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Abstract:  
 
Trojan and Shangani mines are low-grade (<0.8 % Ni), komatiite-hosted nickel sulfide deposits 
associated with ca. 2.7 Ga volcano-sedimentary sequences of the Zimbabwe craton. At both mines, 
nickel sulfide mineralization is present in strongly deformed serpentinite bodies that are enveloped by 
a complex network of highly sheared, silicified, and sulfide-bearing metasedimentary rocks. Strong, 
polyphase structural–metamorphic–metasomatic overprints in both the Trojan and Shangani deposits 
make it difficult to ascertain if sulfide mineralization was derived from orthomagmatic or hydrothermal 
processes, or by a combination of both. Multiple S, Fe, and Ni isotope analyses were applied to test 
these competing models. Massive ores at Shangani Mine show mass-dependent fractionation of sulfur 
isotopes consistent with a mantle sulfur source, whereas S-isotope systematics of net-textured ore 
and disseminated ore in talcose serpentinite indicates mixing of magmatic and sedimentary sulfur 
sources, potentially via post-magmatic hydrothermal processes. A restricted range of strongly mass-
independent Δ

33
S values in ore samples from Trojan Mine likely reflects high-temperature assimilation 

of sulfur from supracrustal rocks and later superimposed low-temperature hydrothermal remobilization. 
Iron isotope values for most Ni-bearing sulfides show a narrow range suggesting that, in contrast to 
sulfur, nearly all of iron was derived from an igneous source. Negative Ni isotope values also agree 
with derivation of Ni from ultramafic melt and a significant high-temperature fractionation of Ni 
isotopes. Fe isotope values of some samples from Shangani Mine are more fractionated than 
expected to occur in high-temperature magmatic systems, further suggesting that hydrothermal 
processes were involved in either low-grade ore formation (liberation of Ni from olivine by sulfur-
bearing hydrothermal fluids) or remobilization of existing sulfides potentially inducing secondary Ni-
sulfide mineralization. 
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Keywords: Komatiite-hosted nickel deposit ; Zimbabwe craton ; Archean ; Sulfur isotopes ; Iron 
isotopes ; Nickel isotopes 
 
 
 
1. Introduction 

 
Komatiite-hosted nickel sulfide deposits are common in Neoarchean greenstone belts of the Yilgarn 
craton of Western Australia, the Superior Province of North America, and the Zimbabwe craton in 
southern Africa as well as in Proterozoic greenstone belts of Canada (Naldrett 2004). The Kambalda 
area of Western Australia is regarded as the type locality for komatiite-hosted nickel sulfide deposits 
(Lesher 1989; Hronsky and Schodde 2006). Two main types of deposits have been recognized 
(Lesher 1989; Lesher and Keays 2002; Barnes 2006). Type 1 deposits occur near or along the base of 
ultramafic volcanic sequences and hypabyssal sills and are considered to result from the separation of 
an immiscible sulfide liquid from an ultramafic magma (Lesher and Keays 2002; Naldrett 2004; Arndt 
et al. 2005). Massive sulfides typically occur at the base of ultramafic bodies or within their footwall 
embayments. Massive ore is commonly overlain by net-textured (= matrix) ore with sulfides 
surrounding cumulate olivine and pyroxene. Matrix ore is in turn overlain by peridotite or dunite with 
disseminated sulfide (disseminated ore), which grades into unmineralized, locally spinifex-textured 
ultramafic rocks toward the stratigraphic top. Mineralization is regarded to have formed at the base of 
inflated lava flows representing feeder channels for large komatiite flow fields. Sulfides are 
concentrated at the base of the channels, characterized by cumulate-textured dunites that pass 
laterally into thin komatiite flow lobes with spinifex texture (Hill et al. 1995). Type 2 deposits are low-
grade disseminations in the central part of cumulate-textured, lenticular dunite bodies. While sulfides 
may have been precipitated simultaneously with olivine to form interstitial ores (Barnes 2006), some of 
the Ni in finely disseminated sulfides may have been derived from subsolidus hydration processes 
under the influence of sulfur-bearing fluids (Eckstrand 1975; Grguric et al. 2006). 
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Most komatiite-hosted nickel deposits are interpreted to have been derived from sulfide-69 

undersaturated magmas (Keays, 1995; Naldrett, 2004; Arndt et al., 2005). Sulfide saturation of 70 

the magma and the formation of an immiscible sulfide liquid trapping nickel, copper, and 71 

platinum-group elements are attributed to the addition of crust-derived sulfur. Sulfide-bearing 72 

carbonaceous sedimentary rocks, including shale and chert, sulfidized iron formation, and 73 

base-metal barren massive sulfides are commonly intercalated with komatiite flows in 74 

mineralized ultramafic sequences (Bavinton, 1981; Hopwood, 1981). The exact relation 75 

between nickel sulfide mineralization and the sedimentary horizons has not yet been 76 

conclusively resolved, but many authors have suggested that the sulfidic sediments provided 77 

the sulfur for the ultramafic magmas to reach sulfide saturation (Lesher, 1989; Naldrett, 1989; 78 

Lesher and Burnham, 2001; Bekker et al., 2009). The most commonly inferred model for 79 

sulfur contamination of type 1 deposits is by thermal erosion and assimilation or 80 

devolatilization of the sulfidic sediments beneath ultramafic lava channels (Huppert et al., 81 

1984; Groves et al., 1986; Naldrett, 2004; Barnes, 2006; Williams et al., 2011). In contrast, 82 

some authors argued that thermal erosion of the substrate by ultramafic lava flows is unlikely 83 

to occur (Rice and Moore, 2001; Cas and Beresford, 2001). In addition, sulfide-hosting 84 

troughs and embayments have been regarded as structural rather than primary footwall 85 

features (Cowden, 1988; Cowden and Roberts, 1990; Stone and Archibald, 2004). 86 

A further problem in unraveling the origin of komatiite-hosted nickel deposits is their 87 

presence in greenstone belts that experienced multiple episodes of deformation and 88 

metamorphism, generally interpreted to have affected already existing mineralization. 89 

However, many deposits consist of tabular or elongate ore bodies that are parallel to regional, 90 

penetrative linear fabrics, including fold axes, and mineral lineations, which formed during the 91 

peak of a dynamic regional metamorphic event at upper greenschist to upper amphibolite 92 

facies (e.g. Viljoen et al., 1976; Barrett et al., 1977, Gresham and Loftus-Hills, 1981; Barnes 93 

et al., 1988; Lesher, 1989; Stone and Archibald, 2004). It is unlikely that in all these cases 94 

deformation was focused along pre-existing primary magmatic linear trends. The co-linearity 95 

of ore bodies with regional structural trends (cf. Gresham and Loftus-Hills, 1981; Naldrett, 96 

1981) strongly suggests considerable ore redistribution and, possibly, ore generation in 97 

response to dynamic metamorphic and metasomatic processes. 98 

In Zimbabwe (Fig. 1), general aspects of the stratigraphy, ore composition and 99 

geochemistry of nickel-sulfide deposits are known (e.g., Shangani Mine, Viljoen et al. 1976; 100 

Trojan Mine, Chimimba and Ncube, 1986; Epoch Mine, Baglow, 1986; Hunters Road 101 

Deposit, Moubray et al., 1979, Prendergast, 2001; Damba Deposit, Williams, 1979, Killick, 102 
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1986), but a detailed description and interpretation of structures and metamorphic textures 103 

formed by regional deformation events is mostly lacking. As a result, all deposits have been 104 

interpreted as orthomagmatic (Prendergast, 2003), i.e. the Ni-bearing sulfides crystallized 105 

from a melt and did not form during sub-solidus processes. However, every nickel deposit in 106 

Zimbabwean greenstone belts is centered on structural discontinuities, such as faults or fold 107 

hinges, and an evaluation of the structural and metamorphic imprints on these deposits must 108 

be made to fully appreciate what role deformation and metamorphism may have played in 109 

affecting these low-grade deposits. Furthermore, it has been shown that many of the sulfidic 110 

sedimentary horizons that are associated with mineralized ultramafic volcanics have been 111 

intensely sheared (Hofmann et al., 2003), possibly resulting in the redistribution of primary 112 

sedimentary to diagenetic sulfides and potentially inducing secondary sulfide mineralization. 113 

The spatial association of sulfide-bearing high-strain zones with nickel-sulfide mineralization 114 

in komatiites may thus point to a secondary, hydrothermal origin or redistribution/enrichment 115 

of at least some of the Ni mineralization. Cases of this type of mineralization are known to 116 

exist elsewhere (type 4, Barnes, 2006). 117 

In this paper we present field and petrographic observations from the Trojan and Shangani 118 

Ni mines in Zimbabwe in combination with trace element geochemistry and multiple sulfur, 119 

nickel, and iron isotope data. We critically evaluate mineralization style and test if multiple S, 120 

Ni and Fe isotope data can provide constraints on the relative importance of orthomagmatic 121 

vs. hydrothermal processes in the generation of komatiite-hosted Ni-sulfide mineralization. 122 

The study is focused on Trojan Mine, but multiple S, Ni, and Fe isotope data are also 123 

presented for the Shangani Mine nickel deposit. 124 

 125 

Geology of the Shangani Mine and Ni-sulfide mineralization 126 

Shangani Mine (Fig. 1) is situated in the Shangani Mineralized Complex of the Shangani 127 

greenstone belt (Harrison, 1969) and is associated with the Shangani Layered Ultramafic 128 

Complex (SLUC) that intruded into greenstone units assigned to the Lower Bulawayan Group 129 

(Fig. 2; Wilson et al., 1995). It is a low-grade type 2 deposit with some occurrences of type 1 130 

massive sulfides. Production at the mine in 2002 was 0.93 Mt/a of ore at an average grade of 131 

0.48% nickel (C. Makuni, pers. comm., 2003). The Shangani Mineralized Complex is 132 

intrusive into the Esmyangene Formation, a succession of felsic tuffaceous sedimentary rocks 133 

and agglomerates that is capped by sulfidic carbonaceous shale (Viljoen et al. 1976; Viljoen 134 

and Bernasconi, 1979). It consists of two lobes on both sides of a central stem (Fig. 2B) 135 

resulting in a mushroom-shaped body in cross section that was interpreted by Viljoen et al. 136 
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(1976) as a lopolith. Dirks and Sithole (1996) reported a more complex geometry resulting 137 

from deformation (Fig. 2C). Their mapping has shown that the ultramafic lobes occur as 138 

folded lensoidal bodies within a complex network of highly sheared sedimentary rocks that 139 

include carbonaceous and sulfidic cherts, and carbonaceous shale with mylonitic texture. 140 

Prendergast (2003) argued for an extrusive origin for the Shangani Mineralized Complex, 141 

possibly related to the observation of apparent spinifex texture in a pyroxenite-gabbro layer, 142 

features not considered by Viljoen et al. (1976) to represent a true quench texture. 143 

The east and west lobes of the Shangani Mineralized Complex correspond to the Main and 144 

Far West ore bodies, respectively. The massive sulfide bodies, which are much better 145 

developed in the eastern lobe, generally occur at the assumed stratigraphic base of both lobes, 146 

consistent with a magmatic control of mineralization (Viljoen et al. 1976). In contrast, Dirks 147 

and Sithole (1996) noted a structural control over the ore bodies since they are highly linear 148 

and are parallel to a mineral lineation developed in sheared sedimentary rocks as well as fold 149 

axes of several generations of colinear folds.  150 

Sedimentary rocks of the Esmyangene Formation constitute the footwall to the Main and 151 

Far West ore bodies and consist of siliceous felsic tuff locally interleaved with carbonaceous 152 

shale with abundant pyrite and pyrrhotite. Lenses of layered siliceous tuff and carbonaceous 153 

shale occur both along the footwall and hanging wall contacts and within the ultramafic rocks 154 

along shear zones (Fig. 2C). Sulfide mineralization is developed within the tuff, especially 155 

where it underlies Ni-sulfide mineralization in ultramafic rocks. Sulphide grains in tuff display 156 

an orientation parallel to the compositional layering. 157 

The mineralized complex consists of massive green and talcose serpentinites and 158 

carbonated talc schist. These rocks are enveloped and interleaved with black shale, chloritic 159 

siliceous tuff and chlorite-actinolite schist. Massive green serpentinite occurs throughout the 160 

mineralized complex and commonly contains disseminated pyrrhotite and pentlandite, which 161 

occur as blebs and trails along the margins of serpentinite patches resembling cumulate 162 

textures. The sulfides are intergrown with serpentine and subhedral grains of magnetite. Much 163 

of the sulfide is however within carbonate-filled fractures, which also contain abundant 164 

magnetite. Talcose serpentinite is more abundant in the eastern lobe of the complex and 165 

occurs along shear zones dissecting the massive green serpentinite. Mineralization occurs as 166 

either disseminated sulfide or several cm-wide massive sulfide veins. Coarse-grained, 167 

carbonated talc schists are associated with the talcose serpentinite and form the most common 168 

rock type within the eastern lobe and the stem of the Shangani Mineralized Complex. 169 

Disseminated sulfide is rare in carbonated talc schist; instead, sulfides occur either as 170 
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schlieren parallel to foliation or within veins. Sulfide-bearing carbonate veins are common 171 

within the rock. The association of sulfides with secondary carbonates indicates sulfide 172 

mineralization during carbonatization of the ultramafic rocks, a feature common to low-grade 173 

type 2 deposits (Grguric et al., 2006). 174 

 175 

Geological Setting of Trojan Mine 176 

Trojan Mine is the largest nickel producer in Zimbabwe. Mining of this type 1 deposit 177 

started in 1968 and production in 2002 was 1.03 Mt/a of ore at an average grade of 0.62% 178 

nickel (C. Makuni, pers. comm., 2003). The Trojan nickel deposit is hosted by the Upper 179 

Bulawayan Group metavolcanic rocks within the southern flank of the Bindura–Shamva 180 

greenstone belt (Fig. 3A). The basal unit of the greenstone succession overlies the Chinamora 181 

granitoid-gneiss dome along a tectonic contact and is represented by the 2715±15 Ma Iron 182 

Mask Formation (Jelsma et al., 1996), a sequence of calc-alkaline rhyodacitic volcanic and 183 

volcaniclastic rocks that are intercalated with lenses of banded iron formation, chert, 184 

conglomerate, and basalt. The overlying Arcturus Formation hosts the Trojan nickel deposit 185 

and is a sequence of pillowed and massive tholeiitic basalt, komatiitic basalt, ultramafic schist 186 

and serpentinite. The volcanic rocks are intercalated with thin horizons of banded iron 187 

formation, chert, slate, sandstone and marble. The Arcturus Formation is overlain by 188 

siliciclastic metasedimentary rocks of the Shamvaian Supergroup (Hofmann et al., 2002). 189 

Ultramafic rocks that host the nickel mineralization at Trojan Mine (Fig. 3B) have been 190 

interpreted as extrusive komatiitic flows in a consistently N-younging volcano-sedimentary 191 

sequence (Chimimba, 1984; Chimimba and Ncube, 1986; Baglow, 1992). Gravity settling 192 

within the flows has been described as the dominant means of nickel sulfide concentration 193 

with minor remobilization along later shear zones, resulting in localized veins of massive 194 

sulfides (Chimimba, 1984; Chimimba and Ncube, 1986; Maiden et al., 1986). 195 

 196 

Geology and Ni-sulfide mineralization at Trojan Mine 197 

Lithological units and structural-metamorphic history 198 

The lithological units around Trojan Mine form discontinuous blocks with sheared, 199 

discordant contacts and sigmoidal outcrop pattern (Fig. 3; Dirks and Jelsma, 1998; Jelsma and 200 

Dirks, 2000). Table 1 summarizes lithological, mineralogical and structural features of the 201 

rock units. The mineralization is generally associated with cumulate-textured peridotitic to 202 

dunitic rocks, altered to serpentinite, that occur as a horizon of partly overlapping lensoidal 203 

bodies within a metabasalt sequence (Table 1, Fig. 3B). Near the mine site at Cardiff Hill, 204 
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several stacked serpentinite lenses are tectonically intercalated with metasedimentary units 205 

(Fig. 4A). Serpentinite is variably carbonated and silicified. The ultramafic rocks are strongly 206 

schistose near lithological contacts and within the mineralized zones, but massive, coarse-207 

grained and cumulate-textured in the center of ultramafic lenses. They have been considered 208 

as extrusive flows (Chimimba and Ncube, 1986), and their volcanic origin is supported by the 209 

intimate association with metabasalts. However, an intrusive origin as shallow-level sills 210 

cannot be discounted. 211 

Layers and lenses composed of a variety of silicified and sulfide-bearing, highly deformed 212 

metasedimentary rocks (Table 1) are intercalated with the volcanic rocks. Silicified 213 

carbonaceous schist and black chert are confined to the immediate vicinity of ultramafic units 214 

(Fig. 4B). The rocks become less silicic both vertically and laterally away from the ultramafic 215 

rocks. A vein network of sulfides (mostly pyrrhotite) is common in silicified metasedimentary 216 

rocks. 217 

A detailed description of the structural and metamorphic history of the Trojan Mine area 218 

was presented in Dirks and Jelsma (1998) and Jelsma and Dirks (2000). These authors 219 

differentiated 3 major events that affected the greenstone succession. D1 resulted in a 220 

pervasive schistosity (S1) that trends between 040° and 100° and is steeply dipping towards 221 

the NW (Fig. 5A). The intensity of S1 is greatest along an anastomosing network of 1–30 m 222 

wide shear zones hosted by silicified metasedimentary rocks (Fig. 3B). D1 shear zones 223 

preserve mylonitic features and are associated with a shallowly SW-plunging mineral 224 

lineation (L1, Fig. 5B). D1 was associated with a metamorphic event (M1) at lower 225 

amphibolite facies metamorphic grade, with a temperature of ~500°C and a pressure of 3-4 226 

kbar (Dirks and Jelsma, 1998). 227 

D2 gave rise to a second foliation (S2) related to the solid-state emplacement of the 228 

Chinamora granite-gneiss dome south of the mine area (Fig. 2A). S2 is a shallow to moderate 229 

N-dipping, penetrative schistosity and contains a NE-plunging mineral lineation (L2, Fig. 230 

5B). Metamorphism (M2) reached a grade of 565°C and 3.5 kbar at Trojan Mine (Dirks and 231 

Jelsma, 1998). Brittle strike-slip faulting during D3 reactivated D1 shear zones. Faulting was 232 

accompanied by the brecciation of competent units and the infiltration of sulfide and quartz-233 

carbonate veins. 234 

 235 

Structural setting of the ore bodies and mineralization patterns 236 

All nickel ores at Trojan Mine consist of pyrrhotite and pentlandite with lesser amounts of 237 

chalcopyrite, pyrite and, locally, millerite. Disseminated ore (cut-off <0.4% Ni, average 0.6% 238 
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Ni) is pervasive and makes up ~95% of the reserves. The remaining 5% of the reserves are 239 

composed of matrix or net-textured ore (30-40% sulfides, 4% Ni) and massive ore (60-90% 240 

sulfides, 10% Ni). The average Ni/Cu ratio is ~15 (Chimimba, 1984), similar to that in other 241 

komatiite-hosted nickel-sulfide deposits (Naldrett, 2004). 242 

Ore is concentrated in a number of ultramafic bodies separated by sheared sedimentary 243 

units. Ore bodies currently mined include the Main and Hanging Wall ore bodies (Figs. 3B, 6 244 

and 7). The ore bodies as well as the lenses of ultramafic host rock are elongated. Constructed 245 

from mine plans, the average orientations of the long axes of Main, Hanging Wall and Cardiff 246 

South ore bodies parallel one another in a general direction of 320/70 (Fig. 5C), which is 247 

nearly identical to the intersection lineation between the anastomosing S1 orientations and the 248 

primary layering S0 in the area (Fig. 5D). In plan view, the Main Ore Body extends about 249 

100–150 m along strike with a maximum width of 60–100 m. It is situated along two 250 

anastomosing shear zone branches that outline a broad synformal feature (Fig. 7), which has 251 

previously been interpreted as a footwall embayment (Chimimba, 1987). This shear zone is 252 

not a simple planar feature, but consists of a 20–50 m wide zone of anastomosing branches 253 

that envelop lenses of metabasalt, chert, metasediment and feldspathic schist.  254 

The Hanging Wall Ore Body is more irregular and has a strike length of about 200 m (Figs. 255 

6 and 7). It is underlain and separated from the Main Ore Body by a 20–60 m wide shear zone 256 

(Fig. 7) in which lenses of spinifex-textured komatiitic metabasalt, feldspathic schist and 257 

metagabbro are present. In places the shear zones are entirely situated within the ultramafic 258 

rocks and consist of talc-carbonate schist with high proportions of magnetite and thin quartz 259 

veinlets. Small lenses (<2 m long) of footwall schist are locally present within the shear 260 

zones. 261 

Massive ore occurs near the base of the Main, Hanging Wall and Cardiff South ore bodies. 262 

Matrix ore is present as shoots in the Main and Hanging Wall ore bodies. The contacts 263 

between massive, matrix and disseminated ores are sharp and parallel to the foliation. With 264 

the exception of the Footwall 2 Ore Body, massive and matrix ores are generally restricted to 265 

the stratigraphically lower parts of the ultramafic host rock and occur in direct contact with a 266 

strongly silicified metasedimentary unit resembling chert. In the Hanging Wall Ore Body, 267 

massive ore is only present in the extreme west where it overlies silicified sedimentary rock. 268 

Massive ore is absent in places where the sedimentary horizon pinches out (Figs. 6 and 7). 269 

Chimimba and Ncube (1986) reported that the nickel content of disseminated ores 270 

gradually decreases from the stratigraphic base to the top of the ultramafic host rocks. 271 

However, this is an idealized view as, in general, the Ni-content drops off sharply away from 272 
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the basal massive and matrix ores. In detail, Ni and MgO concentrations vary greatly across 273 

ultramafic lenses and change sharply across shear zones. 274 

 275 

Ore environment 276 

Massive ore is represented by banded to massive sulfide intervals conformable with the 277 

principal tectonic fabric and in places transgressing primary igneous layering (Fig. 7A). 278 

Lenses of massive ore contain significant proportions (up to 40%) of footwall 279 

metasedimentary lithologies, carbonate and vein quartz fragments, but no ultramafic host rock 280 

fragments. Many footwall rock fragments, including vein quartz, are well-rounded and 281 

enveloped by foliated sulfide similar to “durchbewegung” structures (Marshall and Gilligan, 282 

1989) indicative of non-coaxial flow. In places, deformed footwall rock fragments with D1 283 

and D2 fabric elements become so abundant that massive ore is more aptly described as 284 

breccia ore. The margins of both massive and breccia ore shoots typically contain sulfide 285 

veins that extend into the adjacent footwall lithologies. These veins are commonly developed 286 

along D3 shear zones. 287 

Massive sulfide ore consists of pyrrhotite with minor chalcopyrite, pyrite and chromite. 288 

Pentlandite occurs as grains and exsolution lamellae in pyrrhotite or as small grains along the 289 

boundaries of larger pyrrhotite crystals. Pentlandite grain aggregates are common and are 290 

elongated parallel to S1 and the contact with the wall rock. The proportion of chalcopyrite is 291 

the highest in the contact zone with the footwall rock and along the margins of wall rock 292 

fragments. The chalcopyrite content also increases in injection veins.  293 

Matrix ore consists of densely disseminated sulfide in an ultramafic host. Pyrrhotite and 294 

pentlandite, which are the main sulfide phases, form aggregates that are commonly banded 295 

parallel to S1. Chalcopyrite occurs in the matrix as small aggregates elongated parallel to S1. 296 

Pyrite occurs as subhedral grains. Magnetite, chromite and carbonate are accessory minerals.  297 

Both the massive and matrix ores are foliated. The foliation is defined by preferred 298 

orientation of silicate fragments in the sulfide matrix and silicate inclusions within pyrrhotite 299 

grains, orientation of pentlandite bands, shape of matrix-pyrrhotite grains, and cleavage 300 

orientation in matrix pyrrhotite and pentlandite grains. Matrix pyrrhotite is generally 301 

granoblastic due to post-kinematic recrystallization. 302 

Disseminated sulfides are intergrown with metamorphic alteration products and are present 303 

in talc-carbonate schist, talc-antigorite schist and massive serpentinite. They frequently occur 304 

as elongated matrix grains or grain aggregates oriented parallel to S1. 305 

 306 
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Ore texture 307 

Silicate-sulfide textures and mineralogy in the ore bodies at Trojan Mine generally reflect 308 

post-magmatic alteration, mobilization and recrystallization processes. Most sulfides in the 309 

metasedimentary schist do not show features consistent with a primary origin. They 310 

commonly form veins parallel to and cutting across foliation planes, and occur in pressure 311 

shadows of metamorphic minerals or in association with ribbon quartz and quartz veins (Fig. 312 

8). Primary sulfides in the form of nodules in metasedimentary rocks are rare and form a 313 

minor part of total sulfide budget at best. The secondary, cross-cutting nature of the sulfides in 314 

the metasedimentary rocks is a common feature on the mine scale, as indicated by orientation 315 

of massive sulfide veins with respect to foliation and stratification of the footwall rocks (Fig. 316 

7).  317 

Sulfide grains in the ultramafic rocks show a variety of textures, but unequivocal evidence 318 

for unrecrystallized, primary, magmatic sulfide has not been observed. Intergrowth of sulfides 319 

with serpentine, talc, tremolite, and chlorite in serpentinized ultramafic rocks is common (Fig. 320 

9A). Some sulfide aggregates in serpentinized dunite occur as cross-cutting veins that were 321 

apparently formed both before and after the serpentinization process (Figs. 9B and 9C). 322 

Sulfides that formed prior to the alteration could represent remobilized primary magmatic 323 

sulfides. Metadunites with relict cumulate texture are common towards the core of the 324 

disseminated ore bodies (Fig. 7). Magnetite frequently rims olivine, now replaced by 325 

serpentine and talc or talc and carbonate, and is commonly intergrown with pyrrhotite and 326 

pentlandite. Sulfide-bearing reaction rims along margins of olivine crystals suggest sulfide 327 

formation during metamorphic processes (Figs. 9D and 9E). Sulfide globules are commonly 328 

aligned along fine cracks both within and interstitial to variably replaced olivine grains likely 329 

indicating secondary origin for these globules (Fig. 9F). 330 

 331 

Timing of sulfide mobilization relative to deformation 332 

Textural evidence indicates sulfide mobility during each deformation stage. Sulfur 333 

mobility during the initial serpentinization process is indicated by the intergrowth of sulfides 334 

and unoriented laths of metamorphic talc, tremolite and antigorite in serpentinite (Fig. 9A). 335 

Metamorphism and serpentinization coincided with the development of the penetrative 336 

regional foliation and network of shear zones during D1, and many nickel sulfide crystals in 337 

disseminated and massive ores are aligned parallel to S1. In metasedimentary schist it is 338 

common to find sulfide patches parallel to S1, such as in asymmetric pressure shadows around 339 
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porphyroclasts and porphyroblasts (Fig. 8B). During progressive folding of the schist, 340 

massive sulfide veins formed parallel to axial planes.  341 

Garnet-bearing schist contains unoriented hornblende patches that are intergrown with 342 

sulfides, reflecting sulfide mobility during D2/M2. Similar relationships exist between sulfides 343 

and unoriented antigorite replacing metamorphic olivine (Chimimba, 1987). Most 344 

deformation textures in massive and matrix ores appear to post-date D2, considering that 345 

blocks of strongly foliated and folded footwall rock fragments and fragments of garnet-346 

bearing schist containing unoriented M2 minerals are common within the massive ores. In 347 

addition, invasion of sulfide into metasandstone is controlled by D3 brittle-ductile faults. 348 

 349 

Analytical procedures 350 

We analyzed major and trace element contents of selected samples. Fresh-rock samples 351 

were reduced with jaw crusher into small chips. Vein-free chips were handpicked, 352 

ultrasonically cleaned and pulverized using an agate mill. Major element concentrations were 353 

measured by XRF spectrometry (Philips X’Unique XRFS) on glass tablets at the School of 354 

Geological Sciences, University of KwaZulu-Natal (UKZN). Accuracy for major elements 355 

was checked against international standard NIM-G and was found to be better than 3%. 356 

Trace elements were measured using a Perkin-Elmer Elan 6100 ICP-MS, also at the School 357 

of Geological Sciences (UKZN), calibrated against primary standard solutions and validated 358 

with certified standard rock materials. 50 mg of sample was dissolved in HF–HNO3 in an 359 

Anton-Paar Multiwave high pressure and temperature microwave digester with 40 minute 360 

digestion time and evaporated to dryness in Teflon beakers before being taken up in 5% HNO3 361 

for analysis. The final solution was topped up to 50 ml for analysis. Internal standards (10 ppb 362 

Rh, In, Re, and Bi) and calibration solutions were prepared from certified single and multi-363 

element standard solutions. Quality of data was monitored using the international standards 364 

BCR-1, BHVO-1 and BIR-1. For this analysis, precision was better than 5% except for Sc, V 365 

and Sr (better than 7%), on the basis of four repeat analysis of BCR-1. Accuracy was better 366 

than 15% for most elements except for V, Ni and Cu (better than 25%) and Cr and Zn (better 367 

than 35%). Lower limit of detection was typically well below 0.1 ppm for rare earth elements 368 

and below 1 ppm for all other elements except for Cu (below 2.5 ppm) and Zn (below 3.7 369 

ppm). One sample (ZTR-1) was analyzed using a Fisons PQ2+ ICP-MS at the University of 370 

Queensland, Australia (see Bolhar et al., 2005 for analytical methods and details on accuracy 371 

and precision). 372 
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Sulfur isotope ratios were determined at the Geophysical Laboratory, using technique 373 

described by Hu et al. (2003) and under the same analytical conditions as described in 374 

Hofmann et al. (2009). The sulfur isotope compositions are reported with respect to VCDT. 375 

The intralaboratory precision for δ34S, δ33S, and Δ33S values based on multiple S isotope 376 

analysis of CDT material and internal laboratory standards (Maine Light and Alpha Aesar 377 

pyrite) is better than 0.34, 0.19, and 0.03‰, respectively. Iron isotope and chemical analyses 378 

of sulfides were performed on the same aliquots of mineral separates that were used for S-379 

isotope work. Sulfides were digested in Teflon beakers using concentrated HCl and HNO3 380 

acid mixture and dry residue obtained after evaporation was then dissolved in 6N HCl. A 381 

fraction of the solution was diluted for S, Fe, Cu, Ni, and Zn chemical analyses using high-382 

resolution ICP-MS or ICP-AES at the Pole Spectrometrie Ocean (PSO, Brest). For each 383 

element, instrument sensitivity was calibrated using matrix-matched standard solutions 384 

corresponding to synthetic sulfide matrices. The detection limit was better than 0.01 wt% and 385 

analytical precision was estimated at ~2%. Iron isotope ratios were measured on the Neptune 386 

multi-collector inductively coupled plasma mass-spectrometer (MC-ICP-MS, Thermo Fisher 387 

Scientific; Waltham, MA, USA) operated at the Pole Spectrometrie Ocean (PSO, Brest) 388 

following previously published methods (Rouxel et al., 2005, 2008). The MC-ICP-MS was 389 

operated in a medium-resolution mode, and we used Ni as an internal standard for mass bias 390 

correction. Fe isotope values are reported relative to the international isotopic standard 391 

IRMM-14 using the conventional delta notations. Several georeference materials, including 392 

banded iron-formation (IF-G) and Hawaiian Basalt (BHVO-1) standards, were also measured 393 

and results were similar to previously reported values (Dauphas and Rouxel, 2006). Based on 394 

duplicate chemical purifications and isotope analyses, the long-term external reproducibility is 395 

0.08‰ for δ56Fe and 0.11‰ for δ57Fe values (2 standard deviations). 396 

Ni isotopes were measured by MC-ICP-MS (PSO, Brest) using a double-spike method for 397 

correction of the instrumental mass bias. The experimental and analytical methods are 398 

described in Gueguen et al. (2013). Samples were digested in double-distilled, concentrated 399 

HCl and HNO3. Ni was purified with a two-step column separation procedure using AG1-X8 400 

anionic resin for removal of most Fe, Cu and Zn and a specific resin for Ni (manufactured by 401 

Eichrom) for elution of remaining matrix elements. Prior to loading samples on Ni-spec resin, 402 

a known amount of double-spike solution containing 61Ni and 62Ni isotopes was added to the 403 

samples. 60Ni/58Ni ratios are reported in conventional delta notation using the NIST SRM 986 404 

international standard. Pure NIST SRM 986 standard solution was also analyzed during each 405 

MC-ICP-MS session in a standard-sample-bracketing manner in order to monitor the external 406 
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error. The error associated with Ni isotope analyses is 0.02‰ (2 standard error). It was 407 

calculated from the data for 50 measurement cycles performed on each sample during MC-408 

ICP-MS analysis. The double-spike correction method is based on iterative calculations using 409 

three isotopic ratios (60Ni/58Ni, 61Ni/58Ni, and 62Ni/58Ni) as previously described by Siebert et 410 

al. (2001) for Mo isotopes. We estimate that this number of measurement cycles is necessary 411 

in order to calculate a satisfactory error on samples. 412 

 413 

Geochemistry of metasedimentary horizons at Trojan Mine 414 

Variably silicified and carbonaceous metasedimentary units were analyzed for their major 415 

and trace element contents. These include nine samples of fine-grained siliciclastic rock, 416 

representing metamorphosed shale and siltstone, and two samples of metachert. Some 417 

samples are from surface exposures, while others were collected from the drillcore 35-1-20 418 

that intersected the main ore body (MOB) and the footwall on the 35th level. For this aspect of 419 

our study, samples of metasedimentary rocks with sulfide mineralization were avoided as the 420 

focus was on the composition of the siliciclastic material of the rocks. Results of major and 421 

selected trace element analyses are presented in Table 2. Analytical procedures are described 422 

in the appendix. 423 

Excluding two chert samples, selected element concentrations for the average composition 424 

of the samples of siliciclastic metasedimentary rocks normalized to PAAS (post-Archean 425 

average Australian shale, Taylor and McLennan, 1985) are plotted in Figure 10. Most 426 

elements have concentrations lower than PAAS, possibly due to silicification resulting in 427 

apparent element depletion due to silica dilution, as SiO2 content has a large range with values 428 

as high as 82%. Compared to PAAS (Fig. 10), Al2O3 and TiO2 values are relatively low 429 

(average Al2O3=13.3%). Samples with the highest Al2O3 contents do not necessarily have the 430 

lowest SiO2 contents, as would be expected for siliciclastic sedimentary rocks, again 431 

suggesting that the primary mineralogy has been modified by silicification. Na2O contents are 432 

strongly enriched relative to PAAS, with values as high as 6.9%, indicating albitization. 433 

Transition metals correlate positively with each other and with Fe2O3 content and are 434 

generally slightly depleted relative to PAAS, with the exception of Ni, which is slightly 435 

enriched, with values as high as 419 ppm. Base metals are strongly enriched in the sample set, 436 

yielding average values of 212 ppm for Cu, 2841 ppm for Zn and 70 ppm for Pb. 437 

High-field-strength element ratios show a moderate range of variation (Nb/Ta=9–14.4; 438 

Zr/Hf=38–42; Th/U=1.1–6.3), which possibly suggests contributions from compositionally 439 

different sources, but they are generally close to the chondritic values, suggesting no 440 
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significant fractionation as a result of metasomatic or hydrothermal processes during 441 

silicification (Bau, 1996). ΣREE contents range widely from 46 to 430 ppm and are on 442 

average higher than that for PAAS (Fig. 10). There is a moderate positive correlation with 443 

P2O5 content (R2=0.58), suggesting a possible control by detrital minerals such as monazite. 444 

All samples show LREE enrichment (average LaN/SmN=3.81; Fig. 11), while the HREE are 445 

relatively unfractionated (average GdN/YbN=1.36). Both negative and positive Eu anomalies 446 

(Eu/Eu*=0.64-1.99) are present in the sample set. 447 

Useful and widely employed proxies for the bulk composition of the provenance are the 448 

Cr/Th and Th/Sc ratios (Condie and Wronkiewicz, 1990; McLennan and Taylor, 1991). The 449 

average Cr/Th ratio of 14.6 and Th/Sc ratio of 0.6 for the siliciclastic metasediments in our 450 

study suggest a source of intermediate to felsic composition. A comparison with geochemical 451 

data (Tomschi, 1987; Jelsma, 1993) for rhyodacite of the Iron Mask Formation and basalt of 452 

the Arcturus Formation, both in terms of REE systematics and Cr/Th ratios (Figs. 11 and 12), 453 

suggests that a major proportion of the clastic material was derived from a source that may 454 

have had a composition intermediate between the two end members. However, this source is 455 

unlikely to represent a simple mix of the two lithologies as a result of erosion. An 456 

intermediate to felsic volcanic source is also indicated by a large proportion of felsic volcanic 457 

detritus in metasandstone intercalated with the metashale. However, difference in composition 458 

between the metasedimentary rocks and rhyodacite of the Iron Mask Formation (e.g., the 459 

latter have strongly fractionated HREE, see Fig. 11) makes it unlikely that felsic material was 460 

simply derived from erosion of stratigraphically underlying rocks. Instead, synsedimentary 461 

volcanism providing pyroclastic material of intermediate to felsic volcanic composition seems 462 

more likely. Contemporary mafic and felsic volcanism has been reported from several 463 

greenstone belts that host Ni-sulfide deposits (Barrie, 1999; Trofimovs et al., 2004).  464 

The chert samples consist predominantly of SiO2 and Fe2O3 and likely represent either 465 

exhalites precipitated at the seafloor or replacement products of siliciclastic sediments. 466 

Replacement may have taken place near the sediment-water interface shortly after deposition 467 

during hydrothermal activity and silicification, or during later episodes of hydrothermal 468 

alteration. Trace element ratios and REE patterns of the cherts are very similar to those of the 469 

clastic rocks, suggesting that they do contain minor amounts of compositionally similar 470 

detrital material. 471 

 472 

Multiple S, Fe and Ni isotope systematics  473 
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A recent study of several komatiite-hosted Ni deposits from Western Australia (Yilgarn 474 

craton) and Canada (Abitibi greenstone belt, Superior craton) using multiple isotopes of sulfur 475 

(Δ33S, δ34S) and iron isotopes (δ56Fe) has confirmed previous inferences that S is 476 

predominantly derived from crustal sources (Bekker et al., 2009; Hiebert et al., 2012). A 477 

sedimentary source was also indicated for some Archean Ni-Cu-(PGE) sulfide deposits in 478 

mafic-ultramafic intrusions of Botswana (Fiorentini et al., 2012) and Finland (Kannunaho et 479 

al., 2013). Mass-independent fractionation (MIF) of S isotopes is defined by non-zero Δ33S 480 

values, where Δ33S ≈ δ33S - 0.515*δ34S (Hulston and Thode, 1965), and accompanies SO2 481 

photolysis under ultraviolet radiation (Farquhar et al., 2001). MIF of S isotopes in Archean 482 

sulfides and sulfates has been attributed to the absence of an ozone shield in the anoxic 483 

Archean atmosphere (Farquhar et al., 2000; Pavlov and Kasting, 2002; Bekker et al., 2004). 484 

Multiple S isotope analysis thus allows differentiation between S with Δ33S ≠ 0‰ that passed 485 

through the Archean atmosphere and magmatic S with Δ33S = 0‰. Bekker et al. (2009) 486 

observed both negative and positive Δ33S values of Ni-bearing sulfide ore. For several 487 

deposits these values were similar to those of base-metal barren massive sulfides and sulfidic 488 

shales present in the footwall of the ore bodies. The sulfur in the Ni ores was interpreted by 489 

the authors to have likely been derived from the footwall sedimentary sulfides. 490 

Fe isotope fractionation occurs during redox changes, fluid-mineral interactions and 491 

biological processes (e.g. Anbar and Rouxel, 2007; Johnson et al., 2008). While igneous and 492 

siliciclastic sedimentary rocks have near-zero δ56Fe values that cluster at 0.1‰ relative to the 493 

IRMM-14 standard, iron sulfides in Archean black shales, and volcanogenic massive sulfides 494 

of various ages systematically show negative iron isotope values as low as -3.2‰ (Rouxel et 495 

al., 2005, unpubl. data). In contrast, banded iron formations generally yield more positive 496 

δ56Fe values up to 1.8‰, although distinct Fe isotope compositions are observed depending on 497 

Fe-bearing minerals, such as Fe-carbonate, magnetite or hematite (Johnson et al., 2008; 498 

Planavsky et al., 2012). Bekker et al. (2009) reported iron isotope composition of Archean 499 

komatiite-hosted Ni sulfides of the Yilgarn and Superior cratons to be close to 0‰, suggesting 500 

a predominantly magmatic source of iron in the sulfides.   501 

To date, Ni stable isotope studies were mainly applied to cosmochemical processes 502 

(Moynier et al., 2007; Cook et al., 2008), with only few studies (Cameron et al., 2009; 503 

Tanimizu and Hirata, 2006) dealing with Ni isotope systematics of terrestrial rocks. Recently, 504 

Gueguen et al. (2013) estimated the bulk silicate Earth δ
60/58

Ni value to be around +0.05 ± 505 

0.05‰ relative to SRM 986 standard. Recently reported δ
60/58

Ni values of komatiite-hosted 506 

Ni-rich sulfides from the Agnew-Wiluna greenstone belt in western Australia and the Abitibi 507 
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greenstone belt in Canada vary from -0.10 to -1.03 ± 0.03‰, which indicates significant 508 

abiotic fractionations at high temperature in magmatic systems (Gueguen et al., 2013). 509 

Sulfide mineral separates of selected samples were subjected to multiple S, Fe and Ni 510 

isotope analyses. Analytical procedures are fully described in the appendix. 511 

 512 

Trojan Mine 513 

We separated sulfides from 11 samples from drillcore 35-1-20. Samples include sediment-514 

hosted sulfide and sulfide from massive, net-textured and disseminated ore (Table 3). Sulfides 515 

show δ34S values from -0.1 to 4.1‰ (Fig. 13A). All samples have a MIF signal with Δ33S 516 

values ranging from 0.58 to 1.12‰. The metasedimentary sulfides have the highest δ34S and 517 

the lowest Δ33S values. The ore sulfides have relatively constant Δ33S values irrespective of 518 

mineralization type. δ34S and Δ33S values of the metasedimentary sulfides and some ore 519 

sulfide samples show an apparent negative linear correlation. Iron isotope values of ore 520 

sulfides (Fig. 14) show a narrow range of δ56Fe values from -0.28 to 0.07‰ with the average 521 

of -0.11‰, which is slightly lower than that for Eoarchean peridotites (Dauphas et al., 2009) 522 

and fertile upper-mantle derived from measurements of modern peridotites (Weyer and Ionov, 523 

2007) and defined at ~0.02‰. The metasedimentary sulfides have the lowest δ56Fe values 524 

ranging between -1.36 and -1.52‰, which are within the range of δ56Fe values of Neoarchean 525 

sedimentary sulfides in metashales that have highly negative Fe isotope values (e.g., Rouxel 526 

et al., 2005).  527 

Nickel isotope values of massive and net-textured ore samples from Trojan Mine display a 528 

restricted range of negative δ60/58Ni values from -0.23 to -0.43‰ (Table 3) with the average 529 

value of -0.38‰ within the range of, albeit less variable than, values for komatiite-hosted Ni-530 

sulfides reported by Gueguen et al. (2013). 531 

 532 

Shangani Mine 533 

We separated sulfides from 9 samples of hand specimens and the drillcore 855/50W/2. 534 

Samples include sulfides from massive and net-textured ore from the Main Ore Body, 535 

disseminated sulfides, mainly present in carbonate veins in talcose serpentinite from the Main 536 

Ore Body, and pyrite nodules from carbonaceous shale associated with the Far West Ore 537 

Body (Table 3). The sedimentary pyrites in carbonaceous shale have the highest δ34S (3.8 to 538 

5.1‰) and Δ33S (1.8‰) values (Fig. 13A), while δ56Fe values show systematic enrichment in 539 

light isotope and are as low as -1.4‰ (Fig. 14). Disseminated sulfides in carbonate veins in 540 

talcose serpentinite as well as samples of net-textured ore have δ34S values ranging from 0.8 541 
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to 2.8‰, with the average Δ33S value of 0.7‰, and δ56Fe values of -0.75 to 0.58‰. Δ33S 542 

values of massive ore are within the range of mass-dependent fractionation of sulfur isotopes 543 

(0.0 ± 0.2‰, Farquhar and Wing, 2003), and have δ34S and δ56Fe values of 0.9 to 1.3‰ and 544 

0.25 to 0.26‰, respectively. Only one Ni isotope analysis of the net-textured ore from 545 

Shangani Mine has been performed and it yielded a δ60/58Ni value of -0.47‰, which is similar 546 

to that for ore samples from Trojan Mine. 547 

 548 

Discussion 549 

When considering the genesis of the Trojan and Shangani nickel deposits it is important to 550 

differentiate between primary magmatic and secondary metamorphic–hydrothermal 551 

processes. Previously, the preferred model for the Trojan and Shangani deposits has been one 552 

in which gravity settling of sulfides in ultramafic flows resulted in nickel concentration 553 

towards the footwall of the flows, with massive sulfides forming in depressions. It was 554 

thought that the effect of structural-metamorphic processes during subsequent events was 555 

limited to minor remobilization (Chimimba and Ncube, 1986). Considering the complex 556 

deformation and alteration experienced by the rocks in the Trojan and Shangani mine areas, it 557 

is necessary to explore to what extent other processes may have affected the distribution and 558 

grade of Ni sulfide mineralization. Although both deposits share a similar geological history, 559 

we focus our discussion on Trojan Mine for which more data are currently available. 560 

 561 

Gravity settling of sulfide melt vs. secondary hydrothermal processes 562 

According to Chimimba (1984), the main observations supporting a magmatic origin of the 563 

sulfides include the presence of intercumulus sulfides in matrix ore, the basal position of 564 

massive and matrix ore and the ordered sequence of massive, matrix and disseminated ore 565 

upwards from the footwall of the mineralized serpentinite bodies. However, the following 566 

observations argue against a simple gravity-settling model: 567 

1) Although whole-rock Ni-content profiles in disseminated ore are gradual (Chimimba 568 

and Ncube, 1986), sudden changes in Ni-sulfide content can be present between the different 569 

ore zones and may testify to tectonic disturbance, as shear zones have been observed at the 570 

contact between the disseminated ore and the underlying more massive ore. In fact, when 571 

disseminated ore overlies a massive sulfide layer, a barren, 2-3 m wide zone is usually 572 

developed (Chimimba and Ncube, 1986). 573 

2) The Ni-content in most of the ore bodies increases from the stratigraphic top to the 574 

bottom. The conspicuous exception to this rule is the Footwall No. 2 Ore Body (FW2OB) 575 
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immediately north of the summit of Cardiff Hill (Fig. 3B). This ore body, which was mined to 576 

the 3rd level before it became erratic, occurs in the hanging wall of an ultramafic lens. Its 577 

position has been explained by a synclinal fold that overturned the stratigraphy around the ore 578 

body (see Fig. 6), but the existence of this fold structure conflicts with an apparent lack of 579 

younging reversals to the east of the fold (Fig. 6). Consequently, the nickel sulfide enrichment 580 

of the FW2OB cannot be attributed to simple orthomagmatic processes. 581 

3) The distribution of disseminated ore of the MOB is irregular and cuts through 582 

lithological contacts (Fig. 7A).  583 

4) The deformation textures observed in schist horizons indicate high strain. Consequently, 584 

the current arrangement of lithologies bears little resemblance to the original stratigraphy and 585 

existing geometries cannot be unequivocally used to infer "depressions" responsible for the 586 

distribution of massive ore. 587 

5) Fleet and Pan (1994) pointed out that Ni and Cu contents and their ratios in massive and 588 

disseminated ores at Trojan and Shangani mines are inconsistent with segregation of an 589 

immiscible sulfide liquid and may instead be related to subsolidus sulfide-silicate alteration 590 

reactions. 591 

6) Although sulfides are recorded in interstitial position in matrix ore, a relation generally 592 

interpreted as primary magmatic, these sulfides are intergrown with metamorphic silicates 593 

(Fig. 9A). This means that such textures are not genuinely primary, but at least underwent 594 

modification during metamorphism. 595 

7) Metasedimentary schists represent volcaniclastic deposits of intermediate to felsic 596 

composition that have been affected by synsedimentary hydrothermal processes resulting in 597 

base-metal enrichment as well as by metasomatic processes including silicification and 598 

albitization. They are more silicious and carbonaceous adjacent to mineralized ultramafic 599 

units in comparison with those associated with metabasalt. Silica is mobile during 600 

serpentinization of ultramafic rocks (e.g., Frost and Beard, 2007) and may have migrated from 601 

the ultramafic rocks into the adjacent sedimentary horizons upon shearing. Massive and near-602 

massive nickel sulfide ore bodies only occur in direct contact with chert and silicified, 603 

carbonaceous metasedimentary schist enriched in sulfide. The content of sulfide and 604 

carbonaceous matter are commonly correlated in organic matter-rich shales (e.g., Morse and 605 

Berner, 1995), which might explain why economic mineralization in ultramafic bodies is 606 

present only in the vicinity of highly sulfidic and carbonaceous shales. This could indicate 607 

that ore bodies developed only in the vicinity of black sulfidic shales due to crustal 608 

assimilation. Alternatively, it is conceivable that sulfur, derived from the breakdown reaction 609 
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of pyrite into pyrrhotite in carbonaceous shale at lower-amphibolite facies conditions (Craig 610 

and Vokes, 1993; Tomkins, 2010), may have entered the ultramafic rocks with hydrothermal 611 

fluids channeled along shear zones bounding the ultramafic bodies. This process would also 612 

require Ni liberation from the ultramafic rocks during serpentinization and their subsequent 613 

migration into ore horizons. 614 

 615 

Structural vs. stratigraphic controls on ore body geometry 616 

The complicated intercalation of basalt, ultramafic rocks and metasedimentary units is not 617 

an original volcano-sedimentary stratigraphy. Many lithological contacts in the area are 618 

strongly sheared. In addition, the siliceous schists are not primary chemical sedimentary 619 

deposits but strongly silicified and sheared metasedimentary rocks.  620 

An important indication that structural-metamorphic processes played a role in the 621 

mobilization of the nickel ore deposit at Trojan Mine is the linear nature of the ore bodies and 622 

lensoidal geometry of ultramafic host rocks parallel to the S0/S1 intersection lineation (Fig. 623 

5D). A similar relationship exists at Shangani Mine (Dirks and Sithole, 1996) and has also 624 

been described from other deposits in Western Australia (e.g., Barrett et al., 1977, Gresham 625 

and Loftus-Hills, 1981). To explain this alignment, it has been suggested that the linear nature 626 

of ore bodies reflects the shape of volcanic flow channels and that massive sulfide deposits 627 

are responsible for strength heterogeneity in the crust localizing strain (e.g., Gresham and 628 

Loftus-Hills, 1981). Although such linear flow channels may have existed, it appears highly 629 

unlikely that they are, almost as a rule, parallel to the orientation of peak-metamorphic linear 630 

deformation features of regional significance. Regarding Trojan Mine, this means that the 631 

intersection lineation, which is identical in a large area around the mine, cannot possibly be 632 

dictated by relatively small linear bodies that occur within the sequence, and it is much more 633 

likely that the linear nature of the ore bodies and the host ultramafic rocks resulted from 634 

regional tectonics. An alternative suggestion that ore bodies may have rotated to be parallel 635 

with the regional strain (e.g., Lacroix and Darling, 1991) is also unlikely. First, to attain the 636 

near perfect alignment, very high penetrative strain is required, yet not recorded. Second, high 637 

strain would align the ore bodies with the direction of maximum elongation (L1), which in the 638 

Trojan Mine area is plunging shallowly to the SW (Fig. 5B), yet the ore bodies dip steeply 639 

NW parallel to the S0-S1 intersection lineation (Fig. 5C). For these reasons it is compelling 640 

that the linear nature of the ore bodies and their host rocks has a structural-metamorphic 641 

origin. 642 

 643 
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Hydrothermal control on sulfide mineralization at Trojan Mine 644 

The area around Trojan Mine has been strongly deformed during several phases of 645 

deformation. Extensive metamorphic reworking of the ultramafic rocks has likely taken place. 646 

It is possible that reworking was associated with remobilization of Ni and S, resulting in a 647 

hydrothermal control over ore formation. Faults represent zones of high permeability and act 648 

as conduits for hydrothermal fluids. There is abundant evidence for hydrothermal activity 649 

within the metasedimentary units that were preferentially affected by shearing. Deformation 650 

increased permeability of massive ultramafic bodies and may have allowed a pervasive 651 

hydrothermal fluid circulation, intense water-rock interaction and enhanced serpentinization. 652 

In contrast to Cr, Ni in ultramafic rocks can be mobile during hydrothermal alteration, such as 653 

silicification (Hofmann and Harris, 2008), and is liberated from olivine during 654 

serpentinization (e.g., Eckstrand, 1975; Donaldson, 1981). Sulfur could have been sourced 655 

from pyrite breakdown in sulfidic shales, entered altered volcanic rocks along shear zones and 656 

preferentially scavenged siderophile elements, such as Ni and Fe. Ore shoots developed along 657 

structural features controlled by thrusting of the greenstone sequences, coaxial to the σ3 658 

direction characterized by a pervasive regional mineral lineation. During subsequent 659 

deformation and metamorphic events related to gneiss doming and strike-slip shearing, ore 660 

bodies were rotated and reoriented. Locally, massive sulfide ore bodies were extensively 661 

reworked, resulting in injection veins into footwall rocks and brecciated ores. 662 

The problem with a hydrothermal-metamorphic origin for nickel sulfide mineralization is 663 

the role of primary sulfides in ultramafic rocks. Were primary disseminated sulfides present in 664 

the ultramafic rocks and were subsequently upgraded and remobilized by hydrothermal and 665 

metamorphic processes? Did disseminated sulfides form by secondary, hydrothermal and 666 

metamorphic processes? Did a combination of these processes take place? Multiple sulfur and 667 

iron isotope data help to differentiate between igneous and sedimentary sulfur sources as well 668 

as low- and high-temperature processes (Bekker et al., 2009). We therefore further explore 669 

below the question whether these proxies, in combination with Ni isotopes, can help to 670 

differentiate between a hydrothermal-metamorphic and orthomagmatic control on Ni sulfide 671 

mineralization. 672 

 673 

Constraints from multiple S, Fe and Ni isotope analyses 674 

We consider that the distinct MIF signal of samples from Trojan Mine (Fig. 13) suggests 675 

derivation of sulfur from crustal, sedimentary sources. Positive Δ33S values suggest that sulfur 676 

was most likely derived from disseminated pyrite in shale, which commonly have highly 677 
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positive Δ33S values in Neoarchean sedimentary successions (e.g., Farquhar and Wing, 2005; 678 

Ono et al., 2009). The sulfides in shales at Trojan Mine are predominantly secondary in 679 

origin, and were formed by sulfur remobilization. Interestingly, they have lower Δ33S values 680 

compared to the ore sulfides, which may indicate that secondary sulfide in the shale was 681 

derived from a mixture of sources, possibly also including sulfur with negative and even zero 682 

Δ33S values. 683 

MDF of S isotopes of massive ore from Shangani Mine most likely suggests a magmatic 684 

source of the sulfur as sedimentary to early diagenetic sulfides in associated metashales show 685 

distinctly positive Δ33S values. Alternatively, it might suggest crustal assimilation and 686 

subsequent sulfur isotope homogenization in a large crustally-derived sulfur reservoir, 687 

removing mass-independent fractionation of sulfur isotopes unique to a particular lithology 688 

(Fiorentini et al., 2012). In contrast, the S isotope values of sulfides in veins in talcose 689 

serpentinite and in net-textured ore appear to lie on a mixing line between magmatic and 690 

sedimentary end-members, suggesting a contribution of both. 691 

The small range of iron isotope values in ore sulfides from Trojan Mine suggests that, in 692 

contrast to sulfur, most of iron could have been derived from magmatic sources (cf. Hiebert et 693 

al., 2013). As recently discussed by Craddock and Dauphas (2011), ultramafic and mafic 694 

rocks have an iron isotopic composition similar to that in chondrites (–0.01 ± 0.01‰) and 695 

different from that in more evolved and differentiated rocks. Hence, our results suggest Fe 696 

isotope fractionation of less than 0.2‰ between Ni-sulfides and silicates by high-temperature 697 

magmatic processes, which is consistent with previous studies (Schuessler et al., 2007). Fe 698 

isotope data for secondary sulfides in the metashales and metagraywackes cluster at -1.45‰ 699 

(Fig. 14) suggesting that they were derived from either sedimentary or hydrothermal sulfides 700 

remobilized on the scale of their hosting units during deformation and metamorphism. 701 

Although negative δ56Fe values in sedimentary pyrite have been previously interpreted as 702 

reflecting microbial Fe reduction (e.g., Archer and Vance, 2006; Severmann et al., 2008), it is 703 

now widely accepted that abiotic Fe-sulfide precipitation in aqueous systems, both in 704 

sedimentary and hydrothermal settings, produces Fe isotope fractionations of up to ~1.5‰, 705 

with light Fe isotopes being enriched in Fe-sulfide relative to Fe2+
aq (Butler et al., 2005; 706 

Polyakov et al., 2007; Rouxel et al., 2008; Bennett et al., 2009; Guilbaud et al., 2011). 707 

In contrast, the negative Fe isotope values as low as -1.4‰ for pyrite nodules from shales 708 

in the Shangani Mine area are likely to reflect low-temperature fractionation processes during 709 

sulfide formation during early diagenesis. Although hydrothermal fluid circulation may also 710 
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produce isotopically light pyrite (Rouxel et al., 2008), the distinctly positive Δ33S values in 711 

these pyrites suggest rather a sedimentary origin.  712 

In contrast to slightly negative δ56Fe values of massive ore from Trojan Mine, massive ore 713 

at Shangani Mine has positive δ56Fe values of around 0.25‰. Although we currently lack 714 

experimental constraints, such difference can be explained by the different mineralogy of the 715 

ore deposits. The Shangani Mine ore samples investigated in this study are essentially 716 

composed of chalcopyrite, while only pyrrhotite-pentlandite assemblages were analyzed from 717 

Trojan Mine. As discussed by Rouxel et al. (2008), it is likely that the equilibrium Fe isotope 718 

fractionation between chalcopyrite and Fe2+ in either aqueous or melt phase is slightly 719 

positive, yielding more positive δ56Fe values for chalcopyrite. Iron isotope values of 720 

disseminated sulfides in serpentinite show a narrow range of δ56Fe values between -0.10 and 721 

0.04‰ with the exception of two outliers with -0.75‰ and 0.58‰ values. The narrow range 722 

can be explained by iron isotope fractionation between sulfides and silicates in a magmatic 723 

system, while the two outliers might reflect composition of sulfide xenomelt formed by 724 

assimilation of crustal lithologies that was not completely homogenized with the magma. 725 

However, there is no correlation between the values of MIF of S isotopes and Fe isotope 726 

values as would be expected if both Fe and S were derived from crustal (sedimentary) source. 727 

In modern seafloor-basalt weathering environments, hydrothermal alteration may release iron 728 

with negative iron isotope values, leaving altered rocks enriched in heavy isotopes (Rouxel et 729 

al., 2003). Hence, Fe mobility during hydrothermal alteration might be responsible for these 730 

two outliers having both negative and positive δ56Fe values. In addition, there is also negative 731 

iron isotope fractionation during precipitation of sulfides from cooling hydrothermal fluids 732 

(e.g., Rouxel et al., 2005). These two processes can explain the highly negative iron isotope 733 

value in the talcose serpentinite. The positive iron isotope value in the net-textured 734 

serpentinite might reflect final stages in Rayleigh distillation by either sulfide precipitation 735 

from hydrothermal fluids or iron leaching from ultramafic rocks. Resolution between these 736 

two alternatives requires further detailed study, which is beyond the scope of this paper. 737 

Whole-rock Ni concentrations in sedimentary rocks are typically much lower than in 738 

mantle-derived ultramafic rocks, which are the likely source for Ni in magmatic sulfides. Ni 739 

isotope composition of pyrrhotite-pentlandite ore revealed systematic enrichment in light 740 

isotopes to values as low as -0.47‰ relative to their ultramafic magma source for which we 741 

assumed Ni isotopic composition to be close to the Bulk Silicate Earth value of 0.05 ± 0.05‰ 742 

(Gueguen et al., 2013). δ60/58Ni values for both the Trojan and Shangani mines Ni ores form a 743 

narrow range from -0.47 to -0.28‰, which clearly indicates a unique mechanism responsible 744 
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for this light isotope enrichment. For instance, for the Trojan mine deposit, the average 745 

δ60/58Ni value is -0.38 ‰ (n=5), which is consistent with the negative fractionation of -0.3‰ 746 

between metal and silicate phases obtained by Huh et al. (2009). These authors suggested that 747 

Ni isotope fractionation between these two phases was due to nucleation, growth, and 748 

annealing mechanisms in the experimental setup, leading to significant fractionation of Ni 749 

isotopes at high temperature. These negative values contrast with the strictly positive Ni 750 

isotope composition measured in modern marine metallifereous sediments, such as 751 

ferromanganese crusts and manganese nodules, which varies from +0.36‰ to +1.80‰ 752 

(Gueguen et al., 2013), arguing further against a sedimentary source of Ni in komatiites, in 753 

contrast to S. Although at this stage it is difficult to establish the exact cause of Ni isotope 754 

fractionation in magmatic sulfides due to limited experimental and theoretical studies of this 755 

new isotopic system, the data provide interesting information on Ni isotope behavior under 756 

high-temperature conditions. Specifically, they suggest that there is significant fractionation 757 

of Ni isotopes, even higher than that for Fe isotopes, and that Ni-sulfide (or sulfide melt) 758 

formation produces systematic enrichment in light Ni isotopes with respect to the composition 759 

of silicate melt. 760 

 761 

Can multiple S and Fe isotope data constrain the origin of Ni-sulfide mineralization at Trojan 762 

and Shangani mines? 763 

The presence of mass-independent fractionation of multiple sulfur isotopes in Archean 764 

komatiite-hosted Ni-sulfide deposits implies that the sulfur was previously processed through 765 

the atmosphere and then accumulated on the ocean floor prior to incorporation into the 766 

ultramafic magmas. Several Archean komatiite-hosted Ni-sulfide deposits show mass-767 

independent sulfur isotope fractionation, suggesting incorporation of sulfur from seafloor 768 

hydrothermal sulfide accumulations or sulfidic shales (Bekker et al., 2009; Fiorentini et al., 769 

2012; Hiebert et al., 2013; Kannunaho et al., 2013). Nickel-sulfides of the Kambalda deposit 770 

show only mass-dependent fractionation of sulfur isotopes, which has been explained by 771 

either a magmatic sulfur source or assimilation of multiple crustal sulfur sources, mixing with 772 

mantle-derived sulfur and sulfur homogenization removing a mass-independent signal 773 

(Bekker et al., 2009). On the scale of a single ore body, assimilation of sedimentary or 774 

seafloor, hydrothermal sulfides by thermal erosion in a lava channel and mixing with 775 

magmatic sulfur in the turbulent flow, followed by gravitational settling of sulfides upon lava 776 

ponding should lead to a relatively homogeneous isotopic composition of sulfides. In contrast, 777 

sulfidization with sulfur derived from sedimentary sources via hydrothermal fluid circulation 778 
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should result in a more heterogeneous sulfur isotope composition of Ni sulfides with sulfides 779 

in and close to shear zones (fluid conduits) and sedimentary units having values reflecting a 780 

post-magmatic source of S derived from the hosting sedimentary succession. Similarly, iron 781 

and nickel isotope values can be used to test between the orthomagmatic and hydrothermal 782 

models. If Ni-sulfides formed in an isotopic equilibrium with silicate melt in a high-783 

temperature magmatic system, iron and nickel isotope values of unaltered olivine and sulfide 784 

should reflect limited fractionation under high-temperature conditions and the mantle source 785 

of metals. Alternatively, if hydrothermal processes led to formation of Ni sulfides, they will 786 

not be in high-temperature equilibrium with adjacent silicates and will likely show a larger 787 

range of iron and nickel isotope values depending on pathways and kinetics of sulfide 788 

precipitation (Rouxel et al., 2008) as well as redox transformations and low-temperature 789 

fractionations among minerals and with fluids. 790 

Sulfides in metasedimentary rocks at Trojan and Shangani mines show distinctly positive 791 

Δ33S values. Early diagenetic pyrite nodules in ca. 2.7 Ga organic matter-rich shales from 792 

different greenstone belts in Zimbabwe (Bekker et al., 2008) carry predominantly negative 793 

Δ33S values, likely reflecting seawater sulfate reduction in sediments during diagenesis or in 794 

the water column. They occur in a matrix of shale with disseminated pyrite having highly 795 

positive Δ33S values, likely inherited from photochemically-produced, reduced S species such 796 

as elemental S (Farquhar and Wing, 2003, 2005; Ono et al., 2009). Sulfides in 797 

metasedimentary rocks at Trojan Mine occur in secondary veinlets, while those at Shangani 798 

Mine are strongly recrystallized. However, their positive Δ33S values strongly suggest that the 799 

precursor sulfides in the sediment were predominantly derived from photochemically-800 

processed elemental sulfur. At both mines, all ore samples that show mass-independent 801 

fractionation have positive Δ33S values, again suggesting that the bulk of the sulfur was 802 

derived from disseminated pyrite that did not form by reduction of seawater sulfate. This is 803 

unlike some other Neoarchean komatiite-hosted Ni-sulfide deposits that have negative Δ33S 804 

values indicating that they may have assimilated sulfur from distal, barren volcanogenic 805 

massive sulfides (e.g., Bekker et al., 2009). The latter sulfides formed by seawater circulation 806 

through hydrothermal systems and seawater sulfate reduction and commonly carry near to 807 

zero or small negative Δ33S values (Farquhar and Wing, 2005; Ueno et al., 2008; Bekker et 808 

al., 2009; Jamieson et al., 2013). 809 

At Shangani Mine, massive ore shows mass-dependent fractionation of sulfur isotopes, 810 

which is most easily attributed to a predominantly magmatic sulfur source. Alternatively, 811 

assimilation and subsequent sulfur isotope homogenization in a large crustally-derived sulfur 812 
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reservoir, erasing mass-independent fractionation of sulfur isotopes might be responsible for 813 

this signal. Adding support to the former interpretation, disseminated sulfides in talcose 814 

serpentinite record evidence for mass-independent fractionation and plot along a mixing line 815 

between sedimentary and massive sulfides (Fig. 13B). It is plausible that the sulfur in the 816 

disseminated ore may represent a mixture of hydrothermally-remobilized magmatic and 817 

sedimentary sulfur. Net-textured ore differs from disseminated ore only in slightly lower δ34S 818 

values, possibly due to mass-dependent equilibrium fractionation among sulfide minerals in 819 

the ore. Iron isotope values of Ni-sulfides show a narrow range consistent with their 820 

predominantly magmatic iron source with the exception of two samples from talcose 821 

serpentinite that were likely strongly affected by Fe remobilization during hydrothermal 822 

activity. 823 

At Trojan Mine, ore sulfides show a restricted range of positive Δ33S values, inconsistent 824 

with a hydrothermal control over sulfide mineralization. Sulfides in metasediments, albeit 825 

secondary in origin, have slightly lower but still positive Δ33S values, which could indicate 826 

that most, if not all, of the sulfur in the ore body was derived from a sedimentary rather than a 827 

magmatic source. Net-textured and disseminated ores and metasedimentary rocks lie on a 828 

distinct trend on the Δ33S vs. δ34S diagram (see Fig. 13A), indicating that during komatiite 829 

emplacement and assimilation of crustal sulfur to reach sulfur saturation sulfur isotope 830 

systematics of crustal source was inherited with little modification (cf. Hiebert et al., 2013). 831 

However, subsequent hydrothermal processes may have led to exchange between adjacent 832 

metasediments and Ni-sulfide in komatiite. As a result of this exchange, S, Ni and possibly 833 

other chalcophile elements (e.g., Cu) were added to the metasediments and, in other cases, 834 

sedimentary sulfur was introduced to komatiite. Iron isotope values of Ni-sulfides from 835 

Trojan Mine have a narrow range suggesting that the iron inventory in komatiite is 836 

predominantly of mantle derivation. 837 

 838 

Conclusions 839 

A combination of petrological, geochemical and structural data for the komatiite-hosted 840 

Trojan and Shangani Ni-deposits in Zimbabwe indicates a complex geological history of ore-841 

forming processes. Both deposits are associated with mineralized serpentinite bodies that 842 

occur in direct contact with sulfidic metasedimentary units. Multiple episodes of deformation 843 

and metamorphism have obliterated primary contact relationships and have modified ore 844 

mineralogy. Lithological contacts have been sheared, sulfide minerals have been remobilized, 845 

and ore bodies have been reoriented, inconsistent with the previously proposed model of 846 
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simple, orthomagmatic nickel-sulfide mineralization. We have however shown that the 847 

combination of multiple S, Fe, and Ni isotope data provides a ‘see-through’ proxy to test 848 

whether magmatic or metamorphic-hydrothermal processes played a major role in ore 849 

genesis. For the Zimbabwean Ni-sulfide deposits described herein, which are generally of 850 

low-grade (0.5 – 0.6% Ni), a magmatic origin with subsequent hydrothermal reworking is 851 

indicated. While massive nickel-sulfides at the Shangani Mine deposit could have formed via 852 

high-temperature magmatic processes without the addition of sedimentary sulfur, assimilation 853 

of crustal sulfur was critical for the origin of net-textured and disseminated ore mineralization 854 

at Trojan Mine. The net-textured and disseminated ore mineralization at Shangani Mine could 855 

have been formed by post-magmatic hydrothermal processes with sulfur derived from a 856 

mixture of magmatic and sedimentary sources. This study indicates that the post-magmatic 857 

geological history of komatiite-hosted nickel-sulfide deposits should not be discounted in 858 

genetic models for mineralization and that metamorphic and hydrothermal processes could be 859 

a controlling factor in the formation and upgrading of low-grade nickel-sulfide deposits in 860 

terrains strongly affected by tectono-metamorphic overprints. 861 
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Figure captions 1135 

 1136 

Fig. 1. Geological map of the Zimbabwe craton showing major nickel deposits. 1137 

 1138 

Fig. 2. (A) Regional geological setting of the Shangani nickel deposit (after Viljoen and 1139 

Bernasconi, 1979). (B) Detailed geology of the Shangani Mineralized Complex (after Viljoen 1140 

and Bernasconi, 1979). (C) Detailed geological map of the southern portion of the Shangani 1141 

Mineralized Complex (after Dirks and Sithole, 1996), showing a much more complex 1142 

geometry for the lobes and stem. SLUC: Shangani Layered Ultramafic Complex. 1143 

 1144 

Fig. 3. (A) Geological map of the southern part of the Bindura-Shamva greenstone belt, 1145 

showing the main lithologies and the orientation of L1 and L2 lineations. Map is modified 1146 

from Baglow (1992). (B) Map of the area around Trojan Mine (modified from Dirks and 1147 

Jelsma, 1998) and cross-section through Cardiff Hill. MOB: Main Ore Body; HWOB: 1148 

Hangingwall Ore Body; CSOB: Cardiff South Ore Body; CEOB: Cardiff East Ore Body; 1149 

FW2OB: Footwall No. 2 Ore Body; CWOB: Cardiff West Ore Body; CFWOB: Cardiff Far 1150 

West Ore Body. 1151 

 1152 

Fig. 4. (A) Boudin of serpentinized ultramafic rock within sheared and sulfide-impregnated 1153 

carbonaceous metashale. (B) Contact between sheared carbonaceous metashale (left) and 1154 

serpentinite (right). A thin unit of carbonaceous metachert is present along the contact 1155 

(center). 1156 

 1157 

Fig. 5. Lower hemisphere stereographic projections of structural data from the Trojan Mine 1158 

area. (A) S0 and S1; (B) L1 and L2; (C) mean orientations of the long axes of ore bodies 1159 

constructed from mine plans (MOB: Main Ore Body, HWOB: Hanging Wall Ore Body, 1160 

CSOB: Cardiff South Ore Body); (D) intersection between average S0 and S1 orientations. 1161 

Note that the ore bodies are parallel to the S0–S1 intersection lineation. 1162 

 1163 

Fig. 6. Geological plan of the 7th level showing the distribution of the main ore bodies 1164 

(modified from Chimimba, 1984). MOB: Main Ore Body; HWOB: Hangingwall Ore Body; 1165 

CSOB: Cardiff South Ore Body; FW2OB: Footwall No. 2 Ore Body; CEOB: Cardiff East Ore 1166 

Body; CFEOB: Cardiff Far East Ore Body. Note that the distribution of the CSOB and the 1167 
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FW2OB along an inferred fold structure (Chimimba, 1984) is inconsistent with younging 1168 

directions to the east as well as subsequent mapping (Fig. 3B). 1169 

 1170 

Fig. 7. Geological plan of the 23/2 (A) and 25/3 (B) levels. MOB: Main Ore Body; HWOB: 1171 

Hangingwall Ore Body. 1172 

 1173 

Fig. 8. Photomicrographs of sulfide-bearing metasedimentary rocks. (A) Crenulated chlorite-1174 

actinolite schist; sulfides (pyrrhotite and minor chalcopyrite) occur within the foliation plane 1175 

(preferentially along fold hinges) and as veins cutting across the crenulations (plane-polarized 1176 

light). (B) Chlorite-actinolite schist; sulfides (mainly pyrrhotite) are irregularly dispersed or 1177 

occur in pressure shadows of actinolite (Act) porphyroblasts (plane-polarized light). (C) Chert 1178 

cut by vein filled with quartz, actinolite and sulfides (pyrrhotite (Po) and chalcopyrite (Ccp); 1179 

plane-polarized light). (D) same as in C (reflected light). 1180 

 1181 

Fig. 9. Photomicrographs (reflected light) of sulfide-bearing ultramafic rocks. (A) Coarse-1182 

grained serpentine and tremolite are intergrown with sulfides (pyrrhotite (Po), pentlandite 1183 

(Pn) and minor chalcopyrite). The sulfides form stringers parallel to S1. (B) Mesh texture of 1184 

serpentinized dunite is cut by a sulfide vein. Sulfide in turn is also cut by magnetite (Mag) 1185 

veins that are parallel to the mesh texture of the surrounding metadunite, suggesting that 1186 

serpentinization and magnetite formation took place after sulfide veining. (C) Mesh texture of 1187 

serpentinized dunite is cut by a sulfide vein with a weak fabric parallel to mesh texture 1188 

indicating that veining took place prior to serpentinization. (D, E) Sulfide-bearing reaction 1189 

rim between serpentinized dunite and massive talc-serpentine rock. (F) Globular sulfide blebs 1190 

both interstitial and within serpentinized olivine. The globules are generally aligned along 1191 

fractures. 1192 

 1193 

Fig. 10. PAAS-normalized distribution of selected major and trace elements of the average 1194 

clastic metasedimentary rock from Trojan Mine. 1195 

 1196 

Fig. 11. Chondrite-normalized REE plots of clastic metasediment and metachert samples from 1197 

the Trojan Mine area as well as the average compositions of rhyodacite of the Iron Mask 1198 

Formation and basalt of the Arcturus Formation. 1199 
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Fig. 12. Cr/Th vs. LaN/YbN diagram showing siliciclastic metasediments (filled circles), 1201 

rhyodacite of the Iron Mask Formation (open squares), and basalt of the Arcturus Formation 1202 

(open triangles). Also shown is the average composition of the Iron Mask Formation 1203 

rhyodacite (filled square) and Arcturus Formation basalt (filled triangle) as well as a mixing 1204 

trajectory between the two end-member compositions in steps of 10%. Note that the Trojan 1205 

Mine samples do not plot near the proposed mixing trajectory, thus not supporting a simple 1206 

mixing relationship between the two potential end-member compositions. 1207 

 1208 

Fig. 13. Plots of Δ33S vs. δ34S values for metasedimentary and ore sulfides from (A) Trojan 1209 

Mine and (B) Shangani Mine. Dashed arrows indicate possible mixing trends. 1210 

 1211 

Fig. 14. Plot of δ34S vs. δ56Fe values for metasedimentary and ore sulfides from Trojan Mine 1212 

(TM) and Shangani Mine (SM). 1213 
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Table 1. Lithological description, mineralogy and structural features of the geological units 1215 

around Trojan Mine. 1216 

Lithology Description Mineralogy Structure 

Tholeiitic 
metabasalt 

Pillowed to massive 
basalt. Pillows (mostly 
~0.5 m in diameter) 
contain carbonate-
quartz-filled vesicles. 
 

Poorly oriented amphibole needles in an aphanitic 
groundmass of plagioclase, chlorite and biotite with 
minor opaques and secondary quartz and carbonate; 
interpillow domains contain coarse-grained 
plagioclase, quartz and carbonate with minor chlorite 
and amphibole. 
 

Massive to foliated. 
Pillows are elongated 
(typical width-to-length 
ratio = 1:3) within the 
foliation plane; elongation 
is highest along 
lithological contacts. 

Metagabbro Massive, 
homogeneous, coarse-
grained rock. 

Pyroxene is replaced by green hornblende embedded 
in a dark-gray aphanitic matrix of plagioclase with 
minor chlorite, actinolite and quartz. 
 

 
Interstratified with 
metabasalt; undeformed. 

Komatiitic 
metabasalt 

Pillowed (<0.5 m in 
diameter) to massive 
rock with local 
spinifex textures. The 
rock is locally 
deformed to talc-
chlorite schist. 
 
 
 

Massive rock consists of poorly oriented tremolite-
actinolite needles, talc, chlorite, variable amounts of 
magnetite and secondary carbonate and quartz. 
Schistose varieties have high talc content. Spinifex 
texture is defined by 2–10 cm long needles of 
pyroxene replaced by tremolite. 

Undeformed to strongly 
schistose. Stretched 
pillows have a maximum 
width-to-length ratio of 
1:3. Schistose zones are 
common along lithological 
contacts, but also occur at 
an angle to stratification. 
 

Ultramafic 
rock 

Serpentinite with 
locally preserved 
cumulate texture; 
pyroxenite occurs at 
the top of some 
ultramafic bodies; the 
primary grain size is 
mostly less than 3 mm. 
 
 
 

Massive serpentinite is composed of antigorite and talc 
with minor metamorphic olivine, tremolite, chromite 
and carbonate. Schist consists of talc, magnesite and 
antigorite, with minor chlorite, tremolite, magnetite 
and chromite. Quartz is locally common along fine 
fractures in magnetite-rich zones.  
Cumulate-textured rock consists of closely packed 
antigorite rimmed by magnetite in a talcose matrix. 
Pyroxene in metapyroxenite is replaced by amphibole 
with minor chlorite and talc. 
 

Massive to strongly 
schistose. 

Silicified 
meta-
sedimentary 
rocks 

A. Various 
metasedimentary 
schists. 
B. Metasandstone 
intercalated with 
metasedimentary 
schist. 
C. Black metachert and 
carbonaceous schist 
associated with 
ultramafic rock. Chert 
is well-layered to 
massive. 
D. Metaconglomerate 
lenses (rare). 
 

A. Graphitic schist (chlorite, sericite, graphite, quartz, 
biotite), chlorite-sericite-quartz-feldspar schist, biotite-
tremolite/actinolite-quartz-feldspar schist, rare lenses 
of biotite-muscovite-cordierite-quartz schist.  
B. Quartz augen (rare sericitized feldspar augen) set in 
a matrix of quartz, plagioclase and biotite. Biotite-
foliation is overgrown by unoriented, radiating 
aggregates of hornblende and up to 1 cm large, 
anhedral garnet. 
C. Metachert consists of quartz with variable amounts 
of graphite, chlorite, sericite and carbonate. 
Carbonaceous schist is composed of quartz with 
variable amounts of aligned hornblende and biotite. 
D. Equal proportions of elongate, hornblende-bearing 
basaltic and quartz-feldspathic fragments embedded in 
a schistose, chlorite-carbonate-rich matrix. 
 

Strongly schistose 
anastomosing horizons 
exhibiting foliation 
truncations, S-C fabrics 
and intense disharmonic 
folding. 

Feldspathic 
schist 

Lensoidal bodies of 
schist associated with 
metasedimentary 
rocks. 

Medium-grained (<3 mm) hornblende intergrown with 
plagioclase with minor matrix quartz, biotite and 
secondary carbonate. Two generations of hornblende 
occur; an early one parallel to the regional foliation 
and a later unoriented one. 

Schistose horizons parallel 
to the regional foliation. 
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TM6.9 TM7.5 TM9.5 TM12.7 ZTR-2 ZTR-3 ZTR-4 ZTR-6 ZTR-7 ZTR-8 ZTR1
shale shale shale shale shale chert shale shale shale shale chert

SiO2 65.65 60.74 61.62 63.37 48.20 88.19 70.05 81.97 73.92 56.02 98.26
TiO2 0.52 0.48 0.44 0.52 0.42 0.02 0.56 0.26 0.46 0.35 0.01
Al2O3 12.42 12.37 15.13 15.62 13.63 0.04 16.89 8.56 11.34 14.08 bd
Fe2O3 8.17 11.84 6.58 1.42 11.60 7.61 0.67 0.58 0.65 1.42 0.37
MnO 0.12 0.15 0.11 0.03 0.05 0.02 0.04 0.02 0.01 0.03 0.01
MgO 1.65 2.13 2.16 2.52 2.23 0.11 0.87 0.48 1.02 9.53 bd
CaO 0.83 1.84 0.96 2.05 2.16 0.10 0.02 0.01 1.77 0.88 0.07
Na2O 5.34 4.13 4.94 1.50 6.94 0.05 0.16 0.18 3.87 4.61 bd
K2O 1.40 1.86 4.14 12.15 0.02 bd 5.49 2.83 0.12 0.03 0.12
P2O5 0.07 0.08 0.08 0.17 0.08 0.03 0.02 0.02 0.04 0.02 bd
LOI 1.56 0.92 2.07 0.69 11.92 0.98 5.49 4.67 6.54 12.55 0.46
Total 97.73 96.55 98.24 100.03 97.25 97.15 100.26 99.58 99.74 99.52 99.3

Sc 12.5 13.1 10.5 8.0 28.2 0.1 6.4 5.5 8.2 6.7 0.1
V 48.6 74.5 86.5 49.5 85.5 0.7 89.4 38.4 44.5 41.5 0.5
Cr 80.4 120.4 78.5 23.9 114.4 0.8 59.4 44.2 54.9 56.1 0.9
Co 26.9 40.5 29.0 3.3 65.5 15.2 0.8 0.2 4.1 8.2 0.9
Ni 93.5 83.9 50.4 7.9 224.5 41.3 20.4 12.3 38.9 419.0 5.5
Cu 196 354 268 145 357 751 22 18 189 361 21
Zn 3639 1695 5191 117 11881 226 60 26 113 2848 17
Rb 59.8 94.2 75.3 160.7 0.4 0.1 98.6 61.4 1.3 0.3 0.1
Sr 109.4 128.6 61.3 233.6 83.2 0.7 11.1 10.8 134.3 64.3 1.2
Y 24.2 20.7 11.8 25.2 20.5 1.3 3.3 4.8 9.1 14.1 1.1
Zr 222.2 168.7 162.4 223.4 110.9 0.4 200.9 100.3 167.3 135.4 2.6
Nb 9.62 5.74 4.96 8.25 4.86 0.03 8.74 5.36 7.23 4.04 0.05
Ba 67 79 286 1486 17 1 318 350 69 28 4
La 20.0 17.2 8.4 34.4 14.3 0.4 2.9 17.3 10.3 13.7 0.4
Ce 41.2 35.3 20.5 66.2 33.6 0.7 4.5 30.2 21.3 24.6 0.9
Pr 5.07 4.34 1.82 6.41 4.35 0.10 0.51 3.19 2.09 3.73 0.12
Nd 20.93 17.80 7.20 23.21 18.26 0.48 1.90 11.94 7.80 15.73 0.50
Sm 4.47 3.86 1.42 4.33 4.26 0.13 0.28 2.11 1.61 3.67 0.11
Eu 1.31 0.98 0.74 1.11 1.74 0.04 0.12 0.40 1.08 1.31 0.06
Gd 4.41 3.78 1.60 4.61 3.97 0.17 0.37 1.74 1.74 3.62 0.14
Tb 0.67 0.56 0.27 0.76 0.62 0.03 0.08 0.21 0.33 0.49 0.02
Dy 4.23 3.48 1.79 4.88 3.76 0.18 0.61 1.12 1.67 2.67 0.15
Ho 0.87 0.71 0.39 0.98 0.74 0.04 0.14 0.20 0.34 0.51 0.04
Er 2.58 2.11 1.23 2.78 2.12 0.12 0.52 0.57 1.03 1.46 0.10
Tm 0.39 0.32 0.20 0.39 0.32 0.02 0.10 0.09 0.16 0.22 0.02
Yb 2.64 2.20 1.40 2.30 2.17 0.11 0.79 0.63 1.45 1.51 0.11
Lu 0.42 0.35 0.24 0.31 0.36 0.02 0.14 0.10 0.22 0.25 0.02
Hf 5.36 4.19 4.19 5.32 2.81 bd 4.91 2.64 4.14 3.43 0.02
Ta 0.69 0.40 0.55 0.57 0.39 bd 0.63 0.40 0.61 0.34 0.00
W 0.21 0.23 1.29 1.08 0.57 0.06 3.27 1.37 1.03 0.50 0.02
Pb 198.5 118.9 123.7 61.2 51.6 332.2 6.7 29.4 16.4 27.4 0.9
Th 5.83 4.61 6.08 7.22 5.22 0.03 2.33 3.92 4.78 8.19 0.01
U 1.85 1.36 2.49 3.20 1.71 0.08 2.22 1.18 1.95 1.31 0.04

Table 2. Major element (in wt. % oxide) and trace element (in ppm) concentrations of metasedimentary rocks from Trojan Mine.

Table2



Table 3. Description of samples used for sulfur, iron and nickel isotope and element concentration analyses and analytical results. Py, pyrite; Ccp, chalcopyrite; Po, pyrrhotite; Pn, pentlandite.

Drillcore Depth (m) Sample # Rock type δ34S* δ33S* Δ33Sln δ56/54Fe δ57/54Fe δ60/58Ni S (wt%)Fe (wt%)Ni (wt%)Cu (wt%)Sulphide type
Trojan Mine

35-1-20 7.5 TM7.5 silicious meta-greywacke 3.5 2.7 0.84 -1.41 -2.12 37.29 59.44 0.04 0.02 2mm layer of Po
35-1-20 9.5 TM9.5 silicious meta-shale 4.1 2.7 0.58 -1.52 -2.24 33.81 54.14 0.05 0.40 Po nodule
35-1-20 10.4 TM10.4 silicious meta-greywacke 4.0 2.6 0.60 -1.36 -2.12 14.38 25.04 0.02 0.15 Po veinlets
35-1-20 20.4 TM20.4 massive ore 2.6 2.4 1.05 0.07 0.14 -0.40 35.52 41.36 16.88 0.51 Po-Pn
35-1-20 20.8 TM20.8 massive ore 1.1 1.5 0.96 0.03 -0.01 -0.39 35.90 42.80 16.44 0.41 Po-Pn
35-1-20 22.55 TM22.55 massive ore 2.7 2.3 0.96 -0.18 -0.26 -0.43 36.78 47.52 8.94 0.62 Po-Pn
35-1-20 25.6 TM25.6 massive ore -0.1 0.9 0.95 -0.22 -0.32 -0.38 36.73 48.02 8.72 0.36 Po-Pn
35-1-20 27.9 TM27.9 massive ore -0.1 0.9 0.95 -0.08 -0.15 37.14 47.98 10.10 0.35 Po-Pn
35-1-20 30.55 TM30.55 massive ore 2.7 2.3 0.97 -0.07 -0.16 36.23 45.03 12.77 0.63 Po-Pn
35-1-20 34.2 TM34.2 net-textured ore, serpentinite 2.4 2.4 1.12 -0.28 -0.44 -0.28 31.89 39.59 15.10 0.03 Po-Pn
35-1-20 37.9 TM37.9 disseminated ore, serpentinite 2.9 2.5 1.01 -0.18 -0.27 14.18 24.55 1.91 0.26 Po
Shangani Mine

hand specimen FWOB-1 carbonaceous shale 5.1 4.4 1.84 -0.25 -0.37 30.07 25.81 0.01 0.00 cubic Py forming nodules
hand specimen FWOB-2 carbonaceous shale 3.8 3.8 1.83 -1.41 -2.09 33.85 51.02 0.11 0.11 cubic Py-Po forming nodules
hand specimen MOB-1 massive ore 0.9 0.5 0.03 0.26 0.42 33.80 29.18 0.25 29.09 Ccp
hand specimen MOB-3 massive ore 1.3 0.7 0.03 0.25 0.34 34.81 30.70 0.22 31.06 Ccp
hand specimen MOB-2 net-textured ore, serpentinite 0.8 1.1 0.69 0.58 0.87 -0.47 32.45 33.47 23.83 0.13 Po-Pn
hand specimen MOB-2B net-textured ore, serpentinite 1.0 1.2 0.68 -0.10 -0.22 34.03 42.41 13.53 0.04 Po-Pn
855/SOW 8.9 855-MOB-8.9 talcose serpentinite 2.2 1.8 0.69 0.04 0.08 7.61 7.18 0.07 0.01 Po in carbonate vein
855/SOW 56.7 MOB-56.7 talcose serpentinite 2.8 2.2 0.73 -0.75 -1.11 31.69 32.98 14.35 0.22 blebs/veinlets of Po-Pn
855/SOW 103 855-MOB-103 talcose serpentinite 2.0 1.7 0.72 -0.02 0.00 33.07 31.03 4.96 1.36 blebs/veinlets of Po-Pn

δ33S* and δ34S* are defined as δxS* = 1,000ln([δxS/1,000] + 1), where x is 33 and 34, respectively (cf. Miller, 2002).
δ33S and δ34S are conventional δ notations with respect to VCDT defined as δxS = 1,000[(xS/32S)sample/(

xS/32S)VCDT - 1],
where x is 33 and 34, respectively.  Δ33Sln ≈ δ33S* - 0.515* δ34S*

Table3




