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Chemical data from the MESSENGER spacecraft revealed that surface rocks on Mercury are unusually 
enriched in sulfur compared to samples from other terrestrial planets. In order to understand the 
speciation and distribution of sulfur on Mercury, we performed high temperature (1200–1750 ◦C), low-
to high-pressure (1 bar to 4 GPa) experiments on compositions representative of Mercurian lavas and 
on the silicate composition of an enstatite chondrite. We equilibrated silicate melts with sulfide and 
metallic melts under highly reducing conditions (IW-1.5 to IW-9.4; IW = iron-wüstite oxygen fugacity 
buffer). Under these oxygen fugacity conditions, sulfur dissolves in the silicate melt as S2− and forms 
complexes with Fe2+, Mg2+ and Ca2+. The sulfur concentration in silicate melts at sulfide saturation 
(SCSS) increases with increasing reducing conditions (from <1 wt.% S at IW-2 to >10 wt.% S at IW-8) 
and with increasing temperature. Metallic melts have a low sulfur content which decreases from 3 wt.% 
at IW-2 to 0 wt.% at IW-9. We developed an empirical parameterization to predict SCSS in Mercurian 
magmas as a function of oxygen fugacity ( f O2), temperature, pressure and silicate melt composition. 
SCSS being not strictly a redox reaction, our expression is fully valid for magmatic systems containing a 
metal phase. Using physical constraints of the Mercurian mantle and magmas as well as our experimental 
results, we suggest that basalts on Mercury were free of sulfide globules when they erupted. The high 
sulfur contents revealed by MESSENGER result from the high sulfur solubility in silicate melt at reducing 
conditions. We make the realistic assumption that the oxygen fugacity of mantle rocks was set during 
equilibration of the magma ocean with the core and/or that the mantle contains a minor metal phase 
and combine our parameterization of SCSS with chemical data from MESSENGER to constrain the oxygen 
fugacity of Mercury’s interior to IW-5.4 ± 0.4. We also calculate that the mantle of Mercury contains 
7–11 wt.% S and that the metallic core of the planet has little sulfur (<1.5 wt.% S). The external part of 
the Mercurian core is likely to be made up of a thin (<90 km) FeS layer.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Mercury is the innermost planet of our Solar system. It is 
made of a very large core (∼65 wt.% of the planet; Hauck et 
al., 2013) and a thin mantle (420 ± 30 km; Hauck et al., 2013;
Padovan et al., 2015) dominated by olivine, orthopyroxene, clinopy-
roxene, ± spinel and feldspar (Stockstill-Cahill et al., 2012; Charlier 
et al., 2013; Namur et al., 2016; Vander Kaaden and McCub-
bin, 2016). Building blocks of Mercury could be composition-
ally close to enstatite chondrite or bencubbinite chondrite mete-
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orites (Brown and Elkins-Tanton, 2009; Malavergne et al., 2010, 
2014; Chabot et al., 2014). The surface of Mercury is a secondary 
crust produced during volcanic eruptions (Weider et al., 2012;
Byrne et al., 2013). Based on crater densities and chemical com-
positions, several provinces were described (Denevi et al., 2013;
Weider et al., 2015): (1) the Northern Volcanic Plains (NVP) with 
calculated model ages ranging from 3.7 to 2.5 Ga (Neukum et 
al., 2001; Marchi et al., 2009; Le Feuvre and Wieczorek, 2011;
Ostrach et al., 2015); (2) the 4.0–3.7 Ga Smooth Plains (SP) and 
(3) the 4.2–4.0 Ga Inter-crater Plains and Heavily Cratered Terrains 
(IcP-HCT), which also contain a High-Mg Terrane (HMg).

Chemical data from the MESSENGER spacecraft show that Mer-
curian lavas are MgO-rich and have a low Fe content (<2 wt.%; 
Weider et al., 2014). They are also unusually enriched in sul-
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Fig. 1. Sulfur concentrations in the Mercurian crust, chondrites, achondrites, silicate 
mantles and crusts of terrestrial planets and primary mantle derived melts. Symbols 
show average concentrations and vertical bars show the 1σ standard deviations. The 
data for the Mercurian crust were calculated using the MESSENGER data presented 
by Weider et al. (2015). The complete list of references and number of analyses used 
in the compilation are given in Appendix. C = Carbonaceous; Chond. = chondrite; 
Cont. = continental.

fur (Weider et al., 2015), with the highest sulfur concentrations 
(∼3 wt.% S) observed in HMg lavas (Peplowski et al., 2015). The 
sulfur content of Mercurian lavas is much higher than that ob-
served in mantle rocks and lavas from the Earth, Mars and the 
Moon (<1 wt.% S) and is as high as the bulk S content of chon-
drites (1–5 wt.% S; Fig. 1). High sulfur concentrations in Mercu-
rian lavas may result either from high sulfur solubility in magmas 
(Zolotov et al., 2013) and/or from transport of sulfide droplets from 
the mantle source regions to the surface of the planet (Malavergne 
et al., 2014). The first hypothesis is consistent with the absence of 
spectral evidence for sulfide minerals in surface rocks (McClintock 
et al., 2008; Izenberg et al., 2014) while the second could ex-
plain the correlations between S and Ca–Mg observed in Mer-
curian lavas (Weider et al., 2012). Understanding the origin of 
high sulfur concentrations at the surface of Mercury is important 
to better constrain the structure of the planet and the distribu-
tion of sulfur amongst the different reservoirs (mantle, core and 
crust), the mechanisms of explosive volcanism (Kerber et al., 2009;
Thomas et al., 2014a; Weider et al., 2016), and the formation of 
the hollows (sub-kilometer scale shallow depressions surrounded 
by bright deposits) which may have formed during sublimation of 
volatiles (Blewett et al., 2013; Thomas et al., 2014b).

The high sulfur concentrations in lavas, together with their 
low Fe contents and the large metal/silicate ratio of Mercury are 
strong evidence for accretion and differentiation of the planet un-
der highly reducing conditions (< IW-3; IW = iron-wüstite oxygen 
fugacity buffer; Malavergne et al., 2010; McCubbin et al., 2012;
Zolotov et al., 2013). However, any interpretation of magmatic 
processes on Mercury and, in particular, the behavior of sul-
fur in magmas are presently very difficult because of the very 
limited number of experimental studies performed under oxy-
gen fugacity conditions relevant to Mercury (McCoy et al., 1999;
Berthet et al., 2009; Chabot et al., 2014; Malavergne et al., 2014;
Vander Kaaden and McCubbin, 2016). In this study, we present 
the results of 100 new, high-temperature, low- to high-pressure 
(1 bar to 4 GPa), experiments performed under highly reducing 
conditions (IW-1.5 to IW-9). Experiments were performed on com-
positions representative of the basalts and the mantle of Mercury. 
We investigate sulfur distribution in coexisting silicate melt, sulfide 
melt and metallic melt and use our experimental data to build a 
predictive model of sulfur solubility in silicate melt as a function 
of intensive parameters (temperature, pressure, oxygen fugacity). 
We then discuss sulfur transport from the mantle to the surface 
of Mercury, the redox conditions of the mantle and sulfur parti-
tioning between the metallic core and the silicate mantle, with 
implications for the formation of a FeS layer at the mantle–core 
boundary.

2. Experimental and analytical procedures

2.1. Choice and preparation of starting compositions

Experiments were performed on three silicate compositions 
(Table 1) that were equilibrated with a Fe-bearing metallic phase 
and a sulfide phase. Silicate compositions were chosen to match 
(1) lavas of the Northern Volcanic Plains (NVP), (2) the high-Mg 
terrane (HMg) of the IcP-HCT and (3) a composition representa-
tive of the silicate fraction of an enstatite chondrite (EH). NVP 
and HMg compositions are based on geochemical data presented 
by Weider et al. (2012). For NVP, we used 34 X-Ray Spectroscopy 
(XRS) measurements and calculated median values for the Mg/Si, 
Al/Si and Ca/Si ratios and re-calculated the compositions on an ox-
ide basis. For minor elements (TiO2, MnO and K2O), we used data 
from Nittler et al. (2011) and Peplowski et al. (2012). We consid-
ered a Na/Si ratio of 0.20 (Peplowski et al., 2014), leading to ∼7 
wt.% Na2O in the NVP composition. For some experiments, we also 
used a Na-free NVP composition. For HMg, we prepared a start-
ing composition corresponding to the median composition of the 
High-Mg terrane of the IcP-HCT. We used 49 XRS measurements 
with a Mg/Si ratio greater than 0.6. We considered a Na/Si ratio of 
0.06 (∼2.7 wt.% Na2O) and 0.1 wt.% K2O. For the EH starting ma-
terial, we used the silicate composition of the Indarch meteorite 
(McCoy et al., 1999; Berthet et al., 2009).

Silicate compositions were produced from high-purity oxides 
and carbonates. Mixtures were decarbonated at 900 ◦C for 10 hrs. 
The reagents were then mixed under ethanol. Silicate compositions 
were mixed with metallic and sulfide materials produced with FeS, 
S and Fe in different proportions (Table 1). For the sulfur source, 
we used FeS, FeS + S or S because CaS was not stable during 
preparation of the starting materials. We used several combina-
tions of the silicate/metal/sulfide mixture (Table 1; Supplementary 
Dataset 1). The total Fe content in our experiments ranges from 
15–25 wt.%, which is lower than the bulk Fe content of the planet 
(∼65 wt.%; Hauck et al., 2013) and higher than the Fe content of 
Mercurian lavas (0–2 wt.%; Weider et al., 2014).

The intrinsic oxygen fugacity ( f O2) of the samples was reduced 
by adding Si metal powder to the silicate starting material (Berthet 
et al., 2009; Cartier et al., 2014a; Malavergne et al., 2014). In most 
experiments, we varied the Si/SiO2 ratio (0–0.5) in order to control 
f O2 without affecting cation ratios of the starting compositions. In 
other experiments, we added additional Si (total of 20 and 50 wt.% 
Si) to reach highly reducing conditions.

2.2. Experiments, analytical methods and oxygen fugacity

Low-pressure (1 bar) experiments were performed in a Gero 
gas-mixing furnace in evacuated silica tubes at the University of 
Hannover. Medium-pressure experiments (0.1–0.3 GPa) were per-
formed in large volume internally heated pressure vessels (IHPV) 
at the University of Hannover (Germany). Argon was used as 
the pressure medium. High-pressure experiments (1 to 4 GPa)
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Table 1
Starting compositions for the experiments.

MESSENGER data of Mercury’s basaltsa Calculated oxide compositions
Mg/Si Al/Si Ca/Si SiO2 Al2O3 MgO CaO

NVP 0.309 ± 0.13 0.263 ± 0.07 0.156 ± 0.04 62.41 ± 3.75 14.65 ± 3.36 14.85 ± 5.0 6.19 ± 1.57
High-Mg IcP-HCT 0.682 ± 0.07 0.189 ± 0.07 0.211 ± 0.04 53.06 ± 2.36 8.85 ± 3.11 28.05 ± 2.39 7.32 ± 1.33
EH – – – – – – –

Synthetic silicate starting compositions including Na2O and minor elementsb (mixture of oxides and carbonates)
SiO2 TiO2 Al2O3 MnO MgO CaO Na2O K2O NiO Cr2O3

NVP 58.59 0.40 13.72 0.20 13.91 5.79 6.99 0.20 0.10 0.10
High-Mg IcP-HCT 52.56 0.40 8.77 0.20 27.78 7.26 2.74 0.08 0.10 0.10
EH 62.42 0.10 2.70 0.10 30.81 1.77 1.70 0.20 0.10 0.10

Silicate–metal–sulfide ratios used in experimentsc

Silicate FeS Fe S
A 0.70 0.25 0.05 –
B 0.90 – 0.05 0.05
C 0.60 0.25 0.05 0.10
D 0.85 – 0.05 0.10
E 0.70 – 0.15 0.15
F 0.55 0.35 0.05 0.05

a Calculated using elemental ratios from MESSENGER (Weider et al., 2012).
b K2O and Na2O calculated from Peplowski et al. (2012, 2014); TiO2 and MnO contents based on Weider et al. (2014). EH composition from Berthet et al. (2009).
c See details about the silicate–metal mixtures used in each experiment as well as the content of Si metal added to the starting material in Supplementary Dataset 1.
were performed at the Bayerisches Geoinstitut (BGI; Germany) in 
0.5′′ piston cylinder apparatuses. A comprehensive description of 
the experimental methods and conditions with details of temper-
ature and pressure calibration and run procedures is included in 
the Experimental Methods Online (Appendix and Supplementary 
Dataset 1). Experiments were run for 4–8 hrs, which was shown 
to be ideal to reach equilibrium and to avoid significant oxidation 
of metal Si (Vander Kaaden and McCubbin, 2016).

Quantitative analyses were performed using a CAMECA SX100 
electron microprobe analyzer (EMPA) at the University of Han-
nover (see details in Appendix). Repeated analyses of international 
standards and standard deviations of measurements for our exper-
imental products indicate errors of less than 5% for major elements 
and 10% for minor elements. Errors on sulfur concentrations in 
silicate melts are more difficult to estimate because no glass stan-
dard with high S content exists. Accurate calibrations on pyrite 
and the high reproducibility of our measurements suggest errors 
of less than 10%. Raman spectroscopy was performed with a con-
focal Bruker Senterra micro-Raman spectrometer equipped with an 
Olympus BX 51 microscope and an Andor DU420-OE CCD camera. 
The spot size for analyses was ∼1 μm.

The presence of silicate melt (Sil) and Fe-rich metallic melt 
(Met) in most of our experiments constrain the intrinsic f O2 of 
the experiment by the equilibrium:

FeMet + 1/2O2 = FeOSil (1)

For most experiments, the FeO content of the silicate melt is too 
low (<0.1 wt.%) to be accurately measured by EMPA and the ac-
tivity coefficient of FeO in the silicate melt is poorly estimated in 
FeO-poor magmas (Wykes et al., 2015). We have therefore calcu-
lated the f O2 of the experiments using the following equilibrium 
(Cartier et al., 2014a):

SiMet + O2 = SiO2
Sil (2)

A comprehensive description of the method of calculation is given 
in Appendix. Errors on calculated oxygen fugacity (Fig. 2) take into 
account the 1σ standard deviation of repeated measurements (sil-
icate melt and metal melt). Absolute errors are estimated using 
thermodynamic properties of the elements and oxides involved in 
Eq. (2) (Robie and Hemingway, 1995) and are lower than 0.5 log 
unit.
3. Experimental results

3.1. Phase assemblages and microstructures

All experiments show a multi-component assemblage domi-
nated by quenched silicate melt (XSil: 0.51–0.88), sulfide melt 
(XSul: 0.01–0.42) and metallic melt (XMet: 0–0.26; Fig. 2a; Supple-
mentary Dataset 1), where XSil, XSul and XMet are the weight frac-
tions of the different melts. Subliquidus experiments also show sil-
icate minerals. In most experiments, forsterite is the liquidus phase 
(Fig. 2b) while enstatite is observed in some high-pressure exper-
iments (≥2 GPa; Fig. 2a) and in medium-pressure (0.1–0.3 GPa) 
experiments performed on the Na-free NVP composition (Fig. 2c). 
In the silicate fraction of the experiments, the proportion of silicate 
melt ranges from 0.78 to 1.00, while the forsterite and enstatite 
proportions range from 0–0.22 and 0–0.14, respectively. Except in 
some high-pressure experiments, no quench microstructure is ob-
served in the silicate melt.

Enstatite and forsterite form homogeneous, unzoned, euhedral 
crystals with sizes ranging from 5 to 500 μm (Figs. 2a and b). They 
are homogeneously distributed in the low- to medium-pressure 
experimental charges while they are usually observed along the 
edges of the capsule in piston cylinder experiments. Quenched 
metal and sulfide melts generally form large (50 to 500 μm), sub-
spherical globules attesting that they represent quenched melt 
droplets formed at high temperature. They are very often dis-
tributed along the sides of the experimental capsule although 
abundant sulfide and metal droplets are also observed in the cen-
tral part of the samples. In many experiments, we observe large-
size (>100 μm) composite globules with a core made of metallic 
melt and a rim dominated by sulfide melt (Fig. 2a), which coexist 
with smaller globules of sulfide or metal melt. In highly reducing 
experiments (e.g. IW-6 to IW-9), we also observe the presence of 
Mg- and Ca-rich sulfide melts forming large pools (Fig. 2d). In con-
trast to silicate melts, sulfide melts usually show μm-scale tablet-
or lamella-shaped quench microstructures which appear to be Fe-, 
Mn-, Cr-bearing monosulfide crystals. Submicrometric globules of 
metallic melt, and possibly sulfide melts, are also commonly ob-
served. In addition to the presence of large metal and sulfide glob-
ules, some experiments (especially in IHPV) show abundant sub-
micrometric globules of metallic melt homogeneously distributed 
in the silicate melt. We interpret these small globules as the result 
of inefficient coarsening of the metal globules (Ertel et al., 2006;
Malavergne et al., 2016).
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Fig. 2. Back-scattered electron images of experimental products. A. Run A707; 1560 ◦C; 2 GPa. Sulfide melt is observed around droplets of metallic melt. Note the presence 
of quench crystals in the sulfide melts. Enstatite forms large crystals on the edges of the experimental charge. B. RY-14-1; 1250 ◦C; 0.3 GPa. Forsterite forms small crystals 
disseminated in the quenched silicate melt. Note the presence of micro globules (nuggets) of metal (FeSi alloy) in this experiment performed in IHPV. C. RY-10; 1250 ◦C; 
0.3 GPa. Enstatite forms small and large crystals disseminated in the silicate melt. Note the presence of micro globules (nuggets) of metal (IHPV experiment). D. Y030-1; 
1420 ◦C; 0.1 GPa. Note the presence of (Mg,Ca,Fe)S globules in a matrix of FeS melt. Sil = silicate; Sul = sulfide; Ens = enstatite; Fo = forsterite.
3.2. Major element compositions of the experiments and sulfur 
concentration in silicate melts

In the following, we present the compositions of the phases ob-
tained in the experimental runs. We express the chemical analyses 
of silicate melts as cations (wt.%) rather than as oxides because 
under highly reducing conditions sulfur replaces oxygen in the sil-
icate melt structure (O’Neill and Mavrogenes, 2002). In the less re-
duced super-liquidus or near-liquidus experiments, the major ele-
ment compositions of the silicate melts (Supplementary Dataset 2; 
Supplementary Fig. S1) are relatively similar to those of starting 
silicate compositions (Table 1). Under more reduced conditions, 
the presence of abundant sulfur in the silicate melt dilutes all 
major elements compared to the starting compositions but cation 
ratios remain relatively constant. In sub-liquidus experiments, the 
crystallization of forsterite or enstatite changes the composition of 
the residual silicate melts by decreasing the Mg content (e.g. 7 to 
3 wt.% from 1310 to 1200 ◦C for the NVP composition) and in-
creasing the Si content (26 to 30 wt.% from 1310 to 1200 ◦C). In 
the most reducing experiments (IW-6 to IW-9), the formation of 
(Mg,Ca,Fe)S sulfide melt globules (see below) also affects the Ca 
and Mg contents of the silicate melts. With increasing reducing 
conditions, Fe decreases from 6.57 wt.% to 0.01 wt.% in the silicate 
melt, with most experiments having Fe contents below 0.5 wt.%. 
Calculated oxygen contents decrease from 50 to 39 wt.% in the sili-
cate liquid. Three experiments show silicate melts with remarkably 
high Si contents (>35 wt.%) and correspond to the experiments in 
which the highest amounts of Si metal were added to the starting 
materials. This indicates partial oxidation of metal Si during some 
experiments (Vander Kaaden and McCubbin, 2016). Mineral com-
positions match forsterite and enstatite endmembers.

The sulfur content at sulfide saturation (SCSS) in silicate melts 
is shown and compared with relevant literature data in Fig. 3a. De-
pending on f O2 conditions, pressure and temperature, S in silicate 
melts ranges from <0.5 wt.% to ∼18 wt.%. There is an obvious in-
crease of SCSS with decreasing f O2. For experiments performed 
in a restricted range of temperature (e.g. 1350–1500 ◦C), SCSS in-
creases from <0.5 wt.% to 13 wt.% from IW-1.5 to IW-8.5. An 
identical effect is observed by Chabot et al. (2014) in experiments 
performed at 1500 ◦C and a pressure of 1 bar. At any given oxy-
gen fugacity, SCSS also increases with temperature. This effect be-
comes stronger with decreasing f O2. At f O2 conditions < IW-6, 
SCSS increases by a factor of 3 between experiments <1350 ◦C 
and experiments >1500 ◦C. This magnitude is identical to that ob-
served in previous experiments (Vander Kaaden and McCubbin, 
2015a). The effect of pressure on SCSS is more difficult to assess 
because high-pressure experiments also correspond to the exper-
iments performed at the highest temperatures, which makes it 
difficult to isolate the individual effect of these two parameters. 
The effect of the silicate melt composition (Fig. S1) is more subtle 
and will be discussed and modeled below. Overall, our new exper-
iments reproduce data from previous studies (McCoy et al., 1999; 
Berthet et al., 2009; Malavergne et al., 2014), but they significantly 
expand the investigated range of f O2, temperature, pressure and 
melt compositions. Unlike previous studies, we produced silicate 
melts with >10 wt.% S. Such high S concentrations have not been 
described yet in complex, multi-component, silicate melts but were 
experimentally produced in simplified systems (e.g. diopside melt; 
Vander Kaaden and McCubbin, 2015a).

The metallic phase in equilibrium with the silicate melt is 
dominated by Fe (69–100 wt.%), Si (0–29 wt.%), with minor Cr 
(0–3 wt.%) and Ni (0–8 wt.%; Fig. 3b). Although compositional 
variability was observed in some experiments, a single, homoge-
neous, metallic melt is observed in most experiments. The sul-
fur content of the metal melt is low and decreases continuously 
with f O2 from ∼2.2 wt.% at IW-3.5 to 0 wt.% at IW-9, leading 
to a decrease of DMet/Sil

S from ∼2.5 to 0.01. In the most oxi-

dized experiments (> IW-2.5), we observe higher DMet/Sil
S values 

(5–20). The totals in the metallic phase increase from 94 to 100% 
with increasing Si content (and decreasing S content) suggest-
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Fig. 3. A. Sulfur concentration in experimental silicate melts at sulfide saturation (SCSS) as a function of oxygen fugacity (�IW). Symbols are color-coded as a function of 
temperature and dashed curves show the best fits for S (wt.%) vs. �IW for temperatures below 1350 ◦C, between 1350 ◦C and 1500 ◦C and above 1500 ◦C. Error bars for the 
sulfur content are 1σ standard deviations of electron microprobe measurements. Error bars for �IW take into account 1σ standard deviations of metal melt compositions 
and estimated errors on pressure and temperature during experiments. Absolute errors on S are estimated to be lower than 10% relative and absolute errors on �IW are 
estimated to be lower than 0.5 log unit. Literature data are from Mavrogenes and O’Neill (1999), McCoy et al. (1999), O’Neill and Mavrogenes (2002), Malavergne et al. (2007), 
Berthet et al. (2009), Boujibar et al. (2014), Cartier et al. (2014a, 2014b), Chabot et al. (2014) and Malavergne et al. (2014). f O2 of literature data were recalculated using 
the equations described in Supplementary Material. B. Fe – Si+S – Ca+Mg ternary diagram showing the composition of the metal melts and sulfide melts produced in this 
study. Symbols are color-coded as a function of oxygen fugacity (�IW). Note that (Mg,Ca,Fe)S liquids are only observed in the most reducing experiments. (For interpretation 
of the colors in this figure, the reader is referred to the web version of this article.)
ing a lower concentration of dissolved carbon (Li et al., 2015). 
The sulfide phase observed in the majority of our experiments 
is dominated by Fe (54–69 wt.%) and S (27–39 wt.%), with mi-
nor Ti (0.0–4.5 wt.%), Mn (0.0–2.3 wt.%), Mg (0.0–4.1 wt.%), Ca 
(0.0–2.8 wt.%), Cr (0.1–3.2 wt.%) and Ni (0.0–3.0 wt.%), and has 
a Fe/S ratio close to 1 (Fe0.91S1.09 to Fe1.13S0.87; average Fe1.0S1.0). 
Part of this compositional variability is attributed to the forma-
tion of quench phases and formation of monosulfide crystals. Some 
experiments show a second sulfide melt with lower Fe content 
(10–33 wt.%) but higher Mg (7–30 wt.%), Mn (0–10 wt.%), Ca 
(2–35 wt.%) and S (38–49 wt.%) concentrations and an average 
composition of (Fe0.25Mn0.03Mg0.60Ca0.14)S0.98.

3.3. Sulfur speciation in silicate melts

Raman spectra (see analytical details in Appendix) in quenched 
FeS sulfide melts show very low intensity with dominant peaks 
at 310 and 360 cm−1 (Fe–S vibration). Spectra in (Fe,Mg,Ca)S sul-
fide globules are significantly more intense with higher signal-to-
noise ratios (Fig. 4a). They display a major peak at 285 cm−1 and 
a prominent shoulder at 350 cm−1. With increasing (Mg+Ca)/Fe 
ratio, a peak at 210 cm−1 progressively appears. Similar peak posi-
tions were identified in oldhamite (CaS) and niningerite ((Mg,Fe)S; 
Avril et al., 2013). Raman spectra in silicate melts were acquired 
with a 1 μm spot and care was taken to avoid contamination 
from micro-nuggets of sulfide and metal melts or crystals. Raman 
spectra show a major peak at ∼480 cm−1 and broad peaks at 
∼750 cm−1 and ∼1050 cm−1 which are assigned to symmetric 
stretching vibrations of Si–O–Si (McMillan and Wolf, 1995). Sul-
fur in silicate melt generally forms complexes with Fe2+ (O’Neill 
and Mavrogenes, 2002) which is shown by Raman vibration peaks 
occurring at ∼360 cm−1. However, with increasing sulfur content 
in the silicate glass, we observe the appearance of increasingly in-
tense peaks at 285 cm−1 and 350 cm−1 (Fig. 4b). The positions of 
these two peaks are identical to those observed in (Fe,Mg,Ca)S sul-
fide globules. In our experiments where the sulfur content of the 
glasses significantly exceeds the total amount of Fe2+ , we interpret 
these peaks as an evidence for the formation of MgS and CaS com-
plexes in reducing silicate melts. This is in agreement with previ-
ous studies on S-bearing melts at reducing conditions (Fogel, 2005;
Métrich et al., 2009).

4. Modeling sulfur solubility in silicate melts

Several predictive models of SCSS in silicate melts have been 
previously published and allow prediction of SCSS in magmas rel-
evant to the Earth or Mars (Holzheid and Grove, 2002; Li and 
Ripley, 2005; Righter et al., 2009; Ding et al., 2014). These mod-
els do not reproduce our experimental results (Supplementary Fig. 
S2) because they were calibrated on the basis of oxidized ex-
periments only. The new model of Malavergne et al. (2014) was 
designed to estimate SCSS in reducing magmas. It was, however, 
calibrated on a very limited number of experiments and is not ac-
curate enough to reproduce our data, possibly due to the smaller 
ranges of composition, temperature and pressure used in their cal-
ibration dataset. The recent thermodynamic expression of Wykes 
et al. (2015) captures extremely well the important effect of FeO 
(controlled by f O2 during silicate–metal equilibration; Gaillard and 
Scaillet, 2009) on SCSS and therefore predicts the high SCSS ob-
served for most of our experiments. A robust application of this 
model is unfortunately hampered by its extreme sensitivity to mi-
nor changes of the melt FeO content which are unconstrained for 
Mercurian magmas (Weider et al., 2014). There is therefore a need 
for a new, accurate, predictive model of SCSS, calibrated over a 
large range of pressure, temperature, melt compositions and f O2, 
which can be used to model the sulfur behavior in Mercurian mag-
mas.

At reducing conditions (< IW+3), sulfur (S2−) replaces oxygen 
(O2−) on the anion sublattice of the silicate melt following the 
expression (O’Neill and Mavrogenes, 2002):

O2− + 1

2
S2 = S2− + 1

2
O2 (3)

The equilibrium constant of Eq. (3) can be described as:

ln K(3) = ln aSil
S2− + 1

f O2 − 1
f S2 − ln aSil

2− (4)

2 2 SO
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Fig. 4. A. Raman spectra of experimental (Mg,Ca,Fe)S metal melts. Spectra are color-
coded as a function of the Fe/(Mg+Ca) ratio. Experiments were performed at tem-
peratures between 1310 and 1560 ◦C, 0.1 GPa and f O2 conditions between IW-7.0 
and IW-8.4. The vertical dashed lines show the position of Raman peaks observed 
and calculated in natural and synthetic MgS and CaS by Avril et al. (2013). B. Raman 
spectra of experimental quenched silicate melts. Spectra are color-coded as a func-
tion of the sulfur concentration of the melt (SCSS). Experiments were performed 
between 1200 and 1560 ◦C, 0.1 GPa and f O2 conditions between IW-3.6 and IW-8.4. 
Note the appearance of increasingly intense peaks at 285 and 350 cm−1 with in-
creasing sulfur content in the melt. This suggests that sulfur (S2−) forms complexes 
with Mg2+ and Ca2+ in the structure of the silicate melt (O’Neill and Mavrogenes, 
2002). (For interpretation of the colors in this figure, the reader is referred to the 
web version of this article.)

where a is the activity of O2− or S2−. The abundance of O2− anions 
in silicate melts is high and Eq. (4) can therefore be simplified as 
follows:

ln[S wt.%]SCSS = ln CS + 1

2
ln

(
f O2

f S2

)
(5)

where SSCSS is the sulfur content of the silicate melt at sulfide sat-
uration and C S is a pseudoequilibrium constant (sulfide capacity) 
controlled by silicate liquid composition (Haughton et al., 1974;
O’Neill and Mavrogenes, 2002):

ln CS = Ao +
∑

Ai Xi (6)

where X is the mole fraction of cation i and A are regression co-
efficients. Combining Eq. (5) and Eq. (6) indicates that the sulfur 
content in the silicate melt at sulfide saturation (Eq. (5)) is a func-
tion of melt composition, f O2 and fS2, the last two parameters 
being partly controlled by pressure and temperature.

The equilibrium between a silicate melt and a sulfide phase 
(solid or liquid) can be described by:
Fig. 5. Modeling of sulfur concentration at sulfide saturation in silicate melts. A. Cal-
culated vs observed ln[S]SCSS. The model was calibrated using the experiments of 
this study (blue symbols) only. Grey symbols are literature data, not included in the 
calibration database, that are plotted to test the reliability of our expression. The 
black dashed line is the line of equality (1:1) while the red line shows the slope of 
the linear regression. Dashed blue lines show the 90% confidence interval. The green 
area represents the result of a Monte Carlo simulation showing the robustness of 
the fit when 1σ standard errors on melt (silicate and metal) compositions, error 
on pressure and temperature are taken into account. The quality of the regression 
is given in the white box on the right side of the diagram. B. Same model cali-
brated using the experiments performed in this study and published experiments 
performed under similar experimental conditions. See coefficients in Table 2. n =
number of experiments, SEE = standard error of estimates. (For interpretation of 
the colors in this figure, the reader is referred to the web version of this article.)

MOSil + 1

2
S2 = MSSul + 1

2
O2 (7)

Our experiments contain a silicate melt in equilibrium with a sul-
fide melt, which is either FeS and/or (Fe,Mg,Ca)S. The cation M in 
Eq. (7) can therefore be Fe, Ca or Mg. The equilibrium constant of 
Eq. (7) can be expressed as:

−�G0(7)

RT
= ln aSul

MS − ln aSil
MO + 1

2
ln f O2 − 1

2
ln f S2 (8)

for which �G0 is the Gibbs free energy of reaction. Combining 
Eq. (5) and Eq. (8) allows calculating SCSS:

ln[S wt.%]SCSS = −�G0(7)

RT
+ ln CS + ln aSul

MS − ln aSil
MO (9)

Equation (9) cannot be readily applied to our experiments and 
to Mercurian magmas in general for several reasons: (1) the re-
lationship between CS and melt composition (Eq. (6)) was only 
calibrated for simplified systems and FeO-rich terrestrial basalts 
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Table 2
Coefficients of regression for SCSS parameterization (Eq. (10)).

Coefficients 1σ a pValuesb Statistical fit quality 
parametersc

a 7.25 0.64 2 × 10−22 r2 0.928
b −2.54 × 104 0.13 4 × 10−48 RMSE 0.351
c 0.04 0.005 0.08 F 225
d −0.551 0.020 2 × 10−69 p-value 7 × 10−79

eTiO2 −62 14 4 × 10−5 n 180
eMgO 0.426 0.13 0.03
eNa2O 1.56 0.31 1 × 10−5

a Standard deviation of each coefficient.
b pValues test the significance of each parameter. We only kept parameters which 

are significant at the 10% significance level.
c r2 is the coefficient of determination. F (test for a significant linear regression 

between the response variable and the predictor variables) and p-value indicate 
that the model is significant at the 5% significance level. n is the number of obser-
vations.

(Haughton et al., 1974; O’Neill and Mavrogenes, 2002); (2) a ro-
bust application of Eq. (9) not only requires an accurate deter-
mination of silicate melt compositions but also expressions ac-
counting for the evolution of the activity coefficients (γ ) of diva-
lent cations under highly reducing conditions. There is currently 
not enough information to predict the effect of melt composi-
tion and f O2 on these coefficients (O’Neill and Eggins, 2002;
Toplis, 2005); (3) Eq. (9) requires an independent knowledge of 
the composition of sulfide melts (ln aSul

MS) in equilibrium with the 
magma. Mercurian basalts show a correlation between S, Ca and 
Mg, possibly indicating the presence of (Mg,Ca,Fe)S sulfide melts 
(Malavergne et al., 2014) for which activities of the various com-
ponents cannot be calculated.

Given the impossibility of using Eq. (9) to model the behavior 
of sulfur in Mercurian magmas, we developed a new thermody-
namically inspired empirical model to predict SCSS in FeO-poor 
magmas (Fig. 5). We used an equation with a form similar to that 
of recent models of SCSS (Li and Ripley, 2005; Righter et al., 2009;
Ding et al., 2015). We replaced the Gibbs free energy term of 
Eq. (9) by two terms taking into account pressure and tempera-
ture. The CS term is replaced by several terms accounting for liquid 
composition. For these compositional terms, we used molar frac-
tions normalized to SiO2. This takes into account the degree of 
polymerization of the melt, which plays a role on SCSS (Holzheid 
and Grove, 2002), and also reduces the errors when applying the 
model to Mercurian magmas for which elemental ratios (normal-
ized to Si) were measured by MESSENGER. In theory, SCSS could 
be adequately modeled independently of f O2 because S in both 
the silicate melt and the sulfide melt is present as S2− . In that 
case, SCSS is controlled by the FeO content of the silicate melt 
(Wykes et al., 2015) and sulfide saturation is not a redox reaction. 
However in a reduced system, estimating SCSS requires an accu-
rate estimate of the melt FeO content and the activity coefficients 
at very low FeO concentrations (O’Neill and Mavrogenes, 2002;
Gaillard and Scaillet, 2009; Wykes et al., 2015), which is problem-
atic. We therefore replaced the term ln aSil

FeO (Eq. (9)) by log f O2, 
which controls the FeO content of a silicate melt in equilibrium 
with metallic melt (Gaillard et al., 2013; Zolotov et al., 2013) and 
exerts a major control on SCSS (Wykes et al., 2015). For our ex-
periments which contain a metal phase in which sulfur dissolves 
as S0, the use of a f O2 term is appropriate. However, care must 
be taken when applying this model to natural, magmatic systems 
which may not contain a metal phase. By stepwise multiple-linear 
regression, we obtained the following expression for SCSS:

ln[S wt.%]SCSS = a + b

T
+ c P

T
+ d log f O2 +

∑
ei

Xi

XSiO2

(10)

where S is the sulfur content at sulfide saturation, T is tempera-
ture (K), P is pressure (bar), f O2 is the oxygen fugacity (bar) and 
Xi are the mole fractions of oxides in the melt recalculated to a 
total of 100% on a sulfur-free basis. We ran several statistical tests 
and only kept statistically significant terms (Xi ) in the regression. 
Coefficients of regression and details on uncertainties are described 
in Table 2 and the results of the regression are shown in Fig. 5. The 
individual effects of pressure, temperature, f O2 and melt compo-
sitions cannot be easily determined from Eq. (10) because these 
parameters are strongly correlated. However, it appears that f O2
and temperature exert the main control on SCSS. We also calculate 
a minor positive effect of pressure on SCSS. This is in agreement 
with previous experimental studies (Malavergne et al., 2014) and 
confirms that the effect of temperature on SCSS is slightly depen-
dent on pressure (Vander Kaaden and McCubbin, 2015a).

5. Discussion

Our experiments and new parameterization of SCSS allow us to 
track the behavior of sulfur during the magmatic history of Mer-
cury. Assuming that Mercury differentiated through the formation 
of a magma ocean (Brown and Elkins-Tanton, 2009; Charlier et al., 
2013; Chabot et al., 2014), early differentiation of the planet did 
set the sulfur content of the core and the lherzolitic mantle. Partial 
melting of the mantle then produced the secondary crust (Weider 
et al., 2015; Namur et al., 2016). In the following, we discuss the 
mechanism of sulfur migration from the Mercurian mantle to the 
crust. We then consider that the oxygen fugacity conditions during 
accretion and differentiation of the planet did set the FeO content 
of the mantle during mantle–core equilibration. We therefore used 
the sulfur content of Mercurian lavas together with our expres-
sion of SCSS (Eq. (10)) to calculate the oxygen fugacity conditions 
of their mantle source regions. The use of Eq. (10) is appropri-
ate because some surface melts were produced at the mantle–core 
interface indicating that the mantle source was metal saturated 
(Namur et al., 2016) and Mercurian lavas contain some Fe, possi-
bly included in Fe-silicides (Weider et al., 2014). We finally discuss 
the likely distribution of sulfur between the core and mantle on 
Mercury.

5.1. Transport of sulfur from the mantle to the Mercurian surface

An important question about Mercurian lavas concerns the ori-
gin of their high sulfur concentrations. Our experiments suggest 
that they could simply be explained by high SCSS under reduc-
ing conditions. However, they could also result from accumulation 
of sulfides transported as sulfide globules during flow of silicate 
melt from the mantle to the surface of the planet (Malavergne et 
al., 2014). During mantle melting on Earth, it is commonly as-
sumed that sulfide melts (FeS) stay in the mantle restite. This 
is partly because they form isolated droplets at four-grain junc-
tions (Holzheid et al., 2000) but also because of the large density 
contrast between silicate melts (2.75 g/cm3; Sparks et al., 1980), 
mantle rocks (3.5 g/cm3; Shorttle et al., 2014) and FeS melts 
(4.5 g/cm3; Mungall and Su, 2005). Most of the experiments pre-
sented in this study show equilibrium between a silicate melt 
and an immiscible sulfide melt dominated by FeS. However, in 
our most reducing experiments, the sulfide melt contains a sig-
nificant proportion of Mg, Ca as well as a variable proportion of 
Fe (Fig. 3b). This is important for the magmatic history of Mer-
cury because of the small density contrast between (Mg,Ca)S melts 
(2.6 g/cm3), the mantle rocks (3.0–3.2 g/cm3; Supplementary Fig. 
S3; Hauck et al., 2013) and the primary mantle-derived silicate 
melts (<2.7 g/cm3; Supplementary Fig. S3; Vander Kaaden and 
McCubbin, 2015b). However, even for such a low density contrast, 
the capillary pressure imposed by reducing the radius of curvature 
of a sulfide droplet (104 Pa) still strongly exceeds the buoyancy 
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force for sulfide melt migration (<10 Pa; calculated using Mer-
curian gravity; Mungall and Su, 2005) in a typical lherzolite. This 
makes segregation of sulfide droplets quantitatively impossible. 
With increasing degree of mantle melting, the capillary pressure 
decreases and sulfide melt droplets eventually become mobile. This 
however requires a degree of melting exceeding 40 vol.% (Holzheid 
et al., 2000), which is higher than the melt fraction needed to 
produce the S-rich lavas from NVP, SP and IcP-HCT (Namur et al., 
2016). In addition, coalescence of sulfide droplets through Ostwald 
ripening would require extremely low abundances of sulfides and a 
mantle with unrealistically large (cm-scale) crystals before sulfide 
melts become effectively mobile (Mungall and Su, 2005).

Our calculations and physical arguments presented above there-
fore suggest that Mercurian lavas did not carry sulfide melts or 
sulfide minerals during their ascent from the mantle source re-
gions to the surface of the planet. This implies that their high sul-
fur content is related to high sulfur solubility in the mafic magma, 
which probably explains the absence of spectral evidence for a 
sulfide phase at the Mercurian surface (McClintock et al., 2008;
Izenberg et al., 2014).

5.2. Oxygen fugacity conditions during mantle melting and basaltic 
eruptions

It was suggested that Mercurian lavas were in equilibrium with 
a sulfide-bearing lherzolite when they left their mantle source re-
gions (Zolotov et al., 2013; Malavergne et al., 2014). This implies 
that sulfide minerals were not entirely exhausted during the par-
tial melting process. This is in qualitative agreement with chemical 
data from MESSENGER (Weider et al., 2015) which show that rocks 
from the HMg terrane, which require the highest degree of man-
tle melting (>40%), are not depleted in sulfur compared to lavas 
from IcP-HCT (<35% of melting), SP and NVP (<30% of melt-
ing; Namur et al., 2016; Vander Kaaden and McCubbin, 2016). 
It is therefore reasonable to assume that Mercurian lavas were 
still at sulfide saturation when they erupted at the surface of the 
planet. Their sulfur content can be used to estimate the redox 
conditions of their mantle source regions using Eq. (10) assuming 
that the mantle contain a metal phase (Weider et al., 2015). Even 
in the absence of metal in the Mercurian mantle, this treatment 
is valid because the f O2 conditions during mantle–core equili-
bration did set the low FeO content of the mantle and there-
fore the high SCSS in mantle melts (Gaillard and Scaillet, 2009;
Wykes et al., 2015).

We calculated the compositions of Mercurian surface magmas 
using the most recent maps produced from MESSENGER XRS data 
(Weider et al., 2015). We focused on the northern hemisphere for 
which the spatial resolution of MESSENGER measurements is the 
highest. We combined individual maps of Mg/Si, Ca/Si, Al/Si and 
S/Si and only worked on pixels for which those 4 ratios were mea-
sured (Supplementary Fig. S4). This method allows investigating 
only some parts of the northern hemisphere because the Ca/Si and 
S/Si maps are incomplete. We produced >49000 groups of 4 pix-
els (0.5◦ latitude × 0.5◦ longitude) that we converted to chemical 
compositions (SiO2, Al2O3, MgO, CaO and S). Each pixel group was 
assigned to a geochemical terrane (NVP, SP, IcP-HCT and HMg; 
Fig. 6. Histograms of calculated sulfur content (wt.%) in lavas from the different geochemical provinces of Mercury. Lava compositions were calculated using the most recent 
maps of MESSENGER measurements presented by Weider et al. (2015). Black curves show kernel density distributions. Numbers in each diagram show the mean ±1σ
standard deviation.



110 O. Namur et al. / Earth and Planetary Science Letters 448 (2016) 102–114
Fig. 7. A. Map of the northern hemisphere of Mercury showing calculated conditions of f O2 during mantle melting and eruption of Mercurian basalts. Calculations are based 
on the bulk compositions of the lavas (Weider et al., 2015), an estimate of their liquidus temperatures (Supplementary Fig. S4) and the assumption that Mercurian lavas were 
sulfide saturated when they erupted (see text for details). The thin black lines represent the limits of the smooth plains as mapped by Denevi et al. (2013). B. Histograms 
showing the distribution of f O2 conditions calculated for each geochemical province. (For interpretation of the colors in this figure, the reader is referred to the web version 
of this article.)
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Fig. 8. A. Theoretical model showing the evolution of SCSS as a function of f O2 (�IW) in the Mercurian magma ocean (1900 ± 25 ◦C at 5 GPa; cyan curve) and the sulfur 
content of the equilibrium metallic core (orange curve). Vertical dashed lines show the most likely f O2 conditions for Mercury’s accretion and differentiation (IW-5.4 ± 0.4). 
We considered three potential bulk sulfur contents for Mercury (3, 4 and 5 wt.%), a bulk Fe content of 65 ± 5 wt.% (Hauck et al., 2013) and that the thickness of the mantle 
is 420 ± 30 km. Grey fields below the red, blue and green curves show the result of iterative calculations of the amount of sulfur that does not dissolve in the metallic core 
and contributes to the formation of a FeS external core. Dashed red, blue and green curves show the effect of the uncertainty on the bulk Fe content (65 ± 5 wt.%) of the 
planet and the mantle thickness. B. Results of a Monte Carlo simulation showing the calculated thickness of the FeS layer as a function of f O2. We used metal and sulfide 
densities from Hauck et al. (2013). Red, blue and green curves correspond to a Mercurian bulk S content of 5, 4 and 3 wt.%, respectively. (For interpretation of the colors in 
this figure, the reader is referred to the web version of this article.)
Peplowski et al., 2015). We considered that NVP lavas have high 
Na2O contents (Na/Si: 0.20; ∼7 wt.% Na2O), SP lavas have interme-
diate Na2O contents (Na/Si: 0.14; ∼5 wt.% Na2O) and IcP-HCT and 
HMg lavas have lower Na2O contents (Na/Si: 0.06; ∼2 wt.% Na2O; 
Peplowski et al., 2014). The calculated sulfur content of Mercurian 
basalts is variable but generally high. It averages 2.54 ± 0.41 wt.% 
in the High Mg terrane and 1.92 ± 0.41 wt.% in IcP-HCT lavas, but 
is lower in SP (1.71 ± 0.33 wt.%) and NVP (1.64 ± 0.43 wt.%) lavas 
(Fig. 6).

For each pixel group, we calculated a volatile-free composi-
tion (Supplementary Fig. S4) and estimated the 1-bar liquidus 
temperature of each magma (Supplementary Fig. S5). We then 
iteratively estimated SCSS for f O2 conditions between IW and 
IW-8. Results were finally compared to the actual sulfur content 
of each composition to extract the f O2 conditions during erup-
tion of these basalts (Fig. 7). We estimate that Mercurian mag-
mas were produced at f O2 conditions ranging from IW-3.4 to 
IW-6.6 (error map in Supplementary Fig. S6). This range is rela-
tively similar to that obtained based on the Fe-content of Mer-
curian basalts (McCubbin et al., 2012) but our new data show 
that a large majority of Mercurian magmas were produced in a 
more restricted range of f O2 conditions (IW-5.4 ± 0.4). The av-
erage f O2 is furthermore relatively similar for the various geo-
chemical provinces of Mercury. Nevertheless, lavas from the NVP 
show a relatively large variability of f O2. The region between 
180–290 ◦E and 50–85 ◦N shows the most reducing conditions of 
the northern hemisphere, while the region between 15–70 ◦E and 
40–55 ◦N shows the most oxidizing conditions. Although this could 
be explained by melting mantle source regions which are het-
erogeneous in terms of intrinsic f O2 conditions, other explana-
tions cannot be ruled out: (1) highly reducing conditions could 
be an artifact due to high S concentrations originating from ther-
mal migration of sulfur from the equator to the poles of Mer-
cury (Sprague et al., 1995); (2) the oxidizing conditions could 
also be an artifact due to low S concentrations originating from S 
volatilization during impacts (Nittler et al., 2001; Arai et al., 2008), 
sulfur degassing during volcanic eruptions (Righter et al., 2009;
Nittler et al., 2014; Weider et al., 2016) or sulfur loss during 
thermal decomposition of sulfide phases (Helbert et al., 2013;
Blewett et al., 2013). However, we note that these regions with less 
sulfur do not show a higher than average crater density (Weider et 
al., 2015) and sulfur degassing at reducing conditions is minimal 
because sulfur is more stable in the melt phase than in the gas 
(Gaillard and Scaillet, 2009).

5.3. Sulfur content of the mantle and the core

Our new constraints on oxygen fugacity in Mercury’s interior 
can be used to estimate the bulk sulfur content of the Mercu-
rian primordial mantle and the core. We made the assumption 
that Mercury formed by accretion of metal-rich chondritic build-
ing blocks (enstatite chondrites and/or bencubbinite chondrites; 
Malavergne et al., 2010, 2014; Zolotov et al., 2013). We used aver-
age sulfide modes (10.0 ± 2.50 wt.%; Jarosewich, 1990; Javoy et al., 
2010) and compositions (∼ FeS with 37.0 ±1.5 wt.% S; Javoy et al., 
2010) in EH and CB meteorites and calculated that Mercury may 
contain 2.7–4.6 wt.% S with the highest probability lying in the 
range of 3.8 ± 0.5 wt.% S. The exact nature of Mercurian build-
ing blocks is however unimportant for the following discussion 
because all chondritic materials have high S content (∼2–5 wt.% 
S; Fig. 1). We considered that the bulk Fe content of the planet 
(mostly in the core) is 65 ± 5 wt.% (Hauck et al., 2013) and that 
the mantle is 420 ± 30 km thick (mantle–core boundary at 5 GPa; 
Padovan et al., 2015). We used a single-stage core formation model 
(Rubie et al., 2003; Walter and Cottrell, 2013) in which the sulfur 
content of the various reservoirs is set by metal–silicate equili-
bration at the bottom of the magma ocean (Corgne et al., 2009;
Chabot et al., 2014). We estimated that the liquidus temperature 
of the S-free magma ocean was 1900 ± 25 ◦C at 5 GPa (Namur et 
al., 2016). Using Eq. (10), we calculated the maximum sulfur con-
tent that can be dissolved in the silicate magma ocean (SCSS) and 
iteratively recalculated the liquidus temperature by considering a 
liquidus depression of 10 ◦C/wt.% S (Namur et al., 2016). We also 
used the experimental database from Boujibar et al. (2014) and 
metal melt compositions in experiments at 5 GPa from Cartier et 
al. (2014a) to estimate DMet/Sil

S (0.05–2.90) for the f O2 range of 
Mercury’s interior. These values are in agreement with those re-
ported by Gaillard et al. (2013).

Within the possible range of f O2 for Mercury’s interior (IW-3.5 
to IW-6.5; Fig. 7), the primordial Mercurian mantle may have con-
tained 2–12 wt.% S (Fig. 8a). However, results from Fig. 7 show 
that Mercury probably differentiated at IW-5.4 ± 0.4. Within this 



112 O. Namur et al. / Earth and Planetary Science Letters 448 (2016) 102–114
more restricted f O2 range, the sulfur content of the Mercurian 
mantle must be between 7 and 11 wt.%. For a bulk sulfur con-
centration of ∼4 wt.% for the planet, the primordial mantle would 
contain 8–9 wt.% S. For most of the f O2 conditions investigated in 
Fig. 8a, a significant amount of sulfur cannot be dissolved in the 
silicate magma ocean or in the equilibrium metallic core. Given 
the presence of an immiscibility field in the Fe–Si–S system at low 
pressure (<15 GPa; Morard and Katsura, 2010), we considered that 
the excess sulfur formed an immiscible FeS melt at the mantle–
core boundary. The presence of a 200 km-thick solid FeS layer has 
been initially proposed by Smith et al. (2012) to account for the 
moment of inertia parameters of Mercury. This interpretation has 
been revisited by Hauck et al. (2013) who suggested that such a 
solid layer is not required to explain the geophysical properties of 
Mercury. However, experimental constraints (Chabot et al., 2014;
Malavergne et al., 2014) indicate that sulfur not dissolving into the 
metallic core or the silicate mantle will form a FeS layer at the 
mantle–core interface. We calculate that the thickness of this sul-
fide layer is likely to be smaller than 90 km (Fig. 8b) or even lower 
than 40 km if Mercury’s bulk S content is ∼4 wt.%. Our approach 
however does not bring any constraint on the present physical 
state (solid or liquid) of the FeS layer. Future investigations of the 
physical properties of Mercury using results from MESSENGER and 
BepiColombo will be useful to refine our new calculations on core 
structure and composition.

6. Conclusions

Our new experiments on compositions relevant to Mercury al-
low us to draw a few key conclusions:

1. Under reducing conditions, sulfur dissolves as S2− in the sil-
icate melt and forms complexes with Fe2+ , Ca2+ and Mg2+ . 
The sulfur concentration at sulfide saturation (SCSS) in the sil-
icate melts strongly increases with reducing conditions and 
increasing temperature.

2. The composition of a sulfide melt in equilibrium with the sili-
cate melt is dominated by a FeS component at f O2 conditions 
from IW to IW-6. At more reducing conditions (< IW-6), under 
which the FeO content of the silicate melts approaches 0, the 
equilibrium sulfide melt is dominated by (Mg,Ca,Fe)S, ± FeS.

3. A new parameterization of SCSS in silicate melts relevant to 
Mercurian magmas is proposed. SCSS can be adequately mod-
eled with an expression taking into account temperature and 
oxygen fugacity, which controls the melt FeO content.

We applied our experimental results to constrain the distribution 
of S in the different reservoirs of Mercury and to decipher the 
oxygen fugacity of the Mercurian mantle. We suggest that the 
S concentrations observed at the surface of Mercury were trans-
ported as dissolved S2− in silicate melts. We also estimated that 
Mercurian lavas were produced in mantle source regions having in-
trinsic oxygen fugacity conditions ranging from IW-3.5 to IW-6.5. 
However, a large majority of the chemical compositions (>75%) 
can be explained by a much narrower range of oxygen fugacity 
(IW-5.4 ± 0.4). Using these new constraints, we calculated that the 
primordial mantle of Mercury probably contains 7 to 11 wt.% S and 
that the core is layered. We suggest that it is made up of a large 
S-poor (∼1 wt.% S) internal metallic (FeSi) core surrounded by a 
thin (<90 km) FeS layer.
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