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1. Abstract

The concentration of sulfur that can be dissolved in a silicate liquid is of fundamental importance
because it is closely associated to several major Earth-related processes. Considerable effort has
been made to understand the interplay between the effects of silicate melt composition and its
capacity to retain sulfur, but the dependence on pressure and temperature is mostly based on
experiments performed at pressures and temperatures below 6 GPa and 2073 K. Here we present
a study of the effects of pressure and temperature on sulfur content at sulfide saturation of a
peridotitic liquid. We performed 14 multi-anvil experiments using a peridotitic starting
composition, and we produced 25 new data at conditions ranging from 7 to 23 GPa and 2173 to
2623 K. We analyzed the recovered samples using both electron microprobe and laser ablation
ICP-MS. We compiled our data together with previously published data that were obtained at
lower P-T conditions and with various silicate melt compositions. We present a new model based
on this combined data set that encompasses the entire range of upper mantle pressure-temperature

conditions, along with the effect of a wide range of silicate melt compositions. Our findings are
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consistent with earlier work based on extrapolation from lower pressure and lower temperature
experiments, and show a decrease of the solubility of sulfur at sulfide saturation (SCSS) with
increasing pressure and an increase of SCSS with increasing temperature. We have extrapolated
our results to pressure- temperature conditions of the Earth’s primitive magma ocean, and show
that FeS will exsolve from the molten silicate and can effectively be extracted to the core by a
process that has been termed the “Hadean Matte”. We also discuss briefly the implications of our
results for the lunar magma ocean.

Keywords: peridotitic melts, sulfur solubility, magma ocean, high pressure, high temperature

2. Introduction

Sulfur solubility in silicate melts is important for understanding a number of geological processes
such as the formation of magmatic sulfide deposits (Simon and Ripley 2011), volcanic degassing
during eruptions (Black et al. 2018), and planetary core-mantle differentiation and late-accretion
scenarios (Rubie et al. 2016). The sulfur content at sulfide saturation (SCSS) represents the
maximum concentration of sulfur that can be dissolved in a melt at a given pressure and
temperature, and as such provides an upper limit to the concentration of sulfur present in melts
under reduced conditions. Indeed, at oxygen fugacities below the quartz-fayalite-magnetite
buffer, S* in the silicate replaces O in the anion sublattice (Fincham and Richardson 1954).
There have been numerous studies of the relation between SCSS and melt composition (e.g.,
Fincham and Richardson, 1954; Haughton et al., 1974; Holzheid and Grove, 2002; Liu et al.,
2007; Mavrogenes and O’Neill, 1999; Fortin et al., 2015; Mysen and Popp, 1980; Smythe et al.,
2017). The effects of pressure and temperature have also been studied since the early 1980’s. The

first study that determined the effects of P and T on SCSS is that of Wendlandt (1982) which
2
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showed that SCSS decreases with increasing pressure and increases with increasing temperature.
This study was limited to pressures of < 3 GPa and temperatures up to about 1800 K, but the
temperature effect was later confirm by Mavrogenes and O’Neill (1999). Holzheid and Grove
(2002) performed an experimental study of the effect of P and T on SCSS up to 2.7 GPa and
1873 K respectively, which verified that SCSS increases with T and decreases with P. Laurenz et
al. (2016) performed multi-anvil experiments in order to study the effect of sulfur on the
partitioning of highly siderophile elements. They derived a simple relation between SCSS and
pressure and temperature that verified the increase of SCSS with T and decrease with P.
Recently, Smythe et al. (2017) constructed a model that encompasses a very broad range of
compositions for both the sulfide and the silicate phases that could reliably reproduce the value of
SCSS for hundreds of natural and experimental data. The vast majority of experimental data used
in that study was obtained below 6 GPa and 2073 K, with only three data points above those
values for pressure and one for temperature.

The evolution of SCSS at high P and T for peridotitic melt is important for understanding the fate
of sulfur in a magma ocean. Indeed, S will exsolve from a magma ocean if its concentration
exceeds SCSS. Understanding how the mantle acquired its final concentration of sulfur is still a
matter of debate, and has been the subject of several recent studies (e.g. Rose-Weston et al. 2009;
Boujibar et al. 2014; Rubie et al. 2016; Suer et al. 2017). The objective of the current study is to
extend our knowledge of SCSS of peridotitic melt to high P-T conditions. To achieve this, we
performed a series of experiments on a silicate melt with a primitive mantle composition that was
equilibrated with molten FeS in order to test the effects of high pressure and temperature (up to

23 GPa and 2623 K) on SCSS.
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3. Experiments and sample analysis

Experiments

Three sets of experiments were conducted for this study (Table 1). First, in order to determine the
effect of pressure on SCSS, we performed eight experiments at a fixed temperature (2473 K) and
at pressures that ranged from 7 to 23 GPa. The second and third set of experiments were designed
to investigate the effect of temperature on SCSS and consisted of four experiments performed at a
fixed pressure of 8 GPa and at temperatures ranging from 2173 to 2473 K and of four
experiments at 11 GPa and temperatures ranging from 2273 to 2623 K. As detailed below, most
of the experiments were performed using two capsules containing the same starting material,
producing a total of 25 new data points. In all cases, synthetic peridotite with a composition of
the primitive mantle (Palme and O’Neill, 2014, see composition in Table 2) was used as the
starting silicate composition. Silicate powder was prepared from oxides and carbonates and
mixed under ethanol in an agate mortar. This mixture was subsequently reduced for 24 hin a 1-
atm gas mixing furnace at 1473 K and an fO, of FMQ-2 (2 log units below the Fayalite-
Magnetite—Quartz buffer, O’Neill and Wall 1987). This procedure was repeated twice in order to
ensure a fully-reduced starting silicate powder. We used FeS powder as the starting material for
the sulfide.

Sulfur saturation experiments were performed in a multi-anvil apparatus using MgO octahedra
(doped with Cr,0O3 to enhance thermal insulation) as the pressure medium. Tungsten carbide
cubes with 11 mm truncations and 18 mm octahedra (18/11 configuration) were used for
experiments at pressures of 7, 8 and 11 GPa in 1000 ton and 5000 ton Kawai-type presses.
Experiments at 16, 18 and 21 GPa were carried out using an 18/8 configuration and the

experiment at 23 GPa was performed using a 10/4 configuration in a 1000-ton press. All
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experiments were performed using MgO single crystal capsules, and most were done using two
capsules. Stepped LaCrO3-heaters were used for all experiments to minimize the temperature
gradient across the sample (Rubie 1999). Temperatures of the experiments were monitored using
WosRes-W7sReps (type D) thermocouples. Based on variations of the temperature-power
relationship, temperature uncertainties are estimated to be £100 K.

The starting powders were loaded into single crystal MgO capsules such that a FeS layer was
sandwiched between two layers of silicate powder. The molten silicate was equilibrated with
molten FeS for 3 to 8 minutes, depending on the temperature (see Table 1). Such durations are
sufficient for thermodynamic equilibrium to be achieved given the high temperature of our
experiments (Thibault and Walter 1995). After a few minutes at high temperature (see Table 1),
experiments were quenched rapidly by switching off the electric power, and then slowly
decompressed to room pressure. The recovered samples were cut and polished in preparation for

chemical analysis. We present in Fig. 1 an image of a typical recovered sample.

Chemical analysis

All recovered samples consist of a sulfide sphere surrounded by quenched silicate melt. Upon
quenching, the silicate developed crystals of skeletal olivine, and the sulfide phase displayed a
fine-grained quench texture (Fig. 1), which is similar to observations made in previous studies at
similar P-T conditions (e.g. Mann et al. 2012; Laurenz et al. 2016). As a result of reaction
between the MgO capsule and silicate melt, ferropericlase is also present in all samples, and the
concentration of MgO in silicate liquid varies in different samples from 36 to almost 53 wt.%. All
samples display a finely dispersed sulfide phase along quenched skeletal olivine grain boundaries

(Fig. 1b). This texture is a result of quenching from high temperature and the small sulfide blebs
5

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7649. http://www.minsocam.org/

were dissolved in the silicate melt at high temperature and exsolved upon quenching (e.g. Mann
et al. 2012; Laurenz et al. 2016).

The recovered samples were carbon coated in order to perform electron microprobe analysis at
the Bayerisches Geoinstitut on a JEOL JXA 8200. We used this instrument to determine the
concentrations of major elements. We used a defocused beam with a diameter of 10 to 30
microns to analyze the quenched silicate liquid and a defocused beam of 10 or 20 microns in
diameter for analyzing the sulfide spheres. We used FeS,, Cr,0O3 and Fe,O; as standards for iron
and sulfur, chromium and oxygen respectively when analyzing the sulfide phase. Counting times
were 20 seconds on the peak and 10 seconds on the background for Fe and S and 60/30 seconds
for Cr. We used 15 keV and 20 keV accelerating voltages and 15 nA and 20 nA probe currents
when analyzing the silicate and metal respectively. Standards that we used when analyzing the
quenched silicate were olivine (for Si, Mg and Fe), MnTiO; (for Ti), spinel (for Al), andradite
(for Ca) and Cr;03 (for Cr). Counting times were 20 seconds on peak and 10 seconds on the
background for Mg, Si, Al, Fe and Ca, and 30 to 60 seconds for Cr and Ti. For each sample, we
performed numerous measurements on various regions of the quenched silicate melt, and
averaged the obtained compositions. We report the compositions of all experimental samples in
Tables 2 and 3.

Sulfur in the silicate was not measured by electron microprobe but by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), following a procedure described in Laurenz et
al. (2016). We used a Coherent COMPexPRO 102 excimer laser (193 nm) attached to a Perkin
Elmer ELAN DRC-e quadrupole ICP-MS. Depending on the grain size of the quenched samples
and the size of the analyzed zone, we used either a 10 or 5 Hz pulse rate and a spot size of 30 to

70 microns. The sample chamber was flushed with He gas at 0.4 I/min, and an additional 2
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ml/min H, was then admixed on the way to the mass spectrometer to enhance sensitivity. We
recorded Mg, ’Al, #Si, S, *Ca, *Ti, *>Cr, *Mn and “’Fe, and used both NIST SRM 610
glass (Jochum et al. 2011) and a basaltic silicate glass standard that contains 5240 ppm S (SB19
from Botcharnikov et al., 2010) as external standards to quantify S in the silicate melt. We
analyzed *’S because of its high isotopic abundance and '°O'°O interference is negligible
compared to other sources of uncertainty (Rottier and Audétat 2019). Figure 1c shows a close up
of one of the samples (Z1640a) on which LA-ICP-MS analyses were performed. As stated above,
the fine-grained dispersed metallic grains in the silicate are interpreted to be the result of quench-
induced exsolution. They are homogeneously distributed in the silicate phase and anomalous
spikes are not visible in most of the laser spectra. In some rare cases, strong, narrow signals
appeared in the spectra, as a result of sulfide inclusions ("nuggets") in the silicate (as observed
also by Laurenz et al., 2016). In that case, only the signal between the spikes was used to quantify
the abundance of S in the silicate melt (Ertel et al. 2006, 2008; Laurenz et al. 2016), hence

excluding such inclusions from our measurements.

Results

In Fig. 2, we show the effects of pressure and temperature on SCSS. From 7 to 23 GPa at a
temperature of 2473 K, SCSS drops by almost an order of magnitude (from ~11000 ppm to 1650
ppm). From 2173 to 2473 K at a pressure of 8 GPa, SCSS increases from about 3000 ppm to
almost 11000 ppm. Consistent with results obtained over a range of pressures at fixed
temperature, SCSS concentrations obtained at 11 GPa are lower than the results obtained at 8
GPa over the whole range of temperatures and also show an increase of SCSS with temperature.

Although the starting compositions of all samples were identical, the resulting silicate liquid
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compositions varied. The concentration of MgO in the silicate liquid, in particular, varied from
approximately 36 wt.% to almost 53 wt.%, the high values relative to that of the starting
composition being caused by the reaction of the MgO capsule with the molten silicate. We
observe that the MgO content of our samples increases with increasing temperature and decrease
with increasing pressure. This is because the concentration of MgO in a melt coexisting with
crystalline MgO at a given temperature shifts to a lower MgO content with increasing pressure
(Liebske and Frost 2012).

Along with variations in the MgO contents of the recovered samples, we observe variations in
other elements such as Si and Fe. The variations in the composition of the quenched silicate
liquid is the cause of the scatter in the data plotted in Fig. 2 at a given P or T. In Fig. 3, we plot
the SCSS values for four different samples that were all synthesized at 8 GPa and 2173 K
(samples Z1930a and b and Z1983a and b). Figures 3a, b, c¢ illustrate the respective effects of
MgO, FeO and SiO; on SCSS. Increasing the MgO content of the silicate melt results in higher
values of SCSS, whereas FeO and SiO, seem to have the opposite effect. This negative effect of
FeO on SCSS is the opposite to that which is usually observe and is linked to the dilution effect
of high MgO concentrations as in the experiments presented in Fig. 3: samples containing more
MgO have lower FeO concentrations.

The purpose of this study is to investigate the effects of pressure and temperature but, as shown
in Fig. 3, it is also mandatory to include compositional effects to fully understand what drives
changes of SCSS. In order to model the effects of all these parameters, we describe in the

following section the thermodynamic approach that we followed.

4. Theoretical considerations
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Fincham and Richardson (1954) proposed that at low oxygen fugacities (below the quartz-
fayalite-magnetite equilibrium), sulfur dissolves in silicates melts as Sand by doing so replaces
O” in the anion sublattice. This can be described by the reaction:

0% 45, = S~ +-0, (1)

From this reaction, we define Cs, the “sulfide capacity” of the melt (Fincham and Richardson

1954), which can be written as:

fo
Cs = S(ppm) (f_sj)l/z’ (2)

with fO; and fS; being the oxygen and sulfur fugacities respectively. In addition, the equilibrium
between silicate melt and sulfide is described by the reaction:

Feosilicate + %SZ — Fessulfide + %02 (3)

The free energy change of equation 3 can be written as:

1

AG® sulfide silicate f02)2
—_ ﬁ = ln aFeS - ln aFeO + ln (E) ’ (4)

where aij is the activity of an element i in a phase j and R is the gas constant. Combining
equations 2 and 4, we obtain:

InSepm) = % +In C5 + In gtifide — |p ggilicate, (5)

Many studies have proposed that the sulfide capacity is a function of the mole fractions of the
oxide compounds on a single cation basis (e.g. Haughton et al. 1974; O’Neill and Mavrogenes
2002; Liu et al. 2007; Ding et al. 2014; Fortin et al. 2015; Namur et al. 2016) such as:

ln CS = AO + ZM XMAM (6)
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with Xy being the mole fraction of the respective single oxide component (SiO,, MgO, AlO; s,
etc.) and Ay being their related coefficients. Recently, Smythe et al. (2017) used an alternative

formalism where the sulfide capacity is also explicitly a function of temperature T so that:

InCs = A + Xy 22,

(7
In the following, we test both possibilities, naming the first expression (Eq. 6) as “model 1” and
the second expression (Eq. 7) as “model 2”.

Equation 5 can then be rewritten as:
_ AG° sulfide silicate
InSgcss = = + Ao + EmXmAum + Inages™™® — Inageg ®)

for model 1, and

In SSCSS = _|_ AO + ZM XM M +1n asulflde —In a}s:ielgcate (9)

for model 2.

The term AGis a function of both pressure (P, in GPa) and temperature (T, in kelvin), so that:

AG® _ AS® AH°+PAV°
RT R

+ + — (10)
Combining equations 8 and 10, we obtain:

InSscss = a' + ; + % + Y XpAy + In gfilfide _p ggilicate (11)

for model 1, and by combining equations 9 and 10

In SSCSS = a + + + ZMXMAM + In als:léllsﬁde —1In a;iéiocate (12)

for model 2. In both cases, ‘a” is the sum of the entropy term of equation 10 and Ay from

equations 6 and 7 respectively.

Following Smythe et al. (2017), we assumed that a$Li$3%{s equal to the mole fraction of FeO in

the silicate melt, since the activity coefficient of FeO is close to unity over a wide range of
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compositions (Wood and Wade 2013). Nevertheless, we disregarded any experiments from the
literature performed at highly reduced conditions (i.e. with less than 0.5 wt.% FeO) because this
approximation is not valid at such conditions. We also followed Smythe et al. (2017) in assuming

a simple “ideal” solution model where afiifi4can be approximated by X$Uifide  as shown by

Kiseeva and Wood (2013, 2015). In that case, X§ui19€ is equal to the molar ratio Fe/(Fe+Ni+Cu).
We combined our new dataset of 25 results with data from the literature obtained at lower
pressures and temperatures, and over a broad range of silicate melt compositions. We used the
database provided in Smythe et al. (2017) to which we added two high pressure data points of
Laurenz et al. (2016) (Z1311b and H4184b). We selected only those two data points from the
Laurenz et al. (2016) study because, in contrast to the other results, the concentrations of highly
siderophile elements are low (< 2 wt.%) so that our approximation of ideal solution for FeS is
still valid. In total, we used 420 experimental data points.

We performed multivariable linear regressions of the combined data set in order to fit equations
11 and 12 respectively. The results are presented in Table 4 and show very good reproducibility
of the data with R? of 0.91 and 0.92 for models 1 and 2 respectively. In both cases, the derived
Ay parameters are all negative, apart from the cross term Agir., and are consistent with the results
of Smythe et al. (2017) that are presented for comparison in Table 4. The pressure term is very
close for both models (-193 GPa.K™' for model 1 and -190 GPa.K™' for model 2). Both models
predict higher S solubilities with increasing temperature, but for model 1, we derive a
temperature dependence (the b term) that is negative, whereas for model 2, the temperature
dependence is positive. This result is similar to that obtained by Smythe et al. (2017), where the

positive dependence on temperature in model 2 is accommodated by the XyAw/T terms. Both

11
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models resulted in similar predictions of SCSS so, for simplicity, we use the results of model 1
below in the discussion.

In Fig. 4 we compare the predictions of model 1 with the experimental data. The model
predictions are in very good agreement with the data that cover a wide range of compositions, as

well as pressure-temperature conditions.

5. Discussion

The decrease of SCSS with pressure at constant temperature was anticipated from previous
studies (e.g., Mavrogenes and O’Neill, 1999; Wendlandt, 1982, Smythe et al., 2017) but this is
the first time that it has been demonstrated over a wide pressure range. Figure 5 shows a
comparison of our model with the results of previous studies (Mavrogenes and O’Neill 1999; Liu
et al. 2007; Fortin et al. 2015; Laurenz et al. 2016; Smythe et al. 2017) along with our
experimental data obtained at 2473 K. In this figure, the temperature is fixed at 2473 K and a
single silicate melt composition representative of the mean composition of our experimental
samples is used for our model and previously published models that include a silicate melt
composition dependency. We also assumed that ap.s=1. The dependency of SCSS on pressure of
our model plots at higher values than all the other models, which were based on lower P-T
experiments, and a more restricted range of compositions. Our experiments involved silicate
melts that are ultramafic with high MgO contents, whereas most previous studies were performed
using silicates that contained less than 18 wt.% MgO (Smythe et al., 2017; Mavrogenes et al.,
1999; Fortin et al., 2015; Liu et al., 2007). Our MgO-rich compositions are more realistic for
understanding mantle processes because the primitive mantle is considered to contain ~ 37 wt.%

MgO (Palme and O’Neill, 2014). Laurenz et al. (2016) proposed a model of the dependency of
12
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SCSS on pressure and temperature using high-pressure high-temperature experiments, but they
doped most of their samples with high concentrations of chalcophile elements that may influence

SCSS by affecting the FeS activity.

Figure 6 shows calculated values of SCSS at different pressures and temperatures, according to
equation 11, and using the Primitive Upper Mantle (PUM) composition of Palme and O’Neill
(2014) (SiO; = 45.8 wt.%, MgO = 37.09 wt.%, FeO = 8.17 wt.%, Al,O; = 4.53 wt.%, CaO = 3.68
wt.%, Cr,05 = 0.37 wt.%, TiO, = 0.21 wt.%, MnO = 0.14 wt.%, to which we added H,O = 0.01
wt.%) and for the ideal case of ap.s=1. This figure shows the effect of pressure at a given
temperature on the calculated value of SCSS, and shows that at low pressure and high
temperature, the value of SCSS is high (almost 1.5 wt.%). Conversely, SCSS at high pressure is
low and does not change much over the temperature range 2000 to 2500 K, decreasing to about

3000 ppm at 3000 K and 25 GPa.

6. Implications

We have demonstrated, in accordance with previous studies, that SCSS is a strong function of
both temperature and pressure. Figure 7 shows the dependence of SCSS on depth in a magma
ocean based on a Primitive Upper Mantle composition (Palme and O’Neill 2014). One or several
magma oceans developed during the accretion of Earth as a result of energy released by giant
impacts (Rubie et al., 2015b). Several lines of evidence show that these magma oceans were
deep, with basal pressures exceeding 40 GPa and possibly reaching the core-mantle boundary
(e.g. Li and Agee 1996; de Vries et al. 2016). Figure 7a illustrates the variation of SCSS along

the peridotite melting curve which is defined here as being approximately midway between the
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peridotite liquidus and solidus (Rubie et al. 2015a). No difference can be seen between models
from Laurenz et al. (2016) and Smythe et al. (2017), but ours plots with slightly higher
concentrations at low pressure and temperature before converging at high pressure. Figure 7b
shows SCSS along an adiabatic temperature profile for a magma ocean with a basal pressure of
80 GPa (Miller et al. 1991). In that case, our model is closer to the one of Smythe et al. (2017),
whereas the model of Laurenz et al. (2016) predicts much higher SCSS values at low P-T
conditions. Again, the three models converge at high P-T, predicting low SCSS values (< 450
ppm).

Geochemically, the exsolution of droplets of liquid FeS from silicate melt in a magma ocean and
their segregation to the core (the “Hadean matte” of O’Neill 1991) is of great importance because
the process likely strongly depletes the mantle in highly siderophile elements (HSEs) prior to late
accretion (Rubie et al., 2016). FeS droplets exsolve as silicate liquid is transported by convection
to pressures >40-60 GPa where SCSS is very low. As the magma ocean cools, assuming that it
crystallizes from the bottom up so that its depth progressively decreases with time, the magma is
able to retain an increasing concentration of FeS because of the increase in SCSS with decreasing
pressure. This is illustrated in Fig. 8 which shows the dependence of SCSS on pressure along
different mantle temperature gradients : along the liquidus and solidus of peridotite (Fiquet et al.
2010), and along the current mantle geotherm (Katsura et al. 2010).

However, the effect of pressure is strongly countered by an increase in the crystal fraction during
magma ocean crystallization — which concentrates S in the melt — so that FeS will still exsolve
and segregate at low pressures. However, once the melt fraction decreases to around 30-50%,
exsolved FeS liquid becomes trapped in the silicate matrix and is no longer able to segregate

(Stevenson 1990; Minarik et al. 1996; Holzheid et al. 2000; Costa et al. 2009; Solomatov 2015).
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At this point, the process of late accretion starts and establishes most of the current HSE

concentrations in the bulk silicate Earth (Rubie et al. 2016).

Pressures in the lunar mantle are much lower than in Earth’s mantle so the mechanism by which
FeS and HSE can segregate to the deep lunar mantle and/or the core is quite different (Morbidelli
et al. 2018). Because of very high values of SCSS at low pressures (Figs. 6 and 7), FeS only
exsolved from the lunar magma ocean during its late stages of crystallization at shallow depths as
the residual melt fraction became small. This means that FeS was trapped in the silicate matrix,
as described above. However, it is considered that the Moon’s mantle crystallized with an
inverted density structure that resulted in a major overturn event (Hess and Parmentier 1995;
Elkins-Tanton et al. 2011). This overturn, which likely occurred after an extended crystallization
history, transported FeS and HSE’s to the deep mantle and/or core and is the cause of the low

HSE concentrations in the bulk of the lunar mantle today (Morbidelli et al. 2018).
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Figure 1: a) Backscattered electron image of sample Z1640b obtained at 11 GPa and 2373 K
using a multi-anvil apparatus. b) Close up of typical quenched silicate liquid on which electron
microprobe analysis was performed. ¢) Close up of quenched silicate liquid on which LA-ICP-

MS analysis was performed.

Figure 2: Experimental results showing the effects of pressure and temperature on SCSS. (a) Data
obtained at a fixed temperature of 2473 K are plotted as a function of pressure. (b) Data obtained

at fixed pressures of 8 GPa (circles) and 11 GPa (stars) are plotted as a function of temperature.

Figure 3: Comparison of the effects of MgO, FeO and SiO, concentrations in the silicate melt on
SCSS at a fixed pressure and temperature (8 GPa and 2173 K) in samples Z1930a, Z1930b,

7Z1983a and Z1983b.

Figure 4. Comparison of model 1 (equation 11) with our high p-T experimental data (red circles)
and data from the literature (unfilled black circles). References: Wendlandt 1982; Peach et al.
(1990); Gaetani and Grove (1997); Holzheid and Lodders (2001); O’Neill and Mavrogenes
(2002); Ripley et al. (2002); Holzheid and Grove (2002); Jugo et al. (2005); Liu et al. (2007);
Brenan (2008); Kiseeva and Wood (2013, 2015); Ding et al. (2014); Wohlers and Wood (2015);

Wood and Kiseeva (2015); Fortin et al. (2015); Laurenz et al. (2016); Smythe et al. (2017).
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Figure 5: Comparison of our model of the dependency of SCSS on pressure (bold line, equation
11) at 2473 K with the predictions of previously published models. For models that are
composition-dependent (this study, Fortin et al., 2015; Liu et al., 2007; Smythe et al., 2017), we
used the equations proposed in the respective publications using the mean composition of the
silicate melt in our samples: S10,=40.32 wt.%; MgO0=46.27 wt.%; Fe0=6.19 wt.%; Al,O3; =2.98
wt.%; CaO = 3.14 wt.%; Cr,05; = 0.11 wt.%; TiO, = 0.14 wt.%; MnO = 0.06 wt.%; H,O = 0.01

wt.%. In all cases the temperature is 2473 K and ag.s=1 is assumed.

Figure 6: Dependency of SCSS on pressure and temperature based on the fit of equation 11. The
composition of the silicate is the primitive upper mantle composition proposed by Palme and
O’Neill (2014) (SiO, = 45.8 wt.%, MgO = 37.09 wt.%, FeO = 8.17 wt.%, Al,O3; = 4.53 wt.%,
CaO = 3.68 wt.%, Cr,03 = 0.37 wt.%, TiO; = 0.21 wt.%, MnO = 0.14 wt.%) to which we added

H,O =0.01 wt.%.

Figure 7: Evolution of SCSS with pressure in a silicate melt of Primitive Upper Mantle
composition (Palme and O’Neill 2014) along peridotite melting curve (a) and along 80 GPa

magma ocean adiabat (b, Miller et al. 1991).

Figure 8: SCSS as a function of pressure along different mantle temperature profiles for the

primitive upper mantle composition of Palme and O’Neill (2014).
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538 Tables

539 Table 1: Experimental conditions of our experiments.

540

Runs P (GPa) T (K) Assembly Duration
(min)
Z1896a 16 2473 18/11 5
Z1896b 16 2473 18/11 5
Z1913a 18 2473 18/11 5
Z1913b 18 2473 18/11 5
Z1914a 21 2473 18/8 5
Z1914b 21 2473 18/8 5
H4879a 11 2473 18/11 5
H4879b 11 2473 18/11 5
H4894 23 2473 10/4 5
71930a 8 2173 18/11 3
Z1930b 8 2173 18/11 3
Z1983a 8 2173 18/11 5
Z1983b 8 2173 18/11 5
Z1987a 8 2473 18/11 3
Z1987b 8 2473 18/11 3
Z1996a 8 2273 18/11 5
Z1996b 8 2273 18/11 5
Z1640b 11 2373 18/11 5
25
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Z1641a 11 2273 18/11 5
Z1641b 11 2273 18/11 5
H4486a 11 2473 18/11 5
H4486b 11 2473 18/11 5
Z1644a 7 2473 18/11 5
Z1651a 11 2623 18/11 5
Z1651b 11 2623 18/11 5
541
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542 Taple 2: Composition of the quenched silicate liquid obtained by EPMA (in wt.%) and LA-ICP-MS measurements (in ppm in the case of S, as

543 indicated by *). N denotes the number of analyses perform by EPMA and N* the number of LA-ICP-MS analyses for each sample.

544
run P(GPa) [ T(K)| N | N*|SiO;, | std | MgO | std |AlLOs| std | S* std |Cr,O3| std |CaO| std | FeO | std | TiO, | std | Total | std

Starting
- 1473 | - - 14580 - | 37.09 | - | 4.53 - - - 0.37 - 1368 - 817 - 021 | - |99.86| -

material
Z1896a 16 2473 | 24 | 5 |4243]0.70| 44.95 [3.69| 3.17 |1.16| 3602 | 129 0.07 10.02|3.55|1.26|4.96 |0.81|0.17 {0.07| 99.71 | 0.46
Z1896b 16 2473 | 25 | 4 |42.95(0.74| 45.47 |1.71| 291 [0.52| 6244 | 243 0.06 |0.01|3.22|0.61]3.70{0.51| 0.14 | 0.04| 99.20 | 0.49
Z1913a 18 2473 | 19 | 5 |42.08|0.57| 45.81 [2.27| 2.84 [0.73| 3782 | 174 | 0.09 |0.02]2.94 |0.74|4.94|0.54| 0.14 | 0.05| 99.31 | 0.57
Z1913b 18 2473 | 18 | 5 [43.38(1.12| 42.79 |3.34| 3.21 {0.99| 3908 | 362 | 0.11 |0.03]3.49|1.14|5.25|1.10| 0.17 {0.07| 99.03 | 0.41
Z1914a 21 2473 | 8 5 (42.71]1.28| 44.76 |2.50| 3.03 {0.31| 4293 66 0.09 10.01(3.30|1.2314.71|0.50| 0.16 {0.11| 99.31 | 0.48
Z1914b 21 2473 | 6 5 |44.46|2.34| 43.48 (2.07| 2.09 |0.52| 2829 | 139 | 0.06 [0.01|1.820.93|4.911.19]0.06 |0.05| 97.15 | 0.45
H4879a 11 2473 | 10 | 4 [39.08|1.02| 48.36 |3.23| 1.82 |1.05| 7595 | 392 | 0.08 |0.02|3.69 |1.79|4.52{0.94| 0.07 | 0.04| 98.82 | 1.01
H4879b 11 2473 | 15 | 6 |39.17|3.31| 48.85 |6.51| 2.78 |2.22| 6077 | 241 0.09 [0.05(2.94|2.27|4.82|0.98|0.09 {0.05| 99.36 | 0.48
H4894 23 2473 | 22 | 5 149.31(5.02| 36.05 |5.64| 5.18 |0.66| 1646 | 273 0.36 |0.03|3.70 |0.71 | 4.68 | 1.15]| 0.13 | 0.04| 99.47 | 0.80
Z1930a 8 2173 | 11 | 4 |38.52(1.76| 45.36 |3.74| 430 |3.12| 4626 | 751 0.30 [0.18(2.74|1.81|8.22|1.87]0.16 |0.11| 99.94 | 0.95
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Z1930b 8 2173 | 14 42.47(1.04| 40.48 |6.17| 4.05 |2.14| 3483 | 533 | 0.29 |0.08|3.67 [{2.02|8.24|1.14| 0.20 |0.17| 99.78 | 0.71
Z1983a 8 2173 | 11 37.9512.00| 46.65 |5.24| 4.17 |2.85| 5589 | 440 | 0.18 [0.07|3.92 |2.43|6.69 |2.07| 0.23 {0.17|100.00| 0.75
Z1983b 8 2173 | 8 3837|1.47| 49.09 |2.61| 1.77 |0.91| 5945 | 174 | 0.07 |0.01|3.04 |1.15]6.08|1.89| 0.16 |0.08| 99.25 | 0.64
Z1987a 8 2473 | 12 38.19|1.11| 52.97 |1.59| 0.92 {0.58|10839| 898 | 0.06 |0.03|1.03 {0.63|5.62|1.17|0.04 |0.02|100.06|0.70
Z1987b 8 2473 | 17 38.28|1.82| 52.80 |1.00| 1.46 [1.53|10187| 756 | 0.05 |0.03|1.35(0.98|5.09|1.05|0.06 |0.04|100.15|0.77
Z1996a 8 2273 | 13 36.783.97| 52.11 [3.80| 2.73 |1.28| 8913 | 222 | 0.10 |0.06|2.53 |1.08|5.82|1.29| 0.14 {0.06|101.02| 1.05
Z1996b 8 2273 | 18 37.82|11.37| 48.79 |2.89| 3.08 [1.38| 7566 | 209 | 0.08 |0.06|3.45|1.71|7.48|1.45|0.15]0.07|101.65| 1.64
71640b 11 2373 | 45 40.21(0.90| 45.46 |2.86| 3.08 |1.01| 2963 26 0.13 |10.04(2.82|1.11]7.37|0.70| 0.12 | 0.05| 99.48 | 0.43
Z1641a 11 2273 | 45 39.6110.36| 41.29 {0.79] 4.29 |0.17| 3611 38 0.16 [0.01|5.00{0.42(9.13 0.42| 0.24 {0.03]100.08 | 0.21
Z1641b 11 2273 | 45 40.12|0.08 | 41.55 |1.07| 4.34 |0.38| 3505 81 0.17 {0.02|4.86 |0.44 | 8.27 |0.23] 0.23 {0.03 | 99.88 | 0.32
H4486a 11 2473 | 47 40.5410.26 | 44.83 |1.41| 3.21 |0.55| 4897 | 141 | 0.01 |0.00|3.67 |0.66|7.29 |0.26| 0.18 {0.02|100.20 | 0.22
H4486b 11 2473 | 36 41.1210.29| 45.61 |1.15| 2.95 |0.66| 6417 | 233 | 0.10 [0.02|3.26 |0.53|6.67 |0.46| 0.15{0.02|100.49 | 0.31
Z1644a 7 2473 | 47 36.80|0.76 | 49.37 10.72| 2.34 {0.44| 9019 | 203 | 0.01 |0.00|2.81 |0.55|7.780.57| 0.14 {0.02|100.15|0.27
Z1651a 11 2623 | 50 38.4810.67| 49.83 |1.38| 2.25 {0.41| 7089 | 249 | 0.01 |0.00|2.85(0.73|6.13|0.48| 0.15 |0.04 |100.40| 0.32
Z1651b 11 2623 | 50 37.2111.35| 4995 |1.81| 2.54 [0.22| 6424 | 465 | 0.10 |0.01]|2.94 {0.73|6.38|0.37| 0.14 | 0.04 | 99.91 | 0.21
545

546
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Table 3: Compositions of the sulfide phase measured with EPMA (in wt. %). The sulfide phase of sample
H4879a was not analysed because it was lost during polishing. * In sample Z1896b, the total includes 2.87
wt.% of tungsten that was caused by contamination from the thermocouple. "Totals include traces of Ni,

Co, W and Mo. N is the number of EPMA analysis performed on each sample.

run P(GPa)| T(K)| N| O |std| Fe | std S std | Cr | std | Total | std

Z1896a 16 2473 | 25 | 1.14 | 0.34 | 59.67 | 0.20 | 37.45 | 0.36 | 0.15 | 0.02 | 98.48 | 0.41
Z1896b* 16 2473 1 26 [ 0.630.22|60.45|0.31|34.51 0.23]0.25(0.02 | 98.71 | 0.35
Z1913a 18 2473 | 24 | 1.50 | 0.62 | 56.90 | 1.28 | 39.49 | 1.11 | 0.18 | 0.01 | 98.09 | 0.61
Z1913b 18 2473 | 24 | 1.18 | 0.31 | 58.82 | 0.17 | 38.09 | 0.34 | 0.24 | 0.02 | 98.34 | 0.31
Z1914a 21 2473 | 19 | 1.66 | 0.44 | 54.99 | 1.47|42.53 | 1.38 | 0.19 | 0.02 | 99.37 | 1.12
Z1914b 21 2473 |1 20 | 1.79 |1 0.25 | 57.20 | 0.97 | 40.71 | 0.94 | 0.12 | 0.01 | 99.82 | 0.27
H4879a 11 2473 |na.| na | na | na |na.| na |na. |na |na | na |na
H4879b 11 2473 | 20 | 2.38 1 0.53 | 57.84 | 0.44 | 38.85 | 0.38 | 0.24 | 0.01 | 99.31 | 0.68
H4894 23 2473 | 17 | 1.50|0.25| 57.70 | 0.77 | 38.80 | 0.84 | 0.11 | 0.01 | 98.13 | 0.34
Z1930a 8 2173 | 15 {2.99 | 1.05|59.13 | 0.40 | 35.62 | 0.98 | 0.39 | 0.26 | 98.14 | 0.48
Z1930b 8 2173 | 18 | 2.61 | 0.89 | 59.52 | 0.72 | 35.88 | 0.96 | 0.40 | 0.12 | 98.42 | 0.64
71983a 8 2173 | 20 {4.77 | 1.50 | 60.34 | 0.52 | 35.26 | 0.76 | 0.25 | 0.09 | 100.61 | 1.33
Z1983b 8 2173 | 21 | 5.03 | 1.03|59.89 |0.43|35.73 10.71]0.22 | 0.03 | 100.86 | 0.64
Z1987a 8 2473 | 20 | 3.64|1.12| 58.90 | 0.58 | 37.07 | 0.60 | 0.16 | 0.02 | 99.77 | 0.67
Z1987b 8 2473 | 23 | 3.05|1.27 | 58.38 | 0.55| 38.05 | 0.97 | 0.18 | 0.02 | 99.66 | 0.87
Z1996a 8 2273 | 24 | 1.42|10.40 | 60.52 | 0.31|37.42 1 0.47|0.26 | 0.03 | 99.62 | 0.37
Z1996b 8 2273 |1 22 | 1.95|0.87|60.20 [ 0.39| 37.68 | 1.25| 0.18 | 0.03 | 100.01 | 0.54
Z1640b" 11 2373 | 24 | 2.22|10.29 | 58.06 | 0.22 | 37.51 { 0.26 | 0.12 | 0.02 | 98.76 | 0.15

Z1641a’ 11 2273 | 45 (2.4410.13|56.96 | 0.15|37.15]0.32 | 0.16 | 0.02 | 98.83 | 0.23
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Z1641b'
H4486a’
H4486b"
Z1644a’

Z1651a

Z1651b

11 2273
11 2473
11 2473
7 2473
11 2623
11 2623

45 12.23|0.20

45 1 1.850.11

53 12.13]0.12

39 12.18]0.29

35 (1.70]0.02

25]1.81(0.13

58.16 | 0.20

56.58 1 0.21
57.8410.12
56.50 | 0.18

56.07(0.20

57.5510.11

36.96

38.03

37.93

37.65

38.71

38.86

0.14

0.24

0.17

0.44

0.08

0.07

0.14

0.17

0.15

0.02 | 98.43

0.01 | 98.81
0.00 | 98.94
0.01] 98.89

0.00{ 99.15

0.011 99.01

0.09

0.10

0.16

0.23

0.17

0.25

Table 4: Results of our multivariable regression of equations 11 and 12 for models 1 and 2 respectively

using our dataset together with literature data (see text for more precision). We compare in the last

columns the regression from Smythe et al. (2017).

Coefficients Coefficients Standard Coefficients | Std error
Standard error
model 1 model 2 error from Smythe | from Smythe

a’ 27 6 7.95 0.2 9.087 0.25

b -4621 368 18 159 9536 -

c -193 17 -190 15 -269 24
Asi -25 6 -32 677 9506 -27 561 500
A -13 6 -15014 9 840 -11 220 1424
An -18 6 -23 071 9512 -18 450 794
Ang -16 6 -18 258 9 634 -13 970 627
Are -32 6 -41 706 9359 -34 274 2376
Aca -14 6 -14 668 9813 -7 831 856
Ana -17 6 -19 529 10 037 -13 247 1414
Ag -27 6 -34 641 10 664 -29 015 2962
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Ay -19 -22.677 9674 -17 495 561
Asire 76 120 662 7048 116 568 6066
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