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Abstract 

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

investigate low pressure degassing processes, as well as sulfide saturation during crustal 

fractionation, and mantle melting. Erupted products from Kīlauea Volcano, Hawaiʻ i, record 

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

episodes of sulfide resorption (i.e., sulfide undersaturation) during ascent through the thick 

Hawaiian lithosphere, and during syn-eruptive degassing. The presence of residual sulfides in 

the mantle source throughout the melting interval accounts for the high S concentrations of 

Kīlauean primary melts (1387–1600 ppm). Residual sulfides retain chalcophile elements during 

melting, decoupling the variability of these elements in high MgO melts from that of lithophile 

elements. Decompression associated with magma ascent through the thick Hawaiian 

lithosphere drives an increase in the sulfide concentration at sulfide saturation (SCSS2-), 

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

undersaturated melts. A drop in temperature, coupled with major element changes during the 

fractionation of olivine, causes the SCSS2- to decrease. Combined with an increase in melt S 

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

MgO contents (~12 wt% MgO). Syn-eruptive degassing of S drives the resorption of sulfides in 

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

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

sulfide-hosted Cu and Ni back into the melt, rather than the vapour phase. The contrasting 

behaviour of Cu, Ni, Se and S during sulfide resorption indicates that the chalcophile element 

signature of the Kīlauean plume is largely controlled by silicate melt-vapour partitioning, rather 

than sulfide-vapour partitioning. The participation of dense sulfide liquids in shallow degassing 

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

which were remobilized prior to eruption. Sulfide resorption obscures the textural and chemical 

record of sulfide saturation in matrix glasses, but not in melt inclusions, which are isolated from 

this late-stage release of chalcophile elements. The partitioning of S between the dissolving 



 

sulfide, melt and the vapour phase accounts for approximately 20% of the total S release into 

the atmosphere.  

 

Introduction 

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

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

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

near-continuous effusion of lava at Kīlauea Volcano, Hawaiʻ i has released globally significant 

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

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

implications for regional air quality, respiratory health and agricultural productivity across the 

island (Longo et al., 2010; Nelson and Sewake, 2008; Tam et al., 2016; Whitty et al., 2020).  

 

The concentrations of S and chalcophiles in primary melts entering basaltic systems are 

predominantly controlled by the behaviour of sulfide during mantle melting (Ding and Dasgupta, 

2018). During crystallization in crustal magma chambers, S contents may increase due to the 

fractionation of S-poor silicate phases, or become buffered by the stabilization of an immiscible 

sulfide phase (Smythe et al., 2017). Tracking the pre-eruptive evolution of S is non-trivial; 

erupted lavas have typically lost ~90% of their original S (Metrich and Mandeville, 2010), and 

evidence for sulfide fractionation may be obscured by the resorption of sulfides during low 

pressure degassing (Edmonds and Mather, 2017; Moore et al., 1980). These problems are 

often circumvented by measuring S contents in melt inclusions (pockets of melt trapped within 

growing crystals that are less susceptible to degassing than erupted carrier liquids), or through 

measurements of refractory chalcophile element abundances in quenched matrix glasses 

(Jenner et al., 2010; Reekie et al., 2019). However, these archives can be degraded by 

petrological processes; the concentrations of chalcophile elements in melt inclusions may be 

altered by the secondary growth of sulfide phases post-entrapment (e.g., Hartley et al., 2017). 

Additionally, S concentrations in melt inclusions at Kīlauea are highly variable within a given 

sample, possibly due to the mixing of degassed and undegassed melts at depth (identified in 

submarine glasses by Dixon et al., 1991), or the entrapment of melt inclusions during late-stage 

degassing (Thornber et al., 2015).  

 

The alternative approach, where the concentrations of refractory chalcophile elements in matrix 

glasses are used as a proxy for S, relies on the assumption that these elements are 

significantly less volatile than S, so are resistant to low pressure degassing. For example, Se 

has been used to reconstruct the pre-degassing behaviour of S in subaqueous lavas under the 

assumption that it behaves identically to S, but is refractory (as available thermodynamic data 

indicated that SeO2 would not be stable in the gas phase; Jenner et al., 2010, Reekie et al. 



 

2019). However, measurements of significant fluxes of Se within volcanic plumes emitted at 

Kīlauea and other basaltic volcanoes indicate that Se has volatile tendencies, at least in 

subaerial eruptions (Crowe et al., 1987; Edmonds et al., 2018; Mather et al., 2012). 

Furthermore, lavas from Antuco, Chile, have recently been shown to have S and Se contents 

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

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

 

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

Sn, Sb, W, Tl, Bi, Se, As) from the Hawaiian mantle source to the volcanic vent using a suite of 

melt inclusions and matrix glasses from Kīlauea Volcano. Previous studies investigating sulfide 

saturation and chalcophile element behaviour at Kīlauea have been restricted to subaerial 

lavas which have fractionated beyond olivine control (<6–7 wt% MgO; e.g., those erupted 

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

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

in lava lakes formed by the ponding, and subsequent fractionation, of degassed melt in pre-

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

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

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

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

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

eruption, providing new insights into the behaviour of chalcophile elements during mantle 

melting and fractional crystallization at Kīlauea.  

 

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

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

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

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

neglecting the complex changes in chalcophile element concentrations with increasing melt 

fraction that occur when residual sulfides are present in the mantle source. The fate of sulfides 

during mantle melting for mid-ocean ridge and ocean island basalts remains uncertain (Ding 

and Dasgupta, 2018). Variations in the concentrations of platinum group elements (PGEs) in 

lavas across the Hawaiian islands, along with elevated Cu/Pd ratios, have been attributed to 

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

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

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

As the bulk partition coefficient between the mantle residue and melt (bulk KD) of chalcophile 

elements is substantially higher if sulfides are present in the mantle source, sulfide-free melting 

models will underestimate the concentrations of these elements in the mantle source if residual 



 

sulfides are in fact present. Clearly, the fate of mantle sulfides during melting must be critically 

evaluated before chalcophile element signatures can be used to assess the presence or 

absence of recycled materials in the Hawaiian mantle plume (e.g., Greaney et al., 2017). 

  

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

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

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

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

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

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

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

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

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

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

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

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

fractionation trends in Hawaiian lavas have been attributed to sulfide saturation (Tatsumi et al., 

1999), recent Cu measurements in whole-rock and glasses from the Kīlauea Iki lava lake show 

that Cu behaves incompatibly until ~2 wt% MgO, leading to suggestions that sulfides only 

saturate following extensive fractional crystallization (Greaney et al., 2017; Fig. 1a). 

Furthermore, although sulfides are present in eruption pumices and lake samples from Kīlauea 

Iki with MgO>2 wt%, the wide variability in bulk sulfide composition has been attributed to 

sulfide formation during late-stage processes such as quenching, rather than during primary 

sulfide-liquid immiscibility (Stone and Fleet, 1991). Our new data challenges this dominant 

view, and instead supports a model where almost all erupting melts at Kīlauea (<12 wt% MgO) 

were sulfide-saturated prior to the onset of S degassing at shallow pressures (c.f. Ding and 

Dasgupta, 2018; Greaney et al., 2017; Helz et al., 2017; Pitcher et al., 2009; Skinner and Peck, 

1969).  

 

Finally, we investigate the effects of syn-eruptive degassing and sulfide resorption on 

chalcophile element systematics by comparing the compositions of matrix glasses and melt 

inclusions at Kīlauea, and undegassed submarine glasses from Lōiʻ hi volcano. While there is 

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

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

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

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

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

a 50 µm diameter laser line scan (Supplementary Fig. A1). This analysis demonstrates that Se 



 

and S degas almost concurrently at Kīlauea. Overall, comparisons between matrix glass and 

melt inclusion compositions allow us to estimate the influence of sulfide saturation, and 

subsequent resorption on the sulfur outgassing budget of Kīlauean eruptions. 

2. Methods 

2.1 Sample Details  

Olivine-hosted melt inclusions and matrix glasses were analysed from rapidly-quenched 

spatter and tephra from four subaerial eruptions temporally associated with the East Rift 

Zone (ERZ) eruption at Mauna Ulu. Three eruptions occurred on Kīlauea’s rift zones: (1) 

The highest fountaining phase of Mauna Ulu (Episode 12; December, 1969; ERZ, Swanson 

et al., 1979), (2) The Pauahi Crater eruption (November, 1973; ERZ), and (3) The Seismic 

South West Rift Zone (SSWRZ) fissure eruption of December, 1974 (Poland et al., 2014). 

The fourth eruption occurred within the summit caldera in August, 1971. To further constrain 

sulfide occurrence and chemistry at Kīlauea, scoria and lava samples from various 

locations across the Kīlauean edifice were examined (see Supplementary Fig. A2; 

Supplementary Table A1). To supplement this dataset from Kīlauea, 18 submarine glasses 

from Lōiʻ hi Volcano collected using submersibles at water depths of ~980–4700 m were 

analysed (Garcia et al., 1998, 1993; Pietruszka et al., 2011). 

  

2.2 Analytical Methodology 

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

epoxy stubs. Melt inclusions were exposed by individually mounting picked olivine crystals 

on glass slides in CrystalbondTM and grinding down to the level of melt inclusions with 250–

1500 grade wet and dry paper. This method allowed embayments to be identified and 

discarded. Exposed melt inclusions were then mounted in epoxy and polished with 

progressively finer silicon pastes.  

 

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

measured using the Cameca SX100 EPMA at the Department of Earth Sciences, University 

of Cambridge. Trace elements in Kīlauean matrix glasses and melt inclusions were 

analysed by laser ablation inductively coupled mass spectrometry (LA-ICP-MS/MS) at the 

School of Environment, Earth and Ecosystem Sciences at the Open University using a 

Photon Machines Analyte G2 193 nm excimer laser system coupled to an Agilent 8800 ICP-

QQQ following the techniques described in Jenner et al. (2015; additional details in 

Appendix A). Kīlauean matrix glasses were analysed with a spot size of 110 µm. Melt 

inclusions were analysed at varying spot sizes (65 µm, 50 µm, 40 µm and 25 µm) 

depending on the diameter of the inclusion. The surface of melt inclusions were pre-ablated 

(3 laser shots) prior to analysis. Analyses were performed manually to ensure that laser 



 

spots were placed such that they did not overlap with the host olivine, or vapour bubbles 

below the surface. Ni signals were monitored during each analysis and signals were 

carefully selected in Iolite software to only include the signal from the melt inclusion. 

Backgrounds were measured for 30 seconds prior to each analysis, followed by 20 seconds 

of signal and 50 seconds of washout. NIST-SRM 612 was used for external calibration and 

43Ca for internal calibration of trace element data. BCR-2G was used as the secondary 

standard to monitor precision and accuracy.  

 

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

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

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

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

analyses of secondary standards for the chalcophile element concentrations reported in this 

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

for Cd, In, Bi, Tl, Sn, Se of preferred values (see Appendix B for more detail). Variability in 

the latter elements may be attributed to standard heterogeneity and/or the low contents of 

these elements in standards (Jenner and Arevalo, 2016). Precision (calculated from the 

standard deviation of 55 repeated standard analyses divided by the mean) was <5% for 

lithophile elements, and between 5–10% for most chalcophile elements (12% for Tl, 13% for 

Sn, 19% for Bi, 29 % for In, 44% for Cd). Lōiʻ hi matrix glasses were analysed by EPMA at 

the Smithsonian Institution (see Jenner et al., 2015 for description of analytical techniques). 

The composition of each glass was analysed three times, and these measurements were 

averaged. SIMS and LA-ICP-MS analyses of the Lōiʻ hi glasses were undertaken at the 

Carnegie Institution of Washington, and the Australian National University, respectively 

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

 

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

require a different analytical protocol from the other trace elements. In Kīlauean and Lōiʻ hi 

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

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

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

inclusion in Iolite (Supplementary Fig. A1). Analyses were performed in oxygen mode using 

MS/MS mode, mass shifting 80Se+ and 75As+ to 96SeO+ and 91AsO+. This allowed effective 

elimination of all interferences, monitored by comparing analyses of in-house Se and As 

standards to preferred values (measured using isotope dilution ICP-MS). NIST SRM 612 

was used for external calibration of data, with 29Si used for internal calibration. NIST SRM 

612 has considerably higher contents of some elements compared to volcanic materials 

(e.g., NIST SRM 612 has 15.2 ppm Se, Jenner et al., 2009). To avoid ‘phantom’ Se and 



 

other memory effects from analyses of these standards (Jenner and O’Neill, 2012a), repeat 

analyses of San Carlos olivine were undertaken prior to sample analyses. Accuracy was 

±10% relative to in-house standards with Se and As concentrations close to those in our 

samples (see Jenner et al., 2015). 

 

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

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

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

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

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

be determined. While reflected light observations may bias observations towards larger 

sulfides, this method ensured that all sulfides greater than ~1 µm (and some down to 0.5 

µm) were identified. Bulk sulfide compositions were quantified by summing over energy 

dispersive x-ray spectroscopy (EDS) maps, as the fine scale exsolution features of many 

sulfides resulted in highly imprecise EPMA point analyses (even with a defocused beam). 

Quantification of EDS maps collected for secondary sulfide standards characterized by 

EPMA (pyrite, chalcopyrite and pentlandite) during each analytical session allowed 

assessment of the accuracy and the precision of this method. Precision for EDS 

quantification was <1%, and the accuracy relative to EPMA measurements of these 

standards was within ±5%. EDS results were corrected for consistent offsets from EPMA 

measurements by a factor of 0.96 for Fe, and 1.025 for Ni and Cu. Additional analytical 

details are provided in Appendix A. 

3. Results  

3.1 Glass and Melt inclusion Chemistry 

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

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

wt% CaO (Supplementary Fig. A3). Their major element systematics, along with the 

absence of clinopyroxene and plagioclase crystals, indicate that these lavas experienced 

only olivine (+minor chrome-spinel) fractionation (Wright and Fiske, 1971; Supplementary 

Fig. A3). The high MgO contents of these glasses relative to the vast majority of subaerial 

Kīlauea deposits (Helz et al., 2014), combined with their simple fractionation trajectories, 

makes them suitable for assessment of the behaviour of chalcophile elements during 

mantle melting. Glasses from the 1971 summit eruption are more evolved than the three rift 

eruptions (5.7–6.6 wt% MgO, 10.7–11.1 wt% CaO; Fig. 2; Supplementary Fig. A3) and 

contain small crystals of clinopyroxene. Lōiʻ hi glasses are variably evolved, with MgO 

contents between 5.1–7.9 wt% MgO (Fig. 2). Uncorrected Kīlauean melt inclusions have 

MgO contents which overlap with the MgO content of their co-erupted erupted matrix 

glasses (Fig. 2a; Wieser et al., 2019). The amount of post-entrapment crystallization 



 

calculated using the Petrolog3 Olivine MI tool (Danyushevsky et al., 2011) at QFM 

assuming FeO*=11.33 wt% (for consistency with previous studies; Wieser et al., 2019; 

Sides et al., 2014a, b) varies from -12 to 29%. Corrected melt inclusion MgO contents 

range from 6.9–13.3 wt% (Fig. 2b).  

 

Uncorrected Kīlauean melt inclusion compositions from this study and the literature show 

variable S contents, from ~100–1904 ppm (Fig. 2a), while melt inclusion compositions 

corrected for post-entrapment crystallization (assuming S behaves incompatibly during 

crystallization of olivine) are between 82–1978 ppm (Fig. 2b). Kīlauean matrix glasses have 

substantially lower S contents (~82–190 ppm) than melt inclusions, while submarine Lōiʻ hi 

matrix glasses have S contents which slightly exceed those in even the most S-rich 

Kīlauean melt inclusions (~1010–2073 ppm; Fig. 2a). Melt inclusions with the highest S 

concentrations have Cl concentrations extending to higher values than erupted matrix 

glasses, although the correlation between Cl and S for the combined Kīlauean dataset is 

weak (R2=0.14; Fig. 3a). In contrast, there is a strong correlation between S and Se 

(R2=0.90; Fig. 3b), and a moderate correlation between S and Bi (R2=0.35; Fig. 3c). Lōiʻ hi 

glasses have similar Se, Bi, Cd and Cu concentrations to the most S-rich Kīlauean melt 

inclusions, but significantly higher Cl, and lower As concentrations (Fig. 3a, d).  

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

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

(Greaney et al., 2017; Fig. 1a). In contrast, the more restricted sample set of Lōiʻ hi glasses 

shows a decrease in Cu with decreasing MgO (R2=0.44; Fig. 2c; Supplementary Fig. A4). 

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

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

entrapment crystallization (assuming 𝐾𝐷,𝐶𝑢
𝑂𝑙/𝑚𝑒𝑙𝑡

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

half of melt inclusions with high MgO contents (~12–14 wt%) lie on the extension of the 

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

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

lower Cu contents than matrix glasses (Fig. 2d).    

 

The trace element compositions of matrix glasses from the three rift eruptions which have 

not fractionated beyond olivine control (MgO>6.8 wt%; Wright and Fiske, 1971) were 

corrected for the effect of variable olivine fractionation by projecting back to 17.1 wt% MgO 

(Clague et al., 1991) using the reverse crystallization tool in Petrolog3. For simplicity, all 

elements except Cu (𝐾𝐷,𝐶𝑢
𝑂𝑙/𝑚𝑒𝑙𝑡

 = 0.1) were assumed to be entirely incompatible in olivine. 

Fractionation-corrected (FC) glass compositions exhibit strong positive correlations 

between highly incompatible lithophile elements (e.g., Ba vs. Ce, Ba vs. La; Fig 4a-b). In 



 

contrast, more compatible elements such as Yb, as well as Cu, Cd and Pb show weak, or 

even slightly negative correlations against Ba (Fig. 4c-f). 

 

 3.2 Sulfide Occurrence 

Automated BSE-SE mapping identified sulfides in erupted products from seven different 

subaerial eruptions at Kīlauea (with glass MgO contents ranging from ~6–10 wt%). Sulfides 

are relatively rare, but were observed in three textural contexts: 

 

1) Included in olivine crystals (Fig. 5a), often alongside spinels, and highly variable 

quantities of melt. Sulfide to melt volume proportions vary from >5 % (Figs. 5f, g, h; 

Supplementary Fig. A5), to <0.2 % (e.g., ~0.04 vol% in Fig. 5e).  

 

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

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

 

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

Supplementary Figs. A6–7).  

 

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

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

that sulfides consist of exsolved Cu- and Ni-rich phases, often with a separate Fe-rich 

phase (Fig. 5c, f, i, j). These textures likely result from the exsolution of monosulfide-

intermediate solid solution (MSS-ISS) phases from an immiscible sulfide liquid (Czamanske 

and Moore, 1977; Patten et al., 2012). These findings build on literature reports; sulfide 

inclusions have been noted in primitive olivines erupted in Kīlauea Iki pumices (Fo88.5; Helz 

1987), and within silicate phases and matrix glass from the 1955 and 1977 eruptions of 

Kīlauea (Desborough et al., 1968; Helz and Wright, 1992; Moore et al., 1980). 

Interestingly, only three sulfides were found in Kīlauean matrix glasses in comparison to the 

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

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

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

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

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

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

sulfides are O-poor (Supplementary Fig. A9). Approximately spherical, O-poor sulfides with 

comparable exsolution textures to those found within Kīlauean olivines and melt inclusions 

are relatively abundant within Lōiʻ hi matrix glasses.  No texturally complex, O-rich sulfides 

were observed in Lōiʻ hi glasses.  



 

4. Discussion 

4.1 Sulfide in Kīlauea’s mantle source 

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

concentrations of primary magmas to models of the sulfide content at sulfide saturation 

(SCSS2-). If residual sulfides are present during mantle melting, the concentration of S2- in 

the melt in equilibrium with this mantle is equal to the SCSS2-; once sulfides are exhausted, 

the S2- concentration in melts drops to significantly lower values than the SCSS2- (Ding and 

Dasgupta, 2018). Thus, if residual sulfides are present throughout the melting interval, the 

calculated SCSS2- should be approximately equal to the S2- concentrations in primary 

Kīlauean melts. In contrast, if the mantle has exhausted sulfide, primary melts should have 

significantly lower S2- concentrations than the SCSS2-.  

 

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

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

set at 1600 ppm, based on the approximately constant upper limit of PEC-corrected melt 

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

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

concentration of 1387 ppm was calculated by back-projecting the 1600 ppm observed at 

~11.33 wt% MgO to 17.1 wt% MgO (a reasonable upper limit of the MgO content for 

Kīlauean primary melts; Clague et al., 1991) assuming S is entirely incompatible in olivine 

(Fig. 2b).  

 

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

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

al., 2017; O’Neill, 2020). However, most experiments used to calibrate SCSS2- models have 

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

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

2013; Smythe et al., 2017; Figs. 5c,f,i,j). The SCSS2- decreases as the ratio of 

Fe/(Fe+Ni+Cu) in the sulfide decreases, so SCSS2- models based on experiments with FeS 

sulfides will overestimate the predicted SCSS2- (Smythe et al., 2017). To account for this, 

only the two most recent SCSS2- models that include a correction for the Ni and Cu 

contents of sulfides were used (Smythe et al., 2017; O’Neill, 2020).  

 

The SCSS2- along PT paths for a peridotitic mantle undergoing melting ascending from its 

solidus to the base of the lithosphere beneath the island of Hawaiʻ i were calculated for 

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

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

was calculated using estimated lithospheric thicknesses of 90–110 km (Li et al., 2004; 



 

Wölbern et al., 2006), assuming 15 km of crust with the density-depth profile of Putirka 

(2017), and a mantle with ρ=3300 kgm-3. For simplicity, and due to a lack of experimental 

data to reliably parameterize major element changes during melting at >3 GPa (Ghiorso et 

al., 2002), a constant primary melt composition was used for all points along the PT array in 

SCSS2- models. The primary melt composition was taken from Clague et al. (1991), 

reducing FeOT by 3.2% to better fit the liquid line of descent for Kīlauea for the glasses 

measured in this study (Supplementary Fig. A3). The initial Cu and Ni contents of primary 

melts were set at Cui=100 ppm and Nii=900 ppm respectively, and the ratio of Fe3+/FeT was 

set at 0.1 (Fig. 8a).  

 

The SCSS2- models of O’Neill (2020) and Smythe et al. (2017; hereafter O2020 and S2017 

for brevity) calculate the composition of the co-existing sulfide. However, in both models 

(but particularly in the S2017 model), calculated sulfide compositions are more Ni-rich and 

Fe-poor than the vast majority of literature measurements of sulfide compositions within 

mantle peridotites and pyroxenites (Fig. 7b, see also Fig. 11 of O’Neill, 2020). 

Consequently, due to the strong influence of the sulfide Fe/(Fe+Cu+Ni) ratio on the SCSS2-, 

model trajectories lie significantly below the range of S contents in primary melts at all 

pressures (Fig. 7c).  Interestingly, the S2017 model shows a decrease in the SCSS2- with 

decreasing pressure due to changes in the sulfide composition, which is the opposite 

trajectory to that expected from the strong pressure dependency on the SCSS2-. The 

unusual behaviour of the S2017 model, as well as the underprediction of sulfide 

Fe/(Fe+Cu+Ni) ratios in both models, likely reflects the fact that the parametrizations for 

sulfide compositions are not suitable for use at the high pressures and temperatures 

relevant to mantle melting beneath Hawaii. For example, in the S2017 model, sulfide 

compositions are calculated using the sulfide-silicate partitioning behaviour determined by 

Kiseeva and Wood (2015) at 1.5 GPa. In the O2020 model, parameterizations for sulfide 

compositions were obtained by tuning the model to minimise the least squares difference 

between observed S contents and the SCSS in a dataset of ocean floor glasses (Jenner 

and O’Neill, 2012b). Due to the absence of constraints on the controls on sulfide 

compositions at pressures and temperatures relevant to mantle melting beneath Hawai’i, 

we favour SCSS2- models where the sulfide composition was fixed at 5 wt% Cu, 20 wt% Ni, 

33 wt% S, 42 wt% Fe (after Ding and Dasgupta, 2018; yellow square; Fig. 7b).  

 

When the sulfide composition is fixed in the S2017 model, only melts produced right at the 

base of the lithosphere (beige bar; Li et al., 2004; Wölbern et al., 2006) for the hottest 

potential temperatures (Tp=1650˚C) have SCSS2- values comparable to the S contents of 

primary melts (solid lines; Fig. 7d). In contrast, when the sulfide composition is fixed in the 

O2020 model, the SCSS2- model trajectories (dashed lines, Fig. 7d) largely lie within the 



 

field defined by the S contents of primary melts. For a fixed sulfide composition, the 

differences between the O2020 and O2017 SCSS2- models largely result from their different 

sensitivities to the Fe3+/FeT ratio (which primarily affects the SCSS2- through a decrease in  

𝑋𝐹𝑒𝑂
𝑆𝑖𝑙 𝑚𝑒𝑙𝑡; O’Neill, 2020). An increase in Fe3+/FeT from 0 to 0.2 causes the SCSS2- to 

increase by only 7% in the S2017 model, but 23% in the O2020 model. Given that both 

models were calibrated on a dataset of reduced melts, it is difficult to critically evaluate 

these different model sensitivities. However, the fact that both models show SCSS2- values 

that are less than, or equal to the S contents of primitive Kīlauean magmas demonstrates 

that the mantle source must remain sulfide saturated throughout the melting interval. If 

sulfides were exhausted during melting, the S contents of melt inclusions would be lower 

than modelled SCSS2- values.  

 

Interestingly, the S2017 model trajectories indicate that mantle melts cannot dissolve 

enough S2-  to account for the high S contents observed in primitive melt inclusions, even if 

the mantle is sulfide saturated (Fig. 2, Fig. 7). This discrepancy may reflect the elevated 

oxidation state of Hawaiian melts relative to MORB (Brounce et al., 2017; Moussallam et 

al., 2019, 2016; Cottrell and Kelley, 2011, Berry et al., 2018; red bars, Fig. 8a). The 

speciation of S in basaltic melts undergoes an abrupt transition from S2- and S6+ with 

increasing fO2 between QFM and QFM+2 (Jugo et al., 2010). S6+ species are an order of 

magnitude more soluble than S2- species in basaltic melts, only forming a separate sulfate 

phase such as anhydrite at very high melt S contents (~1.5 wt%, Jugo et al., 2005). Thus, in 

relatively S-poor melts such as those at Kīlauea (~1600 ppm), the exponential increase in 

S6+ species with increasing fO2 drives an exponential increase in the total solubility of S 

(Jugo et al., 2010). As models of sulfide solubility (e.g., S2017, O2020) only account for S2- 

species, if S6+ species are present, a correction must be applied to SCSS2- model outputs to 

calculate the total solubility of S (hereafter SCSSTot): 

𝑆𝐶𝑆𝑆𝑇𝑜𝑡 =
𝑆𝐶𝑆𝑆2−

(1−
𝑆6+

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

For example, if the SCSS2- = 1300 ppm, and Kīlauean melts contained 10% S6+, the 

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

S6+ species in mantle melts could account for the fact that primary Kīlauean melts have S 

contents exceeding the solubility limit for S2- species in the S2017 model at pressures and 

temperatures relevant to melt generation in the mantle.  

 

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

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

(determined by X-ray absorption near-edge structure- XANES; Jugo et al., 2010), although 

these lavas may be more oxidised than shield stage lavas (Sisson, 2003). Further 



 

constraints can be derived from other Hawaiian volcanoes: XANES measurements of 

submarine basalts from Mauna Kea and Lōiʻ hi show S6+/ST ratios up to ~0.08 (Brounce et 

al., 2017) and 0.31 respectively (Jugo et al., 2010). However, there is a lack of consistency 

between different studies;  S6+/ST ratios in a set of Lōiʻ hi glasses have been estimated 

using SKα peak shifts by Wallace and Carmichael, (1994; green circles)  and XANES by 

Jugo et al. (2010; magenta circles). The sample with the highest  S6+/ST  ratio measured 

using SKα peak shifts has the lowest S6+/ST ratio measured by XANES, while the samples 

with the lowest S6+/ST  ratios measured by SKα peak shifts have the highest S6+/ST ratios 

measured by XANES (Fig. 8b). These discrepancies may reflect differences between SKα 

peak shift and XANES measurements, or the effects of beam damage (Smythe et al., 

2017), but are concerning nonetheless. 

 

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

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

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

relationship: 

𝑆6+

𝑆𝑇
=  

1

1+10(2.1−2∆𝐹𝑀𝑄)   (Equation 2) 

Nash et al. (2019) performed experiments on basaltic-dacitic compositions at 1300˚C, and 1 

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

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

dependence, which is incorporated in their parameterization: 

log
𝑆6+

𝑆2− =  8 log
𝐹𝑒3+

𝐹𝑒2+ +  
8.7436 ×106

𝑇2 +  
27703

𝑇
+ 20.273 (Equation 3) 

However, while the differences in pressure between these two studies (0.1 vs. 200 MPa) 

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

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

experiments investigating the competing effects of pressure and temperature at conditions 

relevant to mantle melting beneath the thick Hawaiian lithosphere have not been performed, 

it would be unwise to apply existing low-pressure experimental parametrizations to estimate 

the S redox state of primary melts.  

 

In summary, SCSS2- models provide strong evidence that the Kīlauean mantle source must 

remain sulfide saturated throughout the melting interval to account for the high S contents 

of primitive melt inclusions. To resolve discrepancies between the S2017 and O2020 

models, and assess whether primary melts contain S6+ species, significantly more 

experimental work is required to: 1) evaluate the differential sensitivities of the S2017 and 

O2020 SCSS2- models to the Fe3+/FeT ratio, 2) accurately predict mantle sulfide 

compositions from silicate melt compositions at high pressures and temperatures, and 3) 



 

investigate the position of the speciation transition from S2- to S6+ at high pressures and 

temperatures.  

 

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

mantle source utilizes the differential behaviour of lithophile and chalcophile elements 

during mantle melting. Lavas erupted at Kīlauea volcano show cyclic variations in trace 

element and isotope ratios (e.g., 206Pb/204Pb, Nb/Y; Pietruszka and Garcia, 1999; Sides et 

al., 2014a, b), attributed to variations in melt extent and mantle source heterogeneity 

(Hofmann et al., 1984; Pietruszka et al., 2018). The suite of eruptions investigated in this 

study (1969–1974) incorporate some of the most rapid changes in lava chemistry over the 

past few hundred years (Pietruszka and Garcia, 1999; Wieser et al., 2019), and show 

chemical variations consistent with changes in extent of melting (Hofmann et al., 1984). 

Thus, they provide the ideal opportunity to evaluate the longevity of sulfides in the Hawaiian 

mantle source.    

 

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

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

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

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

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

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

giving it a bulk KD close to 1, its concentration will be buffered across a wide range of melt 

extents. The gradient of a linear regression between this element and a highly incompatible 

element such as Ba will be ~0 (e.g., Fig. 4c; Hoffman et al., 1984). In the past, such 

comparisons have been used to demonstrate that residual garnet is present throughout the 

melting interval at Kīlauea (Hofmann et al., 1984). Like Yb, many chalcophile elements 

show poor correlations with Ba (e.g. Cu, Cd, Pb; Fig. 4d-f). This implies that chalcophile 

element concentrations are buffered by the presence of a residual phase during melting in 

which these elements have a high KD. Residual sulfide is the most likely candidate, as 

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

 = 61–729 and  KD,Pb
sulf/melt

 

=7–145 for a wide range of melt FeO contents; Kiseeva and Wood, 2015; KD,Cu
sulf/melt

 = 800–

4600 and  KD,Pb
sulf/melt

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

in silicates (Lee et al., 2012; Liu et al., 2014). However, it is also worth noting that while 

KD,Cd
sulf/melt

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

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

 

 



 

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

melting, we model the behaviour of Cu and Ba in aggregated batch melts calculated at very 

small ΔF values (ΔF=0.0001; after Lee et al., 2012; see Appendix A for details). For 

simplicity, it was assumed that all the S in the mantle was held within sulfides and the 

concentration of S in mantle melts produced while sulfides were present in the residue was 

1600 ppm (Fig. 2b). The amount of residual sulfide present at each step was calculated 

assuming that mantle sulfides contain 33 wt% S. The concentration of Ba and Cu in the 

mantle prior to the onset of melting were set at 6.85 and 20 ppm respectively (Palme and 

O’Neill, 2014). The partition coefficient of Cu in sulfide varies as a function of temperature 

and sulfide composition (Kiseeva and Wood, 2015). Assuming a sulfide composition of 20% 

Ni, 5% Cu (Fig. 7b; Ding and Dasgupta, 2018) and a liquid FeO content of 11.33 wt% 

(Supplementary Figure A3), KD,Cu
sulf/melt

 varies from ~250 to ~150 for T=1500 and 1700˚C 

respectively (Fig. 7a; Kiseeva and Wood, 2015). However, previous studies modelling Cu 

during mantle melting have used values of KD,Cu
sulf/melt

 as high as 800 (Lee et al., 2012). To 

reflect the uncertainty in this parameter, models were run for KD,Cu
sulf/melt

 = 200 and 800. 

Model melt compositions were compared to fractionation-corrected glass compositions from 

the three rift eruptions of this study which have only fractionated olivine (and minor chrome-

spinel; MgO >6.8 wt%, Wright and Fiske, 1971).  

 

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

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

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

Cu in the first melts produced at the onset of melting decreases with increasing initial 

mantle S contents, as the higher the proportion of sulfide, the higher the bulk KD, Cu.  Rapid 

changes in Ba (which is highly incompatible) combined with the buffering of Cu by residual 

sulfide (Fig. 9a-d) results in the gradient of Cu vs. Ba being close to zero (Fig. 9c-f). The 

production of S-rich melts results in the amount of sulfide in the mantle source declining 

throughout the melting interval. This drives rapid changes in the bulk KD of Cu until the point 

at which sulfide is exhausted (black star), after which Cu acts incompatibly (bulk KD=0.046). 

For KD,Cu
sulf/melt

=800, melt Cu concentrations peak slightly after the exhaustion of sulfides 

(Fig. 9b, d; Lee et al., 2012). For KD,Cu
sulf/melt

=200, Cu concentration in the melt remains 

approximately constant until sulfides are exhausted (black star, Fig. 9 a, c). In both models, 

as the point of sulfide exhaustion is approached, there is a rapid change in the trajectory of 

the gradient vs. Ba. For KD,Cu
sulf/melt

=200, the gradient becomes strongly positive after sulfides 

are exhausted. For KD,Cu
sulf/melt

=800, the gradient starts increasing (Fig. 9f) once sulfides are 

exhausted, with a delay before the gradient becomes positive (aligning with the prominent 



 

peak in Cu vs. F and Cu vs. Ba space; Fig. 9b, d). In both models, after the exhaustion of 

sulfides, melt Cu concentrations gradually approach the compositions of melts produced 

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

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

 

The concentration of Cu and the gradient of Cu vs. Ba in fractionation-corrected matrix 

glasses analysed in this study, along with prior constraints on the extent of mantle melting 

at Kīlauea, provide insight into the fate of mantle sulfides. Previous studies of trace element 

abundances in Kīlauean samples have suggested that the mantle source undergoes 5–

10% melting (grey box; Fig. 9a-b; Bennett et al., 2000; Norman et al., 2002). The range of 

Ba concentrations observed in the glasses investigated in this study are consistent with 

melt extents between F=0.08–0.095 (Supplementary Fig. A10). In models where sulfides 

are exhausted very early (e.g., Si = 50 ppm; solid purple line), Cu concentrations produced 

at the melt extents relevant for Kīlauea (F=0.05–0.1) are similar to those expected from 

melting of a mantle source which was sulfide-free throughout the melting interval (solid 

green vs. solid purple line; Fig. 9a-b). As Cu is relatively incompatible in mantle silicate 

phases, this model exhibits a strong positive correlation between Cu and Ba for the range of 

Ba concentrations in Kīlauean glasses (Fig. 9e-f). Even the upper bound of the 95% 

confidence interval of the gradient of Cu vs. Ba in the fractionation-corrected glass 

compositions is ~30–50× lower than predicted by this model (black rectangle, Fig. 9e-f). In 

contrast, the observed range of fractionation-corrected glass Cu concentrations (pink bar; 

Fig. 9a-b; triangles on Fig. 9c-d) are only ~2–3× lower than predicted in this model. 

Changing the initial concentration of Cu in the source cannot resolve these discrepancies in 

both the gradient and the concentration of Cu. Sulfides are also exhausted within the 

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

=200, models with Si= 100 ppm 

display positive gradients for Cu vs. Ba and overestimate the Cu concentrations of primary 

melts (Fig. 9c, e). For KD,Cu
sulf/melt

=800, the model with Si= 100 ppm passes through the 

observed gradients, but overpredicts melt Cu contents (Fig. 9b, d).   

 

It could be argued that a model with Si=150 ppm and KD,Cu
sulf/melt

=800 would recreate 

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

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

confidence interval (Supplementary Fig. A11). Additionally, based on the Kiseeva and 

Wood (2015) parameterization,  KD,Cu
sulf/melt

 is very unlikely to be as high as 800. For the 

more realistic models with  KD,Cu
sulf/melt

=200, the observed gradients and concentrations of Cu 

are only recreated in models where sulfides are present in the mantle source throughout the 



 

melting interval incorporated by the three primitive eruptions investigated in this study. 

Overall, the gradient of Cu vs. Ba provides a far more robust measure of the presence or 

absence of sulfide than absolute concentrations, as it is far less sensitive to the choice of 

poorly constrained parameters such as mantle Cu contents (Cui). 

  

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

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

concentration of primary melts (Sprim) and the extent of melting (F) using the equation Smin= 

Sprim×F. Assuming melt extents between F=0.08–0.095 (based on Ba concentrations; 

Supplementary Fig. A10), and primary S concentrations of 1600 ppm, the mantle source 

contains a minimum of ~130–150 ppm S. Placing further constraints on the source S 

content is challenging; for low values of KD,Cu
sulf/melt

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

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

discriminatory power (all models have gradients of ~0; Fig. 9e-f), and Cu concentrations in 

the melts are invariably a trade-off between Si and Cui.  More precise constraints on the S 

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

concentrations of other chalcophile elements in the mantle, as well as sulfide-melt partition 

coefficients (which likely vary as a function of T, P and sulfide composition), so that 

inversions can be performed for more than one chalcophile element.  

 

4.2 Sulfide systematics during magma ascent and fractionation 

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

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

surface (Mavrogenes and O’Neill, 1999). This process was modelled by calculating the 

SCSS2- for primary melts with the adjusted composition of Clague et al. (1991) ascending 

along the olivine liquidus (39.16˚C/GPa; Putirka, 2008) for two mantle potential 

temperatures (Tp=1450˚C and 1650˚C). For each potential temperature, the trajectory of the 

hottest melt formed at the onset of melting and the coolest melt formed at the base of the 

lithosphere was modelled (after Matthews et al., 2016; Fig. 10a).  As in Fig. 7c, the 

decrease in the SCSS2- with decreasing pressure in the S2017 model (Fig. 10b) is an 

artefact of changes in the calculated sulfide composition (due to the absence of suitable 

parameterizations at mantle pressures and temperatures). Using a fixed sulfide composition 

(Ding and Dasgupta, 2018), the S2017 and O2020 models both show similar trajectories 

until ~1 GPa, where the SCSS2- in the O2020 model decreases, while the S2017 model 

continues to increase (Fig. 10c). The paucity of experimental data collected between 

atmospheric pressure (100 kPa) and 1 GPa (Smythe et al., 2017) makes it difficult to verify 

the validity of these different trajectories (see O’Neill, 2020). However, regardless of the 



 

exact choice of SCSS model or potential temperature, this analysis demonstrates that 

dropping pressures cause the SCSS2- to exceed the S contents of primary melts (Fig. 10c). 

Thus,  sulfide saturated primary melts become sulfide undersaturated during their ascent 

through the thick Hawaiian lithosphere into shallow crustal storage reservoirs at 1–5 km 

depth (Cervelli and Miklius, 2003; Poland et al., 2014). The probable presence of S6+ 

species in primary melts (Fig. 8b-c) will shift the SCSSTot to higher S contents than the 

SCSS2- models shown in Fig. 10, resulting in melts becoming sulfide undersaturated at 

even higher pressures during their ascent. Similarly, if melts were to ascend along an 

adiabatic gradient instead of the olivine liquidus, the temperature decrease upon ascent 

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

undersaturation at higher pressures.  

 

Sulfide-undersaturated primary melts supplied to shallow crustal storage reservoirs at 

Kīlauea may experience a second phase of sulfide saturation during crystal fractionation. 

Recent work has concluded that the majority of erupted melts at  Kīlauea are sulfide-

undersaturated until ~2 wt% MgO (Ding and Dasgupta, 2018; Greaney et al., 2017; Helz et 

al., 2017). However, this view is difficult to reconcile with the ubiquitous presence of sulfides 

in the relatively primitive eruption products investigated in this study (Fig. 5), unless sulfides 

form during late stage processes such as quenching, rather than primary sulfide 

immiscibility (Stone and Fleet, 1991). We assess the possibility that sulfides form upon 

quench by comparing bulk sulfide compositions measured using EDS mapping to the 

predicted sulfide compositions from SCSS2- models. Sulfides formed through primary 

sulfide immiscibility will progressively evolve towards more Cu-rich and Ni-poor 

compositions with increasing fractional crystallization. Conversely, sulfides formed during 

quench-induced segregation and cooling will show extreme compositional variability (Stone 

and Fleet, 1991; Fleet and Stone, 1990). The sulfide compositions predicted by SCSS2- 

models were calculated for Petrolog3 fractionation paths from the adjusted primary melt 

composition of Clague et al. (1991) at 1 kbar (Supplementary Fig. A3). The mineral models 

of Danyushevsky, (2001) were used for olivine, clinopyroxene and plagioclase. Melt Ni 

concentrations were modelled assuming Nii=900 ppm,  using KD,Ni
ol/melt

 from Beattie et al. 

(1991), KD,Ni
cpx/melt

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

 = 0. Melt Cu concentrations were 

modelled assuming Cui=100 ppm, 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 and Hekinian, 1974).  

 

To assess changes in sulfide chemistry during fractionation (and to compare measured 

sulfide compositions to those predicted by SCSS2- models), the MgO content of the melt at 

the time of formation for each Kīlauean sulfide was estimated. Sulfides hosted in matrix 



 

glasses or embayments were allocated an equivalent melt MgO content equal to that of the 

host glass. For sulfides hosted in olivine crystals and melt inclusions, the forsterite content 

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

sulfide was assigned the liquid MgO content at which the measured olivine composition 

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

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

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

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

sulfides fall between the calculated sulfide compositions from the S2017 and O2020 

SCSS2- models. Coherent variations in sulfide compositions have also been reported for 

sulfides in samples from the 1955 eruption (Helz and Wright, 1992). It is plausible that 

scatter in previously reported sulfide compositions from Kīlauea results from the analytical 

challenges associated with obtaining bulk compositions from EPMA spot analyses of 

exsolved sulfides. Thus, we conclude that observed sulfides are the result of primary sulfide 

fractionation.  

 

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

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

with small pockets of melt and spinels (Fig. 5f-h). These textural associations cannot be 

explained by quenching processes, or the formation of sulfides following melt inclusion 

entrapment (e.g. Hartley et al., 2017), as there is simply not enough Cu, Ni and S in these 

small pockets of melt to form sulfides of the observed sizes after the melt inclusion became 

a closed system (Supplementary Fig. A5). Only sulfides hosted in melt inclusions where the 

volume ratio of the sulfide to melt is very low could have grown following melt inclusion 

entrapment (e.g., ~0.04%, Fig. 5e, yellow squares on Fig. 11). The attachment of sulfides to 

olivine crystals (e.g., Fig. 5c, f)  suggests that sulfides may have a stronger affinity for 

nucleation or attachment to silicate minerals than the silicate melt. The attachment of 

sulfides to the boundary layer of a growing crystal likely accounts for their incorporation as 

inclusions. In fact, this process may even trigger the formation of melt inclusions containing 

sulfides in a similar mechanism to that proposed for inclusions containing chrome-spinels 

(Maaloe and Hansen, 1982). Overall, our chemical and textural observations of sulfides are 

consistent with their formation through primary sulfide saturation during differentiation, 

followed by their subsequent entrapment within growing crystals (often alongside spinels 

and silicate melt; Nadeau et al., 2010). The occurrence of sulfides hosted within highly 

primitive olivine crystals (Fo87-88) alongside very small quantities of melt (Fig. 5a, h, g, 

Supplementary Fig. A5) suggests that sulfides saturated at ~12 wt% MgO.  

 



 

We investigate this second stage of sulfide saturation by comparing fractionation 

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

each Petrolog3 fractionation path. The SCSS2- is sensitive to melt composition (particularly 

the FeO content), oxidation state (Fe3+/FeT), temperature, pressure and the composition of 

co-existing sulfides (Smythe et al., 2017; O’Neill, 2020). During fractional crystallization at 

Kīlauea, olivine is the only silicate phases on the liquidus until 6.8 wt% MgO (Wright and 

Fiske, 1971). Over this fractionation interval, melt FeO contents remain approximately 

constant (Supplementary Fig. A3). Although SCSS2- models predict an increase in the ratio 

of Fe/(Fe+Cu+Ni) in sulfides with progressive fractionation, this ratio remains remarkably 

constant in measured bulk sulfide compositions (Fig. 11d), so we fix this parameter at 0.646 

in all models. Use of calculated, rather than fixed sulfide compositions, results in spuriously 

low SCSS2- values (Supplementary Fig. A12). As magma storage (and fractionation) at 

Kīlauea is restricted to a narrow range of depths (~1–5 km; Cervelli and Miklius, 2003), 

changing pressures during fractionation have a negligible effect on the SCSS2-. 

 

Changes in melt redox state during fractionation are less certain. Due to an absence of 

measurements of Fe3+/FeT in Kīlauean melts with >10 wt% and <7 wt% MgO (Fig. 8a), it is 

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

Additionally, the re-interpretation of Mössbauer spectra in glass standards which are 

integral to XANES calibrations (Berry et al., 2018; Zhang et al., 2018) has resulted in 

significant uncertainty regarding the oxidation state of Kīlauean melts. Literature data 

utilizing the calibration of Cottrell et al., (2009) prior to the emergence of this Mössbauer-

focused debate are well matched with models buffered at QFM+0.6 to 0.7, or closed system 

models for Fe3+/FeT, initial=0.129 (Fig. 8a). However, following the application of the Berry et 

al., (2018) correction (
𝐹𝑒3+

𝐹𝑒𝑇
(𝑐𝑜𝑟𝑟) =

𝐹𝑒3+

𝐹𝑒𝑇
(𝑃𝑢𝑏)−0.065

1−0.065
), published data is best matched with models 

buffered at QFM to QFM+0.3, or closed system models with Fe3+/FeT,, initial=0.1 (Fig. 8a). 

The Zhang recalibration yields Fe3+/FeT ratios between published values and those 

corrected using the equation of Berry et al. (2018). However, other than subtle changes in 

the MgO content at which clinopyroxene and plagioclase begin to crystallize, the closed 

system and buffered model show very similar major element systematics (Supplementary 

Fig. A3). Consequently, the SCSS2- trajectories for models with different redox conditions 

are very similar, with subtle differences resulting from the different sensitivities of the S2017 

and O2020 model to the Fe3+/FeT ratio. 

 

SCSS2- models (Fig. 12a-b) intercept fractionation trajectories for S at high MgO (~13–17 

wt% MgO). Below ~12 wt% MgO, the calculated SCSS2- is significantly lower than the 

measured S contents in melt inclusions, even accounting for the upper 1σ error envelope 



 

on the S2017 parameterization (red dotted line). This discrepancy indicates that Kīlauean 

melts likely contain S6+ species, which increase the total solubility of S (Equation 1). We 

perform several corrections to account for the presence of S6+. The first, and most 

simplistic, assumes that the proportion of S6+ remains constant throughout the fractionation 

interval at Kīlauea. Based on available S-redox measurements in submarine glasses from 

Mauna Kea and Lōiʻ hi (Brounce et al., 2017; Jugo et al., 2010; Wallace and Carmichael, 

1994), this proportion may range from 0–30% (Fig. 8b-c). The S2017 SCSSTot
 model with 

30% S6+ and the O2020 model with 20% S6+ predict the onset of sulfide saturation at ~12 

wt% MgO (consistent with textural observations; Fig. 11), and approximately recreate the 

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

 

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

Jugo et al. (2010) and Nash et al. (2019; Equations 2-3). ΔQFM values for the Jugo et al. 

(2010) parameterization, and Fe2+/Fe3+ ratios for the Nash et al. (2019) parameterization 

were calculated from Petrolog3 outputs, and melt temperatures were calculated using the 

geothermometer of Helz and Thornber (1987) . Unlike the subtle differences in SCSS2- 

models, the proportion of S6+, and by extension, the SCSSTot, is highly sensitive to redox 

changes during fractionation.  Closed system models show a gradual increase in the 

Fe3+/FeT ratio during olivine-only fractionation (due to the removal of Fe2+-rich olivine; 

Carmichael and Ghiorso, 1990; Moussallam et al., 2016; Fig 8a). As clinopyroxene and 

plagioclase begin to fractionate, this ratio increases more rapidly per unit decrease in MgO. 

In contrast, the buffered model exhibits a constant Fe3+/FeT ratio during olivine-only 

fractionation, followed by a slight decrease at lower MgO contents (Fig. 8a).  

 

The proportion of S6+ predicted by the Jugo et al. (2010) model for the closed system 

fractionation path with Fe3+/FeT,initial=0.1 is negligible until the onset of plagioclase 

fractionation at ~6 wt% MgO (Fig. 8b). The closed system fractionation path starting at 

higher initial Fe3+/FeT ratios (=0.129) is offset to higher S6+/ST ratios, but still predicts <10% 

S6+ during olivine (+minor chromite) fractionation. In the buffered model, by definition, the 

proportion of S6+ predicted by Jugo et al. (2010) remains constant at 0.7% (QFM), 3% 

(QFM+0.3), and 11% (QFM+0.6). Due to the dependency of the Nash et al. (2019) model 

on both temperature and Fe3+/FeT, the proportions of S6+ follow significantly more complex 

trajectories. In the three buffered models the Fe3+/FeT ratio is constant during olivine-only 

fractionation, so there is a rapid decrease in the S6+/ST ratio because of dropping 

temperatures. A slight drop in Fe3+/FeT ratios during crystallization of plagioclase and 

pyroxene cause a kink in the downward trajectory of these curves. In contrast, the closed 

system models show an almost constant S6+/ST ratio during olivine-only fractionation, 

because of the competing effects of dropping temperatures and increasing Fe3+/FeT ratios. 



 

During crystallization of plagioclase and pyroxene, increasing Fe3+/FeT ratios overwhelm the 

effect of dropping temperatures, so the S6+/ST ratio increases rapidly. Based on the paucity 

of S-redox measurements in the literature, and the prominent differences between 

measurements in the same samples by different studies (e.g., cyan vs. green dots; Fig. 8b-

c), it is difficult to assess the validity of these different model outputs. For simplicity, the 

SCSSTot was calculated for a fractionation path buffered at QFM+0.3, and for a closed 

system with Fe3+/FeT, initial=0.1, to demonstrate the sensitivity of total sulfur solubility to 

S6+/ST ratios.  

 

In the closed system model (Fe3+/FeT, initial=0.1), the SCSSTot calculated using the Jugo et al. 

(2010) or Nash et al. (2019) parameterization only deviate outside of the 1σ uncertainty of 

the SCSS2- after the onset of plagioclase fractionation at ~6 wt% MgO (Fig. 12e-g). The 

upkick towards higher S contents is most pronounced in the Jugo et al. (2010) 

parameterization (Fig. 12e), because of the competing effects of increasing Fe3+/FeT and 

dropping temperatures in the Nash et al. (2019) parameterization. Due to the low and 

constant proportion of S6+ (3%) in model buffered at QFM+0.3 model using the Jugo et al. 

(2010) parameterization, the SCSSTot and the SCSS2- are almost identical. In contrast, the 

SCSSTot calculated using the Nash et al. (2019) parameterization deviates substantially 

from SCSS2- models at high MgO contents (where high S6+/ST ratios are predicted due to 

high temperatures). The most significant deviation between these four SCSSTot models 

occurs at MgO contents >14 wt% (e.g., Fig. 12h vs. Fig. 12e, f, g), and following the onset 

of plagioclase fractionation (e.g., Fig. 12e, g vs. Fig. 12f, h). The absence of measurements 

of Fe3+/FeT and S6+/ST of primitive melts, and the absence of S data for melt inclusions or 

submarine glasses with MgO contents <6.8 wt%, makes ground truthing these different 

model scenarios challenging.  

 

Despite the differences between SCSSTot models, all six predict that the onset of sulfide 

fractionation occurs at relatively high MgO contents (>>2 wt% MgO; Wallace and 

Anderson., 1998; cf. Greaney et al., 2017), supporting our textural and chemical 

observations that the vast majority of erupted Kīlauean melts were sulfide-saturated at 

depth. Based on the absence of constraints for changes in S redox state with differentiation, 

we favour models using constant S6+ proportions, which recreate available textural and 

chemical constraints regarding the onset of sulfide saturation at Kīlauea (Fig. 11, Fig .12 a-

b). These findings further support our inference that mantle melting occurred in the 

presence of residual sulfides, as melts generated in a mantle which had exhausted sulfide 

require large amounts of fractionation to intercept the SCSSTot following ascent to low 

pressures (Liu et al., 2014).  



 

4.3 Sulfide saturation in lava lakes 

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

not supported by our models of sulfide solubility, or textural observations of sulfide 

occurrence. This discrepancy may result from the focus of previous studies on chemical 

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

et al., 2009; Stone and Fleet, 1991). A comparison of the S contents of melt inclusions and 

matrix glasses clearly demonstrates that basaltic melts at Kīlauea degas >90% of their S 

during subaerial eruptions (~1600 ppm to ~135 ppm; Fig. 1c; Fig. 2a-b).  Kīlauea Iki and 

Alae lava lakes formed by the ponding of S-poor melt within existing pit craters, followed by 

extensive fractionation (Wright et al., 1976). As the erupted melts filling these lava lakes 

have similar MgO contents to those examined in this study, it is reasonable to assume that 

these magmas were sulfide-saturated prior to their ascent to the surface. However, 

extensive degassing upon eruption would have caused the S content of the melt to fall well 

below the SCSSTot, driving sulfide resorption (Edmonds and Mather, 2017; Moore et al., 

1980; Reekie et al., 2019). Subsequent fractionation within these lava lakes may then have 

proceeded under sulfide-undersaturated conditions.   

 

We model the onset of sulfide saturation within lava lakes by calculating the SCSS2- using 

the major element compositions of variably evolved glasses from the Kīlauea Iki lava lake 

(Greaney et al., 2017; Fig. 1b). For simplicity, the amount of S6+ in the fractionating lava 

lake was assumed to be negligible, as extensive degassing of S upon eruption causes a 

significant drop in the Fe3+/FeT ratio (Fig. 8a, Moussallam et al., 2016). The evolution of S 

during progressive fractionation within the lake is uncertain; while the crystallization of 

silicate minerals drives melt S contents up, the presence of vesicles within lake lava 

samples and observations of gas release along drill holes suggests that lava lakes 

continued to lose volatiles during differentiation (Helz and Wright, 1983; Peck, 1978; Wright 

et al., 1976). To incorporate this uncertainty, we consider the interception of the regression 

lines for the calculated SCSS2- vs. MgO with the range of S contents in degassed glasses 

from Kīlauea Iki pumice (black histogram; Fig 1b; Sides et al., 2014a), and the S content 

measured in Alae lava lake (green line; Moore et al., 1980; Fig. 1b). These models predict 

that the third stage of sulfide saturation at Kīlauea will occur at ~2 wt % MgO, which is 

consistent with observations that Cu suddenly decreases below 2 wt% MgO in the Kīlauea 

Iki lava lake (Fig. 1a; Greaney et al., 2017). 

 

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

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

crisis” in arc basalts (Jenner et al., 2010). However, our modelling successfully predicts the 

onset of sulfide saturation without incorporating changes in redox state (Fig. 1b). Instead, 



 

the decrease in the SCSS2- is largely driven by changes in the major element concentration 

of the melt, with a contribution from dropping temperatures. Overall, while lava lakes 

provide useful insights into the mechanism and timing of sulfide saturation in extensively 

degassed melts, they are clearly not representative of the fractionation path of undegassed 

melts within crustal storage reservoirs at Kīlauea. 

 

4.4 Degassing of chalcophile elements  

Aerosol measurements at Kīlauea reveal that, in addition to conventionally volatile elements 

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

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

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

proportion of an element lost to the gas phase: 

Ɛ =  
[𝑋]𝑖−[𝑋]𝑓

[𝑋]𝑖
 (equation 4) 

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

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

petrological work investigating chalcophile degassing at various Hawaiian volcanoes utilized 

suites of variably degassed submarine glasses to estimate emanation coefficients (Norman 

et al., 2004). They observed degassing trends for S (Ɛ =0.86–0.92), Re (Ɛ =0.5–0.74), Bi 

(Ɛ =0.44–0.45), and Cd (Ɛ =0.19–0.27). However, as Norman et al. (2004) compare glasses 

from different Hawaiian islands (Ko’olau and Moloka’i), it is difficult to deconvolve the effects 

of degassing from variations in the original chalcophile contents of these melts.  

 

In this study, emanation coefficients were evaluated by comparing chalcophile element 

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

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

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

trace element ratios in olivine-hosted melt inclusions from the three rift eruptions 

investigated in this study show considerable overlaps, despite statistically significant 

changes in the composition of the co-erupted matrix glass. This indicates that these melt 

inclusions were trapped from a variety of magma batches present within Kīlauea’s plumbing 

system over centuries, and subsequently brought to the surface in an unrelated magma 

batch (Wieser et al., 2019, see also Tuohy et al., 2016). Only the 1971 summit eruption 

contains a crystal cargo that crystallized from the carrier liquid, permitting a direct 

comparison between melt inclusions and co-erupted glasses. Fortunately, the presence of 

residual sulfides in the mantle source means that chalcophile element concentrations do not 

differ as much as lithophile element concentrations between different magma batches (Fig. 
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4). Thus, degassing can be assessed by comparing the matrix glasses and melt inclusions, 

considering the data from all four eruptions together.  

 

Emanation coefficients were calculated using Equation 4. [X]f was calculated from 

regression line of a given element [X] against S for S=135 ppm (the average S content of 

degassed matrix glasses). The value of [X]i calculated from the regression lines is sensitive 

to the amount of S degassed (ΔS); to incorporate this uncertainty, [X]i was calculated from 

the regression lines at S=1435 ppm and S=1585 ppm (ΔS=1300 ppm and ΔS=1450 ppm 

respectively). The uncertainty on the emanation coefficient for a given ΔS was estimated 

using the 95% confidence intervals of the regression (see Supplementary Fig. A13).  

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

overlap (Loewen, 2013), making it difficult to accurately assess the emanation coefficient, 

and determine whether a given element is degassing (Fig. 3d-f). We consider several 

possible criteria to robustly assess whether an element shows petrological evidence for 

degassing. The first criterion is based on the fact that gaseous observations indicate that Cl 

partially degasses at Kīlauea (Edmonds et al., 2009). Melt inclusion Cl contents overlap 

with and extend to higher values than matrix glasses, with the most S-rich (least degassed) 

inclusions generally having higher Cl contents (Fig. 3a). We classify a chalcophile element 

as showing evidence for subaerial degassing if a regression line between that element and 

S exhibits a higher R2 value than Cl vs. S (R2=0.14). This criterion classifies Se (R2=0.90), 

Bi (R2=0.35) and As (R2=0.19) as degassed (Fig. 3). 

 

The second criterion is based on a comparison of mean concentrations of chalcophile 

elements in PEC-corrected melt inclusions and matrix glasses from the 1971 summit 

eruption (where melts trapped within crystals and the co-erupted matrix glass have similar 

trace element signatures; Wieser et al., 2019) using the ANOVA test. The small diameter of 

melt inclusions from this eruption meant that As and Se could not be measured. An element 

was classified as degassed if p<0.05. This criterion only classifies Bi as degassed (p=9x10-

4), with no distinguishable differences between matrix glasses and PEC-corrected melt 

inclusion compositions for Cu (p=0.08), Zn (p=0.66), Mo (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), despite the fact that aerosol 

measurements indicate that these elements are present in the volcanic plume at Kīlauea 

(Mather et al., 2012). 

 

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

Kīlauean and Lōiʻ hi glasses. Lōiʻ hi glasses were erupted at water depths of ~1000–4700 

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

3a). For certain elements (e.g., Se, Bi, Cd), Lōiʻ hi glasses plot with the least degassed 



 

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

from Kīlauean matrix glasses during subaerial eruptions. However, As concentrations in 

Lōiʻ hi glasses are lower than in  Kīlauean melt inclusions (Fig. 3d), suggesting that Lōiʻ hi 

and Kīlauea magmas may have slightly different chalcophile element signatures (perhaps 

attributable to differences in the mantle source, or the fact that Lōiʻ hi glasses have 

experienced clinopyroxene fractionation).  

 

To reconcile the lack of petrological evidence for degassing of many chalcophile elements 

which are detected in volcanic plumes, we calculate the expected change in the 

concentration of each chalcophile element for ΔS=1300 ppm using the X/S ratios measured 

in the 2008 summit plume (Mather et al., 2012). For many elements, this change is far 

smaller than the median analytical precision of in-situ melt inclusion measurements 

estimated from the 2σ variation in the LA-ICP-MS signal during melt inclusion ablation (from 

Iolite). For example, the 2σ variation is ~411× larger than the predicted loss of Cu during 

degassing (~7× for As and Zn, ~9× for Bi, ~10× for Cd, ~23× for Pb, ~23× for Tl, 367× for 

Mo, and >1000× for Tl). It is perhaps unsurprising that the only element that shows 

unambiguous petrological evidence for degassing is Se, where the analytical precision is 

only ~0.15× the expected loss during degassing.  

 

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

natural variability in melt compositions, a crucial finding of this study is that S and Se exhibit 

a strong positive correlation in melt inclusions and glasses, indicating that these elements 

are degassing concurrently (Fig. 3b, R2=0.90). Extensive degassing of Se during subaerial 

eruptions is consistent with aerosol measurements at Kīlauea (Crowe et al., 1987; 

Edmonds et al., 2018; Mather et al., 2012) and whole-rock analyses of lavas from Antuco, 

Chile (Cox et al., 2019). However, in subaqueous eruptions (e.g., MORB and oceanic 

plateau basalts), Se is thought to be less volatile than S and is often used to reconstruct the 

behaviour of S prior to degassing (Brenan, 2015; Jenner et al., 2015, 2012, 2010; Patten et 

al., 2013; Reekie et al., 2019). The preservation of high Se contents in Lōiʻ hi glasses 

erupted at depths >1000 m indicates that the onset of Se degassing takes place at 

pressures of <0.1 kbar. Experimental work assessing the volatility of Se is ambiguous. 

During preparation of glass reference materials, Se is retained while S is lost (Jenner et al., 

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

Fonseca, 2017), and on chondritic meteorites (Wulf et al., 1995), demonstrate that Se has a 

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

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

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



 

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

eruptions in a wide variety of tectonic settings.  

 

4.5 Sulfide Resorption during magma degassing 

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

contents to drop below the SCSSTot, destabilizing sulfide liquids (Edmonds and Mather, 

2017; Gerlach and Nordlie, 1975, Fig. 1, Fig. 12a). At hotspot volcanoes, emanation 

coefficients calculated from aerosol measurements of volcanic plumes have been shown to 

broadly correlate with sulfide-silicate melt partition coefficient (Edmonds et al., 2018). This, 

along with literature observations of sulfides attached to bubbles, has led to suggestions 

that chalcophile elements held within sulfides are directly transferred to the gas phase 

during sulfide resorption (Mungall et al., 2015; Nadeau et al., 2010). Alternatively, the 

quantity of chalcophile elements released into the gas phase may depend on the three-way 

partitioning between sulfide, melt and vapour (Edmonds et al., 2018). 

 

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

presence of sulfides as inclusions in silicate minerals and within undegassed embayments, 

is convincing evidence that sulfides in contact with the degassing melt resorb (Fig. 5; 

Gerlach and Nordlie, 1975; Moore et al., 1980; Reekie et al., 2019).  Further evidence is 

provided by the presence of resorbed features (~20 µm in size) in degassed matrix glasses, 

which predominantly consist of Fe and O, with small regions of Cu-S rich material (~1 µm; 

Fig. 6; Supplementary Fig. A8). Their chemistry and texture is highly indicative of the 

breakdown of  sulfides to form Fe-oxide phases (e.g., magnetite) which are metal poor 

(Berlo et al., 2014; Edmonds and Mather, 2017; Nadeau et al., 2010).  Only sulfides which 

are isolated from the degassing melt, including those trapped within olivine crystals, melt 

inclusions, and S-rich embayments, survive syn-eruptive degassing (Fig. 5a-h).  

 

However, differences in chalcophile element concentrations in melt inclusions and matrix 

glasses do not support a model where sulfide breakdown releases chalcophile elements 

“almost quantitatively” into the gas phase (Mungall et al., 2015). Firstly, there is no 

correlation between sulfide-melt KDs and the emanation coefficients estimated in this study 

from comparisons of melt inclusion and matrix glass concentrations (Fig. 3; Fig. 13). Our 

emanation coefficients for Cd, Bi and S are remarkably similar to those estimated by 

Norman et al. (2004) and overlap with those calculated from the X/S ratios in the 2008 

plume for Cu, Ni, Cd, and Se (Mather et al., 2012; Fig. 13). These published emanation 

coefficients also show no correlation with sulfide-melt KDs.  

 



 

A comparison of Cu (and Ni) contents in melt inclusions and matrix glasses provides further 

insights into elemental partitioning between sulfides, melt, and vapour. A significant 

proportion of melt inclusions have lower Cu contents than matrix glasses (Fig. 2c, 3f, 14a-b, 

Loewen, 2013). These compositional differences between melt inclusions and matrix 

glasses are most obvious in the 1971 summit eruption (where trace element ratios indicate 

that olivine crystals grew in their carrier melts; Wieser et al., 2019). Raw and PEC-corrected 

Ni and Cu contents of these melt inclusions follow trajectories consistent with the removal of 

sulfides with compositions estimated from the regression lines in Fig. 11a-b (see caption, 

Fig. 14a).  In contrast, matrix glasses mostly plot along the sulfide-free fractional 

crystallization trajectory (red line; Fig. 14a). Although the melt inclusion record in the other 

three eruptions is complicated by the fact that host olivines trapped a diverse range of melt 

compositions present in the plumbing system over centuries, when these three eruptions 

are considered together, melt inclusions form a wedge towards lower Cu and Ni contents 

that is bracketed by fractionation lines for predicted sulfide compositions at ~8 and ~12 wt% 

MgO (Fig. 14b). 

 

Differences between the trajectory of melt inclusions and glasses in Ni-Cu space could be 

interpreted in two ways. Firstly, Fe-loss associated with PEC may have triggered the growth 

of a sulfide, sequestering melt inclusion Ni and Cu from the melt inclusion (Danyushevsky 

et al., 2002; Metrich et al., 1999; Savelyev et al., 2018). As Kīlauean liquids undergoing only 

olivine (+ minor chromite) fractionation have near-constant FeO contents (~11.33 wt%), the 

extent of Fe-loss is inversely proportional to the measured FeO content of the melt 

inclusion. The absence of correlations between melt inclusion Ni, Cu and S concentrations 

and melt inclusion FeO contents (Supplementary Fig. A14) suggests that the trajectories 

towards lower Ni and Cu contents do not result from sulfide saturation following Fe-loss. 

Even without extensive Fe-loss, PEC could drive sulfide saturation because of the 

crystallization of S-poor olivine, combined with a drop in the temperature of the melt. 

However, there is also no correlation between raw or corrected melt inclusion S, Cu and Ni 

contents and the amount of PEC calculated in Petrolog3. Finally, transmitted light 

observations reveal that only a very small proportion (~5%) of melt inclusions contain 

sulfide blebs (Fig. 5e, letter “S” on Fig. 14). While some sulfides were inevitably lost during 

grinding to expose the centre of each melt inclusion, this would only account for the loss of 

approximately half of the sulfides formed during PEC, which doesn’t explain why the vast 

majority of inclusions with low Cu and Ni contents don’t contain sulfides. Although a few of 

the inclusions containing sulfides have relatively low Cu and Ni contents, others plot near 

matrix glasses (inclusions marked with an “S” on Fig. 14b), supporting our previous 

assertion that some sulfides within melt inclusions may have been co-entrapped.  

 



 

An alternative explanation for the trajectory towards lower Ni and Cu contents is that olivine 

crystals grew and incorporated pockets of melt over a period in which sulfide liquids were 

progressively forming, and depleting the melt of Ni and Cu. In order to produce the higher 

Cu and Ni concentrations of matrix glasses compared with melt inclusions, the resorption of 

sulfides upon eruption must have released almost all of the Ni and Cu held within sulfide 

liquids back into the melt. If the Cu (and Ni) entered the gas phase directly, matrix glasses 

would plot with the most Cu and Ni depleted melt inclusions (Fig. 14a).  The low emanation 

coefficients of Ni and Cu from aerosol measurements (0.15 and 0.01% respectively; Mather 

et al., 2012; Fig. 13) support a model in which sulfide-hosted Ni and Cu are released back 

into the melt during resorption of sulfides upon eruption (e.g., Fig 5), causing matrix glasses 

to follow a silicate-only fractionation trajectory. In contrast, melt inclusions would be isolated 

from this late-stage release of Ni and Cu, preserving the chemical trajectories of sulfide 

fraction prior to the onset of degassing. The fact that matrix glasses lie on a silicate-only 

fractionation trajectory has implications for the mechanism, and efficiency of sulfide 

mobilization upon eruption. The high density of sulfide droplets should result in their 

fractionation from the melt once they grow to a critical size. The involvement of sulfides in 

volcanic degassing has previously been attributed to the attachment of sulfide melts onto 

vapour bubbles, producing a compound drop with elevated buoyancy (Edmonds and 

Mather, 2017; Mungall et al., 2015). Interestingly, we also observe the attachment of sulfide 

globules onto the faces of olivine crystals (Fig. 5c). The remobilization of settled olivine 

crystals (Wieser et al., 2020, 2019) upon eruption could provide an additional mechanism 

by which fractionated sulfides can participate in syn-eruptive degassing.  

 

Chalcophile systematics in Lōiʻ hi glasses further support our assertion that the different 

trajectories defined by Cu, Ni and MgO in Kīlauea matrix glasses and melt inclusions are 

the result of sulfide fractionation, followed by sulfide resorption during low pressure 

degassing. Unlike Kīlauean glasses, Lōiʻ hi glasses show a positive correlation between Cu 

and MgO (Fig. 1c; R2=0.44) and Cu and Ni (Fig. 14b; Supplementary Fig. A4; R2=0.4), 

which is indicative of sulfide fractionation. The trajectory of these glasses in Ni vs. Cu space 

is remarkably similar to that defined by the 1971 melt inclusions (Fig. 14a). Furthermore, 

abundant sulfides (0.3–10% vol) have been reported in Lōiʻ hi xenoliths (Roedder, 1983), 

and we observe relatively abundant, spherical sulfides within Lōiʻ hi matrix glasses, 

providing strong textural evidence that Lōiʻ hi magmas were sulfide-saturated. Textural and 

chemical evidence for sulfide saturation is preserved in Lōiʻ hi matrix glasses due to the 

lack of syn-eruptive degassing of S in subaqueous eruptions; these samples provide a vital 

analogue for the evolution of sulfides within Kīlauean melts before the onset of syn-eruptive 

degassing.  

 



 

The behaviour of Se allows further investigation of the relationship between sulfide 

resorption and chalcophile element degassing. In the previous section, the excellent 

correlation between S and Se (Fig. 3b) was interpreted to concurrent degassing of these 

elements. However, the compound drop theory suggests that Se could be released directly 

from sulfides into the gas phase (Mungall et al., 2015). Thus, we entertain the possibility 

that the S-Se trajectory defined by melt inclusions and matrix glasses is recording the 

removal of Se and S from the melt into the sulfide phase, followed by direct transfer from 

the sulfide to the gas phase during sulfide resorption. The chemical trajectories associated 

with the removal of sulfides with 30 wt% S, and Se contents calculated from the likely range 

of KD,Se
sulf/melt

 (271 – 1012; Brenan, 2015; Patten et al., 2013) were modelled, and compared 

with the subset of melt inclusion and glasses with Se data. While sulfide removal with 

KD,Se
sulf/melt

=271 approximately recreates the observed trajectories, the low Se concentrations 

of matrix glasses require removal of >0.4 wt% sulfide (Fig. 14c). Removal of this quantity of 

sulfides is inconsistent with observed trends in Cu vs. S space for the same subset of melt 

inclusions and glasses (for KD,Cu
sulf/melt

=628–1754; Fig. 14d). Consequently, as the combined 

systematics of Cu, Se and S cannot be recreated by the removal of sulfide liquids, the 

excellent correlation of S and Se must result from syn-eruptive degassing from the silicate 

melt. This is further supported by the fact that Lōiʻ hi glasses, which contain visible sulfides, 

still have Se concentrations plotting close to the least degassed melt inclusions at Kīlauea 

(Fig. 3b). 

 

These observations provide new insights into the relative importance of vapour-sulfide, 

vapour-melt, and sulfide-melt partitioning in controlling the chalcophile element budget of 

volcanic plumes. We suggest that sulfide resorption releases chalcophile elements into the 

silicate melt-vapour system, with the partitioning between these two phases depending on 

element volatility (Fig. 15d). This is best demonstrated by comparing the behaviour of Cu 

and Se. The spread of melt inclusion Ni and Cu contents relative to matrix glasses indicate 

that approximately 0.1% sulfide resorption may occur upon eruption (Fig. 14a-b). While 

resorption of ~0.1 wt% sulfide leads to the release of relatively large quantities of Cu (~50 

ppm; Fig. 14a-b), the high Cu contents of matrix glasses indicate that almost all of this Cu 

ends up back in the melt, because of the relatively low volatility of Cu in Kīlauean melts (X/S 

ratios measured in the 2008 Kīlauean plume indicate that only ~0.01% of Cu degasses; 

Mather et al., 2012; Fig. 13). In contrast, even if all the Se released from the resorption of 

0.1 wt% sulfide liquid directly entered the vapour phase (~0.08 ppm), a similar quantity of 

Se would also have to directly degass from the melt (Fig. 14c). Given that there is no 

evidence that sulfide-hosted Cu enters the gas phase directly, it seem likely that Se 



 

released from sulfides first enters the melt, then partitions along with S into the vapour 

phase (Fig. 14c).  

 

Sulfide resorption upon eruption provides a significant, but previously unquantified flux of S 

to the atmosphere during Kīlauean eruptions. Resorption of 0.1 wt% sulfide corresponds to 

the release of 300 ppm of S (as measured sulfides contain ~30 wt% S). This represents an 

additional source of error when using the “petrological method” in basaltic systems to 

quantify total S release (in addition to uncertainty in erupted lava volumes). This source of 

error can be circumvented if the Cu-Ni-S systematics of melt inclusions are carefully 

evaluated when choosing S concentrations to compare to co-erupted matrix glasses. The 

best constraint on the S release during eruptions is provided by melt inclusions with Cu 

concentrations overlapping those in co-erupted matrix glasses. In the 1971 summit 

eruption, these melt inclusions have PEC-corrected S concentrations between 1360–1425 

ppm. Accounting for the incomplete degassing of basaltic melts (1971 matrix glasses have 

average S contents of 121 ppm), these measurements suggest that ~1240–1300 ppm of S 

was released. In more primitive eruptions, inclusions with Ni and Cu systematics plotting 

alongside matrix glasses have PEC-corrected S contents of ~1600 ppm, so the S release 

upon eruption could reach 1465 ppm (accounting for the average glass S content of 135 

ppm).  SO2 emissions at Kīlauea have been used to calculate lava effusion rates (Sutton et 

al., 2003, 2001) using much lower estimates of S release from C/S ratios measured in 

volcanic gases (e.g., 861 ppm - Greenland, 1984 and Greenland et al., 1988; 745 ppm - 

Sutton et al., 2003). Our significantly higher estimates of S release  highlight the importance 

of detailed petrological work to accurately constrain lava effusion rates.  

5. Conclusions 

Chalcophile element behaviour at Kīlauea Volcano, Hawai’i, is predominantly controlled by 

three separate stages of sulfide saturation, combined with the effects of sulfide resorption 

and degassing upon ascent to the site of eruption. The decoupled variability of chalcophile 

and lithophile elements during mantle melting in primitive samples (>6.8 wt% MgO) 

indicates that the concentrations of chalcophile elements in Kīlauea’s mantle source are 

buffered by the presence of residual sulfides (Fig. 15a). These residual sulfides (and the 

possible presence of non-negligible proportions of S6+ species) are responsible for the high 

S contents of primary Kīlauean melts (1387–1600 ppm). The increase in sulfide solubility 

with decreasing pressures as melts ascend through the thick Hawaiian lithosphere results in 

crustal magma chambers being supplied with sulfide-undersaturated melts (Fig. 15b). The 

inclusion of sulfides within primitive olivine crystals, combined with models of sulfide 

solubility during fractional crystallization, indicates that a second stage of sulfide saturation 



 

within the crust occurs after relatively small amounts of crystal fractionation (~12 wt% MgO; 

Fig. 15c).  

 

Syn-eruptive degassing causes melt S contents to drop below the SCSSTot, driving the 

resorption of sulfides which are in contact with the degassing melt (Fig. 15d). This releases 

Cu, Ni, S and other chalcophile elements back into the vapour-melt-(sulfide) system. 

Elements with high vapour-melt partition coefficients enter the gas phase (e.g., S, Se), while 

elements with lower vapour-melt partition coefficients (e.g., Ni, Cu) predominantly remain in 

the melt. The resorption of sulfides, and the release of their chalcophile element budget 

back into the melts, obscures the textural and chemical record of sulfide saturation in matrix 

glasses. The coincidence of Cu-MgO and Cu-Ni systematics in matrix glasses with the 

trends predicted from sulfide-undersaturated fractionation demonstrates that the vast 

majority of immiscible sulfide liquids participated in the degassing process; perhaps due to 

their attachment to buoyant vapour bubbles, or remobilized olivine crystals.  Fortunately, the 

chalcophile element systematics within melt inclusion populations (which are isolated from 

the late stage release of chalcophile elements into the melt), along with the preservation of 

visible sulfides within olivine crystals and undegassed embayments, faithfully record the 

fractionation of sulfides. 

 

Previous studies investigating chalcophile element systematics have focused on lava lakes, 

formed through the ponding and fractionation of degassing melt within pre-existing pit 

craters. This has led to suggestions that sulfide saturation at Kīlauea only occurs after 

significant amounts of crystal fractionation (~2 wt% MgO). We demonstrate that the loss of 

S to the gas phase upon eruption resulted in previously sulfide-saturated magmas 

becoming sulfide undersaturated once more. Due to their low S contents, these melts reach 

a third phase of sulfide saturation following significant amounts of cooling and fractionation. 

This phase is unique to the fractionation path taken by degassed melts, and is not 

representative of the evolution of undegassed melts in crustal magma chambers (Fig. 15d).  

Author Contributions 

PW prepared and analysed the Kīlauean melt inclusions, glasses and sulfides by EPMA 

and EDS. PW performed LA-ICP-MS analyses under the guidance of FJ and BK. FJ 

analysed the Lōiʻ hi glasses. PW interpreted the data and wrote the manuscript with help 

from all authors.   

Acknowledgements 

We thank Callum Reekie and Duane Smythe for helpful discussions about sulfide 

saturation. We thank Hugh O’Neill for his comments regarding the importance of S6+ 

corrections, and re-interpretation of literature XANES data. We thank Giulio Lampronti and 

Iris Buisman for help collecting EDS and EPMA data; John Craven and Sally Gibson for 



 

providing sulfide standards, and Michael Garcia and Aaron Pietruszka for supplying the 

Lōiʻ hi samples. Isobel Sides (funded by a Natural Environment Research Council [NERC] 

studentship) and Don Swanson (U.S. Geological Survey) collected the Kīlauean samples 

used in this study. Nick Barber is thanked for his comments and help making the Juptyer 

notebook released with this study as user-friendly as possible. PW is funded by NERC DTP 

studentship NE/L002507/1. BK is funded by NERC grant ‘From Arc Magmas to Ore 

Systems (FAMOS): a Mineral Systems Approach (NE/P017045/1). FJ acknowledges 

technique development funding from the NERC grant ‘Mantle volatiles: processes, 

reservoirs and fluxes (NE/M000427/1). The authors thank Paul Wallace, Clifford Patten, 

and Yuan Li for helpful reviewers which substantially increased the clarity of the manuscript.  

 

Figure Captions 

Fig. 1 – Chalcophile element behaviour in the Kīlauea Iki lava lake. a) Whole-rock Cu-MgO 

measurements from Kīlauea Iki define olivine-addition trends between 27 and 7 wt% MgO. 

Whole-rock and glass measurements show a rapid increase in Cu between 7 and 2 wt% 

MgO, followed by a rapid decrease at <2 wt% MgO (Greaney et al., 2017). The 

approximate vectors producing variability in Cu vs. MgO space are overlain. b) Calculated 

sulfide concentration at sulfide saturation (SCSS2-) for the major element compositions of 

variably evolved glasses from the Kīlauea Iki lava lake (Greaney et al. 2017) using the 

S2017 and O2020 models (with Fe3+/FeT=0.1). c) Degassing upon eruption causes melt S 

contents to drop from the high concentrations observed in Kīlauea Iki melt inclusions (PEC-

corrected; grey histogram; Sides et al., 2014a) to the low concentrations observed in matrix 

glasses (Kīlauea Iki scoria; orange histogram and bar; Sides et al., 2014a). These 

degassed melts have significantly lower S contents than the SCSS2-, so are sulfide 

undersaturated. Major element changes and a drop in temperature associated with 

extensive crystallization causes a decrease in the SCSS2-. The lake became sulfide 

saturated when the SCSS2- dropped below the S content of the melt, which probably lay 

between the S content measured in Kīlauea Iki pumices (orange bar; Sides et al., 2014) 

and that measured in a fractionated glass from Alae lava lake (green line; Moore et al., 

1980).   

 

Fig. 2 –Cu, S and MgO systematics. a) S concentrations of Kīlauean melt inclusions, matrix 

glasses, and submarine matrix glasses from Lōiʻ hi. Literature melt inclusion data for 

Kīlauea from Sides et al. (2014a,b; black dots) and Thornber et al. (2015; red dots) are also 

shown. Melt inclusions containing a sulfide are coloured yellow. b) Melt inclusion S and 

MgO systematics following a correction for post-entrapment crystallization (using the Olivine 

MI tool in Petrolog3). Estimated S concentrations of primary melts are shown with a pink 

bar. The upper limit (1600 ppm) effectively brackets the vast majority of S-rich melt 



 

inclusions, while the lower limit (1387 ppm) was calculated by extrapolating back along 

olivine fractionation trends from 1600 ppm at 11.3 wt% MgO to ~17.1 wt% MgO (Clague et 

al., 1991) assuming S was entirely incompatible during olivine fractionation. c) Kīlauean 

matrix glasses show a slight increase in Cu contents with decreasing MgO, while Lōiʻ hi 

glasses show a decrease in Cu with decreasing MgO. Uncorrected melt inclusions with >10 

wt% MgO plot alongside, and slightly above Kīlauean matrix glasses, while more evolved 

inclusions predominantly plot below matrix glasses. d) Following a correction for PEC 

(KD,Cu
ol/melt

 = 0.1), melt inclusions form a cluster at ~13–14 wt% MgO, plotting on the 

fractionation trajectory defined by matrix glasses (black lines), although a number of 

inclusions lie significantly below this line. The fractional crystallization model for Cu was 

calculated from the Petrolog3 fractionation path buffered at QFM+0.3 described in the main 

text.  

 

Fig. 3 – Assessing chalcophile element volatility. a-f) Plots of various chalcophile elements 

(and Cl) against S provide insights into elemental volatility. Linear regressions through the 

combined Kīlauea dataset (matrix glasses and melt inclusions from all 4 eruptions) are 

shown with 95% confidence intervals. The upper and lower limits of the initial and final 

concentrations of each element used to calculate emanation coefficients (Ɛ ) were 

estimated from the 95% confidence intervals of the regression lines for Sf=135, and 

Si=1435 ppm and 1585 ppm (ΔS=1300 ppm and 1450 ppm respectively). Subaqueous 

Lōiʻ hi glasses have similar Se, Bi and Cd concentrations to those of the most S-rich 

Kīlauean melt inclusions, but lower As concentrations, and higher Cl concentrations. PEC-

corrected concentrations are shown for melt inclusions, assuming that all elements except 

Cu (KD,Cu
ol/melt

 = 0.1) are entirely incompatible in olivine. Note, that the y axis in a) has been 

cropped to emphasize the magnitude of Cl variation at Kīlauea, Lōiʻ hi glasses have Cl 

concentrations up to 1399 ppm. The range of S/Se ratios observed in the 2008 summit 

plume are shown in b) to demonstrate that the emanation coefficient of Se derived from 

petrological measurements is consistent with aerosol measurements (Mather et al., 2012). 

A full comparison of emanation coefficients calculated in this study and those of Mather et 

al. (2012) is shown in Fig. 13.  

 

Fig. 4 –Fractionation-corrected trace element concentrations in matrix glasses from the 

three rift eruptions which have only fractionated olivine (+ minor chromite). a-b) Ce and Le 

show strong positive correlations with Ba. c-f) In contrast, Yb, Cu, Cd and Pb show very 

weak correlations with Ba. Trace element contents were corrected for fractional 

crystallization (to 17.1 wt% MgO; Clague et al., 1991) assuming all elements except Cu 

(KD,Cu
Ol/melt

 = 0.1) were perfectly incompatible in olivine. The 95% confidence intervals on 

https://en.wikipedia.org/wiki/Latin_epsilon


 

linear regressions through the data are shown, along with the standard error of the slope 

(and other statistical measures).  

 

Fig. 5 - Textural and chemical characteristics of Kīlauean sulfides revealed with BSE and 

EDS mapping. a) Sulfides are hosted as inclusions within olivine crystals with high forsterite 

(Fo) contents. b) Sulfides with a bimodal size distribution within the wall of a melt inclusion 

vapour bubble. c) Sulfide attached to an olivine crystal within a relatively open embayment. 

EDS maps show that this sulfide consists of exsolved Fe, Ni and Cu-rich phases. d) Sulfide 

within an open, but undegassed embayment (S=1356 ppm). e) Sulfide within a melt 

inclusion, which also contains a vapour bubble with tiny <1 µm sulfides embedded in the 

bubble wall. f) Sulfide trapped within an olivine crystal alongside a spinel, and a small 

amount of melt.  EDS maps show that this sulfide has exsolved 2 main phases at a 

relatively course scale. g-h) Sulfides trapped along with small pockets of melt within olivine 

crystals. i-j) EDS maps of sulfides showing fine and coarse exsolution of Cu-Ni-Fe rich 

phases (BSE images not shown). 

 

Fig. 6-Textural and chemical characteristics of resorbed Kīlauean sulfides a) A BSE image 

of a resorbed sulfide attached to an olivine crystal. b) BSE image of the sulfide (red square 

in a), which shows considerable textural complexity compared to the pristine sulfides shown 

in Fig. 5. c) EDS maps of the area indicated by the yellow rectangle in b). Most of the 

resorbed sulfide is very Ni, S and Cu poor, with counts only just above background (e.g., 

area 2, compare with Fig. 5 c,f, i, j). Small regions of more S (and Ni)-rich material survive 

(e.g. area 1). The areas indicated with black rectangles were quantified in Esprit2.1 to give 

an approximate indication of their composition in wt%. Resorbed sulfides contain 

considerable quantities of O (~26 wt%), compared to pristine sulfides which generally 

contain <4 wt% O (Supplementary Fig. A9).  

 

Fig. 7 - Modelling the SCSS2- at PT conditions relevant to mantle melting beneath Hawai’i. 

a) PT paths for an ascending peridotitic mantle undergoing melting for three different 

potential temperatures (calculated in Melt-PX; Lambart et al., 2016). b) Comparison of 

calculated sulfide compositions from SCSS2- models with measured sulfide compositions in 

mantle peridotites and eclogites/pyroxenites (Bulanova et al., 1996; Guo et al., 1999; 

Pearson et al., 1998; Richardson et al., 2001; Westerlund et al., 2006). The sulfide 

composition in the S2017 model changes along the PT path and deviates from measured 

sulfide compositions, particularly near the top of the melting column. The calculated sulfide 

composition from the O2020 model (magenta diamond; which does not change along the 

PT path) also plots away from the composition of most mantle sulfides. The fixed sulfide 

composition used in the models shown in d) is marked with a yellow square (after Ding and 



 

Dasgupta, 2018). c) Calculated SCSS2- trajectories following the PT paths in a) using 

calculated sulfide compositions. The decrease in the SCSS2- in the S2017 model with 

decreasing pressure is an artefact of the change in the composition of the sulfide. As both 

models predict Fe-poor sulfides compared to measured mantle sulfides, the SCSS2- in both 

models are anomalously low. d) Calculated SCSS2- trajectories using a fixed sulfide 

composition (yellow square in b)). Except for melts generated right at the base of the 

lithosphere from a mantle with Tp=1650˚C, model trajectories in the S2017 model plot below 

the estimated S contents of primary Kīlauean melts. In contrast, the 02020 model predicts 

SCSS2- values within the range of primary Kīlauean melts. These model differences reflect 

the increased sensitivity of the 02020 model to Fe3+/FeT (set at 0.1 here, Fig. 8a). 

 

Fig. 8 - Models and observations of S and Fe redox in Hawaiian melts. a) Literature 

measurements of Fe3+/FeT in Kīlauean melt inclusions (Helz et al., 2017; Moussallam et al., 

2016) and Mauna Kea glasses (Brounce et al., 2017) with S>1000 ppm. Recent debates 

regarding the interpretation of Mossbauer spectra used for XANES calibration has led to 

suggestions that a correction must be applied to literature data. Values corrected using the 

equation of Berry et al. (2018) are shown as filled symbols. Prior to applying this correction, 

+0.01 was added to the data of Helz et al. 2017 to account for their slight adjustment to the 

calibration of Cottrell et al., (2009). Values corrected using the Zhang et al. (2018) method 

would lie in between the raw- and Berry-corrected data. Trajectories from Petrolog3 models 

are overlain, as well as estimates of the oxidation state of MORB (Berry et al., 2018; Cottrell 

and Kelley, 2011). b-c) Available literature data for S redox from Lōiʻ hi (Wallace and 

Carmichael, 1994) and Mauna Kea (Brounce et al., 2017). The fractionation trajectories 

shown in a) were used to calculate the S6+/ST using the model of Jugo et al (2010) in part 

b), and Nash et al. (2019) in part c).  

 

Fig. 9 -Models of Cu and Ba contents in aggregated fractional melts with changing melt 

extents (F) and initial mantle S contents (Si), assuming Cui = 20 ppm. a-b) Changes in the 

Cu contents of aggregated melts with increasing F for two different values of KD,Cu
sulf/melt

. Ba 

rapidly decreases with increasing melt extents (blue line). If there are no sulfides in the 

mantle source, Cu shows a less dramatic increase (green line).  The purple lines show the 

evolution of Cu for four different Si values. The point at which sulfides are exhausted (black 

star) moves to progressively higher F values as Si increases. The pink and blue bar show 

the range of Cu and Ba concentrations in fractionation-corrected Kīlauean glasses (taken to 

represent primary melts) from the three rift eruptions which have not fractionated beyond 

olivine control. In a), Cu concentrations in melts produced at F=0.05–0.1 with Si = 200–300 

ppm bracket the range of primary melt Cu contents, while in b), models with Si = 100–200 



 

bracket the range of observed values.  c-d) Cu concentrations in aggregated melts plotted 

against Ba to aid visual assessment of the changing gradients following sulfide exhaustion. 

e-f) The gradient of Ba vs. Cu in the model vs. the Ba concentration of aggregated melts. 

The black rectangle shows the range of Ba concentrations in fractionation-corrected 

glasses, and the 95% confidence interval on the observed gradient of Cu vs. Ba (see Fig. 

4d).  

 

Fig. 10 – Modelling changes in the SCSS2- during the ascent of melts from the mantle into 

shallow crustal storage reservoirs. a) PT paths tracking the ascent of mantle melts 

generated at bottom and top of the melting column along the olivine liquidus (39.16 ˚C/Gpa; 

after Matthews et al., 2016). b-c) SCSS2- trajectories for these ascent paths, using the 

adjusted primary melt composition of Clague et al. (1991) for calculated (b) and fixed sulfide 

compositions (c). As in Fig. 7, the decrease in the SCSS2- with decreasing pressure in the 

2017 model is a likely an artefact of the changing sulfide composition. Similarly, calculated 

sulfide compositions are far more Fe-poor than measured mantle sulfides, leading to 

anomalously low SCSS2- values. In c), all modelled trajectories except for the lowest Tp 

(1450 ˚C) in the S2017 model exceed the S concentrations of primary melts at low 

pressures. The presence of even a very small amount of S6+ would mean that the SCSSTot 

for this model would also exceed the S contents of primary melts. These models indicate 

that upon ascent, Kīlauean magmas become sulfide-undersaturated. The beige line marks 

the shallowest estimate for the base of the lithosphere beneath Kīlauea (Li et al., 2004; 

Wölbern et al., 2006). 

 

Fig. 11 - Comparison of measured sulfide compositions to those calculated from SCSS2- 

models. Bulk sulfide compositions were obtained from EDS maps (quantified by analysing 

sulfide standards whose compositions were determined by EPMA in the same analytical 

session). Equivalent melt MgO contents for each sulfide were allocated from glass MgO 

contents, or olivine Fo contents (see section 4.2). Modelled sulfide compositions were 

calculated for Petrolog3 fractionation path described in the text. Closed system and 

buffered models yield very similar calculated sulfide compositions (dashed vs. solid lines). 

Sulfides which could plausibly have grown following their entrapment in melt inclusions 

(based on volume proportions <0.2%) are colored yellow.  

Fig. 12 – Comparison of models for sulfide solubility during fractionation (for a specified 

sulfide composition of Fe/Fe+Ni+Cu=0.646) with PEC-corrected melt inclusion 

compositions. a-b) In models only accounting for S2- species, the SCSS2- intercepts the 

fractionation trajectory for S at high MgO contents  (blue bar shows interception for O2020), 

and underpredicts the S contents of most melt inclusions with <12 wt% MgO. The closed 

system and buffered model show very similar trajectories, and the O2020 and S2017 are 



 

within error of one another (the red dotted lines indicate the published 1σ uncertainty on the 

S2017 model). c-d) SCSSTot trajectories following a correction for variable (but constant) 

amounts of S6+ using Equation 1. The S2017 model with 30% S6+, and the O2020 model 

with 20% S6+ predict the onset of sulfide saturation at ~10–12 wt% MgO (inline with textural 

observations, Fig. 11), and approximately bracket the upper limit of melt inclusion S 

contents. e-f) SCSSTot trajectories following a correction for S6+ using the parameterization 

of Jugo et al. (2010; equation 2). The closed system and buffered model differ substantially 

following the onset of plagioclase fractionation (see Fig. 8b-c). g-h) SCSSTot trajectories 

following a correction for S6+ using the parameterization of Nash et al. (2019; equation 3). 

As in e), the closed system model shows a sharp increase in S solubility during plagioclase 

fractionation. In the open system model, the strong temperature dependence on the 

proportion of S6+ results in very high estimates of S solubility at high MgO contents.  

 

Fig. 13- Comparison of emanation coefficients and sulfide-liquid partition coefficients. 

Emanation coefficients from this study (white triangles and error bars) were calculated from 

the regression line of each element versus S (see Fig. 3; Supplementary Fig. A13). Due to 

its compatible behaviour during PEC and fractionation, the emanation coefficient for Ni was 

calculated using a regression for uncorrected melt inclusion data. Emanation coefficients 

were calculated from X/S ratios from the 2008 plume (Mather et al., 2012), with the 

numerator ([X]i-[X]f) calculated from 
𝑋

𝑆
× 𝛥𝑆𝑑𝑒𝑔𝑎𝑠𝑠𝑒𝑑 and the denominator ([X]i) calculated 

from [X]f + 
𝑋

𝑆
× 𝛥𝑆𝑑𝑒𝑔𝑎𝑠𝑠𝑒𝑑 where [X]f is the average composition of the 1971 matrix glass 

(most similar in major element composition to the 2008 summit eruption), for ΔS=1300 ppm. 

Emanation coefficients from Norman et al., (2004) are also overlain. Measured sulfide-

silicate partition coefficients from Kīlauea Iki lava lake samples are shown in green 

(Greaney et al., 2017). The range of measured partition coefficients for MORBs are shown 

with a grey bar (mean ±2σ; Patten et al., 2013). The light blue bar shows the range of 

partition coefficients calculated from Kiseeva and Wood, (2015) for compositions with MgO 

contents between 6–14 wt% MgO (using the regressions shown in Fig. 11 to estimate the 

Ni and Cu composition in the sulfide, and the geothermometer of Helz and Thornber, 1987 

to obtain T). The partition coefficient of S was calculated using the range of measured S 

concentrations in sulfides, assuming melt S contents of 1387–1600 ppm. There is no 

correlation between sulfide-liquid partition coefficients and emanation coefficients defined 

using petrology, or aerosol chemistry. 

 

Fig. 14 – Differentiating sulfide resorption and degassing. a) Cu-Ni systematics for the 1971 

summit eruption (where melt inclusions and carrier melts show a clear genetic relationship; 

Wieser et al., 2019). Matrix glasses largely plot along the sulfide-free fractional 



 

crystallization trajectory. Melt inclusion compositions corrected for post-entrapment 

crystallization follow two trajectories; that of PEC (red/yellow line), and decreasing Cu and 

Ni concentrations indicative of sulfide fractionation (black line). The black lines represent 

the removal of a sulfide composition calculated from the regression lines in Fig. 11 for MgO 

= 8.4 wt% (the mean PEC-corrected melt inclusion MgO content for this eruption). A 

regression line through the composition of matrix glasses from Lōiʻ hi follows a remarkably 

similar trajectory. b) Cu-Ni systematics for matrix glasses and melt inclusions from the three 

rift-zone eruptions are bracketed by fractional crystallization and sulfide fractionation trends 

(lower and upper sulfide removal trend for ~7 and 12 wt% MgO). Melt inclusions containing 

a sulfide are marked with an “S”. c) Models of the trajectory for sulfide fractionation in Se. 

vs. S space for different values of 𝐾𝐷,𝑆𝑒
𝑠𝑢𝑙𝑓/𝑚𝑒𝑙𝑡

. While sulfide fractionation for the lower limit of 

published estimates for the 𝐾𝐷,   𝑆𝑒
𝑠𝑢𝑙𝑓/𝑚𝑒𝑙𝑡

 pass through melt inclusion data, fractionation of 

large quantities (~0.4%) of sulfide are required to recreate the low Se concentrations of 

matrix glasses. d) Fractionation of this quantity of sulfides is inconsistent with observed Cu-

S concentrations in the subset of matrix glass and melt inclusion compositions with Se data. 

The minimum value for 𝐾𝐷,   𝑆𝑒
𝑠𝑢𝑙𝑓/𝑚𝑒𝑙𝑡

 (=271) is from Patten et al. (2013; mean -2σ), and the 

maximum (=1012) is from the parametrization of Brenan, (2015) for FeO=11.33 wt%. The 

maximum 𝐾𝐷,   𝐶𝑢
𝑠𝑢𝑙𝑓/𝑚𝑒𝑙𝑡

 (=1754) is from Patten et al. (2013; mean +2σ), and the minimum 

(=628) was calculated from the parameterization of Kiseeva and Wood (2015) for the 

sulfide composition calculated from the regressions in Fig. 11 for 12 wt% MgO, and 

temperatures from Helz and Thornber (1987). 

 

Fig. 15 – Summary diagram of processes affecting chalcophile element concentrations at 

Kīlauea. a) Residual sulfides are present in the mantle source throughout the melting 

interval of the eruptions analysed in this study (~F=0.05–0.1), buffering the concentrations 

of chalcophile elements relative to lithophile elements during changes in melt extent. The 

presence of residual sulfides accounts for the high S contents of primary melts (1387–1600 

ppm). b) Upon ascent through the thick Hawaiian lithosphere, the increase in the SCSS2- 

with decreasing pressure results in melts becoming sulfide undersaturated (SUS). c) During 

fractionation in crustal magma chambers, decreasing temperatures, major element 

changes, and an increase in melt S contents during crystal fractionation drives the melts 

towards sulfide saturation once more (~12 wt% MgO). d) At low pressures as magma 

ascends towards the site of eruption, S partitions strongly into a vapour phase. This causes 

sulfides to resorb, releasing their chalcophile element load (S, Ni, Cu, Se etc.) back into the 

melt. These elements then partition between the melt and vapour phase, resulting in volatile 

elements such as S and Se mostly partitioning in the gas phase, and more refractory 

elements such as Ni and Cu remaining in the melt. e) The lava filling the Kīlauea Iki lava 



 

lake was S-poor (and therefore sulfur undersaturated) due to extensive degassing upon 

eruption. Extensive amounts of cooling and fractionation were required to reach sulfide 

saturation from such a S-poor melt. 

Research Data 

The melt inclusion and glass chalcophile element compositions used in this study are 

provided as an excel spreadsheet in Appendix B, along with information on standards run in 

each session. A Jupyter notebook of the mantle melting models used in this study is also 

provided. 
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