
1. Introduction
The unusual bulk composition of planet Mercury, particularly its anonymously large iron (Fe)-fraction of 
60–80 wt% that is inferred from the planet's high density (Rabe, 1950; Urey, 1951), has led to a strong in-
terest in Mercury's formation history. It is generally assumed that the proto-Mercury formed by accretion 
of solar nebula condensates, out of which a metallic core and a silicate mantle segregated under influence 
of gravity (e.g., Urey, 1951). Planetary formation scenarios that attempt to explain the large Fe-fraction of 

Abstract Experimental measurements of density by X-ray absorption and of P-wave velocity by 
ultrasonic techniques of liquid Fe-(<17 wt%) Si-(<4.5 wt%) C alloys at pressures up to 5.8 GPa are 
presented. These data are used to construct an Fe-Si-C liquid mixing model and to characterize interior 
structure models of Mercury with liquid outer core composed of Fe-Si-C. The interior structure models 
are constrained by geodetic measurements of the planet, such as the obliquity and libration of Mercury. 
The results indicate that S and/or C with concentrations at the wt% level are likely required in Mercury's 
core to ensure the existence of an inner core with a radius (below ∼1,200 km) that is consistent with 
reported dynamo simulations for Mercury's magnetic field. Interior structure models with more than 14 
wt% Si in the core, estimated for Mercury by assuming an EH chondrite-like bulk composition, are only 
feasible if the obliquity of Mercury is near the upper limit of observational uncertainties (2.12 arcmin) and 
the mantle is dense (3.43–3.68 g·cm−3). Interior structure models with the central obliquity value (2.04 
arcmin) and less than 7.5 wt% Si in the core, consistent with estimates of Mercury's core composition from 
an assumed CB chondrite-like bulk composition, are compatible with 3.15–3.35 g·cm−3 mantle densities 
and an inner core radius below 1,200 km. Interior structure models with the obliquity of Mercury near 
the lower observational uncertainty limit (1.96 arcmin) have a low-density mantle (2.88–3.03 g·cm−3), less 
than 4 wt% Si in the core, and an inner core radius larger than 1,600 km.

Plain Language Summary Mercury's large core is critical for understanding Mercury's 
composition and magnetic field, which is driven by core convection. Inferring Mercury's core composition 
from gravitational and rotational parameters requires a relation between density and composition of 
plausible core materials at high pressures and temperatures. This study presents experimental data 
that constrain the relation between density and composition of liquid Fe-Si-C metal alloys at pressures 
up to 5.8 GPa and temperatures of about 2000 K. The experimental results are integrated in interior 
structure models of Mercury to examine the range of possible core compositions. We conclude that 
only limited concentrations of silicon, carbon, and sulfur can be present in Mercury's core. High Si core 
concentrations, consistent with an EH chondrite-like bulk composition for Mercury, would require a high 
density of Mercury's mantle and a large inner core. The lower Si core concentrations expected from a CB 
chondrite-like bulk composition for Mercury place less stringent requirements on the planet. Carbon and/
or sulfur in the liquid outer core can induce compositional buoyancy that is relevant for the generation of 
magnetic field in Mercury's core.
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Mercury include: (1) the accretion of dominantly Fe-rich solar nebula condensates (Hubbard, 2014; Wei-
denschilling,  1978; Wurm et  al.,  2013), (2) the stripping of silicate mantle material from a significantly 
larger proto-Mercury by one or multiple giant impacts (Asphaug & Reufer, 2014; Benz et al., 1988; Chau 
et al., 2018), and (3) the evaporation of (particularly alkali-rich) silicates from a significantly larger pro-
to-Mercury (Cameron, 1985; Fegley & Cameron, 1987). NASA's Mercury Surface, Space Environment, Geo-
chemistry, and Ranging (MESSENGER) space mission revealed that Mercury's surface is rich in sulfur (S), 
sodium (Na), and potassium (K), and poor in Fe (Nittler et al., 2011; Peplowski et al., 2011, 2014). The high 
surface abundances of volatile elements S, Na, and K are difficult to reconcile with the silicate-evaporation 
scenario (Charlier & Namur, 2019; Nittler et al., 2011; Peplowski et al., 2011, 2014). It remains difficult to 
validate or falsify formations scenarios (1) and (2) based on present-day geochemical data of the Mercury's 
surface (Charlier & Namur, 2019; Ebel & Stewart, 2018; Nittler et al., 2018). To this end, an improved un-
derstanding of the consequences of these formation scenarios as well as improved constraints on Mercury's 
bulk composition are needed. A profound understanding of the composition of Mercury's core is important 
to constrain Mercury's bulk composition, formation scenarios, and possible building blocks of the planet 
(for example, the EH and CB chondrites).

The low surface abundance of Fe and high surface abundance of S suggest a low oxygen fugacity for Mer-
cury of between 3.2 and 7.3 logarithmic units below the Fe-FeO buffer (McCubbin et  al.,  2017; Namur 
et al., 2016; Zolotov et al., 2013). Metal-silicate fractionation experiments show that the concentration of 
S in Fe-rich metal is limited to ∼2 wt% at such strongly reducing conditions (e.g., Boujibar et al., 2014; 
Chabot et al., 2014; Namur et al., 2016). In contrast, silicon (Si) behaves increasingly siderophile at reducing 
conditions (e.g., Berthet et al., 2009; Cartier et al., 2014; Chabot et al., 2014; Kilburn & Wood, 1997; Namur 
et al., 2016; Steenstra et al., 2020). Carbon (C) has also been measured at Mercury's surface and may be pres-
ent in Mercury's core (Peplowski et al., 2015; Steenstra & van Westrenen, 2020; Vander Kaaden et al., 2020). 
The solubility of C in Fe-rich metal decreases with Si-concentrations from ∼6 wt% in liquid pure Fe metal 
(Dasgupta & Walker, 2008; determined from experiments at 2273–2683 K and 2 GPa) to ∼1 wt% in Fe-17 
wt% Si (Li et al., 2016; Steenstra et al., 2020; Vander Kaaden et al., 2020). Temperature and pressure also 
influence the solubility of C in Fe-rich metal, but those effects are thought to be subordinate to the influence 
of Si at the conditions relevant for Mercury (Steenstra et al., 2020; Vander Kaaden et al., 2020; and refer-
ences therein). In light of the low oxygen fugacity inferred for Mercury, it is therefore likely that Si is the 
dominant light constituent of Mercury's core, potentially combined with smaller amounts of C and S (e.g., 
Chabot et al., 2014; Steenstra & van Westrenen, 2020; Vander Kaaden et al., 2020).

Mercury's magnetic field is weaker than expected for a Mercury-sized planet with an active core dynamo 
(Christensen, 2006; Ness, 1979). It has a broad-scale dipole-and-quadrupole dominated geometry (Anderson 
et al., 2012), although a dynamo in an object that rotates as slowly as Mercury does (59-day rotational peri-
od) is expected to be dominated by small-scale rapidly varying structures (Christensen, 2006). The majority 
of recent dynamo simulations explain the low strength and broad-scale geometry of Mercury's magnetic 
field by a configuration with sufficiently vigorous core convection for dynamo action deep in the liquid core 
and a stably stratified upper part of the liquid core that attenuates rapidly varying field components (e.g., 
Cao et al., 2014; Christensen, 2006; Christensen & Wicht, 2008; Manglik et al., 2010; Takahashi et al., 2019; 
Tian et al., 2015; Wardinski et al., 2020). Dynamo simulations that obtain a dipole and/or quadrupole dom-
inated broad-scale magnetic field with field intensity that is consistent with Mercury have been reported 
only with inner cores smaller than 1,200 km in radius (Cao et al., 2014; Christensen, 2006; Christensen & 
Wicht, 2008; Manglik et al., 2010; Takahashi et al., 2019; Tian et al., 2015). Those simulations that are addi-
tionally consistent with the dipole/quadrupole ratio of Mercury's magnetic field during short (cases 3 and 
4 of Christensen & Wicht, 2008) or with long (Takahashi et al., 2019) simulated time periods have an inner 
core of ∼1,000 or ∼400 km in radius, respectively. Nonaxisymmetric features in Mercury's magnetic field 
at high northern latitudes might be indicative of an inner core radius between 500 and 660 km (Wardinski 
et al., 2020). The distribution and nature (thermal and/or compositional) of buoyancy in the liquid core play 
a prominent role in the core convection and dynamo action (Manglik et al., 2010; Takahashi et al., 2019) and 
are related to the light elements that are present in Mercury's core (e.g., Christensen & Wicht, 2008; Dumb-
erry & Rivoldini, 2015; Knibbe & van Westrenen, 2018; Manglik et al., 2010). The partitioning of S and C (Fei 
et al., 1997; Fei & Brosh, 2014) into the liquid metal upon the solidification of an inner core may give rise 

KNIBBE ET AL.

10.1029/2020JE006651

2 of 26



Journal of Geophysical Research: Planets

to compositional buoyancy in the liquid core (e.g., Manglik et al., 2010), whereas Si does not significantly 
fractionate upon core solidification (e.g., Kuwayama & Hirose, 2004).

Geophysical constraints on the interior mass distribution of Mercury are derived from geodetic measure-
ments under the assumption that Mercury is in, or very near to, a stable rotational state that is referred to 
as a “Cassini state 1” (e.g., Margot et al., 2012). The compositional range of Mercury's core for which the 
mass distribution of the planet is in agreement with geodetic measurements can be examined by core-com-
position-dependent planetary interior structure modeling (e.g., Dumberry & Rivoldini,  2015; Genova 
et al., 2019; Hauck et al., 2013; Knibbe & van Westrenen, 2015; Rivoldini & Van Hoolst, 2013). Such interior 
structure modeling requires a composition-dependent parametrization of the thermodynamic properties of 
the considered metallic core alloys. An important ingredient of the core model is the equation of state (EOS) 
of liquid Fe. Thermodynamic properties of liquid Fe at planetary core conditions are difficult to determine 
experimentally. Therefore, several published EOSs of liquid Fe are deduced from EOSs of solid Fe phases 
and the Fe liquidus by thermodynamic modeling (e.g., Dorogokupets et al., 2017; Komabayashi, 2014) or by 
density functional theory (e.g., Wagle & Steinle-Neumann, 2019).

The density and P-wave velocity (VP) of certain liquid metallic mixtures are experimentally measured at 
high pressure. Density measurements at high pressure on the liquid Fe-Si system and on the related liquid 
Fe-Si-(≤10 wt%)Ni system were performed by Sanloup et al.  (2004), Tateyama et al.  (2011), Yu and Sec-
co (2008), Terasaki et al. (2019), and Morard et al. (2013). These density measurements are, however, in 
poor agreement. For example, density measurements of liquid Fe-17 wt% Si metal at 4 GPa vary between 
6.0 g·cm−3 at 1773 K (Yu & Secco, 2008) and ∼6.8 g·cm−3 at 1923 K (Tateyama et al., 2011). Experimental 
measurements of the VP of Fe-Si-5 wt% Ni liquids at ambient pressure show an increase of VP with in-
creasing Si-concentration and a decrease of VP with temperature (Williams et al., 2015). These trends are 
confirmed by experimental VP measurements on Fe-Si-10 wt% Ni liquids at pressures up to 12 GPa (Teras-
aki et al., 2019). High-pressure density measurements at pressures below 10 GPa and temperatures below 
2000 K on liquid Fe3C (Terasaki et al., 2010) and Fe-3.5 wt% C (Shimoyama et al., 2016) indicate that C 
lowers the density of Fe-rich liquid by ∼0.75% per wt% C. Measurements of VP on liquid Fe-C alloys show a 
decrease of VP with increasing concentration of C at low pressures (<3.2 GPa) (Shimoyama et al., 2016), and 
an increase of VP with increasing concentration of C at high pressures (up to 71 GPa; Nakajima et al., 2015). 
Experimental measurements of density and VP of ternary Fe-Si-C liquids at high pressures, relevant for the 
core of Mercury, are completely absent at present.

This study presents new measurements of density (Section 2.1) and VP (Section 2.2) of binary Fe-Si and 
ternary Fe-Si-C liquids at pressures up to 6 GPa. An ideal ternary Fe-Si-C mixing model (FESIC) is calibrat-
ed to our experimental measurements and other literature data (Section 2.3). The FESIC model is imple-
mented in interior structure models of Mercury that satisfy the constraints set by geodetic measurements 
(Section 2.4). Interior structure models are also constructed with small amounts of S incorporated in the 
core liquid. Results of the density and VP measurements and the accompanying FESIC mixing model are 
presented, discussed, and compared to literature in Section 3. The interior models of Mercury are presented 
and discussed in relation to other constraints on Mercury in Section 4. The implications for Mercury's build-
ing blocks and for magnetic field generation in Mercury are discussed in Sections 5.1 and 5.2, respectively.

2. Materials and Methods
2.1. Density Measurements of Liquid Fe-Si-C at High Pressure by X-Ray Absorption

Density measurements of Fe-Si-C liquid metals are performed by X-ray absorption techniques with a Par-
is-Edinburgh (PE) press at beamline ID-27 of the European Synchrotron Radiation Facility (ESRF) in Gre-
noble, France. Pure Fe, and pure Si metallic powders (Alfa Aesar) are mixed to form Fe-Si mixtures with 
4.25 wt% Si (used in experiments Exp11 and Exp13), 8.5 wt% Si (used in experiments Exp1, Exp2, and Exp4), 
14.5 wt% Si (used in experiments Exp8, Exp9, and Exp12), and 17 wt% Si (used in experiments Exp5, Exp6, 
and Exp7). Sample powder is loaded into a cylindrical diamond (C) sample container, which saturates the 
sample in C by chemical diffusion when the experiment is at high temperatures (Sanloup et  al.,  2011). 
The sample container is surrounded by boron-nitride (BN) lids and a BN cylinder. Pressure-temperature 
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calibrant powder is mixed from platinum (Pt) and magnesia (MgO) in 1:1 weight proportion and loaded in a 
hand-drilled hole in the BN cylinder. These parts are integrated in a standard 7 mm-diameter PE assembly 
of this beamline (van Kan-Parker et al., 2010). Angle dispersive X-ray (33.2 keV) spectra are acquired in situ 
to determine the (solid or liquid) state of the sample and to determine the density of the Pt and BN materials 
in contact with the outside of the diamond sample container. The latter X-ray spectra are used to estimate 
the experimental pressure and temperature conditions through isochore-crossings of corresponding Pt and 
BN EOSs (Table A3 of the supporting information).

The density of the sample at experimental conditions   ,S PT  is calculated by

 
 

 
 ,

, ,0
,0

,S PT S
S PT S

S S
 

where  ,S PT S, with S the mass absorption coefficient of the sample, is determined by fitting the Beer-Lam-
bert law for X-ray absorption to the X-ray absorption profiles that are collected in situ,  ,0S S is determined 
by fitting the Beer-Lambert law to the X-ray absorption profiles that are collected at ambient conditions 
after quenching and decompression, and  ,0S , which denotes the sample density at ambient conditions, is 
measured by hydrostatic weighing at the Institut de Physique du Globe in Paris, France. A full description 
of the density experiments, data processing, and fitting procedures is available in Text A of supporting in-
formation. The chemical compositions of the samples that are successfully recovered from the hydrostatic 
weighing are analyzed by electron microprobe at the Westfälische-Wilhelms University Münster, Germany. 
The microprobe analysis is described in Text B of supporting information.

2.2. Ultrasonic P-Wave Velocity (VP) Measurements of Liquid Fe-Si-C at High Pressure

Ultrasonic VP measurements of Fe-Si liquid metals are performed with a PE press at beamline 16-BM-B 
of the Advanced Photon Source (APS) synchrotron facility, in Argonne, Illinois. At the time of measure-
ments, this beamline was operated by HP-CAT of the Geophysical Laboratory of the Carnegie Institution 
for Science. Sample powder of either Fe-17 wt% Si (Goodfellow Inc., 99.9 purity) or Fe-10 wt% Si, obtained 
by mixing with pure Fe (Alfa Aesar, 99.9 purity), is loaded in a cylindrical BN sample container. The sample 
and BN container are enclosed by polished alumina buffer rods (Al2O3). These are integrated in a standard 
7 mm-diameter PE assembly for ultrasonic measurements of this beamline (Kono et al., 2012; Figure C1 of 
supporting information). Energy dispersive X-ray spectra of the sample are acquired in situ at 15.008° angle 
to monitor the state of the sample (solid or liquid; Figure C2 in supporting information). Additional in situ 
X-ray spectra are acquired of the Al2O3 and BN assembly parts that surround the sample, which are used to 
determine the experimental pressure and temperature conditions from isochore-crossings of corresponding 
Al2O3 and BN EOSs (Table C1 of supporting information). Ultrasonic signals of 20, 25, and 30 MHz are gen-
erated and received by a lithium niobite (LiBNO3) transducer that is located at the top of the setup. Vertical 
wave reflections at the top (R1) and at the bottom (R2) of the sample are recorded and used to determine 
the vertical two-way travel time       2 1t R t R  of the ultrasonic wave through the sample. The sample 
length (D) is determined from radiographic images that are collected in situ. The P-wave velocity follows 
from   / 2 .PV D  For both sample powders, we collected multiple measurements in a series of heating 
cycles at a range of pressures. The experiment is ended when the sample is thinned too much by compres-
sion for obtaining useful ultrasonic data.

A full description of the VP experiments and the data analysis is available in text C of supporting informa-
tion. Both the Fe-17 wt% Si (FeSi17) sample and the Fe-10 wt% Si (FeSi10) sample are analyzed by electron 
microprobe at the Westfälische-Wilhelms University Münster, Germany (Text B of supporting information).

2.3. Development of a Mixing Model for Ternary Liquid Fe-Si-C

Liquid Fe-Si-C is modeled by an ideal ternary mixing model (FESIC) that uses pure Fe, FeSi (Fe-33.5 wt% 
Si) and Fe3C (Fe-6.7 wt% C) as endmembers. The EOS for l-Fe of Komabayashi (2014) is adopted for the Fe 
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endmember. EOS parameters for the FeSi and Fe3C endmembers are obtained by fitting the solution model 
to the experimental data. The limited ranges of pressure and sample composition that are spanned by the 
density and VP measurements of this study are insufficient to constrain all relevant EOS parameters of 
the FeSi and Fe3C endmembers. For this reason, additional experimental ambient-pressure density (Jim-
bo & Cramb, 1993; Kawai 1974) and VP (Pronin et al., 1964; Williams et al., 2015) measurements as well 
as high-pressure (1.2–3.4 GPa) density and VP measurements of binary Fe-3.5 wt% C liquids (Shimoyama 
et al., 2016) from literature are incorporated in the fitting procedure. The FESIC mixing model is compared 
to nonideal Fe-Si and Fe-S mixing models of Terasaki et al.  (2019). To be consistent with our modeling, 
we have refitted the mixing model of Terasaki et al. (2019) to their experimental data by using the EOS of 
Komabayashi (2014) for pure liquid Fe. Details of the mixing models and the fitting procedure are provided 
in Text D of supporting information.

2.4. Modeling the Interior Structure of Mercury

Spherically uniform interior structure models of Mercury's interior are computed that are consistent with 
Mercury's mass, moment of inertia (I) and the moment of inertia of its outer solid silicate shell (Im). The po-
lar moment of inertia of Mercury (C) and that of its outer solid shell (Cm) are expressed in terms of Mercu-
ry's obliquity (  2.04 0.08 arcmin, Margot et al., 2012), the amplitude of Mercury's forced librations in 
longitude (  38.5 1.6 arcsec, Margot et al., 2012) and the second-degree gravity harmonics C20 and C22 
(−5.0317 × 10−5 and 8.0399 × 10−6, respectively, Konopliv et al., 2020) by Peale's equations (Peale, 1981; and 
Equations E13 and E14 of supporting information). From the small (1.96 arcmin), central (2.04 arcmin), 
and large (2.12 arcmin) values of the ± uncertainty margins on  , we obtain values for C of 0.3323 MR2 
(small), 0.3458 MR2 (central), and 0.3593 MR2 (large), respectively. These values overlap with the C-values 
computed with the obliquities of Mercury measured by Mazarico et al. (2014), Stark et al. (2015), Genova 
et al. (2019), and Konopliv et al. (2020; by private communication with their corresponding author is con-
firmed that their obliquity should be 2.04 arcmin, as calculated from their right ascension and declination). 
The C of 0.333 ± 0.005 MR2 estimated from Genova et al. (2019)'s measurement of the obliquity of Mer-
cury's gravity field is near the small C that is computed here. From the small (36.9 arcsec), central (38.5 
arcsec), and large (40.1 arcsec) values that correspond to the ± uncertainty margins on  , we obtain Cm of 
0.1539 MR2 (large), 0.1475 MR2 (central), and 0.1416 MR2 (small), respectively. Because this study considers 
spherically uniform interior structure models of Mercury, no distinction is made between the principal 
moments of inertia. Accordingly, interior structure models are computed with I and Im equal to the small, 
central, and large values of Mercury's polar moment of inertia (I  =  C) and that of its outer solid shell 
(Im = Cm). This neglection of Mercury's oblateness propagates to an error of (2/3)C20MR2 on I (0.0097%) and 
on Im (0.023%).

Peale's equations for C and Cm assume that Mercury is in a Cassini state 1. This is verified observationally 
up to the present-day measurement uncertainties of Mercury's spin axis (e.g., Genova et al., 2019; Margot 
et al., 2012). Peale's equations do not account for a coupling between the core and the outer solid shell, 
which can affect the obliquity and the amplitude of forced librations in longitude of Mercury's surface 
(Peale et al., 2016; Rivoldini & Van Hoolst, 2013; Van Hoolst et al., 2012). Implications of a coupling be-
tween the core and the outer solid shell to the interior structure models of this study are discussed in the 
results section.

A stepped density profile for the crust and the mantle is used to model the outer solid shell of Mercury. The 
Si-concentration of the inner solid core (if present) is assumed equal (in wt%) to the Si-content of the liquid 
core, based on the limited fractionation of Si between solid and liquid Fe-rich metal at high pressure (e.g., 
Kuwayama & Hirose, 2004). Interior structure models are calculated with 0 wt% C, 1.5 wt% C, 3 wt%, or 
4.5 wt% C in the liquid core. The composition of the Fe-Fe3C eutectic varies from Fe-4 wt% C to Fe-3 wt% 
C within the 5 GPa to ∼35 GPa pressure range of Mercury's core (Fei & Brosh, 2014). Based on melting 
experiments in the Fe-C system (Fei & Brosh, 2014), the C content of the solid inner core is set to one-third 
of that in the liquid core in interior structure models with 1.5 wt% C and 3 wt% C in the core liquid (at the 
Fe-rich side of the Fe-Fe3C eutectic). For interior structure models with 4.5 wt% C (at the C-rich side of the 
Fe-Fe3C eutectic), we assume that the solid inner core also contains 4.5 wt% C. Interior structure models 
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with these amounts of C in the core are also constructed with additional 2 wt% S in the liquid outer core, 
which does not take part in the solid inner core. For purposes of comparison, interior structure models are 
also performed with a binary Fe-S liquid outer core and Fe inner core. The density profile of the liquid core 
is characterized by the FESIC mixing model of Fe-Si-C liquid metals as described in this study. The FESIC 
model is enhanced by mixing with S using mixing relations that are identified in the Fe-S system by Terasaki 
et al. (2019) (Text D of supporting information). The phase diagram and density of solid Fe-Si-C is not well 
understood. For example, Fischer et al. (2013) obtained a mixture of fcc and B2 phases for solid binary Fe-9 
wt% Si at the high temperature and (<40 GPa) pressure range that is relevant for Mercury's core. They do 
not provide an EOS for the density of such mixture, because the obtained phases differ in density by about 
3%. In this study, the density profile of the inner core (if present) is characterized by an Fe-Si-C ideal solid 
mixing model with solid fcc Fe (Komabayashi et al., 2014), Fe3C (Litasov et al., 2013), and DO3 Fe-16 wt% Si 
(Fischer et al., 2012) endmembers.

Based on thermal evolution studies of Mercury (e.g., Knibbe & van Westrenen, 2018), and supported by 
the deep dynamo explanation of Mercury's magnetic field (e.g., Christensen, 2006), the interior structure 
models assume a conductive state for an upper region of Mercury's core. The temperature in this upper 
part of the core is modeled linear with respect to radius. The conductive temperature gradient is dictated 
by an assumed thermal conductivity of 41 W·m−1·K−1 (Silber et al., 2018) and heat fluxes of 5 mW·m-2 or 
12 mW·m−2. These fluxes reflect lower and maximum values of present-day core-mantle boundary (CMB) 
fluxes obtained from thermal evolution modeling by Knibbe and van Westrenen (2018). Temperatures fol-
low a parametrized adiabat in the deeper region of the core. The transition between the conductive and 
adiabatic profile is set at the radius where the gradient of the conductive temperature profile equals the 
gradient of the adiabatic profile. The temperature at the CMB is set at 100 K intervals between 1650 K and 
2250 K. The lowest (1650 K) CMB temperature is based on thermal evolution models of Michel et al. (2013). 
The highest CMB temperature of 2250 K is ∼100 K hotter than the hottest end-state of Knibbe and van We-
strenen (2018)'s thermal evolution scenarios and is considered here for examination purposes. Parametriza-
tion of the liquidus temperature for liquid core alloy is based on Morard et al. (2011), Anzellini et al. (2013), 
Fei and Brosh (2014), and Dumberry and Rivoldini (2015). The location of the inner-core boundary is de-
fined as the crossing between the liquidus and the core's temperature profile.

Details of the interior structure modeling are provided in Text E of supporting information.

3. Results
3.1. Experimental Results

Results of experimental density and VP measurements are listed in Tables 1 and 2 and plotted with compar-
ison to the values predicted by the FESIC model in Figure 1.

The composition of the recovered samples from the density measurements ranges from binary Fe-15.8 wt% 
Si to ternary Fe-4.5 wt% Si-4.6 wt% C (Table 1). These compositions are in line with the decreasing solubility 
of C in Fe-rich metals with increasing Si-concentrations from ∼6 wt% C in pure Fe (Dasgupta and Walker, 
2008; determined from experiments at 2273–2683 K and 2 GPa) to ∼1 wt% C solubility in liquid Fe-17 wt% 
Si at 5 GPa (Li et al., 2016; Steenstra et al., 2020; Vander Kaaden et al., 2020). The measured densities range 
from 5.9–6.3 g·cm−3 of liquid Fe-15.8 wt% Si to 6.77–6.89 g·cm−3 of liquid Fe-4.5 wt% Si-4.6 wt% C and Fe-7.2 
wt% Si-3.6 wt% C alloys. The measurement errors (between ±0.21 and ±0.24 g·cm−3) are obtained by prop-
agating the measurement errors of the hydrostatic weighing of recovered samples and the uncertainties 
that are related to fitting the Beer-Lambert law of X-ray absorption to the obtained X-ray absorption profiles 
(Section A5 of supporting information). The measurement errors are of similar magnitude as the density 
variations that are induced by compression (∼0.2 g·cm−3, estimated from the EOS of pure Fe liquid from 
Komabayashi (2014) at 1800 K) and thermal expansion (∼0.25 g·cm−3, estimated from the EOS of pure Fe 
liquid from Komabayashi (2014) at 4 GPa) in the 3.2–5.9 GPa pressure domain and 1607–2012 K tempera-
ture domain spanned by the experiments. As a result, density variations that result from temperature and 
pressure effects cannot be derived from these density measurements alone.
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The densities predicted by the FESIC ternary ideal mixing model (Text D of supporting information) are 
within the 1 sigma error bars of all-but-two density measurements (Figure 1, right). The predicted densities 
are 0.09 g·cm−3 above the measurement's error margin of Exp6 on Fe-15.8 wt% Si and 0.06 g·cm−3 below the 
measurement's error margin of Exp12 on Fe-13.6 wt% Si-0.6 wt% C. This difference may be related to un-
certainties in experimental temperature conditions (±150 K), pressure conditions (±0.5 GPa), and sample 
composition (Table 1), which are not incorporated in the reported measurement errors. For example, the 
densities of the FESIC model at temperature 150 K higher for Exp6 and 150 K lower for Exp12 would be 
within the reported error margins of the corresponding density measurements.

The compositions of the recovered samples from the two ultrasonic measurements FeSi10 and FeSi17 are 
measured by electron microprobe at Fe-10.8 wt% Si-0.82 wt% C and Fe-16.9 wt% Si, respectively. The meas-
ured concentration of C of these samples (below microprobe detection limit for the FeSi17 sample) is below 
the C-solubility limit (e.g., Li et al., 2016; Steenstra et al., 2020; Vander Kaaden et al., 2020). The sample in 
the ultrasonic assembly is not in direct contact with C-rich material (see Figure C1 of supporting informa-
tion for a schematic layout of the assembly). The carbon that is detected in the FeSi10 sample is possibly of 
environmental origin (e.g., Kuwahara et al., 2019).

The measured VP ranges from 4,243 ± 62 m·s−1 on FeSi10 at 1752 K and 2.2 GPa to 4,701 ± 71 m·s−1 meas-
ured on FeSi17 at 1549 K and 4.32 GPa (Figure 1, Table 2). The three highest VP measurements on FeSi17 
(4,668–4,704 m·s−1 at 3.52–4.32 GPa) are considerably higher than those obtained by FeSi17 at lower pres-
sure (4,364–4,478 m·s−1 at 2.12–2.98 GPa). The VP of the FESIC model yields a VP slightly below the meas-
urement error margins for two of these VP measurements (FeSi17_7 and FeSi17_8) at between 3.5  GPa 
and 3.7 GPa (Figure 1, table 2). For the measurements FeSi17_7 (3.52 GPa) and FeSi17_9 (4.32 GPa), the 
parametrized liquidus temperature of the alloy (Fe-16.9 wt% Si) is 30° higher and 79° higher, respectively, 
than the experimental temperatures that are determined by the isochore-crossings of BN-Al2O3. This might 
suggest that the sample was not fully molten during the measurements at >3.5 GPa, which could explain 
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Name XSi (wt%)a XC (wt%)a P (GPa)b T (K)b
 ,0S  

(g·cm−3)c
 ,0S S 
(m−1)c

 ,S PT S 
(m−1)c

 ,S PT  
(g·cm−3)c

FESIC 
model 

(g·cm-3)d

Exp1 7.2 (0.8) 3.6 (0.3) 3.27 (0.5) 1607 (150) 7.17 (0.10) 3,895 (78) 3,678 (74) 6.77 (0.21) 6.71

Exp2 7.2 (0.8) 3.6 (0.3) 4.18 (0.5) 1748 (150) 7.17 (0.10) 3,895 (78) 3,724 (74) 6.85 (0.22) 6.70

Exp4 7.2 (0.8) 3.6 (0.3) 5.89 (0.5) 1869 (150) 7.17 (0.10) 3,895 (78) 3,747 (75) 6.89 (0.22) 6.75

Exp5 15.8 (0.4) 0 (<0.38) 3.92 (0.5) 1984 (150) 6.53 (0.18) 3,508 (70) 3,263 (65) 6.07 (0.24) 6.20

Exp6 15.8 (0.4) 0 (<0.38) 4.71 (0.5) 1908 (150) 6.53 (0.18) 3,508 (70) 3,202 (64) 5.96 (0.23) 6.28

Exp7 15.8 (0.4) 0 (<0.38) 5.59 (0.5) 1999 (150) 6.53 (0.18) 3,508 (70) 3,387 (68) 6.30 (0.25) 6.30

Exp8 13.6 (1.1) 0.6 (0.9) 3.36 (0.5) 1901 (150) 6.86 (0.15) 3,588 (72) 3,254 (65) 6.23 (0.22) 6.31

Exp9 13.6 (1.1) 0.6 (0.9) 4.23 (0.5) 2012 (150) 6.86 (0.15) 3,588 (72) 3,371 (67) 6.45 (0.23) 6.31

Exp11 4.5 (0.7) 4.6 (0.5) 3.92 (0.5) 1984 (150) 7.34 (0.10) 4,091 (82) 3,777 (76) 6.77 (0.21) 6.71

Exp12 13.6 (1.1) 0.6 (0.9) 5.78 (0.5) 1972 (150) 6.86 (0.15) 3,588 (72) 3,517 (70) 6.73 (0.24) 6.43

Exp13 4.5 (0.7) 4.6 (0.5) 4.23 (0.5) 1906 (150) 7.34 (0.10) 4,091 (82) 3,840 (77) 6.89 (0.22) 6.76

Abbreviations: BN, boron-nitride; EOS, equation of state; ESRF, European Synchrotron Radiation Facility.
aComposition of Run Products From Microprobe analysis. The standard errors are dominated by the variability in 
microprobe spot analyses (Text  B of supporting information). bPressure and temperature conditions determined 
from isochore crossings of Pt and BN EOSs using in situ measured unit-cell volumes of corresponding calibrants. 
The standard errors are based on uncertainties in the EOSs for Pt and BN (Table  A3 of supporting information). 
cResults from hydrostatic weighing and X-ray absorption measurements (Tables A1 and A2 of supporting information). 
Standard errors are estimated from the precision of the high-precision balance that is used for hydrostatic weighing 
and the propagation of uncertainties that are inherent to modeling the X-ray absorption data (Section A5 of supporting 
information). dThe FESIC model value at corresponding composition and pressure and temperature conditions.

Table 1 
Summary of In Situ Density Measurements at ESRF, With the Estimated or Assumed Measured Standard Error 
Provided in Brackets
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the significantly higher VP that is measured. Nevertheless, the FeSi17_8 VP measurement at 3.61 GPa has 
an estimated experimental temperature that exceeds the parametrized liquidus with 23 degrees and yields a 
similar VP to the FeSi17_7 and FeSi17_9 measurements. Moreover, the in situ X-ray spectra that are collect-
ed directly prior to the ultrasonic measurements do not reveal any crystalline features, indicating that the 
sample was molten at least to a large extent during the ultrasonic measurements. It is therefore more likely 
that the parametrization of the liquidus is several tens of degrees overestimated for this alloy or that the 
experimental temperature, which is determined with an expected ±150 K uncertainty, is underestimated for 
the VP measurements that are performed at >3.5 GPa.

An additional model for the liquid alloy (hereafter referred to as the FESIC_LP model) that excludes the 
VP measurements that are performed at >3.5 GPa in the parameter fitting is developed analogously to the 
FESIC model. This model examines implications of the possibility that an incompletely molten state of 
the sample has affected the VP measurements that are performed at >3.5 GPa. In general, the FESIC_LP 
model yields a lower VP than the FESIC model, of which the difference increases with increasing pressure 
(Figure 1, left). The densities of the FESIC and FESIC_LP models are practically indistinguishable in the 
pressure range of <5.8 GPa that is experimentally investigated here (Figure 1, right).

3.2. Comparison to Literature Data

In Figure 2, FESIC model densities are compared to density measurements on related liquid Fe-rich alloys 
at pressures up to 12 GPa that are reported in literature (Sanloup et al., 2004; Tateyama et al., 2011; Terasaki 
et al., 2019; Yu & Secco, 2008).
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Name XSi (wt%)a XC (wt%)a P (GPa)b T (K)b D (10−4m)c   (10−7s)c VP (m/s)c
FESIC model 

(m/s)d

FeSi10_1 10.7 (0.3) 0.8 (0.2) 2.20 (0.5) 1752 (150) 3.688 (0.03) 1.739 (0.01) 4,241 (42) 4,267

FeSi10_2 10.7 (0.3) 0.8 (0.2) 2.91 (0.5) 1627 (150) 2.832 (0.03) 1.289 (0.01) 4,394 (58) 4,389

FeSi10_3 10.7 (0.3) 0.8 (0.2) 3.21 (0.5) 1576 (150) 2.518 (0.03) 1.161 (0.01) 4,337 (64) 4,438

FeSi17_1 16.9 (0.4) 0 (<0.2) 2.12 (0.5) 1564 (150) 4.241 (0.03) 1.943 (0.01) 4,366 (38) 4,433

FeSi17_2 16.9 (0.4) 0 (<0.2) 2.16 (0.5) 1617 (150) 4.037 (0.03) 1.840 (0.01) 4,389 (40) 4,414

FeSi17_3 16.9 (0.4) 0 (<0.2) 2.52 (0.5) 1581 (150) 3.715 (0.03) 1.681 (0.01) 4,420 (44) 4,466

FeSi17_4 16.9 (0.4) 0 (<0.2) 2.65 (0.5) 1644 (150) 3.642 (0.03) 1.655 (0.01) 4,403 (45) 4,452

FeSi17_5 16.9 (0.4) 0 (<0.2) 2.91 (0.5) 1531 (150) 3.393 (0.03) 1.518 (0.01) 4,470 (49) 4,525

FeSi17_6 16.9 (0.4) 0 (<0.2) 2.98 (0.5) 1579 (150) 3.325 (0.03) 1.485 (0.01) 4,478 (50) 4,511

FeSi17_7 16.9 (0.4) 0 (<0.2) 3.52 (0.5) 1563 (150) 3.074 (0.03) 1.320 (0.01) 4,657 (58) 4,570

FeSi17_8 16.9 (0.4) 0 (<0.2) 3.61 (0.5) 1623 (150) 2.988 (0.03) 1.275 (0.01) 4,687 (60) 4,554

FeSi17_9 16.9 (0.4) 0 (<0.2) 4.32 (0.5) 1549 (150) 2.545 (0.03) 1.082 (0.01) 4,704 (71) 4,648

Abbreviations: APS, Advanced Photon Source; BN, boron-nitride; EOS, equation of state.
aRun product composition from microprobe analysis. The standard errors are dominated by the variability in 
microprobe spot analyses (Text  B of supporting information). bPressure and temperature conditions determined 
from isochore crossings of Al2O3 and BN EOSs using in situ measured unit-cell volumes of corresponding calibrants. 
Standard errors are based on uncertainties in the EOSs of Al2O3 and BN (Table C1 of supporting information). cResults 
of radiographic imaging and ultrasonic measurements (Table  C1 of supporting information). Standard errors are 
estimated from the propagation of uncertainties that are inherent to fitting the ultrasonic data and the radiographic 
image data (Section C4 of supporting information. dThe FESIC model value at corresponding composition and pressure 
and temperature conditions.

Table 2 
Summary of In Situ VPMeasurements at APS, With the Estimated or Assumed Measured Standard Error Provided in 
Brackets



Journal of Geophysical Research: Planets

Yu and Secco (2008) reported sink-float density measurements of liquid Fe-17 wt% Si that are performed at 
pressures up to 12 GPa. The FESIC mixing model matches the neutrally buoyant measurements of Yu and 
Secco (2008) to within measurement error (±0.3 g·cm−3).

Terasaki et al. (2019) reported density measurements of liquid Fe-16.9 wt% Si-10 wt% Ni and of liquid Fe-
23.4 wt% Si-10 wt% Ni that are performed at pressures between 2.5 GPa and 4.5 GPa by X-ray absorption 
techniques similar to those used in this study. They developed a nonideal Fe-Si mixing model that match-
es their density measurements to within the small reported formal measurement errors of between 0.03 
g·cm−3 and 0.06 g·cm−3. Our ideal FESIC mixing model yields on average 0.09 g·cm−3 (largest difference is 
0.15 g·cm−3) lower densities than measured by Terasaki et al. (2019). Most densities of the FESIC model are 
slightly outside the small error margins reported by Terasaki et al. (2019). The 10 wt% Ni that is present in 
Terasaki et al. (2019)'s samples can explain a 0.05 g·cm−3 higher density measured by Terasaki et al. (2019) 
compared to the Ni-free alloys modeled by the FESIC model (Watanabe et al., 2016). For many of the meas-
urements of Terasaki et al.  (2019), this influence of Ni does not resolve the observed density difference 
with the FESIC model with respect to the small error margins reported by Terasaki et al. (2019). However, 
a significant uncertainty (>2%) in X-ray absorption density measurements is associated with modeling as-
sumptions of the X-ray absorption profiles (Section A5 of supporting information). Such uncertainties are 
not incorporated in the error margins reported by Terasaki et al. (2019). If only half of the error margins 
that are used in this study are adopted for the measurements by Terasaki et al. (2019), the FESIC model is 
within the error relative to all density measurements of Terasaki et al. (2019) if the influence of Ni is taken 
into account.
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Figure 1. Experimental VP (left) and density (right) measurements of this study (pentagrams, see Tables 1 and 2) and 
the predicted model values of the FESIC (filled circles) and FESIC_LP (open circles) ideal ternary mixing models. The 
sample compositions denoted by FeSiXCY correspond to measurements on Fe-X wt% Si-Y wt% C samples (Tables 1 and 
2). Estimated experimental temperatures range from 1531 K to 1751 K for the VP measurements (left) and from 1607 
K to 2012 K for the density measurements (right). Standard errors on VP result from the propagation of uncertainties 
that are inherent to fitting the ultrasonic data and modeling of the radiographic image data (Section C4 of supporting 
information). Standard errors on density are estimated from the precision of the high-precision balance that is used 
for hydrostatic weighing and the propagation of uncertainties that are inherent to modeling the X-ray absorption data 
(Section A5 of supporting information). Standard errors on pressure of 0.5 GPa are based on the uncertainties on EOSs 
of the pressure and temperature calibrants BN and Al2O3 (Dubrovinski et al., 1998; Wakabayashi & Funamori, 2015) for 
the VP measurements and BN and Pt (Fei et al., 2007; Wakabayashi & Funamori, 2015) for the density measurements. 
BN, boron-nitride; EOS, equation of state.
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Sanloup et al. (2004) reported density measurements of liquid Fe-17 wt% 
Si and of liquid Fe-25 wt% Si that are performed at pressures between 0.8 
GPa and 4.5 GPa by X-ray absorption techniques similar to those used in 
this study. Their reported density measurements are between 0.21 g·cm−3 
higher and 0.40 g·cm−3 higher than the densities predicted by the FESIC 
model. Sanloup et al.  (2004) report a precision of the measured densi-
ty    of 1% (∼0.06 g·cm−3), which is used as ± error bar in Figure 1. 
Sanloup et al. (2004) additionally reported variations of the X-ray mass 
absorption coefficient    of 2.5% (∼0.16 g·cm−3). This uncertainty is a 
lower boundary of the actual uncertainty on  , because the multipli-
cation of the two   ·  is inferred by the analysis of X-ray absorption 
profiles. In light of other potential measurement errors related to using 
different pressure and temperature calibration, compositional uncertain-
ties, and other methodological uncertainties, it may be possible that the 
actual error margins on some of the density measurements of Sanloup 
et al. (2004) overlap with the FESIC model.

Tateyama et al. (2011) reported sink-float density measurements of liquid 
Fe-11 wt% Si, Fe-17 wt% Si, and Fe-25 wt% Si at 4  GPa. These density 
measurements are between 0.36 g·cm−3 and 0.97 g·cm−3 higher than cor-
responding values of the FESIC model. We cannot explain the large de-
viation of the density measurements reported by Tateyama et al. (2011).

To summarize, the near-binary Fe-Si density measurements of this study 
(Exp5, Exp6, Exp7, Exp8, Exp9, and Exp12) are in line with density meas-
urements of Terasaki et al. (2019) and Yu and Secco (2008). The results 
indicate that Si reduces the density of liquid Fe-rich metals more strong-
ly than indicated by experimental measurements reported by Sanloup 
et al. (2004) and, particularly, by Tateyama et al. (2011).

The VP measurements of liquid Fe-16.9 wt% Si performed in this study 
yield ∼100 m·s−1 higher velocities than measured by Terasaki et al. (2019) 
on Fe-16.9 wt% Si-10 wt% Ni at ∼150 K higher temperatures in a pressure 
range similar to that experimentally explored in this study (Figure 3, left 
panel). Ambient pressure VP measurements of Williams et al. (2015) yield 
a temperature derivative of VP   /PV T  of between −0.33 m·s−1·K−1 
and −0.5 m·s−1·K−1 for similar liquid alloy (Fe-(6-20) wt% Si-5 wt% Ni) 

(see Figure D1 of supporting information). This relation between temperature and VP accounts for the dif-
ference between VP measurements by Terasaki et al. (2019) and this study. The FESIC model, for which the 
measurements of Williams et al. (2015) are included in the parameter fitting, indeed matches the majority 
of Terasaki et al. (2019)'s VP measurements to within the reported error margins (Figure 3, left and upper 
right panels). However, the FESIC_LP model, for which the three VP measurements at >3.5 GPa are exclud-
ed in the parameter fitting, yields a VP that is significantly lower than measured by Terasaki et al. (2019) at 
pressures above ∼3 GPa. We conclude that the FESIC ideal mixing model is in good agreement with the VP 
measurements performed at pressures up to 12 GPa on Fe-16.9 wt% Si-10 wt% Ni and Fe-23.5 wt% Si-10 wt% 
Ni by Terasaki et al. (2019). This indicates that nonideal mixing of Fe-rich liquid metal with Si may not be 
required to match their density and VP measurements to within experimental uncertainties. The FESIC_LP 
model yields significantly lower VP than measured by Terasaki et al. (2019) (Figure 3, left and upper right 
panels).

The  /PV T  between −0.33 m·s−1·K−1 and −0.5 m·s−1·K−1 obtained by Williams et al. (2015; see Figure D1 
of supporting information) indicates that the compressibility of Si-containing Fe-rich metallic liquid in-
creases with temperature. At between 30 GPa and 100 GPa and an average temperature of 2800 K, Morard 
et al.  (2013) measured densities on liquid Fe-15 wt% Si-5 wt% Ni samples that increase with increasing 
pressure from 6.9 g·cm−3 to 7.8 g·cm−3 (Figure 3, lower right panel). These densities are on the low side to be 
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Figure 2. Model values of the FESIC ternary mixing model (filled 
circles) at pressure and temperature conditions and of composition 
corresponding to literature density measurements of Sanloup et al. (2004, 
cyan), Yu and Secco (2008, magenta), Tateyama et al. (2011, green), and 
Terasaki et al. (2019, red). Density measurements of this study of Fe-16.9 
wt% Si and Fe-13.6 wt% Si-0.6 wt% C are also plotted (black). Triangle, 
pentagram and square symbols represent binary Fe-Si alloys with Si 
concentrations of 13.6 wt%, 17 wt%, and 25 wt%, respectively. Exceptions 
are the measurements of Terasaki et al. (2019) performed on Fe-16.9 wt% 
Si-10 wt% Ni (pentagrams) and Fe-23.4 wt% Si-10 wt% Ni (squares), for 
which the FESIC model is evaluated at Fe-16.9 wt% Si and Fe-23.4 wt% Si, 
respectively. An additional exception is a measurement on Fe-11 wt% Si by 
Tateyama et al. (2011), which is plotted with green triangle symbol. The 
FESIC_LP model (not plotted) has densities very similar to those of the 
FESIC model in the pressure range of this figure.
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consistent with the small KT of between 30 GPa and 50 GPa at 2800 K at ambient pressure that follows from 
the  /PV T  determined by Williams et al. (2015). Williams et al. (2015) reconcile these measurements by 
predicting that the compressibility of Fe-Si liquids strongly decreases with pressure, that is, they predict a 
large pressure derivative of the bulk modulus 'TK  at ambient pressure ( /TK P) of between 9 and 12.5 
for Fe-15 wt% Si-5 wt% Ni. Figure 3 shows densities computed by a Vinet EOS for Fe-15 wt% Si-5 wt% Ni 
alloy under model assumptions similar to those of Williams et al. (2015) that are consistent with their VP 
measurements using 'TK  of 7, 9 or 11 (Table  D1 of supporting information lists all model parameters). 
The EOSs with high 'TK  of 9 or 11 are within error with respect to Morard et al. (2013)'s density measure-
ments (Figure 3, lower right panel). But our VP measurements on Fe-16.9 wt% Si, and also those of Terasaki 
et al. (2019) on Fe-16.9 wt% Si-10 wt% Ni, are most in line with the EOS with 'TK  of 7. The FESIC model that 
is fitted to our measurements and to those of Williams et al. (2015) has a 'TK  of 6.55 for Fe-15 wt% Si liquid 
at ambient pressure. Consequently, the FESIC model yields higher densities than measured by Morard 
et al. (2013) at their experimental high-pressure high-temperature conditions (Figure 3, lower right panel). 
The high 'TK  of between 9 and 11 that is required for obtaining densities of liquid Fe-15 wt% Si-5 wt% Ni as 
low as measured by Morard et al. (2013) is not supported by the VP measured on similar alloys in this study 
and those measured by Terasaki et al. (2019). The FESIC_LP model has a 'TK  of 5.44 for Fe-15 wt% Si liquid 
at ambient pressure. Consequently, the FESIC_LP model is in stronger disagreement with the density meas-
urements at >30 GPa by Morard et al. (2013) compared to the FESIC model (Figure 3, lower right panel).

Density and VP measurements on Fe-3.5wt%C by Shimoyama et al. (2016) have been included in the fitting 
procedure of the FESIC model for calibrating the EOS of the Fe3C endmember. Figure  4 compares the 
density and VP measurements on binary liquid Fe-C alloys (Nakajima et al., 2015; Shimoyama et al., 2016; 
Terasaki et al., 2010) to the FESIC model values. The FESIC model is within experimental error to most of 
the density and VP measurements of Shimoyama et al. (2016) and within experimental error to all density 
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Figure 3. Comparison of VP measurements (pentagrams) and the FESIC (filled circle) and FESIC_LP (open circle) 
mixing models to VP and density measurements from literature. (left and upper right) High pressure VP measurements 
of this study (black for liquid Fe-16.9 wt% Si and red for liquid Fe-10.7 wt% Si-0.82 wt% C) and of Terasaki et al. (2019, 
green for liquid Fe-17 wt% Si-10 wt% Ni and blue for liquid Fe-23.4 wt% Si-10 wt% Ni). Average temperature of the VP 
measurements of this study is 1606 K. Average experimental temperatures of Terasaki et al. (2019) are 1853 K for the 
VP measurements plotted in the left panel and 1874 K for the VP measurements in the upper right panel. (lower right) 
High-pressure density measurements of Morard et al. (2013) of liquid Fe-15 wt% Si-5 wt% Ni. (general) Dotted, solid 
and dashed lines represent EOSs of Fe-15 wt% Si-5 wt% Ni (see Table D1 of supporting information) with 'TK  ( /TK P 
at ambient pressures) of 11, 9, and 7, respectively. These lines are evaluated at 1700 K in the left panel, at 1900 K in 
the upper right panel, and at 2800 K in the lower right panel. Model values of the FESIC (filled circle) and FESIC_LP 
(open circle) ternary mixing models are evaluated at pressure and temperature conditions that correspond to the plotted 
literature measurements. For comparison to ternary Fe-X wt% Si-Y wt% Ni measurements, the FESIC and FESIC_LP 
models are evaluated at corresponding Fe-X wt% Si composition.
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measurements of Terasaki et al. (2010) (Figure 4, right panel). The VP of the FESIC model decreases with 
C-concentration at the <3.5 GPa pressures explored by experiments of Shimoyama et al. (2016) (Figure 4, 
upper left panel), whereas VP increases with increasing concentrations of C at pressure above ∼10 GPa 
(Figure 4, bottom left panel). This property of the FESIC model is consistent with the VP measurements on 
liquid Fe-4wt%C by Nakajima et al. (2015) at high pressures (7–71 GPa), although only half of the meas-
urements by Nakajima et al. (2015) are matched by the FESIC model to within the reported measurements 
errors. The density measurements of ternary Fe-Si-C alloys of this study that contain significant amounts 
of C (Exp1, 2, 4, 11, and 13) are matched by the FESIC model to within the measurement errors under the 
assumption of ideal mixing (Figure 1). The FESIC_LP model is identical to the FESIC model in the binary 
Fe-C domain.

We recall that there are no indications in the experimental data analysis that the sample was incompletely 
molten during the VP measurements that are performed at >3.5 GPa. Also, the FESIC model is in better 
agreement with the available measurements in literature of VP (Terasaki et al., 2019) and density (Morard 
et al., 2013) at high pressures that are relevant for Mercury's core compared to the FESIC_LP model. For 
these reasons, we consider the FESIC model as the preferred model for characterizing the liquid outer core 
of Mercury.

3.3. Comparison of Mixing Models

In this section, the mixing behavior of the light elements Si, C, and S with Fe liquid metal, as predicted 
by the FESIC model and mixing models of Terasaki et al. (2019), is discussed. The VP and density of the 
FESIC model vary almost linearly with (wt%) concentrations of Si and C (Figure 5). At 2000 K,  /P CV X  
increases with pressure from ∼−30 m·s−1 per wt%C at 5 GPa to  /P CV X  of ∼75 m·s−1 per wt% C at 35 GPa, 
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Figure 4. High pressure VP (left) and density (right) measurements of liquid binary Fe-C mixtures by Shimoyama 
et al. (2016; of Fe-3.5 wt% C) at average temperature of 1720 K, Terasaki et al. (2010; of Fe-6.7 wt% C, red) at 1973 K 
and Nakajima et al. (2015; of Fe-4 wt% C) at an average temperature of 2434 K (pentagrams). FESIC model values at 
pressure and temperature conditions that correspond to the experimental conditions of the literature data are plotted by 
filled circles. Solid lines represent pure Fe (Komabayashi, 2014) at 1750 K (VP, top left), at 2400 K (VP, bottom left) and 
at 1973 K (density, right). Dashed lines represent the FESIC model values at identical temperatures as the solid line for 
Fe-3.5 wt% C ( PV , top left), Fe-4 wt% C (VP, bottom left), and Fe-6.7wt%C (density, right, in red).
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and  / CX  decreases with pressure from ∼−53 kg·m−1 per wt% C at 5 GPa to ∼−86 kg·m−1 per wt% C at 
35 GPa. The change between a negative  /P CV X  at low pressure and positive  /P CV X  at high pressure is 
in line with the experimental VP measurements at low pressures (Shimoyama et al., 2016) and at high pres-
sures (Nakajima et al., 2015; Figure 4). Regarding the Fe-Si mixing, the FESIC model predicts a  / SiX  
of ∼−67 kg·m−1 per wt% Si that is independent of pressure, whereas  /P SiV X  increases with pressure from 
∼16 m·s−1 per wt% Si at 5 GPa to  /P SiV X  of ∼37 m·s−1 per wt% Si at 35 GPa. In the binary Fe-<25 wt% Si 
domain, the FESIC model is consistent with the nonideal mixing model of Terasaki et al. (2019) (differences 
are below 70 m·s−1 and below 0.15 g·cm−3). For Mercury's core, a Si concentration of the core higher than 
25 wt% is not expected (e.g., Knibbe & van Westrenen, 2018). Therefore, implementation of either Terasaki 
et al. (2019)'s nonideal Fe-Si mixing model or the FESIC model in interior structure models will lead to sim-
ilar inferences about Mercury. For Fe-(>25 wt%) Si compositions, Terasaki et al. (2019)'s nonideal mixing 
model yields up to ∼500 m·s−1 higher VP compared to the FESIC model. Experimental data in this compo-
sitional domain is, however, to our knowledge not available at high pressure.

At pressures lower than 5 GPa, the VP of Fe-rich metal decreases with increasing concentrations of S (Fig-
ure 5). This contrasts with the increasing influence of Si on the VP of Fe-rich metal. However, experimental 
data are indicative of a complex mixing behavior between Fe and S (Morard et al., 2018; Terasaki et al., 2019; 
Figure 5). According to the nonideal Fe-S mixing model of Terasaki et al. (2019), the VP peaks specifically in 
the 0–10 wt% S domain that is most relevant for Mercury's core, with pressures above ∼5 GPa. The density 
of Fe-rich liquid metal decreases strongly with S-concentration in the <10 wt% S and >30 wt% S domains. 
Density and is less sensitive to S in the compositional domain between 10 wt% S and 30 wt% S, according to 
the nonideal mixing model of Terasaki et al. (2019).

KNIBBE ET AL.

10.1029/2020JE006651

13 of 26

Figure 5. Comparison between the VP (left) and density (right) for mixing models between Fe-Si (black), Fe-C (blue), 
and Fe-S (red) at 2000 K. Solid lines represent values according to the FESIC model of this study (ternary Fe-FeSi-Fe3C). 
Dashed lines represent the nonideal mixing models of Terasaki et al. (2019).
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4. Interior Structure Models of Mercury
4.1. Presentation of Interior Structure Models of Mercury

The density of the mantle and the radius of the core of the interior struc-
ture models are constrained by the moment of inertia (I) and that of the 
outer solid shell (Im; Figure  6). Mercury's core radius varies between 
1,915– 1,965 km, 1,973–2,025 km, and 2,025–2,080 km, for interior struc-
ture models with the small (0.3323 MR2), central (0.3458 MR2), and large 
(0.3593 MR2) I, respectively. Within these ranges for the core's size con-
strained by I, the core radius increases with increasing Im from the small 
value of 0.1416 MR2 to the central value of 0.1475 MR2 and to the large 
value of 0.1539 MR2 (Figure 6).

The density of the mantle (i.e., the density of the outer solid shell below 
the crust-mantle boundary that is assumed at 2,400  km radius [Pado-
van et al., 2015]) is constrained to between 2.88–3.03 g·cm−3, 3.15–3.35 
g·cm−3, and 3.43–3.68 g·cm−3 for interior structure models with the small 
(0.3323 MR2), central (0.3458 MR2), and large (0.3593 MR2) I (Figure 6). 
Within these ranges for the mantle density constrained by I, the mantle 
density increases with increasing Im (Figure 6).

Geochemical studies indicate that Mercury's mantle is dominated by 
magnesium (Mg)-rich olivine and pyroxene minerals (e.g., Namur & 
Charlier,  2017; Namur et  al.,  2016; Vander Kaaden et  al.,  2017). The 
density of Mg-rich olivine and ortho - and clinopyroxene minerals that 
are proposed for Mercury's mantle ranges between ∼3.11 g·cm−3 and 
∼3.26 g·cm−3 (Stixrude & Lithgow-Bertollini, 2011; computed assuming 
Fe-free compositions). The specific density of the mantle depends on the 
thermal state of Mercury's mantle and on the specific mineral assem-
blage (see also Beuthe et al., 2020; Figure S4 of their supporting informa-

tion). The interior structure models with the central value of I thus have a mantle density that is in line with 
predicted mineral assemblages for Mercury's mantle.

If interior structure models of Mercury with the lower I are preferred, the density of the mantle must be 
lowered relative to such Mg-rich mineral assemblages. The mantle density can be lowered by the presence 
of graphite or calcium (Ca)-rich or Mg-rich sulfides in Mercury's mantle (Boukaré et al., 2019; Malavergne 
et al., 2014; Vander Kaaden & McCubbin, 2015; Weider et al., 2012). Graphite, CaS and MgS have densities 
of ∼2.1 g·cm−3, ∼2.6 g·cm−3, and ∼2.7 g·cm−3, respectively (Peiris et al., 1994; Vander Kaaden & McCubbin, 
2015). However, Mercury's surface rocks contain less than 4 wt% S and less than 2.3 wt% C on average (Nit-
tler et al., 2011; Peplowski et al., 2015). Consequently, to substantially lower the mantle's density by graphite 
or sulfides, these constituents need to be more abundant in the mantle compared to their abundancies as 
measured at Mercury's surface.

If the interior structure models with the large I are preferred, the density of the mantle must be higher than 
the density of Mg-rich olivine and/or pyroxene minerals. This can be achieved by Fe-rich material mixed in 
the mantle or by the presence of solid FeS in the outer solid shell (Boukaré et al., 2019; Hauck et al., 2013; 
Smith et al., 2012). Solid FeS has a density of ∼4.5 g·cm−3 at the pressure range of Mercury's mantle (Urak-
awa et al., 2004). There are, however, geochemical arguments that limit the abundance of FeS in Mercury's 
outer solid shell. The bulk amount S of Mercury inferred from chondritic compositions that are considered 
feasible for Mercury does not accommodate a solid FeS layer more than 90 km thick (Namur et al., 2016). 
Additionally, the concentration of titanium of Mercury's surface measured by MESSENGER is indicative of 
a solid FeS layer of at most 13 km thick, if present at all (Cartier et al., 2020).

The full range of Si concentrations for Mercury's core in the interior structure models of this study is be-
tween 0 wt% and 25 wt%. Interior structure models with the large I (0.3593 MR2), and correspondingly 
high mantle density (3.43–3.68 g·cm−3) and large core (2,025–2,080 km; Figure 6), make up the solution 
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Figure 6. The core radius (Rc) and mantle density (m, i.e., the density 
of the outer solid shell below the crust-mantle boundary assumed at 
2,400 km radius). Dashed lines represent the relation between Rc and m 
that is controlled by the assumed moment of inertia of the outer solid shell 
Im of 0.1416 MR2, 0.1475 MR2, and 0.1539 MR2 of the interior structure 
models (equation E2 of text E of supporting information). The green, blue 
and red lines represent the solution space of the interior models of this 
study with moment of inertia for Mercury I of 0.3323 MR2, 0.3458 MR2, 
and 0.3593 MR2, respectively. These values of Im and I equal the small, 
central and large values of the corresponding polar moments of inertia 
Cm and C calculated by Peale's equations (equations E13 and E14 of text 
E of supporting information). These values are obtained by propagating 
the ± uncertainty margins on Mercury's obliquity and the amplitude of 
Mercury's librations in longitude direction reported by Margot et al. (2012).
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space with high concentrations of Si in the core (Figure 7). Interior structure models with the central value 
of I (0.3458  MR2), and corresponding 3.15–3.35  g·cm−3 mantle densities and 1,973–2,025  km core radii 
(Figure 6), have intermediate concentrations of Si of up to 14 wt% in the core (Figure 7). Interior struc-
ture models with the small I (0.3323 MR2), and corresponding low mantle density (2.88–3.03 g·cm−3) and 
smaller core (1,915–1,965 km; Figure 6), make up the solution space with low (<4 wt% Si) concentrations 
of Si in the core (Figure 7). These (maximum for given I) Si concentrations in Mercury's core are obtained 
by interior structure models with C-free and S-free cores and with the lowest considered CMB temperature 
of 1650 K. The Si-concentration in the core is significantly lower for interior structure models that incor-
porate C and S as additional core constituents and for interior structure models with higher CMB temper-
ature. The maximum Si core concentrations for C-free and S-free interior structure models with the large, 
central, and small I of 25 wt%, 14 wt%, and 3 wt%, respectively, are lowered to 17 wt%, 11 wt%, and 2 wt%, 
respectively, if 1.5 wt% C and 2 wt% S are incorporated in the liquid core (Figure 7). The specific relation 
between CMB temperature and the core's composition depends on whether the core is fully liquid for the 
considered temperature range such that an increase of core temperature only influences the density profile 
through thermal expansion, or whether temperature additionally affects the size of the core. For the interior 
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Figure 7. The density of the mantle (i.e., the density of the outer solid shell below the crust-mantle boundary assumed at 2,400 km radius) (m) plotted against 
the Si-concentration of the core for interior structure models in the study. Interior structure models are C-free and S-free (upper left plot) or have additional 1.5 
wt% C (upper right and lower left plot) and 2 wt% S (lower plots) in the core liquid. Symbols indicate the planetary moment of inertia of the interior structure 
models I = 0.3323 MR2 (triangles), I = 0.3458 MR2 (circles), and I = 0.4593 MR2 (squares). Interior structure models have moment of inertia of the outer 
solid shell Im of 0.1416 MR2, 0.1475 MR2, and 0.1539 MR2. Interior structure models with the small Im have consistently lower mantle density than those with 
the central or large Im, as indicated by text and arrows in the upper left plot. Adopted CMB temperatures of between 1650 K and 2250 K (separated by 100 K 
intervals) are indicated by color. Interior structure models have core heat fluxes of 5 mW·m−2 and 12 mW·m−2. Interior structure models with 12 mW·m−2 heat 
flux consistently have a slightly lower Si concentration in the core than the interior structure models with 5 mW·m−2 heat flux, as indicated by text and arrows 
in the upper left plot. Figure E4 of supporting information shows these characteristics for interior structure models with 3 wt% C or 4.5 wt% C with and without 
additional 2 wt% S in the liquid outer core. CMB, core-mantle boundary.
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structure models plotted in Figure 7, models with CMB temperature of 2250 K have 8–14 wt% lower Si core 
concentrations compared to models with CMB temperature of 1650 K.

As discussed above, the size of the inner core is important for understanding Mercury's low-intensity mag-
netic field of broad-scale structure. Dynamo simulations with inner core radius smaller than ~1,200 km and 
with a stably stratified liquid core layer on top of the dynamo region have produced low-intensity and broad-
scale magnetic fields (Cao et al., 2014; Christensen, 2006; Christensen & Wicht, 2008; Manglik et al., 2010; 
Takahashi et al., 2019; Tian et al., 2015; Wardinski et al., 2020).

Only few interior structure models with binary Fe-Si core composition (C-free and S-free) of this study with 
the central or large I accommodate an inner core of <1,200 km in radius (Figure 8, upper left panel). For 
interior structure models with the central I, an inner core of <1,200 km in radius can only be met with a 
CMB temperature above ∼2150 K (Figure 8, upper left panel). These interior structure models have between 
5 wt% Si and 8 wt% Si in the core. Thermal evolution studies of Mercury yield present-day CMB-temper-
atures of Mercury between ∼1600 K and ∼2100 K (Knibbe & van Westrenen, 2018; Michel et al.,  2013; 
Tosi et al., 2013) and thus do not support CMB temperatures of >2150 K. Additionally, such high CMB 
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Figure 8. The radius of the inner core (Ri) plotted against the Si-concentration of the core for interior structure models in the study. Interior structure models 
are C-free and S-free (upper left plot) or have additional 1.5 wt% C (upper right and lower left plot) and 2 wt% S (lower plots) in the core liquid. Symbols 
indicate the planetary moment of inertia of the interior structure models I = 0.3323 MR2 (triangles), I = 0.3458 MR2 (circles), and I = 0.3593 MR2 (squares). 
The moment of inertia of the outer solid shell Im for these interior structure models takes values of 0.1416 MR2, 0.1475 MR2, or 0.1539 MR2. Interior structure 
models with the small Im have consistently slightly smaller inner core than those with the central or large Im, as indicated by text and arrows in the upper left 
plot. Adopted CMB temperatures of between 1650 K and 2250 K (separated by 100 K intervals) are indicated by color. Interior models have core heat fluxes 
of 5 mW·m−2 and 12 mW·m−2. Interior structure models with 12 mW·m−2 heat flux consistently have a slightly lower Si concentration in the core and smaller 
inner core compared to the interior structure models with 5 mW·m−2 heat flux, as indicated by text and arrows in the upper left plot. Figure E5 of supporting 
information shows these characteristics for interior structure models with 3 wt% C or 4.5 wt% C and with or without additional 2 wt% S in the liquid outer core. 
CMB, core-mantle boundary.



Journal of Geophysical Research: Planets

temperatures are supersolidus with respect to lithologies that are expected in Mercury's lower mantle (e.g., 
Namur et al., 2016). Unless a thermal boundary layer is present at the CMB with a temperature disconti-
nuity of several hundred degrees, CMB temperatures higher than 2150 K are expected to induce active vol-
canism from partial melting of the deep mantle. The geology of Mercury’s surface suggests that widespread 
volcanism has ended at around 3.6 billion years ago (Byrne et al., 2016). For interior structure models with 
the large I, an inner core of <1,200 km in radius can be met with CMB temperature above 1950 K (Figure 8, 
upper left panel). These interior structure models have between 11 wt% Si and 15 wt% Si in the core and re-
quire a dense mantle of between 3.43 g·cm−3 and 3.68 g·cm−3, as is discussed above. Thermal evolution sce-
narios have been presented with such CMB temperature of >1950 K (e.g., Knibbe & van Westrenen, 2018), 
but the dense FeS that may be needed in the outer solid shell to obtain such a high mantle density has a 
melting temperature of between 1500 K and 1700 K at the pressure of Mercury's deep mantle (Urakawa 
et al., 2004). Hence, a layer of FeS at the bottom of the outer solid shell (e.g., Smith et al., 2012) would be 
in liquid phase if CMB temperatures are higher than ∼1700 K (e.g., Michel et al., 2013) and would not take 
part of the librations of the outer solid shell. If FeS is present in the outer solid shell as an explanation for a 
high mantle density with such high CMB temperatures, the FeS must reside in the upper colder part of the 
mantle. This requires resistivity against gravitational sorting of the dense FeS (∼4.5 g·cm−3) and the silicates 
(3.11–3.26 g·cm−3) throughout the entire evolution of Mercury's mantle. To summarize, for a core of binary 
Fe-Si alloy, it is difficult to obtain a small radius (<1,200 km) of the inner core that is consistent with dyna-
mo simulations for Mercury's magnetic field (Figure 8, upper left panel).

Interior structure models with 1.5 wt% C and 2 wt% S in the core and with the central value for I are calcu-
lated with inner cores smaller than 1,200 km in radius with CMB temperatures as low as 1850 K (Figure 8, 
lower right panel). Fully liquid cores have been obtained for these models with CMB temperatures as low 
as 1950 K. Such CMB temperatures are in the warm range of present-day CMB temperatures obtained by 
thermal evolution studies for Mercury (1600–2100 K) (Knibbe & van Westrenen, 2018; Michel et al., 2013; 
Tosi et al., 2013). These interior structure models have mantle densities that are consistent with Mg-rich 
minerals that are inferred for the mantle of Mercury, as discussed above. These interior structure models 
with <1,200 km inner core radius have Si contents of the core lower than ∼7 wt%. Interior structure models 
with ternary (Fe-Si-C) or quaternary cores (Fe-Si-C-S) with the large I and <1,200 km inner core radius 
have up to 16 wt% Si in the core (for example the S-free interior structure models with 1.5 wt% C in the 
liquid core of Figure 8). CMB temperatures of these interior structure models span the entire range of CMB 
temperatures that are obtained by thermal evolution studies (Figure 8). Although these interior structure 
models have a denser outer solid shell compared to the density of Mg-rich minerals inferred for the mantle 
of Mercury, as discussed above, such interior structure models with relatively cold CMB temperatures may 
allow for a solid FeS layer to be present at the bottom of the solid outer shell.

Interior structure models with the small I have an inner core radius larger than ∼1,600 km (Figure 8).

4.2. Consequences of Core-mantle Coupling on Mercury's Interior Structure

The influence of core-mantle coupling on the obliquity   and on the amplitude of physical librations   
of Mercury's surface is examined in text E of supporting information. A gravitational torque exerted by 
an ellipsoidal inner core on the outer solid shell may increase   compared to the value calculated for a 
rigid planet by Peale's equation (Equation E13 of text E of supporting information; Peale et al., 2016). The 
magnitude of this influence on the interior structure models of this study is not well known (Text E of 
supporting information). Peale et al.  (2016) performed spin-evolution simulations on simplified interior 
structure models of Mercury to study this effect. For interior structure models that most closely resemble 
the interior structure models in this study, their spin-evolution simulations suggest that this coupling may 
increase   by more than the ±0.08 arcmin uncertainty margin of Margot et al. (2012), if the inner core ra-
dius is larger than ∼1,200 km (Figure E5 of supporting information). Such influence is much larger than 
the effect of an inner core on the obliquity of Mercury's surface that is calculated by Baland et al. (2017) of 
about 1% (0.02 arcmin) or less. If the larger influence by inner core coupling derived by Peale et al. (2016) 
would be accounted for, the interior structure models with the large I (0.3593 MR2) and a significant inner 
core would correspond to a surface obliquity that is larger than the 2.04 ± 0.08 arcmin measured by Margot 
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et al. (2012). Additionally, interior structure models with an inner core radius larger than ∼1,200 km and 
I smaller than the smallest value used in this study (0.3323 MR2) could be consistent with a surface obliq-
uity in the measured range of 2.04 ± 0.08 arcmin. Interior structure models with the small I presented in 
this study accommodate low amounts of light elements in the core (<4 wt% Si), have a larger inner core 
(>∼1,600 km in radius; Figure 7), and a low mantle density (2.88–3.03 g·cm−3; Figure 6). Interior structure 
models with smaller I than examined in this study would require an even larger inner core, a higher density 
than pure Fe for the core that is completely devoid of light core alloying elements, and require a further low-
ered mantle density. Hence, interior structure models that could be consistent with the measured obliquity 
of Mercury as a result of inner core coupling, but which are not spanned by the interior structure models of 
this study, are problematic in light of the present-day understanding of the planet.

Core-mantle coupling tends to decrease the amplitude of forced librations in longitude   for interior struc-
ture models with an inner core, compared to the value calculated by Peale's equation (Equation E14 of text 
E in supporting information; Van Hoolst et al., 2012; Dumberry et al., 2013). We use the same approach 
as in Rivoldini and Van Hoolst (2013) to estimate the influence for core-mantle coupling on   (Text E in 
supporting information). For interior structure models with the inner core radius smaller than 1,400 km, 
we obtained values of   for interior structure models of this study that are up to 1% (∼0.4 arcsec) lower 
than calculated by Peale's equation (Figure E7 of supporting information). For interior structure models 
with the inner core radius between 1,700 km and 1,800 km, we obtain values of   for the interior structure 
models of this study that are up to 4.1% (∼1.6 arcsec) lower than calculated by Peale's equation (i.e., the ± 
uncertainty as observed by Margot et al., 2012). This implies that the interior structure models of this study 
with the large Im (0.1539 MR2) and an inner core radius larger than ∼1,700 km may correspond to a libration 
amplitude of Mercury's surface that is by about 1.6 arcsec smaller than the reported lower observational 
limit for   of 35.9 arcsec of Mercury (Margot et al., 2012). This also implies that, interior structure models 
with an Im significantly smaller than the smallest value explored in this study (0.1416 MR2) and inner core 
larger than ∼1,700 km in radius could be consistent with the   of 38.5 ± 1.6 arcsec observed for Mercury 
(Margot et al., 2012).

5. Implications
5.1. Implications for the Bulk Composition of Mercury

The primitive (CB) bencubbinite chondrites (e.g., Weisberg et al., 2001) and EH enstatite chondrite (Cartier 
et al., 2014; McCoy et al., 1999) are strongly reduced. These chondrites are in various studies mentioned as 
compositional analogs for Mercury (e.g., Taylor & Scott, 2003). Although the origin of the CB chondrites is 
still under debate (Petaev et al., 2001; Weisberg et al., 2001; Weyrauch et al., 2019; and references therein) 
the CB chondrites have a metal to silicate ratio that is similar to that of Mercury. Accretion of this or a sim-
ilar chondrite type may explain the large Fe fraction of Mercury (Taylor & Scott, 2003). The EH chondrites 
have a much larger silicate fraction (70–80 wt%) than that of Mercury. An analogy between the EH and Mer-
cury requires the removal of silicates from Mercury or an enrichment of metallic Fe for Mercury to account 
for the planet's large Fe fraction of between 60 wt% and 80 wt%.

The detection of C on Mercury's surface has been interpreted as an indication that Mercury's metallic core 
could be saturated in C (e.g., Steenstra & van Westrenen, 2020; Vander Kaaden et al., 2020). This view has 
recently led to new estimates for the core composition of Mercury from assumed chondritic, including an 
EH chondrite-like or CB chondrite-like, bulk compositions of the planet (Steenstra & van Westrenen, 2020; 
Vander Kaaden et al., 2020). The Si and C core concentrations of an EH chondrite-like bulk composition of 
Mercury are estimated at 18.9 ± 1.8 wt% Si and 0.36 ± 0.19 wt% C by Steenstra and van Westrenen (2020), 
whereas Vander Kaaden et al. (2020) obtained Si and C core concentrations of 27 wt% Si and between 0.4 
wt% C and 0.5 wt% C. Assuming a CB chondrite-like bulk composition of Mercury, Si and C core concentra-
tions are estimated at between 4.5 wt% Si and 14.3 wt% Si and between 0.5 wt% C and 4.3 wt% C by Steen-
stra and van Westrenen (2020). The specific obtained core composition depends on the specific chondrite 
type (Cba or CBb) and whether the chondrite is C-saturated. Vander Kaaden et al. (2020) obtained between 
5 wt% Si and 18.5 wt% Si and between 0.8 wt% C and 4.0 wt% C in Mercury's core, from an assumed CB 
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chondrite-like bulk composition for Mercury. These studies are not in exact agreement about the estimated 
composition ofJurrien Sebastiaan Knibbe

Mercury's core, particularly when an EH chondrite-like bulk composition is assumed for Mercury. None-
theless, the estimated Si concentration of Mercury's core is consistently lower for an assumed CB chon-
drite-like bulk composition of Mercury compared to that estimated from an assumed EH chondrite-like 
bulk composition of Mercury.

The estimated core composition for an EH chondrite-like Mercury by Vander Kaaden et al. (2020) cannot 
be met by any interior structure model of this study. Only the interior structure models in this study with 
the large I (0.3593 MR2) and high mantle densities (3.43–3.68 g·cm−3) accommodate a Si content of Mer-
cury's core higher than 14 wt% Si (Figure 9). Only the colder (<1850 K CMB temperature) of those interior 
structure models, for which the inner core is larger than 1,200 km, have a core composition near that esti-
mated for an EH chondrite-like Mercury by Steenstra and van Westrenen (2020) (Figure 9). The relatively 
dense mantle and significant inner core size (>1,200 km in radius) of these interior structure models have 
direct implications for the mantle geochemistry and for the generation of Mercury's magnetic field, which 
is thought to be generated by a deep liquid dynamo layer (Cao et al., 2014; Christensen, 2006; Christensen & 
Wicht, 2008; Manglik et al., 2010; Takahashi et al., 2019; Tian et al., 2015; Wardinski et al., 2020).

The Si and C concentrations of Mercury's core that are estimated from assuming a CB-like bulk composi-
tion of Mercury are met by interior structure models of this study with the central I (0.3458 MR2; Figure 9, 
left). These interior structure models have mantle densities of between 3.15  g·cm-3 and 3.35  g·cm-3 and 
a S-free core composition in the range of Fe-(0-14 wt%) Si-(1-5 wt%) C. The C-concentration of the core 
strongly decreases with increasing Si concentrations of the core (Figure 9). Among these interior structure 
models, the interior structure models with a Si-poor core (<∼7.5 wt% Si) have an inner core smaller than 
1,200 km, whereas the Si-rich (>∼7.5 wt% Si) interior structure models have a larger inner core. The core 
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Figure 9. The composition of the bulk core of the interior structure models of this study. Symbols indicate the 
planetary moment of inertia of the interior structure models I = 0.3323 MR2 (triangle), I = 0.3458 MR2 (circles), and 
I = 0.3593 MR2 (squares). The left plot shows interior structure models with S-free core composition. The right plot 
shows interior structure models with 2 wt% S in the liquid outer core. Open symbols are used for interior structure 
models with a radius of the inner core larger than 1,200 km. Filled symbols are used for interiors structure models 
with an inner core radius smaller than 1,200 km. Translucent gray-scaled areas indicate the bulk core composition 
of Mercury from a CBa, CBb, or EH chondrite bulk composition of Mercury as estimated by Steenstra and van 
Westrenen (2020). The translucent red-scales area indicates the carbon concentration at graphite saturation (CCGS) 
estimated at 5 GPa and between 1700 K and 2200 K using the parametrization for CCGS of Steenstra et al. (2020). The 
influence of S is not incorporated in the parametrization for CCGS. Adopted CMB temperatures of between 1650 K and 
2250 K (separated by 100 K intervals) are indicated by color. CMB, core-mantle boundary.
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concentration of Si is lowered by about 3 wt% for interior structure models where 2 wt% S is added to the 
liquid outer core (Figure 9, compare left panel with right panel).

The interior structure models with the small I (0.3323 MR2) have less than 4 wt% Si and less than 2.5 wt% 
C in Mercury's core (Figure 9). These core compositions are outside the range of core compositions that are 
estimated by assuming EH chondrite-like and CB chondrite-like bulk compositions of the planet.

5.2. Implications for Mercury's Core Dynamo

A certain amount of S and/or C in the liquid core of Mercury appears to be necessary to obtain a small size 
of the inner core that is in line with published dynamo simulations for Mercury (Section 4). Both S and 
C (at the Fe-rich side of the Fe-Fe3C eutectic with corresponding C concentration of below ∼3–4 wt% C) 
partition preferentially into the core liquid. This partitioning behavior gives rise to compositional buoyancy 
upon inner core solidification which, in addition to thermal buoyancy, reigns the dynamics in the outer core 
of Mercury.

Figure 10 shows thermal and compositional buoyancy profiles of liquid cores with Fe-1.5 wt% C, Fe-3 wt% 
C, Fe-1.5 wt% C-2 wt% S, Fe-3 wt% C-2 wt% S, and Fe-5 wt% S composition, computed by the procedure of 
Christensen and Wicht (2008; Text G in supporting information). Because S partitions exclusively in the 
liquid outer core and strongly decreases the density of Fe-rich liquidmetal (Figure 5), the partitioning of S 
upon core solidification leads to a strong compositional buoyancy. Adding only 2 wt% S to the liquid core 
of Mercury gives rise to a compositional buoyancy at the inner core boundary that is more than two times 
the thermal buoyancy. In a liquid core of binary Fe-(1.5 or 3) wt% C, the compositional buoyancy is much 
weaker and of magnitude similar to that of thermal buoyancy (Figure 10). The compositional buoyancy is 
reduced in the upper region of the core compared to the lower region of the liquid core. This results from an 
assumed uniform compositional sink in the liquid outer core and neglecting compositional interaction with 
the mantle (Text G in supporting information). The thermal buoyancy profiles calculated here are strongly 
negative in the upper region of the core as a result of the subadiabatic heat flux at the CMB. Combined, the 
sum of compositional and thermal buoyancy (co-density) is negative (stabilizing) in the uppermost region 

KNIBBE ET AL.

10.1029/2020JE006651

20 of 26

Figure 10. Calculated buoyancy profiles of the liquid core. (left) Profiles of compositional buoyancy QC and thermal 
bouyancy QT (black solid) of liquid cores with 1.5 wt% C (blue dashed), 3 wt% C (blue solid), 1.5 wt% C and 2 wt% S 
(red dashed), 3 wt% C and 2 wt% S (red solid), and 5 wt% S (green). (right) Profiles of co-density buoyancy Q = QC + QT 
of the liquid core, of which QC and QT are shown in the left plot. Buoyancy profiles are calculated by the procedure of 
Christensen and Wicht (2008) (see Text G in supporting information). An inner core radius of 800 km is used in these 
calculations.
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of the liquid core. The negatively buoyant (stably stratified) region is smaller in scenarios with S in the liq-
uid core compared to if S is absent (Figure 10).

The co-density buoyancy approximation, that is, that the effective buoyancy is equal to the sum of com-
positional and thermal buoyancy, neglects that compositional diffusivity is several orders of magnitude 
higher than thermal diffusivity (e.g., Manglik et al., 2010, and references therein). Manglik et al.  (2010) 
showed double diffusive dynamo simulations with a strong compositional buoyancy component that have 
convective flows in the uppermost layer that lead to a stronger magnetic field of Mercury than is observed by 
spacecraft, even if this region would be stratified in the co-density approximation. Takahashi et al. (2019), 
however, published double diffusive dynamo simulations with thermal and compositional buoyancy, of 
which some simulations yielded a long-lived magnetic field that is consistent with the measurements of 
Mercury's magnetic field (e.g., the BU1 simulation of Takahashi et al., 2019). It is perhaps testable whether 
diffusive dynamo simulations with a large (representative for S-containing liquid cores) or a small (repre-
sentative for Fe-Si-C liquid cores) ratio of compositional to thermal buoyancy are preferential for obtaining 
a magnetic field of Mercury.

Interior structure models with more than 4 wt% C have a core composition at the C-rich side of the Fe-Fe3C 
eutectic. For such core alloy, C is not expected to fractionate preferentially in the liquid outer core. This 
would reduce (or perhaps completely remove) the compositional buoyancy in a ternary Fe-Si-(>4 wt%) C 
liquid core. Furthermore, Fe-snow scenarios with consequent strong compositional stratification in Mer-
cury's outer core have been proposed for binary Fe-S core alloy of Mercury. This may occur if the S concen-
tration in Mercury's liquid outer core is larger than ∼5 wt% (Dumberry & Rivoldini, 2015; Chen et al., 2008; 
Vilim et al., 2010). These scenarios are not examined here because such S-rich core composition are not in 
line with the inferred reduced nature of the planet (Chabot et al., 2014; Namur et al., 2016; Steenstra & van 
Westrenen, 2020; Vander Kaaden et al., 2020).

6. Summary
This study presents measurements of density by X-ray absorption techniques and of P-wave velocity (VP) by 
ultrasonic techniques of liquid Fe-(<17 wt%) Si-(<4.5 wt%) C alloys at pressures up to 5.8 GPa. The meas-
ured density decreases more strongly with increasing Si-concentration than suggested by measurements of 
Tateyama et al. (2011) and Sanloup et al. (2004). The density and VP measurements reported in this study 
are relatively consistent with the measurements of Terasaki et  al.  (2019) and Yu and Secco  (2008). The 
measured VP increases with Si concentration, which is consistent with Williams et al. (2015) and Terasaki 
et al.  (2019). The measured VP on near-binary Fe-17 wt% Si is, however, not sufficiently high to support 
the (low) densities of liquid Fe-15 wt% Si-5 wt% Ni measured at high pressures of 30–100 GPa by Morard 
et al. (2013). The experimental data are modeled by a ternary liquid Fe-Si-C ideal mixing model (FESIC). 
This model is consistent with literature data at ambient conditions and with literature high-pressure density 
and VP data of binary liquid Fe-C.

The FESIC mixing model characterizes the liquid core in new interior structure models of planet Mercury. 
The interior structure models are constrained by the planet's moment of inertia (I) and that of the outer sol-
id shell (Im), which are calculated from the measurements of Mercury's obliquity    and forced librations in 
longitude    (Margot et al., 2012). Small, central and large values of I and Im are used, which correspond to 
the ± uncertainty margins of the measured   and   by Margot et al. (2012). The computed interior structure 
models are most in line with the density of the mantle that is inferred from geochemical inferences of Mer-
cury's surface if the central value for I is adopted. These interior structure models can only accommodate 
an inner core of less than 1,200 km in radius, in agreement with published dynamo simulations studies 
on Mercury (e.g., Christensen, 2006; Christensen & Wicht, 2008; Takahashi et al., 2019), if S and/or C are 
present in Mercury's liquid core at the wt% level.

Interior structure models with the central value of I have a Si concentration of the core of below ∼14 wt% 
for binary Fe-Si core alloy. The concentration of Si in Mercury's core is significantly reduced if additional 
C or S is present in the core and if the inner core is small. The obtained abundances of light elements in 
Mercury's core are lower than that is estimated from metal-silicate fractionation of an EH chondrite by 
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Steenstra and van Westrenen (2020) and Vander Kaaden et al. (2020). A core composition of Mercury with 
lower concentrations in light elements, as inferred from assuming a bulk planet composition that is based 
on the CB chondrite, can be met by bulk core composition interior structure models that are calculated with 
the central value of I.

The presence of C and/or S in Mercury's liquid core likely goes paired with compositional buoyancy in the 
liquid core. The compositional buoyancy in an Fe-Si-C liquid core is similar in magnitude to that expected 
for thermal buoyancy. The compositional buoyancy is likely significantly larger than thermal buoyancy if S 
is also present in the liquid outer core of Mercury. These relations can be relevant for the understanding of 
dynamo generation in the liquid core of Mercury.

Data Availability Statement
Raw experimental data, the matlab code used for data-analysis, and the interior structure models of Mercu-
ry are published in the Zenodo online repository (Knibbe, 2020).
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