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ABSTRACT 

The Fate of Sulfide During Igneous Processes of Terrestrial Planetary Bodies 

by 

Shuo Ding 

In order to constrain the S flux from Martian mantle to crust and atmosphere by magmatism, we 

simulated basalt-sulfide melt equilibria using two synthesized Martian meteorite compositions in 

both anhydrous and hydrous conditions at 1–5 GPa and 1500–1700 ̊ C (Chapter 2). We 

developed an empirical parameterization to predict Martian basalt SCSS (sulfur content at sulfide 

saturation) as a function of depth, temperature, and melt composition. Our SCSS model suggests 

that sulfur-rich gases released by magmatism might have caused the greenhouse conditions 

during the late Noachian. SCSS of Martian magma ocean was at least six times greater than in 

the Earth magma ocean, which might have been key to make Mars a planet richer in sulfur 

compared to Earth. We also measured bulk S concentration of 7 Martian meteorites and modeled 

the behavior of S during both isobaric crystallization of primary Martian magmas and isentropic 

partial melting of Martian mantle (Chapter 3). Our modeling indicates that in addition to 

degassing induced S loss, mixing between basaltic melts and cumulus minerals could also be 

responsible for the bulk sulfur contents in some Martian meteorites. In this case, a significant 

quantity of S could remain in Martian crust. Our modeling also suggests that the mantle source 

of Martian meteorites contain <700–1000 ppm S if melting degree estimation of 2–17 wt.% 

based on compositions of shergottites is relevant. 

In order to constrain the sulfur budget of the Earth mantle, and sulfur and chalcophile element 

systematics of primitive mid-ocean ridge basalts (MORB) and oceanic island basalts (OIB), we 
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developed a model to describe the behavior of sulfide and Cu during decompression melting in 

mid-ocean ridge (Chapter 4) and ocean islands (Chapter 5). We coupled thermodynamic models 

and experimental constraints on isentropic decompression melting at different mantle potential 

temperatures with existing empirical SCSS model developed for basalts on Earth. The goal was 

to track the S contents in the partial melt and the mode of residual sulfide as a function of initial 

sulfur content of the mantle source, melting degree, depth, temperature, and change in partial 

melt composition. The fractionation of Cu, a chalcophile element, is also modeled to derive an 

internally consistent set of inferences about the geochemistry of both S and Cu in partial melt 

parental to MORB and OIB. Our modeling suggests that primitive MORBs (Mg#>60) with S and 

Cu mostly concentrated in 800-1000 ppm and 80-120 ppm are likely mixture of sulfide 

undersaturated high degree melts and sulfide saturated low degree melts derived from depleted 

peridotite containing 100-200 ppm S. Our modeling also suggests that mixing of eclogite partial 

melt with peridotite partial melt is critical to reconcile S and Cu contents in low-F (<10%) OIBs.  

In order to constrain SCSS of intermediate to high-Ti mare basalts, we conducted basalt-sulfide 

melt equilibria experiments using a piston cylinder at 1.0-2.5 GPa and 1400-1600 °C, on two 

compositions similar to high- and intermediate-Ti mare basalts (Chapter 6). We derived a new 

SCSS parameterization for high-FeO* silicate melts of variable TiO2 content, which can be used 

to predict SCSS of any mafic-ultramafic system within the calibration range, including VLT 

(very low Ti) to high-Ti lunar basalts as well as Martian basalts. We demonstrated that lunar 

mantle might be heterogeneous in terms of S, and the higher bound of its sulfur abundance 

unlikely exceed 0.03 wt.% (120 ppm S), which falls near the lower end of the S abundance in 

depleted terrestrial mantle similar to MORB source. Our constraint is in agreement with previous 

calculations of highly siderophile elements depletion in the bulk silicate moon. 
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Chapter 1  

Introduction 

Sulfur is found to be present in quantities as high as 2-5 wt.% in condrites (e.g., 

Jarosewich, 1990; Wasson and Kallemeyn, 1988), materials that constitute the building blocks of 

terrestrial planetary bodies (e.g., Earth, Mars, Mercury, the moon). Sulfur is also a multiple-

valence element, which means it can have a valence state between S2- (sulfide) and S6+ (sulfate), 

with a few intermediate valence states such 4+, 2+ and 0. Its variable valence states and 

abundance in planetary building blocks allow sulfur to participate in numerous geochemical 

(±biochemical) processes that can shape the evolution of a planet.  

On the one hand, sulfur participates in various geological processes on planetary scale, 

such as core formation, mantle partial melting, hydrothermal processes, and volcanic degassing. 

For example, sulfur is thought to be an important alloying light element in the metallic cores of 

Earth, Mars, Mercury, and the moon, and thus may have a direct influence on the physical states, 

density, dynamical and thermal evolution of cores (e.g., Corgne et al., 2008; Dasgupta et al., 

2009; Jing et al., 2014; Li et al., 2001; Stewart et al., 2007). Similarly, the abundance of sulfur in 

magmas and alloy melts influences enrichment and partitioning of chalcophile and siderophile 

elements, and other key volatiles such as carbon, in the mantle, crust, and core, and between the 

solid inner and liquid outer cores (e.g., Brandon et al., 2012; Chabot and Jones, 2003; Day et al., 

2007; Lee et al., 2012; Metrich and Mandeville, 2010; Tsuno and Dasgupta, 2015). Volcanically 

emitted sulfur also has the potential to affect short- and long-term climate, and thus planetary 

habitability (Halevy et al., 2007; Johnson et al., 2008). The sulfur cycle of the planet is 

determined by transport and distribution among these different reservoirs, particularly sulfur 

storage in the silicate mantle and behavior in silicate melts. Based on the oxygen activity, or 
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fugacity (fO2) of the transition from sulfide (S2- in melt or stability of monosulfide solid solution 

or sulfide melt) to sulfate (S6+ in melt or stability of anhydrite or sulfate melt) (e.g, Jugo et al., 

2010; Jégo and Dasgupta, 2014), which yields values in the range of logfO2 of ≥FMQ+1 (where 

FMQ is the Ferrosilite-Magnetite-Quartz stability buffer) and the fO2 estimates of sulfur-bearing 

basaltic magma source regions on Mars, the moon, and in divergent plate boundaries and intra 

plate magmatism source region on Earth, sulfur is only stable as sulfide minerals in the mantle 

and dissolves in the silicate melt as S2-. The sulfur carrying capacity of such basaltic melts is 

limited by their sulfur contents at sulfide saturation (SCSS), which is a function of pressure (P), 

temperature(T), and melt composition (X).  

On the other hand, depending on the size, composition, oxygen fugacity, and the absence 

or presence of plate tectonics, a hydrosphere, and a biosphere of a terrestrial planet/the moon, the 

sulfide inventory inside each planetary body, and sulfur exchange between interior (mantle and 

core) and surface reservoirs (crust and atmosphere) during igneous processes may vary.  

Mars has long been considered a “sulfur-rich planet” based on high sulfur concentrations 

in Martian meteorites and on the surface (average 6 wt.% SO3, King and McLennan, 2010), 

which is probably due to a high SCSS of Martian magma (Gaillard et al., 2013; Righter et al., 

2009), attributable to its high iron oxide (FeO) concentration (Righter et al., 2009; Wykes et al., 

2014). Consequently, volcanic degassing of sulfur-rich gases is proposed to have affected the 

early Martian climate system (e.g., Halevy et al., 2007; Johnson et al., 2008). Thus, it is 

important to understand the origin of primordial sulfur in early bulk silicate Mars, and to 

determine the sulfur flux from the mantle to crust and atmosphere by magmatism and degassing, 

which might have shaped the geochemical evolution of the red planet. Contrastingly, the sulfur 

content measured in basalts from mid-ocean ridges and ocean islands on Earth is usually less 
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than that from Martian meteorites at similar magnesium oxide (MgO) concentrations, and the 

estimates of total sulfur (S) abundance in the bulk silicate Earth, though varying, never exceeds 

300 ppm, which is much less than the lower end of estimates for bulk silicate Mars of 700 ppm S 

(e.g., Gaillard et al., 2012).  

On Earth, magmatism through divergent plate boundaries still comprises the main 

pathway of sulfur outflux from the mantle to the surface, and the extraction of sulfide in Mid-

Ocean Ridge Basalts (MORB) and Ocean Island Basalts (OIB) is the primary sulfur source for 

hydrothermal activity, ore deposition, atmosphere chemistry, and biochemical reaction. 

Therefore, it is necessary to understand the sulfur inventory and its behavior during melting in 

the Earth’s upper mantle.  

Different from both Mars and Earth, the moon, until recently, was thought to have lost its 

inventory of highly volatile elements (H, C, S, F, Cl, etc.) during the giant impact event with the 

primordial Earth (Taylor, 2006). However, the detection of high pre-eruptive abundances of 

volatiles in melt inclusions from some lunar volcanic glasses (Chen et al., 2015; Hauri et al., 

2015, 2011; Saal et al., 2008) has provided evidence for the retention of volatiles, including 

hydrogen, in the moon’s interior. Sulfur, one of the key volatiles, participates in and affects a 

wide range of geological processes during lunar differentiation, such as metasomatism in the 

lunar crust, degassing of lunar magma ocean, core formation and partitioning of chalcophile and 

highly siderophile elements between lunar mantle and core. Therefore, an understanding of 

sulfur storage and distribution in the interior of the moon is imperative for any comprehensive 

model of Earth-moon formation and lunar differentiation. 

This thesis describes a series of studies, combining experimental, natural, and modelled 

geochemistry to better understand the fate of sulfide during igneous processes in Mars, Earth and 
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the moon. These studies constrain: (1) the sulfur flux from the mantle to crust and atmosphere by 

magmatism and degassing; and (2) the storage of sulfide in the Earth’s, Martian, and lunar 

mantles. The results can lead to a better understanding of the deep sulfur cycle in different 

terrestrial planetary bodies, as well as its impact on planetary evolution and the geochemistry of 

other elements. The following paragraphs briefly describe the content of each chapter in this 

thesis. 

In Chapter 2, I present experimentally constraints of the SCSS of two primitive Martian 

meteorites compositions at high pressures (1– 5 GPa) and temperatures (1500–1700 ̊ C). The aim 

was to quantitatively describe the SCSS of high-FeO* (total FeO) Martian magmas as a function 

of major element melt composition, temperature, and pressure for a range of magmatic 

conditions. Combining data from our study and those from Righter et al. (2009) we developed a 

new SCSS parameterization, which was then used to understand the behavior of sulfur in a 

Martian magma ocean, Martian mantle undergoing partial melting, and crystallization of mantle 

derived melts. This chapter has been published in Geochimica et Cosmochimica Acta (Ding, S., 

Dasgupta, R., Tsuno, K., 2014. Sulfur concentration of martian basalts at sulfide saturation at 

high pressures and temperatures – Implications for deep sulfur cycle on Mars. Geochim. 

Cosmochim. Acta 131, 227–246. doi:10.1016/j.gca.2014.02.003). 

In Chapter 3, I give measured bulk S contents of 7 Martian meteorites obtained using the 

solution ICP-MS method from Erdman et al. (2014). Here we discuss the bulk sulfur data of 

meteorites from this study and those from literature by modeling the fate of sulfur during 

fractional crystallization of Martian magmas and the fate of sulfide during mantle partial melting. 

By comparing bulk S data of Martian meteorites to the modeling results, we estimate the 

plausible S budgets of the Martian mantle, crust, and atmosphere. This chapter has been 
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published in Earth and Planetary Science Letters (Ding, S., Dasgupta, R., Lee, C.-T.A., 

Wadhwa, M., 2015. New bulk sulfur measurements of Martian meteorites and modeling the fate 

of sulfur during melting and crystallization – Implications for sulfur transfer from Martian 

mantle to crust–atmosphere system. Earth Planet. Sci. Lett. 409, 157–167. 

doi:10.1016/j.epsl.2014.10.046). 

In Chapter 4, I show compiled sulfur, major element, and other related trace element 

geochemistry of MORBs on Earth from previous studies. Using this data, we coupled 

thermodynamic calculations of isentropic decompression melting (Ghiorso et al., 2002) with 

existing sulfur solubility models to track the S contents in partial melts and the mode of residual 

sulfide in the mantle source of variable sulfur content as a function of melting. We also modeled 

the fractionation of copper to see whether an internally consistent set of inferences can be 

reached about the geochemistry of these two elements in partial melts parental to MORBs and 

the depleted mantle (DM) beneath mid-ocean ridges. The goals of this chapter were to: (1) 

construct the framework to constrain the fate of sulfur and copper during isentropic 

decompression melting of a sulfide-bearing depleted upper mantle peridotite as a function of 

bulk mantle S content and mantle potential temperatures; and (2) by comparing compiled sulfur 

measurments of less-differentiated MORBs (Mg#>60) with modeling results to estimate the 

sulfur abundance in the MORB-source mantle. This study is under review in the journal Earth 

and Planetary Science Letters. 

In Chapter 5, I offer compiled major element and sulfur data from OIBs from different 

ocean islands on Earth from which we observe the geochemical systematics of sulfur and major 

elements. Then we coupled experimental melt compositions as a function of pressure (P) and 

temperature (T) during partial melting of peridotite (Hirose and Kushiro, 1993; Langmuir et al., 
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1992; Walter, 1998) and SCSS models derived from previous experimental studies (Ariskin et 

al., 2013; Fortin et al., 2015; Mavrogenes and O’Neill, 1999) to track the fate of sulfur in partial 

melts and the evolution of sulfide in the mantle residue at potential temperatures relevant for 

OIB generation. The fractionation of copper, a highly chalcophile element, is also modeled to 

derive an internally consistent set of inferences about the geochemistry of both sulfur and copper 

in partial melts parental to OIBs. We further consider whether melts parental to OIBs can be 

derived from peridotite alone or whether contributions from partial melts of recycled ocean crust 

or continental sediments are also necessary to match the S and Cu geochemistry of OIBs. 

In Chapter 6, I detail new experiments we conducted on the SCSS of lunar magmas with 

high and intermediate titanium oxide (TiO2) contents at high pressures (1-2.5 GPa) and 

temperatures (1400-1600 ̊C). The aim of this study was to quantitatively describe the SCSS of 

high-iron (FeO*) lunar magmas with very low to high TiO2 as a function of pressure and 

temperature. Combining our experiments with  previous SCSS experiments performed on high-

FeO* basalts with a broad range of TiO2 concentrations (Ding et al., 2014; Holzheid and Grove, 

2002; O’Neill and Mavrogenes, 2002; Righter et al., 2009), we present a new SCSS 

parameterization specifically designed for any high-FeO* planetary basalt with a wide range of 

TiO2 content. Finally, we apply our new SCSS model to understand the behavior of sulfur during 

lunar partial melting, and constrain sulfur abundance in the lunar mantle. 
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Chapter 2  

Sulfur concentration of martian basalts at sulfide saturation at high pressures and 

temperatures – Implications for deep sulfur cycle on Mars 

ABSTRACT 

To constrain sulfur concentration at sulfide saturation (SCSS) of martian magmas at mantle 

conditions, we simulated basalt-sulfide melt equilibria using two synthesized meteorite 

compositions, i.e., Yamato980459 and NWA2990 in both anhydrous and hydrous conditions at 

1-5 GPa and 1500-1700 °C. Our experimental results show that SCSS decreases with increasing 

pressure and increases with increasing temperature. Based on our experimental SCSS and those 

from previous low-pressure experiments on high-FeO* martian basalts, we developed a 

parameterization to predict martian basalt SCSS as a function of depth, temperature, and melt 

composition. Our model suggests that sulfur contents as high as 3500-4300 ppm can be 

transferred from the martian mantle to the martian exogenic system, and sulfur-rich gases might 

have caused the greenhouse conditions during the late Noachian. However, modeling of the 

behavior of sulfur along the liquid line of descent of a primitive martian basalt suggests that a 

fraction of the magmatic sulfur could precipitate as sulfides in the cumulates during cooling and 

fractional crystallization of basaltic magmas. Furthermore, the latter case is consistent with the S 

concentration of martian meteorites, which reflect variable amount of trapped liquid in cumulus 

mineral assemblage. Furthermore, our model predicts an average S storage capacity of 5700 ppm 

for the martian magma ocean, whereas the same for Earth is only ~860 ppm. Lastly, high SCSS 

of martian magma ocean and its inverse correlation with depth along the mantle liquidus could 

have triggered a sulfur pump where the post-core-formation magma ocean of Mars would gain 

sulfur through interaction with SO2/H2S rich nascent atmosphere.  
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1. INTRODUCTION 

The element sulfur is thought to have a significant effect on the properties and processes 

of terrestrial planets from core to exosphere. For example, sulfur is thought to be an important 

alloying light element in metallic cores of Earth, Mars, and Mercury and thus may have a direct 

influence on the physical states, density, dynamical and thermal evolution of cores (Corgne et al., 

2008; Dasgupta et al., 2009; Li et al., 2001; Stewart et al., 2007). Similarly, the abundance of 

sulfur in magmas and alloy melts influences enrichment and partitioning of other key elements in 

mantle, crust, and core, and between solidi inner and liquid outer core (Brandon et al., 2012; 

Chabot and Jones, 2003; Jana and Walker, 1997; Lee et al., 2012; Metrich and Mandeville, 

2010). Volcanically emitted sulfur also has the potential to affect climate, and thus planetary 

habitability, over long-time scales (Halevy et al., 2007; Johnson et al., 2008). 

Sulfur cycle for Mars is of particular interest because sulfur is thought to be ubiquitous in 

various Martian reservoirs such as the atmosphere, crust, mantle, and core as revealed by data 

from remote sensing, from Odyssey spacecraft, Viking missions, pathfinder mission and Mars 

Exploration Rover mission (Clark et al., 1976; Clark and Baird, 1979; Gaillard et al., 2013; King 

and McLennan, 2010) and from geochemical data from meteorites (Meyer, 2012). For example, 

sulfur is thought to be a key light element to maintain a liquid outer core of Mars and in giving 

rise to an early dynamo (e.g., Schubert and Spohn, 1990; Stewart et al., 2007; Williams and 

Nimmo, 2004). On the other hand, although sulfur-bearing species (SO2, H2S) have not been 

detected in the present-day atmosphere of Mars, negative ∆33S (-0.5~ -1.25‰) mass-independent 

sulfur isotope fractionation anomalies found in secondary sulfide in ALH84001 meteorite (>3.5 

Ga) and in sulfate of 1.4 Ga Nakhla meteorite (Farquhar et al., 2007; King and McLennan, 2010) 

are best explained by photochemical reactions. These sulfur isotope data suggest that 
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atmospheric SO2/H2S could be part of sulfur cycle on Mars back in time and sulfur-rich gases 

could have affected early martian climate system (e.g., Halevy et al., 2007; Johnson et al., 2008). 

Indeed, sulfate deposits are present on Noachian to early Hesparian age (>3.5 Ga) martian 

surfaces, suggesting that ancient atmosphere-hydrosphere-crust interactions may have crucial in 

sedimentary sulfate deposition (Gendrin et al., 2005). Central to the question of distribution of 

sulfur among various Martian reservoirs from core to atmosphere through time is the sulfur 

content of the bulk Mars and its silicate mantle. 

Estimates of sulfur concentration of Mars by previous studies vary from 2.1 wt.% to 4.8 

wt.% S depending on different accretion models (Dreibus and Wanke, 1985; Lodders and Fegley 

Jr, 1997; Sanloup et al., 1999). The distribution of this budget of sulfur among various Martian 

reservoirs is unclear. The estimate for near-surface sulfur concentration on Mars varies from 1.1 

wt.% in surface basalts to >3wt.% in soils, globally averaging in 1.76 wt.% (McLennan et al., 

2010). Elevated sulfur concentration in Martian meteorites (up to 2700 ppm, Meyer, 2012) 

suggests sulfur-enriched silicate interior as well (King and McLennan, 2010). The metallic core 

is also thought to be sulfur-rich. According to the solar tidal deformation (Yoder et al., 2003),  

moment of inertia (Longhi et al., 1992), and the strongly magnetized ancient crust of Mars 

obtained from the analysis of Mars Global Surveyor mission (Stevenson, 2001; Williams and 

Nimmo, 2004), Mars appears to have a conductive, liquid outer core and a solid inner core. In 

this case, 10.6-16.2 wt.% sulfur in the outer core may be needed to make the liquidus in the Fe-

Ni-S system lower than the estimated core temperature (Wanke and Dreibus, 1988; Lodders and 

Fegley Jr, 1997; Sanloup et al., 1999; Stewart et al., 2007). Given the possibility that the Martian 

interior contains significant quantity of sulfur, sulfur exchange between planetary interior 

reservoirs (mantle and core) and surface reservoirs (crust and atmosphere) through volcanic 
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activities and surface processes might have shaped the geochemical evolution of the red planet. 

In particular, sulfur exchange between the interior and the exosphere might have been key in 

early Mars, when volcanic activity was likely much more vigorous (Gaillard et al., 2013; Grott et 

al., 2013; Kiefer et al., 2010). In order to constrain (1) sulfur flux from the mantle to crust and 

atmosphere by magmatism and degassing and (2) of the origin of primordial sulfur in early bulk 

silicate Mars, it is critical to know sulfur solubility in the Martian magmas. 

The solubility of sulfur in silicate melts has been experimentally explored in many 

previous studies. Experiments have been conducted on basalts, andesites, dacites and rhyolites in 

anhydrous and hydrous conditions, at different temperature (T), pressure (P) and oxygen fugacity 

(fO2) (e.g., Holzheid and Grove, 2002; Jégo and Dasgupta, 2013; Mavrogenes and O’Neill, 1999; 

Righter et al., 2009). Based on the experimental sulfur solubility data, many empirical models 

predicting maximum limit of sulfur content in silicate melts have been developed (Baker and 

Moretti, 2011; Holzheid and Grove, 2002; Li and Ripley, 2009, 2005; Mavrogenes and O’Neill, 

1999; O’Neill and Mavrogenes, 2002; Righter et al., 2009). Because sulfur can exist in multiple 

valence states, sulfur speciation in silicate melts is affected by fO2: sulfides (S2-) dominate in 

reducing silicate melts while in more oxidized melts sulfur dissolves mainly as sulfates (S6+) 

with transition from S2- to S6+ taking place between FMQ+0.5 and FMQ+1.5 in basaltic melt 

(Jugo et al., 2010). Oxygen fugacity of SNC meteorites vary from FMQ+0.46 to ~FMQ-5 

(Goodrich, 2003; Herd et al., 2002; Herd, 2006; Karner et al., 2006; McCanta et al., 2004; 

Righter et al., 2008; Sautter et al., 2002; C.K. Shearer et al., 2006; Wadhwa, 2001) and the 

melting conditions in the Martian mantle is thought to be at the lower to intermediate values of 

this range. Thus sulfur in Martian magma should be chiefly in the form of sulfide species. In this 
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study, we therefore, focus on sulfur concentration at sulfide saturation (SCSS) in Martian 

magmas.  

Haughton et al. (1974) proposed that there is a strong positive correlation of SCSS and 

FeO content in the melts. This correlation has been confirmed by the later studies on SCSS (Liu 

et al., 2007; Righter et al., 2009; Wendlandt, 1982). Thus, high FeO concentration of Martian 

mafic-ultramafic systems: 17-20 wt.% in shergottites (e.g. Ol-phyric shergottites, Barrat et al., 

2002; Bunch and Irving, 2009; Goodrich, 2003; Greshake et al., 2004; GROSS et al., 2011; 

Mikouchi, 2001; Peslier et al., 2010; Sarbadhikari et al., 2009; Shearer et al., 2008; Taylor et al., 

2002; Usui et al., 2008; Wadhwa, 2001), 15-20 wt.% in surface basalts (e.g. Gusev crater: Gellert 

et al., 2006; Ming et al., 2008; Squyres et al., 2007; Meridiani Planum: Rieder et al., 2004) and 

15.07-20.11wt.% in the Martian mantle (Dreibus and Wanke, 1985; Lodders and Fegley Jr, 

1997; Morgan and Anders, 1979; Ohtani and Kamaya, 1992; Sanloup et al., 1999), implies that a 

higher SCSS than that measured in terrestrial magmas may be expected. However, experimental 

estimates of SCSS on high FeO* Martian magmas are scarce. The study of Righter et al. (2009) 

is the only experimental study, to our knowledge, that provided high P-T SCSS data on Mars-

relevant basaltic compositions and provided first parameterization for SCSS Martian basalts. 

Although Righter et al. (2009) simulated basalt-sulfide melt equilibria with wide range of basalt-

FeO* contents (4.3-32.8 wt.%), the experiments of these authors were conducted at relatively 

low-pressures of 1 bar and 0.8 GPa. Furthermore, no more than 10 experiments were available 

from the Righter et al. (2009) study that yielded basalt with FeO* content ≥13-14 wt.% and 

therefore the statistical regression of Righter et al. (2009) to extrapolate the SCSS of martian 

basalts to deeper depths relied on earlier experimental SCSS data on low-FeO* terrestrial basaltic 

compositions. The lack of experiments at high pressures (>1GPa) on high FeO* (>15 wt. %) melt 
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compositions therefore may lead to significant uncertainty in the estimated SCSS for martian 

basalts at deeper depths (>2 GPa) using empirical model of SCSS in Righter et al. (2009). 

Therefore, constraining the behavior of sulfur at conditions and processes at much greater depth, 

such as the onset of partial melting in the upwelling Martian mantle and deep Martian magma 

oceans (Filiberto and Dasgupta, 2011; Righter and Chabot, 2011) will require newer experiments 

at wider range of P-T conditions.  

Here we experimentally constrain the SCSS of two primitive Martian meteorite 

compositions at high pressures (1-5 GPa) and temperatures (1500-1700 °C). The aim was to 

quantitatively describe the SCSS of high-FeO* martian magmas as a function of major element 

melt composition, temperature and pressure for a range of magmatic conditions. Combining data 

from our study and those from Righter et al. (2009) we develop a new SCSS parameterization, 

which was then used to understand the behavior of sulfur in a Martian magma ocean, Martian 

mantle undergoing partial melting, and crystallization of mantle derived melts. 

2. METHODS 

2.1. Starting compositions 

Two starting compositions, equivalent to olivine-phyric shergottites Yamato 980459 

(hereafter Y98; ~17.53 wt.% FeO* and ~19.64 wt.% MgO; Greshake et al., 2004) and NWA 

2990 (hereafter NWA; ~16.42 wt.% FeO* and ~8.06 wt.% MgO; Bunch et al., 2009)  were used 

for our experiments. These compositions were chosen because both of these meteorites have 

been argued to potentially be primary magma, derived from the martian mantle (Filiberto and 

Dasgupta, 2011). Two additional compositions, equivalent of Y98+1.11 wt.% H2O and 

NWA+1.73 wt.% H2O were also investigated in an attempt to constrain the effect of dissolved 

water on SCSS. Starting compositions are listed in Table 1. The starting compositions were 
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synthesized using reagent grade oxides and carbonates. To minimize adsorbed water, SiO2, TiO2, 

Al2O3, and MgO powder were each fired overnight at 1000 °C, Fe2O3 at 800 °C, MnO2 at 400 

°C, CaCO3 at 200 °C and Na2CO3 and K2CO3 at 110 °C. After drying, all the oxides and 

carbonates were first mixed and ground in an agate mortar under ethanol and dried in room 

temperature overnight. Well mixed powders were reduced and decarbonated at 1000 °C for 24 

hours in a stream of CO-CO2 gas mixture, which set the fO2 ≈ FMQ-2. For synthesizing hydrous 

silicate starting mixes, base silicates were initially prepared alumina-poor and then Al(OH)3 was 

added after reduction and decarbonation to introduce H2O and to bring up the alumina content to 

the desired level. Sulfur was added to all starting mixes as FeS. Mixing proportion of 70 wt.% 

silicate and 30 wt.% FeS was used for Y98 compositions (anhydrous and hydrous) while 85 

wt.% silicate + 15 wt.% FeS was used for NWA compositions (anhydrous and hydrous). Well-

ground and mixed silicate powders with FeS were stored in a desiccator. 

2.2. Experimental technique 

Experiments were performed using piston cylinder (PC) (1-3 GPa) and Walker-style 

multi anvil (MA) devices (4-5 GPa) in the experimental petrology laboratory of Rice University 

at 1500-1700 °C (Table 2). Homogeneous mixtures of basalt+sulfide were loaded into graphite 

capsules with 1.0 mm (MA) - 1.5 mm (PC) wall thickness to achieve experimental fO2 below the 

FMQ buffer (Médard et al., 2008). PC experiments employed a 1/2” assembly with BaCO3 

pressure-transmititng medium, MgO spacers, and straight-walled graphite furnace, following the 

calibration of Tsuno and Dasgupta (2011). MA experiments were conducted in an 1100-ton 

Walker-style device. For MA experiments, WC anvils with 12 mm truncations, cast MgO–

Al2O3–SiO2 octahedra with 18 mm edge lengths and integrated gasket fins, and straight-walled 

graphite heaters with molybdenum end rings were used. The pressure calibration for this 
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assembly was established against multiple high-temperature fixed points (Fig. 1). Temperature 

was monitored and controlled with a type-C thermocouple next to the capsule and oriented 

axially with respect to the heater. P-T uncertainties are estimated to be ± 0.1 GPa, ± 12 °C for PC 

(Tsuno and Dasgupta, 2011) and ± 0.3 GPa, ± 10 °C for MA runs. Thermal gradient across a 2 

mm long capsule in our MA assembly was determined using 2-pyroxene thermometer (Nickel et 

al., 1985) and was found to be ≤10 °C. For all experiments, desired pressure was reached first 

and then samples were heated to the desired temperature at 100 °C/min, except for one longer 

duration experiment, where assemblies were pre-sintered to minimize leakage of sulfide melts; 

Table 2. Time series experiments at 1 GPa and 1600 °C showed that 2 h long experiment 

produced similar texture and SCSS (5000 ± 200 ppm) to that obtained from 12 h (4700 ± 200 

ppm) long experiment, which indicated that 2 h is enough for sulfur to diffuse across the capsule 

given the high temperature conditions (T≥1500 °C; Behrens and Stelling, 2011; Freda et al., 

2005). Experiments were terminated by cutting power to the heater. The estimated quench rate 

was ~125 – 150 °C/s for PC and as much as 150 °C/s for MA. Recovered samples were mounted 

in epoxy, and then cut longitudinally. One half was polished down to 0.3 micron using Al2O3 

slurry on velvet cloth for electron microprobe and Raman spectroscopic analyses and if glassy 

melt pool was obtained, the other half was doubly polished for Fourier Transform Infrared 

Spectroscopy (FTIR). In order to reduce the pluck-out of sulfide blebs, vacuum impregnation 

with low-viscosity epoxy was performed.  

2.3. Analysis of Experimental Samples 

2.3.1. Electron Microprobe 

Texture and phase compositions were investigated using a Cameca SX50 electron 

microprobe at Texas A&M University. Samples were analyzed for major elements and S in the 
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glassy and quenched crystal-bearing melt pool and for Fe and S in the sulfide melt. Operating 

conditions for silicate melt pool were accelerating voltage of 15 kV and a defocused beam of 20 

m. For each analytical point, beam current of 10 nA was first used for major elements and then 

200 nA for S; for Fe and S analyses in sulfide melt, accelerating voltage of 15 kV, beam current 

of 20 nA and a beam of 1 µm or 20 µm were used. Standards used for major element analyses in 

silicates were natural basaltic glasses (for Mg, Si, Al, Ca), albite (Na), orthoclase (K), SmPO4 

(P), olivine (Fe), ilmenite (Ti) and spessartine (Mn). For measurement of S in silicate melts, 

pyrite (FeS2) was used as a primary standard and a glass of Indian Ocean basalt (USNM 

113716 ) was used as a secondary standard. Sulfur concentration of Indian Ocean basalt that we 

obtained was 1140 ± 30 ppm (n = 20), which is similar to the previously published values of S 

concentration of USNM 113716 of 1160 ± 40 ppm (Jégo and Dasgupta, 2013) and also in 

agreement with the recommended value of ~1200 ppm. The agreement of our analyses with the 

recommended and published values of the standard glass lends confidence lends confidence on 

the accuracy and reproducibility of our S analyses. Both pyrite (FeS2) and natural troilite (FeS) 

were used as primary standards to analyze Fe and S concentration in the sulfide melt. No 

measurable difference in the analyzed sulfide compositions resulted from the choice of troilite 

versus pyrite as analytical standard. 

2.3.2. Raman Spectroscopy 

Raman spectroscopy, using a 514.5 nm laser, was employed to determine the speciation of 

sulfur dissolved in the glassy samples. Sample surface were well polished and sonicated in the 

ethanol bath to avoid any finger prints or other dirt. Analysis points were carefully chosen to 

avoid immiscible sulfide melts. Spectra were collected in the range of 100 to 3000 cm-1 with 

resolution of 2 cm-1. Exposure times were 60 s with 10% laser power. Scans were collected five 



16 
 

times to enhance signal-to-noise ratio. No beam damage on the sample surface was observed 

with these conditions, consistent with the previous studies (Klimm et al., 2012; Klimm and 

Botcharnikov, 2010).  

2.3.3. Fourier-transformed infrared spectroscopy 

A N2 purged Thermo Nicolet Fourier Transform Infrared Spectrometer (FTIR) was used to 

quantify dissolved water and carbonate contents in the doubly polished experimental glasses 

(B152, B163, B197). Total water concentration was calculated using Beer-Lambert Law by 

employing molar absorption coefficient of 80 L/mol-cm (similar to 78 L/mol-cm derived by 

(Jendrzejewski et al., 2001) for the O-H bond stretching region from Cocheo (1994) and CO2 

content using the integrated molar absorption coefficient of carbonate doublets (284 L/mol-cm at 

1500 cm-1 and 281 L/mol-cm at 1400 cm-1) from Dixon et al. (1995). Glass density (2991, 2994, 

3001 g/L for B152, B163, B197, respectively) was calculated following the protocol outlined in 

Silver et al. (1988). Thicknesses of doubly polished glassy samples were measured using a 

micronmeter and ranged from 100 µm to 25 µm.    

3. RESULTS 

3.1. Phase assemblages and texture 

All experiments produced two immiscible, silicate and sulfide, quenched melts (Fig. 2a). 

Experiment B162 (Y98: 2.5 GPa, 1600 °C), also produced a layer of residual opx at the bottom 

of the capsule. Sulfide saturation (Fig.2a) was confirmed by the presence of 10-200 µm diameter, 

round blobs of quenched sulfide liquid embedded in the silicate melts. Three different phases 

were identified in large (>10 µm) quenched sulfide liquid (Fig.2b), including light grey quenched 

sulfides crystals (Fe-rich, S-poor), dark grey interstitials (S-rich aggregates), and a few bright 

round spots (Fe-alloy with little sulfur). Sulfur in silicate melt pools was present as dissolved S 
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in the glass (verified by Raman spectroscopy) and as discrete, sub-micron sulfide specs. The sub-

micron (<0.5μm) sulfide droplets were found to be evenly distributed and universally present in 

every experiment regardless of run duration and P-T condition (Fig 2 c, d). These submicron 

sulfides were interpreted as a phase formed during quench, and were included in the analytical 

volume. At low pressures (1.0 and 1.5 GPa), in addition to the sub-micron sulfide specs 

described above, there were a few small (1-2 µm) round sulfide droplets scattered in the silicate 

melts (Fig 2c). These latter sulfide droplets were interpreted as part of the equilibrium sulfide 

population due to their shape, size and rarity. Therefore, microprobe spots on silicate melt pool 

were carefully chosen to avoid these 1-2 µm sulfide droplets. According to different 

compositions and run conditions, there were different textures in the quenched silicate melt 

(Table 2). All experiments at 1 GPa and experiments with anhydrous NWA at 1.5 and 2 GPa 

quenched to glass. The rest of the higher pressure experiments displayed the presence of 

dendritic silicates with interstitial quench sulfides (Figure 2d). The domains with dendritic mat 

were avoided during analysis if glassy patches were also present in an experiment; otherwise, a 

defocused beam (20-40 μm) was employed to obtain average composition of the melt. Hydrous 

and anhydrous Y98 experiments at 1 GPa resulted in glasses within which some compositionally 

identical quench crystals are present. For these two compositions at higher pressures (1.5, 2.0, 

2.5 GPa), dendritic quench crystals constituted the melt pool (Fig. 2d).  

3.2. Spectroscopy studies 

3.2.1. Raman spectra identifying sulfur speciation  

Small but distinct Raman peaks around 300-400 cm-1 assigned to Fe-S bonds (Socrates, 

2004) were observed in glassy samples (B163, B167, B165; Fig. 3). These peaks matched well 

with that of Fe-S bond in sulfide and basalt reported by Klimm and Botcharnikov (2010). Klimm 
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et al. (2012) has also identified S-H stretching band in Raman spectra of elemental S and H2O- 

doped K2SiO9 glass. Overlapping bands from SH- (at 2574 cm-1, Klimm et al. 2012) and H2S (at 

2590 cm-1, Klimm et al. 2012) have not been observed in our samples, indicating that S2- was 

dominantly bound to Fe2+ in these high FeO basaltic melts, even though modest concentration of 

water was present. Peaks appearing around 800 and 1000 cm-1 (Fig. 2) were related to the glass 

structure and correspond to bridging oxygen and Si-O stretching vibrations (Klimm et al. 2012).  

3.2.2. FTIR spectroscopy - quantifying H2O and CO2 contents 

FTIR was conducted on three glassy samples of NWA, hydrous NWA and hydrous Y98 

(B163, B197, B152). In all of the samples, asymmetric peak reflecting O-H stretching vibration 

was identified at the wave number of ~3500 cm-1. In both the hydrous samples, molecular water 

peak was recognized at ~1600 cm-1. Small but distinct stretch bands for CO3
2- were located at 

around 1500and 1430 cm-1) for glasses in B152 and B163, which may have resulted from minor 

oxidation of graphite capsules perhaps aided by small extent of hydrogen escape. Calculations 

using the absorption coefficients, measured sample thicknesses, and estimated glass density, as 

given in the methods section, yield 0.11 wt.% H2O in nominal anhydrous NWA (B163), and 1.73 

wt.% and 1.11 wt.% H2O in hydrous NWA (B197) and Y98 (B152), respectively. 0.07 and 0.12 

wt.% CO2 were present in anhydrous NWA (B163) and hydrous Y98 (B152), respectively. 

3.3. Phase compositions 

            Compositions of experimental phases along with conditions are given in Table 2 and 

SCSS data as a function of pressure and temperature, for all four starting compositions are 

plotted in Figure 3. 
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3.3.1. Major element compositions and sulfur concentrations of silicate melts 

Experimental silicate melts compositions are close to the starting composition with slight 

variations for each experiment. For Y98 (anhydrous and hydrous), SiO2 and Al2O3 changed 

within 1 wt.% from ~49 to 50 wt.% and from ~6 to ~7 wt.%, respectively. FeO* varied from ~14 

to ~17 wt.% while MgO from ~18 to 21 wt.%. For NWA (anhydrous and hydrous), SiO2 ranged 

from ~45 to ~49 wt.% and Al2O3 from ~8 to ~11 wt.%. FeO* varied from ~14 to ~17 wt.% and 

MgO from ~9 to ~12wt.%. 

SCSS of the studied melt compositions changed systematically with change in pressure, 

temperature, and melt composition. At a given temperature, SCSS decreases with increasing 

pressure. For example, at 1600 °C, SCSS decreases from 4800 to 3500 ppm from 1.0 to 2.5 GPa 

for Y98, ~5440 to 4380 ppm from 1.0 to 2.0 GPa for Y98+1.73 wt.% H2O, 5000 to 2800 ppm 

from 1.0 to 5 GPa for NWA, and 4900 to 4100 ppm from 1.0 to 3.0 GPa for NWA+1.11 wt.% 

H2O (Fig. 4a). At a fixed pressure, SCSS increases with increasing temperature; at 2.0 GPa and 

for the composition NWA, SCSS increases from 3300 to 4600 ppm from 1500 to 1700 °C (Fig. 

4b). Hydrous experiments for both Y98 and NWA generated higher SCSS than those of 

anhydrous experiments at same P-T conditions (Fig. 4a). This implies a positive effect of water 

on SCSS. However, the magnitude of this positive effect varied from pressure in the 

experiments. The difference between SCSS of hydrous composition and that of anhydrous 

composition, ∆SCSShy-anhy for NWA was as high as ~1100 ppm at 3.0 GPa and only ~100 ppm at 

1.5 GPa. The same type of variation was observed in case of Y98 as well. However, owing to 

non-glassy melt pool in many of our experiments, the water content of the resulting melt could 

not be directly measured and thus the effect of water on SCSS could not be quantitatively 

constrained. 
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3.3.2. Sulfide compositions 

S and Fe were measured in the quenched sulfide melts. The analytical totals were 94.4-

98.6 wt.% (Table 2), perhaps suggesting the presence of small amount of dissolved oxygen. A 

small amount of dissolved oxygen in our sulfide melt is consistent with solubility of oxygen in 

sulfide melts (Kress, 1997). Regardless of beam condition, atomic ratio Fe/S varied slightly from 

experiment to experiment, but remained mostly closely 1. 

4. DISCUSSION 

4.1. SCSS – Comparison to previous experimental studies 

Our results showed that SCSS of martian basalts is much higher than that of terrestrial 

basalts investigated by previous experimental work at similar temperatures and pressures. Figure 

5a shows that at 0.8 to 1 GPa and 1400-1600 °C, SCSS on high-FeO* martian basalts from this 

study and Righter et al. (2009) are >~1000 ppm greater than experimental data from Holzheid 

and Grove (2002) and Liu et al. (2007). This difference is consistent with the higher FeO 

concentration in martian basalts. We note that the study of Righter et al. (2009), although is in 

broad agreement with our study, produced a larger variability of SCSS at a given FeO* content 

(Fig. 5a). Most of the previous models for predicting SCSS as function of P, T, and melt 

composition underestimate the SCSS of martian basalts as compared to our experiments (Fig. 

5b). This is not surprising because the empirical parameterizations of SCSS in previous studies 

(Holzheid and Grove, 2002; Li and Ripley, 2009; Liu et al. 2007; Mavrogenes and O’Neill, 

1999; O’Neill and Mavrogenes, 2002; Righter et al. 2009) were all built using experimental data 

from low-FeO* silicate melt compositions. Although the model of Righter et al. (2009) was 

aimed at obtaining SCSS of high-FeO* martian basalts, at high pressures (1- 5.5 GPa) modeled 

SCSS was calibrated on low-FeO* (<12 wt.%) melt compositions (O’Neill and Mavrogenes, 
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2002; Holzheid and Grove, 2002). As a result the model of Righter et al. (2009) although 

predicts SCSS similar to those measured in our study at 1-2 GPa, it underestimates SCSS at high 

pressures (>2 GPa) and overestimates SCSS at higher temperatures (>1600 °C) (Fig. 5c).  

4.2. Construction of a new parameterization to predict to SCSS of martian basalts as a function 

of P, T, and composition 

Many previous studies discussed the possible dissolution mechanisms of sulfur in natural 

silicate melts and it is widely recognized that FeO* content imparts the most significant 

compositional control on SCSS of natural basalts (e.g., Baker and Moretti, 2011; Fincham and 

Richardson, 1954; Haughton et al., 1974; Liu et al., 2007). Therefore, the following reaction 

given by Liu et al. (2007), which describes (1) a strong positive effect of FeO on SCSS and (2) 

the Fe2+O exchange between the silicate melt and a sulfide phase can be adopted to build an 

empirical model of SCSS  

FeSsulfide + FeOmelt + O2-, melt ↔ S2-, melt + 2FeOsulfide                                                                (1) 

The equilibrium constant of the reaction in Eqn. (1) at a certain P-T can be expressed as – 

2-

2-

melt sulfide 2
FeOS

(1)
sulfide melt melt
FeS FeO O

.( )

. .

a a
K

a a a
         (2) 

where “a” is the activity of a given component in a phase of interest (e.g., 2-
melt

S
a  should be read as 

‘activity of S2- in silicate melt’). Therefore, activity of S2- in silicate melt can be written as –  

 
2-

2-

sulfide melt melt
(3). FeS FeOmelt O

sulfide 2S
FeO

. . .

( )

K a a a
a

a
         (3) 

An empirical expression of ln[S in ppm]SCSS can therefore be expressed as – 
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2-

melt sulfide melt sulfide
SCSS FeS FeO FeOO

B
ln[S in ppm] A C Dln( ) E ln( ) Fln ( ) G ln( )P a a a a a

T
          (4) 

In this expression, the first three terms can approximately be associated with enthalpy, entropy, 

and the volume change of the reaction, respectively. The logarithmic terms are associated with 

the equilibrium constant of the sulfur dissolution reaction given in Eqn. 3. Our sulfide melt 

analyses, in agreement with O’Neill and Mavrogenes (2002) and Mavrogenes and O’Neill 

(1999), suggest that sulfide
FeSa  is ~1 and sulfide

FeOa  is close to 0. Therefore, Eqn. 4 can be simplified to - 

2-

melt melt
SCSS FeOO

B
ln[S in ppm] A C Dln( ) Fln( )P a a

T
         (5) 

The linear correlations between ln[S in ppm]SCSS and 1/T as well as ln[S in ppm]SCSS and P are 

consistent with our results (Fig. 4). melt
FeOa  contribution could be quantitatively described by FeO 

mole fraction in the melt ( melt
FeOX ) and 2

melt

O
a   can either be expressed by mole fractions of other 

oxides (e.g., SiO2, Al2O3, CaO, MgO, H2O) which affect ln[S]SCSS (Righter et al., 2009; Li and 

Ripley, 2005, 2009; Liu et al. 2007) or as non-bridging oxygen/total tetrahedral sites ratio 

(NBO/T, O’Neill and Mavrogenes, 2002).  

To evaluate which combinations of oxide species or NBO/T have significant influence on 

martian magma SCSS, we fitted SCSS data from this study and those from Righter et al. (2009) 

with silicate melt FeO>10 wt.%. We used different oxides combination and NBO/T. Water 

contents in hydrous Y98, hydrous NWA and NWA for 1 GPa experiments were quantified by 

FTIR. FTIR could not be performed on Y98 because of the abundant presence of quench crystals 

in the silicate melt pool. However, given the small amount water (0.11 wt.%) measured in 

nominally anhydrous NWA, we assumed ~0.1 wt.% water for nominally dry experiments with 



23 
 

Y98 while performing the regression. Furthermore, where no direct estimate of water content in 

experimental melts was available, water concentrations measured from experiments at 1 GPa for 

each starting material were used. This may not be accurate as some hydrogen loss or gain is 

possible in solid-media experiments. Therefore, further systematic experiments on hydrous 

glassy products would be necessary with complete quantification of both sulfur and water 

content in the melt.  

Mole fractions of FeO ( melt
FeOX ), SiO2 (

2

melt
SiOX ), and Al2O3 (

2 3

melt
Al OX ) were found to be 

important variables by regression analysis while melt
MgOX , melt

CaOX , and 
2

melt
H OX  appeared to be 

statistically insignificant. The fact that 
2

melt
H OX  was found to be insignificant doesn’t mean that 

water in melt has no effect on SCSS, obviously. This is especially so because our experimental 

data on average show a broad positive effect of melt water content on SCSS. We argue that 

because water affected SCSS by making the melts more depolymerized, water effect was 

incorporated in other oxide terms such as 
2

melt
SiOX  and 

2 3

melt
Al OX . By regression, we got the following 

parameterization for SCSS of martian mafic-ultramafic magmas –  

 
2 2 3

melt melt melt
SCSS SiO Al O FeO

B
ln[S in ppm] A C D E +Fln( )P X X X

T
        (6) 

where the values of each of the parameters derived are given in Table 4. 

Comparison of our measured SCSS with those predicted by our parameterization shows a 

good agreement (Fig. 6). Data set from other studies with high FeO concentration (>10 wt.%) are 

also plotted in Fig. 6, falling around 1:1 line within 20% error bound of sulfur concentration, 

indicating that our parameterization can be used to calculate SCSS of any mafic-ultramafic 

systems with >10 wt.% FeO. A key difference between the parameterization presented here with 
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that of Righter et al. (2009) is that all the fitted data (n = 35) here are from high-FeO*, low-

Al2O3Mars-relevant melt compositions whereas the earlier study of Righter et al. (2009) included 

basaltic melt with low FeO* as well. In particular, all the data at >1 GPa in Righter et al. (2009) 

parameterization were obtained from terrestrial basalt compositions. Hence our parameterization 

is an improvement over those of the previous studies specifically on martian basalt compositions. 

4.3. Magmatic flux of sulfur from the Martian mantle 

Our experiments and parameterization of Martian basalts SCSS allow us to track the 

behavior of sulfur in Martian magmatic processes such as partial melting and fractional 

crystallization since sulfur behaves as a perfectly incompatible element without the presence of 

sulfide and its concentration in silicate melts can never exceed SCSS.  

4.3.1. Extraction of magmatic S from partial melting of the Martian mantle 

If sulfide phases are present in the Martian mantle during extraction of basaltic magma, 

then sulfur content of such magmas would be at the SCSS limit, which can be estimated if the 

magma composition and the condition of its equilibration with the mantle is known. However, 

depending on the extent of melting, SCSS, and bulk S content of the mantle, sulfide may be 

exhausted from the residual mantle; in which case S content of magma can be lower than the 

SCSS limit. Using a metal-silicate partition coefficient of sulfur calculated by parameterization 

reported in Gaillard and Scaillet (2009) and assuming a range of sulfur for the Martian core, 

Gaillard et al. (2013) estimated that the Martian mantle contains 700-2000 ppm S. This estimate 

has a significant uncertainty. The upper bound derives from the assumption that the bulk core 

contains 14.2 wt.% S (following cosmochemical considerations of Dreibus and Wanke, 1985). 

Similar estimate for the S abundance of the Martian core has been suggested based on other 

geophysical constraints as well (16 ± 2 wt.% S, Rivoldini et al., 2011), justifying the choice of 
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this upper limit of mantle S content. On the other hand, the lower bound of the Martian mantle 

sulfur content, i.e., 700 ppm, comes from the assumption that the bulk Earth and bulk Mars 

contain similar S budget and the Martian core contains as low as 1 wt.% S. Because of this large 

uncertainty in the Martian mantle budget of sulfur, for the purpose of this study, we use a wider 

range of S content from 200 to 2000 ppm. Figure 7 shows how sulfur content of Martian mantle 

melt is expected to vary as a function of melting degree, based on melt compositions-melt 

fraction data of Bertka and Holloway (1994) at 1.5 GPa and the SCSS model developed in this 

study. It can be observed that if the Martian mantle contains between 200 and 2000 ppm S, 9 to 

50 wt.% melting is required (assuming an isobaric melting at ~1.5 GPa) to exhaust the sulfide 

phase from the residue and hence to yield magma sulfur content that is below SCSS. Figure 7 

suggests that most primitive martian basalts would be sulfide saturated, carrying ~1500-4000 

ppm S, if bulk mantle S is ≥700 ppm, i.e., if extent of melting estimated from Martian meteorite 

compositions and surface basalts are applicable (e.g., Agee and Draper, 2004; Filiberto and 

Dasgupta, 2011; Kiefer, 2003; Musselwhite et al., 2006). However, if the Martian mantle sulfur 

budget is as low as that estimated for the terrestrial mantle, i.e., ≤200 ppm S (Lorand, 1990; 

McDonough and Sun, 1995), mantle-derived basalt could be S-poor (S content as low as ~1500-

2500 ppm) for melting degree suggested for Martian meteorites. Considering the lack of plate 

tectonics on Mars, Martian mantle could have had high sulfur contents (i.e., >700 ppm) at first 

and then been depleted in S with melt extraction over time.  

 Assuming that the mantle derived basalts were sulfide saturated, we can attempt to 

estimate sulfur contents of various surface basalts that are argued to represent mantle-derived 

magmas (Filiberto et al., 2010; Filiberto and Dasgupta, 2011; Monders et al., 2007). Filiberto and 

Dasgupta (2011) provided 22 fractionation-corrected basalt compositions based on compositions 
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of surface basalts from different locations in Gusev crater and Bounce Rock in Meridiani Planum 

and estimated conditions of their last equilibration with the mantle (Figure 8a). For these 22 

primitive compositions (FeO* ~14-22 wt.%), we estimated their SCSS at the P-T conditions of 

last equilibration with the mantle. Figure 8b shows that half of the entire primary basalts 

population yields SCSS of 3500 to 4300 ppm while a quarter of the population gives SCSS of 

2700 to 3500 ppm. We note that this range of sulfur content is similar to that calculated for 

experimental partial melt compositions of Bertka and Holloway (1994), i.e., ~2700 ppm and 

4300 ppm at 10% and 30% melting, respectively.  Therefore, Martian magmas may carry out as 

much as 2700- 4300 ppm sulfur at the conditions of last equilibrium with the mantle at 1- 2 GPa 

and this entire quantity of S may potentially degas.  

4.3.2.  Fate of sulfur during fractional crystallization of Martian mantle-derived primary magma 

             The estimate of S degassing fraction presented above is likely a maximum limit given 

the fact that no sulfur storage in cooled and crystallized crust is considered. A more realistic 

calculation should subtract the sulfur inventory of the crust, i.e., trapped in the cumulate 

assemblage during cooling of the magma, both as cumulus sulfide phase and dissolved in 

intercumulus basaltic melt. Unfortunately, no constraint on magmatic sulfur budget of the 

ancient Martian crust exists and the only analog of Noachian crust can be various Martian 

meteorites, though most of the latter are much younger. Comparison of our modeled SCSS and S 

content of martian meteorites (Aoudjehane et al., 2012; Dreibus et al., 1982; Greshake et al., 

2004; Laul et al., 1986; Lodders, 1998; Zipfel et al., 2000) can place constraint on the mantle-

crust exchange of sulfur on Mars and more specifically on the fraction of the mantle-liberated 

sulfur that may be locked in the crust owing to cooling and crystallization of the magma in more 

recent martian time (Hesperian and Amazonian).  
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             Figure 8b shows that martian meteorites contain distinctly less sulfur (800-3000 ppm S) 

than those that are expected from primary mantle melt at sulfide saturation.  However, most 

meteorites are not primary magma (Filiberto and Dasgupta, 2011) and during cooling and 

fractional crystallization of primary magma, SCSS changes, so does the sulfur concentration in 

the evolving melts. In order to constrain the possible fate of sulfur dissolved in magma extracted 

from the mantle and emplaced into the crust, tracking sulfur concentration change during 

fractional crystallization of the primary melt is necessary. Though sulfur behaves incompatibly 

during fractional crystallization of silicates, SCSS also changes as a function of P-T and melt 

composition. Therefore, sulfide may start to precipitate if sulfur content of the differentiating 

magma reaches SCSS, which in turn must depend on the extent of cooling and crystallization. 

To illustrate the fate of sulfur in a cooling magma, isobaric fractional crystallization 

calculation was performed at two distinct pressures of 0.1 and 1 GPa for starting magma 

composition similar to Y98 at fO2 = FMQ-2 (Fig. 9a, b) using alphaMELTS 1.2 (Smith and 

Asimow, 2005), a menu-driven interface of MELTS (Asimow and Ghiorso, 1998; Ghiorso and 

Sack, 1995) and pMELTS (Ghiorso et al., 2002). Figure 9 shows that with a decrease in melt 

MgO from 20 to 4 wt.%, SCSS decreases along the liquid line of descent (LLD) from ~4262 to 

2835 ppm at 1 GPa and from ~4335 to ~1524 ppm at 0.1 GPa.  

If a basaltic melt started differentiating at sulfide-saturated condition, as a result of 

dramatic decrease of SCSS in the melt, the primitive Martian basalts would lose its sulfur by 

precipitating sulfides in the crystallizing assemblage. Accordingly, the bulk sulfur concentration 

in precipitated cumulates would increase along the cumulate line of descent. The extent of sulfur 

enrichment in cumulates would depend on the extent of SCSS decrease. Comparison between 

Figure 9a and 9b reveals that more decrease of SCSS leads to more S-rich cumulates, i.e., at 
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shallower depths. If primary melt upon emplacement in the crust is sulfide-undersaturated, sulfur 

concentration of the melt would first increase because of incompatible nature of sulfur till SCSS 

is reached (Figure 9a and 9b). At what extent of fractional crystallization SCSS will be reached 

depends on the initial sulfur content of the melt (1000 ppm vs. 3000 ppm in Figure 9). The more 

sulfur rich the starting melt is the earlier during crystallization, i.e., at a higher melt fraction and 

a more primitive melt composition (Figure 9a and 9b), the melt would reach sulfide saturation; 

thus, the higher sulfur concentration could be reached in the corresponding cumulates.  

Comparison of the available bulk sulfur concentration of martian meteorites to the 

modeled sulfur concentration along LLD of Y98 (Figure 9) suggests various possibilities to 

reconcile the sulfur “loss” showed in Figure 9. Firstly, evolved basaltic shergottites (open circles 

in Figure 9b) with high sulfur concentration can be at or close to the saturation value if 

crystallization happens at shallower depth (Figure 9b). Secondly, some basaltic shergottites and 

olivine-phyric shergottites are on or close to the mixing lines between differentiating sulfide-

saturated melt and sulfide-bearing cumulates at shallow depths (open and solid circles in Figure 

9b). Thirdly, lherzolitic shergottites (solid squares in Figure 9a), Chassigny, and ALH 84001 

with relatively low sulfur contents plotted in Figure 9a may require mixing between sulfide-

saturated melt and sulfide-bearing cumulates with low melt fractions (<0.3) at relatively deeper 

crystallization depths. These suggestions are consistent with previous studies, which have 

suggested that most shergottites are not pure liquids but contain variable amount of cumulus 

crystals (Dann et al., 2001; McCoy et al., 1999; Xirouchakis et al., 2002) while many other 

martian meteorites such as nakhlites are cumulates with variable proportion of trapped liquid 

(Chevrier et al., 2011). Both mesostasis sulfides as well as true intercumulus sulfide blebs have 

been found in shergottites and nakhlites (Bézos et al., 2005; Chevrier et al., 2011), supporting 
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our analysis. However, most of the ultra-mafic martian meteorites (except Chassigny in Figure 

9a) appear more evolved than what is modeled in Figure 9. This may suggest a more evolved 

starting melt other than Yamato980459 likely is necessary to simultaneously satisfy the major 

element and sulfur geochemistry of these ultramafic Martian meteorites. Moreover, if mixing 

between sulfide-saturated differentiated melts and sulfur-bearing cumulates is responsible for 

sulfur contents of some Martian meteorites, primary magmas of these meteorites cannot be 

sulfide-saturated. In the latter case, accumulated cumulates of the primary magmas would be 

much more sulfur rich than what is shown in Figure 9.  

The discussion above cannot rule out degassing as the cause of universally lower sulfur 

concentration of Martian meteorites than what are modeled. However, to put lower bounds on 

how much sulfur could be degassed from relatively young Martian basalts, more systematic 

calculations simulating different crystallization conditions and a more extensive database of 

meteorite sulfur geochemistry are necessary.  

4.3.3. Degassing flux of sulfur from the Martian interior                

Given that sulfur contents of Martian meteorites are systematically lower than the 

plausible range sulfur contents expected for basaltic magma at sulfide saturation, it cannot be 

ruled out that most of the difference in sulfur budget is degassed. ∆33S anomalies in secondary 

sulfides in ALH84001 (>3.5 Ga, King and McLennan, 2010; Lapen et al., 2010) indicates 

participation of atmospheric SO2/H2S to surface processes in early Mars. This is consistent with 

the idea that magmatically-derived SO2 may be the most important secondary green-house gas 

(Halevy et al., 2007; Johnson et al., 2009, 2008; Yung et al., 1997), although sustained 

atmospheric warming by SO2 has also been challenged owing to formation of sulfate aerosols 

and its shorter residence time in the atmosphere (McGouldrick et al., 2011; Tian et al., 2010).  



30 
 

Based on our new parameterization of SCSS of Martian basalts at the conditions of their 

generation and their evolution during crystallization, we can place constraints on the magmatic 

flux of sulfur to Martian exosphere. Tharsis volcanic province, formed in the late Noachian (~3.7 

Ga; Carr and Head, 2010), which produced ~3×108 km3 of magma over 100 million years 

(Halevy et al., 2007), could have brought ~5.7-7.0×1013 g SO2/year (assuming magma density, 

ρmagma= 2700 kg/m3) in total, if 0.35-0.43 wt.% of mantle-derived magma mass was constituted 

by sulfur (estimated above). However, this estimate of S degassing is a maximum limit given the 

fact that no sulfur storage in the crystallized crust is considered. If the available data of sulfur 

content of Martian meteorites of 110-2700 ppm are representative of sulfur budget of late 

Noachian Martian crust, sulfur content of the magma that degassed could have been as low as 

800-3000 ppm. Therefore, using the same parameters of magma density and magma production, 

the flux of sulfur during the Tharsis magmatic event becomes 1.3-3.2×1013 g SO2/year. The 

maximum estimate is 1.2 times than the estimate of Halevy et al. (2007). Hence our study 

reinforces the idea that SO2 and/or H2S could have been key gases in causing the late Noachian 

warming and building surface sulfate deposits. We note that sulfur flux during the Noachian 

could have been even more dramatic, especially given the fact that degree of melting was likely 

more in a hotter ancient martian mantle compared to what was probably realized in the 

shergottite source regions (e.g., Baratoux et al., 2011; Wilson and Mustard, 2013). Owing to low 

solubility of carbon (Stanley et al., 2011) and high carrying capacity of sulfur in Martian magma 

at mantle conditions (this study; Righter et al., 2009), magmatic release of sulfur-rich gases 

could have caused the warm Noachian conditions. 
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4.4. Sulfur in Martian magma ocean 

We also calculated, based on our parameterization, SCSS along liquidus and solidus of 

martian mantle to the estimated bottom of the martian magma ocean (Fig 10a; 14 ± 3 GPa; Rai 

and van Westrenen, 2013; RIGHTER and CHABOT, 2011). Compositions of Martian bulk 

mantle (Dreibus and Wanke, 1985) and modeled primitive melt of Yamato980459 (Filiberto and 

Dasgupta, 2011) were used for magma compositions along the liquidus and solidus, respectively. 

Similar calculation was done for the Earth (see caption of Fig. 10 for details), using the estimated 

base of the terrestrial magma ocean of 30 ± 3 GPa (Righter, 2011). If Martian magma ocean was 

in equilibrium with sulfide, integrated SCSS along liquidus at 0-14 GPa gave an average S 

storage capacity of ~5700 ppm for martian mantle compared to that of ~860 ppm for the Earth. 

This is consistent with the existing cosmochemical models for the bulk Earth and Mars 

compositions, which suggest that Mars is richer in sulfur (Wanke and Dreibus, 1988).  

High SCSS and negative correlation between SCSS and depth in martian magma ocean 

provide a possible way for crystallizing martian magma ocean to ingas sulfur from equilibrium 

SO2/H2S-rich primitive atmosphere after core formation (Fig 10b; Elkins-Tanton, 2008). At low 

pressures, magma ocean would dissolve greater concentration of sulfur and when circulation 

brings a parcel of magma from to greater depths, owing to lower solubility of sulfur magma 

would exsolve sulfide phases. Owing to greater density, sulfide globules would segregate and 

eventually be trapped in the crystallizing lower mantle. After sulfide sequestration, magma upon 

convective ascent would again become sulfide undersaturated and thus would be able to ingas 

sulfur further. This concept of magma ocean sulfur-pump is similar to magma ocean carbon-

pump proposed by (Dasgupta et al., 2013) as a carbon ingassing mechanism for the early Earth. 

Instead of buffered by silicate-metal equilibrium, this mechanism highly depends on sulfur 
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partitioning between molten silicate and primitive Martian atmosphere. Evaluating the relative 

importance of sulfur partitioning between metallic alloy melt and silicate melt during core 

formation versus later processes such as magma ocean sulfur pump in enriching Martian mantle 

in sulfur will require better constraint of the former. Furthermore, in order for the magma ocean 

sulfur pump to be effective, partial pressure of S-rich gases in the primitive atmosphere of Mars 

at the magma ocean stage needs to be moderately high and such constraints remain an open 

question at present. 

5. CONCLUDING REMARKS 

Our experimental determination of SCSS of FeO*-rich basalts at high P-T (conditions relevant 

for melting in the Martian mantle) and the following parameterization suggest that the sulfur 

carrying capacity of Martian basalts are higher at higher pressures and lower at higher 

temperatures than that suggested by previous parameterization (Righter et al., 2009). The 

difference between our parameterization and that of Righter et al. (2009) arise from the fact that 

our model is built entirely on high-FeO* martian basalts generated at 1 bar to 5 GPa whereas the 

Righter et al. (2009) model was calibrated on wide range of melt compositions, in particular with 

low-FeO* high pressure melts. Modeling SCSS using our new parameterization suggests that S-

carrying capacity of Martian magma ocean was at least six times greater than in the terrestrial 

magma ocean. This difference might have been key to make Mars a planet richer in sulfur 

compared to Earth. Large extent of melting of a sulfur-rich Martian mantle on the other hand 

would be an efficient mechanism in releasing large amount of sulfur to the exosphere. Based on 

our new parameterization of SCSS of Martian surface basalts at the estimated conditions of their 

generation, we placed constraints on the magmatic flux of sulfur to Martian exosphere in early 

Mars. Our calculations strengthen some earlier suggestions that the warm Noachian greenhouse 
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conditions could have been caused by volcanically-released S-rich gases such as SO2 and/or H2S. 

Our analysis of the fate of sulfur during cooling and crystallization of mantle-derived Martian 

basalts at crustal conditions, however, also suggests that the impact of sulfur on the Martian 

atmospheric chemistry could be tempered by trapping of sulfides in the crustal cumulates. In 

fact, sulfur geochemistry of Martian meteorites suggests that most of them are not sulfide-

saturated, true magmatic liquid. Instead, the available data of Martian meteorites are consistent 

with them being crustal cumulates with silicate minerals, sulfides, and variable extent of sulfur-

rich intercumulus liquid. 

 

 

 

 



34 
 

  

Figure 2-1.Pressure calibration for the 12 mm truncated edge length (TEL) octahedral assembly (shown in 

inset) for the 1100-ton multi anvil press at Rice University. The force–pressure relationship was 

calibrated against high temperature fixed points for quartz (Qtz)–coesite (Coe) (1000 and 1200 °C) (Bose 

and Ganguly, 1995), CaGeO3 garnet (Gt)–perovskite (Pv) (1000 °C) (Ono et al., 2011), and coesite 

(Coe)–stishovite (St) (1000 and 1350 °C) (Zhang et al., 1996). The fit through the brackets is described 

by P (GPa) = 0.023 × Force (metric tons) - 9.52 × 10-6 × Force (metric tons)2. 
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Figure 2-2 Phase assemblages and texture of typical experiments. Phase assemblages and texture of 

typical experiments, showing coexistence of equilibrium sulfide-rich and silicate-rich melts and details of 

quench products. (a) Round blobs of equilibrium sulfide melts embedded in basaltic silicate melt matrix. 

(b) Quench phases in the sulfide melt and quenched crystals and glassy patches in the silicate melt. (c) 

Silicate glass and submicron (<0.5 m) sulfide specs exsolved from silicate melt during quench. 

Immiscible sulfide melts as small droplets (~1-2 m) are also present as small. (d) Silicate melt portion 

of typical experiments with hydrous and anhydrous Y98 showing melt domains with both coarse and finer 

quench crystals. 
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Figure 2-3 Raman spectra of glassy basaltic melt with composition NWA at 1.0 (B163), 1.5 (B167), and 

2.0 GPa (B165) and 1600 °C.  Distinct peaks characteristic of Fe-S stretching vibration were identified in 

all three spectra at ~300- 400 cm-1 and there is no obvious sign of S-H (thiol) band in the spectra. Vertical 

grey bands mark the position of Fe-S stretching at ~372 cm-1 (Klimm and Botcharnikov, 2010) and thiol 

at ~2574 cm-1 (Klimm et al., 2012). 
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Figure 2-4 Sulfur concentration at sulfide saturation (SCSS) from our experiments as a function of 

pressure (a) and temperature (b). (a) Experiments at 1600 °C showing a decrease in Martian basalts’ 

SCSS with increasing pressure for all four compositions (Y98, hydrous Y98, NWA2990, and hydrous 

NWA2990). Also shown for comparison are previous data on SCSS of model Martian basalts from 

Righter et al. (2009) at 1 bar 0.8 GPa (grey diamonds). (b) Experiments at 2 GPa with nominally 

anhydrous NWA2990 showing a linear decrease in SCSS with inverse temperature. 
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Figure 2-5 Comparison to previous studies (a) Comparison of experimental SCSS data on Martian basalts 

obtained in this study with those from previous studies on terrestrial and martian basalts at similar 

pressures (0.8-1.0 GPa) and temperatures (1400-1600 °C). The comparison shows that high-FeO* Martian 

basalts yield distinctly higher sulfur solubility at sulfide saturation compared to relatively low-FeO* 

terrestrial basalts. (b) Comparison of experimental SCSS data on Martian basalts obtained in this study 

versus SCSS predicted for our melt compositions and experimental conditions by existing 

parameterization. This comparison shows that the previous parameterizations based on relatively low-

FeO* basalts mostly underestimate (Holzheid and Grove, 2002; Li and Ripley, 2009) or over and 

underestimate (Liu et al., 2007) the SCSS of martian basalts. (c) A detailed comparison of our 

measurement with the model of Righter et al. (2009) shows that the latter model predicts SCSS similar to 

our measurements at 1-2 GPa and ≤1600 °C, but underestimates SCSS at ≥3 GPa (1600 °C) and 

overestimates SCSS ≥1650 °C (2 GPa). 

 

 

Figure 2-6 Observed versus predicted Ln[S]SCSS(ppm), testing the reliability of our parameterization 

against previous SCSS estimates for basalts with FeO*>10wt.%. Experimental data for basalts with >10 

wt.% FeO* are from Righter et al. (2009), Liu et al. (2007), Holzheid and Grove (2002), and this study. 

Filled squares and triangles represent data from this study and Righter et al. (2009), respectively and are 

used to derive the parameterization. Dashed lines indicate 20% error bounds in ppm S in melt.  
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Figure 2-7. S concentration in the melt (in ppm) versus melt fraction (F) during isobaric batch melting of 

a model Martian mantle. Thick line indicates SCSS change during isobaric batch melting, which is 

parameterized using experimentally constrained melt composition versus F data of Bertka and Holloway 

(1994) at 1.5 GPa and the dependence of SCSS on P, T, and melt composition as calibrated in this study. 

Thin curves represent dilution of melt sulfur content after the consumption of residual sulfide for bulk 

Martian mantle with 200, 700, 1000, and 2000 ppm S. F = 25 wt.% and F = 50 wt.% are the melt 

fractions at which sulfide is consumed for a mantle with 700 and 2000 ppm S, respectively. Open circles 

represent the available melt fraction estimates from the study of Bertka and Holloway (1994) for which 

SCSS were obtained using our parameterization. Also included (vertical bands) for reference are plausible 

melt fractions that the Martian meteorites and different surface basalts may represent (e.g., Agee and 

Draper, 2004; Filiberto and Dasgupta, 2011; Kiefer, 2003; Musselwhite et al., 2006). 
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Figure 2-8. Estimated S loss from primitive Martian magmas through degassing. (a) Estimated pressure-

temperature conditions of modeled primitive Martian magmas from Filiberto and Dasgupta (2011). Solid 

curves are Martian mantle solidus fit from Filiberto and Dasgupta (2011) and Martian solid mantle 

adiabat relevant for mantle potential temperature of 1450 °C. (b) Frequency distribution of SCSS of 

model Martian basalts at the plausible conditions of their last equilibration with the mantle shown in (a). 

Shown for comparison are the available bulk S contents of shergottites (hatched area) from previous 

studies (e.g., Lodders 1998). 
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Figure 2-9 Comparison of the available bulk sulfur concentration of martian meteorites to the modeled 

sulfur concentration in melt during fractional crystallization of Y98at (a) 1 GPa, and (b) 0.1 GPa. Thick 

solid lines indicate SCSS along LLD and intermediate-thickness solid curves with numbers (1000 and 

3000 ppm) represent liquids that are sulfide undersaturated to begin with. Extent of fractional 

crystallization is shown by tick marks along the intermediate solid curves with italic numbers. The thick 

dashed lines with the same number show S concentration increase in the cumulates. The thin solid lines 

are tie lines between liquids and corresponding cumulates. Thin dashed lines with numbers mark the melt 

proportions in cumulate-magma mixtures. S concentration in the martian meteorites are from Zipfel et al. 

(2000), Sarbadhikari et al. (2009) and Lodders (1998).  
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Figure 2-10 Estimated SCSS along liquidus and solidus of Martian mantle and a cartoon cross section 

through Martian interior.Estimated SCSS along liquidus and solidus of martian and terrestrial mantle. 

Stippled area marks the estimated depth of base of martian magma ocean based on metal-silicate 

partitioning of siderophile elements (14 ± 3 GPa, Righter and Chabot, 2011). (b) A cartoon cross section 

through martian interior, illustrating the concept of sulfur pump in a post-core formation magma ocean. 

Martian magma ocean has higher SCSS at shallow depths and could dissolve sulfur from atmosphere; 

sulfide precipitates as melt is advected to greater depths owing to diminishing SCSS. Upon ascent, silicate 

melt would become sulfide under-saturated and would be ready to dissolve sulfur again; precipitated 

sulfide droplets would be trapped in the solid silicate matrix at the base of magma ocean, enriching the 

bulk mantle in sulfur. Martian liquidus and solidus are taken from by Longhi et al. (1992). Composition 

along the martian mantle liquidus is the bulk mantle of Dreibus and Wanke (1985) and composition along 

the martian solidus is approximated by the composition of Yamato980459 from Filiberto and Dasgupta 

(2011). SCSS parameterization used for low-FeO* terrestrial mantle is from Li and Ripley (2009). 

Terrestrial mantle liquidus and solidus plotted here are from Takahashi (1986) and Herzberg et al. (2000), 

respectively. The terrestrial mantle liquidus to the base of the magma ocean was based on Herzberg et al. 

(2000), Zhang and Herzberg (1994), Fiquet et al., (2010), and Trønnes and Frost (2002). The silicate melt 

composition along the terrestrial mantle liquidus is that of fertile peridotite KLB-1 from Takahashi (1986) 

and the composition along the solidus of terrestrial mantle is assumed to be similar to the composition of 

14 wt.% partial melt at 3 GPa from lherzolite partial melting experiments of Walter (1998).  

 

 



44 
 

   a Table 2-1 Starting compositions
     

Composition Yamato 980459b NWA 2990b 

(wt. %) Y98+H2O Y98 
Greshake 

et al. 
(2004)c 

NWA+H2O NWA 
Bunch 
et al. 

(2009)c 

SiO2 48.05 49.60 50.1 49.81 51.09 51.12 

TiO2 0.47 0.43 0.49 0.64 0.62 0.62 

Al2O3 5.84 6.00 6.1 9.02 9.24 9.25 

FeO* 17.05 16.80 16.0 16.02 16.43 16.43 
MnO 0.51 0.52 0.44 0.42 0.44 0.44 
MgO 19.10 20.17 18.4 7.85 8.07 8.07 
CaO 6.20 5.80 7.3 11.37 11.67 11.68 

Na2O 0.47 0.50 0.8 1.70 1.74 1.74 

K2O 0.02 0.02 0.02 0.15 0.16 0.16 

P2O5 0.29 0.15 0.31 0.52 0.53 0.49 

H2O 2.00 - - 2.50 - - 

Total 100.00 100.00 100.0 100.00 100.00 100.00 
aAll compositions are normalized to 100% in total. FeO* represents total Fe expressed as FeO. 

bY98, Y98+H2O, NWA, and NWA+H2O are the starting compositions used in this study, based 
on weighing. 

cThe compositions under Greshake et al. (2004) and Bunch et al. (2009) represent the literature 
data on compositions of Yamato980459 and NWA2990, respectively and are included for 
comparison. 
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Table 2-2 Summary of experimental conditions and product phases
  
Run no. P (GPa) T ( °C) t (h) starting Phasesa 

B152 1.0 1600 2 Y98+H2O gl + sulf 

B137 1.5 1600 2 Y98+H2O qx + sulf 

B151 2.0 1600 2 Y98+H2O qx + sulf 

B159 1.0 1600 2 Y98 gl + sulf 
B160 1.5 1600 2 Y98 gl + qx + sulf 
B161 2.0 1600 2 Y98 qx + sulf 
B162 2.5 1600 2 Y98 gl + opx + sulf 
B163 1.0 1600 2 NWA gl + sulf 
B181 1.0 1600 12 NWA gl + sulf 
B167 1.5 1600 2 NWA gl + sulf 
B165 2.0 1600 2 NWA gl + qx + sulf 
B164 2.5 1600 2 NWA qx + sulf 
B191 3.0 1600 2 NWA gl + qx + sulf 
M38 4.0 1600 2 NWA qx + sulf 
M37 5.0 1600 2 NWA qx + sulf 
M36 5.0 1650 2 NWA qx + sulf 
B189 2.0 1500 2 NWA gl + qx + sulf 
B190 2.0 1550 2 NWA gl + qx + sulf 
B186 2.0 1650 2 NWA qx + sulf 
B188 2.0 1700 2 NWA qx + sulf 

B197 1.0 1600 2 NWA+H2O gl + sulf 

B198 1.5 1600 2 NWA+H2O qx + sulf 

B201 2.0 1600 2 NWA+H2O qx + sulf 

B205 2.5 1600 2 NWA+H2O qx + sulf 

B206 3.0 1600 2 NWA+H2O qx + sulf 
a gl: silicate glass; sulf: sulfide melt; qx: silicate melt as an assemblage of  

quench crystals; opx: orthopyroxene 
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Table 2-3 Phase compositions 

  

Run no. B152 1σ B137 1σ B151 1σ B159 1σ B160 1σ B161 1σ B162 1σ B163 1σ B181 1σ 

Silicate Melts 

n 15  11  15  13  9  15  9  9  10  

SiO2 48.5 0.5 47.7 0.5 47.8 0.6 50.9 0.3 49.5 0.5 49.8 0.2 48.9 0.5 46.5 0.6 47.5 0.4 
TiO2 0.36 0.04 0.37 0.07 0.35 0.05 0.4 0.1 0.38 0.07 0.52 0.06 0.47 0.04 0.65 0.05 0.63 0.06 
Al2O3 6.1 0.1 5.8 0.1 6.3 0.2 6.02 0.08 6.2 0.1 5.8 0.2 7.1 0.1 10.0 0.2 9.9 0.1 
FeO* 14.3 0.3 15.5 0.3 14.7 0.4 15 1 13.4 0.3 17.0 0.4 17.1 0.3 16.4 0.2 12.1 0.3 
MnO 0.40 0.03 0.46 0.03 0.45 0.04 0.39 0.06 0.38 0.04 0.49 0.03 0.51 0.04 0.44 0.03 0.40 0.04 
MgO 20.9 0.5 21.0 0.5 21.2 0.4 18.4 0.3 20.6 0.4 19.6 0.3 17.2 0.3 9.23 0.01 11.0 0.1 
CaO 6.9 0.1 6.5 0.3 6.8 0.1 6.96 0.06 7.5 0.2 6.6 0.1 7.63 0.05 12.9 0.1 15.6 0.2 
Na2O 0.54 0.06 0.50 0.05 0.61 0.05 0.47 0.04 0.45 0.03 0.53 0.07 0.60 0.05 1.78 0.09 1.78 0.04 
K2O 0.04 0.01 0.03 0.01 0.04 0.01 0.05 0.01 0.03 0.01 0.03 0.01 0.05 0.01 0.17 0.02 0.18 0.01 
P2O5 0.15 0.03 0.16 0.04 0.18 0.04 0.16 0.04 0.17 0.04 0.17 0.04 0.19 0.06 0.55 0.04 0.48 0.04 
Total 98.7 0.8 98. 6 0.8 98.7 0.7 99 1 99 1 100.9 0.4 99.9 0.5 99.1 0.8 100.0 0.5 
S (ppm) 5540 940 5220 840 4380 740 4800 300 4100 300 3800 400 3500 400 5000 200 4700 200 

H2O 1.11 - - - - - - - - - - - - - 0.11 - - - 

CO2 0.12 - - - - - - - - - - - - - 0.07 - - - 

Sulfide 

n 1  6  6  8  8  17  14  3  8  

Fe 33.26 - 33.9 0.4 33.4 0.4 36 1 36 2 35 2 34.9 1.4 35 1 37.0 0.5 
S 61.15 - 61.9 0.3 61.2 0.5 62.0 0.5 62.1 0.9 62.8 0.8 62.8 0.7 62.1 0.6 62.5 0.4 
Total 94.41 - 95.8 0.5 94.6 0.6 98 1 98 2 98 1 98 2 97.5 0.9 99.5 0.4 
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Table 2-3. Phase compositions (continued) 

Run no. B167 1σ B165 1σ B164 1σ B191 1σ MA38 1σ MA37 1σ MA36 1σ B189 1σ B190 1σ 

Silicate Melts 

n 10  11  12  19  13  13  12  15  15  

SiO2 45.6 0.3 45.3 0.3 45.9 0.3 45.6 0.6 46.6 0.5 45.6 0.4 44.8 0.5 45.8 0.2 47.28 0.31 
TiO2 0.50 0.08 0.51 0.07 0.49 0.07 0.47 0.07 0.60 0.07 0.55 0.07 0.48 0.03 0.55 0.06 0.6 0.07 
Al2O3 10.9 0.1 10.59 0.08 10.6 0.1 11.4 0.2 9.55 0.09 11.3 0.1 10.3 0.1 11.3 0.1 9.68 0.11 
FeO* 17.0 0.3 16.4 0.3 15.8 0.3 15.7 0.3 13.9 0.2 14.4 0.2 13.5 0.4 16.5 0.2 17.4 0.21 
MnO 0.43 0.03 0.42 0.03 0.40 0.04 0.47 0.04 0.46 0.03 0.46 0.03 0.45 0.05 0.46 0.04 0.43 0.04 
MgO 9.3 0.2 9.6 0.2 9.9 0.1 10.7 0.2 11.5 0.3 11.5 0.2 12.4 0.2 9.9 0.1 9.07 0.1 
CaO 13.0 0.2 13. 5 0.1 13.89 0.09 14.79 0.08 13.7 0.2 14.1 0.2 14.6 0.2 13.71 0.1 13.04 0.11 
Na2O 1.65 0.05 1.69 0.04 1.64 0.08 1.63 0.06 1.43 0.06 1.44 0.07 1.4 0.1 1.67 0.05 1.71 0.06 
K2O 0.15 0.02 0.16 0.02 0.16 0.02 0.16 0.02 0.14 0.03 0.18 0.02 0.13 0.04 0.16 0.01 0.16 0.01 
P2O5 0.56 0.06 0.56 0.04 0.59 0.07 0.63 0.04 0.52 0.05 0.61 0.05 0.58 0.07 0.62 0.06 0.52 0.04 
Total 99.0 0.6 99.0 0.6 99.7 0.5 101.9 0.8 98.8 0.7 100.4 0.4 98.8 0.4 101.0 0.4 100.2 0.44 
S (ppm) 4800 300 4200 300 3700 100 3000 0.01 3400 300 2800 100 3400 200 3300 100 3600 100 

H2O - - - - - - - - - - - - - - - - -  

CO2 - - - - - - - - - - - - - - - - -  

Sulfide 

n 8  7  6  8  7  7  9  7  7  

Fe 36 1 36 1 36 2 35 2 33.1 0.6 33.9 0.3 33.6 0.8 35 1 35 2 
S 62.0 0.2 61.7 0.4 61.9 0.6 62 1 64.6 0.6 63.1 0.4 63.7 0.3 62.1 0.5 62 1 
Total 98 1 97.9 0.7 98 1 97.0 0.9 97.7 0.5 97.0 0.4 97.3 0.7 97 1 97 1 
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Table 2-3. Phase compositions (continued) 

Run no. B186 1σ B188 1σ B197 1σ B198 1σ B201 1σ B205 1σ B206 1σ 

Silicate Melts 

n 17  15  15  24  18  16  16  

SiO2 46.0 0.3 46.67 0.18 49.02 0.46 48.68 0.54 48 0.47 48.6 0.5 49.1 0.6 
TiO2 0.63 0.05 0.53 0.05 0.63 0.06 0.59 0.05 0.55 0.04 0.64 0.06 0.6 0.2 
Al2O3 10.7 0.1 10.77 0.07 8.3 0.11 8.65 0.23 8.00 0.11 9.6 0.2 9.7 0.2 
FeO* 17.7 0.3 17.3 0.28 15.7 0.54 16.43 0.26 14.96 0.31 16.4 0.2 16.6 0.3 
MnO 0.44 0.03 0.44 0.04 0.08 0.02 0.07 0.03 0.07 0.01 0.07 0.01 0.07 0.01 
MgO 9.5 0.2 9.58 0.15 9.92 0.2 9.88 0.39 10.73 0.13 9.0 0.2 8.7 0.5 
CaO 13.4 0.2 13.55 0.1 13.35 0.11 13.31 0.42 13.22 0.13 12.7 0.2 12.3 0.5 
Na2O 1.7 0.07 1.62 0.08 1.87 0.09 1.21 0.17 1.42 0.17 1.36 0.09 1.4 0.2 
K2O 0.17 0.02 0.16 0.02 0.15 0.02 0.15 0.03 0.16 0.01 0.16 0.01 0.21 0.05 
P2O5 0.58 0.04 0.59 0.04 0.46 0.05 0.45 0.04 0.43 0.03 0.48 0.03 0.49 0.04 
Total 101.3 0.5 101.7 0.39 99.94 0.48 99.9 0.59 97.97 0.62 99.6 0.5 99.6 0.7 
S (ppm) 4600 400 4800 500 4700 800 4900 1100 4300 400 4100 400 4100 400 

H2O - - - - 1.73 - - - - - - - - - 

CO2 - - - - - - - - - - - - - - 

Sulfide 

n 6  7  16  4  15  8  14  

Fe 35 1 33 2 34 1 35.6 0.6 35 2 35 2 35.7 0.6 
S 62.4 0.4 62.5 0.7 63.3 0.7 62.2 0.8 63 1 61.1 0.6 61.5 0.5 
Total 97.3 0.9 96 2 97.6 0.9 98 1 97.7 0.7 96 2 97.2 0.4 

                      aAll concentrations are in wt.% unless otherwise noted; FeO* represents total Fe expressed as FeO. 
                                  bn – number of electron microprobe spot analyses used to obtain the average compositions and 1σ standard deviations. 
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Table 2-4 Coefficients of regression for SCSS parameterization 

 Coefficients 1σ a 
Statistical fit quality 

parametersb 

A 14.25 1.57 R2 0.7171 

B -3948.51 1850.49 F 14.7033 
C -0.06 0.05 error 0.0222 
D -2.81 2.12 p 3.31E-07 
E -7.33 3.58   

F 0.97 0.32   

For equation of the form: 

2 2 3

melt melt melt
SCSS SiO Al O FeO

B
ln[S in ppm] A C D E +Fln( )P X X X

T
      

a. 1σ: Standard deviation of each coefficient reported. 

b. R2 is the coefficient of determination, which provides a measure of how well observed outcomes 

are replicated by the model, as the proportion of total variation of outcomes explained by the 

model. The F value compares statistical models that have been fitted to a dataset, in order to 

identify the model that best fits the population from which the data were sampled. “Error” value 

is an estimate of the error variance for F. p indicates the probability that the null hypothesis for 

the full model is true, i.e., all of the regression coefficients are zero.  
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Chapter 3  

New bulk sulfur measurements of Martian meteorites and modeling the fate of sulfur 

during melting and crystallization – Implications for sulfur transfer from Martian mantle 

to crust–atmosphere system 

ABSTRACT 

Sulfur storage and transport between different reservoirs such as core, mantle, crust and 

atmosphere of Mars is tied to igneous processes. Martian meteorites carry a record of mantle 

melting and subsequent differentiation history of Martian magmas. Investigation on S 

geochemistry of Martian meteorites can thus provide an understanding of how S is transferred 

from the Martian interior to the exosphere. In this study we measured bulk S concentration of 7 

Martian meteorites and modeled the S behavior during both isobaric crystallization of primary 

Martian magmas and isentropic partial melting of Martian mantle. Comparisons between 

measured data and modeled results suggest that (1) sulfides may become exhausted at the source 

during decompression melting of the mantle and mantle-derived basalts may only become 

sulfide-saturated after cooling and crystallization at shallow depths and (2) in addition to 

degassing induced S loss, mixing between these differentiated sulfide-saturated basaltic melts 

and cumulus minerals with/without cumulate sulfides could also be responsible for the bulk 

sulfur contents in some Martian meteorites. In this case, a significant quantity of S could remain 

in Martian crust as cumulate sulfides or in trapped interstitial liquid varying from 2 to 95 percent 

by weight. Our modeling also suggests that generation of sulfide-undersaturated parental 

magmas requires that the mantle source of Martian meteorites contain <700-1000 ppm S if 

melting degree estimation of 2-17 wt.% based on compositions of shergottites are relevant. 
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Keywords: Mars, deep sulfur cycle; Martian meteorites; mantle melting; fractional 

crystallization; crust formation 

1. INTRODUCTION 

Sulfur fluxes and storage are important in understanding processes of terrestrial planets 

from the core to exosphere. Sulfur is thought to be a dominant volatile element on Mars (Gaillard 

et al., 2013; Gibson et al., 1985; King and McLennan, 2010; Stewart et al., 2007). Understanding 

S distribution among Martian mantle, crust and the atmosphere as well as the fate of sulfur in 

various magmatic processes is important for constraining the differentiation history of Mars.   

The primary source of sulfur to the Martian surface-atmosphere system is volcanism 

(Gaillard and Scaillet, 2009; Halevy et al., 2007; Johnson et al., 2008). Further the distribution of 

S between Martian crust and atmosphere, which can potentially affect the ancient climate on 

Mars and the formation of sulfate deposits on the surface, is also intimately related to the 

behavior of sulfur during magmatic differentiation including cooling, crystallization, and 

degassing. The amount of S released to the Martian atmosphere may be estimated as the 

difference between (1) the S content of the mantle-derived magma and (2) the budget of 

magmatic S trapped in the basaltic crust. The former could be estimated by S contents of basaltic 

melts at sulfide saturation (SCSS) (Ding et al., 2014; Righter et al., 2009) , assuming mantle 

derived magma is sulfide saturated. The latter is usually approximated by S contents in Martian 

meteorites, although bulk S concentration data of the latter remained limited until recently (Franz 

et al., 2014; Lodders, 1998). Based on the assumptions that erupted Martian basalts are sulfide 

saturated and the difference between the expected solubility limit and the measured 

concentration in olivine-phyric shergottites reflect S loss owing to degassing, Righter et al. 

(2009) estimated that mantle derived basalts on Mars degassed 2400 ppm S. Similar approaches 
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are also applied to constrain sulfur degassing flux for terrestrial settings (e.g., Self et al., 2008; 

Zhang et al., 2013). However, both assumptions above can be problematic. First, it is not 

considered whether sulfide, if present in the Martian mantle, can remain in the residue during 

partial melting; Second, most Martian meteorites contain cumulus minerals and some have 

experienced secondary alteration (weathering/ impact effects), which could either deplete or 

enrich S in meteorites. Another approach to estimate magmatic degassing of S is by simulating 

equilibrium degassing of primary magmas, which has been quantitatively investigated by 

Gaillard et al. (2012).  A maximum of 2100 ppm S degassing from an initial concentration of 

3500 ppm S in primitive Martian magmas is obtained in Gaillard et al. (2012) for hydrated-

oxidized melts (0.4 wt.% H2O, FMQ-0.5). The calculations by Gaillard et al. (2012) considers 

several parameters, such as atmospheric pressure, oxygen fugacity of emplaced magmas and 

other volatiles (H2O and CO2) contents in the melts, for the degassing process. However, these 

authors do not consider the possible SCSS and S concentration changes in the evolving melt 

before degassing, though by analogy to the case on Earth, both SCSS and S concentration in the 

melt must change during fractional crystallization because SCSS is a function of pressure, 

temperature, oxygen fugacity, and melt composition (Baker and Moretti, 2011; Holzheid and 

Grove, 2002; Jégo and Dasgupta, 2013; Jégo and Dasgupta, 2014; Jugo, 2009; Jugo et al., 2010; 

Lee et al., 2012; Li and Ripley, 2009; Liu et al., 2007) which in turn would control the onset of 

sulfide precipitation. How sulfur behaves during emplacement and crystallization of basalt into 

the crust is a missing link in sulfur cycle. Magmatic S budget of Martian crust is key information 

in this regard, which needs to be evaluated in the context of differentiation of primitive Martian 

basalts. Therefore here we focus on S budgets of Martian meteorites. 
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Martian meteorites range from evolved basaltic shergottites with small fractions of 

phenocrysts to cumulates with small or negligible amount of trapped liquids. Sulfur contents of 

different types of Martian meteorites thus can provide important insights into igneous processes 

that operated on Mars. Righter et al. (2009) calculated sulfur carrying capacity change along 

differentiation path of a model Martian magma taken from Symes et al. (2008) and compared the 

result to the S contents of some olivine-phyric and basaltic shergottites. Similarly, Ding et al. 

(2014) applied their new SCSS model to investigate the change in SCSS along the liquid line of 

descent and sulfide precipitation in corresponding cumulates derived from Yamato98049. 

However, no study has combined petrology of different Martian meteorites and their bulk S data 

and interpreted them in the context of magma generation via melting of a sulfide-bearing mantle 

and differentiation of various putative parental melts via shallow fractional crystallization.   

In this study we measured bulk S contents of 7 Martian meteorites using solution ICP-MS 

(Erdman et al., 2014) and discuss the bulk sulfur data of meteorites from this study and those 

from literature by modeling the fate of S during fractional crystallization of Martian magmas and 

the fate of sulfide during mantle partial melting. By comparing bulk S data of Martian meteorites 

to the modeling results, we estimate the plausible S budgets of the Martian mantle, crust, and 

atmosphere. 

2. METHODS 

2.1. Analytical Technique 

Bulk S contents of 7 Martian meteorites (the shergottites Los Angeles, Zagami, NWA 

856, NWA 1068, and Tissint, and the nakhlites NWA 998 and Nakhla) were measured using 

high mass-resolution solution ICP-MS following the method in Erdman et al. (2014). Interior 

chips of each of these Martian meteorites were obtained from the meteorite collection in the 
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Center for Meteorite Studies at Arizona State University. Fractions, ranging from ~13 to ~60 mg, 

were taken from each of these interior chips. For three of the samples (NWA 856, NWA 1068 

and NWA 998), two separate fractions were taken to assess sample heterogeneity. Each of these 

fractions was then dissolved and processed separately. One of the fractions of NWA 998 was 

leached with 1 mole/part HCl first. After being sonicated and centrifuged, the supernatant and 

solid residues were carefully separated. The supernatant was directly diluted by 1 mole/part HCl 

while the solid residues went through same steps as other bulk rock fractions. Sulfur in the bulk 

rock fractions was dissolved and converted to the S6+ species in the form of SO4
2-. Both bulk 

rock solutions and the leachate were analyzed with the Thermo FinniganElement 2 magnetic 

sector ICP-MS at Rice University. To check the accuracy of the sulfur analyses, several 

terrestrial rock standards including one basalt (United States Geological Survey, BHVO-2), one 

gabbro (Japanese Geological Survey, JGb-1) and one marine mud (United States Geological 

Survey, MAG-1) were run as external standards in the same sequence. The limit of detection on 

sulfur ranges from 40 to 90 ppm, determined by the instrumental detection limit in solution and 

the dilution factor (Erdman et al., 2014).  

2.2. Geochemical Data Compilation 

We have compiled the bulk S data of Martian meteorites from this study and previous 

studies. 32 Martian meteorites with available bulk rock mineralogy and composition are included 

in Table 1. Most of the 32 Martian meteorites, including 7 measured in this study, belong to 3 

groups: basaltic shergottite, ol-phyric shergottite and nakhlite. In addition, two lherzolitic 

shergottites (LEW88516 and ALH77005), one dunite (Chassigny) and one orthopyroxenite 

(ALH84001) are also included in the data compilation. 
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Basaltic shergottites chiefly comprise pyroxene and plagioclase without early 

crystallizing olivine or chromite (Papike et al., 2009). Stolper and McSween (1979) 

demonstrated by optical analysis and melting experiments that both Shergotty and Zagami 

contain cumulus pyroxene, probably without cumulus plagioclase. Cumulus pyroxenes are 

commonly observed in basaltic shergotties with a few exceptions such as Los Angeles (Rubin et 

al., 2000) and QUE94201 (McSween et al., 1996) which have been shown as liquid composition. 

Ol-phyric basalts share the petrography features of olivine megacrysts, presence of chromite and 

Fe-Ti oxides, and low augite proportions (Goodrich, 2002; Papike et al., 2009). Textural studies 

and experimental results suggest that at least some olivine-phyric shergottites contain excess 

olivine (Filiberto and Dasgupta, 2011; Goodrich, 2003, 2002; Sarbadhikari et al., 2009; Usui et 

al., 2008).  

Nakhlites are clinopyroxenites composed mostly of cumulus grains of subcalcic augite as 

the most abundant mineral and less abundant olivine and mesostasis (Treiman, 2005). Lherzolitic 

shergottites are also cumulates containing mainly poikilitical olivine often enclosed by pyroxene 

along with minor modal plagioclase (Papike et al., 2009).  

Chassignites have similar texture and mineralogy to terrestrial dunites (Floran et al., 

1978). Chassiny contains 91.6% olivine, 5% pyroxene, 1.7% feldspar, 1.4% chromite, 0.3% melt 

inclusions and trace amount of other minerals (Floran et al., 1978). Orthopyroxenite consists of 

only one sample, ALH84001, which contains 97% coarse grained orthopyroxene, 2% chromite, 

1% plagioclase and other accessory minerals (Mittlefehldt, 1994; Papike et al., 2009). 

Throughout the paper, we follow the definition of cumulus phase from Stolper and 

McSween (1979) as crystals accumulated or concentrated in a liquid; intercumulus liquid as the 

liquid from which the cumulus crystals formed and which once surrounded these crystals. 
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Cumulate fraction refers to the mass fraction of cumulate minerals. Melt fraction refers to the 

mass fraction of intercumulus liquid, which is assumed to be the difference between 1 and 

cumulate fraction. In order to estimate the plausible fraction of cumulate minerals in Martian 

meteorites, we first approximate mass fraction of each mineral using the mineral modes 

(pyroxene, plagioclase, oxide, sulfides etc.) reported in previous studies and mineral densities. 

Possible maximum cumulus fraction in basaltic shergottites is approximated by weight percent of 

pyroxenes assuming pyroxenes are the only cumulus minerals, except for some meteorites (e.g., 

QUE94201). Cumulus fraction in ol-phyric shergottites cited is approximated by the proportion 

of excess olivine megacrysts. Cumulus fractions in nakhlites, lherzolites, chassignite and 

orthopyroxennite are calculated from mineral modes and densities. For the purpose of clarity, we 

refer extent of melting, F (in Fig. 5) to weight percent of melt produced by partial melting of the 

mantle.                   

3. RESULTS 

S concentration of the leachate was below the limit of detection (<20 ppm). Within the 

analytical errors, the two different fractions each from NWA 856, NWA 1068 and NWA 998 

yielded identical results. Therefore, the S concentrations reported here for these samples are the 

averages of the data for the two different fractions for each meteorite. Basaltic shergottites Los 

Angeles, Zagami and NWA 856 have S contents of 2865±224, 1954±91 and 1584±10 ppm, 

respectively. Olivine-phyric shergottites NWA 1068 and Tissint have S contents of 1280±48 and 

2120±68 ppm. Clinopyroxenites Nakhla and NWA 998 yield the lowest S concentrations of 

690±60 and 253±42 ppm S, respectively. 
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4. DISCUSSION AND IMPLICATIONS 

4.1. Comparison with previous bulk sulfur data of Martian meteorites 

Our new measurements of shergottites’ and nakhlites’ bulk sulfur data fall in the range of 

bulk S from the previous studies (Banin et al., 1992; Burgess et al., 1989; Burghele et al., 1983; 

Dreibus et al., 1994, 1992, 1982; Franz et al., 2014; Gibson et al., 1985; Lodders, 1998; 

McSween and Jarosewich, 1983; Sarbadhikari et al., 2009; Zipfel et al., 2000). Sulfur 

concentrations of Los Angeles, Zagami, Nakhla and Tissint have been measured in previous 

studies (Aoudjehane et al., 2012; Banin et al., 1992; Burgess et al., 1989; Franz et al., 2014; 

Gibson et al., 1985; Dreibus et al., 1982). Sulfur concentration in Tissint and Zagami from this 

study agrees well with that from previous studies (Aoudjehane et al., 2012; Gibson et al., 1985). 

However, bulk S concentrations of Los Angeles and Zagami from this study are both higher than 

the total S reported in Franz et al. (2014). Also bulk S concentration of Nakhla from this study is 

higher than most of the ones reported from previous studies (Banin et al., 1992; Burgess et al., 

1989; Gibson et al., 1985). Whereas our bulk S concentration of Nakhla and NWA998 is within 

the range of nakhlites (34-1287 ppm) measured in previous studies  (Banin et al., 1992; Burgess 

et al., 1989; Dreibus et al., 1982; Franz et al., 2014; Gibson et al., 1985). The variability in bulk 

S data on the same meteorite from different studies may reflect the heterogeneity in Martian 

meteorites (Burgess et al., 1989; McCoy et al., 1999; Warren et al., 2004). Thus, given relatively 

small aliquots of sample used in our and other previous measurements, it may not be surprising 

to obtain somewhat different bulk S values from different studies. Supplementary Table 1 shows 

that different total S concentration of a certain Martian meteorite reported in different studies is 

not unusual. In Fig. 2 all the meteorites with more than one S concentration measurement are 

identified. The difference among those measurements range from 20 to 800 ppm (Fig.2; Table 
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1). Because the model proposed in this study is aimed at describing general behavior of S during 

fractional crystallization and partial melting on Mars, in Table 1 and the figures we reported all 

the S measurements for meteorites that have more than one measured results. 

Bulk S data of Martian meteorites are plotted with their MgO concentrations in Fig 1a. 

Because sulfur carrying capacity under relatively reduced conditions (fO2< FMQ) is strongly 

related to FeOT concentration, we also plotted all S data with FeOT content of each meteorites in 

Fig.1b. A lack of correlations between bulk sulfur contents of Martian meteorites and MgO or 

FeOT concentration in Fig.1 suggests that neither pure fractional crystallization nor sulfide-

saturation alone can explain the bulk S contents in most Martian meteorites. However, it is 

noticeable that bulk sulfur concentration of basaltic shergottites and ol-phyric shergottites show 

more scatter ranging from <500 ppm to >2500 ppm compared to those of cumulates (e.g., 

nakhlites, lherzolitic shergottites, and ALH84001), which mainly cluster at <1000 ppm (Fig. 1). 

As described in section 2.2, it is recognized that most Martian meteorites are in fact not bonafide 

liquid compositions, but rather mixtures of liquids and cumulates, cognate xenoliths, antecrysts, 

etc., as is commonly seen on Earth. We noticed that basaltic shergottites and ol-phyric 

shergottites have relatively higher liquid fractions (>60%) while cumulates contain <30% melt. 

Fig. 2 displays a correlation between bulk S concentrations for the Martian meteorites and the 

estimated fraction of liquid that the meteorites likely contain (Fig. 2; Table 1). The correlation 

suggests that the difference of bulk S concentration among different petrographic groups can 

result from different liquid-cumulus ratios during mixing. However, bulk S concentration 

variation within each group of Martian meteorite (e.g. basaltic shergottites and olivine-phyric 

shergottites) is less systematic (Fig. 2), which suggests that there may be other potential 

complexities shaping the sulfur geochemistry of Martian meteorites. In fact, assuming that 
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secondary processes did not play a major role in shaping the bulk sulfur contents of Martian 

meteorites, the observed bulk S concentration is the product of a series of igneous processes: 

mantle melting, fractional crystallization, liquid-cumulus mixing and magmatic degassing. In the 

following sections, we will evaluate different igneous processes that potentially account for the S 

budgets of Martian meteorites.  

4.2. Modeling the fate of S during fractional crystallization of Martian magmas 

The observed correlation between estimated liquid fraction in each meteorite and the bulk 

sulfur content suggests that degassing of primary magma may not be the chief process affecting 

bulk sulfur contents of Martian meteorites. On the contrary cooling and crystallization of primary 

basalts may be important in explaining the trends seen in Fig. 2. Therefore it is critical to 

accurately model the evolution of S during fractional crystallization. Because S concentration in 

the silicate melt is always limited by the sulfur carrying capacity of the melt, one first needs to 

model how sulfur carrying capacity vary along the liquid line of descent (LLD) of a primary 

Martian basalt. Given the oxygen fugacity, fO2 of Martian meteorites range from FMQ-5 to 

FMQ+0.46 (Goodrich, 2003; Herd, 2006; Herd et al., 2002; Karner et al., 2007; McCanta et al., 

2004; Righter et al., 2008; Sautter et al., 2002; Shearer et al., 2006; Wadhwa, 2001), and because 

the transition from S2- to S6+ in basaltic liquid occurs at fO2~FMQ - FMQ+2 (Jugo, 2009; Jugo et 

al., 2010), the sulfur carrying capacity for primitive Martian magma must be represented by 

sulfur contents of basalts at sulfide saturation (SCSS). Basalt SCSS varies with pressure (P), 

temperature (T), fO2, and melt composition and can be calculated using parameterizations from 

previous studies that aimed at constraining Martian basalt SCSS (Ding et al., 2014; Righter et al., 

2009). We employed the parameterization from Ding et al. (2014) because this study modeled 

SCSS of Martian magmas based exclusively on high-FeOT basalt experiments. The full method 
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of the using alphaMELTS to calculate of the melt composition change along LLD, the choice of 

the starting liquid and fractional crystallization conditions are given in Supplementary Text. In 

addition, to avoid possible bias from alphaMELTS calculation in obtaining representative melt 

compositions along LLD, we also used the melt compositions from fractional crystallization 

experiments on Yamato980459 at 0.5 GPa by Rapp et al. (2013) (Supplementary Fig. 1). 

Fig. 3 and Supplementary Fig. 1 show the variation of SCSS along LLD for various 

liquid compositions. According to our calculations, SCSS decreases along the LLD (thick solid 

lines in Fig.3) at all conditions and for all compositions including the SCSS calculated from 

isobaric crystallization experiment by Rapp et al. (2013). One of the noticeable results of the 

model is that SCSS along LLD at 1 GPa is higher than that at 0.1 GPa. SCSS calculated from 

parameterizations from Righter et al. (2009) and Li and Ripley (2009) show the same trends, i.e., 

SCSS along LLD at 1 GPa is higher than that at 0.1 GPa (Supplementary Fig. 2). Although this 

may appear counter intuitive as SCSS increases with decreasing pressures (Ding et al., 2014; 

Holzheid and Grove, 2002), such dependence of SCSS on depth is only relevant for a constant 

melt composition and at a constant temperature. However, there is also a broad agreement that 

increasing temperature and FeOT concentration in the melt, especially the latter, enhance SCSS 

strongly because S2- is bonded with Fe2+ in the silicate melt (Baker and Moretti, 2011; Ding et 

al., 2014; Liu et al., 2007; Mavrogenes and O’Neill, 1999). MELTS calculation shows that FeOT 

increases strongly during isobaric fractional crystallization at 1 GPa while FeOT slightly 

decreases or barely changes at 0.1 GPa. Results from crystallization experiments from low to 

high pressures show similar relations between FeOT change during crystallization and pressure 

(Supplementary Fig. S3a). Therefore, higher FeOT of derivative basalts during high pressure 

crystallization as well as higher liquidus temperature and higher temperature of crystallization 
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interval (Supplementary Fig. 3b) suppress the pressure effect on SCSS and is responsible for 

higher SCSS at greater depth. Regardless of crystallization depth, because SCSS decreases along 

LLD, sulfide-saturated melt precipitates sulfide in cumulate assemblage along LLD (thick dotted 

lines in Fig. 3 and Supplementary Fig. 1). The concentration of sulfur in cumulates depends on 

(1) at what point during crystallization evolving melt reaches sulfide saturation and (2) how 

rapidly SCSS decreases with evolving melt composition and temperature. If the primitive 

magmas are sulfide-undersaturated, the more sulfur the melt starts out with, the earlier (at high 

temperature and smaller extent of crystallization) the melt becomes sulfide-saturated; the 

corresponding cumulates have higher sulfur contents for melts that are initially more S-rich. Our 

modeling (Fig. 3) also shows that SCSS of primitive or less evolved melt could be highly 

variable (5200 ppm vs. 3200 ppm) depending on melt composition, mainly FeOT and MgO 

contents, which is a proxy of temperature (Supplementary Fig. 3b). SCSS of evolved melt at 

shallow depths of crystallization decreases sharply. Hence, low SCSS of remaining melt and 

highly sulfide-enriched cumulates are produced. The detailed description and explanation of S 

concentration change in various melts during crystallization are given in the Supplementary.  

4.3. Bulk S of meteorites versus S of differentiating liquid 

The evolution of S along LLD is compared to the bulk S of Martian meteorites in Fig. 3 

and Supplementary Fig. S1 and possible scenarios of S evolution during fractional crystallization 

in the crust are shown in Fig. 4. Though most Martian meteorites plot below the SCSS lines, 

certain basaltic shergottites with low MgO contents between ~4 and 6 wt.% are at or close to the 

SCSS values obtained for shallow crystallization (Los Angeles and EETA79001B in Fig. 3a). 

With previous petrologic studies showing that both Los Angeles and EETA79001B are very 

close to a liquid composition (Righter et al., 2009; Rubin et al., 2000; Smith et al., 1984) it is 
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reasonable to interpret their bulk S concentrations being similar to what the differentiated melts 

derived from Y98 or LAR at shallow depths would be at sulfide saturation. In this context, the 

match between the modeled SCSS and actual S contents suggests that at least some of the 

differentiated Martian basaltic magmas are sulfide-saturated without any S loss owing to 

degassing (liquid in scenario a and b in Fig. 4). The lack of S degassing could be result of several 

scenarios, such as that some Martian meteorites with cumulate textures may not be extrusive 

rocks (Hamilton et al., 2003); or oxygen fugacity is very low (Gaillard et al., 2013; Gaillard and 

Scaillet, 2009); or there is almost no CO2 or H2O in the melt to aid degassing (Gaillard et al., 

2013; Gaillard and Scaillet, 2009). If degassing is not the chief process leading to lowering of S 

in the magmatic product, the bulk S concentration of such melt is the result of SCSS decrease 

during fractional crystallization. This is supported by the observation of rounded droplets and 

ellipsoidal blebs of sulfide grains in basaltic shergottites, suggesting solidification from 

immiscible sulfide melts from progressively more evolved silicate melts (Lorand et al., 2005). 

Furthermore, shallow crystallization condition also is in agreement with previous constraints on 

petrogenesis of basaltic shergottites (Hale et al., 1999; McCoy et al., 1992; Xirouchakis et al., 

2002).  

Comparison of bulk S concentration to plausible SCSS values at the same MgO contents 

for the rest of the available meteorites, however, show that the meteorite sulfur budgets are 

always lower than the predicted SCSS values. Righter et al. (2009) suggested that the deficit 

could be interpreted either as the S degassed from Martian magmas, or the melt is sulfide under-

saturated and did not degas, or the melt is sulfide under-saturated, but the efficiency of S 

degassing of the melt is increased by the presence of water-rich vapor. SCSS is lowered by 

presence of vapor phase of other volatile such CO2 and/or H2O. In addition to these, given the 
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correlation of bulk S with liquid fraction in Fig. 2 there are several alternative explanations of 

meteorite sulfur budgets related to the fact that most Martian meteorites are either basalts with 

significant admixing of cumulus minerals or cumulates with or without trapped interstitial 

liquids.  

As discussed in section 4.1, cumulates could be sulfide-free when the melt is sulfide 

undersaturated (cumulates in scenario c in Fig. 4) or sulfide-bearing (cumulates in scenario a and 

b in Fig. 4) when the evolving melt is sulfide saturated (two different primitive mafic melts in 

Fig. 4). Contributions from cumulates sulfides are likely represented by some cumulate Martian 

meteorites (e.g. nakhlites, lherzolitic shergottites, ALH84001 and Chassingy) with small 

proportions of trapped liquid (< 5% for ALH84001 and Chassingy) whose bulk S concentrations 

match or are close to the modeled S contents in cumulates (Fig. 3- high pressure crystallization). 

The observations of minor amounts of poikilitic pyrrhotite in lherzolitic shergottite ALH77005 

(Ikeda, 1994) and intergranular sulfide blebs in chassignite NWA 2737 (Lorand et al., 2012) 

support this model inference. Though petrogenesis of nakhlites have been argued different from 

both Chassigny and shergottites (Jones, 1989; Treiman, 2005; Wadhwa and Crozaz, 1995), S 

contents in the nakhlites match very well with the modeled cumulates S concentration 

crystalizing from a proposed nakhlites parental melt composition (Stockstill et al., 2005) at 1 

GPa (Fig. 3c). This suggests that sulfide precipitation in the cumulates could be a common 

process during Martian magma evolution regardless the mantle source. It should be noted that 

the preferential occurrence of sulfides associated with interstitial minerals in nakhlites (Chevrier 

et al., 2011) argues the achievement of sulfide saturation at a late stage during magmatic 

differentiation. This scenario can only be satisfied by the model if the nakhlites parental melts 

started as being sulfide-undersaturated (Fig. 3c, Fig.4 scenario c). 
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The rest of the meteorites, basaltic and Ol-phyric shergottites, contain small to moderate 

amount of cumulus minerals and their measured S contents are lower than the predicted SCSS 

values. There are several possibilities reconciling the deficit if volcanic degassing is not the chief 

mechanism for lower S content of the basaltic crust. Mixing between sulfide-saturated 

differentiated melts and equilibrium sulfide-bearing cumulates if primary magma is sulfide-

undersaturated can regenerate bulk S contents of most basaltic and Ol-phyric shergottites (mixed 

output in scenario a or b in Fig. 4). However, this hypothesis contradicts the fact that no solitary 

sulfide inclusions in cumulus silicates (olivine, augite) in basaltic and Ol-phyric shergottites have 

been documented so far. It is more likely that sulfide in these shergottites originated from 

crystallization of a late stage, sulfide-saturated melt, based on their intimate intergrowth and 

positive correlation with modal Fe-Ti oxides (Lorand et al., 2005; McCoy et al., 1992; 

Xirouchakis et al., 2002). An alternate way to reproduce the S content in these basaltic and Ol-

phyric shergottites is mixing between sulfide-saturated liquids or liquids with S concentration 

very close to SCSS and sulfide-free cumulus minerals. Interactions between sulfide saturated 

liquid and sulfide-free early cumulates can take place by open system magma chamber overturn 

(scenario d in Fig. 4). In this case, S is only contributed by sulfide-saturated melts and bulk S 

contents are related to SCSS of the melts and proportion of melts in the mixture (Fig. 5). In Fig. 

5, each dashed line represents, certain MgO content of a single differentiating melt, bulk S of the 

mixture (sulfide-saturated melt + sulfide-free cumulus minerals) changes with decreasing melt 

fraction. Cumulate Martian meteorites (except two nakhlites) plot either on the dashed lines or 

above the lines. Cumulates sitting above the lines indicate extra S from cumulus minerals, which 

match the scenario of mixing between sulfide-bearing cumulus minerals and silicate melts 

proposed above. All the basaltic shergottites in the dataset have MgO contents less than 10 
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wt.% . The light grey area in Fig. 5 represents possible bulk S contents for mixing with each melt 

fraction. Bulk S contents of most basaltic shergottites (squares in Fig. 5) can be obtained in this 

way while certain amount of degassing is required for other basaltic shergottites. QUE94201 

may be an example of degassed basaltic shergottites since it is thought to represent a relatively 

evolved (MgO ~6%) liquid composition (melt fraction equal to 100%) and 1400 ppm degassed S 

is needed to make up the deficit between bulk S and liquid SCSS (Fig. 5). The deficit is more 

common in ol-phyric shergottites. Dark grey area in Fig. 5 represents calculated S concentration 

of ol-phyric shergottites at different melt fractions, however only one ol-phyric shergottite plots 

in that area. 160 to 3500 ppm degassing is required for ol-phyric shergottites in this model to 

lower the modeled bulk S contents to the measured values.  

Another possible scenario is that primary magma of ol-phyric shergottites were sulfide 

undersaturated and these shergottitic liquid froze in before the melt becomes sulfide saturated 

(scenario e in Fig. 4). Therefore, bulk S contents in ol-phyric shergottites may result from either 

degassing or low initial S concentration (sulfide undersaturated) of the primary melt, or a 

combination of both. The scenario that primary  magma is sulfide undersaturated is consistent 

with the low S contents (<1000 ppm) in the olivine-hosted melt inclusion in Yamato980459 

(Usui et al., 2012). Sulfide undersaturated primary magma can also limit the sulfide enrichment 

in the cumulates. Our model shows that once the melt is sulfide saturated, S concentration in the 

cumulates increases rapidly due to the dramatic decrease of SCSS. For example, by 30% 

fractional crystallization from Y98 at 1 GPa, S concentration in the cumulate can be as high as 

4000 ppm. On the contrary S contents in cumulate Martian meteorites, irrespective of the class, 

mostly do not exceed 1000 ppm, suggesting that it is unlikely that primitive Martian magma start 

from sulfide-saturated condition. Therefore, in order to reproduce the sulfide saturated 
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differentiated melt and precipitate realistic amount of sulfide in the cumulates, it is likely 

necessary that Martian mantle-derived primitive liquid was sulfide-undersaturated and became 

sulfide-saturated only during crystallization at a later stage. 

4.4. S content in the primitive mantle-derived magma and S budget of the Martian mantle 

If the parental basalts of Martian meteorites derive from sulfide-undersaturated primitive 

melts as discussed above, then the question becomes that how much sulfur does the mantle 

source regions of Martian mantle contain. By analogy to the fact that Earth’s mantle is known to 

be sulfide saturated (Lorand, 1990; Lorand et al., 2013), one can assume that subsolidus Martian 

mantle is sulfide-saturated. This assumption is reasonable because Mars is thought to be a sulfur-

rich planet (Dreibus and Wanke, 1985; Gaillard et al., 2013; King and McLennan, 2010) and 

oxygen fugacity of the Martian mantle is argued to be in the sulfide stability field (Jugo et al., 

2010). The question is whether Martian mantle sulfide can survive during partial melting, which 

depends on extent of melting, SCSS of Martian mantle partial melts, and bulk S content of the 

mantle.  

To investigate the possibility of producing sulfide-undersaturated primitive magma, S 

contents of primary mantle-derived magmas are modeled from isentropic partial melting of 

model Martian mantle with mantle potential temperature of 1525 °C and 1365 °C, constrained by 

Filiberto and Dasgupta (2011). During isentropic decompression melting, extent of melting (F) 

increases with decreasing pressure (P), and we adopted the following equation (Eq. 1) from 

Langmuir et al. (1992) to calculate the extent of melting with decreasing pressure. 

( ) ( )adb sol

f

P

dT dT
dF dP dP

H dTdP
C dF





    Eq. (1) 
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We use Martian mantle adiabatic gradient, ( )adb

dT

dP
of 0.18 °C/km, heat of fusion, Hf of 6.4× 105 

JK-1kg-1, and heat capacity, CP of 1200 JK-1kg-1 (Kiefer, 2003). The slope of the solidus in P-T 

space, ( )sol

dT

dP
 is from the parameterization of the Martian mantle solidus given by Filiberto and 

Dasgupta (2011). Extent of melting as a function of temperature at each pressure is approximated 

using isobaric partial melting experiments at 1.0, 1.5, 3.0, and 4.5 GPa on model Martian mantle 

(Bertka and Holloway, 1994; Matsukage et al., 2013). Melt composition change in each oxides 

with the increasing melting degree were also parameterized from the experimental data. 

Examples of SiO2, FeOT, Al2O3 and MgO change (X) with increasing degree of melting (F) at 

each pressure are shown in Fig. 6. Combining ( )
dF

dP
 and ( )P

dX

dF
, we constrained the melt 

composition change along decompression melting adiabat. The examples of SiO2, FeOT, Al2O3 

and MgO change during decompression melting of the hot mantle are shown in Fig. 7b while 

Fig. 7a is the P-T diagram showing the framework of isentropic melting both for hot and cold 

mantle. 

With the knowledge of the P, T and composition change along the decompression 

melting of both hot and cold mantle (Fig. 7), we calculated SCSS and S profile in the partial 

melts during adiabatic decompression melting. With the presence of sulfide in the mantle, at any 

given step of the melting process, Cl,i+1 = CSCSS,i. The concentration of S in the solid Martian 

mantle residue (Cr,i+1) is 

, scss,
, 1

1

i r i i
r i

i

M C C M
C

M


 
     Eq. (2) 
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where Mi is the mass of the solid residue step i and ∆M = Mi – Mi+1 is the change in mass of the 

solid residue. After the exhaustion of sulfide, Cr,i becomes 0 and S concentration of the melt 

decreases by dilution.   

During decompression melting, SCSS decreases rapidly from > 8000 ppm to ~ 3000 ppm 

if the mantle is hot (black thick solid line in Fig. 8a) while from ~ 5000 ppm to ~2000 ppm for 

cold mantle (grey thick solid line in Fig. 8b). This decreasing trend is mainly influenced by the 

FeOT concentration decrease in the melt from higher T of melting at greater depths to cooler 

temperature of melt adiabat at shallower depths (Fig. 7). SCSS along the melting adiabat 

calculated using the SCSS parameterization of Righter et al. (2009), represented by thick dashed 

lines, also yields a similar trend. The thick dotted lines, representing SCSS along the melting 

adiabat with a fixed composition (Y98 from Greshake et al. (2004)) have steeper slopes than the 

others. The difference between SCSS of a basalt of fixed composition and those that are 

produced by progressive melting suggests that composition change during partial melting can 

have a big influence on SCSS, hence the S behavior in the melt. Thin solid lines in Fig. 8 

indicate the S dilution profile in the melts after mantle sulfide is exhausted. The point at which 

mantle sulfide is exhausted depends on initial storage of S in the mantle. For example, in Fig. 8a, 

Martian mantle containing 200 ppm S would exhaust all sulfides by 2% partial melting and a 

mantle containing 1000 ppm S by 12% partial melting. Within the plausible melting degree of 

Martian meteorites estimated by previous studies (Agee and Draper, 2004; Kiefer, 2003; 

Musselwhite et al., 2006, ~17% melting degree; light grey box in Fig 8a and 8b), a hot Martian 

mantle can contain no more than 1000 ppm S in order to produce sulfide undersaturated 

primitive magmas. S behavior is similar in the cold mantle, although because of lower 

temperatures, SCSS in the cold mantle is generally much lower than that in the hot mantle. Fig 
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8b shows that 700 ppm S is the upper limit to derive sulfide undersaturated primitive magmas 

within 17% melting degree from a relatively cold mantle.  

One important fact is that the constraints above for the plausible sulfur abundance of 

Martian meteorite source regions derive entirely from the bulk S data of Martian meteorites and 

the experimental constraints on sulfur storage capacity of Martian magma. Although, <700-1000 

ppm S for the Martian mantle is lower compared to some literature estimates (700-2000 ppm S; 

Gaillard et al., 2012), the range is still consistent with the expected abundance of mantle S based 

on physical properties of bulk Mars and the equilibrium core-mantle partitioning during magma 

ocean stage (Dreibus and Wanke, 1985; Lodders and Fegley, 1997; Sanloup et al., 1999). 

However, it cannot be ruled out that the Martian mantle sulfur budget was higher than the 700-

1000 ppm range in the past, i.e., during the Noachian and early Hesperian. Given the relatively 

young age of the analyzed Martian meteorites (<500 Ma) and the possible lack of crustal 

recycling on Mars (McSween et al., 2009; Morschhauser et al., 2011), S budget of the Martian 

mantle might have been higher in the past and diminishing with time. It is still therefore possible 

that voluminous volcanism during early Mars produced sulfide-saturated primitive basalts with 

sulfide remaining in the residue of mantle melting. ~3500 ppm S loss from Yamato 980459, a 

primary melt composition (Fig. 5), may be an indication of the possible magnitude of S released 

from sulfide-saturated Martian basalts. On the other hand, if the Martian meteorite sulfur data are 

any indication of the sulfur budget of ancient (3.7-4.3 Ga) Martian crust, S-degassing to the late 

Noachian and early Hesperian atmosphere could also be limited; instead, cumulates in the 

Martian crust could be an important inventory of magmatic sulfur as it may also be on Earth (Lee 

et al., 2012) . 
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5. CONCLUSIONS 

We measured bulk S concentration of 7 Martian meteorites (2 olivine-phyric shergottites, 

3 basaltic shergottites, and 2 nakhlites). Comparisons between all currently available bulk S data 

of Martian meteorites and the estimated melt fraction that they may contain suggest that the bulk 

S contents of Martian meteorites could be product of magma fractional crystallization and 

cumulate-melt mixing. Our model does not rule out sulfur degassing, but calls for caution in the 

estimation of the amount of S outgassing via young Martian basaltic volcanism. If meteorite 

sulfur data are any indication of the sulfur budget of ancient Martian crust, S-degassing to the 

late Noachian and early Hesperian atmosphere could also be limited; instead, cumulates in the 

deep root of Martian crust could be an important inventory of magmatic sulfur (Lee et al., 2012).  

Our modeling also shows that cumulates could be highly S enriched during fractional 

crystallization once the melt is sulfide saturated. The earlier the melt is sulfide saturated, the 

higher are S contents in the cumulates. Because most cumulate-bearing meteorites including 

olivine-phyric shergottites and lherzolitic shergottites have low S concentration, it is likely that 

primitive Martian magmas are sulfide-undersaturated and become sulfide saturated only at a later 

stage along liquid line of descent. In order to derive such sulfide-undersaturated primitive 

magma by adiabatic decompression melting, S content of the mantle source of Martian 

meteorites should be as low as ≤700-1000 ppm, which overlaps with the lower end of the 

previous estimated range of 700-2000 ppm S (Gaillard et al., 2012).  
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Figure 3-1Bulk S concentration of Martian meteorites versus (a) bulk MgO contents and (b) bulk FeOT 

contents. Bulk S contents of meteorites show weak to no correlation with bulk rock MgO and FeOT 

contents. (a) also shows that bulk S content of cumulate Martian meteorites (e.g., lherzolitic shergottites, 

ALH84001, Chassigny) cluster under 1000 ppm while basaltic shergottites and ol-phyric shergottites have 

a broader range of bulk S contents. 
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Figure 3-2 Correlation between bulk S concentration of Martian meteorites and estimated fractions of 

melt trapped in various meteorites. Meteorites with more than one S concentration measurements by 

different studies are marked. Horizontal dashed lines connect different S concentration estimates of the 

same meteorites from various studies. Estimated trapped melt fractions and bulk S data plotted here are 

listed in Table 1. 
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Figure 3-3 Modeling of S behavoir during fractional crystallization. Comparison of the bulk sulfur 

concentration (including data reported here and from previous studies) of Martian meteorites to the 

modeled sulfur concentration in derivative melts (solid lines) and cumulates (dashed lines) during isobaric 

fractional crystallization of compositions (a) LAR ,(b) Gusev, and (c) NA03 (Supplementary Table 1). 

Thick solid lines indicate SCSS along LLD and intermediate-thickness solid curves with numbers 

represent liquids that are sulfide undersaturated (between 1000 and 3000 ppm S in the starting liquid) to 

begin with. Extent of fractional crystallization is shown by tick marks along the intermediate solid curves 

with italic numbers. The grey and black curves represent calculation performed for 0.1 and 1.0 GPa, 

respectively. 
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Figure 3-4 Schematic diagram showing various scenarios of evolution of sulfur during emplacement and 

fractional crystallization of basalts in the crust. (a) Emplaced mantle-derived mafic melt is sulfide-

saturated. Sulfide is enriched in the cumulates and evolved basaltic liquid is sulfide-saturated. (b) and (c) 

Emplaced mantle-derived mafic melt is not sulfide saturated. Regardless of the depth of crystallization, 

the cumulates are initially sulfide-free. Because S becomes enriched as an incompatible element in such a 

sulfide-undersaturated liquid, the liquid eventually becomes sulfide-saturated with sulfide-bearing 

cumulates. (d) Mixing between sulfide-free cumulates and sulfide-saturated liquid could be realized by 

magma chamber overturn in some open systems. (e) Sulfide-undersaturated liquid with or without some 

sulfide-free cumulates froze in before the melt becomes sulfide saturated. Output from sulfide-saturated 

liquid is represented by solid straight lines with arrows while that from sulfide-undersaturated liquid by 

dashed straight lines with arrows. Solid curved lines with arrows indicate liquid-cumulate mixing in a 

closed system while dashed curved line with arrow indicates liquid-cumulate mixing in an open system.  
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Figure 3-5 Comparison of the bulk sulfur concentration of Martian meteorites to the mixing results. 

Comparison of the bulk sulfur concentration of Martian meteorites from this study and other previous 

studies to the modeled sulfur concentration of meteorites by considering mixing between sulfide-saturated 

basaltic melt (at variable extent of fractional crystallization) and sulfide-free cumulates. Sulfur 

concentration at sulfide saturation (SCSS) here is calculated for melt compositions that derive from 0.1 

GPa fractional crystallization of a primitive melt similar to Y98 at FMQ-2. SCSS model used is from 

Ding et al. (2014). Each dashed line represents bulk S concentration of meteorites that would result from 

entrapment of variable fractions of melt of different MgO content numbered at the right side of the figure 

in weight percent. When melt fraction is 100%, S concentration is equal to that of SCSS. Bulk S 

concentrations of the Martian meteorites are compared to the dashed lines with similar MgO contents. 

Light grey area defines possible bulk S concentration of basaltic shergottites while dark grey area defines 

the same for ol-phyric shergottites. The arrows and numbers in parentheses indicate the S deficit for 

QUE94201 or Yamato980459 calling for either degassing or entrapment of sulfide under-saturated melt.  
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Figure 3-6 (a) SiO2, (b) FeOT,(c) Al2O3, and (d) MgO concentration (wt.%) of the partial melt plotted as a 

function of increasing melting degree, F of Dreibus and Wanke (1985) model Martian mantle. Different 

symbols are experimental data at each pressure taken from Bertka and Holloway (1994a) and Matsukage 

and Nagayo (2013), and the solid lines are parameterization based on experimental data and starting 

compositions used in the experiments (when F = 100%, the concentration of each oxide equals that of the 

starting mantle composition). 
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Figure 3-7 Modeling of decompression melting. (a) A pressure-temperature plot showing the framework 

of decompression melting of the Martian mantle with TP =1525 °C (hot mantle) and TP =1365 °C (cold 

mantle). Thin solid lines with arrows are melting adiabats applicable for these two mantle potential 

temperatures. The Martian mantle solidus is from Filiberto and Dasgupta (2011). Open circles indicate the 

P-T conditions of the partial melting experiments from Bertka and Holloway (1994b) at 1.5 GPa and 

Matsukage and Nagayo (2013) at 1.0, 3.0 and 4.5 GPa that constrain evolution of partial melt 

compositions with depth and temperature. Filled circles represent P-T conditions of Martian surface 

basalts in equilibrium with their mantle source (Filiberto and Dasgupta, 2011). Filled star represent the 

plausible condition of  melt-mantle equilibration for Y98 (Musselwhite et al., 2006). (b) Estimated change 

of partial melt compositions along the hot melting adiabat based on experiments of Matsukage and 

Nagayo (2013) and Bertka and Holloway (1994b). 
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Figure 3-8 S concentration in the melt (in ppm) versus melt fraction (F) and depth during isentropic batch 

melting of a model Martian mantle for (a) hot mantle (TP =1525 °C) and (b) cold mantle (TP =1365 °C). 

Thick solid line indicates SCSS change during decompressing melting (for calculation see text and Fig. 

7). Thick dashed line represents SCSS along the melting adiabat calculated using the SCSS 

parameterization of Righter et al. (2009). Thick dotted line shows SCSS along the melting adiabat with 

fixed composition of Y98 from Greshake et al. (2004). Thin curves represent dilution of melt sulfur 

content after the consumption of residual sulfide for bulk Martian mantle with different S content ranging 

from 200 to 1000 ppm. Italicized numbers next to the SCSS lines in both (a) and (b) indicate the melting 

degrees at which sulfide is consumed for a mantle with certain amount of S. Also included (horizontal 

bands) for reference are plausible melt fractions that the Martian meteorites and different surface basalts 

may represent (e.g.  Agee and Draper, 2004; Filiberto and Dasgupta, 2011; Kiefer, 2003; Musselwhite et 

al., 2006). 
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Table 3-1 Bulk S concentration of Martian meteorites measured in this study and previous studies 

Name         Bulk S (ppm) and referencesa Petrology Possible cumulate fractions (%) and references 

This Study 

Zagami 1954 ± 91 This study basaltic shergottite ~33 - 45 
McCoy et al. (1999);  

Stolper and McSween (1979) 

NWA856 1584 ± 10 This study basaltic shergottite ?  

Los Angeles 2865 ± 224 This study basaltic shergottite ~5 Rubin et al. (2000) 

NWA1068 1280 ± 48 This study Ol-phyric shergottite ~21 – 26 Filiberto and Dasgupta. (2011) 

Tissint 2120 ± 68 This study Ol-phyric shergottite ~8 – 24 Aoudjehane et al. (2012) 

Nakhla 690 ± 60 This study Nakhlite(clinopyroxenite) ~75 – 85 Treiman (2005) 

NWA998 253 ± 42 This study Nakhlite(clinopyroxenite) ~85 Treiman (2005) 

Previous Studies 

Zagami 960 

1850 

Franz et al. 2014 

Gibson et al. 1985 
basaltic shergottite ~33 - 45 

McCoy et al. (1999);  

Stolper and McSween (1979) 

Los Angeles 1510 Franz et al. (2014) basaltic shergottite ~5 Rubin et al. (2000) 

Shergotty 1300 ± 800 

       1243 

Lodders (1998)b 

Franz et al. (2014) 
basaltic shergottite ~17 

Hale et al. (1999);  

Stolper and McSween (1979) 

EET79001B 1930 ± 20 

576 

Lodders (1998) 

Franz et al. (2014) 
basaltic shergottite ~5 McSween and Jarosewich (1983) 

NWA5298 465 Franz et al. (2014) basaltic shergottite ~35 Hui et al. (2011) 

Dhofar019 1630 Franz et al. (2014) basaltic shergottite 18-22 Filiberto and Dasgupta (2011) 

QUE94201 806 Franz et al. (2014) basaltic shergottite 0 McSween et al. (1996) 

DaG476 2700 

916 

Zipfel et al. 2000 

Franz et al. (2014) 
Ol-phyric shergottite 30-34 Filiberto and Dasgupta. (2011) 

LAR06319 950 

1297 

Sarbadhikari et al. (2009) 

Franz et al. (2014) 
Ol-phyric shergottite ~11 Filiberto and Dasgupta. (2011) 

RBT04261 1048 Franz et al. (2014) Ol-phyric shergottite 38-52 Filiberto and Dasgupta. (2011) 

NWA2990 669 Franz et al. (2014) Ol-phyric shergottite 1-2 Filiberto and Dasgupta. (2011) 

NWA5990 2433 Franz et al. (2014) Ol-phyric shergottite ~16-29 Irving and Kuehner (2010) 

NWA5789 408 Franz et al. (2014) Ol-phyric shergottite 0-1 Filiberto and Dasgupta. (2011) 

SaU005 1522 Franz et al. (2014) Ol-phyric shergottite ~32-38 Filiberto and Dasgupta. (2011) 

Yamato 

980459 

560 

1650 ± 320 

Franz et al. (2014) 

Shirai and Ebihara (2004) 
Ol-phyric shergottite ~3-7 Filiberto and Dasgupta. (2011) 

Tissint 2053 

1875 

Aoudjehane et al. (2012) 

Franz et al. (2014) 
Ol-phyric shergottite ~8 – 24 Aoudjehane et al. (2012) 
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EET79001A 2100 ± 700 

1071 

Lodders (1998) 

Franz et al. (2014) 
Ol-phyric shergottite ~17 McSween and Jarosewich (1983) 

Nakhla 260 ± 80 Lodders (1998) Nakhlite(clinopyroxenite) ~75 – 85 Treiman (2005) 

Lafayette 420, 390 Gibson et al. (1985) Nakhlite(clinopyroxenite) ~70 – 85 Treiman (2005) 

NWA998 64 Franz et al. (2014) Nakhlite(clinopyroxenite) ~85 Treiman (2005) 

Y000593 34 Franz et al. (2014) Nakhlite(clinopyroxenite) ~85 Shirai et al. (2002) 

MIL03346 1287 Franz et al. (2014) Nakhlite(clinopyroxenite) ~80 Day et al. (2006);  

Mikouchi et al. (2005)  

MIL090030c 837 Franz et al. (2014) Nakhlite(clinopyroxenite)   

MIL090032c 984 Franz et al. (2014) Nakhlite(clinopyroxenite)   

MIL090136c 927 Franz et al. (2014) Nakhlite(clinopyroxenite)   

NWA6148c 81 Franz et al. (2014) Nakhlite(clinopyroxenite)   

LEW88516 950  Dreibus et al. (1992) Lherzolitic shergottite ~87 Treiman et al. (1994) 

ALH77005 510 ± 200 

726 

Lodders (1998) 

Franz et al. (2014) 
Lherzolitic shergottite ~92 Papike et al. (2009) 

Chassigny 260 ± 130 

67 

Lodders (1998) 

Franz et al. (2014) 
Dunite ~99 Floran et al. (1978) 

ALH84001 110 ± 10 

103 

Dreibus et al. (1994) 

Franz et al. (2014) 
Orthopyroxenite ~98 Mittlefehldt (1994) 
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Chapter 4  

The fate of sulfide during decompression melting of peridotite – implications for sulfur 

inventory of MORB and the Earth’s depleted upper mantle 

ABSTRACT 

Magmatism at mid ocean ridges is one of the main pathways of S outflux from deep Earth to the 

surface reservoirs and is a critical step in the global sulfur cycle, yet no framework exists to fully 

model the extraction of sulfur from a sulfide-bearing mantle during partial melting. In order to 

constrain the sulfur budget of the mantle, and sulfur and chalcophile element systematics of 

primitive MORBs, here we developed a model to describe the behavior of sulfide and Cu during 

decompression melting by combining the pMELTS thermodynamic model and empirical sulfur 

contents at sulfide concentration (SCSS) models, taking into account the effect of the presence of 

Ni and Cu in sulfides on SCSS of mantle-derived melts. Calculation of SCSS along melting 

adiabat at mantle potential temperature of 1380°C with variable initial S content in the mantle 

indicates that the complete consumption or partial survival of sulfide in the melting residue 

depends on initial S content and degree of melting. Primitive MORBs (Mg#>60) with S and Cu 

mostly concentrated in 800-1000 ppm and 80-120 ppm  are likely mixture of sulfide 

undersaturated high degree melts and sulfide saturated low degree melts derived from depleted 

peridotite containing 100-200 ppm S. Model calculations to capture the effects of variable mantle 

potential temperatures (1280-1420 °C) indicate that for a given abundance of sulfide in the 

mantle, hotter mantle consumes sulfide more efficiently than colder mantle owing to the effect of 

temperature in enhancing sulfide solubility in silicate melt, and higher mantle temperature 

stabilizing partial melt with higher FeO* and lower SiO2 and Al2O3, all of which generally 

enhance sulfide solubility. However, sulfide can still be exhausted by ~10-15% melting with 
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bulk S of 100-150 ppm in the mantle when TP is as low as 1300 °C.  We also show that although 

variation of  /  and initial Cu in the mantle can all affect the Cu concentration of 

primitive MORBs, 100-200 ppm S in the MORB source mantle can satisfy both S and Cu 

geochemistry of partial melts parental to ocean floor basalts.  

1. INTRODUCTION 

Sulfur (S) is one of the major magmatic volatiles and plays an important role in the 

planetary differentiation, elemental partitioning, volcanism, and long to short term habitability of 

the planetary surficial environment. In particular, S in the deep Earth has bearing on the early 

accretion and core formation process (e.g., Dasgupta et al., 2009; Fei et al., 1997; Labidi et al., 

2013; Wood and Halliday, 2005), storage and distribution of chalcophile and siderophile 

elements (e.g., Li and Agee, 2001, 1996; Li and Audétat, 2012) and other key volatile  such as 

carbon (Tsuno and Dasgupta, 2015), and potentially buffering the canonical Nd/Pb ratio in 

MORB and OIB (e.g., Hart and Gaetani, 2016, 2006). Yet the constraints on the S budget of the 

upper mantle are limited and come from very different assumptions and approaches. First, 

estimates based on peridotite xenoliths vary from <10 to >300 ppm and might not be 

representative of S content of the mantle as S in xenoliths could be affected by metasomatic 

processes (e.g., Lorand and Luguet, 2016). Moreover, estimates from global MORB 

geochemistry, though may yield narrower range of 100-300 ppm, are often based on 

fundamentally different assumptions. For example, many studies used constancy of S/Dy ratio in 

MORBs to obtain the S content of the source  (Saal et al., 2002; Vincent J M Salters and Stracke, 

2004; Shimizu et al., 2016); this assumes that sulfur behaves as an incompatible element during 

mantle melting similar to Dy, which can happen if sulfide is absent or exhausted by melting. 

Nielsen et al. (2014), on the other hand, obtained mantle sulfur abundance using a constant Ce/Tl 
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ratio in global MORBs, to argue that both clinopyroxene and sulfide are present in a constant 

ratio through melting interval. Although chalcophile elements are commonly used to constrain 

the behavior of sulfur during partial melting (e.g. Le Roux et al., 2015; Nielsen et al., 2014), 

covariation of S and chalcophile elements concentration in the orogenic lherzolites and other 

primitive upper mantle (PUM) related S-rich xenoliths (Harvey et al., 2016; Lorand and Luguet, 

2016) demonstrate that the budget of chalcophile elements (e.g., Cu, Se) covary strongly with S 

inventory of the mantle. But no study thoroughly tracked the fate of sulfur and chalcophile 

elements together through melting of a sulfide-bearing mantle, taking into account that the 

mantle domains with elevated S likely also has elevated abundance of chalcophile elements.  

Magmatism in mid-ocean ridges is the main pathway of S from the Earth’s depleted 

mantle (DM) to the surficial reservoir. Compared to the sub-aerial lavas, S degassing is inhibited 

in mid ocean ridge basalts (MORBs) both by its water poor nature and the high eruption 

pressures beneath the ocean (Saal et al., 2002; Wallace and Edmonds, 2011). Therefore, S 

signature of primitive MORBs could potentially provide insights into S budget of the DM and 

the main outflux of S from the Earth’s mantle. However, in order to assess what information S 

budget of primitive MORBs may provide about the mantle S inventory, it is necessary to 

understand in detail how S behaves during melting in the Earth’s upper mantle.  

  In this study, we first compiled S, major elements and other related trace elements 

geochemistry of MORBs from previous studies. Then we coupled thermodynamic calculations of 

isentropic decompression melting (Ghiorso et al., 2002) with existing sulfur solubility models to 

track the S contents in the partial melt and the mode of residual sulfide in the mantle source of 

variable sulfur content as a function of melting. We also, modeled the fractionation of Cu, a 

chalcophile element whose partitioning behavior among various mantle phases including sulfide 
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during partial melting is better known compared to others. The behavior of Cu was modeled 

assuming both a fixed value of source Cu content, independent of sulfur heterogeneity in the 

source and a coupled variation of Cu and S source abundances to see whether an internally 

consistent set of inferences can be reached about the geochemistry of S and Cu in partial melt 

parental to MORB and the DM. The goals of this study is to (1) construct the framework to 

constrain the fate of S and Cu during isentropic decompression melting of a sulfide-bearing 

depleted upper mantle peridotite as a function of bulk mantle S content and mantle potential 

temperatures; and (2) by comparing compiled S of less differentiated MORBs (Mg#>60) to the 

modeling results, to estimate the S abundance in MORB source mantle.  

2. DATA COMPILATION AND OBSERVATIONS 

S, Cu, Se and major elements data of a total of 425 basalts from ocean ridges and fracture 

zones were considered from Pacific, Atlantic and Indian ocean basins (Jenner and O’Neill, 2012; 

Labidi et al., 2014; le Roux et al., 2006; Shimizu et al., 2016; Yi et al., 2000). For each sample, 

S, major elements and related trace elements, if available, are obtained in the same basaltic glass. 

Compositional systematics of the compiled data are plotted in Fig.1 and Fig.2. Only major 

elements and S are plotted if Cu and Se data are not available (e.g., samples from Pacific-

Antarctic Ridge by Labidi et al., 2014, NEPR by le Roux et al., 2006, and Indian Ocean 

spreading ridge by Yi et al., 2000). Though S in the MORB is generally less degassed as 

described before, low solubility of CO2 in basaltic magma can still result in significant CO2 

degassing during magma ascent (Dixon et al., 1995). At low pressure (>1.5 kbars), partition 

coefficient of S between vapor and silicate melt can dramatically increase from 10 to 1000 with 

decreasing pressure (e.g., Webster and Botcharnikov, 2011). Thus, S concentration of basaltic 

melt would be affected if the melt is in equilibrium with abundant CO2-H2O vapor at pressures 
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lower than 1.5 kbars. By comparing Psat (CO2-H2O fluid saturation pressure) and Pcoll (pressure of 

sample collection) from Shimizu et al. (2016), we are able to identify some vapor undersaturated 

samples from this study, which are highlighted in red in Fig.1and Fig. 2. Figures 1 and 2 show 

that the S concentration of vapor undersaturated samples are in the same range as the other 

samples at similar MgO contents. Therefore, we argue that the effect of S partitioning to the 

vapor phase in lowering the S content of the primitive MORB glasses is relatively minor.  

S concentration in minimally degassed MORBs is limited by S solubility in the basaltic 

melt. Previous experimental studies on S solubility in basaltic melt have shown that S solubility 

in the silicate melt is determined by pressure (P), temperature (T), melt composition and oxygen 

fugacity (fO2) (e.g., Fortin et al., 2015; Wykes et al., 2014; Holzheid and Grove, 2002; Jugo et 

al., 2010; Li and Ripley, 2005; Liu et al., 2007; Mavrogenes and O’Neill, 1999; Wallace and 

Carmichael, 1992). Based on the fO2 of transition from sulfide (S2- in melt or stability of 

monosulfide solid solution or sulfide melt) to sulfate (S6+ in melt or stability of anhydrite or 

sulfate melt) (e.g, Jugo et al., 2010; Jégo and Dasgupta, 2014), which yields values in the range 

of logfO2 of ≥FMQ+1, and the fO2 estimates of MORB source regions, i.e., logfO2<FMQ (e.g., 

Bézos and Humler, 2005), S solubility in basaltic melt can be estimated by S contents at sulfide 

saturation (SCSS). However, even at sulfide saturation, melt compositional change, especially an 

increase of  FeO* contents, during fractional crystallization can increase SCSS significantly (e.g., 

Wykes et al., 2014). Fig. 1a and Fig. 2b display a positive correlation between S and FeO* 

concentration, which is a key feature of S geochemistry of MORBs. Based on the presence of the 

immiscible sulfide globules in MORB glasses (Mathez, 1976) and the positive correlation 

between S and FeO* concentration at Mg# ( ×100 in mole) of 40-70 (Fig. 1a, 1b), 

MORBs are known to be sulfide saturated (Wallace and Carmichael, 1992; Wallace and 
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Edmonds, 2011). If all MORBs, including the primitive MORBs are sulfide-saturated, the sulfur 

content of MORBs may only provide a lower bound on the sulfide abundance of the mantle 

source. On the other hand, if some of the primitive MORBs and in particular partial melts that 

are parental to all MORBs are sulfide undersaturated, then its sulfur budget of such samples may 

be used to quantify the sulfur content of the MORB source. Based on comparisons between 

calculated SCSS values and S concentration in melt inclusions and glasses from Siqueiros and 

North East Pacific Rise, Saal et al. (2002) and Shimizu et al. (2016) suggest that MORBs are 

sulfide undersaturated, and the sulfide blebs in MORBs might be products of quench effects, 

magma mixing, crustal assimilation, etc. (Shimizu et al., 2016). Fig. 2 shows such comparison 

between MORB data at MgO 5-10 wt.% (same data as in Fig. a) and calculated SCSS along LLD 

using different SCSS models applicable to the pressure, temperature, and melt compositional 

range relevant for fractional crystallization (Ariskin et al., 2013; Fortin et al., 2015; Li and 

Ripley, 2009, 2005; Wallace and Carmichael, 1992). Equations for all the available SCSS 

models, including the ones used in Fig. 2, and their calibration pressure, temperature, and 

composition range are listed in Supplementary Table 1. Melt composition evolution with 

decreasing temperature is calculated using MELTS (Asimow and Ghiorso, 1998; Ghiorso and 

Sack, 1995) at 600 bars. One of the melt inclusion compositions (Siq1-6) reported and corrected 

to be equilibrium with mantle with Fo90 by Saal et al. (2002) serves as the primary melt in 

MELTS calculation simulating fractional crystallization of MORBs. Fig. 2a shows that evolution 

of FeO* contents along LLD match the MORB data trend well. As can be seen in Fig. 2b, S 

concentrations in the least differentiated MORBs are lower than all the calculated SCSS of the 

primitive melt (brown box in Fig. 2b). In particular, the dark blue triangle inside the brown box 

is calculated by COMAGMAT 5.2.1 Ariskin et al. (2013), which incorporates effects of Fe/Ni 
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variations in silicate melts and coexisting sulfides on the SCSS. Thus, 0.05 wt.% NiO is assumed 

in the silicate melt. Therefore, not only the SCSS models that are calibrated chiefly using basalt-

FeS melt equilibria yield SCSS values higher than primitive MORBs but also the one that took 

into account the effect of the presence of Ni in sulfide melts (Ariskin et al., 2013). Predicted 

SCSS of the primitive melt from Mavrogenes and O’Neill (1999) is also plotted within the range 

(black circle); however, because the model of Mavrogenes and O’Neill (1999) is calibrated at 

higher pressures (≥ 0.5 ), we only applied it to the decompression melting process, which 

will be presented afterwards. Along the liquid line of descent, as MgO decreases, most SCSS 

models do not match the S-MgO trend defined by MORB data. Model curve, calculated from 

Wallace and Carmichael (1992) starts lower than MORB values and captures the trend in the 

MORB data (dashed purple curve in Fig. 2b) when applied logfS2 of -2 to 1 with temperature 

decreasing from 1260 to 1050 °C, and fO2 buffered at FMQ. However, the results of Wallace and 

Carmichael (1992) do not directly predict sulfide saturation of MORBs since logfS2 used here 

was back calculated by Wallace and Carmichael (1992) using the measured S and Fe2+/Fe of 

MORBs as inputs. The model of Ariskin et al. (2013) with compositions from MAR and QDG at 

liquidus temperatures and 1 atm, however, captures the MORB data trend well. But again we 

note that this model is also calibrated using both experimental and natural MORB data. Fig. 2c 

displays the positive covariation of S and FeO* of compiled MORB data and results from SCSS 

empirical models. Most of the SCSS models employed do not yield monotonically increasing S 

in MORBs as FeO* increases, because during fractional crystallization SCSS is not only affected 

by increasing FeO*, but also by decreasing temperature, and to less extent, change of other major 

elements (Supplementary Table 1). Only results from Ariskin et al. (2013) match the MORB 

trend. The success of Ariskin et al. (2013) model in matching S trends along LLD as well as the 
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mismatch displayed by most other Ni-free SCSS models suggest effects of Ni, Cu and potentially 

other chalcophile elements (e.g., Au) in the crystallizing silicate melt and coexisting sulfides 

should be not be ignored; and existing SCSS models need to be revised accordingly. However, 

the calculated SCSS of the primitive MORBs being higher than the S contents in MORB with the 

highest MgO still highlights the possibility that partial melts parental to some MORBs may be 

sulfide undersaturated. The discussion of sulfide undersaturation of partial melts parental to 

MORB also requires another consideration and that is how does the sulfide undersaturation 

happen. On the one hand, Mavrogenes and O’Neill (1999) argues that primitive melts are sulfide 

saturated in the mantle source and achieve sulfide undersaturation because of the negative 

pressure effect on SCSS. On the other hand, estimate of S abundance in the mantle using S/Dy 

ratio (Saal et al., 2002; Shimizu et al., 2016) may also be achieved by consumption of sulfide 

during mantle melting 

The fate of sulfide during magmatic processes can also be constrained from chalcophile 

elements in MORBs (Le Roux et al., 2015; Lee et al., 2012; Nielsen et al., 2014). Decreasing Cu 

displayed by Fig. 1c and decreasing Cu/Se ratio as Mg# decreases from 70 to 40 are commonly 

interpreted as a sign of sulfide saturation of MORBs due to the strong to intermediate 

chalcophile nature of Cu and Se, respectively (e.g., /  =900-1340, Li and Audétat, 

2012; Patten et al., 2013; / =345±37, Patten et al., 2013). Geochemical mass balance 

calculations also show that the presence of sulfide in the mantle during partial melting is 

necessary to reproduce the abundances of several chalcophile elements (Cu, Tl, Pb, etc., Hart and 

Gaetani, 2016; Le Roux et al., 2015; Nielsen et al., 2014) in melts. However, even these studies 

cannot discriminate between the presence of sulfide phases throughout the entire melting interval 
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or potential exhaustion of sulfide during high degree mantle melting that may be achieved at 

least at fast spreading ridges and ridges with hotter mantle potential temperatures.  

One of the potential issues in using MORB geochemistry to constrain the fate of sulfide 

during mantle melting is that most MORBs have experienced extensive fractional crystallization 

during which both S contents in the melt and the SCSS change significantly. Sulfide saturation of 

differentiated MORBs, if it happens for example, because of cooling, cannot provide direct 

information on whether mantle-derived melts parental to MORBs are sulfide saturated unless 

effects of fractional crystallization ± sulfide precipitation are considered accurately. To 

circumvent the problem, instead of using all the available data of differentiated ocean floor 

basalts, here we attempt to explain the S and Cu abundances of less differentiated MORBs (e.g., 

Mg# >60). Owing to the paucity of primitive MORB data, a range of 800-1200 ppm for S and 

80-120 ppm for Cu defined by Mg#> 60 (Fig. 1b and 1e) are taken as the reference S and Cu 

concentrations. Cu concentration or Cu/Se ratio in the less differentiated basaltic glasses does not 

show systematic decrease with decreasing Mg#, which would be expected if all of them are 

sulfide saturated(Fig. 1d and 1e). These geochemical observations from high-Mg# basalts are in 

the agreement with previous suggestions based on S contents and constant S/Dy ratio of melt 

inclusions and MORBs glasses (Le Roux et al., 2006; Saal et al., 2002; Shimizu et al., 2016), 

supporting sulfide undersaturation of some primitive MORBs. However, as pointed out before, it 

remains unclear how sulfide-undersaturated melts parental to primitive MORB are generated. If 

the mode of sulfide of the DM is low enough and the SCSS is high enough, sulfide may be 

exhausted after a certain degree of melting, while MORBs generated by degree of melting lower 

than that keep the mantle residue sulfide-bearing. Alternatively, MORB source mantle may 

remain sulfide-bearing throughout the entire melting triangle but average MORB extracted from 
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depths may become undersaturated in sulfide by decompression to crustal depths as proposed by 

Mavrogenes and O’Neill (1999) and Holzheid and Grove (2002). Though petrographic evidence 

of residual sulfide after MORB extraction in abyssal peridotites are reported (e.g., Alard et al., 

2000; Burton et al., 2012; Luguet et al., 2003), extremely low sulfide mode in some refractory 

harzburgites indicates sulfide consumption (e.g., Luguet et al., 2003). Moreover, sulfides present 

in the abyssal peridotites are not necessarily residual sulfides from partial melting. It could also 

be results from refertilization process by incremental melts to the surface (Luguet et al., 2003) or 

hydrothermal processes (Alard et al., 2000; Lorand and Luguet, 2016). The exhaustion of mantle 

sulfide by decompression melting or survival through the highest degree of melting have 

implications for the sulfur budget of the unmelted mantle source and thus, is critical for the 

Earth’s deep sulfur cycle. Furthermore, any model that tracks the sulfur solubility and 

concentration in mantle-derived basalts needs to reconcile with the chalcophile element 

geochemistry of basalts. However, no study exists that includes the behavior of sulfur during 

adiabatic decompression melting of the peridotitic mantle, and attempts to reconcile the sulfur 

and chalcophile element geochemistry of parental MORB melts. In this paper we model the fate 

of sulfide and a chalcophile element, Cu during decompression melting process applicable to 

mid-ocean ridges. 

3. Modeling Approach 

In order to model the evolution of S concentration in partial melts of peridotite along a 

decompression melting path, we combined pMELTS thermodynamic calculations with empirical 

models of sulfur contents of basaltic melts at sulfide saturation (SCSS) from previous 

experimental studies following the procedure outlined in Ding et al. (2015). In the following 

sections, we briefly describe the conditions used for pMELTS calculations for MORB 
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generation, and the choice of SCSS models appropriate for our purpose. All the models evaluated 

in the following are listed in Supplementary Table 1. 

3.1. pMELTS calculation 

Major element compositional evolution of mantle melt during decompression melting 

was calculated using alphaMELTS 1.2 (Smith and Asimow, 2005), a menu-driven interface of 

MELTS (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995) and pMELTS (Ghiorso et al., 

2002). Major elements of depleted MORB mantle (DMM) from Workman and Hart (2005) was 

employed as bulk mantle composition assuming Fe2O3 content is 0.191 wt.% (Fe3+/Fe of 

0.023). The depth of first melting was constrained based on the nominally volatile-free peridotite 

solidus (from pMELTS calculations) and the mantle potential temperature (TP) varying between 

1280 to 1420 °C, based on various estimates of MORB source mantle TP (Herzberg et al., 2007; 

Lee et al., 2009; Priestley and McKenzie, 2006; Putirka, 2005). We also calculated the primary 

magma compositions of MORBs with >8.5 wt.% MgO, i.e., the samples for which olivine-only 

fractionation is valid and whose sulfur data were available to compare with our models. Primary 

magma compositions were obtained by adding back olivine to the primitive MORBs until they 

are in equilibrium with a mantle with Fo90 olivine. Forty five such MORB samples from East 

Pacific Rise (EPR) Mid-Atlantic Ridges (MAR), and Indian Ridge (IR) yield temperatures of 

final melt-mantle equilibration of ~1320-1450 °C (Fig. 3), suggesting that TP of 1350-1380 °C 

may be most relevant for our discussion. Therefore, we subsequently present our calculations 

mostly for these TPs. At a given mantle potential temperature, isentropic, near-fractional, 

decompression melting model is used and major element composition of aggregate melt is 

obtained in a 2-D passive triangular melting regime as a function of pressure, temperature and 

degree of melting. Oxygen fugacity, fO2, along decompression melting is controlled by Fe3+/Fe 
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change in the melt during melting process. In Fig. 3, we show a melting adiabat for TP  = 1380 

°C. As degree of melting increases from 0 to 25%, the pressure decreases from 2.1 GPa to near 

surface, temperature decreases from 1400 to ~1260 °C, partial melt FeO* content decreases from 

~10.0 to ~7.8 wt.%, and MgO content decreases from 16.3 to 14.2 wt.% (Fig. 2b). The pressure, 

temperature, and aggregated melt compositions computed using the pMELTS algorithm were 

used in the SCSS calculations, described below.  

3.2.Choice of SCSS parameterization 

Calculation of SCSS of partial melt along a melting path is essential in modeling the 

behavior of S as sulfide and in turn chalcophile elements. Therefore, the choice of SCSS 

parameterization is critical. There are two approaches to modeling SCSS, thermodynamic 

modeling (Moretti and Baker, 2008), and empirical parameterization based on a thermodynamic 

framework (e.g., Ariskin et al., 2013; Fortin et al., 2015; Li and Ripley, 2009, 2005; Liu et al., 

2007; Mavrogenes and O’Neill, 1999). Currently there is only one thermodynamic model 

describing sulfide dissolution in basaltic melt (Moretti and Baker, 2008), which is only 

applicable to temperature of 1400°C. Empirical models derived from sulfide-saturated basaltic 

melt experiments can be applied to a wide range of P, T, and melt composition, but only provide 

reliable predictions if applied to P, T, and melt compositional range similar to the model 

calibration data set (Supplementary Table 1). Therefore, it is important to choose an appropriate 

model that gives good prediction within P-T conditions of decompression melting of DM. Fig. 4 

displays the model comparison only using SCSS experiments that lie within the P, T and silicate 

melt compositions applied to MORB generation (Holzheid and Grove, 2002; Liu et al., 2007; 

Mavrogenes and O’Neill, 1999). SCSS experimental data used for comparison are listed in 

Supplementary Table 2. The accuracy of the predictions for several different SCSS models (e.g., 
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Ariskin et al., 2013; Fortin et al., 2015; Li and Ripley, 2009, 2005; Liu et al., 2007; Mavrogenes 

and O’Neill, 1999) is evaluated by the relative difference between modeled and measured SCSS 

and the root-mean square deviation (RMSD) defined as: 

=
∑ ( )

     (Eqn. 1) 

As shown in Fig. 4, the model of Fortin et al. (2015) yielded the best predicted results and 

smallest RMSD although for all models there may be significant uncertainty compared to the 

measured SCSS values. Among all the SCSS models, the one from Fortin et al. (2015) is the 

most recent one, which is calibrated using a broad range of anhydrous and hydrous melt 

compositions at P-T conditions applicable to MORB mantle’s decompression melting.  

Another key consideration in applying existing empirical SCSS models to mantle partial 

melting is the fact that the composition of the molten sulfide phase in the peridotitic mantle is Ni 

and Cu bearing. Both Ni-poor monosulfide solid solution (MSS, <10 wt.% Ni, e.g., Alard et al., 

2000; Luguet et al., 2003; Shaw1, 1997) and Ni-rich (010-30 wt.%), Fe (~40 wt.%) and Cu (<10 

wt.%)-poor MSS (e.g. Guo et al., 1999; Liu et al., 2010) have been reported as lherzolite-hosted 

sulfide. However, SCSS calibrations are based mostly on experiments where the molten sulfide 

is Fe-S±O alloy, and FeS activity (aFeS) in the sulfide phase is assumed to be equal to or very 

close to 1. aFeS in natural, peridotite-hosted sulfide melt must, however, be lower than 1 because 

of the presence of Ni and Cu,  which could lower the SCSS values (Ariskin et al., 2013; Kiseeva 

and Wood, 2015; Wykes et al., 2014). Therefore the question becomes whether any of the 

current SCSS models capture the sulfur content of peridotite-derived partial melts that are 

equilibrated with Fe-Ni-Cu-sulfides. Although most SCSS models are based on FeS-equilibrated 

basalts, a number of experimental studies on chalcophile element partitioning employed sulfide 
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compositions that are Cu and Ni-bearing and also reported S content of silicate melts (Gaetani 

and Grove, 1997; Kiseeva and Wood, 2015; Li and Agee, 1996; Li and Audétat, 2013, 2012; 

Ripley et al., 2002; Wood and Kiseeva, 2015). In Fig. 5 we compare the predictions from the 

existing SCSS models with the measured S content in the silicate melt from these experiments, 

as a function of the Ni and Cu content of the sulfide melts. Only chalcophile element partitioning 

experiments with MORB-like FeO* and SiO2 composition (5-15 wt.% and <55 wt.%, 

respectively) are used; experiments with extremely high temperature (> 1650 °C) are also 

excluded (Supplementary Table 3). It can be seen in Fig. 4a that relative error grows larger than 

50% when Fe concentration in the sulfide is lower than 40 wt.%. In this panel, each data point is 

grouped by their Ni contents in the sulfide melt, which indicates that SCSS values may be 

significantly lower for basalts in equilibrium with Ni-rich (>35 wt.% Ni) sulfide melts (Fig. 5b 

and 5c). Data points in Fig. 5b and 5c are grouped in Cu and Au or Co contents, respectively. 

More than 10 wt.% Cu or >8 wt.% Au in sulfide melt can also result in significant lowering of 

SCSS values. For experiments with Fe, Ni and Cu contents in the range typical of sulfides in 

lherzolite mantle, the predictions from Ariskin et al. (2013) match the measured SCSS well 

within 20% for Ni content in the sulfides is less than 35 wt.%. Although the model of Ariskin et 

al. (2013) provides the best predictions in the Ni-bearing experiments, the application of NiS part 

of their model is only calibrated up to 1.4 GPa (Supplementary Table 2), and almost half of the 

experiments in the calibration dataset are done at 1atm. This likely explains the under predictions 

of the Ariskin et al. (2013) model in Fig. 4 when applied to SCSS experiments at >1 GPa 

(Supplementary Table 1). In Fig. 5d, SCSS from different models are plotted versus measured 

SCSS using the same experimental data. All the data are color coded by Fe contents in the 

sulfide liquid in the experiment as an index of the sulfide composition. Most predicted data from 
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Fortin et al. (2015) and Ariskin et al. (2013) with sulfide Fe contents of 40-70 wt.%, relevant to 

natural sulfide phases in the mantle, are plotted within 20% difference from the measured values. 

Based on this comparison and those presented in Fig. 4, we decided to use the SCSS model from 

Fortin et al. (2015) and Ariskin et al. (2013) as the most applicable empirical model for modeling 

SCSS during MORB generation. However, we will still return to discuss the model dependence 

of our results in one of the discussion sections.  

4. SULFUR AND COPPER CONTENT OF MELTS DURING ADIABATIC 

DECOMPRESSION MELTING OF PERIDOTITE – THE MODEL FRAMEWORK 

In Fig. 6a SCSS of partial melt change along the melting adiabat corresponding to TP = 

1380°C is shown. As degree of melting increases with decreasing pressure, SCSS of the 

accumulated melts decrease, mainly due to the decreasing temperature and melt FeO* contents 

(Fig. 3). With increasing melt fraction, the partial melting produces sulfide bearing peridotite 

residues (with less and less sulfide mode) and sulfide saturated accumulated melt, as long as the 

initial sulfide mode is high enough and/or SCSS is low enough to not consume all the sulfides. 

Before residual sulfide is exhausted, S content in the melt is equal to SCSS. If sulfide gets 

exhausted, subsequent incremental melt becomes S-free and S content in the aggregated melt 

decreases by dilution as more melt is produced (Fig. 6a). Therefore, S content in the partial melts 

depends on two factors: S abundances in the peridotite mantle source, which in turn controls the 

mass fractions of sulfide, and the degree of partial melting. For simplicity, we assume that 

mantle sulfides have a fixed S content of 38 wt.%. For example, as shown in Fig 6a, for 300 ppm 

bulk S in the subsolidus peridotite, sulfide is not exhausted until 15 wt.% melting and S in the 15 

wt.% aggregate melt is very close to SCSS of ~1800 ppm; however, for 50 ppm bulk S in the 

subsolidus peridotite, sulfide is exhausted within ~3% melting and S content in the 15 wt.% 
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aggregate melt is <500 ppm. For simplicity, we assume that S content of nominally S-free mantle 

silicate minerals are negligible when sulfide is present. However, we did consider that a small 

fraction of S may get held back in the nominally S-free silicate minerals after sulfide gets 

exhausted (e.g., Callegaro and Marzoli, 2015).Therefore, we modeled the change in S content of 

partial melts after sulfide exhaustion both by considering S as (a) a perfectly incompatible 

element, and (b) an incompatible element with a finite partition coefficient. Detailed partition 

coefficients of S between silicate melt and silicate minerals are listed in Supplementary Table 4.  

To bring an additional constraint on the amount of sulfide in the mantle, we also 

calculated the evolution of Cu content in the accumulated melts as a function of melting of a S-

bearing peridotite source (Fig. 6b). Source Cu content firstly is taken to be  24 ppm (Wang and 

Becker, 2015). Cu concentration in the partial melt and residue is controlled by bulk partition 

coefficient, / . For conditions at which a sulfide phase is present in the residue, 

/  depends heavily on the abundance of sulfide, given Cu is highly chalcophile. In 

addition to the mode of sulfide and partition coefficient of Cu between sulfide and basaltic melt, 

the bulk behavior of Cu is also affected by its partitioning between the major silicate minerals 

and basaltic melt, and the abundance of the various mantle minerals during partial melting. 

Silicate mineral modes during decompression melting were calculated by pMELTS. In our 

calculation, we used experimentally determined / of 0.13,  / of 0.12, and 

/  of 0.09 from Le Roux et al. (2015). /   of 0.25 was taken from Liu et al. 

(2014) and /  of 1000 from Li and Audétat (2012) (Supplementary Table 4). 

Although we prefer the above set of partition coefficients for Cu, considering the fact that other 

values of Cu partition coefficients have also been suggested based on analyses of natural samples 
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in recent literature (Lee et al., 2012), we will further discuss the effects of different bulk 

partitioning of Cu on the sulfur budget of the mantle.  

During partial melting of peridotite with 50 to 300 ppm S and 24 ppm Cu, accumulated 

melts start with slightly to significantly richer in Cu compared to residue due to 

/ <1. With a decrease in the sulfide mode in the solid residue with progressive 

melting, Cu becomes more incompatible and Cu content in the accumulated melt increases (Fig. 

6b). A maximum Cu content in the melt is reached when all sulfide is exhausted from the 

residue, which happens at a very low F (<5 wt.%) if the bulk peridotite starts with low S 

abundances (e.g., 50 ppm S or 0.013 wt.% sulfide) to relatively high F (~15 wt.%) if subsolidus 

mantle contains relatively higher S abundances (e.g., 300 ppm S or 0.078.% sulfide). In our 

calculation, we find that the Cu content of the aggregate melt starts to decrease after the 

complete consumption of sulfide, but such decreasing trend is delayed a little (Fig. 6). This is 

because that right at the juncture of sulfide exhaustion, the effect of decreasing /  

from sulfide-present to sulfide-absent condition dominates the effect of increasing F. However, 

Cu content decreases afterwards owing to the similarly low /  but increasing F. 

Regardless of the initial S content, Cu content in the aggregated melt after sulfide exhaustion 

vary little because with increasing melting degree after sulfide exhaustion, all melts approach the 

bulk Cu of peridotite. In the discussion, we will consider a more realistic scenario where initial 

Cu abundance co-varies with initial S abundance in peridotite, i.e., with a fixed Cu/S ratio in the 

mantle. 
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5. DISCUSSION 

5.1. How much sulfur (as sulfide) in MORB source peridotite is needed to explain S and Cu in 

primitive MORBs? 

Model results in Fig.6 shows that at a given degree of melting, S concentration in the 

partial melt equals to SCSS before sulfide phase is exhausted, and decreases with increasing 

degree of melting after sulfide consumption with the values being controlled by the initial bulk S 

content of the peridotite source. Fig. 6 also shows that for degree of melting of 0-25 wt.%, 

calculated SCSS following the model of Fortin et al. (2015) at all depth-temperature conditions 

remains higher than the higher bound of 1000 ppm of the reference S concentration of primitive 

MORBs (Fig. 1). This suggests, in agreement with some previous suggestions (Fig.1 and 2; Saal 

et al., 2002; Shimizu et al., 2016), that primitive MORBs are sulfide undersaturated. But more 

importantly, the calculations in Fig. 6 shows that such sulfide undersaturation is achieved by 

exhaustion of sulfide during adiabatic decompression melting of peridotite. For example, for a 

peridotite mantle with TP = 1380 °C with 100 ppm initial S (0.026 wt.% sulfide) and 24 ppm 

initial Cu, sulfide in the mantle is consumed at 5% melting, and 10%-12% melting is needed to 

produce the reference S and Cu contents (800-1000 ppm S and 80-120 ppm S) of primitive 

MORBs; on the contrary, for a mantle with 200 ppm initial S (0.053wt.% sulfide) and 24 ppm 

Cu, sulfide is not consumed until 9 wt.% partial melting, and 18-22% melting is required to 

produce 1000 to 800 ppm S and 100-70 ppm Cu. Besides, Fig. 6 also suggests that in order to 

produce both S and Cu within the range of reference values, S content cannot be lower than 50 

ppm or higher than 250 ppm. Further, the degree of melting required (8-22%) to produce the 

reference values for both S and Cu largely overlapped with the estimated average to maximum 
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degree of melting of MORB, which in turn, brackets the plausible S concentration of 100-200 

ppm in MORB source.  

5.2. Dependence on SCSS models 

SCSS model predictions of basaltic melts along the melting adiabat of peridotite are a key 

factor in determining the fate of sulfide in the mantle. Although we already demonstrated before 

that the model of Fortin et al. (2015) produces the best match with experimental SCSS data at the 

conditions similar to MORB source mantle melting, we further test here how different our results 

would be if other models that allow calculation of SCSS as a function of P, T, and melt 

composition (Ariskin et al., 2013; Li and Ripley, 2009, 2005; Mavrogenes and O’Neill, 1999) 

are considered. Furthermore, as shown in Fig. 5, Ariskin et al. (2013) can capture the SCSS of 

Ni-bearing system with Ni<35 wt.% in the sulfide, we also test how different Ni contents within 

the broad range (0-30 wt.%) displayed by lherzolite xenoliths sulfides can affect our results. 

Results similar to that shown in Fig. 6a are shown in Fig. 7.In Fig. 7a, models from Li and 

Ripley (2005), Li and Ripley (2009), and Fortin et al. (2015) are compared, and in Fig. 7b, 

models from Mavrogenes and O’Neill (1999) designed for MORBs, and from Ariskin et al. 

(2013) with 0, 10 and 25 wt.% Ni in the sulfides are plotted. Because SCSS predicted by Liu et 

al. (2007) provide intermediate values between these SCSS values, we do not plot the results 

from this model for simplicity. In Fig.7a, Li and Ripley (2005) model gives the lowest SCSS 

along the entire melting adiabat with F up to 24 wt.%, while Fortin et al. (2015) gives the highest 

SCSS at low F and became lower than those predicted by the model of Li and Ripley (2009) at 

higher F. Both SCSS calculated from Li and Ripley (2009, 2005) first slightly increases as F 

increases, then gradually diminishes with increasing F. The similar trends shown by the two 
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different empirical models of Li and Ripley (2009, 2005) are likely due to the similar 

formulations used in both studies as shown below.  

= + + + ∑      (Eqn. 2) 

Instead, calculated SCSS from Fortin et al. (2015) decreases monotonically with increasing F 

along an adiabat, which is in part the result of an alternate formulation employed (Eqn. 2). 

Eqationn 2 produces a more temperature sensitive model at higher pressure, conditions at which 

melting degree is low.  

= + + + ∑                                                      (Eqn. 3) 

In Fig. 7b, SCSS from Mavrogenes and O’Neill (1999) increases from 1110 ppm to 1380 ppm as 

F increases. We note that this range is distinct from the calculation shown in Mavrogenes and 

O’Neill (1999), where SCSS increases from 385 ppm to 1075 ppm along an adiabatic melting 

path from 1350 °C at 5 GPa to 1200 °C at the surface (dT/dP = 30 °C/GPa). Consequently, they 

proposed that during adiabatic rise of a melt parcel, the melt would be sulfide saturated at its 

source but would arrive at the surface undersaturated due to the negative pressure effects. The 

difference between the two SCSS calculations is probably due to different melting adiabats used. 

The adiabatt used in Fig. 7 (from 2.1 GPa, ~1400 °C to ~1275 °C at the surface; Fig. 2) has 

higher T. Lower pressure and higher temperature lead to the SCSS in Fig.7b being higher than 

the calculation in Mavrogenes and O’Neill (1999).The last but not the least, Ni-free SCSS given 

by COMGAGT (v.5.2) from Ariskin et al. (2013) display similarly low SCSS as that of Li and 

Ripley (2005) and Mavrogenes and O’Neill (1999), and predicted even lower SCSS as Ni 

concentration in the sulfides increases from 0 to 25 wt.%. SCSS of the melt in equilibrium with 
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sulfides containing 25 wt.% Ni overlaps the edge of the reference S (800-1000ppm) given by 

primitive MORBs.  

Comparisons in Fig. 7, on the one hand, display that for a given melt in equilibrium with pure 

sulfides uprising along a fixed adiabat, modeled results can be 500-1000 ppm different between 

different SCSS models; furthermore, Ni and Cu, and potentially other chalcophile elements (e.g., 

Au) in the sulfides can depress SCSS as their concentration in the sulfides increases. On the 

other hand, regardless of different absolute values, all SCSS models compared here, at the entire 

range of F relevant for MORB generation, predict higher S abundances in silicate melts than 

observed in ‘reference’ MORBs. More specifically, all SCSS models that are calibrated based on 

equilibrium with pure FeS remain higher than the higher bound of reference S contents of 

primitive MORBs (1000 ppm), whereas calculated SCSS in equilibrium with sulfide containing 

25wt.% Ni  has similar to the higher bound of the ‘reference’ MORB S contents. Thus, the 

inference that some primitive MORBs and melts parental to MORBs are sulfide undersaturated 

is independent of the SCSS model used. As long as sulfide is exhausted, S contents in the 

aggregated melts is mainly determined by initial S and degree of melting. Though the exact F at 

which sulfide is exhausted with a given initial S in the mantle source varies slightly depending 

the choice of SCSS models, the inference that 100-200 ppm sulfur in the mantle can produce the 

S abundances of ‘reference’ MORBs by ~8-22 wt.% melting still remains valid. Despite the fact 

that model predictions mostly indicate sulfide exhaustion during decompression melting, further 

experiments, at high P-T, and with appropriate silicate melt and sulfide composition (Ni, Cu 

bearing) applicable for partial melting of sulfide-bearing peridotite are needed to refine the 

predictions. 
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5.3 Modeling Cu contents in MORBs – the role of bulk D and Cu/S ratio of the mantle 

Thus far all the calculations above are conducted by varying only source S contents with 

a fixed Cu content (24 ppm) in the mantle, however, this might not be the most realistic scenario. 

Because Cu is a chalcophile element, its abundance in the mantle is likely related to the mode of 

sulfide in the mantle. Indeed, sulfur and Cu correlates positively in S-rich peridotite xenoliths 

(Lorand and Luguet, 2016). Therefore, in Fig. 8a we present model Cu concentration in partial 

melts calculated from the same /  as above, where initial Cu with S contents 

covary with Cu/S=0.15, as suggested by Lorand and Luguet (2016) based on the Cu/S ratio 

displayed by fertile orogenic peridotites, which are less affected by weathering or hydrothermal 

activities. The key feature of Fig. 8a is that after sulfide exhaustion, Cu contents in the 

aggregated melt display significant difference as a result of different initial Cu contents 

according to S abundances. However, for F between 10 and 20%, 100 and 250 ppm still define 

the lower and upper bounds of possible S abundance in the peridotite source mantle.  

Though Cu is a highly incompatible element, partition coefficients of Cu between 

anhydrous mantle minerals, such as olivine, orthopyroxene, clinopyroxene, spinel, and garnet, 

and basaltic melt are obtained from both experiments (Liu et al., 2014) and between groundmass 

and phenocryst pairs in natural samples (Lee et al., 2012). Experimentally determined 

 /  are usually equivalent to or higher than the partition coefficients obtained 

from natural samples (Le Roux et al., 2015). Especially /  and /  from the 

experiments are distinctly higher than the values constrained from natural samples. Because 

olivine and orthopyroxene are dominant residual minerals during peridotite melting, the 

difference in / and /  can affect the modeling results significantly. If partition 

coefficients obtained between groundmass and minerals (Supplementary Table 4; Lee et al., 
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2012) are applied to the calculation with fixed original Cu abundance of 24 ppm, no internally 

consistent solution, which satisfies both S and Cu contents of the partial melts as compared to 

primitive, ‘reference’ MORBs, can be found. In this case Cu contents in the aggregated melts 

become much higher than 120 ppm after sulfide exhaustion owing to much smaller 

/  compared to previous calculations. If the lower mineral-melt D values for Cu, as 

constrained Lee et al. (2012) are more appropriate, the inconsistency between S and Cu 

calculations can be resolved by co-varying initial Cu abundances. Fig. 8b displays the results 

calculated from low /  (Lee et al., 2012) and different Cu contents that vary 

proportionately with sulfide abundances in the mantle. Fig. 8b shows that, when Cu/S ratio of the 

peridotite mantle is ~0.15, 100-200 ppm S in the mantle peridotite source (0.052-0.026 wt.% 

sulfide) satisfy the reference Cu contents in the primitive MORBs. Similar calculations were 

done by applying other SCSS models, for example that from Ariskin et al. (2013) with 25wt.% 

Ni in the sulfide, which showed that the estimate of S in the mantle source still stays. Notably 

MORB mantle S contents of 100-250 ppm is also in agreement with previous estimates of S 

contents of the depleted upper mantle (Nielsen et al., 2014; Saal et al., 2002; Shimizu et al., 

2016). Our calculation also suggests that future studies on chalcophile element mobility during 

mantle melting need to take into account that the strongly chalcophile element abundances are 

coupled to the mode of sulfide. 

4.4. The effects of mantle potential temperature variation 

Our modeling results suggest that explanation of S and Cu contents of primitive MORBs 

can be provided by exhaustion of sulfide by 10-22 wt.% decompression melting of a nominally-

volatile-free mantle peridotite irrespective of SCSS models chosen. We performed bulk of our 

calculations with TP of 1380 °C, which sets the onset of volatile-free peridotite melting at a depth 
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of 70 km. The choice of this TP was guided in part by the temperature estimates of the primitive 

MORBs for which we had sulfur data (Fig. 3) and also in part by the fact that most recent 

estimates of TPs relevant for MORB generation yielded temperatures in the range of 1340-1400 

°C (Ghiorso et al., 2002; Herzberg et al., 2007; Lee et al., 2009; Priestley and McKenzie, 2006; 

Putirka, 2005). However, one key consideration is that how dependent our conclusion is on the 

temperature of the MORB source mantle and how our bounds of mantle S budget change if a 

somewhat cooler or hotter mantle is considered. In Fig. 9, we show how the degree of melting 

required to exhaust sulfide from the mantle varies as a function of TP following the SCSS model 

from Fortin et al. (2015). In general, for a given abundance of sulfide in the mantle, lower extent 

of melting is required to exhaust sulfide for a hotter mantle (Fig. 9a). In other words, in order to 

produce a sulfide-undersaturated aggregate partial melt from a sulfide-enriched source, higher 

mantle potential temperature is required (Fig. 9b); and a relatively low mantle potential 

temperature can still exhaust sulfide in a less sulfide enriched source. This is because, higher TP 

causes onset of melting to occur at a higher temperature (at a deeper depth), which produces 

melts with higher FeO* and lower SiO2 and Al2O3 all of which contribute to higher SCSS 

displayed in Fig. 10a. The difference is most pronounced between TP = 1350°C and 1380°C 

given distinctly increased depth (1.7 to 2.1 GPa) of solidus and significantly increased FeO* in 

the partial melt. The key observation in Fig. 10, however, is that even for TP as low as 1320 °C, 

sulfide can be exhausted by ~7-11% decompression melting of peridotite with bulk S of 100-150 

ppm. The correlation between mantle potential and efficiency of sulfide consumption still holds 

if SCSS model from Ariskin et al. (2013) is applied, though the absolute values vary. In this 

case, if TP gets as low as 1320 °C, Ni-free sulfide can be exhausted by 9-15% melting of 

peridotite with bulk S of 100-150 ppm. However, SCSS of the partial melt in equilibrium with 
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sulfide containing 25 wt.% Ni can be <900 ppm, and 150 ppm S in the peridotite will not be 

exhausted until 19% decompression melting (Supplementary Fig. S1). In summary, on the one 

hand, the residual peridotite at top of the melting triangle for most spreading ridges with 

TP≥1350 °C likely preserve no sulfides and the average MORB derived from ~100-150 ppm S in 

the source should be sulfide undersaturated. On the other hand, this prediction is valid only if 

melting indeed continues all the way to the top of the melting triangle, which is mostly valid for 

fast spreading ridges. For slow spreading ridges where the top of the melting triangle may be 

truncated, sulfides could survive complete consumption by partial melting.  

5. CONCLUDING REMARKS 

Here we tracked the fate of sulfides and Cu during decompression melting of peridotite as 

a function of depth, temperature, and variable S contents in the Earth’s mantle. Comparison 

between our model results and reference S concentration in the primitive MORBs suggests that 

at TP=1380 °C, 10-22 wt.% of melting can exhaust 0.026 -0.053 wt.% sulfide (100-200 ppm S) 

in the mantle, and produce primitive MORBs with 800-1000 ppm S, taking into account the 

presence ≤25 wt.% Ni in the sulfide phase. In other words, with degree melting of 10-22%, 

which is consistent with the average to high-degree of MORB mantle melting, residual mantle 

could become sulfide-free. However, mantle parcels that undergo lower degree of melting 

remains sulfide bearing. Average MORBs in this case would be a mixture of melts derived from 

sulfide-free and sulfide-bearing mantle. This conclusion can also explain the lack of systematic 

change of Cu and Cu/Se observed in global MORBs with Mg#>60 (Fig. 1). However, attentions 

need to be given that variation of SCSS model, / , initial Cu in the mantle, and 

mantle potential temperature can all affect the S and Cu budgets of the mantle-derived melts. In 

particular, at a given mantle potential temperature, model results along a given melting adiabat 
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from different models produce SCSS values that are 500-1000 ppm different, and addition of 

different amounts of Ni in the sulfide phase lower SCSS variably. Therefore, in order to better 

understand the fate of sulfide and chalcophile elements during MORB generation from a given 

mantle source, further experiments using appropriate melt composition and sulfide composition, 

under relevant P-T conditions are required. Furthermore, the calculations on Cu displayed in this 

study suggest that future studies on partitioning of various chalcophile elements during mantle 

melting need to take into account the possibility of sulfide consumption during the melting 

process at least at fast spreading ridges where above solidus decompression continues to near 

surface depths.  
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Figure 4-1 Plots of MORB geochemistry systematics. Plots of S versus FeO* (a), S versus Mg# (b), and 

Cu versus Mg# (c) of mid ocean ridge basalt (MORB) glasses at Mg# between 40 and 70 could suggest 

sulfide saturation of differentiated MORBs. FeO* indicate total FeO. The lack of systematic variation of 

Cu (d) and Cu/Se (e) versus Mg# at Mg# between 60 and 70 on the other hand potentially suggests sulfide 

undersaturation of less differentiated MORBs and in particular for partial melts parental to primitive 

MORBs. Data marked in red represent samples that are believed to be CO2-H2O vapor undersaturated 

based on comparison between saturation pressure and sample collection pressure (Shimizu et al., 2016). 

Data sources: MAR (Mid Atlantic ridge), I&R (Central Indian ridge and Red sea), AR (Atlantic spreading 

ridge and fracture zone), and GSC (Galapagos spreading center), are from Jenner and O’Neill (2012); 

PSR (Pacific spreading ridge) are from Jenner and O’Neill (2012) and  Labidi et al. (2014); NEPR (North 

East Pacific Rise off-axis seamounts) are from Shimizu et al. (2016) and Le Roux et al. (2006); QDG 

(Quebrada-Discovery-GoFar transform fault) are from Shimizu et al. (2016). 
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Figure 4-2 Modeling of S behavior along frational crystallization of MORB. (a) Liquid line of descent 

(LLD) calculated using MELTS (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995) starting from a 

corrected primitive MORB composition (brown square), Siq1-6, from Saal et al. (2002) at 600 bars, 

fO2=FMQ. Calculated FeO* matches FeO* increase with decreasing MgO shown by MORB data (data 

sources in the caption of Fig.1.). Calculated results of other oxides change along LLD also match the 

MORB data well (not shown). Thin vertical lines mark the change in crystalizing assemblage along LLD. 

(b) SCSS of the primitive melt in equilibrium with the mantle calculated at liquidus temperature and 600 

bar by different SCSS mdoels (light brown box) suggest primitive MORB is likely sulfide undersaturated. 

To make sure that the higher SCSS values at high MgO predicted by all models is not because of the lack 

of incorporation of complex sulfide chemistry, also included is the dark blue triangle that is calculated by 

COMAGMAT (Ariskin et al., 2013), which takes into account the effect of Ni in equilibrium sulfide on 

SCSS (see text for details). Black circle is the result from Mavrogenes and O’Neill (1999) model. Since 

this model is calibrated at pressures ≥5 kbar, only predicted SCSS of the primitive melt in equilibrium 

with Fo90 is shown. As MgO decreases, SCSS change along LLD from other models are also calculated. 

Blue triangles lying along the MORB trend are results from COMAGMAT5.2 (Ariskin et al., 2013). 

Because Ariskin et al. (2013) model requires Ni content in the silicate melt as an input, major elements 

and NiO composition from MAR and QDG (data source in the caption of Fig.1) are used instead of melt 

composition shown in Fig. 2a. Liquidus temperatures and 1 atm are used for these calculation. The rest of 

the curves represent calculated SCSS using pressure, temperature, melt composition along LLD from 

MELTS. Red curve is calculated from Fortin et al. (2015), blue cruve from Li and Ripley (2009), and 

green curve from Li and Ripley (2005). W&C, 1992 represents model from Wallace and Carmichael 

(1992) (Eq. 7 in the reference), in which fO2 and fS2 calculated from the analyzed basalts are inputs for 

SCSS prediction. Therefore, MELTS calculations are run with buffered fO2 at FMQ, and unbuffered fO2 

starting with Fe3+/∑Fe = 0.071 (solid and dashed purple lines). In each fO2 condition, two groups of fS2 

are used. In one group (grey and purple solid lines), fS2 is calculated based on covariation of log(fO2/fS2) 

and temperature along FeO-FeS equilibrium, parameterized from Fig.7b of Wallace and Carmichael 

(1992). In another group (grey and purple dashed lines), logfS2 increases from -2 at 1260 °C to 1 at 

1050°C, calculated by Wallace and Carmichael (1992) using the SCSS model, S concentration and 

Fe3+/∑Fe  in their MORB data compilation. (c) S versus FeO of MORB data, and calculations along LLD 

using different SCSS models decribed above. Change in the SCSS values along each curve is mainly 

owing to FeO* change shown in panel (a). When olivine is the only liquidus phase, FeO* change is 

modest and SCSS is mainly controled by temperature or log(fO2/fS2) change; for more differentiated 

basalts, FeO* increases sharply when feldspar and clinopyroxene start crystallizing, as a results, SCSS is 

also strongly affected by FeO* change; at low MgO end when spinel becomes a liquidus phase, FeO* 
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decreases and SCSS decreases as well. In all three panels, crosses marked in red represent samples that 

are believed to be CO2-H2O vapor undersaturated as in Fig.1. 
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Figure 4-3 Modeling decompression melting. (a) Pressure-temperature plot showing the framework of 

decompression melting of nominally volatile-free peridotite, calculated using pMELTs. The solid line 

with arrow is melting adiabat applicable for MORB generation at mantle potential temperature, TP = 1380 

°C, with tick marks indicating the degree of melting. The dashed straight lines indicate solid mantle 

adiabtas of TP = 1300, 1380, and 1400 °C. The volatile-free peridotite solidus is from Hirschmann (2000). 

Also plotted for reference are temperatures and pressures of the final melt-mantle equilibration based on 

MORB compositions with MgO >8.5 wt.% shown in Fig. 1. The P-T conditions of primary MORBs are 

calculated by adding back olivine until the melts are in equilibrium with a peridotite with Fo90 and then 

using melt silica-activity barometry and olivine-melt Mg-exchange thermometry (Lee et al., 2009). The 

model P-T conditions of melt-mantle equilibration for primitive MORBs suggest that TP of 1350-1380 °C 

is reasonable for understanding S and chalcophile element data of MORBs plotted in Fig. 1. (b) FeO* 

versus MgO concentration of peridotite partial melt composition calculated using pMELTS along the 

melting adiabat. Tick marks along the solid curve indicate the degree of melting. 
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Figure 4-4 Comparison of SCSS models  calculated at pressure between 0.5-2.5 GPa and temperature 

between 1200 and 1550 °C using the SCSS experimental data for basaltic composition with FeO* contents 

between 5 and 15 wt.% (experimental SCSS data compared against are given in Supplementary Table 2). 

Y-axis indicates the relative difference between calculated and measured SCSS in the experiments.  All 

the experimental data are color-coded by the experimental pressure. RMSD stands for root-mean square 

deviation as explained in the text. SCSS model from Fortin et al. (2015) has the smallest RMSD and most 

of the predicted SCSS fall within 20% (dashed lines in each panel) difference from the measured values. 
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Figure 4-5 Comparison of SCSS model taking into account Ni and Cu in the sulfide melt. (a-c) Relative 

difference between the calculated and measured SCSS from experiments plotted as a function of Fe and 

Ni contents in the sulfide melt using data from chalcophile elements partitioning experiments (Gaetani 

and Grove, 1997; Kiseeva and Wood, 2015; Li and Audétat, 2013; Ripley et al., 2002; Wood and 

Kiseeva, 2015). Data points are grouped according to the Ni, Cu, and Au or Co contents in the sulfide 

melt in panels (a), (b), and (c), respectively (partitioning experimental data compared against are given in 

Supplementary Table 3). (d) Predicted SCSS are plotted versus measured SCSS, color coded by the Fe 

contents in the sulfide liquid, using the same partitioning experimental data set. Shaded areas of the color 

bar on the right side of each panel indicate the metal (Ni, Cu, Au or Co, and Fe) contents in the sulfide 

relevant to those hosted in a lherzolite mantle. The data symbols for various SCSS models are same as in 

Fig. 4. 
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Figure 4-6 Modeling S and Cu during decompression melting. Comparison of the (a) S concentration 

(800-1000 ppm) and (b) Cu concentration (80-120 ppm) of ‘reference’ MORBs to the model results of 

peridotite partial melts at mantle potential temperature of 1380 °C. In panel (a), thick solid line portrays 

SCSS along decompression melting adiabat (following the model of Fortin et al., 2015) and dashed 

curves with numbers, indicating the initial S contents in the mantle from 50 to 300 ppm, represent liquids 

that become sulfide undersaturated during melting. In panel (b), thick solid curves with increasing trend 

represent Cu concentration of the melts in equilibrium with sulfide bearing mantle and all of them 

intercept with the dashed curve characterizing the decrease in Cu contents after the consumption of 

residual sulfide. In both panels, the grey areas are reference values defined by high MgO MORB data and 

degree of melting relevant for MORB generation is indicated by straight dashed lines of 10, 15, and 20%. 
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Figure 4-7 The controls of various SCSS models for silicate melts on the evolution of sulfur during 

decompression melting of MORB source peridotitic mantle at mantle potential temperature, TP of 1380 

°C. (a) Black solid curves represent results based on the model of Fortin et al. (2015), i.e., the same as 

shown in Fig. 6a. Grey solid curves represent results based on the model of Li and Ripley (2009) and the 

grey dashed curves represent results based on the model of Li and Ripley (2005). (b) Orange, brown and 

dark brown solid curves are fitted curves based on calculated results by COMAGMAT v5.2 (Ariskin et 

al., 2013) at F ~0, 3, 9.5, 21, 24 wt.% with 25 (orange), 10 (brown), and 0 (dark brown) wt.% Ni in the 

sulfide, respectively. NiO contents in the silicate melt are calculated by sulfide melt-silicate partitioning 

of Kiseeva and Wood (2015). Green dashed curves represent results based on model from Mavrogenes 

and O’Neill (1999) designed for basaltic composition. Black solid curve represent SCSS from Fortin et al. 

(2015), the same as panel a. The grey band marks the ‘reference’ S contents of primitive MORBs from 

Fig. 1. 
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Figure 4-8 Cu in peridotite partial melts with initial Cu content in the mantle co-varying with initial S 

following Cu/S=0.15 (Lorand and Luguet, 2016).  (a) Evolution of Cu content in peridotite partial melts 

as a function of the extent of decompression melting, obtained using experimentally constrained partition 

coefficients of Cu between silicate minerals (olivine, orthopyroxene, clinopyroxene and spinel) and 

silicate melt, based on the studies of Liu et al. (2014) and Le Roux et al. (2015) that lead to somewhat 

higher / . (b) Evolution of Cu content in peridotite partial melts as a function of the extent 

of decompression melting, obtained using mineral-melt partition coefficients for Cu obtained using 

coexisting groundmass and silicate minerals (e.g., Lee et al., 2012); this leads to somewhat lower 

/ . The numbers against each curve in both panels give the Cu (in grey) and S (in black) 

contents of the peridotite source in ppm by weight. The solid segments of each curve marks sulfide-

saturated conditions whereas the dashed segments indicate conditions with no sulfide in the residue. The 

grey vertical band indicates the reference Cu content of primitive MORBs from Fig. 1 (see text for 

details). 
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Figure 4-9 Effects of mantle potential temperature. (a) Extent of melting (F) required for sulfide 

exhaustion from peridotite residue as a function of mantle potential temperature (TP) and bulk S contents 

in the mantle. At a fixed TP for example, 1380 °C, F required to exhaust 50 to 300 ppm S in the peridotite 

mantle increases from 2.5 to 15 wt.%. Higher mantle potential temperature yields higher SCSS, therefore, 

consumes a given amount of sulfide more efficiently than colder mantle. F required to consume sulfide 

for 150 ppm bulk S increases from ~5% to 15% from TP of 1420 to 1280 °C. On the contrary, in order 

produce sulfide undersaturated primitive melt, colder mantle needs either higher degree of melting, or less 

S in the mantle source. (b) S contents that a peridotite mantle may contain for sulfide to be consumed by 5 

to 20 wt.% melting increases as mantle potential temperature increases. The range of TP explored here is 

what has been constrained for MORB generation based on petrology and geophysical constraints (e.g., 

Herzberg et al., 2007; Lee et al., 2009; Putirka, 2005). The calculations presented in this figure used 

Fortin et al. (2015) SCSS model. 
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Figure 4-10 Modelling of S and Cu during decompression melting at different mantle potential 

temperature. (a) S contents of partial melts derived from peridotite (with source S content of 100-200 

ppm) as a function of extent of melting and grouped according to TP. Solid curve segments represent 

sulfur content of partial melt at sulfide saturated conditions (SCSS) at TP = 1320 °C (light grey), 1350 °C 

(dark grey), and 1380 °C (black) whereas the dashed curve segments indicate dilution of S concentration 

with increasing degree of melting at sulfide undersaturated conditions. Numbers by the dashed curves 

indicate the initial S abundances (ppm) in the peridotite mantle. Hotter mantle consumes a given amount 

of sulfides faster than colder mantle, however, once sulfide is exhausted from the residue, S concentration 

is controlled by initial S and F. The significant difference between modeled SCSS at 1350 °C and 1380 

°C is mainly attributable to different pressures (1.7 vs. 2.1 GPa) of onset of melting, therefore, higher 

temperature and higher FeO* concentration for partial melt at greater depth.  (b) Variation of Cu contents 

of peridotite partial melts as a function of degree of melting for different mantle potential temperatures for 

source S and Cu contnets of 100-200 ppm and 24 ppm, respectively. Faster consumption of sulfide in a 

hotter mantle results in faster decrease in / , therefore, Cu concentration increases faster in 

the partial melt derived from a hotter mantle. After complete consumption of sulfide from the residue, Cu 

contents in the partial melts depend only on the source Cu content and F. The SCSS model used is the 

same as in Fig. 9. 
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Chapter 5  

Sulfur geochemistry of OIBs and their mantle source constrained by modeling the fate of 

sulfide during decompression melting  

ABSTRACT 

Ocean island basalts provide one of the critical probes for understanding chemical, lithological, 

and thermal variations in the Earth’s mantle, therefore, primitive OIBs can be probes to 

understand the inventory and variability of volatile elements such as sulfur in the mantle with 

potentially large range of variable mantle potential temperature (1400-1650 °C) and different 

source lithologies. Yet, no framework exists to fully model the extraction of sulfur during partial 

melting at high mantle potential temperatures (>1400 °C) from a sulfide-bearing heterogeneous 

mantle. Here we developed a model to describe the behavior of sulfide and Cu during 

decompression melting by combining the experimental constraints on isentropic decompression 

melting at different mantle potential temperatures and empirical sulfur contents at sulfide 

concentration (SCSS) models, which take into account the effect of Ni and Cu present in the 

equilibrium sulfide melt. Model calculations to capture the effects of variable mantle potential 

temperatures (1450-1650 °C) indicate that partial melts relevant to OIB generation has higher 

SCSS than that of primitive MORBs, mainly owing to the positive effect of temperature on 

SCSS. Therefore, for a given abundance of sulfide in the mantle, hotter mantle consumes sulfide 

more efficiently than colder mantle. Calculation of SCSS along melting adiabat at mantle 

potential temperature of 1450-1550 °C with variable initial S content in the mantle indicates that 

sulfide undersaturated primitive Icelandic basalts with 800-950 ppm S and 80-110 ppm Cu can 

be generated by 10-25 wt.% melting of only peridotite containing 100-250 ppm S. However, S 

and Cu budgets of OIBs that are thought to represent low-degree melts can only be satisfied by 
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peridotite partial melting if sulfide saturated partial melt with Ni content in sulfide melt ≥25-30 

wt.% is applicable. Alternatively, if Ni content in equilibrium sulfide in peridotitic mantle is 

≤20-25 wt.%, mixing of partial melts derived from low- degree melting of MORB-eclogite and 

sediment, with peridotite partial melt may be necessary to reconcile the measured S and Cu 

contents in the low-F (<10%) OIBs from GSC, Lau Basin, Loihi and Samoa for TP of 1450-1650 

°C. In this latter case, 25-150 ppm S in the peridotite mantle can be exhausted by 1-9 wt.% 

partial melting. Bulk S content of the heterogeneous mantle source of these islands is higher than 

the estimates above because of the presence of subducted eclogite±sediments. Our analysis also 

suggests that compared to peridotite, which is likely to become sulfide-free during partial 

melting owing to its high SCSS, subducted MORB-eclogite and sediment could have played an 

important role in retaining sulfide in the Earth’s mantle, due to its low SCSS and high sulfide 

modes.  

1. INTRODUCTION 

Sulfur (S) is one of the most abundant volatiles, one that has fundamental impact on 

different magmatic processes and plays a key role in the evolution of life. The S inventory of 

deep Earth is mainly controlled, on the one hand, by magmatic sulfur degassing at plate 

boundaries (Ding and Dasgupta, submitted) – and to a lesser extent, through intraplate 

volcanism; and on the other hand, by subduction of sulfides and sulfates back into the deep Earth 

(e.g., Jégo and Dasgupta, 2014, 2013; Tomkins and Evans, 2015). Yet constraints on the average 

S budget of the Earth’s mantle and the variability of mantle sulfur on spatial scale are limited. 

Previous studies have estimated 100-300 ppm S in the mid-ocean ridge mantle source using S 

and chalcophile elements (eg. Cu, Tl, Pb) geochemistry in MORBs (Nielsen et al., 2014; Saal et 

al., 2002; Shimizu et al., 2016), they are nonetheless based on fundamentally different 
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assumptions. For example, constancy of S/Dy ratio of MORBs is often employed to estimate S 

contents of MORB source (Saal et al., 2002; Vincent J. M. Salters and Stracke, 2004; Shimizu et 

al., 2016), which is valid only if sulfur behaves incompatibly during mantle melting similar to 

Dy with exhaustion of sulfide in the mantle; on the other hand, Nielsen et al. (2014) used a 

constant Ce/Tl ratio of global MORBs to argue that both clinopyroxene and sulfide are present in 

a constant ratio throughout the melting interval, and to estimate S content in the mantle. 

However, both approaches have focused on MORB geochemistry during differentiation process 

at shallow depth, and neither has directly discriminated between the presence of sulfide phases 

throughout the entire melting column, or potential exhaustion of sulfide during mantle melting. 

Yet, several studies have argued that some of the primitive MORBs are likely sulfide 

undersaturated (Ding and Dasgupta, submitted; Saal et al., 2002; Shimizu et al., 2016). Our 

previous analysis on the behavior of sulfides during peridotite melting at the MORB source have 

revealed intimate interplay between extraction of S through magmatism, initial S abundance in 

the mantle source, degree of melting and mantle potential temperature (Ding and Dasgupta, 

submitted). It is also suggested by our previous analysis that sulfide in the mantle residue can be 

exhausted by intermediate- high degree of melting (~8-22 wt.%) during MORB generation. 

However, it remains unclear whether such sulfide exhaustion only apply to MORB generation, or 

whether it can be considered a general process for magmatism through decompression melting, 

thus, dominate the S extraction from deep Earth to the surface reservoirs for all volcanic centers.  

The exhaustion of mantle sulfide by decompression melting or survival through the 

highest degree of melting during MORB generation have fundamental implications for the S 

budget of the unmelted mantle source, however, MORB is representative of Earth’s depleted 

mantle (DM), a relatively homogeneous mantle reservoir, and under a narrow range of mantle 
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thermal conditions (TP=1340-1420°C, Courtier et al., 2007; Priestley and McKenzie, 2006; 

Herzberg et al., 2007; Lee et al., 2009; Putirka, 2005). On the contrary, Earth’s interior is 

compositionally and thermally heterogeneous owing to early differentiation processes and 

through the ongoing plate tectonics, with domains under much higher mantle potential 

temperatures and experiencing extremely low or high degree of partial melting (Dixon and 

Clague, 2001; Shorttle et al., 2014; Workman et al., 2004). There is no systematic analysis 

connecting the fate of sulfides during partial melting of the Earth’s mantle with high mantle 

potential temperatures, and/ or with lithological heterogeneities. Further, previous studies on S 

isotopes have shown that the deeply subducted S can be sampled by young lavas, and can 

provide information about the subducted protoliths, and convection and plate tectonics of ancient 

times (Cabral et al., 2013; Labidi et al., 2015, 2014). Nevertheless, it remains unclear to what 

extent the subducted S contributes to S outflux, and what is the relative contribution of subducted 

crustal sulfur versus mantle sulfur in S budget of the erupted magmas.  

Ocean island basalts (OIBs) is one of the critical probes for understanding chemical, 

lithological and thermal variations in the Earth’s mantle (e.g., Dasgupta et al., 2010) . OIB is 

originally proposed as magmatism derived from anomalously hot mantle termed as “hotspots”, 

possibly related to mantle plume (Wilson, 1963). Though it is an ongoing debate whether OIB 

mantle is indeed always hotter than mid-ocean ridges (e.g., Herzberg, 2011; Mallik and 

Dasgupta, 2013), both thermobarometers based on major elements, and also comparisons to 

partial melting experiments have suggested deep melting of primitive OIB, thus excess mantle 

potential temperature of at least some of the OIB origins (Lee et al., 2009; Putirka, 2005; Shorttle 

et al., 2014). Besides, thermal states of the mantle also influence major elements compositions of 

the partial melts (Dasgupta et al., 2010; Lee et al., 2009). Pressure (P), temperature (T), and melt 
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compositions are three key factors determining sulfur contents at sulfide saturation (SCSS, e.g., 

Baker and Moretti, 2011; Fortin et al., 2015; Li and Ripley, 2009). Therefore, in order to 

thoroughly investigate S budgets of OIB, thermal variations between ocean islands needs to be 

carefully addressed as well. Moreover, the wide variability displayed in OIBs’ trace and major 

elements, and isotopic characteristics indicates the presence of several different mantle domains 

in OIB source regions (Hofmann, 1997). Altered oceanic crust/lithospheric mantle and sediments 

introduced to the source regions by subduction recycling have been proposed to contribute to the 

generation of wide range of intraplate basalts (e.g., Garapić et al., 2015; Gerbode and Dasgupta, 

2010; Jackson et al., 2007; Mallik and Dasgupta, 2014, 2012; Sobolev et al., 2005; Workman et 

al., 2004). Thus, S abundances of primary OIBs that sample peridotite partial melts as well as 

deeply recycled components can provide a better understanding of long term S cycle, with 

implications on the role of primordial or ambient mantle and recycled lithologies in deep S 

storage. However, there is no previous study combining S solubility models, decompression 

melting model of a heterogeneous mantle to thoroughly describe the fate of S during generation 

of primary OIBs.  

In this study, first, we compiled major elements and S data of OIB from different ocean 

islands to observe the geochemical systematics among S and major elements. Then we coupled 

experimental melt compositions as a function of P and T during partial melting of peridotite 

(Hirose and Kushiro, 1993; Langmuir et al., 1992; Walter, 1998) and SCSS models derived from 

previous experimental study (Ariskin et al., 2013; Fortin et al., 2015; Mavrogenes and O’Neill, 

1999; Smythe et al., 2017) to track the fate of S in the partial melt and the evolution of sulfide in 

the mantle residue at potential temperatures relevant for OIB generation. The fractionation of Cu, 

a highly chalcophile element, is also modeled to derive an internally consistent set of inferences 
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about the geochemistry of both S and Cu in partial melt parental to OIBs. We further consider 

whether melts parental to OIBs can be derived from peridotite alone or whether contributions 

from partial melts of recycled ocean crust or continental sediments are also necessary to satisfy S 

and Cu geochemistry of OIBs.  

2. DATA COMPILATION AND OBSERVATIONS 

Sulfur, Cu and major elements are compiled from glasses or glassy melt inclusions from 

several ocean islands including Galapogos spreading center (GSC), Samoa, Hawaii (Loihi, 

Ko’olau, and Moloka’i), Iceland, and Lau Backarc Basin (Lau Basin)- as reported by previous 

studies (Dixon and Clague, 2001; Jenner et al., 2012; Jenner and O’Neill, 2012; Momme et al., 

2003; Norman et al., 2004; Thordarson et al., 2003; Workman et al., 2006, 2004; Yi et al., 2000). 

For most of the samples, S, Cu and major elements are obtained from the same glassy sample. 

Cu contents in the Loihi glass from Dixon and Clague (2001) are not available; S and major 

elements of some Icelandic basalts are from Thordarson et al. (2003), and Cu and major element 

oxides for the rest of the Icelandic basalts are from Momme and Keays (2003). Samples from 

GSC, Samoa, Loihi, Ko’olau, Moloka and Lau Basin’s are submarine glasses at collection depth 

from 1000 to 4000 m, and samples from Iceland are glass inclusions in olivine and plagioclases 

(±clinopyroxene) phenocrysts from subaerial lavas (Thordarson et al., 2003). Substantial S 

degassing is discussed in some of the original literature (Dixon and Clague, 2001; Jenner et al., 

2012; Norman et al., 2004; Thordarson et al., 2003; Workman et al., 2006), and it is suggested 

the submarine glass and the glass inclusions from these studies are not affected by sulfur 

degassing, except some samples from Ko’olau and Moloka’s with <200 ppm S. Samples from 

GSC have similar S contents as the others, thus, we argue that the effect of S degassing in basalts 

from GSC is also relatively minor. We also considered the potential effect of S partitioning 
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between H2O-CO2 vapor phase and basaltic melt, given the low solubility of CO2 (Dixon et al., 

1995; Dixon, 1997), and high /   at pressures lower than 1.5 kbars (e.g., Webster and 

Botcharnikov, 2011). By comparing Psat (CO2-H2O saturation pressure) and Pcoll (pressure of 

sample collection)  from Dixon and Clague (2001) and Workman et al. (2006), we are able to 

differentiate some of the vapor undersaturated samples from Loihi and Samoa, which are 

highlighted in red in Fig. 1a and 1b. Because no pronounced difference in S concentration can be 

observed in Fig. 1a between the vapor undersaturated ones and the rest at similar MgO content, 

we also argue that the entire compiled dataset in this study is little affected by S partitioning into 

vapor phase. Thus, S concentrations obtained in these glasses are representative of the original, 

pre-eruptive S contents of the magmas.  

Fig. 1a demonstrates that S increases from 800 ppm at Mg# > 65, to as much as 2000-

2500 ppm, as Mg# decreases to 45. The trend by which a trace element increases as Mg# 

decreases is often interpreted as the behavior of an incompatible element. In addition to its 

incompatibility with silicate minerals, however, S dissolved in silicate melt is always controlled 

by sulfur solubility. Further, in relatively reduced basalts (<FMQ+1, Jugo et al., 2010), it is 

controlled by sulfur contents at sulfide saturation (SCSS). That is, S dissolves in the silicate melt 

as S2- combining with Fe2+, and forms immiscible sulfide liquid when the melt is sulfide 

saturated. Since Fe2+ also increases as Mg# decreases, the alternative interpretation of increasing 

S in Fig.1a is increasing SCSS in the melt in equilibrium with sulfide. Cu concentration in the 

silicate melt is often used as a probe of sulfide saturation due to its chalcophile nature (e.g., Li 

and Audétat, 2012; Patten et al., 2013). Fig. 1b displays that Cu concentration in OIB glasses 

first slightly increases and reaches a maximum at Mg# between 60-65, then decreases as Mg# 

decreases to 45. The non-monotonic behavior of Cu implies that immiscible sulfide liquid might 
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not be a stable phase in the early stage of crystallization in the melts parental to OIBs. However, 

it still remains unclear whether the potential sulfide undersaturation of primary OIBs is achieved 

by the decompression of the mantle melt to shallower depths (Holzheid and Grove, 2002; 

Mavrogenes and O’Neill, 1999), or if sulfide undersaturation is achieved by exhaustion of the 

sulfide phase during mantle melting, as suggested by our previous analyses for MORB 

generation (Ding and Dasgupta, submitted). We attempt to answer this question by comparing 

the S concentration of the most primitive OIBs (Mg#>58) with the calculated SCSS for the 

primitive OIB composition corrected back to be in equilibrium with mantle peridotite with Fo90 

(grided and brown boxes in Fig. 1a).  S and Cu concentration in the primitive melts can be 

inferred by degree of crystallization and partition coefficients of S and Cu between silicate melt 

and olivine, assuming the high Mg# (>58) basalts are not sulfide saturated, as suggested by 

Fig.1. Degree of crystallization is obtained by reversing the crystal fractionation/accumulation 

processes (described further in section 3.2), and /  of 0.0004 (Callegaro and Marzoli, 

2015), and /   of 0.13 (Le Roux et al., 2015) are used. Both the corrected S and Cu 

contents and the uncorrected, measured values are plotted in Figure 1. After correction, primitive 

melts from GSC contain 800-1000 ppm S and 70-90 ppm Cu; those from Iceland contain 800-

950 ppm S and 80-110 ppm Cu; those from Lau Basin contain 700-850 ppm S and 100-150 ppm 

Cu, and those from Loihi contain 800-1200 ppm S, ~120 ppm Cu. There are only two Samoan 

glasses with high enough MgO for olivine fractionation correction, and only S contents are 

available for these two samples, 1040 and 1728 ppm. Since it is suggested that some of the high 

MgO basalts from Samoa with as much as >1500 ppm S and 170 ppm Cu are related to the 

presence of S6+ in the melt (Labidi et al., 2015), we took the lower value of 800 ppm (1040 ppm 

before correction) as reference S content of primitive reduced Samoan magma where sulfide is 
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the only relevant S species in the melt. We took 70-80 ppm Cu, defined by Samoan samples with 

the highest Mg# whose Cu contents are available (Fig. 1b), as the reference Cu contents. Range 

of SCSS for these corrected OIB in equilibrium with mantle peridotite with Fo90 using empirical 

model from Smythe et al. (2017) , Ariskin et al. (2013) and Fortin et al. (2015) are also plotted in 

Fig.1c. We briefly described the comparison of the SCSS models, Fortin et al., (2015), 

Mavrogenes and O’Neill (1999), Ariskin et al. (2013) and Smythe et al. (2017), in section 3.1, 

and more discussions can be found in Ding and Dasgupta (submitted). Comparisons in Fig. 1c 

show that the calculated SCSS for the primitive OIB are higher than most corrected S contents in 

primitive OIB, which suggests that the potential sulfide undersaturation could have happened 

during partial melting. Since there are more S and Cu data available at high Mg# (> 55) OIB 

from Galapagos, Loihi, Samoa, Iceland, and Lau Basin, and their thermal conditions cover a 

wide range from 1450 to 1650 °C, we will focus our following discussions on OIBs from these 

five islands. Range of S and Cu concentration of primitive MORB (Mg#>60, Ding and 

Dasgutpa, submitted) are marked in Fig. 1c and 1d for comparison. Compared to relatively 

narrow range of concentration of 800-1000 ppm of S and 80-120 ppm Cu from different mid-

ocean ridges (Mid Atlantic Ridge, Pacific Ridge and Indian Ocean Ridge, Ding and Dasgupta, 

submitted), at a given Mg# OIBs from different islands display a more diverse range of S (700-

1000 ppm) and Cu (80-110 ppm, and 130-170 ppm). Moreover, the difference between islands is 

more pronounced in basalts with high Mg# (Fig. 1c and 1d, Mg#>55). For example, at Mg# 

between 67.5-52.5, basalts from GSC have 900-1000 ppm S and 90-120 ppm Cu, which overlaps 

significantly with S and Cu concentrations of less differentiated MORBs (Fig. 1b and 1d);  

within the similar range Mg#, basalts from Lau backarc basin show similar S concentration of 

800-900 ppm and significantly higher Cu concentration of ~130-170 ppm; and those from 
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Iceland show clustered S of 1000-1200 ppm, and 80-130 ppm Cu; on the contrary, basalts from 

Samoa have both low S (~1000 ppm) and extremely high S (~1700 ppm) at similar Mg# with 

low Cu concentration of ~70 ppm. It is unclear whether the difference is caused by different S 

contents in the peridotite source, variable melting depths caused by local mantle potential 

temperature variation, or contribution from non-peridotitic source lithologies. In summary, if 

primitive ocean island basalts are truly sulfide undersaturated as suggested by Fig. 1, S and Cu 

contents in the primitive basalts might be used to answer the questions brought above. However, 

in order to test whether S and Cu budgets of OIBs can be reconciled by sulfide undersaturated 

primitive basalts, a better understanding of the behavior of sulfides during melting processes 

relevant to OIB generation is required. 

3. MODELING APPROACH  

In order to model the evolution of S concentration in partial melts of peridotite at 

different mantle potential temperatures, we follow the framework outlined by Ding et al. (2015) 

of combining decompression melting with empirical sulfur contents at sulfide saturation (SCSS) 

parameterization derived from previous experimental studies (Ariskin et al., 2013; Fortin et al., 

2015; Mavrogenes and O’Neill, 1999; Smythe et al., 2017). By comparing the modeled results to 

geochemistry data of primitive OIB, we will also constrain the S abundance in the mantle source 

of different ocean islands. Similar framework, applied to MORB source melting, is described in 

detail in Ding and Dasgupta (submitted). Since SCSS is a function of pressure, temperature, and 

melt composition, we first calculated the melting adiabat for a given mantle potential 

temperature, and then tracked evolution of aggregate melt composition accordingly. We also 

computed the residual mineral phases and their modes to calculate the distribution of S between 
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silicate minerals and melt after the consumption of sulfide, and to calculate the partitioning 

behavior of Cu. SCSS models and other parameters used in our calculations are listed in Table 1. 

3.1.Choice of SCSS model 

Calculation of SCSS of melt compositions generated along a given melting adiabat is 

essential in our modeling, thus, the choice of SCSS parameterization is critical. The most 

appropriate SCSS model(s) is the one that is calibrated with experiments with appropriate range 

of pressures, temperatures, silicate melt, and sulfide melt compositions relevant for OIB source 

melting. Although most SCSS calibrations were done with FeS melt being the equilibrium 

sulfide phase, peridotite-hosted monosulfide solid solution (Mss) inclusions spans a large 

compositional range from 10-30 wt.% Ni while eclogitic and pyroxenite-hosted Mss contains 

less than 10 wt.% Ni (e.g., Guo et al., 1999; Harvey et al., 2016; Lorand and Luguet, 2016; 

Szabo´ and Bodnar, 1995). Therefore, the SCSS model of choice should be able to account for 

the lowered activity of FeS in the sulfide melt. Our previous study (Ding and Dasgupta, 

submitted) has quantitatively compared most currently existing empirical SCSS models in to the 

framework of decompression melting MORB source mantle. It is suggested that SCSS model 

from Fortin et al. (2015) reproduced SCSS in the silicate melt in equilibrium with FeS sulfide the 

best, and fairly well reproduced SCSS in the silicate melt that is equilibrated with Fe-Ni-Cu 

sulfide within the P-T range of MORB generation. This model is calibrated using a broad range 

of anhydrous and hydrous melt compositions at pressure range of 1atm to 5 GPa, and 

temperature range of 1050-1800 °C, however, it does not take into account the effect of 

dissolved Ni or Cu in the equilibrium sulfide melt. COMAGMAT from  Ariskin et al. (2013) was 

able to reproduce SCSS in the silicate melt in equilibrium with Ni-bearing sulfide (Ding and 

Dasgupta, submitted) mostly within 20%, however, the Ni-bearing SCSS model is only 
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calibrated up to 1.4 GPa, and it is uncertain whether it can be applied to high pressures and 

temperatures up to 5 GPa and 1700 °C that may be relevant for generation of certain OIBs. SCSS 

models from Mavrogenes and O’Neill (1999) are calibrated by experiments up to 4 GPa at 1500 

and 1800 °C for picritic composition and up to 9 GPa, 1800 °C for basalts. However, pressure 

and temperature are the only two inputs in these models and the silicate melt compositional 

effects are not included. During decompression melting, however, pressure, temperature and 

melt composition all change along any given melting adiabat. Additionally, we also considered 

the most recent SCSS model developed by Smythe et al. (2017) covering the ranges of pressures 

(1 bar-24 GPa), temperatures (1150-2160 °C), FeO content of silicate (0.3-40.1 wt.%), and 

sulfide composition of the FeS-NiS-CuS0.5. Fig. 2 displays the comparisons of evolution of sulfur 

in the peridotite partial melt as a function of degree of melting yielded by Smythe et al. (2017) 

(Fig. 2a), Fortin et al. (2015) (Fig. 2b), Ariskin et al. (2013), and Mavrogenes and O’Neill (1999) 

(Fig. 2c), grouped by different mantle potential temperatures. At a given mantle potential 

temperature, model from Fortin et al. (2015) predicted highest SCSS, and model designed for 

basalts from Mavrogenes and O’Neill (1999) lowest, without considering Ni and Cu in the 

sulfide. At the same mantle potential temperature, considering 20 wt.% Ni± 5 Cu wt.% in the 

sulfide, which represents the intermediate value of the range of Ni content in the peridotite 

hosted sulfide, SCSS from Ariskin et al. (2013) and Smythe et al. (2017) are plotted in between 

results from Fortin et al. (2015) and Mavrogenes and O’Neill (1999). Result from Smythe et al. 

(2017) model are higher than those from Ariskin et al. (2013). Since SCSS model from Smythe 

et al. (2017) not only covers pressure and temperature range of OIB generation, but also 

considers the compositional effect of Ni-Cu-bearing sulfide, our discussions presented in the 

main text will be based chiefly on this SCSS model. However, we will note, where relevant, how 
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the inference drawn from our modeling work can be different if a different SCSS model (Ariskin 

et al., 2013; Fortin et al., 2015; Mavrogenes and O’Neill, 1999) is applied. 

3.2. Estimates of mantle potential temperature 

In order to accurately calculate the sulfur carrying capacity of mantle-derived melts 

parental to various OIBs it is necessary to estimate the depth-temperature regime at which such 

magmas formed in the mantle. We first applied silica activity in melt barometry and olivine-melt 

Mg-exchange thermometry (Lee et al., 2009) to OIB samples with high MgO contents from our 

data compilation to calculate the pressures and temperatures of last equilibrium between partial 

melts and their mantle residue, assuming that parental melts were in equilibrium with 

olivine+orthopyroxene assemblage. Since all the erupted high MgO OIBs have experienced 

some degree of crystallization or crystal accumulation, the primitive magma composition can be 

inferred by reversing the fractionation/crystal accumulation processes until the melts are in 

equilibrium with a peridotite of Fo90. Only magmas with MgO>9 wt.% from GSC, Lau Basin, 

and Iceland, with MgO >8.5 wt.% from Samoa, and MgO> 8 wt.% from Loihi are used for 

primitive magma composition calculation and mantle potential temperature estimation, assuming 

that the magmas have undergone olivine fractionation/assimilation only. Using this approach we 

calculated conditions of melt-mantle equilibration for 8 basalts from GSC, 2 from Samoa, 4 from 

Loihi, 26 from Iceland, and 7 from Lau Basin (Supplementary Fig. S1b) for which sulfur data 

were available from literature.  

Finally, all of the primitive liquid temperatures are converted to potential temperatures by 

correcting for the latent heat of fusion during decompression melting, and then extrapolating 

along a solid adiabat to the surface. Following method from Langmuir et al. (1992), the 

temperature drop upon melting due to the latent heat of fusion is calculated by ∆T=F*Hfus/Cp, 
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where F represents degree of melting of the primitive magma, Hfus and Cp are taken to be 100 

cal/gm and 0.3 cal/gm/°C, respectively. Degree of peridotite melting of basalts of Samoa and 

Loihi in our compilation were estimated to be ≤1% and ≤2-4% respectively (Dixon and Clague, 

2001; Workman et al., 2004). Degree of peridotite melting applicable for basalts from GSC and 

Lau Backarc Basin is not given by the original study (Jenner et al., 2012; Jenner and O’Neill, 

2012). Independent study (Cushman et al., 2004) has modeled ~8-11% dry melting of peridotite 

to reproduce GSC basalts from the same general area as data compiled in our study. For glasses 

from Lau Back basin, 5% melting of peridotite mantle is suggested by previous studies to 

reproduce its evolution of U-Th series (Regelous et al., 2008) and incompatible element ratio 

(e.g., Ba/Nb, Ba/Th, Kent et al., 2002). Some of the Icelandic basalts in our compilation were 

estimated to be the product of 10-25% melting (Momme et al., 2003) and the rest of the basalts 

from Iceland (Thordarson et al., 2003) are also assumed to be similarly high degree of melting, 

based on previous estimate (Shorttle and Maclennan, 2011) on compositionally similar Icelandic 

basalts. In summary, F for GSC, Lau Backarc Basin, Samoa, Loihi and Iceland are assumed to 

be, in the order, 9% (Cushman et al., 2004), 5% (Regelous et al., 2008), 1% (Workman et al., 

2004), 4% (Norman et al., 2002), and 20% (Momme et al., 2003; Shorttle and Maclennan, 2011). 

After correcting the melt-mantle equilibration temperatures to the solid adiabat, the mantle 

potential temperatures were estimated by projecting to the surface using the gradient of 

10 °C/GPa (Langmuir et al., 1992). The estimated range of mantle potential temperatures to 

generate these OIBs are ~1400-1450 °C for GSC and Lau Backarc Basin, ~1500-1600°C for 

Samoa, ~1500°C for Loihi, 1450-1550°C for Iceland (Supplementary Fig S1a). Considering the 

estimated mantle potential temperatures above, and those from previous independent studies 

(Putirka, 2005; Shorttle et al., 2014; Watson and McKenzie, 1991), potential temperatures of 
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1450, 1450-1550, 1550, 1450-1550, and 1650°C are used to model S and Cu systematics for 

GSC, Lau Basin, Samoa, Iceland, and Loihi, respectively. 

3.3. Melting processes 

Melting processes are modeled as isentropic partial melting of enriched peridotite mantle-

KLB-1 (Hirose and Kushiro, 1993) at potential temperatures of 1450 °C, 1500 °C, 1550 °C, 1600 

°C and 1650 °C. We followed equation (Eqn. 1) from Langmuir et al., (1992) to calculate the 

extent of melting with decreasing pressure (dF/dP).  

=                                                                                                                     (Eqn. 1) 

The slope of solidus in P-T space, (dT/dP)sol is from Hirschmann (2000), and the extent of 

melting as a function of temperature is averaged from isobaric partial melting experiments 

between 1 and 4.5 GPa with fertile peridotites (Hirose and Kushiro, 1993; Walter, 1998). 

Calculated melting adiabats are plotted in Supplementary Fig. S1b, and compared with the P-T 

of last equilibration of the high-MgO OIBs as discussed in the previous section. The change of 

melt composition and mineral modes as F increases at each pressure were parameterized from 

the partial melting experiments as well. Combining the calculated (dF/dP) from Eqn.1 and 

parameterized (dX/dF) at each pressure, melt composition change along the melting adiabats for 

each potential temperature was parameterized.  

4. MODEL RESULTS OF THE S AND CU CONTENT OF MELTS DURING 

ADIABATIC DECOMPRESSION MELTING OF PERIDOTITE AT VARIOUS TP 

Fig.3 displays the modeling results based on the SCSS model from Smythe et al. (2017) 

at two different hotter mantle potential temperatures with 10 (Fig. 3a, b), 20 (Fig. 3c, d) and 30 

wt.% Ni (Fig. 3e, f) and 5 wt.% Cu in the sulfide. Modeling results at 1350 °C, applied to 
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MORB, are also plotted for comparison. In Fig.2a, c, e, SCSS decreases as degree of melting 

increases, mainly due to the decreasing temperature (Fig. S1b) and decreasing FeO* in the melt. 

Before residual sulfide is exhausted, S content in the melt is equal to SCSS. Once the sulfide 

melt is consumed, S concentration of the silicate partial melt is diluted since more melt is 

produced with continuous upwelling above the volatile-free peridotite solidus. As Ni content in 

the sulfide increases from 10 to 30 wt.%, at a given mantle potential temperature, for example, 

TP=1450 °C, range of SCSS decreases from 2250-1550 ppm to 1250-750 ppm. Since most 

peridotite-hosted sulfides contain 10-30 wt.% Ni and 0-10 wt.% Cu (e.g., Guo et al., 1999; 

Harvey et al., 2016; Lorand and Luguet, 2016; Szabo´ and Bodnar, 1995), our following 

calculations with Smythe et al. (2017) model will chiefly based on a sulfide composition with 20 

wt.% Ni, 5 wt.% Cu, 40 wt.% Fe and 35 wt.% S. However, as shown in Fig. 3, SCSS could be 

200-400 ppm higher or lower depending on Ni concentration in the sulfide.  

At a given sulfide melt composition and mantle potential temperature, the more S present 

in the peridotite source, i.e., higher the sulfide mode, higher the melting degree necessary to 

consume sulfide. For example, at TP = 1450 °C, assuming partial melt is in equilibrium with 

sulfide melt with 20 wt.% Ni and 5 wt.% Cu, F required to exhaust 50 to 200 ppm S in the 

peridotite mantle increases from ~4.2 to 19.3 wt.% (Fig. 4a). In addition, Fig. 3a, c, e indicate 

that generally a hotter mantle yields higher SCSS. This is because that higher mantle potential 

temperature stabilizes melt with higher FeO* and lower SiO2 and Al2O3 concentration, all of 

which generally enhance SCSS. For example, Fig. 3a shows that at F<5 wt.%, SCSS at TP = 

1650 °C is between 1700 and 1500 ppm, while at TP = 1450 °C between 1750 and 1100 ppm. For 

the same reason, SCSS at TP=1350 °C, applied to MORBs, are generally lower than that to OIBs. 

As a result, for a given amount of S present in the peridotite mantle, degree of melting at which 
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sulfide may be consumed from the mantle residue is related to mantle potential temperature. The 

interplay among mantle potential temperature, degree of melting, and the amount of S in the 

peridotite source is demonstrated in Fig 4a. For example, based on SCSS model from Smythe et 

al. (2017), F required to consume sulfide for 150 ppm bulk S increases from ~9.7 to 16.1 wt.% 

from TP of 1650 to 1350 °C. If the depth of onset of melting is too deep (≥4 GPa), however, the 

negative effect of pressure on SCSS may dominate over the temperature effect, thus, cooler but 

shallower melt has higher SCSS than that is hottter but generated at a greater depth, which could 

be the reason that SCSS predicted by Fortin et al. (2015) and Smythe et al. (2017) at TP=1550 °C 

is even higher than that at TP=1650 °C (Fig. 2a and 2b). Based on the modeling results, Fig 4b 

exhibits the maximum amounts of S allowed in peridotite mantle, when sulfide is consumed by 

1, 2, 5, 10, and 15% melting, respectively. On the one hand, at a given mantle potential 

temperature, mantle that undergoes higher degree of melting can contain more S, as sulfide, and 

still produce sulfide undersaturated melt. On the other hand, at a given degree of melting by 

which sulfide is exhausted, higher sulfide abundance is permissible for a hotter mantle. 

Interestingly, this trend may be reversed at very high TP where the negative pressure dependence 

on SCSS dominates the positive effect of temperature on SCSS. For example, to exhaust sulfide 

at 5 wt.% melting, peridotite mantle with potential temperature of 1600 and 1650 °C allows ≤82 

ppm S, whereas consumption of sulfide by 5% melting could happen at TP = 1550 °C with 100 

ppm S in the source. Further, it is noteworthy that regardless of mantle potential temperature, in 

order to consume sulfide at extremely low degree of melting (1-2 %, Fig. 4b), S present in the 

peridotite mantle, as sulfide, has to be ≤35 ppm. This interplay between mantle potential 

temperature and SCSS appear to be similar if Fortin et al. (2015) or Ariskin et al. (2013) is 

applied (Fig. 2b, 2c, and Fig. 4). However, the relation between SCSS and mantle potential 
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temperature is completely reversed when SCSS models, both for basaltic and picritic 

compositions, from Mavrogenes and O’Neill (1999) are applied (Fig. 2c), that is the negative 

pressure dependence on SCSS has always dominated the positive effect of temperature on SCSS 

when their models are applied. This agrees with what is claimed in Mavrogenes and O’Neill 

(1999) that “in contrast to the effect of pressure, the effect of temperature on SCSS is relatively 

small” (Mavrogenes and O’Neill, 1999).   

For each sulfide composition, Cu concentration in the partial melts as a function of 

melting degree is also tracked as an additional constraint on the amount of sulfide in the mantle, 

which is displayed in Fig 3b, d, f. Assuming 24 ppm Cu present in the peridotite mantle (Wang 

and Becker, 2015), Cu content in the partial melt, at each mantle potential temperature and with 

different initial S, is calculated by using the modes of residual phases (silicate minerals and 

sulfide liquid) in the mantle and the partition coefficients of Cu between each silicate mineral, 

sulfide, and silicate melt. In our calculation, we used experimentally determined / , 

which are listed in Table 2. Bulk partition coefficient of Cu ( ) between melt and residue is 

always smaller than one, therefore, Cu is enriched in the melt compared to the solid residue. As 

the sulfide mode in the residue decreases by melting,  decreases, as a result of which, Cu 

content in the melt increases. Cu content reaches the maximum when the system completely 

exhausts sulfide in the residue. Cu behaves as a strongly incompatible element without the 

presence of sulfide, and its content in the partial melt decreases by dilution. Further, potential 

temperature affects Cu budgets due to its effect on SCSS. With sulfide present in the mantle 

residue, Cu concentration in partial melt derived from the hotter mantle increases faster than that 

from the colder mantle since  decreases faster with degree of melting, attributable to faster 

consumption of sulfide. As a result, melts derived from the hotter mantle can be significantly 
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more enriched in Cu than melts from a colder mantle at this stage. Once the system becomes 

sulfide undersaturated, Cu content mainly depends on initial Cu in the mantle, partitioning of Cu 

between silicate minerals and melt, and the degree of melting. Co-variation of initial Cu and S in 

the peridotite mantle and different Cu partition coefficients between silicate minerals and melt 

from experimental method and those suggested by analyses of natural samples in recent literature 

(Lee et al., 2012) can also affect the modeling results. Their potential effects on S budget are 

discussed in Ding and Dasgupta (submitted) and it was demonstrated that these variations would 

not change the sulfide exhaustion of 100-200 ppm S during 10-22 wt.% mantle melting for TP of 

~1380 °C.   

5. DISCUSSIONS 

5.1.S and Cu contents in the peridotite source of OIB 

 In order to investigate whether the reference S and Cu of primitive OIBs can be 

reproduced by our model at potential temperatures and degree of melting expected for various 

OIBs, here we will compare model results to the reference S and Cu of primitive basalts from 

different ocean islands. Fig. 5a is a schematic of modeled S- Cu covariation during peridotite 

partial melting using SCSS from Smythe et al. (2017). Fig. 5b demonstrates the quantitative 

results at TP = 1450 °C, which is applicable to basalts from Galapagos, Iceland and Lau Basin, 

with different initial S abundance in the peridotite source and degree of melting up to 20%. 

Reference S and Cu contents of primitive basalts from GSC (800-1000 ppm S, 70-90 ppm Cu), 

from Lau Basin (700-850 ppm S, 100-150 ppm Cu), and from Iceland (800-950 ppm S, 80-110 

ppm Cu) are marked in Fig. 5b. It can be seen that 100-200 ppm S is required in the peridotite 

mantle to produce S and Cu content matching reference values of Icelandic basalts at 10-20% 

melting, which agrees well with the independent estimate on melting degree of Icelandic basalts 
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(Momme et al., 2003; Shorttle and Maclennan, 2011). On the contrary, model results can only 

reproduce reference Cu and S contents of primitive GSC by more than 15% melting, which is 

higher than petrological estimate of 8-11% melting (Cushman et al., 2004). The same issue was 

encountered to reproduce S and Cu contents in glasses from Lau Basin (Fig. 4b and c). Fig. 4c 

shows that 100-250 ppm initial S present in peridotite source can reproduce both S and Cu 

contents in the Icelandic basalts within 10-20% melting. Similarly, 50-150 ppm S in the Lau 

backarc basin mantle source is needed at mantle potential temperature of 1550 °C; however >5-

15% degree of melting required by our model is slightly to significantly higher than the 

estimated 5% melting from previous studies (Kent et al., 2002; Regelous et al., 2008). Less than 

1% melting of peridotite mantle with 100-150 ppm S can reproduce Cu contents in Samoan 

basalts, however, modeled S contents are 2.5 times higher than the reference S contents (3-4 

times higher if the SCSS model of Fortin et al., 2015 is applied). Fig. 4d exhibits modeling 

results at 1650 °C, which matches the estimated TP for basalts from Loihi. The estimated degree 

of melting of Loihi basalts is as low as 2-4% peridotite melting, within which, this model cannot 

reproduce either the reference S or the reference Cu contents in partial melts at a given degree of 

melting. In summary, our model results in Fig. 5 suggests that partial melting of peridotite 

mantle alone can reproduce reference S and Cu values in high degree melts (10-25%) from 

Iceland by exhausting sulfide equivalent to 100-250 ppm S in the source at TP=1450-1550°C. 

However, low-degree partial melting (<10%) of peridotite cannot satisfy S and Cu contents of 

basalts from Galapagos, Lau Basin, Samoa, and Loihi. Results from Fortin et al. (2015) and from 

Ariskin et al. (2013) model with 20 wt.% Ni in the sulfide melt are plotted in the same way in the 

supplementary Fig. S2. Conclusions drawn from Fig. S2 are similar to those presented here, and 

how does the constrained S abundance in the peridotite mantle beneath each ocean island vary 
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when applied different SCSS models is listed in Table 3. We note in passing, that extremely low 

degree melt, such as <1% partial melt, is likely to be also rich other key volatiles such as 

CO2±H2O, and the effects of high dissolved CO2 in SCSS of basalts is unconstrained at present. 

5.2.Contributions from recycled crust or sediment? 

Comparison of the model results, at a broad range of mantle potential temperature (1450–

1650 °C), and with initial S contents ranging from 50 to 300 ppm, to the reference S and Cu of 

basalts from Galapagos, Lau Basin, Samoa, and Loihi indicate that, low degree melting (<1-

10%) of peridotite cannot explain the S-Cu systematics simultaneously. One possible explanation 

may be S and Cu contributions from non-peridotitic sources.  

Geochemical and petrologic arguments favoring the presence of recycled crust or 

sediments in the mantle sources have been widely discussed for many ocean islands and 

provinces including Galapagos, Lau Basin, Iceland, Hawaii, and Samoa. These arguments have 

been made using long-lived radiogenic isotopes (e.g., Hofmann, 1997; Regelous et al., 2008), 

trace element and major element systematics and their relations with radiogenic isotopes (e.g., 

Garapić et al., 2015; Hauri, 1996; Jackson et al., 2007; Jackson and Dasgupta, 2008; Mallik and 

Dasgupta, 2014; Shorttle and Maclennan, 2011), as well as minor element chemistry of olivines 

and first row transition elements (e.g., Le Roux et al., 2011; Sobolev et al., 2005, 2007; Trela et 

al., 2015), and numerical models (e.g., Ballmer et al., 2013; Farnetani and Hofmann, 2010). In 

the following, we evaluate whether potential contributions from non-peridotite lithologies can 

help reconcile the S and Cu systematics of OIB in the light of the recent experimental constraints 

that sulfide hosted in subducting crust may recycle to the deep mantle in significant fractions 

(Jégo and Dasgupta, 2014, 2013).  
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In order to investigate the effects of contribution of recycled crust and metapelitic 

sediment melt on S and Cu budgets of OIBs, first, we calculate SCSS of compositionally distinct 

partial melts derived from a typical MORB eclogite (Pertermann and Hirschmann, 2003) and a 

bimineralic eclogite (Kogiso and Hirschmann, 2006), as well as SCSS of low degree partial melt 

from a nominally anhydrous metapelitic composition representative of terrigenous sediments 

currently being subducted at plate margins (Spandler et al., 2010). We still employ SCSS model 

from Smythe et al. (2017), and assume that sulfide in equilibrium with peridotite partial melt 

contains 20 wt.% Ni and 5 wt.% Cu; and that sulfide in equilibrium with eclogite contains 10 

wt.% Ni and 5 wt.% Cu, which is suggested to be the higher bound of Ni and Cu reported from 

eclogite/pyroxenite-hosted sulfides (e.g., Lorand and Luguet, 2016). Fig.6a demonstrates that 

along the P-T path defined by the melting adiabat of peridotite at TP of 1650 °C, SCSS of partial 

melts of MORB-like eclogite (F~8.6 wt.% and 36.4 wt.%, respectively) and SCSS of sediment 

partial melt are significantly lower than SCSS of peridotite partial melt due to the fact that 

andesitic MORB eclogite-derived partial melts and dacitic metapelite-derived partial melts are 

generally lower in FeO* and richer in SiO2 and Al2O3. As a result, it is unlikely that even 

moderate to high-degree melting of these lithologies would consume residual sulfide. S 

concentration change in the peridotitic partial melts after sulfide exhaustion (with 50 and 150 

ppm initial S) are also plotted in the Fig. 6a, which shows that at extremely low degree of 

melting, sulfide undersaturated peridotitic melts can still contain relatively high S concentration. 

Thus, mixing of low-degree peridotitic partial melts with partial melts of eclogite or metapelite 

with low SCSS could lower S contents in mixed melts. On the contrary, SCSS of partial melts 

derived from a bimineralic eclogite appears to be even higher than that of peridotite partial melt, 

mostly due to its silica undersaturated, and FeO* enriched composition (FeO*=12.5 wt.%). 
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Therefore, mixing of silica-poor, alkalic partial melts from bimineralic or silica-deficient eclogite 

cannot bring down the sulfur content of mantle-derived melts. Given the fact the recycling of 

MORB-crust likely provides the largest mass flux of basaltic composition to the mantle (e.g., 

Reymer and Schubert, 1984) and because MORB-eclogite and peridotite assemblage can 

sufficiently explain the major element compositions of full range of OIBs (Mallik and Dasgupta, 

2013, 2012), we mainly consider MORB-like eclogite as the mafic source lithology for sulfur 

modeling in primitive OIBs. 

To bring an additional constraint on the effect of mixing with partial melt from recycled 

lithologies, we also calculated Cu contents of eclogites and sediment partial melts, which is 

controlled by the initial Cu concentration of the recycled crustal lithologies, modes of residual 

silicate minerals and S-bearing phases (sulfide and/or sulfate) in the recycled lithologies. Both 

sulfide and sulfate are present in modern oceanic crust, although abundance of sulfide is 

observed to far exceed the abundance of sulfate (e.g., Alt, 1995; Alt and Shanks, 2011). 

Considering oceanic crusts being subducted in today’s subduction zones, Tomkins and Evans 

(2015) proposed that all or nearly all anhydrite in the oceanic crust would be dissolved in the 

metamorphic fluids generated at the blueschist-elogite transition. However, it has also been 

suggested, by previous studies on trace elements and isotopes, that recycled lithologies present in 

source region beneath Galapagos, Hawaii, Iceland and Samoa are relatively old (e.g., Jackson et 

al., 2014, 2009). In this case, given the limited oxidative metasomatism of old oceanic crust, 

Tomkins and Evans (2015) also hypothesized that S only present as sulfide in the subducted slab 

in the Proterozoic and Archean. Therefore, in the following calculation, only sulfide is 

considered in the eclogites and sediments. The next question would be what is the initial sulfide 

abundance of crustal lithologies prior to the onset of melting after subduction filter. Although the 
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fate of sulfide during subduction of various crustal lithologies will require more systematic 

studies, a couple of previous experimental studies have demonstrated that even if the slab surface 

temperature was as high as 1000 °C at sub arc depths, fluid-present melting of basaltic crust will 

leave as much as 40-50% of initial S (Jégo and Dasgupta, 2014, 2013). Assuming the ancient 

slab was indeed hot enough, we considered two extreme values of initial S content in the 

eclogites. On the one hand, if the initial S in the slab is as high as that in the alteration halos 

described by Alt and Shanks (2011), i.e., as much as 1 wt.%, 4000 ppm S is left in the eclogites 

with 60% recycled back to the mantle wedge by fluid. On the other hand, if the initial slab bulk S 

is as low as 1500 ppm, i.e., average S concentration in the MORB, 600 ppm S can be present in 

the eclogites residue after subduction filter. Because /  decreases as temperature 

decreases (Jégo and Dasgupta, 2014), both 4000 ppm and 600 ppm are the lower bounds of S 

remained in the eclogite for their respective initial sulfur. Jenner et al., (2010) proposed that no 

slab input of base metals (e.g., Cu, Ag, Au) to the mantle wedge, therefore, in both cases, 

eclogite is assumed to contain 70 ppm Cu, which is the average MORB Cu content (Jenner and 

O’Neill, 2012). Following the data of partial melting experiments (Kogiso and Hirschmann, 

2006; Pertermann and Hirschmann, 2003), 14.5 wt.% garnet +85.5 wt.% clinopyroxene and 15.5 

wt.% garnet+84.5 wt.% clinopyroxene in low and high degree MORB eclogite melting residue, 

and 37 wt.% garnet + 63 wt.% clinopyroxene in high degree bimineralic eclogite melting residue 

are used in the calculation. If as high as 4000 ppm S is present in the eclogites, despite the 

different SCSS derived from MORB and bimineralic eclogites, both eclogites would remain 

sulfide saturated through partial melting due to high intial S; as a result, Cu contents in the partial 

melts derived from both eclogites are lower than 10 ppm (thin lines in Fig. 6b). If there is only 

600 ppm S present in the unmelted eclogites, however, survival of sulfide melt in the eclogite 
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residue may vary depending on bulk composition. On the one hand, residue of MORB-like 

eclogite would still remain sulfide saturated due to low SCSS of the partial melts, but with high 

abundance of residual sulfide after low-degree of melting and low abundance of sulfide after 

high-degree of melting. Thus, though with similar S contents equivalent to SCSS, partial melt in 

equilibrium with higher residual sulfides contains low Cu (<50 ppm, thick blue solid line in Fig. 

6b), while partial melt in equilibrium with low residual sulfides contains relatively high Cu (80-

100 ppm, thick red solid line in Fig. 6b). On the other hand, bimineralic eclogites would become 

sulfide-free during partial melting given the high SCSS of its partial melts (thick grey dashed 

line in Fig. 6a) and relatively high degree of melting (F~51 wt.%). As a result, partial melt 

derived from bimineralic eclogite can contain >120 ppm Cu. In summary, from aspects of both S 

and Cu, owing to its low SCSS and relatively high residual sulfide, mixing with patial melt 

derived from low-degree melting of MORB eclogites is the most potential candidate that may 

provide an effective mechanism to explain the S and Cu contents of OIBs where the extent of 

peridotite melting is thought to be low based on other geochemical indices. Key considerations 

such as how much sulfur as sulfide the recycled lithologies may have, SCSS of the partial melts 

derived from recycled lithologies, and degree of melting of the recycled lithologies, are required 

in order to further investigate contributions from other compositionally distinct partial melts with 

relatively high SCSS.  

For sediment partial melting, an assemblage of 29 wt.% quartz, 1 wt.% kyanite, 5 wt.% 

rutile, 41 wt.% K-feldspar and 24 wt.% garnet is taken in the calculation (Spandler et al., 2010). 

Initial S content in the sediment is taken to be 5000 ppm, calculated by S/Sr ratio in the Samoan 

lava (Labidi et al., 2013). Cu concentration in the sediments in the subduction zone ranges from 

30 ppm to 500 ppm (Plank and Langmuir, 1998). Therefore, 200 ppm, an intermediate Cu 



145 
 

content, was assumed for our calculations. Fig. 6b also displays that Cu concentration in the low 

degree sediment partial melt is lower than 20 ppm (light grey dashed line) owing to high mode of 

sulfide in the sediments and low SCSS of sediment-derived melt (black dashed line in Fig. 6a). 

Therefore, mixing peridotite partial melt with sediment partial melts has the potential to lower 

both S and Cu content in primitive OIBs as well.  

Next we conducted melt-melt mixing calculations between partial melts derived from 

low-degree melting of MORB eclogite and peridotite in order to (1) quantify potential 

contribution of such recycled oceanic crust versus peridotite to S and Cu budgets in the erupted 

basalts of various ocean islands and (2) constrain the S abundance in the peridotite source of 

these OIB. This is a simple mixing model of two types of partial melts without considering the 

eclogite melt-peridotite interaction that must happen in nature (e.g., Lambart et al., 2012; Mallik 

and Dasgupta, 2013, 2012, Sobolev et al., 2005, 2007). Still based on SCSS model from Smythe 

et al. (2017), S and Cu concentration of two endmembers- partial melts derived from peridotite 

and MORB-like eclogite are plotted in Fig. 7 and connected by tie lines. Fig. 7a indicates that S 

and Cu in the basalts from GSC can be reproduced by mixing with 40-60% eclogite-derived 

melts with 9% peridotite partial melts, and it brackets 50-150 ppm S present in the peridotite 

source. Fig 7b shows that in order to simultaneously satisfy S and Cu in the basalts from Lau 

Basin, mixing with 0-40% eclogite-derived melts with 5% peridotite partial melts is required, 

and it brackets 50-100 ppm S present in the peridotite source. Similarly, S and Cu contents in 

primitive basalts from Loihi can be reproduced by mixing 30-50% eclogite-derived melt with 4% 

peridotite partial melts, and it requires 25-100 ppm initial S present in the peridotite source (Fig. 

7d). The brackets of S abundance in the peridotite mantle source of GSC, Lau Basin, and Loihi 

largely overlap with each other at 50-150 ppm S. This range also agrees with the lower-end 
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estimate on S abundance present in the MORB source (Saal et al., 2002; Shimizu et al., 2016; 

Ding and Dasgupta, submitted). All the above estimated proportions of eclogite-derived melts 

are based on the assumption that eclogite contains 600 ppm initial S; if the eclogite starts from 

much more S, 4000 ppm, the proportion of the eclogite would be lower accordingly (Fig. 7a,b,d). 

Therefore, mixing of MORB-eclogite partial melts with peridotite partial melts can reproduce 

reference S and Cu concentration in OIB from GSC, Lau Basin, Iceland, and Loihi; we note in 

all these calculations, peridotite-derived melt end-members are sulfide undersaturated. 

Since SCSS calculated by other models (Ariskin et al., 2013; Fortin et al., 2015) are 

different from that by the model from Smythe et al. (2017) at a given mantle potential 

temperature (Fig. 2), we conducted similar melt-melt mixing calculation using the other two 

models as well. The results together with that from Smythe et al. (2017) are summarized in Table 

3. In models where sulfide composition can be applied, 20 wt.% Ni ±5 wt.% Cu in the peridotite 

hosted sulfide, and 10 wt.% Ni± 5 wt.% Cu in the eclogite hosted sulfide is used. Table 3 shows 

that for all three models, mixing with different proportion of MORB-eclogite partial melt can 

help to reconcile the S and Cu budgets in basalts from GSC, Lau Basin, and Loihi. For each 

island, with all the other factors the same, the amount of eclogite partial melts slightly varies 

among different SCSS models. In general higher amount of eclogite partial melt is needed if the 

predicted SCSS is higher. For basalts from GSC and Lau Basin, amount of mixed eclogite partial 

melt can be as low as 0 if SCSS model of Ariskin et al. (2013) is applied. Table 3 also reveals 

that though the constrained S abundance in the peridotite mantle underneath each island slightly 

varies depending on the choice of SCSS models, they largely overlap with each other, yielding 

50-150 ppm S in the peridotite source of most OIBs. The last but not the least, Fig. 7 and Table 3 
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indicates that none of the models can reproduce the S and Cu contents in Samoan basalts, neither 

by peridotite melting alone, nor by mixing with partial melts of MORB-eclogite.  

Since previous studies on Sr and S isotopes have suggested a recycled sediments 

component in the Samoa mantle (Jackson et al., 2007; Labidi et al., 2015), we conducted similar 

simplified melt-melt mixing model to evaluate potential contribution of recycled sediments to S 

and Cu in Samoan lavas. Fig. 8 shows that in order to reproduce the reference S and Cu 

concentration in primitive Samoan lavas, about 50-65% sediment-derived melt is required to mix 

with peridotite partial melts. In the meanwhile, the calculation also suggests that S in the 

peridotite source cannot exceed 50 ppm. If SCSS model from Fortin et al. (2015) is used, no 

more than 50 ppm S is allowed in the mantle source, and even higher sediment proportion is 

needed (60-70%) to satisfy both S and Cu in the primitive Samoan lava. If SCSS model from 

Ariskin et al. (2013) is applied, lower proportion of sediment partial melt (30-40%) is needed 

and 25-100 ppm S is allowed in the peridotite mantle.  

6. CONCLUDING REMARKS 

We modeled the evolution of S and Cu during decompression melting of sulfide-bearing 

peridotite as a function of mantle potential temperature (1450-1650 °C) and variable S contents 

in the Earth’s mantle. We combined constraints on mantle partial melt compositions from 

laboratory experiments and SCSS models that take into account the presence of Ni and Cu in 

equilibrium sulfide melt. The goal was chiefly to understand the sulfur and copper contents of 

ocean island basalts thought to be generated at above ambient mantle temperatures. Our model 

results display that SCSS derived from OIB peridotite mantle source is generally higher than that 

of MORB-peridotite source due to the higher mantle potential temperature. Furthermore, within 

the mantle potential temperature range of 1450-1650 °C, SCSS evolves with the increasing TP in 
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a complex, non-monotonic way: for TP<=1550 °C, hotter mantle yields higher SCSS due to 

higher temperature, and more FeO*-rich partial melt composition; however, SCSS of low-degree 

melts at TP of 1600 °C is lower than that at TP of 1550 °C, mainly because that negative effect of 

pressure on SCSS dominates. Comparison between the model results and reference S and Cu 

concentration in the primitive OIBs brackets the S content in peridotite source of high-F (~10-

25%) Icelandic basalts of 50-200 ppm for TP of 1450-1550 °C, and the residual peridotite mantle 

becomes sulfide-free during partial melting. On the contrary, model results from only peridotite 

melting cannot reproduce S contents of primitive OIBs from GSC, Lau Basin, Loihi and Samoa 

that are thought to reflect low to extremely low-F (<10 wt.% to 1 wt.%). Additional lithologies 

such as MORB-eclogites and sediments could potentially help to reconcile the S and Cu budgets 

of OIBs that represent low-degree melting, which depends on initial S content and the degree of 

melting of the recycled lithologies, and SCSS of derived partial melts.  We show that mixing of 

sulfide-saturated partial melts derived from low-degree melting of MORB-eclogite and of low-

degree melting of matapelitic sediment that have lower SCSS, with peridotite partial melt can 

reconcile the measured S contents in low-F (<10%) OIBs from GSC, Lau Basin, Loihi and 

Samoa for TP of 1450-1650 °C. In this case, peridotite mantle of Iceland, Lau Bain, GSC, and 

Loihi contains 50-150 ppm S (0.013 -0.039 wt.% sulfide in the mantle) and becomes sulfide-free 

during low-degree partial melting. The brackets of S abundance of 50-150 in the OIB peridotite 

source overlaps with the lower end of the estimates for MORB source (e.g., Saal et al., 2002; 

Shimizu et al., 2016). Our calculation shows that due to its low SCSS and high sulfide modes, 

MORB-elcogite and metapelite sediment retains sulfide even at high degree of melting 

(>36wt.%). Such subducted lithologies, therefore, could have played an important role in sulfur 

inventory of deep Earth. 
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One curious feature of our model results is that the estimated S content of the peridotitic OIB 

mantle of 50-150 ppm seems to be at the lower end of the MORB source peridotite estimated in 

previous studies (e.g., 100-200 ppm; Ding and Dasgupta, submitted; 195±45 ppm  from Nielsen 

et al., 2014: 165 ppm from Shimizu et al., 2016 and 195 ppm from Saal et al., 2002). This 

inference can be reconciled if the peridotite matrix of the OIB source is somewhat more depleted 

than the ambient mantle of MORB source, i.e., peridotite that has already experienced prior 

episodes of melt extraction and therefore sulfur extraction, similar to what is expected for mantle 

lithosphere. The mantle source for OIBs in its entirety may still be more enriched, with greater 

proportions of recycled lithologies. This idea, based on S-Cu systematics of OIBs is consistent 

with previous suggestions reached based on noble gas systematics and geodynamic cosiderations 

for generation of matle plumes (e.g., van Keken et al., 2002) .  
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Figure 5-1 Plots of S and Cu as a function of Mg# of OIB glasses at Mg# between 35 and 75 (a) show 

increasing S as Mg# decreases, and (b) Cu increases to a maximum at Mg# between 55-65 and then 

decrease as Mg# decreases. The non-monotonic behavior of Cu implies that sulfide might not be the 

liquidus phase in high Mg# (>55) OIB. Red symbols represent samples which are H2O-CO2 

undersaturated. S (c) and Cu (d) as a function of Mg# between 55 and 74 show both S and Cu increases as 

Mg# decreases. Open symbols are preferred reference S (c) and Cu(d) contents in primitive OIB after 

applying olivine fractional crystallization to basalts with Mg# >55 (MgO>8 wt.%), assuming the melt is 

sulfide undersaturated. Grided box represents range of calculated SCSS (1100-1900) of the primitive 

OIBs by Smythe et al. (2017) and Ariskin et al.(2013), assuming 20 wt.% Ni and 5 wt.% Cu present in the 

equilibrium sulfide; brown box represents range of calculated SCSS (1600-2400 ppm) of the primitive 

OIB by Fortin et al. (2015). Pressures and temperatures where the primitive melts are in equilibrium with 

mantle peridotite with Fo90 are used in these SCSS calculations. Data sources: S and major element data 

of some of the Loihi glasses are from Dixon and Clague (2001) without Cu data. S and major elements of 

Icelandic basalts are from Thordarson et al. (2003) while Cu and major elements are from another set of 

Icelandic basalts from Momme and Keays (2003). The rest of S, Cu and major elements are from the 

same glasses. Samoa are from Workman et al. (2006, 2004), Loihi are from Yi et al., (2000), Ko’olau and 

Molokai’I from Norman et al. (2004), and Lau Basin are from Jenner et al. (2012). 
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Figure 5-2 Comparisons of evolution of sulfur in the peridotite partial melt as a function of degree of 

decompression melting using different SCSS models. (a) S contents of peridotite partial melts with source 

S content of 50-200 ppm as a function of extent of decompression melting (F) above the nominally 

anhydrous peridotite solidus and grouped according to TP using from SCSS model from Smythe et al. 

(2017). The silicate melt is in equilibrium with sulfide containing 20 wt.% Ni, which is the intermediate 

value of the range of Ni contents (10-30 wt.%) in the peridotite hosted sulfide reported by previous 

studies (e.g., Guo et al., 1999; Harvey et al., 2016; Lorand and Luguet, 2016; Szabo´ and Bodnar, 1995), 

and 5 wt.% Cu. (b) Evolution of sulfur in the peridotite partial melt as a function of degree of melting 

using SCSS model from Fortin et al. (2015). At a given mantle potential temperature, SCSS value 

predicted by Fortin et al. (2015) is the highest among all the models, chiefly because here the sulfide in 

equilibrium is Ni-free. (c) Evolution of sulfur in the peridotite partial melt as a function of degree of 

melting using COMAGMAT v.5.2 from Ariskin et al. (2013), assuming 20 wt.% Ni present in the 

equilibrium sulfide (thick solid curves); SCSS model for basalts from Mavrogenes and O’Neill (1999, 

thin straight solid lines) and for picrites (Mavrogenes and O’Neill, 1999, thin straight dashed lines) are 

also plotted. At a given mantle potential temperature, SCSS predicted by Mavrogenes and O’Neill (1999) 

and Ariskin et al. (2013) are significantly lower than that from Fortin et al. (2015) and Smythe et al. 

(2017). In all three panels, dashed curves represent S content changes after sulfide exhaustion by melting. 

Numbers by the dashed curves indicate the initial S abundances (in ppm) in the peridotite mantle. The 

grey areas are reference S values in primitive melts parental to OIBs calculated by Ol-fractionation 

correction (Fig. 1c). 
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Figure 5-3 Evolution of sulfur (a, c, e) and copper (b, d, f) in the peridotite partial melt as a function of 

degree of melting using SCSS model from Smythe et al. (2017) that takes into account the effects of 

different amount of dissolved Ni±Cu in the equilibrium sulfide melt. Peridotite partial melt is in 

equilibrium with sulfide containing (a, b) 10 wt.% Ni and 5 wt.% Cu, (c,d) 20 wt.% Ni and 5 wt.% Cu 

and (e, f) 30 wt.% Ni and 5 wt.% Cu. In a, c, e, solid curve segments represent sulfur content of partial 

melt at sulfide saturated conditions (SCSS)  at TP = 1350 °C (light grey), 1450 °C (yellow), and 1650 °C 

(red) whereas the dashed curve segments indicate dilution of S concentration with increasing degree of 

melting at sulfide undersaturated conditions. TP = 1450-1650 °C represent range of mantle potential 

temperature applied to OIBs, while TP = 1350 °C represent mantle potential temperature applied to 
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MORBs for comparison. Numbers by the dashed curves indicate the initial S abundances (in ppm) in the 

peridotite mantle. Between TP = 1350 °C and TP = 1550 °C, hotter mantle yields partial melt with higher 

SCSS due to its higher temperature and FeO*enriched composition. In b, d, f, variation of Cu contents of 

peridotite partial melts are plotted as a function of degree of melting for different mantle potential 

temperatures for source S and Cu contents of 50-200 ppm and 24 ppm, respectively. Faster consumption 

of sulfide in a hotter mantle results in faster decrease in , therefore, Cu concentration increases 

faster in the partial melt derived from a hotter mantle. After complete consumption of sulfide from the 

residue, Cu contents in the partial melts depend only on the source Cu content and F. In both groups of 

panels, the grey areas are reference S and Cu values in primitive melts parental to OIB calculated by Ol-

fractionation correction (Fig. 1c and 1d). The figure shows that SCSS of peridotite partial melts at all 

melting degree and in particular, at low melting degree are always higher than the ‘reference’ OIBs where 

they are in equilibrium with sulfide melt with ≤20 wt.% Ni. 
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Figure 5-4 Interplay among mantle potential temperature (TP), degree of partial melting (F) and sulfur 

abundance in the peridotite on generating sulfide-saturated versus sulfide-undersaturated basaltic melt. (a) 

Extent of melting (F) required for sulfide exhaustion as a function of mantle potential temperature (TP) 

and bulk S contents in the peridotite mantle. At a fixed TP = 1450 °C, for example, F required to exhaust 

50 to 200 ppm S in the peridotite mantle increases from ~4.2 to 19.3 wt.%. Higher mantle potential 

temperature yields higher SCSS, therefore, consumes a given amount of sulfide faster than colder mantle. 

F required to consume sulfide for 150 ppm bulk S increases from ~9.7% to 16.1% from TP of 1650 to 

1350 °C. On the contrary, in order produce sulfide undersaturated primitive melt, colder mantle needs 

either higher degree of melting, or less S in the mantle. (b) S contents that a peridotite mantle may contain 

for sulfide to be consumed by 1, 2, 5 to 15 wt.% melting increases as mantle potential temperature 

increases. In both panels, symbols represent results calculated by SCSS model from Smythe et al.(2017) 

with 20 wt.% Ni and 5 wt.% Cu in equilibrium sulfide melt; black and grey dashed lines are results from 

SCSS models of Fortin et al. (2015), and COMAGMAT v5.2 from Ariskin et al. (2013) with 20 wt.% Ni 

in the sulfide in equilibrium with silicate melt.  
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Figure 5-5 Covariation of S and Cu during peridotite decompression melting. (a) Schematic of modeling 

covariation of S and Cu during peridotie melting. Quantitative results at TP = 1450 (b), TP  = 1550 (c), and 

TP=1650 °C (d) indicate that partial melting of peridotite mantle can reproduce reference S and Cu values 

in high degree melts (10-25%) from Iceland (gridded box) by exhausting 100-250 ppm S in the peridotite 

mantle source respectively at 1450 °C to 1550 °C. However, none of our model results by peridotite 

partial melting can satisfy both S and Cu contents in low degree melts (<10%) from Galapagos (solid 

dotted box), Lau Basin (circled box), Samoa (stripped box) and Loihi (solid grey box). SCSS model used 

here is from Smythe et al. (2017) with 20 wt.% Ni and 5 wt.% Cu in the equilibrium sulfide melt. 
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Figure 5-6 SCSS and Cu contents of the recycled materials. (a) Comparison of SCSS of peridotite-derived 

partial melt (thick light grey curve) and low-F MORB eclogite partial melt (blue thick line), high-F 

MORBe eclogite partial melt (red thick line), high-F bimineralic eclogite partial melt (grey dashed line), 

and sediment-derived melt (black dashed line) at TP = 1650 °C indicate that SCSS of peridotitic melt is 

significantly higher than that of MORB eclogite-derived and sediment-derived partial melts, and slightly 

lower than SCSS of partial melt of FeO* enriched bimineralic eclogite. Thick light grey dashed curves 

represent S concentration change in the peridotitic partial melts after sulfide exhaustion in the peridotite 

source with 50 and 150 ppm initial S, respectively. (b) Cu concentration in low-F MORB eclogite partial 

melt (blue solid lines), high-F MORB-like eclogite partial melt (red solid lines), and sediment-derived 

melt (black dashed line) at TP =1650  °C indicate that when initial sulfide mode in the recycled lithologies 

is high (4000-5000 ppm in S), Cu concentration in the partial melts is generally low due to abundant 

presence of sulfide in the residue; when initial sulfur content is relatively low (600 ppm), Cu 

concentration in the partial melts varies depending on lithologies, thus SCSS of the partial melts, and 

degree of melting of protoliths. Given the lower S content of MORB-eclogite and metapelitic partial melts 

at sulfide saturation, contributions from these lithologies are potential ways to explain the sulfur content 

of OIBs derived otherwise from a largely peridotitic mantle. 
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Figure 5-7 Melt-melt mixing calculations applicable to different OIBs. S versus Cu in melt-melt mixing 

between 8.6% melt of MORB eclogite and peridotite partial melt applicable to GSC(a), Lau Basin(b), 

Samoa(c) and Loihi (d) indicate that mixing sulfide undersaturated peridotite partial melts with 

reasonable proportions of low-degree partial melts from MORB eclogite (Fecl=8.6%) can reproduce 

reference S and Cu contents in most of the ocean island basalts except Samoan basalts. Mantle potential 

temperature and degree of melting differ from island to island, based on the discussions in the text. Four 

different patterned boxes represent the reference S and Cu contents of each island, GSC (dotted box), Lau 

Basin (circled box), Samoa (stripped box), and Loihi (solid grey box). Black dots represent Cu and S 

contents in peridotite partial melt end member and the numbers by each dot indicate initial S abundance 

in the peridotite mantle source. White dots represent Cu and S concentration in MORB-eclogite partial 

melts starting with 4000 ppm S while grey dots represent Cu and S concentration in MORB-eclogite 

partial melts starting with 600 ppm S. Black and grey straight solid lines are mixing lines between 

peridotite partial melts and two eclogite partial melt endmembers with black and grey dashed curves 

indicating proportion of the eclogite-derived melt, respectively. SCSS model used here is from Smythe et 

al. (2017), assuming peridotite-hosted sulfide contains 20 wt.% Ni and 5 wt.% Cu, and eclogite-hosted 

sulfide contains 10 wt.% Ni and 5 wt.% Cu.  
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Figure 5-8 Melt-melt mixing between 1% peridotite partial melt and 4% sediment partial melt suggest 50-

70% sediment partial melt is required to reproduce reference S and Cu concentration in primitive Samoan 

lavas, and it brackets 25-50 ppm S present in the peridotite source. SCSS model from Smythe et al. 

(2017) is used, and 20 wt.% Ni and 5 wt.% Cu is used in peridotite hosted sulfide, and 10 wt.% Ni and 5 

wt.% Cu is used in sediment hosted sulfide. 
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Table 5-1 SCSS models used in the modeling work in our study. 

 

SCSS Equationsa 
Temperature 

( °C)b 
Pressure 
(GPa)b 

Compositionc Other commentsd 

Fortin et al. 
(2015) ln(S, ppm) =11.35251-

4454.6

T
-346.54

P

T
+ piXi 1050-1800 0.0001-5 

Komatiitic to rhyolitic, Xi 
include SiO2, FeO*,CaO, Na2O, 
K2O, TiO2, Al2O3, MgO, H2O(0-

7.3 wt.%) 

 

Mavrogenes 
and O’Neill 

(1999) 
ln , = + +  1400-1800 0.5-9 Basalt only aFeS=0.5 and 1 

Ariskin et al. 
(2013) 

= (0.301× + 3.344)ln ( / ) − − ↓( ) 

= ( − 1) − − ↓ +  

1200-1800 
(FeS) 

1330-1500 

(FeS-NiS) 

0.0001, 0.5-
2.(FeS) 

0.0001-1.4 
(FeS-NiS) 

SiO2(<65 wt.%), TiO2(<5wt.%), 
FeO(<25 wt.%), MgO(>1 wt.%), 

Na2O+K2O(<5 wt.%) 

Incorporated into 
COMAGMAT-5 

(v.5.2) 

Smythe et al. 
(2017) 

ln =
14695

− 9.656 + 1.02 + + + +

+ ( + . ) + ( . + . )

+ (− . ) −  

1150-2160 0.0001-24 

FeO (0.3-40.1 wt.%) 

 sulfide composition of the FeS-
NiS-CuS0.5 

D=F=0, E=546K 

 

a. Temperature in Kelvin and pressure in GPa, X is the mole fraction of S, oxide I or cation M. 
b. Temperature and pressure range of SCSS calibration. 
c. Composition range of SCSS experiments used for calibration; more details are found in origin literature. FeO* represent total Fe, the same in the following 

tables. 
d. Other information given by the origin literature. 
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Table 5-2 Partition coefficients between minerals/melt and sulfide melt/silicate melt used in the model calculation 

Element literature Olivine orthopyroxene clinopyroxene garnet spinel sulfide 

Cu Le Roux et al. (2015) 0.13 0.12 0.09 - - - 

 Liu et al. (2014) - - - 0.023 0.25 - 

 Li and Audétat (2012) - - - - - 1000 

S 
Callegaro and Marzoli 

(2015) 
0.0004 0.003 0.03 - - - 
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Table 5-3. Estimate of proportions of MORB-eclogite/sediment-derived partial melts and S abundance in the peridotite for the mantle 
source regions of Galapagos, Lau Basin, Loihi and Samoa 

 

  GSC (TP=1450  C̊, Fpe=9%)a Lau Basin (TP=1450  C̊, 
FPe=5%) 

Loihi (TP=1650  C̊, 
FPe=4%) 

Samoa (TP=1550  C̊, 
FPe=1%) 

SCSS 
model
b 

Seclogite(ppm
)c 

Proportion(
%) 

Speridotite(ppm
)d 

Proportion(
%) 

Speridotite(pp
m) 

Proportion(
%) 

Speridotite(pp
m) 

Proportion(%
)e 

Speridotite(ppm
)f 

Smyth
e et al. 
(2017) 

600 40-60 50-150 0-40 50-100 30-50 25-100 - - 
4000 20-40 50-150 0-30 50-100 20-40 25-100 50-65 25-50 

Fortin 
et al. 
(2015) 

600 40-50 100-150 0-50 50-100 30-50 25-100 - - 
4000 20-40 100-150 0-40 50-100 20-40 25-100 60-70 25-50 

Ariski
n et al. 
(2013) 

600 0-30 100-150 0-30 50-100 40-50 25-50 - - 
4000 0-20 100-150 0-30 50-100 20-40 25-50 30-40 50-100 

 

a. TP (mantle potential temperature) and FPe (degree of peridotite partial melting) employed for each island; 
b. SCSS Model is used in the calculation. In Smythe et al. (2017) and Ariskin et al. (2013), 20 wt.% Ni and 5 wt.% Cu is assumed in sulfide melt in 

equilibrium with peridotite partial melts; 10 wt.% Ni and 5 wt.% Cu is assumed in the eclogite/sediment-hosted sulfide; 
c. Seclogite represents initial sulfur in the unmelted MORB-eclogite;  
d. Speridotite represents constrained S abundance in the peridotite mantle for each island; 
e. Proportion in this column represent proportion of partial melt derived from sediment instead of eclogite; 
f. This value is constrained by mixing the peridotite partial melt with sediment partial melt.  
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Chapter 6  

New high pressure experiments on sulfide saturation of high-FeO* basalts with variable 

TiO2 contents – Implications for the sulfur inventory of the lunar interior 

ABSTRACT 

In order to constrain sulfur concentration of intermediate to high-Ti mare basalts at sulfide 

saturation (SCSS), we conducted basalt-sulfide melt equilibria experiments using a piston 

cylinder at 1.0-2.5 GPa and 1400-1600 °C, on two compositions similar to high-Ti (Apollo11, 

~11.1 wt.% TiO2, 19.1 wt.% FeO*, and 39.6 wt.% SiO2) and intermediate-Ti (Luna16, ~5 wt.% 

TiO2, 18.7 wt.% FeO*, and 43.8 wt.% SiO2) mare basalts. Experimental results show that SCSS 

increases with increasing temperature, and decreases with increasing pressure, similar to the 

observations on previous studies on SCSS. SCSS in composition of A11 is systematically higher 

than that in composition of Luna 16, which is likely attributable to higher FeO* concentration in 

A11. Compared to the previously constructed SCSS models, even including the ones designed 

for high-FeO* basalts, the SCSS values determined in our study are generally lower, with the 

model overprediction increasing with increasing melt TiO2. We attribute this to the greater 

abundance of FeTiO3 complexes in the melt for compositions with higher TiO2 contents, which 

lowers the activity of FeO*, aFeO* in the melt, and therefore lowers SCSS. Consequently, we 

derived a new SCSS parameterization for high-FeO* silicate melts of variable TiO2 content. At 

multiple saturation points of a few picritic glasses, mare basalts, and one young lunar meteorites, 

which are thought to be primitive melts, the SCSS ranges from 2000 to 3400 ppm. Comparison 

between S concentration in the primitive lunar magmas to their calculated SCSS indicates that 

sulfide in the lunar mantle source of these magmas is likely to be exhausted during partial 

melting. Based on the measured S contents and estimated degree of melting for each group of 
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lunar magmas, we constrained range of S contents in the mantle source of A15 green glass and 

A15 mare basalts of 10-25 ppm, A17 orange glass of 33-82 ppm, A12 mare basalts of 84-120 

ppm, and A11 of 35-119 ppm. Different ranges of S content in the mantle source of different 

groups of lunar magmas indicate that lunar mantle could be heterogeneous in terms of S. 

Although variable among different groups, the constrained low S abundance (<120 ppm) of the 

lunar mantle falls near the lower end of the S abundance in depleted terrestrial mantle similar to 

MORB source and is in agreement with previous calculations of HSE depletion in the BSM. 

1. INTRODUCTION 

Until recently, the moon was thought to have lost its inventory of highly volatile elements 

(H, C, S, F, Cl, etc.) during the giant impact event with the primordial Earth (Taylor, 2006). 

However, the detection of high pre-eruptive abundances of volatiles in melt inclusions from 

some lunar volcanic glasses (Chen et al., 2015; Hauri et al., 2015, 2011; Saal et al., 2008) has 

provided evidence for the retention of volatiles, including hydrogen, in the moon’s interior. 

Based on these high precision measurements of melt inclusions, recent studies have estimated the 

volatile budget in the bulk silicate moon (BSM, Chen et al., 2015; Hauri et al., 2015). 

Constraining the abundances of volatiles and highly siderophile elements in the lunar mantle is 

critical in order to better understand the dynamic processes responsible for the formation of the 

Earth-moon system, such as the giant impact and late accretion (Chen et al., 2015; Kendrick et 

al., 2015). For example, based on the estimated volatile abundances in the BSM, Hauri et al. 

(2015) proposed a model of volatile loss during giant impact and regain in the following 

accretion of carbonaceous chondrites. Based on the current knowledge of budgets of volatiles in 

the lunar mantle and difference in volatile inventory between the Earth and the moon, it is also 
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proposed that both the Earth and  moon obtained volatiles in a similar mechanism, but Earth 

received them more efficiently (Chen et al., 2015).  

Sulfur, one of the key volatiles, participates in and affects a wide range of processes 

during planetary differentiation, such as core-mantle fractionation (e.g., Dasgupta et al., 2009; 

Jana and Walker, 1997; Laurenz et al., 2016; Li et al., 2016; Wood et al., 2014), chemical 

differentiation during core crystallization (Stewart et al., 2007), mantle partial melting (Ding and 

Dasgupta, submitted; Holzheid and Grove, 2002; Righter et al., 2009), hydrothermal processes, 

degassing, and crust-mantle fractionation (Ding et al., 2015, 2014; Gaillard et al., 2011) of 

various terrestrial planetary bodies. Therefore, an understanding of S storage and distribution in 

the interior of the moon is imperative for any comprehensive model of Earth-moon formation 

and lunar differentiation. For example, sulfide replacement textures in the Mg-Suite lithologies 

provide details about the composition and origin of the metasomatic fluids in the lunar crust, and 

thus, insights into pre-degassed water and hydrogen contents in the melt (Bell et al., 2015). As an 

element with multiple isotopes sensitive to vaporization-driven fractionation, homogeneity of the 

S isotopes from the mare basalts suggests that no more than 10 wt.% of lunar sulfur could have 

been lost during a moon-forming impact (Wing and Farquhar, 2015). Moreover, since sulfide is 

the main host of highly siderophile elements (HSE) in the mantle, presence or exhaustion of 

which in lunar mantle affects budgets of HSE and chalcophile elements. A low sulfur abundance 

of 74.3±4.5 ppm in the BSM (Bombardieri et al., 2005; Chen et al., 2015; Hauri et al., 2015) is 

more likely to be consumed during partial melting (Ding and Dasgupta, submitted), and thus, 

supports the theory of HSE depletion of BSM, which is based on the assumption that sulfide is 

exhausted during lunar mantle melting. Lastly, sulfur is also thought to be an important light 

element in the lunar core. Sulfur content of 1-8 wt.% has been proposed to be in the lunar core 
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based on sound velocity measurements in the Fe-S liquid at high pressures (Jing et al., 2014), 

intermediate siderophile elements partitioning between metal and silicate (Rai and van 

Westrenen, 2014), and lunar core dynamo modeling (Laneuville et al., 2014).  

However, volatile abundances in the BSM inferred by measurements of volatiles in the 

lunar volcanic glasses have their own uncertainties, such as:(1) the assumptions made when 

calculating volatiles in the lunar mantle based on volatiles in the melt; (2) if the  samples are 

typical or are a “local anomaly” of lunar rocks (e.g., Albarede et al., 2013). S contents measured 

in mare basalts, volcanic glasses, and melt inclusions in the volcanic glasses and mare basalts 

from different lunar samples are plotted in Fig. 1a. On the one hand, many picritic lunar glasses 

with high MgO have experienced S degassing (e.g., Fogel and Rutherford, 1995; McCubbin et 

al., 2015; Weitz et al., 1999), which makes it difficult to determine pre-degassed S contents in 

the least evolved lunar samples (very-low-Ti A15 green glass, low-Ti A15 yellow glass and 

high-Ti A17 orange glasses in Fig. 1a).  Yet, Saal et al. (2008) conducted a diffusion model 

based on all the measured volatiles on a core-rim profile from a single green glass bead and 

indicated 19% S loss of its initial S. After diffusion correction, pre-degassed S content in this 

A15 green glass bead appears to be ~333 ppm. Though affected by severe degassing, Saal et al. 

(2008) claimed that each glass group has a specific range in S contents, suggesting different 

initial S concentration in each glass group. More interestingly, Fig.1a shows that four A15 green 

glasses have abnormally high S contents from 850-2300 ppm S at MgO~17 wt.%. These are data 

from vesicular rims of A15 green glasses (Elkins-Tanton et al., 2003) and they are thought to 

represent a unique primitive melt composition originated near the green glass source (Elkins-

Tanton et al., 2003). On the other hand, recent S measurements in melt inclusions from high-Ti 

Apollo 17 orange glass, Apollo 12 and Apollo 15 mare basalts show that lunar melts with high 
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MgO can contain as high as 800-1900 ppm S (Bombardieri et al., 2005; Chen et al., 2015; Hauri 

et al., 2015), overlapping with S contents in primitive MORB. Therefore, the measured high S in 

the melt inclusions at high MgO is not likely to be a “local anomaly”; however, it is also likely 

that some lunar magmas (e.g. VLT A15 green glass and likely low-Ti A15 yellow glass, Saal et 

al. 2008) do have less S content than others. S contents measured in MORBs and Martian 

meteorites are also plotted in Fig. 1a. At similar high MgO contents, higher bound of S contents 

from melt inclusions show similar S contents as those in the least evolved MORBs (Jenner and 

O’Neill, 2012), and both are lower than S in Martian basalts (Ding et al., 2015 and the references 

therein). Though the measured S contents in the melt inclusion may be representative, the 

estimate of the S abundances in the lunar mantle might not be robust. If the experimentally 

constrained partition coefficient of S between silicate and metal (Boujibar et al., 2014) is applied 

at the conditions of the bottom of the lunar magma ocean (LMO, Steenstra et al., 2016b), low S 

abundances in the lunar mantle are challenged by the high S concentration (1-8 wt.%) in the 

lunar core. Furthermore, the estimates of 74.3±4.5 ppm S are obtained either using S/Dy ratio in 

the melt inclusions in lunar volcanic glasses assuming S and Dy do not fractionate during 

magmatic processes (Chen et al., 2015; Hauri et al., 2015), or using S concentration in the melt 

inclusions in mare basalts and assumed degree of melting (F). Both ways are only valid with the 

assumption that sulfide is exhausted during lunar mantle melting; thus, S behaves as an 

incompatible element. The last but not the least, variations displayed in initial S contents from 

different groups of lunar magmas, which could potentially represent a sulfur-heterogeneity in the 

lunar mantle, are not thoroughly considered in any previous studies that suggest sulfide 

exhaustion during mantle melting. Therefore, it remains unclear whether sulfide is exhausted 

during lunar mantle melting, which in turn depends on initial S in the lunar mantle, degree of 
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melting, and the most important parameter: the sulfur carrying capacity of the lunar magmas at 

sulfide saturation.  

Sulfur carrying capacity of mantle melts is a critical parameter to understanding sulfide 

survival or exhaustion during partial melting. It is related to pressure (P), temperature (T), melt 

composition (X) and oxygen fugacity (fO2). Based on previous experimental constraints on fO2 

where the transition from sulfide to sulfate occurs in mafic magmas (Jugo et al., 2010) and the 

fO2 related to lunar magmas (e.g., Wadhwa, 2008), S dissolves in the lunar magmas as S2- and 

the maximum amount is determined by sulfur content at sulfide saturation (SCSS). SCSS has 

been thoroughly investigated by experiments on terrestrial basalts (e.g, Baker and Moretti, 2011; 

Fortin et al., 2015; Liu et al., 2007; Mavrogenes and O’Neill, 1999; O’Neill and Mavrogenes, 

2002), and there are also a few recent studies on high-FeO* Martian basalts (Ding et al., 2014; 

Fortin et al., 2015; Righter et al., 2009). However, lunar basalts are significantly different from 

MORBs and Martian basalts in composition. Major element composition of lunar meteorites, 

mare basalt, and volcanic glasses are plotted in Fig. 1b-1f with MORBs and Martian meteorites. 

Compared to MORBs, lunar basalts are significantly lower in SiO2, Al2O3, CaO and higher in 

FeO* (>18wt.%). Broad range from <1 wt.% to 16 wt.% TiO2 and ~35- 45 wt.% SiO2 also 

distinguish lunar rocks from the Martian meteorites (Fig.1b and 1e). Though it is well 

investigated that high FeO* in the melt can significantly enhance SCSS (Ding et al., 2014; 

Righter et al., 2009; Wykes et al., 2014), there are only two previous experimental studies on 

SCSS of high TiO2 mare basalts (Danckwerth et al., 1979; O’Neill and Mavrogenes, 2002). 

O’Neill and Mavrogenes (2002) conducted a series of experiments on FeO*-bearing silicate with 

increasing TiO2 contents, which display decreasing SCSS with increasing TiO2. Both 

experiments from Danckwerth et al. (1979) and O’Neill and Mavrogenes (2002) are done at 1 
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atm and at fixed temperatures, 1250 ̊C and 1400 ̊C, respectively. Therefore, any assessment of 

sulfide saturation of the lunar mantle using previous SCSS models at high pressures could be 

inaccurate because of the lack of experiments on high- and intermediate-Ti mare basalts at 

greater depths and temperatures where lunar mantle partial melting takes place.  

This study presents new experiments on SCSS of lunar magmas with high and 

intermediate TiO2 contents at high pressures (1-2.5 GPa) and temperatures (1400-1600 ̊C). The 

aim of this study is to quantitatively describe the SCSS of high-FeO*, with very low to high TiO2 

lunar magmas as a function of pressure and temperature. Combining our experiments with  

previous SCSS experiments performed on high FeO* basalts with a broad range of TiO2 

concentrations (Ding et al., 2014; Holzheid and Grove, 2002; O’Neill and Mavrogenes, 2002; 

Righter et al., 2009), we present a new SCSS parameterization specifically designed for any 

high-FeO* planetary basalts but with wide range of TiO2 contents. Finally, we combine our new 

SCSS model with petrogenesis of individual picritic glasses and mare basalts, to understand the 

behavior of S during lunar mantle partial melting, and constrain range of S abundance in the 

lunar mantle.   

2. METHOD 

2.1 Starting compositions 

Two starting compositions, equivalent to Apollo 11 B3 mare basalt (hereafter A11, 

Synder et al., 1992) with high TiO2 contents (~ 11.1 wt.%), and average composition of all Luna 

16 mare basalts (hereafter Luna16, Warren and Taylor, 2014)  with intermediate TiO2 contents 

(~5.0 ±0.2 wt.%) were used for our experiments. These compositions were chosen mainly 

because they are representative of high and intermediate TiO2 contents of mare basalt. They also 

have similarly high FeO* contents, slightly different SiO2 contents, and distinct Al2O3 contents 
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(Fig. 1), which all could contribute to sulfur solubility of mare basalts at sulfide saturation (e.g., 

Fortin et al., 2015). Starting compositions are listed in Table1. The starting compositions were 

synthesized using reagent grade oxides and carbonates. To minimize adsorbed water, SiO2, TiO2, 

Al2O3, Cr2O3, and MgO powder were each fired overnight at 1000 ̊C, Fe2O3 at 800 ̊C, MnO2 at 

400 ̊C, CaCO3 at 200 ̊C and Na2CO3 and K2CO3 at 110  ̊C. Then, all the oxides and carbonates 

were first mixed proportionally, ground in an agate mortar under ethanol for about 30 minutes 

and dried overnight in room temperature. Well-mixed powders were reduced and decarbonated 

at 1000 ̊C for 24 hrs in a stream of CO-CO2 gas mixture, which set the fO2 ≈FMQ-2. Sulfur was 

added to the silicate mixes as FeS with mixing proportion of 80 wt.% silicate and 20 wt.% FeS. 

Well-ground and mixed silicate powder with FeS were stored in a desiccator.  

2.2 Experimental technique 

Experiments were performed using a piston cylinder in the experimental petrology 

laboratory of Rice University at 1-2.5 GPa and 1400-1600 ̊C (Table 2). Graphite capsules with 

~1.5 mm wall thickness, ~3.5 mm height and 1 mm thickness cap were employed to keep 

experimental fO2 below the FMQ buffer (Médard et al., 2008). Experiments employed a ½” 

assembly with BaCO3 pressure-transmiting medium, MgO spacers and straight-wall graphite 

furnace, following the calibration of Tsuno and Dasgupta (2010), with P-T uncertainties of ±0.1 

GPa and ± 12 ̊C. For all experiments, desired pressure was reached first. At the target pressure, 

samples were pre-sintered at 800 ̊C for 1-8 hrs to minimize leakage of sulfide melts, and then 

heated to target temperature at 100 ̊C/min (Table 2). Run durations varies from 24 hours at 1400 ̊ 

C to 2 hours at 1600 ̊ C. Time series experiments at 1.5 GPa and 1400 ̊ C showed that 24-hour 

long experiment produced similar textures and SCSS (3941±367 ppm) to that obtained from 50-

hour long experiment (3776±214ppm), which indicated that 24-hr duration is enough for sulfur 
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to diffuse across the capsule at 1400 ̊ C. Similar time-series experiments were conducted by Ding 

et al. (2014), and indicate that at 1600 ̊ C 2 hours is enough for sulfur diffusion across the 

capsule given the high temperature condition. Experiments were terminated by cutting power to 

the heater and the estimated quench rate was 125-150 ̊  C/s. Recovered samples were mounted in 

epoxy and polished down to 0.3 micron using Al2O3 slurry on velvet cloth for electron 

microprobe analysis. 

2.3 Analytical techniques  

Polished samples were carbon-coated and studied for phase identification, major element 

and sulfur composition using the Cameca SX100 electron microprobe at NASA Johnson Space 

Center. On Cameca SX100, operating conditions for glassy and quenched crystal-bearing silicate 

melt pool were 15 KV and 10 nA, and a defocused beam of 20 µm. Operating conditions for 

sulfide melt were 20 KV and 30 nA, and a spot beam. Standards used for major element analyses 

in silicates were oligoclase (for Na, Al), natural obsidian glass (for Al, Si), diopside (for Mg, Si, 

Ca), natural basaltic glass (for Mg, Si, Ca, Fe), orthoclase (for K), rutile (for Ti), rhodonite (for 

Mn), fayalite (for Fe), pyrrhotite (for S, Fe). Standards used for sulfide melt analyses were 

pyrrhotite (for S), both pyrrhotite and hematite (for Fe), and hematite (for O). Given the lack of a 

secondary standard for S at NASA John Space Center, we repeated the major element and S 

analyses in the silicates on 9 samples using a JEOL JXA 8530F Hyperprobe in EPMA laboratory 

at Rice University; we also analyzed major elements and S in 2 basaltic glasses as secondary 

standards for S. Standards used for major element in silicates were basaltic glass from SE Indian 

Ocean (NMNH 113716-1, for Si, Ca, Fe, Al, Mg, S), basaltic glass (NMNH 117218-3, for K), 

jadeite (for Na), rutile (for Ti), chromite (for Cr), and rhodonite (for Mn). Sulfur concentration 

obtained from the repeated analysis at Rice University is similar to what were obtained at NASA 
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within statistical standard deviations. Therefore, for these 9 experiments, we reported the 

averaged values from all the analyses. The sulfur concentration was measured to be 1153 ± 100 

ppm (n=11) for the glass NMNH 113716-1, and 1318 ± 90 ppm (n=10) for glass NMNH 

117218-3. These measurements are in agreement with the recommended S values of both glasses 

of ~1200 ppm (Jarosewich et al., 1980; Vicenzi et al., 2002). The agreement of our analyses with 

the recommended values of the standard glasses lends confidence in the accuracy and 

reproducibility of our S analyses reported here.    

3. RESULTS 

 3.1 Phase assemblages and texture 

Two immiscible silicate and sulfide quenched melts are present in all experiments (Fig. 

2a). One experiment (G411 at 1400 °C, 2.5 GPa) also produced a layer of clinopyroxenes at the 

bottom of the capsule. Phase assemblages of all the experiments are listed in Table 2 along with 

experimental conditions. Presence of 20-250 μm pools of sulfide quenched melt in the silicate 

melt confirmed sulfide saturation in all the experiments (Fig. 2a). Sulfide liquid quenched to 

three phases (Fig. 2b) including grey sulfide crystals (with S and Fe), dark grey interstitials (S-

rich aggregates) and a few bright interstitials (very Fe rich with little S). Silicate melt of A11 in 

all the experiments at 1 and 1.5 GPa quenched to both glass and fine to coarse quench crystals. 

Silicate melt of A11 in experiments at 2 and 2.5 GPa only show fine to coarse quenched crystals. 

Silicate melt of Luna 16 in experiments at 1 and 1.5 GPa all quenched to homogeneous glass 

while the experiment at 2.5 GPa quenched to both glass and dendritic crystals. For both 

compositions, the domains with crystals were avoided during EMPA analysis if glassy patches 

were also present in an experiment; otherwise, a defocused beam of 20 μm was employed to 

obtain the average composition of silicate melt with fine quenched crystals. Sulfur in the silicate 
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melt was present as both dissolved S in the silicate melt and discrete, sub-micron sulfide blebs 

(Fig. 2d). These sub-micron sulfide blebs were ubiquitous throughout the silicate melt and 

universal in all experiments, regardless of run durations and P-T conditions. Therefore, these 

submicron sulfides were interpreted as a phase formed during quench, and were integrated in the 

analytical volume by using a defocus beam. In addition to the sub-micron sulfide, there were a 

few small (1-2 μm) round sulfide droplets scattered in the silicate melts (Fig. 2d). These sulfide 

droplets were interpreted as part of the equilibrium sulfide melt due to their shape, size and 

rarity. Therefore, microscope analysis spots were chosen carefully to avoid these small sulfide 

droplets if present.          

3.2 Phase compositions   

Compositions of silicate and sulfide melts are given in Table 3, and SCSS in 2 starting 

compositions change as a function of pressure and temperature are plotted in Fig. 3. Major 

element compositions of the two starting materials in all the supra liquidus experiments are close 

to the starting compositions, with slight variations. For A11, SiO2 (36.82-39.34 wt.%), TiO2 

(9.87-11.02 wt.%), FeO* (16.19-19.24 wt.%) varied within 2-3 wt.% respectively, while Al2O3 

(8.9-9.9 wt.%), MgO (8.19-9.24 wt.%), and CaO (11.94-13.31 wt.%) changed less than 2 wt.%. 

For Luna 16, FeO* and CaO varied from 14.97 to17.68 wt.% and from 11.79 to 13.55 wt.%, 

respectively, while the rest of the oxides changed within 1 wt.%. G411 is the only sub-liquidus 

experiment with a layer of clinopyroxene crystals. The silicate melt from G411 displayed lower 

SiO2 (33.27 wt.%), and much higher TiO2 (17.21 wt.%) and FeO (22.97 wt.%) compared to other 

experiments with A11.  

SCSS of the two studied compositions display systematic change with variation of 

pressure and temperature. At a given pressure, SCSS increases with increasing temperature. Fig. 
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3a shows that at 1.5 GPa, SCSS of A11 increases from ~3940 ppm to ~5860 ppm from 1400°C 

to 1600°C. Experiments of Luna 16 at 1.5 GPa showed a similar trend, with an SCSS of 2800 

ppm at 1400°C, and ~4800 ppm at 1600°C. At a fixed temperature, SCSS of both compositions 

decreases as increasing pressures. For example, at 1500°C, SCSS of A11 decreases from 

~5350ppm to ~3830 ppm from 1 to 2.5 GPa (Fig.3b); SCSS of Luna 16 at 1 and 2.5 GPa 

followed a similar trend, with ~4050 ppm and ~2490 ppm S, respectively (Fig. 3b).  

S, Fe, O and Si were measured in the sulfide melt. Regardless of pressure and 

temperature, atomic ratio of Fe/S varied slightly from experiment to experiment, but remained 

closely to 1.05/0.91. Finite amounts of oxygen (<2 wt.%) were also detected in the sulfide melts, 

which is consistent with the experimentally constrained solubility of oxygen in sulfide melts 

(Kress, 1997). Si contents were less than 0.5 wt.% in all the experiments,  and can be safely 

neglected (Kress, 1997). 

4. DISCUSSION 

4.1 Comparisons to previous SCSS studies 

The temperature and pressure dependence of SCSS for intermediate- and high-Ti lunar 

basalts shown in Fig.3 agrees well with previous studies (Ding et al., 2014; Holzheid and Grove, 

2002; Mavrogenes and O’Neill, 1999). Since both pressure and temperature can affect SCSS 

significantly, our results can only be compared to experimental results obtained at same P-T 

conditions from previous studies. Though there are two previous experimental studies 

constraining SCSS of high-Ti mare basalts, they were conducted, respectively, at 1200-1300°C, 

1 atm (Danckwerth et al., 1979) and 1400°C, 1 atm (O’Neill and Mavrogenes, 2002), which do 

not overlap with any P-T conditions investigated in this study. Since all the lunar samples have 

high FeO* concentration (>15wt.%), which is the most dominant compositional controls on 
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SCSS (Haughton et al., 1974; O’Neill and Mavrogenes, 2002; Wykes et al., 2014), previous 

SCSS experiments on basaltic melt with high FeO* contents are also considered for comparison. 

However, there exists limited experimental data at the same P-T conditions. Therefore, instead of 

comparing our results to previous experimental results directly, we compared the experimentally 

constrained SCSS in this study to the predicted SCSS calculated using the empirical SCSS 

parameterizations derived from previous studies, which reproduced the calibration dataset in 

each study. Given the high FeO* contents in lunar rocks, only SCSS parameterizations including 

high FeO* compositions in their calibration are considered. O’Neill and Mavrogenes (2002) 

conducted a series experiments on composition similar to high-Ti mare basalts, but their SCSS 

model is only calibrated at 1400°C. Both Righter et al. (2009) and Li and Ripley (2009) have 

included these high FeO*, high TiO2 experiments from O’Neill and Mavrogenes (2002), and 

suggest their models are applicable to compositions with TiO2 up to 15.3 wt.%. Besides, SCSS 

parameterizations from Ding et al. (2014) are calibrated for high FeO* Martian magmas, which 

are low in TiO2 (<2 wt.%) but generally share other compositional similarities with lunar rocks, 

such as Al2O3 and CaO concentration (Fig. 1). Ariskin et al. (2013) and Fortin et al. (2015) are 

also considered here since they included experimental results with low to high FeO* contents in 

the calibration sets, though it is emphasized in both studies that their models are not applicable to 

high-Ti lunar basalts. The SCSS model from Ariskin et al. (2013) is also characterized by 

considering the presence of Ni in the silicate melt and coexisting sulfide phase, which is argued 

to have significant effect on SCSS in the silicate melt (Ariskin et al., 2013; Kiseeva and Wood, 

2015). However, the Ni±Cu concentration in the sulfide phase in the lunar mantle is poorly 

constrained, neither is the partitioning of Ni and Cu between olivine and sulfide melt, and 

between silicate and sulfide melt under extremely reducing lunar mantle conditions. Thus, Ni 
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effect is not considered in this study when applying the SCSS model from Ariskin et al. (2013). 

The observed SCSS of A11 and Luna16 are plotted with calculated SCSS from previous studies 

(Ariskin et al., 2013; Ding et al., 2014; Fortin et al., 2015; Li and Ripley, 2009; Righter et al., 

2009) in Fig. 4. Most of these previous models overestimated the SCSS of A11 and Luna16 

compared to our experiments (Fig.4). SCSS of A11 tends to be more overestimated than those of 

Luna 16, except in the case of Ariskin et al. (2013). The difference between A11 and Luna 16 

might be attributable to their difference in compositions, mainly in TiO2, FeO*, SiO2, and Al2O3. 

Fig. 5 displays the relative error between predicted SCSS and observed values ( ×

100%) change with TiO2, FeO*, SiO2 and Al2O3 concentration, respectively. It can be seen in 

Fig. 5 that relative error using all the other models increase as TiO2 and FeO* increases, and 

decrease as SiO2 and Al2O3 increase. Only relative error using the Ariskin et al. (2013) model 

displayed the opposite trends. It has been experimentally shown that in the FeO*-free system, 

addition of SiO2 and Al2O3 will decrease SCSS while addition of TiO2 can slightly increase 

SCSS (O’Neill and Mavrogenes, 2002). On the contrary, in the FeO*-bearing silicate melt, 

especially in high FeO* system, FeO concentration is the most dominant factor on SCSS, while 

other components only have minor effects (O’Neill and Mavrogenes, 2002). It is suggested that 

high TiO2 concentration can significantly decrease FeO* activity due to the formation of FeTiO3 

complexes in the silicate melt (Krawczynski and Grove, 2012), which may indirectly decrease 

SCSS. This was also observed in O’Neill and Mavrogenes (2002): the addition of TiO2 from ~1 

wt.% to ~17 wt.% to average MORB composition and high-Mg andesite composition decreased 

the SCSS of both compositions. This character cannot be captured by previous oxides-based 

models since they either did not contain a TiO2 term (Ding et al., 2014; Righter et al., 2009) or 

contain TiO2 as a relatively insignificant term (Fortin et al., 2015; Li and Ripley, 2009). 
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Therefore, it is not surprising that the SCSS of high TiO2 lunar basalts is overestimated by most 

of these SCSS models calibrated for high-FeO* compositions, and the mismatch becomes more 

and more significant with increasing TiO2 and FeO*. This can also explain the covariations of 

relative errors with increasing SiO2 and Al2O3, since A11 not only has higher TiO2, but also 

lower SiO2 and Al2O3  than Luna 16. However, comparison between the observed SCSS and 

predicted SCSS using Ariskin et al. (2013) model shows opposite trends than other models. This 

contrast might be related to the fact that in the Ariskin et al. (2013) model, TiO2 is weighted as a 

relatively significant term and decreases SCSS. Therefore, as TiO2 increases to as high as 10 

wt.%, Ariskin et al. (2013) tends to underestimate SCSS. Lastly, the fact that A11 with higher 

TiO2 concentration gives higher SCSS than Luna 16 with lower TiO2 seems to go against with 

the hypothesis above. However, we also notice that there is a fairly significant difference of 2-4 

wt.% in FeO* in silicate melt in the recovered runs between A11 and Luna 16, which is likely to 

result in higher SCSS in A11 than that in Luna16. 

4.2 Thermodynamic background 

Under reducing conditions (fO2<FMQ+1, Jugo et al., 2010), it has been first proposed by 

Fincham and Richardson (1954) that sulfur dissolves in the silicate melt as S2- and replaces O2- 

on the anion sublattice as described in the following reaction: 

0.5 ( ) + (  ) ↔ (  ) + 0.5 ( )                                          (1) 

Pseudo-equilibrium constant for equation (1) can be written as: 

ln ( )) =  + 0.5 − 0.5 −                       (2) 

and is also defined as “sulfur capacity, CS”, 
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= ln + 0.5                                                                                                     (3) 

where [S] represents sulfur concentration in the melt and   is dropped because of 

the abundance of O2- ions compared to S2- in the silicate melt (  ≈ 1).  

This relationship was experimentally confirmed and developed to a reciprocal solid solution 

formalism for mixing cations and anions by O’Neill and Mavrogenes (2002) and can be modeled 

as: 

= + ∑                                                                                                      (4) 

where XM represents the mole fraction of cation M (Fe, Ti, Mg, Ca, Si, etc.), and AM coefficients 

represent the preference of cation M combining with sulfur over oxygen, and A0 is a constant.  

However, equation (1) does not describe the realistic scenario of S saturation in the silicate melt, 

since instead of an S2 gas phase, silicate melt is in equilibrium with a sulfide phase (melt or 

solid) when it is sulfide saturated under reducing conditions. The equilibrium between S  

dissolved in the silicate melt and iron sulfide phase can be described by: 

(  ) + 0.5 ( ) ↔ (  ) + 0.5 ( )                                 (5) 

and the equilibrium constant for equation (5) can be written as:  

∆ ( ) =  −  + 0.5                                                   (6) 

By combining equation (3) and equation (6), fO2 and fS2 can be eliminated to have: 

ln =
∆ ( ) +   −  +                                      (7) 

This model was then expanded to include a pressure term by Wykes et al. (2014) to produce: 
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ln =
∆ ( ) + −  +                                                           (8) 

where C is a constant accounting for volume change as pressure changes. Considering the 

silicate is in equilibrium with pure FeS sulfide,   is assumed to be ~1, and 

  can be approximated by  .  

The effect of high TiO2 in the silicate melt is also discussed in O’Neill and Mavrogenes (2002). 

If the system is considered as mixing between Fe-free matrix and FeO binary system, with 

increasing FeO and other composition remaining constant,   can be written as an empirical 

function of FeO contents in the melt: 

= 1 − +                                                                                     (9) 

Where  reflects sulfide capacity of the Fe-free matrix. Simple regression of the experiments 

show that   are similar of high-Ti mare basalts and Anorthite-diopside eutectic-FeO system. 

Thus, O’Neill and Mavrogenes (2002) concluded that the different slope of  vs FeO for the 

high-Ti mare basalt composition is not due to , which is in agreement with the effect of TiO2 

on   by formation of ilmenite-like oxide discussed in Krawczynski and Grove 

(2012). Therefore, O’Neill and Mavrogenes (2002) added  to equation (4) as an 

empirical term to account for the anomalous slope of  vs FeO.  

4.3 Data fitting and construction of a new parameterization to predict SCSS of lunar basalts 

Comparisons above show that several predictive models of SCSS in silicate melts from 

previous studies for terrestrial basalts (Ariskin et al., 2013; Fortin et al., 2015; Li and Ripley, 

2009) and Martian magmas (Ding et al., 2014; Righter et al., 2009) cannot reproduce our new 

experimental results (Fig. 4). Given the current knowledge of the thermodynamic principals of 
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SCSS briefly summarized above, we develop a new empirical model to describe SCSS in the 

FeO*-rich silicate melt with very low to high TiO2 contents relevant to lunar magmas. We 

employed an equation similar to SCSS model from O’Neill and Mavrogenes (2002) and Wykes 

et al. (2014). 73 experiments from this study and previous SCSS experiments (Ding et al., 2014; 

Mavrogenes and O’Neill, 1999; O’Neill and Mavrogenes, 2002; Righter et al., 2009; Wykes et 

al., 2014) on high FeO* (>10wt.%) and a broad range of TiO2 contents (<1wt.%-14 wt.%) are 

used to fit the equation in the regress function in Matlab. Statistical parameters (R2, F value, p-

value, and RMSE) and the errors of all the coefficients are given by the regress function. We are 

aware of that certain amounts of chalcophile elements (Ni, Cu, etc.) are probably present in the 

sulfide in the lunar mantle, taking the situation of the Earth as an analogy. However, given the 

lack of knowledge of the abundance of chalcophile elements present in the sulfide melt, as well 

as the lack of experimental constraints on their partitioning between olivine and sulfide melt, and 

between silicate melt and sulfide melt under the very reducing conditions (fO2<IW-1), in this 

empirical equation, we assume   is 1, and all the SCSS experiments with Ni±Cu in 

the silicate and equilibrated sulfide melt are not used in the calibration. We also dropped the 

  term, since all the experiments used in calibration is enriched in FeO*, and the 

negative effect of this term is only pronounced when FeO* is very low in the silicate melt 

(Wykes et al., 2014). By stepwise multiple-linear regression with different combinations of 

cations, we chose to use Si, Ti, Al, Mg, Ca and Fe as the significant terms in the reciprocal 

mixing part based on the statistical values. We also included the empirical XFeXTi term (O’Neill 

and Mavrogenes, 2002) to describe TiO2 effect on  . Ultimately, we obtained the 

following expression for SCSS (equation (10)):  

( ) = + + ∑ + +                                                            (10) 
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where T is in Kelvin, P is in GPa, X represents cation fraction of Si, Ti, Al, Mg, Ca, Fe. Values 

of all the coefficients and 1σ of each, and statistical parameters are listed in Table 4. Calibration 

range of pressure, temperature and compositions are listed in Table 4 as well. Comparison of our 

measured SCSS with those predicted by the new parameterization shows a good agreement (Fig. 

6). Data set from other studies with high FeO (>10 wt.%) (Ding et al., 2014; Mavrogenes and 

O’Neill, 1999; O’Neill and Mavrogenes, 2002; Righter et al., 2009; Wykes et al., 2014) are also 

plotted in Fig. 6, most of which fall within 20% error bound of sulfur concentration. Fig.6 

indicates that our parameterization can be used to predict SCSS of any mafic-ultramafic system 

within the calibration range (Table 4), including VLT (very low Ti) to high-Ti lunar basalts as 

well as Martian basalts (Fig. 1). 

4.4 S abundance in lunar mantle 

Our experiments and the SCSS parameterization developed for mafic-ultramafic lunar 

magmas allow us to track the behavior of S in the lunar magmas and the fate of sulfide in the 

lunar mantle. Assuming sulfide phase is present in the lunar mantle during partial melting, S 

content of the primitive melt would be at SCSS limit until sulfide in the lunar mantle is 

consumed by partial melting. SCSS of such magma can be estimated if the magma composition 

and the P-T conditions of its equilibration with the mantle are known. Assuming that the 

primitive lunar magmas are derived from a polymineralic source region in the lunar mantle by 

batch melting, a close estimate of pressure and temperature of melt generation can be estimated 

based on co saturation of olivine and orthopyroxene as liquidus phases, which is usually referred 

to as the multiple saturation point (MSP). Previous experimental studies on MSP have been 

carried out on a variety of compositions from VLT to high-Ti picritic glasses and mare basalts. 

The temperature and pressure conditions of MSP for some picritic glasses, mare basalts and one 
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lunar meteorite, which are thought to be primitive melts, are summarized in Fig. 7 (Stephen M 

Elardo et al., 2015; Elkins-Tanton et al., 2003; Green et al., 1975; Kesson, 1975; Krawczynski 

and Grove, 2012; Longhi et al., 1972; O’Hara et al., 1970; Snyder et al., 1992; Walker et al., 

1976, 1972; Wanke et al., 1971). Based on the MSP and melt composition from the experiments, 

SCSS of each melt composition at P-T conditions of MSP are calculated using the SCSS 

empirical model, and shown in Fig. 7. SCSS of these potential primary melts ranges from ~2000 

to 3400 ppm, among which mare basalts and the lunar meteorite have higher SCSS (2500-3400 

ppm) mainly due to shallower depth of their MSPs, and picritic glasses lower SCSS (2000-2800 

ppm) attributable to the greater depth of MSPs. Comparison between the calculated SCSS and 

the representative S concentration measured by previous studies of different groups of lunar 

magmas (Fig. 8a, Bombardieri et al., 2005; Chen et al., 2015; Elkins-Tanton, 2003; Hauri et al., 

2015, 2011; Saal et al., 2008) show that most of the lunar magmas, except the vesicular rim of 

A15 green glass, are sulfide undersaturated. In this case, assuming these lunar magmas represent 

the primitive melts in equilibrium with its mantle source at pressure and temperature of MSP, the 

amount of S present in the source region of each composition can be estimated using the 

measured S concentration in the primitive melt and the degree of melting. In Table 5, we 

summarize the S measurements in some of the different groups of lunar magmas (VLT A15 

green glass, vesicular rim of A15 green glass, high-Ti A17 orange glass, and A11, A15, A12 

mare basalts), and their estimated range of degree of melting from previous studies. Melting 

process and the estimated degree of melting varies among different groups of mare basalts and 

picritic glasses, and it is highly dependent on the assumed melting model. All the previous 

estimated degree of melting of lunar magmas are generally low (<10 wt.%), however, within 

each group of lunar magma, F can still range from 3 to 10% (e.g., Bombardieri et al., 2005; 
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Delano, 1986; Hughes et al., 1989, 1988). Since picritic glasses and melt inclusions in the mare 

basalts are more likely to be primitive melt, only highest sulfur value measured in each picritic 

glass (corrected A15 green glass, Saal et al., 2008) and melt inclusions from picritic glass (A17 

orange glass, Chen et al., 2015; Hauri et al., 2015) and from mare basalts (A11, A12, A15, 

Bombardieri et al., 2005; Chen et al., 2015) are used to calculate the S abundant of their mantle 

source. Based on higher and lower bound of the estimated degree of melting of each 

composition, range of S contents present in their mantle source for each lunar magma are plotted 

versus its TiO2 content in Fig. 8b. Fig. 8b indicates that range of mantle S contents of VLT A15 

green glass and A15 mare basalts (10-25 ppm) are significantly lower than that of A17 orange 

glass (33-82 ppm), A12 mare basalts (84-120 ppm) and A11 (35-120 ppm). Interestingly, S 

content in vesicular rim of A15 green glass (2300 ppm) appears to be similar to its calculated 

SCSS (~2250 ppm), if MSP pressure and temperature of A15C green glass is applied (Elkins-

Tanton et al., 2003). If this melt composition indeed represents a distinct primitive melt 

originated near A15 green glass as suggests by Elkins-Tanton et al. (2003), its mantle source 

region probably remains sulfide saturated through mantle melting. Furthermore, using similar 

degree of melting as that for A15 green glass (4-7%), one can calculate that S content in the 

mantle source of the vesicular rim cannot be lower than 90-157 ppm, which is significantly 

higher than the estimates for other lunar magmas. However, given the lack of knowledge of the 

petrogenesis of the vesicular rim, further understanding of the melting process to generate such 

melt composition is required in order to decide whether it truly represents a sulfide saturated 

melt derived from a sulfur-enriched mantle domain.  

Though uncertainties exist due to the wide range of estimated degree of melting, our 

calculation above, on the one hand, indicates that S present in the source region of groups of 
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lunar magmas could be different from each other, which supports the theory of a heterogeneous 

lunar mantle (e.g., Elkins-Tanton et al., 2003). On the other hand, it is unlikely that S 

concentration in the mantle source of picritic glasses and mare basalts considered in this study 

will be more than 120 ppm, and some of the mantle domains could be very low in S (~10-25 

ppm). As a result, sulfide in the lunar mantle is likely to be exhausted through partial melting. 

The low S abundance in the lunar mantle challenges the idea of a S-rich lunar core, implies that 

either large amount of S loss happened during LMO crystallization after core formation perhaps 

through segregation of sulfide-rich melt as has been suggested for the Earth (e.g., Li et al., 2016; 

O’Neill, 1991; Rubie et al., 2016), or other light elements instead of S is the dominant light 

element in the core (Steenstra et al., 2017). The exhaustion of sulfide in the lunar mantle during 

partial melting confirms the idea that depletion of HSE observed in mare basalts is due to the 

HSE depletion in the lunar mantle (Day et al., 2007).    

5. CONCLUDING REMARKS 

Our high P-T experimental determination of SCSS of two basalts, with high-FeO* and 

intermediate to high TiO2, similar to lunar mare basalts show that SCSS increases with 

increasing temperature and decreases with increasing pressure, which agrees with all previous 

SCSS experiments (e.g., Baker and Moretti, 2011). Most previous SCSS models applicable to 

high-FeO* basalts overestimate the SCSS measured from our experiments, and the 

overprediction is greater in the high-Ti composition. This confirmed that addition of TiO2 to Fe-

bearing silicate melt decreases SCSS (O’Neill and Mavrogenes, 2002) by lowering FeO activity 

in the silicate melt, due to the formation of ilmenite-like oxide complexes in silicate melt 

framework (Krawczynski and Grove, 2012). Based on experimental results from this study, and 

previous experiments on SCSS in basaltic melts with high FeO*, we developed a new empirical 
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model, which is aimed at predicting SCSS in ultramafic-mafic melts with high-FeO*(>10 wt.%) 

and broad range of TiO2 (<1 wt.% to 16 wt.%) at pressures and temperatures relevant to lunar 

mantle melting. Although our study was motivated by the deep sulfur cycle in the moon, the P-T-

X range of our new calibration will allow the new model to be used for any high-FeO* planetary 

basalts such as those from the Moon and Mars.  

Assuming primitive lunar basalts are produced by batch melting, we were able to apply 

the new SCSS model to the pressures, temperatures and melt compositions of MSP of some 

picritic volcanic glasses, mare basalts, and one young lunar basalt constrained by previous 

crystallization experiments. Our calculations show that at their P-T conditions equilibration with 

the mantle source, SCSS of these primitive melts range from 2000 to 3400 ppm, much higher 

than the highest S concentration measured in the melt inclusions of picritic glasses and mare 

basalts. Thus, sulfide in the lunar mantle source of these primitive melts is likely to be exhausted 

during partial melting. Using the measured S contents and estimated degree of melting for each 

group of lunar magmas from previous studies, we constrained range of S contents in the mantle 

source of A15 green glass and A15 mare basalts of 10-25 ppm, A17 orange glass of 33-82 ppm, 

A12 mare basalts of 84-120 ppm, and A11 of 35-119 ppm. Different ranges of S content in the 

mantle source of different groups of lunar magmas indicate that lunar mantle could be 

heterogeneous in terms of S. Although variable among different groups, generally low S 

abundance (<120 ppm) of the lunar mantle and consequently sulfide exhaustion during partial 

melting indicates that (1) lunar mantle is likely also depleted in HSE; and (2) either large amount 

of S was lost during the crystallization of LMO if lunar core is indeed enriched in S (>1 wt.%), 

or lunar core is S-poor, and other light elements other than S present in the lunar core to satisfy 

the geophysical observations. The estimate of the S content of the lunar mantle bracketed here 
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overlaps with but falls toward the lower end of the S abundance estimate for the depleted upper 

mantle of the Earth. Similar to somewhat lower estimate of sulfur in the lunar mantle compared 

to the terrestrial mantle has bearing on the formation model of the Moon and the Earth-Moon 

evolution.  
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Figure 6-1 S (a) and oxides (b-f) vs. MgO of lunar meteorites, mare basalts and lunar picritic glasses. 

Geochemistry data of Shergotties and MORBs are plotted for comparison. Compared to Martian 

meteorites and MORBs, lunar magmas have significantly lower SiO2, and broad range of TiO2 (<1 wt.% 

to 16 wt.%); lunar magmas also have high FeO* concentration similar to those in Martian meteorites. S 

concentration in some high MgO (>10 wt.%) melt inclusions is as high as 800-1200 ppm, similar to the 

least evolved MORBs. Diamonds represent lunar samples: green, yellow and orange open diamonds 

represent green, yellow and orange piritic glasses, respectively; filled orange diamonds represent melt 

inclusion from A17 orange glass; purple, dark blue and light blue diamonds represent melt inclusions 

from mare basalts, A11, A12 and A15; black filled diamonds represent averaged data from mare basalts 
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A11, A12, A 15, and A17; black open diamonds represent lunar meteorites; in panel b-f, grey filled 

diamonds represent averaged major elements of picritic glasses; circles represent Martian meteorites, and 

crosses represent MORBs. Data sources: a: melt inclusions(MI) of mare basalts A11 and A15 are from 

Chen et al. (2015); MIs of mare basalts A12 are from Chen et al. (2015) and Bombardieri et al. (2005); 

MIs of A17 orange glass are from Hauri et al. (2015) and Chen et al. (2015); A15 green glass, yellow 

glass and A 17 orange glass from Saal et al. (2008); vesicular rims of A15 green glass from Elkins-Tanton 

et al. (2003); mare basalts are averaged S of A11, A12, A15 and Luna 16 missions from The Lunar 

Sample Compendium;  Shergottites from Ding et al. (2015) and references therein; MORBs from Jenner 

and O’Neill (2012); b-f, lunar meteorites and mare basalts are from Warren & Taylor (2014); lunar 

picritic glasses from Shearer et al. (2006); Shergottites from Ding et al. (2015) and references therein; 

MORBs from Jenner and O’Neill (2012). In panel b-f, blue star represents starting composition A11, and 

red star represents Luna16. 
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Figure 6-2 Phase assemblages and texture of typical experiments. (a) Coexistence of equilibrium sulfide-

rich and silicate melts; (b) Quench phases in the sulfide melt; (c) Typical experiments at high pressures 

showing silicate melt portion dominant with both coarse and finer quench crystals; (d) Presence of 

submicron sulfide (<1 μm) specs exsolved from silicate melt during quench and immiscible sulfide melts 

as small droplets (1-2 μm) in the silicate glass.  
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Figure 6-3 Experimentally constrained sulfur concentration at sulfide saturation (SCSS) as a function of 

temperature (a) and pressure (b). 
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Figure 6-4 Comparison to previous SCSS models. Comparison of experimental SCSS data on 

intermediate to high-Ti mare basalts obtained in this study versus SCSS predicted for our melt 

compositions and P-T conditions by existing SCSS parameterizations designed for/ including high-FeO* 

compositions basalts. Different symbols represent different SCSS models from previous studies and all 

the symbols are grouped by its TiO2 concentration. SCSS from this study are mostly overpredicted, and 

SCSS in the melt with higher TiO2 concentration tend to be more overpredicted. 
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Figure 6-5 Relative error versus oxides. Relative error ( ) versus TiO2 (a), FeO*(b), 

SiO2(c), and Al2O3 (d) using SCSS parameterizations from previous studies. Different symbols represent 

predictions from different previous SCSS models; the solid symbols represent composition of A11 and 

the open symbols are representative of Luna 16 composition. 
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Figure 6-6 Observed versus predicted SCSS (ppm) testing the reliability of the new parameterization. 

Solid symbols represent experiments from this study; open symbols represent previous studies (Ding et 

al., 2014; Mavrogenes and O’Neill, 1999; O’Neill and Mavrogenes, 2002; Righter et al., 2009; Wykes et 

al., 2014). Only experiments on Ni-free silicate melt enriched in FeO* are used. Dashed lines indicate 

10% and 20% error bounds in ppm S in melt.  
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Figure 6-7 Plots of temperature-pressure conditions of multiple saturation points (MSP,Peq-Teq) for 

picritic glasses, mare basalts, and one lunar meteorite. Points are color coded by calculated SCSS using 

our SCSS model (equation10), with T-P-X constrained by previous studies. Diamonds represent picritic 

glasses and circles represent mare basalts. A15red and A17orange at both fO2 conditions: Krawczynski 

and Grove (2012); A15Agreen and A15Cgreen: Elkins-Tanton et al. (2003); A14Bgreen: Elkins et al. 

(2000); NEW003:Elardo et al. (2015);10017: O’Hara et al. (1970); Synder et al. (1992); 14072: Longhi et 

al. (1972); Walker et al. (1972); 15016: Kesson (1975); 74275: Green et al. (1975); 12002: Wanke et al. 

(1971); Walker et al. (1976).  
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Figure 6-8 S systematics of different groups of lunar magmas. (a) Comparisons between measured S 

contents in picritic glasses, vesicular rim, averaged mare basalts (A15, A12, and A11), and melt 

inclusions from picritic glass and mare basalts (open symbols, references the same as in Fig. 1) and SCSS 

of each composition (black circles) estimated using our saturation model. SCSS of most lunar magmas 

are higher than the measured S, indicating sulfide undersaturation of these melts; however, S content in 

the A15 green glass vesicular rim is similar as its SCSS, indicating this melt could be sulfide saturated. 

(b) Estimated range of S present in the source region of each lunar magma based on the measured S 

contents and range of degree of melting estimated from previous studies. 
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Table 6-1 Composition of starting materials 

wt.% Apollo 11, B3a A11b Luna16a Luna16b 

SiO2 39.6 39.73 43.8 43.9 

TiO2 11.1 11.14 5 5.01 

Al2O3 9.51 9.54 13.4 13.44 

Cr2O3 0.47 0.48  - 

FeO*c 19.1 19.16 18.7 18.75 

MnO 0.28 0.28 - - 

MgO 8.1 8.12 6.4 6.39 

CaO 11.1 11.13 11.7 11.73 

Na2O 0.36 0.36 0.52 0.52 

K2O 0.05 0.05 0.18 0.20 

Total 99.67 100 99.7 100 

 

a. Composition of Apollo 11, B3 is from Synder et al. (1992); composition of Luna 16 is averaged 
composition of all Luna 16 mare basalts from Warren and Taylor (2014). 

b. A11 and Luna 16 are starting compositions used in our study and calculated based on weighed reagents. 
c. FeO* represents total Fe in the silicate melt.  
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Table 6-2 Summary of experimental conditions and product phases  

Run No. 
Starting 
Mix 

T 
(°C) 

P 
(GPa) 

Sintera 
(hr) t (hr) Phasesb 

G411 Apollo 11 1400 2.5 0 24 sul+cpx+quench 

G414 Apollo 11 1500 2.5 1 16 sul+quench 

G413 Apollo 11 1500 2 1 16 sul+quench 

G415 Apollo 11 1500 1.5 1 16 sul+gl+quench 

G416 Apollo 11 1500 1 1 16 sul+gl+quench 

G417 Apollo 11 1400 1.5 1 24 sul+gl+quench 

G418 Apollo 11 1600 1.5 2 2 sul+gl+quench 

G422 Apollo 11 1450 1.5 2 24 sul+gl+quench 

G426 Apollo 11 1550 1.5 2 16 sul+gl+quench 

G431 Apollo 11 1400 1.5 8 50 sul+gl+quench 

G439 Luna 16 1500 2.5 2 16 sul+gl+quench 

G434 Luna 16 1500 1 2 16 gl+sul 

G443 Luna 16 1400 1.5 8 50 gl+sul 

G440 Luna 16 1600 1.5 2 2 gl+sul 
 

a. Sinter (hr) represents the time the experiment was kept at the target pressure and 800 °C to minimize the porosity 
of graphite capsule before formation of the sulfide melt. 

b. sul: sulfide melt; cpx: clinopyroxene; quench: melt pool with quench crystals; gl: glassy melt pool 
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a Table 6-3 Phase Compositions 

Run No. G422 1σ G426 1σ G431 1σ G418 1σ G417 1σ G415 1σ G414 1σ 

T (°C) 1450  1550  1400  1600  1400  1500  1500  

P (GPa) 1.5  1.5  1.5  1.5  1.5  1.5  2.5  
Silicate 
melt               
nb 16  42  25  43  26  41  35  

SiO2 39.07 0.45 39.34 0.45 39.06 0.26 38.16 0.31 38.46 0.60 38.63 0.45 36.83 0.49 

TiO2 11.02 0.14 10.74 0.27 10.87 0.12 10.21 0.34 10.45 0.13 10.29 0.37 10.56 0.36 

Al2O3 8.98 0.13 9.28 0.33 8.89 0.12 9.67 0.16 9.50 0.16 9.62 0.15 9.94 0.24 

Cr2O3 0.37 0.05 0.37 0.04 0.39 0.05 0.38 0.04 0.38 0.03 0.35 0.04 0.43 0.03 

FeO*c 18.38 0.21 17.71 0.77 18.32 0.17 19.24 0.60 17.91 0.31 16.19 0.31 18.57 0.53 

MnO 0.23 0.04 0.25 0.03 0.25 0.03 0.24 0.03 0.24 0.03 0.24 0.03 0.25 0.04 

MgO 8.19 0.15 8.41 0.19 8.31 0.08 8.32 0.14 8.45 0.20 8.98 0.14 9.24 0.23 

CaO 11.94 0.13 12.45 0.19 12.16 0.17 11.53 0.15 12.78 0.18 13.31 0.27 12.90 0.31 

Na2O 0.37 0.04 0.37 0.06 0.35 0.04 0.39 0.05 0.38 0.07 0.37 0.05 0.34 0.04 

K2O 0.05 0.02 0.06 0.02 0.06 0.02 0.05 0.02 0.05 0.02 0.06 0.02 0.03 0.02 

Total 99.29 0.75 99.87 0.88 99.25 0.59 99.39 0.73 99.22 0.66 99.10 0.52 99.86 0.53 

S (ppm) 4460 271 4551 586 3776 213 5864 1089 3941 367 5316 450 3834 493 
Sulfide 
melt               

n 17  17  13  7  16  16  19  
O 0.60 0.68 0.81 0.89 0.88 0.74 2.02 0.59 1.06 0.61 1.06 0.93 0.29 0.48 

Si 0.03 0.01 0.03 0.01 0.04 0.01 0.10 0.15 0.04 0.01 0.04 0.02 0.03 0.01 

S 33.88 0.85 33.74 1.10 34.23 0.50 32.90 0.82 33.52 0.60 33.19 1.01 33.96 0.71 

Fe  64.93 0.28 65.65 0.53 65.34 0.40 65.19 0.64 65.00 0.35 65.71 0.52 65.46 0.64 

Total 99.45 0.77 100.22 0.95 100.49 0.74 100.21 0.86 99.62 0.72 100.01 0.63 99.73 0.63 
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Table 6-3 continued 

Run No. G416 1σ G413 1σ G411 1σ G439 1σ G434 1σ G443 1σ G440 1σ 

T (°C) 1500  1500  1400  1500  1500  1400  1600  

P (gPa) 1  2  2.5  2.5  1  1.5  1.5  

Silicate               
n  42  31  34  15  21  24  25  

SiO2 37.97 0.38 38.52 2.16 33.28 0.90 41.24 0.32 43.78 0.27 41.48 0.23 42.89 0.46 

TiO2 10.87 0.28 9.87 2.04 17.21 0.63 4.84 0.09 4.56 0.29 4.64 0.08 4.77 0.25 

Al2O3 9.41 0.20 9.93 1.43 7.34 0.13 12.44 0.14 13.09 0.15 13.02 0.13 13.35 0.29 

Cr2O3 0.36 0.04 0.33 0.13 0.18 0.03 - - - - - - - - 

FeO* 18.25 0.22 18.05 1.33 22.97 0.47 15.94 0.24 14.97 0.17 16.74 0.12 17.69 0.44 

MnO 0.24 0.04 0.21 0.09 0.25 0.05 - - - - - - - - 

MgO 8.71 0.12 8.38 0.43 5.90 0.18 7.58 0.16 7.05 0.10 7.13 0.14 6.76 0.08 

CaO 11.94 0.19 12.30 0.53 10.85 0.21 13.37 0.19 13.43 0.21 13.55 0.15 11.79 0.15 

Na2O 0.34 0.05 0.34 0.07 0.36 0.05 0.67 0.03 0.51 0.04 0.52 0.03 0.49 0.04 

K2O 0.05 0.02 0.07 0.04 0.07 0.02 0.14 0.02 0.15 0.02 0.14 0.02 0.14 0.02 

Total 99.23 0.54 98.97 0.59 99.37 0.71 96.74 0.45 98.49 0.40 97.81 0.29 98.99 0.63 

S (ppm) 5350 533 4658 373 4570 433 2490 196 4054 240 2800 230 4798 484 

Sulfide               

n 19  20  16  19  16  18  22  
O 1.27 1.24 0.93 0.84 1.09 0.83 0.37 0.49 1.30 0.85 0.43 0.45 1.50 0.72 

Si 0.05 0.02 0.05 0.11 0.04 0.01 0.02 0.00 0.03 0.00 0.02 0.01 0.04 0.01 

S 33.34 1.51 34.01 0.83 34.20 0.73 33.46 0.85 33.49 0.96 33.55 0.64 33.65 0.44 

Fe  65.78 0.89 65.11 0.68 65.52 0.28 66.10 0.81 65.58 0.36 66.15 0.59 65.46 0.17 

Total 100.43 0.87 100.10 0.74 100.86 0.78 99.95 0.39 100.40 0.93 100.15 0.58 100.64 0.94 
 

a. Concentration is expressed in wt.%. 
b. FeO* represent total Fe in the silicate melt. 
c. n represents the number electron microprobe analyses points used to obtain the average compositions for each run. 
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Table 6-4 Coefficients of regression for SCSS parameterizationa 

 

 

a. 73 SCSS experiments (This study; Ding et al., 2014; Mavrogenes and O’Neill, 1999; O’Neill and 
Mavrogenes, 2002; Righter et al., 2009; Wykes et al., 2014) are used to fit the equation in the regress 
function in Matlab. Calibration range: Pressure (0.00001-5.5 GPa); Temperature (1200-1800 °C); 
composition (SiO2:33-55 wt.%, TiO2:0.4-13 wt.%, FeO:10-30 wt.%, Al2O3:5-14wt.%, CaO:7-14 wt.%, 
MgO: 6-20 wt.%). 

b. 1σ: Standard deviation of each coefficient reported. 
c. R2 is the coefficient of determination, which provides a measure of how well observed outcomes are 

replicated by the model, as the proportion of total variation of outcomes explained by the model. The F 
value compares statistical models that have been fitted to a data set, in order to identify the model that best 
fits the population from which the data were sampled. p indicates the probability that the null hypothesis 
for the full model is ture, i.e., all of the regression coefficients are zero. RMSE value is an estimate of the 
error variance for F. 

 

 

 

 

 

 

 

 

 

 

 

 Coefficients 1σb Statistical fit quality parametersc 
A 10.3024 4.407728 R2 0.818306 

B -3339.03 1390.94   

CSi -2.05902 3.579434 F 27.92337 

CTi 6.084331 6.06842   

CAl 1.210772 3.089734 p 2.64E-19 

CMg -2.99941 3.550013   

CCa 4.164075 4.066782 RMSE 0.026736 

CFe 6.366993 7.990155   

D -46.4213 36.6768   

E 0.111374 1.022211   
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Table 6-5 Measured S contents of various lunar glasses and mare basalts, esetimated degree of melting, and 
estimated mantle S contents of different groups of lunar magmas 

  
S (matrix, ppm) a 
 

S (MI, ppm)b 
 

SCSS 
(ppm) 

F (%)c 
 

Smantle 

(ppm) 

Picritic 
glasses 
 

A15 green 333 
Saal et al. 
(2008) 

  2065 4-7 
Hughes et 
al. (1988) 

13-23 

A15 green 
vesicular 
rim 

2300 
Elkins-Tanton 
et al. (2003) 

  2253 4-7  90-157 

A17 
orange 

-  828,884 
Chen et al. 
(2015); Hauri 
et al. (2015) 

2575 4-7 
Hughes et 
al. (1989) 

33-82 

Mare 
basalts 
 

A11 2243(±755) 

Averaged 
from The 
Lunar Sample 
Compendium 

1189 
Chen et al. 
(2015) 

3130 3-10  35-119 

A15 676(±191) 363 
Chen et al. 
(2015) 

3344 3 
Hughes et 
al. (1988) 

11-20 

A12 1098(±269) 1990,1206 

Chen et al. 
(2015); 
Bombardieri 
et al. (2005) 

2753 7-10 
Bombardieri 
et al. (2005) 

84-120 

a S in the A15 green glass is from Saal et al. (2008) after correction of 19% S loss; 

b Only the highest value measured from melt inclusions are listed; 

c Degree of melting of A15 green vesicular rim is assumed to be the same as A15 green glass; due to the lack of estimate of 
degree of melting, F is assumed to be 3-10% of A11 mare basalts based on the range of estimated F for other mare basalts.  
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Appendix A Supplementary material to Chapter 3 

Starting compositions, pressures, and oxygen fugacity used in AlphaMELTS fractional 
crystallization modeling and calculation of the behavior of S along liquid line of descent 
(LLD) 

1. AlphaMELTS modeling of isobaric fractional crystallization for Martian basalts 

      Major element compositional evolution of Martian magmas during isobaric fractional 

crystallization was calculated using alphaMELTS 1.2 (Smith and Asimow, 2005), a menu-driven 

interface of MELTS (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995) and pMELTS 

(Ghiorso et al., 2002). Because different Martian meteorites may derive from different primary 

liquid compositions, four starting liquid compositions, Yamato 980459 (Y98,Greshake et al., 

2004 , Fig. S1); LAR 06319 (LAR, Sarbadhikari et al., 2009; Fig. 3a), liquid composition used in 

multiple saturation experiments by Monders et al. (2007) (Gusev; Fig. 3b), and a nakhlite 

parental melt compositional estimate (NA03;Stockstill et al., 2005; Fig. 3c) were used in the 

calculations (Supplementary Table 2). Y98 and LAR were chosen as they have been proposed to 

be representative of primary melts from Martian mantle, especially for shergottite source regions 

(Filiberto and Dasgupta, 2011; Musselwhite et al., 2006; Sarbadhikari et al., 2009). The ‘Gusev’ 

composition was chosen because this represents a primary melt from Dreibus and Wanke (1985) 

model Martian mantle composition (Monders et al., 2007). The ‘NA03’was chosen as this 

composition has been suggested to be a reasonable estimate of  parental melt for nakhlites 

(Stockstill et al., 2005), though Treiman (2005) proposed that the nakhlites’ parental magma was 

not a primitive mantle product. In order to match the fO2 range given by Martian meteorites 

[FMQ-5 to FMQ+0.46; Righter et al. (2008)], the fO2 in the MELTS calculation is fixed at FMQ-

2 for Y98, LAR and Gusev. FMQ-1 is used for NA03 calculation because Stockstill et al. (2005) 

argued that crystallization of NA03 at FMQ-1 using MELTS produced the best match for 

mineral phases and compositions in Nakhla. MgO contents of these compositions are 20.1wt.% 

for Y98, 15.8 wt.% for LAR, 10.4 wt.% for Gusev composition, and 4.6 wt.% for NA03. 

Because various Martian meteorites are thought to have crystallized at different depths (Hale et 

al., 1999; McCoy et al., 1992; McSween et al., 1996; Peslier et al., 2010; Xirouchakis et al., 

2002), isobaric crystallization calculations were performed at two distinct pressures of 1.0 and 

0.1 GPa (~85 and 10 km deep). These two crystallization pressures were used as end member 

conditions for deep and shallow crystallization, respectively. Fig. S2 shows the change of FeOT 
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with MgO contents given by MELTS calculations at two pressures for two of four starting  melt 

compositions used, i.e., Y98 and LAR. For both starting liquids, FeOT strongly increases at 1 

GPa however slightly decrease or stay almost constant at 0.1 GPa. The trend of FeOT change 

with pressure given by MELTS is in agreement with results from crystallization experiments 

(Musselwhite et al., 2006; Rapp et al., 2013).  

2. Calculating the behavior of S during isobaric fractional crystallization  

 Sulfur concentration at sulfide saturation (SCSS) is related to temperature (T), pressure (P) and 

melt composition (X, mole fraction of oxides) and has been experimentally constrained by 

Righter et al. (2009) and Ding et al. (2014) for Martian basalt compositions. To calculate SCSS 

change along LLD for Martian magmas, we adopted the model of Ding et al. (2014) as these 

authors developed a parameterization based exclusively on high-FeOT basaltic compositions 

relevant for Mars and included experiments on high-FeOT basalts over the entire range of 

pressure-temperature space (0.0001-5 GPa, 1200- 1700 °C) relevant for Martian mantle melting 

and basalt crystallization.  

We model isobaric fractional crystallization as an incremental process (Lee et al., 2012). 

Using T and major element oxide composition of melt at each step obtained using alphaMELTS 

(Smith and Asimow, 2005), we calculated SCSS along LLD for each composition and each 

pressure.  

In Fig. S3, SCSS change along LLD for different liquid compositions using different 

SCSS parameterizations (Ding et al., 2014; Li and Ripley, 2009; Righter et al., 2009) are plotted. 

Solid lines are results from Ding et al. (2014). At 1 GPa, LAR shows the greatest SCSS from 

5100 ppm to 3200 ppm for MgO between 16.0 and 2.0 wt.%., owing to its high initial FeOT 

content (~20 wt.%). Y98 resulted in intermediate SCSS from 4300 to 2400 ppm from MgO of 

20.1 to 2 wt.% and the relatively high SCSS is due to its high liquidus temperature; Gusev 

composition gave the lowest SCSS among the three, i.e., from 3200 to 2300 ppm for MgO of 

10.6 wt.% to 2 wt.%, resulting from low liquidus temperature and the fact that SCSS decreases 

with decreasing temperature.  SCSS calculated by using parameterizations from Righter et al. 

(2009) (dashed lines in Fig. S3) and Li and Ripley (2009) (dotted lines in Fig. S3) show the same 

overall trends, i.e., 1) calculated SCSS of basalts are generally higher than bulk S of Martian 

meteorites and 2) calculated SCSS at 1 GPa are higher than those at 0.1 GPa.  
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S concentration in the melt during fractional crystallization at step i is considered in the 

following calculations. Because sulfur concentration cannot exceed the SCSS and SCSS 

decreases along LLD, if melt is sulfide saturated,  

Cl,i  = CSCSS,i           and  Cl,i+1 = CSCSS,i+1   Eq. (S1) 

where Cl,i is the sulfur concentration of the melt at step i and CSCSS,i is SCSS of the melt at step i. 

If melt is not sulfide-saturated (Cl,i+1 < CSCSS,i), S behaves as an incompatible element (Hauri et 

al., 2006) until the melt is saturated with sulfide. Therefore, if  

Cl,i/F*
i+1< CSCSS,i+1      Eq. (S2) 

then    Cl,i+1 = Cl,i/F*
i+1      Eq. (S3) 

where, F*
i+1 is the melt fraction at each step: F*

i = mi/mi-1, where mi is the mass of melt at step i.  

The fractionated solids are sulfur-free when the melt is sulfide-undersaturated. Once the melt 

is saturated with sulfide, 

SCSS, 1 SCSS, 1
s, 1

1

*

1 *
i i i

i
i

C F C
C

F
 




 



      Eq. (S4) 

Where, Cs,i is the sulfur concentration of the instantaneous solid at step i. We assume that all 

fractionated phases precipitate and accumulate. When the melt is sulfide saturated,  

cum, 0 s, 1
cum, 1

0 1
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     Eq. (S5) 

where, Ccum,i is the sulfur concentration of the accumulated solids.  
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Table A-1 Starting liquid compositions used in MELTS calculationa and experiment  

 
Y98 LAR Gusev NA03 

Equilibrium 
Crystallization 

Experiment 

References Greshake et 
al. (2004) 

Sarbadhikari et 
al. (2009) 

Monders et 
al. (2007) 

Stockstill et 
al.(2005) 

Rapp et al. 
(2013) 

SiO2 49.4 46.7 46.6 47.2 47.84 

TiO2 0.48 0.68 0.54 0.88 0.511 

Al2O3 6.0 6.00 11.0 5.9 5.203 

Cr2O3
b 0.71 0.56 0.25 - 0.928 

FeOT 15.8 20.4 18.7 26.9 19.10 

MnO 0.43 0.48 0.44 0.71 0.502 

MgO 18.1 15.8 10.4 4.6 19.37 

CaO 7.2 6.46 8.45 10.1 6.19 

Na2O 0.8 1.14 1.93 2.3 0.094 

P2O5 0.31 0.61 0.67 0.09 0.259 

Total 99.23 98.27 99.1 98.55 99.99 
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Fig. A-1. Comparison of the bulk sulfur concentration of Martian meteorites (including data 

reported here and from previous studies) to the modeled sulfur concentration in melt and 

cumulate during fractional crystallization of Y98 based on MELTS calculation and the 

application of SCSS parameterization by Ding et al. (2014). Also shown for comparison in is the 

calculated SCSS along LLD of Yamato980459 (grey filled circles) using melt compositions 

obtained in the fractional crystallization experiments at 0.5 GPa by Rapp et al. (2013). 
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Fig. A-2. SCSS along the liquid line of descents (LLD) during isobaric crystallization of three 

starting liquids calculated using different SCSS parameterizations (Li and Ripley, 2009; Righter 

et al., 2009; Ding et al., 2014). The plots show that regardless of the SCSS parameterization 

used, (1) SCSS of derivative liquids are generally higher than the bulk S values of most Martian 

meteorites and (2) SCSS of basalts along LLD at 1 GPa are higher than those at 0.1 GPa owing 

to higher FeOT and higher temperatures of crystallization at greater depths (see Supplementary 

Fig. 3). 
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Fig. A-3. a) Change of FeOT as a function of MgO during crystallization of model Martian 
basalts at different pressures. The results are from MELTS calculations for starting liquid Y98 
(black lines) and LAR (grey lines) at FMQ-2 and 1 GPa and 0.1 GPa. Also plotted for reference 
are melt compositional data from different crystallization experiments (open diamonds: Rapp et 
al., 2013; solid symbols: Musselwhite et al., 2006). The experiments of Musselwhite et al. (2006) 
are not isobaric crystallization experiments, hence the experiments are grouped according to 
pressure range. b) Change of FeOT as a function of temperature along liquid line of descent of 
Y98 and LAR at 0.1 and 1.0 GPa, respectively based on MELTS calculation. Liquidus 
temperatures of Y98 and LAR at 1 GPa and 0.1 GPa are marked. 
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Appendix B Supplementary material to Chapter 4 
Table B-1. SCSS models used in the modeling work in our study 

 

Formata 
Temperature 

(°C)b 
Pressure 
(GPa)b 

Compositionc Other commentsd 

Fortin et al. 
(2015) ln(S,ppm) =11.35251-

4454.6

T
-346.54

P

T
+ piXi 1050-1800 0.0001-5 

Komatiitic to rhyolitic, Xi 
include SiO2, FeO*,CaO, 
Na2O, K2O, TiO2, Al2O3, 
MgO, H2O(0-7.3 wt.%) 

 

Li and 
Ripley 
(2009) 

ln = −1.76 − 0.474
10

− 0.21 +  1150-1800 0.0001-9 
Xi include SiO2 (38.91-

77.90wt.%), FeO*, CaO, H2O 
(0-8.8 wt.%) 

<20wt.% Ni, <10 
wt.% Cu , <0.3 

wt.% Co 

Liu et al. 
(2007) 

ln(S,ppm) =34.784-
5772.3

T
-319

P

T
+0.71006ln(MFM)-1.98063[(MFM)( )+0.2867ln( )

+ 0.36192  
800-1800 1-9 

SiO2:42-74 wt.%  

=
+ + 2( + + )

( + )
 

 

Li and 
Ripley 
(2005) 

ln = 1.229 − 0.74
10

− 0.21 + +  1200-1800 0.0001-9 
Xi include SiO2 (38.9-67.6 
wt.%), FeO*, SiO2, Na2O, 

K2O, MgO 

5-9 wt.%(Ni+Co), 
<12 wt.% Cu 

Wallace and 
Carmichael 

(1992) 
= − + + + +  1200-1400 0.0001 

SiO2<55wt.%, Xi include 
SiO2, FeO*,CaO, Na2O, K2O 

fO2< FMQ 

Log(fS2)~-2-1 

Mavrogenes 
and O’Neill 

(1999) 
ln , = + +  1400-1800 0.5-9 Basalt only aFeS=0.5 and 1 

Ariskin et al. 
(2013) 

= (0.301× + 3.344)ln ( / ) − − ↓( ) 

= ( − 1) − − ↓ +  

1200-1800 
(FeS) 

1330-1500 

(FeS-NiS) 

0.0001, 
0.5-

2.(FeS) 

0.0001-
1.4 

(FeS-
NiS) 

SiO2(<65 wt.%), 
TiO2(<5wt.%), FeO(<25 
wt.%), MgO(>1 wt.%), 
Na2O+K2O(<5 wt.%) 

Incorporated into 
COMAGMAT-5 

(v.5.2) 
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a. Temperature(T) in Kelvin and pressure(P) in GPa, X is the mole fraction of S or oxide i. 
b. Temperature and pressure range of SCSS calibration. 
c. Composition range of SCSS experiments used for calibration; more details are found in original literature. FeO* represent total Fe, the same in the following 

tables. 
d. ‘Other comments’ provide information on compositional or intensive variable range given by the original references where the model has been argued to 

be valid. For Li and Ripley (2005, 2009) the compositions reflect the maximum limit of Ni, Cu, and Co in equilibrium sulfides.  
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Table B-2 Pressure, temperature, and silicate melt compositions of the SCSS experiments used for evaluation of model reliabilitya 

sample P (GPa) T( °C) SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5 Cr2O3 S (ppm) 

Liu et al. (2007) 

yn11 0.5 1250 49.4 1.69 17 8.4 0.15 6.41 10.9 3.38 1.78 0.55 - 1386 

yn39 1 1430 47.5 1.7 16.7 9.96 0.16 6.18 10.7 3.27 1.81 0.53 - 2247 

yn81 1 1400 47.4 1.71 16.6 10.2 0.17 6.52 10.8 3.3 1.77 0.54 - 2520 

yn27 1 1350 48.2 1.65 16.9 9.81 0.16 6.32 10.8 3.34 1.82 0.53 - 1545 

yn1 1 1300 47.9 1.68 16.6 9.48 0.18 6.33 10.9 3.29 1.83 0.55 - 1489 

yn3 1 1250 48.5 1.65 16.7 9.24 0.17 6.31 10.8 3.36 1.85 0.55 - 1417 

yn9 1 1250 48 1.65 16.8 10 0.15 6.25 10.7 3.31 1.82 0.55 - 1378 

yn19 1 1400 47.7 1.64 16.8 9.63 0.17 6.24 10.5 3.32 1.8 0.53 - 1378 

yn95 1 1150 47.7 1.73 17.4 12.1 0.2 4.55 7.65 4 2.74 0.69 - 452 

yn87 1 1250 47.3 1.64 16.7 9.75 0.16 6.01 10.4 3.29 1.84 0.55 - 1231 

yn108 1 1250 48 1.71 16.9 8.96 0.18 6 10.6 3.3 1.85 0.55 - 663 

12FeE5 1 1450 46.7 1.64 16.3 12.8 0.17 6.13 10.3 3.07 1.72 0.53 - 2030 

12FeE4 1 1400 47 1.6 16.4 12.2 0.15 6.05 10.1 3.15 1.73 0.52 - 2266 

12FeE3 1 1350 48 1.66 16.6 10.2 0.16 6.21 10.4 3.1 1.78 0.55 - 1539 

12FeE1 1 1250 46.1 1.58 16.2 14.3 0.18 5.95 9.97 3.05 1.73 0.53 - 1786 

15FeE5 1 1450 48.6 1.66 16.8 9.43 0.17 6.17 10.3 3.21 1.8 0.57 - 2385 

15FeE2 1 1300 45.7 1.61 16 12.4 0.17 6.02 10.8 3.14 1.69 0.53 - 2253 

15FeE1 1 1250 43.8 1.51 15.4 16.3 0.18 5.74 10.3 3.04 1.6 0.49 - 1994 

MB4 1 1400 50.6 1.27 15.5 8.37 0.19 9.33 11.4 2.47 0 0.1 - 1752 

MB3 1 1350 50.4 1.24 15.4 9.14 0.18 9.12 11.2 2.49 0 0.12 - 1778 

MB1 1 1250 50 1.28 16.1 9.9 0.19 8.48 11 2.59 0 0.12 - 1214 

Holzheid, A., Grove, (2002) 
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Table 2 continued               

 P (GPa) T(°C) SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5 Cr2O3 S (ppm) 

FeS-SSKOM14 0.9 1500 51 0.367 10.1 17.2 0.29 10.5 8.99 0.156 0.035 - 0.104 3320 

FeS-SSKOM13 1 1450 53 0.338 10.8 7.78 0.22 17.9 10.1 0.039 0.043 - 0.243 1730 

FeS-SSKOM12 1 1450 50.4 0.271 8.36 12.3 0.254 19.8 7.97 0.003 0.031 - 0.277 2300 

FeS-SSKOM11 1 1450 50.8 0.274 8.77 12.8 0.245 17.9 8.51 0.057 0.033 - 0.192 2230 

FeS-SSKOM7 1 1450 50.3 0.357 11.1 9.86 0.218 16.8 10.4 0.269 0.051 - 0.107 1990 

FeS-SSKOM5 1 1450 49.7 0.397 12.1 8.76 0.222 16.5 11.8 0.292 0.052 - 0.091 1910 

FeS-SSKOM6 1 1450 50.8 0.329 10.5 9.23 0.203 18.4 10.2 0.229 0.045 - 0.118 2030 

FeS-SSKOM25 1 1500 50 0.247 8.55 12.8 0.252 20.7 7.09 0.186 0.041 - 0.149 2910 

FeS-SSKOM26 1 1500 50.6 0.28 9.3 10.6 0.233 19.9 8.09 0.205 0.049 - 0.149 3270 

FeS-85-41c-1 1 1450 51.7 0.562 13.5 7.93 0.149 13.8 8.15 3.17 0.765 - 0.015 1500 

FeS-I-10-08-1 1 1450 50.8 2.12 7.79 8.37 0.113 14.5 4.16 0.729 8.39 - 0.051 2130 

FSOs-15-6 1.4 1370 50.1 1.07 19.9 7.02 0.107 5.22 7.48 6.38 0.839 - 0.078 750 

FSOs-15-7 1.4 1370 50.5 0.081 20.2 7.89 0.13 6.9 10.1 4.46 0.159 - 0.013 1260 

FES-SSKOM15 1.4 1500 49.2 0.286 9.77 14 0.255 17.8 8.16 0.088 0.036 - 0.153 2370 

FeS-SSKOM1 1.5 1425 46 1.01 16.2 13.5 0.336 8.52 13.1 0.659 0.298 - 0.122 1780 

FeS-SSKOM2 1.6 1450 46 0.624 14.9 13.5 0.329 11.5 12 0.032 0.168 - 0.128 1850 

FeS-SSKOM16 2 1500 47 0.557 14.2 12.5 0.252 9.65 13.9 0.306 0.1 - 0.118 2150 

FeS-SSKOM27 2 1500 47.1 0.497 14.5 9.87 0.232 12.6 13.3 0.241 0.075 - 0.125 1940 

FeS-SSKOM23 2.4 1500 50 0.209 9.66 5.92 0.264 22.6 10.8 0.236 0.004 - 0.265 1610 

FeS-SSKOM17 2.5 1500 50.8 0.126 6.95 8.93 0.247 22.2 10 0.049 0 - 0.279 2060 

FeS-SSKOM24 2.7 1500 47.7 0.211 14.6 6.11 0.306 22.4 8.47 0.135 0 - 0.416 1740 

Mavrogenes and O’Neill (1999) 

MAV64 1.5 1400 51.8 2.5 17.7 8.6 - 7.3 9.94 1.22 0.9 - - 1220 
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Table 2 continued               

 P (GPa) T(°C) SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5 Cr2O3 S (ppm) 

MACV26 1.5 1400 47.62 1.76 17.88 10.17 - 6.73 9.52 2.71 0.85 - - 1380 

MAV32 0.5 1500 50.79 1.81 16.5 8.68 - 6.84 8.86 2.1 0.68 - - 1800 

MAV29 1.5 1500 51.34 1.57 17.62 9.8 - 7.44 9.29 2.93 0.8 - - 1570 

MAV31 2.5 1500 49.55 0.67 17.21 8.16 - 7.76 10.55 2.64 0.72 - - 880 

MAV54 0.5 1800 50.22 1.72 17.07 10.71 - 7.25 9.33 2.64 0.8 - - 2955 

MAV34 0.5 1500 47.66 1.77 10.74 12.2 - 16.87 8.51 1.79 0.34 - - 4010 

MAV42 1.5 1500 48.55 1.64 10.47 11.47 - 17.01 8.35 1.51 0.34 - - 2750 

MAV27 0.5 1400 50.42 1.8 16.92 9.95 - 7.06 9.66 2.45 0.79 - - 1725 

MAV65 0.5 1400 52 2.13 17.68 8.4 - 7.3 10.18 1.34 0.97 - - 1640 

MAV1 0.5 1400 47.72 1.59 17.22 13.12 - 7.01 9.09 2.89 1.21 - - 1120 

 

a. All the composition is in weight percent (wt.%) unless assigned differently. 
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Table B-3. Pressure, temperature, and silicate melt composition of chalcophile element partitioning experiments used to evaluate the 
reliability of the SCSS modelsa 

Wood and Kiseeva (2015) 

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O Nb2O5 Ta2O5 S(ppm) Total 

1.5 1400 395 42.17 0.9 15.94 4.38  15.82 16.24 - - 0.91 1.03 2202.762 97.95 

1.5 1400 1321 48.3 1.76 14.81 6.81 0.13 10.09 12.09 1.85 0.15 2.25 0.88 1882.36 99.58 

1.5 1400 1322 42.91 1.55 13.49 14.75 0.14 9.43 10.58 1.86 0.14 1.94 1.03 3284.117 98.63 

Kiseeva and Wood (2015) 

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O P2O5  S(ppm) Total 

1.5 1400 Cu1 -1 47.16 0.74 13.86 12.55 0.15 9.65 11.47 1.78 - 0.12  2282 98.04 

1.5 1400 Cu2-1 45.44 0.73 14.02 13.8 0.15 9.06 10.97 1.7 - 0.11  2042 96.48 

1.5 1400 Cu3-1 45.44 0.72 14.03 13.9 0.15 9.04 10.9 1.67 - 0.11  1962 96.45 

1.5 1400 Cu4-1 49.39 0.77 14.57 9.24 0.14 10.11 11.81 2.05 - 0.12  1802 98.64 

1.5 1400 Cu5-1 50.01 0.81 15.12 7.62 0.13 10.18 12.11 1.96 - 0.12  1561 98.45 

1.5 1400 Cu6-1 48.84 0.79 14.47 8.82 0.14 10.4 12.07 2.06 - 0.13  1762 98.15 

1.5 1400 Cu7-1 49.61 0.8 14.99 7.85 0.13 10.23 12.12 1.93 - 0.12  1602 98.17 

1.5 1400 Cu8-1 49.34 0.79 14.75 8.39 0.12 10.09 12.12 1.94 - 0.13  1962 98.16 

1.5 1400 Cu8-2 48.58 0.77 14.41 7.45 0.12 10.04 12.69 2.51 - 0.13  2122 97.25 

1.5 1400 Cu9-1 49.28 0.8 14.61 7.2 0.13 10.21 12.31 1.88 - 0.14  1642 96.97 

1.5 1400 Ni6-2 50.94 0.84 15.29 5.11 0.15 10.56 12.52 1.89 0.15 -  801 97.65 

1.5 1400 Ni7-1 46.82 0.78 14.05 11.68 0.16 9.64 11.53 1.7 0.13 -  1001 96.74 

1.5 1650 KK4-6 51.27 0.79 15.8 7.13 0.11 10.61 12.45 1.99 - 0.13  2322 100.85 

1.5 1650 KK4-7 48.72 0.77 14.66 8.36 0.12 10.6 12.2 1.96 - 0.13  3364 98.36 
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Table 3 continued 

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO* Cr2O3 MgO CaO Na2O K2O   S(ppm) Total 

1.5 1300 KK4-8 48.5 0.8 14.81 9.24 0.15 10.05 12.06 1.81 - 0.14  1682 97.98 

1.5 1500 KK4-9 49.16 0.81 15.09 8.74 0.14 10.16 12.28 1.92 - 0.13  2843 99.14 

1.5 1300 KK4-10 48.07 0.93 16.55 9.73 0.15 8.09 11.08 2.26 0.21 -  1401 97.43 

Gaetani and Grove (1997) 

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO Cr2O3 MgO CaO Na2O K2O   S(ppm) Total 

0.0001 1270 KOM1s 51.4 0.38 10.9 11.2 0.246 15.2 10 0.23 0.06   650 100.15 

0.0001 1270 KOM6s 51.5 0.35 10.53 11.2 0.371 17.19 9.33 0.12 0.02   810 101.11 

0.0001 1270 KOM15s 51.5 0.34 10.47 9.4 0.53 17.65 9.32 0.08 0.01   1310 99.77 

 0.0001 1270 KOM4s 53.6 0.35 11 6.8 0.271 18.4 9.84 0.11 0.01   1400 100.86 

0.0001 1270 KOM10s 55.5 0.33 11.22 4.2 0.672 18.3 9.77 0.05 0   1400 100.49 

0.0001 1270 KOM26s 55 0.34 11.54 4.09 0.716 18.41 9.9 0.07 0.01   1330 100.53 

0.0001 1270 KOM16s 49.1 0.35 10.59 11.7 0.226 16 9.03 0.13 0.02   640 99.12 

0.0001 1270 KOM20s 50.4 0.35 10.67 11.1 0.254 16.9 9.23 0.05 0   800 100.82 

0.0001 1270 KOM13s 51.9 0.34 10.6 8.2 0.213 17.71 9.35 0.05 0.01   1360 99.66 

0.0001 1270 KOM19s 50 0.346 10.6 11.4 0.24 16.6 9.37 0.14 0.03   620 100.25 

0.0001 1270 KOM23s 49.6 0.347 10.64 11.9 0.25 17.2 8.81 0.15 0.02   1010 100.45 

0.0001 1270 KOM22s 51.3 0.356 10.7 9.9 0.247 17.9 9.17 0.06 0.01   1450 100.11 

Li and Audétat (2013) 

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO*  MgO CaO Na2O K2O P2O5 H2Ob S(ppm) Total 

1.5 1200 Au01 37.63 5.35 14.30 8.05  9.11 11.80 3.58 1.76 0.16 6.66 1570 93.34 
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Table 3 continued              

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO* P2O5 MgO CaO Na2O K2O MnO H2Ob S Total 

1.5 1200 Au02 37.89 5.64 13.97 9.29  8.80 10.89 3.58 1.82 0.17 5.76 3710 94.24 

1.5 1200 Au09 37.91 5.49 13.39 10.07  8.63 10.12 3.76 1.87 0.23 5.65 6100.00 94.35 

1.5 1200 Au11a 37.78 5.60 14.00 9.73  8.62 10.49 3.55 2.43 0.66 5.02 3370.00 94.98 

1.5 1200 FL02 36.54 5.21 14.47 8.72  9.67 10.93 3.26 1.64 0.21 7.22 1630.00 92.78 

Li and Audétat (2012) 

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO* P2O5 MgO CaO Na2O K2O MnO H2Ob S Total 

1.5 1175 LY01 38.1 6.2 14.8 8.9 0.9 8.9 11.1 2.9 1.3 0 6.9 1500 93.1 

1.5 1185 LY04 38 6.6 13.8 10.2 0.4 8.6 10.4 3 1.6 0.2 7.2 3100 92.8 

1.5 1185 LY08 38.7 6.1 14.3 9.7 0.3 9.8 11.1 2 1.2 0.2 6.6 3800 93.4 

1.5 1185 LY19 37.2 5.9 14.3 9.8 1.5 8.8 10.7 3.3 1.6 0.2 6.7 1900 93.3 

1.5 1185 LY20 37.7 6 14.5 10.3 1.5 8.1 10.5 3.3 1.6 0.2 6.3 2400 93.7 

1.5 1185 LY22 37.2 5.3 14.4 9.9 1.2 8.8 12.1 2.9 1.5 0.2 6.5 2500 93.5 

1.5 1185 LY23 37 5.6 14.2 10.7 1.8 8.2 10.6 3.6 1.7 0.2 6.4 2000 93.6 

1.5 1185 LY24 36.5 5.5 14.3 10.2 2.4 8.6 11 3.3 1.5 0.2 6.5 1600 93.5 

1.5 1185 LY25 36.9 5.7 14.3 9.8 2.1 8.3 10.8 3.5 1.6 0.2 6.8 2100 93.2 

1.5 1200 LY26 37.4 5.6 14.3 9 1.8 8.9 11 4 1.8 0.2 6 1200 94 

1.5 1200 LY28 36.8 5.7 13.5 10.7 1.4 8.3 10 3.8 1.8 0.2 7.8 4800 92.2 

1.5 1200 LY29 37.4 5.1 13.8 9.2 1 9.6 11.5 3 1.4 0.2 7.8 3300 92.2 

1.5 1200 LY30 36.8 5.4 14.3 10.3 1.8 7.9 11.1 4.2 1.8 0.2 6.2 1700 93.8 
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Table 3 continued 

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO* P2O5 MgO CaO Na2O K2O MnO H2Ob S Total 

2.5 1250 LY32 34.2 6.8 12.4 11.9 2.4 10.7 10.1 3.1 2.1 0.2 6.1 2300 93.9 

3 1300 LY33 34.2 6.6 10.2 11.1 2 11.3 9.7 3.1 2.2 0.2 9.4 3000 90.6 

Li and Agee (1996) 

P (GPa) T(°C) #exp SiO2 MnO Al2O3 FeO* Cr2O3 MgO CaO Na2O    S(ppm) Total 

2 2000 516A8 37.05 - 2.16 9.29 - 46.12 3.37 -    3900 97.99 

5 2000 565A8 40.22 0.19 1.92 7.59 0.08 43.14 2.66 0.15    1800 95.8 

Ripley et al. (2002) 

P (GPa) T(°C) #exp SiO2 TiO2 Al2O3 FeO*  MgO CaO Na2O K2O P2O5  S(ppm) Total 

0.0001 1245 40 54.4 0.65 16.9 4.69  12.03 10.57 1.03 0.11 0.03  592 100.42 

 

a All the composition is in weight percent (wt.%) unless assigned differently. 

b Water contents in these two studies are calculated by weight difference between analytical totals and 100%.  

 

 

 

 

 

 

 

 



248 
 

Table B-4 Partition coefficients between minerals/melt and sulfide melt/silicate melt used in the model calculation 

Element literature Olivine orthopyroxene clinopyroxene garnet spinel sulfide 

Cu Le Roux et al. (2015) 0.13 0.12 0.09 - - - 

 Liu et al. (2014) - - - 0.023 0.25 - 

 Lee et al. (2012) 0.05 0.035 0.04 0.004 0.2 - 

 Li and Audétat (2012) - - - - - 1000 

S Callegaro and Marzoli (2015) 0.0004 0.003 0.03 - - - 
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Figure. B-1 (a) S contents of partial melts derived from a sulfide-bearing peridotite with source S content 

of 100-200 ppm as a function of extent of melting at TP = 1320 °C. Solid curve segments represent sulfur 

content of partial melt at sulfide saturated conditions (SCSS) following Ariskin et al. (2013) whereas the 

dashed curve segments indicate dilution of S concentration with increasing degree of melting at sulfide 

undersaturated conditions. Numbers by the dashed curves indicate the initial S abundances (ppm) in the 

peridotite mantle. (b) Variation of Cu contents of peridotite partial melts as a function of degree of 

melting for source S and Cu contnets of 100-200 ppm and 24 ppm, respectively. In both panels, curves in 

brown represent the case where pure FeS sulfide is considered in the calculation, and curves in orange 

represent the case where Ni-Fe sulfide with 25 wt.% Ni is used in the calculation. SCSS in panel (a) are 

fitted curves based on calculated results by COMAGMAT v5.2 (Ariskin et al., 2013) at F ~0, 1, 2, 3, 4, 5, 

10, 15, and 20 wt.% with 0 (brown curves) and 25 (orange curves) wt.% Ni in the sulfide at TP = 1320 °C. 

NiO contents in the silicate melt are calculated by sulfide melt-silicate melt partitioning of Kiseeva and 

Wood (2015). Grey panels represent S and Cu contents in the ‘reference’ MORBs.  
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Appendix C Supplementary material to Chapter 5 

 

Figure. C-1 (a) Histogram of estimated mantle potential temperatures for 8 basalts from GSC, 7 from Lau 

Basin, and 26 from Iceland with MgO >9wt.%, 2 from Samoa with MgO>8.5 wt.% and 4 from Loihi with 

MgO >8wt.%. (b) Pressure-temperature plot showing the framework of decompression melting of 

nominally volatile-free peridotite. Calculaions are decribed in the text. Different thin curves (both dashed 

and solid) are melting adiabats applicable for OIB generation at mantle potential temperature range 

estimated in Fig. (a), TP = 1450-1650 °C. Melting adiabat at TP = 1350, calculated using pMELTS 

(Ghiorso et al., 2002) and applicable to MORB, is also plotted (dashed curves in light grey) for 

comparison. The dashed straight lines indicate solid mantle adiabtas of TP = 1300, 1380, and 1400 °C. The 

volatile-free peridotite solidus is from Hirschmann (2000). Also plotted for reference are temperatures 

and pressures of the final melt-mantle equilibration of primitive OIBs based on OIB compositions filtered 

with MgO content shown in Fig. 1. Calculation process is decribed in the method.  
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Figure. C-2  Covariation of S and Cu in peridotie partial melts using SCSS model from Fortin et al. 

(2015) (left panels) and COMAGMAT v.5.2 from Ariskin et al. (2013) (right panels) at TP = 1450 (a, b), 

TP = 1550 (c, d), and TP = 1650°C (e, f). In COMAGMAT v.5.2, the silicate melt is in equilibrium with 
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sulfide containing 20 wt.% Ni, which is the intermediate Ni content of mantle MSS. S and Cu contents in 

primitive melt from Galapagos (GSC), Iceland, Lau Basin, Samoa, and Loihi are plotted in (a, b), (c, d), 

and (e, f) grouped by their potential temperatures. Calculation based on Fortin et al. (2015) and 

COMAGMAT v.5.2 indicates that partial melting of peridotite mantle can reproduce reference S and Cu 

values in high degree melts (10-25%) from Iceland by consuming sulfide liquid equivalent to 100-250 

ppm S in the peridotite mantle source, respectively at 1450 °C to 1550 °C. However, neither model by 

peridotite partial melting can satisfy both S and Cu contents in low degree melts (<10%) from Galapagos 

spreading center, Lau Basin, Samoaand Loihi. In summary, applications of SCSS calculations on each 

ocean island using SCSS model from Fortin et al., (2015) and Ariskin et al. (2013) are in consistent with 

that calculated by Smythe et al. (2017) model. 
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