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14 Abstract

15 The compositions of resistant indicator minerals are diagnostic of their original host 

16 environment. They may be used to fingerprint different types of mineral deposit as well as vector 

17 towards them. We have characterised the composition of apatite and Fe-Ti oxides in variably-

18 mineralised mafic-ultramafic rock units of the Montagnais Sill Complex in the Labrador Trough to 

19 assess their suitability for vectoring magmatic sulphide occurrences. Two broad types of apatite were 

20 identified: (i) fluoro- to hydroxy-apatite (Cl/[Cl+F] < 0.2); and (ii) chloro- to hydroxy apatite (Cl/[Cl+F] 

21 > 0.5). The former reflects variable degrees of degassing and Cl-loss during Rayleigh fractionation and 

22 is not indicative of Ni-Cu-mineralisation or host rock. The latter exists only in sulphidic olivine 

23 cumulate units and thus, may be used to vector similar rock types in the Labrador Trough. Ilmenite is 

24 the dominant oxide, except for the upper parts of differentiated gabbroic sills in which titanomagnetite 

25 is dominant. Magnetite occurs only as a secondary phase in serpentinised olivine cumulates and is not 

26 discriminative for magmatic sulphides. Ilmenite and titanomagnetite in the sulphidic olivine-bearing 

27 units have characteristically high Mg (~ 1,000-10,000 ppm), Cr (~ 100-1,000 ppm), Ni (~ 10-1,000 

28 ppm), and Cu (~ 1-10,000 ppm) concentrations relative to those from other rock units. Their 

29 composition is consistent with Fe-Ti oxides derived from evolved sulphide melts in ultramafic-hosted 

30 Ni-Cu-(PGE) sulphide deposits and thus may be used to vector towards similar magmatic sulphide 

31 occurrences in the Labrador Trough. 

Page 1 of 43 Canadian Journal of Earth Sciences (Author Accepted Manuscript)

© The Author(s) or their Institution(s)

mailto:williamsmith3@cunet.carleton.ca


2

32 Keywords: apatite, Fe-Ti oxides, Labrador Trough, Canada, magmatic sulphide, PGE

33

34 1. Introduction

35 Resistant indicator minerals (RIMs) are widely used in the early stages of exploration for a range 

36 of commodities to delineate areas of heightened prospectivity (Averill, 2001; McClenaghan, 2011; Gent 

37 et al. 2011). The application of geochemical discrimination diagrams for RIMs to an exploration 

38 programme is based on our empirical understanding of the relationship between the RIM and the sought-

39 after commodity. Optimal RIMs are those that are: (i) common minerals in the relevant rock types; (ii) 

40 robust and invulnerable to hydrothermal alteration; (iii) sensitive to the environment from which they 

41 crystallised; (iv) accessible, either from the relevant rock types or associated detrital repositories;  and 

42 (v) easy to identify, separate, and analyse (Gent et al. 2011; Layton-Matthews et al. 2014).

43 Apatite and Fe-Ti oxides are ideal candidates for RIMs since they are both robust and 

44 ubiquitous accessory phases in a range of magmatic (magmatic sulphide [Boudreau & McCallum 1989; 

45 1992; Dupuis & Beaudoin 2011; Dare et al. 2012; 2014; Raič et al. 2019], kimberlite [Wyatt et al. 2004; 

46 McClenaghan et al. 2007; Kaminsky & Belousova, 2009]; Kiruna-type [Chai et al. 2014; Broughm et 

47 al. 2017; La Cruz, 2019]; carbonatite rare earth element (REE) deposits [Simandl et al. 2017]), 

48 (magmatic)-hydrothermal (Cu-porphyry [Bouzari et al. 2016; Pisiak et al. 2017; Chapman et al. 2018]; 

49 volcanogenic massive sulphide deposits [Makvandi et al. 2015; 2016]; skarn deposits [McQueen et al. 

50 1998; Nadoll et al. 2015]; iron-oxide-copper-gold deposits [Corriveau et al. 2007; Lypaczewski et al. 

51 2013]), and sedimentary (exhalative [Bryson, 2017]; uranium deposits [Makvandi et al. 2017]) ore 

52 deposits. The composition of these phases reflects the conditions from which they crystallised, meaning 

53 they may be used to fingerprint different types of mineral deposit and their associated ore-forming 

54 processes (Belousova et al. 2002; Dupuis & Beaudoin 2011; Nadoll et al. 2014; Mao et al. 2016) as 

55 well as vector towards undiscovered ore deposits (Ames et al. 2007; Pisiak et al. 2014; O’Sullivan et 

56 al. 2020).

57 The Labrador Trough in northern Québec is an ideal location for the deployment of RIMs in 

58 exploration programmes because: (i) it represents a vast, glaciated terrane with abundant lakes and 

59 streams as well as limited rock exposure; and (ii) it has a diverse array of mineral occurrences from 

60 which accessory phases will possess distinct chemical characteristics (Clark & Wares 2005). The 

61 Palaeoproterozoic Montagnais Sill Complex (MSC) is a mafic-ultramafic sill complex that hosts several 

62 styles of magmatic sulphide mineralisation in the Labrador Trough (see Clark & Wares 2005; Smith et 

63 al. 2020a; 2020b). In the present study, we have characterised the compositions of accessory apatite 

64 and Fe-Ti oxides in variably-mineralised mafic-ultramafic rock units from the Idefix PGE-Cu (Smith 

65 et al. 2020a) and Huckleberry Cu-Ni-(PGE) (Smith et al. 2020b) prospects. We show that those 
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66 associated with magmatic sulphides in gabbro-peridotite sills are compositionally distinct and may be 

67 used to delineate Ni-Cu-mineralised rock units in the Labrador Trough.

68

69 2. Accessory phases as indicator minerals in magmatic sulphide mineral systems

70 2.1.  Apatite

71 Apatite [Ca5(PO4)3(F, Cl, OH)] has a chemical formula of , whereby Ca2+ 𝐼𝑋𝑀12
𝑉𝐼𝐼𝑀23(𝐼𝑉𝑇𝑂4)3𝑋

72 cations occupy the M1 (~ 40% and 1.06 Å) and M2 (~ 60% at 1.18 Å) sites and monovalent anions (F-

73 , Cl-, and OH-) occupy the X-site (Pasero et al., 2010; Mao et al. 2016). The crystal structure of apatite 

74 allows for a range of substitution reactions, including: (1) the replacement of  Ca2+ in the M1 and M2 

75 sites by divalent, and trivalent cations, including Sr, Mn, Y, REEs, Na, Mg, and Ba; (2) the replacement 

76 of PO4
3- in the TO site by anionic complexes (including VO4

3-, SiO4
4-, SO4

2-); and (3) the modification 

77 of the monovalent anions in the X-site (Pasero et al. 2010 and references therein).

78 Several authors have used apatite as a petrogenetic tracer in igneous systems (see Bruand et al. 

79 2017 and references therein) and more recently, to trace ore-forming processes (e.g., Belousova et al. 

80 2002; Mao et al. 2016; Raič et al. 2018; Andersson et al. 2019). The minor and trace element 

81 concentrations of apatite reflect the conditions of crystallisation and are particularly sensitive to the 

82 redox and SiO2 activities of the host magma (Hughes & Rakovan 2015). Studies of magmatic sulphides 

83 have used the halogen budget of apatite to determine its origin and hence, the genetic origin of co-

84 existing ore minerals (e.g., Boudreau & McCallum, 1989; Willmore et al. 2000; Gál et al. 2013; Schisa 

85 et al. 2015; Raič et al. 2018). The relative proportions of anions are monitored by: (1) the melt ± fluid 

86 compositions; (2) presence of other F- and Cl-bearing phases; and (3) the intensive parameters of the 

87 system (Harlov 2015). Cumulus apatite nucleating according to Rayleigh fractionation is typically 

88 fluorapatite, since during degassing, a silicate magma becomes preferentially enriched in F relative to 

89 Cl according to their melt/vapour partition coefficients (e.g., Boudreau & McCallum, 1989; Mathez & 

90 Webster, 2005). The presence of chlorapatite is ascribed to Cl-addition by Cl-rich magmatic-

91 hydrothermal fluids, which are potentially capable of transporting metal cations, such as the PGEs (see 

92 Boudreau, 2019 and references therein). 

93

94 2.2.  Iron-titanium oxides

95 Magnetite (Fe3O4), titanomagnetite (Fe3-xTixO4; the Ti-rich endmember is known as ulvöspinel), 

96 and ilmenite (FeTiO3) are common constituents in mafic-ultramafic rocks as well as magmatic sulphide 

97 ores. In the magnetite-ulvöspinel series, the crystal structure ranges from ideal magnetite [

98 ] to ideal ulvöspinel [ ], and titanomagnetite 
𝑇
(𝐹𝑒3 + )𝑀(𝐹𝑒2 + 𝐹𝑒3 + )𝑂4

𝑇
(𝐹𝑒2 + )𝑀(𝐹𝑒2 + 𝑇𝑖4 + )𝑂4
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99 represents phases occurring within this series (Bosi et al. 2009). Ferrous and ferric iron cations in 

100 magnetite and titanomagnetite can be isomorphically replaced by divalent (e.g., Ni, Co, Cu, Zn), 

101 trivalent (e.g., Cr, REEs, V), and tetravalent (e.g., Ti, high-field strength elements; HFSEs; Liang et al. 

102 2013; Sievwright, 2017) cations. Ilmenite has a crystal structure of , where divalent 
𝑇
(𝐹𝑒2 + )𝑀(𝑇𝑖4 + )𝑂3

103 cations (e.g., Mg2+, Ca2+, Na2+) preferentially replace Fe2+ at the T-site, and trivalent (e.g., Cr, Mn, 

104 REEs) and tetravalent (e.g., HFSEs) cations preferentially replace Ti4+ at the M-site (e.g., Wilson et al. 

105 2005; Van Kan Parker et al. 2011).

106 Several studies detail the application of Fe-Ti oxides as petrogenetic traces in magmatic 

107 sulphide mineral systems (e.g., Dupuis & Beaudoin, 2011; Dare et al. 2012; 2014; Nardoll et al. 2014; 

108 Boutroy et al. 2014). The Fe-Ti oxides, and in particular magnetite, can form under a wide variety of 

109 conditions where the degree of concentration of a foreign cation reflects: (i) the concentration of the 

110 element in the parent melt or fluid; (ii) the supersaturated crystal assemblage; (iii) the partition 

111 coefficient of the element into the magnetite lattice; and (iv) the intensive parameters (e.g., temperature, 

112 pressure, fugacity) of the host system (Dupuis & Beaudoin 2011; Dare et al. 2012). The capability of 

113 Fe-Ti oxides to precipitate from silicate melt, Fe-rich and Cu-rich sulphide melt, and hydrothermal 

114 fluid, means its composition is particularly diagnostic of its crystallising environment (Dare et al. 2012; 

115 2014). 

116

117 3. Geological background

118 3.1.  Regional setting

119 The Labrador Trough (or New Québec Orogen) is a northwest-oriented orogenic belt, extending > 

120 850 km from the south of Ungava Bay to the Grenville Front (Fig. 1A; Hoffman 1990; Henrique-Pinto 

121 et al. 2019). The belt represents the suture between the Archaean Superior craton and the so-called Core 

122 Zone during the closure of the Manikewan Ocean at ~ 1.8 Ga (Hoffman 1990; Wardle & Van 

123 Kranendonk 1996; Corrigan et al. 2009). The supracrustal rocks of the Labrador Trough comprise a 

124 thick sequence of Palaeoproterozoic (~ 2.17-1.87 Ga) metavolcanic and metasedimentary units (Clark 

125 & Wares, 2005 and references therein) that constitute the foreland of the New Québec Orogeny. 

126 Previous workers have sub-divided the supracrustal sequence into three cycles, each bound by an 

127 erosional unconformity (e.g., Hoffman 1990; Clark & Wares, 2005). Cycle 1 comprises 

128 parautochthonous epi-continental to platform sediments mostly deposited before 2142 ± 4 Ma (Clark 

129 1984). Cycle 2 consists of greenschist-facies, allochthonous volcano-sedimentary sequences intruded 

130 and extruded by tholeiitic magmas of the MSC at ~ 1884 ± 1.6 Ma (Findlay et al. 1995; Machado et al. 

131 1997). Cycle 3 represents allochthonous syn-orogenic molasse-style deposits that crop-out in the east. 

132
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133 3.2. Nature and mineralisation of the Montagnais Sill Complex

134 The MSC represents the easternmost segment of the Circum-Superior large igneous province 

135 (Barager & Scoates 1981). The parent magmas intruded and extruded Cycle 2 sedimentary rock units 

136 between 1.88-1.87 Ga (Findlay et al. 1995). The Hellancourt and Willbob basalt formations, occurring 

137 in the northern and southern Labrador Trough, respectively, represent the extrusive component of the 

138 MSC. These formations are thought to be regional equivalents and direct feeder dykes between intrusive 

139 and extrusive rocks have been observed (Wares & Goutier 1990). The intrusive rocks of the MSC have 

140 been divided into four main sill types, which is reflected in the four main types of magmatic sulphide 

141 mineralisation documented by Clark & Wares (2005) in the MSC. The sill types and their respective 

142 mineralisation is described below.  

143 Type A. Sub-volcanic ferropicritic sills and flows occur in the northern Qarqasiaq Igneous Complex 

144 in the northern Labrador Trough (Mungall 1998). These units comprise serpentinised peridotitic 

145 cumulates overlain by variably-grained gabbroic unis. These sills can host massive to disseminated 

146 sulphides at their base, with grades of 0.4-4.1% Ni, 0.15-0.73% Cu, 0.15-2.3 g/t Pd, and 0.67-1.0 g/t Pt 

147 (Mungall 1998; Clark & Wares 2005). However, Kastek et al. (2020) have shown that the Qarqasiaq 

148 Igneous Complex may form part of the southern extremity of the Cape Smith Belt and not the Labrador 

149 Trough. The implication being that these sulphide occurrences may not be representative of the MSC 

150 and as such, have not been included in this study. 

151 Type B. Differentiated aphyric gabbro sills, often with  peridotitic cumulate units, are most common 

152 in the Hurst and Howse lithotectonic zones in the southern Labrador Trough. From the base to the top, 

153 these sills include: (i) partially serpentinised olivine cumulates; (ii) olivine gabbro; (iii) aphyric gabbro; 

154 (iv) oxide-rich gabbro; and (v) granophyric gabbro. Massive to disseminated sulphides can sometimes 

155 occur in the basal olivine cumulate units and can possess grades of 0.2-1% Cu, 0.2-1.2% Ni, and 0.4-

156 1.1 g/t Pt+Pd over several metres. Mineralised rocks are characterised by low Cu/Ni (~ 0.5-3), moderate 

157 Cu/Pd (~ 8,000-15,000), and variable Pd/Ir (~ 50-1,000) values, relative to other types. Examples of 

158 this type of occurrence include Lac Retty (394 tons at 0.99% Cu, 0.66% Ni, 1.13 g/t Pt+Pd; Clark 1989; 

159 1991; Clark & Wares 2005), Hope’s Advance (Wares & Mungall 1997), and Huckleberry (Smith et al. 

160 2020b). At Hope’s Advance and Huckleberry, sulphide melt has percolated downward from the gabbro-

161 peridotite sill into the glomeroporphyritic gabbro footwall (Wares & Mungall 1997; Smith et al. 2020b; 

162 2021b). 

163 Type C. Glomeroporphyritic gabbro sills are considered to be the oldest sill type in the Labrador 

164 Trough, and they generally occur in the Baby, Howse, and Hurst lithotectonic zones (Findlay et al. 

165 1995; Clark & Wares 2005). This sill type is characterised by a fine- to medium-grained gabbroic 

166 groundmass that hosts extremely variable abundances of variably-sized plagioclase glomerocrysts, that 

167 may locally create an anorthosite. The base of this sill type, hereafter referred to as the pyroxenitic 
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168 glomeroporphyritic unit (PGU), contains little-to-no plagioclase glomerocrysts (< 10 vol.% 

169 glomerocrysts). The glomeroporphyritic gabbros can host massive to disseminated sulphides with peak 

170 grades of ~ 3% Cu, 0.8% Ni, and 1 g/t Pt+Pd over ~ 10 m. Globular sulphides sometimes occur in the 

171 PGU. Mineralised rocks are characterised by variable Cu/Ni (~ 0.5-20), high Cu/Pd (> 10,000), and 

172 moderate Pd/Ir (~ 50-200) values, relative to other types. Examples of this type of occurrence include 

173 Lepage (1.09 Mt at 2.02% Cu and 0.45% Ni; Lacroix & Darling 1991; Clark & Wares 2005), Lac 

174 Redcliff (0.97 Mt at 2.09% Cu and 0.51% Ni; Lacroix & Darling 1991; Clark & Wares 2005), and 

175 Huckleberry (Smith et al. 2020b).

176 Type D. Aphyric (or equigranular) gabbro sills typically occur in the Gerido lithotectonic zone in 

177 the northern Labrador Trough. The gabbros are texturally and mineralogically comparable to Type B 

178 aphyric gabbros, yet they differ in that they do not possess basal cumulate units. Instead, they possess 

179 stratiform gabbroic pegmatite units that are intermittently traceable across the host sill. Spatially 

180 associated with these pegmatitic units are disseminated or globular sulphides, with grades of 0.2-1 g/t 

181 Pt+Pd and ~ 0.5% Cu over 10-20 m. Mineralised rocks are characterised by moderate Cu/Ni (~ 0.5-5), 

182 low Cu/Pd (< 10,000), and variable Pd/Ir (~ 50-500) values, relative to other types. Examples of this 

183 type of occurrence include Lac Lafortune (2.54 g/t Pt, 1.65 g/t Pd, and 1.45% Cu from grab samples; 

184 Clark & Wares 2005), Paladin (4.6 g/t Pd and 0.76 g/t Pt over 2 m;  Girard & Gagnon 2005; Clark & 

185 Wares 2005), and Idefix (Smith et al. 2020a). 

186 In addition, several low-grade post-magmatic hydrothermal Cu±(PGE-Ni-Au-Ag) sulphide 

187 occurrences have been identified in ultramafic, volcanic, and metasedimentary rocks that are spatially 

188 associated with orthomagmatic occurrences (see Clark & Wares 2005). 

189

190 3.3. Summary of the Idefix PGE-Cu prospect

191 The Idefix PGE-Cu prospect (Type D) is located ~ 75 km west of the town of Kuujjuaq and is 

192 situated in the Gerido lithotectonic zone (Fig. 1B) (Clark & Wares, 2005; Smith et al., 2020a). It 

193 represents a > 400-m-thick stack of fine- to medium-grained aphyric gabbro sills that intrude meta-

194 arenitic and metapelitic rocks of the Upper Baby Formation (Vaillancourt et al. 2012; Smith et al. 

195 2020a). A horizon of disseminated sulphides (~ 0.2-1 g/t Pt+Pd+Au and ~ 0.1-0.5% Cu over ~ 10-

196 20 m) occurs in the centre of the sill complex and globular sulphides occur at the base, both of which 

197 are spatially associated with stratiform gabbroic pegmatite units (Smith et al. 2021b). Mineralised rocks 

198 are characterised by Cu/Pd < 5,000, Pd/Ir ~ 100-500, and crustal-like δ34S values (-0.3-3.8‰; Smith et 

199 al. 2020a; 2021a). Clark & Wares (2005) proposed that disseminated sulphides in Type D occurrences 

200 precipitated from magmatic-hydrothermal fluids based on their spatial relationship with gabbroic 

201 pegmatites and the general absence of basal sulphide accumulations. However, Smith et al. (2020a) 
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202 proposed that sulphide melt was transported from its site of origin, where it segregated in response to 

203 crustal contamination and attained R factors exceeding 10,000. 

204

205 3.4. Summary of the Huckleberry Cu-Ni-(PGE) prospect

206 The Huckleberry Cu-Ni-(PGE) prospect (Types B and C) is located ~ 100 km north of the town of 

207 Schefferville and is situated in the Hurst lithotectonic zone (Fig. 1C) (Clark & Wares 2005; Smith et al. 

208 2020b). It represents two ~ 100-m-thick sequences of glomeroporphyritic gabbros divided by a ~ 200-

209 m-thick gabbroic sill that from the base upwards comprises: (i) basal olivine cumulates: (ii) olivine 

210 gabbro; (iii) aphyric gabbro; (iv) titanomagnetite gabbro; and (v) granophyric gabbro (Vaillancourt et 

211 al. 2016; Smith et al. 2020b). In addition, protrusions of olivine cumulate extend from the gabbro-

212 peridotite sill into the underlying glomeroporphyritic gabbros, hereafter referred to as the footwall 

213 olivine cumulates (Fig. 1C). Disseminated to net-textured sulphides occur in the olivine cumulate units 

214 and also in the underlying glomeroporphyritic gabbro units (~ 0.2-1.5% Cu, ~ 0.2-1.2% Ni, and 0.4-1.1 

215 g/t Pt+Pd+Au over several metres). Moreover, globular sulphides occur at the base of the sill stack in 

216 the PGU. Mineralised olivine cumulates and glomeroporphyritic gabbros are characterised by Cu/Pd > 

217 5,000, Pd/Ir < 300, and variable δ34S values (-4.5-3.2‰; Smith et al. 2020b; 2021a). It is hypothesised 

218 that sulphide melt segregated in response to crustal contamination (R factor = 1,000-5,000) at depth 

219 (i.e., a staging chamber or feeder conduit) and was transported to its current position (Clark & Wares 

220 2005; Smith et al. 2020b; 2021a). Alternatively, Laurent (1995) proposed that these sulphides are 

221 volcanic in origin, having been derived from circulating hydrothermal fluids.

222

223 4. Samples and methods

224 Apatite and Fe-Ti oxides in representative polished sections and mounts from Idefix (n = 4) and 

225 Huckleberry (n = 18) were petrographically characterised by optical (Leica MZ12s optical microscope) 

226 and electron microscopy (Zeiss Sigma HD Field Emission Gun Analytical Scanning Electron 

227 Microscope equipped with two Oxford Instruments 150 mm2 energy dispersive spectrometers) at the 

228 School of Earth and Environment Sciences at Cardiff University. The sections were prepared from drill 

229 cores sampled by the first author in the Autumn of 2019 and detailed in previous works (Smith et al. 

230 2020a; 2020b). The reader is referred to the supplementary materials for details regarding the location 

231 of samples used in this study. Element maps were produced using an accelerating voltage of 20 kV, a 

232 120 μm final aperture in high current mode, with a nominal beam current of 8.5 nA and a dwell time of 

233 5,000-20,000 μm, at a working distance of 8.9 mm.

234 Compositional analyses of these phases were performed over four analytical sessions using a JEOL 

235 JXA-8200 electron probe microanalyzer at the Camborne School of Mines, University of Exeter. 
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236 Analyses were made using wavelength dispersive spectrometers only and were calibrated to natural 

237 mineral standards supplied by P&H Developments and Astimex Scientific and quantified using the 

238 CITZAF ϕρZ method of Armstrong (1995) implemented for JEOL by Paul Carpenter. Apatite was 

239 analysed at 15 kV, 30 nA and with a beam diameter of 10 μm. Fluorine and chlorine were systematically 

240 analysed first with 40 s count times to minimise variations due to beam damage. It is well documented 

241 that FKα and ClKα X-ray counts may vary with grain composition and orientation as well as EPMA 

242 operating conditions and electron-beam exposure times (Stormer et al. 1993; Goldoff et al. 2012; Stock 

243 et al. 2015). Fluorine standards are problematic, as fluorite (Das et al. 2017) as well as fluorapatite 

244 (Stormer et al. 1993) display systematic variance under electron beam exposure. We chose the Durango 

245 fluorapatite in order to best match the expected variations of the apatite. We consider the variance 

246 arising from halogen migration to be within the total analytical uncertainty that also includes variability 

247 in the standard measurements and data reduction procedures (2σ = 0.2-0.5 wt.% F). Standards analyses 

248 and results are provided in the supplementary materials. Apatite data (n = 48 from Idefix; n = 139 from 

249 Huckleberry) were recalculated using the method of Deer et al. (1992) and Fe-Ti oxide data were 

250 recalculated using a charge balance allocation of Fe to match the stoichiometry of the minerals. In 

251 addition, the interference of Ti-Kβ on V-Kα was measured at 0.34 wt.% V2O3 in 100 wt.% TiO2 and 

252 subtracted manually from each mineral analysed.

253 Analyses of Fe-Ti oxides at Huckleberry (88 ilmenite, 16 titanomagnetite, and 3 magnetite from 15 

254 samples) were performed at LabMaTer, Université du Québec à Chicoutimi (UQAC; Canada) using an 

255 Excimer 193-nm RESOlution M-50 laser ablation system (Australian Scientific Instrument) equipped 

256 with a double volume cell S-155 (Laurin Technic) and coupled with an Agilent 7900 mass spectrometer. 

257 Alteration and grain size prevented analysis of Fe-Ti oxides in Idefix aphyric gabbros. The analytical 

258 procedure followed that detailed in Duran et al. (2020). A stage movement speed of 10 μm/s, a dwell 

259 time of 7.5 ms, a laser frequency of 15 Hz, and a fluence of 5 J/cm2 were used to analyse the Fe-Ti 

260 oxide grains. Line scans across the surface of Fe-Ti oxides grains were made with beam sizes of 55 or 

261 44 μm, depending on grain size. The gas blank was measured for 30 s before switching on the laser for 

262 at least 60 s. The ablated material was carried into the ICP-MS by an argon-helium gas mix at a rate of 

263 0.8 to 1 L/min for Ar and 350 mL/min for He, and 2 mL/min of nitrogen was also added to the mixture. 

264 Data reduction was carried out using the Iolite package for Igor Pro software (Paton et al. 2011).

265 The following isotopes were quantified: 24Mg, 27Al, 44Ca, 45Sc, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 59Co, 

266 60Ni, 65Cu, 66Zn, 71Ga, 74Ge, 89Y, 90Zr, 93Nb, 95Mo, 118Sn, 139La, 172Yb, 178Hf, 181Ta, 182W, and 208Pb. In 

267 addition, 29Si, 31P, and 34S were monitored to ensure that the measured signal represented pure oxide. 

268 Silicate and sulphide inclusions encountered during laser ablation were excluded from the signal during 

269 data reduction. According to Dare et al. (2012), polyatomic interferences of 90Zr from 50Ti40Ar, 50V40Ar, 

270 and 50Cr40Ar; 92Zr from 52Cr40Ar; and 93Nb from 53Cr40Ar are negligible in magnetite, and corrections 

271 are not required.
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272 Internal standardisation was based on 57Fe using Fe concentrations determined for the 

273 corresponding grain during EPMA compositional analysis. Calibration followed that described in Dare 

274 et al. (2014) and Duran et al. (2016). GSE-1g, a natural basalt glass fused and doped with most elements 

275 at 300-500 ppm, supplied by the U.S. Geological Survey (USGS), was used to calibrate for all elements 

276 using preferred values from the GeoReM database (Jochum et al. 2005). In addition, GSD-1g and G-

277 probe 6, which are respectively a synthetic glass and a natural basalt glass (both supplied by the USGS), 

278 and BC28, which is a natural magnetite from the Main magnetite layer of the Bushveld Complex 

279 (supplied by LabMaTer), were used as quality control reference materials to monitor the calibration of 

280 GSE-1g. All unknown and standard measurements are reported in the supplementary materials together 

281 with time-signal diagrams showing compositional homogeneity of analysed oxides.

282

283 5. Results

284 5.1.  Apatite petrography and compositions

285 Apatite is present in low modal abundances (< 1 vol.%) in each of the analysed rock types and 

286 shows no systematic variation with the sulphide content of the host rock. Subhedral apatite is a common 

287 accessory phase in units comprising globular sulphides (~ 0.2-0.3 vol.%; Fig. 2A-B), occurring: (i) 

288 interstitially to plagioclase and pyroxene; (ii) within the amphibolitised margins of sulphides; and (iii) 

289 as inclusions within sulphide phases. The grains (~ 270-11,200 μm2) often occur as clusters of several 

290 grains. Anhedral apatite is less prevalent (< 0.1 vol.%) in the Idefix aphyric gabbro units (~ 450-33,000 

291 μm2; Fig. 2C). 

292 In the Huckleberry gabbro-peridotite sill, the modal abundance of apatite in the olivine cumulate 

293 units at the base is < 0.1 vol.%, whereas the modal abundance of apatite in the granophyric gabbro at 

294 the top is ~ 0.5 vol.%. In olivine cumulate units, anhedral apatite has distinct Cl-rich (generally the 

295 cores) and Cl-poor zones (i.e., OH-rich; generally the rims; see supplementary materials), ranging in 

296 size from ~180-8,200 μm2 (Fig. 2D-E). Apatite grains are rare in glomeroporphyritic gabbros (< 0.1 

297 vol.%; ~ 180-2,600 μm2). Apatite grains in the titanomagnetite and granophyric gabbro units cluster in 

298 proximity to Fe-Ti oxides and have the largest average grain sizes (~ 1,200-22,100 μm2; Fig. 2F-G). 

299 Apatite compositions are summarised in Table 1 and fully reported in the supplementary materials. 

300 Most analysed grains have low (< 1 wt.%) Na2O, MgO, Al2O3, SiO2, MnO, FeO, SrO, and TiO2 

301 concentrations. Apatite from Idefix aphyric gabbros generally show good compositional overlap, 

302 whereby those spatially associated with globular sulphides range from fluorapatite (~ 1.2-3.0 wt.% F) 

303 to F-OH apatite (~ 0.4-1.2 wt.% OH), and those associated with disseminated sulphides are generally 

304 F-OH apatite (~ 1.0-1.2 wt.% OH and 1.2-1.5 wt.% F; Fig. 3). Apatite grains from Idefix are Cl-poor 

305 (< 0.3 wt.%) and show no discernible compositional zonation. 
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306 Three types of apatite were identified within the Huckleberry lithotypes (Fig. 3): (1) subhedral to 

307 euhedral fluorapatite (~ 2.2-3.8 wt.% F, < 0.6 wt.% Cl, and < 0.5 wt.% OH) hosted in the upper gabbro-

308 peridotite sill; (2) subhedral fluorapatite to F-Cl-OH apatite (~ 1.6-3.8 wt.% F, ~ 0.1-1.6 wt.% Cl, and 

309 < 0.6 wt.% OH) hosted amongst the basal PGU globular sulphides; and (3) intercumulus Cl-OH apatite 

310 (< 1 wt.% F, ~ 0.3-4.6 wt.% Cl, and ~ 0.3-1.5 wt.% OH) hosted amongst net-textured sulphides in the 

311 olivine cumulate units. 

312

313 5.2. Iron-titanium oxide petrography and compositions

314 Iron-titanium oxides occur in all mafic-ultramafic units as accessory phases and as major phases in 

315 the titanomagnetite and granophyric gabbro units. Iron-titanium oxide compositions are summarised in 

316 Table 2 and fully reported in the supplementary materials. Time-signal diagrams (see supplementary 

317 materials) show that the reported elements are present in solid solution, where the large spot size negates 

318 the effect of mineral exsolution. The compositions of oxides are illustrated as multi-element diagrams, 

319 in which elements are normalised to bulk continental crust (Column 12 of Table 9 in Rudnick and Gao 

320 2003; Dare et al. 2012) and ordered from left to right according to increasing compatibility into 

321 magnetite (Dare et al. 2014). This order is favourable due to the diverse environment from which Fe-

322 Ti oxides may crystallise and bulk continental crust is selected as the normalisation reservoir since Fe-

323 Ti oxides typically crystallise from evolved silicate melts more similar in composition to the bulk 

324 continental crust. 

325 In all the Idefix aphyric gabbros, very fine-grained (< 100 μm in diameter), anhedral ilmenite is 

326 partially to completely replaced by titanite and rutile (Fig. 4A-B). No magnetite or titanomagnetite was 

327 identified in these units. 

328 In the PGU at Huckleberry, anhedral ilmenite (< 500 μm in diameter; ~ 1 vol.%) occurs along 

329 sulphide-silicate grain boundaries, where it is partially replaced by titanite (Fig. 4C). Clusters of 

330 ilmenite-titanite grains are spatially associated with satellite sulphide disseminations. Iron oxides are 

331 relatively rare in the overlying glomeroporphyritic gabbros (< 0.1 vol.%) and generally occur with 

332 disseminated sulphides (Fig. 4D). The ilmenite grains are rich in HFSE (120-1,273 ppm Zr, 7-42 ppm 

333 Hf, 83-523 ppm Nb, and 4-31 ppm Ta), Sn, Mn, Ti, V, and Cr and poor in Si, Ca, Al, Ga, and Mg (Fig. 

334 5A). Copper concentrations are generally < 5 ppm, Co concentrations span a narrow range of 14-31 

335 ppm and Ni concentrations range from 6-19 ppm. Ilmenite analysed in the mineralised 

336 glomeroporphyritic gabbro is comparable in composition to those of the PGU, yet generally comprise 

337 lower Si, Ca, and Ni concentrations. 

338 In the olivine cumulate units, anhedral ilmenite (< 3 mm in diameter; ~ 0.5-3 vol.%) and subordinate 

339 titanomagnetite (< 5 mm in diameter) with ilmenite exsolution lamellae are spatially associated with 

340 net-textured sulphides (Fig. 4E-I). Ilmenite in the olivine-bearing units has similar HFSE, Si, Ca, Al, 
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341 Sn Mn, Ti, V, and Cr concentrations to those of the PGU (Fig. 5B-D). However, those spatially 

342 associated with sulphides have relatively higher Cu and Ni concentrations. Titanomagnetite in the 

343 footwall olivine cumulates have lower Si, Ca, and HFSE concentrations and higher Al, Cu, Mg, Ni, and 

344 Cr concentrations, relative to titanomagnetite in the upper part of the gabbro-peridotite sill (Fig. 5E).

345 Iron-titanium oxides are a trace accessory phase in the olivine and aphyric gabbro intervals yet 

346 become major constituents of the titanomagnetite and granophyric gabbro units (~ 10-15 vol.%). In the 

347 titanomagnetite gabbro, anhedral titanomagnetite (< 2 mm in diameter) with ilmenite exsolution 

348 lamellae and finer anhedral ilmenite are spatially associated with very sparsely disseminated sulphides 

349 (chalcopyrite > pyrite > pyrrhotite; Fig. 4J-K). In the granophyric gabbro, coarse-grained (< 5 mm in 

350 diameter) titanomagnetite and subordinate ilmenite are partially replaced by titanite and spatially 

351 associated with fluorapatite. Ilmenite grains are similar in composition to those of the 

352 glomeroporphyritic units in that they have low relative Si, Ca, Al, Ga, and Mg concentrations, and high 

353 relative Mn, Ti, and V concentrations (Fig. 5F). Ilmenite in the titanomagnetite gabbro has higher Nb 

354 and Ta concentrations, and lower Zr and Hf concentrations relative to those of the granophyric gabbro. 

355 Nickel and Cr concentrations are close to, or below, the detection limit. Titanomagnetite in the 

356 titanomagnetite gabbro has similar Zr, Hf, Al, Ti, Co, and V concentrations, lower Ga, Mn, Zn, and Ni 

357 concentrations, and higher Si, Ca, Y, and Ge concentrations compared to those of the overlying 

358 granophyric gabbro.

359 Magnetite predominantly occurs in the sulphide-bearing olivine cumulate units, where it is 

360 observed as stringers that cross-cut cumulate silicates or partially replacing Fe-sulphides (< 0.5 vol.%; 

361 Fig. 4L). Due to its commonly very small grain size, magnetite was only able to be analysed in the 

362 footwall olivine cumulates, where it is characterised by low relative Si, Ca, HFSE, Sc, Sn, Ga, Mn, Ti, 

363 V, and Cr concentrations and high relative Ge, Cu, Zn, Co, and Ni concentrations (Fig. 5E). 

364

365 6. Discussion

366 6.1. Halogen variations in apatite

367 Variations in the halogen budget of apatite can be explained by several processes: (i) apatite tend 

368 to become progressively F-rich during syn-magmatic degassing since Cl preferentially partitions into a 

369 co-existing vapour phase with respect to F; (ii) chlorapatite is thought to derive from syn-magmatic Cl 

370 mobilisation, whereby migrating Cl-rich vapours redissolve in vapour-undersaturated melts; and (iii) 

371 hydroxyapatite forms as a result of alteration or metamorphic processes in which Cl is lost and OH is 

372 gained (Boudreau et al. 1986; Boudreau & McCallum 1989; Andersen et al. 1998; Boudreau & 

373 McCallum 1992; Mathez & Webster 2005; Schisa et al. 2015). Alternatively, Liu et al. (2021) proposed 

374 that Fe-REE-poor chlorapatite amongst sulphide ores at Jinchuan may have crystallised directly from 

375 Fe-REE-depleted, Cl-bearing sulphide melts. 
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376 It has been proposed that Idefix-type PGE-rich disseminated sulphides derived from magmatic-

377 hydrothermal fluids based on the absence of basal sulphide accumulations and the close spatial 

378 relationship between sulphides and stratiform gabbroic pegmatites (Clark & Wares 2005). Smith et al. 

379 (2020a) argued that these sulphides at Idefix represent entrained and disaggregated sulphide globules 

380 that initially segregated in response to crustal contamination. The latter argument is supported by: (i) 

381 the presence of globular sulphides at the base of the sill; (ii) the compositional and mineralogical 

382 similarities between disseminated and globular sulphides; (iii) relatively unevolved whole-rock Pd/Ir 

383 (< 500) and undepleted Cu/Pd (< 5,000) values; and (iv) crustal δ34S (-0.3-3.8‰) values (Smith et al. 

384 2020a; 2021a). If these sulphides were instead derived from magmatic-hydrothermal fluids, one may 

385 expect spatially-associated apatite to be chlorapatite. However, we show that apatite compositions in 

386 aphyric Idefix gabbros overlap along the OH-F sideline regardless of the presence of sulphides (Fig. 3), 

387 consistent with variable degrees of degassing. 

388 Sulphides at the base of differentiated gabbro-peridotite sills, that sometimes extend into their 

389 footwalls, are thought to have been entrained from their site of segregation, where they formed in 

390 response to crustal contamination (Clark & Wares 2005; Smith et al. 2020b; 2021a). Alternatively, 

391 Laurent (1995) proposed that these sulphides are volcanic in origin and precipitated from circulating 

392 hydrothermal fluids. At Huckleberry, apatite in the glomeroporphyritic units and upper parts of the 

393 gabbro-peridotite sill are generally F-rich with minor Cl-addition, similar to apatite from Munni Munni 

394 (Boudreau & Hoatson 2004) and Skaergaard (McBirney & Sonnenthal 1990). At these locations, a 

395 decrease in Cl/F and OH/F values are ascribed to progressive fluid or vapour exsolution during 

396 crystallisation prior to apatite saturation. Relatively anomalous Cl-rich apatite in the glomeroporphyritic 

397 gabbro footwall is comparable to those analysed in the olivine cumulate units at Huckleberry (Fig. 3). 

398 The implication is that these Cl-rich apatite grains may be genetically related to the gabbro-peridotite 

399 sill and not the glomeroporphyritic gabbro sill; a similar conclusion was determined for disseminated 

400 sulphides in this unit (see Smith et al. 2020b). Several anhedral apatite grains in the olivine cumulate 

401 units display sector zoning of Cl-rich (generally cores) and OH-rich (generally rims) zones, consistent 

402 with the leaching of Cl from intercumulus chlorapatite during post-magmatic interaction with 

403 serpentine-related and(or) metamorphic fluids (see Boudreau & McCallum 1992). The original 

404 chlorapatite may have precipitated from intercumulus melt that became enriched in Cl during the 

405 dissolution of Cl-bearing vapours (Boudreau et al. 1986) or precipitated directly from Cl-bearing 

406 sulphide melts (Liu et al. 2021). We suggest that the apatite crystallised from Cl-bearing intercumulus 

407 silicate melt since chlorapatite was not identified amongst any other sulphide assemblage. However, we 

408 believe these fluids are not responsible for the introduction or enrichment of PGE in these units, on the 

409 basis of magmatic Pd/Ir (< 300) and Pd/Pt (~ 2-3) values, evidence for the downward percolation of 

410 sulphide melt, and the lack of correlation between PGE concentrations and Cl content.

411  
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412 6.2. Formation of sulphide-associated Fe-Ti oxides: crystallisation from silicate or sulphide melts?

413 It was previously thought that Fe-Ti oxides were unlikely to crystallise directly from sulphide melts 

414 due to the high silicate/sulphide partition coefficient of lithophile elements, particularly Ti (Dsil/sul ~ 

415 0.05; Naldrett 1969; Dare et al. 2012). It has been known since 1969 that magnetite may precipitate 

416 from sulphide melt at ~ 1,050°C when the cotectic between magnetite and monosulphide solid solution 

417 (mss) is established (Naldrett 1969). This observation offered an explanation as to why magnetite is 

418 often observed associated with sulphide minerals in relatively unaltered mafic-ultramafic rock units. 

419 However, the occurrence of more titaniferous phases (ilmenite and titanomagnetite) associated with 

420 primary sulphides requires diffusion of Ti from co-existing silicates magma into the sulphide-derived 

421 magnetite (Prichard et al. 2004; Dare et al. 2012). Dare et al. (2012) have argued that titanomagnetite 

422 may crystallise directly from sulphide melt if the parent magmas are sufficiently rich in Ti, yet it remains 

423 unclear whether ilmenite could form in this way (Duran et al. 2016). 

424 At Huckleberry, the composition of sulphide-associated ilmenite and titanomagnetite is 

425 characteristic of Fe-Ti oxides that have crystallised from evolved mss (Fig. 6A-B; Dare et al. 2012), 

426 consistent with entrainment of fractionated sulphide melt from depth (Smith et al. 2020b). These Fe-Ti 

427 oxides typically occur at sulphide-silicate grain boundaries and thus, may have formed by the 

428 interaction between sulphide-derived magnetite and Ti-bearing silicate melt (e.g., Naldrett 1969; Duran 

429 et al. 2020). The residual heat from the bracketing glomeroporphyritic gabbros may have slowed the 

430 cooling rate of the nested gabbro-peridotite sill and resulted in intercumulus melt convection and Ti-

431 enrichment of sulphide-derived magnetite. It remains unclear whether ilmenite could crystallise directly 

432 from sulphide melt. 

433

434 6.3. Composition of Fe-Ti oxides in the titanomagnetite and granophyric gabbros in the upper gabbro-

435 peridotite sill

436 Iron-titanium oxides are commonly observed in the upper parts of differentiated intrusions (e.g., 

437 Bushveld Complex; Klemm et al. 1982; Skaergaard, Wager & Brown 1968; Koillismaa, Karinen et al. 

438 2015; Panzhihua, Pang et al. 2008; Xinjie, Tan et al. 2015; Lac Doré, Mathieu 2019; Sonju Lake, Maes 

439 et al. 2007) because they typically become saturated late in the crystallisation sequence of typical parent 

440 magmas. Thermodynamic modelling of the Hellancourt basalts has shown that Fe-Ti oxides become 

441 saturated after ~ 68% fractional crystallisation once the residual magma has attained ~ 2.5-3 wt.% TiO2 

442 (Ciborowski et al. 2017; Smith et al. 2020b; 2021a). These results are consistent with the stratigraphic 

443 occurrence of Fe-Ti oxides and the borehole geochemical patterns in the gabbro-peridotite sill at 

444 Huckleberry (Smith et al. 2020b). The titanomagnetite and granophyric gabbro units primarily comprise 

445 titanomagnetite with trellis-like ilmenite exsolution lamellae and subordinate ilmenite with minor 
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446 magnetite exsolution lamellae. This assemblage is characteristic of sub-solidus redistribution of cations 

447 according to the temperature-dependent exchange of Fe2+ + Ti4+  2Fe3+ between titanomagnetite and 

448 ilmenite solid solution pairs (Buddington & Lindsley 1964; Sauerzapf et al. 2008; Tan et al. 2015). At 

449 the Sept Iles, Lac Saint Jean, and Lac des Iles intrusions, researchers have shown that ilmenite 

450 preferentially incorporates HFSEs, W, and Cu, while co-existing titanomagnetite preferentially 

451 incorporates Al, Ge, Ni, and Cr (Méric 2011; Néron 2011; Dare et al. 2012; Duran et al. 2016). These 

452 observations are consistent with the trace element distribution amongst ilmenite-titanomagnetite pairs 

453 in the upper gabbro-peridotite sill (Fig. 5).

454 Several authors have documented the occurrence of (titano)magnetite gabbro overlain by 

455 granophyric gabbro via gradational contacts in the upper parts of strongly differentiated sills and layered 

456 intrusions. The formation of the oxides could represent: (i) the final product of fractional crystallisation 

457 (e.g., Skaergaard, Wager 1960; Mt Kilkenny, Jaques 1975; Kevitsa, Mutanen 1997); (ii) segregation of 

458 a late-stage immiscible Si-rich melt from a conjugate Fe-rich melt (e.g., Skaergaard, McBirney & 

459 Nakamura 1974; Bushveld, Reynolds 1985; Sept Iles, Namur et al. 2012; Raftsund Intrusion, Coint et 

460 al. 2020); (iii) crystallisation from a differentiated melt that migrated upward from the crystallisation 

461 front (e.g., Skaergaard, McBirney 1980); or (iv) a partial melt of the bracketing country rocks (e.g., 

462 Basistoppen sill, Naslund 1987). In the upper gabbro-peridotite sill, Fe-Ti oxides in the titanomagnetite 

463 gabbro are rich in Ca, Y, Ti, Zr, Hf, Mo, Sn, Cu, and V relative to those from the granophyric gabbro, 

464 consistent with the DFe-Ti-rich liquid/Si-rich liquid values for these elements (Veksler & Charlier 2015 and 

465 references therein). However, several elements (e.g., Al, Nb, Ta, Zn) are not distributed according to 

466 their experimentally determined partition coefficients. We propose the granophyric gabbro derived from 

467 the siliceous residue of a strongly differentiated tholeiitic magma on the basis of gradual upward 

468 increases in grain size as well as upward-increasing SiO2, Na2O, K2O, and incompatible trace element 

469 concentrations.

470

471 6.4. Occurrence of magnetite

472 Magnetite is a rare accessory phase in mafic-ultramafic rocks of this study. It primarily occurs as 

473 minor veins in serpentinised olivine-bearing units at Huckleberry and was likely derived from the 

474 reaction:

475 6𝐹𝑒2𝑆𝑖𝑂4 +  7𝐻2𝑂 =  3𝐹𝑒3𝑆𝑖2𝑂5(𝑂𝐻)4 +  𝐹𝑒3𝑂4 +  𝐻2

476 olivine + water  serpentine + magnetite

477 Magnetite is also observed replacing Fe-sulphides in the olivine-bearing units at Huckleberry, which 

478 likely reflects the following reactions (Li et al. 2004):
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479

480 2.53𝐹𝑒𝑆(𝑝𝑜) +  0.47𝐹𝑒2 +  +  3𝐻2𝑂→ 𝐹𝑒2 + 𝐹𝑒3 +
2𝑂4 (𝑚𝑔𝑛) +  2.53𝐻𝑆 ―  +  3.47𝐻 +

481 𝐶𝑢𝐹𝑒𝑆(𝑐𝑐𝑝) +  2𝐹𝑒2 +  +  4𝐻2𝑂→𝐹𝑒2 + 𝐹𝑒3 +
2𝑂4 (𝑚𝑔𝑛) +  𝐶𝑢2 + +  2𝐻𝑆 ― +  4𝐻 + +  𝐻2

482
𝐹𝑒4𝑁𝑖5𝑆9 (𝑝𝑛) +  6.65𝐹𝑒2 +  +  14.2𝐻2𝑂→ 3.55𝐹𝑒2 + 𝐹𝑒3 +

2𝑂4 (𝑚𝑔𝑛) +  9𝐻𝑆 ―  +  5𝑁𝑖2 +  +  12.3
𝐻 +  +  3.55𝐻2

483 Both types of secondary magnetite formed during serpentinisation of these units, whereby serpentine-

484 related fluids introduced aqueous Fe and removed S and Cu during the breakdown of olivine and 

485 sulphides (Li et al. 2004). Serpentine-related magnetite was too fine-grained to compositionally 

486 analyse, however, intercumulus sulphide-associated magnetite is Zr-Hf-V-Cr-poor and S-Cu-Ni-rich; a 

487 composition that is characteristic of secondary magnetite in sulphide ores (Duran et al. 2020).

488

489 6.5. The application of accessory minerals to magmatic sulphide exploration in the Labrador Trough

490 Resistance indicator minerals (RIMs) are becoming increasingly used in the exploration industry to 

491 vector towards exploration targets in vast and inaccessible regions (e.g., Fennoscandia, Greenland, and 

492 Canada; Averill 2001; McClenaghan 2011; Gent et al. 2011; Duran et al. 2019). The Labrador Trough 

493 represents such a region, within which RIMs may be sourced from glacial, river, and lake deposits to 

494 assist in the delineation of several types of mineral deposits.

495 Regarding magmatic sulphide deposits, the halogen budget of apatite has been used to identify 

496 processes such as degassing and infiltration metasomatism (see Boudreau 2019). In the present study, 

497 Cl-poor fluorapatite (Cl/[Cl+F] < 0.2) occurs most mafic-ultramafic units regardless of sulphide 

498 content, whereas chlorapatite (Cl/[Cl+F] > 0.5) is exclusive to olivine cumulate units. While the lack of 

499 correlation between apatite Cl/(Cl+F) values and whole-rock PGE concentrations suggests that the 

500 presence of chloroapatite is not indicative of mineralised rocks, their presence is indicative of olivine 

501 cumulates, which are considered the most prospective rock type for magmatic sulphide mineralisation 

502 in the Labrador Trough (Clark & Wares 2005; Smith et al. 2020b). 

503 Iron-titanium oxides, particularly magnetite, have been used as RIMs in the exploration for 

504 magmatic sulphides (Dupius & Beaudoin 2011; Boutroy et al. 2014; Nadoll et al. 2014; Ward et al. 

505 2018). In the present study, we propose that sulphide-associated Cr-Ni-rich titanomagnetite and ilmenite 

506 formed during the interaction between sulphide-derived magnetite and Ti-bearing intercumulus melt, 

507 whereas sulphide-dissociated Fe-Ti oxides precipitated from fractionated silicate magma (Fig. 6A-B). 

508 Sulphide-associated titanomagnetite and ilmenite in this study have characteristically high Mg, Ni, and 

509 Cr concentrations, and are compositionally akin to those from ultramafic-hosted Ni-Cu-(PGE) sulphide 

510 occurrences worldwide (Fig. 6C-D; Dupius & Beaudoin 2011; Ward et al. 2018). The Ni/Cr values of 
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511 Fe-Ti oxides positively correlate with whole-rock PGE concentrations (see supplementary materials) 

512 suggesting that Fe-Ti oxides may be an effective RIM for magmatic sulphide occurrences in the 

513 Labrador Trough. 

514 A key feature of optimal RIMs is their ability to retain primary compositions during post-magmatic 

515 erosion, transport, and deposition. While apatite may undergo dissolution during interaction with acidic 

516 meteoric waters (Morton & Hallsworth 1999), it has been shown that trace and halogen concentrations 

517 of detrital apatite will remain largely unaffected under surface conditions during diagenesis (Brenan 

518 1994; Mao et al. 2016; Ansberque et al. 2019; O’Sullivan et al. 2020). The minor and trace element 

519 concentrations of magnetite, and by extension titanomagnetite and ilmenite, may be modified during 

520 hydrothermal re-equilibration (Hu et al. 2014; 2015). However, the concentrations of strongly 

521 compatible elements (e.g., Cr, Ni, V; Donohue et al. 2012; Dare et al. 2014) remain unaffected by such 

522 processes, making them reliable provenance indicators (Dupius & Beaudoin 2011; Ward et al. 2018). 

523 One may use Figure 7 to categorise analysed in situ or detrital accessory minerals in the Labrador 

524 Trough, where those relating to the dark blue field are indicative of olivine cumulate units, and thus, 

525 prospective for magmatic sulphide mineralisation.

526

527 7. Conclusions

528 Apatite and Fe-Ti oxides are common accessory phases in mafic-ultramafic rocks of the Montagnais 

529 Sill Complex and their compositions are indicative of their host rock. Apatite grains contain variable F 

530 and OH concentrations and negligible Cl concentrations, regardless of the presence of spatially 

531 associated sulphides. Their composition is consistent with variable degrees of degassing and Cl-loss 

532 during Rayleigh fractionation and is not indicative of sulphide mineralisation. Intercumulus chlorapatite 

533 (Cl/[Cl+F] > 0.5) was identified only in mineralised olivine cumulate units at Huckleberry and thus, 

534 may be used to vector towards similar prospective rock types in the Labrador Trough.

535 Ilmenite is the dominant oxide in all mafic-ultramafic units, except for titanomagnetite in the 

536 titanomagnetite and granophyric gabbro units of the Huckleberry gabbro-peridotite sill. Magnetite 

537 occurred only as secondary magnetite in serpentinised olivine cumulates and is, therefore, not 

538 discriminative of sulphide mineralisation. Alteration and grain size prevented compositional analysis 

539 of Fe-Ti oxides in Idefix aphyric gabbro sills. Ilmenite and titanomagnetite in the mineralised olivine-

540 bearing units have distinctly high Mg, Cr, Ni, Co, and Cu concentrations relative to those from other 

541 rock units and therefore, may be used to vector towards similar prospective rock units in the Labrador 

542 Trough. We believe that sulphide-associated ilmenite and titanomagnetite represent magnetite that has 

543 precipitated from evolved sulphide melts and subsequently interacted with FeO and TiO2 in the co-

544 existing silicate melt.
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879 Figure captions

880 Figure 1. A. QGIS3.4 map of the Labrador Trough showing the aerial extent of intrusive and extrusive 

881 rocks of the Montagnais Sill Complex as well as the Baby and Menihek metasedimentary formations. 

882 The symbols represent magmatic, magmatic-hydrothermal, and exhalative sulphide occurrences 

883 sourced from the SIGÉOM database of the Ministère des Ressources Naturelles du Québec. The inset 

884 map shows the location of the Labrador Trough in Canada. B-C. Schematic cross-section of the Idefix 

885 PGE-Cu (B) and Huckleberry Cu-Ni-(PGE) (C) prospects showing the rock units and stratigraphic 

886 occurrence of sulphide mineralization (modified from Smith et al. 2020a; Smith 2020b).

887 Figure 2. SEM-EDS element maps showing the distribution of apatite and Fe-Ti oxides in mafic-

888 ultramafic rocks of this study. A. Globular sulphides in aphyric gabbro at Idefix (ID11-70). B. 

889 Disseminated sulphides in aphyric gabbro at Idefix (ID06B). C. Globular sulphides in the PGU at 

890 Huckleberry (HK08-415). Note how Fe-Ti oxides partially rim the sulphide globule and are 

891 disseminated around the globule together with sulphides. D. Net-textured sulphides in the basal olivine 

892 cumulate unit at Huckleberry (HK07-119). Note the inset map of an intercumulus apatite grain with a 

893 Cl-rich core. E. Net-textured sulphides in the footwall olivine cumulate unit at Huckleberry. Note the 

894 titanomagnetite-ilmenite intergrowths at the silicate-sulphide grain boundary and the magnetite 

895 stringers. F. Sparsely mineralised titanomagnetite gabbro at Huckleberry. Note this unit is dominated 

896 by titanomagnetite with ilmenite exsolution lamellae. G. Granophyric gabbro unit at Huckleberry. Note 

897 the clusters of intercumulus apatite at the margins of altered Fe-Ti oxide grains. Mineral abbreviations: 

898 amp = amphibole, ap = apatite, cbn = cubanite, ccp = chalcopyrite, ilm = ilmenite, mgn = magnetite, ox 

899 = Fe-Ti oxides, pn = pentlandite, po = pyrrhotite, sul = sulphides, tmg = titanomagnetite, ttn = titanite. 

900 Figure 3. A. F-Cl-OH ternary diagram showing 95th percentile contours of apatite measured from the 

901 three sill types analysed in this study. Typical compositional trends of apatite from its equilibrated 

902 composition are from Schisa et al. (2015). B. F-Cl-OH ternary diagram showing all apatite measured 

903 in this study underlain with compositional fields of apatite from Skaergaard (Boudreau & McCallum 

904 1989), Munni Munni (Boudreau & Hoatson 2004), Kläppsjö (Meurer et al. 2004), the Stillwater and 

905 Bushveld reefs (Boudreau et al. 1986), Windimurra (Boudreau & Thompson 1995), Duluth (Gál et al. 

906 2013), Dufek (Drinkwater et al. 1990), Great Dyke (Boudreau et al. 1995), and Jinchuan (Liu et al. 

907 2021). Note the division of apatite present in olivine cumulate units compared with the rest of the 

908 dataset.

909 Figure 4. Reflected light photomicrographs showing the texture of Fe-Ti oxides. A. Titanite replacing 

910 ilmenite amongst globular sulphides at Idefix (ID13-204). B. Titanite replacing ilmenite amongst 

911 disseminated sulphides at Idefix (ID06B). C. Subhedral ilmenite amongst globular sulphides in the PGU 

912 at Huckleberry (HK02C). D. Anhedral ilmenite amongst disseminated sulphides in the 

913 glomeroporphyritic gabbro unit at Huckleberry (HK0024). E-F. Ilmenite and titanomagnetite amongst 

Page 29 of 43 Canadian Journal of Earth Sciences (Author Accepted Manuscript)

© The Author(s) or their Institution(s)



30

914 net-textured sulphides in the basal olivine cumulate unit at Huckleberry (HK08-317a and HK07-119). 

915 G-I. Anhedral magnetite amongst net-textured sulphides in the footwall olivine cumulate units at 

916 Huckleberry (HK12-554b). J. Titanomagnetite-ilmenite intergrowths in the titanomagnetite gabbro at 

917 Huckleberry (HK09-197). K. Titanomagnetite-ilmenite intergrowths in granophyric gabbro at 

918 Huckleberry (HK09-227). L. Magnetite and chalcopyrite intergrowths in the footwall olivine cumulate 

919 unit at Huckleberry (HK1024a). Mineral abbreviations: ars = sulpharsenides, cbn = cubanite, ccp = 

920 chalcopyrite, ilm = ilmenite, mgn = magnetite, pn = pentlandite, po = pyrrhotite, tmg = titanomagnetite, 

921 ttn = titanite.

922 Figure 5. Multi-element diagrams of ilmenite (A-D) and titanomagnetite and magnetite (E-F). The 

923 elements are ordered by increasing compatibility into magnetite (see Dare et al. 2012) and normalised 

924 to the bulk continental crust (Rudnick & Gao 2003). The grey lines represent detection limits. 

925 Figure 6. A-B. Cr versus V and Ni for Fe-Ti oxides. Stippled fields represent the compositional fields 

926 of Fe-Ti oxides exsolved from evolving sulphide melts (Dare et al. 2014). Red dashed lines correspond 

927 to detection limits. C. Si+Mg versus Ni+Cr deposit type discrimination diagram of Dupius & Beaudoin 

928 (2011). D. Cr/V versus Ni exploration discrimination diagram of Ward et al. (2018). Note how Fe-Ti 

929 oxides are most consistent with those derived from evolved mss and that titanomagnetite hosted in the 

930 ultramafic cumulates units are consistent with those derived from ultramafic-hosted Ni-Cu-(PGE) 

931 sulphide deposits. 

932 Figure 7. A. F-Cl-OH apatite ternary diagram with 95th percentile contours for apatite grains present in 

933 aphyric gabbro sills (light blue field), glomeroporphyritic gabbros (green field), titanomagnetite and 

934 granophyric gabbros (yellow field), and olivine cumulate units (dark blue field). Note that apatite grains 

935 indicating potential economic interest plot in the dark blue field. B. Cr versus Ni discrimination diagram 

936 for titanomagnetite and ilmenite in the Labrador Trough. C. Cr/V versus Ni discrimination diagram for 

937 titanomagnetite and ilmenite in the Labrador Trough (modified from Ward et al. 2018). Those that plot 

938 in the dark blue field are considered a good indication of proximal mineralised olivine cumulate units 

939 in the Labrador Trough
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Figure 1. A. QGIS3.4 map of the Labrador Trough showing the aerial extent of intrusive and extrusive rocks 
of the Montagnais Sill Complex as well as the Baby and Menihek metasedimentary formations. The symbols 

represent magmatic, magmatic-hydrothermal, and exhalative sulphide occurrences sourced from the 
SIGÉOM database of the Ministère des Ressources Naturelles du Québec. The inset map shows the location 
of the Labrador Trough in Canada. B-C. Schematic cross-section of the Idefix PGE-Cu (B) and Huckleberry 
Cu-Ni-(PGE) (C) prospects showing the rock units and stratigraphic occurrence of sulphide mineralization 

(modified from Smith et al. 2020a; Smith 2020b). 
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Figure 2. SEM-EDS element maps showing the distribution of apatite and Fe-Ti oxides in mafic-ultramafic 
rocks of this study. A. Globular sulphides in aphyric gabbro at Idefix (ID11-70). B. Disseminated sulphides in 

aphyric gabbro at Idefix (ID06B). C. Globular sulphides in the PGU at Huckleberry (HK08-415). Note how 
Fe-Ti oxides partially rim the sulphide globule and are disseminated around the globule together with 

sulphides. D. Net-textured sulphides in the basal olivine cumulate unit at Huckleberry (HK07-119). Note the 
inset map of an intercumulus apatite grain with a Cl-rich core. E. Net-textured sulphides in the footwall 

olivine cumulate unit at Huckleberry. Note the titanomagnetite-ilmenite intergrowths at the silicate-sulphide 
grain boundary and the magnetite stringers. F. Sparsely mineralised titanomagnetite gabbro at Huckleberry. 
Note this unit is dominated by titanomagnetite with ilmenite exsolution lamellae. G. Granophyric gabbro unit 

at Huckleberry. Note the clusters of intercumulus apatite at the margins of altered Fe-Ti oxide grains. 
Mineral abbreviations: amp = amphibole, ap = apatite, cbn = cubanite, ccp = chalcopyrite, ilm = ilmenite, 

mgn = magnetite, ox = Fe-Ti oxides, pn = pentlandite, po = pyrrhotite, sul = sulphides, tmg = 
titanomagnetite, ttn = titanite. 
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Figure 3. A. F-Cl-OH ternary diagram showing 95th percentile contours of apatite measured from the three 
sill types analysed in this study. Typical compositional trends of apatite from its equilibrated composition are 
from Schisa et al. (2015). B. F-Cl-OH ternary diagram showing all apatite measured in this study underlain 
with compositional fields of apatite from Skaergaard (Boudreau & McCallum 1989), Munni Munni (Boudreau 
& Hoatson 2004), Kläppsjö (Meurer et al. 2004), the Stillwater and Bushveld reefs (Boudreau et al. 1986), 
Windimurra (Boudreau & Thompson 1995), Duluth (Gál et al. 2013), Dufek (Drinkwater et al. 1990), Great 
Dyke (Boudreau et al. 1995), and Jinchuan (Liu et al. 2021). Note the division of apatite present in olivine 

cumulate units compared with the rest of the dataset. 
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Figure 4. Reflected light photomicrographs showing the texture of Fe-Ti oxides. A. Titanite replacing ilmenite 
amongst globular sulphides at Idefix (ID13-204). B. Titanite replacing ilmenite amongst disseminated 

sulphides at Idefix (ID06B). C. Subhedral ilmenite amongst globular sulphides in the PGU at Huckleberry 
(HK02C). D. Anhedral ilmenite amongst disseminated sulphides in the glomeroporphyritic gabbro unit at 
Huckleberry (HK0024). E-F. Ilmenite and titanomagnetite amongst net-textured sulphides in the basal 

olivine cumulate unit at Huckleberry (HK08-317a and HK07-119). G-I. Anhedral magnetite amongst net-
textured sulphides in the footwall olivine cumulate units at Huckleberry (HK12-554b). J. Titanomagnetite-

ilmenite intergrowths in the titanomagnetite gabbro at Huckleberry (HK09-197). K. Titanomagnetite-ilmenite 
intergrowths in granophyric gabbro at Huckleberry (HK09-227). L. Magnetite and chalcopyrite intergrowths 
in the footwall olivine cumulate unit at Huckleberry (HK1024a). Mineral abbreviations: ars = sulpharsenides, 

cbn = cubanite, ccp = chalcopyrite, ilm = ilmenite, mgn = magnetite, pn = pentlandite, po = pyrrhotite, 
tmg = titanomagnetite, ttn = titanite. 
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Figure 5. Multi-element diagrams of ilmenite (A-D) and titanomagnetite and magnetite (E-F). The elements 
are ordered by increasing compatibility into magnetite (see Dare et al. 2012) and normalised to the bulk 

continental crust (Rudnick & Gao 2003). The grey lines represent detection limits. 

Page 36 of 43Canadian Journal of Earth Sciences (Author Accepted Manuscript)

© The Author(s) or their Institution(s)



 

Figure 6. A-B. Cr versus V and Ni for Fe-Ti oxides. Stippled fields represent the compositional fields of Fe-Ti 
oxides exsolved from evolving sulphide melts (Dare et al. 2014). Red dashed lines correspond to detection 
limits. C. Si+Mg versus Ni+Cr deposit type discrimination diagram of Dupius & Beaudoin (2011). D. Cr/V 

versus Ni exploration discrimination diagram of Ward et al. (2018). Note how Fe-Ti oxides are most 
consistent with those derived from evolved mss and that titanomagnetite hosted in the ultramafic cumulates 

units are consistent with those derived from ultramafic-hosted Ni-Cu-(PGE) sulphide deposits. 
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Figure 7. A. F-Cl-OH apatite ternary diagram with 95th percentile contours for apatite grains present in 
aphyric gabbro sills (light blue field), glomeroporphyritic gabbros (green field), titanomagnetite and 

granophyric gabbros (yellow field), and olivine cumulate units (dark blue field). Note that apatite grains 
indicating potential economic interest plot in the dark blue field. B. Cr versus Ni discrimination diagram for 

titanomagnetite and ilmenite in the Labrador Trough. C. Cr/V versus Ni discrimination diagram for 
titanomagnetite and ilmenite in the Labrador Trough (modified from Ward et al. 2018). Those that plot in 
the dark blue field are considered a good indication of proximal mineralised olivine cumulate units in the 

Labrador Trough 
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Table 1. Summary of EPMA apatite compositions
Location: Idefix PGE-Cu prospect Huckleberry Cu-Ni-(PGE) prospect

Rock: Aphyric gabbro (NS; n = 12) Aphyric gabbro (DS; n = 14) Aphyric gabbro (GS; n = 22) PGU (GS; n = 37)
Statistic: min max average 2SD min max average 2SD min max average 2SD min max average 2SD

Major elements wt.%
CaO 53.7 55.7 54.8 1.24 54.8 56.2 55.4 0.79 53.4 55.6 54.5 1.39 53.0 56.0 55.1 1.21
P2O5 40.9 42.1 41.6 0.71 41.2 42.4 41.8 0.60 40.3 42.4 41.5 1.17 40.1 42.2 41.7 0.77
Na2O 0.00 0.02 0.01 0.02 0.00 0.03 0.01 0.02 0.00 0.06 0.01 0.04 0.00 0.06 0.02 0.04
MgO 0.00 0.01 0.00 0.01 0.00 0.28 0.04 0.16 0.00 0.13 0.01 0.06 0.00 0.33 0.03 0.15
Al2O3 0.00 0.02 0.00 0.01 0.00 0.24 0.05 0.15 0.00 0.23 0.02 0.10 0.00 0.46 0.05 0.22
SiO2 0.01 0.10 0.06 0.05 0.04 0.48 0.27 0.24 0.01 0.59 0.17 0.23 0.02 3.18 0.29 1.00
MnO 0.00 0.05 0.02 0.03 0.00 0.06 0.02 0.03 0.00 0.06 0.02 0.03 0.00 0.08 0.03 0.05
FeO 0.01 0.15 0.07 0.08 0.05 0.33 0.14 0.19 0.13 0.86 0.35 0.37 0.08 1.19 0.41 0.47
F 1.22 1.44 1.36 0.13 1.16 1.52 1.41 0.20 1.68 2.98 2.40 0.63 1.83 3.87 2.92 1.13
Cl 0.13 0.17 0.15 0.02 0.16 0.37 0.22 0.11 0.04 0.11 0.07 0.04 0.05 1.78 0.54 1.07
OH 1.09 1.22 1.14 0.08 1.07 1.23 1.12 0.10 0.43 1.01 0.70 0.30 0.05 0.62 0.38 0.28
Total 97.7 100.6 99.1 1.97 99.8 101.3 100.5 0.88 97.6 101.4 99.7 2.22 100.2 102.6 101.5 1.07
XCl 0.02 0.02 0.02 0.00 0.02 0.05 0.03 0.02 0.01 0.02 0.01 0.00 0.01 0.24 0.07 0.14
XF 0.31 0.37 0.35 0.04 0.30 0.39 0.37 0.06 0.44 0.76 0.61 0.16 0.46 0.96 0.73 0.27
XOH 0.60 0.66 0.63 0.04 0.58 0.67 0.61 0.06 0.23 0.55 0.38 0.16 0.03 0.33 0.20 0.15
O = F,Cl 0.55 0.64 0.60 0.05 0.54 0.68 0.64 0.09 0.72 1.27 1.03 0.27 1.12 1.66 1.35 0.28
Cl/F 0.09 0.13 0.11 0.02 0.10 0.27 0.15 0.09 0.02 0.04 0.03 0.02 0.01 0.97 0.23 0.53

Location: Huckleberry Cu-Ni-(PGE) prospect
Rock: GP gabbro (DS; n = 11) Hanging wall gabbro (NS; n = 11) Basal ol cumulate (NTS; n = 20) FW ol cumulate (NTS; n = 17)

Sample: min max average 2SD min max average 2SD min max average 2SD min max average 2SD
Major elements wt.%

CaO 54.0 55.8 54.7 1.57 54.0 55.0 54.4 0.64 47.0 56.4 54.1 5.60 47.5 56.2 54.6 3.04
P2O5 39.5 42.5 41.3 1.96 40.8 41.9 41.6 0.57 35.5 42.9 40.6 4.03 36.0 42.2 41.0 2.54
Na2O 0.00 0.11 0.04 0.09 0.00 0.07 0.03 0.05 0.00 0.16 0.02 0.08 0.00 0.31 0.07 0.19
MgO 0.01 2.02 0.37 1.62 0.00 0.08 0.01 0.05 0.00 2.61 0.43 1.61 0.00 2.02 0.24 0.81
Al2O3 0.01 0.04 0.02 0.02 0.00 0.07 0.02 0.05 0.00 1.13 0.19 0.72 0.00 2.70 0.13 1.04
SiO2 0.13 2.29 0.54 1.72 0.00 0.21 0.06 0.14 0.03 6.80 1.22 4.15 0.07 4.29 0.66 1.78
MnO 0.01 0.04 0.02 0.03 0.07 0.36 0.16 0.19 0.01 0.16 0.05 0.10 0.00 0.21 0.05 0.10
FeO 0.10 1.00 0.53 0.58 0.10 0.64 0.40 0.35 0.05 3.86 0.86 2.29 0.23 7.32 0.84 2.69

Table 1. Continued
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F 0.24 2.28 1.40 1.62 3.20 3.66 3.43 0.31 0.07 0.83 0.39 0.49 0.01 3.18 1.11 2.37
Cl 1.00 3.13 1.69 1.57 0.05 0.54 0.24 0.34 0.76 4.61 1.99 2.40 0.26 3.90 1.91 2.37
OH 0.40 1.28 0.77 0.70 0.16 0.32 0.21 0.12 0.61 1.54 1.14 0.52 0.26 1.37 0.84 0.75
Total 100.3 104.1 101.4 2.80 99.4 101.1 100.5 0.99 98.7 102.6 101.0 2.20 99.8 104.1 101.5 1.50
XCl 0.14 0.43 0.23 0.21 0.01 0.07 0.03 0.04 0.11 0.65 0.28 0.33 0.03 0.54 0.26 0.33
XF 0.06 0.57 0.35 0.40 0.80 0.91 0.86 0.07 0.02 0.21 0.10 0.13 0.00 0.80 0.28 0.59
XOH 0.21 0.68 0.41 0.38 0.08 0.17 0.11 0.06 0.34 0.86 0.62 0.29 0.14 0.76 0.46 0.42
O = F,Cl 0.52 1.31 0.97 0.64 1.39 1.55 1.50 0.11 0.22 1.07 0.61 0.49 0.39 1.45 0.90 0.71
Cl/F 0.63 7.73 2.37 5.74 0.01 0.16 0.07 0.10 1.07 62.72 10.14 30.76 0.09 417.86 34.96 172.02

Location: Huckleberry Cu-Ni-(PGE) prospect
Rock: Olivine gabbro (NS; n = 27) Granophyric gabbro (NS; n = 16)

Sample: min max average 2SD min max average 2SD
Major elements wt.%

CaO 51.3 56.8 55.1 2.80 49.4 55.9 55.0 3.35
P2O5 39.1 42.6 41.4 1.87 38.4 42.5 41.7 2.03
Na2O 0.00 0.09 0.02 0.04 0.02 0.11 0.07 0.05
MgO 0.00 2.89 0.28 1.16 0.01 0.07 0.03 0.03
Al2O3 0.00 0.32 0.05 0.14 0.00 0.19 0.04 0.11
SiO2 0.10 3.39 0.50 1.29 0.11 0.31 0.18 0.10
MnO 0.00 0.05 0.02 0.03 0.06 0.14 0.11 0.05
FeO 0.08 1.35 0.51 0.60 0.29 0.86 0.63 0.38
F 0.22 2.25 1.20 1.51 2.75 3.39 3.03 0.45
Cl 0.25 4.06 1.05 1.77 0.33 0.60 0.48 0.16
OH 0.59 1.43 1.01 0.48 0.04 0.48 0.35 0.26
Total 97.3 103.5 101.2 3.38 92.6 103.3 101.6 5.50
XCl 0.03 0.57 0.15 0.25 0.04 0.08 0.06 0.02
XF 0.06 0.56 0.30 0.37 0.68 0.91 0.75 0.13
XOH 0.33 0.79 0.55 0.27 0.02 0.25 0.18 0.14
O = F,Cl 0.34 1.09 0.74 0.47 1.26 1.55 1.38 0.20
Cl/F 0.13 10.01 2.24 5.76 0.11 0.20 0.16 0.06

1DS = disseminated sulphides, GS = globular sulphides, NTS = net-textured sulphides, and NS = no sulphides. 
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Table 2. Summary of EPMA and LA-ICP-MS Fe-Ti oxide compositions from Huckleberry. DL = detection limits in ppm.

Rock type: PGU GP gabbro-olivine cumulate Granophyric gabbro
Mineral: Ilmenite (n = 23) Ilmenite (n = 8) Ilmenite (n = 2) Titanomagnetite (n = 6)

Mineralisation: Gb sulphides NT sulphides Non-mineralised
DL Element Av. 2σ Min Max Av. 2σ Min Max Av. 2σ Min Max Av. 2σ Min Max
EPMA analyses (wt.%)

Fe2O3 2.1 1.9 0.3 3.7 3.2 1.5 0.3 5.1 4.7 2.8 3.2 6.9 40.8 4.4 38.1 45.2
FeO 42.2 3.2 39.8 44.5 40.4 0.6 39.5 41.2 41.8 2.4 40.3 43.0 42.7 1.7 41.4 43.7

LA-ICP-MS analyses (ppm)
0.113 24Mg 829 1879 378 4927 594 47 560 630 400 152 346 454 535 563 232 982
0.510 27Al 486 1308 148 3335 510 431 313 992 237 231 155 319 4949 734 4446 5366
212.8 29Si 2280 7295 213 17288 687 1148 213 1641 1765 168 1706 1824 5807 9520 589 12965
2.340 31P 8.4 15.6 2.3 28.2 10.3 21.0 2.3 30.1 8.7 18.1 2.3 15.1 6.9 12.8 2.3 15.5
43.4 44Ca 1810 8174 43 18571 358 882 43 1274 575 885 262 888 4498 7730 507 10389
0.146 45Sc 29.5 26.1 10.1 61.3 49.2 24.0 34.5 67.6 61.9 58.6 41.2 82.6 29.2 3.7 27.4 32.2
0.400 49Ti 364878 41082 335340 412300 343395 21134 325784 362454 351127 28342 341106 361147 72209 12150 63518 81391
0.030 51V 6338 4287 2100 9050 2272 267 2092 2440 646 231 564 728 2668 602 2331 2953
2.421 52Cr 318 681 63 1671 324 226 215 573 6 8 3 9 3 3 2 5
0.462 55Mn 26842 13408 17264 35067 36887 1440 35782 37982 24888 289 24785 24990 5085 1120 4209 5583
0.020 59Co 21.9 8.5 13.8 30.8 21.9 1.0 21.1 22.7 29.9 1.7 29.3 30.5 17.6 1.1 17.1 18.4
0.821 60Ni 52.6 77.8 5.5 191.0 13.2 12.4 4.7 21.7 7.6 11.6 3.5 11.7 23.7 3.7 21.3 26.9
0.522 63Cu 2.3 3.1 0.7 6.0 3.1 1.2 2.5 4.2 1.5 0.4 1.4 1.7 2.1 2.0 1.2 3.8
0.250 66Zn 81.6 80.5 33.1 251.7 66.4 22.6 55.6 90.3 100.8 16.8 94.9 106.7 863.0 598.1 478.5 1304.7
0.102 71Ga 0.72 1.39 0.10 3.60 0.67 0.23 0.46 0.83 0.44 0.06 0.41 0.46 22.13 9.93 15.66 28.26
0.079 74Ge 0.20 0.34 0.08 0.87 0.13 0.07 0.08 0.17 0.16 0.00 0.16 0.16 1.57 0.59 1.18 1.95
0.104 75As 0.19 0.81 0.10 2.04 0.10 0.00 0.10 0.10 0.10 0.00 0.10 0.10 0.10 0.00 0.10 0.10
0.007 89Y 0.96 3.42 0.19 8.38 0.31 0.27 0.15 0.49 0.24 0.15 0.18 0.29 0.48 1.02 0.06 1.36
0.013 90Zr 315 519 120 1273 598 138 475 676 217 293 114 321 206 160 99 315
0.007 93Nb 274 228 83 523 275 23 251 285 812 954 474 1149 39 18 24 51
0.053 95Mo 1.55 1.01 0.84 3.30 0.79 0.24 0.58 0.95 0.10 0.09 0.07 0.13 2.65 0.68 2.29 3.19
0.072 118Sn 6.06 10.66 0.83 21.70 5.59 1.96 4.32 6.83 1.84 0.24 1.76 1.93 2.79 1.18 2.22 3.78
0.047 121Sb 0.06 0.05 0.05 0.13 0.05 0.02 0.05 0.07 0.05 0.00 0.05 0.05 0.07 0.05 0.05 0.12
0.007 139La 0.11 0.27 0.01 0.63 0.02 0.01 0.01 0.03 0.04 0.06 0.02 0.06 0.14 0.16 0.03 0.22
0.024 172Yb 0.63 0.74 0.07 1.38 0.51 0.40 0.34 0.80 0.63 1.00 0.28 0.99 0.07 0.09 0.03 0.13
0.018 178Hf 15.5 15.8 6.5 42.1 20.0 2.3 18.2 21.6 6.4 10.5 2.7 10.1 6.4 2.9 4.5 8.4
0.005 181Ta 14.6 12.1 3.7 30.7 10.3 3.8 7.5 13.0 36.9 50.1 19.1 54.6 1.7 0.6 1.3 2.2
0.025 182W 0.67 0.59 0.26 1.43 0.35 0.11 0.24 0.44 1.89 5.06 0.10 3.68 0.08 0.11 0.03 0.16
0.026 208Pb 0.16 0.24 0.03 0.47 1.61 2.37 0.58 4.28 0.05 0.04 0.03 0.06 1.01 1.76 0.22 2.49

n/a Ni/Cr 0.23 0.35 0.07 0.67 0.05 0.07 0.01 0.10 1.92 4.31 0.40 3.45 7.95 4.79 4.67 9.90
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Table 2. Continued

Rock type: Titanomagnetite gabbro Olivine gabbro Basal olivine cumulate
Phase: Ilmenite (n = 7) Titanomagnetite (n = 3) Ilmenite (n = 13) Ilmenite (n = 18)

Mineralised: Non-mineralised Ds sulphides NT sulphides
Element Av. 2σ Min Max Av. 2σ Min Max Av. 2σ Min Max Av. 2σ Min Max

Fe2O3 7.6 3.6 5.0 11.3 49.8 2.0 48.5 50.9 11.7 4.7 6.8 16.3 9.4 4.2 0.0 15.5
FeO 41.1 2.0 39.1 42.5 37.6 0.6 37.2 37.8 38.1 2.3 35.0 40.6 40.0 1.9 36.6 44.6

24Mg 454 278 322 731 2674 2416 1546 3948 2186 5646 693 11760 2900 5655 774 9395
27Al 607 1032 181 1693 9100 5265 6720 11928 1191 837 499 1869 1298 1662 638 4127
29Si 738 1098 213 1596 78400 19344 68460 87780 1838 5198 213 10458 1935 5349 213 10360
31P 6.3 15.8 2.3 23.9 16.9 11.6 10.5 21.8 10.1 16.7 2.3 30.3 6.9 15.3 2.3 25.9
44Ca 300 720 43 953 101920 23495 88620 110880 301 1058 43 1726 278 1499 43 3271
45Sc 69.1 17.0 55.4 76.9 14.6 9.8 9.0 18.2 50.5 29.2 22.1 77.4 30.8 47.6 3.8 72.0
49Ti 339540 10546 330540 344820 135520 29030 120540 149520 298106 23962 278702 322065 318459 46739 282277 368874
51V 1788 353 1512 2003 7225 1677 6670 8190 2321 645 1697 2770 3056 2624 1428 4891
52Cr 4 5 2 9 3 1 2 4 250 457 62 736 223 449 2 802
55Mn 21726 664 21168 22176 2290 289 2176 2453 16228 8233 9691 22386 17397 8166 10185 25544
59Co 17.8 1.0 17.2 18.5 10.4 3.9 8.6 12.5 30.3 20.1 13.4 42.5 23.1 21.8 13.3 48.6
60Ni 0.8 0.0 0.8 0.8 1.2 1.0 0.8 1.8 74.9 144.4 12.5 245.3 288.9 284.9 110.6 633.6
63Cu 1.6 0.9 1.0 2.2 15.7 13.6 8.4 21.8 9.5 29.3 0.5 39.9 951.7 4300.6 0.6 8341.0
66Zn 94.6 20.2 78.5 106.3 23.5 20.4 12.9 33.2 273.1 302.3 54.0 549.8 251.7 309.5 52.7 621.0
71Ga 0.34 0.45 0.14 0.83 7.88 3.46 6.08 9.53 1.46 1.77 0.42 3.45 2.74 1.33 0.98 3.98
74Ge 0.15 0.05 0.12 0.18 4.54 4.24 2.77 6.89 0.12 0.12 0.08 0.27 0.12 0.12 0.08 0.32
75As 0.10 0.00 0.10 0.10 0.10 0.00 0.10 0.10 0.10 0.00 0.10 0.11 0.12 0.09 0.10 0.29
89Y 1.35 0.44 1.06 1.57 26.56 30.03 11.51 41.54 1.19 2.56 0.07 3.45 1.85 5.85 0.12 12.73
90Zr 1373 525 941 1693 105 126 33 152 1506 1557 664 3621 636 492 132 1039
93Nb 206 96 129 268 9 9 6 14 239 221 114 397 194 256 81 423
95Mo 1.32 0.25 1.16 1.53 2.24 0.78 1.97 2.69 1.34 0.49 0.76 1.84 0.81 0.66 0.14 1.30
118Sn 3.30 0.76 2.86 3.70 5.55 1.52 4.75 6.26 9.34 2.26 6.57 10.44 13.01 14.18 1.62 22.35
121Sb 0.08 0.10 0.05 0.18 0.08 0.06 0.06 0.11 0.28 0.57 0.05 1.01 0.06 0.09 0.05 0.23
139La 0.03 0.04 0.01 0.07 0.66 0.46 0.50 0.93 0.10 0.36 0.01 0.70 0.28 0.83 0.01 1.36
172Yb 2.09 0.47 1.78 2.52 4.16 3.76 2.13 5.84 0.97 1.89 0.13 2.80 1.06 2.88 0.03 4.53
178Hf 34.0 7.1 30.4 41.0 5.7 1.8 4.9 6.7 46.4 43.1 19.5 84.6 19.4 26.6 4.9 43.5
181Ta 11.7 6.7 8.3 16.0 1.4 0.9 1.1 1.9 17.5 21.0 6.7 41.8 11.4 17.6 4.1 29.9
182W 0.62 0.25 0.36 0.74 0.42 0.12 0.35 0.47 0.31 0.53 0.10 1.14 0.79 3.28 0.05 6.77
208Pb 0.21 0.57 0.03 0.75 3.69 1.69 2.89 4.58 0.12 0.24 0.03 0.46 1.13 3.84 0.03 7.02
Ni/Cr 0.28 0.20 0.09 0.34 0.46 0.50 0.29 0.75 0.35 0.37 0.06 0.70 12.40 68.27 0.21 147.21

EPMA analyses (wt.%)

LA-ICP-MS analyses (ppm)
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Table 2. Continued

Rock type: Footwall olivine cumulates
Phase: Ilmenite (n = 16) Titanomagnetite (n = 7) Magnetite (n = 3)

Mineralised: NT sulphides
Element Av. 2σ Min Max Av. 2σ Min Max Av. 2σ Min Max

Fe2O3 10.7 7.0 3.0 18.6 47.0 9.7 41.1 56.8 69.6 0.9 69.0 70.4
FeO 40.1 3.7 35.9 42.7 38.7 4.2 34.0 41.0 31.4 0.4 31.1 31.8

24Mg 4835 7841 1406 18186 2934 7687 953 11552 4208 5752 1001 6560
27Al 835 551 359 1459 9437 3453 7578 13140 1126 2731 299 2702
29Si 3073 8302 213 16887 2697 11013 238 15162 9501 10145 3835 13618
31P 6.9 10.1 2.3 16.0 3.4 4.4 2.3 8.2 3.0 2.2 2.3 4.3
44Ca 122 240 43 429 46 13 43 61 475 1067 157 1091
45Sc 64.8 34.1 30.2 87.7 6.8 3.9 3.3 8.0 0.2 0.0 0.1 0.2
49Ti 294205 51413 259800 342936 35873 13504 24075 44511 21 41 1 43
51V 2021 1917 1094 4372 3460 684 3177 4023 0 0 0 0
52Cr 247 445 2 627 583 1063 310 1780 2 0 2 2
55Mn 11746 5703 7177 16671 1698 430 1510 2119 209 86 178 257
59Co 16.7 19.8 6.1 39.7 27.1 22.6 15.9 44.4 7.3 6.0 3.9 9.2
60Ni 267.0 323.0 36.1 591.8 720.5 713.5 296.0 1160.4 38.0 38.1 20.8 58.5
63Cu 378.8 1396.9 0.3 2121.7 211.9 937.9 0.5 1263.5 6307 13902 1.4 13761
66Zn 154.2 170.2 35.8 368.1 1205.2 1791.2 391.3 2541.4 15.3 19.4 8.5 26.4
71Ga 2.54 2.80 1.23 6.26 39.86 15.28 32.49 55.42 2.18 2.93 0.67 3.59
74Ge 0.12 0.09 0.08 0.20 0.32 0.24 0.25 0.59 1.44 2.35 0.08 2.12
75As 0.10 0.00 0.10 0.11 0.11 0.01 0.10 0.11 0.10 0.00 0.10 0.10
89Y 0.56 0.98 0.07 1.67 0.46 2.07 0.01 2.81 0.10 0.11 0.04 0.14
90Zr 1054 693 526 1591 34 24 9 48 0 0 0 0
93Nb 216 346 71 578 1 1 0 1 0 0 0 0
95Mo 0.51 0.52 0.05 0.95 0.34 0.11 0.28 0.41 0.05 0.00 0.05 0.05
118Sn 8.73 7.57 1.68 13.18 6.31 4.11 2.54 8.27 0.45 1.05 0.12 1.06
121Sb 0.16 0.61 0.05 1.28 0.05 0.00 0.05 0.05 0.05 0.02 0.05 0.06
139La 0.37 0.82 0.01 1.44 0.11 0.48 0.01 0.66 0.02 0.02 0.01 0.03
172Yb 0.42 0.81 0.02 1.46 0.08 0.29 0.02 0.41 0.02 0.00 0.02 0.02
178Hf 30.4 23.2 14.9 53.9 1.3 0.7 0.7 1.7 0.0 0.0 0.0 0.0
181Ta 13.7 20.8 4.6 36.4 0.1 0.1 0.1 0.2 0.0 0.0 0.0 0.0
182W 0.63 0.97 0.13 1.60 0.04 0.06 0.03 0.10 0.03 0.02 0.03 0.04
208Pb 0.84 2.34 0.03 4.68 0.25 0.52 0.03 0.75 0.99 2.15 0.16 2.21
Ni/Cr 8.35 54.39 0.25 110.25 1.56 1.84 0.65 3.27 15.71 15.72 8.59 24.14

EPMA analyses (wt.%)

LA-ICP-MS analyses (ppm)
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