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ABSTRACT 

Geochemical fractionation during melting of sulfide and sulfate bearing 
mantle lithologies 

by 

Proteek Chowdhury 

Earth’s surficial biogeochemical sulfur (S) cycle is connected to the deep sulfur cycle at convergent 

margins, where, crust and oceanic lithospheric mantle subducts beneath an overriding plate and 

transporting sulfur and other materials from the surface to the deep Earth. A part of the subducted sulfur 

gets released from the subducting slab to the surrounding mantle at sub-arc depths while the rest continues 

deeper and gets recycled into the mantle. As S is a multi-valent element with high redox potential, presence 

of different S species in a system will help us discern the redox conditions of the system. Also, S bearing 

phases in deep mantle being the primary host of chalcophile and Highly Siderophile Elements (HSEs) 

plays an important role in economic mineral deposits of these elements. In spite of having huge 

significance in planet scale geochemistry, S cycling at subduction zones and deep Earth and how different 

S species control redox environments and behavior of other elements are inadequately understood.   

This thesis investigates sulfur carrying capacity of mantle derived partial melts in presence of S 

phases and partitioning of trace elements (including chalcophiles and HSEs) between relevant S bearing 

phases both at subduction zones and Earth’s deep upper mantle with the aid of high pressure-temperature 

laboratory experiments. Sulfur solubility of a primary mantle wedge magma beneath arc volcanoes in the 

presence of oxidized S species are measured in Chapter 2. The high P-T experimental measurements are 

then modelled and compared with natural olivine hosted melt-inclusions from different arcs to understand 

the relevant sulfur speciation. At subduction zones, parental basaltic melt will extract similar amount of S 

via mantle melting irrespective of sulfide or sulfate at sub-solidus conditions, but there is possible 
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contribution of oxidized S species seen at various arcs. The mantle wedge magmas are likely to be sulfate 

undersaturated allowing these undersaturated magmas to assimilate crustal sulfur during its ascent. To 

understand S contribution from the subducting slab and the oxygen fugacity of the subducting crust, 

partitioning experiments of trace elements between anhydrite (sulfate mineral) and hydrous slab melt were 

performed (Chapter 3). As Light Rare Earth Elements (LREEs) partitions into sulfate phase and 

chalcophile elements (ChE) partitions into sulfide phase, LREE/ChE ratios (Ce/Cu and Ce/Mo) were used 

to determine the saturating S phase in the downgoing subducting crust. This ratio in turn was used as a 

redox proxy by the virtue of S transforming from sulfide to sulfate over a narrow oxygen fugacity range. 

Using Ce/Cu and Ce/Mo ratio of the subducting crust and comparing them with natural arc lava data 

suggests that oxygen fugacity of subducting crusts is likely to be variable from one subduction zone to 

another. 

As S gets recycled beyond subduction zones and gets incorporated in the deep mantle where vast 

portions of the mantle are affected by CO2±H2O induced melting, understanding S solubility of these 

carbonated melts in presence of sulfide (reduced sulfur) and partitioning of ChEs and HSEs between 

sulfide and carbonated melts becomes crucial. Chapter 4 measures solubility of S in the presence of sulfide 

for carbonated melts. Solubility model of S for these low-degree carbonated melts beneath mid-ocean 

ridges show 5-15% extraction of S by these melts, whereas, at sub-continental lithospheric mantle (SCLM) 

these melts evolve to mildly enrich the shallow mantle leading to supposed sulfide metasomatism. Model 

comparison with natural carbonated kimberlites show that most of the natural kimberlites are products of 

sulfide present carbonated melting. Presence of sulfides in deep upper mantle, thus, exerts control on 

mobility and behavior of ChEs and HSEs. Chapter 5 shows measurements of partition coefficients for 

ChEs and HSEs between sulfide melt and carbonated melts. The partition coefficients of these elements 

are lower when compared to basaltic silicate melts and hence low-degree carbonated melts are enriched 
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in ChEs and HSEs in comparison to silicate melts. HSE pattern for mantle derived carbonated melts is 

similar to ocean island basalts and alkali basalts, linking their melting to carbonated sources. Using mass 

balance calculations based on Ru content of mantle derived low degree carbonated melts and comparison 

with natural kimberlite HSE content show presence of xenolith detritus in these rocks from SCLM. The 

modelled estimates are comparable to calculations by previous studies using various other proxies. 
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Chapter 1 

 
Introduction 

 
Sulfur (S) is one of the major volatile elements and the eleventh most abundant element on Earth 

(McDonough and Sun, 1995). It has the ability to be present in multiple valence states ranging from S2- to 

S6+, making it an element with very high redox potential. Sulfur can be present as sulfide/sulfate minerals, 

melts or dissolved in silicate melts or aqueous fluids both on Earth’s surface and at depths, playing a 

significant role in regulating multitude of Earth system processes like surface conditions via microbial 

metabolic processes (Fike et al., 2015), regulating marine redox conditions and atmospheric oxygen levels 

(Canfield, 2001; Fike et al., 2015), element partitioning between mantle and crust (Canil and Fellows, 

2017; D’Souza and Canil, 2018; Ding and Dasgupta, 2017, 2018; Lee et al., 2012; Li and Audétat, 2012; 

Mungall and Brenan, 2014), redox properties of mantle and mantle derived magmas (Bénard et al., 2018; 

Botcharnikov et al., 2011; Kelley and Cottrell, 2009; Mungall, 2002) and degassing of magmas and 

volcanic eruptions (Devine et al., 1984; Wallace, 2001; Wallace and Edmonds, 2011). 

Sulfur cycle of the Earth comprises of two main parts: the biogeochemical cycle and the deep Earth 

sulfur cycle. The biogeochemical cycle includes mineralization of organic sulfur to inorganic form, 

followed by oxidation of elemental S and sulfide to sulfate. The sulfate, then, gets reduced to sulfide, 

resulting in incorporation of the subsequent sulfur compounds into the organic form of carbon, making it 

an essential component of living cells (Canfield, 2001). The long-term burial of oxidized (sulfate) relative 
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to reduced (sulfide) minerals in marine sediments and sedimentary rocks regulates marine redox 

conditions and, eventually, atmospheric oxygen levels (Berner and Raiswell, 1983; Fike et al., 2015). 

Moreover, hydrothermal alteration of oceanic crustal sulfur to anhydrite (CaSO4- sulfate mineral) by 

seawater recharge and presence of igneous pyrrhotite (FeS(1-x)) and secondary pyrite (FeS2) in the oceanic 

crust (Alt et al., 1989; Alt and Burdett, 1992; Evans, 2012; Tomkins and Evans, 2015) makes sulfur a 

ubiquitous component in the process which recycles crustal materials (marine sediments and Altered-

Oceanic Crust) into Earth’s interior. This recycling process plays a central role in the planet scale 

geochemical cycle of sulfur at subduction zones, marking the beginning of deep sulfur cycle. At the 

subduction zones, Altered-Oceanic Crust (AOC) and sediments continue deep into the Earth’s mantle and 

with increasing pressure and temperature leads to the breakdown of the constituent sulfur bearing minerals 

(Jégo and Dasgupta, 2014, 2013). It is during this process, the volatiles including S, mainly H2O and 

others (CO2, N, Cl, F etc.) are expelled from the subducting slab in the form of aqueous fluids and/or 

hydrous melts into the surrounding mantle, resulting in melting of the mantle and magmatic degassing 

through subduction zone volcanoes releasing S and other volatiles to the ocean-atmosphere system 

(Borisova et al., 2006; De Hoog et al., 2001; Ruscitto et al., 2011; Wallace and Carmichael, 1992; Wallace, 

2005). While in most terrestrial magmatic settings sulfur as sulfide minerals and S2- species in the melt 

are of relevance (e.g., Ding and Dasgupta, 2017, 2018), petrologic processes in subduction zones are 

suggested to involve a mixture of S2- and S6+ (as SO42-). There has been suggestions (Kelley and Cottrell, 

2009; Mungall, 2002; Wallace and Edmonds, 2011; Bénard et al., 2018) that slab-derived S-bearing fluids 

and/or melts may have presence of sulfate (S6+) species which can react with iron in the mantle wedge 

silicates, resulting in oxidation of the mantle wedge.  

Transfer of sulfate from the slab to the mantle beneath the subduction zone volcanoes can, 

therefore, oxidize the mantle and there are many lines of evidence that indicate subduction zone magmas 
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to be more oxidized than magmas of other tectonic settings. These evidences include discovery of 

anhydrite in volcanic products of El Chicón (Mexico) and Mt. Pinatubo (Phillipines) (de Hoog et al., 2004; 

Luhr et al., 1984), heavy sulfur isotope values of arc magmas and olivine hosted melt inclusions (Alt et 

al., 1993; Bénard et al., 2018; De Hoog et al., 2001) and estimation of oxidation state of arc basalts 

(Ballhaus et al., 1990; Parkinson and Arculus, 1999) to name a few. However, whether a subducting slab 

has the potential to transfer S as sulfide or sulfate from the slab to the mantle will be determined by its 

oxygen fugacity which in turn controls the S-bearing phase in the slab (sulfide vs anhydrite), as sulfide to 

sulfate transition takes place over a narrow fO2 range (~1 to 2.5 log units above FMQ; where FMQ 

represent fO2 represented by quartz-fayalite-magnetite equilibrium) (Jégo and Dasgupta, 2014; Jugo, 

2009). Using trace element ratios which has affinity towards one S phase over another, like Cu and Mo 

are incorporated in sulfide, whereas, LREEs are incorporated in anhydrite, we can precisely figure out the 

oxygen fugacity of the subducting slab. Additionally, presence of SO42- in the melt dramatically increases 

its sulfur solubility leading to higher S content in the melt (Botcharnikov et al., 2011; Jugo, 2009; Nash et 

al., 2019). This can lead to increased SO2 emission from the volcanoes and holds critical implications for 

global climate and surface habitability. Thus, the sulfur carrying capacity of a primary mantle melt beneath 

subduction zone volcanoes and the oxygen fugacity of the subducting slab that controls the sulfur species 

being transferred to the mantle needs to be clearly understood to have a wholesome appreciation of sulfur 

cycling and redox in subduction zones. 

Post dehydration and/or partial melting (beyond sub-arc depths), the residual slab containing sulfur 

bearing minerals subducts into the deeper mantle (Jégo and Dasgupta, 2014, 2013; Kagoshima et al., 2015; 

Tomkins and Evans, 2015) and is stretched and thinned at depths in a convecting mantle resulting in 

incorporation of S and other volatiles back into the deep Earth.  The S inventory of the deep Earth is 

modulated by magmatic sulfur degassing at plate boundaries (e.g. Ding and Dasgupta, 2017; Wallace and 
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Edmonds, 2011), intraplate ocean islands (Ding and Dasgupta, 2018) and arcs (e.g., Alt et al., 1993; 

Kagoshima et al., 2015). The critical first step of sulfur degassing from the Earth’s interior is extraction 

of sulfur from the mantle via partial melts. As mentioned earlier, S in most, if not all, parts of the Earth’s 

mantle is chiefly present as sulfides in the form of accessory sulfide minerals, solid solution, or molten 

sulfides (Harvey et al., 2016) and the distribution of these sulfides in the mantle is varied and is mostly 

controlled by composition of mantle derived partial melts (Giuliani et al., 2016; Lorand et al., 2004; Moine 

et al., 2004). Vast parts of the Earth’s sulfide-bearing mantle beneath the oceans and the continents are 

affected by CO2 ±H2O induced melting in the presence of sulfides (Dasgupta et al., 2013, 2007; Dasgupta 

and Hirschmann, 2006; Moussallam et al., 2015) resulting in formation of carbonatitic and carbonated-

silicate (kimberlitic) melt. These sulfides in the mantle are the major host of chalcophile elements (Cu, 

Ni, Co, Mo etc.), Platinum Group Elements (PGEs- Os, Ir, Ru, Rh, Pt and Pd) and Highly Siderophile 

Elements (HSEs- PGEs, Re and Au) because of their strong partitioning into the sulfides and metallic 

phases which co-exist with silicates and carbonated silicate melts. The geochemistry of HSEs combined 

with Re-Os and Pt-Os isotope systematics forms a remarkable proxy to trace formation and evolution of 

mantle derived carbonatitic rocks (Ackerman et al., 2019; He et al., 2020; Maier et al., 2017). Though 

there has been extensive previous studies exploring the sulfur carrying capacity of a silicate melt in the 

presence of sulfide (Ding et al., 2018, 2014; Fortin et al., 2015; Haughton et al., 1974; Li and Ripley, 

2009; O’Neill and Mavrogenes, 2002; Smythe et al., 2017b; Wallace and Carmichael, 1992b; Wykes et 

al., 2015) and partitioning of chalcophile and HSEs between mantle sulfide and silicates (Crocket et al., 

1997; Fleet et al., 1996; Kiseeva and Wood, 2013; Li and Audétat, 2012b; Mungall and Brenan, 2014; 

Peach et al., 1990; Pruseth and Palme, 2004), little attention has been paid to measuring sulfur carrying 

capacity of a carbonated silicate melt and partitioning of chalcophile elements and HSEs between mantle 

sulfides and carbonated silicate (silica-undersaturated) melts. Hence, investigating the deep sulfur cycle 
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of mantle derived carbonated melts and how the S cycle affects the elements incorporated in mantle 

sulfides will help us understand the process of extraction of S and HSEs from the deep mantle. 

This thesis reports a sequence of high pressure and temperature experimental investigations 

measuring the sulfur carrying capacity in the presence of anhydrite (SCAS- Sulfur Concentration at 

Anhydrite Saturation) for primary mantle wedge hydrous basaltic magma to understand S solubility and 

speciation of S in the mantle wedge beneath the subduction zone volcanoes (Chapter 2- published in 

Chemical Geology); measuring partitioning of trace elements between anhydrite and hydrous subducting 

slab melt to assess the oxygen fugacity of the subducting slab and evaluate the dominant species of S in 

the slab (Chapter 3); measuring sulfur solubility in the presence of molten sulfide (SCSS-Sulfur 

Concentration at Sulfide Saturation) for deep mantle derived carbonated silicate melts to examine the 

extraction of S from oceanic and continental mantle by these low degree melts (Chapter 4- published in 

Geochimica et Cosmochimica Acta) and measuring partitioning of HSEs between molten sulfide and 

carbonated silicate melt to understand how behavior of HSEs vary in carbonated melts compared to silicate 

melts (Chapter 5). These studies address a plethora of outstanding questions in the field of S cycling, 

mantle redox and geochemistry, which includes, concentration and speciation of sulfur in the primary 

mantle wedge, oxygen fugacity of the subducting slab and its stable sulfur mineralogy, extraction potential 

of deep S by carbonated silicate melts and HSE systematics of CO2-rich rocks and its interaction with the 

surrounding mantle.
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Figure 1-1: Cartoon showing S cycle starting from burial of sulfur minerals (yellow ovals- sulfide; sky 

hexagons- anhydrite/sulfate) in oceanic crust to release of S as gases at arc volcanoes and mid-ocean 

ridges. At sub-continental lithospheric mantle (SCLM), S is mobilized in the cratons via carbonated melts. 

At oceanic mantle beneath mid-ocean ridges, sulfur is extracted via carbonated and carbonated silicate 

melts. Numbers (1-5) represent different chapters indicating various locations within Earth’s interior for 

which S solubility, redox processes and partition coefficients are being investigated. 
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Chapter 2 

 
Effect of sulfate on the basaltic liquidus and sulfur concentration 
at anhydrite saturation (SCAS) of hydrous basalts – Implications 
for sulfur cycle in subduction zones 

 

To add to our understanding of sulfur cycle in subduction zones in general and constrain the effects 

of slab-released sulfate ( ) on the magma genesis in and sulfur transport from sub-arc mantle to the 

arc volcanoes in particular we carried out an experimental study. High pressure-temperature, piston-

cylinder experiments were carried out in Au-Pd capsules at 1-3 GPa and 1050-1325 °C to investigate (a) 

the effect of variable sulfur concentration from 0 to ~2 wt.%, dissolved as  on the stability field of a 

primary arc basalt with ~4 wt.% H2O and determine (b) the sulfur content at anhydrite saturation (SCAS) 

of hydrous mafic magmas. Speciation of sulfur in the silicate melt was confirmed to be  by S Kα X-

ray peak position using electron microprobe. S-free hydrous clinopyroxene liquidus at 2 GPa is ~25 °C 

hotter than the hydrous clinopyroxene liquidus with ~0.1 wt.% S in the liquidus melt as  and the 

liquidus depression with further S-enrichment to anhydrite saturation (~2 wt.% S) can be fitted by a power 

function ΔT (°C) = 26.52(±3.48)(Smelt in wt.%)0.24(±0.06). Anhydrite-saturated experiments show that SCAS 

increases with increasing temperature and CaO content of melt and decreases with increasing SiO2 content 

2
4SO -

2
4SO -

2
4SO -

2
4SO -
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of the melt. Previous SCAS models based mostly on lower P-T experiments and/or on silicic melt 

compositions can’t capture our new experimental SCAS data. A new SCAS parameterization was 

developed using previous and our new experimental data. Calculations using our new parameterization 

and assuming 200-500 ppm S in the arc mantle show that <10% hydrous melting of mantle wedge would 

exhaust anhydrite, if present. Therefore, anhydrite even if present is expected to be exhausted by partial 

melting in the mantle wedge. The S content, as dissolved SO42-, of hydrous arc basalts produced by 10-

30% melting will be 500-4000 ppm, which is comparable to the melt inclusion S contents from various 

arcs. The sulfate undersaturated basalts may assimilate crustal sulfate and lead to high observed SO2 flux 

at the arcs, known as the “excess S”. 

Keywords: 

 

Hydrous basalt; sulfate; Sulfur Concentration at Anhydrite Saturation (SCAS); arc magma; melt 

inclusions 
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2.1. Introduction 

Sulfur (S) is one of the major volatile elements on Earth and can be present in several valence states 

ranging from S2- to S6+. Sulfur, being present as sulfide or sulfate minerals or melts or being dissolved in 

silicate melts or aqueous fluids, is thought to play a significant role in various processes including element 

partitioning between mantle and crust (e.g., Lee et al., 2012; Li and Audétat, 2012; Mungall and Brenan, 

2014; Canil and Fellows, 2017; Ding and Dasgupta, 2017; Ding and Dasgupta, 2018), redox properties of 

mantle and mantle-derived magma (Bénard et al., 2018; Kelley and Cottrell, 2009) degassing of magma 

and volcanic eruptions (Devine et al., 1984). 

Other than the biogeochemical, surficial sulfur cycle, terrestrial sulfur is also cycled between the 

surface reservoirs and the interior. Exchange of sulfur between the Earth’s interior and the surface 

reservoirs takes place chiefly in convergent margins (e.g., Jégo and Dasgupta, 2014; Tomkins and Evans, 

2015). Subduction of seawater and hydrothermally altered oceanic crust results in injection of sulfur 

initially as pyrite and subsequently as pyrrhotite as well as anhydrite (e.g., Jégo and Dasgupta, 

2014;Brown et al., 2014) into the mantle and magmatic degassing through subduction zone volcanoes 

releases S to the ocean-atmosphere system (Wallace and Carmichael, 1992; Alt et al., 1993, 2012, 2013; 

Scaillet and Pichavant, 2003; Wallace, 2005). While in most terrestrial magmatic settings S as sulfide 

minerals as S2- species in the melt are of relevance (e.g., Ding and Dasgupta, 2017, 2018), petrologic 

processes in subduction zones are suggested to involve a mixture of S2- and S6+ (as SO42-). For example, 

there has been suggestions (Kelley and Cottrell, 2009; Mungall, 2002; Wallace and Edmonds, 2011) and 

a recent finding (Bénard et al., 2018) that lends support that slab-derived S-bearing fluids may result in 

oxidation of the mantle wedge as sulfate (S6+) species extracted from the subducting slab reacts with iron 

in the mantle wedge silicates. Discovery of anhydrite in pumices erupted at El Chichón (Mexico) in 1982 

(Luhr et al., 1984) and eruption of Mt. Pinatubo (Philippines) in 1991 showed that anhydrite is a stable 
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igneous phase (de Hoog, 2004). Stability of anhydrite in Pinatubo dacite was also experimentally 

demonstrated (Scaillet et al., 1998). Slightly heavy sulfur isotope values, tending towards sea-water 

sulfate, of arc magmas have also been widely cited as an indication of subduction and extraction of sulfate 

from the downgoing slab to the arc source regions (Alt et al., 1993; de Hoog et al., 2001). Additionally, 

the estimation of oxidation state of arc basalts show that they extend to more oxidized values than those 

of basalts from other tectonic settings (Ballhaus, 1993; Parkinson and Arculus, 1999). Although debate 

remains whether the observed somewhat oxidized nature of arc magmas is inherited from their mantle 

source or acquired through differentiation processes including ascent through thick crust (e.g.,Burgisser 

and Scaillet, 2007; Lee et al., 2010), arc magmas certainly present a more likely scenario where sulfur 

could be present as S6+. Indeed, speciation of S in some basaltic systems show sulfate being more dominant 

than sulfide (Nilsson et al 1993, Gurenko & Schmincke, 1998; Métrich et al., 1999; Matthews et al 1999). 

Also, evidence of dissolved sulfate in natural basaltic melt were found by XANES analysis (Jugo et al., 

2010) of melt inclusions of Mt. Pinatubo and in basalts from Cascades Range, Oregon. Furthermore, given 

SO2 injection in the stratosphere by the Pinatubo eruption and formation of acidic aerosols led to ~0.6 °C 

reduction of global surface temperature and large-scale ozone depletion (Self and King, 1996), 

understanding the involvement of sulfate in subduction zone processes is not only critical for petrogenetic 

processes but also for global climate and surface habitability. However, the extent to which sulfur can 

dissolve in primary mantle wedge melts and the effects such dissolved sulfur may have on conditions of 

magma genesis in subduction zones remain incomplete constrained. It is critical to know how much sulfur 

can be carried in oxidized arc parental melts at mantle depths where magma genesis is thought to occur, 

given transition from sulfide to sulfate species in melt increases the total carrying capacity of sulfur 

significantly (e.g., Jugo et al., 2010; Nash et al., 2019). 



11 
 

Because water is thought to be the most important volatile flux affecting magma generation in 

subduction zones and aqueous fluid may carry dissolved sulfur to mantle wedge, one key question is the 

combined effect of water and sulfur on the liquidus of typical subduction zone primary basalt. It is well 

known that water suppresses the liquidus temperature of silicate phases for basaltic melts to various 

extents (Yoder and Tilley, 1962; Almeev et al., 2007, 2012; Médard and Grove, 2008). From the phase 

relations experiments of Prouteau and Scaillet (2013) that contain both anhydrite and sulfide, it is apparent 

that increased dissolved sulfur in the melt enhances the equilibrium fraction of hydrous silicate melt. 

However, the combined effect of dissolved SO42- and H2O on the stability of basalt is not known 

quantitatively. 

The effect of SO42- on the stability of basalt, if important, may also depend critically on how much 

SO42- can dissolve in hydrous basaltic liquid of relevant composition at the pressure-temperature 

conditions of generation. However, solubility of sulfur, as SO42-, in hydrous basaltic liquid at mantle 

depths is incompletely known (Carroll and Rutherford 1987; Luhr, 1990; Jugo et al., 2005b; Jugo et al., 

2010; Jégo and Dasgupta, 2014; Prouteau and Scaillet, 2013; Canil and Fellows, 2017).  Existing studies 

showed how sulfur solubility in silicate liquid varies with the saturating phase, which in turn affects the 

sulfur speciation and that there is a significant increase in sulfur content of equilibrium silicate liquid from 

sulfide to sulfate saturation.  

Several studies have determined the sulfur content of silicate liquid at anhydrite saturation (SCAS) ( 

Carroll and Rutherford 1987; Luhr, 1990; Costa, 2004; Jugo et al., 2005b; Scaillet and Macdonald, 2006;  

Prouteau and Scaillet, 2013; Masotta and Keppler, 2015; Huang and Keppler, 2015) but were performed 

at pressures ≤1 GPa and/or melt compositions in equilibrium with anhydrite in many of these studies were 

mostly andesitic to rhyolitic. Mantle wedge partial melting induced by slab-derived aqueous fluid or 

hydrous melt flux that leads to generation of primary basaltic liquid is known to take place at pressures of 
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1-3 GPa. To date, Jugo et al. (2005) is the only study to our knowledge that used a basaltic liquid 

composition for their SCAS determination at higher P-T, however, the study of Jugo et al. (2005) was 

restricted to a single pressure-temperature condition of 1 GPa and 1300 °C. The existing SCAS models 

given by Li and Ripley (2009), Baker and Moretti (2011), and Masotta and Keppler (2015) parameterized 

the SCAS based on pressure, temperature and melt composition, but in order to test whether these models 

can be applied to deeper depths and for wide range of basic liquid compositions, more higher pressure-

temperature experiments are necessary. 

Here, we experimentally determine (1) the effect of dissolved SO42- on the liquidus temperature of a 

hydrous basalt at 2 GPa and (2) sulfur concentration of wide range of silicate melts at anhydrite saturation 

(SCAS) at 0.5-3 GPa and 1050-1325 °C. We find that dissolved sulfate has a small but measurable effect 

in depressing the hydrous clinopyroxene liquidus of basalt and that previous SCAS models do not 

adequately capture our experimental SCAS data. Combining data from our study and all previous studies, 

we developed a new SCAS parameterization that captures the SCAS of silicate liquids over a wider 

pressure-temperature-composition space. Finally, using the SCAS  parameterization from our study, we 

constrained the extent to which primary mantle wedge melts can carry sulfur from the mantle to various 

volcanic arc globally.  

 

2.2 Methods 

2.2.1. Starting compositions for laboratory experiments 

For investigating the effect of dissolved SO42- on basalt liquidus, a synthetic primary arc basalt 

(MgO ∼6.2 wt.%) was used, which is similar in composition to natural Strombolian K-basalt used by 

Iacono Marziano et al. (2007), natural Vesuvian shoshonite in the experiments of Jolis et al. (2013) and 

the basalt used in the basalt-limestone interaction experiments of Carter & Dasgupta (2015). Reagent 
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grade SiO2, TiO2, Al2O3, and MgO were fired overnight at 1000 °C, Fe2O3 at 800 °C, MnO2 at 400 °C, 

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

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

mixed powders were reduced to logfO2 of ~FMQ-1.5 and decarbonated at 1000 °C for 24 hours in a stream 

of CO-CO2 gas mixture. Finally, Al(OH)3 was added to bring up the Al content to the desired level along 

with introduction of H2O (HAB: Table 1). To introduce S as SO42-, 10 wt.% CaSO4 was added to the 

staring silicate mix (HAB+10% Anh: Table 1). Two other mixes were made to vary the S content of the 

starting material. To maintain the CaO content of HAB both CaCO3 and CaSO4 were added in such a way 

that the S content is around 0.1 wt.% (HAB-low S: Table 1) and 2 wt.% (HAB-high S: Table 1) but the 

major element composition is unaffected by variable amount of S introduction.  

To evaluate the effect of silicate melt compositions on SCAS, additional andesitic and rhyolitic 

starting mixes from the study of Eguchi and Dasgupta, (2017) and Duncan and Dasgupta, (2014), 

respectively were used. Both of these compositions were nominally anhydrous and the rhyolitic 

composition from the study of Duncan and Dasgupta (2014) was fired at 1000 °C at log fO2 of ~FMQ-1 

to decarbonate. Anhydrite was added (5 wt.%) to each of these two compositions to achieve sulfate 

saturation (BA+5% Anh and Rhy+5% Anh: Table 1). 

 

2.2.2 Experimental Technique 

All experiments were performed using a half-inch assembly and an end-loaded piston cylinder 

apparatus at the Experimental Petrology Laboratory of Rice University at pressures of 0.5-3 GPa and 

temperatures of 1050-1325 °C (Table 2). The half-inch assembly consisted of BaCO3 pressure medium, 

crushable MgO spacers, and straight-walled graphite heater, the pressure and temperature calibration of 

which are detailed in Tsuno and Dasgupta (2011). The pressure and temperature uncertainties are ±0.1 
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GPa and ±12 °C. Starting materials were loaded and packed in 3 mm outer diameter Au75Pd25 capsules 

with 0.2 mm wall thickness; the capsules were weighed before and after sample loading and welding to 

make sure that no loss of mass, especially of water and sulfur took place. Another set of sulfur-free 

experiments were run at 2 GPa with only the hydrous basalt to find the liquidus of the sulfur-free 

composition. Temperatures were monitored and controlled using W5%Re/W26%Re thermocouple. Run 

duration ranged from 22 to 24 h. After the experiments, the samples were mounted in epoxy and ground 

using 600 grit silicon carbide strip grinders till the edge of the sample was visible and then they were 

polished down to 0.3 micron using alumina slurry on velvet cloth. 

 

2.2.3 Analytical Technique 

Polished samples were carbon-coated and investigated using a JEOL JXA 8530F Hyperprobe at the 

Rice University for phase identification using energy dispersive spectroscopy (EDS), for textural 

relationship among phases using backscattered electron (BSE) images, and for obtaining major element 

abundances and S content of nominally S-bearing phases. Electron microprobe was also used to determine 

the speciation of S in the melt by the wavelength of S Ka line in the S-bearing glass and comparing them 

with S Ka line in sulfide and sulfate standards (e.g., Carroll and Rutherford, 1988). Analyses were 

performed using a 15 kV, 10 nA electron beam with spot size of 10 µm for melt pools and focused spot 

size on silicate grains and anhydrite. Primary analytical standards were natural basaltic glass (for Na, Si, 

Mg, Al, K, Mn), olivine (for Fe), rutile (for Ti), grossular (for Ca), and anhydrite (for S). The peak and 

background counting times of all the elements are 10s and 5s respectively. For wavelength of S Ka, 

anhydrite was used as standard for S6+ whereas sphalerite was used as a standard for S2-. Peak counting 

time of 60s was used during the SKa wavelength shift analyses. 
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2.3. Results 

2.3.1. Phase assemblages and texture 

 For the experiments to constrain the effect of variable dissolved SO42- on the silicate liquidus of a 

hydrous basaltic liquid, the phase assemblage varies as a function of temperature and the S content of the 

melt (Table 2 and Fig. 1). Subhedral to euhedral clinopyroxene is the silicate liquidus mineral and it 

appears between 1325 and 1300 °C for nominally S-free system and between 1300 and 1275 °C for 

systems with ≥ ~0.2 wt.% S. For all experiments with liquid S content ≥0.5 wt.% S, anhydrite is present. 

Above the basaltic silicate liquidus, only silicate glass is present for experiments with melt containing ≤ 

~0.2 wt.% S whereas for experiments containing 0.8-1.2 wt.% S in the melt, magnetite and anhydrite 

appear above the clinopyroxene liquidus. Where present, anhydrite appears as small rounded fractured 

grains whereas magnetite grains are euhedral (Fig. 2). With further decrease in temperature, garnet 

appears.  

For the SCAS experiments, glass and anhydrite are always present followed by presence of clinopyroxene 

and garnet in some runs. Magnetite is present only in the runs with composition ‘HAB-high S’ consistent 

with the oxidized nature of its starting condition. Titanite was present in the runs with BA+5%Anh because 

of the high TiO2 and CaO content in the starting mix. The Rhy+5%Anh starting mix produced only glass 

and anhydrite.  

 

2.3.2. Phase compositions, melt S contents, and sulfur speciation 

Experimental silicate melts were close to the starting material with some slight variations for each 

experiment depending on the extent of crystallization. For hydrous basalts with 0.1 wt.% and 2 wt.% S, 

SiO2 varies from ~52 to 53 wt.%, Al2O3 varies from ~15 wt.% to ~17 wt.%, whereas FeO* and MgO are 

~8-9 wt.% and ~7-6 wt.%, respectively. Measured S content in the silicate glass for these two bulk 
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compositions varies from 0.1 to 0.3 wt.% and 0.8 to 1.6 wt.%, respectively (Table 3). For the SCAS 

experiments with starting mixes HAB+10%Anh, BA+5%Anh and Rhy+5%Anh, SiO2 contents exhibit 

range of ~50-58wt.%, ~61-63 wt.% and ~68-69 wt.%, respectively, Al2O3 contents are ~15-17 wt.%, ~12-

13 wt.% and ~19 wt.%, respectively, FeO* contents are ~7-10 wt.%, ~4 wt.% and ~0.1 wt.% whereas 

MgO contents are ~4-7 wt.%, ~2-3 wt.% and ~0.1 wt.% respectively. Measured S content in the silicate 

glasses varies from ~0.47-1.6 wt.%, ~0.2-0.3 wt.% and ~0.02-0.04 wt.% respectively showing clear 

variation with SiO2 and CaO content, which varies from ~8-13 wt.%, ~4-6 wt. % and ~0.4-0.6 wt.%, 

respectively with experiments with basaltic, andesitic, and rhyolitic compositions. At a fixed P-T, melt S 

content increases with increase in CaO content but decreases with increase in SiO2 content and for a fixed 

melt composition, the S content doesn’t show much variation with P, but increases with increase in T. 

S Kα peak position was determined for the glasses using electron microprobe. Sphalerite which was 

used as a S2- standard has the S Ka peak at 5.360 Å whereas anhydrite (S6+) has the SKa peak at 5.356 

Å. The S in the glasses from the experiments are measured to have peaks ~5.357 Å (Fig. 3). Hence, we 

infer that the S in our experimental glasses is almost entirely, if not all, present in the form of S6+. 

 

2.4. Discussion 

2.4.1. The effect of dissolved sulfate on the liquidus of hydrous basalt – implications for sub-arc mantle 

melting fluxed by aqueous fluid containing dissolved sulfate 

      Our experiments reveal that there is a ~25 °C decrease in the liquidus temperature of the hydrous 

basalt in the presence of dissolved sulfate with clinopyroxene being the liquidus phase. For each 

experiment, the difference between the sulfur-free liquidus and the experimental temperature has been 

calculated and plotted as a function of sulfur in the melt (Fig. 4). Clinopyroxene-bearing and 

clinopyroxene-free experiments bracket the liquidus, and thus constrain the liquidus depression. Sulfate 
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anion has a valence of -2 and the presence of clinopyroxene as the liquidus phase indicates that sulfate 

bonds with Ca2+ of clinopyroxene hence reducing the stability field of clinopyroxene. Therefore we 

surmise that the presence of dissolved sulfate in a hydrous basalt can cause melting at temperatures 25-50 

°C lower than that of the melting of a SO42--free hydrous basalt. The liquidus depression plotted against 

S in the melt can be described as a power function curve which is given by the equation: ΔT (°C) = 

26.52(±3.48) × (Smelt)0.24(±0.06); S in wt.% (Fig. 4).  

Our experiments do not constrain whether the effect of dissolved sulfate on basalt liquidus is similar 

irrespective of water content of the basalt or whether the liquidus depression effect of dissolved sulfate is 

similar if the liquidus phase is olivine or Ca-poor pyroxene instead of Ca-rich pyroxene. However, given 

our experiments were conducted on a composition containing average water content of primary arc basalts, 

it is likely that a flux of SO42--bearing aqueous fluid causes an expansion of the basaltic melt stability 

field. This implies that in cases where mantle wedge is fluxed by slab-derived aqueous fluid containing 

dissolved sulfate, basaltic melt generation would likely take place at a slightly lower temperature; 

therefore, for a given temperature at the core of the mantle wedge, dissolved sulfate, along with hydrous 

flux can cause even further enhancement of the extent of melting. 

 

2.4.2 SCAS – comparison to previous experiments and models 

Previous sulfate saturated experiments on silicate liquid-bearing systems were done by Carroll and 

Rutherford (1987), Luhr (1990), Scaillet et al. (1998), Scaillet and Evans (1999), Costa et al. (2004), Jugo 

et al. (2005b), Scaillet and MacDonald (2006), Huang and Keppler (2015), and Masotta and Keppler 

(2015), which were chiefly conducted at pressures of 0.2-0.4 GPa. Proteau and Scaillet (2013) and Canil 

and Fellows (2017) reported some anhydrite saturated experiments at higher pressures (2-3 GPa), 

however, all of these studies yielded melt compositions that were andesitic to rhyolitic to rhyodacitic 
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varying in SiO2 from ~57 to 81 wt.%. Jugo et al. (2005b) is the only study to our knowledge that used 

basaltic melts with SiO2 content of ~43-45 wt.% at a constant pressure of 1 GPa for their SCAS 

determination. Combining the results of our experiments with all the previous experiments show that 

SCAS increases with temperature but is mostly unaffected by pressure (Fig. 5a & b). Also, with increasing 

SiO2 content the SCAS decreases while with increasing CaO content it increases (Fig. 6a & b). Based on 

the previous experiments, empirical parameterizations of SCAS were developed by Li and Ripley (2009), 

Baker and Moretti (2011), and Masotta and Keppler (2015). These previous models predicted SCAS with 

good success in their calibration range but doesn’t capture SCAS satisfactorily over the whole 

compositional range. Figure 7 shows predicted SCAS from all four previous models as a function of 

experimentally determined SCAS used in this study. The Li and Ripley (2009) and the Zajacz (in revision) 

model tends to capture the whole compositional range with moderate overestimation. The Baker and 

Moretti (2011) model highly overestimates the predicted SCAS whereas the Masotta and Keppler (2015) 

model was developed to work only for felsic to intermediate compositions and hence for melts with SiO2 

<55 wt.%, SCAS values are not reported as the SCAS predicted by this model is zero. Thus, it is necessary 

to build a new SCAS parameterization, which can capture the whole compositional range of natural silicate 

melts and can capture the P-T effects reliably at the conditions of magma generation beneath arc 

volcanoes. 

 

2.4.3 A new parameterization to predict SCAS as a function of P, T and composition 

2.4.3.1 Thermodynamic consideration and model formulation 

 Many previous studies measured wavelength shift of S Kα X-rays (Carroll and Rutherford, 1988; 

Nilsson and Peach, 1993; Wallace and Carmichael, 1994; Jugo et al., 2005a) and the spectra of S K-edge 

absorption near-edge structure (Fleet et al., 2005; Wilke et al., 2008). They have indicated that under 
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reducing conditions (fO2 <FMQ+1), sulfur is predominantly S2- but under oxidizing conditions (fO2 

>FMQ+2), sulfur is dissolved mainly as S6+. Hence, to build an SCAS parameterization we need to 

consider what reactions govern the equilibrium of sulfur concentration in silicate melts. The following 

reaction given by Li and Ripley (2009), can be used to describe the equilibrium. 

MeOmelt + SO2 +	%$O2= MeSO4melt     (1) 

      (2) 

      (3) 

where K1 is the equilibrium constant of Eqn. 1 and Me represents any divalent cation in the melt. Hence, 

sulfur concentration in silicate melts is controlled by melt composition and fugacities of O2 and SO2, i.e., 

fO2 and fSO2. However, when a silicate melt is saturated with anhydrite the fO2 and fSO2 is constrained 

by the following equation: 

CaSO4solid= CaOmelt+ SO2 + 
%
$O2     (4) 

      (5) 

and         (6) 

Thus, at a constant pressure and temperature,  is a function of the melt composition from 

equation (6). For our SCAS parameterization, the melt composition was expressed in mole fraction for 

the optimization of the model equation. We adopt a general equation which was used by Li and Ripley 

(2009): 

ln XS = a+ b (104/T) + c P + Σ di Xi     (7) 

Comparing all previous experiments (Carroll and Rutherford,1987; Luhr, 1990; Costa, 2004; Jugo et al., 

2005; Scaillet and Macdonald, 2006; Prouteau and Scaillet, 2013; Jégo and Dasgupta, 2014; Masotta and 
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Keppler, 2015; Huang and Keppler, 2015; Canil and Fellows, 2015) and the experiments performed in 

this study we find that SiO2, CaO and T plays a significant role in affecting SCAS and P has no effect on 

SCAS. SCAS decreases with increasing SiO2, increases with increasing CaO and T. On the contrary, 

Huang and Keppler (2015) showed that at very low CaO (~<1 wt.%), SCAS decreases with increasing 

CaO, which is shown in Fig. 6b. This behavior of SCAS is similar to how SCSS behaves with increasing 

FeO, where SCSS decreases with increasing FeO to a minimum at ~5 wt.% and then increases with 

increasing FeO (Wykes et al., 2015). To account for this behavior of SCAS with CaO, we adopt a 

formalism similar to that of Wykes et al. (2015) to modify equation (7) to incorporate the negative 

dependence of SCAS at very low CaO concentrations: 

  ln XS = a+ b (104/T) + Σ di Xi + e H2O (wt.%) – f ln XCa  (8) 

Equation 8 is used to measure XS, which can then be used to calculate SCAS in ppm or weight percent. 

2.4.3.2. SCAS model calibration 

Using the above formulation, we calibrated a new SCAS model, using data from our study and all 

previous experimental studies that reported SCAS data (Carroll and Rutherford,1987; Luhr, 1990; Costa, 

2004; Jugo et al., 2005; Scaillet and Macdonald, 2006; Prouteau and Scaillet, 2013; Jégo and Dasgupta, 

2014; Masotta and Keppler, 2015; Huang and Keppler, 2015; Canil and Fellows, 2015). A total of 186 

anhydrite saturated natural glass compositions were used, which spanned the composition range in terms 

of NBO/t of 0 to ~1.1 (SiO2 content of 40-80 wt.% and CaO content of 0-13 wt.%). Pressure and 

temperature range of our calibrated data set varies from 0.1 to 3.0 GPa (1000 to 30,000 bar) and 700 to 

1325 °C. Based on the multi-variate regression, the values of each parameter and their standard deviations 

are given in Table 5. Figure 8 shows a comparison between the calculated ln XS and the experimentally 

measured ln XS where it can be seen that nearly all the data falls within the 20% error range and the fit has 
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an r2 of 0.89. From the derived coefficients, it is apparent that melt composition, in particular CaO and 

SiO2 content of melts, and temperature have the strongest influence on sulfur content of silicate melts at 

anhydrite saturation. The errors in the coefficients are less than 40%. 

2.4.4. Application of SCAS on natural arc systems 

Our new SCAS experiments and model calibration allows reliable prediction of sulfate saturation 

values of primary, hydrous basaltic partial melts generated at mantle wedge melting conditions. Therefore, 

we can test whether sulfur abundance of near-primary arc basalts can be explained or is necessary to be 

explained as the product of mantle partial melting in the presence of anhydrite. In other words, do we 

expect mantle melting to produce different sulfur content in parental basalts if melting occurs in the 

presence of sulfide (S mostly as S2-, i.e., relatively reduced mantle) versus in the presence of sulfate (S 

mostly as S6+, i.e., relatively oxidized mantle)? And does the natural abundance of sulfur in primitive arc 

magmas support or require mantle melting to take in sulfate-present (oxidized) versus sulfide-present 

(reduced) conditions? 

To perform our model calculations, we used hydrous peridotite partial melting experiments with 

extent of melting (Hirose and Kawamoto, 1995) to calculate the fate of anhydrite, if present in the mantle 

wedge. Assuming a range of 200-500 ppm S for the mantle source of arc magmas (Metrich et al., 1999; 

de Hoog et al., 2001a) and calculating SCAS from our new model, anhydrite, if present in the mantle 

wedge is estimated to get exhausted by <10% melting. On the other hand, given much lower value of 

SCSS, exhaustion of the sulfide – if present – would take place between 15-30% melting (Fig. 9). This 

means that for the same amount of source S contents, if the mantle wedge is more reduced and store S in 

sulfide, primitive arc basalts could be generated at sulfide saturation (Ding et al., 2018; Fortin et al., 2015; 

Smythe et al., 2017) (Fig. 9) but may be not at anhydrite saturation. Given many primitive arc basalts are 

thought to be result of high-degree (10-30%; Kelley et al., 2006) partial melting caused by background 
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flux of aqueous fluid, primitive arc basalts are expected to be generated at conditions where anhydrite is 

exhausted but if the mantle is relatively reduced, may have sulfide in the residue (Fig. 9). Another 

observation from Fig. 9 is that if the subduction zone magmas are product of high extent of melting (e.g., 

>15%), parental basaltic melt would carry the similar amount of sulfur irrespective of whether the 

subsolidus mantle stored sulfur in sulfide (reduced mantle) versus anhydrite (sulfate). 

To compare our computed sulfur contents for parental subduction zone basalts with natural data, 

we compiled sulfur and major element concentrations of primitive arc melt inclusions from 18 different 

arcs globally from Ruscitto et al. (2012) and of Tolbachik Volcano, Kamchatka from Kamenetsky et al. 

(2018). To evaluate whether the sulfur contents of these melt inclusions may derive from sulfide or sulfate 

saturated mantle wedge melting, we apply our SCAS model and existing SCSS models (e.g., Fortin et al., 

2015; Smythe et al., 2017; Ding et al., 2018) to corrected melt compositions and the estimated P-T 

conditions of their equilibration in the mantle (given in Ruscitto et al., 2012).  

We also calculated degree of melting (F) relevant for these melt inclusion compositional data. The 

extent melting, F, the melt inclusion data may correspond to was estimated using two methods – (i) using 

the TiO2 concentration of corrected melt compositions, following the approach of Stolper and Newman 

(1994) and Kelley et al. (2006). For this, DTi = 0.058 was taken from Workman and Hart (2005) and the 

mantle source Ti concentration was assumed to be depleted MORB mantle (DMM) (Workman and Hart, 

2005; Salters and Stracke, 2004) or primitive mantle (PM) (McDonough and Sun, 1995). In the second 

approach, (ii) temperature of final melt-mantle equilibration for the corrected melt compositions, based 

on olivine-melt Mg-exchange thermometer (Lee et al., 2009), were combined with experimentally 

determined isobaric melt productivity, dF/dT from Mallik et al. (2016). Once the possible extent of melting 

is calculated for the corrected melt inclusion compositions, the expected primary S abundance of their 

parental melt can be estimated for scenarios where melting occurs starting from a sulfide-saturated versus 
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anhydrite-saturated conditions. If the extent of melting is lower than those expected to consume sulfide or 

anhydrite, the S abundance would correspond to SCSS and SCAS, respectively. Whereas if the extent of 

melting is greater than those required to exhaust sulfide or anhydrite, the S abundance would be similar 

to what would be predicted for a near-perfect incompatible element. 

 It is observed that S contents for some of the arc melt inclusions (Michoacan-Guanajuato and 

Chichinautzin volcanic fields in Mexico, Costa Rica, and Alaska) are higher than the calculated S 

abundance as S2- (Fig. 10). For these arc locations, the estimated extent of melting is low enough that the 

parental melts are expected to remain sulfide saturated. The SCAS values for these melt compositions at 

the estimated conditions of their generation are distinctly higher than the reported S abundance, hence 

dissolved sulfate species might be present because the S as SO42- is comparable to the melt inclusion S 

contents within error (Fig. 11). However, sulfur abundance data for olivine-hosted melt inclusions from 

Costa Rica and Alaska arcs are even higher than what is predicted to be attained if anhydrite is exhausted 

and S behaves like a perfectly incompatible element (S as SO42-). To explain the S abundance of melt 

inclusions for these arcs, an additional S source is necessary and for these two arcs, the sulfur data likely 

requires an anhydrite-saturated melt component. Extraction of sulfur from the oxidized mantle wedge in 

the form of dissolved sulfate alone cannot explain the ‘excess sulfur’ problem (Sharma et al., 2004) in 

arcs. We suggest that assimilation of sulfate from the crust, perhaps during ascent or storage of mantle-

derived sulfate undersaturated magmas in the crust can be in part responsible for generating high S 

abundance of melts extracted from these arcs in particular and possibly for some of the volcanoes in 

Central Mexico. A thorough assessment as to whether sulfur in melt inclusions of Alaskan, Costa Rican, 

and Central Mexican volcanoes derive any contributions from crustal sulfates is beyond the scope of this 

study. However, we note that there is evidence and suggestions for assimilation of crustal evaporites in 
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central Mexican volcano such as Popocatépetl, based on sulfur stable isotope data (e.g.,Goff et al., 2001, 

1998) and indeed evaporite is part of the basement rock in Popocatépetl.   

 

2.5.  Conclusions 

 We have experimentally determined the effect of dissolved sulfate on the stability field of a 

primary hydrous basaltic arc magma at 2 GPa. Dissolved sulfate species in the melt causes no more than 

~25 °C depression of the liquidus of hydrous basalt and can be described by a power function DT ( °C) = 

26.52 (±3.48) (Smelt)0.24(±0.06). A new SCAS parameterization applicable to the condition of arc magma 

generation is also developed taking into account the effects of pressure, temperature, and melt composition 

on SCAS, which shows SCAS increases with increasing temperature and CaO content of the melt but 

decreases with increasing SiO2 content. Pressure does not affect SCAS over the calibration range (P = 

0.1-3.0 GPa, T = 700-1325 °C). Using our model and assuming 200-500 ppm sulfur at the source of the 

arcs we predict that anhydrite, if present at the oxidized mantle wedge source, will be exhausted by <10 

wt.% melting. This indicates that, given relatively high extent of hydrous melting at sub-arc depths, 

parental arc partial melts would be sulfate undersaturated and even if the melts are oxidized, the sulfur 

contents may not be significantly different compared to sulfide-saturated S contents. In other words, if 

primary arc magmas represent 10-30% hydrous melting of the mantle, S content in the melt is expected 

to be similar irrespective of speciation. Sulfur content of melt inclusions from many arcs (Michoacan-

Guanajuato and Chichinautzin in Mexico, Costa Rica, and Alaska) are too high to be explained by the 

presence of sulfide in the source and may require contribution from dissolved sulfate, although likely not 

anhydrite saturated. Melt inclusions from Costa Rica and Alaska have dissolved sulfur too high to be 

explained by sulfate saturation and may require some additional source of sulfur such as contributions 

from the upper plate. Because of sulfate-undersaturated nature of arc magmas, supplied from the source, 
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such melts would have the capacity to assimilate more sulfur on its ascent through or storage in the crust 

and release more sulfur from the arc volcanoes than estimated from melt inclusion values. This is 

consistent with the findings of most primitive arc cumulates from Sierra Nevada having similar sulfur 

isotopic composition as the Earth’s mantle (Lee et al., 2018), suggesting that the observed elevation of 

d34S in arc magmas may derive at least in part from the crustal portion of the upper plate and not from the 

slab. 
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Figure 2-1. Experimental phase assemblage at 2 GPa in T versus melt S content space showing the 
phase assemblages for HAB bulk compositions (HAB, HAB-low S, and HAB-high S from Table 1). The 
appearance of mineral phase clinopyroxene (Cpx) brackets the liquidus between 1325 and 1300 °C for 
the S- free basalt and between 1300 and 1275 ºC with 0.2 wt.% S and 1 wt.% S in the melt.  
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Figure 2-2. Phase assemblage and texture of the experiments. (a) A full capsule showing glass and Cpx 
coexisting with a silicate glass containing ~0.2 wt.% S. (b) Typical assemblage with glass, clinopyroxene 
(Cpx), anhydrite (Anh), magnetite (Mag) in experiments used both for constraining the liquidus depression 
and the SCAS. (c) The presence of garnet (Gt) at higher pressures. (d) Portion of an experiment showing 
the details of the anhydrite crystals embedded in silicate glass. 
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Figure 2-3. S Kα peak determined for the experimental glasses from our study compared with those of 
anhydrite and sphalerite standards used in the EPMA analyses. The anhydrite and sphalerite standard have 
peaks at 5.3566 and 5.3604 Å, respectively. The experimental glasses have S Ka peak varying from 
5.3569 to 5.3574 Å with an average of 5.3571 Å. Sulfur in the experimental glasses have Ka peak 
positions nearly coinciding with the same for anhydrite, hence is argued to be the dominant S-species 
present in the experimental melts.  
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Figure 2-4. Experimental determination of liquidus depression for a hydrous basalt as a function of 

dissolved in the melt at 2 GPa. The power function curve fits as the liquidus which is given by the 

equation:  ΔT ( ˚C) =26.52×(Smelt)0.24; where S is concentration of sulfur in the melt in wt.% and DT is the 

difference between -free liquidus of our hydrous basalt and those of -bearing hydrous basalts. 

The grey vertical band demarcates the anhydrite saturated conditions to the right from anhydrite 
undersaturated conditions to the left.  
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Figure 2-5. Comparison of SCAS obtained from this study with those from previous studies as a function 
of (a) temperature and (b) pressure. The data are color coded as a function of silica content of the 
experimental melts. The plots show that SCAS increases with temperature but has no notable change with 
pressure. Also, at a given temperature or pressure, melts with lower silica exhibit higher sulfur carrying 
capacity at anhydrite saturation. 
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Figure 2-6. SCAS as a function of (a) SiO2 (wt.%) and (b) CaO (wt.%) in the silicate melts with data from 
this study and all previous studies. The plot shows that SCAS of experimental silicate glasses decreases 
with increasing SiO2 and increases with increasing CaO. The data are color coded with T (°C). 
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Figure 2-7. Experimentally determined SCAS from this study compared with previous SCAS models by 
Li & Ripley (2009), Baker & Moretti (2011), Masotta and Keppler (2015) and Zajacz (in revision). The 
Li and Ripley (2009)) model tends to capture the whole compositional range with moderate 
overestimation. The Baker and Moretti (2011) model highly overestimates the predicted SCAS whereas 
the Masotta and Keppler (2015) model was developed to work only for felsic to intermediate compositions 
and hence for melts with SiO2 <55 wt.% the comparison could not be made and the SCAS predicted by 
this model for such compositions are zero.  
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Figure 2-8. Measured versus predicted ln XS (XS is the mole fraction of sulfur in silicate melt at anhydrite 
saturation), testing the reliability of the parameterization developed in this study and used to determine 
the constant and coefficients of equations 8-15. Experimental data are from Carroll and Rutherford (1987), 
Luhr (1990), Jugo et al., (2005), Scaillet and McDonald (2006), Costa (2004), Jégo and Dasgupta (2014), 
Prouteau and Scaillet (2013), Masotta and Keppler (2015), Huang and Keppler (2015) and this study. 
Dashed lines are indicative of 20% error bounds in ppm ln XS in melt. 
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Figure 2-9. Estimated sulfur content of hydrous silicate partial melt of mantle wedge plotted as a function 
of degree of melting in wt.% depending on sulfur in mantle wedge peridotite being initially stored either 
as sulfide (relatively reduced) or anhydrite (oxidized). S content of sub-arc mantle wedge is chosen to 
vary between 200 and 500 ppm. At relatively low degrees of melting, sulfur content of partial melt is at 
SCAS or SCSS depending on the sulfur-bearing phase that stores 200-500 ppm initial S. At higher extent 
of melting, after consumption of the S-bearing phase, S is assumed to behave as a perfectly incompatible 
element, decreasing with increasing degree of melting. Anhydrite, if present, gets exhausted by less than 
10% melting, whereas, sulfide (Fe-NiS, with 19 wt.% Ni), if present, gets exhausted by 20-30% melting. 
SCAS values are calculated using our new parameterization, whereas, SCSS is calculated using Fortin et 
al. (2015) to incorporate the water effect and were further corrected for the presence of Ni in the sulfide 
using Ding et al. (2018). SCSS is also calculated using Smythe et al. (2017) which incorporates both the 
water and Ni effect. The melt compositions as a function of melting degree for SCAS and SCSS 
calculations are from hydrous peridotite partial melting experiments of Hirose and Kawamoto (1995) at 1 
GPa. The model SCSS and SCAS curves are fits to the calculated data; linear fit for SCAS and SCSS 
calculated from Fortin et al. (2015) and Ding et al. (2018) and power fit for SCSS calculated using Smythe 
et al. (2017).  
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Figure 2-10. Comparison of calculated sulfur content in the melt as SCSS calculated using Fortin et al. 
(2015) and corrected for Ni using Ding et al., (2018) model with melt inclusion from 18 different arcs 
(Ruscitto et al., 2012). The sulfide composition that is used for the SCSS calculation contains 19 wt.% Ni 
(Métrich et al., 1999). The 1:1 line indicates melt inclusion S contents equal to SCSS calculated from the 
model. Data points on or to the left of the line likely suggest that S2- is the only dissolved sulfur species, 
whereas the points lying to the right of the 1:1 line has total S in the melt inclusions too high to be 
explained by sulfide species alone and can be explained by contribution from dissolved. The average error 
on calculated SCSS is also shown in the figure. 
  

1:1

S from melt inclusions (ppm)

1:1

SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS frfrffrfrfrfrfrfrfrfrffrfrfrfrfrfrffffrfrrfrfrffrrrfrfrfrrrfrfrfrfrrfrrrfffrrfrfrffffrfrfrrffffff omomooooomoomomommomoomoooomomomoomooommmooomomommmomooomoomommomomoommomoomoommoooomommmoo mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmeleeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee t t t ttt ttt inininininininininiinininininininininninnininininninininnininnnninnnnnnninnnnnnnnnninnnnnnnnnnnnclclclclclclclclclclclclclclclcccllclcclclclclccclclclclclcclclcccccccclccclccclclcccccccccclcclccccclcllllllcc ususususususussususussssususussusussususussssssuuuusussssusuussssususussusuuussusususuususssssssususususussusususussuuususussuusssuu ioioiioioioioioooioioioooioiooooooooooooooooooooooooooooooooooooooooooooooooooooooooooonsnsnsnsnsnnnsnssnsnssnsnssnsnssnnsnsnsssnsssnsnsssnsnsnssnnsnnsnssssnsssssssssnsnsnnssssss (ppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppppp m)mm)m)m)m)m)m)m)m)m)m)mmmm)mmm)m)m))m)m)m)m)mmmm)m)mm))m))m)m)m)mmm)m)m)m)mm)mmmm)m)mmmm)mm))m)mmmmm))mmmmmmm)mmmmmmmmmmmmm))

SC
SS

 (p
pm

)

average error on calculated SCSS



36 
 

 
Figure 2-11. Comparison of S content in the melt inclusions (blue bars) with the estimated S content as 
S6+ (orange bars) after exhaustion of anhydrite assuming 300 ppm S in the source (Fig. 9) and SCSS (black 
line) calculated similarly to Fig. 10. Arcs falling to the right of the 1:1 line in Fig. 10 are shaded by vertical 
gray bands. The arcs are arranged in the order of increasing estimated degree of melting in the mantle 
wedge that produce them with the estimated degree of melting calculated using partitioning of Ti between 
the arc source and melt (Workman and Hart, 2005). We used the primitive mantle Ti content from 
McDonough and Sun, 1995. The S as S6+ is comparable with the melt inclusion S contents within error 
for most volcanoes that are in shaded grey bands except for Central Aleutians, Costarica, and Alaska 
indicating crustal contributions might be necessary to explain the high S contents in the melt inclusion. 
The stars indicate the presence of dissolved sulfate species reported in literature (Jugo et al., 2010, Rowe 
et al., 2007, Kamenetsky et al., 2018).  
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Table 2-1. Starting compositions used in this study. 

  HAB HAB-low S HAB-high S HAB+10% Anh BA+5% Anh Rhy+5% Anh 

SiO2 47.96 47.90 47.08 44.74 59.34 66.74 

TiO2 0.75 0.75 0.74 0.70 5.54 0.48 

Al2O3 17.99 17.96 17.66 16.78 12.57 15.25 

FeO* 9.75 9.73 9.57 9.09 5.32 0.96 

MnO 0.20 0.20 0.20 0.19 0.00 0.48 

MgO 6.00 5.99 5.89 5.60 1.66 0.18 

CaO 10.99 10.97 10.79 14.52 6.28 3.53 

Na2O 2.00 2.00 1.96 1.87 2.62 4.06 

K2O 0.50 0.50 0.49 0.47 5.47 7.11 

H2O 3.87 3.89 3.80 3.61 0.00 0.00 

S 0.00 0.11 1.83 2.44 1.21 1.20 

       
Total 100.00 100.00 100.00 100.00 100.00 100.00 

HAB, HAB-low S, and HAB-high S are the starting compositions used to determine the effect of 

variable dissolved SO42- on the clinopyroxene liquidus of a hydrous basalt at 2 GPa. These three 

compositions were targeted to resemble average primary, hydrous arc basalt composition presented and 

used in previous studies (e.g., Carter and Dasgupta, 2015) 

HAB-high S, HAB+10%Anh, BA+5%Anh, and Rhy+5%Anh are starting mixes that provided SCAS 

data in our study. 

BA+5%Anh is a mixture of the same aliquot of basaltic andesite composition from the study of Eguchi 

and Dasgupta (2017) and 5 wt.% anhydrite. Rhy+5%Anh is a mixture of the decarbonated aliquot of 

rhyolitic melt composition (PMSC) from the study of Duncan and Dasgupta (2014) and 5 wt.% 

anhydrite. 

FeO* indicates total Fe  
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Table 2-2. Experimental run conditions and phase assemblages. 

Run No. Starting Mix P (GPa) T (ºC) t (h) Assemblagea 

 
          Liquidus bracketing experiments 

  
G468 HAB 2.0 1325 22 gl 

G469 HAB 2.0 1300 23 gl+cpx+gt 

G472 HAB-low S 2.0 1300 22 gl 

G477 HAB-low S 2.0 1275 24 gl+cpx 

G473 HAB-low S 2.0 1250 23 gl+cpx+gt 

G497* HAB-high S 2.0 1300 22 gl+mt+anh 

G502* HAB-high S 2.0 1275 23 gl+cpx+mt+anh 

G500* HAB-high S 2.0 1250 23 gl+cpx+gt+mt+anh 

      

  
 SCAS experiments 

  
G478 HAB+10% Anh 3.0 1300 21 gl+cpx+gt+anh 

G481 HAB+10% Anh 2.5 1300 24 gl+cpx+gt+anh 

G466 HAB+10% Anh 2.0 1325 24 gl+cpx+anh 

G462 HAB+10% Anh 2.0 1275 22 gl+cpx+anh 

G460 HAB+10% Anh 2.0 1250 23 gl+cpx+anh 

G479 HAB+10% Anh 1.5 1300 22 gl+anh 

G490 HAB+10% Anh 1.5 1250 24 gl+anh+cpx 

G482 HAB+10% Anh 1.0 1300 23 gl+anh 

G513 HAB-high S 2.5 1200 23 gl+cpx+mt+gt+anh 

G519 HAB-high S 1.5 1200 24 gl+cpx+mt+anh 

G521b HAB-high S 1.0 1200 24 gl+cpx+mt+anh 

G529 BA+5% Anh 1.5 1200 23 gl+cpx+ttn+anh 

G521a BA+5% Anh 1.0 1200 24 gl+cpx+ttn+anh 

B416a BA+5% Anh 0.5 1150 24 gl+cpx+ttn+anh 

B425 Rhy+5%Anh 2.5 1050 22 gl+anh 

B416b Rhy+5%Anh 0.5 1150 24 gl+anh 

a gl: glass; cpx: clinopyroxene; anh: anhydrite; gt: garnet; mt: magnetite; ttn: titanite 
 

* Experiments that also were used for SCAS  
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Table 2-3. Major element composition of experimental glasses (in wt.%). 
Run No. n SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O S Total a H2O b 

Liquidus depression experiments            
G468 10 52.60 0.79 17.14 8.74 0.23 6.17 11.57 2.35 0.43 0.00 100.00 6.03 

1σ 
 

0.24 0.13 0.17 0.31 0.03 0.09 0.15 0.07 0.03 0.00  
 

G469 8 51.96 0.81 17.71 9.59 0.20 5.79 11.23 2.27 0.45 0.00 100.00 5.34 

1σ 
 

0.13 0.03 0.17 0.18 0.03 0.09 0.19 0.07 0.02 0.00  
 

G472 7 52.69 0.74 15.11 8.19 0.19 7.61 12.54 2.28 0.34 0.33 100.00 4.31 

1σ 
 

0.28 0.04 0.11 0.14 0.03 0.14 0.14 0.07 0.01 0.01  
 

G473 10 57.34 0.92 17.39 7.99 0.21 4.31 9.06 2.20 0.48 0.11 100.00 5.40 

1σ 
 

1.45 0.05 0.27 0.37 0.04 0.12 0.51 0.54 0.03 0.02  
 

G477 5 54.75 0.94 17.06 8.52 0.22 5.01 10.34 2.47 0.46 0.22 100.00 7.31 

1σ 
 

0.23 0.16 0.13 0.29 0.03 0.07 0.07 0.13 0.03 0.01  
 

G497* 8 53.36 0.46 16.67 8.44 0.13 6.47 10.42 1.90 0.36 1.79 100.00 8.21 

1σ 
 

0.16 0.05 0.12 0.20 0.01 0.09 0.16 0.06 0.01 0.06  
 

G502* 9 54.78 0.43 16.33 9.19 0.13 6.24 9.23 2.25 0.41 1.01 100.00 5.16 

1σ 
 

0.70 0.06 0.16 0.34 0.01 0.09 0.11 0.10 0.02 0.04  
 

G500* 9 55.75 0.35 16.96 8.48 0.14 5.91 8.83 2.29 0.41 0.89 100.00 5.36 

1σ 
 

0.60 0.06 0.14 0.28 0.01 0.09 0.10 0.08 0.02 0.03  
 

SCAS experiments           
 

G478 8 52.99 1.10 15.16 7.76 0.13 4.54 13.62 2.46 0.64 1.59 100.00 8.38 

1σ 
 

0.24 0.10 0.10 0.24 0.04 0.05 0.23 0.05 0.02 0.06  
 

G481 8 52.98 0.90 16.28 8.30 0.16 4.44 12.84 2.37 0.49 1.23 100.00 6.62 

1σ 
 

0.45 0.11 0.14 0.24 0.02 0.07 0.11 0.12 0.02 0.06  
 

G466 10 50.01 0.81 16.51 10.16 0.22 5.26 13.43 2.24 0.45 0.91 100.00 6.45 

1σ 
 

0.32 0.16 0.11 0.21 0.02 0.08 0.13 0.07 0.04 0.04  
 

G462 10 50.23 0.78 17.05 9.19 0.21 5.77 13.33 2.15 0.45 0.85 100.00 6.79 

1σ 
 

0.29 0.03 0.22 0.19 0.03 0.08 0.26 0.06 0.03 0.05  
 

G460 10 49.97 0.84 16.71 9.59 0.22 5.63 13.64 2.10 0.44 0.86 100.00 7.73 

1σ 
 

0.35 0.04 0.18 0.33 0.03 0.08 0.26 0.06 0.04 0.05  
 

G479 9 50.88 0.69 16.45 8.22 0.21 6.23 13.37 2.11 0.39 1.46 100.00 8.88 

1σ 
 

0.15 0.04 0.09 0.19 0.04 0.11 0.09 0.07 0.03 0.01  
 

G482 7 50.83 0.83 16.09 8.48 0.20 5.90 13.87 1.95 0.33 1.53 100.00 3.39 

1σ 
 

0.19 0.05 0.07 0.19 0.03 0.09 0.08 0.03 0.01 0.01  
 

G490 8 53.88 0.86 16.23 7.49 0.18 7.04 11.07 2.02 0.38 0.85 100.00 5.22 

1σ 
 

0.30 0.05 0.19 0.14 0.04 0.14 0.13 0.06 0.03 0.04  
 

G513 7 59.75 0.39 16.25 7.89 0.11 3.72 8.18 2.67 0.53 0.52 100.00 9.04 

1σ 
 

0.60 0.04 0.11 0.14 0.03 0.10 0.16 0.10 0.01 0.02  
 

G519 6 57.40 0.32 16.56 7.85 0.20 5.51 8.90 2.40 0.40 0.45 100.00 4.69 

1σ 
 

0.41 0.07 0.13 0.28 0.02 0.09 0.21 0.16 0.02 0.02  
 



40 
 

G521b 7 56.75 0.46 15.92 8.31 0.20 6.11 9.20 2.18 0.39 0.47 100.00 5.13 

1σ 
 

0.98 0.02 0.28 0.13 0.03 0.43 0.41 0.29 0.02 0.02  
 

G529 8 63.29 3.44 13.06 4.71 0.00 1.82 4.94 3.20 5.35 0.18 100.00 0.00 

1σ 
 

0.88 0.08 0.23 0.26 0.02 0.40 0.42 0.19 0.03 0.02  
 

G521a 7 63.50 3.41 13.02 4.63 0.00 1.86 4.85 3.10 5.45 0.18 100.00 1.22 

1σ 
 

1.51 0.57 0.69 0.49 0.00 0.39 0.81 0.08 0.24 0.06  
 

B416a 6 60.41 5.48 12.92 4.47 0.01 3.55 6.51 2.07 4.30 0.27 100.00 4.47 

1σ 
 

0.37 0.20 0.09 0.10 0.02 0.14 0.16 0.13 0.08 0.04  
 

B425 7 68.23 0.05 19.11 0.10 0.11 0.08 0.37 3.35 8.58 0.02 100.00 0.00 

1σ  0.37 0.11 0.27 0.07 0.19 0.08 0.08 0.15 0.12 0.01  
 

B416b 8 68.64 0.08 19.35 0.05 0.01 0.10 0.49 3.20 8.04 0.04 100.00 0.00 

1σ   0.22 0.12 0.27 0.09 0.17 0.08 0.08 0.18 0.14 0.02     

  
a Total is recalculated in volatile free basis. 

  
b H2O content based on deficit of analytical sum from 100 wt.%. 

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

FeO* indicates that all Fe was analyzed as FeO. 
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Table 2-4. Composition of liquidus phase clinopyroxene. 

Run No. G469 G477 G502 

n 7 10 8 

SiO2 48.68 48.55 47.23 

TiO2 0.25 0.22 0.14 

Al2O3 10.39 9.59 10.85 

FeO 7.38 7.93 10.45 

MnO 0.16 0.23 0.18 

MgO 12.02 12.52 12.76 

CaO 18.57 18.17 16.52 

Na2O 1.07 1.21 1.29 

K2O 0.01 0.01 0.00 

    

Total 98.53 98.43 99.42 

n is the number of EPMA spot analyses averaged to obtain the average compositions and 1s uncertainties for each 

experimental glass. 

FeO* indicates that all Fe was analyzed as FeO. 
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Table 2-5. Coefficients of regression for SCAS parameterization. 

Parameters Coefficients 1 s 

a -13.23 1.94 

b -0.50 0.13 

dSi 3.02 0.47 

dCa 36.70 4.43 

dMg 2.84 1.23 

dFe 10.14 4.27 

dAl 44.28 4.96 

dNa 26.27 6.67 

dK -25.77 7.96 

e 0.09 0.03 

f 0.54 0.17 
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Table 2-6. Estimated SCSS, SCAS, and S contents for 18 different volcanic arcs, based on the P and T of melt-mantle equilibration, and degree of melting (F) compared with sulfur concentrations of olivine-hosted melt inclusions 

from 18 different arcs 

Arcs 

  

 Pa (GPa) 

  

Ta (ºC) 

  

Fb (based on Ti partitioning) 

  

Fc (based on dF/dT) 

  

S in melt inclusions (ppm)d 

  

SCAS (ppm)e 

  

SCSS (ppm)f 

  

S as perfectly incompatible element 

based on F from DTi (ppm)g 

S as perfectly incompatible element 

based on F from dF/dT (ppm)g 

Central Cascades 1.29 1274 0.14 0.20 1004±300 5397 1232 2834 1975 

Tonga 0.93 1272 0.15 0.25 971±300 3037 1498 2674 1573 

Southern Cascades 0.93 1239 0.16 0.25 1400±800 5424 1176 2498 1628 

Michoacan-Guanajuato 

volcanic field 
1.13 1211 0.16 0.23 1659±400 4636 1049 2431 1742 

Guatemala-El Salvador 1.22 1240 0.18 0.24 2000±1000 4718 1180 2254 1636 

North Kurile 1.26 1293 0.18 0.21 1115±300 2014 1425 2194 1901 

South Kurile 1.26 1293 0.19 0.21 890±100 27966 1399 2101 1923 

Java 1.60 1277 0.20 0.21 1486±300 8375 1672 1994 1875 

Marianas 1.32 1265 0.21 0.17 1086±200 3550 1589 1926 2329 

Nicaragua 1.39 1243 0.21 0.20 1825±500 4101 1470 1919 2010 

East Aleutians 1.11 1255 0.22 0.20 1305±1000 4495 1353 1859 2041 

Chichinautzin volcanic field 1.24 1234 0.23 0.28 2320±1900 3873 1079 1759 1435 

Kamchatka 1.14 1232 0.23 0.19 1708±800, 2122h 3184 1180 1711 2091 

Izu-Bonin 1.20 1263 0.26 0.30 1507±100 17623 1475 1565 1325 

Central Aleutians 1.05 1226 0.26 0.28 2203±2000 5704 1198 1533 1435 

Costa Rica 1.10 1229 0.28 0.24 2730±300 1975 1182 1424 1647 

S Lesser Antilles 1.72 1267 0.30 0.24 1741±800 14258 1714 1341 1665 

Alaska 0.88 1173 0.32 0.25 4037±100 2697 1219 1249 1590 
a Calculated using Lee et al. (2009) and reported from Ruscitto et al. (2012). 
b Calculated using the approach of Stolper and Newman (1994) and Kelley (2006). 
c Calculated using experimentally determined isobaric melt productivity from Mallik et al. (2016). 
d From Ruscitto et al. (2012). 
e Calculated using the model from this study. 
f Calculated using Fortin et al. (2015) and corrected for Ni using Ding et al. (2018). 
g S concentrations if S behaves as a perfectly incompatible element after the exhaustion of the S bearing sub-solidus phase based on F calculated from b and c. 
h From Kamenetsky et al. (2018) for Tolbachik volcano, Kamchatka.
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Chapter 3 

 
Oxygen fugacity of subducting crust inferred from fractionation 

of trace elements during fluid-present slab melting in the presence 

of anhydrite versus sulfide 

 
Subducted slabs, which include altered-oceanic crust and overlying sediments, impart geochemical 

and redox fingerprints to arc magmas and affect long-term geochemical evolution of the deep mantle. Yet, 

the oxygen fugacity of the subducting slab remains poorly constrained. Light Rare Earth Element (LREE) 

to chalcophile element (ChE) ratios of arc magmas may serve as redox proxies for downgoing slabs 

because of the difference in the compatibility of these groups of elements between sulfide (e.g., pyrrhotite: 

Po) and sulfate (e.g., anhydrite: Anh) whose presence in the subducting crustal lithologies depend on the 

oxygen fugacity of the subducting slab. However, evaluating LREE/ChE ratios of the arc magma require 

a complete understanding of element partitioning between residual phases in the subducting slab and the 

slab derived partial melts or fluids. Although previous studies have explored trace element partitioning 

between sulfide and silicate melts, similar data are not available for anhydrite-melt systems at the 

conditions of fluid-present slab melting. Here we performed laboratory experiments at 2 GPa and 900-

1000 °C to investigate partitioning of 26 lithophile and chalcophile elements between anhydrite and a 

hydrous silicic slab melt. Phases were analyzed using EPMA and LA-ICPMS. Sr, Y, Ba, and the REEs 
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were found to be compatible in anhydrite while the other lithophile and chalcophile elements behave 

oppositely. Since Ce is compatible in anhydrite and Mo and Cu are not, we can use the Ce/Cu and Ce/Mo 

ratios of the near-primary arc magmas to try to fingerprint processes involved in modifying the sub-arc 

mantle by reduced or oxidized slab melt components. The bulk D ( ) for Ce, Cu, and Mo were calculated 

using the mineralogical modes from partial melting experiments carried out on subducting sediments and 

Altered-Oceanic Crust (AOC). The differences in Ce/ Mo and Ce/ Cu values for anhydrite-saturated 

and sulfide-saturated subducting lithologies indicate preferential partitioning of Ce in sulfide-saturated 

sediment melts, whereas, Mo and Cu are partitioned into anhydrite-saturated melts. Arc localities featuring 

slab melt signature like Marianas, L. Antilles, Kurile, Cascades, and Mexico show that the Ce/Mo and 

Ce/Cu ratios can be attributed to the mixing of depleted mantle-derived melts and sulfide-saturated slab 

melts for some arcs (e.g. Mexico and Cascades), whereas for lavas from Marianas and Kurile, the majority 

of the Ce/Mo and Ce/Cu values needs the mixing of depleted mantle-derived melts and anhydrite-saturated 

slab melts. Our experimental data and the resulting geochemical modeling, therefore, suggest that oxygen 

fugacity of subducting crusts is likely variable from one subduction zone to another. 

 

Keywords: subducting slab; anhydrite; sulfide; oxygen fugacity; Ce/Mo; Ce/Cu; arc magmas 
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3.1. Introduction  

 

Oceanic lithosphere carries surface materials into Earth’s interior at subduction zones and plays a 

central role in the planet-scale geochemical cycles of many major, minor, and trace elements. With 

increasing pressure and temperature, solute-bearing fluids and/or melt are released from the subducting 

slab, which include volatiles like H2O, C, S, halogens, and N. Many of these volatiles are multivalent 

elements and, depending on the oxygen fugacity conditions, their valence state can vary. Of many 

multivalent elements, S is of immense importance because of its concentrations and high redox potential. 

If sulfur is transferred from the subducting slab, it has the potential to oxidize or reduce the mantle wedge 

depending on its valence state, which in turn depends on the oxygen fugacity of the subducting slab. 

However, the oxygen fugacity of the subducting slab and how it affects the mantle wedge redox evolution 

and the composition of the arc magmas and arc volcanic gases are not known with certainty.  

The stability of a S-bearing phase in the subducting lithologies and the valence state of sulfur in 

melts or fluids derived from the slab is dependent on fO2, with sulfide to sulfate transition taking place 

over a narrow fO2 range (~1 to 2.5 log units above FMQ; where FMQ represents fO2 of quartz-fayalite-

magnetite equilibrium) (Jégo and Dasgupta, 2014; Jugo, 2009). Therefore, if any geochemical proxies are 

sensitive to the stability of sulfate versus sulfide in the subducting lithologies, they can be used to infer 

the presence of one sulfur-bearing phase over another and by extension fO2 range of subducting lithologies 

in question. 

Stability of sulfate versus sulfide phases in the subducting lithologies and the efficiency of S 

release from the slab to the mantle wedge as a function of fO2 have been investigated by previous studies 

using thermodynamic and experimental approaches (Evans et al., 2014; Jégo and Dasgupta, 2014; Walters 

et al., 2020). However, natural subducting assemblages are complex and direct evidence of the fO2 of the 
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subducting slab based on the magmatic output at volcanic arcs is lacking. This has prompted the 

development of new tools, such as measurements of 98Mo/95Mo and Ce/Mo ratios of subducting 

sediments, altered-oceanic crust (AOC) and arc lavas to distinguish (i) input of slab components from the 

assimilation of crustal rocks during differentiation at the upper plate and (ii) redox conditions of the slab 

component (Freymuth et al., 2016, 2015; Skora et al., 2017). In previous studies, the Ce/Mo elemental 

fractionation during sediment melting was related to redox lithology and residual mineralogy, i.e., the 

presence of sulfides (reduced) vs. epidote (oxidized)(Skora et al., 2017). However, epidote being unstable 

at T above 800-850 °C  both for sediments and AOC (Hermann and Spandler, 2008; Skora et al., 2017), 

light rare earth elements (LREEs) like La and Ce with ionic radii similar to Ca2+ may partition into 

oxidized S-bearing phase anhydrite as well. Whereas, elements such as Mo and Cu being chalcophile 

elements are preferentially partitioned into the sulfide phase. Therefore, the presence or absence of sulfide 

or anhydrite in the subducting sediments are expected to change the LREEs/chalcophile element ratios of 

slab-derived agents and these signatures can be carried to the mantle wedge and eventually to the arc 

magmas. This suggests that the LREEs/chalcophile element ratios of arc magmas if influenced by slab-

derived hydrous melts, can potentially be used to probe the presence of sulfide versus anhydrite in the 

subducting slab and thus carry information on the oxygen fugacity of the downgoing crust. 

Previous experimental studies have investigated partitioning of chalcophile elements between a 

sulfide phase and silicic slab melts (Li and Audétat, 2012; Lynton et al., 1993; Stimac and Hickmott, 

1994). A previous study by Luhr et al. (1984), based on analysis of coexisting phenocryst-matrix pairs 

from El-Chichon eruptions, reported partition coefficients of REEs and other trace elements between 

anhydrite and glass. The Danhydrite/glass for La, Ce, Nd, Sm, and Eu were 3.4, 2.7, 1.8, 2.1, and 2.8, 

respectively, indicating that the LREEs partition into anhydrite over melt. Because the LREEs partition 

into anhydrite and the chalcophile elements (e.g. Mo, Cu) partition into the sulfide phase over melt, 
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elemental ratios such as La/Mo, La/ Cu, Ce/Mo, and Ce/Cu are expected to fractionate depending on 

whether a S-bearing stable phase in the subducting slab is sulfate or sulfide and, therefore, can be used as 

a redox proxy of the slab (Fig. 1).  However, there have been no studies constraining the partitioning of 

trace elements between anhydrite and hydrous silicic slab melts at the conditions pertinent to the 

generation of hydrous melts from the subducting slabs. This leads to uncertainty in determining the extent 

of fractionation between LREEs and chalcophile elements during oxidized, fluid-present slab melting, 

which is essential in assessing relatively reduced versus oxidized slab fluxes to the arc magma source 

regions. 

 To better understand the partitioning of trace elements between anhydrite and hydrous silicic slab 

melts, we performed new high P-T experiments to determine the partitioning behavior of 26  lithophile 

and chalcophile elements (Li, B, Sc, V, Cr, Co, Zn, Sr, Y, Nb, Mo, Sb, Ba, La, Ce, Nd, Sm, Eu, Gd, Dy, 

Er, Yb, Lu, Hf, Ta, and Pb) between anhydrite and hydrous silicic melts. We found that Sr, Y, Ba, and the 

REEs are compatible in anhydrite while the other lithophile and chalcophile elements behave 

incompatibly. Since Ce is compatible in anhydrite and Mo and Cu are not, we can use the Ce/Cu and 

Ce/Mo ratios of the near-primary arc magmas to try to fingerprint processes involved in modifying the 

sub-arc mantle by reduced or oxidized slab melt components.  We calculate  for Ce, Mo, and Cu and 

show preferential partitioning of Ce in sulfide-saturated sediment melts, and preferential partitioning of 

Mo and Cu into anhydrite-saturated melts. Finally, using melting models on hotter arcs where 

contributions of sediment melts have been independently argued, we show that some arc magmas 

(Mexico, Cascades) require contributions from sulfide saturated slab components whereas, some other 

arcs (Kurile, Marianas) require contributions from anhydrite saturated slab component. Based on our 

findings, we argue that subducting crusts vary in oxygen fugacity from one subduction zone to another. 
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3.2. Methods 

3.2.1.  Starting composition and experimental procedure 

The hydrous rhyolitic composition used in this study (HR9) is the average compositions of the partial 

melts of global subducting sediments or GLOSS (Plank and Langmuir, 1998) generated at 3.5 GPa and 

900-950 °C (Hermann and Spandler, 2008) and used in previous experiments by Mallik et al. (2015). The 

same aliquot of SPMH9.0 used in a previous study (Mallik et al., 2015) was used as the starting mix (Table 

A1). Sulfur was added as anhydrite in the proportion of 9:1 (90 wt.% HR9+10 wt.% CaSO4). Trace 

elements were added from a mixture of 26 elements (Sc, V, Co, Cu, Zn, Sr, Y, Mo, Ba, La, Ce, Nd, Sm, 

Eu, Gd, Dy, Er, Yb, Lu, Hf, Ta and Pb) prepared from oxides, carbonates, and nitrates. Approximately 1 

wt.% of the trace element mix was added to the hydrous rhyolitic starting material, introducing 100-1000 

ppm of each trace element. These were homogenized in a mortar and pestle under ethanol and stored in a 

drying oven at 110–120 °C.  

The experiments were performed using an end-loaded piston cylinder (PC) apparatus at the 

Experimental Petrology Laboratory of Rice University at 2 GPa and 900-1000 °C. The chosen P-T 

conditions are similar to those where the subducting slab melting could take place in the presence of a 

hydrous fluid (Hermann and Spandler, 2008; Syracuse et al., 2010). The half-inch PC assembly consisted 

of BaCO3 pressure medium contained in Pb foil, crushable MgO spacers, and straight-walled graphite 

heater. The pressure and temperature calibration of this PC assembly is detailed in Tsuno and Dasgupta 

(2011). Starting materials were packed in 2 mm outer diameter Au capsules with 0.2 mm wall thickness; 

the capsules were weighed before and after sample loading and welding to make sure that no loss of mass, 

especially those of water and sulfur took place. Run duration ranged from 24 to 72 h. A type-C 

thermocouple oriented axially with respect to the heater and located next to the capsule was used to 

monitor and control the temperature for the experiments. Pressure and temperature uncertainties are 
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estimated to be ± 0.1 GPa and ±10 °C. The experiments were terminated by cutting off power to the heater 

and then slowly decompressing the assembly. The recovered capsules were mounted in epoxy and ground 

using 600 grit silicon carbide strip grinders till the edge of the sample was visible and then they were 

polished down to 0.3 micron using alumina slurry on velvet cloth. 

 

3.2.2.  Analytical techniques 

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

probe microanalyser (EPMA) at Rice University for phase identification using energy dispersive 

spectroscopy (EDS), for the textural relationship among phases using backscattered electron (BSE) 

images, and for obtaining major element abundances and S content of nominally S-bearing phases using 

wavelength dispersive (WDS) spectroscopy. Electron microprobe was also used to determine the 

abundances of certain trace elements (Sr, Ba, La, Ce, Nd, Sm, and Eu), primarily in anhydrite owing to 

their small grain sizes (<50 µm), which pose a challenge for analyses by the larger volume LA-ICP-MS 

technique. EPMA analyses of trace elements were compared with LA-ICP-MS analyses (Figure A1), 

which showed a satisfactory 1:1 correlation between the two techniques. The detailed methodology of 

measuring trace element concentration using EPMA is given in Appendix A. Analyses were performed 

using a 15 kV, 10 nA electron beam with a spot size of 10 µm for melt pools, and focused spot size on 

silicate grains and anhydrite. Primary analytical standards were natural basaltic glass (for Na, Si, Mg, Al, 

K, Mn), olivine (for Fe), rutile (for Ti), grossular (for Ca), and anhydrite (for S). Smithsonian rhyolitic 

glass standards were also used as a secondary standard for all elements, including S. 

Trace element concentrations of the hydrous rhyolitic glass and anhydrite were determined by laser 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at Rice University using a 

ThermoFinnigan Element 2 magnetic sector mass spectrometer equipped with a New Wave 213 nm laser 
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ablation system. The standard reference materials for the laser ablation analysis were synthetic glasses, 

NIST 610 and NIST 612. The synthetic glass standards and the experimental anhydrite and glass were 

ablated using line analyses (12 µm diameter spot (for anhydrite) and 25 µm diameter size (for glass) with 

a repetition rate of 10 Hz and a fluence of ~15 J/cm2, with the spot moving laterally at 10 µm/s). Line 

analyses allowed us to use a higher fluence, which translates to a larger signal to noise ratio. Spot analyses 

would have ablated through the small volume anhydrite grains. Following each analysis, a 1-minute 

washout period brought the system back to its background state. All ablations occurred in a helium (He) 

atmosphere before entering into the plasma torch. Background counts were measured for 10 s before each 

ablation followed by ~40 s ablation signal. Measurements were performed with the ICP-MS using the 

medium mass resolution mode (m/Δm = 3000). Two to three line-scans were conducted in each of the 

glass, whereas, only one line-scan was conducted in each anhydrite grain. Data were collected for the 

following masses: 7Li, 11B, 43Ca, 45Sc, 51V, 53Cr, 59Co, 62Ni, 66Zn, 88Sr, 89Y, 93Nb, 96Mo, 137Ba, 139La, 140Ce, 

146Nd, 147Sm, 153Eu, 157Gd, 163Dy, 167Er, 172Yb, 175Lu, 178Hf, 181Ta and 208Pb. Analyses of unknowns were 

accompanied by the analyses of SRM NIST 610 and NIST 612 before and after the sample acquisition, 

which provided the calibration curves for determining element concentrations and for constraining 

instrument drift. Data were processed using in house data reduction software, which determines element 

concentrations based on ratios of count rates for samples and standards, known concentrations in the 

standards, and the known concentration of an internal standard element (43Ca which was measured using 

EPMA beforehand) in the unknowns. Detection limits for each spot or line analysis can differ considerably 

from element to element depending on background, count rate, and laser ablation parameters. In all cases, 

data are reported for signals that are distinguishable at 3 s.d. above background. For additional details on 

the LA-ICP-MS technique, please refer to Lee et al. (2008). 
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3.3. Results 

3.3.1. Experimental phase assemblages, textures, and phase compositions 

All experiments produced an assemblage of quartz + anhydrite + glass, with anhydrite appearing as 

rounded to semi-rounded, fractured grains, typical of experimental anhydrites with grain sizes varying 

from 10 to 60 µm (Figure 2). The quartz grains are euhedral to subhedral with grain sizes of 5-30 µm. 

Experimental silicate melts are rhyolitic and compositionally similar to the starting material (Table A3) 

with some variation depending on the extent of quartz crystallization. The SiO2 content of glasses is 72-

75 wt. %, Al2O3 varies from 13 to 16 wt. %, CaO varies from 1.33 to 1.83 wt. %. S content in the glass, 

i.e., SCAS varies from 500 to 1000 ppm. The major element compositions of the glass are shown in Table 

A2 on a volatile-free basis. 

Trace element concentrations of anhydrite and glass and the partition coefficients between anhydrite 

and silicate melt are given in Table 1. Uncertainties in the partition coefficients are estimated by 

propagating uncertainties on replicate analyses of individual phases, i.e., anhydrite and melt.   

 

3.3.2. Anhydrite/hydrous rhyolitic melt trace element partitioning 

Trace element partition coefficients for anhydrite/melt pairs are plotted in Fig. 3, showing essential 

features of our new experimental data. Danhydrite/melt values for REEs, Sr, Ba, and Y are greater than 1 as 

these elements preferentially partition into anhydrite over hydrous, silicic melt. Danhydrite/melt for these 

elements increases with increasing temperature from 900 °C to 1000 °C. All other elements used in this 

study concentrate preferentially in the hydrous rhyolitic melt and the Danhydrite/melt either shows a decreasing 

trend with increasing temperature or are of similar values at all temperatures. Comparison with the 

previous matrix-phenocryst derived partition coefficients, values for some LREEs show that our 

experimental Danhydrite/melt values are significantly higher than those estimated by a previous study (Luhr et 
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al., 1984). The Danhydrite/glass for La, Ce, Nd, Sm, and Eu were 3.4, 2.7, 1.8, 2.1, and 2.8 respectively, from 

the previous study, whereas, our experiments yield Danhydrite/glass for La, Ce, Nd, Sm, and Eu, in the order 

41, 36.5, 30.7, 26.2 and 22, respectively, calculated as mean values from all our experiments. Our data 

combined with previous data show that LREEs partition into the anhydrite phase taking the Ca2+ cation 

site. Siderophile and chalcophile elements like Co, Zn, Mo, and Pb all have Danhydrite/melt values between 

0.3 and 0.7, making them incompatible in anhydrite-silicate melt systems. 

 

3.4. Discussion 

3.4.1.  Lattice strain model 

Because ionic radius has a strong influence on partition coefficients, we use the lattice strain theory as 

a framework to assess the control of crystal chemistry on mineral/melt partition coefficients (Blundy and 

Wood, 2003; Brice, 1975). We notice that the 3+ LREE cations show a near-parabolic dependence on the 

ionic radius (Fig. 4). For substitution of 3+ cations into the site of Ca2+ of anhydrite, the parameters , 

E and  were fitted to the experimental data by a non-weighted Levenberg-Marquardt fit, following 

the equation below.  

      (1) 

 

where E is an effective Young’s modulus for the site,  is the radius of the substituting cation,  is the 

radius of a fictive ion that substitutes into the site with zero strain,  is the partition coefficient for that 

fictive ion, NA is the Avagadro’s number, R is the the gas constant and T is the temperature in Kelvins. 

The result is shown in Fig. 4, where the fitted value for E (3+) is 75 GPa, the  is 70 and  is 1.25 Å 

for run G618 and E (3+) is 75.3 GPa,  is 67.25, and  is 1.27 Å for run B470. 
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3.4.2. Bulk partition coefficients relevant for subducting sediment and Altered-Oceanic Crust melting – 

the presence of residual sulfide versus anhydrite 

Here we estimate bulk partition coefficients of chalcophile elements, REEs, and other lithophile 

elements relevant for melting of subducting crustal lithologies, which in the presence of a free aqueous 

fluid can both be subducting sediments and the Altered-Oceanic Crust (AOC). Our emphasis here is to 

evaluate how the presence of anhydrite versus sulfide as the residual, S-bearing phase alter the partitioning 

behavior of key trace elements (Table 2, Fig. 5). 

Calculation of reasonable  requires mineral modes in the lithology of interest. Based on near-solidus 

phase equilibria experiments of hydrous sediments melts (Tsuno and Dasgupta, 2012)  and Altered-

Oceanic Crust (Martin and Hermann, 2018) applicable to 90 km depth at subduction zones, we calculated 

 assuming 22 wt.% quartz (qtz), 33 wt.% clinopyroxene (cpx), 27 wt.% garnet, 18 wt.% alkali-feldspar, 

and 0.02 wt.% rutile for pelitic sediments and 60 wt.% garnet, 40 wt.% cpx (omphacite), and 0.01 wt.% 

rutile for Altered-Oceanic Crust. The uncertainties in the mineral modes for subducting sediments are 

shown in Table 2. The mineral/melt D values for cpx, garnet, alkali-feldspar, and rutile are taken from 

previous studies (Table 2). Partition coefficients of Ce between sulfide and melt are 

assumed to be zero as Ce is very incompatible in sulfide phases. The partition coefficients of Mo and Ce 

between anhydrite and hydrous silicic melt are calculated from our experiments whereas, that of Cu is 

assumed to be similar to Mo. The modes of anhydrite and sulfide were varied for bulk sulfur contents 

between 5000 ppm and 2 wt.% S, which spans a reported subducting sediment sulfur content of 1.15 wt.% 

(Lee et al., 2018; Evans, 2012). For Altered-Oceanic Crust, the S-bearing phase proportion was varied 

between 500 and 2000 ppm S, again spanning the previously reported value of ~700-1500 ppm S (Evans, 
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2012). In each case, all S present in the subducting lithology (sediment and AOC) is assumed to be locked 

only in the sulfur-bearing phase, i.e., anhydrite versus sulfide.  

The calculated  show that presence of sulfide in the downgoing slab partitions chalcophile elements 

(e.g. Mo, Cu) in the subducting slab, transferring limited amounts of chalcophile elements to the mantle 

wedge, whereas, presence of anhydrite in the downgoing slab retains LREEs (e.g. La, Ce) in the anhydrite-

bearing slab resulting in limited LREE contents being transferred to the mantle wedge. Fig. 5a and 5b 

show the  of elements in the downgoing sediments and AOC, respectively, for either anhydrite or sulfide 

in the residue. For 5000 ppm S in the sediments, Ce/ Mo for anhydrite-saturated system is ~7 whereas, 

for sulfide-saturated system it is 0.15; and Ce/ Cu for anhydrite-saturated system is ~2, whereas, for 

sulfide-saturated system it is 0.02. For 1000 ppm S in the AOC, Ce/ Mo for anhydrite-saturated system 

is ~2, whereas, for sulfide-saturated system is 0.6. Similarly, Ce/ Cu for anhydrite-saturated system is 

0.74, whereas, for sulfide-saturated system is 0.08. We plot the Ce/ Mo and Ce/ Cu during anhydrite-

saturated and sulfide-saturated sediments and AOC melting in Fig. 6.  Pelitic sediments, by the virtue of 

having higher S content than AOC, which leads to a higher proportion of anhydrite or sulfide, and the 

presence of K-feldspar and lesser modal abundances of garnet and clinopyroxene, fractionate both Ce/Mo 

and Ce/Cu ratios to a higher degree than the AOC. Figures 5 and 6 plot the extent of fractionation of the 

ratios Ce/Mo and Ce/Cu depending on the S-bearing phase that is present in the subducting slab. 

 

3.4.3. Modeling Ce/Mo and Ce/Cu or arc lavas via hydrous slab melt contributions 

The calculated  were used to model how the Ce/Mo and Ce/Cu ratio of the melts derived from 

subducting sediments and Altered-Oceanic Crust (AOC) will fractionate during slab melting. Using the 

following equation: 
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        (2) 

we estimate the composition of the aggregate fractional melt where CL is the concentration of a trace 

element in the melt derived from the subducting crust, C0 is the initial concentration of the trace element 

in the subducting crust,  is the bulk D calculated for the subducting crust system and F is the degree of 

melting. Although we envision a fractional melting process at the slab-top conditions, given we assumed 

aggregation of those fractional melts, geochemically such melts are not much different than batch melts. 

To assess if subduction zone magmas may receive hydrous slab melt contribution at anhydrite 

saturated or sulfide saturated conditions, along with Ce/Mo and Ce/Cu ratios of the arc lavas we also need 

to calculate the contribution of these ratios from the mantle beneath the arc volcanoes. Similar to the 

Ce/Mo and Ce/Cu ratios of melts derived from the subducting crust, the Ce/Mo and Ce/Cu ratios of melts 

derived from mantle wedge, Depleted MORB Mantle (DMM) were also calculated using Equation 2.  

for melting of DMM is shown in Table A5. For AOC, Ce, Mo, and Cu contents are from Kelley et al. 

(2003). For subducting sediments, Ce, Mo, and Cu concentrations for the Marianas and Lesser Antilles 

are taken from previous studies (Freymuth et al., 2015; Skora et al., 2017). The Ce, Mo, and Cu contents 

of the mantle wedge (DMM) are taken from Salters and Stracke (2004).  

For the purpose of this study, we consider 2 two-end member mixing models: (1) mixing between 

DMM-derived melt and anhydrite-saturated subducting slab melt, and (2) mixing between DMM-derived 

melt and sulfide saturated subducting slab melt. We compare the results of our mixing calculations with 

natural arc data from Mexico, Cascades, Kurile, Marianas, and Lesser Antilles. Mexico, Cascades, and 

Kurile are chosen because the slab surface temperatures for these subduction zones cross the fluid-present 

solidus based on the T550 model of a previous study (Syracuse et al., 2010). The Marianas and Lesser 

Antilles are chosen because the Ce/Mo ratios of the subducting sediments were used and compared to 

their arc lavas in previous studies (Freymuth et al., 2016, 2015; Skora et al., 2017). The Ce/Mo and Ce/Cu 
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of the DMM melt is shown as in Fig. 7 with the melting degree varying from 1 to 20 %.  Fig 7a shows 

anhydrite-saturated AOC melt and sulfide-saturated AOC melt in a Ce/Cu and Ce/Mo field. Arc lavas 

from Mexico, Cascades, and Kurile, taken from GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/), 

are also plotted. Arc lava data were first filtered based on SiO2 and MgO (<60 wt.% and >5 wt.% 

respectively; Fig. A4) content to only compare near-primary basalt compositions. To ensure that these less 

differentiated magmas are unaffected by sulfide saturation, we plot Ce/Cu and Ce/Mo ratios versus MgO 

(Fig. A4 and A5) as it will change the Mo and Cu content of the arc lava resulting in biased Ce/Cu and 

Ce/Mo ratios. Figure 7a shows that majority of the arc lava compositions that are primitive enough to be 

unaffected appreciably by sulfide saturation from Mexico and Cascades can be described by mixing DMM 

melt and sulfide-saturated AOC melt. There are a few samples (mostly from Mexico and a few from the 

Cascades), which lie at a higher Ce/Cu ratio than the sulfide-saturated AOC melt field and cannot be 

explained by this mixing. These data might be explained if measurements of Mo from the subducting 

sediments in these localities were available, as sediment melt, owing to their higher  and typically higher 

bulk S content, would have drawn the sulfide-saturated slab melt field to higher Ce/Cu and slightly higher 

Ce/Mo values. For Kurile and Marianas, mixing between DMM melt and anhydrite-saturated AOC melt 

can justify some of the arc lava compositions, which has Ce/Cu ratios of around 0.1 and Ce/Mo ratios of 

>10, but arc lava compositions with Ce/Cu ratios <0.1 and Ce/Mo ratios below 10 require depleting Ce 

content to even smaller values than by the presence of anhydrite in the subducting AOC. Arc lava 

compositions from Lesser Antilles, however, are difficult to explain by mixing between DMM and AOC 

melt. Fig. 5b and c show anhydrite-saturated and sulfide-saturated sediment melts in a Ce/Cu and Ce/Mo 

field where arc lava data (filtered similarly to previously mentioned arcs) from the Marianas and Lesser 

Antilles are also plotted. Some of the arc lava compositions from the Marianas can be explained by mixing 

of DMM melt with contributions from anhydrite-saturated (oxidized) sediment melt from the slab similar 
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to what has been inferred from previous studies (D’Souza and Canil, 2018; Skora et al., 2017) and what 

we infer from mixing between DMM melt and anhydrite-saturated AOC melt. At the Lesser Antilles, the 

sediments are enriched in Ce, Mo, and Cu compared to the sediments in the Marianas and the AOC. The 

arc lava compositions can be described by mixing between DMM and sulfide saturated slab derived 

components in Ce/Cu and Ce/Mo field, as has been reported in previous studies, which details the 

subduction of black shale, rich in Mo bearing sulfides (Freymuth et al., 2016) and a heavy δ98/95Mo 

reflecting a possible contribution from sulfide saturated slab sediment melt. 

 values are also calculated for melting of the DMM in presence of a sulfide phase (Table A3). 

As sulfate saturation in the mantle wedge is highly unlikely (Chowdhury and Dasgupta, 2019), equation 

2 is used to calculate Ce/Mo and Ce/Cu ratios of sulfide saturated DMM melt. Figure A6 shows Ce/Cu 

and Ce/Mo plots and fields of sulfide saturated mantle wedge (DMM) and anhydrite or sulfide- saturated 

subducting slab melt. Comparison with arc localities (Marianas, Kurile, L. Antilles, Mexico, and 

Cascades) show that our observations based on sulfide undersaturated DMM melt and mixing with 

anhydrite or sulfide saturated slab melt for these arcs in the earlier analysis remains unchanged. However, 

for L. Antilles where mixing between sulfide undersaturated DMM melt and sulfide saturated slab melt 

could describe the arc lava compositions, Fig. A6b shows that the same arc lava compositions can also be 

defined by both mixing between sulfide saturated DMM melt and anhydrite saturated slab melt as well as 

sulfide saturated DMM melt and sulfide saturated slab melt. 

 Modeling the Ce/Mo and Ce/Cu ratios during melting of the subducting slab and comparing arc 

lavas from different localities where melting is a likely scenario to transfer materials from the slab to the 

mantle wedge show that some arcs require contributions from anhydrite-saturated slab melting to describe 

some of their Ce/Mo and Ce/Cu ratios (like Kurile, Marianas), indicating that the subducted slab is 

oxidized, whereas, some arcs require contributions from sulfide-saturated slab melting to describe a large 
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fraction of their Ce/Mo and Ce/Cu ratios (like Mexico, Cascades), indicating that the subducted slab is 

reduced. The Ce/Mo and Ce/Cu ratios of arc lavas, hence, can potentially be used as proxies for the oxygen 

fugacity of the subducting crust. 

 

3.4.4. Other ways of explaining fractionation of Ce/Mo and Ce/Cu of arc lavas? 

3.4.4.1. Co-saturation of sulfide and sulfate or the absence of sulfur-bearing accessory phase? 

 In nature, other scenarios and processes may fractionate Ce/Mo and Ce/Cu ratios. For example, no 

S-bearing accessory phase may be present in the subducting crustal lithologies that either start S-poor or 

quantitatively lose its sulfur via fluid-mediated processes at depths shallower than where fluid-present 

melting may commence. It may also be possible for subducting lithologies to contain both anhydrite and 

sulfide, i.e., if an assemblage is close to sulfate-sulfide oxygen fugacity buffer (Walters et al., 2020). To 

evaluate these possibilities, we also calculated  for Ce, Mo, and Cu for two different scenarios, i.e., (a) 

where no sulfide and anhydrite are present in the subducting crustal assemblages and (b) where both 

sulfide and anhydrite are present in the subducting lithologies, to see the nature of Ce/Mo and Ce/Cu 

fractionation in the absence of a sulfur-bearing accessory phase and in the presence of both sulfide and 

anhydrite. The  in both the scenarios for subducting sediments and AOC show that LREE/chalcophile 

elemental ratio fractionate differently during melting from when its either anhydrite or sulfide saturated 

(Figure A2 and A3). We calculate Ce/Mo and Ce/Cu ratios from the subducting slab (both sediments and 

AOC) in these two scenarios using equation (2) and compare them with arc lava compositions from the 

localities used previously in this study (Figure A7). At Marianas, some of the arc lava compositions with 

Ce/Cu ratios higher than the anhydrite-saturated sediment melt field can be explained by the absence of 

any S-bearing phases in the subducting slab (panel ‘a’ of Figure A7). At L. Antilles, the basalt 

compositions are difficult to interpret by simple mixing between any two fields as shown in panel ‘b’ of 
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Figure A7.  For Mexico and Cascades (panel ‘c’ of Figure A7) similarly to Fig. 7a, the bulk of the arc 

magmatic compositions is explainable by mixing between DMM melt and sulfide-saturated AOC melt 

and absence of the S-bearing phase and presence of both anhydrite and sulfide in the slab do not seem to 

be relevant for these localities. However, for Kurile and Marianas, some of the compositions with Ce/Cu 

ratios higher than the anhydrite-saturated AOC melt field can be generated both by the absence of any S-

bearing phases and co-saturation of anhydrite and sulfide in the subducting AOC. L. Antilles, which lies 

at a higher Ce/Cu values than the anhydrite-saturated AOC melt field and lower than the sulfide-saturated 

AOC melt field, may be explained if the mantle source receives slab melt contribution that is co-saturated 

in sulfide and anhydrite (panel ‘c’ of Figure A7). Therefore, we cannot completely exclude the possibility 

of contribution from the subducting slab where either no S-bearing phase is present or both anhydrite and 

sulfide are present in the arc localities described here.  

At Marianas, Kurile and L. Antilles Ce/Mo and Ce/Cu of some of the arc lavas can be used to bracket 

the fO2 conditions of its subducting crust, whereas, some of the compositions cannot be used to definitively 

bracket the redox state of the subducting crusts. This elucidates the heterogeneity in the oxygen fugacity 

of these subducting crust. However, for Mexico and Cascades, the Ce/Mo and Ce/Cu ratios suggest a 

contribution from sulfide saturated subducting crust as has been argued in the previous study for Cascades 

(Walters et al., 2020). 

 

3.4.4.2. The presence of allanite or monazite? 

It is also critical to determine whether the Ce/Mo and Ce/Cu ratios of the slab derived melts will 

be fractionated in the presence of other mineral phases in the subducting slab. Two mineral phases, which 

have a high affinity towards LREEs are monazite, [(Ce, La, Nd, Th) PO4], and allanite, [(Ce, Ca, Y, La)2 

(Al, Fe3+)3 (SiO4)3 (OH)]. Previous experimental studies have shown that REE doped experiments can 
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saturate monazite (Skora and Blundy, 2012; Stepanov et al., 2012) and allanite (Hermann, 2002; Klimm 

et al., 2008) in the solid assemblage during sediment (monazite and allanite) and AOC (only allanite) 

melting. We use Dmonazite/melt (Stepanov et al., 2012) and Dallanite/melt (Klimm et al., 2008) to calculate  in 

systems where monazite and/or allanite are present during sediment and AOC melting. We consider cases 

where monazite and/or allanite occur in the presence as well as in the absence of anhydrite and sulfide. 

We calculate the Ce/Mo and Ce/Cu ratios of sediment and AOC-derived, aggregate fractional melts 

generated in the presence of allanite, monazite, allanite along with anhydrite, allanite along with sulfide, 

monazite along with anhydrite, and monazite along with sulfide (Figure A8). The model calculations that 

considered the possible presence of allanite and monazite were then compared again with the arc lava 

compositions from Marianas, Kurile, Cascades, and Mexico. The arcs, which show a possible contribution 

from sulfide saturated subducting slab (i.e. low oxygen fugacity) like Mexico and Cascades are not 

affected by the presence of allanite and monazite in the subducting slab. For arcs that require a possible 

contribution from anhydrite saturated subducting slab (i.e. high oxygen fugacity), the arc lava can also be 

explained by the presence of allanite or allanite along with anhydrite; and in case of Marianas by the 

presence of monazite in the sediments as well. The presence of monazite and allanite makes discerning 

the contribution of anhydrite from the subducting slab complicated, but we can look into greater details 

about the stability of these phases in natural sediments and AOC to understand how these minerals can 

affect the Ce content of partial melts of the subducting slab. Monazite and allanite both incorporate LREEs 

in their structure and the solubility of these minerals in the presence of melt/fluid is strongly dependent 

on temperature (Klimm et al., 2008; Montel, 1993; Stepanov et al., 2012). Modeling of allanite and 

monazite solubility in silicic melts and fluids show that saturation of these minerals is possible but only 

at relatively lower temperatures (from 750 to 900 °C) (Klimm et al., 2008) and the increase in solubility 

of these minerals with increasing temperature was utilized to create a thermometer based on H2O/Ce ratio 
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(Plank et al., 2009) for measuring slab surface temperatures. However, most of these studies featuring 

allanite and monazite are based on synthetic compositions that are doped with LREEs, which would 

promote LREE-phase saturation that might not be achieved in the natural systems. Allanite being a 

member of the complex epidote group minerals, which show continuous variation between REE-poor and 

REE-rich end-members (Klimm et al., 2008) and even monazite, a much simpler mineral, may incorporate 

significant amounts of Th-end-members huttonite and brabantite (on average 20 mol%) (Montel, 1993) 

make the Ce concentration calculation more uncertain. Also, as allanite is an epidote group mineral and 

experiments on calcareous sediments has shown that the presence of epidote is most likely associated with 

oxidized experimental conditions (Skora et al., 2017), the presence of allanite and anhydrite together in 

the subducting crust may be an indicator of higher oxygen fugacity. Based on the observations and model 

comparisons, we can say the presence of allanite in both sediments and AOC can be used as a redox 

indicator along with anhydrite. Hence, in Fig. 8 using mixing between melts derived from subducting 

crust and melts derived from the mantle (both sulfide-saturated and under-saturated) we can show that 

most of the arc lava compositions from localities like Marianas and Kurile require a contribution from 

oxidized slab components but localities like Cascades and Mexico have a contribution from reduced slab 

components, indicating global subducting crusts to be variable in oxygen fugacity. 

 

3.5. Concluding remarks 

This experimental study determines partition coefficients of 26 lithophile and chalcophile elements 

between anhydrite and hydrous silicic slab melts at slab-top P-T conditions. We found that Sr, Y, Ba, and 

REEs are compatible in anhydrite. Using the difference in the compatibility of LREEs and chalcophile 

elements in anhydrite-hydrous silicate melt (this study) and sulfide-hydrous silicate melt (previous 

studies) systems, we attempted to evaluate whether LREE/chalcophile element ratios can be sensitive to 
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the presence of sulfate versus sulfide in the residual subducting crustal lithologies, i.e., sediments or 

altered-oceanic crust. We use two LREE/chalcophile element ratios, Ce/Mo and Ce/Cu, to assess whether 

subducting sediments and altered-oceanic crust in different subduction zones around the globe are 

saturated in different S-bearing phases. Because the S-bearing phase that may be present in the slab is 

dependent on oxygen fugacity, we further use our model to infer about the redox conditions of different 

subducting slabs, concluding that redox conditions of subducting slabs are unlikely to be uniform globally. 

The Ce/Mo and Ce/Cu ratio of arc lavas, therefore, may be used as redox proxies of the subducting 

lithologies, assuming the presence of sulfur-bearing accessory phase can be unequivocally argued for the 

subducting lithologies. We also considered additional complications that may arise if LREE-rich phases 

such as allanite or monazite is also present in the subducting assemblages. We argued, based on previous 

literature data, that either stability of such phases can be an experimental artifact for trace element doped 

systems, or even if present, they might be leached away by aqueous fluids before commencement of fluid-

fluxed melting of slab lithologies. However, if present, the presence of allanite or monazite can accentuate 

the effect expected for anhydrite-present subducting lithologies. More reliable data on trace element and 

sulfur budget of subducting sediments and AOC for various subduction zones as well as arc lava chemistry 

are needed to assess our model for all active subduction zones. However, our new experimental data and 

model framework provide novel ways to probe fO2 of the sulfur-bearing, subducting crustal lithologies 

and our analysis suggests that subducting crusts globally are heterogeneous in terms of oxygen fugacity. 
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Figure 3-1: Schematic diagram of a subduction zone showing subducting sediments, altered-oceanic crust 
(AOC) and oceanic lithospheric mantle being subducted. The subducting crustal lithologies chiefly store 
sulfur either as (a) anhydrite (Anh; S6+-bearing phase – stable at higher oxygen fugacity) or as (b) 
pyrrhotite (Po; S2—bearing phase – stable at lower oxygen fugacity). Hydrous, silicic melts released from 
the slab to the mantle wedge likely have low lithophile/chalcophile element ratios if the slab is anhydrite-
saturated and high lithophile/chalcophile element ratios, if it is pyrrhotite-saturated, making these ratios 
potential proxies for slab redox conditions. Reliable element partitioning data, especially between 
anhydrite and silicate melt, are necessary to quantitatively evaluate arc geochemical data and the extent 
of oxygen fugacity variation in the subducting crusts globally. 
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Figure 3-2: Phase assemblage and texture of the anhydrite-hydrous silicate melt trace element partitioning 
experiments. (a) Typical anhydrite (Anh) grains surrounded by glass in Au capsule. (b) LA-ICP-MS track 
in a residual anhydrite grain embedded in silicate glass. Residual Quartz (Qtz) grains are also present in 
the experiments. 
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Figure 3-3: (a) Anhydrite/hydrous silicic melt partition coefficients of 26 elements (Li, B, Sc, V, Cr, Co, 
Zn, Sr, Y, Nb, Mo, Sb, Ba, La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, Lu, Hf, Ta and Pb) arranged in order of 
increasing atomic number from experiments at 2 GPa. Also shown in (b) are the partition coefficients of 
Rare Earth Elements (REEs). Overall, amongst the measured elements Sr, Y, Ba and the REEs are 
compatible in anhydrite. It shows that Light REEs (LREEs) are more compatible in anhydrite compared 
to Heavy REEs (HREEs). Danhydrite/melt for compatible elements increases with increasing temperature from 
900 °C to 1000 °C, whereas, for all other elements it shows either decreasing trend with increasing 
temperature or are of similar values at all temperatures. 
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Figure 3-4: Plots of D versus ionic radius for 3+ cations incorporated into the Ca2+ site of anhydrite in 
anhydrite-hydrous silicic melt systems investigated at 2 GPa in this study. Best fit parabola is calculated 
following the lattice strain model of Blundy and Wood (2003, 1994). The VI-fold coordination ionic radii 
are from Shannon (1976).  
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Figure 3-5: Bulk partition coefficients ( ) relevant for fluid-present melting of subducting (a) sediment 
and (b) Altered-Oceanic Crust (AOC) in the presence of anhydrite (Anh) or sulfide. The elements are 

arranged in the order of increasing atomic number. Danhydrite/melt used to calculate the  are the mean values 

calculated from all our experiments. for LREEs at anhydrite-saturated conditions (black line and circles) 

are >1 and hence LREEs are not mobilized by melts, whereas, for chalcophile elements at sulfide-
saturated conditions (orange line and square) are >1 and thus the chalcophile elements are being held back 
by the residue resulting in non-mobilization of these elements during slab melting. These differences in 

 of LREEs and chalcophile elements are expected to result in fractionation of LREE/chalcophile element 
ratios during melting depending on the S-bearing accessory phase that is saturated in the subducting slab. 

The errors in  due to uncertainties in mineral modes are smaller than the symbol size. 
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Figure 3-6: Variation of Ce/ Mo and Ce/ Cu for (a) sediment and (b) Altered-Oceanic Crust (AOC) as 
a function of bulk S content of the lithology, which controls the proportion of anhydrite or sulfide. Black 
lines and circles are Ce/ Mo and Ce/ Cu for anhydrite-saturated subducting crust whereas red lines and 
squares are Ce/ Mo and Ce/ Cu for sulfide-present subducting crust. The figure suggests the extent of 
fractionation of Ce/Mo and Ce/Cu ratios that may be expected in the slab-derived melts, if such melts are 
derived in the presence of different S-bearing phase, i.e., anhydrite versus sulfide, and also how the 
difference may grow as a function of the bulk sulfur content of the slab. 
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Figure 3-7: Ce/Cu and Ce/Mo plot showing calculated compositions of subducting crustal-lithology-
derived hydrous, silicic melts relevant for different subduction zones using s estimated (Table 2) in this 
study (using data from this study and previous studies). (a) Altered-Oceanic Crust-derived, and (b and c) 
sediments-derived hydrous silicic melts are compared for different subduction zones with fractionation-
corrected Ce/Mo and Ce/Cu of arc basalts. The black bands are melts derived from mantle wedge (DMM) 
beneath the arc volcanoes. Anhydrite-saturated slab melts are green in color whereas, sulfide-saturated 
slab melts are blue in color. For each plotted band, higher Ce/Mo and Ce/Cu values indicate low degree 
of melting (F = 0.01) and lower Ce/Mo and Ce/Cu values indicate higher degree of melting (F = 0.2) 
based on equation 1 in the text. For sediments and AOC, higher Ce/Mo and Ce/Cu values indicate low 
degree of melting (F = 0.01) and lower Ce/Mo and Ce/Cu values indicate higher degree of melting (F = 
0.05) based on equation 1 in the text. Arc lava Ce/Mo and Ce/Cu values of different localities are from 
Georoc based on SiO2 and MgO (< 60 wt.% and > 5 wt.%, respectively; Fig. A4) and are compared with 
DMM and anhydrite-saturated or sulfide-saturated slab melts to understand the slab contribution in these 
different arcs. (a) Arc lavas of Mexico (yellow triangle) and Cascades (pink circle) can be explained by 
mixing between DMM melt with sulfide-saturated AOC melt whereas some of the Marianas (light yellow 
squares) and Kurile (light blue squares) arc lava compositions may be explained by mixing between DMM 
melt and anhydrite-saturated AOC melt. Arc lavas from L. Antilles (green stars) can’t be explained by 
mixing between DMM and anhydrite-saturated or sulfide-saturated AOC melt (b) Few of the arc lavas 
from Marianas can be described by mixing between DMM melt and anhydrite-saturated sediment melt. 
(c) Arc lavas from L. Antilles can be explained by mixing between DMM melt and sulfide-saturated 
sediment melt.  
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Figure 3-8: Ce/Cu vs Ce/Mo plots showing calculated compositions of melts derived from (a) subducting 
sediments at Marianas and (b) Altered-Oceanic Crust, assuming that the subducting crustal lithologies 
may be either reduced (green band), oxidized (pink band) (they may either have sulfide minerals or 
anhydrite and allanite (epidote) in them) or co-saturation of reduced and oxidized phases (yellow band) 
(allanite + sulfide and anhydrite + sulfide). The pink band in (a) are based on  calculated for scenarios 
which include allanite, allanite + anhydrite, monazite, monazite + anhydrite and anhydrite being saturated 
in the subducting sediments. The pink band in (b) are based on  calculated for scenarios which include 
allanite, allanite + anhydrite, and anhydrite being saturated in the subducting AOC. The green band in (a) 
are based on  calculated for scenarios which include monazite + sulfide and sulfide. The green band in 
(b) are based on  calculated for sulfide only. The yellow band both in (a) and (b) are based on  
calculated for scenarios which include allanite + sulfide and anhydrite + sulfide in subducting sediments 
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and AOC. Black and grey bands in both panels show calculated compositions of mantle wedge melts 
(black - sulfide undersaturated; grey - sulfide saturated). Compared with our calculations are arc lava 
Ce/Cu and Ce/Mo compositions from Marianas, Mexico, Cascades and Kurile. Majority of arc lava data 
from Marianas and Kurile seem to require oxidized or sulfate-present, slab-derived melt contribution, 
whereas Cascades and Mexico are argued to require reduced or sulfide-present, slab-derived melt 
contribution. The lines marked ‘A’ and ‘B’ separate three fields (oxidized, reduced, and intermediate) in 
the Ce/Cu versus Ce/Mo space. ‘A’ is marked by the co-presence of allanite and sulfide and 50% modal 
abundance of anhydrite along with sulfide. ‘B’ is marked by complete absence of sulfide and presence of 
only allanite and/or anhydrite. 
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Table 3-1: Trace element compositions of anhydrite and melt measured using LA-ICP-MS and EPMA; and calculated anhydrite-melt partition coefficients (Danhydrite/melt). All the concentrations are in ppm. 

Elements B470^; P = 2 GPa; T = 900 °C; t = 72 hrs G619^; P = 2 GPa; T = 950° C; t = 48 hrs G618^; P = 2 GPa; T = 1000 °C; t = 44 hrs 
  B470_anh 1σ B470_glass 1σ Danhydrite/melt 1σ G618_anha 1σ G618_glass 1σ Danhydrite/melt 1σ G618_anh 1σ G618_glass 1σ Danhydrite/melt 1σ 

Li 29 7 22 4 1.32 0.35 
     

  12 3 24 3 0.5 0.05 

B 45 10 48 7 0.94 0.29 
     

  23 6 28 7 0.82 0.14 

Sc 36 6 38 6 0.95 0.41 
     

  29 12 48 12 0.6 0.09 

V 22 2 23 6 0.96 0.18 
     

  14 2 43 9 0.33 0.04 

Cr 21 9 25 2 0.84 0.22 
     

  25 5 27 2 0.93 0.12 

Co 6 1 8 2 0.75 0.14 
     

  3 1 7 0 0.47 0.11 

Zn 50 11 92 13 0.54 0.09 
     

  18 4 53 22 0.34 0.01 

Sr* 1870 105 108 28 17.31 1.28 1430 205 80 8 17.88 1.74 1472 115 81 12 18.17 1.58 

Y 266 56 26 6 10.23 1.13 
     

  432 80 28 4 15.43 1.63 

Nb 13 2 73 12 0.18 0.02 
     

  9 1 82 16 0.11 0.01 

Mo 2.8 1 7 2 0.41 0.15 
     

  10 1 30 22 0.33 0.03 

Sb 32 3 48 11 0.65 0.18 
     

  9 2 21 2 0.41 0.12 

Ba* 204 40 160 32 1.28 0.36 280 36 207 12 1.35 0.21 285 60 234 57 1.22 0.37 

La* 677 51 18 3 37.63 3.15 456 87 11.56 1.43 39.45 1.96 736 89 16 2 46 2.68 

Ce* 575 50 17 2 33.82 2.69 668 59 19 2 35.16 2.07 688 62 17 8 40.47 3.41 

Nd* 496 56 19 6 26.11 2.03 834 112 27 4 30.89 1.72 701 80 20 2 35.05 1.98 

Sm* 621 84 27 8 23 1.45 493 41 19 3 25.95 0.97 834 43 28 4 29.79 2.73 

Eu* 882 106 48 4 18.57 1.67 663 62 31 4.78 21.39 1.38 1171 100 45 8 26.02 2.11 

Gd 499 85 35 3 14.26 1.38 
     

  718 114 33 7 21.76 1.82 

Dy 634 70 62 11 10.23 1.94 
     

  1202 214 64 16 18.78 2.02 

Er 518 94 72 9 7.19 0.91 
     

  1018 127 79 8 12.89 1.44 

Yb 578 56 129 32 4.48 1.14 
     

  1172 87 135 32 8.68 1.69 

Lu 523 50 130 41 4.02 0.87 
     

  1003 74 133 18 7.54 1.03 

Hf 44 12 83 9 0.53 0.11 
     

  12 3 85 5 0.14 0.02 

Ta 37 8 71 8 0.52 0.24 
     

  10 3 75 9 0.14 0.03 

Pb 964 76 1127 106 0.86 0.31             431 77 553 96 0.78 0.1 

* these elements are measured both in LA-ICP-MS and EPMA.  The reported concentrations are the mean of the measurements and Danhydrite/melt values are calculated based on mean of the two measurements. 

a Measurements for concentrations in anhydrite was made only using EPMA. Danhydrite/melt was calculated using anhydrite concentrations from EPMA and the mean of the glass concentrations from both LA-ICPMS and EPMA. 

^ All the experiments had a phase assemblage of glass, anhydrite and quartz
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Table 3-2: Calculated bulk Ds ( ) for sediment and AOC melting under slab melting conditions 

5000 ppm S in sediments 
      

Mass Fractions 

Grt 
       

0.265±0.016 
 

Cpx 
       

0.331±0.026 
 

Qtz 
       

0.224±0.025 
 

Kfs 
       

0.178±0.027 
 

Rt 
       

0.004±0.002 
 

          
Anhydrite 

       
0.021 

 
Sulfide 

       
0.014 

 
          

Elements DGrt/melt DCpx/melt DQtz/melt* DK-fs/melt DRt/melt DAnhydrite/melt DSulfide/melt  Anhydrite-sat  Sulfide-sat 

Sc 63a 140c 0 0.029f - 0.52  - 62.87 63.01 

V 7a 8c 0 0.22m 120.00h 0.43  0.6$ 5.13 4.84 

Co 2.9b 17d 0 0.24n 0.03i 0.41  999s 6.43 20.11 

Cu 0.41g 1.4p 0 0.32m 4.50i 0.30* 1530.00r 0.66 21.60 

Zn 0.65l 2d 0 0.12p 6.50i 0.29  - 0.89 0.87 

Sr 0.02a 0.17c 0 5.5f 0.52h 17.79  - 1.42 1.04 

Y 130a 4.1c 0 0.04p 0.27h 8.55  - 35.90 35.80 

Mo 0.41b 0.0016g 0 0.2q 3.00f 0.25 161.00s 0.16 2.36 

Ba 0.0172k 0.1d 0 0.48d 0.01h 1.28  - 0.15 0.12 

La 0.35b 0.52d 0 0.08f 0.24h 41.03  - 1.16 0.28 

Ce 0.01a 1.1d 0 0.04f 0.15h 36.48  - 1.15 0.37 

Nd 0.4b 1.4d 0 0.035f 0.40h 30.68  - 1.23 0.58 

Sm 0.9b 2.9d 0 0.03f 2.40h 26.25  - 1.77 1.21 

Eu 0.2b 2.5d 0 4.9f 0.00h 21.99  - 2.22 1.75 

Gd 4b 1.41e 0 0.011f 0.01h 12.01  - 1.78 1.53 

Dy 31a 1.22e 0 0.07f 0.00h 9.67  - 8.81 8.63 

Er 170b 1.14e 0 0.162e 0.68h 6.69  - 45.48 45.44 

Yb 140a 1.14e 0 0.035f 0.01h 4.39  - 37.47 37.47 

Lu 55.5b 1.28e 0 0.03f 0.14h 3.85  - 15.18 15.13 

Hf 0.57b 0.29d 0 0.035f 4.80h 0.22  - 0.28 0.27 

Ta 0.22o 0.5d 0 0.01f 44.70j 0.22  - 0.45 0.34 

Pb 0.02g 0.37p 0 0.75p 0.02h 0.55 2.00s 0.27 0.29 
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Data are taken from this study for DAnhydrite/melt; a taken from Sisson and Bacon (1992); b from Irving and Frey (1978); c from Sisson (1991); d from Bacon and Druitt (1988); e from Schnetzler and Philpotts (1970); f from Nash and Crecraft (1985); g 

from Adam and Green (2006); h from Foley et al. (2000); i from Klemme et al. (2005); j from Green and Pearson (1987); k from Philpotts and Schnetzler (1970); l from Yurimoto and Ohtani (1992) ; m from Bea et al. (1994); n from Mahood and 

Hildreth (1983); o from Jenner et al. (1993); p from Ewart and Griffin (1994); q from Stix and Gorton (1990); r from Lynton et al. (1993); s from Stimac and Hickmott (1994) and $ from Pedersen (1979). * are assumed as Qtz doesn’t incorporate any 

element and  because ionic radius of Cu+ is similar to Mo4+. 

 

 
1000 ppm S in Altered Oceanic Crust (AOC)    Mass Fractions  
Grt      0.60  
Cpx      0.40  
Rt      0.0002  
        
Anhydrite      0.0043  
Sulfide      0.0027  
        
Elements DGrt/melt DCpx/melt DRt/melt DAnhydrite/melt DSulfide/melt  Anhydrite-sat  Sulfide-sat 
Sc 63 140  0.52  93.52 93.52 
V 7 8 120 0.43  7.40 7.40 
Co 2.9 17 0.03 0.41 999 8.49 11.22 
Cu 0.41 1.4 4.5 0.30 1530 0.80 4.99 
Zn 0.65 2 6.5 0.29  1.19 1.19 
Sr 0.02 0.17 0.518 17.79  0.16 0.08 
Y 130 4.1 0.267 8.55  80.10 80.06 
Mo 0.41 0.0016 3 0.25 161 0.25 0.69 
Ba 0.0172 0.1 0.0137 1.28  0.06 0.05 
La 0.35 0.52 0.237 41.03  0.59 0.42 
Ce 0.01 1.1 0.15 36.48  0.60 0.44 
Nd 0.4 1.4 0.4 30.68  0.93 0.80 
Sm 0.9 2.9 2.4 26.25  1.81 1.69 
Eu 0.2 2.5 0.0004 21.99  1.21 1.11 
Gd 4 1.41 0.005 12.01  3.02 2.97 
Dy 31 1.22 0.0008 9.67  19.23 19.19 
Er 170 1.14 0.675 6.69  103.05 103.02 
Yb 140 1.14 0.01 4.39  84.94 84.92 
Lu 55.5 1.28 0.14 3.85  34.01 33.99 
Hf 0.57 0.29 4.8 0.22  0.46 0.46 
Ta 0.22 0.5 44.7 0.22  0.33 0.33 
Pb 0.02 0.37 0.0154 0.55 2 0.16 0.16 
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Chapter 4 

 
Sulfur extraction via carbonated melts from sulfide-bearing 

mantle lithologies - Implications for deep sulfur cycle and mantle 

redox 

 
Transport of sulfur via mantle-derived partial melts from deep Earth to the surface reservoirs is a 

critical step in the deep global sulfur cycle. Given that sulfur is stored mostly in sulfide phases in mantle 

lithologies, the critical parameter is sulfur concentration at sulfide saturation (SCSS) of mantle-derived 

magmas. CO2±H2O-induced melting beneath oceanic and continental mantle produces incipient CO2-rich 

melts. Although, SCSS of silicate melts of a variety of compositions is extensively studied, the SCSS of 

carbonatitic and carbonated silicate melts have not received much attention. Here we present experiments 

in graphite capsules at pressures (P) of 2.5-6.0 GPa and temperatures (T) of 1350-1650 °C investigating 

the SCSS of carbonatitic and carbonated silicate melts. All experiments produced quenched Fe±Ni-sulfide 

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

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

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

pronounced than P-T. The composition of sulfide melt phase also affects SCSS. With increasing Ni in the 



78 
 

molten sulfide phase, the SCSS changes from 2000-4000 ppm (Ni-free) to is 800-3000 ppm (33 wt.% Ni). 

Comparison of our measured SCSS with the existing SCSS models for nominally CO2-free silicate melts 

and with one study for carbonated melts show that these parameterizations fail to capture the sulfide 

saturation values in CO2-rich melts from our study. Using our new SCSS data and previous SCSS data for 

melt compositions that span the range from carbonatite to basalts via carbonated silicate melts, we develop 

a new empirical SCSS parameterization. Unlike a previous model, which suggested SCSS of carbonated 

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

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

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

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

low-degree carbonated melts. Deep carbonated melts beneath ridges are expected to mobilize 5-15% of 

the initial sulfur before nominally-volatile-free peridotite melting begins. In continental mantle, deep 

kimberlitic melt can act as an agent to mildly enrich the shallow mantle in sulfide as it evolves to a 

carbonatitic melt upon reactive cooling. Application of our data to subduction zones suggests that low 

degree carbonatitic melt is not an efficient agent to extract residual sulfide from the subducting oceanic 

crust. 

 

Keywords: sulfur content at sulfide saturation (SCSS); carbonatite; carbonated silicate melt; kimberlite; 

deep sulfur cycle 
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4.1. Introduction 

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

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

at the plate boundaries (e.g. Ding and Dasgupta, 2017; Wallace and Edmonds, 2011), intraplate ocean 

islands (Ding and Dasgupta, 2018), arcs (e.g., Alt et al., 1993; Chowdhury and Dasgupta, 2019; 

Kagoshima et al., 2015), and by subduction of sulfides and sulfates back to the deep Earth (Canil and 

Fellows, 2017; Jégo and Dasgupta, 2013; Jégo and Dasgupta, 2014; Tomkins and Evans, 2015). The 

critical first step of sulfur degassing from the Earth’s interior is extraction of sulfur from the Earth’s mantle 

via partial melts. Sulfur in most, if not all, parts of the Earth’s mantle is chiefly present as accessory sulfide 

minerals, solid solution, or molten sulfides (e.g. Harvey et al., 2016). The distribution and composition of 

these sulfides in the mantle are varied and are in part controlled by mantle melting, melt mobility, and 

metasomatism (e.g. Moine et al., 2004; Lorand et al., 2004; Giuliani et al., 2016; Lorand et al., 2013). 

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

in understanding the deep sulfur cycle.  

 A number of laboratory studies have explored SCSS of silicate liquids of various composition as 

a function of pressure, temperature, and oxygen fugacity (Baker and Moretti, 2011; Ding et al., 2018; 

Ding et al., 2014; Fortin et al., 2015; Haughton et al., 1974; Liu et al., 2007; O’Neill and Mavrogenes, 

2002; Smythe et al., 2017; Wykes et al., 2015; Scaillet and Pichavant, 2005; Wallace and Carmichael, 

1992; Shima and Naldrett, 1975; Li and Ripley, 2009; Holzheid and Grove, 2002). These studies 

constrained that SCSS increases with temperature, melt FeO* content, and oxygen fugacity (fO2), as the 

S6+ species becomes important as fO2 approaches the fO2 of sulfide-sulfate transition  (Botcharnikov et 

al., 2011; Jégo and Dasgupta, 2014; Pedro J. Jugo et al., 2005b) but SCSS decreases with pressure and 

SiO2 content in the melt. However, the effect of dissolved CO2 in the partial melt on SCSS has not received 
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much attention (Woodland et al., 2019). Yet, vast parts of the Earth’s sulfide-bearing mantle beneath the 

oceans and the continents are affected by CO2±H2O induced melting (Dasgupta et al., 2013a; Dasgupta, 

2018; Moussallam et al., 2015a). Beneath mid-ocean ridges, the deepest melt could be carbonatitic that 

evolves to a carbonated silicate at shallower depths (Dasgupta and Hirschmann, 2007; Dasgupta et al., 

2013; Hirschmann, 2010; Dasgupta et al., 2007), assuming that the recent suggestion of oceanic mantle 

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

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

to kimberlitic or strongly silica-undersaturated basalts, if the mantle fO2 is as reduced as evidenced by 

continental mantle xenoliths (e.g., Stagno and Frost, 2010; Woodland and Koch, 2003; Frost and 

McCammon, 2008; Stagno et al., 2013). Therefore, SCSS of carbonatitic and variably carbonated silicate 

melt is critical to constrain mobility and extraction of sulfur from deeper oceanic mantle domains.   

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

from a CO2 and H2O-poor conditions are those that are carbonatitic or carbonated silicate in composition 

with variable water contents (Dasgupta, 2018; Saha and Dasgupta, 2019). The carbonated silicate melts 

may have affinity similar to those of natural kimberlites (e.g., Sun and Dasgupta, 2019; Stamm and 

Schmidt, 2018). The question is how much sulfur can the carbonatitic or kimberlitic melts mobilize from 

different depths in the SCLM? Part of the answer lies in the stable form of sulfur-bearing accessory phase 

that the CO2-rich melt would be saturated with. Figure 1 shows the fO2 of the SCLM recorded from the 

peridotite and eclogite xenoliths and the possible fO2-dependent transition for carbonate to 

graphite/diamond (EMOG/D: e.g., Luth, 1993, Stagno et al., 2013) and sulfate to sulfide (SST: 

Botcharnikov et al., 2011b; Jégo and Dasgupta, 2014; Matjuschkin et al., 2016). SST is dependent on 

activity of SiO2 in the in the system (Masotta and Keppler, 2015) and hence can be shifted to lower fO2 

values in the carbonated systems that generated silica-poor melts. Although there remains some 
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uncertainty in the depth-fO2 space over which carbonated melts are expected to dissolve sulfur at sulfide 

saturation, Figure 1 indicates that there is a wide depth-fO2 field over which mantle at depths is likely to 

lie that would facilitate generation of carbonated melts in the presence of residual sulfide. On the other 

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

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

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

evaluated via comparison of natural kimberlite or carbonatite bulk S data with SCSS of carbonated melts.  

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

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

2012; Poli, 2015; Thomson et al., 2016). If carbonatitic melt generated from subducting lithologies have 

high SCSS, with only a small extent melting, most of sulfide could be stripped-off from the downgoing 

slab. If, however, SCSS of carbonatitic melt at subducting slab conditions were low, carbonatitic melt 

would have limited role in affecting the deep cycling of sulfide. Evaluating the role of carbonatitic melt 

on subduction efficiency of sulfur requires knowing SCSS of such melts at subduction conditions. 

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

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

generated carbonated melts in the presence of sulfides, but the S contents of the melts were not measured. 

Hammouda et al. (2010) and Sharygin et al. (2015) reported S content of their experimental carbonate-

silicate melt but no residual sulfide phase was observed in their experiments and hence those data were 

not considered as SCSS. Shatskiy et al. (2017) measured S concentration in primary kimberlitic melts in 

the presence of pyrrhotite, but no mono sulfide solid solution or sulfide melt, expected at mantle conditions 

was present.  
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Only one recent study to date has aimed at constraining SCSS of carbonated melts at mantle 

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

presence of sulfides and graphite or Re-ReO2 buffer at 5-10.5 GPa and 1400-1600 °C. For understanding 

SCSS where S2- is the sole dissolved S species in melt, only the graphite-present experiments of Woodland 

et al. (2019) are of relevance. In this study the authors performed olivine dissolution experiments by 

placing pure carbonate mixtures in a natural olivine inner capsule and platinum (Pt) outer capsule. 

Although this study generated some of the first published data on SCSS (Woodland et al., 2019), 

significant uncertainties and problems remain in these experiments. (1) Many of the experiments resulted 

in carbonated melt both inside and outside the inner olivine capsules, with the pool that is outside and in 

contact with Pt outer capsule suffering significant iron loss. Yet Woodland et al. (2019) chose to report 

both melt compositions from a given experiment as being equilibrium melt yielding heterogenous SCSS 

values, making it uncertain whether all the reported melt S contents in Woodland et al. (2019) are truly 

SCSS values. Because of this variable Fe loss, the resulting melt compositions on a CO2-free basis had 

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

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

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

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

is expected to be even lower as variable melting degree in the mantle is not generally linked to large 

variation of isobaric temperature as in experiments, but rather to extent of adiabatic decompression. 

Furthermore, many of the experiments in Woodland et al. (2019) only resulted in an upper bound in the 

SCSS and not an actual constraint.  (2) Based on their experimenta data, Woodland et al. (2019) concluded 

that only FeO* affects SCSS of carbonated silicate melts and no other compositional parameters have 

measurable effects. This contradicts several studies on SCSS of non-carbonated silicate melts where 
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distinct effects of melt compositional parameters such as silica, alumina are also observed. (e.g. Ding et 

al., 2014, O’Neill and Mavrogenes, 2002, Smythe et al., 2017). (3) Also, the Woodland et al. (2019) SCSS 

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

despite having Ni in their resulting sulfide composition. This is because the sulfide composition was not 

systematically varied, and the resulting sulfide composition had a narrow range of Ni. The presence of Ni 

in sulfide has been shown to affect SCSS in silicate compositions (Smythe et al., 2017; Ding et al., 2018), 

but such effect remained unconstrained in Woodland et al. (2019). (4) The SCSS model Woodland et al. 

(2019) generated was based only on their own dataset, which are only carbonated silicate and carbonatitic 

melts. Given in natural peridotite systems there is a continuous transition from high-CO2 carbonated melts 

to very low-CO2 basaltic silicate melts, with chief variation in SiO2, CO2, and CaO (e.g., Gudfinnson and 

Presnall, 2005; Dasgupta et al., 2007, 2013; Mallik and Dasgupta, 2013; Sun and Dasgupta, 2019), it 

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

and how the model connects to several SCSS models for non-carbonated basaltic melts. In Figure 2 we 

plot the measured vs predicted SCSS (in ppm) from Woodland et al. (2019) to show that there is significant 

uncertainty in the data and model of this study. Thus, a systematic study of SCSS of carbonatitic and 

carbonated silicate melts that resemble expected natural compositions is needed. The new study should 

(a) place reliable constraints on SCSS of natural carbonated melts of peridotitic systems at conditions of 

their generation, (b) determine the effects of P, T and melt compositions on SCSS of carbonated melts, 

(c) constrain the effect of sulfide Ni content on SCSS of carbonated melts, and (d) derive a model that has 

predictive power across the whole continuum from carbonatitic melt to basaltic melt with nominal CO2 

content.  

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

SCSS of carbonatitic and carbonated silicate melts (SiO2 ~ 7-40 wt.%) in the presence of Fe(±Ni)-S (Ni 
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varied from 0-35 wt.%) from 2.5-6 GPa and 1350-1650 °C. We find that SCSS of carbonated melts is 

affected by temperature, melt composition (mainly SiO2) and Ni content of sulfide. Combining our 

experiments with previous experiments on non-carbonated silicate melts, we developed a new SCSS 

parameterization that captures SCSS of carbonated as well as non-carbonated basaltic melts over a wide 

pressure-temperature-composition space. Finally, using our SCSS parameterization we constrain 

extraction of sulfur via incipient carbonated melts beneath oceanic ridges and in the SCLM. We also apply 

our model to assess whether sulfur inventory of kimberlites and other strongly silicate undersaturated 

magmas can be explained by sulfide-present carbonated silicate melting in the deep mantle and what fO2 

constrains of the mantle domains can be placed based on that. Finally, our SCSS model is also applied to 

constrain the role of carbonatitic melt generated from subducting, sulfide-bearing crust in extracting 

sulfur. 

 

4.2. Methods 

4.2.1. Starting compositions 

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

(Table 1). The starting composition with lower CO2 (~17 wt.%; hereafter CSL1) is a carbonated silicate 

melt generated in an experiment by Dasgupta et al. (2013) and the one with high CO2 (~31 wt.%; hereafter 

CSL2) is a carbonatitic melt composition generated in the experiment of Sun and Dasgupta (2019). To 

minimize adsorbed water contents, reagent grade SiO2, TiO2, Al2O3, and MgO were fired overnight at 

1000 °C, Fe2O3 at 800 °C, MnO2 at 400 °C, CaCO3 at 250 °C, and K2CO3 and Na2CO3 at 110 °C. After 

drying, all oxides were first mixed, and ground using an agate mortar under ethanol and dried in room 

temperature overnight. Well mixed powders were reduced to log fO2 of ~FMQ-1.5 in a 1atm furnace at 

1000 °C. Then natural dolomite was added to the reduced oxide mix to introduce CO2 and to achieve the 
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desired major element composition of the melt. The natural dolomite was characterized using EPMA and 

its actual composition (Table B1) was used to calculate the final composition of the starting mix.  To study 

the effect of sulfide composition on SCSS of carbonated melts, two separate Fe-Ni-S mixes were prepared. 

Fe, Ni, and S powder was mixed together in required proportion to produce Fe0.5Ni0.5S and Fe0.7Ni0.3S 

compositions. Homogeneous mixtures of carbonated silicate melt mix and the sulfides (FeS or Fe0.5Ni0.5S 

or Fe0.7Ni0.3S) 9:1 mass ratio was used as starting compositions for experiments.  

 

4.2.2. Experimental Technique 

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

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

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

capture the expected depth range beneath oceans and continents where silicate melts of variable degree of 

carbonation are expected to be generated (e.g., Dasgupta et al., 2013; Dasgupta, 2018). Our chosen 

pressure range contrasts the recent study of Woodland et al. (2019), where most experiments were 

conducted at 7.5 to 10 GPa, conditions where generation of carbonated melts is questionable given the 

current knowledge of the average oxygen fugacity as a function of depth (Fig. 1). The half-inch PC 

assembly consisted of BaCO3 pressure medium contained in Pb foil, crushable MgO spacers, and straight-

walled graphite heater, the pressure and temperature calibration of which are detailed in Tsuno and 

Dasgupta (2011). The MA experiments were conducted using a 18 mm MgO-Al2O3-SiO2 Walker-style 

castable assembly, following the calibration reported in Ding et al. (2014).  A Type-C thermocouple 

oriented axially with respect to the heater and located next to the capsule was used to monitor and control 

the temperature for both PC and MA experiments. Pressure and temperature uncertainties are estimated 

to be 0.1 GPa, 10 °C for PC and 0.3 GPa, 10 °C for the MA experiments. Starting materials were loaded 
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into thick-walled (2-2.5 mm) graphite capsules. Most experiments were conducted with a single 

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

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

In all experiments the graphite capsules were placed in the hotspot of the PC and MA assemblies. After 

initial pressurization to the target pressure at room temperature, all experiments were heated to 800 °C at 

a heating rate of 100 °C/min and sintered for 2-4 hours to reduce the porosity in graphite capsule, which 

is known to prevent loss of sulfide-rich melt through graphite (Buono and Walker, 2011; Tsuno and 

Dasgupta, 2015). The experiments were held at the target P-T for 2-24 h. Retrieved graphite capsules were 

mounted in epoxy and ground transversely for containers with multiple holes and longitudinally for single 

hole using 600-1200 grit silicon carbide strip grinders until the top or bottom edges of the sample chambers 

were visible; the subsequent grinding and polishing of the samples were done on dry nylon and velvet 

microcloth using 1–3  μm diamond powders. 

 

4.2.3. Analytical technique 

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

the Rice University for phase identification using energy dispersive spectroscopy (EDS), for textural 

relationship among phases using backscattered electron (BSE) images, and for obtaining major element 

abundances and S content of nominally S-bearing phases using WDS spectroscopy. Analyses were 

performed using a 15 kV, 10 nA electron beam with spot size of 20-40 µm for carbonated and sulfide-rich 

melt pools and focused spot size on residual silicate mineral grains. Primary analytical standards were 

natural basaltic glass (NMNH-113716) (for Na, Si, Mg, Al, K, Mn and S), olivine (for Fe), rutile (for Ti) 

and grossular (for Ca). Smithsonian basaltic glass standards were also used as secondary standard for all 

elements, including S. The S-Ka peak position of the primary standard (NMNH-113716) was compared 
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with monosulfide sphalerite (ZnS) to ensure that the dissolved species in the standard is S2-. The peak of 

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

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

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

standard compares favorably with the previously measured S concentrations of the VG-2 standard by wet-

chemical analysis (1320 ± 50 ppm; Wallace and Carmichael, 1992) and by EPMA in various studies (1420 

± 20 ppm: Wallace and Carmichael, 1992; 1348 ± 62 ppm: Thordarson et al. 1996; 1450 ± 30 ppm: Metrich 

et al., 2002; 1403 ± 30 ppm: O’Neill and Mavrogenes, 2002; 1416 ± 30 ppm: de Hoog et al., 2001; 1414 

± 30 ppm: Liu et al., 2007). To ensure the accuracy of our S analyses and determine how S was dissolved 

in our experimental melts, S-Ka peak position was measured in the quenched melt matrix and was 

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

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

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

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

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

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

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

affected by implanted sulfide debris deposited from polishing of equilibrium sulfide melts. To check this, 

we re-anlayzed a selected number of experiments that were cleaned in an ultrasonic bath under methanol. 

These analyses were performed using 25 kV, 10 nA, 30 µm broad electron beam. The analytical results 

from this protocol showed no systematic variation either in various oxide concentrations or in S compared 

to those obtained following the conditions described above. 
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4.3. Results 

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

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

major element compositions of carbonated melt compositions along with the measured SCSS values. All 

reported melt major element oxide concentrations are on a volatile-free basis. Tables B2, B3, B4, B5 and 

B6 report compositions of sulfide melts and other experimental phases. 

 

4.3.1. Phase assemblages and texture 

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

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

garnet were observed in some of the experiments. The silicate minerals are euhedral to subhedral with 

grain sizes varying from 20-40 µm in average grain dimension. The quenched carbonated melt pools are 

composed of dendritic crystals of carbonates and silicates and numerous submicron sulfide globules, 

which were interpreted as one of the quench phases. The quenched phases in the melt pools were small 

enough to obtain an average composition of the melt with a defocused beam analysis using EPMA, but 

the grain size of the quenched phases increased near the residual silicate minerals and in vicinity of sulfide 

globules, resulting in the melt analyses away from those to get more accurate results. 

 

4.3.2. Assessment of chemical equilibrium 

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

composition at various spots shows no systematic variation. In particular, S content in carbonated melts 

show no gradients across the experimental volume. (2) The olivine-melt Fe2+-Mg KD values for our 

experiments are between 0.34-0.43, similar to the range of 0.29-0.47 previously observed for equilibrium 
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between olivine and carbonated silicate melt (Dasgupta et al., 2007; Hirose, 1997; Mallik and Dasgupta, 

2013). (3) The olivine-orthopyroxene Fe2+-Mg KD values are 0.97-1.06 for our experiments, which are 

similar to the range of 0.88-2.44 observed for olivine-orthopyroxene equilibrium previously (e.g., 

Dasgupta et al., 2007; Hirose, 1997; von Seckendorff and O’Neill, 1993). (4) Diffusivity of sulfur in 

carbonated silicate or carbonatitic melts are not known to our knowledge. However, application of S 

diffusivity model for S2- diffusion in basaltic melt at sulfide saturation (Freda et al., 2005) at our 

experimental conditions, yield values from 1 × 10-11 m2/s to 1.5 × 10-10 m2/s. The application of this 

diffusivity range for our experimental durations suggest that S would diffuse to a length of 1000-3000 

µm. Given the distance of the farthest edge of the melt pool from the sulfide blob in our experimental 

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

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

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

higher (Behrens and Stelling, 2011); this suggests that S2- is expected to diffuse longer lengths in our 

experimental melts than what is conservatively estimated here. 

 

4.3.3. Carbonated melt compositions, experimental oxygen fugacity, and melt S contents 

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

starting material of each experiment depending on the extent of crystallization, thereby allowing us to 

determine SCSS for a range of composition. For experiments with starting mix CSL1Fe and CSL2Fe, 

SiO2 contents are 24-40 wt.% and 9-19 wt.%, respectively and Al2O3 varies from 3 to 7 wt.% and 0.5 to 

1.06 wt.%, respectively. For experiments with these two starting compositions, FeO* contents are 9-14 

wt.% and 9-13 wt.%, MgO contents are 18-24 wt.% and 19-39 wt.%, whereas CaO varies from 23 to 35 

wt.% and 24 to 41 wt.%, respectively. CO2 content, estimated by the difference of 100 wt.% and EPMA 
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analytical total (following Lane and Dalton, 1994), varies from 11 to 40 wt.% for CSL1Fe and from 24 to 

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

for CSL2Fe.  

 With starting composition in which sulfide melts are Ni-bearing, (CSL1Fe0.5 and CSL1Fe0.75), 

SiO2, Al2O3, FeO* contents are, 23-39 wt.%, 3-6.5 wt.%, and 10-16 wt.%. For these experiments, the melt 

MgO and CaO contents are 16-24 wt.% and 21-34 wt.% and the estimated CO2 contents are 13-33 wt.%. 

SCSS is lowered in the presence of Ni-bearing sulfide melts and are in the range of 0.13 to 0.33 wt.%, 

with lower SCSS for higher Ni content in sulfide i.e., for experiments with CSL1Fe0.5. For CSL2Fe0.5 

and CSL2Fe0.7, i.e., the compositions with greater CO2 in the starting carbonated melt and with Ni-

bearing sulfides, SiO2 and Al2O3 contents are generally lower and CO2 contents higher compared to CSL1 

experiments (Table 3); FeO*, MgO, and CaO are, however, lie in a similar range to the experiments with 

CSL1 composition. The measured SCSS values in these experiments that yield the most CO2-rich, silica 

and alumina-poor compositions and also contain Ni-bearing sulfides are in general the lowest with SCSS 

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

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

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

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

calculated logfO2 of the experimental assemblages, which vary between DFMQ of ~-1.9 to ~-3.05. 

Comparison of the computed fO2 values and those expected to be relevant for the sulfide melt-carbonated 

melt coexistence (Fig. 1) suggest that our experiments capture the appropriate P-T-fO2 space relevant for 

carbonated melt-MSS equilibria. 
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At a fixed P-T, SCSS in our experiments increases with increasing melt SiO2 content and decreases 

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

systematically with pressure but increases with temperature (Fig. 5a and b). 

 

4.4. Discussion 

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

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

melts (Woodland et al. 2019). The study of Woodland et al. (2019) reported experiments at 5-10.5 GPa 

and 1400 to 1600 °C and concluded that SCSS of carbonated melts is controlled by FeO* only (other than 

P and T). Previous SCSS experiments were done on nominally CO2-free, sulfide-silicate systems (e.g., 

Holzheid and Grove, 2002; Li and Ripley, 2009; Luhr, 1990; Mavrogenes and O'Neill, 1999; Ding et al., 

2014; Ding et al., 2018), where SCSS decreases with increasing silica. In contrast, we find that in strongly 

carbonated melts, SCSS increases with increasing silica. i.e., with decreasing CO2 content. We combined 

the results from our experiments along with SCSS experiments done on nominally CO2-free silicate 

systems with SiO2 ≤ 50 wt.% because we wanted to take into account the transition of carbonated silicate 

melts to very low-CO2 silicate melts, which takes place during increasing extent of mantle melting. We 

observe that SCSS increases with increasing SiO2 from carbonatitic to carbonated silicate melt, i.e., to 30-

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

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

and Grove, 2000; Ding et al., 2014); however, no obvious pressure dependence of SCSS is observed for 

our carbonated melts. SCSS for carbonated melts, however, does increase with temperature at a given 

pressure and melt composition and decreases with increasing Ni contents in sulfide; these trends are 

similar to those observed in carbonate-free silicate systems (e.g., Smythe et al., 2017; Ding et al., 2018). 
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The FeO* contents of our carbonated melts lie in a relatively narrow range; however, the measured 

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

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

melt was developed by Woodland et al. (2019), but the authors of this study did not see any effect of SiO2 

content or most other melt compositional parameters on SCSS and also did not constrain the effect of 

sulfide melt Ni content  on SCSS. The effect of Ni has been included in the parameterization of Smythe 

et al. (2017) and Ding et al. (2018) for CO2-free silicate melts. These parametrizations predicted SCSS 

with good success in their calibration range but doesn’t capture SCSS over the whole compositional range 

ranging from carbonatite to basalt. Figure 7a shows predicted SCSS from previous models by Smythe et 

al. (2017) and Ding et al. (2018) compared to experimentally determined SCSS from this study as a 

function of silica content. These models for most part significantly over predict our SCSS data; in 

particular, the mismatch between the models and our measured data grow for the lower silica or 

carbonatitic melt compositions, even though they have the Ni effect incorporated in their models. In Figure 

7b we plot our measured SCSS with the predicted SCSS from Woodland et al. (2019) model and it can be 

seen that this model also doesn’t predict most of our experimental SCSS closely because their model is 

strongly dependent on FeO content alone and our experiments show dependence of SCSS on SiO2 as well 

as FeO. The Woodland et al. (2019) also expectedly fails to to predict some experimental data with high 

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

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

composition of equilibrium sulfide melt.  

 

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

4.4.2.1. Thermodynamic consideration and model formulation 
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 Fincham and Richardson (1954) proposed that sulfur at low oxygen fugacities dissolves in silicate 

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

 O2- + ½ S2 = S2- + ½ O2     (1) 

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

saturation. Hence, we can take the O2- concentration to be constant. The equilibrium constant of reaction 

1 will then be written as: 

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

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

the concentration of sulfur, usually in parts per million. Equilibrium between sulfide and silicate melt are 

generally described in terms of the reaction: 

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

For which, at equilibrium we can write: 

ΔG° = -RT ln !!"#
$%&'()".		$%*

+/*

!!"-
$(&(./0".	$&*

+/*    (4) 

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

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

'(°
*+

 = ln !,-./010234- - ln !,-5/61708- - ln 	$.*
+/*

	$5*
+/*  (5) 

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

ln[S]SCSS = '(°
*+

 + ln CS + ln !,-5/61708-- ln !,-./010234-  (6) 

Equation 6, [S]SCSS refers to the sulfur content of the silicate melt at sulfide saturation and !,-./010234- and 

!,-5/61708-	refers to the activities of FeO and FeS components in silicate and sulfide melt, respectively.  

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

on the mole fractions Xi of metal oxide components. 
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ln CS = A0 + Σ	90:0	
+

  (7) 

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

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

coefficient of S in the carbonated melts. 

Replacing CS in Equation 6 we can rewrite: 

ln[S]SCSS = '(°
*+

 + A0 + Σ	90:0	
+

+ ln !,-5/61708-- ln !,-./010234-  (8) 

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

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

 ln[S]SCSS = ;
+
 – 9.656 + 1.02 ln T + B + <	=

+
 + Σ	90:0	

+
+ ln !,-5/61708-- ln !,-./010234-  (9) 

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

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

silicate melts with broadly basaltic or more silica-undersaturated compositions, CO2 is thought to be 

present chiefly as dissolved carbonate anions (CO32-) that bond with silicate network modifier cations such 

as Ca2+, Na+, K+, Mg2+, and Fe2+(Vetere et al., 2014; Moussallam et al., 2016; Duncan et al., 2017; Ghosh 

et al., 2017; Eguchi and Dasgupta, 2018b) Thus although the CO2 content of the melt is inversely 

correlated with the melt SiO2 content (e.g. Dasgupta et al., 2007, 2008; Moussallam et al., 2015; Sun and 

Dasgupta, 2019), the silicate sub-network of the melt becomes more polymerized with increasing CO2 

dissolution (Kushiro, 1975; Moussallam et al., 2016). Therefore, the trend of diminishing SCSS with 

increasing CO2 in the melt may be explained by one of two ways. (1) If CO32- partially complexes with 

Fe2+, that would lead to a decrease in !,-./010234-, which in turn would lower SCSS, following equation (8). 

However, no obvious sign of FeCO3 complex formation in carbonated melt exists (e.g., Eguchi and 

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

those of Mg2+ and alkalis (Mallik and Dasgupta, 2013; Duncan et al., 2017). Therefore, alternatively (2) 
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the drop in SCSS with increasing CO2 dissolution may simply be due to increased polymerization of the 

silicate sub network, a trend similar to those observed for non-carbonated silicate melts, such as going 

from basalts to rhyolites. Irrespective of the exact cause, in order to capture the increase of SCSS with 

increasing silica for carbonated melt, we need to add an additional silica term in Equation (8). Hence the 

updated parametrized form of our equation is: 

ln[S]SCSS = >
+
 – 9.656 + 1.02 ln T + B + ?	=

+
 + Σ	90:0	

+
 + ln #,-5/61708-- ln #,-./010234- + D ln #50.@/010234-    (10) 

where P is in GPa and T is in Kelvin. Xi denotes the mole fraction of all the oxides. #AB&CDE$FGB is measured 

as mole fraction of Fe in sulfide:  

#,-5/61708- =	 ,-
,-HI0H?6

   (11) 

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

previous experimental study that measured SCSS of carbonated silicate melts (Woodland et al., 2019) and 

those which measured SCSS of nominally carbonate-free silicate melts (Ding et al., 2018; Smythe et al., 

2017 and references within that has experiments with SiO2 content up to 50 wt.%). Experimental melt 

compositions with FeO* content >5 wt.% were chosen from Woodland et al. (2019) because melts <5 

wt.% FeO* had experienced significant Fe-loss. Silica content of less than or equal to 50 wt.% is chosen 

to get a full spectrum of melt composition from carbonatitic to basaltic. A total of 243 sulfide saturated 

natural silicate and carbonated compositions (47 were carbonated compositions) were used, which span 

the composition range in terms of SiO2 content of ~7-50 wt.%. Ni in sulfide varied from 0 to 58 wt.% in 

(Fe-Ni-Cu)S, while Cu varied from 0-15 wt.%. Pressure and temperature range of our calibrated dataset 

varies from 1 bar- 10.5 GPa and 1150-1800 °C. Based on multi-variate regression, the values of each 

parameters A to E and their standard deviations are reported in Table 3. Figure 8 shows a comparison 

between the calculated ln SCSS and the experimentally measured ln SCSS where it can be seen that nearly 

all the data falls within the 10% error range and the fit has an r2 of 0.89. Blue squares in figure 8 indicates 
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experiments (marked ‘*’ in Table 2 and 3) that were used to test the SCSS parameterization but not 

included to develop the calibration. Comparison of our new parameterization (Fig. 8) with that from 

Woodland et al. (2019; Fig. 2 and Fig. 7b) demonstrates significant improvement in predicting SCSS of 

silicate melts with variable degree of carbonation achieved in our study. Comparison of our model with 

two recent models (Smythe et al., 2017; Ding et al., 2018) shows that the agreement is mostly within 10% 

relative error, suggesting that our calibrated model is not only applicable for carbonated melts but also for 

mafic melts with silica content up to 50 wt.% (Figure, B1). 

 

4.4.2.2 Effects of temperature and silica content on SCSS  

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

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

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

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

of carbonation, i.e., mixing Ca-Mg-Fe carbonate to the composition of a kimberlite (Hoal, 2003) and a N-

MORB (Gale et al., 2013) in a proportion that maintains the Ca:Mg:Fe ratio in the original melt, changes 

their SCSS at 1450 °C and 4 GPa. The compositions of the kimberlite and N-MORB are given in Table 

B7. The base kimberlitic melt has higher SCSS compared to that of the N-MORB because of having lower 

silica and alumina and higher FeO*. However, it can be seen from Figure 8B that with decreasing silica 

at a constant P-T, the modeled SCSS first increases and then decreases for both the chosen kimberlite and 

N-MORB composition. We hypothesize that with increasing carbonate content initially, because of a 

decrease in silica and alumina and an increase in FeO*, the SCSS first increases. After some critical 

dissolved carbonate content is reached in the melt, the silicate subnetwork gets much more polymerized, 

which overtakes the effect of a drop-in silica and alumina and the SCSS drops with a decrease in silica. It 
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is also possible that with a high dissolved carbonate content, some of dissolved CO32- complexes with 

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

 

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

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

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

peridotites and the first melt that is produced above the solidus of this lithology at depths of around 330 

km is carbonatitic in nature (Dasgupta and Hirschmann, 2006). As the mantle upwells to shallower depths 

the melt composition changes from carbonatitic to carbonated silicate (Dasgupta and Hirschmann, 2006; 

Dasgupta, 2018) and finally at the ridge it’s a basalt. The extraction of these very low degree carbonatitic 

to carbonated silicate melts from deep within the oceanic mantle produces an abundant source of 

metasomatic fluids and the mantle residue gets depleted in highly incompatible elements. Sulfur, along 

with other incompatible elements, can get mobilized by these low degree melts. In Figure 10a we can see 

how the SCSS of low-degree carbonatitic to carbonated silicate melts evolves as a function of depth 

following a mantle adiabat for mantle potential temperature of 1400 °C. SCSS increases as the equilibrium 

melt evolves from carbonatitic at deeper depths to carbonated silicate at shallower depths. To understand 

how much S from the source can be extracted by these low degree carbonatitic and carbonated silicate 

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

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

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

then multiplied with F to get how much S can be depleted from the source by these low degree melts. 

Figure 9b shows that 8-15% of the initial 150-250 ppm S (Ding and Dasgupta, 2017; McDonough and 
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Sun, 1995) in the source is depleted as the melt evolves from carbonatitic to carbonated silicate before the 

onset of volatile free melting beneath the mid-oceanic ridges. 

 

4.4.4. Sulfur mobilization from sulfide-bearing sub-continental lithospheric mantle via carbonated melts 

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

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

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

al., 2018). Following the geotherm of surface heat flux 50 to 40 mW/m2, ~0.01 to 0.13 wt.% carbonatitic 

melt (40 wt.% CO2) can be produced anywhere between 100 and 160 km for a peridotite with source CO2 

content of 50-500 ppm (Dasgupta, 2018). With melt composition evolving as a function of depth along 

the geotherms from a carbonatitic to a carbonated silicate melt with 20 wt.% CO2 for a similar source CO2 

range, the melt fraction would increase to 0.02-0.25 wt.%. Fig. 10 shows how SCSS of equilibrium 

carbonated melts vary with depth along the two chosen continental geotherms calculated from the 

carbonated-peridotite solidus with 100 ppm CO2 at shallower pressure to the convective mantle adiabat of 

TP ~ 1350 °C at deeper pressure taken from Fig. 2 of Dasgupta (2018). At deeper depths along both the 

geotherms, the SCSS is higher compared to those at shallower depths as melt composition gets depleted 

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

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

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

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

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

be mobilized. However, although SCSS increases, owing to small extent of melting, sulfur extraction even 

via kimberlitic melt remains limited. Because equilibrium melt composition evolves from kimberlitic to 
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carbonatitic with decreasing depth in the SCLM, immiscible sulfide melt is expected to exsolve from any 

deeply derived carbonated silicate melt that has higher SCSS. The percentage of S as monosulfide solid 

solution (MSS) that will be precipitated during this reactive cooling process that leads to a decrease in 

melt mass as well as a change in melt composition is shown in Fig. 11. This process can therefore result 

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

(Jackson and Gibson, 2017). 

 

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

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

kimberlite bulk sulfur data, whole rock kimberlite analyses from Kimberley, South Africa (Muramatsu, 

1983) and Udachnaya, Siberia, Russia (Abersteiner et al., 2018) were used. Kimberlitic melt inclusion 

analysis in olivine megacrysts from Monastery, South Africa was taken from Howarth and Buttner (2019) 

to compare with SCSS. Fig. 12 shows the S contents of the kimberlites from these two localities plotted 

as a function of their SiO2 content. The SCSS range of these rocks, plotted as rectangular bands, are 

calculated using our new parameterization for a P-T range of 3-8 GPa and 1000-1400 °C, pertinent for 

kimberlite formation beneath cratonic lithosphere depending on the source water content (Dasgupta, 

2018). We find that the estimated SCSS values are similar to the bulk S contents of natural kimberlites 

and kimberlitic melt inclusions. This suggests that the kimberlite S abundance can be explained by sulfide-

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

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

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

djerfisherite (K6(Fe,Ni,Cu)25S26Cl) in polymineralic inclusions which can indicate carbonated melting in 

the presence of sulfide. However, locally more oxidized zones and/or SO42- being a dissolved equilibrium 
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species cannot be ruled out because the same data can also be produced if sulfate-undersaturated 

carbonated silicate melt is parental to natural kimberlites. In fact high bulk S abundance in some 

carbonate-silicate high-density fluid microinclusions in cuboid diamonds from Internationalnaya 

kimberlite pipe, Yakutia, Russia (Zedgenizov et al., 2009) and presence of sulfates in olivine and Cr-spinel 

hosted melt inclusions from Koala kimberlite, Canada (Kamenetsky et al., 2013) may be indicative of 

dissolved sulfate species primary kimberlitic melts. With dissolved sulfate species having an expanded 

stability over sulfide in low-silica melts, carbonated silicate melts could have even greater carrying 

capacity of S and can transport through a depleted cratonic mantle as long as the melts remain oxidized 

(Woodland et al., 2019). 

 

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

carbonatitic melt 

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

in the subducting slab, in the altered oceanic basalt, can be mobilized by the extraction of deep carbonatitic 

melt. The SCSS of the carbonatitic melt derived from the slab is calculated for 7-10 GPa and 1200 to 1300 

°C (Thomson et al., 2016), varies from 200 to 350 ppm. The carbonatitic to carbonated silicate melt 

compositions are taken from Thomson et al. (2016) and are given in Table B8. Assuming 500 ppm as the 

initial abundance of S in the altered, subducting oceanic crust (Alt and Shanks, 2011), these low degrees 

of carbonatite to carbonated silicate melt (0.01-0.1wt.%) can only strip off 2% of the S from the subducting 

slab. Hence, these melts are not efficient enough to destabilize residual sulfide from the downgoing 

oceanic crust. 

 

4.5. Concluding Remarks 
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 We have experimentally determined the SCSS of carbonatitic and carbonated silicate melts under 

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

carbonatitic to carbonated silicate melts, i.e., with increasing silica of ~7 to ~39 wt.% and then decreases 

with further increase in SiO2 (at basaltic compositions). A new SCSS parameterization involving 

carbonatite, carbonated silicate melt, and basaltic melt is developed. On applying our parametrization to 

natural systems, for source CO2 content of 200 ppm and therefore extraction of up to ~1 wt.% melt below 

the volatile-free peridotite solidus, 8-15% depletion in the original source S content is expected beneath 

mid-ocean ridges. In continental mantle, deep kimberlitic melt can act as an agent to mildly enrich the 

shallow mantle in sulfides as it evolves to a carbonatitic melt upon reactive cooling. Comparison of 

calculated SCSS for natural kimberlitic parental melts based on our parameterization with natural 

kimberlite whole rock or melt inclusion S data suggests that kimberlites could possibly derive from 

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

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

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

incipient carbonatitic melt does not add a significant filter to deep subduction of sulfide. 
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Figure 4-1: Pressure vs fO2 space showing the field over which carbonated melts may coexist with sulfide 
(MSS-Monosulfide solid solution) or would have sulfur dissolved chiefly as S2-. EMOG/D is the 
graphite/diamond transition to carbonate. CMG/D curves indicate the lowest fO2 for a peridotitic 
assemblage that can stabilize a carbonated melt with 1 wt.% (solid line), 10 wt.% (dotted line), and 50 
wt.% (short dashed line) dissolved carbonate (Stagno et al., 2013). The gradational shaded region 
demarcates the field where mantle sulfide (MSS) and carbonated melt phase can co-exist. Darker shaded 
region towards higher fO2s are more plausible in the mantle than the lighter shade. The plot also marks 
the sulfide to sulfate transition (SST) in basaltic melts and mantle assemblages. Also shown for 
comparison, are the fO2 recorded in peridotitic and eclogitic mantle xenoliths. The arrows denote that the 
SST can shift towards lower fO2 values depending on the composition where lowering of !50.@	in the melt 
tends to shift the boundary towards lesser fO2 values (Masotta and Keppler, 2015). The SST line was taken 
from Botcharnikov et al. (2011), Jégo and Dasgupta (2014), and Matjuschkin et al. (2016). The field 
marked by a dash-dot line marks the experimental fO2 range explored in this study. 
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Figure 4-2: Measured versus predicted ln SCSS (in ppm) based on the recent experiments and model of 
Woodland et al. (2019) developed for carbonated melts. The plot show that there remains significant 
uncertainty in both the SCSS data and the predictive model of this study. The x-axis errors are 1s 
uncertainties on measured SCSS, whereas, the errors on y-axis are the maximum and minimum bounds of 
the predicted SCSS based on the Woodland et al. (2019) parameterization.  
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Figure 4-3: Phase assemblage and texture of the experiments: (a) A full capsule showing the sulfide blobs 
and the quenched melt for an experiment polished transversely. The quenched melts and sulfide melt blobs 
were analyzed with a 20-40 µm beam in EPMA. (b) A full capsule showing quenched melt, sulfide melt 
blobs, and mineral silicates at the bottom portion of the capsule, polished longitudinally. (c) A zoomed in 
view of (b) showing quenched carbonated melt and sub-micron sulfide particles, which are interpreted as 
quenched sulfides that were dissolved in the melt at experimental condition.  
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Figure 4-4: SCSS as a function of (a) SiO2 and (b) Ni content in sulfide from our experiments. The plot 
shows that SCSS increases with increasing SiO2 in a carbonated-silicate system which is the opposite 
effect that we see in a silicate system. Also, SCSS decreases with increasing Ni content in sulfide similarly 
to what we see in a silicate system. 
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Figure 4-5: SCSS as a function of (a) pressure (P) and (b) temperature (T). SCSS doesn’t change  
with P, unlike in silicate system where it decreases with increasing P. But similar to a silicate  
system SCSS increases with T in a carbonated-silicate melt. 
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Figure 4-6: Comparison of SCSS from our studies with previous experiments as a function of (a)  
SiO2 and (b) FeO. SCSS increases with SiO2 and after reaching a maximum, start to decrease when the 
melt composition is basaltic. With FeO, SCSS decreases to a minimum at 5 wt.% and thereafter increases 
with increasing FeO. The previous data are from Ding et al. (2018), Smythe et al. (2017) and references 
within, Shatskiy et al. (2017) and Woodland et al. (2019). 
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Figure 4-7: (a) Experimentally determined SCSS from this study compared with previous SCSS 
models from Smythe et al. (2017) and Ding et al. (2018). These previous SCSS models were calibrated 
for silicate systems without dissolved CO2 so they can predict some SCSS near the basaltic composition 
correctly but fails to predict SCSS for CO2-rich melts. (b) Measured vs predicted SCSS (in ppm) based 
on the model of Woodland et al. (2019), applied to both the data set of Woodland et al. (2019) and this 
study. This model, developed exclusively for carbonated melts, also mostly underestimates our SCSS data. 
For panel (b), the x-axis errors are 1s uncertainties on measured SCSS, whereas, the errors on y-axis are 
the maximum and minimum bounds of the predicted SCSS based on the Woodland et al. (2019) 
parameterization. 
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Figure 4-8: Measured versus predicted SCSS, testing the reliability of the parameterization developed in 
this study and used to determine the constant and coefficients of equation 10. The previous data are from 
Smythe et al. (2017) and refernces there in that has experiments with SiO2 up to 50 wt.%, and additional 
data from Ding et al. (2018) and Woodland et al. (2019). SCSS data from Woodland et al. (2019) was 
taken for melt compositions only with FeO content >5 wt.% and are plotted as pink circles. Blue squares 
are SCSS experiments that were not included in the calibration but were used to the SCSS 
parameterization. Dashed line indicates 10% error bound in ppm ln SCSS in melt. 
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Figure 4-9: Modeled variation of SCSS as a function of (a) SiO2 at 4 GPa, 1450 °C for equilibrium 
between an immiscible FeS liquid and two starting melt compositions: N-MORB (Gale et al., 2013) and 
a kimberlite (Hoal, 2003). Both melts were varied in composition by the addition of (Ca-Mg-Fe) carbonate 
in a proportion in which they were present in the starting composition of N-MORB and kimberlite.  (b) 
Modeled variation of SCSS as a function of T at 3 GPa for equilibrium of a pure FeS liquid with three 
different melt compositions with increasing silica. The rate of SCSS increase with T is more for carbonated 
silicate melts with higher silica contents than for carbonatitic melts, i.e., melts with lower silica contents. 
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Figure 4-10: (a) SCSS of low degree carbonatitic to carbonated silicate melts following a 1400 °C mantle 
adiabat with decreasing depth. SCSS increases as the melt evolves from carbonatitic at deeper depths to 
carbonated silicate at shallower depths. (b) % of S depletion from the source with decreasing depth. 8-
15% of the initial 150-250 ppm S in the source is depleted as the melt evolves from carbonatitic to 
carbonated silicate before the onset of volatile free melting beneath the MORB. 
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Figure 4-11: SCSS (top x-axis) as a function of depth along continental geotherms with surface heat flux 
of 50 mW/m2 (square symbols connected with a black line) and 40 mW/m2 (circles connected with a red 
line). The color bar indicates the SiO2 content of the melt composition at each depth for which SCSS was 
calculated using the parameterization of this study. Along both geotherms, the shallower melt is 
carbonatitic (at the carbonated peridotite solidus with 100 ppm CO2; Dasgupta, 2018) which has low SCSS 
compared to a kimberlitic carbonated silicate melt at greater depths (convective mantle adiabat of TP ~ 
1350 °C). The black and red lines without the square and circle represent percentage of excess sulfide 
(lower x-axis) expected to precipitate as monosulfide solid solution (MSS) with decreasing depth for 
continental geotherms of 50 mW/m2 and 40 mW/m2, respectively as deep kimberlitic melt evolves to 
carbonatitic melt via reactive crystallization. 
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Figure 4-12: S content of kimberlite whole rocks and melt inclusions from Kimberley, South Africa, 
Udachnaya, Siberia, Russia and Monastery, South Africa plotted as a function of SiO2 (wt.%). The range 
of SCSS of each whole rock or melt inclusion major element composition calculated using our 
parameterization for a P-T range of 3-8 GPa and 1000 to 1400 °C are plotted as rectangular bands. The 
kimberlite whole rock for Kimberley (Muramatsu, 1983) and Udachnaya (Abersteiner et al., 2018) are 
marked in pink and green circles, respectively. The Monastery melt inclusion data is from Howarth and 
Buttner (2019) and are plotted as yellow circles. The P-T range for possible kimberlite formation beneath 
cratonic lithosphere is taken from Dasgupta (2018). The figure shows that whole rock kimberlites and 
melt inclusions from Kimberley, Udachnaya, and Monastery could originate from sulfide saturated mantle 
melting and there is no clear evidence that S dissolution as SO42- is necessary. The sulfide composition in 
equilibrium with mantle has XFe = 0.8 (Zhang et al., 2018) and is used in our SCSS calculations.  
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Table 4-1: Starting compositions used in this study 

 
CSL1 

 
CSL2 

SiO2 29.87 
 

15.25 

TiO2 1.33 
 

0.70 

Al2O3 4.98 
 

0.51 

FeO* 9.96 
 

4.81 

MnO 0.25 
 

0.14 

MgO 19.08 
 

26.16 

CaO 16.59 
 

18.11 

Na2O 0.91 
 

2.35 

K2O 0.03 
 

0.32 

CO2 17.01 
 

31.64 

Sum 100.00 
 

100.00 

    

 
FeS Fe0.5S Fe0.7S 

Fe 63.53 32.00 44.00 

Ni 0.00 33.00 21.00 

S 36.47 35.00 35.00 

XFe 1.00 0.49 0.68 

 

CSL1 is a carbonated silicate melt composition from Dasgupta et al. (2013), whereas CSL2 is a more CO2-

rich melt from Sun and Dasgupta (2019). Both CSL1 and CSL2 were mixed with FeS, Fe0.5S, and Fe0.7S, 

in 9:1 mass ratio to produce the six starting compositions CSL1FeS, CSL1Fe0.5S, CSL1Fe0.7S, 

CSL2FeS, CSL2Fe0.5S and CSL2Fe0.7S. 
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Table 4-2: Experimental conditions and obtained phase assemblages 

Run No. Starting Mix P (GPa) T ( °C) t (h)b fO2 (ΔFMQ)c phase assemblagea 

G558 CSL1FeS 2.5 1350 22 -1.91 gt+cpx+qm+sb 

G556 CSL1FeS 2.5 1400 24 -2.26 ol+qm+sb 

G553 CSL1FeS 2.5 1450 22.5 -2.33 ol+qm+sb 

G555 CSL1FeS 2.5 1500 23 -2.38 qm+sb 

G559 CSL1FeS 3 1350 24 -2.12 ol+cpx+gt+qm+sb 

G557 CSL1FeS 3 1400 23 -2.17 ol+cpx+gt+qm+sb 

G544 CSL1FeS 3 1450 24 -2.29 ol+cpx+opx+gt+qm+sb 

G631a* CSL1FeS 3 1500 24 -2.15 ol+cpx+opx+qm+sb 

G548 CSL1FeS 3 1500 23 -2.36 ol+cpx+opx+qm+sb 

G551 CSL1FeS 3 1550 22.5 -2.14 ol+qm+sb 

G552 CSL1FeS 3 1600 24 -2.49 qm+sb 

B476a* CSL1FeS 3 1600 4 -2.06 qm+sb 

G543 CSL1FeS 3 1650 3 -2.64 qm+sb 

MA220 CSL1FeS 4 1450 24 -2.71 ol+cpx+opx+gt+qm+sb 

MA223 CSL1FeS 5 1450 24 -2.65 ol+cpx+opx+gt+qm+sb 

G561c CSL2FeS 3 1400 24 -2.02 qm+sb 

G562c CSL2FeS 3 1500 23.5 -2.11 qm+sb 

G631b* CSL2FeS 3 1500 24 -2.38 qm+sb 

B476b* CSL2FeS 3 1600 4 -2.05 qm+sb 

G566c CSL2FeS 3 1650 2.5 -2.30 qm+sb 

MA230 CSL2FeS 4 1650 3 -2.56 qm+sb 

MA231 CSL2FeS 5 1650 2.5 -2.78 qm+sb 

MA228b CSL2FeS 6 1650 2.5 -2.80 qm+sb 

G561a CSL1Fe0.5S 3 1400 24 -2.16 qm+sb 

G562b CSL1Fe0.5S 3 1500 25 -2.17 qm+sb 

G566a CSL1Fe0.5S 3 1650 1.5 -2.57 qm+sb 

MA228a CSL1Fe0.5S 6 1450 23 -3.05 qm+sb 

G561b CSL2Fe0.5S 3 1400 23 -1.99 qm+sb 

G562a CSL2Fe0.5S 3 1500 23.5 -2.11 qm+sb 

G566b CSL2Fe0.5S 3 1650 2.5 -2.31 qm+sb 

MA228c CSL2Fe0.5S 6 1450 24 -2.67 qm+sb 

G587a CSL1Fe0.7S 3 1650 3 -2.67 qm+sb 

G587b CSL2Fe0.7S 3 1650 3 -2.33 qm+sb 

 

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

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

reduce the porosity of the graphite capsules and prevent leakage of silicate and sulfide melts. 
c Calculated using Stagno and Frost (2010). 

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

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

in the order of increasing pressure and temperature. 
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Table 4-3: Major element composition of experimental quenched melts (in wt.%). 

 
n SiO2 TiO2 Al2O3 FeO* MnO MgO CaO K2O Na2O S totala CO2b 

Pure FeS bearing experiments 
           

G558 32 23.97 2.04 3.65 12.98 0.78 20.61 33.65 0.85 1.21 0.26 100.00 32.97 

1σ 
 

1.02 0.20 0.28 0.66 0.04 0.67 0.73 0.03 0.17 0.03 
  

G556 40 31.72 1.07 7.54 11.93 0.64 19.67 24.97 0.05 2.03 0.38 100.00 15.74 

1σ 
 

1.16 0.10 0.44 0.67 0.04 0.50 0.72 0.02 0.18 0.02 
  

G553 30 34.75 1.13 7.87 11.80 0.68 19.14 22.87 0.09 1.33 0.34 100.00 15.11 

1σ 
 

2.53 0.16 0.74 1.23 0.06 0.78 1.29 0.03 0.29 0.05 
  

G555 25 33.05 1.65 5.14 12.06 0.55 22.37 23.65 0.11 0.95 0.47 100.00 15.21 

1σ 
 

0.91 0.10 0.32 0.38 0.04 0.51 0.61 0.02 0.16 0.07 
  

G559 29 25.77 2.41 3.60 12.87 0.71 22.31 30.41 0.21 1.40 0.31 100.00 25.71 

1σ 
 

1.72 0.20 0.31 1.22 0.05 1.17 0.92 0.03 0.34 0.07 
  

G557 40 29.77 1.31 4.78 13.45 0.87 19.24 26.54 0.22 3.41 0.41 100.00 24.98 

1σ 
 

3.17 0.44 0.46 1.84 0.07 0.97 1.60 0.12 1.91 0.06 
  

G544 22 28.41 1.71 4.71 11.94 0.61 23.17 28.30 0.07 0.77 0.31 100.00 21.44 

1σ 
 

1.79 0.29 0.62 1.35 0.05 1.21 1.19 0.03 0.26 0.08 
  

G631a* 28 32.14 1.87 2.66 10.25 0.54 25.64 25.24 0.04 1.34 0.28 100.00 22.14 

1σ 
 

1.88 0.47 0.88 1.14 0.03 1.06 0.97 0.01 0.21 0.04 
  

G548 39 29.86 1.96 3.28 13.11 0.44 23.67 26.44 0.11 0.91 0.22 100.00 20.43 

1σ 
 

2.30 0.27 0.51 1.16 0.04 0.91 1.24 0.05 0.28 0.08 
  

G551 33 32.76 1.11 6.84 11.31 0.34 21.47 24.67 0.07 1.07 0.36 100.00 38.11 

1σ 
 

0.56 0.08 0.22 0.33 0.03 0.49 0.76 0.02 0.13 0.06 
  

G552 21 32.06 1.49 6.21 10.47 0.64 20.68 26.97 0.06 0.95 0.47 100.00 17.88 

1σ 
 

1.03 0.07 0.24 0.65 0.03 1.84 0.00 0.00 0.33 0.08 
  

B476a* 25 28.44 1.87 3.59 9.68 0.74 26.62 27.14 0.07 1.54 0.31 100.00 20.38 

1σ 
 

1.43 0.26 0.71 0.92 0.06 1.24 1.05 0.01 0.37 0.06 
  

G543 27 39.38 2.09 3.67 9.82 0.31 17.92 25.16 0.07 1.14 0.44 100.00 13.68 

1σ 
 

1.02 0.20 0.28 0.66 0.04 0.67 0.73 0.03 0.17 0.06 
  

MA220 19 37.51 1.59 6.31 11.87 0.68 22.41 18.24 0.07 0.98 0.34 100.00 11.89 
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1σ 
 

2.83 0.10 0.50 0.58 0.05 0.32 0.83 0.03 0.17 0.02 
  

MA223 33 30.14 2.05 3.61 12.41 0.61 23.11 25.64 0.17 1.92 0.34 100.00 21.87 

1σ 
 

0.17 0.07 0.08 0.38 0.04 0.22 0.23 0.05 0.07 0.02 
  

G561c 31 14.12 0.88 1.67 9.54 0.71 29.44 39.87 0.61 2.94 0.22 100.00 37.98 

1σ 
 

1.46 0.29 0.62 1.35 0.05 1.21 1.19 0.03 0.26 0.02 
  

G562c 18 9.34 1.31 1.44 11.41 0.99 30.74 39.88 0.66 4.02 0.21 100.00 38.77 

1σ 
 

1.68 0.25 0.12 1.07 0.07 0.89 2.16 0.11 1.07 0.04 
  

G631b* 31 15.27 1.14 1.18 11.22 0.87 31.44 34.21 0.57 3.88 0.22 100.00 34.77 

1σ 
 

0.84 0.21 0.39 0.85 0.06 1.38 1.14 0.11 0.47 0.08 
  

B476b* 25 17.22 1.47 1.66 10.44 0.68 32.17 31.68 0.38 4.10 0.20 100.00 33.68 

1σ 
 

1.17 0.47 0.25 0.97 0.08 1.47 1.31 0.04 0.82 0.07 
  

G566c 24 18.11 1.06 0.77 11.49 0.74 35.27 28.39 0.44 3.40 0.33 100.00 32.77 

1σ 
 

1.75 0.25 0.11 0.70 0.03 2.54 1.96 0.13 0.76 0.04 
  

MA230 28 18.81 0.44 0.55 11.17 0.61 39.55 24.51 0.77 3.25 0.34 100.00 26.37 

1σ 
 

2.04 0.10 0.07 0.55 0.05 2.01 1.71 0.04 0.52 0.08 
  

MA231 15 19.66 0.47 0.78 11.87 0.74 38.15 24.12 0.82 3.06 0.33 100.00 23.17 

1σ 
 

1.38 0.09 0.07 0.69 0.04 2.82 2.59 0.08 0.32 0.06 
  

MA228b 24 16.24 1.47 0.99 13.17 0.87 31.47 32.24 0.38 2.87 0.30 100.00 32.17 

1σ 
 

1.30 0.34 0.21 0.63 0.04 1.08 0.85 0.06 0.51 0.03 
  

(Fe-Ni) S bearing experiments 
           

G561a 31 23.57 1.84 3.55 11.42 0.71 23.95 33.54 0.27 1.00 0.15 100.00 26.49 

1σ 
 

4.20 0.20 0.89 0.82 0.08 1.17 1.08 0.05 0.73 0.04 
  

G562b 21 32.49 1.44 4.17 12.44 0.58 16.77 30.80 0.05 1.04 0.22 100.00 31.44 

1σ 
 

0.13 0.06 0.07 0.29 0.04 0.27 0.20 0.02 0.03 0.05 
  

G566a 37 34.88 1.44 6.74 9.14 0.48 23.87 22.04 0.09 1.10 0.22 100.00 16.07 

1σ 
 

0.89 0.09 0.20 0.23 0.04 0.38 0.30 0.02 0.23 0.08 
  

MA228a 27 39.16 1.14 4.67 10.47 0.32 22.14 20.74 0.03 1.21 0.12 100.00 12.98 

1σ 
 

1.86 0.12 1.97 1.00 0.07 0.81 2.14 0.01 0.34 0.04 
  

G561b 25 7.66 1.19 0.55 8.26 0.73 27.39 48.97 0.51 4.59 0.15 100.00 40.80 

1σ 
 

0.62 0.33 0.11 0.98 0.05 0.81 2.09 0.10 0.95 0.02 
  

G562a 33 11.07 1.44 0.94 11.28 0.74 30.74 39.14 0.61 3.91 0.13 100.00 38.14 
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1σ 
 

1.82 0.30 0.14 1.37 0.06 1.55 2.64 0.12 0.97 0.04 
  

G566b 29 21.03 0.74 0.59 10.35 0.71 36.93 25.17 0.54 3.81 0.13 100.00 31.98 

1σ 
 

1.41 0.16 0.18 0.33 0.03 2.33 1.70 0.06 0.65 0.02 
  

MA228c 19 15.78 0.92 1.44 10.62 0.74 36.87 29.54 0.14 3.83 0.12 100.00 34.76 

1σ 
 

1.87 0.23 0.24 0.42 0.05 1.28 0.91 0.02 0.53 0.04 
  

G587a 28 33.81 1.14 6.74 14.97 0.46 21.09 20.21 0.09 1.18 0.31 100.00 12.44 

1σ 
 

1.23 0.12 0.17 0.33 0.02 1.99 1.43 0.05 0.45 0.02 
  

G587b 31 18.06 0.44 0.96 16.85 0.44 33.12 27.66 0.24 2.05 0.18 100.00 30.28 

1σ   1.00 0.04 0.13 1.22 0.03 2.09 1.45 0.08 0.59 0.03     

 

a Total is recalculated on a volatile free basis. 
b CO2 content based on deficit of analytical sum from 100 wt.%. 

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

FeO* indicates that all Fe was analyzed as FeO. 

* Experiments that were used to test the SCSS parameterization
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Table 4-4: Coefficients of regression for SCSS parametrization 

Parameters Coefficients 1 s 

E 54655.00 707.12 

B 10.33 0.07 

C -242.89 1.34 

ASi -63648.33 36.67 

ATi -51370.51 59.34 

AAl -64199.98 81.32 

AMg -56795.32 82.02 

ACa -54628.18 87.68 

AFe -34244.92 78.78 

ANa -41264.20 15.66 

AK -95982.23 66.35 

AH -59751.73 78.49 

ASi-Fe 1.13 0.02 

D 1.26 0.03 
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Chapter 5 

 
Partitioning of chalcophile and Highly Siderophile Elements 

(HSEs) between sulfide and carbonated melts – Implications for 

HSE systematics of kimberlites and carbonatites 

 

Highly Siderophile Elements (HSEs; Os, Ru, Ir, Rh, Pt, Pd, Au and Re) combined with their 

isotopic systematics (Re-Os and Pt-Os) are powerful tools to track evolution and genesis of mantle derived 

magmas. Given sulfides (accessory mineral sulfide phases, molten sulfides) are the chief hosts of HSEs 

in the mantle and low-degree carbonated melts are stable over the largest mantle volume, partitioning of 

HSEs between sulfide and carbonated melt must play a critical role in distributing HSEs between the 

mantle and crustal reservoirs. Although, partitioning of HSEs and chalcophile elements between sulfide 

melt and silicate melt is extensively studied, partitioning of these elements between sulfide melt and 

carbonated melts have not received much attention. Here we experimentally determine the partitioning of 

HSEs and chalcophile elements (Ni, Co, Mo, Os, Ru, Pd, Pt and Re) between (i) sulfide melt and 

carbonated silicate melt (CO2~17 wt.%] and (ii) sulfide melt and carbonatite (CO2~ >30 wt. %) at a 

pressure (P) of 3 GPa and temperatures (T) of 1300-1600 °C in graphite capsules. All experiments 

produced quenched Fe-sulfide melt blobs + carbonated silicate melt matrix. Concentrations of major 
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elements were measured using electron microprobe and HSEs and chalcophile elements are measured 

using LA-ICP-MS. We find that all the elements measured are compatible in the sulfide melt to varying 

degrees and their Dsulfide/carb. melt sequence is Mo < Co < Ni < Re < Pt ≤ Pd < Ru ≤ Os. Calculating bulk D 

(!") for carbonated peridotite using our experimentally measured D values, we model the HSE contents of 

mantle derived low-degree partial melts using batch melting equation and compare the primitive mantle 

normalized HSE patterns of our model with natural kimberlites and carbonatites showing modification of 

their HSE contents by assimilation during ascent. We also calculate proportions of sub-continental 

lithospheric mantle (SCLM) xenolith detritus in the natural kimberlite and carbonatite samples from 

Finland, South Africa, Canada, and North China by using mass balance calculations based on Ru 

concentration in the primary carbonated melt and the SCLM xenolith. Our calculations show that detritus 

proportion in natural kimberlites are 2-28% for Finland, 25-40% for South Africa, and 6-16% for Canada 

and our estimates are comparable to modelled calculations by previous studies using various other proxies. 

 

Keywords: Highly Siderophile Elements (HSE); carbonatite; kimberlite; partition coefficients; SCLM 

xenoliths   
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5.1. Introduction 

 Sulfur (S) is one of the crucial multi-valent volatile elements on Earth. The deep Earth sulfur 

reservoir is controlled by melting-induced extraction and degassing of sulfur at plate boundaries (e.g. 

Wallace and Edmonds, 2011; Ding and Dasgupta, 2017), convergent boundaries (e.g. Alt et al., 1993; 

Chowdhury and Dasgupta, 2019; Li et al., 2020), intraplate ocean islands (e.g. Brounce et al., 2017; Ding 

and Dasgupta, 2018; Moussallam et al., 2019) and subduction of sulfides or sulfates back to deep Earth 

(Canil and Fellows, 2017; Jégo and Dasgupta, 2014, 2013b; Andrew G Tomkins and Evans, 2015; Walters 

et al., 2020). In the deep mantle, sulfur is chiefly stored as accessory sulfide phases, solid or molten sulfide 

solutions (e.g. Harvey et al., 2016). The sulfides are the major host of chalcophile elements (Cu, Ni, Co, 

Mo etc.), Platinum Group Elements (PGEs - Os, Ir, Ru, Rh, Pt and Pd), and Highly Siderophile Elements 

(HSEs - PGEs, Re and Au). The strong partitioning of these elements into sulfides and metallic phases co-

existing with silicates and carbonated melts have made HSE geochemistry, combined with Re-Os and Pt-

Os isotope systematics, a powerful tool to trace formation and evolution of mantle derived rocks such as 

mid-ocean ridge basalts (MORB - Rehkämper et al., 1999; Bézos et al., 2005), ocean island basalts (Day, 

2013; Day et al., 2010), ocean island alkaline basalts (Day, 2013; Gannoun et al., 2015), komatiites 

(Puchtel and Humayun, 2001), kimberlites (Maier et al., 2017) and carbonatites (Ackerman et al., 2019; 

He et al., 2020). Along with being very important geochemical tracers, HSEs also has huge industrial 

demands and is a highly prized asset (Brenan, 2008). Also, fractionation of bulk HSEs during partial 

melting of the mantle through Earth’s history leads to highly variable distribution of these elements in 

mantle and crustal reservoirs (Barnes et al., 1985; Mondal, 2011). Hence, HSE systematics of mantle 

derived melts is a crucial parameter in understanding how HSE concentrations vary in different reservoirs 

and as a function of different melt compositions. 
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 Because HSEs and chalcophile elements are mostly concentrated in the sulfide phases in the 

mantle, a number of laboratory experiments and analysis of natural samples have explored the sulfide-

silicate melt partition coefficients for HSEs (!!"#"$%&'()*+'%',-.)) and chalcophile elements 

(!/0-%,120'%)	)%)4)5.+"$%&'()*+'%',-.) ), with estimated values ranging from 10 to 108 (e.g. Peach et al., 1990; Fleet et al., 

1996; Crocket et al., 1997; Pruseth and Palme, 2004; Fonseca et al., 2009; Li and Audétat, 2012; Kiseeva 

and Wood, 2013; Mungall and Brenan, 2014). These studies constrained the D values and used these 

values to understand HSE and chalcophile element systematics in upper mantle melting conditions such 

as beneath mid-ocean ridges (MORs) (Li and Audétat, 2012; Kiseeva and Wood, 2013; Mungall and 

Brenan, 2014) and beneath arc volcanoes (Li and Audétat, 2012a). However, partitioning of these elements 

between sulfide-carbonated melts (!!"#"$%&'()*,-67.		4)%. and !/0-%,120'%)	)%)4)5.+"$%&'()*,-67.4)%. )	has not received much 

attention (Jorgenson, 2017) in spite of vast parts of Earth’s sulfide saturated mantle beneath oceans and 

continents being affected by CO2±H2O induced melting (Dasgupta, 2018; Dasgupta et al., 2013b; 

Moussallam et al., 2015b). The deepest melt beneath mid-oceanic ridges are thought to be carbonatitic, 

which evolves to carbonated silicate at shallower depths (Dasgupta et al., 2013b; Rajdeep Dasgupta et al., 

2007a, 2007b; Dasgupta and Hirschmann, 2010). Also, the first generated melt at sub-continental 

lithospheric mantle (SCLM) is thought to be silica undersaturated carbonated silicate melt if the mantle 

oxygen fugacity is as reduced as sampled by continental mantle xenoliths (Frost and McCammon, 2008; 

Stagno et al., 2013; Stagno and Frost, 2010). Coexisting with carbonated silicate melt at these conditions, 

the stable sulfur-bearing phase is again thought to be molten sulfides (Chowdhury and Dasgupta, 2020). 

The effect of carbonated melt metasomatism on the HSE systematics have been studied extensively (Alard 

et al., 2011; Aulbach et al., 2014; J. P. Lorand et al., 2004) and there are some previous work on HSE 

concentrations of carbonatites and kimberlites (Ackerman et al., 2019; He et al., 2020; Maier et al., 2017; 

Xu et al., 2008) along with their Re-Os isotopic systematics (Ackerman et al., 2019; He et al., 2020). All 
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these previous studies had to use !!"#"$%&'()*+'%',-.) due to lack of any partitioning experiments of HSEs 

between sulfide- carbonated silicate melts. Hence, the partitioning of HSEs and chalcophile elements 

between sulfide and carbonated melt is critical in understanding the systematics of these elements in 

mantle derived carbonatites and carbonated silicate (kimberlitic) melts as well as in mantle domains that 

experience carbonated melt metasomatism. 

 Furthermore, carbonatites associated with phoscorites, such as those in Phalaborwa, South Africa 

(Eriksson, 1989), or Ipanema, Brazil (Fontana, 2006), may contain considerable amounts of HSEs and 

may thus be a potential source of these elements for mineral exploration. There are several other studies 

which suggest large scale HSE deposits are more likely to form in cratonic large igneous provinces (LIPs) 

instead of off-cratonic LIPs as cratonic carbonated magmas can scavenge PGEs during their ascent 

through sub-continental lithospheric mantle (SCLM) (Zhang et al., 2008; Griffin et al., 2013), but to 

understand the HSE concentrations and its systematics in the cratonic carbonated silicate magmas we need 

to constrain the partitioning of these elements between sulfide and carbonated melts. 

 Here we experimentally determine the partitioning of 8 HSEs and chalcophile elements (Ni, Co, 

Mo, Os, Ru, Pd, Pt and Re) between (i) sulfide melt and carbonated silicate melt (CO2~17 wt.%] and (ii) 

sulfide melt and carbonatite (CO2~ >30 wt. %) at a single pressure (P) of 3 GPa and temperatures (T) of 

1300-1600 °C. We find that all these elements are compatible in the sulfide melt to varying degrees and 

their Dsulfide/carb. melt sequence is Mo < Co < Ni < Re < Pt ≤ Pd < Ru ≤ Os. Comparing the Dsulfide-carb. melt  

with Dsulfide-silicate from previous studies we show that the partition coefficients of HSEs between sulfide 

and carbonated melts are lower than the partition coefficients of these elements between sulfide and 

silicate melts, indicating greater mobilization of these elements in carbonatites and carbonated silicate 

melts.  Using the Dsulfide/carb. melt values for two different melt compositions (low- and high-CO2) from our 

experiments, we calculated bulk D (!") for carbonated peridotite (garnet lherzolite, dunite, and wehrlite) 
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and further calculate the HSE content of the low-degree partial melts using batch melting equation. 

Comparing the primitive mantle (PM) normalized HSE pattern of the modelled low-degree partial melts 

with natural carbonatites, kimberlites, Ocean Island Basalts (OIBs) and ocean island alkaline basalts we 

show similarity of our modelled pattern with different mantle derived partial melts. To determine how 

much HSEs can be assimilated by kimberlites and carbonatites from the SCLM xenoliths during the ascent 

of these cratonic carbonated melts, we calculate the proportion of xenolith detritus in the natural 

kimberlites and carbonatites from Finland, South Africa, Canada, and North China by mass balance using 

Ru concentrations in the low-degree partial melts modelled in this study. We suggest that for different 

cratons varying proportions of these detritus material from SCLM gets incorporated into the carbonatites 

and kimberlites modifying their HSE contents. 

 

5.2. Methods 

5.2.1. Starting compositions 

Two carbonated melts with distinct CO2 contents similar to the study by Chowdhury and Dasgupta 

(2020) were chosen as the starting compositions. The starting composition with lower CO2 [~17 wt.%; 

CSL1 of Chowdhury and Dasgupta (2020)] is a carbonated silicate melt generated in an experiment by 

Dasgupta et al. (2013) and the one with high CO2 [~31 wt.%; CSL2 of Chowdhury and Dasgupta(2020)] 

is a carbonatitic melt composition generated in the experiment of Sun and Dasgupta (2019). Starting 

materials for sulfides consists of lithophile, HSEs and chalcophile elements doped with stoichiometric 

FeS. A mix with 1000 ppm of these specific elements (Cu, Pb, Ag, Mn, Zn, Cr, Sb, Bi, V, Sc, Ga, Ge, Te, 

Ni, Co, Mo, Os, Ru, Pd, Pt and Re) were made. All the elements were added as pure metals except Pb, 

Mn, Cr, V, Sc, Ga and Ge, which were added as oxides. 1 wt.% of the trace element mix was doped with 
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the sulfides. Homogeneous mixtures of carbonated melt mix and the doped sulfides (FeS) in a 9:1 mass 

ratio was used as starting compositions for experiments. 

 

5.2.2. Experimental technique 

The experiments were performed using an end-loaded piston cylinder (PC) apparatus at the 

Experimental Petrology Laboratory of Rice University at a pressure of 3 GPa and temperatures of 1300 - 

1600 °C. The half-inch PC assembly consisted of BaCO3 pressure medium, crushable MgO spacers, and 

straight-walled graphite heater, all contained in Pb foil. The pressure and temperature calibration of this 

assembly are detailed in Tsuno and Dasgupta (2011). A Type-C thermocouple oriented axially with 

respect to the heater and located next to the capsule was used to monitor and control the temperature of 

the PC experiments. Pressure and temperature uncertainties are estimated to be ± 0.1 GPa, ±10 °C. Starting 

materials were loaded into thick-walled (2.0-2.5 mm) graphite capsules. In all the experiments, two 

samples of different compositions were loaded into a multi-chambered graphite stock with two 1.5-2 mm 

diameter holes. In all experiments the graphite capsules were placed in the hotspot of the PC assembly. 

After initial pressurization to the target pressure at room temperature, all experiments were heated to 800 

°C at a heating rate of 100 °C/min and sintered for 2-4 hours to reduce the porosity in graphite capsule, 

which is known to prevent loss of sulfide-rich melt through graphite (Buono et al., 2013; Buono and 

Walker, 2011; Tsuno and Dasgupta, 2015). The experiments were held at the target P-T for 2-24 h. 

Retrieved graphite capsules were mounted in epoxy and ground transversely using 600-1200 grit silicon 

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

grinding and polishing of the samples were done on dry nylon and velvet microcloth using 1–3  μm 

diamond powders. 
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5.2.3. Analytical technique 

5.2.3.1. Microprobe Analysis 

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

the Rice University for phase identification using energy dispersive spectroscopy (EDS), for textural 

relationship among phases using backscattered electron (BSE) images, and for obtaining major element 

abundances and S content of nominally S-bearing phases using WDS spectroscopy. Analyses were 

performed using a 15 kV, 10 nA electron beam with spot size of 20-40 µm for carbonated and sulfide-rich 

melt pools and focused spot size on residual silicate mineral grains. Primary analytical standards were 

natural basaltic glass (NMNH-113716) (for Na, Si, Mg, Al, K, Mn and S), olivine (for Fe), rutile (for Ti) 

and grossular (for Ca). Smithsonian basaltic glass standards were also used as secondary standards for all 

elements, including S. 

 

5.2.3.2. LA-ICP-MS Analysis 

 Concentrations of Co, Ni, Mo, Ru, Pd, Re, Os and Pt in the carbonated melt and sulfides were 

determined by laser ablation ICP-MS (LA-ICP-MS) at Rice University using a ThermoFinnigan Element 

2 magnetic sector mass spectrometer equipped with a New Wave 213 nm laser ablation system. The 

standard reference material for the laser ablation analyses were synthetic glasses, HOBA, NIST 610 and 

NIST 612. All the other elements used in doping our starting mix was not analyzed due to unavailability 

of appropriate standard. The synthetic glass and meteorite standards and the experimental sulfide and 

carbonated melts were ablated using line and spot analyses. 25 µm diameter spots were used for sulfide 

melt blobs and 80 µm diameter spots were used for carbonated melt pools, with a repetition rate of 10 Hz 

and a fluence of ~15 J/cm2, with the spot moving laterally at 10 µm/s. Following each analysis, a 1-minute 

washout period brought the system back to its background state. All ablations occurred in a helium (He) 
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atmosphere before entering into the plasma torch. Background counts were measured for 10 s prior to 

each ablation followed by ~40 s ablation signal. Measurements were performed with the ICP-MS using 

the medium mass resolution mode (m/Δm = 3000). Two to three line-scans were conducted in each of the 

glass, whereas, only one line-scan was conducted in each anhydrite grain. Data were collected for the 

following masses: 59Co, 60Ni, 95Mo, 101Ru, 105Pd, 185Re, 190Os and 195Pt. Analyses of unknowns were 

accompanied by the analysis of SRM NIST 610 and NIST 612 before and after the sample acquisition, 

which provided the calibration curves for determining element concentrations and for constraining 

instrument drift. Data were processed using in house data reduction software, which determines element 

concentrations based on ratios of count rates for samples and standards, known concentrations in the 

standards, and the known concentration of an internal standard element in the unknowns. Detection limits 

for each spot or line analysis can differ considerably from element to element depending on background, 

count rate, and laser ablation parameters. In all cases data are reported for signals that are distinguishable 

at 3 s.d. above background. For additional details on the LA-ICPMS technique, please refer to Lee et al. 

(2008). 

 

5.3. Results 

 Textures of typical experiments are shown in Figure 1. Table 1 reports the major element 

compositions of carbonated melts along with the P-T conditions of the experiments, estimated fO2 of the 

experiments and measured SCSS values. All reported melt major element oxide concentrations are on a 

volatile-free basis. Table 2 reports the HSE and chalcophile elements concentration in sulfide and 

carbonated melt and Table 3 reports the partition coefficients of these elements between sulfide and 

carbonated melt (Dsulfide/carb. melt). 
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5.3.1. Experimental textures 

 All experiments produced two immiscible melt phases: a quenched carbonated melt and a 

quenched sulfide melt (Fig. 1). The quenched carbonated melt pools are composed of dendritic crystals of 

carbonates and silicates and numerous submicron sulfide globules, which were interpreted as one of the 

quench phases. The quenched phases in the melt pools were small enough to obtain an average 

composition of the melt with a defocused beam analysis using EPMA, but the grain size of the quenched 

phases increased near the vicinity of sulfide globules, resulting in the melt analyses away from those to 

yield more accurate results. Fig 1b shows a sulfide blob and quenched carbonated silicate melt with a LA-

ICP-MS pits. 

 

5.3.2. Carbonated melt compositions, HSE and chalcophile element concentrations in sulfide and melt 

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

starting material of each experiment depending on the extent of crystallization. For CSL1 and CSL2, SiO2 

contents are 27-32 wt.% and 14-17 wt.%, respectively and Al2O3 varies from 2.5 to 5 wt.% and 0.2 to 1.6 

wt.%, respectively. For experiments with these two starting compositions, FeO* contents are 9.5-12 wt.% 

and 7-10 wt.%, MgO contents are 17-26 wt.% and 25-32 wt.%, whereas CaO varies from 25 to 32 wt.% 

and 31 to 44 wt.%, respectively. CO2 content, estimated by the difference of 100 wt.% and EPMA 

analytical total (following Lane and Dalton, 1994), varies from 20 to 22 wt.% for CSL1and from 33 to 40 

wt.% for CSL2. Measured SCSS for these melts are 0.18-0.31 wt.% for CSL1 and 0.08-0.2 wt.% for 

CSL2.  

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

experimental oxygen fugacity, fO2 following the calibration of Stagno and Frost (2010). Table 1 lists the 

calculated logfO2 of the experimental assemblages, which vary between DFMQ of ~-1.88 to ~-2.38. 
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 The HSE and chalcophile element concentrations in CSL1 and CSL2 carbonated melt and sulfide 

melt are reported in Table 2. The Dsulfide/carb. melt for HSEs and chalcophile elements are calculated by 

dividing the concentration of these elements in sulfide melt and in carbonated melt (Table 3, Fig. 2). 

Comparing Dsulfide/carb. melt of HSEs (Os, Ru, Pt, Pd and Re) for melt with low CO2 (CSL1) and high CO2 

(CSL2) shows that Dsulfide/carb. melt values are higher in the system where CO2 content is lower (more silica 

rich), whereas, for chalcophile elements (Co, Ni and Mo) the behavior is opposite (i.e. Dsulfide/carb. melt values 

are lower in the system where CO2 content is lower).With change in temperature there is lack of any trend 

and significant differences in the Dsulfide/carb. melt values. 

 

5.4. Discussion 

5.4.1. Comparison of Dsulfide/carbonated melt with previous Dsulfide/silicate melt 

 The partition coefficients of HSE and chalcophile elements between sulfide liquid and carbonated 

melts determined by in situ analysis in this study is compared with previous studies which has determined 

partition coefficients of these elements between sulfide melt and basaltic silicate melt (Fig. 3). Past 

measurements for HSEs included both bulk analytical methods to determine the metal content of glass 

and sulfide (Crocket et al., 1997; Fleet et al., 1996; Peach et al., 1990; Roy-Barman et al., 1998) as well 

as in situ LA-ICP-MS analyses (Mungall and Brenan, 2014). For other chalcophile elements (Co, Ni and 

Mo), measurements were done by in situ LA-ICP-MS (Kiseeva and Wood, 2013; Li and Audétat, 2012a). 

All the PGEs measured in this study (Os, Ru, Pt and Pd) have Dsulfide/carb. melt values lower than Dsulfide/silicate 

melt values measured by Mungall and Brenan (2014), whereas, HSE (Re) and the chalcophile elements 

(Co, Ni and Mo) have D values higher than what measured in previous studies (Li and Audétat, 2012; 

Kiseeva and Wood, 2013; Mungall and Brenan, 2014). Dsulfide/carb. melt for both the systems investigated in 

this study (CSL1 and CSL2) show similar trends and the sequence is Mo < Co < Ni < Re < Pt ≤ Pd < Ru 
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≤ Os. Between the two starting compositions, the one with higher CO2 (CSL2) has lower Dsulfide/carb. melt 

values, indicating D values for HSEs decreases with increasing CO2 content in the melt. These difference 

in D values means that the PGEs are more compatible in carbonated silicate melt in comparison with 

silicate (basaltic) melt, whereas other HSE (Re) and chalcophile elements behaves oppositely. 

Carbonatitic and carbonated silicate melt can, hence, mobilize more PGEs as compared to basaltic melts, 

which might result in higher PGE content in the primitive melt of carbonatites and kimberlites than 

compared to basalts. 

 

5.4.2. Bulk partition coefficients applicable to carbonated melt generation from partial melting of 

peridotite 

 In this section we estimate bulk partition coefficient relevant for carbonatite and kimberlite 

generation at deep upper mantle conditions (Table 4, Fig. 4). A bulk partition coefficient (!) for an 

element is calculated for the residue/carbonated silicate melt system as a linear combination of the 

proportions of sulfide melt and silicate minerals multiplied by their respective D’s. The silicate residue is 

considered to be represented by a garnet lherzolite (61% olivine, 18% clinopyroxene, 5% orthopyroxene 

and 16% garnet), a dunite (100% olivine) and a wehrlite (75% olivine and 25% clinopyroxene). The 

peridotitic mantle is assumed to be sulfide saturated with sulfur content of 250 ppm (McDonough and 

Sun, 1995). The Dol/melt for HSEs are taken from Brenan et al. (2003), Dcpx/melt for Ru, Pt and Re are from 

Hill et al. (2000), Righter et al. (2002) and Dasgupta et al. (2009)and Dopx/melt for Re is from Righter et al. 

(2002). For all other elements (Pd, Os for cpx/melt; Ru, Os, Pd and Pt for opx/melt) and Dgt/melt  for Re 

was taken from Dasgupta et al. (2009). Where data are unavailable, we assumed them based on similarity 

in ionic sizes (for cpx/melt), elements being less compatible in orthopyroxene compared to clinopyroxene 
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(less than Dcpx/melt by a factor of 10 for Dopx/melt) and a constant value of 0.39 for Dgt/melt [similar to Dgt/melt  

for Re from Dasgupta et al. (2009)]. 

 Although several HSEs are compatible in spinel, D values are much lower in chromite than in 

magnetite, lessening the effect on !. Also, low fO2 significantly reduces HSE incorporation in spinel 

(Brenan et al., 2012) and very low modal abundances compared to olivine makes spinel an unlikely 

candidate to play a major role in HSE distribution between residue and carbonated melt at lower fO2 

conditions prevalent for carbonated peridotite melting at subcontinental lithospheric mantle and oceanic 

mantle. 

Compared to sulfide-silicate melt bulk partition coefficients (Mungall and Brenan, 2014), the 

sulfide-carbonated melt bulk partition coefficients are lesser for PGEs (Os, Ru, Pt and Pd) but higher for 

Re for both the systems with carbonated melts with higher and lower CO2 as shown in Fig. 4. The increased 

compatibility of the PGEs is carbonated melt is chiefly due to the lower Dsulfide/carb. melt of these elements 

than in silicate melt. The I-PGEs (Ru and Os) are more compatible compared to the P-PGEs (Pt and Pd), 

but the extent of compatibility is higher in the melt with lower CO2 content. Calculating bulk D for a 

garnet lherzolite, a dunite and a wehrlite residue shows very little difference because the presence of a 

sulfide phase exerts primary control on the distribution of PGEs and HSEs in the mantle. 

To calculate HSE concentrations of low degree mantle derived melts of carbonated peridotites, 

HSEs are allocated between the carbonated silicate melt and residue (garnet lherzolite, dunite and wehrlite 

including sulfide) using ! and the batch melting equation: 

/!
/"
= 9

:(9*<)><          (1) 

where CL is the concentration of an HSE in the carbonated melt derived from the melting of carbonated 

mantle peridotite, C0 is the initial concentration of the HSE in the mantle (PM) taken from McDonough 

and Sun (1995), ! is the bulk D calculated for the carbonated melt-residue system and F is the degree of 
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melting. Fig. 5 shows the plot of HSEs normalized by their primitive mantle values based on batch melting 

model for a low CO2 kimberlitic melt and a high CO2 carbonatitic melt. The plot shows that P-PGEs (Pt 

and Pd) and Re are more enriched in the primitive carbonatitic and kimberlitic melt than I-PGEs (Os and 

Ru) or conversely, I-PGEs are retained preferentially in the residue compared to the P-PGEs and Re, after 

carbonated melt extraction. 

 

5.4.3. Sensitivity of bulk D and HSE content of carbonated melt based on S content of the mantle source 

 In the last section we established that the HSE content of carbonated melt is primarily controlled 

by presence or absence of sulfide in the residue. To understand how the initial sulfur content in the mantle 

will mobilize the HSEs differently, we calculated - using the batch melting equation (1) - the HSE content 

of the carbonated melt when the S content in the mantle varies from 5 to 300 ppm, encompassing the 

primary mantle (PM) S content of 250 ppm (McDonough and Sun, 1995). The bulk D of the carbonated 

melt-residue system in the presence of sulfide changes with varying S content. In Fig. 6, we plot the HSE 

content of the carbonated melt normalized to PM with varying S content in the mantle source. With 

decreasing S content in the source of melting, HSEs mobilization increases in the carbonated melt for both 

kimberlitic and carbonatitic melt compositions, but the extent of mobilization is higher in carbonatitic 

melt owing to its lower Dsulfide/carb. melt values. 

 

5.4.4. Comparison of modelled HSE content with natural carbonatite and kimberlite HSE content  

 Many studies have previously measured PGE and HSE contents of natural carbonatites and 

kimberlites (Ackerman et al., 2019; He et al., 2020; Maier et al., 2017; Xu et al., 2008). Maier et al. (2017) 

documented the PGE systematics of kimberlites from Karelian, Finland and Kapvaal, South Africa to be 

characterized by two components, (i) a peridotitic detritus of sub-continental lithospheric mantle (SCLM) 
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with high I-PGE/P-PGE ratio and (ii) a melt with high P-PGE/I-PGE ratio, similar to what we expect from 

our batch melting model for the carbonated melt and the peridotitic residue. PGE systematics of 

carbonatites from China (Xu et al., 2008) and Tamil Nadu, India (Ackerman et al., 2019) show trends of 

high P-PGE/I-PGE ratio similar to primitive carbonatitic melt from our batch melting model, but the 

concentrations of PGEs are an order of magnitude lower than calculated concentrations from our model 

even with S content as high as 300 ppm in the primitive mantle. These low concentrations can be due to 

significant modification of parental carbonatite melts at Tamil Nadu, India by interaction with ambient 

crustal materials and post-magmatic hydrothermal alteration (Ackerman et al., 2019) and also can be 

because of complex evolution history of carbonatites. Moreover, during late evolution of Tamil Nadu 

carbonatites, magnetite (Capobianco et al., 1994), which can deplete PGEs further, has been documented.  

He et al. (2020) show carbonatites from Dalihu, North China has significantly higher PGE content 

compared to previous PGE measurements in carbonatites (Xu et al., 2008; Ackerman et al., 2019). They 

attribute the higher PGE contents in the mantle to transformation of sulfide to sulfate in areas where 

sedimentary carbonates are recycled. In Fig. 7, we plot PM normalized concentration of HSEs (PGE and 

Re) natural carbonatites, kimberlites, ocean-island basalts (OIBs) and alkali basalts. We also plot HSE 

contents calculated using bulk D from our experiments and batch melting model for a S content in the 

primitive mantle varying from 5 to 300 ppm. The OIB and alkali basalt HSE contents are taken from 

studies by Day et al. (2010) and Day (2013), respectively, whereas all other carbonatites and kimberlites 

are taken from aforementioned studies. In Fig. 7a, we plot the HSE contents according to bulk Ds 

calculated for lower CO2 kimberlitic melt compositions. The alkali basalt HSE pattern can be described 

by our batch melting model for a sulfide saturated PM with 100-300 ppm S. The Premier and Karelian 

kimberlites need components from SCLM peridotites to describe their HSE patterns as they differ from 

the calculated primary kimberlitic melt pattern. This feature of these kimberlites are also acknowledged 
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in some previous studies (Maier et al., 2017; Tappe et al., 2017). In Fig. 7b, we plot the HSE contents 

according to bulk Ds calculated for high-CO2 content carbonatitic melt compositions. It shows that the 

HSE pattern of OIBs is very similar to a carbonatitic melt derived from a sulfide saturated PM with 100 

ppm S. The Dalihu carbonatites can be described using our batch melting model with a variation of 100-

300 ppm S in the PM for different PGEs, but can also be attributed to assimilation from SCLM 

components. The Tamil Nadu, India carbonatites are very low in HSE concentrations and doesn’t match 

with our batch melting model HSE pattern, which might be because of presence of magnetite in the system 

which incorporate more HSEs later in their evolution history.  

 

5.4.5. Estimating proportion of peridotite detritus in natural kimberlites and carbonatites 

Kimberlites are characterized by high abundances of incompatible trace elements (e.g. Th, Ba, Rb, 

LREE, Sr etc.) as well as of compatible elements like Mg and Ni. These contradictory abundances of both 

compatible and incompatible elements are construed as a reflection of mixing between primary kimberlitic 

melt (rich in incompatible elements) and lithospheric mantle peridotite (MgO, Ni rich) xenoliths. The 

evidence of mixing is reflected in binary Ir vs Ru or Ir vs MgO plots and are well documented in Maier et 

al. (2017) for Karelian and Kapvaal kimberlites. Previous studies have aimed at quantifying the proportion 

of peridotite detritus and kimberlitic melt using various different modelling approaches like mixing model 

of Os isotope ratios (Pearson et al., 2003; Tappe et al., 2017) and Nd-Hf isotopes (Tappe et al., 2013). 

Some studies have tried to calculate the primary kimberlitic melt composition from the composition of 

non-xenocrystic olivine (Arndt et al., 2010), analysis of quenched kimberlitic melt (Price et al., 2000; 

Kopylova et al., 2007) and by mass balance using Ir contents (Maier et al., 2017). Fig. 8 shows the 

comparison of PM normalized HSE pattern between the primary kimberlitic melt calculated by Maier et 

al. (2017) and the pattern modelled using bulk Ds and batch melting equation in this study. The difference 
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in all the HSE concentrations and the pattern in general in Fig. 8 calls for modelling the natural kimberlite 

composition as a product of mixing between the detritus SCLM peridotite and a “kimberlitic melt”. 

In this work, we estimate the proportion of detrital material and the composition of the detrital 

material in natural kimberlite from Karelian, Kapvaal and Superior craton using mass balance of Ru 

contents in a method similar to mass balance by Ir content discussed in Maier et al. (2017). Ru behaves 

similarly to Ir both being part of I-PGEs. Their abundances in low degree carbonatitic and kimberlitic 

melts are very different from lithospheric peridotites. Also, Ru is chosen for practical reasons as our 

experiments lacked doped Ir, we couldn’t measure D values for Ir between carbonated melt and sulfide 

melt. 

The following mass balance equations apply: 

[Ci(km) × f(km)] + [Ci(d) × f(d)] = Ci(sample)      (2) 

where Ci(km) is the concentration of an HSE in the primary kimberlitic melt calculated using our bulk D 

and batch melting equation, f(km) is the fraction of the primary kimberlitic melt, Ci(d) is the concentration 

of HSE in the detritus SCLM peridotite and f(d) is the fraction of the detritus.  

Here, f(d) = 1- f(km)          (3) 

Arranging accordingly from equation (2), we get,  

Ci(d)= {Ci(sample) – [Ci(km) × f(km)]} / [1- f(km)]      (4) 

To get the fraction of peridotite detritus we need to find the fraction of kimberlitic melt first and then 

equate for f(d) using equation (3). 

f(km)= [Ci(sample) – Ci(d)] / [Ci(km) – Ci(d)]      (5) 

To solve equation (5) using Ru as the element for mass balance, CRu(d) is taken from previous studies that 

have measured Ru concentration in the mantle xenoliths of Karelian, Kapvaal and Superior craton 

recovered from kimberlite pipe (Irvine et al., 2003; Maier et al., 2012) and CRu(km) is taken from our 
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batch melting model for bulk Ds calculated for low-CO2 kimberlitic melt for a low degree melt of F~0.3 

wt.%.  

 The averaging of the compositions of mantle xenoliths are shown to be very homogenous for 

Karelian and Kapvaal craton (Maier et al., 2017) at 6.33 ppb Ru for Karelian xenoliths, 5.98 ppb for 

Kapvaal xenoliths and 6.69 for Superior craton (Irvine et al.,2003). Calculations using equation (5) 

followed by equation (3), suggest that the fraction of detritus lithospheric mantle peridotites contribute 

about 2-28% of the material in Group I and II kimberlites from Finland. For the two Premier samples, the 

contribution from detritus is 25-40%. For Superior craton samples, the contribution is 6-17%. These 

estimates overlap with Maier et al. (2017) for these samples (3-22% for Finalnd; 19-28% for Premier) and 

Tappe et al. (2017) for Canadian kimberlites (2-30%). Calculating the model detritus xenolith from 

equation (4) we see that the all other HSEs fall within the range of measured peridotite xenoliths from 

Karelian, Kapvaal and Superior craton (Fig. 9).  

 For carbonatites from Dalihu, China we calculated proportion of mantle xenolith detritus using 

equation (5) and (3). The CRu(d) is taken from previous studies that have measured Ru concentration in 

the mantle xenoliths from North China Craton (Zhang et al., 2008; Liu et al., 2010) and CRu(carb. melt) is 

taken from our batch melting model for bulk Ds calculated for high CO2 carbonatitic melt for a F of 0.3 

wt.%. Calculation suggest that the proportion of detritus from North China Craton (NCC) in the Dalihu 

carbonatites are very high (20-53%). Fig 10 shows calculation of other HSEs based on our mass balance 

model using Ru concentration yield a model detritus xenolith composition, which lies within the natural 

NCC peridotites.  

 The mass balance calculation using Ru concentrations can therefore be used as an additional 

method to look into natural kimberlite and carbonatitic compositions and determine the volume of 

peridotite detritus as an assimilant. This method shows good correlation with methods previously used to 
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determine detritus volume using Os isotopic composition (Tappe et al., 2017), Nd-Hf isotopes (Tappe et 

al., 2013) and mass balance using Ir contents (Maier et al., 2017). Thus, our experimentally measured D 

values of HSEs between carbonated melt and sulfide melt can be used to calculate the bulk Ds and 

furthermore applied in the batch melting equation to calculate HSE concentrations for primary carbonated 

peridotite melt and investigate natural carbonated melt samples to understand HSE and PGE systematics 

of kimberlites and carbonatites in cratonic lithospheric mantle. 

 

5.5. Conclusion 

 We have experimentally determined partition coefficients of HSEs (Os, Ru, Pt, Pd and Re) and 

chalcophile elements (Co, Ni and Mo) between sulfide melt and carbonated melt at 3 GPa and 1300-1600 

°C. All these elements are very compatible in sulfide melt with D values of Mo being in the order of 101, 

Co in the order of 102, Ni in the order of 103, Pt, Pd and Re in the order of 104 and Ru and Os in the order 

of 105 for melts with low CO2 (kimberlitic). For more CO2-rich carbonatitic compositions, D values of 

Mo are in the order of 101, Co in the order of 102, Ni and Re in the order of 103 and Os, Ru, Pt and Pd are 

in the order of 104. Comparing with previous studies on silicate melt system the D values are lower for 

kimberlitic melt compositions and even lower for carbonatitic compositions, making HSEs more mobile 

in carbonated melts than in silicate melts (basalts). We calculated bulk D values assuming a garnet 

lherzolite, a dunite and a wehrlite residue after melt extraction from a carbonated peridotite and calculated 

HSE concentrations in the low degree (0.1-1 %) kimberlitic and carbonatitic melts using batch melting 

equation. Comparing primitive mantle normalized HSE patterns from our calculations with natural 

kimberlites and carbonatites show that some carbonatite patterns (Tamil Nadu, India and China) match 

with low degree melt patterns but the concentrations are much lower and needs fractionation of magnetite 

to describe their HSE contents. Other carbonatites (Dalihu) can be described by lower S content in the 
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primitive mantle or can be thought to have presence of lithospheric mantle xenolith detritus to describe 

their HSE contents. Kimberlites from Karelian, Finland; Kapvaal, South Africa and Superior Craton, 

Canada shows evidence of presence of mantle xenolith detritus. Using Ru concentrations and mass balance 

calculation, we show that the proportion of these xenolith detritus is 2-28% for Finland, 25-40% for South 

Africa, and 6-16% for Canada, all of which overlap with modelled calculations shown by previous studies 

using various other proxies. Modelling similarly for Dalihu carbonatites, we get 20-53% xenolith detritus 

in the carbonatites. HSE systematics for natural carbonatite and kimberlite, thus, indicates presence of 

both low-degree primary carbonated mantle melt and assimilated lithospheric mantle peridotite as viable 

mechanism of explaining HSE geochemistry of mantle-derived carbonated melts. 
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Figure 5-1: Phase assemblage and texture of the experiments: (a) A part of the capsule showing the sulfide 
blobs and the quenched melt. The quenched melts and sulfide melt blobs were analyzed with a 20-40 µm 
beam in EPMA. (b) Quenched melt and sulfide melt blobs along with LA-ICP-MS pits.  
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Figure 5-2: Partition coefficients of chalcophile (Co, Ni, Mo) and Highly-Siderophile Elements (Os, Ru, 
Pt, Pd, Re) between sulfide melt and carbonated melt (Dsulfide/carb. melt) for low-CO2 (CSL1) and high CO2 
(CSL2) melt, reported from Table 3. 
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Figure 5-3: Partition coefficients of chalcophile (Co, Ni, Mo) and Highly-Siderophile Elements (Os, Ru, 
Pt, Pd, Re) between sulfide melt and carbonated melt (Dsulfide/carb. melt) for low CO2 (CSL1) and high CO2 
(CSL2) melt. Plotted for comparison are the Dsulfide/silicate melt from previous experiments for comparison. 
MB 2014 - Mungall and Brenan (2014); FCS 1996 - Fleet et al. (1996); KW 2013 - Kiseeva and Wood 
(2013) and LA 2012 - Li and Audétat (2012). 
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Figure 5-4: Bulk partition coefficients of HSEs applicable to carbonated melt generation from (a) garnet 
lherzolite, (b) dunite, and (c) wehrlite. Orange symbols and line (low CO2 melt: this study); blue symbols 
and line (high CO2 melt: this study) and grey symbols and line [nominally CO2-free, basaltic silicate melt; 
Mungall and Brenan (2014)]. All plotted bulk D values are based on bulk sulfur content of 250 ppm, 
assuming all sulfur is in the form of sulfide. No notable difference in the bulk D for the three different 
peridotite systems mostly because the minor molten sulfide phase controls the HSE concentrations in the 
residue and melt. 
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Figure 5-5: Primitive Mantle (PM) normalized HSE pattern of a kimberlitic and carbonatitic melt 
assuming the primitive mantle is sulfide saturated and has 250 ppm S. Calculation is based on bulk D for 
garnet lherzolite and for a low degree of melting of F=0.3 wt.% using the batch melting equation (1). I-
PGEs (Os, Ru) are depleted in the melt whereas P-PGEs (Pt, Pd) are enriched, indicating low I-PGE/P-
PGE ratios for carbonatitic and kimberlitic melts. 
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Figure 5-6: Primitive Mantle (PM) normalized HSE pattern for (a) kimberlitic (low CO2) melt and (b) 
carbonatitic (high CO2) melt for a range of degree of melting (0.1-2 wt.%). The mantle is sulfide 
saturated with S content varying from 5-300 ppm. The lower concentrations (lower end of thick line) of 
each S content denote F=0.1wt.% and the higher concentrations (higher end of thick line) denote F=2 
wt.%.  
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Figure 5-7: Primitive mantle normalized HSE pattern for (a) kimberlitic (low CO2) melt and (b) 
carbonatitic (high CO2) melt for a range of degree of melting (0.1-2 wt.%). The mantle is sulfide 
saturated with S content varying from 5-300 ppm. Also plotted in (a) are natural kimberlites from 
Kapvaal craton (Premier) (Maier et al., 2017), Karelia craton (Maier et al., 2017) and Superior craton 
(Tappe et al., 2017) and ocean island alkali basalt (Day et al., 2010). In (b) we also plot natural 
carbonatites from Dalihu, North China (He et al., 2020) and Tamil Nadu, India (Ackerman et al., 2019) 
along with Ocean Island Basalts (Day, 2013). We can see from the figure that the ocean island alkali 
basalt HSE patterns can be described by low degree kimberlitic melt of sulfide saturated mantle where 
Ocean Island Basalts (OIBs) HSE pattern can be described by a low degree carbonatitic melt of sulfide 
saturated mantle. 
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Figure 5-8: Primitive mantle normalized HSE content of a primary kimberlitic melt calculated by mass 
balance using Ir concentrations (blue stars) by Maier et al. (2017) compared with a low degree (0.3 
wt.%) primary kimberlitic melt calculated using bulk D and batch melting equation from this study 
(black circles) for a sulfide saturated garnet lherzolitic mantle with 250 ppm S. 
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Figure 5-9: PM normalized HSE pattern for natural kimberlite rocks from (a) Karelia (red stars), (b) 
Kapvaal (green squares) and (c) Superior Craton (violet triangles). Low degree (0.3 wt.%) primary 
kimberlitic melt calculated using bulk D and batch melting equation from this study (black circles) for a 
sulfide saturated garnet lherzolitic mantle with 250 ppm S is plotted along with model SCLM detritus 
HSE contents (yellow triangles) which are calculated by mass balance using Ru concentrations. The PM 
normalized HSE pattern of the peridotitic xenoliths for these cratons are plotted as grey bands.  
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Figure 5-10: PM normalized HSE pattern for Dalihu carbonatite, North China (blue triangles). Low 
degree (0.3 wt.%) primary kimberlitic melt calculated using bulk D and batch melting equation from this 
study (black circles) for a sulfide saturated garnet lherzolitic mantle with 250 ppm S is plotted along 
with model SCLM detritus HSE contents (yellow triangles), which are calculated by mass balance using 
Ru concentrations. The PM normalized HSE pattern of the North China Craton peridotitic xenoliths are 
plotted as grey bands.
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Table 5-1: Experimental run conditions, oxygen fugacity and major element composition of experimental quenched melts (in wt.%) measured using EPMA. 

 

Run No.^ P (GPa)  T (℃) fO2 (ΔFMQ) SiO2 TiO2 Al2O3 FeO* MnO MgO CaO K2O Na2O S Totala CO2b 
B476a 3 1600 -2.06 28.44 1.87 3.59 9.68 0.74 26.62 27.14 0.07 1.54 0.31 100 20.38 

1σ     1.43 0.26 0.71 0.92 0.06 1.24 1.05 0.01 0.37 0.06    
B476b 3 1600 -2.05 17.22 1.47 1.66 10.44 0.68 32.17 31.68 0.38 4.1 0.2 100 33.68 

1σ     1.17 0.47 0.25 0.97 0.08 1.47 1.31 0.04 0.82 0.07    
G631a 3 1500 -2.15 32.14 1.87 2.66 10.25 0.54 25.64 25.24 0.04 1.34 0.28 100 22.14 

1σ     1.88 0.47 0.88 1.14 0.03 1.06 0.97 0.01 0.21 0.04    
G631b 3 1500 -2.38 15.27 1.14 1.18 11.22 0.87 31.44 34.21 0.57 3.88 0.22 100 34.77 

1σ     0.84 0.21 0.39 0.85 0.06 1.38 1.14 0.11 1.07 0.04    
G633a 3 1300 -2.11 27.29 2.49 5.26 12.37 0.75 17.45 32.49 0.11 1.61 0.18 100 22.76 

1σ     0.83 0.12 0.25 0.35 0.04 1.01 0.45 0.03 0.41 0.04    
G633b 3 1300 -1.88 14.83 0.99 0.18 6.93 0.86 25.92 44.74 0.31 5.16 0.08 100 40.38 

1σ       0.58 0.11 0.04 0.44 0.02 0.83 1.26 0.03 0.72 0.001     
 

*  FeO total 

a  Total is recalculated on a volatile free basis 

b CO2 based on difference of analytical sum from 100 wt.% 

^ All the experiments had quenched carbonated silicate matrix and sulfide blobs
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Table 5-2: Mean values of HSE and chalcophile elements in quenched melt and sulfide melt measured using LA-ICP-MS (in ppm). 

 

CSL 1 (Kimberlitic)  
  

CSL 2 (Carbonatitic) 
B476a Sulfide Melt 1σ Carbonated Melt 1σ B476b Sulfide Melt 1σ Carbonated Melt 1σ 

Co 4064.82 158 7.96 1.12 Co 3331.32 202 6.96 0.87 
Ni 4100.91 274 1.20 0.47 Ni 3350.14 189 0.90 0.22 
Mo 568.13 98 58.40 5.42 Mo 1475.68 87 18.68 1.91 
Ru 978.92 102 0.01 0.002 Ru 2181.06 136 0.04 0.01 
Pd 1400.64 122 0.06 0.004 Pd 814.52 98 0.05 0.02 
Re 5174.96 274 2.30 0.16 Re 984.74 75 0.50 0.05 
Os 2006.97 136 0.01 0.002 Os 2106.95 147 0.04 0.006 
Pt 3855.98 265 0.24 0.08 Pt 2800.12 212 0.15 0.02 

G631a Sulfide Melt 1σ Carbonated Melt 1σ G631b Sulfide Melt 1σ Carbonated Melt 1σ 
Co 3411.04 169 11.04 1.35 Co 4205.67 309 9.10 0.91 
Ni 4175.15 202 2.04 0.38 Ni 3780.65 236 1.20 0.34 
Mo 647.49 74 83.84 6.87 Mo 1500.39 128 18.83 1.06 
Ru 2237.28 147 0.02 0.001 Ru 1897.24 189 0.03 0.006 
Pd 1683.76 236 0.05 0.003 Pd 983.47 133 0.06 0.01 
Re 5302.68 310 2.39 0.47 Re 524.35 92 0.40 0.12 
Os 3147.43 180 0.02 0.001 Os 2287.31 274 0.05 0.008 
Pt 4178.05 136 0.17 0.08 Pt 3241.15 341 0.17 0.07 

G633a Sulfide Melt 1σ Carbonated Melt 1σ G633b Sulfide Melt 1σ Carbonated Melt 1σ 
Co 4112.81 213 11.90 0.97 Co 3147.66 281 8.40 1.32 
Ni 4098.39 183 1.38 0.21 Ni 2540.27 227 0.70 0.14 
Mo 521.53 97 71.17 3.47 Mo 1354.97 125 15.77 1.66 
Ru 1020.45 126 0.01 0.002 Ru 1963.96 179 0.05 0.004 
Pd 1064.34 113 0.04 0.003 Pd 655.97 104 0.04 0.007 
Re 6904.66 269 2.80 0.14 Re 534.12 117 0.30 0.01 
Os 2103.80 194 0.02 0.001 Os 2371.32 273 0.03 0.002 
Pt 2276.35 165 0.13 0.05 Pt 3892.84 320 0.22 0.04 
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Table 5-3: Sulfide melt- carbonated silicate melt partition coefficients 

  CSL 1 (Kimberlitic) CSL 2 (Carbonatitic)  
  Dsulfide/carb.melt 1σ Dsulfide/carb.melt 1σ 

Co 388 24 439 64 
Ni 2811 104 3500 122 
Mo 8 0.47 82 3.54 
Ru 103906 2541 52349 987 
Pd 27876 874 16354 414 
Re 2455 135 1686 176 
Os 154380 3458 59155 1024 
Pt 19382 697 18475 865 
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Table 5-4: Calculated bulk Ds applicable for peridotite-derived carbonated melts (carbonatite and kimberlite) under upper mantle melting conditions. 

  

Low CO2 (Kimberlitic) Melt       Mass fractions Gt- Lherzolite Dunite Wehrlite 
Olivine      0.61 0.99975 0.749 

Cpx      0.18 0 0.249 
Opx      0.05 0 0 

Garnet      0.16 0 0 
Sulfide           0.00025 0.00025 0.00025 

  DOl/carb. melt DCpx/carb. melt DOpx/carb. melt DGt/carb. melt Dsulfide/carb. melt Bulk D Bulk D Bulk D 
Co 2a 0.95g 2a 1.78g 388 1.87 2.10 1.83 
Ni 10a 3a 4a 5a 2811 8.34 10.70 8.94 
Mo 0.11c 0.016d 0.0039d 0.003d 8 0.07 0.11 0.09 
Ru 1.6 1e 0.5 0.39 103906 27.22 27.58 27.42 
Pd 0.021 0.12 0.01 0.39 27878 7.07 6.99 7.02 
Re 0.001 0.18f 0.013f 0.39g 2455 0.71 0.61 0.66 
Os 0.001 0.18 0.013 0.39 154380 38.69 38.60 38.64 
Pt 0.009 1.5f 0.15 0.39 19382 5.19 4.85 5.23 

High CO2 (Carbonatitic) Melt       Mass fractions Gt- Lherzolite Dunite Wehrlite 
Olivine      0.61 0.99975 0.749 

Cpx      0.18 0 0.249 
Opx      0.05 0 0 

Garnet      0.16 0 0 
Sulfide           0.00025 0.00025 0.00025 

  DOl/carb. melt DCpx/carb. melt DOpx/carb. melt DGt/carb. melt Dsulfide/carb. melt Bulk D Bulk D Bulk D 
Co 2a 0.95g 2a 1.78g 439 1.89 2.11 1.84 
Ni 10a 3a 4a 5a 3500 8.52 10.87 9.11 
Mo 0.11c 0.016d 0.0039d 0.003d 82 0.09 0.13 0.11 
Ru 1.6 1e 0.5 0.39 52340 14.33 14.68 14.53 
Pd 0.021 0.12 0.01 0.39 16354 4.19 4.11 4.13 
Re 0.001 0.18f 0.013f 0.39g 1686 0.52 0.42 0.47 
Os 0.001 0.18 0.013 0.39 59155 14.88 14.79 14.83 
Pt 0.009 1.5f 0.15 0.39 18475 4.96 4.63 5.00 

 

a from Kelemen et al. (2003); c from Dunn and Sen (1994); d from (Adam and Green, 2006b); e from Hill et al. (2000); f from Righter et al. (2004); g from Dasgupta et al. (2009); underlined data are from (Brenan et al., 

2003) and italics are assumed.
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Appendix A 

A.1. Measuring trace elements using Electron Microprobe 

EPMA data acquisition was carried out at Rice University, using a Jeol JXA 8530F 

Hyperprobe equipped with a field emission assisted thermo-ionic (Schottky) emitter, and five 

Wavelength Dispersive Spectrometers (WDS). Analytical conditions employed for quantitative 

analysis of trace REE in anhydrite and silicate glass were: 15 kV acceleration voltage, 150 nA 

beam current, defocused 1-20 µm beam size (depending on the size of the analyzed grains). The 

PRZ (JEOL) matrix correction was employed for quantification. Table A4 shows the spectrometer 

setting for REE trace analysis in both anhydrite and glass. The counting time of the X-rays on the 

measured REE (Sm, Eu, La, Ce), Sr and Ba were 200 seconds per peak for each element (80 

seconds for peak and 60 seconds for each lower and upper background, respectively). The major 

elements Ca and S in anhydrite and Si in glass were simultaneously analyzed together with the 

trace elements (with low counting times: 10 seconds per peak and 5 seconds per each background) 

in order to take into account their effect on the matrix correction. To avoid possible overlapping 

between background measurements of REE and secondary peaks of other REE or major elements, 

narrow background offsets for REE were set manually on standards containing multiple REE. The 

background offsets were subsequently checked for possible interferences with other X-ray peaks 

on the anhydrite and then on the glass samples, and manually reset. Si was analyzed in both 

anhydrite and glass recipe, as an indicator of possible mixed phases (anhydrite and silicate glass 

host) in the analytical volume, and for its effect on matrix correction in the case of silicate glass. 

Standards used for quantification were natural minerals, as follows: Olivine (Fo93) for Si (Kα), 

anhydrite for Ca (Kα) and S (Kα), celestine for Sr (Lα), barite for Ba (Lα). 
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REE calibration was done on REE1-4 glass standards (Jarosewich and Boatner, 1991), using large 

background offsets.  

In order to estimate and correct the well-known interferences between various REE, several 

runs on secondary REE1-4 standards were performed prior to the analysis of our samples. The 

correction coefficient was set for each analyzed REE trace as the ratio between the peak intensity 

of the overlapping element divided by the peak intensity of the overlapped element. For example, 

if Ce (overlapping element) partially overlaps the peak of Nd (overlapped element), we analyzed 

a standard with Nd but free of Ce. The interference correction coefficient (k) was set as the ratio 

between the Ce net counts (noise counts, produced by Nd) divided by the Nd net counts. Several 

offline corrections were run, adjusting the coefficients for interferences, until the concentration of 

the overlapping elements was null, and the overlapped elements were reproduced in each standard 

with an error smaller than 3%. The interference coefficients identified were imported into the 

analysis recipe. The interference corrections were performed according to the following principle: 

the corrected counts per second (cps) of the analyzed element is equal to the total measured net 

cps (cps from both overlapped and overlapping element) minus the cps of the overlapping element 

multiplied to the interference correction factor (k). The same correction of the REE interferences 

was applied to both anhydrite and glass analysis, as follows: 

(Nd Net corrected cps)  =  (Nd Net measured cps) - 0.02930 x (Ce Net measured cps)  

(Sm Net corrected cps)  = (Sm Net measured cps) - 0.00090 x (La Net measured cps)  

(Eu Net corrected cps)  = (Eu Net measured cps) - 0.01870 x (Nd Net measured cps)  

(La Net corrected cps)  =  (La Net measured cps) - 0.01920 x (Nd Net measured cps)  

(Ce Net corrected cps)  = (Ce Net measured cps) - 0.00080 x (Nd Net measured cps)  

(Ce Net corrected cps)  = (Ce Net measured cps) - 3.19720 x  (Ba Net measured cps) 
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Table A1: Starting composition used in this study 

Conc. (wt.%) HR9* 

SiO2 72.69 

TiO2 0.43 

Al2O3 14.93 

Cr2O3 0.00 

FeO* 0.94 

MnO 0.03 

MgO 0.26 

CaO 0.95 

Na2O 3.19 

K2O 6.38 

P2O5 0.18 

H2O 9.00 

 

* HR9- hydrous rhyolite with 9 wt.% H2O taken from Mallik et al. (2015)
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Table A2: Major element and volatile (S, H2O) concentrations (in wt.%) of the experimental melts. 

 

 Run no. P (GPa) T (°C) SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O S P2O5 Total H2Oa 

G618 2 1000 75.40 0.29 13.36 0.33 0.02 0.16 1.33 2.57 6.44 0.07 0.04 100.00 8.46 

1σ 
  

1.03 0.04 0.99 0.02 0.00 0.01 0.21 0.64 0.86 0.03 0.00 
 

0.49 

G619 2 950 73.16 0.45 13.91 0.61 0.03 0.20 1.83 3.03 6.59 0.12 0.06 100.00 9.26 

1σ 
  

1.12 0.11 0.63 0.06 0.01 0.02 0.44 0.38 0.68 0.03 0.01 
 

0.84 

B470 2 900 72.18 0.23 16.63 0.22 0.02 0.26 1.78 2.54 5.96 0.05 0.12 100.00 10.35 

1σ     0.92 0.06 0.87 0.02 0.01 0.04 0.34 0.59 0.71 0.01 0.03   0.87 

 

* Total FeO content 
a Estimated by difference from microprobe totals 
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Table A3: Calculated bulk Ds (!) for DMM-derived melt under upper mantle melting conditions 

 

DMM melting (assuming 250 ppm S in DMM) 
  

Mass 

Fractions 
 

Ol 
     

0.53 
 

Opx 
     

0.08 
 

Cpx 
     

0.34 
 

Grt 
     

0.05 
 

       
 

Sulfide 
     

0.0006 
 

        
Elements DOl/melt DOpx/melt DCpx/melt DGrt/melt DSulfide/melt ! !  sulfide-sat DMM 

Ce 0.0005$ 0.004g 0.038^ 0.017a 0* 0.01 0.01 

Mo 0.0009g 0.0039g 0.014g 0.410b 1.28 0.03 0.04 

Cu 0.023# 2.80g 0.071# 0.690g 450 0.29 0.56 
$ from Nielsen et al. (1992); # from Paster et al. (1974); ^ from Johnson (1998); underlined data 

are from Li and Audétat (2012) whereas b, g and * are from studies noted in Table 2. 

  



192 
 

Table A4: Spectrometer setting for REE analysis in anhydrite and silicate glass 

Element X-ray Analyzing crystal Spectrometer 

Peak 

position   

(L-value, 

mm) 

Peak 

(nm) 

Lower bk 

offset (mm) 

Upper bk offset 

(mm) 

Si Ka TAP 1 77.79 0.71 6.0 6.0 

Ca Ka PETJ 2 107.55 0.34 5.0 6.0 

S Ka PETJ 2 172.02 0.54 5.0 5.0 

Sm La LIFH 3 153.03 0.22 1.0 1.0 

Eu La LIFH 3 147.56 0.21 1.0 2.0 

Ba La LIFH 3 193.06 0.28 1.0 1.0 

Sr La TAP 4 74.70 0.69 0.4 1.2 

La La PETL 5 85.40 0.27 0.5 1.0 

Ce La PETL 5 82.04 0.26 1.0 1.0 

Nd La PETL 5 75.93 0.24 1.0 1.0 

Ag La PETL 5 133.07 0.42 1.0 1.0 
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Figure A1: Comparison of Sr, Ba, La, Ce, Nd, Sm and Eu analyses in anhydrite grains from two 
experiments using LA-ICP-MS and EPMA techniques. The result demonstrates good agreement 
between these two techniques throughout the concentration range. EPMA= Electron Probe Micro 
Analyzer; LA-ICP-MS= Laser Ablation Inductively Coupled Plasma Mass Spectrometry. 
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Figure A2: Bulk partition coefficients (!) applicable to subducting sediment melting in (a) the 
absence of any S-bearing accessory phase and (b) in scenarios where to bulk S is equally 
distributed between sulfide and anhydrite.  
 
 
 

a 

b 
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Figure A3: Comparison of bulk partition coefficients (!) applicable to subducting AOC melting 
in (a) the absence of any S-bearing accessory phase and (b) in scenario where bulk S is 
distributed equally between sulfide and sulfate mineral phases to those where S is present either 
as sulfide or as anhydrite. 
 
 
 

a 

b 
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Figure A4: MgO (wt.%) versus Ce/Cu of arc lavas from different subduction zones (Kurile, 
Mexico, Cascades, Marianas, L.Antilles). No trend of increasing Ce/Cu with decreasing MgO 
content is observed over the range of MgO content considered at any arcs except Kurile (at MgO 
<6 wt.%), an indication that Cu and Mo are not affected by sulfide saturation during fractionation 
in the data considered for our model. For Kurile, MgO > 6wt.% are used in the model comparison. 
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Figure A5: MgO (wt.%) versus Ce/Mo of arc lavas from different subduction zones (Kurile, 
Mexico, Cascades, Marianas, L.Antilles). No trend of increasing Ce/Mo with decreasing MgO 
content is observed over the range of MgO content considered at any arcs except Kurile (at MgO 
<6 wt.%), an indication that Cu and Mo are not affected by sulfide saturation during fractionation 
in the data considered for our model. For Kurile, MgO > 6wt.% are used in the model comparison. 
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Figure A6: Ce/Cu and Ce/Mo plot for different subducting slabs using ! calculated (Table 2 and 
Fig. 5) in this study for melts derived from (a) Altered-Oceanic Crust, and (b and c) sediments. 
The grey bands are melts derived from mantle wedge (DMM) saturated in sulfide beneath the arc 
volcanoes (! of sulfide saturated DMM from Table A3). Anhydrite saturated slab melts are green 
in color whereas, sulfide saturated slab melts are blue in color. Arc lava Ce/Mo and Ce/Cu values 
for Marianas, Kurile, Cascades, Mexico and L. Antilles are plotted. (a) At Marianas, some of the 
arc lava data with Ce/Cu ratios higher than 0.1 and Ce/Mo ratios higher than 10 can be 
demonstrated by mixing between sulfide saturated DMM melt and anhydrite saturated sediment 
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slab melt. (b) At L. Antilles, the arc lava data is difficult to interpret by simple mixing between 
any two fields.  It is explainable by mixing of both sulfide saturated DMM melt and anhydrite 
saturated sediment melt or sulfide saturated DMM melt and sulfide saturated sediment melt. (c) 
For Mexico and Cascades similarly to Fig. 7a, bulk of the arc lava data is explainable by mixing 
between DMM melt and sulfide-saturated AOC melt. For Kurile and Marianas, arc lava data with 
Ce/Cu ratios higher than 0.1 and Ce/Mo ratios higher than 10 can be demonstrated by mixing 
between sulfide saturated DMM melt and anhydrite saturated sediment slab melt. L. Antilles, 
which lies at a higher Ce/Cu values than the anhydrite-saturated AOC melt field and lower than 
the sulfide-saturated AOC melt field, is difficult to explain by mixing between sulfide saturated 
DMM melt and anhydrite or sulfide saturated AOC melt.   
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Figure A7: Ce/Cu vs Ce/Mo plot for melts derived from (a) subducting sediments and (b) Altered-
Oceanic Crust showing fields where no sulfur phase is saturated as well as where 50% modal 
abundance of anhydrite and pyrrhotite are present (based on ! from Figure A2 and Figure A3). 
Arc lava Ce/Mo and Ce/Cu values for Marianas, Kurile, Cascades, Mexico and L. Antilles are 
plotted. Description of the figure is given in section 3.4.4.1 in the main text.  
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Figure A8: Ce/Cu vs Ce/Mo plot for melts derived from (a) subducting sediments showing fields 
of allanite, monazite, allanite along with anhydrite, allanite along with pyrrhotite, allanite along 
with monazite, monazite along with anhydrite and monazite along with pyrrhotite and (b) Altered-
Oceanic Crust showing allanite, allanite along with anhydrite and allanite along with pyrrhotite. 
Arc lava Ce/Mo and Ce/Cu values for Marianas, Kurile, Cascades, Mexico and L. Antilles are 
plotted.  
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Appendix B 
 

Table B1:  Composition of the natural dolomite used in starting mix 

Natural Dolomite 

SiO2 0.00 

TiO2 0.00 

Al2O3 0.00 

FeO 2.41 

MnO 0.18 

MgO 20.44 

CaO 28.98 

Na2O 0.00 

K2O 0.00 

CO2 47.99 

Total 100.00 
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Table B2:  Composition of the sulfide melts 

 

  

Run No. Starting Mix Fe Ni S XFe 
G558 CSL1FeS 62.84 0.00 35.80 1.00 
G556 CSL1FeS 61.99 0.00 37.48 1.00 
G553 CSL1FeS 61.88 0.00 36.20 1.00 
G555 CSL1FeS 62.04 0.00 35.74 1.00 
G543 CSL1FeS 61.59 0.00 36.84 1.00 
G544 CSL1FeS 61.93 0.00 35.66 1.00 
G548 CSL1FeS 62.06 0.00 36.47 1.00 
G551 CSL1FeS 61.91 0.00 35.57 1.00 
G552 CSL1FeS 62.01 0.00 35.61 1.00 
G559 CSL1FeS 60.98 0.00 36.21 1.00 
G557 CSL1FeS 62.54 0.00 35.82 1.00 

MA220 CSL1FeS 61.57 0.00 36.03 1.00 
MA223 CSL1FeS 62.38 0.00 35.49 1.00 
MA230 CSL2FeS 61.84 0.00 36.07 1.00 
G561c CSL2FeS 62.27 0.00 35.61 1.00 
G562c CSL2FeS 62.34 0.00 35.74 1.00 
G566c CSL2FeS 61.97 0.00 36.21 1.00 
MA231 CSL2FeS 62.81 0.00 35.62 1.00 
MA228b CSL2FeS 61.84 0.00 36.37 1.00 
G561a CSL1Fe0.5S 34.22 31.69 32.04 0.52 
G562b CSL1Fe0.5S 34.56 32.08 33.14 0.52 
G566a CSL1Fe0.5S 33.65 31.98 32.36 0.51 

MA228a CSL1Fe0.5S 34.57 32.47 33.26 0.52 
G561b CSL2Fe0.5S 34.28 31.85 33.12 0.52 
G562a CSL2Fe0.5S 34.77 32.73 31.77 0.52 
G566b CSL2Fe0.5S 33.97 31.81 32.44 0.52 

MA228c CSL2Fe0.5S 34.16 32.27 31.83 0.51 
G587a CSL1Fe0.7S 44.12 22.14 34.79 0.67 
G587b CSL2Fe0.7S 43.27 21.82 34.81 0.66 
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Table B3:  Composition of olivine 

 
SiO2 TiO2 Al2O3 FeO* MnO MgO CaO K2O Na2O Total 

G556 40.02 0.04 0.08 10.24 0.31 49.14 0.29 0.00 0.07 100.19 

1σ 0.23 0.01 0.02 0.17 0.15 0.78 0.13 0.00 0.01 0.48 

G553 39.24 0.01 0.09 11.21 0.34 48.98 0.21 0.01 0.06 100.14 

1σ 0.37 0.00 0.04 0.29 0.16 0.84 0.09 0.00 0.01 0.72 

G544 39.59 0.02 0.07 10.39 0.37 48.73 0.28 0.00 0.07 99.52 

1σ 0.54 0.00 0.04 0.37 0.11 0.67 0.09 0.00 0.01 0.78 

G548 39.96 0.03 0.09 10.48 0.33 47.66 0.23 0.00 0.04 98.81 

1σ 0.38 0.01 0.01 0.41 0.16 0.87 0.08 0.00 0.00 0.68 

G551 39.59 0.01 0.07 10.99 0.31 49.17 0.10 0.04 0.00 100.27 

1σ 0.69 0.00 0.02 0.31 0.21 0.92 0.07 0.00 0.00 0.49 

G552 40.05 0.02 0.08 11.38 0.32 48.57 0.27 0.02 0.09 100.79 

1σ 0.47 0.00 0.00 0.29 0.17 0.83 0.17 0.00 0.04 0.73 

G559 39.68 0.03 0.09 11.45 0.37 48.69 0.22 0.03 0.01 100.57 

1σ 0.55 0.00 0.03 0.37 0.09 0.62 0.14 0.00 0.00 0.62 

G557 39.78 0.01 0.05 11.69 0.45 48.03 0.38 0.00 0.00 100.39 

1σ 0.67 0.00 0.01 0.42 0.11 0.79 0.19 0.00 0.00 0.59 

MA220 40.16 0.00 0.07 10.93 0.38 47.40 0.29 0.02 0.00 99.25 

1σ 0.37 0.00 0.02 0.40 0.14 0.74 0.06 0.00 0.00 0.57 

MA223 40.10 0.03 0.08 10.63 0.34 48.55 0.37 0.01 0.00 100.11 

1σ 0.41 0.00 0.04 0.51 0.17 0.73 0.16 0.00 0.00 0.61 
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Table B4:  Composition of clinopyroxene 

 
SiO2 TiO2 Al2O3 FeO* MnO MgO CaO K2O Na2O Total 

G558 53.34 0.22 3.59 5.83 0.33 22.45 13.69 0.00 0.37 99.82 

1σ 0.50 0.07 0.87 0.52 0.03 1.07 0.51 0.00 0.00 0.57 

G544 53.78 0.28 3.41 5.55 0.34 21.91 14.01 0.01 0.36 99.65 

1σ 0.73 0.04 0.49 0.87 0.07 0.88 0.91 0.00 0.00 0.60 

G548 52.32 0.31 3.59 5.57 0.38 21.53 14.69 0.00 0.40 98.79 

1σ 0.76 0.08 0.54 0.68 0.02 0.87 0.36 0.00 0.00 0.62 

G559 53.57 0.38 3.56 6.19 0.31 22.89 13.42 0.00 0.44 100.76 

1σ 0.45 0.14 0.65 0.52 0.07 0.79 0.59 0.00 0.00 0.57 

G557 52.41 0.27 3.78 5.69 0.27 21.45 14.03 0.01 0.23 98.14 

1σ 0.36 0.05 0.76 0.57 0.04 0.35 0.69 0.00 0.00 0.63 

MA220 53.66 0.29 3.68 5.73 0.46 22.67 14.38 0.03 0.47 101.37 

1σ 0.82 0.12 0.31 0.69 0.07 0.57 0.36 0.00 0.00 0.42 

MA223 53.29 0.24 3.57 5.94 0.47 22.32 13.95 0.00 0.00 99.78 

1σ 0.98 0.09 0.35 0.64 0.17 0.91 0.68 0.00 0.00 0.87 
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Table B5:  Composition of orthopyroxene 

 
SiO2 TiO2 Al2O3 FeO* MnO MgO CaO K2O Na2O Total 

G544 54.08 0.23 3.47 6.46 0.31 32.24 2.62 0.01 0.18 99.59 

1σ 0.68 0.07 0.24 0.47 0.15 0.67 0.24 0.00 0.08 0.64 

G548 54.37 0.25 3.56 7.28 0.37 32.47 2.14 0.00 0.20 100.64 

1σ 0.98 0.06 0.64 0.61 0.12 1.06 0.64 0.00 0.09 0.68 

MA220 55.30 0.21 3.87 7.53 0.32 31.68 2.07 0.00 0.15 101.13 

1σ 0.78 0.02 0.52 0.43 0.08 0.87 0.71 0.00 0.08 0.74 

MA223 54.75 0.24 3.59 7.51 0.27 31.72 1.85 0.01 0.14 100.07 

1σ 0.56 0.07 0.51 0.62 0.11 1.09 0.14 0.00 0.02 0.43 
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Table B6:  Composition of garnet 

 
SiO2 TiO2 Al2O3 FeO* MnO MgO CaO K2O Na2O Total 

G558 41.41 0.63 23.24 8.23 0.53 21.01 5.41 0.00 0.04 100.50 

1σ 0.23 0.06 0.14 0.29 0.22 0.24 0.27 0.00 0.00 0.55 

G544 41.87 0.58 23.66 8.27 0.56 20.61 5.38 0.00 0.02 100.95 

1σ 0.45 0.21 0.27 0.72 0.06 0.62 0.58 0.00 0.00 0.39 

G559 41.68 0.69 22.29 8.67 0.61 19.67 5.22 0.01 0.00 98.84 

1σ 0.99 0.09 0.77 0.69 0.12 1.09 0.77 0.00 0.00 0.79 

G557 42.22 0.54 23.47 8.16 0.47 20.42 5.34 0.00 0.01 100.63 

1σ 0.68 0.23 0.64 0.76 0.03 0.49 0.83 0.00 0.00 0.62 

MA220 41.93 0.63 22.71 8.04 0.52 20.88 5.76 0.02 0.00 100.49 

1σ 0.78 0.14 1.24 0.40 0.06 1.05 0.90 0.00 0.00 0.85 

MA223 41.24 0.66 23.64 8.42 0.59 20.47 5.44 0.01 0.00 100.47 

1σ 0.21 0.08 0.71 0.97 0.06 0.97 0.34 0.00 0.00 0.80 
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Table B7: Composition of N-MORB and kimberlite used in Figure 8a. 

  N-MORBa Kimberliteb 

   SiO2   50.42 33.33 

   TiO2   1.53 2.52 

   Al2O3  15.13 2.18 

   FeO*    9.81 10.24 

   MgO    7.76 36.69 

   CaO    11.35 14.42 

   K2O    0.14 0.22 

   Na2O   2.83 0.00 

Sum 98.97 99.60 

a From Gale et al., 2013 
b From Hoal, 2003   
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Table B8: Composition of carbonatite released from subducting slab taken from Thomson et al. 2016 

SiO2 0.36 

TiO2 1.28 

Al2O3 0.08 

FeO* 9.50 

MnO 0.16 

MgO 6.67 

CaO 33.61 

Na2O 4.63 

K2O 0.76 

P2O5 1.05 

CO2 41.88 
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Figure B1: Comparison of our parameterized SCSS with (a) Smythe et al. 2017 parameterization 
and (b) Ding et al. 2018 parameterization. Both the comparison shows that most of the data falls 
within 10% error range of these two previous models. But as our parameterization is based on 
Smythe et al (2017) model and it compares better with that model. 
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