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Abstract 

Fe-Ni-S-C phases are accessory phases in the Earth’s mantle, but carry important 

geochemical and geophysical implications. According to their chemical behavior, Fe-Ni-

S-C phases preferentially store siderophile and chalcophile elements (and potentially 

noble gases). Physically, Fe-Ni-S-C phases have distinctly higher densities, surface 

tensions, and electrical conductivities, and lower melting points than mantle silicates. 

Understanding the geochemical and geophysical impacts caused by Fe-Ni-S-C phases 

requires accurate quantification of the basic properties of Fe-Ni-S-C phases under mantle 

conditions. This PhD thesis uses both high-pressure experiments and thermodynamic 

calculations to constrain the melting temperatures and compositions of Fe-Ni-S-C phases 

in the Earth’s upper mantle mantle, and their potential for deep carbon storage. This study 

suggests that monosulfides in the upper mantle are mostly molten, even in significant 

portions of cratonic roots under continental geotherms. Incorporation of carbon depresses 

the monosulfide solidus by 50-100˚C. Experiments and calculations of reactions between 

Fe-Ni-S melts and silicates at mantle conditions suggest that Fe-Ni-S melts are Ni-rich 

(Ni/(Ni+Fe)~0.6) monosulfides ((Fe+Ni)/S~1 or Xs~0.5) under oxidized (FMQ -2 to 

FMQ) conditions at 2 GPa.  With increasing depth in the mantle (thus decreasing fO2), 

Fe-Ni-S melts become increasingly Ni- and S-poor, characterized by Ni/(Ni+Fe)~0.4, 

(Fe+Ni)/S~3, and Xs~0。4 at 8 GPa, and Ni/(Ni+Fe)~0.2, Xs~0.05 and (Fe+Ni)/S~10 at 

12 GPa. Carbon solubility in Fe-Ni-S melts determined by high-pressure experiments 

suggests that carbon solubility decreases exponentially with increasing Xs. Based on 

mantle Fe-Ni-S melt compositions, C-S relations in carbon-saturated melts, and the 

typical mantle P-T-fO2 profile and sulfur abundance (200 ppm), it is suggested that 

significant amounts (40-100%) of deep carbon could potentially be stored in Fe-Ni-S 

melts in the Earth’s reduced deep upper mantle. 
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Chapter 1  

Introduction 

Fe-Ni-S-C phases in the Earth’s mantle are important geochemical and geophysical 

agents in the Earth’s interior. Sulfide minerals and melts are the chief carriers of 

siderophile and chalcophile elements in the upper mantle (Pearson et al. 2003) and 

mobilization of sulfide melts may produce fractionated chalcophile and platinum group 

element (PGE) patterns (Alard et al. 2000 2002; Ballhaus et al. 2006; Bockrath et al. 

2004; Delpech et al. 2012; Hart and Gaetani 2006; Li and Audétat 2012; Powell and 

O’Reilly 2007). Furthermore, sulfides are key hosts of Os, Pb, and potentially He, and 

therefore play an important role in the evolution of important isotopic systems (Hart and 

Gaetani 2006; Huang et al. 2014; Pearson et al. 2002; Roy-Barman et al. 1998). 

Consequently, sulfides are widely used as targets for Re-Os and Pb-Pb geochronologic 

studies (Pearson et al. 1998 2003), but appropriate interpretation of the resulting ages 

depends on sulfide parageneses. Sulfide melts are also potentially responsible for mantle 

geophysical anomalies, as sulfides have higher densities, surface tensions, and electrical 

conductivities, and lower melting points than silicates (Bockrath et al. 2004; Helffrich et 

al. 2011; Mungall and Su 2005). For example, it has been speculated that sulfide melts 

are responsible for seismic anomalies at 100 km depth in continental cratons (Helffrich 

et al. 2011), and are the cause of Large Low Shear Velocity Provinces (Zhang et al. 2016) 

and Ultra Low Velocity Zones (Liu et al. 2016). 

Driven by these geochemical and geophysical observations and hypotheses, this 

thesis presents experiments and thermodynamic calculations that constrain the melting 

relations of monosulfides, the composition of Fe-Ni-S melts in the Earth’s upper mantle, 

and their potential for carbon storage. High-pressure experiments were performed on 

piston cylinder and multi-anvil apparatuses in the Experimental Petrology Laboratory at 

the University of Minnesota. Major and minor element analyses were determined by 

electron microprobe at the University of Minnesota. 

The following paragraphs outline the contents of Chapters 2-6. Chapters 2 and 3 

focus on the monosulfide solidus, and depression of the solidus through incorporation of 

carbon. Chapters 4 and 5 provide constraints on the Ni/Fe and (Ni+Fe)/S compositions, 
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respectively, of Fe-Ni-S melts in the mantle. Finally, Chapter 6 presents the carbon 

storage potential of upper mantle Fe-Ni-S melts. 

 High-pressure experiments (up to 8 GPa) presented in Chapter 2 constrain the 

solidus and liquidus of a typical upper mantle sulfide composition, Fe0.69Ni0.23Cu0.01S1.00. 

The solidus and liquidus of this monosulfide are bracketed and parameterized according 

to a relation similar to the Simon-Glatzel equation, yielding, respectively, T(˚C) = 

1015.1[P(GPa)/1.88+1]0.206 and T(˚C) = 1067.3[P(GPa)/1.19+1]0.149 (1≤P≤8). The solidus 

fit is accurate within 15˚C at 1–3.5 GPa, and within 30˚C at 3.5–8.0 GPa. The solidus 

of the material examined is cooler than the geotherm for the convecting mantle, but hotter 

than typical continental geotherms, suggesting that sulfides are molten or partially molten 

through much of the convecting upper mantle, but potentially solid in the continental 

mantle. However, the material examined is one of the more refractory among the 

spectrum of natural mantle sulfide compositions. Considering that the solidus is 

depressed by O and C (constrained later in Chapter 3), this refractory composition 

indicates that the experimentally-derived melting curves are upper bounds on sulfide 

melting in the Earth’s upper mantle. Regions where sulfides are molten are likely to be 

extensive in the convecting upper mantle and potentially in the deeper parts of the 

oceanic and continental lithosphere, including common source regions of many diamonds. 

 The effect of carbon on the mantle monosulfide solidus is presented in Chapter 3 

through investigation of the solidus of the same monosulfide composition 

(Fe0.69Ni0.23Cu0.01S1.00; Chapter 2) in carbon-saturated conditions. The solidus 

temperature is ~80±25˚C below that in carbon-free conditions, with the carbon-saturated 

solidus described by the Simon-Glatzel equation (Simon et al., 1929) as 

T(˚C)=969.0[P(GPa)/5.92+1]0.39 (1≤P≤8). A series of comparison experiments using 

different capsule configurations and preparations document that the observed solidus 

depression is due to graphite saturation and not an artifact of the capsule material or 

hydrogen contamination. Carbon concentrations in quenched graphite-saturated 

monosulfide melt measured by electron microprobe are 0.1-0.3 wt.% in monosulfide melt 

and near the detection limit (<0.2 wt.%) in crystalline monosulfide solid solution (mss). 

Although only a small amount of carbon dissolves into monosulfide 

(Fe0.69Ni0.23Cu0.01S1.00) melts, the carbon-saturated solidus is sufficiently depressed to 
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intersect continental mantle geotherms inferred from diamond inclusion geobarometry at 

6-7 GPa (~200 km), whereas the carbon-free monosulfide solidus does not. The 

composition investigated (Fe0.69Ni0.23Cu0.01S1.00) has a comparatively low metal/sulfur 

(M/S) ratio and low Ni/(Fe+Ni), but sulfides with higher M/S and Ni/(Fe+Ni) should 

melt at lower temperatures and have a broader melt stability field in the diamond 

formation environment and the continental lithosphere. 

 The Ni/Fe composition of sulfide in the Earth’s upper mantle is constrained in 

Chapter 4 via sulfide melt-olivine reaction experiments at 2 GPa, and 1200 and 1400˚C, 

with sulfide melt Ni/(Ni+Fe) ranging from 0-1. Ni secondary fluorescence effects in 

olivine are corrected using PENELOPE software, “zero time” experiments, and 

measurements before and after dissolution of sulfides. Fe-Ni distribution coefficients, KD, 

calculated from sulfide-olivine pair compositions suggest that KD values increase with the 

nickel content of the sulfide melt. At more reduced conditions (FMQ -4 to -2), KD values 

are systematically lower than under less reduced or oxidized conditions (FMQ-2 to FMQ), 

likely due to the non-ideal mixing of Fe- and Ni-sulfide species, and/or FeO species (at 

oxidized conditions) and metal species (at reduced conditions). The redox conditions 

affecting sulfide-olivine pairs are reflected in the mass flux of FeO and NiO as revealed 

by olivine diffusion profiles; FeO diffuses from oxygen-rich sulfide to olivine and from 

olivine to oxygen-poor sulfide, whereas NiO diffuses from Ni-rich sulfide to olivine and 

from olivine to Ni-poor sulfide. Application of these experimental results to mantle 

sulfides suggests that sulfide melts are Ni-rich (Ni/(Ni+Fe)~0.6) in the carbonate stability 

field (50-80 km depth), evolving to Fe-rich (Ni/(Ni+Fe)~0.3) in the graphite/diamond 

stability field (120-180 km depth). 

 The (Fe+Ni)/S compositions of mantle Fe-Ni-S melts are calculated in Chapter 5 

according to their interaction with mantle silicates. For Fe-Ni-S melts, S has ppb level 

solubility in silicate minerals and therefore predominantly resides in Fe-Ni-S melts. Thus, 

(Fe+Ni)/S depends on the (Fe+Ni) that resides in the Fe-Ni-S melts, which is constrained 

by the reactions
 2 4 2 2

  (olivine) (Fe-Ni-S melt) (qz/co/stv)

 =   2         

     

Fe SiO Fe SiO O
and  

 2 4 2 2

  (olivine) (Fe-Ni-S melt) (qz/co/stv)

 =   2         

     

Ni SiO Ni SiO O
.  



 
 

4 
 

The (Fe+Ni)/S of mantle sulfides along two mantle P-T-fO2 trajectories were calculated 

in two main steps. First, an estimate Fe-Ni-S liquid composition was chosen, and the 

activities of Fe and Ni species in the Fe-Ni-S melt (aFe
melt and aNi

melt) were calculated using 

the relationship of Hseih et al. (1987). Second, using the same sulfide liquid composition, 

olivine-sulfide melt mass balance dictates the corresponding olivine compositions 

(XFe2SiO4

olivine  and XNi2SiO4

olivine ), assuming typical upper mantle average composition. Using those 

olivine compositions, calculation of the Gibbs free energy of the reaction provides a 

second set of activities for Fe and Ni species in the sulfide melt. If aFe
melt and aNi

melt from the 

two independent calculations were in agreement, the estimate Fe-Ni-S liquid composition 

was chosen as a viable mantle sulfide composition. Our calculations provide Fe-Ni-S 

liquid compositions of Xs~0.5 at 2GPa, Xs~0.4 at 8GPa, and Xs~0.05 at 12 GPa. The 

decreasing fO2 of the mantle with increasing depth pushes the reactions 

 2 4 2 2

  (olivine) (Fe-Ni-S melt) (qz/co/stv)

 =   2         

     

Fe SiO Fe SiO O
 and 

 2 4 2 2

  (olivine) (Fe-Ni-S melt) (qz/co/stv)

 =   2         

     

Ni SiO Ni SiO O
to the right, driving 

(Fe+Ni)/S up and Xs down with increasing depth. 

 Chapter 6 presents the carbon solubility of Fe-Ni-S melts determined by high-

pressure experiments. Electron microprobe wave dispersive spectroscopy (WDS) analysis 

achieves the highest peak/background (~22) on carbide standards at approximately 9-12 

kV and 80 nA, using a multilayer crystal (LDE2 with 2d = 9.7nm). Repeat analyses of 

carbon blank standards during analytical sessions revealed persistent hydrocarbon 

contaminations of 0.47±0.08 wt.% (n=352, 1 s.d.) on the pure Fe standard and 0.24±0.07 

wt.% (n=248, 1 s.d.) on the FeS2 standard, probably due to their different thermal 

conductivities. Using optimal beam conditions and carbon blank subtraction, carbon 

solubility was analyzed in Fe-Ni-S melts with various Ni/Fe and (Fe+Ni)/S from 

experiments at 2-7 GPa and 1200-1600˚C. (Fe+Ni)/S is a first order control on the carbon 

solubility of Fe-Ni-S melts, and is positively correlated with carbon solubility: carbon 

solubility is 3-4 wt.% at Xs=0.1 and decreases dramatically to << 1 wt.% at Xs>0.4. 

Substitution of Ni for Fe (increasing Ni content) is negatively correlated with carbon 

solubility and bridges the miscibility gap between sulfur-rich and carbon-rich phases. 

Carbon solubility is slightly increased at higher temperatures. Pressure has little effect on 
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carbon solubility, but closes the miscibility gap of the two melts. Calculation combining 

the (Fe+Ni)/S and Ni/Fe of mantle Fe-Ni-S melts suggests that, at upper mantle 

conditions, C saturated Fe-Ni-S melts have C/S (by weight) of 0.003-0.01 at 3 GPa, 0.05-

0.1 at 8 GPa and 1.2-2.1 at 12 GPa. This is principally controlled by the decreasing fO2 of 

the mantle with increasing depth, and C solubility in Fe-Ni-S melts increases 

exponentially once (Fe+Ni)/S exceeds 2. Therefore, given the typical mantle S abundance 

of 200 ppm, significant amounts of deep carbon could potentially be stored in Fe-Ni-S 

melts in the reducing conditions of the Earth’s deep upper mantle. 
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Chapter 2  

Experimental constraints on mantle sulfide melting up to 8 GPa  

2.1 Introduction 

Molten sulfides are important geochemical and geophysical agents in Earth’s 

interior. Sulfide mineral and melt are the chief carriers of siderophile and chalcophile 

elements in the upper mantle (Pearson et al. 2003) and mobilization of sulfide melts may 

produce fractionated chalcophile and platinum group element (PGE) patterns (Alard et al. 

2000 2002; Ballhaus et al. 2006; Bockrath et al. 2004; Delpech et al. 2012; Hart and 

Gaetani 2006; Li and Audétat 2012; Powell and O’Reilly 2007). Furthermore, sulfides 

are key hosts of Os, Pb, and potentially He and therefore play an important role in 

evolution of important isotopic systems (Hart and Gaetani 2006; Huang et al. 2014; 

Pearson et al. 2002; Roy-Barman et al. 1998). Consequently, they are widely used targets 

for Re-Os and Pb-Pb geochronologic studies (Pearson et al. 1998 2003) but interpretation 

of resulting ages depends on sulfide parageneses. Sulfide melts are also potentially 

responsible for mantle geophysical anomalies, as their physical properties differ greatly 

from those of silicates. These include higher density, surface tension, electrical 

conductivity and lower melting points (Bockrath et al. 2004; Helffrich et al. 2011; 

Mungall and Su 2005). For example, it has been speculated that sulfide melts are 

responsible for seismic anomalies at 100 km in continental cratons (Helffrich et al. 

2011). 

A key feature of natural sulfide is that it may be molten in large parts of the mantle 

(e.g., Bockrath et al. 2004; Hart and Gaetani 2006) and so constraining its geochemical 

and geophysical role requires defining the conditions of sulfide melt stability. Although 

detailed one atmosphere studies have explored the Fe-Ni-S phase diagrams at 900 ˚C-

1350 ˚C (e.g., Hsieh et al. 1987; Waldner and Pelton 2004 and references therein), the 

majority of high pressures studies on sulfide melting to date have been performed on 

simple stoichiometric or eutectic compositions (Boehler 1992 1996; Ryzhenko and 

Kennedy 1973; Sharp 1969; Usselman 1975). Many of these have focused on the 

influence of sulfide on core formation, and so have examined relations in metal-rich 

compositions, including studies to very high pressures (Boehler 1992; Fei et al. 1997; 



 
 

7 
 

Morard et al. 2011; Stewart et al. 2007). But fewer studies have considered melting 

relations of compositions appropriate for the modern upper mantle, and these have been 

limited to relatively low (3.5 GPa) pressures (Ballhaus et al. 2006; Bockrath et al. 

2004). 

Comparison of experimental studies of stoichiometric sulfides to those conducted in 

metal-rich sulfide-metal eutectics shows that melting temperatures are strongly variable 

depending on metal/sulfide ratios (Fig. 2.1). Further, substitution of Ni and Cu for Fe also 

influences melting temperatures (Hsieh et al. 1987; Urakawa et al. 1987). Consequently, 

understanding melting of upper mantle sulfides requires perspective on the range of 

compositions likely to be present. Compositions of natural mantle sulfides are quite 

variable, in part owing to their tendency to exsolve on cooling (Pearson and Wittig 2014; 

Richardson et al. 2001). The most reliable records derive from reintegrated compositions 

from inclusions in olivine or diamond, studies of which (Aulbach et al. 2009; Westerlund 

et al. 2006) indicate that most upper mantle sulfides have compositions close to 

monosulfide stoichiometry with metal/sulfide (M/S) ratios typically between 0.9–1.2 

(Fig. 2.2). 

Previous experimental constraints on the high pressure melting of monosulfide 

similar to natural mantle composition derive chiefly from the studies of Bockrath et al. 

(2004) and Ballhaus et al. (2006). Bockrath et al. (2004) documented the melting interval 

of a bulk composition ① with an M/S ratio of 0.93, which is at the low end of the range 

present in natural mantle compositions (Fig. 2.2a; Table 2.1). Ballhaus et al. (2006) 

reported further compositional details about the phases produced by melting at ① and 

extended this work to include two more metal-rich compositions, ② with M/S of 1.06 

and ③ with M/S of 1.11. All three compositions had Ni contents (15.5 wt%) appropriate 

for mantle sulfides as calculated Fe-Ni exchange equilibrium with mantle olivine, and 

small amounts of Cu. The solidus of the low M/S ① is near 1075 C at 0.1 MPa and 

1275 C near 3 GPa, placing it below the convecting mantle adiabat (Katsura et al. 2010), 

above typical continental geotherms (Pollack and Chapman 1977), and similar to 

temperatures for intermediate-age oceanic lithosphere (Turcotte and Schubert 2002). 

More metal rich compositions ② and ③ have markedly lower solidi: that of ② is 75–
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100 C lower than for ①. The solidus of ③ appears to be as low as 800 C and with 

very little pressure dependence, perhaps because its composition falls outside of the field 

for mss (Fig. 2b). It likely has more than one phase below the solidus and so its melting 

behavior is similar to that at the Fe-FeS or (Fe,Ni)S-(Fe,Ni)O eutectics (Fig. 1). 

Together, these data indicate that mantle sulfide is partially molten in the hotter parts 

of the upper mantle, but significant questions remain. The experiments on natural 

monosulfide (mss) compositions extend only to 3.5 GPa and so do not pertain to the 

deeper parts of continental lithosphere or the oceanic low velocity zone. Also, constraints 

on the liquidus are absent for ② and ③ and produce curious results for ①, indicating a 

concave upward trend that is contrary to expected melting behavior (e.g., Hart and 

Gaetani 2006). Here we present partial melting experiments on a bulk composition 

similar to ① up to 8 GPa. Our purpose is to verify the solidus and liquidus determined 

by Bockrath et al. (2004), and to determine the phase relations of this relatively refractory 

composition to higher pressure. An additional motivation is to refine pressure and 

temperature calibrations in the piston cylinder and multi-anvil devices, to enhance the 

reliability of the sulfide melting results. 

 

2.2 Experimental methods 

Starting materials and preparation of sample capsules 

Experimental starting materials were prepared by mixing Alfa-Aesar reagents 

including Fe (99.9% powder), FeS2 (99.9% powder), Ni (99.8% powder), and Cu (99.9% 

powder). The mixture was homogenized by grinding under ethanol in an agate mortar for 

1 h. After mixing, samples were dried at 110 C in a vacuum oven for 5 min. 

Subsequently, starting mixes were stored in a sealed glass container in a sealed glass 

desiccator to avoid oxidation. Subsequent electron microprobe analysis of post-

experiment samples indicate <0.6 wt% oxygen, suggesting minimal oxidation of the 

starting material. 

Starting mixtures were loaded into silica glass capsules, which consisted of a tube 

closed with a cap on both ends. For piston cylinder experiments, tubes were 2 mm long 
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with inner and outer diameters of 2 and 3 mm and the caps were each 1 mm long. For 

multi-anvil experiments, the tubes were 1 mm long, with inner and outer diameters of 1 

and 2 mm, and caps were 1 mm long. 

High-pressure experiments 

Experiments were performed using an end-loaded piston cylinder (PC) device and a 

1000 ton Walker-style multi-anvil (MA) apparatus using procedures described in detail 

by Xirouchakis et al. (2001) and Dasgupta et al. (2004). The PC experiments were 

conducted in 1.27 cm diameter pressure vessels from 0.8–3.3 GPa using a hot piston in 

technique, with hydraulic pressure maintained constant during the run period and with 

temperature controlled by a type B (Pt70Rh30/Pt94Rh6) thermocouple located 1 mm above 

the top of the capsule. Assemblies consisted of BaCO3 cells with MgO spacers and a 

graphite heater. MgO assemblies were dried at 1000 C for 8–15 h and stored in a drying 

oven at 110 ˚C. The MA experiments were conducted at 2.7–8.0 GPa using 18/12 

OEL/TEL assemblies, including cast MgO-Al2O3-SiO2-Cr2O3 octahedra and integrated 

gasket fins. Straight-walled graphite furnaces and type C (W74Re26/W95Re5) 

thermocouples were used for all MA experiments and are located 1 mm from the sulfide 

charges. Samples were compressed to target pressures, dwelling for 5 h to allow 

assembly stabilization and then heated to the target temperature. Both PC and MA 

experiments were quenched by power termination. Individual experimental run 

conditions are detailed in Table 2.2. 

Pressure and temperature calibration experiments 

To ensure that experimental temperatures and pressures were accurate for the 

conditions of the sulfide melting experiments, we conducted several new calibrations to 

refine previous documentation of PC and MA performance in the UMN experimental 

petrology laboratory by Xirouchakis et al. (2001), Dasgupta et al. (2004), Withers et al. 

(2011) and Tenner et al. (2012). Pressure calibrations were conducted against the quartz-

coesite transition (Bohlen and Boettcher 1982; Bose and Ganguly 1995). Temperature 

calibration was conducted against the melting temperature of Au (Mirwald and Kennedy 

1979). 
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For quartz-coesite experiments in the PC device, a homogeneous mixture of the two 

phases (50:50) was sealed in Pt capsules. The quartz was taken from a crushed natural 

gem-quality crystal. The coesite was presynthesized from Corning silica glass in a 

graphite capsule at 900 ˚C and 4 GPa, based on previous syntheses conducted by Luo et 

al. 2002, and verified by XRD. Each experiment lasted 2 to 12 h at the target temperature 

and pressure and then the Pt capsule was cut and the portion of the post-run product that 

had been closest to the thermocouple was collected for XRD analysis. Because reaction 

was not always complete, the intensities of the XRD peaks of experimental samples were 

compared to those of the starting mixture. In the MA apparatus, the silica glass capsule 

sample lids from sulfide melting experiments were examined post-experiment. The top 

lid of the silica capsule was recovered and analyzed by Raman Spectroscopy and ground 

to a powder for XRD. 

For the Au melting experiments, a 2 mm diameter and 2 mm length hole was drilled 

into the MgO spacers in the same geometry as the capsule would residue during a normal 

experiment, and the hole was filled with NaCl powder into which an Au wire was placed. 

The sample was heated to 30 ˚C below the target temperature and held for 2 h to ensure 

pressure stabilization. After that, temperature increased by 10 ˚C/min to the target 

temperature. The experiment was held at the target temperature and pressure for 6 min 

and was then quenched to room temperature. The post-run sample was placed in a beaker 

filled with water, thereby dissolving the NaCl. Au spheroids indicated melting whereas 

relict wires remained in subsolidus melting experiments (Fig. 2.3). 

Analytical methods 

Following sulfide melting experiments, the assembly was gradually decompressed to 

minimize sample fracturing and the recovered capsules were mounted in epoxy and 

ground to expose the medial section of the charges. Owing to the low hardness of sulfide, 

the sample was impregnated with epoxy prior to grinding. Polishing was conducted with 

diamond polishing pads, starting from 9.0-micrometer grit down to 0.5-micrometer. Run 

products and standards were carbon coated and analyzed using a JEOL JXA8900R 

electron microprobe by WDS analyses with an accelerating voltage of 15 kV and a probe 

current of 20 nA. Counting times were 20 s on peak centroid and 10 s on each 
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background for all elements. Oxygen was measured using a multilayer crystal (LDE2 

with 2d = 9.7 nm). Primary standards used for major elements analysis were pyrite (FeS2) 

for Fe and S, Ni metal for (Ni), chalcocite (Cu2S) for Cu and S, and magnetite (Fe3O4) for 

O. Troilite was used as a secondary standard for Fe and S. Pyrite was used as a blank for 

oxygen. We employed a focused beam on crystalline sulfides and a defocused beam (1–

20 m diameter) on quenched melts. 

 

2.3 Results and Discussion 

Pressure and temperature calibration 

Comparison of the quartz-coesite reaction at 1100 ˚C bracketed by the PC with the 

reaction determined by Bohlen and Boettcher (1982) and Bose and Ganguly (1995) 

suggests a pressure correction of –0.4 GPa (Table 2.3). For the MA, the coesite-quartz 

bracket 1230–1250 ˚C in this study falls between the previously-determined force-

pressure curves determined at low temperature (1000–1200 ˚C, Dasgupta et al. 2004), 

and high temperature (1440–1700 ˚C, unpublished data) (Fig. 2.4a) and suggests a similar 

force-pressure relationship to that from enstatite-pyrope experiments in the same 

assembly at 1300–1400 ˚C (Tenner et al. 2012). Because the high temperature and low 

temperature F-P curves converge at high pressure, the intermediate temperature quartz-

coesite and enstatite-pyrope brackets can be used to construct a force-pressure calibration 

curve valid from 3 to 8 GPa (Fig. 2.4a). 

Comparison of gold melting experiments to the Au fusion curve of Mirwald et al. 

(1975) and Mirwald and Kennedy (1979) indicate that sample temperatures are 10–15 

and 15–20 ˚C hotter than thermocouple readings for the PC and MA assemblies, 

respectively. The former is in good agreement with the 12 ˚C offset determined in the PC 

from multiple thermocouple measurements (Xirouchakis et al. 2001) and the latter is 

similar to that estimated by previous studies in the MA (Dasgupta et al. 2004; Withers 

and Hirschmann 2007; Tenner et al. 2012). All sulfide melting temperatures and 

pressures reported in Table 1 have been adjusted for the pressure and temperature 

calibrations reported here. 
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The pressure calibration determined for the BaCO3 assemblies in the PC at 1100 ˚C 

suggest a friction correction of –12%, which is nearly twice to that determined at 

comparable pressures in the same assembly in the UMN laboratory at 1250 ˚C based on 

the anorthite breakdown reaction (Xirouchakis et al. 2001). The difference is presumably 

owing to greater friction at lower temperature. Previous studies for BaCO3 assemblies at 

comparable pressures have found similar friction corrections (15% Fram and Longhi 

1992; 9% McDade et al. 2002). In contrast to results in the UMN laboratory, McDade et 

al. (2002) found friction in the BaCO3 pressure assembly to be independent of 

temperature from 1000–1600 ˚C. It remains unclear whether differences in calibration are 

owing to subtle differences in assemblies or piston cylinder performance, but comparison 

between different calibrations suggest that interlaboratory pressure accuracies for PC 

experiments are, in best cases, 0.1 GPa. 

Phase relations, solidus, and liquidus determinations 

Phase relations were determined chiefly from textural and compositional 

observations based on optical backscattered electron (BSE) images (Fig. 2.5) and electron 

microprobe analyses (Table 2.2) Combining both textures and compositions, phase 

relations are determined on melt and mss. On the one hand, textures of mss and melt are 

different based on the observation of optical images and backscattered electron (BSE) 

images. Mss in the post-run charge is homogenous granular grains in texture; melt was 

quenched into crystals with a wormlike intergrowth texture. On the other hand, Cu, Ni, 

Fe and S are fractionated between melt and mss if both phases coexist and equilibrate at 

high temperature before quenching, with Cu and Ni being incompatible in the Fe-Ni-Cu-

S monosulfide system (discussion in the next section below). In addition, mss phases are 

homogenous by composition at micron scale while quenched melts are highly 

heterogeneous by composition at micron scale. This is the reason for the employment of a 

focused beam on crystalline sulfides and a defocused beam (1–20 m diameter) on 

quenched melts. From the perspective of polishing, due to the hardness contrast between 

quartz and sulfide, post-run products were polished with prevalent cracks on the surface. 

During polishing, subsolidus aggregates tend to disintegrate whereas superliquidus and 

partially melted experiments do not tend to disintegrate. 
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Exposed charges were unavoidably pervasively cracked during polishing, owing to 

the hardness contrast between sulfide charges and surrounding silica minerals. In some 

cases, this prevented high quality polishes across the entire charge, but sufficient material 

was always exposed to allow textural and compositional analysis. Selected BSE images 

are shown in Figure 5 and electron microprobe analyses are reported in Table 2.2. The 

subsolidus samples consist of a homogeneous single monosulfide (mss) phase with 

granular texture and grain diameters typically 100–300 m (Fig. 5a) with a composition 

that in all cases is within analytical uncertainty of the starting material (Fig. 5a). 

Experiments that underwent partial melting produced two phases (Fig. 5b): a 

homogenous Fe-rich mss phase granular mss crystals typically >100 m and a Ni-Cu rich 

heterogeneous phase material that, following quench, consists of smaller (50 m) grains 

interspersed with darker (on BSE) with wormlike intergrowths between grains textures. 

Crystals and quenched melt are well-segregated by gravity. Electron microprobe analyses 

indicate compositions that are more heterogeneous than subsolidus mss, but the bulk 

compositions are comparable to that of the starting composition (Fig. 5b). Experiments 

inferred to have been superliquidus quench to textures consisting of two sulfide phases in 

a wormlike intergrowth, similar to those produce by partially molten samples with the 

same composition as the starting material within starting powder mixing uncertainty and 

analytical uncertainty (Fig. 5c). Additional textural evidence that aided the interpretation 

of solidus location was the behavior during polishing: subsolidus aggregates tended to 

disintegrate, whereas superliquidus and partially melted experiments were more cohesive. 

Crystalline mss produced in subsolidus experiments are compositionally 

homogeneous within analytical uncertainty and are not distinguishable from the bulk 

composition (Table 2.2). When melt and crystals coexist at high temperature, granular 

sulfides are compositionally homogeneous and enriched in Fe and S and poor in Ni and 

Cu relative to the bulk composition. In comparison, the quenched melt phase is 

heterogeneous on a micron scale, necessitating analysis with an unfocussed electron 

beam. The quenched melt phase is depleted in Fe and S and enriched in Ni and Cu 

relative to the crystalline solids or the bulk composition. In one case (Experiment M794, 

6.9 GPa, 1400 ˚C), quenched melt was observed but coexisting granular crystals were not 

evident. However, sub-liquidus conditions were inferred because the melt composition 
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was enriched in Cu and Ni relative to the bulk composition. Melts interpreted to be 

quenched from superliquidus conditions based on textural features are also 

heterogeneous, but have compositions within analytical uncertainty of the starting 

composition. 

Experimental determinations of the mss solidus and liquidus up to 8 GPa can be fit 

with an empirical relation that minimizes the disagreement between observations and the 

computed curve according to a penalty function as described by Hirschmann (2000), for 

which an objective variable, Y, given by Y = (Ti)
2, is minimized, where Ti is given by 

Ti 
= (Ti-Tmodel)2;   if the assemblage observed at Ti disagrees with Tmodel  

=0;                    if the assemblage observed at Ti agrees with Tmodel 

and Tmodel is the temperature calculated from the solidus or liquidus curve. We examined 

several types of functions to fit to the solidus and liquidus brackets, including polynomial 

and logarithmic forms, and though the differences among these fits are small, ultimately 

chose to employ an equation similar to that proposed by Simon and Glatzel (1929), 

  

T = T
ref

P

a
+1

æ

èç
ö

ø÷

c

 

where T is temperature (˚C) and P is pressure (GPa). For the solidus up to 8 GPa, we 

find Tref = 1015.1 ˚C, a = 1.88, and c = 0.206 (0P8) (Y = 768), and, for the liquidus, 

Tref = 1067.3 ˚C, a = 1.19 and c = 0.149 (Fig. 2.6). 

In this study, the solidus fit T(C) = 1015.1[P(GPa)/1.88+1]0.206, is thought to be 

accurate within 15 ˚C over the pressure interval from 1 to 3.5 GPa and within 30 ˚C 

from 3.5 to 8.0 GPa, owing to different temperature uncertainties in PC and MA devices 

and different P-T densities of experimental brackets (typically 25 ˚C for PC and 50 ˚C for 

MA experiments). The fit from 0.1 MPa to 0.8 GPa might be less accurate because 

brackets constraining solidus at 0.1 MPa were taken from previous studies and the 

present study included no experiments between 0.1 MPa to 0.8 GPa. Therefore, this 

solidus is constrained chiefly to mantle depths of 30 to 250 km. 
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At high pressures, the solidus and liquidus curves tend to converge, producing a 

narrowed melting interval. This may be an artifact of imperfections in the regressed 

curves, with the Simons equation predicting solidus temperatures that are near the high 

limit of the experimental brackets, and the liquidus curve poorly constrained owing to 

few high pressure observations. 

The melting interval for mss can be compared to that determined by Bockrath et al. 

2004 for an apparently identical composition in similar capsules up to 3.5 GPa (Fig. 2.7). 

Solidus temperatures are consistent, but the liquidus found by Bockrath et al. 2004 

extends to much higher temperature, e.g., at 3 GPa Bockrath et al. (2004) observed mss 

coexisting with melt up to 1400 ˚C, but the new results place the liquidus near 1275 ˚C. 

As noted by Hart and Gaetani (2006), the high melting temperatures indicated by 

Bockrath et al.’s experiments suggest a concave upward liquidus slope and, at pressures 

near 3 GPa, liquidus temperatures hotter than the melting of pure Fe1-xS (Ryzhenko and 

Kennedy 1973) (Fig. 1), both of which are unlikely. These inconsistencies are absent 

from the new liquidus curve. 

The melting interval for mss determined in this study is intermediate between the 

high temperature fusion curves of pure troilite, FeS, or pyrrhotite, Fe1-xS, and eutectic 

melting in the system FeS-Fe (Fig. 1). The pyrrhotite studied by Ryzhenko and Kennedy 

(1973) had similar metal/sulfide stoichiometry to the mss studied here (Table 1), meaning 

that the lower melting temperature of the mss is owing chiefly to the effects of Fe-Ni 

solid solution. This is consistent with many previous studies that have found that Ni 

reduces the melting temperature of monosulfide (Hsieh et al. 1987; Urakawa et al. 1987). 

Partial melting and fractionation of elements between melt/mss 

For experiments that produce coexisting melt and monosulfide crystals, melt 

fractions calculated independently from Fe and Ni mass balance (Table 2.2) agree well 

with one another (Fig. 2.8). Melt fractions calculated from Ni are considered most 

accurate because of the strong mineral/melt partitioning and high concentrations 

(compared to Cu) produce phase compositions that are most strongly separated compared 

to analytical uncertainties. Therefore, Ni concentration in melts is chosen to represent 

melt evolution. In all samples, the melts have slightly higher metal/sulfur ratio than their 
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coexisting residue mss (Table 2.2). Ni and Cu preferentially partition into melts and Fe is 

concentrated in residue mss (Fig. 2.9). The detection limit for oxygen established by 

analyzing pyrite is 0.05 wt%, with the analytical uncertainty of 0.1 wt%. Oxygen is 

detected in small amounts in both mss and melt. Oxygen concentrations in the post-run 

products vary from 0.2–0.6 wt%, with slightly greater concentrations in quenched melts 

compared to crystals (Table 2.2). The concentrations detected in our study are 

comparable to those (0.37 wt%) found previously in pyrrhotite annealed at 700 ˚C 

(Graham et al. 1987; Graham and McKenzie 1987). 

Partial melt compositions have higher M/S ratios than residual mss solids (Table 

2.2), consistent with relations established previously for melting of mss (Kullerud 1963; 

Bockrath et al. 2004; Ballhaus et al. 2006) and in simple systems (Ryzhenko and 

Kennedy 1973). MSS compositions change comparatively little, being restricted chiefly 

to M/S ratios between 0.90–0.93 owing chiefly to the constraints of M/S stoichiometry in 

mss solid solutions (Ballhaus et al. 2006), whereas melt compositions are more variable 

(M/S = 0.94–1.02). Partial melts are also enriched in Ni and especially Cu compared to 

coexisting mss, while Fe concentrations are similar in the two phases. This is as expected 

owing to the respective radii of the cations (Cu>Ni>Fe). Mineral/melt partition 

coefficients for Cu and Ni become more extreme at low melt fractions, likely owing to 

the increased Ni/(Fe+Ni) of the melts (Fig. 2.9). Based on the enrichment or depletion of 

Cu and Ni, sulfides from mantle xenoliths or diamond inclusions has been interpreted as 

either trapped melts or residual mss crystals (Bulanova et al. 1996; Guo et al. 1999; 

Lorand and Alard 2001). Such interpretations are broadly consistent with the 

experimental compositions observed here. 

The variations in metal/silicate and Cu-Ni-Fe fractionations with melt fraction and 

temperature are linked to the constraints on mss stoichiometry and the influence of Ni on 

partitioning behavior. These relationships vary only weakly with pressure, as has been 

previously documented for M/S partitioning (Ballhaus et al. 2006) and Ni partitioning 

(Jones and Walker 1991). The lack of pressure influence on partitioning suggests that the 

melting interval between solidus and liquidus curves should not become significantly 

wider or narrower with pressure, and reinforces the assertion above that the liquidus, 
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which is under-constrained at pressures above 3.5 GPa, likely is slightly hotter at high 

pressure than indicated by the parameterization. 

Sulfide composition in the mantle 

The sulfide solidus is affected by composition, which in the mantle, is controlled by 

reactions between sulfides and coexisting silicate minerals (Eggler and Lorand 1993; 

Gaetani and Grove 1997). Solidus temperatures are lower when sulfide has higher M/S 

ratios (e.g. Ballhaus et al. 2006), and when additional components (such as C or O) are 

soluble (Ballhaus et al. 2006; Chi et al. 2014; Dasgupta et al. 2009; Gunn and Luth 2006; 

Urakawa et al. 1987). The sulfide M/S (0.93) investigated in this study is on the low end 

of natural mss (0.9–1.1) (Fig. 2.2), with low content of oxygen and nominally carbon-

free. 

In the shallow oxidized mantle, oxygen dissolved in sulfide might be high (Gaetani 

and Grove 1999) and drive the sulfide solidus downward (Gunn and Luth 2006; Urakawa 

et al. 1987). As the mantle becomes more reduced with increasing depth (Frost and 

McCammon 2008), the oxygen content should diminish, but this can be countered by 

increases in the M/S ratio owing to an increase in metal activity, as the reactions 

       1
22 4 3 2

Fe SiO ol  FeSiO opx  O  Fe sulfide  

       1
22 4 3 2

Ni SiO ol  NiSiO opx   O  Ni sulfide  

shift to the right. Equivalently, Eggler and Lorand (1993) suggest that oxygen fugacity 

(fO2) and sulfur fugacity (fs2) are positively correlated for peridotite-sulfide systems. 

Reactions similar to: 

        1 1
2 22 4 2 3 2

Fe SiO ol S  FeSiO opx FeS sulfide  O  

also produce increases in M/S ratio of the sulfide as oxygen fugacity decreases. 

Furthermore, as mantle enters the graphite/diamond stability field (>4 GPa) (Frost and 

McCammon 2008), dissolved carbon will likely further depress sulfide solidus 

temperatures. 
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All of these considerations together suggest that the sulfide solidus constrained in this 

study is near an upper bound. At low pressures and more oxidized conditions, the solidus 

would be lowered by greater dissolved oxygen, and at higher pressures and more reduced 

conditions, it would be diminished by higher M/S ratio and dissolved C. 

Sulfide melts in the mantle 

The solidus and liquidus of monosulfide constructed from this study is below the 

calculated mantle adiabat (Katsura et al. 2010) up to the limit of the experimental data at 

8 GPa (Fig. 2.10), meaning that sulfide is molten in the convecting mantle at least to 

depths of 250 km. We note that the composition investigated has comparatively low M/S 

ratio, and that sulfides with higher ratios melt at lower temperature (e.g. Ballhaus et al. 

2006), so that melting is expected for most or all mantle sulfide compositions. The 

steeper temperature/pressure slope of the melting curves compared to the adiabat may 

indicate that sulfide becomes crystalline deeper in the mantle. 

Increased M/S should in turn decrease the sulfide crystallization temperature (e.g. 

Ballhaus et al. 2006). If conditions at depth become sufficiently reducing such that a 

metal alloy phase is stabilized (Frost et al. 2004; Rohrbach et al. 2007 2011), then sulfide 

melting is controlled by the (Fe,Ni)S-(Fe,Ni) eutectic, which remains below the adiabat at 

least until pressures reached deep in the lower mantle (>60 GPa; Campbell et al. 2007; 

Morard et al. 2011; Stewart et al. 2007). Thus, sulfide melt may in fact be stable 

throughout the convecting upper mantle and perhaps into the transition zone. 

The sulfide melting curves intersects geotherms for typical oceanic lithosphere 

shallower than the intersection with the adiabat, meaning sulfide could be partially 

molten in the thermal boundary layer and deeper portions of the oceanic lithosphere (Fig. 

10). In the continental lithosphere, sulfides are less likely molten in the colder settings 

such as the root of cratons. Of course, sulfides with higher M/S ratios and dissolved 

carbon could become molten at lower temperatures. 

Sulfide inclusions in diamond 

Sulfide inclusions are abundant in diamond, and are typically Ni-rich (22 wt%-36 

wt%) in peridotitic parageneses (age >3 Ga) and Ni-poor (0–12 wt%) in eclogitic 
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diamonds (age <3 Ga), which corresponds to high bulk Ni contents (3000 ppm) in 

peridotite or and low bulk Ni (300 ppm) concentrations typically found in eclogite 

(Bulanova et al. 1996; Pearson et al. 2003; Shirey and Richardson 2011; Stachel and 

Harris 2008). The overabundance of sulfide in diamond suggests that sulfide acts either 

as a reducing reagent or as a co-precipitating product during diamond formation, more 

than likely as a liquid phase (Bulanova 1995; Stachel and Harris 2008; Westerlund et al. 

2006). Although the solidus of monosulfide investigated here is hotter than typical 

diamond P-T, molten sulfide could be trapped in diamond if it originates from 

compositions with comparatively high M/S ratios, or if additional components (such as C 

or O) lower the solidus (Ballhaus et al. 2006; Gunn and Luth 2006). In addition, for 

sulfides that were trapped as inclusions in large melt extraction process from peridotite, 

sulfides might be molten due to this high temperature process in the earlier geological 

history. This is indicated by the mantle sulfides Re-Os modal age peaks of 1.2, 1.9, and 

2.7 billion years that match similar periods of high tectonic activity recorded in zircon 

populations (Pearson et al. 2007). If sulfides are trapped as liquids, then they are 

syngenetic with their hosts and geochronologic interpretations of their Re-Os or Pb-Pb 

isotope systematics can be related to the timing of the formation of the enclosing 

minerals. 

Mobility of sulfide melts 

Having established that sulfide is molten or partially molten in significant portions of 

the mantle, a natural question is whether such melts are mobile. Sulfide melt mobility is 

affected by oxygen fugacity and pressure in the mantle (Gaetani and Grove 1999; 

Shannon and Agee 1998; Shi et al. 2013). At conditions similar to the fayalite-magnetite-

quartz oxygen buffer, molten sulfide may potentially dissolve up to 9 wt% oxygen 

(Gaetani and Grove 1999) and sulfide melt can potentially form an interconnected 

network along silicate grain edges, as the olivine–melt dihedral angle is 52 (Gaetani and 

Grove 1999). As conditions become more reduced and dissolved oxygen diminishes, the 

dihedral angle increases (e.g., 90 at near the iron-wüstite buffer, Gaetani and Grove 

1999) and interconnectivity is less likely. At lower mantle conditions, where the principle 

silicate is perovskite rather than olivine, high dihedral angles for Fe-Ni-S melts prevail 
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(Shannon and Agee 1998; Shi et al. 2013), inhibiting connectivity. Therefore, in the 

shallow mantle (e.g. 30–60 km), sulfide melts, if stable, potentially form an 

interconnected network in olivine-rich rocks. In the deep lithosphere (e.g. >120 km), 

percolation may be limited as conditions become more reduced (Frost and McCammon 

2008). Additionally, sulfide melt transport may be coupled to movement of associated 

silicate or carbonate melts (Delpech et al. 2012; Lorand et al. 2004). In some cases, 

natural peridotite textures indicate sulfide wetting silicate grain boundaries (Lorand et al. 

2013). Furthermore, geochemical variations observed in xenoliths may not be easily 

explicable without sulfide mass transport (Lorand 1989; Lorand et al. 2013). 

Sulfide melt mobility may be a key factor determining their geophysical and 

geochemical influence. For example, despite molten sulfide’s extreme physical properties 

relative to silicate rock, it may not impart significant geophysical anomalies simply by 

melting in situ, as the melt fraction for rocks with typical mantle S concentrations (200 

ppm, McDonough and Sun 1995) would be merely 0.05–0.10 vol.%. If sulfide melts can 

migrate and concentrate in isolated areas, they may feasibly produce noticeable effects on 

shear wave velocities (e.g., Helffrich et al. 2011) and other properties. Likewise, sulfide 

melts are most likely to be responsible for geochemical variations in chalcophile or PGE 

elements (e.g., Alard et al. 2002; Powell and O’Reilly 2007) if they are mobile. 

 

2.4 Implications 

We emphasize that we have investigated only a single composition of sulfide 

Fe0.69Ni0.23Cu0.01S1.00 (M/S = 0.93), which is calculated as in equilibrium with mantle 

olivine at FMQ, with trace amounts of oxygen (and likely carbon). As the upper mantle 

becomes more reduced with depth (Frost and McCammon 2008), the M/S ratio of sulfide 

should increase, leading to further depression of the sulfide solidus (Ballhaus et al. 2006; 

Rohrbach et al. 2007). Also, in the oxidized shallow mantle (e.g. < 3 GPa), sulfides melts 

should have higher content of oxygen and in the graphite/diamond stability field (e.g. > 4 

GPa), dissolved carbon should increase, and both of these should affect melting 

temperatures. Therefore, the solidus constrained in this work is likely an upper bound on 

sulfide melting in the Earth’s upper mantle. 
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FIGURE 2.1. Melting relations from selected previous sulfide melting experiments up to 

15 GPa. Compositions and data sources are given in Table 2.1. 
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FIGURE 2.2. (a) Sulfide compositions projected into the metal-sulfur-oxygen atomic 

ternary. Metal is the sum of Fe, Ni, and Cu. Natural sulfide compositions are taken from 

bulk composition estimates of sulfides trapped in diamonds and olivine as inclusions 

(Aulbach et al. 2009; Bulanova et al. 1996; Westerlund et al. 2006). (b) Sulfide 

compositions projected into the Fe-S-Ni ternary. Minor amounts of Cu and O have been 

projected to the Ni and S apices, respectively. The yellow and pink areas correspond to 

the fields of stability of mss and mss+melt at 0.1 MPa, 1000 C (Hsieh et al. 1987). 

Numbered circles refer to sulfide compositions that have been investigated 

experimentally, as listed in Table 2.1. Natural sulfide compositions are plotted as gray 

circles from the same references as a. 
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FIGURE 2.3. Optical images of Au recovered from pressure and temperature calibration 

experiments. Gold spheroids are produced from experiments that exceeded the melting 

temperature of Au, whereas relict wires are observed from experiments that remained 

below the Au fusion curve. 
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FIGURE 2.4. Revised pressure and temperature calibrations of multi-anvil device at UMN 

using the 18/12 TEL/OEL assembly. (a) Pressure-force relations of the best fit functions 

are P = –1.15  10-5 F2 + 2.44  10-2 F + 4.56  10-3 for 1000–1200 ˚C (Dasgupta et al. 

2004), P = –1.29  10-5 F2 + 2.61  10-2 F - 5.17  10-3 for 1200–1400 ˚C (this study), 

and P = –1.65  10-5 F2+3.03 10-2 F-1.76  10-3 for 1400–1700 ˚C (unpublished data), 

where P is pressure (GPa) and F is force (tons). The blue square corresponds to 170 tons 

and 3.49–3.53 GPa (Tenner et al. 2009) and the purple circles represent coesite and red 

diamonds represent quartz. (b) Temperature calibration results on PC and MA. 

Thermocouple temperatures and corrected sample pressures are plotted together with 

gold melting curve calibrated with previous calibration work by Mirwald and Kennedy 

(1979). Lower temperatures read by thermocouples compared to the fusion curve reflect 

the offset in temperature between the thermocouple location and the sample hotspot. 

 

 

 

 

 

 

 

 

 



 
 

25 
 

 

FIGURE 2.5. Backscattered electron images of typical textures from quenched 

experiments exemplifying (a) super-liquidus conditions (B536: 1.8 GPa, 1300 ˚C), (b) 

partially molten (A1075: 1.8 GPa, 1200 ˚C), and (c) subsolidus (B534: 1.8 Ga, 1100 ˚C). 
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FIGURE 2.6. Experimentally determined melting relations of Fe0.69Ni0.23Cu0.02S1.00. Blue 

diamonds are sub-solidus mss, with filled diamonds from piston cylinder (PC) 

experiments and empty diamonds from those conducted in the multi-anvil (MA), 

respectively. Red and orange circles are melt-mss pairs by PC and MA, respectively. 

Green and black triangles are superliquidus runs by PC and MA, respectively. Solid 

curve is the parameterization of the solidus, given by T (˚C) = 1015.1[P(GPa)/1.88+1]0.206 

and the dashed curve is liquidus, given by T (˚C) = 1067.3[P(GPa)/1.19+1]0.149. Melting 

relations at 0.1 MPa are taken from Bockrath et al. (2004). 
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FIGURE 2.7. Comparison of mss melting relations calibrated from experiments in this 

study (Fig. 6) with experiments done by Bockrath et al. (2004). Diamonds are sub-solidus 

mss; circles are melt-mss pairs; triangles are superliquidus runs. The square bracket with 

a red filling and green triangle is the “problem bracket”, which is labeled as “melt + 

solid” by Bockrath et al. (2004), but is listed as “solid only” in their supplementary 

material. Our results suggest that the experiment should have been completely melted at 

the stated run conditions. The solidus and liquidus derived from the parameterization of 

the present study (Fig. 2.6) are shown as solid and dashed curves, respectively. 
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FIGURE 2.8. Comparison of melt fractions calculated by Fe and Ni mass balance. 

Calculations are in close agreement, but those from Ni are believed to be more accurate 

because concentrations of Ni are more distinct in mss and partial melts, giving more 

leverage to calculated mass balances. 
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FIGURE 2.9. Variations in mss/melt partition coefficient of Cu, Ni, and Fe as a function 

of Ni content of the melt. Partitioning of Cu and Ni between crystalline and solid sulfide 

is more extreme for Ni-rich smaller-degree partial melts, and less so for higher-degree 

Fe-rich melts. 
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FIGURE 2.10. Comparison of mss solidus (solid black curve) and liquidus (dashed black 

curve) with mantle geotherms and domains of potential silicate melting. The mantle 

adiabat is given in the solid red line, with the shaded area representing the temperature 

uncertainty (Katsura et al. 2010). A geotherm applicable to oceanic lithosphere of plate 

ages ranging from 20 Ma and 80 Ma is calculated from a cooling half-space model 

(Turcotte and Schubert 2002) and representative continental geotherms are shown in the 

shaded dark areas, bounded by calculations for heat flows of 40 and 50 mW/m2 (Pollack 

and Chapman 1977). Regions of diamond formation as inferred from inclusion 

thermobarometry are from Stachel and Harris (2008) in green loop and Shirey et al. 

(2013) in pink loop. The solidus of nominally anhydrous peridotite is shown as the green 

solid curve (Hirschmann 2000); hydrous peridotite (0.1 wt% bulk water) is the blue solid 

curve (Katz et al. 2003). 
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Notes: # refers to the curves labeled in Fig. 2.2. * Number in parentheses represents metal/sulfur atomic ratio. † The eutectic composition 

at 1 atmosphere. ‡  PC: piston cylinder; MA: multianvil; DAC: diamond anvil cell; BA: belt apparatus 

 

 

 

 

 

 

 

 

TABLE 2.1.  Summary of high pressures studies on sulfide melting up to 15 GPa 

 

# Description* 
Chemical Formula 

(atomic) 

Chemical Composition (wt.%) 
Capsule Apparatus‡ References 

Fe Ni Cu O S 

 MSS (0.93) Fe0.69Ni0.23Cu0.01 S1.00 45.3 15.8 1.0 -- 37.9 silica glass PC + MA This study 

1a MSS (0.93) solidus Fe0.69Ni0.23Cu0.01 S1.00 45.3 15.8 1.0 -- 37.9 silica glass PC Bockrath et.al, 2004 

1b MSS (0.93) liquidus Fe0.69Ni0.23Cu0.01 S1.00 45.3 15.8 1.0 -- 37.9 silica glass PC Bockrath et.al, 2004 

2 MSS (1.06) solidus Fe0.79Ni0.25Cu0.03 S1.00 47.9 15.6 1.9 -- 34.7 silica glass PC Ballhaus et.al, 2006 

3 MSS (1.11) solidus Fe0.83Ni0.25Cu0.03 S1.00 48.9 15.5 1.9 -- 33.7 silica glass PC Ballhaus et.al, 2006 

4a Pyrrhotite (0.92) Fe0.92                             S1.00 62.0 -- -- -- 38.0 alumina PC Ryzhenko and Kennedy, 1979 

4b Pyrrhotite (0.92) Fe0.92                             S1.00 62.0 -- -- -- 38.0 soda glass BA Sharp, 1969 

5 Troilite Fe1.00                             S1.00 63.5 -- -- -- 36.5 -- DAC Boehler, 1992 

6a Fe-FeS Eutectic† Fe1.18                             S1.00 69.0 -- -- -- 31.0 alumina PC Ryzhenko and Kennedy, 1979 

6b Fe-FeS Eutectic† Fe1.18                             S1.00 69.0 -- -- -- 31.0 -- DAC Boehler, 1996 

6c Fe-FeS Eutectic† Fe1.18                             S1.00 69.0 -- -- -- 31.0 boron nitride BA Usselman, 1975 

7a FeS-FeO Fe5.28O1.08                    S1.00 85.7 -- -- 5.0 09.3   MgO MA Urakawa, 1987 

7b (Fe,Ni)S-FeO Fe4.41Ni0.49O0.50     S1.00 78.2 9.1 -- 2.5 10.2 MgO MA Urakawa, 1987 
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TABLE 2.2. Pressure and temperature calibration experiments using the quartz-coesite 

transition and gold fusion 

Quartz - coesite transition experiments 

PC Run # Uncorrected Pressure 

(GPa) 
T (˚C) t (hrs) Run product 

A1199 3.50 1100 6 coesite 

A1204 3.70 1100 6 coesite 

A1209 3.30 1100 6 quartz 

A1210 3.10 1100 6 quartz 

A1218 3.45 1100 6 quartz 

A1219 3.40 1100 6 quartz 

     

MA Run # Force (metric tons) T (˚C) t (hrs) Run product 

M767 165 1250 2 coesite 

M770 160 1220 2 coesite 

M771 155 1230 2 coesite 

M749 145 1250 3 quartz 

M743 131 1250 3 quartz 

M762 155 1250 2 quartz 

 

Gold melting experiments 

PC Run # Corrected Pressure (GPa) Tc reading 

(˚C) 

t (hrs) Run product 

A1141 0.80 1086 0.1 gold wire 

A1137 1.80 1145 0.1 gold wire 

A1144 2.80 1200 0.1 gold wire 

A1135 1.80 1155 0.1 gold ball 

A1142 1.80 1150 0.1 gold ball 

A1139 0.80 1099 0.1 gold ball 

A1156 2.80 1220 0.1 gold ball 

A1147 2.80 1210 0.1 gold ball 

     

MA Run # Corrected Pressure (GPa) Tc reading 

(˚C) 

t (hrs) Run product 

M762 3.23 1230 0.1 gold ball 

M767 3.43 1232 0.1 gold ball 

M770 3.33 1200 0.1 gold wire 

M771 3.23 1210 0.1 gold wire 
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TABLE 2.3. Experimental results and sulfide compositions by electron microprobe analysis.  

 
P (GPa) T (˚C)  t (hrs) na  Results 

Cu O S Fe Ni Total 
M/Sb FFe

c FNi
c 

 Chemical Composition (wt.%) 

Subsolidus runs: solid only 

A1078 0.80 1050 15.0 22 mss 0.9 0.4 37.3 45.8 15.7 100.1 0.93 - - 

A1080 1.30 1100 13.0 24 mss 1.1 0.5 37.1 45.6 16.1 100.4 0.93 - - 

B107 1.80 1100 24.0 12 mss 0.9 0.4 37.4 45.5 16.1 100.2 0.92 - - 

A1081 1.80 1125 20.0 18 mss 1.1 0.5 36.6 45.7 16.1 99.9 0.95 - - 

A1076 1.80 1150 14.0 19 mss 0.9 0.3 36.6 46.1 16.3 100.2 0.96 - - 

B554 2.30 1200 18.0 18 mss 1.1 0.3 37.2 45.0 16.2 99.8 0.94 - - 

B641 2.80 1200 12.0 12 mss 1.0 0.4 36.4 45.5 16.4 99.6 0.96 - - 

A1231 2.80 1225 12.0 20 mss 0.9 0.4 36.7 45.5 16.2 99.7 0.94 - - 

M749 3.00 1250 04.0 14 mss 0.9 0.3 37.1 45.6 15.8 99.7 0.94 - - 

B556 3.30 1250 18.0 14 mss 1.0 0.3 36.9 45.6 16.6 100.5 0.95 - - 

M721 3.75 1250 08.0 10 mss 1.0 0.4 37.6 45.2 16.1 100.3 0.92 - - 

M742 4.80 1300 04.0 25 mss 1.0 0.3 36.5 45.6 16.4 99.8 0.96 - - 

M734 5.85 1300 08.0 16 mss 1.1 0.3 37.3 45.2 16.2 100.0 0.93 - - 

M744 6.90 1350 01.0 36 mss 1.1 0.3 36.4 45.1 16.7 99.7 0.96 - - 

M746 7.95 1400 01.0 08 mss 1.0 0.3 36.9 45.7 16.5 100.4 0.95 - - 

               

Between solidus and liquidus: melt-mss pairs 

A1079 0.80 1075 14.0 14 melt 2.2 0.3 36.1 39.9 22.4 100.9 0.99 31 33 

    18 mss 0.6 0.3 38.1 48.0 13.2 100.1 0.91   

A1077 0.80 1100 14.0 12 melt 1.7 0.3 36.4 42.5 18.3 99.3 0.95 55 60 

    08 mss 0.8 0.2 37.9 49.1 13.1 101.1 0.93   

B633 0.80 1150 08.0 26 melt 1.2 0.5 36.1 44.4 17.1 99.3 0.95 62 62 

    15 mss 0.6 0.3 37.8 47.3 14.7 100.8 0.92   

A1087 1.30 1125 17.0 25 melt 2.7 0.3 36.6 41.3 19.6 100.4 0.96 32 40 

    31 mss 0.7 0.4 37.9 47.5 13.9 100.3 0.91   

B617 1.30 1150 06.0 22 melt 1.2 0.3 36.5 44.2 17.7 99.9 0.96 58 63 

    14 mss 0.7 0.3 37.4 47.3 13.7 99.5 0.92   

B618 1.30 1175 12.0 17 melt 1.3 0.4 37.1 44.9 17.1 100.8 0.94 73 70 

    10 mss 0.7 0.3 38.1 47.1 14.1 100.2 0.91   

A1128 1.80 1175 06.0 15 melt 1.9 0.3 34.9 43.7 18.9 99.8 1.02 67 53 

    14 mss 0.6 0.2 37.9 49.2 13.1 100.9 0.93   

A1075 1.80 1200 16.0 16 melt 1.6 0.2 35.8 43.9 17.9 99.4 0.99 61 64 

    16 mss 0.6 0.3 38.1 48.0 13.2 100.1 0.91   
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P (GPa) T (oC)  t (hrs) na  Results 

Cu O S Fe Ni Total 
M/Sb FFe

c FNi
c 

 Chemical Composition (wt.%) 

B607 1.80 1225 06.0 18 melt 1.2 0.3 36.4 45.0 16.8 99.7 0.96 81 79 

    20 mss 0.7 0.5 37.7 47.6 13.9 100.4 0.91   

A1114 2.30 1225 18.0 12 melt 2.4 0.3 35.8 39.2 21.8 99.5 0.98 39 42 

    10 mss 0.7 0.2 37.6 49.5 12.1 100.1 0.92   

A1177 2.30 1250 12.0 17 melt 1.4 0.3 36.6 44.1 17.4 99.8 0.95 56 63 

    14 mss 0.7 0.3 37.8 47.3 14.2 100.3 0.92   

M743 2.70 1250 03.0 24 melt 2.4 0.4 36.0 38.9 22.5 100.2 0.97 20 30 

    16 mss 0.6 0.3 37.5 47.1 13.5 99.1 0.91   

B556 2.80 1250 18.0 24 melt 2.4 0.3 35.8 39.2 21.8 99.5 0.98 22 26 

    31 mss 0.6 0.3 37.7 47.3 14.2 100.1 0.92   

B564 2.80 1275 12.0 16 melt 1.1 0.3 37.0 44.4 17.3 100.2 0.95 59 69 

    12 mss 0.7 0.4 38.1 47.1 13.8 100.0 0.90   

A1157 3.30 1275 00.5 24 melt 1.2 0.4 36.0 44.2 17.8 99.7 0.97 55 63 

    33 mss 0.6 0.3 37.5 47.1 13.5 99.1 0.91   

M716 3.75 1300 08.0 12 melt 1.3 0.2 36.2 44.2 18.4 100.3 0.99 62 59 

    12 mss 0.8 0.2 37.8 47.6 13.0 99.4 0.91   

M724 5.85 1350 08.0 24 melt 1.6 0.3 36.4 43.5 18.3 100.2 0.97 64 62 

    08 mss 0.8 0.2 37.9 49.1 12.8 100.8 0.93   

M794 6.90 1400 01.0 12 melt 1.1 0.3 36.6 43.6 17.8 99.5 0.95   

M798 7.95 1425 01.0 10 melt 1.3 0.5 36.1 43.2 18.5 99.7 0.96 36 44 

    12 mss 0.6 0.2 37.6 46.8 14.4 99.6 0.92   

               

Superliquidus runs: melt only 

B636 0.80 1175 08.0 18 melt 1.0 0.4 36.4 45.2 16.4 99.3 0.95 - - 

B600 0.80 1375 00.5 18 melt 1.0 0.5 37.1 45.6 16.0 100.2 0.93 - - 

A1074 0.80 1200 22.0 22 melt 1.0 0.4 37.3 45.8 15.7 100.2 0.93 - - 

B596 0.80 1350 04.0 47 melt 1.0 0.4 37.1 45.6 16.2 100.3 0.94 - - 

A1171 1.30 1200 08.0 20 melt 1.1 0.5 36.6 45.7 16.1 99.9 0.95 - - 

B636 0.80 1175 08.0 18 melt 1.0 0.4 36.4 45.2 16.4 99.3 0.95 - - 

B600 0.80 1375 00.5 18 melt 1.0 0.5 37.1 45.6 16.0 100.2 0.93 - - 

A1074 0.80 1200 22.0 22 melt 1.0 0.4 37.3 45.8 15.7 100.2 0.93 - - 

B596 0.80 1350 04.0 47 melt 1.0 0.4 37.1 45.6 16.2 100.3 0.94 - - 

A1171 1.30 1200 08.0 20 melt 1.1 0.5 36.6 45.7 16.1 99.9 0.95 - - 

B589 1.30 1350 06.0 14 melt 1.0 0.3 36.9 45.6 16.6 100.5 0.95 - - 

B590 1.30 1375 12.0 16 melt 1.1 0.3 37.3 45.2 16.2 100.0 0.93 - - 

B591 1.30 1400 04.0 18 melt 1.1 0.5 37.4 45.8 15.8 100.6 0.92 - - 

B536 1.80 1300 24.0 09 melt 1.0 0.4 36.8 45.6 15.9 99.6 0.94 - - 

A1127 1.80 1450 12.0 17 melt 0.8 0.2 37.7 45.4 16.5 100.6 0.93 - - 
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P (GPa) T (˚C)  t (hrs) na  Results 

Cu O S Fe Ni Total 
M/Sb FFe

c FNi
c 

 Chemical Composition (wt.%) 

B585 1.80 1425 04.0 21 melt 0.8 0.3 36.9 45.5 15.9 99.5 0.94 - - 

A1063 1.80 1400 04.0 49 melt 0.9 0.2 37.3 45.0 16.3 99.7 0.93 - - 

A1067 1.80 1350 18.0 08 melt 1.0 0.3 36.8 45.5 16.3 99.8 0.95 - - 

B601 1.80 1250 12.0 34 melt 1.0 0.4 37.9 45.4 15.8 100.3 0.91 - - 

A1162 1.80 1275 12.0 16 melt 1.0 0.3 36.9 45.6 16.6 100.5 0.95 - - 

B609 2.30 1275 02.0 12 melt 1.1 0.4 37.0 45.3 16.4 100.2 0.94 - - 

B594 2.30 1425 04.0 28 melt 1.0 0.3 37.5 45.1 16.0 99.8 0.92 - - 

B599 2.30 1400 04.0 19 melt 1.0 0.3 38.4 45.0 15.9 100.7 0.90 - - 

A1167 2.30 1300 06.0 30 melt 0.8 0.3 37.4 46.0 15.5 99.9 0.93 - - 

A1151 2.80 1450 04.0 10 melt 0.9 0.5 37.1 45.3 15.8 99.6 0.92 - - 

B615 2.80 1325 06.0 14 melt 0.9 0.5 36.4 45.0 16.4 99.2 0.94 - - 

A1122 2.80 1300 12.0 12 melt 1.0 0.4 36.0 45.3 16.7 99.4 0.97 - - 

A1153 2.80 1425 04.0 40 melt 1.2 0.4 36.9 45.0 15.9 99.5 0.93 - - 

A1163 2.80 1350 12.0 38 melt 1.0 0.6 36.7 45.1 16.2 99.7 0.93 - - 

A1160 3.30 1425 06.0 28 melt 1.0 0.3 38.0 45.3 16.2 100.8 0.91 - - 

A1152 3.30 1450 04.0 16 melt 1.0 0.4 37.6 45.2 16.3 100.5 0.92 - - 

A1161 3.30 1350 12.0 53 melt 1.0 0.5 37.0 45.2 16.2 100.0 0.93 - - 

A1159 3.30 1300 12.0 18 melt 1.1 0.3 37.3 45.2 16.2 100.0 0.93 - - 

A1180 3.30 1325 12.0 08 melt 0.9 0.6 37.4 44.6 16.1 99.7 0.90 - - 

M797 6.90 1425 02.0 10 melt 1.1 0.4 37.4 44.2 16.6 99.6 0.92 - - 

M796 7.95 1425 02.0 10 melt 1.0 0.4 36.4 45.8 16.4 100.0 0.96 - - 

Notes: a. Number of electron probe spot analyses averaged to obtain the reported elemental concentrations. b. Atomic metal/sulfur 

ratio, oxygen is regarded as replacing sulfur in mss or melts. c. Melt fractions (F) are calculated by mass balance of Fe and Ni 

according to F = (Cbulk -Cmss)/(Cmelt -Cmss), where Cbulk is the starting composition (Cbulk = 45.5 wt.% Fe or 16.2 wt.% Ni); Cmelt is the 

concentration of Ni or Fe in the melt, and Cmss is the respective concentration in the crystalline phase. 
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Chapter 3 

Carbon-saturated monosulfide melting in the shallow mantle: solubility and effect 

on solidus 

3.1 Introduction 

Sulfide melts are potentially significant reservoirs for mantle carbon (Dasgupta et al. 

2009; Tsuno and Dasgupta 2015) and also may have important geochemical (Pearson et 

al. 1998; Lorand and Alard 2001; Hart and Gaetani 2006; Lorand et al. 2009, 2013; 

Huang et al. 2014) and geophysical (Helffrich et al. 2011) effects on the mantle.  

Evaluating the distribution of sulfide melts in the mantle as well as their influence on C 

storage requires constraints on the effect of C on sulfide melting relations and 

determinations of the solubility of C in such melts. Experiments in the system Fe-Ni-S 

and Fe-Ni-S-C demonstrate that C solubility can be appreciable and that C can depress 

the solidus of mantle sulfides substantially (Hansen and Anderko 1958; Bret and Bell 

1969; Dasgupta et al. 2009; Rohrbach et al. 2014).  However, previous studies have 

focused on compositions with high metal/sulfur atomic ratios (M/S>1), as may be 

appropriate for melts occurring near the metal-sulfide eutectic (Dasgupta et al. 2009; 

Tsuno and Dasgupta 2015), but sulfides in the upper mantle typically approach 

monosulfide (M/S≈1) stoichiometry (Westerlund et al. 2006; Aulbach et al. 2009), and 

less is known about C solubility or its effect on melting relations for these important 

compositions. 

In the upper mantle, sulfide occurs as monosulfide solid solution (mss) or melt.  

Because these exsolve during cooling into low temperature minerals with a range of 

compositions and stoichiometries in all types of mantle xenoliths (Richardson et al. 2001; 

Pearson and Wittig 2014), reconstructing sulfide compositions prevailing at high 

temperature is challenging. Studies estimating bulk monosulfide composition from 

inclusions in olivine or diamond suggest M/S between 0.9-1.2 and diverse Ni/(Fe+Ni) 

ratios with a median near 0.2-0.3 and modest fractions of Cu, typically constituting <2 

wt.% of the metal (Westerlund et al. 2006; Aulbach et al. 2009). In an alternative 

estimate, Bockrath et al. (2004) calculated the sulfide in Fe-Ni equilibrium with olivine 

and surmised a liquid composition of Fe0.69Ni0.23Cu0.01S1.00.  
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Sulfide is a prevalent mineral in diamond inclusions, 2-3 orders of magnitude more 

abundant than that expected from the mean composition of S in the mantle (Gurney et al. 

1979; McDonough and Sun, 1995; Stachel and Harris 2008). This strong association 

between sulfide and diamond hints that sulfide melt is intrinsic to formation of 

macroscopic diamond crystals (Haggerty 1986; Westerlund et al. 2006). On the other 

hand, some have argued that sulfides in diamonds are commonly trapped as mss (Taylor 

and Liu, 2009).  Trapping as melt versus pre-existing crystals has obvious implications 

for the relationship between apparent radiometric ages of sulfide inclusions and those of 

their host diamonds (Spetsius et al. 2002). Experimental constraints (Bockrath et al. 2004; 

Zhang and Hirschmann 2016) indicate that mantle monosulfide is subsolidus in the 

diamond formation region in continental lithosphere (950-1350 ˚C, 4-7 GPa, Stachel and 

Harris 2008; Shirey et al. 2013). However, in the presence of diamond, the influence of C 

on monosulfide melting should be considered. 

There are extensive experimental constraints on melting in the system Fe-Ni-S (see 

Zhang and Hirschmann 2016 for a review).  For monosulfide compositions likely to be 

present in the upper mantle, melting experiments suggest superliquidus conditions in the 

asthenosphere, crystalline mss at continental geotherm conditions, and a solidus 

intersection with the geotherm at medial depths within the oceanic lithosphere (Bockrath 

et al. 2004; Zhang and Hirschmann 2016). High pressure melting relations of the Fe-Ni-

S-C in the presence of graphite suggests significant depression of the sulfide solidus by C, 

but experiments to date have been conducted chiefly on metal-rich and sulfur-poor 

compositions (Ryzhenko and Kennedy 1973; Fei et al. 1997; Waldner and Pelton 2004; 

Dasgutpa et al. 2009; Deng et al. 2013; Tsuno and Dasgupta 2015). In contrast to metal-

rich compositions containing less sulfur than the alloy-monosulfide eutectic, which can 

dissolve 3-6 wt.% C at 2-10 GPa, 1200-2000 ˚C (Dasgupta et al. 2009; Rohrbach et al. 

2014), graphite-saturated monosulfide melts apparently contain <2 wt.% C at 0-6 GPa, 

1200-2000 ˚C (Wang et al. 1991; Tsymbulov and Tsemekhman 2001; Dasgupta et al. 

2009; Tsuno and Dasgupta 2015), though solubility measurements for more S-rich 

compositions are not abundant. The effect of this more modest concentration of C on 

sulfide melting is poorly constrained, and the present study was designed to better 

determine the C solubility in monosulfide melts and its effect on melting relations. 
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3.2 Experimental Methods 

Experiments were performed using an end-loaded piston cylinder (PC) device at 0.8-

3.3 GPa and a Walker-style multi-anvil (MA) apparatus between 2.7 and 7.95 GPa. Run 

temperatures varied between 1050 and 1450 ˚C. PC and MA run temperatures were 

controlled using type B (Pt70Rh30/Pt94Rh6) and type C (W74Re26/W95Re5) thermocouples, 

respectively. All PC experiments used ½ inch BaCO3 assemblies with MgO spacers and a 

graphite heater. Run durations varied from 0.5 to 24 hours. The experiments were 

quenched by heater power termination. Pressure and temperature were calibrated from 

the quartz-coesite transition and from gold melting, as described in Zhang and 

Hirschmann (2016). 

An initial series of experiments (Suite 1) was conducted to determine the influence 

of C on monosulfide melting. This series was designed to be otherwise identical to the 

study of monosulfide partial melting presented in Zhang and Hirschmann (2016), using 

identical assemblies and the same bulk starting composition, Fe0.69Ni0.23Cu0.01S1.00 (Table 

3.1), differing only in the use of graphite capsules in place of the silica capsules used in 

the earlier study. Experimental starting materials were prepared by mixing phases of 

similar hardness and density: Fe, FeS2, Ni and Cu. Earlier attempts employing native 

sulfur and/or FeS did not produce homogeneous mixtures during grinding in the agate 

mortar, owing to mechanical or density incompatibilities. As detailed in the Results 

section, Suite 1 experiments suggested a significant influence of C on the melting 

temperature of monosulfide. To verify that this effect derived from C in the sulfide melt, 

rather than unexpected experimental effects, we conducted additional experimental 

investigations designed to determine if the silica and graphite capsule impose different 

conditions on the charges apart from that of carbon activity. 

One hypothesis tested was that two capsules could create distinct P-T conditions, 

perhaps owing to different thermal conductivities, thereby affecting the offset between 

thermocouple temperature and that seen by the sample charge.  Suite 2 experiments were 

similar to those of Suite 1, but employed silica capsules and imposed graphite-saturated 

conditions by addition of 2.5 wt.% C directly to the charge. 
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Another possibility is that an unexpected chemical agent introduced with the graphite 

affected the melting temperature of monosulfide. Manufactured graphite can potentially 

contain hydrocarbon (D. Walker, personal communication), decomposition of which at 

high temperature could produce methane and/or hydrogen, which could enhance sulfide 

melting. We tested this experimentally in Suite 3 experiments. Suite 3a used graphite 

capsules fired in flowing carbon monoxide at 500 ˚C for 6-12 hours, and Suite 3b 

followed this same procedure, but with ~20 vol.% polystyrene (C8H8)n powder added to 

the starting composition (Table 3.1 and 3.2).  At run conditions, polysterene decomposes, 

converting to graphite plus a CH4-H2 vapor, generating CH4 and H2 fugacities of 

approximately 150 and 1 GPa, respectively (Zhang and Duan, 2009). 

Additionally, we tested the temperature-pressure conditions inside the graphite 

capsules by conducting Au melting experiments, analogous to the calibration experiments 

performed in silica capsules by Zhang and Hirschmann (2016). Gold wire and NaCl 

powder were packed in graphite capsules, brought to the target pressure, heated to 30°C 

below the target temperature, and held for 2 hours to ensure pressure stabilization. Once 

stabilized, the temperature was increased by 10 ˚C /min until the target temperature was 

reached. The experiment was then held at the target temperature and pressure for 6 

minutes, and then quenched to room temperature. The post-run sample was placed in a 

beaker filled with water to dissolve the NaCl and expose the gold. 

Following sulfide melting experiments, the assembly was gradually decompressed to 

minimize sample fracturing. The post-run samples were pressed into molten indium 

(99.99 wt.%) on a hotplate at 140 ˚C, and then removed, cooling to 25 ˚C and solidifying 

the indium. Samples (still in their capsules) were ground longitudinally to expose the 

medial section, and then polished down to to 0.3 µm grit with aluminum oxide polishing 

pads. 

Analytical procedures  

Sulfide run products and standards were analyzed uncoated, with surrounding indium 

serving as the charge conductor, using a JEOL JXA8900R electron microprobe. 

Experimental textures were characterized by backscattered electron (BSE) imaging.  
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Major element compositions (Fe, Ni, Cu, S) of all samples were obtained by WDS 

analyses, with an accelerating voltage of 15 kV and a beam current of 20 nA. Counting 

times were 20 s on peak centroid and 10 s on each background for all elements. Primary 

standards used for major element analysis were pyrite (FeS2) for Fe and S, Ni metal for 

Ni, and chalcocite (Cu2S) for Cu. Troilite was used as a secondary standard for Fe and S. 

We employed a focused beam on crystalline sulfides and a defocused beam (1-20 µm 

diameter) on quenched melts. Oxygen was analyzed in quenched melts of selected 

samples from Suite 1 (graphite capsules), using a multilayer crystal detector (LDE2 with 

2d = 9.7 nm) and magnetite (Fe3O4) as the standard; however, oxygen concentrations are 

below the detection limit for carbon-saturated samples in this study. 

Selected experiments from Suite 1 were analyzed for carbon content. Carbon 

analytical conditions were modified from the procedures outlined in Dasgupta and 

Walker (2008). Carbon analytical conditions are as follows: an electron beam current of 

80 nA and accelerating voltage of 11 kV, counting times of 10 s on peak and 5 s on each 

background, using a multilayer crystal detector (LDE2 with 2d = 9.7 nm) for WDS 

analysis. The relationship between carbon counts and carbon concentration was 

established by calibration to Fe3C and Fe7C3 standards. Fe3C and Fe7C3 standards were 

synthesized in the UMN high-pressure lab by weighing starting materials to the 

stoichiometric ratios; compositions were confirmed by X-ray diffraction. Fe metal (99.98 

wt.%) from NIST was analyzed as a carbon blank to estimate the amount of hydrocarbon 

contamination on the sample surface. 

 

3.3 Results 

Phase relations 

Melting relations are well-illustrated by the Suite 1 experiments at 1.8 GPa and 1050 

to 1225 ˚C (Tables 3.3, 3.S1), which show progressive changes in texture (Fig. 3.1) and 

composition (Fig. 3.2). At 1050 ˚C, the post-run product consists of granular sulfide with 

embedded graphite blebs. BSE images of charges run at intermediate temperatures of 

1075-1200 ˚C show two distinct regions: a darker, Ni-Cu depleted region of granular 

crystals with embedded graphite blebs, and a brighter, Ni-Cu enriched region of dendritic 
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crystals free of such blebs (Fig. 3.1e; Table 3.3). With increasing temperature from 1075 

to 1200 ˚C, the dendritic regions grow relative to those with granular texture. At 1225 ˚C, 

the post-run product has a uniform dendritic texture that is free of granular regions or 

graphite blebs. The brighter portions are interpreted as quenched melt and the darker 

parts as solid sulfide (mss). Following Zhang and Hirschmann (2016), we calculate phase 

proportions from Ni mass balance, as Ni has more pronounced mineral/melt partitioning 

compared to Fe and higher concentrations compared to Cu. The fraction of quenched 

melt increases with run temperature (Fig. 3.2a), in agreement with the textural 

observations (Fig. 3.1).  Quenched melts and mss both become less Ni-rich and more Fe-

rich towards the starting composition with increasing temperature (Fig. 3.2b). The solidus 

and liquidus of mss at 1.8 GPa are mapped out from the Ni/(Fe+Ni) composition of the 

coexisting phases (Fig. 3.2b). 

Phase relations for the balance of Suite 1 experiments, as well as for Suites 2 and 3 

(Table 3.S1, 3.S2 and 3.S3, respectively) were determined based on the same textural and 

compositional criteria as for the Suite 1 experiments at 1.8 GPa. Suites 1 and 2 are 

summarized in Figs. 3.3 and 3.4, and melting temperatures for Suite 3 experiments are 

indicated in Fig. 3.5. Gold melting in Suite 4 is determined by post-run sample 

morphologies: spheroids indicate the occurrence of melting whereas wires indicate 

subsolidus gold (Table S3.4), following Zhang and Hirschmann (2016). 

Melting Temperature Comparison 

Suite 1 melting experiments define the solidus of graphite-saturated 

Fe0.69Ni0.23Cu0.01S1.00 monosulfide between 0.8 and 7.95 GPa and the liquidus from 

between 0.8 and 2.8 GPa.  The solidus can be expressed in the form of a Simon-Glatzel 

equation as T(˚C)=969.0[P(GPa)/5.92+1]0.39 (1≤P≤8), derived by minimizing an 

objective variable Y, given by Y=Σ(ΔTi)
2, where ΔTi is the temperature difference 

between the fit and each experimental constraint and ΔTi=0 if an experimental datum 

satisfies the fit (Fig. 3.3; Hirschmann 2000; Zhang and Hirschmann 2016). A comparison 

of the Fe0.69Ni0.23Cu0.01S1.00 solidi in carbon-free and carbon-saturated conditions at <3 

GPa demonstrates that melting occurs 80±25 ˚C cooler under carbon-saturated conditions 
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than for carbon-free conditions, and there is no apparent effect of pressure on this offset 

(Fig. 3.4 and 3.5). 

Suite 2 melting experiments define the melting relations of graphite-saturated 

Fe0.69Ni0.23Cu0.01S1.00 monosulfide in a narrower pressure range, from 0.8 to 2.8 GPa 

increasing from ~1035 ˚C at 1 GPa to ~1135 ˚C at 3 GPa (Fig. 3.4). Within experimental 

uncertainties, the melting relations are not distinguishable from those of Suite 1, 

indicating that silica and graphite capsules impose similar conditions on the experimental 

charges. 

In Suite 3 experiments, performed at 1.8 GPa, Fe0.69Ni0.23Cu0.01S1.00 in fired graphite 

capsules, melting begins between 1075 and 1100 ˚C (Suite 3a) and between 1050 and 

1075 ˚C with polystyrene added to the starting material (Suite 3b). The Suite 3a melting 

temperature is similar to that found for Suite 2, with silica capsules plus added reagent C, 

and the Suite 3b melting is similar to that found for Suite 1 (Fig. 3.6).  Together, these 

results suggest that hydrocarbons or possibly other contaminants from graphite capsule 

material could have a modest effect on melting temperature. However, the 

aforementioned comparison between Suite 1 and Suite 2 experiments, showing that the 

solidi are indistinguishable, indicate that any such influence is small. 

Melting of Au in graphite capsules (suite 4) occurs at 1125-1132 ˚C at 1.8 GPa, 

~30 °C lower than that found in otherwise identical assemblies in which Au is not in 

intimate contact with carbon (Zhang and Hirschmann, 2016) and ~30 ˚C lower than 

indicated based on the fusion curve of Au (Mirwald and Kennedy, 1979) (Fig. 3.5). This 

30 ˚C difference is approximately 15 ˚C greater than the effect known at 100 kPa, where 

the Au-C eutectic is 15 ˚C below the melting temperature of pure gold (Okamoto and 

Massalski, 1990).  Possibly, C solubility in molten Au increases with pressure, such that 

eutectic melting is enhanced. Alternatively, the discrepancy could reflect either a small 

difference in temperature or pressure between assemblies with silica and graphite 

capsules or simply the typical magnitude of experimental reproducibility of piston 

cylinder assemblies. 

 

Carbon solubility in sulfide melts 
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Repeat analyses of the NIST Fe metal used to monitor blank C concentrations in 352 

individual analyses across multiple analytical sessions yielded a mean C concentration of 

0.48±0.08 wt.% and so we estimate the detection limit above background to be 0.2 wt.% 

C. 

Analyses of selected crystalline sulfides from experimental charges indicate that all 

have C concentrations below the limit of detection (Table 3.3).  Analyses of selected 

melts show low C concentrations that are, in some cases, at or below the limit of 

detection, and in a few others, as great as 0.3 wt.% (Table 3).  There is no discernable 

trend in apparent solubility with either temperature or pressure. 

 

3.4 Discussion 

Sulfide solidus depression 

Comparison of melting temperatures of Fe0.69Ni0.23Cu0.01S1.00 (M/S=0.93) in silica 

capsules (Zhang and Hirschmann 2016) and graphite capsules (experiment suite 1) 

indicates that graphite saturation lowers the solidus of monosulfide by ~80±25 ˚C (Fig. 

3.4 and 3.6). The magnitude of the solidus depression seems large given the low 

solubility of C evident in monosulfide melts. These results seem contradictory, which led 

us to investigate carefully whether the differences in solidus could be owing to 

experimental artifacts between this study conducted in graphite capsules and the melting 

temperature of compositionally identical mss conducted in silica capsules (Zhang and 

Hirschmann 2016). The tests, embodied in Suite 2, 3, and 4 experiments, established that 

the different capsule materials employed in the two studies did not have an appreciable 

effect on the temperatures and pressures experienced. The tests also showed that 

hydrocarbon contaminants originating from graphite capsules are not the cause for the 

large offset in solidus temperatures. Consequently, we conclude that dissolution of small 

amounts of C lowers the solidus of mss by ~80±25 ˚C at upper mantle pressures. 

The observed effect of dissolved carbon on the mss solidus, ~80±25 ˚C for ~ 0.3 wt.% 

dissolved C, is large as compared to the solidus-lowering effects of C on S-poor, Fe-rich 

alloys. For example, at similar pressures, the Fe-C eutectic has 3-4 wt.% C and is ~300-
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400 ˚C lower than melting of pure Fe (Hiriyama et al. 1993; Wood, 1993; Chabot et al. 

2006), so the solidus is lowered by ~100 ˚C /wt.%, or an effect about 3 times smaller than 

apparent in this study. It is possible that microprobe analyses underestimate C for S-rich 

melts, perhaps owing to imprecise accounting of the absorption of carbon X-rays by S, 

but as shown in Fig. 3.7 the C concentrations we report are broadly consistent with the 

relationship between C solubility and S content of alloy melts found from previous 

studies. The apparent enhanced effect of C on the solidus of S-rich melts is, at present, 

unexplained.  

The small effect of polystyrene on the melting of C-saturated sulfide indicates that 

hydrogen solubility in monosulfide melts is not large.  Hydrogen is known to be highly 

soluble in S-poor molten Fe, where it depresses the solidus by 1000 K at 10-20 GPa 

(Sakamaki et al. 2009).  Although the fugacity of H2 imposed in the present experiments 

is modest (~1 GPa), the absence of a significant melting point depression suggests 

qualitatively that H solubility diminishes significantly in S-rich molten alloys as 

compared to pure Fe melt. 

Effect of S on C solubility in metal-sulfur melts 

We are not aware of previous C solubility measurements in monosulfide melts, but 

the concentrations observed in the present study can be compared to variations of C 

solubility in Fe-Ni-S melts as a function of S content (Fig. 3.7). Carbon solubility in such 

melts is as great as 3-5 wt.% for S-free, Fe-rich compositions at comparable pressures 

(Wood, 1993; Okamoto 1990; Hiriyama et al. 1993; Chabot et al. 2006), but diminishes 

with increasing dissolved S in melts (Wang et al. 1991; Tsumbulolv and Tsemekhman, 

2001; Dasgupta et al, 2009; Deng et al. 2013; Tsuno and Dasgupta, 2015). Previous 

solubility studies for S-rich compositions approaching monosulfide stoichiometry are 

limited, but 1 atmosphere experiments suggest very low solubilities of <0.2 wt.% for Fe-

S melts with ~28 wt.% S (Wang et al., 1991) and <0.1 wt.% for Fe-Ni-S melts with >30 

wt.% S (Tsymbulov and Tsemekhman, 2001). On the other hand, Fe-S melts quenched 

from 2-4 GPa and 1150-1350 ˚C with ~28 wt.% S have 0.5-1.6 wt.% C (Dasgupta et al. 

2009). Considering all the available data from studies at over a wide range of 

temperatures (800-2000 ˚C), pressures (0.1 MPa-20 GPa), and Ni/(Fe+Ni) ratios (Wang 
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et al. 1991; Tsumbulov and Tsemekhman, 2001; Dasgupta et al, 2009; Deng et al. 2013; 

Tsuno and Dasgupta, 2015), the differences between the high C concentrations observed 

by Dasgupta et al. (2009) and the low concentrations found by Wang et al. (1991) and 

Tsumbulov and Tsemekhman (2001) are not obviously attributable to the influences of 

different compositions or experimental conditions and suggest experimental or analytical 

inconsistencies. The present results on monosulfide liquids with ~34-37 wt.% S indicate 

C solubilities intermediate between those extrapolated from the low pressure studies of 

Wang et al (1991) and Tsymbulov and Tsemekhman (2001) and the high pressure results 

of Dasgupta et al. (2009). 

The empirical parameterizations proposed by Tsuno and Dasgupta (2015) for C 

solubility as a function of S concentration in metal sulfide melts greatly overestimate C 

concentrations in monosulfide compositions (Fig. 3.7). Instead, we propose a less 

restrictive empirical function 

10log 0.55 0.3 0.04               (3.1)  Cc Cs   

where CC and CS are carbon and sulfur concentrations in wt.%, which fits well most of 

the available constraints (Fig. 3.7). A more refined relationship that accounts for 

variations in Ni/(Fe+Ni) and intensive variables is desirable, but cannot be resolved with 

data presently available. 

For a typical mantle S content of 225 ppm (McDonough and Sun, 1995; Wang and 

Becker, 2013), a monosulfide melt with 35 wt.% S and 0.3 wt.% C has a C/S mass ratio 

<0.01 and can store no more than 2 ppm C. In depleted mantle with 120±30 ppm S 

(Salters and Stracke, 2004), monosulfide melt could store proportionally less (~1 ppm). 

Consequently, in the upper mantle where monosulfide melts are stable, such as the 

environments in which lithospheric diamonds are trapped, the chief host for reduced 

carbon must be diamond or graphite. However, as the mantle becomes more reduced and 

the M/S ratio of the sulfide melts increases, C storage increases considerably, as 

discussed below. 

Sulfide melts in the convecting mantle and continental lithosphere 
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In the convecting mantle, sulfide is likely molten, with the solidus intersecting the 

mantle adiabat at depths of at least 300 km in the absence of carbon (Zhang and 

Hirschmann 2016) and even greater depths for carbon-saturated conditions (Fig. 3.8).  In 

the continental lithosphere, previous studies suggest monosulfide is subsolidus (Bockrath, 

et al 2004; Zhang and Hirschmann 2015). Comparison of the carbon-saturated 

monosulfide subsolidus with typical continental geotherms (Hasterok and Chapman 2011) 

indicates that mss (Fe0.69Ni0.23Cu0.01S1.00) should be molten in some continental settings, 

though likely not in the colder (e.g., Archaen) cratons (Fig. 3.8).  

As noted in the Introduction, monosulfide inclusions are anomalously abundant in 

diamond, and there has been some controversy as to whether the inclusions were trapped 

as syngenetic melts or as protogenetic crystalline sulfides (Haggerty, 1986; Westerlund et 

al. 2006, Taylor and Liu, 2009). Comparison of the solidus of carbon-saturated mss to the 

conditions of diamond genesis inferred from inclusion thermobarometry (Stachel and 

Harris 2008; Shirey et al. 2013 and references therein) suggests that sulfide is molten at 

conditions recorded by some diamond inclusions, but not for diamond genesis at 

comparatively cool (<1200 ˚C) conditions. We note, however, that the particular 

composition investigated here was selected to be comparatively refractory, and that 

compositions with higher M/S and with greater Ni/(Ni+Fe) should melt at lower 

temperature (e.g., Ballhaus, 2006; Gunn and Luth, 2006). If sulfide inclusions in diamond 

were trapped as syngenetic liquids, then those trapped in diamonds at comparatively low 

temperatures should have higher M/S and Ni/(Ni+Fe) than those trapped at higher 

temperature. In fact, fractionations of Ni, Cu, and chalcophile trace elements suggest 

coexistence of mss and Ni-rich melts associated with diamond genesis (Bulanova 1995; 

Stachel and Harris 2008), consistent with melting of less-refractory sulfides but not more 

Fe-rich mss compositions. 

 

Sulfide melts in diamond formation environments 

 It has been hypothesized that diamond precipitates from carbon-bearing sulfide melt 

during cooling (Haggerty 1986; Bulanova et al. 1995). However, owing to the small 
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carbon solubility in monosulfide melts, solubilities of C well less than 1 wt.% would 

require that the putative parent liquid sulfide mass exceed that of precipitated diamond by 

a factor greater than 100. Such a process seems incompatible with 

inclusion/diamond/host mantle rocks relationships observed in diamondiferous xenoliths 

(Anand et al., 2004; Misra et al. 2004), which indicate, in the few cases where data are 

available, similar abundances of sulfide and diamond. A low-sulfur, metal-rich melt 

could precipitate a higher proportion of carbon than monosulfide. However, it is unclear 

whether metal-rich reduced melts could be stable in the diamond-forming regions of the 

continental lithosphere, which tend to be oxidized compared to metal-saturated 

conditions (Shirey et al. 2013) and metal-rich sulfides are not compatible with 

monosulfide (~35 wt.% S) compositions observed in diamond inclusions (Aulbach et al. 

2009; Westerlund et al. 2006). Direct precipitation from a sulfide liquid seems unlikely to 

be the principal origin of macro diamonds. 

Another hypothesis is that sulfide melts act as a reducing agent associated with 

formation of diamond by decomposition of carbonate (Bulanova 1995; Gunn and Luth 

2006; Pal’yanov et al. 2007). This idea is appealing in part owing to the significant 

evidence that mantle macrodiamonds originate by redox reactions (e.g., Stachel and 

Harris 2008) and the aforementioned overabundance of sulfide inclusions in diamonds. 

However, sulfide is not an efficient reductant of carbon and so it seems unlikely that there 

could be sufficient S in most environments to produce appreciable diamond. For 

example, Pal’yanov et al. (2007) propose reduction of CO2 by iron sulfide at 6.3 GPa and 

1250-1450 ˚C according to a reaction similar to 

2 0.89       FeS        +  0.055 CO   =   Fe S     +  0.055 C +   0.11 FeO           (3.2)

(sulfide melt)                         (Pyrrhotite)    (Graphite)    (Garnet)
  

which requires more than 100 times greater weight FeS than precipitated C. Other redox 

diamond precipitation reactions involving sulfide liquid, such as that envisioned for Fe-S-

O by Gunn and Luth (2006), also demand very large sulfide/diamond mass ratios. Thus, 

redox reactions involving sulfide liquid seem an unlikely principal explanation for the 

origin of diamond, except perhaps as catalytic agents. 
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Other potential diamond-forming fluids include silicate-carbonatite, and halide 

liquids and their intermediates (Klein-BenDavid et al. 2004), all of which likely have 

finite solubility of sulfur and are likely capable of precipitating sulfide. For example, 

carbonatite liquids dissolve significant amounts of sulfate (e.g., Kargel et al. 1994; Panina 

and Motorina, 2008), and so the reduction to sulfide of sulfate dissolved in complex 

fluids may be simply a passive redox byproduct of the formation of diamonds. 

 

Carbon storage in sulfide melts in the upper mantle 

Upper mantle sulfides are near monosulfide stoichiometry, and so C storage is 

limited.  At conditions where highly reduced phases (carbide, alloy) are not stable, 

graphite or diamond will host most of the carbon. With increasing depth, this is expected 

to change.  Increased stabilization of Fe3+ in silicates diminishes fO2, owing to the 

disproportionation reactions:  

2 3

2 3

       NiO    +  2 FeO  =   Fe O    +      Ni            (3.3a)

    (olivine)   (olivine)   (garnet)  (sulfide melt)

                      3 FeO  =   Fe O    +      Fe            (3.3b)

                     (olivine)   (garnet)  (sulfide melt)

 

(Frost and McCammon, 2008; Rohrbach et al. 2007). Consequently, metal (Fe+Ni) 

activities and M/S ratios in sulfides increase. Others have emphasized that the increase in 

metal activity is expressed as alloy saturation at a particular depth (O’Neill and Wall 

1987; Frost and McCammon 2008), but in fact the increase is continuous. From the point 

of view of the present discussion, two effects are important: with increasing M/S ratios, 

(a) the mode of sulfide increases and (b) the solubility of C in the melt increases. These 

effects combine to increase the C stored in sulfide melt. For example, whereas a 

monosulfide melt can store no more than 2 ppm C in mantle with 225 ppm S (calculated 

above), a melt with 10 wt.% S that dissolves 1.4 wt.% C (Fig. 3.9; Eqn. 3.1) has a C/S 

mass ratio of 0.14 and so could store 31.5 ppm C. 

In the convecting mantle, Frost and McCammon (2008) and Rohrbach et al. (2007) 

calculated that small amounts of alloy with ~ 60 mole% Ni saturates for S-free conditions 

near 8 GPa, or depths similar to 250 km. At ~1450 ˚C (i.e., near the adiabat), the molten 
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sulfide that could be in equilibrium with this alloy has ~ 5 wt.% S (Hsieh et al. 1987; 

Waldner and Pelton, 2004; Tsuno and Dasgupta, 2015), though the precise composition is 

not constrained by direct experiment. The sulfide that would be in equilibrium with such 

an alloy could dissolve 2.2
 
±

1.1

2.3
 wt.% C (Eqn. 3.1). For depleted mantle with 120±30 ppm 

S (Salters and Stracke, 2004), this translates to a storage capacity of C equal to 57
 
±

30

63

ppm C, which is greater than most estimates of the C concentration of the depleted 

mantle (e.g. 20±7 ppm, Saal et al. 2002; Hirschmann and Dasgupta, 2009; Rosenthal et al. 

2015), including those from enriched MORB (popping rocks) (50 ppm, Cartigny et al. 

2008). For enriched (OIB) mantle with 225±25 ppm S (McDonough and Sun, 1995; 

Wang and Becker, 2013), 86
 
±

44

92
ppm C can dissolve in melt with 5% S, thereby 

accounting for most if not all the C in those source (165±50 ppm, Rosenthal et al. 2015).  

Therefore, sulfide melt could be the chief host of C in the deep upper mantle and for 

depleted sources while no other C-rich phase is present. 

Our analysis is distinct from the inferences of Tsuno and Dasgupta (2015), who 

surmised that at 8 GPa and 1450 ˚C in the convecting mantle, C dissolves chiefly in 

liquid sulfide when total S available is low, but that diamond becomes increasingly 

important as the total mantle S increases. This conclusion is based on the assumption that 

metal fraction and composition in sulfides are fixed at 0.1 wt.% of Fe0.4Ni0.6 (taken with 

from predictions of Frost and McCammon (2008) for S-free mantle) while sulfur fraction 

is variable. With increasing total S, the M/S ratio of the sulfide liquid decreases, thereby 

reducing the C solubility in that liquid. However, this assumption derives from the 

unjustified constraint that a fixed amount of free metal (0.1 wt.% Fe0.4Ni0.6) is available at 

these conditions. In fact, the M/S ratio of the melt is controlled by the metal activity, not 

by the availability of S. Thus, as fO2 diminishes with depth, the metal activity increases, 

the M/S of that sulfide increases, and, for a given mass of S present, the total amount of 

sulfide liquid increases, and the storage capacity of C in that sulfide increases.  In detail, 

the metal activity and the “available” free metal are determined by sulfide-olivine 

reactions under upper mantle conditions, which still lack high-pressure experimental 

constraints. For this reason, strong quantitative limits on C storage in deeper mantle 

sulfides await further experimental refinement. 
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3.5 Conclusions 

Experiments suggest that graphite saturation depresses the monosulfide solidus by 

~80±25 ˚C compared to carbon-free conditions at pressures up to 8 GPa. Solubility of 

carbon, measured by electron microprobe analyses, is only 0.1-0.3 wt.%, which is 

consistent with the trend of carbon solubility versus sulfur content of Fe-Ni sulfide melts 

documented in most previous studies.  Thus, the enhanced stability of graphite-saturated 

monosulfide melts is brought about by a notably small amount of dissolved carbon. 

Extensive temperature calibrations, combined with comparison of experiments 

employing different capsules, capsule drying procedures and hydrocarbon contaminants 

increase confidence that apparent differences in graphite-saturated and nominally C-free 

monosuldide fusion curves are not owing to experimental artifact. The melting 

temperature of gold at 1.8 GPa is depressed by 30±10 ˚C by carbon-saturation, and so 

care should be taken when gold is employed for temperature/pressure calibration of high-

pressure apparatuses. Carbon-saturated monsulfide melts are stable in large parts of the 

continental lithosphere, including regions of diamond formation. C in monosulfide melts 

is a negligible fraction of the C stored in the lithosphere, but sulfide melts may be the 

principal host of C in the deep upper mantle, where S-poor melts may be stable. 
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Fig. 3.1. Backscattered (BSE) images of experimental run products from sulfide melting 

experiments at 1.8 GPa at 25 ˚C increments, as indicated. Dark regions surrounding 

charge are graphite. Pools of melt are identified as brighter regions in BSE owing to 

higher metal/sulfide and Ni/(Ni+Fe) ratios compared to residual crystalline mss. The 

magnified texture in Fig. 3.1e, shows that melt is quenched to dendritic crystals free of 

graphite blebs and that mss is present as granular crystals with embedded graphite blebs. 
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Fig. 3.2. a Temperature- melt fraction relationship of Fe0.69Ni0.23Cu0.01S1.00 at 1.8 GPa 

(experiment suite 1). Red circles represent melt fractions calculated from Ni mass 

balance, which is fit to the curve T(°C)=-0.01 +2.66 + 1060.1, where T is 

temperature, is melt fraction expressed in percent and calculated from Ni mass 

balance (Table 3.3). Error bars of red circles represent melt fraction calculation 

uncertainties based on analytical error on Ni concentrations and estimation of Ni 

concentrations from starting material bulk compositions; b Fe-Ni monosulfide 

pseudobinary phase diagram deduced from the composition of Fe and Ni in melt and mss 

at 1.8 GPa. The solidus and liquidus are fit to the curves T(˚C)=4673.2
2

NiX - 3410 NiX
 

+1627.5 (0.15≤
 NiX  ≤0.25) and T(˚C)=-944.5 NiX

 
+1465.7 (0.25≤ NiX

 
≤0.42), 

respectively, where T is temperature, and NiX is the mole fraction of Ni/(Fe+Ni). The 

gray lines connect NiX  in coexisting mss/melt pairs, where squares are mss and circles are 

melt. The vertical yellow bar represents NiX  of the starting material. 
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Fig. 3.3. Experimentally determined melting relations of Fe0.69Ni0.23Cu0.01S1.00 in graphite 

capsules (experiment suite 1). Blue diamonds are sub-solidus mss, red circles are melt-

mss pairs, and green triangles are superliquidus melt. Closed and open symbols represent 

piston cylinder (PC) and multianvil (MA) experiments, respectively. Solid curve is 

Simon-Glatzel (1929) parameterization of the solidus, given by 

T(˚C)=969.0[P(GPa)/5.92+1]0.39. 
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Fig. 3.4. Experimentally determined melting relations of Fe0.69Ni0.23Cu0.01S1.00 with 2.5 

wt.% graphite in silica capsules (suite 2). Symbols are as in Fig. 3. The experimentally 

determined graphite-saturated solidus of Fe0.69Ni0.23Cu0.01S1.00 from 0-8 GPa (suite 1) is 

illustrated as a solid curve and the carbon-free solidus for the same sulfide composition 

(Zhang and Hirschmann 2016), is shown as a dashed gray curve. The solidus of 

Fe0.69Ni0.23Cu0.01S1.00 determined from 1-3 GPa by Bockrath et al. (2004) is shown as a 

dark dashed curve. 
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Fig. 3.5. Demonstration of the effect of carbon saturation on both of sulfide melting 

relations and gold melting temperatures at 1.8 GPa. In both cases (left part for sulfide and 

right for gold, separated by dashed line), the melting temperature ranges are bounded by 

the lowest temperature of the presence of melt and the highest temperature of the absence 

of melt. Dark shaded areas outline experiments conducted at carbon-saturated conditions 

and yellow shaded areas outline those from carbon-free conditions. Sulfide melting 

brackets come from experimental suites 1 (graphite saturated), 2 (graphite saturated in 

silica capsules), 3a (graphite dried at 500 ˚C), 3b (polystyrene added) and Bockrath et al. 

(2004) (B04), and Zhang and Hirschmann (2016) (Z15). Gold melting brackets from 

experimental suite 4, Zhang and Hirschmann (2016) (Z15), and Mirwald and Kennedy 

(1979) (M79). Because Bockrath et al. (2004) and Mirwald and Kennedy (1979) did not 

perform experiments at 1.8 GPa, B04 and M79 melting temperatures at 1.8 GPa are 

plotted based on interpolations from 1.5 GPa and 2 GPa determinations and from the 

solidus P-T slopes determined from data at 1-3 GPa. 
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Fig. 3.6. Difference in solidus temperature of mss (Fe0.69Ni0.23Cu0.01S1.00) between 

carbon-free (Tsilica capsule) and carbon-saturated (Tgraphite capsule) conditions, displayed as ∆T 

(= Tsilica capsule – Tgraphite capsule). The solid curve is calculated as the difference between 

Tsilica capsule (°C)=1015.1[P(GPa)/1.88+1]0.206 (Zhang and Hirschmann 2016) and Tgraphite 

capsule (˚C)=969.0[P(GPa)/5.92+1]0.39 (suite 1 of this study). The shaded area represents a 

temperature uncertainty estimated as ± 10 ˚C for piston cylinder experiments and ± 20 ˚C 

for multi-anvil runs (Xirouchakis et al. 2001; Tenner et al. 2012). Error bars for 

individual square symbols are calculated from the experimental brackets from pairs of 

experiments from each study (Zhang and Hirschman 2016 and suite 1 of this study), 

conducted at the same pressure with the centroid chosen as the temperature difference 

between the temperature intermediate between the high temperature and low temperature 

brackets from those studies. Circles represent estimates of melting temperatures where 

either a solid-only bracket or melt-present brackets are lacking, with the Tsilica capsule and 

Tgraphite capsule being estimated according to Tsilica capsule (˚C)=1015.1[P(GPa)/1.88+1]0.206 

and Tgraphite capsule (˚C)=969.0[P(GPa)/5.92+1]0.39. 
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Fig. 3.7. Carbon solubility in graphite-saturated Fe–Ni-S liquid as a function of S content. 

Experimental results from this and other studies are plotted with different symbols, with 

errors in most cases smaller than the width of the symbols. The abbreviations in the 

symbol key correspond to the following sources: W91-Wang et al. (1991); W93-Wood 

(1993); T01- Tsymbulov and Tsemekhman (2001); C06-Chabot et al. (2006); D13-Deng 

et al. (2013); T15-Tsuno and Dasgupta (2015) and D09-Dasgupta et al. (2009), which is 

divided in to high temperature (>1400 ˚C) and low temperature (<1400 ˚C) experiments.  

This illustrates that the discrepancies between this study and others are not owing to the 

temperature of the experiments. Lines predicting the carbon solubility as a function of 

sulfur content from Tsuno and Dasgupta at 6 and 8 GPa are labeled. Note these do not 

match well the solubilities in monosulfide reported in the present study. Also shown is 

the parameterization given in Eqn. 3.1 in the text, which excludes the results of Dasgupta 

et al. (2009), with the shaded area showing the parameterization’s upper and lower 

bounds. The data that are consistent with this broad trend are from experiments with wide 

ranges in Ni/(Fe+Ni) ratio, temperature (920–1700 ˚C), and pressure (0.1 MPa- 20 GPa). 
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Fig. 3.8. Comparison of the mss solidus for carbon-saturated conditions (solid black 

curve) and carbon-free conditions (dashed blue curve; Zhang and Hirschmann, 2016) 

with continental geotherms and the mantle adiabat. The mantle adiabat is shown as the 

solid red line, with the surrounding shaded area representing temperature uncertainties 

(Katsura et al., 2010). Representative continental geotherms are shown in the shaded dark 

area, bounded by calculations for heat flow of 35 mW/m2 and 60 mW/m2 (Hesterok and 

Chapman 2011). Regions of diamond formation as inferred from inclusion 

thermobarometry are from Stachel and Harris (2008) in the green loop and Shirey et al 

(2013) in the pink loop. Graphite/diamond stability limits are after Day (2012). Whereas 

carbon-free mss is sub-solidus for nearly all conditions in the continental lithosphere and 

regions of diamond formation, carbon-saturated mss is molten or partially molten in 

significant portions of both. 
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Table 3.1. Experiment suites and run conditions. 

Suite Starting Material Composition Capsules Pressure  

1 Fe0.69Ni0.23Cu0.01S1.00 Graphite** 1-8 GPa 

2 Fe0.69Ni0.23Cu0.01S1.00 + 2.5 wt.% Graphite Silica 1-3 GPa 

  3a Fe0.69Ni0.23Cu0.01S1.00 Graphite, dried at 500°C  1.8 GPa 

  3b Fe0.69Ni0.23Cu0.01S1.00 + Polystyrene Graphite, dried at 500°C 1.8 Gpa 

4 Au + NaCl Graphite** 1.8 GPa 
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Table 3.2. Comparison of melting temperatures at 1.8 GPa. 

Experiment 

or data suite 

Starting 

material a 

Other mixtures 

in the starting material 
   T (˚C) b Capsule        Reference 

       1 Sulfide -- 1050-1075(x) Graphite Table S1, This study 

       2 Sulfide 2.5 wt.% graphite 1075-1100))) Silica Table S2, This study 

       3a Sulfide -- 1075-1100(x) Graphite d Table S3, This study 

       3b Sulfide polysterene 1050-1075(x) Graphite d Table S3, This study 

      B04  Sulfide -- 1170-1210 c Silica Bockrath et al. (2004) 

      Z15  Sulfide -- 1150-1175c)) Silica Zhang and Hirschmann (2015) 

       4 Gold -- 1126-1132c)) Graphite This study 

      Z15 Gold -- 1157-1162c)) MgO Zhang and Hirschmann (2015) 

     M79  Gold -- 1160-1170 c Nb-Ta Mirwald and Kennedy (1979) 
 

a All sulfide compositions have the atomic formula Fe0.69Ni0.23Cu0.01S1.00 with a metal/sulfur atomic ratio of 0.93. 
b Temperature of melt generation is constrained by the lowest temperature experiment producing melt and the highest 

temperature not  

   producing melt at 1.8 GPa. 
c The melting temperature at 1.8 GPa is intropolated from solidus P-T slope and experimental determination of melting 

temperature at   

   2 GPa. 
d Capsules fired at 500 ˚C for 6-12 hours under monoxide gas flow in 1 atm furnace. 
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Table 3.3. Analytical results and sulfide compositions of suite 1 experiments from electron microprobe analysis.  

Run# P (GPa) T (˚C)  t (hrs) nb  Phase 
Chemical Composition (wt.%) 

Carbonc FFe
d FNi

d 
Cu    O  S   Fe  Ni Total 

SMa    1.1  37.2 45.5 16.2 100.0    

B541 1.8 1050 14 16 mss 1.0 0.0 36.4 45.8 16.4 99.6 --   

A1061 1.8 1075 18 14 melt 3.5 0.1 33.9 35.6 27.0 99.9   0.31(15) 9 5 

    10 mss 0.5 0.0 37.2 46.5 15.7 99.8 --   

B666 1.8 1100 16 14 melt 1.8 0.1 34.9 38.3 24.4 99.4   0.20(12) 13 10 

    12 mss 0.5 0.0 37.4 46.6 15.3 99.8 --   

A1126 1.8 1125 12 08 melt 1.4 0.1 34.8 41.0 22.3 99.5   0.16(15) 50 35 

    12 mss 0.4 0.0 37.1 50.0 12.9 100.3 --   

A1138 1.8 1150 12 17 melt 1.3 0.1 34.1 40.4 22.6 98.5   0.18(16) 50 38 

    11 mss 0.3 0.0 36.9 50.5 12.2 99.9   --   

B569 1.8 1175 06 06 melt 1.2 0.1 35.3 43.2 20.7 100.0   0.11(16) 73 52 

    09 mss 0.4 0.1 37.7 51.6 11.4 100.9 --   

B570 1.8 1200 18 12 melt 1.2 0.1 35.9 44.6 18.5 99.9   0.14(14) 88 71 

    10 mss 0.8 0.1 37.7 51.7 10.6 100.1 --   

B576 1.8 1225 04 12 melt 1.0 0.0 36.4 45.8 16.4 99.6   0.30(12)   

 
a SM stands for starting material.  
b Number of electron probe spot analyses averaged to obtain the reported elemental concentrations.  
c Carbon concentration measured by electron probe, which is the sum of hydrocarbon in the vacuum and carbon dissolved in the  

   sample. Numbers in parentheses are 1σ standard deviations based on replicate analyses; 0.31( 5) should be read as 0.31 ± 0.05  

   and 0.20 (12) as 0.20 ±0.12. 
d Melt fractions (F) are calculated by mass balance of Fe and Ni according to F = (Cbulk -Cmss)/(Cmelt -Cmss), where Cbulk is the  

  starting composition (Cbulk = 45.5 wt.% Fe and 16.2 wt.% Ni); Cmelt and Cmss are the Ni or Fe concentrations in the melt and  

  crystalline phases, respectively. 

 
Table 3.S1. Electron microprobe analysis for suite 1 

Run # P T (˚C) t (hrs) na Results Cu S Fe Ni Total Carbonb FFe
c FNi

c 
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(GPa) Chemical composition (wt.%) 

Subsolidus runs: solid only           

B542 0.8 950 14 8 mss 1.1 37.1 45.6 16.1 99.9    

A1065 0.8 975 18 12 mss 0.9 37.4 45.5 16.1 99.8    

B580 0.8 1000 12 20 mss 1.0 37.1 45.7 16.1 99.9    

A1058 1.3 950 14 6 mss 1.0 36.9 45.6 16.6 100.2    

A1064 1.3 975 18 8 mss 1.0 36.5 45.6 16.4 99.5    

B578 1.3 1000 6 10 mss 1.0 37.9 45.4 15.8 100.0    

A1072 1.3 1025 18 15 mss 1.0 36.4 45.5 16.4 99.3    

B543 1.8 1025 24 12 mss 1.1 36.4 45.1 16.7 99.4    

B541 1.8 1050 14 16 mss 1.0 36.8 45.8 16.4 100.0 0.42(6)   

A1056 2.3 1050 18 10 mss 1.0 36.4 45.2 16.4 99.0    

A1062 2.3 1075 18 8 mss 1.1 37.3 45.2 16.2 99.7    

B558 2.8 1075 12 6 mss 1.0 36.9 45.7 16.5 100.1    

A1071 2.8 1100 6 6 mss 1.0 36.8 45.5 16.3 99.6    

B583 3.3 1125 6 10 mss 1.0 37.1 45.6 16.0 99.7    

M720 4.8 1225 8 8 mss 0.9 36.9 45.8 15.6 99.3    

M710 5.85 1250 8 8 mss 1.1 36.5 45.9 16.5 100.0    

M745 6.9 1300 3 12 mss 1.1 37.1 44.4 16.4 98.9    

M711 7.95 1300 8 24 mss 1.1 37.0 45.5 16.0 99.6    

              

Between solidus and liquidus: melt-mss pairs          

A1066 0.8 1025 18 10 melt 1.6 34.7 38.4 24.5 99.2  T 5 

    9 mss 0.6 37.6 46.7 15.8 100.7    

A1068 0.8 1050 12 6 melt 1.4 34.9 41.4 22.0 99.7  52 37 

    8 mss 0.6 37.3 50.0 12.8 100.7    

A1070 0.8 1075 2 12 melt 1.4 36.6 44.1 17.4 99.5  57 64 

    10 mss 0.7 37.8 47.3 14.2 100.0    

A1069 1.3 1050 18 14 melt 2.7 36.6 41.3 19.6 100.2  32 41 

    10 mss 0.7 37.9 47.5 13.9 99.9    

A1057 1.3 1100 14 12 melt 1.2 35.4 43.1 20.4 100.1    

B573 1.3 1125 4 6 melt 1.3 36.2 41.6 21.6 100.7  50 42 

    7 mss 0.5 37.4 49.5 12.3 99.8    

B574 1.3 1150 4 10 melt 1.1 37.0 44.4 17.3 99.9    

A1061 1.8 1075 18 14 melt 3.5 33.9 35.6 27.0 100.0 0.79(5) 9 5 
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    10 mss 0.5 37.2 46.5 15.7 99.9 0.41(4)   

B666 1.8 1100 16 14 melt 1.8 34.9 38.3 24.4 99.4 0.68(12) 13 10 

    12 mss 0.5 37.4 46.6 15.3 99.8 0.43(6)   

A1126 1.8 1125 12 8 melt 1.4 34.8 41.0 22.3 99.5 0.64(5) 50 35 

    12 mss 0.4 37.1 50.0 12.9 100.4 0.39(4)   

A1138 1.8 1150 2 17 melt 1.3 34.1 40.4 22.6 98.4 0.66(6) 50 38 

    11 mss 0.3 36.9 50.5 12.2 99.9 0.36(10)   

B569 1.8 1175 18 6 melt 1.2 35.3 43.2 20.7 100.4 0.59(6) 73 52 

    9 mss 0.4 37.7 51.6 11.4 101.1 0.35(6)   

B570 1.8 1200 12 12 melt 1.2 35.9 44.6 18.5 100.2 0.62(14) 88 71 

    10 mss 0.8 37.7 51.7 10.6 100.8 0.39(7)   

A1055 2.3 1100 18 8 mss 0.5 37.4 46.2 15.8 99.9    

B563 2.3 1150 12 8 melt 1.2 35.3 43.2 20.7 100.4    

B565 2.3 1200 4 12 melt 1.3 35.2 43.0 20.6 100.1  72 51 

    10 mss 0.5 37.5 51.8 11.6 101.4    

B567 2.3 1225 6 6 mss 0.6 37.4 48.6 13.1 99.7    

A1060 2.8 1125 24 14 melt 1.9 34.3 41.2 21.6 99.0    

    16 mss 0.6 36.5 49.2 13.1 99.3    

A1059 2.8 1150 14 10 melt 1.2 36.4 45.0 16.8 99.4    

    8 mss 0.4 37.7 47.6 13.9 99.6    

B572 2.8 1225 4 12 melt 1.7 36.4 42.5 18.3 99.0  55 60 

    10 mss 0.8 37.9 49.1 13.1 100.9    

B571 2.8 1250 6 12 mss 0.6 37.8 48.5 12.8 99.7    

M714 3 1175 8 24 melt 1.4 35.7 43.5 18.5 99.0    

    20 mss 0.8 50.0 35.0 14.2 100.0    

A1148 3.3 1150 12 10 mss 0.6 36.5 49.2 13.1 99.3    

A1146 3.3 1225 6 10 mss 0.8 37.1 46.6 15.2 99.7    

B582 3.3 1250 6 8 melt 1.2 35.3 43.2 20.7 100.4    

    9 mss 0.4 37.7 51.6 11.4 101.1    

B581 3.3 1275 6 6 melt 1.4 35.7 41.2 22.9 101.2    

    12 mss 0.6 37.4 48.6 13.1 99.7    

M697 3.75 1250 8 20 melt 1.8 35.2 39.3 22.5 99.0 0.55(5) 16 22 

    14 mss 0.9 37.3 46.7 14.4 99.2 0.36(8)   

M815 4.3 1250 3 10 mss 0.4 37.7 47.6 13.9 99.6    

M702 5.85 1300 8 20 melt 3.2 34.8 39.6 22.8 100.4 0.62(10) 2 12 
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    16 mss 0.9 37.7 45.6 15.3 99.5 0.36(10)   

M814 6.9 1325 1 24 melt 1.1 36.3 44.3 17.6 99.3 0.78(9) 42 17 

    19 mss 0.8 36.8 46.3 15.9 99.8 0.40(6)   

              

Superliquidus runs: melt only          

B568 1.3 1175 10 8 melt 1.0 36.9 45.6 16.6 100.2    

B576 1.8 1225 4 12 melt 1.0 36.4 45.8 16.4 99.6 0.78(12)   

B566 2.3 1250 4 10 melt 1.1 36.6 45.7 16.1 99.5    

B577 2.8 1275 2 9 melt 1.0 37.1 45.6 16.2 99.9    

 

Notes: a. Number of electron probe spot analyses averaged to obtain the reported elemental concentrations.  

b. carbon concentration analyzed by electron probe, which is the sum of hydrocarbon in the vacuum and carbon dissolved in the sample. 

Numbers in parentheses are 1σ standard deviation based on replicate analyses; 0.48(2) should be read as 0.48 ± 0.02 and 0.68 (12) should 

be read as 0.68 ±0.12.  

c. Melt fractions (F) are calculated by mass balance of Fe and Ni according to F = (Cbulk -Cmss)/(Cmelt -Cmss), where Cbulk is the starting 

composition (Cbulk = 45.5 wt.% Fe or 16.2 wt.% Ni); Cmelt is the concentration of Ni or Fe in the melt, and Cmss is the respective 

concentration in the crystalline phase. 

 

 
Table 3.S2. Electron microprobe analysis for suite 2 

Run # P (GPa) T (˚C) t (hrs) na Results 
Cu S Fe Ni 

Total FFe
b FNi

b 
Chemical composition (wt.%) 

Subsolidus runs: solid only          

A1175 1.8 1000 24 8 mss 1.1 37.0 45.5 16.0 99.6   

A1188 2.3 1100 12 10 mss 1.0 36.9 45.6 16.2 99.7   

A1193 2.8 1100 24 7 mss 1.0 37.2 45.5 16.1 99.7   

A1198 1.3 1000 22 10 mss 0.9 36.6 46.1 16.3 99.9   

B630 0.8 1000 24 6 mss 1.0 36.8 44.6 15.9 98.3   

B635 0.8 1025 22 8 mss 1.1 36.4 45.1 16.7 99.4   



 
 

66 
 

A1172 1.8 1000 24 9 mss 1.0 36.9 45.7 16.5 100.1   

             

Between solidus and liquidus: melt-mss pairs         

B632 0.8 1050 24 8 mss 0.8 36.9 45.0 15.5 98.3   

A1203 0.8 1075 24 6 melt 1.7 36.4 42.5 18.3 99.0 55 60 

A1200 0.8 1100 20 7 mss 0.8 37.9 49.1 13.1 100.9   

A1205 1.3 1125 24 5 melt 1.9 34.3 41.2 21.6 99.0 46 37 

    10 mss 0.6 36.5 49.2 13.1 99.3   

B631 1.3 1150 20 5 melt 1.3 36.2 44.2 18.4 100.1 56 55 

    8 mss 0.6 37.5 47.1 13.5 98.7   

A1197 1.3 1100 22 8 melt 1.1 37.0 44.4 17.3 99.9 60 68 

    6 mss 0.7 38.1 47.1 13.8 99.7   

B634 1.3 1175 24 6 melt 1.2 36.4 45.0 16.8 99.4 80 79 

    8 mss 0.4 37.7 47.6 13.9 99.6   

A1178 1.8 1100 24 10 mss 0.4 37.6 49.5 11.7 99.2   

A1182 1.8 1125 12 10 melt 1.1 36.3 44.9 16.0 98.3   

A1191 1.8 1175 24 14 melt 1.4 36.0 38.9 22.5 98.8 20 30 

    16 mss 0.6 37.5 47.1 13.5 98.7   

B616 1.8 1200 12 12 melt 1.7 36.4 42.5 18.3 99.0 55 60 

    8 mss 0.8 37.9 49.1 13.1 100.9   

A1181 1.8 1150 12 8 mss 0.7 36.9 46.9 14.2 98.7   

B621 2.3 1150 18 12 mss 0.7 37.4 47.0 14.5 99.6   

A1202 2.3 1175 23 28 melt 2.4 35.6 43.1 17.4 98.5 15 21 

    12 mss 0.9 37.3 45.9 15.9 100.1   

B620 2.3 1200 24 4 melt 1.4 34.8 39.2 21.8 97.2 22 27 

    14 mss 0.6 37.0 47.3 14.2 99.1   

A1187 2.3 1225 24 12 melt 1.6 36.4 43.5 18.3 99.9 65 62 

B624 2.65 1250 18 6 mss 0.8 37.9 49.1 12.8 100.6   

A1192 2.8 1150 18 12 mss 0.9 36.2 50.4 11.5 99.1   

B623 2.8 1200 18 14 mss 0.9 36.0 47.1 15.1 99.0   

A1201 2.8 1225 22 6 melt 1.6 36.0 41.0 20.6 99.2 40 44 

    6 mss 0.6 37.8 48.5 12.8 99.7   

A1206 2.8 1250 22 12 melt 1.3 37.0 44.2 16.5 99.0 46 77 

    19 mss 0.8 36.8 46.3 15.9 99.8   
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Superliquidus runs: melt only         

A1195 1.3 1200 18 12 melt 1.0 37.3 45.8 15.7 99.8   

A1185 1.8 1250 24 20 melt 1.0 36.5 45.1 16.0 98.6   

A1186 1.8 1225 12 10 melt 1.0 36.8 45.5 16.3 99.6   

A1179 1.8 1300 4 14 melt 1.0 36.7 45.1 16.2 99.0   

A1173 1.8 1500 1 16 melt 0.9 36.4 44.9 15.7 97.9   

A1190 2.3 1250 18 17 melt 1.0 37.3 44.9 16.3 99.4   

A1207 2.8 1275 19 12 melt 1.0 36.0 45.3 16.7 99.1   

A1208 2.8 1300 4 10 melt 1.2 36.9 45.0 15.9 99.1   

 

Notes: a. Number of electron probe spot analyses averaged to obtain the reported elemental concentrations.  

b. Melt fractions (F) are calculated by mass balance of Fe and Ni according to F = (Cbulk -Cmss)/(Cmelt -Cmss), where Cbulk is the starting 

composition (Cbulk = 45.5 wt.% Fe or 16.2 wt.% Ni); Cmelt is the concentration of Ni or Fe in the melt, and Cmss is the respective 

concentration in the crystalline phase. 

 

Table 3.S3. Experiment suite 3a and 3b, with dried graphite capsules and/or with the addition of polystyrene 

 

 

 

 

 

* Graphite capsule was dried at 500 ˚C in carbon monoxide flow for 4-12 hours. 

† Metal/sulfur atomic ratio 

 

Run # Starting Material Capsules M/S† P (GPa) T ( ˚C ) Time (hrs) Results 

 Experiments s        

A1254 Fe0.69Ni0.23Cu0.01S1.00 + polysterene Graphite* 0.93 1.8 1050 12 Solid only 

A1255 Fe0.69Ni0.23Cu0.01S1.00 + polysterene Graphite* 0.93 1.8 1075 12 Mss + Melt 

A1253 Fe0.69Ni0.23Cu0.01S1.00 Graphite* 0.93 1.8 1100 12 Solid only 

B650 Fe0.69Ni0.23Cu0.01S1.00 Graphite* 0.93 1.8 1075 08 Mss + Melt 
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Table 3.S4. Experiment suite 4, with gold melting at 1.8 GPa in graphite capsules 

PC Run # Temperature (˚C) t (hrs) Run product 

A1116 1096 0.1 gold wire 

A1117 1116 0.1 gold wire 

A1109 1126 0.1 gold wire 

A1121 1132 0.1 gold ball 

A1108 1136 0.1 gold ball 

A1120 1142 0.1 gold ball 

A1107 1146 0.1 gold ball 

A1104 1156 0.1 gold ball 

A1095 1166 0.1 gold ball 

A1096 1176 0.1 gold ball 

A1097 1186 0.1 gold ball 

Chapter 4  

Sulfide melt-olivine reactions: implications for sulfide composition in the Earth’s 

upper mantle 

4.1. Introduction 

Iron-nickel sulfides are ubiquitous accessory phases in the upper mantle (<0.1 

vol. %), where they are a principal host of highly siderophile and chalcophile elements 

(Alard et al. 2000; Pearson et al. 2003; Aulbach et al. 2009; Lorand et al. 2013). Mantle 

sulfide composition influences phase stability and mobility, and therefore the mass 

transport of siderophile and chalcophile elements (Gaetani and Grove 1999; Bockrath et 

al. 2004). Mantle sulfides are composed chiefly of Fe, Ni, and S, with minor amounts of 

O, Cu and Co and are molten or partially molten in large parts of Earth’s mantle (Eggler 

and Lorand 1993; McDonough and Sun 1995; Bockrath et al. 2004; Zhang et al. 2015; 

Zhang and Hirschmann 2016). The Fe and Ni composition of these sulfide liquids is 

controlled by equilibrium with olivine through an exchange reaction: 

.               (4.1) 

The distribution coefficient (KD) is used to indicate the ratio of Ni/Fe in sulfide melt and 

olivine, as: 

,               (4.2) 

		2FeS + Ni
2
SiO

4
= 2NiS + Fe

2
SiO

4

	sulfide	liquid 			olivine 		sulfide liquid 	olivine

sulfide sulfide
Ni Fe

D olivine olivine
Ni Fe

X /X
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where 
 
represents the mole fraction of element E in the phase of interest, P.  

Previous studies have explored the dependence of KD on temperature and oxygen 

and sulfur fugacities via 100 kPa experiments at fO2 ranging from FMQ -4 to +1, where 

FMQ is the fayalite-magnetite-quartz buffer, and deviations from FMQ are indicated on a 

logarithmic scale, with most experiments concentrated in the interval FMQ-2 to +1 (i.e., 

Clark and Naldrett, 1972; Fleet et al., 1977, 1981; Boctor, 1981, 1982; Fleet and MacRae, 

1983, 1987; Gaetani and Grove, 1997; Brenan and Caciagli, 2000; Brenan 2003) and 

natural olivine–sulfide assemblages (Brenan and Caciagli, 2000; Brenan 2003). These 

studies demonstrate that: (1) KD and  correlate in the interval between at FMQ-1 

and FMQ; (2) oxygen solubility in sulfide melt diminishes with increasing ; (3) 

Sulfide melts have a cation excess ( 1
Fe Ni

S O





) when Ni-rich at the same sulfur fugacity; 

Kress 2007); and (4) temperature (1200-1400˚C) and sulfur fugacity (10-1 to 10-2.5) have 

limited influence on KD. 

Based on previous experiments, the  of sulfide melt equilibrated with 

mantle olivine has been calculated to be near 0.5 to 0.7 (Gaetani and Grove, 1997; 

Brenan and Caciagli, 2000; Bockrath et al. 2004). However, existing studies may not 

apply to the deeper lithospheric mantle, as the KD values employed derive chiefly from 

experiments at 100 kPa and temperature and oxygen fugacity conditions similar to 

Earth’s crust and upper lithospheric mantle. In comparison, analyses of peridotite 

xenoliths suggest that oxygen fugacities in the Earth’s lithospheric mantle decrease with 

depth (FMQ-4 to FMQ; Frost and McCammon, 2008), with temperature ranging from 

800-1400˚C, depending on the applicable geotherm (1 to 8 GPa; Hesterok and Chapman 

2011). As the mantle is more reduced at greater depths (e.g. Frost and McCammon), the 

poorly-constrained dependence of KD on ƒO2 at more reduced conditions is important. In 

this contribution, we present sulfide melt-olivine reaction experiments at both oxidized 

(FMQ to -2) and reduced conditions (FMQ -4 to -2), 2 GPa, and 1200 and 1400˚C, to 

constrain KD values and therefore mantle sulfide compositions at conditions relevant to 

the lithosphere and convecting mantle. 

X
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P
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4.2. Experimental Procedure 

Four suites of experiments were performed that differed either in the approach to 

chemical equilibrium or the imposed chemical environment, and are distinguished based 

on the capsule used and/or the preparation and geometry of the sulfide-olivine mixture. 

The conceptually simplest experimental design is to equilibrate olivine and sulfide (e.g. 

suite 1). An initial set of experiments (suite 1) aimed to equilibrate fine-grained olivine 

(~10 µm) with surrounding sulfide melt.  However, Ni analysis of these small olivine 

grains was hampered by fluorescence from neighboring Ni-rich sulfide melt, and so 3 

additional suites of experiments were performed (suites 2,3, and 4) in which larger 

olivine grains (~500 µm) were employed which approached melt-olivine equilibrium by 

diffusion and for which the equilibrium composition was deduced by extrapolation of the 

near-interface composition. Suites (2) and (3) used different capsule materials, producing 

carbon-saturated and carbon-free conditions. Suite (4) is similar to suite (3), but with 

oxides added to the starting sulfide mixture to evaluate the approach to olivine-sulfide 

equilibration for more oxidized sulfide melts. Experimental suites, starting materials, and 

sample preparation techniques are summarized in Table 4.1 and 4.2. 

Sulfide powder mixtures were prepared from high purity (>99.8%) Fe, Ni, S, FeS2 

Ni3S2 and FeO powders to target monosulfide compositions with 30-35 wt.% sulfur, 

metal/sulfur atomic ratios near unity, and a range of . Sulfide mixtures were 

ground with ethanol in an agate mortar for 20 minutes, then dried at 110˚C in a vacuum 

oven for 5 min.  Longer drying intervals (e.g. 2 hours), lead to oxidation as reflected in a 

color change from gray to black. To avoid oxidation and contamination, sulfide mixtures 

were stored in sealed glass containers within a glass desiccator. Subsequent electron 

microprobe analysis of crystalline aggregates quenched from these mixtures (suite 3 and 

4) indicate <0.1 wt% oxygen, suggesting minimal oxidation or hydration of the starting 

material. Most olivines used in this study were from San Carlos, AZ; a few were picked 

from xenolith KA64-28, from Bultfontein, South Africa (Griffin and Murthy 1969). For 

equilibrium experiments, ~10 µm grains of San Carlos olivine mineral powder were 

employed; previous analyses indicate that this powder contains small amounts (1%) of 

sulfide
NiX
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pyroxene (Hirth and Kohlstedt 1995). For diffusion experiments, inclusion-free grains 

≥500 µm were handpicked under a binocular microscope.  

Experiments were performed in a half-inch (12.7 mm), end-loaded piston cylinder 

apparatus under hot piston-in conditions. Experimental assemblies consisted of a BaCO3 

sleeve wrapped in thin Pb foil, MgO spacers and a graphite heater. MgO assemblies were 

dried at 1000˚C for ~12 hours and stored in a drying oven at 110˚C. Temperatures were 

controlled using type B (Pt70Rh30/Pt94Rh6) thermocouples. Experiments were quenched 

by heater power termination. Pressure and temperature calibrations for these assemblies 

at relevant conditions were performed by Xirouchakis et al. (2001) and Zhang and 

Hirschmann (2016). 

In suite (1) experiments, high purity graphite rods were cut to a 3 mm length and 

4 mm outer diameter. Two holes (1 mm diameter, 2 mm length) were drilled into the rods, 

allowing for the loading of two samples in each experimental run. A 1 mm thick graphite 

lid covered and sealed the top. To avoid sample contamination during sample loading in 

these experiments, both holes were covered with a clean piece of tape. A pin was used to 

perforate the tape in one hole, allowing the starting material to be loaded. This tape was 

then replaced, and the process was repeated for the second sample. The starting material 

consisted of sulfide powders (67 wt.%) and ~10 µm olivine grains (33 wt.%), which were 

ground together with ethanol in an agate mortar for 20 minutes. Experiments were heated 

to the target temperature and held for 24 hours. 

Suite (2) experiments used graphite capsules identical to those in suite (1). A 

single olivine grain (~500 µm) was loaded into the capsule, with sulfide powders loaded 

above the olivine prior to covering with the graphite lid. Experiments were heated to the 

target temperature and held for 24 hours. 

Experiments in suites (3) and (4) used crushable alumina (99.6 % Al2O3) capsules. 

A single 2 mm-diameter hole was drilled to a length of 2 mm. Preparation of these 

experiments required two steps: (i) creating crystalline sulfide chips, and (ii) encasing the 

sulfide in a “capsule” of polycrystalline olivine. 

For step (i), the starting sulfide powder mixtures were placed in a 4 mm-long 

crushable MgO capsule with inner and outer diameters of 3 and 4 mm, respectively. The 
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experiment was performed by piston cylinder at 2 GPa, heated to 1400˚C and held for 5 

minutes before quenching by cutting power to the experiment. The resulting sulfide 

consisted of fine-grained crystalline intergrowths, quenched from melt, and chips of these 

were retrieved, handpicked and crushed on clean weighing paper. Later analysis 

confirmed that the aggregate composition of the crystalline sulfides matched the starting 

composition. Crystalline sulfide chips ~300-500 µm in diameter were selected for step 

(ii).  In step (ii) a single crystalline sulfide chip was surrounded by ~500 µm olivine 

grains in an Al2O3 capsule (prepared by drilling a 1 mm diameter, 2 mm length hole in 

crushable Al2O3). 

In suites (3) and (4), the alumina capsule with starting mixtures was sintered at 

950˚C and slightly below 2 GPa for 12 hours in the piston cylinder. This procedure 

effectively fused the powdered olivine into a polycrystalline olivine “crucible” 

encapsulating the crystalline sulfide from the Al2O3 outer capsule. Then, the temperature 

was increased from 950 to 1400˚C at a rate of 50˚C/min, and held for 24-72 hours. This 

encapsulation procedure was developed following trials under different conditions that 

failed to isolate the melt within the sintered olivine container. Polycrystalline olivine 

crucibles sintered at ~850 ˚C, or consisting of finer grained crystals (<20 µm) and 

sintered at ~950˚C, allowed sulfide to invade the olivine, producing complex textures that 

impeded quantitative analysis.  We suspect that the larger olivine crystals inhibited such 

problems, in part owing to a lower grain boundary density. 

 

4.3. Analytical methods 

All post-run products and standards were carbon coated and analyzed on the 

JEOL JXA8900R electron microprobe at the University of Minnesota. 

Sulfide major element (Fe, Ni, S) compositions were measured with a 20 µm-

diameter defocused beam, accelerating voltage of 15 kV, and a beam current of 20 nA. 

Counting times were 20 s on peak maxima and 10 s on each background for all elements. 

Primary standards used for major element analyses were pyrite (FeS2) for Fe and S, and 

Ni metal for Ni. The oxygen content of sulfide melt was analyzed in quenched sulfide 

melts by quantitative wavelength dispersive spectroscopy (WDS) mapping using crystal 
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LDE1 with 2d = 6 nm. Oxygen measurement was performed with a focused beam, 

accelerating voltage of 10 kV, and a beam current of 50 nA. Hematite (Fe2O3) and 

Magnetite (Fe3O4) were used as the primary and secondary standards, respectively. 

Correction for the oxygen blank was calibrated using materials of different atomic 

numbers (FeS2, Ni, As, In, and Au). Each WDS map was acquired over an area of 100 x 

100 µm, comprising 10,000 individual analysis points at 1 µm intervals, with an 

accelerating voltage of 10 kV and a beam current of 50 nA. Counting times were 10 s on 

peak maxima and 5 s on each background. 

Quantification of oxygen content in sulfide melt is very challenging because the O 

in the quenched material is concentrated in crystalline oxides which are modally low and 

distributed heterogeneously between quenched sulfide crystals (Brenan et al. 2000; 

Brenan 2003). Our focused beam WDS mapping approach has two advantages compared 

to analysis with a defocused beam. First, in a map, the averaged analyzed area is 

significantly larger than that spanned by a defocused beam. Second, matrix corrections 

for defocused beam analyses are problematic because they assume a homogeneous 

interaction volume, whereas the distribution of elements in the quenched sulfide melts are 

heterogeneous. A focused map allows pixel by pixel matrix corrections which more 

nearly approximates the homogeneous assumption (Carpenter et al. 2010; Barkman et al. 

2013).  

Standards employed for olivine analyses were synthetic olivines: Mg2SiO4 (Mg 

and Si), Fe2SiO4 (Fe) and Ni2SiO4 (Ni). One grain of the San Carlos olivine starting 

material was used as an internal standard for comparison between different probe 

sessions; compositional analyses returned results similar to Jarosewich et. al. (1980). 

Olivines were analyzed with a focused beam, an accelerating voltage of 15 kV, and a 

beam current of 20 nA. Counting times were 20 s on peak maxima and 10 s on each 

background for all elements. 

Accurate analyses of olivine proximal to sulfide melt must overcome the well-

known challenge of Ni secondary fluorescence effect caused by X-rays generated in the 

neighboring Ni-rich quenched melt (Fleet and MacRae 1983; Brenan and Caciagli 2000). 

We used two experimental approaches to help quantify this effect: “zero time” 
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experiments for sulfide-olivine pairs, and reanalysis of olivine after dissolution of 

proximal sulfide by acid (Brenan and Caciagli, 2000).  These were supplemented by x-

ray emission Monte Carlo simulations using PENELOPE software (Baró et al. 1995; 

Llovet et al. 2003; Wade and Wood 2012).  

“Zero time” experiments were performed by loading sulfide powders and a 2 mm 

San Carlos olivine grain into a graphite capsule, which was then pressurized in the piston 

cylinder to 2 GPa and heated to 1400˚C for less than 10 seconds before quenching. Ni 

diffusion into olivine should not penetrate greater than 1 µm at these conditions (Dohmen 

et al. 2007; Dohmen and Chakraborty 2007). As EPMA analysis of the starting San 

Carlos olivine shows that the Ni concentrations is homogenous (~3000 ppm; e.g., 

Jarosewich et al. 1980), variations in concentration measured along a profile indicate the 

magnitude of the effect of secondary fluorescence on Ni x-ray counts. 

Acid dissolution was performed in selected sulfide-olivine pairs from suite (1) 

with ~10-30 µm olivine grains, following initial analysis of coexisting olivine and sulfide 

compositions. Concentrated 4:1 mixture of HCl and HNO3 solutions (following Brenan 

and Caciagli 2000) were dripped onto the surface of samples for 5 minutes on a hotplate 

at 80˚C. The sulfide-acid reaction produced native sulfur, which was removed by flushing 

with water. This exercise was repeated 3-5 times to remove most of the sulfides from the 

sulfide-olivine assemblage. Epoxy was then poured onto the sample and allowed to set 

before polishing to expose a fresh olivine surface free of sulfides. Olivine composition 

profiles were then re-analyzed by electron microprobe. 

 

4.4. Results 

4.4.1. Textures of the experimental products 

For all experiments, temperatures were ~200˚C above the monosulfide liquidus 

(Zhang et al. 2015; Zhang and Hirschmann 2016).  In the experimental charges, quenched 

sulfide melts have dendritic textures (Fig. 4.1) typical of experiments with similar 

compositions (Brenan et al. 2000; Brenan 2003; Li et al. 2015; Zhang et al. 2015; Zhang 

and Hirschmann 2016). Except sample B734 (suite (4)), in which oxides concentrate at 
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olivine-sulfide boundaries (Fig. 4.2A), oxides are randomly distributed within the 

quenched sulfide crystals (Fig. 4.2 B-D). This lone anomaly is likely because the starting 

composition of B734 has the atomic formula (Fe0.25Ni0.75)(S0.75O0.25) and probably resides 

in the sulfide-oxide immiscibility field (Kress 1997; Kress 2000). 

In suite (1), quenched sulfide melt forms an interconnected network, and olivine 

grains with individual grain sizes of 10-20 µm are in contact with each other. Small 

amounts of silicate minerals are distributed along olivine triple junctions (Fig. 4.1A). 

These crystallized from an interstitial silicate melt during quenching, most likely due to 

small amounts (1%) of pyroxene in the starting San Carlos olivine powder (Hirth and 

Kohlstedt 1995). In suite (2), single olivine grains are surrounded by quenched sulfide 

and have smooth boundaries. Sulfide melts in suites (3) and (4) retain the original 

crystalline chip geometry, indicating successful trapping of sulfide melt at 1400˚C by the 

polycrystalline olivine matrix. Energy-dispersive spectroscopy (EDS) mapping suggests 

that olivine grains in of suites (2) and (3) have reaction zones on the order of 30-100 µm 

(Fig. 4.3); this is confirmed by diffusion profiles at sulfide-olivine boundaries, as detailed 

in section 4.3. 

 

4.4.2 Sulfide compositions 

Major element (Fe, Ni and S) concentrations of sulfides (Table 3.3) do not 

indicate any spatial variation and are similar (a change of <0.1) to those of 

quenched sulfide chips analyzed prior to reaction experiments, and with errors 

comparable to previous analyses of quenched sulfide melt (Gaetani and Grove, 1997; 

Brenan and Caciagli, 2000; Brenan 2003). Therefore, the analyzed composition 

represents that present in the melt at high temperature before quenching. Sulfide melt 

oxygen contents range from 0.05-3.6 wt.% in Al2O3 capsule experiments (suite (3)) and 

0.3-2.2 wt.% in graphite capsule experiments (suites (1) and (2)) (Fig. 4.4). Oxygen 

contents correlate negatively with in suites (1), (2), and (3), in agreement with 100 

kPa experimental observations (Yoshiki-Gravelsins 1993; Brenan 2003; Kress 2007). 

Owing to the addition of oxides to the starting sulfide mixtures of suite (4), sulfides are 

sulfide
NiX

sulfide
NiX



 
 

77 
 

Ni-rich with high oxygen contents (2.0 to 5.0 wt.%; Table 4.3). 

In all experiments,  shifts only slightly (a change of <0.1) from the 

starting composition, in agreement with mass balance calculations based on Fe and/or Ni 

diffusion profiles in olivine. Because the exchange of sulfur between the melt and olivine 

is negligible, changes to the sulfide melt are owing to the gain or loss of metal and/or 

oxygen from olivine, reflecting an approach to equilibrium. Carbon contents of the 

sulfide melts were not analyzed but is likely to be low, as previous studies show that 

monosulfide melts (~35 wt.% sulfur) have very low carbon solubility (<0.3 wt.%; 

Dasgupta et al. 2009; Zhang et al. 2016). 

 

4.4.3 Olivine compositions 

The compositions of olivines proximal to the sulfide melt requires quantification 

of the effect of Ni fluorescence from nearby sulfide. The magnitude of this effect 

increases with sulfide Ni composition and decreases with distance from the sulfide-

olivine boundary. In Fig. 4.5, PENELOPE simulations and “zero time” experiments are 

compared, allowing quantification of this influence. The two methods suggest that there 

is a slight offset at distances of 5-35 µm (Fig. 4.5). For example, for XNi=0.9 (54 wt.% Ni)  

in the melt, apparent increases in NiO (wt.%) in the olivine are 1400 ppm (by 

PENELOPE) and 1800 ppm (by experiments) at 20 microns from the boundary and 950 

ppm (by PENELOPE) and 1100 ppm (by experiments) at 40 microns (Fig. 4.5). This 

offset is most likely the result of profile lines being sub-perpendicular to the sulfide melt-

olivine boundary and/or the sulfide melt geometry itself, as sulfide melt could be present 

below the analyzed surface of a given olivine grain (Wade and Wood 2012). 

Olivine composition profiles measured from samples for which sulfide has been 

dissolved can be compared with PENELOPE-corrected profiles measured on the same 

samples before sulfide dissolution (Fig. 4.6). Corrected compositions from before sulfide 

dissolution are the same or <0.1 wt.% NiO lower than olivine analyses those measured 

directly after sulfide dissolution. Because the olivine grain (~20 µm) should approach 

homogeneity after the reaction, the olivine Ni composition uncertainty by PENELOPE 
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correction and dissolution experiments could reflect analytical error, which is < 0.1 wt.%. 

Therefore, the PENELOPE correction agrees with the dissolution experiments within 

analytical errors. In this study, olivine Ni compositions based on compositional profiles 

are reported as corrected by PENELOPE. Apparent Fe concentrations in olivine are also 

influenced by secondary fluorescence. However, because San Carlos olivine is Fe-rich 

(~7.0 wt.%), the secondary fluorescence contribution is small in relative terms, 

amounting to less than 0.5 wt.% in the most extreme case where olivine is adjacent to 

pure FeS. In the reported data and diffusion profiles, Fe content has been similarly 

corrected for Fe fluorescence using PENELOPE. 

Homogeneous compositions across profiles of olivine (~20 µm) in suite (1) 

experiments (Fig. 4.6) suggest that equilibrium has been reached. Olivines of suites (2), 

(3) and (4) present diffusion profiles (30-120 µm in length) at the contact with sulfide 

melt, described in greater detail below.  For Suites 2 and 3, the composition of olivine 

equilibrated with sulfide melt can be represented by the fluorescence-corrected analysis 

at the edge of the grain that is in immediate contact with the sulfide melt. To estimate this 

equilibrated olivine composition, 4-6 cross sectional profiles (each profile at 10-20 µm at 

2 µm increments with 5-10 steps) were measured near the sulfide-olivine boundaries of 

each sulfide-olivine pair. In each profile, the analysis point immediately adjacent to the 

sulfide is chosen as the equilibrated olivine composition. For each sulfide-olivine pair, 

the average value (and uncertainty) of the 4-6 equilibrated olivine compositions is 

reported in Tables 4.4. 

 

4.4.4 KD calculation  

KD is calculated via the composition of each sulfide melt-olivine pair (Tables 4.3 

and 4.4). In general, is positively correlated with KD, ranging from 1 to 32 (Fig. 

4.7). The Fe and Ni diffusion profiles in olivine constrain the Fe and Ni distribution 

coefficients, KD. Here, we use KD*, calculated as: 

,

 (4.3) 
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where and  are set constant in each olivine-sulfide pair according to the 

corresponding sulfide melt composition.  and are the mole fractions 

measured at each analytical point. The KD* profiles in olivine at the sulfide-olivine 

boundaries provide further constraint on the KD values calculated from the fully 

equilibrated sulfide melt and olivine compositions of suite (1). Olivine KD* profiles that 

plateau within 20-100 µm of the sulfide-olivine boundary should accurately reflect the 

true KD value (Fig. 4.8 and Fig. 4.9). KD* profiles that continually decrease towards the 

sulfide-olivine boundary provide a best estimate of the true KD value of the sulfide-

olivine pair (Fig. 4.8C, 4.9C). In Fig. 4.9A, KD* increases within 5 µm of the sulfide-

olivine boundary; this phenomenon is related to the Ni composition of olivine 

diminishing towards zero. In this situation, the Ni concentration of olivine approaches the 

detection limit and resolution of the electron microprobe. Therefore, KD values calculated 

from olivines with very low NiO concentrations probably have very large uncertainties. 

 

4.4.5 Olivine diffusion profiles 

In addition to each sulfide-olivine pair in suites (2), (3), and (4), one olivine 

composition profile (40-200 µm) was analyzed; these profiles extend well beyond the 

sulfide-olivine diffusional boundary to reflect the starting olivine composition (Fig. 4.8 

and Fig. 4.9).  Regions of equilibration and composition profiles in olivine correlate with 

the surrounding sulfide melt composition. Olivine grain equilibrated with oxygen-rich 

sulfide melt show large homogenous regions (50-100 µm). Both NiO and FeO contents 

decrease from the olivine homogeneous region at the sulfide melt-olivine interface 

towards to the olivine interior gradient (Fig. 4.8A). Olivine grain paired with oxygen-

poor and Ni-rich sulfide melt display intermediate homogenous regions (~20 µm). There 

is a composition gradient (FeO and NiO) from the margin homogenous regions (with 

high Mg#) to the interior (with low Mg#) (Fig. 4.9C). Olivine grain matched with 

oxygen-poor and Ni-poor sulfide melt demonstrate narrower profiles without marked 

compositional plateaus proximal to the grain edge with a monotonous composition 

gradient (Fig. 4.9A). 
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4.5. Discussion 

4.5.1 Oxygen fugacity (fO2) of the experiments 

The fO2 of the high-pressure experiments presented here were not formally 

buffered. Typical methods for buffering such experiments, such as double capsule 

techniques (Eugster and Wones, 1962), or monitoring fO2 using precious metal (Pt, Ir) 

sensors (e.g., Medard et al. 2008) were not appropriate for our experimental design. 

Precious metal sensors generally require constraints on the activity of FeO in the silicate 

assemblage (Medard et al. 2008; Stanley et al. 2014), which were not available in these 

experiments and Pt, Ir  alloys are not necessarily stable in  sulfide melt. Instead, we 

estimate the fO2 of our experiments from sulfide melt oxygen contents, from the Mg# of 

the coexisting olivine, and Fe-Ni diffusion coefficients. 

Based on low pressure (100 kPa) experiments, sulfide oxygen content increases 

with fO2 and decreases at greater  (Yoshiki-Gravelsins 1993; Brenan 2003; Kress 

2007). The oxide species in the sulfide melt is controlled by: 

 .                               (4.4) 

Therefore, the FeO content of the sulfide melt depends on the ratio of the oxygen and 

sulfur fugacities. For melts that have near-monosulfide stoichiometry, as is the case for 

all experiments in this work, sulfur fugacities are typically between 10-2 and 10-3 (Hsieh 

et al. 1987; Lorand et al. 1993; Kress 2007), and within this range, the oxygen content 

depends chiefly on fO2, as illustrated in Fig. 4.4. Assuming that oxygen contents of 

monosulfide melts are not strongly affected by the 2 GPa confining pressure, the oxygen 

contents of sulfide melts suggest that experiments with oxides added to the starting 

material (suite (4)) are close to FMQ -1 or more oxidized, whereas experiments of suites 

(1), (2), and (3) are more reduced, and lie near FMQ -3 to -4 (Fig. 4.4). 

Olivine Mg# of olivine-sulfide equilibration experiments provides another 

approach to estimate the fO2 of our experiments. A compilation of our experiments and 

previous experiments (Fleet and MacRae 1987, 1988; Gaetani and Grove 1997; Brenan 
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and Caciagli 2000; Brenan 2003) show that the Mg# of olivine coexisting with 

monosulfide melt increases with decreasing oxygen fugacity (Fig. 4.10A). In detail, the 

olivine Mg# at a given fO2 varies with ; considering only melts with 0.2 ≤ ≤ 

0.4 (the compositional range common to all previous studies) further clarifies this trend 

(Fig. 4.10B).  This comparison also suggests that suites (1), (2), and (3) are between 

FMQ -3 to -4, and suite (4) is near FMQ -1 to FMQ. It should be noted that there is 

inherent uncertainty in extrapolation of low-pressure measurements for comparison with 

our high-pressure results. 

An additional estimate of the fO2 of our experiments can be made by comparison 

of olivine diffusion coefficients in our study with that of fO2 well buffered from 100 kPa 

experiments. For the sulfide melt-olivine interface where olivine has a reaction zone of 

homogenous composition (~50 µm with Mg#=87 in Fig. 4.8A and ~20 µm with Mg#=99 

in Fig. 4.9C). This composition profile is created by diffusion between homogenous 

olivine zone and olivine in the interior with starting composition (Mg#=91 in Fig. 4.8A). 

Boltzman-Matano analysis (Matano 1933) is used to calculate the diffusion coefficient D: 

* *1
[ ]

2 2

x bg o
olivine olivine
zone bg
olivine olivine

C C x x
erfc

C C Dt

 



, (4.5), 

where 
*x

olivineC  is the composition (FeO or NiO) of a point analysis in the gradient profile 

(Figs 4.8A and 4.9C), 
zone
olivineC  and 

bg
olivineC are the two endmembers in the composition 

gradient as olivine zone (e.g. Mg#=87 in Fig. 4.8A) and background (e.g. Mg#=91 in Fig. 

4.8A), erfc is error function complimentary, x* is the distance from the interface position, 

xo is the symmetric interface position marked in Fig. 4.8A and Fig. 4.9C, and t is the 

experimental duration. 

 For the sulfide melt-olivine interface without a homogeneous olivine zone (Figs 

4.8C, 4.9A and 4.9B), where the composition profile is created by diffusion between 

sulfide melt and olivine (Petry et al. 2004), diffusion coefficient D is calculated from the 

monotonous composition gradient by: 
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, (4.6), 

Where int
olivineC is the composition of olivine at sulfide melt-olivine interface, and erf is 

error function. The mean diffusion coefficient and standard deviation error is listed in 

Figure 4.8 and 4.9. The uncertainty uncertainties listed rely on the position of the point in 

the profile. For experiment shown in Figure 4.8A, the Fe-Ni diffusion coefficients were 

calculated near 10-14.3 (m2/s). For experiments displayed in Figure 4.8C and Figure 4.9, 

the Fe-Ni diffusion coefficients were calculated in the range of 10-15.1 to 10-16.7 (m2/s). 

Previous diffusion experiments with controlled gas fO2 have measured the FeNi-olivine 

and Fo90-Fo100 couples at 100 kPa and 1400 ˚C (Petry et al. 2004; Dohmen et al. 2007). 

Furthermore, interpolation from 6-12 GPa experiments suggest that Fe-Ni diffusion 

coefficient decrease by half a log unit at 2 GPa compared with 100 kPa (Holzapfel et al. 

2007). Therefore, compared these studies and Fe-Ni olivine diffusion coefficients 

calculated from this study, fO2 of experiment B734 (Figure 4.8A) is ~ FMQ to FMQ+2, 

and fO2 of experiments B725, B745-B, B745-A and B744-A (Figs 4.8C and  4.9) range 

from FMQ-2 to -4. 

 In sum, sulfide melt oxygen contents, olivine Mg# and olivine Fe-Ni diffusion 

coefficients all point to fO2 of B734 in suite (4) experiments at FMQ to FMQ +2, B731 in 

suite (4) experiments at FMQ -1 to FMQ, and suite (1), (2) and (3) at FMQ-5 to -3. 

 

4.5.2 KD values controlling factors 

There are systematic differences in sulfide melt-olivine KD values between this 

study at 2 GPa and previous experiments at 100 kPa (Fig. 4.7). Here, we consider the 

effects of pressure, temperature, sulfur fugacity, and oxygen fugacity to explain the 

difference. Pressure is not likely to have a strong effect on KD, as no phase change 

occurred in olivine or the sulfide melts. Brenan (2003) compared KD values in 1200 and 

1300˚C experiments at FMQ -1, suggesting a systematically lower KD at 1300˚C. 

However, this effect is obscured when compared with other experimental series at the 
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same oxygen fugacity. In all previous experiments near 1400˚C, KD values are 

systematically higher than in this study. KD values are similar in our 2 GPa experiments 

conducted at 1200 and 1400˚C. Therefore, temperature is likely to have a small influence 

on KD, but cannot account for the large difference between this and previous studies. 

Brenan and Caciagli (2000) and Kress (2007) suggest that sulfur fugacity has a very 

small influence on KD for sulfide melt near cation/anion stoichiometry. The sulfide melts 

in our study have cation/anion ratios near 1, with variation caused by oxygen. Thus, 

sulfur fugacity should not be a major factor influencing KD values. 

As discussed in the section above, the ƒO2 of experimental suites (1), (2), and (3) 

are between FMQ -4 and -3 (Figs. 4.4, 4.10). When sulfide melts contain more oxygen 

(suite (4), near FMQ -1), the difference between our KD values and those of previous 

works narrows. Sulfide melt–olivine experiments by Gaetani and Grove (1997) reached 

FMQ -3.5 to -4, producing high Mg# (~96), low NiO (<0.1 wt.%) olivine equilibrated 

with Fe-rich sulfide melt ( ~0.3). Although the KD values of Gaetani and Grove 

(1997) likely have large uncertainties due to low NiO content in olivine, they agree with 

our observation that, at FMQ -3 to -4, Fe-rich sulfide melt equilibrates with San Carlos 

olivine in suites (1), (2), and (3).  

In general, under more reduced conditions (FMQ -4 to -2), sulfide melts 

systematically equilibrated with more Ni-rich olivine compositions than under oxidized 

conditions (FMQ -2 to FMQ); this difference becomes more pronounced in Ni-rich 

sulfide-olivine pairs. Sulfide-olivine pairs have consistently lower KD values under more 

reduced conditions (Fig. 4.7). This is probably caused by the non-ideal mixing of oxide 

and sulfide species in sulfide melt, which include Fe, Ni, S, FeS, NiS, Ni3S2 and FeO 

(Hseih et al. 1987; Brenan 2003; Kress 2007). For sulfide melt with high oxygen content 

(suite 4), the FeO species are abundant in sulfide melt (Fig.4.4). At more reduced 

conditions, oxide species diminish (Fig.4.4). 

 

4.5.3 Fe-Ni diffusion and reaction between sulfide melt and olivine 

FeO and NiO profiles in olivine allow characterization of the mass fluxes between 

sulfide
NiX
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sulfide melt and olivine over the course of the experiments. For each sulfide-olivine pair, 

the sulfide melt composition (oxygen content and ) controls the direction of FeO 

and NiO mass flux in olivine: FeO diffuses from oxygen-rich sulfide to olivine (Fig. 4.8A) 

and from olivine to oxygen-poor sulfide (Fig. 4.8C); NiO diffuses from Ni-rich sulfide to 

olivine (Fig. 4.8A and 4.8C) and from olivine to Ni-poor sulfide (Fig. 4.8A and 4.8B). 

In Al2O3 capsule and graphite capsule experiments where olivine Mg# decreases 

at the sulfide-olivine boundary, olivine either loses both Fe and Ni to the sulfide melt, or 

loses a large amount of Fe (e.g. 7 wt.%) and gains a small amount of Ni (e.g. <0.5 wt.%) 

(Fig. 4.9C). According to mass balance and the slow diffusion of Si and O in olivine 

(Dohmen et al. 2002, 2007), this observation suggests that some olivine must be 

dissolving at the sulfide-olivine interface and that another silicate, such as a pyroxene or 

silicate melt should precipitate at the sulfide melt-olivine boundary by a reaction similar 

to 

,    (4.7) 

Mass balance suggests that the resulting pyroxene layer should be <3 µm, and these were 

not observed except in experiment B718 (suite (3)), for which a 1 µm layer of pyroxene 

was observed. It is possible that pyroxene precipitated elsewhere in the charge, which 

was lost during polishing owing to common quench-induced fractures close to the 

olivine-sulfide interface or that small amount of mobile silicate melts migrated through 

olivine boundaries and was not detected. 

Based on the chemical reaction (Eqn 4.7) and composition profile (Figs 4.8 and 

4.9), Fig. 4.11 illustrates the cation-defect diffusive processes between olivine and sulfide 

melt (Ricoult and Schmalzried 1987; Wu and Kohlstedt 1988). Ni2+ flux directions in 

olivine are mainly controlled by the Ni content of the sulfide melt. Fe2+ flux directions in 

olivine are related to the oxygen content of the sulfide melt. Mg2+ flux directions are 

determined by the compensation of olivine stoichiometry considering Fe2+ and Ni2+. The 

cation flux directions require losing or obtaining oxygen at the sulfide melt-olivine 

reaction front for the chemical species of sulfide melt, which include Fe, Ni, S, FeS, NiS, 

sulfide
NiX

2 4 2 4 3 2

      olivine             olivine          sulfide melt        pyroxene

  Mg SiO  + Fe SiO =     2Fe  +   2MgSiO +  O
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Ni3S2 and FeO (Hseih et al. 1987; Brenan 2003; Kress 2007). For sulfide melt with high 

oxygen content (e.g. ~FMQ-1), the FeO species are abundant in sulfide melt (Fig.4.4). 

These FeO species likely lose oxygen at the sulfide melt-olivine reaction front (Fig. 

4.11A). For reduced sulfide melt (e.g. ~FMQ-3), the FeO species diminish and Fe and Ni 

species increase (Hseih et al. 1987; Kress 2007) (Fig.4.4). Therefore, Fe and Ni species 

probably bond with oxygen to form oxide species at the reaction front (Fig. 4.11B). 

 

4.5.3 Sulfide composition in the mantle 

Sulfide compositions in the Earth’s mantle can be evaluated from mantle 

xenoliths and modeled by experiments. The advantage of mantle xenoliths is the direct 

observation of mantle samples. However, mantle xenoliths require careful evaluation of 

sulfide re-equilibration, exsolution and possible reaction with surrounding oxides or 

silicates during xenolith ascent and cooling (Eggler and Lorand 1993; Bulanova et al. 

1996; Westerlund et al. 2006; Aulbach et al. 2004, 2009). To evaluate the pristine 

composition of mss or sulfide melt at mantle temperatures, complex sulfide inclusions in 

silicates or diamond can be reintegrated by bulk analysis or individual sulfide phase 

analyses weighted by their modal proportions (e.g. Eggler and Lorand, 1993; Aulbach et 

al. 2009). Fig. 4.13 compiles such measurements from inclusions in olivine, diamond, 

pyroxene, and garnet, from various tectonic settings. Even natural sulfide compositions 

reconstructed from closed systems are compositionally scattered. 

Experiments have determined sulfide melt-olivine KD values at reduced (FMQ -4 

to -2) and oxidized (~FMQ -2 to FMQ) conditions (Fig. 4.7 and 4.12). In the Earth’s 

mantle, fO2 decreases with depth from FMQ-2 to FMQ where carbonate is stable at 50-80 

km depth in the lithosphere, to FMQ -4 to FMQ -3 where graphite is stable at 120-180 

km depth (Frost and McCammon 2008). Given a typical mantle olivine composition and 

experimental KD - - fO2 trends (Fig. 4.12A), we estimate that mantle sulfide melts 

have compositions of ~ (0.5-0.7) at 50-80 km, and ~(0.2-0.4) at 120-180 km. 

Our experimental estimate of mantle sulfide melt compositions is more Ni-rich 

than most reconstructed natural sulfide compositions (Fig. 4.13) as there are several 

sulfide
NiX
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factors that influence natural sulfide compositions other than sulfide melt-olivine 

interaction at mantle conditions. First, sulfide-silicates re-equilibrate and react at lower 

temperatures (<900˚C) during cooling, precipitating oxides from the sulfide melt (Eggler 

and Lorand 1993; Delpech 2012). Second, based on trace element analyses of natural 

samples and results from experimental petrology, mss-sulfide melt fractionation under 

the continental geotherm fractionates Fe into mss residue and Ni-Cu-S into sulfide melt 

(high metal/sulfur in sulfide melt; Bulanova et al. 1996; Zhang and Hirschmann 2016). 

Third, silicate melt reactive porous flow in peridotites could precipitate or consume 

peridotitic sulfides, and likely change ƒO2 in local geological domains (Aulbach et al. 

2009; Lorand et al. 2013; Pearson and Wittig 2014). Therefore, direct evidence of sulfide 

melt compositions from natural samples is elusive, especially in the case of sulfides 

interstitially dispersed between silicate minerals, which experience complex 

modifications before reaching the surface. 

With the application of KD-mantle fO2 conditions, this study suggests the sulfide 

melt Ni/(Ni+Fe) as shown in Fig 4.14, which is different than the estimate of mantle 

sulfide melt compositions by Bockrathe et al. (2004) and Tsuno and Dasgupta (2015). 

Bockrathe et al. (2004) chose a fixed KD value at an extremely oxidized condition for 

Earth’s mantle (FMQ to FMQ +4); Tsuno and Dasgupta (2015) directly took the 

Ni/(Ni+Fe) from metal precipitation in extremely reduced conditions (IW or more 

reduced, Frost and McCammon (2008)), without considering the effects of sulfur on the 

activity of Ni and Fe. Therefore, this study provides the constraint for sulfide melt 

composition that is more appropriate in the Earth’s mantle conditions.  

 

4.5.4 Implications for sulfide melting, mobility and solubility in the mantle 

The melting temperature of sulfide is directly linked to sulfide composition 

(metal/sulfur, Fe/Ni, oxygen, carbon). Ballhaus et al. (2006) suggest that altering the 

sulfide metal/sulfur atomic ratio from 0.93 to 1.19 depresses the melting temperature by 

100-200˚C. Fe/Ni also has an effect on (Fe, Ni)S melting at constant metal/sulfur, as the 

Fe0.53S0.47- Ni0.53S0.47 binary at 100 kPa influences the solidus by 100-200˚C. Oxygen and 

carbon also depress the Fe-Ni-S solidus (Urakawa et al. 1987; Zhang and Hirschmann 
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2016). Therefore, the sulfide solidus and liquidus temperatures constrained by Zhang and 

Hirschmann (2016) are most likely upper bounds, suggesting that sulfides are completely 

molten in hotter regions of the upper mantle, and that the sulfide melt stability field is 

more widespread in shallow, cooler portions of the continental lithosphere (Zhang et al. 

2015). 

Under hydrostatic conditions, a small amount of melt becomes interconnected at 

dihedral angles <60˚. Experiments at upper mantle conditions suggest that Fe-Ni-S melts 

have high dihedral angles (70-110˚; Minarik et al. 1996; Shannon et al. 1998; Shi et al. 

2013). Only FeS monosulfide melt at FMQ -1 (dissolving 3-9 wt.% oxygen) shows 

dihedral angles of 59 to 52˚, suggesting that FeO (or O) species act as the surface active 

component in reducing the dihedral angle (Gaetani and Grove 1999). Using the 

correlation of oxygen content in sulfide melt with dihedral angle (Gaetani and Grove 

1999; Kress 2007), mantle sulfide melts with compositions calculated from this study 

should have dihedral angles of 60-70˚. Therefore, other factors are required to promote 

local percolation of sulfide melt, including (1) locally more oxidized conditions (to FMQ), 

(2) the promotion of sulfide melt wetting by silicate melt mobilization, and (3) shear 

stress induced sulfide melt percolation (Bruhn et al. 2000; Holzheid et al. 2000; Groebner 

and Kohlstedt 2006). Therefore, constraining the role of sulfide melt enrichment in the 

production of seismic anomalies in the upper mantle (Helffrich et al. 2011) requires 

application of the physical mechanisms promoting sulfide melt percolation in the 

continental lithosphere. 

Chalcophile and siderophile elements (e.g. Au, Ag, PGEs) preferentially partition 

into sulfide phases (Peach and Mathez 1993; Gaetani and Grove 1997; Li and Audetat 

2013; Zajacz et al. 2013). Therefore, the presence or absence of sulfide phases, which 

depends on sulfur solubility in silicate melt during partial melting, determines the related 

geochemical budget. Experimental studies that equilibrated silicate melt with FeS melt 

suggest that sulfur solubility in silicate melt is positively correlated with temperature, 

oxygen fugacity, and Fe content in the silicate melt, but negatively correlated with 

pressure (Mavrogenes and O’Neill 1999; Jugo et al. 2005; Li and Ripley, 2005). Smythe 

et al. (2016) show that sulfur solubility in silicate melt is suppressed by 40% when 
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equilibrated with Ni-Cu bearing sulfide melt ( ~0.4). Our study on provides 

further constraints on sulfur solubility in silicate melt in the Earth’s mantle. We apply 

mass balance to partial melting of the silicate mantle: 

,   (4.8) 

where C0 is sulfur abundance in the source, F is melt fraction, CSL is sulfur solubility in 

the silicate melt, and CSS is sulfur solubility in the silicate solid source. A MORB source, 

assuming 10-15% partial melting and CSL ~1200 ppm when equilibrated with sulfide 

( ~0.6) at ~FMQ-2 to FMQ and 2 GPa, corresponds to C0 of 120-180 ppm for 

sulfide elimination in the source. Therefore, MORB is likely sulfur-saturated considering 

the effects of sulfide melt composition equilibrated with silicate melt. For the continental 

lithosphere, metasomatic silicate melt (with low F) should be sulfur-saturated. 

Elimination of sulfide by large degrees of partial melting (F=30%) during continent 

formation will depend on the pressure effects on sulfur solubility suppression (Lorand et 

al. 2013). For example, CSL <600 ppm at 6 GPa corresponds to C0=180 ppm for sulfide 

elimination in the source. 

 

4.6. Conclusions 

Fe-Ni distribution coefficients between sulfide melt and olivine were determined 

by experiments at 2 GPa, 1200 and 1400˚C, and a range of oxygen fugacity conditions 

and sulfide compositions. Mass flux between sulfide melt and olivine is revealed by 

olivine diffusion profiles, and we correct for secondary Ni fluorescence effects using 

PENELOPE software, “zero time” experiments, and measurements before and after 

dissolution of sulfides. Our results demonstrate that oxygen fugacity controls sulfide melt 

composition when equilibrated with olivine, probably due to the non-ideal mixing of Fe-

sulfide species, Ni-sulfide species and/or FeO (at oxidized conditions) and metal species 

(at reduced conditions). Through compilation of sulfide melt–olivine reactions and 

mantle redox conditions, we suggest that sulfide melts have ~0.6 at depths of 50-

80 km, evolving to Fe-rich ( ~0.3) in the deeper part of the upper mantle (120-180 
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km). From our calculated mantle sulfide composition trend, we suggest that (1) upper 

mantle sulfides are probably completely molten in hotter parts of the mantle, and the 

sulfide melt stability field is widespread in the deeper lithospheric mantle; (2) sulfide 

melts have limited oxygen content and therefore limited mobility in the upper mantle 

solid silicate matrix, unless mobilized by silicate melt; and (3) silicate melts equilibrated 

with Ni-rich sulfides are sulfur-saturated as a result of sulfur solubility depression. 

 

 

 

 

 
 

 

Fig. 4.1 Backscattered and Secondary Electron images of experimental run products from 

sulfide-olivine experiments. (A) Sample B673-B, suite (1): small amounts of minerals 

crystallized from a separate silicate melt during quenching are distributed along olivine 

triple junctions (Fig. 1A), most likely due to a small amount of pyroxene in the starting 

San Carlos olivine powder (Hirth and Kohlstedt 1995). (B) Sample B744-B, suite (2). (C) 

Sample B727, suite (3): dark and bright phases in the quenched silicate are sulfides or 

shallow cracks of sulfide filled with epoxy. 
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Fig. 4.2. Quantitative EPMA WDS mapping of oxygen content of polycrystalline sulfide 

samples quenched from sulfide melts. (A) Sample B734, starting composition 

(Fe0.25Ni0.75)-(S0.75O0.25), suite (4): red regions represent oxides and dark regions are 

oxygen-depleted sulfide crystals. (B) Sample B731, (Fe0.9Ni0.1)-(S0.9O0.1), suite (4): red 

regions represent oxides, intermediate blue and green regions represent sulfide with an 
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intermediate oxygen content, and dark regions represent oxygen-depleted sulfide crystals. 

(C) Sample B709, (Fe0.6Ni0.4)-S1.0, suite (3). (D) Sample B725, (Fe0.1Ni0.9)-S1.0, suite (3). 

 

 

Fig. 4.3. Phase identification by EDS mapping for sample B725, suite (3). Sulfide 

(yellow) is surrounded by an olivine reaction rim (blue) and unreacted olivine (red). 
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Fig. 4.4. Oxygen content of sulfide melts of different suites. S2, S3, S4 and S4* (B734 

with high concentration of immiscible oxides) refer to experiments of suites (2), (3), and 

(4), respectively. Dashed curves represent the sulfide composition-oxygen content 

relationship (from FMQ to FMQ -4) calculated according to the sulfide melt applet from 

Kress (2007) at 100 kPa, 1300˚C and an fS2 of 10-2. Temperature and fS2 do not 

significantly influence the curves (Kress 2007).  For example, if the curves were 
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calculated instead with an fS2 of 10-3, oxygen content would be displaced upwards by 

only 1 mol.%. 

 

 

Fig. 4.5. Profiles illustrating the effect of secondary fluorescence on EPMA Ni analyses 

of sulfide-adjacent olivines. Curves are calculated using PENELOPE (Llovet et al. 2003) 

and symbols are measurements from zero time experiments (see text).  In each zero time 

experiment, profiles at two different locations (represented by symbols with and without 

borders) were measured to minimize geometric effects. 
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Fig. 4.6. Comparison of olivine compositions analyzed with sulfides present (closed 

symbols) and after sulfides were dissolved (open symbols) from sample B673-B, suite (1). 
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Numbers in parentheses represent ; (0.12) and (0.75) represent Ni-poor and Ni-rich 

sulfides, respectively. In the shaded area at right, the horizontal lines represent average 

values, with standard deviation indicated by the rectangles; open/closed symbols and 

colors match those in the legend. (A) olivine FeO composition; (B) olivine NiO 

composition. 

 

 

Fig. 4.7. Ni/(Fe+Ni) in sulfide compared to KD. The gray shaded areas and white frame 

correspond to oxidized (FMQ-2 to FMQ) and reduced (FMQ -4 to -2) conditions, 

respectively. Data sources are: B, Brenan and Caciagli (2000) and Brenan (2003); G, 

Gaetani and Grove (1997);  G* olivine with NiO content <0.1 wt.% from Gaetani and 

Grove (1997); F, Fleet and MacRae (1987, 1988); S1 and S2, this study, graphite 

capsules in suites (1) and (2); S3 and S4, this study, Al2O3 capsules in suite (3) and (4).  
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Fig. 4.8. Olivine diffusion profiles from different sulfide-olivine pairs. (A) Experiment 

B734, (Fe0.25Ni0.75)-(S0.75O0.25), suite (4); (B) Experiments B731, (Fe0.9Ni0.1)-(S0.9O0.1), 
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suite (4); (C) Experiment B725, (Fe0.3Ni0.7)-S1.0, suite (3). Diffusion coefficients (m2/s) 

and interface position (xo) are listed in the figure. 
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Fig. 4.9. Olivine diffusion profiles from different sulfide-olivine pairs (all from suite (2)). 

(A) Experiment B745-B, (Fe0.1Ni0.9)-S1.0; (B) Experiment B745-A, (Fe0.7Ni0.3)-S1.0; (C) 

Experiment B744-A, (Fe0.3Ni0.7)-S1.0. 

 

 

 

 

 

Fig. 4.10. Mg# of olivines coexisting with sulfide melts as a function of relativeƒO2 from 

various independent studies. Data sources are: Data sources are: B, Brenan and Caciagli 

(2000) and Brenan (2003); G, Gaetani and Grove (1997); G* olivine with NiO content 

<0.1 wt.% from Gaetani and Grove (1997); F, Fleet and MacRae (1987, 1988); S12, this 

study, graphite capsules in suites (1) and (2); S3 and S4, this study, Al2O3 capsules in 

suite (3) and (4). The shaded region indicates the estimated oxygen fugacity relative to 

FMQ of experimental suites (1), (2) and (3). (A) olivines equilibrated with all sulfide 

compositions; (B) olivine equilibrated with sulfide compositions in the range =0.2-

0.4 (the sulfide compositional range common to all studies). 
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Fig. 4.11. Schematic representations of sulfide melt-olivine reactions and point defect 

equations of sulfide melt-olivine reactions near the olivine front. Arrows indicate the 

direction of transport. Fe and FeO arrows in the sulfide melt indicate loss/gain of oxygen 
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in the oxidation/reduction process. Point defect equations at the location of different 

boundaries are listed below the schematic representations, where  represents cations 

in cation sites, represents metal vacancies, represents electron holes, and 
 
is Fe 

metal in a metal site. The newly formed Fe or Fe2O3 at the reaction front are interpreted 

as having been mixed back into the sulfide melt at high temperature. (A) Oxidized sulfide 

melt reaction with olivine (Ni2+ diffuses to olivine in the presence of Ni-rich sulfide with 

>0.3); (B) reduced sulfide melt reaction with olivine (Ni2+ diffuses to olivine in the 

presence of Ni-rich sulfide with >0.7).  

 

 

Fig. 4.12. Ni/(Fe+Ni) in olivine and sulfide. Symbols are as in Fig.4.10. The y-axis is 

presented in (A) log and (B) linear scales. The gray and yellow shaded areas correspond 

to oxidized (FMQ-2 to FMQ) and reduced (FMQ -4 to -2) conditions, respectively. 
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Fig. 4.13. Natural sulfide compositions estimated from diamond, olivine, pyroxene, and 

garnet inclusions from diverse tectonic units. Data sources are: diamond inclusions 

(Bulanova et al. 1996; Westerlund et al. 2006; Aulbach et al. 2004); abyssal peridotite 

(Luguet et al. 2003); massif and orogenic peridotites (Eggler and Lorand 1993). The 
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white star corresponds to Ni-rich sulfide melt in the shallower mantle (carbonate stability 

field), and the blue star corresponds to Fe-rich sulfide melt in the deeper part of the 

mantle (graphite stability field). The shaded areas correspond to the monosulfide solid 

solution (mss) and melt stability fields from the Fe-Ni-S ternary at 1 bar, 1300˚C (Hsieh 

et al. 1987). 

 

Fig. 4.14. Ni/(Fe+Ni) in sulfide melt at mantle depth. The gray shadow area is the 

estimate from this study. Black square is the estimate from Bockrath et al. (2004) and 

blue square is the estimate from Tsuno and Dasgupta (2015). 
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Table 4.1. Experimental suite designs. 

Suite Capsule 

Starting Material 

Reactionf Sulfide Sulfide-olivine 

relation 

Olivine 

(1) graphite Powdersa  Mixturec ~10 µm Equilibrium 

(2) graphite Powdersa  Contactd ~500 µm Diffusion 

(3) Al2O3 Crystalline chipb Encasede ~500 µm Diffusion 

(4) Al2O3 Crystalline chipb Encasede ~500 µm Diffusion 

 

a Sulfide powder mixtures, grain sizes of 50-150 µm. 

b 300-500 µm sulfide crystalline chip ; see text for details of step (i) for suites (3) and (4). 

c Homogenous mixing between sulfide powders and olivine grains. 

d Olivine grain (~500 µm) in contact with sulfide powders. 

e Sulfide crystalline chip encased by polycrystalline olivines; see text for details of step (ii) for 

suites (3) and (4). 
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Table 4.2. Experimental run conditions 

 Run# P (GPa) T (oC) t (hrs) 

 B673-A 2 1400 24 

Suite (1) 
B668 2 1400 24 

B671 2 1400 24 

 B673-B 2 1400 24 

 B745-B 2 1400 24 

Suite (2) B745-A 2 1400 24 

 B744-A 2 1400 24 

 B744-B 2 1400 24 

 B698 2 1400 12 

 B730 2 1400 24 

 B724 2 1400 72 

 B737 2 1400 72 

Suite (3) B709 2 1400 12 

 A1283 2 1400 72 

 B717 2 1400 24 

 B725 2 1400 72 

 B718 2 1400 24 

 B727 2 1200 144 

Suite (4) 
B731 2 1400 24 

B734 2 1400 24 
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Table 4.3. Summary of sulfide melt analyses (wt.%) 

Suite  Run# na XNi
b        Fec Nic Sc Od   Total M/Se 

 B673-A 12 0.13 54.53 (0.45)  8.50 (0.21) 34.98 (1.42)   na 98.01 1.03 

(1) 
B668 14 0.49 32.99 (2.38) 33.18 (2.66) 34.61 (1.99) na  100.78 1.07 

B671 10 0.66 21.94 (0.53) 44.89 (2.21) 32.94 (0.98) na 99.77 1.13 

 B673-B 10 0.76 15.43 (1.00) 52.73 (1.23) 32.61 (1.49) na 100.78 1.15 

 B745-B 8 0.01 62.13 (0.51) 0.84 (0.21) 35.12 (0.11) 2.24 100.33 1.03 

(2) 
B745-A 10 0.31 44.38 (2.90) 20.96 (2.03) 34.52 (0.58) 0.60 100.46 1.07 

B744-A 10 0.69 18.99 (0.59) 45.42 (0.71) 33.98 (0.43) 0.34 98.73 1.05 

 B744-B 12 0.80 12.52 (1.34) 53.93 (0.78) 33.17 (0.64) 0.33 99.95 1.10 

 B698 9 0.00 65.09 (0.30) 0.26 (0.02) 31.12 (1.50) 3.64 100.11 1.21 

 B730  12 0.07 60.50 (0.39) 4.55 (0.10) 32.61 (1.04) 1.96 99.61 1.14 

 B724 10 0.19 54.15 (2.21) 12.97 (1.16) 31.99 (2.33) 0.65 99.76 1.19 

(3) B737 14 0.24 47.92 (2.22) 15.91 (3.02) 34.91 (1.28) 0.58 99.32 1.04 

 B709 14 0.41 37.86 (1.25) 27.21 (1.57) 33.97 (1.44) 0.30 99.33 1.08 

 A1283  12 0.50 32.26 (1.19) 33.89 (1.09) 33.10 (2.17) 0.39 99.63 1.12 

 
B717 16 0.69 19.98 (1.47) 46.14 (2.48) 33.76 (1.19) 0.08 99.97 1.09 

B725 16 0.73 17.03 (1.38) 49.47 (1.52) 32.83 (1.07) 0.14 99.46 1.12 

 B718 14 0.94 04.01 (0.05) 63.47 (0.26) 31.86 (0.38) 0.10 99.44 1.16 

 B727  12 0.56 26.88 (0.57) 36.49 (0.75) 34.12 (1.82) 0.05 100.68 1.04 

(4) 
B731   10 0.50 31.48 (1.96) 33.71 (1.25) 32.09 (1.35) 1.97 99.25 1.14 

B734  8 0.73 17.00 (2.58) 49.00 (2.74) 29.55 (2.30) 4.96 100.51 1.24 
a number of analyses. 

b Ni/(Ni+Fe) molar ratio in sulfide. 

c Numbers in parentheses represent the uncertainty based on one standard deviation of n analyses. 

d The content reported is the average of two 100 x 100 µm WDS mappings; na = not analyzed. 

e Atomic metal/sulfur ratio; oxygen is excluded in the calculation. 
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Table 4.4. Summary of olivine analysis (wt.%) 

Suite  Run# nII KD
 e MgO f SiO2

 f NiO f FeO f Total   

 GMb 25  51.37 (0.14) 41.23 (0.10) 0.33 (0.02) 7.02 (0.09) 99.94 

 SCc 20  48.77 (0.15) 41.34 (0.09) 0.38 (0.01) 9.51 (0.08) 100.00 

 B673-A 28 7.9(1.4) 51.51 (0.25) 41.43 (0.14) 0.12 (0.02) 6.16 (0.33) 99.22 

(1) 
B668 22 16.4(2.3) 53.10 (0.27) 41.79 (0.13) 0.24 (0.04) 4.06 (0.16) 99.19 

B671 25 4.3(0.7) 55.55 (0.53) 42.62 (0.21) 0.36 (0.03) 0.78 (0.12) 99.30 

 B673-B 24 5.5(1.3) 55.72 (0.15) 43.08 (0.25) 0.42 (0.03) 0.69 (0.15) 99.91 

 B745-B 6 9.5(12.2) 50.85 (0.13) 41.12 (0.20) 0.01 (0.02) 7.07 (0.21) 99.06 

(2)a 
B745-A 4 16.1(3.1) 52.92 (0.21) 41.46 (0.14) 0.15 (0.04) 5.12 (0.28) 99.65 

B744-A 5 8.4(2.1) 55.91 (0.32) 42.24 (0.26) 0.19 (0.07) 0.68 (0.15) 99.02 

 B744-B 5 5.2(2.4) 57.43 (0.12) 42.59 (0.21) 0.25 (0.06) 0.31 (0.14) 100.58 

 B698 4 1.3(1.0) 51.33 (0.38) 41.26 (0.29) 0.02 (0.03) 6.92 (0.38) 99.53 

 B730  5 5.4(2.1) 52.50 (0.26) 41.35 (0.07) 0.08 (0.04) 5.76 (0.36) 99.69 

 B724 5 8.6(1.6) 51.78 (0.26) 41.20 (0.22) 0.14 (0.03) 5.11 (0.16) 98.23 

(3)a B737 4 7.8(1.7) 52.00 (0.21) 41.75 (0.11) 0.26 (0.04) 6.21 (0.05) 100.22 

 B709 5 11.8(1.4) 52.10 (0.08) 41.72 (0.24) 0.32 (0.04) 5.36 (0.29) 99.50 

 A1283  4 11.1(1.5) 52.79 (0.06) 41.67 (0.19) 0.42 (0.05) 4.45 (0.39) 99.32 

 
B717 5 13.8(2.1) 52.98 (0.26) 42.06 (0.25) 0.59 (0.09) 3.56 (0.25) 99.18 

B725 6 11.5(2.0) 53.76 (0.22) 42.18 (0.14) 0.63 (0.14) 2.53 (0.13) 99.09 

 B718 5 32.3(5.0) 54.12 (0.57) 42.43 (0.33) 0.80 (0.16) 1.66 (0.16) 99.02 

 B727  5 11.0(1.7) 54.73 (0.52) 42.61 (0.34) 0.26 (0.05) 2.11 (0.22) 99.70 

(4)a 
B731   6 25.2(5.0) 46.68 (0.34) 40.61 (0.21) 1.30 (0.14) 11.56 (0.37) 100.16 

B734  6 21.1(3.6) 51.23 (0.14) 41.34 (0.28) 0.35 (0.09) 6.99 (0.09) 99.91 
a The olivine composition reported is the average of equilibrated compositions. Each equilibrated 

composition is chosen from the analysis point immediately adjacent to the sulfide. 

b Olivine from KA64-28 kimberlite pipes (Griffin and Murthy 1969). 

c San Carlos olivine. 
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Chapter 5 

Determination of Fe-Ni-S melt compositions in the Earth’s upper mantle by 

thermodynamic calculations 

5.1 Introduction 

The composition of Fe-Ni-S melts is important for various problems of mantle 

geochemistry and mantle geophysics discussed in chapter 1 to 4. Furthermore, Fe-Ni-S 

melt has great impact on deep carbon, which will be discussed chapter 6. In this chapter, 

the composition of Fe-Ni-S melts is determined via thermodynamic calculations on Fe-

Ni-S melts and mantle silicates under the Earth’s upper mantle conditions. 

As an accessory phase, the composition of Fe-Ni-S melts in the Earth’s upper mantle is 

constrained by the chemical exchange of Fe-Ni with mantle silicate minerals, and in 

principally with olivine, by the reaction: 

, (5.1) 

because (1) olivine constitutes ~70 vol% of the Earth’s mantle and (2) olivine is the 

major Ni reservoir of the mantle silicate minerals. As sulfur solubility in mantle silicate 

minerals is at the ppb level, several hundreds of ppm of mantle sulfur is allocated in Fe-

Ni-S melts. The (Fe+Ni)/S of Fe-Ni-S melts is set by the mantle oxygen fugacity, which 

controls the activity of different species in Fe-Ni-S melts and their equilibrium with 

mantle silicate minerals. Typical mantle P-T-fO2 profiles are listed in Figure 5.1 for the 

calculation from this study. 

In this chapter, first of all, the different species in Fe-Ni-S melts and with the addition of 

carbon is calculated. Second, the reaction of Fe-Ni-S melts with mantle silicates is 

discussed. Finally, mantle Fe-Ni-S melts composition is discussed combining the 

aforementioned two steps. 

(Fe-Ni-S melt)         (olivine)             (Fe-Ni-S melt)           (olivine)

2 4 2 4   2   

   

FeS Ni SiO NiS Fe SiO  



 
 

108 
 

 

5.2 Fe-Ni-S melt species 

In Fe-Ni-S melts, the bulk composition follows mass balance as: 

, (5.2) 

where FeNiS
EX represents the mole fraction of element E in the Fe-Ni-S melt. According to 

thermodynamic calculations and experimental constraints at 100 kPa (Meyer 1972; Hseih 

et al. 1987), Fe-Ni-S melts comprise five species: Fe, Ni, S, FeS, and NiS, bounded by 

the reactions: 

 , (5.3) 

 . (5.4) 

Those species are constrained by mass balance as: 

, (5.5) 

where Yi represents the mole fraction of species i. 

The respective equilibrium constants of reactions (3) and (4) are a function of 

temperature via the activity of the different species, described by: 

3=
*  
FeS

Fe S

a
K

a a
,

 (5.6) 

4=
*  
NiS

Ni S

a
K

a a
,

 

(5.7) 

where  is the activity of species i, calculated by: 

. (5.8) 

The activity coefficient fi of species i is a function of margules parameters and the mole 

fractions of different species: 

1FeNiS FeNiS FeNiS
Fe Ni SX X X  

(Fe-Ni-S melt) (Fe-Ni-S melt) (Fe-Ni-S melt)

2  2  2Fe S FeS 

(Fe-Ni-S melt) (Fe-Ni-S melt) (Fe-Ni-S melt)

2  2  2Ni S NiS 

1Fe Ni S FeS NiSY Y Y Y Y    

ia

=i i ia f Y
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5 5 5 5 5 5

21 1
ln ( ) ( ) ( ) ( )

2 2 2

j

i kj jk j jp j p kj jk j k jp pj j p
j j p j j p

Y
f w w Y w Y Y w w Y Y w w Y Y

,
 (5.9) 

where k, j, p are integral numbers changing from 1 to 5; wjpk are margules parameters; the 

subscripts correspondence are: ‘1’ to ‘Fe’, ‘2’ to ‘Ni’, ‘3’ to ‘S’, ‘4’ to ‘FeS’ and ‘5’ to 

‘NiS’ (Hseih et al. 1987). 

Through Eqn (2) to Eqn (9), we obtain the relationship of 

. Representative relations are plotted in Figure. 

5.2.1A. The relationship of is also calculated with 

one of them plotted in Figure 5.2.1B. 

 

5.3 Reactions between Fe-Ni-S melts and mantle silicate minerals 

For Fe-Ni-S melts, S has ppb level solubility in silicate minerals and therefore 

predominantly resides in Fe-Ni-S melts. Thus, Ni/Fe and (Fe+Ni)/S depends on the 

(Fe+Ni) reside in the Fe-Ni-S melts by the following two reactions:  

 2 4 2 2

  (olivine) (Fe-Ni-S melt) (qz/co/stv)

 =   2         

     

Fe SiO Fe SiO O
, (5.10) 

 2 4 2 2

  (olivine) (Fe-Ni-S melt) (qz/co/stv)

 =   2         

     

Ni SiO Ni SiO O
, (5.11) 

The reaction is calculated as  


 2 2

2 4

2

12
( ) * *

=
Fe SiO O

Fe SiO

a a fG

RT a
, (5.12) 


 2 2

2 4

2

13
( ) * *

=
Ni SiO O

Ni SiO

a a fG

RT a
, (5.13) 

where 16G and  17G  the gibbs free energy of reaction (12) and (13) calculated from 

gibbs free energy of each phase from (Berman 1988), with quartz (qz), coesite (cs) and 

( , , ) ( , , , , )Fe Ni S Fe Ni S FeS NiST X X X Y Y Y Y Y 

( , , ) ( , , , , )Fe Ni S Fe Ni S FeS NiST X X X a a a a a 
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stishovite (stv) calculated from Akaogi and Navrotsky (1984). is the mantle oxygen 

fugacity. 

The activity of SiO2 is buffered by the olivine-pyroxene reaction: 

2 4 2 3

    (olivine) (pyroxene)

 + = 2

                    

Mg SiO SiO MgSiO
. (5.14) 

We simplify mantle olivine as a (Mg,Fe,Ni)2SiO4 solid solution, represented by mass 

balance as: 

; (5.15) 

mantle olivine compositions are typically  
2 4

0.9 1.0ol
Mg SiOX ,  

2 4
0.07 0.09ol

Fe SiOX , and 

 
2 4

0 0.004ol
Ni SiOX . 

Similarly, we simplify mantle pyroxene as a (Mg, Fe)SiO3 solid solution as: 

 
3 3

1Py Py
MgSiO FeSiOX X . (5.16) 

Where 
3

0.9Py
MgSiOX and 

3
0.1Py

FeSiOX are used for the calculation of Eqn 5.14. 

 

5.4 Calculation of the mantle Fe-Ni-S melt and olivine compositions along given P-

T-fO2 profile  

The (Fe+Ni)/S of mantle sulfides along two mantle P-T-fO2 trajectories were 

calculated in two main steps. First, an estimate Fe-Ni-S liquid composition was chosen, 

and the activities of Fe and Ni species in the Fe-Ni-S melt (aFe
melt  and aNi

melt ) were 

calculated using the relationship of Hseih et al. (1987) as listed in section 5.2. Second, 

using the same sulfide liquid composition, olivine-sulfide melt mass balance dictates the 

corresponding olivine compositions ( XFe2SiO4

olivine  and XNi2SiO4

olivine ), assuming typical upper 

mantle average composition. Using those olivine compositions, calculation of the Gibbs 

free energy of the reaction provides a second set of activities for Fe and Ni species in the 

sulfide melt, as listed in section 5.3. If aFe
melt  and aNi

melt  from the two independent 

calculations were in agreement, the estimate Fe-Ni-S liquid composition was chosen as a 

2O
f

2 4 2 4 2 4

1
Mg SiO Fe SiO Ni SiO

ol ol olX X X  
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viable mantle sulfide composition. The calculations were perfomed by Matlab with files 

for each corresponding equations. 

The result of the calculations is shown in Figures 5.3 and 5.4. The calculation 

results suggest that in an oxidized P-T-fO2 profile (presented as path I with red symbols 

in the figures), Fe-Ni-S melt keeps Xs ~0.4 from 8 to 14 GPa; Fe-Ni-S melt becomes 

more Fe-rich with depth, up to Ni/(Ni+Fe)~0.4; olivine Fe2SiO4 and Ni2SiO4 both keep 

the almost the same as the starting composition with  XFe2SiO4~0.09 and 

XNi2SiO4~0.0033. In the reduced P-T-fO2 profile (presented as path II with blue symbols 

in the figures), Fe-Ni-S melt Xs drops dramatically from ~0.4 at 8 to <0.1 at 14 GPa; Fe-

Ni-S melt becomes more Fe-rich with depth; olivine Fe2SiO4 Ni2SiO4 both begin to drop 

starting at 10 GPa (Figs. 5.3 and 5.4). 
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Fig.5.1 (A) Geotherm of Earth’s mantle. The red curve is the P-T profile used for 

calculation in this study.  (B) P-T-fO2 profile of the mantle. The red curve is used for 

calculation. Brackets represent natural samples calculated from Frost and McCammon 

(2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

113 
 

 

Fig.5.2 Calculation of activity and concentration of species in Fe-Ni-S melt at 100 kPa 

and 1400 ˚C (Hseih et al. 1987)   (A) Concentration of different species in Fe-Ni-S melt; 

(B) Activity of Fe and Ni in the Fe-Ni-S melt. 
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Fig.5.3 Calculation results of the composition Fe-Ni-S melt with the given P-T-fO2 path 

and sulfur abundance (100-300 ppm). 
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Fig.5.4 Calculation results of the composition olivine with the given P-T-fO2 path and 

sulfur abundance (100-300 ppm) (A) Fe2SiO4 mole fraction of the olivine; (B) Ni2SiO4 

mole fraction of the olivine. 



 
 

116 
 

Chapter 6 Experimental determination of carbon solubility in Fe-Ni-S melts under 

mantle conditions, with implications for Earth’s deep carbon cycle 

6.1 Introduction 

Determining deep carbon storage in the mantle is crucial to global carbon cycling 

because carbon impacts the dynamics, geochemistry, and geophysics of the Earth’s 

interior. As a redox sensitive element, the speciation of carbon is determined by the 

oxygen fugacity (fO2) of the mantle. Natural garnet peridotites and experimental studies 

on mantle silicates suggest that the Earth’s mantle becomes more reduced with increasing 

depth (Frost and McCammon 2008). Under these mantle fO2 conditions, stable carbon-

bearing phase assemblages are carbonate in the shallow lithosphere (up to ~120 km 

depth) and graphite/diamond in the upper mantle (up to ~200 km depth; Frost and 

McCammon 2008; Walter et al. 2008). At depths greater than ~250 km, Fe3+ is 

incorporated into the garnet structure or perovskite, and Fe-Ni alloy becomes saturated 

with up to ~1 wt. % C (Frost et al. 2004; Rohrbach et al. 2007; 2011; Frost and 

McCammon, 2008). 

       Carbon is a siderophile element and highly incompatible in silicate minerals; its 

stabilizing form in Fe-Ni saturated conditions depends on the Fe-Ni-C ternary under high 

pressure. Previous studies on the Fe-Ni-C ternary at 2-10 GPa and 1000-1600˚C suggest 

that: (1) the Fe-Ni-C eutectic temperature is lower than the mantle adiabat; (2) (Fe,Ni)-

carbide solid, Fe-Ni-C melt and/or graphite/diamond are stable assemblages at high 

pressures; (3) carbon solubility in Fe-Ni melt ranges from 4-6 wt.%; and (4) substitution 

of Ni for Fe ( >0.5) destabilizes Fe-carbide at the same P-T conditions 

(Hastings, 2012; Chi et al. 2014; Rohrbach et al. 2014). 

As discussed in Chapter 6, in more reduced conditions, metallic phases with 

stoichiometric (Fe+Ni)/S transition to high (Fe+Ni)/S compositions that should occur as 

Fe-Ni-S melts (rather than solid Fe-Ni) in the Earth’s upper mantle. Various experimental 

determinations have been made on carbon solubility in Fe-Ni-S melts (Wang et al. 1991; 

Wood 1993; Tsymbulov and Tsemekhman 2001; Dasgupta et al. 2009; Deng et al. 2013; 

Tsuno and Dasgupta 2015). However, the effects of Ni or  on carbon solutility at 

Ni

Ni
X

Ni Fe




NiX
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different sulfur mole fractions (Xs), temperatures, and pressures remain unclear. 

Furthermore, the speciation of carbon in Fe-Ni-S melts and the mixing behaviors of the 

relevant species in the Fe-Ni-S-C system are poorly constrained. 

 In this study, we determine carbon solubility in Fe-Ni-S melts via high-pressure, 

high-temperature experiments, and constrain the effects of composition, temperature and 

pressure. We compare our results with carbon solubility in Fe-Ni-S melts predicted by 

thermodynamic modeling (Chapter 6). Using our results of carbon solubility in Fe-Ni-S 

melts at mantle conditions, we discuss the likelihood of carbon storage in the lithospheric 

mantle. 

 

6.2 Methods 

6.2.1 Starting Materials 

Starting materials were Fe-Ni-S mixtures with different Ni/(Fe+Ni) and (Fe+Ni)/S 

compositions. All starting materials were synthesized to the target compositions by 

mixing the following phases of similar hardness and density (phase purity provided in 

parentheses): Fe (99.9%), FeS2 (99.9%), Ni (99.8%), Ni3S2 (99.8%). Starting powders 

were ground with ethyl alcohol in a mortar and pestle for 30 minutes to produce 

completely homogeneous batches. The Fe-Ni-S mixtures were then dried at 110˚C in a 

vacuum oven for 5 min. To avoid oxidation and contamination, dried Fe-Ni-S mixtures 

were stored in a sealed glass container within a sealed glass desiccator. Previous analysis 

of quenched crystalline sulfide shows minimal oxidation or hydration (Chapter 4). 

Furthermore, the Fe-Ni-S mixtures were buffered by graphite capsules at oxygen fugacity 

conditions more reduced than CCO. Carbon standards (Fe3C and Fe7C3) used for electron 

microprobe analyses were prepared in a similar procedure from stoichiometric mixtures 

of Fe and C by careful weighing (Dasgupta and Walker 2008). 

Experiments at 2-3.5 GPa and 1200-1600˚C were performed in an end loaded piston 

cylinder apparatus at the University of Minnesota using the experimental assemblies, 

procedures, and calibrations described by Xirouchakis et al. (2001) and Zhang and 

Hirschmann (2016). High purity graphite rods were cut to 3 mm in length and a 4 mm 
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outer diameter. Four holes (1 mm diameter, 2 mm length) were drilled into the graphite 

rods, allowing for the loading of four samples in each experimental run. The graphite 

capsules provide carbon-saturated conditions. A 1 mm thick graphite lid covered and 

sealed the top. Samples were loaded into the assemblies as described in Chapter 4. As all 

experiments were performed at temperatures ~100 to 400˚C above liquidus, experiments 

should reach equilibrium with the graphite capsule in minutes. Experimental durations 

were 0.5-2 hours. 

Experiments at 5-7 GPa and 1600˚C were performed in a 1000-ton Walker-style 

octahedral multianvil apparatus using an 18/12 assembly with cast MgO/Cr2O3 octahedra 

and gaskets, with calibrations described in Dasgupta et al. (2004) and Zhang and 

Hirschmann (2016). Temperature was controlled with a type D thermocouple wire. 

Graphite capsules 2 mm in length with an external diameter of ~1.8 mm were used. Four 

holes (~0.4 mm diameter, 1 mm length) were drilled into the graphite capsules (Fig.5.1). 

Carbide standards were synthesized in MgO (as opposed to graphite) capsules. Fe3C 

was synthesized in the piston cylinder at 1200˚C and 2 GPa; Fe7C3 was synthesized in the 

multianvil at 7.5 GPa and 1350˚C using the “large volume” 18 mm octhadra assembly 

described by Withers et al. (2011). 

 

6.2.2 Analytical Technique 

 Experiments were analyzed using the JEOL JXA-8900 electron microprobe 

analyzer (EMPA) at the University of Minnesota. WDS analysis of carbon was 

performed using a multilayer crystal (LDE2 with 2d = 9.7nm). Samples and standards 

were polished with Al2O3 pads to a finish of 0.3 µm and pressed in indium. Because the 

Fe-Ni-S phases and graphite are conductive, neither the standards nor samples required a 

conductive coating (Fig. 6.1). Both ends of the samples and standards were polished to 

ensure that electrical contact was established through the bottom of the capsules. Carbon 

analysis using EMPA can be very challenging due to ubiquitous carbon and hydrocarbon 

contamination in the microprobe, owing chiefly to contamination by vacuum greases and 

oil (Robaut et al., 2006; Dasgupta and Walker, 2008), and due to the effects of bonding 

on C excitation energies (Bastin and Heijligers, 1986). To minimize carbon 
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contamination and correct for bonding effects during EPMA analyses, we adapted the 

techniques described by Dasgupta and Walker (2008) and Stewart (2006) to the JEOL 

JXA-8900. 

 

6.2.3 Analytical Standards 

Analysis of carbon by EMPA requires both primary and secondary standards, owing 

to the delicacy of carbon analyses and, in particular, the sensitivity of the C x-ray peak 

location and shape to the bonding environment (Bastin and Heijligers, 1986). We chose 

synthetic Fe3C (6.67 wt. % C) as our primary carbon standard. Secondary standards were 

synthetic Fe7C3 (8.43 wt. % C), NIST standard 663 (0.57 wt.% C), NIST Fe metal 

(99.995 wt. %), and NIST FeS2 (99.99 wt. %). Note that most steel standards are 

typically not satisfactory as carbon standards, as carbon is heterogeneously distributed in 

C-rich phases. Additionally, steel standards commonly have other metals such as Cr and 

Mn, which produce interferences with C K emissions (Dasgupta and Walker 2008). To 

address these concerns, we confirm the homogeneity and stoichiometry of our carbide 

standards by 1) powder XRD, 2) point analyses of carbon counts at different areas within 

a carbide standard and between different pieces of carbide standards, and 3) a comparison 

of the carbon ratios of the Fe3C and Fe7C3 standards. These three practices suggest that 

the Fe3C and Fe7C3 standards reach perfect stoichiometry within analytical error. 

  Standards for Fe and Ni analyses were Fe metal (99.995 wt. %) and Ni metal 

(99.995 wt. %), respectively. WDS scans were performed on all standards to determine a 

correction for any peak and background overlap between C, Fe and Ni. Matrix 

corrections were made using ZAF. A single channel analyzer scan was executed to help 

eliminate low and high-energy noise and optimize our LDE2 crystal. 

 Carbon contamination in the microprobe vacuum chambers is time dependent 

owing to cracking of hydrocarbons in the path of the electron beam (Robaut et al. 2006; 

Dasgupta and Walker, 2008). To minimize C contamination (Bastin and Heijligers, 1986; 

Robaut et al., 2006), we used a liquid N2 cold-finger close to the EMPA stage, which was 

refilled every 3 hours during each analytical session. Additionally, we tracked the rate of 

C counts during analyses, following the procedure of Stewart (2006) and Dasgupta and 
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Walker (2008). We found optimum counting times of 10 seconds on peak and 5 seconds 

on background for our instrument. 

To determine the optimum analytical conditions, we monitored the intensity of C 

counts as a function of beam voltage and current while analyzing the Fe3C standard.  

Optimum peak/background ratios of 20-22 were found for voltages of 9-12 kV and a 

current of 80 nA (Fig. 6.2). Consequently, we analyzed standards and unknowns at 11 kV 

and 80 nA to ensure Fe and Ni x-ray excitation. The resulting peak/background ratio 

compares favorably with maximum values of 7.5 and 13 found by Stewart (2006) and 

Dasgupta and Walker (2008), respectively. Beam sizes of 0, 10, 20 and 50 µm were used 

to for standard and sample compositional analyses, with the same beam size used for 

analyses of samples and their corresponding standards. 

 

6.3 Results and Discussion 

6.3.1 Texture and phase compositions 

All experiments were above the Fe-Ni-S liquidus and produced only liquids 

(+graphite). Experiments with bulk sulfur compositions between 2 and 27 wt.% and 

Ni/(Ni+Fe) <0.25 produced two immiscible melts (+graphite), one melt being more 

metal- and carbon-rich, and the other sulfur-rich and carbon-poor. More sulfur- or Ni-rich 

bulk compositions ([S] > 30 wt.% or Ni/(Ni+Fe) > 0.25) produced a single melt 

(+graphite) (Fig. 6.3). 

Quenched high-temperature phases have heterogeneous compositions. Relatively Ni-

rich phases show dendritic textures and are more heterogeneous within a given small area 

(e.g. within a 10 µm diameter), requiring a larger beam size to approximate the bulk 

composition. Ni-free phases are less heterogeneous, and therefore could potentially be 

analyzed with a focused beam. 

 

6.3.2 Immiscibility and closing of the miscibility gap 

In many samples, two immiscible melts equilibrated in the Fe-Ni-S-C system. An 

miscibility gap closed with the same (Fe+Ni)/S composition under different P-T 
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conditions. As shown by previous studies on the Fe-S-C ternary (Ni-free), increasing 

pressure (up to 10 GPa) closes the miscibility gap (Fig. 6.4A). Increasing temperature 

could also homogenize the two immiscible phases (e.g. Dasgupta et al. 2009). In this 

study, it is notable that increasing  at the same (Fe+Ni)/S and P-T 

conditions narrows the miscibility gap (Fig. 6.4B). 

 

6.3.3 Carbon counts, carbon blanks, and carbon contents 

Under the optimized EPMA analytical conditions described above, we use 

wavescans and analyses of carbide standards and carbon blanks to calibrate the 

relationship between carbon counts and carbon concentration (Fig. 6.5 and 6.6), which 

we apply for calculation of the carbon concentration in unknowns. However, carbon 

counts from the FeS2 carbon blank at the same beam conditions are around half of the 

carbon counts from Fe-metal and Ni-metal carbon blanks. Repeated analyses of the 

carbon blank standards every 2 hours during our sessions (waiting 30 minutes after liquid 

N2 was added to the cold finger) revealed persistent carbon contaminations of 0.47±0.08 

wt.% (n=352, 1 s.d.) on the pure Fe standard and 0.24±0.07 wt.% (n=248, 1 s.d.) on the 

FeS2 standard (Fig. 6.7).  

The Fe blank is similar to that reported in previous studies (Hirayama et al. 1993; 

Wood, 1993; Dasgupta and Walker, 2008; Nakajima et al. 2009; Righter et al. 2009). 

However, carbon counts on FeS2 at the same beam conditions are almost half of the 

carbon counts on Fe metal and Ni metal. The Fe- and Ni-metals should be carbon-free 

because 1) they come from NIST standards, and 2) the carbon blank is similar to those 

reported in previous studies. We interpret that this observation reflects the different 

thermal conductivities of Fe and FeS2, resulting in a systematic (and measurably 

different) contamination for each standard due to aggregation of hydrocarbons in the 

microprobe sample chamber (Bastin and Heijligers 1986; Moretto and Hoffmann 1994). 

We correct for hydrocarbon contamination during sample analyses according to the bulk 

composition (sulfur-rich or sulfur-poor). Sulfur-rich samples have low carbon solubility 

(see below); therefore, the hydrocarbon correction has a greater effect on the accuracy of 

the carbon content measurement. For sulfur-poor samples with higher carbon solubility, 

Ni

Ni
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as their composition is more similar to Fe-metal, the effects of hydrocarbon 

contamination are smaller. The small intersession variability of the carbon blank gives us 

confidence that the precision of our reported C concentrations is <0.2 wt.%. 

 

6.3.4 Carbon Solubility in Fe-Ni-S Melts 

All experiments analyzed by EMPA are listed in table 6.1. Carbon solubility in Fe-

Ni-S melts ranges from 0.5 to 6 wt.%. The effects of sulfur composition, Ni composition, 

temperature, and pressure on carbon solubility are investigated.  

(Fe+Ni)/S is positively correlated with carbon solubility, and carbon solubility 

decreases dramatically to ≤ 1 wt.% at M/S >2 (XS>0.3; Fig. 6.8A). Substitution of Ni for 

Fe (increasing ) is negatively correlated with carbon solubility (Fig. 6.8B) and bridges 

the miscibility gap between sulfur-rich and carbon-rich phases (Fig. 6.3C, 6.3D, Fig. 

6.4B). Temperature has a moderate positive effect on carbon solubility (Fig. 6.8C). 

Pressure has little effect on carbon solubility, but closes the miscibility gap of the two 

melts (Fig. 6.4A). (Fe+Ni)/S is therefore a first order control on the carbon solubility of 

Fe-Ni-S melts, and sulfur-poor melts (with high (Fe+Ni)/S or XS<0.3) could store 

appreciable amounts of carbon; XNi and temperature have second order influences on 

carbon solubility. 

Compiling a variety of studies on carbon solubilities in Fe-Ni-S melts at various 

pressures and temperatures, the trend of carbon solubility decreases with (Fe+Ni)/S holds 

in each independent study. Wood (1993), Deng et al. (2013), Tsuno and Dasgupta (2015), 

Zhang and Hirschmann (2015) and this study produce similar results in the C (wt.%) and 

C/S plots (Fig. 6.9). In comparison, Tsymbulov and Tsemekhman (2001), and Wang et 

al. (1991) studies show a trend with lower C and C/S values; Dasgupta et al. (2009) study 

show higher C and C/S values (Fig. 6.9). These differences partly owe to the differences 

between each independent study in terms of temperature, pressure, composition, and inter 

laboratory experimental conditions. Meanwhile, another important reason is probably the 

inter laboratory errors in carbon analysis, which includes carbon standards, carbon blanks 

and electron microprobe beam conditions.  

A C/S curve is fitted to satisfy most of the experimental points (Fig. 6.9B) with 

NiX
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.% 14.72* 16.38* 4.46   
 

C wt Xs Xs  , (6.1) 

 
 

100* *32
.%

1 *57 *32

Xs
S wt

Xs Xs


 
, (6.2) 

At low (<0.1), the C/S of the Fe-Ni-S melts approaches 1 or larger. C/S decreases to 

0.1 at about XS=0.3 and further decreases to 0.01 at XS=0.4. 

 

6.3.5 Carbon storage in Fe-Ni-S melts under mantle conditions 

The average mantle sulfur abundance has different estimate varying from 120 ppm to 

250 ppm (O’Neill 1991; McDonough and Sun 1995; Salters and Stracke 2004; Lorand et 

al. 2013). Based on the C/S of Fe-Ni-S melts, Fe-Ni-S melts could store appreciable 

amounts of carbon at 10 GPa to 14 GPa (6.10).  

In the lithospheric mantle, Fe-Ni-S mainly occurs with ~0.4-0.6 (Eggler et al. 

1993; Lorand et al. 2013). Therefore, the C/S of Fe-Ni-S melts at lithospheric mantle 

depth is <0.01. Given the bulk mantle sulfur abundance of 120-250 ppm, this corresponds 

to <2.5 ppm carbon storage capacity in Fe-Ni-S melts. Therefore, given the Earth’s 

mantle carbon abundance of 10-500 ppm, carbon predominantly occurs as carbonate or 

graphite/diamond at lithospheric mantle depths according to the P-T-fO2 of the 

corresponding carbonate/graphite/diamond. 

For Fe-Ni-S melts, S has ppb level solubility in silicate minerals and therefore 

predominantly resides in Fe-Ni-S melts. Thus, or (Fe+Ni)/S depends on the (Fe+Ni) 

reside in the Fe-Ni-S melts. In the Earth’s mantle, decrease of fO2 moves the following 

two reactions towards right: 

 ,   (6.3) 

 ,   (6.4) 

SX

SX

SX

2 4 2 2 6 2

              olivine sulfide melt pyroxene

2Fe SiO =  2Fe  + Fe Si O + O

   

2 4 2 2 6 2

              olivine sulfide melt pyroxene

2Ni SiO =  2Ni  + Ni Si O + O
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, which drives up (Fe+Ni)/S and drives down . In the deeper, more reduced part of the 

Earth’s mantle,  decreases and therefore Fe-Ni-S melts could potentially store 

significant amount of carbon. 
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Fig. 6.1. Experimental run products in graphite capsules pressed into an indium mount 

for electron microprobe analysis. 
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Fig. 6.2. Analytical conditions for carbon using the UMN JEOL-JXA 8900, optimizing 

the signal to background ratio for C K counts using a multi-layer crystal (LDE2) of 

2d=9.7. Peak/background of the carbon peak while analyzing the synthesized Fe3C 

standard gives optimal values at approximately 9-12 kV and 80 nA. 
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Fig. 6.3. Backscattered electron images of quenched experimental Fe-Ni-S melts of 

varying compositions. (A) Sample A986-2, FeS melt; gray areas are quenched sulfides 

enriched in oxygen. (B) Sample A992-2, two Ni-free immiscible melts. (C) Sample 

B519-1, two immiscible melts with XNi~0.1. (D) Sample, B519-2 with XNi~0.3. 
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Fig. 6.4. Miscibility gap and closing of the miscibility gap. (A) Pressure effects, data 

sources are: 100 kPa (Wang et al. 1991); 2 GPa (this study); 5-7 GPa (Dasgupta et al. 

2009 and this study); and 10 GPa (Deng et al. 2013). (B) Effects of 
 
(data 

from this study). 
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Fig. 6.5. Carbon wavelength scans of carbide standards, carbon blanks and samples using 

LDE2 crystal (2d=9.7 nm), at 11 kv voltage and 80 nA current. 
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Fig. 6.6. Relationship of carbon counts per second and carbon concentration established 

from the carbon standards (Fe7C3 and Fe3C), using LDE2 crystal (2d=9.7 nm), at 11 kv 

voltage and 80 nA current. Pure Fe metal and FeS2 were analyzed as carbon blanks; the 

carbon counts on the blanks are a result of hydrocarbon aggregation due to differences in 

the thermal conductivity of Fe and FeS2. 
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Fig. 6.7. Analyses of carbon on a pure Fe standard (Fe 99.995 wt.%, 352 analyses) and a 

FeS2 standard (248 analyses), using LDE2 crystal (2d=9.7 nm), at 11 kv voltage and 80 

nA current. Our sessions revealed a persistent carbon contamination with 1 standard 

deviation of 0.48±0.08 wt.% for Fe and 0.24±0.07 wt.% for FeS2. 
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Fig. 6.8. Carbon solubility in Fe-Ni-S melts. (A) All samples at various P-T conditions. 

(B) Variations of C solubility due to Ni content. (C) Pressure effects on C solubility. (D) 

Temperature effects on C solubility. 
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Fig. 6.9 Compilation of all experimental studies on C and C/S in Fe-Ni-S melts as a 

function of S mole fraction (Xs). Experimental results from this and other studies are 

plotted with different symbols, with errors in most cases smaller than the width of the 

symbols. (A) Xs and carbon solubility. (B) Xs and C/S. The abbreviations in the symbol 

key correspond to the following sources: W91-Wang et al. (1991); W93-Wood (1993); 

T01- Tsymbulov and Tsemekhman (2001); C06-Chabot et al. (2006); D13-Deng et al. 

(2013); T15-Tsuno and Dasgupta (2015); Z15-Zhang and Hirschmann (2015) and D09-

Dasgupta et al. (2009), which is divided in to high temperature (>1400 °C) and low 

temperature (<1400 °C) experiments. The data that are consistent with the broad trend 

defined by our data are from experiments with wide ranges in Ni/(Fe+Ni), temperature 

(920–1700°C), and pressure (100 KPa- 20 GPa). 
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Fig. 6.10 Carbon storage capacity in Fe-Ni-S melts according to the composition of Fe-

Ni-S melts at P-T-fO2 profile (Fig. 5.1, 5.3). 
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Table 6.1. Electron microprobe analysis of Fe-Ni-S melts quenched from high temperature 

No. P (GPa) T (°C) D (hrs) Bα (µm) nβ phase XNi
γ Xsδ Fe (wt.%) Ni (wt.%) S (wt.%) O (wt.%) C (wt.%) Total (wt.%) 

       Sulfur-free samples            

B522-1 2.0 1600 0.5 50 18  0.21 0.00 74.09(0.37) 20.67(0.38)  0.07(0.08) 5.87(0.35) 100.70 

B522-2 2.0 1600 0.5 50 22  0.39 0.00 56.07(1.03) 38.02(1.65)  0.05(0.04) 5.43(0.43) 099.57 

B522-3 2.0 1600 0.5 50 20  0.57 0.00 38.99(1.63) 55.37(2.36)  0.09(0.07) 5.25(0.43) 099.70 

B522-4 2.0 1600 0.5 50 22  0.80 0.00 17.82(0.48) 77.07(1.52)  0.09(0.09) 4.62(0.55) 099.60 

       Ni-free samples            

A986-1 2.0 1600 48.0 0 67   0.53 60.53(0.30)  39.34(0.25)  0.22(0.07) 100.09 

A986-2 2.0 1600 48.0 0 58   0.49 63.34(0.44)  35.78(0.57)  0.32(0.14) 099.44 

A992-1 2.0 1600 0.5 0 82 C-rich  0.42 69.40(0.57)  29.52(0.68)  0.26(0.04) 099.18 

A992-1 2.0 1600 0.5 0 28 S-rich  0.41 70.34(0.90)  28.62(0.64)  0.28(0.06) 099.24 

A992-2 2.0 1600 0.5 0 37 C-rich  0.04 92.46(0.71)  02.63(0.18)  5.60(0.18) 100.69 

A992-2 2.0 1600 0.5 0 72 S-rich  0.41 70.65(0.82)  28.80(0.85)  0.32(0.08) 099.77 

A992-3 2.0 1600 0.5 0 61 C-rich  0.03 92.46(0.54)  02.15(0.37)  5.90(0.22) 100.51 

A992-3 2.0 1600 0.5 0 56 S-rich  0.41 70.50(0.54)  28.91(0.62)  0.25(0.10) 099.66 

A993 2.0 1600 0.5 0 66 C-rich  0.04 91.95(0.97)  02.52(0.63)  5.80(0.60) 100.27 

       Starting material 5 wt.% sulfur with varying XNi          

A1025-1 2.0 1600 0.5 10 27 C-rich 0.09 0.03 83.65(0.66) 08.95(0.20) 01.92(0.33) 0.04(0.10) 5.69(0.60) 100.24 

A1025-1 2.0 1600 0.5 10 10 S-rich 0.15 0.38 61.30(1.72) 11.75(1.57) 26.37(1.56) 0.75(0.35) 0.35(0.10) 100.52 

A1025-2 2.0 1600 0.5 10 22  0.33 0.08 59.69(0.75) 30.39(0.75) 05.11(0.86) 0.08(0.04) 4.23(0.29) 099.50 

B499-1 2.0 1600 1.0 50 60  0.50 0.08 44.78(0.53) 47.32(1.30) 04.81(0.45) 0.03(0.09) 2.86(0.20) 099.80 

B521-1 2.0 1600 0.5 10 64  0.61 0.08 34.74(1.39) 57.69(1.17) 04.83(0.45) 0.05(0.10) 2.77(0.28) 100.08 

A1025-2 2.0 1600 0.5 10 49  0.72 0.07 24.61(1.11) 67.96(0.85) 04.69(0.40) 0.11(0.08) 3.52(0.36) 100.88 

A1025-2 2.0 1600 0.5 10 54  0.91 0.08 08.35(1.39) 83.72(1.17) 04.95(3.47) 0.03(0.07) 2.72(0.25) 099.76 

       Starting material 10 wt.% sulfur with varying XNi          

B518-1 2.0 1600 0.5 20 43 C-rich 0.09 0.04 83.35(0.96) 08.83(0.53) 02.67(0.67) 0.01(0.10) 5.14(0.26) 100.01 

B518-1 2.0 1600 0.5 20 10 S-rich 0.13 0.42 60.65(2.19) 09.58(2.57) 28.96(1.54) 0.93(0.33) 0.22(0.15) 100.34 

A1047-1 2.0 1600 2.0 20 16 C-rich 0.14 0.04 78.49(0.78) 13.06(0.49) 02.86(0.36) 0.08(0.03) 4.99(0.31) 099.47 

A1047-1 2.0 1600 2.0 20 20 S-rich 0.20 0.38 56.84(1.51) 15.12(0.99) 26.26(1.30) 0.91(0.40) 0.41(0.10) 099.54 

B521-2 2.0 1600 0.5 20 26 S-rich 0.23 0.37 55.62(1.95) 17.81(2.02) 25.19(1.68) 0.81(0.24) 0.60(0.24) 100.02 

A1047-2 2.0 1600 2.0 20 14 C-rich 0.23 0.05 69.38(1.65) 22.31(1.95) 03.48(1.35) 0.07(0.04) 4.78(0.63) 100.02 

A1047-2 2.0 1600 2.0 20 15 S-rich 0.30 0.38 50.41(1.29) 22.41(2.09) 25.76(1.44) 0.68(0.08) 0.25(0.07) 099.51 

B518-2 2.0 1600 0.5 50 44  0.28 0.15 61.35(0.75) 25.22(0.91) 10.31(0.71) 0.04(0.02) 3.58(0.19) 100.50 

B499-2 2.0 1600 1.0 50 36  0.52 0.16 40.82(0.45) 45.87(1.14) 10.52(0.96) 0.07(0.10) 2.68(0.18) 099.96 

B521-3 2.0 1600 0.5 50 62  0.63 0.16 31.83(0.65) 55.96(0.94) 10.02(0.86) 0.08(0.18) 2.08(0.43) 099.97 

B518-2 2.0 1600 0.5 50 28  0.70 0.15 25.86(0.39) 62.54(2.00) 09.40(0.96) 0.02(0.13) 2.12(0.26) 099.95 

B518-2 2.0 1600 0.5 50 38  0.91 0.15 07.59(0.29) 80.51(1.29) 09.46(0.67) 0.08(0.16) 1.92(0.13) 099.55 

B519-1 2.0 1600 0.5 20 13 C-rich 0.07 0.05 83.98(0.94) 07.14(0.45) 03.65(0.76) 0.26(0.04) 5.51(0.16) 100.54 

B519-1 2.0 1600 0.5 20 19 S-rich 0.11 0.39 64.08(0.67) 08.03(0.63) 26.47(0.98) 0.85(0.15) 0.17(0.06) 099.60 

No. P (GPa) T (°C) D (hrs) Bα (µm) nβ phase XNi
γ Xsδ Fe (wt.%) Ni (wt.%) S (wt.%) O (wt.%) C (wt.%) Total (wt.%) 

       Starting material 15 wt.% sulfur with varying XNi          

A1047-1 2.0 1600 0.5 20 18 C-rich 0.12 0.04 80.30(0.58) 11.66(0.34) 02.53(0.34) 0.16(0.02) 5.06(0.84) 099.71 

A1047-1 2.0 1600 0.5 20 12 S-rich 0.16 0.39 60.20(2.08) 12.49(2.62) 26.15(1.81) 0.86(0.53) 0.09(0.07) 099.79 
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A1047-2 2.0 1600 2.0 20 16 C-rich 0.15 0.04 76.93(1.00) 14.67(1.46) 02.94(1.75) 0.13(0.03) 4.82(0.40) 099.49 

A1047-2 2.0 1600 2.0 20 15 S-rich 0.22 0.37 56.92(1.80) 16.71(1.96) 25.29(1.18) 0.83(0.40) 0.20(0.10) 099.95 

B519-2 2.0 1600 0.5 50 57  0.32 0.25 54.30(1.15) 26.87(0.96) 16.44(1.24) 0.15(0.14) 1.78(0.14) 099.54 

B498 2.0 1600 1.0 50 66  0.53 0.26 36.79(1.61) 43.02(0.86) 17.80(1.19) 0.60(0.20) 1.84(0.21) 100.05 

B519-3 2.0 1600 0.5 50 35  0.71 0.22 22.96(0.43) 60.45(1.34) 14.89(0.92) 0.18(0.09) 1.98(0.20) 100.46 

B519-4 2.0 1600 0.5 50 28  0.88 0.24 09.61(1.87) 72.55(1.24) 15.39(1.58) 0.07(0.12) 1.44(0.27) 099.06 

Starting material 35 wt.% sulfur with varying XNi          

A995 2.0 1600 1.0 50 50  0.34 0.49 41.64(0.79) 22.36(0.68) 35.08(0.54) 0.08(0.02) 0.38(0.14) 099.54 

B496 2.0 1600 1.5 50 86  1.00 0.48  64.86(0.64) 34.30(0.86) 0.02(0.02) 0.40(0.12) 099.58 

      Samples at 2 GPa 1500 °C          

A1259-1 2.0 1500 2.0 50 8  0.22 0.00 73.23(0.56) 21.79(0.72)  0.00(0.05) 5.27(0.14) 100.29 

A1259-2 2.0 1500 2.0 50 6 C-rich 0.00 0.02 92.62(0.25)  01.51(0.16) 0.00(0.03) 4.96(0.01) 099.09 

A1259-3 2.0 1500 2.0 50 7  0.19 0.07 72.06(0.33) 18.03(0.17) 04.59(0.16) 0.01(0.03) 4.84(0.03) 099.53 

A1259-4 2.0 1500 2.0 50 7  0.34 0.15 56.25(0.22) 30.63(0.47) 10.21(0.24) 0.01(0.02) 2.48(0.08) 099.58 

A1259-5 2.0 1500 2.0 50 7  0.18 0.06 74.12(0.65) 17.26(0.68) 03.88(0.88) 0.01(0.05) 5.04(0.15) 100.31 

A1259-6 2.0 1500 2.0 50 6  0.50 0.14 43.39(0.78) 44.76(0.42) 09.20(0.45) 0.02(0.05) 2.80(0.20) 100.17 

A1259-7 2.0 1500 2.0 10 6 C-rich 0.10 0.04 84.17(0.86) 09.30(0.68) 02.69(1.03) 0.01(0.03) 3.70(0.20) 099.88 

A1259-7 2.0 1500 2.0 10 4 S-rich 0.12 0.37 63.99(0.89) 09.11(1.06) 25.69(1.26) 0.68(0.03) 0.54(0.16) 100.01 

A1259-8 2.0 1500 2.0 20 6 C-rich 0.18 0.06 74.94(0.21) 17.07(0.33) 04.29(0.21) 0.01(0.02) 3.73(0.10) 100.05 

A1259-8 2.0 1500 2.0 20 4 S-rich 0.23 0.35 57.46(1.20) 17.86(1.57) 23.69(2.00) 0.73(0.39) 0.25(0.20) 099.99 

       Samples at 2 GPa 1300 °C          

B535-1 2.0 1300 10.0 20 18 C-rich 0.00 0.03 92.52(0.74)  01.89(0.48) 0.09(0.05) 4.81(0.15) 099.13 

A1260-1 2.0 1300 4.0 50 30  0.33 0.17 56.67(0.94) 29.57(0.68) 11.16(1.26) 0.09(0.08) 2.48(0.16) 099.97 

B535-2 2.0 1300 10.0 20 34  0.50 0.15 43.05(1.93) 45.10(2.24) 10.14(2.31) 0.06(0.12) 2.31(0.67) 100.66 

A1260-2 2.0 1300 4.0 50 29 C-rich 0.19 0.12 70.77(0.75) 17.30(0.32) 08.05(0.75) 0.06(0.04) 3.54(0.15) 099.73 

A1260-2 2.0 1300 4.0 50 14 S-rich 0.22 0.34 57.41(0.64) 17.04(1.59) 22.82(4.55) 0.64(0.16) 1.03(0.25) 098.94 

A1260-3 2.0 1300 4.0 50 30 C-rich 0.09 0.05 82.68(0.52) 08.65(0.20) 03.67(0.37) 0.02(0.07) 4.14(0.12) 099.16 

A1260-3 2.0 1300 4.0 50 10 S-rich 0.12 0.37 63.84(2.52) 09.36(0.52) 25.42(3.03) 0.64(0.12) 0.41(0.59) 099.67 

B535-3 2.0 1300 10.0 20 38 C-rich 0.11 0.09 79.35(1.16) 10.52(0.31) 06.29(1.11) 0.01(0.04) 3.58(0.25) 099.75 

B535-3 2.0 1300 10.0 20 41 S-rich 0.14 0.37 62.96(1.41) 11.11(0.89) 25.34(2.70) 0.76(0.17) 0.44(0.25) 100.60 

B535-4 2.0 1300 10.0 20 28 C-rich 0.18 0.10 73.65(0.87) 17.46(1.41) 06.67(1.44) 0.07(0.07) 2.25(0.23) 100.10 

B535-4 2.0 1300 10.0 20 28 S-rich 0.19 0.35 60.33(1.41) 15.30(1.71) 23.26(1.41) 0.84(0.26) 0.42(0.13) 100.15 

       Samples at 2 GPa 1200 °C          

A1049-1 2.0 1200 18.0 20 30  0.00 0.03 92.38(0.30)  01.95(0.20) 0.07(0.03) 5.57(0.31) 099.97 

B525-1 2.0 1200 24.0 20 30 C-rich 0.09 0.08 80.83(1.01) 08.61(0.29) 05.56(1.18) 0.13(0.02) 4.22(0.34) 099.35 

B525-1 2.0 1200 24.0 20 12 S-rich 0.12 0.39 62.56(1.57) 09.25(1.21) 26.58(2.04) 1.13(0.33) 0.23(0.19) 099.75 

B525-2 2.0 1200 24.0 20 58  0.20 0.12 70.20(1.96) 17.92(2.18) 08.02(1.50) 0.15(0.04) 3.60(0.61) 099.89 

No. P (GPa) T (°C) D (hrs) Bα (µm) nβ phase XNi
γ XS

δ Fe (wt.%) Ni (wt.%) S (wt.%) O (wt.%) C (wt.%) Total (wt.%) 

A1019 2.0 1200 41.0 20 15  0.50 0.19 41.69(1.45) 43.81(1.64) 12.45(2.34) 0.12(0.22) 1.97(0.37) 100.03 

B525-3 2.0 1200 24.0 20 40 C-rich 0.09 0.08 81.43(0.55) 08.96(0.43) 05.02(0.70) 0.02(0.01) 3.78(0.27) 099.21 

B525-3 2.0 1200 24.0 20 20 S-rich 0.12 0.37 64.93(2.18) 09.01(1.73) 25.06(7.36) 0.31(0.16) 0.20(0.20) 099.51 

B524-4 2.0 1200 24.0 50 48  0.27 0.18 61.45(0.61) 24.15(1.24) 11.56(1.39) 0.27(0.10) 1.98(0.14) 099.41 

A1044-1 2.0 1200 24.0 20 42  0.24 0.17 65.89(0.84) 21.38(1.29) 11.03(1.23) 0.22(0.07) 1.96(0.17) 100.48 

A1044-2 2.0 1200 24.0 20 40 C-rich 0.13 0.06 80.29(0.74) 12.23(0.49) 03.94(0.76) 0.18(0.02) 4.22(0.300 100.86 
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A1044-2 2.0 1200 24.0 20 28 S-rich 0.17 0.38 59.73(1.16) 12.86(1.57) 25.80(1.72) 0.64(0.16) 0.13(0.19) 099.16 

B524-1 2.0 1200 24.0 10 25 C-rich 0.07 0.10 82.09(1.99) 06.85(0.66) 06.80(1.94) 0.04(0.16) 4.07(0.30) 099.85 

B524-1 2.0 1200 24.0 50 58 S-rich 0.10 0.38 64.46(1.66) 07.89(0.90) 26.27(2.21) 0.96(0.48) 0.30(0.10) 099.88 

B525-3 2.0 1200 24.0 50 21 C-rich 0.07 0.09 82.61(3.41) 06.55(0.99) 05.97(2.10) 0.03(0.20) 4.13(0.200 099.29 

B525-4 2.0 1200 24.0 50 34 S-rich 0.09 0.41 64.18(1.86) 06.96(0.73) 28.64(1.68) 0.88(0.60) 0.24(0.06) 100.90 

A1049-2 2.0 1200 18.0 20 34  0.19 0.26 65.12(1.43) 15.98(1.11) 17.63(1.54) 0.49(0.19) 1.70(0.09) 100.92 

A1044-3 2.0 1200 24.0 20 40 C-rich 0.16 0.10 75.14(0.97) 15.56(0.71) 06.23(0.81) 0.04(0.03) 2.82(0.17) 099.79 

A1044-3 2.0 1200 24.0 20 28 S-rich 0.21 0.35 59.43(1.95) 16.17(1.76) 23.41(1.57) 0.66(0.11) 0.24(0.08) 099.91 

A1044-4 2.0 1200 24.0 20 44 C-rich 0.11 0.05 81.89(0.84) 10.14(0.48) 03.62(0.53) 0.17(0.09) 4.39(0.26) 100.21 

A1044-4 2.0 1200 24.0 20 38 S-rich 0.15 0.38 61.22(2.97) 11.45(1.55) 25.71(2.01) 0.67(0.23) 0.26(0.17) 099.31 

B524-2 2.0 1200 24.0 50 51  0.18 0.29 64.60(1.86) 14.80(1.33) 19.14(2.22) 0.04(0.12) 1.03(0.31) 099.61 

       Samples at 3.5 GPa 1400 °C          

A1257-1 3.5 1400 1.0 50 15  0.21 0.00 74.86(0.54) 20.32(0.55)  0.15(0.08) 5.39(0.38) 100.72 

A1258-1 3.5 1400 1.0 50 12 C-rich 0.00 0.04 92.08(0.58)  02.67(0.21) 0.19(0.03) 4.81(0.40) 099.75 

A1258-1 3.5 1400 1.0 10 15 S-rich 0.00 0.39 71.42(1.41)  27.12(1.32) 0.74(0.03) 0.42(0.09) 099.70 

A1257-2 3.5 1400 1.0 50 12 C-rich 0.00 0.05 92.71(0.80)  3.53(0.37) 0.16(0.04) 5.18(0.06) 101.57 

A1257-2 3.5 1400 1.0 50 16 S-rich 0.00 0.37 71.71(1.02)  25.92(0.77) 0.75(0.12) 0.77(0.16) 099.15 

A1257-3 3.5 1400 1.0 50 14  0.19 0.09 72.74(0.59) 17.57(0.27) 06.05(0.36) 0.19(0.07) 3.68(0.16) 100.23 

A1258-2 3.5 1400 1.0 50 16  0.09 0.07 81.88(0.91) 08.70(0.10) 04.44(0.74) 0.13(0.03) 4.05(0.10) 099.21 

A1257-4 3.5 1400 1.0 50 15  0.18 0.15 70.28(0.60) 16.72(0.42) 10.55(0.48) 0.14(0.01) 3.20(0.28) 100.88 

A1258-3 3.5 1400 1.0 50 15  0.34 0.16 56.52(0.64) 30.26(1.25) 10.90(0.91) 0.29(0.08) 2.72(0.38) 100.69 

A1258-4 3.5 1400 1.0 50 14  0.51 0.16 41.23(1.17) 45.22(1.20) 10.85(1.57) 0.17(0.03) 2.62(0.19) 100.09 

       Samples at 5 GPa 1600 °C          

M786-1 5.0 1600 1.0 50 12  0.21 0.00 74.18(0.22) 20.88(0.22)  0.20(0.12) 5.37(0.23) 100.62 

M786-2 5.0 1600 1.0 50 12  0.00 0.09 89.08(0.27)  06.33(0.12) 0.26(0.08) 4.92(0.05) 100.59 

M786-3 5.0 1600 1.0 50 16  0.48 0.15 44.65(0.34) 43.31(0.34) 10.31(0.90) 0.17(0.01) 2.66(0.09) 101.09 

M786-4 5.0 1600 1.0 50 14  0.22 0.23 63.54(0.58) 18.52(0.58) 15.06(0.73) 0.38(0.07) 1.84(0.09) 099.33 

       Samples at 7 GPa 1600 °C          

M789-1 7.0 1600 11.0 50 15  0.19 0.00 76.01(0.81) 18.71(0.81)  0.34(0.03) 5.59(0.33) 100.65 

M789-2 7.0 1600 1.0 50 14  0.00 0.13 87.31(0.68)  08.89(0.15) 0.20(0.03) 4.31(0.46) 100.71 

M789-3 7.0 1600 1.0 50 10  0.49 0.16 43.09(0.80) 43.56(0.80) 10.43(0.77) 0.08(0.03) 2.75(0.13) 099.92 

M789-4 7.0 1600 1.0 50 12  0.22 0.22 63.88(0.62) 18.69(0.62) 14.89(0.29) 0.23(0.03) 2.04(0.34) 099.73 
α B is beam size. β n is the number of analysis.  
γ XNi is Ni/(Ni+Fe) molar ratio in Fe-Ni-S melts. δ  XS is S/(Ni+Fe+S) molar ratio in Fe-Ni-S melts.
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