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S.1 Parameters for the calculation of density of S-free liquids and minerals 

Here below is a list with all the partial molar volumes, thermal expansion, Young modulus, and 

pressure derivative of the Young modulus of the MMO liquid. Vi values are from Lange and Carmichael 

(1987), Bottinga et al. (1983), Warren (1995). dVi/dT data are from Lange and Carmichael (1987), 

Warren (1995). 

[SiO2, TiO2, Al2O3, Cr2O3, FeO, MnO, MgO, CaO, Na2O, K2O] 
 
Vi = [26.90, 24.60, 37.63, 31.40, 14.23, 14.13, 11.98, 17.15, 30.26, 48.22 [m3mol-1] 
 
dVi/dT = [0.00, 7.24, 2.62, 4.40, 2.92, 2.62, 2.62, 2.92, 7.41, 11.91] [x109 m3mol-1K-1] 
 
K = [5.1485, 29.518, 0.28658, 1.0456, -0.20818, -1.3441, -4.4982] [GPa] 
 
dK/dP = [3.387, -4.3588, -0.049056, -0.28022, 0.13524, 0.47933, 1.3291] 
 
Table S1: List of physical and volumetric EOS parameters for the solid phases as modelled in our MMO 

crystallization code. (a)Bertka and Fei (1998) (b) Holland and Powell (1998) (c) Lange and Carmichael 

(1987) (d) Toplis et al. (1994) (e) Fei et al. (1990) (f) Niu and Batiza (1991) (g) Kosinski (1992) (h) Frondel 

(1962) (i) Peiris et al. (1994) (j) Baldwin and Tompson (1964). 

  

ρ 
(1atm, 

298K; kg / 
m3) 

α0 

(/K) 

α1 (x10-

5) 
(/K) 

α2 (x10-

9) 
(/K) 

Ref. 

Forsterite 3223 3.034 7.422 -0.5381 a,b,c,d 

Enstatite 3204 2.947 2.694 -0.5588 c,d,e 

Diopside 3272 3.330 2.694 -0.5588 a,c,d 

Anorthite 2762 4.560 - - b,c,d,f 

Albite 2611 2.380 - - b,c,d,f 

Quartz 2671 1.310 0.002 -0.0606 b,g,h 

MgS 2661 
6.00E-

05 
- - i,j 

 

  
KT 

(298K) 
(GPa) 

δK / δP 
δK / δT 
(Gpa/K) 

V0 
(cm3/mol) 

Ref. 

Forsterite 127.1 5.39 -0.0239 43.60 a,b,c,d 

Enstatite 107.0 5.00 -0.0270 62.67 c,d,e 

Diopside 113.0 4.50 -0.0200 66.04 a,c,d 

Anorthite 94.3 4.00 -0.0200 100.43 b,c,d,f 

Albite 69.9 4.00 -0.0200 100.38 b,c,d,f 

Quartz 96.0 8.40 -0.0200 20.64 b,g,h 

MgS 78.9 3.71 -0.0200 21.18 i,j 



 

 

Figure S1: Density of the residual liquid of the MMO for both Mer8 (solid lines) and Mer15 (dashed 

lines) using different equations of state (EOS) from this study (orange), Bottinga and Weill (1970) (blue) 

and Ghiorso (2004) (green). All density calculations here displayed do not consider the effect of sulfur 

on liquid density. 

 

 

 

 

 

 
 
 
 
 



S.2 The forsterite-enstatite cotectic 

 

Figure S2: Diopside-SiO2-olivine system showing the experimental melts of Mercury’s mantle 

compositions from Saracino et al. (2025) (circles) and Xu et al. (2024) (triangles). The silicate melts 

were renormalized to take into account the effect of S on the distribution of MgO, and CaO between 

silicate and sulfide melts (more details are in Saracino et al., 2025).  Also shown are the olivine-

orthopyroxene boundaries at 5.1 GPa (Weng and Presnall, 2001), and 2 GPa (Kushiro, 1969). 

 
 
 
 
 
 
 
 
 
 
 
 
 
  



S.3 Cell assemblies 

 

 
 

Figure S3: Two-dimensional sketch of the ½ˈˈ and the ¾ˈˈ experimental assemblies employed in this 
study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



S.4 Composition of silicate melt and metals in time series experiments 

 

Figure S4: Major element variation (in wt%) in time series experiments as a function of the 

experimental duration (in hours). 

 
Figure S5: Variation of Fe, S, and Si in Fe metal (expressed in wt%) in time series experiments as a 

function of the experimental duration (in hours). Also shown is the variation of calculated oxygen 

fugacity (relative to IW) as a function of duration. 



S.5 Composition of experimentally determined silicate melts 

 

Figure S6: Evolution of element concentrations (wt%) in the silicate glass as a function of 

temperature (℃). Vertical bars refer to the 1σ standard deviation of analyses (small 1σ values are 

hidden by symbols). 

 



S.6 Composition of experimental pyroxenes 

 

 

Figure S7: Pyroxene ternary system (in wt%) showing the composition of orthopyroxene and 

clinopyroxene crystals in our suite of experiments. Also shown as comparison are the orthopyroxene 

and clinopyroxene crystals measured in 1.5 GPa and 3.0 GPa experiments on Mer8 and Mer15 

compositions in Saracino et al. (2025). Abbreviations: opx – orthopyroxene, cpx – clinopyroxene.  

 

 

 

 

 

 

 

 

 

 



S.7 Equations for the calculation of the liquidus, solidus temperatures 

 
The thermometer used to calculate the temperature of the MMO at each incremental step of 

crystallization is based on S-free experimental runs featured in Charlier et al. (2013), Namur and 

Charlier (2017), Namur et al. (2016), and Saracino et al. (2025) (N=89). The resulting equation is the 

following (Fig. S2): 

𝑇Liquidus,S−free = 858.78 + 105.43 𝑃 (𝐺𝑃𝑎) + 18.42 [𝑀𝑔𝑂] + 13.23 [𝐴𝑙2𝑂3] + 3.71[𝑁𝑎2𝑂

+ 𝐾2𝑂] 

Where T is the temperature expressed in ℃, P is the pressure in GPa, and the oxide concentrations 

are expressed as wt%. The fit achieves an R2 of 0.95 (adjusted R2 = 0.95) and the SEE is 45 ℃. After 

calculating the S-free liquidus temperature at each increment, we applied a correction to account for 

the influence of S as in Eq. 10 of Saracino et al. (2025): 

∆𝑇Liquidus(℃) = 8.65 [𝑆]Melt  + 4.89 [𝑆]Melt
2 − 0.39 [𝑆]Melt

3  

Where ΔT (℃) is the liquidus temperature depression, and [𝑆]Melt is the concentration of sulfur in the 

melt (wt%). The corrected liquidus temperature can now be calculated as such: 

𝑇Liquidus,S−bearing(℃) =  𝑇Liquidus,S−free(℃) − ∆𝑇Liquidus(℃) 

A comparison between the uncorrected (S-free) and the corrected (S-bearing) temperatures is shown 

in Fig. S3. The solidus temperature was derived by fitting the solidus temperatures of our S-free 

evolving MMO liquid as determined with MAGEMin (Riel et al., 2022) using the ‘igneous’ database of 

Holland et al. (2018). The temperature is calculated as follows: 

𝑇Solidus(℃) = 864.30 + 222.41 𝑃(𝐺𝑃𝑎) − 7.77 𝑃 (𝐺𝑃𝑎)2 

Where P is the pressure (in GPa). The fit achieves an R2 of 0.99 and the SEE is 34 ℃. To retrieve the 

actual solidus temperature, the effect of S on the solidus temperature is needed. To our knowledge, 

no study focused on quantitatively determining the solidus depression as a function of the sulfur 

content in reduced silicate melts relevant to Bulk Silicate Mercury (BSMe). As a first approximation, 

we can therefore apply the same ΔT for the liquidus temperature following the approach of Katz et al. 

(2003) for H2O (Fig. S3). 

 



 

Figure S8: Calculated versus measured temperatures of Mercury-like mantle compositions. The dataset 

is from Saracino et al. (2025), Charlier et al. (2013), Namur and Charlier (2017), Namur et al. (2016a). 

The fit achieves an R2 of 0.95 and a Standard Error of Estimate (SEE) of 45 ℃ (N=89). The oxide 

concentrations are expressed in wt%. 

 

Figure S9: Comparison between the uncorrected, S-free liquidus temperature (blue line) calculated 

with Mercury’s mantle thermometer, and the corrected, S-bearing liquidus temperature (red line) for 

both Mer8 (solid lines) and Mer15 (dashed lines). Also shown as comparison is the S-free and S-bearing 

solidus temperature. The colored areas alongside the curves represent the Standard Errors of Estimate 

(SEE) of each expression as estimated in this study (TLiquidus, S-free) and in Saracino et al. (2025) (ΔTLiquidus). 

 



S.8 Cotectic proportions 

Table S2: Cotectic proportions used for the MMO crystallization modelling with sulfide-bearing (a) 

Mer8 and (b) Mer15 starting compositions, respectively. 

(a) Mer8 + (Mg,Ca)S  

Cumulus assemblage 
(wt%) 

Fo En Cpx Qtz Pl (Mg,Ca)S 

En  90    10 

En, Fo 22 68    10 

En, Fo, Cpx 12 68 10   10 

En, Fo, Cpx, Qtz 10 50 25 5  10 

En, Cpx, Qtz  35 40 15  10 

Cpx, Qtz, Pl   27 18 45 10 

 

(b) Mer15 + (Mg,Ca)S 

Cumulus assemblage 
(wt%) 

Fo En Cpx Qtz Pl (Mg,Ca)S 

Fo 90     10 

En, Fo 22 68    10 

En, Fo, Cpx 12 68 10   10 

En, Fo, Cpx, Qtz 10 50 25 5  10 

En, Cpx, Qtz  35 40 15  10 

Cpx, Qtz, Pl   27 18 45 10 

 

 

 

 

 

 

 

 

 



S.9 Crystallization sequence as a function of temperature 

Table S3: Input range of temperature (℃) used to compute the MMO evolution for Mer8 and Mer15, 

respectively. Abbreviations: Fo – forsterite, En– enstatite, Cpx – clinopyroxene, Qtz – quartz, Pl – 

plagioclase. 

Cumulus assemblage Mer8 Mer15 

En / Fo > 1850 (En) > 1540 (Fo) 

En, Fo 1850 < T < 1575 1540 < T < 1500 

En, Fo, Cpx 1575 < T < 1425 1500 < T < 1375 

En, Fo, Cpx, Qtz 1425 < T < 1275 1375 < T < 1275 

En, Cpx, Qtz 1275 < T < 1250 1275 < T < 1250 

Cpx, Qtz, Pl T < 1250 T < 1250 

 

 

Figure S10: Crystallization sequence as a function of temperature (℃) for our two sulfide-bearing Mer8 

and Mer15. Abbreviations: Fo – forsterite, En – enstatite, Cpx – clinopyroxene, Qtz – quartz, Pl – 

plagioclase. 

 

 



S.10 Equations for the calculation of mineral compositions 

Olivine 
● Fo = 1 
● Al2O3 = -0.198 + 0.00009*T + 0.02398*P + 0.01221*Al2O3 Liq (R2 = 0.81; SEE = 0.019) (wt%) 
● CaO = -0.09 + 0.00006*T + 0.00181*P + 0.01183*CaOLiq ( R2 = 0.83; SEE = 0.006) (wt%) 
● MnO = 0.05 wt% 

 
Orthopyroxene 

● En = 1 
● Na2O, K2O, P2O5 = 0 wt% 
● CaO = 1.871 + 0.29504*CaOLiq - 0.00128*T + 0.20994*P (R2 = 0.80; SEE = 0.06) (wt%) 
● TiO2 = 0.05 wt% 
● Al2O3 = 17.482 - 0.00404*Al2O3 Liq + 1.87433*P – 0.01236*T (R2 = 0.90; SEE = 0.35) (wt%) 
● MnO = 0.07 wt% 

 
Clinopyroxene 

● FeO, Na2O, K2O, P2O5 = 0 wt% 
● MgO = 15.46 wt% 
● SiO2 = 50.00 wt% 
● CaO = 4.00 wt% 
● TiO2 = 0.09 wt% 
● Al2O3 = 7.12 wt% 
● MnO = 0.33 wt% 

 
Quartz 

● SiO2 = 100.00 wt% 
 
Plagioclase 

● SiO2 = 50.03 wt% 
● Al2O3 = 33.49 wt% 
● CaO = 10.49 wt% 
● Na2O = 5.00 wt% 

 
 

 

 

 

 

 

 

 



S.11 Lithology of the cumulate pile 

 

Figure S11: Comparison of MMO crystallization sequence models (depths are not scaled). (a) Mer8 and 

(b) Mer15 are from this study. Dashed regions represent parts of the crystallization sequence not 

modelled in this study; (c) pre-mantle overturn crystallization sequence of Mouser and Dygert (2023) 

(d) Starting CB chondrite composition (Weisberg et al., 2000; Lauretta et al., 2007) with non-chondritic 

Si/Mg from Brown and Elkins-Tanton (2009) (e) Starting CB chondrite (Weisberg et al., 2000, 2001; 

Lauretta et al., 2007) with chondritic Si/Mg from Brown and Elkins-Tanton (2009) (f) Starting Earth’s 

mantle composition based on measurements of fertile lherzolites (Hart and Zindler, 1986) from Brown 

and Elkins-Tanton (2009) (g) Model composition of Earth calculated from nebular condensation model 

(Morgan and Anders, 1980) from Brown and Elkins-Tanton (2009). The thicker mantle in the models of 

Brown and Elkins-Tanton (2009) is based on an old configuration of the interior where a ~ 1800 km-

core radius is considered (Riner et al., 2008). Abbreviations: Ol, olivine; Opx, orthopyroxene; Cpx, 

clinopyroxene; Silica, SiO2 phases; Pl, plagioclase; Op, opaques; Grt, garnet. 

 

 

  



S.12 Density calculation for sulfur-bearing liquids  

To investigate the effect of sulfur on the density of silicate liquids, first we calculated the density of 

the MMO both in S-free and S-bearing conditions following the method of Bottinga and Weill (1970). 

Volumetric properties of both elemental S and sulfide phases are not well constrained in the literature, 

so some approximations were necessary. At room temperature, solid S has a molar volume of ~ 15.5 

cm3 mol-1 (Singman, 1984; Robie and Hemingway, 1995). Sulfides like troilite (FeS), alabandite (MnS), 

niningerite (MgS), and oldhamite (CaS) have molar volumes in the range 18 - 28 cm3 mol-1 (Robie and 

Hemingway, 1995; Lark et al., 2022). 

As concerns the S-bearing liquid density calculation, sulfur was considered with Mi = 32.065 g mol-1 

and with Vi = 20 cm3 mol-1, although we do not exclude larger volumes. MMO liquid densities were 

computed considering different S contents (0, 1, 3, 5, 10 wt%) at an interval of 0.10 in the melt fraction 

F. Next, we determine the difference in density between the S-free and S-bearing MMO silicate liquids 

(called ∆𝜌MMOs) calculated as follows: 

∆𝜌MMOs =  𝜌MMO,S−free − 𝜌MMO,S−bearing 

Where ρMMO,S-free is the density of the MMO liquid in S-free conditions and ρMMO,S-bearing is the density 

of the MMO liquid in S-bearing conditions (all expressed in kg m-3). The ΔρMMOs values that we obtained 

are then plotted as a function of the S content in the MMO liquid (Fig. S12), where a linear relation 

was found: 

𝛥𝜌MMOs  =  21.38 [𝑆]Melt                              (R2 = 0.99)  

Where ΔρMMOs is the density difference expressed in kg m-3, and [S]Melt is the concentration of sulfur in 

the melt expressed in wt%. As a first approximation, we assumed ΔρMMOs = 0 when no S is dissolved in 

the melt. We apply this correction to the S-free liquid density calculated with the EOS described in 

Section 3.1. 

 

 

Figure S12: Density difference between calculated S-free and S-bearing MMO liquids ( ΔρMMOs) as a 

function of the S content in the melt (expressed as wt%). The R2 is 0.99 and the standard error of 

estimate (SEE) is 5.33 kg m-3. 



S.13 HPE partitioning in the MMO 

 

Figure S13: (a) Uranium, thorium (both ppb), and potassium (ppm) distributions in the MMO as a 

function of depth (km)  in Mer15. Grey lines refer to sulfide-free Mer15, red lines refer to sulfide-bearing 

Mer15 with incompatible HPEs (more details are in Section 6.5), orange lines refer to sulfide-bearing 

Mer15 with compatible HPEs, dark green lines refer to sulfide-bearing Mer15, incompatible HPEs with 

5% trapped melt in the cumulate pile, and finally light green lines refer to sulfide-bearing Mer15, 

compatible HPEs with 5% trapped melt. Solid lines refer to uranium (U), dashed lines refer to thorium 

(Th), and dotted lines refer to potassium (K). (b) Uranium, thorium (both ppb), and potassium (ppm) 

distributions in the growing cumulates as a function of depth (km) in Mer15. 

 

Figure S14: Bulk partition coefficients Dbulk of U, Th, and K as a function of depth (km) for sulfide-free 

(grey lines), sulfide-bearing with incompatible HPEs (red lines), and sulfide-bearing with compatible 

HPEs (orange lines) for both (a) Mer8 and (b) Mer15. 
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