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Abstract

Solubility and immiscibility relationships in silicate melts as a function of the con-

centrations of Cu, Mn, Ni and W were measured for melts synthesised at 1400 ◦C

and 1 bar. Relationships between fS2, fO2 and the S solubility were also inves-

tigated. The results were used to extend and calibrate an existing model for the

solubility of S in silicate melts to Mn- and W-bearing melt compositions. Mn was

found to enhance S solubility. W was found to have little effect on S concentration.

Ni stabilised an immiscible sulphide phases at metal contents higher than 0.01 to

0.05 wt %. Cu was lost from the samples, this was attributed to the formation of

an immiscible sulphide phase or devolatilisation of Cu as a Cu-S vapour phase.

The data was consistent with an expression for S solubility of the form ln[S] =

A0 +
∑

M XMAM + 1/2 ln fS2

fO2
, where XM is the mole fraction of cation M and the

A terms are calibration constants. AM values for Mn and W are 29.5 ± 1.7 and

8.54 ± 6.91 respectively. The expression was tested against other models, and on

Preprint submitted to Chemical Geology 2 July 2008



experimental data that was not included in the calibration. Observed and calcu-

lated values were in good agreement. The data for Cu and Ni are consistent with

extant thermodynamic models for sulphide saturated silicate melts. These metals

effectively stabilise sulphide melt phases, with implications for our understanding of

the formation of magmatic sulphide ore deposits and the fractionation of chalcophile

elements.
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1 Introduction1

A quantitative understanding of the solubility of sulphur in silicate melts is2

necessary if we are to understand a wide range of processes that include global3

sulphur cycling (e.g. Alt et al., 1993; Fischer et al., 1998), the formation of4

economic sulphide deposits (e.g Cawthorn, 2005; Lee and Ripley, 1995; Li and5

Ripley, 2005; Pina et al., 2006), the distribution of chalcophile elements such6

as platinum, rhenium, osmium and palladium (e.g. Naldrett, 1999; Wang and7

Zhou, 2006), and the effects of volcanic eruptions on the atmosphere (e.g. de8

Hoog et al., 2004).9

Much work on the solubility of sulphur in silicate melts has been performed by10

metallurgists (e.g. Fincham and Richardson, 1954; Seo and Kim, 1999; Shankar11

et al., 2006; Young et al., 1992). However, such work is of limited use to12

earth scientists because the compositions and conditions of formations of these13
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slags are far from those of geological interest. Other work (e.g. Buchanan and14

Nolan, 1979; Buchanan et al., 1983; Haughton et al., 1974; Jugo et al., 2005;15

Katsura and Nagashima, 1974; Liu et al., 2007; Mavrogenes and O’Neill, 1999;16

O’Neill and Mavrogenes, 2002; Shima and Naldrett, 1975) has investigated17

the solubility of sulphur in silicate melts that range from basaltic to rhyolitic18

compositions, at pressures to 1 GPa, temperatures to 1400◦C, and with and19

without the presence of water and/or a coexisting immiscible sulphide phase.20

Experimental data has been combined with data from natural samples to21

produce expressions that predict sulphur solubility as a function of melt com-22

position and extensive parameters such as pressure, temperature, fO2 and fS223

(e.g. Fincham and Richardson, 1954; O’Neill and Mavrogenes, 2002; Moretti24

and Ottonello, 2005; Scaillet and Pichavant, 2005; Wallace and Carmichael,25

1992). Early work (e.g. Fincham and Richardson, 1954) was based on the26

assumption that sulphur substitutes for oxygen in silicate melts via27

O2−
melt + 1/2S2,gas = S2−

melt + 1/2O2,gas (1)28

at oxygen fugacities sufficiently reducing that S2− is the dominant sulphur29

species in the melt. The equilibrium constant for this reaction can be arranged30

to produce the Fincham-Richardson relationship (Fincham and Richardson,31

1954; Eqn 2)32

lnCS = ln [S] + 1/2 ln fO2/fS2 (2)33

where CS is the sulphide capacity in wt%, which is a function of pressure,34

temperature, and melt composition, and [S] is the sulphur concentration, also35

in wt%. Deviations from the model were noted by some studies (e.g. Buchanan36
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and Nolan, 1979; Buchanan et al., 1983). The experimental data from these37

studies was used as the basis for more complex formulations (e.g. Poulson38

and Ohmoto, 1990). However, extensive testing of the Fincham-Richardson39

relationship by O’Neill and Mavrogenes (2002) showed that most of these de-40

viations could be attributed to experimental error. It is therefore reasonable41

to prefer theoretical models that are consistent with the Fincham-Richardson42

relationship. One such model, that combines a relatively small number of43

calibration parameters with a robust thermodyamic background, is that of44

O’Neill and Mavrogenes (2002). This model combines the conceptual model45

that underlies the Fincham-Richardson relationship with an fused salt ther-46

modynamic model for silicate melts to produce an expression (Eqn 3) for47

the sulphide capacity at 1400◦C and 1 bar as a function of melt composition48

(O’Neill and Mavrogenes, 2002).49

lnCS = A0 +
∑
M

XMAM (3)50

where CS is the sulphide capacity and XM is the mole fraction of cation M .51

A0 is a constant that combines the conversion factor between the mole frac-52

tions and wt% concentration scale with the activity coefficient for the sulphur53

species in the melt. The AM are coefficients that represent the tendency of a54

metal to prefer a sulphur neighbour in a melt over an oxygen neighbour via55

the difference in chemical potentials of the oxide and sulphide melt compo-56

nent. Full details and derivation of this expression are provided by O’Neill and57

Mavrogenes (2002). This expression successfully describes the solubility of S58

in silicate melts in the system CaO-FeO-TiO2-MgO-Al2O3-SiO2-S over a wide59

range of compositions.60

However, there are a number of elements other than CaO-FeO-TiO2-MgO-61

4



Al2O3-SiO2-S that are present in silicate melts and that might be expected62

to have a significant effect on the sulphide capacity of a melt. The principal63

among these are metal cations that form sulphide phases, such as copper,64

manganese and nickel. Iron, which is a sulphide-forming cation, has a large65

effect on the sulphide capacity of melts, indeed, the sulphide capacity of melts66

with a Fe content around 10 wt% (typical of terrestrial basalts) is controlled67

mostly by the Fe content (O’Neill and Mavrogenes, 2002). The other transition68

metals (e.g. Cu, Mn, Ni) might be expected to have similar properties, as might69

W, which forms stable sulphides under a wide range of conditions. There is70

some evidence that Ni enhances S solubility in a similar way to iron; Li et al.71

(2003) have argued that the Ni partition coefficient between melt and olivine72

is correlated with the S content of natural basaltic melts, which indicates that73

the two elements have some affinity. Apart from this, there is little evidence,74

experimental or natural, of the effect that metals such as Mn, Cu, Ni and W75

can have on the S content of silicate melts. An understanding of these effects76

is critical if metal-sulphur systematics in potentially ore-forming deposits are77

to be understood.78

An additional aspect of interest is the equilibration of a S-bearing silicate79

melts with an immiscible sulphide melt. Such sulphide melts play an impor-80

tant role in the formation of magmatic ore deposits (e.g. Mungall, 2002),81

metamorphosed sulphide-bearing ore deposits (e.g. Mavrogenes et al., 2001),82

and the fractionation of chalcophile elements such as rhenium and osmium.83

The presence of a sulphide melt phases imposes a maximum on the S content84

of a silicate melt and this additional constraint can be incorporated into the85

thermodynamic description of the S content of silicate melts (e.g. O’Neill and86

Mavrogenes, 2002).87
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The purpose of this study is to measure the effects of Cu, Mn, Ni and W on88

the solubility and immiscibility of S in silicate melts at 1400◦C and 1 bar.89

The results are used to calibrate the model of O’Neill and Mavrogenes (2002)90

for these metals to produce a more general model for the prediction of the91

sulphide capacity of silicate melts.92

2 Methods93

Oxides and carbonates were mixed in the appropriate proportions to provide94

the starting materials for the silicate glasses. The runs used in the thermo-95

dynamic analysis utilised an anorthite-diopside eutectic mix with added Ca96

(ADeu + Ca). The Ca was added to increase the base level S concentration in97

the samples, which reduces analytical uncertainties. A number of samples were98

prepared with zero additive metal content to establish the baseline S content99

for the study. These samples were included in several of the runs listed in100

Table 1. Analysis of these samples allows the repeatability of runs at identical101

theoretical fO2 and fS2 values to be assessed. In most other runs, oxides were102

added to the mixes in concentrations that varied from 0.1 wt % to 10 wt%.103

Sample notation is of the form Bxxxxxxpy, where xxxxxx indicates the date104

of the run, and y indicates the sample number from that run. The intended105

additive metal concentrations for runs labelled Bxxxxxx low in Table 1 were 0,106

0.2, 0.4, 0.6, 0.8 and 1.0 wt%, and for runs labelled Bxxxxxx high were 0, 2,107

4, 6, 8 and 10 wt%. The exceptions were run B070406, which contained Ni at108

10, 15, 20, 25 and 30 wt %, and B270306 which contained Mn at 3.5 wt% in109

all the samples except a zero Mn-sample. Not all the samples were retrieved110

from all the runs.111
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The oxides and carbonates were mixed under acetone and were mixed with112

polyethylene oxide to form a thin paste. The paste was mounted onto 3-5 mm113

diameter rhenium wire loops which were loaded into the vertical muffle tube114

furnaces where they were converted to silicate glasses. The furnaces used for115

this study are modified to allow accurately measured gas mixes to flow upwards116

through the furnace. fO2 and fS2 were controlled by the proportions of CO,117

CO2 and SO2, which were supplied to the furnace by Tylan F2800 mass flow118

controllers. Values of fO2 and fS2 corresponding to the input gas mixes were119

calculated as described by O’Neill and Mavrogenes (2002). Uncertainties in120

fO2 and fS2 are estimated to be ± 0.05 log units (c.f. O’Neill and Mavrogenes,121

2002). Gas flow rates and calculated fugacities for O2, S2 and SO2 are given122

in Table 2.123

It was possible to run six samples at a time, and these were loaded while124

the furnace was at a temperature of around 600◦C. This low temperature125

was used to prevent the samples sticking to each other if they accidentally126

touched during loading. When loading was complete the CO and CO2 gases127

were switched on and the temperature was increased at 6 ◦C per minute up to128

1400 ◦C. The SO2 flow was switched on once temperatures rose above 1000◦C.129

Samples were run for 24 hours. Previous work (O’Neill and Mavrogenes, 2002)130

has suggested that this time is sufficient for equilibration between the glass131

and the input gases even when immiscible sulphide melts are formed. After132

24 hours the runs were quenched by releasing the wire loops into water. A133

small number of experiments were quenched in air to test the effect of the134

different quenching mechanisms. Most of the experiments were performed at135

an fO2 of -9.6 and a log fS2 of -1.91. These conditions have the advantage136

that they produce high S contents (> 0.2 wt % in most cases) without any137
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risk of blocking the furnace with precipitated elemental S, which can be the138

case when SO2 flow rates are high. Cu experiments were undertaken at slightly139

more oxidising conditions with a log fO2 of -8.1 and a log fS2 of -1.91. These140

conditions were chosen in an attempt to decrease Cu loss, a phenomenon that141

had been noted during trial experiments (unpublished results). Experiments142

on Mn-, W- and Ni-bearing melts were also undertaken at more oxidising143

conditions, with log fO2 set to -7.6, -7.18 and -3.1. fS2 in these experiments144

was kept as high as possible without running the risk of blocking the furnace145

with precipitated elemental sulphur. The purpose of these experiments was to146

test the Fincham-Richardson relationship for Cu, Ni, W and Mn. Subsequent147

text will, for the sake of convenience, refer to experiments performed at a log148

fO2 of -9.6 and a log fS2 of -1.91 as group 1 experiments, to those performed149

at a log fO2 of -7.18 and a log fS2 of -1.81 as group 2 experiments, to those150

performed at a log fO2 of -7.6 and a log fS2 of -2.8 of as group 3 experiments,151

and to those performed at a logfO2 of -3.09 and a log fS2 of -11.88 as group152

4 experiments. 31 successful runs were completed, with 4-6 samples produced153

for each. Several of the runs were duplicated, to assess the repeatability of the154

experiments and to provide samples for synchrotron analysis.155

The glass samples were set in epoxy and polished before analysis. The samples156

were then examined optically for evidence of exsolution of immiscible sulphide157

liquids and the formation of silicate crystal phases. The existence of phases158

other than silicate melt does not invalidate the use of samples in this study, so159

long as equilibrium is attained, but the presence of additional phases reduces160

the variance of the assemblage and interpretations need to be carried out161

accordingly. The samples were then carbon-coated and analysed for major162

elements and the trace metals Cu, Mn, W and Ni on the Cameca SX100163
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electron microprobe at the Research School of Earth Sciences at the Australian164

National University. WDS analysis and a 15 KeV accelerating voltage was used165

for all elements. Raw counts were converted to element weight percentages166

using a modified ZAF correction scheme. The major elements were analysed167

first using a 10 nA, 15 KeV beam with a 10 micron radius. Sulphur and the168

trace metals were subsequently analysed using a 100 nA, 20 micron beam.169

Sulphur was analysed using a peak area routine to eliminate artefacts arising170

from the dependence of the peak position on sulphur oxidation state. Two171

of the WDS spectrometers attached to the machine were scanned across the172

sulphur peak, and the total counts were integrated to obtain the sulphur mea-173

surement. Scan time was 150 seconds, and the peak measurement occurred174

between channels 61293 to 61493 on the LPET crystal. 48 channels on either175

side of the peak were scanned to obtain a background measurement. The cal-176

ibration standard for S analysis was a mixture of FeS and CaSO4.2H2O for177

the early runs (to B110406) and CaSO4.2H2O for subsequent runs. The sec-178

ondary standards were NIST610 and VG2 (Jarosewich et al., 1979) and these179

were run at least every four hours over the course of the analysis. The average180

value for NIST610 over the course of the analysis presented here was 0.056 ±181

0.006 wt %, which compares well with the 0.058 wt % for this standard that182

is reported by O’Neill and Mavrogenes (2002). The average S concentration183

in VG2 was 0.143 ± 0.05 wt %, which also agrees well with reported values.184

Previous determinations include 0.14 ± 0.003 wt % (O’Neil and Mavrogenes,185

2002); 0.134 ± 0.008 wt % (Dixon et al., 1991); 0.142 ± 0.004 wt % (Wallace186

and Carmichael, 1992); 0.14 wt % (Nilsson and Peach, 1993); 0.137 ± 0.003187

wt % (Thordarson et al., 1996); 0.145 ± 0.003 wt % (Metrich et al., 1999); and188

0.142 ± 0.004 wt % (de Hoog et al., 2001). Values for Mn, Cu and Ni obtained189
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from NIST610 were 0.048 ± 0.003 wt %, 0.049 ± 0.003 wt % and 0.053 ± 0.004190

wt % respectively, which also agree well with reported values (Pearce et al.,191

1997) of 0.042 ± 0.008 wt % for Mn, 0.042 ± 0.002 wt % for Cu, and 0.044192

± 0.008 wt% for Ni. All uncertainties are one standard deviation. Four or five193

points were analysed on each piece of glass. Care was taken to measure points194

evenly distributed across the whole piece of the glass, and the similarity of195

the points was used as a test for equilibrium. If the standard deviation of the196

additive metal or sulphur from the multiple analyses was greater than 5%, or197

0.015 wt%, whichever was the larger, then disequilibrium was suspected and198

the results treated with caution. Analyses for such samples are marked with199

an asterisk in Table 3. Samples with additive metal and S contents below the200

detection limits of 0.015 wt%, for S and W, 0.01 wt %, for Cu and Mn, and201

0.005 wt %, for Ni, were rejected. Detection limits were given by the Cameca202

software, based on the counting statistics.203

Parameters that contribute significantly to uncertainties in CS are values of204

fO2 and fS2 for the input gas mixes and the measured S concentration. Un-205

certainties in fO2 and fS2 are estimated to be ± 0.05 log units (c.f. O’Neill206

and Mavrogenes, 2002). Uncertainties for S concentration based on counting207

statistics are provided by the Cameca software; uncertainties on the S content208

were less than ± 0.015 wt % in all cases. These uncertainties were propagated209

through the equation for CS (Eqn 2) to obtain the error bars shown (Figs 1210

to 5). Uncertainties in additive metal contents are estimated to be ± 0.01 wt211

% for Mn, Ni and Cu, and ± 0.015 wt % for W.212

Selected samples with Ni and Cu concentrations below probe detection limits213

were analysed on the LA-ICPMS (Laser Ablation-Inductively Coupled Plasma214

Mass Spectrometer) at the ANU. Ablation was performed in a He atmosphere215
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by an ArF EXIMER laser (193 nm) with a pulse energy of 120 mJ and a 5 Hz216

pulse repetition rate; the ablation time was 40 s, with 20 s spent measuring217

background prior to the ablation. A laser spot size of 142 m was used. The218

ablated material was flushed in a continuous argon flow into the torch of an219

Agilent 7500 Series ICP-MS. The silicate glass reference material NIST 610220

(National Institute of Standards and Technology) was used as the external221

standard with 29Si as the internal standard. Further information regarding222

correction procedures, limits of detection and instrumental errors can be found223

in Eggins et al. (1998).224

3 Results225

3.1 Sample appearance and approach to equilibrium226

Most of the samples formed translucent clear or yellow-coloured glass beads.227

Some remained in one piece during the quenching process and some fractured.228

Unfractured samples were up to 5mm diameter and weighed between 0.05229

and 0.15g. Many samples (Table 3) contained bubbles and/or black specks.230

In most cases the black specks occurred on the margins of the sample, or231

showed dendritic form in fractures. In Ni-bearing samples the specks were232

distributed through the glass and appeared to define flow patterns. Generally233

the black specks were <5 microns in size and could not be analysed. However,234

in two Ni-bearing samples, B220306p6, and B070406p6, there was sufficient235

black material exposed for analysis (Table 3c). The material was found to236

consist of nickel and sulphur with a small amount of iron; atomic Fe/(Fe+Ni)<237

0.06. Black specks in the other samples are therefore inferred to be sulphides238
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produced on surfaces or fractures during quench. Microprobe analyses did not239

sample these areas as fractures and rims were avoided, and good compositional240

repeatability was obtained in over 90% of the samples analysed (Table 3).241

This suggests that equilibrium was attained in most cases. Attainment of242

equilibrium did not depend systematically on the identity of the additive metal243

or run conditions; the percentage that apparently reached equilibrium for Cu,244

Mn, Ni and W was 100, 92, 89 and 87 % respectively. However, Ni-bearing245

samples that show a larger variation between analyses do differ noticeably246

from the others in terms of their sulphide capacity - Ni content systematics;247

this is discussed in more detail below.248

A number of samples (Table 3) had a lower Ca content than that intended,249

with drops in Ca content of up to 10 wt%. Drops in Ca content occurred in250

Mn-, Ni-, and W-bearing samples, and the feature was more common, for Mn251

and W, in those samples with high additive metal content (Mn > 8 wt%,252

W > 2 wt%) from runs with low fO2. Samples with low Ca contents did253

not preferentially exhibit disequilbrium compared to the higher Ca samples.254

The number expected to show disequilibrium and low Ca, based on a simple255

proportional calculation, which would be appropriate if the two features were256

unrelated was 0, 1 and 3, for Mn, Ni and W respectively, whereas the observed257

numbers were 0, 2 and 3. This suggests that the process that caused the low258

Ca contents did not induce disequilibrium. Attempts were made to locate and259

analyse the Ca-bearing phase on the microprobe. However, such a phase could260

not be found or analysed. This detracts from the completeness of the study,261

however, interpretation and conclusions of the study with respect to sulphur262

solubility systematics are unaffected.263
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3.2 Sulphur concentrations264

The runs without additive Mn, W, Ni or Cu produced a baseline S content265

for the ADeu + Ca composition of 0.199 ± 0.026 wt % (n=19). Some of the266

variation observed can be attributed to small quantities of Fe in the sam-267

ples, which was detected by the electron microprobe. No Fe was added to the268

mixes, therefore Fe in the samples is likely to have come from contamination269

in the furnaces. The compositions of air-quenched runs were indistinguishable270

from those of the water-quenched runs but results from these samples are not271

included here.272

Sulphur content was positively correlated with Mn concentration for the data273

from the Mn-bearing group 1, 2 and 3 experiments (Table 3a, Fig 1a). Melts274

produced under more oxidising conditions (groups 2 and 3) showed a less275

extreme dependence of S solubility on Mn content than the most reducing276

(group 1) melts, where S concentrations of up to 1 wt% were measured in the277

most Mn-rich (Mn close to 10 wt%) glasses. Sulphur in the group 4 samples278

(B180906), which had the most oxidising conditions of formation, is below279

detection limits. The experiments show good repeatability. For example if280

B030106 is compared with B151106, sulphur concentrations for equivalent281

samples are repeatable within 2% and Mn concentrations within 5 wt%.282

Results for the W-bearing glasses depend on the initial W content of the melt283

(Table 3b, Fig 1b). Glasses produced by runs with initial W contents of less284

than 1 wt % (B150906 and B301205) have a S content of around 0.2 wt %, a Ca285

content of around 24 wt %, and show no systematic relationship between W286

content and S. Glasses produced by runs with an initial W content higher than287
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1 wt% (B240306 and B220806) exhibit a reduced Ca, at 14 - 16 wt% which288

suggests the exsolution of a Ca-bearing phase. This phase was not exposed at289

the surface of the glass and so could not be investigated with the microprobe.290

The W content of the samples unaffected by the Ca loss, but the S content291

of these high W glasses is much lower than for the low W glasses. S content292

is effectively independent of W content, as for the low W samples. In runs293

where log fO2 was increased above -9.6 (groups 2, 3, and 4), the S content294

drops below detection limits for all samples with appreciable W. If W content295

is also high in these runs then the Ca content drops, as for the lower fO2 runs296

(Table 3b: B230806 and B200906).297

Some of the Ni-bearing glasses contain Ni or S in concentrations below the298

detection limits (Table 3c). The remainder of the samples lie on a trend that299

defines a reciprocal or pseudo-reciprocal relationship between S and Ni (Fig300

1c). This is consistent with equilibration of the melt with a Ni sulphide phase,301

which was observed to have exsolved from the melt in many of the samples.302

All three groups of samples lie on the same reciprocal trend. The reciprocal303

relationship is strikingly different to the positive correlation between metal304

and S content that was found for Mn; compare Figs 1a and Fig 1c. Group305

4 samples (B190906), which had the most oxidising conditions of formation,306

have high Ni contents, up to several wt%, but the S concentration in these307

samples is below the detection limit (B190906).308

Cu and S contents in the Cu-bearing runs (Table 3d, Fig 1d) are close to, or309

below, the detection limits for one or both elements in all experiments. Cu310

was added to the samples in concentrations of up to 10 wt%, which is many311

times that found by analysis, so these results represent massive Cu loss. Black312

blebs of an exsolved phase inferred to be copper sulphide melt was observed313
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in some samples (Table 3d). Sulphur concentrations are much less than the314

baseline concentration for Cu-free samples (0.04 wt % vs. 0.199 wt %).315

3.3 Sulphide capacities316

Sulphide capacities calculated from Eqn 2 were plotted (Fig. 2). The Cu-317

bearing melts were omitted from this exercise because the low Cu and S con-318

centrations prevent meaningful analysis of this parameter. The Mn-bearing319

melts (Fig. 2a) coalesce to form an approximately linear trend. This result is320

consistent with the Fincham-Richardson relationship.321

In the W-bearing melts, (Fig. 2b,c), melts with high and low W content plot322

in different places in W - CS parameter space. The high W samples (Fig. 2b)323

form a linear trend in CS-W space with an approximately constant CS. The324

low W samples form a similar trend, but at a lower CS value.325

The Ni-bearing melts (Fig. 2b) exhibit different characteristics for the Mn-326

bearing melts. Data taken from each set of fO2/fS2 conditions plot in differ-327

ent parts of the CS parameter space, with the higher fO2 experiments having328

both higher metal content and sulphide capacity. The data apparently records329

negative correlations between Ni and CS for each group, although the analyt-330

ical uncertainties are sufficiently large that the negative correlations are not331

statistically significant.332
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4 Discussion333

4.1 Qualitative interpretation of concentration and sulphide capacity data334

4.1.1 Manganese335

Data from the Mn-bearing melts (Fig. 1a) are as expected for a system that336

obeys the Fincham-Richardson relationship and with S solubility specified by337

Eqn 3. Mn and S are positively correlated, with different slopes in S-Mn space338

for the different gas compositions. The data then coalesces into a single trend339

when sulphide capacity (Eqn 2) is plotted against metal content. A further340

test for the Fincham-Richardson relationship is to plot 1
2

log fS2 − log[S,wt%]341

against 1
2

log fO2 (Fig. 3a). If the Fincham-Richardson relationship holds then342

the slope of the data should be 1. The data is consistent with, but does not343

uniquely define, such a line (Fig. 3a). The Mn data therefore suggests that344

sulphur dissolves in melts according to Eqn 1. The positive correlation between345

sulphide capacity and Mn further suggests that the presence of Mn induces a346

free energy incentive for dissolution of S via the formation of Mn-S ion pairs347

or some more complex melt species.348

4.1.2 Tungsten349

The difference between the sulphide capacity of the Ca-rich and Ca-poor W-350

bearing melts can be attributed to a change in melt composition driven by351

precipitation of a Ca-bearing phase. There is no evidence that the precipitation352

of such a phase has caused disequilibrium in the samples, so the existence of353

this phase does not affect the interpretation or conclusions given here. The354
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baseline sulphide capacity for the Ca-rich melts, calculated with Eqn 3 and355

the coefficients of O’Neill and Mavrogenes (2002) is 1.8 x 10−5 wt%. This is356

similar to the observed average for Ca-rich melts with W less than 1 wt %,357

which is 2 x 10−5 wt%. The calculated baseline sulphide capacity for the Ca-358

poor melts is 8 x 10−6 wt%. This compares well with the observed average for359

the sulphide capacity for the low W Ca-poor melts, which is 1.1 x 10−5 wt%.360

Once this difference in melt composition is accounted for, the characteristics361

of the W-bearing samples are consistent with a melt in which there is little362

free energy incentive for W-S nearest neighbours and thus little correlation363

between W and S contents of melts.364

4.1.3 Nickel365

Interpretation of the data from the Ni-bearing melts is complicated by the366

existence of a coexisting Ni sulphide phase which affects the Ni-S systematics.367

However, it is possible to predict Ni-S relationships for this situation (Fig.368

3b,c). The location of the Ni-sulphide saturation surface is calculated based369

on the assumption that the coexistence of the silicate melt with a Ni sulphide370

phase can be represented by Eqn 4.371

NiOmelt + 1/2S2,gas = NiSsulphide melt + 1/2O2,gas. (4)372

The expression for K4, which is the equilibrium constant of the equilibrium373

defined by Eqn 4, can be combined with Eqn 2 to give374

[S] =
CS{NiSsulphide melt}

K4{NiOmelt}
(5)375
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Square brackets indicate concentration and curly brackets indicate activity, as376

is conventional. CS and [S] are in wt %, while the activities of NiSsulphidemelt377

and NiOmelt are relative to the chosen standard states for the sulphide and378

silicate melts. If the melt is assumed to consist of interlocking cation and379

anion lattices (Temkin model), where the standard state for any ion is 100%380

occupancy of the relevant lattice by that ion, and if the activity coefficients of381

Ni2+ and O2− in the melt are γNi2+ and γO2− respectively, then382

{NiOmelt} = XNi2+cation
XO2−

anion
γNiγO2− , (6)383

where Xi refers to the mole fraction of i on the cation or anion lattice. Eqn 5384

can then be written as385

[S] =
CS{NiSsulphide melt}

K4XNi2+cation
XO2−

anion
γNi2+γO2−

. (7)386

Eqn 7 is equivalent to Eqn 24 of O’Neill and Mavrogenes (2002) if it is assumed387

that XO2−
anion

is equal to 1, and if γNiγO2− is equal to γNiO.388

Eqn 7 predicts that the presence of a Ni sulphide phase imposes an approx-389

imately reciprocal relationship between Ni and S in the silicate melt phase390

which is insensitive to fO2 and fS2. The term on the right hand side would,391

however, be sensitive to melt composition, via the CS, activity coefficient,392

and [O2−] terms, but the variation in these parameters for the range of melts393

considered here is negligible and so the right hand side of Eqn 7 would be394

approximately constant for the melt compositions considered here. The value395

of K4 can be estimated from thermodynamic data for Eqn 4; Gibbs energies396

for the relevant phases were taken from O’Neill and Eggins (2002) and Barin397

(1989). These data give a value for K4 of 0.031 at 1400◦C. The value of γNiO398
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is taken from O’Neill and Eggins (2002) to be 2.5. The position of the sulphur399

content at sulphide saturation (SCSS) line can then be calculated, assuming400

that {NiSsulphide melt} is equal to 1, and if ANi coefficient in Eqn 3 is specified.401

Calculated SCSS lines are shown in Figs 3a and b for ANi values of 30 and 254402

respectively. The ANi value of 30 was chosen because it is similar to that for403

iron, which has an AFe of 26.3 (O’Neill and Mavrogenes, 2002), and the higher404

value was chosen to allow the effect of uncertainty in ANi values to be investi-405

gated. The line is given an arbitrary uncertainty of plus or minus a natural log406

unit. This is considered reasonable, given uncertainties of parameters such as407

the activity of NiS in the sulphide melt phase, the value of K4, and the value408

of the activity coefficient, γNiO. A one log unit uncertainty in the position of409

the NiS-saturated line would be caused by a factor of e uncertainty in one410

of the activity coefficients or the activity of NiS in the sulphide melt, by an411

uncertainty in the value of the Gibbs energy of reaction 4 of 14 kJ mole−1, or412

some combination of the above.413

Ni and S contents in melts that are undersaturated with Ni sulphide were414

calculated with Eqn 3 for the Ca-enriched melt composition used for this study,415

using AM values from Table 4, except for ANi, which was assumed to be 30 (Fig.416

3a) and 254 (Fig. 3b), as explained above. Note that the coefficients in Table 4417

give CS in wt% whereas those in O’Neill and Mavrogenes give concentrations in418

ppm. The difference is accommodated by the A0 term. Silicate melts saturated419

with a Ni sulphide phase should plot at the intersection between lines for420

undersaturated melts and the sulphide saturation line, while those that are421

undersaturated should plot on the thinner lines to the left of the bold NiS422

saturation line. The majority of group 1 points judged to be in equilibrium423

plot on the predicted group 1 line. A few scatter along a trend parallel to424
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the sulphide saturation line, and the points thought to exhibit disequilibrium425

scatter more widely. The group 2 points plot close to the group 2 line and426

within error of the NiS saturation line. No points lie at the intersection between427

the NiS saturation line and the undersaturated lines even though an NiS phase428

has been analysed from some of the samples. This is attributed to one or429

more errors in the assumptions upon which the calculated position of the NiS430

saturation line depends, which are discussed above.431

The most likely explanation for the poorly equilibrated samples and the scatter432

of group 1 points parallel to the NiS line is that the presence of the NiS phase433

interferes with equilibration between the melt phase and the input gases. In434

this case, local oxygen and sulphur gas fugacities would be different to those435

that are supposed to be imposed by the gas flow apparatus. The direction of436

the deviation is consistent with reduced local sulphur fugacity or increased437

local oxygen fugacity. The former is the most likely because the formation of438

the NiS melt potentially affects sulphur fugacity. If the NiS melt blebs were439

surrounded by silicate melt during their formation, then growth of NiS blebs440

would require S to diffuse through the silicate melt towards the bleb. If this441

process was faster than diffusion of S from the gas into the melt bead, then the442

local S fugacity within the melt would be reduced and data would lie along the443

S saturation line as observed. This geometry is consistent with the observed444

distribution of dark material in the glass beads. There is no evidence that the445

formation of a Ca-rich phase, which is indicated by the low Ca contents of446

several of the samples, affects the Ni-S systematics, as the sulphide melt does447

not contain significant Ca (Table 3c).448

20



4.1.4 Copper449

The data from the Cu-bearing glasses is consistent with massive Cu loss,450

either to the observed Cu sulphide phase, or to a CuS vapour species. Either451

would limit Cu and S concentrations in the same way that the presence of a452

Ni sulphide melt phase affects Ni and S concentrations. An estimate of the453

position of the SCSS line for Cu2S was made using equivalents of Eqns 4454

to 7, and data for copper sulphide melt phase from Barin (1989) (Fig. 3c).455

Predicted S contents on the SCSS line are below the detection limit for all456

the copper contents investigated, and thus the observation that few of the457

samples contained detectable S is consistent with thermodynamic prediction.458

Cu volatilisation has been invoked to explain copper loss from natural melt459

inclusions (Kamentetsky and Danushevsky, 2005). Mass balance calculations460

would be a useful way to assess the relative importance of the two mechanisms.461

However, retrieval of the glass bead is often incomplete so this is not possible462

for the samples described here.463

4.2 Geological significance of copper- and nickel-bearing sulphide melts464

Sulphide melts have been shown to occur in magmatic and metamorphic ore-465

forming environments (e.g. Mavrogenes et al., 2001; Mungall, 2002). These466

melts play an important role in ore-forming processes because of their abil-467

ity to concentrate and transport high concentrations of elements of economic468

interest, such as Ni and Cu, that occur only in trace quantities in aqueous469

fluids or silicate melts. The presence of sulphide melts also has the ability to470

fractionate chalcophile elements that are of interest for isotopic studies, such471

as rhenium and osmium, in ways that cannot be predicted on the basis of472
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existing experimental evidence.473

Stabilisation of sulphide melts by Ni and Cu is of interest because only a small474

quantity of sulphide melt is required to effectively strip a silicate melt of S,475

Ni and Cu, and to change Re/Os ratios. Such a low volume melt may never476

be recognised in the field. However, calculations of SCSS properties may be477

used to assess if such a melt existed, and to predict the consequences of its478

segregation.479

4.3 Review of predictive model for the sulphide capacity480

The thermodynamic background and derivation of the model for sulphide481

capacity (Eqn 3) are described in detail by O’Neill and Mavrogenes (2002).482

However, it is useful to review the fundamental assumptions on which it is483

based. These are (1) that S dissolves in melts according to the Fincham-484

Richardson relationship; (2) that the melt can be described as a fused salt with485

interlocking cation and anion lattices as described by Temkin (see discussion486

by Moretti 2005); and (3) that interactions between the two lattices can be487

described with the reciprocal solution model (e.g. Wood and Nicholls, 1987).488

Data from previous work (e.g. O’Neill and Mavrogenes, 2002) suggests that the489

Fincham-Richardson relationship holds for a wide range of melt composition.490

Data from this study shows that the relationship is also valid for Mn-bearing491

melts. Data from Ni-, Cu- and W-bearing melts does not unequivocally sup-492

port Fincham-Richardson composition relationship for these metals because of493

saturation with a Ni-sulphide or Cu-sulphide phase, and low S concentrations494

under oxidising conditions, respectively. The second assumption is unlikely to495
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provide a good physical representation of silicate melts. Previous work (e.g.496

Dolejs and Baker, 2005; Mysen, 2003; Wang et al., 1995) has shown that sili-497

cate melts consist of polymeric chains of Si and Al tetrahedra, and anions such498

as O have been shown to be associated either with the polymers, in which case499

the anions are described as ”bridging”, or with lone cations, in which case the500

anions are described as ”non-bridging”. Additionally, the model derivation501

combines two slightly different definitions of the cation mole fraction, so the502

model is semi-empirical. These issues do not prevent the model from providing503

an excellent representation of S solubility across a wide range of melt composi-504

tions, however, so the utility of the model is assumed to be unaffected by these505

issues. The reciprocal solution model provides a convenient and tractable way506

to deal with interactions between the notional cation and anion lattices and507

is well suited for the task. The O’Neill and Mavrogenes (2002) model would508

therefore be expected to be suitable for extension to the Mn-, and W-bearing509

systems investigated in this study. The model is not calibrated for the Ni- and510

Cu-bearing systems because the range of melt S contents is limited by the511

formation of a sulphide melt phase.512

4.4 Fitting Procedure513

First, it was necessary to check that the S analysis method used for this study514

produced S concentrations consistent with those used for the original calibra-515

tion of the O’Neill and Mavrogenes (2002) model (OM2002). This step was516

deemed necessary because there have been a number of changes to the electron517

microprobe hardware and measurement protocols since the original measure-518

ments were made, and any systematic shift could seriously bias results. S519
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contents were remeasured for 34 of the O’Neill and Mavrogenes (2002) sam-520

ples, and the results were compared to the original analyses. It was found521

that Snew = 0.946 (± 0.004) Sold. This small but systematic shift was incor-522

porated into the model by adjusting the A0 parameter in Eqn 3 so that the523

results become directly comparable, thus A0,new = A0,old + ln 0.946 = −5.076524

for concentrations in ppm, and A0,new equal to -14.286 for concentrations in525

wt%.526

The expression of O’Neill and Mavrogenes (2002) was then tested for the527

Ca-rich melt composition used for this study. The sulphur capacities of all528

samples with S > 0.015 wt% and additive metal concentrations < 0.05 wt529

% (n=28) were compared to sulphur capacities calculated with Eqn 3 (Fig.530

4). Differences between the samples are attributed to variation in the CaO531

and FeO content of the samples. Results (Fig. 4) show that the O’Neill and532

Mavrogenes (2002) expression predicts the low sulphur capacity samples well533

but underestimates the sulphur capacity for high sulphur capacity melts from534

this dataset. The main difference between the low and high sulphur capacity535

melts is the calcium content, so investigations of the discrepancy focussed on536

this term.537

The low additive metal subset of the data was regressed to obtain a new es-538

timate for ACa, ACa,new, which gave a value for ACa,new of 8.73 ± 0.09. This539

value is close to, but significantly different from, the original calibrated value540

for ACa, which is 7.56 ± 0.13. Use of the new value for ACa reproduces the541

high sulphur capacity part of the dataset well (Fig. 4) but overestimates sul-542

phur capacities for the low sulphur capacity part of the dataset. This suggests543

that a simple linear term may be unsuitable as a descriptor for the high cal-544

cium melts used for this study, possibly because of issues with the conceptual545
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mixing model. However the range of compositions available is insufficient for546

development of an alternative model so the original format is retained. The547

normalised deviation of the data from models with ACa and ACa,new were 29548

and 11% respectively. However, the advantages of this improvement in fit were549

outweighed by the disadvantages associated with the introduction of a new ad-550

hoc value for the calibration parameter that is valid only in a restricted range551

of melt composition, so the old value for ACa was retained.552

Data for Mn- and W-bearing glasses were then fit to Eqn 3 to determine AMn553

and AW. Data for B180906, which was run at conditions sufficiently oxidising554

that significant sulphate would be expected in the melt (Moretti, pers. comm.)555

was excluded from the fit because the OM2002 model is for sulphur as sulphide.556

Values for the other coefficients were those of O’Neill and Mavrogenes (2002),557

with A0 adjusted to account for bias in S analyses relative to the earlier study558

(Table 4) and the use of the wt% concentration scale. Mole fractions used in559

the fitting routine were single cation mole fractions, e.g.,560

XAl =
cAl

26.98
cSi

28.09
+ cAl

26.98
+ cFe

55.85
+

cMg

24.3
+ cCa

40.08

(8)561

where ci is the wt % of element i. The data for Mn fit well (Fig 5a), in spite of562

the issues with ACa, to give a value for AMn of 29.5 ± 1.7. This value is similar563

to that obtained by O’Neill and Mavrogenes (2002) for Fe. The systematic564

deviation of the low Mn samples from the 1:1 fit line is attributed to the565

issues with the value for ACa.566

The high W and low W data coalesce once variation with Ca content of the567

melt is taken into account, and the data for also fit well to the model (Fig 5b),568

with a value for AW of 8.5 ± 6.9. χ2 for the fit is 16.6 (n=18), which indicates569
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that the model describes the data at an acceptable level. The low value of570

AW, which is within error of zero, is consistent with the negligible effect of W571

on S solubility. There is, therefore, little evidence of any preference for W-S572

neighbours within the melt. Note that χ2 is only usable as a fit diagnostic for573

data sets that only include one set of oxygen and sulphur fugacities. This is574

because the uncertainties depend on fugacities, so data sets with more than575

one set of conditions do not have gaussian distribution of uncertainties, which576

invalidates the use of the χ2 statistic.577

The Ni-bearing data was not fit because the sulphide capacity is insensitive578

to the precise value of ANi in the concentration range accessed by this study579

(Fig. 3).580

4.5 Use of model for prediction581

Run B270306 was not included in the fitting process, so it can be used as a582

test for the model. This run included melt compositions far from the ADeu583

+ Ca composition that was used for the calibration (Table 3a), plus Mn at a584

concentration of 3.5 wt %. Sulphide capacities for these samples were predicted585

with a version of Eqn (3) that includes the calibrated value of AMn. Predicted586

values of CS are compared with the observed values in Fig 6. The observed587

and predicted values agree well with a χ2 for the comparison of 5.2 (n=6).588

The model is not suitable, in its present form, for prediction of natural data589

because there is no provision for variation in temperature and pressure away590

from the conditions of 1400 ◦C and 1 bar that were used for the experiment.591

Further work is needed to determine the pressure and temperature dependence592
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of Eqn (3).593

4.6 Comparison with other models594

There are a number of other models available for the calculation of the S con-595

tent of silicate melts (e.g. Moretti and Ottonello, 2005; Scaillet and Pichavant,596

2005; Wallace and Carmichael 1992). The majority of these models are derived597

more empirically than the model used here, and so, although they reproduce598

their calibration data well, they might be expected to perform less effectively599

when extrapolated to conditions other than those of calibration. Three of these600

models are considered here; results are summarised in Table 5.601

The model of Wallace and Carmichael (1992) is similar in many ways to the602

O’Neill and Mavrogenes (2002) model, in that it includes a similar composi-603

tion relationships and a dependence on lnfS2 and lnfO2, with exponents of604

opposite sign for fS2 and fO2. The main differences are that the coefficients of605

the lnfS2/fO2 dependence are different to 0.5, that is, it is inconsistent with606

the Fincham-Richardson relationship, and that it includes additional terms607

in ln XFeO and 1/T . The model was applied to the Mn data from this study608

with the adjustment that XFeO for the model input was equal to XFeO +XMnO609

from the experimental data. This is justified in view of the similar effects that610

these elements have on S solubility. The mean and standard deviation of the611

residuals of the model predictions (Fig. 7a) relative to the experimental data612

are 0.014 and 0.162 wt% respectively. The mean is within error of zero, which613

suggests that there is no significant systematic deviation of the data from the614

model. The standard deviation of the residuals is significantly higher than615

the analytical standard deviation (0.015 wt%). Some of the discrepancy is ac-616
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counted for by additional uncertainties in the model, such as those associated617

with lnfO2 and lnfS2 but the large size of the standard deviation suggests618

that the model does not replicate the data particularly well.619

The model of Scaillet and Pichavant (2005) is also similar to the O’Neill and620

Mavrogenes (2002) model in that it incorporates a similar set of compositional621

terms. However, it differs in that it accounts for changes in oxygen and S fu-622

gacity via a set of empirical terms in different powers of ∆NNO and ∆FFS,623

which measure the deviation of the experimental values for Log fO2 and Log624

fS2 from the Ni-NiO and Fe-FeS buffers respectively. This model was cali-625

brated using the O’Neill and Mavrogenes (2002) data so it might be expected626

to perform well on the the data from this study. The model performs well627

at sulphur contents less than 0.2 wt% (Fig. 7b) but mostly underpredicts at628

higher sulphur concentrations. The mean and standard deviation of the resid-629

uals are -0.085 and 0.144 wt% respectively; the standard deviation is again630

much larger than the expected analytical uncertainty.631

Fig. 7c shows the performance of the OM2002 model for the Mn data; the632

model underpredicts the low Mn data and overpredicts the high Mn data,633

which is partly due to the issues with the ACa term discussed in section 4.4.634

The mean and standard deviation of the residuals are -0.016 and 0.185 re-635

spectively. The mean is relatively low, as would be expected given that the636

model was calibrated using the data shown, but the standard deviation is637

relatively high at 0.185 wt%, which is, again, significantly higher than the638

analytical uncertainty, and reflects the systematic underprediction of sulphur639

in the low sulphur samples and the scatter of the samples with the highest640

sulphur concentrations.641
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The model of Moretti and Ottonello (2005) (MO2005) combines a set of com-642

position dependent terms of similar form to those in Eqn 3 but with additional643

pressure and temperature dependencies, a term to account for the effect of dif-644

ferent degrees of polymerisation on the anion lattice, and a term that includes645

the standard state fugacities of sulphur and oxygen. This expression is de-646

rived and calibrated to deal with an extensive range of melt compositions and647

pressure-temperature conditions. Both sulphide and sulphate species in the648

melt are accounted for, so this model can be applied over a much wider range649

of oxidation states than those described above. Application of this model to650

the data from this study (Fig. 7d) shows that the model copes well with the651

high Ca bulk composition although there is a systematic underprediction of652

sulphur contents at the higher S contents produced by this study. The model653

performs particularly well on the high Mn, low Ca points that are outliers654

in both the Scaillet and Pichavant and OM2002 model predictions, and on655

the scatter in the high sulphur points that are over-predicted by OM2002.656

This is attributed to the use of terms that account for polymerisation on the657

anion lattice. Significant sulphate concentrations in the melt (> 3%) are not658

predicted for any of the samples with sulphur contents above the detection659

limit, although sulphur in the most oxidised run, B180906, is predicted to be660

all sulphate. However, it is difficult to assess the success of the MO2005 model661

with the B180906 data because sulphur contents in these samples are below662

the detection limit. The mean and standard deviation of the residuals for this663

model are 0.044 and 0.098 wt% respectively; this is the lowest value for the664

standard deviation of the four models and reflects the tight grouping of the665

points in Fig. 7d.666

It is interesting to compare the values of the calibration parameters for the667
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OM2002 model with those of MO2005, as parameters in both models have re-668

lated thermodynamic meanings. Comparison of the model derivations provides669

the expression670

ln
K ′O−S,Fe

K ′O−S,Mn

= AFe − AMn (9)671

where K ′O−S,M is the equilibrium constant for the reaction672

M2/vOmelt + 0.5S2,gas = M2/vSmelt + 0.5O2,gas (10)673

where v is the charge on cation M . Values for ln
K′O−S,Fe

K′O−S,Mn
calculated from674

the data compilation in Ottonello and Moretti (2005) range from +5 to -675

5, depending on the data source, which is consistent with values for AFe −676

AMn of -3±2 from this study and OM2002. The final calibrated value for677

ln
K′O−S,Fe

K′O−S,Mn
from OM2005 is consistent with an AFe − AMn of +5, which is at678

an extreme end of the proposed range. Both sets of parameters fit the same679

data well, so discrepancies in absolute values are attributed to the effects of680

correlated parameters in data-set fitting process, which are accentuated by the681

relatively restricted range of composition space for which experimental data682

are available. The implication of this observation is that it may be unwise to683

infer thermodynamic data for melt components directly from such calibrations.684

5 Conclusions685

The presence of Mn in silicate melts enhances S solubility, with S contents686

of up to 1 wt % in Mn-rich melts (up to 10 wt % Mn). Experiments per-687

formed at different fO2 and fS2 conditions show that S solubility is consis-688

tent with the Fincham-Richardson relationship. W-bearing melts did not show689
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any significant correlation between S and W concentrations. S concentrations690

in W-bearing experiments at higher fO2 values were below detection limits,691

so it was not possible to investigate the validity of the Fincham-Richardson692

relationship for these samples.693

Ni- and Cu-bearing melt experiments resulted in the formation of an immis-694

cible metal sulphide phase over a wide range of fO2, fS2, and metal concen-695

trations. This result is consistent with thermodynamic predictions of sulphide696

melt phase stability. Results for Ni are also consistent with local reductions in697

fS2 caused by rates of S transfer between gas and melt that are slower than698

the rate of diffusion of S within the melt. The formation of Ni- and Cu-bearing699

sulphide melt phases at low S concentrations (<0.2 wt% for Ni and <0.015700

wt% for Cu) shows that these elements stabilise, and are likely to fractionate701

into, a sulphide melt phase, with implications for ore-forming processes and702

the fractionation of other chalcophile elements via sulphide melts.703

The model of O’Neill and Mavrogenes (2002) for prediction of S solubility704

in silicate melts was calibrated for the Mn-, and W-bearing systems investi-705

gated here. The AM coefficients for Mn, Ni and W are 29.5 ± 1.7 and 8.5 ±706

6.9 respectively. The physical implications of the model are that Mn-S near-707

est neighbours are thermodynamically favoured and thus relatively common708

in the melt, whereas W-S nearest neighbours will occur only in proportions709

determined by the products of their concentrations.710

Alternative expressions for the calculation of S content in melts were tested on711

the Mn-bearing data from this study, under the assumption that Mn behaves712

identically to Fe. Results from the models of Scaillet and Pichavant (2005) and713

Wallace and Carmichael (1992) reproduced the data reasonably well, in spite714
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of the fact that these models incorporate very different functional relation-715

ships between S content, fO2 and fS2. The model of Moretti and Ottonello716

performed exceptionally well, and reproduced features of the data that were717

not well modelled by the other techniques, including that of OM2002. This is718

attributed to consideration, in their model, of mixing on the anion lattice.719

The extended expression of O’Neill and Mavrogenes (2002) was tested on Mn-720

bearing melts of compositions quite different to that of the original calibration.721

The expression performed well on these melts, which demonstrates the versa-722

tility and utility of the expression for the prediction of the solubility of S in723

silicate melts.724
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Figure captions848

Figure 1. Log of concentrations, in wt%, of S and metals for (a) Mn-bearing849

melt experiments (b) W-bearing melt experiments (c) Ni-bearing melt experi-850

ments and (d) Cu-bearing melt experiments. Error bars are for an uncertainty851

on the probe-derived S concentration of 0.015 wt% and uncertainties on the852

additive metals of 0.01wt% for Mn and Cu, 0.005wt% for Ni and 0.015wt%853

for W. Where error bars are not visible the propagated uncertainty is smaller854

than the symbol.855

Figure 2. Relationship between log of sulphide capacities (wt%) and metal856

concentrations (wt%) for (a) Mn-bearing melts; (b) W-bearing high Ca melts;857

(c) W-bearing low Ca melts and (d) Ni-bearing melts Error bars are propa-858

gated assuming an uncertainty on the probe-derived S concentration of 0.15859

wt% and uncertainties on the imposed fO2 and fS2 of 0.05 log units.860

Figure 3. (a) Plot of 1
2

log fS2 − log[S,wt%] against 1
2

log fO2 . If the Fincham-861

Richardson relationship holds then the slope of the data should be 1. Line with862

unit slope is also shown for comparison. (b) Schematic of predicted metal-S863

concentration relationships where metal and S concentrations are limited by864

the presence of an immiscible metal sulphide phase (thick black lines). (a)865

Ni-S. Thin lines plot the Ni-S concentration relationships assuming that the866

Fincham-Richardson relationship holds and that Ni enhances S solubility in867
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a similar way to Fe. ANi equal to 30. This is similar to AFe which is 26.4. (b)868

Ni-S. Thin lines plot the Ni-S concentration relationships assuming that the869

Fincham-Richardson relationship holds and that Ni enhances S solubility in a870

similar way to Fe.ANi equal to 254. This value is used to assess the sensitivity871

of calculated values to ANi. The low Ni portions of the two diagrams are872

similar for the two different values; (c) Position of calculated SCSS for Cu2S-873

bearing melt compared to S detection limit. Predicted sulphur contents are874

never higher than the detection limit for these samples.875

Figure 4. Comparison of observed and predicted sulphide capacities for the876

Mn-, W- and Ni-bearing samples with additive metal content less than 0.05877

wt%. Low predicted values for the model of O’Neill and Mavrogenes (2002)878

(closed squares) are attributed to a slightly low value for ACa.879

Figure 5. Comparison of observed sulphide capacities with values calculated880

with the extended model of O’Neill and Mavrogenes (2002) for (a) the Mn-881

bearing melts (b) the W-bearing melts. The experimental data scatters close882

to the 1:1 line.883

Figure 6. Comparison of observed and predicted sulphide capacities for sam-884

ples that were not included in the calibration.885

Figure 7. Comparison of observed sulphide capacities for the Mn-bearing melts886

with those predicted by (a) Wallace and Carmichael (1992) and (b) Scaillet887

and Pichavant (2005); (c) O’Neill and Mavrogenes (2002) and (d) Moretti and888

Ottonello (2005). Calculations were made assuming that Mn behaves identi-889

cally to Fe in the first two models.890
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Tables

Table 1: Summary of experimental runs

Run Metal Concentrations Log fO2 Log fS2 Log fSO2

B231205 Ni low -9.6 -1.91 -3.06

B301205 W low -9.6 -1.91 -3.06

B030106 Mn low -9.6 -1.91 -3.06

B040106 Cu low -8.09 -1.91 -1.56

B210306 Cu high -8.09 -1.91 -1.56

B220306 Ni high -9.6 -1.91 -3.06

B230306 Mn high -9.6 -1.91 -3.06

B240306 W high -9.6 -1.91 -3.06

B050406 Mn high -9.6 -1.91 -3.06

B070406 Ni 10-30wt% -9.6 -1.91 -3.06

B100406 Mn high -9.6 -1.91 -3.06

B110406 Mn high -7.18 -1.85 -0.61

B120406 Ni high -7.18 -1.85 -0.61

B310706 Mn high -9.6 -1.91 -3.06

B010806 Ni low -9.6 -1.91 -3.06

B020806 Mn high -7.18 -1.85 -0.61

B030806 Ni low -7.18 -1.85 -0.61

B220806 W high -9.6 -1.91 -3.06

B230806 W high -7.18 -1.85 -0.61

B140906 Ni low -9.6 -1.91 -3.06

B150906 W low -9.6 -1.91 -3.06

B180906 Mn high -3.09 -11.88 -1.52

B190906 Ni high -3.09 -11.88 -1.52

B200906 W high -3.09 -11.88 -1.52
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Table 1: Summary of experimental runs continued

Run Metal Concentration Log fO2 Log fS2 LogfSO2

B111006 Mn low -7.59 -2.8 -1.5

B191006 Ni low -7.59 -2.8 -1.5

B261006 W low -7.59 -2.8 -1.5

B141106 W high -9.6 -1.91 -3.06

B151106 Mn low -9.6 -1.91 -3.06

B270306 Mn 3.5wt% -9.6 -1.91 -3.06

Nominal additive contents for low concentration range samples: 0, 0.2, 0.4, 0.6, 0.8 and 1.0 wt%

Nominal additive contents for high concentration range samples: 0, 2, 4, 6, 8 and 10 wt%

All runs except B270306 use ADeu+Ca melt composition.

The ADeu+Ca composition is Si: 19.7%; Al: 6.9%; Mg: 5.3 %; Ca: 25.0%

B270306 uses a variety of CAS/MAS compositions: see Table 3a
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Table 2: Summary of gas flow rates and fugacities

CO CO2 SO2 Log fO2 Log fS2 Log fSO2

(SCCM) (SCCM) (SCCM)

Group 1 80 17 3 -9.6 -1.91 -3.06

Group 2 20 59.6 30 -7.18 -1.81 -0.61

Group 3 20 59.6 3 -7.6 -2.8 -1.50

Group 4 0 97 3 -3.09 -11.88 -1.52

Copper 0 97 3 -8.1 -1.91 -1.56

SCCM: Gas flow rates in standard centimetres cubed per minute
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Table 4: Coefficients for Eqn 3

Parameter value s.d.

A0 -14.286 0.05

ACa 7.56 0.13

AMg 4.48 0.13

ANaorK 4.24 0.79

AFe 26.31 0.24

AAl 1.06 0.18

AMn 29.5 1.7

AW 8.5 6.9
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Table 5: Model performance summary

Model mean(residuals) σ(residuals) R2 NMRSD

WC1992 0.014 0.162 0.894 0.147

SC2005 -0.085 0.144 0.882 0.151

OM2002 -0.014 0.181 0.913 0.164

MO2005 0.043 0.098 0.965 0.096

WC1992: Wallace and Carmichael 1992

SC2005: Scaillet and Pichavant 2005

OM2002: O’Neill and Mavrogenes 2002

OM2005: Moretti and Ottonello 2005
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