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Interior structure constraints
• Geodesy (rotation and gravity field):


• mass and radius: mean density


• crust density and thickness (more details next WG1 meeting)


• Annual libration amplitude (Stark 2015: 38.9” ±1.3”, Bertone 2021: 39.03” ±1.1”): 38.9” ±1.30”


• Polar moment of inertia (Stark 2015: 0.346 ± 0.011, Bertone 2021: 0.343 ± 0.006): 0.346 ± 0.011 
From gravity field 🙁: Verma 2016: 0.318 ± 0.028, Genova 2019: 0.333 ± 0.005


• Love numbers:  
k2: (Genova 2019: 0.569 ± 0.025, Konopliv 2020: 0.53 ± 0.03): 0.55 ± 0.05 
h2: Bertone 2021: 1.55 ± 0.65


=> core state (liquid outer core), density structure (large core), mantle rigidity (soft), core radius (~2000km) 
=> not enough data to construct precise interior structure models 
     (i.e. layering and depth dependent density/elastic structure) 
=> requires to make assumptions about composition to select most suitable equations of state (thermodynamic and transport) 



Interior structure: indirect constraints
• formation conditions highly reducing (e.g. Peplowski 2011)


• mantle: FeO poor (almost none) rich in S (~12wt%)+ C (graphite crust)


• core: candidate light elements in decreasing order of occurence: Si, S, C, P?,.. (e.g. Steenstra 2020)


• thermal state of planet: radial contraction, timing of crust emplacement, major volcanic activity


• magnetic field (core structure and thermal state)


• dynamo: long lived (~3.9 Gyr), surprisingly weak dipole field, axisymmetric, 
equatorially asymmetric..  (e.g. Johnson 2015)


• dynamo models require a thick upper core stable layer to explain the observed 
magnetic field (e.g. Christensen 2006, Takahashi 2019)


• core-mantle boundary heat flow sub-adiabatic during thermal evolution favour  
presence of stratified layer and dynamo only sustainable with ongoing inner core 
nucleation requires unequal partitioning of light elements between solid and liquid core 
(e.g Hauck 2006, Knibbe 2018, 2021, 202x, Davies 2024)

MESSENGER

Dynamo simulation



BepiColombo
• significant improvement on precision of geodesy data


• updated information about magnetic field strength and geometry


• improve knowledge about bulk composition from surface spectra


• …

➡  tighter constraint on core radius, crust, and mantle structure (rheology, thermal state, ..) are expected


➡  direct constrain on core structure (inner core radius, thermal/chemical stratification, ..) 
only if inner core signature is detectable (=> requires large inner core, precise determination of liberations (annual and longer), your new 
clever idea, ..)


➡ structure inference requires precise modelling of whole planet using the most recent material properties (thermodynamic and transport) 


➡ information about the core structure will mostly follow from the set of models that best agree with observations and prior assumptions 
(mainly core composition) 


➡  inferred core structure information leans heavily on material properties and will be biased by our current lack of knowledge



Mantle composition  
=> link density with elastic properties

• unlike Mars no meteorites or in situ samples only surface spectra


• best analog: enstatite chondrite (predicts too much Si)


• literature model: enstatite EC: (Wasson and Kalleymen, 1988) 
use Gibbs energy minimisation (PerpleX, Connoly 2005) to compute phase diagram and elastic properties from thermodynamic database (Stixrude 2024) 
 

                                           


• opx(~70wt%) + cpx (~7%)+ gt(~11%)+quartz (over p range small variation in density and rigidity)


• caveat: requires experimental verification (end-members without Fe) not clear whether still in agreement with most recent studies and effect of mantle 
S on thermodynamic equilibrium not well known


•  alternative: mechanical mixture of opx+cpx+fo (use equations of state from Stixrude 2024)
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Mantle composition => effect of sulfur
• Mercury’s mantle contains ~12wt% of S (e.g. Malavergne 2014) as FeS+CaS+MgS. Sulphide speciation depends on (p,T, fo2) (Anzures 2025) 

 
 
                     
 
 
 
 
       
 
                              
=> the most likely S compounds are MgS and CaS


• MgS and CaS are significantly less dense than silicate mantle phases (2590kg/m3 and 2840 kg/m3) and both make the mantle softer. Sulfur has a strong effect on the solidus and liquidus 
temperature of the mantle (Xu 2024). 
 
 
 
 
 
 
 
 
 
 
=> elastic Love numbers can be significantly larger 
=> significant effect on Mercury’s thermal state via timing of crust emplacement and core dynamics 
 
                                                                     


• Caveats:


• equations of state of MgS and CaS not so well known (rigidity computed from bulk modulus assuming a Poisson ratio) 


• distribution of CaS/MgS in the mantle is not known: layering or homogeneous 

Namur 2016 Anzures 2025
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melt chemistry, but these variables were statistically insignificant with 
p-values ω 0.05 at each step.

Pressure is difficult to deconvolve from associated changes in tem-
perature and crystallization since these parameters covary in experi-
ments (the highest-pressure experiments are typically run at the highest 
temperatures). Eq. (1) predicts MgS content of silicate melt as a function 
of temperature, pressure, oxygen fugacity, and sulfur content to a high 
degree of accuracy as presented in Fig. 7. With known experimental 
conditions (temperature, pressure, oxygen fugacity) and melt sulfur 
concentration from an electron microprobe, Equation (1) can be used to 
calculate MgS in the silicate melt without needing access to the highly 
specialized undulator-based, hard X-ray microprobes found at certain 
synchrotron facilities. Knowing MgS solubility rather than just total 
SCSS is useful to determine how the proportion of MgS species changes 
MgO activity, which affects phase equilibria and other physical prop-
erties such as melting temperature (e.g. Section 4.1).

Sulfur species proportions were also modelled as a sigmoid or 
gaussian as a function of ƒO2 as shown in Fig. 6c with coefficients in 
Table 4. This approach captures MgS, CaS, and TiS variations from IW to 
2 to IW-4 and follows previous sigmoidal models that find the ƒO2 width 
of transition between sulfide (S2→) and sulfate (S6↑) species in silicate 
melts occurs over a similarly narrow range of ~2 log units of fO2 and 
roughly sigmoidal in shape regardless of composition (Jugo, 2009; 
Moretti and Baker, 2008; Nash et al., 2019). 
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(3) 

CaS↓%↔ ↗ 1→ f↓MgS↔→ f↓TiS↔ (4) 

A sigmoidal model for MgS proportion is used because MgS is un-
stable in silicate melt at ƒO2 ω IW-3, and it is the major species in the 
melt below ƒO2 ~ IW-5, with a narrow transition in between. MgS 
proportion in very reduced experimental silicate glasses for all of the 
compositions investigated in this study are shown in Fig. 6. However, we 
favor computation of MgS abundance in silicate melt using Eq. (1), 
which includes pressure and S solubility terms rather than adjusting the 
sigmoidal coefficient A to account for different pressures and data sets 
(Eq. (2). Because TiS has a limited range of detection, it was modelled as 
a gaussian. Na2S was only definitively detected in two experiments 
within a narrow range of ƒO2 between approximately IW-2 and IW-4 
(Fig. 5). Because CaS stability spans the largest range of ƒO2 between 
IW-1 and IW-9, it is modelled as the subtracted sum of the other S species 
to conserve the sum of the sulfide species proportions to 100%. Model 
fits for proportional abundances of all S species identified in this study 
are overlain on individual data points in Fig. 5, and we have also 

(caption on next column)

Fig. 6. (a) Sulfide speciation in very reduced experimental silicate glasses as a 
function of temperature for only NVP experiments within a limited range of ƒO2 
(IW-5.8 to IW-6.8) and constant pressure (0.1 GPa). Although temperature does 
increase S solubility in very reduced silicate melts (Namur et al., 2016a), it 
appears that temperature plays a minor role in controlling S speciation. (b) 
Proportion of MgS species vs. oxygen fugacity in reduced experimental silicate 
glasses with sigmoidal fits distinguished by compositional group. (c) Modelled 
sulfide speciation as a function of oxygen fugacity calculated with equations in 
Table 4. The thick black line signifies the sigmoidal fit to all the data, while the 
primitive Mercurian mantle data was fit separately because it represented the 
most complete ƒO2 range of the experimental groups. The NVP, High-Mg, EH 
Chondrite, Primitive Mercurian Mantle, High-Mg IcP-HCT, and EL Chondrite 
fits represent the different ratios of MgS to CaS in the MgS dominated region of 
IW-4 and below. Outside of fO2, pressure exerts a strong effect on MgS and CaS 
proportion with higher pressures leading to higher % CaS (and proportionally 
lower MgS). Error bars in (a,b) indicate standard error during unmixing, while 
uncertainty of modelled MgS and CaS is 5–10% in (c).
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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 
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Core composition: binary phase diagrams

• least well known


• eutectic: 23wt% (1bar) -12.5wt% (40GPa)


• 25GPa: 12.5wt%(eutectic) Si -> ∆T~200K


• 


• liquidus phases: fcc Fe-Si, bcc Fe-Si,B2 Fe-Si, l Fe-Si


• equations of state: 
Terasaki 2019, Edmund 2022, Yokoo 2023 
approximate rigidly of fcc/bcc Fe-Si from its bulk 
modulus and Poisson ratio of fcc/bcc Fe

Dsol/liq
Si ∼ 1.

Mercury’s inner core due to the progressive enrichment of Si in
the outer core, coupled with the sharp T-X slopes of these phases.
While some studies have invoked internal structural transitions
between crystalline phases of iron at the conditions of Earth’s
inner core to explain seismological observations of depth-
dependent anisotropy72,73, the implications of such an effect for
Mercury is not well understood and has not been reported
previously. As metallurgical literature indicates that the fcc–bcc
transition of Fe–Si alloys requires some degree of undercooling
(typically between 10 and 40 K, Cockett and Davis74) and
Mercury’s core is expected to cool by about 30 K per Gyr16,17
such a transition can occur progressively across geologic time
and, due to the lower entropy of the fcc phase, may provide an
additional heat source in present day Mercury.

Intermediate Si concentrations (about 12–16 wt% Si) would
lead to crystallization of a buoyant solid within the core and the
possibility of dynamo generation without the presence of a solid
inner core. This scenario has been suggested for the Fe–FeS
system, but it requires the presence of S in larger quantities than
compatible with geochemical constraints at the redox conditions
expected for Mercury’s core75. For more Si-rich compositions
(>16 wt% Si), the behavior is more complex. While solid Fe–Si
would be buoyant for these alloys at pressures higher than those
of the B20-B2 transition in stoichiometric FeSi, at pressures below
the B2-B20 transition the crystallizing B2 Fe–Si solid would be
denser than the resulting Fe–Si liquid. Current literature places
this transition between 30 and 40 GPa24,26, while here the
pressure at the center of Mercury is estimated to be around
36–38 GPa in Fig. 4. Depending on the precise boundary and
potential compositional effects (e.g., alloying with C, S, Ni), this
transition and the resulting change in sign of solid/liquid
buoyancy would lead to the formation of an Fe–Si ’cloud layer’
within Mercury’s core. In the case that the B20-B2 transition
occurs at pressures beyond those found at the center of Mercury,
this region of the phase diagram would lead to the formation of a
B2 inner core. For even higher Si concentrations (>20–25 wt%),

the arrival of a liquid Fe–Si core to the composition of the
B2+ B20 eutectic (25 wt% Si at 21 GPa22) would terminate the
formation of an inner core and lead to an FeSi snow regime,
providing a hard limit on the size of an Si-rich Fe–Si core. As B20
FeSi has melting temperatures comparable to pure iron25, this
phase would likely persist in the solid state to much lower
pressures. However the compositions at which these scenarios
occur are at the upper compositional bounds of our calculated
models.

To summarize, the Fe–FeSi system has been thoroughly studied
at high temperatures and pressures encompassing the conditions
of Mercury’s core. At these conditions this system exhibits up to
four solid solutions (fcc, bcc, B2, and DO3), and two
compositionally distinct melting minima are present. These
observations establish a diverse array of crystallization regimes
over a compositional range which was previously thought to
either exhibit wide miscibility gaps between three phases26, or a
single extended solid solution22. The complexity of the Fe–Si
system at Mercury’s core conditions prescribes a core evolution
which is sensitive to Si abundance, and presents possible new
mechanisms of core evolution, such as the structural transition
between different solid solutions upon cooling of the inner core,
or the occurrence of an Fe–Si ‘cloud layer’ due to the change in
sign of solid/liquid Si partitioning in B2-structured Si-rich Fe–Si
alloys.

Methods
Sample synthesis and preparation. The alloys investigated in this study were
synthesized by PVD at l’Institut de Minéralogie, de Physique des Matériaux et de
Cosmochimie (IMPMC). The sample compositions were measured using energy
dispersive X-ray spectroscopy (EDX) in a SEM, and the estimated compositions of
these alloys based on analysis of the recovered samples is reported in Supple-
mentary Table 1.

Compositions of the starting materials were measured far from the hotspot, on
unheated portions of the sample cross section. Variations in Si concentration were
<0.3 wt% for Fe7Si, <0.5 wt% Si for Fe16Si and Fe22Si, and 2 wt% for Fe30Si as
discussed below. For Fe5Si and Fe28Si, only one measurement was performed for
each alloy, and so variance cannot be determined. For Fe30Si, due to the challenges

Fig. 5 Temperature–composition phase diagram of the Fe–Si system and possible core crystallization regimes. a The temperature–composition (T-X)
phase diagram of the Fe–FeSi system at 25 and 40 GPa from the present study, and the ambient pressure phase diagram from literature30,34,35. Phase
diagrams at 25 and 40GPa with datapoints are shown in Supplementary Figs. 10 and 11. Gray circles and question marks indicate uncertainty over the
nature of the invariant point. b Possible scenarios for the structure and crystallization regimes of Mercury for: (i) Si-poor (orange arrows) and (ii) Si-rich
(purple arrows) liquid cores. (i) The crystallization of an Fe-rich bcc alloy at compositions near the fcc–bcc boundary can lead to the progressive
crystallization of an innermost fcc core surrounded by a solid bcc shell. (ii) The crystallization of more Si-rich material would lead to formation of a solid
which is less dense than its corresponding liquid, rising upwards and leading to convection without an inner solid core.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-27991-9

6 NATURE COMMUNICATIONS | ����� ����(2022)�13:387� | https://doi.org/10.1038/s41467-022-27991-9 | www.nature.com/naturecommunications

158 Y. Fei, E. Brosh / Earth and Planetary Science Letters 408 (2014) 155–162

Fig. 2. Phase relations in the Fe–C system at (a) 5 GPa, (b) 10 GPa, and (c) 20 GPa. The solid lines represent the calculated results. The experimental data are plotted using 
different symbols. Solid circles (blue) represent compositions of solid iron coexisting with either melt or Fe3C. Open circles (blue) represent compositions of melt coexisting 
with solid iron. Solid squares (blue) represent compositions of iron carbides (Fe3C or Fe7C3). Open squares (blue) represent compositions of melt coexisting with iron carbides. 
Open diamonds (blue) indicate only melt observed. The melt compositions (open red squares with cross) coexisting with either graphite or diamond from Nakajima et al.
(2009) and experimental data (green: solid circle – solid iron, solid square – carbide, and open symbols – coexisting liquid) at 5 GPa from Chabot et al. (2008) are also 
plotted for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.1. Phase relations at 5 GPa

At 5 GPa, we observed the onset of melting at a temperature 
between 1473 K and 1523 K. The eutectic temperature must be 
very close to 1513 K because experiments PL234 and PR445 at this 
temperature showed melt and solid, respectively. Such an observa-
tion only occurs near the melting temperature due to the small 
temperature uncertainty (±10 K) for each run. The result is con-
sistent with that of Chabot et al. (2008) who found the eutectic 
temperature at 5 GPa between 1473 K and 1523 K. Our result on 
eutectic temperature (1513 ± 10 K) is about 100 K lower than that 
of Strong and Chrenko (1971) and about 50 K higher than that of 
Hirayama et al. (1993).

In the Fe-rich region, solid metallic C-bearing face-centered cu-
bic (FCC) iron coexists with Fe–C melt above the eutectic temper-
ature (Fig. 2a). Carbon solubility in the solid iron coexisting with 
liquid or iron carbide is a function of temperature, decreasing with 
increasing temperature above the eutectic temperature. The exper-
iments at 1543 K (PR404), 1673 K (PR599), and 1823 K (PR617) 
define the Fe + melt two-phase loop as a function of temperature 
(Fig. 2a). On the Fe3C side of the eutectic point, we observed Fe3C 
coexisting with Fe–C melt, but the coexisting field occurs only in a 
small temperature interval (<150 K). At temperatures higher than 
1650 K, the melt coexists with graphite (Nakajima et al., 2009), in-
dicating that Fe3C melts incongruently.

By determining the compositions of Fe–C melts coexisting with 
either solid iron or Fe3C, we determined a eutectic composition of 
4.0 ± 0.3 wt.% C at 5 GPa, which is slightly lower than the value 
at 1 atm (4.3 wt.% C). The eutectic point was further confirmed 

by experiment PL234, which indicated complete melting at 1513 K 
using a starting material with 4 wt.% C.

We used synthetic Fe3C as the standard for carbon concentra-
tion analyses (Chabot et al., 2008; Deng et al., 2013). However, the 
measured composition of the iron carbide phase, coexisting with 
either solid iron or Fe–C melt, generally has lower carbon content 
than that of Fe3C, indicating that the Fe3C phase is nonstoichio-
metric, i.e., it may contain carbon defects. This is in a general 
agreement with the work of Walker et al. (2013) on the nonsto-
ichiometry of iron carbides at high pressure. At the eutectic tem-
perature, the carbon solubility in solid iron is the highest, about 
1.5 wt.% C. The carbon atoms are likely entering the octahedral in-
terstitial sites of FCC iron, as is seen in the austenite phase under 
ambient pressure conditions (Laneri et al., 2002).

3.2. Phase relations at 10, 20, and 25 GPa

At 10 GPa, we accurately determined the eutectic point at 
1618 K and 3.7 ± 0.3 wt.% C (Table 1). The quenched Fe3C phase 
also shows evidence for C defects compared to the stoichiometric 
Fe3C phase. Phase relations of the iron carbide side are signifi-
cantly different from those at 5 GPa because of the formation of 
a new iron carbide compound, Fe7C3. At 1743 K, the Fe–C melt 
coexists with Fe7C3, instead of Fe3C, indicating a melting reaction 
Fe3C = Fe7C3 + melt (Fig. 2b). The formation of Fe7C3 at 10 GPa 
is consistent with the previous observation of Fe7C3 at pressures 
above 6 GPa in the excess carbon system (Tsuzuki et al., 1984), 
and a recent study of Nakajima et al. (2009) in the Fe–C system 
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Fig. 4. Fe-S and (Fe, Ni)-S liquidus curves at 23-25 GPa. The Fe-S liquidus is shown in red; the (Fe, Ni)-S liquidus is shown in black for 4.5 wt.% Ni and in green for 12.5 wt.% 
Ni. The solid squares and circles represent the coexisting solid and liquid phase (PM-partial melt), respectively, while the open circles represent stand-alone melts (FM-fully 
molten). The eutectic point is a multi colored circle and is approximated based on Li and Agee (2001), Stewart et al. (2007), and Zhang and Fei (2008). The melting point 
of Fe is calculated according to the fitted curve in Anzellini et al. (2013) and Boccato et al. (2017); note these values are different than the melting point of Fe reported in 
Stewart et al. (2007). 4a, are liquidus curves from single chamber experiments at 24 GPa. 4b, are liquidus curves from dual-chamber experiments. 4c compares this study and 
the literature data around 24 GPa. The dashed pink and blue lines are liquidus curves proposed by Stewart et al. (2007) for the Fe-S and (Fe, Ni)-S (36 wt.% Ni), respectively. 
The pink and blue stars are the experimental data from Stewart et al. (2007) for the Fe-S and (Fe, Ni)-S (36 wt.% Ni), respectively. The grey stars are experimental data from 
Li and Agee (2001) at 25 GPa.

((Fe, Ni)-S) liquidi are linear fits between published data (Gilfoy 
and Li, 2020; Liu and Li, 2020) and this study. Stewart et al. (2007)
are omitted from the fit in the Fe-S system at 23 GPa and are not 
included for the (Fe, Ni)-S system at 23 or 40 GPa due to the small 
sample size.

We observe that a small amount of Ni (5-12%) lowers the melt-
ing point more than 36 wt% Ni. To confirm this trend, we have 
collected a few data points at 20% and 50% Ni; however, due to 
the sparse data collected, we have only included these values in 
the supplementary material. From this study, we observe a lin-
ear trend between melting temperature and increase in Ni content. 
The variation in behavior occurs at the inflection point in the Fe-S 
system when 0 wt.% Ni is present.

The presence of an inflection point in the Fe-S liquidus curve at 
24 GPa reflects repulsive interaction between Fe and Fe-S species 
in the liquid, which leads to reduced stability of a single liq-
uid with respect to the solid-liquid coexistence (Saunders et al., 

1998). In the Fe-S binary system, an inflection point exists at 1 bar, 
becomes less prominent with increasing pressure, and is nearly 
absent at 6-10 GPa (e.g., Liu and Li, 2020). At higher pressures, 
however, an inflection point appears again at 14 GPa (Chen et al., 
2008), 20 GPa (Pommier et al., 2018), and 24 GPa (this study). 
The reappearance of the inflection point seems to correlate with 
the stabilization of Fe3S2 and Fe3S eutectic points between Fe and 
the intermediate Fe-S compounds near 14 GPa and 21 GPa, re-
spectively, indicating concurrent bonding change in the solid and 
evolution of speciation and interaction in the liquid with pressure.

In the Fe-Ni-S ternary system, an inflection point occurs at 5 
GPa (Liu and Li, 2020) but not at 20 GPa (Gilfoy and Li, 2020) or 
24 GPa (this study). These observations seem to be consistent with 
the appearance of intermediate Ni-S compounds at much lower 
pressures than their Fe-S counterparts - Ni3S was observed at pres-
sures as low as 5.1 GPa (Urakawa et al., 2011) and Ni3S2 is stable 
at atmospheric pressure. We speculate that at the pressures be-
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23 GPa

• extensive data


• eutectic: 25.wt% (5GPa) -12.wt% (40GPa)


• 23 GPa: 15.wt%(eutectic) S -> ∆T~850K


• 


• liquidus phases: fcc Fe, l-Fe-S


• equations of state: 
Le Maistre 2023,Terasaki 2019, Dorogokupets 
2017

Dsol/liq
S ∼ 0.

• thermodynamic model (not in very good 
agreement with elastic properties of Fe-C)


• eutectic: 4wt% (5 GPa) -2.8wt% (40GPa)


• 20 GPa: 3.5wt%(eutectic)-> ∆T~600K


• 


• liquidus phases:  
fcc Fe-C, l-Fe-C


• equations of state: 
McGuire 2021, Le Maistre 2023

Dsol/liq
C ∼ 0.3



Core composition: Fe-S-Si-C
• why bother?


• liquid Fe-Si core requires present-day  Tcmb close or above mantle solidus


• cannot explain the present-day magnetic field (Rivoldini 2022) 


• a few wt% of S or C are enough to reduce core temperature below mantle solidus and allow for a present day dynamo


• Si, S, and C partition differently between solid and liquid Fe => affects inner core density structure (can affect libration, could be detected?)


• the maximal amount of sulphur and carbon in the core decreases with increasing amount of silicon (e.g. Namur 2016, Boujibar 2019) => reduction of degrees of freedom


• Mercury’s core is carbon saturated (e.g. Lark 2023,  Xu 2024) 
=> Mercury’s core contains a solid graphite or diamond upper layer (~1-2 km) (Xu 2024) 
=> if C is saturated in Fe-S-Si inner core nucleation requires Tcmb<1600K (assuming T is adiabatic) ⇾ present day Tcmb ~150K lower!! 
=> Mercury not C saturated, or can we build a model consistent with observations? (geodesy, dynamo, crust emplacement timing, ..)
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Core composition: further complexities
• combined effect of Si,S,C on melting T of Fe not well known 

=> since amount of S and C ~O(1) wt% assume ideal mixing behaviour of S and C in l-Fe-Si: 
Tm(S,Si,C)=TmFeSi(p,Si)-(1-xS) ∆TFe-S(p)-(1-xC) ∆TFe-C(p)


• effect of C on structure of solid Fe-Si unknown, 1 bar fcc or bcc Fe-Si-C 

                                                                                              
=> eos of bcc and fcc Fe-Si-C unavailable: approximate by solid ideal solution with bcc/fcc Fe-Si and Fe3C


• Fe-S-Si liquids are miscible in a reduced composition field 

                                                                                                                                                                        
=> depending on initial bulk composition an almost liquid FeS layer can form below the CMB (effect of adding C unknown (except at 1bar))
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Fig. 1 - -Expe r imen ta l  Fe-Si diagram, tg] The hatched lines separate 
the stability fields of  the different modifications of  the bcc phase. 

state reactions; the Fe3Si 7 compound is a low-temperature 
form of  the FeSi2 phase. 

B. The Stable Fe-C-Si  Phase  Diagram 

The most extensive work concerned with the Fe-C-Si 
system is the one published by Patterson et al. ,r,5] who 
made a review of the previous works and clarified with 
their own experiments some of the features still ques- 
tioned. Figure 2 shows a projection of  this diagram onto 
the composition plane, mainly according to these au- 
thors. The face-centered cubic (fcc) liquidus, which is 
predominant in the iron-rich comer of  the binary Fe-C 
system, falls below the bcc liquidus surface when silicon 
is added at constant carbon content. The two surfaces 
intersect along the monovariant line BE1 shown in the 
figure, which is peritectic for low silicon content. As 
carbon is added, at constant silicon content, the tem- 
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Fig. 2 - - P r o j e c t i o n  on the composit ion plane of  the liquidus surface 
of  the stable Fe-C-Si diagram, mainly according to Patterson e t  al. 1151 
Points B and C are the peritectic and the eutectic point of  the Fe-C 
system, respectively. Points E~ and U are ternary eutectic points. 

perature of  the two liquidus surfaces is continuously 
lowered. The fcc and bcc surfaces intersect with the 
graphite liquidus surface along two monovariant lines 
which are eutectic in nature and join in point El. 

According to the literature, the liquid phase may be 
in equilibrium with SiC, FeSi, or Fe2Si compounds at 
high silicon content. Patterson et al. f151 suggested a sec- 
ond eutectic point corresponding to an equilibrium be- 
tween liquid, silico-ferrite Fea l i  (which is the D03 
modification of the bcc phase), and the compound FeSi. 
However, it must be noted that the existence of  the Fe2Si 
silicide was not known at the time these authors per- 
formed their study. Moreover, they assumed a miscibil- 
ity gap in the liquid, which shifts the limits of the domain 
where SiC appears toward higher silicon and carbon con- 
tents. This last point does not agree with studies on the 
carbon saturation of ternary liquid alloys as performed 
by Chipman et al.,t161 who gave the temperature evolu- 
tion of the composition of the liquid/graphite/SiC equi- 
librium. Their data, although later slightly corrected by 
Rein and Chipman, E17] have been used by Schiirman and 
Hirsch, [~sJ who proposed a nonvariant eutectic equilib- 
rium between liquid, graphite, bcc (Fe3Si), and SiC at 
about 20.5 wt pet Si and 0.1 wt pct C. It is this feature 
which has been adopted in the present assessment and 
which is represented in Figure 2, where this latter eu- 
tectic point has been noted "U."  Accordingly, at still 
higher silicon content, successive nonvariant eutectic 
points will appear involving liquid, SiC, and two of  the 
silicides FeSi, Fe2Si , and FeSi2. This last feature will be 
demonstrated by calculations, the corresponding mono- 
variant equilibria having been represented with broken 
lines in Figure 2. 

The available data concerning the evolution of  the 
composition along the eutectic lines CE1 and E~U, where 
graphite is involved, have been reviewed by Patterson 
et al.,tns] who noticed that all previous work is in close 
agreement. On the contrary, the reported temperature 
evolution along these lines shows large discrepancies. 
Measurement of  the eutectic temperature is made diffi- 
cult because of the kinetic undercooling of the reaction 
and the possible metastable solidification, in particular 
for low silicon content. It is now generally accepted that 
the work published by Hilliard and Owen [19] was con- 
cemed with the stable system and not the metastable one, 
as assumed by the authors. According to this work, the 
temperature along the eutectic line CE~ rises and then 
decreases for increasing silicon content. The maximum 
corresponds to a quasi-binary section between austenite 
and graphite. This result has been confu-med by Patterson 
et al.,  who also showed that a temperature maximum 
exists along the line E1U, which they associated with a 
quasi-binary section between the D03 modification of the 
bcc phase and graphite. Figure 3 presents a review of  
the available data for the CE 1 line in closed symbols, 
including unpublished results by the present authors, ob- 
tained with eutectic alloys by means of differential ther- 
mal analysis and listed in Table I. These results, as well 
as those of Oldfield, [2~ who used thermal analysis, have 
been obtained by extrapolating at a zero transformation 
rate the data recorded for various cooling or heating rates. 
The upper full line in Figure 3 has been drawn by simple 
fitting on the experimental results given in Table I. 
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Untangling the core
• Libration (annual and long period) 

 

                                                                             
=> 88d libration: precise core radius determination, indirect determination of core structure if composition is known, informs directly about inner core radius if it is large 
=> long period eigenmodes are directly affected by core composition


• Whole planet thermal evolution that also models the core’s capacity to generate a magnetic field       
 
                                                                                        

                                                         
=> informs about the core structure (inner core radius, thermal boundary layer thickness) 
=> Fe-Si models with present day dynamos require a small fraction of S or C
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=> combine interior structure modelling with whole planet thermal evolution



Expected end-result

solid Fe-Si-C 
conductive

liquid Fe-S-Si-C 
convective

liquid Fe-S-Si-C 
conductive

liquid Fe-S+solid C
M

an
tle

Cr
us

t

Co
re

Olivine, pyroxene,..+CaS+MgS+C 
conductive?

feldspar+..+solid C

• internal layering


• thermal state


• core structure

=> depends on results obtained from BC


=> biased by not well-known material properties 



Not mentioned

• modelling of core thermal boundary layer (use results from thermal 
evolution calculation). requires knowledge of thermal conductivity of Fe-S-
S-C alloy


• composition and pressure dependent partitioning of light elements 
between solid and liquid Fe (can that be done without a cooling scheme) 
=> does it affect libration in a measurable way


• melting entropy of Fe-Si-C (well known at 1bar) required for thermal 
evolution



The Goossens 2022 way

G19
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• neglect core liquidus


• assume unphysical prior ranges


• make an uninformed choice for the equations of state


• neglect mantle solidus
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Love numbers and rheology
• lab. data for olivine 

(Fe#=10) (Jackson 
2014) 
and ol-px mixtures 
(Fe#=10,1bar, Qu 
2021)


• effect of Fe on Ol 
and pox not well 
known ~ viscosity 
increases with 
decreasing Fe 
(Zhao 2009)
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• Love numbers inform on the core radius of a planet (Mars ∆k2<4% -> core radius 50km)


• unlike Mars (tidal forcing 12h) the tidal response of Mercury (tidal forcing 88d) is significantly affected by its anelasticic 
rheology ~ strong effect on real part of h2 and k2


• core radius can only be constrained by Love numbers if mantle rheology is well known


• precise determination of Love number (~0.5%) will constrain rheology of the Mantle (not straightforward to relate this 
constraint to rheology effective at mantle convection time scale)


