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In this study we investigate the likeliness of the existence of an iron sulfide layer (FeS matte) at the
core-mantle boundary (CMB) of Mercury by comparing new chemical surface data obtained by the X-ray
Spectrometer onboard the MESSENGER spacecraft with geochemical models supported by high-pressure
experiments under reducing conditions. We present a new data set consisting of 233 Ti/Si measurements,
which combined with Al/Si data show that Mercury’s surface has a slightly subchondritic Ti/Al ratio
of 0.035 £ 0.008. Multiphase equilibria experiments show that at the conditions of Mercury’s core
Keywords: formation, Ti is chalcophile but not siderophile, making Ti a useful tracer of sulfide melt formation.
titanium We parameterize and use our partitioning data in a model to calculate the relative depletion of Ti in the
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bulk silicate fraction of Mercury as a function of a putative FeS layer thickness. By comparing the model
results and surface elemental data we show that Mercury most likely does not have a FeS layer, and in
case it would have one, it would only be a few kilometers thick (<13 km). We also show that Mercury’s
metallic Fe(Si) core cannot contain more than ~1.5 wt.% sulfur and that the formation of this core under

reducing conditions is responsible for the slightly subchondritic Ti/Al ratio of Mercury’s surface.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Mercury is a peculiar planet because it has a high average den-
sity compared to its size, indicating a very large metallic core
(~3/4 of the planet’s radius, Anderson et al, 1987). In recent
years, geophysical and geochemical measurements by NASA’s MES-
SENGER spacecraft have refined our understanding of the inter-
nal structure and geological history of Mercury. Recent libration
and gravity field data constrain Mercury’s core to be largely liq-
uid and to contain light elements alloyed with iron (Dumberry
and Rivoldini, 2015; Genova et al., 2019; Knibbe and Westrenen,
2016; Margot et al,, 2018; Rivoldini and Van Hoolst, 2013). The
silicate portion of Mercury, comprising a thin mantle and a sec-
ondary volcanic crust, also contrasts with other terrestrial bodies.
In particular, measurements of low iron (Fe) and exceptionally high
sulfur (S) contents in lavas support the idea of a highly reduced
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planet (Cartier and Wood, 2019; Evans et al,, 2012; Malavergne et
al., 2010; McCubbin et al., 2012; Namur et al., 2016a; Nittler et al.,
2011; Zolotov et al., 2013). Finally, the detection of high concentra-
tions of moderately volatile elements such as potassium, sodium,
carbon and chlorine at the surface of Mercury (Peplowski et al.,
2011; 2016) challenges some classical models of solar system for-
mation that predict that the innermost planet should be the most
depleted in these elements.

Based on MESSENGER chemical maps, particularly for sulfur,
and experiments in reduced conditions, the intrinsic oxygen fu-
gacity log(f0;) of Mercury’s mantle has been estimated to be in
the range of IW-6.3 to IW-2.6, with a mean value of IW-5.4 £+ 0.4,
with IW being the iron-wiistite redox equilibrium (McCubbin et
al., 2012; Namur et al., 2016a; Zolotov et al., 2013). Experiments
on metal-silicate-sulfide equilibria conducted at these highly re-
ducing conditions suggest the dissolution of important amounts
of silicon (Si) in the Fe alloy (Kilburn and Wood, 1997) during
core formation. However at 4-7 GPa, which is the estimated pres-
sure of Mercury’s CMB, there is a miscibility gap in the Fe-Si-S
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system causing the co-existence of two Fe-rich melts: a FeS domi-
nated sulfide melt and an Fe(Si) metallic melt (Morard and Katsura,
2010). In the case of Mercury, if the bulk sulfur content of the
planet was high enough, a sulfide melt could have existed in ad-
dition to the metallic melts during its early differentiation and
merged to form a buoyant layer at the top of the metal silicon-rich
core (Chabot et al., 2014; Charlier and Namur, 2019; Malavergne et
al., 2010; Namur et al., 2016b). Experimental data as well as geo-
physics both suggest the potential existence of such an external
sulfide layer (solid or liquid), the thickness of which is estimated
to be lower than 200 km but is highly dependent on the S content
of Mercury’s building blocks (Chabot et al., 2014; Malavergne et
al., 2010; Smith et al., 2012). This model would be consistent with
the hypothesis of a dense and solid layer overlying the dynamo-
generating region of the core (Anderson et al.,, 2012; Hauck et al,,
2013; Smith et al., 2012).

Taking the assumption of a bulk Mercury containing 3-5 wt.%
sulfur, which corresponds to the range of S contents observed in
most chondrites (Lodders and Fegley, 1998), and considering its
partitioning between the different shells of the planet during core
formation (Boujibar et al., 2014), the FeS layer was calculated to
have a likely thickness of 0 to 90 km (Namur et al., 2016a). This
is however a maximum estimate because some chondrites (such
as CB or CH) contain less than 1 wt.% S. Thus, Malavergne et al.
(2010) estimated a FeS thickness between 5 and 15 km if Mercury
is made of CB-like material. At last terrestrial planets are expected
to be more depleted in volatile elements (including sulfur) than
chondrites (Albaréde, 2009).

In this study we constrain the existence or absence of such
a sulfide layer at the CMB, independently of any assumption on
the bulk sulfur concentration of the planet. We compare chemi-
cal compositions of lavas obtained by the MESSENGER spacecraft
(Nittler et al., 2011; Weider et al., 2014, this study) with geo-
chemical models of planetary early differentiation. We use a chal-
cophile element as a tracer for the potential formation of a sulfide
layer because the extraction of a sulfide melt during core merging
would have depleted the silicate portion of Mercury in this ele-
ment (Rubie et al., 2016). A recent experimental study shows that
titanium (Ti), which is usually classified as a lithophile element, is
chalcophile at the redox conditions of Mercury’s mantle (Vander
Kaaden and McCubbin, 2016). In the following we: a) present new
Ti/Si data measured by MESSENGER at the surface of Mercury, b)
present multiphase equilibria experiments that we use to param-
eterize the geochemical behavior of Ti in Mercurian conditions, c)
use partitioning data in a core formation model to calculate the
relative depletion of Ti in the bulk silicate Mercury (BSM) as a
function of the thickness of the sulfide layer (0-150 km), and d)
compare the model results with MESSENGER data to infer the most
likely thickness of the sulfide layer.

The potential formation of a FeS layer in Mercury can be
compared to the inferred ‘Hadean FeS matte’ proposed for Earth
(O’Neill, 1991; Rubie et al., 2016; Savage et al., 2015). For Mer-
cury it is of particular importance for the thermal history of the
planet because the FeS layer would behave as an insulating lig-
uid outermost core (Manthilake et al., 2019; Pommier et al., 2019)
and because it could have trapped heat-producing elements such
as U and Th, which could change their behavior from lithophile
to chalcophile under highly reducing conditions (Boujibar et al.,
2019; Cartier and Wood, 2019; McCubbin et al., 2012; Wohlers
and Wood, 2017; 2015). Mercury has a significant global magnetic
field that can be explained by the dynamo theory if part of the
core is still liquid. However, the mineralogy of Mercury’s lavas and
the conditions of melting in their mantle sources indicate that the
secondary volcanic crust formed during very intense episodes of
magmatism that ended ~3.5 Ga ago (Byrne et al., 2016; Marchi
et al, 2015; Namur and Charlier, 2017), attesting to a fast secu-

lar cooling of the mantle (Namur et al., 2016b). Whether or not
heat-producing elements were concentrated in a sulfide layer at
the interface between the metal core and the silicate mantle is
therefore of great importance to unravel the thermal evolution of
Mercury’s lower mantle (Tosi et al., 2013). In addition, K/U and
K/Th ratios measured at planetary surfaces are often used as prox-
ies for the volatile inventory of terrestrial planets (Lodders and
Fegley, 1998; Peplowski et al., 2011; Taylor et al., 2006). However
if Th and U were extracted into a sulfide layer during core forma-
tion, Mercury surface ratios could have been fractionated from the
bulk planet and not be such a reliable proxy for the volatile budget
of the planet (McCubbin et al.,, 2012).

2. Titanium on Mercury

The X-Ray Spectrometer (XRS) on the MESSENGER spacecraft
was used to map Mercury’s surface composition in a number of
geochemically important elements (Nittler et al., 2018; 2011; Wei-
der et al., 2015; 2014; 2012). The XRS detected fluorescent emis-
sions, induced by X-rays emitted from the Sun’s corona, from the
top tens of micrometers of the planetary regolith. Under typi-
cal solar conditions, only the light elements Mg, Al, and Si were
detected, but during solar flares, the coronal X-ray flux can in-
crease by many orders of magnitude, causing detectable fluores-
cence of heavier and/or less abundant elements, including S, Ca,
Ti, Cr, and Fe. The spatial resolution of XRS measurements varied
widely, owing to the highly elliptical polar orbit of MESSENGER
about Mercury, with the best resolution (<100 km) achieved in
high northern latitudes, and much poorer resolution in the south-
ern hemisphere. Moreover, the orbit led to much more observing
time over the southern hemisphere, so spatial coverage for the
flare-dependent heavier elements is incomplete in the northern
hemisphere where spatial resolution is best (e.g., Weider et al.,
2015). Finally, XRS data are usually reported as elemental ratios to
Si since using ratios eliminates many systematic uncertainties and
Si is a major element with relatively little overall variation across
Mercury (Peplowski et al., 2012).

Because of the need for large flares to detect Ti and its low
abundance (<1 wt.%), Ti data have been previously reported for
only 25 flares (Nittler et al., 2011; Weider et al., 2014). The rela-
tively poor energy resolution of the XRS gas-proportional counter
detectors results in Ti appearing in XRS spectra only as a high-
energy shoulder on the Ca peak (see Fig. S6 of Nittler et al., 2011),
but this shoulder can be well-fitted by the least-squares methodol-
ogy used to extract abundances from XRS data (Nittler et al., 2011),
provided the signal is high enough. More than 2000 individual
flare XRS spectra acquired from throughout the entire 2011-2015
MESSENGER orbital mission were previously fit to extract elemen-
tal abundances and generate chemical maps of Mercury’s surface
(Nittler et al., 2018; 2016; Weider et al., 2015). Of these analy-
ses, 672 had non-zero Ti detections. We used a number of criteria
to identify the most reliable Ti measurements from this data set.
First, we found very large scatter in measured Ti/Si ratios for so-
lar coronal plasma temperatures (determined from the XRS solar
monitor spectra, see Nittler et al., 2011) below 15 MK, so all re-
sults for lower temperatures were excluded. Second, flares found to
have unusually high detector backgrounds at high energy were ex-
cluded, since such backgrounds could significantly affect results for
low-abundance elements like Ti. Third, the major-element (Mg/Si,
Al/Si, S/Si, and Ca/Si) results for each remaining flare analysis were
compared with those in the global maps of these elements for the
same area of the surface. Results that strongly diverged from the
global maps, which are based on multiple overlapping measure-
ments and hence are considered to be more accurate than individ-
ual analyses, for one or more element ratio were excluded. Finally,
a few measurements were excluded because they had derived Ti/Si
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Fig. 1. MESSENGER X-ray Spectrometer measurements of 233 locations on Mercury’s
surface, ranging in size from 50 to >3000 km. Ti/Si weight ratios are derived from
measurements during solar flares and are divided into those with values resolved
from O (filled circles) and those within 2-sigma of 0 (open circles). Mg/Si and Ti/Si
weight ratios are taken from global maps (Nittler et al., 2018) for the same regions
sampled by the Ti/Si analyses and represent averages of multiple measurements.
The dashed ellipses indicate three measurements from Mercury’s high-Mg region
(Weider et al.,, 2015) and the solid line in b) corresponds to the average surface
Ti/Al ratio of 0.0345. Error bars are one sigma.

ratios much higher than other measurements with overlapping
footprints. The final data set consists of 233 Ti/Si measurements
from across Mercury’s surface, provided in the supplementary Ta-
ble S1.

The 233 measured Ti/Si ratios are plotted against Mg/Si and
Al/Si ratios in Fig. 1. The Mg/Si and Al/Si ratios for these points
are taken from the global maps (Nittler et al., 2016; Weider et
al., 2015) for the XRS footprints corresponding to the Ti measure-
ments. Taking a simple average over the full Ti/Si data set, we
obtain a value of 0.0083 with a standard deviation of 0.0040. How-
ever, the overall low Ti abundance and relatively large error bars
for many data points is likely to lead to biases when calculating
averages and any calculated average value will depend strongly
on which specific data points are included in the calculation. For
example, 57 analyses have Ti/Si ratios that lie within 20 of zero
(open symbols of Fig. 1). As such, they should be considered up-
per limits and combining them with resolved measurements as we
did above to calculate an overall average value is not mathemati-
cally justified. Excluding them gives an average Ti/Si ratio for the
remaining data set of 0.0098 + 0.0030, but this is clearly biased
towards higher ratios as these are more likely to be resolved from
zero. Below we use a Monte Carlo simulation method to more ac-
curately estimate the average Mercury Ti surface abundance and its
uncertainty from all 233 measurements. Note that a relatively con-
stant Ti/Al ratio across Mercury’s surface is supported by the fact
that the three measurements from within the so-called high-Mg
region (Frank et al., 2017; Weider et al., 2015), which also has the
lowest Al/Si ratios on the planet, all have low Ti/Si ratios (dashed
ellipses in Fig. 1).

Accurate estimates of the average Mercury Ti/Al ratio and its
error are needed to compare with the results of geochemical mod-
els (see Section 5). As discussed above, however, simply averaging
the measurements is problematical: combining analyses that are
at or below the detection limit with bona fide detections is not
straightforward, but excluding them will bias the average towards
relatively high values. Averaging all 233 measurements gives Ti/Al
= 0.031, whereas excluding those data with Ti abundances within
20 of 0 gives an average value of 0.038 for this ratio. The true sur-
face value undoubtedly lies between these two values. The spread
in the data reflects both statistical errors and any additional sys-
tematic uncertainty introduced by the XRS technique. To better
estimate the true surface Ti/Al ratio and its error, we took a Monte
Carlo approach and generated simulated data to compare with the
observations. Each simulated “measurement” was drawn randomly
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Fig. 2. Histograms of Ti/Al ratios measured on Mercury (gray) compared to four
example (a), (b), (c) and (d) simulated datasets (red) with model parameters that
best match the observed data, r = 0.0345 and osyst = 0.008. Only data with Ti/Si
resolved from zero by more than two standard deviations are included in both sim-
ulated and observed histograms. (For interpretation of the colors in the figure(s),
the reader is referred to the web version of this article.)

from a parent probability distribution, assumed to be Gaussian
with mean value r and standard deviation osys. The parameter
r represents the true surface Ti/Al ratio and oyt the assumed
intrinsic systematic uncertainty for the XRS method, i.e., the limit-
ing uncertainty with which we can determine Ti/Al from the data.
Each draw, r/, from the parent distribution was further assigned
a statistical uncertainty, taken randomly from the actual XRS flare
measurement uncertainties, and the final simulated data point was
drawn from a Poisson distribution based on r’ and the correspond-
ing statistical uncertainty. Once a simulated dataset of 233 points
was generated for given values of r and ogys, the average and stan-
dard deviation of the resulting Ti/Al data points were calculated
and compared to the observed data. In both simulated and ob-
served datasets, only data that differ from zero by more than 20
were included in this comparison. This process was repeated 100
times each for a range of values of r and ogyst. The best match
to the observed data was found for r = 0.0345 and ogyst = 0.008
(Fig. 2); we take these values to be the best estimate of the true
Ti/Al ratio of Mercury’s surface and its uncertainty. The solid line
in Fig. 1(b) indicates the correlation line between Ti/Si and Al/Si
corresponding to this value of Ti/Al

3. Titanium behavior at the conditions of Mercury’s core
formation

Vander Kaaden and McCubbin (2016) have shown that Ti,
which is usually classified as a lithophile element, is chalcophile
at the redox conditions of Mercury’s mantle. As it is also a highly
refractory element, Ti is a very interesting candidate to trace sul-
fide melt formation during Mercury’s early differentiation. In order
to get Ti partitioning data relevant for the conditions of Mercury’s
core formation that can be used in geochemical models, we have
conducted equilibrium experiments, mainly at 5 GPa (the likely
pressure of Mercury CMB, Hauck et al., 2013), 1520-1850 °C which
are sub-liquidus (but super-solidus) to super-liquidus temperatures
for chondritic material at this pressure (Andrault et al., 2011), and
under a wide range of redox conditions going from moderately re-
ducing (IW-1) to extremely reducing (IW-8) (Table 1).

3.1. Experimental methods and results

Starting material consisted of natural or synthetic enstatite
chondrite analogue ground together with various amounts of
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Experimental conditions and Ti partition coefficients. MA = multi-anvil apparatus; PC = piston cylinder; C = graphite. Pressure in GPa, temperature in K, fO, expressed
relative to the iron-wiistite equilibrium (IW), fS, expressed relative to the iron-troilite equilibrium (IT) (see text for detail). D are Ti Nernst partition coefficients between

sulfide/silicate and metal/silicate, and o their associated uncertainties.

Run Device Caps P T Duration AIW AIT D(Ti) Sul/sil o D(Ti) Met/sil o
(Gpa) (K) (h)

1093b MA C 5 1953 4 —6 1.0 9.91 5.21 0.12 013
1133 MA C 5 1963 3.5 —5.7 1.0 8.77 6.76 017 0.27
1135 MA C 5 1923 25 —6.2 0.8 12.60 10.74 - -

1136 MA C 5 1913 2 —5.5 0.9 4.45 3.42 0.09 0.08
1136b MA C 5 1913 2 —5.5 0.5 8.78 6.34 0.12 0.10
1137 MA C 5 1973 3 —24 0.5 0.06 0.06 0.02 0.03
1183 MA C 5 1993 23 —2.2 03 0.04 0.06 0.05 0.05
1198 MA C 5 2073 3 —14 0.3 0.01 0.02 0.05 0.04
1207 MA C 5 2073 3 —4.5 0.4 3.09 2.77 0.06 0.10
1210 MA C 5 2073 2 —5.1 0.6 9.27 11.29 0.35 0.71
1211 MA C 5 2123 2 —43 0.5 5.16 3.47 0.18 0.21
1212 MA C 5 2123 3 —4.9 0.7 412 2.16 0.11 0.15
1143 MA C 5 1873 3 —-74 - - - 1.24 0.32
1165 MA C 5 1873 1 —78 - - - 1.77 3.08
1178 MA C 5 1853 2 —78 - - - 213 1.50
1184 MA C 5 1913 2 —-79 - - - 4.61 3.85
B880 PC C 3 1973 35 —5.5 - - - 0.42 0.04

metallic Si powder (0-50 wt.%) in order to vary the sample
fO,. The compositional range defined by our starting compo-
sitions matches the expected composition of Mercury’s magma
ocean (Brown and Elkins-Tanton, 2009; Nittler et al., 2018). The
bulk chemical composition of our starting powders are given in
the supplementary Table S2. Most experiments were performed
at 5 GPa in the multianvil press at the Laboratoire Magmas et
Volcans (LMV; Clermont-Ferrand, France) with 18/11 and 14/8
assemblies. We used Cr-doped MgO octahedra as pressure trans-
mitting medium, stepped LaCrOs furnaces and ZrO, insulating
sleeves. Temperature was monitored using WsRegs/WjgRe74 type
C thermocouples, with no correction for pressure effect on the
electromotive force. In case of thermocouple loss, temperature was
determined from power/temperature relations determined in pre-
vious experiments. In addition, one experiment was run at 3 GPa
in a 0.5” piston cylinder at University of Bayreuth (Germany).
The powders were loaded in graphite capsules and samples were
heated to temperatures ranging between 1520 and 1850 °C. Cap-
sule length was 2 mm resulting in a temperature gradient of less
than 50° in the investigated range (Hammouda et al., 2010). Run
duration at high temperature ranged between 2 and 8 h, which
is sufficient to reach equilibrium at these pressure-temperature
conditions (Cartier et al, 2014b). Indeed, all the samples se-
lected for this study show equilibrium textures (see below) and
all phases are chemically homogeneous within a sample. Samples
were quenched by switching off the electrical power resulting in
quench rates of several hundreds of degrees per second. Experi-
mental conditions are given in Table 1.

Recovered charges were mounted in epoxy and subsequently
polished with alcohol-based suspensions and lubricants. Phase
identification was performed with a scanning electron microscope
(JEOL JSM-5910LV) which we also used to acquire back-scattered
electron images. Most charges consist of three main equilibrated
phases: silicate glass, metallic melt forming big blebs surrounded
by immiscible sulfide melts of almost stoichiometric FeS compo-
sition (Fig. 3). Many charges also contain crystals (enstatite and
coesite) which, where present, are euhedral (Fig. 3). Phase pro-
portions are given in the supplementary Table S3. On average our
samples contain 30% silicate melt, 37% enstatite, 25% metallic melt,
4% sulfide melt and 3% coesite. Some of these experiments have
been presented in Cartier et al. (2014a; 2014b), but here we re-
port for the first time chemical compositions of the sulfide phase.

Most silicate melts are perfectly quenched, as shown on Fig. 3.
On the contrary, metal and sulfide melts display a diversity of
quench textures consisting of emulsion of microdroplets of two or

silicate
2
melt,

FeNiSi
melt

50 Hm

Fig. 3. EDS chemical maps (a) and BSE images (b), (c), (d) of experimental sam-
ples. (a) Sample 1135 is a typical run product. It contains 17% silicate melt, 46%
enstatite, 29% FeNiSi melt, 5% FeS melt and 3% coesite. Enstatite and coesite crystals
are euhedral. FeS melt almost always surround FeNiS beads (BSE), forming typi-
cal metal-sulfide associations. (b), (c), (d) Detail of metal-sulfide in samples 1135,
1211 and 1183. FeNiSi and FeS melts show typical quench textures consisting in an
emulsion of various composition droplets (Morard and Katsura, 2010).

three different compositions, exsolved from the melt during the
quench. These textures are the same as those described in detail
by Morard and Katsura (2010) and typical of quenched multi-
component alloys.

3.2. Experimental sample analysis

Quantitative analyses of major and minor elements in each pha-
sis were obtained with an electron microprobe CAMECA SX100 at
LMV and the University of Hannover (LUH), operated with an ac-
celerating voltage of 15 kV and beam currents of 15 nA for metal
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Fig. 4. Silicon (a) and sulfur (b) contents at sulfide saturation in Fe-rich alloys as a function of oxygen fugacity (AIW). Our experiments were performed at 5 GPa (except one
experiment which was conducted at 3 GPa), at near liquidus temperatures, and are saturated with an FeS sulfide liquid. Error bars correspond to +1 sigma uncertainties on
Ti data and fO, estimates. Literature data correspond to experiments conducted between 1 bar and 4 GPa, at various temperatures, and in FeS saturated systems.

and sulfide melts and 4-8 nA for silicate glasses. In order to avoid
sampling bias due to quench textures (in particular in metal and
sulfide phases, Fig. 3), the beam was defocused according to the
size of each phase. Oxygen concentrations of most glasses were
measured with the electron microprobe using a PC1 crystal with
counting time of 15 s on peak. The standards were natural min-
erals and synthetic oxides for silicates (Si, Ca: wollastonite; Mg:
Forsterite; Al: Al,Os3; Fe: Fayalite; Na: Albite; K: Orthoclase; Ti, Mn:
MnTiO3; Cr: Cr,03; Ni: NiO), pyrite for Fe and S in sulfides, pure
metals (Fe, Mn, Si, Mg, Ni, Cr) for metallic alloys, and andradite
(CasFe;Si3013) for oxygen. Analyses are given in Table S3.

3.3. Oxygen fugacity and sulfur fugacity determination

Sample intrinsic fO, values were determined after analysis us-
ing the compositions of co-existing metallic alloy and silicate melt,
following the method described in Cartier et al. (2014b). In most of
our samples, the FeO content of the silicate melt is lower than 1%,
resulting in poor accuracy for FeO activity estimation. We therefore
based our calculation on the following redox equilibrium:

Simetal alloy +0,= sio%ilicate melt (1)

The oxygen fugacity is calculated as
ilicate melt
AG® 50,
f02 = €xp <_ RT ) ’ <ameml alloy (2)
Si

AG® is the standard free-energy change of the reaction (1), T

is the temperature of the experiment (K), and R is the gas con-

stant. The activity of Si in solution in the metallic alloy azem’ alloy

was determined using its concentration (Table S3) and the activity
coefficient provided by the Metal Activity Calculator of the Ox-
ford petrology group (Wade and Wood, 2005). The activity of silica

a@é’gg’fe melt js 1 because coesite is present in most experiments.

Oxygen fugacity values are expressed relatively to the iron-
wiistite (IW) equilibrium (Huebner, 1971) such as:

AIW =log f O, (experiment) — log fO, (IW) (3)

The fO, values of the samples range from IW-1 to IW-8 (Ta-
ble 1).

Sample intrinsic sulfur fugacities (fS;) values were estimated
relatively to the iron-troilite (IT) buffer according to the following
equation:

AIT =log f S, (experiment) — log f S, (IT)
sulfide
FeS
metal alloy ) (4)
aFe

=2log(

apet 1 and @ correspond to the activity of Fe and FeS

in the metal alloy and in the sulfide respectively. We calculated
the agfm’ alloy \vith the Metal Activity Calculator (Wade and Wood,
2005) and made the assumption that the activity of FeS equals its
mole fraction in the sulfide. The fS; values of the samples range
from IT to IT + 1 (Table 1). These values mean that our samples
are buffered at Fe-FeS by the presence of almost stoichiometric FeS
sulfide. We therefore consider that the fS; parameter is fixed in
our experimental series.

3.4. Experimental results

3.4.1. The composition of iron-rich alloys

In order to model Mercury core formation, we use metal-silicate
partition coefficients in sulfide saturated systems. It is known that
the presence of sulfur in Fe-alloys can strongly affect the partition-
ing of numerous trace elements, often enhancing their solubility in
Fe alloys (Bouhifd et al., 2013; Laurenz et al., 2016; Mills et al,,
2007), and this effect seems much more pronounced above ~25
wt.% S in the alloy (this value roughly corresponds to the compo-
sition of the Fe-FeS eutectic, which is sensitive to pressure; Morard
et al. 2007).

Most experimental samples contain 3 equilibrated melts: a sil-
icate melt and two Fe-rich alloys, one containing Si and one of
almost stoichiometric FeS composition (Fig. 3). This is because for
fO2 < IW Si dissolves in the Fe alloy (Kilburn and Wood, 1997)
and at pressures <5 GPa Si and S are mutually exclusive in the
metal phase (Kilburn and Wood, 1997; Morard and Katsura, 2010).
Under moderately reducing conditions (>IW-2.5), very little Si par-
titions in the alloy, and S is siderophile. Sulfur solubility in the
alloy is thus quite high and our experimental alloys contain up to
6 wt.% S (Fig. 4, Table S3). On the contrary under highly reduc-
ing conditions (<IW-2.5), important amounts of Si dissolve in the
alloy, dramatically decreasing sulfur solubility in the metal phase
at sulfide saturation (Fig. 4). Consequently, in these conditions rel-
evant for Mercury’s differentiation, there is a compositional gap
between the FeS melt and the Fe(Si) melt that cannot contain more
than ~1.5 wt.% S (Fig. 4).

In the following we will compare our partitioning data with
literature data also obtained in sulfide (FeS)-saturated systems.
Some of our most reduced experiments however did not reach
sulfide saturation because their bulk sulfur contents were diluted
by the addition of important amounts of silicon, which decreased
the oxygen fugacity and accordingly increased sulfur solubility in
the equilibrium silicate melt (Namur et al., 2016a). Nevertheless
we think these samples are very close to sulfide saturation as:
a) their metallic alloys contain similar amounts of sulfur to sim-
ilar samples (those from Namur et al, 2016a) which are sulfide
saturated (Fig. 4) and b) the metal/silicate partition coefficients
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Fig. 5. Titanium metal/silicate (a) and sulfide/silicate (b) Nernst partition coefficients as a function of oxygen fugacity (AIW). Our experiments were performed at 5 GPa (except
one experiment which was conducted at 3 GPa), at near liquidus temperatures, and are saturated with an FeS sulfide. Error bars correspond to +1 sigma uncertainties on
Ti data and fO; estimates. Literature data correspond to experiments conducted between 1 bar and 4 GPa, at various temperatures, and in FeS saturated systems. The thick
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obtained in these samples are consistent with those obtained in
sulfide-saturated experiments equilibrated at similar oxygen fugac-
ity conditions (Fig. 5).

3.4.2. Titanium partitioning under reducing conditions

Titanium Nernst (i.e. calculated on weight % basis) metal/silicate
and sulfide/silicate partition coefficients are presented in Table 1
and shown in Fig. 5 as a function of fO;, together with litera-
ture data obtained in similar conditions (pressure between 1 bar
and 5 GPa, FeS saturated systems). Under moderately reducing
conditions (fO, > IW-3) Ti is lithophile with metal/silicate and
sulfide/silicate partition coefficients being lower than 1. However,
under extremely reducing conditions (at IW-8) Ti is siderophile
and chalcophile. At Mercury’s redox conditions (IW-5.4 + 0.4; Na-
mur et al, 2016a) Ti is chalcophile (Dsuffidefsilicate ~ 7) byt not
siderophile even though its metal/silicate partitioning is not neg-
ligible (D™etal/silicate ~ 1), This particular behavior makes Ti an
ideal tracer for the formation of a sulfide melt, i.e. if such a melt
was extracted during Mercury’s core formation, the silicate portion
of the planet would be relatively depleted in Ti compared to chon-
drites. Moreover, as Ti is not siderophile in these conditions, any
substantial depletion of Ti in the silicate portion could not be the
consequence of metallic core formation.

It can be seen on Fig. 5 that there is important scatter of liter-
ature partitioning data around the general trends versus fO,. We
tested the effect of pressure, temperature, and S contents of the
metal phases on these partition coefficients but found no corre-
lation. We think this scatter is rather related to analytical issues,
as these studies did not focus on Ti and Fe-S-rich alloys are par-
ticularly difficult to analyze because of their shapes and quench
textures (Fig. 3). In order to quantify Ti partitioning, we therefore
used only our new data obtained at 5 GPa (CMB pressure in Mer-
cury).

The partitioning of Ti between silicate, metal and sulfide can be
described by the following equilibria:

TiOy =Ti+ 0> (5)
TiOy + Sy =TiSy + 0 (6)

At fixed pressure and temperature, the equilibrium constants of
these reactions are defined as:

(7)

silicate

a1ip,
sulfide
_Ags,  fO2

K(6) = —:
silicate
afige fS2

metal sulfide
where af; s,

TiS;, in the sulfide and TiO; in the silicate respectively.
At equilibrium we have:

and a%’ggte are the activities of Ti in the metal,

a]n_iietal 7AR(;(5) 1 (9)
a;iilé')cgte - fO,
sulfide )
s, _ e fS) (10)
silicate fo
arip, 2

where —AGZS) and —AGZG) are the standard free-energy changes
of reactions 5 and 6, R is the ideal gas constant and T the temper-
ature (K).

As Ti is a minor element in chondritic systems we made the
assumption that it obeys Henry’s law, i.e. its compound activities
equal their mole fraction. This leads to:

ametal Xmetal metal
Ti ~ i silicate (l 1 )
silicate xsilicate Ti
Ti0, TiO,
Sl.llﬁde Xsy’ﬁde sulfide
TiSy ~ TiSy silicate ( 1 2)
asilicate Xsilicate Ti
Ti0, Ti0,
where Xxmetd, X;?Slﬁde and Xsilicate are the molar fractions of Ti in
2 i03
the metal, TiS; in the sulfide and TiO; in the silicate respectively,
metal sulfide

D;le and D4 are the Nernst partition coefficients of Ti.
At fixed pressure, temperature and fS,, we therefore have, by
combining eq. (9) with eq. (11) and eq. (10) with eq. (12):

’711."’“1[’ 1
D Sl' icate X ‘13
e (13)
e o 1 14)
D S( icate o
Ti f 02 (

Thus we parameterized our Ti partition coefficients as a func-
tion of 1/f0,. This gives (Fig. 5):

In DIICT/SICAe — [ _0 6904 % AIW — 5.124] +0.7901 (15)
In DSYYdersiicate _ |1 483« AIW — 6.064] + 0.6297 (16)

It is important to note that these parameterizations can only
be used in the case of metal-silicate-sulfide (FeS) systems and at 5
GPa. Also, the errors associated to both parameterizations are sig-

nificant, especially for Dgeml/ silicate '35 can be seen in Fig. 5. These
errors are taken into account in the models presented in the fol-
lowing part, and their effect on the model results are discussed in

section 5.3.
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Fig. 6. Schematic representation of the two end-member models used to calculate elemental distribution during core formation. Mercury is made up of a metallic core,
surrounded by a FeS layer and a silicate shell. (a) The solid outer shell consists of a silicate portion and a FeS solid layer with a thickness of 0 to 150 km. (b) The core
consists of a metal sphere surrounded by a liquid FeS layer with a thickness of 0 to 150 km.

4. Modeling Mercury’s core formation

In this section we present two models that we use to calculate
element distribution during Mercury’s core formation. Both models
are ‘single-step’: we consider that the whole silicate magma ocean
and core-forming melts are in equilibrium with each other. This as-
sumption is realistic as Mercury has the size of a planetary embryo
(Deguen et al., 2014; Rubie et al., 2011). The models make use of
Ti and Al distribution (Al is used to normalize Ti abundances; see
section 5) to discuss the potential existence of a FeS matte at the
CMB and its likely thickness.

The main structure of the planet is constrained by geophysical
data (Hauck et al,, 2013): the metal core is about 2020 km in di-
ameter and has a mean density of 6980 kg.m~3. The outer solid
shell is 420 km thick with a mean density of about 3380 kg.m—3
and consists of the crust, the mantle and a potential FeS layer with
a thickness between 0 and 150 km with a density of 4400 kg.m—3
(Fig. 6(a)). In the second model we consider the possibility of a
liquid FeS layer (with a density of 3900 kg.m~3), which would
be localized in the outer part of the core (Fig. 6(b)), therefore re-
ducing the volume of the metallic core. In both cases, geophysical
parameters constrain a mass for each of the 3 shells (silicate por-
tion (mantle + crust), FeS layer and metallic core), in which the
distribution of Ti and Al is calculated by using the experimental
partition coefficients in the following equation:

mSilicate _ Mpyik X ) Msilicate
X - m sulfide metal
Mercury  Msilicate + D Silicate | _Mes 4 p silicate Mpetal
MMercury X MMercury X MMercury
(17)

where m3li®@® = mass of element X contained in the silicate por-
tion, mpy x = X bulk content in Mercury, Mpercury = Mercury'’s

mass, Ms;jjicate = Mass of the silicate portion, mps = mass of the
sulfide

FeS layer, mperq = mass of the metallic core, D3 = X sul-

metal

fide/silicate partition coefficient, D™ = X metal/silicate partition
coefficient. With equation (17), Ti and Al distributions are mod-
eled individually, which means that we have to input values for
the bulk Ti and Al contents of Mercury. However, the results are
not sensitive to absolute bulk values as long as we keep a chon-
dritic bulk Ti/Al ratio for the planet, as discussed in section 5.1.

To model the Ti distribution D%"ﬁde/ silicate: 4 pd D;}etﬂl/ silicate 5 re
replaced in eq. (17) by the two parameterizations presented in
section 3.4.2 (eq. (15) and eq. (16)). Al is considered as a pure

lithophile element, entirely concentrated in the silicate portion of

the planet. This assumption is justified by the fact that Al has
never been detected in Fe-rich alloys, neither in our experiments
nor in those from the literature. This is because extremely reduc-
ing conditions are needed to reduce AI** to AI° (at 1 bar and 1500
K the Al-Al;03 equilibrium fO, is ~IW-15).

5. Ti/Al as a tracer of sulfide layer formation
5.1. Ti/Al ratio of the bulk Mercury

As explained above, Ti can be used as a tracer for the formation
of a sulfide layer because in the fO, conditions of Mercury’s core
formation, it is chalcophile but not siderophile. With our model,
we can therefore calculate the depletion of this element in the bulk
silicate shell of the planet, depending on the assumed thickness of
the sulfide layer. MESSENGER measurements provided surface data
but only relative element abundances. In order to link bulk silicate
composition to surface element ratios, we therefore choose to nor-
malize Ti to Al. Both elements are highly refractory, which means
they are not fractionated by volatility-controlled processes during
accretion (Lodders, 2003). This is illustrated by the constancy of
the Ti/Al weight ratio among all classes of chondrites, which is
equal to 0.058 + 0.003 (mean value and standard deviation calcu-
lated with the data of Lodders and Fegley (1998) and Lauretta et al.
(2009)). This range of 0.055 to 0.061 includes enstatite chondrites
(Ti/Al = 0.056) and bencubbinites (Ti/Al = 0.060) which are the
best candidates as Mercury’s building blocks (Cartier and Wood,
2019; Malavergne et al., 2010; Taylor and Scott, 2003). This range
also includes ordinary chondrites (Ti/Al = 0.058) and carbonaceous
chondrites (Ti/Al = 0.057). It is therefore a reasonable hypothesis
to consider that these elements are in chondritic proportions in
bulk planets. This assumption was used to model the bulk compo-
sition of all the terrestrial planets (e.g. Morgan and Anders, 1980).

5.2. Ti/Al of the bulk silicate Mercury

Another reason to use Ti/Al ratio is that Ti and Al do not sig-
nificantly fractionate from each other during the early stages of ig-
neous differentiation, because their partition coefficients between
the two main peridotite-forming minerals, olivine and pyroxene,
and primary silicate melts are almost identical (Beattie, 1993; Bé-
dard, 2005; Cartier et al., 2014b). As a consequence, primitive lavas
such as terrestrial komatiites display relatively constant Ti/Al ratios
(Arndt et al., 2008), and the Ti/Al ratio of the Earth’s bulk crust
(0.08 for the oceanic crust and 0.05 for the continental crust, Rud-
nick and Gao, 2003; White and Klein, 2013) is not very different
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from the chondritic ratio. As the secondary volcanic crust of Mer-
cury formed by effusion of primitive lavas produced by high degree
adiabatic decompression melting of a lherzolitic mantle (Charlier
et al,, 2013; Namur et al.,, 2016b), an analogy can be made with
terrestrial primitive lavas and we therefore consider that the melt
Ti/Al ratio is not significantly affected by the extent of the melting
process. The constancy of Ti/Al ratios measured across Mercury’s
surface supports this hypothesis.

MESSENGER XRS measurements of Ti/Al are plotted against
measured Mg/Al ratios from the same locations in Fig. 7. Mg/Al
is here considered as a proxy of silicate igneous fractionation, with
high Mg/Al lavas being produced by high degree partial melting
and low Mg/Al lavas being produced by low degree partial melting
(Palme and O’Neill, 2014). There is no indication of any correlation
between Mg/Al and Ti/Al in Mercury lavas, confirming that Ti/Al in
lavas can be used to estimate the bulk silicate ratio of the planet.
We therefore use the mean value of these MESSENGER data to ar-
gue that the bulk silicate Mercury has a slightly subchondritic Ti/Al
ratio of 0.035 £ 0.008 (Fig. 2).

5.3. Model results and likely absence of a FeS layer in Mercury

In Fig. 8, we compare the average bulk silicate Ti/Al ratio ob-
tained from MESSENGER data to the calculated Ti/Al ratio of the
silicate portion as a function of the FeS layer thickness as pre-
dicted by the two models (see details in Fig. 6). In order to
interpret the results, the errors associated with the models and
surface data must be considered. In both models, there are three
sources of uncertainty: a) the assumed chondritic bulk Ti/Al ra-
tio (0.058 £ 0.003) of Mercury, b) the intrinsic fO; of Mercury
(IW-5.4 4+ 0.4) and c) the Ti partition coefficients (sulfide/silicate
and metal/silicate, see section 3.4.2). Oxygen fugacity and parti-
tion coefficients have the greatest impact on the numerical results
while the error on the bulk Ti/Al is negligible. Oxygen fugacity
and partition coefficients are also linked by the parameterizations
described in section 3.4.2, which prevents the use of a classical
calculation of propagation of uncertainty. To estimate the statisti-
cal error associated with the results we therefore conducted 10000
Monte Carlo simulations for each model, generating random num-
bers from the normal distribution of each parameter (bulk Ti/Al,

fOg, D;?lﬁde/smm[e, Dge[al/ S'hcate). We then calculated the bounds
containing 68% of the solutions (corresponding to the +1 standard
deviation area in the case of a normal distribution), those con-
taining 95% of the solutions (42 standard deviations), and those
containing 99.5% of the solutions (43 standard deviations). The

68% confidence bounds of both models are presented on Fig. 8,
together with the bulk silicate Mercury Ti/Al and its associated
standard deviation. The cumulative probability function of the ex-
pected value of the FeS layer is then evaluated as the overlapping
of MESSENGER data and geochemical model statistical distribution
repartitions.

Fig. 9 shows the cumulative distribution function of the FeS
layer thickness for both models. These figures mean that, taking
into account the error associated to both models and MESSENGER
data, the most likely scenario is that Mercury does not have a FeS
layer (52723% probability that the FeS layer is 0 km thick with

model A, and 53ﬁg°o probability with model B). If however there

was a sulfide layer, it would probably not be thicker than a few

kilometers, as there are 6832% probability that the sulfide layer

thickness is <11 km with model A and 68f§i% probability that the

sulfide layer thickness is <13 km with model B. Finally our models
show it is statistically impossible that a thick sulfide layer formed

as there are 99.5f2‘4% probability that the sulfide layer thickness is

<101 km with model A and 99.5f(1)‘4% probability that the sulfide
layer thickness is <134 km with model A.

Considering that no FeS extraction occurred during core forma-
tion (i.e. FeS layer thickness = 0 km), the model reproduces the
slightly subchondritic Ti/Al of the bulk silicate Mercury. This sub-
chondritic ratio can thus be explained by the selective extraction
of Ti by the metallic core: although Ti is not siderophile at reduc-
ing conditions, its metal/silicate partitioning is not negligible and
because of the very large proportion of Mercury’s core, the starting
chondritic Ti/Al is slightly affected.

Malavergne et al. (2014) proposed that not only a FeS phase
would form during Mercury’s early differentiation, but a Mg-Fe-
Ca-rich sulfide could also be part of the magma ocean equilibrium,
together with the metal and the silicate melts, this idea being
supported by the detection of such a phase in highly reducing ex-
periments (Berthet et al., 2009; Malavergne et al., 2014; McCoy et
al., 1999; Namur et al., 2016a). This phase would virtually retain a
few weight percent of Fe in the mantle, bringing a solution to Mer-
cury’s “iron paradox” (i.e. Mercury is highly reduced so its silicate
should contain much less than the average 1.5 wt.% Fe observed
by MESSENGER at the surface). This hypothesis requires that Mer-
cury’s building blocks contained more than 4 wt.% S (Namur et al.,
2016a) to ensure (Mg,Fe,Ca)S saturation in the deep magma ocean.
Also, in order to match the observed S and Fe contents at the sur-
face (Nittler et al., 2018), about 2 wt.% of the (Mg,Fe,Ca)S should
be extracted from the mantle and carried by magmas ascending
toward the surface (Malavergne et al., 2014). In this scenario, the
Ti/Al of the silicate portion of Mercury would first be highly frac-
tionated (Ti/Al < 0.01) by the selective extraction of Ti by the
FeS and the (MgFe,Ca)S phase, as it has been shown that Ti is
compatible in both phases under highly reducing conditions (Mc-
Coy et al,, 1999; Vander Kaaden and McCubbin, 2016). Then, the
silicate magma ocean would crystallize to form a sulfide-bearing
lherzolitic mantle (Namur et al.,, 2016b), which would eventually
undergo partial melting to produce the secondary lavas making
most of Mercury’s crust. The lavas would have the same very low
Ti/Al as the mantle because the high degree of partial melting is
unable to fractionate Ti from Al, and the ~2 wt.% (Mg,Fe,Ca)S car-
ried by these lavas would enhance the Ti/Al of the mix. However,
given the Ti solubility in these sulfides (~0.5 wt.%, McCoy et al.,
1999) and the weak contribution of these sulfides to the surface
lithologies (~2 wt.%), the Ti/Al observed by MESSENGER would be
only slightly greater than the Ti/Al of the silicate portion only. Thus
if this scenario happened, one would still expect a very low Ti/Al
at the surface, which is not observed. Therefore our model does
not support the idea of the formation of (Mg,Fe,Ca)S phases in ad-
dition to FeS during core formation.
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A last scenario that we considered consists of the late precipita-
tion of (Mg, Fe, Ca)S sulfides during fractional crystallization of an
initially sulfur-undersaturated magma ocean (Boukaré et al., 2019).
This case corresponds to a bulk magma ocean containing <8% S
(and a bulk Mercury containing <3% S, Namur et al.,, 2016a). In
this case no FeS melt would have exsolved during core formation,
and the precipitation of sulfides would occur only when the sul-
fur content of the residual silicate melt of the magma ocean would
have reached sulfur solubility. In this context, Boukaré et al. (2019)
modeled the crystallization of a magma ocean initially containing
5 wt.% S and with a fixed fO, of IW-6 which would start to pre-
cipitate sulfides at around half of the CMB depth. Applying the
same mass balance calculation as for the previous scenario, surface
lavas would display a Ti/Al ratio of 0.02. For a magma ocean ini-
tially containing 1 wt.% S, sulfides would start precipitating at very
shallow depth (1/4 of the CMB depth, Boukaré et al., 2019) and
surface lavas would display a Ti/Al ratio of 0.04. We therefore sug-
gest that the precipitation of (Mg, Fe, Ca)S during cooling of the
magma ocean does not fractionate the Ti/Al ratio of the magma
very strongly and certainly not as much as to core formation. The
lack of geophysical, petrological and geochemical constrains ham-
per exploring further the hypothesis of a S-undersaturated Mercu-
rian magma ocean, although it is the scenario supported by our
model and MESSENGER data.

It should be noted that these models do not give information
about the potential formation of a secondary liquid sulfide layer
after core formation by exsolution of FeS from the FeSi metal-
lic alloy during core cooling and crystallization (Dumberry and
Rivoldini, 2015; Knibbe and Westrenen, 2018). Under conditions of
Mercury’s core formation, the sulfur solubility in the metallic al-
loy at sulfide saturation is very low (~1.5 wt.%, Fig. 4) which gives
an upper limit for sulfur content of Mercury’s bulk core. While the
solid inner core crystallizes, sulfur is progressively enriched in the
remaining liquid (Morard et al., 2008) and can quickly reach sul-
fide saturation. Estimating the thickness of a secondary FeS layer is
made impossible by the absence of detailed knowledge of the core
composition and degree of crystallization. Nevertheless, the forma-
tion of such an exsolved layer would have fewer implications than
a primary FeS layer as it would have no impact on the composition
of the silicate fraction and on the distribution of heat producing el-
ements in Mercury.

6. Conclusions and perspectives

We have presented a new data set consisting of 233 Ti/Si mea-
surements from across Mercury’s surface made by the X-ray Spec-
trometer on the MESSENGER spacecraft. Coupling these data with
XRS Mg/Si and Al/Si data we showed that the Ti/Al measured at
Mercury’s surface is representative of the bulk silicate Mercury,
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which displays a slightly subchondritic Ti/Al ratio of 0.035 + 0.008
(compared to a chondritic ratio of ~0.058). We conducted mul-
tiphase equilibria experiments to show that in the conditions of
Mercury’s core formation, Ti is chalcophile but not siderophile,
making Ti a useful tracer of a sulfide melt formation. We parame-
terized and used our partitioning data in a model to calculate the
relative depletion of Ti in the bulk silicate Mercury as a function of
a putative FeS layer thickness. By comparing the model results and
surface data we showed that the most likely scenario is that Mer-
cury does not have a FeS layer, or one that would only be a few
kilometers thick (<13 km). We also showed that Mercury’s metal-
lic core cannot contain more than ~1.5 wt.% sulfur and that the
formation of this core under reducing conditions is likely respon-
sible for the slight lowering of the Ti/Al ratio from the chondritic
value, as measured in the silicate portion of the planet.

Based on our new view of the chemical and physical structure
of Mercury’s core, it would be important to model the distribu-
tion of the heat producing elements (K, U, Th) during Mercury’s
early differentiation. Unfortunately K, Th and U partitioning data
between silicate, Fe(Si) and FeS alloys are lacking for conditions
relevant for Mercury core-mantle equilibrium (5 GPa - very reduc-
ing conditions). Experiments should therefore be conducted in the
right conditions and partitioning data integrated in a model. Only
then could the K, U and Th abundances measured at the surface of
Mercury be fully interpreted.
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