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ARTICLE INFO ABSTRACT

Keywords: Understanding the behavior of elements under highly reduced conditions is fundamental to explain the differ-
Mercury entiation, crust formation, and volatile budget of Mercury. Here we report experiments on a synthetic compo-
Differentiation sition representative of the bulk silicate Mercury (BSM), at pressure up to 3 GPa, temperature up to 1720 °C, and
;f::;ro ducing elements under highly reduced conditions (~IW — 8 to ~IW — 1, with IW the iron-wiistite oxygen fugacity buffer). We
Volatility 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.

1. Introduction

The partitioning of major and trace elements between silicate, sul-
fide, and metallic melts strongly depends on the prevailing thermody-
namic conditions, particularly oxygen fugacity (fOs; 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
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elements at various fO5 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 fO, expected to be between IW — 7 and IW — 3 (i.e., 7 to 3 log units
below the fO5 of the iron-wiistite 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,
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Table 1
Composition of the starting material (in wt%) compared to S-free silicate
composition of enstatite chondrites (EH) in the literature.

This study Indarch” Indarch” EH®
SiOy 61.26 61.26 67.1 60.83
TiO, 0.1 0.1 0.05 0.11
Al,03 2.76 2.52 2.18 2.65
Cry03 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
NayO 1.55 1.75 1.05 1.57
K20 0.19 0.19 0.11 0.17
P05 0.9 0.9 - 0.84
Total 101.03 100 100 100

2 Wiik (1956).
b Berthet et al. (2009).
¢ Lodders and Fegley (1998).

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; Steinbriigge 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
fO- 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 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
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emissions from up to ~10 pm of depth (Nittler et al., 2011), were
combined in order to map the distributions of Si-normalized major el-
ements (Al, Fe, Mg, Ca, S; Nittler et al., 2018a) and some minor ele-
ments, 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 pm 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 investi-
gating 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
fO5 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 parti-
tioning between solid MgS and silicate melt. We particularly focus on
presenting U, Th and K partition coefficients between FeS and the sili-
cate melt, which complements the data set produced by previous
studies, notably Boujibar et al. (2019). These 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.

2. Experimental and analytical methods
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 1, Wiik, 1956; Lodders and Fegley, 1998; Berthet et al., 2009).
Sample synthesis consisted of four steps. (1) High-purity oxides/sili-
cates/phosphate (SiO2, TiOz, Al;O3, CroOs, MnO, MgO, CaSiOs,
NaySiOs, KoSisOg, AIPO4) 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, Nb, 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, 4+ 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
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Table 2

Experimental conditions and oxygen fugacity calculated for each experiment.
Run # T (°C) P (GPa) Duration (min) Source of §* Phases in quenched silicate melts samples JiS fo," fO5
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 -85

Met = metal, Qtz = quartz, Si = silicon metal. All experiments contain a silicate melt.

" The source of sulfur added in the powder.

? Calculated using the Fe-FeO equilibrium.

b Calculated using the Si-SiO, equilibrium.

¢ Using the equation from Namur et al. (2016a).

was added to the powder. The Si/SiO, 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/SiO, ratio changed, leading to various fO5 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.

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 2. The first set of piston-cylinder experiments (series A)
was performed at 1-2 GPa at the University of Liege (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 tempera-
ture was monitored using a Type-D (W3-Regy/Wos-Reys) 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 tem-
perature in Table 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 pro-
cedure similar to that of the University of Liege. 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.

IHPV experiments (series Y) were performed at 0.1 GPa at the Uni-
versity of Hannover (Germany). Details about the apparatus are avail-
able 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/Ptgo-
Rhjp) 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. [HPV
experiments were conducted at 1520 °C for 300 min, except for exper-
iment YO37-2, which was performed at 1600 °C (Table 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.

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 micro-
scopy (SEM; FEI Quanta 600, operating at 5 kV accelerating voltage) at
the University of Aachen (Germany). Major and minor element con-
centrations were quantified using a JEOL JXA-8530F electron probe
micro-analyzer (EPMA) at the University of Miinster (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, respec-
tively, for silicate melts and 20 (peak) and 10 (background) s for metals
and sulfides. We calibrated Ka X-ray lines with jadeite (Na), olivine
(Mg), disthene (Al), hypersthene (Si), pentlandite (Ni), apatite (P),
sanidine (K), diopside (Ca), pyrite (S), rutile (Ti), Cr,O3 (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 Miinster (Germany) using a Photon Machines (Analyte G2)
193 nm ArF excimer laser (ca. 5 J/cm? laser fluence, 10 Hz repetition
rate) coupled to a ThermoFisher ElementXR sector field mass spec-
trometer (MS). The laser spot size was adapted to the size of the phase
being analyzed; typical spot diameters were 30-60 pm for silicate glass,
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Table 3
Chemical composition of the silicate glass (in wt%).*
Run # SiO4 TiOo Al,03 Cry03 MnO MgO CaO FeO Na,O K,0 P>0s 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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

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 1).
* Ca$S doped experiments.

20-60 pm for metals and iron-rich sulfides, and 10-20 pm 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
(®3Na, YAl 2si, 43Ca, 5S¢, “7Ti, 'V, 53Cr, 5Mn, °Fe, 5°Co, S°Ni,
63Gu, 567n, 99Ga, 73Ge, 8°Rb, 88sr, 8%y, %z, %3Nb, %Mo, 1%7Ba, “°Ce,
146N, 1975m, 153y, 157Gd, 172yb, 178Hf, 181Ta, 182w, 232Th, 238U) and
high-resolution analyses (24Mg, 29gi, 31p, 3%k, *3ca, VTi, S'Cr, >3Mn,
S6Fe, 5ONi) 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 concen-
trations 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.

2.4. Oxygen fugacity estimates

The oxygen fugacity (fO3) 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 wiistite:

1 .
FeMe +30, = FeO®! (€))

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 3) to be accurately measured, leading
to large errors when estimating fO, (Cartier et al., 2014; Namur et al.,
2016a). We therefore used the equilibrium reaction (Cartier et al.,
2014):

S +0, = Si0,™ @

Oxygen fugacity was calculated by considering the effects of tem-
perature 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 AIW at high-
pressure, are available in Namur et al. (2016a). We estimate that er-
rors on fO, 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 fO,.
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Fig. 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 pm) 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 YO83-2). Smaller Fe—Si globules are also present in the FeS. They were avoided during analyses for both EPMA and LA-ICP-MS. (d) MgS

sulfide crystals in an Fe-free IHPV experiment (experiment YO87-2).

For those experiments, we used the following empirical equation linking
the S content in the silicate melt to fO, (Namur et al., 2016a):

Xi

Xsio,

1 P
n[S]scss = a-+ b+ ¢+ dlogfO + e 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), fO5 is oxygen
fugacity (bar), a, b, ¢, d and e; are regression coefficients, and X; 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 fO, for some sulfide-
saturated experiments from the literature with anomalously high Si
contents (>20 wt%) in the metal phase and low [Slscss (<2 wt%).

Table 4
Major and minor elements composition of metals (in wt%).
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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 1.72 0.01 0.09 0.02 0.01 0.05 2.07 0.65 0.30 0.57

Low totals are explained by the incorporation of minor/trace elements not measured using the electron microprobe, and notably carbon.
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Fig. 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.

Comparison between fO, calculation methods can be found in the sup-
plementary materials. Oxygen fugacity estimates for our experiments
range from IW — 8.5 to IW — 1.4. The most reduced experiment contains
solid MgS (Table 2).

3. Results
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.,
Wohlers 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 SiO5 in two of our experiments
(A027 and A039) by the shielding of Si by stable SiO, phase, leading to
uncomplete Si oxidation. Third, our partition coefficient data are in
good agreement with previous studies where thermodynamic equilib-
rium was reached (e.g., Cartier et al., 2014; Wohlers and Wood, 2015,

Table 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 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
1o 0.01 0.03 0.66 0.42 0.83 0.03 0.01 0.02 0.31 0.11
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Fig. 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.(For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

2017; Ingrao et al., 2019; Steenstra et al., 2020a, 2020b).

3.2. Phase assemblages and textural analyses

Some samples (B879, YO56-1, 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 2). Backscattered electron images of selected samples are
presented in Fig. 1. Large FeS globules (>100 pm in diameter) are cir-
cular and usually host small Fe—Si globules (Fig. 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 spher-
ical and can exceed 100 pm in diameter (Fig. 1b, c). Regardless of
whether or not experiments contain large metal globules, some small
(<10 pm diameter) Fe droplets and (Fe,Ca,Mg)S blobs are observed in
the FeS phase, both probably forming by exsolution during the quench
(Fig. 1c). In the Fe-free IHPV experiment (Table 2: YO87-2; Fig. 1d), the
only sulfide phase is pure MgS, which occurred as 30-40 pm 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 pm) of metal
comparable to those described in previous studies (Fig. la: Boujibar
etal., 2014; Malavergne et al., 2014). These inclusions are thought to be
formed during quench (Boujibar et al., 2014). Quartz grains are some-
times 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 SiO; shielding, as
explained in Section 3.1.

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 3). The SiO5 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 Al,O3 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
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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%
Na,0 and ~ 0.2 wt% K5O.

Metallic phases are dominated by an iron-silicon alloy containing
1-25 wt% Si (Table 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 investi-
gated 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 (Fig. 2), consistent with previous works showing
that both Si and S are controlled by fO; (e.g., Cartier et al., 2014; Cartier
and Wood, 2019).

Sulfide melt compositions are mostly composed of Fe and S, with up
to 5 wt% Cr and Mn substituting for Fe (Table 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 5).

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:

DyE = Cy* /Cyf® Q)

where C3y and Cyy 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
(Fig. 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 (Fig. 3). Lanthanides are
strongly lithophile even under very reduced conditions, except for Eu,
which has a stronger affinity for FeS (Fig. 3). In contrast, Eu partitions
less into Mg$ than the other lanthanides (Fig. 3, DMgS/silicate melt _ ¢ 7 ¢4
Eu, while it increases from 0.25 for Ce to 1.75 for Yb). Alkali metals and
alkaline earth metals are also mostly lithophile (Fig. 3). Actinides (U and
Th) are both lithophile, although U partitions more strongly into FeS and
MgS than Th.

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.
Athough 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 fO,.
Indeed, the only experiment containing MgS was at ~IW — 8.5,
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Fig. 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).

significantly more reduced than experiments containing FeS (IW-2.7 to
IW — 6.7). Nonetheless, our results tentatively show that DM8% silicate -,
pres/silicate g5 g0 Ti Y, Zr, and Hf (with DM8Y/51i€a 5 1 for those ele-
ments, except for Hf), whereas pM8S/silicate - pFeS/silicate g1 a1 other
transition metals as well as Zn, Ga, and Ge. MgS also incorporates less U
(p¥ss/silicate , o 5y and Th (DYES/slli°a® ~ 0.1) than FeS. In FeS, lan-
thanides are characterized by a decrease in D™/5ilia with increasing
atomic weight (Fig. 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).

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 (Fig. 4), while Mn and Ta have their D™et@V/silicate 5 1 only at low
fO,. However, transition metals from groups 3 and 4 (Sc, Y, Zr, Hf) are
lithophile, except for Ti, whose D™etl/silicate - 1 at Jower fO, (Figs. 4 and
5). Zn, Ga, and Ge are incorporated into metals, lanthanides are strongly
lithophile (D™etaV/silicate 1) and actinides (U and Th) are also
strongly lithophile, with DFetaV/silicate - o o5 and ppetal/silicate - g g1
(Fig. 4).
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4. Discussion
4.1. The effect of fOz 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
Figs. 3 and 4, most transition metals are chalcophile/siderophile under
Mercurian conditions, and their partitioning behavior strongly depends
on fO,. All experiments from the literature had their fO, recalculated
following the method described above (Section 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 (Fig. 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 (Fig. 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.

Our data show that U and Th become less lithophile as oxygen
fugacity decreases (Fig. 6, left panel), with values of Dfe%/sli¢a® ranging
from ~1072 to 1 and of DEEY/5ili¢@t€ from ~1072 to 10~ for IW-2 to IW-6.
Th remains lithophile at all fO, 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, 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 fO, (Fig. 6,
right panel). U and Th partition only slightly into the Fe—Si metal, even
under very reducing conditions, with DFe@Vsilicate 01 with the
exception of one value from Malavergne et al., 2007, and DFtaV/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), DR/ hag g fairly
constant partition coefficient value over the entire range of oxygen
fugacity considered, with a median value of ~0.06 and a standard de-
viation of ~0.13 when excluding the data from Chabot and Drake
(1999), which show anomalous high partition coefficients for K (Fig. 6,
left panel). For metal-silicate partitioning, K shows an increasing side-
rophile behavior as oxygen fugacity decreases (Fig. 6, right panel).

4.2. Parameterization of U, Th, and K partition coefficients

Given the relative abundance of partitioning data for U and Th at low
fO3 conditions, we parameterized FeS/silicate melt partitioning using a
least squares regression. The partition coefficients can be modeled as a
function of fO, using the following equation

In(Dx) = a+ blog(fO,) )

The regression coefficients and their uncertainties are reported in
Table 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 DFFS/silicate . 0,001 and DEsS/s
icate . 0,0001 because considering smaller values provided unsatisfac-
tory 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 fO,.

Based on a dataset of 53 measurements, we find a very strong cor-
relation (R% = 0.942) between DieS/silicate 5 q pFes/silicate,
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Fig. 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 Dy/Dry, 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 fO, 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 DfS/sllicate pes/silicate 54 apd pfpetal/silicate were calculated from Eq. (5) in the following section (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).

Table 6

Coefficients of regression for Egs. (5)-(7).
Eq. (5) a b R? F n
Dfes/Silicate melt —5.1788 —0.8785 0.62 92.98 59
Standard error 0.403 0.091
DigS/Silicate melt -8.167 —0.9629 0.685 106.7 51
Standard error 0.41 0.093
pletal/silicate melt —5.9038 —0.6332 0.672 63.59 33
Standard error 0.294 0.079
Eq. (6) a b R? F n
Dpijes/silicate melt 2.732 0.9763 0.942 827.3 53
Standard error 0.174 0.034
Eq. (7) a b R? F n
pijetal/silicate melt —-3.278 0.6568 0.523 23.04 23
Standard error 1.03 0.137

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.

In (ijs/ S“‘°a‘0> = 2.7320 +0.97631n (DE;S/ S“‘““C) 6)

This regression allows the modeling of the evolution of the Th/U
ratio during Mercury’s differentiation, even if the absolute concentra-
tions of U and Th in different reservoirs might be imprecise due to the

10

uncertainties of Eq. (5) (R2 < 0.7; Table 6). No parameterization was
obtained for DEES/si€a with fO,. As seen in Section 4.1 (Fig. 6, left
panel), DEES/silicate j5 somewhat constant at around ~0.06 for any fO,
considered in this study or the literature.

We observe no clear correlation between DfetaVsilicate . pmetal/silicate
and fO,, (Fig. 6, right panel). DF@V/silicat geamg correlated with pressure,
but the available data are insufficient to obtain a statistically meaningful
regression. Similarly, it was not possible to obtain a satisfying parame-
trization for D,rlpﬁetal/silicate‘ As observed with DE&S/silicate and D,l;e}:lS/silicate’
there is a correlation between Dfjet@/silicate 5y g pmetal/silicate Ajeh 6161 the
error is large, we can nonetheless express the relation as:
n (Df;nslal/silicale) = —3.2780 +0.6568In (Dlnjle(al/silicme> (7)
with R% = 0.523 (Table 6) with 23 data points, restricted to DFctl/silicate
> 1075, It was possible to parameterize DFe@V/silicate with oxygen
fugacity using Eq. (5), with a R? of 0.672 using 33 samples. Standard
errors are listed in Table 6.

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
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Fig. 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
sore.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

and FeS layer formation scenarios (Fig. 7). In this model, we calculated was not possible to precisely parameterize DFetl/silicate g pmetal/silicate
the mass of each geochemical reservoir (metallic core, FeS layer, BSM) as a function of fO,, we considered two end-member cases for metal-
using their respective fixed densities and sizes (Hauck et al., 2013). We silicate partition coefficients, consisting in some of the highest and the
consider a fixed silicate layer thickness of 440 km and a maximum core lowest values of DFe®a/sli€ o104 in our experiments and the literature
radius of 2000 km, which decreases with increasing the thickness of the between IW — 7 and IW — 3. Dfjetal/silicate yag then calculated using Eq.
FeS layer from 0 to 100 km. (7). The first case corresponds to a high incorporation of U and Th in the
Two scenarios were considered for the differentiation of Mercury. In core (Dferl/silicate _ g 01 and petal/silicate _  0018), and the second
Scenario 1 (Fig. 7, left panel), Mercury is initially saturated in sulfide case to a low incorporation of these elements in the core (DfetVsilicate _
during primordial differentiation and FeS droplets form and sink in the 0.0001 and Detal/silicate _ o 00009).
magma ocean. Because they are less dense than Fe—Si metal, the FeS To model an initially sulfide-saturated Mercury (Scenario 1; Fig. 7,
droplets aggregate to form an FeS layer at the core-mantle boundary in left panel), we considered that the three geochemical reservoirs (BSM,
equilibrium with the magma ocean (Malavergne et al., 2014). In Sce- FeS layer, and core) were in equilibrium during Mercury’s primordial
nario 2 (Fig. 7, right panel), Mercury is not initially saturated in sulfide, differentiation. U, and to a lesser extent, Th can be slightly incorporated
and the formation of an FeS layer (if present) results from the crystal- into the core. This incorporation slightly fractionates U and Th, so that
lization of the S-bearing Fe—Si core; the formation of an Fe—Si solid the bulk silicate Th/U slightly increases. The fractionation is negligible
core results in increasing the S content of the outer residual liquid core, in the case where DFe@/silicate j¢ 10w (< 0.001). While Th is mostly
which exsolve FeS droplets when it exceeds the solubility of S at the lithophile, U is strongly incorporated into FeS at low fO5 conditions
pressure conditions of the CMB (Morard and Katsura, 2010; Charlier and (<IW — 5), with DEes/silicate _ 9 a¢ 7w — 6. Under the least reduced
Namur, 2019). This occurs after complete solidification of the magma conditions, however, U mainly dominantly stays in the BSM along with
ocean so that the FeS layer and the silicate portion do not equilibrate. Th. It means that although almost no fractionation occurs between these
In both scenarios, we calculated the distribution of U and Th in the elements above IW — 5, they are increasingly fractionated under
different reservoirs. The FeS/silicate partition coefficients for U and Th increasingly reducing conditions if an FeS layer is present. As the
are calculated using Eq. (5). Oxygen fugacity was varied from IW — 7 to thickness of the FeS layer increases, this fractionation becomes larger
IW — 3. This redox range is relevant to the estimated fO, during dif- because FeS incorporates large amounts of U and lower amounts of Th,
ferentiation (McCubbin et al., 2012) and corresponds to the range in the as observed in Boujibar et al. (2019). Therefore, the amount of U in the
experiments used to parameterize the partition coefficients. Because it BSM, and thus, its Th/U ratio, depend on the thickness of the
-3.0 Fig. 8. The calculated Th/U ratio of the BSM as a
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Fig. 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).

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; Fig. 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 size of the FeS layer and change its
composition, but would ultimately not change the composition of the
already solidified silicate part (Scenario 1; Fig. 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 assump-
tion may not be fully correct, as discussed below (Section 4.5). 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 1o. If Mercury initially
had the same Th/U ratio as the average EH chondritic ratio (3.3, Javoy

13

Icarus 405 (2023) 115699

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; Fig. 7, left panel)
would increase the BSM Th/U ratio above the upper limit of 3.4 (Fig. 8),
unless the planet formed at fO, conditons above IW — 4 (Fig. 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 fO, (<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 a FeS layer that dominates U—Th fractionation at these
fOo.

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 un-
certainties 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 (Fig. 9).

As shown in Fig. 9, fOy 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 fO; (<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 chon-
drites. 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 (Fig. 10, upper panel). If the layer formed in equilibrium with
the BSM, the BSM U concentration is ~33 ppb at the least reducing
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Fig. 10. U (upper) and Th (lower) con-
centrations (ppb) in the BSM as a func-
tion of fO, and the thickness of the FeS
layer (in km). The mesh and the thick
lines were calculated with high incorpo-
ration 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
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Fig. 11. The influence of residual Fe-
free sulfides in the mantle and the
degree of partial melting on the sur-
face Th/U ratio. The presence of Fe-
free sulfides slightly increases the
surface Th/U ratio, especially at rela-
tively low degrees of partial melting.
In this figure, fO2 during differentia-
tion 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 Although uncertainties
remain on the exact values of D*!fid¢/
silicate g0 U and Th in Fe-free sulfides,
it seems that a fractionation of U and
Th in the presence of mantle sulfides
is possible.
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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) (Fig. 10, upper panel). Th is less impacted by the for-
mation of the FeS layer and by fO, conditions than U, and for an initial
bulk planetary concentration of 30 ppb (Javoy and Kaminski, 2014), we
calculated the BSM Th concentration 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 (Fig. 10, lower panel).

4.4. Sulfides in the mantle and their impact on U and Th

Under reducing conditions, sulfur solubility in silicate melts in-
creases by up to several wt% compared to Earth like fO5 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
etal., 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 fO,. 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
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mantle partial melting to calculate the global partition coefficient be-
tween the residual mantle and the silicate melt that ultimately formed
the crust of Mercury. The details of the modeling can be found in Ap-
pendix 1.

To model the effect of sulfides in the mantle on the silicate Th/U, we
use the following parameters: fOp = 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 fraction-
ated U and Th. However, this fractionation effect is not significant, and is
even less important at higher degrees of partial melting (Fig. 11). Our
assumption that the bulk silicate Th/U ratio was equivalent to the sur-
face ratio is thus somewhat challenged by the presence of mantle sul-
fides. As such, it would mean that even higher fO, conditions or even
lower initial bulk Th/U are needed to have simultaneously mantle sul-
fides and an FeS layer to 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.

By varying all the parameters over possible ranges (FeS thickness,
0-100 km; fOq, 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 sur-
face 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 a 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
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Fig. 12. The expected range of K/Th
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incompatible. High partial melting (~60%) yields the lowest U and Th
concentrations, and inversely. The presence of an FeS layer at low ox-
ygen 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
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.

4.5. 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 (Albarede, 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
(Albarede, 2009), and a bulk K/Th similar to other terrestrial planets are
consistent with the formation of a thick FeS layer under reducing con-
ditions (IW-5.5). On the other hand, they also showed that higher oxy-
gen 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 (DFS
silicate ¢ 0,01 and DRSSt of 0.0018; Section 4.3), and we used Eq.
(5) to calculate DeVsilicate At Jow 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 ac-
count for the observed surface ratio (Fig. 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.

5. Conclusions

We performed 20 experiments on materials representative of the
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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 condi-
tions 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 in-
ventory, 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 vol-
atile elements (S, Na) remain an open question for future studies.
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Appendix A. Supplementary data

Supplementary materials containing details on experimental conditions, EPMA data, LA-ICP-MS data, and partition coefficients for every
experiment are available. Another file contains a comparison between the fO, calculated using Namur et al. (2016a) equation and using Si-SiOy
equilibrium. Supplementary data to this article can be found online at https://doi.org/10.1016/j.icarus.2023.115699.

Appendix 1

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 sec-
ondary 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):

a 1

T W

where CM is the concentration of element M in the melt, C¥ 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. (2014), we considered that reasonable ranges of pmantle/melt ¢ Eq. (1) are: Dg = 0.005-0.5, Dy, =
0.0005-0.1, and Dy = 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.,
2014). For these reasons, we introduced two additional constraints:0.5 < Dt,/Dy < 2 and 0.1 < Dtp/Dg < 10.

Using the data on U and Th partitioning into Mg$S from experiment Y0872, we obtain DY8%/5lic , 0 5 and pijgs/silicate 0.1 at ~IW — 8.5.
Because no other experimental Dy or Dy, values have been determined for MgS or CaS, we used the bracketing ranges of values Di!fide/silicate — g 11
and DSjifidessilicate _  97_0.1. We also considered Dfifde/silicate _ g 971_0.1.
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