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ABSTRACT 8 

Transport of sulfur via mantle-derived partial melts from deep Earth to the surface 9 

reservoirs is a critical step in the deep global sulfur cycle. Given that sulfur is stored mostly in 10 

sulfide phases in mantle lithologies, the critical parameter is sulfur concentration at sulfide 11 

saturation (SCSS) of mantle-derived magmas. CO2±H2O-induced melting beneath oceanic and 12 

continental mantle produces incipient CO2-rich melts. Although, SCSS of silicate melts of a variety 13 

of compositions is extensively studied, the SCSS of carbonatitic and carbonated silicate melts have 14 

not received much attention. Here we present experiments in graphite capsules at pressures (P) of 15 

2.5-6.0 GPa and temperatures (T) of 1350-1650 °C investigating the SCSS of carbonatitic and 16 

carbonated silicate melts. All experiments produced quenched Fe±Ni-sulfide melt blobs + 17 

carbonated melt matrix ± ol ± cpx ± opx ± gt, with melt composition on a CO2-free basis varying 18 

from 7 to 40 wt.% SiO2, 0.5 to 7 wt.% Al2O3, and 9 to 17 wt.% FeO* (total FeO). SCSS measured 19 

using EPMA increases with SiO2 and T but is not affected by P; the effect of composition being 20 

more pronounced than P-T. The composition of sulfide melt phase also affects SCSS. With 21 

increasing Ni in the molten sulfide phase, the SCSS changes from 2000-4000 ppm (Ni-free) to is 22 

800-3000 ppm (33 wt.% Ni). Comparison of our measured SCSS with the existing SCSS models23 

for nominally CO2-free silicate melts and with one study for carbonated melts show that these 24 

parameterizations fail to capture the sulfide saturation values in CO2-rich melts from our study. 25 

Using our new SCSS data and previous SCSS data for melt compositions that span the range from 26 

carbonatite to basalts via carbonated silicate melts, we develop a new empirical SCSS 27 

parameterization. Unlike a previous model, which suggested SCSS of carbonated melt is only 28 

affected by melt FeO* (other than P-T) and did not constrain how SCSS evolves from low-silica 29 

carbonatitic melt to low-CO2 basaltic melt, our new parameterization captured complex effects of 30 



many melt compositional parameters, including silica on SCSS. Using our new SCSS model, we 31 

constrained the efficiency of S extraction from the mantle beneath mid-oceanic ridges and 32 

continents via low-degree carbonated melts. Deep carbonated melts beneath ridges are expected 33 

to mobilize 5-15% of the initial sulfur before nominally-volatile-free peridotite melting begins. In 34 

continental mantle, deep kimberlitic melt can act as an agent to mildly enrich the shallow mantle 35 

in sulfide as it evolves to a carbonatitic melt upon reactive cooling. Application of our data to 36 

subduction zones suggests that low degree carbonatitic melt is not an efficient agent to extract 37 

residual sulfide from the subducting oceanic crust. 38 
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 42 

1. Introduction 43 

 Sulfur (S) is one of the major multi-valent volatile elements on Earth. The valence state of 44 

sulfur can range from S2- to S6+. The S inventory of the deep Earth is modulated by magmatic 45 

sulfur degassing at the plate boundaries (e.g. Ding and Dasgupta, 2017; Wallace and Edmonds, 46 

2011), intraplate ocean islands (Ding and Dasgupta, 2018), arcs (e.g., Alt et al., 1993; Chowdhury 47 

and Dasgupta, 2019; Kagoshima et al., 2015), and by subduction of sulfides and sulfates back to 48 

the deep Earth (Canil and Fellows, 2017; Jégo and Dasgupta, 2013; Jégo and Dasgupta, 2014; 49 

Tomkins and Evans, 2015). The critical first step of sulfur degassing from the Earth’s interior is 50 

extraction of sulfur from the Earth’s mantle via partial melts. Sulfur in most, if not all, parts of the 51 

Earth’s mantle is chiefly present as accessory sulfide minerals, solid solution, or molten sulfides 52 

(e.g. Harvey et al., 2016). The distribution and composition of these sulfides in the mantle are 53 



varied and are in part controlled by mantle melting, melt mobility, and metasomatism (e.g. Moine 54 

et al., 2004; Lorand et al., 2004; Giuliani et al., 2016; Lorand et al., 2013). Hence, sulfide 55 

concentration at sulfide saturation (SCSS) of mantle-derived melts is a crucial parameter in 56 

understanding the deep sulfur cycle.  57 

 A number of laboratory studies have explored SCSS of silicate liquids of various 58 

composition as a function of pressure, temperature, and oxygen fugacity (Baker and Moretti, 2011; 59 

Ding et al., 2018; Ding et al., 2014; Fortin et al., 2015; Haughton et al., 1974; Liu et al., 2007; 60 

O’Neill and Mavrogenes, 2002; Smythe et al., 2017; Wykes et al., 2015; Scaillet and Pichavant, 61 

2005; Wallace and Carmichael, 1992; Shima and Naldrett, 1975; Li and Ripley, 2009; Holzheid 62 

and Grove, 2002). These studies constrained that SCSS increases with temperature, melt FeO* 63 

content, and oxygen fugacity (fO2), as the S6+ species becomes important as fO2 approaches the 64 

fO2 of sulfide-sulfate transition  (Jugo et al., 2005; Botcharnikov et al., 2011a; Jégo and Dasgupta, 65 

2014) but SCSS decreases with pressure and SiO2 content in the melt. However, the effect of 66 

dissolved CO2 in the partial melt on SCSS has not received much attention (Woodland et al., 2019). 67 

Yet, vast parts of the Earth’s sulfide-bearing mantle beneath the oceans and the continents are 68 

affected by CO2±H2O induced melting (Dasgupta et al., 2013; Moussallam et al., 2015; Dasgupta, 69 

2018). Beneath mid-ocean ridges, the deepest melt could be carbonatitic that evolves to a 70 

carbonated silicate at shallower depths (Dasgupta and Hirschmann, 2007; Dasgupta et al., 2013; 71 

Hirschmann, 2010; Dasgupta et al., 2007), assuming that the recent suggestion of oceanic mantle 72 

fO2 gradient being shifted to higher values than that of the continental mantle is relevant (Eguchi 73 

and Dasgupta, 2018a). The first generated melt could also be a carbonated silicate melt similar to 74 

those parental to kimberlitic or strongly silica-undersaturated basalts, if the mantle fO2 is as 75 

reduced as evidenced by continental mantle xenoliths (e.g., Stagno and Frost, 2010; Woodland and 76 



Koch, 2003; Frost and McCammon, 2008; Stagno et al., 2013). Therefore, SCSS of carbonatitic 77 

and variably carbonated silicate melt is critical to constrain mobility and extraction of sulfur from 78 

deeper oceanic mantle domains.   79 

Similarly, in the sub-continental lithospheric mantle (SCLM), the only partial melts that 80 

can form from a CO2 and H2O-poor conditions are those that are carbonatitic or carbonated silicate 81 

in composition with variable water contents (Dasgupta, 2018; Saha and Dasgupta, 2019). The 82 

carbonated silicate melts may have affinity similar to those of natural kimberlites (e.g., Sun and 83 

Dasgupta, 2019; Stamm and Schmidt, 2018). The question is how much sulfur can the carbonatitic 84 

or kimberlitic melts mobilize from different depths in the SCLM? Part of the answer lies in the 85 

stable form of sulfur-bearing accessory phase that the CO2-rich melt would be saturated with. 86 

Figure 1 shows the fO2 of the SCLM recorded from the peridotite and eclogite xenoliths and the 87 

possible fO2-dependent transition for carbonate to graphite/diamond (EMOG/D: e.g., Luth, 1993, 88 

Stagno et al., 2013) and sulfate to sulfide (SST: Botcharnikov et al., 2011b; Jégo and Dasgupta, 89 

2014; Matjuschkin et al., 2016). SST is dependent on activity of SiO2 in the in the system (Masotta 90 

and Keppler, 2015) and hence can be shifted to lower fO2 values in the carbonated systems that 91 

generated silica-poor melts. Although there remains some uncertainty in the depth-fO2 space over 92 

which carbonated melts are expected to dissolve sulfur at sulfide saturation, Figure 1 indicates that 93 

there is a wide depth-fO2 field over which mantle at depths is likely to lie that would facilitate 94 

generation of carbonated melts in the presence of residual sulfide. On the other hand, if a mantle 95 

domain is locally oxidized (e.g., log fO2 ~≥FMQ+1) or if the SST is shifted to lower fO2, 96 

carbonated melt generation can occur in the presence of sulfate or where stable sulfur species in 97 

the melt is S6+. Whether carbonated melt generation takes place in the presence of sulfide versus 98 



sulfate can be evaluated via comparison of natural kimberlite or carbonatite bulk S data with SCSS 99 

of carbonated melts.  100 

The subduction efficiency of sulfur as sulfide may also be affected by generation and 101 

extraction of carbonatitic melt from deeply subducting ocean crust and/or sediments (e.g., Tsuno 102 

and Dasgupta, 2012; Poli, 2015; Thomson et al., 2016). If carbonatitic melt generated from 103 

subducting lithologies have high SCSS, with only a small extent melting, most of sulfide could be 104 

stripped-off from the downgoing slab. If, however, SCSS of carbonatitic melt at subducting slab 105 

conditions were low, carbonatitic melt would have limited role in affecting the deep cycling of 106 

sulfide. Evaluating the role of carbonatitic melt on subduction efficiency of sulfur requires 107 

knowing SCSS of such melts at subduction conditions. 108 

The data on S solubility in carbonate and carbonated silicate melts are limited (Helz and 109 

Wyllie, 1979; Woodland et al., 2019). Safonov et al. (2011) and Stagno and Frost (2010) in their 110 

experiments generated carbonated melts in the presence of sulfides, but the S contents of the melts 111 

were not measured. Hammouda et al. (2010) and Sharygin et al. (2015) reported S content of their 112 

experimental carbonate-silicate melt but no residual sulfide phase was observed in their 113 

experiments and hence those data were not considered as SCSS. Shatskiy et al. (2017) measured 114 

S concentration in primary kimberlitic melts in the presence of pyrrhotite, but no mono sulfide 115 

solid solution or sulfide melt, expected at mantle conditions was present.  116 

Only one recent study to date has aimed at constraining SCSS of carbonated melts at mantle 117 

conditions experimentally (Woodland et al. 2019). In this study, the authors performed 118 

experiments in the presence of sulfides and graphite or Re-ReO2 buffer at 5-10.5 GPa and 1400-119 

1600 °C. For understanding SCSS where S2- is the sole dissolved S species in melt, only the 120 

graphite-present experiments of Woodland et al. (2019) are of relevance. In this study the authors 121 



performed olivine dissolution experiments by placing pure carbonate mixtures in a natural olivine 122 

inner capsule and platinum (Pt) outer capsule. Although this study generated some of the first 123 

published data on SCSS (Woodland et al., 2019), significant uncertainties and problems remain in 124 

these experiments. (1) Many of the experiments resulted in carbonated melt both inside and outside 125 

the inner olivine capsules, with the pool that is outside and in contact with Pt outer capsule 126 

suffering significant iron loss. Yet Woodland et al. (2019) chose to report both melt compositions 127 

from a given experiment as being equilibrium melt yielding heterogenous SCSS values, making it 128 

uncertain whether all the reported melt S contents in Woodland et al. (2019) are truly SCSS values. 129 

Because of this variable Fe loss, the resulting melt compositions on a CO2-free basis had significant 130 

FeO* range (1-18 wt.%) that is not comparable to compositions of natural carbonated peridotite 131 

partial melts, which have much lower range of FeO* contents based on carbonated peridotite phase 132 

relations (~6-12 wt.%; Hirose, 1997; Dasgupta et al., 2007, 2013; Stamm and Schmidt, 2018; Sun 133 

and Dasgupta, 2019).  In natural mantle melting, the expected FeO* content range of incipient 134 

carbonated melt is expected to be even lower as variable melting degree in the mantle is not 135 

generally linked to large variation of isobaric temperature as in experiments, but rather to extent 136 

of adiabatic decompression. Furthermore, many of the experiments in Woodland et al. (2019) only 137 

resulted in an upper bound in the SCSS and not an actual constraint.  (2) Based on their 138 

experimenta data, Woodland et al. (2019) concluded that only FeO* affects SCSS of carbonated 139 

silicate melts and no other compositional parameters have measurable effects. This contradicts 140 

several studies on SCSS of non-carbonated silicate melts where distinct effects of melt 141 

compositional parameters such as silica, alumina are also observed. (e.g. Ding et al., 2014, O’Neill 142 

and Mavrogenes, 2002, Smythe et al., 2017). (3) Also, the Woodland et al. (2019) SCSS 143 

parameterization did not constrain the effect of sulfide composition such as Ni content of sulfide 144 



melt, despite having Ni in their resulting sulfide composition. This is because the sulfide 145 

composition was not systematically varied, and the resulting sulfide composition had a narrow 146 

range of Ni. The presence of Ni in sulfide has been shown to affect SCSS in silicate compositions 147 

(Smythe et al., 2017; Ding et al., 2018), but such effect remained unconstrained in Woodland et 148 

al. (2019). (4) The SCSS model Woodland et al. (2019) generated was based only on their own 149 

dataset, which are only carbonated silicate and carbonatitic melts. Given in natural peridotite 150 

systems there is a continuous transition from high-CO2 carbonated melts to very low-CO2 basaltic 151 

silicate melts, with chief variation in SiO2, CO2, and CaO (e.g., Gudfinnson and Presnall, 2005; 152 

Dasgupta et al., 2007, 2013; Mallik and Dasgupta, 2013; Sun and Dasgupta, 2019), it remains 153 

unclear that over what compositional range the model of Woodland et al. (2019) can be applied 154 

and how the model connects to several SCSS models for non-carbonated basaltic melts. In Figure 155 

2 we plot the measured vs predicted SCSS (in ppm) from Woodland et al. (2019) to show that 156 

there is significant uncertainty in the data and model of this study. Thus, a systematic study of 157 

SCSS of carbonatitic and carbonated silicate melts that resemble expected natural compositions is 158 

needed. The new study should (a) place reliable constraints on SCSS of natural carbonated melts 159 

of peridotitic systems at conditions of their generation, (b) determine the effects of P, T and melt 160 

compositions on SCSS of carbonated melts, (c) constrain the effect of sulfide Ni content on SCSS 161 

of carbonated melts, and (d) derive a model that has predictive power across the whole continuum 162 

from carbonatitic melt to basaltic melt with nominal CO2 content.  163 

 To achieve the stated goals in the preceding paragraph, here we experimentally determine 164 

the SCSS of carbonatitic and carbonated silicate melts (SiO2 ~ 7-40 wt.%) in the presence of 165 

Fe(±Ni)-S (Ni varied from 0-35 wt.%) from 2.5-6 GPa and 1350-1650 °C. We find that SCSS of 166 

carbonated melts is affected by temperature, melt composition (mainly SiO2) and Ni content of 167 



sulfide. Combining our experiments with previous experiments on non-carbonated silicate melts, 168 

we developed a new SCSS parameterization that captures SCSS of carbonated as well as non-169 

carbonated basaltic melts over a wide pressure-temperature-composition space. Finally, using our 170 

SCSS parameterization we constrain extraction of sulfur via incipient carbonated melts beneath 171 

oceanic ridges and in the SCLM. We also apply our model to assess whether sulfur inventory of 172 

kimberlites and other strongly silicate undersaturated magmas can be explained by sulfide-present 173 

carbonated silicate melting in the deep mantle and what fO2 constrains of the mantle domains can 174 

be placed based on that. Finally, our SCSS model is also applied to constrain the role of 175 

carbonatitic melt generated from subducting, sulfide-bearing crust in extracting sulfur. 176 

 177 

2. Methods 178 

2.1. Starting compositions 179 

Two carbonated silicate melts with distinct CO2 contents were chosen as the starting 180 

compositions (Table 1). The starting composition with lower CO2 (~17 wt.%; hereafter CSL1) is 181 

a carbonated silicate melt generated in an experiment by Dasgupta et al. (2013) and the one with 182 

high CO2 (~31 wt.%; hereafter CSL2) is a carbonatitic melt composition generated in the 183 

experiment of Sun and Dasgupta (2019). To minimize adsorbed water contents, reagent grade 184 

SiO2, TiO2, Al2O3, and MgO were fired overnight at 1000 °C, Fe2O3 at 800 °C, MnO2 at 400 °C, 185 

CaCO3 at 250 °C, and K2CO3 and Na2CO3 at 110 °C. After drying, all oxides were first mixed, 186 

and ground using an agate mortar under ethanol and dried in room temperature overnight. Well 187 

mixed powders were reduced to log fO2 of ~FMQ-1.5 in a 1atm furnace at 1000 °C. Then natural 188 

dolomite was added to the reduced oxide mix to introduce CO2 and to achieve the desired major 189 

element composition of the melt. The natural dolomite was characterized using EPMA and its 190 



actual composition (Supplementary Table S1) was used to calculate the final composition of the 191 

starting mix.  To study the effect of sulfide composition on SCSS of carbonated melts, two separate 192 

Fe-Ni-S mixes were prepared. Fe, Ni, and S powder was mixed together in required proportion to 193 

produce Fe0.5Ni0.5S and Fe0.7Ni0.3S compositions. Homogeneous mixtures of carbonated silicate 194 

melt mix and the sulfides (FeS or Fe0.5Ni0.5S or Fe0.7Ni0.3S) 9:1 mass ratio was used as starting 195 

compositions for experiments.  196 

 197 

2.2. Experimental Technique 198 

The experiments were performed using an end-loaded piston cylinder (PC) apparatus and an 1100-199 

ton Walker-style multi-anvil (MA) apparatus at the Experimental Petrology Laboratory of Rice 200 

University at pressures of 2.5 and 6 GPa and temperatures of 1325-1650 °C (Table 2). The chosen 201 

P-T conditions capture the expected depth range beneath oceans and continents where silicate 202 

melts of variable degree of carbonation are expected to be generated (e.g., Dasgupta et al., 2013; 203 

Dasgupta, 2018). Our chosen pressure range contrasts the recent study of Woodland et al. (2019), 204 

where most experiments were conducted at 7.5 to 10 GPa, conditions where generation of 205 

carbonated melts is questionable given the current knowledge of the average oxygen fugacity as a 206 

function of depth (Fig. 1). The half-inch PC assembly consisted of BaCO3 pressure medium 207 

contained in Pb foil, crushable MgO spacers, and straight-walled graphite heater, the pressure and 208 

temperature calibration of which are detailed in Tsuno and Dasgupta (2011). The MA experiments 209 

were conducted using a 18 mm MgO-Al2O3-SiO2 Walker-style castable assembly, following the 210 

calibration reported in Ding et al. (2014).  A Type-C thermocouple oriented axially with respect 211 

to the heater and located next to the capsule was used to monitor and control the temperature for 212 

both PC and MA experiments. Pressure and temperature uncertainties are estimated to be 0.1 GPa, 213 



10 °C for PC and 0.3 GPa, 10 °C for the MA experiments. Starting materials were loaded into 214 

thick-walled (2-2.5 mm) graphite capsules. Most experiments were conducted with a single 215 

composition being loaded into a graphite capsule. In some experiments, three samples of different 216 

compositions were loaded into a multichambered graphite stock with three in 1-1.5 mm diameter 217 

holes. In all experiments the graphite capsules were placed in the hotspot of the PC and MA 218 

assemblies. After initial pressurization to the target pressure at room temperature, all experiments 219 

were heated to 800 °C at a heating rate of 100 °C/min and sintered for 2-4 hours to reduce the 220 

porosity in graphite capsule, which is known to prevent loss of sulfide-rich melt through graphite 221 

(Buono and Walker, 2011; Tsuno and Dasgupta, 2015). The experiments were held at the target 222 

P-T for 2-24 h. Retrieved graphite capsules were mounted in epoxy and ground transversely for 223 

containers with multiple holes and longitudinally for single hole using 600-1200 grit silicon 224 

carbide strip grinders until the top or bottom edges of the sample chambers were visible; the 225 

subsequent grinding and polishing of the samples were done on dry nylon and velvet microcloth 226 

using 1–3  μm diamond powders. 227 

 228 

2.3. Analytical technique 229 

Polished samples were carbon-coated and investigated using a JEOL JXA 8530F 230 

Hyperprobe at the Rice University for phase identification using energy dispersive spectroscopy 231 

(EDS), for textural relationship among phases using backscattered electron (BSE) images, and for 232 

obtaining major element abundances and S content of nominally S-bearing phases using WDS 233 

spectroscopy. Analyses were performed using a 15 kV, 10 nA electron beam with spot size of 20-234 

40 µm for carbonated and sulfide-rich melt pools and focused spot size on residual silicate mineral 235 

grains. Primary analytical standards were natural basaltic glass (NMNH-113716) (for Na, Si, Mg, 236 



Al, K, Mn and S), olivine (for Fe), rutile (for Ti) and grossular (for Ca). Smithsonian basaltic glass 237 

standards were also used as secondary standard for all elements, including S. The S-238 

Ka peak position of the primary standard (NMNH-113716) was compared with monosulfide 239 

sphalerite (ZnS) to ensure that the dissolved species in the standard is S2-. The peak of the standard 240 

lies at 2.3133 keV, similar to the S-Ka peak of sphalerite at 2.3131 keV. Analysis of Smithsonian 241 

standard USNM 111240: VG-2, which is a natural basaltic glass from the Juan de Fuca Ridge, 242 

yielded a sulfur concentration of 1360 ± 40 ppm as a secondary standard. Our S analysis of this 243 

secondary standard compares favorably with the previously measured S concentrations of the VG-244 

2 standard by wet-chemical analysis (1320 ± 50 ppm; Wallace and Carmichael, 1992) and by 245 

EPMA in various studies (1420 ± 20 ppm: Wallace and Carmichael, 1992; 1348 ± 62 ppm: 246 

Thordarson et al. 1996; 1450 ± 30 ppm: Metrich et al., 2002; 1403 ± 30 ppm: O’Neill and 247 

Mavrogenes, 2002; 1416 ± 30 ppm: de Hoog et al., 2001; 1414 ± 30 ppm: Liu et al., 2007). To 248 

ensure the accuracy of our S analyses and determine how S was dissolved in our experimental 249 

melts, S-Ka peak position was measured in the quenched melt matrix and was compared with 250 

those in various mono- and bi-sulfide standards. The S-Ka peaks of our experiments were found 251 

to vary from 2.3132 keV to 2.3125 keV, similar to the S-Ka peak of sphalerite (ZnS: 2.3131 keV). 252 

This ensured that our SCSS experiments were conducted at fO2 conditions where all S in the melt 253 

were dissolved as S2-. Pyrite was used as standard for the sulfide melts. The peak and background 254 

counting times of all the elements are 10s and 5s respectively.  255 

Given our analysed S abundance in the experimental melt phase is based on analyses of 256 

heterogeneously quenched dendritic crystal aggregates, we also considered whether our analyses 257 

are affected by implanted sulfide debris deposited from polishing of equilibrium sulfide melts. To 258 

check this, we re-anlayzed a selected number of experiments that were cleaned in an ultrasonic 259 



bath under methanol. These analyses were performed using 25 kV, 10 nA, 30 µm broad electron 260 

beam. The analytical results from this protocol showed no systematic variation either in various 261 

oxide concentrations or in S compared to those obtained following the conditions described above. 262 

 263 

3. Results 264 

Textures of typical experiments are shown in Figure 3 and phase assemblages as a function of 265 

experimental conditions and estimated fO2 of the experiments are detailed in Table 2. Table 3 266 

reports the major element compositions of carbonated melt compositions along with the measured 267 

SCSS values. All reported melt major element oxide concentrations are on a volatile-free basis. 268 

Supplementary Tables S2, S3, S4, S5 and S6 report compositions of sulfide melts and other 269 

experimental phases. 270 

 271 

3.1. Phase assemblages and texture 272 

 All experiments produced two immiscible melt phases:  a quenched carbonated silicate 273 

melt and a quenched sulfide melt (Fig. 3). Homogenous assemblages of olivine, clinopyroxene, 274 

orthopyroxene and garnet were observed in some of the experiments. The silicate minerals are 275 

euhedral to subhedral with grain sizes varying from 20-40 µm in average grain dimension. The 276 

quenched carbonated melt pools are composed of dendritic crystals of carbonates and silicates and 277 

numerous submicron sulfide globules, which were interpreted as one of the quench phases. The 278 

quenched phases in the melt pools were small enough to obtain an average composition of the melt 279 

with a defocused beam analysis using EPMA, but the grain size of the quenched phases increased 280 

near the residual silicate minerals and in vicinity of sulfide globules, resulting in the melt analyses 281 

away from those to get more accurate results. 282 



3.2. Assessment of chemical equilibrium 283 

 Several lines of evidence can be used to assess an approach to equilibrium. (1) The 284 

analyzed phase composition at various spots shows no systematic variation. In particular, S content 285 

in carbonated melts show no gradients across the experimental volume. (2) The olivine-melt Fe2+-286 

Mg KD values for our experiments are between 0.34-0.43, similar to the range of 0.29-0.47 287 

previously observed for equilibrium between olivine and carbonated silicate melt (Dasgupta et al., 288 

2007; Hirose, 1997; Mallik and Dasgupta, 2013). (3) The olivine-orthopyroxene Fe2+-Mg KD 289 

values are 0.97-1.06 for our experiments, which are similar to the range of 0.88-2.44 observed for 290 

olivine-orthopyroxene equilibrium previously (e.g., Dasgupta et al., 2007; Hirose, 1997; von 291 

Seckendorff and O’Neill, 1993). (4) Diffusivity of sulfur in carbonated silicate or carbonatitic 292 

melts are not known to our knowledge. However, application of S diffusivity model for S2- 293 

diffusion in basaltic melt at sulfide saturation (Freda et al., 2005) at our experimental conditions, 294 

yield values from 1 × 10-11 m2/s to 1.5 × 10-10 m2/s. The application of this diffusivity range for 295 

our experimental durations suggest that S would diffuse to a length of 1000-3000 µm. Given the 296 

distance of the farthest edge of the melt pool from the sulfide blob in our experimental charge 297 

varies from only 300 to 700 µm, the entire melt volume in our experiments are expected to be 298 

equilibrated with sulfide melt blobs. Furthermore, carbonated melt being much less viscous than 299 

mafic melt one may expect the diffusivity of S in carbonated silicate or carbonatitic melt to be 300 

significantly higher (Behrens and Stelling, 2011); this suggests that S2- is expected to diffuse longer 301 

lengths in our experimental melts than what is conservatively estimated here. 302 

 303 

3.3. Carbonated melt compositions, experimental oxygen fugacity, and melt S contents 304 



 The experimental carbonatitic and carbonated silicate melts deviate in compositions from 305 

the starting material of each experiment depending on the extent of crystallization, thereby 306 

allowing us to determine SCSS for a range of composition. For experiments with starting mix 307 

CSL1Fe and CSL2Fe, SiO2 contents are 24-40 wt.% and 9-19 wt.%, respectively and Al2O3 varies 308 

from 3 to 7 wt.% and 0.5 to 1.06 wt.%, respectively. For experiments with these two starting 309 

compositions, FeO* contents are 9-14 wt.% and 9-13 wt.%, MgO contents are 18-24 wt.% and 19-310 

39 wt.%, whereas CaO varies from 23 to 35 wt.% and 24 to 41 wt.%, respectively. CO2 content, 311 

estimated by the difference of 100 wt.% and EPMA analytical total (following Lane and Dalton, 312 

1994), varies from 11 to 40 wt.% for CSL1Fe and from 24 to 40 wt.% for CSL2Fe. Measured 313 

SCSS for these melts are 0.26-0.49 wt.% for CSL1Fe and 0.2-0.34 wt.% for CSL2Fe.  314 

 With starting composition in which sulfide melts are Ni-bearing, (CSL1Fe0.5 and 315 

CSL1Fe0.75), SiO2, Al2O3, FeO* contents are, 23-39 wt.%, 3-6.5 wt.%, and 10-16 wt.%. For these 316 

experiments, the melt MgO and CaO contents are 16-24 wt.% and 21-34 wt.% and the estimated 317 

CO2 contents are 13-33 wt.%. SCSS is lowered in the presence of Ni-bearing sulfide melts and are 318 

in the range of 0.13 to 0.33 wt.%, with lower SCSS for higher Ni content in sulfide i.e., for 319 

experiments with CSL1Fe0.5. For CSL2Fe0.5 and CSL2Fe0.7, i.e., the compositions with greater 320 

CO2 in the starting carbonated melt and with Ni-bearing sulfides, SiO2 and Al2O3 contents are 321 

generally lower and CO2 contents higher compared to CSL1 experiments (Table 3); FeO*, MgO, 322 

and CaO are, however, lie in a similar range to the experiments with CSL1 composition. The 323 

measured SCSS values in these experiments that yield the most CO2-rich, silica and alumina-poor 324 

compositions and also contain Ni-bearing sulfides are in general the lowest with SCSS again 325 

diminishing with increasing Ni in sulfide melt. The measured SCSS showed no systematic 326 

variation as a function of spot analyses location within carbonated melt pool. 327 



 The equilibrium presence of carbonated melts in graphite capsule allows determination of 328 

experimental oxygen fugacity, fO2 following the calibration of Stagno and Frost (2010). Table 2 329 

lists the calculated logfO2 of the experimental assemblages, which vary between DFMQ of ~-1.9 330 

to ~-3.05. Comparison of the computed fO2 values and those expected to be relevant for the sulfide 331 

melt-carbonated melt coexistence (Fig. 1) suggest that our experiments capture the appropriate P-332 

T-fO2 space relevant for carbonated melt-MSS equilibria. 333 

At a fixed P-T, SCSS in our experiments increases with increasing melt SiO2 content and 334 

decreases with Ni in sulfide (Fig. 4a and b). SCSS for our carbonated melt compositions do not 335 

seem to vary systematically with pressure but increases with temperature (Fig. 5a and b). 336 

 337 

4. Discussion 338 

4.1. SCSS of carbonated silicate melts- comparison with previous experiments and models 339 

There has been only one previous experimental study, which measured SCSS of carbonated 340 

silicate melts (Woodland et al. 2019). The study of Woodland et al. (2019) reported experiments 341 

at 5-10.5 GPa and 1400 to 1600 °C and concluded that SCSS of carbonated melts is controlled by 342 

FeO* only (other than P and T). Previous SCSS experiments were done on nominally CO2-free, 343 

sulfide-silicate systems (e.g., Holzheid and Grove, 2002; Li and Ripley, 2009; Luhr, 1990; 344 

Mavrogenes and O'Neill, 1999; Ding et al., 2014; Ding et al., 2018), where SCSS decreases with 345 

increasing silica. In contrast, we find that in strongly carbonated melts, SCSS increases with 346 

increasing silica. i.e., with decreasing CO2 content. We combined the results from our experiments 347 

along with SCSS experiments done on nominally CO2-free silicate systems with SiO2 ≤ 50 wt.% 348 

because we wanted to take into account the transition of carbonated silicate melts to very low-CO2 349 

silicate melts, which takes place during increasing extent of mantle melting. We observe that SCSS 350 



increases with increasing SiO2 from carbonatitic to carbonated silicate melt, i.e., to 30-40 wt.% 351 

SiO2 but decreases from 30-40 wt.% to 50 wt.% SiO2 (Fig. 6a). Furthermore, for non-carbonated 352 

basaltic melts, SCSS diminishes with increasing pressure (e.g., Mavrogenes and O’Neill, 1999; 353 

Holzheid and Grove, 2000; Ding et al., 2014); however, no obvious pressure dependence of SCSS 354 

is observed for our carbonated melts. SCSS for carbonated melts, however, does increase with 355 

temperature at a given pressure and melt composition and decreases with increasing Ni contents 356 

in sulfide; these trends are similar to those observed in carbonate-free silicate systems (e.g., 357 

Smythe et al., 2017; Ding et al., 2018). 358 

The FeO* contents of our carbonated melts lie in a relatively narrow range; however, the 359 

measured SCSS falls within the previously observed FeO* vs SCSS trends (Fig. 6b).  360 

Based on the previous experiments, empirical parameterizations of SCSS for carbonated 361 

silicate melt was developed by Woodland et al. (2019), but the authors of this study did not see 362 

any effect of SiO2 content or most other melt compositional parameters on SCSS and also did not 363 

constrain the effect of sulfide melt Ni content  on SCSS. The effect of Ni has been included in the 364 

parameterization of Smythe et al. (2017) and Ding et al. (2018) for CO2-free silicate melts. These 365 

parametrizations predicted SCSS with good success in their calibration range but doesn’t capture 366 

SCSS over the whole compositional range ranging from carbonatite to basalt. Figure 7a shows 367 

predicted SCSS from previous models by Smythe et al. (2017) and Ding et al. (2018) compared to 368 

experimentally determined SCSS from this study as a function of silica content. These models for 369 

most part significantly over predict our SCSS data; in particular, the mismatch between the models 370 

and our measured data grow for the lower silica or carbonatitic melt compositions, even though 371 

they have the Ni effect incorporated in their models. In Figure 7b we plot our measured SCSS with 372 

the predicted SCSS from Woodland et al. (2019) model and it can be seen that this model also 373 



doesn’t predict most of our experimental SCSS closely because their model is strongly dependent 374 

on FeO content alone and our experiments show dependence of SCSS on SiO2 as well as FeO. The 375 

Woodland et al. (2019) also expectedly fails to to predict some experimental data with high Ni in 376 

the sulfide.  Therefore, a new parameterization is required, which will take into account the control 377 

of SiO2 on SCSS, a complete compositional range from carbonatitic to basaltic melts and also the 378 

composition of equilibrium sulfide melt.  379 

 380 

4.2. A new parameterization to predict SCSS of carbonated melts as a function of P, T and 381 

composition 382 

4.2.1. Thermodynamic consideration and model formulation 383 

 Fincham and Richardson (1954) proposed that sulfur at low oxygen fugacities dissolves in 384 

silicate melts as S2- and it substitutes for oxygen on the anion sublattice due to the reaction 385 

 O2- + ½ S2 = S2- + ½ O2     (1) 386 

In silicate melts the concentrations of O2- are generally orders of magnitude higher than S2- even 387 

at sulfide saturation. Hence, we can take the O2- concentration to be constant. The equilibrium 388 

constant of reaction 1 will then be written as: 389 

ln CS = ln [S] + ½ ln (fO2/fS2)   (2) 390 

In equation 2, CS is the sulfide capacity of the melt (which is similar to equilibrium constant) and 391 

[S] is the concentration of sulfur, usually in parts per million. Equilibrium between sulfide and 392 

silicate melt are generally described in terms of the reaction: 393 

FeOsilicate + ½ S2 = FeSsulfide + ½ O2  (3) 394 

For which, at equilibrium we can write: 395 

ΔG° = -RT ln !"#$
%&'()*#.		-./

0//

!"#2
%)')345#.	-6/

0//    (4) 396 



where ΔG° is the standard state free energy change of reaction 3 and a and f are the activities and 397 

fugacities of the four components. Equation 4 can also be rearranged to: 398 

78°
:;

 = ln <=>?@ABACDE> - ln <=>F@GBHAI> - ln 	-?/
0//

	-F/
0//  (5) 399 

Substituting Equation 2 for the oxygen and sulfur fugacities we can write: 400 

ln[S]SCSS = 78°
:;

 + ln CS + ln <=>F@GBHAI>- ln <=>?@ABACDE>  (6) 401 

Equation 6, [S]SCSS refers to the sulfur content of the silicate melt at sulfide saturation and <=>?@ABACDE> 402 

and <=>F@GBHAI>	refers to the activities of FeO and FeS components in silicate and sulfide melt, 403 

respectively.  404 

O’Neill and Mavrogenes (2002) have shown that the sulfide capacity is a parameter which has 405 

dependence on the mole fractions Xi of metal oxide components. 406 

ln CS = A0 + Σ	JAKA	
;

  (7) 407 

The rationale for this approach is that Ais are related to the differences between the standard state 408 

free energies of oxides and sulfide components of the cations and A0 is -ln γS, which defines the 409 

activity coefficient of S in the carbonated melts. 410 

Replacing CS in Equation 6 we can rewrite: 411 

ln[S]SCSS = 78°
:;

 + A0 + Σ	JAKA	
;

+ ln <=>F@GBHAI>- ln <=>?@ABACDE>  (8) 412 

Based on Equation 8, Smythe et al. (2017) came up with the following equation which predicts 413 

SCSS of silicate melts as a function of composition, pressure, and temperature: 414 

 ln[S]SCSS = L
;
 – 9.656 + 1.02 ln T + B + M	N

;
 + Σ	JAKA	

;
+ ln <=>F@GBHAI>- ln <=>?@ABACDE>  (9) 415 

However, carbonated melts have added complexity in their melt structure, which needs to be taken 416 

into account to understand our observed trend of decreasing SCSS with increasing melt CO2. In 417 

carbonated silicate melts with broadly basaltic or more silica-undersaturated compositions, CO2 is 418 



thought to be present chiefly as dissolved carbonate anions (CO32-) that bond with silicate network 419 

modifier cations such as Ca2+, Na+, K+, Mg2+, and Fe2+(Vetere et al., 2014; Moussallam et al., 420 

2016; Duncan et al., 2017; Ghosh et al., 2017; Eguchi and Dasgupta, 2018b) Thus although the 421 

CO2 content of the melt is inversely correlated with the melt SiO2 content (e.g. Dasgupta et al., 422 

2007, 2008; Moussallam et al., 2015; Sun and Dasgupta, 2019), the silicate sub-network of the 423 

melt becomes more polymerized with increasing CO2 dissolution (Kushiro, 1975; Moussallam et 424 

al., 2016). Therefore, the trend of diminishing SCSS with increasing CO2 in the melt may be 425 

explained by one of two ways. (1) If CO32- partially complexes with Fe2+, that would lead to a 426 

decrease in <=>?@ABACDE>, which in turn would lower SCSS, following equation (8). However, no 427 

obvious sign of FeCO3 complex formation in carbonated melt exists (e.g., Eguchi and Dasgupta, 428 

2018a) and among all the cations, Ca2+ shows the strongest affinity towards CO32-, followed by 429 

those of Mg2+ and alkalis (Mallik and Dasgupta, 2013; Duncan et al., 2017). Therefore, 430 

alternatively (2) the drop in SCSS with increasing CO2 dissolution may simply be due to increased 431 

polymerization of the silicate sub network, a trend similar to those observed for non-carbonated 432 

silicate melts, such as going from basalts to rhyolites. Irrespective of the exact cause, in order to 433 

capture the increase of SCSS with increasing silica for carbonated melt, we need to add an 434 

additional silica term in Equation (8). Hence the updated parametrized form of our equation is: 435 

ln[S]SCSS = O
;
 – 9.656 + 1.02 ln T + B + P	N

;
+ Σ	JAKA

;
+ ln Q=>F@GBHAI>- ln Q=>?@ABACDE> + D ln QFA?R@ABACDE>    (10) 436 

where P is in GPa and T is in Kelvin. Xi denotes the mole fraction of all the oxides. QST6
UVW-XYT is 437 

measured as mole fraction of Fe in sulfide: 438 

Q=>F@GBHAI> = 	 =>
=>[\A[PG

(11) 439 

Using the above formulation, we calibrated a new SCSS model, using data from our study, 440 

previous experimental study that measured SCSS of carbonated silicate melts (Woodland et al., 441 



2019) and those which measured SCSS of nominally carbonate-free silicate melts (Ding et al., 442 

2018; Smythe et al., 2017 and references within that has experiments with SiO2 content up to 50 443 

wt.%). Experimental melt compositions with FeO* content >5 wt.% were chosen from Woodland 444 

et al. (2019) because melts <5 wt.% FeO* had experienced significant Fe-loss. Silica content of 445 

less than or equal to 50 wt.% is chosen to get a full spectrum of melt composition from carbonatitic 446 

to basaltic. A total of 243 sulfide saturated natural silicate and carbonated compositions (47 were 447 

carbonated compositions) were used, which span the composition range in terms of SiO2 content 448 

of ~7-50 wt.%. Ni in sulfide varied from 0 to 58 wt.% in (Fe-Ni-Cu)S, while Cu varied from 0-15 449 

wt.%. Pressure and temperature range of our calibrated dataset varies from 1 bar- 10.5 GPa and 450 

1150-1800 °C. Based on multi-variate regression, the values of each parameters A to E and their 451 

standard deviations are reported in Table 3. Figure 8 shows a comparison between the calculated 452 

ln SCSS and the experimentally measured ln SCSS where it can be seen that nearly all the data 453 

falls within the 10% error range and the fit has an r2 of 0.89. Blue squares in figure 8 indicates 454 

experiments (marked ‘*’ in Table 2 and 3) that were used to test the SCSS parameterization but 455 

not included to develop the calibration. Comparison of our new parameterization (Fig. 8) with that 456 

from Woodland et al. (2019; Fig. 2 and Fig. 7b) demonstrates significant improvement in 457 

predicting SCSS of silicate melts with variable degree of carbonation achieved in our study. 458 

Comparison of our model with two recent models (Smythe et al., 2017; Ding et al., 2018) shows 459 

that the agreement is mostly within 10% relative error, suggesting that our calibrated model is not 460 

only applicable for carbonated melts but also for mafic melts with silica content up to 50 wt.% 461 

(Supplementary Figure, S1). 462 

 463 

4.2.2 Effects of temperature and silica content on SCSS  464 



Figure 9a shows the effect of T on SCSS for melts ranging in composition from carbonatitic to 465 

carbonated silicate. All compositions show a positive dependence of SCSS on temperature, but 466 

positive dependence of SCSS with T is stronger for carbonated silicate melts than for carbonatitic 467 

melts. 468 

 We show in Figure 9b how modifying a model kimberlitic melt and an N-MORB by 469 

variable extent of carbonation, i.e., mixing Ca-Mg-Fe carbonate to the composition of a kimberlite 470 

(Hoal, 2003) and a N-MORB (Gale et al., 2013) in a proportion that maintains the Ca:Mg:Fe ratio 471 

in the original melt, changes their SCSS at 1450 °C and 4 GPa. The compositions of the kimberlite 472 

and N-MORB are given in Supplementary Table S7. The base kimberlitic melt has higher SCSS 473 

compared to that of the N-MORB because of having lower silica and alumina and higher FeO*. 474 

However, it can be seen from Figure 8B that with decreasing silica at a constant P-T, the modeled 475 

SCSS first increases and then decreases for both the chosen kimberlite and N-MORB composition. 476 

We hypothesize that with increasing carbonate content initially, because of a decrease in silica and 477 

alumina and an increase in FeO*, the SCSS first increases. After some critical dissolved carbonate 478 

content is reached in the melt, the silicate subnetwork gets much more polymerized, which 479 

overtakes the effect of a drop-in silica and alumina and the SCSS drops with a decrease in silica. 480 

It is also possible that with a high dissolved carbonate content, some of dissolved CO32- complexes 481 

with Fe2+, which may also lower the possibility of Fe2+ complexing S2-. 482 

 483 

4.3. Extraction of sulfur from sulfide-bearing oceanic mantle via incipient carbonated melt  484 

Geophysical observations indicate that partial melting beneath mid-ocean ridges begins at depths 485 

near 300km (Forsyth et al., 1998; Evans et al., 1999; Gu et al., 2005). These are partial melts of 486 

carbonated peridotites and the first melt that is produced above the solidus of this lithology at 487 



depths of around 330 km is carbonatitic in nature (Dasgupta and Hirschmann, 2006). As the mantle 488 

upwells to shallower depths the melt composition changes from carbonatitic to carbonated silicate 489 

(Dasgupta and Hirschmann, 2006; Dasgupta, 2018) and finally at the ridge it’s a basalt. The 490 

extraction of these very low degree carbonatitic to carbonated silicate melts from deep within the 491 

oceanic mantle produces an abundant source of metasomatic fluids and the mantle residue gets 492 

depleted in highly incompatible elements. Sulfur, along with other incompatible elements, can get 493 

mobilized by these low degree melts. In Figure 10a we can see how the SCSS of low-degree 494 

carbonatitic to carbonated silicate melts evolves as a function of depth following a mantle adiabat 495 

for mantle potential temperature of 1400 °C. SCSS increases as the equilibrium melt evolves from 496 

carbonatitic at deeper depths to carbonated silicate at shallower depths. To understand how much 497 

S from the source can be extracted by these low degree carbonatitic and carbonated silicate melt, 498 

we assumed the degree of melting (F) at each depth from when the carbonated peridotite starts 499 

melting at 10 GPa to the onset of volatile free melting at 2 GPa to vary incrementally from 0.01-1 500 

wt.%. The SCSS of the melt composition at each depth was calculated using our model (Fig. 10a), 501 

which was then multiplied with F to get how much S can be depleted from the source by these low 502 

degree melts. Figure 9b shows that 8-15% of the initial 150-250 ppm S (McDonough and Sun, 503 

1995; Ding and Dasgupta, 2017) in the source is depleted as the melt evolves from carbonatitic to 504 

carbonated silicate before the onset of volatile free melting beneath the mid-oceanic ridges. 505 

 506 

4.4. Sulfur mobilization from sulfide-bearing sub-continental lithospheric mantle via carbonated 507 

melts and kimberlite sulfur inventory as a clue to carbonate-sulfide stability in deep SCLM 508 

Low degree carbonatitic and kimberlitic melts can be produced in continental mantle in the 509 

presence of trace amount CO2 (e.g., Wyllie, 1980; Wallace and Green, 1988; Dasgupta, 2018; 510 



Tappe et al., 2018). Following the geotherm of surface heat flux 50 to 40 mW/m2, ~0.01 to 0.13 511 

wt.% carbonatitic melt (40 wt.% CO2) can be produced anywhere between 100 and 160 km for a 512 

peridotite with source CO2 content of 50-500 ppm (Dasgupta, 2018). With melt composition 513 

evolving as a function of depth along the geotherms from a carbonatitic to a carbonated silicate 514 

melt with 20 wt.% CO2 for a similar source CO2 range, the melt fraction would increase to 0.02-515 

0.25 wt.%. Fig. 10 shows how SCSS of equilibrium carbonated melts vary with depth along the 516 

two chosen continental geotherms calculated from the carbonated-peridotite solidus with 100 ppm 517 

CO2 at shallower pressure to the convective mantle adiabat of TP ~ 1350 °C at deeper pressure 518 

taken from Fig. 2 of Dasgupta (2018). At deeper depths along both the geotherms, the SCSS is 519 

higher compared to those at shallower depths as melt composition gets depleted in dissolved 520 

carbonate component, leading to 3-4-fold increase in SCSS (Fig. 10). Assuming 160 ppm S in the 521 

source (McDonough, 1990), 0.01-0.13 wt.% carbonatitic melt with low SCSS in SCLM can 522 

mobilize <0.5% of S from the source and doesn’t significantly affect the mantle sulfides. As the 523 

melt composition evolves from carbonatitic to carbonated silicate with higher SCSS and the melt 524 

fraction reaches from 0.02 to 0.25 wt.% for source CO2 of 50-500 ppm, as much as ~3% S from 525 

the mantle source can be mobilized. However, although SCSS increases, owing to small extent of 526 

melting, sulfur extraction even via kimberlitic melt remains limited. Because equilibrium melt 527 

composition evolves from kimberlitic to carbonatitic with decreasing depth in the SCLM, 528 

immiscible sulfide melt is expected to exsolve from any deeply derived carbonated silicate melt 529 

that has higher SCSS. The percentage of S as monosulfide solid solution (MSS) that will be 530 

precipitated during this reactive cooling process that leads to a decrease in melt mass as well as a 531 

change in melt composition is shown in Fig. 11. This process can therefore result in S-rich 532 



metasomatism seen in some metasomatized  xenoliths from sub-continental lithospheric mantle 533 

(Jackson and Gibson, 2017). 534 

 535 

4.5. Assessment of S contents in kimberlite by sulfide present carbonated melting 536 

 To compare the SCSS of kimberlitic melts calculated using our parameterization with the 537 

natural kimberlite bulk sulfur data, whole rock kimberlite analyses from Kimberley, South Africa 538 

(Muramatsu, 1983) and Udachnaya, Siberia, Russia (Abersteiner et al., 2018) were used. 539 

Kimberlitic melt inclusion analysis in olivine megacrysts from Monastery, South Africa was taken 540 

from Howarth and Buttner (2019) to compare with SCSS. Fig. 12 shows the S contents of the 541 

kimberlites from these two localities plotted as a function of their SiO2 content. The SCSS range 542 

of these rocks, plotted as rectangular bands, are calculated using our new parameterization for a 543 

P-T range of 3-8 GPa and 1000-1400 °C, pertinent for kimberlite formation beneath cratonic 544 

lithosphere depending on the source water content (Dasgupta, 2018). We find that the estimated 545 

SCSS values are similar to the bulk S contents of natural kimberlites and kimberlitic melt 546 

inclusions. This suggests that the kimberlite S abundance can be explained by sulfide-saturated 547 

carbonated silicate melt generation at mantle depths, which would indicate that mantle fO2 at 548 

depths is such that carbonated melt-sulfide equilibria are most relevant. Also, studies by Sharygin 549 

et al. (2007), Abersteiner et al. (2017) and Abersteiner et al. (2019) shows presence of Fe-Ni 550 

sulfides and djerfisherite (K6(Fe,Ni,Cu)25S26Cl) in polymineralic inclusions which can indicate 551 

carbonated melting in the presence of sulfide. However, locally more oxidized zones and/or SO42- 552 

being a dissolved equilibrium species cannot be ruled out because the same data can also be 553 

produced if sulfate-undersaturated carbonated silicate melt is parental to natural kimberlites. In 554 

fact high bulk S abundance in some carbonate-silicate high-density fluid microinclusions in cuboid 555 



diamonds from Internationalnaya kimberlite pipe, Yakutia, Russia (Zedgenizov et al., 2009) and 556 

presence of sulfates in olivine and Cr-spinel hosted melt inclusions from Koala kimberlite, Canada 557 

(Kamenetsky et al., 2013) may be indicative of dissolved sulfate species primary kimberlitic melts. 558 

With dissolved sulfate species having an expanded stability over sulfide in low-silica melts, 559 

carbonated silicate melts could have even greater carrying capacity of S and can transport through 560 

a depleted cratonic mantle as long as the melts remain oxidized (Woodland et al., 2019). 561 

 562 

4.5. Extent of mobilization of sulfur from sulfide-bearing, subducting ocean crust via low-degree 563 

carbonatitic melt 564 

 Our new SCSS parameterization helps us to calculate how much sulfur as sulfide, that is 565 

present in the subducting slab, in the altered oceanic basalt, can be mobilized by the extraction of 566 

deep carbonatitic melt. The SCSS of the carbonatitic melt derived from the slab is calculated for 567 

7-10 GPa and 1200 to 1300 °C (Thomson et al., 2016), varies from 200 to 350 ppm. The 568 

carbonatitic to carbonated silicate melt compositions are taken from Thomson et al. (2016) and are 569 

given in Supplementary Table S8. Assuming 500 ppm as the initial abundance of S in the altered, 570 

subducting oceanic crust (Alt and Shanks, 2011), these low degrees of carbonatite to carbonated 571 

silicate melt (0.01-0.1wt.%) can only strip off 2% of the S from the subducting slab. Hence, these 572 

melts are not efficient enough to destablize residual sulfide from the downgoing oceanic crust. 573 

 574 

Concluding remarks 575 

 We have experimentally determined the SCSS of carbonatitic and carbonated silicate melts 576 

under conditions appropriate for mantle melting from 2.5-6 GPa and 1350-1650 °C. SCSS 577 

increases from carbonatitic to carbonated silicate melts, i.e., with increasing silica of ~7 to ~39 578 



wt.% and then decreases with further increase in SiO2 (at basaltic compositions). A new SCSS 579 

parameterization involving carbonatite, carbonated silicate melt, and basaltic melt is developed. 580 

On applying our parametrization to natural systems, for source CO2 content of 200 ppm and 581 

therefore extraction of up to ~1 wt.% melt below the volatile-free peridotite solidus, 8-15% 582 

depletion in the original source S content is expected beneath mid-ocean ridges. In continental 583 

mantle, deep kimberlitic melt can act as an agent to mildly enrich the shallow mantle in sulfides 584 

as it evolves to a carbonatitic melt upon reactive cooling. Comparison of calculated SCSS for 585 

natural kimberlitic parental melts based on our parameterization with natural kimberlite whole 586 

rock or melt inclusion S data suggests that kimberlites could possibly derive from melting of 587 

sulfide-saturated mantle in the presence of CO2. Although, similar data could also be derived from 588 

sulfate-undersaturated melting. Finally, looking at subduction zones, carbonatitic melt extraction 589 

from the slab is not an efficient agent to strip off significant S from the downgoing slab and 590 

therefore incipient carbonatitic melt does not add a significant filter to deep subduction of sulfide. 591 
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Figure Captions: 869 

Figure 1: Pressure vs fO2 space showing the field over which carbonated melts may coexist with 870 

sulfide (MSS-Monosulfide solid solution) or would have sulfur dissolved chiefly as S2-. EMOG/D 871 

is the graphite/diamond transition to carbonate. CMG/D curves indicate the lowest fO2 for a 872 

peridotitic assemblage that can stabilize a carbonated melt with 1 wt.% (solid line), 10 wt.% (dotted 873 

line), and 50 wt.% (short dashed line) dissolved carbonate (Stagno et al., 2013). The gradational 874 

shaded region demarcates the field where mantle sulfide (MSS) and carbonated melt phase can co-875 

exist. Darker shaded region towards higher fO2s are more plausible in the mantle than the lighter 876 

shade. The plot also marks the sulfide to sulfate transition (SST) in basaltic melts and mantle 877 

assemblages. Also shown for comparison, are the fO2 recorded in peridotitic and eclogitic mantle 878 

xenoliths. The arrows denote that the SST can shift towards lower fO2 values depending on the 879 

composition where lowering of <FA?R	in the melt tends to shift the boundary towards lesser fO2 880 

values (Masotta and Keppler, 2015). The SST line was taken from Botcharnikov et al. (2011), Jégo 881 

and Dasgupta (2014), and Matjuschkin et al. (2016). The field marked by a dash-dot line marks 882 

the experimental fO2 range explored in this study. 883 

884 

Figure 2: Measured versus predicted ln SCSS (in ppm) based on the recent experiments and model 885 

of Woodland et al. (2019) developed for carbonated melts. The plot show that there remains 886 

significant uncertainty in both the SCSS data and the predictive model of this study. The x-axis 887 

errors are 1s uncertainties on measured SCSS, whereas, the errors on y-axis are the maximum and 888 

minimum bounds of the predicted SCSS based on the Woodland et al. (2019) parameterization. 889 

890 



Figure 3: Phase assemblage and texture of the experiments: (a) A full capsule showing the sulfide 891 

blobs and the quenched melt for an experiment polished transversely. The quenched melts and 892 

sulfide melt blobs were analyzed with a 20-40 µm beam in EPMA. (b) A full capsule showing 893 

quenched melt, sulfide melt blobs, and mineral silicates at the bottom portion of the capsule, 894 

polished longitudinally. (c) A zoomed in view of (b) showing quenched carbonated melt and sub-895 

micron sulfide particles, which are interpreted as quenched sulfides that were dissolved in the melt 896 

at experimental condition. 897 

898 

Figure 4: SCSS as a function of (a) SiO2 and (b) Ni content in sulfide from our experiments. The 899 

plot shows that SCSS increases with increasing SiO2 in a carbonated-silicate system which is the 900 

opposite effect that we see in a silicate system. Also, SCSS decreases with increasing Ni content 901 

in sulfide similarly to what we see in a silicate system. 902 

903 

Figure 5: SCSS as a function of (a) pressure (P) and (b) temperature (T). SCSS doesn’t change 904 

with P, unlike in silicate system where it decreases with increasing P. But similar to a silicate 905 

system SCSS increases with T in a carbonated-silicate melt. 906 

907 

Figure 6: Comparison of SCSS from our studies with previous experiments as a function of (a) 908 

SiO2 and (b) FeO. SCSS increases with SiO2 and after reaching a maximum starts to decrease 909 

when the melt composition is basaltic. With FeO, SCSS decreases to a minimum at 5 wt.% and 910 

thereafter increases with increasing FeO. The previous data are from Ding et al. (2018), Smythe 911 

et al. (2017) and references within, Shatskiy et al. (2017) and Woodland et al. (2019). 912 

913 



Figure 7: (a) Experimentally determined SCSS from this study compared with previous SCSS 914 

models from Smythe et al. (2017) and Ding et al. (2018). These previous SCSS models were 915 

calibrated for silicate systems without dissolved CO2 so they can predict some SCSS near the 916 

basaltic composition correctly but fails to predict SCSS for CO2-rich melts. (b) Measured vs 917 

predicted SCSS (in ppm) based on the model of Woodland et al. (2019), applied to both the data 918 

set of Woodland et al. (2019) and this study. This model, developed exclusively for carbonated 919 

melts, also mostly underestimates our SCSS data. For panel (b), the x-axis errors are 1s 920 

uncertainties on measured SCSS, whereas, the errors on y-axis are the maximum and minimum 921 

bounds of the predicted SCSS based on the Woodland et al. (2019) parameterization. 922 

 923 

Figure 8: Measured versus predicted SCSS, testing the reliability of the parameterization 924 

developed in this study and used to determine the constant and coefficients of equation 10. The 925 

previous data are from Smythe et al. (2017) and refernces there in that has experiments with SiO2 926 

up to 50 wt.%, and additional data from Ding et al. (2018) and Woodland et al. (2019). SCSS data 927 

from Woodland et al. (2019) was taken for melt compositions only with FeO content >5 wt.% and 928 

are plotted as pink circles. Blue squares are SCSS experiments that were not included in the 929 

calibration but were used to the SCSS parameterization. Dashed line indicates 10% error bound in 930 

ppm ln SCSS in melt. 931 

 932 

Figure 9: Modeled variation of SCSS as a function of (a) SiO2 at 4 GPa, 1450 °C for equilibrium 933 

between an immiscible FeS liquid and two starting melt compositions: N-MORB (Gale et al., 934 

2013) and a kimberlite (Hoal, 2003). Both melts were varied in composition by the addition of 935 

(Ca-Mg-Fe) carbonate in a proportion in which they were present in the starting composition of 936 



N-MORB and kimberlite.  (b) Modeled variation of SCSS as a function of T at 3 GPa for 937 

equilibrium of a pure FeS liquid with three different melt compositions with increasing silica. The 938 

rate of SCSS increase with T is more for carbonated silicate melts with higher silica contents 939 

than for carbonatitic melts, i.e., melts with lower silica contents. 940 

941 

Figure 10: (a) SCSS of low-degree carbonatitic to carbonated silicate melts following a 1400 °C 942 

mantle adiabat with decreasing depth. SCSS increases as the melt evolves from carbonatitic at 943 

deeper depths to carbonated silicate at shallower depths. (b) % of S depletion from the source with 944 

decreasing depth. 8-15% of the initial 150-250 ppm S in the source is depleted as the melt evolves 945 

from carbonatitic to carbonated silicate before the onset of volatile free melting beneath the 946 

MORB. 947 

948 

Figure 11: SCSS (top x-axis) as a function of depth along continental geotherms with surface heat 949 

flux of 50 mW/m2 (square symbols connected with a black line) and 40 mW/m2 (circles connected 950 

with a red line). The color bar indicates the SiO2 content of the melt composition at each depth for 951 

which SCSS was calculated using the parameterization of this study. Along both geotherms, the 952 

shallower melt is carbonatitic (at the carbonated peridotite solidus with 100 ppm CO2; Dasgupta, 953 

2018) which has low SCSS compared to a kimberlitic carbonated silicate melt at greater depths 954 

(convective mantle adiabat of TP ~ 1350 °C). The black and red lines without the square and circle 955 

represent percentage of excess sulfide (lower x-axis) expected to precipitate as monosulfide solid 956 

solution (MSS) with decreasing depth for continental geotherms of 50 mW/m2 and 40 mW/m2, 957 

respectively as deep kimberlitic melt evolves to carbonatitic melt via reactive crystallization. 958 

959 



Figure 12: S content of kimberlite whole rocks and melt inclusions from Kimberley, South Africa, 960 

Udachnaya, Siberia, Russia and Monastery, South Africa plotted as a function of SiO2 (wt.%). The 961 

range of SCSS of each whole rock or melt inclusion major element composition calculated using 962 

our parameterization for a P-T range of 3-8 GPa and 1000 to 1400 °C are plotted as rectangular 963 

bands. The kimberlite whole rock for Kimberley (Muramatsu, 1983) and Udachnaya (Abersteiner 964 

et al., 2018) are marked in pink and green circles, respectively. The Monastery melt inclusion data 965 

is from Howarth and Buttner (2019) and are plotted as yellow circles. The P-T range for possible 966 

kimberlite formation beneath cratonic lithosphere is taken from Dasgupta (2018). The figure shows 967 

that whole rock kimberlites and melt inclusions from Kimberley, Udachnaya, and Monastery could 968 

originate from sulfide saturated mantle melting and there is no clear evidence that S dissolution as 969 

SO42- is necessary. The sulfide composition in equilibrium with mantle has XFe = 0.8 (Zhang et al., 970 

2018) and is used in our SCSS calculations.  971 



Tables: 972 

Table 1: Starting compositions used in this study 973 

 CSL1  CSL2 
SiO2 29.87  15.25 
TiO2 1.33  0.70 
Al2O3 4.98  0.51 
FeO* 9.96  4.81 
MnO 0.25  0.14 
MgO 19.08  26.16 
CaO 16.59  18.11 
Na2O 0.91  2.35 
K2O 0.03  0.32 
CO2 17.01  31.64 
Sum 100.00  100.00 

    
 FeS Fe0.5S Fe0.7S 

Fe 63.53 32.00 44.00 
Ni 0.00 33.00 21.00 
S 36.47 35.00 35.00 
XFe 1.00 0.49 0.68 

 974 

 CSL1 is a carbonated silicate melt composition from Dasgupta et al. (2013), whereas CSL2 975 

is a more CO2-rich melt from Sun and Dasgupta (2019). Both CSL1 and CSL2 were mixed 976 

with FeS, Fe0.5S, and Fe0.7S, in 9:1 mass ratio to produce the six starting compositions 977 

CSL1FeS, CSL1Fe0.5S, CSL1Fe0.7S, CSL2FeS, CSL2Fe0.5S and CSL2Fe0.7S.  978 



Table 2: Experimental conditions and obtained phase assemblages 979 

Run No. Starting Mix P (GPa) T ( °C) t (h)b fO2 (ΔFMQ)c phase assemblagea 
G558 CSL1FeS 2.5 1350 22 -1.91 gt+cpx+qm+sb 
G556 CSL1FeS 2.5 1400 24 -2.26 ol+qm+sb 
G553 CSL1FeS 2.5 1450 22.5 -2.33 ol+qm+sb 
G555 CSL1FeS 2.5 1500 23 -2.38 qm+sb 
G559 CSL1FeS 3 1350 24 -2.12 ol+cpx+gt+qm+sb 
G557 CSL1FeS 3 1400 23 -2.17 ol+cpx+gt+qm+sb 
G544 CSL1FeS 3 1450 24 -2.29 ol+cpx+opx+gt+qm+sb 

G631a* CSL1FeS 3 1500 24 -2.15 ol+cpx+opx+qm+sb 
G548 CSL1FeS 3 1500 23 -2.36 ol+cpx+opx+qm+sb 
G551 CSL1FeS 3 1550 22.5 -2.14 ol+qm+sb 
G552 CSL1FeS 3 1600 24 -2.49 qm+sb 

B476a* CSL1FeS 3 1600 4 -2.06 qm+sb 
G543 CSL1FeS 3 1650 3 -2.64 qm+sb 

MA220 CSL1FeS 4 1450 24 -2.71 ol+cpx+opx+gt+qm+sb 
MA223 CSL1FeS 5 1450 24 -2.65 ol+cpx+opx+gt+qm+sb 
G561c CSL2FeS 3 1400 24 -2.02 qm+sb 
G562c CSL2FeS 3 1500 23.5 -2.11 qm+sb 

G631b* CSL2FeS 3 1500 24 -2.38 qm+sb 
B476b* CSL2FeS 3 1600 4 -2.05 qm+sb 
G566c CSL2FeS 3 1650 2.5 -2.30 qm+sb 
MA230 CSL2FeS 4 1650 3 -2.56 qm+sb 
MA231 CSL2FeS 5 1650 2.5 -2.78 qm+sb 
MA228b CSL2FeS 6 1650 2.5 -2.80 qm+sb 
G561a CSL1Fe0.5S 3 1400 24 -2.16 qm+sb 
G562b CSL1Fe0.5S 3 1500 25 -2.17 qm+sb 
G566a CSL1Fe0.5S 3 1650 1.5 -2.57 qm+sb 

MA228a CSL1Fe0.5S 6 1450 23 -3.05 qm+sb 
G561b CSL2Fe0.5S 3 1400 23 -1.99 qm+sb 
G562a CSL2Fe0.5S 3 1500 23.5 -2.11 qm+sb 
G566b CSL2Fe0.5S 3 1650 2.5 -2.31 qm+sb 

MA228c CSL2Fe0.5S 6 1450 24 -2.67 qm+sb 
G587a CSL1Fe0.7S 3 1650 3 -2.67 qm+sb 
G587b CSL2Fe0.7S 3 1650 3 -2.33 qm+sb 

 980 

aol: olivine; cpx: clinopyroxene; opx: orthopyroxene; gt: garnet; qm: quenched carbonated melt; 981 

sb: sulfide melt blob 982 



b The experiments were held at 800 °C for 2-4 hours before reaching the target temperature in order 983 

to reduce the porosity of the graphite capsules and prevent leakage of silicate and sulfide 984 

melts. 985 

c Calculated using Stagno and Frost (2010). 986 

* Experiments that were used to test the SCSS parameterization but not included to develop the 987 

calibration. 988 

The experiments are grouped by starting mix used and for a given starting mix, the experiments 989 

arranged in the order of increasing pressure and temperature. 990 

  991 



Table 3: Major element composition of experimental quenched melts (in wt.%). 992 

n SiO2 TiO2 Al2O3 FeO* MnO MgO CaO K2O Na2O S totala CO2b 
Pure FeS bearing experiments 

G558 32 23.97 2.04 3.65 12.98 0.78 20.61 33.65 0.85 1.21 0.26 100.00 32.97 
1σ 1.02 0.20 0.28 0.66 0.04 0.67 0.73 0.03 0.17 0.03 
G556 40 31.72 1.07 7.54 11.93 0.64 19.67 24.97 0.05 2.03 0.38 100.00 15.74 
1σ 1.16 0.10 0.44 0.67 0.04 0.50 0.72 0.02 0.18 0.02 
G553 30 34.75 1.13 7.87 11.80 0.68 19.14 22.87 0.09 1.33 0.34 100.00 15.11 
1σ 2.53 0.16 0.74 1.23 0.06 0.78 1.29 0.03 0.29 0.05 
G555 25 33.05 1.65 5.14 12.06 0.55 22.37 23.65 0.11 0.95 0.47 100.00 15.21 
1σ 0.91 0.10 0.32 0.38 0.04 0.51 0.61 0.02 0.16 0.07 
G559 29 25.77 2.41 3.60 12.87 0.71 22.31 30.41 0.21 1.40 0.31 100.00 25.71 
1σ 1.72 0.20 0.31 1.22 0.05 1.17 0.92 0.03 0.34 0.07 
G557 40 29.77 1.31 4.78 13.45 0.87 19.24 26.54 0.22 3.41 0.41 100.00 24.98 
1σ 3.17 0.44 0.46 1.84 0.07 0.97 1.60 0.12 1.91 0.06 
G544 22 28.41 1.71 4.71 11.94 0.61 23.17 28.30 0.07 0.77 0.31 100.00 21.44 
1σ 1.79 0.29 0.62 1.35 0.05 1.21 1.19 0.03 0.26 0.08 
G631a* 28 32.14 1.87 2.66 10.25 0.54 25.64 25.24 0.04 1.34 0.28 100.00 22.14 
1σ 1.88 0.47 0.88 1.14 0.03 1.06 0.97 0.01 0.21 0.04 
G548 39 29.86 1.96 3.28 13.11 0.44 23.67 26.44 0.11 0.91 0.22 100.00 20.43 
1σ 2.30 0.27 0.51 1.16 0.04 0.91 1.24 0.05 0.28 0.08 
G551 33 32.76 1.11 6.84 11.31 0.34 21.47 24.67 0.07 1.07 0.36 100.00 38.11 
1σ 0.56 0.08 0.22 0.33 0.03 0.49 0.76 0.02 0.13 0.06 
G552 21 32.06 1.49 6.21 10.47 0.64 20.68 26.97 0.06 0.95 0.47 100.00 17.88 
1σ 1.03 0.07 0.24 0.65 0.03 1.84 0.00 0.00 0.33 0.08 
B476a* 25 28.44 1.87 3.59 9.68 0.74 26.62 27.14 0.07 1.54 0.31 100.00 20.38 
1σ 1.43 0.26 0.71 0.92 0.06 1.24 1.05 0.01 0.37 0.06 
G543 27 39.38 2.09 3.67 9.82 0.31 17.92 25.16 0.07 1.14 0.44 100.00 13.68 
1σ 1.02 0.20 0.28 0.66 0.04 0.67 0.73 0.03 0.17 0.06 
MA220 19 37.51 1.59 6.31 11.87 0.68 22.41 18.24 0.07 0.98 0.34 100.00 11.89 
1σ 2.83 0.10 0.50 0.58 0.05 0.32 0.83 0.03 0.17 0.02 
MA223 33 30.14 2.05 3.61 12.41 0.61 23.11 25.64 0.17 1.92 0.34 100.00 21.87 
1σ 0.17 0.07 0.08 0.38 0.04 0.22 0.23 0.05 0.07 0.02 
G561c 31 14.12 0.88 1.67 9.54 0.71 29.44 39.87 0.61 2.94 0.22 100.00 37.98 
1σ 1.46 0.29 0.62 1.35 0.05 1.21 1.19 0.03 0.26 0.02 
G562c 18 9.34 1.31 1.44 11.41 0.99 30.74 39.88 0.66 4.02 0.21 100.00 38.77 
1σ 1.68 0.25 0.12 1.07 0.07 0.89 2.16 0.11 1.07 0.04 
G631b* 31 15.27 1.14 1.18 11.22 0.87 31.44 34.21 0.57 3.88 0.22 100.00 34.77 
1σ 0.84 0.21 0.39 0.85 0.06 1.38 1.14 0.11 0.47 0.08 
B476b* 25 17.22 1.47 1.66 10.44 0.68 32.17 31.68 0.38 4.10 0.20 100.00 33.68 
1σ 1.17 0.47 0.25 0.97 0.08 1.47 1.31 0.04 0.82 0.07 
G566c 24 18.11 1.06 0.77 11.49 0.74 35.27 28.39 0.44 3.40 0.33 100.00 32.77 



1σ 1.75 0.25 0.11 0.70 0.03 2.54 1.96 0.13 0.76 0.04 
MA230 28 18.81 0.44 0.55 11.17 0.61 39.55 24.51 0.77 3.25 0.34 100.00 26.37 
1σ 2.04 0.10 0.07 0.55 0.05 2.01 1.71 0.04 0.52 0.08 
MA231 15 19.66 0.47 0.78 11.87 0.74 38.15 24.12 0.82 3.06 0.33 100.00 23.17 
1σ 1.38 0.09 0.07 0.69 0.04 2.82 2.59 0.08 0.32 0.06 
MA228b 24 16.24 1.47 0.99 13.17 0.87 31.47 32.24 0.38 2.87 0.30 100.00 32.17 
1σ 1.30 0.34 0.21 0.63 0.04 1.08 0.85 0.06 0.51 0.03 
(Fe-Ni) S bearing experiments 

G561a 31 23.57 1.84 3.55 11.42 0.71 23.95 33.54 0.27 1.00 0.15 100.00 26.49 
1σ 4.20 0.20 0.89 0.82 0.08 1.17 1.08 0.05 0.73 0.04 
G562b 21 32.49 1.44 4.17 12.44 0.58 16.77 30.80 0.05 1.04 0.22 100.00 31.44 
1σ 0.13 0.06 0.07 0.29 0.04 0.27 0.20 0.02 0.03 0.05 
G566a 37 34.88 1.44 6.74 9.14 0.48 23.87 22.04 0.09 1.10 0.22 100.00 16.07 
1σ 0.89 0.09 0.20 0.23 0.04 0.38 0.30 0.02 0.23 0.08 
MA228a 27 39.16 1.14 4.67 10.47 0.32 22.14 20.74 0.03 1.21 0.12 100.00 12.98 
1σ 1.86 0.12 1.97 1.00 0.07 0.81 2.14 0.01 0.34 0.04 
G561b 25 7.66 1.19 0.55 8.26 0.73 27.39 48.97 0.51 4.59 0.15 100.00 40.80 
1σ 0.62 0.33 0.11 0.98 0.05 0.81 2.09 0.10 0.95 0.02 
G562a 33 11.07 1.44 0.94 11.28 0.74 30.74 39.14 0.61 3.91 0.13 100.00 38.14 
1σ 1.82 0.30 0.14 1.37 0.06 1.55 2.64 0.12 0.97 0.04 
G566b 29 21.03 0.74 0.59 10.35 0.71 36.93 25.17 0.54 3.81 0.13 100.00 31.98 
1σ 1.41 0.16 0.18 0.33 0.03 2.33 1.70 0.06 0.65 0.02 
MA228c 19 15.78 0.92 1.44 10.62 0.74 36.87 29.54 0.14 3.83 0.12 100.00 34.76 
1σ 1.87 0.23 0.24 0.42 0.05 1.28 0.91 0.02 0.53 0.04 
G587a 28 33.81 1.14 6.74 14.97 0.46 21.09 20.21 0.09 1.18 0.31 100.00 12.44 
1σ 1.23 0.12 0.17 0.33 0.02 1.99 1.43 0.05 0.45 0.02 
G587b 31 18.06 0.44 0.96 16.85 0.44 33.12 27.66 0.24 2.05 0.18 100.00 30.28 
1σ 1.00 0.04 0.13 1.22 0.03 2.09 1.45 0.08 0.59 0.03 

993 

a Total is recalculated on a volatile free basis. 994 

b CO2 content based on deficit of analytical sum from 100 wt.%. 995 

n is the number of EPMA spot analyses averaged to obtain the average compositions and 1s uncertainties for each experimental quenched melt. 996 

FeO* indicates that all Fe was analyzed as FeO. 997 

* Experiments that were used to test the SCSS parameterization998 



Table 4: Coefficients of regression for SCSS parametrization 999 

Parameters Coefficients 1 s 
E 54655.00 707.12 
B 10.33 0.07 
C -242.89 1.34 

ASi -63648.33 36.67 
ATi -51370.51 59.34 
AAl -64199.98 81.32 
AMg -56795.32 82.02 
ACa -54628.18 87.68 
AFe -34244.92 78.78 
ANa -41264.20 15.66 
AK -95982.23 66.35 
AH -59751.73 78.49 

ASi-Fe 1.13 0.02 
D 1.26 0.03 
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