies (e.g.
Ti4*, V45* Cr456+) can occupy Fe?®* sites when substitution is coupled with a divalent cation (Wechsler et
al., 1984). Consequently, Mg, Al, Ti, V, Cr, Mn, Co, Ni, Zn, and Ga are the main discriminator elements for
magnetite (Nadoll et al., 2014), whereas Al, Cr, V, Mn, Ga, and Ti are useful for hematite (Lindsley, 1976;
Hensler et al., 2015). In the case of magnetite, numerous case studies and reviews demonstrate that its
chemistry is influenced by the composition of the magma (relevant for magmatic magnetite), the
composition of the host rocks and fluid phases (in metamorphic and hydrothermal magnetite), as well as

a range of physical-chemical fluid properties, including temperature, pressure, rate of cooling, oxygen
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fugacity, silica activity, the ionic radius and overall charge balance of substituting elements, and the
composition of coeval minerals and partition coefficients of various substituting elements between
competing mineral phases (Goldschmidt, 1954; Buddington and Lindsley, 1964; Fleet, 1981; Wechsler et
al., 1984; Whalen and Chappell, 1988; Frost and Lindsley, 1991; Ghiorso and Sack, 1991; Haggerty, 1991;
Cornell and Schwertmann, 2003; Carew et al., 2006; Nadoll, 2011; Dare et al., 2012; Mollo et al., 2012;
Biagioni and Pasero, 2014; Dare et al., 2014; Nadoll et al., 2014). Recent case studies on hydrothermal
hematite have demonstrated similar controls on hematite chemistry (cf. Figueiredo e Silva et al., 2009;
Cabral and Rosiére, 2013; Hensler et al., 2015).

Diagenetic/metamorphic magnetite in BIF units Iron oxide-rich bands in least-altered BIF from the Beebyn
and Madoonga deposits comprise magnetite with accessory mineral inclusions of quartz, apatite, and
stilpnomelane . These magnetite-rich bands are overgrown by diagenetic/metamorphic magnetite
that is devoid of mineral inclusions. Diagenetic/metamorphic magnetites from both deposits contain high
Si contents compared with their respective later generations of hypogene magnetite . The high
abundance of Si in diagenetic/metamorphic magnetite is likely due to the presence of sub-micrometre
mineral inclusions of quartz in the magnetite, or the incorporation of Si into the magnetite crystal lattice, or
both. For comparison, magnetite mesobands from the Dales Gorge Member of the Brockman Iron
Formation, Hamersley Group, Western Australia reportedly contains 1 to 3 wt% SiO2 (equivalent to 4674
to 14032 ppm Si) (Huberty et al., 2012). This study demonstrated by applying in situ micro-X-ray diffraction
and high-resolution transmission electron microscopy techniques that Si solid solution is present in the
magnetite crystal lattice. Furthermore, a compilation by these authors of 32 prior studies on magnetite
chemistry from multiple rock types and ore deposits, shows a range in SiO2 of up to 8 wt% (i.e. 37392 ppm
Si) (references included in Huberty et al., 2012). In the iron oxide-rich bands of the Dales Gorge Member,
the low-Si magnetite domains that host abundant mineral inclusions are interpreted to have formed during
soft-sediment deformation. Whereas, the Si-rich magnetite overgrowths, which are likely to be comparable
with the diagenetic/metamorphic magnetite observed at the Beebyn and Madoonga deposits, are either
diagenetic or low-temperature (sub-greenschist facies) burial metamorphic in origin (Huberty et al., 2012).

Least-mobile, compatible element abundances (e.g. Ga and Al) in diagenetic/metamorphic
magnetite from the Beebyn deposit define one main cluster, with minor compositional variation ).
In comparison, it is not possible to accurately determine Ga/Al ratios for diagenetic/metamorphic magnetite
analyzed from the Madoonga deposit due to the low absolute abundance of Ga in the
diagenetic/metamorphic magnetite. However, by assuming Ga concentrations at half their detection limits,
the resultant Ga and Al-paired data for Madoonga diagenetic/metamorphic magnetite are likely to plot
closer to the axis of the plot, away from data for Beebyn, but potentially along a linear trend that passes
through the clustered data for Beebyn diagenetic/metamorphic magnetite ). From this evidence,
both groups of diagenetic/metamorphic magnetite are likely to display similar Ga/Al ratios, with minor
variations caused by local differences in depositional conditions, or the minor mobility of these elements
during later hydrothermal alteration events, or combinations of both influences. Madoonga

diagenetic/metamorphic magnetite contains higher abundances of Mn, Ti, and Pb, but most other trace

elements are comparable (Fig. 18).
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The comparable magnetite-quartztapatitetstilpnomelane mineral associations between the
Beebyn and Madoonga deposits, their shared textural relationships (with early mineral inclusion-rich
magnetite and overgrowths of diagenetic/metamorphic magnetite), their high abundance of Si and mutually
similar concentrations of other trace element constituents (and potentially comparable Ga/Al ratios) in
diagenetic/metamorphic magnetite, all support the interpretation that the diagenetic/metamorphic
magnetite and least-altered BIF from the Beebyn and Madoonga deposits share a similar depositional
history with a metamorphic fluid overprint. The absence of compositional heterogeneity within analyzed
iron oxide bands from the Beebyn deposit suggests that peak metamorphism involved localized dissolution
of existing diagenetic or early-stage diagenetic/metamorphic magnetite, and re-precipitation of peak-

metamorphic magnetite, without significant differences in their composition.

Hypogene magnetite in BIF The Beebyn Stage 1 alteration event is characterized by widespread
replacement of primary and diagenetic/metamorphic quartz by Stage 1 ferroan dolomite, precipitation of
Stage 1 magnetite as overgrowths on existing magnetite and crystallization of new crystals, and the local
formation of apatite as an accessory mineral. The clear depletion of Si in Stage 1 magnetite and
replacement of existing quartz indicates that the Stage 1 hydrothermal fluid was Si-poor. Whereas, major
enrichments in Mg, Mn, Ca, Sr, Ba, Mo, As, Pb, and W in Stage 1 magnetite and C), through
their incorporation into the crystal lattice of Stage 1 magnetite and/or crystallization as sub-micrometre- to
micrometre-sized mineral inclusions of ferroan dolomite or apatite, suggest that these elements were
added to BIF from the Stage 1 hydrothermal fluid. These enrichment patterns can be clearly demonstrated
in a number of discrimination diagrams whose principle constituents include Mg, Mn, and Ti . The
Al+Mn versus Ti+V plot, with deposit fields from Dupuis and Beaudoin (2011), Nadoll (2011), and Nadoll et
al. (2014), clearly differentiates Beebyn Stage 1 magnetite from diagenetic/metamorphic magnetite, likely
owing to a higher abundance of Mn and Ti in Stage 1 magnetite ). On this discrimination plot,
Beebyn Stage 1 magnetite bears closest compositional affinity with examples of hydrothermal magnetite
sampled from Ag-Pb-Zn veins ). A comparison of Ga and Al abundance and Ga/Al ratios between
Stage 1 magnetite and diagenetic/metamorphic magnetite and E) demonstrates that Stage 1
magnetite likely inherited its Ga/Al signature from existing diagenetic/metamorphic iron oxides during
Stage 1 hydrothermal fluid interaction with the BIF, suggesting the local dissolution and re-crystallization
of diagenetic/metamorphic magnetite as Stage 1 magnetite.

Beebyn Stage 3 magnetite displays comparable enrichment and depletion patterns to Stage 1
magnetite , indicating that both generations of hypogene magnetite precipitated from
compositionally similar hydrothermal fluids. The more pronounced enrichments in Cu, As, W, Sr, Mo, Pb,
and Ca in Stage 3 magnetite suggest that Stage 3 hydrothermal fluids contained higher abundances of
these elements, or that these element concentrations were upgraded via the local dissolution of existing,
trace metal-rich, Stage 1 magnetite. These enrichment trends in the Stage 3 magnetite are supported by
the confirmed presence of accessory sulfide minerals containing Fe, Cu, Pb, Zn, As, Ni, Co, Sb, and Ag,
and a W-bearing mineral.

Post-ore Beebyn Stages 6 and 7 magnetite-rich veins have a more restricted spatial distribution in

the Beebyn deposit compared with diagenetic/metamorphic minerals and Stages 1 and 3 alteration mineral
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assemblages. Stage 6 magnetite is compositionally most similar to diagenetic/metamorphic magnetite
(displaying comparable Ga/Al, Al+Mn/Ti+V, Mg/W versus Mn/Al ratios;, although it bears many of
the geochemical hallmarks that characterize earlier stages of hypogene alteration at Beebyn (i.e. local
enrichments in Ba, Mg, Mn, Sr, and V, and depletions in Si; . Stage 7 magnetite also displays trace
element abundances, Ga/Al, and Al+Mn/Ti+V ratios that suggest that they represent intermediate
compositional states between metamorphic magnetite and Stages 1 and 3 magnetite end-member
compositions. The restricted spatial occurrences of Stages 6 and 7 veins at Beebyn and their likely
compositional dependence on existing magnetite suggests that they formed from relatively low volumes of
hydrothermal fluids (compared with Stages 1 and 3 fluids). The compositions of these post-ore fluids were
buffered by the greater volume of BIF wallrock that they passed through prior to precipitating magnetite in
Stages 6 and 7 veins.

An accurate comparison between diagenetic/metamorphic magnetite and Stage 2 magnetite from
the Madoonga deposit is hindered by the small number of analytical data available for Madoonga
diagenetic/metamorphic magnetite (n=3). Both generations of magnetite display overlapping element
abundances for least-mobile compatible elements , and in some cases, comparable Ga/Al ratios
Fig. 23A), indicating the likely inheritance of these elements from Madoonga diagenetic/metamorphic
magnetite. Madoonga Stage 2 magnetite displays the same depletion in Si relative to
diagenetic/metamorphic magnetite that is shown by Stages 1 and 3 magnetites at the Beebyn deposit.
Furthermore, these stages of hypogene magnetite from both deposits show mutual enrichments in Ca, Mo,
Ti, V, and K. Madoonga Stage 2 magnetite is uniquely enriched in U, whereas Beebyn Stages 1 and 3 are
enriched in Mg, Mn, Sr, Ba, Na, As, Pb, and W. Beebyn Stage 1 magnetite and Madoonga Stage 2
magnetite are clearly distinguished from each other in the Mg/W versus Mn/Al ) and the Al+Mn

versus Ti+V (Fig. 23D) discrimination plots.

Hypogene specular hematite veins and martitization of BIF wallrock Beebyn Stage 4 martite is derived
from the oxidation of disseminated euhedral Stage 1 magnetite (e.g. Eq. 1 and Eq. 2).

Eq. 1 2Fe304 + 0.50249 — 3Fe203

Eq. 2 2Fe304 + H20L — 3Fe203 + H2
Stage 4 martite grains have a similar Ga/Al ratio (albeit with minor Al-depletion) to diagenetic/metamorphic
magnetite and Stage 1 magnetite from the Beebyn deposit ). Other trace element enrichment and
depletion patterns in Stage 4 martite compared to its precursor Stage 1 magnetite are best explained by
documented differences in cation substitution tendencies between magnetite and hematite (Nadoll et al.,
2014). That is, Beebyn Stage 4 martite has most likely inherited compatible trivalent cations (e.g. Cr, Ga,
Al, As, Ti, and W) from Stage 1 magnetite. Whereas, Stage 4 martite is depleted in divalent cations, such
as Cu, Mg, and Zn, which are less compatible in hematite. Divalent elements that are redox sensitive and
possess higher valency states in oxidized conditions (e.g. Co, Mn, Ni, and V) are mostly depleted in Stage
4 martite. This strongly suggests that the Stage 4 hydrothermal fluids that oxidized magnetite were not
enriched in these metals, but rather scavenged them through fluid interaction with existing magnetite. The
strong enrichment of Si in Stage 4 martite relative to Stage 1 magnetite is compatible with the Beebyn

Stage 4 specular hematite-chlorite alteration mineral assemblage in BIF.
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Beebyn Stage 4 specular hematite-chlorite-altered shear zones and veins, which are surrounded by
meter-wide zones of martite-altered BIF, cut high-grade Stages 1 and 3 magnetite-rich ore zones in BIF.
These Stage 4 specular hematite-rich shear zones and veins represent areas of greater hydrothermal fluid
flow through BIF where new specular hematite grains crystallize; in contrast to the more distal BIF wallrock
zones where hydrothermal fluids are more likely to be buffered by rock chemistry and where earlier stages
of magnetite are replaced by Stage 4 martite. Consequently, the composition of Beebyn Stage 4 specular
hematite is directly influenced by the chemistry of the Stage 4 hydrothermal fluid (i.e. specular hematite
demonstrates unique enrichments in Nb, Sb, Sc, Sn, Ta, and U), as well as by compositional inheritance
from Stages 1 and 3 magnetite (i.e. demonstrating similar abundances in Al, As, Ba, Bi, Ca, Cu, Mo, P, Sn,
Sr, Ti, V, and W).

Madoonga Stage 3 specular hematite demonstrates similar element abundances and depletion

patterns compared to Beebyn Stage 4 specular hematite 1Fig. 18|and |Fig. 23'3), indicating shared

compositional dependencies based on known element compatibility differences between magnetite and
hematite. Madoonga specular hematite preserves many of the element enrichment patterns recorded by
earlier diagenetic/metamorphic magnetite and Stage 2 magnetite, indicating some inheritance of elements

from earlier magnetite generations.

Fluid-alteration Model for Hypogene Iron Mineralization at
Weld Range

Magnetite replacement-style orebodies

Magnetite-rich orebodies at the Beebyn deposit are the product of a multistage fluid event (Beebyn Stages
1 to 3) affecting BIF over an aerial extent of at least of 8 km. The timing of this event post-dates the
diagenesis of the BIF and emplacement of the c. 2805 Ma (Wingate et al., 2012) mafic-ultramafic rocks of
the Gnanagooragoo igneous complex because both rock types are locally altered by these ore fluids. The
fluid event pre-dates the regional upright folding and steep tilting of the Weld Range lithotectonic unit. Early
macro-scale faults that controlled fluid movement are not easily recognized at the Beebyn deposit because
of their likely transposition during folding to orientations that are now subparallel to lithological contacts;
however, the lens geometries and irregular distribution of several discrete alteration zones spaced across
the 8 km lateral extent of the deposit suggests that such structures were important for repeatedly
focussing fluids in the BIF, resulting in superimposed alteration zones and the magnetite replacement-style
orebodies m A synthesis of hypogene fluid data and interpretations for the Beebyn deposit is

presented in|Table 1] whereas an extended comparison is available in|Table A11

Stage 1: high-temperature, magmatic-derived fluids The Stage 1 fluid alteration event is the first of three

successive fluid events affecting BIF. The Stage 1 event is responsible for the replacement of primary
quartz bands by fine-grained siderite, ferroan dolomite, and magnetite, while preserving the original band

thickness of BIF. Textural relationships demonstrate that the primary quartz bands were more reactive than
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iron oxide-rich bands, with the latter bands experiencing limited growth of hypogene magnetite along the
surfaces of existing magnetite grains. Stage 1 fluids were likely focussed along first-order faults that
transect the BIF and mafic igneous country rocks ‘ ). Mineral replacement progressed away from
these large structures, laterally across reactive quartz bands. However, the additional local presence of
carbonate mineral-filled veinlets cutting primary iron oxide-rich bands suggests that this process was
enhanced by the creation of secondary, fracture-controlled permeability in BIF, allowing fluid migration
across iron oxide-rich bands via linking fractures. The sealing of fluid pathways by precipitated carbonate
minerals and the associated decrease in rock permeability led to cyclic increases in fluid pressures and
subsequent hydraulic fracturing of BIF, thereby sustaining the widespread migration of the Stage 1 fluid at
the Beebyn deposit.

Stage 1 fluids were high-temperature (>444 °C), silica-poor, reduced, alkaline, and COz2-rich at the
site of their trapping by carbonate minerals (interpreted from Stage 1 alteration mineral assemblages,
stable isotopes, and fluid inclusion composition). Paired O and C stable isotope data for Stage 1 ferroan
dolomite suggest that these fluids had a magmatic source, while Stage 1 magnetite chemistry indicates
significant chemical exchange took place between these fluids and mafic igneous rocks prior to
crystallization of the magnetite in BIF (i.e. enrichments in Mg, Mn, Ca, and Na). The monophase carbonic
Stage 1 fluids trapped by ferroan dolomite are likely sourced from bicarbonate-rich aqueous fluids that
separated into volatile-rich and brine phases in deeper parts of the hydrothermal system, most likely as a
result of phase separation triggered by a rapid drop in confining and hydrostatic fluid pressures due to rock
fracturing (Ramboz et al., 1982; cf. Yardley and Bodnar, 2014).

The Beebyn Stage 1 desilicification-carbonate replacement process involved the alteration of
quartz bands to ferroan dolomite or siderite by abundant hot, reduced, silica-poor, bicarbonate-rich
aqueous fluids. Quartz replacement was assisted by the high temperature and reduced conditions of the
fluid since quartz solubility (Eq. 3) is promoted by increasing fluid temperature, pressure, salt concentration,
and pH, with quartz solubility in Si undersaturated seawater increasing drastically at fluid pH conditions
above 9 (Steele-Maclnnis et al., 2012; Seward et al., 2014). The removed silica was transported away from
these alteration sites via the active structural network, where it potentially precipitated as silica-rich
minerals in distal (unobserved) areas of the lithotectonic unit, or was released into, and diluted by, the
ancient ocean. The replacement of quartz bands by carbonate minerals was aided by the retrograde
solubility of carbonate minerals over the temperature range documented at the Beebyn deposit (cf. Seward
et al., 2014). Episodic intensification of the fluid flux rate most likely led to an increase in hydraulic fluid
pressures, rock fracturing, and a rapid drop in hydrostatic pressures. Subsequent phase separation of the
bicarbonate-rich aqueous fluid resulted in the loss of gaseous CO2 (Eq. 4). Removal of CO2 drove the
reactions shown in Equations 4, 5 and 6 to the right, thus lowering the concentration of free hydrogen ions
in the fluid. The resultant increase in the fluid pH led to the precipitation of magnetite and ferroan dolomite
(Eqg. 7) and promoted the further dissolution of quartz bands.

Eq. 3 SiO2s — SiOz2aq (dissolution of quartz bands)
Eq. 4 H2CO3aq — CO2g + H20L (phase separation, COz loss, and decrease in carbonic acid)
Eq. 5 H*aq + HCO3aqg — H2COsaq (decrease in free H ions)

Eq. 6 H*aq + CO3%aq — HCO37aq (decrease in free H ions)
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Eq 7 Fe203s + 1.2F92+aq + 0.8M92+aq + C82+aq + 2C032_aq + ZOH'aq — FesOus +
(0.2Fe,0.8Mg)Ca(COs)z2s + H20L (precipitation of magnetite and ferroan dolomite)

Stage 2: moderate-temperature, magmatic- and seawater-derived fluids The Stage 2 fluid event is
represented by ferroan dolomite veins and replacement zones in BIF. Stage 2 alteration zones broadly
overlap the spatial distribution of Stage 1 alteration throughout the Beebyn deposit, suggesting that Stage
2 fluids exploited the existing fault network. Stage 2 fluids vary in their homogenization temperatures and
salinities, probably as a consequence of the trapping of multiple pulses of Stage 2 fluids through time and
varying distances from the main fluid pathways. They include (i) higher-temperature/ higher-salinity fluids
(>275 to 327 °C; 36 to 40 equiv. wt% NaCl), (ii) moderate-temperature/ low- to moderate-salinity fluids
(>225 to 260 °C; 3 to 24 equiv. wt% CaClz), and (iii) lower-temperature/ low- to moderate-salinity fluids
(>125 to 180 °C; 2 to 24 equiv. wt% CaClz). All Stage 2 fluids are water-rich, silica-poor, reduced, and
alkaline. Chloride is the dominant anion, while the cations include Fe, Ca, Mg, Mn, Na, K, Rb, P, Sr, Cu,
Ba, Zn, Pb, W, S, and Co.

The hottest and most saline Stage 2 fluids have CI/Br and C and O isotopes values that overlap
the ranges for magmatic fluids, but with the likely minor involvement of Archean seawater. These fluids
record chemical exchange with country rocks, evidenced by (i) the dissolution of halite through interaction
with evaporites, (ii) addition of cations from mafic igneous country rocks (Ca, K, Na, Mg, Mn, Sr, Rb, and
Ba), and (iii) the presence of accessory sulfide minerals containing Fe, Cu, Pb, Zn, As, Ni, Co, Sb, and Ag.
The trapping of these higher-temperature Stage 2 fluids at least 3 km apart in the W8 and W10 prospects
suggests that there were multiple pathways for fluid movement through BIF.

The moderate- and lower-temperature Stage 2 brines are the likely products of a cooling
hydrothermal system. Their CI/Br, O and C isotope, Na/Br, and Ca/Ca+Na values suggest that cooling
occurred when magmatic-derived fluids were increasingly mixed with Archean seawater and reacted with
mafic igneous country rocks in areas distal to central fluid pathways. A coincident decrease in Na/Br and
increase in Ca/Ca+Na values in Stage 2 fluids likely resulted from albitization of plagioclase in mafic
igneous country rocks. The variable salinities recorded for Stage 2 fluids suggest the existence of a
chemical gradient along fluid pathways; from a higher-salinity, magmatic-derived brine that experienced
extensive chemical exchange with mafic igneous country rocks, to a lower-salinity fluid compatible with
unmodified Archean seawater. These observations are analogous to those described by Gutzmer et al.
(2003) for fluid gradients in a passive seafloor alteration regime, where low salinity ancient seawater
evolved to more saline fluids through water loss via the hydration of minerals within mafic volcanic host
rocks.

Replacement of quartz continued during the Stage 2 fluid event, with primary quartz bands that
survived the Stage 1 event replaced by Stage 2 ferroan dolomite (Eq. 3 and Eq. 8).

(Eq. 8) CaZ*aq + Mg?*aq + 2C03%aq — CaMg(COzs)2s (precipitation of dolomite)
Structurally-controlled fluid pathways that transported the hottest Stage 2 fluid had the greatest potential
to replace quartz with ferroan dolomite due to the prograde solubility of quartz and retrograde solubility of
carbonate minerals in H20 (Rimstidt, 1997). As the Stage 2 fluid cooled with time and distance from central

fluid pathways quartz replacement by ferroan dolomite became less prevalent, marking the transference
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to the Stage 3 fluid alteration event.

Stage 3: lower-temperature, seawater-derived (vent) fluids The Stage 3 fluid event resulted in the
replacement of Stages 1 and 2 carbonate minerals by magnetite and minor ferroan dolomite, primarily in
the W11 and W10 prospects. Faults that channelled earlier fluids continued to be the main control on the
distribution of Stage 3 fluids. These fluids were focussed along both margins of the Beebyn North BIF,
although the northern margin experienced more extensive fluid flow and consequently shows the thickest
alteration zones. Stage 3 alteration terminates short distances away from the central fault network,
resulting in a series of 50 m to 1 km-long, magnetite-rich lenses.

Stage 3 aqueous fluids are lower-temperature (>98 to 175 °C), reduced, and alkaline. These low
to high-salinity brines fluids are silica-undersaturated and Cl-rich, with cations including Fe, Ca, Mg, Mn,
Na, K, Rb, P, Sr, Sc, Cu, Ba, Zn, Pb, W, S, As, Mo, Bi, Cr, and Co. Compared with Stage 1 magnetite, the
Stage 3 magnetite contains more W, Cu, Pb, As, and Sr, but less Mg and Mn . Stage 3 fluids have
Cl/Br values that overlap reported ranges for 3.2 Ga vent fluids and seawater (cf. Gutzmer et al., 2003).
Based on these evidences, the Stage 3 fluids are compatible with heated Archean seawater that was
chemically-modified through interaction with mafic country rocks.

The lower-temperature of Stage 3 aqueous fluids, compared with earlier hypogene fluid alteration
events promoted the dissolution of Stage 2 ferroan dolomite owing to the retrograde solubility of carbonate
minerals in brines. Ferrous iron was probably more concentrated in Stage 2 fluids due to its hotter
temperature and the higher solubility of ferrous iron. Cooling of the fluid during the Stage 3 event most
likely led to a decrease in solubility and precipitation of magnetite (Eqg. 9). Eventually, as the influx of Stage
3 fluids waned, the dissolution of carbonate minerals raised fluid pH above those levels required for
dissolution (Rosenqyvist et al., 2012), leading to the minor co-precipitation of Stage 3 ferroan dolomite with
magnetite.

Eq. 9 Fe?*aq — FesOas (precipitation of magnetite)

Magnetite-rich veins

Magnetite-rich veins, such as those documented at the Madoonga deposit, have a similar relative timing
to the magnetite replacement-style orebodies in that they pre-date regional upright folding in the Weld
Range greenstone belt . However, both styles of magnetite ore are not present in the same
deposit, suggesting different processes operated during their genesis. The Madoonga Stage 2 fluids are
likely to have been reduced brines containing Fe, Na, K, Ca, Mg, Si, Cr, K, Mo, P, Sc, Ba, Sr, Ga, Zn, Pb,
S, Ti, W, U, and V. Their fluid CI/Br values overlap reported compositional fields for low-grade metamorphic
fluids, geothermal brines, or oil field formation waters. Additionally, their halogen and cation ratios suggest
that these fluids dissolved halite through interaction with evaporites and experienced significant addition
of Na, K, Ca, and Mg through alteration of feldspars in mafic igneous country rocks. The absence of key
fluid data (microthermometry and stable isotope data) for magnetite-rich veins hinders interpretations of
their fluid source and a detailed comparison with fluids associated with magnetite replacement-style

orebodies. However, an important distinction between both fluid events is the absence of carbonate
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minerals associated with the magnetite-rich veins. Consequently, the Madoonga Stage 2 fluids are unlikely
to have contained significant amounts of bicarbonate ions or CO..

The broad spatial association (but mutual exclusion) between metre-thick magnetite-rich veins and
semi-massive pyrite intervals in diamond drillholes intersecting the Madoonga lithotectonic unit )
suggest that (i) they formed from different pulses of fluids that pre-date regional folding, or (ii) they are
products of an evolving iron-rich fluid that transected multiple levels of the stratigraphic sequence and they
varied in terms of their local differences in the activity of S in the fluid. These fluids deposited talc as a
principle alteration product in BIF, but chlorite in nearby Al-rich, felsic volcanic and mafic country rocks.
Narrow fault zones that transect the stratigraphic sequence and are now transposed subparallel to bands
are likely the main conduits for the fluids. Whereas, the main controls on iron mobility in the fluid is likely
temperature and the redox state, with cooling and oxidation of the reduced fluid responsible for magnetite
precipitation. The Madoonga Stage 2 fluids are most compatible with brines that are derived from heated
Archean seawater that interacted with mafic and felsic country rocks; these fluids mobilized iron in BIF,
leading to its transport by shear zones and concentration as narrow orebodies in BIF at shallower crustal

levels.

Specular hematite-rich veins

Specular hematite-quartz veins hosted by shear zones at the Beebyn and Madoonga deposits are folded
by the regional upright folding event. Coarse-grained hematite intergrown with euhedral undeformed quartz
indicates that the veins crystallized after shearing, most likely during a discrete fluid crystallization episode
rather than from multiple mineral replacement events. Representative Madoonga Stage 3 fluids measured
from the W15 and W19 prospects are oxidized brines that crystallized specular hematite and quartz over
a range of temperatures from 108 to 222 °C. The fluids contained Fe, Ca, Mg, K, Mn, Cu, Sr, Ba, Zn, Pb,
S, Ga, Sn, Co, W, and Bi. Cation exchange likely took place with mafic country rocks, with Na depleted in
the fluids as a consequence of albitization of country rocks. Fluid CI/Br values indicate that these fluids
dissolved halite through interaction with evaporites and these fluid values overlap the reported ranges for
geothermal brines, oil field formation waters, and low-grade metamorphic fluids. However, negative oxygen
isotope fluid values (-6.73 to -6.34 %o) from Stage 3 quartz indicate the likely involvement of meteoric fluids
and possibly seawater , thus discounting a low-grade metamorphic fluid origin.

The differences in the salinity and major cation components of Madoonga Stage 3 fluids recorded
between the W15 and W19 prospects are probably the result of different degrees of fluid interaction with
mafic country rocks. The lower salinity, NaCl-dominant fluids recorded at the W15 prospect likely better
reflect the initial fluid chemistry of ancient meteoric fluids and seawater, whereas the higher salinity, mixed
cation content of fluids from the W19 prospect demonstrate more extensive chemical exchange with
country rocks. Iron was most likely mobilized within BIF in its reduced state by heated meteoric fluids or
seawater and precipitated as a consequence of oxidation and cooling of the fluid (e.g. Eq. 10).

(Eq. 10) 2Fe?*aq + 0.502% 5 + 2H20L — Fe20ss + 4H*zq
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Post-ore alteration by seawater and meteoric waters

The post-ore veins cut folded magnetite- and specular hematite-rich orebodies at the Beebyn and
Madoonga deposits. Constrained fluid events include the Beebyn Stages 5, 6, and 7 fluids and the
Madoonga Stages 4 and 6 events. Beebyn Stage 5 fluids that replaced Stage 2 ferroan carbonate bands
with crystalline quartz £ magnetite + chalcopyrite are lower-temperature (>133 to 196 °C), high-salinity,
reduced brines. The fluids are Cl-dominant and contain Si, Ca, Na, Fe, Mg, K, Mn, Cu, Sr, Ba, Zn, Pb, Bi,
Sn, S, Co, and W. Their CI/Br values indicate halite dissolution of evaporites with Na depletion caused by
albitization of mafic country rocks. Halogen ratios overlap reported fields for geothermal brines, oil field
formation waters, or low-grade metamorphic fluids; whereas O isotopes fluid values are comparable with
Archean seawater or meteoric waters.

Beebyn Stage 6 fluids responsible for minor calcite-ferroan dolomite + magnetite + pyrite +
chalcopyrite veins are lower-temperature (>115 to 152 °C), moderate-salinity, reduced brines. The fluids
contain Fe, Ca, Mg, Mn, Na, K, Sr, Ba, Ge, V, Pb, Zn, S, W, and Co, but are depleted in Si. Carbon and O
isotopes for the fluids are comparable to values for Archean seawater or meteoric waters, with local
interaction with organic carbon from shales. The Beebyn Stage 7 fluids that formed minor siderite-
magnetite veins are similarly lower-temperature (>125 to 180 °C), moderate-salinity, reduced, brines that
contain Fe, As, Ba, Ca, Ge, Mg, Mn, Mo, Na, P, Pb, Rb, Sr, Ti, and V. Their fluid source areas are poorly
constrained. Madoonga Stage 4 and 6 fluids responsible for minor siderite-quartz and quartz-ferroan
dolomite * pyrite veins, respectively, have C and O isotopes that are compatible with Archean seawater or
meteoric waters, with local interaction with organic carbon from shales. In summary, the post-ore fluid
events recorded in BIF at the Beebyn and Madoonga deposits display overlapping temperature ranges,
with greater differences in their fluid compositions and salinities. They record involvement of Archean
seawater or meteoric waters, most likely circulating at shallow crustal levels in a basinal system and

interacting with BIF, mafic country rocks, and organic carbon in siliclastic rocks such as shales.

Comparison with other BIF-hosted hypogene iron and base metal VMS

systems

Evidence that is considered to be definitive for a hypogene fluid origin for magnetite- and some crystalline
hematite-rich orebodies throughout the world includes (i) the spatial and co-temporal association between
high-grade iron orebodies and hypogene alteration zones in BIF and neighboring country rocks below the
limits of near-surface Cenozoic weathering, and (ii) fluid inclusion and stable isotope data that demonstrate
the role of warm to hot, externally-derived basinal or magmatic brines that altered BIF during Proterozoic
times (Hagemann et al., 2016).

For example, the Mount Tom Price (Hagemann et al., 1999; Thorne et al., 2004) and Paraburdoo
(Thorne et al., 2014) hypogene orebodies in the Hamersley Province demonstrate the involvement of hot
(<400 °C) basinal brines with high salinity, Ca, and base metal contents, and low CI/Br and Na/Br ratios
that were focused along normal faults. These fluids interacted with dolomite from the Wittenoom Formation,

resulting in a positive shift in 8'3C fluid values towards those for the dolomite, before altering nearby BIF
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and forming high-grade magnetite- and hematite-rich ores. Thermodynamic modelling of the proposed
desilicification-carbonate replacement process at Mount Tom Price interprets the likely central role of
gravity-driven, high-pH (>9), hypersaline brines derived from an evaporitic source that reacted with BIF
along an up-temperature fluid-wallrock alteration pathway (Evans et al., 2013). The Thabazimbi iron
deposit in South Africa contains near-surface supergene goethite-rich ores that formed during Late
Mesozoic-Cenozoic lateritic weathering. Deeper high-grade hematite (martite and microplaty) ores and
genetically associated carbonate alteration zones resulted from ancient Ca-Na- and Mg-K-bearing brines
interacting with BIF at temperatures of 120 to 160 °C (Gutzmer et al., 2005). Similarly at the Serra Norte
deposit in the Carajas mineral province of Brazil, Paleoproterozoic hematite-rich massive and brecciated
ores hosted by Archean BIF resulted from reactions with ascending hot (220 to 320 °C) magmatic-derived
brines. Later alteration of BIF involved the mixing of brines with meteoric water, followed by interaction with
low-salinity meteoric water (Figueiredo e Silva et al., 2013).

The Weld Range hypogene iron deposits show similar hypogene fluid evolution histories described
for the major deposit examples summarized above, including the early dominance of hot brines, followed
by mixing between brines and seawater or meteoric fluids, and lastly by low-salinity meteoric waters. The
fluid transitions generally correspond to hypogene fluids becoming cooler and more oxidized with time,
initially producing magnetite-rich orebodies followed by specular hematite or microplaty hematite-rich ore.
Akey distinction between the Weld Range deposits and documented hypogene deposits in the Hamersley
Province is that the latter deposits are a product of basinal brines without contributions from magmatic-
derived fluids. In these cases, the source of bicarbonate ions in the hypogene brines was probably dolomite
from the Wittenoom Formation.

The Serra Norte deposit in the Carajas mineral province is a closer analogy to the Weld Range
deposits in that both areas record the early involvement of hot magmatic-derived fluids. In the case of the
Serra Norte deposit, the source of magmatic-hydrothermal fluids was deeply buried granites, with fluids
ascending along fault zone and fracture networks that were active during the Paleoproterozoic (Figueiredo
e Silva et al., 2013). Rather than the Weld Range magnetite-rich orebodies being the product of deep
circulation of magmatic-hydrothermal brines during an orogenic cycle as first proposed by Duuring and
Hagemann (2013b), it is likely that they formed in shallow crustal levels with ready access to a combination
of magmatic- and seawater-derived fluids. Possible tectonic environments include ancient mid-ocean ridge
and back-arc basin settings where subvolcanic felsic intrusions drive hydrothermal convection cells in
shallow crustal rocks, contributing energy, fluids, and metals. Replacement of quartz bands by hypogene
carbonate in BIF took place below the seafloor, with the removed silica dispersed via vents into seawater.

These geological processes are similar to those responsible for volcanogenic massive sulfide Cu-
Zn-Pb deposits. These VMS systems record a range of fluid temperatures (e.g. <100 to 400 °C) and
salinities (0 to 30 equiv. wt% NaCl), with the common presence of Na and divalent cations such as Ca2* in
the fluid (Bodnar et al., 2014). Oxygen isotope fluid values indicate mixing of seawater with country rocks
and more locally with magmatic fluids (e.g. Zengqian et al., 2008; Shanks Ill, 2014). The overall range in
salinities and compositions of the fluids suggest seawater modification through water-rock interaction (e.g.
hydrolysis reactions with minerals or interaction with evaporites), phase separation, addition of magmatic

fluid, or a combination of these processes (Ridley, 2012; Bodnar et al., 2014). Fluid compositions reflect
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the chemistry of the country rocks and the degree of their interaction. Iron is transported in its reduced
form and precipitates as sulfide minerals, mostly through a decrease in temperature from about 350 to
200 °C and an increase in the oxidation state of the fluid (e.g. Hannington, 2014). Evidence from Weld
Range suggest similar processes for iron transport and precipitation, with the exception that the low
concentration of S in the mineralizing fluid resulted in the precipitation of magnetite rather than iron sulfide
minerals.

A genetic association between Cu-Zn-Pb VMS and sulfur-poor magnetite end-member systems
has been proposed for stratiform magnetite lenses and VMS deposits in the Cambrian to Ordovician Mount
Windsor volcanic belt in north Queensland, Australia (Duhig et al., 1992). The magnetite lenses are located
along strike and immediately stratigraphically above known VMS deposits. Both ore types are considered
to be the result of mixing between a hydrothermal fluid and seawater, and cooling of the product, formed
at different stages during the hydrothermal system. Iron-formations of the upper Soldiers Cap Group in the
Mt Isa Inlier, Queensland, are considered to be products of mixing between hydrothermal fluids and
seawater, with emplacement of voluminous Fe-tholeiite magma into the base of the sedimentary sequence
a likely source of hot Fe-rich fluids (Hatton and Davidson, 2004). Co-spatial occurrences of massive sulfide
and magnetite-rich orebodies exist at the Madoonga deposit in the Weld Range district, the Koolyanobbing
BIF-hosted iron district in the Southern Cross Domain of the Yilgarn Craton (Angerer and Hagemann, 2010;
Angerer et al., 2012), and at the Golden Groves VMS deposit in the Eastern Goldfields Superterrane
(Sharpe and Gemmell, 2001; Sharpe and Gemmell, 2002). Other documented examples of VMS deposits
containing significant magnetite-rich zones include the Corbet, Orchan, Anderson Lake, Balcooma, and
Boksputs deposits in eastern Australia (Large, 1977; Knuckey and Watkins, 1982; Walford and Franklin,
1982; Geringer et al., 1987; Huston, 1989). The demonstrated spatial and genetic coincidence between
VMS and magnetite-rich mineral systems has implications for predicting their mutual occurrence within a

district and interpreting syn-volcanic alteration patterns as vectors for their detection.

Conclusions

The BIF-hosted iron ore deposits of the Yilgarn Craton contain near-surface, supergene goethite-hematite
orebodies that overlie and partly modify deeper occurrences of hypogene magnetite and specular hematite
ores. The chemical-physical properties and source of the mineralizing fluids responsible for these
magnetite- and specular hematite-rich orebodies are poorly constrained due to the lack of fluid inclusion
studies for these deposits. This study is the first to address this problem by undertaking a combined fluid
inclusion and stable isotope study of the Beebyn and Madoonga deposits, located in the Weld Range
greenstone belt in the Murchison Domain of the Yilgarn Craton.

Magnetite-rich orebodies at the Beebyn deposit are the product of secondary enrichment of iron in
the BIF through the replacement of primary quartz bands by hypogene carbonate minerals, followed by
carbonate replacement by hypogene magnetite. In contrast, magnetite-talc veins are the dominant style of
magnetite-rich ore body present at the Madoonga deposit. At both deposits, specular hematite-quartz veins
hosted by fault zones cut the primary quartz-magnetite BIF units and both types of magnetite-rich

orebodies.
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Magnetite replacement-style orebodies at the Beebyn deposit are the product of a multistage fluid
event (Beebyn Stages 1 to 3) affecting BIF over an aerial extent of at least of 8 km. The timing of this event
post-dates the diagenesis of the BIF and emplacement of ¢c. 2752 to 2740 Ma mafic-ultramafic country
rocks, but pre-dates the regional upright folding and steep tilting of the Weld Range lithotectonic unit.
Beebyn fluid Stages 1, 2 and 3 alteration took place as a result of a multi-kilometer scale, (magmatic-)
hydrothermal fluid system centred beneath BIF and underlying mafic igneous rocks in shallow areas of the
crust that were intermittently accessible to ancient modified seawater. The Stage 1 event began with a hot,
dominantly magmatic-derived fluid with only minor contributions from ancient seawater. The fluids travelled
along steeply dipping faults to shallower areas where they experienced chemical exchange with underlying
mafic country rocks and BIF, and eventually underwent phase separation due to fracturing and a rapid
lowering of confining pressures. The exsolution and removal of CO2 from the aqueous fluids most likely
triggered an increase in the alkalinity of the fluid. Under these alkaline and hot conditions, quartz bands in
BIF were readily replaced by carbonate minerals. During the Stage 2 event, a decrease in the supply of
hot magmatic-derived fluids led to a higher proportion of circulating heated and modified ancient seawater
transported through BIF along the same fault pathways through mafic country rocks. These reduced and
alkaline Stage 2 brines further promoted the replacement of primary quartz bands by hypogene carbonate
minerals. As the hydrothermal system waned during the Stage 3 event, the Beebyn BIF experienced
alteration of carbonates along and proximal to the central fluid pathways, resulting in magnetite
replacement-style lenses that are surrounded by broader zones of relict carbonate alteration minerals.

Magnetite-talc veins at the Madoonga deposit are likely the product of a genetically distinct
mineralization event. Fluid halogen ratios are compatible with a source including low-grade metamorphic
fluids, geothermal brines, or oil field formation waters. However, their common close spatial association
with semi-massive sulfides suggest that they are more likely brines that were derived from heated Archean
seawater. These fluids interacted with mafic and felsic country rocks, mobilizing iron from BIF and
concentrating it in narrow fault zones at shallow crustal levels.

Specular hematite-quartz veins hosted by shear zones at the Beebyn and Madoonga deposits are
folded by the regional upright folding event. Iron was most likely mobilized within BIF in its reduced state
by heated meteoric fluids or seawater and precipitated as a consequence of oxidation and cooling of the
fluid. Whereas, post-ore fluid events recorded in BIF at the Beebyn and Madoonga deposits record the
involvement of Archean seawater or meteoric waters, most likely circulating at shallow crustal levels in a
basinal system and interacting with BIF, mafic country rocks, and organic carbon in siliclastic rocks such
as shales.

The hypogene iron deposits in the Weld Range district display similar hypogene fluid evolution
histories compared with the major iron deposits of the Hamersley Province and Carajas mineral province.
The Weld Range deposits show greatest similarity to the Serra Norte deposit in the Carajas mineral
province in that they both record the early involvement of hot magmatic-derived fluids that evolve with time
to mixing between brines or meteoric fluids, and lastly by meteoric waters. However, the magnetite
replacement-style and magnetite-rich veins in the Weld Range district differ in that the magmatic fluids
were most likely derived from a shallower crustal level compared with the fluids responsible for iron

deposits in the Carajas mineral province. Instead, the Weld Range magnetite orebodies display similar
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structural controls, ore body geometries, and fluid chemical and physical properties to replacement-style,
volcanic-hosted massive sulfide orebodies; suggesting at least a spatial, and possibly a genetic,
association between these mineral systems. The identification of one style of mineralization may therefore

be an indicator for the presence of the other within a district.
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Figure Captions

Fig. 1. Solid geology map of the Weld Range greenstone belt in Western Australia showing major
lithological associations, structures, and locations of the BIF-hosted Beebyn and Madoonga iron deposits
(modified after Van Kranendonk and Ivanic, 2009). The region includes multiply-deformed, steeply dipping
supracrustal rocks that are locally intruded by granitic rocks. The inset map shows the location of the Weld
Range district within the Yilgarn Craton (modified after Guilliamse, 2014)

Fig. 2. Simplified outcrop geology maps and cross sections for the Beebyn and Madoonga deposits. (A)
Beebyn lithology and hypogene alteration maps show the location of prospect areas (e.g. W7 and W8) and
the NW-SE cross section line. Magnetite-rich ore zones in BIF are located mainly at the W11, W10, and
W9 prospects and are flanked by areas of carbonate-altered BIF (modified after Duuring and Hagemann,
2013b). (B) The outcrop geology map for the Madoonga deposit demonstrates that magnetite (-martite)
veins are mostly located in the W14 prospect, while specular hematite-quartz vein crop out in the W15
prospect (modified after Duuring and Hagemann, 2013a). (C) Representative cross section for the Beebyn
deposit. (D) Cross section for the Madoonga deposit (modified after Duuring and Hagemann, 2013a;

Duuring and Hagemann, 2013b)

Fig. 3. Alteration mineral equilibrium assemblages for progressive hypogene and supergene alteration for
the Beebyn deposit. Minerals are shown as major (thick bars), common (thin bars), or minor (dashed lines)

phases (modified after Duuring and Hagemann, 2013b)

Fig. 4. Hand specimen examples of least-altered BIF and early carbonatetmagnetite hypogene alteration
at the Beebyn deposit (modified after Duuring and Hagemann, 2013b). (A) Thickly banded, least-altered
BIF with alternating silica- and iron oxide-rich bands. (B) Stage 1 alteration: quartz-rich bands are replaced
by siderite, ferroan dolomite, and disseminated euhedral magnetite. (C) Stage 2 alteration: ferroan
dolomite veins cut primary bands and Stage 1 siderite-magnetite alteration zones. (D) Stage 2 alteration:
ferroan dolomite replaces primary quartz bands and locally defines veins that cut primary bands and a
Stage 1 siderite alteration zone. Note the minor occurrence of triangular Stage 3 magnetite-carbonate
replacement zones. (E) Stage 3 alteration: quartz-rich bands are replaced by coarse-grained Stage 2
ferroan dolomite, which is in turn partly replaced by Stage 3 magnetite-carbonate. (F) Stage 3 alteration:
Stage 2 ferroan dolomite is partly replaced by triangular domains of finer-grained Stage 3 ferroan dolomite
and magnetite. In this example, cleavage intersections of the coarse-grained ferroan dolomite crystals
likely controlled the location of the replacement zones. The asymmetry of the triangular domains in each
band demonstrates the direction of progressive replacement of Stage 2 ferroan dolomite and the likely flow
direction of Stage 3 fluids across bands in this sample. Abbreviations: Fe-Dol, ferroan dolomite; Mag,

magnetite; Sd, siderite

Fig. 5. Hand specimen examples of post-magnetite ore alteration stages in BIF at the Beebyn deposit
(modified after Duuring and Hagemann, 2013b). (A) Stage 4 alteration: specular hematite is intergrown

with chlorite in shear zones. (B) Stage 4 alteration: primary and hypogene magnetite in proximal wallrock
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to Stage 4 chlorite-hematite-altered shear zones are replaced by hematite (i.e. demonstrating the process
of martitization). (C) Stage 5 alteration: Stage 2 ferroan dolomite domains are partly replaced by Stage 5
quartz. (D) Stage 6 alteration: ferroan dolomite-richtquartz veins cut thinly-banded, Stage 4 hematite-
chlorite-altered BIF. (E) Stage 7 alteration: 1 to 20 mm-thick, magnetite-siderite-Fe-rich chlorite veins cut
primary bands. (F) Supergene-altered BIF displays oxidation of magnetite-rich bands to martite, and partial
replacement of silicate minerals by goethite. Abbreviations: Chl, chlorite; Fe-Dol, ferroan dolomite; Gt,
goethite; Hem, hematite; KMag, kenomagnetite; Mag, magnetite; Mt, martite; Qtz, quartz; Sd, siderite;

Spec-Hem, specular hematite

Fig. 6. Alteration mineral equilibrium assemblages for progressive hypogene and supergene alteration for
the Madoonga deposit. Minerals are shown as major (thick bars), common (thin bars), or minor (dashed

lines) phases (modified after Duuring and Hagemann, 2013a)

Fig. 7. Hand specimen and matching thin section examples of selected hypogene alteration stages at the
Madoonga deposit. (A and B) Semi-massive pyrite is intergrown with microcrystalline quartz and carbonate
minerals in mudstone located along the southern margin of the Madoonga South BIF. (C) Madoonga Stage
2 magnetite-talc replaces Stage 1 jaspilite. (D) Madoonga Stage 3 specular hematite-quartz vein (modified

after Duuring and Hagemann, 2013a)

Fig. 8. Representative mineral textural relationships and fluid inclusion assemblage maps for key hypogene
alteration stages affecting BIF at the Beebyn deposit. (A) Beebyn Stage 1 magnetite-siderite/ferroan
dolomite-altered BIF: a primary quartz-rich band has been comprehensively altered to disseminated
euhedral magnetite and finer-grained, anhedral ferroan dolomite. (B) The Beebyn Stage 1 ferroan dolomite
hosts a three-dimensional pseudosecondary trail of monophase (vapor) carbonic fluid inclusions with minor
disseminated (opaque) magnetite inclusions (fluid inclusion assemblage BN-W9-104-C). (C) Beebyn Stage
2 ferroan dolomite veins cut Stage 1 magnetite-sideritetferroan dolomite-altered bands. (D)
Representative Beebyn Stage 2 ferroan dolomite hosts three-phase (L-V-H) aqueous fluid inclusions and
disseminated magnetite (fluid inclusion assemblage BN-W10-013-B). Heating shows that these three-
phase aqueous-rich fluid inclusion assemblages are completely homogenized by the dissolution of halite
within the range of 275 to 327 °C. The solid labelled as halite in the close-up image of a representative
fluid inclusion is triangular and is most likely a sectional view of the corner of a halite cube. (E) A different
example of Stage 2 ferroan dolomite that hosts two-phase (L-V) aqueous fluid inclusions with lower
homogenization temperatures. The Stage 2 ferroan dolomites host abundant primary fluid inclusions in the
centre of each euhedral crystal and contain fewer fluid inclusions with proximity to their grain boundaries.
The boarders of some Stage 2 ferroan dolomites are embayed by Stage 5 quartz. (F) Stage 2 ferroan
dolomite hosts magnetite inclusions and two-phase (L-V), aqueous, primary fluid inclusions that display
lower homogenization temperatures (fluid inclusion assemblage BN-W10-021-F). Note the accidentally
trapped solid that did not change with heating in the enlarged image of the F1 fluid inclusion. (G) Beebyn
Stage 3 magnetite and ferroan dolomite define a triangular domain in a Stage 2 ferroan dolomite-rich band.

Randomly oriented and elongate Stage 3 magnetites are intergrown with Stage 3 ferroan dolomite. (H)
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The Beebyn Stage 3 ferroan dolomite hosts two-phase (L-V) fluid inclusions with disseminated magnetite
inclusions (fluid inclusion assemblage BN-W10-013-I). All photographs were taken at 25 °C in transmitted
plane-polarized light, apart from photographs (C) and (D), which were taken using transmitted and reflected
plane-polarized light. Temperatures for key phase transitions are shown for representative fluid inclusions,
with all microthermometry data reported in Table A2. “Null” is used to identify situations where specific
phase transitions were not observed. In the case of the carbonic fluid inclusions in (B), temperatures for
CO: final melting and vapor homogenization are shown. For fluid inclusions that contain halite daughter
crystals (D) temperatures are given for initial melting, homogenization to vapor, and halite melting
transitions. For the two-phase aqueous fluid inclusions (F and H), temperatures are shown for initial

melting, final ice melting, and final homogenization

Fig. 9. Representative mineral textural relationships fluid inclusion assemblage maps for post-ore alteration
stages affecting BIF at the Beebyn deposit and the Madoonga Stage 3 specular hematite-quartz event. (A)
Beebyn Stage 5 quartz replaces Stage 2 ferroan dolomite along cleavage planes. (B) Beebyn Stage 5
quartz hosts a cluster of three-phase (L-V-H) aqueous fluid inclusions and minor magnetite inclusions (fluid
inclusion assemblage BN-W10-024-A). (C) Beebyn Stage 6 ferroan dolomite and disseminated subhedral
magnetite define a 1 cm-wide vein that cuts magnetite-rich bands in BIF. (D) The Beebyn Stage 6 ferroan
dolomite contains abundant two-phase (L-V), aqueous, primary fluid inclusions and magnetite in the centre
of the crystal and demonstrates a later growth phase of fluid inclusion-free ferroan dolomite (fluid inclusion
assemblage BN-W10-014-B). (E) Beebyn Stage 7 magnetite-siderite-Fe-rich chlorite vein cuts altered
primary bands in BIF. A cluster of fluid inclusions is hosted by siderite with two prominent directions of
cleavage shown. (F) Beebyn Stage 7 siderite hosts two-phase (L-V) aqueous fluid inclusions (fluid
inclusion assemblage BN-W10-026-A). (G) Madoonga Stage 3 specular hematite-quartz vein from the
W19 prospect shows specular hematite intergrown with coarse-grained, crystalline quartz. (H) Madoonga
Stage 3 quartz hosts a central mineral growth zone defined by three-phase (L-V-H) primary fluid inclusions
(fluid inclusion assemblage MD-W19-M02b-A2). All photographs were taken at 25 °C in transmitted plane-
polarized light, apart from photograph (G), which was taken using transmitted and reflected plane-polarized
light. Temperatures for key phase transitions are shown for representative fluid inclusions, with all
microthermometry data reported in Table A2. “Null” is used to identify situations where specific phase
transitions were not observed. For fluid inclusions that contain halite daughter crystals (B and H)
temperatures are given for initial melting, homogenization to vapor, and halite melting transitions. For the
two-phase aqueous fluid inclusions (D and F), temperatures are shown for initial melting, final ice melting,

and final homogenization

Fig. 10. Raman spectra image of a carbonic primary fluid inclusion hosted by Beebyn Stage 1 ferroan
dolomite (fluid inclusion assemblage BN-W9-104-C). (A) Optical photograph of the analyzed fluid inclusion
in ferroan dolomite, taken in reflected plane-polarized light at about 25 °C. (B) Spectra of the homogeneous
COz2-rich fluid inclusion (in red) hosted by ferroan dolomite (blue). (C) Single point Raman spectrum
showing the wavenumber intervals for the analyzed fluid inclusion, indicating the presence of CO:2 and the

ferroan dolomite host. (D) Single point Raman spectrum for a representative area of the ferroan dolomite
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host

Fig. 11. Box and whisker plots showing microthermometry data for fluid inclusion assemblages from
hypogene fluid alteration stages affecting BIF in the Beebyn and Madoonga deposits. (A) Initial melting
temperatures and Tmcoz for carbonic fluid inclusions. (B) Temperatures of total homogenization. (C)
Calculated salinities. (D) Calculated densities. Dashed lines indicate densities for pure water (1.0 g/cm? at
4.0 °C) and modern seawater (1.028 g/cm? at 4.0 °C, assuming a salinity of 35 g/kg). Also shown for
reference is the 1.0 to 1.3 g/cm3 density range of high salinity-type fluid inclusions from porphyry copper
deposits at Bingham Canyon (Roedder, 1971). For box and whiskers, the upper and lower margins of each
box represent the upper and lower 50 percentile of the data. The whiskers represent the upper and lower
threshold values (95 percentile of the data). Median values are shown as solid black lines and mean values

as solid black circles. Boxes are colored based on hand specimen samples

Fig. 12. Box and whisker plots showing cation and anion molar ratios for fluid inclusions liberated from
separates of hypogene-altered BIF from the Beebyn and Madoonga deposits. (A) CI/Br molar ratios. (B)

Na/Br molar ratios. (C) Na/Cl molar ratios. (D) Na/K molar ratios. (E) Na/SO4 molar ratios

Fig. 13. Comparison of representative LA-ICP-MS spectra for fluid inclusions hosted in ferroan dolomite (A
and B) and quartz (C and D). In all examples, fluid inclusion signals are defined by prominent asymmetric
peaks for Na and K. In the quartz examples, additional element peaks are identified for Ca, Fe, Mg, and
Mn, whereas in the ferroan dolomite examples the presence of a fluid inclusion signature for these

elements cannot be distinguished from the composition of the ferroan dolomite host

Fig. 14. Box and whisker plot that shows cation ratios versus Na for fluid inclusions analyzed by LA-ICP-

MS. Data are grouped by hypogene alteration stages affecting BIF

Fig. 15. Box and whisker plots showing cation ratios versus Na for fluid inclusion assemblages from the

different stages of hypogene alteration in BIF

Fig. 16. Carbon and oxygen stable isotope fluid data calculated from analyzed quartz and carbonate
minerals from hypogene-altered BIF in the Beebyn and Madoonga deposits. The paired carbon and oxygen
isotopic fluid values are from carbonate mineral separates, whereas stand-alone, oxygen isotopic data are
for quartz analyzed with the CAMECA IMS 1280 ion probe. Also shown are reference isotopic values for
common rock types and fluid sources (i.e. solid line boxes) reported by Sharp (2006). Carbon and oxygen
isotope ranges for Archean seawater (i.e. dashed line boxes) are sourced from two alternate geological
models; (i) C and O isotopic data derived from chemical sediments and compiled by Prokoph et al. (2008)
and (ii) O isotopic fluid data interpreted from Archean seawater alterations and formation of serpentinites
from the 3.8 Ga Isua supracrustal belt, Greenland (Pope et al., 2012). Oxygen isotope ranges for meteoric

waters, basaltic rocks, and sedimentary rocks are from Hoefs (2009)



48

Fig. 17. SEM images of magnetite and hematite grains from altered BIF from the Beebyn and Madoonga
deposits that were analyzed by LA-ICP-MS. All images were collected using backscattered secondary
electron conditions, with an accelerating voltage of 20.0 kV and a beam intensity of 15.00. Image (D) was
taken using maximum contrast settings to highlight compositional differences between magnetite (bright)
and martite (darker)

Fig. 18. Box and whisker plots showing selected minor and trace element abundances in magnetite and
hematite as determined by LA-ICP-MS. Data are plotted for each element in order of hypogene alteration

stage at the Beebyn and Madoonga deposits

Fig. 19. Salinity versus total homogenization temperatures for aqueous-rich fluid inclusion assemblages
hosted by hypogene carbonate minerals and quartz from the Beebyn and Madoonga deposits. (A) Beebyn
Stages 2 and 3 magnetite-carbonate replacement of primary silica-rich bands in BIF. (B) Beebyn Stages 5
to 7 represent post-ore alteration events affecting BIF. (C) Madoonga Stage 3 specular hematite-quartz

veins. (D). All data plotted for comparison

Fig. 20. Diagrams showing cation and anion molar ratios for fluid inclusions obtained from separates of
hypogene-altered BIF from the Beebyn and Madoonga deposits. (A) Na/Cl vs. CI/Br molar ratio. (B) Na/Br
vs. CI/Br molar ratio. (C) Na/K vs. CI/Br molar ratio. (D) Na/SO4 vs. CI/Br molar ratio. The grey shaded
boxes represent ClI/Br ranges for magmatic fluids based on values reported by Bohlke and Irwin (1992),
Banks et al. (2000b), Johnson et al. (2000), Kendrick et al. (2001), Banks et al. (2002), and Baker et al.
(2006). Compositional ratios for 3.2 Ga seawater, 3.2 Ga vent fluid, and modern seawater are from De
Ronde et al. (1997). The arrow intersecting the 3.2 Ga vent fluid position marks the compositional trajectory
of Paleoproterozoic seawater demonstrated by Gutzmer et al. (2003), whereas the arrow intersecting the
average value for modern seawater shows the compositional range from literature data compiled by
Gutzmer et al. (2003). The dashed coloured lines in each binary diagram represent the compositional
ranges for black smoker fluids, geothermal brines, seawater, oil field formation waters, low-grade
metamorphic fluids, orogenic Au-quartz fluids, basinal fluids from basement rocks, and magmatic fluids
based on summary data reported by Yardley (2013) and Yardley and Bodnar (2014), with original sources

for the data indicated in|Fig. 21

Fig. 21. (A) CI/Br molar ratio versus Ca/Ca+Na molar ratio and (B) log (K/Na) versus 1/T for fluid
compositional data for fluids hosted by Beebyn and Madoonga hypogene alteration stages in BIF. The
Beebyn and Madoonga fluid data are derived by crush-leach analysis (filled symbols) and LA-ICP-MS on
fluid inclusions (open symbols). Fields for a range of natural crustal fluids and the microcline-albite
equilibrium curve (dashed line) are shown for comparison. These ranges are contoured from data
presented by Yardley and Bodnar (2014) with original data derived from: a, North Sea Formation Waters
(Smalley and Warren, 1994); b, Central Mississippi brines (Carpenter et al., 1974); c, Alberta Basin Brines
(Connolly et al., 1990); d, Michigan Basin (Wilson and Long, 1993a; Wilson and Long, 1993b); e, Offshore
Louisiana (Land et al., 1988); f, Columbian Emerald deposits (Banks et al., 2000a); g, Modum Complex
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(Munz et al., 1995); h, Salton Sea geothermal brines (Williams and McKibben, 1989); i, Cornwall (Bottrell
et al., 1988; Smith et al., 1996); j, Mole Granite (Audetat et al., 2000a; Audetat et al., 2000b); k, Capitan
Pluton (Campbell et al., 1995); |, Kakkonda Granite Brine (Kasai et al., 1996); m, Orogenic Au-quartz fluids
from Brusson, northern ltaly (Yardley et al., 1993). The compositional field “n” for Black smoker fluids is
sourced from Von Damm et al. (1985), Bowers et al. (1988), Von Damm and Bischoff (1987), Campbell et
al. (1988), James et al. (1995), and Trefry et al. (1994). Black smoker compositional field “o” is derived
from compiled end-member fluid composition data reported by James et al. (2014) for the East Scotia
Ridge, as well as other vent fluids from back-arc basins and mid-ocean ridge sites in the Atlantic, Pacific,

and Indian oceans closes to the East Scotia Ridge (see James et al., 2014 for sources)

Fig. 22. Ternary plots showing LA-ICP-MS data for fluid inclusions hosted by ferroan dolomite and quartz
at the Beebyn and Madoonga deposits. Fields for a range of natural crustal fluids are shown for
comparison, with details about data sources included in Figure Fluid fields shown in are
of natural and experimentally produced MVT brines (Carpenter et al., 1974; Sverjensky, 1986; Kharaka et
al., 1987), whereas the region “A” shows the composition of Pb-rich brines from the central Mississippi and

southwest Arkansas (modified after Marie et al., 2001)

Fig. 23. Magnetite and hematite mineral chemistry data for diagenetic/metamorphic and hypogene
alteration stages at the Beebyn and Madoonga deposits. (A) Ga vs. Al plot tests for possible inheritance of
least mobile elements in successive hypogene magnetite stages at the Beebyn deposit. Data for hypogene
specular hematite are shown for comparison. (B) Mg/W vs. Mn/Al differentiates the multiple stages of
hypogene magnetite and hematite alteration at the Beebyn and Madoonga deposits. (C) Mn vs. Ti plot
showing the clear separation of hypogene magnetite from diagenetic/metamorphic magnetite at the
Beebyn deposit. (D) Al + Mn vs. Ti + V plot with deposit fields proposed by Dupuis and Beaudoin (2011),
Nadoll (2011), and Nadoll et al. (2014). Magnetite compositional data from Beebyn and Madoonga coincide
with the compositional range of magnetite from BIF defined by Nadoll et al. (2014), with Stages 1, 3 and 7
magnetite most similar in composition to hydrothermal magnetite from Ag-Pb-Zn veins. (E) Al/Ga vs. Mn/Ti

plot that shows the effects of hypogene alteration on magnetite chemistry.

Fig. 24. Fluid alteration model for hypogene magnetite and specular hematite orebodies in BIF in the Weld
Range district. (A) The Beebyn Stage 1 event involved upward movement of hot, silica-poor, magmatic-
derived fluids through mafic igneous rocks and BIF. Phase separation resulted in a COz-rich fluid that
replaced primary quartz bands with Stage 1 siderite and ferroan dolomite. Dissolve silica was transported
away from the carbonate-altered BIF and potentially released into the ancient ocean. (B) The Stage 2
event represents the transition from a magmatic- to an emerging seawater-dominated hydrothermal
system with time (and distance from central fluid pathways). Hot, silica-poor, reduced, aqueous fluids, with
magmatic and seawater isotopic and compositional signatures, continued to replace primary quartz bands
with ferroan dolomite. (C) The Stage 3 event is marked by the termination of the magmatic-dominated
system, and the circulation of lower-temperature, silica-poor seawater along existing fluid pathways.

Stages 1 and 2 carbonate minerals are replaced by Stage 3 magnetite and minor ferroan dolomite. In
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addition, the Stage 3 alteration event was associated with a volume decrease in BIF, the residual
concentration of primary magnetite-rich bands, and the genesis of the magnetite replacement-style
orebody at the Beebyn deposit. (D) The Stage 4 event is characterized by specular hematite-quartz veins
hosted by shear zones at the Beebyn and Madoonga deposits. These narrow zones post-date the folding
and tilting of the Weld Range lithotectonic unit and the magnetite replacement-style orebody. Iron was most
likely mobilized within BIF in its reduced state by heated meteoric fluids or seawater and precipitated as a

consequence of oxidation and cooling of the fluid.

Tables

Table 1 Summary of all hypogene fluid data and interpretations for the Beebyn deposit

Table 2 Summary of all hypogene fluid data and interpretations for the Madoonga deposit

Appendix. Supplementary electronic data

Appendix 1 Methods

Appendix 2 Hand specimen and matching thin section examples of progressive hypogene alteration in
North BIF from Duuring et al. (2013b). (A and B) Stage 1 alteration: quartz-rich bands are partly replaced
by fine-grained Stage 1 siderite with disseminated clusters of euhedral Stage 1 hypogene magnetite. (C
and D) Stage 2 alteration: coarse-grained, subhedral, ferroan dolomite replaces primary quartz-rich bands.
Note the subsequent partial replacement of Stage 2 ferroan dolomite by Stage 3 magnetite-carbonate. (E
and F) Stage 3 alteration: Stage 2 ferroan dolomite is partly to completely replaced by fine-grained,
subhedral Stage 3 carbonate minerals and euhedral, mineral inclusion-poor magnetite. (G and H) Stage 4
alteration: a specular hematite-chlorite altered shear zone in BIF. Coarse-grained, bladed hematite grains
are partly replaced by kenomagnetite. (I and J) Stage 5 alteration: Fine- to coarse-grained, anhedral to
euhedral, translucent Stage 5 quartz locally replaces Stages 2 and 3 ferroan dolomite. (K and L) Stage 6
alteration: ferroan dolomite-richtquartz veins cut thinly-banded, Stage 4 hematite-chlorite-altered BIF.
Stage 6 ferroan dolomite crystals are coarse-grained and euhedral. (M and N) Stage 7 alteration: minor, 1
to 20 mm-thick, magnetite-siderite-Fe-rich chlorite veins. (O and P) Supergene-altered BIF displays the
oxidation of magnetite-rich bands to kenomagnetite and martite, and partial replacement of silicate
minerals by goethite. Thin section photomicrographs were taken in transmitted cross-polarized light (B and
D), reflected plane-polarized light (F, H, P), and a combination of transmitted and reflected plane-polarized
light (J, L, N). Abbreviations: Cal, calcite; Cb, carbonate minerals; Chl, chlorite; Fe-Dol, ferroan dolomite;
Gt, goethite; Hem, hematite; KMag, kenomagnetite; Mag, magnetite; Mt, martite; Qtz, quartz; Sd, siderite;

Spec-Hem, specular hematite

Appendix 3 Hand specimen and matching thin section examples of the step-wise hypogene alteration of
the North and South BIF units at the Madoonga deposit from Duuring et al. (2013a). (A and B) Stage 1

jaspilite with alternating Fe oxide- and silica-rich (jasper) bands. (C and D) Stage 2 magnetite-talc
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replacement of Stage 1 jaspilite. Bladed Stage 2 magnetite is intergrown with fibrous talc. (E and F) Stage
2 magnetite-talc preferentially replaces silica-rich bands. (G and H) Stage 3 specular hematite is intergrown
with coarse-grained, crystalline quartz. Specular hematite hosts patches of kenomagnetite that are partly
replaced by finer-grained hematite. (I and J) Silica- and Fe oxide-rich bands are partly replaced by
disseminated coarse-grained, euhedral, microplaty hematite. (K and L) Stage 4 siderite-quartz vein cuts
and hosts fragments of siderite-altered BIF. (M and N) Stage 5 chlorite-pyrite vein cuts Stage 2 magnetite-
talc-altered BIF. (P and P) Stage 6 quartz preferentially replaces silica-rich bands in jaspilite. Thin section
photomicrographs were taken in transmitted plane-polarized light (B, L, N, P), reflected plane-polarized
light (F, H, J), and a combination of transmitted and reflected plane-polarized light (D). Abbreviations: Cal,
calcite; Cb, carbonate minerals; Chl, chlorite; Hem, hematite; KMag, kenomagnetite; Mag, magnetite;
Mplaty Hem, microplaty hematite; Mt, martite; Qtz, quartz; Py, pyrite; Sd, siderite; Spec-Hem, specular
hematite; Tlc, talc
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Table A2 Microthermometry data from the Beebyn and Madoonga deposits, Weld Range iron camp
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deposits, Weld Range iron camp
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Table 1 Summary of all fluid data and interpretations for the Beebyn deposit
In-situ LA-ICP-MS data for
Minimum ;::"I;L:il:;ed In-situ LA-ICP-MS magnetite and hematite
Hypogene . Alteration mineral ~ Microthermometry ~ Cation trapping . o data for fluid a‘scw (%o) V- B'SOHm (%o) C and O isotope (relative to ic Whols k istry . .
fluid event Timing assemblage (primary FIA) contents  temperatures :::éllv&m' % lon chromatography inclusions (listed in PDB V-SMOW interpretation magnetite or Beebyn (relative to least-altered BIF) Interpreted fluid source citing key supporting evidence
° order of abundance) Stage 4 martite
CaCly) -
compositions)
Magmatic fluids: high-temperature (>445 °C), carbonic, alkaline, reduced
fluid. Potentially evidence for fluid boiling, phase immiscibility, and trapping
g:‘eiasﬁso:?:n;im vapor-only fluid inclusions. C and O isotopes are comparable to reported
Monophase (vapor- cargonatite = ' Enrichments: Mg, Mn, Ba, ranges for magmatic fluids. Stage 1 fluids are enriched in Ca, Mg, Mn, Rb, W,
Beebyn Pre-ore Magnetite-siderite + rich), carbonic, low- 444 10 465 527 0 -4.29 723t09.97 metamon Hic' as well as Mo, P, Rb, Ti, V, As, Ca, Sr, P, K, Na, Ba, C, Fe, Ti, V, As, Ca, Pb, Sc, and Mo; depleted in Si. Fluid
Stage 1 ferroan dolomite  density (0.65 to 0.79 " - : : 2MOrpRIC, as v K, Na, Pb, Sc, Sr, and W. contents are likely affected by chemical exchange with surrounding mafic
3 semi-massive pyrite- N -
glem®) . Depletions: Si country rocks. Siderite-ferroan dolomite-magnetite replaced primary silica-rich
quartz veins at 5
Madoonga bands as a result of kilometer-scale, fluid circulation and replacement
o processes, controlled by the prograde solubilty of quartz and retrograde
solubility of carbonate minerals
Magmatic fluids with local influence from Archean seawater: higher-
temperature (>275 °C), alkaline, reduced, high-salinity brines that are CI-
) Overlaps reported Beebyn Stages 1 and 2 were dominant and contain multiple cations, including Fe, Ca, Mg, Mn, Na, K, Rb,
Higher-temperature it analyzed tel P, 8r, Cu, Ba, Zn, Pb, W, S, and Co; depleted in Si. Cl/Br values overlap
FIA: three-phase ranges for magmatic, notanayzed separate. reported magmatic fluid ranges and indicate the Stage 2 fluid dissolved halite
(iidva :r-hah(e) Mixed — 275t0327  36t040 10.36t0 -10.11 -0.45t0 1.01 carbonatite, Enrichments: G20, Rb, W, o o0 g i o & A O ot ble
iq P \ Fe, Ca, 2Mg, Mn, metamorphic, and locally Sr, K,0, Na,0, P,05, MgO, ~ POssibly via interaction with an evaporite. C and O isotopes are comparable to
aqueous-rich . magmatic fluids, with local interaction from Archean seawater. Major addition
Na, K, Sr, Cu, Ba, with Archean seawater Ba, LOI, C, Fe,O4r, and MnO. N . N
o of Na to the fluid from mafic country rock. Stage 2 alteration minerals
Zn, Pb, W, and Co. Depletions: SiO,, Cr, Ta, Sc, laced pri lica-rich band Kilomet e with local devel t
C-dominant, Na, K, SOy, and Br. Enriched in Cu and S, Mo, and Pb replaced primary silica-rich bands on a kilometer scale with local developmen
Ferroan dolomite + Molar CI/Br indicate halite dissolution Zn relative to Pb. Mn- of veins
Beebyn Pre-ore magnetite + apatite and overlaps magmatic fluid values. rich fluids are
Stage 2 ezt e e e e o Magmatic fluids with major influence from Archean seawater: lower-
xenotime © :f a’,\“ ',"athc 7“’5‘;‘“ focks, :Z"meaﬁc aﬁ:i‘ ds’ temperature (>125 to 257 °C), alkaline, reduced, low to high-salinity brines
enriching Na in the fiul bl gk Ker fi . s that are Cl-dominant and contain multiple cations, including Fe, Ca, Mg, Mn,
Lower-temperature anag :::“!r?eren:alw s Overlaps reported Na, K, Rb, P, Sr, Cu, Ba, Zn, Pb, W, S, and Co; depleted in Si. CI/Br values
FIA: twor r?ase brii g ranges for Archean overlap reported magmatic fluid ranges and indicate the Stage 2 fluid
S P! Mixed 125 to 257 3to23 rines -7.03to -6.54 0.99to 7.42 seawater with interaction dissolved halite, possibly via interaction with an evaporite. C and O isotopes
(liquid-vapor), N . . .
aqueous-rich with organic carbon from are to fluids, but interacted with Archean seawater and
mudstones and shales organic carbon from shales and mudstones. Addition of Na to the fluid
through interaction with mafic country rocks. These lower-temperature fluids
have a temporal and/or spatial distinction from the higher-temperature fluids,
but are considered to be part of the overall Stage 2 event
2
Fe, Ca, ?Mg, Mn, Modified Archean seawater: lower-temperature (>98 to 175 °C), alkaline,
Na, K, Sr, Ba, Zn, e "
. Pb. and Co. Mnrich reduced, low to high-salinity brines that are Cl-dominant and contain multiple
Magnetite-ferroan Cl-dominant, Na, K, 80, and Br. ¢ & *0° = "t i : As, Ba, Ca, Rb, K;0, P, cations, including Fe, Ca, Mg, Mn, Na, K, Rb, P, Sr, Sc, Cu, Ba, Zn, Pb, W, S,
Beebyn Syn-ore ane y Two-phase (liquid- . Molar CI/Br indicate halite y P K, Mo, Na, Pb, Sr, W, Mg, CaO, Sr, Ba, W, Cu, P,05,  As, Mo, Bi, Cr, and Co; depleted in Si. Cl/Br values overlap reported fluid
" dolomite + pyrite + Mixed 98 to 175 41017 L o with reported data N " o )
Stage 3 (magnetite) .\ opyrite vapor), aqueous-rich precipitation and similar to Archean ¢ G g iae Mn, Ti, V, Bi, Cr, Cu, Ge, Sc, and Fe,Osr. Depletions:  ranges for Archean seawater and Archean vent fluids. Alteration was by
il seawater and vent fluid values black sgmoker ﬂu\ds‘ and Nb. Depletions: Si si0,, Cr, Mo, LOI, Ni, and C  replacement of Stage 1 and 2 carbonate minerals, localized as a series of 50
and geothermal hmaltg 1 km-long lenses within the broader Stages 1 and 2 carbonate alteration
brines
: Al, As, Ba, K:0, Ga, V, Zn,
Beebyn Syn-ore Hematite-chlorite + Bi, Ca, Cu, Mo, Nb, P, Sb, Cu, Na;0, Sr, Rb, Nb, Mo,  Syn-tectonic hydorthermal fluid (syn-folding and shearing): oxidized fluid
Sta ey4 (Sy ccularite) talc - Sc, 8r, Ta, Ti, U, V, and  Th, U, La, Ce, Pr,Nd, Sm,  enriched in Si, As, Ba, Bi, Ca, Cu, Fe, K, Mo, Na, Nb, P, Rb, Sb, Sc, Sr, Ta,
9 P W. Depletions: Ge, Ni, and Fe,O;r. Depletions: C Ti, Th, U, V, W, and Zn. Vein and shear zone-hosted
and Si and SiO,
Ca, Na, Fe, Mg, K,
Mn, Cu, Sr, Ba, Zn,
Pb, Bi, Sn, Co, and
W. Enriched in Cu Modified Archean seawater and possible meteroric waters: lower-
Cl-dominant, Na, K, SO,, and Br. and Zn relative to temperature (>133 to 196 °C), reduced, high-salinity brines that are CI-
Three-phase (liquid- Molar CI/Br indicate halite dissolution Pb. Mn-content is High degrees of dominant and contain multiple cations, including Si, Ca, Na, Fe, Mg, K, Mn,
Beebyn Quartz-magnetite + pha q " and affinities with low-grade comparable with interaction with Archean Cu, Sr, Ba, Zn, Pb, Bi, Sn, S, Co, and W. CI/Br values overlap reported fields
Post-ore N vapor-halite), Mixed 133 to 196 281t0 32 Do -2.51to0 1.47 ! y
Stage 5 chalcopyrite aqueous-rich metamorphic fluids, geothermal reported data for seawater and/or for low-grad phic fluids, g brines, or oil field formation
a brines, or oil field formation waters. ~ geothermal brines, meteoric fluids waters; and indicate halite dissolution with significant cation exchange for Na.
Major cation exchange for Na low-grade C and O isotopes are comparable to values for Archean seawater or meteoric
metamorphic fluids waters. Minor fluid alteration event
and basinal brines
from basement
rocks
High degrees of Modified Archean seawater and possible meteroric waters: lower-
Calcite-ferroan Fe, 7Ca, ?Mg i tion with Archean : Ba, Ge, Sr, temperature (>115 to 152 °C), reduced, moderate-salinity brines with multiple
Beebyn : dolomite + Two-phase (liquid- " 2Mn. Na. K. St - y - seawater and/or V, Mg, and Mn. cations, including Fe, Ca, Mg, Mn, Na, K, Sr, Ba, Ge, V, Pb, Zn, S, W, and
Stage 6 Post-ore magnetite £ pyrite  vapor), aqueous-rich Mxed 11510152 10to 19 ';,";'"'Zr'ﬁ)v"; ﬁ; g: 10.9710-547 28410205 |0 ic fuids, with local Depletions: Si, Sb, Ni, W, Co; depleted in Si. C and O isotopes are comparable to values for Archean
+ chalcopyrite T influences of organic and Ti seawater or meteoric waters, with local interaction with organic carbon from
carbon shales. Minor fluid alteration event
Enrichments: As, Ba, Ca, Modified Archean seawater and possible meteroric waters: lower-
Beebyn - y . .. Two-phase (liquid- . Ge, Mg, Mn, Mo, Na, P, temperature (>125 to 180 °C), reduced, moderate-salinity brines with multiple
Stage7 ~ Fostore  Sideritemagnefite o queousrich MXed 12510180 12t017 Pb, Rb, Sr, Ti, and V. cations, including Fe, As, Ba, Ca, Ge, Mg, Mn, Mo, Na, P, Pb, Rb, Sr, Ti, and

Depletions: Si and Zn

V; depleted in Si. Minor fluid alteration event




Table 2 Summary of all hypogene fluid data and interpretations for the Madoonga deposit

Minimum Sa"‘l'lf“:t::':d In-situ LA-ICP-MS In-situ LA-ICP-MS data for ooy ococnemictry
. . . . N 15 " . - " -
Hypogene fluid ;i1 mineral - Mic y Cation —trapping (equiv. wt% lon p dataforfliid ~  §%Coos (%) 8"Ouzo (*%e) Cand O isotope magnetite and hematite /1 ;oo 14 jeast-altered Interpreted fluid source citing key supporting evidence
event assemblage (primary FIA) contents  temperatures NaCl or (listed in V-PDB V-SMOW interpretation (relative to metamorphic BIF)
(°C) c order of abundance) magnetite )
aCly)
Madoonga Pre-ore Hematite Diagenesis or early regional low-grade metamorphism: district-wide
Stage 1 event
Cl-dominant, Na, K, SO,, and Br.
Molar CI/Br indicate halite Enrichments: Fe;Osr, P2Os, Syn-tect: ‘mal fluid ( : reduced brine with Fe, Na,
Madoonga Syn-ore Magnetite-talc + dissolution and affinities with low- Enrichments: Ca, Cr, K,  NayO, K;0, CaO, MgO, Sc, K, Ca, Mg, Cr, K, Mo, P, Sc, Ba, Sr, Ga, Zn, Pb, S, Ti, U, and V; depleted
Stage 29 (rﬁa netite) apatite + monazite grade metamorphic fluids, Mo, P, Sc, Ti, U, and V. Ba, Sr, Ga, Zn, and Pb. in Si. CI/Br values overlap reported fields for low-grade metamorphic
9 9 * xenotime geothermal brines, or oil field Depletions: Mn and Si Depletions in SiO,, Cr, Mo, fluids, geothermal brines, or oil field formation waters; and indicate halite
formation waters. Major cation and MnO i ion with signi cation for Na
exchange for Na
. " Syn-tectonic hydorthermal fluid (Archean seawater): lower-
sllof:rrrg:';;?tivnzliacvalfe' :aoli‘:':nd Br. Fe, Ca, Na, Mg, K, temperature (>108 to 222 °C), oxidized, low to moderate-salinity brines
W15 prospect: two- . N - ) Mn, Cu, Sr, Ba, Zn, . . that are NaCl-dominant and additionally contain Fe, Ca, Mg, K, Mn, Cu,
. dissolution and affinities with low- Enrichments: Ga, Cu, and
phase (liquid- Na- 108 to 222 0t022 rade metamorphic fluids, Pb, Sn, Co, W, and Zn. Depletions. Si. Mg, Ti Sr, Ba, Zn, Pb, S, Ga, Sn, Co, W, and Bi. CI/Br values overlap reported
vapor), aqueous-  dominant 9 orpl s Bi. Enriched in Cu - Depl - 51 Mg, Ti, fields for low-grad ic fluids, brines, or oil field
N geothermal brines, or oil field . Cr, Co, and Mo N . o o y ) . y
rich - " : and Zn relative to formation waters; and indicate halite dissolution with minor cation
formation waters. Minor cation N .
3 exchange for Na through albitization of mafic country rocks. Vein and
exchange for Na
shear zone-hosted
~ Syn-tectonic hydorthermal fluid (Archean seawater): lower-
gzd?a"ga (ssy”e;:;rite) Hematite-quartz temperature (>132 to 146 °C), oxidized, high-salinity brines that are CaCl-
9 P Cl-dominant, Na, K, SOy, and Br. dominant and additionally contain Fe, Na, Mg, K, Mn, Cu, Sr, Ba, Zn, Pb,
W19 prospect: Molar CI/Br indicate halite Fe, Ca, Na, Mg, K, High degrees of S, Ga, Sn, Co, W, and Bi. Cl/Br values overlap reported fields for low-
three-p haze (”‘ Lid- dissolution and affinities with low- Mn, Cu, Sr, Ba, Zn, 67310~ int?eractigon with Archean grade metamorphic fluids, geothermal brines, or oil field formation
phas 4 Mixed 132 to 146 29t0 30 grade metamorphic fluids, Pb, Sn, Co, W, and P : waters; and indicate halite dissolution with cation exchange for Na
vapor-halite), ) s " : . 6.34 seawater and/or meteoric P .
aqueous-rich geothermal brines, or oil field Bi. Enriched in Cu fluids through albitization of mafic countre rocks. O isotopes are comparable to
9 formation waters. Significant and Zn relative to Pb values for Archean seawater or meteoric waters. Vein and shear zone-
cation exchange for Na hosted. Potentially demonstrates greater fluid interaction with mafic
country rocks at the W19 prospect, compared with the NaCl-dominant
and lower-salinity fluids measured at the W15 prospect
High degrees of
interaction with Archean Archean seawater or meteroric waters: alkaline fluid containing Fe
Madoonga Post-ore Siderite-quartz 9.04 312 seawater and/or meteoric and Si. C and O isotopes are comparable to values for Archean seawater
Stage 4 q : : fluids, with local or meteoric waters, with local interaction with organic carbon. Minor fluid
influences of organic alteration event
carbon
Madoonga Chlorite-pyrite +
Stage 5 Post-ore chalcopyrite
High degrees of
interaction with Archean Archean seawater or meteroric waters: alkaline fluid containing Fe, Si,
Madoonga Post-ore Quartz-ferroan -1233to- -8.76to- seawater and/or meteoric Mg, and S. C and O isotopes are comparable to values for Archean
Stage 6 dolomite + pyrite 6.22 0.63 fluids, with local seawater or meteoric waters, with local interaction with organic carbon.

influences of organic
carbon

Minor fluid alteration event
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Beebyn North BIF

Hypogene alteration
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O isotope fluid data
for quartz (ion probe)
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Appendix 1 Methods

Hand-specimens of hypogene-altered BIF were collected from outcrop and diamond drill core from the
Beebyn and Madoonga deposits for thin section petrography, fluid inclusion, stable (O and C) isotope,
and mineral chemistry studies. The samples were collected from different areas of both deposits to
ensure that they are representative of each deposit.

Fluid inclusion heating and freezing analyses were conducted on a Linkam THMSG 600 stage
with a TMS 93 temperature programmer at the University of Western Australia (UWA), Perth. Doubly-
polished thin sections containing specular hematite were studied with an Olympus BX53 microscope
configured with infrared transmitted light functionality. A Qlmaging Retiga-2000R CCD camera was used
that allows ovservations in the near infrared spectral range to about 1000 nm. The precision for
microthermometric measurements is 0.2 °C for temperatures below 30 °C and 12 °C for temperatures
above 30 °C. Salinity (wt% NaCl or CaClz equiv), bulk composition, and density were calculated using
the MacFlinCor (Brown and Hagemann, 1995) and HokieFlincs_H20-NaCl programs (Steele-Maclnnis et
al. (2012), and the Bodnar and Vityk (1994) and Lecumberri-Sanchez et al. (2012) equation of states for
the H20-NaCl-(KCl) system. The Oakes et al. (1990) equation of state was used for the H20-NaCl-CaClz
system, whereas the Kerrick and Jacobs (1981) equation of state was applied for the pure CO2 system.

Laser Raman analyses were used to determine the composiition of the vapor and solid phases
within fluid inclusions in quartz and dolomite. Raman spectroscopy, conducted at the Centre for
Microscopy, Characterisation and Analysis (CMCA) at UWA, involved the use of a WITec Alpha300RA+
confocal Raman microscope system (WITec, Ulm, Germany) equipped with an infrared diode laser
module (A = 785 nm; 300 mW power; 150 mW at the fiber end). Raman spectra were recorded with
integration times of 20 seconds using a 100x/0.9 NA objective (Zeiss, Germany), which produces a laser
spot with a size of 300 nm laterally and approximately 700 nm vertically. The system was calibrated using
the first order Raman peak of silicon prior to the measurements. For analysis of the vapor phases of the
fluid inclusions, single spectra and their diagnostic peaks were used to identify CO2 (the Fermi diad at
~1285 and 1388 cm™') (Herzberg, 1950; Rosso and Bodnar, 1995; Burke, 2001). The WITec project
FOUR software was used for analyses and image processing. Raman detection limits (Wopenka and
Pasteris, 1986) are estimated to be about 0.1 mole % for CO2. Errors in the calculated gas ratios are
generally less than 1 mole %.

Laser Ablation Inductively Coupled Plasma Mass Spectrometry was performed on fluid
inclusions hosted by quartz and ferroan dolomite at the University of Leeds, United Kingdom, using an
ArF 193-nm Geolas Q Plus excimer laser equipped with imaging optics (Glnther et al., 1997). The
material liberated during the ablation was carried by helium, purging the ablation cell, into the Agilent
7500 quadrupole mass spectrometer. An octopole reaction cell was used for analyses of 4°Ca and %6Fe.
Fluid inclusion analyses were calibrated using NIST standard SRM 610. A laser spot size of 25 ym was
used for analysis. Sixteen elements were included for analysis: 2Na, 2*Mg, 2°Si, %K, 40Ca, %°Mn, 56Fe,
59Co, 83Cu, 66Zn, 88Sr, 1183n, 137Ba, 182\, 208Ph  and 209Bi. Analytical data for the standard and unknowns
were processed using SILLS v.1.3.2 software (Guillong et al., 2008). Charge-balancing to NaCl-H20
equivalent chloride molality was used for data reduction. Further information about method and validation

of the procedure can be found in Allan et al. (2005).



Crush-leach analyses were performed on fluid inclusions hosted by quartz, carbonate,
magnetite, and hematite at the University of Leeds following the bulk crush-leach method of Banks et al.
(2000). Hand-picked, 1 to 2.5 g, mineral separates with particle sizes of between 1 and 2 mm were
cleaned by repeated boiling and rinsing in 18.2 MQ water. Dried samples were crushed to a fine powder
using an agate mortar and pestle. Powders were transferred to individual containers and approximately 5
ml of 18.2 MQ water was added to redissolve the dried salts released from crushed fluid inclusions. The
resultant solutions were filtered through a 0.2-uym pore size nylon filter. The leachates were analyzed for
CI-, Br, and SO%4 using ion chromatography, and Na* and K* by atomic absorption. Detection limits for
Cl, Br, SO4, Na and K are 10, 0.2, 10, 30 and 30 ppb, respectively (Heijlen et al., 2003). The typical
precision is 5 % relative standard deviation (RSD).

Carbon and oxygen stable isotope analyses were performed on hand-picked, 1 to 2 g,
separates of siderite, ferroan dolomite, and calcite at the G.G. Hatch Isotope Laboratories, University of
Ottawa, Canada. The 30 and &'3C mineral values are reported in per mil relative to the Vienna
Standard Mean Ocean Water (VSMOW) and Pee Dee Belemnite (PDB), respectively. The analytical
precision (2 o) is £ 0.1 %o. In situ oxygen isotopic data for quartz were collected using a CAMECA IMS
1280 multi-collector ion probe at the CMCA, UWA using conditions similar to those documented by Kita
et al. (2009). The quartz standard UWQ-1 was used to measure accuracy and instrument drift. Using a
10 ym analysis spot size, 6'80 values for the quartz standard and unknowns have an accuracy and
precision of £+ 0.2 %o.. In addition, four samples of hand-picked magnetite grains were analyzed for
oxygen isotopes at the University of Wisconsin-Madison. Approximately 5 mg of coarsely powdered
magnetite was loaded in a sample holder and pre-fluorinated overnight. Oxygen was extracted from
magnetite by laser fluorination reaction with BrFs (e.g. Clayton and Mayeda, 1963; Sharp, 1990; Valley et
al., 1995; Cole et al., 2004) and analyzed by the Finnigan MAT 251 gas-source mass spectrometer. The
garnet standard UWG-2 (Valley et al., 1995) was used to define an accuracy of better than 0.19 %o for
magnetite analyses.

Electron microprobe analyses were performed on polished thin sections and 2.5 cm-diameter
polished sample mounts of magnetite and hematite to test their homogeneity at the CMCA, UWA using a
JEOL 6400 SEM and Energy-dispersive X-ray spectroscopy (EDS). A copper standard was used.
Analytical conditions were 15 keV and 20 nA. Microprobe results were accepted only if the weight
percent total was between 98.5 and 101.5 %. The ferric iron content of each analysis was calculated
based on the assumption of stoichiometry and an ideal AB204 formula. Back-scattered electron imaging
was performed using an acceleration voltage of 20 keV and a beam current of 15 nA. Wavelength
Dispersion Spectroscopy (WDS) was performed on one representative polished thin section of hypogene
iron ore from the Beebyn deposit. Quantitative element maps and prior instrument calibration were
acquired on a JEOL 8530F hyperprobe equipped with five tunable wavelength dispersive spectrometers.
The operating conditions were 40 degrees take-off angle, and a beam energy of 20 keV. The beam
current used was 50 nA and the beam was fully focussed. Elements were acquired using analyzing
crystals LiF for Fe ka, Mn ka, Ni ka, Ba la, Zn ka, Cu ka; PET for Ca ka, P ka, S ka, and TAP for Al ka,
Na ka, Mg ka, Si ka. The standards employed were an assortment of commercially available metals,
oxides, silicates, sulfates and phosphates. For instrument calibration, counting time was 20 seconds for
the ka lines for Si, Al, Na, Fe, P, and Ca, and 40 seconds for Mg ka, Mn ka, Ni ka, Ba la, Zn ka, Cu ka, S



ka. Mean atomic number background corrections were employed throughout (Donovan and Tingle,
1996). Unknown and standard intensities were corrected for deadtime and the ZAF algorithm used for
matrix absorption (Armstrong, 1988). Standard intensities were corrected for standard drift over time. On
peak interference corrections were applied as appropriate (Donovan et al., 1993). Detection limits ranged
from 0.007 wt% for S ka to 0.010 wt% for Ca ka to 0.014 wt% for P ka to 0.016 wt% for Ni ka to 0.028
wt% for Ba la. Quantitative chemical maps were acquired using the calibration set up described above
for Na, Al, Ba, Mn, P, Mg, Si, Zn, Fe, Ca, Cu, Ni and S. Detection limit maps were acquired for these
elements and applied as the minimum cut-off values for all maps. Map acquisition used a 100 nA beam
current with a 2 x 2 ym pixel dimension and 100 msec dwell time per pixel. Data were processed using
the Calcimage software package and output to Surfer® for further processing and enhancement.

Maijor and trace element concentrations for magnetite and hematite were completed by in situ
LA-ICP-MS analysis at the AGOS-GeoHistory LA-ICP-MS Facility, Curtin University, in Perth, Australia.
The reference materials, GSD-1G, NIST-610, and NIST-612 were used to measure accuracy and
instrument drift. An analytical spot size of 75 um and ablation time of 40 seconds per analysis was used.
Forty-eight elements were included in the analyses: 2Na, 2*Mg, 2’Al, 28Si, 31P, 39K, 44Ca, 45Sc, 4°Ti, 51V,
52Cr, 55Mn, 57Fe, 59Co, ®ONi, 65Cu, 66Zn, 71Ga, 74Ge, 75As, 8’Rb, 8Sr 89Y, 927r, 93Np, %Mo, 15In, 118Sn, 121Sb,
137Ba’ 139La’ 140C6, 141Pr’ 146Nd’ 147Sm, 153EU, 157Gd’ 163Dy’ 165H0, 166Er’ 172Yb’ 175LU, 181Ta’ 182W’ ZOSPb’
209Bj, 232Th, and 238U. LA-ICP-MS data were processed using SILLS v.1.3.2 software (Guillong et al.,
2008) to exclude spectra or parts of spectra that are affected by mineral inclusions. Iron (5’Fe) was used
as the internal standard element using the stoichiometric Fe contents of magnetite and hematite
(723,600 ppm and 699,400 ppm, respectively), because SEM-EDS analyses did not demonstrate
significant variations from stoichiometric Fe concentrations within the analytical uncertainty. Average

detection limits are reported in Table A12.
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