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A B S T R A C T

The geochemical data provided by the NASA MESSENGER spacecraft unveiled the geochemical heterogeneity of 
the volcanic crust of Mercury. Surprisingly, a high amount of sulfur was detected which combined with a low 
iron content, imply highly reduced conditions of parental magmas. Several variables (temperature, pressure, 
oxygen fugacity fO2, and to a lesser extent, melt composition) affect the solubility of sulfur in silicate melts. In 
reduced silicate melts, sulfur has an oxidation state of S2− and replaces anionic oxygen to form MgS and CaS 
complexes. Experimental studies have shown the high S solubility in silicate melts at low fO2. As observed with 
other volatile elements, high S contents in silicate melts can deeply affect their properties such as (1) lowering 
the liquidus as compared to S-free compositions and (2) changing solid-liquid phase equilibria. In this study, we 
performed high temperature (1500–1950 ◦C) and high pressure (1.5–3 GPa) piston-cylinder experiments on Fe- 
poor compositions relevant to the petrogenesis of Mercury’s volcanic crust with the aim of quantifying the effect 
of sulfur on depressing their liquidus temperature and understanding its role on phase equilibria. Several 
compositions were prepared to track the stability fields of olivine (high melt Mg/Si ratio) and orthopyroxene 
(low melt Mg/Si ratio) in both S-saturated melts and S-free melts. A range of reduced conditions were obtained 
by using different Si/SiO2 ratios in the mixes. S-saturated experiments show increasing S abundances in the 
silicate melts (~ 1–9 wt%) as fO2 decreases (from IW -2.9 to IW -6.2, IW representing the iron-wüstite ther
modynamic equilibrium). Parameterizing our experimental results gives the liquidus depression as a function of 
the sulfur content in the melt (mol. fraction): 

ΔTliq(
◦C) = − 65208.22 [S]3melt + 16595.32 [S]2melt + 532.31 [S]melt 

(MSWD = 3.24; SEE = 35 ◦C)
The range of sulfur concentration in our experimental melts would cause a liquidus depression of ca. 

20–190 ◦C. Moreover, our experiments illustrate the role of sulfur in promoting the stability field of orthopyr
oxene over that of olivine which has major implications for the crystallization of the Mercurian magma ocean 
and the primordial mineralogical stratification of the mantle. In addition, the presence of sulfur lowers the 
pressure and temperature conditions of the olivine-orthopyroxene cotectic.

Editor: S. Aulbach 1. Introduction

Analysis of spectrometric data returned by NASA’s MErcury Surface, 
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spacecraft revealed peculiar features of planet Mercury. Specifically, the 
unusually high concentration of sulfur in surface volcanic units coupled 
with the paucity of iron pointed to highly reduced conditions for surface 
lavas (Nittler et al., 2011, 2020; McCubbin et al., 2012; Zolotov et al., 
2013; Weider et al., 2015). Such a high amount of sulfur at reducing 
conditions may bond with cations such as Si, Mg and Ca in silicate 
structures (Berthet et al., 2009; Namur et al., 2016a; Anzures et al., 
2020; Pommier et al., 2023), which raises questions about its effects on 
the thermodynamic activities of major oxide components in the melt. As 
such, high-S concentrations are expected to severely affect silicate phase 
equilibria and melt properties (Namur et al., 2016b; Pommier et al., 
2023), which in turn exert an influence on Mercury’s differentiation 
processes of Mercury such as the crystallization of the magma ocean, 
mantle structure, mantle melting, and volcanism (Vander Kaaden et al., 
2017; Boukaré et al., 2019; Mouser et al., 2021; Lark et al., 2022; 
Iacovino et al., 2023; Xu et al., 2024). Moreover, understanding the role 
of sulfur on the liquidus temperature of reduced silicate melts is 
necessary to investigate metal-silicate partitioning during the primor
dial differentiation as well as the thermal evolution of Mercury during its 
early history (Mouser et al., 2021; Mouser and Dygert, 2023).

For magmatic compositions relevant to Earth or more generally the 
terrestrial planets, it has been shown that volatile elements have 
important effects on magmatic liquidus temperature, phase equilibria, 
and fractionation trends. Although much effort has been made to char
acterize the influence of H2O and CO2 (e.g. Brey and Green, 1977; 
Médard and Grove, 2008; Dasgupta et al., 2013), more recent studies 
have investigated the role of other volatile species like Cl, F in terrestrial 
evolution and in planetary interiors (e.g. Filiberto et al., 2012, 2014; 
Farcy et al., 2016). All together, these studies point towards a strong 
effect of volatiles in depressing magmatic liquidus temperatures (Brey 
and Green, 1977; Médard and Grove, 2008; Dasgupta et al., 2013) and in 
changing the stability field of key silicate minerals such as olivine and 
orthopyroxene (Filiberto et al., 2012, 2016).

The behaviour of sulfur depends on the oxidation state of the system 
(e.g. O’Neill and Mavrogenes, 2002; Jugo et al., 2004; Nilsson and 
Peach, 1993; Boulliung and Wood, 2023). In reducing systems, sulfur 
has an oxidation state of S2− in silicate melts while it is under the form of 
S6+ in more oxidizing conditions. The solubility of sulfur in silicate melts 
depends on several different variables, such as temperature, pressure, 
oxygen fugacity, and, to a lesser extent, melt composition (Wallace and 
Carmichael, 1992; Mavrogenes and O’Neill, 1999; O’Neill and Mavro
genes, 2002). In oxidizing conditions, S solubility in the melt is pro
portional to the melt FeO content (O’Neill, 2021) and can reach some 
thousands of ppm. Interestingly, several experimental studies have 
shown much higher S solubility in FeO-poor (or free) reduced melts 
(McCoy et al., 1999; Holzheid and Grove, 2002; Berthet et al., 2009; 
Chabot et al., 2014; Wykes et al., 2015; Namur et al., 2016a, 2016b; 
Anzures et al., 2020). Namur et al. (2016a) showed that S concentration 
in reduced mafic melts significantly increases from <1 wt% at oxygen 
fugacity (fO2) IW -2 (IW being the iron-wüstite thermodynamic equi
librium) to >10 wt% at IW -8. The solubility of S2− is also affected by the 
bulk composition of silicate melts. Experiments performed at reducing 
conditions (IW -1 to IW -2) showed that S solubility decreases with a 
higher degree of polymerization (i.e. bulk SiO2 content; Holzheid and 
Grove, 2002). Previous experiments also demonstrated how sulfur 
deeply affects the equilibria of silicate phases, particularly those 
regarding the stability of olivine, orthopyroxene, and clinopyroxene 
(Berthet et al., 2009; Namur et al., 2016b; Anzures et al., 2020; Pommier 
et al., 2023), with increasingly reducing conditions favoring pyroxenes 
over olivine. However, so far the effect of sulfur on phase equilibria 
remained qualitative.

In this study we performed a series of high temperature 
(1500–1950 ◦C) and high pressure (1.5–3 GPa) piston-cylinder experi
ments on Mercury-like mantle compositions under reduced conditions in 
order to: (1) fully quantify the effect of sulfur in depressing the liquidi of 
Mercury-like mantle melts (2) quantify the role of sulfur on changing the 

size of olivine and pyroxene stability fields in melts with a range of 
starting Mg/Si ratios. Our results have significant implications for the 
crystallization of the magma ocean and mantle-derived lavas on Mer
cury as well as for understanding the conditions of mantle melting on 
Mercury.

2. Materials and methods

2.1. Starting materials

Our starting materials are inspired by the composition of the silicate 
fraction of enstatite chondrites, the likely building blocks of planet 
Mercury (Fig. 1; Taylor and Scott, 2003; Malavergne et al., 2010; Cartier 
and Wood, 2019). An average composition (expressed in wt%) was 
obtained from data on EH and EL meteorite samples (Jarosewich, 1990; 
Berthet et al., 2009). The amount of P2O5 was decreased to 0.1 wt% to 
account for its markedly siderophile behaviour (Gu et al., 2019; Steen
stra et al., 2020). As more Si can dissolve in metals at low fO2 (Kilburn 
and Wood, 1997), part of Si was subtracted from the original chondritic 
composition to simulate Si partitioning in Mercury’s core. Two com
positions with different Mg/Si ratios were then prepared, corresponding 
to 8 wt% and 15 wt% Si of the silicate fraction segregated into the 
metallic core (named Mer8 and Mer15, respectively) (Table 1). This 
assumes that Mercury’s core is 67 wt% of Mercury’s bulk mass (Hauck 
et al., 2013) and contains 2.9 and 5.5 wt% Si, respectively. These values 
are in the range of the most recent estimates of the Si weight fraction in 
the core of Mercury (Goossens et al., 2022). Different reduced conditions 
were obtained by using different Si/SiO2 ratios in the starting materials: 
10 wt%, 20 wt%, and 30 wt% metallic Si (named Mer(10), Mer(20), Mer 
(30)). S-free and S-bearing compositions were prepared, with FeS being 
added to the starting materials as the sulfur source. 17 wt% FeS was 
added to Mer8(10) and to Mer15(10), 20 wt% FeS was added to Mer8 
(20) and Mer15(20), and 30 wt% FeS was added to Mer8(30) because 
more S is expected to partition into the silicate melt in the more reducing 
conditions (Mer(20), Mer(30)). In total, seven different starting mate
rials were produced, including two S-free compositions with 10 wt% Si 
added (Mer8(10), Mer15(10)), two S-saturated compositions with 10 wt 
% Si added (Mer8(10) + S, Mer15(10) + S), two S-saturated composi
tions with 20 wt% Si added (Mer8(20) + S, Mer15(20) + S), and one S- 
saturated composition with 30 wt% Si added (Mer8(30) + S). The 
starting materials were synthesized from high-purity oxide powders: 
SiO2, TiO2, Al2O3, Cr2O3, MnO, MgO, CaSiO3, Na2SiO3, K2Si4O9, and 
AlPO4. CaSiO3, Na2SiO3, and K2Si4O9 were produced by decarbonation 
of mixtures with carbonates + SiO2. Our powders were mixed in an 
agate mortar with methanol and then stored in oven at 120 ◦C.

2.2. Experimental methods

Experiments were conducted with a Voggenreiter Mavo LPC 
250–300/50 12.7 mm end-loaded piston-cylinder apparatus at the 
University of Liège (Belgium). Graphite capsules with MgO spacers were 
placed in a graphite furnace, and BaCO3 cells were used as the pressure 
medium (see Fig. S1 in Appendix A). Temperature was monitored with a 
W75R25/W97Re3 thermocouple. The temperature gradient between the 
tip of the thermocouple and the center of the capsule is ~25 ◦C. As
semblies were first pressurized at room temperature up to 0.7 GPa. Then 
temperature was increased to 865 ◦C at 100 ◦C/min while keeping the 
pressure steady. Then temperature was held for 6 min in order to pres
surize to the target pressure. A second temperature increase was fol
lowed up to the target temperature at 50 ◦C/min. A friction correction of 
9.3 % was applied (Condamine et al., 2022). Experiments were 
quenched by switching off the electric power. Experimental samples 
were cut in half with a diamond wafer saw, mounted in epoxy, and 
polished up to 1 μm.
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2.3. Analytical methods

Imaging and phase identification were performed with the FEI 
QEMSCAN 650F scanning electron microscope (SEM) at the Faculty of 
Georesources and Materials Engineering at RWTH Aachen (Germany). 
Quantitative analyses of our experimental products were conducted 
with the CAMECA SX Five Tactis electron probe micro-analyser (EPMA) 
at Laboratoire Magmas et Volcans, Université Clermont Auvergne 
(Clermont-Ferrand, France). Silicate crystals, sulfide and metallic phases 
were measured with a 15 kV accelerating voltage and 15 nA beam 
current. Silicate glasses were measured with a 15 kV accelerating 
voltage and a 4 to 15 nA beam current (depending on the melt fraction). 
Crystals were measured with a focused beam, whereas a defocused beam 
was used for glasses (2–20 μm depending on the size of the glass pool 
and quench textures). Although quenching is fast, some of the MgO-rich 
melt produced quench crystals, so that more points and a larger beam 
size were needed for better statistics. Nonetheless, calculated standard 
deviations are usually higher in quench-textured melts. Sulfides were 
measured with a focused beam and metals with a focused or defocused 
beam (5–10 μm), depending on the size of the metallic phases and on the 
presence of heterogeneities and quenched textures. Peak counting times 
of 10–30 s were used for each element and half on the background. The 

calibration standards for the silicate crystals are natural albite for Na, 
natural orthoclase for K and Al, natural wollastonite for Ca, San Carlos 
olivine for Si, synthetic forsterite for Mg, synthetic TiMnO3 for Ti and 
Mn, synthetic Cr2O3 for Cr, synthetic fayalite for Fe. The same standards 
were employed for the glass calibration except that wollastonite was 
used for both Si and Ca, with the addition of natural BaSO4 for S. As for S 
measurements, a peak search was done on our experimental samples. 
Next, the peak position value was changed in the microprobe setup from 
BaSO4 to the peak position value measured on our glasses, so as to obtain 
a more reliable S measurement at the peak sample position. The cali
bration standards used for sulfide phases are albite for Na, synthetic Si 
metal for Si, wollastonite for Ca, forsterite for Mg, TiMnO3 for Ti, syn
thetic Cr metal for Cr, natural chalcopyrite for Fe and S, Mn metal for 
Mn, synthetic Fe2P for P. The same set of standards were used for the 
metals, except that synthetic Fe metal was used for Fe.

2.4. Oxygen fugacity calculations

Under reduced conditions, the fO2 of experimental products can be 
calculated considering the equilibrium between Fe-bearing metals and 
FeO-bearing silicate melts (Corgne et al., 2008), as shown below: 

Fig. 1. (a) Mg/Si – Al/Si (in wt%) and (b) Mg/Si – Ca/Si plots showing our starting materials Mer8 and Mer15 compared to EC enstatite chondrites (Jarosewich, 
1990; Berthet et al., 2009), average Aubrite (Keil, 2010), Primitive Mantle Mercury (Anzures et al., 2020 and based on CH ALH85085 in Weisberg et al., 1988), and 
Bulk Silicate Earth, Bulk Silicate Mars, and Bulk Silicate Moon (McDonough and Sun, 1995; Taylor, 2013; O’Neill, 1991). Also shown as comparison are the 
Intercrater Plains Highly Cratered Terrain (IcP HCT) and the Northern Volcanic Plains (NVP) compositions (Namur et al., 2016a).

Table 1 
Compositions of starting materials Mer8 and Mer15 (expressed in wt%). Also shown are the a Mercury’s pre-melting mantle compositions of the Northern Smooth 
Plains and Intercrater Plains-Heavily Cratered Terrain, respectively (Nittler et al., 2018), b Primitive Mantle Mercury (Anzures et al., 2020), c Bulk Silicate Earth 
(McDonough and Sun, 1995), d Bulk Silicate Moon (O’Neill, 1991), e Bulk Silicate Mars (Taylor, 2013), and f renormalized average Ivuna meteorite (King et al., 2020). * 
FeOt = FeO + Fe2O3. n.d. – not determined.

Mer8 Mer15 Pre-melting 
mantle 
(NSP)a

Pre-melting 
mantle 
(IcP HCT)a

Primitive 
Mantle 
Mercuryb

Bulk 
Silicate 
Earthc

Bulk 
Silicate 
Moond

Bulk 
Silicate 
Marse

Average 
Ivunaf

SiO2 54.82 47.91 53.67 51.98 51.32 45.00 44.60 43.70 32.21
TiO2 0.14 0.16 0.24 0.21 0.21 0.20 0.17 0.14 0.10
Al2O3 3.70 4.26 4.57 4.24 3.78 4.45 3.90 3.04 2.33
Cr2O3 0.52 0.60 n.d. n.d. 0.41 0.38 0.47 0.73 0.51
FeOt* n.d. n.d. 0.02 0.03 0.54 8.05 12.40 18.10 36.78
MnO 0.28 0.33 n.d. n.d. 0.09 0.14 0.17 0.44 0.44
MgO 37.32 43.04 36.89 37.64 40.72 37.80 35.10 30.50 22.30
CaO 1.62 1.87 2.26 3.84 2.73 3.55 3.30 2.43 1.88
Na2O 1.37 1.58 1.97 1.29 0.08 0.36 0.05 0.53 1.03
K2O 0.13 0.15 0.05 0.04 0.02 0.03 n.d. 0.04 0.09
P2O5 0.10 0.10 n.d. n.d. n.d. 0.02 n.d. 0.15 0.28
NiO n.d. n.d. n.d. n.d. 0.11 0.25 n.d. n.d. 2.04
Total 100.00 100.00 99.67 99.27 100.01 99.99 100.16 99.80 100.00
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Femet +
1
2
O2 = FeOmelt (1) 

However, the typical Mercurian melts have extremely low FeO 
contents in the silicate melts (< 1 wt%) and are typically close or below 
the detection limit. The activity coefficient of FeO at low Fe2+ concen
tration is poorly constrained (Cartier et al., 2014; Wykes et al., 2015; 
Namur et al., 2016a; Anzures et al., 2020; Pirotte et al., 2023) which 
makes fO2 estimates using Eq. (1) unreliable. In contrast, fO2 can be 
calculated using the equilibrium between Si-rich metal and SiO2 in the 
silicate melt (Cartier et al., 2014): 

SiO2 Sil = Simet +O2 (2) 

where SiO2, Sil is the SiO2 concentration in the melt and Simet is the Si 
concentration in the metal. The activity of Si in the metal is given by: 

aSi = ХSiγSi (3) 

With ХSi being the molar Si content in the metal and γSi the activity 
coefficient of Si. Here we use the Si activity coefficients from Hultgren 
et al. (1973). Because many of our samples feature both olivine and 
orthopyroxene, we calculated the activity of SiO2 in the silicate melt 
from the following reaction: 

Mg2SiO4 + SiO2 = Mg2Si2O6 (4) 

More details are in the Supplementary Materials (Appendix A). The 
range of fO2 attained in this work (IW -2.9 to IW -6.2) is consistent with 
the fO2 range of Mercurian lavas (IW ~ − 3–7, Cartier and Wood, 2019) 
and the average mantle fO2 (IW -5.4) (Namur et al., 2016a).

Fig. 2. Backscattered images of representative experimental products. (a) A328 (T = 1600 ◦C; P = 1.5 GPa) – Orthopyroxene crystals surrounding a metal-sulfide 
globule are shown on the left. Quenched silicate glass is shown on the right; (b) A304 (T = 1700 ◦C; P = 3.0 GPa) – Low melt fraction run exhibiting crystals of olivine 
(darker) and orthopyroxene (brighter); (c) A361 (T = 1550 ◦C; P = 1.5 GPa) – close-up on a metal-sulfide globule. The core is Si-bearing Fe metal, and the thick rim is 
FeS. A thin (Fe,Cr,Mn,Mg)S rim surrounds FeS; (d) A344 (T = 1750 ◦C; P = 1.5 GPa) – Olivine crystals (left and upper centre), quenched silicate glass (lower centre 
and right). Note the metal-sulfide globule texture described in 3.1. (e) A302 (T = 1700 ◦C; P = 3 GPa) Clinopyroxene rims (bright) surrounding orthopyroxene 
crystals (dark). (f) A329 (T = 1600 ◦C; P = 1.5 GPa) Sulfide-metal globule in the silicate melt. A metallic core is surrounded by a thick FeS rim and a thin (Fe,Cr,Mn, 
Mg)S rim. Abbreviations: gl – quenched silicate glass, ol – olivine, opx – orthopyroxene, mm – Si-bearing Fe metal, s1m – FeS, s2m – (Fe,Cr,Mn,Mg)S.
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3. Results

3.1. Textures and phase equilibria

Representative backscattered images of our experimental products 
are shown in Fig. 2. S-bearing experiments show a multi-phase assem
blage composed of silicate melt ± olivine and/or orthopyroxene, metals, 
and sulfides (Figs. 2a, c, d, f). S-free experiments show quenched silicate 
melt, crystals (olivine, orthopyroxene, ± clinopyroxene), and small 
metallic Cr-, P-, Si-bearing globules (Fig. 2b, e). Olivine and orthopyr
oxene are euhedral with well-developed faces ranging in size from 5 to 
300 μm. Clinopyroxene is only found in low-melt fraction, low- 
temperature S-free runs and appears as bright thin rims on orthopyr
oxene crystals (Fig. 2e). As for the silicate melt, only a few experiments 
at high temperature show quench textures (Fig. 2d). The evolution of the 
melt fraction F in our experiments is shown in Fig. S2. Olivine and 
orthopyroxene are usually located in the bottom part of the capsule in 
high melt fraction (F > 50 %) samples, whereas they are more evenly 
distributed in low melt fraction (F < 40 %) runs. Metals and sulfides are 
featured as spherical/sub-spherical metal+sulfide globules of differing 
size (5–250 μm depending on temperature), usually consisting of a Si- 
bearing metallic Fe core surrounded by an FeS rim, whose shape sug
gests that they were coexisting as two metallic and sulfide liquids right 
before quenching (Fig. 2a, c, f). In some cases, smaller metallic globules 
are more irregularly interspersed in FeS. FeS is mostly homogeneous, 
appearing in some runs pervaded by bright veinlets (alternating tiny 
bright and dark round, elliptical features), presumably due to incom
plete separation between Fe metal and FeS (Fig. 2d). Troilite (FeS) 
produced by quenching of a FeS-bearing sulfide melt, is the main sulfide 
phase. Some experiments contain (Mg,Fe)S, which is preferentially 
found in the most reduced samples at T < 1700 ◦C. (Fe,Mg,Cr,Mn)S 
represents the third type of sulfide and is found in most of the S-bearing 
samples as thin veneers surrounding FeS or as small isolated droplets 
(slightly darker than FeS, Fig. 2c, f). The metal-sulfide textures described 
here have been reported in the literature (McCoy et al., 1999; Corgne 
et al., 2008; Cartier et al., 2014; Namur et al., 2016a, 2016b; Cartier 
et al., 2020; Pitsch et al., 2025). All experimental conditions, and rela
tive phase assemblages are reported in Table 2.

The inferred phase diagrams are shown in Fig. 3. We modelled our 
liquidus curves with Theriak-Domino (de Capitani and Brown, 1987; de 
Capitani and Petrakakis, 2010; details are in Appendix A), as it ap
proximates more accurately the liquidus position of our S-free experi
ments as compared to other thermodynamic models (Fig. S3).

In composition S-free Mer8, olivine is the liquidus phase at 1.5 GPa, 
while olivine, orthopyroxene, and clinopyroxene first appear together at 
T = 1850 ◦C at 3 GPa (Fig. 3a). The olivine-orthopyroxene cotectic is 
expected to be approximately at P ~ 2.3 GPa. In S-saturated conditions 
(Fig. 3c), the cotectic shifts towards lower temperatures (> 100 ◦C) and 
pressures (> 0.5 GPa) for the most reduced S-bearing composition 
(Fig. 3c, e), where orthopyroxene becomes the liquidus phase at the 
investigated pressure range. Interestingly, the orthopyroxene liquidus 
only appears to slightly decrease (< 50 ◦C) in the presence of sulfur 
(Figs, 3a, c, e). On the other hand, olivine is always the liquidus mineral 
for S-free and S-bearing Mer15 compositions, both at 1.5 GPa and 3 GPa 
(Figs. 3b, d, f). The stability field of olivine at a given pressure never
theless significantly contracts (~ 150–200 ◦C) as the melt becomes 
enriched in sulfur.

3.2. Composition of phases

Major element compositions of silicate glasses are presented in 
Table 3. The glass Si content in S-free runs varies from 23 to 29 wt%, Mg 
from 8 to 25 wt% (Fig. 4), Al from 2 to 11 wt%. In S-saturated experi
ments, Si is in the range 21–27 wt%, Mg 11–27 wt%, Al 1.2–7.8 wt%. 
The sulfur content in S-saturated experiments for Mer8(10) and Mer15 
(10) compositions is in the range of 1.7 to 4.8 wt% (Fig. 5); Mer8(20) 

and Mer15(20) compositions have S contents in the range of 5.1 to 8 wt 
%, whereas in Mer8(30) S is in the range 6.8–9.1 wt% (Table 3), showing 
that more reduced experiments have a higher sulfur concentration 
(Fig. 6). In all our experimental runs, olivine, and orthopyroxene feature 
Mg end-member compositions (forsterite and enstatite, respectively). In 
S-free experiments, CaO (ranging from 0.2 to 1.2 wt%) and Al2O3 
(0.5–3.2 wt%) increase in orthopyroxene as temperature decreases. S- 
saturated experiments show orthopyroxene crystals with generally 
lower CaO (0.1–0.5 wt%) and Al2O3 (0.4–2 wt%) contents. Only a few 
analyses on clinopyroxene in S-free experiments could be performed due 
to the small size of the crystals. The average clinopyroxene composition 
is En73Wo27 in the MgO-FeO-CaO -system. The compositions of metallic 
and sulfide phases in S-bearing experiments are reported in the Sup
plementary Materials (Appendix B). The small P-, Si-, Cr-bearing glob
ules in S-free experiments could not be measured due to their small size 
(Fig. 2e). Metallic alloys in S-saturated compositions (Mer8(10), Mer15 
(10)) display Fe ranging from 90 to 96 wt%, and Si ranging from 0.3 to 
2.5 wt% (Fig. 7; S4). In more reduced experiments (Mer8(20), Mer15 
(20)), Fe is in the range 85.7–91.4 wt%, and Si in the range 2–11 wt%. 
Sulfide phases are FeS, (Mg,Fe)S (found at IW < − 5, Appendix B), and 
(Fe,Cr,Mn)S. The latter could not be measured due to its small size. 
Compositions with 10 % Si display FeS with a Fe content in the range 
55.6–63.9 wt%, and S in the range 31.9–37.4 wt%. S-bearing Mer(20) 
melts show Fe ranging from 52 to 58 wt%, S from 35.9 to 37.6 wt%. (Mg, 
Fe)S is only found in Mer8(20), Mer15(20), and Mer8(30) at IW < − 5 at 
low temperature and display S in the range 45–49 wt%, Mg in the range 
22–25 wt%, 15–20 wt% Fe.

3.3. Attainment of equilibrium and time series

Time series experiments were performed to test quantitatively the 
attainment of equilibrium and to check for potential escape of volatile 
species (mainly S and Na) during the runs. Five experiments were run 
with starting composition Mer15(20), at 1700 ◦C and 1.5 GPa, and 
different durations (15 min, 30 min, 70 min, 3 h, 6 h; Fig. S5). Under 
these conditions, the silicate melt is saturated with olivine only. In all 
experiments, olivine displays a euhedral shape and homogeneous 
composition. Crystal size increases from short duration runs (less than 
100 μm) to long duration runs (more than ~150 μm). The silicate glass 
does not display any remarkable differences in major element compo
sition (e.g., Fig. S6). Sulfur is readily incorporated in the silicate melt in 
the 15 min experiment, as shown by the little variation in S concentra
tion at longer duration (Fig. S6b). Only long duration experimental runs 
(> 1 h) showed a significant Na loss (> ~ 40 %, Fig. S6c). Based on these 
observations, we conclude that our experiments reached chemical 
equilibrium after less than 30 min, and that noticeable Na loss occurs 
after 1 h. Additional information on the compositions and textures of our 
experiments (including the time series) can be found in the Supple
mentary Materials (Appendices A, B).

4. Discussion

4.1. The effect of S on the liquidus temperature

Our experimental dataset clearly shows how the liquidus depresses 
in sulfur-saturated experiments as compared to sulfur-free systems 
(Fig. 3). In such reducing conditions, sulfur bonds with crystal-forming 
cations, such as Mg and Ca (see Section 4.2 for details). This process 
decreases the activities of the crystal forming elements bonded to oxy
gen (aMgO, aCaO) by the following reactions: 

1
2
S2,g +MOsil = MSsil +

1
2

O2,g (5) 

with M being a metal (e.g. Ca, Mg). This reaction also illustrates the 
strong effect of fO2 on S solubility in the silicate melt (Fincham and 
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Table 2 
Experimental run conditions, phase assemblages, and results of mass balance calculations of silicate phases expressed in wt% (Li et al., 2020). All fO2 values are relative 
to the IW (iron-wüstite) buffer. Some fO2 values are missing because of incomplete separation between metals and FeS. Abbreviations: gl – silicate glass, ol – olivine, 
opx – orthopyroxene, cpx – clinopyroxene, pm – P-, Si-, Cr-bearing metal, mm – Si- and S-bearing metal, s1m – FeS, s2m – (Fe,Cr,Mg,Mn)S, s3m – (Mg,Fe)S. *Cli
nopyroxene couldn’t be measured due to its small size. ** Revised after Cartier et al. (2014). *** Calculated liquidus temperature (in ◦C) on a S-free basis with Eq. (8). 
**** Calculated liquidus temperature depression (ΔT, ◦C) from Eq. (7).

Silicate phase proportions (wt%) Oxygen 
fugacity

Run T (◦C) P (GPa) Duration (hrs) Silicate phases Metals and sulfides gl ol opx cpx* ΔIW** Calc Tliq (◦C) ΔTliq (◦C)

Mer8(10)
A307 1900 3.0 01:00 gl pm 100
A381 1850 3.0 01:10 gl, ol, opx, cpx pm 60 10 30 x
A305 1800 3.0 01:20 gl, ol, opx, cpx pm 50 10 41 x
A302 1700 3.0 01:50 gl, ol, opx, cpx pm <15 x
A262 1800 1.5 00:30 gl pm 100
A290 1750 1.5 01:00 gl, ol pm 93 7
A263 1700 1.5 01:00 gl, ol, opx pm 79 13 8
A311 1650 1.5 02:00 gl, ol, opx, cpx pm 15 16 69 x
A296 1600 1.5 03:00 gl, ol, opx, cpx pm <15 x

Mer8(10) S
A380 1860 3.0 00:20 gl, opx mm, s1m, s2m 90 10 − 3.5 1901 41
A378 1810 3.0 01:10 gl, opx mm, s1m, s2m 53 47 − 3.6 1938 128
A359 1750 3.0 01:35 gl, ol, opx mm, s1m, s2m <20
A297 1700 3.0 01:50 gl, ol, opx mm, s1m, s2m <20
A247 1700 1.5 00:30 gl mm, s1m, s2m 100 − 3.8
A268 1650 1.5 02:30 gl, ol, opx mm, s1m, s2m 78 10 12 − 3.6 1736 86
A309 1625 1.5 02:45 gl, ol, opx mm, s1m, s2m 53 8 39 − 3.9 1748 123

Mer8(20) S
A322 1900 3.0 00:40 gl mm, s1m, s2m 100 − 4.7
A379 1830 3.0 00:45 gl, opx mm, s1m, s2m 69 31 − 5.0 1929 99
A377 1780 3.0 01:00 gl, opx mm, s1m, s2m 64 36 − 5.0 1916 136
A334 1700 1.5 01:10 gl mm, s1m, s2m 100 − 4.9
A328 1600 1.5 03:00 gl, opx mm, s1m, s2m 74 26 − 5.5 1781 181
A361 1550 1.5 03:30 gl, ol, opx mm, s1m, s2m, s3m 45 7 47 − 5.9 1756 206
A375 1500 1.5 04:00 gl, ol, opx mm, s1m, s2m, s3m 30 15 55 − 6.2 1673 173

Mer8(30) S
A456 1700 1.5 00:30 gl mm, s1m, s2m 100 − 5.4
A466 1600 1.5 00:50 gl, opx mm, s1m, s2m, s3m 99 1 − 5.8 1759 159
A468 1550 1.5 00:55 gl, ol, opx mm, s1m, s2m, s3m 77 16 6 − 6.1 1711 161

Mer15(10)
A351 1950 3.0 00:35 gl, ol pm 72 28
A308 1900 3.0 01:00 gl, ol pm 39 61
A303 1800 3.0 01:20 gl, ol pm 35 65
A304 1700 3.0 01:50 gl, ol, opx, cpx pm 20 51 29 x
A343 1950 1.5 00:20 gl pm 100
A273 1900 1.5 00:30 gl, ol pm 58 42
A257 1800 1.5 00:30 gl, ol pm 45 55
A265 1700 1.5 01:00 gl, ol, opx pm 34 61 5
A294 1600 1.5 06:00 gl, ol, opx, cpx pm 24 61 15 x

Mer15(10) S
A349 1950 3.0 00:35 gl mm, s1m, s2m 100
A373 1880 3.0 01:00 gl, ol mm, s1m, s2m 70 30 1950 70
A282 1800 3.0 01:20 gl, ol mm, s1m, s2m 48 52 1828 28
A306 1700 3.0 01:55 gl, ol, opx mm, s1m, s2m 35 54 12 − 3.0 1785 85
A249 1800 1.5 00:30 gl mm, s1m 100
A344 1750 1.5 00:45 gl, ol mm, s1m, s2m 62 38 1785 35
A259 1700 1.5 01:00 gl, ol mm, s1m, s2m 57 43 − 3.1 1751 51
A279 1600 1.5 03:00 gl, ol mm, s1m, s2m 39 61 − 3.6 1589 − 11
A331 1550 1.5 03:30 gl, ol, opx mm, s1m, s2m 28 56 17 − 3.9 1617 67

Mer15(20) S
A323 1900 3.0 00:40 gl mm, s1m 100 − 3.9
A364 1800 3.0 01:00 gl, ol mm, s1m, s2m 63 37 − 4.5 1922 122
A367 1700 3.0 01:30 gl, ol, opx mm, s1m, s2m, s3m 50 37 13 − 5.1 1927 227
A372 1760 1.5 00:40 gl mm, s1m, s2m 100 − 3.8
A339 1700 1.5 01:10 gl, ol mm, s1m, s2m 78 22 − 4.4 1845 145
A329 1600 1.5 03:00 gl, ol mm, s1m, s2m 64 36 − 5.3 1800 200
A362 1550 1.5 03:30 gl, ol, opx mm, s1m, s2m, s3m 57 39 4 − 5.8 1767 217
A376 1500 1.5 04:00 gl, ol, opx mm, s1m, s2m, s3m 42 46 11 − 5.9 1733 233
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Richardson, 1954; O’Neill and Mavrogenes, 2002).
The equilibrium constant of the above reaction can be written as: 

K =

(
aO2,g

)1/2
aMS

(
aS2,g

)1/2
aMO

(6) 

and illustrates that S incorporation in the silicate melt decreases the melt 
degree of saturation of key silicate phases (olivine, orthopyroxene) at a 

given temperature (Section 4.2.).
The effect of sulfur on the liquidus temperature of a silicate phase is 

given by the temperature difference between the saturation tempera
tures of the phase in the S-free compositions and the corresponding S- 
bearing compositions, as shown below. Here, we parameterize our data 
for the liquidus depression by considering the liquidus temperatures of 
olivine and orthopyroxene together: 

ΔTliq(olopx) = Tliq,S− free(olopx) − Tliq,S− bearing(olopx) (7) 

Fig. 3. Pressure, temperature conditions, and phase assemblages of our experimental runs. Inferred liquidi curves are shown in solid red lines and major phase 
boundaries in solid black lines. Also shown as comparison are liquidi (red dashed lines) and major phase boundaries (grey dashed lines) of S-free starting com
positions as modelled by Theriak-Domino (de Capitani and Brown, 1987; de Capitani and Petrakakis, 2010). Details on the phase diagram modelling are shown in the 
Supplementary Materials (Appendix A). Abbreviations: gl – silicate glass, ol – olivine, opx – orthopyroxene, cpx – clinopyroxene. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3 
Average composition of silicate glasses expressed in wt%. No – number of analyses. * Melt pockets were too small to be accurately measured. ** Oxygen was calculated 
by stoichiometry.

Run T (◦C) P (GPa) No Composition of silicate glasses (wt%)

Si Ti Al Fe Mn Mg Ca Na K S Cr O** Total

Mer8(10)
A307 1900 3.0 7 26.6 0.12 2.27 0.20 22.8 1.35 0.38 0.08 b.d.l. 48.2 102.0
A381 1850 3.0 5 26.9 0.16 2.99 0.15 21.1 1.56 0.17 0.07 b.d.l. 48.1 101.3
A305 1800 3.0 8 26.0 0.14 3.16 0.21 20.6 1.99 0.57 0.14 0.10 47.4 100.4
A302* 1700 3.0
A262 1800 1.5 10 26.0 0.11 2.16 0.21 22.5 1.31 0.57 0.11 b.d.l. 47.3 100.3
A290 1750 1.5 7 26.6 0.12 2.19 0.20 22.3 1.31 0.33 0.10 0.20 47.9 101.2
A263 1700 1.5 11 27.0 0.14 2.45 0.22 20.9 1.57 0.39 0.12 0.19 47.8 100.7
A311 1650 1.5 7 24.3 b.d.l. 10.5 0.09 8.16 8.79 1.32 0.87 b.d.l. 46.8 100.9
A296* 1600 1.5

Mer8(10) S
A380 1860 3.0 7 25.3 0.08 2.09 0.58 0.16 21.7 1.32 0.74 0.10 2.62 0.10 46.2 100.9
A378 1810 3.0 7 23.3 0.14 3.03 0.44 0.24 21.0 2.31 1.40 0.21 4.76 b.d.l. 45.0 101.9
A359* 1750 3.0
A297* 1700 3.0
A247 1700 1.5 12 26.2 0.09 2.01 0.29 0.18 21.8 1.20 0.81 0.10 3.14 b.d.l. 47.0 102.8
A268 1650 1.5 8 26.2 0.12 2.51 0.56 0.18 20.9 1.40 0.85 0.13 2.66 b.d.l. 47.2 102.7
A309 1625 1.5 9 25.0 0.09 3.18 0.42 0.15 20.1 1.96 1.12 0.18 3.79 b.d.l. 46.1 102.0

Mer8(20) S
A322 1900 3.0 13 25.5 0.12 1.95 0.39 0.19 22.0 1.17 0.58 0.08 5.12 b.d.l. 46.2 103.3
A379 1830 3.0 7 23.7 0.12 2.46 0.46 0.21 21.4 1.77 0.99 0.14 7.28 b.d.l. 44.8 103.4
A377 1780 3.0 6 24.0 0.09 2.78 0.40 0.21 21.0 1.76 1.08 0.14 7.18 b.d.l. 45.2 103.8
A334 1700 1.5 11 25.0 0.09 1.92 0.37 0.17 21.8 1.22 0.65 0.09 5.71 b.d.l. 45.5 102.5
A328 1600 1.5 10 24.4 b.d.l. 2.53 0.47 0.21 21.8 1.50 0.64 0.12 6.92 b.d.l. 45.6 104.2
A361 1550 1.5 11 23.8 b.d.l. 3.81 0.43 0.08 19.0 2.56 0.97 0.22 8.00 b.d.l. 44.7 103.6
A375 1500 1.5 9 24.4 b.d.l. 5.30 0.31 b.d.l. 14.5 4.10 2.45 0.36 7.50 b.d.l. 45.1 104.1

Mer8(30) S
A456 1700 1.5 10 24.1 b.d.l. 1.89 0.64 0.17 21.5 1.09 0.61 0.10 9.01 b.d.l. 44.3 103.5
A466 1600 1.5 10 24.7 b.d.l. 1.90 0.54 0.14 21.1 1.12 0.62 0.10 8.61 b.d.l. 44.7 103.5
A468 1550 1.5 13 26.0 b.d.l. 2.51 0.53 b.d.l. 19.3 1.24 1.07 0.15 6.86 b.d.l. 45.8 103.4

Mer15(10)
A351 1950 3.0 5 23.8 0.10 3.72 0.21 23.5 2.06 0.32 0.13 b.d.l. 47.1 101.0
A308 1900 3.0 5 27.7 0.22 5.89 0.29 14.9 3.57 0.52 0.17 b.d.l. 48.6 101.9
A303 1800 3.0 6 28.2 0.22 6.79 0.34 12.1 4.25 0.87 0.30 0.14 48.7 101.9
A304 1700 3.0 5 24.2 0.21 8.19 0.30 13.3 6.42 0.88 0.31 0.10 47.0 100.9
A343 1950 1.5 10 24.1 0.12 3.31 0.19 24.8 1.86 0.06 0.10 b.d.l. 47.6 102.1
A273 1900 1.5 5 25.2 0.15 4.27 0.28 21.5 2.39 0.09 0.14 0.11 47.9 102.1
A257 1800 1.5 8 27.0 0.20 5.08 0.34 17.4 3.07 0.14 0.13 0.11 48.3 101.8
A265 1700 1.5 7 27.1 0.23 6.33 0.37 12.8 4.18 1.06 0.20 b.d.l. 47.5 99.8
A294 1600 1.5 5 27.1 0.17 8.37 0.30 11.6 5.95 0.13 0.37 b.d.l. 48.6 102.6

Mer15(10) S
A349 1950 3.0 6 21.5 0.09 1.20 0.58 0.12 26.6 1.27 0.30 0.04 1.73 b.d.l. 44.0 97.4
A373 1880 3.0 6 23.8 0.10 3.15 0.53 0.15 22.7 1.84 0.74 0.10 2.24 0.10 46.3 101.8
A282 1800 3.0 9 25.5 0.17 4.42 0.66 0.18 17.4 2.66 1.22 0.16 2.28 b.d.l. 46.5 101.1
A306 1700 3.0 5 25.7 b.d.l. 6.04 0.36 b.d.l. 15.0 4.03 1.58 0.19 2.10 b.d.l. 47.1 102.2
A249 1800 1.5 8 26.1 0.10 2.02 0.43 0.18 21.7 1.25 0.78 0.10 2.81 b.d.l. 46.9 102.4
A344 1750 1.5 7 24.5 0.12 3.70 0.52 0.18 21.5 2.13 0.99 0.18 3.05 b.d.l. 47.0 103.9
A259 1700 1.5 5 24.9 0.14 3.94 0.37 0.18 20.0 2.28 1.16 0.14 2.93 b.d.l. 46.9 103.0
A279 1600 1.5 5 26.9 0.14 5.70 0.32 0.13 13.1 3.86 1.84 0.23 3.84 b.d.l. 47.0 103.0
A331 1550 1.5 6 25.6 b.d.l. 7.71 0.39 0.15 11.8 4.41 1.81 0.36 4.28 b.d.l. 46.8 103.4

Mer15(20) S
A323 1900 3.0 6 22.6 0.10 2.47 0.48 0.22 24.7 1.35 0.54 0.11 5.50 b.d.l. 45.3 103.4
A364 1800 3.0 7 23.7 0.11 3.44 0.29 0.24 20.8 2.00 0.83 0.13 6.34 b.d.l. 45.2 103.1
A367 1700 3.0 9 22.4 0.09 4.17 0.43 0.18 19.6 2.78 1.02 0.17 7.27 b.d.l. 44.1 102.2
A372 1760 1.5 11 22.3 0.09 2.52 0.62 0.21 24.4 1.54 0.58 0.11 6.35 b.d.l. 45.0 103.7
A339 1700 1.5 6 23.1 0.09 2.88 0.46 0.25 23.1 1.69 0.60 0.14 6.12 0.10 45.4 103.9
A329 1600 1.5 12 23.6 0.08 3.40 0.47 0.20 21.3 1.93 0.59 0.17 6.42 b.d.l. 45.3 103.4
A362 1550 1.5 7 22.6 0.09 4.33 0.51 0.09 18.0 2.72 1.77 0.22 7.59 b.d.l. 43.7 101.7
A376 1500 1.5 10 23.2 b.d.l. 5.00 0.45 b.d.l. 17.0 3.17 1.99 0.27 7.72 b.d.l. 44.5 103.3
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Because we performed experiments over a range of temperatures, we 
produced a range of melt compositions. For each of these melt compo
sitions, we can define a liquidus temperature. In the case of our S- 
bearing runs, this temperature corresponds to Tliq, S-bearing in Eq. (7). 
Defining Tliq, S-free from Eq. (7) for S-bearing experiments is more 
complicated as Tliq, S-free would correspond to the liquidus temperature of 
our experimental melts if they were S-free. Importantly, our S-free ex
periments cannot be considered as direct analogue S-free melts of our S- 
bearing melts because early crystallizing phases in these S-free melts 
with high liquidus temperatures lead to significant changes in melt 
composition as compared to S-bearing melts at a given temperature. 
Compositional differences also result from the incorporation of Si in the 
iron alloy and from the formation of (Fe,Mg,Cr,Mn)S phases which also 
change the composition of the equilibrium silicate melts.

The S-free experiments are valuable to build a predictive liquid 

thermometer for S-free compositions which could be used for rather 
large compositional and temperature ranges. Here, we obtain Tliq, S-free 
by combining our S-free experimental melts, and published S-free ex
periments on Mercury-like melts (Charlier et al., 2013; Namur and 
Charlier, 2017; Namur et al., 2016a, 2016b). In order to parameterize a 
liquid thermometer for Mercury-like compositions, we first expressed 
magma compositions in terms of mole percent of silicate components in 
the liquid. This approach is inspired by Lee et al. (2009), where silicate 
components are calculated based on the mole percent of oxides and 
normalized to an 8‑oxygen basis (details provided in Appendix A of Lee 
et al., 2009). Using an F-test model (Zhang et al., 2023) and a compiled 
dataset from previous studies (N = 89), we empirically derived the 
following expression to predict the temperature for S-free Mercury-like 
experiments: 

Fig. 4. Mg content in the silicate glass as a function of temperature (in ◦C). 1σ standard deviation is represented by the vertical bars (small 1σ values are hidden by 
the symbols).
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T (
◦C) = 899.6(64.2) + 9.9(3.0)Al16

3
O8 + 10.6(1.0)Mg4Si2O8

+ 5.1(1.7)Na2Al2Si2O8 + 63.4(14.8)K2Al2Si2O8

+ 0.0096(0.001)P (8) 

where the silicate components in Eq. (8) are given in mole percent 
(normalized to 100 %), P is pressure in GPa, and numbers in parentheses 
represent the one standard error of the coefficients. All parameters have 
p-value less than 0.05, indicating they are statistically significant at the 

95 % confidence level. The fit achieves an R2 value of 0.96, with a 
Standard Error of Estimate (SEE) of 41 ◦C (Fig. 8). To calculate the liquid 
temperature for our S-bearing experiments, we first renormalized the 
melt composition by excluding S. The normalized, S-free compositions 
were then used to calculate the silicate components as described above. 
This approach allows the calculation of the liquidus temperature on a S- 
free basis. Using the liquid thermometer, we then calculate the liquidus 
temperature of the silicate melt in our S-bearing experiments on a S-free 
basis (Table 2), i.e. we determine what would be the temperature of a 
melt with the same elemental ratios for major elements if it was S-free. 
Finally, using Eq. (7) we calculate the temperature depression ΔTliq(ol, 

opx) through a polynomial fit for the ΔTliq as a function of the S con
centration in the melt (Fig. 9). Multiple linear regression was performed 
to investigate the potential effect of pressure and major melt compo
nents (mainly Mg, Si, Ca, Al, Na) on the liquidus temperature, but 
returned p-values were too high to comprise them in our regression. 
Only sulfur was seen to be statistically relevant. In any case, we only 
include the S-bearing NVP and High-Mg IcP HCT glasses of Namur et al. 
(2016a) in our parameterization, as this enables us to use their 
compositional dataset in a manner similar to that used in this study. The 
S-free NVP and High-Mg IcP HCT experiments have been employed to 
build our liquid thermometer, while the S-bearing experiments have 
been used to parameterize the liquidus temperature depression as a 
function of the sulfur content in the melt. We used a polynomial similar 
to that described by Médard and Grove (2008) for H2O: 

ΔTliq(
◦C) = − 65208.22 [S]3melt + 16595.32 [S]2melt

+ 532.31 [S]melt

(
mol. fraction

)
(9) 

ΔTliq(
◦C) = − 0.39 [S]3melt + 4.89 [S]2melt + 8.65 [S]melt

(
wt%

)
(10) 

Fig. 5. Sulfur content in the silicate glass (in wt%) at sulfide saturation as a function of temperature (in ◦C). 1σ standard deviation is represented by vertical bars 
(small 1σ values are hidden by the symbols).

Fig. 6. Sulfur content in the silicate glass (wt%) as a function of the oxygen 
fugacity (ΔIW) from this study. fO2 was calculated following the procedures of 
Cartier et al. (2014).
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whereΔTliq is the liquidus depression expressed in ◦C, and [S]melt is the 
concentration of sulfur in the silicate melt (in molar fraction in Eq. (9), 
and in wt% in Eq. (10)). The Mean Squared Weighted Deviation (MSWD) 
is 3.24 for Eq. (9) and 1.07 for Eq. (10), and the SEE is 35 ◦C for Eq. (9)
and 34 ◦C for Eq. (10).

Our experiments and modelling show that sulfur is as important as 
other volatiles in influencing the melt liquidus temperature (Fig. 10). 
However, we note that for volatile concentrations below ca. 5–6 wt%, 
the degree of liquidus depression is less in S-bearing systems compared 
to systems with other volatiles such as H2O and F (Médard and Grove, 
2008; Almeev et al., 2007; Filiberto et al., 2012). For example, 4 wt% of 
H2O in basaltic melts would depress the liquidus of about 110–120 ◦C 
(based on experiments performed at T = 1100–1350 ◦C, P = 0.0001–1 
GPa; Médard and Grove, 2008; Almeev et al., 2007). Sulfur in the same 
concentration would decrease the liquidus by 100 ◦C. Chlorine in syn
thetic tholeiitic basalts however only causes a smaller degree of liquidus 
depression of about 40 ◦C for 4 wt% of Cl added (T ~ 1300–1500 ◦C, P =
0.7–1.5 GPa; Filiberto et al., 2014). At higher volatile concentrations (>
7 wt%), however, sulfur exerts a stronger effect. For instance, 9 wt% of S 
would depress the liquidus by ~193 ◦C whereas 9 wt% of dissolved H2O 
would cause a liquidus drop of ca. 180 ◦C. Summarizing and considering 

the uncertainties related to each parameterization, we can see how the 
effect of sulfur on the liquidus temperature is as strong as the effect of 
H2O and F, while it results to be more effective in lowering the liquidus 
temperature than Cl (Fig. 10).

4.2. The role of sulfur on the olivine and orthopyroxene stability

The bulk silicate composition (Mg/Si) and the presence of sulfur 
have profound implications for silicate phase equilibria. By comparing 
S-free and S-saturated experimental runs, we show that olivine is the 
liquidus phase for Mer8 (at P = 1.5 GPa) and for Mer15 in S-free melts. S- 
saturated compositions, on the other hand, saturate orthopyroxene as 
the liquidus phase for Mer8, both at 1.5 GPa and 3 GPa. S-saturated 
Mer15 melts still saturate olivine as the liquidus mineral, although the 
stability field of olivine-only narrows significantly as more S is dissolved 
in the melt (Figs. 3b, d, f).

We plot the compositions of our S-free and S-bearing silicate glasses 
on the olivine-Ca-tschermakite-quartz pseudoternary diagram (Fig. 11). 
At low fO2, the concentration of O2− decreases, so that S2− becomes an 
important anion in the melt (Anzures et al., 2020; Pommier et al., 2023). 
This is interpreted as S2− replacing O2− in [SiO4]4− tetrahedra (Namur 
et al., 2016b). Sulfur can therefore bond with mineral-forming cations 
(e.g. Si, Mg, Ca, Mn, Na) forming S complexes (Eq. (5)). Indeed, MgS and 
CaS complexes have been thought to become stable below the IW buffer 
(Fogel, 2005). Raman spectra of MgS and CaS complexes in quenched 
silicate glasses at low fO2 have been reported in the literature (Namur 
et al., 2016a). XANES spectra suggesting the presence of MgS, CaS in 1 
atm silicate melts have been also reported (Métrich et al., 2009). K-edge 
XANES spectra reporting MgS and CaS complexes in quenched glasses 
are shown in Anzures et al. (2020, 2025). Sulfur might therefore act as a 
network modifier, although it is also seen to bond with Si (Pommier 
et al., 2023), suggesting that sulfur might also display a structural role in 
the silicate melt. Viscosity of silicate melts indeed decreases in the 
presence of sulfur (Mouser et al., 2021). The nature of the cation with 
which S dominantly bonds is controlled by oxygen fugacity (Anzures 
et al., 2020, 2025). MgS is the dominant sulfide species at IW < − 4.5 
(plus minor CaS), while CaS is the main sulfide species at IW > − 4.5 
(Anzures et al., 2020, 2025). We therefore recalculated our S-bearing 

Fig. 7. (a) Fe – Si – S ternary diagram showing the composition (expressed in 
wt%) of Si-bearing Fe metal and FeS in our S-saturated experiments. (b) Si 
content in the metal as a function of the calculated oxygen fugacity (expressed 
in log units below the iron-wustite buffer, ΔIW).

Fig. 8. Prediction of our experimental temperatures with liquid thermometry. 
The R2 is 0.96 and the SEE is 41 ◦C. Grey areas represent the SEE of the fit.
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melts by taking into account the influence of the different sulfide species 
on the oxide fractions (e.g. XCaO, XMgO) of the melt as a function of fO2. 
We show that the more reduced melts (that is, Mer + 20 wt% Si) move 
away from the olivine apex, whereas the relatively more oxidized melts 
(Mer + 10 wt% Si) move away from the Ca-Ts apex. In general, we 
observe that the plotted experimental melts in the presence of sulfur 
complexes cross the olivine-orthopyroxene phase boundary and move 
towards the orthopyroxene stability field.

The bonding of S with silicate forming elements (e.g. Mg, Ca, Mn, Na) 
decreases the activity of the oxides of these elements in the silicate melt, 
affecting the saturation of the silicate crystals (Eq. (5)). Under less 
reducing conditions (IW > − 4.5), S bonds with Ca forming CaS, which 
causes a decrease of the activity of CaO in the silicate melt. This affects 
the saturation of clinopyroxene, as compared to more reducing condi
tions (IW < − 4.5). The lessened CaO activity (Ca2+ bonding with S2− ) 
would indeed delay the crystallization of clinopyroxene and plagioclase 
(Anzures et al., 2020). Our experiments also feature clinopyroxene only 
in S-free runs (Fig. 3). The absence of clinopyroxene in our S-saturated 
runs could be caused by the decreased CaO activity, whereas the pres
ence of clinopyroxene can be simply caused by the lower melt fraction in 
S-free experiments, which makes the residual melt richer in CaO. A 
combination of the two effects is also plausible. In more reducing 

systems, sulfur complexing with Mg would decrease the activity of MgO 
(and comparatively increase the activity of SiO2) in the silicate melt, 
favoring orthopyroxene at the expense of olivine (Anzures et al., 2020, 
Eq. (4)). The expansion of the orthopyroxene stability field at the 
expense of olivine is also favored at increasing pressure (Chen and 
Presnall, 1975; Milholland and Presnall, 1998; Sen and Presnall, 1984). 
It needs to be pointed out, though, that the replacement of S2− on the 
anion sublattice would also decrease the activity of SiO2 (O’Neill, 2021), 
even if the effect on MgO is larger than that on SiO2.

Our results are in accordance with Namur et al. (2016b) who showed 
the contraction of the olivine stability field in favour of orthopyroxene in 
the presence of sulfur. Using the same starting compositions as in this 
study, Xu et al. (2024) show that forsterite is still the liquidus phase for 
Mer15(20) + S at higher pressure (7 GPa), while olivine+orthopyroxene 
represent the first phases appearing for Mer8(20) + S, indicating that the 
effect of aSiO2 and aMgO on phase stability observed in this study is valid 
over a large pressure range.

4.3. Implications for the orthopyroxene-olivine-melt cotectic

Sulfur has a major influence in lowering the pressure-temperature 
conditions of the orthopyroxene-olivine-melt cotectic. Our study con
firms the lowering of the cotectic in the presence of sulfur for Mer8 
(Fig. 3a, c, e). As shown in Fig. 3a, the cotectic is located at T ~ 1840 ◦C, 
P ~ 2.3 GPa in S-free Mer8. In Fig. 3c, the cotectic of S-saturated Mer8 
(10) is located at T ~ 1680 ◦C, P = 1.4 GPa. This means that for S- 
saturated Mer8(10), the temperature difference (ΔT) is ~160 ◦C, and the 
difference in pressure (ΔP) is ~0.9 GPa. The cotectic in S-saturated Mer8 
(20) is found even lower in the T-P diagram (Fig. 3e), and is located at T 
~ 1520 ◦C, P ~ 0.9 GPa. This would yield ΔT ~ 320 ◦C, ΔP ~ 1.4 GPa for 
S-saturated Mer8(20). It’s clear from this comparison that the cotectic 
shift is larger for S-bearing Mer8(20) than for S-bearing Mer8(10), as 
more sulfur is dissolved in the silicate melt. The amount of dissolved S is 
caused by more reducing conditions in Mer8(20) than in Mer8(10). We 
estimate a cotectic depression of ΔT ~ 50 ◦C, ΔP ~ 0.3 GPa for every 1 
wt% S added in the silicate melt. Namur et al. (2016b) first showed how 
the olivine-orthopyroxene cotectic (or multi-saturation point, MSP) is 
shifted towards lower temperatures and pressures in the presence of 
sulfur. They found a ΔT = 85 ◦C, ΔP = 0.95 GPa for the more Mg-rich 
Intercrater Plains, Heavily cratered Terrains composition (IcP HCT). 

Fig. 9. Liquidus temperature depression (ΔT, ◦C) as a function of the sulfur 
content in the glass (expressed in (a) molar fraction and (b) in wt%). The fitted 
experimental data are from this study and from Namur et al. (2016a). Vertical 
bars represent the uncertainty of the thermometric model (more details are in 
Section 4.1.). Horizontal bars refer to the 1σ standard deviation of measure
ments. Grey areas represent the SEE of the polynomial fit.

Fig. 10. Liquidus temperature depression (expressed in ◦C) as a function of the 
volatile content in the glass (in wt%). The effect of different volatiles (Cl, F, 
H2O) on the liquidus depression are shown as comparison (Almeev et al., 2007; 
Médard and Grove, 2008; Filiberto et al., 2012; Filiberto et al., 2014).
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Fig. 11. Molecular normative projection from diopside of the major element compositions of our experimental glasses on the plane olivine-Ca-tschermak-quartz 
(Médard, 2004; Sorbadere et al., 2013). Cross symbols are S-free melts. Grey circles are S-bearing melts. Red circles are recalculated melt compositions by taking 
into account the formation of CaS, Na2S, and MnS complexes. Blue circles represent recalculated melt compositions by taking into account the formation of MgS, CaS 
complexes (see also fig. S8 Namur et al., 2016a; Anzures et al., 2020, 2025). Solid and dashed lines represent respectively 1 and 3 GPa phase boundaries in the CMAS 
system (Chen and Presnall, 1975; Milholland and Presnall, 1998; Sen and Presnall, 1984). Details on the calculation of the CMAS components are given in the 
Supplementary Materials (Appendix A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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As for the North Volcanic Plains composition (NVP), ΔT = 65 ◦C and ΔP 
= 0.55 GPa. The difference in the cotectic pressure shift was found to be 
dependent on the nepheline and anorthite components, which are more 
impacted when CaS, and Na2S complexes form (Namur et al., 2016b). 
The inferred pressure shifts of the cotectic obtained in this study are 
larger than those in Namur et al. (2016b) due to the lower anorthite and 
nepheline components in Mer8 and Mer15 mantle compositions than in 
IcP-HCT, and NVP crustal compositions (Fig. 11, this study; Fig.S8 in 
Namur et al., 2016b).

4.4. Implications for the magma ocean differentiation

Although the exact bulk silicate composition of Mercury (BSMe) is 
under debate (Brown and Elkins-Tanton, 2009), our results are still 
indicative for the magma ocean differentiation of Mercury. Enstatite 
chondrites (EC) have been historically considered as the precursor ma
terial for building Mercury, although recent studies argued against a 
pure EC origin for the planet (Cartier and Wood, 2019; Anzures et al., 
2020). Anzures et al. (2020) proposed as Mercury’s precursory material 
the bulk silicate composition of a metal-rich carbonaceous chondrite 
(CH). In an attempt to explore what the BSMe can be, our SiO2-depleted 
EC-like starting materials can be considered as end member composi
tions with respect to the CH-based primitive mantle (PMM) of Anzures 
et al. (2020) (see Fig. 1). Magma ocean crystallization models generally 
assume a basal dunite layer (Mouser et al., 2021; Mouser and Dygert, 
2023). Only Anzures et al. (2020) posits an orthopyroxene layer at the 
base of the primordial mantle. Magma oceans with a higher Mg/Si ratio 
(like PMM in Anzures et al., 2020, Mer15 of this study) would first 
crystallize olivine, while BSMes with a low Mg/Si (< ~ 0.9, Mer8) would 
be saturated in orthopyroxene first.

Our experimental results combined with studies in the literature 
allow us to better place constraints on the early differentiation of Mer
cury’s magma ocean. If the mantle of Mercury is similar to Mer8 and is S- 
saturated, our experiments show that orthopyroxene is the liquidus 
mineral, which is also the case at high pressure (P = 7 GPa; Xu et al., 
2024). This indicates that orthopyroxene is the liquidus phase at the core 
mantle boundary conditions of Mercury (P ~ 5.8 GPa; Goossens et al., 
2022; Xu et al., 2024) and likely forms a basal layer. Also, once it would 
reach the saturation condition of olivine, orthopyroxene would still be 
the dominant crystallizing mineral. This would have major implications 
for the interior dynamics and thermal evolution history of the silicate 
mantle of Mercury. Pyroxenes display different rheological properties as 
compared to olivine. Clinopyroxene and orthopyroxene are less viscous 
than olivine, which would make mantle convection on Mercury more 
vigorous and more lasting (Cioria et al., 2024). Thermal properties of 
orthopyroxene are also different from olivine. Because thermal con
ductivity in orthopyroxene is greater than in olivine, orthopyroxene-rich 
mantle geotherms would be colder than olivine-rich mantle geotherms 
(Guo et al., 2024; Zhang et al., 2019). On the contrary, if BSMe is more 
similar to Mer15, olivine would be the first silicate mineral to crystallize 
from the MMO. A dunite layer would be present at the base of the mantle 
of Mercury, and its thickness will depend on the bulk S content of the 
MMO.

5. Conclusions

We performed 56 experiments on compositions representative of 
Mercury’s average silicate composition over a wide range of physical 
and chemical conditions with the aim of investigating the silicate phase 
equilibria and the influence of sulfur on the liquidus temperature. Sulfur 
is responsible for lowering the olivine and orthopyroxene liquidus 
temperature of Mercurian melts. We propose a model linking the liq
uidus depression with the sulfur concentration in the melt. We found 
that 1 wt% S in the silicate melt would decrease the liquidus of around 
20 ◦C. Sulfur is also responsible for lowering the olivine-orthopyroxene 
cotectic. Finally, sulfur is also crucial for stabilizing orthopyroxene at 

the expense of olivine. This has profound implications for Mercury’s 
primordial mantle and its mineralogical layering, as the Hermean planet 
would likely host an orthopyroxenite layer at the base of the mantle. 
Pyroxene-dominated mantles might display a sensibly different dy
namics and evolution compared to olivine-dominated mantles. Howev
er, our approach was unable to discern additional variables, such as 
pressure and melt composition, that may influence the role of sulfur in 
lowering the liquidus temperature. Future studies are also needed to 
further investigate the thermodynamic behaviour of reduced S-rich 
melts in greater detail.
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