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Abstract 

Planet Mercury exhibits exotic characteristics compared to Earth. Its surface shows highly reduced lavas 

devoid of FeO (<1 wt%) and rich in sulfur (2 - 4 wt%). Its internal structure is also very different, with 

an enormous iron core and a thin mantle. An FeS layer, at the core mantle boundary, has also been 

proposed. These features make Mercury unique compared the other terrestrial planets. To understand 

processes that shaped the surface and the interior of the planet, we need information on the chemical 

behavior of elements under very reducing conditions. As these peculiar redox conditions are not met on 

Earth, the use of experimental petrology to constrain the partitioning of elements among the different 

reservoirs of Mercury is needed.  

In this thesis, we performed around a hundred experiments using various experimental apparatuses, 

spanning a large pressure and temperature range (0.0001 – 6 GPa and 1200 – 1700 °C) on powders 

whose compositions are representative of Mercury’s silicate part and lavas. The quenched products of 

our experiments show three equilibrated melts (metal, sulfide, and silicate) as well as solid Fe-free 

sulfides (CaS/MgS) and were used to calculate metal-silicate and sulfides-silicate partition coefficients 

for over 30 elements.  

We use U, Th and K partitioning data to determine the distribution of these heat-producing elements 

during primordial differentiation and partial melting of the mantle. We show that, based on the Th/U 

ratios measured on the surface, there cannot be an FeS layer formed in equilibrium with the silicate part. 

Moreover, we show that surficial K/Th and K/U are several times lower than expected from chondritic 

compositions. By modelling the distributions of Ti, Cr and Mn and comparing those values to their 

measured surface contents, we show that the residual mantle of Mercury after partial melting and 

production of the secondary volcanic crust should host a significant amount of CaS that incorporates Cr 

and Mn, but not Ti. In particular, Mn should be very compatible in the mantle, requiring the presence of 

alabandite (MnS). Finally, we show that the value of the difference of partitioning of two different 

elements in a sample is directly proportional to their difference in electronegativity. Based on a large 

dataset from the literature, we propose a new equation to predict metal-silicate partition coefficients 

with relatively high accuracy (σ~1-2 in natural logarithm) for a large number of elements, provided that 

the partition coefficient of at least one element in the studied sample is known to serve as a standard. 

  



    

 

 

Résumé 

La planète Mercure présente des caractéristiques exotiques comparée à la Terre. Sa surface est faite de 

laves formées en conditions très réductrices, très pauvre en FeO (<1 wt%) et riche en soufre (2 - 4 wt%). 

Sa structure interne est aussi très différente, avec un énorme noyau de fer et un fin manteau. L’existence 

d’une couche de FeS à l’interface noyau-manteau a aussi été suggérée. Ces caractéristiques font de 

Mercure un astre à part en comparaison des autres planètes telluriques. Afin de comprendre les processus 

géologiques qui ont mené à ce qu’on observe à sa surface, nous avons besoin d’informations sur le 

comportement chimique des éléments sous conditions très réductrices. Ces conditions redox uniques ne 

se rencontrent pas sur Terre, et la pétrologie expérimentale devient nécessaire afin d’étudier le partage 

des éléments entre les différents réservoirs de Mercure. 

Nous avons effectué une centaine d’expériences sur plusieurs appareils expérimentaux, couvrant une 

large gamme de pressions et de températures (0.0001 – 6 GPa et 1300 – 1700 °C) sur des poudres de 

compositions représentatives de la partie silicatée de Mercure et de ses laves. Les charges 

expérimentales produites présentes trois liquides en équilibres (métallique, sulfurée et silicatée) ainsi 

que des sulfures sans fer (CaS/MgS), et nous avons pu calculer pour une trentaine d’éléments les 

coefficients de partage entre les différentes phases en présence.  

Nous avons utilisé les données de partages de U, Th et K pour déterminer la distribution de ces éléments 

producteurs de chaleur durant la différenciation primordiale et la fusion partielle du manteau. Nous 

montrons, en nous basant sur le ratio Th/U mesuré à la surface, qu’une couche FeS formée en équilibre 

avec la partie silicatée ne peut pas exister. De plus, nos modèles montrent que les ratios K/Th et K/U 

sont inférieurs à ce qui serait attendu si les ratios initiaux étaient chondritiques. En modélisant la 

distribution de Ti, Cr et Mn et en comparant ces résultats avec leur concentration mesurée à la surface, 

nous montrons que le manteau résiduel de Mercure durant sa fusion partielle doit être composé d’une 

grande fraction de CaS, ce dernier incorporant du Cr et du Mn, mais pas de Ti. En particulier, le Mn 

devrait adopter un comportement très compatible dans le manteau, ce qui impliquerait la présence 

d’alabandite (MnS). Enfin, nous montrons que la valeur de la différence des coefficients de partage 

métal-silicate de deux éléments au sein d’un même échantillon est directement proportionnelle à leur 

différence en électronégativité. En nous basant sur une large base de données de la littérature, nous 

proposons une nouvelle équation pour prédire la valeur des coefficients de partage métal-silicate avec 

une exactitude de 1-2 σ (en logarithme népérien) pour un grand nombre d’éléments, pour autant que le 

coefficient de partage d’au moins un élément dans l’échantillon étudié est connu pour servir de standard.  
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General introduction 

Understanding the distribution of chemical elements between minerals and magmatic melts is 

fundamental in geology, for economic aspects and for fundamental scientific research. In planets, the 

elements are distributed among different reservoirs, the two most important in mass being the core and 

the silicate part. The incorporation of elements in those reservoirs has deep implications for the evolution 

of the planets as; for example, light elements in planetary cores change its melting temperature, delaying 

its solidification and thus impact on the thermal budget of the planet. The concept of behavior of 

elements stems from this distribution amongst the different reservoirs, as observed in meteorites 

(Goldschmidt, 1937): siderophile for those who concentrate in metals (i.e., the core), chalcophile for 

those in association with sulfur (i.e., sulfide layers), and lithophile for the elements concentrated in 

oxides and silicates (i.e., the silicate part). 

This work is centered on two main axes: first, we determined the behavior of a large number of elements 

under the conditions prevalent on Mercury during its formation, differentiation, and geological evolution 

using experimental petrology. Secondly, we applied these new data, in combination with the literature, 

to better understand the internal structure of Mercury, its volatile content, and the mineralogy and 

processes in the mantle.  

Mercury is a unique planet compared to its peers. Its very high density reflects its unusually high 

proportion of metal to silicate, which challenges models of planetary formation. Its volcanic surface, 

older than 3.5Ga, has not seen any resurfacing as observed on Venus, the Earth and Mars, which offers 

a unique chance to improve the constrains on early mantle processes and planetary formation. The latest 

probe to orbit the planet, MESSENGER, revealed key data that led to an improved understanding of the 

planet, especially its structure and silicate composition. The surface, rich in S (3 wt%) and poor in FeO 

(<1 wt%), is the product of volcanic processes that occurred under very reducing conditions (~IW-3 to 

~IW-7). The abundance of other volatiles, such as K, Na and Cl, also questioned the relevance of 

planetary formation models for planets formed so close to the Sun. 

One of the main unknowns regarding Mercury is the effect of its high sulfur content on mantle processes, 

and in particular the role of the Fe-free sulfides (CaS/MgS) that should be abundant in its silicate part. 

Another one is the effect of reducing conditions on the behavior of elements. While numerous studies 

have showed that elements become more siderophile (metal-loving) and chalcophile (sulfide-loving) 

with increasingly reducing conditions, there are still some elements whose behavior are poorly 

constrained, such as U and Th.  

The lack of sample from the planet has brought the need for experimental petrology to reproduce these 

unusual conditions, that are exotic relative to the oxidant Earth. In this work, we thus carried out 

experiments under low to high pressures (0.0001 – 6GPa), high temperatures (1300 – 1700) and very 
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reducing conditions (~IW-1 – IW-8) on powders whose compositions are representative of either the 

silicate part of Mercury or the lavas observed at the surface. The powders were doped in minor and trace 

elements, different sources of S were added (S, FeS, CaS) and the oxygen fugacity was kept low by 

varying the ratio of Simetal/Sisilica and keeping the same amount of Sitot. Those experiments have been 

used to tackle a range of subjects, leading to the following chapters: 

Chapter one introduces several concepts regarding the behavior, partitioning, and abundance of elements 

in planetary bodies of the solar system.  

Chapter two aims to give a comprehensive introduction on planet Mercury, discussing the history of its 

exploration, its internal structure, its surface composition and magmatic features, its magnetosphere and 

exosphere, as well as the different scenarios proposed to explain the formation of such a unique planetary 

body. 

Chapter three describes the methods used in this work to produce the data used in the discussion. 

Descriptions of the various apparatuses used are given, with an emphasis on the piston-cylinder and the 

evacuated silica tube. The analytical methods are also explained. An inventory of the samples produced 

and analyzed can be found at the end of the chapter.  

Chapter four discusses the work done on the distribution of heat-producing element (U, Th and K) 

between the core, the silicate part and the hypothetical sulfide layer on Mercury. The work focusses on 

demonstrating that the measured surface Th/U is incompatible with the existence of an FeS layer formed 

in equilibrium with the silicate part under reducing conditions. The volatility of Mercury is also 

discussed based on a comparison between the expected K/Th and K/U if Mercury formed from 

chondritic material versus what we measured on the surface. We conclude that there was probably a 

stark loss of K during the history of the planet, either during its accretion or from the action of the solar 

wind on its surface. This chapter is published in Icarus. 

Chapter five attempts to model the measured Cr/Ti and Mn/Ti ratios at the surface in order to constrain 

the mineralogy of the mantle. The abundance of these three elements in chondrites is relatively constant, 

and their behavior during core-silicate differentiation is easily modeled, so that we have a good idea of 

the expected concentrations of Ti, Cr and Mn in the silicate part. Thanks to the volcanic nature of the 

surface, which derives mainly from high partial melting of the mantle, we can constrain the mineralogy 

of the residual mantle that fits the observed ratios. Based on the Mn/Ti, Mn needs to be strongly 

compatible, so that Fe-free sulfides are probably abundant in the mantle (CaS and/or MgS), with MnS 

as an important accessory mineral, as observed in enstatite chondrites. The variation of the Cr/Si ratio 

measured at the surface with different degrees of partial melting is best explained by the presence of Cr-

rich sulfides (CaS and/or MgS) that melts with higher partial melting, releasing more Cr. Finally, we 

show that CaS should be the dominant Fe-free sulfide of the mantle based on the concentration of Ti, as 

CaS does not incorporate Ti. 
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Chapter six discusses the link between the electronegativity and the siderophile behavior of an element. 

Electronegativity, as defined by Pauling (1932), is the capacity of an element to attract and hold on to 

electron. By using the large number of metal-silicate partition coefficients for around 60 elements 

available from the literature, we show that their value is directly linked to oxygen fugacity and the 

electronegativity of the element. Moreover, in a single sample with fixed pressure and temperature 

conditions, the difference in the partition coefficient values of two different elements is directly 

proportional to their difference in electronegativities. As such, it is possible to predict the partitioning 

of many elements by knowing the partition coefficient of only one element. In practice, there are still 

some deviations observed between the predicted and the observed values for certain element, for which 

we provide some explanations that keep this theoretical relationship valid.  

Finally, there is a general conclusion, a glossary (for words marked with an asterisk *), the references, 

and the appendixes. Appendix A reports the development of a new experimental setup developed at the 

APS synchrotron in Chicago in 2019 (Pommier et al., 2021). Appendix B describes the experiments 

carried out at the University of California San Diego and at the Carnegie Institution for Science in 2019 

- 2020 and 2021, respectively, followed by the paper that resulted from the analyzes and interpretations 

of the samples produced (Pommier et al., 2023). Appendix C presents the paper in revision in 

Geochimica and Cosmochimica Acta on the work done by Cartier and co-authors on metal-silicate 

partitioning of Ni-Co (Cartier et al., in rev). Appendix D presents tables on the chemical compositions 

measured by EPMA and LA-ICPMS of previously unpublished experiments presented here. 



 Chapter 1: The behavior of elements 

16 

 

Chapter 1: The behavior of elements 

1.1 The classification of the elements 

As analytical methods developed throughout the twentieth century, it enabled scientists to measure 

precisely very low concentrations of elements, opening the way for quantifying trace elements in 

geological settings. They observed that almost all elements were present in natural rocks and minerals 

and that each one of them has different affinities within these phases. Some elements, such as platinum, 

were only present as traces in rocks, but were concentrated in native metals and iron meteorites. Based 

on these observations, Washington (1920) was the first to divide the elements in two classes: the rock 

elements, called “petrogenetic” and ore elements, named “metallogenetic”. He observed that, in nature, 

petrogenetic elements, such as Rb, Cs, Sr, Ba or Y, occurs as oxides, silicates, fluorides or chlorides, 

but almost never as sulfides or native metals. On the other hand, the metallogenetic elements, including 

Cu, Ag, Zn, Cd or Ga, are rarely found as silicates, oxides, fluorides or chlorides, but as sulfides or as 

native metals. While Washington (1920) observed some exceptions in his classification, such as the 

presence of sulfides formed by petrogenetic elements in meteorites, he did not make the link between 

change in redox conditions and the changes of elements behavior. Acknowledging the work from 

Washington (1920), Goldschmidt (1937) established his famous classification of elements between 5 

groups (Figure 1-1); siderophile (metal-loving), chalcophile (sulfur-loving), lithophile (rock-loving), 

atmophile (found naturally as gas) and biophile (elements that are the basis of life). His work was based, 

again, on the refinement of analytical methods, notably spectrographic analysis, optical and X-ray 

spectra. He explained the classification of the elements by the structure of their electron shells and their 

potential of ionization. He noted the importance of the geological context on the behavior of elements, 

such as the temperature and the degree of reduction of a system.  
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Figure 1-1: Periodic table showing the Goldschmidt classification of elements (data from Albarède, 2009). 

As shown by Gibson (1949), the distinction was made between partitioning of element during planetary 

differentiation, with siderophile elements in the core, lithophile in the silicate part, and chalcophile in 

an intermediate transition zone between the two, and mineral - melt partitioning during the subsequent 

crystallization. In the first case, the element’s electronic structure was determinant, while in the other 

one (i.e. in minerals), it was the valence and the ionic radius that were the key. While Goldschmidt 

established 3 rules to predict the mutual replacement of ions in magmatic minerals, they required 

modifications to account the rather numerous exceptions encountered in nature (Fyfe, 1951; Ramberg, 

1952; Shaw, 1953; Ringwood, 1955). 

 

1.1 The abundance of elements  

Much knowledge has been acquired on the abundance of elements since Clarke’s (1889) attempts to 

quantify the elements’ relative abundance. Clarke (1911) recognized the limitation of their knowledge 

in undertaking this endeavor; while the global composition of the oceans could be estimated, it was 

much more difficult for the crust. Not only was its thickness unknown, but estimating the proportion of 

igneous rocks, metamorphic rocks, and sedimentary rocks proved to be challenging, not to talk about 

the accuracy of measurements of the elements themselves. At the time, the presence of a core at the 

center of the Earth, containing iron and other elements, was not even a certainty. However, Earth being 
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a mixture of elements in equal proportion by weight could be excluded, as its density was lower than 

what would be expected in such scenario. Oddo (1914) and Harkins (1917) separately reported that 

elements with an even atomic number have higher relative abundance than the elements before and after 

in atomic number, that have odd atomic numbers (Figure 1-2); it was, for a time, considered that the 

relative abundance of elements should simply decrease with higher atomic number.  

 

Figure 1-2: Atomic abundances of elements in the solar photosphere as a function of their atomic numbers Z (from Lodders et 

al. 2009). 

The study of meteorites, especially chondrites, drastically improved the quest for the natural abundance 

of elements. Indeed, undifferentiated bodies dated back to the formation of the solar system are a lot 

more representative than the rocks on the surface of the Earth, which experienced loss of volatile during 

its formation, core-mantle differentiation, partial melting, and weathering (Goldschmidt, 1923; 

Goldschmidt, 1937; Suess and Urey, 1956). Goldschmidt, based on the hypothesis that the planet 

initially differentiated between a metal melt, a sulfide melt and a silicate melt, proposed that meteorites, 

which show the same three melts (more precisely three types of phases, namely silicates, sulfides and 

metals), could be used as a proxy to infer the chemical abundance of the Earth, bypassing the unsolvable 

problem of probing Earth deep interior.  
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1.2 Partition coefficients 

The partition coefficient of an element between two phases expresses the relative affinity of this element 

for the two phases. It is a dimensionless value, that vary from 0 (in theory strictly superior to 0) to 

infinity. It is expressed as the ratio of the concentration of an element E in phase A and B, such as: 

DE
A/B = [E]A/[E]B 

where DE
A/B is the partition coefficient, [E] is the concentration of element E in phase A and phase B. 

The most common partition coefficient, called Nernst coefficient, is calculated from the mass 

concentration of the element, but some calculate it from its molar concentration, which is then called 

molar coefficient. Partition coefficients are usually used to quantify the compatibility of an element in 

a mineral in equilibrium with a liquid (if the coefficient is above 1, it is compatible, and below 1 

incompatible), but it can also be used between two liquids. In this work, partitioning between silicate 

melts, sulfide melts and metal melts is frequently used. The compatibility of an element is also widely 

used in the context of partial melting: when a rock partially melts, an element can either mainly stay in 

the remaining rock, making it compatible, or it can mainly go into the melt, making it incompatible. In 

the same way, we can calculate the bulk partition coefficient of an element between the mantle and the 

melt, by summing the partition coefficient between each phase in the residual mantle and the melt, times 

their respective fraction. If it is above 1, the element is compatible during partial melting, while it is 

incompatible if it is below 1.  

Partition coefficients are experimentally determined, as their calculations necessitate measuring both 

the melts (or the glasses) and the mineral in equilibrium, which are rarely found in nature, except for 

some very rapidly cooled lavas. Moreover, experiments enable a precise control of intensive 

(temperature, oxygen fugacity) and extensive (pressure, composition) parameters. 

Partition coefficient determination is very sensible to extreme value. For example, elements that are 

highly siderophile, such as Nickel, will have a very high concentration in metal and a very low 

concentration in silicate melts, so that any slight error on the latter value will have strong effect on the 

final coefficient value. Concentrations close to the detection limit should be used with caution when 

calculating partition coefficients.  

 

1.3 Oxygen fugacity 

Oxygen fugacity, written fO2, is defined as the partial pressure of oxygen in a determined setup (typically 

in rocks in geological studies) corrected for the non-ideal behavior of the gas. The partial pressure of 

oxygen in rocks is very low, as almost all the oxygen is bound with cations in minerals or in silicate 

melts, and oxygen fugacity can be interpreted as the amount of free oxygen available in the system.  
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The concept was introduced by Eugster (1957). He discovered that controlling the partial pressure of 

oxygen (PO2) was necessary to experimentally synthetize ferrous biotite (annite), as failing to do so 

always produced magnetite and sanidine. He realized that the PO2 of his assemblage was too high, and 

that annite would only form below a certain PO2 value, which itself depends on the temperature. In order 

to do so, he created an assembly where the sample is placed in a Pt capsule, which is enclose in a gold 

tube filled with an oxygen buffer and water. As Pt is permeable to H2 but not to O2 and H2O, the 

dissociation of water caused by its equilibration with the buffer led to the migration of H2 inside the Pt 

cell, which binds with oxygen to form water, and thus decrease the amount of free oxygen in the sample. 

The term “oxygen fugacity” was later introduce by Eugster and Wones (1962), as fugacity is the correct 

thermodynamical word to use when discussing partial pressure of non-ideal gases. 

Since then, fO2 has been used extensively to estimate redox conditions of various systems, and it is an 

intensive parameter as important as temperature and pressure. While it can be expressed as an absolute 

value of partial pressure in oxygen, it is commonly compared to the value of a buffer. Buffers are 

reactions between solids and a fluid phase that induce changes in the oxidation state of an element. As 

long as all components of the reaction are present, their chemical potentials are constant and so they fix 

the oxygen potential (Eugster, 1977; Frost, 1991). As the values of buffers depend on temperature and 

pressure, they need to be calculated as well. Some common buffers include: 

Magnetite – hematite (MH): 4Fe3O4 + O2 = 6Fe2O3 

Ni – NiO (NiNiO): 2Ni + O2 = 2NiO 

Fayalite – magnetite – quartz (FMQ): 3Fe2SiO4 + O2 = 2Fe3O4 + SiO2 

Iron – wustite (IW): 2Fe + O2 = 2FeO 

Iron is widely used to estimate the oxygen fugacity of geological samples because it is a ubiquitous 

element naturally found in three different oxidation states (0, +2 and +3). This is the reason for its 

presence in most buffers used in geosciences to describe redox states. On Earth, surface rocks are mainly 

oxidized, while deeper in the mantle the conditions are more reducing (down to the IW buffer in the 

deep mantle, McCammon, 2005), and the redox state of most terrestrial rocks are usually expressed 

relative to FMQ (e.g., Haggerty, 1978). On Mercury, in meteorites and in our experiments, conditions 

are much more reducing and so it will be compared to the IW buffer.  

There is a section for each chapter of discussion in this work to detail how oxygen fugacity was 

calculated. In any case, it was calculated for all literature data using the same consistent method, based 

on the work of Prof. Olivier Namur (details can be found in Namur et al., 2016a). 
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1.4 The elements under reduced conditions 

As seen above, Goldschmidt established its classification based on the observed behavior of elements 

in nature, and he rightfully saw that some elements could belong to different classes. For example, iron 

is observed in metals, sulfides and in oxides and silicates. In this case, the oxidation state plays a crucial 

role on the metallic behavior of elements, as their reduction to the state 0 grants their incorporation in 

metal phases. The availability of free oxygen, measured by oxygen fugacity, is the main driver behind 

these changes in behavior: while decreasing oxygen fugacity directly decrease the oxidation state of 

elements, it also impairs the possibility for some cations to bind with oxygen, leading to an increase in 

chalcophilic behavior if sulfur is available (see Ringwood, 1955). In melts, the affinity of cations for 

anions is dependent on the difference in electronegativity; the largest the difference, the stronger the 

ionic bond is, so that the elements are firmly bound together (Ringwood, 1955; Barnes and Maier, 1999). 

This explains in a large part why the highly electronegative elements, which are highly siderophile, are 

also very chalcophile: they are the first to be deprived of oxygen, which “prefers” to bind with lower 

electronegative elements such as alkaline ones. More on this subject in Chapter 6:. 

The change in valence of elements with fO2 has been extensively studied and put in relation with their 

change in incorporation in silicates, sulfides and metals (e.g., Hillgren, 1991; Borisov et al., 1994; 

Holzheid et al., 1994; O’Neill et al., 1995; Gessmann et al., 1999; Papike et al., 2005; Cartier et al., 

2014a). In highly reduced systems, such as in meteorites, multi-valent elements such as Ti, V and Cr 

show lower valence in silicates than currently observed on Earth, thus changing their partitioning 

behavior as a function of the redox conditions (respectively Ti3+, V2+ and Cr2+, e.g., Papike et al., 2005; 

Righter et al., 2011; Sutton et al., 2022). The different valences of Ti (4+, 3+ and 2+), for example, 

changes the network and the liquidus of melts (Tranell et al., 2002 and references therein). 

On Earth, we find a large diversity of redox conditions, from the reduced lower mantle (around the IW 

buffer) to the very oxidized lamprophyres (~IW+8, Carmichael, 1991 and references therein; 

McCammon, 2005; Figure 1-3). On the other hand, chondrites, and particularly enstatite chondrites, 

present the most reduced rocks (Wadhwa, 2008), showing a mineralogy that is exotic to Earth, with 

abundant sulfides (Keil and Andersen, 1965; Mason, 1966; Keil, 1968; Skinner and Luce, 1971; Okada 

and Keil, 1982; Wadhwa et al., 1997; Keil, 2007). Estimation for Mercury’s oxygen fugacity ranges 

from IW-3 to IW-7 (McCubbin et al., 2012; Zolotov et al., 2013; Figure 1-3), much lower than rocks on 

Earth, and so we expect similar exotic mineralogies to be present on the planet. 
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Figure 1-3: Comparison of the redox state on different bodies of the solar system, relative to the iron-wüstite buffer. CAI: 

calcium-aluminium inclusion; EH4 and EL: enstatite chondrites; H: high metal chondrite; CO3: carbonaceous chondrite (from 

Cartier and Wood, 2019). Mercury’s oxygen fugacity is estimated between ~IW-3 to ~IW-7 (McCubbin et al., 2012).  

These very reducing conditions are accompanied by strong changes in elemental behavior, as seen in 

meteorites. Elements that are lithophile in most Earthly conditions partition into sulfides and metals 

under reduced conditions (e.g., Mason, 1965; Easton, 1985; Lodders and Fegler, 1993; Gannoun et al., 

2011). Experimental petrology was extensively used to understand the incorporation of such elements 

in these phases and to produce metal/silicate melt and sulfide/silicate melt partition coefficients (e.g., 

Kilburn and Wood, 1997; McCoy et al., 1999, Wohlers and Wood, 2017; Steenstra et al., 2020a). This 

enabled authors to better understand chondrites, planetary formation and the incorporation of elements 

in either the core, the sulfide melts when present, or the silicate part. Understanding the distribution of 

elements in planets is crucial to understand their structure and history. For example, the distribution of 

heat-producing elements (U, Th and K) has been used to predict the internal heat budget of Mercury’s 

interior as well as its mantle processes (Wohlers and Wood, 2015,2017; Boukaré et al., 2019; Boujibar 

et al., 2019; Mouser and Dygert, 2023). Other studies, such as Cartier et al. (2020) and Pirotte et al. 
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(2023), used respectively the fractionation of Ti/Al and Th/U between the different reservoirs during 

planetary differentiation to constrain the internal structure of Mercury. In this thesis, the use of 

experimentally determined partition coefficients is also used to constrain the mineralogy of Mercury’s 

mantle.  
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Chapter 2: Planet Mercury 

2.1 Introduction 

Mercury is a scorched planet. The surface is barren, composed of volcanic rocks. No atmosphere exists. 

Days last an eternity compared to Earth; almost 176 terrestrial days, due to the planet’s 3:2 spin-orbit 

resonance. Its surface offers a mix of different shades of grey, showing diverse morphologies, from lava 

plains to impact craters, ridges, mountains, highlands… But this world is also a complex puzzle, whose 

geology and chemistry are still largely unknown, that challenged our planetary formation models. This 

planet, devoid of the strong scientific and public interest that Mars enjoys, has still managed to gather a 

large community of researchers, which led to the sending of three probes to study it, despite the very 

high complexity of these missions. Indeed, reaching Mercury is hard; the planet lies deep inside the 

Sun’s gravity well*, so that the energy required to reach its orbit is tenfold that to reach Mars’. Complex 

orbital maneuvers are computed and executed to decrease this enormous energy requirement, using 

gravity assists*, which extend the trips to more than half a decade.  

This chapter aims to introduce several important aspects of the planet, and to provide an extensive list 

of references to delve deeper in the subject. It starts with a review of the exploration of the planet, and 

then focusses on its internal structure, geology, magnetic field, exosphere and surface composition. After 

the presentation of the current state of knowledge of the planet, the last section reviews the different 

proposed scenarios to explain its origin and formation. A comparison on some basic properties of the 

terrestrial planets in our solar system is shown in Table 2-1. 

Table 2-1: Comparison of some basic properties of the terrestrial planets, with "d" for Earth day and “h” for hour. Data from 

the Jet Propulsion Laboratory Horizons system. 

      Mercury Venus Earth Mars 

Mean Radius (km)   2440 6052 6371 3390 

Mass (in 1023 kg)   3.302 48.685 59.72 6.417 

Surface Gravity (m/s²) 3.701 8.87 9.82 3.71 

Density (g/cm³)   5.427 5.204 5.51 3.933 

Sidereal rotational period 58.65 (d) 243.02 (d) 23.94 (h) 24.62 (h) 

Sidereal orbital period (d) 87.97 224.7 365.26 686.98 

Mean solar day (d) 
 

175.94 116.75 1 1.03 

Mean temperature (°C) 167 462 15 -63 

Atmospheric pressure (bar) 5x10-15 90 1 0.006 
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2.2 Exploration 

2.2.1  Ground-based observations 

Mercury has been known since the antiquity. Its rapid apparent motion in the sky was associated with 

the divinity Mercury (Hermes for the Greeks), the wing-footed messenger of the gods. However, until 

the mid-20th century, the planet remained almost a mystery. Its observation with telescopes is difficult 

because of its size and its proximity to the Sun, which makes it only observable at dawn or dusk, when 

it is close to the horizon. Mapping of the planet from the ground was hard (e.g., Camichel and Dollfus, 

1968) and, even though some recent effort gave better results (e.g., Dantowitz et al., 2000), only 

spacecrafts were able to produce qualitative images of the surface. Nonetheless, radio observation of the 

planet from Earth gave significant information on its properties, such as its true rotation rate (Pettengill 

and Dyce, 1965) while ground-based spectrometers enabled the discovery of the main components of 

Mercury’s exosphere (e.g., Potter and Morgan, 1985). Radar altimetry from Earth was also important in 

understanding the morphology of the surface (e.g., Harmon et al., 1986). However, the great majority 

of our knowledge comes from the two spacecrafts that visited Mercury, namely Mariner 10 and 

MESSENGER. Another probe, BepiColombo, is on its way and should arrive in 2025. Future concepts, 

such as landers, are also being proposed by members of the scientific community, with the aim to reach 

Mercury’s surface in two decades.  

2.2.2 Mariner 10 

Mariner 10 was launched by NASA on the third of November 1973 from Cape Canaveral. It was the 

first spacecraft to aim for Mercury, and on the 29th of March 1974, it reached its destination. The use of 

gravity assists to decrease the energy requirement made it the most difficult mission at the time. Because 

of the enormous energy requirement to put an object in the planet’s orbit, the plan for the probe was to 

perform a fly-by*, which drastically reduced the need to transport fuel, but it also meant that there was 

a very short amount of time to collect data. After the launch of Mariner 10, Giuseppe Colombo, who 

was a mathematician and a mechanical engineer, calculated that Mariner 10 could intercept Mercury 

again after its first flyby with some minor course corrections. Thanks to its contribution, the probe 

managed to perform three flybys instead of only one, as planned. Thanks to this, the mission’s data 

output was greatly enhanced. 

The objectives of the mission were to study Mercury’s atmosphere, surface and physical characteristics. 

The cameras mapped half of the planet, showing a moon-like surface, with craters, ridges and mares, 

and a lack of atmosphere. The magnetometers detected a weak, peculiar magnetic field, which was 

unexpected, and the surface temperature was precisely determined with the radiometer, showing huge 

differences between nighttime and daytime, due to the aforementioned absence of an atmosphere. In 

particular, the planet’s density was precisely measured, which confirmed that Mercury must host a very 

large iron core. Finally, no natural satellite was found, which was still an unknown at the time (Murray 
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et al., 1974a). With these 3 flybys, Mariner 10 was able to give us a glimpse on this mysterious planet 

(see Strom, 1979 and Cremonese et al., 2007, for details on the mission).  

2.2.3 MESSENGER 

A long wait of 30 years separates Mariner 10 from MESSENGER, as technological advancements were 

direly needed to perform an orbital mission on Mercury (Cremonese et al., 2007). This second mission 

from NASA was highly anticipated, as its objective was to acquire a comprehensive set of data on the 

planet’s surface composition and features, its internal structure, its magnetic field and the interaction 

between the solar wind and the exosphere. The spacecraft carried a large number of instruments, and 

was designed to enter a stable orbit for several years (Solomon et al., 2001). The probe launched on the 

3rd of August of 2004, but this time, it took more than 6 year to attain Mercury’s orbit. This very long 

trip, compared to Mariner 10, was necessary to reduce the mass of propellant needed; by using gravity 

assists* from the Earth, Venus and Mercury itself, the spacecraft was able to reach the orbit of Mercury 

with a minimum of fuel, at the expense of a strong increase in travel time. MESSENGER entered orbit 

on the 18th of March 2011, and data acquisition started a few days later. It managed to mapped the entire 

surface in high resolution, revealing new surface features, such as vents and hollows. The X-Ray 

Spectrometer (XRS) and the Gamma-Ray Spectrometer (GRS) acquired compositional data of the 

surface, measuring elemental ratio relative to Si for Na, Mg, Al, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Th and U 

(see Nittler et al., 2018a; Nittler and Weider, 2019). One of the most surprising results were the very 

low surface FeO and the high content of volatile elements Na, Cl, K and especially S. The high sulfur 

content coupled with the low amount of FeO of the surface hinted to planetary scenarios of formation 

under very reducing conditions. However, it was (and still is) difficult to reconcile the high content of 

volatile on the surface with classic models of planetary formation in the solar system (see Charlier and 

Namur, 2019). Precise measurement of Mercury’s librations, as well as other physical parameters, 

improved our understanding of its structure. In particular, the size of the solid inner core is now getting 

constrained, and an FeS layer at the core-mantle interface was proposed (see Hauck and Johnson, 2019). 

MESSENGER really revolutionized our understanding of Mercury and planetary formation. 

2.2.4 BepiColombo 

BepiColombo is a joined mission led by ESA and JAXA. ESA and JAXA had respective plans to study 

Mercury by an orbiter since the nineties. At the start of the 2000s, the two projects were joined together, 

and the name of the mission was given in honor of Giuseppe Colombo. As such, it carries two modules, 

the Mercury Planetary Orbiter (MPO), built by ESA, and the Mercury Magnetospheric Orbiter (MMO), 

built by JAXA. The mission was successfully launched on the 19th of October 2018. The two probes 

carry almost 3 times the scientific payload of MESSENGER (120kg), and will complement the data 

produced by the latter. To reach its destination, the probes has to undergo multiple gravity assist, in the 

same manner as MESSENGER. It will put itself in orbit on the 5th of December 2025. The mission 
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should last until the 1st of May 2027 for the nominal mission, with a possible extension up to the 1st of 

May 2028. The two spacecrafts will produce new detailed data to help understanding the formation and 

evolution of Mercury, but also more generally planetary formation in proximity to the host star. They 

will acquire data on Mercury’s interior, surface, exosphere* and magnetosphere*. In particular, the 

Mercury Imaging X-ray Spectrometer (MIXS) and the Mercury Gamma ray and Neutron Spectrometer 

(MGNS) are expected to provide new surface data for Ni and P, and measures the concentration of other 

elements, such as U, Th and K at higher resolution than MESSENGER (Benkhoff et al., 2010, 2021; 

Baumjohann et al., 2020; Rothery et al., 2020).  

2.2.5 Proposed future missions 

Hauck et al. (2010) provided a detailed study on the feasibility of landing a probe on Mercury. They 

highlighted the difficulty of this endeavor. The main obstacle is the enormous quantity of energy 

required to land on the planet. Contrary to Mars or Venus, Mercury is devoid of atmosphere, so that any 

aerobraking* is prohibited. Instead, all the orbital velocity has to be lost by firing rockets, which increase 

the mass of the spacecraft significantly. Moreover, thermal challenges, already faced by MESSENGER, 

are increased as the spacecraft reaches the surface; it should land on a site in the sunset, with the night 

only a few Earth day away, to minimize the impact of heat on the probe. This requirement increases the 

difficulty to power the spacecraft, as it has to use another source than solar panels.  

Vander Kaaden et al. (2019) advocated for a sample return mission from Mercury, emphasizing that 

there are limits to the quality of data we can obtain from orbit measurements. Indeed, acquiring a sample 

and bringing back on Earth would enable the scientific community to perform the most extensive 

analysis on it (notably, isotopic ones), which would be an invaluable source of information for both the 

formation of Mercury and the solar system. The difficulty however is of an order of magnitude higher 

than the mission proposed by Hauck et al. (2010). Indeed, not only does the spacecraft need to land 

successfully and overcome the challenges exposed by Hauck et al. (2010), but it needs to launch back 

from the surface of Mercury, reach the orbit, depart from it and land on Earth. The energy requirement 

for such a task is enormous, which massively increase the weight of the lander, and thus the energy to 

land it on Mercury in the first place. 

More recently, Ernst et al., (2022) re-evaluated the proposal from Hauck et al. (2010) in light of the new 

technological advancements and economical context of today, incorporating the mission as part of the 

New Frontier program of the NASA. Their proposal includes a departing from Earth in 2035, with a 

cruising time of 10 years using electrical propulsion and gravity assists, aiming to land in 2045. They 

planned for an entire mercurial year of surface operation (88 Earth days) with a suite of 11 instruments 

to study the planet’s chemistry, structure, magnetic field and exosphere.  
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2.3 The peculiar internal structure of Mercury 

2.3.1  General background 

Early calculation of Mercury’s structure was based on erroneous estimate for the planet’s mass and 

diameter, and poor understanding of planetary composition. Before the contested measurements made 

by Rabe (1950), the density of Mercury was estimated to be low, between 3 and 4 g.cm-3 (e.g., Jeffreys, 

1937; Whipple, 1941; Smart, 1951). At the time, the core of Mercury was thought to be small or 

inexistent (Jeffreys, 1937; Birch, 1952), and thus that the planet was mainly made of silicates. During 

this period, many proposals were made regarding the interior of Mercury, such as Ramsey (1948, 1949, 

1950) who proposed that the core was made of a dense metallic phase of olivine, which was disputed 

by others (e.g., Birch, 1952). The important work of Urey (1952), Urey and Craig (1953) and Suess and 

Urey (1956), combined with the increased accuracy in measuring Mercury’s mass and radius (Rabe, 

1950; Dollfus, 1963) allowed for a renewed understanding of the interior of the planet; it appeared that 

it should be composed of a large core and a small mantle. For example, Plagemann (1965) calculated 

that the mantle should be 334 km thick. However, before the work of Pettengil and Dyce (1965), 

Mercury was thought to be tidally locked with Sun (i.e., the period of rotation is equal to the period of 

revolution), so that one hemisphere always bathes in sunlight while the other is perpetually in the dark, 

which led to incorrect interpretations for Mercury’s internal heat budget and mantle’s composition (e.g., 

Walker, 1960; McDonnald, 1963; Plagemann, 1965). After the discovery of Mercury’s true rotation rate, 

and before Mariner 10, the core radius was estimated to be around 1800 km with a 600 km silicate part 

(Lyttleton, 1969). The discovery of Mercury’s magnetic field by Mariner 10 confirmed that the planet 

was indeed differentiated, with a mantle estimated to be ~600 km thick (Strom, 1979). Harder and 

Schubert (2001) calculated that the mantle could be either 660 km thick (for a pure iron core) or absent 

(for a pure FeS core). The arrival of MESSENGER completely renewed the view of the structure of 

Mercury’s silicate part. Smith et al. (2012), based on radio tracking data from the probe, determined that 

Mercury has a thin silicate shell 410 ±37 km thick, ~30% lower than previous estimates. Concerning the 

crust, Padovan et al. (2015) calculated it to be 35 ±18 km, much lower than reported before (100-300km: 

Nimmo, 2002), but it is still the highest crust to mantle thickness ratio of the terrestrial planets. Finally, 

based on the new data from MESSENGER, an FeS layer at the core-mantle boundary was proposed 

(e.g., Malavergne et al., 2010; Smith et al., 2012). 

In summary, Mercury, like the 3 other terrestrial planets, is composed of a silicate crust, a silicate mantle, 

and a metallic core, but the planet has a unique structure. Its crust is very thick compared to the silicate 

part, its mantle is thin and, in opposition, its core is very large (Figure 2-1).  
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Figure 2-1: Comparison of the internal structure of the terrestrial planets. Upper left: comparison of the structure if all planets 

had the same radius. Center: comparison of the planets to scale.  

2.3.2 The core 

One of the most striking features of Mercury is its gigantic core. Early measurements show that the 

planet’s density is similar to Earth (~5.43 vs 5.514 g cm-3) even though it is smaller (~2440 km vs ~6400 

km). Because the materials are much more compressed in the center of the Earth than of Mercury 

(because of the difference in size), it means that Mercury needs a very large core to equal Earth’s density. 

Indeed, if we compare uncompressed densities*, Mercury is the densest planet (~5.3 g cm-3 vs ~4.4 g 

cm-3 for the Earth). Rivoldini et al. (2009) showed, based on models with different silicate and core 

composition, that its radius should be above 1828 km. Thanks to the new data provided by 

MESSENGER on the planet’s gravity field, its radius has been reevaluated to be ~2000 km (Hauck et 

al., 2013; Rivoldini and Van Hoolst, 2013). In particular, the core makes up 80% of the planet’s radius, 

~60% in volume, and ~75% in mass. In comparison, Earth’s core is 55% of the total radius, ~15% in 

volume and a third of its mass.  



 Chapter 2: Planet Mercury 

30 

 

The state of the core (solid or liquid) has been debated; Siegfried and Solomon (1974) argued that, if the 

core is made up of pure iron, it should have cooled down and solidified by now. Other, such as Fricker 

et al. (1976), stressed that the core could have retained a liquid outer part. The presence of light elements 

in the core, as observed on Earth (e.g., Poirier, 1995), could also strongly modify its thermal evolution. 

In particular, the presence of sulfur in the core, that accumulated during Mercury’s probable accretion 

from volatile-bearing planetesimals, could extend the presence of an outer liquid core up to this day 

(Schubert et al., 1988). While the detection of a magnetic field could be caused by a liquid core (by a 

dynamo effect, see section 2.6), it was not a sufficient argument as there were other ways to explain its 

origin.  

One key aspect to determine the structure of the core is to observe the planet’s orbital properties. 

Mercury has a 3:2 spin-orbit resonance; its means that for 3 rotations on itself it revolves 2 times around 

the Sun. Because of the planet’s equatorial ellipticity, reversing gravitational solar torques are applied, 

causing small deviations from the means rotations rate. These deviations are called forced librations, 

and they have an orbital period of ~88 days, which corresponds to the orbital period of Mercury 

(Dumberry, 2011, and references therein). Peale (1976) developed a new method to constrain the 

structure of the core by observing the dynamics of Mercury’s rotation; he found that the amplitude of 

these librations can be used to determine if there is a decoupling between a solid part (the mantle and 

the crust) and a liquid one (the core). Margot et al. (2007), using ground-based telescopes and data from 

Mariner 10, used this method and showed that the amplitude of the forced librations was twice as large 

as expected if the planet was fully solidified. This does not prevent however the presence of a solid inner 

core. The librations only hint at a decoupling between a solid mantle and a liquid part below it. Thermal 

models also support the idea of a (at least) partially solidified core due to planetary cooling (Solomon, 

1976; Stevenson et al., 1983). Moreover, surface features, such as lobate scarps, support a global 

contraction of the planet caused by the gradual solidification of the core (e.g., Strom et al., 1975; Watters 

et al., 1998, and references therein). There were several estimations of the planet’s contraction; between 

1 and 2 km for Strom et al. (1975), <1 km for Watters et al. (1998), up to 7 km for Byrne et al. (2014) 

using MESSENGER data, and, more recently, no more than 1 – 2 km (Watters, 2021). 

 A solid inner core, in addition to a liquid outer core, would also have its own librations, different from 

that of the mantle. Indeed, in the absence of a solid core, the amplitude of Mercury’s librations results 

solely from the librations of the mantle. If a solid core is present, its librations would affect the ones of 

the mantle, and we would see a difference between the observed and the predicted amplitude if the 

librations were coming only from the mantle. This effect would be negligible if the inner core is small, 

typically <1000 km (Veasey and Dumberry, 2011; Van Hoolst et al., 2012; Dumberry et al. 2013). The 

gravitational interaction between the mantle and the inner core would affects long terms librations, 

observable on a larger timescale (around a decade) (Dumberry, 2011; Veasey and Dumberry, 2011). 

Dumberry (2011), Van Hoolst et al. (2012) and Dumberry et al. (2013) proposed that a large core (>1000 
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km) could have effects measurable on the 88 days librations and that the effects would be more visible 

for long terms librations. Further effort to constrain the size of Mercury’s inner core have focused on 

modeling core cooling of different compositions and comparing the results with the observed physical 

parameters of Mercury and the observed planetary contraction. As of today, the proposed radius for the 

inner core ranges from 0 to ~1700 km (Knibbe and Van Westrenen, 2015, 2018; Knibbe et al., 2021; 

Goossens et al., 2022). The future data produced by BepiColombo are expected to better constrain 

Mercury’s structure, and especially its core (Genova et al., 2019; Steinbrügge et al., 2021).  

2.3.3  The FeS layer 

As Margot et al. (2007) showed the existence of a probable (partially) liquid core (see above), a pure 

metallic iron core on Mercury is then not possible, as it should have completely solidified by now 

because of the high melting point of pure iron (Siegfried and Solomon, 1974). Consequently, the 

incorporation of light elements, notably sulfur, seems probable (Stevenson et al., 1983; Harder and 

Schubert, 2001; Chen et al., 2008). Also, the very reduced conditions on Mercury should allow silicon 

to enter the metallic phase (McCoy et al., 1999; Gessmann et al., 2001; Malavergne et al., 2004; Berthet 

et al., 2008; Malavergne et al., 2010). However, there is a miscibility gap in the Fe-Si-S system at the 

pressures of Mercury’s core-mantle boundary; S-rich and Si-rich iron liquids coexists, and do not mix 

(McCoy et al., 1999; Malavergne et al., 2007; Berthet et al., 2008; Morard and Katsura, 2010). Based 

on these observations, Malavergne et al. (2010) were the first to propose the existence of a 

compositionally layered core, with an S-rich and a Si-rich iron parts. Because FeS is less dense than Fe-

Si, the S-rich liquid should rise and stay at the core mantle boundary, forming an FeS layer. Malavergne 

et al. (2010) performed mass balance modeling and estimated the thickness of this layer to be ~15 km if 

the planet formed from Bencubbinite chondrites or ~220 km if it formed from enstatite chondrites, which 

are richer in sulfur. Smith et al. (2012) showed that the presence of an FeS layer at the base of the mantle 

is consistent with models of Mercury’s gravity field, obtained with data from MESSENGER. Initially, 

other studies also considered the existence of a (thick) solid FeS layer (Hauck et al., 2013; Chabot et al., 

2014). It was also consistent with Mercury’s magnetic field measurements (Anderson et al., 2012). 

Namur et al. (2016) estimated, based on mass balance calculations of sulfur during the differentiation, 

that the thickness of the FeS layer should be comprised between 0 to 90 km. Cartier et al. (2020) modeled 

the evolution of the Ti/Al ratio during differentiation. They calculated that Ti, which is slightly 

chalcophile under Mercury’s redox conditions, should partition into the FeS layer and thus decrease the 

remaining silicate Ti/Al. By comparing the surface Ti/Al with their model, they showed that the 

existence of an FeS layer formed in equilibrium with the silicate part is improbable. In the same way, 

Pirotte et al. (2023) showed, based on the Th/U ratio, that the existence of an FeS layer is only possible 

if the conditions were more oxidizing (>IW - 4) or if the bulk planetary Th/U was sub-chondritic. As 

the existence of an FeS layer formed in equilibrium with the silicate part requires the planet to be initially 

saturated in sulfur, it is probable that Mercury was in fact undersaturated. However, all these scenarios 
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considered the formation of an FeS layer during differentiation, that formed in equilibrium with both 

the core and the silicate part. It still possible to have an FeS layer formed by exsolution of the liquid Fe-

Si-S core during the inner core crystallization. Indeed, as the Fe-Si core crystallize, S is rejected to the 

outer liquid part, and accumulates. Once it reaches saturation in the Fe-Si-S liquid core (Morard and 

Katsura, 2010), FeS is exsolved from the core and, by density, forms a layer atop the core and below the 

now solidified mantle (Charlier and Namur, 2019; Pirotte et al., 2023). In this case, the layer would 

absorb chalcophile elements from the core; on the reducing conditions of Mercury, this would deplete 

the core in U and Th which partition more into FeS than metal (Pirotte et al., 2023).  

2.3.4 The silicate part 

2.3.4.1 The magma ocean 

The different possible scenarios for the formation of Mercury are exposed in section 2.8. Here, the goal 

is to describe the planet’s state just after accretion, when the temperature was so hot that the surface was 

completely molten, forming what is known as a magma ocean. Exposing the proposed scenarios for 

Mercury’s magma ocean is important to understand the composition and structure of the mantle and the 

crust, which is covered in the section 2.3.4.2. 

The concept of magma ocean arose after Apollo 11 brought anorthositic rocks back from the moon. To 

explain their surprising presence on the Moon, Wood et al. (1970) proposed that a layer of anorthosites 

floated on a primordial planet-wide magma made of denser gabbro. Subsequent papers investigated the 

concept (e.g., Wood, 1975; Walker et al., 1975; Solomon and Longhi, 1977; Minear and Fletcher, 1978) 

and expanded it to other terrestrial bodies (e.g., Anderson, 1981; Nibset and Walker, 1982; Warren, 

1985). The partial or complete melting of planets during their formation is caused from the combined 

effect of radiogenic heating produced by short-lived radioisotope (such as Al26) and the enormous kinetic 

energy released during accretional impacts. Taylor and Norman (1992) gave a definition for magma 

oceans: they must behave rheologically as a liquid (<50% crystal) and entirely cover the body over a 

substantial depth (>10%). It is now accepted that all terrestrial planets and the moon experienced a 

magma ocean early in their history (e.g., Warren, 1985; Solomatov, 2007; Brown and Elkins-Tanton, 

2009).  

The crystallization of the magma ocean is a crucial step in planetary evolution, as it controls the initial 

silicate differentiation (i.e., formation of the mantle and the crust) and the formation of the primary (or 

primordial) crust. The turbulent convection expected to occur in a magma ocean leads to its cooling and 

crystallization (e.g., Solomatov, 2007; Maurice et al., 2017). On Mercury, crystallization probably 

started at the bottom of the magma ocean and upwards (“bottom-up” crystallization, Elkins-Tanton, 

2012). The crystallization can be either fractional or at equilibrium. Fractional crystallization means that 

the crystals are separated from the melt, which makes its composition evolves with further 

crystallization. Equilibrium crystallization happens when the entrainment of the crystals causes them to 
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always be in equilibrium with the liquid. The first case leads to a differentiated solid mantle, while the 

second case leads to a homogeneous one (Elkins-Tanton, 2012; Tosi and Padovan, 2021). 

The observed crustal composition on the surface of Mercury does not match with a primordial quench 

crust, made of solidified (quenched) magmatic material (Charlier et al., 2013). Depending on the 

concentration of iron in the magma ocean and the melt fraction, crystallizing minerals like plagioclases 

may rise and float on top of it, forming a primary crust (like on the moon, e.g., Warren, 1985; Figure 

2-2). However, the low-FeO content of Mercury tends to show that no rock-forming mineral could be 

buoyant in respect with the coexisting magma ocean (Riner et al., 2009; Brown and Elkins-Tanton, 

2009; Vander Kaaden and McCubbin, 2015). Only graphite could rise and form a primary crust, as 

hypothesized by Vander Kaaden and McCubbin (2015).  

 

Figure 2-2: Formation of a primary (flotation) crust and a secondary crust. A) Magma ocean, no crust. B) Crystallization of 

light minerals that rise through a dense magma ocean, and form a primary flotation crust. C) Complete solidification of the 

mantle. D) Partial melting of the mantle, creating lavas that erupts on the surface and forms the secondary crust. Impacts can 

reveal the previous, buried primary crust. On Mercury, the primary crust is thought to be made of graphite, which was the only 

buoyant mineral in the FeO-poor magma ocean (see Vander Kaaden and McCubbin, 2015). 

Similarly, depending on the FeO content of the residual magma ocean during its fractional 

crystallization, an overturn phenomenon could have happened, where shallow dense cumulates, formed 

from FeO-rich residual melt, are overlying light crystals (Figure 2-3). If there is no convection present, 

this gravitational instability is resolved by an overturn, where the denser minerals sink, which leads to 

a stable stratification (Riner et al., 2009; Brown and Elkins-Tanton, 2009; Mouser et al., 2021). 

However, the FeO-poor nature of the mantle may hinder overturns from FeO-rich cumulates. 
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Figure 2-3: Sketches of an overturn. A simplified density profile is also present on the right (“d”). Light green: the crystallizing 

magma; dark green: mantle cumulates. A: mixed magma ocean. B: FeO-poor minerals cumulates crystalize. C: the density 

profile reached a tipping point, the FeO-rich magma is no longer stable above the less dense cumulates below. D: the overturn; 

overlying dense crystals sink while underlying light crystals rise, leading to a mixed mantle. 

The cooling-rate of a magma ocean is critical on the future dynamics of the planet’s mantle. Fast-cooling 

would favor overturns, as convection has no time to set in. On the other hand, slow cooling magma 

ocean would lead to convection and crystallization to happen simultaneously. Several factors can 

decrease the cooling rate of magma oceans, such as the presence of a primary crust (Elkins-Tanton et 

al., 2011; Mouser et al., 2021) or the presence of a dense, primitive atmosphere (e.g., Elkins-Tanton, 

2008; Zhang et al., 2022). The low thickness of Mercury’s silicate part would impair the triggering of 

convection, and so formation of a primary lid as well as overturn leading to a stratified mantle are 

favored by Tosi and Padovan (2021). The presence of a stratified mantle has been linked with surface 

compositional heterogeneities, where different lavas would come from the partial melting of a deep 

mantle and a shallower one, different in composition (Charlier et al., 2013; Namur et al., 2016b).  

On Mercury, sulfides might play a key role in the dynamics of Mercury’s silicate part. As the surface 

lavas are rich in sulfur (up to ~4wt%, Nittler et al., 2011), the mantle should contain between 7 to 11 

wt% of S (Namur et al., 2016a). Boukaré et al. (2019) showed that sulfide layers could form in Mercury’s 

magma ocean and, depending on their incorporation of heat-producing elements (HPE), could provide 

significant amount of heat to melt neighboring rocks. The redox conditions and the bulk sulfur content 

determine the thickness and the depth of formation of these layers, while the (still poorly unconstrained) 
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density of the sulfides determine if they would sink (or stay where they formed) or float. They notably 

discussed the peculiar case of a floating pure-sulfide primary crust, concentrating the HPE near the 

surface. However, they showed that the underneath S-free mantle could still be convecting if the initial 

S content of the planet is low (between 0 and 3 wt% depending on the oxygen fugacity), despite the 

presence of this lid. Moreover, sulfides, depending on their density, could also be responsible for 

overturns in the magma ocean, if there are dense sulfides emplaced at shallow depths or light sulfides at 

deeper depth, causing gravitational instabilities (Mouser and Dygert, 2023).  

2.3.4.2  The mantle and the crust 

Ringwood (1966) hypothesized that Mercury’s silicate part should be mainly composed of Ca and Al 

silicates, while Lewis (1972) proposed that it should be made of Fe-free magnesium silicates, and almost 

devoid of alkali, sulfur and FeO. There were also doubts on the possibility and the duration of 

convections on such a thin mantle, which affects the duration of planetary volcanism. Mantle convection 

needs thermal energy, which can be provided by two sources: the release of heat from the core, and from 

heat-producing elements (HPE: U, Th and K) in the mantle. Prior to MESSENGER, the concentration 

of heat-producing elements in the mantle was unknown; depending on the model of formation, Mercury 

could be lacking K (Weidenschilling, 1978), lacking U and K (Fegley and Cameron, 1987), depleted of 

U, Th and K (Wänke and Dreibus, 1988) or enriched in them compared to Earth (Lodders and Fegley, 

1998). While a very hot Mercury after accretion was probable, leading to convection in the mantle early 

on, the quantity of heat-flux from the core after this period was difficult to estimate (Redmond and King, 

2007; Breuer et al., 2007). Depending on models, convection could still happen to this day (Redmond 

and King, 2007) or have ceased some time after the Late Heavy Bombardment (Hauck et al., 2004).  

Generally, crust on terrestrial bodies are divided into three categories: primary (or primordial), 

secondary and tertiary. Primary crusts are the result of the solidification of the magma ocean, secondary 

from the partial melting of the mantle, and tertiary from the remelting of the secondary crust (Taylor 

and McLennan, 2009). MESSENGER confirmed the volcanic nature of the crust (Head et al., 2008, 

2011; Denevi et al., 2009, 2018; Byrne et al., 2018), and so it should be mainly of secondary origin, 

while darker material and the high carbon content of the surface has been interpreted as remnants of the 

primary graphite crust proposed by Vander Kaaden and McCubbin (2015), extruded by deep meteoritic 

impacts (Denevi et al., 2013; Murchie et al., 2015, 2019). Contrary to Earth, there is no crustal recycling 

on stagnant-lid* body such as Mercury. The crust is representative of the whole magmatic history of the 

planet. In this light, the determination of the thickness of the crust and the age of surface lavas places 

powerful constrains on mantle processes. Indeed, the high thickness of the crust compared to the mantle 

(~10%, compared to ~1% on Earth, Padovan et al., 2015) and the old age of the crust (end of effusive 

volcanism around 3.5Ga, Byrne et al., 2016) hint toward a rapid and efficient crust emplacement.  
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There are two way for a planet to release heat: by conduction or convection in the mantle, with 

conduction being a fairly inefficient process to lose heat compared to convection. A useful way to 

quantify the convective character of a planet is to use a dimensionless value called the Rayleigh number 

(Ra), developed by Rayleigh (1916). Convections can happen if Ra is superior to a critical value, called 

Rac. Ra mainly depends on the thickness of the convecting layer (i.e., the thickness of the mantle), the 

viscosity (i.e., the composition of the mantle) and the difference in temperature between the top and the 

bottom (i.e., the internal heating). The new compositional data of the surface showed that the surface 

was rich in volatile, confirmed its Fe-poor nature, and that HPE concentrations was similar to other 

terrestrial bodies (Nittler et al., 2011; Peplowski et al., 2011; see Section 2.5). Based on the new data, 

the range of mantle viscosity and the production of heat from HPE was revised, and Michel et al. (2013) 

proposed that mantle’s convections should have lasted for a long time on Mercury, maybe even to 

present-day. On the other hand, Tosi et al. (2013) advocated for a cessation of convecting activities after 

3-4 Gyr. Guerrero et al. (2021) showed that the mantle of Mercury underwent a transition from a 

convecting to a conductive regime at least a billion years ago, and that it could explain the observed 

magnetic field and match the constrain on the size of the inner core. One key difference between 

Mercury and other bodies is the FeO-poor mantle, which has a high thermal diffusivity, which is crucial 

for the thermal cooling of the core and its subsequent crystallization (Guerrero et al. 2021). Boukaré et 

al. (2019), while exploring the effect of sulfides on the mantle dynamics (see previous section) proposed 

that sulfides could inhibit convection if they are concentrated in the shallow mantle, by concentrating 

the HPE, or enable sulfide-plumes convections if they reside at the core-mantle boundary. Recently, 

Mouser et al. (2021) demonstrated the effect of sulfur on melt viscosities. It seems that higher S content 

decreases viscosity, but as higher S content in the silicate melt correlates to lower oxygen fugacity (see 

Namur et al., 2016a), it is somewhat difficult to clearly distinguish the effect of S and fO2. They stressed 

that the presence of a flotation crust has dampening effect on the mixing of the mantle, leading to its 

heterogeneity. In conclusion, the duration of convection on Mercury is still debated, even though it 

seems reasonable to assume that the early mantle was convecting. More experimental data are needed 

to constrain the parameters necessary to calculate the Rayleigh number.  

The composition of Mercury’s mantle has been inferred from surface lavas’ composition. One of the 

key features of the surface is the presence of different geochemical terranes (e.g., Weider et al., 2015). 

There were several processes invoked to explain these differences. The melting of a homogeneous 

mantle at different depth and time was suggested (Weider et al., 2012), but it is not favored anymore 

because it cannot account for the strong compositional differences of the lavas (Charlier et al., 2013). 

Charlier et al. (2013) identified two mineralogical groups on the surface of Mercury and proposed a 

heterogeneous mantle to explain their formation. Indeed, they cannot be related by fractional 

crystallization of a common mantle. They considered a lherzolitic (ol + opx + cpx) and a harzburgitic 

(ol+ opx) source, that produced lavas by partial melting from adiabatic decompression. Namur et al. 
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(2016b) also identified heterogeneous mantle sources as the cause for the diverse composition of the 

basalts, confirming the conclusions of Charlier et al. (2013). However, they showed that the sources 

should be of lherzolitic composition only (albeit different), on the basis of new compositional data for 

Na2O, so that a strictly harzburgitic component was not necessary. In summary, the history of Mercury’s 

magmatism is linked to its cooling history, with the oldest lavas coming from deep and high temperature 

partial melting, while the youngest were formed from shallower and cooler sources (Namur and Charlier, 

2017). Finally, it is important to note that giant impacts, such as the Caloris basin, probably heated the 

mantle below, leading to renewed volcanic activity (e.g., Roberts and Barnouin, 2012). 

 

2.4 Surface features 

The first observations of Mercury were made by telescope. The planet, due to its proximity to the sun 

and its size, is difficult to optically observe from Earth. Nonetheless, photographs of the planet have 

been made during the 20th century and, based on those, cartographic works (Figure 2-4) (e.g., Camichel 

and Dollfus, 1968; Murray et al., 1972). 

 

Figure 2-4: Map of Mercury from photographs taken by ground-based telescopes (from Murray et al., 1972). 

As seen in Figure 2-4, the quality of the photographs was not good enough to distinguish any significant 

feature. The flybys of Mariner 10 provided the first qualitative imaging of the surface. The probe was 

able to image ~45% of the planet (Figure 2-5), which allowed for true cartographic and features 

characterization works to start. Early reports focused on the apparent similarities between the surface of 

Mercury and the moon (Murray et al., 1974a, 1974b). They identified craters, impact basins and plains. 

They also identified irregular (lobate) scarps*, absent in the moon’s morphology (Murray et al., 1974a). 

Main features were recognized, characterized and named, such as the Caloris Basin, the largest structure 
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observed by Mariner 10 (Murray et al., 1974b; Morrison, 1976), and various geological maps were 

constructed (e.g., Trask and Guest, 1975).  

What particularly distinguishes Mercury from the other terrestrial planets were its tectonic features; 

there is widespread evidence for contractional tectonics resulting from the diminution of the planet’s 

radius (Strom et al., 1975). It was confirmed that there never was an atmosphere on Mercury (at least 

not for the last ~4 billon years) as the surface features, such as the craters, present no trace of wind 

erosion (Murray et al., 1975). The plains were recognized to be probably of volcanic origin (Murray et 

al., 1975; Robinson and Lucey, 1997), but the data from MESSENGER would be crucial to resolve the 

issue. Indeed, the plains Apollo 16 landed on were thought to be of volcanic origin, but upon further 

investigation, it was found that they were the product of impact-related processes (Head, 1974). This 

led to comparison of plains from the moon and Mercury, and to the interpretation that mercurian plains 

were formed by similar processes, namely by ballistic erosion and sedimentation (Oberdeck et al., 1977). 

Further Earth based imaging occurred after Mariner 10 while waiting for the MESSENGER mission, 

that tried to fill in the gaps of Mariner 10’s surface imaging (e.g., Dantowitz et al., 2000; Mendillo et 

al., 2001). A review of the geology of Mercury before the MESSENGER mission can be found in Head 

et al. (2007). 

 

Figure 2-5: One of the first published photographs obtained by Mariner 10. The similarities with the Moon are apparent. Note: 

the spin-rotation axis is from left to right on this photograph (modified from Murray et al., 1974a). 

MESSENGER produced high-resolution images that cover the entirety of the planet (e.g.: Solomon et 

al., 2008; Head et al., 2008; Denevi et al., 2009). This input of new data widely expanded the knowledge 

of Mercury acquired by Mariner 10. As of today, the main geomorphological units are defined as follow: 

the smooth plains, that have a flat surface, and a low crater density; the intercrater plains, filled with 

small carters (5-15km in diameter), found between large craters and basins; and finally, the impact 

craters (Prockter et al., 2016; Denevi et al., 2018; Domingue et al., 2019).  



 Chapter 2: Planet Mercury 

39 

 

The crust appears to be mostly of volcanic origin, ending the debate set by Mariner 10 (Head et al., 

2008, 2011; Denevi et al., 2009, 2018; Byrne et al., 2018). The smooth plains, which cover a quarter of 

the surface, are the result of effusive volcanism (Denevi et al., 2013), and the intercrater plains are also 

of volcanic origin (Whitten et al., 2014). In fact, evidence suggest that a global resurfacing period of 

volcanic origin happened during the late heavy bombardment (Marchi et al., 2013). Moreover, proofs 

of explosive volcanism have been found (Head et al., 2008; Blewett et al., 2009), with identification of 

pyroclastic deposits, volcanic vents and a shield volcano (Figure 2-6; Head et al., 2009; Kerber et al., 

2011; Thomas et al., 2014a; Rothery et al., 2016). However, some doubts still persist on the formation 

mechanism of these vents, as their rarity is unusual considering the widespread volcanism on Mercury’s 

surface (Wright et al., 2018). The explosive volcanism reflects the composition of mercurian lavas, 

which appear to be rich in volatile (see section 2.5). In particular, Weider et al. (2016) proposes that S 

and C depleted deposits could be the result of the oxidation of these elements (and thus the formation of 

volatile species) during magma ascent, via processes similar to explosive volcanism on Earth.  

Widespread effusive volcanism on Mercury probably stopped around 3.5 Ga, as evidenced by crater 

size-frequency distributions techniques (Byrne et al., 2016). Using recent craters, Banks et al. (2017) 

estimated that pyroclastic eruptions continued well after 3.5 Ga, up to 280 Ma. The origin of the late-

stage volcanism on Mercury has been put in relation with impact processes (Byrne et al., 2016; Jozwiak 

et al., 2018). Indeed, internal cooling of one-plate planets* leads to compressional tectonics and 

lithospheric stresses that inhibits surface volcanism (Solomon, 1978). Impacts promotes magma ascent 

by relaxing compressive stresses, removing overburden, and fracturing the lithosphere (Byrne et al., 

2016).  
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Figure 2-6: Example of explosive volcanism on Mercury. a) emplacement of the three vents seen in b), c) and d). The bright 

regions visible in panel a) are interpreted as pyroclastic deposits, and are called faculae. In panel b), the green and red circles 

outline the primary and secondary impact craters, respectively. Figure from Thomas et al. (2014a). 

Blewett et al. (2011) were the firsts to describe hollows, which are rimless shallow depressions of 

irregular shapes, with a flat interior. Their spectral reflectance is high, surrounded with a diffuse bright 

halo. Their size varies from tens of meters to several kilometers across (Figure 2-7), and they are usually 

associated with impact structures (Blewett et al., 2011, 2013, 2016). Blewett et al. (2011) hypothesized 

that they might still be forming to this day because of their fresh appearance. They are thought to be 

caused by the release of volatile from the ground, leading it to crumble and creating depressions. Several 

(concomitant) processes have been proposed, such as; sublimation (Blewett et al., 2011, 2013; Thomas 

et al., 2014b), various space weathering processes (see Section 2.7; Blewett et al., 2011, 2013), 

pyroclastic volcanism heating the volatiles (Blewett et al., 2013; Thomas et al., 2014b), or destruction 

of graphite by proton bombardment (Blewett et al., 2016). Lucchetti et al. (2018) recently summarized 

their formation as being the combination of 1) the volatilization of some materials, which forms a 

depression 2) the widening of this initial depression, as deepening is no longer possible due to the upper 
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material consisting now of volatile-poor material. It is in agreement with the work of Blewett et al. 

(2013, 2016).  

 

Figure 2-7: Hollows on the surface of Mercury (modified from Blewett et al., 2011). 

While hollows may be the best example of Mercury’s richness in volatiles, the chaotic terrains at the 

antipode of the Caloris basin may also be evidence of the abundance of volatiles. This part of the surface 

is characterized by hilly and lineated terrains, with deep depressions and the disruptions of pre-existing 

landforms (Schultz and Gault, 1975; Lü et al., 2011). Rodriguez et al. (2020) proposed that the formation 

of this region is linked to the evacuation of volatiles within the crust by sublimation, caused by the 

presence of magmas below. The important fracturing of the crust, probably caused by the Caloris impact, 

promoted the loss of volatile species, which fragilized the terrain and led to its collapse (Figure 2-8).  
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Figure 2-8: Formation of chaotic terrains. The loss of volatile from the basal volatile-rich layer creates instabilities for the 

terrain above, causing collapses (from Rodriguez et al., 2020). 

As discovered by Mariner 10, the dominant tectonic features are of contractional origins; lobate scarps*, 

wrinkle ridges* and high-relief ridges*. Extensional features were only found in the interior of the 

Caloris basin, notably grabens* (Watters and Nimmo, 2010, and references therein). MESSENGER 

considerably extended the inventory of extensional faulting, with the identification of other grabens and 

graben complexes in numerous basins, such as Caloris, Rachmaninoff and Rembrandt (e.g., Watters et 

al., 2009; Blair et al., 2013; Ferrari et al., 2015). Moreover, the new images of the surface enabled the 

study of the distribution of the contractional features. Their origin is still debated, with possibly multiple 

formation processes involved, notably global contraction, tidal despinning (i.e., slowing of the rotation 

of the planet), or even mantle convection (Giacomini et al., 2020 and references therein). Indeed, the 

distribution and orientation cannot be explained by either global contraction or tidal despinning alone 

(Watters et al., 2015), which makes evaluation of the global contraction difficult. The estimation of 

Mercury’s contraction, caused by the core solidification, has produced very different results (1-2km: 

Strom et al., 1975; up to 7 km: Byrne et al., 2014; no more than 1 – 2 km: Watters, 2021). It was also 

found that contraction is still likely happening to this day (Banks et al., 2015), with some features being 

less than 50 Ma (Watters et al., 2016). In this light, Watters (2021) favors a scenario where Mercury’s 

interior is cooling slowly to explain the low contraction of the planet, either by insulation of the core by 

an insulating FeS layer (see Pommier et al., 2019) or a tick megaregolith (see Grott et al., 2011; Zhang 

et al., 2013). 
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Polar craters of Mercury host a large amount of volatile, as they are permanently shaded regions (PSR)*. 

While Thomas (1974) suggested that water ice could be present in polar PSR, its first detection at the 

North pole was obtained by earth-based radar almost 20 years later (Harmon and Slade, 1992; Paige et 

al., 1992; Slade et al., 1992; Butler et al., 1993). Further radar studies demonstrated the presence of 

frozen volatiles (including water ice) at both poles (Harmon et al., 2011; Chabot et al., 2018), and 

MESSENGER confirmed these findings (Paige et al., 2013; Chabot et al., 2014; Chabot et al., 2016; 

Chabot et al., 2018). 

Some more anecdotical features have also been observed. Xiao and Komatsu (2013) identified central 

pits in craters, which was surprising at first as they were thought to be formed from volatile-rich crust, 

and it led to comparative study with other bodies and a better understanding of this phenomenon (Barlow 

et al., 2017). Ejecta flows and landslides in craters were also observed (Figure 2-9) (Xiao and Komatsu, 

2013; Brunetti et al., 2015). Finally, Zharkova et al. (2020) provided detailed information regarding the 

textures of the regolith.  

 

Figure 2-9: Landslide morphologies in Mercury's craters. 1) Large landslide. 2,3,4) smaller rock fall evidence (from Brunetti 

et al., 2015). 
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2.5 Composition 

The first spacecraft to make direct measurement of Mercury’s surface composition was MESSENGER. 

Mariner 10, the first spacecraft to reach the planet, did not possess any instruments capable of directly 

measuring the surface composition. Instead, it was only able, using its camera, to image around 45% of 

the planet’s surface, which gave the impression that it was very similar to the Moon (Cremonese et al., 

2007). So, before MESSENGER, all surface composition data came from Earth-based observations. The 

electromagnetic radiations received from Mercury by the Earth comes from the reflected light of its 

surface and the emitted radiations from the Sun’s heating of the surface (Vilas, 1988). The proximity of 

Mercury to the Sun makes it difficult to observe, as measurements are only possible during daylight or 

twilights, but observations in ultraviolet, visible and near-infrared lights gave insights on the surface 

composition. Because of Earth’s atmosphere, a lot of data processing is necessary, and it limits the 

amount of information that it is possible to acquire. For example, the water present in Earth’s atmosphere 

has absorption features that partially cover the absorption spectrum of Fe2+ (Vilas, 1988). Ground-based 

observations showed that the surface is composed of silicate materials, probably plagioclase-rich 

(anorthite) and poor in FeO (Vilas, 1988; Blewett et al., 1997 and references therein). Other information 

on the surface’s compositions acquired from Earth were obtained from the identification of exospheric 

species. The exosphere of Mercury contains Na, K, and Ca, which should be derived from the surface 

(Nittler et al., 2018a, and references therein; Nittler and Weider, 2019; see section 2.7). For more 

information on Earth-based observations of Mercury, see Murchie et al. (2018, 2019). 

MESSENGER was equipped with instruments capable of determining the elemental composition of the 

surface. Three main instruments were used: the X-Ray Spectrometer (XRS), the Gamma-Ray 

Spectrometer (GRS), and the Neutron Spectrometer (NS). Solar flares were required to measure heavier 

elements with the XRS, such as Ca, Ti, Cr, Mn and Fe; normal solar conditions only enabled 

MESSENGER to measure Mg, Al and Si (Nittler et al., 2011, 2018a; Weider et al., 2012, 2014, 2015). 

The cartography of elements at the surface was also highly dependent on the orbit of the spacecraft; 

because it was in an elliptical, polar orbit, it spent a short amount of time over the northern hemisphere 

at close distance, and a longer time over the southern hemisphere at further distance. This translates in 

more detailed cartography but incomplete coverage of heavy elements for the northern hemisphere, as 

the spacecraft spent less time over it, and were able to acquire heavy elements data less often as solar 

flares are rare. For the southern hemisphere, there are more data but with a worse spatial resolution. The 

GRS, on the other hand, is not dependent on the solar activity. It measured surface concentration of C, 

O, Na, Al, Si, K, S, Cl, Ca, Fe, Th and U (Peplowski et al, 2011, 2012, 2014, 2015; Evans et al., 

2012,2015). The elemental cartography is however limited to the northern hemisphere, because of the 

elliptic orbit. Finally, the NS detected water (as ice) in permanently shadowed craters located in the 

poles, as well as C (Lawrence et al., 2013; Peplowski et al., 2016). Because K, Th and U naturally decay, 

they were the only elements where absolute abundance could be accurately calculated. The other 
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elements are usually expressed as ratio of Si, because it is abundant on the surface and measured by both 

the XRS and the GRS.  

There were several surprising results from MESSENGER data. First, the surface was actually rich in 

volatiles, as shown by its content in Na, Cl, S and K, which discarded the formation scenarios 

envisioning a volatile-free Mercury (see section 2.8). S, in particular, has an average surface content 

equivalent to bulk chondrites, at around ~2-4% (Nittler et al., 2011). This concentration is largely above 

the surface of other terrestrial planets, including Mars, which is volatile rich (Figure 2-10) (Namur et 

al., 2016a).  

 

Figure 2-10: Abundances of sulfur in different bodies and settings found in the solar system. The symbols show average 

concentration, and the vertical line 1σ standard deviations (from Namur et al., 2016).  

Secondly, while Mercury has been thought to be similar to the Moon in many ways, its surface 

composition is actually different; it has a higher Mg/Si and lower Al/Si, and its Fe abundance is very 

low (<2wt%), with only <1 wt% of FeO, meaning that some amount of Fe must be included in sulfides 

or as a metal phase (Murchie et al., 2015). The data for minor elements, such as Ti and Cr, have recently 

been reinvestigated and new, more detailed concentration data were produced (Cartier et al., 2020; 

Nittler et al., 2023). For Mn, only a few concentration data points were produced, during solar flares 
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(Nittler et al., 2018a). Finally, carbon could be an important component of Mercury’s surface, with an 

average upper limit of ~4 wt% (Peplowski et al., 2015). Based on these data, the global composition of 

rocks on the surface can be described as alkali-rich komatiites/boninites, enriched in S and Fe-poor 

(Vander Kaaden and McCubbin, 2016; Peplowski and Stockstill-Cahill, 2019; Morlok et al., 2023). 

Komatiites are very refractory rocks, only found on Earth during the Proterozoic and the Archean. They 

are mainly characterized by a very high MgO (> 18wt%), low SiO2 (<52 wt%) and low TiO2 (<1 wt%) 

contents, while boninites are characterized by MgO and SiO2 contents of >8 wt% and <52 wt% 

respectively (Le Bas, 2000). 

The composition of the surface is not homogeneous, and several compositional distinct regions were 

determined (Figure 2-11) (Peplowski et al., 2012, 2015; Weider et al., 2012, 2014, 2015; Vander Kaaden 

et al., 2017).  

 

Figure 2-11: Elemental weight ratios maps of Mg/Si (above) and Al/Si (below). Mg/Si varies from 0.14 to 0.80, while Al/Si 

changes from 0.11 to 0.36, showing clear and distinct geochemical terrains (from Weider et al., 2015). 
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It is important to note that authors realized the geochemical terranes do not exactly match the 

geomorphological units (Peplowski and Stockstill-Cahill, 2019; Figure 2-12). While the names and 

extents of these terranes vary with different authors, the main recognized ones are the Low-Mg Northern 

Volcanic Plain (Low-Mg NVP), the High-Mg Northern Volcanic Plain (High-Mg NVP), the Smooth 

Plains, the Inter Crater Plains and Heavily Cratered Terrains (IcP-HCT), and the High-Mg Province 

(e.g., Weider et al., 2015; Vander Kaaden and McCubbin, 2016; Peplowski and Stockstill-Cahil, 2019) 

 

Figure 2-12: Geochemical terranes identified by Peplowski and Stockstill-Cahill (2019), which is consistent with the previous 

work of Vander Kaaden et al (2017), albeit for two regions. Some geomorphological regions are superposed to the terranes. 

IHK: intermediate, high-K; HAI: high-Al; N-LMg: low-Mg North ; N-HMg: high-Mg North; RB: Rachmaninioff basin; HMg: 

high-M terrane; LMg-HAI: low-Mg, high-Al (from Peplowski and Stockshill-Cahill, 2019). 

As instruments onboard MESSENGER only gave elemental data, it is difficult to infer the mineralogy 

of the surface. Moreover, the crystallinity of the rocks (how much of the surface is made of quenched 

glass or crystal) is unknown. Early work by Stockstill-Cahill et al. (2012) and Charlier et al. (2013) 

determined that the surface of Mercury should be dominated by high-Mg, low-Ca pyroxene and 

plagioclase. Namur and Charlier (2017) further investigated the issue, showing heterogeneities in the 

mineral composition of the surface between different regions; the Borealis Plain (known before as the 

Northern Volcanic Plains, NVP) and the Smooth Plains are dominated by plagioclase, the High-Mg 

Province by forsterite, and the Intermediate Plains by forsterite, plagioclase and enstatite. Diopside and 

quartz are also silicate components of Mercury’s mineralogy.  

One of the most exotic features of the mineralogical assemblage is the probable presence of sulfides at 

the surface, which is supported by MESSENGER data (Evans et al., 2012; Vilas et al., 2016; Namur 

and Charlier, 2017), even though Sprague et al. (1995) hypothesized their presence before. Because of 

the very reduced conditions on Mercury, the solubility of S in silicate melts increases up to several 
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percent (Namur et al., 2016a). Lavas could either transport sulfur to the surface as S2- in the melts 

(Zolotov, 2013; Namur et al., 2016) or as sulfide droplets (Malavergne et al., 2014). The correlation 

between S and Mg and Ca has been interpreted as the presence of MgS and CaS sulfides on the surface 

(Evans et al., 2012), and subsequent crystallization of S-rich lavas at the surface could be responsible to 

the formation of (Ca,Mg)S (Cartier and Wood, 2019). Localized presence of MgS or CaS could be 

explained by volcanic activity, where sulfides would be brought as slags deposits in hollows (Helbert et 

al., 2013; Vilas et al., 2016; Varatharajan et al., 2019; Renggli et al., 2022). Regarding chlorine, another 

volatile, it could be contained in magmatic formed halide (such as halite, sylvite or lawrencite), while 

apatite, mica and amphibole have been ruled out as host phases (Evans et al., 2015). 

Finally, McCubbin et al. (2017) proposed that a significant part of the surface is made up of metallic 

materials to explain the low O/Si ratio of the surface measured by the GRS. They calculated that there 

should be 12-20% metallic phases of Si-rich, Fe-Si alloys. The formation of these alloys are most 

probably the results of space weathering and smelting by carbon. Iacovina et al. (2023) favored the 

smelting hypothesis during magmatic eruption for the formation of these alloys. 

 

2.6 The magnetic field 

Before Mariner 10’s flybys, little was known on Mercury’s magnetic field*. There was no experimental 

data to exploit, but some observations hinted toward the absence of a magnetic field. It was thought that 

the very slow rotation of the planet might hinder the generation of a magnetic field, and the absence of 

detection for nonthermal radio emission from Mercury was consistent with the non-existence of a 

magnetic field (Ness and Whang, 1971). However, it was believed that a magnetic field could still be 

produced by the interaction of the solar wind with a dense atmosphere (Ness and Whang, 1971). Despite 

it has been shown, by the late sixties, that the atmosphere of Mercury was very thin (e.g., Belton et al., 

1967; see the section 2.7), there were still possibilities to form a magnetic field from a rarified 

atmosphere (Banks et al., 1970). In any case, the view at the time was that Mercury was similar to the 

Moon in many ways, and so it should also be, as the Moon, devoid of a magnetic field (Ness and Whang, 

1971). Mariner 10 produced an unexpected result; it observed a clear bow shock*, the magnetopause* 

boundaries and part of the magnetotail*, showing that Mercury possesses a weak, dipolar magnetic field, 

of intrinsic origin (Ness et al., 1974; Ness et al., 1975). Indeed, as opposed to Venus, where a 

magnetosphere is produced by atmosphere-ionosphere* interactions, the magnetic field on Mercury 

should come directly from the planet (i.e., intrinsic) (Broadfoot et al., 1974; Howard et al., 1974; Ness 

et al., 1975). The data from MESSENGER brought new insights into the field’s morphology. While it 

is similar to Earth in many ways, it also has some highly unusual characteristic; it is surprisingly weak 

(~1% of Earth’s strength), its dipole has a northward offset from the geographic equator of ~500km, and 

it is axisymmetric (the dipole is aligned with Mercury’s axis of rotation) (Anderson et al., 2011). Several 
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factors can contribute to the intrinsic magnetic field: remnant crustal magnetizations (as on Mars), 

induction currents, and a core dynamo (as on Earth). 

Crustal remanence from a past magnetic field has been proposed to explain the weak magnetic field 

(Stephenson, 1976; Srnka, 1976). Others pointed toward a possible incompatibility of crustal remanence 

with the hot temperatures on Mercury’s surface, as they could be close to the Curie temperature (the 

temperature where magnetism is lost, Schubert et al., 1988). Aharonson et al. (2004) showed that the 

present magnetic field could be generated in the crust if it contains rocks capable of sustaining high 

magnetizations, or if the planet had had a dynamo field more intense than Earth. However, early data 

from MESSENGER showed that a crustal remanent field was probably not an important contributor to 

the planet’s magnetic field (Solomon et al., 2008). Even though the measured magnetic field is not 

produced by crustal remanence, weak magnetization of surface rocks was detected, which can give us 

insights into the early magnetic field of Mercury. As time passed and the altitude of MESSENGER 

decreased, it gave evidence for weak remanent magnetization in Mercury’s crust (Johnson et al., 2015; 

Hood et al., 2018). The association of magnetic anomalies with craters points toward the magnetization 

of metallic material brought by impactors during the early history of Mercury, and not by the present 

magnetic field (Hood et al., 2018; Oliveira et al., 2019). The study of these anomalies permits the 

modeling of the early magnetic field and its evolution, although higher resolution data from 

BepiColombo are necessary for it (Heyner et al., 2021).  

Induction currents are a form of induced magnetic field, resulting from the penetration into the core of 

time-varying magnetic field from the magnetosphere. All magnetosphere contains current systems 

flowing in their magnetopause, called Chapman-Ferraro currents. Because of the small size of Mercury’s 

magnetosphere, the magnetic field generated in the magnetopause contributes to the surface magnetic 

field and, because of Mercury’s thin crust, they penetrate the core, creating an induced magnetic field 

superposing the internal, dynamo-generated one (Hood and Schubert, 1979; Grosser et al., 2004; 

Glassmeier et al., 2007a). Glassmeier et al. (2007b) suggested that this phenomenon could create a 

feedback loop, where the dynamo is influenced by the field generated in the magnetopause, the latter 

being also dependent on the dynamo. If the feedback is negative (because the induced magnetic lines 

are in the opposite direction in Mercury’s core), this could explain the planet’s weak magnetic field 

(Glassmeier et al., 2007b; Heyner et al., 2011). Another possible phenomenon due to induction currents 

is the balancing of the effect of the solar wind; if the intensity of solar wind increases, the magnetosphere 

is compressed, which increases the induction currents themselves, strengthening the magnetosphere, and 

thus counterbalancing the effect of solar wind (e.g., Slavin et al., 2014; Johnson et al., 2016; Jia et al., 

2019). This effect would effectively shield the surface from the bombardment of the solar wind, which 

has profound implication for the generation of exospheric species (see section 2.7). 
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Finally, several studies tried to model a core dynamo in Mercury, which depends heavily on the 

composition and structure of its core (see section 2.3.2), and the presence of an insulating layer atop the 

core, such as an FeS matte (see section 2.3.3). There are been a very large number of models proposed, 

whose complexities far exceed the global approach presented here. A good review of these models and 

their comparison with each other can be found in Heyner et al. (2021). The debate is still open, and the 

data from BepiColombo are highly awaited.  

 

2.7 The exosphere 

As the observation of Mercury from Earth is difficult, there were thoughts that Mercury may had an 

atmosphere in the sixties (Dollfus, 1961; Field, 1964). Closer examinations hinted toward the possible 

existence of only a very thin atmosphere based on the absorption spectra of CO2 (Spinrad et al., 1965). 

Belton et al. (1967) further decreased the upper pressure limit of a mercurian atmosphere. Banks et al. 

(1970) considered the problems of maintaining an atmosphere on Mercury, as there should be important 

loss of atmospheric material through photoionization* and thermal evaporation*. They predicted the 

presence of an exosphere*, rich in He, Ar and Ne, produced by the solar wind*. Mariner 10 was rigged 

to measure He, Ne, Ar, H, O, Xe and C, based on the expected atmospheric constituent of Mercury 

(Broadfoot et al., 1976). However, Mariner 10 only detected H and He, as well as a signal close to the 

limit of detection for O (Broadfoot et al., 1976).  Ground-based observations allowed for the detection 

of Na and K in the exosphere (Potter and Morgan, 1985; 1986), and later Ca (Bida et al., 2000). Mg was 

discovered thanks to MESSENGER (McClintock et al., 2009), as well as Al, Fe and Mn 

(Doressoundiram et al., 2009; Bida and Killen, 2016; Vervack et al., 2016). One of the striking features 

of Mercury’s exosphere is that the distribution of Na is highly variable in time and space, with changes 

within a day, and variations between different latitudes (Potter and Morgan, 1990; Killen et al., 1990; 

Leblanc et al., 2009; Mangano et al., 2013). These variations were later observed for other species, such 

as Ca and Mg (Burger et al., 2012, 2014; Killen and Hahn, 2015; Merkel et al., 2017; Chaufray et al., 

2022).  

The processes occurring in Mercury’s exosphere that leads to its observed composition and variation 

through time are complex and are dominated by interactions of gas particles with the surface and the 

magnetospheric plasma. These interactions lead to a constant entry and exit of particles in the exosphere. 

For H and He, the main source is the solar wind, while the processes supplying the other elements are 

photon-simulated desorption*, thermal evaporation*, impact vaporization*, ion sputtering* and 

chemical sputtering* (Figure 2-13, Milillo et al., 2005; Killen et al., 2018; McClintock et al., 2018). 

However, the existence and the importance of these processes at work on Mercury is still debated, and 

each process affects differently the exospheric elements. For example, the presence of Na in the 

exosphere is still puzzling, and it seems to result from multiple processes (Killen et al., 2018 and 
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references therein), while impact vaporization seems to be the most important contribution to Ca in the 

atmosphere (Killen and Hahn, 2015), but sputtering could play an important role too (Pfleger et al., 

2015). As shown by the very low pressure on Mercury, the lifetime of atoms and molecules in the 

exosphere is short so that no atmospheric build-up occurs; the particles are lost to radiation pressure*, 

photoionization* and Jeans escape*, or by sticking to the surface after impacting it (Figure 2-13, Killen 

et al., 2018; McClintock et al., 2018).  

 

Figure 2-13: Schematic of exospheric processes. The processes on the bottom of the figure are those that replenish the 

exosphere, while the three on the top are those responsible for its depletion. The thick black line on the bottom represents the 

surface. Particles above it are adsorbed, while the ones below make up the subsurface. 

 

2.8 The formation of Mercury 

The sections above have described a planet very different from the three other terrestrial worlds of our 

solar system. As shown in the section below, there seems to exist for each formation hypothesis one or 

more features which are irreconcilable with. However, considerable progress has been made since the 

seventies, and each formation scenarios can be looked under a new light. They are mainly two classes 

of scenarios: in the first ones, the present bulk composition of Mercury is similar to its initial bulk 

composition, just after accretion (with the same high Fe/Si) and in the second ones, the planet formed 
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from material similar to the other terrestrial planets and some later processes removed a large chunk of 

its silicate part.   

2.8.1 Some general concepts of planetary formation 

2.8.1.1 Formation of the solar nebula 

The formation of a stellar system starts with the gravitational collapse of a dense molecular cloud, 

composed primarily of hydrogen and helium (Figure 2-14). A very small fraction of this cloud is made 

up of dust grains and gaseous molecules that are not hydrogen or helium. This collapse forms a core in 

the center of the cloud, which starts accreting matter and heating up. Overtime, the cloud flattens due to 

the effects of rotational motions and magnetic fields. In the center lies a protostar, surrounded by a 

protostellar disk (Figure 2-14). Matter from the protostellar disk continues to fall in and feed the 

protostar. The former eventually develop into a protoplanetary disk, where planets will form, which 

surrounds a protostar (Boss and Ciesla, 2014, and references therein). The origin of this theory of stellar 

system formation can be traced back to the 18th century, to Swedenborg, Kant and Laplace. It was 

corrected and expended upon over the years (e.g., Kuiper, 1956a,b,c; Schmidt, 1957; Safronov, 1969). 

 

Figure 2-14: Simplified evolution of a solar nebula, from the molecular cloud to the solar system. 1. Gravitational collapse of 

a dense molecular cloud. 2. Formation of a protostar (white, in the center), surrounded by a protostellar disk made of gas and 

dust. The disk flattens and rotates around its center. 3. Formation of a protoplanetary disk, where planetesimals accrete the 

dust and gas in the path of their orbits. Overtime, the planetesimals grow to form protoplanets (white dots). 4. The solar system 

after accretion of the planets (white dots), which now occupy stable orbits (blue dotted lines). There is no more gas and dust 

to accrete. 
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2.8.1.2 Accretion of planets 

The protoplanetary disk is composed of gases (~99%) and solids (~1%). These solid dust particles 

collide, and, depending on the force of the collision, can be bound together by electrostatic forces. 

However, this process cannot go on to form lager bodies, as it would be expected; indeed, models show 

that it is not possible to form particles larger than ~1 mm this way because they start to bounce with 

each other at that size and consequently do not accrete. There have been various different models to 

overcome this barrier and explain how particles can grow in size and form planetesimals km to hundreds 

of km large, with the currently most promising one called “streaming instability” (Johansen et al., 2007). 

In any case, once the accretion of these small pebble resumes, they can grow to km large bodies called 

planetesimals. These hundreds planetesimals collide with each other in the solar disk, growing in size 

very rapidly, during a phase called the “runaway growth”. After, the larger ones attract and incorporate 

the smaller ones, so that only a few large bodies remain (the “oligarchic growth”). While this model of 

planetary accretion correctly describes the building of Mars-size protoplanets, it struggles to explain the 

formation of large ones (with the mass of the Earth or above), and so another process called “Pebble 

accretion” has now been invoked to explain the observed planetary masses (see Johansen and 

Lambrechts, 2017, and references therein). The last processes of planetary formation include gas 

accretion to form an atmosphere and planetary migration (see Raymond and Morbidelli 2022 and 

references therein for a thorough review of solar nebula and (proto)planetary formations).  

During planetary formation, an enormous amount of energy is released by accretion, large impacts and 

decay of short-lived radioisotopes (such as Al26), which leads to extensive melting; Fe-rich metals sink 

to the center of the planet, incorporating siderophile element, leading to core-mantle differentiation 

(Righter, 2003; Rubie et al., 2015). Later processes include magma ocean formation and crust-mantle 

differentiation, as discussed in section 2.3.4.1. 

2.8.1.3 The building-blocks of planets 

As seen in the previous section, the accretion of dust particles, via different processes, led to the 

formation of planets. These dust particles themselves form by condensation as the temperature of gases 

in the solar nebula decreases. Because elements have different temperature of condensation (Figure 

2-15), the temperature profile of the solar nebula is determinant for the composition of the material that 

is going to accrete with distance to the Sun. Indeed, the temperature of the nebula decreases with distance 

to the Sun, with one of the stark boundaries being the snow line, where H2O condense to form water ice 

(e.g., Morbidelli et al., 2016). Elements with high condensation temperatures are named refractory, and 

those that have low condensation temperatures are called volatile.  
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Figure 2-15: The volatility of elements. The two axes show different measures of the volatility of elements; the 50% 

condensation temperature corresponds to the temperature where 50% of the element would condense in a solar nebula, and 

the atomization enthalpy is the mean bonding energy per atom in solids. Inner planets (Mercury, Venus, Earth and Mars) are 

depleted in volatile elements compared to outer planets, as the temperature in the nebula before the snow line was higher than 

the condensation temperature of these elements (from Albarède, 2009). 

This difference in composition with heliocentric distance is thought to be responsible for the difference 

in the bulk composition of planets, even though planetary migration complexify this simple vision (e.g., 

Clement et al., 2021). Planets in the external system (Jupiter and beyond) are indeed gas and ice giants, 

composed of a massive envelope of volatile, while their moons are a mix of rock (and sometimes metal) 

and ice (Figure 2-16). 
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Figure 2-16: Simplified internal composition of planetary bodies in the solar system as a function of heliocentric distance. All 

the planets and Pluto have the same scale, and the moons are also shown as having the same size, and are place below their 

respective host planet. Data from Lodders and Fegley, 1998. 

On the other hand, the terrestrial planets are “dry”, volatile-poor bodies compared to the other ones. 

Moreover, redox conditions also evolve with distance from the Sun, with conditions becoming more 

oxidizing with increasing distance from the Sun, as more and more volatiles condense. 

Amongst the vast diversity of meteorites that exist, there is a class that is of particular interest to 

understand the composition of today’s planets. These are the chondrites, the most primitive type of 

meteorites. They are composed of chondrules (5-80 vol%) which are small (mm-size) spheres composed 

of a mixture of silicates and metal (Alexander et al., 2001). They also exhibit CAIs (calcium-aluminum-

rich inclusions), which are the oldest known solar system materials, dating back to 4.56 billion years 

ago (Amelin et al., 2005). Finally, presolar grains have also been found in some chondrites (see Lodders 

and Amari, 2005), confirming their very primitive status. They are chemically similar to the composition 

of the Sun (excluding H, C, N, O and noble gas), but there are variations in their bulk compositions, 

thought to be caused by their different positions of formation in the solar nebula (Alexander et al., 2001). 

Because of these variations, they were divided into 3 groups, themselves divided into subgroups: 

carbonaceous (CI, CM, CO and CV), ordinary (H, L, LL) and enstatite (EH, EL). Amongst them, the CI 

chondrites are the closest in composition with the photosphere (Alexander et al., 2001; Palme et al., 

2014), and so the composition of other chondrites are often compared to them to highlights depletions 

or enrichment of elements. Because of isotopic relations, it is assumed that chondrites are the parent 

body of the terrestrial planets. For Earth, enstatite chondrites have been proposed to be the dominant 

precursor material (e.g., Smith, 1982; Javoy, 1995; Javoy et al., 2010), but more recent studies advocate 

for a mix of ordinary and enstatite chondrites, even though interpretations are complicated by the 

presence of late veneers (Dauphas, 2017; Fisher-Gödde and Kleine, 2017). For Mars, it may also be a 
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mix dominated by enstatite and ordinary chondrites (Sanloup et al., 1999; Brasser et al., 2017). The 

variety of compositions of the three groups of chondrites points to different location of origin varying 

in distance from the Sun during planetary formation, with enstatite chondrite being the closest and 

carbonaceous the farthest (e.g., Fisher-Gödde and Kleine, 2017). This explains the importance of 

migration models (such as the Grand Tack model, Raymond and Morbidelli, 2014) in predicting their 

proportions as planet building blocks.  

2.8.2 Hypotheses on the formation of Mercury 

2.8.2.1 Pre-MESSENGER scenarios 

Around the time of the Mariner 10 mission, the proposed models of planetary formations relied on the 

condensation of a chemically homogeneous cloud of dust and gas. The difference in planets densities 

were explained by some metal/silicate fractionation processes (Urey, 1951; Bullen, 1952). To avoid the 

need of these processes and keep a compositionally homogeneous nebula, Ringwood (1966) proposed 

that the variation of redox condition with distance from the Sun would change the valence of Fe (from 

Fe0 to Fe3+), which would impact the density of the planets formed at different place. On the contrary, 

based on the work of Urey (1951), Lewis (1972) proposed that the observed difference in densities of 

the terrestrial planets can be solely explained by the variation of temperature and pressure with 

heliocentric distance. He proposed that the bodies closed to the sun condensed from dense refractory 

material (CaTiO4, MgSiO3, Fe0), with condensations of less refractory material as distance with the Sun 

increased (e.g., FeS, FeO, tremolite or talc) (Figure 2-17).  
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Figure 2-17: Condensation curves of common phases as a function of the temperature and the pressure of the nebula. The 

symbols the solar system’s planets are placed on the adiabat of the nebula (from top to bottom: Mercury, Venus, Earth, Mars, 

the asteroids, Jupiter, Saturn, Uranus and Neptune; from Lewis, 1972). 

Weidenschilling (1978), noticed that the scenario of Lewis (1972) needed very peculiar conditions for 

a planet with a Mercury-like composition to form. Moreover, the new data of Mariner 10 hinted toward 

the presence of a molten outer core (due to the detection of the magnetic field), which is incompatible 

with the equilibrium condensation model which predicts volatile poor Mercury (notably K and S, 

necessary to produce heat and to decrease the melting temperature of the core, respectively). He 

proposed that gas-drag on small planetesimals in a solar nebula of lower temperature fractionated silicate 

and metal, a model which could retain some volatile. Indeed, the drag should be less important on denser 

planetesimals (i.e., Fe-rich), while the others would be slowed down and drift toward the Sun, leading 

to a preferential accretion of metal-rich planetesimals. 

Cameron (1985) proposed that much of the silicate envelope of Mercury was removed during a very hot 

phase of the solar nebula. In this scenario, proto-Mercury was more than twice as massive as today, and 

the heating (2500-3500K) in this part of the nebula vaporized a large part of its enstatite mantle. It also 

implies that Mercury should be strongly volatile-depleted and refractory-rich (Fegley and Cameron, 

1987). However, there were doubts that the nebula could reach these very high temperatures (e.g., Boss, 

1996). 

As seen in the previous section, chondrites represent the oldest undifferentiated material from the solar 

system, and they may be the building blocks of planets. Based on this idea, the search for a mercurial 
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precursor has been concentrated on two types of chondrites; the Bencubbin-like chondrites and the 

enstatite chondrites (EC). The first group is made of meteorites with the highest amount of Fe0 (60 wt%, 

Weisberg et al., 2001), close to the amount expected on Mercury (e.g., Brown and Elkins-Tanton, 2009) 

and were considered as building-blocks (Taylor and Scott, 2003). Because of the very reduced 

conditions of Mercury, it was deemed possible that the EC, which are the most reduced known 

meteorites, were its building blocks. Moreover, Wasson (1988) suggested that they may form in the 

region close to Mercury orbits. However, their Fe/Si content is lower than Mercury (Taylor and Scott, 

2003). 

Finally, impacts on a large proto-Mercury that stripped a large amount of its silicate part were proposed 

by Smith (1979) and Benz et al. (1988). As noted by Taylor and Scott (2003), the characteristics of such 

an impact would be highly unusual, requiring a very high speed of collision, which is necessary to avoid 

the ejecta to reaccrete.  

 

2.8.2.2 After MESSENGER 

One of the most important discovery from MESSENGER that helped constrain its formation has been 

the high volatile content at the surface (Nittler et al., 2011). Indeed, most pre-MESSENGER models 

predicted a volatile-depleted planet (e.g., Lewis, 1972; Cameron, 1985), and models of formation from 

Bencubbin-like chondrites also pose a problem as they are volatile-depleted. New post-MESSENGER 

models have been proposed, and a few are listed here.  

Ebel and Alexander (2011) proposed a variant of the condensation model, where Mercury formed from 

reduced, C-rich and water-poor dust, which is represented today by what is called chondritic 

interplanetary dust particles, which are considered the most pristine example of the early solar system 

dust, with a C-rich anhydrous chondrite composition (Schramm et al., 1989; Thomas et al., 1993). This 

model explains well the very reduced state of Mercury (the very low FeO abundance), as well as the 

presence of volatile on it (which are refractory under low fO2). However, there are difficulties to explain 

the high Fe/Si ratio of the planet with this model; their postulated scenario for a high Fe/Si should result 

in an olivine rich surface, which is in contradiction with MESSENGER data. 

Wurm et al. (2013) hypothesized that regions close to the sun form dense planets, enriched in Fe, based 

on the observation of two dense rocky exoplanets orbiting close to their star. They proposed that 

photophoresis* could separate metal from silicate, as the former have higher thermal conductivity than 

the latter.   

Finally, Hubbard (2014) showed that the conditions in the outer edge of the inner protoplanetary disk 

can heavily magnetize iron, leading to high speed collisions which eject the non-magnetized silicates, 

thus enriching the region in iron.  
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Regarding impact scenarios, one of the key questions is the fate of volatile and moderately volatile 

elements during such an event. Indeed, it was assumed that the heat released during this cataclysm would 

vaporize most of them, leaving a volatile-depleted body behind. However, it seems from recent works 

that volatiles, such as K and Na, could survive giant impacts (Stewart et al., 2016). Another key problem 

is to prevent the re-accretion of the ejected materials (see Gladman and Coffey, 2009). To resolve the 

problem of re-accretion, hit-and-run scenarios have been proposed. In those, proto-Mercury comes in 

contact with a larger, more massive body. The planets do not collide head-on, but skim pas each other 

and continue their path after the impact. The less massive body (proto-Mercury) is stripped of a large 

part of its silicate part, while the other one is only barely scratched. After, the ejected materials are 

dominantly re-accreted by the massive body, leaving proto-Mercury depleted of a large silicate chunk 

(Asphaug and Reufer, 2014).  

In conclusion, there is a strong lack of constrain to model the formation of Mercury, and it is possible 

that its formation results from a mix of processes exposed above. In particular, one of the biggest 

unknown concerns the migration of planets after (or during) accretion. Because there is a high chance 

that planetary migrations happened (see Grand Tack model, Raymond and Morbidelli, 2014, or Clement 

et al., 2021, for the terrestrial planets), it may seem difficult to consider that Mercury formed where it 

now resides (i.e., close to the Sun), and that nebular metal/silicate fractionation processes where the 

dominant causes for its large metallic core.  
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Chapter 3: Experimental and analytical methods 

3.1 Introduction 

The lack of meteorites from Mercury makes experimental petrology the best tool to investigate the 

hypothesized rocks and minerals that should have formed on the planet. For Earth-related studies, 

experimental petrology is an indispensable method to understand the processes responsible for the 

formation of the rocks we observe on the surface, and a great way to probe deep inside the mantle, whose 

mineralogy is not directly available to us. Its use is a bit different for Mercury, as we cannot readily 

compare the sample produced in the laboratories to true mercurian ones. We have to use proxies to infer 

the composition of the lava sources from surface composition, and we estimate the intensive and 

extensive parameters (such as temperature, oxygen fugacity and pressure) from the data recovered by 

the spacecrafts. The exotic nature of the planet naturally guides us to experimental petrology, as some 

processes happening on Mercury are not observed on Earth. During the thesis, I have used various 

apparatuses to create samples representative of Mercury. Here, I focus on thoroughly describing two 

devices used for this work, namely the piston-cylinder and the vacuum line from the University of Liège. 

While I did more than 20 experiments using the multi-anvil apparatuses of different laboratories, the 

majority of the samples produced were used in works led by Dr. Anne Pommier. Moreover, as opposed 

to the two other apparatuses, there is no multi anvil in Liège, and so only a short paragraph is written 

about this method. A brief description of the internally heated pressure vessel from the University of 

Hanover is given as well. This section also describes the preparation of the various starting 

compositions, as well as the analytical tools used to qualify and quantify the samples. Finally, I briefly 

list and describe the different samples we obtained.  

 

3.2 Powder preparation 

For this work, two kinds of powders were prepared: some analogues of the silicate part of enstatite 

chondrites (EC), and compositions similar to the North Volcanic Plains of Mercury (NVP, now called 

Borealis basin). As seen in the introduction on Mercury, the silicate composition of enstatite chondrites 

is considered as a good proxy for the silicate part of Mercury; they are highly reduced, they have very 

low FeO, with a high S content, and are very refractory. Similar powders were used in many studies 

focusing on the differentiation of the planet (e.g., Namur et al., 2016a). The samples synthetized with 

these EC powders were used to study the partitioning of minor and trace elements between the silicate, 

metal and sulfide melts (e.g., Pirotte et al., 2023; Cartier et al., in revision), to carry out preliminary 

study on the electrical conductivity of S-rich silicate melt at UCSD, and to perform various test on the 

stability of Fe-free sulfides. On the other hand, NVP powders are less refractory (lower Mg/Si and higher 

Al/Si, Table 3-1), and so their liquidus temperature is hundreds of °C lower than EC ones. This is the 
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main reason they were made, as we needed to synthetize silicate glass in the vacuum line, which can be 

used up to ~1450°C. The silicate glass created in evacuated silica tubes were used to study the electrical 

conductivity of melts, as well as the melt structure of these S-rich silicate glass (Pommier et al., 2023). 

Because NVP powders were doped in minor and trace elements, they are also used to study the 

partitioning of elements between silicate melt and Fe-free sulfides, especially U, Th and K (Lldó et al., 

in prep). All powders were prepared from pure, commercially available oxides, silicates, and phosphates.  

Table 3-1: Compositions of the base powders used for this work. From these initial powders, dozens of different sub-powders 

were created by adjusting the Si/SiO2 ratios and the amount of S, Fe, FeS or CaS added. 

  EC001/EC002* EC003 EC004 NVP** 

SiO2 61.26 62.00 51.98 62.64 

TiO2 0.10 0.00 0.21 0.36 

Al2O3 2.76 3.00 4.24 14.24 

Cr2O3 0.82 0.00 0.00 0.10 

Fe2O3 0.00 0.00 0.00 0.00 

FeO 0.00 0.00 0.00 0.00 

MnO 0.43 0.00 0.00 0.22 

MgO 31.37 32.00 37.64 10.09 

CaO 1.65 3.00 3.84 5.71 

Na2O 1.55 0.00 1.29 6.18 

K2O 0.19 0.00 0.04 0.17 

P2O5 0.90 0.00 0.00 0.10 

Total 101.03 100.00 99.24 99.81 

*EC002 had MgO replaced by MgSO4, and the excess of O was compensated by increasing the Si/SiO2 ratio. 

**The Ca in NVP was added either as CaSiO3 or CaS, keeping both the Ca and Si content identic. 

 

They were kept dried in the oven at 120°C before use. Most experiments were performed on powders 

doped in a large number of minor and trace elements (EC001 and NVP) using premixed standard 

solutions. Some powders were used as tests, and thus were not doped (notably the EC002 and EC003 

compositions).  

 

3.3 The piston-cylinder apparatus 

3.3.1 Introduction 

The piston cylinder apparatus, invented by Boyd and England (1960), is a device used to apply high 

temperatures (up to 2000 °C) and high pressures (up to 4 GPa) to a sample, which is contained in a cell. 
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The apparatus is composed of several concentric cylinders with a hole in the center, and one of them, 

the pressure vessel, contains the cell in its bosom. The cylinders, which are placed one above another, 

are put under pressure by a top hydraulic press, which maintains the assembly stable. A smaller piston 

delivers pressure to the cell from below. The core of the pressure vessel, surrounding the cell, is made 

of tungsten carbide in order to withstand the applied pressures. The pressure inside the cell is calibrated 

with the pressure of the lower piston (see Condamine et al., 2022), and temperature can be monitored 

with thermocouples placed inside the cell, close to the capsule. 

3.3.2 The press 

The press used in Liege is a MavoPress LPC 250 – 300/50 designed by Voggenreiter (Figure 3-1). The 

upper (end-load) and lower piston (master ram) are capable of exerting a maximum pressure of 2500 

bar each. The pressure for both pistons is controlled manually, and showed on two independent gauges. 

A third gauge show the pretension of the pressure storage for the return stroke, which is the pressure 

necessary to lift the upper piston after its pressure is back to zero (after an experiment, for example). 

The pressure of both pistons can be released by opening the bleeder valve of the manual pumps, or using 

the fine dosing valves to slowly decrease the pressure in the systems (mostly for the upper piston, which 

reach higher pressures than the lower piston). A slow decrease in pressure is necessary to extend the 

lifespan of the apparatus, especially of the pressure vessel. Another valve, inside the apparatus, is used 

to equilibrate oil level between the three system (upper piston, lower piston and return stroke). Air 

bleeder screws are present on the oil storages of both piston pumps. The should be kept slightly opened 

(a quarter turn). 
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Figure 3-1: 3D schematic of the MavoPress LPC 250 – 300/50 in Liège. The piston cylinder apparatus is placed on the “Lower 

piston”, in its center.  

The apparatus is paired with a tool heater cabinet, whose purpose is to control electrical current in the 

apparatus. Externally, it is composed of a main switch (on/off), a switch to activate and deactivate 

heating, a control panel, and an ethernet connector. A control lamp lights up if heating is on. The control 

panel is composed of a screen, showing various parameters of the running experiment (such as 

temperature, voltage, amperage, pressure, resistance of the sample…) and several buttons, that can be 

used to control the display, the electrical input, or program an experimental run. The ethernet port allows 

the user to link the cabinet to a computer, and control an experiment’s heating directly from the 

computer, instead of the control panel, via a computer software created by Voggenreiter. This software 

allows to program experiments’ runs, where temperature, heating rate, dwell time, duration, cooling and 

quench can be precisely controlled.  

Water circulation is crucial to cool piston-cylinder experiments. While some labs use an open cooling 

system, where tap water circulate from the faucet back to the sink, we use a closed system with a pump 

which cools the circulating water. We use deionized water, which is changed regularly to avoid 

accumulation of dirt in the system.  

3.3.3 The piston-cylinder 

The piston-cylinder apparatus was also designed by Voggenreiter to fit its press. It is composed of four 

cylindric parts; the base, the pressure vessel, the spacer plate and the top plate (Figure 3-2). Other pieces 

consist of the small piston, water pipes, and plastic spacers. The base is the heaviest of all the parts, 

which is placed directly on the lower piston. The base is divided in an outer part, with a conic hole in its 
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center, and a cone-like inner part which fits directly inside the outer part, so that the latter can move 

vertically inside the former. The lower piston transmits its vertical movement to the inner part, which 

move upwards and applies pressure to the sample through the small piston, which sits on top of the base. 

The base also has two water ports, where two pipes can be plugged for water circulation at the interface 

between the base and the pressure vessel. The pressure vessel is the most important part of the assembly; 

the cell with the sample sits in its bosom. It is composed of two different metals. The outer ring is made 

of stainless steel, while its core, which is in direct contact with the sample, is made of tungsten-carbide. 

The core has a hole in its center, where the cell fits perfectly. This part is the most subject to wear, as it 

is subjected to very high pressures because it contains the pressure exerted by the horizontally 

compressed sample. As such, each experiment and its compression, quench and decompression stages 

are damaging the core, which cause it to break after extensive use. Typically, a pressure vessel lifespan 

is around 1000 experiments, but it can vary depending on the pressures applied, the rate of compression 

and especially of decompression. This makes it a relatively dangerous part, as a sudden break of the 

tungsten carbide core can result in a violent release of energy (i.e., an “explosion”). This is why absolute 

care should be brought to this part when using it, and any sign of wear or crack should be looked after. 

It is advised to send damaged pressure vessel back to the manufacturer for repair. In any case, a damaged 

pressure vessel should never be used. The pressure vessel also hosts two water pipes, enabling water to 

flow around the heated tungsten carbide core. The spacer plate is a plain stainless-steel part with a small 

hole in the middle, designed for the thermocouple. As for the two other parts, it has two water port for 

water to flow at the interface between the pressure vessel and the space plat. Finally, the top part is a 

thick cylinder of steel, designed to endure the pressure from the upper piston. There is a cavity in its 

center at the bottom connected to a groove. The cavity accommodates the top of the thermocouple, and 

the wires go through the groove to reach the outside of the apparatus. Two water pipes can be plugged 

to cool the part.  
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Figure 3-2: 2D (left) and 3D (right) schematics of the piston-cylinder used in Liège. 

The small piston is composed of a rod (the piston itself) inserted in a small cylindric part. Because it is 

responsible of transmitting the pressure from the lower piston to the cell, it is made of tungsten-carbide 

to resist the pressure. The small piston is placed at the center of the inner part of the base. Because this 

part is in direct contact with the cell, it accumulates dirt (graphite and barium carbonate dust and MoS2 

lubricant) and needs to be thoroughly cleaned after each experiment. The rod needs to be in good shape 

to apply the pressure perfectly horizontally on the cell. A damage rod could apply uneven pressure, 

breaking the cell, or it could even damage the interior of the pressure vessel. The plastic spacers are 

simple plastic hollow cylinders which are placed between the pressure vessel and the spacer plate, and 

between the spacer plate and the top plate. They are used to keep the assembly perfectly centered before 

pressurization. Finally, the water pipes consist in an inflow pipe, 3 short pipes, and an outflow pipe. The 

water starts to flow from the top plate, circulates in each part and exit out of the base.  

3.3.4 The cell assembly 

The cell assembly is the finished assembly that is inserted into the pressure vessel. It contains the sample, 

but also all the other parts that are necessary to the success of piston-cylinder experiments. Assembly 

designs can vary in shape, size, components, and material. It is generally composed of a cell, a furnace, 

a capsule, an alumina ring, a wafer, a pedestal placed below the capsule, and an upper part with hole 

placed above the wafer (Figure 3-3).  
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Figure 3-3: Schematic of the cell assembly used at the University of Liège. 

The most important part is of course the capsule, which contains the sample. Samples are usually 

powders. Capsules can be made of gold, palladium-gold or platinum, in which case the capsule is sealed 

by wielding the top. In other cases, it can be made of graphite or MgO, or even silicates such as olivine. 

In these cases, they are often paired with a lid made of the same material, to form a closed, albeit not 

sealed, container. In some experiments, the use of a double capsule (a classic example is an inner capsule 

of graphite and outer of platinum) is necessary to completely close the system, and avoid volatile loss 

notably. Because the capsule is situated at the center of the assembly, it receives the most pressure and 

temperature. The powder inside needs to be compacted as much as possible to avoid gaps which could 

cause the capsule to break at high pressure.  

The alumina ring has the same height as the capsule, and its inner diameter is made for the capsule to fit 

inside. The part electrically isolates the capsule from the furnace. 

The pedestal is a solid cylinder which support the capsule, usually made of MgO. The height of the 

pedestal is very important, because the capsule vertical position in the pressure vessel depends on it; the 

capsule needs to sit precisely in the middle. Its purpose is to transmit the deformation caused by the 

pressure. There is a similar part above the capsule, made in the same material, but with a hole in its 

center. Its purpose is to transmit deformation too, but also to host the thermocouple. Its height should 

also be precisely checked to keep the capsule in the center of the pressure vessel.  

The wafer is a thin cylinder placed between the capsule and the upper part. It is made of the same 

material as the pedestal and the upper part, and its role is to separate the thermocouple from the capsule, 

to avoid any chemical reaction between the two. The wafer should be thin to limit the error on the 

temperature measure, but thick enough to not break under pressure.  

The furnace is a thin tube made of conductive material (graphite) which is as long as the cell. It connects 

the bottom of the cell to its top and transmit the electrical current. The circulation of the current heats 



 Chapter 3: Experimental and analytical methods 

67 

 

the graphite furnace, which itself heats the alumina ring and the capsule. The quality of the part is very 

important, as there is a risk of experimental failure if the electricity cannot flow through.  

Finally, the cell is a thick tube that encapsulates all the other components. It can be made of various 

materials, the most common ones being talc, NaCl or barium carbonate (e.g., McDade et al., 2002). 

To minimize friction during compression, which could damage the cell and break the assembly, the cell 

is rolled into something to help it slide, but a lubricant (like powdered MoS2) can also be applied directly 

on the cell. In Liège, we used to roll a lead sheet around the barium carbonate cell, and make sure that 

it does not touch the top or the bottom of the furnace to avoid the current passing through the lead instead 

of the furnace. More recently, we moved to using paraffin sheets to improve health safety in the 

laboratory.  

3.3.5 Operating the piston-cylinder 

3.3.5.1 Loading the cell assembly 

Once the cell assembly is complete, it can be sled into the pressure vessel. The sliding is done 

horizontally (the pressure vessel sits on its side) after the hole in the pressure vessel has been lubricated 

(usually with MoS2). Once the cell assembly is inside, we slide a thin graphite cylinder under the 

assembly to keep all the parts together and to assure a perfect electrical connectivity between the small 

piston and the furnace. The pressure vessel is then flipped on its back, and can be placed above the base, 

onto the small piston (Figure 3-4). Two more pieces need to be inserted into the top of the pressure 

vessel; the steel plug, surrounded by the pyrophyllite ring. The steel plug is a steel cylinder with a hole 

in its center to insert the thermocouple. It is surrounded by pyrophyllite to avoid contact between the 

steel and the tungsten carbide core. The base with the pressure vessel on top can be pushed inside the 

press, on top of the lower piston and against the metal railing. The base and the lower electrode can be 

screwed, so that the former is fixated and cannot move anymore. 
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Figure 3-4: The mounting of the different pieces of the piston-cylinder assembly. First, the small piston is placed on the base, 

and then the pressure vessel is put on top of it. The spacer plate is placed above the pressure vessel, and holds the 

thermocouple. Finally, the top plate is put on top of the apparatus, with both grooves superposed to let the wires of the 

thermocouple come out. 

3.3.5.2 Inserting the thermocouple 

Thermocouples are used to precisely monitor the temperature of the experiment. A thermocouple is 

composed of two wires made of different metals joined at one end, called the hot junction, where the 

temperature is measured. The other ends of the wires are linked to a voltmeter and is called the cold 

junction. The voltmeter measures a current induced by the difference of temperature at both junctions, 

named the Seebeck effect. This weak current, measured in mV, can be interpreted and used to calculate 

the temperature if the metals of the wires are known. In experimental petrology, the thermocouples used 

are usually made of Pt and Rh (type R, S and B) or W and Re (type C, G and D). The choice of the type 

of thermocouple depends on its characteristics, mainly the range of temperatures measured, the 

resistance to heat or oxidation, and its price.  

For experimental purposes, the wires are inserted in a stiff sheath made of alumina (Al2O3) or mullite 

(Al6Si2O13). The sheath has 4 holes, so that the wires are inserted in two neighboring holes, and the hot 

junction is made at the other end by crossing the wires on top of another and inserting each wire end in 

its respective opposite hole (to make a “cross”). Because the inner walls of the sheath are fragile, the 

wires should be inserted slowly and with care; a break in one of the walls could make the wires touch 

in the middle of the sheath, so that temperature readings would be incorrect. The stability of the 

connection at the hot junction should be tested with a voltmeter before inserting the thermocouple inside 

the assembly.  
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Inserting the thermocouple inside the assembly can be one of the trickiest parts of piston-cylinder 

experiments. Because of the brittleness of the sheath, it should be inserted after the spacer plate is put, 

and not before; indeed, while it is easier to insert it before, the risk of breaking the sheath by placing the 

spacer plate on top is too high, and not worth it. The sheath should be inserted (with the cross first) 

inside the spacer plate, then through the steel plug, and pushed carefully all the way down the assembly, 

till the wafer is reached and it is not possible to push anymore. The main problem with this method is 

the alignment between the hole of the spacer plate and the rest of the cell assembly. Moreover, the spacer 

plate has to be at least partially screwed to the upper electrode to avoid any movement of the plate after 

the thermocouple is inserted. There are different methods to solve this problem, but one of the most 

effective is to align the plate with the assembly by using a metal rod of the exact diameter of the sheath. 

Once they are aligned, the spacer plate can be screwed (with the metal rod still inside) to the upper 

electrode. After that, the rod can be taken out and replaced by the thermocouple. The wires coming out 

of the spacer plate can be placed inside the groove using a few pieces of tape and, if not done already, 

attached to the voltmeter (the cold junction).  

3.3.5.3 Finalizing the preparation for the experiment 

Once the thermocouple is inserted, the top plate can be laid on the spacer plate, with the groove of the 

former placed above the groove of the latter. Finally, a sheet of mylar can be put on top of the top plate, 

to electrically isolate the apparatus and the press, and make sure the current exits through the electrodes.  

The apparatus now needs to be put under pressure. To do so, the bleeder valve and the fine valve of the 

upper piston need to be closed and opened, respectively, and the user can start to pump manually. The 

press is equipped with two gear for pumping, so that it is easier to pump once the pressure increases. 

The user can feel the difference once the piston hit the top plate. The required upper piston pressure 

depends on the desired pressure for the experiment (Table 3-2). A pressure too low is dangerous, as it 

means that the upper piston pressure could be overcome by the lower piston pressure, which could cause 

the apparatus to explode. On the other hand, increasing the upper pressure higher than required 

unnecessarily wears the apparatus. It is in anyway better to have a pressure too high than too low. After 

reaching the upper piston pressure, the fine valve can be closed. In the piston-cylinder of Liège, friction 

is estimated to reduce the nominal pressure of 9.3% (see Condamine et al., 2022, Table 3-2). 
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Table 3-2: This table shows the upper ram pressure needed to compensate the lower ram, as well as the nominal pressure 

applied to the sample, both uncorrected (Nominal pressure) and corrected for friction. 

Lower ram (bar) Upper ram (bar) Nominal pressure (GPa) Corrected pressure (GPa) 

5 500 0.05 0.05 

10 500 0.1 0.09 

20 500 0.19 0.17 

30 500 0.29 0.26 

40 500 0.39 0.35 

50 500 0.48 0.44 

70 500 0.68 0.62 

90 500 0.87 0.79 

120 500 1.16 1.05 

140 500 1.36 1.23 

180 500 1.74 1.58 

230 575 2.23 2.02 

280 700 2.71 2.46 

360 900 3.49 3.17 

 

Once the apparatus is under pressure, the water pipes can be plugged, with the water input connected 

with the top plate, water pipes connected to the subsequent lower parts, and finally plugging the water 

output to the last available water port on the base. Each connection should be carefully checked, as it 

possible that a pipe is not perfectly plugged, which could result in a water leak once the water pump 

starts. In case of water leak, heating should not be switch on as long as the apparatus and the press are 

not dry. The pump can be started, and the user can check by touching the water pipes that the water is 

indeed running. This step is crucial, as an uncooled experiment is very dangerous for the apparatus, the 

press and the users; the temperature of the whole apparatus, and even part of the press can increase up 

to a few hundred degrees, with a risk of serious burns to people or even of starting a fire if flammable 

material is on the press. Moreover, heating of the press, and the oil, can increase the upper and lower 

pressure to dangerous values, which could break the apparatus. After making sure that the water is 

running through the apparatus, lower piston compression can start. As for the upper piston, the bleeder 

valve has to be closed, and the fine valve opened. The user can pump the lower piston up to 80% of the 

target value.  

3.3.5.4  Programming a run 

The Voggenreiter software can be opened, and a new program can be designed. In the program window, 

we can set the different steps necessary for our experiments. All our experiments consisted of a first 
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heating ramp up to 865°C at 100°C/min, a dwell at temperature for 5 min, and subsequent heating up to 

the desired temperature at a rate of 50°C/min. The program was then ordered to stay at the same 

temperature, until we manually quenched the experiments. It is possible to do more complex programs, 

with controlled decrease of temperature, to perform crystallization experiments, for example. The rate 

of heating is also controlled by the PDI parameters, so that the measured temperature stays close to the 

setpoint. Incorrect PDI value can lead to slow heating where temperature strongly lags behind the 

setpoint, or to overshoot the setpoint and overcompensate the increase or decrease of the electrical 

current passing through the sample. In Liège, we use the following values: 1000 (proportional band, in 

%), 4 (integral time, in second) and 0 (differential time, in second). 

3.3.5.5 Heating the experiment 

Once the program is established, it can then be uploaded to the controller. The mode “automatic” should 

be selected, and the inhibiter should be disabled. The switch on the heater tool cabinet should be on 

“on”. Checking if the water is still running and if the thermocouples are still functioning after putting 

the experiment under pressure is always good habits. After clicking on “start run”, the current starts 

flowing after ~30 seconds, and a clear electrical buzz can be heard. After the resistance increases and is 

stabilized, temperature should increase and try to catch up with the target. Lower piston pressure should 

be carefully monitored and constantly adjusted, as heating decreases the pressure. It is also important to 

never touch the electrodes at the back of the apparatus during heating. 

Once the dwell temperature is reached, the user can slowly (over the duration of the dwell) increase 

pressure up to the target. After the dwell, the temperature will continue to increase up to the target. Once 

reached, it is important to stay close to the apparatus to check that the parameters of the experiment are 

constant, especially the pressure, which usually slightly decreases during the first tens of minutes after 

reaching the target temperature. Some problems can be observed during that time: slow increase of the 

lower piston pressure with time, erratic temperature measurements, drop of the resistance value… If all 

the parameters are somewhat constant after 30 minutes, the experiment can be considered stable and left 

alone without supervision. It is always a good idea to check on an experiment before leaving the lab if 

it is planned to run overnight.  

3.3.5.6  The quench and the retrieve of the sample 

In experimental petrology, a good quench is, after a good equilibrium, the most important quality of a 

sample. It has to be fast and homogeneous. That means, there should not be crystallization of phases 

that were not present at target temperature during the rapid cooling, nor should there be textural 

differences between the outer and the inner part of the sample, caused by heterogeneous cooling. The 

quench is often accompanied with cracks in the sample, as rapid cooling of the experiment brutally 

decreases the pressure in the sample.  
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To quench, the user can simply click on “immediate quench” on the Voggenreiter software. The current 

stops, and cracks can be heard as the temperature rapidly decreases. Once the temperature is low enough, 

the water pump can be shut down, and the water contained in the pipe must be evacuated. Failure to do 

so will result in important water leak during decompression. To purge the water inside the apparatus, 

the user needs to replace the inner flow pipe with the compressed air pipe, and the outer flow pipe with 

the pipe without a plug. This pipe can be put outside through the window or in the sink. By slowly 

opening the valve to let compressed air enter the pipe system, the water is pushed outside and the 

apparatus is clear of water. Once there is no water left in the apparatus, all the pipes can be unplugged, 

and the decompression can start. Both fine valves need to be closed at this point. After opening the 

bleeder valve of both the upper and the lower piston, the user can slowly open the fine valves of first the 

lower piston, and then the upper piston once the pressure of the lower piston fell back to 0.  

After both pistons are back in their initial position (i.e. the pressure is 0 for both), top plate can be taken 

out and the wires of the thermocouple cut as close to the sheath as possible. The height of the sheath 

that sticks out of the spacer plate should be noted before taking it out. Taking the spacer plate out should 

more or less destroy the thermocouple, but there could still be a bit coming out of the cell in the pressure 

vessel. The remains of the thermocouple sticking out should be cut using pliers. The pressure vessel can 

be moved to the small Enerpac press, and placed on top of the orange steel cylinder. A protective glass 

needs to be put between the user and the pressure vessel. The thin steel piston should be installed, and 

used to push the cell out of the pressure vessel. It is crucial that the piston is perfectly centered with the 

cell to avoid any damage to the tungsten carbide core. The pressure must be increased slowly, and the 

cell should start moving down. Higher pressure experiments require higher pressure to get the cell out 

of the pressure vessel. A loud popping noise might be heard. Once the cell is out, it is important to 

measure and write its length (without the graphite cylinder at the bottom and the steel plug at the top). 

A careful peeling of the cell is necessary to retrieve to capsule, especially if the latter is in graphite 

(Figure 3-5). 
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Figure 3-5: A BaCO3 cell with the steel plug wrapped in pyrophyllite at the bottom after an experiment. BaCO3 is very brittle, 

and so careful peeling is necessary to reach the capsule in the center without breaking it.  

 To help break open the cell, a small hammer can be used on the extremities of the cell (furthest from 

the position of graphite). Once the capsule is retrieved, the different parts need to be sorted for recycling: 

there are jars for steel plugs, thermocouple wires, and barium carbonate with lead sheets. In any case, 

barium carbonate and lead sheets should never be thrown into the bin for health and environmental 

safety. Thermocouple are valuable, and all bits should be recycled. The workplan, the different plates, 

the small piston and the Enerpac have to be cleaned after each experiment.   
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3.4 Evacuated silica tube experiments 

3.4.1 The vacuum line 

The vacuum line is an apparatus used to pump the air out (i.e. evacuate) of (silica) tubes. It is composed 

of a horizontal main glass tube connected to an electrical air pump. Multiple glass tubes, smaller in 

diameter, are perpendicularly joined to the main line, with an opening at their bottom. At the junction 

between each glass tubes and the main one there is a screw, that can be used to open and close air passage 

between them (Figure 3-6).  

 

Figure 3-6: Schematic of the vacuum line in Liège. The metallic structure holds the main vacuum line, from which are joined 

perpendicular lines. The main line is linked to an air pump (on the right, not represented). 

3.4.2 Evacuated silica tube experiments 

Evacuated silica tube experiments have been carried out to study geological settings for over 50 years 

now, starting with the production of samples to understand the moon’s geology (e.g. Walker et al., 1976). 

In this method, the sample is usually contained in a capsule, which in this work was a 12 × 5 mm graphite 

cylinder, with a 10 mm deep hole drilled in its center to pour the powder. The capsule is placed at the 

bottom of a silica tube of 10 to 20 cm of height and 1 cm of width which is open at the top and closed 

at the bottom. The tube is linked to a vacuum line using heat shrink sheath, where an air pump creates a 

vacuum (1 to 0.01 mbar) inside the tube. To get rid of undesirable volatiles such as H2O, the tube is 

placed inside a small furnace (~120°C) while the pump is running. After some time (depending on the 

pressure reached inside the line, or on how long the tube has been evacuated while heated) the silicate 

tube is sealed using a blowtorch (oxy-acetylene for fastest results) slightly below the sheath to maximize 
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the volume of sealed tube. Once the tube is sealed, it can be kept safely for days without any risk of 

oxidation/hydration of the sample (Figure 3-7).  

 

Figure 3-7: Closed evacuated silica tube with at its bottom the graphite crucible containing the sample.  

To perform the experiment itself, the tube must be placed inside an oven upright (usually in an alumina 

crucible). During the high temperature experiment, the sealed tube will keep the volatile released by the 

sample (such as Na, K, S, Cl…) and an equilibrium between the sample and the atmosphere of the tube 

will form. Depending on the temperature, the experiments shouldn’t stay too long inside the oven, as 

the system is not completely closed and some exchange still happen through the silica tube (such as 

some oxygen going through). It is difficult to estimate the pressure inside the tubes, but as some tubes 

swell during experiments, it is safe to assume that it can reach several bars. The glass, if too thin, or if 

submitted to some constrains (high temperature for a long time, contamination of the glass by spilled 

sample powder, reaction between the glass and some volatile, such as Na…) could shatter and end the 

quasi-closed system, and make this whole setting useless. The use of thick glass (~2mm) is thus 

recommended. In the laboratory of the University of Liège, the rate of success is very high (>90%) 

thanks to the quality of the tubes. To quench, the tubes can be taken out of the oven while at target 

temperature and cool by contact with the air, or by contact with water for a much quicker quench. The 

experimentalist should be advised to wear the recommended protection in this endeavor, as sudden 

breaking of the glass can occur during the quench, with bits of hot glass flying everywhere. The sample 

can be retrieved from the capsule after breaking the glass, but it can also be kept safely inside its 

atmosphere for future study. Shattering the glass should be done in a ventilated spot, as toxic gas (such 
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as CO, if using a graphite capsule) could be contained within the sealed tube. The sample should appear 

as a glassy marble if it was molten enough (Figure 3-8). Gas bubbles can be observed in the retrieved 

sample, if a lot of volatile were present in the starting material (Figure 3-8, left).  

 

Figure 3-8: Spheres seen under binoculars. In the sample on the left, the sphere is full of bubbles and has a reddish hue, which 

I interpret as the presence of CaS as the dominant sulfide in solution in the silicate melt, in agreement with the work of Anzures 

et al. (2020). The sphere on the right is devoid of sulfur, and is transparent. Bubbles are visible in both samples, but are much 

more present in the left one, which was equilibrated under a S-rich atmosphere. 

The color of the glass, observed simply with binocular, can give insights on some of its components. 

For example, in our experiments, glasses containing 1-2 wt% S present reddish coloration, which is 

probably due to the Na2S bonds dominating S speciation at these conditions (Figure 3-8, left; Anzures 

et al., 2020).  

3.4.3 Some additional information 

One of the key aspects of this method is that the atmosphere is in equilibrium with the sample. In a gas-

mixing furnace, while it is possible to control oxygen fugacity using a mix of reducing agent (CO-CO2, 

H2-H2S), it is impossible to keep the volatile contained in the sample. In evacuated silica tube, the oxygen 

fugacity can be buffered (in graphite capsule, fO2 is buffered at C-CO) and volatiles can be kept, leading 

to an equilibrium between their presence in the melt and in the atmosphere. This retention of volatiles 

in the tube can be used in so called “double capsules” settings, where two samples in the same tube can 

be equilibrated under the same atmosphere. This can be used to exchange volatile between two melts; 
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for example, we equilibrated two basaltic powders, one containing sulfur (as CaS) but no iron and the 

other one containing no sulfur but some iron (Fe0), which led to the incorporation of sulfur in the second 

one (with formation of FeS) while the first one remained Fe-free (as Fe does not enter the gas phase and 

cannot “travel” to other samples). In Renggli et al. (2022), they used evacuated silica tubes to study the 

reactions of volatiles on the surface of solids, to simulate the S-rich atmosphere-silicate surface 

interactions that could have happened in the early history of Mercury. 

Another interesting feature of this apparatus is the possibility of shaping the samples. Indeed, while most 

experiment setups in vacuum line yield spherical glasses, it is possible to constrain the shape of the final 

product. In Pommier et al. (2023), we produced glass cylinders of a predetermined width by using 

custom cylinder capsules. Thanks to this system, we were able to load these glass cylinders inside the 

multi-anvil assembly in order to run high-pressure experiments on pre-equilibrated glasses (see 

Appendix B: Experimental investigation of the bonding of sulfur in highly reduced silicate glasses and 

melts).  

3.4.4 Limitations 

While the vacuum line method has a wide range of applications and is easy to use, there are still some 

limitations that are important to keep in mind. Firstly, the method is limited to temperature up to ~1450 

°C; above this temperature, the silica tube starts to melt. Secondly, without a complex system involving 

the breaking of the tube inside a vacuum chamber to measure its internal pressure with a barometer, it 

is impossible to precisely know the pressure inside the tube after an experiment. This in turn makes fO2 

calculation difficult, as pressure is going to drastically change the fO2 of buffers (such as C-CO for 

example) at low values. Thirdly, while a lot of information could be acquired if we were able to measure 

the composition of the gas phase (speciation of volatile species, oxidation of the components…), we 

haven’t found a way to perform this yet. The best we could do is to detect CO using a gas detector when 

breaking the tube, or use our smell to detect the presence of H2S, recognizable by its strong odor of 

rotten egg.  

 

3.5 The multi-anvil 

In his review on the history of this apparatus, Liebermann (2011) defined it as “a high-pressure apparatus 

with more than one axis of loading and four or more anvils compressing the sample”. The invention of 

the multi-anvil is attributed to Hall (1958), which created a tetrahedral-anvil apparatus capable of 

reaching 10 GPa and 3000 °C. Over the years, it saw further improvements, that increased the maximum 

pressure exerted on the sample. Notably, Naoto Kawai developed an octahedral-anvil apparatus, capable 

of exceeding 10 GPa of pressure (Kawai and Endo, 1970), later improved and simplified by David 

Walker in the nineties, which led to its spread in many laboratories around the world. During this thesis, 
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I used the multi-anvil of the department of Geology of the Vrije Universiteit Amsterdam to produce 

phase equilibria experiments on composition EC001, at 6 GPa and 1700 °C. At the University of 

California San Diego, I used a multi-anvil coupled with an electrical impedance spectrometer to measure 

the in-situ electrical conductivity of EC powders, while at Carnegie Institution for Science the 

experiments were done on both powders and glasses of NVP compositions (see Appendix B: 

Experimental investigation of the bonding of sulfur in highly reduced silicate glasses and melts). 

 

3.6 The internally heated pressure vessel (IHPV) 

According to Holloway (1971), the invention of the IHPV can be traced back to Percy Bridgman, who 

developed the concept in his book from 1949 (Bridgman, 1949). Basically, the apparatus is composed 

of a gas-filled vessel that contains one or more samples. Each sample is contained in Pt capsules, and 

the Ar-pressured vessel controls the internal pressure on the samples, while a resistance heats it. The 

apparatus can reach pressures up to 1 GPa. Since the work of Roux and Lefèvre (1992) and Holloway 

et al. (1992), fast-quench became possible in these apparatuses, and thus the possibility of rapidly 

quenching high temperature samples became possible. The experiments presented here were performed 

with the IHPV of the University of Hanover, Germany. Details on IHPVs can be found in Halloway 

(1971) and Berndt et al. (2002).   

 

3.7 Analytical methods 

3.7.1  Sample preparation 

To analyze the samples, they need to be put in epoxy. For piston-cylinder and IHPVs experiments, we 

cut the capsule in half using a diamond saw, and pour epoxy resin on each half. In multi-anvil 

experiments, the octahedral assembly is put entirely in epoxy, and we cut it almost in half horizontally 

using either a diamond saw or a cutting wire to get as close as possible to the capsule. Finally, for 

evacuated silica tube experiments, we pour epoxy on the entire glass sphere until it is completely 

covered. If the sample is stuck in the graphite capsule, we carefully cut it to free the sphere. Once the 

epoxy is solid, we polish the sample using SiC pads and diamond powder. For sulfide-rich samples, we 

tried to avoid using lubricants, for fear of dissolving these easily oxidable phases.    

3.7.2 The SEM and the EDS 

Scanning electron microscopes (SEM) are capable of imaging samples down to a few nanometers. By 

bombarding a sample with a beam of electrons, the atoms react and reemit various signals, such as 

secondary electrons (SE), back-scattered electrons (BSE), and X-rays. Detectors, by analyzing the SE 

and/or the BSE can produce images of the sample. Because BSE depend on the density of the emitting 
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elements, the imaging produced by this technique are very useful for our analyses, as we can see the 

difference in density of the phases. Moreover, SEM are sometimes coupled with detectors capable of 

performing Energy Dispersive X-ray Spectroscopy (EDS), by using the aforementioned X-rays emitted 

by the sample. This semi-quantitative method is very useful to quickly identify the different phases for 

more complex assemblage. As we have in our sample some exotic phases (Fe-free sulfides and Fe-free 

metals such as Si-Cr -P), EDS was systematically used in this work.  

All samples were analyzed by SEM to determine the phases and describe the textures. We used the FEI 

Quanta 600 of the University of Aachen in Germany, which can perform SE and BSE imaging, and 

produce EDS spectra as well. 

3.7.3 The microprobe 

Electron microprobe, or electron probe microanalyzer (EPMA) are devices commonly used in 

geosciences to analyze the chemical composition of precise points in a sample. EPMAs work relatively 

the same as SEMs, but they can use Wavelength Dispersive X-ray Spectroscopy (WDS) to acquire 

precise chemical composition. While EDS is easier to use and shorter than WDS, only the latter can give 

accurate quantitative compositions. WDS requires the use of standards, so that choosing the right 

standards for a sample is critical to accurate measurements.  

Typically, samples that were deemed interesting after analyzes with the SEM were analyzed with the 

EPMA. We used the JEOL JXA-8530F electron probe micro-analyzer (EPMA) of the University of 

Münster in Germany. The standards used for our experiments were jadeite (Na), olivine (Mg), disthene 

(Al), hypersthene (Si), pentlandite (Ni), apatite (P), sanidine (K), diopside (Ca), pyrite (S), rutile (Ti), 

Cr2O3 (Cr), rhodonite (Mn), and fayalite (Fe) for silicates, and olivine (Mg), apatite (P), diopside (Ca), 

pyrite (S), and Si, Ti, Cr, Fe, Mn, and Ni metal standards for metals and sulfides due to the reduced 

nature of our samples. 

3.7.4 The LA-ICPMS 

The last instruments used to measure the chemical composition of the samples was the laser ablation 

inductively coupled plasma mass spectrometry (LA-ICPMS). This destructive method ablates the point 

of measure with a powerful laser, vaporizing its content, which are then sucked in the ICP part of the 

device. There, the content is ionized (i.e., transformed into a plasma) by inductive heating generated by 

an electromagnetic coil. The plasma is then sent to the mass spectrometer, so that the relative 

concentration of elements can be measured.  

We performed LA-ICPMS measurements on ~20 samples to produce silicate-sulfide and silicate-metal 

partitioning data for over 30 minor and trace elements. We use the Photon Machines (Analyte G2) 

193nm ArF excimer laser (the LA-ICP) coupled to a ThermoFisher ElementXR sector field mass 

spectrometer (MS) from the University of Münster in Germany. We used the NIST 612 and the BHVO-
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2G reference materials for silicate glass and for sulfide/metal analyzes, respectively. For data treatment, 

we use the GLITTER software. Internal standards used were Ca and Fe for silicate glass and 

sulfide/metal respectively. While previous studies used NIST 612 for sulfides and metals (e.g., Steenstra 

et al., 2020a, b), we found that using the Fe-rich basalt BHVO-2G gave better results for sulfides and 

metals (that are rich in Fe). 

  

3.8 Experimental results 

3.8.1 Piston-cylinder 

The dimensions of the capsule are 3 × 3.6 mm (3.8 × 3.6 mm with the lid), so that after being cut in half 

and put in epoxy, the sample forms a rectangle that on average in our 1GPa experiments is 4 × 2.5 mm. 

All our experiments were made in graphite capsules, except for two exclusive tests made with enstatite 

capsules. The B-series was performed by Prof. Olivier Namur and synthetized at the University of 

Hanover in a piston-cylinder following the similar procedure as exposed above. The B-series was 

analyzed (both EPMA and LA-ICPMS) in this work. The list of experiments carried out in piston 

cylinder can be found in Table 3-3. 
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Table 3-3: List of experiments carried out in piston-cylinder and the conditions of their synthesis. Sil. Melt = silicate melt. 

Name Composition Capsule Simet/Sitot Doping T (°C) P (GPa) Duration (min) Phases: 
  

A019 EC001 Graphite 20 CaS 1600 1.31 60 Sil. Melt 
  

A020 EC001 Graphite 20 CaS 1500 1.31 120 Sil. Melt Metal 
 

A021 EC001 Graphite 20 CaS 1400 1.31 120 Sil. Melt Metal 
 

A022 EC001 Graphite 20 FeS + CaS 1600 1.31 60 Sil. Melt Metal 
 

A023 EC001 Graphite 20 FeS + CaS 1500 1.31 120 Sil. Melt Metal 
 

A024 EC001 Graphite 20 FeS + CaS 1400 1.31 120 Sil. Melt Metal (Ca,Mg,Fe)S 

A025 EC001 Graphite 20 CaS 1500 1.31 120 Sil. Melt Metal 
 

A026 EC001 Graphite 10 FeS + CaS 1500 1.31 120 Sil. Melt 
 

FeS 

A027 EC001 Graphite 20 FeS 1500 1.31 120 Sil. Melt 
 

FeS 

A028 EC002 Graphite 20 
 

1500 1.31 120 Sil. Melt Metal 
 

A029 EC002 Graphite 20 
 

1400 1.31 240 Sil. Melt Metal MgS 

A030 EC002 Graphite 20 
 

1500 1.31 1680 Sil. Melt Metal MgS 

A031 EC002 Graphite 20 
 

1650 1.35 120 Sil. Melt Metal 
 

A032 EC002 Graphite 20 
 

1700 1.41 120 Sil. Melt Metal 
 

A033 EC003 Graphite 20 
 

1500 1.31 120 Sil. Melt 
  

A034 EC003 Graphite 20 
 

1500 3.19 120 Sil. Melt 
 

MgS+SiS 

A035 EC003 Graphite 20 FeS 1500 1.31 60 Sil. Melt Metal FeS 

A037 EC003 Graphite 20 
 

1600 1.31 30 Sil. Melt 
  

A038 EC001 Graphite 20 FeS 1600 1.31 45 Sil. Melt 
 

FeS 

A039 EC001 Graphite 20 FeS 1600 2 45 Sil. Melt 
 

FeS 

A040 EC001 Graphite 20 FeS 1700 1.31 45 Sil. Melt 
 

FeS 

A041 EC001 Graphite 20 FeS 1700 2 45 Sil. Melt 
 

FeS 

A042 EC001 Graphite 50 FeS 1600 1.31 45 Sil. Melt Metal 
 

A043 EC001 Graphite 10 FeS 1600 1.31 45 Sil. Melt 
 

FeS 

A044 EC001 Graphite 10 FeS 1600 3.19 45 Sil. Melt 
 

FeS 

A049 EC004 Forsterite 20 FeS 1700 1.31 15 Sil. Melt 
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Name Composition Capsule Simet/Sitot Doping T (°C) P (GPa) Duration (min) Phases: 
  

B873 EC001 Graphite + Pt 0 Fe 1700 3 240 Sil. Melt Metal 
 

B875 EC001 Graphite + Pt 10 Fe 1700 3 240 Sil. Melt Metal 
 

B877 EC001 Graphite + Pt 50 Fe 1700 3 240 Sil. Melt Metal 
 

B879 EC001 Graphite + Pt 50 FeS 1700 3 240 Sil. Melt 
 

FeS 

B880 EC001 Graphite + Pt 20 Fe 1700 3 240 Sil. Melt Metal 
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3.8.2 Evacuated silica tubes 

Two kind of samples were produced in this work. Most samples produced were spherical glasses (Figure 

3-9, left), but a series of experiments (VT42 to VT44 and VT46 to VT56) were cylindrically shaped 

(Figure 3-9, right; Table 3-4). The first 22 samples produced were tests to setup the vacuum line, and 

are not included in Table 3-4.  

 

Figure 3-9: Retrieved products of quenched silicate glass from evacuated silica tube experiments. Left: glassy marble. Right: 

glass cylinder to be used in electrical impedance measurement experiments (see Appendix B: Experimental investigation of the 

bonding of sulfur in highly reduced silicate glasses and melts). 
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Table 3-4: List of experiments carried out in the vacuum line and the conditions of their synthesis. There is no “pressure” column as it is not possible to know the pressure in these experiments. 

Suffix B means “bottom” and T “top” for experiments where two capsules where placed in the same silica tube. Sil. melt = silicate melt. 

Name Composition Capsule Simet/Sitot Doping T (°C) Duration (hour) Phases: 
  

VT023 NVP Long Graphite 10 CaS 1400 2 Sil.melt 
  

VT024 NVP Long Graphite 0 CaS 1400 2 Sil.melt 
  

VT025 NVP Graphite 0 CaS 1300 2 Sil.melt 
  

VT026 NVP Graphite 0 CaS 1400 1 Sil.melt 
  

VT027 NVP Graphite 0 CaS 1350 1.5 Sil.melt 
  

VT028 NVP Graphite 0 FeS 1300 2 Sil.melt 
 

FeS 

VT029 NVP Graphite 0 FeS 1400 1 Sil.melt 
 

FeS 

VT030 NVP Graphite 0 CaS 1300 2.5 Sil.melt 
 

CaS 

VT032 NVP Graphite 0 
 

1300 1.5 Sil.melt 
  

VT033 NVP Graphite 0 
 

1350 1 Sil.melt 
  

VT034 NVP Graphite 0 Si 1350 1 Sil.melt Metal 
 

VT035 NVP Graphite 0 
 

1350 1 Sil.melt Metal 
 

VT036 B NVP Graphite 0 
 

1350 1 Sil.melt 
  

VT036 T Si metal Graphite 
  

1350 1 
   

VT037 NVP Graphite 5 
 

1350 1 Sil.melt Metal 
 

VT038 NVP Graphite 0 CaS + Fe 1350 1 Sil.melt Metal FeS 

VT039 B NVP Graphite 0 CaS 1350 1 Sil.melt 
 

CaS 

VT039 T NVP Graphite 0 Fe 1350 1 Sil.melt Metal FeS 

VT040 NVP Graphite 0 CaS + Fe 1350 1 Sil.melt Metal CaS 

VT041B NVP Graphite 0 S 1300 1 Sil.melt 
  

VT041T NVP (CaSiO3) Graphite 0 Fe 1300 1 Sil.melt 
 

FeS 

VT042 NVP (CaSiO3) Long Graphite 0 Fe 1350 1 Sil.melt 
  

VT043 NVP (CaSiO3) Long Graphite 0 Fe 1350 1 Sil.melt 
  

VT044 NVP Long Graphite 0 Fe 1350 1 Sil.melt Metal 
 

VT045B NVP Graphite 0 
 

1350 1 Sil.melt 
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Name Composition Capsule Simet/Sitot Doping T (°C) Duration (hour) Phases: 
  

VT045T Si metal Graphite 0 
 

1350 1 Sil.melt 
  

VT046 NVP Long Graphite 0 CaS + Fe 1350 1 Sil.melt 
 

FeS 

VT047 NVP Long Graphite 0 CaS 1350 1 Sil.melt 
  

VT048 NVP Long Graphite 0 CaS 1300 1.5 Sil.melt 
  

VT051 NVP (CaSiO3) Long Graphite 0 
 

1300 1.5 Sil.melt 
  

VT052 NVP Long Graphite 0 CaS 1350 1 Sil.melt 
 

CaS 

VT053 NVP (CaSiO3) Long Graphite 0 
 

1300 1.5 Sil.melt 
  

VT054 NVP Long Graphite 0 CaS 1300 1.5 Sil.melt 
  

VT055 NVP Long Graphite 0 CaS 1400 0.75 Sil.melt 
  

VT056 NVP (CaSiO3) Long Graphite 0 
 

1350 1 Sil.melt 
  

VT066 NVP (CaSiO3) Graphite 0 
 

1400 1 Sil.melt 
  

VT067B CaS Graphite 0 
 

1400 1 Sil.melt 
  

VT067T NVP (CaSiO3) Graphite 0 
 

1400 1 Sil.melt 
  

VT070 NVP (CaSiO3) Graphite 0 
 

1350 2 Sil.melt 
  

VT071 NVP (CaSiO3) Graphite 0 CaS 1350 2 Sil.melt 
  

VT087 NVP (CaSiO3) Graphite 0 
 

1350 1.5 Sil.melt 
  

VT088 NVP (CaSiO3) Graphite 0 CaS 1350 1.5 Sil.melt 
  

VT088J NVP (CaSiO3) Graphite 0 CaS 1350 3 Sil.melt 
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3.8.3 Multi-anvil 

The retrieved octahedral assembly is first put entirely in epoxy. It is cut in half but with a slight 

horizontal offset to avoid cutting through the sample. The goal is to almost expose the sample at the 

surface so that polishing is easier and faster. Two kind of experiments were made in multi-anvil. The 

first series was made at the Vrije Universiteit Amsterdam in the Netherlands, and consisted in simple 

phase equilibria experiments (A45 to A48). The BB and BBC series were made at the University of 

California San Diego and the Carnegie Institution for Science, respectively, with a multi-anvil coupled 

with an electrical impedance spectrometer (Table 3-5). The BBC series was used in Pommier et al., 

(2023) (see Appendix B: Experimental investigation of the bonding of sulfur in highly reduced silicate 

glasses and melts).
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Table 3-5: List of experiments carried out in multi-anvil and the conditions of their synthesis. The BB and BBC series were not phase equilibria experiments, and so the temperature corresponds 

to the highest reached during the experiments, and does not corresponds to the temperature of equilibrium. In fact, because we measure the electrical impedance as temperature increase, the 

equilibrium is ever changing. BB and BBC experiments typically lasted a few hours, up to 12 for the longest. Finally, BBC experiments were performed on pre-equilibrated samples, found in Table 

3-4.  

Name Composition Capsule Simet/Sitot Doping T (°C) P (GPa) Duration (min) Phases     

A045 EC001 Graphite 50 FeS 1700 6 45 Silicate melt Metal FeS 

A046 EC001 Graphite 50 FeS + S 1700 6 45 Silicate melt Metal FeS 

A047 EC001 Graphite 20 FeS 1700 6 45 Silicate melt FeS 

A048 EC001 Graphite 20 FeS + S 1700 6 45 Silicate melt Metal FeS 

BB259 EC004 Alumina + Fe 40 FeS 1400 2 
    

BB261 EC004 Alumina + Fe 40 FeS 1400 2 
    

BB268 EC002 Alumina + Fe 38 
 

1300 2 
    

BB270 EC004 Alumina + Fe 20 CaS 1200 1 
    

BB271 EC004 Alumina + Fe 20 CaS 1350 2 
    

BB273 EC004 Alumina + Fe 20 
 

1300 2 
    

BB274 EC002 Alumina + Fe 38 
 

1400 2 
    

BB275 EC002 Alumina + Fe 38 
 

20 2 
    

BB276 EC002 Alumina + Fe 38 
 

1600 2 
    

BB277 EC004 Alumina + Fe 20 
 

1600 2 
    

BBC008 VT051 MgO + Fe / / 500 2 
    

BBC009 VT047 MgO + Fe / / 650 2 
    

BBC010 VT056 Alumina + Fe / / 1400 2 
    

BBC012 VT055 MgO + Fe / / 670 2 
    

BBC013 VT053 MgO + Fe / / 750 2 
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Name Composition Capsule Simet/Sitot Doping T (°C) P (GPa) Duration (min) Phases     

BBC014 VT054 MgO + Fe / / 700 2 
    

BBC015 VT047 Alumina + Fe / / 1350 2 
    

BBC016 VT048 MgO + Fe / / 600 2 
    

BCC017 VT052 Alumina + Fe / / 1375 2 
    

BBC018 VT055 Alumina + Fe / / 1325 2 
    

BBC019 VT056 Alumina + Fe / / 1300 2 
 

      



 Chapter 3: Experimental and analytical methods 

89 

 

3.8.4 Internal heated pressured vessel (IHPV) 

The Y series has been done by Prof. Olivier Namur at the University of Hanover. Capsules were cut in 

half, put in epoxy and polished. The Y-series was analyzed (both EPMA and LA-ICPMS) in this thesis.
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Table 3-6: List of experiments carried out in IHPV and the conditions of their synthesis. 

Name Composition Capsule Simet/Sitot Doping T (°C) P (GPA) Duration (min) Phases: 
  

Y037-2 EC001 Pt 0 FeS 1600 0.1 300 Sil. Melt Metal FeS 

Y056-1 EC001 Pt 20 FeS + Fe 1520 0.1 300 Sil. Melt Metal FeS 

Y056-2 EC001 Pt 50 FeS + Fe 1520 0.1 300 Sil. Melt Metal (Fe,Cr,Mg)S 

Y058-2 EC001 Pt 50 S 1520 0.1 300 Sil. Melt Metal MgS 

Y083-2 EC001 Pt 10 FeS + Fe 1520 0.1 300 Sil. Melt Metal FeS 

Y085-1 EC001 Pt 50 FeS + Fe 1520 0.1 300 Sil. Melt Metal 
 

Y087-2 EC001 Pt 50 S 1520 0.1 300 Sil. Melt Metal MgS 
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Abstract 

Understanding the behavior of elements under highly reduced conditions is fundamental to explain the 

differentiation, crust formation, and volatile budget of Mercury. Here we report experiments on a 

synthetic composition representative of the bulk silicate Mercury (BSM), at pressure up to 3 GPa, 

temperature up to 1720 °C, and under highly reduced conditions (~IW − 8 to ~IW − 1, with IW the iron-

wüstite oxygen fugacity buffer). We determined partition coefficients for > 30 minor and trace elements 

between silicate melt, metal melt (Fe-Si), sulfide melt (FeS), and MgS solid sulfides. Based on these 

results and published literature, we modeled the behavior of heat-producing elements (HPE: U, Th, and 

K) during Mercury’s early differentiation and mantle partial melting and estimated their concentrations 

in the mantle and crust. We found that U, K and especially Th are principally concentrated in the BSM 

and did not partition into the core because they are not siderophile elements. Uranium is chalcophile 

under highly reduced conditions, and so our model suggests that an FeS layer at the core-mantle 

boundary formed during Mercury’s primordial differentiation would likely have incorporated large 

amounts of U, significantly increasing the Th/U ratio of the BSM. However, this is inconsistent with the 

chondritic or slightly sub-chondritic Th/U ratios of Mercury’s lavas. In addition, the likely presence of 

mantle sulfides, such as MgS, would have also fractionated U and Th, increasing the mantle Th/U. It is 

possible to have an FeS layer if Mercury formed under less reduced conditions, or if the building blocks 

of Mercury had Th/U ratios close to the lower end of chondritic data. If, as suggested by our model, no 

FeS layer formed during differentiation, it means that the majority of HPE are concentrated in Mercury’s 

thin silicate part. Based on the compatibility of U, Th and K, we also show that surface K/Th and K/U 

ratios are respectively 2–4 times and 3–6 times lower than expected for initial K/Th and K/U ratios 

similar to enstatite chondrites, implying that the planet suffered an important volatile loss via 

mechanisms that remain undetermined.   
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4.1 Introduction 

The partitioning of major and trace elements between silicate, sulfide, and metallic melts 

strongly depends on the prevailing thermodynamic conditions, particularly oxygen fugacity (fO2; e.g., 

Kilburn and Wood, 1997; McCoy et al., 1999; Kiseeva and Wood, 2013, 2015; Wood and Kiseeva, 

2015; Namur et al., 2016a; Vander Kaaden and McCubbin, 2016; Wohlers and Wood, 2017; Cartier and 

Wood, 2019; Steenstra et al., 2020a, 2020b). Investigating the geochemical behavior of elements at 

various fO2 conditions is therefore particularly important for understanding the origin and evolution of 

planets that span a wide range of redox conditions. In particular, Mercury experienced the most reduced 

conditions among the terrestrial planets of our solar system, with fO2 expected to be between IW − 7 

and IW − 3 (i.e., 7 to 3 log units below the fO2 of the iron-wüstite equilibrium; McCubbin et al., 2012; 

Zolotov et al., 2013; Namur et al., 2016a). These peculiar reducing conditions affect elemental 

partitioning, which itself impacts Mercury’s core composition via the incorporation of light elements 

into liquid iron, such as Si (Chabot et al., 2014; Boujibar et al., 2019; Vander Kaaden et al., 2020; Knibbe 

et al., 2021). 

Mercury’s density is similar to Earth (~5.43 vs. 5.514 g cm−1), even though the former is much 

smaller than the latter, with a radius of ~2400 km and ~6400 km respectively. On Earth, materials are 

more compressed in its center (increasing their density) than on Mercury, which means that for Mercury 

to have a similar density, the planet must have a large metallic core (Ash et al., 1971; Howard et al., 

1974; Anderson et al., 1987; Margot et al., 2018). The present-day core is considered to be partially 

molten (Margot et al., 2007), with a total core radius of ~2000 km (Hauck et al., 2013; Rivoldini and 

Van Hoolst, 2013) and a solid inner core radius of 0–1600 km (Knibbe and van Westrenen, 2015, 2018; 

Genova et al., 2019; Knibbe et al., 2021; Goossens et al., 2022). At the pressure of Mercury’s core-

mantle boundary (CMB, ~5 GPa; Margot et al., 2018; Steinbrügge et al., 2021) a miscibility gap exists 

in the Fe-Si-S system (Malavergne et al., 2007; Morard and Katsura, 2010); an FeS-rich melt segregates 

from the coexisting Fe-Si-rich melt at sulfide saturation. Under Mercury’s reduced fO2 conditions, the 

FeS liquid incorporates a wide array of elements that would otherwise behave as lithophile or siderophile 

under more oxidized conditions, as on present Earth (Wohlers and Wood, 2015, 2017; Boujibar et al., 

2019; Cartier and Wood, 2019; Steenstra et al., 2020a; Wilbur et al., 2022). Therefore, if sulfide 

saturation occurred during the primordial differentiation of Mercury, its core should be compositionally 

layered in terms of major and trace elements, including light elements and heat-producing elements. 

Under highly reduced conditions, sulfur should also be highly soluble in silicate melts (Namur et al., 

2016a), consistent with the high sulfur contents of Mercurian lavas (0.5–3.5 wt%; Peplowski et al., 2015; 

Weider et al., 2015; Namur et al., 2016a). Therefore, Mercury’s silicate mantle most likely contains 

abundant sulfides, probably of the oldhamite (CaS)–niningerite (MgS) series (Namur et al., 2016b; 

Boukaré et al., 2019; Anzures et al., 2020), which are commonly observed in enstatite chondrites 

(Crozaz and Lundberg, 1995; Lehner et al., 2013) and are enriched in various trace elements, notably 
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rare-earth elements and actinides (Hammouda et al. 2022) that otherwise behave as lithophile (Ingrao et 

al., 2019). 

Malavergne et al. (2010) first proposed that a solid FeS layer could be stable at the CMB and 

estimated that it should be < 15 km thick if Mercury formed from S-poor Benccubinite chondrites or 

100–220 km thick if accreted from S-rich enstatite chondrites. The presence of an FeS layer up to 200 

km thick was also proposed based on initial estimates of Mercury’s normalized polar moment of inertia 

using MESSENGER gravity measurements (Smith et al., 2012). However, petrological modeling based 

on sulfur solubility in silicate melt and the Ti contents of Mercury lavas suggests that if an FeS layer 

exists at the CBM, it must be thinner than 90 km (Namur et al., 2016a; Cartier et al., 2020). 

High-spatial resolution measurements by the X-Ray Spectrometer (XRS) onboard 

MESSENGER, which was able to detect fluorescent X-ray emissions from up to ~10 µm of depth (Nittler 

et al., 2011), were combined in order to map the distributions of Si-normalized major elements (Al, Fe, 

Mg, Ca, S; Nittler et al., 2018a) and some minor elements, such as Ti (Cartier et al., 2020) and Cr (Nittler 

et al., 2018b), on the surface of Mercury; lower and upper bounds on Mn concentrations have also been 

provided (Nittler et al., 2018a). Additional chemical data for O, Na, Cl, K, Th, and U of the surface (up 

to 100 µm of depth) were acquired at lower spatial resolution by the Gamma-Ray Spectrometer 

(Peplowski et al., 2011, 2012, 2014; Evans et al., 2012, 2015; McCubbin et al., 2017). New 

compositional information is expected from the BepiColombo mission. In particular, BepiColombo will 

measure the concentrations of elements such as P and Ni, as well as heat-producing elements U, Th, and 

K at higher spatial resolution than MESSENGER, using the Mercury Imaging X-ray Spectrometer 

(MIXS) and the Mercury Gamma ray and Neutron Spectrometer (MGNS) (Bunce et al., 2020; Rothery 

et al., 2020). These elements are important tracers for investigating the volatile budgets and 

differentiation histories of terrestrial planets (e.g., McLennan, 2003). In the case of Mercury, it has been 

suggested that U and K may strongly partition into liquid FeS but not liquid Fe-Si (Wohlers and Wood, 

2015, 2017, Boujibar et al., 2019). However, even though Boujibar et al. (2019) recently produced data 

for U, Th and K partitioning relevant to Mercury’s geological context, with a focus on metal/silicate 

melt partitioning data, data are still scarce at low fO2 to address key questions regarding the 

thermochemical evolution of Mercury’s interior (Tosi et al., 2013; Boujibar et al., 2019; Boukaré et al., 

2019; Peterson et al., 2021). 

Here, we report high-pressure and high-temperature experiments on a composition 

representative of the bulk silicate Mercury (BSM, i.e., the mantle and crust), which we equilibrated with 

sulfide and metallic melts. We report partitioning data for major, minor, and trace elements between the 

three melts, and we also present the first data on partitioning between solid MgS and silicate melt. We 

particularly focus on presenting U, Th and K partition coefficients between FeS and the silicate melt, 

which complements the data set produced by previous studies, notably Boujibar et al (2019).  These 
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results are used to discuss the distribution of the heat-producing elements (U, Th and K) between 

Mercury’s metallic core, the potential FeS layer at the CMB, and the BSM. We found that the surface 

Th/U can be used to better constrain the thermodynamic conditions for the formation of an FeS layer. 

We also discuss the importance of mantle sulfides, such as MgS, for the potential fractionation of U, 

Th, and K, and their importance for calculating the global volatile budget of Mercury. Our study 

indicates that it is not possible to reconcile the measured K/Th and K/U surface ratios with a chondritic 

bulk-composition of Mercury, and the planet must have lost an important fraction of its K. 

 

4.2 Experimental and analytical methods 

4.2.1 Starting compositions 

Mercury’s building blocks are often assumed to be compositionally similar to enstatite 

chondrites (Malavergne et al., 2010, 2014; Zolotov et al., 2013, Cartier and Wood, 2019), and so we 

synthesized a powder representative of the average silicate portion of enstatite chondrites (Table 4-1, 

Wiik, 1956; Lodders and Fegley, 1998; Berthet et al., 2009). Sample synthesis consisted of four steps. 

(1) High-purity oxides/silicates/phosphate (SiO2, TiO2, Al2O3, Cr2O3, MnO, MgO, CaSiO3, Na2SiO3, 

K2Si4O9, AlPO4) were mixed with ethanol in an agate mortar. (2) The powder was then doped with 1000 

ppm of U and Th and 500 ppm of other trace elements (Sc, V, Co, Ni, Cu, Zn, Ga, Ge, Rb, Sr, Y, Zr, 

Nb, Mo, Ce, Nd, Sm, Eu, Gd, Yb, Hf, Ta, and W) using premixed standard solutions. Powders were 

then dried in an oven at 450 °C overnight. (3) Different amounts of S, FeS, ± CaS were added to the 

powders to reach sulfide saturation in the silicate melt. In some experiments, only Fe was added to study 

metal/silicate melt partitioning data in the absence of sulfur. (4) To reduce the oxygen fugacity of the 

experiments, Si metal was added to the powder. The Si/SiO2 ratio was balanced accordingly to keep the 

total Si content of enstatite chondrites. In this way, the total silicon content of the starting material was 

the same in all experiments but the Si/SiO2 ratio changed, leading to various fO2 conditions between 

experiments (Namur et al., 2016a, 2016b; Anzures et al., 2020). The final powders were dried in an oven 

at 120 °C and stored in a desiccator until use. 
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Table 4-1:  Composition of the starting material (in wt%) compared to S-free silicate composition of enstatite chondrites (EH) 

in the literature. 

  This study Indarcha Indarchb EHc 

SiO2 61.26 61.26 67.1 60.83 

TiO2 0.1 0.1 0.05 0.11 

Al2O3 2.76 2.52 2.18 2.65 

Cr2O3 0.82 0.82 0.09 0.83 

MnO 0.43 0.43 0.26 0.46 

MgO 31.37 30.37 27.68 30.48 

CaO 1.65 1.65 1.47 2.04 

Na2O 1.55 1.75 1.05 1.57 

K2O 0.19 0.19 0.11 0.17 

P2O5 0.9 0.9 - 0.84 

Total 101.03 100 100 100 

a: Wiik (1956), b: Berthet et al. (2009), c: Lodders and Fegley (1998) 

4.2.2 Experimental methods 

Experiments were conducted using a piston-cylinder apparatus and an internally heated pressure 

vessel (IHPV). Experimental conditions are listed in Table 4-2. The first set of piston-cylinder 

experiments (series A) was performed at 1–2 GPa at the University of Liège (Belgium) following the 

method described in Condamine et al. (2022). We used 0.5” barium carbonate cells with graphite 

capsules to maintain intrinsically reduced conditions. Samples were initially pressurized at room 

temperature to around 0.75 GPa, then heated to 865 °C at a rate of 100 °C/min and held at that 

temperature for 5 min. During the dwell period, pressure was increased to the target pressure before the 

sample was heated to the target temperature at a rate of 50 °C/min. The experimental temperature was 

monitored using a Type-D (W3-Re97/W25-Re75) thermocouple. Due to the location of the thermocouple 

tip ~ 1 mm above the sample, we estimate that the sample was ~20 °C hotter than the temperature 

measured by the thermocouple, and we reported the corrected temperature in Table 4-2. The duration of 

the highest temperature piston-cylinder experiment (1720 °C) was 45 min, and experiments at lower 

temperatures had durations of 120 min. The experiments were quenched by shutting off the electrical 

current to the heater. The second set of piston-cylinder experiments (series B) was performed at 3 GPa 

at the Bayerisches Geoinstitut (BGI, University of Bayreuth) following a procedure similar to that of 

the University of Liège. In BGI, we however used a talc-Pyrex pressure cell. For these experiments, an 

outer platinum capsule was used to minimize sulfur and alkali losses. 
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Table 4-2: Experimental conditions and oxygen fugacity calculated for each experiment. Met = metal, Qtz = quartz, Si = silicon 

metal. All experiments contain a silicate melt. 

Run # T (°C) P (GPa) 
Duration 

(min) 
Source of S* Phases in quenched silicate melts samples  fO2

a fO2
b fO2

c 

A022 1620 1.31 60 FeS + Cas Met -4.9 -6 
 

A023 1520 1.31 120 FeS + Cas Met -5 -6.4 
 

A025 1520 1.31 120 CaS Met -5.6 -6.8 
 

A026 1520 1.31 120 FeS + Cas FeS 
  

-6.5 

A027 1520 1.31 120 FeS FeS, Qtz, Si 
  

-4.7 

A038 1620 1.31 45 FeS FeS, Qtz 
  

-4.7 

A039 1620 2 45 FeS FeS, Qtz, Si 
  

-4.7 

A040 1720 1.31 45 FeS FeS 
  

-4.4 

A041 1720 2 45 FeS FeS, Qtz 
  

-4.5 

A042 1620 1.31 45 FeS Met -5.5 -6.7 
 

A043 1620 1.31 45 FeS FeS 
  

-2.7 

B873 1700 3 240 / Met -1.9 -1.4 
 

B875 1700 3 240 / Met -4.2 -3.6 
 

B877 1700 3 240 / Met -5 -7 
 

B879 1700 3 240 FeS Met + FeS -4.4 -5.8 -6.7 

B880 1700 3 240 / Met -5.2 -5.4 
 

Y037-2 1600 0.1 300 FeS FeS 
  

-4 

Y056-1 1520 0.1 300 FeS Met + FeS -4.9 -4 -5.3 

Y083-2 1520 0.1 300 FeS Met + FeS -4.7 -5.2 -6.4 

Y087-2 1520 0.1 300 S MgS     -8.5 

*The source of sulfur added in the powder; a: calculated using the Fe-FeO equilibrium; b: calculated using the Si-SiO2 

equilibrium; c: using the equation from Namur et al. (2016a) 

IHPV experiments (series Y) were performed at 0.1 GPa at the University of Hanover 

(Germany). Details about the apparatus are available in Berndt et al. (2002) and details about the 

experimental protocol in Namur et al. (2016a). The powder was loaded into a graphite capsule enclosed 

in a platinum jacket and placed in the hotspot of the furnace using a 0.1 mm Pt wire. Before heating, the 

pressure was increased to 0.1 GPa using pure argon as the pressure medium. Two Type-S (Pt/Pt90-Rh10) 

thermocouples were inserted along the sample to control the heating at the top and bottom of the cell, 

and two additional Type-S thermocouples were used to monitor the sample temperature. IHPV 

experiments were conducted at 1520 °C for 300 min, except for experiment Y037-2, which was 

performed at 1600 °C (Table 4-2). Experiments were quenched by applying a current to the Pt wire, 

causing the sample to fall onto a copper plate at ~20 °C at the bottom of the sample holder. Quench rate 

is expected to be ~100 ˚C/s down to the glass transition temperature. 
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4.2.3 Analytical techniques 

Quenched samples were cut in half, mounted in epoxy, and polished for textural and chemical 

analyses. Samples were dry-polished using SiC pads and diamond powder to avoid sulfide dissolution 

in the presence of water or other lubricants. Phase determination and description of experimental 

textures were conducted with a scanning electron microscopy (SEM; FEI Quanta 600, operating at 5 kV 

accelerating voltage) at the University of Aachen (Germany). Major and minor element concentrations 

were quantified using a JEOL JXA-8530F electron probe micro-analyzer (EPMA) at the University of 

Münster (Germany) with a 15 kV accelerating voltage and a 10 nA beam current. On-peak and 

background analysis times were 15 (10 for Na and K) and 5 s, respectively, for silicate melts and 20 

(peak) and 10 (background) s for metals and sulfides. We calibrated K X-ray lines with jadeite (Na), 

olivine (Mg), disthene (Al), hypersthene (Si), pentlandite (Ni), apatite (P), sanidine (K), diopside (Ca), 

pyrite (S), rutile (Ti), Cr2O3 (Cr), rhodonite (Mn), and fayalite (Fe) for silicates, and olivine (Mg), apatite 

(P), diopside (Ca), pyrite (S), and Si, Ti, Cr, Fe, Mn, and Ni metal standards for metals and sulfides. 

Trace element concentrations were analyzed by laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) at the University of Münster (Germany) using a Photon Machines (Analyte 

G2) 193 nm ArF excimer laser (ca. 5 J/cm2 laser fluence, 10 Hz repetition rate) coupled to a 

ThermoFisher ElementXR sector field mass spectrometer (MS). The laser spot size was adapted to the 

size of the phase being analyzed; typical spot diameters were 30–60 µm for silicate glass, 20–60 µm for 

metals and iron-rich sulfides, and 10–20 µm for MgS. Analytical positions were carefully chosen based 

on SEM images of the samples to avoid contamination by adjacent phases, and we monitored for 

contamination by metal inclusions (mainly from small Fe-rich blobs in the silicate glass, see Results) 

based on the signals (counts per second) of key elements (Si and Fe) in the acquired spectra. Ablated 

material was transported in a He carrier gas to plasma of the MS. Low-resolution (23Na, 27Al, 29Si, 43Ca, 

45Sc, 47Ti, 51V, 53Cr, 55Mn, 56Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 73Ge, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 137Ba, 

140Ce, 146Nd, 147Sm, 153Eu, 157Gd, 172Yb, 178Hf, 181Ta, 182W, 232Th, 238U) and high-resolution analyses 

(24Mg, 29Si, 31P, 39K, 43Ca, 47Ti, 51Cr, 53Mn, 56Fe, 60Ni) were performed on each sample. The material was 

ablated and its composition measured for 40 s after the background was measured for 20 s. We used a 

washout of 10 s between successive measurements. We did not use a pre-raster of the surface but no 

obvious surface contamination was observed during the first second of analyses. 

Raw trace element data were processed using the GLITTER software (Van Achterbergh et al., 

2001; Griffin et al., 2008). Calcium concentrations determined by EPMA were used as an internal 

standard for silicate glass analyses, whereas those of iron were used for sulfide and metallic melt 

analyses. We used the NIST 612 reference material for silicates, and BHVO-2G basalt for sulfides and 

metals; using this Fe-rich basalt produced data more consistent with the microprobe data than using 

NIST 612 for FeS and Fe-Si. 
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4.2.4 Oxygen fugacity estimates 

The oxygen fugacity (fO2) of the samples can be estimated from the FeO content of the silicate 

melt and the Fe content of the metallic melt following the thermodynamic equilibrium between iron and 

wüstite: 

FeMet + 
1

2
O2 = FeOSil      (1) 

where the superscripts ‘Met’ and ‘Sil’ indicate metallic and silicate melts, respectively. However, under 

reducing conditions, the silicate melt FeO content is too low (Table 4-3) to be accurately measured, 

leading to large errors when estimating fO2 (Cartier et al., 2014b; Namur et al., 2016a). We therefore 

used the equilibrium reaction (Cartier et al., 2014b): 

SiMet + O2 = SiO2
Sil      (2) 

Oxygen fugacity was calculated by considering the effects of temperature and pressure, and is expressed 

as the difference relative to the IW buffer (in bar). We consider ideality in our calculations. All details 

on the calculation methods, including the calculation of ΔIW at high-pressure, are available in Namur 

et al. (2016a). We estimate that errors on fO2 calculations are ~0.5 log units (Namur et al., 2016a). 

 Some of the sulfide-saturated experiments did not contain a metal phase, and we could not use 

silicate-metal equilibrium to calculate fO2. For those experiments, we used the following empirical 

equation linking the S content in the silicate melt to fO2 (Namur et al., 2016a): 

 
ln[S]SCSS = 𝑎 + 𝑏 × 

1

𝑇
+ 𝑐 ×  

𝑃

𝑇
+ 𝑑 ×  log𝑓O2 +  ∑𝑒𝑖

𝑋𝑖

𝑋SiO2

 
(3) 

where [S]SCSS is the sulfur content at sulfide saturation (SCSS, wt%) in the silicate melt, T is temperature 

(K), P is pressure (bar), fO2 is oxygen fugacity (bar), a, b, c, d and ei are regression coefficients, and Xi 

is the mole fraction of oxide i in the melt, recalculated on a sulfur-free basis (Namur et al., 2016a). We 

estimate that errors using this method are ~1 log unit. We also used this equation to calculate fO2 for 

some sulfide-saturated experiments from the literature with anomalously high Si contents (>20 wt%) in 

the metal phase and low [S]SCSS (<2 wt%). Comparison between fO2 calculation methods can be found 

in the supplementary materials. Oxygen fugacity estimates for our experiments range from IW − 8.5 to 

IW − 1.4. The most reduced experiment contains solid MgS (Table 4-2).  
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4.3 Results 

4.3.1 Attainment of equilibrium 

The attainment of equilibrium in our experiments is supported by several observations. First, the 

duration of our experiments is similar to that of previous experiments performed on similar compositions 

(e.g., Wholers and Wood, 2017; Boujibar et al., 2019; Steenstra et al., 2020a, 2020b) and well above the 

duration needed to attain equilibrium, as estimated by Thibault and Walter (1995) and Corgne et al. 

(2008). Second, optical observations and the measured chemical compositions reveal a homogeneous 

silicate melt phase in all samples. We explained the presence of Si blobs surrounded by SiO2 in two of 

our experiments (A027 and A039) by the shielding of Si by stable SiO2 phase, leading to uncomplete Si 

oxidation. Third, our partition coefficient data are in good agreement with previous studies where 

thermodynamic equilibrium was reached (e.g., Cartier et al., 2014a; Wohlers and Wood 2015, 2017; 

Ingrao et al., 2019; Steenstra et al., 2020a, 2020b). 

4.3.2 Phase assemblages and textural analyses 

Some samples (B879, Y056-1, Y083-2) contain three equilibrated melts (silicate melt quenched 

to glass, metallic melt, and sulfide melt), but most experiments contain either equilibrated FeS and 

silicate melts without Fe-Si metal or equilibrated Fe-Si and silicate melts without FeS (Table 4-2). 

Backscattered electron images of selected samples are presented in Figure 4-1. Large FeS globules 

(>100 µm in diameter) are circular and usually host small Fe-Si globules (Figure 4-1c) which result 

from the miscibility gap in the Fe-S-Si system at the pressure and temperature conditions of our 

experiments (Malavergne et al., 2007; Morard and Katsura, 2010). Fe-Si metal globules, when present, 

are mostly spherical and can exceed 100 µm in diameter (Figure 4-1b, c). Regardless of whether or not 

experiments contain large metal globules, some small (<10 µm diameter) Fe droplets and (Fe,Ca,Mg)S 

blobs are observed in the FeS phase, both probably forming by exsolution during the quench (Figure 

4-1c). In the Fe-free IHPV experiment (Table 4-2: Y087-2; Figure 4-1d), the only sulfide phase is pure 

MgS, which occurred as 30–40 µm in width blobs with smooth and irregular contours. MgS was likely 

a solid phase, because the experiment was performed well below (1520 °C) their very high melting 

temperature (~2200 °C, Jantzen et al., 2017). In several experiments, the silicate glass contains micro-

globules (<1 µm) of metal comparable to those described in previous studies (Figure 4-1a: Boujibar et 

al., 2014; Malavergne et al., 2014). These inclusions are thought to be formed during quench (Boujibar 

et al., 2014). Quartz grains are sometimes present in the quenched samples, they are most commonly 

circular and, in some experiments (A027 and A039), they locally enclosed silicon metal, suggesting 

incomplete Si oxygenation due to SiO2 shielding, as explained in section 4.3.1. 
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Figure 4-1: Back-scattered electron images of selected quenched samples. (a) Metal inclusions in the silicate glass and Fe 

inclusions in FeS (experiment A040). (b) Large (≥50 μm) globules of Fe–Si in FeS-free experiment A042. We were able to 

perform large laser points on those. (c) Fe–Si globules surrounded by FeS due to their immiscibility (experiment Y083–2). 

Smaller Fe–Si globules are also present in the FeS. They were avoided during analyses for both EPMA and LA-ICPMS. (d) 

MgS sulfide crystals in an Fe-free IHPV experiment (experiment Y087–2). 

4.3.3 Major and minor element compositions 

In most experiments, the composition of the silicate melt is relatively similar to that of the 

starting material (Table 4-3). The SiO2 content of the glass varies from 55 to 70 wt% but is typically 

around 60 wt%. The MgO content varies from 20 to 30 wt% and the Al2O3 content is around 2 wt%. 

CaO content in the glass is between ~1 and ~2 wt%, except in the CaS-doped experiments (A022, A023, 

A025 and A026) in which CaO content reaches values from ~11 to ~14 wt%. The highest S content in 

the quenched glass in all experiments is about 15 wt%, but most samples contain <10 wt% S. Variable 

S contents are mostly responsible for the observed variations in the other elemental contents. Glass FeO 

contents are generally low (<1 wt%), except for experiment B873 (>10 wt%). Glasses in all experiments 

have similar alkali contents of ~1.5 wt% Na2O and ~0.2 wt% K2O.
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Table 4-3: Chemical composition of the silicate glass (in wt%). The totals above 100% are due to excess calculated oxygen. The first line shows the composition of the starting material (Start. 

mat.). Fe and S were added in different proportion in the starting material for each experiment (see Table 4-1). *CaS doped experiments. 

Run # SiO2 TiO2 Al2O3 Cr2O3 MnO MgO CaO FeO Na2O K2O P2O5 S Total 

Start. Comp 61.26 0.10 2.76 0.82 0.43 31.37 1.65 0.00 1.55 0.19 0.90 0.00 101.03 

A022* 57.68 0.01 2.20 0.16 0.29 19.23 11.49 0.28 0.87 0.17 0.01 8.28 100.66 

1σ 0.60 0.01 0.04 0.04 0.03 0.42 0.38 0.09 0.05 0.02 0.02 0.30 0.37 

A023* 56.55 0.01 3.15 0.17 0.30 18.74 11.89 0.27 1.05 0.14 0.01 8.41 100.70 

1σ 0.31 0.01 0.22 0.03 0.03 0.26 0.22 0.04 0.04 0.02 0.01 0.16 0.21 

A025* 58.21 0.01 2.27 0.07 0.26 19.22 12.45 0.12 0.68 0.19 0.01 5.80 99.29 

1σ 0.28 0.01 0.04 0.03 0.03 0.87 0.41 0.05 0.05 0.02 0.02 0.15 1.26 

A026* 53.52 0.01 2.15 0.05 0.13 22.14 13.84 0.32 1.08 0.16 0.40 5.40 99.20 

1σ 0.20 0.01 0.05 0.01 0.03 0.13 0.22 0.07 0.04 0.03 0.05 0.08 0.23 

A027 63.31 0.07 3.19 0.05 0.12 27.34 1.78 0.55 1.63 0.26 0.01 1.96 100.27 

1σ 1.37 0.01 0.21 0.02 0.02 1.43 0.22 0.05 0.13 0.03 0.01 0.20 0.43 

A038 70.72 0.02 4.35 0.02 0.07 19.11 1.14 0.26 1.26 0.17 0.01 2.46 99.63 

1σ 1.08 0.01 1.08 0.02 0.02 1.51 0.07 0.07 0.17 0.02 0.01 0.14 0.33 

A039 61.10 0.03 3.04 0.02 0.09 28.75 1.72 0.52 2.28 0.33 0.00 3.09 100.97 

1σ 1.68 0.01 0.17 0.01 0.01 1.63 0.12 0.07 0.38 0.06 0.00 0.13 0.29 

A040 73.08 0.02 2.05 0.02 0.10 19.00 1.12 0.28 1.19 0.18 0.01 2.76 99.86 

1σ 0.72 0.01 0.03 0.02 0.03 0.57 0.17 0.12 0.20 0.02 0.01 0.07 0.77 

A041 68.71 0.02 2.37 0.05 0.13 21.70 1.26 0.46 1.65 0.19 0.00 3.22 99.78 

1σ 0.61 0.01 0.04 0.02 0.03 0.47 0.06 0.15 0.31 0.02 0.01 0.07 0.53 

A042 59.67 0.11 3.05 0.13 0.47 26.62 1.54 0.13 1.64 0.25 0.00 9.75 103.41 

1σ 0.51 0.01 0.04 0.03 0.09 0.32 0.19 0.18 0.10 0.01 0.01 0.34 0.45 

A043 69.19 0.08 2.08 0.08 0.16 20.95 1.18 1.14 1.22 0.17 0.27 0.82 97.36 

1σ 0.41 0.01 0.03 0.02 0.02 0.21 0.04 0.10 0.03 0.01 0.05 0.05 0.39 

B873 55.97 0.13 2.35 0.65 0.38 24.40 1.42 10.57 1.23 0.19 0.16 0.00 97.45 

1σ 0.29 0.02 0.09 0.03 0.02 0.51 0.06 0.13 0.10 0.02 0.03 0.00 0.39 
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Run # SiO2 TiO2 Al2O3 Cr2O3 MnO MgO CaO FeO Na2O K2O P2O5 S Total 

B875 64.43 0.17 3.16 0.27 0.45 25.49 1.95 0.71 1.84 0.27 0.01 0.00 98.76 

1σ 0.24 0.01 0.08 0.03 0.03 0.49 0.09 0.03 0.10 0.03 0.02 0.01 0.21 

B877 53.60 0.07 3.65 0.01 0.07 37.53 2.15 0.18 1.72 0.24 0.02 0.00 99.26 

1σ 0.80 0.01 0.33 0.01 0.03 1.77 0.33 0.09 0.33 0.04 0.02 0.01 0.30 

B879 54.53 0.02 3.74 0.06 0.24 30.80 1.65 0.58 1.95 0.23 0.01 12.50 106.32 

1σ 0.38 0.01 0.16 0.03 0.04 0.66 0.24 0.24 0.13 0.02 0.01 0.30 0.47 

B880 63.58 0.15 3.39 0.09 0.37 26.75 2.13 0.18 1.85 0.28 0.01 0.00 98.80 

1σ 0.39 0.02 0.11 0.02 0.04 0.73 0.12 0.05 0.26 0.03 0.02 0.01 0.51 

Y037-2 63.00 0.10 2.56 0.07 0.12 27.30 1.53 1.08 1.49 0.22 0.02 1.55 99.05 

1σ 0.79 0.01 0.05 0.02 0.02 0.40 0.04 0.11 0.04 0.01 0.02 0.04 1.28 

Y056-1 61.61 0.06 2.66 0.03 0.11 28.58 1.62 0.35 1.55 0.22 0.02 2.68 99.51 

1σ 0.24 0.02 0.04 0.02 0.02 0.11 0.02 0.13 0.06 0.01 0.02 0.05 0.27 

Y083-2 60.37 0.06 2.70 0.07 0.15 29.16 1.63 0.40 1.56 0.21 0.00 4.88 101.19 

1σ 0.30 0.01 0.04 0.03 0.02 0.22 0.04 0.10 0.04 0.02 0.01 0.10 0.30 

Y087-2 52.62 0.13 2.75 0.47 0.37 31.30 1.80 0.03 1.70 0.22 0.03 15.66 107.08 

1σ 2.58 0.03 0.14 0.14 0.11 1.75 0.23 0.02 0.08 0.03 0.03 1.25 0.76 
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Metallic phases are dominated by an iron-silicon alloy containing 1–25 wt% Si (Table 4-4). 

Chromium and nickel are minor components (up to 2 wt% for Cr and around ~0.2 wt% for Ni). 

Phosphorous is also a minor component in the metallic phases (≤ 2.4 wt%). At the investigated pressures 

of our experiments (≤3 GPa), there is a miscibility gap in the Fe-Si-S system and almost no S is present 

in the metal (<1 wt%). The S content in the silicate melt is positively correlated with the silicon content 

in the metal (Figure 4-2), consistent with previous works showing that both Si and S are controlled by 

fO2 (e.g., Cartier et al., 2014b; Cartier and Wood 2019). 

Table 4-4: Major and minor elements composition of metals (in wt%). Low totals are explained by the incorporation of 

minor/trace elements not measured using the electron microprobe, and notably carbon. 

Run # Si Ti Cr Mn Ca Ni Fe P S Total 

A022 13.81 0.01 2.33 0.02 0.02 0.30 77.84 2.11 0.04 96.49 

1σ 0.32 0.01 0.08 0.01 0.02 0.02 0.35 0.16 0.02 0.32 

A023 12.83 0.03 2.25 0.03 0.04 0.31 78.41 1.93 0.13 95.95 

1σ 0.44 0.07 0.18 0.03 0.04 0.04 2.64 0.39 0.33 2.15 

A025 16.78 0.02 2.31 0.23 0.02 0.19 75.25 1.81 0.01 96.62 

1σ 0.24 0.02 0.11 0.03 0.02 0.05 0.38 0.17 0.01 0.36 

A042 21.28 0.07 1.87 0.16 0.00 0.12 73.27 1.11 0.00 97.88 

1σ 0.26 0.01 0.07 0.02 0.00 0.02 0.38 0.07 0.00 0.31 

B873 0.01 0.00 0.17 0.00 0.01 0.10 89.09 2.42 0.03 91.83 

1σ 0.01 0.00 0.05 0.01 0.01 0.03 0.47 0.44 0.01 0.42 

B875 1.22 0.01 2.06 0.08 0.00 0.11 87.41 1.50 0.04 92.44 

1σ 0.18 0.01 0.04 0.04 0.01 0.05 0.35 0.17 0.03 0.28 

B877 26.31 0.24 2.35 1.28 0.01 0.13 67.54 1.09 0.00 98.95 

1σ 1.07 0.03 0.22 0.07 0.01 0.02 1.12 0.22 0.00 0.57 

B879 14.95 0.00 0.03 0.00 0.00 0.13 82.90 0.91 0.31 99.25 

1σ 0.95 0.01 0.01 0.00 0.01 0.03 0.84 0.08 0.08 0.30 

B880 10.60 0.04 2.39 0.41 0.00 0.15 80.48 1.25 0.01 95.34 

1σ 0.36 0.01 0.07 0.02 0.00 0.03 1.12 0.08 0.01 1.16 

Y056-1 0.85 0.01 0.09 0.02 0.00 0.21 90.60 1.98 0.92 94.69 

1σ 0.47 0.01 0.10 0.05 0.01 0.07 3.19 1.00 1.78 1.79 

Y083-2 5.27 0.01 0.24 0.02 0.01 0.16 89.05 1.89 0.49 97.14 

1σ 1.72 0.01 0.09 0.02 0.01 0.05 2.07 0.65 0.30 0.57 
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Figure 4-2: Si content in metal phases vs. sulfur content at sulfide saturation (SCSS) in the silicate melt. The SCSS corresponds 

to the maximum solubility of sulfur in a silicate melt at saturation. These two measures are positively correlated because they 

are linked by the oxygen fugacity. 

Sulfide melt compositions are mostly composed of Fe and S, with up to 5 wt% Cr and Mn 

substituting for Fe (Table 4-5). The S contents of FeS phases are constant at around 37 wt%, 

corresponding to stoichiometric FeS. This indicates that there is no oxygen (i.e. another -2 anion) in the 

FeS globules. FeS globules are quenched liquids because all experiments were performed significantly 

above the FeS liquidus at the investigated pressures (e.g., Chen et al., 2008). Pure solid MgS is only 

observed in the iron-free experiment Y087-2, quenched at 0.1 GPa and 1520 °C (Table 4-5).  
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Table 4-5: Major and minor elements composition of sulfides (in wt%). 

Run # Si Ti Cr Mn Mg Ca Ni Fe S Total 

A026 0.01 0.16 4.17 0.99 0.12 0.03 0.10 54.81 37.14 97.58 

1σ 0.00 0.02 0.15 0.04 0.02 0.02 0.02 0.22 0.13 0.39 

A027 0.04 0.31 2.78 1.12 0.10 0.01 0.01 57.01 36.99 98.38 

1σ 0.01 0.04 0.37 0.08 0.01 0.01 0.02 0.36 0.08 0.15 

A038 0.01 0.30 2.31 0.81 0.15 0.01 0.03 57.96 36.61 98.20 

1σ 0.01 0.13 0.49 0.13 0.04 0.01 0.01 0.77 0.27 0.32 

A039 0.09 0.18 1.44 0.83 0.15 0.01 0.03 58.67 36.23 97.66 

1σ 0.15 0.07 0.41 0.05 0.06 0.01 0.02 0.84 0.24 0.59 

A040 0.01 0.24 1.73 0.76 0.16 0.02 0.03 58.87 36.16 97.99 

1σ 0.00 0.07 0.30 0.05 0.03 0.02 0.01 0.58 0.58 0.49 

A041 0.02 0.39 2.56 0.91 0.14 0.00 0.02 57.32 36.50 97.88 

1σ 0.01 0.13 0.29 0.10 0.03 0.00 0.02 0.61 0.39 0.59 

A043 0.01 0.03 1.63 0.62 0.01 0.00 0.03 59.26 36.41 98.04 

1σ 0.01 0.02 0.25 0.05 0.01 0.00 0.02 0.42 0.13 0.33 

B879 0.04 0.35 2.68 0.47 0.18 0.01 0.01 57.70 37.29 98.74 

1σ 0.04 0.20 0.69 0.10 0.05 0.01 0.01 1.16 0.34 0.44 

Y037-2 0.00 0.09 2.06 0.87 0.28 0.01 0.04 58.96 37.26 99.57 

1σ 0.00 0.02 0.25 0.02 0.04 0.01 0.02 0.45 0.06 0.29 

Y056-1 0.01 0.18 1.69 0.75 0.13 0.02 0.02 59.13 37.08 99.01 

1σ 0.01 0.12 0.67 0.10 0.03 0.02 0.01 0.83 0.27 0.37 

Y083-2 0.01 0.64 3.86 0.93 0.22 0.01 0.02 56.57 37.34 99.61 

1σ 0.01 0.30 0.75 0.04 0.02 0.01 0.01 1.29 0.09 0.23 

Y087-2 0.02 0.41 3.81 4.46 35.19 0.85 0.02 0.29 54.17 99.23 

1σ 0.01 0.03 0.66 0.42 0.83 0.03 0.01 0.02 0.31 0.11 

 

4.3.4 Trace element partitioning between sulfides (FeS and MgS) and the silicate melt 

The partition coefficient D of an element M between phases A (FeS sulfide; or MgS sulfide) and 

B (silicate melt) is defined as: 

     DM
A/B = CM

A/CM
B      (4) 

where CM
A and CM

B are the concentrations of element M in phases A and B (in wt%), respectively. Our 

results show that most transition metals (V, Cr, Mn, Co, Ni, Cu, Nb, Mo, Ta, W) present a strong affinity 

for FeS (Figure 4-3). Except for Ti, which mainly partitions into FeS at ≤IW−4, group 3 and 4 transition 

metals (Sc, Y, Zr, Hf) remain strongly lithophile. Zn, Ga, and Ge also strongly partition into FeS (Figure 

4-3). Lanthanides are strongly lithophile even under very reduced conditions, except for Eu, which has 

a stronger affinity for FeS (Figure 4-3). In contrast, Eu partitions less into MgS than the other lanthanides 

(Figure 4-3, DMgS/silicate melt ~ 0.1 for Eu, while it increases from 0.25 for Ce to 1.75 for Yb). Alkali metals 

and alkaline earth metals are also mostly lithophile (Figure 4-3). Actinides (U and Th) are both 

lithophile, although U partitions more strongly into FeS and MgS than Th. 
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Figure 4-3: Elemental sulfide/silicate partition coefficients. Elements are sorted by increasing atomic number. The blue line 

shows the median values of FeS/silicate melt partition coefficients from experiments between IW - 6 and IW - 4. The blue 

shaded area indicates the ±95% confidence interval for each element. The red line shows the data from MgS/silicate 

partitioning. There is no confidence interval as only one experiment contained MgS. The black horizontal line marks D = 1, 

i.e., the element partitions equally between the silicate melt and sulfides. 

We investigated trace element partitioning between MgS and the silicate melt in a single 

experiment. We observe significant differences between the partitioning behavior of trace elements in 

MgS and in FeS. Although the observed differences are probably mainly related to the phase 

composition (MgS vs. FeS), they also result from the physical state of the phase (solid for MgS vs. liquid 

for FeS) and the experimental fO2. Indeed, the only experiment containing MgS was at ~IW − 8.5, 

significantly more reduced than experiments containing FeS (IW − 2.7 to IW − 6.7). Nonetheless, our 

results tentatively show that DMgS/silicate > DFeS/silicate for Sc, Ti, Y, Zr, and Hf (with DMgS/silicate > 1 for those 

elements, except for Hf), whereas DMgS/silicate < DFeS/silicate for all other transition metals as well as Zn, Ga, 

and Ge. MgS also incorporates less U (DU
MgS/silicate ≈ 0.5) and Th (DTh

MgS/silicate ≈ 0.1) than FeS. In FeS, 

lanthanides are characterized by a decrease in DFeS/silicate with increasing atomic weight (Figure 4-3), 

whereas they behave oppositely in MgS (this study), CaS (Ingrao et al., 2019), and (Ca,Mg)S (Dickinson 

et al., 1990). We also observed a positive Eu anomaly in FeS and CaS (Ingrao et al., 2019), but none in 

MgS (this study) or (Ca,Mg)S, as previously observed by Dickinson et al. (1990).  



 Chapter 4: Internal differentiation and volatile budget of Mercury inferred from the partitioning of 

heat-producing elements at highly reduced conditions 

108 

 

4.3.5 Metal/silicate trace element partitioning 

Under the reduced conditions of our experiments, most transition metals (V, Cr, Co, Ni, Cu, Nb, 

Mo, W) have always a strong affinity for metals (Figure 4-4), while Mn and Ta have their Dmetal/silicate > 

1 only at low fO2. However, transition metals from groups 3 and 4 (Sc, Y, Zr, Hf) are lithophile, except 

for Ti, whose Dmetal/silicate > 1 at lower fO2 (Figure 4-4 and Figure 4-5). Zn, Ga, and Ge are incorporated 

into metals, lanthanides are strongly lithophile (Dmetal/silicate < 0.1), and actinides (U and Th) are also 

strongly lithophile, with DU
metal/silicate < 0.05 and DTh

metal/silicate < 0.01 (Figure 4-4). 

 

Figure 4-4: Element metal/silicate partition coefficients. Elements are sorted by increasing atomic number. The black line 

shows the median values of metal/silicate melt partition coefficients from experiments between IW - 7 and IW - 1. The green 

shaded area represents the ±95% confidence interval for each element. The horizontal line shows D = 1, i.e., the element 

partitions equally between the silicate melt and the metal. 
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4.4 Discussion 

4.4.1 The effect of fO2 on elemental partitioning 

In order to apply our results to Mercury’s primordial evolution, we focus here on the elements 

that were measured by MESSENGER (Ti, Cr, Mn, K, Th, U) or are likely to be measured by 

BepiColombo (e.g., Ni; Benkhoff et al., 2010). D values for all the other measured elements are however 

provided in the supplementary material.  

As oxygen fugacity decreases, many elements become less lithophile and increasingly 

chalcophile and/or siderophile (Wohlers and Wood, 2015, 2017; Wood and Kiseeva, 2015; Vander 

Kaaden and McCubbin, 2016; Namur et al., 2016a; Ingrao et al., 2019; Boujibar et al., 2019; Cartier et 

al., 2020; Steenstra et al., 2020a, 2020b). As illustrated in Figure 4-3 and Figure 4-4, most transition 

metals are chalcophile/siderophile under Mercurian conditions, and their partitioning behavior strongly 

depends on fO2. All experiments from the literature had their fO2 recalculated following the method 

described above (section 4.2.4). Ti starts being majorly incorporated into FeS at around IW − 4 and 

below, whereas Cr, Mn, and Ni are always strongly incorporated into sulfides under such conditions 

(Figure 4-5). Mn is 5 to 10 times less incorporated into FeS than Cr, and Ni has the most affinity with 

FeS of these four elements (Figure 4-5). These elements also become highly incorporated into metals 

under reducing conditions, with Cr and Ni having the most affinity, followed by Mn and Ti. 
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Figure 4-5: FeS/silicate melt partition coefficients for Ti, Cr, Mn, and Ni as a function of oxygen fugacity. Element affinities 

for FeS exponentially increase with decreasing oxygen fugacity. Error bars are shown for partition coefficients from this study. 

Literature data are from Namur et al. (2016a), Cartier et al. (2020), Steenstra et al. (2020a, 2020b). 

Our data show that U and Th become less lithophile as oxygen fugacity decreases (Figure 4-6, 

left panel), with values of DU
FeS/silicate ranging from ~10−2 to 1 and of DTh

FeS/silicate from ~10−3 to 10−1 for 

IW-2 to IW-6. Th remains lithophile at all fO2 values investigated here, and is ~20 times less chalcophile 

than U. These partitioning data are in good agreement with the literature (e.g., Wohlers and Wood, 2015, 
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2017; Boujibar et al., 2019, Steenstra et al., 2020b). There is no clear trend for U and Th partitioning 

between metal and silicate with the fO2 (Figure 4-6, right panel). U and Th partition only slightly into 

the Fe-Si metal, even under very reducing conditions, with DU
metal/silicate < ~0.1, with the exception of 

one value from Malavergne et al., 2007, and DTh
metal/silicate < ~0.01. Based on our results and previous 

data (Chabot and Drake, 1999; Corgne et al., 2007; Mills et al., 2007; Bouhifd et al., 2007, 2013; 

Steenstra et al., 2018; Boujibar et al., 2019), DK
FeS/silicate has a fairly constant partition coefficient value 

over the entire range of oxygen fugacity considered, with a median value of ~0.06 and a standard 

deviation of ~0.13 when excluding the data from Chabot and Drake (1999), which show anomalous high 

partition coefficients for K (Figure 4-6, left panel). For metal-silicate partitioning, K shows an increasing 

siderophile behavior as oxygen fugacity decreases (Figure 4-6, right panel). 

 

Figure 4-6: Left panel: FeS/silicate melt partition coefficients for U, Th, and K as a function of oxygen fugacity. U and Th 

become increasingly chalcophile with decreasing oxygen fugacity but DU/DTh stays constant at ~20. Right panel: Metal/silicate 

melt partition coefficients for U, Th, and K as a function of oxygen fugacity. No clear trend can be seen between partition 

coefficients and fO2 for U and Th. K seems to be more siderophile with decreasing oxygen fugacity. Error bars are shown for 

partition coefficients from this study. Regression lines for DU
FeS/silicate, DTh

FeS/silicate and DK
metal/silicate were calculated from Eq. 

(5) in the following section (4.4.2, Parameterization of U, Th, and K partition coefficients). The colored areas are the 1 s 

interval of confidence. Literature data for the left panel are from: Chabot and Drake (1999), Bouhifd et al. (2007), Corgne et 

al. (2007), Malavergne et al. (2007), Mills et al. (2007), Cartier (2014), Wohlers and Wood (2015), Wohlers and Wood (2017), 

Boujibar et al. (2019) and Steenstra et al. (2020b). Literature data for the right panel are from Bouhifd et al. (2007), Corgne 

et al. (2007), Malavergne et al. (2007), Bouhifd et al. (2013), Cartier (2014), Wohlers and Wood (2017), Boujibar et al. (2019). 
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4.4.2 Parameterization of U, Th, and K partition coefficients 

Given the relative abundance of partitioning data for U and Th at low fO2 conditions, we 

parameterized FeS/silicate melt partitioning using a least squares regression. The partition coefficients 

can be modeled as a function of fO2 using the following equation 

ln(𝐷𝑋) = 𝑎 + 𝑏  ×  log(𝑓O2)                   (5) 

The regression coefficients and their uncertainties are reported in Table 4-6. Temperature was found not 

to be a significant parameter for the regression. To parameterize the behavior of U and Th between FeS 

and silicate melt, we selected samples with DU
FeS/silicate

 > 0.001 and DTh
FeS/silicate

 > 0.0001 because 

considering smaller values provided unsatisfactory parameterization, especially for U. This observation 

may be due to the difficulty to measure such low U concentrations and/or to a change in the partitioning 

behavior of U at higher fO2. 

Based on a dataset of 53 measurements, we find a very strong correlation (R2 = 0.942) between 

DU
FeS/silicate and DTh

FeS/silicate: 

ln(𝐷U
FeS/silicate

) = 2.7320 + 0.9763ln(𝐷Th
FeS/silicate

)  (6) 

This regression allows the modeling of the evolution of the Th/U ratio during Mercury’s differentiation, 

even if the absolute concentrations of U and Th in different reservoirs might be imprecise due to the 

uncertainties of Equation (5) (R2 < 0.7; Table 4-6). No parameterization was obtained for DK
FeS/silicate 

with fO2. As seen in Section 4.4.1 (Figure 4-6, left panel), DK
FeS/silicate is somewhat constant at around 

~0.06 for any fO2 considered in this study or the literature. 
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Table 4-6: Coefficients of regression for Equations (5), (6) and (7).  R² is the coefficient of determination, F is the score of a 

F-test for a significant linear regression between the response variable and the predictor variables, and n is the number of 

observations. 

Equation (5) a b R² F n 

DU
FeS/Silicate melt -5.1788 -0.8785 0.620 92.98 59 

Standard error 0.403 0.091 
   

DTh
FeS/Silicate melt -8.167 -0.9629 0.685 106.7 51 

Standard error 0.41 0.093 
   

DK
Metal/Silicate melt -5.9038 -0.6332 0.672 63.59 33 

Standard error 0.294 0.079    

Equation (6) a b R² F n 

DU
FeS/Silicate melt 2.732 0.9763 0.942 827.3 53 

Standard error 0.174 0.034       

Equation (7) a b R² F n 

DTh
Metal/Silicate melt -3.278 0.6568 0.523 23.04 23 

Standard error 1.03 0.137       

 

We observe no clear correlation between DU
metal/silicate or DTh

metal/silicate and fO2 (Figure 4-6, right 

panel). DU
metal/silicate seems correlated with pressure, but the available data are insufficient to obtain a 

statistically meaningful regression. Similarly, it was not possible to obtain a satisfying parameterization 

for DTh
metal/silicate. As observed with DU

FeS/silicate
 and DTh

FeS/silicate, there is a correlation between DU
metal/silicate 

and DTh
metal/silicate. Although the error is large, we can nonetheless express the relation as: 

ln (𝐷Th
metal/silicate

) = −3.2780 + 0.6568ln(𝐷U
metal/silicate

)  (7) 

with R² = 0.523 (Table 4-6) with 23 data points, restricted to DTh
metal/silicate > 10-5. It was possible to 

parameterize DK
metal/silicate with oxygen fugacity using Equation (5), with a R2 of 0.672 using 33 samples. 

Standard errors are listed in Table 4-6. 

4.4.3  Distribution of U and Th in Mercury and existence of an FeS layer 

We developed a model to estimate the concentrations of heat-producing elements U and Th in 

the BSM for different plausible core and FeS layer formation scenarios (Figure 4-7). In this model, we 

calculated the mass of each geochemical reservoir (metallic core, FeS layer, BSM) using their respective 

fixed densities and sizes (Hauck et al., 2013). We consider a fixed silicate layer thickness of 440 km and 

a maximum core radius of 2000 km, which decreases with increasing the thickness of the FeS layer from 

0 to 100 km.  
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Two scenarios were considered for the differentiation of Mercury. In Scenario 1 (Figure 4-7, 

left panel), Mercury is initially saturated in sulfide during primordial differentiation and FeS droplets 

form and sink in the magma ocean. Because they are less dense than Fe-Si metal, the FeS droplets 

aggregate to form an FeS layer at the core-mantle boundary in equilibrium with the magma ocean 

(Malavergne et al., 2014). In Scenario 2 (Figure 4-7, right panel), Mercury is not initially saturated in 

sulfide, and the formation of an FeS layer (if present) results from the crystallization of the S-bearing 

Fe-Si core; the formation of an Fe-Si solid core results in increasing the S content of the outer residual 

liquid core, which exsolve FeS droplets when it exceeds the solubility of S at the pressure conditions of 

the CMB (Morard and Katsura, 2010; Charlier and Namur, 2019). This occurs  after complete 

solidification of the magma ocean so that the FeS layer and the silicate portion do not equilibrate. 
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Figure 4-7: Scenarios for the evolution of Mercury’s interior during planetary cooling. Left panel, red background: the sulfide 

saturation scenario. Here, the excess of S in the mantle during differentiation results in the early formation of an FeS layer at 

the CMB. In this scenario, the formation of an Fe–Si inner core is possible, and also leads to the exsolution of FeS, further 

contributing to the formation of an FeS layer. The Fe-Si-S phase diagrams (modified after Morard and Katsura, 2010) shown 

in the middle indicate the hypothetical initial compositions of the liquid core for both scenarios (blue and red points 

corresponding to the two scenarios). Right panel, blue background: formation scenario of Mercury in case the BSM was 

undersaturated in S. Because sulfide is not initially saturated in the magma ocean, there is no early formation of an FeS layer. 

The crystallization of the Fe–Si inner core leads to the exsolution of FeS because the enrichment of S in the outer core drives 

the metal composition into the immiscibility field of the Fe-Si-S system. Based on Namur et al. (2016a), we considered the case 

where 2 at.% S was present in the metallic core. 
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In both scenarios, we calculated the distribution of U and Th in the different reservoirs. The 

FeS/silicate partition coefficients for U and Th are calculated using Equation (5). Oxygen fugacity was 

varied from IW − 7 to IW − 3. This redox range is relevant to the estimated fO2 during differentiation 

(McCubbin et al., 2012) and corresponds to the range in the experiments used to parameterize the 

partition coefficients. Because it was not possible to precisely parameterize DU
metal/silicate and DTh

metal/silicate 

as a function of fO2, we considered two end-member cases for metal-silicate partition coefficients, 

consisting in some of the highest and the lowest values of DU
metal/silicate found in our experiments and the 

literature between IW − 7 and IW − 3. DTh
metal/silicate was then calculated using Equation (7). The first 

case corresponds to a high incorporation of U and Th in the core (DU
metal/silicate = 0.01 and DTh

metal/silicate = 

0.0018), and the second case to a low incorporation of these elements in the core (DU
metal/silicate = 0.0001 

and DTh
metal/silicate = 0.00009).  

To model an initially sulfide-saturated Mercury (Scenario 1;Figure 4-7, left panel), we 

considered that the three geochemical reservoirs (BSM, FeS layer, and core) were in equilibrium during 

Mercury’s primordial differentiation. U, and to a lesser extent, Th can be slightly incorporated into the 

core. This incorporation slightly fractionates U and Th, so that the bulk silicate Th/U slightly increases. 

The fractionation is negligible in the case where DU
metal/silicate is low (< 0.001). While Th is mostly 

lithophile, U is strongly incorporated into FeS at low fO2 conditions (<IW − 5), with DU
FeS/silicate ~ 1 at 

IW − 6. Under the least reduced conditions, however, U mainly dominantly stays in the BSM along with 

Th. It means that although almost no fractionation occurs between these elements above IW − 5, they 

are increasingly fractionated under increasingly reducing conditions if an FeS layer is present. As the 

thickness of the FeS layer increases, this fractionation becomes larger because FeS incorporates large 

amounts of U and lower amounts of Th, as observed in Boujibar et al. (2019). Therefore, the amount of 

U in the BSM, and thus, its Th/U ratio, depend on the thickness of the hypothetical FeS layer and the 

oxygen fugacity during differentiation.  

In contrast, if Mercury was not initially sulfide-saturated, the FeS layer formed via the 

exsolution of FeS from the liquid core because of crystallization of Fe-Si solids (Miozzi et al., 2022; 

Edmund et al., 2022; Scenario 2; Figure 4-7, right panel). In this case, most of U and Th remain in the 

BSM during early differentiation, and only a small amount of U is incorporated into the core. If the inner 

core crystallized to exsolve FeS, it is probable that this process occurred after the solidification of the 

BSM (i.e., after mantle/crust differentiation) and the FeS layer would only be in equilibrium with the 

liquid core, i.e., it would not reequilibrate with the solidified mantle. Formation of the FeS layer would 

thus deplete the core in U and Th because these elements have a stronger affinity for FeS than for metal 

under reducing conditions. Ultimately, in this scenario, the planet should have a silicate Th/U ratio 

similar to the chondritic ratio, and heat-producing elements should be concentrated in the BSM. This 

exsolution of FeS from the liquid core could also happen in the first scenario, which would increase the 
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size of the FeS layer and change its composition, but would ultimately not change the composition of 

the already solidified silicate part (Scenario 1;Figure 4-7, left panel). 

The calculated Th/U ratios of the two scenarios can be compared with Th and U measurements 

at the surface of Mercury by MESSENGER. We assume that U and Th were not fractionated during 

partial melting of the mantle and formation of the crust. This assumption is reasonable because, on Earth, 

these elements are highly incompatible and do not fractionate during partial melting (Wipperfurth et al., 

2018). However, because the BSM likely hosts sulfides such as CaS or MgS, this assumption may not 

be fully correct, as discussed below (section 4.4.4). Chemical data from MESSENGER provided surface 

Th/U ratios of 2.5 ± 0.9, so that the upper limit for surface Th/U is 3.4 for 1σ. If Mercury initially had 

the same Th/U ratio as the average EH chondritic ratio (3.3, Javoy and Kaminski, 2014), the 

fractionation of U and Th during the formation of even a thin (<20 km) FeS layer under reducing 

conditions during the primordial differentiation of the planet (Scenario 1;Figure 4-7, left panel) would 

increase the BSM Th/U ratio above the upper limit of 3.4 (Figure 4-8), unless the planet formed at fO2 

conditons above IW−4 (Figure 4-8). If incorporation of U and Th in the core is low (dashed lines), it is 

possible to form a thicker FeS layer (up to 80 km) at high fO2 (<IW - 4), but we do not observe significant 

changes between high and low incorporation of U and Th into the core for more reducing conditions, 

meaning that it is the formation of an FeS layer that dominates U-Th fractionation at these fO2.  

 

Figure 4-8: The calculated Th/U ratio of the BSM as a function of the FeS layer thickness and oxygen fugacity during 

primordial differentiation. The mesh and the thick lines were calculated with high incorporation of U and Th in the core, and 

the dashed lines were calculated with low incorporation of U and Th in the core. The initial Th/U ratio in this model is taken 



 Chapter 4: Internal differentiation and volatile budget of Mercury inferred from the partitioning of 

heat-producing elements at highly reduced conditions 

118 

 

as 3.3, the average in EH chondrites. MESSENGER measured surface Th/U ratios of 2.5 ± 0.9; therefore, any value above 3.4 

is unlikely. 

To reconcile the observed Th/U ratios with the existence of a thick FeS layer, the bulk planet could have 

an initial Th/U ratio lower than 3.3. Indeed, enstatite chondrites have Th/U values as low as ~2.7 and up 

to >4 (Javoy and Kaminski, 2014 and references therein). However, only a few meteorites exhibit low 

Th/U, and there are still large uncertainties between different studies; for exemple, Barrat et al. (2014) 

found a ratio of 3.84 in Indarch, while Dauphas and Pourmand (2011) and Morgan and Lovering (1968) 

found a value of 2.9 and 2.66 respectively. Therefore, we calculated the maximum FeS layer thickness 

that would lead to a surface Th/U ratio < 3.4 for a range of bulk Th/U ratios of 2.86 - 3.45 (Figure 4-9). 

 

Figure 4-9: Maximum thickness of an FeS layer formed in equilibrium with the core and the BSM as a function of oxygen 

fugacity and the initial Th/U ratio. The mesh and the lines were calculated with high incorporation of U and Th in the core. 

The low incorporation model slightly offsets all the lines to the left, but its effect is not significant. The maximum FeS layer 

thickness represents the point where the remaining silicate Th/U ratio is equal to the upper value measured at the surface 

(~3.4), so that it is impossible to have a thicker FeS layer without increasing the Th/U ratio above 3.4. The black part in the 

upper right part of the plot represents thicknesses >200 km. The Th/U ratios of some enstatite chondrites (EH), as well as their 

global average value, are shown at the top. 1: Wasson and Kallemeyn (1988); 2: Barrat et al. (2014); 3,4: Dauphas and 

Pourmand (2011). 
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As shown inFigure 4-9, fO2 conditions >IW-4 allow the existence of a thick FeS layer at any 

bulk initial Th/U because low fractionation at these conditions only slightly affects the resulting silicate 

Th/U ratio. However, at lower fO2 (<IW-5) it is only possible to reconcile the presence of an FeS layer 

with lower bulk initial Th/U than the average observed in EH (3.3); if the bulk Th/U is as low as 2.9, it 

is possible to have an FeS layer up to 80 km thick at IW-6. As 3.4 is the upper limit of the measured 

ratio on the surface of Mercury (Peplowski et al., 2011), it is probable that the initial ratio was lower 

than the average value of 3.3 for EH meteorites. However, as a Th/U ratio below 3 is rarely observed in 

chondrites, it is plausible that the surface ratio of 2.5 ± 0.9 is the combined result of a low initial ratio 

and the absence of an FeS layer formed under reducing conditions in equilibrium with the magma ocean. 

Indeeed, even if the initial ratio was around ~2.7, the lowest observed in chondrites (Morgan and 

Lovering, 1968), the presence an FeS layer would increase the surface ratio to values close to the upper 

limit.  

In summary, the presence of an FeS layer formed under reducing conditions in equilibrium with 

the silicate melt contradicts the data from MESSENGER (which measured a slightly sub-chondritic Th/U 

ratio) if the bulk Th/U was similar to the mean value found in enstatite chondrites. If the surface Th/U 

ratio is close to the maximum measured by MESSENGER (3.4; 2.5 ± 0.9, Peplowski et al., 2011), it is 

nevertheless possible to form an FeS layer if: 1) the planet formed under less reduced conditions (>IW 

− 4), because U partitions only slightly into FeS, which does not significantly affect the resulting silicate 

Th/U ratio and/or 2) the initial Th/U ratio was at the lower end of chondritic data. These outcomes 

indicate that, except if the initial Th/U was sub-chondritic and that Mercury formed an FeS layer under 

reducing conditions, almost all of Mercury’s initial U and Th contents should reside in the BSM. If the 

planet formed under very reducing conditions without an FeS layer, there is no other reservoir to 

incorporate large amounts of U and Th. Alternatively, if Mercury formed under more oxidized 

conditions and hosts an FeS layer, then U and Th did not partition into the FeS layer. 

 Our model can be used to calculate the absolute concentrations of U and Th in the BSM, 

assuming that Mercury formed from material with chondritic concentration. Our calculations indicate 

that in the case of initial sulfide saturation, the U concentration in the BSM depends mainly on the 

thickness of the FeS layer, as well as the oxygen fugacity during formation. We considered that bulk 

Mercury contains 9 ppb U (the average concentration in EH chondrites; Javoy and Kaminski, 2014) and 

calculated the BSM U concentration to be ~35 ppb in the absence of an FeS layer (Figure 4-10, upper 

panel). If the layer formed in equilibrium with the BSM, the BSM U concentration is ~33 ppb at the 

least reducing oxygen fugacity conditions (IW − 3, 100-km thick FeS layer) to as low as ~23 ppb under 

the most reducing conditions (IW − 6, with a 100-km thick FeS layer) (Figure 4-10, upper panel). Th is 

less impacted by the formation of the FeS layer and by fO2 conditions than U, and for an initial bulk 

planetary concentration of 30 ppb (Javoy and Kaminski, 2014), we calculated the BSM Th concentration 
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to be ~110 ppb for an FeS layer 100 km thick under the most reducing conditions or up to ~121 ppb in 

the absence of an FeS layer (Figure 4-10, lower panel). 

 

Figure 4-10: U (upper) and Th (lower) concentrations (ppb) in the BSM as a function of fO2 and the thickness of the FeS layer 

(in km). The mesh and the thick lines were calculated with high incorporation of U and Th in the core, and the dashed lines 

were calculated with low incorporation of U and Th in the core. Thick lines and dahsed lines of the same colour have the same 

value. The content of U in silicate part is relatively more affected by the presence of a thick FeS layer formed at low fO2 than 

Th. 
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4.4.4 Sulfides in the mantle and their impact on U and Th 

Under reducing conditions, sulfur solubility in silicate melts increases by up to several wt% 

compared to Earth like fO2 conditions (Namur et al., 2016a). Because oxygen fugacity is very low in 

Mercury (IW − 7 to IW − 3; McCubbin et al., 2012), Mercury’s magma ocean is thought to have 

contained abundant sulfur, which would have formed sulfides once the magma ocean reached sulfide 

saturation (Boukaré et al., 2019). These sulfides may have sunk or floated depending on their relative 

densities and that of the silicate magma ocean (Parman et al., 2016; Boukaré et al., 2019; Mouser et al., 

2021). Cooling of the magma ocean would have decreased the SCSS, which is strongly temperature 

dependent (Namur et al., 2016a), continuously producing sulfides. In contrast, in an initially sulfide-

undersaturated magma ocean, no sulfide would have been present during the early stages of silicate 

magma crystallization; i.e., the sulfur content of the magma ocean was below the SCSS. As silicate 

cumulates crystallized, the residual silicate liquid became progressively enriched in sulfur, and the 

crystallization of Fe-free sulfides (such as MgS) in the magma ocean began at a depth that depends on 

the initial S content of the magma ocean and fO2. At fixed bulk S content, more reducing conditions 

(and thus, higher S solubility) would have resulted in a shallower depth of sulfides saturation (Boukaré 

et al., 2019). In our model, we consider the presence of sulfides during mantle partial melting to calculate 

the global partition coefficient between the residual mantle and the silicate melt that ultimately formed 

the crust of Mercury. The details of the modeling can be found in Appendix 1. 

To model the effect of sulfides in the mantle on the silicate Th/U, we use the following 

parameters: fO2 = IW − 7 to IW − 3, no FeS layer, abundance of residual MgS sulfides during partial 

melting from 10 to 20%, and 30–60% partial melting (Namur et al., 2016a, 2016b). Initial concentrations 

of U and Th in the building blocks were 9 and 30 ppb, respectively (Th/U = 3.3). Our modeling results 

show that the presence of Fe-free sulfides in the mantle during partial melting produces melts with higher 

Th/U ratios because the residual mantle sulfides fractionated U and Th. However, this fractionation 

effect is not significant, and is even less important at higher degrees of partial melting (Figure 4-11). 

Our assumption that the bulk silicate Th/U ratio was equivalent to the surface ratio is thus somewhat 

challenged by the presence of mantle sulfides. As such, it would mean that even higher fO2 conditions 

or even lower initial bulk Th/U are needed to have simultaneously mantle sulfides and an FeS layer to 



 Chapter 4: Internal differentiation and volatile budget of Mercury inferred from the partitioning of 

heat-producing elements at highly reduced conditions 

122 

 

have a surface Th/U below 3.4. Namur et al. (2016a), showed that the presence of these sulfides are 

probable in the mantle, so that it makes the presence of an FeS layer even more unlikely. 

 

Figure 4-11: The influence of residual Fe-free sulfides in the mantle and the degree of partial melting on the surface Th/U 

ratio. The presence of Fe-free sulfides slightly increases the surface Th/U ratio, especially at relatively low degrees of partial 

melting. In this figure, fO2 during differentiation was fixed at IW - 5 (Namur et al., 2016a) to isolate the effects of sulfides in 

the mantle and the degree of partial melting. We also consider that no FeS layer formed. The mesh and the thick lines were 

calculated with high incorporation of U and Th in the core, and the dashed lines were calculated with low incorporation of U 

and Th in the core. Although uncertainties remain on the exact values of Dsulfide/silicate for U and Th in Fe-free sulfides, it seems 

that a fractionation of U and Th in the presence of mantle sulfides is possible. 

By varying all the parameters over possible ranges (FeS thickness, 0 - 100 km; fO2, IW-3 – IW-

7; amount of Fe-free sulfides in the mantle, 10-20 wt%; and partial melting degree, 30–60%), our models 

suggest that after crust formation, lavas contain ~180–400 ppb Th and ~35–115 ppb U. These 

concentrations match those measured at the surface by MESSENGER: 220 ± 60 ppb Th and 90 ± 20 ppb 

U (Peplowski et al., 2011), except for the lowest calculated U concentrations, which result from the 

presence of thick FeS layer (100 km) formed at the lowest fO2 (IW - 7) and for lavas formed from a very 

high degree of partial melting (60 %). The abundance of these elements on the surface is largely affected 

by the degree of partial melting, as they are very incompatible. High partial melting (~60%) yields the 

lowest U and Th concentrations, and inversely. The presence of an FeS layer at low oxygen fugacity 

affects more strongly the surface concentration of U than Th, but this effect is modest compared to the 

effect of partial melting. The effect of mantle sulfides on the surface concentration of  U and Th is 
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significant, but not as important as the presence of an FeS layer. Finally, the U content measured on the 

surface corresponds in our model to scenarios where no FeS layer formed under reducing conditions.  

4.4.5 The volatile inventory of Mercury 

Both U and Th are refractory elements, whereas K is moderately volatile. Because these three 

elements behave incompatibly and are not fractionated during partial melting, the surficial K/Th and 

K/U ratios are powerful tools for understanding Mercury’s volatile budget (Peplowski et al., 2011). The 

mean K/Th value of Mercury’s surface (5200 ± 1800) is similar to that of the other inner planets 

(Peplowski et al., 2011), a surprising discovery because Mercury was thought to be volatile-depleted 

due to its proximity to the Sun (Albarède, 2009; McCubbin et al., 2012). Boujibar et al. (2019) predicted 

that a bulk K/U ratio in agreement with models of volatile depletion with heliocentric distance (Albarède 

2009), and a bulk K/Th similar to other terrestrial planets are consistent with the formation of a thick 

FeS layer under reducing conditions (IW-5.5). On the other hand, they also showed that higher oxygen 

fugacity conditions (IW-4) would lead to bulk K/Th and K/U ratios close to the ones measured on 

Mercury’s surface regardless of the thickness of an FeS layer (Boujibar et al., 2019).  

We determined the values of bulk K/Th and K/U ratios needed to match the values measured 

by MESSENGER. To do so, we used our differentiation model with bulk chondritic (EH) K/Th and K/U 

ratios of ~26,000 and ~90,000, respectively (Lodders and Fegley, 1998). In our model, we used high 

incorporation of U and Th into the core (DTh
metal/silicate of 0.01 and DTh

metal/silicate of 0.0018; Section 4.4.3), 

and we used Equation (5) to calculate DK
metal/silicate. At low oxygen fugacity (IW-5.5) and without an FeS 

layer, we obtained after differentiation and partial melting a surface K/Th and K/U of 18,000 ± 6000 

and 57,000 ± 20,000, depending on the specific compatibilities of K and Th in silicate minerals 

(forsterite and enstatite, see Appendix 1) and the degree of partial melting. This is respectively 2 - 4 and 

3 - 6 times higher than the K/Th and K/U ratios measured on the surface of Mercury. If we calculate the 

surface K/Th and K/U ratios using different initial K/Th and K/U values (and fixing the initial Th/U 

ratio, so that only the initial K content varies), we find that only K-depleted carbonaceous chondrites 

can account for the observed surface ratio (Figure 4-12), contradicting hypotheses about the chemistry 

of Mercury’s building blocks. It is more likely that, although the surface is relatively rich in volatile 

elements (S, K, and Na; Nittler et al., 2011; Peplowski et al., 2012, 2014), Mercury probably experienced 

a global loss of potassium. This volatile loss process could have been similar to the process that depleted 

the Earth and Mars in volatiles (i.e., early volatilization and/or a hidden reservoir of K; Humayun and 

Clayton, 1995; McDonough, 2016), but other potential causes remain, such as the vaporization of K 

from the surface by solar radiation (Dauphas et al., 2022 and references therein). Therefore, further work 

is needed to develop a model of Mercury’s formation that can account for its sub-chondritic surface 

K/Th and K/U ratios and chondritic surface S content, knowing that S is more volatile than K. 
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Figure 4-12: The expected range of K/Th (top) and K/U (bottom) on Mercury’s surface (blue shaded area) depending on the 

initial bulk planet’s K/Th and K/U ratios, respectively. The gray area represents MESSENGER measurements of the K/Th and 

K/U ratios on the surface of Mercury. Horizontal red shaded areas represent the average K/Th and K/U ratios of different 

chondrites. EH and EL, enstatite chondrites; H, L, LL: ordinary chondrites; CI, CM, CO, CV: carbonaceous chondrites. Data 

for the chondritic ratios come from Wasson and Kallemeyn (1988). 
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4.5 Conclusions 

We performed 20 experiments on materials representative of the bulk silicate portion of 

Mercury under very reducing conditions (IW - 8.5 to IW - 1.4), at 0.1–3 GPa, and 1520–1720 °C. The 

major, minor, and trace element concentrations of the different liquids (and solids for the experiment 

with MgS) present in the retrieved samples were measured to establish partition coefficients for > 30 

elements between silicate melt, metallic melt, sulfide melt (FeS), and MgS sulfides. We developed a 

mass-balance model for Mercury to evaluate the distribution of heat-producing elements (U and Th) in 

different reservoirs (BSM, mantle sulfides, the hypothetical FeS layer, and the core). This model was 

applied to two differentiation scenarios; in the first one, the FeS layer formed during differentiation from 

a S-saturated Mercury, while in equilibrium with both the silicate part and the core, while in the second 

scenario, the FeS layer formed from exsolution of an FeS-saturated core during its crystallization. We 

show that MESSENGER measurements of surface Th/U ratios preclude the existence of an FeS layer 

that formed under reduced conditions (< IW-4) in equilibrium with the BSM if Mercury’s building 

blocks had mean chondritic Th/U (around 3.3). It is nonetheless possible to reconcile the presence of an 

FeS layer if conditions were more oxidizing during the differentiation (> IW - 4) and/or if the initial 

Th/U ratio of Mercury was at the lower end of chondritic data (Th/U < 3). Our results show that sulfides 

in the Mercurian mantle, such as MgS, should not incorporate significant amounts of U and Th, but that 

their presence would contribute to increase the silicate Th/U ratio at the surface. Almost all of Mercury’s 

U and Th should be stored in the BSM, independently of the differentiation scenario considered, except 

in the case of the formation of an FeS layer under reducing conditions from material with sub-chondritic 

Th/U. Regarding Mercury’s volatile inventory, measured surface K/Th and K/U ratios are respectively 

2 - 4 and 3 - 6 times lower than expected if the initial bulk ratios were similar to those of enstatite 

chondrites. Although it remains possible that Mercury formed from K-poor materials, it is likely that 

Mercury lost a large portion of its K in the early history, as did Earth. Processes that could reconcile this 

K-loss with the high surface concentrations of other volatile elements (S, Na) remain an open question 

for future studies. 
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Appendix 4A: 

To evaluate the fractionation of K/Th, K/U, and Th/U ratios caused by the magmatic processes 

responsible for the formation of Mercury’s secondary crust, we modeled the evolution of U, Th, and K 

concentrations during mantle partial melting. We considered that the crustal lavas formed from a high 

degree of partial melting (20–50 vol%) of a peridotitic mantle (Charlier et al., 2013; Namur et al., 2016b; 

Namur and Charlier, 2017), and calculated the abundances of K, Th, and U in these lavas using Shaw’s  

batch melting equation (Shaw, 1970): 

    
𝐶L

𝑀

𝐶0
𝑀 =

1

(𝐷+(1−𝐷))∙𝐹
          (1) 

where 𝐶L
𝑀 is the concentration of element M in the melt, 𝐶0

𝑀 is the concentration of element M in the 

primordial mantle (corresponding to the BSM), D is the rock/melt partition coefficient of element M, 

and F is the melt fraction. Although this equation does not simulate the complex processes occurring in 

mantle plumes, we used it to evaluate the global impact of partial melting on the distributions of heat-

producing elements between the mantle and the melts produced. The mantle residue in equilibrium with 

the lavas is composed of olivine (forsterite) and enstatite in unknown relative proportions (Namur et al., 

2016b). The partitioning of K, U, and Th between these two minerals and mafic melts is not well 

constrained. Based on the partitioning data of Bédard (2005, 2007) and Cartier et al. (2014b), we 

considered that reasonable ranges of Dmantle/melt for Equation 1 are: DK = 0.005–0.5, DTh = 0.0005–0.1, 

and DU = 0.0005–0.1. Although the partitioning of these elements is not well defined, Th and U have 

almost identical electronic properties (Shannon, 1976) and are thus expected to behave similarly during 

magmatic processes. Moreover, crustal production on Earth does not fractionate U and Th (Wipperfurth 

et al., 2018) and there seems to be no fractionationation of Th and U in enstatites under highly reducing 

conditions (Cartier et al., 2014b). For these reasons, we introduced two additional constraints:0.5 < 

DTh/DU < 2 and 0.1 < DTh/DK < 10. 

Using the data on U and Th partitioning into MgS from experiment Y087-2, we obtain 

DU
MgS/silicate ≈ 0.5 and DTh

MgS/silicate ≈ 0.1 at ~IW − 8.5. Because no other experimental DU or DTh values 

have been determined for MgS or CaS, we used the bracketing ranges of values DU
sulfide/silicate = 0.1–1 

and DTh
sulfide/silicate = 0.01–0.1. We also considered DK

sulfde/silicate = 0.01–0.1. 
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Chapter 5: Titanium, chromium, and manganese at the surface of Mercury 

as proxies for mantle mineralogy 

5.1 Introduction 

The MESSENGER spacecraft orbited Mercury from 2011 to 2015 and produced the first compositional 

data of the surface (Nittler et al., 2018a). Two main instruments were used: the Gamma-Ray 

Spectrometer (GRS; Goldsten et al., 2007) and the X-Ray Spectrometer (XRS; Schlemm et al., 2007). 

The GRS measured the gamma rays emitted from surface materials, either from natural decay of long-

lived radionuclides (K, Th and U) or from the interactions of galactic cosmic-rays and stable elements 

(C, O, Na, Al, Si, S, Cl, Ca and Fe). The XRS measured the X-ray fluorescence derived from incident 

X-rays produced by the Sun, and so is dependent on the solar activity. In normal conditions, the XRS 

instrument was able to detect Mg, Al and Si, while rare solar flares allowed for the detection of heavier 

elements or less abundant Ca, Ti, Cr, Mn and Fe (e.g. Weider et al., 2014, 2015). Even though the polar 

orbit of the spacecraft technically permitted the mapping of the whole planet, its ellipticity implied that 

the northern hemisphere was mapped with higher resolution than the southern hemisphere (Nittler et al., 

2020). However, as the spacecraft spent more time over the southern hemisphere, it acquired more data 

for Ti, Cr and Mn because of the irregular solar flares, but with lower resolutions. While initial reporting 

of surface data for Ti, Cr and Mn were scarce (Weider et al., 2014, 2015), recent refinement by Cartier 

et al. (2020) and Nittler et al. (2023) produced a large, more detailed database for surface concentration 

of Ti and Cr, respectively. 

Surface data points toward volatile-rich compositions, especially in sulfur with up to 4 wt% S (Nittler 

et al., 2011), and to very reduced conditions (fO2 between IW-2.6 to 6.3, McCubbin et al., 2012), as also 

deduced from the very low surficial FeO concentration (Nittler et al., 2011). The mineralogy of the 

mantle was derived from its surface composition. Indeed, as the surface is made of almost exclusively 

volcanic materials from high degree partial melting dating back to at least 3.5 Gy (Byrne et al., 2016), 

it should be representative of the mantle it is derived from. The mantle has been labelled as lherzolitic, 

dominated by forsterite and enstatite (Stockstill-Cahill et al., 2012; Charlier et al., 2013; Namur et al., 

2016b; Vander Kaaden et al., 2017), with the probable presence of Fe-free sulfides (MgS and/or CaS, 

Namur et al., 2016b; Boukaré et al., 2019; Mouser and Dygert, 2023), that brought S to the surface 

during partial melting (Namur et al., 2016a).  

The structure of the silicate part was determined from the data of MESSENGER (Goossens, 2022). 

Smith et al. (2012) calculated a silicate shell 410 ± 37 km thick, and Padovan et al. (2015) proposed a 

crust thickness of 35 ± 18 km. It has been suggested that the mantle of Mercury overlays an FeS matte 

located at the core-mantle boundary, whose thickness could reach ~200km (Malavergne et al., 2010; 

Smith et al., 2012; Hauck et al., 2013). Recent studies tend to decrease the upper limit of the thickness 
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of this FeS layer (90km, Namur et al., 2016a), or even to refute the existence of such a layer if it formed 

in equilibrium with the silicate part, from a S-saturated Mercury (Cartier et al., 2020; Pirotte et al., 2023).  

There are still major questions regarding the mineralogy of the mantle. Notably, the proportion of olivine 

to pyroxene is unknown, as well as the composition and the proportion of the Fe-free sulfides, and their 

role during partial melting and the incorporation of various elements. In this study, we use surface 

compositions for titanium, chromium, and manganese as proxies to obtain information on the 

mineralogy of Mercury’s mantle. Since Goldschmidt (1937), elements have been classified as lithophile, 

chalcophile, or siderophile. Lithophile elements are rock-forming, chalcophile ones bind with sulfur, 

and siderophile ones are incorporated in metals. However, redox conditions change the behavior of 

elements (e.g., McCoy et al., 1999; Wholers and Wood, 2015, 2017, Steenstra et al., 2020a). At the 

redox conditions expected for Mercury (IW-2.6 to -6.3, McCubbin et al., 2012), the partitioning 

behaviors of Ti, Cr and Mn change strongly. In particular, at low oxygen fugacity (~IW-4), all elements 

are incorporated into FeS, while Mn and especially Cr partitions also into metals (Cartier et al., 2020; 

Nittler et al., 2023; Pirotte et al., 2023). At lower fO2 (<IW-4) even Ti is reduced and incorporated into 

metals (Cartier et al., 2020; Pirotte et al., 2023). Combining the use of these three elements may provide 

several constraints on mantle mineralogy because their behaviors are different from each other; Cr is the 

most siderophile of the three, and both Cr and Mn are strongly incorporated into sulfides. Ti, on the 

other hand, is the most lithophile of these 3 elements, being only slightly incorporated in both sulfides 

and metals compared to Cr and Mn. Here, starting with a bulk chondritic composition, we model the 

distribution of Ti, Cr, and Mn during differentiation between the core and the silicate part. As these 

elements also have different behavior during partial melting of the mantle, they are powerful proxies to 

probe mantle mineralogy that can reconcile the surface data with the expected bulk silicate Mercury 

composition in Ti, Cr and Mn.  

 

5.2 Compilation of experimental data 

5.2.1 The concentration of Ti, Cr and Mn at the surface of Mercury 

The first measurements of Ti concentration were reported by Nittler et al. (2011), but the dataset was 

limited. Later, Weider et al. (2014) presented data for Ti, Cr and Mn acquired during 55 large solar 

flares. Concentrations of elements are given as ratios relative to Si as they are more accurate than 

absolute abundances (Nittler et al., 2011). Cartier et al. (2020) and Nittler et al. (2023) gave the latest 

and most precise concentration in Ti and Cr, respectively. The quality of the MESSENGER data for Mn 

is unlikely to be improved (Larry Nittler, personal communication). The available concentrations for the 

three elements are shown in Table 5-1. 
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Table 5-1: Upper: average concentration of Ti, Cr and Mn at the surface of Mercury and their associated errors. Lower: Ti/Cr 

and Mn/Cr ratios calculated using different datasets. a) Nittler et al., 2018a; b) Cartier et al., 2020; c) Nittler et al., 2023. 

 
Averagea Error Averageb Error Averagec Error 

Ti/Si 0.012 0.001 0.0083 0.004 / / 

Cr/Si 0.006 0.001 / / 0.0008 0.00024 

Mn/Si 0.004 0.001 / / / / 

Cr/Tia 0.50 0.13 
    

Cr/Tib-c 0.10 0.06 
    

Mn/Tia 0.33 0.11 
    

Mn/Tia-b 0.48 0.35 
    

Mn/Cra-c 5 2.75         

 

While some Ti/Si variations on the surface were observed in Cartier et al. (2020), it was not possible to 

construct a map of the Ti abundance. For Cr, Nittler et al. (2023) built a chemical map of the southern 

hemisphere, which highlights that the highest abundance of Cr (Cr/Si ~ 0.0012) are observed in the Mg-

rich terranes, while the lowest ones (Cr/Si ~ 0.00036) are seen in the Al-rich Caloris Basin.  

5.2.2 Parameterization of metal-silicate partition coefficients 

There have been numerous studies producing partitioning data for Ti, Cr, and Mn between metal and 

silicate melts. We compiled and parameterized them using a least squares regression method. The 

following studies were used for the parameterizations: Ti: Cartier et al., 2020; Pirotte et al., 2023; Cr: 

Jana and Walker, 1997; Righter et al., 2010; Siebert et al., 2011; Wood et al., 2014; Boujibar et al., 2019; 

Pirotte et al., 2023; Mn: Righter et al., 2010; Siebert et al., 2011; Pirotte et al., 2023 (Figure 5-1). 
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Figure 5-1: Metal/silicate melt partition coefficients of Ti, Cr and Mn as a function of fO2. We selected only data points from 

metals containing less than 1 wt% S, present in samples without FeS. 

 The partition coefficients were expressed as: 

ln(Dx
A/B) = a + b × log(fO2)     (1) 

where X is the element, A and B are the two phases (A = metal and B = silicate melt), and a and b are 

two coefficient parameters determined empirically. Oxygen fugacity was recalculated for every 

experiment using the following equilibrium reaction (Cartier et al., 2014b): 

SiMet + O2 = SiO2
Sil 

For experiments where the concentration of Si in the metal was not available, we used the following 

equilibrium: 

FeMet + ½ O2 = FeOSil 

Oxygen fugacity was calculated by considering the effect of temperature and pressure, relative to the 

difference with the iron-wüstite (IW) buffer. Details on the calculations can be found in Namur et al., 

(2016a). 

The calculated coefficients are given in Table 5-2. We only took data points where no S was present in 

the metal (wt% S < 1), and in samples with no FeS. As Cr and Mn are highly chalcophile, we wanted to 

limit the risk of contaminating of metal-silicate partition coefficients with sulfide-silicate ones from 

possible FeS blobs in metals.  
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Table 5-2: Coefficients of regression (Eq. (1)). R2 is the coefficient of determination, F is the score of a F-test for a significant 

linear regression between the response variable and the predictor variables, σ is the standard error on the calculated D, and 

n is the number of observations. 

Eq. (1) a b R2 F σ n 

DTi
metal/silicate melt -5.426 -0.7231 0.861 37.25 0.4326 8 

Standard error 0.878 0.118 
    

DCr
metal/silicate melt -2.5499 -1.051 0.78 194.7 0.9324 57 

Standard error 0.266 0.075 
    

DMn
metal/silicate melt -4.911 -0.6397 0.411 28.57 1.054 43 

Standard error 0.346 0.12 
    

 

The parameterization of Mn is rather poor, but we took the error (σ) into account in our models. 

5.2.3 Ti, Cr and Mn in silicate minerals 

Using experiments and modelling on surface lavas of Mercury, Namur et al. (2016b) showed that, 

because of the very high degrees of melting of Mercury’s lava (between 20 to 50%), the residual mantle 

sources contain olivine and pyroxene with Mg end-member compositions (forsterite and enstatite). The 

partitioning of Ti, Cr and Mn in olivine and pyroxene is relatively well understood (Colson et al., 1986; 

Dunn, 1987; Gaeteni & Grove, 1997; Hanson & Jones, 1998; Xirouchakis et al., 2001; Papike et al., 

2005; Figure 5-2), even at low fO2 (Mikouchi et al., 1994; Cartier et al., 2014b; Namur et al., 2016b; 

Figure 5-2). Average values and standard deviations for partition coefficients between olivine/pyroxene 

and the silicate melt are given in Table 5-3. 
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Figure 5-2: Partition coefficients from the literature. Diamond and square shaped markers represent olivine – silicate melt 

and pyroxene – silicate melt partition coefficients, respectively. 
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Table 5-3: Average partition coefficients between olivine (ol)/pyroxene (px) and the silicate melt for Ti, Cr and Mn and their respective standard deviation. An estimation of the range of oxygen 

fugacity of the experiments is also given. 

  fO2 DTi
Ol/melt σ DCr

Ol/melt σ DMn
Ol/melt σ DTi

Px/melt σ DCr
Px/melt σ DMn

Px/melt σ 

Colson et al., 1986 IW+0.5     0.961 0.160     1.083 0.045 

Dunn 1987 IW+4 to IW+3 0.017 0.001   1.443 0.063 0.400 0.031   0.863 0.037 

Forsythe et al., 1994 IW+4       0.511 0.350     

Mikouchi et al. (1994) IW+5 to IW-3  ~0.8 ~0.2 ~1 ~0.2       

Gaetani et Grove 1997 IW   0.622 0.025 0.721 0.039       

Hanson & Jones, 1998 <IW-1   ~0.7          

Xirouchakis et al., 2001 IW+4 to IW 0.016 0.012     0.107 0.033     

Cartier et al., 2014b IW-1 to IW-8      0.199 0.068 0.443 0.173 0.382 0.140 

Namur et al., 2016a IW-1 to IW-8       0.947 0.828 0.557 0.469     1.017 0.891 
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Mikouchi et al. (1994) showed that DCr
olivine/silicate melt and DMn

olivine/silicate melt are constant from IW - 3 to 

IW + 5. Their high temperature experiments (1400 °C) show a DCr
olivine/silicate melt and DMn

olivine/silicate melt of 

~0.6 and ~0.8, respectively, while their low temperature experiment (1225°C) show values of 0.9 and 

1.2, respectively. Hanson & Jones (1998) showed DCr
olivine/silicate melt ~ 0.7 at the IW buffer, with a slight 

increase for more reducing conditions (up to ~0.75). Of these three elements, Mn exhibits the most 

compatible behavior, with the average from the literature ranging Dolivine/melt and Denstatite/melt from ~0.7 to 

~1.4 and ~0.4 to ~1 respectively. Cr is relatively incompatible with average Dolivine/melt and Denstatite/melt 

around ~0.6 and ~0.45 respectively. Finally, Ti is rather incompatible, with Dolivine/melt ~0.015 and 

Denstatite/melt between ~0.1 and ~0.55.  

Table 5-3 shows that the partitioning data are consistent among the literature. We decided to take the 

average of the available data in our model; DMn
olivine/melt and DMn

enstatite/melt of 1 and 0.8, respectively, 

DCr
olivine/melt and DCr

enstatite/melt of 0.7 and 0.45 respectively, and DTi
olivine/melt and DTi

enstatite/melt of 0.015 and 

0.4 respectively.   

5.2.4 Ti, Cr and Mn in sulfides 

Namur et al. (2016a) estimated that there should be between 7 to 11wt% of sulfur in the magma ocean, 

which roughly corresponds to 14 to 22wt% of sulfides (Fe-free sulfides, such as MgS and CaS). Under 

reducing conditions, the three elements partition into FeS, CaS and MgS, with Mn and Ti being the most 

and the least chalcophile respectively. We have a lot of data for FeS/silicate melt partitioning, but data 

for partitioning in MgS or CaS are scarce. The partitioning data for Ti, Cr and Mn between Fe-free 

sulfides and the silicate melt are listed in Table 5-4. 
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Table 5-4: Partition coefficients of Ti, Cr and Mn between CaS/MgS and the silicate melt. The chemical analyses of VT030, 

VT039B, VT040 and VT052 were performed by Laurie Lldó. 

Study Experiment Sulfide P (GPa) T (°C) Dsulfide/silicate Ti Dsulfide/silicate Cr Dsulfide/silicate Mn 

Pirotte et al. (2023) Y087-2* MgS 0.1 1520 6.6 16.8 16.2 

This work A029 MgS 1.31 1400 32.3 11.3 133.6 

This work A030 MgS 1.31 1500 11.1 38.4 54.7 

This work VT030 CaS 0.0001 1300 0.5 13.7 24.4 

This work VT39B* CaS 0.0001 1350 0.5 7.6 9.4 

This work VT040 CaS 0.0001 1350 
  

43.6 

This work VT052 CaS 0.0001 1350 0.6 14.1 29.3 

Ingrao et al. (2019) 1250 CaS 0.0001 1300 0.1 
 

7.7 

Ingrao et al. (2019) 1263 CaS 0.0001 1300 0.1 
 

11.6 

Ingrao et al. (2019) 1208 CaS 0.0001 1400 34.0 
 

1.3 

Ingrao et al. (2019) 1240 CaS 0.0001 1400 
   

Ingrao et al. (2019) 1246 CaS 0.0001 1400 0.1 
 

4.5 

Ingrao et al. (2019) 1305 CaS 0.0001 1400 0.1 
 

12.9 

Ingrao et al. (2019) 1244 CaS 0.0001 1400 
  

5.8 

Ingrao et al. (2019) 1304 CaS 0.0001 1400 0.1   21.9 

 

* Measure performed with the LA-ICPMS 

Based on these data, we decided to take the following partitioning values for CaS and MgS: DCaS/silicate 

melt for Ti, Cr and Mn are 0.5, 15 and 30, respectively, and DMgS/silicate melt for Ti, Cr and Mn are 15, 25 

and 50, respectively. While we observe strong variations among the data presented in Table 5-4, the 

most important result we want to highlight and that will impact our model is the low incorporation of Ti 

in oldhamite (except for one point, experiment 1208, that we consider to be an outlier). The variations 

of the values of the other partition coefficients do not change the conclusions of our models. 

5.2.5 Ti, Cr and Mn in the building blocks 

In chondrites, the concentration of Ti, Cr and Mn are fairly constant, around ~620 ± 140 for Ti, ~3300 

± 350 for Cr and ~2000 ± 410 for Mn, which is caused by their refractory nature (Ti and Cr are refractory, 

and Mn is only slightly volatile, Albarède, 2009). The Mn/Ti and Cr/Ti are respectively ~3.4 ± 1 and 

~5.5 ± 0.9. For this work, we used the concentration reported in Lodders and Fegley (1998) for the EH 

(Table 5-5), thought to be potential main building block of Mercury (e.g. Cartier and Wood, 2019). It is 

important to note that, as explained above, it is possible to take other chondritic concentrations as starting 

compositions, or even a mix of them, as they have similar Ti, Cr and Mn concentrations.  
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Table 5-5: Concentration of Cr, Mn and Ti in chondrites (in ppm) and the calculated ratios. Ordinary: H, L and LL; Enstatite: 

EH and EL; Carbonaceous: CI, CM, CV and CO. a) data from Lodders and Fegley (1998) and b) data from Wasson and 

Kallemeyn (1988).  

  H L LL EH EL CI CM CV CO 

Cra 3500 3690 3680 3300 3030 2650 3050 3480 3520 

Crb 3660 3880 3740 3150 3050 2650 3050 3600 3550 

Mna 2340 2590 2600 2120 1580 1940 1650 1520 1620 

Mnb 2320 2570 2620 2200 1630 1900 1700 1450 1650 

Tia 630 670 680 460 550 440 550 870 730 

Tib 600 630 620 450 580 420 580 980 780 

Mn/Tia 3.71 3.87 3.82 4.61 2.87 4.41 3.00 1.75 2.22 

Mn/Tib 3.87 4.08 4.23 4.89 2.81 4.52 2.93 1.48 2.12 

Cr/Tia 5.56 5.51 5.41 7.17 5.51 6.02 5.55 4.00 4.82 

Cr/Tib 6.10 6.16 6.03 7.00 5.26 6.31 5.26 3.67 4.55 

 

Using the parameterization obtained with equation (1), we calculated the distribution of Ti, Cr and Mn 

between the silicate part and the core.  

5.3 Discussion 

5.3.1 Core-silicate differentiation: concentrating Mn and depleting Cr 

We developed a model to estimate the distribution of Ti, Cr and Mn between the silicate part (mantle + 

crust) and the core during planetary differentiation. We calculated the mass of the core and the silicate 

part using their mean density and volume (Hauck et al., 2013). We considered a core radius of 2000 km 

and a silicate layer of 440 km. The starting bulk composition of the planet in Ti, Cr and Mn were derived 

from their concentration in chondrites (Table 5-5). We do not consider the presence of an FeS layer 

formed in equilibrium with the silicate part per the recent studies (e.g., Cartier et al., 2020; Pirotte et al., 

2023). The strong siderophile nature of Cr at low fO2 highly concentrates this element in the metallic 

core during differentiation, as previously calculated by Nittler et al. (2023). Cr is thus strongly depleted 

in the bulk silicate Mercury (BSM) relative to chondritic value. Mn, on the other hand, is concentrated 

in the BSM, even at low oxygen fugacity (IW~5), because it is dozens of time less siderophile than Cr. 

Ti is roughly similarly siderophile as Mn, and thus there is not a strong fractionation between Mn and 

Ti during metal-silicate differentiation.  
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Figure 5-3: Upper: expected content (in ppm) of the three elements in the BSM. Lower: expected Cr/Ti and Mn/Ti in the BSM 

after differentiation as function of oxygen fugacity. For Mn/Ti, the expected ratio is too high compared to the measure one. 

Fractionation processes during partial melting are necessary (and expected) to reach the measured ratios of the surface lavas.  

As seen in Figure 5-3, the surface content of Ti, Cr and especially Mn should not be representative of 

the BSM. This is not surprising, given that the three elements have different behaviors during the 

formation of lavas. However, while the BSM content of Ti and Cr matches reasonably the one measured 
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on the surface at low oxygen fugacity, the BSM content of Mn is very different from the surface. This 

observation requires Mn to have a very strong compatible behavior during partial melting.    

5.3.2 Partial melting of the mantle 

We can simulate partial melting of the mantle and test whether the lavas produced have Mn/Cr and Ti/Cr 

ratios similar to what is observed on the surface using Shaw’s batch melting equation (Shaw, 1970): 

𝐶L
𝑀

𝐶0
𝑀 =

1

(𝐷+(1−𝐷))∙𝐹
        (2) 

where CL
M is the concentration of an element M in the melt, CO

M is the concentration of an element M 

in the rock (mantle), D is the global partition coefficient between the mantle and the melt, and F is the 

fraction of partial melting. Batch adiabatic decompression and melting is the favored hypothesis for 

lavas formation during a large time frame on Mercury (Namur et al., 2016a). The global partition 

coefficient D of an element M between the mantle and a melt is the sum of the partition coefficient 

DM
C/melt of each component C multiplied by their fraction x in the mantle. For this work, we decided to 

use the data from Nittler et al. (2018a), Cartier et al. (2020) and Nittler et al. (2023) for Mn, Ti and Cr 

respectively (Table 5-1); surface Cr/Ti is 0.1 ± 0.06 and Mn/Ti is 0.48 ± 0.35. By combining those with 

the BSM data, we can calculate global Dmantle/melt for each element using equation (2). Varying the fO2, 

changes the bulk silicate content of the three elements. F, the degree of partial melting of the mantle, 

varies on Mercury from 0.2 to 0.5 (Namur et al., 2016b). The surface data obtained are however not 

precise enough to clearly see the effect of the different terrains (and so different F) on the content of Ti 

and Mn; Cartier et al. (2020) did not observed changes in Ti/Al consistent with different Mg/Si, which 

should be expected as Mg/Si is good proxy to estimate the degrees of partial melting from which the 

lavas were produced. On the other hand, Nittler et al. (2023) showed that Cr/Si is correlated with the 

degree of partial melting. In order to keep things simple, we decided to fix the fraction of partial melting 

(F) to 0.4. We discuss the effect of different partial melting later in this work. 

By modeling batch melting of the mantle and varying the compatibility of Ti, Cr and Mn, we can 

estimate the global Dmantle/melt for each element that match surface Cr/Ti and Mn/Ti (Figure 5-4).  
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Figure 5-4: Meshgrids of surface Cr/Ti and Mn/Ti as a function of DCr
mantle/melt and DTi

mantle/melt, and DMn
mantle/melt and 

DTi
mantle/melt, respectively, for a fraction of partial melting of 0.4. The panels from left to right are made at fO2 of IW-2, IW-4 

and IW-6 respectively. The average surface Cr/Ti and Mn/Ti is 0.16 ± 0.06 and 0.48 ± 0.35 respectively, and are represented 

by the hatched area on the meshgrids. Each line further from the average represent additional σ. For IW-2 (upper left), the 

calculated surface Cr/Ti is so high that only 2σ and 3σ can be shown (no hatched area in this panel). 

We can see that oxygen fugacity does not have a strong effect on the required partitioning for Ti and 

Mn to match surface Mn/Ti, while the depletion of Cr in the BSM with lower fO2 changes its expected 

behavior from compatible to incompatible in order to concentrate it in the lavas and reach the observed 

Cr/Ti.  While the expected behavior of Cr during mantle partial melting is dependent on the redox 

conditions, Mn is either compatible (DMn
mantle/melt > 3) or very compatible (DMn

mantle/melt > 20). Moreover, 

the recent work from Cartier et al. (2020) and Nittler et al. (2023) showed that the initial measurements 

of Ti/Si and Cr/Si were too high, and so we may reasonably expect that the values of Mn/Si we have are 

also overestimated, and may represent the upper limits, because the higher values were easier to measure 

by MESSENGER than lower ones. If so, the expected Mn/Ti might be even lower, requiring that Mn 

has an even more compatible behavior during partial melting.  

5.3.3 The mineralogy of the residual mantle 

In the following sections, we use global partition coefficients calculated using mantle batch melting to 

find the possible mineralogy that can account for the observed surface Mn/Ti and Cr/Ti. The global 

partition coefficient Dmantle/melt of an element M is expressed as: 
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DM
mantle/melt

=  ∑ 𝑥𝑛 × 𝐷𝑀
𝐶𝑛/𝑚𝑒𝑙𝑡

𝑛

 

where x is the fraction of each component and DM
C/melt is the partition coefficient between a component 

C and the melt. Thanks to the relatively simple mineralogy of Mercury’s residual mantle (Namur et al., 

2016), we can simplify the global partition of each element as: 

DM
mantle/melt

= 𝑥𝑜𝑙𝑖𝑣𝑖𝑛𝑒 ×  𝐷𝑀
𝑜𝑙𝑖𝑣𝑖𝑛𝑒/𝑚𝑒𝑙𝑡

+ 𝑥𝑝𝑦𝑟𝑜𝑥𝑒𝑛𝑒 ×  𝐷𝑀
𝑝𝑦𝑟𝑜𝑥𝑒𝑛𝑒/𝑚𝑒𝑙𝑡

 + 𝑥𝑢𝑛𝑘𝑛𝑜𝑤𝑛 ×  𝐷𝑀
𝑢𝑛𝑘𝑛𝑜𝑤𝑛/𝑚𝑒𝑙𝑡

  

where “unknown” is an unknown component, which may encompass multiple minerals. The goal here 

is to find values for xunknown and Dunknown/melt that could explain the expected Dmantle/melt for Ti, Cr and Mn. 

Because Dolivine/melt and Dpyroxene/melt are constrained thanks to the compiled data (Table 5-3), there is a 

minimum possible Dmantle/melt below which DM
unknown/melt has to be negative, which is impossible. 

Depending on the proportion of olivine, pyroxene and unknown phase(s) (we consider that the fraction 

of the unknown component cannot exceed 20%, which is close to the upper limit of the fraction of 

sulfides in the mantle; Namur et al., 2016a), the minimum Dmantle/melt for Ti, Cr and Mn are between 

~0.07 and 0.32, 0.36 and ~0.7, and ~0.64 and 1, respectively. While the minimum Dmantle/melt for Ti and 

Mn do not bring a lot of constrain, the one for Cr means that it is not as incompatible as Figure 5-4 

shows for low DTi
mantle/melt. 

5.3.4 Manganese: a proxy for sulfides composition of the mantle 

Out of these three elements, only Mn should be clearly strongly compatible under any circumstances 

(Figure 5-4). Indeed, the lack of incorporation of Mn into the core suggests that it is concentrated in the 

BSM. However, its relatively low concentration on the surface means that it probably stays in the 

residual mantle during partial melting. At least one stable phase at high degree of partial melting (>20%) 

should contain Mn. Sulfides are probable candidates, because they are expected to be a major component 

of Mercury’s mantle (7-11 wt% S in the mantle, Namur et al., 2016b). These sulfides should be Fe-poor 

(as is the whole BSM, e.g., Nittler et al., 2011; Murchie et al., 2015), and probably with an MgS and or 

CaS composition (e.g., Namur et al., 2016a, Boukaré et al., 2019).  

We find in enstatites chondrites Fe-free cubic monosulfides, such as oldhamite (CaS), niningerite (MgS) 

and alabandite (MnS), that are part of a complex solid solution where the major cations Ca, Mg, and Mn 

can substitute (Skinner and Luce, 1971). We found experimentally that MgS can incorporate Ti, Cr and 

Mn (with Mn being the most compatible, Table 5-4), which confirms the measurements made on natural 

niningerite, which show higher Mn content than Cr content (~4 to ~12 wt% vs ~0.15 to ~1.8 wt% 

respectively, Keil and Snetsinger, 1967). For natural oldhamites, studies showed that Cr incorporation 

is very low (<0.05 wt%) while Mn is high (above 0.2 wt% and up to ~1.3 wt%, Keil, 1968; Hsu, 1998). 

Ti is the least incorporated element in sulfides, as observed experimentally (Table 5-4; Pirotte et al., 

2023) and in meteorites (15 to 100 times less incorporated than Mn, Hsu, 1998; ~260 less incorporated 
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in niningerite than Mn, and not detected in oldhamite, Lehner et al., 2013). Data from Wadhwa et al. 

(1997) show that Mn/Cr are >1000 in sphalerite (ZnS, except in Indarch meteorites where the lowest 

ratio measured was ~170) and alabandite (MnS), and ~100 in niningerite. All these data show that Mn 

is very compatible in Fe-free sulfides, and that they could be the reason for its compatibility in Mercury’s 

mantle. 

By calculating the DMn
unknown/melt as function of xunknown and DMn

mantle/melt (Figure 5-5), we find that, 

logically, there needs to be a phase that incorporates increasing amount of Mn for higher DMn
mantle/melt. 

In the same way, if the proportion (xunknown) of this phase in the mantle is low, then it means that it must 

incorporate even more Mn. 

 

Figure 5-5: Expected partition coefficients DUnkown between the mantle and the unknown phase as a function of the fraction of 

residual xUnkown in the mantle and the global Dmantle/melt.  

Interestingly, Mn is not chalcophile enough to explain its high compatibility by its incorporation in just 

one major phase for all the data points where DMn
unknown/melt above ~130 (Figure 5-5), which roughly 

correspond to the highest DMn
sulfide/melt experimentally measured (Table 5-4). Even though DMn

CaS/silicate 

melt and DMn
MgS/silicate melt are high (between 1 to ~40 and ~15 to ~130, respectively), their values are not 

as high as required from the results in Figure 5-5. An MnS (alabandite) phase in the mantle could be 

responsible for Mn compatibility, especially if CaS is the dominant sulfide. Indeed, stoichiometric MnS 

contains 63.14 wt% of Mn. If the unknown phase containing Mn is only made up of MnS, we can 

calculate its proportion in the mantle to satisfy the expected DMn
unknown/melt; there should be 0.63wt% and 
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1.1 wt% MnS in the mantle for a BSM Mn content of ~4000 (IW-6) and ~7000 (IW-2), respectively. 

However, because we expect MgS and/or CaS to be present, Mn should also be present in these phases, 

and part of it in MnS, which should make a small fraction of the sulfide inventory of Mercury’s mantle.  

5.3.5 Chromium: surface variations linked to melting of Cr-rich sulfides 

Nittler et al. (2023) provided Cr/Si maps of Mercury’s surface, and correlations are visible between the 

degree of partial melting and the resulting Cr/Si. The High-Mg regions have the highest Cr/Si, while the 

Caloris basin has the lowest. It seems that higher partial melting increases its incorporation in the melt, 

so that the melting of a Cr-rich phase could be responsible for this behavior. The lowest and the highest 

Cr/Si gave us respectively the upper and the lower limit for Cr compatibility during partial melting of 

the mantle. If, as it has been suggested, the mantle is rich in sulfides (e.g., Namur et al., 2016a), then 

they could be host candidates for Cr as it is highly chalcophile under reducing conditions. As seen in the 

previous section, MgS or CaS sulfides could be (at least partially) responsible for the high compatibility 

of Mn in the mantle, and Cr also has high affinity in both CaS and MgS (Table 5-4). Cr is relatively 

incompatible in both olivine and pyroxene (see section 5.2.3), and so the presence of sulfides in the 

mantle could be responsible for its compatibility. Other Cr-bearing minerals, such as chromite, should 

not be common due to the quasi absence of FeO in Mercury’s silicate part. 

Because the regions with the highest Mg/Si on the surface also correspond to higher S/Si and Cr/Si, an 

increased fraction of Cr-rich sulfides that melts with higher degree of partial melting caused by increased 

temperatures could explain these observed ratios, enriching the lava in both Cr and S. Data from Nittler 

et al. (2023) show that Cr/Ti varies from ~0.04±0.02 to ~0.14±0.07, if we consider that Ti/Si is constant 

on the surface, as the measurements do not show surface variation of Ti/Si (Cartier et al., 2020). A CaS 

dominated mantle (~20 wt% CaS) produces Cr/Ti varying from ~0.05 to ~0.13 with fraction of partial 

melting from 0.2 to 0.6 at IW-4.5 (Figure 5-6). This scenario roughly corresponds to what is observed 

on the surface, but it is important to keep in mind that we lack data on the variation of Ti/Si in the 

different terranes.  
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Figure 5-6: Calculated Cr/Ti of lavas as function of the fraction of partial melting and the fraction of sulfides in the mantle. 

The lines in red correspond to the variation of Cr/Ti on the surface from 0.04 to 0.14, while the lines in black show the variations 

including 1σ error. In this scenario, the mantle is dominated by pyroxene and CaS, and the primordial differentiation occurred 

at IW-4.5. DTi
CaS/silicate melt and DCr

CaS/silicate melt are 0.5 and 15, respectively.  

The proportion of pyroxene to olivine is also an important factor, as well as oxygen fugacity during 

primordial differentiation, and these parameters are explored in section 5.3.7. In any case, the presence 

of CaS in the mantle is consistent with the observed Cr/Si varying with partial melting, and there are 

large margins to change different parameters to produce satisfying scenarios (see section 5.3.7). Other 

Cr-rich sulfides found in chondrites, such as daubréelite (FeCr2S4) or brezinaite (Cr3S4), are not expected 

in the mantle as they would increase the compatibility of Cr to extreme value; the presence of MgS 

and/or CaS already satisfies the observed Cr abundances on the surface.  

5.3.6 Titanium: a tracer for the dominant mantle sulfides  

Because Ti is not siderophile, its content in the BSM is not as affected by oxygen fugacity as Cr and 

Mn. The Ti concentration in the BSM varies from ~800 ppm at IW-6 to ~1500 ppm at IW - 2. Cartier et 

al. (2020) showed that the surface Ti/Al ratio of Mercury is slightly sub-chondritic (0.035±0.008, 

compared to ~0.058), which can be explained by the incorporation of Ti in the core during the primordial 

differentiation under an oxygen fugacity of ~IW - 5. The fractionation between Ti and Al by an FeS 

sulfide layer is thus not expected, as shown in Cartier et al. (2020). In the same way, the presence of Ti-

rich sulfides should be unlikely. For now, only one titanium sulfide has been identified: wassonite (TiS), 

found in enstatite chondrites (Nakamura-Messenger et al., 2012). This mineral is very rare, having been 

only found in very low quantity in one meteoritic sample (Nakamura-Messenger et al., 2012). MgS, on 

the other hand, could well be present in large quantity in the mantle. However, because it seems to 

incorporate large amounts of Ti (DTi
MgS/silicate melt between 6 and 30, see Table 5-4), a MgS dominated 
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residual mantle should strongly decrease the amount of Ti on the surface, and increase the resulting 

Cr/Ti. Moreover, the lack of variation in Ti/Si with different degrees of partial melting observed by 

Cartier et al. (2020) is not consistent with a phase incorporating large amount of Ti in the mantle such 

as MgS.  

Because experimental data show that the partitioning of Ti in CaS is low (~0.5, Table 5-4), a CaS 

dominated mantle should be the most probable solution, assuming that the planet formed under reducing 

conditions. An MgS-dominated mantle does not sufficiently increase the compatibility of Cr relative to 

Ti, so that the resulting surface Cr/Ti is too high compared to the observed values (Figure 5-7), even at 

oxygen fugacity (>IW - 4).  

 

Figure 5-7: Evolution of Cr/Ti as a function of the fraction of partial melting and the fraction of CaS relative to MgS, at IW-

4.5 (similar to Figure 5-6). The hatched area corresponds to the average Cr/Ti (0.1 ± 0.06). We consider 20 wt% of sulfides in 

the residual mantle. Higher MgS fraction increases the Cr/Ti. 

5.3.7 Scenarios compatible with surface data 

In this section, we explore various scenarios by changing the following parameters to study their 

influence on the calculated surface Mn/Ti and Cr/Ti: oxygen fugacity, the fraction of Fe-free sulfides in 

the residual mantle, and the relative abundances of CaS to MgS and of olivine to pyroxene.  
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5.3.7.1  Oxygen fugacity 

The effect of oxygen fugacity is shown in Figure 5-8. The effect of different amounts of CaS in the 

mantle (0, 10 and 20 wt%) is also shown for comparison. As noted by Nittler et al. (2023), oxygen 

fugacity has a huge impact on the Cr content in the BSM, which in our simulations leads to increasingly 

higher Cr/Ti with higher fO2. On the other hand, oxygen fugacity lower than IW - 6 seems unlikely, as 

Cr becomes too depleted in the BSM. It seems that a planet Mercury formed between IW - 6 and IW - 

4 is the most probable scenario. To isolate the effect of the other parameters, we will fix the oxygen 

fugacity to IW - 5 for the rest of the discussion, close to the IW - 5.4 value calculated by Namur et al. 

(2016a). 

 

Figure 5-8: Effect of the oxygen fugacity on the calculated surface Cr/Ti and Mn/Ti. The blue and orange areas represent the 

measured surface Mn/Ti and Cr/Ti, respectively. The global partition coefficients at 0, 10 and 20 wt% CaS are: Ti: 0.208, 

0.237, 0.266; Cr: 0.575, 2.018, 3.46; Mn: 0.9, 3.81, 6.72. 
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5.3.7.2 The proportion of olivine to pyroxene 

While Cr and Mn have roughly similar compatibilities in olivine and pyroxene (0.45 vs 0.7 and 0.8 vs 

1 for Cr and Mn respectively), Ti is very incompatible in olivine, but quite compatible in pyroxene 

(Dolivine/silicate melt ~ 0.015 << Dpyroxene/silicate melt ~ 0.4). If Mercury’s mantle is dominated by olivine, then Ti 

should be very incompatible in the silicates, decreasing the resulting Mn/Ti compared to a pyroxene 

dominated residual mantle, as more Ti is incorporate in lavas (Figure 5-9). It could however increase 

the Ti/Si to values higher than measured on the surface. In that case, the presence of Ti-rich sulfides 

such as MgS in the residual mantle could balance the resulting concentration of Ti by increasing its 

compatibility in the mantle. As seen in Figure 5-9, although the proportion of olivine and pyroxene has 

a visible effect on the concentration of Ti in the melts, it is the fraction of Fe-free sulfides in the mantle 

that dominantly affects the resulting Mn/Ti and Cr/Ti of melts during partial melting.  

 

Figure 5-9: Calculated Cr/Ti and Mn/Ti depending on the composition of the silicate dominating the mantle; either pure 

pyroxene or pure olivine. Increasing amounts of sulfides decreases the total amount of silicates (100, 90 and 80 wt% silicates 

for 0, 10 and 20 wt% sulfides, respectively). The oxygen fugacity is set to IW - 5. The blue and orange areas represent the 

measured surface Mn/Ti and Cr/Ti, respectively. The global partition coefficients at 0, 10 and 20 wt% CaS for 100% pyroxene 
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are: Ti: 0.4, 0.41, 0.42; Cr: 0.45, 1.905, 3.36; Mn: 0.8, 3.72, 6.64. For 100% olivine, they are: Ti: 0.015, 0.064, 0.112; Cr: 

0.7, 2.13, 3.56; Mn: 1, 3.9, 6.8.  

5.3.7.3 The proportion of MgS to CaS 

Although more partitioning data are needed, MgS seems to incorporate more Ti, Cr and Mn than CaS, 

in agreement with natural samples (see section 5.3.4). In particular, Ti seems incompatible in CaS (D ~ 

0.5) but highly compatible in MgS (D ~ 15). As seen in Figure 5-10, a MgS-rich mantle increases the 

resulting Mn/Ti above surface values. However, because an MnS component might exist in the residual 

mantle of Mercury, it could decrease the Mn/Ti ratio (not shown in Figure 5-10).  The problem with an 

MgS-rich mantle is that its incorporation of Ti should be visible on the surface, as we would observe 

different Ti/Si as a function of the degree of partial melting from which the lava originates from, in the 

same manner Nittler et al (2023) observed for Cr. While the new data from BepiColombo may produce 

such results, our current knowledge states that the surface Ti/Si does not strongly vary with terranes 

formed from different degree of partial melting (Cartier et al., 2020).  

 

Figure 5-10: Effect of the proportion of CaS and MgS on the calculated surface Cr/Ti and Mn/Ti. The olivine to pyroxene ratio 

is set to 1. The oxygen fugacity is set to IW - 5. The blue and orange areas represent the measured surface Mn/Ti and Cr/Ti, 
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respectively. The global partition coefficients at 10 and 20 wt% CaS for 100 wt% MgS are: Ti: 1.687, 3.166; Cr: 3.018, 5.46; 

Mn: 5.81, 10.72. For 50 wt% MgS and 50 wt% CaS: Ti: 0.962, 1.72; Cr: 2.518, 4.46; Mn: 4.81, 8.72; 100 wt% CaS: Ti: 0.237, 

0.266; Cr: 2.018, 3.46; Mn: 3.81, 6.72. 

 

5.4 Conclusions 

This chapter aims to provide some insights on Mercury’s mantle mineralogy based on available surface 

data. The planet is ideal for this investigation; the surface is made of volcanic rocks originating from 

high degree of partial melting of the mantle, and so there are only two well-known silicates that should 

compose the residual mantle, namely olivine and pyroxene, in unknown proportion (Namur et al., 

2016b).  

From these simulations, it seems evident that there is at least one sulfide phase in major proportion in 

the mantle (between 10 - 20 wt%) which is responsible for incorporating both Cr and Mn. In particular, 

a CaS-rich mantle is the best candidate as it explains the simultaneous increase in Cr/Si and the lack of 

variation in Ti/Si with higher degree of partial melting. The presence of MnS in the residual mantle may 

be necessary to sufficiently decrease the surface Mn/Ti. The models do not provide definite insights on 

the proportion of olivine and pyroxene in the residual mantle, as it is possible the fine-tune other 

parameters to make it fit. If one were to compute the expected Ti/Si of an olivine dominated mantle, the 

results would probably exceed the value of ~0.083, measured by MESSENGER. As previously observed 

in Nittler et al. (2023), Cr is a powerful proxy for the oxygen fugacity of the planet, and a reduced 

Mercury (IW - 6 to IW - 4) seems the most probable, in agreement with previous studies (e.g., Namur 

et al., 2016a).  
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Chapter 6: Predicting element partitioning between metal and silicate 

melts based on the electronegativity scale 

6.1 Introduction 

6.1.1 The chemical behavior of elements 

Emerging from both scientific and economic consideration, the chemical behavior of elements in nature 

has been discussed by Goldschmidt (1937). Goldschmidt (1937), inspired by the work of Washington 

(1920), classified elements into 5 categories; lithophile (rock-loving), siderophile (iron-loving), 

chalcophile (sulfur-loving), atmophile (found naturally as gases) and biophile (that are the basis of life). 

This classification was based on the distribution of elements in nature, and notably in meteorites, where 

it is common to observe three types of minerals, namely silicates, sulfides and metallic ones. Siderophile 

elements are thought to have massively sink in Earth’s iron core, depleting the silicate part of those 

(Goldschmidt, 1937; Suess and Urey, 1956). The question of core-silicate differentiation and its impact 

on the distribution of elements is still widely studied today, with new partitioning studies being regularly 

published (e.g., Kilburn and Wood, 1997; McCoy et al., 1999; Malavergne et al., 2007; Boujibar et al., 

2019; Steenstra et al., 2020a,b; 2022; Cartier et al., 2020; Pirotte et al., 2023). Some of these elements 

are found in a native state in the silicate crust, such as Au or Ni, which of course have massive economic 

importance.  

However, the classification of Goldschmidt is only valid in a given geological/experimental setting; the 

behavior of elements strongly varies with intensive and extensive parameters, such as oxygen fugacity, 

temperature and pressure. For example, Fe3+ becomes Fe2+ when it is reduced by the presence of an 

electron donor (i.e., reducers). If the redox conditions are sufficiently reducing, Fe2+ can be reduced to 

Fe0, which is the ground state of iron. Iron is often used as a tracer of redox conditions as it is the most 

abundant multi-valent elements in rocks. The following redox reactions 3Fe2SiO4 + O2 = 2Fe3O4 + 

3SiO2 and 2Fe + O2 = 2FeO, respectively known as the fayalite-magnetite-quartz (FMQ, Fe2+ - Fe3+) 

and iron-wustite (IW Fe0 – Fe2+) buffers, are widely used in the geological literature to define the redox 

conditions of the studied environment (Frost, 1991). While some elements are commonly found in 

association with iron metal under Earthly redox conditions (the so called “siderophile” elements, such 

as Ni and Co), a growing number of elements are observed in metals as conditions become more and 

more reducing (e.g., Kilburn and Wood, 1997; McCoy et al., 1999; Kiseeva and Wood, 2013, 2015; 

Wood and Kiseeva, 2015; Namur et al., 2016a; Cartier and Wood, 2019; Steenstra et al., 2020a, 2020b). 

Elements normally considered lithophile such as Cr and Ti start to partition into metals at low oxygen 

fugacity (e.g., Cartier et al., 2020; Nittler et al., 2023). If the conditions are extremely reducing (in 

samples produced experimentally or in meteorites), even elements considered strongly lithophile, such 
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as U, can be reduced and incorporated into metal (Wohlers and Wood, 2017; Boujibar et al., 2019; 

Pirotte et al., 2023).  

6.1.2 The concept of electronegativity 

Electronegativity (E) expresses the power of an atom to attract or hold on electrons. While the concept 

is old, dating back to Berzelius who first introduced the term at the beginning of the 19th century, Pauling 

(1932) published the first scale (Jensen, 1996). Based on the empirical evidence that the energies of 

normal covalent bonds are additive, Pauling (1932) wrote: 

E(AB) = ½[E(AA) + E(BB)] 

Where E(AB), E(AA) and E(BB) are the energy of the bonds between the diatomic molecules A-B, A-

A and B-B respectively. Pauling compared the theoretical and the experimental E(AB) and noticed a 

positive difference caused by the differences in electronegativities of the two species A and B: 

ΔE(AB) = E(AB)exp – E(AB) 

Where E(AB)exp is the experimentally measured energy of the bonds A-B. If both electronegativities of 

A and B are the same, the theoretical and the experimental value of E would be equal. If there is a 

difference in electronegativities, one atom would pull electrons closer to itself, causing a difference in 

bond energy with the theoretical value. The difference of electronegativities of two species A and B (χ) 

is given by: 

|χA - χB| = (eV)-1/2 × ΔE(AB)1/2 

where eV is the value of 1 electron volt per atom, used to have a dimensionless value (eV-1/2 ~ 0.208 

kcal). Because the scale is relative, the electronegativity of hydrogen was fixed originally at 2.1 (now 

2.2), and the electronegativity of other elements vary relatively to H from 0.79 (Fr) to 3.98 (F) (Figure 

6-1) (Cherkasov et al., 1996, and references therein). 
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Figure 6-1: Periodic table of electronegativity using the Pauling scale. Data from Allred (1961). 

The difference in electronegativity between two atoms can be used to characterize the type of bond; 

purely covalent if there is no difference (e.g., Cl2), and increasingly ionic as the difference in E increases 

(e.g., NaCl). In this aspect, electronegativity has been used to predict the behavior of elements. Notably, 

oxygen anion (O2-, E = 3.44) binds preferentially with elements with the lowest electronegativity, as it 

forms bonds dominated by an ionic component, which is stronger than covalent. It explains the affinity 

of low electronegative elements (such as alkaline or earth-alkaline elements) for oxygen, forming oxides 

and silicates, whereas lots of transition metals, which have higher E (between ~1.5 and ~2), only binds 

with O after these less electronegative elements are already combined with it. In the absence of 

remaining oxygen, they are left to bind with remaining anions such as sulfur (S2-, E = 2.58) (Ringwood, 

1955, and references therein). This theoretical approach is employed to explain the affinity for sulfides 

for high electronegative elements (Fe, Ni, Cu…) and the affinity for the metallic state (oxidation state 

of 0) for very high electronegative elements (Au and the PGE) (e.g., Barnes and Maier, 1999). The 

significant production of precise partitioning data for a wide array of elements these last ~30 years 

enables us to quantify the effect of electronegativity on metal/silicate partitioning. 

This work presents two new methods to predict the metal-silicate partition coefficients of elements. The 

first method allows the prediction with a relative accuracy of partition coefficients between metals and 

silicate melts for a large number of elements (~1-2 σ in natural logarithm for most transition metals and 

metalloids), provided that the partition coefficient of at least one element is known in the studied sample. 
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As the high-end instruments to measure low contents of elements are not always readily available (such 

as LA-ICPMS) and precisely measuring some elements is particularly difficult, this method could prove 

useful to investigate and quantify the expected behavior of elements in many different situations. A 

second method to predict partition coefficients for a large number of elements when knowing only the 

redox conditions of a setting is provided, although its accuracy is inferior to that of the first method (σ 

~ 2.2 in natural logarithm). It could provide a first approximation of the partitioning of elements in 

settings where direct measurements are difficult or inaccessible.  

 

6.2 Experimental database 

We compiled experimental partitioning data between metal and silicate melt from the literature for 60 

elements, covering most of the periodic table, with the exception of most non-metal, halogens and noble 

gases (Table 6-1). In our calculations, we only include data from experiments consisting of a silicate 

melt in equilibrium with a metal, excluding as much as possible data containing FeS, as FeS blobs are 

sometime observed in metals and could lead to erroneous metal/silicate partitioning data. For elements 

corresponding to few data points, such as the platinoids, we included metal/silicate partitioning data 

from experiments containing also FeS in order to work with a larger dataset. Moreover, we selected in 

our dataset metal phases showing low concentration of S (< 1 wt%) to avoid incorporation of chalcophile 

elements in S-bearing metals. 
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Table 6-1: Database used in this work. 

Study Temperature (°C) Pressure (GPa) Data points Elements 

Hillgren et al. (1996) 2000 10 12 Co,Ni,Ga,Ge,Mo,W 

Jana and Walker, 1997 1500 1 29 P,Cr,Ni,Ge,Au 

Wade et Wood, 2001 1750-2300 2.5-25 45 Ti,V,Cr,Mn,Fe,Ni,Ga,Nb,Mo,Ta 

Chabot and Agee., 2003 1450-2300 3-14.0 86 V,Cr,Mn 

Bouhifd et al., 2007 1900 5-15.0 8 Si,K 

Corgne et al., 2007 1650-2200 1-7.7 15 K 

Malavergne et al., 2007 1665-2400 1.5-20 21 Si,Pb,U 

Corgne et al., 2008 1850-2200 3.6-7.7 95 Si,Ti,Cr,Mn,Fe,Ni,Cu,Zn,Ga,Nb,Ta 

Mann et al., 2009 1740-2100 2-6 27 Si,Mn,Ga,Ta 

Rose-Weston et al., 2009 1750-2420 0.1-1.9 94 Si,Se,Te 

Righter et al., 2010 1500-1900 1 155 P,V,Cr,Mn,Co,Ni,Cu,Zn,Ga,Mo,Sn,W 

Siebert et al., 2011 1600-2600 0.5-18 483 Si,P,V,Cr,Mn,Co,Ni,Zn,Ga,Ge,As,Nb,Mo,Ta,W 

Tuff et al., 2011 1650-1850 1.5-6. 159 Si,V,Cr,Co,Ni,Nb,Mo,W 

Mann et al., 2012 2150-2500 3.5-18 57 Cr,Ru,Rh,Pd,Re,Ir,Pt 

Ballhaus et al., 2013 1550-2100 1-5 106 P,Cr,Zn,Rb,Cd,In,Sn,Cs,W,Tl,Pb 

Bouhifd et al., 2013 1800-2100 4-8 34 Si,Ni,Pb,U 

Cartier, 2014 1640-1850 5 14 Si,Th,U 

Cartier et al., 2014b 1580-1850 5 41 Si,Ti,Cr,Mn,Ni,U 

Wood et al., 2014 1460-1650 1.5 85 V,Cr,Mn,Co,Cu,Zn,Ga,Ge,Nb,Mo,W 

Fisher et al., 2015 2447-5427 15-100 96 V,Cr,Fe,Co,Ni,W 

Clesi et al., 2016 1985-2875 0.5-2 109 Si,V,Cr,Mn,Nb,Ta 

Namur et al., 2016a 1200-1750 0.0001-4 290 Si,Ti,Cr,Mn 

Laurenz et al., 2016 2200 11 29 Si,Cr,Ru,Pd,Ir,Pt 

Wohlers & Wood, 2017 1650 1.5 85 Si,Zr,La,Ce,Nd,Sm,Eu,Yb,Th,U 

Cartier et al., 2020 1580-1850 5 79 Si,Ti,Cr,Mn,Ni 

Steenstra et al., 2020a 1610 1 140 Si,V,Cr,Mn,Co,Ni,Cu,Zn,Ga,Ge,Nb,Cd,In,Sn,Sb,Te,Tl,Bi 

Steenstra et al., 2020b 1510-1610 1 113 Li,Si,V,Cr,Co,Cu,Zn,Ga,Ge,As,Nb,Mo,Cd,In,Sn,Sb,Te,Cs,Ta,W,Pt,Tl,Pb,Bi,Th,U 

Steenstra et al., 2020c 1610-2000 1-5 839 Si,Ti,Cr,Mn,Cu,Zn,Ga,Ge,As,Se,Mo,Cd,In,Sn,Sb,Te,W,Pt,Pb 
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Study Temperature (°C) Pressure (GPa) Data points Elements 

Steenstra et al., 2022 1610 1 248 Mg,Al,Si,Ca,Ti,V,Cr,Mn,Fe,Co,Cu,Zn,Ga,Ge,As,Se,Zr,Nb,Mo,Pd,Ag,Cd,In,Sn,Sb,Te,Ta,W,Re,Ir,Pt,Au,Tl,Pb,Bi,Th,U 

Pirotte et al., 2023 1520-1700 0.1-3 230 Na,Al,Si,Sc,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Ga,Ge,Rb,Sr,Y,Zr,Nb,Mo,Ba,Ce,Nd,Sm,Eu,Gd,Yb,Hf,Ta,W,Th,U 

30 studies 1200-2875 0.0001-100 3824  60 elements 
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We gathered in total more than 3800 data points from 30 studies, with temperatures ranging from 1200 

– 2875°C and pressure ranging from 0.0001 – 100GPa. For each experiment, oxygen fugacity was 

calculated using the following equilibria: 

FeMet + ½O2 = FeOSil       (1) 

and: 

SiMet + O2 = SiO2
Sil       (2) 

where Met and Sil refer to metallic and silicate melts respectively. Calculation using equation (2) was 

favored over equation (1), and (1) was used when Si in the metal was not measured. Indeed, FeO in the 

melt is sometime too low to be accurately measured, leading to erroneous fO2 at very reducing 

conditions. Moreover, it is possible that Fe binds with S or Si in the silicate melt under reducing 

conditions, so that we overestimate the FeO content of silicate melts. Ideality was considered in our 

calculations. Details on the calculations can be found in Namur et al. (2016a). We estimate the error to 

be around ~0.5 log units (Namur et al., 2016a). 

 

6.3 Metal/silicate partitioning and electronegativity 

6.3.1 Empirical parameterization of metal/silicate partitioning 

Following the definition of Pauling (1932), the elements with the highest electronegativity should be the 

ones that are the most easily reduced (i.e. acquiring and holding the most to electrons). While the most 

electronegative elements (such as fluoride, oxygen, chloride) have negative valences, most elements 

cannot adopt negative valences, and are at best reduced to their ground state (0). By studying the 

partitioning coefficient of elements (D) between silicate glasses and the associated metals measured 

experimentally, we observe a correlation between D of elements and their electronegativity (Figure 6-2).  
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Figure 6-2: Dmetal/silicate melt of elements as a function of Pauling electronegativity. Most experiments compiled show exclusively 

silicate and metal melts. We did not consider data with experiments also containing FeS, which are common in experiments 

under reduced conditions, except for the platinoid group elements (PGE), for which the silicate melt was both in equilibrium 

with metals and FeS for some data points. Elements with the lowest and highest E show a deviation from the seemingly linear 

trend (in red), probably due to several factors (see section 6.3.3 for details). 

As we can see in Figure 6-2, the partition coefficients of elements between E ~1 and E ~2.25 follow an 

upward trend (shown by the red line) with increasing electronegativity, despite the large variations of D 

inherent to the experimental conditions (temperature, pressure, oxygen fugacity, compositions of metal 

and silicate melts…). Alkaline elements with E < 1 do not follow the trend. On the other end of the 

spectrum, P, Se, Te and Au also strongly deviate from the observed linear trend. Finally, Si has a lower 

Dmetal/silicate than other elements with similar E. To quantify the effect of electronegativity on Dmetal/silicate, 

we can calculate regressions as a function of E and some intensive and extensive parameters of the 

samples, such as fO2, T, P and the composition of the silicate melt.  

From these regressions, we find compositional parameters (silicate Mg/Si, Al/Si…) to be irrelevant. 

This is in agreement with previous studies finding that the composition of the silicate melt is not a 
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significant parameter for metal/silicate partitioning (e.g., Fisher et al., 2015). Moreover, the inclusion of 

T and P (1200°C < T < 2875°C, 0.0001 GPa < P < 100 GPa) as regression parameters does not have a 

significant effect on the predicted values. Only the electronegativity of the element and the oxygen 

fugacity of the samples are significant. We end up with the following equation to predict Dx
metal/silicate melt: 

 lnDx
metal/silicate melt = a + b × log(fO2) + c × Ex     (3) 

where lnDx
metal/silicate melt is the natural logarithm of the partition coefficient of element x, fO2 is the oxygen 

fugacity, Ex is the electronegativity of element x, and a, b and c are regression coefficients equal to -

31.25, -0.5266 and 17.83 respectively (Figure 6-3). For this regression, we excluded elements whose 

values < 1 or > 2.25, as well as Al, Si, P, and Te because they all strongly deviate from the trend in 

Figure 6-2 (see section 6.3.3 for more details). Such a simple regression, calculated from ~1700 data 

points, has a R2 value of ~0.796. The standard deviation is ~2.2 (in natural logarithm) on the calculated 

D.  

 

Figure 6-3: Predicted metal/silicate melt partition coefficients vs the observed values. The predicted coefficients are calculated 

using equation (3). The R2 is ~0.796 and the standard deviation in natural logarithm is ~2.2, with ~1700 data points. While 

this very simple equation can be used to give a range of expected D in a given redox setting, it is inaccurate for precise D 
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prediction. The blue line represents the perfect fit between the predicted and the observed D values, and the red lines show 1 

σ deviation.   

It is important to keep in mind that the predicted values seen in Figure 6-3 are affected by the combined 

effect of errors on fO2 calculations and analytical errors. In particular, estimating oxygen fugacity is 

difficult, as there are multiple calculation methods (see Cartier et al., 2014b; Namur et al., 2016a; Pirotte 

et al., 2023 as examples) which can give sometimes very different results.  

6.3.2 The constant ratio between elements partitioning 

As observed above, there is a clear correlation between electronegativity and the metal/silicate 

partitioning of an element. Following equation (3), we observe that temperature, pressure, and 

compositional parameters (such as the Mg/Si of the silicate melt) have second order effects on the 

metal/silicate partitioning, and that only the oxygen fugacity has a significant impact on the regression. 

This means that for a given redox state, the difference of partitioning between two elements should be 

directly linked to their difference in electronegativity. This implies that the partitioning ratio of two 

elements measured in a sample is theoretically constant, no matter the P, T, fO2 and compositional 

factors. Figure 6-4 shows all the possible ratios of two elements for each sample in our dataset against 

their respective difference in electronegativity.  
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Figure 6-4: Difference of Dmetal/silicate melt of two elements in the same sample (in ln) as a function of their difference in 

electronegativity. There is a clear upwards trend, meaning that the greater their difference in E, the greater their difference in 

metal-silicate partitioning value. The blue line is the analytical representation of equation (4), and the red line is the 1 σ error. 

Only elements with 1 < E < 2.25 are considered. Si, Al, P and Te were excluded. Those elements are discussed in section 6.3.3. 

We observe an upward trend, with higher differences in electronegativities linked to higher differences 

in metal/silicate partition coefficients. If we consider that the regression is linear, we obtain: 

Δln(Dmetal/silicate) = k × ΔE      (4) 

where Δln(Dmetal/silicate) is the difference between the partition coefficients (in natural logarithm) of two 

elements from the same sample (which mainly means the same redox conditions) and ΔE the difference 

of their respective electronegativities. The constant “k” is equal to 15.94, with R2 value of ~0.73 for 

~13000 tested combinations. It follows: 

ln(Dx
metal/silicate) = ln(Ds

metal/silicate) + k × Ex – k × Es    (5) 
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where Dx
metal/silicate and Ds

metal/silicate are the metal-silicate partition coefficients of elements x and s, taken 

from a same sample. This suggests that we can predict the metal-silicate partition coefficients of any 

element in a sample if we have the partition coefficient of at least one other element, that we can use as 

a standard (the s in (5) standing for “standard”). As seen in Figure 6-4, there are still large variations in 

the D ratios for a same ΔE. If we consider the equation (4) to be correct, then the variations can be 

attributed for the most part to analytical errors, especially those caused by elements that are difficult to 

measure, such as elements with concentrations close to the limit of detection in either the silicate melt 

(high E elements) or the metal phase (low E elements). These deviations are discussed in section 6.3.3. 

Another way to visualize the constant ratios between metal/silicate partition coefficients is to produce 

the ratios of elements over another element used as a standard and calculate their respective median. We 

can then parameterize empirically each median Δln(Dmetal/silicate) for a given standard (s) (Figure 6-5). 

 

Figure 6-5: Median ratios of element partition coefficients “x” with a standard “s” (here, Cr) as function of the 

electronegativity of the element “x”, based on 1725 data points. There is a clear trend relating the ratios to electronegativity. 
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As before, only elements with 1 < E < 2.25 were considered. Si, Al, P and Te were also excluded. Those are discussed in the 

following section. 

A trend is clearly visible, and the obtained parameterizations are of the form: 

ln(Dx
metal/silicate melt) = ln(Ds

metal/silicate melt) + as + bs × Ex      (6) 

where x and s are the unknown and standard elements respectively, and as and bs are parameters 

determined empirically. The formulation of this equation is very close to (5), and we find that bs is 

somewhat constant for most standards, with a value around ~16 (Table 6-2), close to the value of k in 

equation (4) and (5). This value of k is also similar to parameter c in equation (3). Parameter “k” can be 

consistently interpreted as the difference between partition coefficients of two elements (in natural 

logarithm) whose difference in electronegativity is 1.  Parameter as is roughly equal to the term -k × Es 

in equation (5). These results tend to show that, barred the analytical errors on the measurements, the 

ratio of the metal/silicate melt partition coefficient of two elements is constant and its value is linked to 

their difference in electronegativity. If so, it would mean that the measurement of one element in the 

silicate melt and the metal phase of a sample can be sufficient to use it as a standard and predict, or at 

least estimate, the partitioning of other elements. We can calculate parameters as and bs for each element 

to use as standards (Table 6-2). 

Table 6-2: Empirically determined parameters as and bs for some elements to use as standards for equation (6). Nb. of elements 

indicates the number of different elements the standard was calibrated with. Commonly measured elements (such as Cr) have 

larger nb. of elements than rarer elements (such as Cd for example). SE is the standard error of the predicted Dx
metal/silicate melt 

value obtained by using this element as a standard (in natural logarithm). We strongly recommend the use of Cr and Mn, which 

were parameterized with the most representative dataset. 

Element E Nb. Of element Data points as error bs error R² SE 

Ti 1.54 34 808 -23.1362 1.721 16.3219 0.997 0.893 1.9157 

V 1.63 35 980 -29.3942 1.811 17.4503 1.058 0.892 2.1023 

Cr 1.66 36 1725 -29.4446 1.78 17.5986 1.031 0.896 2.1166 

Mn 1.55 35 1544 -23.2962 1.51 15.6624 0.881 0.906 1.7471 

Fe 1.83 35 464 -28.1169 1.672 14.6872 0.98 0.872 1.9420 

Co 1.88 35 903 -29.9067 1.582 14.4866 0.928 0.881 1.8346 

Ni 1.91 17 746 -37.6252 2.59 18.3894 1.451 0.915 1.3447 

Cu 1.9 34 1068 -25.7956 1.849 13.7196 1.078 0.835 2.0648 

Zn 1.65 35 1053 -25.8608 1.5 15.7259 0.876 0.907 1.7417 

Ga 1.81 34 1179 -28.1434 1.529 15.987 0.89 0.91 1.7351 

Ge 2.01 35 885 -26.2132 1.91 12.6554 1.124 0.794 2.2010 

As 2.18 29 609 -31.5004 2.787 14.4385 1.563 0.76 2.1650 

Nb 1.6 35 740 -32.8155 2.397 19.4518 1.4 0.854 2.7800 

Mo 2.16 35 1076 -28.9421 1.966 1.8978 1.16 0.789 2.2342 

Cd 1.69 28 489 -27.4815 2.369 15.8582 1.318 0.848 1.8921 
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Element E Nb. Of element Data points as error bs error R² SE 

In 1.78 28 741 -28.2037 2.524 15.1596 1.407 0.817 2.0229 

Sn 1.96 29 787 -31.3036 2.399 16.2856 1.339 0.846 1.9170 

Sb 2.05 26 399 -30.3454 2.871 13.6704 1.582 0.757 1.9783 

Hf 1.3 20 125 -16.4261 2.338 14.2761 1.473 0.839 2.0349 

Ta 1.5 34 621 -29.9497 2.181 19.057 1.264 0.877 2.4563 

Pb 2.33 28 792 -25.1846 2.352 15.3362 1.3 0.843 1.7780 

Bi 2.02 28 174 -26.554 2.296 13.9283 1.286 0.819 1.8207 

Th 1.3 35 364 -10.2629 1.858 9.4839 1.093 0.695 2.2085 

U 1.38 36 398 -13.1154 1.99 11.3205 1.168 0.734 2.3917 

 

The values predicted by equations (5) and (6) can be compared with the observed values for experiments 

in the literature. As seen in Figure 6-6, there are visible correlations between the calculated and observed 

D for a large number of elements (Figure 6-6A, B, C and D), even though there are some strong deviation 

for some data points (Figure 6-6E and F). Figure 6-6 shows partition coefficients calculated from 

equation (6) against observed values, using Cr as a standard. It may be of course beneficial to calculate 

multiple values by using several standards, and take the median of the predicted values, in order to 

increase the accuracy of the D calculated. The predicted values were calculated for our whole dataset, 

including samples containing both metals and FeS. While it may increase the errors by increasing the 

risk of having metal-silicate partition coefficients contaminated with FeS-silicate ones, it allows testing 

the equations with a larger amount of data. 
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Figure 6-6: Predicted metal/silicate melt partition coefficients obtained by equation (6) as a function of the observed partition 

coefficients (in natural logarithm). Cr was used as the standard in equation (6). The blue line shows the perfect correlation 

between the observed and the predicted values, and the red lines show 1σ deviation. The large error of panel E and F are 

explained below.  
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6.3.3 Assessment of model quality 

The deviations of the predicted values from the observed ones can be classified into four different 

groups: 

• The most widespread type of errors we observe are probably due to a mix of analytical errors and 

imperfect parameterization of the equations. The elements considered show a correct calculated 

range of D for their electronegativity, but there are some deviations (1 or 2σ for the most of them) 

from the observed value (Figure 6-6A, B, C, and D).  

• Another type of deviation is due to inaccurate calculation of partition coefficients for elements either 

strongly siderophile or lithophile; their concentration in the silicate melt (or in the metal in the case 

of lithophile element) is so low and in the metal (and silicate melt, respectively) so high, that a slight 

error on the measured value as tremendous effects on the partition coefficient (Figure 6-6F). For 

example, molybdenum in the silicate melt is often close to the limit of detection of mass 

spectrometers in reduced experiments, with concentrations below 1 ppm, while in metal it can reach 

a few 1000s. An error of 0.1 ppm on a measured value of 0.2 in the silicate melt gives a range of D 

from ~3000 to 10000 for a metal concentration of 1000, which is almost an order of magnitude. This 

hypothesis is supported by the fact that these large errors happen for elements with electronegativity 

values either very high (>2) or very low (<1) (Figure 6-6F). For the strong lithophile elements, the 

equation tends to underestimate the D value. We think that, in addition to the inaccuracy of 

measurement hypothesis and the actual lack of data, there may also be dissolution of a few anions 

in the metal at high temperature. For example, O2- dissolves in metals (Rubie et al., 2004; Wood et 

al., 2006; Huand et al., 2011), which would bind to lithophile elements and increase their amount in 

the metal, so that only a small amount of these elements is actually reduced and the rest is bond to 

dissolved oxygen in the metal. The same should be true for chalcophile elements if S is present in 

the metal.  

• For elements with a very high electronegativity, they can form metal nuggets in the silicate melt, 

which could lead to underestimate their content in metals. It was especially observed for Au (e.g., 

Steenstra et al., 2022), which is one of the elements that deviates the most from the predictions. 

Also, it is possible that the strong siderophile elements reach their maximum reduction, and that 

equation (5) or (6) overestimate D values; the kinetics of redox reactions could place an upper bound 

to the maximum reduction of an element in a sample (i.e., there is a minimum number of atoms that 

are still oxidized and cannot be reduced).  

• Finally, Se and Te should have very high D because their E is very high (2.55 and 2.1, respectively) 

but their partitioning is actually multiple orders of magnitude lower (Figure 6-6E). One explanation 

is that these elements can have negative valence (-2) so that, under reduced conditions, their lowest 

reduction state is not 0 but -2. It means that only a portion of these elements is reduced to 0 and 

enters the metal phase, while the rest is -2 and mainly stays in the silicate melt. 
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To illustrate the quality of equation (6) for each element, we constructed a periodic table which shows 

the standard deviation of the predicted Dmetal/silicate melt values from the observed Dmetal/silicate melt for each 

element, using Cr as the standard (Figure 6-7). 
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Figure 6-7: Periodic table showing the median standard deviation (in natural logarithm) between the predicted and observed Dmetal/silicate melt using equation (6) with Cr as standard. While most 

transition metals show good agreement, alkali and alkali earth metals show strong deviation, as well as most elements with very high E. Se and Te are also not in agreement with the result from 

equation (6). We only considered partitioning data of alkali and alkali earth metals measured by LA-ICPMS, as EPMA measurements of these elements are unreliable in metals. The same was 

applied to Al.  
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As we can see, the equation works relatively well for transition metals of the 4th and 5th row. Very high 

electronegative elements show strong deviations (W, Re, Ir, Pt and especially, Au) where the predicted 

Dmetal/silicate melt value is higher than what is observed. Alkaline metals also show very important deviation 

due to their very low electronegativity, partly due to a lack of data for those elements. A surprising result 

is that the D values of Si cannot be predicted; they are largely overestimated. Maybe the role of Si as 

the main network former makes it difficult for this element to be reduced as much as we would expect 

from its high electronegativity. The same can be said for Al, which should have a siderophile behavior 

equivalent to V. Although P is known to be siderophile under reducing conditions, it is not as siderophile 

as we would predict, maybe due to its non-metallic nature. 

 

6.4 Conclusions 

We compiled metal-silicate partition coefficients for 60 elements from 30 different studies, which cover 

a range of temperature from 1200 to 2875°C and pressure of 0.0001 to 100 GPa. We showed that, as 

expected from the its definition, electronegativity is a first order factor of the siderophilic nature of 

elements. While this has been known for a long time, the last ~30 years of production of partitioning 

data from experiments enabled us to quantify this effect, and produce a simple predictive model that can 

estimate the partition coefficients of an element based solely on its electronegativity and the oxygen 

fugacity of its environment. Moreover, we showed that elements in a sample (i.e., sharing the same 

intensive and extensive parameters) have constant partitioning ratios, which are related by their 

difference in electronegativity. Based on this observation, we created a simple equation between the 

ratio of the partition coefficient of two elements and the difference in their electronegativities, linked by 

a constant “k”. The prediction is satisfactory for a large number of elements (mainly the transition metals 

and some metalloids). However, there are large variations between the expected and the observed 

Dmetal/silicate melt for several elements. Further work is needed to understand these variations fully. We 

suggest that diving deeper into the electronic properties of elements could improve the prediction of 

metal-silicate partitioning. In particular, it is possible that the number of electrons in valence in the 

silicate melt plays a role in predicting Dmetal/silicate, in addition to electronegativity: indeed, Ti deviates 

relatively strongly from its predicted behavior compared to element with similar electronegativity such 

as Mn.  

This work is a first attempt to quantify the link between electronegativity and the metal-silicate 

partitioning of elements. While these results are promising, there is a need for a comprehensive, accurate 

dataset for metal-silicate partitioning for all elements, especially for strong lithophile ones. We 

recognize the difficulty to produce such data, as metals incorporate only very low amounts of these 

elements, so that their accurate measurements would require very reducing conditions. S-free 
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experiments should also be favored to determine solely the effect of the siderophile behavior of 

elements.  
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Appendix 6A: 

While in this work we overwhelmingly used partition coefficients between silicate melts and Fe-rich 

metals, we note that the equations (5) and (6) also work for other types of metals. For example, in sample 

Y087-2 (Pirotte et al., 2023), we have a silicate melt equilibrated with a Si-Cr metal, devoid of Fe. I 

hypothesize that these equations in fact predict global reduced/oxidized partition coefficients. As we 

considered FeS-free experiments in this study, the only oxidized phase is the silicate melt, while the 

only reduced one is the metal. In FeS-bearing experiments, the predicted Dreduced/oxidized should deviate 

from the observed Dmetal/silicate melt, as some oxidized (or more correctly, not reduced) atoms are stored in 

FeS. However, because the fraction of FeS to silicate melt is usually small, the deviations are not easily 

seen. For very chalcophile elements, the effect should be noticeable (and may actually be responsible 

for the deviations observed in Figure 6-6, as we included there FeS-bearing experiments). Further work 

on this subject should focus on calculating the total concentration of an element as oxidized, using the 

pondered average of the element in the silicate melt and the FeS. This method could theoretically also 

be applied in geological, crystallized setting, as long as a group of elements in valence 0 is easily 

identifiable (e.g., a nuggets of metal). It would need careful counting of the proportion of each phase to 

determine a global Dreduced/oxidized. 

It is possible to construct a new redox scale, using electronegativity, that I chose to call E1. It represents 

the electronegativity of a virtual element whose Dreduced/oxidized would be 1 in the studied system (where 

elements that have E higher to E1 have Dreduced/oxidized above 1 and elements that have E lower to E1 

below 1). It can be calculated using equation (5): 

ln(D1
metal/silicate) = ln(Ds

metal/silicate) + k × E1 – k × Es 

where D1
metal/silicate = 1 and s is an element chosen as a standard in the sample. We obtain: 

E1 = Es - ln(Ds
metal/silicate)/k (7) 

 The advantage of such a method is that it only measures the redox state of a geological or experimental 

setting, independently of temperature, pressure, or other parameters. In Figure 6-8, we can see a 

comparison between the E1 scale and oxygen fugacity values. The correlation is clearly visible, as well 

as the known effect of temperature on the increased incorporation of elements in metals.  
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Figure 6-8: Comparison of two redox scale for the compiled experiments. The E1 redox scale correlates with the calculated 

oxygen fugacity. We can see the effect of temperature, which increases the partitioning of elements in metal (and so, their 

reduction) for a given oxygen fugacity value. The E1 values were calculated from the median values of equation (7) using 

several standards (V, Cr, Mn, Fe, Cu, Zn, As). 

The proposed E1 scale could prove useful to compare the redox state of samples from very 

different/unknown P-T conditions. Naturally, this is a new, early concept, and more developments are 

needed to evaluate the real usefulness of this scale.  
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General conclusions 

This thesis emphasizes the importance of understanding elemental behavior to improve our knowledge 

and constraints on planetary formation, structures, and geology. Of course, the behavior of elements is 

the focus of this study but is also of prime importance for other subjects, such as mining and metallurgy. 

Experimental petrology is the best way to acquire significant, accurate, and precise partitioning data. 

This method has been extensively applied in this thesis to produce the information we needed to better 

understand Mercury. 

We carried out more than a hundred experiments under various pressure (0.0001 – 6GPa) and 

temperature (1300 – 1700°C) under reducing conditions (~IW-1 – ~IW-8) using three different types of 

apparatuses, namely a piston-cylinder, two multi-anvils, and a vacuum line. Moreover, we carefully 

analyzed by EPMA and LA-ICPMS experiments done previously in both piston-cylinder and IHPV. 

From the analyzes of these samples, we produced hundreds of partition coefficients between metals (Fe, 

Fe-Si, Si-Cr-Mn…), sulfides (FeS, CaS, MgS…), and their coexisting silicate melts for over 30 

elements. Combining our data with the literature, we applied this knowledge to constrain different 

aspects of Mercury’s geology. 

Using the partition coefficients of heat-producing elements (HPE: U, Th and K) between metals/sulfides 

and the silicate melt, we modelled the distribution of these elements during the primordial differentiation 

of Mercury, when the core, the silicate part, and a hypothetical FeS layer were in equilibrium. As seen 

in previous studies, U, Th and K are not siderophile, but U become chalcophile at low oxygen fugacity. 

We showed that, under reducing conditions, U and Th are increasingly fractionated by the presence of 

an increasingly thick FeS layer.  It turns out that, if the bulk Mercury Th/U is chondritic, then an FeS 

layer cannot have formed in equilibrium with the silicate melt, as it would have resulted in a fractionation 

of the silicate Th/U, a feature we do not observe in MESSENGER data. In addition, it seems that mantle 

Fe-free sulfides, thought to form a significant fraction of the mantle mineralogy, would also further 

fractionate Th and U. The most probable solution is that Mercury formed from materials showing Th/U 

close to the lowest values of the chondritic inventory, and that no FeS layer formed during primordial 

differentiation. This result imply that the silicate part hosts most HPE, which has important effect on the 

mantle’s heat budget, and that the planet was not saturated in sulfur, as it would otherwise have formed 

an FeS layer. Finally, we show that Mercury surface K/Th and K/U ratios are several times lower than 

what we would expect from chondritic K content. This means that Mercury lost some K during its 

formation and/or geological processes. One particular possibility is the loss of K from space weathering.  

Using the partition coefficients of Ti, Cr and Mn between the metal and the silicate melt, we studied the 

evolution of their concentration in the silicate part after core-silicate differentiation. We showed that Cr, 

being highly siderophile, is greatly depleted in the silicate part at lower oxygen fugacity, while Ti, and 
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especially Mn, are strongly concentrated in the silicate part. By comparing the measured Cr/Ti and 

Mn/Ti in Mercury’s lavas, we modeled the expected behavior of each elements during partial melting 

of the mantle. Because Mercury’s lavas were the products of high-degree partial melting of the mantle 

(20 - 50%), the residual rocks must be composed of olivines, pyroxenes, and Fe-free sulfides (CaS and/or 

MgS). Because we know from previous works the partitioning of these elements between olivines and 

pyroxenes, we could focus on calculating which phase(s) could be responsible for their expected 

compatibilities. We showed that Mn should be strongly compatible during partial melting, so that only 

a large proportion of Fe-free sulfides could explain it, with possibly the presence of alabandite (MnS) 

in the mantle as an accessory phase to increase its compatibility to the required values. We explain the 

surficial variations of Cr/Si with degree of partial melting observed by Nittler et al. (2023) by the 

presence of Fe-free sulfides in the mantle, which incorporates large amount of Cr, so that high degree 

of partial melting releases Cr in the melt. On the other hand, the lack of variation of Ti/Si observed by 

Cartier et al. (2020) is used to discriminate which sulfides (CaS or MgS) should dominate the mantle. 

Ti is very compatible in MgS, but not in CaS. This difference in behavior makes CaS the best candidate 

for the main sulfides in Mercury’s mantle. Finally, by varying different parameters of our models, we 

show that the most probable scenarios for Mercury’s mineralogy is of a planet that differentiated 

between IW - 4 and IW - 6, with a mantle rich in CaS. While each element has a distinct behavior in 

olivines and pyroxenes, we were not able to constrain their respective proportion in the mantle, other 

than stating that an olivine dominated mantle would strongly decrease the compatibility of Ti during 

partial melting, so that it would be concentrated on the surface, perhaps to values higher than what was 

measured. 

Finally, the extensive production of metal/silicate partition coefficients these last ~30 years enabled us 

to revisit quantitatively the link between the electronegativity (E) of an element and its siderophile 

behavior. As such, we compiled almost 4000 data points from 30 studies on 60 elements, spanning 

pressures from 0.0001 to 100 GPa and temperatures from 1200 to 2875 °C. We showed that the value 

of the metal/silicate partition coefficient of an element can be estimated from its electronegativity and 

the oxygen fugacity of the sample. Moreover, we showed that, in any sample, the ratio of the partition 

coefficient of two elements seems constant and is proportional to the difference of electronegativity of 

the two elements, linked by a constant “k”. For partition coefficients values in natural logarithm, the 

constant “k” is equal to ~16, so that a difference of electronegativity of 0.1 results in an increased 

metal/silicate partitioning of ~1.6. This relationship can be used to predict somewhat accurately the 

values of partition coefficients for a large number of elements, provided that the partition coefficient of 

at least one element is known in the sample. This is useful to calculate the partitioning of elements that 

were not measured by the lack of access to the appropriate equipment, or for those that are too difficult 

to measure. There are however strong deviations from this law for low electronegative elements (such 

as the alkaline and the rare-earth alkaline), the very electronegative elements (those with E>~2.25) and 
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the elements that can adopt negative valences, such as Se and Te. We were able to explain these 

deviations in most cases, expect for Si and Al, which are several orders of magnitude less siderophile 

than expected from there electronegativity. We propose that their role as network former in the silicate 

melt decreases their “effective” electronegativity. 
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Glossary 

Aerobraking: a space maneuver aimed at slowing down a spacecraft passing near a planet with an 

atmosphere by using the drag caused by the latter. This maneuver is used to conserve fuel. 

Bow shock: see Magnetosphere. 

Chemical sputtering: release of atoms and molecules from the surface by chemical reactions that results 

from the action of solar wind or magnetospheric ions. The interaction of these ions with the material 

leads to chemical reactions where the product is only loosely bound to the surface, leading to its 

desorption (Jacob and Roth, 2007; Killen et al., 2018).  

Desorption: the process from which an adsorbed molecule is released from its surface. An adsorbed 

molecule is a molecule which is bound to a surface, but does not penetrate it.  

Exosphere: the term was coined by Spitzer (1952) to express the height of an atmosphere at which 

collisions cease to be important, and Chamberlain (1963) developed a model with the analytical tools to 

describe it. It is a region of very low material density, where collisions between atoms or molecules are 

very rare (we can even describe the environment as “uncollisional”), and occur mainly in the region 

below (i.e., the atmosphere -on Earth- or the surface -on Mercury-). It is characterized by a column 

density of constituents below 1014 cm-2, where particles follow ballistic trajectories. A surface-bound 

exosphere, as observed on Mercury or the Moon, works radically different than an exosphere above an 

atmosphere, as it is in direct contact with the surface and not a denser atmosphere underneath. 

Fly-by: a space maneuver that consists in a spacecraft passing by a body, without getting into its orbit. 

Reducing the speed of a spacecraft to get into a stable orbit around a planetary body consumes a lot of 

energy, and so fly-bys are used to visit them without expending too much fuel. It can also be used to 

perform gravity assists.  

Graben: typical feature characteristic of extensive tectonics. On Mercury, they are probably formed by 

thermal contraction of a volcanic plain, which leads to extensional stresses (Blair et al., 2013).  

Gravity assist: a type of fly-by where the spacecraft use the gravity of the encountered object (usually a 

planet) to change its path, or to gain or reduce its speed relative to the body the object orbits around. For 

example, Mariner 10 used a gravity assist at Venus to decrease its velocity in relation with the Sun, in 

order to get an encounter with Mercury by crossing its orbit.  

Gravity well: a concept to represent the region of space that is affected by the gravitational field of a 

body. The more massive the body is, the deeper (and larger) the well is. The Sun, with its enormous 

mass compared to other bodies of the solar system, has a huge gravity well. Object in its orbit that want 

to fall in or climb out of its gravity well, such as a spacecraft going from the orbit of Earth to the orbit 

of Mercury, situated deeper inside the gravity well, have to spend large amount energy.  
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High-relief ridge: broadly symmetric landforms in cross section that, akin to lobate scarp, transect 

impact craters, and are thus interpreted as contractional features (Watters and Nimmo, 2010). They can 

exceed 1km in height (Watters and Schultz, 2010). 

Impact vaporization: objects (meteoroids or comets) impacting the surface ejects material at high 

temperature. While large impacts reveal deeper geological layers and expose fresh material to the 

surface, micrometeoroids contribute to the daily production of ejecta, melt and vapor (Killen et al., 

2018). 

Ionosphere: the term was invented by R.A. Watson-Watt in 1926 (Gardiner, 1969) to describe the part 

of an atmosphere composed of electrons and partially ionized particles (Rishbeth, 1988).  

Ion-sputtering: extraction of a surficial particles by the impact of high energy ions, such as protons 

coming from the solar wind (Killen et al., 2018).  

Jeans escape: particles in exosphere, in opposition to particles in denser regions of atmospheres, follow 

ballistic paths and (almost) never collide with other particles. This means that particles with enough 

energy can overcome the gravitational forces of a body and leave (Jeans, 1925). This phenomenon is 

present on every body of the solar system, and is used to explain why some are with an atmosphere, and 

if certain atmospheric components are stable or if they should escape. Jeans escape is influenced by the 

mass of the component, the escape velocity of the body, and the heating of the upper part of the 

atmosphere by the Sun. Figure G1 show which chemical species is stable as a function of escape velocity 

and temperature of the exobase (base of the exosphere) of the body.  
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Figure G1: Stable chemical species in an atmosphere as a function of the escape velocity of the body and the temperature of 

its exobase. High temperatures excite the particles, which increases their chance to escape, while high escape velocity keep 

them gravitationally bound to the body (from Catling and Kasting, 2017). 

Lobate scarp: landforms generally asymmetric in cross section, with a steep slope at the front and a 

gentle slope at the back (Figure G2). Their length can reach hundreds of km, and they show a lobate 

outline, a bit like a bow (Strom et al., 1975). Because they transect impact craters, they are interpreted 

as surface-breaking thrust fault, a sign of the planet’s contraction (Watters and Nimmo, 2010). 
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Figure G2: Example of a lobate scarp (named Beagles Rupes) crosscutting the Sveinsdottir crater (Watters et al., 2015).  

Magnetic field: Most bodies of the solar system show significant magnetic fields. Other, such as a Venus 

or Mars, have very weak ones. Magnetic fields give us crucial information on planetary interior from 

afar (i.e., orbit or flybys), which are, for some bodies, one of the only ways to gather insights on their 

internal structure. The origins of these magnetic fields are varied; while most current magnetic fields 

are caused by dynamo effects in the core, some are remnant of past dynamos, such as Mars and the 

Moon, other are induced by the complex interactions of external field (e.g., the moons of Jupiter), and 

some, like Venus, arises from the interactions between the ionosphere and the solar wind (Luhmann and 

Cravens, 1991; Stevenson, 2010). Dynamos, the most common sources for intrinsic magnetic fields (i.e., 

which comes from within the planet), are thought to be created by the motion of an electrically 

conducting fluid. In terrestrial planets, the fluids are made of liquid metallic iron, mixed with other light 

elements, such as sulfur (Stevenson, 2010; Schubert and Soderlund, 2011). 

Magnetopause: see Magnetosphere. 

Magnetosphere: space is permeated with the solar wind, which consists of ionized particles coming from 

the Sun (H+ and He2+), forming a magnetized plasma. The electromagnetic interactions with the 

magnetic field of a planet creates a cavity in the solar wind, which is called the magnetosphere (Parks, 

2003; Blanc et al., 2005) (Figure G3). Every planet of our solar system has an intrinsic magnetosphere, 

with the exception of Venus and Mars that do not have intrinsic magnetic field. Planetary bodies act as 

obstacles to the flow of the solar wind. The obstacle can be the surface itself, if no atmosphere is present, 
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the atmosphere or the ionosphere (as on Venus and Mars), or the magnetic field itself (Parks, 2003; 

Blanc et al., 2005).  

 

Figure G3: Schematic of a magnetosphere and its component. The planet is represented by a black circle in the center. The 

magnetic lines are represented by the black lines coming from the planet. The magnetosphere region is delimited by the 

magnetopause. The magnetopause is enveloped by a magnetosheath, itself delimited by the bow shock line, where the solar 

wind collides with. The magnetosphere is compressed in the dayside of the planet, and extended on its nightside.  

The external limit of the magnetosphere is the magnetopause, where there is a balance between the 

pressure from the solar wind and the magnetic field. The shape of the magnetosphere is asymmetrical: 

the magnetopause’s extension is the lowest on the dayside at noon, expends slightly at dusk and dawn, 

and expands further on the nightside. On the nightside (the antisunward direction), it forms the 

geomagnetic tail (“magnetotail”). A shock wave, called a bow shock, forms in front of the planet’s 

magnetosphere. It is separated from the magnetopause by another region, named the magnetosheath 

(Parks, 2003; Blanc et al., 2005) (Figure G3).  

Magnetotail: see Magnetosphere. 

One-plate planet: see Stagnant lid. 

Permanently shaded regions (PSR): on some planetary bodies, there are locations never illuminated by 

the Sun over geological times, typically in polar craters. On airless bodies, such as Mercury, we observe 

accumulation of frozen volatile as the temperature in PSR is very low; indeed, the only source of heat 

comes from the residual interior heat of the planet, and so ice is stable. PSR were observed on both 
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Mercury and the Moon, thanks to their almost vertical inclination (Lawrence, 2017, and references 

therein). 

Photoionization: the absorption of high energy radiation from the Sun by neutral particles can lead to 

the formation of an ion. These ions are then trapped by the magnetic field of Mercury and, following 

certain lines of the magnetic field (those are “open”), can escape the exosphere (Ip, 1987; Cheng et al., 

1987; Potter et al., 2002; Jasinski et al., 2021).  

Photon-simulated desorption (PSD): ejection of ions, atoms or molecules from a surface caused by 

photon-induced electronic excitation of repulsive electronic states (Stockbauer, 1984; Killen et al., 

2018). It is an important process for the volatile elements, such as Na and K. The vapor produced by 

PSD is of higher temperature than thermal evaporation (or desorption), but lower than impact 

vaporization (Killen et al., 2018). 

Photophoresis: an illuminated particle has a warm side and a cold side. As gas molecules impact its 

surface, they are rejected with a higher force on the warm side than on the cold, which, in accordance 

to the action-reaction principle, give the particle a net momentum away from the source of light (here, 

the Sun). The force of ejection is inversely dependent on thermal conductivity, so that thermally 

conductive particles are less affected than low thermally conductive ones (e.g., Wurm et al., 2013).  

Radiation pressure: the particles in Mercury’s exosphere are submitted to constant solar radiation. The 

solar photon, all coming with the same incidence, are absorbed by the particle, and almost instantly 

reemitted isotropically. Photons have no mass, but they carry momentum; they accelerate the particles 

encountered by an impulse equal to the difference in momentum between the incident and the reemitted 

photons. This process pushes neutral species (meaning those that are not subjected to Mercury’s 

magnetic field) anti-sunward. This forms a tail behind Mercury, whose composition is studied to infer 

the composition of Mercury’s exosphere (Ip, 1986; Killen et al., 2018). 

Solar wind: see Magnetosphere. 

Stagnant-lid: Mercury, the Moon and Mars are stagnant-lid bodies, which means that they possess a 

single non-fragmented lithosphere, as opposed to Earth, where the lithosphere is divided into tectonic 

plates. As such, their crust does not experience recycling as on Earth. A review on the different tectonic 

modes, and how planets can switch from one to another, can be found in Lenardic (2018).  

Thermal evaporation: thermal evaporation (or desorption) is the effect of removing atoms from surface 

materials by heat. It depends on the surface temperature and is function of the binding energy of atoms 

to the surface (Leblanc and Johnson, 2003; Killen et al., 2018).  
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Uncompressed density: the density without the compressing effect of pressure caused by gravity. While 

Earth’s density is superior to Mercury’s one because the former is more massive than the latter, its 

uncompressed density is lower, due to Mercury’s richness in dense material, such as iron. 

Wrinkle ridge: ubiquitous tectonic features found on all terrestrial planets and the Moon. They consist 

of a low sinuous ridge, associated with volcanic plains, and are characterized as anticlines formed by 

thrust faulting and folding (Watters and Schultz, 2010; Schleicher et al., 2019).  
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Appendix A: In situ electrical resistivity and viscosity measurements of iron 

alloys under pressure using synchrotron X-ray radiography 

During my stay in the United States at the University of California San Diego (24th of September 2019 

– 26th of February 2020), I joined Dr. Anne Pommier to the Advanced Photon Source (APS) synchrotron 

in Chicago to use a new experimental setup that combines joint measurements of electrical conductivity 

and viscosity, as well as X-ray diffraction. My contribution to this study was to help with the preparation 

and loading of the assemblies, as well as performing the experiments together with Dr. Pommier. The 

samples were placed in a multi anvil linked to an electrical impedance spectrometer, using an assembly 

with four wires. The sample was centered so that the beam could go through it to perform X-ray 

diffraction. The falling-sphere viscosity measurements were performed by placing a tungsten marble on 

top of the powder, which falls through once the latter melts. Using X-ray images of the sample during 

the falling of the microsphere, we calculated its velocity during its fall, from which the viscosity of the 

sample is obtained. The work performed there resulted in an article published in High Pressure Research 

journal.  
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Appendix B: Experimental investigation of the bonding of sulfur in highly 

reduced silicate glasses and melts 

During a first stay at the University of California San Diego (24th of September 2019 – 26th of February 

2020) and a second stay at the Carnegie Institution for Science (December 2021), I performed multi-

anvil experiments on S-bearing reduced silicates in collaboration with Dr. Anne Pommier. Experiments 

were conducted using a cell assembly that incorporates 4 thermocouple wires, each pair touching an Fe-

disk placed on top and on the bottom of the capsule containing the sample. With this setup, it is possible 

to apply a current through the sample thanks to the two pairs of thermocouples placed on the top and on 

the bottom electrodes (Figure B1). When no current is applied, the thermocouples monitor the 

temperature of the sample. The assembly was developed by Pommier and Leinenweber (2018). 

 

Figure B1: Electrical assembly used at San Diego and Washington D.C. (modified from Pommier and Leinenweber, 2018). 

The first objective was to measure the electrical impedance of S-rich and S-poor powders to quantify 

the effect of S on the electrical conductivity of silicate melts. Because the powder samples are very 

refractory, the time to reach equilibrium was very long and never reached. The experiments were 

performed at low temperature (<800°C) to avoid melting before they reach equilibrium. The results were 

difficult to exploit, and it was decided to redo the experiments using a different method. Thanks to this 

preliminary inquiry, we understood how to perform these experiments successfully, and we opted to 

perform electrical measurements on pre-equilibrated glasses. To this end, I carried out phase equilibria 

experiments on NVP powders in an evacuated silica tube (see Chapter 3:). This method allowed to shape 

the glass products by using long cylindric graphite capsule whose width fits  the sample sleeve in the 

multi anvil cell assembly (Figure B2). Electrical experiments on glasses were performed with Dr. 

Pommier at the Carnegie Institution for Science (Washington, DC).  
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Figure B2: Glass cylinder fitting perfectly inside the alumina ring of the multi-anvil assembly.  

The results are published in Geochimica and Cosmochimica Acta (Pommier et al., 2023). The corrected-

proof version of this paper is presented below. My contribution to this paper was to make the starting 

materials and to perform most of the electrical experiments. 
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Appendix D: EPMA and LA-ICPMS analyses of the samples 

 

Here we publish the compositions measured at the EPMA (see 3.7.3) and LA-ICPMS (see 3.7.4) for all 

the experiments that were not already published in Pirotte et al. (2023).
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Table D 1: Composition of the silicate melt from EPMA measurements. 

Sample n SiO2 TiO2 Al2O3 Cr2O3 MnO MgO CaO NiO FeO Na2O K2O P2O5 S Total 

A020 13 53.627 0.012 2.318 0.054 0.296 22.205 13.977 0.000 0.008 0.805 0.146 0.055 6.232 99.735 

A021 13 54.871 0.013 2.247 0.016 0.091 21.864 13.940 0.000 0.006 0.736 0.133 0.196 5.955 100.068 

A024 21 54.869 0.033 2.384 0.166 0.211 20.680 12.900 0.024 0.359 1.162 0.170 0.017 8.499 101.473 

A028 5 64.980 0.011 5.150 0.023 0.012 24.874 2.888 0.030 0.005 0.786 0.124 0.140 5.084 104.107 

A029 10 65.908 0.005 8.360 0.016 0.011 23.441 4.356 0.016 0.005 0.872 0.197 0.213 7.060 110.461 

A030 7 61.544 0.065 6.456 0.049 0.222 27.310 3.351 0.029 0.015 0.871 0.136 0.107 7.700 107.855 

A031 9 61.410 0.006 3.314 0.018 0.019 31.818 1.617 0.025 0.004 0.140 0.079 0.080 2.957 101.486 

A032 7 63.076 0.037 3.087 0.025 0.075 29.906 1.649 
 

0.010 0.767 0.106 0.167 3.449 102.354 

A045 8 65.896 0.016 2.303 0.042 0.166 22.518 1.281 0.022 0.353 1.360 0.191 0.015 6.598 100.759 

A047 8 51.768 0.053 1.022 0.162 0.178 40.834 0.765 0.023 2.953 0.358 0.042 0.293 0.569 99.020 

A048 8 67.911 0.043 2.364 0.059 0.240 23.179 1.316 0.015 0.265 1.253 0.189 0.005 6.033 102.870 

Y056-2 14 54.588 0.111 2.749 0.178 0.304 30.646 1.777 0.024 0.886 1.696 0.221 0.015 11.674 104.869 

Y058-2 14 53.216 0.122 2.837 0.316 0.308 31.363 1.769 
 

0.038 1.933 0.219 0.008 16.879 109.009 

Y085-1 15 54.953 0.109 3.015 0.035 0.099 35.193 1.555 0.038 0.168 1.358 0.186 0.007 4.239 100.953 
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Table D 2: Standard deviations of the composition of the silicate melt from EPMA measurements. 

Sample SiO2 TiO2 Al2O3 Cr2O3 MnO MgO CaO NiO FeO Na2O K2O P2O5 S Total 

A020 0.303 0.009 0.091 0.014 0.033 0.152 0.145 
 

0.011 0.045 0.020 0.035 0.066 0.320 

A021 0.346 0.014 0.064 0.017 0.021 0.287 0.098 
 

0.011 0.047 0.024 0.034 0.069 0.340 

A024 0.637 0.038 0.050 0.023 0.037 0.336 0.267 0.058 0.041 0.064 0.022 0.019 0.272 1.000 

A028 0.359 0.013 1.635 0.015 0.010 4.018 1.647 0.034 0.010 0.159 0.024 0.047 1.489 0.999 

A029 7.802 0.005 0.913 0.011 0.011 0.942 0.862 0.033 0.016 0.196 0.061 0.052 1.339 4.535 

A030 7.629 0.020 1.022 0.033 0.125 3.445 1.019 0.038 0.016 0.122 0.032 0.032 1.133 3.773 

A031 0.245 0.008 0.058 0.014 0.015 0.346 0.029 0.051 0.005 0.016 0.016 0.031 0.046 0.514 

A032 0.476 0.017 0.046 0.014 0.012 0.464 0.031 
 

0.017 0.037 0.011 0.039 0.064 0.229 

A045 0.278 0.015 0.036 0.018 0.021 0.152 0.034 0.057 0.061 0.056 0.024 0.019 0.079 0.255 

A047 1.099 0.014 0.239 0.020 0.028 1.240 0.367 0.031 0.498 0.183 0.029 0.068 0.264 0.377 

A048 0.328 0.013 0.047 0.017 0.020 0.378 0.077 0.025 0.058 0.056 0.013 0.013 0.174 0.330 

Y056-2 0.530 0.015 0.038 0.085 0.140 0.243 0.183 0.058 0.237 0.052 0.022 0.021 0.489 0.488 

Y058-2 0.339 0.015 0.051 0.049 0.050 0.260 0.197 
 

0.018 0.066 0.015 0.014 0.232 0.354 

Y085-1 0.161 0.011 0.029 0.016 0.022 0.152 0.028 0.053 0.064 0.057 0.014 0.010 0.047 0.209 
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Table D 3: Composition of the sulfides from EPMA measurements. 

Sample n Si Ti Al Cr Mn Mg Ca Ni Fe Na K P S Total 

A020 
               

A021 
               

A024 8 0.108 0.449 
 

6.971 8.096 15.231 9.541 0.015 10.109 
  

0.004 43.994 94.518 

A028 
               

A029 13 0.301 0.089 
 

0.126 1.179 39.444 2.961 0.007 0.007 
  

0.004 55.772 99.888 

A030 6 0.412 0.435 
 

1.280 9.390 33.325 1.877 0.003 0.009 
  

0.010 52.840 99.580 

A031 
               

A032 
               

A045 11 0.077 0.562 
 

2.944 0.988 0.139 0.002 0.021 56.316 
 

0.003 0.016 36.619 97.688 

A047 9 0.007 0.005 
 

0.921 0.252 0.016 0.014 0.124 56.545 
 

0.009 0.006 39.603 97.502 

A048 4 0.183 0.479 
 

3.757 1.274 0.120 0.013 0.027 54.637 
 

0.007 0.027 36.138 96.662 

Y056-2 2 1.034 1.400 0.000 20.145 2.490 4.550 0.557 0.014 21.650 0.000 0.000 0.007 40.790 92.638 

Y058-2 
               

Y085-1 
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Table D 4: Standard deviations of the composition of the sulfides from EPMA measurements. 

Sample Si Ti Al Cr Mn Mg Ca Ni Fe Na K P S Total 

A020 
              

A021 
              

A024 0.068 0.022 
 

0.226 0.385 0.606 0.355 0.018 0.675 
  

0.007 0.667 1.333 

A028 
              

A029 0.342 0.018 
 

0.021 0.099 0.446 0.066 0.009 0.008 
  

0.005 0.814 0.960 

A030 0.389 0.014 
 

0.061 0.273 0.544 0.026 0.007 0.007 
  

0.005 0.665 1.007 

A031 
              

A032 
              

A045 0.107 0.128 
 

0.401 0.081 0.036 0.003 0.021 0.944 
 

0.004 0.013 0.412 0.397 

A047 0.005 0.006 
 

0.039 0.008 0.012 0.022 0.017 0.382 
 

0.005 0.008 0.222 0.446 

A048 0.127 0.044 
 

0.243 0.082 0.019 0.003 0.014 0.709 
 

0.006 0.017 0.332 0.636 

Y056-2 0.786 0.220 0.000 1.135 0.220 0.690 0.025 0.009 1.620 0.000 0.000 0.005 1.720 2.988 

Y058-2 
              

Y085-1 
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Table D 5: Composition of the metals from EPMA measurements. 

Sample n Si Ti Al Cr Mn Mg Ca Ni Fe Na K P S Total 

A020 6 1.297 1.642 
 

40.947 3.377 
 

0.147 2.798 3.153 
  

19.085 0.086 72.531 

A021 12 40.528 2.707 
 

24.446 9.181 
 

0.090 0.973 1.181 
  

6.760 0.020 85.886 

A024 14 9.832 0.005 
 

1.361 0.027 
 

0.065 0.279 82.432 
 

0.001 2.032 0.043 96.077 

A028 4 40.245 1.325 
 

30.263 14.588 0.085 0.183 0.011 0.291 
  

9.223 0.030 96.243 

A029 2 51.635 1.585 
 

36.980 9.070 0.006 0.002 0.001 0.199 
  

1.690 0.021 101.190 

A030 5 0.685 3.126 
 

51.868 2.950 0.187 0.058 0.087 2.734 
  

23.922 0.121 85.738 

A031 1 33.030 3.460 
 

29.990 16.990 0.044 0.016 0.013 1.440 
  

7.640 0.026 92.649 

A032 2 49.345 2.160 
 

27.520 10.860 0.122 0.034 0.017 0.922 
  

8.600 0.024 99.606 

A045 10 15.246 0.006 
 

0.087 0.028 
 

0.008 0.273 79.358 
 

0.002 1.294 0.969 97.270 

A047 
               

A048 7 16.741 0.007 
 

0.059 0.016 0.001 0.001 0.363 78.042 
 

0.003 1.633 0.425 97.291 

Y056-2 17 12.511 0.005 
 

0.715 0.006 0.008 0.003 0.125 83.898 
  

0.697 0.109 98.077 

Y058-2 9 90.918 0.038 
 

4.157 0.487 
 

0.006 0.153 0.077 
  

2.552 0.249 98.638 

Y085-1 16 21.078 0.214 
 

2.622 0.320 0.000 0.005 0.208 72.588 
  

1.904 0.006 98.945 
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Table D 6: Standard deviations of the composition of the metals from EPMA measurements. 

Sample Si Ti Al Cr Mn Mg Ca Ni Fe Na K P S Total 

A020 0.131 0.193 
 

1.723 0.269 0.000 0.044 0.305 0.348 
  

1.304 0.023 2.689 

A021 5.599 1.363 
 

7.639 2.465 0.000 0.055 0.668 0.556 
  

3.109 0.011 3.432 

A024 0.526 0.009 
 

0.175 0.017 0.000 0.041 0.028 0.390 
 

0.004 0.367 0.017 0.520 

A028 12.257 1.403 
 

5.910 3.714 0.131 0.312 0.015 0.093 
  

4.940 0.008 6.532 

A029 1.945 0.455 
 

0.770 0.210 0.006 0.001 0.001 0.016 
  

0.030 0.005 0.525 

A030 0.695 1.107 
 

5.061 1.065 0.258 0.019 0.048 0.987 
  

1.444 0.140 1.857 

A031 
              

A032 14.775 0.330 
 

9.410 0.460 0.118 0.007 0.016 0.043 
  

2.600 0.014 2.171 

A045 2.180 0.011 
 

0.079 0.027 
 

0.008 0.078 0.970 
 

0.002 0.272 0.556 0.855 

A047 
              

A048 0.490 0.011 
 

0.012 0.012 0.001 0.001 0.069 0.269 
 

0.004 0.168 0.049 0.366 

Y056-2 0.673 0.008 
 

0.102 0.009 0.009 0.006 0.025 0.812 
  

0.251 0.075 1.001 

Y058-2 4.465 0.029 
 

1.484 0.582 
 

0.007 0.076 0.029 
  

1.312 0.243 1.844 

Y085-1 0.692 0.043 
 

0.138 0.032 0.002 0.006 0.050 0.631 
  

0.463 0.007 0.646 
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Table D 7: Composition of the silicate melt from LA-ICPMS measurements. 

  n Na23 Al27 Si29 Ca43 Sc45 Ti47 V51 Cr53 Mn55 Fe56 Co59 Ni60 Cu63 Zn66 Ga69 Ge73 Rb85 

A020 8 6471.62 12837.40 261201.48 99886.61 223.33 548.71 31.50 1019.10 2300.22 61.16 29.79 29.80 46.43 152.42 86.20 33.68 150.90 

A021 7 5770.97 12461.25 260846.11 99629.32 219.19 160.72 1.93 45.89 788.55 19.16 0.91 2.35 5.81 66.21 16.56 10.90 136.53 

  n Sr88 Y89 Zr90 Nb93 Mo95 Ba137 Ce140 Nd146 Sm147 Eu153 Gd157 Yb172 Hf178 Ta181 W182 Th232 U238 

A020 8 285.05 222.92 212.72 18.67 23.80 674.70 223.55 220.57 222.55 221.65 214.34 226.05 212.01 23.88 14.58 431.88 442.28 

A021 7 268.94 218.29 197.98 1.15 0.93 198.22 218.61 215.44 216.88 219.54 208.41 219.00 207.41 0.74 0.62 420.23 412.71 

 

Table D 8: Standard deviations of the composition of the silicate melt from LA-ICPMS measurements. 

  n Na23 Al27 Si29 Ca43 Sc45 Ti47 V51 Cr53 Mn55 Fe56 Co59 Ni60 Cu63 Zn66 Ga69 Ge73 Rb85 

A020 8 94.57 493.42 6614.11 0.00 3.93 15.75 21.03 514.07 38.49 52.49 31.59 23.88 11.70 6.36 13.14 21.71 4.47 

A021 7 77.20 82.81 1801.54 0.00 1.71 8.42 1.63 18.54 14.50 0.00 0.61 0.54 1.87 1.91 1.13 1.44 4.61 

  n Sr88 Y89 Zr90 Nb93 Mo95 Ba137 Ce140 Nd146 Sm147 Eu153 Gd157 Yb172 Hf178 Ta181 W182 Th232 U238 

A020 8 4.38 4.36 4.96 15.57 21.17 159.33 3.34 2.76 4.49 2.18 3.29 3.41 6.03 13.81 12.87 11.93 9.68 

A021 7 2.34 1.71 0.88 1.12 0.87 2.69 1.19 1.84 1.13 2.40 1.87 2.40 2.96 0.73 0.64 5.47 3.31 
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Table D 9: Composition of the metals from LA-ICPMS measurements. 

  n Na23 Al27 Si29 Ca43 Sc45 Ti47 V51 Cr53 Mn55 Fe56 Co59 Ni60 Cu63 Zn66 Ga69 Ge73 Rb85 

A020 3 1864.40 2690.97 88397.88 21718.60 52.54 13713.69 19010.02 408924.92 34394.08 31527.73 19603.18 22312.48 7889.54 2196.82 6249.36 8444.52 41.69 

A021 5 514.37 2252.14 552377.53 6125.11 15.57 27746.29 3777.84 136807.76 158013.85 11815.13 8307.94 10911.07 17734.28 24723.67 11515.35 4287.44 14.88 

    Sr88 Y89 Zr90 Nb93 Mo95 Ba137 Ce140 Nd146 Sm147 Eu153 Gd157 Yb172 Hf178 Ta181 W182 Th232 U238 

A020 3 54.80 50.99 136.94 12701.64 13117.89 120.72 44.54 40.36 44.08 43.34 45.55 46.69 48.24 9726.46 7776.31 95.31 252.56 

A021 5 25.88 24.48 844.07 3054.57 1814.17 23.66 14.19 16.87 17.29 11.14 15.02 17.57 50.57 2647.41 1117.59 39.02 1274.62 

 

 

 

Table D 10: Standard deviations of the composition of the metals from LA-ICPMS measurements. 

  n Na23 Al27 Si29 Ca43 Sc45 Ti47 V51 Cr53 Mn55 Fe56 Co59 Ni60 Cu63 Zn66 Ga69 Ge73 Rb85 

A020 3 1185.15 2441.14 55707.08 16764.46 42.70 85.86 1999.98 27229.25 3987.94 0.00 2366.82 1840.11 2918.68 1060.15 5193.73 4805.31 34.33 

A021 5 564.21 0.00 254247.45 5072.77 18.85 8057.15 3206.69 81189.42 56999.31 0.00 3311.23 4353.42 8307.68 13352.90 5329.54 1036.86 11.63 

  
 

Sr88 Y89 Zr90 Nb93 Mo95 Ba137 Ce140 Nd146 Sm147 Eu153 Gd157 Yb172 Hf178 Ta181 W182 Th232 U238 

A020 3 46.60 46.01 48.04 829.64 1360.91 95.76 38.41 35.13 38.11 38.47 39.88 42.62 36.73 2611.26 890.43 80.93 72.82 

A021 5 24.96 21.57 300.54 1389.79 1536.06 29.56 18.64 20.22 20.51 17.84 17.31 26.36 30.36 1584.23 951.24 59.56 1059.88 

 


