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Abstract 17 

The Proterozoic Bryah and Yerrida basins of Western Australia contain important base and 18 

precious metal deposits. Here we present microtextural data, trace element and S isotope analyses 19 

of massive sulfide mineralisation hosted in Palaeoproterozoic subvolcanic rocks (dolerite) recently 20 

discovered at Red Bore. The small-scale high-grade mineralisation, which extends from the sub-21 

surface to at least 95 m down-hole, is dominated by massive chalcopyrite and contains minor pyrite 22 

and Bi-Te-(Se) phases. Massive sulfide mineralisation is surrounded by discontinuous brecciated 23 

massive magnetite, and a narrow (<2 m) alteration halo, which suggests very focussed fluid flow. 24 

Laser ablation ICP-MS analyses indicate that chalcopyrite contains up to 10 ppm Au and in excess of 25 

100 ppm Ag. Sulfur isotope analyses of pyrite and chalcopyrite indicate a narrow range of δ34SVCD 26 

(˗0.2 to +4.6 ‰), and no significant mass-independent fractionation (˗0.1 < Δ33S < +0.05 ‰). Re-Os 27 

isotope analyses yield scattered values, which suggests secondary remobilisation. Despite the 28 

geographical proximity and the common Cu-Au-Ag association, the mineralisation at Red Bore has 29 

significant differences with massive sulfide mineralisation at neighbouring DeGrussa, as well as other 30 

massive sulfide deposits around the world. These differences include the geometry, sub-volcanic 31 

host rocks, extreme Cu enrichment and narrow δ34S ranges. Although a possible explanation for 32 

some of these characteristics is leaching of S and metals from the surrounding volcanic rocks, we 33 

favour formation as a result of the release of a magmatic fluid phase along very focussed pathways, 34 

and we propose that mixing of this fluid with circulating sea water contributed to sea floor 35 

mineralisation similar to neighbouring VHMS deposits. Our data are permissive of a genetic 36 

association of Red Bore mineralisation with VHMS deposits nearby, thus suggesting a direct 37 

connection between magmatism and mineralising fluids responsible for VHMS deposition at surface. 38 

Therefore, the Red Bore mineralisation may represent the magmatic roots of a VHMS system.  39 
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Introduction 40 

Volcanic-hosted massive sulfide (VHMS) deposits are the source of significant amounts of Cu, 41 

Zn, Pb, Ag and Au (Large 1992; Galley et al. 2007). These deposits form in submarine environments, 42 

at both extensional and convergent margin settings (Yeats et al. 2014; Huston et al. 2010; Galley et 43 

al. 2007; Binns et al. 2007), where convective sea water circulation, driven by magma intrusion at 44 

shallow crustal depths, deposits metals when these heated fluids are discharged back into sea water 45 

(Ohmoto 1996; Ross and Mercier-Langevin 2014). VHMS deposits occur discontinuously throughout 46 

Earth’s history from the Archaean to the Phanerozoic (Huston et al. 2010; Sharpe and Gemmell 47 

2002) and are considered to be the fossilised equivalents of present day massive sulfides deposited 48 

at the emergence of submarine hydrothermal systems (de Ronde et al. 2005; Hannington 2014; 49 

Petersen et al. 2014).  50 

This mechanism of ore deposition implies two end members for the source of metals: the 51 

country rocks (including sediments, volcanic rocks and the basement) and the magma that drives 52 

convective circulation. The leaching of country rocks by circulating sea water is a widely accepted 53 

mechanism as a source of metals, for example in Kuroko-type VHMS deposits (Ohmoto 1996). More 54 

recently, substantial evidence has emerged pointing to a significant magmatic contribution for both 55 

fluids and metals in ancient and present day systems (Huston et al. 2011; Moss et al. 2001; Gemmell 56 

et al. 2004). Sea water involvement in the deposition of VHMS mineralisation is indicated by: 1) low, 57 

sea water-like salinity of fluid inclusions (5 – 6 wt% Naeq on average; Peter et al. 2007), although 58 

high-salinity brines and vapours have been observed in some modern vents and ancient VHMS 59 

deposits (Shanks III 2001; Solomon et al. 2004), likely due to phase separation; 2) δ18O (> 5 ‰) and 60 

δ34S of sulfate minerals indicating equilibrium with sea water at the time of deposition (de Ronde et 61 

al. 2014); 3) O and H isotope composition of alteration minerals associated with sea water 62 

interaction with hot magmatic rocks (Shanks III 2001; Shanks III and Thurston 2012) and of fluids 63 
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emitted at present-day submarine centres (de Ronde et al. 2005); and 4) in the specific case of 64 

Archaean VHMS deposits, multiple S isotope signatures of sulfide minerals yielding Δ33S <0, implying 65 

sourcing of S from Archaean sea water sulfate (Farquhar et al. 2011; Bekker et al. 2009; Chen et al. 66 

2015). On the other hand, studies of volcanic rocks associated with VHMS deposits (Timm et al. 67 

2012; Moss et al. 2001) and melt inclusions in unmineralised rocks from the Manus basin 68 

(Kamenetsky et al. 2001; Yang and Scott 1996) have shown that magmas are potential sources of 69 

metals in this type of deposits. A magmatic involvement is expected to be reflected in geochemical 70 

and isotopic compositions of some VHMS deposits, such as enrichment of Cu-Au-Ag-Bi-Se, 71 

intermediate to high-sulfidation assemblages, high fluid δ18O, narrow δ34S ranges and aluminous 72 

alteration (Peter et al. 2007; Huston et al. 2011). However, it is difficult to determine whether these 73 

observations are the result of magmatic-hydrothermal fluid input or leaching of volcanic rocks by sea 74 

water-derived fluids.  75 

Here, we present textural and mineralogical observations, trace element and S isotope 76 

compositions of recently discovered mineralisation, called the Red Bore prospect of central Western 77 

Australia (Fig 1) and evaluate its formation in the light of the previous discussion. This mineralisation 78 

includes pipe-like massive chalcopyrite ore spatially related to VHMS deposits hosted in a 79 

Palaeoproterozoic mafic volcanic succession. The geometry and the very Cu-rich composition set this 80 

mineralisation apart from VHMS mineralisation at the district scale.  81 

Geological setting 82 

Regional geology 83 

Sulfide mineralisation at Red Bore is hosted by the mafic igneous rocks of the Narracoota 84 

Formation within the Bryah Basin (Fig. 1). The volcano-sedimentary Bryah and Padbury Groups were 85 

deposited along the northern margin of the Yilgarn Craton between 2000 and 1800 Ma (Occhipinti et 86 
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al. 1998a; 2004; Pirajno and Occhipinti 2000) and are interpreted to have formed on a continental 87 

margin or in a rift setting (Occhipinti et al. 1998a; Pirajno et al. 1998, 2004; Pirajno and Occhipinti 88 

2000). A recent model proposed that extension was preceded by upwelling caused by the 89 

impingement of a mantle plume (Pirajno et al. 2016). The Karalundi Formation is the lowest unit of 90 

the Bryah Basin and includes a clastic sedimentary succession (conglomerate, wacke, siltstone, black 91 

shale) and mafic volcanic rocks (Pirajno and Occhipinti 2000). The Narracoota Formation overlies the 92 

Karalundi Formation and forms a predominant proportion of the succession in the Bryah Basin. It is 93 

composed of voluminous mafic to ultramafic volcanic rocks, and intrusive rocks. The mafic rocks 94 

contain pillow basalt, hyaloclastite basalt, sheeted dykes, a layered mafic-ultramafic igneous 95 

complex and minor felsic rocks, and show evidence for sea floor metasomatism in the form of 96 

tremolite-talc-chlorite-bearing assemblages (Pirajno and Occhipinti 2000; Pirajno et al. 1998, 2000; 97 

Occhipinti et al. 2004). The Narracoota Formation is overlain by metasediments of the Ravelstone 98 

Formation and Horseshoe Formation, which include wacke, shale, siltstone, chert and banded iron 99 

formation (Pirajno et al. 2000). Rocks of the Bryah Group have undergone multiple stages of 100 

deformation and greenschist facies metamorphism during formation of the Capricorn Orogen in the 101 

Proterozoic (Pirajno et al. 1998; Hynes and Gee 1986; Reddy and Occhipinti 2004).  102 

Sediments and mafic rocks associated with the Karalundi and Narracoota formations contain 103 

Cu-Au-Ag VHMS deposits at DeGrussa and Horseshoe Lights and the high-grade Monty deposit 104 

(Pirajno et al. 2000; Hawke et al. 2015b; Sandfire Resources Report, 2016). The Cu-Au-Ag DeGrussa 105 

deposit is mostly hosted in turbiditic sedimentary rocks, and consists of four steeply dipping lensoid 106 

ore lodes separated from each other by two large faults, with a combined strike length of 800 m. 107 

Due to deformation related to the Jenkin fault (Fig. 1) and the lack of outcrop, the stratigraphic 108 

relationships between DeGrussa and Red Bore are not clear in the field. The stratabound sulfides at 109 

DeGrussa are massive, fine-grained and consist of pyrite, chalcopyrite, and pyrrhotite with lesser 110 

sphalerite, galena, marcasite, and molybdenite. Chalcocite, malachite, azurite, chrysocolla, cuprite 111 
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and native copper are present in the supergene ore zone. VHMS mineralisation at DeGrussa has 112 

recently been dated at 2027 – 2011 Ma (Re-Os on molybdenite) and 2040 – 2030 Ma (Pb-Pb on 113 

galena modelled according to Stacey and Kramers, 1975), an age overlapping with the age of 114 

volcanism (Hawke et al. 2015b). Total estimated resources at April 2016 are 10.7 Mt of ore 115 

containing 4.5 % Cu and 1.8 g/t Au (Sandfire Resources Report, 2016). The Monty deposit is 116 

composed of chalcopyrite, pyrite and pyrrhotite with minor sphalerite and galena, and contains 117 

resources of 700,000 tonnes at approximately 10 % Cu and 2 g/t Au (Sandfire Resources Report, 118 

2016).  119 

Drill core description 120 

Surface expression of Red Bore mineralisation is represented by the presence of a gossan and 121 

a geographically restricted magnetic anomaly (Fig. 1B). Closely-spaced drilling (more than30 drill 122 

holes, a few m to a few tens of m apart) carried out by Thundelarra Ltd. has intersected steeply-123 

dipping elongate mineralisation containing massive chalcopyrite and massive magnetite. The 124 

mineralisation does not extend along strike, suggesting a “pipe-like”, rather than tabular geometry. 125 

Double intersections may indicate the presence of two separate mineralised bodies or tectonic 126 

duplication. Drill core lithology is dominated by dolerite, coarse (mm-scale)-grained massive mafic 127 

rocks (gabbro, ultramafic rocks), mafic volcanic and volcaniclastic rocks (lava and possibly 128 

hyaloclastite), and fine-grained, finely-bedded sedimentary rocks. Mineralisation is largely hosted in 129 

mafic rocks (mostly dolerite) of the Narracoota Formation and to a lesser extent, by sedimentary 130 

rocks. The mineralisation extends from the near-surface (shallowest intersection at 6 m depth) to at 131 

least ~100 m (Fig. 1C). The mineralisation is open at depth, and its total extent is not known. 132 

In several samples, the volcanic-intrusive host rocks show signs of semi-brittle deformation. 133 

The mineralisation is surrounded by a narrow (<2 m wide) alteration zone represented in core 134 

samples by a fine-grained “bleached” pale green rock mostly composed of talc, carbonate, chlorite 135 
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and silica. There is no evidence of a hydrothermal system (veins) developed around the 136 

mineralisation, as veins were not intersected outside the mineralised zone. 137 

Analytical techniques 138 

Samples collected during this study were analysed using scanning electron microscopy, whole- 139 

rock geochemistry, laser-ablation inductively-coupled plasma mass spectrometry, secondary ion 140 

mass spectrometry for multiple S isotopes and negative thermal ionisation mass spectrometry for 141 

Re-Os isotopes. Analytical methods are presented in ESM E-1. 142 

Sample description 143 

Drill core description 144 

The cores have intersected mineralisation for a length of up to 10 – 12 m and show a zoned 145 

distribution of minerals, with a massive chalcopyrite zone (up to 7 m) in the centre and a 146 

discontinuous massive magnetite zone at the margin (see ESM E-2 for drill hole locations and 147 

orientation). The central ore zone (Fig. 2A) is composed of massive chalcopyrite (>90 %; for example, 148 

a 7.05 m intersection at 28.4 wt% Cu, 1.3 ppm Au and 32 ppm Ag was found in drill core TRBDD09) 149 

with needle-like silicate inclusions, pyrite and minor covellite [CuS]. The marginal zone is composed 150 

of massive magnetite (>90 %) with minor chalcopyrite and pyrite, and carbonate-rich veinlets (Fig. 151 

2B). The mineralisation is oxidised in the top 25 m, and contains Fe- and Cu-oxy-hydroxides. In 152 

addition, disseminated pyrite and chalcopyrite are hosted by finely-bedded sedimentary rocks in the 153 

southwestern part of the tenement. 154 

The massive magnetite is brecciated in places, forming a monomictic matrix-supported chaotic 155 

breccia (Fig. 2B). Clasts of this breccia are mostly angular, up to ~10 cm in size, composed of 156 

magnetite-replaced mafic rocks, and are cross-cut by brown carbonate veinlets. These veinlets do 157 
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not cross-cut the surrounding matrix. The matrix has a grain size of up to a few mm and is composed 158 

of magnetite and silicate minerals. Cement between clasts could not be identified from hand 159 

specimens. Minor sulfide veinlets (chalcopyrite in particular) cross-cut both the matrix and the clasts 160 

(Fig. 2C).  161 

Microtextures 162 

Massive chalcopyrite ore contains abundant elongate silicate inclusions, such as amphibole 163 

and talc, which have been variably silicified (Fig. 3A). These silicate inclusions are distributed along 164 

planes, thus defining a foliation, although individual crystals are randomly oriented, and  are 165 

interpreted as hydrothermal. Sulfidation of silicate needles can be observed in some cases, whereby 166 

chalcopyrite or pyrite form µm-scale grains on previous silicates (Fig. 3B). Samples of massive 167 

magnetite are non-foliated and composed of sub-round magnetite grains, up to 100 µm in size, 168 

which are partly rimmed by haematite. Massive magnetite samples contain chalcopyrite and pyrite 169 

occurring as mm- to sub-mm-scale veinlets or as interstitial grains (Fig. 3C). In addition, magnetite is 170 

cross-cut by Fe-carbonate veinlets that also contain Ca-amphibole and minor sulfide phases 171 

(chalcopyrite, sphalerite, Co-sulfide) (Fig. 3D). Semi-quantitative EDS analyses indicate that 172 

sphalerite contains up to 7.5 wt% Fe.  173 

Pyrite occurs in both massive chalcopyrite and massive magnetite samples as anhedral grains 174 

and veinlets with an apparent “cleaved” texture (Fig. 3B). EDS semi-quantitative analyses indicate 175 

the presence of variable amounts of Co and high-magnification SEM images suggest a nanoscale 176 

granular texture. This pyrite may by the product of sulfidation of a silicate (e.g. amphibole). Bismuth-177 

Te-Se phases, in some cases coexisting with a Te-Ag phase (Fig. 3B-E), occur either as inclusions up to 178 

50 – 60 μm in size or along µm-scale veinlets in pyrite and chalcopyrite. These Bi-Te-Se grains 179 

contain between ~24 – 41 wt% Te, and ~5 and 10 wt% Se (EDS). Anhedral S-Co-O-Si grains that show 180 

zoned texture in BSE images occur in both massive chalcopyrite and massive magnetite samples. X-181 
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ray element maps of these grains indicate that S, Cu and Co (up to 35 wt%) are enriched at the 182 

margins and along cracks, whereas Si and O contents decrease towards grain margins and cracks 183 

(Fig. 3F), thus indicating replacement of a silicate mineral. Copper sulfide (~CuS0.9 covellite, of likely 184 

supergene origin) occurs as anhedral, cracked grains in massive chalcopyrite. The alteration halo 185 

around mineralisation contains Mg-Fe silicate (Fe-bearing talc, or minnesotaite), Si, Ca-Fe-carbonate, 186 

Ca-(±K)-bearing amphibole and chlorite. Semi-quantitative EDS analyses indicate that this amphibole 187 

contains 11 – 21 wt% CaO and Mg/(Mg+Fe) = 0.41 – 0.71.  188 

Analytical results 189 

Bulk assays 190 

Bulk assays indicate contents of Cu from 0.03 to 30.1 wt%, Au up to 20 ppm and Ag up to 40 191 

ppm (Fig. 4). Copper concentrations have a broad positive correlation with Au and Ag, although 192 

some analyses have distinctively high Au and Ag and relatively low Cu (Au/Cu  10000 ≥5). There is 193 

also a broad negative correlation between Au/Cu and Ag, indicating that the highest Au/Cu values 194 

are found in moderately chalcopyrite-rich samples.  195 

Mineral chemistry (LA-ICP-MS) 196 

Chalcopyrite contains up to ~8 ppm Au and up to 240 ppm Ag (Fig. 5, ESM Table 1). The 197 

highest Au and Ag concentrations were measured in chalcopyrite veinlets emplaced at the margin of 198 

the mineralised body (sample TRBDD08 51.7 m). Tellurium is mostly <10 ppm and Bi <30 ppm in 199 

both chalcopyrite and pyrite, although the presence of Bi-Te±Se inclusions resulted in significantly 200 

higher concentrations (Bi and Te up to more than 1000 ppm) and positive correlations between 201 

these elements in some spot analyses. Selenium content (mostly ~100 – 1200 ppm in chalcopyrite) is 202 

strongly variable between samples but has narrow ranges within samples and between minerals of 203 

the same samples (Fig. 5). Plots of signal intensity as counts per second (cps) versus analysis time (s) 204 
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confirm the presence of various inclusions of Bi-Te±Se and Te±Ag±Au phases in both chalcopyrite 205 

and pyrite (Fig. 6). Selenium concentrations are only partly controlled by inclusions.  206 

Chalcopyrite contains higher Zn and Sn concentrations (~10 to 740 ppm Zn) than other 207 

minerals (pyrite contains <50 ppm Zn). Molybdenum concentrations of chalcopyrite at the margin of 208 

the ore body (TRDCC09 35.5 m) are higher and more variable (Mo ~1 – 80 ppm) than those from the 209 

centre (Fig. 5). Pyrite is the main carrier of Ag (~300 – 600 ppm), Pb (~30 – 700 ppm), Tl (~1 – 15 210 

ppm), Cr and Re (up to ~3 and 1.4 ppm, respectively), and has low concentrations of As and Sb (< 20 211 

ppm and <1 ppm, respectively). Magnetite has low concentrations of Ti (<70 ppm), V (<60 ppm) and 212 

Ni (up to 30 ppm) and overlaps with magnetite from banded iron formation and metamorphic 213 

magnetite in the discrimination plots of (Nadoll et al. 2014) (Fig. 7). However, manganese (up to 214 

2500 ppm Mn) is higher than hydrothermal magnetite, and similar to magmatic magnetite from 215 

mafic rocks (Dare et al. 2014). The Cu content of magnetite is between 50 and 2600 ppm (omitting a 216 

few higher outlying values likely due to chalcopyrite inclusions), and Sn is between 1 and 10 ppm.  217 

Values of 208Pb/206Pb and 207Pb/206Pb of chalcopyrite and pyrite measured by LA-ICP-MS during 218 

trace element analysis span a wide range (208Pb/206Pb ~ 0.48 – 2.30), and define a linear trend in the 219 

208Pb/206Pb vs. 207Pb/206Pb plot (ESM Fig. 1). The highest values of 208Pb/206Pb and 207Pb/206Pb overlap 220 

with values expected from Palaeoproterozoic crust according to the model of Stacey and Kramers 221 

(1975). Disseminated chalcopyrite and pyrite largely overlap with 208Pb/206Pb and 207Pb/206Pb 222 

measured at DeGrussa (Hawke et al. 2015b; Belousov et al. 2016). Overall the values define a rather 223 

continuous trend, but spot analyses of sulfides forming veinlets in massive magnetite samples have 224 

more radiogenic (lower) values of 208Pb/206Pb and 207Pb/206Pb in comparison with analyses from 225 

massive and, especially, disseminated mineralisation. 226 

In situ S isotope analyses (SIMS) 227 
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Multiple S isotopes (32S, 33S and 34S) of chalcopyrite and pyrite were analysed in eight samples 228 

collected at down-hole depths between 31.5 and 66.0 m from five cores. Chalcopyrite and pyrite 229 

yielded δ34S between +1.12 and +4.63 ‰, and δ34S values between ˗0.27 and +4.19 ‰, respectively 230 

(Fig. 8, ESM Table 2). However, most analyses of both pyrite and chalcopyrite (> 80 % of the 87 231 

spots) yielded δ34S values between +3.0 and +4.6 ‰ (Fig 8). Values of δ34S below +3.0 ‰ are mostly 232 

scattered, and lie up to 2 ‰ lower than other analyses in the same sample (Fig 8B). If these outlying 233 

analyses are excluded, ranges of δ34S in single samples are extremely narrow (≤1 ‰). Variations of 234 

δ34S between samples do not correlate with sampling depth or sample texture (i.e. massive or 235 

veinlets). In samples where both phases were analysed, chalcopyrite tends to have slightly higher 236 

δ34S values than pyrite (~0.5 – 0.8 ‰ on average, greater than the δ34S 2σ error of 0.33 ‰ for 237 

chalcopyrite). Deviations from mass-dependent fractionation are not significant (˗0.1 < Δ33S < +0.05 238 

‰). 239 

Re-Os isotope analyses 240 

The samples have Re and Os contents of 6.20 – 99.6 ppb and 59.5 – 1030 ppt, respectively. 241 

187Re188/Os ratios are between 1770 and 57900, and have a broad positive correlation with 242 

187Os/188Os ratios. The regression on all ten analyses gives a very poor age of 1030 ± 170 Ma (MSWD 243 

of 9050) and a meaningless negative initial 187Os/188Os of ˗45. A regression on six out of ten analyses 244 

(excluding samples BM002185 and BM002188) yielded a marginally improved age of 959 ± 110 Ma 245 

(MSWD of 50), and an initial 187Os/188Os of 40 (ESM Fig. 2).  246 

Discussion 247 

Sulfide deposition from a magmatic fluid at Red Bore? Geologic, elemental and isotopic evidence 248 

In VHMS deposits, elemental and isotopic data of the ore and associated alteration have been 249 

used to support either derivation of metals from sea water leaching of surrounding rocks or 250 
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derivation from magmas. However, these data can be equivocal as “magmatic” signatures may be 251 

acquired either by direct magmatic-hydrothermal input or by leaching of volcanic rocks by circulating 252 

sea water (Huston et al. 2011; Urabe and Marumo 1991). Therefore, the role of magmatic fluids in 253 

the formation of VHMS mineralisation can be better evaluated based on a combination of factors, 254 

including deposit- to micro-scale geological and textural observations, mineral associations and 255 

geochemical data. For example, in VHMS systems associated with felsic magmatism, the spatial 256 

association of VHMS mineralisation with intrusions (Galley 2003) and with aluminous, advanced 257 

argillic alteration, similar to alteration typically associated with porphyry style deposits (e.g. at Mt 258 

Lyell; Large et al. 1996) has been used to infer a causative relationship between granitic magmatism 259 

and mineralisation. In contrast to these felsic-associated systems, talc-carbonate-silica-amphibole 260 

alteration assemblages at Red Bore resemble those found in mafic-hosted sea floor hydrothermal 261 

systems. In mafic volcanic-hosted VHMS deposits of Cyprus, typical alteration assemblages are 262 

dominated by quartz and chlorite, replacement of feldspar, with local epidote and haematitic jasper 263 

(Adamides 2010). These deposits show evidence of deposition both at the surface (exhalative) and in 264 

the subsurface. Most deposits occur along faults, and mineralisation textures indicate replacement 265 

of host rocks (Adamides 2010). At Rudny-Altai, where Besshi-style deposits hosted in mafic igneous 266 

and sedimentary rocks have been recognised, the alteration assemblage is dominated by amphibole 267 

(anthophyllite), chlorite and quartz (Lobanov et al. 2014). 268 

The enrichment in Cu, Au and Ag is typical of VHMS deposits associated with mafic volcanic 269 

rocks, either Cyprus/Besshi-types (Galley et al. 2007; Adamides 2010), or mid-oceanic ridge style 270 

(Murphy and Meyer 1998). High concentrations of these elements may indicate a magmatic 271 

association even in other types of VHMS deposits. For example, after reviewing radiogenic and 272 

stable isotope data on Kuroko-type deposits, Urabe and Marumo (1991) concluded that most Cu is 273 

of magmatic origin. In contrast, Ohmoto (1996) attributed most metals to leaching of host lithologies 274 

by circulating sea water derived fluids. The tendency of Cu and other chalcophile elements, such as 275 
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Au and Ag, to partition into magmatic fluids coexisting with silicate melts is well-reported 276 

(Lowenstern et al. 1991; Heinrich et al. 1992). For example, in mafic magmas of the Manus basin, a 277 

sudden decrease of Cu and Au during fractionation has been interpreted as evidence of loss of these 278 

elements to an exsolving S-rich volatile phase (Sun et al. 2004). Magmatic vapours derived from 279 

mafic magmas tend to be Cu-rich and Cu-phases such as chalcocite (Cu2S), covellite (CuS) and 280 

chalcopyrite have been found as incrustations formed by these fluids at volcanic vents or trapped as 281 

fluid inclusions in phenocrysts (Simon and Ripley 2011; Agangi and Reddy 2016). In modern 282 

submarine hydrothermal systems, several studies suggest that magmatic volatiles are likely 283 

responsible for the transport and deposition of metals such as Cu and Au and other chalcophile 284 

elements (de Ronde et al. 2005, 2014; Berkenbosch et al. 2012; Petersen et al. 2014). High Se 285 

contents in VHMS deposits are also considered as indicative of derivation from a magmatic source 286 

(Hannington 2014), although others have proposed that Se could be sourced from black shales 287 

(Layton-Matthews et al. 2008). Selenium concentrations in pyrite and chalcopyrite at Red Bore and 288 

at DeGrussa are high in comparison with other VHMS deposits in Western Australia (Belousov et al. 289 

2016), which may provide further indications of a magmatic input. Similar high Se values have been 290 

measured in bulk samples of ultramafic-hosted VHMS (Murphy and Meyer 1998) and in single sulfide 291 

phases from mafic-ultramafic modern VHMS deposits (Wohlgemuth-Ueberwasser et al. 2015) (Fig. 292 

9).  293 

Bi-Te-(Se) phases have only in some cases been described in VHMS deposits, as occurring in 294 

the deep portion of deposits (Cu-rich stringer zone) in the Iberian Pyrite Belt (Marcoux et al. 1996) 295 

and Jabal Sayid deposit of Saudi Arabia (Sabir 1979) or in sulfide chimneys (Maslennikov et al. 2013; 296 

Berkenbosch et al. 2012). Besides VHMS deposits, Bi-Te phases have been reported in 297 

orthomagmatic, skarn, porphyry and epithermal deposits, where they form compounds with Au, Ag, 298 

Pt group elements and other precious metals (Ciobanu et al. 2005, 2006; Cook et al. 2009; Dora et al. 299 

2014). Te-Bi-(Au) phases are also known to be deposited from high-temperature volcanic gases 300 
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(Symonds et al. 1987; Henley et al. 2012), and Te intake in chalcopyrite is believed to be enhanced at 301 

high temperature (Hannington et al. 1991). Therefore, Te, Bi, Se and Au, as a suite are compatible 302 

with a magmatic-hydrothermal derivation and have been proposed as being indicative of a 303 

magmatic source (Galley et al. 2007; Berkenbosch et al. 2012; Lehmann et al., 2013).  304 

Values of δ34S in VHMS deposits overall span a wide range (Hannington 2014; Lobanov et al. 305 

2014). The fact that many VHMS deposits contain sulfates with δ34S that mirrors the δ34S of sea 306 

water at the time of deposition is good evidence for direct involvement of sea water sulfate (Huston 307 

et al. 2010). However, VHMS hosted in mafic-dominated volcano-sedimentary successions tend to 308 

have narrow ranges of δ34S (Besshi-type ~ 0 – 4 ‰, Fig. 8) in comparison with felsic volcanic-hosted 309 

VHMS deposits, which have higher and more varied S isotope compositions (Lydon 1984; Petersen et 310 

al. 2014; Hannington 2014; Cloutier et al. 2015). Vent fluids discharged at sediment-poor mid-ocean 311 

ridges also tend to have narrow δ34S ranges (between 0 and 6 ‰; Marini et al. 2011). In sulfide-poor 312 

mafic complexes, such as the Merensky Reef of the Bushveld Complex or the Stillwater Complex, for 313 

which the S may have been accommodated by the melt, rather than incorporated from country 314 

rocks, sulfides have similar compositions, δ34S = 0 – 4 ‰ (Ripley and Li 2003) (Fig. 8). The 315 

homogeneity of most δ34S values (80 % of analyses are between +3.0 to +4.6 ‰, Fig. 8) of 316 

chalcopyrite and pyrite at Red Bore is consistent with precipitation from a homogenous (one-phase) 317 

fluid of magmatic origin. Precipitation of chalcopyrite from H2S is expected to cause relatively minor 318 

fractionation of S isotopes (δ34S variation <1 ‰; Kajiwara and Krouse 1971). Thermochemical sulfate 319 

reduction results in strong fractionation between sulfate and sulfide (δ34S sulfate - δ34S sulfide = 17 320 

‰ at temperatures of 300 – 350°C, relevant for Red Bore; Ohmoto 1986). Assuming a 321 

Palaeoproterozoic sea water sulfate δ34S value of ~20 ‰ (Farquhar et al. 2011, ESM Fig. 3), sulfide 322 

originated through this mechanism would have δ34S = 3 – 20 ‰, depending on the proportion of 323 

sulfate reduced. However, the fact that no sulfate was found at Red Bore may indicate that the fluids 324 

were relatively reduced and sulfate was not the dominant species in the mineralising fluids (Murphy 325 
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and Meyer 1998). Biogenic sulfate reduction produces sulfide with strongly negative δ34S (≥˗30 ‰). 326 

Thus, the absence of δ34S < 0 ‰ in our samples is not compatible with such processes. Further, the 327 

absence of mass-independent fractionation of S isotopes excludes the possibility that sedimentary S 328 

may have been remobilised from surrounding Archaean terrains (Bekker et al. 2009).  329 

The slightly lower and scattered δ34S measured in some of our analyses (δ34S ~<2.5 ‰) may be 330 

due to minor events of phase separation in the mineralising fluid. Vapour separation is associated 331 

with partial oxidation of S to form SO4
-2 (Drummond and Ohmoto 1985) according to the equation 332 

H2S (aq) +4H2O → SO4
2-(aq) + 2H+ + 4H2(g). Separation of a SO4

2--rich vapour would have 333 

preferentially extracted heavy S isotopes, imparting lower δ34S values to the remaining fluid. This 334 

may have occurred locally during transient pressure release due to, for instance, tectonic 335 

movements. However, later remobilisation processes related with the long and complex tectonic 336 

history of the basin cannot be excluded.  337 

Secondary remobilisation revealed by Re-Os and Pb-Pb isotopes 338 

Given the scatter of Re-Os isotope values, we do not attribute any specific geochronological meaning 339 

to these analyses. The Re-Os data indicate Re and Os remobilisation during the complex tectonic 340 

history of the area. The linear trend observed in plots of Pb isotope ratios can be explained as due to 341 

two end-member mixing of crustal Palaeoproterozoic Pb and a highly radiogenic Pb component. The 342 

age of this Pb mixing event cannot be constrained, and it is not clear whether the two events 343 

indicated by Re-Os and Pb systematics coincide. Thus, despite the fact that the textures, S isotopes 344 

and geochemical characteristics observed at Red Bore do not show obvious evidence of 345 

metamorphism or intense deformation, the occurrence of cryptic secondary remobilisation can be 346 

revealed by Re-Os and Pb isotope systems. 347 

Red Bore and DeGrussa: part of the same hydrothermal system?  348 
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A genetic relationship between the Red Bore mineralisation and the strata-bound VHMS 349 

deposit at DeGrussa has been previously suggested (Hawke et al. 2015b; Pirajno et al. 2016). This 350 

interpretation is supported by the close spatial association, by mineralogical and geochemical 351 

arguments, for example the abundance of chalcopyrite, the enrichment in Cu, Au, Ag. However, the 352 

elongate geometry, level of mineralisation/grade (massive chalcopyrite with up to ~30 wt% Cu and 353 

low concentrations of Pb and Zn), the abundant massive magnetite mineralisation and the direct 354 

association with mafic intrusive host (dolerite) at Red Bore strongly contrast with DeGrussa and 355 

other VHMS deposits known in the region, which are mostly hosted by terrigenous sedimentary 356 

rocks. Typically, VHMS mineralisation tends to form sulfide-rich lensoid bodies, largely strata-bound 357 

and with thicknesses in the order of tens of metres and typically low aspect ratios (depth-to-lateral 358 

extent ratio). Massive sulfide mineralisation is formed at, or close to, the water-sediment interface, 359 

and is underlain by silica-sulfide stockwork style mineralisation (Shanks III 2012; Ohmoto 1996). 360 

Typical VHMS deposits associated with mafic volcanism have high Cu/(Cu+Zn) with Cu rarely 361 

exceeding 5 – 6 wt%, even in Cu-rich deposits (Galley et al. 2007; Shanks III 2012; Lobanov et al. 362 

2014). Au-bearing pyrite-chalcopyrite discordant “pipes” have been described at Mount Morgan and 363 

Reward deposits, Australia (Large 1992). The Reward deposit has been attributed to the class of 364 

VHMS deposits based on the presence of strata-bound massive Zn-Pb-Cu lenses, alteration styles 365 

and ore textures (Large 1992). Murphy and Meyer (1998) described Au-rich massive chalcopyrite 366 

mineralisation hosted in mafic and ultramafic rocks of the Logatchev hydrothermal field of the Mid-367 

Atlantic ridge. In these deposits sulfate (anhydrite) is rare, whereas it is abundant in associated Zn-368 

rich deposits, a feature that Murphy and Meyer (1998) attribute to limited sea water contribution in 369 

Cu-rich deposits. The depth of deposition of the Red Bore mineralisation in the context of a 370 

submarine hydrothermal system cannot be assessed with certainty, given the absence of pressure 371 

indicators. However, the absence of widespread alteration suggests that the ore bodies did not form 372 

within the wide alteration zone typically associated with VHMS deposits.  373 



17 

 

At DeGrussa, reported δ34S of sulfides span the range +0.25 to +9.82 ‰ (Hawke et al. 2015a), 374 

overlapping with our results at Red Bore, but also extending towards higher values. This may be due 375 

to mixing of magmatic fluids with sea water at, or near, the surface. In sea floor hydrothermal 376 

systems, as magmatic fluids rise towards the surface, they will inevitably mix with sea water-derived 377 

fluids, so that the resulting sulfide deposits will carry the geochemical features of both components. 378 

In some VHMS systems where a magmatic input has been inferred, the upwards widening of ranges 379 

of δ34S in present-day hydrothermal vents (Petersen et al. 2014) as well as the upwards increase of 380 

Δ33S (˗1.5 to +1.2) in Archaean VHMS (Jamieson et al. 2013) suggests that VHMS-forming fluids 381 

become progressively sea water-enriched as they rise towards the surface. Seawater sulfate 382 

contributions to ancient VHMS deposits and present-day systems are estimated to vary from 3 to > 383 

40 % (de Ronde et al. 2014; Jamieson et al. 2013; Chen et al. 2015). For example, hydrothermal fluids 384 

emitted at Clark volcano, Kermadec arc, and responsible for sea bed sulfate-sulfide mineralisation 385 

(dominated by barite, anhydrite and gypsum, or silica-Fe, with minor pyrite, sphalerite and galena), 386 

have been interpreted to be a mix of 40 % sea water with K-rich lava-derived magmatic fluids (de 387 

Ronde et al. 2014). Bell (2016) has measured S isotopes of various sulfides at DeGrussa using SIMS, 388 

and found that texturally primary pyrite, pyrrhotite and chalcopyrite have relatively low δ34S (mostly 389 

+1 – +7 ‰), whereas overprinting euhedral pyrite has δ34S of +8.4 – +29.1 ‰. This raises the 390 

possibility of contamination of bulk analyses by secondary pyrite. 391 

Significance of magnetite mineralisation and magnetite breccia 392 

Massive magnetite mineralisation is not present in all VHMS deposits, although VHMS systems 393 

in volcano-sedimentary successions where the volcanic component is predominantly mafic (Besshi 394 

and Cyprus types) are associated with banded iron formation (Galley et al. 2007; Sebert et al. 2004; 395 

Lydon 1984; Hannington 2014). These distal chemical precipitates (exhalites) are believed to form by 396 

precipitation from sea floor hydrothermal plumes during the early stages of hydrothermal activity 397 
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(Peter and Goodfellow 2003; Peter et al. 2007). In these deposits, magnetite is found together with 398 

finely layered quartz, magnetite, chlorite, Fe-carbonate, calcite and trace sulfides. Magnetite in 399 

these exhalites typically has high Mn (103 – 106 times sea water composition) and low Ti content 400 

(Peter and Goodfellow 2003; Dare et al. 2014). Magnetite is present in the Besshi-type Windy Craggy 401 

VHMS deposit of Canada, and intergrown magnetite and sulfide mineralisation has been described in 402 

the metamorphosed Cu-rich VHMS Fyre Lake deposit, Canada, and the Rudny-Altai, Russia, VHMS 403 

deposit (Sebert et al. 2004; Lobanov et al. 2014). Massive magnetite truncated by massive sulfide 404 

deposition has been described in Neoarchaean Cu-Zn VHMS deposits at Gossan Hill, Western 405 

Australia (Sharpe and Gemmell 2002). These authors interpreted this magnetite to have been 406 

deposited in the sub-surface, by sea water-derived hydrothermal fluids at T > 300°C, low-fS2 low-fO2, 407 

and reducing conditions, and the occurrence of carbonate in this massive magnetite suggests the 408 

presence of CO2 in the fluids. The spatially-restricted magnetite halo around the massive 409 

chalcopyrite, as well as an abundance of carbonate veins in magnetite overprinted by later 410 

brecciation, suggest that Red Bore mineralisation is likely to have formed in a similar scenario.  411 

Brecciation of magnetite in the Red Bore ore may have been caused by sudden release of 412 

overpressured fluids, similarly to what is observed in hydrothermal systems associated with 413 

intrusions (hydrothermal breccia). This mechanism has been proposed for breccia intersected by 414 

drilling in hydrothermal sea floor systems in the Manus basin (Binns et al. 2007). Fluid release during 415 

short-lived events of magma instability associated with volcanic activity has also been proposed (e.g. 416 

Christopher et al. 2010). Alternatively, brecciation may be caused by other processes, such as 417 

tectonic movements along faults. Fault movements and fluid release would have likely been closely 418 

related in a volcanically and tectonically active setting (Richards 2013), such as the one believed to 419 

be responsible for the formation of the Narracoota Formation, so that distinguishing between 420 

different mechanisms may not be possible.  421 
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A mineralisation model for Red Bore and comparison with modern sea floor hydrothermal systems 422 

The direct observation of modern submarine hydrothermal vents represents a unique way of 423 

testing genetic mechanisms for VHMS systems formed in the geological past. Drilling through one of 424 

these systems hosted in turbiditic sediments in the Juan de Fuca spreading centre has revealed the 425 

presence of a deep (200 – 210 m below sea bed), Cu-rich massive sulfide zone with 50 vol% sulfides 426 

and 8 – 16 wt% Cu that impregnated relatively coarse-grained clastic sediments (Zierenberg et al. 427 

1998). This zone, termed deep copper zone (DCZ) extends horizontally underneath an impermeable 428 

silicified horizon, in contrast to the vertical vein-rich zone that directly underlies the deposits on the 429 

surface (as described by Ohmoto 1996). These authors interpreted the DCZ as the lower part of a 430 

“feeder zone” to the hydrothermal system. Hardardóttir et al. (2009) have measured the 431 

composition of deep fluids in hydrothermal wells in Iceland, that were sampled at a depth of 1.3 – 432 

1.5 km and temperature of 284 – 295°C. These authors found high concentrations of metals (Fe 9 – 433 

140 ppm, Zn 79 – 393 ppm, Cu 207 – 261 ppm, Pb 120 – 290 ppm), orders of magnitude higher than 434 

black smoker fluids, and interpreted this compositional difference as indicating substantial metal 435 

deposition at depth in this type of environments. These data may imply that an underappreciated 436 

deep metal deposition takes place in association with VHMS deposits.  437 

These observations lead us to interpret the Red Bore mineralised pipes as being the result of 438 

sub-surface deposition during strongly focussed fluid flow, possibly along structural discontinuities. 439 

In our preferred model, the mineralisation represents the escape pathway for magmatic-440 

hydrothermal fluids released by a mafic intrusion. As an alternative, leaching of volcanic rocks may 441 

also explain the narrow δ34S and high Se, admitting low sulfate contribution from S-poor sea water in 442 

Palaeoproterozoic times. However, a model implying magmatic-derived fluids seems to better fit 443 

different pieces of evidence. The first stage of mineralisation included the deposition of massive 444 

magnetite along the fluid conduit by low-fS2 fluids, with subsequent brecciation due to tectonic or 445 
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hydrothermal processes. The trace element composition of magnetite at Red Bore falls in the “BIF” 446 

field of the Al+Mn vs. Ti+V plot (Fig. 7) and is akin to chemical precipitates that form banded iron 447 

formation in distal areas from submarine hydrothermal vents. Thus, fluids similar to the early Fe-rich 448 

S-poor fluids at Red Bore may have been responsible for deposition of banded iron formation, which 449 

is locally found in the Bryah Basin and are thought to be associated with sea floor hydrothermal 450 

systems (Peter and Goodfellow 2003). Massive chalcopyrite was subsequently deposited by S-Cu-Fe-451 

rich fluids that exploited the same pathway. The anomalously high Cu concentrations at the centre 452 

of the mineralisation are compatible with deposition from a S-Cu-Fe-rich magmatic volatile phase 453 

similar to what described in mafic magma systems (Lowenstern et al. 1991; Yang and Scott 1996; 454 

Simon and Ripley 2011). Narrow ranges of S isotopic compositions (δ34S ~ 0 to +4 ‰), the presence 455 

of Bi-Te-Se-(Ag-Au) phases and the low concentrations of Zn and Pb in comparison with typical 456 

VHMS deposits are also compatible with a magmatic derivation of ore fluids with minor or no 457 

interaction with sea water (Fig. 10). Eventually, these fluids may have ascended towards the surface 458 

and contributed to the VHMS mineralisation known in the area (DeGrussa or similar VHMS deposits), 459 

which has lower Cu contents and has δ34S extending towards higher values.  460 

The Cu-Au association is typical of footwall mineralisation deposited from high temperature 461 

(300–350°C) fluids or mineralisation at mid-oceanic ridges (Murphy and Meyer 1998; Galley et al. 462 

2007). In these high-temperature fluids, Au is mostly interpreted to be transported as Cl complexes 463 

(Huston and Large 1989). However, others attribute Cu-Au mineralisation in sea floor mineralisation 464 

to the high-temperature oxidation of Au(HS)2
- (Hannington et al. 1995).  465 

In contrast to other sub-surface VHMS deposits where ore deposition occurred in stockwork-466 

style veins and pores of permeable rocks (e.g. volcaniclastic rocks at Hercules South, Tasmania; Khin 467 

Zaw and Large 1992), the absence of open space-filling textures in our samples suggests that this 468 

type of depositional mechanism was not predominant at Red Bore. Instead, ore deposition at Red 469 
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Bore occurred primarily by replacement, as shown by microtextures indicating sulfidation of 470 

precursor minerals (Fig. 3). Another prominent difference between Red Bore mineralisation and 471 

Hercules South is the low Cu contents (<1 wt%) of the latter, which is compatible with the low fluid 472 

temperatures estimated from fluid inclusion homogenisation temperatures (Khin Zaw and Large 473 

1992).  474 

Conclusions 475 

The recent find at Red Bore prospect, Western Australia, includes elongate mineralisation 476 

several metres wide that has a zoned distribution of minerals: massive chalcopyrite at core (with Cu 477 

concentrations up to ~30 wt%) and brecciated massive magnetite at the margin. Mineralisation is 478 

hosted in Palaeoproterozoic mafic igneous rocks (mostly dolerite) and surrounded by a narrow talc-479 

silica-carbonate alteration halo. In addition, disseminated sulfides intersected in proximity (hundreds 480 

of m) to the massive mineralisation is hosted by finely laminated mudrock. The mineralisation at Red 481 

Bore occurs in proximity to VHMS hosted sediments and mafic lavas at DeGrussa and the Cu-Ag-Au-482 

rich composition of both deposits further supports a genetic relationship. However, the geometry of 483 

the mineralisation at Red Bore, the occurrence in shallow intrusive mafic rocks, as well as its 484 

mineralogical and trace element characteristics, set this mineralisation apart from associated VHMS 485 

deposits in the region and other VHMS systems worldwide. The mineralisation contains Ag and Au at 486 

hundreds and tens of ppm levels, respectively, and Bi, Te and Se at concentrations up to 100 – 1000 487 

ppm. Gold is hosted in chalcopyrite, pyrite and in Bi-Te-(Se) phases, and no native Au was found. In 488 

situ S isotope analyses of pyrite and chalcopyrite indicate a narrow range of δ34S (mostly +3.0 to +4.6 489 

‰), and Δ33S ~ 0. We interpret these mineralised bodies as having formed along strongly focussed 490 

pathways of fluid discharge, such as faults, along which S-rich fluids carried significant amounts of 491 

Cu, Fe, Au, Ag, Bi, Te and Se upwards towards the surface. Metals may have been derived from a 492 

degassing magma or from leaching of volcanic rocks. These fluids may have contributed to the 493 
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overlying VHMS systems. Analyses of both Re-Os isotopes and Pb isotopes of sulfides at Red Bore 494 

indicate open-system behaviour, and support mixing of crustal Pb with highly radiogenic Pb. 495 
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Figure captions 729 

Fig. 1 A Simplified geological map of the Bryah, Padbury, and Yerrida Basins and distribution of 730 

VHMS and other ore deposits. Inset: location of the Capricorn Orogen in Western Australia between 731 

the Pilbara and Yilgarn cratons is indicated in grey shade. Modified from Pirajno et al. (1998, 2000); 732 

sulfide Re-Os ages from Hawke et al. (2015b). B Map of magnetic anomalies of the Red Bore area 733 

with location of some drill holes. Airborne magnetic survey included 1799 km flown at sensor height 734 

of 30 m using a Radiation Solutions RD-500 spectrometer (more information on the magnetic survey 735 

available in the 09/02/2015 Report at www.thundelarra.com/news/). C Down-hole plots of Cu 736 

assays. D Simplified logs of two cores (TRBDD06 and TRBDD08) 737 

Fig. 2 Drill core samples from Red Bore. A Massive chalcopyrite, sample TRCDD09 32.0 m. B Massive 738 

magnetite breccia. Clasts are cross-cut by Fe-Ca-carbonate (cb) veinlets that do not extend into the 739 

matrix. C External contact of the ore body. Chalcopyrite veinlets (Ccp, some arrowed) truncate 740 

magnetite (Mag) at the contact with talc-silica-carbonate-amphibole altered host rock (sil)  741 

Fig. 3 Ore microtextures at Red Bore. A (and inset) Massive chalcopyrite with needle-like silicate 742 

inclusions. BSE image, sample TRBDD09 35.5m. B Anhedral pyrite and partially sulfidised silicate 743 

needles (some arrowed) in chalcopyrite. Note the “cleaved” texture of pyrite. BSE image, sample 744 

TRCDD09 31.5 m. C Massive magnetite with chalcopyrite veinlets. BSE image, sample TRCDD04 31.5 745 

m. D Fe-carbonate-amphibole veinlet with minor sulfides (chalcopyrite, sphalerite, Co-sulfide) cross-746 

cutting massive magnetite. BSE image, sample TRBDD09 38 m. E Inclusion of Bi-Te and Ag-Te in 747 

pyrite. BSE image, sample TRCDD04 31.5 m. F BSE image and X-ray element maps of zoned S-Co-O-Si 748 

mixed phase in strongly silicified needle-like crystals (BSE, sample TRBDD09 35.5 m). Note S-749 

replacement along rim and cracks (sulfidation of silicates). Abbreviations: Am amphibole, cb 750 

carbonate, Ccp chalcopyrite, Mag magnetite, Py pyrite, Sp sphalerite, sil silicates (variably silicified 751 

talc and amphibole)  752 



34 

 

Fig. 4 Bulk rock assays of Red Bore samples (ICP-OES and ICP-MS). Au and Ag as ppm, Cu as wt%  753 

Fig. 5 Trace element composition of chalcopyrite and pyrite from Red Bore (LA-ICP-MS, all 754 

compositions as ppm). Samples from the centre (massive chalcopyrite) and the margin (massive 755 

magnetite) of the mineralised body are distinguished  756 

Fig. 6 Laser ablation signal as counts per second (cps) of chalcopyrite (A) and pyrite (B) plotted 757 

versus analysis time (s). Co-occurrence of element peaks indicates the presence of Te-Au-Ag and Bi-758 

Te inclusions. A total Au = 7.7 ppm, sample TRBDD08 51.7 m; B total Au = 0.02 ppm, sample 759 

TRCDD09 31.5 m  760 

Fig. 7 Trace element compositions of magnetite at Red Bore (LA-ICP-MS). A Ti vs Ni/Cr diagram; line 761 

distinguishing magmatic and hydrothermal magnetite and fields from Dare et al. (2014). B Al + Mn 762 

vs. Ti + Mn (wt%) diagram from Dupuis and Beaudoin (2011), BIF field modified according to Nadoll 763 

et al. (2014)  764 

Fig. 8 Sulfur isotope compositions at Red Bore (SIMS). A histogram, B plots of single analyses 765 

distinguished by sample and mineral phase. Abbreviations: Ccp chalcopyrite, Py pyrite. Ranges of 766 

δ34S for VHMS deposits (DeGrussa; Hawke et al. 2015a; Bell 2016; other data compiled by Lobanov et 767 

al. 2014) and S-poor mafic complexes are shown for comparison; Bushveld and Stillwater complexes 768 

(from Ripley and Li 2003)  769 

Fig. 9 Composition of pyrite and chalcopyrite from Red Bore (LA-ICP-MS, all compositions as ppm), 770 

including disseminated mineralisation compared with pyrite from modern submarine vents formed 771 

in a comparable spreading setting (Wohlgemuth-Ueberwasser et al. 2015; Keith et al. 2016) 772 

Fig. 10 A possible genetic model for the formation of Red Bore mineralised pipes and co-genetic 773 

VHMS deposits at DeGrussa. In this model, Cu, Au, Ag, Bi and other metals were transported from a 774 

magmatic fluid phase and fed into VHMS deposits at the surface, where they would have mixed with 775 
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sea water-derived fluids. Other elements, such as Zn, are found in VHMS deposits but are depleted 776 

at Red Bore and may have been derived from leaching of the volcano-sedimentary succession by sea 777 

water-derived hydrothermal fluids  778 

ESM Fig. 1 Plots of Pb isotope ratios (LA-ICP-MS) of chalcopyrite and pyrite from Red Bore compared 779 

with values from the DeGrussa VHMS deposit (Hawke et al. 2015b; Belousov et al. 2016) 780 

ESM Fig. 2 Re-Os analyses of sulfides from Red Bore (6 out of 10 analyses are plotted) 781 

ESM Fig 3 Comparison of S isotope compositions of Red Bore and other VHMS deposits throughout 782 

Earth’s history. Compilation of VHMS by Huston et al. (2010), sea water sulfide and pyrite from 783 

Farquhar et al. (2011), DeGrussa sulfide analyses from Hawke et al. (2015a) 784 

 785 



ESM1 – Analytical conditions  

Samples collected from drill core were prepared as polished bock mounts and thin sections 

and observed under optical and scanning electron microscope (SEM). SEM microtextural and 

mineralogical observations were made at the John de Laeter Centre at Curtin University using a 

Tescan Mira field emission scanning electron microscope (FE-SEM) equipped with back-scattered 

electron (BSE) and energy dispersion spectrometry (EDS) detectors. EDS was used to identify 

minerals. An acceleration of 20 kV and spot size <1 µm were used.  

Bulk assays 

A total of 474 assays of mineralised and weakly mineralised samples from 14 drill cores, were 

acquired by Thundelarra Ltd. as part of the exploration procedures on 1 m-long core intervals and 

obtained by ICP-OES and ICP-MS after four-acid digestion. Analyses were performed at Intertek 

Genalysis in Maddington, Western Australia (www.intertek.com). All analyses and further analytical 

details are available in Thundelarra Reports at www.thundelarra.com/news.  

Laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) 

Trace element compositions of sulfide phases and magnetite were investigated using a 

Coherent CompEX 193 nm laser and an Agilent 7700 quadrupole mass spectrometer at Curtin 

University. Ablation was performed at 7 Hz repetition rate, 75 µm spot size and approximately 2.5 

J/cm2 fluence. During the analyses, 20 s of background acquisition were followed by 30 s of ablation. 

The following masses have been monitored: 24Mg, 27Al, 28Si, 34S, 43Ca, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 

60Ni, 65Cu, 66Zn, 75As, 77Se, 95Mo, 108Pd, 107Ag, 111Cd, 118Sn, 121Sb, 125Te, 157Gd, 185Re, 195Pt, 197Au, 202Hg, 

205Tl, 206Pb, 207Pb, 208Pb and 209Bi. Each mass was analysed for 0.02 – 0.03 s (total sweep approximate 

time 0.5 s). Quantification of element concentrations was obtained using glass NIST 610, sulfide 

BONN and sulfide PO726 (Jochum et al. 2011) as reference materials, whereas glasses NIST612 and 



GSD-1g were used as secondary standards. Iron, inferred by stoichiometry, was used as the known 

element (internal standard) for pyrite, chalcopyrite and magnetite.  

Secondary ion mass spectrometry (SIMS) multiple isotope S analyses 

Sample mounts were made by coring 3 mm diameter pucks from rock fragments that were 

mounted and cast in an epoxy mount and polished with 1 µm polishing powder. Quadruple sulfur 

isotopes (32S, 33S, 34S) were measured using a CAMECA SIMS1280 large-geometry ion microprobe at 

the Centre for Microscopy, Characterisation and Analysis at the University of Western Australia. 

Sample mounts were trimmed to a thickness of 5 mm, coated with 30 nm of gold, and fitted with a 

standard block co-inserted in the sample holder. All information regarding sample preparation, a 

standard block, analytical procedures, data reduction, and reference material are reported by 

LaFlamme et al. (2016). A 10 keV Cs+ primary beam that operated at 2.2-2.6 nA in Gaussian mode 

bombarded the sample surface and a 20 μm raster was applied. Charge compensation was provided 

using a normal incidence electron flood gun. Following a pre-sputter (30 s with a raster size of 30 

µm), secondary sulfur ions from the target sample were extracted at ˗10 kV and admitted to the 

mass spectrometer (field magnification of ×133), with automated centring of the secondary beam in 

the field aperture (both x and y; aperture size 4000 µm) and entrance slit (x direction only; slit width 

60 µm). The NMR magnetic field controller locked the axial mass at the beginning of each session.  

The mass spectrometer operated at a mass resolution (M/ΔM) of about 2500 (exit slit width of 

500 µm on the multicollector), which provides a wider flat peak top than using 250 um exit slit 

(nominal mass resolution ca. 5000). The H1 detector collecting 33S was moved slightly towards higher 

masses to keep away from the 32S1H peak. Isotopes 32S, 33S, and 34S were detected by three Faraday 

Cups in the multicollector system with amplifiers with 1011 Ω (L’2) and 1010 Ω (L1 and H1) resistors. 

The measurement of 36S utilised a low noise ion counting electron multiplier (EM) on H2 detector at 

high count rate (~300 kcps). The EM high voltage was optimised using a Pulse Height Amplitude 



(PHA) Distribution Curve at the start of each session, and the grain drift was measured three times 

during each analysis and corrected by the CAMECA CIPS software. Acquisition time was 279 s in 45 

integration cycles including the EM gain drift measurement time. Measurements of unknowns were 

interspersed with matrix-matched reference material (Sierra pyrite [δ33S = 1.09± 0.02 ‰; δ34S = 2.17 

± 0.04‰] and Nifty-b chalcopyrite [δ33S = ˗1.78± 0.03 ‰; δ34S = ˗3.58± 0.07 ‰]; LaFlamme et al. 

2016) to calibrate isotope ratios, correct for drift, and monitor internal precision. Uncertainties on 

each δxS value were calculated by propagating the errors on instrumental mass fractionation 

determination, reference value of the matrix-matched standard and internal error on each sample 

raw data point. Δ33S and values were calculated using the calibrated δ33S and δ34S values and 

theoretical equations of mass-dependant fractionation for sulfur isotopes.  

Re-Os isotope analyses 

Five samples of massive sulfide and disseminated sulfides in massive magnetite have been 

analysed for Re-Os. Each samples was analysed twice, for a total of ten analyses. The Re-Os 

analytical procedures we used have been fully described elsewhere (Nozaki et al. 2013; 2014). 

Powdered sulfide samples (<350 mm) were initially separated using CH2I2 heavy liquid to remove any 

silicate minerals. All Re-Os measurements were made with a negative thermal ionization mass 

spectrometer (NTIMS; ThermoFinnigan TRITON) at Japan Agency for Marine-Earth Science and 

Technology (JAMSTEC). Re and Os concentrations were determined by the isotope dilution method 

combined with Carius tube digestion (Shirey and Walker 1995), CCl4 and HBr extraction of Os (Cohen 

and Waters 1996), Os purification by microdistillation (Roy-Barman and Allègre 1994), and Re 

separation by anion exchange chromatography (Morgan et al. 1991). Approximately 300 mg of 

separated sulfide sample was weighed, spiked with 185Re and 190Os, and digested in10 mL of inverse 

aqua regia in a sealed Carius tube at 220°C for 24 h. After cooling, the Carius tube was opened 

carefully, and the solution was transferred to a 30-mL PFA vessel into which 4 mL of CCl4 was added. 

This mixture was shaken for 3 min and, after centrifugation, the CCl4 was transferred to a20-mL PFA 



vessel. The CCl4 Os-extraction process was performed three times, after which 4 mL of HBr was 

added to the Os-bearing CCl4 solution and subsequently warmed under a heat lamp for 1 h. After 

removal of the CCl4 fraction, the Os bearing HBr fraction was gently evaporated and purified by 

microdistillation. Re was separated from the aqueous phase remaining after CCl4 extraction of Os in 

a Muromac AG 1-X8 anion exchange resin.  

Re and Os isotope compositions were measured in static multiple Faraday collector mode and 

pulse-counting electron multiplier mode, respectively. From the measured oxide ratios of ReO4
− and 

OsO3
−, atomic ratios of Re and Os were calculated after correction for oxide interference. Oxide 

corrections were made using 17O/16O = 0.00037 and 18O/16O =0.002045 (Nier 1950). Instrumental 

mass fractionation of Os was corrected against a stable 192Os/188Os ratio of 3.08271. For precise 

analysis of Re isotope composition, a total evaporation method (Suzuki et al. 2004) was applied to 

eliminate the effect of instrumental mass fractionation during measurement. The total procedural 

blank was ~3.7 pg for Re and ~2.7 pg for Os with a 187Os/188Os ratio of ~0.14. The precision of the 

187Os/188Os measurements, based on analysis of a Johnson Matthey Chemicals Os standard solution 

over a period of several months, was better than 0.4% (2). The Re-Os dates were determined by 

using Re-Os isotope data with the Isoplot v. 3 software. 
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ESM2 Drill hole locations at Red Bore 
    

Hole  East  North  RL  Depth  Dip  Azimuth  
Data 
published 
online 

TRBDD01  735920 7172551 577m  45.1m  -70° 222° May-14 

TRBDD02  735927 7172559 577m  60.3m  -75° 220° May-14 

TRBDD03  735918 7172548 577m  35.5m  -70° 220° May-14 

TRBDD04  735918 7172548 577m  45.1m  -60° 220° May-14 

TRBDD05  735918 7172548 577m  62.9m  -50° 220° May-14 

TRBDD06  735920 7172551 577m  75.3m  -75° 146° May-14 

TRBDD07  734799 7172829 577m  480.1m  -70° 345° May-14 

TRBDD08  735899 7172547 577m  65.7m  -70° 215° Jul-14 

TRBDD09  735920 7172548 577m  50.9m  -70° 215° Jul-14 

TRBC063  734972 7172596 567m  120m  -70° 035° Sep-14 

TRBC064  735079 7172332 577m  90m  -60° 360° Sep-14 

TRBC065  735079 7172312 581m  96m  -60° 360° Sep-14 

TRBC066  735644 7172416 583m  78m  -60° 195° Sep-14 

TRBC067  735652 7172247 593m  198m  -90° 360° Sep-14 

TRBC068  736348 7172474 582m  102m  -60° 030° Sep-14 

TRBC069  736416 7172589 586m  102m  -60° 210° Sep-14 

TRBC070  735942 7172552 577m  71m  -60° 216° Sep-14 

TRBC071  735923 7172548 577m  63m  -60° 216° Sep-14 

TRBC072  735921 7172548 577m  72m  -70° 216° Sep-14 

TRBC073  735903 7172547 577m  60m  -60° 216° Sep-14 

TRBC074  735904 7172568 577m  84m  -60° 216° Sep-14 

TRBC075  735923 7172528 577m  84m  -60° 306° Sep-14 

TRBC076  735041 7172290 576m  114m  -60° 360° Sep-14 

TRBC077  735934 7172536 587m  124m  -90° 360° Feb-15 

TRBC078  735887 7172530 582m  304m  -90° 360° Feb-15 

TRBC079  735063 7172317 568m  100m  -60° 357° Feb-15 

TRBC080  735917 7172534 583m  120m  -90° 360° Feb-15 

TRBC081  735942 7172562 578m  150m  -60° 210° Feb-15 

TRBC082  735079 7172291 577m  110m  -60° 357° Feb-15 

TRBC083  735001 7172615 573m  50m  -60° 357° Feb-15 

TRBC084  735636 7172402 580m  40m  -60° 357° Feb-15 

TRBC085  735931 7172575 575m  166m  -60° 210° Feb-15 

TRBC086  736426 7172520 580m  160m  -60° 357° Feb-15 

TRBC087  735087 7172365 567m  100m  -90° 360° Feb-15 
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Fig. 2 Drill core samples from Red Bore. A Massive chalcopyrite, sample TRCDD09 
32.0m. B Massive magnetite breccia. Clasts are cross-cut by carbonate (cb) 
veinlets. C external contact pf the ore body. Chalcopyrite (Ccp) truncates magnetite 
(Mag)
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Fig 4 Bulk rock assays of Red Bore samples. Au and Ag as ppm, Cu as wt.%
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Fig 5 Trace element composi ons of chalcopyrite and pyrite from Red Bore (LA-ICP-MS, all composi ons as 
ppm). Samples from the centre (massive chalopyrite) and the margin of the deposit are dis nguished
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