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Abstract 11 

Performing well-controlled metal-silicate partitioning experiments at conditions directly simulating 12 

those of a deep magma ocean is difficult. It is therefore common to perform experiments at lower 13 

pressures and temperatures, which are used to determine the effects of salient variables. Often, these 14 

effects are determined by multiple linear regression of a dataset covering a large range of P-T-15 

composition space. In particular, these datasets often contain the results of experiments performed both 16 

with and without sulfur in the system. Data are often regressed, however, using a relationship based 17 

only upon the formation of oxide species in the silicate melt. Several studies have suggested that, when 18 

sulfur is present in the system, siderophile trace metals may also dissolve into silicate melt as S-bearing 19 

species. We have derived a relationship for regressing experimental metal-silicate partitioning data that 20 

considers the formation of both oxide and sulfide species in the silicate melt. Using model datasets, we 21 

have assessed the ability of this relationship, and the more typical single-species relationship, to 22 

accurately parameterize data in which the formation of S-bearing species is important. We have also 23 

applied this new relationship to experimental results on the metal-silicate partitioning of gold and find 24 



it is able to reconcile the conflicting pressure dependencies of ln𝐷Au
𝑚𝑒𝑡/𝑠𝑖𝑙  found in previous studies. 25 

 26 

Keywords: sulfur, core formation, chalcophile, siderophile, speciation, high pressure 27 

 28 

1. Introduction 29 

Many studies seek to constrain the conditions of planetary core formation by comparing the 30 

composition of primitive mantle (PM) estimated from the rock record with that predicted by forward 31 

models based upon experimental results. The experiments used in these forward models equilibrate 32 

trace element doped metal and silicate melts at high pressure and temperature, from which metal-33 

silicate partition coefficients (𝐷
𝑚𝑒𝑡/𝑠𝑖𝑙

) are determined. Alternatively, for the most siderophile (iron-34 

loving) elements, silicate melts are saturated in the trace element of interest and 𝐷𝑚𝑒𝑡/𝑠𝑖𝑙 is calculated 35 

from the resulting solubility data. Most metal-silicate partitioning data have been produced at pressures 36 

below ~27 GPa due to the difficulty of achieving higher pressures using large-volume press techniques. 37 

Although these conditions overlap with lower estimates for the maximum depth of core-segregation 38 

from a magma ocean (e.g., Li & Agee, 1996; Righter et al., 1997), it is significantly below the 39 

maximum pressures invoked in some studies (e.g., 40-80 GPa; Corgne et al., 2009; Rubie et al., 2011; 40 

Siebert et al., 2013). Considerable extrapolation of the experimentally determined metal-silicate 41 

partition coefficients to relevant conditions is therefore required. This is typically achieved by 42 

parameterizing the available data using multiple linear regression, as a function of pressure (P), 43 

temperature (T), composition and in some cases oxygen fugacity (fO2). These parameterizations are 44 

based on reactions where the element of interest dissolves in silicate melt as an oxide species. For 45 

systems containing sulfur, however, it has been suggested for several elements that the formation of 46 

sulfur-bearing complexes is important (e.g. Botcharnikov et al. 2010; Laurenz et al. 2013; Mungall & 47 

Brenan, 2014; Bennett et al. 2016). Here, we consider whether these elements require a different 48 



approach to parameterization, to account for the coupled effects of pressure that arise from both the 49 

partial molar volume of reaction and changes to the distribution of sulfur between metal and silicate 50 

phases. We derive a new form for parameterizing the data from sulfur-bearing experiments and 51 

demonstrate the potential for erroneously extrapolating 𝐷
𝑚𝑒𝑡/𝑠𝑖𝑙  with pressure when sulfur-bearing data 52 

are parameterized in the traditional manner. We also use existing metal-silicate partitioning data for Au 53 

to explore the ability of our new relationship to explain real-world observations. To better test the 54 

veracity of this new relationship, however, experiments are needed that target the P-T-composition 55 

conditions and elements for which coupled pressure-sulfur effects are expected to be most apparent. 56 

 57 

1.1 Sulfur in Silicate Melts and the Existence of Metal-Sulfur Complexes 58 

Although oxygen is the dominant anion in silicate melts over most terrestrial conditions, sulfur can 59 

dissolve in significant quantities as conditions become suitably reducing (≤16 wt % S) (Namur et al., 60 

2016; Wood & Kiseeva, 2016). Below the fayalite-magnetite-quartz buffer (FMQ) sulfur dissolves as 61 

S2- and is often considered to replace oxygen bonded to iron (e.g. Mavrogenes & O'Neill, 1999; 62 

Métrich et al., 2009). Significant increases in S solubility with more reducing conditions, however, do 63 

not manifest until below ~IW -2 and are dependent upon temperature (Namur et al., 2016). As 64 

conditions become highly reducing, the sulfur content of silicate melt can exceed the iron content and 65 

Namur et al. (2016) suggest in these instances that reaction with Mg and Ca is a significant solution 66 

mechanism for S. This assertion is supported by the Raman spectra of silicate melts in equilibrium with 67 

sulfide liquid, that display increasingly intense peaks corresponding to MgS and CaS with decreasing 68 

fO2 (IW -3.6 to -8.4) and increasing S content (Namur et al., 2016). Terrestrial core-formation is 69 

associated with relatively reducing conditions (fO2 < IW) and thus metal-silicate partitioning 70 

experiments are typically performed at similarly reducing conditions, where sulfur solubility as sulfide 71 

species is favored. 72 



 73 

The solution of sulfur into silicate melt can potentially affect values of 𝐷
𝑚𝑒𝑡/𝑠𝑖𝑙  for an element, 74 

hereafter denoted M, in two ways. The first is via changes to the activity coefficient of oxides species 75 

of M in the silicate melt and the second is by bonding with M to form a new, sulfur-bearing, species in 76 

the melt. These possibilities are not mutually exclusive, however, and are in fact most likely to operate 77 

in tandem. Several authors have presented evidence that the formation of sulfur-bearing species is 78 

significant for certain elements. Botcharnikov et al. (2010) investigated the solubility of Au in andesitic 79 

and basaltic melts at FMQ -0.4 to +3.3. These authors found an increase in gold solubility in silicate 80 

melt with increasing fS2 for both melt compositions. However, they observed a decrease in sulfide-81 

silicate partition coefficients with ½(logfO2-logfS2) rather than the expected increase. This effect can be 82 

explained by changes to the activity coefficients of Au in sulfide and silicate phases as the fO2/fS2 ratio 83 

changes, or by challenging the assumption that Au dissolves in the melt strictly as oxide species. 84 

Botcharnikov et al. (2010) prefer the latter of these options on the basis of thermodynamic favorability, 85 

but are unable to dismiss the former possibility entirely. 86 

 87 

The existence of sulfur-bearing Au species was also suggested by Bennett et al. (2016) to explain 88 

variations in 𝐷𝐴𝑢
𝑚𝑒𝑡/𝑠𝑖𝑙 with changing S contents in the metal phase. These authors observed a decrease 89 

in 𝐷𝐴𝑢
𝑚𝑒𝑡/𝑠𝑖𝑙  with increasing sulfur content of the metal. This behavior is expected on the basis of 90 

previous work in solid metal-liquid metal systems that shows the affinity of gold for metal decreases as 91 

the non-metal content of the metal increases (Jones & Malvin, 1990; Chabot & Jones, 2003). The 92 

magnitude of this decrease, however, was greater than expected on the basis of known activity-93 

composition relationships in the metal phase. This result can be explained either by changes to activity-94 

composition relations in the silicate melt as S is added, and/or by the formation of sulfur-bearing Au 95 

species. The dependence of Dmet/sil on log fS2 found by Bennett et al. (2016) does not support the 96 



formation of a simple Au2S species, consistent with the findings of Botcharnikov et al. (2010). Bennett 97 

et al. (2016) thus similarly conclude that either more complex Au species in the silicate melt are 98 

required, or the activity coefficients of Au species in the silicate melt depend strongly on composition. 99 

 100 

Laurenz et al. (2013) investigated the solubility of Pd and Ru in both sulfur-bearing and sulfur-free 101 

picritic melts over a range of fO2. They found that Ru and Pd dissolve as 4+ and 1+ species 102 

respectively, at oxygen fugacities within several log units of the FMQ buffer. The solubility of Ru was 103 

found to be higher in the sulfur-bearing system (log fS2 = -2.3) by approximately one order of 104 

magnitude at similar fO2, which the authors attribute to the formation of RuS2 species in the silicate 105 

melt. Pd solubility was seen to decrease with the addition of sulfur to the system, however, due to a 106 

reduction in Pd activity as Pd metal reacted with S to form a Pd-Fe-S melt (Laurenz et al., 2013). 107 

Mungall & Brenan (2014) used the results of Laurenz et al. (2013) for Ru, alongside their own 108 

experimental data for Pt and Ir, to estimate ∆𝐺𝑟
𝑜 for the formation of metal-sulfur complexes in the 109 

silicate melt via reactions of the form: MO𝑛/2 (𝑠𝑖𝑙) + 𝑛

4
S2 (𝑔) = MS𝑛/2 (𝑠𝑖𝑙) + 𝑛

4
O2  (𝑔). Their analysis 110 

permits the alloy solubility to be estimated as a function of fO2 and fS2, and reveals that sulfur enhances 111 

solubility for all three metals. 112 

 113 

Wood & Kiseeva (2016) determined sulfide-silicate partition coefficients for a range of lithophile 114 

elements and copper, across a very broad range of fO2. In their most reducing experiments the authors 115 

observed a dramatic increase in the sulfur solubility of the silicate melt and concomitant decrease in 116 

𝐷
𝑠𝑢𝑙𝑓/𝑠𝑖𝑙 for copper by approximately an order of magnitude. As with Au and Ru discussed above, Cu 117 

is a strongly chalcophile element, and thus may also be susceptible to the formation of sulfur-bearing 118 

complexes in silicate melt. However, it is also possible that this change in the partitioning behavior is 119 

bought about by changes to the activity-composition relations resulting from the increased sulfur 120 



contents of the silicate melt. 121 

 122 

From the brief summary above, it is clear that sulfur dissolved into silicate melts affects the solubility 123 

and partitioning of certain, typically chalcophile, trace elements. Despite this, it is hard to claim the 124 

existence of metal-sulfide species in silicate melts from only solubility and partitioning measurements. 125 

Spectroscopy, however, can provide direct evidence for the formation of these species in silicate melt. 126 

Evans et al., (2009) performed X-ray absorption near edge structure (XANES) analysis of quenched 127 

silicate glasses synthesized at 1673 K, and controlled fO2, fS2 conditions (predominantly FMQ -3.2 and 128 

logfS2 = -1.91). Starting materials were powdered mixtures with compositions in the CMAS system 129 

(CaO-MgO-Al2O3-SiO2), to which variable amounts of Mn, Ni and W were added. On the basis of 130 

changes to the composite peak observed in sulfur K-edge XANES spectra, Evans et al., (2009) 131 

recognized the formation of Mn-S species in their silicate melts and found that the formation of W-S 132 

species was also consistent with their spectroscopic results. The low S contents of Ni-bearing melts, 133 

due to saturation in an immiscible NiS phase, results in a low signal to noise ratio of the spectra and 134 

prevents the possible identification of Ni-S species. The authors calculate that no more than ~20% of 135 

Mn and ~2% of W are dissolved as sulfide species at the conditions of their experiments, which contain 136 

~0.2 wt% sulfur. It is noteworthy that the platinum group metals, Cu, and Au, as discussed earlier, are 137 

all more chalcophile than Mn or W and thus may be expected to more readily form sulfide species in 138 

the silicate melt.  Furthermore, conditions in the Evans et al., (2009) experiments are more oxidizing 139 

than those employed in metal-silicate partitioning experiments designed to study core formation (i.e., 140 

they are above the iron-wüstite buffer). At more reducing conditions, where S concentrations in the 141 

silicate melt may be higher, it is reasonable to expect that metal-sulfur species will compose an even 142 

greater proportion of the dissolved metal content. 143 

 144 

Finally, we emphasize that the formation of metal-sulfur species does not diminish the importance of 145 



activity-composition relations in both the metal and silicate phases with respect to element partitioning. 146 

The complexity that can arise due to some of these effects is discussed in detail by Jana & Walker 147 

(1997) in their study of trace element partitioning behavior as a function of sulfur content. In particular, 148 

these authors note that strong non-ideality in the Fe-S system permits a situation where increasing 149 

𝑋S
𝑏𝑢𝑙𝑘 leads to a decrease in 𝑋S

𝑠𝑖𝑙  when 𝑋S
𝑚𝑒𝑡 > 𝑋Fe

𝑚𝑒𝑡 .  Addition of sulfur to the system beyond the 150 

amount required to form stochiometric FeS will, by necessity, consume Fe from the silicate melt to 151 

form additional FeS and thus increase the mass fraction of sulfide. This decrease in 𝑋Fe
𝑠𝑖𝑙 leads to a 152 

concomitant decrease in 𝑋S
𝑠𝑖𝑙  as Fe is the dominant complexing agent for S in the silicate melt. 153 

Maintaining the requirement 𝑎S
𝑚𝑒𝑡 = 𝑎S

𝑠𝑖𝑙  as 𝑋S
𝑏𝑢𝑙𝑘  increases and 𝑋S

𝑠𝑖𝑙  decreases therefore necessitates 154 

significant changes to 𝛾S
𝑠𝑖𝑙. The authors also note that an analogous situation will arise for metals other 155 

than Fe in the silicate melt, explaining their observation that partition coefficients for elements such as 156 

Au and Ni increase sharply in their highest S experiments. To avoid some of these complexities in the 157 

present study, our discussion will only consider metallic melts that are more Fe-rich than the Fe-FeS 158 

eutectic. 159 

 160 

2. Theoretical Considerations 161 

2.1 A Typical Relationship for Parameterizing DMet/Sil 162 

The dissolution of a trace metal (M) into silicate melt is typically considered in terms of the following 163 

heterogeneous reaction: 164 

M (𝑚𝑒𝑡) +
𝑛

4
O2 (𝑔) = MO𝑛 2⁄  (𝑠𝑖𝑙)          (1) 

where n is the oxidation state of the metal when dissolved in the melt. The equilibrium constant for this 165 

reaction (K1) is as follows: 166 

𝐾1 =
𝑎𝑀𝑂𝑛 2⁄

𝑠𝑖𝑙

𝑎𝑀
𝑚𝑒𝑡𝑓O2

𝑛 4⁄
          (2) 



where 𝑎𝑖
𝛼 is the activity of species i in phase α and fO2 is the oxygen fugacity. Expanding the activity 167 

terms (given: 𝑎𝑖
𝜀 = 𝛾𝑖

𝜀𝑋𝑖
𝜀) and taking the natural log, equation 2 becomes: 168 

ln𝐾1 = −
𝑛

4
ln𝑓O2 + ln (

𝑋MO𝑛 2⁄

𝑠𝑖𝑙

𝑋M
𝑚𝑒𝑡 ) + ln (

𝛾MO𝑛 2⁄

𝑠𝑖𝑙

𝛾M
𝑚𝑒𝑡 )        (3) 

where 𝑋𝑖
𝜀 and 𝛾𝑖

𝜀 are the mole fraction and activity coefficient of i in phase ε respectively. The Gibbs 169 

free energy of reaction (∆𝐺𝑟
𝑜) is related to the equilibrium constant through the following relationship: 170 

∆𝐺𝑟1
𝑜 = −𝑅𝑇ln𝐾1          (4) 

Substituting (3) into (4) and rearranging yields: 171 

∆𝐺𝑟1
𝑜

−𝑅𝑇
= −

𝑛

4
ln𝑓O2 + ln (

𝑋MO𝑛 2⁄

𝑠𝑖𝑙

𝑋M
𝑚𝑒𝑡 ) + ln (

𝛾MO𝑛 2⁄

𝑠𝑖𝑙

𝛾M
𝑚𝑒𝑡 )        (5) 

The molar metal-silicate partition coefficient of metal M (𝐷𝑀1
𝑚𝑒𝑡/𝑠𝑖𝑙

) is defined by the following ratio: 172 

𝐷M1
𝑚𝑒𝑡/𝑠𝑖𝑙

=
𝑋M

𝑚𝑒𝑡

𝑋MO𝑛 2⁄

𝑠𝑖𝑙
          (6) 

Rearranging (5) in terms of ln𝐷M1
𝑚𝑒𝑡/𝑠𝑖𝑙 and remembering that ∆𝐺𝑟

𝑜 = ∆𝐻𝑟
𝑜 − 𝑇∆𝑆𝑟

𝑜 + 𝑃∆𝑉𝑟
𝑜 yields: 173 

ln𝐷M1
𝑚𝑒𝑡/𝑠𝑖𝑙

=
∆𝐻𝑟

𝑜

𝑅𝑇
−

∆𝑆𝑟
𝑜

𝑅
+

𝑃∆𝑉𝑟
𝑜

𝑅𝑇
−

𝑛

4
ln𝑓O2 + ln (

𝛾MO𝑛 2⁄

𝑠𝑖𝑙

𝛾M
𝑚𝑒𝑡 )          (7) 

Equation 7 provides the thermodynamic basis of equations used to parameterize experimental metal-174 

silicate partitioning data. The entropy, enthalpy, and molar volume terms are typically replaced with 175 

fitting parameters (denoted here as a, b and c, respectively), that allow the pressure and temperature 176 

dependence of partitioning to be described. The oxidation state (n) of M when dissolved in silicate melt 177 

can be determined either from the dependence of ln𝐷𝑀
𝑚𝑒𝑡/𝑠𝑖𝑙 on ln𝑓O2  in experiments at constant P and 178 

T, from spectroscopic measurements of quenched glasses (e.g. XANES), or inferred from the stability 179 

of end-member oxides. The treatment of metal and silicate activity terms varies between studies. For 180 

the present study, we will use the simple implementation of Jones & Malvin (1990) to describe 181 

interactions with S in the metal phase (i.e. to describe changes in 𝛾M
𝑚𝑒𝑡). We note, however, that this 182 



approach may not be adequate for complex alloy compositions and an implementation such as that 183 

described by Ma (2001) may provide greater accuracy.  For simplicity, ideality will be assumed for the 184 

silicate melt (𝛾MO𝑛 2⁄

𝑆𝑖𝑙 = 1), however, it is likely that non-ideal interactions in the silicate melt will be 185 

important in some cases. Implementing these amendments to (7) results in the following relationship: 186 

ln𝐷M1
𝑚𝑒𝑡/𝑠𝑖𝑙

= 𝑎1 +
𝑏1

𝑇
+

𝑐1𝑃

𝑇
−

𝑛

4
ln𝑓O2 + 𝛽ln(1 − 2𝛼𝑋S

𝑚𝑒𝑡)          (8) 

where β is the M-S interaction parameter and α is a constant specific to the compositional system being 187 

studied. Strictly, (8) only describes the equilibrium shown in (1) and is therefore only a complete 188 

description of the metal-silicate partitioning if M forms a single oxide species in the silicate melt across 189 

the range of conditions being studied. The formation of multiple oxide species (i.e., n does not have a 190 

single value), or sulfur-bearing species is thus not rigorously accounted for by a relationship such as 191 

(8). Relationships such as this have often been applied to parameterize datasets containing both sulfur-192 

bearing and sulfur-free experiments (e.g. Righter et al., 1997; Righter & Drake, 1997; Li & Agee, 2001; 193 

Chabot & Agee, 2003; Mann et al., 2009; Righter et al., 2015). However, evidence for the formation of 194 

metal-sulfur complexes in silicate melts suggests that, for certain elements, this may not be an entirely 195 

valid approach. To help assess the veracity of parameterizing data in this manner, a modified 196 

relationship is derived in the following section that accounts for the formation of multiple species. 197 

 198 

2.2 Developing a Relationship that Considers Sulfide Species 199 

The solution of M into silicate melt to form sulfide species can be described using a heterogeneous 200 

reaction analogous to (1) for the formation of oxide species: 201 

M (𝑚𝑒𝑡) +
𝑛

4
S2 (𝑔) = MS𝑛 2⁄  (𝑠𝑖𝑙)          (9) 

Taking the equilibrium constant of (9) and following the same procedure as outlined in equations 2-8, 202 

we arrive at the following expression for the molar partition coefficient concerned with sulfide species 203 

in the silicate melt: 204 



 ln𝐷M9
𝑚𝑒𝑡/𝑠𝑖𝑙

= 𝑎9 +
𝑏9

𝑇
+

𝑐9 𝑃

𝑇
−

𝑛

4
ln𝑓S2 + 𝛽ln(1 − 2𝛼𝑋S

𝑚𝑒𝑡)          (10) 

Note that in (10), the activity coefficient of the sulfide species in silicate melt is again assumed to be 205 

equal to 1. Equation 6 and the analogous relationship for reaction 9 describe the species-specific 206 

partitioning of M, which can be combined to yield a bulk partition coefficient (𝐷M𝑏𝑢𝑙𝑘
𝑀𝑒𝑡/𝑆𝑖𝑙

): 207 

1

𝐷M𝑏𝑢𝑙𝑘
𝑚𝑒𝑡/𝑠𝑖𝑙

=
𝑋MO𝑛 2⁄

𝑠𝑖𝑙 + 𝑋MS𝑛 2⁄

𝑠𝑖𝑙

𝑋M
𝑚𝑒𝑡 =

1

𝐷M1
𝑚𝑒𝑡/𝑠𝑖𝑙

+
1

𝐷M9
𝑚𝑒𝑡/𝑠𝑖𝑙

          (11) 

Substituting the exponents of (8) and (10) into (11), taking the logarithm and simplifying using the 208 

identity ln(𝑥 + 𝑦) = ln𝑥 + ln(1 + 𝑦

𝑥
), yields: 209 

ln𝐷M𝑏𝑢𝑙𝑘
𝑚𝑒𝑡 𝑠𝑖𝑙⁄

=  𝑎1 +
𝑏1

𝑇
+

𝑐1 𝑃

𝑇
−

𝑛

4
ln𝑓O2 + 𝛽ln(1 − 2𝛼𝑋S

𝑚𝑒𝑡)

− ln (1 +  
𝑒𝑎1+

𝑏1
𝑇 +

𝑐1𝑃
𝑇

 𝑒𝑎9+
𝑏9
𝑇

+
𝑐9𝑃

𝑇

∙
(𝑓S2 )

𝑛
4

(𝑓O2 )
𝑛
4

)        (12) 

Equation (12) can be used to describe the bulk partitioning of M, assuming ideal behavior for the 210 

dissolved oxide and sulfide components of M in the silicate melt. Similar to the case for sulfide-silicate 211 

partitioning, (12) includes an fS2/fO2 term that can be difficult to evaluate in high pressure experiments. 212 

To include the effects of this term in a more tractable manner, we make several alterations to (12) in 213 

order to derive an expression that is useful for the regression of high P-T experimental data. 214 

 215 

The dissolution of sulfur (as S2-) into silicate melt by replacement of oxygen is represented by the 216 

following reaction: 217 

O2−(𝑠𝑖𝑙) +
1

2
S2 (𝑔) = S2−(𝑠𝑖𝑙) +

1

2
O2 (𝑔)        (13) 

Because the concentration of O2- in silicate melt far outweighs that of any other anion, it can be 218 

considered constant. With this approximation, a modified equilibrium constant can be written for (13) 219 

termed the sulfide capacity (𝐶S) of the melt (Mavrogenes & O’Neill, 1999): 220 



𝐶S = 𝑋S
𝑠𝑖𝑙 (

𝑓O2

𝑓S2
)

1
2

          (14) 

Remembering that the molar metal-silicate partition coefficient for sulfur is: 221 

𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙

=
𝑋S

𝑚𝑒𝑡

𝑋S
𝑠𝑖𝑙

          (15) 

Casting (15) in terms of 𝑋S
𝑆𝑖𝑙, substituting into (14), then rearranging: 222 

(
𝑋S

𝑚𝑒𝑡

𝐶S𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙

)

2

=
𝑓S2

𝑓O2
         (16) 

The left hand side of (16) can be used to replace the fS2/fO2 term in (12), to yield the following 223 

relationship: 224 

ln𝐷M𝑏𝑢𝑙𝑘
𝑚𝑒𝑡 𝑠𝑖𝑙⁄

=  𝑎1 +
𝑏1

𝑇
+

𝑐1 𝑃

𝑇
−

𝑛

4
ln𝑓O2 + 𝛽ln(1 − 2𝛼𝑋S

𝑚𝑒𝑡)          

− ln (1 +
𝑒𝑎1+

𝑏1
𝑇 +

𝑐1𝑃
𝑇

 𝑒𝑎9+
𝑏9
𝑇 +

𝑐9𝑃
𝑇

∙ (
1

𝐶S

)

𝑛
2

∙ (
𝑋S

𝑚𝑒𝑡

𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙

)

𝑛
2

)           (17) 

We consider it useful to replace 𝑋S
𝑠𝑖𝑙 with 𝑋S

𝑚𝑒𝑡 𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙

⁄  as this form is most useful for employing the 225 

relationship in forward models of core formation, in which values for 𝑋S
𝑠𝑖𝑙 and 𝑋S

𝑚𝑒𝑡 should be related 226 

by 𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙 and it is the light element content of the metal that is often defined. For typical values of 227 

the coefficients a-c, and the P-T range salient to metal-silicate partitioning experiments, changes to  228 

𝑒
𝑎1+

𝑏1
𝑇

+
𝑐1𝑃

𝑇

 𝑒
𝑎9+

𝑏9
𝑇

+
𝑐9𝑃

𝑇

∙ (
1

𝐶S

)

𝑛

2
 with P and T remain relatively small, and thus we are able to replace this term with 229 

(𝑑 𝑋FeO
𝑠𝑖𝑙⁄ )

𝑛/2
, where d is a fitting parameter, without incurring significant inaccuracies in the fitted 230 

values of b1 and c1; the temperature and pressure dependence of partitioning respectively. The sulfide 231 

capacity (𝐶S) depends upon melt composition and fO2 (e.g., Namur et al., 2016) and hence we include 232 

𝑋FeO
𝑠𝑖𝑙  in our new fitting term, which is a proxy for fO2 in metal-silicate partitioning experiments and the 233 

only silicate melt component that varies in the synthetic data. Further discussion of the simplifications 234 



made in this section, and their efficacy, is provided in section 3. Following this replacement, we arrive 235 

at: 236 

ln𝐷M𝑏𝑢𝑙𝑘
𝑚𝑒𝑡 𝑠𝑖𝑙⁄

=  𝑎1 +
𝑏1

𝑇
+

𝑐1 𝑃

𝑇
−

𝑛

4
ln𝑓O2 + 𝛽ln(1 − 2𝛼𝑋S

𝑚𝑒𝑡)

− ln (1 + (
𝑑

𝑋FeO
𝑠𝑖𝑙

)

𝑛
2

(
𝑋S

𝑚𝑒𝑡

𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙

)

𝑛
2

)         (18) 

Equation 18 thus provides a form for parameterizing experimental data for elements that dissolve as 237 

both oxide and sulfide species in silicate melt. Note that in fits to real experimental data, values of d 238 

may contain a contribution from activity-composition effects that are not otherwise explicitly 239 

accounted for. Because the metal-silicate partitioning of sulfur (𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙

) and metal activity terms are 240 

constrained independently, rather than fit to the experimental data, the number of fitting parameters 241 

remains relatively small. Where possible, b can also be independently constrained from end-member 242 

thermodynamic data, further reducing the number of fit parameters (e.g. Wade & Wood 2005). 243 

 244 

2.3 Physical Interpretation of the Functional Form 245 

Figure 1 displays ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 as a function of pressure for a hypothetical 2+ cation (n = 2) that forms 246 

both sulfide and oxide species in the silicate melt. Temperature is fixed at 2500 K and the metal is 247 

assumed to contain 20 mol% sulfur. Values for the parameters a, b, and c, are fixed at 1, 10,000, -50 248 

respectively. The value of d is varied between 0 and 20, as indicated for each curve. For the present 249 

study, we have parameterized the value of ln𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙 as a function of P, 𝑋FeO

𝑠𝑖𝑙 , 𝑋S
𝑚𝑒𝑡and ∑ 𝑋𝑖

𝑚𝑒𝑡 where i 250 

= Si, O, C, P. The inclusion of a 1/T term for parameterizing ln𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙was found to be insignificant at 251 

the 95% confidence level. Our regression yields a pressure effect which is similar in magnitude to the 252 

studies of Rose-Weston et al. (2009) and Boujibar et al. (2014), but significantly larger than the study 253 

of Sauer et al. (2017), which includes the results of diamond anvil cell experiments. Details of this 254 



parameterization are provided in the supplement to this manuscript. 255 

 256 

Clear from Fig. 1 is that when 𝑑 ≠ 0 (i.e., when M-S species are formed in the silicate) the metal-257 

silicate partition coefficient first increases then decreases with increasing pressure. This behavior 258 

results from the competing effects of the partial molar volume of reaction and changes to the mole 259 

fraction of sulfur in silicate melt arising from sulfur’s more siderophile behavior with increasing 260 

pressure. For transition metal cations (e.g. Ni, Co, Mn, W, Zn, Mo), the c term, related to ∆𝑉𝑟
𝑜, is often 261 

found to be negative (Wade & Wood, 2005; Siebert et al., 2011). This suggests that higher pressures 262 

favor more lithophile behavior for these elements. Higher pressures, however, result in more 263 

siderophile behavior for sulfur; lowering the concentration of S2- in the silicate melt and reducing the 264 

propensity to form dissolved MSn/2 species. By removing this solution mechanism, M behaves in a 265 

relatively more siderophile fashion as pressure is increased. It is the competition between these effects 266 

that results in the curvilinear pressure dependence of  ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙  predicted by equation 18. The 267 

inflection point in the curve thus indicates the pressure at which partial molar volume effects become 268 

dominant over the changing S concentration in silicate melt. At pressures above this inflection point M 269 

will be dissolved in silicate melt primarily as the oxide species, due to the low S concentrations in the 270 

melt at high pressure. At these conditions, it is therefore the dependence of the oxide-forming reaction 271 

on pressure that controls the partitioning behavior of M. The location of the inflection point will 272 

depend upon the partitioning behavior of sulfur, in concert with the P-T-X dependencies of the 273 

individual metal-oxide and metal-sulfide species. It is worth noting that at extremely reducing 274 

conditions, the dominant complexing agent for S in the silicate melt may be Ca or Mg, rather than Fe 275 

(Namur et al., 2016). The pressure dependence for the metal-silicate partitioning of sulfur determined at 276 

more oxidizing conditions may therefore not apply in these instances. If sulfur concentrations in the 277 

silicate are not dramatically reduced with pressure, due to changes in S speciation at very low fO2, the 278 



situation described above for trace element M might look quite different. 279 

 280 

3. Assessment of Parameterization Forms 281 

The observation that (18) predicts a non-linear change in ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 with pressure suggests that fitting 282 

data with a relationship such as (8) may yield inaccurate extrapolation of experimental data to higher 283 

pressures, especially when the experimental data do not cover a sufficiently large range. This may 284 

occur despite an apparently good fit to the experimental data on plots of the measured versus predicted 285 

partition coefficients (i.e., close to a 1:1 correlation is observed). This may be particularly problematic 286 

when experiments contain complex metal alloy compositions and activity-composition effects are 287 

included as parameters in the regression. In these instances, the large number of fitting parameters, 288 

coupled with the covariance between intensive variables common to high pressure experiments, can 289 

make it difficult to assign unique values to fitting parameters. If the relationship used to parameterize 290 

the data does not have the appropriate functional form, it is foreseeable that parameters will be skewed 291 

from their true values. 292 

 293 

3.1 Application to Model Data 294 

3.1.1 Model Inputs. To assess the differences that arise from using different parameterizations for data 295 

concerning elements that may form M-S and M-O species, we generated model datasets using (8), (10) 296 

and (11), that were then regressed using (8) and (18). Note that although (8) is used for both the 297 

creation and regression of the model data, circularity is avoided as each model datapoint also depends 298 

upon the evaluation of (10).  For each model dataset, values for the coefficients (a, b and c) were 299 

selected from the ranges shown in Table 1, which reflect typical values from the literature for the 300 

metal-silicate partitioning of transition metal cations. Further details regarding the exact coefficients 301 

used are provided in subsequent sections. To simulate a realistic degree of scatter within each dataset a, 302 



b and c are assigned errors of ±0.1, ±500 and ±20 respectively. Values of ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 for each model 303 

datum are then calculated by selecting values for a-c at random from the defined ranges; i.e., within 304 

error of the nominal value. Pressures and temperatures are selected for each datum from ranges of 0.1 305 

MPa – 27 GPa and 1473 – 2673 K, to encompass the range of conditions accessible by one atmosphere 306 

furnace, piston-cylinder and multi-anvil experimental equipment. Because pressure and temperature are 307 

typically coupled to some degree in petrological experiments, the following relationships are used to 308 

capture the spread of conditions observed in the literature: 309 

𝑇(K) = 1800 ± 50     0.1 MPa < 𝑃 < 0.5 GPa          (19) 

𝑇(K) = 2150 ± 300 + 2𝑃(GPa)     0.5 GPa < 𝑃 < 10 GPa          (20) 

𝑇(K) = 2373 ± 300 + 2𝑃(GPa)     10 GPa < 𝑃 < 27 GPa          (21) 

It is also common for experimental datasets to contain a larger proportion of results at low P relative to 310 

high P, due to the greater ease of performing experiments at lower P. To incorporate the effect of this 311 

bias, randomized selection of pressures for the model data is weighted towards low P using the positive 312 

region of a Gaussian distribution with values of 0 and 8 chosen for the mean and standard deviation 313 

respectively. Oxygen and sulfur fugacity are linked by the following equilibrium: 314 

FeO (𝑠𝑖𝑙) +
1

2
S2 (𝑔) = FeS (𝑠𝑖𝑙) +

1

2
O2 (𝑔)        (22) 

and thus are expected to show a sympathetic variation. In the model, 𝑋S
𝑚𝑒𝑡 is chosen at random from a 315 

value between 0 and the Fe-FeS eutectic composition at P.  Using this value and the independently 316 

known metal-silicate partition coefficient of sulfur 𝑋S
𝑠𝑖𝑙 can be defined, from which 𝑋FeS

𝑠𝑖𝑙  is calculated 317 

using the conversion factor listed in Table 1 for a basaltic melt composition. 𝑋FeO
𝑠𝑖𝑙  is either fixed for all 318 

datapoints (initial models) or given a randomly selected value of 0.02 – 0.15, to ensure several log units 319 

variation in fO2 within each dataset (later models). The reaction Fe (met) + ½S2 (g) = FeS (sil) is then 320 

used to define the fS2, with ∆𝐺𝑟
𝑜  taken from the NIST-JANAF thermochemical tables (Chase et al. 321 

1985). Activity coefficients for iron in Fe-S alloys are calculated as a function of P, T and composition 322 



using the model of Buono & Walker (2011). This approach ensures that each model datum is self-323 

consistent in the definition of alloy composition, silicate liquid composition and the fO2, fS2 terms. 324 

Oxygen fugacity for each model datum is calculated relative to the iron-wüstite buffer (ΔIW) using the 325 

following relationship: 326 

∆IW = 2log (
𝑎FeO

𝑠𝑖𝑙

𝑎Fe
𝑚𝑒𝑡)          (23) 

Ideality is assumed for FeO in the silicate melt and non-ideal behaviour in the Fe-S alloy is accounted 327 

for using the model of Buono & Walker (2011). This calculation suggests oxygen fugacity ranges 328 

between ~IW -4 to -1.2 for the model data. 329 

 330 

3.1.2 Results of Fitting Synthetic Data: Fixed P-T Dependency. The primary focus of this study is to 331 

assess inaccuracies that might result when metal-silicate partitioning data are parameterized using a 332 

relationship that only considers oxide species, when there is the potential for both oxide and sulfur-333 

bearing species to be dissolved in silicate melt. To this end, 100 model datasets were generated with 334 

values of a, b, c and n that yield a large value for 𝑑
2𝐷𝑀

𝑚𝑒𝑡/𝑠𝑖𝑙

𝑑𝑃2  (i.e., a strong curvature in the trend when 335 

ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 is plotted against pressure). Initially, the values chosen were; a1 = 1, a2 = -2.5, b1 = 8000, b2 336 

= 3000, c1 = -70, c2 = -50. The effect of different choices will be explored below. Each dataset 337 

comprises 50 datapoints. Figs 2a and 2b show the distribution of model data with respect to P, T, and 338 

XS (met). Fig 2c displays the distribution of values for a1-c1 found by regression of the data using (8) 339 

(blue points) and (18) (red points). Fig 2d displays the nominal values of ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙  versus those 340 

predicted by the model fits, color-coded in the same manner as for Fig 2c. 341 

 342 

From Fig 2d, it is apparent that (18) better reproduces the model data, which is to be expected given the 343 

extra fitting parameter. Comparison of the adjusted R2, however, confirms that (18) yields an improved 344 



fit to the model data even after accounting for the number of fitting parameters (average adjusted R2 = 345 

0.999 vs 0.995). Inspection of only the blue points in Fig 2d reveals that, despite yielding a worse fit to 346 

the data than (18), the relationship considering only oxide species (8) still generates fits that place data 347 

close to the one-to-one line and have high R2 values. Often, these metrics are used to demonstrate that 348 

model parameterizations are able to adequately recreate the experimental data (e.g. Righter et al., 2011; 349 

Righter et al., 2015). Fig 2c, however, reveals that the parameters a1-c1 are in many cases not 350 

representative of those used to generate the model data. The accuracy of extrapolations made outside 351 

the P-T range of the data is therefore called into question. Figure 3 shows P versus ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙  as 352 

predicted by (8) and (18), blue and red curves respectively, at 2500 K and XS = 0.2. Predictions made 353 

on the basis of Equation (18) generally come close to reproducing the model data (thick black curve), 354 

whereas predictions made on the basis of (8) typically overestimate ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 at pressures above and 355 

below the apex of the actual pressure dependence. In many cases, the c1 term found by regression of the 356 

data using (8) is opposite in sign to the nominal value used to generate the data. This leads to 357 

significant overestimation of ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 in extrapolations to the highest pressures associated with core 358 

formation (i.e. 40-80 GPa). Despite the improvement found by using (18), Fig 3 reveals that at low P 359 

(<10 GPa) values of ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙  are slightly overpredicted. This mismatch arises from differences 360 

regarding how activity-composition relationships are accounted for in the relationship for metal-silicate 361 

partitioning of sulfur, as used to regress the data, versus how they are incorporated into the calculation 362 

of fO2 and fS2, as used to generate the model datapoints. It is therefore worth noting that the 363 

relationship employed for log𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙  bears strongly on the accuracy of the parameterization made 364 

using (18). As controls over the value of log𝐷S
𝑚𝑒𝑡/𝑠𝑖𝑙  become increasingly better constrained, it is 365 

reasonable to expect the range of conditions over which (18) can be reliably employed will grow 366 

accordingly. 367 

 368 



Although the above procedure demonstrates that not accounting for sulfur-bearing species has the 369 

potential to affect the accuracy of extrapolations made on the basis of parameterized data, not all 370 

situations will give rise to such a dramatic effect. It is expected that the degree of curvature observed in 371 

the pressure dependence of ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙  will depend upon the enthalpy, entropy and molar volume 372 

contributions to each species-specific partition coefficient. In particular, as the contribution of sulfur-373 

bearing species to the total dissolved load of M in the silicate melt decreases, the partitioning behavior 374 

should more closely approach that expected for reaction (1). Generating trends with (11) for which a1 = 375 

4, b1 = b9 = 5000, c1 = c9 = -100, and a9 is varied from -4 to +4 (where the contribution from sulfur-376 

bearing species increases as a9 increases), then plotting P versus ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙  for a 2+ cation at 377 

conditions of 2500 K and XS = 0.2, shows that this expectation is borne out (Fig 4). Therefore, in 378 

instances where XMSn/2 << XMOn/2, using relationship (8) to parameterize the data is unlikely to result in 379 

problems during extrapolation. It is noteworthy that situations have already been described in the 380 

literature where XMSn/2 >> XMOn/2, and thus non-linear changes in ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 with P might be expected. 381 

For example, on the basis of Ru solubility experiments, Laurenz et al., (2013) estimate that Ru is nearly 382 

1000 times more likely to associate with S2- than O2- at an fO2 close to the fayalite-magnetite-quartz 383 

buffer. 384 

 385 

3.1.3 Results of Fitting Synthetic Data: Variable P-T Dependency. To assess the efficacy of (8) and 386 

(18) in accurately parameterizing data across a broad spectrum of P-T-X dependencies, element 387 

oxidation state, and number of datapoints, 2000 model datasets were generated using randomly selected 388 

values of a, b, c, n and β from the ranges in Table 1. The number of datapoints per dataset was varied 389 

between 15 and 150. Unlike the initial fitting test described at the start of the section, this set of models 390 

is designed to probe which regions of parameter space are likely to result in inaccurate fits, and also to 391 

test the validity of including the d parameter in place of a more complex (but potentially more accurate) 392 



term that includes a P-T dependence. A further difference with these models is the inclusion of an 393 

uncertainty on the metal activity term, β, of ±0.1. 394 

 395 

Fig 5a displays a comparison between the actual values of a1-c1 and those generated by fits with (8) and 396 

(18), as a function of the number of datapoints in each dataset. Surprisingly, datasets with more 397 

individual datapoints do not display a significant improvement in the accuracy of fit. It is clearly 398 

apparent, however, that fits made using (8) systematically over-estimate the value of the pressure 399 

dependence for ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙.  Plotted in Fig 5b is comparison between the fit accuracy and the absolute 400 

values of a1-c1. As might be expected, weak nominal pressure and temperature dependencies (i.e., small 401 

values of b1 and c1) leads to greater inaccuracy in the fitted parameters for these variables, regardless of 402 

whether (8) or (18) is used. Also noteworthy is that fitted values of a1 tend to be underpredicted, 403 

particularly when nominal values of a1 are > 0. Fitted values of a1 have little effect on extrapolations 404 

made to different P-T conditions, however, and are thus less important to the present discussion. 405 

 406 

In §2.2, we noted that the fitting parameter d includes a contribution from the ratio 𝑒
𝑎1+

𝑏1
𝑇

+
𝑐1𝑃

𝑇

 𝑒
𝑎9+

𝑏9
𝑇

+
𝑐9𝑃

𝑇

 (hereafter 407 

denoted RG), and thus fits to datasets where this ratio varies significantly might suffer inaccuracies. Fig 408 

5c displays values of a1-c1 found using (18) compared to the input values, as a function of the range in 409 

RG displayed by a given dataset. Values of RG are small for most of our model datasets, due to the 410 

protocol used to generate the data. To help ‘see-through’ this sampling bias, results were binned by 411 

intervals of 2 in RG, then 15 datasets were selected at random from each bin for display in Fig 5c. Data 412 

are only shown up to values of RG = 15, as for higher values, less than 15 datasets are present in each 413 

bin. It is clear from Fig 5 that, for most datasets, values of a1-c1 found by (18) agree well with the 414 

nominal values (i.e., lie close to 0 on the ordinate axis) and no systematic changes in the quality of fit 415 

are observed as a function of RG. This result suggests that the simplification made by introducing d in 416 



place of a P-T dependent term is permissible, at least for the range of a-c coefficients and P-T space 417 

considered here. Fig 5d displays the accuracy of a1-c1 determined from (8) and (18) as a function of the 418 

range in sulfur content exhibited by the dataset. As the range in sulfur content between experiments 419 

increases, there is a general worsening in the accuracy of a1-c1 found using both parameterizations. In 420 

particular, determination of the c1 parameter suffers significantly when the range of S contents is 421 

largest, being generally higher or lower than the nominal value when using (8) and (18) respectively. 422 

 423 

Following the discussion in the previous sections, we are able to highlight several points that might 424 

assist in the design of an experimental campaign to investigate elements that may be affected by the 425 

coupled effects of pressure and sulfur distribution. 1) Datasets should contain experiments covering a 426 

wide range of pressures. If all experiments are performed at lower pressures than where ∆𝑉𝑟
𝑜 effects 427 

become dominant (i.e., below the inflection points of the curves in Fig 1), accurate extrapolation to 428 

higher P is not possible; 2) care should be taken to choose P-T conditions that do not exaggerate the 429 

range in values for RG, as this may hinder the effectiveness of using d in place of a more complex set of 430 

fitting parameters; 3) any curvilinear pressure dependence of ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙  will be most readily 431 

identifiable from experiments containing similar and relatively high metal S contents. In datasets where 432 

the S content varies significantly between experiments, the c1 term found by regression with (18) tends 433 

to be lower than the nominal value; 4) metals that form higher valence species in silicate melt and/or 434 

have a greater affinity for complexing with sulfur are expected to show the most dramatic curvilinear 435 

pressure dependence. Although consideration of these points may help with regard to accurate 436 

parameterization of a dataset by multiple linear regression, suites of experiments designed to probe the 437 

effect of individual variables (albeit labor intensive) are still likely to yield the most accurate results. 438 

 439 

3.2 Application to Literature Data: Gold as a Preliminary Case Study 440 



This study was originally motivated by the apparently conflicting pressure dependencies observed for 441 

the metal-silicate partitioning of Au. Righter at al. (2015) perform multiple linear regression of a large 442 

experimental database, including both sulfur-bearing and sulfur-free samples, and find that  ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 443 

increases with P. Conversely, the sulfur-free experiments performed by Bennett et al. (2016) display a 444 

decrease in ln𝐷Au
𝑚𝑒𝑡/𝑠𝑖𝑙 with P. On the basis of the relationship described above however, this result is 445 

expected if Au dissolves into silicate melt at least partly as sulfur-bearing species. Previous studies 446 

have shown that Au may indeed form sulfur-bearing species in silicate melt (Botcharnikov et al., 2010), 447 

and thus fitting the data with a relationship similar to (18) may yield more accurate extrapolation to 448 

pressures beyond the studied range. 449 

 450 

3.2.1 Regression of Experimental Data. The experiments performed by Righter et al. (2015) are most 451 

useful for the current purpose, being both sulfur-bearing and covering a wide range of pressure. Fig 6a 452 

shows the data of Righter et al. (2015) after correction to a constant metal composition (XS = 0.20) 453 

using the activity-composition relationship for Au in Fe-Ni-S melts from Jones & Malvin (1990). From 454 

Fig 6a it is clear that below 11 GPa, ln𝐷Au
𝑚𝑒𝑡/𝑠𝑖𝑙  increases with increasing P, then decreases with 455 

increasing P from 13 to 23 GPa. This picture is complicated by the fact that the data at 21 and 23 GPa 456 

are from experiments done at significantly higher T than data from lower pressure experiments (~2700 457 

vs ~2000 K). However, applying the temperature dependence found for sulfur-free data (Bennett et al., 458 

2016) to recalculate all the data to a common temperature, the same increase, then decrease, in 459 

ln𝐷Au
𝑚𝑒𝑡/𝑠𝑖𝑙  with increasing P persists (Fig. 6b). Although this is a crude approach, it suffices to 460 

demonstrate that the non-linear change in ln𝐷Au
𝑚𝑒𝑡/𝑠𝑖𝑙 is unlikely to simply be the effect of plotting data 461 

at different temperatures together. Also plotted in Fig 6b are the 1 atm sulfur-bearing experiments from 462 

Bennett et al., (2016), similarly corrected for metal composition and temperature. These data also 463 

appear to support the trend in ln𝐷Au
𝑚𝑒𝑡/𝑠𝑖𝑙 with P defined by the Righter et al., (2015) data. The solid 464 



black line in Fig 6b is the best fit trend predicted by (18); generated by constraining b1 and c1 to the 465 

ranges determined by Bennett et al. (2016) for sulfur-free data, then varying values of a1, d and n to 466 

find the lowest chi-squared value.  There are several solutions which yield similar chi-squared values 467 

and the gray lines in Fig 6b reflect fits that are equally as good as our best fit at the 95% confidence 468 

level.  469 

 470 

From Fig 6b it is apparent that a moderately good fit to the data is obtained, however, the highest-471 

pressure data are generally lower than predicted and data at 5-12 GPa are generally underpredicted. It is 472 

noteworthy that although Au largely displays the behavior expected on the basis of (18), there are 473 

several factors which hinder the application of this relationship to Au partitioning data. First, at 474 

reducing conditions, Au solubility and partitioning does not display a strong dependence on fO2 475 

(Brenan & McDonough, 2009; Bennett et al., 2013; Righter et al., 2015). This is not the behavior 476 

expected for the solution of Au as an oxide species and suggests n = 0 in the sulfur-free system. If gold 477 

also forms sulfur-bearing species in the melt, however, n ≠ 0 and thus (18) would require amending 478 

from its current form in order to be properly applied. Second, it has been suggested that 𝛾Au
𝑆𝑖𝑙  may 479 

change significantly with the sulfur content of the silicate melt (e.g., Botcharnikov et al., 2010). The 480 

sulfur contents of silicate melt for the experiments of Righter et al. (2015) are not reported, making it 481 

difficult to include a silicate melt activity fitting term. These limitations are best reflected in the fact 482 

that acceptable fits to the data require higher values for n (~2-4) than is likely for the oxidation state of 483 

Au at these conditions. Despite these limitations, the result shown in Fig 6b is encouraging that (18), or 484 

a relationship like it, has utility for fitting metal-silicate partitioning data when the element of interest 485 

also forms sulfur-bearing species in the silicate melt. 486 

 487 

As discussed in §2.3, at high pressure, sulfur concentrations in the silicate melt become low and 488 



ln𝐷Au
𝑚𝑒𝑡/𝑠𝑖𝑙 is predicted to change with pressure in the way expected for the sulfur-free system; i.e. vary 489 

on the basis of ∆𝑉𝑟
𝑜. To test this prediction, Fig 6c displays the high P (≥13 GPa) data of Righter et al. 490 

(2015) alongside the sulfur-free data from Bennett et al. (2016) used to constrain the P dependence in 491 

that study. Also displayed in Fig 6c is a linear fit to these data with the slope constrained by the sulfur-492 

free pressure dependence found by Bennett et al. (2016). Excellent agreement between these datasets 493 

and the sulfur-free pressure dependence is found, suggesting that the sulfur-bearing data of Righter et 494 

al. (2015) behave as predicted and thus support the functional form of (18). 495 

 496 

3.2.2 Application to Core Formation Models. The metal-silicate partitioning of gold has been used in 497 

several studies to constrain the conditions of core segregation in planetary bodies and the requirement 498 

for late-accreted material to be added to the terrestrial mantle (e.g., Borisov & Palme 1996; Brenan & 499 

McDonough 2009; Bennett & Brenan, 2013; Righter et al., 2015; Bennett et al., 2016). The apparently 500 

conflicting pressure dependencies for gold partitioning found by Righter et al. (2015) and Bennett et al. 501 

(2016) led the latter authors to perform models using parameterizations of ln𝐷Au
𝑚𝑒𝑡/𝑠𝑖𝑙 from both studies. 502 

The maximum metal-silicate equilibration temperature inferred when using these alternative 503 

parameterizations differs by ~500 K, somewhat restricting the utility of Au as a magma ocean 504 

thermometer. To compare the metal-silicate equilibrium temperatures inferred when using the 505 

parameterization for Au derived above versus those found previously, we have performed a simple core 506 

formation model. We parameterized the database of metal-silicate partitioning experiments for Au 507 

compiled by Bennett et al. (2016) using a modified version of (18), in which the 𝑛

4
ln𝑓O2 term is set to 508 

0, to account for the fact that previous studies have found this parameter to have a negligible effect on 509 

Au partitioning and solubility at reducing conditions. Mantle Au contents were calculated as a function 510 

of the mass accreted, with temperature fixed to the liquidus curve determined by Andrault et al. (2011). 511 

Similar to previous studies (e.g., Wade & Wood, 2005), the mantle FeO content is increased from 512 



𝑋FeO
𝑠𝑖𝑙  = 0.01 to 0.06 throughout accretion, corresponding to an evolution from ~IW-4 to -2. The 513 

metal/silicate mass ratio is assumed to be 0.48. Oxygen fugacity as a function of pressure, for use in the 514 

Righter et al. parameterization was calculated relative to IW using (23) then converted to absolute fO2 515 

using the pressure dependence of the IW buffer determined by Campbell et al. (2009). Figure 7 516 

displays the Au contents of terrestrial mantle calculated using both parameterizations, for both S-free 517 

accretion and a scenario where 𝑋S
𝑚𝑒𝑡 = 0.03; corresponding to the core sulfur contents estimated by 518 

McDonough (2003). The final pressure and temperature of equilibration in the model shown are ~29 519 

GPa and 2750 K. From Fig. 7, it is clear that differences between the two parameterizations is most 520 

prominent during the early stages of accretion, i.e., at low pressure and highly reducing conditions. 521 

These conditions favor high sulfur contents in the silicate melt and thus formation of metal-sulfur 522 

species in the silicate. At higher pressures, the parameterizations display more similar behavior, in 523 

which the difference between S-bearing and S-free curves is essentially due only to activity-524 

composition relations in the metal phase. The primitive upper mantle (PUM) estimate for Au is 525 

displayed in Fig. 7 as the grey bar, and reveals that our new parameterization yields PUM values for Au 526 

at the conditions outlined above. For models with a higher final equilibration pressure and temperature 527 

(i.e., a magma ocean depth that is a greater percentage of the core-mantle boundary depth), Au contents 528 

become higher than estimates for PUM. This suggests our new parameterization supports the result of 529 

Bennett et al., (2016); that core segregation in a deep magma ocean requires sub-liquidus temperatures 530 

to avoid a surfeit of Au in the mantle.  We note, however, that the limitations discussed in §3.2.1 531 

preclude this from being more than a tentative result. 532 

 533 

4. Implications 534 

The relationships typically used to parameterize experimentally determined metal-silicate partition 535 

coefficients are based on the formation of oxide species and suggest a linear dependence of ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 536 



on pressure. Several elements, however, have been found to dissolve into silicate melts as both oxide 537 

and sulfur-bearing species. We have derived an expression suggesting this can give rise to a non-linear 538 

change in ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 with pressure. In the worst cases, fits using the one-species approach can lead to 539 

order of magnitude inaccuracies when predicting the partition coefficient at high P. This result has 540 

important implications when estimating trace element distribution during metal-silicate equilibrium in a 541 

deep magma ocean. Several studies have suggested final metal-silicate equilibration at pressures of 60-542 

80 GPa (e.g., Rubie et al., 2011; Siebert et al., 2013). There are relatively few trace-element 543 

partitioning experiments, however, that have been performed at >30 GPa and the majority of the 544 

database is populated with much lower pressure data (<20 GPa). In many cases, estimates of the 545 

partition coefficient at the high pressures of core-formation therefore require significant extrapolation 546 

beyond the experimental conditions. If the relationship used to parameterize the low-pressure data does 547 

not have the appropriate functional form, inaccuracies arising from extrapolation will be magnified and 548 

the conditions proposed for core-formation on the basis of forward models will be incorrect. 549 

 550 

It is plausible that the elements most likely to dissolve as sulfur-bearing species in silicate melt are 551 

those that display strongly chalcophile behavior. We have considered Au (both highly chalcophile and 552 

highly siderophile) and see that high-pressure and sulfur-bearing experiments show the partition 553 

coefficient increases, then decreases, with increasing pressure; meeting the qualitative expectations of 554 

our theoretical framework. There are several factors, however, which complicate the quantitative fitting 555 

of the Au data (see §3.2.1). Looking ahead, it is important to more rigorously test the veracity of the 556 

two-species relationship presented here (eq. 18). One possibility would be to investigate the effect of 557 

pressure on ln𝐷
𝑚𝑒𝑡/𝑠𝑖𝑙 for Ru, in an isothermal series of sulfur-bearing and sulfur-free experiments. Ru 558 

is already thought to form sulfur-bearing species in silicate melt (Laurenz et al., 2013), displays both 559 

siderophile and chalcophile behavior, and dissolves into silicate melt as either a 2+ (IW -1.5 to +0.5) or 560 



4+ (FMQ -1 to +2) cation (Mann et al., 2012; Laurenz et al., 2013). Ruthenium, and other elements 561 

sharing similar properties, should be candidates with which to test for the potential importance of non-562 

linear changes in ln𝐷M
𝑚𝑒𝑡/𝑠𝑖𝑙 with pressure. 563 
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Figure Captions 691 

Figure 1: The metal-silicate partition coefficient predicted by (18) for a hypothetical 2+ cation at 2500 692 

K and with 20 mol% S in the metal, shown as a function of pressure. Values of a1, b1 and c1 are 1, 693 

10,000 and -50 respectively. The effect of different values for the d parameter are shown by the 694 

different curves, as indicated. Note that a value of d = 0 suggests that M does not form sulfur-bearing 695 

species in the silicate melt and (18) simplifies to (8). 696 

 697 

Figure 2: (a, b) The distribution of model data points with respect to T and 𝑋S
𝑚𝑒𝑡 as a function of P 698 

respectively. Colors correspond to datapoints from the same dataset. (c) Values of the coefficients a1-c1 699 

relative to their nominal values found by regression of the model data using (8) (blue points) and (18) 700 

(red points). (d) Model values of lnDmet/sil, representative of the measured values in experimental 701 

studies, versus the values predicted by (8) and (18). Points are color-coded as for Fig 2c. For references 702 

to color, please see the online version of this manuscript. 703 

 704 

Figure 3: The nominal pressure dependence of ln𝐷𝐵𝑢𝑙𝑘
𝑚𝑒𝑡/𝑠𝑖𝑙 (black curve, calculated using eqs. 8, 10 and 705 

11), alongside that predicted by fits to the model data using (8) (blue curves) and (18) (red curves). It is 706 

clear from this figure that fits made using (18) yield a better representation of the nominal pressure 707 

dependence. 708 



 709 

Figure 4: lnDmet/sil versus P generated using (11) with values for a9 varied from -4 to +4 as indicated. 710 

This represents changing the relative proportions of sulfide versus oxide species in the melt, where 711 

decreasing the value of a9 increases the proportion of sulfide species. As the contribution from sulfide 712 

species increases, the degree of curvature also increases. 713 

 714 

Figure 5: Values of the parameters a1-c1 relative to their nominal values, found by regression of a large 715 

number of model datasets. Values are shown versus (a) the number of datapoints in each dataset; (b) 716 

the nominal value of each parameter; (c) variation in the range of RG within a dataset (see main text for 717 

details); and (d) the range of metal sulfur contents within each dataset. Model data were generated 718 

using randomly selected values for the parameters a-c from the ranges stated in Table 1. Blue and red 719 

points denote values found using (8) and (18) for the regression respectively. 720 

 721 

Figure 6: (a) Values of the metal-silicate partition coefficient for Au found by Righter et al. (2015) as a 722 

function of pressure. These values have been recalculated to account for differences in metal 723 

composition between runs using the activity-composition relations of Jones & Malvin (1990). With 724 

increasing P a slight increase, then large decrease in lnDmet/sil is observed. However, experiments at 21 725 

and 18 GPa were performed at ~600 K higher T than the remainder of the data shown. (b) High 726 

pressure data from Righter et al. (2015) alongside the 1 atm S-bearing experiments from Bennett et al. 727 

(2016). These data have been recalculated to account for differences in metal composition and T, using 728 

the T dependence found in the sulfur-free system (see main text for details). Also shown are fits to the 729 

data using (18), with the b1 and c1 terms constrained by the results of Bennett et al. (2016). The black 730 

curve is the best fit (n = 3.55; d = 36.6) and gray curves are those which are similarly good at the 95% 731 

confidence level (nmean = 2.95 ±0.58; dmean =53.4 ±20.6). Surprisingly, the single datapoint containing 732 

alloy more sulfur-rich than the Fe-FeS eutectic (denoted by the white cross) shows good agreement 733 



with more Fe-rich data, which may not be expected based on the behavior of some other HSEs (cf. 734 

Laurenz et al., 2016) (c) High P data from Bennett et al. (2016) alongside data at ≥13 GPa from Righter 735 

et al. (2015). Also shown is the sulfur-free pressure dependence from Bennett et al. (2016). Excellent 736 

agreement between these data is observed, as expected on the basis of (18), which predicts low S 737 

concentrations in the silicate melt at high P and thus agreement between the sulfur-bearing and sulfur-738 

free data. 739 

 740 

Fig 7: Comparison of mantle Au contents following metal-silicate equilibrium and core-segregation 741 

from the base of a magma ocean. Solid lines are results using a parameterization for Au based on 742 

equation 18, dashed lines employ the relationship reported by Righter et al., (2015). At low pressures, 743 

there are significant differences in the S-bearing models (𝑋S
𝑚𝑒𝑡 = 0.03), due to the accounting for 744 

sulfur-bearing Au species in the present study. At higher pressures (higher percentage accreted), 745 

however, behavior between the different approaches is similar. The grey band shows the range of Au 746 

contents estimated for primitive upper mantle.  747 
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Table 1.
Parameter Value

a 1 -3  ─  3
b 1 1000  ─  15000
c 1 -150  ─  -5
a 9 -3  ─  3
b 9 1000  ─  15000
c 9 -150  ─  -5

n (model 1) 2
n (model 2) 1 ─ 4

β (model 1) 1.5
β (model 2) 0.1  ─  -1.5

β (Au) 1.082
α 1.09
ω 2

wt to mole conversion factor (FeS) 2.469
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