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▪ Sulfur solubility in a deep magma ocean and implications
for the deep sulfur cycle

E.S. Steenstra1,2*, O.T. Lord3, S. Vitale1, E.S. Bullock1,
S. Klemme2, M. Walter1

Abstract https://doi.org/10.7185/geochemlet.2219

The Earth could have experienced sulfide segregation during its differentiation due to
sulfur (S) saturation within a magma ocean. The relative timing of sulfide saturation
during magma ocean crystallisation is strongly dependent on the solubility of S at
sulfide saturation (SCSS). Here, we present SCSS data directly relevant for a deep
terrestrial magma ocean obtained from laser heated diamond anvil cell experiments.
Our new data, along with existing SCSS data obtained for similar compositions, was
parameterised to derive a new predictive equation. Our parameterisation predicts
that existing models strongly underestimate the SCSS over the P-T range of a deep
magma ocean. Our SCSS models provide the S abundances required at any given

stage of terrestrial accretion, and imply that sulfide saturation is much less efficient at stripping the Earth’s mantle of S during
accretion than previously predicted. Applying our results to the most recent mantle S evolution models shows that the SCSS
would be far too high to achieve sulfide saturation, until only perhaps the final stages of magma ocean crystallisation. To satisfy
highly siderophile element systematics, either the S content of the magma ocean was considerably higher than currently
assumed, or highly siderophile element abundances were affected by other processes, such as iron disproportionation.
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Introduction

Sulfur (S) plays a key role in planetary geochemistry because of
its ability to act as a major sink for elements when S is present as
a sulfide (Kiseeva and Wood, 2015). Whether sulfide liquid pre-
cipitates from a silicate, magma is controlled by the S content at
sulfide saturation (SCSS) of that magma. The SCSS is a function
of composition, most notably FeO, pressure (P) and temperature
(T), and has been extensively studied at lower pressures
(<24 GPa; O’Neill and Mavrogenes, 2002; Namur et al., 2016;
Smythe et al., 2017; Ding et al., 2018; Steenstra et al., 2020a,b;
Blanchard et al., 2021).

Experimental investigation ofmetal-silicate partitioning of
S during core formation in the Earth suggests mildly siderophile
behaviour of S (Dmet−sil

S = 10–55; Boujibar et al., 2014; Suer et al.,
2017). Depending on the core formation scenario, considered S
abundances may therefore have been relatively high after core
segregation in the magma ocean (Rubie et al., 2016). It has been
hypothesised that at some stage the S content of the magma
ocean reached the SCSS, due to the incompatible behaviour
of S (Callegaro et al., 2020) and the strongly negative dependence
of the SCSS on temperature, resulting in segregation of sulfide
matte (‘’the Hadean matte’’; O’Neill, 1991). Due to the impor-
tance of the Hadean matte for the deep S cycle and chalcophile
element abundances, constraints on the SCSS and relative tim-
ing of sulfide segregation (during magma ocean crystallisation)

are required. Currently, there are no SCSS measurements
available at the P-T conditions that are directly relevant for a
deep(er) magma ocean (>25 GPa; Huang et al., 2020), requiring
significant extrapolations of lower pressure data. In addition, the
sulfide liquids of many available higher-pressure datasets con-
tain high (>5–15 %) amounts of other elements in addition to
Fe-S-O, which will decrease the SCSS (Smythe et al., 2017).

To determine the SCSS in a deep terrestrial magma ocean,
FeS-rich sulfide liquids and silicate MORB melts were equili-
brated in 3 experiments at 43–53 GPa and 3925–4600 K by laser
heating in a diamond anvil cell at the University of Bristol, UK
(Table 1). A MORB composition was chosen to ensure that
the silicatemelt could be quenched to a glass. Run products were
analysed using a JEOL JXA 8530F field emission electronmicrop-
robe at the Carnegie Institution for Science, USA. The reader is
referred to the Supplementary Information file for additional
details on experimental and analytical techniques.

Results

The heated spots of the run products were characterised by
homogeneous quenched silicate melts with abundant sub-
micron quenched FeS droplets (Fig. 1; Supplementary Informa-
tion). Sulfur contents of the silicate melts varied between
0.70 and 1.18 wt. % (Fig. 2) and FeO contents significantly
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increased relative to the starting composition, consistent with
previous studies on basaltic melts (Blanchard et al., 2017; Suer
et al., 2021). This is likely a result of small differences in the ratio
of FeS to silicate within the heated region and variable degrees of
perovskite crystallisation on the edges of the heated spot. The
data reproduce a positive dependency between FeO content
and the SCSS as thermodynamically and experimentally pre-
dicted from low P-T experiments (Wykes et al., 2015), strongly
suggesting sulfide saturation of the melts at high P-T (Supplem-
entary Information, Fig. 2a). After normalisation of the SCSS to a
common FeO content (xsil melt

FeO = 0.05 or 8.1 wt. % FeO, corre-
sponding to the present day terrestrial primitive mantle;
Palme and O’Neill, 2014) using the FeO term of an existing
SCSS model (Supplementary Information, section S.3), the
effects of P-T on the SCSS at the conditions of a deep magma
ocean are assessed (Fig. 2c–d). Our results confirm the increase
of the SCSS with increasing T and the decrease of the SCSS
with P (O’Neill and Mavrogenes, 2002; Blanchard et al., 2021),
as seen in previous low P-T data (Ding et al., 2018; Steenstra
et al., 2018). Our FeO-normalised SCSS values are consistently
higher than predicted by existing high-P peridotite models
(Laurenz et al., 2016; Blanchard et al., 2021), with an offset of
up to +6700 ppm (Fig. 2b). The differences between our FeO-
normalised SCSS values and modelled SCSS values are signifi-
cantly larger when implementing the other published SCSS

models. These models are based on a wide range of silicate com-
positions and, when calculated using raw FeO contents, the
differences between our measured and calculated SCSS values
are at least 5000 ppm and as high as 1.07 wt. % (Fig. 2b). This
shows that themodels are not reliable at the conditions of a deep
magma ocean. However, because previous parameterisations
(Laurenz et al., 2016; Blanchard et al., 2021) were derived for a
peridotitic melt, an assessment of the potential effects of non-
FeO silicate melt variation on the SCSS is required. Using the
Smythe et al. (2017) model at 1873 K and 1 GPa, calculated
SCSS values for a peridotitic melt (Palme and O’Neill, 2014)
are ≈860–1250 ppm higher than for our experimental silicate
melt compositions for 8.1 wt. % FeO. A higher SCSS calculated
for peridotite is also generally consistent with the results of
Laurenz et al. (2016). The large offset of our measured SCSS
values compared to predicted values confirms that either the
positive T effects on SCSS were underestimated and/or negative
P effects were overestimated in previous SCSS models.

Discussion

Modelling the solubility of S in a terrestrial magma ocean
requires knowledge of the variation of the SCSS with P-T (e.g.,
Boukare et al., 2019). High-P data for the SCSS of FeS-rich
liquids are relatively scarce in the literature and predominantly
derived for peridotite liquids. This prohibits a quantitative
assessment of the effects of silicate melt composition at high
P, which could be very different at such conditions, and con-
straining this would require tens, if not hundreds, of additional
experiments at such conditions. It is also very likely that strong
correlations exist between fitted melt composition parameters
and P-T effects, given that such regressions contain up to 11
terms. Instead, we fitted our new data together with all previous
SCSS data that was obtained for very similar compositions (Table
S-2; Supplementary Information) to Equation 1:

lnðSÞSCSS = aþ b
�

1
TðKÞ

�
þ c

�
PðGPaÞ
TðKÞ

�
þ lnðasulfideFeS Þ Eq. 1

Prior to fitting, all data were normalised to a common FeO
value of 8.1 wt. % (xsil melt

FeO = 0.05) (Supplementary Information,
section S.3). The SCSS does not vary significantly (200–300 ppm)
within the FeO range relevant for terrestrial magma ocean crys-
tallisation (2 to 8.1 wt.% FeO; Tagawa et al., 2021; Fig. 2a) and no
FeO term is required for the parameterisation.

Fitting FeO-normalised literature SCSS data obtained for
silicate melts with very similar compositions (N = 42; Supplem-
entary Information, section S.5) and assuming asulfideFeS = 1, yields:

lnðSÞSCSS = 11.79ð62Þ þ −7073ð993Þ
TðKÞ þ −92ð36Þ�PðGPaÞ

TðKÞ
× R2 = 0.86 Eq. 2

The regression results suggest that the negative pressure
effect on the SCSS is (significantly) smaller than previously

Table 1 Experimental run conditions and results.

Experiment P(GPa)a P(GPa)c T(K) log FeO SCSS (ppm)

ESS-DAC-4 40 ± 2b 53 ± 2b 4605 ± 117 1.08(1) 6979 ± 350

ESS-DAC-5 35 ± 2 43 ± 2 4300 ± 129 1.26(1) 10837 ± 2124

ESS-DAC-7 38 ± 2 44 ± 2 3927 ± 37 1.42(1) 11806 ± 780

aDefined as the average of the pre- and post-heatingmeasured pressures. b Pressure uncertainties are based onWalter et al. (2015). c Post-heating pressures corrected upwards
for thermal pressure effects and subsequently used in this study (Supplementary Information).

Figure 1 Backscattered electron images of runs ESS-5-DAC and
ESS-7-DAC. Line in ESS-5-DAC is a decompression crack.
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reported (e.g., Blanchard et al., 2021), whereas the derived
negative temperature term is considerably lower than the high-
pressure models (Laurenz et al., 2016; Smythe et al., 2017). It is,
however, larger than currently available low-pressure models
(Ding et al., 2018; Steenstra et al., 2018) as well as the high-
pressure model of Blanchard et al. (2021). Our modelling results
thus suggest significantly higher SCSS values for the terrestrial
magma ocean at high P-T conditions (Fig. 3a).

Implications for the Terrestrial Sulfur
Cycle

In Figure 3b, the new SCSSmodel is incorporated in Earth accre-
tion models from previous studies (Rubie et al., 2016; Tagawa
et al., 2021), while exploring different average effective pressures
of sulfide saturation or kS (Eq. S-4). The range of kS considered
here is based on the preferred value of Rubie et al. (2016)
(kS = 0.44) while exploring the sensitivity of the results to differ-
ent kS values. Figure 3b shows that for the mantle S contents
modelled by Rubie et al. (2016) sulfide saturation in the magma
ocean will most certainly occur at approximately 55 % of magma
ocean crystallisation. This conclusion is virtually independent of
the assumed effective pressure of FeS saturation and would
imply a major S reservoir in the deep mantle in addition to
the core itself. This is also consistent with mantle HSE

systematics (Laurenz et al., 2016; Rubie et al., 2016). In contrast,
the modelled mantle S evolution curves from Suer et al. (2017)
are much lower relative to modelled SCSS values. Here, the
mantle S content is insufficient to yield sulfide saturation at
any stage of magma ocean crystallisation, especially if one con-
siders the slightly higher SCSS values expected for a peridotite
liquid (Fig. 3b). The large differences between the mantle S evo-
lution models of Rubie et al. (2016) and Suer et al. (2017) are due
to the fact that they considered very different accretion models.
The first model considers accretion of a fraction of undifferenti-
ated planetesimals (i.e. fully oxidised) with low degrees of terres-
trial core-mantle re-equilibration, whereas in the second model
all accreted bodies are differentiated and equilibrated at low
P-T conditions and their cores experienced further partial re-
equilibration in the deep terrestrial magma ocean. If modelled
S abundances for the terrestrial magma ocean of Suer et al.
(2017) are correct, our results imply that sulfide saturation could
not have occurred during magma ocean crystallisation, or per-
haps only very late (>99.9 %) when the very last residual liquid
is extremely enriched in S. The absence of, or very late, sulfide
saturation of the residual magma ocean is problematic in terms
of transporting sulfide liquid to the deep mantle as proposed to
explain HSE systematics (Rubie et al., 2016), given the limited
percolation of FeS liquid through a crystalline upper mantle
(Terasaki et al., 2008). Although interconnection of FeS liquid
occurs at lower mantle conditions (Shi et al., 2013), it is unlikely
that such late segregated FeS liquid would be transportable to
the lower mantle and that global HSE depletions would be
established at such late stages of magma ocean crystallisation
(Fig. 3b). The S evolution models of Suer et al. (2017) do repro-
duce the current S content of the bulk silicate Earth, and given
the highly chalcophile affinities of the HSE (Laurenz et al., 2016),
only very minor amounts of sulfides would be required to estab-
lish primitive mantle HSE depletions. Overall, our results show
that either the magma ocean must have been very rich in S
to achieve sulfide saturation as proposed to satisfy HSE
abundance constraints (Rubie et al., 2016) or that, instead, iron
disproportionation affected HSE systematics in the early Earth
(Suer et al., 2021).
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Figure 3 (a) Variation of the SCSS during terrestrial magma
ocean crystallisation along a geotherm ranging approximately
midway between the peridotite solidus and liquidus (Rubie
et al., 2015; Eqs. S-2,3). Plotted for comparison are previous perido-
tite SCSS models (Laurenz et al., 2016; Blanchard et al., 2021).
(b) Calculated SCSS values for various average effective pressures
of sulfide saturation (kS; Rubie et al., 2016; Eq. S-4) as a function
of accreted mass.
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S.1 Experimental and Analytical Details 

To study the solubility of S in a deep terrestrial magma ocean, sulfide liquids and silicate melts were 

equilibrated at pressures of 35–40 GPa and temperatures between 3925–4600 K in a laser-heated diamond 

anvil cell (DAC). The sulfide powder consisted of FeS and 3 wt. % of trace elements (ESS-DAC-4: FeS + 2 

wt. % Cu and 1 wt. % Se; ESS-DAC-5: FeS + 2 wt. % Cu and 1 wt. % Te; ESS-DAC-7: FeS + 1.5 wt. % Cd 

and 1.5 wt. % Sn). The silicate powder consisted of a grounded (from glass), synthetic equivalent of a mean 

MORB basaltic composition (Table S-1, Gale et al., 2013). The MORB silicate composition was used 

because it quenches to a glass and because its melting temperature is significantly lower than more 

magnesian compositions. In addition, it also allows for direct comparison with data that was obtained over 
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much larger P-T ranges due to its lower melting point and extensive use in past low-pressure studies. The 

glass was produced by mixing the appropriate amounts of high-purity carbonates and oxides under ethanol 

in an agate mortar for 30 minutes. The mixture was then decarbonated over 6-7 hours from 923 to 1273 K, 

taken from the furnace and subsequently melted at 1723 K for 15 minutes in a box furnace.  

Experiments were performed in Princeton-type symmetric cells, equipped with anvils with culets of 250 µm 

diameter. Sample chambers of diameter 85 µm were laser drilled in 250 µm thick Re gaskets pre-indented to 

a thickness of 50 µm. Powdered starting materials were pressed between two opposing diamonds with culet 

diameters of 500 μm to produce thin foils ∼10 to 15 μm thick. A piece of the sulfide wafer ~20 μm across 

was loaded into the sample chamber between pieces of the MORB wafer chosen to closely match the 

diameter of the sample chamber. In this geometry, the MORB acts as the pressure medium and thermal 

insulation. 

The fluorescence signal from a ruby grain loaded into the sample chamber but away from the heated region 

was used to monitor the pressure during pressurisation and after heating. Pressures were calculated using 

two different approaches. In the first method the reported pressures are the average between pre-heating and 

post-heating measurements. In the second approach, we took into account the potentially important thermal 

pressure effects using the parameterisation of Siebert et al. (2012): 

 

ΔPth ~ 2.7−3 GPa/K          Eq. (S-1) 

 

These calculations showed pressures were between 43 to 53 GPa during the experiment (Table 1 in the main 

text); these values were used throughout the study. The pressure uncertainty is estimated to be 

approximately 2 GPa at the conditions of the experiments (Walter et al., 2015). Samples were heated at high 

pressure using the double-sided pulsed laser heating system at the School of Earth Sciences, University of 

Bristol and described in detail in Lord et al. (2014). Samples were heated with a pair of 100-W Yb-doped 

fibre lasers for approximately 60 to 180 seconds, by switching on the lasers at a high power during which a 

steady state must have been achieved, given previous results for LH-DAC partitioning experiments (e.g. 

Suer et al., 2017; Mahan et al., 2018). Samples were quenched by switching off the power to the lasers. 

During this period, multiple 1-D temperature transects were measured across both sides of the heated spot 

using the optical system also described in Lord et al. (2014) and standard spectroradiometric techniques 

(Walter and Koga, 2004). Reported temperatures are an average of the peak temperatures of each of these 

transects and the reported uncertainty is their standard deviation.  

Recovered experimental run products were mounted on Si wafers. Cross-sections of experimental charges 

were made using a dual beam FEI Helios G4 Xe PFIB at the Earth and Planets Laboratory, Carnegie 

Institution for Science. A 5 μm protective layer of tungsten (W) was deposited on to the sample surface. 

Standard FIB cross sectioning techniques were used over a current range of 60 nA to 2.5 μA. Samples were 

finished with 30 kV Xe ions. Final sample thicknesses were approximately 20 μm. Run products were 

carbon-coated and analysed using an EPMA at the latter institution.  

Major and trace element compositions of the silicate melts and/or sulfide liquids were obtained using a 

JEOL JXA 8530F field emission electron microprobe at the Earth and Planets Laboratory, Carnegie 

Institution for Science. Analyses were performed using a defocused beam of mostly 1 µm and occasionally 3 

µm diameter. Measurement points were set in random lines and/or raster grids, depending on the available 

surface area of the analysed phases. Beam currents were 20 nA with an accelerating voltage of 15 kV. Dwell 

times were 10–40 s on peak and 5–20 s on each background. Standards used were anorthite for Ca, Fe metal 

or fayalite for Fe, San Carlos olivine for Si, orthoclase for K, albite or DJ35 for Na, PbS or pyrite for S, TiO2 

or pure metal for TiO2, SnSe for Se, CdTe for Cd and pure metal standards for Cu, and Re. Calibrations 

were considered successful when the primary standard compositions were reproduced within 1% relative 
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deviation. Data reduction was performed using the ZAF correction, which corrects for the decrease in x-ray 

density due to the distance the x-rays travel through the specimen before they reach the detector. In runs 

ESS-4 and ESS-5 the sulfide liquid was either too small to measure or migrated too far from the hotspot due 

to its very low viscosity at such conditions.  

Special care was taken to not measure too close to sulfide liquid (>15 µm, and usually much further away), 

as this would potentially yield secondary fluorescence effects on measured S abundances, as observed for 

other elements such as Ni (Wade and Wood, 2012). Wafer (sample) thickness may also result in analytical 

uncertainties, as not all photons that are emitted would arrive at the detector, due to deeper penetration of 

electrons beyond the wafer thickness. Wade and Wood (2012) showed that this would be most significant 

for the heaviest elements of interest; in our case Ca, Ti and Fe. First, it is observed that TiO2 contents are 

actually increased relative to the starting materials (Table S-1), suggesting no significant ‘’unmeasured’’ 

TiO2. Although CaO contents are decreased relative to the starting composition, this is due to the 

crystallisation of Ca-perovskite close to the melt - solid interface, forming a characteristic CaO-, SiO2-

enriched and FeO-, Al2O3-depleted rim (Fig. S-1 to S-3; see also Tagawa et al., 2021). We therefore 

concluded that none of the EPMA measurements were affected by wafer thickness issues. The low total of 

ESS-DAC-7 is therefore also not related to wafer thickness issues, but perhaps by some Na2O loss under the 

beam. It should be noted that the majority of literature SCSS experiments have low totals – the compiled 

dataset of Steenstra et al. (2018) yields an average of 98.70 ± 1.61 (1SD) obtained for a wide variety of 

capsule types and set-ups – which is probably a result of the increased analytical challenges of measuring S-

rich silicate melts (see Steenstra et al., 2020a for a detailed discussion on this topic).   

 

S.2 Evidence for Sulfide-saturation of Experimental Silicate Melts 
For the application of our results, it is important to demonstrate that the silicate melts are indeed sulfide-

saturated and that they do not simply represent a melt that fully consumed the available sulfide liquid at the 

heated spot. Several lines of evidence can be used to argue for sulfide saturation. The most important line of 

evidence that argues for sulfide saturation of the experimental silicate melts at high P-T is the sign and 

magnitude of the variation of the SCSS with the FeO content of the silicate melt (Fig. 2a). Although there 

are slight P-T differences between the experiments, the SCSS versus wt. % FeO slope is very similar 

to/within error of systematic low pressure experimental observations by Wykes et al. (2015). The slope is 

also consistent with theoretical thermodynamic considerations of the increased dominance of the sulfide 

capacity term over other terms at higher FeO contents (>4 wt. % FeO; Wykes et al., 2015). Given the fact 

that post-run FeS generally migrated to the edges of the heated spot, suggests the silicate melt either 

equilibrated with sulfide through liquid channels or that when it segregates it leaves a sulfide-saturated melt. 

The latter would be consistent with the expected, extremely fast diffusion of S in silicate melts at the very 

high temperatures of the experiments (Zhang et al., 2010). In the unlikely case that the experimental silicate 

melts were not sulfide-saturated at high P-T conditions, our results provide important lower limits which are 

already are dramatically higher than modeled values using previous SCSS models. Finally, sulfide liquids 

generally migrated from the heated spot to colder areas, so that it cannot be excluded that FeS liquids 

initially present at peak conditions have slightly lower S contents relative to stoichiometric FeS (xFeS < 1). 

As SCSS increases with xFeS (e.g. Smythe et al., 2017), any deviation from xFeS = 1 would only further 

increase the relative differences between low- and high pressure results. 

 

S.3 Correcting SCSS Values for Variable Silicate Melt FeO Contents  
To unravel the effects of P-T on the SCSS, the data from this study and previous literature data from 

otherwise highly similar compositions should be normalised to a common FeO content, as FeO is by far the 

most important silicate melt compositional variable affecting the SCSS (e.g. O’Neil and Mavrogenes, 2002). 
We therefore used the FeO term from Table 5 of Steenstra et al. (2018) (CXFe = 2.15(40)), which was 
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derived from consideration of an extensive SCSS dataset (N = 337) and also incorporated sulfide 

compositional effects. Both the literature data and our newly derived high P-T data was normalised to 

𝒙𝐅𝐞𝐎
𝒔𝒊𝒍 𝒎𝒆𝒍𝒕 = 0.05, corresponding to 8.1 wt. % FeO i.e. the FeO content of the present-day terrestrial primitive 

mantle (Palme and O´Neill, 2014). To incorporate any uncertainties arising from this correction, we 

propagated the uncertainties on both the FeO parameter form Steenstra et al. (2018) and on the actual 

measured SCSS values. This increased the uncertainties of the new high P-T SCSS values by 150 to 300 

ppm, depending on the experiment. It should be noted that the SCSS does not vary significantly (200–300 

ppm) between approximately 2 to 8 wt. % FeO, virtually the full range of potential FeO contents during 

terrestrial magma ocean crystallisation, as this is the minimum of the parabolic behavior describing SCSS as 

a function of FeO content (Wykes et al., 2015; Fig. 2a in the main text).  

 

S.4 Non FeO-compositional Effects on Derived SCSS Values 

A MORB composition was chosen for the experiments because of its relatively low melting temperature and 

propensity for quenching to a glass (e.g. Suer et al., 2017; Mahan et al., 2018). The MORB composition 

(Gale et al., 2013) used in our study is, however, significantly different than the expected composition of a 

primitive terrestrial magma ocean liquid or the primitive mantle (e.g. Palme and O’Neill, 2014). It should be 

noted that differences in FeO contents between our experiments and previous studies were taken into 

account by applying the FeO correction term from Steenstra et al. (2018), which is CXFe = 2.15(40) (see 

section S.3). Note that the magnitude of the FeO effect is very similar for all previous SCSS models (e.g. 

Smythe et al., 2017; Ding et al., 2018, Steenstra et al., 2018). Using the Smythe et al. (2017) model, we 

calculate the potential difference for an 8.1 wt. % FeO bearing primitive mantle melt (assuming the 

primitive mantle or PM composition from Palme and O’Neill, 2014) and compare the calculated SCSS value 

with SCSS values calculated for our experimental liquid compositions, normalised to 8.1 wt. % FeO. These 

calculations at 1 GPa and 1873 K suggests that the PM SCSS value is 850–1220 ppm higher than for the 

experimental liquid compositions. The SCSS for a peridotite-type liquid would thus only be slightly higher 

at the experimental P-T conditions, and confirms FeO is the main silicate melt compositional parameter 

affecting the SCSS, consistent with previous observations (e.g. Wykes et al., 2015, Steenstra et al., 2020a). 

 

S.5 Dataset used for Parameterisations 

To remove any potential effects arising from different silicate melt compositions, we use the following 

criteria and exclude the following literature data from our statistical database (1) H2O-rich SCSS 

experiments, as each wt. % H2O will result in an approximate increase of the SCSS by 100 ppm (Fortin et 

al., 2015); (2) all SCSS data for silicate melts with <2.5 wt. % FeO due to the anomalous slope of SCSS 

versus FeO at low FeO contents (e.g. Wykes et al., 2015; Steenstra et al., 2020b); (3) all SCSS data for 

silicate melts with >2.5 wt. % TiO2 due to the effects of high-Ti contents on the slope of SCSS with FeO 

(O’Neill and Mavrogenes, 2002); (4) all SCSS data for silicate melts with >55 wt. % SiO2 due to the effects 

of SiO2 on the SCSS (e.g. O’Neill and Mavrogenes, 2002; Smythe et al., 2017; Steenstra et al., 2018); (5) all 

SCSS data with >2.6 wt. % of alkalis due to their negative effects on the SCSS (D’Souza and Canil, 2018); 

(6) all SCSS data for silicate melts that have more than ±5 wt. % CaO, Al2O3 and ±2.5 wt. % MgO 

difference between the average compositions of our experiments; (7) all SCSS data for Fe-S liquid with <30 

wt. % S due to the negative effects of lower sulfide xFeS on the SCSS (Smythe et al., 2017) and (8) all 

SCSS data for Fe-S liquid with > ±6 wt. % of trace elements due to the negative effects of lower xFeS on the 

SCSS, which may vary with the type of element considered. In the end, 42 SCSS values were included in the 

regression, with an overall P-T range of 1 atm to 40 GPa and T = 1573–4605 K, which are listed in 

Supplementary Table S-1. 
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S.6 Modelling Approach 

To model the SCSS in a deep terrestrial magma ocean, we used main-text Eq. 2 in conjunction with the 

multi-stage core formation model (#S1) reported by Tagawa et al. (2021), which was directly based on the 

Rubie et al. (2015) model. Equation 2 is based on a primitive mantle content of 8.1 wt. % FeO and does not 

include an FeO term, as the SCSS does not deviate significantly within the FeO range relevant for the 

terrestrial magma ocean (e.g. Rubie et al., 2015). It should be noted that in the latter models the FeO content 

is slightly lower in the first few % of magma ocean crystallisation if highly reduced accretion is assumed to 

have occurred early. This could hypothetically yield somewhat different SCSS values within the first few % 

of terrestrial accretion, but at this stage S contents are low and the SCSS would only be increased relative to 

higher FeO contents, making sulfide saturation also highly unlikely at this stage. The assumed geotherms, 

taken from Rubie et al. (2015) and required for calculating the SCSS values in Fig. 3a-b are based on 

liquidus/solidus data and were specifically calibrated for modeling the geotherms for magma ocean 

pressures below and above 24 GPa, respectively:  

 

P < 24 GPa: Te = 1874 + 55.43P – 1.74P2 + 0.0193P3          Eq. (S-2) 

P ≥ 24 GPa: Te = 1249 + 58.28P – 0.395P2 + 0.0011P3          Eq. (S-3) 

 

The modelled limit of 80 GPa corresponds with the proposed maximal pressure for a basal magma ocean 

(De Vries et al., 2016). We incorporated the S mantle evolution model depicted in Fig. 1 from Rubie et al. 

(2015), as well as the models from Suer et al. (2017), which are based on either homogeneous or 

heterogeneous accretion. We compare these estimates with the modeled SCSS values (Eq. 2) while 

assuming different effective pressures of sulfide saturation, as a function of accreted mass %. The pressure 

versus accreted mass relationship was taken from Tagawa et al. (2021). 

Rubie et al. (2015) defined the following equation for the average effective pressure of sulfide saturation, as 

sulfide segregation may occur at different depths in the magma ocean at a given stage of accretion:  

 

Peq-S = kS × PCMB          Eq. (S-4) 

 

where PCMB is the core-mantle boundary pressure at the time of each FeS exsolution event, and kS is a 

constant (Rubie et al., 2015). 
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Supplementary Tables 

 

Table S-1 Composition of the silicate starting glass and experimentally produced melts as measured by electron microprobe. N represents the number of analyses. 

 

 SiO2  

(wt. %) 

MgO Al2O3 CaO FeO TiO2 Na2O K2O CuO CdO ReO2 S Sum N 

Silicate melts               

Starting composition 48.48(14) 7.88(4) 15.17(3) 11.43(4) 9.79(5) 1.70(1) 2.54(2) 0.156(4) – – – – 97.36(15) 15 
ESS-DAC-4 43.43(72) 8.63(18) 18.42(33) 7.94(6) 12.59(26) 1.89(2) 1.52(47) 0.135(5) 0.95(3) – 0.05(3) 0.70(4) 96.25(96) 5 
ESS-DAC-5 36.02(50) 8.48(11) 22.63(31) 6.51(8) 18.05(59) 1.44(2) 1.58(3) 0.066(4) 1.18(3) – 0.10(6) 1.08(21) 97.14(63) 19 

ESS-DAC-7 34.00(28) 7.69(7) 13.15(17) 6.85(6) 26.54(43) 2.32(1) 1.92(2) 0.144(3) 0.02(1) 0.286(4) 0.03(1) 1.18(8) 94.12(16) 32 

 Fe  

(wt. %) 

S Na Mg Si Al Ca Ti Cu Re Se O Sum N 

Sulfide liquid               
ESS-DAC-4 55.89(381) 26.32(176) 0.26(18) 0.31(13) 1.09(146) 1.20(55) 0.52(72) 0.09(4) 1.35(158) 0.21(22) n.d. 6.23(188) 93.68(214) 3 

 

Table S-2 Compilation of used literature data. 

 

Table S-2 is available for download (Excel) at  https://doi.org/10.7185/geochemlet.2219 
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Figure S-1 Elemental EDS maps of experiment ESS-4-DAC. 
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Figure S-2 Elemental EDS maps of experiment ESS-5-DAC. 
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Figure S-3 Elemental EDS maps of experiment ESS-7-DAC. 
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