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  15 

Abstract  16 

In magmatic nickel-copper-platinum-group element (PGE) deposits the PGE are found both 17 

in solid solution in base metal sulfides and as platinum-group minerals (PGM). Apart from 18 

S the most common elements that the PGE combine with to form PGM are Te, As, Bi, Sb 19 

and Sn (TABS). Whether the TABS play a role in collecting the PGE or simply partition into 20 

the sulfide liquid along with the PGE and later combine with PGE when the sulfide phases 21 

become saturated PGE is not currently clear. This is in part because the concentrations of 22 

TABS in the magmas (picrites and basalts from large igneous province and komatiites) 23 

which form these of types of deposits are not well established and hence it is not evident 24 

whether the magmas contain sufficient TABS to control PGE. In order to establish the 25 

concentrations of Te, As, Bi, Sb and Se (TABS+) in these rock types and to document the 26 

processes affecting these concentrations we have determined TABS+ concentrations in 27 

komatiites, in MORB and in picrites and basalts from large igneous provinces. Using TABS+ 28 
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mantle normalized diagrams the affects of; different mantle sources, crystal fractionation, 29 

crustal assimilation, degassing and alteration are considered. We estimate the concentrations 30 

of TABS+ in komatiites to be approximately twice primitive mantle values. In picrites the 31 

concentrations vary from approximately ten times primitive mantle values for As and Sb and 32 

decrease through Bi to Te from seven to two times primitive mantle. 33 

Assimilation of S-bearing sedimentary rocks is thought to be important in triggering sulfide 34 

saturation leading to the formation of Ni-Cu-PGE deposits. Assimilation of such sediments 35 

would enrich the magma in Th over Nb and in As, Sb and Bi. Evidence of assimilation is in 36 

the form of TABS and Th enrichment is clear in the PGE reef deposits of the Bushveld and 37 

Stillwater Complexes, but the deposits do not contain sufficient TABS to control the PGE. 38 

This is also true in the Noril’sk-Talnakh Ni-Cu-PGE deposits. However, at Noril’sk 39 

degassing of the magma has resulted in the loss of TABS which results in negative As, Bi, 40 

Se and Te anomalies on primitive mantle normalized plots.  41 
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basalts, komatiites, MORB, Karoo, Etendeka, Emeishan. 44 
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 46 

Introduction 47 

 Tellurium, As, Bi, Sb and Sn (TABS) are essential components of most platinum-48 

group minerals (PGM) found in magmatic Ni-Cu and platinum-group-element (PGE) 49 

deposits and hence they may play a role in the formation of these deposits. However, to 50 

consider whether they play an active role (i.e. they act as collectors of the PGE; Hanley, 51 

2007; Helmy et al., 2010, 2020; Piña et al., 2015,; Anenburg and Marvogenes, 2016; Cafagna 52 

and Jugo, 2016; Liang et al., 2019; ) or whether their role is passive (i.e. both TABS and 53 

PGE partition from a silicate magma into a sulfide liquid and eventually the sulfide liquid or 54 

sulfide minerals becomes saturated in the PGM; Dare et al., 2014; Liu and Brenan, 2015; 55 

Duran et al., 2017; Mansur et al., 2020a; Mansur and Barnes, 2020a) it is necessary to 56 

estimate their concentrations in the silicate magmas from which the sulfide liquid segregates. 57 

 Most Ni-Cu-PGE deposits are found in association with either komatiites or mafic 58 

magma of large igneous provinces (Barnes and Lightfoot, 2005; Wilson, 2012; Maier et al., 59 

2013; Barnes et al., 2016; Jenkins and Mungall, 2018). However, because of analytical 60 

difficulties there are very few determinations of TABS concentrations in these rock types 61 

(Mansur et al., 2020b). Therefore, we have determined the concentrations of Te, As, Bi Sb 62 

and Se (hereafter abbreviated to TABS+ to include Se) from 116 samples of; picrites and 63 

basalts from large igneous provinces (LIPs), komatiite and MORB. These samples were 64 

selected because they have been previously studied and whole rock major and trace element 65 

(including S, Cu and PGE) contents were already known. 66 

 In this work we show that establishing the initial TABS+ contents of magma that 67 

formed these rock types is complex as these elements are affected by numerous competing 68 

processes. The MORB lavas show that segregation of sulfide liquid leads to strong depletion 69 



of Te, Pd and Pt relative to the other TABS+ and Cu. Contamination with continental crust 70 

enriches the magma in Th, As, Sb and Bi relative to Nb, Cu, Se, Te, Pd and Pt. Degassing 71 

leads to depletion of As, Bi Se and Te relative to Th, Nb, Cu, Sb, Pd and Pt. Alteration leads 72 

to enrichment in As, Sb and Bi. (In this work we use the word alteration to refer to changes 73 

in rock composition brought about by either metamorphism or hydrothermalizm). In order 74 

to separate these processes, we have developed primitive mantle normalized plots on which 75 

the elements are plotted in order of partition coefficient between silicate and sulfide liquid. 76 

We then apply these results to modeling the concentrations of TABS+ in the Bushveld and 77 

Stillwater PGE deposits and to the Ni-Cu-PGE deposits of Noril’sk-Talnalk district. 78 

Materials and Methods 79 

Materials 80 

The samples are: Komatiites from the Abitibi and Belleterre (Canada) and Barberton 81 

(South Africa) Greenstone belts; basalts from the Cape Smith fold belt (Canada); MORB 82 

from, the Hotu seamount, the Garret fracture zone and the South Atlantic Ridge; picrites and 83 

basalts from the Siberian, Emeishan, Etendeka and Karoo LIPs (Fig. 1.) The samples were 84 

chosen because they had been previously investigated to understand their PGE content. More 85 

details on the samples can be found in electronic supplementary materials 1 (App.1). 86 

 87 

Analytical Methods 88 

Tellurium, As, Bi, Sb and Se analyses were carried out by Hydride Generation-89 

Atomic Fluorescence Spectrometry (HG-AFS) following the technique described by Mansur 90 

et al. (2020b), at LabMaTer Université du Québec à Chicoutimi (UQAC). International 91 

reference materials (CH-4 and TDB-1 from Natural Resources Canada and OKUM from 92 

IAGEO), and a blank were determined at the same time as the samples. The detection limits 93 

based on 3σ of the blank are 0.005, 0.003, 0.005, 0.005 and 0.002 ppm for Te, As, Bi, Sb 94 



and Se, respectively. The results for the reference materials agree with working values (App 95 

2 Table A1).  96 

 For most samples, whole-rock analyses were already available in the original 97 

publications. For samples where they were not, the samples were analyzed at LabMaTer, 98 

(UQAC) by LA-ICP-MS details in Appendix 1 The certified reference materials OKUM, 99 

KPT-1 (IAG reference materials), WPR-1 (CANMET) and UB-N (CNRS-CRPG), were 100 

used to monitor the results. The results obtained for the reference materials agree with the 101 

working values (App 2, Table A2). 102 

Rational for the use of primitive mantle normalized plots 103 

The data is presented on primitive mantle normalized diagrams. The mantle 104 

normalization factors used were those of Lyubetskaya and Korenaga (2007). Wang et al. 105 

(2018) provide more recent estimations based on a combination of Lyubetskaya and 106 

Korenaga (2007), McDonough and Arevalo (2008) and Palme and O’Neil (2014) and a 107 

statistical approach to minimize errors. Estimations of the concentrations of TABS+ in the 108 

primitive mantle are poorly constrained because of the many processes affecting their 109 

distribution and analytical difficulties. The concentrations of As, Sb and Bi in these 110 

publications are based on the ratios of these elements to Pb or Ce in ocean floor basalts and 111 

concentrations of Se and Te are based on the ratio of these elements to S in CI chondrites. 112 

Wang’s et al. (2018) estimations are within error the same as those of Lyubetskaya and 113 

Korenaga (2007) for the elements considered here and the shape and level of the patterns 114 

presented would not significantly change if Wang et al.’s (2018) values were used.  115 

In the crust and mantle the TABS+ behave as chalcophile elements (i.e. they partition 116 

into base metal sulfide liquid and minerals; Hattori et al., 2002; Patten et al., 2013; Brenan, 117 

2015; Li and Audétat, 2015; Liu and Brenan, 2015; Greaney et al., 2017). Therefore, during 118 



partial melting of the mantle the presence of sulfides in the restite may deplete the magma 119 

in TABS+, and the segregation of a sulfide liquid during transport of crystallization will have 120 

a similar effect. However, the TABS+ are not equally chalcophile. Arsenic and Sb are 121 

slightly chalcophile (DSulf liq/Sil liq <10), Bi, Se and Cu are strongly chalcophile (D Sulf liq/Sil liq 122 

from 100 to 1000) and Te is highly chalcophile (D Sulf liq/Sil liq >1000) (Barnes, 2016 and 123 

references therein). Thus, the TABS+ may be fractionated from each other by segregation 124 

of a sulfide liquid. In order to assess the effect of sulfide liquid segregation or sulfide liquid 125 

accumulation the elements are arranged in order of partition coefficient into a sulfide liquid 126 

(Fig. 2A).  127 

Sulfides are not always present during partial melting and crystallization, which is 128 

important because the TABS+ are incompatible with most mafic minerals (Kamenetsky and 129 

Eggins, 2012; Jenner and O’Neill, 2012; Maciag and Brenan, 2020; Mansur and Barnes, 130 

2020b) and thus should correlate with lithophile incompatible elements. To take into 131 

consideration the effects of degree of partial melting and/or crystal fractionation Th, Nb (or 132 

Ta) were added to the diagram as representatives of the lithophile incompatible elements 133 

(Fig. 2A) 134 

Contamination of mafic magmas by continental crust is common, and the continental 135 

crust, and in particular black shale, is enriched in As, Sb and Bi (Fig. 2B; Ketris and 136 

Yudovich, 2009; Godel et al., 2012; Piña et al., 2013, 2015; Samalens et al., 2017; Le Vaillant 137 

et al., 2018). Thus, contamination with continental crust results in enrichment in As, Sb and 138 

Bi as has been previously shown for the Bushveld Complex B-1 dikes (Mansur and Barnes, 139 

2020b Fig. 2B). Thorium is also enriched in continental crust rocks, thus if a magma has 140 

experienced contamination by continental crust a negative Nb or Ta anomaly is observed 141 

(Fig. 2B).  142 



The TABS+ and S are volatile (Lodders, 2003; Wood et al. 2019), and therefore 143 

subaerial lavas could be depleted in these elements during degassing (Iacono-Marziano et 144 

al., 2012, 2017; Zelensky et al., 2014; Mather et al., 2015; Forrest et al., 2017; Edmonds and 145 

Mather, 2017; Edmonds et al., 2018; Cox et al., 2019; Wiesener et al., 2020). In order to take 146 

this into consideration, chalcophile elements that are less volatile (Cu, Pd, and Pt) were 147 

added to the plot at the position of their relative partition coefficients into base metal sulfide 148 

liquid. If degassing has occurred one would predict that there should be depletion of the 149 

TABS+ relative to Cu, Pd and Pt (Fig. 2A). 150 

Finally, it is well established that the TABS+ can be mobilized either during 151 

metamorphism (Pitcairn et al., 2015; Hammerli et al., 2016) or hydrothermal activity (Guo 152 

and Audétat, 2017; Patten et al., 2017; Stucker et al., 2017; Shevko et al 2018;). Deviations 153 

from the trends shown by the immobile elements may be the result of alteration.  154 

Results and Interpretation 155 

The overall geochemical characteristics of samples from the various localities are 156 

presented using primitive mantle normalized plots (Fig. 3). Median values for each locality 157 

are presented in (Table 1). The plots for individual samples are shown in the Appendix 3 158 

(Fig. A1 and A2). The individual whole-rock results can be found in Table A3.  159 

MORB 160 

The MORB samples show two slightly different primitive mantle normalized 161 

patterns (Fig. 3A). The patterns for samples from the South Atlantic Ridge and the Garret 162 

Fracture Zone display a typical N-MORB shape, with relatively flat slopes from Th to Se at 163 

approximately 1-10 times primitive mantle, followed by steep negative slopes from 0.5-2 164 

times primitive mantle at Te to 0.001-0.1 times primitive mantle at Pt. The E-MORB samples 165 

have higher Th and Nb contents at 10 to 40 times primitive mantle but have similar pattern 166 



to N-MORB samples for the chalcophile elements (Fig. 3A). Jenner and O’Neill (2012) 167 

reported similar results for As, Bi, Sb, Cu and Se for a large dataset of MORB glasses, 168 

whereas Yi et al. (2000) reported results for Te which are slightly lower than ours (0.001 to 169 

0.01 ppm vs <0.005 to 0.014 ppm). 170 

Patten et al. (2013) reported on the presence of sulfide droplets in these samples and 171 

modelled the strong Pt and Pd depletion by the segregation of an immiscible sulfide liquid 172 

during crystal fractionation. However, the relatively flat primitive mantle normalized 173 

patterns of the N-MORB samples from Th to Se do not show evidence of sulfide segregation. 174 

This is because, it is the bulk partition coefficients (Dsulf liq/sil liq * weight fraction of sulfide 175 

liquid segregated) that controls the behavior of the elements. If the MORB samples 176 

originally contained Pd and Pt at the same levels as Th to Se, (~3 times primitive mantle), 177 

only a very small amount of sulfide liquid needs to have segregated to lower the 178 

concentrations of Te through to Pt to their current levels. Assuming saturation of the basalts 179 

at 1000 ppm S and allowing for ten percent equilibrium fractionation with cotectic 180 

segregation of the sulfide liquid, the Pd and Pt concentrations would be lowered to the 181 

median levels seen in our MORB samples. The concentrations of Te with its high partition 182 

coefficients into sulfide liquid (Dsul liq/sil liq >5000; Patten et al., 2013; Liu and Brenan, 2015) 183 

would be similarly affected. In contrast, because of the lower partition coefficients of the 184 

other chalcophile elements they are only slightly affected (model line on Fig. 3A). 185 

Here we have modelled the depletion of Te, Pd and Pt as though it occurred in the 186 

oceanic crust because the samples contain sulfide droplets and were sulfide saturated. If, on 187 

the other hand, a small amount sulfide remained in the mantle source during partial melting 188 

the result would be the similar. 189 



The incompatible elements Th and Nb are markedly enriched in E-MORB (Fig. 3A) 190 

relative to the chalcophile elements. This suggests that whereas an E-MORB source is 191 

enriched in incompatible lithophile elements it is not enriched in chalcophile elements and 192 

that this enrichment is not due in continental crustal component as both Th and Nb are 193 

enriched. 194 

Cape Smith 195 

The Cape Smith basalts have an almost flat pattern at 2 to 6 times primitive mantle. 196 

Antinomy and Bi are slightly enriched relative to the other elements. The levels of Th, Nb, 197 

Bi, Cu, Se are similar to N-MORB, but the levels of the highly chalcophile elements Te, Pd 198 

and Pt are much higher than MORB (Fig. 3B). These basalts have been modeled as the 199 

product of approximately 20% partial melting of the mantle and very little retention of 200 

sulfide minerals in the mantle (Barnes and Picard, 1993). Assuming a primitive mantle 201 

source the TABS primitive mantle normalized pattern in this case should be essentially flat 202 

at 5 times primitive mantle (Fig. 3B) with no depletion in Te, Pd and Pt. The median TABS 203 

patterns match the model pattern except for the enrichment of Sb and Bi. This enrichment 204 

could be the product of seafloor alteration, as these elements have been shown to be mobile 205 

during seafloor alteration (Patten et al., 2017). But it could also have occurred during 206 

metamorphism as the rocks have experienced greenschist facies metamorphism (Picard et 207 

al., 1990). Pitcairn et al. (2015) showed that As and Sb can be enriched in basalts that have 208 

undergone lower greenschist facies metamorphism (Bi was not included in their study).  209 

Komatiites 210 

The Al-undepleted komatiites from the Abitibi and Belleterre Greenstone belts 211 

display similar patterns, which, with the exceptions of As, Sb and Bi, are relatively flat at 1 212 



to 6 times primitive mantle. The samples have positive As, Sb and slight Bi positive 213 

anomalies at 8 to 30 times primitive mantle (Fig. 3C). 214 

Based on the depletion of highly incompatible elements (La, Zr and Hf), which show 215 

a depletion factor of ~0.6 relative to moderately incompatible elements, Barnes et al. (1983) 216 

modelled the Alexo komatiites as the product of 25 to 40% partial melt of depleted mantle. 217 

The concentrations of Th and Nb at one times primitive mantle are consistent with this model 218 

(Fig. 3C). The level of Cu through to Pt at approximately two times primitive mantle is 219 

similar to that of primitive mantle for the moderately incompatible elements (Sm, HREE and 220 

TiO2) for these rocks. We interpret this to be because the elements Cu to Pd behaved as 221 

moderately incompatible elements during the earlier partial melting event which initially 222 

depleted the komatiite source in highly incompatible elements. 223 

The Al-depleted komatiite samples from the Barberton Greenstone Belt also show 224 

enrichment in As, Sb and Bi. The Al-depleted komatiites but are relatively depleted in the 225 

other chalcophile elements which are mostly present at less than one time primitive mantle 226 

(Fig. 3D). The Hooggenoeg Formation samples are enriched in Th relative to Nb (Fig. 3D).  227 

The depletion of Cu, Se, Te, Pd and Pt could be due to segregation of a sulfide liquid. 228 

However, Maier et al. (2009) argued that the low concentrations of PGE in these rocks and 229 

other komatiites of the early Archean is due to the mantle source being depleted in PGE due 230 

to incomplete mixing of the late veneer. One of three formations (the Hooggenoeg) is 231 

enriched in Th over Nb suggesting that the Hooggenoeg samples have experienced crustal 232 

contamination. 233 

All of the komatiites are enriched in As, Sb, and Bi relative to the other elements at 234 

10 to 20 times primitive mantle (Fig. 3C and D). This enrichment is not thought to be due to 235 

crustal contamination because Th is not enriched relative to Nb (except in the Hooggenoeg 236 



Formation). Neither is the enrichment thought to be due to enrichment in the komatiite 237 

mantle source because these elements do not behave in a coherent fashion. For example, at 238 

Alexo (where the komatiites showing the lowest degree of metamorphism and alteration of 239 

the komatiites) a plot of Nb versus Mg# shows a typical trend for incompatible element with 240 

Nb increasing as Mg# drops, and the spinifex-textured and chill samples (+) having higher 241 

Nb values than the olivine-rich (o) lower parts of the flows (Fig. 4A). In contrast, Sb, As and 242 

Bi concentrations do not correlate with Mg# (Bi distribution shown in Fig. 4B). As 243 

mentioned above basalts that have undergone greenschist metamorphism are enriched in As 244 

and Sb (Pitcairn et al. 2015) thus the enrichment of As, Sb and by analogy Bi in the 245 

komatiites could be the result of metamorphism.  246 

Large Igneous Provinces 247 

Most of the samples from LIPS show similar patterns with overall negative slopes 248 

decreasing from Th and Nb (primitive mantle normalized values in the 10 to 70 range) to Pd 249 

and Pt values in the 1-3 range (Fig. 3E to H). The Nd lavas from the Siberian province are 250 

an exception containing even lower values of Pd and Pt. Most samples from LIPs also show 251 

negative As, Bi, Se and Te anomalies (Fig. 3E to H), with the exceptions that Dali picrites 252 

and the Etendeka dikes which do not show Bi anomalies (Fig. 3E and F).  253 

The patterns from different localities, do however, show differences in Th to Nb 254 

ratios. Most of the Emeishan samples, the picrite dikes from Etendeka and the picrite from 255 

Tuli (Karoo) do not show Th enrichment over Nb, (Figs. 3E, F and G). In contrast, rocks 256 

from almost all of the other Karoo formations and the Siberian lavas are enriched in Th (Fig. 257 

3G and H).  258 

The patterns of the LIPs rocks are more complex than those of MORB and komatiites 259 

where a combination of differences in mantle source, sulfide segregation and alteration were 260 



sufficient to explain the patterns. In the case of LIPs degassing and continental crustal 261 

contamination must be considered. These samples were not metamorphosed or 262 

hydrothermally altered so alteration not as important as in the case of the komatiites. 263 

Degassing  The most striking difference between the sub-aqueous rocks (MORB, Cape 264 

Smith and komatiites) and LIPs rocks are the negative As, Bi, Se, and Te anomalies. We 265 

attribute these anomalies to magma degassing for the following reasons: i) The low Se and 266 

Te values cannot be attributed to sulfide segregation because Se has similar partition 267 

coefficient to Cu into sulfide liquid and thus would be expected to be present at similar 268 

levels to Cu. Similarly, Te has a slightly lower partition coefficient into sulfide liquid than 269 

Pd and thus would be expected to be present at a higher or similar level to Pd; ii) The 270 

anomalies are not due to continental crust contamination because as will be discussed 271 

below this would enrich the magmas in As, Sb and Bi rather than depleting them; iii) The 272 

lavas contain vesicles indicating gas loss; iv) Sub-aqueous mantle derived magmas 273 

generally contain 1000 ppm S whereas most of our LIPs rocks contain <100 ppm 274 

indicating S loss; and v) Like S, the TABS+ are volatile (Lodders, 2003; Wood et al., 275 

2019) thus are prone to loss during degassing.  276 

Zelenski et al. (2014) report partition between gas and basalts from Erta Ale, 277 

Tolbachik and Kudryavy volcanoes in the 2 to 1000 range for As, Bi, Se, and Te. For Cu, 278 

Sb and Pt the partition coefficients are in the 0.001 to 0.1 range (Fig. 2A). Zelenski et al. 279 

(2014) do not report partition coefficients for Th or Nb, however given their low volatility 280 

(Loedders, 2003; Wood et al., 2019) they would not be expected to partition into a gas. The 281 

difference in the partition coefficients between gas and silicate liquid for As, Bi, Se, Te and 282 

Sb, Cu and Pt could explain the negative anomalies for As, Bi, Se and Te. These observations 283 

should be tempered with consideration that in some studies Cu, Sb and Pt have been found 284 

to be moderately volatile (Mather, 2015). The differences in behavior reported by Zelenski 285 



et al. (2014) and Mather (2015) could in part be the result of differences in the oxidation 286 

state of the magma (the TABS+ can adopt a range of oxidation states, (Pokrovski et al., 287 

2013)) which could affect their affinity with the gas versus the magma. It is also important 288 

to consider when degassing occurred relative to the phases present in the magma (Edmonds 289 

and Mather, 2017). Of particular importance is the presence of sulfide liquid and aqueous 290 

fluids into which the TABS could also preferentially partition and thus not partition into the 291 

gas. In any event, all the TABS+ except Sb appear to have been lost from the LIPs samples.  292 

Continental Crust Contamination.  Contamination of the magmas with continental crust or 293 

sediment would enrich the samples in As, Sb and Bi (Fig. 2B and 3H). This enrichment 294 

could potentially obscure the effects of degassing. For example, consider the Etendeka 295 

picrite with a flat pattern but negative As, Se and Te anomalies (Fig. 5A). Contamination 296 

with ~ 20% upper continental crust accompanied by 60% crystal fractionation produces a 297 

pattern that matches the most evolved Etendeka dolerite sample. The dolerite does not 298 

show negative As, Bi or Te anomalies because the continental crust has added sufficient of 299 

these elements to eliminate the anomalies. However, there is still a negative Se anomaly 300 

because the continental crust does not contain much Se (Hu and Gao, 2008). 301 

Most of the Karoo basalts and dolerites are enriched in Th relative to Nb, which is in 302 

agreement with previous work (Marsh et al., 1997) that showed that lavas from these areas 303 

have assimilated upper continental crust material. The Tuli basalts can be modeled by 10% 304 

crustal contamination of the Tuli picrite (Fig. 5B). The Lesotho and Barkley East basalts 305 

have Nb and Th contents lower than the Tuli picrite making this picrite an unsuitable parental 306 

magma for these basalts. A magma similar to the Etendeka picrite would be a suitable 307 

parental magma. Ten percent crustal contamination of the Etendeka picrite accompanied by 308 

20% crystal fractionation would produce a TABS+ pattern similar to the Lesotho and 309 

Barkley East Karoo basalts (model line in Fig. 3G), except that the Karoo basalts show a 310 



negative Bi anomaly. Possibly, the Karoo basalts have experienced greater degassing than 311 

the Etendeka rocks, which are dikes.  312 

As in the case of the Karoo basalts the Siberian basalts are all enriched in Th over 313 

Nb which is in agreement with Lightfoot et al. (1993) that they have experienced continental 314 

crust contamination. The Morongovsky (Mr), Mokulaevsky (Mk) and Kharaelakhsky (Kh) 315 

formations are similar to the Lesotho and Barkley East Karoo basalts and can be modelled 316 

by in a similar manner by contamination with approximately 5% upper continental crust 317 

accompanied by 7% crystal fractionation (Fig. 3H). The Nd lavas are more enriched in Th 318 

relative to Nb and require a greater degree of contamination (26 %) accompanied by a greater 319 

amount of crystal fractionation (30%). More strikingly they show strong depletion from Cu 320 

to Pt. These lavas are believed to have been depleted in chalcophile elements due to the 321 

segregation of sulfide liquid (Lightfoot et al., 1993; Brügmann et al., 1993; Lightfoot and 322 

Keays, 2005). Assuming that the lavas originally contained a similar amount of Pd and Pt to 323 

the Mr/Kh lavas only a small amount of sulfide liquid would need to have segregated to 324 

lower the Pd and Pt values. If cotectic proportions of sulfides segregated in the last 3% of 325 

crystal fractionation the Pd and Pt concentrations would have been reduced to Nd levels (Fig. 326 

3H).  327 

Discussion 328 

The Nature of the Mantle Sources 329 

The Al-undepleted komatiites and Cape Smith basalts contain Se, Te, Pd, and Pt at 330 

approximately slightly higher levels than Th and Nb for the komatiites and similar levels for 331 

the Cape Smith basalts. We interpret this to imply a slightly depleted mantle source for the 332 

komatiite and an undepleted mantle source for the Cape Smith Basalts with no sulfide phase 333 

retention. The N-MORB contain Th, Nb, As, Sb, Bi, Cu and Se at approximately similar 334 



primitive mantle levels. Given that the N-MORB mantle is depleted in highly incompatible 335 

elements we interpret this to indicate that degree of As, Sb, Bi Cu and Se depletion in the N-336 

MORB mantle is similar to that of highly incompatible elements.  337 

All of the LIPs picrites are enriched in the highly incompatible elements Th and Nb 338 

relative to the chalcophile elements (Fig. 6). The exact nature of the mantle from which the 339 

magmas of LIPs form is a much-debated topic with views ranging from formation by partial 340 

melting of a source consisting of primitive mantle, MORB and sediment (Zhang et al., 2019) 341 

to formation by partial melting of metasomatized sub-continental lithosphere (Kamenetsky 342 

et al., 2012; Shellnutt, 2013). Most of the picrites, (Fig. 6) do not show enrichment in Th 343 

over Nb and the TABS+ (the Binchuan picrites are an exception showing slight Th 344 

enrichment). The picrites TABS+ patterns however are not all the same and can be divided 345 

into two groups based on their Th and Nb contents. The Dali and Etendeka picrites show 346 

much lower Th and Nb contents at 10 times primitive mantle than the other Emeishan picrites 347 

and the Tuli picrite (Karoo), which contain approximately 30 times primitive mantle levels 348 

of Th and Nb indicating a much more enriched source for these picrites (Fig. 6). As in the 349 

case of N-MORB vs E-MORB this enrichment in Nb and Th in the Tuli and Emeishan 350 

picrites vs the Etendeka and Dali picrites, does not apply to the chalcophile elements (Figs. 351 

3A and 6). This suggests that the process that enriched the sources of E-MORB and many 352 

LIPs picrites in Th and Nb did not enrich them in chalcophile elements. Furthermore, the 353 

component leading to the enrichment of Th and Nb is not a subducted sediment, as Th is not 354 

enriched over Nb.  355 

As pointed out by Zhang et al. (2019) the high Mg# of the Emeishan picrites requires 356 

a high degree of melting of a peridotite source. A high degree of partial melting of a 357 

peridotite source is consistent with the Pd and Pt concentrations observed in the picrites at 1 358 

to 2 times primitive mantle. On the other hand, the high concentrations of Nb at 10 to 30 359 



times primitive mantle, Sb and Cu primitive mantle normalized levels at 5 and 10 times 360 

mantle would require a low degree of partial melting if the mantle source was similar to 361 

primitive mantle. The added component that enriched the mantle source must then: i) Not 362 

dilute the MgO content of the source, in order to keep the high Mg# of the picrites, therefore 363 

it must be a small volume; ii) Be very rich in both Th and Nb, i.e. not a sediment or melt of 364 

a sediment; iii) Contribute some Cu and Sb; and iv) Probably contribute some As, Bi, Se, 365 

Te, however, as these elements are partially lost in subsequent degassing this is not a firm 366 

requirement. Exactly what is the nature of this component is not clear to us, but possibly a 367 

carbonate melt or fluid might be suitable (e.g. Holwell et al., 2019; Blanks et al., 2020). 368 

Estimation of TABS+ concentrations in komatiite and LIPs magmas 369 

The motivation for this study was to estimate the initial TABS+ concentrations in 370 

komatiite and LIPs magmas because these types of magmas are thought to host magmatic 371 

Ni-Cu-PGE deposits. Simply calculating the average of TABS+ values for komatiites and 372 

LIPS rocks is not sufficient to estimate these concentrations because of the various processes 373 

that have modified them. The reasoning for the choice of values are proposed here discussed 374 

as below.  375 

The Al-undepleted komatiites and Cape Smith basalts show similar primitive mantle 376 

normalized concentrations for Cu, Se, Te, Pd and Pt at approximately 2 and 5 times primitive 377 

mantle, respectively, consistent with sufficiently high degrees of partial melting (40% and 378 

20%, respectively) to dissolve all the sulfide minerals in the source and release these 379 

elements into the melt. Based on these observations the concentrations of Se and Te in Al-380 

undepleted komatiite can be estimated as approximately twice primitive mantle (Table 2). 381 

Bismuth and Sb are present at higher levels than Th, Nb and the other chalcophile 382 

elements in the komatiites and the Cape Smith basalts. This is attributed to metamorphism 383 



of the samples and hence the concentrations of Bi and Sb cannot be empirically estimated. 384 

Similarly, As in the komatiites is higher than Th, Nb and other chalcophile elements and this 385 

could be due to enrichment during metamorphism. However, As is present in the Cape Smith 386 

basalts at the same level as Nb and Cu, at five times primitive mantle, and could be primary. 387 

Our N-MORB samples have a median Mg# of 0.65 and hence are close to primary 388 

magmas. Thorium, As, Sb, Bi, Cu and Se are all present at approximately 3 times primitive 389 

mantle levels and provide a rational for estimating the As, Sb and Bi concentrations in 390 

komatiites by assuming that they are present at the same primitive mantle levels as Th, Cu 391 

and Se, i.e. twice primitive mantle (Table 2). 392 

Most LIPs picrites appear to be depleted in TABS+ (except Sb) relative to the less 393 

volatile elements on the primitive mantle normalized plots. We attribute this depletion to 394 

degassing. To estimate the concentrations of the TABS+ before degassing the primitive 395 

mantle ratios of Cu/Bi, Cu/Se and Pd/Te could be used. (Assuming Cu and Pd were not 396 

significantly depleted during degassing). Based on the similarity of TABS primitive mantle 397 

normalized concentrations in N-MORB and for Te and Se in komatiites and the Cape Smith 398 

basalts, the original concentrations in the picrites can be estimated by using the adjacent 399 

elements. Copper is present at approximately 5 times primitive mantle allowing an estimate 400 

for Bi and Se of 5 times primitive mantle and Pd is present at twice primitive mantle allowing 401 

an estimate for Te at twice primitive mantle (Table 2). 402 

In the Dali and Etendeka picrites the Th, Nb, Sb levels are approximately the same 403 

at 10 times primitive mantle, which implies that the As content should also be 10 times 404 

primitive mantle. Estimating the As content for the other picrites is more difficult because 405 

Th and Nb are markedly enriched at approximately 30 times primitive mantle, whereas Sb 406 

is present at approximately 10 times primitive mantle, as observed for the Dali and Etendeka 407 

picrites. In E-MORB, As is present at the same primitive mantle level as Sb, Bi and Cu at 3 408 



times primitive mantle rather than the more than 10 times primitive mantle observed for Th 409 

and Nb. Therefore, to estimate the concentration of As in the picrites we have used the 410 

primitive mantle concentration of Sb at 10 times primitive mantle (Table 2). 411 

 412 

Application to Ni-Cu-PGE Deposits 413 

PGE Deposits  The main PGE ore deposits are the Merensky reef, the Platreef, the UG2 414 

reef (all of the Bushveld Complex), the JM reef of the Stillwater Complex and the Main 415 

Sulfide zone of the Great Dyke (Naldrett, 2011; Zientek, 2012). Very limited data is 416 

available for the UG2 reef and the Main Sulfide zone and they will not be considered here.  417 

The primitive mantle normalized plot for the normal and thin reef from the Merensky and 418 

JM reef both show an enrichment of Th (at thee to ten times primitive mantle) over Nb and 419 

Ta (at 0.1 to 1 times primitive mantle) (Figs. 7A and C). (Data from Mansur and Barnes 420 

2020). This is consistent with the magmas having been contaminated with continental 421 

crust. The levels of the patterns increase steadily from approximately one times mantle at 422 

As through to approximately 100 times primitive mantle at Bi. The patterns show a slight 423 

dip through Cu to Te and then increase markedly to 1000 to 10 000 times primtive mantle 424 

(Figs. 7A and C). 425 

The increase in chalcophile element contents from As through to Pt is consistent with 426 

the increase in partition coefficients between sulfide and silicate liquid (Liu and Brenan, 427 

2015). The slight Bi anomaly is the product of the much higher partition coefficient for Bi 428 

than for Sb between sulfide and silicate liquid and the enrichment of Bi over Cu in the 429 

magma due to the contamination of the magma with continental crust (Fig. 2B). The 430 

distribution of the chalcophile element content of the normal and thin Merensky reef at 431 

Impala and Rustenburg mines have been modelled in detail using a magma of similar 432 

composition to the marginal chills of the Bushveld (Mansur and Barnes, 2020b). On average, 433 



a model consisting of 2 weight percent sulfide liquid formed at an R-factor of 30 000 and 20 434 

percent trapped liquid component models the composition of these rocks (Fig. 7A). Thus the 435 

PGE content of the Rustenburg and Impala normal and thin reefs can be modelled based by 436 

collection of PGE and TABS from a silicate magma by sulfide liquid and do not require 437 

TABS to collect the PGE. 438 

In addition to the previously published data for the Merensky reef a composite 439 

sample, SARM-7, prepared by National Institute of Metallurgy South Africa from 7.5 tonnes 440 

of Merensky reef from 4 of the mines of the western limb of the Bushveld, (Steele et al., 441 

1975) was also analyzed. The pattern for a composite sample from the Merensky reef is 442 

slightly different to the Impala and Rustenburg normal and thin reef in that it is an order of 443 

magnitude richer in both As and Sb (Fig. 7B). This is not an exception. Scanning the results 444 

reported for reference materials by African Mineral Standards for Merensky reef samples 445 

shows that these are also enriched in As and Sb (Fig. 7B). All of these samples are described 446 

on their certifcate of analyses as composite samples from Anglo American mines from the 447 

western limb of the Bushveld Complex. Furthermore, reference material from African 448 

Mineral Standard for the samples from the Mogalakwena mine of the Platreef also show As 449 

and Sb enrichment (Fig. 7B). 450 

In the case of the Merensky reef it is worth considering that in addition to normal and 451 

thin reef there are a number of other facies; contact reef, pothole reef, rolling reef, wide reef 452 

(Viljoen, 1999). The pothole reef in particular is thought to be associated with the migration 453 

of fluids (Kinloch, 1982; Boudreau, 1992; Viljoen, 1999). It is possible that composite 454 

samples included some of the pothole reef facies and that the high Sb and As were introduced 455 

by the migrating fluids. Against this is the observation that Roberts et al. (2007) showed that 456 

the potholes have similar whole rock compositions to normal reef for most elements 457 

(although they did not determine the TABS+ concentrations). Roberts et al. (2007) argued 458 



that the potholes are product of magmatic slumping and that fluids have not substantially 459 

altered the composition of the potholed reef. The high As and Sb concentrations in the 460 

composite samples and particularly in the case of the Platreef may be the product of the 461 

magma having been locally contaminated with rocks such as a black shale, which could have 462 

contributed more As and Sb to the magma than observed in the average chill samples used 463 

for the modeling (Fig. 2A). 464 

TABS+ analyses of the chilled margins of the Stillwater are not available. However, 465 

it is thought that the magmas from which the Stillwater formed are similar to the Bushveld 466 

complex (Barnes et al., 2020). The modeled values of the chalcophile elements from the 467 

Merensky reef are shown for comparison on Fig. 7B. The model composition of the 468 

Merensky reef is similar to that of the JM reef for most chalcophile elements. However, as 469 

is well known Pd is far more enriched in the JM reef than the Merensky reef. 470 

A number of reasons have been proposed for the high Pd content. Most recently, 471 

Jenkins et al. (2020) proposed that the sulfides formed in equilibrium with a more 472 

fractionated magma at very high R-factors (50 000 to 500 000). The increase in R-factor 473 

could account for the higher Pd concentrations in the JM reef while not affecting the 474 

concentrations of most of the elements because the partition coefficients of most of the 475 

chalcophile elements are less than 10 times the R-factor (Campbell and Barnes, 1984). In 476 

order to explain the observation that Pt is not as enriched as Pd (as would be expected given 477 

its high partition coefficient between silicate and sulfide liquid) they argue that fO2 was low 478 

(FMQ-1.5) and thus Pt had crystallized from the magma by the time sulfide saturation was 479 

achieved. One difficulty with this model is the large quantity of magma required, where and 480 

how the magma and sulfide liquid interacted is not considered in Jenkins et al. (2020). Barnes 481 

et al. (2020) considered a number of models to account for the high Pd and high R-factor 482 

and concluded on balance that the magma became contaminated with a continental crustal 483 



component either at the margins of the intrusion or at depth and that the sulfides interacted 484 

with a large volume of magma either as it slumped into the magma chamber from the margins 485 

or if sulfide saturation occurred at depth as the magma was transported into the chamber 486 

resulting in upgrading of the sulfides during transport.  487 

The main alterative model favored by Boudreau (2016) is that late magmatic fluids 488 

partial dissolved disseminated magmatic sulfides in the cumulate rocks underlying the reef. 489 

The more soluble chalcophile elements, and in particular Pd, dissolved in the fluid. The fluid 490 

rose until it reached fluid understatured magma where it dissolved into the magma. The S 491 

and chalcophile elements transported by the fluid precipitated as base metal sulfide and form 492 

the reef. Relevant experimental data to model this process for the TABS+ is not available. 493 

 494 

Noril’sk-Talnakh Nickel-Copper Deposits  The Noril’sk-Talnakh ore camp of Siberia is the 495 

largest or second largest magmatic Ni-Cu deposit in the world (Naldrett, 2011). The 496 

massive sulfide ores are mineralogical and compositionally zoned (Distler, 1994; 497 

Sluzhenikin et al., 2014). Duran et al. (2017) classified the sample set of massive ores 498 

considered here into: i) Cu-poor (chalcopyrite cubanite-poor <10%; with pyrrhotite>70%); 499 

ii) Cu-rich (chalcopyrite-cubanite-rich >50%, with pyrrhotite <10%); and iii) transitional 500 

ores for those that contained intermediate amounts of pyrrhotite and chalcopyrite. 501 

Pentlandite concentrations in the ore types are relatively constant at 10 to 30%. The 502 

zonation is thought to be the product of crystal fractionation of the sulfide liquid with the 503 

Cu-poor ores representing the early formed cumulates and Cu-rich ores forming from the 504 

fractionated liquid (Distler, 1994; Duran et al., 2017). 505 

The ores are found associated with three intrusions, Noril’sk I, Talnakh and 506 

Kharaelakh. The primitive mantle-normalized patterns for all ore types are similar (Fig. 8). 507 



They show a steep increase from As in the 10 times mantle range through to Cu in the 1000 508 

(Cu-poor ore) to 10 000 times mantle range (Cu-rich ore) followed by negative Se and Te 509 

anomalies, both elements being present at five to ten times less than Cu primitive mantle 510 

levels (Figs. 8A to D). In the ores from Kharaelakh and Talnakh Pd is present at 511 

approximately the same level as Cu, whereas in the Noril’sk I ores Pd is enriched by almost 512 

an order of magnitude. Mantle normalized levels of Pt at all localities are approximately five 513 

times lower than Pd. 514 

All of the TABS+, are strongly incompatible with the first mineral (monosulfide solid 515 

solution, MSS) to crystallize from the sulfide liquid, an exception to this is Se which is only 516 

slightly incompatible (Helmy et al., 2010; Lui and Brenan 2015; Sinyakova et al., 2017). 517 

Thus, although the primitive mantle normalized patterns may vary in level, the shape of the 518 

patterns should be similar throughout the ore types, reflecting the trapped liquid component. 519 

This can be observed for the ores associated with the Talnakh and Kharaelakh intrusions, 520 

with the Cu-poor ores having the lowest the levels of TABS+ and the Cu-rich ores having 521 

the highest levels, and transitional ores having intermediate levels (Figs. 8A to C). For the 522 

Noril’sk I ores, TABS+ are only available for the transitional and Cu-rich ores (Fig. 8D). 523 

However, the same observations can be made that the median patterns for Cu-rich ore and 524 

transitional ore are similar, and the Cu-rich ore is enriched in TABS+ relative to the 525 

transitional ore. 526 

Assuming that the silicate magma from which the sulfides segregated was similar in 527 

composition to the Mr/Kh lavas the composition of the sulfide liquid at Kharaelakh and 528 

Talnakh can be modelled using an R-factor of 1 000 (consistent with previous estimates used 529 

to model the PGE and Cu contents of the rocks; Duran et al., 2017). The primitive mantle-530 

normalized pattern of the model approximates the shape of the patterns for the ores except 531 

the model does not show as strong a depletion in Pt relative to Pd. Platinum is known to 532 



crystallize under reducing conditions (Canali et al., 2017) and is possible that the magma 533 

from which the sulfides segregated had crystallized some Pt prior to sulfide segregation. 534 

The model reproduces the negative Se and Te anomalies found in all ore types. Given 535 

that the concentrations of these elements in the lavas appeared to be depleted due to 536 

degassing we suggest that the magma from which the sulfides segregated was also depleted 537 

in Se and Te due to degassing. Iacono-Marziano et al. (2012, 2017) in their studies of the 538 

Noril’sk-Talnakh ores considered that degassing occurred during the formation of Norilsk-539 

Talnakh ores as consequent of crustal contamination and in fact the process was common 540 

throughout the Siberian LIP.  541 

The Noril’sk I ores have been modelled with higher R-factors. Using an R-factor of 542 

10 000 the TABS+ primitive mantle pattern approximates the observed patterns. In fact, 543 

because most of the TABS+ have D sul/sil liq <1000 the TABS+ pattern at R=1 000 and R=10 544 

000 is the same for As through to Bi. The difference is only evident from Cu onwards. As in 545 

the case of the Kharaelakh and Talnakh ores the Noril’sk I ores also show Se and Te negative 546 

anomalies, which we attribute to the magma having degassed. 547 

Conclusions 548 

We investigated the distribution of TABS+ in picrites and basalts from LIPs, komatiites and 549 

MORB. Our main findings are summarized as follows: 550 

1- Primitive mantle normalized plots can be used to consider the processes that affect 551 

the distribution of TABS+. 552 

2- Komatiites contain Se and Te at the same primitive mantle level as Pd, Pt and Cu, 553 

and slightly higher than in the primitive mantle level of the highly incompatible 554 

elements Th and Nb. This is consistent with derivation from a slightly depleted 555 

mantle source with no sulfide phase retention during partial melting. 556 



3- N-MORB contain As, Sb, Bi, Cu and Se at the same level of enrichment relative to 557 

primitive mantle as Th, consistent with a depleted mantle source. 558 

4- N-MORB are strongly depleted in Te, Pd and Pt, but not the other TABS and Cu. 559 

This is consistent with segregation of a small amount of sulfide liquid.  560 

5- E-MORB is similar to N-MORB with respect to the TABS+ and PGE, but enriched 561 

in Th and Nb requiring a source that is not enriched in TABS, but is enriched in Th 562 

and Nb. 563 

6- The LIPs picrites are enriched in Th and Nb relative to the TABS+, Cu, Pd and Pt. 564 

This enrichment combined with the high Mg# requires a peridotite source that has 565 

been preferentially enriched with a small amount of a fluid or magma very rich in Th 566 

and Nb, possibly a carbonatite. 567 

7- Some LIPs basalts are enriched in Th over Nb due to assimilation of continental crust. 568 

This would have also enriched the magmas in As, Sb and Bi. However, degassing 569 

has led to the loss of As, Bi, Se and Te. Antimony does not appear to have been 570 

significantly lost. 571 

8- The initial concentrations of TABS+ in the magmas (komatiites and LIPs) from 572 

which major Ni-Cu-PGE deposits form can be estimated as approximately twice 573 

primitive mantle for komatiites and between 10 for As and Sb though 7 to 2 times 574 

primitive mantle from Bi to Te for LIPs picrites.  575 

9- The TABS+ and PGE contents of normal and thin Merensky reef and JM reef can be 576 

modelled by collection of both TABS+ and PGE by a magmatic sulfide liquid in 577 

equilibrium with a komatiitic magma contaminated with continental crust and do not 578 

require TABS to collect the PGE. 579 

10-  The TABS+ concentrations in Noril’sk- Talnakh Ni-Cu deposits can be modelled as 580 

being in equilibrium with a mafic magma that had been contaminated with 581 



continental crust and which was also depleted in TABS+. This implies that the 582 

magma was degassed or degassing at the time that the sulfides formed. 583 
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Figure 1 – Location of samples used in this study. 865 

Figure 2 – A) Primitive mantle (Lyubetskaya and Korenaga, 2007) normalized plots illustrating the 866 

effects of; sulfide segregation, sulfide accumulation, degassing, partial melting and crystal 867 

fractionation. B) Primitive mantle normalized plot of the Bushveld B-1 magma (Mansur and Barnes, 868 

2020b) illustrating the effects of assimilation of continental crustal. Note the negative Nb anomaly 869 

and enrichment of As, Sb and Bi relative to the other chalophile elements in black shale (Samalens 870 

et al. 2017; Ketris and Yudovich, 2009) and upper continental crust (Hu and Gao, 2008) which are 871 

also present in the B-1 magma. 872 

Figure 3 – Median primitive mantle normalized plots of: A) MORB samples, note that all samples 873 

are depleted in Te, Pd and Pt and that relative to N-MORB E-MORB shows enrichment in both Th 874 

and Nb, but not in the chalcophile elements; B) Basalts from the Cape Smith fold belt, note the flat 875 

pattern; C) Komatiites form the Abitibi and Baby-Belleterre Greenstone Belts; D) Komatiites from 876 

the Barberton Greenstone Belt; E) Picrites and basalts from Emeishan Province; F) Picrites and 877 

dolerites from Etendeka Province; G) Picrite and basalts from Karoo Province; H) Basalts from the 878 

Siberian Province. Note for all of the rocks from large igneous provinces have negative As, Bi, Te 879 

and Se anomalies thought to be the product of degassing.  880 

Figure 4. Mg# versus A) Nb and B) Bi for the Alexo komatiite flows. Note Nb and Mg# show a 881 

negative correlation with the olivine rich parts of the flow being depleted in Nb as would be expected 882 

during crystal fractionation. In contrast, Bi does not show a coherent pattern. 883 

Figure 5 – Primitive mantle normalized plots comparing models of crustal assimilation with the 884 

observed patterns: A) Picrite dike and dolerite from the Etendeka Province and B) Picrite and basalts 885 

from Tuli (Karoo Province).  886 

Figure 6 – Comparison of primitive mantle normalized patterns of all the picrites. Note also none of 887 

the picrites have negative Nb anomalies indicating that the component that enriched the mantle in 888 

incompatible lithophile elements was not sedimentary. Furthermore, the level and shape of the 889 

patterns for all of the picrites are similar for the chalcophile elements and the level of the patterns is 890 



lower than that of Th and Nb indicating that the component enriching the source in lithophile 891 

elements did not enrich the source in chalcophile elements.  892 

Figure 7. Primitive mantle normalized plots of: A) Normal and thin Merensky reef (MR; Bushveld 893 

Complex); B) Composite Merensky and Plat reefs (Bushveld Complex); C) JM reef (Stillwater 894 

Complex). Data from Mansur and Barnes (2020a) and African Minerals Standards www.amis.co.za / 895 

Figure 8. Primitive mantle normalized plots of: A) Cu-poor B) Cu-rich and C) Transitional ore from 896 

Talnakh and Kharaelakh intrusions and D) Cu-rich and transitional ore from the Noril’sk 1 intrusion. 897 

Data from Duran et al. (2017). 898 

Table caption 899 

Table 1 – Median Values of Chalcophile Elements, Th, Nb and Mg# for studied rocks. 900 

Table 2 – Estimations of TABS concentrations in komatiites and in large igneous provinces 901 

picrites. 902 
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previous studies. 910 

Appendix 3 Figure A1 – Primitive mantle normalized Th, Nb, Cu, TABS, Pd and Pt plots: A high-911 

Ti picrites – Emeishan Province; B low-Ti picrites – Emeishan Province; C Subvolcanic sill  – 912 

Emeishan Province; D basalts – Emeishan Province; E Lesotho Formation – Karoo Province; F 913 

Barkly East Formation – Karoo Province; G Tuli Formation – Karoo Province; H Siberian Traps. 914 



Primitive mantle values from Lyubetskaya and Korenaga (2007) Figure A2 – Primitive mantle 915 

normalized Th, Nb, Cu, TABS, Pd and Pt plots: A Alexo – Abitibi Greenstone belt B Cape Smith 916 

belt; C Baby Formation; Primitive mantle values from Lyubetskaya and Korenaga (2007) 917 
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Table 1 Median Values of Chalcophile Elements, Th,  Nb and Mg# for Rocks Presented in This Study
Location or Formation Rock type n As Se Sb Te Bi S Cu Pd Pt Nb Th Mg#

Province or Location ppm ppm ppm ppm ppm ppm ppm ppb ppb ppm ppm
MORB

South Atlantic Ridge N MORB 6 0.157 0.222 0.019 0.008 0.007 1264 79 0.32 0.05 1.5 0.22 0.63
Hotu Sea Mount E MORB 2 0.188 0.226 0.020 0.007 0.010 1229 85 0.79 0.35 22.5 0.9 0.58

Garret fracture zone N MORB 3 0.161 0.225 0.019 0.009 0.010 1167 76 0.35 0.18 4.6 0.18 0.65
Cape Smith cycle d + e MORB like 4 0.327 0.301 0.068 0.026 0.053 250 110 12.42 14.07 3.9 0.33 0.61

Komatiites
Abitibi Alexo Spinifex 8 0.405 0.164 0.201 0.020 0.053 450 46 10.09 10.25 0.5 0.06 0.84
Abitibi Alexo B2 6 0.266 0.137 0.190 0.014 0.019 500 34 6.77 8.36 0.4 0.05 0.86

Belletere Baby Pillows and 
massive 9 0.836 0.098 0.186 0.007 0.028 349 20 14.00 14.00 1.5 0.05 0.79

Barberton Komati Spinifex 2 0.668 0.056 0.147 0.007 0.023 147 31 7.06 5.97 1.9 0.26 0.80
Barberton Sandspruit Spinifex 2 1.260 0.024 0.142 <0.005 0.013 n.d. 5 2.72 2.44 1.4 0.15 0.83
Barberton Hooggenog Spinifex 2 0.707 0.034 0.127 <0.005 0.019 n.d. 104 4.73 4.72 4.3 1.15 0.75

Picrites
Emeishan Daju High-Ti 6 0.308 0.023 0.073 <0.005 0.010 247 103 2.79 6.78 14.8 1.61 0.78
Emeishan Shiman High-Ti 2 0.340 0.024 0.071 <0.005 0.022 139 104 3.42 9.67 15.2 1.6 0.78
Emeishan Jianchuan High-Ti 7 0.263 0.038 0.084 0.008 0.007 64 106 7.04 8.35 16.8 1.86 0.76
Emeishan Dali Low-Ti 4 0.219 0.046 0.063 0.008 0.039 40 124 5.78 7.17 4.8 0.68 0.77
Emeishan Binchuan Low-Ti 5 0.636 0.014 0.094 <0.005 0.014 40 101 5.79 7.81 11.7 2.04 0.80
Etendeka Horingbaai Low-Ti 1 0.044 0.040 0.054 <0.005 0.023 150 99 7.00 6.00 4.9 0.65 0.77
Etendeka Tafelberg Low-Ti 2 0.198 0.107 0.092 0.019 0.034 505 88 12.00 8.00 4.5 n.a. 0.74

Karoo Tuli High-Ti 1 0.502 0.029 0.105 <0.005 <0.005 580 72 4.00 9.00 14.9 2.29 0.74
Basalts and Dolerites

Emeishan all 5 localities Hi-Ti basalt 9 0.392 0.028 0.099 <0.005 <0.005 40 140 6.63 7.82 26.2 2.31 0.60
Etendeka Horingbaai Lo-Ti dolerite 2 0.270 0.121 0.076 0.017 0.050 265 239 15.00 6.00 14.0 1.74 0.53
Etendeka Tafelberg Lo-Ti dolerite 1 2.076 0.157 0.236 0.024 0.076 650 249 10.00 6.00 11.8 4.77 0.35

Karoo Lesotho Lo-Ti basalt 12 0.350 0.031 0.088 <0.005 <0.005 130 97 6.00 5.00 6.8 1.52 0.52
Karoo Barkly East Lo-Ti basalt 9 0.590 0.050 0.119 0.008 0.018 254 133 3.50 2.00 6.0 2.05 0.56
Karoo Tuli Hi-Ti basalt 2 0.948 0.037 0.151 0.010 0.025 40 281 13.00 8.00 18.0 3.53 0.44
Siberia Nd Lo-Ti basalt 2 0.617 0.041 0.185 <0.005 0.029 193 73 0.37 0.50 8.1 3.53 0.56
Siberia Mr-Kh Lo-Ti basalt 3 0.368 0.103 0.157 0.009 <0.005 110 238 9.99 10.05 5.1 1.32 0.56

Miscellaneous
Emeishan Ertan Hi-Ti sill 3 0.418 0.035 0.095 <0.005 <0.005 88 87 7.95 18.81 25.9 3.55 0.77

 Siberia Medvezhy Ruchei 
open pit  Shale 1 10.922 0.031 0.397 0.008 0.127 730 154 4.27 1.67 22.7 19.29 0.52

SARM-7 Bushveld Merensky reef 
composite 1 1.38 2.44 1.62 0.62 0.64 4170 700 1542 3700 1.0 1 0.77

ECBV109 Bushveld Hornfels 
sediment 1 4.88 0.068 0.82 0.006 0.032 <40 14 nd nd 12.4 16.2 0.58

n = number of samples n.d = not determined



 921 
 922 

Table 2 Estimations of TABS concentrations in komatiites and LIPS picrites.
Element As Sb Bi Cu Se Te Pd Pt

units ppm ppm ppm ppm ppm ppm ppb ppb

Al-undepleted komatiites 0.1* 0.014* 0.008* 46+ 0.16+ 0.02+ 10+ 10+
Lo-Ti picrites 0.5* 0.08# 0.03# 103# 0.26# 0.01# 7.2# 7.6#
Hi-Ti picrite 0.5* 0.08# 0.03# 96# 0.26# 0.006# 4.3# 8.7#

*=estimate based on mantle normalization 
 + =  average of Alexo spinifex for komatiites; # = average of picrites



Hotu seamount chain
Garret fractureZone

South AtlanticRidge
Etendeka province Barberton greenstone belt

Karooprovince
Emeishanprovince

SiberiantrapsCape SmithbeltAbitibikomatiites Baby Group

Picrites and basaltsKomatiites
Fig.1



0.00001

1000

Th Nb As Sb Bi Cu Se Te Pd Pt Th Nb As Sb Bi Cu Se Te Pd Pt

D

Upper continental crustB1 rocks0.010.11
101001000

0.010.1
110

1001000

0.010.1
110

1001000

Rock/prim
itive mant

le

Rock/prim
itive mant

le BA
Black shaleBlack shale 120.0010.0001 Partial meltingor crystal fractionation Sulfide +Sulfide 

Degassing

Primitive mantlebasalt/sulfide Dbasalt/MSSDbasalt/sulfide 10% melt

Fig. 2



Th Nb As Sb Bi Cu Se Te Pd Pt0.1
1
10

Rock/prim
itive mant

leG 100 Th Nb As Sb Bi Cu Se Te Pd Pt0.1
1
10

Rock/prim
itive mant

leE 100

0.01 Th Nb As Sb Bi Cu Se Te Pd Pt
0.11
10

Rock/prim
itive mant

leA 100
South Atlantic Ridge (NMORB)Hout Seamount (EMORB)Garret fracture zone (NMORB)Model with 0.0286% sulfide segregation 0.01 Th Nb As Sb Bi Cu Se Te Pd Pt

0.11
10

Rock/prim
itive mant

leB 100
Cape SmithModel of 20% partial melting of primitive mantle

0.01 Th Nb As Sb Bi Cu Se Te Pd Pt
0.11
10

Rock/prim
itive mant

leC 100
Alexo (spinifex)Alexo (B2)Baby Fm. (pillowed)Model of 40% melt of depleted mantle Th Nb As Sb Bi Cu Se Te Pd Pt0.1

1
10

Rock/prim
itive mant

leD 100
Komati Fm.Hooggenoeg Fm.Sandspruit Fm.

DaliBinchuanJianchuanShimanDajuBasaltsSills 0.01 Th Nb As Sb Bi Cu Se Te Pd Pt
0.11
10

Rock/prim
itive mant

leF 100
Hooringbaai picriteHooringbaai doleriteTafelberg picriteTafelberg dolerite

Tuli picriteTuli doleriteLesotho basaltBarkley basaltModel of 10% crustal contamination + 20% crystal fractionation Th Nb As Sb Bi Cu Se Te Pd Pt0.010.1
110

1001000

0.010.1
110

1001000

Rock/prim
itive mantl

eH
Noril’sk  NdNoril’sk  Mr/KhLocal sedimentModel Nd of 30% crystal fractionation,26% assimilation + sulfide segragationModel Mr/Kh of 7% crystal fractionation, 5% assimilation  



0.6 0.7 0.8 0.9 1Mg#00.4
0.81.2
1.6

Nb (ppm) Bi (ppm)
00.02

0.060.080.1
0.04

0.6 0.8 1Mg#

A BAlexo  Spinifex and chillAlexo  B2Alexo  GabbroPrimitive Mantle
Alexo  Spinifex and chillAlexo  OlivinerichAlexo  GabbroPrimitive Mantle0.7 0.9

Fig. 4



Th Nb As Sb Bi Cu Se Te Pd Pt0.010.1
110

1001000

0.010.1
110

1001000
Rock/prim

itive mantl
eA

Model of 20% crustal contamination + 60% crystal fractionation Th Nb As Sb Bi Cu Se Te Pd Pt0.1
1
10

Rock/prim
itive mant

leB 100
Hooringbaai picriteTafelberg dolerite Tuli picriteTuli basaltModel of 10% crustal contamination 

Fig. 5



Th Nb As Sb Bi Cu Se Te Pd Pt0.1
1
10

Rock/prim
itive mant

le 100 DaliBinchuanJianchuanShimanDajuTuliEtendeka

Fig. 6

sjbarnes
Line

sjbarnes
Line

sjbarnes
Line



Th Nb As Sb Bi Cu Se Te Pd Pt

10000

0.011
101001000

Rock/prim
itive mantl

eC

Th Nb As Sb Bi Cu Se Te Pd Pt

10000

0.11
101001000

Rock/prim
itive mantl

eA

100000 Th Nb As Sb Bi Cu Se Te Pd Pt

10000

0.11
101001000

Rock/prim
itive mantl

eB

Median MR (Impala and Rustenburg)Field of MR (Impala and Rustenburg)Model of MR  2% sul, R=30,000, TL 10% Silicate magma  B1+B2 60:40 mix

0.1

Median JM ReefField of JM ReefModel of MR  2% sul, R=30,000, TL 10% 

medianmedianPlatreef composite Merensky reef composite SARM7

Fig. 7



Th Nb As Sb Bi Cu Se Te Pd Pt

10000

110
1001000

Rock/prim
itive mantl

eA 100000

Th Nb As Sb Bi Cu Se Te Pd Pt

10000

110
1001000

Rock/prim
itive mantl

eB 100000

Th Nb As Sb Bi Cu Se Te Pd Pt

10000

110
1001000

Rock/prim
itive mantl

eC 100000

Th Nb As Sb Bi Cu Se Te Pd Pt
10000

101001000Rock/prim
itive mantl

eD 1000001000000

Median CupoorField of Cupoor sulfides Kharaelakh/TalnakhModel liquid R=1 000 Median CurichField of Curich sulfides Kharaelakh/TalnakhModel liquid R=1 000

Median TransitionalField of Transitional sulfides Kharaelakh/TalnakhModel liquid R=1 000 Median CurichField of Noril’sk sulfides
Model liquid R=10 000Median Transitional

Fig. 8



Appendix 1 for Distribution of Te, As, Bi, Sb and Se in; MORB, Komatiites and in Picrites and 

Basalts from Large Igneous Provinces: Implications for the Formation of Magmatic Ni-Cu-PGE 

Deposits. Barnes and Mansur (2021) Econ. Geol.  

 

Sample description and Analytical Methods 

1. Description of the samples and their geological context  

Mid-ocean ridge basalts 

 We selected 11 MORB samples originally from the repository at the Lamont Doherty Earth 

Observatory of Columbia University, New York. Six of these are from the South Atlantic Ridge, 

located between 25°41’S and 26°32’S, whereas the other five are from the East Pacific Rise, two 

from the Hotu seamount chain and three from the Garrett fracture zone (Fig. 1).  The samples were 

dredged from depths ranging from 2579 to 3999 m, which minimizes S degassing (Mathez, 1976; 

Patten et al., 2012). 

 These samples were previously studied by Patten et al. (2012 and 2013). who investigated 

the textural relations in quenched sulfide droplets, and the partition coefficients of chalcophile 

elements between sulfide and silicate liquids. The authors argued that the composition of the 

sulfide droplets was in equilibrium with the silicate glass and that they formed during fractional 

crystallization of silicate melts in magma chambers beneath the mid-ocean ridges. The seamount 

samples are LREE enriched and could represent E-MORB, the other samples are LREE depleted 

and represent N-MORB. These samples are used to examine sulfide segregation.  

Cape Smith Belt 



 The Cape Smith belt is a Proterozoic E-W trending greenstone belt located in northern 

Quebec, between the Archean Superior and Churchill provinces (Fig. 1). The samples come from 

the Chukotat Group which consists of olivine-, pyroxene-, and plagioclase-phyric basalts and are 

interpreted to represent opening of an ocean basin (Picard et al., 1990; Barnes and Picard, 1993; 

Lesher, 2007). The selected samples are olivine and pyroxene phyric pillow basalts from the cycles 

d and e of the Chukotat Group and were interpreted as the MORB-like basalts (Hynes and Francis, 

1982; Picard et al., 1990). Previous work (Barnes and Picard, 1993) shows that they are not 

depleted in PGE and hence sulfide segregation or sulfide retention in the source has not occurred. 

The samples have been metamorphosed to greenschist facies (Picard et al., 1990). The samples 

should show the effects of partial melting and crystal fractionation without sulfide control, but they 

could have been altered during metamorphism.  

Abitibi Greenstone Belt and the Baby Group 

 The Abitibi Greenstone Belt is located in the central part of the Superior province, Canada 

(Fig. 1), occupying an area of approximately 600 km x 300 km, but most of its komatiitic rocks 

are restricted to the south-west portion of the belt (Ayer et al., 2002; Houlé et al., 2012). The 

selected samples are Al-undepleted komatiites from the Alexo olivine and clinopyroxene flows 

and have been previously studied by Barnes et al. (1983), Barnes (1985) and Meric (2018). 

 The Baby Group is part of the Belletere-Angliers greenstone belt just south of the Abitibi 

belt (Fig. 1; Dimroth et al., 1983; Barnes et al., 1993; Sawyer and Barnes, 1994). The selected 

samples were previously studied by Mainville (1994) and are pillowed Al-undepleted komatiites 

and komatiitic basalts, similar to those from the Abitibi belt. 



Both the Alexo and Baby komatiites are undepleted in PGE and thus have not experienced 

sulfide segregation or sulfide retention in the mantle. The Alexo komatiites have experienced 

prehnite-pumpellyite facies metamorphism, and the Baby komatiites have experienced greenschist 

metamorphism and thus both could show some alteration due to metamorphism. 

Barberton greenstone belt 

 The Barberton greenstone belt is a 100 km x 50 km northeast-trending belt of supracrustal 

igneous and sedimentary rocks located at the eastern border of the Kaapvaal Craton (Fig. 1). The 

belt represents one of the oldest preserved ultramafic-mafic Archean sequences on the Earth with 

3.5 to 3.2 Ga (Zeh et al., 2013).  The selected samples are from the ultramafic-mafic basal sequence 

of the belt, named Onverwatch Group. These comprise 2 samples from each of the Sandspruit, 

Komati and Hooggenoeg formations. All the samples are Al-depleted spinifex-textured komatiites 

and were previously studied by Maier et al. (2009), who investigated the PGE distribution in these 

rocks and concluded that they are depleted in PGE.  Although this depletion could be attributed to 

sulfide segregation Maier et al. (2009) attributed this depletion to the source of the komatiites 

being depleted in PGE due to incomplete mixing of the later veneer in the primitive mantle. These 

rocks have experienced greenschist metamorphism and may show evidence of alteration. 

Emeishan Large Igneous Province 

 The Emeishan Large Igneous Province (ELIP) is a continental flood basalt province located 

in the western margin of the Yangtze craton in SW China (Fig. 1).  The province covers an area of 

~2.5 x 105 km2, with a total volume of ~0.3 x 106 km3 (Ali et al., 2005; Kamenestky et al., 2012).  

Geochronology studies shows that the rocks were emplaced around 260 Ma, over an interval of a 

few million years (Ali et al., 2005; Liu and Zhu, 2009), which is coincident with the end-

Guadalupian mass extinction (Zhou et al., 2002; Xu et al., 2008). Several studies interpret the ELIP 



as having formed by a plume-derived magmatism (Song et al. 2008; Xu et al.2008; Xiao et al., 

2004).  

The lava sequence ranges in thickness from 200 to more than 5000 m (Shellnutt, 2013) and 

consists mostly of tholeiitic basalts, which represent more than 95% of the magma volume. Based 

mainly on their Ti/Y ratios, Xu et al. (2001) classified the tholeiitic basalts of the ELIP into low 

and high-Ti basalts. The low-Ti basalts have Ti/Y lower than 500, whereas the high-Ti basalts 

have Ti/Y greater than 500. 

The selected samples comprise 15 high-Ti and 9 low-Ti picrite lavass, and 9 flood basalts 

collected in the Jianchuan, Lijiang (Shiman and Daju sections), Dali and Binchuan, areas, in the 

western part of the ELI and 3 samples comprising olivine-phyric subvolcanic rocks from the Ertan 

area. Arguin et al. (2016) previously studied this collection of samples and concluded chromite, 

olivine and platinum-group mineral crystallization depleted the magma in Os, Ir, Ru and Rh during 

crystal fractionation, but did not greatly affect Pd or Pt concentrations. These samples are not 

metamorphosed, but as they are subaerial they may have experienced degassing.  

 

Etendeka Igneous Province 

 The Etendeka Province is part of the Large Igneous Province denominated Paraná-

Etendeka Magmatic Province (PEMP; Peate, et al. 1997; Marsh et al., 2001). The generation of 

the PEMP is associated with the opening of the South Atlantic Ocean during the Early Cretaceous, 

around 132 Ma (Renne et al., 1996; Peate, et al. 1997). The Etendeka Province corresponds to the 

remnant of the associated magmatism in northwest Namibia (Fig. 1), with a present-day outcrop 

area of approximately 78,000 km². 



 The selected samples consist of 3 dolerite dykes and 3 picritic dykes from the Tafelberg 

and Horingbaai areas and have been previously studied by Maier et al. (2003), who investigated 

the distribution of PGE in southern African flood basalts. The Horingbaai dykes represent 

asthenospheric mantle derived magmas without clear crustal contamination, whereas crustal 

assimilation is suggested to be more important for Tafelberg dykes (Erlank et al., 1984; Peate and 

Hawkesworth, 1996; Thompson et al., 2001). Maier et al. (2003) argue that sulfide segregation 

was not significant during the formation of the rocks from the Etendeka Province. The rocks are 

not metamorphosed, but they are subvolcanic, and thus could show the effects of degassing and 

variable degrees of crustal contamination. 

 

Karoo Igneous Province 

The Karoo Large Igneous Province is located at the southern part of Africa (Fig. 1) and 

formed during the separation of the African and Antarctica portions of Gondwana, around 180 Ma 

(Marsh et al., 1997; Riley and Knight, 2001; McClintock et al., 2008).  Most of the remnants of 

the Karoo province comprise sills intruding sediments of the Karoo Supergroup, and up to 1600 

m thick lava pile preserved in the Lesotho region, and a volcanic sequence around the Lebombo–

Sabi region (Eales et al., 1984; Duncan et al., 1997; Marsh et al. 1997).  Radiometric results show 

that the emplacement of the lavas took place in a brief event of potentially less than 1 Ma (Jourdan 

et al., 2007; Svensen et al., 2012). 

The samples comprise tholeiitic basalts from the Barkly East (n=8) and Lesotho (n=13) 

formations, in the southwestern portion of the province, and from the Tuli syncline (n=3) at the 

northern portion of the province. Strontium isotopic work indicates that the rocks have undergone 

crustal contamination (Marsh et al., 1997). Based on the PGE content of the lavas Maier et al. 



(2003) argued that they have not undergone significant sulfide segregation.  The rocks are not 

metamorphosed, and some are vesicular. They could show the combined effects of degassing and 

crustal contamination.  

 

Siberian Flood Basalts 

The Siberian Large Igneous Province, located across western and eastern Siberia (Fig. 1), 

comprises very large alkaline, mafic and felsic magmatism erupted at the Permo-Triassic 

boundary. Geochronology studies shows that the emplacement of the Siberian LIP lasted less than 

1 Ma (between 252.3 and 251.3 Ma; Reichow et al., 2009; Burgess et al., 2014).  The magmas 

interacted with the volatile-rich sedimentary rocks, and associated gases released during the 

Siberian LIP event are believed to be responsible for the end-Permian mass extinction (Polozov et 

al., 2016, and references therein). 

The selected samples are from the Noril’sk region, in the northwest portion of the province, 

where the full volcanic sequence has been drilled (Fedorenko, 1994). The lower formations were 

derived from high-Ti magmas with plume characteristics, whereas the upperformations were 

derived from low-Ti magmas contaminated with continental crust (Lightfoot et al., 1993).  The 

selected samples from the Nadezhdinsky (Nd), Morongovsky (Mr), Mokulaevsky (Mk) and 

Kharayelakhsky (Kh) formations are part of the upper formations. Additionally, a sample from a 

shale from the Medvezhy open pit mine was also included as an example of a potential 

contaminant. Lightfoot et al. (1993) and Brügmann et al. (1993) have shown that the Nd and parts 

of the Mr formations are depleted in both PGE and Cu and are thought to have segregated a sulfide 

liquid, with the Nd formation showing the greater degree of contamination. The Nd samples then 

could show the combined effects of sulfide segregation, degassing and crustal contamination 



whereas the Mr, Mk and Kh samples should show the effects of degassing and crustal 

contamination.  None of the samples are metamorphosed. 

 

2. Analytical Methods 
 

Tellurium, As, Bi, Sb and Se analyses were carried out by Hydride Generation-Atomic 

Fluorescence Spectrometry (HG-AFS) following the technique described by Mansur et al. (2020b), 

at LabMaTer Université du Québec à Chicoutimi (UQAC). Approximately 0.4 g of sample were 

digested with 5 ml of aqua regia (1:3 HNO3:HCl) in close-caped beaker at 70ºC for 24 hours. The 

aliquot was allowed to cool and diluted to 25 ml prior to mixing with a reductant solution (0.7% 

NaBH4 and 0.4%NaOH). The mixed solution was analysed by Hydride Generation-Atomic 

Fluorescence Spectrometry (HG-AFS), using a continuous flow PSA Millennium Excalibur 

10.055 from PS Analytical. Six calibration solutions with concentrations of 0.1, 0.25, 0.5, 1, 2.5 

and 5 ppb were prepared using standard solutions of each element (PlasmaCAL, SCP Science, 

Quebec, Canada). The calibration solutions were mixed with the reagent blank prior to 

measurement, in the same proportion as sample aliquots. Calibration solutions were measured at 

the beginning and the end of each sequence of analysis to monitor fluctuations of the fluorescence 

signal, which were not observed.  International reference materials (CH-4 and TDB-1 from Natural 

Resources Canada and OKUM from IAGEO), and a blank were determined at the same time as 

the samples. The detection limits based on 3σ of the blank are 0.005, 0.003, 0.005, 0.005 and 0.002 

ppm for Te, As, Bi, Sb and Se, respectively.  The results for the reference materials agree with 

working values (electronic supplementary materials, ESM 3 Table 1).  

 For most samples, whole-rock analyses were already available in the original publications. 

For samples where they were not, the samples were analyzed at LabMaTer, (UQAC). 



Approximately 0.2g of sample, 1g of flux powder (98.5% LiBO2 and 1.5% LiBr) and 0.2g of 

NH4NO3 were mixed in a platinum crucible and melted using a Claisse Fluxer.  The mixture was 

first heated up to 800ºC for 5 minutes, followed by 4 minutes at 1050ºC and 20 rotations per 

minute, and finally 3 minutes at 1100ºC and 35 rotations per minute.  The melting product is cool 

down for 3 minutes and a glass disk was produced. The glass disks were mounted in an epoxy 

block and analysed by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-

MS). The LA-ICP-MS analyses of the glass disks were performed using an Excimer 193 nm 

RESOlution M-50 laser ablation system (Australian Scientific Instrument) equipped with a double 

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

LA-ICP-MS tuning parameters were a laser frequency of 10 Hz, a power of 5 mJ/pulse, a dwell 

time of 7.5 ms, a rastering speed of 5 μm/s, and a fluence of 3 J/cm2 and a beam size of 80μm.  The 

gas blank was measured for 30s before switching on the laser for at least 60s. The ablated material 

was carried into the ICP-MS by an Ar–He gas mix at a rate of 0.8–1 L/min for Ar and 350 mL/min 

for He, and 2mL/min of nitrogen was also added to the mixture. Data reduction was carried out 

using the Iolite package for Igor Pro software (Paton et al., 2011). The isotopes measured for each 

element are reported in ESM, Table 2. The certified reference materials OKUM, KPT-1 (IAG 

reference materials), WPR-1 (CANMET) and UB-N (CNRS-CRPG), were used to monitor the 

results. The results obtained for the reference materials agree with the working values (ESM 3, 

Table 2). 
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