
This is a preprint uploaded to EarthArxiv. This manuscript has been resubmitted to GCA following 
one round of reviews (original submission date, Aug, 2019).  

Chalcophile elements track the fate of sulfur at Kīlauea Volcano, 1 

Hawai’i 2 

Penny E. Wieser*1, Frances Jenner2, Marie Edmonds1, John Maclennan1, and Barbara E. 3 

Kunz2. 4 

 5 

1 Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge, UK, 6 

CB2 3EQ. 7 

2School of Environment, Earth and Ecosystem Sciences, The Open University, Walton Hall, 7 8 

Milton Keynes, Buckinghamshire, MK7 6AA. 9 

*Corresponding Author: pew26@cam.ac.uk 10 

Abstract 11 

Chalcophile element concentrations in melt inclusions and matrix glasses may be used to 12 

track sulfide saturation during mantle melting and crustal fractionation, and to investigate low 13 

pressure degassing processes. Erupted products from Kīlauea Volcano, Hawaiʻi record three 14 

stages of sulfide saturation (in the mantle, crust, and within lava lakes), separated by episodes 15 

of sulfide resorption during ascent through the thick Hawaiian lithosphere, and during syn-16 

eruptive degassing. Residual sulfides in the mantle source retain chalcophile elements during 17 

melting, decoupling their variability from that of lithophile elements. The estimated S 18 

concentrations of Kīlauean primary melts (1387–1600 ppm) exceed model predictions of S2- 19 

solubility at pressures and temperatures relevant to mantle melting, implying that some 20 

proportion of S is present as S6+. Decompression associated with magma ascent through the 21 

thick Hawaiian lithosphere drives an increase in the sulfide concentration at sulfide saturation 22 

(SCSS2-), resulting in shallow storage reservoirs (~1-5 km depth) being supplied with sulfide-23 

undersaturated melts. A drop in temperature coupled with the fractionation of olivine (and 24 

chrome-spinel) causes the SCSS2- to decrease. Combined with an increase in melt S contents 25 

during olivine fractionation, this initiates a second stage of sulfide saturation at relatively high 26 

MgO contents (~10–14 wt% MgO). Syneruptive degassing drives the resorption of sulfides in 27 

contact with the carrier liquid. The covariance structure of Cu, MgO and Ni contents in melt 28 

inclusions and matrix glasses indicates that the dissolution of sulfides effectively liberates 29 

sulfide-hosted Cu and Ni back into the melt. The partitioning of S between the dissolving 30 

sulfide, melt and vapour phase accounts for between 10 and 40% of the total S release into 31 

the atmosphere. The participation of dense sulfide liquids in shallow degassing processes 32 

may result from their direct attachment to buoyant vapour bubbles, or olivine crystals which 33 

were remobilized prior to eruption. Sulfide resorption obscures the textural and chemical 34 
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record of sulfide saturation in matrix glasses, but not in melt inclusions, which are isolated 35 

from the late-stage release of chalcophile elements during sulfide breakdown.  36 

Introduction 37 

Volcanic eruptions emit vast quantities of sulfur (S) and sulfur-loving (chalcophile) elements 38 

to the atmosphere, causing perturbations to the global climate system and regional air quality 39 

(Robock, 2000; Witham and Oppenheimer, 2004). For example, during the last 35 years, the 40 

near-continuous effusion of lava at Kīlauea Volcano, Hawaiʻi has released globally significant 41 

amounts of S to the lower troposphere, culminating in fluxes of >50,000 t/day SO2 during the 42 

lower East Rift Zone eruption in 2018 (Neal et al., 2018). These emissions have serious 43 

implications for respiratory health and agricultural productivity across the island (Longo et al., 44 

2010; Nelson and Sewake, 2008; Tam et al., 2016).  45 

The concentrations of sulfur and chalcophiles in primary melts entering Kīlauea volcano, and 46 

other basaltic systems, are predominantly controlled by the behaviour of sulfide during mantle 47 

melting (Ding and Dasgupta, 2018). During crystallization in crustal magma chambers, S 48 

contents may increase due to the fractionation of S-poor silicate phases, or become buffered 49 

by the stabilization of an immiscible sulfide phase (Smythe et al., 2017). Tracking the pre-50 

eruptive evolution of S is non-trivial; erupted lavas have typically lost ~90% of their original S 51 

(Metrich and Mandeville, 2010), and evidence for sulfide fractionation may be obscured by the 52 

resorption of sulfides during low pressure degassing (Edmonds and Mather, 2017; Moore et 53 

al., 1980). These problems are often circumvented by measuring S contents in melt inclusions 54 

(pockets of melt trapped within growing crystals that are less susceptible to degassing than 55 

erupted carrier liquids), or through measurements of refractory chalcophile element 56 

abundances in quenched matrix glasses (Jenner et al., 2010; Reekie et al., 2019). However, 57 

these archives can be degraded by petrological processes; the concentrations of chalcophile 58 

elements in melt inclusions may be altered by the secondary growth of sulfide phases post-59 

entrapment (e.g., Hartley et al., 2017). Additionally, S concentrations in melt inclusions at 60 

Kīlauea are highly variable within a given sample, possibly due to the mixing of degassed and 61 

undegassed melts at depth (identified in submarine glasses by Dixon et al., 1991), or the 62 

entrapment of melt inclusions during late-stage degassing (Thornber et al., 2015).  63 

The alternative approach, where refractory chalcophile elements in matrix glasses are used 64 

as a proxy for S, relies on the assumption that these elements are significantly less volatile 65 

than S, so are resistant to low pressure degassing. For example, Se has been used to 66 

reconstruct the pre-degassing behaviour of S in subaqueous lavas under the assumption that 67 

it behaves identically to sulfur, but is refractory (Jenner et al., 2010, 2012, 2015; Reekie et al. 68 

2019). However, measurements of significant fluxes of Se within volcanic plumes emitted at 69 
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Kīlauea and other basaltic volcanoes indicates that chalcophile element volatility may differ 70 

between subaqueous and subaerial eruptions (Crowe et al., 1987; Edmonds et al., 2018; 71 

Mather et al., 2012). Recently, lavas from Antuco, Chile, have been shown to have S and Se 72 

contents which are significantly lower than mid-oceanic ridge basalts (MORB), supporting the 73 

hypothesis that Se degasses at low pressures (Cox et al., 2019).  74 

In this paper, we track the behaviour of S and other chalcophile elements (Cu, Zn, Mo, Cd, In, 75 

Sn, Sb, W, Tl, Bi, Se, As) from the Hawaiian mantle source to the site of subaerial eruptions 76 

using a suite of melt inclusions and matrix glasses from Kīlauea Volcano. Previous studies 77 

investigating sulfide saturation and chalcophile element behaviour at Kīlauea have been 78 

restricted to subaerial lavas which have fractionated beyond olivine control (e.g., those erupted 79 

during the 1955 and 1977 eruption; Desborough et al., 1968; Helz and Wright, 1992; Moore 80 

et al., 1980). There has been a particular focus in the literature on chalcophile element 81 

behaviour in lava lakes, where degassed magma ponded and fractionated in pre-existing pit 82 

craters (Skinner and Peck, 1969; Fleet and Stone, 1990; Greaney et al., 2017; Stone and 83 

Fleet, 1991). Until now, the most primitive glass composition at Kīlauea analysed for 84 

chalcophile elements had an MgO content of only 6.1 wt% (Fig. 1a; Greaney et al., 2017). In 85 

contrast, the spatter and scoria samples investigated in this study span a range of MgO 86 

contents (10.0–5.7 wt% MgO; Wieser et al., 2019), and were rapidly quenched following 87 

eruption. Thus, the three rift zone samples investigated in this study, which have experienced 88 

only olivine (+chrome-spinel) fractionation, provide new insights into the behaviour of 89 

chalcophile elements during mantle melting and fractional crystallization.  90 

Ratios of chalcophile to lithophile elements in erupted melts (e.g., Pb/Ce, S/Dy, Sb/Pr) are 91 

frequently used to gain insight into various aspects of mantle evolution (Jochum and Hofmann, 92 

1997; Kelley et al., 2013; Newsom et al., 1986; Saal et al., 2002). These studies generally 93 

assume that lithophile and chalcophile elements behave similarly during mantle melting, 94 

neglecting the complex changes in chalcophile element concentrations with increasing melt 95 

fraction in the presence of residual sulfides. The fate of sulfides during mantle melting for mid-96 

ocean ridge and ocean island basalts remains uncertain (Ding and Dasgupta, 2018). 97 

Variations in the concentrations of platinum group elements (PGEs) in lavas across the 98 

Hawaiian islands, along with elevated Cu/Pd ratios, have been attributed to variable 99 

abundances of residual sulfide in the Hawaiian mantle plume (Bennett et al., 2000). In 100 

contrast, Greaney et al. (2017) estimate the chalcophile element concentration of the Kīlauean 101 

mantle source from the batch melting equation under the assumption of sulfide-absent melting. 102 

As the bulk KD (silicate-melt partition coefficient) of chalcophile elements is substantially higher 103 

if sulfides are present in the mantle source, sulfide-free melting models will underestimate the 104 

concentrations of these elements if residual sulfides are in fact present in the Kīlauean mantle 105 
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source. Clearly, the fate of mantle sulfides must be critically evaluated before chalcophile 106 

element signatures can be used to assess the presence or absence of recycled materials in 107 

the Hawaiian mantle plume (e.g., Greaney et al., 2017).  108 

The point at which sulfides saturate during fractional crystallization in Hawaiian lavas is also 109 

debated (Bennett et al., 2000; Desborough et al., 1968; Dixon et al., 1997; Greaney et al., 110 

2017; Helz et al., 2017; Tatsumi et al., 1999; Wallace and Anderson, 1998). It has been 111 

demonstrated, using the chalcophile element systematics of mid-ocean ridges and oceanic 112 

plateaux, that a second stage of sulfide saturation often occurs following ascent of magmas 113 

from the mantle and fractional crystallization of these sulfide-undersaturated melts in the crust 114 

(Jenner, 2017; Reekie et al., 2019). This second stage of sulfide saturation is driven by an 115 

increase in S concentrations during fractional crystallization (as S is incompatible in most 116 

silicate minerals), along with a concurrent decrease in the sulfide (S2-) solubility at sulfide 117 

saturation (SCSS), due to dropping temperature and changes in melt chemistry (Smythe et 118 

al., 2017). Specifically, the SCSS describes the amount of S2- present in a silicate melt in 119 

equilibrium with a sulfide phase (O’Neill, 2020; hereafter SCSS2- for clarity). While PGE 120 

fractionation trends in Hawaiian lavas have been attributed to sulfide saturation (Tatsumi et 121 

al., 1999), recent Cu measurements in whole rock and glasses from the Kīlauea Iki lava lake 122 

have led to suggestions that sulfides only fractionate at ~2 wt% MgO (when Cu starts to 123 

decrease; Greaney et al., 2017; Fig 1a). Furthermore, although sulfides are present in eruption 124 

pumices and lake samples from Kīlauea Iki with MgO>2 wt%, the wide variability in bulk sulfide 125 

composition has been attributed to sulfide formation during late-stage processes such as 126 

quenching, rather than during primary sulfide-liquid immiscibility (Stone and Fleet, 1991). Our 127 

new data challenges this dominant view, and instead supports a model where almost all 128 

erupting melts at Kīlauea (~10–14 wt% MgO) were sulfide-saturated prior to the onset of S 129 

degassing at shallow pressures (c.f. Ding and Dasgupta, 2018; Greaney et al., 2017; Helz et 130 

al., 2017; Pitcher et al., 2009; Skinner and Peck, 1969).  131 

Finally, we investigate the effects of syn-eruptive chalcophile element degassing and sulfide 132 

resorption by comparing the chalcophile element abundances of matrix glasses and melt 133 

inclusions at Kīlauea, and undegassed submarine glasses from Lōiʻhi volcano. While there is 134 

growing evidence that Se degasses during subaerial eruptions (Cox et al., 2019; Mather et al., 135 

2012), until now, Se analyses could only be conducted with laser ablation spot sizes greater 136 

than 100 µm. This prevented in-situ analyses of melt inclusions (Jenner and O’Neill, 2012), 137 

making it difficult to pinpoint the timing of Se loss in relation to other volatile species (e.g., S). 138 

In this study, we utilize a novel method by which Se and As are measured in melt inclusions 139 

using a line scan with a diameter of 50 µm diameter (Supplementary Fig. A1). This analysis 140 

demonstrates that Se and S degas almost concurrently at Kīlauea. Overall, comparisons 141 
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between matrix glass and melt inclusion compositions allow us to estimate the influence of 142 

sulfide saturation, and subsequent resorption on the sulfur outgassing budget of Kīlauean 143 

eruptions. 144 

2. Methods 145 

2.1 Sample Details  146 

Melt inclusions and matrix glasses were analysed from rapidly-quenched spatter and tephra 147 

from four subaerial eruptions temporally associated with the East Rift Zone (ERZ) eruption at 148 

Mauna Ulu. Three eruptions occurred on Kīlauea’s rift zones: (1) The highest fountaining 149 

phase of Mauna Ulu (Episode 12; December, 1969; ERZ, Swanson et al., 1979) (2) The 150 

Pauahi Crater eruption (November, 1973; ERZ) and (3) The Seismic South West Rift Zone 151 

(SSWRZ) fissure eruption of December, 1974 (Poland et al., 2014). The fourth eruption 152 

occurred within the summit caldera in August, 1971. To further constrain sulfide occurrence 153 

and chemistry at Kīlauea, scoria and lava samples from various locations across the Kīlauean 154 

edifice were examined (see Supplementary Fig. A2; Supplementary Table A1). To supplement 155 

this dataset from Kīlauea, 18 submarine glasses from Lōiʻhi Volcano collected using 156 

submersibles at water depths of ~980–4700 m were analysed (Garcia et al., 1998, 1993; 157 

Pietruszka et al., 2011).  158 

2.2 Analytical Methodology 159 

Glass chips were handpicked from jaw-crushed tephra and spatter samples and mounted in 160 

epoxy stubs. Melt inclusions were exposed by individually mounting picked olivines on glass 161 

slides in CrystalbondTM and grinding down to the level of melt inclusions with 250 – 1500 grade 162 

wet and dry paper. This method allowed embayments to be identified and discarded. Exposed 163 

melt inclusions were then mounted in epoxy and polished with progressively finer silicon 164 

pastes.  165 

Major elements in Kīlauean melt inclusions, host olivines and matrix glasses were measured 166 

using the Cameca SX100 EPMA in the Department of Earth Sciences, University of 167 

Cambridge. Trace elements in Kīlauean matrix glasses and melt inclusions were analysed by 168 

laser ablation inductively coupled mass spectrometry (LA-ICP-MS/MS) at the School of 169 

Environment, Earth and Ecosystem Sciences at the Open University using a Photon Machines 170 

Analyte G2 193 nm excimer laser system coupled to an Agilent 8800 ICP-QQQ following the 171 

techniques described in Jenner et al. (2015; additional details in Appendix A). Kīlauean matrix 172 

glasses were analysed with a spot size of 110 µm. Melt inclusions were analysed at varying 173 

spot sizes (65 µm, 50 µm, 40 µm and 25 µm) depending on the diameter of the inclusion. The 174 

surface of melt inclusions were pre-ablated (3 laser shots) prior to analysis. Analyses were 175 

performed manually to ensure that laser spots were placed such that they did not overlap with 176 
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the host olivine, or vapour bubbles below the surface. Ni signals were monitored during each 177 

analysis, and signals were carefully selected in Iolite software to only include the signal from 178 

the melt inclusion. Backgrounds were measured for 30 seconds prior to each analysis, 179 

followed by 20 seconds of signal and 50 seconds washout. NIST-SRM 612 was used for 180 

external calibration and 43Ca for internal calibration of trace element data. BCR-2G was used 181 

as the secondary standard to monitor precision and accuracy.  182 

Major and lithophile element concentrations for the Kīlauean glasses and melt inclusions were 183 

reported in Wieser et al. (2019). Repeated analyses of secondary standards for these 184 

elements lie within ±5% of long-term (>2 years) Open University laboratory preferred values 185 

and preferred values for BCR-2G reported in Jenner and O’Neill, (2012). Repeated analyses 186 

of secondary standards for the chalcophile element concentrations reported in this study 187 

predominantly lie within ±5% for Ni, Cu, Zn, ±10% for Mo, Sb, W, As, and ±20–30% for Cd, In, 188 

Bi, Tl, Sn, Se of preferred values (see Appendix B for more detail). Some of the variability in 189 

the latter elements may be attributed to standard heterogeneity (Jenner and Arevalo, 2016) . 190 

Precision (calculated from the standard deviation of 55 repeated standard analyses divided 191 

by the mean) was between 5–10% for most chalcophile elements (12% for Tl, 19% for Bi). 192 

Lōiʻhi matrix glasses were analysed by EPMA at the Smithsonian Institution (see Jenner et al., 193 

2015 for description of analytical techniques). Each glass was analysed three times and 194 

averaged. SIMS and LA-ICP-MS analyses of the Lōiʻhi glasses were undertaken at the 195 

Carnegie Institution of Washington, and the Australian National University, respectively (see 196 

Jenner et al., 2015 for details), and the Open University (Se and As only). 197 

Se and As are both affected by polyatomic and doubly charged interferences, and therefore 198 

require a different analytical protocol from the other trace elements. In Kīlauean and Lōiʻhi 199 

matrix glasses, Se and As were analysed using a spot size of 110 µm. Se and As in melt 200 

inclusions were measured using lines scans with a width of 50 µm. Line scans started and 201 

ended in the surrounding olivine, allowing careful selection of the signal from the melt inclusion 202 

in Iolite (Supplementary Fig. A1). Analyses were performed in oxygen mode using MS/MS 203 

mode, mass shifting 80Se and 75As to 96SeO+ and 91AsO+. This allowed effective elimination of 204 

all interferences, monitored by comparing analyses of in-house Se and As standards to 205 

preferred values (measured using isotope dilution ICP-MS). NIST 612 was used for external 206 

calibration of data, with 29Si used for internal calibration. NIST SRM 612 has considerably 207 

higher contents of some elements compared to volcanic materials (e.g., NIST SRM 612 has 208 

15.2 ppm Se, Jenner et al., 2009). To avoid ‘phantom’ Se and other memory effects from 209 

analyses of these standards (see Jenner and O’Neill, 2012), repeat analyses of San Carlos 210 

olivine were undertaken prior to sample analyses. Accuracy was ±10% relative to in-house 211 
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standards (see Jenner et al., 2015) with Se and As concentrations close to those in our 212 

samples. 213 

Sulfides were identified using an automated approach utilizing backscatter electron (BSE) and 214 

secondary electron (SE) imaging on a FEI Quanta 650FEG SEM at the University of 215 

Cambridge. BSE maps of epoxy mounts were collected with the brightness and contrast of 216 

the image adjusted such that only sulfides were visible. Concurrent collection of SE maps at 217 

normal brightness and contrast conditions allowed the position of sulfides within grains to be 218 

determined. While reflected light observations may bias observations towards larger sulfides, 219 

this method ensured that all sulfides greater than ~1 µm were identified. Bulk sulfide 220 

compositions were quantified by summing over energy dispersive x-ray spectroscopy (EDS) 221 

maps, as the fine scale exsolution features of many sulfides resulted in highly imprecise EPMA 222 

point analyses (even with a defocused beam). Quantification of EDS maps collected for 223 

secondary sulfide standards characterized by EPMA (pyrite, chalcopyrite and pentlandite) 224 

during each analytical session allowed assessment of the accuracy and the precision of EDS 225 

quantification. Precision for EDS quantification was <1%, and the accuracy relative to EPMA 226 

measurements of these standards was within ±5%. EDS results were corrected for consistent 227 

offsets from EPMA measurements by a factor of 0.96 for Fe, and 1.025 for Ni and Cu. 228 

Additional analytical details are provided in Appendix A. 229 

3. Results  230 

3.1 Glass and Melt inclusion Chemistry 231 

Matrix glasses from the three Kīlauean rift eruptions (Mauna Ulu, 1969, Pauhi Crater, 1973, 232 

and SSWRZ, 1974) are relatively primitive, with 7.4–10 wt% MgO (Fig. 2), and 10.2–11.2 wt% 233 

CaO (Supplementary Fig. A3). Their major element systematics, along with the absence of 234 

clinopyroxene and plagioclase phenocrysts, indicate that these lavas experienced only olivine 235 

(+chrome-spinel) fractionation (Wright and Fiske, 1971; Supplementary Fig. A3). The high 236 

MgO contents of these glasses relative to the vast majority of subaerial Kīlauea deposits (Helz 237 

et al., 2014), combined with their simple fractionation trajectories, makes them suitable for 238 

assessment of the behaviour of chalcophile elements during mantle melting. Glasses from the 239 

1971 summit eruption are more evolved than the three rift eruptions (5.7–6.6 wt% MgO, 240 

10.71–11.12 wt% CaO; Fig. 2; Supplementary Fig. A3) and they contain small phenocrysts of 241 

clinopyroxene. Lōiʻhi glasses are variably evolved, with MgO contents between 5.1–7.9 wt% 242 

MgO (Fig. 2). Uncorrected Kīlauean melt inclusions have MgO contents which overlap with 243 

the compositions of their co-erupted erupted matrix glasses (Fig. 2a; Wieser et al., 2019). The 244 

amount of post-entrapment crystallization calculated using the Petrolog3 “Olivine MI” tool 245 

(Danyushevsky et al., 2011) at QFM assuming FeO*=11.33 wt% (for consistency with previous 246 
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studies; Wieser et al., 2019; Sides et al., 2014a, b) varies from -12 to 29%. Corrected melt 247 

inclusion MgO contents range from 6.9–13.3 wt% (Fig. 2b).  248 

Uncorrected Kīlauean melt inclusion compositions show variable S contents, from ~100–1904 249 

ppm (Fig. 2a), while melt inclusion compositions corrected for post-entrapment crystallization 250 

(assuming S is perfectly incompatible in olivine) range between 82–1978 ppm (Fig. 2b). 251 

Kīlauean matrix glasses have substantially lower S contents (~82–190 ppm) than melt 252 

inclusions, while submarine Lōiʻhi matrix glasses have S contents mostly exceeding those in 253 

even the most S-rich Kīlauean melt inclusions (~1010–2073 ppm; Fig. 2a). Melt inclusions 254 

with the highest S concentrations have Cl concentrations extending to higher values than 255 

erupted matrix glasses, although the correlation between Cl and S for the combined Kīlauean 256 

dataset is relatively weak (R2=0.13; Fig. 3a). In contrast, there is a strong correlation between 257 

S and Se (R2=0.90; Fig. 3b), and a moderate correlation between S and Bi (R2=0.34; Fig. 3c). 258 

Lōiʻhi glasses have similar Se, Bi, Cd and Cu concentrations to the Kīlauean melt inclusions 259 

with the highest S concentrations, but significantly higher Cl, and lower As concentrations (Fig. 260 

3).  261 

Kīlauean matrix glasses show a slight increase in Cu with decreasing MgO (Fig. 2c), 262 

consistent with literature observations of Cu systematics from the Kīlauea Iki lava lake 263 

(Greaney et al., 2017; Fig. 1a). In contrast, the more restricted dataset for Lōiʻhi glasses 264 

indicates that Cu decreases with decreasing MgO (R2=0.44; Fig. 2c; Supplementary Fig. A4). 265 

Uncorrected Kīlauean melt inclusions show Cu contents which overlap with and extend to 266 

significantly lower values than matrix glasses (Fig. 2c). Following a correction for post-267 

entrapment crystallization (assuming 𝐾𝐷,𝐶𝑢
𝑂𝑙/𝑚𝑒𝑙𝑡

 = 0.1; Greaney et al., 2017), approximately half 268 

of melt inclusions with high MgO contents (~12-14 wt%) lie on the extension of the fractional 269 

crystallization trajectory defined by matrix glasses, while the other half plot to significantly 270 

lower Cu concentrations. The majority of inclusions with <10 wt % MgO have lower Cu 271 

contents than matrix glasses (Fig. 2d).    272 

The trace element compositions of matrix glasses from the three rift eruptions which have not 273 

fractionated beyond olivine control (MgO>6.8 wt%; Wright and Fiske, 1971) were corrected 274 

for the effect of variable olivine fractionation by projecting back to 16 wt% MgO using the 275 

reverse crystallization tool in Petrolog3. For simplicity, all elements except Cu (𝐾𝐷,𝐶𝑢
𝑂𝑙/𝑚𝑒𝑙𝑡

 = 0.1) 276 

were assumed to be entirely incompatible in olivine. Fractionation-corrected (FC) glass 277 

compositions exhibit strong positive correlations between highly incompatible lithophile 278 

elements (e.g., Ba vs. Ce, Ba vs. La; Fig 4a-b). In contrast, Yb, Cu, Cd and Pb show weak, or 279 

even slightly negative correlations against Ba (Fig. 4c-f). 280 
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 3.2 Sulfide Occurrence 281 

Automated BSE-SE mapping identified sulfides in 7 different subaerial eruptions at Kīlauea 282 

(with glass MgO contents ranging from ~6–10 wt%). Sulfides are relatively rare, but were 283 

observed in four textural contexts: 284 

1) Included in olivine phenocrysts (Fig. 5a), often alongside spinels and/or variable quantities 285 

of melt (Fig. 5e, f, g, h; Supplementary Fig. A5) 286 

2) Within glassy, relatively open embayments with moderate-high S contents (Fig. 5c, d). In 287 

one instance, the sulfide is attached to the face of the olivine crystal (Fig. 5c).   288 

4) In the walls of melt inclusion vapour bubbles and matrix glass vesicles (Fig. 5b; 289 

Supplementary Fig. A6-7).  290 

 291 

Sulfides are roughly spherical to ellipsoidal, with diameters between 3–30 µm, except for 292 

bubble wall sulfides, which have diameters of ~0.5–3.0 µm (Fig. 5). EDS mapping reveals that 293 

sulfides consist of exsolved Cu- and Ni-rich phases, often with a separate Fe-rich phase (Fig. 294 

5c, f, i, j). These textures likely result from the exsolution of monosulfide-intermediate solid 295 

solution (MSS-ISS) phases from an immiscible sulfide liquid (Czamanske and Moore, 1977; 296 

Patten et al., 2012). These findings build on literature reports; sulfide inclusions have been 297 

noted in primitive olivines erupted in Kīlauea Iki pumices (Fo88.5; Helz 1987), and within silicate 298 

phases and matrix glass from the 1955 and 1977 eruptions of Kīlauea (Desborough et al., 299 

1968; Helz and Wright, 1992; Moore et al., 1980). 300 

Interestingly, only 2 sulfides were found in Kīlauean matrix glasses in comparison to the 14 301 

sulfides found when mapping a roughly equivalent area of olivine crystals. Sulfides within 302 

matrix glasses have complex external morphologies (Fig. 6; Supplementary Fig. A8) 303 

compared with the smooth, spherical morphology of sulfides hosted within olivine crystals, 304 

embayments, and melt inclusions (Fig. 5). EDS mapping reveals that sulfides with these 305 

complex morphologies are predominantly composed of Fe and O, with only small quantities 306 

of Cu, Ni and S-rich material (~1 µm; Fig. 6; Supplementary Fig. A8). In contrast, spherical  307 

sulfides are very O-poor (Supplementary Fig. A9). Spherical, O-poor sulfides with comparable 308 

exsolution textures to those found within Kīlauean olivines and melt inclusions are relatively 309 

abundant within Lōiʻhi matrix glasses.  No texturally complex, O-rich sulfides were observed 310 

in Lōiʻhi glasses.  311 

4. Discussion 312 

4.1 Sulfide in Kīlauea’s mantle source 313 

The fate of sulfides during mantle melting can be assessed by comparing the S concentrations 314 

of primary magmas to models of the sulfide content at sulfide saturation (SCSS2-). If residual 315 
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sulfide is present during mantle melting, the concentration of S2- in the melt in equilibrium with 316 

this mantle is equal to the SCSS2-; once sulfide is exhausted, the S2- concentration in melts 317 

drops to significantly lower values than the SCSS2- (Ding and Dasgupta, 2018). Thus, if 318 

residual sulfides are present throughout the melting interval, the calculated SCSS2- should be 319 

approximately equal to the S2- concentration of primary Kīlauean melts. In contrast, if the 320 

mantle has exhausted sulfide, primary melts should have S2- concentrations less than the 321 

SCSS2-.  322 

For a given pressure, temperature, and melt composition, there are a variety of models to 323 

calculate the SCSS2- (e.g., Fortin et al., 2015; Li and Ripley, 2009, 2005; Smythe et al., 2017; 324 

O’Neill, 2020). However, most experiments used to calibrate SCSS2- models have been 325 

performed on FeS liquids, despite the fact that sulfides in basaltic lavas and mantle peridotites 326 

contain substantial quantities of Ni and Cu (Kiseeva et al., 2017; Patten et al., 2013; Smythe 327 

et al., 2017; Figs. 5c, f, i, j). The SCSS2- decreases as the ratio of Fe/(Fe+Ni+Cu) in the sulfide 328 

decreases, so SCSS2- models based on experiments with FeS sulfides will substantially 329 

overestimate the predicted SCSS2- (Smythe et al., 2017). To account for this, only the two 330 

most recent SCSS2- models that include a correction for the Ni and Cu contents of sulfides 331 

were used (Smythe et al., 2017; O’Neill, 2020).  332 

The SCSS2- along PT paths for melts produced from a peridotitic mantle ascending from its 333 

solidus to the base of the lithosphere beneath the island of Hawaiʻi were calculated for three 334 

different potential temperatures (1450 ̊ C, 1550 ̊ C, 1650˚C; Fig. 7a). PT paths were calculated 335 

using Melt-PX (Lambart et al., 2016). The pressure at which melting terminated was calculated 336 

using estimated lithospheric thicknesses of 90–110 km (Li et al., 2004; Wölbern et al., 2006), 337 

assuming 15 km of crust with the density-depth profile of Putirka (2017), and a mantle with 338 

ρ=3300 kgm-3. A constant primary melt composition was used for all points along the PT array 339 

in SCSS2- models. This composition was adjusted from that of Clague et al. (1991), with 340 

Cu=100 ppm and Ni=900 ppm, and FeOT reduced by 3.2% to better fit the liquid line of descent 341 

for Kīlauea for the glasses measured in this study (Supplementary Fig. A3). The SCSS2- 342 

models of O’Neill (2020) and Smythe et al. (2017; hereafter O2020 and S2017 for brevity) both 343 

calculate the composition of the co-existing sulfide. However, in both models (but particularly 344 

in the S2017 model), the calculated sulfide compositions are very Ni-rich and Fe-poor 345 

compared with the vast majority of observed sulfide compositions within mantle peridotites 346 

and pyroxenites (Fig. 7b). This may reflect the fact that the sulfide-silicate partition coefficients 347 

used to calculate sulfide compositions in these models are based on parameterizations 348 

performed at significantly lower pressures than those relevant to mantle melting beneath 349 

Kīlauea. For example, sulfide compositions in the S2017 model are calculated using the 350 

sulfide-silicate partitioning behaviour determined by Kiseeva and Wood (2015) at 1.5 GPa. 351 
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Due to the absence of partitioning data at high pressures, we favour the results from SCSS2- 352 

models where the sulfide composition was fixed at 5 wt% Cu, 20 wt% Ni, 33 wt% S, 42 wt% 353 

Fe (after Ding and Dasgupta, 2018; yellow square; Fig. 7b).  354 

The S content of primary melts at Kīlauea was estimated from PEC-corrected S contents in 355 

melt inclusions (this study; Sides et al., 2014a, b). The upper limit of primary melts was set at 356 

1600 ppm, based on the approximately constant upper limit of PEC-corrected melt inclusion 357 

data (ignoring a small number of inclusions with significantly higher S; Fig. 2b). As S behaves 358 

incompatibly during olivine-only fractionation, a minimum value for the primary S concentration 359 

of 1387 ppm was calculated by back-projecting the 1600 ppm observed at ~11.33 wt% MgO 360 

to 17.1 wt% MgO (a reasonable upper limit of the MgO content for Kīlauean primary melts; 361 

Clague et al., 1991) assuming S is entirely incompatible in olivine (Fig. 2b).  362 

The SCSS2- model trajectories using calculated sulfide compositions lie significantly below the 363 

range of S contents in primary melts at all pressures (Fig. 7c). Interestingly, the S2017 model 364 

shows a decrease in the SCSS2- with decreasing pressure due to changes in the sulfide 365 

composition, which is the opposite trajectory to that expected from the strong pressure 366 

dependency on the SCSS2-. This behaviour is likely anomalous, reflecting the absence of 367 

suitable parameterizations for sulfide-liquid partitioning at high pressure. In the O2020 model 368 

with a fixed sulfide composition, the SCSS2- model trajectories increase with decreasing 369 

pressure, intercepting the field defined by the S contents of primary melts at ~4.5 GPa for 370 

Tp=1650˚C, and ~3 GPa for Tp=1450˚C (dashed lines; Fig. 7d). In the S2017 model with a 371 

fixed sulfide composition, only melts produced right at the base of the lithosphere for 372 

Tp=1650˚C (beige bar; Li et al., 2004; Wölbern et al., 2006) have SCSS2- values comparable 373 

to the S contents of primary melts (solid lines; Fig. 7d). As primary melts supplied to the 374 

volcanic edifice reflect an aggregation of melts formed over a wide range of depths, both 375 

models indicate that mantle melts cannot dissolve enough S2-  to account for the high S 376 

contents observed in primitive melt inclusions (Fig. 2, Fig. 7). Crucially, this is the first line of 377 

evidence that sulfides were present throughout the melting interval at Kīlauea; if sulfides were 378 

exhausted during melting, the S contents of melt inclusions would be lower than the modelled 379 

SCSS2- values.  380 

The fact that melt inclusion S contents are higher than modelled SCSS2- values can be 381 

reconciled by considering the elevated oxidation state of Hawaiian melts relative to MORB 382 

(Brounce et al., 2017; Moussallam et al., 2019, 2016; Fig. 8a). The speciation of S in basaltic 383 

melts undergoes an abrupt transition from S2- and S6+ with increasing fO2 between QFM and 384 

QFM+2 (Jugo et al., 2010). S6+ species are an order of magnitude more soluble than S2- 385 

species in basaltic melts, only forming a separate sulfate phase such as anhydrite at very high 386 
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melt S contents (~1.5 wt%, Jugo et al., 2005). Thus, in relatively S-poor melts such as those 387 

at Kīlauea (<1600 ppm), the exponential increase in S6+ species with increasing fO2 drives an 388 

exponential increase in the total solubility of S (Jugo et al., 2010). As models of sulfide 389 

solubility (e.g., S2017, O2020) only account for S2- species, if S6+ species are present, a 390 

correction must be applied to SCSS2- model outputs to calculate the total solubility of S 391 

(hereafter SCSSTot): 392 

𝑆𝐶𝑆𝑆𝑇𝑜𝑡 =
𝑆𝐶𝑆𝑆2−

(1−
𝑆6+

∑ 𝑆
)
            (Equation 1; Jugo et al., 2010) 393 

For example, if the SCSS2- = 1300 ppm (Fig. 7d), but Kīlauean melts contains 10% S6+, the 394 

SCSSTot would equal 1444 ppm. Thus, the presence of even a relatively small proportion of 395 

S6+ species can account for the fact that primary Kīlauean melts have S contents exceeding 396 

the solubility of S2- species at pressures and temperatures relevant to melt generation in the 397 

mantle.  398 

To our knowledge, there are no published measurements of S speciation from shield-stage 399 

tholeiitic lavas at Kīlauea. Early submarine alkalic lavas have S6+/ST ratios of 0.09-0.24 400 

(determined by X-ray absorption near-edge structure- XANES; Jugo et al., 2010; Fig. 8b). 401 

While Sisson (2003) suggested that these lavas are more oxidised than shield-stage lavas, 402 

his fO2 estimates of ~ΔQFM+0.7 (derived from analyses of olivine-phenocryst rims) align with 403 

recent XANES measurements in Kīlauean melt inclusions (Helz et al., 2017; Moussallam et 404 

al., 2016; Fig. 8b). Further constraints can be derived from other Hawaiian volcanoes: XANES 405 

measurements of submarine basalts from Mauna Kea and Lōiʻhi show S6+/ST ratios up to ~0.1 406 

(Brounce et al., 2017) and 0.31 respectively (Jugo et al., 2010). However, there is a concerning 407 

lack of consistency between different studies; the S6+/ST of a single sample from Lōiʻhi has 408 

been variably estimated at 0.21 and 0.144 using the SKα peak shift (Wallace and Carmichael, 409 

1994; Wallace and Carmichael, 1992),  and -0.24 (XANES, Jugo et al., 2010). While the final 410 

number has no physical meaning, there is no correlation between the S6+/ST values in any of 411 

the six samples measured by Jugo et al. (2010) and Wallace and Carmichael, (1992; 412 

Supplementary Fig. A10). This analytical uncertainty may reflect electron transfer upon 413 

quenching between Fe2+ and S6+ species, discrepancies between SKα peak shift and XANES 414 

measurements, or beam damage (Smythe et al., 2017). 415 

An alternative approach to estimate the proportion of S6+ species utilizes the strong coupling 416 

of the redox states of Fe and S. Jugo et al. (2010) performed experiments on predominantly 417 

hydrous basaltic and andesitic melts at 1050˚C, 200 MPa, yielding the following relationship: 418 

𝑆6+

𝑆𝑇
=  

1

1+10(2.1−2∆𝐹𝑀𝑄)   (Equation 2) 419 
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Nash et al. (2019) performed experiments on basaltic-dacitic compositions at 1300˚C, and 1 420 

atmosphere. They attribute differences in the observed transition of S redox relative to Fe 421 

redox between their study and that of Jugo et al. (2010) to a strong temperature dependence, 422 

which is incorporated in their parameterization: 423 

log
𝑆6+

𝑆2− =  8 log
𝐹𝑒3+

𝐹𝑒2+ +  
8.7436 ×106

𝑇2 + 
27703

𝑇
+ 20.273 (Equation 3) 424 

While the differences in pressure between these two studies (1 atmosphere vs. 200 MPa) are 425 

likely negligible (Nash et al., 2019), the speciation transition has been shown to shift by ~1.5 426 

log units of fO2 between 0.5–1.5 GPa (Matjuschkin et al., 2016). Unfortunately, as experiments 427 

investigating the competing effects of pressure and temperature at conditions relevant to 428 

mantle melting beneath the thick Hawaiian lithosphere have not been performed, it would be 429 

unwise to apply existing experimental parametrizations to estimate the S redox state. 430 

However, based on the ubiquitous (but variable) presence of S6+ species in a variety of 431 

Hawaiian melts, and the fact that S concentrations in primary melts exceed calculations of the 432 

SCSS2-, it is reasonable to conclude that the high S contents of primary Kīlauean magmas 433 

result from the presence of residual sulfide in the mantle source and the presence of non-434 

negligible quantities of S6+ in primary melts. To increase our understanding of the behaviour 435 

of sulfides during mantle melting, more experimental work investigating the speciation 436 

transition at higher pressures and temperatures is clearly needed.  437 

A complementary approach to quantify the longevity of residual sulfide in the Kīlauean mantle 438 

source uses the differential behaviour of lithophile and chalcophile elements during mantle 439 

melting. Lavas erupted at Kīlauea volcano show cyclic variations in trace element and isotope 440 

ratios (e.g., 206Pb/204Pb, Nb/Y; Pietruszka and Garcia, 1999; Sides et al., 2014a, b), attributed 441 

to variations in melt extent and mantle source heterogeneity (Hofmann et al., 1984; Pietruszka 442 

et al., 2018). The suite of eruptions investigated in this study (1969–1974) incorporate some 443 

of the most rapid changes in lava chemistry over the past few hundred years (Pietruszka and 444 

Garcia, 1999; Wieser et al., 2019), and show chemical variations consistent with changes in 445 

extent of melting (Hofmann et al., 1984). Thus, they provide the ideal opportunity to evaluate 446 

the differential behaviour of chalcophile and lithophile elements during mantle melting.  447 

The concentration of chalcophile elements in mantle melts is controlled by the initial 448 

concentration in the mantle source (Ci), the melt extent (F), and the bulk partition coefficient 449 

between the silicate melt and the mantle residue (which may contain silicate and sulfide 450 

phases). The concentrations of two elements with low bulk KDs in suites of lavas spanning a 451 

range of melt extents are well-correlated (e.g., Ba vs. Ce and La; Fig. 4a-b; Hofmann et al., 452 

1984). In contrast, if one element has a high KD in a residual phase (e.g., Yb in garnet), giving 453 

it a bulk KD close to 1, concentrations will be buffered across a wide range of melt extents. The 454 
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gradient of a linear regression between this element and a highly incompatible element such 455 

as Ba will be ~0 (Fig. 4c; Hoffman et al., 1984). In the past, such comparisons have been used 456 

to demonstrate that residual garnet is present throughout the melting interval at Kīlauea 457 

(Hofmann et al., 1984). Like Yb, chalcophile elements show poor correlations with Ba (Fig. 458 

4d-f). This implies that chalcophile elements are buffered by the presence of a residual phase 459 

during melting in which these elements have a high KD. Residual sulfide is the most likely 460 

candidate, as chalcophile elements have very high KDs in sulfides (e.g., KD,Cu
sulf/melt

 = 61–729 461 

and   KD,Pb
sulf/melt

 =7–145 for a wide range of melt FeO contents; Kiseeva and Wood, 2015; 462 

KD,Cu
sulf/melt

 = 800–4600,  KD,Pb
sulf/melt

 =24–170 in basaltic-rhyolitic melts; Li and Audétat, 2015), 463 

but low KDs in silicates (Lee et al., 2012; Liu et al., 2014). However, it is also worth nothing 464 

that while KD,Cd
sulf/melt

= 12-201 (Kiseeva and Wood, 2015), previous studies have demonstrated 465 

that the major host for Cd in the mantle is clinopyroxene (Witt-Eickschen et al., 2009). 466 

To demonstrate the variable response of chalcophile and lithophile elements during mantle 467 

melting, we model the behaviour of Cu and Ba in aggregated, small fraction batch melts (after 468 

Lee et al., 2012; see Appendix A for details). For simplicity, it was assumed that all the S in 469 

the mantle was held within sulfides and the concentration of S in mantle melts produced while 470 

sulfides were present in the residue was 1600 ppm (Fig. 2b). The amount of residual sulfide 471 

present at each step was calculated assuming that mantle sulfides contain 33 wt% S. The 472 

concentration of Ba and Cu in the mantle prior to the onset of melting were set at 6.85 and 20 473 

ppm respectively (Palme and O’Neill, 2014). The partition coefficient of Cu in sulfide varies as 474 

a function of temperature and sulfide composition (Kiseeva and Wood, 2015). Assuming a 475 

sulfide composition of 20% Ni, 5% Cu (Fig. 5b; Ding and Dasgupta, 2018) and a liquid FeO 476 

content of 11.33 wt% (Supplementary Figure D), KD,Cu
sulf/melt

 varies from ~250 to ~150 for 477 

T=1500 and 1700˚C respectively (Fig. 5a; Kiseeva and Wood, 2015). However, previous 478 

studies modelling Cu during mantle melting have used values of KD,Cu
sulfide/melt

 as high as 800 479 

(Lee et al., 2012). To reflect the uncertainty in this parameter, models were run for KD,Cu
sulf/melt

 480 

= 200 and 800. Model melt compositions were compared to fractionation-corrected glass 481 

compositions from the three rift eruptions of this study which have only fractionated olivine 482 

(and minor chrome-spinel; MgO >6.8 wt%, Wright and Fiske, 1971).  483 

At the onset of melting, the presence of residual sulfide in the mantle raises the bulk KD for 484 

Cu, causing aggregated melts to have significantly lower Cu concentrations than melts 485 

produced in a sulfide-free mantle (purple vs. green lines; Fig. 9a-d). The concentration of Cu 486 

at the initiation of melting decreases with increasing initial mantle S contents  Rapid changes 487 

in Ba (which is highly incompatible) combined with the buffering of Cu by residual sulfide (Fig. 488 
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9a-d) results in the gradient of Cu vs. Ba being close to zero (Fig. 9c-f). The production of S-489 

rich melts results in the amount of sulfide in the mantle source declining throughout the melting 490 

interval. This drives rapid changes in the bulk KD of Cu until the point at which sulfide is 491 

exhausted (black star), after which Cu acts almost incompatibly (Bulk KD=0.046). For 492 

KD,Cu
sulf/melt

=800, melt Cu concentrations peak slightly after the exhaustion of sulfides (Fig. 9b, 493 

d; Lee et al., 2012). For KD,Cu
sulf/melt

=200, Cu concentration in the melt remains approximately 494 

constant until the melt fraction at which sulfides are exhausted (Fig. 9 a, c). In both scenarios, 495 

as the point of sulfide exhaustion is approached, the gradients start to deviate from zero, 496 

although in the high KD case, the rapid increase in Cu concentrations results in a negative 497 

gradient, while in the low KD case the gradient is positive (Fig. 9e-f). Once sulfides are 498 

exhausted, the Cu concentrations gradually approach the compositions of melts produced 499 

from a mantle which was sulfide free from the onset of melting (green lines), and the gradients 500 

become strongly positive (Fig. 9e-f).  501 

The concentration of Cu and the gradient of Cu vs. Ba in our lavas, along with prior constraints 502 

on the extent of mantle melting at Kīlauea, provide insight into the fate of mantle sulfides. 503 

Previous studies of trace element abundances in Kīlauean lavas have suggested that the 504 

mantle source undergoes 5–10% melting (grey box; Fig. 9a-b; Bennett et al., 2000; Norman 505 

et al., 2002). The range of Ba concentrations observed in the glasses investigated in this study 506 

are consistent with melt extents between F=0.078–0.091 (Supplementary Fig. A12). If sulfides 507 

were exhausted very early on in the melting interval (e.g., Si, Per = 50 ppm; solid purple line), 508 

Cu concentrations in melts produced at F=0.05–0.1 are similar to those expected from melting 509 

of a mantle source which was sulfide-free throughout the melting interval (solid green vs. solid 510 

purple line; Fig. 9a-b). As Cu is relatively incompatible in silicates, this model exhibits a strong 511 

positive correlation between Cu and Ba for the range of Ba concentrations in Kīlauean glasses 512 

(Fig. 9e-f). However, even the upper bound of the 95% confidence interval of the gradient of 513 

Cu vs. Ba in the fractionation-corrected glass compositions is >30× lower than predicted by 514 

this model (black rectangle, Fig. 9e-f). In contrast, the observed range of fractionation-515 

corrected glass Cu concentrations (pink bar; Fig. 9a-b; triangles Fig. 9c-d) are only ~3× lower 516 

than predicted in this model. Changing the initial concentration of Cu in the source cannot 517 

resolve these discrepancies in both the gradient and the concentration of Cu. Sulfides are also 518 

exhausted within the melting interval at Kīlauea if Si, Per = 100 ppm. For KD,Cu
sulf/melt

=200, models 519 

with Si, Per = 100 ppm display highly positive gradients, and overestimate the Cu concentrations 520 

of primary melts (Fig. 9c, e). If KD,Cu
sulf/melt

=800, the model scenario matches observed gradients, 521 

but still overpredicts melt Cu contents.  522 
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It could be argued that a model with Si, Per =150 ppm and KD,Cu
sulf/melt

=800 would recreate 523 

observed Cu and Ba concentrations without exhausting sulfide. However, the calculated 524 

gradient for this model only passes through the very bottom of the observed 95% confidence 525 

interval (Supplementary Fig. 13). Additionally, based on the Kiseeva and Wood (2015) 526 

parameterization,  KD,Cu
sulf/melt

  is very unlikely to be as high as 800. For the more realistic models 527 

with  KD,Cu
sulf/melt

=200, the observed gradients can only be recreated if sulfides were present in 528 

the mantle source throughout the melting interval incorporated by the three primitive eruptions 529 

investigated in this study. Overall, the gradient of Cu vs. Ba provides a far more robust 530 

measure of the presence or absence of sulfide for the probably range of KD,Cu
sulf/melt

 in the 531 

Hawaiian mantle source, as it is far less to the choice of poorly constrained parameters such 532 

as Cui than absolute concentrations. 533 

Based on the assumption that sulfides were present throughout the melting interval, the 534 

minimum S concentration of the Kīlauean mantle source may be estimated from the S 535 

concentration of primary melts (S prim) and the extent of melting (F) using the equation S min= 536 

S prim* F. Assuming melt extents between F=0.07–0.09 (based on Ba concentrations; 537 

Supplementary Fig. A12), and primary S concentrations of 1600 ppm, the mantle source 538 

contains a minimum of ~110–140 ppm S. Placing further constraints on the source S content 539 

is challenging; as discussed above, for low values of KD,Cu
sulf/melt

 (e.g., 200), once sulfides are 540 

residual throughout the melting interval, the gradient between Cu and Ba provides no further 541 

discriminatory power (all models have gradients of ~0; Fig. 9e-f;  Supplementary Fig. 11), and 542 

Cu concentrations in the melts are invariably a trade-off between Si and Cui.  More precise 543 

constraints on the S concentration of the Kīlauean mantle source will require better constraints 544 

on the concentrations of other chalcophile elements in the mantle (so that inversions can be 545 

performed for more than one element), as well as sulfide-melt partition coefficients, which not 546 

only vary with mantle temperature and the composition of mantle sulfides, but may also be 547 

sensitive to pressure. 548 

4.2 Sulfide systematics during magma ascent and fractionation 549 

Due to the increase in the SCSS2- with decreasing pressure, a melt that is sulfide-saturated in 550 

the mantle will generally become sulfide-undersaturated during its ascent towards the surface 551 

(Mavrogenes and O’Neill, 1999). This process was modelled by calculating the SCSS2- for 552 

mantle melts ascending along the olivine liquidus (after Matthews et al., 2016 using 553 

39.16˚C/GPa; Putirka, 2008; Fig. 10a) for two mantle potential temperatures (Tp=1450˚C and 554 

1650˚C). For each potential temperature, the trajectory of the hottest melt formed at the onset 555 

of melting and the coolest melt formed at the base of the lithosphere was modelled (Matthews 556 
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et al., 2016; Fig. 10a).  As in Fig. 7, the calculated sulfide composition in the S2017 model 557 

results in a decrease in the SCSS2- with decreasing pressure (which is likely an artefact of the 558 

absence of suitable parameterizations to calculate sulfide compositions at mantle pressures). 559 

Using a fixed sulfide composition, the S2017 and O2020 models both show a similar rate of 560 

increase in the SCSS2- until ~1 GPa, where the SCSS2- in the O2020 model decreases (Fig. 561 

10c). The paucity of experimental data collected at pressures between 100 kPa and 1 GPa 562 

(Smythe et al., 2017) makes it difficult to verify the validity of these different parametrizations 563 

at low pressure (see O’Neill, 2020). However, regardless of the exact model or potential 564 

temperature, this modelling demonstrates that at low pressures, the SCSS2- is equal to, or 565 

exceeds the S contents of primary melts (Fig. 10c). Thus, melts forming from a sulfide-566 

saturated source will be sulfide-undersaturated following their ascent through the thick 567 

Hawaiian lithosphere. The likely presence of S6+ species in primary melts will shift the SCSSTot 568 

to higher S contents than SCSS2- models shown in Fig. 10, resulting in melts becoming sulfide 569 

undersaturated at even higher pressures. Similarly, if melts were to ascent along an adiabatic 570 

gradient instead of the olivine liquidus used in these models, the temperature decrease upon 571 

ascent would be smaller, resulting in higher values of the SCSS2-, and the onset of sulfide 572 

undersaturation at higher pressures.  573 

Following the injection of sulfide-undersaturated primitive melts into shallow crustal storage 574 

reservoirs at Kīlauea (~1-5 km depth; Cervelli and Miklius, 2003), a second episode of sulfide 575 

saturation may occur as a result of crystal fractionation. Recent work has concluded that the 576 

majority of erupted melts at  Kīlauea are sulfide-undersaturated until ~2 wt% MgO (Ding and 577 

Dasgupta, 2018; Greaney et al., 2017; Helz et al., 2017). However, this view is difficult to 578 

reconcile with the ubiquitous presence of sulfides in the relatively primitive eruptions 579 

investigated in this study (Fig. 5), unless sulfides form during late stage processes such as 580 

quenching, rather than primary sulfide immiscibility (Stone and Fleet, 1991). We assess the 581 

possibility that sulfides form upon quench by comparing bulk sulfide compositions measured 582 

using EDS analysis to the predicted sulfide compositions from SCSS2- models. Sulfides 583 

formed through primary sulfide immiscibility will progressively evolve towards more Cu-rich 584 

and Ni-poor compositions with increasing fractional crystallization. Conversely, sulfides 585 

formed during quench-induced segregation and cooling will show extreme compositional 586 

variability (Stone and Fleet, 1991; Fleet and Stone, 1990). The sulfide compositions predicted 587 

by SCSS2- models were calculated for a liquid line of descent produced in Petrolog3 from the 588 

adjusted primary melt composition of Clague et al. (1991) at 1 kbar (Supplementary Fig. A3). 589 

Due to an absence of Fe redox measurements in high MgO Kīlauean melts (Fig. 8a), it is 590 

uncertain whether melts follow a redox buffer, or act as a closed system for oxygen during 591 

fractionation. To incorporate this uncertainty, we consider two fractionation paths which are 592 
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consistent with melt inclusion Fe-XANES data (closed system, and buffered at ΔQFM+0.6; 593 

Fig. 8a). Melt Ni concentrations were modelled using KD,Ni
ol/melt

  from Beattie et al. (1991), 594 

KD,Ni
cpx/melt

 = 2.6 from Mysen (1978), and KD,Ni
plag/melt

 = 0. Melt Cu concentrations were modelled 595 

using KD,Cu
ol/melt

 = 0.1, KD,Cu
cpx/melt

 = 0.21 (Greaney et al., 2017) and KD,Cu
plag/melt

 = 0.14 (Bougault 596 

and Hekinian, 1974). To assess changes in sulfide chemistry during fractionation (and to 597 

compare measured sulfide compositions to those predicted by SCSS2- models), the MgO 598 

content of the melt at the time of formation for each Kīlauean sulfide was estimated. Sulfides 599 

hosted in matrix glasses or embayments were allocated an equivalent melt MgO content equal 600 

to that of the host glass. For sulfides hosted in olivine crystals and melt inclusions, the forsterite 601 

content of the host olivine was compared to olivine compositions from the Petrolog3 model, 602 

and the sulfide was assigned the liquid MgO content at which the measured olivine 603 

composition fractionated. Contrary to the observations of Stone and Fleet (1991) that bulk 604 

sulfide compositions from Kīlauea Iki are highly variable, bulk sulfide compositions measured 605 

in this study show coherent changes in Cu and Ni with decreasing melt MgO contents, and 606 

relatively little chemical variability (Fig. 11a-b). Furthermore, the Ni and Cu contents of the 607 

sulfides fall between the predictions for the S2017 and O2020 SCSS2- models. Coherent 608 

variations in sulfide compositions have also been reported for sulfides observed in the 1955 609 

eruption (Helz and Wright, 1992). It is plausible that scatter in previously reported sulfide 610 

compositions from Kīlauea results from the analytical challenges associated with obtaining 611 

bulk compositions from EPMA spot analyses of exsolved sulfides. Thus, we conclude that 612 

observed sulfides are the result of primary sulfide fractionation.  613 

Our hypothesis that sulfides form during primary sulfide saturation is supported by the 614 

presence of sulfides trapped within the cores of olivine crystals (Fig. 5a), often associated with 615 

small pockets of melt (Fig. 5f-h). These textural associations cannot be explained by 616 

quenching processes, or the formation of sulfides following melt inclusion entrapment (e.g. 617 

Hartley et al., 2017), as there is simply not enough Cu, Ni and S in these small pockets of melt 618 

to form sulfides of the observed sizes after the melt inclusion became a closed system 619 

(Supplementary Fig. A5). The attachment of sulfides to other silicate phases (e.g., Fig. 5c, f) 620 

suggests that sulfides have a stronger affinity for nucleation or attachment to silicate phases 621 

than the silicate melt (e.g. Fig. 5c, f). Their attachment to the boundary layer of a growing 622 

crystal likely accounts for their incorporation as inclusions within olivine crystals. This process 623 

may even trigger the formation of melt inclusions in a similar mechanism to that proposed for 624 

inclusions associated with chrome-spinels (Maaloe and Hansen, 1982). Overall, our chemical 625 

and textural observations of sulfides are consistent with their formation through primary sulfide 626 
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saturation during differentiation, followed by their subsequent entrapment within growing 627 

crystals (often alongside spinels and silicate melt; Nadeau et al., 2010). 628 

The occurrence of sulfides hosted in a wide variety of glass and olivine compositions (~6–14 629 

wt% MgO) indicates that only a small amount of fractional crystallization of sulfide-630 

undersaturated primary melts is required for silicate melts to become sulfide-saturated again 631 

during ascent. We assess the cause of this second stage of sulfide saturation by comparing 632 

fractionation trajectories for S (assuming S is incompatible in silicate phases) with SCSS2- 633 

model trajectories for the two Petrolog3 fractionation paths described above. The SCSS2- is 634 

sensitive to melt composition (predominantly the FeO content), temperature, pressure and the 635 

composition of co-existing sulfides (Smythe et al., 2017; O’Neill, 2020). During fractional 636 

crystallization at Kīlauea, olivine (+chrome-spinel) are the only silicate phases on the liquidus 637 

until 6.8 wt% MgO (Wright and Fiske, 1971). Over this fractionation interval, melt FeO contents 638 

remain approximately constant (Supplementary Fig. A3). Additionally, although SCSS2- 639 

models predict an increase in the ratio of Fe/(Fe+Cu+Ni) in sulfides, this ratio remains 640 

remarkably constant in measured bulk sulfide compositions (Fig. 11d). Thus, we fix this at 641 

0.646 in all models. As magma storage (and fractionation) at Kīlauea is restricted to a narrow 642 

range of depths (~1–5 km; Cervelli and Miklius, 2003), the dominant control on the SCSS2- 643 

during olivine-only fractionation is the drop in temperature (which correlates strongly with the 644 

melt MgO content; Helz and Thornber, 1987).  645 

Other than subtle changes in the MgO content at which clinopyroxene and plagioclase begin 646 

to crystallize, the closed system and buffered model show very similar major element 647 

systematics (Supplementary Fig. A3), so produce similar SCSS2- trajectories (Fig. 12a-648 

b).These models intercept fractionation trajectories for S at high MgO (~16 wt% MgO). Below 649 

~12 wt% MgO, the calculated SCSS2- (even accounting for the upper 1σ error envelope on 650 

the S2017 parameterization; pink shading) is significantly lower than the measured S contents 651 

in melt inclusions. As discussed in Section 4.1, this indicates that Kīlauea melts must contain 652 

S6+ species to increase the total solubility of S (Equation 1). We perform several corrections 653 

to account for the presence of S6+. The first, and most simplistic, assumes that the S redox 654 

state remains constant throughout the fractionation interval at Kīlauea. Based on available S-655 

redox measurements in submarine Hawaiian glasses, the proportion of S6+ may range from 0-656 

30% (Fig. 8b). SCSSTot
 models with 30% S6+ predict the onset of sulfide saturation at ~12 wt% 657 

MgO (consistent with textural observations. Fig. 11), and approximately recreate the upper 658 

observed limit of S contents in melt inclusions at lower MgO contents (Fig. 12c-d).  659 

The proportion of S6+ can also be estimated from the experimental parameterizations of Jugo 660 

et al. (2010) and Nash et al. (2019; Equation 2-3). In contrast to the concerns in Section 4.1 661 
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that the pressure dependencies were not well enough constrained to calculate S6+ proportions 662 

during mantle processes, these parameterizations were calibrated at pressures relevant to 663 

fractionation processes in the shallow crust at Kīlauea. ΔQFM values for the Jugo et al. (2010) 664 

model, and Fe3+/FeT ratios for the Nash et al. (2019) model were calculated from the Petrolog3 665 

output, and melt temperatures were calculated using the geothermometer of Helz and 666 

Thornber (1987) . The closed system model shows a gradual increase in the Fe3+/FeT ratio 667 

during olivine-only fractionation (due to the removal of Fe2+-rich olivine; Carmichael and 668 

Ghiorso, 1990; Moussallam et al., 2016; Fig 8a). As clinopyroxene and plagioclase begin to 669 

fractionate, this ratio increases more rapidly per unit decrease in MgO. In contrast, the buffered 670 

model exhibits a constant Fe3+/FeT ratio during olivine-only fractionation, followed by a slight 671 

decrease at lower MgO contents (Fig. 8a). As both the Jugo et al. (2010) and Nash et al. 672 

(2019) models predict a strong coupling between Fe and S redox states, the S6+/ST ratio, and 673 

by extension, the SCSSTot trajectories are markedly different for the closed system and 674 

buffered model.  675 

The S6+/ST ratio predicted by the Jugo et al. (2010) model for the closed system fractionation 676 

path increases from 0 to ~0.25 during olivine-only fractionation, and then rapidly increases 677 

towards 1 at <6 wt% MgO (dashed green line labelled J2010, Fig. 8b). In contrast, due to the 678 

dependency of the Nash et al. (2019) model on both temperature and Fe3+/FeT, the S6+/ST 679 

ratio decreases somewhat during olivine-only fractionation (as the drop in temperature 680 

counteracts the increase in Fe3+/FeT), and only starts to increase dramatically during 681 

clinopyroxene and plagioclase fractionation, where the increase in the Fe3+/FeT ratio 682 

overwhelms the effect of dropping temperatures (dashed green line labelled N2019; Fig. 8b). 683 

SCSSTot trajectories for the closed system model utilizing these different S6+/ST 684 

parameterizations both show a decrease in the SCSSTot during olivine-only fractionation 685 

(although the drop is much more pronounced using the Nash et al. 2019 model due to the 686 

temperature-induced drop in the S6+/ST ratio), and a subsequent increase in the SCSSTot at <6 687 

wt% MgO (Fig. 12 e, g). The upper error bracket of the S2017 SCSSTot model using the Jugo 688 

et al. (2010) S6+ parameterization predicts the onset of sulfide saturation at ~14 wt% MgO 689 

(consistent with textural observations), and does a reasonable job of recreating the upper limit 690 

of melt inclusion S contents (although a few melt inclusions have higher S contents than the 691 

model; Fig. 12e). However, use of preferred model values (red and blue lines) underestimate 692 

the S contents of melt inclusions (Fig. 12e). In contrast, preferred SCSSTot model values using 693 

S6+/ST proportions from Nash et al. (2019) predict the onset of sulfide saturation at ~10 wt% 694 

MgO (later than textural observations), but do a good job of recreating the upper limit of melt 695 

inclusion S contents (Fig. 12g).  696 
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As the buffered model is fixed at QFM+0.6, the proportion of S6+/ST  estimated using the Jugo 697 

et al. (2010) model (Equation 2) is constant throughout the fractionation interval (~0.11; Fig. 698 

8b). In contrast, the Nash et al. (2019) model predicts a very rapid drop in S6+/ST due to 699 

dropping temperatures (blue line labelled N2019; Fig. 8b). The trajectory of the SCSSTot using 700 

S6+/ST ratios from Jugo et al. (2010) is very similar to that in the closed system model until ~6 701 

wt% MgO, where the slope of the SCSSTot levels out in the buffered model (Fig. 12f vs. 12e), 702 

reflecting an approximately balance between an increase in the SCSS2- driven by increasing 703 

melt FeO content during plagioclase fractionation, and a decrease in the SCSS2- due to 704 

dropping temperatures. In contrast, the trajectory of the SCSSTot using S6+/ST ratios calculated 705 

from Nash et al. (2019) is much steeper than in the closed system model during olivine-only 706 

fractionation (Fig. 12h vs. 12g), predicting very high SCSSTot values in primitive melts, and the 707 

onset of sulfide saturation at ~8 wt% MgO (a poor match to our textural and chemical 708 

observations).  709 

Clearly, more measurements of Fe and S redox states within melt inclusions with a wide range 710 

of MgO contents are needed to determine which of the six models accounting for S6+ species  711 

is most representative of the fractionation path at Kīlauea. Assessing the validity of the strong 712 

temperature sensitivity predicted by the Nash model is particularly important, and will require 713 

measurements of Fe-S redox in highly primitive melts (>12 wt% MgO). Overall, despite the 714 

differences between these models, all six predict that the onset of sulfide fractionation occurs 715 

at relatively high MgO contents (>>2 wt% MgO; Wallace and Anderson., 1998; cf. Greaney et 716 

al., 2017), supporting our textural and chemical observations that the vast majority of erupted 717 

Kīlauean melts were sulfide-saturated. These findings further support our inference that 718 

mantle melting occurred in the presence of residual sulfides, as melts generated in a mantle 719 

which had exhausted sulfide require large amounts of fractionation to intercept the SCSSTot 720 

following ascent to low pressures (Liu et al., 2014). The simplest models, which utilize a fixed 721 

S6+/ST ratio during fractionation, recreate the onset of sulfide saturation at high MgO contents, 722 

and bracket the most S-rich melt inclusions (Fig. 12 c-d). Based on the absence of constraints 723 

for changes in Fe-S redox during differentiation (Fig. 8), we favour these simple model 724 

trajectories. The most significant deviation between the six SCSSTot models occurs following 725 

the onset of plagioclase fractionation. The absence of sulfur (and other chalcophile element 726 

data) for melt inclusions or submarine glasses with MgO contents <6.8 wt%, reflecting a true 727 

paucity of erupted compositions which have differentiated significantly beyond olivine control 728 

at Kīlauea, makes “ground truthing” these different model scenarios challenging.  729 

 730 
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4.3 Sulfide saturation in lava lakes 731 

The prevalent view at Kīlauea, that sulfides only saturate following extensive fractionation, is 732 

not supported by models of sulfide solubility, or textural observations of sulfide occurrence. 733 

This discrepancy may result from the focus of previous studies on chemical trajectories 734 

defined by samples collected from lava lakes (e.g., Greaney et al., 2017; Pitcher et al., 2009; 735 

Stone and Fleet, 1991). A comparison of the S contents of melt inclusions and matrix glasses 736 

clearly demonstrates that basaltic melts at Kīlauea degas >90% of their S during subaerial 737 

eruptions (~1600 ppm to ~135 ppm; Fig. 1b; Fig. 2a-b).  Kīlauea Iki and Alae lava lakes formed 738 

by the ponding of S-poor melt within existing pit craters, followed by extensive fractionation 739 

(Wright et al., 1976). As the erupted melts filling these lava lakes have similar MgO contents 740 

to those examined in this study, it is reasonable to assume that these magmas were sulfide-741 

saturated prior to their ascent to the surface. However, extensive degassing upon eruption 742 

would have caused the S content of the melt to fall well below the SCSSTot (Fig. 12), driving 743 

the resorption of sulfides (Edmonds and Mather, 2017; Moore et al., 1980; Reekie et al., 2019). 744 

Subsequent fractionation within these lava lakes may then have proceeded under sulfide-745 

undersaturated conditions.   746 

We model the onset of sulfide saturation within the degassed melts ponding and fractionating 747 

within lava lakes by calculating the SCSS2- using major element data for variably evolved 748 

glasses from the Kīlauea Iki lava lake (Greaney et al., 2017; Fig. 1b). For simplicity, the amount 749 

of S6+ in the fractionating lava lake was assumed to be negligible, as extensive degassing of 750 

S upon eruption causes a significant drop in the Fe3+/FeT ratio (Fig. 8a, Moussallam et al., 751 

2016). The onset of sulfide saturation in Kīlauean lava lakes would occur when the S 752 

concentration in the lake exceeds the SCSS2-. The evolution of S during progressive 753 

fractionation within the lake is uncertain; while the crystallization of silicate minerals drives 754 

melt S contents up, the presence of vesicles within lake lava samples and observations of gas 755 

release along drill holes suggests that lava lakes continued to lose volatiles during 756 

differentiation (Helz and Wright, 1983; Peck, 1978; Wright et al., 1976). To incorporate this 757 

uncertainty, we consider the interception of the regression lines for the calculated SCSS2- vs. 758 

MgO with the range of S contents in degassed glasses from Kīlauea Iki pumice (black 759 

histogram; Fig 1b; Sides et al., 2014a), and the S content measured in Alae lava lake (green 760 

line; Moore et al., 1980; Fig. 1b). These models predict that the third stage of sulfide saturation 761 

at Kīlauea will occur at ~2 wt % MgO, which is consistent with observations that Cu suddenly 762 

decreases at <2 wt% MgO in the Kīlauea Iki lava lake (Fig. 1a; Greaney et al., 2017). 763 

This third stage of sulfide saturation has been attributed to the uptake of Fe3+ in Fe-Ti oxides 764 

(Greaney et al., 2017) driving S reduction in a mechanism similar to the “magnetite crisis” in 765 

arc basalts (Jenner et al., 2010). However, our modelling successfully predicts the onset of 766 
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sulfide saturation without incorporating changes in redox state. Instead, the decrease in the 767 

SCSS2- correlates strongly with glass MgO content (Fig. 1b), which varies approximately 768 

linearly with temperature at Kīlauea (Helz and Thornber, 1987). This suggests that sulfide 769 

saturation within lava lakes at Kīlauea is driven by decreasing temperatures. Overall, while 770 

lava lakes provide useful insights into the plausibility of sulfide saturation following extensive 771 

degassing, they are clearly not representative of the onset of sulfide saturation in undegassed 772 

melts within crustal storage reservoirs.  773 

4.4 Degassing of chalcophile elements  774 

Aerosol measurements at Kīlauea reveal that, in addition to “conventional” volatile elements 775 

(e.g., CO2, H2O, S, Cl and F), the volcanic plume also contains considerable quantities of 776 

chalcophile elements (Edmonds et al., 2018; Mather et al., 2012). The extent to which an 777 

element degasses is represented by the emanation coefficient (Ɛ), which quantifies the 778 

proportion of an element lost to the gas phase: 779 

Ɛ =  
[𝑋]𝑖−[𝑋]𝑓

[𝑋]𝑖
 (equation 4) 780 

Where [X]i and [X]f are the concentrations of element X in the initial (undegassed) and final 781 

(degassed) melt respectively (Edmonds et al., 2018; Lambert et al., 1985). Previous 782 

petrological work investigating chalcophile degassing at various Hawaiian volcanoes have 783 

utilized suites of variably degassed submarine glasses to estimate emanation coefficients 784 

(e.g., Norman et al., 2004). These studies have only observed degassing trends for S (Ɛ=0.86–785 

0.92), Re (Ɛ=0.5–0.74), Bi (Ɛ=0.44–0.45), and Cd (Ɛ=0.19–0.27). Additionally, as the glasses 786 

of Norman et al. (2004) are from different Hawaiian islands (Ko’olau and Moloka’i), it is difficult 787 

to deconvolve the effects of degassing from variations in the original chalcophile contents of 788 

these melts.  789 

In this study, chalcophile element degassing was evaluated by comparing element 790 

concentrations in melt inclusions (which remain largely undegassed) and matrix glasses 791 

(which have extensively degassed; Fig. 3a). However, such comparisons rely on the 792 

assumption that melt inclusions are genetically related to their matrix glasses. Lithophile trace 793 

element ratios in olivine-hosted melt inclusions from the three rift eruptions investigated in this 794 

study show considerable overlaps, despite significant changes in the composition of the co-795 

erupted matrix glass. This indicates that these melt inclusions were trapped from a variety of 796 

magma batches present within Kīlauea’s plumbing system over centuries, and subsequently 797 

brought to the surface in an unrelated magma batch (Wieser et al., 2019, see also Tuohy et 798 

al., 2016). Only the 1971 summit eruption contains a crystal cargo that crystallized from the 799 

carrier liquid, permitting a direct comparison between melt inclusions and co-erupted glasses. 800 
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Fortunately, the presence of residual sulfides in the mantle source means that chalcophile 801 

element concentrations do not differ as much as lithophile element concentrations between 802 

different magma batches (Fig. 4). Thus, degassing can be assessed by comparing the matrix 803 

glasses and melt inclusions, considering the data from all eruptions together. 804 

The concentrations in melt inclusions and matrix glasses of many chalcophile elements 805 

overlap (Loewen, 2013), making it difficult to determine whether a given element is degassed 806 

(Fig. 3d-f). We consider several possible criteria to robustly assess whether an element shows 807 

petrological evidence for degassing. The first criterion is based on the fact that gaseous 808 

observations indicate that Cl partially degasses at Kīlauea (Edmonds et al., 2009). Melt 809 

inclusion Cl contents overlap with and extend to higher values than matrix glasses, with the 810 

most S-rich (least degassed) inclusions generally having higher Cl contents (Fig. 3a). We 811 

classify a chalcophile element as showing evidence for subaerial degassing if a regression 812 

line between that element and S exhibits a higher R2 value than Cl vs. S (R2=0.13). This 813 

criterion classifies Se (R2=0.90), Bi (R2=0.34) and As (R2=0.22) as degassed (Fig. 3). 814 

The second criterion is based on a comparison using the ANOVA test of chalcophile element 815 

concentrations in melt inclusions and matrix glasses from the 1971 summit eruption (where 816 

melts trapped within crystals and the co-erupted matrix glass have similar trace element 817 

signatures; Wieser et al., 2019). Due to the small diameter of melt inclusions from this eruption, 818 

As and Se were not measured. An element was classified as degassed if p<0.05. This criterion 819 

only classifies Bi as degassed (p=9x10-4), with no distinguishable differences between matrix 820 

glasses and PEC-corrected melt inclusion compositions for Cu (p=0.08), Zn (p=0.66), Mo 821 

(p=0.77), Cd (p=0.27), In (p=0.90), Sn (p=0.28), Sb (p=0.21), W (p=0.60), or Tl (p=0.16), 822 

despite the fact that aerosol measurements indicate that these elements are present in the 823 

volcanic plume at Kīlauea (Mather et al., 2012). 824 

The third criterion involves a comparison of the concentrations of chalcophile elements in 825 

Kīlauean and Lōiʻhi glasses. Lōiʻhi glasses were erupted at water depths of ~1000–4700 m 826 

(Pietruszka et al., 2011), so remain largely undegassed with respect to H2O and S (Fig. 2a). 827 

For certain elements (e.g., Se, Bi, Cd), Lōiʻhi glasses plot with the least degassed Kīlauean 828 

melt inclusions, supporting the hypothesis that these elements have degassed from Kīlauean 829 

matrix glasses during subaerial eruptions. However, for certain elements (e.g., As), Lōiʻhi 830 

glasses sit at lower values than Kīlauean glasses, suggesting that Lōiʻhi and Kīlauea magmas 831 

may have slightly different chalcophile element signatures (perhaps due to differences in the 832 

mantle source, or the fact that Lōiʻhi glasses have experienced clinopyroxene fractionation).  833 

To reconcile the apparent discrepancy between aerosol and petrological measurements of 834 

chalcophile element degassing, the expected drop in the concentration of each chalcophile 835 
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element from the least degassed melt inclusions (S ~1600 ppm) to the average composition 836 

of degassed matrix glasses (S ~135 ppm) was calculated using the X/S ratios measured in 837 

the 2008 summit plume (Mather et al., 2012). For many chalcophile elements, the expected 838 

drop in concentration due to degassing is far smaller than the analytical precision of in-situ 839 

melt inclusion measurements. For example, even the minimum 2σ variation in the LA-ICP-MS 840 

signal during melt inclusion ablation (calculated in Iolite) is ~130× larger than the predicted 841 

loss of Cu during degassing (~5× for Bi and Cd, 12× for Pb, 31× for Zn, 167× for Mo). It is 842 

perhaps unsurprising that the only element that shows clear petrological evidence for 843 

degassing is Se (analytical precision  ~0.1× the expected loss during degassing).  844 

While the degassing of most chalcophile elements is obscured by analytical noise and natural 845 

variability in melt compositions, a crucial finding of this study is the excellent correlation 846 

between S and Se, indicating that these elements are degassing concurrently (Fig. 3b, 847 

R2=0.90). Extensive degassing of Se during subaerial eruptions is consistent with aerosol 848 

measurements at Kīlauea (Crowe et al., 1987; Edmonds et al., 2018; Mather et al., 2012) and 849 

whole rock analyses of lavas from Antuco, Chile (Cox et al., 2019). However, in subaqueous 850 

eruptions (e.g., Lōiʻhi, MORB and oceanic plateau basalts), Se is thought to be less volatile 851 

than S and is often used to reconstruct the behaviour of S prior to degassing (Brenan, 2015; 852 

Jenner et al., 2015, 2012, 2010; Patten et al., 2013; Reekie et al., 2019). The preservation of 853 

high Se contents in Lōiʻhi glasses erupted at depths >1000 m indicates that the onset of Se 854 

degassing takes place at pressures of <0.1 kbar. Experimental work assessing the volatility of 855 

Se is ambiguous. During preparation of glass reference materials, Se is retained while S is 856 

lost (Jenner et al., 2009; Jochum et al., 2006). Yet, experiments on sulfides in the Se-S system 857 

(Helmy and Fonseca, 2017), and on chondritic meteorites (Wulf et al., 1995), demonstrate that 858 

Se has a similar volatility to S. Thus, although the exact cause of Se degassing at Kīlauea is 859 

beyond the scope of this study, we caution that the assumption that Se is less volatile than S 860 

may be invalid at low pressures. As metal emissions for Se at arc volcanoes are elevated 861 

above those at Kīlauea (Edmonds et al., 2018), it seems likely that Se degasses during 862 

subaerial eruptions in a wide variety of tectonic settings.  863 

 864 

4.5 Sulfide Resorption during magma degassing 865 

The strong partitioning of S into the gas phase during ascent and eruption causes melt S 866 

contents to drop, destabilizing sulfide liquids (Edmonds and Mather, 2017; Gerlach and 867 

Nordlie, 1975). At hotspot volcanoes, emanation coefficients calculated from aerosol 868 

measurements of volcanic plumes have been shown to broadly correlate with sulfide-silicate 869 

melt partition coefficient (Edmonds et al., 2018). This, along with literature observations of 870 
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sulfides attached to bubbles, has led to suggestions that chalcophile elements held within 871 

sulfides are directly transferred to the gas phase during sulfide resorption (Mungall et al., 2015; 872 

Nadeau et al., 2010). Alternatively, the quantity of chalcophile elements released into the gas 873 

phase may depend on the three-way partitioning between sulfide, melt and vapour (Edmonds 874 

et al., 2018). 875 

The near-absence of sulfides in matrix glasses from subaerial eruptions at Kīlauea, but 876 

presence of sulfides as inclusions in silicate minerals, is convincing evidence for sulfide 877 

resorption (Gerlach and Nordlie, 1975; Moore et al., 1980; Fig. 5). Further evidence is provided 878 

by the presence of resorbed features (~20 µm in size) in degassed matrix glasses, which 879 

consist predominantly of Fe and O, with small regions of Cu-S rich material (~1 µm; Fig. 6; 880 

Supplementary Fig. A8). Their chemistry and texture is highly indicative of the breakdown of  881 

sulfides to form Fe-oxide phases (e.g., magnetite) which are metal poor (Berlo et al., 2014; 882 

Edmonds and Mather, 2017; Nadeau et al., 2010).  Only sulfides which are isolated from the 883 

degassing melt, including those trapped within olivine crystals, melt inclusions, and S-rich 884 

embayments, survive syn-eruptive degassing (Fig. 5a-h).  885 

However, differences in chalcophile element concentrations in melt inclusions and matrix 886 

glasses do not support a model whereby sulfide breakdown releases chalcophile elements 887 

“almost quantitatively” into the gas phase (Mungall et al., 2015). Firstly, there is no correlation 888 

between sulfide-melt KDs and emanation coefficients estimated from comparisons of melt 889 

inclusion and matrix glass concentrations (Fig. 3; Fig. 13). Our emanation coefficients for Cd, 890 

Bi and S are remarkably similar to those estimated by Norman et al. (2004), and overlap with 891 

those calculated from the X/S ratios in the 2008 plume for Cu, Ni, Cd, and Se (Mather et al., 892 

2012; Fig. 13). These published emanation coefficients also show no correlation with sulfide-893 

melt KDs. Secondly, comparisons of melt inclusion and matrix glass Cu contents provide very 894 

strong evidence that sulfides do not release their chalcophile element cargo directly into the 895 

gas phase. While aerosol measurements indicate that Cu partially degasses upon eruption 896 

(Edmonds et al., 2018; Mather et al., 2012), a significant proportion of melt inclusions have 897 

lower Cu contents than matrix glasses (Fig. 2c, 3f, 14a-b; Loewen, 2013). This is the opposite 898 

trajectory to that expected from degassing, giving Cu a negative emanation coefficient (Fig. 899 

13). Additionally, despite textural evidence for sulfide fractionation, glass Cu and MgO 900 

contents follow trajectories consistent with sulfide-undersaturated fractionation (Fig. 2c-d). 901 

The compositional differences between melt inclusions and matrix glasses are most obvious 902 

in the 1971 summit eruption, where melt inclusions and co-erupted matrix glasses have similar 903 

trace element signatures (Wieser et al., 2019). The PEC-corrected Ni and Cu contents of these 904 

melt inclusions follow trajectories consistent with the removal of sulfides with Ni and Cu 905 
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contents estimated from the regression lines shown on Fig. 11a-b using PEC-corrected MgO 906 

contents of 8.4 wt% (black line; Fig. 14a).  In contrast, matrix glasses mostly plot along the 907 

sulfide-free fractional crystallization trajectory (red line; Fig. 14a). The trend towards low Cu 908 

and Ni concentrations in melt inclusions indicates that olivine crystals trapped pockets of melt 909 

over a period in which sulfide liquids were progressively forming and depleting the melt of Ni 910 

and Cu. In order to produce the high Cu and Ni concentrations of matrix glasses, the resorption 911 

of sulfides upon eruption must have released almost all of the Ni and Cu held within sulfide 912 

liquids back into the melt. If the Cu (and Ni) entered the gas phase directly, matrix glasses 913 

would plot with the most Cu and Ni depleted melt inclusions (Fig. 14a). These trends indicate 914 

that sulfides remained in the melt, such that they could be resorbed upon eruption. As the high 915 

density of sulfide droplets should result in their fractionation from the melt once they grow to 916 

a critical size, the involvement of sulfides in volcanic degassing has been attributed to the 917 

attachment of sulfide melts onto vapour bubbles, producing a compound drop with elevated 918 

buoyancy (Edmonds and Mather, 2017; Mungall et al., 2015). Interestingly, we also observe 919 

the attachment of sulfide globules onto the faces of olivine crystals (Fig. 5c). The 920 

remobilization of settled olivine crystals (Wieser et al., 2020, 2019) could provide an additional 921 

mechanism by which fractionated sulfides can participate in syn-eruptive degassing.  922 

Although the melt inclusion record in the other three eruptions is complicated by the fact that 923 

host olivines trapped a diverse range of melt compositions present in the plumbing system 924 

over centuries, when all four eruptions are considered together, melt inclusions form a wedge 925 

towards lower Cu and Ni contents that is bracketed by fractionation lines for predicted sulfide 926 

compositions at ~6.2 and ~14.3 wt% MgO (Fig. 14b). This indicates that sulfide resorption 927 

upon eruption is near-ubiquitous process at Kīlauea. The presence of a few melt inclusions 928 

with slightly higher Cu and Ni contents than matrix glasses (Fig. 14a-b; Fig. 2c-d) could reflect 929 

the true fractionation of a small quantity of sulfide melt (~0.02%), or incomplete resorption of 930 

sulfides upon eruption (suggested by the presence of small quantities of Cu-S rich material 931 

within resorbed FeO-rich features in matrix glasses, and the presence of sulfides armoured 932 

within crystals; Fig. 5; Fig. 6; Supplementary Fig. A8). The absence of correlation between 933 

Cu, Ni, and the amount of PEC (Fig. 14, Supplementary Fig. A14) provides further support 934 

that sulfides were heterogeneously entrapped during the formation of melt inclusions (Nadeau 935 

et al., 2010), rather than forming after melt inclusion entrapment (e.g., Hartley et al., 2017).  936 

Chalcophile systematics in Lōiʻhi glasses further support our assertion that the Cu 937 

concentrations of melt inclusions and glasses at Kīlauea record sulfide resorption upon 938 

eruption. Unlike Kīlauean glasses, Lōiʻhi glasses show a positive correlation between Cu and 939 

MgO (Fig. 1c; R2=0.44) and Cu and Ni (Fig. 14b; Supplementary Fig. A4; R2=0.4), which is 940 

indicative of sulfide fractionation. Furthermore, abundant sulfides (0.3-10% vol) have been 941 
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reported in Lōiʻhi xenoliths (Roedder, 1983), and we observe relatively abundant, spherical 942 

sulfides within Lōiʻhi matrix glasses, providing strong textural evidence that Lōiʻhi magmas 943 

were sulfide-saturated. The lack of syn-eruptive degassing of S during subaqueous eruptions 944 

at Lōiʻhi preserved textural and chemical evidence for sulfide removal. Thus, these samples 945 

provide a vital analogue for the evolution of sulfides within Kīlauean melts before the onset of 946 

subaerial degassing.  947 

The behaviour of Se allows further investigation of the relationship between sulfide resorption 948 

and the degassing of chalcophile metal species. In the previous section, the excellent 949 

correlation between S and Se (Fig. 3b) was interpreted to represent syn-eruptive degassing 950 

of elements with a similar volatility. However, the compound drop theory suggests that Se 951 

could be released directly from sulfides into the gas phase (Mungall et al., 2015). Thus, we 952 

entertain the possibility that the S-Se trajectory defined by melt inclusions and matrix glasses 953 

represents the removal of Se and S in the sulfide phase. The removal of sulfides with 30 wt% 954 

S, and Se contents calculated from the likely range of KD,Se
sulf/melt

 (271 – 1012; Brenan, 2015; 955 

Patten et al., 2013) was modelled for the subset of melt inclusion and glass data with Se data. 956 

While sulfide removal with KD,Se
sulf/melt

=271 approximately recreates the observed trajectories, 957 

the low Se concentrations of matrix glasses require removal of >0.4 wt% sulfide (Fig. 14c). 958 

Removal of this quantity of sulfides is inconsistent with observed trends in Cu vs. S space for 959 

the same subset of melt inclusions and glasses (for KD,Cu
sulf/melt

=380–1754; Fig. 14d). 960 

Consequently, as the combined systematics of Cu, Se and S cannot be recreated by the 961 

removal of sulfide liquids, the excellent correlation of S and Se must result from syn-eruptive 962 

degassing. This is further supported by the fact that Lōiʻhi glasses, which contain visible 963 

sulfides, still have Se concentrations plotting close to the least degassed melt inclusions at 964 

Kīlauea (Fig. 3b). 965 

These observations provide new insights into the relative importance of vapour-sulfide, 966 

vapour-melt, and sulfide-melt partitioning in controlling the chalcophile element budget of 967 

volcanic plumes. Sulfide resorption releases chalcophile elements into the silicate-melt-vapour 968 

system, which then become further partitioned between vapour and melt (Fig. 15d). This is 969 

best demonstrated by comparing the behaviour of Cu and Se. While sulfide resorption leads 970 

to the release of large quantities of Cu (>100 ppm; Fig. 14a-b), almost all of this Cu ends up 971 

back in the melt, likely due to its relatively low volatility in Kīlauean magmas (X/S ratios 972 

measured in the 2008 Kīlauean plume indicate that only ~0.01% of Cu degasses; Mather et 973 

al., 2012; Fig. 13). In contrast, the formation of a relatively small quantity of sulfide liquid (~0.12 974 

wt%; Fig. 14b) does not significantly deplete the concentration of Se in the melt (~0.1 ppm; 975 

red diamond, Fig. 14c) Instead, the large release of Se upon eruption largely represents direct 976 
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degassing of Se from the silicate melt due to its high volatility (~0.1-0.15 ppm; Fig. 14c), with 977 

the ~0.1 ppm of Se released during sulfide resorption likely being partitioned between the 978 

vapour-melt system, rather than directly entering the vapour phase (Fig. 14c).  979 

 980 

The resorption of sulfides upon eruption provides a significant, but previously unquantified flux 981 

of S to the atmosphere during Kīlauean eruptions. The spread of melt inclusion Ni and Cu 982 

contents relative to matrix glasses indicate that 0.06-0.2 % sulfide resorption may occur upon 983 

eruption (Fig. 14a-b), accounting for the release of an additional 180–600 ppm of S (as 984 

measured sulfides contain ~30 wt% S). This represents an additional source of error when 985 

using the “petrological method” in basaltic systems to quantify total S release (in addition to 986 

uncertainty in erupted lava volumes). This source of error can be circumvented if the Cu-Ni-S 987 

systematics of melt inclusions are carefully evaluated when choosing S concentrations to 988 

compare to co-erupted matrix glasses. The best constraint on the S release during eruptions 989 

is provided by melt inclusions with Cu and Ni concentrations overlapping the co-erupted matrix 990 

glasses. For example, in the 1971 summit eruption, these have PEC-corrected S 991 

concentrations between 1360-1425 ppm. Accounting for the incomplete degassing of basaltic 992 

melts (1971 matrix glasses have average S contents of 121 ppm), these measurements 993 

suggest that ~1240–1300 ppm of S was released. Using the maximum PEC-corrected S 994 

content at high Cu contents of the entire database (~1600 ppm), and the average glass S 995 

content (135 ppm), S release during more primitive eruptions than the 1971 summit eruption 996 

could reach 1465 ppm. SO2 emissions at Kīlauea have been used to calculate lava effusion 997 

rates (Sutton et al., 2003, 2001) using estimates of S release from C/S ratios measured in 998 

volcanic gases (e.g., 861 ppm - Greenland, 1984 and Greenland et al., 1988; 745 ppm - Sutton 999 

et al., 2003). Our estimates of S release are significantly higher than these previous estimates, 1000 

highlighting the importance of detailed petrological work on specific eruptions to accurately 1001 

constrain lava effusion rates.  1002 

5. Conclusions 1003 

Chalcophile element behaviour at Kīlauea Volcano, Hawai’i, is predominantly controlled by 1004 

three separate stages of sulfide saturation, combined with the effects of sulfide resorption and 1005 

degassing upon ascent to the site of eruption. The decoupled variability of chalcophile and 1006 

lithophile elements during mantle melting in primitive samples (>6.8 wt% MgO) indicates that 1007 

the concentration of chalcophile elements in Kīlauea’s mantle source are buffered by the 1008 

presence of residual sulfide (Fig. 15a). These residual sulfides, combined with the presence 1009 

of S6+ in primary melts, are responsible for the high S contents of primary Kīlauean melts 1010 

(1387–1600 ppm). The increase in sulfide solubility with decreasing pressures as primary 1011 
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melts ascend through the thick Hawaiian lithosphere results in crustal magma chambers being 1012 

supplied with sulfide-undersaturated melts (Fig. 15b). The occurrence of sulfides within 1013 

primitive olivines, combined with the results of SCSSTot modelling, indicates that a second 1014 

stage of sulfide saturation within the crust occurs after relatively small amounts of crystal 1015 

fractionation (~10–14 wt% MgO; Fig. 15c).  1016 

Syn-eruptive degassing of S drives sulfide undersaturation of previously saturated magmas, 1017 

resulting in the resorption of sulfides in contact with the degassing host glass (Fig. 15d). This 1018 

releases Cu, Ni, S and other chalcophile elements into the vapour-melt-(sulfide) system. 1019 

Elements with high vapour-melt partition coefficients residing predominantly in the melt phase 1020 

(e.g., S, Se) enter the gas phase, while elements with lower vapour-melt partition coefficients 1021 

(e.g., Ni, Cu) predominantly remain in the melt. The resorption of sulfides within matrix glasses 1022 

and the release of their chalcophile element budget back into the melts obscures the textural 1023 

and chemical record of sulfide saturation in matrix glasses. The coincidence of Cu-MgO and 1024 

Cu-Ni systematics in matrix glasses with the trends predicted from sulfide-undersaturated 1025 

fractionation demonstrates that the vast majority of immiscible sulfide liquids participated in 1026 

the degassing process; perhaps due to their attachment to buoyant vapour bubbles, or 1027 

remobilized olivine crystals.  Fortunately, the chalcophile element systematics within melt 1028 

inclusion populations (which are isolated from the late stage release of chalcophile elements 1029 

into the melt), along with the preservation of visible sulfides within olivine crystals, melt 1030 

inclusions, and undegassed embayments, faithfully record the fractionation of sulfides. 1031 

Previous studies investigating chalcophile element systematics have focused on lava lakes, 1032 

which form through the ponding and fractionation of degassing melt within pre-existing pit 1033 

craters. This has led to suggestion that sulfide saturation at Kīlauea only occurs after 1034 

significant amounts of crystal fractionation (~2 wt% MgO). We demonstrate that the loss of S 1035 

to the gas phase upon eruption resulted in previously sulfide-saturated magmas becoming 1036 

sulfide undersaturated once more. Only following significant amounts of cooling and 1037 

fractionation do melts reach a third phase of sulfide saturation. This phase is unique to the 1038 

fractionation path taken by degassed melts, and not representative of the evolution of 1039 

undegassed melts in crustal magma chambers (Fig. 15d).  1040 

Author Contributions 1041 

PW prepared and analysed the Kīlauean melt inclusions, glasses and sulfides by EPMA and 1042 

EDS. PW performed LA-ICP-MS analyses under the guidance of FJ and BK. FJ analysed the 1043 

Lōiʻhi glasses. PW interpreted the data and wrote the manuscript with help from all authors.   1044 



This is a preprint uploaded to EarthArxiv. This manuscript has been resubmitted to GCA following 
one round of reviews (original submission date, Aug, 2019).  

Acknowledgements 1045 

We thank Callum Reekie, Duane Smythe and Hugh O’Neill for helpful discussions about 1046 

sulfide saturation (and the importance of S6+ corrections in particular); Giulio Lampronti and 1047 

Iris Buisman for help collecting EDS and EPMA data; John Craven and Sally Gibson for 1048 

providing sulfide standards, Michael Garcia and Aaron Pietruszka for supplying the Lōiʻhi 1049 

samples. Isobel Sides (funded by a Natural Environment Research Council [NERC] 1050 

studentship) and Don Swanson (U.S. Geological Survey) collected the Kīlauean samples used 1051 

in this study. PW is funded by NERC DTP studentship NE/L002507/1. BK is funded by NERC 1052 

grant ‘From Arc Magmas to Ore Systems (FAMOS): a Mineral Systems Approach 1053 

(NE/P017045/1). FJ acknowledges technique development funding from the NERC grant 1054 

‘Mantle volatiles: processes, reservoirs and fluxes (NE/M000427/1). The authors thank Paul 1055 

Wallace, Clifford Patten, and Yuan Li for helpful reviewers which substantially increased the 1056 

clarity of the manuscript.  1057 

 1058 

Figures and Captions 1059 

 1060 

Fig. 1 – Chalcophile element behaviour in the Kīlauea Iki lava lake. a) Whole rock 1061 

measurements from Kīlauea Iki define olivine-addition trends between ~27 and 7 wt% MgO. 1062 

Whole-rock and glass measurements show a drastic increase in Cu between ~7 and 2 wt% 1063 

MgO, followed by a rapid decrease at <2 wt% MgO (Greaney et al., 2017). The approximate 1064 

vectors producing variability in Cu vs. MgO space are overlain. b) Calculated sulfide 1065 

concentration at sulfide saturation (SCSS2-) for the Kīlauea Iki lava lake glass compositions 1066 

of Greaney et al. (2017) using the S2017 and O2020 models (with Fe3+/FeTot fixed at 0.1, no 1067 

S6+). c) Degassing upon eruption causes melt S contents to drop from the high 1068 

concentrations observed in Kīlauea Iki melt inclusions (PEC-corrected; grey histogram; 1069 

Sides et al., 2014a) to the low concentrations observed in matrix glasses (Kīlauea Iki scoria; 1070 

orange histogram and bar; Sides et al., 2014a). These degassed melts have significantly 1071 
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lower S contents than the SCSS2-, driving sulfide resorption. Eventually, the drop in 1072 

temperature with decreasing MgO content results in the SCSS2- re-intercepting the S 1073 

concentration of the melt (which probably lies between the S content measured in Kīlauea Iki 1074 

pumices and that measured in a fractionated glass from Alae lava lake; Moore et al., 1980; 1075 

Sides et al., 2014a). Thus, fractionation in lava lakes initially proceeds under sulfide-1076 

undersaturated conditions, producing the rapid increase in Cu contents with decreasing MgO 1077 

contents between 7-2 wt% MgO (a). Following extensive fractionation (~2 wt% MgO), the 1078 

ponded melt becomes sulfide-saturated once more, causing the rapid downturn in Cu (a). 1079 

Crucially, these trajectories in Cu-MgO space are only characteristic of fractionation of 1080 

degassed melt (where the S concentrations of melts have dropped significantly below the 1081 

SCSS2-).  1082 

 1083 

Fig. 2 –Cu, S and MgO systematics. a) S concentrations of Kīlauean melt inclusions, matrix 1084 

glasses, and submarine matrix glasses from Lōiʻhi. Literature melt inclusion data for Kīlauea 1085 

from Sides et al. (2014a,b; black dots) and Thornber et al. (2015; red dots) are also shown 1086 

(all melt inclusion data is uncorrected for PEC). b) Melt inclusion S and MgO systematics 1087 

following a correction for post-entrapment crystallization (using the “Olivine MI” tool in 1088 

Petrolog3). Estimated S concentrations of primary melts are indicated with a pink bar. The 1089 
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upper limit (1600 ppm) effectively brackets the vast majority of S-rich melt inclusions, while 1090 

the lower limit (1387 ppm) was calculated by extrapolating back along olivine fractionation 1091 

trends from 1600 ppm at 11.3 wt% MgO to an reasonable upper limit for the MgO content of 1092 

primary melts (~17.1 wt% MgO) assuming S was entirely incompatible during olivine 1093 

fractionation. c) Kīlauean matrix glasses show a slight increase in Cu contents with 1094 

decreasing MgO, while Lōiʻhi glasses show a decrease in Cu over the same MgO interval. 1095 

Uncorrected melt inclusions with <10 wt% MgO plot alongside, and slightly above Kīlauean 1096 

matrix glasses, while more evolved inclusions predominantly plot below matrix glasses. d) 1097 

Following a correction for PEC (KD,Cu
ol/melt

 = 0.1), melt inclusions form a cluster at ~13 wt% 1098 

MgO, plotting on the fractionation trajectory defined by matrix glasses (black lines), although 1099 

a number of inclusions lie significantly below this line. The fractional crystallization model for 1100 

Cu was calculated from the Petrolog3 fractionation path described in the main text 1101 

(QFM+0.6;  KD,Cu
ol/melt

 = 0.1, KD,Cu
cpx/melt

 = 0.21; Greaney et al., 2017; KD,Cu
plag/melt

 = 0.17; Bougault 1102 

and Hekinian, 1974).  1103 
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 1104 

Fig. 3 – Assessing chalcophile element volatility. a-f) Plots of various chalcophile elements 1105 

(and Cl) against S provide insights into the behaviour of chalcophile elements during subaerial 1106 

degassing. Regressions through the combined Kīlauea dataset (matrix glasses and melt 1107 

inclusions from all 4 eruptions) are shown with 95% confidence intervals. The upper and lower 1108 

limits of the initial and final concentrations of each element used to calculate emanation 1109 

coefficients (Ɛ) were estimated from the 95% confidence intervals of the regression lines with 1110 

Si=1387–1600 and Sf=135. Subaqueous Lōiʻhi glasses have concentrations similar to those 1111 

of the most undegassed Kīlauean melt inclusions for several elements (Se, Bi, Cd). PEC-1112 

corrected concentrations are shown for melt inclusions, assuming that all elements except Cu 1113 

(KD,Cu
ol/melt

 = 0.1) are entirely incompatible in olivine. Note, that the y axis in a) has been cropped 1114 

to emphasize the magnitude of Cl variation at Kīlauea, Lōiʻhi glasses have Cl concentrations 1115 

https://en.wikipedia.org/wiki/Latin_epsilon
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up to 1399 ppm. The range of S/Se ratio observed in the 2008 summit plume are shown in b) 1116 

to demonstrate that the emanation coefficient of Se derived from petrological measurements 1117 

is consistent with aerosol measurements (Mather et al., 2012). A full comparison of our 1118 

emanation coefficients and those of Mather et al. (2012) is shown in Fig. 13.  1119 

 1120 

 1121 
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 1122 

Fig. 4 –Fractionation-corrected trace element concentrations in matrix glasses which have not 1123 

fractionated beyond olivine control. a-b) La and Ce show strong positive correlations with Ba. 1124 

c-f) In contrast, Yb, Cu, Cd and Pb show very weak correlations with Ba. Trace element 1125 

contents were corrected for fractional crystallization back to 16 wt% MgO assuming all 1126 

elements except Cu (KD,Cu
Ol/melt

 = 0.1) are perfectly incompatible in olivine. Note, that the choice 1127 
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of primary MgO content does not affect the observed correlations. The 95% confidence 1128 

intervals on linear regressions through the data are shown, along with the standard error of 1129 

the slope (and other statistical measures).  1130 

 1131 

Fig. 5 - Textural and chemical characteristics of Kīlauean sulfides revealed with BSE and EDS 1132 

mapping. a) Sulfides are commonly hosted as inclusions within olivine crystals. b) Sulfides 1133 

with a bimodal size distribution within the wall of a matrix glass vesicle. c) Sulfide attached to 1134 

an olivine crystal within a relatively open embayment. EDS maps show that this sulfide 1135 

consists of exsolved Fe, Ni and Cu-rich phases. d) Sulfide within an open, but largely 1136 

undegassed embayment (S=1356 ppm). e) Sulfide within a melt inclusion, which also contains 1137 

a vapour bubble with tiny <1 µm sulfides embedded in the bubble wall. f) Sulfide trapped within 1138 

an olivine crystal along with a spinel, and a small amount of melt.  EDS maps show that this 1139 

sulfide has exsolved 2 main phases at a relatively course scale. g-h) Sulfides trapped within 1140 

small melt inclusions hosted in olivine crystals. i-j) EDS maps of sulfides showing fine and 1141 

coarse exsolution of Cu-Ni-Fe rich phases (BSE images not shown) 1142 

 1143 
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 1144 

Fig. 6-Textural and chemical characteristics of resorbed Kīlauean sulfides a) A BSE image of 1145 

a resorbed sulfide attached to an olivine crystal. b) BSE image of the sulfide (red square in a), 1146 

which shows considerable textural complexity compared to the pristine sulfides shown in Fig. 1147 

5. c) EDS maps of the area indicated by the yellow rectangle in b. Most of the resorbed sulfide 1148 

is very Ni and Cu poor, with counts only just above background (e.g., area 2, compare with 1149 

Fig. 5 c,f, i, j). Small regions of more S (and Ni)-rich material survive (e.g. area 1). The 1150 

approximate composition of the areas indicated with black rectangles in b) are displayed in 1151 

wt%. Resorbed sulfides contain considerable quantities of O (~26 wt%), compared to pristine 1152 

sulfides which generally contain <4 wt% O (Supplementary Fig. A9).  1153 
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 1154 

Fig. 7 - Modelling melt S contents during mantle melting. a) PT paths for an ascending 1155 

peridotitic mantle undergoing melting for three different potential temperatures (calculated in 1156 

Melt-PX; Lambart et al., 2016). b) Comparison of calculated sulfide compositions from SCSS2- 1157 

models with measured sulfide compositions in mantle peridotites and eclogites/pyroxenites 1158 

(Bulanova et al., 1996; Guo et al., 1999; Pearson et al., 1998; Richardson et al., 2001.; 1159 

Westerlund et al., 2006). The sulfide composition in the S2017 model changes along the PT 1160 

path and deviate dramatically from measured sulfide compositions near the top of the melting 1161 

column. The calculated sulfide composition from the O2020 model also plots away from the 1162 

composition of most mantle sulfides. The fixed sulfide composition used in the models shown 1163 

in d) is also shown (yellow square; after Ding and Dasgupta, 2018). c) Calculated SCSS2- 1164 

trajectories following the PT paths in a) using calculated sulfide compositions. In particular, 1165 

the behaviour of the S2017 model with decreasing pressure is anomalous. d) Calculated 1166 

SCSS2- trajectories using a fixed sulfide composition (yellow square in b), Ding and Dasgupta, 1167 

2018). Except for melts generated right at the base of the lithosphere from a mantle with 1168 

Tp=1650˚C, model trajectories in the S2017 model plot below the estimated S contents of 1169 

primary Kīlauean melts. Only melts produced near the top of the melting column in the O2020 1170 
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model plot within the range of primary melts. The beige bar shows the uncertainty in the depth 1171 

of the base of the lithosphere beneath Kīlauea (Li et al., 2004; Wölbern et al., 2006). 1172 

 1173 

Fig. 8 - Models and observations of S and Fe redox in Hawaiian melts. a) Literature 1174 

measurements of Fe oxidation state in Kīlauean melt inclusions are highly variable (Helz et 1175 

al., 2017; Moussallam et al., 2016), but consistently elevated above the most recent estimates 1176 

of MORB redox (Berry et al., 2018), and mostly elevated above even the highest estimates of 1177 

MORB oxidation state (Cottrell and Kelley, 2011). Fractionation trajectories from the adjusted 1178 

primary melt composition of Clague et al. (1991) in a closed system, and buffered at 1179 

ΔQFM+0.6 from Petrolog3 are overlain; the limited MgO range of the XANES data makes it 1180 

difficult to distinguish which of these models is most realistic. b) Literature measurements of 1181 

Fe and S redox in submarine glasses from Mauna Kea (Brounce et al., 2017) and Lōiʻhi. Fe 1182 

redox measurements for Lōiʻhi are taken from Wallace and Carmichael, (1992), and S redox 1183 

measurements were made on the same samples in three separate studies (Jugo et al., 2010; 1184 

Wallace and Carmichael, 1992, 1994; joined with a grey line). The fractionation paths in S6+/ST 1185 

vs. Fe3+/FeT space for the closed and open system models using equation 2 (Jugo et al., 2010) 1186 

and 3 (Nash et al., 2019) are overlain. S6+ corrections of this sort were not made for the models 1187 

shown in Fig. 7 and 10, because the effect of pressure, which is likely to be substantial during 1188 

mantle processes, has not been parametrized.  1189 
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 1190 

Fig. 9 -Models of Cu and Ba contents in aggregated fractional melts with changing F and initial 1191 

S contents of the mantle, assuming Cuper = 20 ppm (see Supplementary Fig. A11 for Cuper = 1192 

30 ppm). a-b) Changes in the Cu contents of aggregated fractional melts with increasing melt 1193 

extents for two different values of KD,Cu
sulf/melt

. Ba rapidly decreases with increasing melt extents 1194 

(blue line). If there are no sulfides in the mantle source, Cu shows a less dramatic increase 1195 

(green line).  The purple lines show the evolution of Cu for four different initial S concentrations 1196 

in the mantle source (Si, Per). The point at which sulfides are exhausted (black star) moves to 1197 

progressively higher F values as the amount of S in the mantle increases. The pink and blue 1198 
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bar show the range of Cu and Ba concentrations in fractionation-corrected Kīlauean glasses 1199 

from the three rift eruptions which have not fractionated beyond olivine control. Models with 1200 

low initial mantle S contents vastly overestimate the Cu concentration of primary melts. In a), 1201 

Cu concentrations in melts produced at F=0.05–0.1 with Si, Per = 200–300 ppm bracket the 1202 

range of observed glass Cu concentrations. In b) models with Si, Per = 100–200 bracket the 1203 

range of observed values.  c-d)  The concentrations of Cu are plotted against Ba to aid visual 1204 

assessment of the changing gradients following sulfide exhaustion. e-f) The gradient of Ba vs. 1205 

Cu at each step in the model vs. the Ba concentration of aggregated melts. The black rectangle 1206 

shows the range of Ba concentrations measured in glasses, and the 95% confidence interval 1207 

on the observed gradient of Cu vs. Ba (see Fig. 4d). The gradient of Cu vs. Ba is roughly flat 1208 

until just before sulfides are exhausted. Following sulfide exhaustion, all models show positive 1209 

gradients.  1210 

 1211 
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Fig. 10 – Modelling the SCSS2- during the ascent of melts from the mantle into shallow crustal 1228 

storage reservoirs. a) PT paths tracking the ascent of mantle melts generated at bottom and 1229 

top of the melting column along the olivine liquidus (39.16 ̊ C/Gpa; after Matthews et al., 2016). 1230 

b-c) Calculated SCSS2- trajectories for these ascent paths for the adjust primary melt 1231 

composition of Clague et al. (1991) using calculated (b) and fixed sulfide compositions (c), as 1232 

in Fig. 7. The behaviour of the S2017 model in b) is likely anomalous. In c), all modelled 1233 

trajectories except for the lowest Tp (1450 ̊ C) in the O2020 model exceed the S concentrations 1234 

of primary melts at low pressures. The presence of even a very small amount of S6+ would 1235 

mean that the SCSSTot for this model would also exceed the S contents of primary melts. 1236 

These models indicate that upon ascent, Kīlauean magmas become sulfide-undersaturated. 1237 

The beige line marks the shallowest estimate for the base of the lithosphere beneath Kīlauea 1238 

(Li et al., 2004; Wölbern et al., 2006). 1239 

 1240 

  1241 

Fig. 11 - Comparison of measured sulfide compositions to those calculated from SCSS2- 1242 

models. Bulk sulfide compositions were obtained from EDS maps (quantified by analysing 1243 

sulfide standards whose compositions were determined by EPMA in the same analytical 1244 

session). Equivalent melt MgO contents for each sulfide were allocated from glass MgO 1245 
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contents, or olivine Fo contents (see section 4.2). Modelled sulfide compositions were 1246 

calculated for a fractionation path in Petrolog3 from the adjusted primary magma composition 1247 

of Clague et al. (1991). Differences in the treatment of melt oxidation state (see Fig. 8a) make 1248 

negligible differences to the calculated sulfide composition (dashed vs. solid lines). 1249 

 1250 
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Fig. 12-Modelling changes in sulfide solubility during fractionation. a-b) In models only 1251 

accounting for S2- species, the SCSS2- intercepts the fractionation trajectory for S at high MgO 1252 

contents (~16 wt% MgO), and cannot account for the high S contents of melt inclusions with 1253 

<12 wt% MgO. The closed system and buffered model show very similar trajectories, and the 1254 

O2020 and S2017 are within error of one another (the pink bar indicates the published 1σ 1255 

uncertainty on the S2017 model). c-d) SCSSTot trajectories following a correction for variable 1256 

(but constant) amounts of S6+ using equation 1. Models with 30% S6+ do a good job of 1257 

recreating the onset of sulfide saturation at ~14 wt% MgO indicated by textural observations, 1258 

and effectively bracket the upper limit of melt inclusion S contents. e-f) SCSSTot trajectories 1259 

following a correction for S6+ using the parameterization of Jugo et al. (2010; equation 2). The 1260 

closed system and buffered model differ substantially following the onset of plagioclase 1261 

fractionation (due to a rapid increase in the proportion of S6+ in the closed system model; Fig. 1262 

8b). g-h) SCSSTot trajectories following a correction for S6+ using the parameterization of Nash 1263 

et al. (2019; equation 3). As in e, the closed system model shows a sharp increase in S 1264 

solubility during plagioclase fractionation. In the open system model, the strong temperature 1265 

dependence on the proportion of S6+ results in very high estimates of S solubility at high MgO 1266 

contents.  1267 

 1268 

Fig. 13- Comparison of emanation coefficients (this study, Norman et al., 2004, Mather et al., 1269 

2012) and sulfide-liquid partition coefficients. Emanation coefficients (white triangles) and 1270 

black error bars from this study were calculated from the regression lines of each element in 1271 

melt inclusions and matrix glasses against S (see Fig. 3 and caption for more detail). 1272 

Emanation coefficients were also calculated from X/S ratios from the 2008 plume (Mather et 1273 

al., 2012), with the numerator ([X]i-[X]f) calculated from 
𝑋

𝑆
× 𝑆𝑑𝑒𝑔𝑎𝑠𝑠𝑒𝑑 and the denominator ([X]i) 1274 

calculated from [X]f + 
𝑋

𝑆
× 𝑆𝑑𝑒𝑔𝑎𝑠𝑠𝑒𝑑, where [X]f is the average composition of the 1971 matrix 1275 
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glass (most similar in major element composition to the 2008 summit eruption), and 1276 

𝑆𝑑𝑒𝑔𝑎𝑠𝑠𝑒𝑑=1300 ppm. Measured sulfide-silicate partition coefficients from Kīlauea Iki lava lake 1277 

samples are shown in green (Greaney et al., 2017). The range of measured partition 1278 

coefficients for MORBs are shown with a grey bar (mean ±2σ; Patten et al., 2013). The light 1279 

blue bar shows the range of calculated partition coefficients from Kiseeva and Wood, (2015) 1280 

for compositions with MgO contents between 6–14 wt% MgO (using the regressions shown in 1281 

Fig. 11 to estimate the Ni and Cu composition in the sulfide, and the geothermometer of Helz 1282 

and Thornber, 1987). The partition coefficient of S was calculated using the range of measured 1283 

S concentrations in sulfides, assuming melt S contents of 1387–1600 ppm. There is no 1284 

correlation between sulfide-liquid partition coefficients and emanation coefficients defined 1285 

using petrology, or aerosol chemistry. 1286 

 1287 

Fig. 14 – Differentiating sulfide resorption and degassing. a) Cu-Ni systematics for the 1971 1288 

summit eruptions (where melt inclusions exhibit a clear genetic relationship with their carrier 1289 

melts; Wieser et al., 2019). Matrix glasses largely plot along the sulfide-free fractional 1290 

crystallization trajectory. Melt inclusion compositions corrected for post-entrapment 1291 
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crystallization follow two trajectories; olivine-only fractionation (red line), and decreasing Cu 1292 

and Ni concentrations indicative of sulfide fractionation (black line). The sulfide fractionation 1293 

trajectory shows the removal of a sulfide composition calculated from the regression lines in 1294 

Fig. 11 for MgO = 8.4 wt% MgO (mean PEC-corrected melt inclusion MgO content) b) Cu-Ni 1295 

systematics for all matrix glasses and melt inclusions are bracketed by fractional crystallization 1296 

and sulfide fractionation trends (lower and upper sulfide removal trend for 6.3 and 14.3 wt% 1297 

MgO). c) Models of the trajectory in Se. vs. S space expected from sulfide fractionation. Sulfide 1298 

fractionation trends fit the data for the lower limit of estimates for the partition coefficient of Se 1299 

in sulfides. However, the low Se concentrations of matrix glasses require fractionation of large 1300 

quantities (~0.4%) of sulfide. d) Fractionation of this quantity of sulfides is inconsistent with 1301 

observed Cu-S concentrations in the subset of matrix glass and melt inclusion compositions 1302 

with Se data. The minimum partition coefficient for Se (271) is calculated from Patten et al. 1303 

(2013; mean - 2σ), and the maximum (1012) is calculated from the parametrization of Brenan, 1304 

(2015) for FeO=11.33 wt%. The maximum partition coefficient for Cu is from Patten et al. 1305 

(2013; mean + 2σ), and the minimum was calculated from the parametrization of Kiseeva and 1306 

Wood (2015) for the sulfide composition calculated from the regressions in Fig. 8 for 14 wt% 1307 

MgO, and temperatures from Helz and Thornber (1987). 1308 

 1309 

Fig. 15 – Summary diagram of processes affecting chalcophile element concentrations at 1310 

Kīlauea. a) Residual sulfides are present in the mantle source throughout the melting interval 1311 

of the eruptions analysed in this study (~F<0.1), buffering the concentrations of chalcophile 1312 

elements relative to lithophile elements during changes in melt extent. The presence of 1313 

residual sulfides, combined with S6+ species account for the high S contents of primary melts 1314 
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(1387-1600 ppm). b) Upon ascent through the thick Hawaiian lithosphere, the large increase 1315 

in the SCSS2- with decreasing pressure results in melts becoming sulfide undersaturated 1316 

(SUS). c) During fractionation in crustal magma chambers, decreasing temperatures, 1317 

combined with an increase in melt S contents during crystal fractionation drives the melts 1318 

towards sulfide saturation once more (~10-14 wt% MgO). d) At low pressures as magma 1319 

ascends towards the site of eruption, S partitions strongly into a vapour phase, rapidly 1320 

decreasing its concentration in the melt such that it becomes sulfide undersaturated. This 1321 

causes sulfides to start resorbing, and release their chalcophile element load (S, Ni, Cu etc.) 1322 

back into the melt. These elements then partition between the melt and vapour phase, 1323 

resulting in volatile elements such as S and Se mostly partitioning in the gas phase, and more 1324 

refractory elements such as Ni and Cu remaining in the melt. e) The lava filling the Kīlauea Iki 1325 

lava lake was S-poor (and therefore sulfur undersaturated) due to extensive degassing upon 1326 

eruption. Extensive amounts of cooling and fractionation were required to reach sulfide 1327 

saturation from such a S-poor melt. 1328 

Research Data 1329 

The melt inclusion and glass chalcophile element compositions used in this study are 1330 

provided as an excel spreadsheet in Appendix B, along with information on standards run in 1331 

each session.  1332 
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Figure A1- Examples of Se-As line scans. a) BSE image of melt inclusion with a 50 µm laser spot and a Se-As line 55 
scan. b) Raw signal for the Se-As line scan shown in a). The line scan starts in the host olivine crystal (which has high 56 
Ni, and low Ca contents). The rapid drop in Ni, and increase in Ca marks the mixing of the signal of the melt inclusion 57 
and the host olivine. Signals from the melt inclusion were selected based on the presence of a flat plateau in Ni and 58 
Ca contents. The selected signal in this instance was relatively short (2.04s) due to the relatively small size of the melt 59 
inclusion. c) Line scan signals from a significantly larger melt inclusion (selected signal = 20.1s).  60 
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 66 

Figure A2 – Sample locations for eruption deposits examined in this study. Samples used for melt 67 

inclusion work are indicated with an asterisk. Other samples shown were found to contain sulfides 68 

during BSE-SE mapping. Maps were produced in GeoMap App (http://www.geomapapp.org; Ryan et al. 69 

2009), and show the topography of Kīlauea before the onset of the 2018 summit collapse. 70 

Sample Details 71 

Sample Code Eruption Date Description Location GPS 

KL0908* Dec 30th, 1969 Ep. 12 Mauna 
Ulu 

ERZ 19˚ 20.839‘ N, 
155˚ 12.518‘ W 

KL0910* Nov 10th, 1973 Pau’ahi Crater ERZ 19˚ 22.313‘ N, 
155˚ 13.510‘ W 

KL0916* Aug 14th, 1971 Spatter 
ramparts in 
summit caldera 

Intracaldera 19˚ 24.137‘ N, 
155˚ 16.644‘ W 

KL0919* Late Dec, 1974 Ka’u Desert SSWRZ 19˚ 22.649‘ N, 
155˚ 17.609‘ W 

KL0920 Late Dec, 1974 Ka’u Desert SSWRZ 19˚ 22.603‘ N, 
155˚ 17.713‘ W 

KL0905 July 19th-22nd, 
1974 

Lua Manu 
Crater 

Extracaldera 19˚ 23.935‘ N, 
155˚ 15.337‘ W 

KL0914 September 
24th-29th , 
1971 

Spatter 
ramparts in 
summit caldera 

Intracaldera 19˚ 24.580‘ N, 
155˚ 16.631‘ W 

KL0921 ~1700 CE Spatter 
ramparts 

SSWRZ 19˚ 22.989‘ N, 
155˚ 17.464 ‘W 

Table A1  - Information for samples analysed in this study. Melt inclusion analyses were conducted on 72 

samples indicated with an asterisk (*). The other samples were examined for sulfide occurrence.  73 
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 89 

Figure A3 – a-b) Glass major element compositions demonstrate that the three rift eruptions investigated 90 
in this study (1969, 1973, 1974) have not fractionated beyond olivine control. The 1971 summit eruption 91 
shows a relative enrichment in FeO, and depletion in CaO, indicative of clinopyroxene fractionation. 92 
Similarly, Lōiʻhi glasses lie on trajectories indicating that they have experienced clinopyroxene (and some 93 
plagioclase) fractionation. Kilauean glass compositions from Sides et al. (2014) and whole rock 94 
measurements from GEOROC are also overlain. Fractionation paths from Petrolog3 are shown for a 95 
buffered and closed systems. The FeOT content of primary melts was reduced from that of Clague et al. 96 
(1991) by 3.2% to improve the model fit. Particular detail was paid to the fit of FeOT as this strongly 97 
controls the SCSS. c-d) This fractionation model recreates available Ni and Cu data (model details in 98 
main text).  99 

 100 

Figure A4 – Lōiʻhi glasses show a positive correlation between Cu and MgO, and Cu and Ni (indicative of 101 
sulfide fractionation).  102 



 103 

Figure A5 – A large sulfide within a small melt 104 
inclusion. From a mass balance perspective, this 105 
sulfide cannot have grown after melt inclusion 106 
entrapment (the melt would have needed ~5-15 107 
wt% Cu and Ni).   108 

 109 

 110 

 111 

 112 

 113 

 114 

Figure A6– Bimodal-sized Fe-Cu rich sulfides within a melt inclusion vapour bubble 115 



 116 

Figure A7–Tiny Fe-Cu-rich sulfides within matrix glass vesicles. 117 

 118 

 119 

Figure A8 –A broken down sulfide within the matrix glass. Area 1 is almost entirely composed of iron 120 
oxide, while area 2 is still relatively sulfur and copper-rich (although it also contains significant amounts of 121 
O, unlike pristine sulfides; see Fig. A9).  122 



 123 

Figure A9 –Map of O in a sulfide which does not show textural evidence for resorption. The sulfide is very 124 
O-poor (compare to Fig. A8, Fig. 6).  125 

 126 

Figure A10 –A comparison of S6+/STot ratios determined by Wallace and Carmichael (1992) and Jugo et 127 
al. (2010) for the same samples from Lōiʻhi. There is no real correlation between the two measurements, 128 
showing that the S-redox state of Hawaiian magmas is very poorly constrained.  129 

 130 

 131 

 132 

 133 



 134 

Figure A11 – Models shown in figure 9 in the text, but for initial source Cu concentrations of 30 ppm.  135 

 136 

 137 

Figure A12 –The range of fractionation corrected Ba 138 
concentrations in matrix glasses suggests that the mantle 139 
source experienced melt extents of ~F=0.078-0.091 (for 140 
Bai=6.85; Palme and O’Neill, 2014). Other incompatible trace 141 
elements such as La and Ce predict similar F values.  142 
 143 

 144 
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 146 

 147 
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 150 

 151 

 152 



 153 

 154 

 155 

Figure A13 –Models for Si=150 ppm highlighted in red. 156 
Although this model scenario recreates observed Cu and 157 
Ba concentrations, it only glances through the 95% 158 
confidence interval of the observed gradient.   159 

 160 



 161 

 162 

Figure A14–There is no correlation between the Ni and Cu contents of melt inclusions and the amount of 163 
PEC crystallization (calculated in Petrolog3). The PEC correction does not alter the Cu contents by very 164 
much. Ni is a bit more sensitive, due to its high compatibility in olivine (here KD, Ni

ol-melt = 10.6).  165 

 166 

Mantle Melting Model Details 167 

Cu-Ba trajectories shown in Figure 6 were created using an iterative loop with 100 steps between F=0 168 

and F=0.3 following the modelling approach described in Lee et al. (2012). In the Equations below, the 169 

mass of peridotite residue (M) is used instead of F (F=1-M). The amount of melting occurring in each step 170 

was calculated from: 171 

∆𝑀 = |𝑀(𝑖 − 1) − 𝑀(𝑖)| 172 

At each step, the amount of S left in the mantle residue was calculated using a mass balance between 173 

the amount of melting occurring in that step, and the concentration of S in the melts (𝑆𝑀𝑒𝑙𝑡 = 1600 ppm). 174 

𝑆𝑀𝑎𝑛𝑡𝑙𝑒(𝑖) =
𝑀(𝑖 − 1) ∗ 𝑆𝑀𝑎𝑛𝑡𝑙𝑒(𝑖 − 1) − 𝑆𝑀𝑒𝑙𝑡 ∗ ∆𝑀 

𝑀(𝑖)
 175 

The amount of sulfide present in the mantle was calculated from the amount of S remaining in the 176 

residue, assuming that mantle sulfides contain 33 wt% S.  177 

𝑋𝑠𝑢𝑙𝑓(𝑖) =  
𝑆𝑀𝑎𝑛𝑡𝑙𝑒(𝑖)

33 × 104
 178 

 The bulk KD was calculated assuming that the proportions of silicate phases stayed fixed throughout the 179 

melting interval (for simplicity).  180 

𝐾𝐷,𝑏𝑢𝑙𝑘(𝑖) = 𝐾𝐷,𝑏𝑢𝑙𝑘 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒 ∗ (1 − 𝑋𝑠𝑢𝑙𝑓(𝑖)) + 𝐾𝐷,𝑠𝑢𝑙𝑓𝑖𝑑𝑒 ∗ 𝑋𝑠𝑢𝑙𝑓(𝑖)  181 



Incorporating non-modal melting into the model does not affect the result, as the KD of Cu in sulfide is 182 

many orders of magnitude higher than the KD of silicate phases.  The bulk KD of silicate phases for Ba and 183 

Cu was calculated assuming the mantle source contains 59.8% olivine, 21.1% orthopyroxene, 13% 184 

clinopyroxene and 11.5% garnet (Mckenzie and O’Nions, 1991). Partition coefficients from Ba were taken 185 

from Gibson and Geist (2010). Partition coefficients for Cu were taken from Liu et al. (2014).  186 

KD silicate-melt Garnet Clinopyroxene Olivine Orthopyroxene 

Ba 0.00007 0.0004 0.000005 0.000006 

Cu 0.03 0.06 0.05 0.04 

 187 

The concentration of each element [C] in the instantaneous melt at each step was calculated from: 188 

[𝐶]𝑖𝑛𝑠𝑡(𝑖) =  
𝐶𝑢𝑀𝑎𝑛𝑡𝑙𝑒(𝑖 − 1)

𝐾𝐷,𝑏𝑢𝑙𝑘(𝑖) + (1 − 𝐾𝐷,𝑏𝑢𝑙𝑘(𝑖)) ∗
∆𝑀

𝑀(𝑖 − 1)

 189 

The concentration of each element [C] in the aggregated fractional melts was calculated from: 190 

[𝐶]𝐴𝑔𝑔(𝑖) = 𝐹𝑟𝑎𝑐𝑚𝑒𝑙𝑡(𝑖) ∗ [𝐶]𝑖𝑛𝑠𝑡(𝑖) + (1 − 𝐹𝑟𝑎𝑐𝑚𝑒𝑙𝑡(𝑖)) ∗ [𝐶]𝐴𝑔𝑔(𝑖 − 1) )  191 

Where: 192 

𝐹𝑟𝑎𝑐𝑚𝑒𝑙𝑡(𝑖) =  
|𝑀(𝑖 − 1) − 𝑀(𝑖)|

|𝑀(1) − 𝑀(𝑖)|
 193 

 194 

The concentration of each element [C] in the mantle residue was calculated from: 195 

[𝐶]𝑀𝑎𝑛𝑡𝑙𝑒(𝑖) =
𝑀(𝑖 − 1) ∗ 𝐶𝑀𝑎𝑛𝑡𝑙𝑒(𝑖 − 1) − 𝐶𝑖𝑛𝑠𝑡 ∗ ∆𝑀 

𝑀(𝑖)
 196 

Analytical Methodology 197 

EDS analysis 198 

EDS maps collected at 20kV were quantified using Esprit 2.1 software. An area was drawn 199 
around the sulfide in question, excluding the outer ~1 µm to avoid beam interaction with the 200 
surrounding olivine or host glass. The spectra was quantified using a P/B ZAF model with 201 
background collection. Sulfides with coarsely exsolved Cu-Ni-Fe rich phases were not quantified 202 
(e.g. Fig. 5f) as different 3D cuts through such features will yield very different bulk analyses. 203 
Three inhouse sulfide standards, a pyrite (UWPY-1), a chalcopyrite (Nifty) and a pentlandite 204 
were quantified with EPMA analysis, and then mapped for ~20 mins by EDS in the same 205 
analytical session as the Hawaiian sulfide blebs. 206 

Ni, Cu, S and Fe analysis on these inhouse sulfide standards was conducted by EPMA at 20 kV, 207 
20 nA and a 5 µm spot using the following crystals, calibration materials and count times.  208 

Table A2– Conditions for EPMA analyses of sulfide standards.  209 

 Crystal Calibration material Peak count time 

S PET Pyrite 10 s 

Cu LLIF Cu metal 30 s 

Ni LIF Ni metal 30 s 

Fe LIF Pyrite 10 s 

The average EPMA results for these standards can be found in Appendix B.  210 

LA-ICP-MS analysis 211 

Two separate analytical conditions were used for LA-ICP-MS analysis; all reported 212 
concentrations of elements except Se and As were analysed in the “trace element” routine 213 



(although this was altered slightly for 25 µm spot sizes). All analyses were conducted with a 214 
fluency of 3.63 J/cm2, 0.9l/min of He, 0.77 l/min of Ar carrier gas, and 15 l/min of Ar plasma gas. 215 
5 ml/min N2 was added downstream for trace element spots smaller than 25 µm, and Se-As 216 
analyses, to increase sensitivity. Additional information is provided in table 1.  217 

Table A3– Conditions for spot analyses and line analysis 218 

 Background Signal Repetition 
rate 

Scan 
speed 

Oxygen 
gas flow 

Spot 
Analysis  
(Trace 
elements) 

30s 20s 10 Hz N/A N/A 

Spot 
Analysis  
(Se-As 

30s 20s 20 Hz N/A N/A 

Line scans 
(Se & As) 

30s Length of 
line in melt 
inclusion 

50 Hz 15 
µm/sec 

0.47ml/min 
into 
reaction 
cell 

 219 

Se-As line scans started and ended in the surrounding olivine to maximise the signal. In order to 220 
select the signal from the melt inclusion (rather than a mixed signal between the melt inclusion 221 
and the surrounding olivine), we analysed masses 29Si, 43Ca, 60Ni, 75->91As and 80->96Se. The 222 
signal from the olivine is characterized by low Ca and high Ni. As the laser starts ablating the 223 
host olivine and melt inclusion, a mixed signal is acquired, characterised by rapidly decreasing 224 
Ni concentration as the line scan moves further into the melt inclusion. Signals were selected 225 
based on the presence of a flat Ni plateau, and the concentrations from this plateau were 226 
compared to the Ni concentrations collected during spot analysis of the same inclusion 227 
(Supplementary Fig. A1).  228 
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