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abstract

We present high-pressure experiments up to 8 GPa that constrain the solidus and liquidus of a 
composition, Fe0.69Ni0.23Cu0.01S1.00, typical of upper mantle sulfide. Solidus and liquidus brackets of this 
monosulfide are 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 over the pressure intervals 1–3.5 GPa and within ±30 
°C over the pressure intervals 3.5–8.0 GPa. The solidus of the material examined is cooler than the 
geotherm for convecting mantle, but hotter than typical continental geotherms, suggesting that sulfide 
is 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. This, together with the solidus-lowering effects of O and C 
not constrained by the present experiments, indicates that the experimentally derived melting curves 
are upper bounds on sulfide melting in the Earth’s upper mantle and that the regions where sulfide is 
molten are likely extensive in both the convecting upper mantle and, potentially, the deeper parts of 
the oceanic and continental lithosphere, including common source regions of many diamonds.
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introduction

Molten sulfides are important geochemical and geophysi-
cal 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 result-
ing 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 geophysi-
cal role requires defining the conditions of sulfide melt stability. 
Although detailed one atmosphere studies have explored the 

Fe-Ni-S phase diagrams at 900–1350 °C (e.g., Hsieh et al. 1987; 
Waldner and Pelton 2004 and references therein), the majority 
of high-pressure 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; 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. 1). Furthermore, substitution of Ni 
and Cu for Fe also influences melting temperatures (Hsieh et al. 
1987; Urakawa et al. 1987). Consequently, understanding melt-
ing 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 mono-
sulfide stoichiometry with metal/sulfide (M/S) ratios typically 
between 0.9–1.2 (Fig. 2).

Previous experimental constraints on the high-pressure melt-
ing of monosulfide similar to natural mantle composition derive 
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